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ABS T R A CT Dilute whole blood clots were prepared
by addition of thrombin to blood diluted 1: 10 in phos-
phate buffer. The pH of this buffer was 7.4 and the ionic
strength was 0.084. Though the ionic strength was low,
there was no hemolysis of red corpuscles due to the con-
tribution to the osmotic gradient by plasma salts and
proteins. In the standard assay the clot was formed by
addition of thrombin at 4VC then incubated at 370C.
Retraction and lysis of these clots were inhibited by
removal of platelets and by increasing concentrations
of purified thrombin. Retraction and lysis were also
inhibited by inactivation of any one of the following
factors: YMglobulin, complement components C4 and 3,
and (in the case of lysis) plasminogen.

Evidence that some of the above serum factors were
adsorbed to the platelet membrane was obtained by ag-
gregation of washed platelets by antisera to these fac-
tors (i.e. fibrinogen, 'yM, and C4 or C3). These platelets
were not aggregated by antisera to other serum proteins
(by albumin, transferrin, yG globulin).

These and other studies suggested that platelets,
thrombin, fibrinogen, yM globulin (cold agglutinin),
complement components, and plasminogen influenced and
facilitated retraction and lysis of clots. These studies also
suggested that platelets and some of these factors were
physically associated.

Because of this physical association, and because of
the fact that clot retraction is associated with aggrega-
tion and retraction of platelets, we extended the above
observations to include a study of the effect of these same
serum factors on serum-induced aggregation and retrac-
tion of washed platelets. (Other terms which have been
in use in the past to describe serum-induced platelet ag-
gregation and retraction have included those such as
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platelet "fusion" and "viscous metamorphosis," neither
of which fully described the phenomena.)

Platelet aggregation and retraction induced by serum
was markedly accelerated by addition of increasing con-
centrations of thrombin and (or) cold agglutinin.
Hirudin and antisera to yM globulin inhibited serum-
induced aggregation and retraction of platelets. Recon-
stitution of inactivated serum with purified C4, 3, and 5
and thrombin restored its capacity to induce aggregation
and retraction of platelets.

Therefore, we postulated that platelet aggregation and
retraction were necessary for clot retraction and that
platelet aggregation and clot retraction facilitated clot
lysis. More specifically we postulated that thrombin, in
addition to catalyzing clot formation, also modified the
platelet membrane such that yM globulin (cold agglu-
tinin) and complement components can act on the plate-
let membrane leading to (a) aggregation and retraction
of the platelets, (b) retraction of the clot, and (c) to
the activation of plasminogen either on the surface of
the platelet by C8i and (or) by release of platelet ac-
tivators of plasminogen.

INTRODUCTION

Little is known about the mechanisms by which blood
clots or fibrin monolayers normally lyse following acti-
vation of the coagulation system. Because it has been
assumed that the enzyme plasmin (fibrinolysin) plays a
key role in this mechanism, plasmin, its substrates
fibrinogen and fibrin, and its natural inhibitors all have
been subjected to extensive study and characterization
(1). The biologic importance of these studies has rested
on the assumption that the plasmin system serves to
mailtain a homeostatic balance between the polymeriza-
tion of fibrin and the dissolution of this polymer. Al-
though much is known about the activation of the sys-
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tem which polymerizes fibrinogen, little information is
available regarding the subsequent activation of the sys-
tem which hydrolyzes fibrin in the intact blood clot.
We propose to describe in qualitative terms some of
the factors and events which culminate in lysis of the in-
tact blood clot (i.e. platelet aggregation and retraction,
clot retraction, and clot lysis). Thus, in the broadest
sense, the purpose of this paper is to describe some of
those events which occur within the clot after the activa-
tion of thrombin and which lead to the activation of
plasminogen.

METHODS
Partially purified 19S cold agglutinin was prepared from
the serum of a patient (E.R.) with a 1: 5000 titer of poly-
clonal 19S cold agglutinin according to the method described
by Nehrota and Charlwood (2). 7yM macroglobulin and
cryoglobulin were obtained from patients with Walden-
strom's macroglobulinemia and multiple myeloma respec-
tively. Highly purified complement components Clq, C3,
C4, and C5 respectively were prepared according to methods
described in references 3-6. Partially purified C8 and C8i
were prepared according to methods to be described else-
where. These preparations were stored in 0.2 ml aliquots
(200 Ag/O.2 ml) at -60°C.

Cobra factor was prepared from crude cobra venom
(Sigma Chemical Co., St. Louis, Mo.) by extensive dialysis
of 400-mg amounts (solubilized in 10 ml of 0.01 M Tris
buffer) against 2000 ml of 0.01 M Tris buffer, pH 8.5 at
4VC overnight. The dialysate was then adsorbed on triethyl-
eminoethane cellulose (TEAE) with a binding capacity of
0.93 mEq/g which had been equilibrated with 0.01 M Tris
buffer, pH 8.5 at 4VC and then packed in a 1 X 80 cm
column. The adsorbed material was eluted with a linear
salt gradient (0.05-0.25 ,A). The mid-portion of the third
of three peaks was then concentrated by ultrafiltration,
dialyzed, rechromatographed, concentrated again, and then
passed through Sephadex G-100 (25 X 100 cm column)
which had been equilibrated with 0.01 M Tris-0.51 M NaCl
buffer, pH 8.5, 4°C. The second of three peaks was pooled,
concentrated by ultrafiltration, and stored at -60°C. The
activity of 0.05 ml aliquots of 1: 1, 1: 2, 1: 4, etc. dilutions
of the various fractions from the chromatographic steps
and of the purified cobra factor was determined by monitor-
ing conversion of the j6lc globulin to 8la globulin in 0.25
ml of fresh serum over a 30 min period at 37°C. This con-
version was monitored by immunoelectrophoresis of the
serum in 1% agar gel which was made up in the standard
buffer plus 0.01% ethylenediaminetetraacetic acid disodium
salt (Na2EDTA) (7). This purified cobra factor migrated
as a single band on acrylamide gel. It inactivated only the
third component of complement. It did not affect the
activity of any of the other complement components, throm-
bin, yM globulin, or plasminogen. Any effect that cobra
factor might have had on these proteins was monitored by
observing changes in electrophoretic mobility on acrylamide
gel (8), and in the case of thrombin and plasminogen by
changes in specific activity employing assays using fibrinogen
(9) and casein (10) substrates respectively. This material
was stored in 0.2 ml aliquots (300 ,g/O.2 ml) at -600C.

Highly purified plasminogen (11) and streptokinase (SK)
(12) were prepared according to methods described else-
where. The specific activity of the plasminogen and strep-

tokinase were 25 casein U/mg of protein and 11.2 SK LMe
U/mg N respectively (12). These were stored in 1 ml
aliquots (0.4-1 mg/ml) at -600C.

Bovine thrombin (200 mg) obtained from Parke, Davis
& Co., Detroit, Mich., was dialyzed overnight against 0.002
M glycine buffer, pH 9.0, 40C, and then adsorbed on TEAE
which, after equilibration in 0.002 M glycine buffer, pH
9.0, 40C, had been packed in a 1.5 X 80 cm column. The
adsorbed material was then eluted with a linear salt
gradient (0.01-0.6 IL). The mid-portion of the first of three
peaks was pooled, concentrated by ultrafiltration, and then
filtered through Sephadex G-100 which had been packed
in a 2.5 X 100 cm column and equilibrated with 0.001 M
phosphate buffer plus 0.3 M NaCl, pH 1.4, 4°C. The
descending portion of the first of three peaks was then
assayed (9) with other fractions and stored in 1 ml
aliquots (0.4-0.6 mg/i ml) at -60°C. The specific activity
of this partially purified thrombin was 300450 NIH U/mg
N. Plasminogen-free human fibrinogen was prepared from
plasma according to the method of Brown and Rothstein
(13). The fibrinogen was 98-99% clottable and was stored
in 1 ml aliquots (10 mg/ml) at -600C. All the above
proteins were assayed for plasminogen on bovine fibrin
clots.

Rabbit antisera to these proteins were prepared as de-
scribed previously (3, 5, 6). Rabbit antisera to human
albumin, a2-macroglobulin, fibrinogen, transferrin, arid 'yG
and yM globulin were obtained commercially from Behring-
werke Company, Marburg/Lohn, Germany. The partially
purified globulin fractions of these antisera were prepared
as described by Kabat and Mayer (14).

RESULTS

Relationship of platelets to clot retraction anid lysis.
The basic assay for monitoring clot lysis was first de-
scribed by Fearnley, Bolmforth, and Fearnley (15). 1 ml
of whole blood was drawn from the anticubital vein of
the forearm into a plastic syringe. This was immedi-
ately diluted 1: 10 in phosphate buffer (7.576 g Na2-
HPO4+ 1.616 g KH2PO4/1000 ml, ionic strength 0.084,
pH 7.4) at 4°C. At this dilution and temperature the
blood will not clot spontaneously. It was at this point that
the blood was manipulated (i.e. centrifuged, sonicated)
or specific modifying agents added (i.e. antisera, cobra
factor, etc.). The diluted whole blood was then trans-
ferred in 2-ml aliquots to 15 X 100 mmtest tubes and
coagulated at 4°C with 1.0 U of thrombin. After 20
min at 4°C, the formed clots were transferred to a 37°C
water bath and observed for retraction and shedding of
red cells 11 hr after transfer. They were observed for
lysis every j hr applying the criteria described by
Fearnley et al. (15). The lysis times of blood drawn
between 8:00 and 10:00 a.m. from the four normal
fasting subjects (all males between the ages of 30 and
40) used in these studies was 4 ± I hr. All the studies
reported herein were done on blood from these same
four subjects. All studies included unmodified (control)
samples in triplicate and modified (experimental) sam-
ples in duplicate. The lysis times of the triplicate un-
modified (control) samples varied from each other by no
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rABLE I

Relationship of Red Blood Cell and Platelet Counts to Clot Dissolving Time*

Supernatant cell counts
Clot dissolving time

Centrifugation of Clot Platelet Red blood White blood
diluted blood for Supernatant Remixed retraction count/mm3 cells/mm3 cells/mm3

10 min at 41C alone samples 0-4+ (X103)T (X O3) (X102)

g hr hr

0 4.0 4.0 4+ 25.0 513.3 5.20
200 4.0 4.0 4+ 18.2 0.26 0.80
600 4.0 4.0 4+ 11.1 0.24 0.09

1200 4.0 4.0 4+ 8.1 0.29 0.02
1800 24 4.0 1 + 1.1 0.05 0.01

Clot retraction is graded 0 to 4+. 0 indicates no retraction and 4+ indicates that the clot has re-
tracted to 4 or less of its original volume as determined by inspection.
* Average values from studies on five healthy adults at 9:00 a.m.
t Platelet counts carried out with a phase microscope.

more than 15 min. All glassware used in these studies
was siliconized.

The question regarding requirement of platelets for
lysis of these clots was studied by removing them by
differential centrifugation (16) or sonication. In the
centrifugation studies, 4-ml aliquots of the diluted whole
blood were centrifuged at 0, 200, 600, 1200, and 1800 g at
4VC for 10 min. The resulting supernatants were then
transferred and white cell, red corpuscle, and platelet
counts were made. 2-ml aliquots of these supernatants
were then coagulated at 4VC and then handled and ob-
served as described above.

In the studies in which platelets were sonicated, 4-ml
aliquots of platelet-rich plasma obtained by centrifuging
the diluted whole blood at 500 g for 10 min were soni-
cated at 60 kilocycles/sec with a Lourdes sonicator for
10 min at 40C. 2-ml aliquots of this material were then
coagulated and observed as described above. In addition,
2-ml samples of platelet-rich plasma which already had
been coagulated over a 10 min period at 4VC were sim-
ilarly sonicated. The number of platelets per mm8before
and after sonication were counted with a phase micro-
scope. Destruction of platelets within the formed clots
was estimated by comparing photomicrographs of soni-
cated vs. control diluted whole blood or plasma clots
which were prepared as described by James, Johnson,
Monto. Diab, and Caldwell (17).

Table I shows the effect of removal of platelets by
centrifugation on clot retraction and clot lysis. The
results shown are an extension of a preliminary study
reported previously (16). There was little appreciable
effect on clot retraction or change in lysis time upon
removal of most of the red and white cells at 200 g.
However, when the platelet count was reduced to 1000/
mm', retraction was reduced and clot lysis was pro-
longed. Resuspension or addition of washed platelets in a

duplicate set of centrifuged samples yielded clot lysis
times identical with the uncentrifuged controls. Soni-
cation of diluted platelet-rich plasma before the addi-
tion of thrombin resulted in no clot retraction and lysis
times of over 14 hr vs. 4 + clot retraction and lysis times
of 4 hr in control samples (provided count of intact
platelets was reduced below 1000/mm3). Sonication of
the formed dilute platelet-rich plasma clot resulted in
platelet destruction with minimal distortion of the nor--
mal clot structure as determined by examination of
photomicrographs. Clot retraction and lysis did not differ
from the control samples provided the sonication was
done after formation of the clot was complete.

Relationship of thrombin and serum factors to clot
retraction and lysis. The effect of thrombin on clot
retraction and lysis was examined by adding 0.1, 0.2, 0.4,
0.8, 5, and 10 NIH U of thrombin both to the usual
clot system coagulated at 40C then changed to 370C,
and to a clot system kept at 37C' throughout.. Varying
concentrations of thrombin under the former conditions
had little effect on clot retraction or lysis, whereas under
the latter conditions (370C throughout, Table II) lower

TABLE I I
Effect of Varying Concentrations of Thrombin on Retraction

and Lysis of Clots Formed at 370C

Retraction
Thrombin concn (0-4+) Lysis

NIH U hr
0.1 4+ 71
0.2 4+ 18
0.4 4+ 24
0.8 3+ 36
5.0 2+ 48

10.0 2 + 48
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concentrations of thrombin enhanced both clot retraction
and lysis. None of the supernatants from clots formed
under these conditions had any residual clottable fibrino-
gen as determined by addition of 10 U of thrombin.

The question regarding the role of YM, complement
components C3 and C4, and plasminogen in retraction
and lysis of dilute whole blood clots was studied in-
directly by addition to the standard clot lysis assay of
partially purified 'v-globulin fraction of rabbit antisera
directed against these factors (18). The '-globulin
fractions used were reconstituted to the original serum
volume and dialyzed against 1000 ml of phosphate
buffer for 18 hr to remove (NH4)2SO4 salts. 0.25 ml
aliquots of these preparations were then added to the
2-ml aliquots of diluted whole blood at 37°C. After 5-10
min the samples were placed in an ice bath, thrombin
was added, and the samples were handled and observed
as described above. Control samples included the
'v-globulin fraction of normal rabbit serum and that of
rabbits immunized against human albumin, a2-macro-
globulin, transferrin, and 'G globulin.

The question regarding the specificity of inhibition
caused by certain of the above antibodies was studied
by addition of 20-40 Ag of homologous antigen (i.e.
purified yM, C3, C4, and plasminogen) to the dilute
whole blood samples before addition of the antibody
and thrombin. As a control these purified proteins were
also added in the same quantities to the clot lysis assay
to which no antibodies were added.

The effect of specific antibodies, and their respective
antigens, on clot retraction and lysis is included in
Table III. The results shown are an extension of a pre-
liminary study reported previously (18). This table
shows that antibodies directed against yM globulin, C3,
C4, and plasminogen were the most effective inhibitors
of clot retraction and lysis, whereas antibodies against
albumin, a2-macroglobulin, transferrin, and 'G globulin
did not affect clot retraction or lysis. Addition of 20-40
,ug of homologous antigen (i.e. purified 'M, C4, C3, or
plasminogen) to the above antibody-containing systems
maintained normal clot retraction and lysis provided
that they were added before the antibody and thrombin.
Addition of C3 and C4 alone to the standard assay failed
to reduce the time of lysis below 3 hr. The effect of
inactivation of C3 by cobra factor on the retraction and
lysis of dilute whole blood clots was studied by addition
of 10-100 ug of purified cobra factor to the clot lysis
system at 37°C. After 10 min the temperature was
lowered from 37° to 4°C and thrombin (1 U) was
added. The system was then handled and observed as
described above. This experiment was then repeated
but after the 10 min incubation step (37°C) with cobra
factor, the blood was cooled to 4°C and 100-300 ig of
fresh C3 was added. Thrombin was then added, and

TABLE I Il
Effect of Specific Antibodies to Human Serum Proteins; Cobra

Factor, yMGlobulins (19S Macro, Cryo, and Cold
Agglutinins), and Temperature on Retraction and

lysis of Blood Clots

Retraction
Inhibiting substance (0-4+) Lysis time

hr

Phosphate buffer 4+ 4
Anti--yM globulin 0 24
Anti-C3 2 + 14
Anti-C4 2+ 12
Anti-C3 and -C4 1 + 24
Anti-plasminogen 3 + 24
Anti-albumin 4+ 3
Anti-armacroglobulin 4+ 4
Anti-transferrin 4+ 4
Anti-yG globulin 4+ 3
Cobra factor (10 M&g) 2+ 12
Cobra factor (10 Mug) and then C3 4+ 4
C8 4+ 4
C8i 4+ 1
Assay run at 4VC until clot forms

then 370C 4+ 4
Assay run at 370C throughout 2+ 24
19S cold agglutinin in 370C system 3+ 8
19S cryoglobulin in 370C system 1 + 24
19S macroglobulin in 37°C system 1 + 24

after the clot was formed at 4°C the system was ob-
served for lysis in the usual manner. Table III also
shows that cobra factor which inactivates C3 also inhib-
ited clot retraction and lysis. This effect of cobra factor
was reversed by addition of an excess of C3 substrate
at the end of the inactivation period (just before the
addition of thrombin).

In order to determine more specifically and directly
what effect C8 and hemolytically inactive C8i had on
clot retraction and lysis, the following studies were
done. 0.1 ml aliquots (50 Mg) of partially purified C8
and C8i from the same batch were added to 2-ml aliquots
of diluted whole blood at 4°C followed 10 min later by
thrombin (1 U). This system was then observed as
described above. C8i is a hemolytically inactive form of
C8 which on occasion has been found to appear spon-
taneously during the last step of the chromatographic
isolation of C8. Though this material is hemolytically
inactive, it is immunologically identical with C8 and,
as described below, it has a profound effect on the
behavior of the clot lysis and platelet systems. Table III
shows that addition of C8i to this system resulted in
very rapid times of lysis (1 ±+ hr), whereas addition
of C8 did not affect lysis.

In order to determine more specifically which com-
ponent of the 'yM family of proteins might be involved
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in this phenomena, we studied the effect of 19S macro-
globulin, 19S cryoglobulin, and polyclonal 19S cold
agglutinin on (a) the standard clot lysis assay in which
the diluted whole blood was clotted at 40C in the usual
manner and (b) the standard clot lysis assay in which
the diluted whole blood was clotted at 370 C. 0.25 ml
aliquots of the above proteins (50-300 Ig/0.25 ml) were
added to 2-ml aliquots of the diluted whole blood kept at
either 370C or 40C. 10 min later 1 U of thrombin was
added and the samples were handled and observed as
described above. Table III shows that addition of puri-
fied 19S cold agglutinin to the standard clot lysis system
which was then coagulated at 4VC had no effect on the
normal clot retraction or lysis. However, addition of
cold agglutinin to the clot lysis system which was then
coagulated at 370C increased clot retraction from 1-2+
to 4+ and shortened the lysis time from 18 ±2 hr to
8 ±+1 hr. Thus, the cold agglutinin added to the system
kept at 370C appeared to obviate the need for coagulat-
ing the system at 4°C. The clots which were formed at
37°C instead of 4°C retracted and lysed normally, pro-
vided sufficient cold agglutinin was added to the system.
In contrast to the effect of 19S cold agglutinin, it was
observed that neither 19S macroglobulin, 19S cryo-
globulin, nor monoclonal 19S cold agglutinin obtained
from Dr. A. G. Cooper produced this effect.

Because of the possibility that the yM proteins (19 s
cryoglobulin, macroglobulins, and cold agglutinins) or
the complement components (C3, C4, C8, and C8i)
might be contaminated with trace amounts of plasmino-
gen, plasmin, or thrombin, they were studied for strep-
tokinase-activatable fibrinolytic and thrombin activity
in the following manner.

0.1 ml aliquots (100lg) of each of these proteins was
added to 0.5 ml of 0.2% fibrinogen solubilized at 22°C
in 1 X 10' M CaCl-0.01 M Tris buffer, pH 7.4) fol-
lowed by 0.1 ml of streptokinase (0.3 ,g, 70 U) and
0.1 ml of bovine thrombin (1 U). The fibrin clots which
formed were then incubated at 37°C and observed every

-,
..4

U)

*1

0

2-

5.5 6.0 6.5 7.0 7.5 8.0
pH

FIGURE 1 Plot of time (hours) of clot lysis vs. pH.

5 min for lysis. The samples were run in duplicate. Con-
trols consisted of fibrinogen clotted with 1 U (0.1 ml)
of thrombin, fibrinogen clotted with 1 U of thrombin
to which 0.1 ml (0.3 Ag) of SK had been added, and
fibrinogen with 0.1 ml of each of the above proteins to
be tested. This last control was to test these proteins for
thrombin activity. In the case of C8i, assays included
C8 and C8i alone, with plasminogen, or streptokinase.

None of these reagents had fibrinolytic activity either
alone or upon addition of streptokinase in a purified
thrombin-plasminogen-fibrinogen assay system. None
of these reagents had thrombin activity. However, C8i
but not C8 partially activated plasminogen. C8i alone
plus fibrinogen and thrombin significantly decreased the
rate of fibrin polymerization but did not hydrolyze
fibrin.

Relationship between the pH and temperature of the
reaction system and clot retraction and lysis. The pH
at which there was an optimum rate of clot retraction
and lysis was determined by adjusting the pH (with
0.1 M HCl) of separate 20-ml aliquots of diluted whole
blood to pH 5.5, 6.0, 6.5, 7.0, and 8.0 and then deter-
mining the times of clot lysis of 2-ml aliquots as de-
scribed previously. In addition, the relation between pH
and temperature was studied. Two aliquots of diluted
blood, A and B, were adjusted to pH 7.4 and 6.5 respec-
tively. Two triplicate sets of samples from the aliquot A
pool were then coagulated at 37°C and at 4°C respec-
tively and then observed for clot retraction and lysis at
370C. The same was done with aliquot B.

Fig. 1 shows the time of clot lysis as a function of
pH. The optimum pH lies between 6.0 and 6.5 which is
identical with the optimum pH range for complement
activity. This is also the optimum pH for adsorbtion of
cold agglutinin to red cell membranes (19). In this
regard it is also of interest to note that at pH 6.5 these
clots retracted and lysed normally when the temperature
was kept at 370C throughout, thus obviating the neces-
sity of forming the clots at 40C before incubating them
at 370 C. Thus, conditions favoring clot retraction and
lysis can be produced either by low temperatures at
neutral pH or higher temperatures at pH 6.5.

Physical relationship of the serum factors to platelets.
In order to examine the possibility of an association
between serum factors and platelets, platelets were har-
vested, washed, and examined for agglutination upon
addition of specific antisera directed against the proteins
in question (18). The platelets were harvested from 10
ml of whole blood diluted 1:10 in phosphate buffer at
40C (identical with that used in the clot lysis assay)
by centrifuging them at 500 g for 10 min in a Sorvall
PR2 centrifuge and then collecting the platelet-rich
supernatant. These platelets were then washed thrice in
the same phosphate buffer and resuspended in buffer to
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give a suspension of 3 X 108 platelets per mm3. Plastic
centrifuge tubes were used in all the above steps. The
yield of intact unaggregated platelets was approximately
10%. Since we wished to examine the platelets under
conditions identical with those of the assay of clot lysis,
no chelating agent was used. In a parallel study the
platelets were also harvested employing a chelating agent
as described later. The effect of various reagents (i.e.
200 ,g/ml of 19S cold agglutinin, 19S cryoglobulin, and
macroglobulin; antisera to fibrinogen, yM, C3, C4, plas-
minogen, albumin, a2-macroglobulin, transferrin, and
aG globulin) on these platelets was examined by adding
0.05 ml of various dilutions of each of these reagents
to 0.1 ml of the above platelet suspension (3 X 106/mm3)
in the separate wells of an agglutination plate. These
preparations were placed in a shaker at room tempera-
ture for 30 min and then examined for agglutination
with a phase microscope. All determinations including
controls were run in duplicate.

The specificity of the agglutination phenomena was
studied by addition of the purified homologous antigens
(50 gg/0.5 ml of antisera of fibrinogen, yM, C3, C4)
to their respective antisera before addition to platelets.
The degree of agglutination was recorded and compared
with that observed when antiserum alone was added
to the platelets.

We found that 1: 10 dilutions of anti-fibrinogen,
anti-yM, anti-C3, and anti-C4 sera caused a 2-4+
agglutination of platelets, whereas antisera to C8, plas-
minogen, albumin, a2-macroglobulin, and transferrin
caused no agglutination. The antisera to yG or yM
globulins caused 0 and 2-3+ agglutination respectively.
Purified 19S macroglobulin, C3, and C4 inhibited agglu-
tination when added to the respective antisera before
mixing with platelets. We also found that purified 19S
cold agglutinin caused 3+-4+ agglutination of platelets
whereas 195 cryoglobulin or macroglobulin did not
cause agglutination.

Functional relationship of C3 to platelets. Immune
adherence to erythrocytes is known to depend on the
presence of C3 specifically bound onto the surface of
the adhering particle (20). Assuming that the same con-
ditions would apply to platelets, the presence of specifi-
cally bound C3 on platelet membranes was studied by
incubating 2 ml of 1 X 106 washed platelets with 0.1 ml
of 1 X 108/ml red blood corpuscles from the same sub-
ject. This was done according to the method described
by Nishioka (21). Consistent 2-3+ reactions were ob-
tained between washed platelets with bound C3 and the
homologous washed red cells. This indicated that at
least some of the bound C3 was bound in its active form
to the platelets.

Relationship of thrombin and serum factors to platelet
aggregation and retraction. Though there was evidence

that thrombin, serum factors, and platelets cooperated
to facilitate clot retraction and lysis and that some of
these serum factors were physically associated with the
platelets, it was not known whether these factors were
producing their effect directly through action on the
platelet membrane or indirectly through reactions cata-
lyzed by the surface of the platelet membrane. In other
words, were thrombin and the serum factors inducing
clot retraction and lysis by induction of aggregation and
retraction of the platelets themselves through modifica-
tion of the platelet membrane or were they acting in
some other manner? The system in which serum is used
to induce aggregation and retraction of washed platelets
seemed to be the best system for studying this question
and is described as follows.

The platelets were prepared from 18 ml of whole
blood drawn into a plastic syringe containing 2 ml of a
2% solution of Na2EDTA, pH 7.4, in 0.15 M NaCl. This
preparation was centrifuged at 700 g for 10 min at room
temperature. The platelet-rich supernatant was har-
vested, transferred to 10 X 100 ml siliconized tubes, and
centrifuged again at 1200 g for 5 min. The supernatants
were decanted and the platelet buttons were resuspended
in small volumes of 0.2% Na2EDTA-saline and pooled.
These platelet pools were then brought to the volume
of the test tube (15 ml) and centrifuged again at 1200 g
for 2 min. The supernatants were decanted and the
above procedure was repeated twice. The final button
of washed platelets was reconstituted (in 0.15 M saline-
Na2EDTA, pH 7.4, 0.18 A) to make a suspension of
1 X 106/mm3 platelets. The yield of platelets was 30-40%
of the total found in the starting material. The above
procedure was carried out within 45 min of collecting
the blood. 0.05 ml of this platelet suspension was placed
on a siliconized slide to which 0.05 ml of fresh homolo-
gous serum alone or mixed with 0.05 ml of modifying
agent had been added. The serum preparations con-
sisted of 9 volumes of serum plus 1 volume of a 2-3 g/
100 ml solution of CaCl2 to give a final CaCl concen-
tration of 0.2%. The original sera were obtained from
blood which was allowed to clot at 370C for 1 hr and
then refrigerated for 18 hr before harvesting. These se-
rum preparations undoubtedly contain residual amounts
of prothrombin and thrombin, a fact which is to be taken
into account in the experimental procedures and dis-
cussion. A siliconized cover slip was placed over the
serum-platelet preparation and was examined for plate-
let aggregation and retraction with the Zeiss phas mi-
croscope as described by Wright and Minot (22). The
time required for aggregation and retraction to start
in each of four quadrants was used as the end point.
All preparations in which there was no change in plate-
let morphology were observed for periods up to 2 hr.
If changes did occur they were graded +, and if they

Clot Lysis and Platelet Aggregation and Retraction 2073



did not occur they were graded -. Photographs (black
and white) of the platelet preparation were taken
through the 40 power objective of the phase microscope
(Zeiss).

The effect of thrombin on platelet aggregation and
retraction was studied by incubating 1 ml of 1 X 10o
washed platelets per mm3 (for 10 min at 220C) with
0.1, 0.2, 0.4, 0.8, 1.0, and 2.0 U of thrombin before mix-
ing with serum and observation as described above.
Also, the effect of hirudin (10 U/ml of serum) on
platelet aggregation and retraction was studied in the
same manner.

The effect of cold agglutinin on platelet aggregation
and retraction was studied by incubating 1 ml of 1 X 10'
washed platelets per mm' with 0.1, 0.2, 0.4, 0.8, 1.0, and
2.0 U of thrombin together with 10 ,og of cold agglutinin
(for 10 min at 22'C) before mixing with serum and
observation as described above.

The consumption of cold agglutinin by thrombin-
treated platelets was studied by incubating 10 ml of
1 x 108/mm' washed platelets with and without 1-10 U
of thrombin. These were washed once in 100 volumes of
saline and then 0.5 ml aliquots of platelets (1 X 108/
mm') were added to 0.5 ml aliquots of a 1: 64 dilution
of high titer (1: 512) cold agglutinin serum. An aliquot
of cold agglutinin serum to which 1-10 U of thrombin
alone was added, plus an aliquot of untreated serum
were included as control samples. The mixture of plate-
lets and sera were allowed to incubate at 4'C for 2 hr.
It is important to note that the serum samples in this
part of the study had no calcium added to them. The
samples were then centrifuged, diluted (1: 64, 1:128,
1: 256, 1: 512, and 1: 1024) and 0.9 ml of the super-
natant was added to 0.1 ml of a 1% suspension of red
blood corpuscles (type 0). This system was allowed
to incubate in 10 X 75 mmagglutination tubes for 18
hr and the agglutination patterns were read with the
aid of a hand lens.

Table IV shows the effect of thrombin (and cold
agglutinin) on the time required for platelet aggregation
and retraction to start. 0.2 U of thrombin reduced the
time from 28 to 12 min. 10 ttg of cold agglutinin added
before the 0.2 U of thrombin reduced this time from
28 to 1 min. It was also observed that thrombin-treated
platelets adsorbed more cold agglutinin from high titer
cold agglutinin serum than did nonthrombin-treated
platelets by at least a dilution factor of 4. However,
platelets treated with thrombin alone to which no serum
was added also tended to aggregate at 4'C. Therefore,
it will be necessary to examine this question using
radiolabeled cold agglutinin and complement components.

It should be noted that the results using thrombin
have been obtained repeatedly and are in contrast to
observations of Zucker and Borelli (23) and others.

TABLE IV
The Effect of Varying Concentrations of Thrombin on the Time

Required for Initiation of Platelet Aggregation and
Retraction

Elapsed time between addition
of serum to platelets

and platelet aggregation
Thrombin concn and retraction

msn
Serum alone 28
Serum + 0.1 U 15
Serum + 0.2 U 12
Serum + 0.8 U 8
Serum + 1.0 U 3
Serum + 2.0 U 1
Serum + 10.0 U 1

Their system consisted of platelets washed in physio-
logic saline and suspended at pH 7.4, whereas ours were
washed in EDTA-saline at pH 7.4. It is probable that
washing the platelets in the absence of a strong chelating
agent may have rendered them susceptible to aggrega-
tion and retraction by thrombin alone because of Ca'-
dependent adherence of larger amounts of complement
proteins to the membrane. Thus, in their system throm-
bin alone might have been sufficient to induce platelet
aggregation and retraction.

The role of yM and complement components in induc-
ing agglutination and retraction of platelets was studied
further as follows.

Employing the above system the effect of cold agglu-
tinin, anti-fibrinogen, and anti-yM as well as anti-C3
and anti-C4 on platelet aggregation and retraction was
studied. In this case the reagents and platelets were
mixed before addition of serum. The effect of treating
serum with cobra factor (10-30 Ag/ml serum for 30
min at 37'C) or hydrazine (0.01 mole/liter at 37'C for
1 hr followed by dialysis) or potassium cyanide (equal
volumes of serum and 2 M KCN incubated 18 hr at
4VC followed by dialysis) on its capacity to induce
aggregation and retraction of platelets was studied. The
effect of the above hydrazine-treated serum reconstituted
with 40 Ag of C3, 40 Ag of C4, and 1 U of thrombin on
platelet aggregation and retraction was also studied. The
same studies were done on the above serum treated with
potassium cyanide except that 40 Ag of C5 was also
included in the reconstitution portion of the study. Con-
trols consisted of the chemically treated sera plus 1 U
of thrombin alone, of chemically treated sera plus the
complement components alone, and of thrombin plus
calcium alone. The effect on platelet aggregation and
retraction of C8i and C8 with and without hydrazine-
treated serum was also studied.
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Anti-yM aggregated the platelets but inhibited retrac-
tion. The addition of 10 j&g of polyclonal cold agglutinin
to the washed platelets also induced aggregation. The
addition of 10 ug of cold agglutinin plus serum and
calcium induced rapid aggregation and retraction (5
+-2 min) compared to a control consisting of serum,
calcium, and platelets alone (15 ±3 min).

Anti-C3, -C4, and -C8 added to the platelets before
addition of serum failed to inhibit platelet retraction.
However, treatment of the serum with either purified
cobra factor (Fig. 2), hydrazine (Fig. 3), or potassium
cyanide (agents which inactivate C3, C3 and C4, and
C3, C4, and C5 respectively) rendered that serum in-
capable of mediating aggregation and retraction of
platelets (Table V). Addition of purified C3 and C4
alone to hydrazine-treated serum (dialyzed, recalcified)
resulted in restoration of platelet aggregation but not
retraction (Fig. 4) (Table V). Addition of purified C3,
C4, plus thrombin to the hydrazine-treated serum re-
sulted in full restoration of platelet retraction (Fig. 5)

(Table V). Addition of thrombin alone to hydrazine-
treated serum (dialyzed against phosphate buffer, 0.01
mole/liter, pH 7.4, and recalcified) had no effect on the
platelets. Thrombin in phosphate buffer (0.01 mole/liter,
pH 7.4) plus calcium aggregated the platelets but did
not induce them to retract. Calcium alone also aggre-
gated platelets but did not induce retraction. In the case
of reconstitution of potassium cyanide (KCN)-treated
serum; addition of C3, C4, C5, plus thrombin also re-
sulted in full restoration of platelet aggregation and
retraction. Addition of C8i plus serum produced rapid
aggregation and retraction of platelets. The pH of all
the above sera was maintained at 7.4 ±0.2. The fresh
serum and serum EDTA controls to the above studies
are shown in Figs. 6 and 7.

Other control studies include studies of the effect of
hydrozine, potassium cyanide, and cobra factor on
thrombin and plasminogen activity. These studies were
done to examine the possibility that these factors, in
addition to C3 and C4, might be affected by these
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agents. In each case 10 U/ml of thrombin or 0.4 mg/ml
of plasminogen were treated as described above for
serum. The activity of the thrombin and plasminogen
employing a 0.2% solution of fibrinogen or fibrin as
substrate was assayed as described earlier. Purified
plasminogen was not effected by exposure to these
agents. However, purified thrombin was inactivated by
hydrazine and by potassium cyanide but not by cobra
factor. It should be emphasized that though hydrazine
is an oxidizing agent with a broad range of activity,
the conditions under which it is used in this study are
quite specific for thrombin, C3, and C4. None of the
other proteins being considered in this study, including
plasmin inhibitors, are affected by hydrazine under these
conditions.

The physical association of platelets with the fibrin
clot. In order to determine whether the process of clot
retraction and clot lysis was indeed associated with
platelet aggregation and retraction, and in order to de-
termine whether inhibition of clot retraction and lysis

was associated with inhibition of platelet aggregation
and retraction, plasma clots were prepared from
platelet-rich plasma as described previously and placed
in 10% buffered formalin i, 1, and 2 hr after being
placed in the 37'C water bath. Duplicate samples were
allowed to lyse. They were allowed to fix for 3 days,
and were then embedded, sectioned (10 j), mounted, and
stained as described by James et al. (17). Clots to
which antibodies to yM, C3, C4, albumin, a2-macro-
globulin, transferrin, and YG were added were treated
in the same manner. These were viewed through the
40 power objective of a light microscope. Photographs
(black and white) were then taken of these preparations.

Photomicrographs of the normal clots fixed and sec-
tioned 2 hr after addition of thrombin showed dense
masses of "fused" platelets along the periphery of a
small retracted clot and only a few fibrin strands in the
center. Photomicrographs of the same clot formed in
presence of anti-yM antiserum showed many small
platelet aggregates and individual platelets dispersed
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FIGURE 3 Photograph of washed platelets to which serum (exposed to 0.01 M hydrazine at
37'C for 1 hr) was added and which have been allowed to incubate at 23°C on a siliconized
glass slide for 15 min. X 40.
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evenly throughout a field of a fine lacy fibrin network
of a large unretracted clot (18).

Retraction and lysis of blood clots and the platelet
proteins of samples from patients with thrombasthenia.
The degree of clot retraction, of clot lysis, structure of
plasma clots, and the surface proteins of platelets from
patient's with Glanzman's thrombasthenia were studied
with Dr. Zucker.' 20 ml of blood was drawn from each
of six patients and three normal subjects (nonfasting).
Blood samples were handled and observed for clot re-
traction and lysis in the same manner as described above
(15). An additional 18 ml of blood as a source of plate-
lets was handled and the platelets studied as described
previously (26).

The results from these studies clearly showed that
the retraction of clots from six patients with thrombas-
thenia was only 0-1+, whereas the retraction of clots
from the three controls was 4+. The lysis time of clots
from thrombasthenic patients was 6.5-24 hr (average
15 hr) compared to lysis time of 3.5-4.5 hr (average
4.0 hr) for the normal subjects. Aggregation of
thrombasthenic platelets by anti-yM and anti-fibrinogen
was 0-1+ compared to 3-4+ for platelets from normal
subjects (26). These studies were repeated on five
different occasions on one of the thrombasthenic patients
(M.M.) and on two occasions on the other two (L.W.
and M.C.). Thus, there is a clear association of poor
clot retraction and lysis with a deficiency of -yM and
fibrinogen on the platelets of patients with thrombas-
thenia.

DIS CUSSION

The need of platelets for lysis of dilute whole blood
clots has been suggested by the lack of clot retraction
and lysis which followed their removal by centrifuga-
tion. The observation that clot retraction and lysis are
also inhibited following disruption of platelets by soni-
cation suggests that the intact platelet is essential at
least in the early phases of clot formation. This, in
turn, suggests that the surface and(or) organization of
cellular components provided by the membrane of the
intact platelet is important. For, if this were not so,
if it were merely the material within the platelets which
was required, disruption of platelets by sonication should
not have inhibited clot lysis. Further evidence of the
possible importance of the platelet membrane in this
system is the demonstration that a deficiency of clot

' One of the patients (M.M.) has been extensively studied
by Dr. M. Zucker and coworkers (24). The two other
patients (L.W. and M.C.) had been diagnosed and studied
by Dr. Weiss (25) and the three other patients were diag-
nosed by Dr. Peter White of the University of Pennsyl-
vania. The observations below correlating clot retraction
and lysis with platelet proteins were done with Dr. Zucker
and are reported in a recent letter (26).

TABLE V
Effect on Platelet Aggregation and Retraction of Inactivation of

Serum Complement and Reconstitution of These Sera
with Complement Components and Thrombin

Platelet response on
incubation with reagent

Reagent Aggregation Retraction

Serum + +
Serum + hydrazine - -
Serum + hydrazine + C3

and C4 +
Serum + hydrazine + C3, C4,

and thrombin + +
Serum + cobra factor - -
Serum + KCN*
Serum + KCN+ C3 and C4 +
Serum + KCN+ C3, C4,

and C5 +
Serum + KCN+ C3, C4, CS,

and thrombin + +
Thrombin
Thrombin + Ca +
Serum + hydrazine + thrombin - -

* KCN = potassium cyanide.

retraction and lysis is associated with a deficiency of
fibrinogen and 'YM on the membranes of platelets from
thrombasthenic patients. All of the substances within
platelets from these patients assayed thus far have been
normal in amount and in activity (24, 25) with the
exception of platelet ATPase. This was reported by
Gross to be deficient in some patients with thrombas-
thenia (27).

Others have noted that under certain conditions
platelet contents both inhibit plasmin activity and en-
hance plasminogen activator (SK) activity (28, 29)
(i.e. platelets are known to contain plasminogen) (30).
Since these studies employ specific assays for either
plasmin, plasmin inhibitor, or activator activity there
seems little doubt that such substances with these
activities exist within the platelets. Such results do not
necessarily conflict with nor support our observations in
which we are monitoring the over-all contribution of
the platelet within the matrix of the dilute intact blood
clot. The systems are different and the results from each
must be considered in the light of what activity is being
measured and the assay used to measure it.

With regard to the participation of humoral factors in
clot retraction and lysis, the observation that decreasing
concentrations of thrombin facilitated clot retraction
and lysis when added to systems clotted and run at
37°C is of interest, for, this observation shows that (a)
the concentration of thrombin used on systems clotted
and run at 370C (in contrast to systems clotted at 4°C
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and run at 37'C) clearly influenced the degree of clot
retraction and the rate of clot lysis, and (b) the amount
of thrombin added and the temperature at which the
clots were allowed to form were two closely linked
variables influencing the early phases of clot retraction
and lysis. This observation clearly poses the possibility
that the coagulation system, like other biologic systems,
has the potential for initiating reactions which counter-
act the initial phenomena (clot formation); and that
the degree of the counter phenomena or negative feed-
back (clot lysis) may be a function of the concentration
of the initiating substance (thrombin) (see Table VI).
The biochemical interpretation of this effect of thrombin
and its relation to the conditions of pH and temperature
governing the interaction of thrombin and cold agglu-
tinin with platelet membranes will be discussed later.

Evidence suggesting the participation of a yM protein
in clot retraction and lysis rests on the complete inhibi-
tion of this phenomena by antiserum to vM and by the

effect of adding 19S cold agglutinin to the system. Of
the four yM proteins studied (19S polyclonal cold ag-
glutinin, 19S monoclonal cold agglutinin, 19S macro-
globulin, and 19S cryoglobulin) the polyclonal 19S cold
agglutinin appeared to be the active factor because this
protein was the only one of the four yM proteins which
induced clot retraction and lysis of systems clotted and
observed for lysis at 370 C. Ordinarily clot retraction
and lysis do not occur if the clot is formed at 37°C.
Usually the dilute whole blood clots will retract and
lyse only if they are formed at 4°C and then observed
for lysis at 370 C. However, the addition in correct
amounts of 19S polyclonal cold agglutinin to clots
formed at 37'C induced the same degree of retraction
and lysis as that ordinarily seen in systems clotted at
4°C. Therefore, additional 19S cold agglutinin obviated
the need for forming the clots at 4°C.

Evidence suggesting the participation of complement
in this system rests on the inhibition of clot lysis by
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FIGURE 4 Photograph of washed platelets to which serum (exposed to 0.01 M hydrazine,
dialyzed, and then reconstituted with 40 ,ug/2 ml of C3 and 40 ,ug of C4) was added. The
platelets were then allowed to incubate at 23°C on a siliconized glass slide for 15 min. X 40.
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antibodies specifically directed against selected comple-
ment components and the fact that this inhibition was
not observed in those assays in which the homologous
antigens were included. Also the evidence that antibodies
directed against other serum proteins (albumin, a2-
macroglobulin, transferrin, and aG globulin) failed to
inhibit clot lysis, strengthened the thesis that the inhibi-
tion by the antisera directed against the complement
components was specific. The facts that (a) the pH opti-
mumof clot lysis was 6.5 and not 7.4 and (b) lysis was
inhibited by cobra factor and restored by adding C3
are also consistent with the interpretation that comple-
ment is involved in this process. The later observation
on the effect of cobra factor and C3 supports the obser-
vations made using antisera. One of the weaknesses of
studies employing antisera lies in the possibility of
antibodies to trace contaminants (less than 5%) may
inactivate active principle which has been mistaken
to be the protein in the highest concentration. Another

difficulty in studies employing antisera is that the func-
tion of the system may be inhibited by binding of anti-
sera to proteins which are nonspecifically adsorbed to
surfaces on which the reactions are occurring (i.e.
fibrin strands, platelet membranes). However, the fact
that an agent such as cobra factor can also produce
inhibition of clot retraction and lysis tends to negate
these possibilities.

In remarking on the limits of these experiments it
must be noted that control samples to which 19S cold
agglutinin, or C3 or C4 alone were added did not
accelerate retraction or lysis as might be expected.
Only the addition of platelets and C8i accelerated both
clot retraction and lysis, and the addition of plasminogen
accelerated clot lysis. If one assumes that the cold
agglutinin and early components of complement act
through binding to a limited number of sites on a sur-
face (e.g. the platelet membrane or fibrin strand), then
the fact that additional cold agglutinin, or C3 or C4

0.
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FIGURE 5 Photograph of washed platelets to which serum (exposed to 0.01 M hydrazine,
dialyzed, and then reconstituted with 40 ,g/2 ml of C3 and 40 ,lg of C4 plus 10 ,ug of thrombin)
was added. The platelets were then allowed to incubate at 23°C on a siliconized glass slide for
15 min. X 40.

Clot Lysis and Platelet Aggregation and Retraction

4

2079



added at 4VC did not accelerate lysis might be explained
by assuming that only a restricted number of appro-
priate or specific sites on a surface are available at 4VC.

The action of C8i on the clot retraction and lysis
system (the nonhemolytic form of C8) then came under
examination in a preliminary study. Since it as found
that C8i markedly accelerated clot lysis, the question was
raised of whether it was an activator of plasminogen or
had a capacity to hydrolyze fibrin itself. From the data
obtained from assays done using a purified fibrin sub-
strate, we concluded that C8i or its equivalent might be
a component which activates plasminogen. Why only the
hemolytically inactive form of C8 and not C8 itself is
active on plasminogen is not known. Therefore, in con-
trast to the other reactants described above, we cannot
argue conclusively that C8 is an essential component in
this phenomena, we can only suggest that some form
of C8 may be involved.

Finally, the observation that either one of two sets
of conditions (pH 7.4, 4VC, or pH 6.5, 370C) would
permit optimal clot retraction and lysis is of great inter-
est and is consistent with the observation that optimal
binding of cold agglutinin occurs under either one of
these two conditions. As stated previously, the relation
of this phenomena to thrombin and the conditions of pH
and temperature governing the interaction of thrombin
and cold agglutinin with platelet membranes will be dis-
cussed later. These last observations complete the quali-
tative identification and study of some of the components
or factors thought to be involved in facilitation of clot
retraction and lysis.

Regarding the conditions under which clot lysis stud-
ies were done, it should be noted that the ionic strength
and pH of the buffer used is optimal for binding and
activation of C1, C3, and C5, 6, 7. It should also be noted
that this low ionic strength does no harm to platelet or
red corpuscles because of the contribution to the osmotic
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FIGU'RE 6 Photograph of washed platelets to which serum was added and which have been
allowed to incubate at 23'C on a siliconized glass slide for 15 min. Each of the masses shown
represent islands of 30-40 platelets which have aggregated, and retracted to one-fifth their
original size. X 40.
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gradient made by the dilute plasma salts and proteins.
However, the concentration of both free calcium (5 X
10' mole/liter) and of available cold agglutinins is
below that required for optimal complement activity.

It was now necessary to establish whether platelets
and those serum factors shown to be necessary for clot
retraction and lysis were physically associated. More
specifically the first question was whether fibrinogen,
-yM globulin, and complement components C1-4 were
physically associated with platelets. The demonstration
that platelets (washed four times) could be specifically
agglutinated by antibodies directed against fibrinogen,
yM, C3, or C4 gave evidence that this was so. The
demostration that C3 adsorbed onto the platelets could
mediate immune adherence with indicator red corpuscles
suggested that at least some of C3 bound to the platelet
membrane was bound specifically and was activated
under these conditions. Further evidence supporting the
specificity of binding of these factors was provided by
the failure to agglutinate these washed platelets with
antibodies to some other serum proteins and by the fact

that where agglutination was produced by a given anti-
body, it could be prevented by addition of the homolo-
gous antigen (i.e. 19S cold agglutinin, C3, C4). These
series of experiments therefore provided evidence that
fibrinogen, yM globulin, and complement components
are physically associated with platelets under certain
conditions. These observations, together with the func-
tional evidence given previously, raised the question of
whether the platelets and serum proteins actually fun-
tioned as a unit in promoting clot retraction and lysis.
This question was advanced further by (a) the observa-
tion that the platelet membranes of patients with throm-
basthenia have markedly reduced amounts of fibrinogen
and yM, and (b) the fact that this defect was associated
with the failure of the dilute whole blood clots of these
patients to retract or lyse normally and by a failure of
their platelets to aggregate and retract upon exposure
to serum. Though this association cannot be interpreted
as a causal one, it was conceivable that the platelets
of thrombasthenic patients fail to function because they
do not provide a surface to which a YM globulin can
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FIGURE 7 Photograph of washed platelets to which serum and EDTA has been added and
which have been allowed to incubate at 23°C on a siliconized glass slide for 15 min. X 40.
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become attached at 4'C and(or) pH 6.5 (possibly to
thrombin-modified platelet fibrinogen or to the I anti-
gen) (19, 31). Such a failure to bind -yM globulin might
be followed in turn by a failure to bind and activate C1
(32) at 40C followed by activation and binding of the
other complement components to the platelet membrane
at 37'C in a manner analogous to that described for
complement-mediated hemolysis of red blood corpuscles.

If one accepts this interpretation of the abnormality
of the thrombasthenic platelets, and if one accepts the
evidence that platelets, thrombin, yM globulin (cold
agglutinin), and serum factors are physically associated
with the platelets, it seems reasonable to postulate that
clot retraction and lysis may result from functional
interaction between these serum factors and the plate-
lets. If this reasoning is followed, at least two questions
arise. (a) How do the serum factors get adsorbed onto
the platelet membrane, and (b) what is their function
once they are there and which factors are involved?

Do they mediate reactions limited to the membrane sur-
face or do they modify the membrane?

Looking at serum-mediated retraction and aggregation
of platelets it was found that either hirudin or anti-yM
antibody added to the fresh washed platelets inhibited
their aggregation and retraction upon addition of serum.
This suggested that the thrombin and -yM (cold agglu-
tinin) present in serum might play a role in the induc-
tion of platelet aggregation and retraction. The fact
that addition of more thrombin and(or) yM globulin
(cold agglutinin) to the washed platelets markedly en-
hanced the rate of serum-induced platelet retraction and
fusion, strengthened the interpretation that both throm-
bin and yM globulin (cold agglutinin) were operative
in this phenomena just as they were in the retraction
and lysis of dilute whole blood clots.

It was then hypothesized that the thrombin modified
the membrane of the washed platelet such that it would
adsorb more than the usual amount of yM globulin
(cold agglutinin). An indirect test of this hypothesis

TABLE VI

Proposed Sequence of Events in Retraction and Lysis of Dilute Whole Blood Clots

(Factors 2-12)

Thrombin

Platelet surface
(fibrinogen)

and/or
other proteins
on membrane

Fluid
phase

fibri ogen

Activation of FSF

Hydrolysis of C3

Polymerization of fibrinogen

and

Modification of fibrinogen or other proteins
on platelet surface

Adsorption of -yM
onto platelet surface

Activation of C1-3
on platelet surface

Activation of C5-8

Release and activation of platelet
plasminogen and (or)

fluid phase plasminogen

Clot formation
fixation of platelets

Platelet aggregation and retraction
Clot retraction

Clot lysis

* Points at which high concentrations of thrombin might conceivably modify the above system to favor a state of
coagulation, without clot lysis.
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was carried out by determining the amount of cold
agglutinin adsorbed from a high titer heat-inactivated
cold agglutinin serum by nonthrombin-treated and by
thrombin-treated platelets. The fact that more cold
agglutinin was adsorbed by the thrombin-treated plate-
lets than by the nonthrombin-treated platelets suggested
that the thrombin in serum or added thrombin might in-
deed modify the platelet membrane such that additional
amounts of cold agglutinin were adsorbed onto the
platelets.

Given the observation on retraction and lysis of clots,
and the evidence that adsorbed cold agglutinin is capable
of binding and activating complement on red cell mem-
branes (32), it was but a small step to hypothesize that
platelets with adsorbed cold agglutinin recruited the
complement of serum to mediate the intermediate steps
of platelet aggregation and retraction. The fact that
inactivation of complement components of serum by
cobra factor, or hydrazine, or potassium cyanide also
inhibited serum-induced aggregation and retraction of
platelets strengthened this hypothesis. Its validity was
more firmly established by the fact that the capacity of
serum to support this phenomenon was restored by addi-
tion of purified thrombin, C3, C4, and C5. The effect of
C8i and serum on platelet membranes, though not con-
clusive, suggests that the terminal complement com-
ponents also may be operative in serum-induced aggre-
gation and retraction of platelets. Thus, the evidence
suggests that thrombin, yM globulin (cold agglutinin),
C1-5, and possibly C8 may mediate the aggregation and
retraction of platelets just as they influence the retrac-
tion and lysis of dilute whole blood clots.

Therefore, since platelet aggregation and retraction is
said to lead to clot retraction (33), and clot retraction
is invariably associated with clot lysis, and since clot
retraction and lysis are inhibited by removal of platelets
and inactivation of the same serum factors as those re-
quired for serum-mediated platelet aggregation and
retraction, we have concluded that (Table VI) (a)
thrombin in addition to catalyzing clot formation also
modifies the platelet membrane such that -yM globulin
(cold agglutinin) and complement act (more readily
on the platelet membrane leading to (b) platelet aggre-
gation and retraction together with retraction of the
clot and (c) activation of plasminogen either on the sur-
face of the platelet by C8i and (or) by release of platelet
activators of plasminogen (Table VI).

However, in considering this conclusion the following
four questions must be examined.

1. On one hand, are platelet aggregation and retrac-
tion and clot retraction (which is clearly thrombin, yM,
fibrinogen, and complement dependent) necessary steps
leading to clot lysis? On the other hand, are platelet
aggregation-retraction and clot lysis two independent

phenomena which both share components of a common
effector system? The fact that clot retraction invariably
precedes clot lysis (in this system) and that failure of
clot retraction invariably is associated with prolonged
clot lysis suggests that platelet aggregation and retrac-
tion and clot retraction are essential steps leading to
clot lysis (Table VI). Thus, it might be reasoned that
thrombin, fibrinogen, 'yM, and complement facilitate clot
lysis through their direct mediation of platelet aggrega-
tion and retraction and clot retraction. However, this
cannot be established directly until the platelet-effector
system is constructed from platelets and purified compo-
nents.

2. How does thrombin initiate the -yM-complement
interaction with platelets? Does it act by modifying the
platelet membrane or platelet fibrinogen? The facts that
(a) thrombin action on the platelet membrane leads to
increased uptake of cold agglutinin, and that (b) the
40C temperature step required for initiation of normal
clot retraction and lysis can be obviated either by adding
a low concentration of thrombin, by decreasing the pH
to 6.5 (optimal for cold agglutinin binding), or by
adding more cold agglutinin are of interest. They sug-
gest that the concentration of thrombin and cold agglu-
tinin, and the conditions of temperature and pH within
the intact clot may be closely related, in governing their
reaction with a common substrate on the platlet mem-
brane and (or) the fibrin strand. With regard to this
reaction and assuming that the initial reactants are
restricted to thrombin, platelet fibrinogen, and 'vM
globulin, the following possibilities for a substrate arise.
(a) Thrombin could alter the fibrinogen on the platelet
membrane such that at 4°C or pH 6.5 cold agglutinin
could associate with the modified fibrinogen (fibrin)
or the I antigen; (b) thrombin could modify cold agglu-
tinin such that it could bind more readily to the platelet
membrane or fibrinogen at 4°C; (c) the cold agglutinin
could bind to thrombin at 4°C and modify its activity
such that clot lysis was enhanced in some manner; or
(d) thrombin could initiate a series of reactions at the
platelet membrane through hydrolysis of proteins other
than fibrinogen. For instance, hydrolysis of C3 by
thrombin has been demonstrated in our laboratories to
be highly efficient. The second of the four possibilities
listed is of great interest to us and may warrant more
serious consideration, for repeated preliminary studies
show that polyclonal cold agglutinin and fibrinogen in
the presence of thrombin form a complex which will not
polymerize, whereas no complex is formed between cold
agglutinin and fibrinogen in the absence of thrombin.

The answer to this question will rest on further
studies of the thrombin-fibrinogen-cold agglutinin reac-
tion and on the construction of a platelet-effector system
model from platelets and purified components.
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3. How do C8i or platelet contents, or both, activate
plasminogen? Again the attempt to answer this question
awaits construction of a platelet-effector system model
from platelets and purified components.

4. Assuming that thrombin may prepare the platelet
membrane in some way such that more 'M (cold agglu-
tinin) and complement are adsorbed and are activated,
how does thrombin affect the above system such that a
low concentration of thrombin favors clot retraction
and rapid lysis and a high concentration favor poor
retraction and slow lysis? One possibility is that a high
concentration of thrombin interferes with the effector
system at some point other than at the membrane.
Thrombin will hydrolyze C3. Therefore, it is conceivable
that a higher concentration of thrombin not only would
initiate polymerization but also hydrolyze C3 or one of
the other factors thus interrupting the series of reactions
leading to retraction and lysis (Table VI). However,
this cannot be established until the platelet-effector sys-
tem is constructed from purified components and the
effect of thrombin tested.

How ever these points are eventually answered, we
believe that the systems and findings described above,
though perhaps artifactual, are worthy of further study.
We believe that they demonstrate how the coagulation
and lytic enzyme systems and the immunoglobulin-
complement systems cooperate in an ordered sequence
of reactions in the unique milieu provided by the fibrin-
platelet surface. We also believe that these findings
allow for the first time an estimate to be made of the
intermediate steps involved which link the events asso-
ciated with the generation of thrombin (coagulation
factors 12-2), clot retraction (release of thrombas-
thenin), and clot lysis.

These findings and the model derived therefrom may
also facilitate the definition of those factors which are
absent or functioning abnormally in certain diseases of
the coagulation system such as the platelet disorders in
thrombasthenia, and paroxyomal noctural hemoglobu-
linuria, and the immunocoagulation disorders in sys-
temic lupus erythematosus and disseminated intravascu-
lar coagulation. Further, we hope that models such as
this may provide rational constructs from which the
immunopathologic aspects of coagulation and diseases
of vessel walls can be examined and interpreted.
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