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Thrombin-induced conversion of fibrinogen to fibrin results in rapid
platelet trapping which is not dependent on platelet activation

or GPIb
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1 Activation of human platelets by thrombin is mediated by the proteolytic cleavage of two G-
protein coupled protease-activated receptors, PAR-1 and PAR-4. However, thrombin also binds
specifically to the platelet surface glycoprotein GPIb. It has been claimed that thrombin can induce
aggregation of platelets via a novel GPIb-mediated pathway, which is independent of PAR
activation and fibrinogen binding to oyp,f3 integrin, but dependent upon polymerizing fibrin and the
generation of intracellular signals.

2 In the presence of both fibrinogen and the ay,f3 receptor antagonist lotrafiban, thrombin
induced a biphasic platelet aggregation response. The initial primary response was small but
consistent and associated with the release of platelet granules. The delayed secondary response was
more substantial and was abolished by the fibrin polymerization blocking peptide GPRP.

3 Cleavage of the extracellular portion of GPIb by mocarhagin partially inhibited thrombin-
induced ayp,f3-dependent aggregation and release, but had no effect on the secondary fibrin-
dependent response.

4 Fixing of the platelets abolished «y,f3-dependent aggregation and release of adenine nucleotides,
whereas the fibrin-dependent response remained, indicating that platelet activation and intracellular
signalling are not necessary for this secondary ‘aggregation’.

5 In conclusion, the secondary fibrin-dependent ‘aggregation’ response observed in the presence of
fibrinogen and lotrafiban is a platelet trapping phenomenon dependent primarily on the conversion
of soluble fibrinogen to polymerizing fibrin by thrombin.
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Introduction

Thrombin plays a key role in both haemostasis and
thrombosis. It is a major end product of the coagulation
cascades and is responsible for the conversion of circulating
soluble fibrinogen to fibrin monomers which polymerize to
form an insoluble mesh which serves to stabilize primary
haemostatic plugs formed by aggregating platelets at sites of
vascular injury (Colman et al., 2001). Thrombin also directly
activates platelets via protease-activated receptors (PARs) of
which there are two main subtypes on human platelets, PAR-
1 and PAR-4 (Coughlin, 2000). Activation of the G-protein-
coupled PARs on platelets by thrombin leads to mobilization
of intracellular calcium, inhibition of adenylyl cyclase and
activation of small G proteins including Rho. This results in
platelet functional responses including shape change, aggre-
gation, generation of thromboxane A, (TxA,), the release of
the contents of alpha and dense granules, and expression of
pro-coagulant phospholipids (Coughlin, 2001).

Thrombin also binds with high affinity to the surface
glycoprotein GPIb (Harmon & Jamieson, 1986), the second
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most abundant platelet surface protein (approx. 25,000 copies
per platelet (Modderman ez al., 1992)). Interference with the
interaction of thrombin and GPIb inhibits the functional
response of the platelet to thrombin (De Candia ez al., 1999;
De Cristofaro & De Candia, 1999; De Cristofaro et al., 2000;
De Marco et al., 1991; 1994; Mazurov et al., 1991; Nurden et
al., 1983). It has been suggested that binding of thrombin to
GPIb serves to facilitate the interaction of thrombin with
PAR-1 resulting in its more efficient and rapid activation (De
Candia et al., 2001). In this model GPIb acts as a catalytic
co-factor such that together, GPIb, PAR-1 and thrombin
form a ternary complex resulting in the efficient activation of
PAR-1. No role for GPIb in generating direct intracellular
signals was identified in this study.

However, it has also been suggested that thrombin can
induce a novel pathway of aggregation via an interaction with
GPIb (Soslau et al., 2001). This response was claimed to be
mediated by intracellular signals from GPIb, to be dependent
upon the presence of polymerizing fibrin, and independent of
the integrin oqpf3. Such a pathway, it is claimed, may
account for the inability of anti-thrombin and anti-platelet
treatments to completely abrogate thrombosis in cardiac
patients (Soslau et al., 2001). Previous studies have
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demonstrated platelet aggregation following interactions with
polymerizing fibrin (Niewiarowski et al., 1972), although the
dependence of this phenomenon on platelet activation is less
clear, with some investigators claiming that pre-activation of
the platelets is necessary (Hantgan et al., 1985), while others
have shown that polymerizing fibrin will cause aggregation of
inert particles (Chao et al., 1976). Therefore, the claim that
thrombin induces an increase in intracellular calcium via its
interaction with GPIb, resulting in a fibrin dependent
aggregation (Soslau ez al., 2001), represents a novel and
exciting development in platelet signalling and functional
biology of potentially great significance. It was therefore
decided to further investigate this claim.

In the present study, aggregation was measured primarily
using the turbidimetric method originally described by Born
& Cross (1963), a technique which has been widely used.
Briefly, the aggregation of platelets, induced by a platelet
agonist, allows more light to pass through a turbid
suspension of platelets and less light to be scattered. This
reduction in optical density is monitored in real time
providing a characteristic aggregation trace. Therefore,
turbidimetric aggregometry essentially measures an optical
phenomenon which can be influenced by other factors. For
example, it is widely recognized that the shape change of
platelets results in an increase in the optical density of a
suspension of platelets (Born, 1970).

We report here two thrombin-induced phenomena which
appear, using a turbidimetric aggregometer, to resemble
aggregation responses. The first is a consequence of the
degranulation of platelets, while the second is a thrombin-
induced, fibrin-dependent response which results in an
apparently rapid and complete aggregation of all platelets.
It is this second phenomenon which has been claimed as a
novel GPIb-mediated pathway of platelet aggregation
dependent upon active intracellular signalling (Soslau et al.,
2001). We have investigated this phenomenon and have
shown that the response to thrombin in the presence of
fibrinogen and antagonists of opf3 is not abrogated by the
enzymatic removal of GPIb, and furthermore, can be
reproduced using fixed platelets unresponsive to potent
platelet agonists. We conclude that this response does not
require GPIb or the generation of intracellular signals but
represents the trapping of platelets in a fibrin mesh which
results following cleavage of fibrinogen to fibrin by
thrombin.

Methods
Materials

Formaldehyde was from Polysciences Inc., Warrington, PA,
U.S.A. Luciferase assay reagents were from BioThema,
Haninge, Sweden. Pyruvate kinase (EC 2.7.1.40) was from
Roche Molecular Biochemicals, Lewes, U.K. EDTA, throm-
bin, fibrinogen, prostacyclin, phosphoenolpyruvate and other
salts were obtained from Sigma Chemical Company, Poole,
U.K. Lotrafiban (Liu et al., 2000) was a gift from
GlaxoSmithKline. The PAR-1 activating peptide TRAP-6
(H-Ser-Phe-Leu-Leu-Arg-Asn-OH) and the fibrin polymeriza-
tion inhibiting peptide GPRP (H-Gly-Pro-Arg-Pro-NH>)
were obtained from Bachem, St Helens, U.K. Mocarhagin

(De Luca et al., 1995) was kindly provided by Dr Rob
Andrews (Baker Medical Research Institute, Australia).

Platelet preparation

Blood was collected from healthy human donors into syringes
containing 0.11 M sodium citrate to give a final concentration
of 11 mM citrate. The blood was centrifuged at 240 x g for
15 min and the PRP removed. Prostacyclin (800 nM) was
added to the PRP which was then centrifuged at 125x g to
sediment out any residual red blood cells. The red cell free
PRP was removed and centrifuged at 640 x g for 15 min to
pellet the platelets. The PPP was poured off and the pellet re-
suspended in 10 ml of the following modified Tyrode’s
solution (mM): NaCl 137, NaHCO; 11.9, NaH,PO, 0.4,
KCl 2.7, MgCl, 1.1, glucose 5.6; pH 7.4, 37°C, containing
800 nM prostacyclin. The re-suspended platelets were cen-
trifuged at 640 x g, the supernatant discarded, and the
platelets re-suspended in 10 ml of the modified Tyrode’s
solution. The platelet count was adjusted to 200 x 10° ml~!
and the platelets allowed to rest at room temperature for at
least 1 h. Prior to use of the platelets, ]| mM CaCl, was added
to the suspension.

Fixed platelets were prepared by adding formaldehyde
(0.1% final concentration) and EDTA (3 mM final concen-
tration) to washed platelets and allowing them to incubate
for at least 3 h. The platelets were then centrifuged at 640 x g
for 15 min and re-suspended in the modified Tyrode’s. The
re-suspended platelets were centrifuged again at 640 x g and
re-suspended at a concentration of 200 x 10° ml~" in modified
Tyrode’s. Prior to use of the platelets, 1 mM CaCl, was
added to the suspension.

Turbidimetric aggregometry

Platelet aggregation was measured using an optical method
with a BioData PAP-4 aggregometer (Alpha Laboratories,
Eastleigh, U.K.). The assay was performed at 37°C with a
sample stir speed of 1000 r.p.m. The aggregometer auto-
matically generated values for the final extent of aggregation,
measured as a percentage of a theoretical maximum
represented by platelet poor plasma, and the rate of
aggregation which is an arbitrary function of the maximum
slope of the aggregation trace over the course of the assay.

Platelet counting aggregometry

Platelet aggregation was also assessed using a single platelet
counting technique (Bevan & Heptinstall, 1985). This is a
more sensitive measure of aggregation, able to detect micro-
aggregate formation that is difficult to detect with conven-
tional optical aggregometers. Following activation, the
platelets were fixed using formaldehyde (0.1% final concen-
tration) and EDTA (3 mM final concentration). Platelet
counting was performed using a Coulter Z2 particle count
and size analyser.

Measurement of ATP and ADP

Following activation, platelets were fixed using formaldehyde
(0.1% final concentration) and EDTA (3 mM final concentra-
tion). The platelets were pelleted using a micro-centrifuge and
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200 pl of the supernatant removed and added to 200 ul
absolute ethanol. The samples were kept frozen until required.
Levels of ATP and ADP were determined using a modified
version of a luminometric assay (Jarvis et al., 1996; Lundin et
al., 1986). ATP was detected using a luciferin-luciferase assay,
and ADP was detected following conversion to ATP using
pyruvate kinase and phosphoenolpyruvate. Levels of lumines-
cence were measured with an EG&G Berthold Lumat LB9507
luminometer (PerkinElmer Life Sciences, Cambridge, U.K.).

Data analysis

Concentration-response data was modelled using the follow-
ing four parameter logistic equation (De Lean et al., 1978):

(Min — Max)

(1+ (w#=)")

where the variables are: R=response (dependent variable);
A =concentration of agonist (independent variable) and the
parameters to be estimated are: Min=response when 4=0;
Max =response when 4= c0; pAsy= —logo of concentration
of A that gives a response equal to (Max+ Min)/2; ng=Hill
coefficient. For aggregation data, the parameter Min was
constrained to zero in all cases, whereas for the release data,
it was estimated along with the other parameters.

For those experiments with fibrinogen and lotrafiban, data
from each individual donor for the four different conditions
(tfibrinogen, +lotrafiban) were modelled simultaneously,
thereby generating estimates of 12 separate parameters in the
case of aggregation and 16 for release. The number of
parameters estimated was reduced by constraining values
across the four conditions and the best overall model was
selected using the Schwarz Bayesian Criterion (Schwarz,
1978) which was calculated as follows:

R= + Max (1)

SBC =nln (%) +pln(n) (2)

where: SBC = Schwarz Bayesian Criterion; Rgg=the residual
sum of squares; n=the number of data points; p=the
number of parameters in the model.

The model with the lowest value of the Schwarz criterion
was chosen as best representing the data. The parameter
values from the best fit models from three separate
individuals are expressed as mean+s.e.mean. Subsequent
comparison of these values was done using Student’s 7-test. P
values <0.05 were considered significant. Analysis was
carried out using SPSS software and Microsoft Excel.

Results

Effect of fibrinogen and lotrafiban on thrombin-induced
platelet aggregation and release of adenine nucleotides

Thrombin-induced aggregation of washed human platelets
(Figure la,c) was measured in a PAP-4 aggregometer and
values for the rate and extent of aggregation were
automatically obtained. Addition of fibrinogen (0.2 mg ml~")
significantly increased the maximum rate of aggregation from
324417 to 64.0+2.6 (mean+s.e.mean; n=3; arbitrary
units), whereas in the presence of the oypf3 antagonist

lotrafiban (10 uM) the maximum rate was significantly
reduced to 10.7+0.4. In the presence of both fibrinogen
and lotrafiban, thrombin induced a biphasic response (Figure
lc): the maximum rate under these conditions (83.2+ 14.8)
was similar in magnitude, although more variable, to that in
the presence of fibrinogen alone. In control platelets the pAs,
for the rate of thrombin-induced aggregation was 1.60+0.25
(A50=0.025 u ml~") which was unaffected by either fibrino-
gen or lotrafiban alone. However, in the presence of
fibrinogen and lotrafiban together, the pAsy, was significantly
reduced to 0.65+0.15 (As0=0.22 u ml~"). The Hill coefficient
of the response was 3.4+ 1.0 and was not significantly altered
by the presence of lotrafiban or fibrinogen alone or together.
A similar pattern was observed for the extent of aggregation
(Table 1a,b).

The addition of fibrinogen or lotrafiban, either alone or in
combination, had no effect on the thrombin-induced release
of adenine nucleotides (Figure 1b,c; Table 1c). Furthermore,
the sensitivity to thrombin of the release response was similar
to that seen for aggregation as indicated by the pAsy which
was 1.504+0.16 (A5p=0.032 u ml").

For control platelets and also in the presence of either
fibrinogen or lotrafiban alone, the thrombin-induced re-
sponses were prompt, occurring within seconds of adding
the agonist. However, in the presence of both fibrinogen and
lotrafiban, although there was a prompt primary response
(similar to that seen in the presence of lotrafiban alone) there
was a concentration-dependent delay between addition of the
agonist and the initiation of the more substantial secondary
response (Figures 1c and 2b).

Effect of fibrinogen and lotrafiban on TRAP-induced
platelet aggregation and release of adenine nucleotides

Thrombin-related activatory peptide (TRAP) is a six amino
acid synthetic peptide (H-Ser-Phe-Leu-Leu-Arg-Asn-OH)
which directly activates PAR-1 but does not cleave fibrinogen
(Vassallo et al., 1992). TRAP (50 um) induced aggregation in
control platelets with a rate of 35.8+2.8 (mean+s.e.mean;
n=2). In the presence of fibrinogen, this increased to
64.34+1.8. Lotrafiban inhibited TRAP in a similar manner
to thrombin: a small response was still observed with a rate
of 9.840.8. However, in the presence of fibrinogen and
lotrafiban together, TRAP only induced the small response
(rate=10.8+1.8) observed in the presence of lotrafiban
alone, and did not induce the large secondary response
observed with thrombin (Figure 1c,d). The addition of
fibrinogen and lotrafiban alone or together had no effect on
the release of ATP and ADP induced by 50 um TRAP
(Figure 1d).

Effect of GPRP on thrombin-induced aggregation and
release of adenine nucleotides

The effect of the fibrin polymerization blocking peptide
GPRP (Laudano & Doolittle, 1978) was investigated. In the
presence of fibrinogen (0.2 mg ml~') and lotrafiban (10 um),
GPRP (1 mM) abolished the main secondary response
induced by thrombin whilst having no effect on the smaller
primary response or the release of adenine nucleotides
(Figure 2a). In the presence of GPRP, the small response
was indistinguishable from that in the presence of lotrafiban

British Journal of Pharmacology vol 138 (4)



G.E. Jarvis et al

Thrombin-induced platelet trapping

577

Aggregation

w—

)

)

-
(=3
o

LOT FIB

o]
o

2]
(=]

Rate of aggregation
S
o

Release

0.01 0.1 1 10 .001

[thrombin] (u mI-)

(d)

0.01 0.1 1 10

[thrombin} (u ml-1)

»-é\ ~1MIN-— 4 OT-FIB _;_-ﬂ,p\kh1 MIN--- +7L<§T -1FIZB
) — 11.0£1.9 TR g T -
3 - 4 4 i
T ?\ \ +LOT +FIB
+LOT +FIB 7710
< 11.8+29 %
e}
5 =
£
- -LOT-FIB ﬂ\\. "égt'g e
& b 11.3£20 Y — 02
<[ ey ' e
3@ M\MW
“lo  -LoT+FIB -LOT +FIB LV
g 112:26 7.9+18

Figure 1 Effect of fibrinogen (FIB, 0.2 mgml~') and lotrafiban (LOT, 10 um) on thrombin and TRAP-induced platelet
aggregation and release of adenine nucleotides, ATP and ADP, in washed human platelets. (a) Thrombin concentration-response
curves for rate of aggregation. Rate of aggregation is measured in arbitrary units. Fibrinogen increases the rate of aggregation,
whereas lotrafiban substantially inhibits the response. The residual response in the presence of lotrafiban is due to release of platelet

granules. A combination of fibrinogen and lotrafiban cause a rightward shift in

the main response which is caused by the thrombin-

induced polymerization of fibrin. (b) Thrombin concentration-response curves for release of ATP and ADP. Fibrinogen and
lotrafiban have no effect on the thrombin-induced release of adenine nucleotides. The data points in (a) and (b) are the
mean +s.e.mean, and the curves represent the best fit model, for all data from three separate experiments. (c) and (d) Trace

recordings showing the effect of fibrinogen and lotrafiban on the aggregation

response induced by 0.3 u ml~! thrombin and by

50 um TRAP. Figures show the total concentration of released ATP and ADP (uM) (mean+s.e.mean). TRAP fails to induce a

secondary response (measured up to 6 min) in the presence of both fibrinogen

Table 1

and lotrafiban, in contrast to thrombin.

Parameter estimates for the thrombin-induced (a) rate and (b) extent of aggregation and (c) release of ATP and ADP

No fibrinogen
No lotrafiban

Plus fibrinogen
No lotrafiban

(a) Rate of aggregation

Max (arb. units) 324+1.7 64.0+2.6
pAso 1.60+0.25 1.60+0.25
ny 34410 34+1.0
(b) Extent of aggregation

Max (%) 78.5+4.4 91.1+1.7
PAso 1.74+0.27 1.81+0.30
ny 42404 42404
(c) Release of ATP and ADP

Max (um) 104+1.5 104+1.5
pAso 1.50+0.16 1.5040.16
ny 1.9+0.3 1.9+0.3
Min (um) 1.1+0.3 1.1+0.3

Data are mean+s.e.mean; n=3.

No fibrinogen
Plus lotrafiban

Plus fibrinogen
Plus lotrafiban

10.7+£0.4 83.2+14.8
1.60+0.25 0.65+0.15
34410 34410
10.4+1.2 91.1+1.7
1.674+0.26 1.08+0.20
42404 42404
11.542.2 11.5+2.2
1.4440.22 1.4440.22
1.9+0.3 2.7+1.2
1.1+0.3 1.1+0.3
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Figure 2 The effect of fibrin polymerization blocking peptide GPRP
(1 mM) on thrombin-induced responses in washed human platelets.
(a) In the presence of fibrinogen (0.2 mgml~!) and lotrafiban
(10 um), GPRP inhibited both the rate and extent of the thrombin-
induced aggregation response by preventing the polymerization of
fibrin monomers, whereas it had no effect on the release of ATP and
ADP. The residual response in the presence of GPRP represents the
small primary response induced by thrombin which is caused by the
release of platelet granules. Data shown are the mean+s.e.mean of
the response to 1 u ml~' thrombin from three different experiments.
(b) These traces illustrate the inhibitory effect of GPRP on the
secondary thrombin-induced response in the presence of fibrinogen
(0.2 mg ml~") and lotrafiban (10 um). The smaller primary response
is unaffected by GPRP. Concentrations of thrombin are shown and
illustrate the concentration dependence of the delay to the onset of
the fibrin-dependent secondary response. The traces are representa-
tive of three separate experiments.

alone (Figure 1c and 2b). It has previously been shown that
GPRP at 1 mM has a minimal effect on platelet aggregation
(Adelman et al., 1990): in accordance with these observations,
GPRP at 1mM had no effect on thrombin-induced
aggregation or release in the absence of lotrafiban, either in
the absence or presence of fibrinogen (data not shown).

Effect of mocarhagin on thrombin-induced aggregation
and release of adenine nucleotides

We investigated the role played by GPIb in the response of
platelets to thrombin using mocarhagin, a cobra venom toxin
which cleaves the extracellular portion of GPIb (Ward et al.,
1996). Washed platelets were incubated for at least 10 min
with mocarhagin (10 ug ml—'") prior to use. The effectiveness
of the mocarhagin treatment was demonstrated by its ability
to inhibit the agglutination of platelets induced by a
combination of von Willebrand Factor (VWF, 10 ug ml~")
and ristocetin (I mg ml~") (data not shown), a response
which is dependent upon GPIb (Cooper et al., 1976; Howard
& Firkin, 1971).

Mocarhagin inhibited the thrombin-induced rate of
aggregation in control platelets as well as in the presence of

fibrinogen (Figure 3a,b). The small residual response
observed in the presence of lotrafiban was also inhibited
(Figure 3c). In the presence of lotrafiban and fibrinogen
together, mocarhagin inhibited the small primary response
but had no effect on the main secondary thrombin-induced
fibrin-dependent response (Figures 3d and 4). Similar effects
of mocarhagin were also observed for the extent of
aggregation (data not shown). Thrombin-induced release of
ATP and ADP was also inhibited by mocarhagin. The
inhibition was manifest as an approximate 10 fold rightward
shift in the concentration-response curve to thrombin, which
was similar regardless of the absence or presence of lotrafiban
and fibrinogen (Figure 3e—h).

Thrombin-induced responses in fixed platelets

We investigated the ability of thrombin (1 u ml~") to induce
responses in platelets fixed with formaldehyde (0.1%) and
EDTA (3 mM). In the absence of fibrinogen and lotrafiban,
fixation abolished all thrombin-induced aggregation and
release (Figures 4 and 5). Fixation also abolished the small
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Figure 3 The effect of mocarhagin on the rate of aggregation and
release of ATP and ADP induced by thrombin in the absence and
presence of fibrinogen (FIB, 0.2 mg ml~') and lotrafiban (LOT,
10 um). Mocarhagin (10 ug ml~") inhibited the response to thrombin
in all cases, except the aggregation response in the presence of
fibrinogen and lotrafiban which is dependent on the fibrin
polymerizing activity of thrombin. Data are the mean of two
different experiments.
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Figure 4 The effect of mocarhagin (10 ug ml~') and fixation on
responses to thrombin. The control trace shows the primary and
secondary responses induced by thrombin in the presence of
lotrafiban (LOT, 10 um) and fibrinogen (FIB, 0.2 mg ml~!). Pre-
treatment with mocarhagin substantially inhibited the primary
response but did not affect the secondary fibrin-dependent response.
Fixation of the platelets with formaldehyde (0.1%) and EDTA
(3 mMm) abolished the response to thrombin in the absence of
fibrinogen. However, in the presence of fibrinogen, although there
was no primary response, as seen in control platelets, the secondary
response was virtually unaffected. The concentration of thrombin
used was 0.3 u ml~' in all cases except for the fixed trace in which it
was 1 uml™'. Traces shown are representative of those obtained
from two separate experiments.

residual response observed in control platelets in the presence
of lotrafiban. In the presence of fibrinogen, this small residual
response was not observed, but thrombin did induce the
secondary fibrin-dependent aggregation response (Figure 4)
that was only slightly lower than that seen in normal platelets
in the presence of fibrinogen and lotrafiban (Figure 5: rate,
P=0.054; extent, P=0.019; normal (plus fibrinogen and
lotrafiban) vs fixed (plus fibrinogen) platelets).

The fibrin polymerization-inhibiting peptide GPRP (1 mMm)
abolished the response in fixed platelets (Figure 5). In the
presence of lotrafiban (10 uM) the fibrinogen-dependent
response in fixed platelets remained, although it was slightly
attenuated (Figure 5): the rate was significantly lower
(P=0.025) although the extent of aggregation was not
(P=0.28). vWF/ristocetin induced an agglutination response
in fixed platelets in the absence of fibrinogen, which, as
expected, was abolished by mocarhagin (data not shown).
Interestingly, following treatment of the fixed platelets with
mocarhagin, the thrombin-induced response in the presence
of fibrinogen was significantly greater (Figure 5: rate
(P<0.001); extent (P=0.042)). Under no circumstances did
thrombin induce release of ATP and ADP in fixed platelets
(Figure 5). The low levels of ATP and ADP present following
treatment with thrombin were not significantly different from
those following treatment with a vehicle control (data not
shown).

Thrombin-induced responses in the presence of lotrafiban

In the presence of the oy,f; antagonist lotrafiban, thrombin
(and TRAP) consistently induced an apparent small aggrega-
tion response as indicated by the aggregometer (Figures lc,d,
2b and 4; Table la,b). In order to further investigate this
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Figure 5 The effect of fixation on the response of platelets to
thrombin. The fibrin polymerization-mediated response in normal
platelets in the presence of fibrinogen (0.2 mg ml~') and lotrafiban
(10 um) is shown. Fixation of the platelets abolishes all responsive-
ness of the platelets. However, in the presence of fibrinogen, the fixed
platelets manifest a rapid aggregation response. This was abolished
by GPRP (1 mm), slightly attenuated by lotrafiban (10 um), and
augmented following treatment with mocarhagin (10 ug ml~'). The
concentration of thrombin used is 1 u ml~' in all cases. Data shown
are meanzts.e.mean of three separate experiments, except for the
data with mocarhagin which is from two experiments.

phenomenon, we performed single platelet counting aggrego-
metry on these samples as described above.

In the absence of lotrafiban, maximal concentrations of
thrombin always induced a substantial fall in the platelet
count from approximately 170x10° ml~! to values of
approximately 10x 10° ml~' and less (data not shown).
However, as expected, the effect of thrombin on the platelet
count in the presence of lotrafiban was less marked. In two
out of three experiments there was a small fall in the platelet
count observed at the highest concentrations of thrombin
(Figure 6). In the third experiment, there was a greater
reduction in the platelet count, which was blocked in the
presence of GPRP (1 mM). GPRP did not affect the
thrombin-induced change in optical density which remained
unchanged at 12.5+0.5% (mean+s.e.mean; n=2).

Discussion

Thrombin is a well characterized and potent platelet agonist
which activates the G-protein-coupled receptors PAR-1 (Vu
et al., 1991) and PAR-4 (Xu et al., 1998) which are present
on human platelets (Coughlin, 2000; Kahn ez al., 1998; 1999).
Thrombin acts by cleaving the extracellular N-terminal
portion of the receptor, revealing a so-called tethered ligand
which then interacts with the receptor resulting in activation.
Thrombin is also known to bind with high affinity to GPIb
(Mazzucato et al., 1998). The role of GPIb in thrombin-
induced platelet activation has been less extensively investi-
gated than the role of the PARs; however, it has been
demonstrated that inhibition of the interaction of thrombin
with GPIb can substantially attenuate the ability of thrombin
to activate platelets (De Cristofaro & De Candia, 1999; De
Marco et al., 1991; 1994). Binding of thrombin to GPIb is
thought to facilitate the thrombin-mediated cleavage of PAR-
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Figure 6 The effect on the platelet count of thrombin treatment in
the presence of lotrafiban (10 uM). Thrombin-stimulated platelets
from three separate experiments were fixed and the platelet count
subsequently determined using a Coulter counter. For experiments 1
and 2 there was only a small reduction in platelet count at the highest
concentrations of thrombin. In experiment 3, the platelet count was
more substantially reduced, although, as indicated by the response to
0.03 uml™"' thrombin, there was not a consistent relationship
between this effect and the small change in optical density as
measured by the aggregometer. In the presence of GPRP (1 mMm), the
fall in the platelet count observed in experiment 3 was almost
completely reversed suggesting that the micro-aggregation was
predominantly mediated by the generation of small quantities of
polymerizing fibrin.

1 (De Candia ef al., 2001) and in this way to promote platelet
activation.

However, it has recently been suggested that thrombin can
induce a unique pathway of platelet aggregation via a GPIb-
mediated signalling pathway, independently of the PARs,
which utilizes polymerizing fibrin instead of fibrinogen
binding to activated oy,f3 integrin (Soslau er al., 2001).
The identification of such a pathway would be of consider-
able interest and, as indicated by the authors of the study,
could be of direct and substantial clinical relevance. In the
present study, we have further investigated this phenomenon
but have, by contrast, concluded that it is not associated with
a functionally significant thrombin-induced activation of
GPIb. In fact, the response observed is primarily due to the
thrombin-induced polymerization of fibrin, resulting in the
trapping of platelets in suspension, giving the appearance of a
rapid aggregation response.

Platelet aggregation typically proceeds following the
conversion of the integrin og,f3 into a high affinity
fibrinogen-binding receptor resulting in the cross linking of
activated platelets by bi-polar fibrinogen molecules (Leung &
Nachman, 1986; Zucker & Nachmias, 1985). We initially
investigated the effect of fibrinogen and the a3 fibrinogen
antagonist lotrafiban (Liu et al., 2000) on thrombin-induced
platelet responses. Aggregation of control platelets occurred
since platelet alpha granules release sufficient fibrinogen to
enable aggregation to proceed. Addition of exogenous
fibrinogen, however, resulted in a substantial increase in the
rate of aggregation, presumably by facilitating a more rapid
cross-linking of the integrin. Addition of lotrafiban inhibited
the aggregation response (Figure la,c), although there
remained a small reduction in the optical density of
approximately 10% which we believe is associated with the

release of platelet granules rather than actual aggregation (see
below).

In the presence of both fibrinogen and lotrafiban the small
initial response was still observed, but followed subsequently
by a rapid secondary response (Figure 1c). The time to its
onset was clearly concentration-dependent (Figure 2b), and
the sensitivity of this response was approximately 10 fold less
than that of oypf3-dependent aggregation and release (Table
1), suggesting that it may be mediated via a different
mechanism. This is consistent with the hypothesis that
ampfs-dependent aggregation and release are caused by
platelet activation whilst the less sensitive secondary aggrega-
tion response could be mediated by the conversion of
fibrinogen to fibrin by thrombin and the subsequent trapping
of the platelets by the polymerizing fibrin. This view was
supported by the observation that the response only occurred
in the presence of added fibrinogen, so we further
investigated this possibility by using the fibrin polymerization
blocking peptide, GPRP (Achyuthan et al., 1986; Laudano &
Doolittle, 1978). The inhibition by GPRP of the secondary
response (Figure 2) without any effect on the other
parameters of platelet activation indicates that the secondary
response was dependent upon fibrin polymerization. This is
consistent with the results previously reported (Soslau et al.,
2001).

Since it has been suggested that this secondary fibrin-
dependent response is mediated by an interaction of
thrombin with GPIb, resulting in the generation of
intracellular signals in platelets (Soslau et al., 2001), and
given that GPIb is a known thrombin-binding protein
(Harmon & Jamieson, 1986), we investigated the role of
GPIDb in this phenomenon using the cobra venom mocarhagin
(Ward et al., 1996). Consistent with previous studies (De
Candia et al., 2001; Ward et al., 1996), mocarhagin partially
inhibited thrombin-induced platelet activation as indicated by
the inhibition of the aggregation responses (Figure 3a—c) and
release (Figure 3e—h). By contrast, in the presence of
fibrinogen and lotrafiban, mocarhagin did not inhibit the
secondary thrombin-induced fibrin-dependent response (Fig-
ure 3d). Although mocarhagin abolished the vWF/ristocetin
agglutination response (data not shown) it is possible that a
low level of GPIb remained uncleaved. However, it is
inconceivable that the concentration-response relationship
of a GPIb-dependent thrombin-induced aggregation should
have remained unchanged (Figure 3d), particularly when in
the same preparations, the release response was inhibited
(Figure 3h). These data indicate therefore, that the thrombin-
induced fibrin-dependent aggregation response is not depen-
dent on GPIb, whereas the thrombin-induced platelet
activation resulting in oypf3-dependent aggregation and
release is partially dependent on GPIb, a conclusion entirely
in accord with previous observations (De Candia et al., 2001;
Ward et al., 1996).

Indeed, the ability of mocarhagin to partially inhibit all
indices of thrombin-induced platelet activation except for the
fibrin-dependent response suggests that this latter secondary
response may be due solely to the conversion of fibrinogen to
fibrin and not dependent upon metabolically active platelets
at all. This view was confirmed by the observation that all
thrombin-induced responses were abolished in fixed platelets,
except the fibrin-dependent response which still occurred and
was still abolished by GPRP (Figure 5). Interestingly, the
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addition of lotrafiban to the fixed platelets caused a small
inhibition of the rate and extent of the fibrin-dependent
response (Figure 5), suggesting that the polymerized fibrin
may trap the fixed platelets more effectively while the oqppf3
integrin remains unblocked. Mocarhagin abolished vWF/
ristocetin-induced agglutination of fixed platelets (data not
shown), but did not cause any inhibition of the fibrin-
dependent response observed in fixed platelets. These data
confirm that the thrombin-induced fibrin-dependent response
of platelets is not dependent on platelet activation or binding
of thrombin to GPIb, but is essentially a platelet trapping
phenomenon caused by the polymerization of fibrin in close
proximity to the platelets in suspension. This is consistent
with previous observations of the ability of thrombin to
induce ‘aggregation’ of inert particles in the presence of
fibrinogen (Chao et al., 1976).

The question arises as to why the conclusion of our study
is so significantly divergent from that of Soslau et al. (2001).
The conclusions drawn by Soslau et al. (2001) are especially
dependent upon two assumptions: namely, that thrombin-
induced PAR-1 activation was abolished by the PAR-I
antagonist SCH203099 (Ahn et al., 1999; 2000), and that the
concentrations of thrombin used were insufficient to activate
the PAR-4 receptor. However, their data show that TRAP
induced platelet shape change in the presence of SCH203099,
suggesting that blockade of PAR-1 was incomplete, and they
also show that desensitization of PAR-4 attenuated responses
induced by 0.05uml™' thrombin, indicating that this
concentration of thrombin was able to activate PAR-4.
Hence, their claim that the calcium signal induced by
0.1 uml~' thrombin was mediated by GPIb is difficult to
sustain, given that they neither inactivated PAR-4 nor
demonstrated sensitivity to mocarhagin. Furthermore, the
authors did not report the effect of mocarhagin on the fibrin-
dependent response observed in the presence of the oy
peptide antagonist RGDS, a response identical in form to
those of our study reported here. By contrast, we have shown
that mocarhagin has no effect whatsoever. We therefore
believe that the phenomena reported by Soslau et al. (2001)
can be explained as responses mediated by PAR-1 and PAR-
4, and by the passive trapping of platelets by polymerizing
fibrin. Indeed the pattern of the calcium responses observed
by Soslau et al. (2001) is indicative of a PAR-1-mediated
rapid and transient calcium signal, and a slower, more
sustained signal mediated by PAR-4 as previously reported
(Covic et al., 2000).

During the course of this study, we also observed a
response which was apparently independent of oy, f33 integrin.
Although lotrafiban substantially inhibited thrombin-induced
aggregation, there was a consistent residual response which
appeared as approximately 10% aggregation (Figures 1, 2
and 4). The pAs, of this residual response was similar to that
of thrombin-induced release under all conditions. This
similarity suggested that the reduction in the optical density
of the platelet suspension was not caused by aggregation, but
was associated with the loss of intracellular platelet granules,
in particular the dense granules.

To further investigate this possibility, we measured
aggregation using a particle counting technique (Bevan &

Heptinstall, 1985) which is able to detect micro-aggregate
formation which conventional optical aggregometers cannot
(Milton & Frojmovic, 1983; Thompson et al., 1986). Using a
Coulter counter, we observed a small and variable reduction
in the platelet count despite the presence of the lotrafiban.
However, in two out of three experiments, this reduction was
minimal (Figure 6) and did not correlate at all with the
reduction in optical density in the same samples as measured
by the aggregometer. In the third experiment, the reduction
in the platelet count was more obvious (Figure 6); however,
even in this case it was clear that there was no direct
relationship between this response and the change in optical
density, since the response to 0.03 u ml~' thrombin had little
effect on the platelet count but induced a maximal optical
density response in the aggregometer in two independent
samples. Furthermore, addition of GPRP (1 mM) to these
platelets substantially attenuated the reduction in the platelet
count without affecting the change in optical density.
Therefore, thrombin-induced polymerization of trace quan-
tities of fibrin is the most likely explanation for the micro-
aggregate formation, particularly in the third experiment.

A 50% reduction in platelet count could be achieved if all
platelets formed small micro-aggregates of approximately two
platelets each or if a sub-population produced larger micro-
aggregates outside the range of detection of the Coulter
counter. However, it is known that micro-aggregates
comprising approximately two to eight platelets are not
detected by turbidimetric aggregometers (Frojmovic &
Panjwani, 1975), and therefore it seems unlikely that the
consistent residual 10% response observed in the presence of
lotrafiban was due to such a small and variable degree of
micro-aggregation. By contrast, it has been recognized that
the release of platelet granules can influence the optical
density of a suspension of platelets (Hugues, 1971; Kitek &
Breddin, 1980; Milton & Frojmovic, 1983). Therefore, we
conclude that the 10% reduction in optical density is
associated primarily with degranulation of platelets.

In conclusion, we have investigated two apparent ‘aggrega-
tion” phenomena as measured by a turbidimetric aggreg-
ometer. The first is a substantial and rapid response caused
by the thrombin-induced conversion of fibrinogen to fibrin
and its subsequent polymerization to form a fibrin mesh
which traps the platelets, thereby generating an appearance of
aggregation. This phenomenon is not dependent on any
activation of platelets or on interactions of thrombin with
GPIb, contrary to the conclusions of a previous study (Soslau
et al., 2001). We have also shown that a small residual
response observed in the presence of an o3 antagonist is
associated primarily with the degranulation of the platelets
and not their aggregation.
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