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Platelet activation via PAR4 is involved in the initiation of thrombin
generation and in clot elasticity development
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'Department of Biomedicine and Surgery, Division of Clinical Chemistry, University Hospital, Linképing, Sweden; 2Department of Clinical

Chemistry, Laboratory Medicine, University Hospital, Linkoping, Sweden

Summary

Thrombin is a pivotal enzyme formed in the coagulation cascade
and an important and potent platelet activator. The two pro-
tease-activated thrombin receptors on human platelets are de-
noted PAR| and PAR4.The physiological relevance of PAR4 is
still unclear, as both aggregation and secretion can be accom-
plished by PARI activation alone. In the present study we have
investigated the role of PARs in platelet activation, blood coagu-
lation, clot elasticity and fibrinolysis. Flow cytometry, free oscil-
lation rheometry and thrombin generation measurements were
used to analyze blood or platelet-rich plasma from healthy indi-
viduals. Maximum PARI activation with the peptide SFLLRN
gave fewer fibrinogen-binding platelets with lower mean fluor-
escent intensity than maximum PAR4 activation with AYPGKF.
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Inhibition of any of the receptors prolonged clotting times.
However, PARI is more important for fibrinolysis; inhibition of
this receptor prolonged all the steps in the fibrinolytic process.
Clot elasticity decreased significantly when the PAR4 receptor
was inhibited. In the thrombin generation measurements, PAR4
inhibition delayed the thrombin generation start and peak, but
did not affect the total amount of thrombin generated. PARI in-
hibition had no significant impact on thrombin generation. We
found that PAR4 is most likely activated by low concentrations
of thrombin during the initial phase of thrombin generation and
is of importance to the clotting time. Furthermore, we suggest
that the PAR4 receptor may have a physiological role in the sta-
bilisation of the coagulum.

Thromb Haemost 2007; 97: 417-424

Introduction

Platelets have several functions that are important for haemosta-
sis. Following a vessel wall injury, platelets adhere to exposed
subendothelial structures at the damaged site. More platelets are
recruited, and an aggregate is formed. Simultaneously exposed
tissue factor initiates the coagulation by binding factor VIla and
activating factors IX and X, which leads to the formation of
thrombin and, ultimately, cross-linked fibrin from fibrinogen.
Platelets also play an important role in the propagation and am-
plification of coagulation as the tenase and prothrombinase com-
plexes are formed on the surface of activated platelets.
Thrombin, formed in the coagulation cascade, is a strong pla-
telet activator. Therefore, a positive feedback loop facilitates the

formation of more thrombin at the injured site (reviewed by [1]).
There are at least three platelet receptors for thrombin: GP1ba
and the protease-activated receptors (PAR) 1 and 4. Both PARs
belong to the seven transmembrane family of G-protein-linked
receptors and have been cloned and sequenced. Both are coupled
to Gog and G053 (2). Thrombin cleaves the receptors within
the large N-terminal extra-cellular domain, creating new amino
terminals, SFLLRN and GYPGQV (3, 4). The new N-terminus
formed by thrombin cleavage serves as a “tethered ligand” (5),
which binds intramolecularly and causes receptor activation
(PAR1 [6], PAR4 [7]). Specific agonist peptides, mimicking the
new N-terminus, have been designed; for PARI the most fre-
quently used is SFLLRN (8), whereas for PAR4 the most potent
is AYPGKEF (9). If both cleavage sites are blocked by antibodies
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raised against peptides spanning the cleavage sites, the platelet
response to thrombin is abolished (10).

According to a biphasic model for thrombin-induced platelet
activation, PAR1 is activated by the low thrombin concentration
achieved early on (11), possibly aided by binding to GPIba (12).
We have previously reported that a very low concentration of
thrombin, 0.028 nM, was sufficient to induce 50% of maximum
PARI cleavage (13). As the coagulation proceeds, more throm-
bin is formed, and the low-affinity receptor, PAR4, is cleaved and
activated. This cleavage of PAR4 might be facilitated by PAR1
(14).

The physiological role of PAR4 is still unclear, because se-
cretion and aggregation can be accomplished by PAR1 activation
alone. Activation of platelets by thrombin induces procoagulant
changes of the platelet surface, but the procoagulant activity of
purified thrombin-degranulated platelets was greater than that of
SFLLRN-degranulated platelets (15), which indicates that
thrombin has additional mechanisms to induce procoagulant ac-
tivity. It has also been suggested that PAR4 might be a target for
cathepsin G, which is involved in neutrophil-dependent platelet
activation (16). PAR4 has also been hypothesised to play a role in
aggregate stabilisation (17). In this study we investigated and
compared the impact of PAR1 and PAR4 activation and in-
hibition on platelet activation, blood coagulation, clot elasticity
and fibrinolysis resistance.

Materials and methods

Four-channel 10 Hz free oscillation rheometers (FOR) Re-
oRox®4 (18, 19), disposable gold- plated polypropylene sample
cups, gold-plated reaction chambers for bob experiments and
software (ReoRox®4 v. 2.00 and ReoRox®4Viewer v. 2.11k)
from MediRox, Nykdping, Sweden were used. In this rheometer,
oscillation is initiated by a forced turn of the sample cup every
2.5 seconds (sec). After a briefholding time, the sample cup is re-
leased, allowing rotational oscillation with very low friction
around the longitudinal axis. An optic angular sensor records the
frequency (Fq) and damping (D) of the oscillation as a function
oftime. This is plotted as a curve, from which the time for differ-
ent curve features may be determined.

By definition, the clotting time is when fibrin fibres have
started to form in the sample. This increases the viscosity of the
sample, which leads to a decrease in the frequency and an in-
crease in the damping of the oscillation. The “high sensitivity
state detector” was used as clotting-time detector in this study.
The clotting time determined by this detector correlates ex-
tremely well with the manual reference method of visual clot de-
tection, r>=0.97 (20). The starting and endpoints of the fibrinoly-
sis process were determined using Lysview, a computer program
developed in-house. The fibrinolysis starting point is when the
fibrin fibres in the clot have started to degrade. This decreases
the viscosity of the sample, which leads to an increase in fre-
quency and an increase in the damping of the oscillation. The fi-
brinolysis endpoint is when all fibrin fibres have been degraded,
and the frequency and damping have returned to the same valu-
es as in the sample prior to coagulation.

The coagulation process creates fibrin fibres that couple the
cup wall to the bob, resulting in an increased frequency and

damping of the oscillation as the elasticity of the coagulum rises.

The elasticity measurements were analysed in rh_pro, a com-
puter program developed in-house. In this program the elasticity
modulus (G") is plotted as a function of time. From this curve two
specific curve features can be determined, AG' and G'max. AG'
(Pa/min) is the maximum change in elasticity achieved during
clot development, i.e. where the curve slope reaches its highest
value. G'max (Pa) is the G' value read at the point at which the in-
crease has become less than 1 Pascal per second, which is when
the elasticity has reached its maximum. Typical curves are shown
in (21).

Flow cytometry was performed on a Coulter Epics XL-MCL
Flow Cytometer with Expo 32 ADC software from Beckman
Coulter (Miami, FL, USA).

Phycoerythrin-conjugated mouse antibodies against GPIb
(CD42b) were purchased from Dako AS (Glostrup, Denmark).
The fluorescein (FITC)-conjugated chicken antibody towards
human fibrinogen and the lysing solution were from Diapensia
HB (Link6ping, Sweden). The FITC-conjugated mouse anti-
body against human P-selectin (CD62P) and SPAN12 antibody
was purchased from Immunotech (Marseilles, France). The
PAR4-blocking antibody (IgG fraction purified from egg yolk)
and a control solution of unspecific IgY were prepared and
kindly provided by Anders Larsson at the Department of Clinical
Chemistry, University of Uppsala, Sweden. In brief, three laying
white leghorn hens were immunised with the PAR4-peptide [2.0
mg conjugated to 6.6 mg of hemocyanin (Concholepas conchol-
epas)]. The hens received one immunisation with Freund’s com-
plete adjuvant and three booster injections with incomplete adju-
vant. After the immunisation period the eggs from the three hens
were collected, and the antibodies were purified from the egg
yolk by the polyethylene glycol (PEG) method (22). Chicken
antibodies, in contrast to mammalian, do not cause platelet acti-
vation per se and are less prone to cause artefacts (23).

The anticoagulant citrate (citric acid 1-hydrate and trisodium
citrate hydrate) and CaCl, x 2 H,O were obtained from E.Merck
(Darmstadt, Germany). Recombinant hirudin (lepirudin, Reflu-
dan®) was from Aventis (Strasbourg, France). Sodium chloride,
Braun 9 mg/ml, was obtained from B.Brown, Medical AB
(Bromma, Sweden). Chemicals for the HEPES buffer (137 mM
NaCl, 2.7 mM KCl, 1 mM MgCl,, 5.6 mM glucose, 1 g/l bovine
serum albumin and 20 mM HEPES (N-[2-hydroxyethyl] piper-
azine-N’-[2-ethanesulphonic acid]), pH 7.40) were obtained
from Sigma Chemical Company (St. Louis, MO, USA).

The PAR1-AP (SFLLRN) and the PAR4-AP (AYPGKF)
were synthesised by the Biotechnology Centre of Oslo. The
PARI1 antagonist SCH79797 dihydrochloride (N3-Cyclopro-
pyl-7-[4-(1methylethyl) phenyl] methyl-7H-pyrrolo [3,2-f]qui-
nazoline-1,3-diamine dihydrochloride) was obtained from To-
cris Cookson Ltd. (Bristol, UK). The fibrinolytic activator, rec-
ombinant human tissue plasminogen activator (t-PA) (alteplase,
Actilyse®) was obtained from Boerhringer Ingelheim (Ingel-
heim, Germany). Human thrombin (1370 NIH units/mg protein)
was purchased from Sigma Aldrich Co. All solutions except the
antibodies were portioned and kept at—70°C until the time of use.
The antibodies were kept at +4°C.
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Blood sampling

For the FOR experiments venous blood was collected with mini-
mum trauma and stasis via a 21-gauge needle in 4.5-ml plastic
vacuum tubes (S-Monovette®, Sarstedt, Niimbrecht, Germany)
prefilled with tri-sodium citrate 130 mM. This yielded a final ci-
trate concentration of 13 mM. In the thrombin generation
measurements, the final citrate concentration was 10.5 mM, as
recommended by the manufacturer. For the flow cytometry ex-
periments, 500 pl of recombinant hirudin (2,000 ATU/ml) was
added to the tubes before blood collection, yielding a final con-
centration of 200 ATU/ml. All blood donors gave informed con-
sent to blood sampling. The blood collection protocol was ap-
proved by the ethics committee at Link6ping University Hospi-
tal. Platelet-rich plasma (PRP) was obtained by centrifugation at
140 x g for 20 minutes (min) at room temperature.

Flow cytometry

Platelet activation was measured as platelet-bound fibrinogen
and CD62P expression on the platelet surface utilising flow cy-
tometry. Ten pl of well-mixed whole blood anticoagulated with
hirudin (200 ATU/ml) was transferred to plastic tubes containing
FITC-conjugated antibodies against human fibrinogen (final
concentration 2 pg/ml) or anti-CD62P (final concentration
0.24 pg/ml), mouse anti-CD42b-phycoerythrin antibody (final
concentration 1.8 pg/ml) and HEPES buffer to a final volume of
90 pl. After 10 min 10 pul of PAR1-AP or PAR4-AP was added to
the samples at exact time intervals. The final concentrations
were 0—100 uM of PAR1-AP and 0-500 uM of PAR4-AP. After
exactly 10 min, the reaction was stopped by the addition of
1,000 pl of lysing solution. The samples were left for another
10 min to lyse the erythrocytes, and were thereafter diluted 1:5 in
lysing solution before analysis on the flow cytometer. All steps
were performed at room temperature and without stirring the
samples. The platelet population was identified using its forward
light scatter and fluorescence (CD42b-phycoerythrin). A cut-off
was pre-set in the FITC fluorescence channel to divide the pla-
telet population containing non-binding antibody with cor-
responding fluorescence intensity into two fractions: one that
contained 98.5-99.5% of the platelets and the other containing
the brightest 0.5-1.5% of the platelets. Platelets with fluor-
escence intensity higher than the pre-set cut-off were identified
as fibrinogen-binding or CD62P-positive cells. All samples were
run in duplicate.

In the same flow cytometry experiment the mean intensity of
the fluorescence (MFI) for the whole platelet population was
also analysed. The MFI value, an arbitrary unit which depends on
the brand of the flow cytometer, shows the mean fluorescence
signal from individual platelets. This correlates to the number of
fluorescent antibodies that have bound to the platelet surface.
One sample that produced an MFI value of 13.3 in the flow cyto-
meter used in the present study registered 126.67 on a FACSCali-
bur using CellQuest software (Becton Dickinson, Palo Alto, CA,
USA)

When the clot and fibrinolysis experiments were performed,
samples from a number of blood donors underwent control
measurements in the flow cytometer to confirm the degree of ac-
tivation with and without the presence of PAR1 and PAR4 in-
hibitors. Activation was measured as the fibrinogen binding on

the platelet surface. The procedure was the same as for the pla-
telet activation experiments, although the PAR1 antagonist and
PAR4-blocking antibody were present from the start (final con-
centration 18 pM and 1.0 mg/ml, respectively), and thrombin
was used as the activator (final concentration 2 nM and 50 nM,
respectively). To test for any agonist effect by the PAR inhibitors,
the same flow cytometric assay as above was used, but without
thrombin being added.

A SPANI12 antibody was used to check the PAR4-blocking
antibody specificity for PAR4. SPAN12 binds only to uncleaved
PART1 (24-26). In the SPAN12 experiment, whole blood incu-
bated with PAR4-blocking antibody (1 mg/ml) or unspecific IgY
(1 mg/ml) was activated with thrombin (2 nM). After 5 min,
SPAN12 (2 pg/ml) was added, and after 10 min the amount of
bound SPAN12 was measured in the flow cytometer. The pro-
cedure was slightly modified from (13).

FOR experiments

Fibrinolysis experiments

Fibrinolysis experiments were performed on blood samples from
ten different donors. In each experiment ten gold-coated cups
were used. Every cup was pre-filled with CaCl, (final concen-
tration 10 mM to restore the physiological calcium activity),
thrombin (final concentration 2 nM), and t-PA (final concen-
tration 70 U/ml). The blood (500 ul) was incubated at room tem-
perature for 10 min with either PAR1 antagonist SCH79797
(18 uM) (the same volume of sodium chloride in the control) or
PAR4-blocking antibody (1.0 mg/ml) (the same concentration of
isotype antibody in the control) or both (1.0 mg/ml of isotype
antibody in the control). Such blood was added to the cup and
mixed with the other substances before the cup was placed in the
rheometer. Each sample was analysed in duplicate. The clotting
time, and the fibrinolysis starting and endpoints were analysed in
the ReoRox®4-Viewer program and in the Lysview program.

Elasticity measurements

The elasticity experiments were performed on blood samples
from ten different donors. Gold-coated reaction chambers were
used for all experiments. The reaction chambers were first
placed in the rheometer. All the substances (CaCl, 10 mM,
thrombin 2 nM, and whole blood previously incubated with
either PAR1 antagonist SCH79797 18 uM or PAR4-blocking
antibody 1.0 mg/ml, all final concentrations, or controls as
above) were mixed before they were injected into the reaction
chamber with a 1-ml plastic disposable syringe. The results from
the elasticity measurements were analysed in the Re-
oRox®4-Viewer program and rh_pro.

Thrombin generation measurements in PRP

The thrombin generation test is based on a 96-well plate filled
with PRP-samples to which Thrombin Calibrator or PPP/PRP
trigger is added. The instrument dispenses a mixture of fluor-
ogenic substrate and calcium, and coagulation begins. Finally,
the analysis program calculates all the parameters of the throm-
bogram and expresses the result in nanomolar thrombin in time
(27). The thrombin generation measurements were performed
using a Fluoroskan Ascent FL (Thermo Electron Corporation,
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Figure |: Platelet activation measurements performed with
flow cytometry on whole blood anticoagulated with hirudin.
The diagram shows fibrinogen binding and CD62P expression as a result
of activation with different concentrations of the PARI-AP SFLLRN. The
results are mean * SD for seven healthy donors.

Vantaa, Finland) with Thrombinoscope software (Thrombino-
scope, Maastricht, Netherlands). Measurements were performed
according to the manufacturer’s instructions using the PRP
reagent, which had a final concentration of 0.5 pM tissue factor.
PAR1 antagonist SCH79797 25.2 uM, PAR4-blocking antibody
1.4 mg/ml, a combination of both, or an irrelevant antibody
(1.4 mg/ml) were added to the PRP and preincubated for 10 min
before the start of the experiment. The inhibitor concentrations
were recalculated to give a plasma concentration similar to that
in the whole-blood experiments assuming a haematocrit of 40%.
All samples were analysed in triplicate.

Statistics

Data were analysed using SPSS 11.5.1 for Windows, (SPSS,
Inc., Chicago, IL, USA). Due to the rather small number of indi-
viduals and the considerable inter-individual variation, compari-
sons between groups were made with the non-parametric Wilc-
oxon Matched Pairs test, which does not assume a normal dis-
tribution. Comparisons were only made between sample and
control from the same individual as the individual variation was
pronounced.

Results

The inhibitors were tested in different concentrations. The con-
centration chosen for further experiment was that with maxi-
mum inhibition, but not higher than necessary. In control experi-
ments by flow cytometry, PAR1 antagonist and PAR4-blocking
antibody were added in the absence of an activator to detect any
possible agonistic effect. No agonistic effect, measured as fibri-
nogen-binding cells, was detected with the chosen concen-
trations (data not shown).

SPAN12 is an antibody that only binds to the platelet PAR1
receptor when it is not cleaved by thrombin (24-26). In a control
experiment by flow cytometry, the amount of SPAN12 binding

Figure 2: Platelet activation measurements performed with
flow cytometry on whole blood anticoagulated with hirudin.
The diagram shows fibrinogen binding and CD62P expression as a result
of activation with different concentrations of the PAR4-AP AYPGKEF. The
results are mean * SD for nine healthy donors.

was the same in the presence of the PAR4-blocking antibody as
in its absence. Unactivated samples were set as 100% SPAN12
binding; samples activated with thrombin 2 nM resulted in 35%
SPAN12 binding in the absence of PAR4-blocking antibody.
When the PAR4-blocking antibody and the isotype antibody
were present, the SPAN12 binding was 32%. This indicates that
the PAR4-blocking antibody does not affect the cleavage of
PARI.

PAR4 activation induced more platelet-fibrinogen
binding than PARI activation as revealed by flow
cytometry

The maximum response to the PARI-AP SFLLRN was 68 +
13% (mean + SD) fibrinogen-binding platelets and 82 + 12%
CD62P-exposing platelets, respectively, n=7 (Fig. 1). The maxi-
mum response to the PAR4-AP AYPGKF was 96 + 2% fibri-
nogen-binding platelets and 82 + 11% CD62 exposing cells, re-
spectively, n=9 (Fig. 2).

The MFI value increased with increasing concentration of
activating peptide. The maximum MFI values for the PAR1-AP
were 2.1 £ 0.6 for fibrinogen binding and 3.1 = 0.7 for CD62P
exposure, respectively, n=7. For PAR4-AP the maximum MFI
values were 4.9 + 1.3 and 3.1 + 1.2 for fibrinogen binding and
CD62P exposure, respectively, n=9. EC50 for PAR1-AP was
8.38 uM for fibrinogen binding and 8.40 uM for CD62P ex-
pression. For PAR4-AP the EC50 was 0.13 mM for fibrinogen
binding and 0.14 mM for CD62P expression.

Effects of PARI and PAR4 inhibition on clotting times
and fibrinolysis

The clotting and fibrinolysis times following activation by
thrombin and inhibition of the PAR1 receptor with PAR1 antag-
onist are shown in Table 1. To be able to visualise the differences
between control and samples with inhibitors for different donors,
the data were normalised, with the time for the corresponding
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Table I: Results from FOR analysis of clotting time, fibrinolysis and coagulum elasticity in blood treated with PARI and PAR4
inhibitors (18 pM SCH79797, | mg/ml PAR4-blocking antibody, respectively). Thrombin (2 nM) was used as activator. *p<0.05. **p<0.01.

All values are given as mean * SD, n=10.

Clotting time (min) Time from clotting Lysis time (min) AG' (Pa/min) G’max (Pa)
to lysis start (min)
Control 113+ 1.75 13.00 £2.77 29.07 £5.21 95.57 + 42.58 1177.27 £ 391.86
PAR1 inhibition 14.70 £ 2.20 ** 1570 £ 1.93 * 36.37 + 457 ** 116.31 + 38.86 1363.11 £266.46 *
Control 12.81 + 1.82 15.33 £ 4.00 3877 + 6.37 124.48 + 59.88 1298.88 + 289.42
PAR4 inhibition 20.09 £ 4.35* 19.25 + 340 * 29.50 £ 430 * 8222 £23.13 ** 1066.18 + 278.42 *
Control 12.81 + 1.82 15.33 £ 4.00 38.77 + 6.37 124.48 + 59.88 1298.88 + 289.42
PARI+4 inhibition 20.61 £2.85** 16.33 £3.76 3471 £ 6.37 87.42 £ 33.62 997.67 £ 256.72

control sample set to 100%. This is shown in Figure 3. The PAR1
and PAR4 inhibitors have different controls (sodium chloride
and isotype antibody, respectively), which prevent a direct com-
parison of clotting and fibrinolysis times. Therefore the compari-
sons between PAR1 and PAR4 inhibition were made on the nor-
malised data. All comparisons were made between samples and
control for the same donor.

When PAR1 antagonist was added, the clotting times were
prolonged by an average of 4 min. The addition of PAR1 antag-
onist caused a significant increase in the clotting time and fibri-
nolysis time (p<0.01) and in the time from clotting to the start of
fibrinolysis (p<0.05, compared with control).

The changes in clotting and fibrinolysis times caused by in-
hibition of the PAR4 receptor with the PAR4-blocking antibody
are shown in Table 1 and, as a percentage of control, in Figure 3.
Clotting times were significantly longer than those without the
blocking antibody (p<0.01). The time from clotting to fibrinoly-
sis start was significantly increased compared with the control
(p<0.05), but in contrast to inhibition of PAR1 the fibrinolysis
time was decreased (p<0.05)

In some experiments, samples from the blood incubated with
a PAR1 antagonist, PAR4-blocking antibody or without inhibitor
were activated with thrombin and analysed in the flow cytometer.
This was done to confirm that we had managed to block the PAR
receptors. The fibrinogen binding induced by 2 nM thrombin
was 27.0 + 4.2%, n=3. With a PAR1 antagonist, the fibrinogen
binding was almost completely inhibited with levels that were
similar to the negative control (96 + 2 % inhibition, n=3). The
PAR4-blocking antibody inhibited the thrombin activation by
74 + 14 %, n=4.

Effects of PARI and PAR4 inhibition on clot elasticity

The results from the elasticity measurements are shown in Figure
4 and Table 1. The AG' and G'-max were slightly increased when
the PAR1 receptor was inhibited (138 + 66% and 122 + 26% of
control, respectively, n=10) although only the increase of G'-max
was significant (p<0.05). When the PAR4 receptor was inhibited,
AG' and G'-max were decreased (72 £ 17% and 83 + 17%, re-
spectively, of control, n=10). Both differences were significant,
p< 0.05 for AG' and p<0.01 for G'-max. When both receptors
were inhibited simultaneously, AG' and G'-max seemed slightly,
although not significantly, decreased as well, 81 +33% and 84 +

19%, respectively, of control (n=10).

Effects of PARI and PAR4 inhibition on thrombin
generation

The lag time (which the manufacturer describes as the moment
when thrombin formation starts) was significantly prolonged
when PAR4 was inhibited and when both PAR1 and PAR4 were
inhibited. The effect of PARI inhibition, however, was not sig-
nificant (Fig. 5). The endogenous thrombin potential (ETP, area
under the thrombogram) was slightly but significantly decreased
when PAR1 was inhibited. The peak was not affected by PAR1
inhibition or dual PAR inhibition. PAR4 inhibition resulted in a

200 -

150 | I I I

100 4

Time as % of control

0 - L |
Clotting Time from
time

Lysis
clotting to time
lysis start

(n=10)

HE Control

1 PAR1-inhibitian
B PAR4-inhibition
1 PAR1&4-inhibition

Figure 3: Fibrinolysis experiments with PARI and PAR4 in-
hibition (18 uM SCH79797 or | mg/ml PAR4-blocking antibody,
respectively). Thrombin (2 nM) was used as activator. The measure-
ments were performed with FOR (free oscillation rheometry) on whole
blood from ten healthy donors. The bar graph shows the mean * SD.
*p<0.05 compared with control. *p<0.01. Lysis time is the time from
fibrinolysis start to end of fibrinolysis.
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Figure 4: Elasticity measurements with PARI and PAR4 in-
hibitors (18 pM SCH79797 or | mg/ml PAR4-blocking antibody,
respectively). Thrombin (2 nM) is used as activator. The measurements
are performed with FOR (free oscillation rheometry) on whole blood
from ten healthy donors. The bar graph shows the mean + SD. *p<0.05
compared with control. *p<0.01.

slight decrease in the peak height (p< 0.05) but had no effect on
the ETP (Fig. 5). Time to peak was significantly prolonged when
PAR4, and PAR1 and PAR4 in combination were inhibited. The
prolonged lag time, 120 + 13% (n=13), corresponded to the pro-
longation in time to peak, 123 £ 14% (n=13).

Discussion

In the present study we wanted to investigate the relative impacts
of PAR1 and PAR4 activation on platelet activation, blood co-
agulation, clot elasticity and fibrinolysis resistance.

The platelet activation measurements showed a difference
between PAR1 and PAR4 activation in respect to fibrinogen
binding. Both the percentage of fibrinogen-binding platelets and
the MFI values for fibrinogen binding were higher with PAR4
activation. This difference may be related to coagulum elasticity,
a hypothesis that is augmented by our elasticity results. Other re-
sults (28), obtained with aggregometry, indicate that PAR1 and
PARA4 activation leads to the same degree of exposure of func-
tional glycoprotein IIb/I1la complexes (fibrinogen receptor) and
aggregation. However, flow cytometry is a more sensitive and
more quantitative method for determining the exposure of pla-
telet receptors, which may explain the conflicting results.

Clotting times seem to be markedly influenced by PAR4, and
were even more prolonged by PAR4 inhibition than by PARI in-
hibition. The control experiments with the PAR4-blocking anti-
body confirmed that this is a true PAR4 effect. In all our experi-
ment settings control samples containing the same concentration
of isotype antibody as PAR4 antibody were used to compensate

Figure 5: Thrombin generation measurements in PRP with
PARI and PAR4 inhibitors (SCH79797 25.2 uM, PAR4-blocking
antibody 1.4 mg/ml, a combination of both, or irrelevant anti-
body 1.4 mg/ml). The measurements were performed on Fluoroskan
fluorometer with Thromboscope software on PRP from |3 healthy
donors. *p<0.05 compared with control. **p<0.01. The bar graph shows
the mean * SD.

for unspecific effects that might be caused by the relatively high
concentration of antibodies present in the samples; however, the
effects observed were always negligible.

Platelet activation via PAR4 has been considered not to be of
relevance in vivo, because the PAR1 receptor should have been
activated already at much lower thrombin concentrations accord-
ing to the biphasic model (11). If this was the case, it might be as-
sumed that inhibition of PAR1 would substantially prolong clot-
ting time and lag time for thrombin generation. However, in-
hibition of PAR4 had the greatest effect, which might indicate
that this receptor has significant impact on platelet procoagulant
properties even at low thrombin concentrations. Another group
(28) has reported that PAR4 activation has no effect on clotting
time, but they used a less potent activating peptide in a phosp-
holipid-dependent coagulation assay. In contrast, in the present
study the PAR4 receptors were inhibited because if an activating
peptide is used in conditions in which anticoagulation is re-
versed, thrombin is formed, activating both PAR1 and PAR4 re-
ceptors. By inhibiting the PAR4 receptor, only PAR1 will be ac-
tivated, thus enabling a true receptor-specific effect to be de-
tected.

The thrombin generation measurements, in which no throm-
bin is present at the start of the experiments, clearly show that
PARA4 inhibition affected the start of thrombin generation, once
again indicating that PAR4 is involved early in the process when
the thrombin concentrations are very low. It also indicates that
PARA4 is likely relevant in the early phases of coagulation in vivo.

Data concerning the interactions between platelets and the fi-
brinolytic system are conflicting (reviewed by [29, 30]). Where-
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as some reports state that platelets have a protective effect on the
coagulum, others have reported that the fibrinolysis proceeded
faster in PRP than in platelet-poor plasma (31). In our experi-
ments we have used whole blood rather than plasma, which has
been used in other studies. Our results show a significant prolon-
gation of the time between clotting and the start of the fibrinoly-
sis both with PAR1 and PAR4 inhibition. It is possible that the
available thrombin, rather than binding to the platelet PARs and
acting as a platelet activator, acts on the thrombin-activated fibri-
nolysis inhibitor (TAFI) (32). If this is the case, it might explain
why inhibition of the PARs delayed the start of the fibrinolysis
process.

The results concerning the length of the fibrinolysis process
may indicate that PAR1 and PAR4 have different effects on the
ongoing fibrinolysis, but the large inter-individual variation
makes it hard to tell whether this is a true effect or merely a lack
of precision in the method. Because the ReoRox measures
changes in frequency and damping of the oscillating cup, any de-
tachment of the coagulum from the cup wall as the fibrinolysis
continues leads to imprecise measurements of the state of the
sample. This might make it difficult to precisely determine the
time for the complete dissolution of the coagulum.

The elasticity of the clot was decreased by PAR4 inhibition,
whereas inhibition of PAR1 increased the elasticity. The result
with PAR4 inhibition indicates that platelets activated via PAR4
play arole in forming a normal structure of the coagulum, which
is a process that follows after clotting. To our knowledge, no re-
ports exist on effects on coagulum structure. However, if we re-
late the result of PAR4 inhibition affecting the elasticity of the
coagulum with the flow-cytometric results in which PAR4 acti-
vation leads to more than twice as much platelet-fibrinogen
binding than PAR1 activation, measured as a doubling of MFI
values, it is plausible to suggest that this increase in platelet-fi-
brinogen binding is important for the coagulum elasticity. The
crucial role of platelet-bound fibrinogen is underscored by the
fact that blood from patients with Glanzmann’s thrombastenia
lacks clot retraction (33). The finding that the PAR4 receptor
seems to play the major role of the two thrombin receptors is of
specific interest in proposing a possible physiological role for
PARA4. Other reports state that activation of PAR4 causes irre-
versible aggregation even in the presence of inhibitors to platelet
ADP receptor P2Y,, which was not the case for PAR1. This sug-
gests a mechanism for PAR4 in a more direct conversion of the
fibrinogen receptor into the high-affinity conformation (17).
However, our flow cytometry experiments indicate that the level
of fibrinogen binding caused by PAR4 receptor activation cannot
be fully mimicked by activation via PAR1 and the ADP receptors
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