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PRECLINICAL STUDY

Dependence of Platelet Thrombus Stability
on Sustained Glycoprotein IIb/IITa Activation
Through Adenosine 5'-Diphosphate Receptor
Stimulation and Cyclic Calcium Signaling

Shinya Goto, MD,* Noriko Tamura, MS,* Hideyuki Ishida, MD,t Zaverio M. Ruggeri, MD+
Kanagawa, Japan; and La Jolla, California

OBJECTIVES

BACKGROUND

METHODS

RESULTS

CONCLUSIONS

We sought to evaluate the mechanisms that support the stability of platelet aggregates on a
thrombogenic surface exposed to flowing blood.

Activation of the membrane glycoprotein (GP) IIb/Illa—mediated in part through the P2y,
and P2Y, adenosine 5'~diphosphate (ADP) receptors—is necessary for platelet aggregation.
Platelets in growing thrombi exhibit cydlic calcium signal, suggesting that sustained activation
may be required for thrombus stability.

Blood was perfused over type I collagen fibrils at the wall shear rate of 1,500 s~ 3.
Three-dimensional visualization of platelet thrombi was obtained in real time with confocal
-microscopy. The intracytoplasmic Ca®* concentration ([Ca?*],) was measured in fluo-3AM-—
loaded platelets.

The height of platelet thrombi in control blood was 13.5 = 3.3 wm after 6 min, and increased
to 16.3 £ 4.5 um (n = 8) after an additional 6 min. In contrast, the height was reduced to
54 = 2.2 and 3.3 £ 1.3 pum, respectively (p < 0.01, n = 8), when the blood used in the
second 6-min perfusion contained a P2Y; (MRS2179) or P2Y,, (AR-C69931MX) inhibitor.
The [Ca**]; of platelets within forming thrombi oscillated between 212 = 38 nmol/l and 924
* 458 nmol/l, with cycles lasting 4.2 + 2.8 s that were inhibited completely by
AR-C69931MX and partially by MRS2179. Accordingly, thrombi became unstable upon
perfusion of blood containing the Ca®* channel blocker, lanthanum chloride. Flow
cytometric studies demonstrated that AR-C69931MX, MRS2179, and lanthanum chloride
reduced monoclonal antibody PAC-1 binding to platelets, indicating a decrease of
membrane-expressed activated GP IIb/II]a.

Continuous P2Y; and P2Y}, stimulation resulting in cyclic [Ca?*]; oscillations is required for
maintaining the activation of GP IIb/Illa needed for thrombus stability in flowing
blood. (J Am Coll Cardiol 2006;47:155-62) © 2006 by the American College of

Cardiology Foundation

Arterial thrombosis may initiate after the rupture of an
unstable atherosclerotic plaque, and it involves multiple
platelet adhesion and agonist receptors (1) as well as
activation of clotting with fibrin deposition (2,3). Two
adenosine 5'-diphosphate (ADP) receptors, P2Y,; and
P2Y,,, mediate platelet stimulation induced not only by
exogenous ADP (4-6), but also by shear forces or interac-
tions with extracellular matrixes that cause ADP release
from storage granules (7-9). In particular, P2Y;, concurs to

the stability of platelet aggregates (10) and may exert a
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similar effect in developing arterial thrombi (11). In exper-
imental studies, platelets that adhere and aggregate onto
immobilized von Willebrand factor (VWF) exhibit cyclic
oscillations in intracytoplasmic Ca** concentration
([Ca**],) (12). These have been shown to depend on the
concurrent function of P2Y;, and glycoprotein (GP) IIb/
IIIa (integrin oqy,Bs3), and are linked to the recruitment and
activation of flowing platelets into growing thrombi (12).
Such findings, and the results obtained with a thrombosis
model in P2Y,-deficient mice (13), suggest that continuing
stimulation of ADP receptors may be required to initiate as
well as propagate thrombus growth on damaged vascular
surfaces. Experiments with selective inhibitors have con-
firmed the importance of P2Y], in this regard (12), while
P2Y; may be key for the initial activation of ADP-
stimulated platelets (14) but have no role in thrombus
propagation. In the present study, we have used a fibrillar
type I collagen surface exposed to flowing blood and specific
antagonists of the ADP receptors and GP IIb/IIla to
evaluate how aggregating platelets are incorporated irrevers-
ibly into 2 thrombus. Our findings may contribute to
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Abbreviations and Acronyms
ADP = adenosine diphosphate
[Ca?*]; = intracytoplasmic Ca?* concentration
FITC = fluorescein isothiocyanate
GP = glycoprotein
PPP = platelet-poor plasma
PRP = platelet-rich plasma
VWF = von Willebrand factor

clarifying the mechanism of action of antithrombotic
agents.

METHODS

Blood samples. Venous blood was obtained from
medication-free volunteers (6 men, 2 women; age 28 to 43
years) with their informed consent, and transferred into
plastic tubes containing 1/10 volume of the thrombin
inhibitor Argatroban (Mitsubishi Kagaku, Tokyo, Japan) to
yield a final concentration of 100 wmol/l (15,16), which
does not decrease the plasma divalent cation concentration.
Platelet-rich plasma (PRP) was separated by centrifugation
at 100 g for 15 min and platelet-poor plasma (PPP) by
further centrifugation at 800 g for 10 min. The platelet
count in PRP was adjusted to 3 X 10%/ul.

Reagents. AR-C69931MX (17) was from AstraZeneca
(Loughborough, Leicestershire, United Kingdom). MRS2179
(18) was obtained from Dr. Savi (Sanofi-Synthelabo Recher-
che, Toulouse, France). Lanthanum chloride (19), acid insol-
uble fibrillar collagen type I from bovine Achilles tendon,

Image intensifier
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mepacrine (quinacrine hydrochloride), acetyl salicylic acid,
ADP, and epinephrine were from Sigma Chemical Co. (St.
Louis, Missouri). Tirofiban (Aggrastate) was from Merck &
Co. (Allentown, Pennsylvania). Fluo-3 acetoxymethyl ester
(Fluo-3AM) was from Molecular Probe (Eugene, Oregon).
Measurement of thrombus volume. Platelets were ren-
dered fluorescent by adding 10 wmol/l mepacrine (16,20) or
1 pg/ml of the fluorescein isothiocyanate (FITC)-labeled
Fab fragment of the anti-GP IIb/IIIa monoclonal antibody,
YM337 (Yamanouchi Pharmaceutical Co. Ltd, Tokyo,
Japan). Thrombi of similar size were obtained in either case
(not shown). A rectangular flow chamber with type I
collagen fibrils coated on the glass bottom (15,16,20) was
assembled onto the stage of an inverted epifluorescence
microscope (Leica, Germany). Blood was aspirated through
the chamber with a syringe pump (Harvard Apparatus,
Holliston, Massachusetts) at a constant flow rate to yield a
wall shear rate of 1,500 s™*. Images were digitized on-line
with a color CCD video camera (L-600, Leica, Germany).
Thrombus growth was evaluated in two dimensions by
measuring the surface area covered by platelets (16) and in
three dimensions by confocal microscopy (Fig. 1) as previ-
ously reported (15). The effect of inhibitors of platelet
function on the stability of platelet thrombi was tested in
two-stage experiments, consisting in the perfusion of un-
treated blood for 6 min followed by blood containing or not
a test substance for an additional 6 min.

Measurement of [Ca®*],. Platelets in PRP were incubated
for 30 min at 37°C with luo-3AM (8 wmol/l), then mixed
with erythrocytes separated from the same blood and

Laser

Source

Objective
Lens

Figure 1. Three-dimensional projection imaging of platelet thrombi. A piezo

Light #

-electric motor () moved the objective lens at a constant speed of 0.4 umol/l/s

to provide scanning images of the platelet thrombi (8'). The sum of the confocal images in a bottom to top stack (z-axis) was projected on planes at 10°
intervals relative to the x axis to obtain the three-dimensional projection images shown on the tight, including projections at 0 degrees (top view; A), 60°
(B), and 90° (front view; C). The maximum height (h) of the platelet thrombi was calculated from the front view projection, as shown in C.
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washed three times by centrifugation and resuspension in a
buffer composed of 10 mmol/l HEPES, 140 mmol/l NaC],
pH 7.4 (HEPES buffer). The washed cells were resus-
pended in homologous PPP containing Argatroban (100
pmol/l) at a 40% hematocrit. Unlike previously suggested
(21) but in agreement with recent reports (22), we did not
use probenecid to prevent the leakage of fluo-3 because of
its effects on platelet function (23). The [Ca?*]; of 10
randomly selected platelets incorporated at different posi-
tions within a thrombus was measured using confocal
microscopy. Variations in the fluorescence intensity of
fluo-3AM were converted into [Ca®*]; using the equation:

[Ca?*], = Kd(F — Fmin)/(Fmax — F)

where Kd (495 nmol/l) is the dissociation constant of
fluo-3AM for the interaction with Ca?* (21); F is the
measured fluorescent intensity of single platelets; Fmax is
the fluorescence intensity of single platelets treated with the
Ca?* ionophore A23187 (10 wmol/l; Sigma) in the pres-
ence of 2 mmol/l Ca™™; and Fmin is the fluorescent
intensity of unstimulated single platelets.

Flow cytometry. The platelet binding of FITC-conjugated
PAC-1, a monoclonal antibody that selectively interacts
with activated GP IIb/IIIa, was measured by flow cytometry
(FACScan, Becton-Dickinson, San Jose, California). Plate-
lets in PRP were activated with the combination of ADP
and epinephrine (25 pmol/l each) or with the thrombin
receptor activation peptide (1 mmol/l). Then, FITC-
conjugated PAC-1 was added at a final concentration of
2.77 pg/ml, followed by HEPES buffer containing or not
AR-C69931MX (100 nmol/l), MRS2179 (100 pmol/l), or
lanthanum chloride (1 mmol/l). PAC-1 binding was mea-
sured 5, 10, 30, 45, and 60 min after addition of the last

Conirol
A Projection from 0°

AR-C69931MX
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solution. All these experiments were performed under static
conditions. The median fluorescence of 10,000 single plate-
lets was calculated using the CellQuest software (Becton
Dickinson Biosciences).

Statistical analysis. All numerical data are expressed as
mean values * SD unless otherwise specified. The effect of
various concentrations of AR-C69931MX and MRS2179
on the surface coverage by platelets was tested by one-way
analysis of variance. Differences between two groups of data
were compared by Newman-Keuls test. A p value of <0.05
was considered to denote statistical significance.

RESULTS

P2Y; and P2Y;, antagonists inhibit platelet thrombus
growth. In agreement with previous results (7,8), ADP
receptor antagonists inhibited thrombus growth on type I
collagen fibrils exposed to blood flowing with a wall shear
rate of 1,500 s7*. Platelet surface coverage decreased from
38.0 £ 6.6% to 13.6 = 3.9% after blocking P2Y, with 100
nmol/l AR-C69931MX, and to 19.4 %= 5.4% after blocking
P2Y; with 100 wmol/l MRS2179 (p < 0.01). Both antag-
onists also inhibited thrombus volume (Fig. 2). Untreated
blood perfused for 6 min formed multilayered thrombi with
a height of 13.2 = 2.3 um (n = 8), which was reduced to
a single layer of platelets with a height of 3.2 = 1.1 um by
100 nmol/l AR-C69931MX (n = 8). With blood contain-
ing 100 pmol/l MRS2974, the thrombus height was 6.1 +
3.5 wm (n = 8), less than with untreated blood
(p < 0.01) but more than with the P2Y), antagonist (p <
0.01).

Inhibitors of P2Y;, P2Y,,, and Ca®** channels reduce
platelet thrombus size. Blood perfused over collagen type
1 fibrils for 6 min at the wall shear rate of 1,500 s™* formed

MRS2175

Figure 2, Three-dimensional projection images of thrombi formed in the presence or absence of adenosine diphosphate receptor antagonists. Blood with
fluoresceinated platelets was perfused over immobilized collagen type I fibrils for 6 min at the wall shear rate of 1,500 s~ in the absence (Control) or
presence of MR§2179 (100 pmol/l) or AR-C69931MX (100 nmol/l), as indicated. The platelet thrombi were scanned in the z-axis by confocal microscopy,
and the resulting images were projected on planes rotated around the x-axis at 10° intervals (please see the online version of this article for supplemental
videos). The figure shows projection images from the top (A), 60° (B), and the front (C). These images are representative of the results obtained in eight

separ. ate exper: iments.
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Figure 3. Reduction in the size of platelet thrombi exposed to blood containing different antagonists of platelet function. These experiments were performed
as described in the caption of Figure 2, with the difference that the surface was exposed to two subsequent aliquots of blood each perfused for 6 min. (A)
Representative images (0-degree and 90° projections) of platelet thrombi after perfusion of the first (before) or second (after) control blood aliquot (please
see the online version of this article for supplemental videos). (B) Representative images of platelet thrombi after perfusion of the first control blood aliquot
(before) or a second blood aliquot containing the P2Yy, inhibitor AR-C69931MX (100 nmol/l) (please see the online version of this article for supplemental
videos). (C) Cross-sectional area occupied by fluorescent platelets in horizontal planes passing through the thrombi at the indicated distance from the
collagen surface, calculated as percentage of the area in the plane closest to collagen surface. The bars Jabeled “Before” show the area of thrombi formed
after perfusion of untreated blood for 6 min. The bars labeled “No Addition,” AR-C, MRS, and LAN show the area of thrombi remaining on the surface
after an additional 6 min perfusion of untreated blood, or blood treated with the P2Y,, inhibitor AR-C69931MX (100 nmol/l), or the P2Y, inhibitor
MRS2179 (100 pmol/l), or the putative Ca®* channel inhibitor lanthanium chloride (LAN) (1 mmol/), respectively. Mean and SEM of cight experiments

are showrn.

platelet thrombi with a height of 13.5 = 3.3 um (n = 8;  platelets with a height of 3.3 = 1.3 wm remained. A similar
Fig. 3), increasing to 16.3 £ 4.5 um after an additional 6  effect, resulting in a 3.4 * 1.2 wm high single layer of
min. In contrast, when blood perfused in the second 6-min  adherent platelets, was observed with the Ca2* channel
period contained 100 nmol/l AR-C69931MX, thrombus  blocker, lanthanum chloride (1 mmol/l), whereas 100
size progressively decreased until a single layer of adherent  pmol/l MRS2974 reduced thrombus height to 5.4 = 2.2
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Figure 4. Changes in the two-dimensional and three-dimensional structure of platelet thrombi exposed to blood containing antiplatelet agents. These
experiments were performed essentially as described in the caption of Figure 3. (A) Representative two-dimensional fluorescence microscopy images of
platelet thrombi immediately after perfusion of the first control blood aliquot (0 min) or at different times after beginning the second perfusion with either
untreated blood (No Addition) or blood containing tirofiban (0.5 wmol/l), as indicated (please see the online version of this article for supplemental videos).
(B) Cross-sectional area of thrombsi at the indicated distances from the collagen surface after perfusion of untreated blood for 6 min (No Addition), or after
perfusion for an additional 6 min of blood containing aspirin (100 wmol/l) or tirofiban (0.5 pmol/l), as indicated. See Figure 3C for additional details.
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Figure 5. Changes in the intracytoplasmic Ca®* concentration ([Ca?*1)) of platelet thrombi caused by adenosine diphosphate receptor antagonists. These
experiments were conducted as described in the caption of Figure 3, except that blood was replaced with a cell suspension containing fAluo-3AM-loaded
platelets, washed erythrocytes, and homologous platelet-poor plasma with the specific thrombin inhibitor argatroban (100 wmol/l) as the anticoagulant. The
cell suspension was perfused over type I collagen fibrils at the shear rate of 1,500 s™* for 4 min to form platelet thrombi. Then, the same cell suspension
without or with the addition of the P2Y,, antagonist AR-C69931MX (100 nmol/L), or the P2Y, antagonist MRS2179 (100 wmol/l), was perfused for an
additional 4 min. The [Ca?*}; of platelets incorporated into thrombi was measured during the second perfusion. (Left panels) Intracytoplasmic Ca?*
concentration of five randomly selected platelets recorded for 10 s beginning 2 min after the start of the second perfusion. (Right panels) Images reflecting
the concentration of Ca?* ions in platelets within thrombi formed during perfusion of untreated blood (Control) or blood containing 100 nmol/l

AR-C69931MX (ARC).

pm. The latter value was less than with untreated blood but
more than with the anti-P2Y,, antagonist (n = 8; p<0.01
for both comparisons; Fig. 3). Addition of 0.5 umol/l
tirofiban, a GP II/IIIa antagonist (15), to the blood used in
the second perfusion also reduced thrombi to a single layer
of adherent platelets with a height of 3.1 % 1.1 um (n = 8;
Fig. 4), whereas 100 umol/l aspirin allowed continued
growth to a height of 15.8 = 5.5 um (n = 8; Fig. 4).
Platelets within thrombi exhibited cyclic [Ca?*]; os-
cillations (Fig. 5). The lowest average [Ca?*], was 212 =
38 (SEM) nmol/l and the highest 924 = 458 nmol/l,
with a cycle length from peak to peak of 4.2 + 2.8 5 (Fig.
5). These [Ca®*]; variations appeared to depend on
specific ion channels because they were blocked by the
Ca?* channel antagonist lanthanum chloride (not
shown). Addition of the P2Y;, antagonist to the perfused
blood rapidly decreased the platelet [Ca®*], within
formed thrombi; after 2 min the value ranged between
182 = 22 nmol/l and 244 & 96 nmol/l without detectable
cycles in most platelets (Fig. 5). After addition of the P2Y;
antagonist, the low and high [Ca?*]; values ranged between
192 * 34 nmol/l and 558 * 211 nmol/l, respectively, and

some but not all platelets showed measurable cycles of 5.8 *
2.5 s (Fig. 5). Neither tirofiban, in spite of the pronounced
effect on platelet thrombus size, nor aspirin had any influ-
ence on the cyclic [Ca®*]; of aggregated platelets (not
shown).

Inhibition of P2Y; and P2Y,,, and blockade of Ca2*
entry reduce activated GP IIb/II1a on platelets. Fluores-
cein isothiocyanate-conjugated PAC-1 binding to plate-
lets, measured as the median fluorescence intensity of
10,000 platelets, increased when platelets were activated
by the combination of ADP and epinephrine or the
thrombin receptor activating peptide (the results were
similar and only the former are shown). Bound PAC-1
slowly but significantly decreased in time when no
additional exogenous agonist was added after the initial
activation (Fig. 6). The reduction was more marked after
adding the P2Y,, inhibitor (Fig. 6), suggesting that
continuous stimulation is necessary to maintain the active
state of GP IIb/IIla. A similar effect was observed with
the P2Y; inhibitor or the Ca®* channel blocker (Fig. 7),
but not with aspirin (data not shown).
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Figure 6. Changes in PAC-1 binding to activated platelets caused by
adenosine diphosphate (ADP) receptor antagonists. To activate platelets,
25 l of HEPES buffer containing ADP and epinephrine (400 pmol/l
each) was mixed with 375 pul of platelet-rich plasma and incubated for 20
min. Fifty ul of fluorescein isothiocyanate-conjugated PAC-1 (25 pg/ml)
was then added, and the fluorescence of individual platelets was measured
5, 15, 30, 45, and 60 min after the addition of 50 ul of HEPES buffer
containing or not the P2Y,, antagonist AR-C69931MX (100 nmol/l).
(Upper panel) Mean and SEM of the median fluorescence of 10,000
platelets in eight experiments. (Lower panels) Representative flow cyto-
metric results at selected time points in one experiment without (solid
lines) or with (dotted lines) the addition of AR-C69931MX.

DISCUSSION

Our findings show that platelet thrombi growing on colla-
gen may disperse several minutes after the initial aggrega-
tion when exposed to blood containing an ADP receptor
antagonist or a putative Ca®" channel blocker or 2 GP
IIb/MIa inhibitor. Thrombus stability, therefore, may de-
pend on sustained ligand binding to activated GP IIb/I1Ia,
which in turn may be mediated by [Ca‘“]i elevations
induced by the continuous stimulation of specific signaling
pathways (Fig. 8). Our findings add to the concept of
intercellular calcium communication, suggesting that it
operates bidirectionally from platelets at the growing edge
of a thrombus not only to activate newly recruited platelets
(12) but also to ensure stability throughout the entire
aggregate. Such a conclusion is based on the observation
that perfusion of blood containing ADP receptor antago-
nists reduced the cyclic [Ca®™]; increases within platelet
thrombi even several minutes after the initial adhesive
contacts had been established. Our experiments, however,
could not define whether platelets at the center of thrombi
differed in their Ca** responses from those at the outer
edges. It has been proposed that cooperation between
P2Y,-mediated activation and GP IIb/IIla engagement by
ligand promotes the activation of newly recruited platelets in
a thrombus (12). We observed, however, that blocking GP
IIb/Illa on the perfused platelets had no effect on the
[Ca®"]; oscillations within the thrombus even though it
caused progressive disaggregation. Thus, the effect of GP
TIb/ITIa inhibition on Ca®™" signals may reflect the need of
maintaining newly recruited platelets in contact with adher-
ent ones until activation is induced. In the case of platelets

JACC Vol. 47, No. 1, 2006
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already aggregated into a thrombus, the replacement of an
adhesive ligand by a GP IIb/IIla antagonist may result in
the detachment of platelets at the edge without effects on
the activation of those still in the thrombus.

We propose that cyclic [Ca2+]i increases within platelet
thrombi reflect a mechanism that maintains GP IIb/IIla
activation and, thus, thrombus stability. The experiments
with lanthanum, a putative Ca2" channel blocker, support
such a concept, but in this study we could not identify the
ion channel involved or the signaling pathway regulating its
function. Lanthanum, therefore, could have other effects,
such as altering the ion binding sites of adhesive receptors
and/or ligands (24) resulting in thrombus dissolution inde-
pendently of Ca®* channel blocking. Moreover, the cyclic
[Ca®*]; increases of aggregated platelets within thrombi
could be a consequence, not the cause of, maintaining GP
IIb/IIla activation. In the alternative, the observation that
[Ca?*]; oscillations are linked to ADP receptor function
may suggest an involvement of store-dependent Ca** entry
(25-27) mediated by P2Y,, simulation. From a technical
viewpoint, changes in platelet volume could have affected
the results obtained with fluo-3AM, a single-wave Ca®™
indicator, thus influencing our conclusions. It should be
noted that we have attempted to minimize such possible
effects by using ultra-fast confocal microscopy, and no cyclic
platelet volume changes have been reported during throm-
bus growth. In the end, sustained platelet activation neces-
sary for thrombus stability may involve various signaling
molecules, including ephrin/eph kinases (28), regulated by
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Figure 7. Effect of different platelet inhibitors on PAC-1 binding to
activated platelets. These experiments were performed as described in the
caption for Figure 6, with the only difference that the P2Y, inhibitor,
MRS2179, or the putative Ca®* channel blocker, lanthanum chloride, was
also added to platelets after activation by adenosine diphosphate and
epinephrine. The upper panel shows the mean and SEM of the median
fluorescence of 10,000 platelets measured 30 min after addition of
AR-C69931MX (final concentration: 100 nmol/1), MRS2179 (final con-
centration: 100 umol/l), or lanthanum chloride (final concentration: 1
mmol/l) as compared to control in which only buffer was added (n = 8).
The lower panels show the actual fiow cytometric results of one represen-
tative experiment. Solid lines represent the results in the presence of the
inhibitor shown in each panel, while dotted lines represent the results in
the absence of inhibition.
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Figure 8. Schematic representation of the mechanism that stabilizes platelets at the edge of 2 growing thrombus exposed to elevated shear rates. (A)
Circulating platelets adhere and become activated onto collagen through multiple adhesive interactions, initiated by glycoprotein (GP) Iba binding to von
Willebrand factor (VWEF) under high shear rate conditions. Full activation depends on released adenosine diphosphate (ADP) and leads to the binding of
soluble adhesive ligands such as VWF and fibrinogen. These form the new substrate for the recruitment of circulating platelets, again initiated under high
shear rate conditions by GP Iba-VWTF binding. Adhesive interactions and soluble agonists present in the environment of the growing thrombus lead to
activation of the newly recruited platelets and further ADP release. (B) Cyclic Ca®* signaling induced by released ADP and mediated by P2Y, and P2Y,,
maintains GP IIb/I1la activation necessary for the sustained binding of adhesive molecules and stability of the aggregate. The first layer of platelets
interacting with the collagen surface may not require sustained ADP stimulation for stable adhesion.

platelet-platelet contacts at the upper edge of the growing
thrombus.

Although there is agreement that P2Y, is involved in the
calcium signaling that sustains activation, conclusions on
the role of P2Y; are not univocal, perhaps because previous
studies were focused on the activation of newly recruited
platelets (12) while we analyzed the activation of platelets
already incorporated within thrombi. The two processes
may be distinct, or the discrepant results may be caused by
methodological differences. For example, continuous rather
than periodic monitoring of [Ca®*]; cycles may better reveal
the relatively weak effect of blocking P2Y;. Moreover,
others have reported that only the combined blockade of
P2Y, and P2Y;, can inhibit platelet thrombus formation on
the surface of collagen (7), whereas we have shown previ-
ously (8) and confirm here that inhibition of either receptor
is almost equally effective in doing so. This discrepancy may
result from differences in experimental observation times,
because we measured thrombus volume after several minutes
when the stability may be more influenced by interplatelet
communication and less by the effects of the platelet-collagen
interactions at the base of the thrombus.

Perhaps the main limitation of an ex vivo blood perfusion
model is the need to use an anticoagulant to preserve blood
fluidity, which in turn prevents the generation of thrombin
and, consequently, of fibrin, both likely to have a role in
providing thrombus stability (3,29). Nonetheless, ADP-
induced signaling pathways may contribute to the overall
effects of other agonists, including thrombin, that lead to

nucleotide release from storage granules after primary plate-

let stimulation. Moreover, the mechanism highlighted here
may provide initial stability to aggregated platelets exposed
to flowing blood and, through the procoagulant function of
activated platelets (30), contribute to fibrin formation. Our
results, therefore, provide new insights into the mechanism
of action of antiplatelet agents used in clinical practice and
currently targeted against the P2Y), receptor. In situations
such as acute coronary syndromes or coronary interventions
with elevated thrombotic risk, P2Y}, inhibitors may be used
in combination with anticoagulants such as heparin, sug-
gesting that an experimental model in which thrombin
activity and fibrin formation are inhibited may be represen-
tative of at least some clinical conditions.

Conclusions. Our studies, although directly relevant only
for thrombus formation on collagen fibrils under artificial
blood flow conditions, suggest a possible role for distinct
ADP receptors and their operating calcium signals in
sustaining the long-term GP IIb/I1la activation required to
maintain platelet aggregate stability before the occurrence of
fibrin generation. Such a mechanism may provide a more
comprehensive understanding of the pharmacological effects
of anti-P2Y}, drugs, and suggest novel strategies to achieve
the dispersion of platelet thrombi after they are formed.
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Summary. Background: Detailed histochemical analysis of
coronary thrombi obtained freshly from acute phase of
myocardial infarction patients may provide information neces-
sary to understand the mechanism of coronary occlusive
thrombus formation. Methods and Results: Coronary thrombi
causing myocardial infarction were obtained from 10 consecu-
tive patients of myocardial infarction in the acute phase, using a
newly developed aspiration catheter. All the fixed specimens of
coronary thrombi, by hematoxylin and eosin staining, were
found to contain three major constituents, namely, platelets,
densely packed fibrin and inflammatory cells, including
polymorphonuclear and mononuclear cells, although their
distribution in each specimen is totally heterogeneous. Immuno-
histochemical staining revealed the prominent presence of von
Willebrand factor (VWF) at the sites of platelet accumulation,
presence of tissue factor and platelets at the sites of deposition of
fibrin fibrils. It also revealed the presence of CD16-, CD45- and
CD34-positive cells, yet the functional roles of these cells have
still to be elucidated. There are weak positive correlation
between the number of inflammatory cells involved in the unit
area of coronary thrombi specimen and the time of collection of
the specimens after the onset of chest pain. Conclusions: In spite
of various limitations, our results contain information suggest-
ing the possible role of VWF in platelet-thrombus formation,
possible important role played by tissue factor and activated
platelets in the formation of fibrin fibrils, and the positive
relationship between inflammatory cells migration and the
formation of occlusive thrombi in human coronary arteries.
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Introduction

Clinjcal experience with the use of antiplatelet [1,2] and
anticoagulant agents [3] in the prevention of acute myocardial
infarction along with the findings demonstrating the role of
inflammatory maker as a predictor for its onset [4-6] suggests
the important roles played by platelets, coagulation cascade
and inflammation, in the formation of coronary thrombi;
however, the exact mechanism of coronary thrombus forma-
tion, especially the mechanism of platelet and inflammatory cell
accumulation and fibrin deposition under conditions of arterial
blood flow stili remains to be elucidated [7-9]. Indeed, several
ex vivo studies have demonstrated the possible roles of von
Willebrand factor (VWF), platelets, leukocytes, tissue factor,
and fibrin deposition in experimental occlusive thrombus
formation [10-13]. However, their roles in the formation of
human coronary thrombi causing. myocardial infarction are
still to be elucidated.

Recently, aspiration of coronary thrombi via an ultra-thin
aspiration catheter, which can selectively be introduced into
the coronary arterial tree, has been developed as an
alternative choice of reperfusion treatment {14-16]. By the
use of this technique, specimens of occlusive thrombi
causing acute myocardial infarction can be obtained freshly
from acute phase of myocardial infarction patients [17).
Although the thrombus specimens obtained by this method
are usually not as big as those obtained in autopsy studies,
and the fragmented thrombus specimens do not always
represent the whole and global distribution of thrombus
components, this technique has possible methodological
advantages although not proven so far [18] and not clarified
even in our present study; e.g. thrombus specimen can be
obtained without any postmortem histological changes
taking place.
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In the present study, we have attempted histochemical
clarification of the content of coronary thrombi with the
specimens obtained freshly from acute phase patients with
myocardial infarction by the use of an aspiration device.
Although it is known that the mechanism of thrombus
formation is influenced by the accompanying risk factors of
patients such as gender, smoking or diabetes mellitus [19], we
focus in our study the common findings, appearing in all the
thrombus specimens because sample size of our study is not
large enough to address the contributing role of the accom-
panying risk factors. We have shown here the presence of VWFE
at the site where platelets were densely accumulated, the
presence of tissue factor at the site of deposition of fibrin fibrils,
and the presence of various inflammatory cells in coronary
thrombi.

Methods

Patient selection and sample preparation

From March 2003 to August 2003, 10 consecutive patients
admitted to the Tokai University Hospital with acute myocar-
dial infarction were enrolled in this study. All the patients were
brought to the Emergency Room because of prolonged (lasting
>30 min) and nitroglycerin-resistant chest pain having the
typical characteristics of ischemic cardiac pain. The diagnosis of
acute myocardial infarction and acute coronary syndrome was
based on the clinical guidelines published previously [20,21].
The electrocardicgram obtained in the Emergency Room
revealed that all of the patients, except one (case 7 in Table 1)
who showed ST-segment depression in leads V, to Vg, had ST-
segment elevation in two or more leads. The standard treatment
protocol, including aspirin administration [21] was instituted
promptly after the diagnosis of acute myocardial infarction was
made. The study was approved by the Internal Review Board
of the Tokai University Hospital, and written informed consent
was obtained from all of the enrolled patients. The clinical
characteristics of the patients are summarized in Table 1.
Accompanying risk factors, which may influence the content of
thrombi, such as diabetes mellitus, hyperlipidemia, smoking
and hypertension, was also shown in the Table 1. Definition of

Table 1 Patient characteristics
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diabetes mellitus, hyperlipidemia and hypertension were based
on the clinical guideline published in Japan (not cited because
they are written in Japanese). Current and previous smokers are
considered to have risk factor of smoking.

Emergency coronary angiography, thrombus aspiration,
and preparation of the histological samples

After visualizing the occlusions of the coronary arteries by
emergency coronary angiography (Table 1), the occlusive
thrombi were aspirated using the newly developed ultra-thin
aspiration catheter, which is designed exclusively for aspiration
of thrombi from coronary arteries (Thrombuster, Kaneka, Co.
Tokyo, Japan). In detail, we have settled the aspiration device
at site of coronary occlusion. Then, we produced negative
pressure by drawing a 20 mL syringe to aspirate the occlusive
thrombi before any other intervention was applied. All the
patients were then treated by balloon angioplasty and subse-
quent stent implantation to protect against re-occlusion.
Standardized anticoagulation with unfractionated heparin
was instituted during the cardiac catheterization [21]. Ticlopi-
dine, 200 mg day™, was started immediately after the stent
implantation, and continued for at least 1 month.

The thrombi obtained by aspiration were immediately fixed
in a fixative solution of 0.1 M phosphate buffer saline (pH 7.3)
containing 4% paraformaldehyde (EM Science, Fort
Washington, PA, USA) and 0.2% glutaraldehyde (EM
Science) for 2 h, and embedded in paraffin in accordance with
previously published procedures [22]. Then, serial sections were
stained by hematoxylin and eosin to identify the basic
constituents of the thrombi. Mallory—Azan and phosphotung-
stic acid hematoxylin (PTAH) stainings were performed to
clarify the distribution of platelets and fibrin. For immunoh-
istochemical identification of platelet, VWF, tissue factor, P-
selectin, and inflammatory cell specific antigens, the sections
were immunohistochemically stained using monoclonal anti-
bodies against VWF (DAKO Japan, Kyoto, Japan), fibrin
(Takeda Chemical Industries, Ltd, Osaka, Japan), tissue factor
(Chemo-Sero-Therapeutic Research Institute, Kumamoto,
Japan), P-selectin (DAKO Japan), CD16 (DAKO Japan) for
neutrophils, CD45 (DAKO Japan) for white blood cells

Hours after

L R A S

Case Age Sex Diagnosis Culprit lesion the onset Risk factors
59 M AMI LCX (no. 11) 18 Smoking
74 M AMI LAD (no. 6) 2
81 M AMI RCA (no. 1) 2 HT, HL
63 M AMI LAD (no. 7) 7 Smoking
74 M AMI SVG 2 HT, HL
54 M AMI LAD (no. 6) 2 Smoking, HL
7 74 F ACS LAD (no. 7) 1 HT, HL
8 75 M AMI LAD (no. 7) 9 HT, HL
9 76 F AMI RCA (no. 1) 14 HT, DM
10 28 M AMI RCA (no. 1) 14

AMI, acute myocardial infarction [20]; ACS, acute coronary syndrome [21); LCX, left circumflex coronary artery; LAD, left anterior descending
coronary artery; RCA, right coronary artery; SVG, Saphenous vein graft; HT, hypertension; HL, hyperlipidemial; DM, diabetes mellitus.
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(mainly mononuclear cells), and CD34 for premature endot-
helial and blood progenitor cells (DAKO Japan). Sheep
polyclonal antibody against platelet-specific protein GPIIb/
Ia (Affinity Biologicals, South Bend, Canada) was also used.
In general, specificity of staining by the above antibodies was
tested in comparison with the staining of negative control using
non-immune mouse IgG or normal sheep serum. To confirm
the specificity of the staining with anti-GPIIb/II1a antibody in
our study, the distribution of positive staining with this
antibody was compared with the distribution of the positive
staining with a mouse-derived monoclonal antibody against
human GPIIb (DAKO Japan). The antibody against fibrin is
originally developed by using fibrin like f peptide as immuno-
gen. Thus, this antibody theoretically cross react with fibrin-
ogen [23]. Specificity of the immunohistochemical identification
of fibrin was confirmed by other staining such as Mallory—-Azan
and PTAH stainings. In the quantitative analysis, the numbers
of CD16-, CD45-, and CD34-positive cells were calculated in
the samples in which the cell counts could be conducted over an
area of at least 1 mm? and the number of cell in the unit area of
1 mm? was calculated. Indeed, all the samples obtained from
right coronary arteries and four from left coronary arteries were
suitable for these criteria. It is noteworthy that the researcher
working at pathological laboratory did not aware clinical
characteristic of the patient when they conducted pathological
investigations including the counting of the number of leuko-
cytes involved in thrombus specimens.

Statistical analysis

All the numerical data were shown as mean + SD, unless
otherwise stated. Comparison of the data between two groups
was conducted by Students’ paired and the unpaired #test. A
P-value of <0.05 was considered to indicate statistical
significance.

Results

Activated platelets, tissue factor and fibrin are involved
in the formation of coronary thrombi i

As shown in Fig. 1, the coronary thrombi were composed
mainly of platelets and densely packed fibrin. Inflammatory
cells, including neutrophils and mononuclear cells, are also
involved in thrombus specimen (Fig. 1A). These three compo-
nents were included in all the thrombus specimens we tested.
Immunohistochemical staining revealed the presence of tissue
factor at sites of dense fibrin deposition (Figs 1C,D and 2C,D).
Co-localization of tissue factor and fibrin could be shown in all
the thrombi specimens. A small number of fibrin fibers were
also identified around activated platelets by Mallory—Azan
staining (Fig. 1B).

As shown in Fig. 2B, the presence of platelets was also
confirmed immunohistochemically by demonstrating the
presence of the platelet-specific protein, GPIb/MIa. Not

Fig. 1. Histological features of coronary thrombi obtained during the acute phase from patients with acute myocardial infarction. (A) Hematoxylin &
eosin staining. The coronary thrombus specimen obtained from patient 10 in Table 1 is composed of inhomogeneous distribution of platelets, fibrin
and inflammatory cells. (B) Mallory—-Azan staining. Coronary thrombus specimen obtained from the same patient reveals platelets, stained blue,
packed at the center of the specimen. A dense fibrin network can be seen around the packed platelets. It is important to note that a certain amount
of fibrin fibrils is stained on the surface of activated platelets. C and D. Immunohistochemical staining of fibrin (C) and tissue factor (D). Two
consecutive specimens of coronary thrombi obtained from patient 10 in Table 1 were immunohistochemically stained with anti-fibrin (C) and anti-
tissue factor antibodies (D). A large amount of fibrin fibers co-localized with tissue factor was demonstrated. Although all the panels of Fig. 1
demonstrate representative results obtained from a single case, similar results, demonstrating the co-localization of tissue factor and activated platelets
with fibrin, could be seen in the thrombi obtained from all the examined cases.
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Fig. 2. Histochemical staining of coronary thrombi obtained freshly from patients with acute myocardial infarction. (A) Immunohistochemical staining of
von Willebrand factor (VWF). A coronary thrombus specimen obtained from patient 3 in Table 1 demonstrated the prominent presence of VWF,

especially at sites of accumulation of platelets. (B) Immunohistochemical staining for GP IIb/ITla. A consecutive skice of the coronary thrombus specimen
obtained from the same patient as above demonstrated the co-localization of platelets stained by platelet-specific anti-GP TIb/ITa antibody with the VWF
shown in panel A. (C and D) Immunohistochemical staining of tissue factor (C) and fibrin (D). Two consecutive specimens of coronary thrombi obtained
from patient 3 in Table 1 were immunohistochemically stained with anti-tissue factor (C) and anti-Sbrin antibodies (D). Similar to the results shown in the
panels Cand D in Fig. 1, a large amount of fibrin fibers co-localized with tissue factor was demonstrated. (B and F) Negative control using non-immune

mouse IgG and normal sheep serum, respectively.

only fibrin/fibrinogen, but also VWEF, was present at the
sites of platelet accumulation (Fig. 2A). The presence of
VWF at site of platelet accumulation could be demonstrated
in all the thrombi specimens. The specificity of the
antibodies used in this study was confirmed in comparison
with the results shown by the negative control antibodies
(Fig. 2E.F).

Characterization of the inflammatory cells identified
in the coronary thrombi

As shown in Fig. 3, immunohistochemical staining revealed the
heterogeneous but constant presence of CDI16- and CD45-
positive cells in all of the specimens obtained from the 10 cases
of acute myocardial infarction. All of the specimens, except
those obtained from one patient (case 3, the oldest patient),
contained more CD16-positive cells (251.4 + 198.7 mm™,

© 2006 International Society on Thrombosis and Haemostasis

n = 7) than CD45-positive cells (148.7 + 78.0 mm™, n = 7).
Thrombi obtained from the right coronary arteries (CD16:
3123 £ 2663 mm~>, CD45: 123.7 % 1052 mm™2, n = 3)
tended to contain larger numbers of CD16-positive cells than
those obtained from the left coronary arteries (CD16:
2422 £ 1735 mm™>, CD45: 149.3 + 117.6 mm™, n = 4).
As shown in Fig. 4, there was weak but significant positive
correlation between the number of CD16- and CD45-positive
cells in the thrombi and the time of collection of the specimens
after the onset of chest pain, with an r-value of 0.73 and 0.86,
respectively (P < 0.05 in both). No significant relationship was
found between the distribution of P-selectin and the number of
inflammatory cells involved in the thrombus specimens. It was
noteworthy that CD34-positive cells were present in abundance
in some samples, while they were sparse in others. These cells
were either incorporated deep within the thrombi or were
present on their surface.

-231-



118 Y. Hoshiba et al

Fig. 3. Characterization of the inflammatory cells involved in the forma-
tion of coronary thrombi. All the specimens of coronary thrombi obtained
from the 10 cases of acute myocardial infarction shown in Table 1 con-
tained inflammatory cells stained positively by anti-CD16 (A), anti-CD43
(B), and anti-CD34 monoclonal antibody (C). CD16- and CD45 positive
cells were present in abundance in all of the specimens; while a large number
of CD34-positive cells was noted in some specimens (C: case 10in Table 1),
only a few were noted in others (case 8 in Table 1, results not shown in the
Figure).

Discussion

Our results represent the first clear demonstration of the
co-localization of VWF with platelets, and of tissue factor and
platelets with fibrin fibrils, in human coronary thrombi causing
acute myocardial infarction, confirming their possible contri-
bution suggested by experimental thrombosis [10~13]. Charac-
terization of inflammatory cells involved in coronary thrombi
by cell surface markers revealed the constant presence of
CD45- and CDI16-positive cells. The revealed constituents of
the coronary thrombi in our study, namely, platelets [24], fibrin
[24], tissue factor [25] and inflammatory cells [26), are in
complete agreement with previously published autopsy finding.
As compared to the autopsy study, our method has both

300 T =
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Number of cells (mm?)
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Time after onset of chest pain (h)

Fig. 4. Relationship between the number of leukocytes in the thrombus
specimens and the time of specimen collection after the onset of chest pain.
The upper and lower panels demonstrate the relationship between the time
of specimen collection after the onset of chest pain and the number of
CD16- and CD45-positive cells, respectively, in the thrombus specimens in
which cell count could be conducted over an area of at least 1 mm? (1 =
7). A significant positive relationship was noted for both (P < 0.05).

possible advantages as well as obvious disadvantages; the
confounding effect of histological changes taking place after
the formation of the coronary thrombi, in particular, post-
mortem changes, could be avoided, where fresh thrombi
causing acute myocardial infarction were obtained without
delay; on the other hand, the spatial distribution of the
constituents of thrombi is broken by catheter aspiration, which
makes it difficult to exclude the possible contamination of the
thrombi by cells and substances from an atheroma disrupted
by the catheter aspiration technique. Nevertheless, our main
findings, that is, co-localization of VWF with platelets and of
tissue factor with fibrin, as well as the ‘involvement of
inflammatory cells in coronary thrombi, are unlikely to have
been influenced by our methodological limitations.

One of our findings, co-localization of VWF with platelet,
may suggest the causative role of VWF in platelet thrombus
formation in human coronary arteries, the concept of which
have been suggested by many in vitro and ex vivo investigations
[9,10,27] and observational clinical studies [28-31]. One of the
other finding, the presence of tissue factor at sites of fibrin
deposition, also provide important information to gain further
insight into the role of tissue factor in the formation. Although
our finding do not exclude possible contributory role of other
coagulation related proteins such as factor Xa [32], and factor
Xla [33], our results confirm previously published findings
demonstrating the crucial role of tissue factor in the formation
of arterial-occlusive thrombus formation with the experimental
thrombosis [11-13,34,35]. Co-localization of platelet and fibrin
shown in our finding also suggested the possible contributory
role of activated platelet in the formation of fibrin fibrils
previously shown in the experimental conditions [36,37]. As a
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whole, our present findings are confirmation of the experimen-
tal results in real pathological thrombus formation.

Our study has obvious methodological limitations, partic-
ularly in regard to applying results to the understanding of the
functional role of these specific cells and proteins in the
formation of coronary thrombi. For example, only thing we
have shown here is the co-localization of cells and proteins such
as VWF and platelet without demonstrating any causative
relation. We cannot exclude the possibility of VWF accumu-
lating later at sites of platelet thrombi, without playing any
roles in their formation. The same argument is valid for tissue
factor and fibrin deposition. In spite of these limitations, we
would still like to emphasize the findings, i.e. the presence of
VWF around platelets and the co-localization of tissue factor
with fibrin in human coronary thrombi presumably causing the
myocardial infarction, represent direct finding in human, which
could never have been obtained from animal experiments or ex
vivo and in vitro perfusion studies even using human blood.
Another important issue we could not address in our manu-
script is the contributing role of gender and the accompanying
risk factors in the histological contents of coronary thrombi.
Indeed, previous study suggested the mechanisms of the onset
of coronary thrombi might be influenced by the accompanying
risk factors; e.g. coronary thrombus formation in smoking
women is often initiated by atheromatous erosion rather than
its rupture [19]. We could not address this issue in our present
study because the sample size of the study was not large enough
to clarify the role of accompanying risk factors.

The presence of inflammatory cells, including CD16-, CD45-
and CD34-positive cells, might represent contamination from
an underlying atheroma, as the specimens were obtained by
aspiration from sites of coronary occlusion demonstrated by
angiography. Obviously, because of the nature of the aspir-
ation, we cannot exclude the possible contamination of the
thrombi by components of the atheroma. Indeed, previous
studies have demonstrated the presence of inflammatory cells
in atheromatous plaque, and suggested a possible role of these
cells in the formation and disruption of an atheroma [38,39].
‘While we can speculate that the inflammatory cells found at
sites packed densely with platelet thrombi migrated from the
peripheral circulation, mediated by adhesion molecules appear-
ing on the surface of activated platelets, as suggested experi-
mentally [40,41], we could not demonstrate the relationship
between the distribution of P-selectin and the migration of
leukocyte in thrombi. Moreover, the pathological roles of these
inflammatory cells, including CD16-, CD45- and CD34-
positive cells, especially CD34-positive cells, which can be
differentiated into endothelial progenitors [42], possibly func-
tionally modified by contact with the thrombi containing the
activated platelets, remain to be elucidated. Further investiga-

tions focusing on the relationship between thrombosis and -

inflammation must, therefore, be conducted.

In conclusion, we examined the coronary thrombi specimen
obtained by the use of aspiration device from acute phase of
myocardial infarction by detailed histochemical staining. Qur
results, demonstrating the co-localization of VWF with plate-

© 2006 International Society on Thrombosis and Haemostasis
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let, tissue factor with fibrin, and the presence of various
inflammatory cells, suggest causative role of VWF in platelet
thrombus formation, the role played by tissue factor and
activated platelets in the formation of fibrin fibrils, and the
close relationship between inflammatory cells migration and
the formation of occlusive thrombi in human coronary arteries.
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