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PAR-1-Stimulated Factor IXa Binding to a Small Platelet Subpopulation Requires a
Pronounced and Sustained Increase of Cytoplasmic Calcium
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ABSTRACT. We previously reported that only a subpopulation of PAR-1-stimulated platelets binds
coagulation factor 1Xa, since confirmed by other laboratories. Since calcium changes have been implicated
in exposure of procoagulant aminophospholipids, we have now examined calcium fluxes in this
subpopulation by measuring fluorescence changes in Fura Red/AM-loaded platelets following PAR-1
stimulation. While fluorescence changes in all platelets indicated calcium release from internal stores and
influx of external calcium, a subpopulation of platelets displayed a pronounced increase in calcium transients
by 15 s and positive factor 1Xa binding by 2 min, with calcium transients sustained for 45 min. Pretreatment
of platelets with Xestospongin C to inhibit IP3-mediated dense tubule calcium release, and the presence
of impermeable calcium channel blockers nifedipine, SKF96365, or J.adtibited PAR-1-induced
development of a subpopulation with pronounced calcium transients, factor 1Xa binding, and platelet
support of FXa generation, suggesting the importance of both release of calcium from internal stores and
influx of extracellular calcium. When platelets were stimulated in EDTA fe28 min before addition

of calcium, factor IXa binding sites developed on a smaller subpopulation but with unchanged rate,
indicating sustained opening of calcium channels and continued availability of signaling elements required
for binding site exposure. While pretreatment of platelets with ARDBAPTA/AM (K4 160 nM) had
minimal effects, 10«M 5,5 -dimethyIBAPTA/AM (K4 40 nM) completely inhibited the appearance and
function of the platelet subpopulation, indicating the importance of minor increases of cytoplasmic calcium.
We conclude that PAR-1-stimulated development of factor 1Xa binding sites in a subpopulation of platelets
is dependent upon release of calcium from internal stores leading to sustained and pronounced calcium
transients.

An essential event in the hemostatic response to vasculaiincluding the enzyme factor 1Xa (FIXa), the cofactor factor
injury is the assembly of the factor X (FX)ctivating Villa (FVIlla), and the substrate factor X (FX), must be
complex on the surface of activated platelets ). The bound to their respective receptors on activated platefgts (
assembly of this important enzymatic complex requires the Thus, the zymogen FIX binds with high affinit)Kg ~ 2.5
exposure of coagulation protein binding sites on the surfacenM) to a discreet number of platelet receptors that can also
of platelets activated with thrombin or collagen but not with be occupied by the enzyme FIX&)( which binds to an
adenosine diphosphate&-6). All proteins required for additional class of sites specific for the enzyme whose
physiologically relevant platelet-supported FX activation, binding is enhanced ~ 2.5 nM becomes 0.5 nM) in the
presence of both FVIlla and FX. FVIIKg ~ 3.0 nM) @, 9,
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of Medicine. physiological relevance of these interactions is emphasized
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1 Abbreviations: PAR-1, protease-activated receptor-1; F, factor; (KeafKm) Of >2 x 107-fold in the presence of the assembled
FITC, fluorescein isothiocyanate; SERCA, sarco(endo)plasmic reticu- complex {), and the fact that severe, spontaneous, and post-

lum Ca/Mg/ATPase; DMSO, dimethyl sulfoxide; S-2766p-benzyl- . . . . . .
oxycarbonylp-arginyl4.-glycyl-L-argininep-nitroanaline-dinydrochlo- traumatic bleeding complications occur in patients with

ride; SFLLRN-amide, thrombin receptor agonist peptide; @plb  deficiencies of FIX 12), FVIII (13), FX (14), and platelet
glycoprotein I, BAPTA/AM, [1,2-bis(c-aminophenoxy)ethane-  receptors for FVllla 15, 16).

N,N,N',N'-tetraacetic acid tetra(acetoxymethyl) ester]; PGE1, prosta- . .

glandin E1; SOCE, Store Operated Calcium Entry; IP3, inositol 1, 3, Although platelets respond to many agonists with func-

5-phosphate. tional endpoints required for primary hemostasis including
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adhesion to subendothelial matrix, secretion of granule dipine, SKF96365, Xestospongin C, and Fura Red/AM were
contents, aggregation, and platelet plug formation to stop purchased from Calbiochem (La Jolla, CA). 'sl3methyl-

the flow of blood through breaches of the vasculaturg (

BAPTA/AM was purchased from Molecular Probes (Eugene,

18), exposure to strong agonists, such as collagen andOR).
thrombin, results as well in membrane surface changes Proteins.FIX, FX, and FXla were obtained from Enzyme

allowing binding and complexation of the coagulation

Research Laboratories, Inc. (South Bend, IN) or Haemato-

proteins responsible for physiologically relevant intrinsic FXa logic Technologies, Inc. (Burlington, VT). Coagulation

and thrombin generatiorl9—21). Little is known of the

proteins were obtained in or dissolved in 20 mM Tris-

platelet signal transduction mechanisms resulting in thesehydroxymethane and 150 mM NaCl and dialyzed against

membrane surface changes.

the same buffer to remove inhibitors. Concentrations were

All platelet agonists induce changes in cytoplasmic determined by bicinchoninic acid assay (Pierce Chemical Co.,

calcium that are usually followed using UV-excitable calcium
indicators such as Fura 2/AM2®). Increased intracellular

Rockford, IL), and purity was assessed by SEFAGE
visualized with Coomassie Brilliant Blue staining or by

calcium has been shown to be required for platelet adhesionVVestern blot using specific antibodies. Baxter Healthcare

(23), secretion of dense- ang-granule contents2d, 25),
and for platelet shape change and aggrega@a-28). A

Corporation (Duarte, CA) generously supplied recombinant
FVIIl. The monoclonal antibody C10D raised against the

requirement for increased cytoplasmic calcium has beencatalytic domain of FIX 45) was fluoresceinated as previ-
demonstrated for platelet procoagulant surface changesOusly reported44). Protein modifications did not interfere

Thapsigargin, an inhibitor of the intracellular sarco(endo)-

with the ability of the antibody to inhibit clotting of normal

plasmic reticulum Ca/Mg/ATPase (SERCA), has been shown human plasma. FIX was activated to FIXa by FXla as
to increase cytoplasmic calcium by depleting internal stores Previously described4g).

of calcium and initiating capacitative entry of extracellular
calcium @9, 30), and capacitative calcium entry has been

Platelet PreparationWashed, aspirin-treated, gel-filtered
platelets were prepared from human whole blood as described

shown to lead to exposure of phosphatidylserine, a require-previously @6). Platelet-rich plasma was incubated with 1

ment for binding of coagulation factors to activated cell
surfaces §1—33). However, chelation of cytoplasmic cal-
cium with internalized BAPTA/AM has been reported not
to inhibit phospholipid scrambling3d). Requirements for

mM acetylsalicylic acid for 30 min to inhibit feedback
activation through prostaglandin synthesis, and with pros-
taglandin E1 (PGE1) (2@M) for 15 min, before layering
over the bovine serum albumin gradient for the wash step

capacitative calcium entry, termed variously Store Operated and/or gel filtration.

Calcium Entry (SOCE) or Store Mediated Calcium Entry
(SMCE), have been intensely investigat@&-{43).

We recently showed that only a subpopulation of PAR-

1-stimulated platelets binds FIXa, although the remainder

Treatment of Platelets with InhibitorsSKF96365 was
dissolved in water; BAPTA/AM, 5,5dimethylBAPTA/AM,
nifedipine, and Xestospongin C were dissolved in DMSO
to 10 mM, thapsigargin to 2 mM, and all were aliquoted

of stimulated platelets shows other endpoints of PAR-1 INto dark tubes at 1630 uL/tube, and kept at-20 or —80

activation includingx-granule secretion and aggregatidd)(

To further explore the requirements for surface changes in
this specific subpopulation leading to exposure of FlXa
binding sites, we investigated the calcium changes post

PAR-1 stimulation in both the bulk of platelets shown
previously to be negative for FIXa binding sites and in the
subpopulation of platelets that binds FlXa.

EXPERIMENTAL PROCEDURES

ReagentsBovine serum albumin, buffer reagents, diso-
dium EDTA, dimethyl sulfoxide (DMSO), calcium chloride,

°C until use. Thawed aliquots of inhibitors were maintained
covered on ice until warmed just before addition to platelet
suspensions. Stock solutions were diluted in DMSO
(SKF96365 in buffer) so that addition to platelets constituted
0.5-1% DMSO (v/v). This DMSO concentration was
determined not to interfere with FXa generation. Platelets
were agitated gently upon addition of inhibitors and incubated
covered at 37°C for 10 min prior to functional testing.
Thapsigargin was added with or without agonist just before
testing. To test the ability of cell permeant calcium chelators
to remove free calcium, fluorescence emissidg € 380
nm; lem = 510 nm) of Fura 2/AM-loaded control platelets

Sepharose 2B-CL, and lanthanum chloride were obtainedand Fura 2/AM-loaded platelets treated for 10 min with 100

from Sigma Chemical Co. (St. Louis, MO). Electrophoresis
reagents were from Bio-Rad Laboratories, Inc. (Melville,
NY). Chromogenic substratell-o-benzyloxycarbonyb-
arginyl+L-glycyl-L-argininep-nitroanaline-dihydrochloride (S-
2765) and He-phenylalanyle-pipecolyli-argininep-ni-

uM BAPTA/AM were followed before and after stimulation
with 1 U/mL thrombin. Treatment with 100M BAPTA/
AM was found to completely suppress fluorescence changes
seen in control platelets.

FXa GenerationFXa was generated as described previ-

troanaline dihydrochloride (S-2238) were purchased from ously @7) with the following modifications. Washed, aspirin-
DiaPharma (West Chester, OH). The thrombin receptor treated, gel-filtered platelets (6 10/mL f.c.) were treated
agonist peptide, SFLLRN-amide, was synthesized using with DMSO or inhibitors for 10 min at 37C before dilution

9-fluorenylmethyloxycarbonyl (FMOC) chemistry on an

into wells of a microtiter plate. FIXa and varying concentra-

Applied Biosystems 430A synthesizer and reverse-phasetions of agonists (thrombin or SFLLRN-amide) and/or

HPLC-purified to greater than 99% homogeneity. FITC-
labeled CD42b against glycoprotein alb(GPlbo) was
purchased from BD-PharMingen (Los Angeles, CA). [1,2-
Bis(o-aminophenoxy)ethani:N,N',N'-tetraacetic acid tetra-
(acetoxymethyl) ester] (BAPTA/AM), thapsigargin, nife-

thapsigargin were added, and activation proceeded for 10
min before addition of cofactor and substrate. FVIII (200
U/mL) was incubated 1 min at 3C with thrombin (0.5
U/mL) and an additional minute with hirudin (5 U/mL)
immediately before addition to reaction mixtures. Reactions
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were stopped after-23 min and were analyzed for FXa
generated by chromogenic substrate S-2765 hydrolysis as
described47). Negative controls included reactions missing
the enzyme, reactions missing platelets, and reactions using
unstimulated platelets.

Data AnalysisResults from enzyme assays were converted
to FXa formed per minute by comparison to a standard curve
of FXa cleavage of S-2765 and plotted using KaleidaGraph
software (Synergy, Reading, PA) t'o derive kinetic param- W o = 30
eters. Results from multiple experiments were pooled and % platelets binding FIXa

analyzed for means and standard errors. E 1 Correlati t FiXasbind b lati th platelet
. . IGURE 1: Correlation o a-binding subpopulation with platele
Flow Cytometry.PRP was incubated with 16M Fura support of FXa generation. Whole blood drawn from 15 individuals

Red/AM for 45 min at room temperature in the dark with was processed to gel-filtered platelets as described in Experimental
aspirin and PGE1 added 15 min before gel filtration. Gel- Procedures. Platelets adjusted tec 207/mL were incubated with

filtered Fura Red-loaded control platelets, inhibitor-treated éller_nR’Yl\l g;%eaflg:j1(1)0minn'\gtlzs%abgpcﬂesgmjlijtligtnegf \II:VII'tI'rE: 1I§[t?glled

. 5 - :
Or. DMSO-treated platelets, were incubated {210 /m.L) anti-FIX. After 15 min at room temperature, reactions were diluted
with 10 nM FIXa and FITC-labeled monoclonal antibody  for fiow cytometry analysis. The percent of stimulated platelets
C10D in reaction buffer containing 2.5 mM calcium or 2.5 binding FiXa is shown on the abscissa. Gel-filtered platelets were
mM calcium with 5 mM EDTA. Reactions were maintained adjusted to 5« 10°/mL for FXa generation reactions that included
at 37 °C and sampled at time intervals before and after 5 mM CaC}, various concentrations of FIXa, thrombin-activated

. . . . FVII, and 250 nM FX. Reactions were analyzed for FXa as
addition of 125«M SFLLRN-amide, 25 nM thapsigargin, described in Experimental Procedures. Data were plotted in

or both. All timed samples were diluted 10-fold im- KaleidaGraph to determine maximum rates of FXa generation
mediately and analyzed on a FACSCalibur flow cytometer shown on the ordinate. KaleidaGraph was used to generate the
(BD-PharMingen, Los Angeles, CA) equipped with a 488 correlation coefficient of 0.83.
nm-emitting laser. Data were collected using EOO voltage
settings for forward scatter sensitivity, with a threshold of 2
to eliminate analysis of debris. Compensations were set to
minimize fluorescence channel 1 (FL-1) spillover into
fluorescence channel 2 (FL-2) and spillover of fluorescence
channel 3 (FL-3) into FL-2. By the use of CellQuest Pro
software (BD-PharMingen), platelets were defined by their
characteristic forward versus side scatter pattern as well as —
by positive staining with fluorescein-CD42b (anti-GB)b =0 ?ha:,‘;ggfgiﬁ‘inﬁ? %0 8
Negative controls included unlabeled platelets, excess un- ) _ _ )
labeled CD42b for FITC-CD42b, and incubation with FITC- FIGURE 2. Thapsigargin as stimulant or costimulant of platelet
- procoagulant changes. Platelets were stimulated with either thapsi-
C10D in the absence of FIXa. Gated platelets were analyzedgargin alone®), or with 504M SFLLRN-amide and thapsigargin
for fluorescein emission in FL-1, and for Fura Red emission (@) for 10 min at 37°C before addition to FX activation reactions
in FL-3 that were displayed together on log scales as densitycontaining 5 mM calcium chloride, 1 nM FIXa, FVilla (6 U/mL),

plots or individually as histograms. All reactions contained and 250 nM FX. Results of chromogenic substrate S-2765 cleavage
the FITC-labeled anti-FIX antibody. assays converted to nM FXa formed per minute were collected from

six experiments and analyzed for means and SEM before graphing.

Max. factor Xa formed (nM/min)

-
o

-
o
T

[&)]
T

o

Factor Xa formed (nM/min)

Data Analysis. Quadrants (density plots) or markers

(histograms) were established with negative control samplespjood donors (Figure 1, abscissa) was plotted against the

to determine the statistics of positive and negative popula- maximal platelet-supported FXa generation (Figure 1, ordi-
tions. Events measured with buffer alone were subtractedpate) the correlation coefficient was 0.83.

from events measured with platelet samples. Fluorescence
data from both density plots and histograms were averaged
wherever possible. Data from different experiments collected
under the same conditions were averaged and statistically’
analyzed.

Thapsigargin Effect on FXa Generatio8ince previous
reports demonstrated a calcium requirement for exposure of
phosphatidylserine3) using thapsigargin, a SERCA pump
inhibitor, we investigated a requirement for calcium for
development of a FIXa binding subpopulation. Thapsigargin
RESULTS was used alone or in combination with 501 SFLLRN-
amide to stimulate platelet support of FXa generation (Fig-
Correlation of Procoagulant Subpopulation Size with ure 2). As little as 8 nM thapsigargin stimulated the plate-
Platelet Support of FXa GeneratioRlatelets prepared from lets to the same degree as pM SFLLRN-amide. In-
individual donor whole blood were stimulated with 1281 creasing thapsigargin produced increasing FXa genera-
SFLLRN-amide and analyzed for both FIXa binding by flow tion. Stimulating platelets with both thapsigargin and
cytometry and for support of FXa generation in assays SFLLRN-amide increased the platelet response to SFLLRN-
containing thrombin-activated FVIII (Figure 1). PAR-1- amide. These data suggested that increased cytoplasmic
stimulated platelets showed a wide range of FIXa-binding calcium via both emptying of internal calcium stores and
subpopulation size (2-428%) and a wide range of maximal entry of external calcium vi&ore OperatedCalcium Entry
FXa generation (1464 nM FXa/min) calculated from FIXa  (SOCE) stimulated platelet membrane changes that supported
titration studies. When the subpopulation size of individual FXa generation.



7292 Biochemistry, Vol. 45, No. 23, 2006 London et al.

s
(=3
b

—_
N
o

A

®
o
T

H
o
I

Fura Red fluorescence
(% of T=0)

o

IXa positive
(% of platelets)
(= N W e o;m
——

Factor IXa binding

1000

— Calcium Changes'”

Ficure 3: PAR-1-stimulated fluorescence changes in Fura Red/ 0 10 20 30 40 50
AM-loaded platelets in the presence of FIXa and 2.5 mM calcium Time (min)

chloride. Fura Red-loaded platelets in 2.5 mM calcium chloride Fgure4: PAR-1 stimulated calcium changes and platelet binding
combined with 10 nM FIXa and FITC-labeled antibody C10D were  of FXa. Seven experiments, described in Figure 3, were performed
sampled for flow cytometry analysis before and after stimulation iy parallel in either 2.5 mM calcium chloride or in a combination
with 1254M SFLLRN-amide. Fura Red fluorescence changes are of calcium/EDTA (2.5 mM/5 mM). Positive gates were set for each
shown as a left shift on the abscissas, and FIXa binding changesexperiment, and fluorescence statistics from CyQuest Pro software
are shown as upward shifts on the ordinates. Platelets positive foryere combined from seven experiments and analyzed for means
differential calcium increases and FIXa binding are seen in the upperand SEM. (a) Calcium changesO) negative platelets in EDTA,

left quadrants. Duration of stimulation: (a) 0, (b) 0.25, (c) 0.5, (d) (@) negative platelets in 2.5 mM calciunw) platelets in 2.5 mM
1,(e) 2, () 3, (9) 4, (h) 5, (i) 10, () 20, (k) 30, and (I) 45 min  cajcium and positive for increased calcium and FiXa. (b and c)
post-stimulation. FIXa binding: @) the percent of platelets positive for FIXa))X
increasing FIXa fluorescence.

o

Relative |1Xa fluorescence
N
1=
o
53

Visualizing Calcium Fluxes Preceding FIXa Bindinigp
ascertain the relationship between calcium fluxes and FIXa had joined the<1% of platelets showing FIXa binding
exposure of FIXa binding sites on a subpopulation of without agonist stimulation (Figure 3a). These platelets
platelets, platelets were loaded with Fura Red/AM, a cell- maintained their calcium signal as well as their equilibrium
permeant calcium indicato#8, 49). Excited at 488 nm, Fura  binding of FIXa for at least 45 min (Figure 3l).

Red fluoresces at 580 nm in the absence of calcium but is Data from seven experiments were combined to analyze
quenched by its presence. Fura Red-loaded platelets werealcium changes in both the FIXa-positive and FIXa-negative
stimulated with saturating amounts of SFLLRN-amide (125 populations over time in response to agonist stimulation.
uM) in the presence of 10 nM FIXa and FITC-labeled Figure 4a depicts the Fura Red quenching changes in both
monoclonal antibody C10D raised to the FIX catalytic populations, normalized, separately for each experiment, to
domain, in the presence or absence of sufficient external freethe preactivation Fura Red fluorescence to track calcium
calcium (2.5 mM) for FIXa binding. Aliquots were removed changes with time. The inset in Figure 4a expands the time
at time intervals up to 45 min post-stimulation for dilution scale between 0 and 10 min for FIXa-negative platelets in
and analysis by flow cytometry. FVllla was not added, since, the presence and absence of external calcium. In the presence
at saturating levels of FIXa (10 nM), the presence of FVIlla of EDTA (open circles, Figure 4a and inset), the small
was not associated with increased FlXa bindiAd)( decrease of Fura Red fluorescence at 30 s post-stimulation

Within 15 s of agonist stimulation (Figure 3b), the earliest (10% change) (seen better in the inset) indicated release of
time point sampled, a subpopulation of platelets emerged calcium from intracellular stores. In the presence of 2.5 mM
from the bulk of platelets showing decreased Fura Red external calcium (closed circles, Figure 4a and inset), the
fluorescence relative to the bulk of stimulated platelets, decrease of Fura Red fluorescence at 15 s post-stimulation
indicating calcium fluxes in this subpopulation (lower left was more pronounced (35% change) and represented both
gquadrant) that are greater than those seen in the remainderelease from intracellular stores and influx of external
of the platelets (lower right quadrant). Two minutes post- calcium through plasma membrane divalent cation channels.
stimulation (Figure 3e) this subpopulation was becoming In both cases, Fura Red fluorescence in the FlXa-negative
FIXa-positive with low-fluorescence intensity (rising into the populations returned to baseline values by 8 min as subcel-
upper left quadrant). During the course of activation, lular and plasma membrane calcium pumps restored cyto-
increasing fluorescein fluorescence indicated increasing plasmic calcium to resting levels. The continual action of
numbers of binding sites for FIXa per platelet (Figure-Bf calcium pumps contributed to an overshoot seen at 20 min.
upper left quadrants). By 10 min post-stimulation (Figure Thus, platelets showed calcium fluxes in response to activa-
3)), this agonist-dependent subpopulation that is positive for tion by PAR-1 agonist.
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A subpopulation of platelets (Figure 4a, closed triangles) a. %A i~ T =
responded to PAR-1 stimulation with a far greater degree
of Fura Red fluorescence quenching (90%), indicating that
they had accumulated more intracellular calcium. This
subpopulation retained the increased calcium signal (quenched
Fura Red), contrasted with the FIXa-negative population, for
at least 45 min post-stimulation, since the Fura Red
fluorescence did not return to resting levels. The pronounced
and sustained calcium transients may be the result of
sustained opening of calcium channels, a decreased activity
of calcium pumps, or a combination of these.

Following stimulation, the population of platelets positive
for increased calcium becomes positive for FIXa (Figure 3). - Cytoplasmic calcium
The size of this population increased (Figure 4b), as platelets |,
positive for increased calcium developed surface changes
resulting in FIXa binding, with half-maximal population size
at 1.1 €0.46) min post-stimulation. In seven experiments,

4.2 (£0.36)% of platelets became FIXa-positive under the
conditions of these kinetic experiments that permitted no
incubation period for antibody recognition of FIXa and that

were performed in 2.5 mM calcium chloride. The gradually
increased mean fluorescein fluorescence (Figure 4c) of this
subpopulation reflected the equilibrium binding of increased
numbers of FIXa molecules to an increased density of
exposed FIXa binding sites, with half-maximal fluorescence Ficure5: Release of calcium from intracellular stores is required

occurring at 6.7 £0.45) min post-stimulation. for development of FIXa binding sites and for platelet support of

; FXa generation. (a) Fura Red-loaded platelets were pretreated with
. De'penden(_:e or! Calc'“m Release from '”te”?a' Stdres. DMS% (Aand C)(o)r 2M Xestospongpi)n C (B and D)pfor 20 min
identify the signaling requirements for the calcium changes 4 37 °C before addition to reaction mixtures containing 10 nM

noted, platelets were pretreated with Xestospongin C, anFiXa, FITC-labeled antibody to FIX, and 5 mM calcium chloride.
inhibitor of inositol-1,4,5 trisphosphate (IP3)-induced release The reactions, maintained at 3¢, were sampled before and after
of calcium from dense tubules (Figure 5). When the FIxa @addition of either 125M SFLLRN-amide (A and B) or 25 nM

- . . thapsigargin (C and D) and diluted for flow cytometry data
binding capacity of platelets treated with 251 Xestospon- acquisition. Platelets positive for calcium appear in the left

gin C (Figure 5aB) was compared with controls (Figure 5aA), quadrants: platelets positive for FIXa and calcium appear in the
it was noted that the FIXa-binding subpopulation (upper left upper left quadrant. (b) FXa generation. Platelets were pretreated
quadrants) was decreased by 75%, and the calcium fluxwith DMSO (@) or with 10 @#), 25 (a) or 50uM () Xestospongin
(degree of Fura Red quenching) in FIXa-negative platelets C for 20 min at 37°C before no stimulationd) or stimulation

L . with 125u4M SFLLRN in reactions containing various concentra-
was decreased by 60%. In FX-activation assays (Figure 5b)ions” of /léIXa. FXa formed was tested 3 r%in after addition of

treatment of platelets with 25 and %0 Xestospongin C  thrombin-activated FVIIl and 250 nM FX as described in Experi-
decreased maximal FXa generation by 71% and 90%, mental Procedures. Data shown are means of two experiments.

respectively. Thus, release of calcium from internal stores
was required for PAR-1-stimulated development of a sub-  Effect of Inhibiting an Influx of Extracellular Calciunio
population of platelets showing FIXa binding sites and determine whether development of FIXa binding sites
support of FXa generation. depended on an influx of external calcium or only on
As a control, and since thapsigargin was shown to increaseemptying of internal stores, platelets were stimulated with
FXa generation, FIXa binding studies by flow cytometry 125uM SFLLRN-amide in the presence of 5 mM calcium
were performed on platelets stimulated with 25nM thapsi- chloride and either nifedipine (a reputed voltage-dependent
gargin (Figure 5aC). These thapsigargin-stimulated plateletscalcium channel blocker), SKF96365 (an activation-depend-
showed a slowly emerging subpopulation (22%) becoming ent calcium channel blocker), or 1M LaCls; (a nonspecific
markedly positive for calcium transients and for FIXa calcium channel blocker) to block plasma membrane calcium
binding. In contrast to PAR-1-stimulated platelets, by 10 min channels (Figure 6). Increasing concentrations of nifedipine
post-stimulation with thapsigargin, platelets were still emerg- decreased Fura Red quenching (calcium transients) in nega-
ing from the bulk platelet population. Pretreatment with 25 tive platelets, decreased the size of the FIXa-binding sub-
uM Xestospongin C before thapsigargin stimulation (Figure population (Figure 6a), and decreased platelet-supported FXa
5aD) neither inhibited cytoplasmic calcium transients nor generation (Figure 6c), with 25 and 5M nifedipine
decreased the size of the FIXa-binding subpopulation, al- resulting in 50% and 80% inhibition, respectively. Inclu-
though emergence of the calcium and FIXa-positive sub- sion of SKF96365 was inhibitory (up to 50%) of all these
population was delayed relative to the thapsigargin control. effects of PAR-1 stimulation but only at lower concentrations
The inability of Xestospongin C to inhibit emergence of a (10—25 «M), and inhibition decreased at higher concentra-
calcium and FIXa-positive subpopulation was expected, sincetions (25-100«M) with no inhibition seen in either FlXa-
PAR-1 signaling (IP3-receptor-mediated) and thapsigargin binding subpopulation size (Figure 6a) or FXa generation
stimulation (unrestored calcium leakage) operate through (Figure 6d) when SKF96365 was used at 100. Platelet
different mechanisms of internal calcium store emptying. reactions containing 106M LacCl; developed no increase
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Ficure 6: Calcium influx is required for PAR-1-stimulated development of FIXa binding sites and platelet support of FXa generation. (a)
Flow cytometry: Fura Red-loaded platelets were added to reaction mixtures containing 10 nM FIXa, FITC-labeled anti-FIXa, and either
5 mM calcium chloride (control) alone or in the presence of 2, 10, aeMSifedipine; 10, 25, or 10eM SKF96365; or 10«M LaCls.

The reactions were sampled at 37 before and after addition of 128V SFLLRN-amide and diluted for flow cytometry analysis. Shown

is the percent of total platelets showing FIXa binding at 10 min after stimulatierd)(FXa generation: Control platelets (closed square)

or platelets stimulated in the presence of La®), nifedipine (c), or SKF96365 (d) as described in Experimental Procedures. Concentrations
are 10 ¢#), 25 (a), 50 (x), and 100uM (¥). Shown are means of two or meansSSEM) of three experiments.

of platelets above the unstimulated control that were either these subpopulations and the maximal FIXa-fluorescence of
positive for increased calcium transients or for FIXa (Figure the positive platelet subpopulations (Figure 7c) were the same
6a), and while 1QuM LaCl; inhibited FXa generation by  as seen in control platelets stimulated in the presence of
25%, 100uM LaCl; completely eliminated agonist-stimu-  calcium. These results suggested that calcium channels in
lated platelet support of FXa generation (Figure 6b). While the PAR-1-stimulated procoagulant platelet subpopulation
the presence of calcium channel blockers had a dampeningemain sufficiently open for at least 20 min post-stimulation
effect on Fura Red quenching in the FIXa-negative platelets, to allow calcium entry to trigger exposure of FIXa binding
guenching always exceeded the degree seen with stimulatiorsites in a subpopulation of platelets.
in the presence of EDTA, indicating both emptying of Cytoplasmic Calcium Transient$o distinguish between
internal stores and a small influx of external calcium (data a requirement for internal store emptying and a requirement
not shown). Thus, emptying of internal stores of calcium for increased cytoplasmic calcium in triggering the emer-
was required but insufficient for PAR-1-induced procoagulant gence of the FIXa-binding subpopulation, platelets were
surface changes, and a vigorous influx of external calcium pretreated with one of two membrane-permeable calcium
was necessary to recruit a platelet subpopulation to developchelators, either BAPTA/AM or 5;&imethyIBAPTA/AM.
FIXa binding sites and assemble a FXa-generation complex.While BAPTA/AM (Kg4 160 nM) at 10QuM, determined to
Duration of PAR-1-Induced Calcium Channel Opening completely inhibit fluorescence changes in thrombin-
Since entry of external calcium was required and calcium stimulated Fura 2/AM-loaded platelets (data not shown),
changes were sustained in the subpopulation of plateletsshowed minor (20%) inhibition of both the proportion of
positive for FIXa binding, we explored the duration of platelets stimulated to bind FIXa (Figure 8a) and platelet-
activation-dependent opening of calcium channels and thesupported FXa generation (Figure 8b), 100 5,5 -dimethyl
continued availability of signaling machinery necessary for BAPTA/AM (Kg4 40 nM) inhibited both parameters, causing
development of FIXa binding sites. Fura Red-loaded plateletsa 70% decrease in the size of the FIXa-binding subpopulation
were stimulated with 126M SFLLRN-amide for G-20 min (Figure 8a) and a 95% decrease in FXa generation (Figure
in the presence of FIXa/FITC-C10D and in the absence of 8b). Thus, more efficient chelation of cytoplasmic calcium
external free calcium (2 mM Cagb mM EDTA) before was inhibitory, while less efficient chelation of cytoplasmic
addition of calcium to 2.5 mM and timed detection of fluor- calcium allowed procoagulant surface changes to occur.
escence changes. From 5 to 20 min post-PAR-1 stimulation, Therefore, emptying of internal calcium stores, small cyto-
platelets (Figure 7a) responded with Fura Red quenching toplasmic calcium fluxes, and vigorous external calcium entry
addition of calcium to the external medium. With calcium are required for PAR-1-induced platelet procoagulant surface
addition from 5 to 20 min post-PAR-1 stimulation, a changes.
subpopulation of platelets (Figure 7b) showed differentially
pronounced calcium transients and FIXa binding, although DISCUSSION
with reduced size (50%) relative to the control samples Previously, we reportedid) that only a subpopulation of
stimulated in calcium. The rate of binding site exposure in platelets responded to PAR-1 stimulation by either SFLLRN-
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subpopulation supporting FX activation. (a) Percent of platelets
binding FIXa. Fura Red-loaded platelets were treated with DMSO
(®) or with 10 (#), 50 (x), or 100uM (¥) dimethylBAPTA/AM,
or with 100 uM BAPTA/AM (0O) for 10 min at 37°C before
stimulation with 125M SFLLRN-amide in the presence of 5 mM
0 bk ! L P . calcium chloride, 10 nM of FIXa, and FITC-labeled anti-FIX, as
0 8 16 24 described in Experimental Procedures. Data shown are the means
Time (min) of two experiments. (b) FXa generation. Platelets were treated with
. . . . DMSO @) or with 10 @), 50 (x), or 100uM () dimethylBAPTA/
FIGURE 7. Sustained opening of calcium channels in a subpopu- an or with 1004M BAPTA/AM (D) for 10 min at 37°C before
lation of PAR-1-stimulated platelets. Fura Red-loaded platelets in 6 stimulation ©) or stimulation with 125:M SFLLRN-amide in
reaction mixtures containing 10 nM FIXa, FITC-labeled anti-FIXa, gx activation reactions containing 5 mM calcium chloride, various
and calcium/EDTA (2.0 mM/S mM) were stimulated with 1251 concentrations of FIXa, FVilla 6 U/mL, and 250 nM FX, as

SFLLRN-amide. At 0, 5, 10, or 20 min post-stimulation, CaCl  jescribed in Experimental Procedures. Data shown are either means
was added to 2.5 mM free ionized calcium. Reactions were sampledys (o or meanstSEM of three to five experiments.

before and after calcium addition and diluted for flow cytometry

acquisition of calcium and FIXa-binding changes. Data from three . . . . . .
experiments were combined and analyzed for (a) Fura Red/calciumWithin 5 min of stimulation, presumably due to the combined
changes, (b) percent FIXa-positive, and (c) mean population actions of calcium channel closure and increased calcium
fluorescein intensity or FIXa binding site density. Symbol®) ( pump activity. This is the first report of differential calcium
calcium added during stimulation, or 5 mil); 10 min @), or 20 responses in platelet subpopulations and the first to identify

min (#) post-stimulation. both sustained calcium changes and exposure of FlXa

amide or by thrombin with exposure of binding sites for FIXa binding sites in the same subpopulation.

or for annexin V. The size of the subpopulation was dose- Because pronounced calcium transients accompany de-
dependent using either SFLLRN-amide or thrombin. The Vvelopment of FIXa binding sites in the same subpopulation
density of bound fluorophore increased with increasing of platelets, we investigated a possible mechanistic link
concentrations of FIXa. While the presence of FVllla between them. The PAR-1 receptor is known to signal
increased FlXa binding at low concentrations, FVIlla had through Gq protein to phospholipaseg Geading to IP3-

no effect at saturating FIXa (10 nM). FIX also bound to a mediated release of calcium from internal stores. Inhibiting
subpopulation with approximately half the density of binding 1P3-mediated calcium release with Xestospongin C pretreat-
sites, consistent with previous equilibrium binding studies ment of platelets inhibited both PAR-1-induced development
(8). Currently, we show that the size of the FIXa-positive Of pronounced, sustained calcium transients, development
subpopulation varied widely with individual donors and Of FIXa-binding sites, and PAR-1-stimulated platelet-sup-
correlated well with the degree to which single donor ported FXa generation.

platelets supported maximal FXa generation. This PAR-1- The emptying of internal calcium stores caused by
stimulated FIXa-binding subpopulation correlated with a thapsigargin is known to trigger an influx of calcium through
PAR-1-stimulated platelet subpopulation that differentially store-operated calcium channels. Use of thapsigargin has
increased calcium flux within 15 s of stimulation, prior to established the role of increased calcium in activation of
development of FIXa binding sites. These calcium changesplatelets and in expression of a procoagulant surf&ae (
were sustained during the entire course of FIXa-binding site Thapsigargin in conjunction with thrombin stimulation has
exposure, and both parameters were retained for at least 4%een shown to result in platelet exposure of aminophospho-
min. On the contrary, the bulk of the stimulated platelets, lipids (50). Those reports and our FXa-generation and FlXa-
entirely negative for FIXa binding, showed only modest and binding data prove that, in the presence of external calcium,
transient cytoplasmic calcium increases that were reversedthapsigargin-mediated emptying of dense tubule calcium

1000 |

Relative IXa fluorescence
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stores can, in the absence of agonist stimulation, activatecalcium influx, noted as a loss of inhibition. One of the
platelets to potentiate FIXa-catalyzed FX activation and can channels found to be regulated by a calcium negative
also potentiate PAR-1 stimulated platelet responses. Itsfeedback is the L-type calcium channglr(59, 60). While
mechanism of calcium store emptying leads to emergencethere is no evidence for platelets possessing voltage-
of a subpopulation, larger than that stimulated by PAR-1 dependent L-type calcium channe&l), nifedipine was an
activation, showing differentially increased calcium fluxes effective inhibitor in these studies: nifedipine at a®
and developing subsequently the capacity to bind FIXa. resulted in 80% inhibition of FXa generation. Since SOCE
Xestospongin C, however, had no effect on thapsigargin- is thought to operate through a nonvoltage-dependent
induced emptying of internal calcium stores, since this occurs pathway 62), this may be attributable to an inhibition of
through thapsigargin inhibition of SERCA pumps preventing potassium channels reported for higher concentrations of
the refilling of leaky calcium storess{). Therefore, store  nifedipine >30uM) (63, 64), or to an effect of nifedipine
emptying and increased calcium transients were both impli- on SOCE itself §5). It is clear that at the concentration of
cated in development of a FIXa-binding platelet subpopu- PAR-1 agonist used (3-fold above EJ there is more than
lation. one type of calcium channel involved in agonist-stimulated
Since store emptying has been previously implicated in calcium influx, with SOCE or ROCC providing some of the
development of platelet procoagulant activity through store stimulation, and a nifedipine-sensitive channel providing the
operated calcium entry (SOCE), we investigated the necessityrest.
for calcium entry in development of the FIXa-binding The sustained calcium channel availability seen in the
subpopulation. Three calcium channel blockers, nifedipine, subpopulation of platelets that developed FiIXa binding sites
SKF96365, and LagG| all inhibited appearance of a sub- suggested that, once opened, these channels remained open
population showing pronounced and sustained calcium for at least 45 min. Since upon calcium addition even at 20
transients and FIXa binding and inhibited platelet-supported min post-agonist stimulation a platelet subpopulation devel-
FXa generation, proving that emptying of internal calcium oped that was positive for both increased calcium and FIXa
stores was required but insufficient and that calcium influx binding changes, signaling elements dependent upon calcium
was also necessary for development of the subpopulation.and required for the procoagulant surface changes must
Although calcium channel blockers reduced the Fura Red remain available for at least 20 min post-stimulation. These
quenching at 15 s (1825%) in the FIXa-negative platelet results support a hypothesis that a vigorous influx of calcium
population relative to controls (30%), an expected outcome is utilized for membrane changes exposing FIXa binding
from reduced calcium entry, quenching was not reduced to sites.
that in the presence of EDTA {715% quenching). So none Finally, we determined that increases in cytoplasmic
of the three calcium channel blockers prevented emptying calcium were indeed required for development of a FlXa-
of calcium stores or completely eliminated external calcium binding subpopulation. Pretreatment of platelets with 100
entry. Interestingly, the reduced subpopulation that emergeduM BAPTA/AM caused only minor decreases in the size of
calcium- and FlXa-positive from platelets with partially a PAR-1-stimulated subpopulation with FIXa binding, and
inhibited Fura Red quenching achieved the same pronouncedninor inhibition of FXa generation, and did not decrease
degree of Fura Red quenching (90%) as in matched controlsthe pronounced cytoplasmic calcium fluxes in this population.
demonstrating that platelets are heterogeneous in theirThis same pretreatment of Fura 2/AM-loaded platelets caused
sensitivity to agonist stimulation and in their sensitivity to total inhibition of thrombin-induced Fura 2 fluorescence
the presence of calcium channel blockers. From these datachanges seen in control Fura 2/AM-loaded platelets. The
both internal calcium store emptying and external calcium literature contains conflicting reports on the necessity for
entry are essential for development of a FIXa-binding cytoplasmic calcium transients in development of platelet
subpopulation. procoagulant surface changes. BAPTA chelation of cyto-
Two of the calcium channel blockers were originally plasmic calcium sufficient to inhibit tyrosine kinases had no
reported to display some specificity: nifedipine for voltage- inhibitory effect on SOCE-triggered calcium ent§g] or
dependent §2), SKF96365 for activation-dependent or on phospholipid scrambling34). However, when 5/5

receptor-operated (or SOCE) calcium channé&3, 64), dimethylBAPTA/AM was used at the same concentration
while LaCk is known to be nonspecific5f). SKF96365 (a calcium chelator with 4-fold increased affinity for
has been reported to have overlapping specifi&g).(This calcium), it completely inhibited both development of the

could be one possible explanation for the curious biphasic FIXa-binding subpopulation and its resulting support of FXa-
pattern the SKF96365 data displayed whereby up tal5 generation. Thus, the higher affinity of 5@imethylBAPTA
caused up to 50% inhibition of FIXa binding and FXa was more efficient at chelating sufficient cytoplasmic calcium
generation, while increasing concentrations beyong/25 to be inhibitory, suggesting that residual or local cytoplasmic
showed less inhibitory activity with 100M producing no calcium fluxes available in the presence of 100 BAPTA
inhibition at all. Higher concentrations may target another were sufficient to allow PAR-1-induced signaling to stimulate
process, such as that involved in negative feedback thatdevelopment of a procoagulant surface.

regulates the responses to agonist stimulation. Some All PAR-1-stimulated platelets displayed transiently in-
SKF96365-sensitive channels might provide the calcium- creased cytoplasmic calcium achieved by the combined
dependent down-regulation of organelle and plasma mem-release of calcium from internal stores and influx of external
brane calcium or potassium channels noted in other cell typescalcium, balanced by the combined actions of calcium pumps
(57, 58). As more of these channels are targeted by in internal organelles and the plasma membrane. Yet, these
SKF96365, the reduced calcium down-regulation of calcium- transient and well-modulated calcium changes were insuf-
sensitive calcium channels would lead to their increased ficient to generate PAR-1-triggered membrane changes in
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all platelets. Inhibiting internal calcium release, reducing
external calcium entry, or effective reduction of cytoplasmic
free calcium decreased calcium changes in all platelets and =
also reduced the FIXa-binding subpopulation. Therefore, the
transient calcium fluxes are necessary but become vigorous
and sustained in only the subpopulation of agonist-stimulated
platelets that develops FIXa binding sites. The transition to
a procoagulant subpopulation must represent a PAR-1-
signaling event that is facilitated in only that subpopulation.

In conclusion, a subpopulation of platelets responds to ¢
PAR-1 stimulation with a differentially pronounced and
sustained influx of external calcium leading to development
of FIXa binding sites. Agonist stimulation of this subpopu-
lation sensitizes them for at least 20 min post-stimulation to
respond to an influx of calcium with development of FIXa
binding sites. These data are consistent with the hypothesis
that the facilitating calcium entering through cation channels
is utilized with high affinity by elements close to these
membrane channels, such that inefficient cytoplasmic chelat- 18.
ing agents have little effect on the signaling mechanism
leading to exposure of FIXa binding sites.

17.
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