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Synthesis and Ultrastructural Localization of Protein C Inhibitor in Human
Platelets and Megakaryocytes
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The occurrence of protein C inhibitor (PCI) in human platelets
and megakaryocytes was analyzed. As judged from enzyme-
linked immunosorbent assays (ELISAs), PCI was present in
platelets at a concentration of 160 ng/2 x 10° cells. Its
specific activity was 5 times higher than that of plasma PCI.
Consistently, mainly the 57-kD form (active PCI) and some
high molecular weight (M;) forms, but no bands correspond-
ing to cleaved PCI, were detected when platelet lysates were
immunoprecipitated with monoclonal anti-PCI-IgG and ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and Western blotting. The localization
of PCI in platelets was studied by immunofluorescence
histochemistry and immunotransmission electron micros-
copy: PCl was detected in « granules, in the open canalicu-

colocalization with plasminogen activator inhibitor-1 was
seen. Studies were performed to clarify whether platelet PCI
is endogenously synthesized or taken up from plasma.
Internalization of biotinylated-PCI was analyzed using plate-
lets in suspension and gold-labeled streptavidin for visualiza-
tion of incorporated biotin. Dose- and time-dependent up-
take of PCI was found. PCI mRNA was detected in platelets
by reverse transcriptase-polymerase chain reaction (RT-PCR)
and Southern blotting, as well as in megakaryocytes by in
situ hybridization of human bone marrow cryosections. We
therefore conclude that platelets contain a functionally ac-
tive PCI pool that is derived from both endogenous synthesis
as well as internalization.

© 1999 by The American Society of Hematology.

lar system, and on the plasma membrane. At these sites,

T IS GENERALLY ACCEPTED that cell surfaces are tion. Platelets contain a variety of granules in which intracellu-
essential for blood clotting reactions to take place. Plateletdar substances are selectively sequestered, including dense

provide a surface that allows coagulation factors to align in abodiesx granules, and lysosomé&slt has been shown that not
way to optimize their specific interactions (for reviews seeall of the proteins present in the granules are derived from
Bloom et at). Many of these interactions are performed by endogenous synthesi§. Megakaryocytes, the precursors of
specific proteins present on the surface of platelets. Proteiplatelets, and platelets themselves, incorporate proteins (eg,
reactions that implicate the platelets in the process of hemostdibrinogen and albumin) from the surrounding medium and fuse
sis are those of adhesion to the cut end of a blood vessethem intoa granules57-19Thus, platelets appear to contain a
spreading of the adherent platelets on the exposed subendothenique type of secretory granules, with contents originating
lial surface, secretion of platelet constituents, formation of aboth from endogenous synthesis in megakaryocytes and from
mass of aggregated platelets, and acceleration of plasmendocytosis by megakaryocytes and platelets.
coagulation, resulting in the formation of a fibrin clot. Subse- The protein C system is an important anticoagulant regulator
quently, the formed fibrin clot retracts to a smaller volume, aof blood coagulatiodl-12The complex thrombin-thrombomodu-
process that is also platelet-dependent. Three principal effectsh bound to the surface of the endothelial cells activates protein
result from platelet activation: secretion of the contents ofC by limited proteolysis, leading to the formation of activated
intracellular granules, exposure of latent surface receptors foprotein C (APC), a serine protease. APC binds to protein S,
plasma proteins, and alterations in lipid structure of the plateletyhich acts as receptor and cofactor for APC on the membrane
surface membrane, leading to acceleration of plasma coagulaf platelets and endothelial cells. The APC-protein S complex
on the cell membrane inactivates coagulation cofactor proteins,
factors \, and VIll,, by limited proteolysis.

From the Department of Vascular Biology and Thrombosis Research, The presence in plasma of an inhibitor of APC was first
and the Depa!’tment of Histology and Embryology, University of Vienna,described by Marlar and Griffin in 1988.Subsequently, this
Vienna, Austria. _ inhibitor was purified from human plasma and characterized by
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fromugmiogjstrlir;npgciegce g:;dagon edan enpolypeptlde with a molecular weight (Mof 57,000. PCI is

Presented at the 14th International Congress on Fibrinolysis and thought to be the primary regulator.of th_e protein C system,
Thrombolysis, Ljubljana, Slovenia, June 22-26, 1998, and at the Xth@lthoughaz-macroglobulin andx;-antitrypsin also appear to
International Vascular Biology Meeting in Cairns, Queensland, Austra- play a role when large amounts of APC are generated in
lia, August 23-27, 1998. pathological setting®¥-23 Comparing the inhibition rate con-
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charge payment. This article must therefore be hereby matkerder- until its concentration b_ecom?s I!mltlng, and thqnantltrypsm
tisement”in accordance with 18 U.S.C. section 1734 solely to indicate 08comes  the predominant inhibiférHowever, there is no
this fact. direct evidence for a role of PCI in APC regulation, because

patients deficient in the protein have not been described. In
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procoagulant and profibrinolytic proteinases, such as factor X concentration was adjusted to>2 10° cells/mL as determined in a
factor Xl, urokinase plasminogen activator (u-PA), tissue standard hemacytometer. The isolation procedure was always com-
plasminogen activator (t-PA), and plasma kallikr&i? Tissue ~ Pleted within 2 hours.

kallikrein is also inhibited by PCI as well as acrosin and 10 Prepare plateletlysates, washed platelets (@ cells/mL) were
prostate-specific antige#3 The inhibition of each enzyme is centrifuged and resuspended in phosphate-buffered saline (PBS; 10

accompanied by formation of an enzyme-inhibitor complex andmmom‘ phosphate buffer and 140 mmol/l. NaCl; pH 7.4) containing
P y y P . 1% Triton X-100, 100 KIU/mL aprotinin, 10 mmol/L benzamidine, and

by the.cleavage of the reactlve.sne peptide bond of P.CI' PCI 155 ug/mL soybean trypsin inhibitor. The sample was incubated in this
found in plasma at a concentration of 3.6 to 6.8 ug/mL in normaly fer for 10 minutes with frequent vortexing and was then centrifuged
individuals!® PCl is also present in urideand in several other 4 2,00@ for 15 minutes to remove big membrane fragments. The
body fluids (eg, tears, saliva, milk, cerebrospinal fluid, synovialsupernatant obtained was stored-&0°C until further use.

fluid, amniotic fluid, and Graaf follicular flui? The highest Quantification of total PCI antigen. Total PCI antigen in platelet
concentrations have been described in seminal plasma (20@sates and in a citrated plasma pool was determined by enzyme-linked
ug/mL)32 PCl synthesis has been shown in liver cells, in organsmmunosorbent assay (ELISA) as described previotisgicept that

of the male and female reproductive tracts, in the pancreas, arie microtiter plates were coated with 20 pg/mL 4PCl instead of 10
in tubular cells of the kidne§233PCl belongs to the subgroup of Hg/mL. _ , _

heparin-binding serpins, and heparin and other glycosaminogly- Quantification of gctlve PCI antlger'LA functional 'ELIS.A. was .
cans can modulate the inhibitory activity of PE#52526.34 developed to determine active PCI antigen based on its ability to bind

Th in h latelets of inhibit f APC u-PA. 4PCI, which does not interfere with PCI activity, was used as a
€ presence in human piatelets ot an innhibitor o Wascatching antibody. It was acid treated as descrieliluted in coating

de_s_cribed in 1989; t_hi_s inhibitor, if released, interfered with the ) q, (5.6 mmol/L NaCOs, 35 mmoliL NaHCQ, 0.01% thimerosal,
ability of phospholipid and washed platelet membranes topH g.6) to yield a concentration of 20 pg/mL, and incubated overnight at
catalyze the anticoagulant effects of APQt has also been  4°C in wells of a microtiter plate. Remaining binding sites were blocked
shown that platelet releases significantly reduced the activatefbr 1 hour at 37°C with PBS-1% bovine serum albumin (BSA). After
partial thromboplastin time (@aPTT) in the presence of APC. blocking and washing with PBS-0.5% Tween 20, dilutions of platelet
Furthermore, platelets contain substances capable of bindintysates in PBS-1% BSA were pipetted into the wells and incubated for
PCI (as, for example, fibrinogef),of being inhibited by PCI 150 minutes at 37°C. Dilutions of citrated pooled plasma consisting of
(as tPA or, after platelet activation, thrombin, APC, factqy X equal volumes of plasma obtained from 20 healthy donors (10 men and
factor XI, and plasma kallikrein), or of regulating the PCI 10 women; age range, 20 to 50 years) were used as standard. After

. o washing again, u-PA (Technoclone, Vienna, Austria) was added at a
14,26,27,3
activity. “We therefore analyzed the possibility of whether concentration of 80 U/mL in PBS-1% BSA and incubated for 1 hour at

PCI might be ‘present n p!atelets. In ‘th'sl report,. we can Sho"\é7°c. Thereafter, wells were washed and incubated with peroxidase-
that platelets in fact contain PCI, which is functionally active conjugated monoclonal anti-u-PA-IgG (Scu-PA-1; Technoclone) at a
and which is derived from endogenous synthesis as well as from:200 dilution in PBS-1% BSA. After 1 hour at 37°C, the plates were
endocytotic uptake. washed and then incubated with ABTS substrate for 30 minutes at room
temperature. The substrate reaction was stopped with 0.32% sodium
fluoride, and absorbances were immediately measured at 405 nm/492
MATERIALS AND METHODS nm. The coefficients of variation for this functional PCI ELISA were
Aprotinin (Trasylol) was obtained from Bayer-Austria (Vienna, calculated from duplicate determinations of 3 dilutions of 30 different
Austria). Apyrase, benzamidine, prostaglandin&hd heparin sodium  plasma samples. The intra-assay coefficient of variation was 1.8%. The
salt from porcine intestinal mucosa were obtained from Sigma-Aldrichcorresponding inter-assay coefficient of variation was 8.6%.
Chemicals (Vienna, Austria). Purified urinary PCI, rabbit-anti-PCI-IgG,  Quantification of total PAI-1 antigen. PAI-1 antigen concentration
peroxidase-conjugated rabbit-anti-PCI-IgG, and monoclonal-anti-PCl-in platelet extracts was determined using an ELISA kit from Techno-
IgG (4PCI) were prepared as described previoésH:39The protein clone. This ELISA measures free, complexed, and latent PAI-1 and is
concentration of purified PCI was determined by amino acid analysisnot affected by other plasminogen activator inhibitors.
performed by Toplab (Munich, Germany). Biotinylated PClI was Immunoprecipitation, sodium dodecyl sulfate-polyacrylamide gel
prepared using biotinyd-amino caproic-N-hydroxysuccinimide ester electrophoresis (SDS-PAGE), and Western blottingnmunoprecipita-
from Boehringer Mannheim (Vienna, Austria), following the manufac- tion of platelet lysates was performed in wells of a 96-well Nunc
turer’'s instructions. The efficiency of the labeling as well as the Immuno Maxisorb plate (Nunc, Roskilde, Denmark). The wells were
inhibitory activity of the biotin-labeled PCI were controlled. coated overnight at 4°C with acid-treated 4PCI (20 pg/mL). The
Preparation of platelet extracts. Fresh venous blood from 5 healthy remaining binding sites were blocked and platelet lysates were added to
volunteers was collected on acid-citrate-dextrose solution (ACD; 130the wells and incubated for 3 hours at 37°C. After washing (PBS-0.5%
mmol/L citric acid, 124 mmol/L trisodium citrate, 110 mmol/L dex- Tween 20), bound proteins were separated from the plate with 20 pL of
trose; pH 6.5) at a ratio of 9 parts blood to 1 part anticoagulant.20% SDS/0.05% Bromphenol blue/glycerol (1:1). Samples were then
Platelet-rich plasma (PRP) was obtained by centrifugation ag 1&0 removed and incubated for 5 minutes at 90°C. SDS-PAGE (10%
10 minutes at 26°C. Seven parts PRP were diluted with 1 partacrylamide) was performed using a Mini-PROTEAN Il electrophoresis
calcium-free Tyrode’s buffer (137 mmol/L NaCl, 3 mmol/L KCI, 0.4 cell from Bio-Rad (Vienna, Austria). Twenty microliters of immunopre-
mmol/L NaH,POy, 1 mmol/L MgCh, 14 mmol/L NaHCQ, 5.5 mmol/L cipitated samples was loaded to the wells and run at a constant current
dextrose, 10 mmol/L HEPES; pH 7.4) containing 100 KIU/mL aproti- of 50 mA for 90 minutes with a cooling system. Two identical gels were
nin, 2.5 U/mL apyrase, 10 mmol/L benzamidine, and 29 mg/L run, and 1 of them was used as control. Purified PCI (2.5 pL) was also
soybean-trypsin inhibitor and were further centrifuged at 19066 10 electrophoresed in each gel. Separated proteins were electrotransferred
minutes at 26°C to obtain a platelet pellet. Subsequently, platelets weré75 minutes at 100 V) to Hybond—P polyvinylidene diflouride (PVDF)
washed 5 times and pelleted by centrifugation at 2904015 minutes membranes (Amersham Life Sciences, Vienna, Austria) using a Mini-
at 26°C. The pellet containing washed human platelets was finallyTrans-Blot Electrophoretic Transfer Cell from Bio-Rad. After protein
resuspended in modified calcium-free Tyrode’s buffer, and the plateletransfer, the PVDF membranes were blocked with 1.5% nonfat dried
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milk diluted in blotting buffer (20 mmol/L Tris-HCI, pH 7.4, 500 Aldrich) at a dilution of 1:50 in PBS-1% BSA. In double-labeling
mmol/L NaCl) and incubated overnight with or without (control) experiments, sections were incubated with a mixture of 75 pg/mL 4PCI
rabbit-anti-PCI-IgG (15 pg/mL) in blocking buffer. Thereafter, mem- and 75 pg/mL rabbit-anti-PAI-1-1gG (final concentrations) in PBS-1%
branes were incubated for 1 hour with anti-rabbit-IgG biotinylated BSA. In control experiments for double-labeling, incubations were
species-specific whole antibody from donkey (Amersham Life Sci-performed in a mixture of 4PCl and rabbit-nonimmune-IgG or in
ences) at a 1:500 dilution in blocking buffer, followed by streptavidin- rabbit-anti-PAI-1-IgG and mouse-nonimmune-IgG. After washing, grids
biotinylated horseradish peroxidase complex (Amersham Life Sci-were incubated in biotinylated-antimouse-1gG (final dilution, 1:200 in
ences) at a 1:500 dilution in blocking buffer. Finally, bound peroxidasePBS-1% BSA) and goat-antirabbit-lgG coupled with 5 nm colloidal
was visualized with TMB substrate color reagent (3, 8, 5,- gold particles (final dilution, 1:100; Amersham Life Sciences). Further
tetramethylbenzimide). incubation was performed with streptavidin-gold 10 nm conjugate
Immunofluorescence microscopyPlatelets were isolated from whole  diluted 1:100 in PBS-1% BSA. The sections were then counterstained
blood as previously described, except that the calcium-free-Tyrode’swith 3% uranyl acetate and lead citrate and examined with a JEM 1200
buffer was enriched with apyrase and prostaglandibt not with the EXII transmission electron microscope (JEOL Ltd, Tokyo, Japan).
other inhibitors. The platelets obtained were extensively washed andPhotographs were taken on AGFA Scientia EM films (AGFA-Gevaert
thereafter resuspended in a small volume of Tyrode’s buffer. Smears of\g, Leverkusen, Germany) at magnifications between 40,000 and
the washed platelets were performed on poly-L-lysine-coated glas420,000.
slides and allowed to dry for 3 hours. Afterwards, platelets were Uptake of PCI by platelets. Platelets were isolated as described
permeabilized in cold acetone for 1 minute. Unspecific reactive sitesabove, with the only modification being that 1 pg/mL prostaglandin E
were blocked with PBS-5% BSA; subsequently, the sections werewas added to the washing buffer. The washed platelets were adjusted to
incubated overnight at 4°C with the first antibody diluted in PBS-1% a concentration of 1.& 10° cells/mL and incubated for 30 minutes at
BSA. Monoclonal anti-PClI-IgG (4PCI) at a concentration of 20 pg/mL 37°C before starting this experiment. Afterwards, 200 L of the platelet
was used as a first antibody. Staining specificity was assessed iguspension was incubated at room temperature with 200 pL of
negative control experiments performed by substitution of the firstbiotinylated PCI (4.5 or 9 pg/mL, respectively). The uptake reaction
antibody with dilution buffer alone, by incubation with mouse- was stopped after 2 different incubation times (7 and 15 minutes,
nonimmune-1gG, and by incubation with a monoclonal antibody againstrespectively) by adding 5 parts of 4% paraformaldehyde/0.2% glutaral-
the nonsense protein heparin cofactor Il. Staining specificity was alsalehyde in calcium-free Tyrode’s buffer to 1 part of platelet/PCI solution.
assessed in positive control experiments performed by incubation with &€ells were fixed for 20 minutes at room temperature, washed, and
monoclonal antibody against PAI-1 (5PAI-12), a protein known to be further processed for immuno-electron microscopy as described above.
present intracellularly in platelets. Additionally platelets were stained Sections of these platelets on gold grids were blocked and incubated for
with a monoclonal antibody against factor D, which was found to be 3 hours at 37°C with 10 nm gold-labeled streptavidin diluted 1:25 in
localized on the membrane of the platelets but not intracellularly. PBS-1% BSA. After this incubation, the grids were washed, counter-
Thereafter, the platelet smears were incubated with fluoresceinstained, and examined with a transmission electron microscope.
conjugated goat-antimouse-IgG (Vector Laboratories Inc, Burlingame, Reverse transcriptase-polymerase chain reaction (RT-PCR) and
CA) diluted 1:100 in PBS-1% BSA for 1 hour at 37°C. After incubation Southern blotting. Human blood was collected from healthy donors
and washing (PBS), a drop of Vectashield Mounting Medium (Vectoron ACD anticoagulant solution as described above. The PRP was
Laboratories Inc) was placed onto the section and then coverslippediluted (7:1) with calcium-free-Tyrode’s buffer containing 2.5 U/mL
Slides were viewed using a Leitz Dialux 22/22 EB microscope (Ernstapyrase, 100 KIU/mL aprotinin, and 10 mmol/L benzamidine and
Leitz Wetsler Gmbh, Lietzlow, Germany) equipped with a Nikon super gel-filtered platelets were prepared by filtering this PRP through a
high pressure mercury lamp (Nikon Corp, Tokyo, Japan) and a powed0-mL Sepharose CL-2B chromatography column (Pharmacia Biotech,
supply model HB-10101 AF (Nikon Corp). Photographs were takenVienna, Austria). Fractions (1.5 mL) were collected and aliquots of each
with a Leitz Vario-Orthomax 2 camera, at a magnification of 3,000 andfraction were smeared on poly-L-lysine—coated slides and stained with
an exposure time of 3 seconds. Accutain (Sigma Diagnostics, Vienna, Austria). The slides were then
Immunotransmission electron microscopylatelets were isolated checked by light microscopy. Fractions containing only platelets and no
from whole blood as described above. After extensively washing of theother blood cells were pooled, and platelets were washed 5 times and
platelet pellet obtained, the platelets were fixed with 4% paraformalde-adjusted to X 10° cells/mL.
hyde/0.5% glutaraldehyde for 20 minutes at room temperature. In Total RNA from gel-filtered platelets and HepG2 hepatoma cells was
platelet stimulation experiments, platelets were incubated for 30isolated using RNeasy Mini Kit (QIAGEN, Vienna, Austria), and 5 g
minutes at 37°C in a water bath and then activated with 1 pmol/Leach was reverse transcribed by using a sequence-specific primer and
calcium ionophore A23187 under gentle agitation. After this activation, the first-strand cDNA Synthesis Kit for RT-PCR from Boehringer
the platelets were fixed and further processed as described belowlannheim. The RT-generated PCI cDNA fragments (1,157 bp) were
Human bone marrow cells obtained by iliac puncture from a healthyamplified by PCR. As a control for this reaction, PCI-cDNA inserted
donor were sedimented by centrifugation at 2@@0r 10 minutes  into the plasmid vector pBluescript Il KS-{—) phagemid (Stratagene,
washed and fixed in 4% (wt/vol) paraformaldehyde for 20 minutes atLa Jolla, CA) was also amplified. The following primers were used for
room temperature. amplification: 3-primer (the binding site is located in exon Ill: from
Before embedding in LR White medium resin, washed platelets ancbase 10727 to base 10748) TCAGTATCACTACCTCCTGGAC and
bone marrow pellets were fixed again for 1 hour in 2.5% glutaraldehyde3’-primer (binding site in exon V: from base 12705 to base 12726)
in 0.1 mol/L cacodylate buffer, pH 7.4, and then rinsed in 0.1 mol/L CTGTTGAACACTAGCCTCTGAG. The human PCI sequence data
phosphate buffer, pH 7.4. Ultrathin serial sections of 150 nm were cutwere obtained from EMBL Data Bank (accession nos. M64880 through
and mounted on gold grids. Nonspecific binding sites on the section$164884). The design of both primers was performed in such a way that
were blocked (PBS-5% BSA) and grids were incubated for 3 hours ait allowed the differentiation between the product obtained from the
37°C with different concentrations (500, 250, 125, 75, 35, and 20reverse-transcribed platelet RNA (438 bp) and genomic DNA contami-
pg/mL) of 4PCl in PBS-1% BSA. In negative control experiments, the nations (1,978 bp). PCR amplification using 5 pL of the cDNA from the
sections were incubated with nonimmune-mouse-IgG. After incubationRT reaction was performed in 5 pL of ¥Oreaction buffer, 1.5 mmol/L
with the first antibody and washing, platelet and bone marrow sectiongMgCl,, 200 umol/L deoxynucleotides, 10 pmol/L primers, and 2.5 U
were incubated with 10 nm gold-labeled antimouse-IlgG (Sigma-Taq polymerase in a final volume of 25 pL. The samples were subjected
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to amplification in a GeneAmp PCR System 2400 (Perkin Elmer Cetusprobes, which were further detected with anti-DIG-alkaline phospha-
Instruments, Emeryville, CA) to 94°C for 5 minutes; then 30 cycles of tase Fab fragments, followed by NBT/BCIP substrate detection. Con-
amplification were performed, each consisting of denaturation at 94°Qrols were always included to ensure the specificity of the detected
for 1 minute, annealing at 61°C for 1 minute, and extension at 72°C forsignals. These controls were made in the target (hybridization with
1 minute, and then a final incubation at 72°C for 7 minutes wassense probe) as well as in the detection (omission of anti-DIG antibody).
performed. Amplified products were separated in 1% agarose TBE gels

and stained with ethidium bromide. After electrophoresis, the gel was RESULTS

transferred overnight to a Duralon-UV membrane (Stratagene). A Tota| PC| antigen and active PCI antigen in platelet lysates.
Pbc "CDC"\'A fr%grgem of 982 bpm%rgT l?alsz 7994 toé)as; 113;“_1 n ;hePIatelet lysates and plasma samples were analyzed for total PCI
above-described sequence) ~abeled using ‘andom Frime antigen and active PCI antigen by ELISAs. The total PCI

DNA Labeling Kit (Boehringer Mannheim) and used as a probe for the — . ion in platelet | 210° platelets/mL
blotting. The nylon-membrane was equilibrated in Church’s buffer (0_5antlgen concentration in platelet lysatesx platelets/mL)

mol/L NaHPQy, pH 7.2, 7% SDS, 0.5 mol/L EDTA, pH 8) for 1 hourat  Was 160+ 0.03 ng/mL (mean* SD), as determined in 5
62°C and then incubated overnight at 62°C with 0.7 mL of denaturedmeasurements performed in 2 independent experiments. The
32P-DNA probe in 6.3 mL of Church’s buffer. Thereafter, the membrane PCI plasma concentration measured with the same assay was
was extensively washed and subjected to autoradiography overnight &.8 = 0.02 pg/mL. Active PCI antigen in platelet lysates was
—70°C using a Kodak X-OMAT Scientific Imaging Film (Eastman 14%= 2% (mean+ SD) of that measured in the citrated pooled
Kodak, Rochester, NY). plasma (100%) used as standard. This mean was calculated
In situ hybridization. A PCI-cDNA fragment (593 bp; from base  from duplicate measurements of 7 different dilutions. There-
7994 in exon |l to base 10645 in exon IlI) was in vitro transcribed using fore, the specific activity of PCI in platelet lysates was 5-fold

the pCR Il vector (Invitrogen, San Diego, CA) that contains the | . . i . .
bacteriophage SP6 and T7 polymerase promoters. The ligation rea(:tiorr]lIgher as compared with the specific activity of PCI present in

for the PCI-cDNA fragment into the plasmid vector was performed by plasma. As a control, PAI-1 antigen was alsc_) determined '_n
using the Rapid DNA Ligation Kit from Boehringer Mannheim. After these platelet lysates, and the results obtained agree with

transformation and cloning, the DNA template was linearized with Published dat#*3 1,639 = 23 ng/mL (mean= SD) or 0.82
Hindlll (2.9 U) and in vitro transcribed with T7 RNA polymerase to Ng/1® platelets. We therefore assumed that the platelet lysates
obtain the sense RNA probe (655 bp). The antisense RNA probe (618vere in a condition to allow further reliable experiments.

bp) was obtained by linearizing witBcoRl (14.15 U) and in vitro Immunoprecipitation, SDS-PAGE, and Western blottinign-
transcription with the SP6 RNA polymerase. The transcription proce-munoprecipitation of platelet lysates was performed with mono-
dure_was performed_by using the c_Jigoxigenin (DIG) RNA Labeling Kit clonal-anti-PCI-lgG (4PCl), and immunoprecipitates were
obtained from Boehringer Mannheim. The human bone marrow sampleg a1y e by SDS-PAGE and Western blotting with rabbit-anti-
to be used for in situ hybridization procedures were immediately - e .

embedded in Tissue Tek and snap-frozen in liquid nitrogen. Sections O?CI-IgG. As Ca'.‘ l?e seen fro.m Fig 1, purified urinary PCI used
these samples were allowed to settle on poly-L-lysine—coated glasgsf a control exhlblt.ed the typical pattern of closely Sp.aced bands
slides and in situ hybridization was performed as described in the/Nith molecular weights between 60 and 54 kB> *with the
protocols for in situ hybridization to tissue sections, obtained from MOSt intense bands corresponding to active PCI (57 kD) and
Boehringer Mannheim, which were based on published¥a@ayosec-  reactive site-cleaved PCI (54 kD), respectively. In platelet
tions were incubated with DIG-labeled antisense or sense PCI cRNAysates there was also a prominent band at 57 kD, corresponding

Platelet Purified
Lysates PCI Marker

— 220 kDa
* — 97kDa
Fig1l. Immunoprecipitation, SDS-PAGE, and West- il - 66 kDa
ern blot of platelet lysates. Solubilized proteins con- 57 kDa - p T 4
tained in platelet lysates were subjected to immuno-
precipitation with monoclonal anti-PCI-IgG as i 46 kDa
described in Materials and Methods. Precipitates : -
were analyzed by SDS-PAGE (10% acrylamide) and
immunoblotting using rabbit-anti-PCI-IgG. Bound an-
tigen was detected with biotinylated-antirabbit-lgG
followed by streptavidin-peroxidase and with TMB
color substrate reagent. Purified urinary PCl was
used as a control. In platelet lysates, only the 57-kD 30 kDa

band corresponding to the active PCI was observed;
bands corresponding to cleaved PCl were hardly
seen.
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to the migration distance of active PCI (Fig 1). However, bandseach case. Activation of the platelets showed a considerable
corresponding to cleaved PCIl were hardly seen. In additiondecrease in staining in thegranules.
platelet lysates contained several high molecular weight bands The presence of PCl in megakaryocytes was also investigated
of PCl antigen 220 kD). by the same immunogold staining procedures (Fig 3G and H).
Immunofluorescence microscopyymmunofluorescence was The megakaryocytes seen in the bone marrow sections dis-
used to evaluate the localization of PCI in platelets (Fig 2). Forplayed a smooth surface, with a nucleus presenting several
this purpose, the platelet smears were incubated with a monoclaeunded lobes with abundant euchromatin (not shown). Mature
nal antibody to PCI (4PCI). The PCI staining pattern observednegakaryocytes displaying morphologic evidence of platelet
(Fig 2A) looked very similar to that of PAI-1 (Fig 2B), which is production were also found (not shown). The pattern of PCI
known to be present in the granules and which was therefore labeling in these cells was very similar to that seen in platelets.
chosen as an intracellular positive control for this experi- PClwas localized in granules identifiedagranules, as judged
ment#1-43The platelets incubated with 4PClI exhibited a fluores- from the size, form, and electron density (Fig 3G and H). The
cent homogeneous pattern as well as a spotted staining pattecisternae of the OCS or similar structures were also positive for
consistent with intracellular localization of the protein (Fig 2A). PCI (Fig 3G). Gold particles appeared also bound to the plasma
This pattern was different from that obtained with a monoclonalmembrane (Fig 3G). One interesting finding in this experiment
antibody to factor D, which showed a rim pattern of staining, was the presence of PCl in the nucleus of megakaryocytes (data
characteristic for exclusive surface and not for intracellularnot shown). Granulocytes present in the same bone marrow
localization (Fig 2C). No staining was seen in control experi- sections showed also positive PCI labeling at different organ-
ments using antibodies against heparin cofactor Il (Fig 2D) orelles as well as in the nucleus (not shown). Control experiments
nonimmune-mouse-1gG (Fig 2F) or when the first antibody wasperformed by substituting the first antibody (4PCI) with nonim-
replaced by dilution buffer alone (Fig 2E). mune-mouse-IgG did not show any staining either in megakaryo-
Immunogold-transmission electron microscopf¥he ultra-  cytes or in granulocytes (data not shown). To confirm the
structural localization of PCI was analyzed by immuno-electronlocalization of PCI within thex granules, additional experi-
microscopy using postembedding immunogold labeling. Inments were performed using PAI-1 ascagranule marker (Fig
these sections, platelets appeared unstimulated. The differeBt through M). Gold particles of 2 different sizes were used to
structures were well preserved, with the only exception of somedentify the 2 proteins of interest: PCI (10 nm) and PAI-1 (5
regions of the membranes (plasma membrane, membranes ofn). Colocalization of PCI with PAI-1 confirmed that PCI-
the granula, and membranes of the open canalicular systemgontaining granules were indeedyranules (Fig 31 through M).
The negative control experiments performed by substituting thén addition to thex granules, colocalization of PCI and PAI-1
first specific antibody with nonimmune-mouse-IgG (Fig 3F) or was also seen in the OCS and on the plasma membrane (data not
omitting the first antibody and incubating with dilution buffer shown).
alone (not shown) did not show any labeling. The staining with  Uptake of biotinylated-PClI by platelets.To determine if the
the 4PCI antibody (Fig 3A through E), localized PCl in the PCI found in platelets is derived from an exogenous origin or
granules (Fig 3Athrough E, arrowheads) in the open canaliculafrom endogenous synthesis, platelets in suspension were incu-
system (OCS; bound predominantly to the membranes or bountated with 2 different concentrations of biotinylated PCI (4.5 or
to some precipitates in the lumen of these structures) as well a8 pg/mL) for 7 or 15 minutes, respectively (Fig 4). Biotinylated
on the plasma membrane. The platelet cytoplasmic matriX°Cl was chosen for the uptake experiments, based on published
reflected minimal background levels of labeling as did otherdata that describe a possible internalization of solid-phase
organelles such as mitochondria. As far @sgranules are ligands, as colloidal gold-protein conjugates, and on postligand
concerned (Fig 3A through E, arrowheads), gold particles weréinding events induced by this kind of conjugateas well as
evenly distributed over allk granules. The labeling in these based on other data that demonstrate that platelets incubated
granules was predominantly in the electron dense zone owith free biotin remained unlabeled, not showing unspecific
nucleoid and also sometimes bound to the membrane of thaptake of biotin*® The detected labeling was sparse, with only a
granules. The labeling of the plasma membrane (Fig 3Athrougtliew gold particles. A dose- and time-dependent uptake of PCI
E) was observed either at the internal or at the external surfacom the extracellular medium was observed (Fig 4A through
of the trilaminar structure. The distribution of PCI labeling after D). The morphological study demonstrates that PCI was bound
platelet activation with calcium ionophore A23187 was alsoto platelets sequestered in the OCS and that some of these
analyzed (not shown). Differences in the distribution of stainingmolecules were internalized, appearing in the cytoplasm with-
between stimulated and unstimulated platelets were quantitasut being surrounded by a membrane or in the protein-storing
tively evaluated by locating more than 500 gold particles instructures, thex granules (arrowheads). The proportion of

Fig2. Immunofluorescence microscopy: PCl in washed platelets. Smears of washed platelets isolated from whole blood were incubated with
a monoclonal antibody against PCI (A), PAI-1 (B), factor D (C), or heparin cofactor Il (D); in other negative control experiments with dilution buffer
alone (E); or with a nonimmune mouse IgG (F), followed by fluorescein-conjugated goat-antimouse-IgG. PCI showed fluorescence intracellularly
as well as PAI-1, which was used as a positive control (A and B, respectively), whereas a rim pattern of staining consistent with an exclusively
surface localization of the protein, which was observed with the antibody to factor D (C), was not observed in case of PCI. Negative control
experiments performed with an antibody to heparin cofactor Il (D), with mouse-nonimmune IgG (F), or by incubation with dilution buffer alone
(E) did not show any fluorescence. (Original magnification x 3,000; exposure time: 3 seconds.)
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labeling in thea granules was found to increase with the time rations, which reflects again that not all of the PCI molecules
and concentration (Fig 4A through D). No evidence for anpresentin platelets are derived from an endocytotic process and
endocytotic process mediated by receptors or other ligands wakat some of them are sequestered into the storage granules after
thus observed. Labels were not seen in coated pits or coateehdogenous synthesis in megakaryocytes.
vesicles.

RT-PCR and Southern blotting RT-PCR and Southern blot DISCUSSION
analysis were performed to provide evidence as to whether It has been suggested previously that platelets might contain
platelet PCI might also be derived from endogenous synthesisan inhibitor of APC3536We therefore analyzed in this study the
After blotting and autoradiography, a band corresponding inpresence of PCI in washed human platelets. As judged from an
size to the expected fragment (438 bp) was observed using tot&LISA that recognizes all forms of PCI antigen (active,
platelet RNA (Fig 5). A band of the same size was seen withcomplexed, and cleaved), PCI is present in platelets at a
total RNA from HepG2 cells used as a positive control (Fig 5). concentration of 160 ng/X 1(° platelets. Using an ELISA
Both bands had the same size as the fragment amplified frorapecific for functional PCI antigen and pooled citrated plasma
PCI-cDNA (Fig 5). No genomic DNA contaminations were as a reference, we have shown that this PCI in the platelets is
detected, as judged from the absence of a 1,978-bp bandctive and, furthermore, that the specific activity of platelet PCI
containing introns 3 and 4 of PCI (not shown). No band wasis approximately 5 times higher than that of plasma PCI. This
observed in the control without platelets (Fig 5). These resultsould be caused by binding of platelet PCI to substances
suggest that platelet PCI is also derived from endogenoustimulating its activity, as shown previously for proteoglycans
synthesis. Therefore, PCI present in thgranules seems to be on epithelial kidney cell§’ To analyze in a semiquantitative
derived from 2 sources: endogenous synthesis and uptake fromay the different forms of PCI antigen in platelets, platelet
the surrounding medium. lysates immunoprecipitated with monoclonal anti-PClI-IgG were

In situ hybridization of bone marrow cryosectionslo analyzed in Western blots. The main PCI antigen bands detected
demonstrate synthesis of PCI in megakaryocytes, human bonexhibited Ms of 57,000 (corresponding in size to active PEI)
marrow cryosections were analyzed for the presence of PCland greater than 220,000. Bands corresponding to cleaved,
MRNA (Fig 6). In situ hybridization was performed using inactive PCl (54 kD or less) were practically absent. The
DIG-labeled antisense or sense PCI cRNA probes, which weréentity of the high M bands is still unknown and will be
further detected with anti-DIG-alkaline phosphatase Fab frag-analyzed separately.
ments, followed by NBT/BCIP substrate detection. The mega- Having shown the presence of PCI in platelet lysates, we
karyocytes were easily recognized in these sections at loweanalyzed the localization of PCI in resting platelets. Using
magnifications because of their large size as compared witimmunofluorescence microscopy, a relatively homogenous pat-
other cells present in the bone marrow and because of theitern of distribution of PCI in resting platelets was observed,
typical morphology. The analysis of labeling with antisense PCltogether with a spotted pattern in many domains, indicating
cRNA probe was found to be positive (Fig 6b): cells showedintracellular localization of PCI and not only external binding to
dark blue precipitates, identified as positive hybridizationthe plasma membrane. A similar pattern of fluorescence has
signals. In addition to megakaryocytes, other nucleated cells imeen described for other proteins localized in subcellular
bone marrow also contained PCI-mRNA (data not shown). Asstructures of platelets, eg, in the granules, in the dense
judged from their morphology, these cells resembled granulogranules, or in the OC%48 Immunotransmission electron
cytes, which were also positive for PCI antigen as judged frommicroscopy showed localization of PClI in thegranules, in the
immuno-electron microscopy. However, these cells were noOCS, and on the surface of the platelets associated to the plasma
further examined in the present study. Sections incubated wittmembrane. A possible redistribution of PCI in platelets after
sense PCI cRNA probes (Fig 6a) or with antisense probe buactivation was investigated by activating the platelets with
without incubation with the anti-digoxigenin antibody (data not calcium ionophore. The results were consistent with the hypoth-
shown) yielded negative results. In conclusion, PCI mRNA wasesis that, after activation of the platelets, the PCI-pool stored in
detected in megakaryocytes obtained from bone marrow prepahe o granules is secreted, presumably, to the extracellular

Fig 3. Immunoelectronmicroscopy of platelet and megakaryocytes sections. Washed platelets and megakaryocytes were proceeded for
transmission electron microscopy as described in Materials and Methods. Sections incubated with 75 pg/mL of 4PCI (A through E) showed
positive staining in the OCS, in the a granules (arrowheads), and on the plasma membrane. Sections incubated with nonimmune-IgG (negative
control, F) were devoid of gold staining. PCI labeling in the a granules (A through E, arrowheads) was distributed over all « granules and
predominantly in the electron dense zone or nucleoid, although sometimes they were found to bind to the a granule membrane (A through E,
arrowheads). The PCI staining pattern in megakaryocytes (G and H) was very similar to that seen in platelets. Gold particles often appeared in
granules identifiable as « granules, as well as on the plasma membrane, and in the open canalicular system. Experiments of colocalization of PCI
with PAI-1 (I through M) were performed as described in Materials and Methods. The gold particles of 10 and 5 nm indicate the presence of PCI
and PAI-1, respectively. Colocalization demonstrates that the granules observed were indeed a granules. (A and C through G) Bars = 200 nm; (B
and H through M) bars = 100 nm.

Fig 4. Uptake of biotinylated PCI by platelets. Washed platelets in suspension were incubated with 2 different concentrations of biotinylated
PCI for 2 different periods of time, namely, 4.5 pg/mL for 7 minutes (A) and 15 minutes (B) or 9 pg/mL for 7 minutes (C) and 15 minutes (D).
Uptake was stopped by addition of fixative and platelets were then processed for transmission electron microscopy. Biotinylated PCI was
detected by incubating platelets sections with 10 nm gold-labeled streptavidin. Dose- and time-dependent internalization of biotinylated PCI
was observed, which conduced the biotinylated PCI molecules to the a granules (arrowheads). Bars = 200 nm.
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Control without  p|5telets Hep G2 PCI-cDNA

Platelets
. 438bp
. b fragment )

Fig 5. RT-PCR and Southern blotting. Total RNA obtained from platelets and Hep G2 cells was subjected to RT-PCR and Southern blotting
using primers specific for a 438-bp fragment of PCI-cDNA. A PCI-cDNA fragment inserted into the plasmid vector pBluescript Il KS (+/-)
phagemid was also amplified by PCR with the same primers. Additionally, a negative control was performed by amplifiying a sample without
platelets. After blotting, the membrane was incubated with a 32P-labeled PCI-cDNA fragment and subjected to autoradiography as described in
Materials and Methods.

space. Soluble proteins have been identified that are stored imism involving endocytosis and pinocytosis from the surround-
the platelet granules and are secreted upon platelet activang extracellular medium at both the megakaryocyte and
tion,2:34249.50and some of them were found to play a role in the circulating platelet level®7:919A slight uptake into the platelets
arrest of bleeding (physiological hemostasis) or in the formationanalyzed was observed. This uptake was time- and dose-
of vaso-occlusive thrombi (pathological thrombogis). dependent, and biotinylated-PCl was detected on the plasma
Many proteins stored in granules are endogenously synthe- membrane, in the OCS, and in thgranules. It can therefore be
sized and packed within the platelet precursor, the megakarycassumed that PCl is bound to the platelets and sequestered in the
cyte, such as platelet factor 4, thrombospondin, and voropen canalicular system and that some of these molecules are
Willebrand facto? Other proteins in thex granules, such as internalized, appearing in the protein-storing structuresothe
fibrinogen and albumin, are accumulated via a different mechagranules. No evidence for an endocytotic process mediated by
receptors or other ligands was observed; labels were not seen in
coated pits or vesicles. In vivo, due to the high levels of PCI in
plasma as compared with platelets, the process of internaliza-
tion of PCI could occur by fluid-phase internalization or
pinocytosis, as observed for other proteins (eg, albufin).
We were also able to show by RT-PCR that platelets contain
PCI mRNA, suggesting endogenous PCI synthesis in mega-
karyocytes. To confirm this hypothesis and because we cannot
completely rule out contamination of the gel filtered platelets
with white blood cells, we performed in situ hybridization of
bone marrow cryosections. Positive staining for PCI mRNA
was seen in megakaryocytes. Therefore, endogenous synthesis
of PCI occurs in the precursors of the platelets, in which we
a were also able to localize PCI protein. The localization of PCI
antigen within megakaryocytes looked very similar to that of
platelets: it was seen in small granules, which might be
identified asx granules, in the channels of the OCS, and on the
surface of the cell, at the plasma membrane. Interestingly,
megakaryocytes were not the only cells in bone marrow that
were positive for PCI. Other cell types morphologically indistin-
guishable from granulocytes showed also positive staining in
their granules as well as in structures similar to vesicles
dispersed along the cytoplasm. An unexpected observation was
furthermore the presence of PCI labeling in the nucleus of
megakaryocytes and granulocytes. Nuclear staining was not
seen with nonimmune-1gG and therefore seems to be specific.
Analysis of these data is too preliminary at the moment and
could be a subject for further investigations.
In conclusion, the results presented in this work demonstrate
) ) o i the presence in platelets of 2 PCI pools with different origins:
Fig 6. In situ hybridization of human bone marrow cryosections.

Sections of human bone marrow were incubated with DIG-labeled- from megak_ary_ocytlc Synth_eSIS an_d from plf_isma uptak_e. Further-
cRNA sense (a) or antisense probe (b). Bound cRNA probes were more, they indicate that this PCl is stored in platelets in a more

detected with anti-digoxigenin-alkaline phosphatase Fab fragments, active form than that found in plasma and that it is secreted after
fo't'oweg by'”fj“'?at'ont‘_"“th NBTLB?ZCOI'(:LSS:N:)& T:zz“egikafyo' platelet activation. Although extrapolation to physiologic and
cytes observed In Sections Incubated with the FLReRIVA antisense -y athophysiologic conditions is difficult, platelet activation in
probe showed dark blue precipitates (b). Control sections incubated . . . . . .
with the sense probe yielded negative results (a). (Original magnifica- vivo may be responsible for local increase in PCI activity, which

tion x 1,000.) could play a role at sites of platelet accumulation, ie, at sites of
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clot formation. We have shown previously that PCI plasmaactivated protein C by two major inhibitors in plasma. Blood 73:446,
levels are elevated in survivors of myocardial infarctidn, 1989

suggesting a role of PCI in the development of thrombotic 18. van der Meer FJ, van Tilburg NH, van Wijngaarden A, van der
processes. Our present findings suggest that platelets miandgn IK, Briet E, Ber.tina RM:Asecond plasma inhibitor of activated
contribute to the local elevation of PCI. These locally increased®0téin C: Alpha 1-antitrypsin. Thromb Haemost 62:756, 1989 .

PCI levels could not only inhibit the activity of the anticoagu- 19. Espda F, Vicente V, Tabernero D, Scharrer 1, Griffin JH:

lant protein C path but also th tivati f fibrinolvsid Determination of plasma protein C inhibitor and of two activated
ant protein C pathway, but also the activation of fibrinolysf, protein C-inhibitor complexes in normals and in patients with intravas-

resulting in a tendency of clots to persist, thereby beingcyjar coagulation and thrombotic disease. Thromb Res 59:593, 1990
involved in the development of thrombotic diseases such as 0. Minamikawa K, Wada H, Wakita Y, Ohiwa M, Tanigawa M,

myocardial infarction or deep venous thrombosis. Deguchi K, Hiraoka N, Huzioka H, Nishioka J, Hayashi T, Shirakawa S,
Nakano T, Suzuki K: Increased activated protein C-protein C inhibitor
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