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Rac, a small guanosine triphosphate—binding protein, and p21-activated
kinase are activated during platelet spreading on collagen-coated
surfaces: roles of integri,,

Katsue Suzuki-Inoue, Yutaka Yatomi, Naoki Asazuma, Mie Kainoh, Toshiaki Tanaka, Kaneo Satoh, and Yukio Ozaki

In this study, the receptors and signals
involved in collagen-induced platelet
spreading were examined. It was found
that platelet spreading on collagen (pre-
senting a polygon shape with a number of
filopodialike projections) was inhibited
by the anti—integrin  a, antibody, suggest-
ing the involvement of integrin Py in
this process. Studies with a glutathione- ~ S-
transferase fusion protein that binds spe-
cifically to activated Rac and in vitro
p21-activated kinase (PAK) kinase assays
revealed that Rac and PAK were activated
during this collagen-activated process.
Platelet spreading on collagen-coated sur-

faces was inhibited strongly by PP1 (a
Src family kinase inhibitor) or weakly by
wortmannin (a phosphatidylinositol 3-ki-
nase [PI3-kinase] inhibitor) but not at all
by Y-27632 (a Rho kinase inhibitor). The
surfaces coated with anti—integrin By
antibodies also induced platelet spread-
ing (presenting an almost complete round
shape) and activation of Rac and PAK,
although more slowly than collagen-
coated surfaces. The antibody-induced
responses were strongly inhibited by PP1
or wortmannin but not by Y-27632. The
same concentration of Y-27632 inhibited
collagen-induced shape change of plate-

lets in suspension. These findings sug-
gest that Rac and/or PAK activation, but
not Rho, may play certain roles in platelet
spreading via integrin  a,f; and that Src
family kinases and PI3-kinase participate
in these processes. Furthermore, the dif-
ference between spreading on collagen
and the anti-integrin antibody suggests
the involvement of other receptor(s) (in
addition to the integrin  a,B4) for collagen-
induced spreading, the most likely candi-
date being glycoprotein VI. (Blood. 2001;
98:3708-3716)

© 2001 by The American Society of Hematology

Introduction

Platelet adhesion to collagen fibers through specific receptors is onéafet et ai® have recently shown that human platelets spread on
the initial processes in thrombus formation. Platelets adhere to, tlrmilagen-related peptide (CRP)-coated surfaces, implying that
spread on, collagen fibers, and finally form aggregates by recruitisigghals from GPVI can also mediate platelet spreading. These
other platelets through glycoprotein (GP)lIb/llla-fibrinogen bindingindings suggest that integria,B; is at least one of the major
Platelet spreading and aggregation appear to involve different processsseptors responsible for platelet spreading and that it elicits certain
The collagen receptors responsible for each process also seem teidpeals necessary for this spreading. However, as described above
different. A number of candidates for platelet collagen receptors haiee platelet aggregation, the presence of integeyf;-mediated
been proposed to date, including integrif;, GPVI, GPIV, and p63. activation signals has been challenged by othé¥sThus, we
Among them, GPVI and integrinw,3; are accepted as collagensought to characterize the integrigB;-mediated signals that lead
receptors necessary for collagen-induced platelet aggregation, bectmgdatelet spreading in this study.
human blood platelets, which lack the surface expression of integrin Platelets adhere to collagen, then extend projections, and finally
asB122 or GPVIA5fail to form aggregates on collagen stimulation. Théorm curtainlike extensions between the projections during the
GPVI-mediated activation signals that lead to platelet aggregation harecess of spreading. These structures are reminiscent of filopodia
been extensively investigated and several signaling molecules have taeh lamellipodia induced by the small guanosine triphosphate
characterize@®® However, whether integria,3; mediates activation (GTP)-binding proteins, Rac/Cdc42. Cdc42 and Rac belong to the
signals during platelet aggregation remains controversial. Rho family of small GTP-binding proteins, which contribute to the
There have been several studies on the receptors responsiblelfgramic rearrangement of the actin cytoskeleton. In other cells,
platelet spreading on collagen-coated surfaces. Kehrel %t @ldc42 mediates the formation of long and thin actin-dependent
reported that only 9.9% of GPla-deficient platelets spread on typextensions called filopodia, and Rac mediates the formation of
collagen, in contrast to 82% with control platelets. Nakamura®t aturtainlike extensions called lamellipodia, although their functions
showed that an anti—integria,8; antibody markedly inhibited cannot be clearly distinguished in many cases. Rho mediates the
platelet spreading on collagen, whereas an anti-GPIV antibody Hadmation of actin stress fibers and focal adhesion, which appear to
virtually no effect. They also reported that an anti-GPVI antibodgenerate tension and stabilize adhesion. Its role in cell spreading has also
had only slight inhibitory effects on platelet spreading, althougbeen implied. Clark et & reported that a significant reduction in cell
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spreading was observed in Rat-1 cells expressing dominant negativ&0.g/mL TS2/16 or 7E10B (intact molecules or F(gbfragments) was

Rho. Rac and Cdc42 interact with a number of effector proteins. Amofgded to each well of a Falcon 24-well flat-bottomed plate (Becton
them, p2l-activated kinases (PAKs) have been investigated migigkinson, Franklin Lakes, NJ), and the plateg were left to stand overnight
extensively in relation to Rac and Cdc42. Both Rac and Cdc42 in tRfoom temperature. After 2 cycles of washing with phosphate-buffered

GTP-bound state interact specifically with, and activate, PAK. PAKs a?gl'ne (PBS), each We." was blocked W'.th 1% BSAIn PBS for.?’q minutes at
om temperature. Prior to each experiment, 1% BSA-containing PBS was

. ; T
_supposed_ o p_lay an |rr_1p03rtant role in cytoskeletal organization, Indqﬁiated at 80°C for 10 minutes and sterilized by filtration. One hundred
ing lamellipodia formation: microliters of washed platelets (€ 107 cells/mL) was then added to each
Similarities between platelet spreading and lamellipodia/filopodige|l and incubated at 30°C for the indicated duration. After unbound
formation induced by Rac/Cdc42 prompted us to investigate the rOlqﬂﬁtelets were removed by washing, wells were incubated with 3%
Rac/Cdc42 and their effector PAKSs for platelet spreading. In this stughgraformaldehyde for 30 minutes at room temperature. Platelet membranes
we present several lines of evidence to suggest that integdirelicits ~ were lysed with 0.2% Triton X-100, and the adhering platelets were stained
the activation signals that involve Rac, Cdc42, and PAK and that PAK 0.1ng/mL TRITC-conjugated phalloidin. Cells were viewed under a BH
activation induced by Cdc42/Rac plays an important role in platef@{croscope (Olympus, Tokyo, Japan) and photographed on Fujicolor super
spreading. Studies with inhibitors of Src family kinases, phosphatidyling#CC (Fuiifilm, Tokyo, Japan). The number of adhering platelets was
sitol 3-kinase (P13-kinase), or Rho kinase, all of which are implicated fS?Icmated on the photographs.
their roles in collagen-induced platelet activatif!4 or in cell o ) ) ) )
spreadingZ16 revealed that Src family kinases and PI3-kinase aﬁarec'p'tat'on with GST fusion proteins expressing PBD
important for platelet spreading, whereas Rho kinase is not involveddRpression of GST fusion protein was induced by 0.5 mM isopropyl
this process. thiogalactopyranoside (IPTG). Bacteria were collected 2 hours after the
addition of IPTG and suspended in a lysis buffer containing 50 mM Tris
(pH 7.4), 150 mM NaCl, 10 mM MgGJ 1 mM PMSF, 1Q.g/mL leupeptin,
. and 1% Triton X-100. After standing on ice for 30 minutes, suspensions
Materials and methods were sonicated and cleared by centrifugation at 10 000 rpm for 20 minutes.
The supernatants were added to glutathione-Sepharose and incubated for 1
hour at 4°C. The beads were washed twice with a washing buffer and used

Anti—integrin e, monoclonal antibody (mAb), 7E10B, was generated afr & binding assay. For the preparation of plates coated with collagen or
described previousl. The hybridoma producing integrip, mAb (TS2/  TS2/16, 2 mL of 5Qug/mL collagen in an SKF buffer or 10g/mL TS2/16
16) was from American Type Culture Collection (Manassas, VA). Bgab Was added to 10-cm diameter dishes for cell culture (Becton Dickinson). To
fragments of 7E10B and TS2/16 were prepared by pepsin digestion &&¢h dish 1.2 mL washed plateletsX410® cells/mL) were added, and the
described elsewhereEscherichia coli strain, BL21, transfected with disheswere thenincubated at 30°C for the indicated duration. Platelets were
pGEX-2T encoding glutathion8-ransferase (GST) fusion proteins containhen lysed with 0.3 mL of 5<ice-cold lysis buffer B (5% Triton X-100,
ing p21-binding protein (PBB$ was kindly donated by Dr Igarashi 250 MM Tris/HCI, pH 7.4, 0.75 M NaCl, 50 mM Mggl0.5% SDS, 5 mM
(Hokkaido University). Y-27632, a specific Rho kinase inhibiowas a PMSF, and 5ug/mL leupeptin). After incubation for 30 minutes on ice, the
gift from Welfide Corporation (Osaka, Japan). platelet lysates were scraped by a cell scraper, sonicated 3 times for 5
The following materials were obtained from the indicated suppliers: anfeconds, then cleared by centrifugation at 16¢068r 5 minutes. The
Racl mAb (Transduction Laboratories, Lexington, KY); anti-Cdc42 polyclongupernatants were incubated with|80PBD-bound glutathione Sepharose
antibody (pAb), anti-PAK pAb (C19), blocking peptides for anti-PAK pAb#B for 1 hour at 4°C. The beads were washed 4 times in<alyisis buffer
(sc-881 P), and peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz Biotd&hProteins were eluted from the beads withiA5sodium dodecyl sulfate
nology, Santa Cruz, CA); Type | collagen (Nycomed Pharma GMBH, MunickSDS)-reducing buffe? boiled for 5 minutes, subjected to 15% SDS-
Germany); Gly-Arg-Gly-Asp-Ser (Peptide Institute, Osaka, Japan); boviR@lyacrylamide gel electrophoresis (PAGE) and electrophoretically trans-
serum albumin (BSA), prostaglandin (PGh), phenylmethylsulfonyl fluoride ferred onto Clear Blot Membrane-P (Atto, Tokyo, Japan). The membranes
(PMSF), sodium orthovanadate, Triton X-100, tetramethyl rhodamine isothiocy$ere blocked with 1% BSA in PBS. After extensive washing with PBS
nate (TRITC)—conjugated phalloidin and myelin basic protein (Sigma, St Loug@ntaining 0.1% Tween 80, the immunoblots were incubated for 2 hours
MO); protein A Sepharose and glutathione Sepharose 4B beads (Pharmédill the indicated antibody. Antibody binding was detected by using
Biotech, Uppsala, Sweden); peroxidase-conjugated goat anti-mouse IgG (Ggsoxidase-conjugated goat anti-mouse IgG or anti—rabbit IgG and visual-
pel Organon Teknika, Durham, NC); wortmannin (Sigma); PP1 (Biomdfed with electrogenerated chemiluminescence reaction reagents (Amer-

Research Laboratories, Plymouth Meeting, PA); apd?PJATP (NEN Life ~sham, Buckinghamshire, United Kingdom) and Konica X-ray film (JX
Science Products, Boston, MA). 8 X 10; Konica, Tokyo, Japan). Where indicated, levels of Rac/Cdc42

activation were quantified by using a PDI114000e Scanner and Quantity One
2.5a software for Macintosh.

Materials

Platelet preparation

Venous blood from healthy drug-free volunteers was collected into a tufimunoprecipitation kinase assay

containing acid-citrate-dextrose. Platelet-rich plasma (PRP) was obtained

after centrifugation of whole blood at 1§dfor 10 minutes. PRP was The dishes coated with collagen or TS2/16 were prepared as described for
incubated with 1 mM acetylsalicylic acid (ASA) for 30 minutes to exclud€recipitation with GST fusion proteins expressing PBD. To each dish 1.5
the secondary effects of thromboxang &he platelets were washed twice ML washed platelets (X 10° cells/mL) pretreated with a vehicle solution
with a buffer containing 15% acid-citrate dextrose and 100 nmol/L,PGPr inhibitors was added, and the dishes were incubated at 30°C for the
and then resuspended in a HEPES buffer containing 138 mM NaCl, 3.3 nifglicated duration. After removing unbound platelets, platelets were lysed
NaH,POy, 2.9 mM KCI, 1.0 mM MgCh, 1 mg/mL glucose, and 20 mM With 0.6 mL of a 1X ice-cold lysis buffer A (2% Triton X-100, 100 mM
HEPES (pH 7.4) at a cell density of 2 to>410¥mL, unless otherwise Tris/HCI pH 7.5, 5 mM EGTA, 2 mM vanadate, 1 mM PMSF, and 100

stated. The washed platelet suspensions were incubated for 30 minuteis@L leupeptin) and scraped by a cell scraper. The lysates were sonicated
30°C before experiments. 3 times for 5 seconds and then cleared by centrifugation at 16 0%

minutes. The protein concentrations of the resultant supernatants were
determined by dye binding,and approximately 0.1 mg protein was used
for immunoprecipitation. The samples were precleared with protein A-
For the preparation of microtiter plates coated with collagen or antibodieSgpharose 4B, and the resultant supernatants were immunoprecipitated
300uL of 50 pg/mL collagen in an SKF buffer (Nycomed Pharma GMBH)with anti-PAK antibody. The immunoprecipitates were washed with

Platelet adhesion study
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1 X lysis buffer A 3 times and then washed once with a low-salt buffer (10 control 7E1 OB
mM Tris/HCI pH 7.2, 100 mM NaCl, 5 mmol/L MnG). The beads were
incubated with 25.L kinase reaction buffer (300 mM HEPES/NaOH, 15

mM MnCl,, 150 mM MgC}, pH 8.0) with 2.g myelin basic protein for 5
minutes, and reactions were initiated by the addition @\ adenosine
triphosphate (ATP; 1Q.Ci [37 Bq] [y-32P]ATP). After 10 minutes at 20°C,
reactions were stopped by the addition of & 3DS sample buffer, then 10'
subjected to boiling for 5 minutes. The proteins were separated unde
reducing conditions by 14% SDS-PAGE and electrophoretically transferrec
onto Clear Blot Membrane-P. The membrane was dried and visualized wit

a BAS-2000 phosphor-image analyzer (Fuji Film, Japan).

Measurement of platelet shape change

Platelet shape change was measured by recording light transmission change:

an aggregometer as described previdésiya cell density of 3 to 16& 10/mL.

Briefly, a vehicle solution or inhibitors were added to the platelet suspension ¢

the indicated concentrations and incubated for 5 minutes. Collaggr(&t.)

was added to the platelet suspension, and light transmission changes we .
monitored for 5 minutes under stirring conditions. All the measurements wen30
performed in the presence of 0.1 mM EGTA.

Results

Platelet spreading on collagen-coated surfaces and effects
of the anti—integrin  «, antibody

Washed platelets placed on collagen-coated surfaces adhered ¢
extended filopodialike projections within 10 minutes and then
spread over a period of approximately 1 hour, forming lamellipodia-
like structures (Figure 1, left panels). The number of adhered an
spread platelets gradually increased in a time-dependent mannt
To evaluate the contribution of integrinB,-mediated signals to
platelet spreading, we pretreated platelets with anti—integsin
antibody (7E10B), then seeded the platelets onto collagen-coatggke 1. Anti-integrin  « antibody inhibits platelet spreading on collagen-coated

surfaces. The anti—integrim, antibody partially inhibited platelet surfaces. Washed plat.elets were seede_d on _collagen.—coated surfaces with _10 pg/mL
adhesion, whereas it almost completely inhibited platelet spreadffe "> 001 197 et it i 10109 0
(Flgure 1, I’Ight panels). Anti-GPIV antlbOdy did not inhibit plateletixed, then incubated with TRITC-conjugated phalloidin for actin fiber staining.

spreading on collagen-coated surfaces at all (data not shown),

which was consistent with a previous rep&lthough we had no

access to an anti-GPVI antibody, a previous study reported thatwias slightly different from that on collagen-coated surfaces (Figure
anti-GPVI antibody or RGDS peptide had only slight inhibitory2A). Platelet spreading on collagen presented a polygon shape with
effects?® Our findings, combined with previous reports, suggest number of filopodialike projections, whereas platelet spreading
that integrin a,B;1 plays a major role in platelet spreading oron TS2/16 or 7E10B-coated surfaces presented an almost complete
collagen-coated surfaces, whereas collagen receptors other tteamnd shape. Signals mediated through receptors other than
integrina,B1, including GPVI, also contribute to platelet adhesionintegrina,f3; may be responsible for the slightly different shape.

60'

Platelets spread on the surfaces coated with F(ab) ', fragments Effects of inhibitors on platelet spreading on the surfaces
of anti—integrin  «; or anti—integrin B, antibody coated with collagen or TS2/16

We then investigated whether the signals mediated through integfim investigate the signals that lead to platelet spreading, we
a,B; alone could induce platelet spreading. Platelets placed on #xamined the effects of various inhibitors that are known to inhibit
surfaces coated with F(abfragments of TS2/16, an anti—integrinplatelet aggregation induced by collagen. Because platelets showed
B; antibody, or 7E10B, an anti—integri®, antibody, underwent more extensive spreading on the TS2/16-coated surfaces than that
spreading, forming lamellipodialike structures (Figure 2A). Pretreath the 7E10B-coated ones under visual evaluation, TS2/16 was
ment of platelets with 10png/mL 7E10B almost completely subsequently used to induce platelet spreading. As shown in Figure
inhibited platelet adhesion or spreading on 7E10B- or TS2/18; 10 uM PP1, a specific inhibitor of Src family kinases, strongly
coated surfaces (data not shown), confirming that platelet spreadiinigibited platelet spreading on collagen-coated surfaces as well as
was specifically mediated by integrigB,. These findings suggest that on TS2/16-coated ones, suggesting that Src family kinases play
that cross-linking of integrina,; alone can induce plateleta crucial role in platelet spreading. Wortmannin (100 nM), a
spreading. Platelet spreading was observed 10 minutes afB-kinase inhibitor, inhibited platelet spreading on the surfaces
seeding on collage-coated surfaces, whereas it was observed:8éted with collagen or TS2/16, although the inhibitory effect on
minutes after seeding on TS2/16-coated surfaces (Figure 2B). collagen-coated surfaces was relatively weak. From these findings,
The shape of platelet spreading on antibody-coated surfases suggest that PI3-kinase plays a vital role in TS2/16-induced
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20 - -3 Figure 3. PP1 or wortmannin, but not Y-27632, inhibits platelet spreading on
surfaces coated with collagen or anti—integrin B1 antibody. Washed platelets
were incubated without (control [C]) or with 20 uM PP1 (P), 20 uM Y-27632 (Y), and
0 0 100 nM wortmannin (W) for 10 minutes at 37°C. Then, they were seeded on surfaces

5' 10 15' 30 60" coated with 50 pg/mL collagen (A) or 10 pg/mL anti—integrin B, (TS2/16) (B) for 30
minutes at 30°C. After unbound platelets were removed, the platelets were fixed, then
incubated with TRITC-conjugated phalloidin for actin fiber staining. (C) The extent of
platelet spreading was tentatively evaluated as described in the legend for Figure 2.
After evaluating more than 200 platelets, the total points for 100 platelets were used
as the platelet spreading index. The data represent the mean = SD of the total points.

-y

Figure 2. Platelets spread on surfaces coated with collagen, anti—integrin B1
antibody, or integrin  «; antibody. (A) Washed platelets were seeded on surfaces
coated with 1% fatty acid-free BSA, 50 ng/mL collagen, or 10 pg/mL anti—integrin
B1 (TS2/16) or anti—integrin a, antibody (7E10B) for 30 minutes at 30°C. After
unbound platelets were removed, the platelets were fixed, then incubated with
TRITC-conjugated phalloidin for actin fiber staining. (B) Washed platelets were
seeded on surfaces coated with 50 wg/mL collagen or 10 pg/mL anti-integrin By . . . . . . .
(TS2/16) for the indicated time frames at 30°C. After unbound platelets were ~ Platelet spreading, whereas its contribution is only partial in
removed, the platelets were fixed, then incubated with TRITC-conjugated phalloi- p|ate|et spreading on co||agen_coated surfaces.

din for actin fiber staining. Platelets were photographed, and the extent of platelet Y-27632 has been used widely as a specific inhibitor of Rho
spreading on collagen- (open circles) or TS2/16-coated (solid circles) surfaces X . . g
was tentatively evaluated by the following scoring: a fully spread cell (2 points), a klnase, which is a Rho effector. Since Clark éf‘amggested the
mildly spread cell (1 point), and a nonspread cell (0 point). After evaluating more  role of Rho in cell spreading of Rat-1 cells, the effects of Y-27632
than 25 platelets, the total points for 10 platelets were calculated (for the platelet on platelet Spreading were examined. We found tha'[pm
spreading index); the data represent the mean of the total points. The extent of T . .

platelet adhesion on collagen- (open bars) or TS2/16-coated (hatched bars) Y-27632 inhibited neither platelet spreadlng on CO”agen'Coated
surfaces was evaluated by counting the number of adhered platelets on 2  Surfaces nor that of TS2/16. However, the same concentration of
photographs (randomly taken) at a high-power field. The data represent the Y-27632 reduced collagen-induced p|ate|et Shape Change in suspen-
mean = SD of the total numbers. sion to approximately 30% 19% of the control (n=5). Re-

cently, it has been reported that both Rho/Rho kinase activation and
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Ca" " mobilization are involved in adenosine diphosphate (ADP)— A Collagen

induced platelet shape cham&® Because ADP is released on WB: Rac
platelet activation, we next sought to exclude the possibility that active

this inhibitory effect of Y-27632 is due to the inhibition of Roc
ADP-induced Rho/Rho kinase activation. Even in the presence of t,:‘,’;i'

apyrase, an ADP scavenger, the inhibitory effects of Y-27632 were o PR100 00,904
essentially the same as those in the absence of apyrase (data not o BSA collagen

shown). These findings suggest that Rho/Rho kinase activation
through collagen receptors is not required for platelet spreading on
collagen, although it plays an important role in collagen-induced
platelet shape change in suspension.

—%— Rac

4.0 —0— Cdc42

3.0

Rho family small GTPases, Rac and Cdc42, are
activated during platelet spreading on
collagen- or TS2/16-coated surfaces

20

101
When platelets adhere to collagen, they spread rapidly by extend-
ing projections, which is followed by the formation of curtainlike

extensions. These structures are reminiscent of filopodia and BSA 100 200 a0 60°
lamellipodia mediated by the small GTP-binding proteins, Cdc42 time
and Rac, respectively. Thus, we investigated the activation of B TS2/16 —
Rac/Cdc42 during platelet spreading. @i

To detect the activation of Rac/Cdc42, we used a recombi- increase

nant Rac/Cdc42 binding domain of PAK (PBD) that specifically
binds to the activated Rac/Cdc42. Washed platelets were placed
on collagen-, TS2/16-, or BSA-coated dishes, incubated for the 4B
indicated periods of time, then lysed with a lysis buffer.
Activated Rac/Cdc42 proteins were precipitated by GST fusion
proteins of PBD, followed by Western blotting with an anti-Rac
or Cdc42 antibody.

Rac showed only minimal activation even 30 minutes after
platelets were placed on BSA-coated surfaces (Figure 4A,
inset). However, in the case of collagen-coated dishes, Rac was
activated 10 minutes after platelet seeding, and its activation
increased in a time-dependent manner (Figure 4A). The Rac BSA 100 200 30 60'
activity reached the maximum level (about a 5-fold increase) at time
60 minutes, the longest time point we examined in this study. Algure 4. Rac and Cdc42 are activated during platelet spreading on surfaces
60 minutes, the recovery of Rac usually decreased, which mepjted with collagen or TS2/16. Washed platelets were added to collagen- (A) or
be due to its degradation or its translocation to the Cytoske|e{1§|2/16—coated (B) dishes and incubated at 30°C for the indicated time frame.

. . Reactions were terminated with lysis buffer B, and a small aliquot of each supernatant
fraction. As was the case with COHagen'CoatEd surfaces, plat%£ used to check the equal loading of samples (see total Rac in A, inset). The rest of
spreading on TS2/16-coated surfaces resulted in activation t@flysate was used to precipitate active forms of Rac (see active Rac in A, inset) or
Rac 10 to 20 minutes after stimulation and the activity reaché@c42 with PBD-bound glutathione Sepharose 4B. The sample was then Western
it K at 60 inut Fi 4B Ith h th tent blotted with anti-Rac or Cdc42 antibody. Levels of the active Rac (open circles) and
s .pea.l a minutes (Figure ), althoug € exten dc42 (open squares) were quantified and adjusted by the total Rac and Cdc42,
activation was lower than that of collagen. Cdc42 was alS@spectively. The data are expressed as the fold increases relative to those on
activated in platelet spreading both on collagen- and TS2/185A-coated surfaces (the mean = SD of the total points).
coated surfaces, but the extent of activation was lower than that

of Rac activation (Figure 4A,B). The slight activation of Cdc42rs2/16-coated surfaces (Figure 5). These findings suggest that Src
may be due to the limited sensitivity of our assay methogamily kinases and PI3-kinase play a crucial role in Rac activation.
Alternatively, this finding may imply that the role of Cdc42 inHowever, we cannot totally exclude the possibility that these

5.0

3.0

20

1.0

platelet spreading on collagen is minimal. inhibitory effects were overestimated, because we found that PP1
and wortmannin also inhibited the basal activity of Rac (data not

Effects of inhibitors on Rac activation during platelet spreading shown). In contrast, 2Q.M Y-27632 failed to inhibit Rac activity

on collagen- or TS2/16-coated surfaces during platelet spreading both on collagen- and TS2/16-coated

The effects of the inhibitors that had been assessed on plateslﬁgaces’ which is in agr.eement Wlth the absence of |nh|b.|tory

) . o erffects on platelet spreading. These findings taken together imply
spreading were also evaluated with Rac activation. We chose, o . ST .

. at Rho/Rho kinase activation is not necessary in the process of

evaluate the effects of inhibitors on Rac, rather than Cdc4t§|, telet spreadin
because Cdc42 activation was of a lower degree compared With P 9
that of Rac. We evaluated the Rac activities 30 minutes aftghy is activated during platelet spreading on collagen-
platelet seeding on collagen- or BSA-coated surfaces, because
recovery of Rac was constant within this time frame. Similar to the
effects on platelet spreading, 20M PP1 or 100 nM wortmannin Because PAK is one of the most precisely characterized

inhibited Rac activation in platelets seeded on collagen- effectors of Rac/Cdc42, we investigated PAK activation during

S2/16-coated surfaces
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A Collagen

WB: Rac
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Figure 5. PP1 or wortmannin, but not Y-27632, inhibits Rac activation during
platelet spreading on collagen- or TS2/16-coated surfaces. (A) Washed platelets
were incubated without (control [C]) or with 20 .M PP1 (P), 100 nM wortmannin (W),
or 20 uM Y-27632 (Y) for 10 minutes at 37°C. Then, they were seeded to BSA-coated
or collagen-coated dishes and incubated at 30°C for 30 minutes. Reactions were
terminated with lysis buffer B, and a small aliquot of each supernatant was used to
check the equal loading of samples (lower panels). The rest of the lysate was used to
precipitate active forms of Rac with PBD-bound glutathione Sepharose 4B (upper
panels). The sample was then Western blotted with anti-Rac antibody. The data are
representative of at least 3 experiments. (B) Washed platelets incubated without
(control [C]) or with 20 uM PP1 (P), 100 nM wortmannin (W), or 20 uM Y-27632 (Y) for
10 min at 37°C. Then, they were added to BSA-coated or TS2/16-coated dishes and
incubated at 30°C for 30 minutes. The procedure thereafter was the same as
described for Figure 5A.
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Effects of inhibitors on PAK activation during platelet
spreading on collagen- or TS2/16-coated surfaces

We also sought to evaluate the effects of the inhibitors that
suppressed platelet spreading on PAK activation. Consistent with
the effects on platelet spreading and Rac activation,.ROPP1
potently inhibited PAK activation in platelets seeded on collagen-
coated surfaces, whereas the inhibition by 100 nM wortmannin was
marginal (Figure 7A). These findings suggest that P13-kinase and
Src family kinases contribute to PAK activation, as well as to Rac
activation and platelet spreading. On TS2/16-coated surfaces, both
PP1 and wortmannin, which showed inhibitory effects on platelet
spreading and Rac activation induced by TS2/16, also inhibited
PAK activation (Figure 7B). The inhibitory effects on PAK
activation of collagen- or TS2/16-coated surfaces were quantified
as shown in Figure 7C. We also found that Y-27632 failed to inhibit
PAK activation during platelet spreading on collagen- or TS2/16-
coated surfaces (data not shown).

Effects of apyrase on platelet spreading and PAK activation

It was reported that ADP scavengers inhibit platelet spreading on
fibrinogen-coated surfac@%2° Hence, we sought to evaluate the
effects of apyrase, an ADP scavenger, on platelet spreading on
collagen- or TS2/16-coated surfaces. There were virtually no
inhibitory effects of 1 U/mL or 3 U/mL (Figure 8A) apyrase on
platelet spreading on collagen- or TS2/16-coated surfaces. Further-
more, 3 U/mL apyrase did not inhibit PAK activation in platelets on
collagen-coated surfaces (Figure 8B) or TS2/16-coated surfaces
(data not shown), which is consistent with the effects on platelet
spreading. These findings suggest that ADP has little effect on
platelet spreading on collagen, although it may play an important
role in platelet spreading on fibrinogen.

A Collagen

platelet spreading on collagen- or TS2/16-coated plates. To
address this issue, we performed in vitro kinase assays of PAK
immunoprecipitates by using myelin basic protein as an exog-
enous substrate. The PAK activity increased 10 minutes after
platelet seeding on collagen-coated surfaces and decreased after
30 minutes (Figure 6A, upper panel). However, platelets had
only marginal PAK activity when placed on BSA-coated plates.
In some cases, PAK activity gradually increased up to 30
minutes, but it always returned to the control level by 60
minutes. With TS2/16-coated surfaces, PAK was activated at a
time point (20 minutes) later than collagen-coated surfaces, then
decreased after 60 minutes (Figure 6B). This is consistent with
the findings that platelets on TS2/16-coated surfaces showed
apparent spreading 30 minutes after seeding, which occurred
later than the spreading on collagen-coated surfaces (10 minutes
after seeding). In both cases, PAK activity showed about a 2- to
9-fold increase at the maximum levels, as assessed by densitom-
etry. These findings suggest that the activation of this pathway is
an early response initiated by cell adhesion that precedes
cell spreading.

To confirm that this kinase activity was specific to PAK, we

IP: PAK
| |

TN MRy e emn T e MBP
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BSA collagen
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| y I

~=— \|BP
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s e — e = MBP
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incubated the b|ocking peptides of this antibody (Commercia|’§}gure 6. PAK is activated during platelet spreading on surfaces coated with

available antigen peptides for the anti-PAK antibody) before tlf

llagen or TS2/16. Washed platelets were added to collagen- (A) or TS2/16-coated
dishes and incubated at 30°C for the indicated time frame. After removing

immunOpreCipitation- PAK immunoprecipitates showed neQ”Qiblﬁmound platelets, reactions were terminated with a lysis buffer, and PAK was
kinase activity after blocking peptide treatment (Figure 6A, lowesolated by immunoprecipitation with anti-PAK antibody. In some experiments, an

panel) as Compared with those without the peptides (Figure 6wti—PAK antibody was incubated with blocking peptides before immunoprecipitation

A, lower panel). The immunoprecipitates were then subjected to in vitro kinase

upper pane')- This flndlng confirms that the kinase activity w, says with myelin basic protein as an exogenous substrate. The data are

measured in this study represents that of PAK.

representative of at least 3 experiments.
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A Collagen spreading induced by the antibodies than that induced by collagen;
and (3) the pattern of spreading is distinct between the 2 stimuli, ie,
et = — i 8 - MBP platelet spreading on collagen presented a polygon shape with a

|10'"10' 30'”10' 30i|10‘ 30i
cont cont PP1 wo

number of filopodialike projections, and platelet spreading on the
antibody-coated surfaces presented an almost complete round

BSA collagen shape. These results suggest the involvement of other receptor(s)
(in addition to the integrinx,3,) for collagen-induced spreading,
B TS2/16 the most likely candidate being GP¥3!
Similarities between platelet spreading and lamellipodia/
B e B filopodia formation induced by Rac/Cdc42 prompted us to investi-
15} 15’ 30,15’ 30 15' 30, gate the role of R_ac/Cdc42 _and PAKs. We fou_nd that Rac/Cdc42
cont cont PP1  wo and PAK were activated during platelet spreading on collagen- or
IBEIAIT] TS2/16-coated surfaces, although the precise roles of Rac/Cdc42
and PAK activation in platelet spreading remain to be determined.
To the best of our knowledge, this is the first report to show
c P Rac/Cdc42 or PAK activation during platelet spreading induced by
ﬂr?_li:]riatw —oa— ppy collagen or integrimx,B, stimulation. Rac was activated 10 minutes
& wo after platelet seeding on collagen- or TS2/16-coated surfaces,
VB reaching its peak at 60 minutes (the longest time frame investi-
' gated). The Rac activation during platelet spreading seems to last
longer than that induced by soluble ligands; Rac/Cdc42 activation
1.0
A
points /
05 10 platelsts
GG 15
o I | ‘?_-_-_-_-_-_-_'lﬁ - T
i ' 4 ' . 12 .
10 30 15 30 E'J'iﬁt T
collagen Ts2M6
Figure 7. PP1 or wortmannin inhibits PAK activation during platelet spreading 9~

on surfaces coated with collagen or TS2/16.  (A) Washed platelets were incubated
without (cont) or with 20 pM PP1 (PP1), 100 nM wortmannin (wo) for the indicated
durations at 37°C. Then, they were added to BSA- or collagen-coated dishes and [
incubated at 30°C for 30 minutes. After removing unbound platelets, reactions were

terminated with a lysis buffer. After the protein concentrations were adjusted, PAK

proteins were isolated by immunoprecipitation with anti-PAK antibody. The immuno- 3
precipitates were used for in vitro kinase assays with myelin basic protein as the

exogenous substrate. The data are representative of at least 3 experiments. (B)

Washed platelets were incubated without (cont) or with 20 uM PP1 (PP1), 100 nM

wortmannin (wo) for 10 minutes at 37°C. The platelets were then added to BSA- or 0
F(ab)'» fragments of TS2/16-coated dishes and incubated at 30°C for 30 minutes. atfﬁ:ﬁf]e o1 13
The procedures thereafter were the same as described for A. (C) Activation of PAK collagen TS2/16
was quantified with Quantity One image analyzing software.

Discussion SO - veP

BSA colBSA col
L L

This study aimed to identify and characterize the signaling 7 —

pathways that lead to platelet spreading mediated by collagen

i ; H i Figure 8. Apyrase does not inhibit platelet spreading or PAK activation in
receptors. We showed that an anti IntegitnblOCkmg antlbOdy’ platelets on collagen- or TS2/16-coated surfaces. (A) Washed platelets were

but not an a_nti'GPIV antibOdy: pOtently inhibitEd_pla_tel_(at a_dhESiqr]l:ubated without or with 1 U/mL or 3 U/mL apyrase for 10 minutes at 37°C. Then,
and spreading on collagen-coated surfaces. This finding is congisy were seeded on surfaces coated with 50 pg/mL collagen or 10 pg/mL
tent with previous reports, which showed that platelet adhé’gioﬁmti—integrin B1 (TS2/16) for 30 minutes at 30°C. After unbound platelets were

d di I ted £ ked removed, the platelets were fixed, then incubated with TRITC-conjugated phalloidin
and sprea |n’§ on collagen-coated surfaces were marke l'y r%r actin fiber staining. The extent of platelet spreading on collagen-coated surfaces

duced by an anti—integria, antibody (6F1). Our finding is also in was tentatively evaluated as described in the legend for Figure 2. After evaluating at

agreement with the report of Kehrel et QaWhich showed that least more than 25 platelets, the total points for 10 platelets were calculated as the
. . ~ . . . latelet spreading index. The data represent the mean = SD of the total points. (B)
integrina. deTICI?m platelets showed margmal Spre?dmg On_ e0”€Vashed platelets were incubated without or with 3 U/mL apyrase for 10 minutes at
gen. These findings taken together suggest that integid iS  37°c. Then they were added to BSA- or collagen-coated dishes and incubated at

involved in collagen-induced platelet spreading. However, it shoutd°C for 10 minutes. After removing unbound platelets, reactions were terminated
be noted that Spreading on antibodies to the integ@'ﬁl is with a lysis buffer. After the protein concentrations were adjusted, PAK proteins were

. . isolated by immunoprecipitation with anti-PAK antibody. The immunoprecipitates
different from that on CO"agen in that (1) the former occurs SIOWQ\Fere used for in vitro kinase assays with myelin basic protein as the exogenous

than the latter; (2) the PI3-kinase pathway plays a greater rolesimstrate.
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increased over 30 seconds and decreased 6 minutes after TRY&Ricipate in platelet spreading and Rac and PAK activation in
(thrombin receptor—activating peptide) stimulation in suspendélde case of collagen stimulation. Signals from other collagen
platelets® In integrin oypBs-transfected Chinese hamster ovaryeceptors, including GPVI, may be involved in the processes.
cells, plating on fibrinogen-coated dishes induced tyrosine phosphor-An ADP scavenger, apyrase, failed to inhibit platelet spreading
ylation of Vav1, the guanine nucleotide exchange factor for Ragnd PAK activation on collagen- or TS2/16-coated surfaces. There
which lasts more than 45 minut&sAlthough direct measurement is a considerable body of evidence that ADP plays an important role
of Rac activation was not performed, this finding implies thén platelet spreading on fibrinogen mediated through integrin
sustained activation of Rac. These findings suggest that immokj; 3,.27-29 However, our findings suggest that this is not true with
lized ligands appear to induce sustained activation of Rac, whergagtelet spreading on collagen, which is mediated at least partly
soluble ligands appear to induce its transient activation. PAijrough integrina,B;. Our findings are consistent with the report
activation, most likely stimulated by Rac/Cdc42, occurred 1fy Haimovich et & showing that apyrase failed to inhibit protein
minutes after platelet seeding and diminished after 60 minut@gyosine phosphorylation in platelets on collagen-coated surfaces,
when Rac was still activated. The time course of PAK activatioynereas it inhibited that of fibrinogen-coated surfeesithough

during platelet spreading is virtually similar to that of fibronecting has peen reported that ADP removal reduces platelet deposition
stimulated PAK activation in NIH3T3 fibroblastsThese findings 40 collageff or platelet adhesion on the subendothelium of

suggest that PAK is inactivated bgertain mechanisms after .,ppit aortafl
activation by Rac/Cdc42 during platelet seeding. Modifiers
PAK were also reported in other cells, such as p85CopPIx{

(sltimulat.or.) or pSOCoc:I-li (inr;ibitora‘.‘ T.ht.ese. m(I)IecluIes may  v-27632 failed to inhibit platelet spreading on collagen-coated
as_cl)_kf)artl.mpalte n re%u atlogo PAK act|V|ftyP|2£ ate.ets.. | surfaces, whereas this Rho kinase inhibitor potently inhibited
ne signaiing pat way ownstr_eam 0 activation aSBlatelet shape change induced by collagen. Our findings suggest
requires |nvest|gat!on: F_{ecent StUd'.e.S showed Fhat PAK act_|va fiat the Rho/Rho kinase pathway plays a pivotal role in shape
LIM-kinase that inhibits the activity of cofilin, an actin- change induced by collagen and that it may not be required for

depolymerization facto¥-3¢ Yang et at” reported that the expres . .
. ) ) - .~ .platelet spreading on collagen-coated surfaces. We next examined
sion of an inactive form of LIM-kinase suppressed Iamelllpodlﬁ]

formation induced by Rac or insulin. This expression may ha€ possibility that ADP released on platelet activation is respon-
. y . ) P Y OShle for collagen-induced platelet shape change through the

because rapid phosphorylation/dephosphorylation cycles of cofi Zm/Rho kinase pathway. ADP is reported to activate the Rho/Rho

(hence increased phosphatase activity as well as LIM-kinas % ' . .

activity) are associated with Rac stimulati®rCofilin is expressed akmase pathwai 20although there are several lines of evidence to

in plateletd and may serve as a PAK downstream signal tghow that ADP-induced platelet shape change is mainly dependent
regulate platelet spreading on Ca'*, and that the Rho/Rho kinase pathway plays a minimal

We then sought to define the signal transduction pathw<";1§f§|e'42’45 In this study, apyrase did not modify the inhibitory
that lead to Rac and PAK activation and, thus, platelet spreadi€ct of Y-27632, suggesting that activation of Rho/Rho kinase,
ing. To address this issue, we investigated the effects of variof§ich leads to platelet shape change, was mediated through
inhibitors on platelet spreading and activation of Rac and PAi€°llagen receptors.

We found that PP1 strongly inhibited the platelet spreading on thas been reported that myosin light chain (MLC) phosphorylation
collagen- or TS2/16-coated plates. Consistent with these finl§-2 crucial eventin triggering shape chafigend that Rho/Rho kinase
ings, both Rac and PAK activation were inhibited by PP1. wand Cé"/calmodulin-regulated MLC kinase are involved in MLC
previously found that Src constitutively associates with integriphosphorylation independently of each ottiého/Rho kinase inhibits
ayB1, and that it is activated after rhodocytin stimulation, &1LC phosphatase activity, which results in an increase of phosphory-
putative integrinx,B; agonist!’ These findings suggest that Src)ated MLC** Bauer et & reported that CRP-induced platelet shape
which probably lies at the most proximal step of the integrighange is largely dependent on*C#almodulin-regulated MLC ki
a,Pr-induced signaling pathway, seems to be crucial for activatase, but not on Rho/Rho kinase-regulated MLC phosphatase. In that
ing Rac and PAK and for subsequent platelet spreading sfdy, 20p.g/mL collagen induced only a mild increase in intracellular
collagen-coated surfaces. Ca"* in aspirin-treated platelets (data not shown) in contrast to CRP.

We found that wortmannin, a P13-kinase inhibitor, inhibitedrheir findings and ours taken together suggest that €almodulin is
platelet spreading on collagen- or TS2/16-coated surfaces dhe main factor for platelet shape change induced by CRP, whereas
the resultant activation of Rac and PAK. This inhibition wafho/Rho kinase is the main factor for platelet shape change induced by
especially the case with TS2/16-coated surfaces. Miranti®ét atollagen. We speculate that a collagen receptor other than GPVI is
reported that a PI3-kinase inhibitor inhibited integkin,Bs- responsible for Rho/Rho kinase activation during collagen-induced
mediated lamellipodia formation, but not tyrosine phosphorylahape change.
tion of Syk and Vav, which locate upstream of Rac activation. In conclusion, we suggest that platelet spreading on collagen
Missy et af® reported that lipid products of PI3-kinase interacinvolves Rac and PAK activation, which is regulated by Src and
with Racl GTPase and stimulate guanosine diphosphate dispg3-kinase.
ciation. Our findings are consistent with these reports and
suggest that PI13-kinase also stimulates Rac activation in plate-
lets and facilitates lamellipodia formation during platelet spread-
ing mediated by integriruyB;. In contrast to integrinn,B;- Acknowledgments
mediated platelet spreading, inhibition of PI3-kinase resulted in
weak suppression of platelet spreading on collagen-coatéé thank Dr Atsushi Wada and Dr Yasuyuki Igarashi for donating
surfaces and the related Rac or PAK activation. These findinB&21 transfected with pGEX-2T encoding GST fusion proteins
suggest that there may be pathways distinct from PI3-kinase tltantaining PBD.

these studies were conducted in a flow chamber
stem using whole blood, completely different from our study, ie,
static conditions using washed platelets.
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