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1)

1ntroducttion

Chediak-Higashi syndrome

       Chediak-Higashi syndrome (CHS) is an autosomal recessive genetic disease,

which is manifested of partial oculocutaneous albinism, increased susceptibility to

infections, and a bleeding tendency, The disease was initially described in humans

by Beguez-Cesar in 1943 and named as CHS after the works by Chediak (1952), who

described the hematological characteristics of the disorder, and Higashi (1954), who

reported giant peroxidase-containing granules within cells from the disease-affected

patients. In most humans affected with CHS, death often occurs in a first decade of

the life from infection, bleeding, or development of the `accelerated phase' which is

characterized by a lymphoproliferative syndrome with lymphohistiocytic infiltration.

A disease attributable to CHS is found in cattle, minks, cats, mice, rats and fox

(Padgett et al., 1964; Leader et al., 1963; Kramer et al., 1977; Lutzner et al., 1967;

Nishimura et al., 19893 Sjaastad et al., 1990).

       CHS in cattle is found in Hereford (Padgett et al., 1964), Japanese Black

(Umemura et al., 1983) and Brangus breeds (Ayers et al., 1988). In Japan, Japanese

Black cattle affected with CHS are frequently seen in South Kyusyu area (Miyazaki

and Kagoshima Prefectures, Ogawa el al., 1997) and infrequently in Tottori and Iwate

Prefectures. The average age at the time of death in Hereford cattle with CHS has

been reported to be 12.4 months (Padgett et al., 1968), In contrast to Hereford cattle

or humans affected with CHS, Japanese Black cattle affected with CHS were not

lethal in most cases (Ogawa et al., 1997). Manifestations of CHS seen in each

animal species are listed in Table 1. In the following two sections, Ireview reported

hematological abnormalities which are associated with recurrent infection and

bleeding diathesis in CHS,
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Table 1. Clinical si ns o Chediak Hi ashi s ndrome
Human HerlCattle JB/Cattle

Infe cti on

Bleeding

Ocular fin dings

Hypopigmentation
 of skin, and hair

Neurologic findings*

!Asgg-g[g!Rgj2gg,sgzceltdh*

Dermatitis
Rhinopharyngitis
Otitis

Oral ulcer

Abscess*
Pneumonia
Nephritis
Hep atiti s

Peritonitis

Easy bruisability

Mucosal bleeding
Epitaxis

Pale iris

Photophobia
Ny stagmus
Abnormal fundic
refl ecti on

Present

Present

Present

Abscess*
Pneumonia
Endocarditis
Nephritis

Dermatitis
Diarrhaea
Upper respiratory
 infe cti on

Peritonitis

Bleeding follwing
 surgical procedures

Hematoma
Mucosal bleeding

Pale iris

Photophobia
Abnormal fundic
refl ecti on

Present

Absent

Absent

Abscess*
Pneumonia
Endocarditis
Nephritis

Dermatitis

Bleeding follwing
surgical procedures

Hematoma
Epitaxis

Mel ena
Umbilical bleeding

Pale iris

Abnormal fundic
 refl ecti on

Present

Absent

Absent
Her, Hereford; JB, Japanese Black. *Peripheral and cranial neuropathy, autonomic
dysfunction, weakness, sensory deficits, hyporeflexia, clumsiness, and seizures.

*Fever, anemia, neutropenia, thrombocytopenia, hepatosplenomegaly,
lymphadenopathy andjaundice, *Muscle, lung, skin and liver.

2) Abnormalities in leukocytes

      The most important clinical manifestations in humans affected with CHS are

recurrent severe pyogenic infections, which may be related to decreased functions of

leukocytes. Abnormally giant granules are frequently found in neutrophils,

eosinophils, lymphocytes, monocytes and their precursor cells (Padgett et al., 1967;
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Padgett et al., 1968; Blume et al., 1969). Appearance of giant granules, which are

probably lysosomes (Jones et al., 1992), is regarded as a hallmark of CHS in all

animal species. ("J"iant cytoplasmic granules are also present in other granule-

containing cells such as melanocyte, neurocyte and hepatocyte (Padgett, 1968; White

& Clawson, 1980), Although the leukocyte count is normal in CHS-affected

Hereford and Japanese Black cattle (Renshaw et al., 1974; Ogawa et al., 1997), all

eosinophils and basophils have giant granules (Padgett et al., 1968; Ogawa et al.,

1997).

       Abnormal granule-containing cells show a decreased activity of lysosomal

enzymes (Holcombe et al., 1994). Levels of cathepsin G and elastase appear to be

decreased in humans and mice with CHS (Holcombe et al., 1994). Chemotactic

activity of neutrophils from humans affected with CHS is decreased to approximately

400/o of the normal level (Clark & Kimball, 1971). Mononuclear leukocytes in CHS-

affected humans, minks and Hereford cattle also exhibit a decreased chemotactic

response (Gallin et al., 1975). Chemotactic defect may bebecause giant cytoplasmic

granules inhibit cell deformability (Clark & Kimball, 1971; Clawson et al., 1978).

Renshaw et al. (1974) revealed that a defect in bactericidal activity was associated

with a decrease in intracellular killing activity of polymorphonuclear leukocytes in

Hereford cattle affected with CHS. Impaired cytotoxic function in T cells and

 natural killer (NK) cells were also reported in CHS-affected humans and mice (Abo et

 al., 1982; Haliotis et al., 1980; Klein et al., 1980; Targan & Oseas, 1983; Baetz et aL,

 1995). This abnormality probably contributes to increased susceptibility to infection

 and development of the accelerated phase.

 3) Platelets

      Most human and animal patients affected with CHS show bleeding diathesis.

Prolonged bleeding time has been reported in most affected animal species (Buchanan
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& Handin, 1976; Ogawa et al., 1997; Bell et al., 1976; Ayers et al., 1988; Cowles et

al., 19923 Meyers el al., 1981; Bell et al., 1980; Sjaastad et al., 1990). On the other

hand, coagulation system is normal in humans, Japanese Black cattle, and cats

affected with CHS (Buchanan & Handin., 1976; Meyer et al., 1981; Ogawa et al.,

1997). Platelet count is normal in most CHS cases of humans, Japanese Black,

Hereford cattle, and mink (Bell et al., 1976; Bell et al,, 1980; Ogawa et al., 1997).

These findings imply that the bleeding diathesis of CHS may result from impairment

of platelet functions but not from thrombocytopenia or coagulopathy. However,

severe gastrointestinal hemorrhage which is observed in an accelerated phase may be

occurred by thrombocytopenia.

       Platelets are small discoid cell fragments produced from megakaryocytes of

approximately O.5 x 3.0 pm long. Under a normal condition, platelets are not

adhesive to a vessel wall and do not adhere each other, When a blood vessel is

damaged at the luminal side, however, platelets adhere to a collagen matrix in the

subendothelial layer and become activated. Activated platelets change the shape

from a discoid to a spheroid form, accompanied by formation of filopodia-like

structures. This is followed by secretion of granule contents, production of

thromboxane A, (TXA2) and platelet aggregation. Rapid formation of a platelet plug

at a site of injury is a main mechanism for primary hemostasis. Next, this primary

thrombus is intensified by formation of fibrin fibrils through a coagulation cascade.

In addition, platelets help hemostasis by participating in coagulation mechanisms,

since several enzymatic reactions involved in blood coagulation occur on the

membrane surface of platelets (Heemskerk et al., 2000),

(1) Abnormalities in platelet function

       Table 2 lists data from in vitTo aggregation experiments using platelets from

 CHS patients. Decreased platelet aggregation in response to collagen is a common

 feature in almost all patients affected with CHS. In humans with CHS, impairment
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of epinephrine-induced aggregation was also observed (Buchanan & Handin, 1976;

Bell et al., 19763 Apitz-Castro et al., 1985), Platelet aggregation by ADP is normal

or sometimes slightly decreased with a tendency to disaggregate in CHS platelets

(Table 2). Phorbol-12-myristate 13-acetate (PMA)-induced aggregation was normal

in Japanese Black cattle with CHS, while it was depressed in mouse with CHS

(Suzuki et al., 1996; Pratt et al., 1991).

       TXA2 is released from activated platelets as a result of a sequential cascade

consisted of phospholipase A2, cyclooxygenase-1 and thromboxane synthase and acts

as a secondary agonist on platelets (Nakano et al., 1989; Pollock et al., 1986; Siess et

al., 1983). Aggregation to exogenous arachidonic acid, which is converted to TXA2,

was reported to decrease in two human CHS cases (Weening et al., 1981; Apitz-

Castro et al., 1985), although another patient showed normal aggregation response

(Rendu et al., 1983). Suzuki et al. (1996) suggested that impairment of production

of TXA2 is responsible for a depression of aggregation to collagen in CHS platelets

since indomethacin, a cyclooxygenase inhibitor, inhibited the collagen-induced

aggregation in normal platelets while it exerted a smaller effect on the aggregation in

CHS platelets from Japanese Black cattle. However, in minks affected with CHS,

decreased aggregation of platelets was apparent even after influence of endogenous

TXA, was removed by pretreatment with aspirin (Bell et al., 1980). Thus, it is

controversial whether a decrease in TXA2 production is important for a decreased

response to collagein in CHS platelets.
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Table2. Plateletaggregation

Chediak-Higashi syndrome.

induced by various agonists in animals affected with

Animal Coll ADP Thr Epi A23187 PMA Ser AA Author

Human

CattlelHer

CattlelJB

Mink
 Cat

Fox

Mice

 Rat

A
A
v
N
A

A
A*

A
A
A
A
A
A
A*

A

N
A
V
N
A*

N
N
A*

A
A*

A*

N
A
A*

A*

A

N

A*

A
A
v

A
o

o

o

v

A*

N

A

A

A
v

A
N

A

A

Buchanan & Handin (1976)

    Bell et al. (1976)

Boxer et al, (1977)

  Parmley et al. (1979)

  Weening et al, (1981)

   Rendu et al. (1983)

 Legrand & Nurden (1985)

 Apitz-Castro et al. (1985)

    Bell et al. (1976)

   Suzuki et al, (1996)

   Ogawa et al. (1997)

    Bell et al. (1980)

   Meyers et al. (1981)

  Sj aastad, et al. (1990)

    Pratt et al. (1991)

    Ozaki et al. (1998)

Her, Hereford; JB, Japanese Black.

Ser, serotonin; AA, arachidonic acid.

variable. *, tendto disaggregation;

Coll, collagen; Thr, thrombin;

  A, abnormal; N normal; O,

*, only at low concentration.

 Epi, epinephrinel

no aggregation; V,

(2) Abnormalities in platelet structure

       The ultrastructural examination of platelets revealed that there is no

difference in a shape and size of platelets from CHS-affected Hereford (Prieur et al.,

1976), Japanese Black cattle (Ogawa et al., 1997) and humans (Rendu et al., 1983).

A platelet has at least three types of secretary granule; alpha granules, lysosomes, and

dense granules (otherwise called 6-granules). An abnormality in lysosomes was not

observed in platelets from cattle (Prieur et al., 1976; Meyer et al., 1982; Menard et al.,

1990), cats (Meyer et al., 1982), minks (Meyer et al., 1982) and most human$ affected

with CHS (Rendu et al., 1983; Boxer et al., 1977). Some studies have showed that

platelets from CHS patients exhibit 6-storage pool deficiency (6-SPD), which is

6



characterized by reduced and irregular dense granules (McNicol & Israels, 1999).

Dense granules contain ADP, ATP, serotonin and Ca2'. ADP is released when

platelets are activated by various kinds of stimulation, and acts as a secondary agonist,

thus, playing a crucial role in thrombosis as well as TXA, in human platelets. The

number of dense granules in platelets from Hereford and Japanese Black cattle (Prieur

et al., 1976; Ogawa et al,, 1997; Menard & Meyers, 1988; Meyer et al., 1982; Meyers

et al., 1979), humans (Rendu et al., 1983), and rats (Ozaki et al., 1998) was fewer in

patients than in normal controls. An absence of dense granule precursors in

megakaryocytes has been reported in CHS-affected Hereford cattle (Menard &

Meyers, 1988), Alpha granules in CHS platelets were similar in structure and

quantity to those in normal platelets (Prieur et al., 1976; Meyer et al., 19821 Meyers et

al., 1979; Rendu et al., 1983). In accord with these observations, contents in dense

granules (ADP, ATP, serotonin and Ca2") were greatly decreased in humans and

animals affected with CHS (Boxer et al., 1977; Meyers et al., 1979; Ogawa et aL,

1997; Bell et al,, 1980; Meyers et al., 1981; Sjaastad et al., 1990; Pratt et aL, 1991;

Ozaki et al., 1998). It has been suggested that the structural and functional defects

in CHS partly result from an impaired microtubule assembly (Oliver et al., 1975;

Oliver & Zurier, 19763 Hinds & Danes, 1976). In CHS platelets, however, abnormal

structure or function of microtubule has not been reported in all species.

4) A gene responsible for the disease

       Recently, the gene responsible for CHS has been cloned in humans, mice and

Japanese Black catl;le (Barbosa et al., 1996; Nagle et al,, 1996, Kunieda et al., 1999).

 A gene associated with CHS in these species encodes a novel -430-kl)a protein, LYST,

 which stands for ly. sosome trafficking regulator (Barbosa et al., 1996; Nagel et al.,

 1996). Nagle et al. (1996) found that the LYST protein contains a series of

 hydrophobic helices resembling HEAT and ARM domain, and seven consecutive
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WD40 motifs at the C-terminal region. These motifs are similar to a yeast

serine/threonine protein kinase, Vps15, which plays a role in vacuolar protein sorting

(Klionsky & Emr, 1990). These findings suggest that the LYST protein may

function in trafficking of subcellular organelle proteins. However, the biological

function of the LYST protein remains to be clarified.

       LYST is expressed in many types of cell and is localized to the cytosol (Perou

et al., 1997), although association with microtubules has also been reported (Faigle et

al., 1998). In humans and mice with CHS, all the LYST gene alterations published

so far result in a truncated protein because of a nonsense or a frame shift mutation

(Nagle et al., 1996; Barbosa et al., 1997; Karim el al., 1997; Certain et al,, 2000). In

Japanese Black cattle affected with CHS, a single base is substituted, resulting in

substitution of histidine at a residue 2015 to arginine. This site is highly conserved

among humans, mice, and Japanese Black cattle (Kunieda et al., 1999).

5) Aim of this study

       As reviewed above, the mechanisms underlying the platelet disorder in CHS-

affected patients have not been fu11y clarified. In this study, I aimed to clarify the

mechanism of insufficient aggregation of CHS platelets. I focused my attention on

alterations in Ca2' signaling of CHS platelets, since Ca2' is an important intracellular

messenger within many cells (Berridge, 1993). In platelets, it is agreed that an

increase in [Ca2']i is an initial event required for activation by almost all agonists

 (Rink & Sage, 1990; Smith et al., 1992a). Such Ca2' is supplied by release of Ca2"

 from the dense tubular system, intracellular Ca2' stores in platelets (Ebbeling et al.,

 1992), and by Ca2' entry from the extracellular fluid. However, it has not yet been

 determined whether abnormal handling of cytosolic Ca2' is involved in the

 impairment of platelet aggregation in patients affected with CHS.

       As aforementioned, the response to collagen is impaired in CHS platelets.
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The mechanism by which collagen induces Ca2+ mobilization has not been clarified in

details, especially no report about the mechanism of Ca2" mobilization in bovine

platelets has been published. Therefore, at first I tried to delineate the

characteristics of c,ollagen-induced Ca2' mobilization in bovine platelets. Then, I

examined whether the impaired aggregation of platelets from Japanese Black cattle

with CHS was attributable to alterations in Ca2' handling.

       Platelet activation due to collagen induces granule secretion and arachidonic

acid liberation, which in turn enhance an increase in [Ca2']i and aggregation (Emms &

Lewis, 1986). Some groups proposed that a decrease in release of ADP as a result of

6-SPD is a maj or cause for defective aggregation in CHS platelets (Boxer et al., 1977;

Meyers et al., 1979; Rendu et al., 1983). Nieuwenhuis et al. (1987) reported 106

patients with confirmed 6-SPD, of whom 230/o had normal aggregation responses to

ADP, epinephrine and collagen. In platelets from normal Hereford cattle, ADP

content is only about 300/o of that of human platelets (Bell et al,, 1976; Meyer et al.,

 1982). This suggests that ADP plays a minor role in aggregation of bovine platelets

as compared with human ones. On the other hand, Suzuki et al. (1996) postulated

that a deficit in arachidonic acid cascade is a main cause for insufficient aggregation

of CHS platelets in Japanese Black cattle. However, aggregation ofbovine platelets

induced by collagen, ADP or platelet-activating factor was virtually insensitive to

 cyclooxygenase inhibitors (Bondy & Gentry, 1989; Gentry et al., l989). Therefore,

 a role of TXA, in the collagen-induced response is expected to be small in these

 platelets. Taken together, it is doubtful that neither a decrease in secondary

 endogenous agonists resulting from 6-SPD nor abnormalities in arachidonic acid

 metabolism is responsible for the defective activation induced by collagen in CHS

 platelets. Consequently, I tested whether endogenous ADP or arachidonic acid

 products were involved in the impaired Ca2' handling.

        Glycoprotein (GP) Ia!IIa (also termed integrin ct2Pl) and GPVI are

 predominant receptors for collagen in platelets (Nieuwenhuis et al., 1985; Sugiyama
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et al., 1987; Watson, 1999), Although GPIallla is suggested to be responsible for the

adhesion to collagen and GPVI for the platelet activation, the precise role of each

receptor in Ca2" mobilization has not been fully understood. Recently, several

proteins that preferentially act on GPIallla or GPVI have been identified in snake

venoms. Rhodocytin, isolated from the Calloselasma rhodostoma venom, and

convulxin, isolated from the Crotalus durissus terrificus venom, have been introduced

to activate platelets by interacting with GPIallla and GPVI, respectively (Jandrot-

Perrus et aL, 1997; Polgar et al., 1997; Shin & Morita, 1998; Inoue et al., 1999;

Suzuki-Inoue et al., in press). Besides, collagen-related peptide (CRP), which

consists of a glycine-proline-hydroxyproline repeat and is cross-linked via cysteine

residues at its C- and N-terminals, activates platelets by interacting with GPVI

(Morton et al., 1995; Kehrel et al., 1998; Verkleij et al., 1998), These substances

have become tools to investigate roles of GPIallla and GPVI in collagen-induced

platelet activation. To address which collagen receptor was impaired in CHS

platelets, I observed the Ca2' signaling produced by collagen, convulxin or rhodocytin

in platelets from normal or CHS-affected cattle.
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11 Materials and Methods

1) Materials

      Fura-PE3/AM (TEFLAB, Austin, TX, USA), aspirin (Takeda Chemical

Industries, Osaka, Japan), U73122 (1-[6-[[17P-3-methoxyestra-1,3,5(10)-trien-17-

yl]amino]hexyl]-IH-pyrrole-2,5-dione), ionomycin (Calbiochem-Novabiochem Co.,

La Jolla, CA, USA), thapsigargin (RBI, Natick, MA, USA), cytochalasin D (Sigma, St.

Louis, MO, USA), and ONO-RS-082 (2-(]p-amylcinnamoyl)amino-4-chlorobenzoic

acid, Ono Pharmaceutical Co., Osaka, Japan) were dissolved in DMSO. Adenosine

3'-phosphate 5'-phosphosulfate (A3P5PS), mouse IgGl K (MOPC-21), RGDS (Arg-

Gly-Asp-Ser, Sigma, St. Louis, MO, USA), ARL66096 (2-propylthio-D-P,y-

difluoromethylene ATP, a gift of Dr. R. G. Humphires of AstraZeneca R&D

Charnwood, Loughborough, UK), U46619 (9,11-dideoxy-9ct,11ct-methanoepoxy-

prostaglandin F,ct, Cayman Chemical, Ann Arbor, MI, USA), and thrombin (Mochida

Pharmaceutical Co., Tokyo, Japan) were dissolved in distilled water. Prostaglandin

E, (PGE,, BIOMOIL Research Laboratories Inc., Plymouth Meeting, PA, USA) was

dissolved in ethanoH. Acid soluble type I collagen from calf skin was from Sigma (St.

Louis, MO, USA). Monoclonal antibody CD49b (Gi9) was purchased from Cosmo

Bio (Tokyo, Japan), Ins(1,4,5)P, [3H] Radioreceptor Assay Kit from NEN (Boston,

MA, USA), and 5'Cr as sodium chromate from Daiichi Pure Chemicals (Tokyo, Japan).

Rhodocytin was kindly provided by Dr T. Morita (Department ofBiochemistry, Meiji

College ofPharmac;y, Kiyose, Tokyo, Japan), Convulxin and CRP were gifted from

Dr M. Moroi (Department ofProtein Biochemistry, Institute ofLife Science, Kurume

University, Kurume, Fukuoka, Japan). Bovine serum albumin (BSA), Fraction V,

 was purchased from Sigma (St. Louis, MO, USA). Native collagen fibrils from

 equine tendons were purchased from Nycomed (Munich, Germany), The pH of

 vehicle to suspend collagen was 3,O. The vehicle did not alter the pH of Hepes
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buffer suspending platelets and had no effect on cytosolic Ca2' concentration in

p1atelets.

2) Animals

      Healthy Japanese Black cattle have been maintained in Sumiyoshi Ranch of

Miyazaki Universil;y. CHS-affected Japanese Black cattle used were total 4 and

brought from farms in our area to Veterinary Hospital of Miyazaki University. None

of the cattle had clinical signs of acute infection at the time of the study. Human

blood was collected from healthy volunteers who had not received any medication in

the previous two weeks, For all cattle and humans, platelet counts were within the

normal range.

3) Measurement of platelet aggregation

      Blood was collected by puncture of thejugular vein of Japanese Black cattle

and anticoagulated with O.1 volume of 4.60/o trisodium citrate. Platelet-rich plasma

(PRP) was obtained by centrifuging blood at 160 x g for 10 min at 160C and collecting

the supernatant. Platelet-poor plasma (PPP) was obtained by recentrifuging the

sediment at 1,800 x g for 10 min at 160C and collecting the supernatant. For

evaluation of platelet aggregation, PRP, to which PPP had been added to become 3 x

108 platelets/ml, was put in a cuvette and stirred continuously at 1,OOO rpm with a

magnetic stirrer. Aggregation responses were determined in the presence of CaC12 (1

mM) by measuring light transmission with an aggregometer (HEMA TRACER, Niko

Bioscience Co., Tokyo, Japan), For each experiment, the aggregometer was

calibrated with PPP (1000/o transmission) and non-aggregated PRP (OO/o transmission).

When needed to exclude the influence of arachidonic acid metabolites, PRP was

pretreated with indomethacin (10 pM) or aspirin (1 mM) for 30 min at 370C. When
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used, ONO-RS-082 (5 pM) or ARL66096 (3 pM) were applied for 4 or 2 min before

addition of an agonist, respectively.

4) Measurement of [Ca2+1,

      PGE, (1 pM) was added to PRP to prevent platelet activation, and the PRP

was centrifuged at 800 x g for 10 min at 160C. The supernatant was discarded, and

platelets in the pellet were suspended in Hepes buffer (136 mM NaCl, 2.7 mM KCI,

O.42 mM NaH,PO,, 12 mM NaHCO,, 1 mM MgCl,, 10 mM Hepes, 5.5 mM glucose

and O.350/o (w/v) BSA, pH 7.4) at a concentration of1 x 109 platelets/ml. Platelet

suspension was incubated with 2 pM fura-PE3/AM for30 min at 370C. PGE, (1 pM)

was then added, and the suspension was centrifuged at 700 x g for 10 min at 160C,

The supernatant was discarded, and platelets in the pellet were resuspended in Hepes

buffer at a concentration of 3 x 108 platelets/ml. After fura-PE3-loaded platelets

were put in a cuvette, 1 mM Ca2' was added. When needed to exclude the influence

of arachidonic acid metabolites, indomethacin (10 pM) or aspirin (1 mM) was added

during incubation with fura-PE31AM. To further exclude the influence of

endogenous ADP, ARL66096 (100 nM) and/or A3P5PS (100 pM) were applied to

aspirin-pretreated platelets for 90 and 30 sec, respectively, before addition of agonists.

Fluorescences at 500 nm emission after alternative excitation at 340 nm (F34o) and 380

nm (F3so) were measured in a fluorimeter (CAF-100, JASCO, Tokyo, Japan) at 370C.

For calibration, platelets were lysed with O,250/o Triton X-100, and fluorescences at

minimum Ca2" concentration (F.i.) and at saturated Ca2' concentration (F.,.) were

obtained by adding EGTA (5 mM) and subsequently adding CaCl, (10 mM) (Thomas

& Delaville, 1991), [Ca2+], was calculated by use of the ratio method (Grynkiewicz

et al., 1985) with a KD value of 290 nM for fura-PE3 (Vorndran et al., 1995).

       Human blood was collected by venipuncture and anticoagulated with O.1

volume of 3.80/o trisodium citrate. Human platelets were loaded with fura-PE3/AM
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in a way similar to bovine ones.

5) Measurement ot Mn2' entry

      Entry of Mn2' into platelets was measured by the fura-PE3 fluorescence

quenching technique (Alonso, et al., 1989; Sargent et al., 1992). In the presence of

CaC12 (1 mM), MnC12 (O.5 mM) was added 1 min before the application of an agonist.

Fluorescence was monitored at an emission of 500 nm following excitation at 360 nm

(F36o), an isosbestic point where fura-PE3 is insensitive to a change in Ca2'

concentration (Vorndran et al., 1995),

6) Measurement of inositol 1,4,5-trisphosphate (lns(1,4,5)P,)

       PRP was centrifuged and suspended in Hepes buffer to a concentration of 1 x

109 platelets/ml. Platelet suspension was incubated with aspirin (1 mM) for 30 min

at 370C, then centrifuged and resuspended as described above. Platelets were

resuspended in Hepes buffer to make a concentration of 2 x 109 platelets/ml. The

suspension (200 pl) was incubated with drugs at 370C while being stirred with a

magnetic stirrer in the presence of 1 mM CaC12. At the indicated time, the reaction

was terminated by addition of 200/o ice-cold trichloroacetic acid (TCA, 70 pl). After

leaving on ice for 15 min, samples were centrifuged at 1, OOO x g for 10 min at 40C.

 The supernatant was transferred to a test tube and extracted 3 times with 10 volumes

 of water-saturated dietylether to remove TCA. Ins(1,4,5)P, in samples was

 quantitated by competitive binding of [3H]Ins(1,4,5)P, to the receptor, which was

 obtained from calf cerebellum, using an Ins(1,4,5)P, assay kit (NEN Life Science

 Products, Boston, MA, USA) according to the manufacturer's protocol.

 7) Adhesion experiment
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      Adhesion of platelets to collagen-coated microtiter wells was measured by a

modified method originally described by Moroi et al. (1992). Washed platelets in

Mg2'-free Hepes buffer containing 10/o BSA were labeled with 5'Cr (50 pCi/ml) for 60

min at 370C. 5'Cr-labeled platelets were washed twice with citrate buffer (6.85 mM

citrate, 130 mM NaCl, 4 mM KCI, pH 6.0) containing O.30/o BSA and resuspended in

Mg2'-free Hepes buffer containing 10/o BSA at a concentration of 2 x 108 cells/ml.

MgC12 (2 mM) or E'DTA (2 mM) was added to the 5'Cr-labeled platelet suspension in

the presence ofPGE, (1 pM) and RGDS (100 pglml).

       Acid soluble type I collagen was dissolved in O.050/o acetic acid at a

concentration of300 pg/ml unless otherwise stated. An aliquot of collagen solution

(50 pl) was added to each well of a microtiter plate (96 wells) and allowed to settle

for 2 hr at room ternperature. Collagen-coated wells were also incubated with Mg2'-

free Hepes buffer containing 10/o BSA (250 pl) for 1 hr at room temperature to block

non-specific adhesion of platelets. An aliquot (50 pl) of 5'Cr-labeled platelets

suspended in Hepes buffer containing 10/o BSA and EGTA (2 mM) or MgCl2 (2 mM)

was added to each well and allowed to settle for the indicated time at room

temperature, After each well was washed 4 times with Hepes buffer with or without

MgCl,, adhered platelets were solubilized with 20/o SDS (100 pl) for 30 min and the

radioactivity of 5'Cr was measured in a gamma scintillation counter (ARC-300, Aloka

 Co, Ltd, Tokyo, Japan). The assay was done in duplicate for each experiment.

 Inhibition of adhesion by an anti-GPIa/IIa antibody (Gi9) or control IgG (MOPC-21)

 was tested by incubating the platelet suspension with the antibody in a test tube for 30

 min at room temperature. The platelet plus antibody mixture was then added to a

 microtiter well, and the adhesion was measured as described above. Nonspecific

 adhesion, which was determined as radioactivity remaining on BSA-coated wells, was

 less than O.50/o of the total number of platelets added and was subtracted from all

 values.
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8) Statisticall analysis

      Results are expressed as means

Tukey-Kramer test. Two means were

ÅqO.05 was considered to be significant.

Å} S.E,

compared

Multiple means were

by Student's t-test,

subjected to

A value ofp
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111 Results

1) Characteristics of collagen-induced aggregation and Ca2'

mobilization in bovine platelets

(1) Collagen- and ADP-induced aggregation in bovine platelets

      Collagen or ADP was applied to PRP from normal cattle 3 min after addition

of CaCl, (1 mM), Collagen (3-15 pg/ml) or ADP (1-10 pM) induced platelet

aggregation in a concentration-dependent manner (see Fig. 10 and 14), A shape

change, which is distinguished as a downward deflection of the trace, preceded the

aggregation in platelets from normal cattle. Collagen (3-15 pg/ml) induced

sustained aggregation. On the other hand, 1 or 3 pM ADP induced reversible

aggregation whereas at 10 pM the aggregation was sustained in bovine platelets.

(2) Collagen- and ADP-induced increase Ca2' mobilization

       Collagen (1-10 pg/ml) or ADP (1-10 pM) was applied to fura-PE3-loaded

bovine platelets 2 min after addition of CaCl, (1 mM) (Fig. 1). The basal level of

[Ca2'], after addition of CaCl, was 83.1 Å} 6.1 nM (n = 10), ADP (1 pM) rapidly

increased [Ca2'],, which attained the peak at 11.4 Å} O.7 sec (n = 4), and then declined

to a steady state level at about 2 min. In contrast, collagen (10 pg/ml) gradually and

sustainedly increased [Ca2']i (Fig. IA). At this concentration, it took 53,O Å} 3.1 sec

(n = 4) to attain the sustained phase. At lower concentrations of collagen, the rate of

rise in [Ca2']i was slower (Fig. IA). An increase in [Ca2']i (A[Ca2']i) was calculated

by subtracting the basal [Ca2']i from the maximum [Ca2']i during 4min after the

addition of agonists. A[Ca2']i induced by collagen or ADP was concentration-

dependent between 1-10 pg/ml or 1-10 pM, respectively (Fig. IB).

(3) Effects of arachidonic acid cascade inhibitors or ADP receptor
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antagonist on the collagen-induced aggregation

      To determine whether arachidonic acid metabolites or endogenous ADP were

involved in the collagen-induced aggregation of bovine platelets, effects of

pretreatment with arachidonic acid cascade inhibitors or ADP receptor antagonists

were investigated. After PRP from normal cattle was preincubated with

indomethacin (10 p.M), a cyclooxygenase inhibitor, or vehicle (O.10/o DMSO) for 30

min, platelet aggregation in response to collagen was tested (Fig. 2). Indomethacin

had no effect on the magnitude of collagen (15 pg/ml)-induced aggregation, although

the onset of aggregation was delayed slightly. Similarly, pretreatment with aspirin

(1 mM), another cyclooxygenase inhibitor, for 30 min did not have any effect on the

collagen-induced aggregation (data not shown).

       To evaluate involvement of endogenous ADP in the collagen-induced

aggregation, effects of ARL66096, a selective antagonist of P2TAc purinoceptors

which is functionally coupled to aggregation mechanism due to ADP (Humphries et

al., 1994), on the collagen-induced responses were examined (Fig. 3). Incubation of

platelets with ARL66096 (3 pM) for 3 min inhibited ADP (3 pM)-induced aggregation

in PRP from norm,al cattle by 83.2 Å} 2.80/o (n = 5). ARL66096 (3 pM) partially

inhibited the collagen (l5 pg/ml)-induced aggregation of platelets from normal cattle

(inhibition; 14.1 Å} 3.60/o, n = 6).

(4) Effects otf arachidonic acid cascade inhibitors or ADP receptor

antagonist on the collagen-induced Ca2' mobilization

      The effect of pretreatment with aspirin or ADP receptor antagonist on Ca2'

mobilization induced by collagen in bovine platelets was compared with that in

human platelets. In human platelets (Fig. 4A), collagen (10 pg/ml) caused a

transient increase in [Ca2"]i, which was strongly depressed when pretreated with

aspirin (1 mM). In bovine platelets (Fig. 4B), in contrast, pretreatment with aspirin

only slightly inhibited the collagen-induced increase in [Ca2'], (inhibition; 14.9 Å}

                                  18



4,70/o, n == 4). Pretreatment with indomethacin (10 pM) for 30 min and or

pretreatment with ONO-RS-082 (5 pM), a phospholipase A, inhibitor (Banga et al.,

1986), for 5 min also did not affect the collagen-induced increase in [Ca2']i (data not

shown). Involvement of endogenous ADP in the collagen-induced Ca2" mobilization

in bovine platelets was checked by the effect of A3P5PS, an antagonist to P2Yi

receptor, which is fUnctionally coupled to Ca2' mobilization due to ADP (Boyer et al.,

1996). Pretreatment with A3P5PS (100 pM) for 30 sec inhibited the ADP (1 pM)-

induced increase in [Ca2']i by 96.6 Å} O,40/o (n = 4) in aspirin-treated bovine platelets.

However, A3P5PS at this concentration showed only a partial inhibition on the

collagen-induced increase in [Ca2']i in aspirin-pretreated platelets (inhibition; 21.5 Å}

5,60/o, n = 4) or non-pretreated ones (inhibition; 33.2 Å} 4.80/o, n == 4) (Fig. 4B).

       The above results suggest that arachidonic acid metabolites, mainly TXA2, are

not involved in the collagen-induced Ca2' mobilization in bovine platelets. To see

whether bovine platelets are insensitive to TXA2, I observed the effect of U46619, a

TXA2 mimetic, on aggregation or Ca2' mobilization in normal platelets, Addition of

 10 pM U46619 caused a shape change in normal platelets but did not cause

aggregation (data not shown). The increase in [Ca2']i induced by U46619 was pretty

 small, compared with that induced by ADP or collagen (see Fig. 12). In the later

 experiments, I used aspirin-treated bovine platelets to exclude the effect of

 arachidonic acid metabolites.

(5) Etfects of U73122 oh the collagen-induced Ca2' mobilization

      In order to address the mechanism responsible for the collagen-induced Ca2'

mobilization, the effect of U73122, a phospholipase C (PLC) inhibitor (Bleasdale et

al., 19903 Vickers, 1993), on the collagen-induced increase in [Ca2']i was observed in

the presence of extracellular Ca2'. U73122 (O.3-5 pM), which was applied 3 min

before collagen (10 pg/ml), inhibited the collagen-induced increase in [Ca2']i in a

concentration-dependent manner (Fig, 5A). At 5 pM, U73122 inhibited the
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collagen-induced increase in [Ca2'], by more than 900/o. U73122 similarly inhibited

the thrombin (O.1 U/ml)- or ADP (1 pM)-induced increase in [Ca2'],, as about 900/o of

the increase in [Ca2'], due to each agonist was inhibited by 5 ptM U73122 (Fig. 5B).

      Thapsigargin (10 nM)-induced increase in [Ca2']i consisted of an initial peak

and a sustained phase (Fig. 6). The peak [Ca2'], du.e to thapsigargin was sensitive to

U73122, but the inhibition was less than in the case of collagen, ADP or thrombin

since the inhibition by 5 pM U73122 of the peak [Ca2']i was 49.2 Å} 7,30/o (n = 4).

U73122 (5 pM) did not significantly decrease the sustained phase of [Ca2']i due to

thapsigargin (Fig. 6). When the platelets had been pretreated with A3P5PS (100 pM),

the peak [Ca2']i reached by thapsigargin was decreased by 61.2 Å} 10.40/o (n = 4). In

the presence of A3P5PS, U73122 (5 pM) attenuated the peak [Ca2']i due to

thapsigargin by only 17.5 Å} 11.50/o (n = 4). In contrast, ionomycin (1 pM) increased

[Ca2'], to 271.0 Å} 31,7 nM (n = 4), but the response was insensitive to U73122 (Fig. 5).

These data suggest that thapsigargin stimulates secretion of ADP and then activates

PLC, and this is partially responsible for the Ca2' mobilization.

(6) Dependence of the collagen-induced Ca2' mobilization on

lns(t,4,5)P, production

      The data with U73122 suggest that inositol phospholipid breakdown through

PLC is involved in the collagen-induced Ca2" mobilization. To ensure this, I

measured the production of Ins(1,4,5)P3 in bovine platelets stimulated with collagen

using a competitive radioligand binding assay. Collagen-- or thrombin-induced

production of Ins(1,4,5)P3 was measured at the time when [Ca2']i attained the peak in

aspirin-treated platelets. With this assay, I confirmed that in Ins(1,4,5)P3 was

increased by 2-fold at O.5 min after addition of thrombin (O.1 U/ml), which is known

to stimulate PLC (Tarver et al., 1987) (Fig. 7). At 1 min after challenging with

collagen (10 ptglml), Ins(1,4,5)P, increased to 3.5-fold over the resting level (Fig. 7).

The collagen-induced increase in Ins(1,4,5)P3 was blocked by pretreatment with
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U73122 (5 pM).

      Next, I measured the collagen-induced [Ca2']i mobilization in the absence of

external Ca2' to observe if Ins(1,4,5)P3 produced by collagen induced Ca2' release

from Ca2' stores. EGTA (3 mM) was added 1 min after incubating with CaC12 (1

mM) to chelate external Ca2'. In the presence of external EGTA, thrombin (O.1

U/ml) increased [Ca2']i to 43.6 Å} 7.50/o (n = 4) of the response obtained in the presence

of external Ca2'. Although collagen (10 pglml) could increase [Ca2']i in the presence

of EGTA, this increase was very small as compared with that in the absence of EGTA

(7.3 Å} 2.60/o of the response in the absence of EGTA, n = 4). In contrast to collagen,

ADP (1-10 pM) induced sizeable Ca2' mobilization in Ca2'-free medium, which was

about 600/o of that observed in normal medium (see Fig. 15 and 16).

(7) Collagen-induced Mn2' entry and quenching of fura-PE3

fluorescence

      In non-excitable cells, Mn2' enters cells through a receptor-operated Ca2'

entry pathway by competing with Ca2' and quenches fura-2 fluorescence inside cells

(Alonso et al., 1989; Sargeant et al,, 1992). Therefore, Mn2' quenching can be used

as an index of Ca2' entry through receptor-operated Ca2' entry. Using this property,

I observed quenching of cytosolic fura-PE3 fluorescence by Mn2" in order to know the

extent of several agonists-induced Ca2' entry in platelets. To see the quenching, I set

the excitation filter at 360 nm, an isosbestic wavelength at which Ca2' does not affect

the fluorescence of fura-PE3 (Vorndran et al., 1995). In the presence of CaC12 (1

mM), Mn2' slowly quenched the fluorescence excited at 360 nm. This means that

there is a small amount of Ca2' entry (or leak) in the resting state. Addition of

collagen (10 pg/ml), ADP (1 pM), thrombin (O.1 U/ml) or thapsigargin (10 nM)

accelerated the que:nching of fluorescence, indicating that these agonists stimulated

Mn2' entry (Fig. 8), The onset of quenching due to collagen was delayed as

compared with ADP or thrombin, In contrast to other agonists, however, collagen
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continuously accele:rated the Mn2' quenching, which was indicated by a faster decline

of fluorescence than the control (no collagen) over the entire time course. Collagen

increased the maximal slope of Mn2' entry to 13-fold of that in the absence of an

agonist (Table 3). Pretreatment with U73122 (5 pM) greatly decreased the rate of

Mn2' entry after addition of collagen, ADP or thrombin (inhibition of the slope; 86.8 Å}

1.9, 92.1 Å} O.7 or 86.9 Å} O.70/o, n = 4, respectively). On the other hand, thapsigargin

increased the maximal slope of Mn2' entry by about 5-fold, which was hardly affected

by U73122 (Fig, 8 and Table 3).

Table3. Maximalslope ofMn2'-quenching offura-PE3 by collagen, ADP, thrombin

and thapsigargin, a.nd the effect of U73722.

Col1agen ADP Thrombin Thapsigargin

Vehicle

U73122

13.12, Å} O.28

1.73 Å} O.25*

20.65 Å} 4.08

1.62 Å} O.15*

1O.44 Å} 1.55

1.37 Å} O.07*

4.94 Å} O.62

4,73 Å} O.72

Summarized data from the experiments shown in Fig 8. The slope of fluorescence

decline before the addition of an agonist is defined as 1. The results shown are

means Å} S.E. of 4 experiments. "Significantly different from vehicle atp Åq O.Ol.

(8) SensitMty to drugs of the response to collagen in bovine

platelets: comparison with that in human platelets

      In this section, I compared the nature of collagen-induced Ca2' mobilization

in bovine and human platelets. In aspirin-treated human platelets, collagen at 50

pg/ml significantly increased [Ca2'], but not at 10 pg/ml (Fig. 4 and 9). The increase

in [Ca2'], induced by 50 pg/ml collagen was not affected by treatment with A3P5PS

(100 pM), whereas this concentration of A3P5PS inhibited the ADP (10 pM)-induced

increase in [Ca2'], by 85.6 Å} 5.00/o (n = 5) in human platelets (Fig. 9). In the presence

ofA3P5PS, increase in [Ca2'], induced by 50 pg/ml collagen was also not affected by

pretreatment with PGE, (2.5 pM) which increases cyclic AMP. Pretreatment with
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U73122 (5 pM) significantly inhibited an increase in [Ca2'], due to 50 pg/ml collagen,

but about 350/o of [Ca2']i elevation was resistant to U73122.

      In bovine platelets pretreated with both aspirin and A3P5PS, a large fraction

of the increase in [Ca2']i induced by 10 pg/ml collagen was largely sensitive to PGEi

(inhibition; 74.5 Å} 4.40/o, n = 5, Fig. 9). At 50 pg/ml, however, the collagen-induced

increase in [Ca2']i in bovine platelets pretreated with aspirin and A3P5PS was

partially inhibited by PGE, (inhibition; 49.9 Å} 7,OO/o in aspirin and A3P5PS pretreated

platelets, n = 6). U73122 (5 pM) suppressed an increase in [Ca2']i induced by 50

pg/ml collagen in bovine platelets (inhibition: 94.4 Å} O,90/o, n = 6) (Fig. 9).

2) Collagen- or ADP-induced ptatelet aggregation and Ca2'

mobilization in platelets from normal or CHS-atfected cattle

(1) Collagen-induced aggregation and Ca2' mobilization

      Collagen was applied to PRP from normal or CHS-affected cattle 3 min after

addition of CaCl, (1 mM). Collagen (3-15 pg/ml) induced sustained aggregation of

platelets from normal cattle (Fig. 10). With a low concentration of collagen (3

pg/ml), the onset of aggregation was slow. The onset became faster as the

concentration of collagen was increased, In platelets from cattle affected with CHS,

in contrast, aggregation in response to collagen was markedly depressed. At 15

pg/ml, the collagen-induced aggregation in CHS platelets was only 12 Å} 1.40/o of that

in normal ones. A shape change preceded the aggregation in normal platelets, but the

change was not apparent in CHS platelets.

       Collagen (1-10 pg/ml) was applied to fura-PE3-loaded platelets 2 min after

the addition of 1 mM CaCl,. Collagen gradually increased [Ca2'], in CHS platelets,

while it more rapidly increased [Ca2']i in normal platelets (Fig. 11A). In CHS

platelets, the maxirnum increase in [Ca2']i induced by collagen at each concentration

was significantly lower than that in normal platelets (Fig. 1IB).
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(2) Effects of arachidonic acid cascade inhibitors and ADP receptor

antagonists on the collagen-induced Ca2' mobiiization

      I already demonstrated that arachidonic acid metabolites and ADP play only a

minor role in the collagen-induced response of bovine platelets (Fig. 2-4). I also

compared effect of' U46619 on platelet aggregation and Ca2' mobilization between

normal and CHS platelets. U46619 (10 pM) caused a shape change in both platelets

but did not cause aggregation (data not shown). The increase in [Ca2'], induced by

U46619 in CHS platelets was 69.0 Å} 10.2 nM, n= 5. The increase was similar to that

in normal platelets (69.0 Å} 10.2 nM, n = 5) (Fig. 12), Hence, I think that a main

cause for the defective activation by collagen in CHS platelets is due to an impairment

of a collagen receptor-related pathway underlying Ca2' signaling rather than a

decreased release of ADP or abnormality in arachidonic acid cascade. For this

purpose, I particularly focused my attention on the Ca2' signaling due to the direct

action of collagen under a condition to exclude the influences of endogenous agonists.

In order to exclude the effects of secondary agonists on the collagen-produced Ca2"

signaling in normal and CHS platelets, the collagen-induced increase in [Ca2'], was

estimated in platelets pretreated with aspirin (1 mM), ARL66096 (100 nM) and

A3P5PS (100 pM). Pretreatment with ARL66096 (100 nM) for 90 sec completely

inhibited ADP (10 pM)-induced aggregation in washed platelets form normal cattle

(data not shown),

       When these inhibitors were not used, the maximum increase in [Ca2'], due to

 collagen (10 pg/ml) in CHS platelets was 60.2 Å} 2.50/o (n = 5) of that in normal

 platelets (Fig. 13). Pretreatment with aspirin, ARL66096 and A3P5PS decreased the

 [Ca2'], response to collagen in normal platelets to 62.2 Å} 6.60/o (n == 6) of that in their

 absence, and in CHS platelets to 15.1 Å} 2.50/o (n =5). Asaresult, in platelets treated

 with inhibitors, the maximum increase in [Ca2'], by collagen in CHS platelets was

 only 14.6Å}2.50/o (n = 5) of that in normal ones.
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(3) ADP-induced aggregation and Ca2+ mobilization

      Aggregation in response to various concentrations of ADP (1 to 10 pM) was

slightly depressed in platelets from cattle with CHS, compared with the response in

normal platelets (Fig. 14). At the highest concentration (10 pM), ADP induced an

irreversible aggregation in normal platelets. On the other hand, although ADP (10

pM) induced aggre,gation in CHS platelets by 83 Å} 5.30/o of that in normal ones, the

platelets tended to disaggregate after 5 min.

       As aforementioned, the ADP-induced increase in [Ca2']i composed of an

initial peak and the following sustained phase (Fig. 15). The sustained phase was

lower in CHS platelets than in normal platelets, but the initial peak was not different

between two groups (Fig. 15), I observed the ADP-induced Ca2+ mobilization in

Ca2'-free medium in order to know whether Ca2' stores in CHS platelets retain an

amount of Ca2' similar to that in normal platelets. The response to ADP (1-10 pM)

in Ca2'-free medium was only slightly depressed in CHS platelets as compared with

normal ones (Fig. 16). The extent of the depression in CHS platelets was similar to

that seen in normal medium (Fig. 15 and 16).

(4) Collagen-induced production of lns(1,4,5)P,

       As already shown (Fig. 6 and 8), PLC is involved in the collagen-induced

Ca2' mobilization in bovine platelets. In this section, I measured whether the

production of Ins(1,4,5)P, due to collagen or thrombin was altered in CHS platelets.

Ins(1,4,5)P, was measured when [Ca2"]i attained the peak after application of collagen

 (10 pg/ml) or thrombin (O.1 U/ml) to aspirin-treated platelets. The basal level of

 Ins(1,4,5)P, was not different between normal and CHS platelets (O.88 Å} O.2 or O.93 Å}

 O.15 pmol/109 platelets, n = 5 or 6, respectively, Fig, 17). Thrombin increased

 Ins(1,4,5)P3 to a similar degree in normal and CHS platelets (190.3 Å} 31.00/o (n = 5)

 and 204.9 Å} 38.0% (n = 5) of the pre-drug level at O,5 min after the addition of
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thrombin, respectively). When challenged with collagen, Ins(1,4,5)P, increased to

255.5 Å} 11.00/o (n = 4) of the resting level at 1 min in normal platelets. On the other

hand, collagen did not significantly increase Ins(1,4,5)P, in CHS platelets (Fig. 17).

3) ldentificat:ion of collagen receptor subtype responsible for

impaired Ca2' sigJnaling in CHS platelets

      As reviewed in Introduction, two maj or receptors for collagen in platelets are

GPIa/IIa and GPVI. To clarify which receptor-signal transduction system of (}PVI

or GPIa/IIa was impaired in CHS platelets, I compared Ca2' mobilization induced by

convulxin, a GPVI-specific agonist (Polgar et al,, 1997), or rhodocytin, a GPIa/IIa

agonist (Inoue et al., 1999; Suzuki-Inoue et al,, in press), in normal and CHS

p1atelets.

(1) Response to convulxin

      Convulxin rapidly increased [Ca2'],, which attained a peak within 1 min and

then declined to a steady level at about 2 min in both platelets (Fig. 18A left).

Convulxin-induced increase in [Ca2']i was concentration-dependent between 1 and 10

ng/ml (Fig. 18B left). In this dose-effect study, the peak [Ca2']i in normal platelets

seemed to be slightly higher than that seen in CHS platelets, although the difference

was not statistically significant. Asimilar pattern ofincrease in [Ca2']i was observed

in platelets activated by 30-200 ng/ml CRP and no difference was found between

normal and CHS platelets (data not shown). Next, the response to convulxin in

platelets that had been pretreated with a cyclooxygenase inhibitor and ADP receptor

antagonists was observed (Fig. 18B right). In this series of experiments, the control

response to 3 nglml convulxin was significantly greater in normal platelets than in

CHS ones (656,6 Å} 27.7 vs, 446.8 Å} 39.8 nM, n = 7 and 5, respectively, p Åq O.05, Fig.

 18B right), The response to convulxin in CHS platelets was not modified by these
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inhibitors, whereas it was significantly depressed in normal platelets. As a result,

the maximum increase in [Ca2']i in platelets pretreated with aspirin, ARL66096 and

A3P5PS was not different between normal and CHS platelets (487.2 Å} 34.6 vs. 428.1

Å} 27.0 nM, n = 7 and 5, respectively, Fig. 18B right).

(2) Response to rhodocytin

       In contrast to convulxin, rhodocytin gradually increased [Ca2']i with a lag of

about 4 min in platelets from normal cattle (Fig. 19A left), In CHS platelets, the

upstroke phase of [Ca2']i from the basal level could not be clearly distinguished. In

Fig. 19B, an increase in [Ca2']i in response to rhodocytin (3-25 nM) was calculated by

subtracting the level just before the addition of rhodocytin from the maximum [Ca2']i

during 8 min after the addition of the agent. Rhodocytin increased [Ca2'], in a

concentration-dependent manner in both platelets, and the response was much less in

CHS platelets with 10 and 25 nM rhodocytin than in normal ones (Fig. 19B left).

When inhibitors were absent, rhodocytin (10 nM) increased [Ca2'], by 403.5 Å} 64.7

nM (n = 5) in normal platelets and by only 44.2 Å} 6.0 nM in CHS platelets for 8 min

(11.0 Å} 1.50/o of the response in normal platelets, n == 5, Fig. 19A right). Pretreatment

with a cyclooxygenase inhibitor and ADP receptor antagonists slowed the

development of rhodocytin-induced increase in [Ca2']i in normal platelets and made

the response in CHS platelets undetectable (Fig. 19A right). In this case, since the

response was very slow, [Ca2'], was observed for 16 min after the addition of

rhodocytin. When the participation of endogenous substances was excluded,

rhodocytin increased [Ca2'], by 253.3 Å} 58.8 nM (n = 5) in normal platelets and only

by 45.9 Å} 2.7 nM in CHS platelets (18.1 Å} 1.10/o of the response in normal platelets, n

 == 5, Fig. 19B right).

 (3) Effects of cytochalasin D on collagen-, convulxin- or rhodocytin-

 induced Ca2' mobilization
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      It has been reported that rhodocytin-induced activation of human platelets

was inhibited by cytochalasin D, an inhibitor of actin polymerization (Inoue et al.,

1999; Suzuki-Inoue et al., in press). In order to see if the response of bovine

platelets was similarly sensitive to this agent, cytochalasin D (10 pM) was applied

and 5 min later collagen (10 pg/ml), convulxin (3 ng/ml) or rhodocytin (10 nM) was

added. In normal platelets, cytochalasin D inhibited the rhodocytin (10 nM)-induced

increase in [Ca2']i whether or not aspirin, ARL66096 and A3P5PS had been treated

(inhibition of the peak [Ca2']i: 75.5 Å} 3.90/o in platelets treated with vehicle or 50.3 Å}

9.70/o in platelets 1;reated with inhibitors against secondary agonists, n :5 or 7,

respectively, Fig. 20C). However, the response to rhodocytin in CHS platelets was

so small that the effect of cytochalasin D could not be detected. Cytochalasin D

inhibited the collagen (10 pglml)-induced increase in [Ca2'], in normal platelets

treated with either vehicle or inhibitors against secondary agonists (inhibition of the

peak [Ca2"],: 40.3 Å} 8.4 or 44.5 Å} 5,70/o, n= 5 or 6, respectively, Fig. 20A). Similarly,

the agent inhibited the collagen-induced increase in [Ca2'], in CHS platelets when

aspirin, ARL66096 and A3P5PS were absent (inhibition of the peak [Ca2"],: 60.1 Å}

10,90/o, n = 6, Fig. 20A) but not when platelets were treated with the inhibitors,

probably because the response was too small. On the other hand, convulxin (3

ng/ml)-induced increase in [Ca2']i was insensitive to cytochalasin D in both platelets

(Fig. 20B), ADP (1 pM)-induced increase in [Ca2'], was also insensitive to

cytochalasin D in normal (616,4 Å} 67.3 vs. 633.6 Å} 53.1 nM, n = 5) and CHS (685.6 Å}

16.5 vs. 647.9Å} 34.7 nM, n= 5) platelets.

(4) Adhesion of platelets to type l collagen

       In order to know whether the binding of platelets to collagen through GPIa/IIa

was impaired in CHS platelets, adhesion of 5'Cr-labeled platelets to acid soluble type

I collagen, which had been coated on a well of microtiter plate, was observed, When

wells had been coated with different concentrations (30-1,OOO pg/ml) of collagen, the
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adhesion increased depending on the concentration (Fig. 21A), although adhesion of

CHS platelets seems to be slightly larger than that of normal platelets at all

concentrations. In the buffer containing 2 mM Mg2', platelets adhered to collagen-

coated wells in a time-dependent manner (Fig. 21B). There was no significant

difference in the extent and rate of adhesion to 300 pg/ml collagen between normal

and CHS platelets (Fig. 21B). When the buffer contained 2 mM EDTA but no Mg2',

the adhesion was greatly inhibited, indicating that the adhesion was Mg2'-dependent

(Fig. 22). Furthermore, when platelets were put into a well after they had been

suspended together with anti-GPIa/IIa antibody (Gi9) or control mouse IgG (MOPC-

21) in a test tube, the adhesion to a collagen-coated well was greatly inhibited by Gi9

but not by control IgG (Fig. 22).
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shown are means Å} S.E. of4 experiments,
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ofagonists, (A), a typical recording ofincrease in [Ca2']i induced by collagen (1O pg/ml) in
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Fig, 9 Sensitivity to drugs of [Ca2"li-response to collagen in human and bovine platelets.

Aspirin-treated platelets were inoubated with U73122 (5 pM), PGEI (2.5 pM) or A3P5PS (1OO pM)
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Fig. 18 Convulxin-induced increase in [Ca2+li in normal and CHS platelets and the effect ofpretreatment

with a cyclooxygenase inhibitor and ADP receptor antagonists on the Ca2+ mobi]ization. (A), typical

recordings ofthe increase in [Ca2+]i induced by 3 nglml convulxin in vehicle- (control, left) or aspirin (1 mM),

ARL66096 (1OO nM) and A3P5PS (1OO pM)-treated (right) platelets. (B), A[Ca2'li by various concentrations of
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Fig. 19 Rhodocytin-induced increase in [Ca2+]i in normaR and CHS platelets and the effect ofpretreatment

with a cyclooxygenase inhibitor and ADP receptor antagonists on the Ca2+ mobilization. (A), typical

recordings of the increase in [Ca2+]i induced by 1O nM rhodocytin in vehicle- (control, left) or aspirin (1 mM),

ARL66096 (100 nM) and A3P5PS (100 ltlV[)-treated (right) platelets. (B), A[Ca2']i inducedby various
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normal (open column) or CHS platelets (fi11ed column). A[Ca2+]i was calculated by subtracting the basal [Ca2']i

from the maximum [Ca2+]i during 8 or 1 6 min after the addition ofrhodocytin in platelet treated with vehicle or

inhibjtors, respectively. The data are mean Å} S.E. of3 (B, left) or 5-6 (B, right) experiments. ",""Significantly

different atp ÅqO,05 or O.O1, respectively. *Significantly different from the control level atp ÅqO.O1.
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Fig. 20 Effect ofcytochalasin D on collagen-, convulxin- and rhodocytin-induced increase in [Ca2+li.

Fura-PE3-loaded platelets were incubated with vehicle (O.250/o DMSO) or cytochalasin D (10 psM) for 5 min
prior to the addition of 10 pg/ml collagen (A), 3 nglml convulxin (B) or 10 nM rhodocytin (C). A[Ca2']i was
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convulxin, or during 8 or 16 min after the addition ofrhodocytin in platelets treated with vehicle or inhibitors

against secondary agonists, respectively, The data are means Å} S.E. of5-6 experiments, ",""Significantly

different atp ÅqO,05 or O.Ol, respectively. Filled columns are without cytochalasin D (vehicle), while hatched

columns are with cytochalasin D.
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Fig. 21 Adhesion of platelets to acid soluble type I collagen. Adhesion of5ICr-labeled platelets to acid

soluble type I collagen was determined in thepresence ofPGEI (1 pM) and RGDS (100 ptglml) to prevent

aggregation at room temperature. (A), concentration-dependent adhesion ofnormal (open circles) or CHS

platelets (fi11ed circles) in the presence ofMg2' (2 mM). (B), time-dependent adhesion ofnormal (open

circles) or CHS platelets (fi11ed circles) to 300 pg/ml collagen in the presence ofMg2+ (2 mM). The data are

means of2-3 experiments (A) or means Å} S.E. of3 experiments (B).
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Fig. 22 Effects ofantiGPIa/IIIa antibody or EDTA on adhesion. Adhesion of51Cr-labeledplatelets

in the presence of control mouse IgG (10 pg/ml MOPC-21, hatched column), anti-GPIalIIa antibody

(10 pglml Gi9, shaded column) or EDTA (2 mM, fi11ed column) on the adhesion, Open columns are

the adhesion ofplatelets in the presence ofMg2+ (2 mM). The adhesion is expressed as percent of

adhered platelets in the total platelets added. The data are means Å} S.E. of3 experiments.

*Significantly different atp ÅqO.O1
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IV Discussion

Characteristics of collagen-induced aggregation and Ca2' mobilization in

bovine platelets

      An increase in [Ca2']i induced by collagen in human platelets was almost

completely inhibited after treatment with aspirin, a cyclooxygenase inhibitor, suggests

that arachidonic acid metabolites are essential for the Ca2' mobilization. This agrees

with the previous reports that TXA2 plays a crucial role in the response to collagen in

human platelets (Nakano et al,, 1989; Pollock et al., 1986; Siess et al., 1983). In

bovine platelets, in contrast, pretreatment with indomethacin or aspirin exerted only a

small inhibition on the collagen-induced aggregation and Ca2' mobilization, I

reconfirmed that the collagen-induced Ca2' mobilization was also unaffected by

pretreatment with the phospholipase A, inhibitor ONO-RS-082. Consistent with

these data, it has been reported that in platelets from normal cattle, cyclooxygenase

inhibitors had no effect on magnitude of aggregation response following stimulation

with collagen, ADP, or platelet-activating factor (Bondy & Gentry, 1989; Gentry et

al., 1989). These results suggest that involvement of arachidonic acid metabolites in

the collagen-induced response is very small in bovine platelets compared with that in

human platelets. The observation that U46619, a TXA, mimetic, induced only slight

Ca2' mobilization and shape change but no aggregation indicates that bovine platelets

are not so much responsive to TXA2. So far, it is unclear whether bovine platelets

stimulate arachidonic acid cascade in response to collagen.

       It has been suggested that P2T.c purinoceptor mediates the ADP-induced

 aggregation in human platelets (Gordon, 1986), and ARL66096 has been reported to

be a selective antagonist of P2TAc purinoceptor (Humphries et al., 1994). On the

 other hand, P2Y, purinoceptor mediates Ca2' signaling induced by ADP in human

 platelets, and A3P5PS has been reported to be a P2Yi purinoceptor antagonist (Boyer
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et al., 1996). In this study, pretreatment with ARL66096 suppressed the ADP-

induced aggregation while A3P5PS suppressed the increase in [Ca2']i in bovine

platelets. These results suggest that P2TAc purinoceptor mainly mediates the ADP-

induced aggregation, whereas P2Yi purinoceptor mediates the Ca2' signaling due to

ADP in bovine platelets in a manner similar to that in human platelets. In normal

bovine platelets, pretreatment with ARL66096 exerted only about 200/o inhibition on

the collagen-induced aggregation, Similarly, A3P5PS inhibited the collagen-induced

increase in [Ca2']i by about 300/o. These results suggest that, in bovine platelets, a

maj or fraction of collagen-induced aggregation and increase in [Ca2']i is not mediated

by endogenous ADP or arachidonic acid metabolites but rather through the direct

action of collagen.

       Activation of platelets by several agonists causes a rise in [Ca2']i, which

consists of two components: Ca2' release from intracellular Ca2' stores and Ca2' entry

across the plasma membrane (Rink & Sage, 1990). Ca2' release from intracellular

Ca2' stores is mediated by Ins(1,4,5)P, produced following activation of PLC

(Berridge & Irvine, 1984). In order to elucidate the role of PLC in the collagen-

induced Ca2' mobilization in bovine platelets, I tested the effect of U73122, a PLC

inhibitor (Bleasdale et al., 1990; Vickers, 1993). U73122 inhibited an increase in

[Ca2']i due to collagen with a potency similar to that due to ADP or thrombin. These

data lead me to assume that the collagen-induced Ca2' mobilization depends on the

PLC activity. Unexpectedly, however, U73122 also inhibited the thapsigargin-

induced Ca2' mobilization, although the extent of inhibition was small as compared to

the inhibition on collagen-, ADP- or thrombin-induced Ca2' mobilization. This

 result raises a doubt about the selectivity of U73122. In fact, U73122 was reported

to have a non-specific action such as inhibition of TXA2 production (Heemskerk,

 1997a) or inhibition of elevation of [Ca2"]i induced by thapsigargin (Heemskerk et al.,

 1997b), cyclopiazonic acid or ionomycin (Wang, 1996). In this study, since A3P5PS

 partially inhibited the thapsigargin-induced rise in [Ca2']i, thapsigargin is likely to
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liberate endogenous ADP. U73122 only slightly inhibited the increase in [Ca2'],

caused by thapsigargin in the presence of A3P5PS, Hence, it is apparent that a maj or

fraction of thapsigargin-induced rise in [Ca2']i that was sensitive to U73122 is

attributable to endogenous ADP. Little effect of U73122 on the ionomycin-induced

Ca2' mobilization and on the thapsigargin-induced one in the presence of A3P5PS

suggests that a non-specific action of U73122 (Heemskerk et al., 1997a; Wang, 1996),

if any, was negligible or very small in the present experiments.

       Collagen increased cytosolic Ins(1,4,5)P,, a product of inositol phospholipid

breakdown by PLC, and U73122 prevented the production. These results strongly

support the idea that PLC is involved in the Ca2' mobilization caused by collagen. If

so, collagen should increase Ca2' release from Ca2' stores through the action of

Ins(1,4,5)P3. In the presence of EGTA, however, collagen-induced increase in

[Ca2']i was very small as compared to that in Ca2'-containing medium. Although up

to now I can not fu11y explain why the response to collagen was so small in the

presence of high EGTA, one possible reason for this discrepancy is that activation of

collagen receptor may be depressed in the presence of external EGTA, since it was

suggested that adhesion of platelets to depends on the presence of divalent cations

(Alonso et al,, 1989; Nakamura et al., 1998). Further experiments are needed to

confirm this possibility. Based on the data that an increase in Ins(1,4,5)P,

production by collagen (10 pg/ml) was comparable to or slightly greater than that by

thrombin (O.1 U/ml, Fig. 7), it is likely that collagen is capable of releasing a

considerable amount of Ca2' from the stores when platelets are incubated in a Ca2'-

 containing medium.

       Mn2'-induced quenching of cytosolic fura-2 fluorescence has been shown to

be useful to estimate the extent of Ca2' entry (Alonso et al., 1989; Sage et al., 1990).

 Collagen increased the rate of quenching of fura-PE3 fluorescence by Mn2', indicating

 that collagen caused acceleration of divalent cation (Mn2' or Ca2") entry. The

 acceleration of Mn2' quenching by collagen was reversed when platelets had been
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pretreated with U73122. A similar effect of U73122 was observed in the case of

ADP- or thrombin-induced Mn2' entry. In platelets and many non-excitable cells,

Ca2' entry dependent on depletion of intracellular Ca2" stores is one of mechanisms

for Ca2' entry (Sargeant, et al., 1992; Sage et al., 1990; Putney & Bird, 1993).

Thapsigargin is known to cause such entry as a result of inhibition of Ca2'-ATPase

(Sargeant et al., 1992). U73122 had no effect on the thapsigargin-induced

acceleration of Mn2' entry, indicating that the store depletion-dependent Ca2' entry is

insensitive to U73122 in bovine platelets. Thus, it is evident that collagen stimulates

Ca2' entry in a PLC-dependent manner.

       As discussed in the paragraph of page 52, the most important event after

collagen receptor activation in bovine platelets is an increase in [Ca2']i whereas that in

human platelets is liberation of arachidonic acid, Another species difference was

observed in the sensitivity of Ca2' mobilization to PGEi, which increases cyclic AMP.

The increase in [Ca2']i caused by a high concentration of collagen in the presence of

aspirin and A3P5PS was insensitive to PGE, in human platelets, while that in bovine

platelets was fairly sensitive to PGEi. Consistent with the present data, the

insensitivity to cyclic AMP-elevating agents of collagen-induced Ca2' mobilization in

human platelets has been reported (Smith et al,, 1992b), These differences suggest a

possibility that some points of signal transduction pathway downstream of collagen

receptors are different between bovine and human platelets, However, when a high

concentration of collagen was used on bovine platelets, the sensitivity to PGEi

became less as compared with the response to a low concentration of collagen.

Hence, it is possible that depending on concentration human and bovine platelets

 share a common pathway which is associated with cyclic AMP-resistant Ca2'

 mobilization. Two glycoproteins (GPIa/IIa and GPVI) are responsible for the

 collagen-induced platelet activation (Kehrel et al., 1998; Moroi et al., 1996;

 Nieuwenhuis et al., 1985). Therefore, another possibility about the species

 difference is that the degree of contribution of each glycoprotein to collagen-induced
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platelet activation is different between two species. However, I could not extend my

study to address this point.

Mechanism responsible for insufficient platelet activation in platelets

from cattle aftected with CHS

}

      In agreement with earlier studies (Table 1), platelet aggregation following

stimulation with collagen or ADP was depressed in platelets from cattle with CHS,

although the inhibition was greater in the case of collagen than that of ADP, Suzuki

et al. (1996) reported that platelets from normal cattle exhibited significantly

decreased aggregation response to collagen when pretreated with indomethacin, and

suggested that a cause for the decreased response to collagen in CHS platelets was an

impairment in a signal transduction process between the collagen receptor to

arachidonic acid metabolism. In this study, however, pretreatment with

indomethacin or as;pirin exerted almost no effect on magnitude of platelet aggregation

to collagen, The reason for this difference between my study and Suzuki group's

study is so far unclear. I observed that U46619, a TXA2 mimetic, caused only a

slight increase in [Ca2']i without causing aggregation in platelets from normal and

CHS affected cattle, consistent with data that arachidonic acid does not induce

aggregation of normal bovine platelets (Liggitt et al., 1984). Therefore, I think that

arachidonic acid metabolites play, if any, only a minor role in effects of collagen on

platelets.

       Some groups have postulated that a decrease in ADP release as a result of 6-

SPD could be a maj or cause for the insufficient aggregation of CHS platelets (Bell et

al., 1976; Rendu et al., 1983). Platelet aggregation induced by collagen in platelets

from normal cattle was partially inhibited by ARL66096. This suggests that

endogenous ADP was partially involved in the collagen-induced aggregation of

bovine platelets. ADP--dependent aggregation seems to be 20 to 300/o of the total
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aggregation response to collagen in platelets from normal cattle. Obviously,

decreased release of endogenous ADP is not the sole mechanism for impaired

aggregation to collagen in platelets from CHS-affected cattle, because the aggregation

response to collagen in normal platelets after blockade of P2TAc purinoceptors was

still much greater 'than that in CHS platelets (Fig, 3 and 10). Thus, I conclude that

the primary cause for the impaired response to collagen in CHS platelets is not a

decreased release of endogenous substances.

       To examine whether impaired aggregation of CHS platelets was attributable

to decreased Ca2" mobilization, I compared the collagen-induced increase in [Ca2']i

between normal and CHS platelets. Collagen-induced Ca2' mobilization was

depressed in CHS platelets, whereas ADP-induced Ca2' mobilization was slightly

inhibited in those platelets, in agreement with the data from platelet aggregation

experiments. From the experiment with the cyclooxygenase inhibitor aspirin and the

ADP receptor antagonists A3P5PS and ARL66096, the fraction of collagen-induced

Ca2' mobilization which was independent of both arachidonic acid metabolites and

ADP in CHS platellets was only about 150/o of that in normal platelets (Fig. 11). This

suggests that a Ca2' signaling mechanism which is a sequence of the direct action of

collagen is defective in CHS platelets and that this defect is more important in the

etiology of insufficient aggregation, I showed that PLC plays a crucial role in the

Ca2' signaling by collagen in bovine platelets. The collagen-induced increase in

Ins(1,4,5)P, in CHS platelets was greatly inhibited compared with that in normal

platelets. Therefore, a cause for the insufficient Ca2" mobilization in CHS platelets

is present in the pathway between the binding of collagen to receptors and the

activation of PLC.

       To address which of the collagen receptors GPIa/IIa and GPVI was impaired

in CHS platelets, I observed Ca2' mobilization induced by convulxin or rhodocytin in

platelets from normal or CHS-affected cattle. The GPVI-specific activator

 convulxin-induced increase in [Ca2']i was normal or only slightly inhibited in CHS
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platelets. Moreover, when platelets had been pretreated with aspirin and ADP

receptor antagonists, no difference in the maximum increase in [Ca2']i by convulxin

was observed between normal and CHS platelets. These results indicate that a

signaling system downstream GPVI which leads to Ca2' mobilization is nearly intact

in CHS platelets. In contrast to the case of convulxin, rhodocytin-induced increase

in [Ca2']i was greatly depressed in CHS platelets, The response to rhodocytin (10

nM) of CHS platelets was still less than that of normal platelets when the influence of

endogenous agonists was excluded. Thus, it is evident that a rhodocytin-sensitive

mechanism is impaired in bovine CHS platelets.

       It has been reported that the activation of human platelets by rhodocytin was

inhibited by anti-GPIa/IIa antibodies (Inoue et al., 1999; Suzuki-Inoue et al., in press),

and rhodocytin-induced platelet activation was independent of GPIb, which is

receptor for von Willebrand factor (Shin & Morita, 1998). Recently, Inoue group

(Inoue et al., 1999; Suzuki-Inoue et al,, in press) has provided evidence that

rhodocytin binds to GPIa/IIa and then activates human platelets. In their study, the

rhodocytin-induced Ca2+ mobilization of human platelets was sensitive to cytochalasin

D whereas the CRP-induced platelet activation was not affected by this compound

 (Inoue et al,, 1999). In vitro studies have revealed that actin binds to ct2 integrin

 chain (Fox, 1985; Kieffer et al., 1995). Furthermore, it is generally accepted that the

 cytoplasmic domain of Pl integrin chain binds to actin cytoskeleton via actin-binding

 proteins (Otey et al., 1990; Clark & Brugge, 1995). These findings imply that actin

 plays a role in GPIallla stabilization and/or its activation. Hence, the inhibition by

 cytochalasin D of the collagen-induced Ca2' mobilization is ascribed to its inhibitory

 effect on GPIa/IIa-actin complex. In this study, cytochalasin D inhibited the

 collagen-induced Ca2' mobilization, suggesting that a cytochalasin D-sensitive

 pathway is involved in the collagen-produced Ca2' signaling in bovine platelets.

 Similarly, the rhodocytin-prodUced Ca2' signaling was sensitive to cytochalasin D

 whereas the convulxin-produced one was insensitive in bovine platelets. This
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provides argument that rhodocytin is a GPIallla agonist in bovine platelets.

Therefore, I conclude that the GPIa/IIa-mediated Ca2" signaling is impaired in

platelets from CHS cattle.

      Blunted response to rhodocytin in CHS platelets suggests that the insufficient

collagen-produced Ca2' signaling in CHS platelets could be due to a reduction in the

number of GPIallla, decreased affinity of GPIa/IIa for collagen, or a decrease in an

intracellular signal generated following the binding of collagen to GPIallla. In order

to test the binding of collagen to platelets mediated by GPIa/IIa, I observed the

adhesion of platelets to acid soluble type I collagen. It has been demonstrated that

adhesion of human platelets to acid soluble type I collagen is Mg2'-dependent and is

mediated by GPIa/IIa (Santoro, 1986s Nakamura et al., 1998). The adhesion of

bovine platelets to acid soluble type I collagen was Mg2'-dependent and was inhibited

by the anti-GPIa/IIa antibody Gi9. Therefore, just like human platelets, the adhesion

of bovine platelets to acid soluble collagen is mediated by GPIa/IIa. Adhesion of

CHS platelets to this type of collagen was not different from that of normal platelets,

suggesting that the GPIa/IIa receptor is expressed normally on CHS platelets and

collagen can bind to it in a way similar to normal platelets under the experimental

condition used here. Therefore, a deficit may exist in a downstream effector of

 GPIa/IIa, which contributes to activation ofPLC, in CHS platelets.

       A simplistic understanding of the roles of GPIa/IIa and GPVI is that GPIa!IIa

 functions as a receptor for the adhesion of platelets to collagen and GPVI for the

 platelet activation (Watson, 1999). Incompatible with this model, rhodocytin by

 itself can increase [Ca2']i, suggesting that GPIa/IIa plays a role not only for the

 adhesion but also for the Ca2" signaling. It is possible that GPIa/IIa generates a

 messenger for CaiZ' mobilization independently of GPVI. However, GPIa/IIa and

 GPVI are not independent of each other, but are likely to exchange signals, because

 upon stimulation of platelets by CRP, GPIa/IIa can be converted to a form with high

 affinity for soluble collagen (Jung & Moroi, 1998), and a topographic association
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between GPIa/IIa and GPVI has been suggested (Kamiguti et al., 2000). Probably a

cooperation between GPIa/IIa and GPVI influences the adhesion and the platelet

activation in the collagen-induced response. Therefore, an alternative scheme is

possible that a signal from GPIa/IIa potentiates the GPVI-mediated activation ofPLC.

In this study, when the influence of endogenous agonists was excluded, collagen

scarcely increased [Ca2']i in CHS platelets. Since the GPVI-mediated signaling

(response to convulxin) was normal in CHS platelets (Fig. 18) and the binding of

collagen to GPIa/IIa is normal (Fig. 21), collagen should have been able to increase

[Ca2']i via a GPVI-mediated pathway in these platelets. The extremely depressed

Ca2+ signaling as a result of direct action of collagen suggests that a signal from

GPIa/IIa is necessary for collagen-induced Ca2' mobilization.

Conclusion

       The findings in this study can be summarized as follows; (i) in bovine

 platelets, major fractions of collagen-induced aggregation and increase in [Ca2"]i are

 not due to an indirect action of endogenous ADP or arachidonic acid metabolites but

 rather due to a direct action of collagen, (ii) the collagen-induced Ca2' mobilization in

 bovine platelets is mediated by PLC, (iii) the Ca2" mobilization in bovine platelets is

 different from that in human ones as to the dependency on endogenous substances and

 the sensitivity to cyclic AMP, (iv) marked inhibition of collagen-induced Ca2'

 mobilization is a primary cause for impaired responses to collagen of CHS platelets

 rather than decreased release of endogenous substances, and (v) CHS platelets have a

 deficit in a signal transduction system associated with GPIallla which contributes to

 activation of PLC. Obviously more detailed study of a mechanism underlying

 insufficient Ca2' signaling in CHS platelets is needed, especially to clarify a crosstalk

 between GPIallla and GPVI, CHS platelets are a good model to explore the

 hemostasis mechanism under physiological and pathophysiological conditions.
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rk )) /R --- ti C (P LC) wa g-E7 rs -(rN M 6 U73122 ez & O }X }XN .CVk eZ ttP $iJ S at k. ge

k= i -- lf ) VSMi /JNWN Ca2'X b7fots 5O Ca2've ptff ve re cva'tfo År B" 1 Ny t

År .yN "e v--- v(s M 6 -T 1 S b -- ]L 3 'wa lkh (Ins(1 ,4,5) P,) ve tee M U, e O tce tu VS

U73122 Vc .k tp tJllftsiJ ?IS ittc. fiM]EE!SRc Ca2+(L , fura-PE3 ilk)E 6lr?'E)ltivg- Z5 Mn2'

Elr "n it 7ec ;k ILP -F v(f• , i ii7 v-- {l7' .X/ Vzl Mn2'yÅrflFL JK )tEt TEEIiEl Li '( tlk )lti (D \}lj )ltZ z}it tee"il Vk.

Ll ltO*fi Sl foÅr 6, 3 V-- ij ) }a Ca2'X F7fots 5 0) Ca2'iZEE esff tP* ?& foÅr 6o Ca2'

zNesL JI. Cc at tp [Ca2']i ve treMve- 6 C efoSN HA 5 foÅr tts pk. ge tc , Mn2'?Nfi )E 'ÅrthMo

tg Jbn }g U73122 VZ ,lk D VC XP ftsiJ 2S ut Xcl l t Årb ts 5 , PLC Y' ig ii•gl it ÅrbS 1 iiÅr - lf .S/ Vc ,k

6 Ca2+gih fi. O rp JlÅr as it g.aU ve Sl tc '9' l e fog BA 6 foÅr e t& p tc .

    2. CHS MI iJN tfi (D ?ff ;gl 7FkO iM pa CHS Tt7 :'7t Ml /JxW (JD 1 ii L-- b' ) VC

St'g45)ffijlRJJES}1it, I[E•F!ZtIin/INWVCLt/NÅqSRi2i}ZpmfliiJ2S;itVCVÅrtc. t ut}tk CHS Ifi1

/JNW -(f Vg 1 ) - tfS .X/ foS EL ei Y'IIi Jl•filit Vg' 5 iftIE EKg tc ;k ifiU; fog IS 6 tc to (L j21; k 6 ut k.

CHS t7 ;h/ Iin iJN*291 (D 1 iÅr v--- {)' .X/ VC .k 6 [Ca2+], -lt ;fiL Vg Jfi' jEi5t VC tnl ftsTJ S at J]{5 tp ,

[Ca2+], ] ,Fl- (D ,5R F"tis!- }g V] [ie Jl•til 57' =NN :X b (1) P5. \ ve B,4il VÅr lcT lilE ut -F Cz a3 VÅr VC X(!) rEil tSft

v(f as D k. zo z: e foÅr 6 a J- ijS /N Vc dr 6 [Ca2'], kSo se '"Eis" fog, tu iJNWNnt fi

7FAEOEL 1?iOER [Å}] V(F to 6Z &a HA 6 rbÅr V(fNMDk. gek CHS MiJNWV(rN }a, =)

--  lf /x vc at 6 Ins(1,4,s)p, ojg ts foSEkvz pm zzuE at vc vÅr !c z e foÅr s, a i --- lf

)/ 2 L/t 70 57 - 0.) kSAfoÅr 6 PLC Y'iE JI•glk g( V(f a) XEEMz Sk '"Eis4 fog II5 i5 J 2; k 6 utk.

-;i- I v(F GPV I Et ijÅq5i ,51ik B9 Vz Y"ili {'lk it 'i]- 6 convulxin IB .k as GPIa/IIa )2 Y'ig jl'gl It vg- 6

rhodocytin z5ir ff] V '( (E (D l/t 70 tS7 -- Vz ;R}'F"iy' fog il6 6 rbts ve Jkei st Uk. Convulxin ez

SÅq •il) [Ca2+], "lt lfi!- Va CHS MI iJNil!iZ '1S lp "giN foÅr Vc }JP thVJ ?IS ut -( VÅrkfog, pk] liEl ilslk 57 ISS ,=

X b (D P.4\ 6lr K,lkVk{ik ILP NF 'ZF V:LEV:L R'g•xto 6 ;l't tdit foÅrv) tc. Z utkSt L! rhodocytin

vz at 6 [ca2+]i -lt # va cHs ml !INw v(s JEr glr cc gp sts ut v( ts o , jzi- o iJp su va pm pa
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'l'de7 a"=X bOk;'\ ve Kk VÅr tc1ItFVC ts VÅr VC S'E`8•h to 6 ut tc. -fi v(rN, GPIa/IIa

cc I8k# L. )tc l iiÅr v-- {i7'N .x/ ,}:1tu iJN*N (D *S 2S Vc , ii[ij tu /JN*5Z v(FIE }g ft-=8•h tt) 6 ut fg ÅrbÅrD )tc.

   L)ÅqL(JD)kili;RErkÅqAtN,AUv(, CHS •iiÅéll,fl.Il,4 (DiinfjNW'ifVa GPIa/IIa (JDF?Y7FLVz

as 6 S ijSNt]Lia ilS ma es Vz Sk Mnt fog to O , je ut fogin ijxWNwr$]F AE OIE( pa t ts D V( V

6 l e fog z-K BsfÅqa S *Lk.
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