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m.研究報告 (4000字以上で記入して下さい別紙可)

和文抄録

血管傷害による血管壁内の細胞内情報伝達の変化。

ーとくに接着斑のチロシンりん酸化蛋白の変化について一

{目的]最近、細胞と細胞外マトリックスの接着部位(foca1adhesion以下 FA)が血管

傷害にともなう様々な情報伝達に関与する可能性が指摘されている。今回このような情

報伝達に関わるとされる FAの構成分子のチロシンりん酸化が、バルーンカテーテルによ

る血管傷害によりどのように変化するか検討した。【方法11 2週令雄性 Sprague-Daw1ey

ラットの両側総頚動脈および胸部大動脈を、 sodiumorthovanadateで前処置後摘出した。

動脈中膜を界面活性剤を含む溶液中で細切・ホモゲナイズし得られた可溶画分を、抗りん

酸化チロシン抗体で免疫沈降し、同抗体および種々のFA構成蛋白に対する抗体でWestern

b10t分析を行った。また左頚動脈を Fogatyembo1ectomy catheterで傷害後、経時的に

屠殺、同様の分析を行い、非傷害右頚動脈と比較した。[結果]正常大動脈および頚動脈

ではFA構成蛋白である paxi11 inおよびfoca1adhesion kinaseのチロシンりん酸化が著

明であった。また ta1in、phosphatidy1inosito13-kinaseの弱いチロシンりん酸化が認

められた。バルーンカテーテル傷害後、 foca1adhesion kinaseのチロシンりん酸化は著

しく低下したが、 paxi11inでは変化せず、 phosphatidy1 inosi to1 3-kinaseでは増加した。

傷害早期には PDGFレセプターおよびPDGFにより活性化される phosphoー1ipase C-yの

りん酸化は認められなかった。[総括}バルーンカテーテル傷害により血管平滑筋と細胞

外マトリックスとの接着部位に局在する情報伝達分子のチロシンりん酸化状態が変化した。

この変化は増殖因子を介さず、カテーテルの機械的傷害により直接引き起こされると思わ

れた。従来指摘されている増殖因子以外に機械的刺激が直接血管細胞の反応を惹起する可

能性が示された。
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Major tyrosine-phosphorylated proteins in the rat carotid artery， FAK and 
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Abstract 

Background. Protein tyrosine phosphory1ation p1ays an important role in signa1 transduction mediated 

by cytokines and vasoactivc substanccs， and through the 1'oca1 adhcsion. Howcvcr， thc protcin tyrosine 

phosphory1ation in the normal and il~jurcd artcry has not bccn clucidatcd. Thercforc， wc attemptcd to 

identi1'y the m吋ortyrosine-phosphory1ated proteins in the normal artcry， and their changes after 

balloon iqjury. Methods and Results. Thc norma1 and balloon-injurcd carotid arterics， thc aorta， and 

other Lissues from Sprague-Daw1ey rats were pcrfuscd with sodiu!l1 vanadatc， cxcised， and then 

homogeluzed in detergent-contaIlung lysis bu1Ter. The clari1ied lissue 1ysate was subjected to 

il11munoprecipitaLion with anti-phosphotyrosinc antibody， and then ana1yzed by Western b10t with 

antibodies againsl focal adhcsion k.inase (FAK)， paxillin， and phosphotyrosine. Wcstern b10t ana1ysis 

with three di1Ierent antibodies against phosphotyrosine revealed that pp68 and pp 125 were the two 

m吋ortyrosine-phosphorylated proteins present in the normal carotid artery and the aorta. Reprobing 

with various antibodies identi1ied these proteins as paxillin and FAK. Inullunodepletion with anti-

phosphotyrosine removed FAK and paxillin， suggesting that most 01" th岱 eproteins were tyrosine明

phosphorylaled in lhc arlcry. Thc arlcry containcd grcalcr alllount of lyrosinc-phosphorylalcd FAK 

comparcd lo lhe othcr lissuωcxalluncd， including thc infcrior vcna cava and thc hcarl. Following thc 

balloon injury of thc carotid arlcry， but nol aftcr cndolhclial dcnudalion cx vivo， thc contcnt 01" FAK 

and paxilIin was dccrcasα1. Conclusions Our 1indings suggcSlcd ll1at FAK and paxillin lllay p1ay an 

important role in Ule maintenancc 01" the normal struclure and function， and in ilie r田ponscto balloon 

injury 01' the artery. 

Tyrosine phosphory1ation p1ays an important rolc in the signa1 transduction mediated by growth 

1'actors， cytokines， vasoactive substances， cell-cell or cell-matrix interaclion， and mecharuca1 stimuli 

(see reviews， 1 -2). Based on studies 'with cultured vascular cells， tyrosine phosphorylation has been 

implicated in the maintenance 01' the structure and 1'unction 01" the normal artery[3・4]as weII as in its 

r回ponsesto i吋ury[5].Activation 01' the PDGF receptor tyrosine k.inase has been studied in the artery 

2 



in vivo [6]. However， the overall state of tyrosine phosphorylation in出enormal and itリuredartery has 

not been elucidated. 

民1ethods

Antibodies: Anti-phosphotyrosine (PY20)， anti-1"ocal adhesion kinase (FAK， clone 77)， and anti-

paxillin (clone 349) 1l10noclonal antibodies were obtained 1'rol11 Transduction Laboratorics (Lexington， 

Kentucky). Anti-phosphotyrosine (4010) and anti-FAK (2A7) were obtained 1"rom Upstate 

Biotechnology， lnc. (Lake Placid， NY). Anti-phosphotyrosine rabbit IgO (RF-l) was a kind gift from 

Dr. Jiro Seki. 

Tissue preparation: Eight-week-old male Sprague-Dawley rats were killed with a lethal dose of 

pentobarbital(50 l1lglkg). Aftcr ICc-cold sodiul1l vanadate solution， containing 0.5mmoVL sodium 

or出0・vanadate，10 mmoVL phosphate bufTer(pH 7.4)， 150 llUll0VL sodium chloride， and 20 mmollL 

hydrogen peroxide， was perfused出rough出eleft ventricle of the heart under pr回sureof 110 ml11 Hg， 

the carotid artcry and thc aorta wcrc cxciscd. Aftcr thc advcntitia was rCllloved， thc remaining arterial 

tissue was l11inced in cold RIPA bulTer [7J， and hOlllogenizcd in a motor-driven Dawns homoge凶zer.

Unsolubilized l11aterial was rell10ved by centri1'ugation at 15，000 r.p.lll. for 20 l1linutes at 4. C. The 

protein conccntration of thc resulting supcrnatant， usαi as tissue lysatc， was detcrll1ined by DC-protcin 

assay kit (Bio-Rad， Hercules， CA). Each cxpcriment was repcatcd at lcast thrce till1CS with sill1ilar 

results. 

Immunoprecipitation alld Westerll hlot allalysis: Illlll1UnOprωipitation and Wcstcrn blot analysis 

wcre conductcd as rcportcd prcviously [7]， using RIPA bulTcr as thc lysis bulTcr. 

Immunodepletion: Since tyrosine phosphorylation of FAK and paxillin chang回 inresponse to 

various stimuli[8 -14]， wc exanuncd how l1luch 01:" FAK and paxillin is tyrosine-phosphorylatcd in thc 

norll1al artery. Tyrosine-phosphorylated proteins in the tissue lysate were depleted by sequential 

inununoprecipitation with PY -20・Sepharoscfour times， and then FAK was immunoprecipitatcd with 

anti-FAK antibody. 
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Tissue distribution: For the study of the tissue distribution of FAK， tissue lysate was preparαj 1'rom 

the heart， inferior vena cava， skeletal musc1e， lung， kidney， and liver. Equal amount of protein (100μg) 

1'rom each tissue was usαj for immunopr民ipitationwith PY20. 

salloon injury: The left COll1l110n carotid arteries 01:' 1ifteen 10-week-old Sprague-Dawley rats were 

denuded 01:' endothcliUlll by Ulfee passages 01:' a 2・Fballoon catheter inscrted through the left external 

carotid artery by a method reported previously[15]. After 24 h， 7 days and 17days， the content 01:' 

tyrosine-phosphorylated proteins in the injured (left) and control (right) carotid artery was examined. 

Intraperitoneal adnunistration 01:' pentobarbital (30 mg Iml) and local administration of 1 % xylocaine 

were used for anesthesia. A11 procedures were approved in advance by the institutional committee. 

Ex vivo deendothelialization: To cstimated the contribution 01' FAK and paxillin in the endotheliul11 

Ulat was removed during the balloon injury， the endothelium 01' the aorta was removed ex vivo. The 

aorta was excised， trans1'crred to cold SOdiUlll vanadate solution， and cut into two halvcs longitudinally. 

The endothelial cells 01:' one hal1:' were removed with a surgical scalpel. 

Res凶ts

Wcstcrn blot analysis with thr・ccdiffercnt anti-phosphotyrosinc antibodics， PY20， 4G 10 and RF-

1， demonstrated that t wo m吋ortyrosine-phosphorylatαj protcins， pp 125 and pp68， were pr岱entin 

bOUl thc carotid artcry and thc aorta (data not shown). Thcsc bands wcrc climinatcd following addition 

01:' exogenous phosphotyrosine， but not following addition 01' phosphoserine or phosphotllfeo凶ne，

indicating出atthese bands repr回entspeci1ically tyrosine-phosphorylated proteins. These two m吋or

tyrosine-phosphorylated proteins were identi1ied as FAK and paxi1lin by probing the 

inlll1unoprecipitate of tyrosine-phosphorylated proteins sequentially with PY20， anti-FAK， and anti-

paxillin (Fig. 1， A). In a separate experiment where FAK and paxi1lin were immunoprecipitated with 

anti-FAK or anti-paxil1in antibody， and probed with PY-20， both FAK and paxillin were also shown to 

bc tyrosinc phosphorylatcd (data not shown， but a similar 1inding also shown in Fig. 1， B， lanc 8). 

Following immunoprecipitatiol1 01' tissue lysate depleted 01' tyrosil1e-phosphorylated proteins 
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Wl出 anti-FAKantibody， there was no FAK detected ， while FAK was detected in the controllysate 

that was treated with protein G-Sepharose instead of PY20-Sepharose， indicating that most FAK was 

tyrosinc-phosphorylatαj in thc normal artery (Fig. 1， B). Thc sall1e type 01' experimcnt conducted 1'or 

paxillin dell10nstratαj that all paxillin was tyrosine-phosphorylated in the norll1al artery (data not 

shown). 

The aorta and the ca1'Otid artcry contained ll10rc tyrosinc-phosphorylated FAK than thc inJcrior・

vena cava and the heart (Fig. lC). The artery showed the greatest FAK content among the tissues 

tested， followed by the lung and the liver. As reported be1'ore[16]， the kidney and the skeletal muscle 

had only sll1all FAK contcnt (Fig. lC). InullunoprecipiLation wiLh anti-FAK antibody (data not shown) 

yielded the tissue distribution 01' FAK similar to those obtained by immunoprecipitation with PY20 

(Fig. lC). 

Balloon injury 01' the carotid artery decreased the content 01' tyrosine-phosphorylated FAK and 

paxillin (Fig.2A). This decrease was detected as early as 24 h after thc injury (Fig.2 B，C)， through 17 

days after the injury(Fig 2A， D)， Ule last time point we examined. Immunoprecipitation with anti-FAK 

antibody rcvealcd dccrcasc 01' FAK p1'Otcin (Fig 2 C)αluivalcnt to thc dccrcasc 01' tY1'Osine-

phosphorylatcd FAK dctcじtcdby illllllunoprccipiLation wiLh anti-phosphotyrosinc antibody (Fig 2 B)， 

suggcsting出atthe decrcase was not due to the dcphosphorylation 01' FAK or paxillin， but due to 

dccreasc 01' the contcnt 01' UICSC p1'Otcins thclllsclvcs. Thc contcnt 01' tyrosinc-phosphorylatcd FAK and 

paxillin in the aorta dcendothclializcd cx vivo (Fig 2 E) was not di1Tcrent 1'1'Om that in thc non-

dcendothelializcd aorta， indicating that thc dccrcasc in FAK aftcr thc balloon i吋urywas not duc to loss 

01' endothelial cells. 

Discussion 

In this study， we demonstrated that FAK and paxillin are two m吋ortyrosine phosphorylated 

proteins in Ule normal rat artery， and characterized thcsc protcins in the artery; most 01' th回eproteins 

are tY1'Osinc phosphorylatcd in thc normal artcry; thc artcry contains larger amount 01' ty1'Osine-
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phosphorylated FAK than the other components of the circulatory system; and balloon iI~jury 01' the 

carotid artery decreases thc contcnt 01' these proteins. These 1indings suggest an important l叫eo1'FAK 

and paxillin both in lllaintaining thc norlllal structurc and function of thc artcry， and in thc 

dcvcloplllent 01' vascular dysfunction aftcr ilリu山rγy

Most of t出heFAKaωn叫dpaxillin weぽretげyrosinephosphorylat匂edin the arterial wall as indicated by 

tl山h氾e1';向，瓦a礼ilu山i江rctωo detect FAK or paxiIl山lina1'1仇'tcαrimlllunodcp刊letion01' tyrosinc-phosphorylatα1 protcins. It is 

possible that FAK or paxillin arc not tyrosinc phosphorylatcd thClllsclvcs， but arc associatcd othcr 

tyrosine-phosphorylatα1 proteins， and rellloved by illllllunoprecipitation with anti-phosphotyrosinc. 

However， this is not likely bccause cach 01' FAK and paxillin was tyrosine phosphorylatcd when it was 

inlll1unoprccipitatcd with anti-FAK and anti-paxillin， rcspcctively， and probcd with anti-

phosphotyrosinc， and bccausc thc Illajor tyrosinc-phosphorylatcd protcin was FAK or paxillin 

foIIowing thc anti-FAK or anti-paxillin il1llllunoprccipitation (data not shown). 

It is intcresting that thc artcry containcd lllorC FAK than thc vcin， whilc both consist a 

continuous circulatory systclll. This diffcrcnce in FAK content may bc partly explaincd by the 

di1Iercnce in the blood prcssurcs to which the artery and the vein arc exposed， sincc the vein becomes 

artcrializcd when it is conncctcd to thc artery and cxposcd to a highcr blood pressurc [171. This 

possibility is also supportcd by thc obscrvation that tyrosinc phosphorylation of FAK in thc hcart is 

a1Tectcd by the intravcntricular prcssurc [14]. Thc diffcrcncc of blood prcssurc may cxcrt its cHcct 

directly through biolllechanical sensors [18]， indircctly through changc in thc matrix components[8 -

9J， or through gcncration of 1ll0lcじulcssuじhas PDGFいOJ，insulin-likc growth faじtor-l[11 j， thwmbin 

[12]， and angiotensin II [13 J. Our 1inding that thc artcry is abundant in FAK accords with a previous 

rcport that thc artcry is a III吋ortissuc cxprcssing FAK during thc carly dcvclopmcnt[16 J. 

FAK and its tyrosinc phosphorylation arc illlplicatcd in thc cardiac hypertrophy induced by 

pr回sureoverload [14]， in the scnsing shcar s紅白sand subsequent incrcasc 01' NO production by the 

endotheliul11 [3]， and in the survival of the ccII [4]. De1iciency 01' FAK changes ceII adhesiveness and 

cell motility， and causes lethal phenotypc in FAK-knockout mICc[19]. These reports suggest that the 
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focal adhesion in the artery. 

The vascular injury decreased the content 01' FAK and paxillin in thc injured artery. This 

dccrcasc was not solcly duc to thc cndothelialloss， sincc dccndothelialization 01' cxciscd aortas did not 

decrease thc content 01' FAK. One potential mechanislll 01' this decreasc is that via g1'Owth factors 

genぽatedat the injury sites. Insulin and insulin-like growth factor-I decrease tyrosine phosphorylation 

ofFAK出roughinsulin receptor in vitro [20]. However， there is no evidence that il1Sulin receptor is 

activated in injured arteri邸.Most 01' other growth 1'actors increase tY1'Osine phosphorylation 01' FAK [8 

-14].恥10relikcly is that thc mcchaIucal strctch associatcd with thc balloorung disturbed the 

interaction between smooth musclc integrins and the extracellular matrix， dephosphorylated FAK and 

paxillin， and subsequently decrcascd lhe contcnt 01' Ulcse p1'Otcins. Detachment 01' cells from the matrix 

dephosphorylated FAK in vitro [21]. Basαj on the observation that balloon i吋urycauses change of the 

lllalrix composition and slllooth muscle integrins， it has bcen pointed outthat signals transnultcd 

through 1'ocal adhesion may play an important role in the development of restenosis after balloon 

angioplasty[22]. Our study provides ncw evidcncc that balloon injury impairs thc intracellular 

signaling pathway of signals transnutted U1rough thc focal adhcsion. 
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Figure legends 

Figure 1. Western blot analysis of tyrosine-phosphorylated proteins in arteriaI tissue Iysat回.

A: Tissue Iysate of the aorta (AO， Ian回 1，3，and 5) and the carotid artery (CA， lan出 2，4，and 6) was 

iI1ul1unoprccipitatcd wiLh PY20， and then analyzcd by Wcstcrn blotling. Thrcc antibodics， PY20 (lancs 

1 and 2)， anti-FAK (lan回 3and 4)， and anti-paxiIIin (lan邸 5and 6) were appIied sequentiaIly to the 

same IutroceIlulose membranc. Arrows indicatc posiLions of FAK and paxiIIin. Molecular sizes are 

indicated on the Ieft. B: Tyrosine-phosphorylated proteins in tissue Iysat回 ofthe aorta were depleted 

by repeatαi iuul1unoprecipiLation with PY20-Sepharose beads (lanes 1・3，and 9・11)，and then FAK 

was inullunoprecipitated wiLh anti-FAK antibody (lancs 4 and 12). In controI deternunations， the tissue 

Iysat回 weretreatcd with protein-G Sepharose instead of PY20-Sepahrose (lanes 5・7，and 13・15)，and 

then FAK was inullunoprccipitated (lanc 8， 16). Thc IutroceIlulose mcmbrane was probed sequcntiaIly 

with PY20 (Ianes 1・8)and anli-FAK antibody (lanes 9-16). C: FAK was immunoprecipitatαj with 

PY20 from various tissucs， and dctcctcd wiLh anti-FAK anlibody. 

Figure 2. Effects of baIloon injury. A: Seventecn days after deendothcIiaIization of the Ieft carotid 

artcry with a baIloon cathctcr， thc right (cont) and Icft (injured) carotid arteries werc excised， and 

tyrosine-phosphorylatαi proteins wcre analyzαj as described in the Iegend to Fig. 1. The Iysate was 

immunoprccipitatcd(IP) with PY20 and probαj with thc samc antibOdY. Arrows indicatc positiol1S of 

FAK， paxiIIin and thc antibody(lgG). Molccular sizcs arc indicatαi 011 thc Icft. B: Twenty-four h 

after the baIIoon injury， FAK was immunoprecipitatcd with PY20， and probed with anti-FAK. C: 

Twenty-four h after the baIloon injury， FAK was immunoprccipitated with anti-FAK， and probed with 

thc same antibody. D: Thc same IutroceIIulose membranc as in A was reprobcd with anti-FAK and 

anti-paxiIIin antibodies. E: Ex vivo deendotheIiaIization. Thc aorta was cut into two halves 

IongitudinaIIy. EndotheliaI ccIls of one half wcrc rcmoved ex vivo， and FAK was immunoprccipitated 

with PY20， and probcd wiLh anti-FAK. 
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