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は　じ　め　に

我々はラット培養神経細胞を用いてグルタミン酸による興奮性神経細胞死

の過程を光学顕微鏡、共焦点蛍光顕微鏡、全反射型（ェバネッセンス）蛍光顕

微鏡で観察し、神経細胞死のメカニズムを解明してきた。その中で、興奮性細

胞死の過程で見られる細胞内アシドーシスでは、細胞内のH十を汲み出す唯一の

機構であるNa＋／H＋exchangerを阻害してもむしろアシドーシスが改善するとい

うparadoxを経験した。これは、Na＋／H＋exchanger阻害剤がアシドーシスの原因

であるミトコンドリア障害を引き起こすCa2＋流入を阻害するからであることが

分かった（YamamotoS，MatsumotoY，SuzukiY，TsuboiT，TerakawaS，Ohashi

N，UmemuraK：AnNa＋／H＋exchangerinhibitor suppresses cellular swelling

and neuronal deathinduced by glutamatein cultured cortical neurons．

ActaNeurochir［supple］86：223－226，2003；MatsumotoY，YamamotoS，Suzuki

Y，TsuboiT，TerakawaS，OhashiN，UmemuraK：Na＋／H’exchangerinhibitor，

SM－20220，is protective against excitotoxicityin cultured cortical

neurons．Stroke35：185－190，2004）。この例だけでなく、培養細胞で見ら

れる神経細胞死では細胞内へのCa2＋流入がすべてと言ってもいいほど重要な役

割を果たしており、逆にこれを阻害する薬剤は神経保護的に働く。しかし、MDA

受容体阻害剤の例のように、これらの薬剤が必ずしも個体レベル（in situ）で

保護的かどうかは明らかではない。このように培養細胞と個体レベルでの知見

のギャップは未だ大きく、培養細胞を用いた実験の必要性・重要性に疑問の余

地はないが、今後の臨床医学を念頭に置いた基礎研究におけるin situ study

の重要性を再認識させられた。この培養細胞と個体レベルでのギャップを検証

し埋めることができれば、治療を念頭に置いた基礎研究をさらに発展させるこ

とができると考えられる。また近年、遺伝子治療や細胞・組織の移植など、積

極的に分子生物学的知見に基づいた治療が実用化に向けて盛んに研究されて

いる。これらの実験的治療が安全かつ確実に臨床に応用されるためにも、遺伝

子を導入した細胞や移植した細胞が個体内でどのような振る舞いをするのか
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を捉えることが必要不可欠である。

我々は当該科研費を申請する段階で、preliminaryではあるが、ファイバー共

焦点顕微鏡、in situlipofection法による蛍光蛋白の脳での発現など、

Intravital CellImagingに必要な手技をいくつか試み、実用レベルに到達し

つつあった。本研究ではそれらを応用発展させて、Intravital CellImaging

法を開発し、これによって培養細胞（single cell）での知見をin situで検

証、両者のギャップを埋めることを試みた。具体的には、我々のところで培養

細胞での知見が集積されている「虚血性神経細胞死」をテーマとして選択し、

Ca2十シグナル、セカンドメッセンジャーシステム、ミトコンドリア障害、活性酸

素、酸化ストレスなどキーワードとする「動物の個体内での虚血性神経細胞死

における細胞レベルの反応」を検討することを試みた。

研究期間内に、ラット大脳皮質での脳虚血時における細胞内活性酸素産生の

イメージング（Intravital cellimagingムf the cerebral cortex upon

ischemia－reperfusionin rats）、ラット海馬での脳虚血時における細胞内カ

ルシウムイオン濃度変化のイメージング（Intravital cellimaging of the

hippocampusin transient forebrainischemiain rats）、ラッ下脳腫瘍での

光線力学療法における一重項酸素産生のモニタリング（Monitoringofsinglet

OXygen for the experimental photodynamic therapy of the gliomain rats）

を可能にする成果をあげ、学会発表・論文発表を行った。ここにそれらの成果

をまとめ、研究発表リスト、（I）Intravital cellimaging of the cerebral

COrteX upOnischemia－reperfusionin rats、（Ⅱ）Intravital cellimaging

Ofthehippocampusintransientforebrainischemiainrats、（III）Monitoring

Of singlet oxygenfor the experimentalphotodynamic therapyofthe glioma

in rats（巻末には、2007年5月20日－24日に大阪市で開催されたthe23rd

International Symposium on Cerebral Blood Flow，Metabolism＆Function

（Brain’07）and the8thInternational Conference on Quantification of

Brain Function with PET（BrainPET’07）に発表した3演題）を掲載する。
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研　究　発　表

（1）　出版物

1－A）英文

1．OhkuraK，KazuiT，YamamotoS，YamashitaK，TeradaH，Washiyama，N，SuzukiT，

SuzukiK，Fltjie M，OhishiK：ComparisonofpH management during antegrade

Selectivecerebralperfusionincaninemodelswitholdcerebralinfarction．JmorαC

C rr ovvαC5’∽官128：378－385，2004．

2・IbarakiK，YamamotoS，FanW，TerakawaS．AcuteDNA打agmentationdetectedby

COmetaSSayinexcitotoxicity．NeurotraumaRes16：36－38，2004

3．SakuraiT，WakazonoY，YamamotoS，TerakawaS：Slit－SCannlngmicroscopewitha

highNAo句ectivelensforanalysisofsynapticfunction．ProcSPIE5322：108－113，

2004

4・Koide M，Nishizawa S，Yamamoto S，YamaguchiM，Namba H，Terakawa S：

Nicotine exposure，mimicked smoking，directly andindirectly enhanced protein

kinaseCactivityinisolatedcaninebasilarartery，reSultinginenhancementofarterial

COntraCtion．JCbrebBloodnowAゐtab，25：292－301，2005．

5・Ibaraki K，Yamamoto S，Wang Y，Terakawa S．Morphological changes of

hippocampal neuronsin AMPA（alpha－amin0－3－hydroxy－5－methy1－4－isoxazole

PrOPionicacid）－mediatedexcitotoxicity．NburotraumaRes．17：36－38，2005

6．WangY，YamamotoS，IbarakiK，MiyakawaA，SakuraiT，TerakawaS．Freeradical

PrOduction、in ratischemic brain measured byintravitalfluorescenceimaglng．

〃e〝rOrr〟椚椚α　eg．17：24－28，2005
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7．OsawaS，KqjimuraM，YamamotoS，IkumaM，MochizukiC，IwasakiH，HishidaA，

Terakawa S・Alteration ofintracellular histamine H2receptor cycling precedes

antagonist－induced up－regulation．AmJPjwioL Gast7VintestLiverPhysiol289：

G880－G889，2005

8・YamamotoJ，HiranoT，LiS，KoideM，KolmoE，InenagaC，TokuyamaT，YokotaN，

Yamamoto S，Terakawa S，Namba H・Selective accumulation and strong

Photodynamiceffbctsofanewphotosensitizer，ATX－SlO・Na（II），inexperimental

malignantglioma．1ntJOncol27：1207－1213，2005

9．AoyagiK，Sugaya T，Umeda M，Yamamoto S，Terakawa S，TakahashiM．The

activation of exocytotic sites by the　formation of phosphatidylinosito1

4，5－bisphosphatemicrodomainsatsymtaXinclusters．JBioICゐem280：17346－17352，

2005

10・IbarakiK，Yamamoto S，FanW，Terakawa S．CometassayrevealedthatDNA

丘agmentation rapidly occurredin neuronalnecrosis．Program No．96．23．2005

舶∫加CJneweJ畑か肥化ワPb乃〝er．肝お鋸〝gわ月，pCJjbcね少々r〃e〟rO∫Cfe〃Ce，2005．

Online，2005

ll・SakuraiT，Yamamoto S，Miyakawa A，Wakazono Y，Yoshida TO，Kohno E，

Tsuchiya－SuzukiR，Wang Y，Hirukawa H，Terakawa S．Fiber－COuPled confocal

microscope（FCM）forrealtimeimaging ofcellularSignalsinvivo．ProcSPm

6088：608803－1－608803－5，2006

12・WakazonoY，SakuraiT，Ohara－ImaizumiS，NagamatsuS，YamamotoS，Terakawa

S・Intracellulardymamicsobservedbymodeswitchingofmicroscopewithalight

incidencetotheinterfaceataltemateanglesthroughtheultrahighNAobjective．

Proc肌g6088：60881Ll－60881L－6，2006
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13．YamamotoS，WangY，IbarakiK，SakuraiT，TerakawaS．Intravitalfluorescence

imaglng reVealed thatintracellular calciumion persistentlylnCreaSeSfollowlng

transientibrebrainischemiainrathippocampus・ProgramNo・588・1・2005AbstluCt

newe7γ竹加erdγPb〝〃er．抒加肋gわ刀，pC．・助Cね少々r〃e〟和∫Cね〃Ce，2005．Online，

2005

14．YamamotoS，IbarakiK，TsuboiT，SakuraiT，TerakawaS：Furtherevidenceforthe

roleofinositoltrisphosphateasanexcitotoxicdeathsignalinhippocampalneurons．

http：／／www．nature．com力cb血巧oumal／V25／nls／fu11／9591524．0446．html．online，J

Cere∂βわodFbwA血書α占25，S446，2005

15．YoshidaTO，KohnoE，SakuraiT，HiranoT，YamamotoS，TerakawaS．Modelfor

monitonng the process ofphotodymamic therapyln Patients．Proc SPIE5967：

182－186，2005

16・TsagaanB，AbeK，GotoM，Yamamoto S，TerakawaS．Segmentationofbrain

VOlume based on3－D region growing byintegratingintensityand edgefor

image－guidedsurgery．ProcSPIE6141：61412D－1－61412D－8，2006

17・TsagaanB，AbeK，IwaiK，YamamotoS，TerakawaS・Registrationoflaserrange

image of cortical surface to preoperative brain MRimagesforimage－guided

neurosurgery：Preliminaryresults．ProcSPIE6141：61412C－1－61412C－7，2006

18・NambaH，TokuyamaT，YokotaN，SakaiN，TanakaT，YamamotoS，TerakawaS，

Tsagaan B，Abe K‥　lmage－Guided Surgeryfor Gliomas．Minimalb，1nvasive

NeurosuTgeTyand肋ItidiscをプアinaTyNburotraumatolqgy．Eds．T．KannoandY．Kato．

Springer－VerlagToky02006．pp22－28，2006

19・YamamotoJ，YamamotoS，HiranoT，LiS，KoideM，KohnoE，OkadaM，Inenaga

C，TokuyamaT，YokotaN，TerakawaS，NambaH．MonitorlngOfsingletoxygenis

usefu1forpredictingthephotodymamic efftctsinthe treatmentforexperimental
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glioma．CJg乃fcdCd〃Cer月e∫，12（23）：7132－7139，2006

20・Tsagaan B，IwamiK，Abe K，NakataniH，Yamamoto S，Terakawa S．Newly

developednavigation systemforparanasalsinus surgery．1ntJ C4RSPowputer

心血JedRαdoわ幻ノα〃d∫〟曙eりリ1：502－503，2006

21．SuzukiT，KazuiT，YamamotoS，WashiyamaN，OhkuraK，OhishiK，BasharAH，

YamashitaK，TeradaH，SuzukiK，AkuzawaS，FltiieM．Effbctofprophylactically

administerededaravoneduringantegradecerebralperfusioninacaninemodelofold

Cerebralinfarction．JmoracCbrdiovascSuTg133：710－716，2007

22．YamamotoS，YamadaJ，UenoS，KubotaH，FurukawaT，YamamotoS，FukudaA．

Insertionofα7nicotinicreceptorsatneocorticallayerVGABAerglC SymaPSeSis

inducedbyabenzodiazeplne，midazolam．CerebCortex，17：653－660，2007

1－B）邦文

1．山本清二，櫻井孝司，若園佳彦，寺川　進　ビデオイメージングによる生

細胞機能解析．　医学のあゆみ　210，172－176，2004

2．山本清二，櫻井孝司，君国佳彦，寺川　進：ビデオイメージングによる生

細胞機能解析．医学のあゆみ　210：1172－1176，2004

3．小出昌代、西揮茂、山本清二、難波宏樹、寺川進：喫煙を模したnicotine

の低濃度長期暴露が脳血管トーヌスの調節に与える影響について．脳卒中の

外科（増刊号）32（脳血管攣縮20），68－73，2004
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（2）学会発表

2－Å）国際学会

l・Yamamoto S，Golanov EV：Stabilizing efftct of cerebellar fastigialnucleus

Stimulationonneuronalmitochondrialmembranepotential・ExperimentalBiology

（FASEB），2004．4．17－21，WashingtonDC，USA

2・Golanov EV，Yamamoto S：Uncoupling Protein4：POSSibleinvoIvementin

neurogenic neuroprotection．Experimental Biology（FASEB），2004．4．17－21，

WashingtonDC，USA

3・YamamotoS，TsuboiT，SakuraiT，WakazonoY，TerakawaS：Inositoltrisphosphate

Pathway as a death signalinduced by mitochondrialtoxinin the hippocampal

neurons・SocietyforNeuroscience34thArLnualMeeting，2004．10．23－27，SanDiego，

Ca，USA．

4・YamamotoS，WangY，IbarakiK，SakuraiT，TerakawaS：htravitalfluorescence

imaglng reVealed thatintracellular calciumion persistentlylnCreaSeSfollowlng

transientforebrainischemiainrathippocampus・SocietyforNeuroscience35th

AnnualMeetlng，2005・Nov12－16，WashingtonDC，USA

5・IbarakiK，Yamamoto S，FanW，Terakawa S・Comet assayrevealedthatDNA

fragmentationrapidlyoccurredinneuronalnecrosis・SocietyforNeuroscience35th

AnnualMeeting，2005．11．12－16，WashingtonDC，USA

6．YamamotoS，IbarakiK，TsuboiT，SakuraiT，TerakawaS：Furtherevidencesforthe

roleofinositoltrisphophateasanexcitotoxicdeathsignalinhippocampalneurons・

22ndIntemationalSymPOSiumonCtrebralBloodFlow，Metabolism，andFunction＆

7thIntemationalConference on Quantification on Brain Function with PET
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（Brain’05＆BrainPET’05），2005．6．7－11，Amsterdam，Netherlands

7・SakuraiT，Yamamoto S，MiyakawaA，WakazonoY，TerakawaS．Fiber－COuPled

COnfocal microscope（FCM）for real timeimaging of cellular signalsin vivo．

PhotonicsWest，2006．1．21－26，SanJose，USA

8．Yamamoto S，Wang Y，IbarakiK，Sakurai S，Terakawa S．Transientforebrain

ischemiainduceslonglastlnglnCreaSeinintracellularcalciumioninCAlbutnotin

CA3inrathippocampus．Neuroscience2006，theSociety’S36thAmalMeeting．

2006．10．14－18，Atlanta，USA

9・TsagaanB，IwamiK，Abe K，NakataniH，Yamamoto S，Terakawa S．Newly

developednavlgation systemforparanasalsinus surgery，CARS2006，Computer

AssistedRadiologyandSurgery，20thIntemationalCongressMeetlng．2006．6．28－7．1，

Osaka，Japan

2－B）国内学会

1．山本清二：光によるイメージングの現状と将来（特別講演）．第17回バイ

オメディカル分析化学シンポジウム，2004．6．4－6　西宮

2．山本清二：浜松医科大学光量子医学研究センターと医工・産学連携（特別

講演）．浜松商工会議所定例技術交換研究会，2005．3．30　浜松

3．山本清二、氾　文英、櫻井孝司、若園佳彦、坪井貴司、寺川　進：ミトコ

ンドリア障害によるイノシトール三リン酸を介した神経細胞核DNAの急性

断片化．第81回日本生理学会大会，2004．6．2－4，札幌．
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4．氾　文英、山本清二、若園佳彦、櫻井孝司、寺川　進：培養海馬神経細胞

におけるグルタミン酸によるカスパーゼ3の活性化．第81回日本生理学会

大会，2004．6．2－4，札幌∴

5．山本清二、氾　文英、櫻井孝司、若園佳彦、寺川　進：急性および遅発性

神経細胞死においてグルタミン酸により活性化されるカスパーゼ：第27回

日本神経科学大会・第47回日本神経化学大会合同大会．2004．9．21－23，大

阪

6．山本清二、山本淳考、平野　達、寺川　進、難波宏樹：光線力学療法に用

いる新規光増感剤ATX－SlONa（ⅠⅠ）による脳腫瘍イメージング．第63回日本脳

神経外科学会総会，2004．10．6－8，名古屋

7．山本淳考、平野　達、山本清二、難波宏樹：新しい光感受性薬剤ATXrSlONa（ⅠⅠ）

を用いた悪性脳腫瘍に対する蛍光診断および光線力学両方療法．第63回日

本脳神経外科学会総会，2004．10．6－8，名古屋

8．茨木京子、山本清二、若園佳彦、櫻井孝司、寺川　進：興奮性神経細胞死

における急性DNA断片化のコメットアッセイによる検出．第16回神経損傷の

基礎シンポジウム．2004．11．20，東京

9．山本淳考、平野　達、河野栄治、李　少一、小出昌代、徳山　勤、横田尚

樹、山本清二、寺川　進、難波宏樹：悪性脳腫瘍に対する光線力学療法一

近赤外微弱光検出による一重項酸素のモニタリング－．第1回日本脳神経外

科光線力学研究会．2005．2．12，東京

10．山本清二：イメージングによる神経細胞死のメカニズムの解析－1分子

から個体レベルまで－（特別講演）．第8回岡山スリースライドカンフアレ
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ンス，2005．5．11岡山市、岡山

11．山本清二：集中治療における光テクノロジーの応用（特別講演）．第13

回日本集中治療医学会東海北陸地方会，2005．6．18　浜松市、静岡

12．茨木京子、山本清二、寺川　進：AMPA受容体依存性興奮性神経毒性にお

ける海馬神経細胞の形態変化．第17回神経損傷の基礎シンポジウム．

2005．12．3．東京

13．王　勇、山本清二、宮川厚夫、横井孝司、寺川　進：生体内蛍光イメー

ジングによるラット脳虚血時のフリーラジカル産生の評価．第17回神経損

傷の基礎シンポジウム．2005．12．3．東京

14．樫井孝司、山本清二、宮川厚夫、若園佳彦、秋山　喬、寺川　進：ファ

イバ一式共焦点顕微鏡（FMC）によるin situリアルタイム細胞イメージン

グ．第82回日本生理学会大会．2005．5．18－20．仙台

15．若園佳彦、樫井孝司、宮川厚夫、山本清二、寺川　進DigitalMicromirror

Device（DMD）を照明系に用いた新たな顕微鏡システムの開発．第82回日本

生理学会大会．2005．5．18－20．仙台

16．山本純偉、山田順子、上野伸哉、窪田寿彦、山本清二、福田敦夫：ベン

ゾジアゼピンによる大脳皮質第V層のGABA作動性シナプスにおけるα7ニ

コチン受容体のinsertionはPKCを介する．第82回日本生理学会大会．

2005．5．18－20．仙台

17．山本清二、Golanov EV：小脳室頂核電気刺激による神経細胞ミトコンド

リア機能の強化．第82回日本生理学会大会．2005．5．18－20．仙台
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18．茨木京子、山本清二、氾　文英、寺川　進：コメットアッセイにより検

出された興奮性神経細胞死における急性DNA断片化．第82回日本生理学会大

会．2005．5．18－20．仙台

19．茨木京子、山本清二、蒋　文英、寺川　進：ネクローシス型神経細胞死

における急性DNA断片化のコメットアッセイによる解析．第28回日本神経科

学大会．2005．7．26－28．横浜

20．山本清二、茨木京子、坪井貴司、櫻井孝司、寺川　進：急性興奮性神経
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Intravital cellimaglng Of the cerebral cortex upon

ischemia－rePerfusioninrats

Summary

In this study，We eStablished a new seml－quantitative analysis system that can

SPatiotemporallydetectthecorticalintracellularproductionofreactiveoxygenspecies

（ROS）・Ischemia／reperfusion－dependent production ofsuperoxide radical（・02－）and

hydroxyl radical（・OH）were measured byintravitalimaging．Transient（10min）

forebrainischemia（4－VeSSelocclusion）followedby20－minutereperfusionwasinduced

by coagulating bilateralvertebralarteries and occluding bilateralcommon carotid

arteries with balloon occluders・Then thefluorescence changes of MitoSOX（a

fluorescentindicatorformitochondrial・02．generation）orhydroxyphenylfluorescein

（HPF，afluorescentindicatorfor・OHproduction）inthecortexweremeasuredundera

COnfocalmicroscope・Inthepresentstudy，theintravitalimaglngindicatedthat・02‾and

・OHproductionincreasedintheearlyperiodofreperfusionbutnotduringtheischemia・

Especially，duringreperfusion，PrOductionof・OH，tOXicreactiveoxygenspecies，WaS

moredominantthan・02－．

叫，W〝血：

forebrainischemia，reaCtiveoxygenspecies，intravitalimaglng，Cerebralcortex
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Introduction

Freeradicalscontributetothecelldamageinbrainischemia（CrossCEeta1．，1987）．

Cerebralischemia and reperfusion enhance production ofreactive oxygen species

（ROS），Which can cause membrane damage or enzymeinactivation due tolipid

PerOXidationand／orproteinoxidation（FloydRAandCameyJM，1992；HalliwellB，

1992），reSultingin disruPtion ofcellular homeostasis．Thus sensitive，SPeCinc，and

reliablemethodstodetectchangesinROSareessentialtounderstandtherolesofthese

substancesinthebothnormalanddiseasedstates．

Severalstudiesuslngelectron－SPlnreSOnanCe Showedincreasedoxygenfree

radicalformationduringischemia（ZiniIet a1．，1992；PhillisJW and Sen S1993；

PiantadosiCAandZhangJ，1996）．However，theresultsremaincontroversial．01iver

CNetal．showednoevidenceofincreasedfreeradicalsattheendof10－minischemia

ingefbil（01iverCNeta1．，1990）．Inthepresentstudy，tOanalyzethecontroversialissue，

We tried to establish a new sem1－quantitative analysis system that could

SPatiotemporallydetectthecorticalintracellularoxygenradicalchangesofadultrat

brain，andsoughttodeterminehowtheproductionofoxygenradicalscouldchangein

ischemia－rePerfusion．

Methods

Adult male Sprague－Dawley rats（300g，SLCInc．，Japan）Were anesthetized and

SPOntaneOuSly ventilated．Afterinstrumentation，bilateral vertebral arteries were

COagulated，and transient（10min）forebrainischemia wasinduced by occluding

bilateralcommoncarotidarterieswithballoonoccluders（UniqueMedicalhc．Tokyo，

Japan）・The regional cerebralbloodflow（rCBF）was measured bylaser－Doppler

nowmet町．

Toobservetheoxygenradicalproduction，Cranialwindow（3×3mm、Centerat

3・6mmcaudaland2mmlateraltotheBregma）wasmadeoverthefrontalcortex，anda
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fluorescentdye（2・5pl）was microinjected（bypressurizedbolusiItiection）into the

COrticalregion．MitoSOX（5pM，Ex／Em＝510／580nm，Molecular probes，Invitrogen，

USA），afluorescentdyeformitochondrialsuperoxide radical（・02‾）production，WaS

used．Tomeasurehydroxylradical（・OH）production，hydroxyphenylnuorescein（HPF）

（20llM，Ex／Em＝490／515nm，Daiichi Pure Chemicals，Japan），afluorescent・OH

indicator，WaSuSed．Aftermicrolrt）eCtion，Closedcranialwindowwasmade overthe

COrteX，and thefluorescenceimages were taken under a microscope（BX50WI，

01ymPuS，Japan）equipped with a confocal scanner of a microlens－attaChed

Nipkow－disk（CSU－21，Yokogawa，Japan）every30sbeforeandafterl0－minischemia．

Results

エrCβfcゐ〟J曙g血r吻ねC如洞山〟〃か甲gゆ∫わ〃加助gctげ地方

Mean arterial pressure and blood

gases were within normallimitsfor

anesthetized rats，and did not dif稔r

among the groups．During10－min

ischemia，therCBF（mean土SD，n＝6）

droppedto29士7％，andretumedto

the baselinelevel with a slight

hyperemiaafterreperfusion（Figl）．

2．C伽J哲郎　加　助g　β〟〃′錯Cg〃Cg

加わ〃∫卸q／励〃∫拡〟〃d〃PF加

助gc〃rぬ

In the control animals without

ischemia，・02‾　and・OH did not

Signincantly increase（n＝3／each）．

During　10－min ischemla，　the
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Fig．1rCBFchangefbllowing4－VeSSelocclusion
The rCBF of cortex（mean　±　SD，n＝6）was

approximately29±7％ofbaselineduring4－VeSSel

OCClusion．At the onset ofreperfusion，the rCBF
retumed to the base－linein　6　minutes with a

hyperemicpeak．
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Intravital cellimaglng Of the hippocampusin transient

fbrebrainischemiainrats

Summary

Inthepresentstudy，WeSOughttodetermine，inrats，thelCa2’］iChangesfollowing

transientforebrainischemiainhippocampus．Inanesthetized，SPOntaneOuSlyventilated

Sprague－Dawleyrats（300g），．tranSientforebrainischemiawasinduced．Toobtainthe

intravitalfluorescenceimage，We emPloyed animaging且berbundle（1．0mm outer

diameter）including　20，000　fibers（4．5　pm outer．diameter）coupled to the

microlens－attaChedNipkow－diskscanner（CSU－21，Yokogawa，Japan）equippedwith

10x obiectivelens．This重ber－COuPled confocal microscope（FCM）is capable to

ObservetheconfocalimageJuStunderthefibers．FCMwasinsertedstereotaxicallyinto

CAlandCA3regions，reSPeCtively．Flu0－3／AM（440LIM，2．5pl），alCa2＋］iSenSitive

fluorescent dye，WaS microlqjectedinto the brain，and observed before and after

ischemiawithFCM・Toanalyzetheeffbctsofischemiaonthefluorescenceintensity，

the microfluospheres（0．2トLm diameter，Similarexcitation and emissionto those of

Flu0－3）weremicroiItiectedintohippocamPuSandtheimagesweretakeninthesame

mannerasdidinlCa2＋］iimaging．Four－VeSSelocclusiondecreasedregionalcerebral

bloodflow（rCBF）measuredbylaser－DopplerflPWmetry，tO20－25％・Theydidnot

Slgnincantlydi脆rinCAlandCA3．10－minforebrainischemiaslgnifiCantlyincreased

fluorescenceintensity（mean土SD％）ofthemicrospheresinthehippocampusupto

lO8j＝5（n＝4），Whichdeclinedtothebaselinelevelfollowingreperfusion．InlCa2’］i

imaglng，therefore，thechangeinfluorescenceduringischemiawascorrected．During

lO－minischemia，thefluorescenceintensityofFlu0－3slightlyincreaseduptollO土9，

andthenincreasedto134j＝19atthe endof20－minreperfusioninCAl（n＝4）．In



24

COntraSt，inCA3（n＝5），theintensitydidnotchangeuponischemia，andatreperfusion

SlightlyelevatedtolO8±4withoutlong－lastlnglnCreaSe・During14－20minreperfusion，

thelCa2十］iincreaseinCAIwasstatisticallylarger（P＜0．05）thanthatinCA3．InCAl，

butnotinCA3，tranSientforebrainischemiainducedlonglastlngCa2＋increaseinsitu，

whereasitproducedsimilarrCBFchangesintheseregions．SincethelCa2＋］iincrease

WaSSlgnincantlylargerinCAlduringreperfusionperiod，itmightreachtotoxiclevels

andthenmediatethevulnerabilityofCAlagainstischemia．

物Wr血：

forebrainischemla，Calciumion，lntraVitalimaglng，hippocampus
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Introduction

Inculturedneurons，theincreaseinintracellularCa2＋concentration（［Ca2＋】i）playsa

CruCialrolein excitotoxicity（Yamamoto S et a1．，2003；Matsumoto et a1．，2004）．

However，in whole animals，Calcium responsefollowlngischemia remains to be

established．Especially，ChangeinlCa2’］iinthehippocampusuponischemiaremains

unclear，SincenomethodhasbeenavailabletomeasurethelCa2＋］iinthedeepstruCture

ofbrain．Inthepresentstudy，WeSOughttodetermine，inrats，thelCa2’］iChanges

followlngtranSientfbrebrainischemiainhippocampus．

Methods

Adult male Sprague－Dawley rats（300g，SLCInc．，Japan）Were anesthetized and

SPOntaneOuSly ventilated．A氏erinstrumentation，bilateral vertebral arteries were

COagulated，and transient（10min）forebrainischemia wasinduced by occluding

bilateralcommoncarotidarterieswithballoonoccluders（UniqueMedicalInc．Tokyo，

Japan）．The regional cerebralbloodflow（rCBF）was measured bylaser－Doppler

nowmet町．

To obtaintheintravitalfluorescenceimage，We emPloyed animaglngfiber

bundle（1．0mm outer diameter）including20，000丘bers（4．5pm outer diameter）

COuPledtothemicrolens－attaChedNipkow－diskscanner（CSU－21，Yokogawa，Japan）

equippedwith10Ⅹ0句ectivelens．This負ber－COuPledconfocalmicroscope（FCM）is

CaPabletoobservetheconfocalimagejustunderthefibers（Sakuraietal．）．FCMwas

insertedstereotaxicallyintoCAlandCA3regions，reSPeCtively．Flu0－3／AM（440pM，

2．5pl），alCa2’］iSenSitivefluorescentdye，WaSmicroiqjectedintothebrain，and

Observedevery30sbeforeandafterl0－minforebrainischemiawithFCM．

SincethehemoglobinabsotbsbothexcitationandemiSsionlight，ischemiamay

a飴ctthefluorescentintensityofFlu0－3insidethebrain．To analyzethe efEbcts of

ischemiaonthefluorescenceintensity，themicrofluospheres（0．2llmdiameter，Similar
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excitationandemissiontothoseofFlu0－3）Weremicroirtiectedintohippocampusand

theimagesweretakenbefbreandafter10－minischemiainthesamemannerasdidin

lCa2’］iimaging．

Results

エrCgfcゐ〟J曙g血血曙ぬぐ九g椚血〟〃dr甲g叫ぶわ〃加助g力如〃C〟〝甲〃g

Meanarterialpressureandbloodgaseswerewithinnormallimitsforanesthetizedrats，

anddidnotdifftramongthegroups．Four－VeSSelocclusiondecreasedCBF（mean土

SD％）measuredbylaser－Dopplerflowmetry，tO25土18（n＝6）inCAlandto20士11

（n＝6）inCA3（Figl）．Theydidnotsigni負cantlydifrtr．

Fig．lrCBFchangefbllowing4－VeSSelocclusioninthehippocampus
TherCBF（mean±SD，n＝6）oftheCAlregion（A）andCA3region（B）wereapproximately

20to25％ofbaselineduring4－VeSSelocclusion．Attheonsetofreperfusion，therCBF
returnedtothebase－linein6minuteswithahyperemicpeak．Therewasnostatistical
di飴rencebetweenCAl andCA3．
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Fig．5lCa2＋］iChangeinCAlisdifrerentfromthatinCA3（Correcteddata）．

Notethatduring14－20minreperfusion，thelCa2＋］iincreaseinCAl（A）wasstatisticallylarger（p

＜0．05）thanthatinCA3（B）．

Comments

InCAl，butnotinCA3，tranSientforebrainischemiainducedlonglastlngCa2＋increase

insitu，WhereasitproducedsimilarCBFchangesintheseregions．SincethelCa2＋］i

increasewasslgnificantlylargerinCAlduringreperfusionperiod，itmightreachto

toxiclevelsandthenmediatethevulnerabilityofCAlagainstischemia．Finally，We

emphasize：1）the effbct ofischemia should be carefully analyzedinthe study of

intravitalfluorescenceimaging；and2）ourmethodusingmicrosphereisusefu1．
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Monitoring of singlet oxygen fbr the experimental

Photodynamictherapyofthegliomainrats

Summary

Singletoxygen（102）generatedinphotodynamictherapy（PDT）playsaveryimportant

roletokillthetumorcells．Usinganewnearinfrared－Photomultipliertube（NIR－PMT）

system，WemOnitoredthereal－timeproductionoflo2duringPDTandinvestlgatedthe

relationshipbetweenthelo2PrOductionandphotodynamiceffbcts・WeperformedPDT

using5－aminolevulinicacid（ALA），in9Linvitrogliomacellsandinratsubcutaneous

invivo9Lgliomamodel・Wemonitoredlo2generationuslngNIR－PMTsystem，and

basedonthelo2mOnitonng，Weinvestlgatedtherelationbetweenlo2PrOductionand

photodymamiceffbcts・Wecouldobservethetemporalchangesoflo2PrOductionduring

PDT・Atalowfluenceratethelo2Signalgraduallydecreasedwithalowpeak，Whileat

ahighfluence rateit decreasedimmediatelywith a highpeak．Consequently，the

cumulativelo2at・alowfluenceratetendedtobehigher，Whichinducedastrong

Photodymamiceffbct．Alowfluenceratetendedtoinduceapoptoticchange，Whilea

highfluenceratetendedtoinducenecroticchange．Theresultsofthisstudysuggested

thatthemonitorlngOflo2enablesustopredictthephotodymamice飴ctandthenallows

ustoselecttheoptlmallaserconditionsforeachpatient．

Keywords：

glioma，5－aminolevulinicacid（5－ALA），aPOPtOSis，neCrOSis，Photomultiplier
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Introduction

Photodynamic therapy（PDT）is very useful fbr severalkinds ofcancers．PDTis

Performed uslng a Photosensitizer，Whichis selectively taken up and retained by

neoplastictissue．Whenactivatedbyalaser，thephotosensitizercausesdirectcelldeath

bygeneratingsingletoxygen（102）（WeishauptKRetal．1976；SchweitzerCand

SchmidtR2003）．Ifdetectinglo2is possible duringPDT，We mightbe able to

determinetheoptlmalconditionofeachphotosensitizer・Ingeneral，102generatedby

PDT undergoes radiant decay，thus resultingin emission at1270－nmlight

（Near－infraredluminescencedetection）（KrasnovskyAA，Jr．1998）．Forthedetectionof

near－infraredluminescence，aneWNIR－PMTsystem（H9170－45，HamamatsuPhotonics

K・K・，Hamamatsu，Japan）hasrecentlybeendevelopedandminiaturizedforclinical

application・Inthisstudy，uSinganewnearinfrared－Photomultipliertube（NIR－PMT）

system，We mOnitored the real－time production oflo2　during PDT with

5－aminolevulinic acid（5－ALA）andinvestigatedtheielationshipbetweenthelo2

PrOductionandphotodynamiceffbcts．

Methods

一仙J由りJ血g．＼1こ軌り甘く…（JβJ・山J川〝〃…・“イ／〟〃ビHJJJd〟〃／肌油

UsinganewNIR－PMTsystem（H9170－45，HamamatsuPhotonicsK．K．，Hamamatsu，

Japan），1270－nmluminescence，Whichoriginatedfiomlo2throughtheinterferedfilter，

WaSCOllectedintothePMT（Fig・1）・ThephotoncountSWereintegratedevery10and

15Sfor5－ALA－induced protoporphyrinfor thein vitro and thein vivo studies

respectively．

9LgliomacellswereculturedforseveraldaysinRPMI1640mediumwith

lO％fbtalcalfserumat37℃beforeuse．MaleFischer344rats（9W）purchasedfrom

SLCInc・（Hamamatsu，Japan）wereusedfortheinoculationof9Lgliomacells．
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Fig．1Principleofthesingletoxygendetection

lo2generatedbyPDTundergoesradiantdecay，thusresultinglnemissionat1270－nm

light Using a new nearinfrared－Photomultiplier tube system（H9170－45，Hamamatsu
PhotonicsK．K．，Hamamatsu，Japan），1270－nmluminescence，Whichoriginated丘omlo2

throughtheinterfbred丘Iter，WaSCOllectedintothePMT．

肋〃如け加g〆02prOゐC血〃加C〟ぬred鉱gJわ∽αCe肋

9LgliomacellswereincubatedwithcompletemediumcontainlnglOmM5－ALAfor4

hours・The samples were removed andimmediatelytransferred tothe cuvette and

measuredl02PrOductionduringPDT．Thesamplewereirradiatedat80mW／cm2（400

S），160mW／cm2（200S）and240mW／cm2（133S）（n＝3）．Totalfluencewas32J／cm2at

eachgroup．AfterPDT，tumOrCells（1×104／well）wereseededin96－Wellplatesand

incubated with　fresh medium．The cell viability　was determined using the

tetrozolium－basedcolorimetriC（MTT）assayat24hoursafterPDT．

肋〃如け加gげ伽Jqpro血C血刀加α和‖〝椚Or〝70鹿7

9L glioma cells（lxlO6cells）wereimplantedinthe skin ofrats．13dayslater，
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intratumoralirradiationofthesubcutaneoustumorswasperfbrmed（YamamotoJetal．

2005）at30mW／cm（900S），60mW／cm（450S）and120mW／cm（225S）4hafterthe

intravenousadministrationof5－ALA（100mg／kg）（n＝6）．Totalfluencewas27J／cmat

eachgroup．

Therea魚er all animals were sacri負ced at48h after PDT under the deep

anesthesia．The tumor tissue specimens were removed and stained with

2，3，5－triphenyltetrazoliumchloride（TTC）todeterminethetumordeath．

Results

Rg〟ん血g椚〃〃如r吻げ702pr〝血C血〃血巾gPpr加C〟〟〟rg。比g肋椚〟Cg肋

Wecouldobviouslydetectthetemporalchangesoflo2PrOductionduringinvitroPDT

usingNIR－PMT system（Fig．2－a，b，C）．Undera丘xednuence，thecumulative102

PrOductionincreasedasthenuenceratedecreased（Fig．2－d）．Thestatisticaldi飴rences

between80mW／cm2andtheothergroupsweresignincant（Fig．2－d）．
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Fig・2The temporalchanges of102

PrOductionin9LcellsduringPDT・

9Lcellswereincubatedwith5－ALA（10

mM）for4h andexposedtolaserlight
（n＝3）．ThecontroIwasincubatedwithout

5－ALA（n＝3）．Totalfluencewas32J／cm2．

a）80mW／cm2（400S），b）160mW／cm2

（200S），C）240血W／cm2（133S）．The

cumulativelo2COuntSduringPDTat

each　fluence rate（d）Note that the

cumulativelo2PrOductionincreasedas
the　fluence rate decreased．The data

representthemean土SE，＃p＜0．05
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The cellviability revealed statisticaldifftrences between the5－ALA－treated

group and theirradiation alone group at the sameirradiance（Fig．3）．Although no

Slgnincantdiffbrenceswereobservedamongthesamplesintheirradiationalonegroup，

thedifftrencesbetween80mW／cm2andtheothersampleswerestatisticallyslgn沌cant

inthe5－ALA－treatedgroup．

Fig．3CellviabilityevaluatedbyanMTTassay

Thecontrolgroupandtheshamgroupwereincubatedwithneither5－ALAnor

lightexposure・Theshamgroupwashandledastheirradiationwasdonebut

Withoutanyirradiation（Shamirradiation）．Thedatawereshownasapercentage

OfthecontroIvalue．Thedatarepresentthemeanj＝SE，＃p＜0．05，＃＃p＜0．01．

The types oftumor celldeath，ie，aPOPtOSis or necrosis，Were analyzed by

fluorescenceimaglnguSlnganneXinV－FITCandPIstainlng，nuOreSCenCe－basedcell

deathdetection．ThecelldeathoccurredslowlyafterPDTinallgroups，butthetotal

numberandtheproportionvaried．Themqjorityofcelldeathin80mW／cm2（100S）and

80mW／cm2（200S）showedearlyorlateapoptosisinanytime．Ontheotherhand，the

greaterpartofthecellsin240mW／cm2resultedinnecrosis（Fig．4）．
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Desplte Ofthe samerate offluence，adiffbrenceinthefluenceraterevealed

diffbrentphotodynamic efftctsin experimentaltumors（Fig．6）．The photodynamic

effbctin30mW／cmgroupwasthestrongest（Fig．6）．Thedifftrenttypesofcelldeath

OCCurred between30mW／Cm group and120mW／cm group・Though each group

Showedtheapoptoticchangesintheboundaryzonesbetweenthecoagulationnecrosis

andthesurvivlngtumOrCells，thenumberoftheapoptoticcellswasmorein30mW／cm

group than thatin120　mW／cm group（data not shown）．In addition，the

TUNEL－POSitivecellsintheformer（98％）alsosigniRcantly（P＜0．01，n＝6，）increasedin

COmParisonwiththelatter（68％）．

Comments

Fig．6　The photodynamic

effect evaluated by TTC

Staim．

The data were shown as a

PerCentage Ofthe total cross

SeCtionsin each tissue．The

datarepresentthemean士SE，

＃＃p＜0．01．

Wehavefoundthatthedi飴rentconditioninlaserirradiationvariedlo2PrOduction

regardingthe peak and decay ofthelo2Slgnal・During PDTuslng5－ALA，the

irradiationwithalowfluencerateshowsalonglastlnglo2generation・Tothecontrary，

ahighfluenceratedidnotdoso．Ourresultsindicatedthattheoptlmalconditionof

irradiationshouldbedecidedbasedonthelo2generation・

ThelaserirradiationafterphotobleachinglSeXCeSSiveandmaydamagenormal

tissue（PowersSK，etal．1991；WalstadD，etal．1992；ChenQ，etal．1996）．However，
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1NTRAVITAL IMAGING REVEALS TIIAT TRANSIENT FOREBRAIN

ISCHEMIAINDUCES LONG－LASTINGINCREASEININTRACELLULAR

CALCIUMIONCONCENTRATIONINRATHIPPOCAMPALCAl

S・Yamamoto，Y．Wang，A．Miyakawa，T．Sakurai，K．Ibaraki，S．Terakawa

仙′Jり′′・l九一（〟川／仇，W‘〃・【ノ～（t仙り・．〃州J‘′仙JJ・WJ（一両l・丑、小　∫（・／J川′／ィ．1ん（／ん血ぐ．

〃〃仙J〃払出●JJ．ノ叩｝（川

INTRODUCT10N：In cultured neurons，theincreaseinintracellular Ca2＋

concentration（lCa2＋］i）playsacruCialroleinexcitotoxicity．However，inwholeanimals，

Calciumresponsefollowlngischemiaremainstobeestablished・Especially，Changein

lCa2’］iinthehippocampusuponischemiaremainsunclear，Sincenomethodhasbeen

availabletomeasurethelCa2’］iinthedeepstruCtureOfbrain．Inthepresentstudy，We

soughttodetermine，inrats，thelCa2’］iChangesfollowingtransientforebrainischemia

inhippocampus．

METHODS：In anesthetized，SPOntaneOuSly ventilated SD rats（300g），bilateral

Vertebralarterieswerecoagulated，andtransientforebrainischemiawasinducedby

OCCluding bilateral common carotid arteries with balloon occluders．To obtain the

intravitalfluorescenceimage，We emPloyedanimaging且berbundle（1．0mm outer

diameter）including　20，000　Rbers（4．5　Llm Outer diameter）coupled to the

microlens－attaChedNipkow－diskscanner（CSU－21，Yokogawa，Japan）equippedwith

10X Objectivplens・This nber－COuPled confocalmicroscope（FCM）is capable to

Observetheconfocalimagejustunderthe丘bers（1）．FCMwasinsertedstereotaxically

into CAl and CA3regions，reSPeCtively．Flu0－3仏M（440pM，2．5pl），alCa2’］i

SenSitivefluorescentdye，WaSmicrolrUeCtedintothebrain，andobservedevery30s

beforeandafter10－minforebrainischemiawithFCM．Sincethehemoglobinabsorbs

bothexcitationandemissionlight，ischemiamayafftctthefluorescentintensityof

Flu0－3insidethebrain．Toanalyzetheeffbctsofischemiaonthefluorescenceintensity，

thefluorescentbeads（0．2pmdiameter，Similarexcitation and emissionto those of

Flu0－3）weremicroiniectedintohippocampusandtheimagesweretakenbeforeand
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after10－minischemiainthesamemannerasdidinlCa2’］iimaging．

RESULTS：Four－VeSSel occlusion decreased CBF（mean土SD％）measured by

laser－Dopplerflowmetry，tO25土18（n＝6）inCAlandto20士11（n＝6）inCA3．Theydid

not signincantly difftr・10－minforebrainischemiaincreasedfluorescenceintensity

（mean士SD％）ofthebeadsinthehippocampusuptolO8j＝5（n＝4），Whichdeclinedto

the baselinelevelfollowlngrePerfusion．In allmeasurements，theischemiashowed

signincantincrease（102j＝2，n＝12tolO6j＝4，n＝84，P＜0．01）．InlCa2＋】iimaging，

therefore，thechangeinfluorescenceduringischemiawascorrected・Duringl0－min

ischemia，thefluorescenceintensltyOfFlu0－3slightlylnCreaSedupto110士9，andthen

increasedto134士19attheendof20－minreperfusioninCAl（n＝4）．Incontrast，inCA3

（n＝5），theintensitydidnotchangeuponischemia，andatreperfusionslightlyelevated

to108j＝4withoutlong－1astingincrease．During14－20minreperfusion，thelCa2＋］i

increaseinCAIwasstatisticallylarger（p＜0．05）thanthatinCA3．

COMMENTS：hCAl，butnotinCA3，tranSientforebrainischemiainducedlong

lastlngCa2＋increaseinsitu，WhereasltPrOducedsimilarCBFchangesinthesereglOnS・

SincethelCa2’］iincreasewassignincantlylargerinCAlduringreperfusionperiod，it

mightreachtotoxiclevelsandthenmediatethevu1nerabilityofCAlagainstischemia．
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ALPHA－AMIN0－3－HYDROXY－5－METHYL－4－ISOXAZOLEPROPIONICACID

（AMPA）　RAPII）LY INI）UCES DNA FRAGMENTATION OF THE

HIPPOCAMPALNEURONSINTHEINITIALSTAGEOFNECROSIS

K．Ibaraki，S．Yamamoto，Y．Wang，A．Miyakawa，T．Sakurai，S．Terakawa
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〃‘J仙J川（JJ・川‥人〝）〟〃

INTROI）UCTION：Under the video enhanced contrast－difftrentialinterference

COntraSt（VEC－DIC）microscope，theintact cultured neurons showlarge nuclei

COntainlng an amOrPhous nucleoplasm，and an application of glutamateinduces

granular struCtureinside the nucleus within20minutes（1）．This nuclear change

COrreSPOnds to DNAfragmentation，indicatlng that the extracellular stimuliwould

affbctthenuclearDNAintheveryearlystageofexcitotoxicity（2）．However，Whether

alpha－amin0－3－hydroxy－5－methy1－4－isoxazole propionic acid（AMPA）could produce

thecomparablechangeremainsunclear．Inthepresentstudy，WeSOughttodetermine

thesoleefftctsofAMPAapplicationonthehippocampalneurons．

METHODS：Dissociatedhippocampalcultureswereprepared丘omone－dayoldWister

rats，and usedfor the experiment three weekslater．MorphologlCal changesin

hippocampal neuronsinduced by AMPA were observed under the VEC－DIC

microscope．Todetectthetypeofcelldeath，thatis，neCrOSisorapoptosis，hippocampal

neurons were stainedfo1lowing AMPA applicationwithpropidiumiodide（PI）and

fluorescein－4－isothiocyanate（FITC）conjugated annexin V（armexin V－FITC），and

examinedunderthefluorescencemicroscope．DNA舟agmentationwasassesseduslng

COmetaSSay，aSlngle cellgelelectrophoresis assay．To assess the seventyofDNA

fragmentation，We Classi且edDNA damage丘om gradel（no damage）to5（SeVere

damage）byvisualscoring．＿

RESULTS：Under the VEC－DIC microscope，COntinuous exposure to higher

COnCentration of AMPA（100トLM，1mM）Jdose－dependently showed the nuclear








