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は し が き

外傷などによる脊髄損傷はその後の機能的回復が多く望めないため、医学的、

社会的にも大きな問題となっている。これは、切断された軸索の再生は中枢神

経においてはほとんど生じないという事実によるところが大きい。現在、切断

された軸索を再生すべく栄養因子の投与や遺伝子改変の試みがなされ、また、

神経回路網再構築のために幹細胞を用いた研究も盛んに行われているが実用化

にいたる過程にはまだ解決しなければならない問題も多い。これらの点を考慮

すると、脊髄損傷や変性疾患において再生により機能を回復する事に加え、損

傷を最小限にとどめ機能温存を図る事が重要になってくると考えられる。

我々はオリゴデンドロサイ トが2種 のセリンプロテアーゼを発現し、損傷等の

傷害時にその発現が増強する事を見出してきた。今回の課題による研究ではこ

れらのプロテアーゼの機能に迫るために、基質候補の探索と遺伝子ノックアウ

ト動物における表現型解析を行った。
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Introduction

Thepathophysiologyofspinalcordinjury(SCI)involvesprimaryandsecondary

mechanisms.FollowinganinitialimpactafterSCI,thereisdelayedandprogressive

periodofsecondarydamagethatcontributestothelossofsensoryandvoluntarymotor

function(Luetal.,2000Parketal.,2004).Thissecondaryphaseofinjuryincludes

ischemia,inflammation,glutamateexcitotoxicity,andneuronalorglialcelldeath.

Theseprocessesaremediatedbychangesintheconstitutionofavarietyof

extracellularmatrixcomponents(Banes,1983Sanes,1989),growthfactors(Mocchetti

andWrathall,1995),andproteolyticcascades(KrystosekandSeeds,1981Monard,

1988;Seedsetal.,1990).Severalgroupshavenowdemonstratedthat

oligodendroglialcelldeathandsubsequentdemyelinationhavebeenshowntobe

involvedinthepathologyofthespinalcordfollowinginjury(Blight,2002Luetal.,

2000;Parketal.,2004;TatorandFehlings,1991).Oligodendrocytesextendtheir

processestomyelinateaxonsintheCNS.Poormyelinationofsurvivingaxonsmaybe

involvedinpermanentfunctionalimpairments.Oligodendrogliallossand

demyelinationcauseconductiondeficitsinmyelinatedaxons,thatcouldbetreatedby

improvingthefunctionofsurvivingnervefibers,evenintheabsenceofregeneration.

Sinceoligodendrocyteshaveproteaseactivity,whichmightcontributetothe

pathologyafterSCI(Berletetal.,1984),theidentificationandcharacterizationofkey

enzymaticplayersmaysuggestnewtherapeutictargetstoreducelesionloadand

promoteremyelination.Kallikreinsareserineproteasesthatcomprisearecently

identifiedlargeandcloselyrelated15-memberfamilyinhuman.Micearereportedto

carryupto37kallikreingenesincludinghomologousgenestonewlyidentifiedhuman

kallikreins.Thesekallikreinsincludebothregulatory-anddegradative-type

proteases,servingavarietyofphysiologicalfunctionincludingregulationofblood

pressure,neuronalhealth,andtheinflammatoryresponse(BorgonoandDiamandis,

2004Borgonoetal.,2004Diamandisetal.,200401ssonandLundwall,2002).

Neuropsinisakalliklein-likeserineproteasewhosemRNAisconstitutivelyexpressed

specificallyintheneuronsofthelimbicsystemoftheadultmousebrain(Chenetal.,

1995;ShiosakaandYoshida,2000;YoshidaandShiosaka,1999).KLKSwasassigned

tothegenefbrthehumananalogue(Ybshidaetal.,1998;Yc)usefet8ム2003).

Biochemicalanalysisofrecombinantandnativeneuropsinsuggestedthatitisan
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extracellulartrypsin-typeproteasewitharelativelynarrowspectrumofsubstrates

(Shimizuetal.,1998).Ourpreviousexperimentsshowedthattraumaticand

excitotoxicinjuryinducedexpressionofneuropsinmRNAintheareasurroundingthe

lesionintheCNS(Terayamaetal.,2004Zbmizawaetal.,1999}.Combinedinsitu

hybridizationandimmunohistochemistryrevealedthatmostofthecellsexpressing

neuropsinmRNAwerematureoligodendrocytes(Tbrayamaθ`81,2004).

AlthoughupregulationofneuropsinexpressionafterinjurytotheCNShas

beenreported,thefunctionalrolesofneuropsinarenotfu皿ycharacterized.Using

crushinjurymodel,whichisawellcharacterizedandconsistentlyreproducible

modelofspinalcordinju】rythatallowsevaluationofbothce皿biologyandbehavior

(Faulkneretal.,20041nmanetal.,2002),weexaminedchangesintheexpression

ofneuropsininwild-type(WT)miceandassessedfunctionalandhistopathological

changesinneuropsin・deficient(neuropsin'ノ')mice.
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Materialsandmethods

Mice

BothWTandneuropsin.1'(n=12ineachstrain)micewerebredfromheterozygous

(neuropsin+りmice.Theheterozygousmicewereproducedbybackcrossingwith

C57BL/6micefor10generations.CompletelossofneuropsinmRNAwasconfirmed

bycDNAprobecoveringexon2-4includingtheregionofhistidineresidueessentialfor

proteolyticactivity(Hirataetal.,2001Kiriharaetal.,2003).Micewerebred

in-house(DivisionofLaboratoryAnimalResourcesatAsahikawaMedicalCollege),

controlledfortemperature(20°C),andmaintainedwithadailylightperiodof12hr.

Adult(6-to8-week-old)micewereusedinallexperiments.Paralyzedmicewere

giveneasyaccesstofoodandhandwateredatleasttwicedaily.

Surgery

TheprocedurewasapprovedbytheInstitutionalCommitteeforExperimental

animals.Micewereanesthetizedwithanintraperitonealinjectionofpentobarbital

sodium(Nembutal,40-50mg/kg).Underadissectingmicroscope,alaminectomywas

performedattheT101eveltomakecrushinjurieswithnumber5Dumontforceps

grounddowntoatipwidthofO.5mm.Forcepsweusedinthisreportweremodified

withaspacersothatatmaximalclosureaO.6mmspaceremained(Faulkneretal.,

2004).Afterthewoundwassutured,animalswereallowedtosurvivefor1,4,7,10

and14days.

Behavioralanalysis

WTandneuropsin'1'mice(n=12ineachstrain)wereevaluatedusingtwo

behavioraltasksselectedtoassesshindlimbfunctionafterSCI.

Openfieldlocomotortask.Micewereevaluatedinanopenfieldbythesameone

ortwoobserversblindedtotheexperimentalconditionandreceivedascorefor

movementofeachhindlimbusingtheBassoBeattieBresnahan(BBB)motorrating

scale(Bassoetal.,1995).Thisisa22-pointscale(scoresO-21)thatsystemically

detailshindlimbfunctionofjointmovement,steppingability,thedegreeoffinecontrol

ofcoordinatedsteppingandtrunkstability.Briefly,beginning5dayspriortoSCI,

animalswereacclimatedinanopenfieldarenafor5mindurations.Onthedayof
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SCI,allanimalshadascoreof21.Testsessionswere4minindurationandmice

weretestedatdays1,4,7,10,and14postinjury.

Rotorod.Toassessbalanceandabilitytocoordinatestepping,animalswere

placedonasinglelanerotorod(UgoBasileBiologicalResearchApparatus,

Comerio-Varese,Italy)forthreetrialspersessionatdaysO,1,4,7,10,and14

postinjury.Therotorodwassetforconstantaccelerationfrom3.Oto30rpmover300

sec,andanimalswerescoredonsecondstofall.Eachtrialwasscoredindividually

andaveragedforafinalscorepersession.

Tissuepreparation

Anothergroupofmice,differentfromthatforbehavioralanalysis,wereusedfor

histopathologicalevaluations(n=30).AtdaysO,1,4,7and14post-injury,animals(n

=3perstrainateachtimepoint)werere-anesthetizedandperfusedtranscardially

withsalinefollowedby4%paraformaldehydeinO.1Mphosphatebuffer(PB,pH7.4).

Thespinalcordincludingthelesionwasremoved,post丘xedovernightinthesame

丘xative,andthenimmersedin30%sucroseinO.1MPBfbr1・2day8.The8pinalcord

wasthenfrozeninpowdereddryice,embeddedinTissue-Tek(Miles,Elkhart,IN)

optimalcuttingtemperaturecompound,andstoredat‐80°Cpriortouse.Frozen14

ｵmtransversesectionsofthespinalcordwerecutonacryostatandmountedonto

silane-coatedslides.Sectionswereprocessedfordetectionofmultiplemarkerstofind

thedifferencesbetweenWTandneuropsin'1'miceafterSCI.

Insituhybridization

Insituhybridizationwasperformedusingdigoxigenin{DIG,RocheMolecular

Biochemicals,Mannheim,Germany)-labeledcRNAprobeforneuropsinmRNA.The

methodusedforinsituhybridizationwasdescribedinpreviouspapers(Chenetal.,

1998;Terayamaetal.,2004;Yoshidaetal.,1994).Inbrief,slidemountedsections

werepostfixedin4%formaldehydeinO.1MPB,theninO.1MPB,andincubatedin10

ｵg1mlofproteinaseK,50mMTris・HCI(pH7.5),and5mMEDTA(p且8.0)for5minat

RT,followedbyO.25%aceticanhydrateinO.1Mtriethanolamine(p且8.0){br10minat

RT,andfinallywashedinO.1MPB.Thesectionsweredehydratedanddefattedin

gradedalcoholsolutionsandchloroform,respectivelyandair-driedbeforeapplicationof
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thehybridizationbuffercontaining50%deionizedformamide,10%dextransulfate,

0.2%sarcosyl,0.5mg/mlofyeasttRNA(Sigma,StLouis,MO),0.2mg/mlofdenatured

salmonspermDNA(Sigma),andlxDenhardt'ssolution(Sigma).Prehybridization

wascarriedoutat55°Cforlhwithhybridizationbuffer.Hybridizationwas

performedovernightat55°Cinahumidifiedchamberwithhybridizationbuffer

containing10ng/100ｵloftheDIG=labeledcRNAprobe.Thehybridizedsectionswere

washedin4xstandardsalinecitrate(SSC)buffer(pH7.4)for20minandthenin50%

formamide/4xSSCbufferat60°Cfor30min.Excessprobeswereremovedwith

2ｵg/mlofRNaseAin10mMTris・ 且Cl,1mMEDTA,andO.5MNaCl.Sectionswere

equilibratedwithbuffer1(100mMTris・ 且Cland150mMNaCl,pH7.5),then

incubatedinbuffer2(1%Rocheblockingreagent,100mMmaleficacid,and150mM

NaCI)atRTforlhandincubatedwithalkalinephosphatase-anti-digoxygenin

antibody(RocheMolecularBiochemicals)atadilutionof1500inbuffer2forlh.

Sectionswerewashedinbuffer1,equilibratedinbuffer3(100mMTris・ 且Cl,100mM

NaCl,and50mMMgCl2,p且9.5)anddevelopedfor48hinthedarkwith10%

polyvinylalcoholinbuffer3containing3.75ｵUmlof5-bromo-4-chloro-3-indolyl

phosphate(BLIP,RocheMolecularBiochemicals)and5ｵUmlofnitrobluetetrazolium

(NBT,RocheMolecularBiochemicals).Developmentwasstoppedbywashingwith

buffer4(10mMTris・HCIandlmMEDTA,p且8.0).Theslideswerethen

coverslippedwith50%glycerolinbuffer4.Thespecificityofthehybridizationsignal

wasverifiedbycomparingadjacentsectionshybridizedwith.antisenseandsense

probesofcomparablespecificactivity.

InsitudetectionofDNAfragmentation(TUNED

Terminaldeoxynucleotidyltransferase(TdT)-mediateddeoxyuridinetriphosphate

(dUTP)-fluoresceinnickendlabeling(TUNEL)wasperformedforthedetectionof

fragmentedDNA.ThesectionswereincubatedintailingbuffercontainingO.1mM

ATP,0.05mMfluorescein12-dUTPand25U/ｵlterminaldeoxynucleotidyltransferase

for60minat37°C.Thesectionswerecounter-stainedwithHoechst33342.Some

sectionswerefurtherprocessedforimmunofluorescencelabelingwithcell-specific

markersasfollowsmousemonoclonalanti-glialfibrillaryacidicprotein(GFAP,Sigma;

1:5,000)toidentifyastrocytes;mousemonoclonalanti・2'3'・cychcnucleotide
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3'-phosphodiesterase(CNPase,Sigma;12,000)toidentifymatureoligodendrocytes;

mousemonoclonalanti-microtubule-associatedprotein2(MAP2,Sigma11,000)to

identifyneuronsratmonoclonalanti-F4/80(BMABiomedicalAG,Augst,Switzerland

1500)toidentifymacrophagesandmicroglialcells.ThenumberofTUNEL-positive

cellsinfiverandomlyselectedsectionswithin400ｵmrostralandcaudaltothe

epicenterwascountedateachsurvivaltimepoint.Thedatafromthreeindividual

experimentswererepresentedasthemeannumberofcellstSEMandusedfor

statisticalanalysis(analysisofvariance[NOVA]withposthocFisher'sprotected

leastsignificantdifferences[PLSD]testandStudent'sttest).

Immunohistochemistry

ThesectionswereimmersedinPBScontainingl%TritonX-100andO.3%hydrogen

peroxideforlh.Non-specificantibodybindingwasblockedwith3%normalgoat

seruminPBScontaining2%BSAforIl1.Subsequently,sectionswereincubated

overnightwithmonoclonalantibodyagainstCNPaseatadilutionof1:2,0000r

non-phosphorylatedneurofilament-H(SMI32;SternbergerMonoclonal,Lutherville,

Maryland)atadilutionof1:5,000.Afterbeingwashed,sectionswereincubated

withbiotinylatedgoatanti‐mouseIgG(VectastainEliteABCKit,Vector

Laboratories,Burlingame,CA;1:200)in2%BSAinPBS.Thiswasfollowedby

incubationwithstreptavidine‐horseradishperoxidase(YectastainEliteABCKit,

VectorLaboratories)andvisualizationwith3,3'-diaminobenzidine(DAB).The

primaryantibodywasomittedfornegativecontrols.Thenumberof

CNPase-imunoreactivecellsinthewhitematteroffiverando皿lyselectedsections

witllin400μnrostralandcaudaltotheepicenterwascountedateachsurvival

ti皿epoint.Thedatafromthreeindividualexperimentswererepresentedasthe

meannumberofcells圭SEMandusedforstatisticalanalysis(Student'sttest).

Anterogradetracttracingwithbiotinylateddextranamine(BDA)

ToinvestigatethedifferencesinaxonaldegenerationbetweenwTand

neuropsin-/-miceafterSCI,tllreeanimalsineachstrainwithorwithoutSCIwere

gentlyinjectedwithlO%solutionofBDA(MWlO,000;MolecularProbes)intothe

sensorimotorcortexusinga30GneedleconnectedtoalμlHamiltonsyringe(#86200,
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HamiltonCompany,Reno,NV)atthedayofSCI.Threeinjections(0.3μeach)

weremadeat1.OmmlateraltothemidlineatO.0,0.5,1.Ommposteriortobregma,

andatdepthofO.5mmfromthecorticalsurface.Theanimalswereperfusedwith

4%paraformaldehydeinO.lMPBI4daysafterSCI.Aftercryoprotection,frozen

spinalcordsectionswereseriallycutat20μ1inallorizontalplaneandmounted

ontosilane-coatedslides.SectionswerewashedinPBSwithO.3%hydrogen

peroxideforlh,andthenincubatedovernightwithstreptavidine‐horseradish

peroxidase(VectastainEliteABCKit,VectorLaboratories)andvisualizationwith

DAB.ThenumberofCSTfibers1.Ommrostralandcaudaltothelesionepicenter

wascountedatleast5sectionswithinlOO-300μndorsaltothecentralcanal.

Thedatafromthreeindividualexperimentswererepresentedasthemeannumber

offiberspersectionandusedforstatisticalanalysis(Student'sttest).

Real-timequantitativePCR

AfterpostoperativeperiodsofO,1,4,7,and14days,anothergroupofmice

(n=30)weregivenalethaldoseofanesthetic(100mg/kg),alaminectomywas

performedtoexposethespinalcord,anda4mmrostrally‐caudallyorientedsection

ofthespinalcord,centeredonthelesionsite,wasquicklydissected.Total

RNAwasextractedusingTRIzoIreagent(lnvitrogenLifeTechnologies,Carlsbad,

CA).ThefirststrandcDNAwassynthesizedwithAMVreversetranscriptase

(Promega,Madison,wl)at42°Cforlh.ThecDNAwasdilutedahundred-foldprior

toPCRamplification.TheLightCyclerrapidthermalcyclersystem(Roche

Diagnostics,Penzberg,Germany)wasusedaccordingtothemanufacture's

instructions.Reactionswereperformedina20μlvolumewithO.5∫Mprimersand

MgC12concentrationoptimizedbetween2-5mM.Deoxynucleotides,TaqDNA

polymerase,andbufferwereincludedintheLightCycler-DNAMasterSYBRGreenI

mix(RocheDiagnostics).PCRwasperformedunderthefollowingconditions:

initialdenaturationfor10minat95°C,40cyclesofdenaturationforOsat

95°C,annealingfor5sat56-57°C,andenzymaticchainextensionfor10sat

72°C.EachPCRassayincludedanegativecontrolconsistingofHZOwithoutany

te皿plateDNAto皿onitorforpossiblecontamination.Toconfirmamplification

specificitythePCRproductsfromeachprimerpairsweresubjectedtoamelting
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curveanalysisandsubsequentagarosegelelectrophoresis.ThePCRprimerswere

designedaccordingtopublishedsequencesofneuropsin,CCCACTGCAAAAAACAGAAG

(sense);TGTCAGCTCCATTGCTGCT(antisense)andmyelinbasicprotein(MBP),

AGCTCTGGTCTTTCTTGCAG(sense);CCCCGTGGTAGGAATATTACATAAC{antisense).

Glyceraldehydephosphatedehydrogenase(GAPDH)mRNAwasusedasaninternal

control:CGGGAAGCCCATCACCATCA(sense);GAGGGGCCATCCACAGTCTT(antisense).All

primersweresynthesizedbyGenosys(Sigma).

ThequantificationdatawereanalyzedwiththeLightCycleranalysissoftware.

AseriallydilutedcDNAfromcontrolmousespinalcordwasusedforstandard.The

levelofeachspecificcDNAwasquantifiedintheexponentialphaseofthePCR

amplificationandnormalizedwiththelevelofGAPDHmRNAexpressionineach

individualsample.Therawdatafromthreeindividualexperi皿entswereusedfor

statisticalanalysis(ANOVAwithposthocFisher'sPLSDtestandStudent'st

test).

ThesectionsandprimaryOLGswerestained.withrabbitpolyclonalanti‐protease

M/neurosinantibody(1:500),mousemonoclonalanti-GST-pantibody(BDBiosci.,

Tokyo,Japan;1:125)formatureOL,Gs,anti-MBPantibody(C血e皿icon,1:1000)or

anti‐2'‐3'‐cyclicnucleotide3'‐phosphodiesteraseantibody(CNPase;Chemicon,

1:1000).Thesectionsorcellswereincubatedovernightwitheitherprimary

antibodyatRT.Alexa-594andAlexa-488(MolecularProbes,Eugene,OR)-conjugated

secondaryantibodieswereusedtovisualizeprimaryantibodybinding.Sections

orceliswereanalyzedwithafluorescencemicroscope(ECLIPSE80i;Nikon,Japan).

Insomeexperiments,thecellswerealsostainedwith4',6‐diamidirie‐

2‐phenylindoledihydrochloride(DAPI;Sigma)todisplaynuclei.Somesectionsand

culturedOLGsweresubjectedtoterminaldeoxynucleotidyltransferase‐mediated

dUTP-biotinneck-endlabeling(TUNEL)assayafterimmunostainingwithanti-GST-p

antibody.ThesectionswerestainedwithaDEADendFluorometricTUNELsystem

followingthemanufacturer'sprotocol(Promega,Madison,wl).

Results
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ChangesintheexpressionofneuropsinmRNAafterinjurytothespinalcord

WefirstexaminedneuropsinmRNAexpressionwithinunlesionedandlesioned

spinalcordofWTmice.ThedistributionofmRNAencodingneuropsinwas

determinedbyinsituhybridizationusingspecificprobe.Therewasanincreaseinthe

expressionofneuropsinmRNAaftercrushSCI(Fig.1).Withinuntreatedcontrol

animals,neuropsinmRNAwasobservedinasmallnumberofcellsinthegraybutnot

whitematterofthespinalcord(Fig.IA).AfterSCI,neuropsinmRNAwasinducedin

thewhitematterimmediatelyadjacenttothelesion.Thisinductionwasobservedat

days1-14postinjury,peakingatday4(Fig.1B,C).TheRT-PCRanalysisusingareal

timeLightCyclersystemconfirmedthattheexpressionofmRNAencodingneuropsin

wasupregulatedafterSCI(Fig.1D).At1-14dayspostinjury,neuropsinexhibiteda

significantincreaseinmRNAexpression,peakingat4days(daysland14,P<0.05;

days7,P<0.01days4,P<0.001).

Improvedrec・very・fhindlimbfuncti・ninneuropsin'1'mice

ToexaminetheroleofneuropsinafterSCI,WTandneuropsin● ノ'micewere

evaluatedusingtwobehavioraltasksincludingopen-fieldlocomotorBBBscoreand

rotorod.AsshowninFigure2,neuropsin'ノ ●miceshowedasigni丘cantimproved

recoveryfromhindlimbimpairmentscomparedtoWTmice.BothWTandneuropsin'1'

miceexhibitedtheinitialimpairmentsofmotorfunctiononopen-fieldlocomotor

performanceshowingnovoluntaryhindlimbmovementorslightvoluntarymovement

atdaylafterSCI,andtherewasnosignificantdif艶rencel)etweenWTandneuropsin'ノ ●

mice(P=0.389).Thesewerefollowedbyagradualrecoveryover14-dayperiodafter

SCI.Atdays10and14,thehindlimbfunctioninbothstrainsofmiceshowedsome

rec。very,butsc・ ・esinneu・ ・P・i虹 ・miceweresigni丘 ・antlyhigherthanWTmice(P<

0.05;Fig.2A).Similarly,performanceonrotoroddramaticallyimpairedatdaylafter

SCIfbnowedl)yagradualrecoveryover14days.Atdays10and14,neuropsin曹1●mice

showedsignificantlyhigherrotorodperformancecomparedtoWTmice(P<0.05Fig.

2B).Theseresultsindicatethatneuropsinmaycontributetotheinhibitionof

functionalrecoveryfromSCI.

Attenuateddemyelinationinneurop8in'ノ'miceafterinjury
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There8ultsofimmunohistochemistryfbrMBPandRTPCRfbrMBPmRNA

demonstratedthatdemyelinationwasattenuatedinneuropsin'!Omice(Fig.3).

ExtensivedefectsinMBPimmunoreactivityinthespinalcordwhitematterofWTmice

wereob8ervedatday14afterSCI,whereasfbrtheneuropsin.1●mice,relatively

minimaldemyelinationwasobserved(Fig.3A・D).TheRTPCRanaly8i8u8ingareal

timeLightCyclersystemdemonstratedchangesintheexpressionofMBPmRNAafter

SCI.ArapidanddramaticdownregulationofMBPmRNAexpressionwasobservedat

days1-14inWTmice.Inneuropsin'i'mice,adecreaseintheexpressionofMBP

mRNAwasalsofoundbutitwassignificantlylessextensive(P<0.05Fig.3E).These

resultsindicatethatneuropsinisinvolvedintheonsetandprogressionof

demyelination.

Attenuatedoligodendroglialcelldeathinneuropsin',9血ceafterinjury

Spinalcordsections丘omWTandneuropsin'ノ ●miceatdifferenttimepointsafter

SCIwereprocessedforTUNELtodetectfragmentedDNA.Theappearanceof

TUNEL・po8itivecenswasattenuatedinneuropsin'!●miceascomparedtoWTmice(Fig.

4).AlthoughbothstrainsofmiceshowedsignificantnumberofTUNEL-positivecells

afterSCI,thellumberofpositivecellswassigni丘cantlysmallerinneuroP8in'ノ'mice

thanWTmiceatdaysland4(P<0.05Fig.4A,B).Atdays7and14,thenumberof

TUNEL-positivecellswasdecreasedtothecontrollevelinbothstrainsofmice(Fig.4A,

B).TodeterminetheidentityoftheTUNEL-positivecellsinthespinalcordafter

injury,somesectionsfromWTmicewerefurtherprocessedforimmunofluorescence

labelingwithcell・speci丘cmarkers.MostofthecellspositiveforTUN肌inthewhite

matterimmediatelyadjacenttothelesionshowedimmunoreactivityforCNPase.By

contrast,the8eceUsdidnotcolocalizewithimmunoreactivityforGFAP;,NG2,MAP・2

andF4/80(datanotshown).Theseresultsindicatethatmatureoligodendrocytes

sufferfromcelldeathafterSCI.

Toevaluatetheoligodendrogliallosscausedbyinjury,spinalcordsectionsfrom

WTandneuropsin● ノ.miceatdaysOand14wereprocessedforimmunohistochemistry

forCNPase.AsshowninFigure5,01igodendrogliallosswasattenuatedin

neuropsin'1●miceatday14afterinjury.AlargenumberofCNPa8e・positive

oligodendrocyteswereseeninthewhitematterofthespinalcordfromWTand

14
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neuropsinチnaivemice(Fig.5A,B).Atday14afterinjury,thereductioninthe

numberofCNPase・positivece皿swasprominentinWTmice(Fig.5C,E).Neuropsinチ

micealsoshowedthereductioninthenumberofcells,butitwassignificantlyless

extensiveandtherewasasignificantdifferenceinthenumberofpositivecellsbetween

WTandneuropsinチmiceatday14afterSCI(P<0.05;Fig.5D,E).

Attemlatedaxonaldamageanddegenerationinneurop8in'1'miceafterinjry

Th,pres,nce・fabn・rmaldeph・ ・ph・rylati・n・fheavy・hainneu・ ・丘lam・ntH

(NF・ 且)hasbeenusedtoassessaxonaldamage(Trappetal.,1998).Toevaluate

axonaldamageinWTandneuropsin'ノ'miceafしerSCI,spinalcordsectionswere

processedforimmunohistochemistryofdephosphorylatedNF-H.AsshowninFigure

6A・C,neuropsinチmiceattenuatedaccumulationofabnormallydephosphorylated

NF-HafterSCI.Abackgroundlevelofreactivitywasdetectedinthespinalcordsof

naivemice(Fig6A).WTmicehadlargeamountsofdephosphorylatedNF・Hatday14

afしerinjury(Fig.6B).Incontrast,neuropsinナmiceresultedinalessamountof

dephosphorylatedNF-HascomparedwithWTmice(Fig.6C).Theseresultsindicate

thatinvolvementofneuropsinintheaxonaldamageafterinjury.

AxonaldegenerationcausedbySCIwasassessedbyanterogradetracttracingwith

BDA(Fig.7).SCIresultedinaprominentaxonaldegenerationofCSTfibers

indicatedbyadecreaseindensityofBDA・labeled丘berscaudaltothelesionsiteatday

14afterinjury(Fig.7D-1).InWTmice,axonaldegenerationwasobservednotonly

caudalbutalsorostraltothelesionsite(Fig.7D,E).ThenumberofBDA-labeled

fibers1.OmmrostralandcaudaltothelesionwassignificantlydecreasedafterSCIin

WTmice(Fig.7J).NeuropsinチmicealsoshoweddegenerationofCST丘berscaudal

butnotrostraltothelesionsite(Fig.7G・1).Thenumberoflabeled丘berscaudalto

thelesioninneuropsinチmicewassigni丘cantlylargerthanthatinWTmicealthougha

significantreductionafterSCIwasobserved(Fig.7J).

b
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Discussion

Theseriesofexperimentsinthisstudyshowthepotentialinvolvementof

neuropsininthesecondarydamageafterSCI.Wedemonstratedchangesinthe

expressionofneuropsinmRNAafterinjuryinWTmice.Inagreementwithprevious

studies,theexpressionofneuropsinmRNAwasincreasedinthewhitematterofthe

spinalcordafterinjurytotheCNS(Terayamaetal.,2004Tomizawaetal.,1999).

Extendingpreviousresults,ourfindingsdemonstratedthatneuropsinmaypromote

oligodendroglialdeath,demyelinationandaxonaldegenerationafterSCI.Usingmice

lackingneuropsin,weexaminedrecoveryfromtheinitialimpairmentsofhindlimb

丘mctionandhistopathologyafterSCI.Wefbundthatneuropsin.ノ.miceexhibit(1)

improvedrecoveryofhindlimbfunction(2)attenuateddemyelinationand

oligodendroglialcelldeathand(3)attenuatedaxonaldamageanddegeneration.

Oligodendroglialdeathisaprominentfeatureofthesecondarydegenerationafter

SCI(Blight,2002;Luetal.,2000;Parketal.,2004;TatorandFehlings,1991).

Glutamatergicexcitotoxicityresultinginneuronaldeathhasbeenwelldocumentedin

variousmodelsofCNSinjury(Choi,1988LiptonandRosenberg,1994).Severallines

ofevidencehassuggestedthatglutamateexcitotoxicityplaysakeyrolenotonlyin

neuronalcelldeathbutalsoindelayedposttraumaticspinalcordwhitematter

degeneration(AgrawalandFehlings,1997;FadenandSimon,1988;Wrathalletal.,

1994Wrathalletal.,1997Yanaseetal.,1995).Ithasbeendocumentedthat

oligodendrocytesarehighlyvulnerabletoexcitotoxicsignalsmediatedbyglutamate

receptorsoftheAMPAandkainateclasses(Matuteetal.,1997McDonaldetel.,1998

Yoshiokaetal.,1996).Atransientincreaseinextracellularlevelsofglutamate

followingSCI(Farooqueetal.,1996Liuetal.,1991Liuetal.,1999McAdooetal.,

1999)hasbeenimplicatedinmediatingsecondaryinjurymechanismsviaAMPAand

kainatereceptors(AgrawalandFehlings,1997;Matuteθ`81,2001;VanDenBosch

andRobberecht,2000).ThepossibilityofAMPA/kainitereceptorsassignificant

contributorstosecondaryinjurymechanismsinSCIissupportedbypharmacological

studiesdemonstratingneuroprotectiveeffectsbothinvivoandinvitrowiththe

applicationofAMPA/kainateantagonist

2,3・dihydroxy・6・nitro・7・sulfbnyl・benzo【 オquinoxaline(NBQX)(AgrawalandFehlings,

1997;LiandStys,2000;Rosenbergetal.,1999;Wrathalletal.,1994;Wrathalletal.,

16
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1997).Ourpreviousexperimentsshowedthatexcitotoxicinjurycausedbyinjectionof

kainateintotheCNSinducedexpressionofneuropsinmRNAinoligodendrocytes

(Tomizawaetal.,1999).Furthermore,ithasbeenshownthattheproteolytic

activationofneuropsinisinducedinaglutamatereceptor-dependentmanner

(Matsumoto-Miyaietal,2003).Theresultsofthepresentstudydemonstratedthat

SCIinducedneuropsinmRNAexpressioninthewhitematterandneuropsin'1'mice

showedattenuatedoligodendroglialdeath.Dataf士omR1}PCRfbrMBPmRNAinWT

andneuropsin'ノ'micealsoindicatethatneuropsinisinvolvedinohgodendroglialdeath.

Thus,bothpreviousandpresentresultssuggestthatneuropsinisinvolved,atleastin

part,inexcitotoxicoligodendroglialdeathmediatedbyglutamatereceptors.

Althoughneuropsinhasbeenshowntobeinvolvedinoligodendroglialdeathwhich

maycausesecondarilydemyelination,proteolyticactivityofneuropsincanalsobe

consideredtomediatedemyelinationinthepathologyofSCI.Ithasbeensuggested

thatmyelinhasendogenousproteaseactivitywiththepotentialtodegrademyelin

proteins(Berletetal.,1984Chantryetal.,1989Satoetal.,1982).Theinvitro

biochemicalassayshowedthatneuropsiniscapableofdegradingMBP(Heetal.,2001).

Thisactivitywouldindicatethatneuropsinfunctionsindemyelinationthroughthe

proteolysisofmyelinproteins.Thepresentresultsfromimmunohistochemistryfor

MBPinWTandneuropsin'1'micealsoindicatethatneuropsinisinvolvedin

demyelination.

Oneofthemoststrikingresu.ltsinthisstudywasthatneuropsin'1●miceshoweda

significantimprovedrecoveryfromtheinitialimpairmentsofhindlimbfunction.SCI

exhibitstemporalandspatialrangefromearlyneuronaldeathatthefocallesionsiteto

degenerationofwhitemattertractsweeksafterinjury.Degradationofneurofilament

andlossofaxonalintegrityhasbeenreportedasearlyas15minafterexperimental

SCI(Baniketal.,1982Schumacheretal.,1999Schumacheretal.,2000).The

concurrentlossofoligodendrocytesindegeneratingaxontractssuggestanintimate

relationshipbetweenoligodendroglialsurvivalandaxonalintegrity(Barresetal.,

1993Croweetal.,1997Wardenetal.,2001).Sinceoligodendrocytesmyelinate

severalaxonssimultaneously,thelossofasinglecellcaninfluenceneighbouringaxons.

Thepresentstudyshowedthatneuropsin'ノ'miceresultedinales8amountof

dephosphorylatedNF-HascomparedwithWTmiceafterSCI.Wealsodemonstrated

17



attenuationofaxonaldegenerationinneuropsin'ノ'miceatday14post・inju】 箪These

resultssuggestthatoligodendrogliallosscausedbyneuropsinactivitymayinvolvein

axonaldamageanddegenerationalthoughthecausalrelationshipbetween

oligodendroglialdeathandaxonaldegenerationremaintobeclarified.

Insummary,weshowedheretheinvolvementofneuropsininthesecondaryinjury

mechanismsafterSCI.Neuropsinmaycontributetotheonsetandprogressionof

demyelination,oligodendroglialcelldeath,andaxonaldegeneration.Ourresults

suggestthatattenuationofneuropsinactivitycouldprovebene丘cialincombination

withtheexistingtherapeuticmanagementofSCI.
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Figurelegends

Figurel

ExpressionofneuropsinmRNAinthespinalcordaftercrushinjury.Insitu

hybridizationwasperformedwithaprobeforneuropsinoncrosssectionsimmediately

adjacenttothelesion.A,Inuntreatedcontrolmousespinalcord,noneuropsinmRNA

wasfoundinthewhitematter,whileasmallnumberofcellsinthegraymatter

expressedneuropsinmRNA.B,NeuropsinmRNAexpressionafterSCI.Neuropsin

mRNAexpressionatday4postinjuryisshown.NeuropsinmRNAexpressionwas

inducedinthewhitematterimmediatelyadjacenttothelesion.C,Higher

magnificationoftheboxedareainB.D,SCIinducedchangesinneuropsinmRNA

expressioninthespinalcord.LevelsofspecificmRNAweremeasuredbyreal-time

PCRandnormalizedbythelevelofGAPDHmRNAexpressionineachindividual

sample.EachbarrepresentsthemeantSEMof3individualexperiments.Statistical

comparisonsweremadeamongallgroupsusingrawdata.Asterisksindicate

significantdifferencesfromnaivecontrol(ANOVAwithposthocFisher'sPLSDtest),

*P<0 .05**P<0.01***P<0.001.ScalebarsC,500ｵmforA,B,100ｵmforC.

Figure2

1mprovedfunctionalrecoveryaftercrushSCIinneuropsin'1●mice.A,Timecourseof

hindlimblocomotorperformanceinanopenfieldover14daysafterSCIinWTand

neuropsin'1'mice.WTmice(11=12)exhibitedtheinitialimpairmentsofhindlimb

performanceafterSCIthatwasgraduallyrecoveredover14days.Neuropsin'ノ'mice

(n=12)alsoshowedtheinitialimpairmentsofhindlimbperformancefollowedbya

gradualrecovery,butthescoresatday10and14wassignificantlyhigherthanWT

mice.B,Timecourseofrotorodperformanceover14daysaftercrushSCIinWTand

neuropsin'1●mice.Bothstrainsofmiceexhibitedtheinitialimpairmentsofrotorod

perfbrmancefbllowedbyagradualrecovery,butneuropsin'ノ'miceshoweda

signi丘cantlyimprovedperfbrmanceatday10and14.Asterisksindicatesigni丘cant

differencebetweenWTandneuropsin'1●mice.(ANOVAwithposthocFisher'sPLSD

test),*P<0.05.
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Figure3

Attenuateddemyelinationinneuropsin'ノ'miceaftercrushSCI.A・D,Frozencross

sectionsofspinalcordfromWT(A,C)andneuropsin'ノ'(B.D)miceatday80(A,B)and14

(C,D)afterSCIwereprocessedforimmunohistochemistryforMBP.Notethe

prominentdefectsinMBPimmunoreactivitywereobviousinWTmiceatday14after

scI,whereasminimaldemyelinationwasfoundinneuropsin●1'mice.E,Quantitative

RTPCRanalysisforMBPmRNAexpression.RNAfセomspinalcordsofWTand

neurop8in'ノ'miceatdifferenttimepointsafterSCIwasusedtoperformRTPCRina

real-timeLightCyclersystem.ThelevelofeachspecificmRNAwasmeasuredby

real-timePCRandnormalizedwiththelevelofGAPDHmRNAexpressionineach

individualsample.EachbarrepresentsthemeantSEMof3individualexperiments

afternormalizationwiththelevelofnaivecontrol.Statisticalcomparisonsweremade

betweenWTandneuropsin'ノ ●miceateachtimepoint(*p<0.05,Student'sttest).

Scalebars100ｵmforA-D.

Figure4

Attenuatedohgodendroghalcelldeathinneuropsin'みmiceafterSCI.A,U8ing

TUNEL,asignificantnumberofcellsshowingDNAfragmentationweredetected

inthewhitematterofspinalcordsectionsfromWTmiceatdayland4(arrows).

Fortheneuropsin●1.mice,significantlysma■ernumberofTUNEL・po8itivecells

weredetectedatdaysland4.B,ThenumberofTUNEL-positivecellswas

countedinthewhitematterofthespinalcordwithin400ｵmrostralandcaudalto

theepicenteratdifferenttimepointsafterSCI.Eachbarrepresentsthemean

SEMof3individualexperiments.Asterisksindicatesignificantdifferences

betweenWTandneuropsin・ ノ・mice(Student'sttest),*p<o.05.C,Colnbined

TUNELandimmunofluorescenceforCNPaseinthespinalcordofWTmiceatday

4afterSCI.MostofthecellspositiveforTUNELshowedimmunoreactivityfor

CNPase(arrows).ScalebarsinA:100ｵmandC:50ｵm.

Figure5

Attenuatedoliodendrogliallossinneuropsin● ノ.miceafterSCI.A・D,Spinalcord

sectionsimmediatelyadjacenttothelesionfromWT(A,C)andneuropsin.ノ.(B,D)
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F

miceatdaysO(A,B)and14(C,D)wereprocessedforimmunohistochemistryfor

CNPase.ExtensivelossofCNPase-immunoreactivecellswasobviousinWTmice

atday14afterSCI(C).Fortheneuropsin≠mice,CNPase・immunoreactivecens

wererelativelypreserved.E,ThenumberofCNPase-immunoreactivecellswas

countedinspinalcordsectionswithin400ｵmrostralandcaudaltotheepicenter

fromWTandneuropsin'1'miceatdaysOand14afterSCI.Eachbarrepresents

themeantSEMof3individualexperiments.Asterisksindicatesignificant

じhffbrencesbetweenWTandneuropsin.みmice(Student'sttest),*p<0.05,Scale

bar100ｵmforA-D.

Figure6

Attenuatedaxonaldamageanddegenerationinneuropsin'1●miceafterSCI.Frozen

crossandsectionofthespinalfromWT(A,B)andneuropsin.ノ ●(C)miceofunlesioned

controlωandatday14afterSCI(B,C)wereprocessedfc)rimmunoreactivityfor

abnormallydephosphorylatedNF・ 且.NotethatWTmicehadlargeamountsof

abnormallydephosphorylatedNF・H茸tday14afterSCI(B)comparedtoneuropsin'1'

mice(C).

Figure7

DegenerationofaxonswasassessedbyanterogradetracttracingwithBDA.

HorizontalsectiollsofthespinalcordfromWT(A・F)andneuropsin● ノ●(G・1)miceof

unlesionedcontrol(A・C)andatday14(D・1)afterSCIwereshown.B,C,E,F,H,1,

HighermagnificationimagesofrespectiveboxedareasinA,DandG.InWTmice,

decreaseinthedensityofBDA-labeledCSTfiberswasseenrostralandcaudaltothe

lesionsiteafterSCI(D・F).Neuropsin'1●micealsoshowedaxonaldegenerationcaudal

butnotrostraltothelesion(G-1).ArrowsinIindicatesurvivingaxonscauldaltothe

lesion.Theinjurysiteisindicatedwitharrowheads.J,ThenumberofCSTfibers

1.OmmrostralandcaudaltotheepicenteratdaysOand14afterSCI.Eachbar

representsthemeantSEMof3individualexperiments.Asterisksateachbar

indicatesignificantdifferencesfromrespectivenaivecontrols(*P<0.05;**P<0.01

***P<0
.001,Student'sttest).StatisticalcomparisonswerealsomadebetweenWT

andneuropsin● ノ●miceineachcondition(**p<0.01,Student'sttest).ScalebarinI:
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500ｵmforA,D,Gand100ｵmforB,C,E,F,H,1.
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