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AbstractNeuralapoptosisinnormalmedaka
(Oryziaslatipes)embryosatstage20(theneu-

ralrodstepinbraindevelopment),stage27(the
neuraltubestepinbraindevelopment),andstage

29(thelateembryonicbrainstepinbraindeveL

opment)wereexamined,andtheresultswere
comparedwiththosereportedforotherverte-

brates,particularlyzebrafish･Apoptoticcellswere
identi丘edusingTUNEL(terminaldeoxynucleo-
tidyltransferase-mediateddUTp-biotinnickend
labeling),bywhichfragmentedDNA,whichis

characteristicofapoptoticcells,islabeled.Whole-
mountTUNELshowedthefollowlnggrossPat-

ternofapoptoticchangesduringdevelopment.At

stage20,numerousslngleapoptoticcellswere
distributeddiffuselylntheentirereg10nSOfthe

brain.Atstage27,inadditiontothediffuselydis-
tributedapoptoticcells,severallargeaggregates
ofTUNEL-positivestructures(apoptoticcen-

ters)appearedinthebrainandeyes.Histological
observationsofsectionsofthestainedembryos

revealedthatapoptoticcentersarepresentinthe
zonalimitansintrathalamica,theγentralreglOnOf

theoptlCStalk,severalsitesofthefloorplate,and
theretina.Atstage29,bothsingleapoptoticcells

andapoptoticcentersdecreasedinnumber･This

apoptoticpatterninmedakaembryosisgenerally
similartothatinzebrafishembryos,butapoptosis
inthenervoussystemcontinuesfわralongerperi-
odinmedakathaninzebra丘sh.Apoptosisinthe

vertebratenervoussystemseemstobeubiqultOuS,

randomandprobabilisticinnature.

Introduction

Medaka(Oryziaslatipes)embryosaresuitable
livingmaterialsfわrdetectlngradiation-induced

braincelldeath(Yasudaetal.,2006).Toquantita-
tivelyestimatethedevelopmentalneurocytotoxic

effectsofradiation,itisnecessarytodetermine
theextentanddistributionofcelldeathdur-

1ngnormaldevelopmentofthemedakabrain.

However,therearefewreportsonneuraldegen-
erationduringnormalmedakadevelopment･We

describeherecelldeathduringnormaldevelop一

mentofmedakaembryosattheneuraltubestep,

aphylogenicstageofbraindevelopmentinverte-

brates(Kageetal.,2004).
Normaldevelopmentisaprocessinwhich

constructionanddestructionoccursimultane-

ously.Regressivedevelopmentalprocessesare
consideredtobethepurposefulanddetermined

removalofcellsbythenaturallyoccumngCell

deathorprogrammedcelldeath,whichproceeds

throughaseriesofdistinctmorphologicalstages,
knownasapoptosis(Kerretal.,1972).Theapop-

tosisresultsfromanactivedevelopmentalprogram

oftentrlggeredbythewithdrawaloftrophicfac-
torsandlocalcellinteractions(Kerretal.,1972;

Oppenheim,1985;Abramsetall,1993;Raffetal･,
1993).

Upto50% Ormoreofneuronsnormallydie
immediatelyaftertheydifferentiateduringthe

developmentofthevertebratenervoussystem

(Oppenheim,1985;Raffetal.,1993).Apoptosis
duringthedevelopmentofthenervoussystem
hasbeenexaminedinvariousvertebrateembryos
(Kallgn,1965;forareview,seeJacobson,1991).

Recently,geneticanalysesofneuraldegeneration
havebeenperformedinzebrafish(Daniorerio),
andapoptosisduringnormalzebra丘shdevelop一
menthasbeendescribed(Abdelilahetal.,1996;

Furutani-Seikietal.,1996).
Furutani-Seikietal.(1996)usedacridine

orange,avitaldye,tostainapoptoticcellsinliv-
1ngnormalzebrafiShembryosandobservedthem
inwholemount.Accordingtotheirresults,the

numberofapoptoticcellsintheneuroectoderm

peaksataroundthe10-somitestage(14hafter
fertilization;whichmaycorrespondtoIwamatsu's

stage220fmedakaembryos;seeFurutani-Seiki
andWittbrodt,2004)andthendecreases.Very

few apoptoticcellsareobservedintheneural
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tubeafterthe20-somitestage(19hafterfetiliza-

tion;whichmaycorrespondtolwamatsu'sstage
250fmedakaembryos;seeFurutani-Seikiand

Wittbrodt,2004).Theygavenoprecisedescription
ofthemorphologicallocationsofapoptoticcellsin

developlngneuraltubes,however,becauseofthe
lowresolutioninthewhole-mountobservations.

Todeterminetheactualdistributionofthe

apoptoticcellsinthenervoussystem,Weneedto

perform histologicalexaminationsofsectionsat
ahigherresolution.Hence,inthisstudy,todetect

apoptoticcells,weemployedterminaldeoxy-
nucleotidyltransferase-mediateddUTp-biotinnick
endlabeling(TUNEL)(Gavrielietal.,1992),by
whichfragmentedDNA,whichischaracteristicof

apoptoticcells,islabeled,andthenpreparedserial

sectionsofthelabeledmedakaembryos.Our

resultsshowedthatalargenumberofapoptotic

cellsaredistributeddimlSelyintheentirereglOn
ofthemedakaneuraltube,andlocalcentersof

apoptosisarepresentinseveralreglOnS･

MaterialsandMethods

ThisstudywasapprovedbytheCommitteeof

ExperimentalAnimalsoftheNationallnstituteof
RadiologicalSciences,Chiba,Japan･

Medakastrain

Aninbredstrain,HO4C (Hyodo-Taguchi,

1980;Hyodo-TaguchiandEgami,1985;Hyodo-
Taguchi,1996),wasused.Fishofthisstrainwere
keptlnaroomundercontrolledwatertemperature

(26-29℃)andphotoperiod(14-hrlight/10-hrdark

cycle).Thefishweregivenpowderedfishfood
(Tetra-min,TetraWerkeCo.,Mells,Germany)
onceaday.Undertheseconditions,the丘shlaid

clustersofeggsdaily.

Medakaembryos
Theclustersofeggswererubbedbetweentwo

smallpiecesofpapertoweltoremove丘1amentson
thechorions,andsinglyisolatedeggswereplaced

inapetridishcontainlng7mlofdistilledwater

supplementedwithO･00001%methyleneblue･The
eggswereincubatedat26℃ andallowedtodeve1-

op･Livingmedakaembryoswereobservedunder
astereomicroscope(LeicaMz125,Nussloch,

Germany)atmagnificationsof50-100Ⅹ･The
developmentalstagesweredeterminedaccording

tothemethoddescribedbylwamatsu(2004)･
Ithasbeenshownthatthedevelopmentof

themedakabraincanbesubdividedintosix

sequentialstepsofdevelopment:1)thegastrula,

2)neurula,3)neuralrod,4)neuraltube,5)late

embryonicbrain,and6)frybrainsteps(Ishikawa,
1997;Kageetal.,2004;Ishikawaetal.,2007).
Weexaminedapoptosisindeveloplngmedaka

brainsatthreedevelopmentalphases,namely,

attheneuralrod(stage20,4-somitestage,31.5

hafterfertilizationat26oC),neuraltube(stage
27,24-somitestage,58hafterfertilizationat26o

C),andlateembryonicbrain(stage29,34-somite

stage,74hafterfertilizationat26oC)steps.The
earliestaxonsstarttopr亘iectatstage22(9-somite
stage,38hafterfertilizationat26oC)(Ishikawaet
〟.,2004).Hence,allthebrainwallsarestillcom-

posedofneuroepithelialcells(matrixlayer)only,
andallneuronsareundifferentiatedattheneural

rodstep(stage20).

Whole_mountTUNEL

Embryoswereanesthetizedbycoolingon
iceand丘Xedin4% para丘)rmaldehydein0.1M

phosphatebuffer(pH7.4)･TUNEL-positivecells
intheembryosweredetectedbywhole一mount
TUNEL (YamamotoandHenderson,1999)

uslnganApopTagPeroxidaseInSituApoptosis
Detectionkit(S7100,ChemiconInternational

Inc･,Temecula,CA,USA).Stainedembryoswere

mountedinaviewlngChamber,inwhichanagar
bed(2mmindepth)withseveralholes(1mmin

diameter)hadbeenprepared.Theembryoswere

placedintheholes,sothatacorrectdorsalaspect
ofthebraincouldbeobservedunderacompound
microscope(Nikon,EclipseE600,Tbkyo,Japan).
Imagesofthebrainsweretakenatamagni丘cation
ofloo又.

Histologicalexamination
ToexaminehistologlCalfeaturesinmoredetail,

someTUNELstainedembryoswere丘Xedagaln
in4%paraformaldehydein0.1M phosphatebuf-

fer(pH7.4),dehydrated,embeddedinTechnovit
8100(Kulzer,Wehrheim,Germany)andcutinto

acompleteseriesofserialsections(10pm).The
sectionswereNiss1-stainedwithcresylviolet.

Imagesofthesectionsweretakenatamagni丘ca-
tionof400X.

Photomicrographyproduction
Photomicrographswerescannedusinga

scannerandaslidemountfolder(DimageScan

MultiII,MinoltaCo･,Ltd･,Tokyo).Adobe

Photoshop,Macintoshversion7･0(AdobeSystems

Incorporated,MountainView,CA)wasusedto

preparethefiguresandenhancecontrast.



Celldeathinneuraltube 25

Fig.1Whole-mountTUNELofnormalembryosatstages20(A),27(B),and29(C)･Dorsalviews,rostraltotop･Arrowheads

indicatesmallsingleTUNELpositivedots,andarrowsindicatelargepatchesofTUNEL-positivestructures･CE=cerebellum;

EY=optlCVesicle;MO=medullaoblongata;OT=optictectum;OV=oticvesicle;TE=telencephalon･Scalebar=100Pm･

Results

Apoptoticcellsdetectedinwhole-mountspeci-
mens

Normalembryosatstage27(neuraltube),at
ayoungerstage(stage20,neuralrod),andatan

olderstage(stage29,lateembryonicbrain)were
examined.

Whole-mountTUNELshowedthatthegross

patternofapoptosiscanbeobservedeasilybythis
method(Fig.1).Apoptosisoccurredinallregions

ofthebody,includingbrainandeyereglOnS,Of
medakaembryosatstages20,27and29(Fig.1).
Wefocusedonthefeaturesinthebrainandeye
reg10nSanddidnotfurtherexamineindetailthose
intheotherbodyreglOnS.

Atstage20,numerousslngleTUNEL-positive
cells,whichareobservedassmallsinglebrown
dots,Weredistributeddiffuselyintheentire

regionsofthebrainandeyes(Fig.1A,arrow-

heads).Atstage27,Severallargeaggregatesof

TUNEL-positivestructures,whichareobserved
aslargebrownpatches,startedtoappearinthe

brainandeyes(Fig.lB,arrows).Atstage29,both

smallsingledotsandlargepatchesdecreasedin
number(Fig.1C).

Apoptoticcellsobservedinsections
Wefocusedonthefeaturesofapoptosisin

embryosattheneuraltubestep(Figs･2and3),a

phylogenicstageofvertebratebraindevelopment

(Kageetal.,2004).
CloserobservationsofNissl-stainedsections

ofthewhole-mountspecimensrevealedthatthere

aretwomorphologicallydistinctTUNELpositive
structures:smallsinglenuclei(arrowheadsin
Figs.2and3)andtheirlargeaggregates(arrows
inFigs.2and3).

Manysmallsinglenucleilessthan5pm in

diameter,whichareconsideredtobecondensed

nucleiofsingleapoptoticcells,Weredistributed

diffuselyintheentirereg10nSOftheneuraltube

andretina(Figs.2and3,arrowheads).These

apoptoticcellsweredistributedintheentirewalls
oftheneuraltube,includingthematrixlayer(ven-
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Fig.2Histologicalfeaturesofneuraltubeofembryoatstage27stainedusingwhole-mountTUNEL(A,B)･Parasagittalsections

areshown.Rostraltoleft.Thesectionsarestainedwithcresylviolet･Smallsinglenuclei(arrowheads)andtheirlargeaggregates

(arrows)areindicated.CE=cerebellum;FP=floorplate;HT=hypothalamus;MES=mesencephalon;MET=metencephalon;

OS=OptlCStalk;TE-telencephalon;Ⅴ-ventricle;ZLI=zonalimitansintrathalamica･Scalebar-10トIm･
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Fig･3Histologicalfeaturesofneuraltubeofembryoatstage27stainedusingwhole-mountTUNEL(A,B,C).Frontalsections

atthelevelsofthediencephalon(A),mesencephalon(B),andrhombencephalon(C)areshown･Dorsaltotop.Thesectionsare

stainedwithcresylviolet.Smallsinglenuclei(arrowheads)andtheirlargeaggregates(arrows)areindicated.CE=cerebellum;

EY=optlCVesicle;FP=floorplate;HT=hypothalamus;man≡mantlelayer;mat=matrixlayer;MO=medullaoblongata;OT=
optlCteCtum･,V=ventricle･,ZLI=zonalimitansintrathalamica.Scalebar=10um.
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tricularneuroepithelium)andmantlelayer(Fig.
3B).

Largenuclearaggregates,eachofwhichhad

adiameterlargerthanlOいm andwasgenerally
composedof6-15smallsinglenuclei,werealso

found(Figs.2and3,arrows).Theselargenuclear

aggregatesareprobablyclustersofnucleiofmany
apoptoticcells,andareconsideredtobelocal

centersofapoptosis.Theywereobservedmainly
inthezonalimitansintrathalamica,theγentral

reglOnOftheoptlCStalk,severalsitesofthefloor
plate,andtheretina(Figs.2and3,arrows).These

clustersofmanyapoptoticcellsweredistributed
intheentirewallsoftheneuraltube,includingthe

matrixlayer(ventricularneuroepithelium)(Fig.
3A).

Discussion

lnthisstudy,thedegreeanddistributionof

apoptosisweredescribedinthemedakaneural

tubestep,aphylogenicstageofbraindevelopment
invertebrates(Kageetal.,2004).Ourresults

showedthatmanyapoptoticcellsaredistributed
diffuselyintheentirereglOnOftheneuraltube,as
wellasintheneuralrodatearlierstagesofnormal

braindevelopment(Fig.1A,B).
Ourobservationsthatthenumberofapoptotic

cellsislargeintheneuralrodstep(stage20)
areconsistentwiththosereportedinearlyzebra-

fishembryos(Furutani-Seikietal.,1996).In
zebrafish,fewapoptoticcellsareobservedinthe

neuraltubeafterthe20-somitestage(19hafter
fetilizationat28.5oC),whichmaycorrespond
toIwamatsu'sstage25(36hafterfTetilizationat
28oC)ofmedakaembryos(Furutani-Seikiand
Wittbrodt,2004).However,ourresultsshowed

thatthenumberofapoptoticcellsisstilllargein
theneuraltubestep(stage27,24-somitestage,50
hafterfertilizationat28oC)andstartstodecrease

aslateasstage29(341SOmitestage,85hafterfer-

tilizationat28oC)inmedaka(Fig.1).Thus,mas-
siveapoptosiscontinuestooccurforalongerperi-
odinthemedakaneuraltubethaninthezebra丘sh

neuraltube.

Ⅰnthemedakaneuraltube,severallocalcen-

tersofapoptosiswerealsoobservedmainlyln

specificregions(Figs.2and3,arrows)･Another
differencebetweenmedakaandzebrafiShembryos

maybethepresenceoftheseapoptoticcentersin
themedakaneuraltube,becausethepresenceof

suchcentershasnotyetbeenreportedinnormal
zebra丘shbraindevelopment.Ourresultsarerather
consistentwiththoseofKal16n(1965)obtained

uslngrabbitandchickneuraltubes,inwhichlocal

apoptoticcentersarelbundinseveralspeci丘c
locations:theγentralreglOnSOfoptlCeVaglna-

tions,theganglionicanlargenandtheroofplate.

Althoughweobservednomassiveapoptosisin

theganglionicanlargenandroofplate,Wefound

apoptoticcentersintheventralreglOnSOfoptlC
evaginations(Fig.2).

Ourresultsshowedthatbothsingleapoptotic
cellsandapoptoticcentersdecreasedinnum-

berafterstage29(Fig.1C).Furutani-Seikiet
al.,(1996)alsoreportedthatfewapoptoticcells

areobservedinthenervoussystem ofzebra丘sh

from the201SOmitestagetothehatchingstage
(35-somitestage).Thus,ourobservationsoflater

stagesofmedakaembryosareagalnCOnSistent

withthoseoflatezebra丘shembryos.

Apoptosisduringnormaldevelopmenthasbeen
classi丘edintothreemaintypesonthebasisofits

function,namely,phylogenetlC,mOrPhogenetic
andhistiogeneticdegenerations(Gldcksmann,
1951;foracriticalreview,seeJacobson,1991).

Phylogeneticdegenerationoccursduringthe
regressionofvestlgialorgansorlarvalstructures;
morphogeneticdegenerationduringmorphogen-

esisinreglOnSOfcavitation,Separation,orother

morphogeneticchanges;andhistiogeneticdegen-
erationduringthedi恥rentiationoftissuesor

organsasanadjustmentofthe丘nalnumberofdif-

ferentiatedcellsaftertheinitialperiodofexces-
sivecellproduction.

Twoapoptoticcentersfoundinthemedaka
neuraltube,namely,thezonalimitansintratha1-

amicaandfloorplate(Figs.2and3),bothof

whichplaydevelopmentalinductiverolesonly
intheembryonicstages,maybecharacterized

asphylogeneticdegeneration.Apoptoticcenters

intheγentralregionsofopticevaginations(Fig.
2)maybeassociatedwithmorphogenesisofthe

chiasmaridge,andthusmaybecharacterizedas

morphogeneticdegeneration.Thelocalcentersof
apoptosisintheretinaandmanyslngleapoptotic
cellsinthemantlelayeroftheneuraltube(Fig.
3B)maybecharacterizedashistiogeneticdegen-
eration.

However,thepresenceofnumerousslngle

apoptoticcellsthataredistributeddimlSelyinthe
entireregionsoftheneuralrod(Fig.1A)andin
thematrixlayeroftheneuraltube(Fig.3B)isdifL

丘culttointerpretwiththeconceptualframework

ofhistiogeneticdegeneration,becausethesecells

havenotyetdifferentiated(Kageetal.,2004;
Ishikawaetal.,2004;Ishikawaetal.,2007).In
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theneuralrodandthematrixlayeroftheneural
tube,neuroepithelialcells(matrixcells)stillcon-
tinuetoproducedaughtercellsbeforeneuronal

differentiation.Thus,apoptosisseemstooccur
numerouslyandrandomlylnthemedakaneural
rodandneuraltube.Unlikethatinsomeinver-

tebrates,suchasthenematode,inwhichspeci丘C
andidenti丘ablecellsdieinahighlyorderedpat-

tern,apoptosisinthevertebratenervoussystem

seemstobemoreubiqultOuS,randomandprobabi-
1isticinnature.
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