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AbstractTheobjectivesofthestudywerea)to
monitorchangesinthemo叩hologyoftheblasto-
discofthefertilizedmedakaeggduringthefirst
cleavage,andb)tocorrelatethesechanges
temporallytomitoticevents.Themo叩hologyof
theblastodiscwasmonitoredbytime-lapsevideo

microscopyandanimageanalysissystem.Tosee
theboundarybetweentheblastodiscandtheyolk
vacuolemoreclearly,wemicrolnJeCtedFITC-
dextranintotheyolkvacuole.Tomonitormitotic
events,weeithermicrolnJeCtedHoechst33342
intolivingeggsorstainedfixedeggswithHoechst
33258;theseeggsweremonitoredviaaSIT
cameraandvideomonitor.Wefoundthatthefirst

slgnOfcytokinesisisthefbmationofanintemal
furrow thatformsatthesurfacebetweenthe

blastodiscandtheyolkvacuole.At250C,thisfur-
rowbeginstofbm 3minutesafterthemetaphase-

anaphasetransitionand7minutesbeforethe
extemalfurrowbeginstoform.

Introduction

lnhismagnumopusonmitosis,Mazia(1961,
p.314)wrotethatcytokinesisis"govemedbythe
mitoticapparatus,bothintimeandplace":Cytoki-
nesisbeginsonlyafterthemetaphase-anaphase
transition,andtheplaneofcytokinesisisnomally
pelpendiculartothemidpointofthemitoticspln-
dle.However,thecausaHinksbetweenmitoticand

cytokineticeventshaveeludedcellbiologistsand
wereamongthecentralquestionsaddressedata
recentconferenceoncytokinesis(Conradand
Schroeder,1990;Inuo6,1990).

Wearepursuingthesecausallinksinthe

medakaegg･Thislarge(diameter=1000ドm)
cleareggcanbeobtainedyeaトrOund(Yamamoto,

1967)andisparticularlysuitablef♭rlightmicro-

scoplCStudies.Forexample,thiseggwasused

recentlytovisualizeslow calcium wavesthat
accompanycytokinesis(Plucketal.,1991).The

cytoplasm oftheeggisboundedbytwomem-

branes:aplasmamembraneatitsouter(extemal)
surface,whichseparatesthecytoplasm from the

perivitellinespace;andayolkmembraneatits
inner(intemal)surface,whichseparatesthecyto-
plasm什omalarge,centralyolkvacuole.During
thefirsthourafterfertilization,mostofthe

cytoplasm streamstowardtheanimalpoleofthe
eggandformsablastodisc(Abrahametal.,1993).
Thenmeroblasticcleavagebegins.

Changesinthemorphologyoftheblastodiscof
fisheggsduringthefirstcleavagehavebeen
describedinseveralreports.AgassizandWhitman
(1884)foundinfourspeciesofpelagicfishthat
"thefirstcleavagebegins,notbyagrooveonthe
extemalsurfaceoftheblastodisc,butbyoneon
theintemalface,"thatistheinterfacebetweenthe

blastodiscandtheyolkvacuole;whileKamito
(1928),studyingthemedaka,reportedthatthe
"cleavagefurrowappearsfirstasacleftextending
fromtheinteriortowardstheexteriorofthegermi-

naldisc."(Otherimagesofthispeculiarstmcture
canbeseeninFig.2bofPlate1inYamamoto
(1975)andinFig.4inlwamatsu(1976)).Noneof
thesestudiesdeterminedwhetherthefolmationof

theintemalgroovebeginsafterthemetaphase-
anaphasetransition(andisthusacytokineticevent)
orgaveadetaileddescrlptlOnOfthetimlngOfthe
formationoftheintemalandtheextemalgrooves.
Thepurposeofthepresentstudywastodetemine
thetimlngOftheseeventsinthemedakaegg.

Materia一sandMethods

Weremovedgonadsfrom breedingmedaka
(Yamamoto,1967;KirchenandWest,1976;
Abrahametal.,1993)andplacedtheminabal-
ancedsalinesolution(BSS:111mM NaCl;5.37

mMKCl:1･OmMCaC12:0･6mMMgSO4;5mM
HEPES,pH7.3).Eggswereremovedfrom the

ovary,thelongchorionicfibersatthevegetalpole

wereremovedwithscissors,andtheeggswere

fertilizedinBSSbyminclngtestistorelease

spem (Yamamoto,1967)･Formicroscopicobser-

vationoffertilizedeggs,theyweretransferredtoa

microscopeslideonwhichacoverglasswassup-

portedbyfourpillarsofpetroleumjelly･Thecover
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glasswasthenpressedgentlyagalnStthechorion

toflattenasmallregionOftheegg.Suchflattenlng

facilitatedopticalstudiesandalsoenabledusto

rolltheeggtoachievethedesiredorientation
(Abraham etal.,1993).Allprocedureswere

performedatroomtemperature(23-26oC);inthis

temperaturerange,thefirstcelldivisionbegins
about70minafterfertilization.Becausetherateof

developmentvarieswithtemperature,wehave
reportedthetimlngOfeventsnotonlyas"minutes
afterfertilization"butalsoas"normalizedtime"

(t｡),wheret｡isdefinedasl･Owhencytokinesis

begins.

Relationbetweenmitoticandcytokineticevents
Weusedfourprotocolstodeterminethetem-

poralrelationshipbetweenmitoticandcytokinetic

events.Inthefirstprotocol,seveneggsfromone
femalewerefertilizedsimultaneously.Eachegg

wasplacedonamicroscopeslideandobseⅣedvia

aninvertedmicroscope(NikonDiaphot).Mea-
surementsofthreemo叩hologlCalparametersof

theblastodisc(Fig･1)weremadeatfrequentinter-

vals(416min)withcommercialimageanalysis

software(MicrocompPlanarMorphometry,

SouthemMicrolnstruments,Atlanta,Georgia).At

specifictimesbefわreandduringcytokinesis,indi-
vidualeggswerefixedin3.7% formaldehydein

BSSforatleast36hr.Wethenmechanically

dechorionatedtheeggsandstainedthenucleiwith

Hoechst33258(10pgml~linBSScontaining1%

(W/V)TritonX-100).Theeggswerethenviewed

withepifluorescenceoptlCSViaaNikonOptiphot

microscopecoupledtoaSITcameraandvideo
monitor.Intemucleardistancesweremeasuredon

thescreenofthemonitor,andapproprlatescale
conversionsweremade.

Ⅰnthesecondprotocol,weusedeighteggsfrom
threefemales.Theeggswerefertilizedoneata

timeandmonitoreduntilthecompletionofcytoki-

nesis.Thisprotocolenabledustomeasurethe

Fig.1.MorphologlCalparametersmeasuredontheblastodisc･
Allmeasurementsweremadealongtheamina1-vegetalaxis
(pole-to-pole)oftheeggwhileviewingtheblastodiscfromthe
side.AD,thicknessoftlleblastodisc;AB,depthorexternal
furrow;CD,depthoftheinternalfurrow.

blastodiscofeacheggatmorefrequentintervals
(1-2min).

Ⅰnthethirdprotocol,weused22eggsfromtwo
femalesanddividedthem intothreebatchesof

6-8eggseach.Afterfertilizingabatchofeggs,We

measuredtheblastodiscofoneoftheeggsatvery
frequentintervalsandfixedtheothersat41min

intervalsJustbeforeandduringcytokinesis.
Intemucleardistancesweremeasuredasabove.

Ⅰnthefわurthprotocol,weused22eggsfrom

threefemales.Immediatelyafterfertilizingthem,

weinjectedHoechst33342(1.5nlof100pgml-I

dissolvedin50mM K2SO4and10mM HEPES,

pH 7.2)intothecytoplasm tostainthenuclei

(Abrahametal.,1993).Afterincubatingtheeggs
inthedarkfわr45mintominimizephotodamage,
weviewedthem intemittently(0.5-5mininter-

vals)witheitherepifluorescenceopticstoseethe

nucleiorbrightfieldoptlCStOSeetheblastodisc.

InjectionofFITC-dexfranintotheyolkvacILOle
Toseetheboundarybetweentheblastodiscand

theyolkvacuolemoreclearly,WeInjected10nlof

FITC-dextran(mol.wt.= 17,200daltons;10トIg

ml-Idissolvedin50mM K2SO4 and10mM

HEPES,pH 7.2)intotheyolkvacuoleofjust-

fertilizedeggsandobservedthemwithepifluores-
CenCeOptics.

Results

Changesinthem07･Phologyoftheblastodt'sc
beforeandduringcleavage

Byabout1hrafterfertilization(tn=0.8),most

oftheooplasmhasstreamedtotheanimalpoleof
theeggandformedablastodisc;whenviewed
from theside,theblastodiscisbiconvexatthis

time(Fig.2a).Soonthereafter,theinternalsurface
oftheblastodiscbeginstoflatten,Changingthe
shapeoftheblastodisctoplan°-convex(Fig.2b);
thisflattenlnglSaSlgnthatcytokinesiswillsoon

begin･ThefirstslgnOfcytokinesisisthefbr一
nationofafurrowattheinternalsurfaceofthe

blastodisc(Fig･2C)･About7min-later,afum w
formsattheextemalsurface(Fig.2d);thisfurrow

formsinthesameplaneastheintemalone.Theex-

ternalfurrowthendeepens,cuttingtheblastodisc

inhalf,whiletheinternalfu汀OWSimultaneously

recedes.Finally,thesurfacesofthetwoblast0-

meres"zip"together(Fig.2f).
Thatthefbmationoftheintemalfumwwas

accompaniedbymovementoftheyolkmembrane

-andwasnotJustalocalizedaccumulationof
vesiclesnearthecenteroftheinternalsurfaceof
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Fig･2･Morphologyoftheblastodiscbeforeandduringcytokinesis･Thefertilizedeggsweregrownat25oC.a)51minafter
fertilization;tn30･8･Theinterfacebetweentheblastodisc(B)andtheyolkvacuole(YV)isconvex;theoverallshape ofthe

blastodiscisbiconvex･b)58minafterfertilization;tnだ0･9･Theinterfacebetweentheblastodiscandyolkvacuolehasflattened.a

signofimpendingcytokinesis･C)64minafterfertilization;tn=1･Obydefinition･Thecentralportionoftheinternalsurfaceofthe
blastodisc(arrowhead)hasbeguntorisetowardtheplasmamembrane;thisistheintemalfurrow･d)71minafterfertilization;tnエゴ
1,1･Afurrowhasbeguntoformattheextemalsurfaceoftheblastodisc(arrowhead).e)Thisisthesameeggastheoneshownin
Fig.2d.Todeterminewhethertheyolkmembranewasmovlngtowardtheplasmamembrane,weInjectedFITC-dextranintothe

yolkvacuoleandthenphotographedthesamemicroscopicfieldwithbrightrield(d)andepinuorescenceoptics(e).Notehow
closelythenuorescentimageoftheyolkvacuoleconformstotheinternalsurfaceoftheblastodisc,includingtheinternalfurrow

(arrowhead)If)89minafterfertilization;tn=1･4･Theinterfacebetweentheblastodiscandyolkvacuolehasnattened,andthe
blastomereshavezippedupagalnSteachother.Scalebars.100pm.Figure2a.2b,2C,and2fareprintedatthesamemagnification
andFigures2dand2eatanother.

theblastodisc-wasshownbyinJeCtlngFITC-

dextranintotheyolkvacuole.Insucheggs,aclear

delineationcouldbeseenbetweentheyolk

vacuoleandtheblastodisc,anditcouldclearlybe
seenthatafu汀OW hadbeenfbmedalongthe
internalsurfaceoftheblastodisc(Fig.2e).

Theseeventsaresummarizedquantitativelyln
Fig･3,inwhichchangesinthethicknessofthe
blastodiscandthedepthsoftheinternaland

externalfurrowsinaslngleeggareshownto

occurinthefollowingsequence:1)Thethickness

oftheblastodiscincreasedtoabout135い･mand
thendecreasedtoabout110pm;2)theintemal
furrow begantofbm ;3)theexternalfurrow

begantoform.Thistemporalsequencewas

confirmedwhendatafromanumberofeggswere
combined(Table1).
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t).50 0.70 0.90 1.10 1.30

Normalized Time

Table1.Timingofmitoticandcytokineticevents

Fig.3.Changesinthethicknessoftheblastodisc,thelengthsof
theintemalandextemalfu汀OWS,andintemucle∬distance

duringmitosisandcytokinesis.Allmeasuremenlsorthe
blastodiscweremadeononeegg,andthoseofintemuclear
distancesonanother;botheggsweregrownat25oC.The
thicknessoftheblastodisc(◇-◇,ADinFig.i)increasedto
135pmbytnエゴ0･8andthendecreasedtol10LImbytn:岩0･9･
Themetaphase-anaphasetransition,asmeasuredbyanincrease
ininternucleardistance(H )beganattn -0･9･Theinternal
furrowbegantoformattn=1･0(◆-◆,CDinFig･1)andthe
extemalfuJTOWtOformattn =1･10(DIJ ,ABinFig･1)･The
depthoftheinternalfurrowincreasedto65pmandthenbegan
todecrease.

Event Numberofeggs
Minutesafterfertilizationa tn

X±S.D. X±S.D.

Metaphase-anaphasetransition

lntemalfu汀OWbeginstofbm

Extemalfu汀OWbeginstofbm

61.0±6.4

64.4±2.7

71.2±2.9

0.89±0.06

1.00b

1.ll±0.03

aEggsweregrownat25oC･
bThebeginningofthiseventforeacheggwasderlnedastn-1･0･

Theinternalfurrowformsafterthemetaphase-
anaphasetransition

WhenwemicrolnJeCtedHoechst33342into

livingeggsandsimultaneouslymonitoredboth

mitosis(Fig.4)andchangesinthemorphologyof

theblastodiscinindividualeggs,wefoundin

everyegg(N -6)thatthemetaphase-anaphase
transitionoccurredbeforetheinternalfurrow

begantoform.Datafrom othereggsaresumma-

rizedinFig.3andTablel･

Fig.4.MetaphaseandanaphaseinlivlngeggsStainedwith
Hoechst33342.a)metaphase:b)anaphase･Scalebar,50pm･

Discussion

Theintemalfurrowa)formedinthesameplane

astheextemalfu汀OW andb)appearedafterthe

metaphase-anaphasetransition.Thusweconclude

thattheintemalfurrow is,infact,acytokinetic

stmctureinthemedakaegg.Wehaveseenthis

internalfurrowduringthesecondandthirdcleav-

agesaswell(datanotshown),anditthusappears

tobeafeatureofatleasttheearlycleavagesinthe

medakaegg.
Theidentificationoftheintemalfurrow asa

cytokineticstmctureraisesseveralquestionsabout

thegenerationandmaintenanceofthecleavage

furrow inthemedakaegg.Forexample,isthe

formationoftheinternalfurrow causedbythe

generationandcontractionofacontractileband/

arcofmicrofilaments(Schroeder,1990)?Whatis

thestructuralrelationshipbetweentheintemaland

extemalhl汀OWS,bothofwhichorlglnatenearthe
centeroftheblastodisc?Dotwocontractilebands

ofmicrofilamentsform-oneattheinternal

su血 ceandanotherattheextemalsu血ce-and

thenmeetatthelateralmarglnSOftheblastodisc?

Duringcytokinesis,themarglnOftheblastodisc,
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wherethesetwobandswouldbeexpectedtomeet,
appearstobeundertensionandisthesiteofper-

sistentelevatedcytosoliclCa2'](Flucketal.,
1991).Wehaveseenafaintbandofmicrofila一

mentsineggsthatwerefixedwhentheintemal

furrow wasformlngandthatweresubsequently

stainedwithBODIPY-phallacidin(Pluckand

Webb,unpublishedobservations);however,given
thethicknessoftheblastodiscandthedistortion

causedbyfixation,resolutionofthisquestionwill
likelyrequlretheinjectionoffluorescentderiva-
tivesofphalloidinintolivingeggsandanalysisvia
aconfbcalmicroscopeand/oranimageprocessor
(CaoandWang,1990).Anotherquestionraised
bythisstudyiswhetheraslowwaveofelevated
calciumaccompaniesthegenerationoftheintemal

furrow aspreviouslyreportedfortheformation
and"zipping"oftheexternalfurrow(Flucketal.,
1991).

Theformationoftheintemalfurrowbeforethe

extemalonemayreflectthepositionofthemitotic
apparatusvis-a-Visthetworespectivesurfacesof
theegg.Insanddollareggs,thereisevidencef♭r
themovementofacleavagestimulusfrom the

mitoticapparatustothecellsurface.Thusthetime

inteⅣalbetweentheappearanceoffu汀OWSattwo
sitesonoppositesidesoftheegglSafunctionof

theproximltyOfthemitoticapparatustothetwo

surfaces(Rappaport,1973).Wearepursuingthis
questioninourlaboratory･

Themedakaeggalsoappearstobeanexcellent
system inwhichtopursuethequestionofthe
formationofatelophasediscduringcytokinesis･

Thisorganelle,whichhasbeendescribedinHeLa
cellsandhumanlymphomacells,formsinthe

midplaneofthemitoticspindleduringanaphase,
growstowardthecellsurface,andhasbeenpro-
posedtoinitiatecytokinesis(Andreassenetal･,
1991;MargolisandAndreassen,1993).medisc

containsmyosinIIandproteinsthatwereattached
tothecentromeresofchromosomesuntilmid-ana-

phase.IntemsofitsshapeandthetimlngOfits

appearance,thisdiscisreminiscentofthe
diastema,whichhasbeendefinedas"anoutward

extensionofthemetaphaseplate… towardthe
cellsurface"(Selman,1982;seealsoZotin,1964,

andSawaiandYomota,1990)whichfわreshadows

thefuturecleavageplane･
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