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Abstract Among allthe vertebrate species,

medaka(OTyZiaslatipes)becametheflrStSpecies
whodemonstratedmatlngbehaviorinspace.

Moreover,theeggstheylaiddevelopednomally
andhatchedasbabyfishinspace.Foralongtlme

ithasbeenbelievedthatwhenexposedto
weightlessnessormicrogravity(micro-G),fish

exhibitlooplngbehavior.Usingthe20secondsof
micro-G realizedbyaparabolicflightofan

a叩lane,Wehavefoundstrainsofthisspecies
whichdonotloopatallundermicro-G.Fouradult
fishofthestrainresistanttomicro-Gweresentto

space.Selectionofthefourfishwascrucialinthe

successofthespacemedakaexperiment.Basedon

ahypothesispresentedfわrposturecontrolofthe
fish,stronglyeye-dependentfishwereselected.
Selectionproceduresandwhatwereachievedin

spacearedescribedindetail.Post-flightstudieson

theoffsprlngarealsointroduced.Sofar,noeffects
couldbedetectedontheoffsprlngOfthefour
medakafishwhomadea15-dayspacetravel
aboardthespaceshuttleColumbia.

lntroduction

lnthesummerof1994,fourmedakafish

(OTyziaslatipes)madeaspacetravelof15daysin
thespaceshuttleColumbia.Theentiremissionis
calledtheSecondInternationalMicrogravlty

Laboratory(IML-2/STS-65).Thefourfish
performedtheirmatlngbehaviorinspaceforthe

firsttimeamongvertebrateanimals.Moreover,the
eggstheylaiddevelopednormallytillhatchingfry
(babyfish)inspace(Ijiri,1994).Thesuccessof

themedakaexperimentowesmuchtotheselection
ofthefourfishsenttospace.Here,Iwillreporton

theideausedforselectlngthefinalfourfishand
alsoonwhatthefourmedakafishhaveachieved

inspace.Theresultsofpost-flightanalyseson

theirofrsprlngWillalsobepresented.

Findingfishstrainstoleranttomicrogravity

OntheEarth,fishbodyitselfcanbeinnear
microgravity(micro-G)conditionsbecause
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buoyancyisbalanclngltSWeightinthewater･So,
everybodyhadthoughtthatamongvertebratesfish
shouldbetheeasiestonetoaccomplishreproduc-

tivematinginspace.IndaysofSkylab(1973)
smallfish(Fundulus)weresenttospace,where

theycontinuouslyloopedfor3daysuntilthey
graduallyadaptedtomicro-G.Betweensuch

looplngfish,nobodyexpectedmatlngperfoト
manceatall.Evenfishbegintoadapttospace
environmentafterafew daysofcontinuous
looplng,theyhavealreadybeenexhaustedfrom

looplngandeatlngnOfood,andasitsconsequence
havingnovlgOratallformatlng.Sincethen,̀Fish

doloopundermicro-G'hasbeenbelieved,and

spacestudiesuslngfishhavebeenmostlyontheir

looplngmechanism,regardingitasamodel
systemforspacemotion-sicknessinhuman･

ⅠnthisIML2mission(1994),about20years

afterthelooplngbehavioroffishwasreported,the
firstsuccessfulvertebratematlngWasrealized

uslngmedakafish.Themainreasonforitssuccess
isthatwehavefoundfishstrainswhichdonot

looplnmicro-G,sothattheycouldswimnormally
fromthefirsttimetheyreachedspace.Suchfind-

1ngWasaccomplisheduslngparabolicnightsbya

Jetairplane,testlngmanyStrainswehadfortheir
tolerancefわrmicro-G.

TherearemanystrainsinthemedakaOり′ZJd∫

latipes(Tomita,1992).Ihadatimetoaskto
myselfwhatastrainis.Forexample,whenwetry
toestablishanew(inbred)strain,westartwitha

pairoffish(amaleandafemale).Usually,sucha
pal一tOStartWitharechosenalmostrandomlyfrom
aheterogeneouspopulation.Then,repeating

sister-brothermatlngSthroughmanygenerations,

ifluckytohavesurvivlngOffsprlngStill,wehave
establishedastrain (ら.g.,Hyodo-Taguchiand

Egami,1985).Ofcourse,wemaystartwithapair

offishwhichhaveacertaintraitorgene(S)of
interest.Eveninsuchacase,whenselectlnga

startlngpalritisusualtoglVenOSpecialconsidera-

tionsontherestofgenes.Thus,anestablishedfish

strainisapopulationoffishhavinganidentical
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geneticconstitution,however,allgenesofwhich
camefromonepairoffishchosenrandomlyfrom
amongaheterogeneousfishpopulation.

Whenconsideringhumanresponsestomicro-

G,somepeopleareresistantortoleranttomicro-

G,whileothersnot.Thiscanbeeasilyunderstood
sinceevenamongastronautsdifferenceswere
reportedinthedegreeoftheirspacemotion
sickness.Ifsoinhumanwhichisaheterogeneous
population,inmedakafishtherealsocanbeones
toleranttomicro-G.Ifsuchfishhadhappenedto
beemployedasastanngpalr,Wemayalready
haveastrainwhichshowstoleranceformicro-G.

Whennosuchstrainswerefound,stillitispossi-
bletoestablishamicro-G-tolerantnewstrainafter

findingsometolerantfishandcarrylngOutaPrOI

cedureforcloned-fishproduction(Ijiri,1987).
Withthisidea,weproceededtotheal叩lane

experiments.BytheparabolicflightsuslngaJet-
airplane(MU-300,OperatedbyDiamondAir
ServiceCo.Ltd.,Nagoya,Japan),micro-Gof20
secondsdurationwasrealized,andasmanystrains
asavailablewereexposedtomicro-G.Assoonas
startedtheexperiments,Wewereshockedtosee

howrapidlytheflShcontinuetolooplnmicro-G･
Inonestrain,somefishloopedatarateofseveral
timespersecondatthemostrapidinstanceduring

20secondsofmicro-G(Fig･lA)･Theyalways
loopindivingmotion,i.ら.,looplngWiththeirbelly
inside.Whenweputsuchfishintheaquarium
designedforkeeplngthemedakafishinspace,
Somefishbumpedtheheadonthewallofthe
aquarium,havingabrainconcussion.Ifsuchfish
wenttospace,theyallwillbedeadfarbeforethey
adapttomicro-G,ofcoursefarbeforetheymate･

A hopelessstatedidnotlastsolong.After
checkingseveralstrains,Wefoundstrainstolerant
tomicro-G.Undermicro-G allthefishofthe

strainsdidswimno-allywithoutanylooplngSat
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all(Fig.1B).Along-believedstorythatfishloop
whenbeingexposedtomicro-Gdoesnotalways

holdtrue.Ofcourse,repeatlngtheparabolic
flightsmanytlmeSWemadesureofsuchbehavior
ofthefishstrains.Moreover,differentgenerations

ofthestrainswereexposedtoparabolicflights,the
resultsdemonstratlngSuchtoleranceformicro-G
alwaysinheritedfrom parentstochildren,to
grandchildren,andtogreatgrandchildren.

Whyparticularstrainsofmedakafishcan
controltheirpostureundermicro-G?Wethenkept
thefishinacompletedarknessandobservedtheir
behaviorinaparabolicflight,Now,allthefish
strainslooped.Thefishwhichcancontroltheir
postureunderlightconditionslosttheirabilityof
posturecontrolwhenkeptindark.Thisimplies
thecontributionofvisualsenseinkeeplngtheir
postureundermicro-G.Theotherstrainswhich

looplnlight,ofcourse,loopindarkwithmore
looplngSthaninlight.

Then,inthelaboratorywetestedvisualacuity

ofmedakafish.AsimplewaylSuSlngarOtatlng
striped-drumapparatus(Fig.2),Checkingwhether
fishcanfollow themovementofadrum with

black-and-whitestripes(OhkiandAoki,1985;
Ijiri,1993,1995).Itistheirinstincttofollowthe
strlpeS.Ifrotatedatthelowspeed,anyfishcan

followthemovementofstrlPeS･Withanincrease
intherotatlngSpeedofthedrum,iffishcanstill
differentiateblackstnpesfromwhiteones,hewill
followtherotatlngdrum.Wh entwocolorsmerged
intouniformlygreyintheeyesoffish,hewillstop
traclngthedrum.

Thosestrainsofmedakafishthatloopedin
parabolicflightssoonstoppedfollowlngStnpeS
withalittleincreaseinrotatlngSpeed,whilethe
strainstoleranttomicro-G tracedthestrlpeS

perfectlyeveninafarmorerapidrotation.

Fig.1.Behaviorofmedakafishundermicrogravity(microIG)
generatedbyaparabolicflightofairplane.A.Strainwhich

exhibitslooplngbehavior.B.Straintoleranttomicro-G.Allthe

fishareswimmingnOmlallywithoutanylooplngSundermicro-

G.

Fig.2.ArotatlngStriped-drumapparatustocheckthevisual

acultyOffish.Whydofishfollowtherotatingdirectionof
stnpes?Supposetheyareinastream Withawater-flow.They

usuallyarestaylngataCertainpolntWiththeirheadstoward

upstream.Theymayseeastake,waterplantsorstones(these

correspondtothestripes).Duetothewater-flowthefishare

driftedbackward,whichmaylookasifthestakeismovlng

upstreamwhenrelativelythoughtthatthefisharestayingStill.

Oninstinct,followlngthestakethefishmoveupstream.With

thismovement,thefishcanstayatacertainpolntinastream.

Fig.3.Dorsal-lightreactiontests.A.MethodI.Thelamps

repeatlightinglntum.B.MethodII.Thelightalwayscomes

fromtheleft,anddegreeofslantingtOthelightismeasured.
Fordetails,seetext.

Fig.4.Matingbehaviorofmedakafishinspace(arrowed).

Maleisembraclngfemaleuslnghisfins.Thefirsttime

reportedinvertebrates.

Fig.5.Manyeggslaidinspacehavedevelopednormally,

showingtwoblack-pigmentedeyes.

Fig.6.Ahatchedfry(arrowed)swimmingwithamotherfish･
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Ahypothesistoexplainthestrain-diJTerencein
thefishbehaviorundermicro.G

Mancancontrolhisposturewithbothvisual
andvestibularinformations,integratlngthesein
thebrain.Soaremedakafish.Withavision,the

fishcanrecognlZethescenearoundhim and

controlhisposture.Ⅰnthevestibularsystem,the
otolithispulleddownbythegravlty force,the

gravity(acceleration)istransmittedtothesensory
haired-cells,andthedirectionofgravltyCanbe

recognizedinthebrain.Fishswimorientlngtheir

bellysidetothedirectionofgravlty.Fish,

however,useanotherpowerfuldirection-senslng

mechanism,i･e･,dorsal-lightreaction.Thisisa
reflexthatfishturnshisdorsalsidetothelight
source,i.e.,turnshisbacktothedirectionfrom

whichlightcomes.Therefore,infishhisdorso-
Ventralaxisisdeteminedbothbythedirectionof

gravltyandbythedirectionoflight,thoughonthe
Earththecontributionofgravltyisextremely
largerthanlight.

InmedakaflSh,Wehaveprovedthatthere
existsaclear strain-differenceintheabilityto

swim undermicro-G.Moststrainsdoloop,but

therearesomestrainswhichcanswimno-ally.
ThefollowlnglSmyhypothesistoexplainwhy
suchstrain-differencesexistintheirresponseto
micro-G.

LetusconsiderasituationontheEarth.Some
strainsofmedakahaveabettervisionthanother

strains,forexample,thestrainswhichcanfollow

easilythehighspeedofrotatlngStrlpeSarethe
case.SuchsuperioritylnVisualacultyOfastrainis
atalentednature,whichisanoveralloutcomeof

manygenesexpressed.Ahighvisualacultymeans
theyarealsosensitivetolighLThesefishmayuse

sceneryinformationsandlight-directionmorefor
controllingtheirposture,thereforedependlesson

thegravity(i.e.,lessontheotolithsystem)than

otherstrains.Suchfishmaybetypedas'strongly

eye-dependent'.Theremaybeanotherwayof
thinkingforthatstrain.Thestrainmighthavea
troubleinthegravity-sensingorgan(i.ら.,vestibu-
1arfunction)orintheintegrationofthegravity
infomationinthebrain.Insuchacase,theyalso

dependstronglyonvisualinformations.

Acompletelyoppositetypeoffishmayexist.

Anotherstrainoffishmayhavealowvisual-aculty,
thereforedependmoreontheotolithinformation.
OrtheymayhaveagoodemciencylnVeStibular

function,beinga'stronglygravity-dependent'type.
Eachfishstraincanbetypedeitherasaneye-

dependentstrainorasagravity-dependentone,

andwhichtypethestrainbelongstoisdetemined
bytheirgeneticconstitution.Sofarasthefishare

swimmlngOntheEarth,whichevertypetheyare,
theyprobablyhaveneverexperiencedmuch

dimcultylnCOntrOllingtheirposture･Unexpect-

edly,theyarenowputinthea叩lane,andare

exposedtomicro-G,wheretheotolithsystemdoes
nothelpthefishatall.Itratherdisturbstheir

posture-controlmechanism,sendingstrangeinfor-
mationsaseverexperienced.Therefore,thefish

continuouslykeeplooplnglnSuchconfusion.The

fishstrainsthatcanswimcalmlyorbeingtolerant
tosuchmicro-G situation,arethosewhohave

beenswimmlngroutinelydependingmuchon
scenesandlighトdirection.Thus,inmicro-G,

strainsofgravlty-dependenttypedoloopandeye-
dependentstrainscanswimnormally.

SuchisahypothesisIfinallycametoafter
consideringthestrain-differencesinbehavioral
responseofmedakafishtomicro-G.Thetest

methodsemployedforselectlngthefishsentto
spaceweremostlybasedonthishypothesis.

Selectionproceduresforthefourfishsentto
Space

StrainandindividualdlPerenceinmedakafish
RepeatlngmoreParabolicflights,wefoundin

total,twostrainstoleranttomicro-G.Theywere

CCTstrainandHNHIstrain.Inthelaboratory,we
repeatedthegroundexperimentmanytimes

keeplngthefishinsidetheaquariumofspace-use
fortwoweeks.ThestrainHNI-IIwasfound

nervousinnatureandverysensitivetovarious
stresses･Ⅰnmanycases,thefishofHNHIstrain

stoppedmatlngandlaylngeggsWhenbeing
placedintotheaquarium.Forthisreason,useof
HNI-IIstrainwaswithdrawn,andCCTwhichisa

fairlyresistantstraintostresseswaschosen.The

CCTstrainisorange-redincolor.

Now,thestraintobeusedinspacehasbeen
decided.Itwashowevernottheend,ratheritwas
astartoftheactualselection.Sincewecansend

onlyfourfish(twoforeachsex)tospace,the
furthereffortshouldbeconcentratedmuchon

selectlngthemosttolerantonestomicr o -Gfrom
amongthefishpopulationofthisparticularstrain.

Asageneralrule,therestillexistindividual

differencesevenamongthepopulationofatotally
identicalgeneticconstitution.Suchindividual

differenceinacertaincharacterisgenerallycalled
ènvironmentalvariation',andnotheritable.With

allgenesbeingidentical,suchnon-heritablequan-
titativecharacter(forexample,degreeintolerance
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formicro-G)shallshowacertaindistributioninits

quantitativemeasure.Evenwhenwehavepicked

fishinthetoppopulationonthatdistributionand

producedtheirchildren,thequantitativecharacter
ofthesechildrenwilltakethesamedistribution,

Withnochangeinitsparameterslikethemeanand
thevariance.Thus,forselectingthefish-
astronautsfromamongthefishpopulationofCCT
strain,wehavetotesteachindividualfishforits
toleranceformicro-G.

Selectionmethodsemployed

Thehypothesisdrawnaboveonthetolerance

formicro-GwastheonlyoneIcouldrelyonat
thattime.Althoughitwasahypothesisbasedon
thedatainparabolicflights,I.e.,lnmicro-Gof20

seconds,Icouldnotfindanyothertheoriesto

convincemescientifically.Whatthehypothesis
tellsusistoselectthefish s̀tronglyeye-

dependent,'andsendthemtospace.Forthis,three
selectionmethods,i.e.,a),b)andc)listedbelow

wereemployed.

a)Abilitytofollowtherotatingstriped-drum
Thetestistochooseanindividualfishwitha

prominentvisualaculty.Asexplainedearlier,the
abilitytotracethemovingstripeswastested(Fig.

2).Intheactualselection,thetestwasperformed
inaseverecondition.Thedrumwasrotatedata

highspeedof72.5cm/sec(2610/sec)underthe
dim light(20lxatthefish).From external

appearanceandsize,1500fishwerefirstlychosen
outof2000fishofCCTstrain,andsuch1500fish

wereglVenthetestinthisrotatlngStriped-drum

apparatus,resultingabout60%ofthefishpassed
thetest.

b)DorsaHightreactiontest(methodI)

Weemployedtwodifferentmethods(methodsI

andII)fortestingtheabilityofdorsal-light
reactioninmedakafish.Dorsal-lightreactionisa

reflexmostfishspecieshave,turnlngthedorsal

sidetothelightsource･InthemethodI,eachfish
wasputintoatesトtubewithwater,andthelamps
atbothsidesofthetubewerelightedinturn(Fig.
3A).Thetimeeachfishtakestoturnhisdorsal

sidetoanewlyswitchedlight-direction(reaction
time)wasmeasured･Themethodwasappliedto
eachofabout900fishwhopassedtherotatlng
striped-drum test【seea),above].Thetestwas

ca汀iedoutonlyinJapan.Afishwasjudgedas

p̀assedthetest'whenheturnedhisdorsalsideto
thelampwithin30secondsafterthelampwas
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Switchedon･Thefishthatdidnotrespondatall
desplte10timesofswitchingorthosetookmore

than30secondsinresponsewereremoved.The

methodIhasameritoftakingashorttimefor

eachfish.Inotherwords,youcannotkeepthefish
insidethetest-tubemorethan10minuteswithout

damaglngthem.

C)Dorsal-lightreactiontest(methodII)
Aftertransferredthe300selectedfishtoUSA,

i･e･,toKennedySpaceCenter(KSC),Florida,the
methodIIwasemployedforcheckingtheirdegree

ofdorsalllightreaction･Itwasdifficulttoapply

thismethodtoallofthe900fishinJapanbecause
themethodtakesmuchlongertimeforeachfish
thanmethodI,BetweenmethodIandmethodII

thereisaslightdifferenceinwhatnatureofthefish

thetestwasfocuslngOn.InmethodI,thetail-head

axisoffishisthesamedirectionasofgravity,and
thegravltydoesnotdeteminewhichdirectionhe
putshisdorso-ventralaxisto.Onthecontrary,the

methodIIchecksthedegreeofhisslantlngtOthe

light,thusmeasurlnghisdependenceonlight

relativetohisdependenceongravity(Fig.3B)･In
thistest,Weaimedatselectlngthefishwhoshowa

highdependenceonlight,i.e.,stronglyeye-
dependentfish･AtKSC,onlythefishstillremain-

1nghealthywereglVenthistest･
Sinceonorbitfishcannotdependongravityfor

theirposture-control,wedecidedtoprovidean

orientedlightingforhelpingtheirposture-control,
i.e.,expectlngfishtousethisreflexofdorsal-light

reactionandalwaysturnhisback(dorsalside)to
thelightsource.Inspace,tothefishaquarium,

lightingwassetsothatitcomesalwaysfromone
side.

Space･shuttleexperiment
Fourfish(twomalesandtwofemales)wereput

intheaquarium.Theaquarium wasthencon-
nectedtotheAAEU(AquaticAnimalExperiment

Unit),whichsupplieswateroxygenatedand
biologlCally filtered.Fish were kept under

temperature-andlighトcontrolledconditions
(24oC,14-hlightand10-hdark).Every3daysthe

crewsentthenewfoodtotheaccessibleposition
inthefood-supplyingapparatus.Sincethefishhad
beenmatlngeverydaybeforeloadedtotheShuttle,

ifnotsufferedmuchdamageinmicro-G,thefish
maymateandlayeggsalsoinspace.Eachday,

matingbehaviorshouldbeCOmpletedwithin2
hoursafterthetransitionfromdarkperiodtolight
period.Thecrewcheckedtheexistenceofnewly-
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laideggseveryday.Onthe3rd,5thand8thdayof
themission,thevideocamerarecordedtheir

actlVltyfortwohoursimmediatelyafterlighting,
andthiswasanenoughtimetorecordthefish
matlngbehavior.

Newly-laideggsfirstformaclusteronthebelly
ofthefemalefish,thenafteranhourorso,they

leavethebody.Eggsdetachedfrom thefemale
bodyflowwiththewatertoanareaseparatedbya
meshstructure.Thisareaiscalled c̀hildren's

room'.Thecrewcarriedoutclose-upvideoobser-
vationsofthedeveloplngembryosandhatched
fry.Alltheadultfish,fryandembryosreturned
safelytotheEarth.

FollowlngareeventsintheIML-2medaka
experiment,listedinatime-courseorder.

1)Adultfish(2malesand2females,oforange-

redcoloredtype,CcTstrain)wereputinthe
aquarium.Thesefわurfishwerenamedas
C̀osmo'(asmeantinEnglish)and G̀enki'
(meaning 'active'inJapanese)formales,
Ỳume'(dream)and M̀iki'(future)for

females.Thesenameshadbeenproposedtous
byboysandgirlsofYoungAstronautClubin
Japan.Themedakaaquariumwasloadedinto
theSpacelababout30hoursbeforethelaunch,
andspaceshuttleColumbiahadaliftoffjust
onascheduledtime.Whenexaminedat9

hoursafterthelaunch,noeggsweredetected･
Then,about24hoursafterthelaunch,our

Japanesepayloadspecialist,ChiakiMukai
reported3newly-laideggsbyhervisual
inspection･
Inthefishmedaka,matlngandlayingeggsand
fertilizationofeggsalltakeplacealmostatthe
sametime.Therefore,from herreportwe
couldtellthatmaleandfemalefishdidmate

andlaideggsinspace.Thespawnlnghabitof
thisfishis,oncetheystartedmatlngtheycon-

tinuetorepeatmatingandlaylngeggsOnce

everyday.So,asexpected,Onthenextday
agalntheymatedandlaideggsinspace,and
ChiakiMukaireportednumberofeggsin-
creasedtoatotalof10intheaquarium.

2)Onthe3rddayofthemission,thecrew
(DonaldThomas)setupthevideo-Cameraand
triedtorecordthematingbehaviorofthefish.
Andagain,maleandfemalefishmated(Fig･
4).Luckyenough,theydidmateinthemidst
ofvideodown-linktime,Sothaticouldsee

withmyowneyesthisdramaticscene,not
waltlngthearrivalofrecordedvideo-tapes

afterthelandingofshuttle.

3)Crewreportedtheexistenceofmanyeggsin
theaquarium andmostofthesehadwel1-
developedbodywithpigmentedeyes.Onthe
5thday,matlngbehaviorwasagainVideo-
recorded,andcrew(RichardHieb)tookagood

video-PictureOfafemalefishwitheggsather
belly.MosteggsseemeddeveloplngnOmally
(Fig.5),andforthoseeggslaidontheearly
daysofthemissionbabyfish(hatchedfry)
wereexpected,Usuallyat24oC,fertilizedeggs
willbecomehatchedfryabout10dayslater.
However,duetothetrouble(death)innewt

aquarium,watertemperaturehasbeenlowered
to23oC,whichmayhavesomewhatprolonged
thetimeofhatching･Attheendof12thday,a
babyfishwasdetectedbyChiakiMukaiwhen

sheca汀iedoutaroutinevisuaトinspection.
Video-recordinglSnotSCheduledonthisday.
However,shedecidedtotakeavideoplCture
ofthatswimmingbaby.Withthehelpof
RichardHieb,shesuccessfullyvideo-recorded
thepictureOfababyfishswimmlngWitha
motherfish(Fig.6)･Onthatevening,the
pICtureWasbroadcastedascrew'seditionfor

NASA'smissionhigh-lightTVprogram.
4)Theshuttleextendeditsstayinspacewithone

day,andlandedonKSCinthemomlngOfJuly

23･Afterwatcheditslanding,wewerewaltlng
foraNASA'Svehicletobringthemedaka

aquarium toKSC laboratory(HangaトL).
Wh enfouradultfishwerelyingdownatthe
bottomoftheaquarium,weallwereshocked.
Thefishlookedasdead.However,checking
theirfinsandgillsweremovlngallright,We
soonunderstoodthattheywereonlyhavinga
troublewiththegravityforceontheEarth.
Thenonebyone,fishbegantoswimortriedto
swim.Thoughqulteawkwardtheyswam,a
smilecamebackonourface.

AnothersurprlSeWasthateightbabyfishwere
detectedintheareaseparatedwithamesh-
plate.Anextradayofextendedflight-duration
mayhavebroughtaboutthisincreaseinthe
numberoffryhatchedinspace･Intotal,43
eggswerelaid(detected)inspace,Outof
which8babyfishwereborn(hatchedasfry)in

space･30fryhatchedafterlanding.5eggsout
of43Stoppedtheirdevelopmentatearlydeve1-
0pmentalstagesortheymighthavebeen

unfertilized･Thisisthenormalhatchingrate,
comparlngWiththeground-basedorlaboratory
data.

Adultfishreturnedfrom spacehadforgotten
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howtoswimintheworldofgravltyforce.In
space,forabout15daystheydidnothaveto
useairbladder(swimbladder)atall,andhad

forgottenhowtouseitproperly.OntheEarth,
fishtriedtoswim upward,however,aftera

secondorsotheydroppedagalnOntothe
bottomoftheaquarium.Theywerealsoswim-
mlngWithoutmuchuseoftail-fin.This
probablywasbecausethefishhadnotused
theirtail-fininspacesofrequentlyasthey
usuallydoontheEarth･Onthecontrary,eight
babyfishwhichhatchedinspacefromtheeggs
laidinspace(i･e･,trulyspace-originatedfry)
couldswimnormallyshowlngnOdifferencein
theirbehavioratall血･omthatofground-kept
fry.

5)Ittookfully3daysfortheadultfishtorecall
howtoswimontheEarth･Fromthe4thday
afterlanding,adultfishswam normally.A
weekafterlanding(July30),wecamebackto
Japanwiththefish.Inourlab,wepaired
Genki(male)andYume(female)andputthem
togetherinanaquarium,andpairedCosmo
(male)andMiki(female)inanotheraquarium.
BothpalrSmatedandlaideggsintheevenlng
ofthearrivaltothelab(July30)Oratthe
co汀eSpOndingtimeofthemornlngOfUSA
Easterntime.Foreachpalr,eggshavebeen
collectedeveryday,andtheirdevelopmentwas
tracedtillhatching.

Post･flightanalysis
lnspace,medakafishmatedandlaideggs.

Thinkingofthefacttheymatedfromtheveryfirst
dayofthemission,forthefishitseemednota
veryhardjobtoliveundermicro-G.However,
post-flightanalysesonvideo-tapeshaverevealed
detailsontheirlifeinspace,ofwhichresultsmay
suggestthattheyhadahardtimeinmatlng,and
alsohadsufferedstressesduetobeingexposedto
microIG･ThedetailsonthissubjectareglVenin
thebookrecentlypublishedbytheauthor(see
Noteaddedtotheproof,attheendofthispaper).

EHectsonojfspring
Asreportedabove,theadultfishre-Startedmat-

1ngandlaylngeggsOnthe7thdayafterlanding
andcontinuedtodosoeverydayafterward･Thefry
hatchedfromtheseeggslaidafterretumlngtOthe
Earth(spacemedaka2ndgeneration)werereared
togrown-upsinourlab,anddistributedtovarious
placesinJapan.Outofmorethan5,000proposals
foradoptlngthesefishchildren,sofar 304places
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havereceivedthefish.Mostofthemwereelemen-

taryschoolsandschoolchildrenthemselves.Nice
nameswereglVentOSuchadoptedfish,andwe
havebeenreceivlngmanythank-youlettersand
reportsonthefish.InJapan,mosttextbooksforthe

5thgradeofelementaryschoolaredealingwi仙
medakafish,andpupilsactuallyfeedthem and
observematlngandalsodevelopmentofeggslaid.
Insomeschools,theynowhavebeenuslngthe
3rd-oreven4th一generationsofspacemedakain
suchbiologyclasses.

Amongthe8trulyspace-orlglnatedfry,4fry
werekilledforhistologlCalobservations.Twofry
werelostwhenstaylngatKSCinnaturaldeathas
isusualforthesefishwhichlaymanyeggs.The
remainlngtwofryhavebecomeadultinourlab
andluckilytheyareamaleandafemale,andare
laylngeggs.Thesefisharespace-orlglnated,orso
tospeak,AdamandEvecame血.omspace.This
meansthatfarbeforewemaketheEarth-orlglnat-
edmedakafishproliferateinSpacestation,such
analienfishcouplehavealreadystartedtocreate
theircolonyontheEarth.

Figure7isasummaryofthefouradultfish
traveledinspaceandtheiroffspnng.Space-flown
adultfishre-startedmatlngandlaylngeggsinour
labfrom July30,1994(the22nddayafterthe
launch).Twocouplesweremade,andeachcouple
(amaleandafemale)werekeptinaseparate
aquarium.Foreachaquarium,eggslaidwere
collectedoneachday.Theseeggsweretransferred
toasmallglass-vessel,Checkingwhetherfertilized
ornot,andtraclngtheirdevelopmentuntilhatch-
1ngfry.Thedataoffertilizationandhatchability
fortheeggslaidbetweenGenki(male)andYume
(female)aregiveninFig.8.Theabscissainthe
figureisglVenindaysafterthelaunch.Thatis,
day0isthedaytheseadultfishandalsothegerm
cellsinsidetheirgonadswereexposedtomicro-G
forthefirsttime,andday15iswhenmicro-G
exposurewasteminated.The22mddayafterthe
launchcorrespondstoJuly30whenthefishre-
startedlaylngeggs.

Theeggswerecollectedranging40days(i.e.,
till60daysafterthelaunch).Thiswasanenough
rangecoveringthecompletesequencefor
primitive(leastdifferentiated)germ cellsto
developtofullymaturegem cells,i.6.,ovaand
sperm.Inmedakafish,ittakestwoweeksforprlm-
itiveoocytestobecomematureova,andabout30

daysfわrspematOgOniatobecomeSpem (Egami
andHyodo-Taguchi,1967).nerefore,ineither
oogenesis(infemale)orspermatogenesis(in



K.Ijiri

Space-traveledmedaka

雪空蒜東 軍還噂 呼 ⑲
∫

Space一〇｢lglnated

medaka 呼 轡 汽 表題簡
't二や.ぢ山√:～.;.13.･きゃ二幸 ::Llj3■1

Numberofeggslald,fertIIEZatIOn
andhatchablHywerechecked

medaka
(19940ct.17一)

巧3A■r㌔;～I･†3叫
･t.･Gtlで㌔計J■㌔昌丘?
匡衰蛋匡衰≡匡衰蛋

Numberofeggslald,fertJFization
andhatchabilltyWereChecked

Chlldrenofspace-trave一ed
medaka(2ndgeneratl0∩)
(1994July30-)
-diStrlbutedoverJapan

∫

Numberofeggslald,fe州ization
andhatchabiFitywerechecked

(19940ct15-)

◆

-'.,LJ:i-;･Tj言L-:-&.-i3.i:
''V-=3-).1･ぷ叫'･-I,3叫
pF:iぷL･'■:■ぷL)'F.･･Igt-i

巧蒜■確 申年i㌍轡 噂i声
可声q3<申

Grest-g｢andchIIdren(4thgeneratJOn)
(1994Dec27-)

でi神崎申巧諒■確で高知御節甲声

Fig17･Space-traveledadultfishandtheiroffspring.Thedateinparenthesesshowswheneachgenerationwasproducedforthefirst
time,i.e.,thefirstdaytheirparentgenerationstartedtolayeggs.

male),ifthereexistedsomecertainstagesofgem

celldevelopmentaffected bytheexposureto

microIG,within30daysafterlandingwecould

haveobservedacertainperiodofdayscharacteriz-

edbyanextremelylowpercentageoffertilization

orbysevereeffectsonembryonicdevelopment

thusleadingtoalow percentageofhatching.In

Fig.8andinthedatafortheotherpair(notshown

here,seethebookintroducedattheendofthis

paper),nonumericaldifferenceswerenotedinfer-

tilizationorinhatchingwhencomparedtothe

eggslaid by laboratory-keptadultfish.Fish

continuedmatlngandlaylngeggsinthefirstweek

ofthemission,andthoseeggsdevelopednomally

inspace.Thisfactmeansthatthelatestagesin

gametogenesis(i.e.,stageswithinaweekbefわre

fertilization)werenotaffectedbymicroIGata11･
Thetestmethodwehaveusedhereisoften

called d̀ominantlethalmutationtest'andbelieved

todetecttheoccurrenceoflarge-scaleaberrations

onchromosomesingem cells,whichbringabout

non-fertilizationorearlydeathofembryosbefore

hatchingasfry.Sofar,the15-dayspacetravelhas

glVennOinfluencesatallonthegem -cellfbm a-

tionprocess.However,thetestmethod isnot

usefulfordetectingminutechangesofgenes(i.e.,

pointmutations).Whethersuchmutationshave

beeninducedadditionallyduetomicro-G,radia-

tionsandotherstressesduringthespacenight,
cannotbeansweredbecauseofthesmallnumber

(four)offishandofthelimitationsofthetest

methodemployed.

Inourlaboratory,effectstudiesontheoffspring

havebeenextendedfurthertothegrandchildrenof

thespace-traveledadultfish.Additionallyweare

nowcollectlngdatafromthoselocationswherethe
babiesoftheadultfishhavebeendistributedto.A

summaryofsuchdatawillbepresentedelsewhere.

As illustratedinFig.7,truly'space-orlglnated

fry'havealsogrownupandstartedlaylngeggs.

Thedataontheembryonicdevelopmentoftheir

eggshavenowbeenaccumulated.Sofar,noeffects

canbedetectedontheoffsprlngOfthespace-

orlglnatedfish･Thesearethefishthatexperienced

micro-Gconditionsfromthestagebeforefertiliza-

tiontillatleasthatching.Itisknownthatinthis

fish species,theprlmOrdialgerm cellshave

formedandmigratedintothegenitalridge(i.e.,

thefutureovaryortestes)alreadyattheembryon-

icstagesbeforehatching(IjiriandEgami,1977･,
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Fig･8･Fertilization(expressedinthepercentageofunfertilizedeggs)andhatchabilityofeggslaidbyspace-mownadult
fish(apairofGenkiandYume)afterrecoverytotheEarth･TheabscissaisexpressedindaysafterthelatlnCh言息,days
a鮎rwhentheirgonadswereexposedtomicro-Gforthefirsttime.Micro-Gconditionsendedonday15,

Hamaguchi,1982).Therefore,asembryosdevel-

opednormallyintheirexternalappearance,inside

theembryostheformationofgerm cellstook

placenormallyinspace,andtheirmlgrationtothe

genitalridgewasnothinderedbymicro-G.

Conclusionfromthespacemedakaexperiment

Thepresentspaceexperimentprovedthatfish

canmateandlayeggs,andtheeggscandevelop

nomally(atleasttillhatchingorcomingoutasa

babyfish)inmicro-G.Amongvertebratespecies,

thiswastheflrSttimeinspaceforasuccessful

matlngbetweenamaleandafemale.Ofcourse,
ontheground(1g)thefishcanmateandlayeggs,

andeggsdevelopnormally.Therefore,itisquite

reasonabletosupposeatleastinthegravltyrange

of0g(micro-G)to1.0g,fishmatingandembry-

onicdevelopmentarepossible.Forexample,we

canbreedfishontheLtlnarbase(116g),orwhen

thegravlty-generatlngspace-COlonylSrealizedin

future,fish-culturecanbecarriedoutatanyplaces

fromthecenter(0g)totheperiphery(1g)ofthe

colony･Forthefouradultfish,nospace-flight

effectshavebeendetectedontheirgerm cells

whenoffsprlngStudieswerecarriedoutonthe

eggslaidinspaceorontheeggslaidaftertheir
returntotheEarth.

TowardtheSpaee･Stationexperiment

Thepresentexperimentisapreparatoryonefor

theftlturemedaka-experimentsinSpacestation.

TheIML-2medakaexperimentdemonstratedthat
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matlng,laylngeggsandembryonicdevelopment

areallpossibleinspace.Theseresultsshowedthe

possibilityofthemulti-generationbreedingofthis

fish in Space station,wherealong-term

experimentcanbeplanned.Inmedaka,eggs

becomesexuallymaturefishtolayeggswithin3

monthsinthelaboratory.Theyareoneofthe

shortestlife-cyclevertebrateanimals.Suppose

menandwomenhavetheirchildrenattheageof

20years･Then,medakafishcanrepeatitslife-

cycleatthespeedofabout80timesofhuman.

Usingthisfishsystem,wecanstudywhatkindsof

changesmightoccurinthehumanracewhohave

livedandrepeatedmanygenerationsinspace.it
mayserveasasimulationstudyofhumancolo-

nizationinspaceanditsconsequence,ofwhich
futurecanbeestimated80timesearlierthanthe

actualhumancase.Untilwhenthematlnglnrats

ormicecanberealizedinspaceexperiment,the

fishmedakawillserveasapowerfulvertebrate

speciesinthechallengeforthemulti-generation

experimentsinspace.

Inthepresentexperiment,aspecialplace,so
called'children'sroom'wassetinsidethemedaka

aquarium inordertokeepembryosandfrysafe

fromadultfish.Checkingwhetherthismechanism

worksornotinspacewasoneoftheobjectivesin

thisIML-2medakaexperiment･Wesaw many

eggsdriftedtothere(invideoimages,too)and8

fryhatchedinspacewerealsostaylngtheresafe

(noteatenbyadtllt).Thus,theseparationset-ups,
inmostcases,workedoutnicely.ⅠnSpacestation,
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wecantakeoutthischildren'sr90m,Placeitinto
anewaquarium.Then,thenext一generationfish
canberearedtoadultinthisnewaquarium.In
principle,repetitionofsuchastepwillleadusto
multi-generationbreedingofthisfishinspace.

Whatattractsmemostinthespacebiologyex-
perimentistheadaptationoflifetomicro-G.With
ahistoryofnoexperienceofmicro-Gatallfor
about4billionyearsaftertheorlglnOflife,how
themedakafishmayexhibitadaptationtospace
whentheyhaverepeatedgenerationsinthisnew
environment.Whichgene(S)ontheirDNAthefish
mayutilizeforsuchadaptation?Thisisoneofthe
reasonswhyinsteadofartificialinsemination,i
havebeenespeciallyconcernedwiththeirmatlng
ortheirnaturalwayofreproduction.Onlythefish
whohaveadaptedwelltomicro-Gcanmateand
reproducetheiroffspring･Ifthathappenedthrough
ageneticchange,aftertensofgenerationsstlCh
spacemedakapopulationmightbesomewhatdif-
ferentfromtheground-keptpopulations.Itmight
beasuperbexcitementtoseesuchanexperimental
demonstrationofone-cutsceneoftheevolutional

process- adreamofmyselfasabiologist.
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