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Abstract lnresponsetothegrowlnglntereStin
themedaka(Oyyziaslatipes)asamodelvertebrate

forstudiesonneurobiology,weprovideherean

atlasoftheadultbrainofawild-typeinbredstrain
ofthemedaka.WeusedtheHNIinbredstrain,

whichhasbeenusedasastandardwild-type
medakainmanylaboratories.Theadultbrainswere

fixedandfrontallycutintocompleteserialsec-
tions.ThesectionswerestainedwithNissland

Bodianmethods･Inthepresentatlas,externalfea-

turesofthebrain,photographsofrepresentative
levelsoftheNisslandBodiansections,and

drawlngSOfthesesectionsarepresented.Thebrain
structureswereidentifiedbasedontherecentcom-

parativeandhodologlCalstudiesinvariousteleost

species.Inordertodemarcatebrainstmctures,

hodologicalexperimentsuslngaCarbocyaninedye
(DiI)asaneuronaltracerhavealsobeencarried

out.Theatlasprovidesthebasisforfurtherdeve1-

opmental,neuroanatomical,neurophysiologlCal,
andbehavioralinvestlgationsuslngthemedaka.

Introduction

lnthisreport,weprovideastandardbrainatlas
ofa wild-type inbred strain ofthe medaka

(0り,Ziaslatipes).

Theknowledgeoftheorganizationsofteleost
brainsisindispensablefordevelopmental,neu-

roanatomical,neurophysiologlCal,andbehavioral
investigationsincomparativeneurologyofverte-

brates･Teleostsarethemostnumerousgroupof

vertebrates,encompasslngabout25000species
(Nelson,1994).AccordingtoLauderandLiem
(1983),thelivingteleostscontainfourmajorradi-

ations,theOsteoglossomorpha,Elopomorpha,
C1upeomorpha,andEuteleostei(themostdiverse
groupofteleosts).

Smallteleostfishes,suchasthemedakaandthe

zebrafish(Daniorerio),areincreasinglybeing
usedasvertebratemodelsystemstostudyneurO-

biology(Yamamoto,1975･,Egamietal.,1990･,

Kimmeletal.,1991;Iwamatsu,1993;Kimmel,

1993;Westerfield,1993;Haffteretal.,1996;

Drieveretal.,1996;Ishikawa,1997).Bothmeda-

kaandzebrafishbelongtotheEuteleostei(Lauder
andLiem,1983;Nelson,1994).Themedaka(an

orderoftheBeloniformes)belongstothesuperl

orderAcanthopterygii,themostnumerousgroup
intheEuteleostei(Nelson,1994;Namse,1996).

Ontheotherhand,thezebrafish(belongingtothe
orderCyprinifomes)belongstoasuperorderof

theOstariophysi,anotherhighlyspecializedgroup
withintheEuteleostei(Nelson,1994).

Theostariophysanteleostsincludingzebrafish

havehadaunlqueevolutionaryhistoryamongthe

Euteleostei.Thecomparativestudiesonvisual

pathwaysintheteleostbrainssuggestthatearly

ostariophysansmayhavehadreducedvisionand
thattheelaboratevisualsystemsofcyprinidsree-
volvedlater(NorthcuttandWullimann,1988;

StriedterandNorthcutt,1989).Cyprinids,suchas
Carassiusauratusand CyprlnuSCaPrl0,have

tetraploidicorigins(Ohno,1970;Ojima,1983).It
isreportedthatthezebrafishhassevenHoxgene

clusters,probablyasaresultofentiregenome
duplication(Amoresetal.,1998).Theentirelength

ofthezebrafishgenomeisabouttwicethatofthe
medakagenome(Ojima,1983).Indeed,thebrain

structuresofthecyprinidsincludingzebrafishare
strikinglydifferentinseveralimportantfeatures

from thoseofacanthopteryglanteleostfishesin-

cludingthemedaka(Ruppetall,1996;Wulliman
etal.,1996;Ishikawa,1997･,AnkenandBourrat,

1998).
Itiswellknownthatthereexistsenormous

interspecificdiversltyinbrainmorphologyin
teleosts(Lissner,1923;Herrick,1924;Evans,
1940;Uchihashi,1953;Ito,1978;Meek and

Nieuwenhuys,1997).Thebrainstructuresofteleost
fishesmaybedifferentevenamongvariousstrains

ofthesamespecies.Ourresultsuslngfiveinbred
strainsofthemedakarevealedthatthestrainswith
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differentgenotypespossesslargevariationingross

brainmorphology(Ishikawaetal.,1996;1999).
Theresultsindicatethatthereexistslargeintraspe-

Cificvariationingrossbrainmorphologylnthe
medaka.

Inordertominimizethevariationinabrain

atlasofthemedaka,Wemustthereforeusea

geneticallyhomogenousstrain.Recently,Anken

andBourrat(1998)publishedabrainatlasofa
body-colourmutantstrainofthemedaka.Howev-

er,theydidnotstatewhethertheusedstrainwas

aninbredornot.Inthepresentstudy,weusedone
oftheinbredstrainsofthemedaka,HNIstrain,

whichhasbeenusedasastandardwild-type

medakainmanylaboratories.
Inourbrainatlas,thebrainstructureswere

identifiedmainlybasedontherecentcomparative
andhodologlCalinformationonvariousacan-

thopterygianfishes(Ito,1978;ItoandVanegas,
1983;Murakamietal.,1983;ItoandYoshimoto,
1991;Yamaneetal.,1996;Yoshimotoetal.,

1998)･Inordertohelptheidentificationofbrain
structures,hodologlCalexperimentsuslngaCarbo-
Cyaninedye(DiI)asaneuronaltracerhavealso
beencarriedout.Ourresultswereofteninconsis-

tentwiththoseofAnkenandBourrat(1998)in
delineationandnomenclatureofvariousnuclei

andfibersystems.

Materia一sandMethods

Medakainbredstrain

A medaka inbred strain,HNI-ⅠⅠ (Hyodo-
Taguchi, 1980, 1990; Hyodo-Taguchi and
Sakaizumi,1993)wasusedinthepresentstudy.

ThewildpopulationsofthemedakainJapancan
bedividedintotwomajorgeneticgroups,the
NorthernandSouthempopulations(Sakaizumiet

d.,1983)･GeneticanalysisusingDNAsequence
dataofmitochondrialcytochromeband12sribo-

somalRNAgenessuggeststhatthesetwopopula-

tionsdiversifiedmorethanonemillionyearsago
(forareview,seeNaruse,1996).TheHNI-IIstrain

isderivedfromapairOfparentfishbelongingtO

thewildNorthernpopulation.Thestrainhasbeen

maintainedbyfullsiblingmatlngfor32genera-
tions,andtheprobabilityofhomozygosltyWithin
thestrainismorethan99% (Hyodo-Taguchi,
1980,1990).

Fishwerebredandraisedunderacommon

standardsetofconditions:about10fishwerekept
in3litersofstillwaterinaplasticvessel,and

maintained underconstantwatertemperature

(26-29oC)andphotoperiod(14-hlight/10-hdark

cycle)･Thefishweregivenpowderedfishfood
(Tetra-min,TetraWerkeCo.,Mells,Ge-any)
onceaday.Undertheseconditions,thefishmature

sexuallyin3-6monthsafterhatchingandstartto

performmatlngbehaviorsatthebeginningOfthe

lightperiod.Inthemedaka,asinotherteleostfish-

es,individualsofthesameageandfromthesame
geneticbroodvarylnSize.Sexualmaturationis

associatedwiththeattainmentofaminimalbody
sizeratherthanage(SohnandCrews,1977;

CamptonandGall,1988).Thus,Weusedsexually
maturedmalefishofasimilarbodysize(about3
cmtotallength)oftheagesof3-6monthsold.

Externalfeaturesofbrains
The fish were anaesthetized with MS222

(0.03%)andperfusedthroughtheconusarteriosus

withamixedsolutionof2% paraformaldehyde

and2%glutaraldehydein0.1M phosphatebuffer

(pH7･4)usingasmallglasspipette.Thebrains
wereremovedfrom theskull,postjixedinthe
samefreshfixativebyimmersionfor1.5h,rinsed
inthephosphatebuffer,andexaminedunderadisI
sectionmicroscope(Plates1and2).

NissIPreparation
Thefixedbrainswereimmersedin20%

sucrosein011Mphosphatebuffer(pH7.4)for2h,
embeddedin5% agaroseand20% sucrosein

water,andfrozeninn-hexane(-50oC).Complete-

lyserialsectionsof40pmthickwerefrontallycut
onacryostat･SectionswereNisslstainedwithcre-

sylviolet(PanelsAinPlates3-20)･Thedrawings
weremadewiththeuseofacameralucidaat
lOOx.

BodianPreparation
BrainswerefixedbyimmersionintheBodian

IIsolution,embeddedinparaffin,cutfrontallyinto
acompleteseriesofserialsections(15〃m),and

stainedaccordingtotheBodian-Otsukamethod
(Otsukaetal.,1960)tovisualizefibersystems
(PanelsB inPlates3-20).Thedrawingswere
madewiththeuseofacameralucidaatlOOx.

Dilexperiments
Brainswerefixedbyimmersionorperfusion

withthe4%parafo-aldehydein0.lMphosphate
buffer(pH7･4)･Thefixedbrainswerepostfixedat

40Cforatleast2days･ToapplyDiI,thefixed
brainwaswashedwiththe0.lM phosphatebuffer
(pH7.4),blotteddry,andasmallholewasmade
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withasharpneedleatareg10nOfthebrain.A
smallcrystalof1,1′-dioctadecy1-3,3,3′,3′-tetra一

methylindocarbocyanineperchlorate(DiI,Molec-
ularProbes,JunctionCity,Oregon)wasthen

pushedintothehole,andtheapplicationsitewas

coveredwithasolutionof6% gelatin(TypeA,

300Bloom,fromporcineskin,Sigma,St.Louis,
Missouri).Theapplication siteswerevarious

reglOnSOfthetelencephalon,optictectum,and
cerebellum.Thebrainswereputinthe4%para-
formaldehydeinO･1M phosphatebuffer(pH7.4)
andstoredinthedarkat37oCfor6to9days.At
theendofthediffusiontime,thebrainswereblot-

teddryandembeddedin7%gelatin･Theembed-
dedspecimenswerestoredin4%paraformalde-

hydein0.1Mphosphatebuffer(pH7･4)ovemight
inordertohardenthegelatinandthenseriallysec-
tioned(80pm)frontallyonamicroslicer(DTK-
3000,D.S.K.,Osaka).Thesectionsweremounted

uslng50%sucroseandobservedunderanOlym-
pusepifluorescencemicroscope(Vanox,AX80)
equippedwitharhodaminetypefilterset.

Nomenclature

We follow the neuroanatomicalterms of

Nieuwenhuys(1963)andMurakamietal.(1983)

fortelencephalicstructures,thoseofPeteretal.,
(1975),SakamotoandIto(1982)andItoetal.,

(1986)fordiencephalicstructures,andthoseof
Uchiyamaetal.,(1988)forpretectalstructures.
OtherreferenceswerelistedintheIndexof
Abbreviations.
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AABTBIRoENVsI･ sTRUCTURES AABTBIRoENVsI- sTRUCTURES

a Mauthneraxon

AON anterioroctavusnucleus

(McCormick,1983)

AP areapostrema
APT areapretectalis
BO bulbusolfactorius

ca commissuraanterior

CAN caudalnucleus(McComick,1983)
cans commissuraansulata
cc canaliscentralis

cce commissuracerebelli

CD comudorsale

CE corpuscerebelli

cgs commissureofnucleusgustatorius
secundarius

ch commissurahorizontalis

cho chiasmaoptlCum

CM corpusmamillare
CmlCOmmlSSuramlnOr

cp commissuraposterior
CR cristacerebellaris
ctcommissuratransversa

CV cornuventrale

Dc areadorsalistelencephaliparscentralis

Dd areadorsalistelencephaliparsdorsalis
dDldorsalreglOnOfDl

dDm dorsalreglOnOfDm

Dlareadorsalistelencephaliparslateralis
DLT nucleusdorsolateralisthalami

(Sheldon,1912;Peteretal.,1975)

Dm areadorsalistelencephaliparsmedialis
DM nucleusdorsomedialisthalami

DO descendingoctavusnucleus
(MeredithandButler,1983)

Dp areadorsalistelencephaliparsposterior
E epiphysis(pinealorgan)

EC efferentcellsofoctavusnerve

(MeredithandButler,1983)

EG eminentiagranularis

EW nucleusEdinger-Westphal
fan fibraeansulatae(Sheldon,1912)
fe fissuraendorhinalis
fd funiculusdorsalis

fl funiculuslateralis

flm fasciculuslongitudinalismedialis
fr fasciculusretroflexus

fv funiculusventralis

G granulepopulation
(McCormickandHemandez,1996)

GA corpusglomerulosumparsanterior
GR corpusglomerulosumparsrotunda
H hypophysis

HB habenula
IM nucleusintermedius
LC locuscoeruleus

lfb lateralforebrainbundle

(fasciculuslateralistelencephali)
LIlobusinferior

lllemniscuslateralis

M cellulaMauthneri(Mauthnercell)

MCN magnocellularoctavusnucleus
(MeredithandButler,1983)

MED medullaoblongata
mfb medialforebrainbundle

(fasciculusmedialistelencephali)
MN nucleusmedialis(McComick,1983)

nALL nervuslineaelateralisanterior

NAT nucleusanteriortuberis(Sheldon,1912)
NC nucleuscorticalis

NCC nucleuscommissuralisC亘ial
NCLInucleuscentralisofinferiorlobe

(BrafordandNorthcutt,1983)
NDLInucleusdiffususlobiinferioris

NDTL nucleusdiffusustorilateralis

NE nucleusentopeduncularis
NF nucleusfuniculi

(funicularnucleus,Finger,1983)
NFlnucleusfuniculilateralis

(lateralfunicularnucleus,Finger,1983)

NFLM nucleusoffasciculuslongitudinalisme-
dialis

NFm nucleusfuniculimedialis

(medialfunicularnucleus,Finger,1983)

NGS nucleusgustatoriussecundarius
NInucleusisthmi

NIP nucleusinterpeduncularis
NLT nucleuslateraltuberis(Sheldon,1912)
NLV nucleuslateralisvalvulae

NP nucleuspretectalis

NPAC nucleusparacommissuralis
NPC nucleusofposteriorcommissure

nPLL nervuslineaelateralisposterior
NPPv nucleusposteriorisperiventricularis

(Peteretal.,1975)
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ABBREVI･
ATIONS sTRUCTURES AABTBIRoENVsI- sTRUCTURES

NPT nucleusposteriorthalami
NR nucleusTuber(Goldstein,1905)

NRL nucleusrecessuslateralis

(Peteretal.,1975)

NRP nucleusrecessuspostedoris
(Peteretal.,1975)

NRPH nucleusraphes

NTA nucleustangentialis
(MeredithandButler,1983)

NTMT nucleustractusmesencephalicusnervi
trlgem ini

NVT nucleusventralistuberiS(Sheldon,1912)
nlnervusolfactorius

nIInervusoptlCuS
nIIInervusoculomotorius
NIIInucleusnervioculomotorii
nIV nervustrochlearis

NIV nucleusnervitrochlearis

nV nervustrlgeminus
NVm nucleusmotoriusnervitrlgemini
nVInervusabducens

nVIInervusfacialis
nVIIInervusoctavus

nIX･nervusglossopharyngeus

NIXm nucleusmotoriusnerviglossopharyngel

nX nervusvagus
NXm nucleusmotoriusnervivagl

OI olivainferior

PGc nucleuspreglomerulosusparsmedialis
commissuralis(Peteretal.,1975)

PGm nucleuspreglomerulosusparsmedialis

PO nucleuspreopticus(Peteretal.,1975)
POm nucleuspreoptlCuSparsmagnOCellularis

(Peteretal.,1975)

PON posterioroctavusnucleus
(McCormick,1983)

POp nucleuspreoptlCuSparsparVOCellularis
(Peteretal.,1975)

PS nucleuspretectalissuperficialis

PTGN preglomerulartertiarygustatorynucleus
RF reticularfわrmation

RFm medialreticularzone

rlrecessuslateralis

rv radixventralis

SC splnalcord

Sltsulcuslimitanstelencephali
(Nieuwenhuys,1963)

SO secondaryoctavalpopulation
(McCormickandHernandez,1996)=
medialauditory nucleusofmedulla
(FingerandTong,1984)

sy sulcusypsiloniformis

TE telencephalon

telaep telaependymalis
tgs tractusgustatoriussecundarius

tgttractusgustatoriustertius

TL toruslongitudinalis
tmc tractusmesencephalocerebellaris

TO tectumoptlCum
toltractusolfactoriuslateralis

tom tractusolfactoriusmedialis

tro tractusoptlCuS
trod tractusoptlCuSdorsomedialis
trottractusrotundus

trov tractusoptlCuSVentrOlateralis
TS torussemicircularis

ttb tractustectobulbaris
ttbc tractustectobulbariscruciatus

ttbr tractustectobulbarisrectus

tvs tractusvestibulosplnalis

tV radixdescendensnervitrlgemini
VC valvulacerebelli

Vd areaventralistelencephaliparsdorsalis
vDlγentralreglOnOfDI

vDm γentralreglOnOfDm
vec ventriculuscommunis

ved ventriculusdiencephali

vem ventriculusmesencephali
verventriculusrhombencephali
Viareaventralistelencephaliparsinterme-

dia

Vlareaventralistelencephaliparslateralis
VM nucleusventromedialisthalami

Vp areaventralistelencephaliparsposterior
Vs areaventralistelencephaliparssupra-

Commissuralis

Vv areaventralistelencephaliparsventralis
VIIL lobusfacialis

XL lobusvagl
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PLATE1.Dorsal(A),γentral(B)andleftlateral(C)viewsofabrainoftheHNIstrainofthemedaka.Scalebar=0.5mm.
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PLATE2.Linedrawingsofdorsal(A),ventral(B)andleftlateral(C)viewsofmedakabrains･Thecranialnervesare

showninpanelC.Theoctavalnerve(nVIII)dividesintoananterior(nVIIIa),anintermediate(4),andaposterior

(nVIIIp)Component.Theanteriorcomponentdividesinto3smallernervebranches(ト3).Thebranch1suppliesthe

cristaampullarisofanteriorsemicircularcanal,thebranch2distributesthemaculaofutriculus,andthebranch3ends

thecristaampullarisofhorizontalsemicircularcanal.Thebranch4distributesthemaculaofsucculus･Theposterior

componenthas2smallerbranches(5and6).Thebranch5distributesthemaculaoflagena,andthebranch6Supplies

thecristaampullarisoftheposteriorsemicircularcanal.Forotherabbreviations,Seethelist.Scalebars=0.5mm.
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PLATE20.FrontalNissl(A)andBodian-stained(B)sectionsthroughthecentralpartoftheoptictectum･SM,stratummarginale;

SO,stratumoptlCum;SFGS,stratumfibrosumetgrlSeumSuPeliiciale;SGC,stratumgnseumcentrale;SAC,stratumalbumcen-

trale;SPV,stratumperiventriculare.Scalebar≡10〃m.


