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AbstractThemorphologyoftheinnerearwas

investigatedinthemutantstrainhaofmedaka
(Oryziaslatipes).Thehaisarecessivemutant

and/‡dhomozygotesareviablebutshowabnor

malcircularswimmlngbehavior.Inadultha/ha
medaka,morethanonesemicircularcanalsare

absent.Inthemostabnormalcases,nocanals

arepresentatallandthemembranouslabyrinth

oftheinnerearexhibitsasimplerugby-balLlike

structure.InsplteOftheapparentabsenceofthe

canals,however,receptorendorgansofthecanals

(cristaampullaris)andthenervesinnervatingthe

cristae(ampullarnerves)arepresent.Otolithsand
associatedreceptorepithelia(maculae)aswell

asoctavalnervebranchesinnervatlngmaCulae

arealsopresent,exceptutricularotolithsthatare

absentorextremelysmallifpresent.Projections

oftheampullarnerveswerealsoinvestlgated,

becausecentralconnectionsofthenervesmay
bealsoabnormal.Tract-traclngStudies,however,

revealedsimilarcentralprojectionpatternsofpri-

maryafferentsinthemutantandwild-typebrains.

Theseresultssuggestthatmembranesofpro-
spectivesemicircularcanalsfailtoform tubular
structuresandfusewiththemembranesofotolith

organsinha/hamedaka.Theseresultsalsosug-

gestthatabnormalmorphologyofthesemicircular
canalsaswellastheutricularotolithunderlies

theabnormalswimmlngbehavioroftheha/ha

medaka,insplteOfapparentlynormalcentralpro-
jectionsoftheampullarnerves.

lntroduction

Theinnerearofteleost丘Shesservesasasensor

forgravltyaSWellaslinearandangularaccelera-

tionstomediateinformationindispensablefor

maintainlngappropriatebodypostureintheir

wateryhabitat･Therearethreeotolithorgans

(utriculus,sacculus,andlagena)andthreesemi-

circularcanals(anterior,horizontal,andposterior

canals)oneachsideofthehead.Ingeneral,oto-

1ithorgansareconsideredtodetectlinearacceler-

ationandgravlty,andsemicircularcanalsarecon-

sideredtosenseangularaccelerations,although
acousticsensoryfunctionsofsomeotolithorgans

arealsoknowninteleosts(Platt,1983;Popper,
1983)･Thesensoryepithelium ofeachotolith

organ,knownasthemacula,liesbelowtheotolith
andeachsemicircularcanalcontainsitsownsen-

soryendorgan,thecristaampullaris.Theoctaval
nervesendsbranchestoinnervateeachmacula

(utricular,saccular,andlagenarnerves)andcrista

ampullaris(anterior,posterior,andhorizontal

ampullarnerves).

Aspontaneousrecessivemutanthawasfound

fromtheorange-redmedaka(Oryziaslatipes)and

establishedbythelateProfessorHideoTomita

(193111998).Homozygoushamedakaareviable

andshowabnormalmorphologylntheinnerear

andcircularswimmlngbehavior.Whenha/ha

medakaaresurprisedandswimrapidly,theyturn
aroundarostro-Caudalaxis(TomitaandTakeuchi,

unpublishedobservationreferredtoin:http://bio･

nagoya-u.ac.jp:8000/TomitaH.html).Althoughthe

generesponsibleforhaphenotypesremainstobe

determined,thehamutantprovidesagoodmodel

tostudythefunctionsanddevelopmentoftheves-

tibularsystembycomparisonwiththewildtype･
MorphologlCalandbehavioralabnormalities,how-

ever,haveonlybeenreportedinanabstractfわrm
byTomita(1980).Morerecentstudiesonha/ha

medakahavereportedthebehavioralcharacter-

isticsundermicrogravity(Ijiri,2000;Ijirietal.,
2003)andthemalformationofotoliths(Mizuno

andIjiri,2003).However,themorphologyofthe

innerear,includingmembranousandbonystruc-
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tur°s(labyrinths),sensoryinnervations,andcen-

tralconnections,remainstobefullyinvestlgated.

Inthepresentstudy,adetailedmorphological
analysisoftheinnerearinha/hamedakawas

performedwithcompletesetsoffrontalsections

ofthehead.Sectionswereimmunocytochemically
stainedwithanti-neuro丘Iamentantibodytofacili-
tateobservationsofnervousstructuresandcoun-

terstainedwithcresylviolet.Centralprojections

oftheampullarnerveswerealsostudied,because
neuralstructuresmaybealsoaffectedinha/ha
medaka.

MaterialsandMethods

A totalof24ha/hamedaka(21-26mm in

standardlength)and22normalorange-redmeda-

ka(control丘shofmatchingsizes)wereusedin

thepresentstudy.The′‡αStrainwasorlglnally

suppliedbyProfessorYukoWakamatsu(Nagoya

University).Theexperimentalproceduresof

thepresentstudyareinaccordwiththeofBcial
Japaneseregulationsfわrresearchonanimalsand
theguidelinesoftheAnimalCareCommitteeof
NipponMedicalSchool.

Morphologyoftheinnerear
Thirteenadultha/hamedaka(10malesand3

females)and10adultorange-redmedaka(7males

and3females)Wereusedforhistologicalexami-

nation･ThefiShwereanesthetizedbyimmersion
into3-aminobenzoicacidethylester(MS222;

Sigma[St.Louis,USA])solution(300mg/1)and
perfusedthroughtheconusarteriosuswith4%

paraformaldehydeinO･1M phosphatebuffer,pH
7.4.TheheadsofselectedfiShwereobservedfor

examinationofexternalmorphologyunderadis-

sectionmicroscopeandphotographedprlOrtOhis-
tologlCalproceduresdescribedbelow.Aportion
ofeachcraniumwasopenedandtheheadswere

post-fixedinafreshsolutionofthesamefixative
for12hoursat4oC.Theheadswerethendecalci-

fiedbyimmersioninto5%ethylenediaminetetra-
aceticacid(EDTA)for24hours,cryo-protected

byimmersionin0.1M phosphatebuffercontain-
1ng20% sucrosefor24hours,andembedded
in5% agar(TypeIX,Sigma)containing20%
sucrose.Theblockswerefrozenbyimmersion
into-60oCn-hexaneand401Pmthickfrontalsec-

tionswerecutonacryostat.Thaw-mountedsec-
tionsongelatin-coatedslidesweredriedbyfan-

nlngfor60min.

Followlngtwo10-minwasheswith0.05M
phosphate-bufferedsaline(PBS,pH7.4)andone

10-minwashwithPBScontainlng0.3% Triton
X-100(PBST),sectionswerereactedwithanti-

neurofilamentantibody (anti一meurofilament
l70k+160k+210k];CosmoBio,Tokyo,Japan)

dilutedto1:1000inPBSTovernight.Thisanti-

bodyhasbeenusedinmedakaandisknownto
labelperipheralnerves(Ishikawaetal.,1986;
Ishikawaandlwamatsu,1993).Tbreducenon-

specifiCreactions,normalhorseserumwasadded
totheprlmaryantiserumsolutiontoa丘nalcon-

centrationof1%･Sectionswerethenrinsedby
three10-minwashesinPBSandreactedforlh

withsecondaryantiserum solution(anti-mouse

lgG [Vector,Burlingame,USA】dilutedto1:200
inPBST).Afterthereactionwithsecondary
antiserum,sectionsweretreatedwith0.3%H202

solutioninmethanoltoblockendogenousperoxi-
daseactivitiesandincubatedwithavidine-biotin-

complexsolution(1:50;Sigma,ABCelitekit)for

1.5hatroom temperature.Afterthree10-min
washesinPBS,thesectionswerereactedwith

diaminobenzidine(DAB)aftertheprotocolof

Adams(1981),counterstainedwith0.025%cresyl
violet,dehydrated,andplacedundercoverslips.
Allofthereactionswerecarriedoutatroomtem-

perature.Stainedserialsectionswereobservedto

examinethemorphologyofthebonylabyrinth,
membranouslabyrinth(Semicircularcanalsand

associatedcristaampullarisaswellasotolith

organsandtheassociatedotolithandmacula),and

theinnervationpatternofthesensoryepithelium.

Tract-tracingstudiesofampullarnerves
Pilotexperimentsperformedinvivoresulted

inhighmortalitiesoffiShduetoseveredamage
fromopenlngthecraniumtoexposetheinnerear.
Therefore,weperformedtract-traclngexperiments
invitroafterproceduresdevelopedbyYamamoto
etal.(1998).

Elevenadultha/hamedaka(5malesand6

females)and 12adultorange-redmedaka(5

malesand5females)weredeeplyanesthetized
inMS222solution(over300mg/1).The丘shwere

immersedinKrebs-Ringer'ssolutionaeratedwith
agasmixture(95%02and5%CO2)andthecra-
niumwasopenedtoexposethecristaampullaris

andampullarnerve.Thesolutionwasasplrated
whenbiocytin(Sigma)Crystalswereappliedtothe

nervewithaninsectpln.Afterdecapltation,the
headwaskeptfor4hintheaeratedsolutionwith

approximately75mg/1MS222.Otherprocedures
wereperformedaccordingtothoseofYamamoto
etal.(1998).
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After4h,eachheadwasfixedin4% para-

formaldehydeandprocessedasdescribedabove

toprepare40-ドm frontalsections.Then,sec-
tionswerereactedwithavidine-biotinsolution

(1:100)inPESTovernightatroom temperature.

Visualizationofthetracerandcounterstainlng

wereperformedasdescribedaboveforhistolog1-
calexaminationsoftheinnerear.Nucleariden-

ti丘Cationoftheoctavolateralareainthemedulla

oblongatawasbasedonMcCormick(1983)and
Ishikawaetal.(1999).

Results

Externalmorphology
Theha/hamedakacanbediscriminatedfrom

normalorange-redmedakafrom theexternal

appearance.Inha/hamedaka,thetemporalpor-
tionsoftheheads,wheretheinnerearisembed-

ded,areclearlylargerthanthoseinnormal

orange-redmedaka(Fig.1).Suchanexternal

appearancereflectsexpandedmembranousand

bonylabyrinthsinha/hamedakaasdescribed
belowindetail.

Membranouslabyrinth
1.Semicircularcanals

Inalltheha/hamedakaexamined,morethan

onesemicircularcanalswereabsent(Table1).In

theextremecases(n=2伝sh),nocanalswerepres-

ent(Figs.2,3).Insuchcases,themembranous

labyrinthwashugeandexhibitedasimplerugby-

ball-likestructure(Fig.2).Absenceoftheante-

riorandposteriorcanalswasencounteredvery

frequently(roughly90%),whiletheabsenceof

thehorizontalcanalswasnotedlessfrequently

(roughly40%;Table2)･Asexpected,innormal

orange-redmedaka,allthreecanalswerepresent

onbothsidesinall丘Shexamined(n=10丘sh;Figs.
2,3).

Table1.NumberofmisslngSemicircularcanalsinha/
hamedaka.

numberofmisslng
canals

6 5 4 3 2 1 0
numberoffish 2 5 2 3 1 00

Table2.TheratioofmissingSemicircularcanalsinha/
hamedaka.

anteriorcanal horizontal posterior
canal canal

23/26sides 10/26sides 23/26sides
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Fig.1Externalmorphologyofnormal(A,C)andha/ha(B,
D)medaka.A-B)Dorsalview.Thetemporalregionofthe
headwheretheinnerearispresentisindicatedbyanarrow･
Thisregionappearsswolleninha/hamedaka.C-D)Lateral
view.ScalebarinD(=1mm)appliestoallpanels.

Whensomecanalswerepresentinha/ha
medaka,existlngCanalstendedtobeshortas

comparedwiththoseinnormalfish.Sometimes

posteriorcanalswereasshortas80pm (Fig.4),

whereasinnormalorange十redmedaka,posterior

canalswere300pmorlonger.Absenceofcanals

occurredwithalmostequalprobabilitiesonboth
sides(Table3).However,thelackofcanalsdid

notalwayshappeninsymmetricalpatterns(Fig.
4).
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A d.rsalview lateraJview B dorsalview lateralview

Fig.2Schematicdrawingsofthemembranouslabyrinthinnormalorange-redmedaka(A)andha/hamedakawithnoapparent

canals(B)･Blackdotsindicatethecristaeampullarumofthesemicircularcanals･Structuresquitesimilartothecristaeampul-

1arumofnormalfishwerepresentintheinnerearofha/hamedaka,andtheyareregardedascristaealthoughcanalswerenot

present(seetextforfurtherexplanation).AC:anteriorcanal.,As:astericus(otolithoflagena);CoC:commoncrus;HC:horizontal

canal;L:lapillus(otolithofutriculus);La:lagena;PC:posteriorcanal;S:sagitta(otolithofsacculus);Sac:sacculus;U:utriculus.

Rostralistothetopfordorsalviewsandtotheleftforlateralviews･Lateralistotheleftfordorsalviewsanddorsalistothetop
forlateralviews.
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Fig･4Asymmetryofthesemicircularcanalsinha/hamedaka.Aha/hamedakawithatinyposteriorcanalpresentonlyonthe

rightside(A-C)andanotherhamedakawithahorizontalsemicircularcanalpresentonlyontheleftside(D)areshown･AIC)

TheposteriorcanaloftherightsideisseparatefromthemembranouslabyrinthproperinthesectionshowninB･However,the

canalisconnectedtothemembranouslabyrinthproperintherostrallyadjacentsectionshowninAandinthesectionshowninC

(secondnextsectioncaudaltoB).Thatis,thecanalispresentonlyintwosections,indicatingthatthecanalisabout80トImrOStrO-

caudally･Thecristaampullarisofthisposteriorcanalwaspresentinthemembraneofotolithorgan,butnotinthecanal･Theleft

posteriorcanalwasmissing.Anarrowheadindicatestheotolithofthesacculus(Orsagitta)･D)Thehorizontalcanalispresenton

therightside,butnotontheleftsideinthisha/hamedaka･Ontheleftsideisalargeendolymphaticspaceformedbythefusionof

themembranesoftheposteriorcanalandsacculus(asterisk),andontherightsideisagiganticspacefわrmedbythefusionofthe

membranesofthehorizontalcanal,posteriorcanal,andsacculus(doubleasterisks),Anarrowheadindicatestheotolithofsaccu-

1us(Orsagitta).Abonystructureispresentontherightside(doublearrowheads),whichpresumablyistheremnantofabonethat

wouldseparatethehorizontalcanalfromtheotolithmembraneinnormalfish･HC:horizontalcanal;PC:posteriorcanal;Sac:

sacculus.Scalebar=500トIm(A-D).ThebarinAappliestoBandC.

Fig.3Frontalsectionsofnormalorange-redmedaka(A-C)andha/hamedakawithnosemicircularcanals(D-F)･A)Section

throughthecaudalmarglnOftheoptlCteCtum.Anarrowindicatesthecristaampullarisofthehorizontalcanal･Anarrowhead

indicatestheutricularotolith(orlapillus)andunderlyingmacula.Theanteriorcanalisalsovisible･B)Sectionatthecaudalmar-

glnOfthecerebellum･Thesacculus,anteriorcanal,andhorizontalcanalarevisible･Thehorizontalcanalisseparatedfromother

partsofthemembranouslabyrinthbythebonylabyrinth(whiteasterisk)･Anarrowheadindicatestheotolithofsacculus(orsagit-

ta).C)Sectionatthelevelofthevagallobe.Horizontalandposteriorcanalsaswellasthelagenaarevisible.Anarrowheadindi-

catestherostralmarginoftheotolithofthelagena(orastricus).D)SectionthatcorrespondsroughlytothelevelshowninA.No

canalispresentandthemembranouslabyrinthfわrmsasingle,largeendolymphaticspace(asterisk).Anarrowheadindicatesan

extremelysmallotolithoftheutriculus(lapillus)andunderlyingmacula.Onthecontralateralsidewasalapilluswithasizecom-

parabletotheonesinnormalfishcaudaltosectionsshowninthispanel.Alsonotetheexpandedspacesurroundedbybones(or

bonylabyrinth)･E)Sectionthatcorrespondsroughlytothelevelshowninち.Nocanalispresentandthemembranouslabyrinth

formsasingle,largeendolymphaticspace(asterisk)alsoatthislevel.Anarrowheadindicatesthesaccularotolith(sagitta)thatis

smallerandthinnerthanthoseinnormalmedaka.Anarrowindicatesasensoryepitheliumthatappearstocorrespondtothatin

thecristaampullarisofthehorizontalcanal･Notethecaudallocationcomparedwiththatinnormalmedaka.Tinybonystructures

arepresent(doublearrowheads)thatappeartocorrespondtotheboneseparatingthehorizontalcanalfromothermembranous

labyrinthsinnormalfish(B:whiteasterisk).F)SectionthatcorrespondsroughlytothelevelshowninC.Nocanalispresent

andthemembranouslabyrinthformsasingle,largeendolymphaticspace(asterisk)alsoatthiscaudallevel.Anarrowindicates

thesensoryepitheliumandnervefibersinnervatlnglt,COrreSpOndingtothecristaampullarisoftheposteriorcanal.AC:anterior

canal;CC:corpuscerebelli;HC:horizontalcanal;La:lagena;LI:lobusinferior;LX:vagallobe;PC:posteriorcanal;Sac:Saccul

lus.,TO:tectumopticum･,U･.utriculus.Scalebar=500卜m(A-F)･
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L________

Fig･5Sensoryepitheliaofthecristaeampullarumofthehorizontalsemicircularcanals
ofnormalorange-red(A)andha/ha(B)medaka.Fibersofthehorizontalampullar
nerveinnervatlngthesensoryepitheliumarevisible.Scalebar=50トIm,

Table3･TheratioofmisslngSemicircularcanalsinthe
leftandrightsidesinha/hamedaka.

anterior horizontal posterior
canal canal canal

left ll/13sides 4/13sides 12/13sides

right 12/13sides 6/13sides ll/13sides

2.Cristaampullarisofthesemicircularcanals

Inha/hamedakathatpossessedonlysomeof

thesemicircularcanals,cristaeampullarum fわr

theexistlngCanalswerepresent･Whentheexist-

1ngCanalswerenotextremelyshort,theircristae

werelocatedinalmostnormalpositions.However,

Cristaeofremarkablyshortcanalswerenotlocaレ

edwithinthecanalsbutonthemembranouslaby-

rinthoftheotolithorgantowhichthecanalwas
connected.Inaddition,cristaeofhorizontalcanals

werelocatedmorecaudallycomparedwithnor-

mal丘shinmanycases(Fig.3).Cristaeofanterior

orposteriorcanalswerealsolocatedatabnormal
rostrocaudallevelsinsomecases.

Inha/hamedakawithnocanalsatall,threesen-

soryepitheliawerefoundonbothsides,inaddi-

tiontothreepalrSOfmaculaeofotolithorgans

(Figs･2,3)･Also,themorphologyofthesesen-

soryepitheliawasqulteSimilartothatofthesen-

soryepitheliumofthecristaampullarisofnormal

medaka(Fig･5)･Thesesensoryepithelia,there-

fore,mayberegardedasthoseoftheanterior,

horizontal,andposteriorcanalsinthisorderfrom
rostraltocaudal.

3.0tolithorgans
Inallha/hamedakaexamined,allofthethree

otolithorgans(utriculus,sacculus,andlagena)

werepresent.Themaculaofeachotolithorgan

waspresentandlocatedinaroughlysimilarposi-

tiontothatinnormalorange十redmedaka,and

nomorphologicalabnormalitiesweredetectedas

comparedwithnormalorange-redmedakaexam-

inedinthepresentstudy.
Someoftheha/hamedakalackedotolithsof

theutriculus(12/26sides).Thelackofutricular
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Fig.6LinedrawlngSillustratlngStructureslabeledbybiocytlnapplicationsinvitrointotheanteriorampullarnerveofnormal

orange-red(A-E)andha/ha(a-e)medaka.ArrowheadsinAandaindicatetheapplicationsitesofbiocytin.Largedotsindicate

labeledganglioncellsoftheampullarnerve,linesindicatelabeledfibers,andsmalldotsindicatelabeledaxonterminals.AC:

anteriorcanal;AO:anterioroctavalnucleus;C:Caudalnucleusoftherhombencephalicoctavolateralarea;Ca:cristaampullarisof

anteriorcanal;CC:corpuscerebelli;CM:corpusmamillare;CoC:commoncru§;Cr:cristacerebellaris;DO:descendingoctaval

nucleus;EG:eminentiagranularis;HC:horizontalcanal;Ⅰ:nucleusisthmi;IP:nucleusinterpeduncluraris;L:lapillus;ll:lateral
lemniscus;LX:vagallobe;mlf:mediallongitudinalfasciculus;M:nucleusmedialisoftherhombencephalicoctavolateralisarea;

MO:magnocellularoctavalnucleus;NC:nucleuscentralislobiinferioris;NDLI:nucleusdiffususlobiinferioris;NLV:nucleus

lateralisvalvulae;NRL nucleusrecessilateralis;NRP:nucleusrecesslposterior;PC:posteriorcanal;PO:posterioroctaval

nucleus;S:sagltta;Sac:sacculus;SGN:secondarygustatorynucleus;SO:secondaryoctavalnucleus;TO:tectumoptlCum;TS:

torussemicircularis;U:utriculus;Xm:dorsalmotornucleusofvagus;III:oculomotornerve;V:trigeminalnerve.Scalebar=l
mm.
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otolithoccurredin5leftsidesand7rightsides,

suggestlngabsenceoflateralitylntheexpression

oftheabnormalphenotype･Someoftheexist-
ingutricularotolithswereverytiny(Fig.3D)･

Saccularandlagenarotolithswerepresentinall
伝sh.However,Saccularotolithswereremarkably

smallinmanyha/hamedakacomparedwithnor-
malorange-redfish,compressedmediolaterally
(Figs.3E,4).Nomorphologicalabnormalities

weredetectedinthelagenarotolithssurveyedin
thepresentstudy.

Bonylabyrinth
Inallha/hamedakaexamined,expansionof

thebonylabyrinthwasnoticeableparalleltothe
glganticmembranouslabyrinth.Thistendency

wasespeciallymarkedinha/hamedakawith
severeabnormalitylnthemembranouslabyrinth
(Figs.3,4D).

Innormalorange-redmedaka,bonystructures

werepresentthatseparatedtheotolithmembrane
from thehorizontalcanalmembrane(Fig.3B).
Incontrast,inha/hamedakawithouthorizontal

canals,suchbonystructureswereabsent.Instead,
tlnyboneswereobservedoutsidethemembranous

labyrinth(Fig.3E),whichmostlikelyrepresent

remnantsofthebonesseparatlngthehorizontal
canalfromtheotolithmembrane.

Innervationoftheinnerear
Inha/hamedaka,theinnervationpatternof

theoctavalnervemayberegardedtobethesame
asinnormalmedakainthatthenerveinnervates

threepalrSOfmaculaeandcristae.However,
abnormalcoursesofthehorizontalampullarnerve
werenoted.Innormalorange-redmedaka,the

horizontalampullarnerveranventrallyadjacent
totheutricularnerve,whileinha/hamedaka,the
nerveransomedistancefromtheutricularnerve.

Thisabnormalcoursemightberelatedtothe

posteriorshiftofthecristaofthehorizontalsemi-
circularcanal,comparedwithnormalash.Inone
case,thehorizontalampullarnervewasrunnlng

throughthebone,whichwasneverseeninnormal
orange-redmedaka.

Centralconnectionsofampullarnerv?s
BiocytlnapplicationstotheanterlOrampul-

1arnerveinnormalorange-redmedakaresulted
inlabeledterminalsintheeminentiagranularis,
anterioroctavalnucleus,magnocellularoctaval

nucleus,descendingoctavalnucleus,andpos-
terioroctavalnucleuslpSilateraltothesideof

tracerapplications(Fig.6A-E).Biocytinapplica-

tionstotheposteriorampullarnerveresultedin
labeledterminalsinthesamenucleiasthoseseen

afteranteriorsemicircularexperiments(datanot
shown).Biocytinapplicationstothehorizontal

ampullarnerveresultedinlabeledterminalsinthe
nucleustangentialisinadditiontothosenucleithat

receivefibersfrom anteriorandposteriorcanals
(datanotshown).Labeled丘bersintheeminentia

granularis,however,wereonlyoneortwo.Central

connectionsoftheampullarnervesinnormal

orange-redmedakaarethusqulteSimilartothose
knowninotherteleosts(MeredithandButler,
1983;McCormickandBraford,1993,1994).

Biocytlnapplicationstotheanterior,posterior,
andhorizontalampullarnervesinha/hamedaka
resultedinlabeledterminalsinthesamenucleias

innormalorange-redmedakawithmuchthesame

distributionpatternineachtargetnucleus(Fig.
6a-e:anteriorampullarnerveinjection).

Brainsize

Althoughwedidnotanalyzequantitatively
inthepresentstudy,thebraininha/hamedaka
appearedmuchsmallerthaninnormalorange-red
medaka(Fig.3).

Discussion

Sofarasweknow,thisisthefirstreportthat

investlgatedfullythemorphologyoftheinnerear
ofha/hamedakafromthebonylabyrinthtothe
membranouslabyrinthincludingmaculae,oto-
1iths,andcristaeampullarum.Furthermore,the

presentstudyalsoexaminedthemorphologyof
theoctavalnervewithaspecialfocusonthecen-
tralconnectionsoftheampullarnerves.

Inthepresentstudy,themembranouslabyrinth
ofha/hamedakawasfoundtoshow remark-

ableabnormalities,especiallyregardingthe

semicircularcanals.Thisisinbasicagreement

withapreviousstudyreportlngthetotalabsence
ofsemicircularcanals(Tbmita,1980;alsosee

unpublishedobservationbyTomitaandTakeuchi

thatispresentedinawebsite:http://bio.nagoya-u.
acjp:8000/TbmitaH.html).Anextremephenotype
wasalsoobservedinthepresentstudy.However,

Wealsoencounteredotherphenotypesinha/ha
medaka,inwhichonetofoursemicircularcanals

werepresent.Alsoimportantly,allcristaeampul-
1arumandampullarnervesinnervatlngthemwere

alwayspresentinha/hamedaka,Irrespectiveof
thedegreeofmalfわrmationofcanals.Thecristae

werepresentwithinthecanalswhenthemalfor-
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mationwasmodest.Whenthemalformationwas

severe,Cristaewerepresentonthemembranethat

apparentlyseemedtobetheotolithorganmem-
brane.These丘ndingssuggestthatthemembrane
ofsemicircularcanalsfailstoformatubularcon-

figurationandbecomesfusedwithorabsorbedby
themembraneofotolithorgans.Weconsiderthat
variabilitylntheextentoffusionisreflectedinthe

varietyofmorphologyofthemembranouslaby-

rinthobservedinthepresentstudy.

Themorphologyofsemicircularcanalswasnot

alwayssymmetricalintheha/hamedakastud-
iedinthepresentstudy.However,theabsenceof
canalsdidnotoccurwithabiastotheleftorright
side.Theseresultssuggestthatsemicircularcanals
ofha/hamedakabecomeabsentwiththesame

probabilityonbothsidesinanindependentman-
ner.Thepresentstudyalsorevealedthatthehori-

zontalcanalbecomesabsentwithalowprobabil-

ity(about40%),insharpcontrasttotheanterior

andposteriorcanalsthataremisslnglnabout90%

ofthesidesexaminedinthepresentstudy･This
mayberelatedtothepresenceofabonethatsepa-
ratesthehorizontalcanalfromthemembraneof

otolithorgans.Fusionofthehorizontalcanalmay
occuronlylnsomeha/hamedakainwhichthe

bonefailstoattainnormalmorphology.Similar
bonystructuresthatseparatetheanteriorandpos-

teriorcanalsfromthemembraneofotolithorgans
arenotpresentandfusionmayoccurmoreeasily.
Thecauseofsuchfusionremainsunknown.One

possibleexplanationistheexcessiveproduction
ordefectivedrainageofendolymphinha/ha
medaka,likeMenier'sdiseaseinhumans.Hyper
pressureofendolymphmayexpandthemembrane
labyrinthtohindertheformationoftubularmem-

branousstructuresandmayalsoexpandthebony
labyrinth,because/‡αphenotypesstartinembryos

pr10rtOOSSi丘cation.
Semicircularcanalsaretubularstructures

thatprotrudefrom theotolithorganmembrane,
arrangedthree-dimensionallytodetectangular
accelerationorrotationinanydirection.Rotation

oftheheadisdetectedbytheciliaofhaircells
thataredeflectedbytherelative(inertial)move-
mentofendolymphagalnStthecrista.Circular
con丘gurationofthecanals,therefわre,lSaCru-
cialfeatureforefficientandaccuratedetection

ofangularacceleration.Inha/hamedaka,more
thanonesemicircularcanalsareabsentandthose

canalspresentareseverelydefわrmed.Thatis,

HsemicircularHcanalsmaybesaidtobealmost
completelylackinginthismutantmedaka,in
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particularfrom thefunctionalpolntOfview.

Therefわre,detectionofangularaccelerationor
rotationmustbeseriouslydefectiveinha/ha

medaka,eventhoughsensoryepitheliaand

respectivenervesinnervatlngthem arepresent･

nact-traclngexperimentsofthepresentstudy
suggestthatampullarnervesofhamedakasend
infわrmationtothesametargetsandwithsimilar

terminalpatternsasinnormalorange十redmeda-

ka.Thus,defectivesensoryinformationfromthe
semicircularcanalsdoesnotappeartobecompen-

satedbythereorganizationofthecentralconnec-
tionsofampullarnervesexaminedmorpholog1-
callylnthepresentstudy.Theabove一mentioned
morphologicalfeaturesofsemicircularcanalsthus
appeartounderlietheabnormalcircularswim-

mlngCharacteristicinha/hamedaka.

Otolithorgansdetectlinearaccelerationinvolv-

inggravityaswellasacousticstimuli(Popper,
1983;Platt,1983).Itisconsideredthatgravityis

sensedbytheutriculus,althoughinvolvementof

thesacculusisalsosuggested(Popper,1983;Platt,
1983).Inha/hamedakastudiedinthepresent

study,utricularotoliths(orlapillus)wereabsentor
verysmallifpresent,1nagreementWithaprevious
study(MizunoandIjiri,2003).Therefore,detec-
tionoflinearaccelerationinvolvinggravitybythe
utricularmaculamustbeseverelydefective.Itwas

alsofoundinthepresentstudythatmanysaccular
otoliths(Orsagitta)aresmallandthin,compressed

mediolaterally.Thepresentstudy,therefore,sug-

geststhatabnormalitiesinutricularandpossibly
saccularotolithsalsocontributetotheabnormal

swimmlngOfthismutantstrain.Thesacculus
isknowntobeinvolvedinauditoryfunctionsas

well,inparticularinotophysans(Popper,1983)･
Possibledefectsintheacousticsensoryabilityln
ha/hamedakaduetoabnormalsaccularotoliths
remaintobeexamined.

Recently,Maruyamaetal.(2000;2002;2005)
identi丘edotolithmatrixproteinsinsalmonids
(OMP-1andOtolin-1)andzebra丘sh(ZOMP-1and

zOtolin-1)･Injectionsofantisensemorpholinol
oligonucleotides(MOs)toknockdownzomp-1and
zotolin-1duringdevelopmentresultedinabnor-

malmorphologyoftheinnerearthatissimilarto
ha/haphenotypes(Maruyamaetal.,2005).The

otolithsobservedinzompllMO-injectedzebrafiSh
weresmallerthanthoseinnormal伝sh,asitua-
tionsimilartotheutricularandsaccularotoliths

inha/hamedaka.Thezotolin-1MO injections
resultedinthefusionofotoliths,whichisreminis-

centofthesituationobservedinha/haembryonic
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medaka(MizunoandIjiri,2003).Alsoimpor-
tantly,someofthesemicircularcanalswerelack-

1ngafterInjectionsofeitherMO.However,there

aredifferencesaswell.ThezompllMOinjections
weremoreeffectiveinreducingthesizeofsaccu-

1arotolithsthanthatofutricularotoliths,apattern
contrarytothatseeninha/hamedaka.Injections
withMOresultedinlossofhorizontalcanalsbut

partialsuppressionofanteriorandposteriorcanal
formation,agalnaPatterncontrarytOha/haphe-
notypes.Finally,Oticvesiclesweresmallerafter

MOinjections,whichappearscontrarytoha/ha
medaka,lnWhichinnerearsarelargerthanin

normal丘sh･TheMO-inducedphenotypesmight

notbedirectlycomparabletothoseofthissponta-
neousmutantha,andthegeneresponsibleforha

phenotypesshouldbestudiedfurtherwithomp-1

andotolin-1aspossiblecandidates.

Finally,thebrainofha/hamedakaappears
smallerthanthatinnormalmedaka.Furtherstud-

iesonthebrain,inparticularquantitativeanalyses
inthevestibular-relatedcenters,areimportantto
understandfullythehastrain,whichisapromis-
1ngmutantmodelforunderstandingthephysioll

ogyoftheinnerearanditsdevelopmentalmecha-
nismsincomparisonwithnormal丘sh.
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