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AbstractTheperipheralnerveswhichinnervate
thelaterallineorgans(neuromasts)Wererevealed

byanimmunohistochemicalstalnlngmethod

usinganti-neurofilamentprotein(70K+160K+
210K)antibodiesinthemedaka(OTyZiaslatipes).

Almostallneuromastsincludinggrooveorgansin

thehead reglOn Were innervated by the
hyomandibular,supraorbitalandinfraorbitalnerve
trunks,inwhichtheanteriorlaterallinenerve

(ALLN)wasincluded.A few grooveorgans
receivedthedorsalandlateralramioftheALLN.

Thetrunkandtailneuromastsweresuppliedby
thelateral,dol･Salanddorsolateralramiofthe

posteriorlaterallinenerve(PLLN).Theoccipital

neuromastswereinnervatedbyboththeoccipital
ramusofthePLLNandthedorsalramusofthe

ALLN.

Introduction

Thelaterallineisthoughttobeasensory

system todetectwaterdisplacement(Dijkgraff,
1962)andtodetectionconcentrations(Katsukiet

al.,1971)inaquaticvertebrates.Thesystem

appearstoreglStermovementandsaltcon-

centrationinthewaterandthusprovidesvaluable

sensoryinformationtotheswimmlnganimal.
Thelaterallinesystemofthemedaka(0り7Zias

latipes)hasbeenstudiedbyYamamoto(1947,
1975),Sato(1955a,b),Iwamatsuetal.(1984)and

Iwamatsu(1993).Allinvestigatorsagreethatthis

fishhascharacteristiclarge neuromasts(groove

organs)intheheadandmanyfreeorsuperficial

neuromasts(largepitorgansofSato,1955a;small

pitOrgansOfYamamoto,1975andIwamatsuet

α7.,1984)overtheentirebodysu血ce,butno

canalorgans.
Neuroanatomicalknowledgeonthelateralline

system isessentialforfuturephysiologicaland
anatomicalstudiestounderstandthebehaviorof

thisfish.However,aspolntedoutbyYamamoto
(1975),itsinnervationhasnotyetbeenworked

out.Itistechnically difficultto dissect

macroscoplCallytheinnervatlngnervesbecauseof
thesmallsizeofthemedaka.

Wehavedevelopedamethodinwhichnerve

fibersinbothperipheralandcentralnervous

systemsofthemedakawerestainedaswhole-
mountspecimens(Ishikawaetal.,1986;Ishikawa,
1992;Ishikawaandlwamatsu,1993;Ishikawaand

Hyodo-Taguchi,1994).Byusingthismethod,the
innervationofthelaterallinesystemisstudiedin

thepresentpaper.

MaterialsandMethods

Materials

Adultoryoung-adultfishofd-rRstrainofthe
medaka(0り7Ziaslatipes)wereused.Inorderto

show thebasicpatternofdistributionofthe

neuromasts,newlyhatchedfry(stage34/35of
Matui,1949;orstage39/400日wamatsu,1993)of
analbinostrain,bi-3Rstrain,wereused.Toshow

thegrossanatomyofthebrain,anadultfishofa

wild-typestrain,HB12A (Hyodo-Taguchiand
Sakaizumi,1993),wasused.

Anti-bovineneurofilamentprotein(70K+
160K+210K)monoclonalantibodies(anti-NFP

antibodies)from CosmoBio.Co.,Ltd.(Tokyo),

horseradishperoxidase(HRP)-conjugatedaffinity

-purifiedsheepanti-mouseIgG from Cappel
Laboratories,Inc.(Westchester),andsaponinfrom
Merck(Darmstadt)wereused.

Whole-mountstainingofneuromasts

Adultandyoung-adultfishwerefixedin
Zamboni'ssolution(Stefaninietal.,1967)for1

dayat4oC.Theywerewashedinphosphate-

bufferedsaline(PBS)for3-10daysat4oC.Inorder

topermeabilizethesamples,theywereincubatedin

freshlypreparedI.5%TritonX-100,I.5%saponin

and8%sucrosefor1dayat4oC.Afterwashingln
PBS,theyweresoakedin1% periodicacidfor

0.5-1hrtoblockendogenousperoxidaseactivlty.

Thesampleswerei… unohistochemicallystained

bytheindirectHRP-labeledantibodymethoduslng
theanti-NFPantibodies(Ishikawaetal.,1986).The

neuromastsofthe什ywerestainedaccordingtothe

previouslyreportedmethod(IshikawaandHyodo-

Taguchi,I994).
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Neuromastsinadultfishwerealsostainedby

immerslnglivefishin0.002%methylenebluefol'

2daysaccordingtothemethodofYamamoto
(1975).

Whole-mountnervestainlng

Theperipheralnervesofyoung-adultfishwere
stainedtwiceuslnganti-NFPantibodiesaccording
tothemethodofIshikawaetal.(1986).

Nomenclatureoflaterallinesandcranl'alnerves
IadoptedmostofSato'S(Sato,1955a)and

Yamamoto'S(Yamamoto,1975)nomenclaturefわr
thelaterallinesofthemedaka,andfわllowed

AriensKappersetal.(1936),NorthcuttandDavis
(1983),Puzdrowski(1988),and lto and

Yoshimoto(1991)inthenomenclatureofcranial
nervesoftheteleostfish.

Results

Cranialnen/es

Priortodescribingtheinnervationofthelateral
linesystem,IprovideabriefdescrlptlOnOfthe
cranialnervesinthemedaka(Fig.1).Therewere
12palrSOfcranialnerves,asinusualteleostfish.
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Thelateralisnervesenteredtherhombencephalon
ventraltothecerebellarcrest,astwobundles,

namely,anterior(ALLN)andposterior(PLLN)
laterallinenerves.TheALLNwassituatedclose

tothefacialnerve(ⅤⅠⅠ),whilethePLLN was

positionedclosetotherootsofglossopharyngeal
(ⅠⅩ)andvagal(Ⅹ)nerves.

Neuromasts

Theneuromastswerestainedintensivelybythe

presentimmunohistochemicalstalnlngmethod
usinganti-NFPantibodies(Fig.2).A similar
patternofthedistributionofneuromastswas

obtainedbymethylenebluestainlng,althoughmore
neuromasト1ikestructureswerestainedespeciallyin
thebelly(datanotshown).However,thecolorof

thestructuresstainedbythelattermethodwasso

faintthatitwasoftendifficulttodistinguish
neuromastsfrom othertypesofcells.Hence,the

formermethodwasusedforfurtherexperiments.
Theneuromastswerearrangedindefinitelines,

thoughtheirnumberineachlineexhibited

considerablevariationsdependingonthesizeof
themedaka,theindividual,andevenonopposite
sidesofthesamespecimen.
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湖

V llL白

Vl 11-V

ト ___ ___｣
1mm

Fig.1.Leftlateralviewofthebrainofmedaka.Thelateralisnerves(ALLNandPLLN)andothercranialnervesareshown･Inthis

specimen,thepinealbodyislost.I,olfactorynerve;II,optlCnerve:III･oculomotornerve;IV,trochlearnerve;V,trigeminalnerve;

VI,abducensnerve;VII.facialnerve:1-6,octavusnerve(VIIIa.anteriorramus:VIIIpposteriorramus):ALLN.anteriorlateralline

nerve;PLLN,posteriorlaterallineneⅣe;IX,glossopharyngealnerve;X,vagalnerve,C･cerebellum:D･diencephalon;R,

rhOmbencephalon:T,teleIICephalon:TEtectummesencephali.Scalebar=1mm.
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Fig.2.Aneuromast,whichisthefirstoneintheventral-tailline,

Stainedbythepresentimmunohistochemicalmethodusinganti-

NFPantibodies.Theleftlateralaspectofastainedfryisshown.

Notethattheneuromastprotrudesfromtheepidermisandisnot

sunkinthefry.Scalebar=0.05mm.

Fig.3.Thedistributionofheadneuromasts(A)andperipheralnerves(B)stainedbythepresentmethods.Theleftlateralviewofthe
headreglOnOfayoung-adultfishisshown.AG,anteriorgroup･,aml,anteriormandibularline;aol,antorbitalline;DG,dorsalgroup;
DR,dorsalramusoftheALLN,hl,horizontalline;HNT,hyomandibularnervetrunk:INT,infraorbitalnervetrunk;lot,lower
opercularline;PG,posteriorgrooveorgan;PVC,posteroventralgroup;rc,rostralcommissure;vol,ventralorbitalline.Scalebars≡
1nllll.
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Fig･4･Periphera一patternofcranialnervesintheheadregion･Thenerve-stainedsample(Fig･3B)wastraced,afterremovingthe
eyes･Leftventrolateralaspectisshown.Nervebranchestotheventralorbitalline(largeasterisk)andtotheanteriormandibularline
(smallasterisk)wereindicatedbytheasterisks.ALLN,anteriorlaterallinenerve;DR,dorsalramusoftheALLN;HNT,
hyomandibularnervetrunk;1NT,infraorbitalnervetrunk･,LRA,
tngeminalnerve;VII,facialnerve.Scalebar=1mm.

Headregton

Therewere12-13grooveorgansoneachside

oftheheadofyoung-adultfish(Fig.3A):two

antel-ior(AG,anteriorgroup)to,fivetosixdorsal

(DG,dorsalgroup)to,oneposterior(PG,posterior

grooveorgan)to,andfourposteroventral(PVG,

posteroventralgroup)totheorbit.

Nerve staining showed thatthe ALLN,

tl.igeminalnerve(V)andfacialnerve(VII)are

interconnectedintheperiphery,andthesecranial

nervesfbm threenervetrunksintheperiorbital

reglOn,namely,thesupraorbital,infraorbitaland

hyomandibularnervetrunks(Figs.3Band4).The

dorsal,anterior,andposteroventralgroupswere

innervatedbythesupraorbital,infraorbit'al,and

hyomandibularnervetrunks,respectively.The

caudalmostgrooveorganinthedorsalgroupwas

suppliedbythedorsalramusoftheALLN･The

posteriorgrooveorgan wasinnervated by the
lateralramusoftheALLN.

About60Ordinaryneuromastswerepresenton

eachsideoftheheadofyoung-adultfish(Fig.

3A).Theyformed6lines.A line(vol,ventral

orbitalline)ranalongtheventralmarginofthe

orbitandwascomprisedof20-30neuromasts.

Thislinemayco汀eSpOndtotheanteriorpartofthe

lateralramusoftheALLN;SNT,supraorbitalnervetrunk;V,

loweropercularlineandthewholepreopercular
lineofSa主o(1955a).Anteriortothisline,about6

neuromasts(aml,anteriormandibularlineofSato,

1955a)Werefoundintheanteroventralsurfaceof

thelowerJaw.Posteriortotheposteriorgroove

organ,about5neuromasts(hl,horizontallineof

Sato,1955a)werescattered.About6neuromasts

(lol,loweropercularlineofSato,1955a)Were

alTangedonthelowermarginOftheoperculum.

Immediatelyanteriortotheorbit,6neuromasts

(aol,antorbitallineofSato,1955a)wereobserved.

Ⅰnthesnout,about5neuromastsfbm edaline(rc,

rostralcommissureofSato,1955a).

Theanteriormandibularandloweropercular

lineswereinnervatedbythehyomandibularnerve

trunk(Figs.3Band4).Theventralorbitallinewas

innervatedbythesamenervetrunk,thoughIcould

notruleoutthepossibilitythatthenervebranches
fromtheinfraorbitalnervetrunkalsocontributeto

theinnervationofthisline.Thehorizontalline

receivedboththehyomandibularnervetrunkand
thelateralramusoftheALLN.Theantorbitalline

wassuppliedbytheinfraorbitalnervetrunk.The

rostralcommissurewasinnervatedbythesupra-
orbitalnervetrunk.



InneⅣationoflaterallinesystem

dlt

21

Fig.5.Thedistributionofneuromastsinthetailofadultfishwhichwasstainedbythepresentmethod.Aneuromast-stainedsample
wastraced.Leftlateralview.Neuromastgroupslntwolinesarenumbered.dll,dorsolateralline;ml,midbodyline;vtl,ventral-tail
line.Scalebar=1mm.

Occipital,trunkandtailregions

Intheadultfish,neuromastgroups,eachof

whichwascomposedof2-10neuromasts,formed

eachline(Fig.5,SeealsoFig.140日shikawa,

1990)･Therewere40-50neuromastgroupson

each side.Inthefry,theneuromastswere

decreasedinnumbercomparedwiththeadultfish,

andsingleneuromastswerearrangedalongeach

line(Fig.6).However,therewaslittledifference

betweenthefryandadultfish,intermsofthe

basicpatternofthedistributionoftheneuromasts.
Fivelineswerefoundoneachsideofthetrunk

andtail:amidbody(ml),abelly(bl),aγentral-tail
(vtl),adorsal(dl)andadorsolateral(dll)line,

eachofwhichranfromanteriortoposterior･
Concernlngthedistributionofneuromastsin

thetrunkandtailregions,Iconfirmedtheresults

ofYamamoto (seeFig.10-20fYamamoto,

1975):Themidbodylineandventra1-tailline

correspondtotheposteriorpartofthedorsolateral

rowandtheposteriorpartoftheventrolateralrow

ofYamamoto(1975),respectively.Thebellyline
isidenticaltotheventralrowandtheanteriorpart

oftheventrolateralrow ofYamamoto(1975).
Thedorsallineand thedorsolateralline

co汀eSpOndtothedorsalrowandtheanteriorpart
ofthedorsolateralrow ofYamamoto(1975),

respectively.

NervestainlngSOfyoung-adultfishrevealed

thatthemidbodyandventraトーaillineswere

suppliedbythelateralramus(LRP)ofthePLLN

(Figs.7and8).Thedorsalanddorsolaterallines

wereinnervatedbythedorsal(DR)anddorso-

lateralrami(DLR)ofthePLLN,respectively.Ⅰ

Couldnottracetheperipheralnervestothebelly

line.Theneuromastsofthislinemaybeinner

vatedbyeitherventralramus(rami)ofthePLLN
orventralbranch(es)fromthelateralramusofthe
PLLN.

Anteriortothedorsalline,oneline(01,

0ccipitalline)wasobservedintheoccipitalregion
(Figs.7and8).Inthisline,afew groupsof
neuromastswerescatteredonthedorsalsu血ceof

theheadanddorsolateralsurfaceoftheotic

vesicle.Thislineco汀eSpOndstothesupratemporal

commissureofSato(1955a).Theoccipitalline

wasinnervatedbytheoccipitalramus(OR)ofthe
PLLN.Theanteromostneuromastsinthislinealso

receivedbranchesfrom thedorsalramusofthe

ALLN.

Discussion

Thepresentstudyrevealedtheinnervationof

thelaterallinesystem ofthemedakaandthe

coursesofnervefibersintheperiphery･Thisstudy

providesaneuroanatomicalbackgroundfわrfuture

studiesonthelaterallinesystem ofthisuseful

laboratoryfish.
Asinotherteleostfish(McCormick,1983),the

laterallinesystem seemstobeinnervatedby
ALLN andPLLN inthemedaka:Inthehead

reglOn,themostneuromastswereinnervatedby

theALLN,amongperipheralbranchesofwhich

thehyomandibularnervetrunkwasthemostwell-

developed.InthetrunkandtailreglOnS,theywere

suppliedbytheramiofthePLLN,amongwhich
thelateralramusofthePLLN wasthemost

prominentinnervatlngneⅣe.
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Fig.6.Thedistributionofneuromastsinthefrywhichwasstainedbythepresentmethod.Theleftlateral(A),dorsal(B),andventral

(C)views.bl,bellyline:dl.dorsalline;01,0ccipitalline;PF,pectoralfin.Forotherabbreviations,seeFig.5.Scalebar=0.5m .

Concernlngthenomenclatureofthelaterallines
inthemedaka,differencesarenotedbetweenthe

presentresultsandthoseofSato(1955a).The

grooveorgansintheperiorbitalreglOnhavebeen

thoughttobesupra-andinfraorbitallines(Sato,

1955a).However,theposteroventralgroupofthe

grooveorganswasfoundtobeinnervatedbythe

hyomandibularnervetrunkinthepresentstudy･

Hence,thesegrooveorgansdonotco汀eSpOndto

theinfraorbitallineorthesupraorbitalline,but

rathertopartofthecheekline(thehorizontalline
plusverticalline)ofotherteleostfish.

Althoughtherewerenocanalorgansinthe

medaka,numerousfree(superficial)neuromasts

Weredistributedalloverthesurfacefromthehead

tothetaiLThus,thelaterallinesystem must

certainlybeofgreatimportanceinthelifeofthis

fish･Thissensorydetectormaybeusednotonlyin

swimmlngbutperhapsalsoinmanyothertypesof
behaviorsuchasfighting,mating,andschooling.

Inthisconnection,itisofinteresttoknowthe

centralprocesslngOflateralislnputSinthebrain.

Experimentalstudiesshouldbeperformedto

determinewhethertheprqJectionofthelateralis

impulsestothecentralnervoussystem issoma-

totoplCallyorganized.ExperimentalhodologlCal

studiesinthebrainshouldbealsoperformedin
thefuture.
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Fig.7.LeftdorsolateralaspectoftheoccipitalandtrunkreglOnSOftheyoung-adultrlShwhichwasstainedbythepresentmethod.
NotethattheneuromastsineachlinewereinneⅣatedbysmallcollateralnervesfromeachramus.dl,dorsalline;dll,dorsolateral
line;DLR,dorsolateralramusofthePLLN;DR,dorsalramusorthePLLN;LRP,lateralramusofthePLLN;ml,midbodyline;01,
0ccipitalline;OR,occIPitalramusofthePLLN;PF,pectoralfin.Scalebar=1mm.

DR

Fig.8.PeripheralpattemorthePLLNanddistributionorneuromastsintheoccipitalandtrunkregions.Thestainedsample(Fig.7)

wastraced.PLLN,posteriorlaterallineneⅣe.Forotherabbreviations,seeFig.7.Scalebar=1mm.
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