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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　PREFACE

　　　Posture　and　locomotion　in　vertebrates　are　controlled　by　a　variety　of　motor　centers　in

the　brain　and　spinal　cord．　To　cope　with　enviro㎜ental　and　internal　demands，　these

motor　centers　are　supplied　with　in鉛㎜ation丘om　all　sensory　systems［35］．　Most

vertebrae　walk　using　their　fbrelimbs　and　hindlimbs，　i．e．　they　do　quadnlpedalism．　On　the

other　hand，　birds　have　two　diffbrent　types　of　locomotion．　One　is且ying　using　their

fbrelimbs　and　the　other　is　bipedal　walking　using　their　hindlimbs．　It　has　been　suggested

fbr　long　time　that　a　special　balance－sensing　organ　of　the　body　is　necessary　fbr　birds

during　walking　on　the　ground，　because　their　hindli㎜bs　are　located　at　the　rear　of　the

gravity　center，　and　some　lines　of　evidence　supported　this　idea［3，7］．　At　present，　the

proposed　location　of　sqch　an　organ　is　the　lumbosacral　region　ofthe　vertebrae［32］．

　　　In　vertebrates，　neuronal　somata　are　mainly　located　in　the　grey　matter　of　the　spinal

cord．　However，　the　somata　of　paragriseal　neurons　are　present　also　in　the　spinal　white

matter　of　many　vertebrates［37］．　In　the　avian　spinal　cord，　ten　pairs　ofprotrusions，　called

accessory　lobes（ALs），　are　present　at　both　lateral　sides　of　the　lumbosacral　spinal　cord

near　the　dentate　ligaments［38］．　In　addition　to　scattered　paragriseal　cells　in　the　white

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1



matter　of　the　spinal　cord，　histological　results　haves　shown　that　neurons　gather　in　the

ALs　to　construct　the　m句or　marginal　nuclei　of　Hofhla㎜．［2，21］．The　m句ority　of　cells　in

the　AL　are　glycogen－rich　glial　cells（glycogen　cells）．　Somata　of　the　paragriseal　neurons

are　scattered　in　a　pool　of　AL　glycogen　cells　and　these　neurons　have　been　reported　to

show　some　moq）hological　properties　as　a　mechanoreceptive　neurons［37，38］．　In　birds，

the　vertebrae　are　fUsed　at　the　lumbosacral　region．　However，　the　borders　of　the　vertebrae

are　left　and　construct　bilateral　grooves　on　the　inner　surf乞ce　of　the　dorsal　wall　of　the

vertebral　canals．　The　ventral　ends　of　these　grooves　are　covering　the　ALs．　Such

construction　built　by　the　ALs　and　the　grooves　resembles　the　construction　of　the

semicircular　canals　in　the　i㎜er　ear［27，32］（Fig．1A，　quoted丘om　Necker，2006，　and

Fig．1B）．　This　morphological　and　histological　infb㎜ation　suggests　that　ALs　act　as　a

sensory　organ　and　have　a　role　in　keeping　the　body　balance　in　combination　with　the

vertebral　canals　during　walking　on　the　ground［28］．　In　fact，　behavioral　experiments

have　shown　that　destruction　of　the　Ium『bosacral　vertebral　canal　disturbed　bipedal

walking　of　pigeons［31］．

2



A rest rnovernent　of　head

（＼○

　　　　　　　　　、

5㎝id隅lar　canals

mσ∀ement　of　bQdy

lumbosacraI　cana』

Fig．1．（A）Scheme　ofthe　possible㎞ction　ofthe　lumbosacral　canals

（bottom）as　compared　to　the　fhllction　ofthe　semicircular　canals（top）．

Movements　of　the　head　result　in　ah　inertia－driven　bending　of　the　cupula

（ye110w　oval）which　excites　the　sensory　hair　cells　whose　stereocilia　reach　into

the　cupula．　Similarl又during　rotations　of　the　body　inertia　of　the　fluid　in　the

Iumbosacral　canals　and　near　the　accessory　lobes（AL）is　thought　to

mechanically　distort　the　lobes，　which　then　results　in　a　mechanical　stimulation

and　excitation　ofthe負nger－1ike　processes　of　the　lobe　neurons．（B）Transverse

section　ofthe　lumbosacral　vertebraI　colu㎜of　a　chick　at　the　level　of　the

glycoge貧body．　H．E．　stain．　AL：accessory　lobe，　GB：glycogen　body，　GM：gray

matter．　Scale　1）ars：Imm．
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　　　　　　　　　　　　　　　　　　　　　　　　　　CHAPTER　l

Chick　spinal　accessory　lobes　contain　ftmctional　neurons　expressing　voltage－gated

　　　　　　　　　　　　　sodium　chamels　to　generate　action　potentials
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　　　　　　　　　　　　　　　　　　　　　　　　　　　INTRODUCTION

　　　AIthough　there　have　been　much　experimental　evidence　to　suggest　that　ALs　in　birds

act　as　the　sensory　organ，　there　is　little　cellular　evidence　to　indicate　that　a　cell　in　AL　has

aneuronal　fUnction　and　it　is　un㎞．own　whether　AL　cells　fUnctionally　express

voltage－gated　ion　channels　to　generate　action　potentials．　In　Chapter　1，to　elucidate　these

points，　we　developed　a　method　to　dissociate　cells　f士om　chick　ALs　and　made

electrophysiological　recordings　in　acutely　isolated　AL　cells．

5



　　　　　　　　　　　　　　　　　　　　　MATERIA正S　AND　METHODS

Cθ11p即α7α”oη

　　　Preparation　ofAL　neurons　was　made丘om　Chick　embryo　at　embryological　stages

ranging　E　14－E　18．　The　lumbosacral　vertebral　column　was　dissected　f士om　chick　embryo．

Aspinal　cord　containing　the　lumber　enlargement　and　the　glycogen　body　was　removed

仕om　the　vertebra（Fig．2－lA）．　Tbn　pairs　ofALs　were　fbund　at　both　lateral　sides　ofthe

lumbosacral　spinal　cord（Fig．2－1A，　B）．　ALs　numbered＃2　to＃8　in　Fig．2－lAand　B　were

carefUlly　dissected　fヒom　the　spinal　cord　with　micro　scissors　under　the　stereomicroscope

（Fig．2－lC）．　Collected　ALs　were　stored　in　ice－cold　Ca2＋－f士ee　HEPES－buffbred　solution

（CFHBS），　containing　154　NaCl，6KCl，1．2　MgCl2，10Glucose，10HEPES（in　mM）；pH

was　a（恥sted　to　7．4　with　NaOH，　and　O．2％bovine　serum　albumin（Sigma，　St　Louis，　MO，

USA）．　ALs　were　rinsed　with　fヒesh　CFHBS　three　times　and　were　stored　in　l　OO％

02－gassed　CFHBS　supplemented　with　O．1％Trypsin（Invitrogen，　Carlsbad，　CA，　USA）

on　ice　fbr　20　min．　Subsequently，　the　tissues　were　gently　triturated　with　a　fire－polished

and　silicon－coated　pasteur　pipettes．　Trypsin　solution，　in　which　ALs　sank，　were　gassed

with　100％02　again　and　ALs　were　incubated　at　37°C　fbr　20　min　with　mechanical
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Fig．2－1．　Spi！1al乱s　ofthe　chick　and　dissociated　cells．　Cells　were　isolated

食om乱s　located　at　the　l㎜bosacral　spinal　cord　of　the　chick　at　E　18．（A）The

chick　spinal　cord　at　the　l㎜bosacral　region．　Glycogen　body（GB）on　the

dorsal　surface　and　ten　pairs（ntmbered＃1－＃10）ofALs　at　both正ateral　sides　of

the　spinal　cord　are　fbund．（B）An　enlargement　ofALs　numbered＃7－＃9　at　the

right　side．（C）Mechanically　dissectedALs食om　the　spinal　cord．　Scale　bars：A，

2mm；B，　C，500粋m
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shaking　at　100　rpm　to　accelerate　an　enzymatic　digestion．　The　tissues　were　cooled　on　ice

fbr　l　min，　and　were　gently　triturated　by　pipetting　with　the　pasteur　pipettes．　Three

pasteurpipe賃es　with　decreasing　tip　bore　sizes，　approximately　O5－1㎜in　diameter，

were　used．　Tissues　were　triturated　by　20－stroke　pipetting　with　each　pipette（totally　60

strokes）．　This　procedure　usually　resulted　in　complete　digestion　ofAL　tissues　ffom　l

embryo．　After　the　mechanical　digestion，　cell　suspension　was　centrifUged（500　x　g，10

min　at　4°C）and　pellets　were　resuspended　in　CFHBS　to　remove　the　enzyme．　This

cetrif廿gation－resuspension　procedure　was　repeated　twice，　and　dissociated　cells　were

plated　on　round　glass　coverslips　coated　with　Cell－TakTM（Becton　Dickinson，　Franklin

Lakes，　NJ，　USA）and　were　used　in　the　fbllowing　experiments．

E1εc〃（～ρ伽ノ010gy

　　　Whole－cell　currents　and　membrane　potentials　were　measured　with　standard

whole－cell　voltage　clamp　and　current　clamp　tec㎞iques，　respectively．　Recording　pipe賃es

were　pulled　f士om　micro　glass　capillaries（GD－15，　Narishige，　Tokyo，　Japan）by　the

負amed　puller（P－97，　Sutter，　Novato，　CA，　USA）．　The　pipettes　with　2．5－4　MΩtip

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　8



resistance　were　used．　The　no㎜al　bath　solution　contained（in　mM）：144　NaC1，10NaOH，

6KCl，2．5　CaCl2，1．2　MgCl2，10HEPES，10Glucose，　and　was　a（加sted　to　pH　7．4　with

HCI．　In　the　experiment　to　examine　voltage－current　relationship　of　an　inward　current　that

was　consisted　mainly　by　voltage－gated　Na＋current（取av），　Na＋concentration　in　the　bath

solution　was　decreased　to　40　mM　by　isotonic　replacement　ofNa＋with　NMDG＋ （40Na

solution）．　TTX，（Wako　Pure　Chemica1，0saka，　Japan）was　added　to　the　bath　solution

食om　the　concentrated　stock　solution．　Cells　were　continuously　perfUsed　with　the　bath

solutions　at　a　flow　rate　of　l　ml／mim　by　the　gravity　and　the　overflowed　solution　was

vacuumed　by　an　electronic　pump．　The　pipette　solution　contained（in　mM）：145

K－Methansulfbnate（Ms），3．4　KCl，6NaMs，2MgCl2，1．3　CaCl2，10Glucose，10EGTA，

10HEPES，　and　was　a（恥sted　pH　7．4　with　Ms（K＋－rich　pipette　solution）．　The　fヒee　Ca2＋

concentration　in　the　pipette　solution　was　calculated　to　be　l　O－8　M（Max　Chelator

Software，　Stanfbrd　University）．　In　experiments　to　examine　voltage－current　relationship

ofthe　inward　current，　K＋in　the　pipette　solution　was　removed　by　isotonic　replacement

with　Cs＋ （Cs＋－rich　pipette　solution）．　An　agar　bridge　containing　2％agar　and　l　54－mM

NaCl　in　cor噸unction　with　Ag－AgCl　wire　was　used　as　the　refbrence　electrode．　Because

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　9



liquidj　unction　potentials　between　every　bath　and　every　pipette　solutions　were　measured

to　be　less　than士3　m～～they　were　not　corrected．　The　patch－clamp　amplifier　used　was

EPC10（HEKA，　Lambrecht／Pfalz，　Germany）．　Whole－cell　current　and　potential　signals

were　measured　and　membrane　potentials　and　currents　were　controlled　by　Patch　Master

so丘ware（HEKA）ru㎜ing　on　Macintosh（Apple，　Cupertino，　CA，　USA）．　All

electrophysiological　experiments　were　done　at　room　temperature（24－26°C）．　Stored　data

were　analyzed　by　Igor　Pro　so丘ware（WaveMetrics，　Lake　Oswego，　OR，　USA）．　Data　are

presented　mean土SEM＠＝the　number　of　observation）．
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　RESm」TS

Mo励0109∫cα1声伽rθ5　q擁∬oc∫α’ε40ccε∬o刑y　lo∂θcε115

　　　Cell　suspension　prepared丘om　chick　AL　tissues　contained　mainly　two　types　of　cells．

One　had　round　shape　with　clear　cytosol　and　sometimes　had　short　dendrites（Fig．2－2A）．

The　other　had　also　round　shape　with　rich　cytosolic　structures　and　ofモen　several　dendrites

and／or　axons　with　many　branches（Fig．2－2B）．　Both　types　of　cells　had　similar　size．　The

diameters　of　the　cell　body　of　cells　with　the　clear　cytosol　and　with　the　rich　cytosolic

structures　were　13．9±0．64μm（n＝20）and　18．8±0．47μm＠＝39），　respectively．

ω1「ρ伽∫0109／6α1忽’〃7ε5（～繊∬oc厩ぬocθ∬oワ10ゐθcθ113

　　　Whole－cell　currents　were　measured　f士om　both　types　ofthe　cells　dialyzed　with　the

K＋－rich　pipette　solution　and　perfUsed　with　the　normal　bath　solution　containing　154－mM

Na＋．　The　cells　were　voltage　clamped　at　a　holding　potential　of－80　mV．　After　waiting　cell

dialysis　with　the　pipette　solution（at　least　2　min），50－ms　voltage　pulses　to　the　levels

between－90　mV　and＋20　mV　with　10－mV　step　were　applied　with　5－s　intervals（Fig．

2－3A）．　From　the　cells　with　the　clear　cytosol，　no　voltage－gated　current　was　observed（Fig．

2－3B）．　On　the　other　hand，　ffom　the　cells　with　the　rich　cytosolic　structures，　rapidly

activating　and　inactivating　inward　currents　were　consistently　observed　by　voltage　pulses

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　11



Fig．2－2．　A　typical　cell、vith　a　round　shape　and　clear　cytosol（A）and　a　typical

cen　w孟th　hch　cytosol至c　strucUres　and　processes（B）isolated丘om　ALs　by　thc

enzymatic　digestion．　Scale　bars：A，　B　20μm．
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Fig．2－3．恥ltage－dependent　current　responses　in　a　dissociatedAL　cell。（A）

Series　ofvoltage　pulses　f士om　the　holding　potential　of－80　mV　to　the

potentialsl）etween－90　and＋10mV　were　applied．（B，　C）Typical　cu∬ent

responses　to　voltage　pulses　in　the　whole－cell　voltage　c藍amp　configtπation　in

the　cell　with　clear　cytosol（B）and　the　hch　cytosolic　structures（C）．　The　cell

were　dialyzedwith　the　K÷－rich　pipette　solution　and　per釦sed　with　the　no㎜al

bath　solution　conta重ning　l　54一㎜Na÷．
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to　more　depolarized　potentials　than－40　mV　and　slowly　activated　outward　currents　were

observed　by　the　voltage　pulses　to　more　depolarized　potentials　than－30　mV（Fig．2－4）．

The　membrane　capacitance　of　cells　with　the　rich　cytosolic　structures　was　13．6土1．20　pF

（η＝27）．Typical　current　responses　in　such　a　cell　are　shown　in　Fig．2－3C．　Inward　and

outward　currents　resembledへav　and　voltage－gated　K＋currents（1kv）commonly　seen　in

mammalian　neurons，　respectively．　In　addition，　some　cells　with　the　rich　c）沈osolic

structures　showed　slowly　activating　and　inactivating　inward　currents　in　response　to

depolarizing　by　voltage　pulses．　Typical　current　responses　in　such　a　cell　are　shown　in　Fig．

2－5．These　inward　currents　resembled　voltage－gated　Ca2＋currents（んav）commonly　seen

in　mammalian　neurons．　Subsequently，　membrane　potentials　were　recorded　in　the　current

clamp　mode．　Under　the　condition　with　the　K＋－rich　pipette　solution　and　the　no㎜al　bath

solution，　a　resting　membrane　potential　was－57．8土1．82　mV（η＝9）．　Increasing

amplitudes　of　depolarizing　currents　were　irj　ected　to　celIs　and　responded　changes　in

membrane　potentials　were　recorded（Fig．2－6A，　B）．　The　current　irサection　inducing

depolarization　to　potentials　more　depolarized　than－40　mV　caused　rapid　depolarization

reaching＋30　mV　fbllowed　by　rapid　repolarization．　Similar　results　were　obtained丘om

more　than　g　independent　cells．　　　’
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Fig．2－4．　A　voltage－culrent　relat重ollship　Qf　the重nward　currellt．（A）Series　of

voltage　pulses丘om　the　holding　potelltial　of－80　mV　to　the　potentials　between

－
90and÷10mV　were　applied．　Typical　currellt　responses　to　voltage　pulses　in

the　who藍e－cell　voltage　clamp　con負guration　in　a　cell　with　rich　cytosolic

stnエctures．　The　celhvas　dialyzed　with　the　K÷－rich　p童pe重te　solution　and

per且1sed　with　the　no㎜al　bath　solution　containing　l　54－mM　Na÷．（B）

Summarizedvoltage－cmTent　relatio1ユsh重p　ofthe　inward　current　in　5　ceUs．

No㎜alized　amplitudes　ofthe　in冊d　currents　were　plotted　against　the

potentials　of　applied　p正11ses．　The　current　amplitudeswere　no㎜alizedby　that

obtained　at－10mV　in　each　ce11．
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Fig．2－5．「Vbltage－gated　Ca2÷current（！bav）－like　currents　i且adissociatedAL

celL（A）Series　ofvoltage　pulses　f士om　the　holding　potential　of－80　mV　to　the

potentials　between－90　and÷10mV　were　applied．（B）Typical　current

responses　to　voltage　pulses　in　the　whole－cell　voltage　clamp　configuration　in　a

cell　with　the　rich　cytosolic　structures．　The　cell　was　dialyzedwith　the　K÷－rich

pipette　solution　and　per負Ised　w油the　no㎜al　bath　solution　containing　l　54－

mM　Na÷．　The　cells　showed　not　only　rapidly　activating　and　inac重ivating　inward

currents　but　also　slow蒐y　activating　alld　inactivating　inward　ctm2ents　in

response　to　the　voltage　pulses．
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Fig　2－6．　Vbltage－dependent　potentia豆responses　in　a　dissociatedAL　ce1L

（A）Series　ofcurrent　p亙11ses　with　20－pA　steps　were　applied、（B）Typical

membrane　potential　responses　to　cl㎜ent　i切ection　in　the　whole－cel1απrent

clamp　configuration　in　the　same　cell　in　Fig．2－3C，
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To　con丘㎜whether　activation　of　voltage－gated　Na＋chamel（VGSC）caused　the　rapid

inward　current，　effbcts　of　TTX　on　the　inward　current　responded　to　depolarization　were

examined．　TTX　at　100　nM　was　apPlied　to　the　bath　solution，　and　the　series　ofthe　voltage

pulses　were　applied　to　the　cells　befbre，　during　and　after　the　application　ofTTX（Fig．

2－7A）．　TTX　reversibly　inhibited　the　inward　currents　with　no　effbct　on　the　outward

currents．　Similar　results　were　obtained　f士om　40ther　cells，　and　the　peak　amplitudes　of

the　rapidly　activating　inward　current　evoked　by　the　depoIarization　pulses　to－10mV

were　inhibited　by　TTX（100　nM）by　85．1士3．6％（η＝5，　Fig．2－7B）．

ノ4c1∫vOl∫∫01201アz61∫アzOlc〃vor”oア2（～ノぐ〃z（ヲvo1’orgθ一901’θ61ノ〉∂＋01zO7〃zθ1〃2αocξ～350アつノ10ろθアzθ〃70η3

　　　To　assess　the　voltage－current　relationship　of　the　rapidly　activating　and　inactivating

inward　current，　the　cells　were　dialyzed　with　the　Cs＋－rich　pipette　solution　and　the

depolarizing　pulses　were　applied．　In　these　cells，　the　outward　currents　were　drastically

decreased（Fig．2－8A，　B）．　The　amplitudes　of　the　depolarization－evoked　inward　currents

were　decreased　by　an　extracellular　perfUsion　with　40Na　solution（Fig．2－9A，　B）．　Under

this　condition，　the　series　of　the　voltage　pulses　were　apPlied．　In　the　presence　of　154－mM

Na＋，　huge　inward　currents，　sometimes　reaching　10nA，　were　observed　in　response　to　the

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　18
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Fig．2－7．　Ef廃ct　ofTTX　on　voltage－gated　current　in　a　dissociatedA工ce玉L（A）

Typ玉cal　current　responses　are　shown．　The　cell　was　dialyzed　witll　the　K÷－1董ch

pipette　solution　and　per釦sed　wlth　the　no㎜al　bath　solution　containing　154－

mM　Na÷．　Series　ofvoltage　pulses丘om　the　holding　Potent重al　of－80　mV　to　the

potentialsbetween－90　and＋10mV　were　appliedbefbre（contro1），　during

（TTX）and　after（after　control）the　appI量cation　of　100－nM　TTX（B）Effヒcts　of

TTX（η一4）on　inward　cu汀ents　are　su㎜arized．　The　colu㎜s　and　bars

indicate　the　relatice　INav　befbre，　during　and　a負er　the　appl孟cation　ofTTX
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Fig．2－8．　Comparison　between　voltage－dependent　cu㈹11t　responses　in　cells

dialyzedwith　the　K÷－ric血pipette　solution　and　Cs÷－rich　pipette　solution．（A，

B）Typica童c㎜ent　responses　to　voltage　pulses　in　the　whole－ceIl　voltage　clamp

co面guration．　Series　of　voltage　plllses　f士om　the　holding　potentia正of－80　mV

to　the　pote且tials　between－90　and÷10mV　fbr　50　ms　were　applied　to　ce1ls

pe漁sed　with由e　no㎜al　bath　solution　containing　154－mM　Na÷．　The　ceUs

were　d量alyzed　with　the　K÷－rich　pipette　solution（A）or　the　Cs÷－rich　pipette

solution（B）．
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Fig，2－9。　Compa1重son　between　voItage－dependent　ct㎜ent　responses　in　cens

per釦sed　with　the　no㎜al　bath　sohltlon　containing　l　54－mM　Na÷and　40Na

solution　colltaining　40－mM　Na÷．（A，　B）Typical　cl㎜ent　responses　to　voltage

pulses　in　the　whole－cellvoItage　clanlp　configuration，　Series　ofvoltage　pulscs

丘om　the　hoiding　potelltial　of－80　mV　to　the　potentials　between－90　alld＋10

mV　fbr　50　ms　were　applied　to　the　cell　dialyzed　with　the　Cs÷－rich　pipette

solution．　The　cell　was　per血sed　with出e　no㎜al　bath　solution　containing　154－

mM　Na＋（A）or　40Na　solution（B）．
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depolarizing　voltage　steps．　Because　such　huge　inward　currents　caused　critical　errors　in

the　clamping　voltage，　the　properties　of　the　inward　currents　were　assessed　in　the

presence　of　40Na　solution．　The　inward　currents　measured　in　the　presence　of　40Na

solution　and　the　Cs＋－rich　pipette　solution　also　showed　rapidly　activating　and

inactivating　kinetics．　The　amplitudes　of　the　inward　currents　at　each　test　pulse　potentiaI

were　quantified　by　measuring　diffbrences　between　the　peak　amplitudes　of　the　inward

currents　and　the　leak　current　levels　that　were　calculated　by　the　linear　regression　of　the

leak　currents　at－90，－80　and－70　mV，　The　no㎜alized　amplitudes　of　the　inward　cuπent

were　plotted　against　the　potentials　of　the　applied　pulses（Fig．2－10）．　The　inward　current

was　observed　in　response　to　the　pulses　to　more　depolarized　potentials　than－50　mV　and

reached　maximum　at－10　mV　In　the　experiments　using　the　pulses　to　more　depolarized

potentials，　the　amplitudes　of　the　inward　currents　decreased　with　increase　in　the　test

pulse　potentials．　Time　to　peak　of　the　inward　current　and　the　time　constants　of　current

decay　were　dete㎜ined　by　analyzing　the　cuπent　responses　to　the　voltage　pulse　at－10

mV．　Time　to　peak　was　O．56士0．063　ms（η＝19，　Fig．2－11）．　Time　course　of　decay　was

fitted　with　a　double　exponential　fhnction　expressing：1ω＝」秘st　x　exp（一〃τ魚st）＋1110w　x

exp（一〃τsl。w），　where塩st　andム10w　are　amplitudes　of　fast　and　slow　components　of　total

inward　current，　andτ飴st　andτsl。w　are　time　constants　of　decay（Fig．2－12）。　The　estimated

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　22



一⊂
Φ
ピ

コ

O
セ
σ
≧

三

Φ
〉

揖

石

0．0

0．2

0．4

0．6

0．8

1．0

一80　－60　－40　－20 0 20

Potential（mV）

Fig。240．　Summarized　voltage－current　reIationship　ofthe　inward　current　in　5

cclls．No㎜alized　amplitudes　ofthe　inward　current　were　plotted　against　the

potentials　of　applied　ptllses．　The　cl㎜ent　amplitudeswere　no㎜alized　by　that

obtained　at－10　mV　in　each　cell．　The　cell　was　dialyzedwith　the　Cs÷－rich

pipette　solution　and　perfヒsed　with　40Na　solution．
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Fig．2－11．　Kinetics　in　activat童oll　ofthe　inward　ctm℃11t鼠‘‘丁量me　to　peak”was

de行ncd　as　an　interv曲㎜beginning　of　the　voltage　pulse　at－10mV　to　peak

ofthe　inward　cuπents．　Typical　traces　ofchanges　in　hoIding　PoteIltia1（塑1ρεr

〃αcθ）and　membrane　cl1∬ents（’0、ジθr〃・αce）are　show恥respecti、・el》孔
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Fig．2－12．　Kinetics　in　inactivation　ofthe　inward　currents．　A　typical　example　of

time　course　of　decay　fitted　with　a　dQub墨e　exponential　fhnction　fitting（，42611／12θ）．
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τ跳tandτslow　were　O．68±0．05　ms　and　12．1士2．3　ms，　respectively（η＝19）．

　　　Similarly　to　the　analysis　ofvoltage－dependent　activation　of　the　inward　currents，　the

inactivation　properties　were　also　analyzed．　To　examine　voltage　dependence　ofthe

inactivation　ofthe　inward　currents，　the　double　pulse　protocol　consisting　of　a　50－ms　test

pulse　to－10mV　proceeded　by　a　50－ms　conditioning　pulse　to　various　potentials　ranging

between－90　mV　and－10mV　ffom　the　holding　potential　of－80　mV　was　utilized（Fig．

2－13）．As　seen　in　Fig．2－8B　and　2－13B，　in　the　cells　dialyzed　with　the　Cs＋－rich　pipette

solution　and　perfUsed　with　40Na　solution，　the　outward　currents　evoked　by

depolarization　remained．　To　minimize　the　influence　ofthe　outward　current　on　the

voltage－inactivation　relationship，　the　amplitudes　ofthe　rapidly　inactivating　current　were

measured　by　subtracting　the　inactivated　levels　during　50－ms　test　pulses丘om　the　peak

levels　in　each　current　response．　The　amplitudes　of　the　inward　current　at－10mV　were

decreased　by　the　conditioning　pulses　to　more　depolarized　potentials　than－70　mV　and

mostly　inactivated　by　those　to－20　mV（clo5θd　5ッ襯わ015　in　Fig．2－14）．　The

voltage－inactivation　relationship　was魚ed　with　the　Boltzma㎜fUnction　expressing：

1（塩）＝畑ax／｛1＋exp［（玲一臨al∂／ん］｝，where堀ax　is　the　maximal　activation　ofthe

inward　currents　elicited　by　the　test　pulse　to＋10m～㌃レ㌔is止e　potential　of　the　applied

pulse，クhalf　is　the　potential　ofthe　pulse　to　induce　half　inactivation，　andんis　the　slope

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　26



魚ctor．　The　estimated臨alf　andんwere－43．3±1．8　mV　and－5．6±0．33　mV（η＝6），

respectively．
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Fig．2－13，　Inactivation　ofthe　rapidly　activating　inward　current　in　an　AL　cell．

Typical　current　responses（10wεア〃αcε∫）obtained　with　a　double　pulse

protocol　in　the　whole－cellvoltage　clamp　configuratio1L　Test　pulses　to－10mV

fbr　50　ms　proceeded　by　a　50－ms　cond孟tion重ng　pulse　to　various　potentials

ranging　between－90　mV　and－10　mV丘om　the　holding　potent董al　of－80　mV

were　applied（z姐ρεπアoce∫）．　The　ce豆！was　dialyzedwith　the　Cs÷－rich　pipette

solution　and　perfhsed　with　40Na　solutio【L
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Fig2－14．　S疋㎜m証ized　activation＠eηcカ℃1θ∫，1F　5）and　inactivation

（clo∫εゴc～κ1e∫，1？＝6）curves　ofthe　rapidly　activating　inwardα㎜ent　ill　AL

ce童1s．　Activation　ofthe　inward　qm℃nt　was　assessed　by　dividing　the　currellt

amplitudesby　driving　fbrce　fbr　Na÷based　on　the　calculatedreversal　pQtential

（＋49n1V）and　no㎜alizing　by　the　maximum　current　Inactivation　ofthe

inward　current　was　assessed　by　dividing　the　amplitudes　ofthe　test　pulse－

evoked　inward　cuπent　by　those　with　the　conditioning　pu藍ses　to－90　mV　ill

each　cell　and　no㎜alizedby　the　maximum　current．　Lines　show出e　regression

curves　ofaveragedvallles　fittedby　the　Boltzma！m　fhnctlon．
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　】）ISCUSSION

C・〃脚7∫5・η3（～加・脚・109たα1α雇cθ11「吻5∫・1・9たα1c伽αc瀦

　　　In　the　cells　that　had　the　rich　cytosolic　structures　and　were　perfUsed　with　154－mM

Na＋－containing　solution，　the　amplitudes　ofthe　rapidly　activating　and　inactivating

inward　currents　varied　ffom　O．8　nA　to　5　nA　independent　of　apparent　sizes　of　somata．

TTX　at　100　nM　inhibited　more　than　85％of　the　inward　currents．　The　remaining　inward

current　in　the　presence　of　100－nM　TTX　could　beへav　through　TTX－sensitive　VGSCs

that　were　not　blocked　by　100－nM　TTX　orへav　through　TTX－resistant　VGSCs．　They

could　also　be　Ca2＋currents　through　voltage－gated　Ca2＋cha㎜els，　since　1とav－like　inward

currents　were　observed　in　some　AL　neurons．　Any　way，　the　effbct　of　TTX　indicates　that

m勾ority　ofthe　chamel　types　causing　the　rapidly　activating　and　inactivating　inward

currents　in　chick　AL　cells　are　TTX－sensitive　VGSCs．

　　　Outward　currents　were　clearly　smaller　in　neurons　dialyzed　with　the　Cs＋－rich

solution　than　currents　obtained　with　the　K＋－rich　pipette　solution，　indicating　that　these

outward　currents　are　carried　by　K＋through　voltage－gated　K＋cha㎜els，　which　are

commonly　seen　in　mammalian　excitable　cells．　In　the　cells　dialyzed　with　the　Cs＋－rich

pipette　solution　and　perfUsed　with　40Na　solution，　the　outward　currents　evoked　by

depolarization　were　drastically　decreased，　but　remaining　outward　currents　were　detected．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　30



The　voltage－current　relationship　ofthe　depolarization－evoked　inward　currents　resembles

that　of　cuπent　t㎞ough　VGSC　in　ma㎜alian　cells．　This　result　is　consistent　with　the

conclusion　that　the　m句or　type　of　channels　causing　the　rapid　inward　currents　is

TTX－sensitive　VGSC　in　chick　AL　cells．　Therefbre，　the　activation　curve　ofthe　rapidly

activating　and　inactivating　inward　current　in　consideration　of　driving　fbrce　fbr　Na＋was

calculated（0105θ45ア吻ゐoZ3　in　Fig　2－14）．　The　voltage－activation　relationship　was　fitted

with　the　B　oltzmam　fUnction　expressing：1（臨）＝1出脳／｛1＋exp［（塩一臨alδ／ん］｝，where

堀ax　is　the　maximal　activation　ofthe　inward　current　elicited　by　the　test　pulse　to＋10mV

Kn　is　the　potential　of　the　apPlied　pulse，レ㌔alf　is　the　potential　ofthe　pulse　to　induce　half

activation　of　the　inward　current，　andんis　the　slope　factoL　The　estimated臨alf　was－17．1

±1．6mV　andんwas　5．3士0．97　mV＠＝5）．　The　voltage－dependent　inactivation　of　the

inward　current　was　also　observed．　The　activation　and　the　inactivation　kinetics　of　the

inward　current　at－10mV　and　the　voltage　dependence　ofthe　activation　and　the

inactivation　are　consistent　with　those　of　fとst　inactivating　and　TTX－sensitive　VGSCs

鉛und　in　ma㎜alim　cells［41，42］．

　　　Considering　that　AL　consists　of　glycogen　cells　and　neurons［28，37，38］，　the

dissociated　cells　with　the　clear　cytosol　and　no　voltage－gated　ionic　currents　may　be　the

glycogen　cells　derived丘om　the　astroglial　cells．　In　contrast，　the　other　type　of　cells　with
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the　rich　cytosolic　structures　showed　voltage－gated　currents，　indicating　that　they　express

hmctional　VGSCs　and　voltage－gated　K＋chamels．　Moreover，　these　cells　generate

complete　action　potentials．　These　results　clearly　indicate　that　the　cells　with　the　rich

cytosolic　structures　are　fUnctional　neurons．　This　conclusion　is　also　supported　by　the

observation　ofthe　morphology　ofthe　dissociated　cells．　The　acutely　dissociated　chick

AL　cells　with　the　clear　cytoplasm　sometimes　had　short　processes，　and　the　cells　with　the

rich　cytosolic　structures　sometimes　had　some　dendrites　or　axons　with　many　branches．

Such　morphology　is　consistent　with　the　reported　properties　of　the　glycogen　cells　and

neurons　in　pigeon　ALs，　respectively［38］．

肋ノ1め・（～プαccε∬oワ10ゐεηε〃70刀5

　　　1t　has　been　proposed　that　AL　neurons　fUnction　as　sensory　neurons　of　equilibrium

［32］．However，　there　is　li廿le　in飴㎜ation　about　the　activity　of　VGSC　and　the　action

potential　in　avian　sensory　neurons．　Recently，　the　properties　of」軸av　in　vestibular　hair

cells　of　the　embryo　and　adult　chick　have　been　reported［23］．　In　vestibular　hair　cells　in

embryo，　small　amplitudes　ofへav　were　recorded　and　the　amplitude　increased　during

development．　However，　even　in　the　hair　cells　ofthe　adult　chick，　depolarizing　current

irj　ection　caused　only　action　potential－like　response　reaching－20　mV　under　the
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current－clamped　condition．　They　seem　to　be　unable　to　generate　the　complete　action

potentials．　It　is　not　the　same　case　in　AL　neurons　in　embryo　chick．　AL　neurons　can

generate　the　complete　action　potentials，　which　closely　resembles　propagating　action

potentials　observed　in　ma㎜alian　neurons．

　　　The　complete　action　potentials　recorded　in　the　current　clamp　mode　under　the

whole－cell　configuration　suggest　that　AL　neurons　can　propagate　the　action　potential

along　the　axon　toward　the　synaptic　te㎜inal　located飴r丘om　the　soma，　and　that　they　can

make　the　fUnctional　proj　ection　to　other　neurons．　It　has　been　reported　that　AL　neurons

extend　axons　pr（カecting　to　lamina　VIII　neurons　in　the　contralateral　spinal　gray　matter

［10，32］，which　proj　ect　to　the　contralateral　ventral　hom　motoneurons　in　the　pigeons［32］．

There　is　li枕le　inib㎜ation　about　fUnctional　roles　of　lamina　VIII　neurons　of　birds．

Assuming　that　their　fUnctional　roles　are　same　as　those　ofmammals［4，15，16］，　they

may　have　a　role　in　motor　coordination　ofright　and　left　hindlimbs．　Therefbre，　it　is

reasonable　to　propose　that　AL　neurons　send　the　sensory　in鉛㎜ation　to　lamina　VIII　5

neurons．　The　fUnctional　evidence　in　the　present　study　in　addition　to　the　morphologica1

［10，30］and　the　behavioral　evidence［34］supPorts　this　proposal．
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　　　　　　　　　　　　　　　　　　CHAPTER　2

Analysis　of　GABA－induced　inhibition　of　spontaneous　firing

　　　　　　　　　　　in　chick　accessory　lobe　neurons
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　INTRODUCTION

　　　Electrophysiological　experiments加卿o　have　shown　that　vibration　applied　to　the

body　of　pigeons　evoked　electrical　activity　ofALs，　and　most　AL　neurons　showed

spontaneous　activities　in　the　absence　ofthe　vibratory　stimuli［29］．　In　addition　to　the

results　and　other　reports　fbr　ALs，　we　show　that　ALs　contain　fUnctional　neurons　using

the　whole－cell　patch　clamp　tec㎞ique　in　Chapter　1［45］．　However，　it　was　unclear

whether　isolated　AL　neurons　have　intrinsic　mechanism　to　exhibit　spontaneous　activity

like　hair　cell　affbrents　of　the　vestibular　semicircular　canal．

　　　Based　on　the　immunohistochemical　experiments，　it　has　been　reported　that　AL

neurons　have　several　neurotransmitters　and　their　receptors［25，28］．　For　example，　the

outer　layer　ofAL　neurons　shows　consistentlyγ一aminobutyric　acid（GABA）－and

glutamic　acid　decarboxylase（GAD）－like　i㎜unoreactivity　On　the　other　hand，　centrally

located　neurons　did　not　show　GABA　and　GAD－1ike　immunoreactivity，　but　were

suπounded　by　distinct　GABA－and　GAD－positive　nerve　te㎜inals．

　　　However，　there　has　been　no　report　to　show　spontaneous　activity　at　cell　physiological

level　and　a　physiological　fUnction　of　GABA　in　AL　neurons　to　date．　In　the　present　studヌ

we　investigate　presence　of　spontaneous　activity　in　isolated　AL　neurons　and　effbcts　of

GABA，　a　most　abundant　inhibitory　neurotransmitter　in　central　nerve　system，　on
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electrical　activity　ofAL　neurons　using　the　patch　clamp　tec㎞ique．
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　　　　　　　　　　　　　　　　　　　　　　MATERIALS　AND　METHO】）S

Cθ11ρ即α7α”oη

　　　The　lumbosacral　veれebral　colu㎜was　dissected　and　the　spinal　cord　containing　the

lumbar　enlargement　and　the　glycogen　body　was　removed　fヒom　the　vertebra．　ALs　were

carefUlly　dissected　ffom　the　spinal　cord　with　micro　scissors　under　a　stereomicroscope．

Collected　ALs　were　stored　in　Hanks’s　Balanced　Salt　Solution（HBSS），　containing　5．4

KCI，0．44　KH2PO4，4．2　NaHCO3，137NaC1，0．33　NaH2PO4，55　glucose，0．05　Phenol

Red　Sodium　Salt（in　mM），　and　O．2％bovine　serum　albumin（Sigma，　St　Louis，　MO，

USA）．　ALs　were　rinsed　with　ffesh　HBSS　three　times　and　were　stored　in　HBSS．　HBSS

supplemented　with　l　unit／ml　papain（Worthington，　New　Jersey，　USA）and　L－cysteine

hydrochloride（Sigma）was　pre－incubated　at　37°C　fbr　15min　with　mechanical　shanking

at　l　OO　rpm　to　activate　the　enzyme．　Subsequently，　AL　tissues　were　transfbrred　to　the

papain　solution　and　incubated　at　37°C　fbr　5　min　with　mechanical　shanking　at　100　rpm．

A且er　the　enzymatic　treatment，　Dulbecco’s　Modi且ed　Eagle　Medium（D－MEM）was

added　to　the　papain　solution　to　stop　enzyme　activity．　AL　tissues　were　gently　triturated

by　pipetting　with　Pasteur　pipettes．　Three　Pasteur　pipettes　with　decreasing　tip　bore　sizes，

approximately　O．5－1　mm　in　diameter，　were　used．　Tissues　were　triturated　by　5　strokes　of

pipetting　with　each　pipette（total　of　15strokes）．　This　procedure　usually　resulted　in
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complete　digestion　ofAL　tissues　ffom　2　eml）ryos．　After　the　mechanical　trituration，　cell

suspension　was　centrifUged（500×g，10min　at　4°C）and　a　pellet　was　resuspended　in

D－MEM　to　remove　the　enzyme．　This　centrifUgation－resuspension　procedure　was

repeated　twice，　and　dissociated　celIs　were　plated　on　round　glass　coverslips　coated　with

Cell－TakTM（Becton　Dickinson，　Franklin　Lakes，　NJ，　USA）The　cells　were　maintained

under　the　standard　culture　condition　and　were　used　in　the　fbllowing　experiments　within

6hf士om　the　isolation．

E1θc〃ρρ1脚0109ソ

　　　Spontaneous　spike　activity　was　recorded　in　the　on－cell　patch　clamp　con丘guration．

Whole－cell　currents　and　membrane　potentials　were　recorded　by　the　standard　whole－cell

tec㎞ique　in　the　voltage　clamp　and　current　clamp　modes，　respectively．　Recording

pipettes　were　pulled　f士om　micro　glass　capillaries（GD－1．5，　Narishige，　Tokyo，　Japan）by

a丘amed　puller（P－97，　Sutter，　Novato，　CA，　USA）．　The　pipettes　with　2．5－5　MΩtip

resistance　were　used．　The　no㎜al　bath　solution　contained（in　mM）：154　NaCI，6KCI，

2．5CaCl2，1．2　MgCl2，10HEPES，10glucose，　and　was　a（漸usted　to　pH　7．4　with

tris（hydroxymethy1）aminomethane（Tris）and　the　N－Methyl－D－glutamine（NMDG）・Cl

bath　solutions　contained（in　mM）：165　NMDG－Cl，10HEPES，10glucose，　and　was
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a（恥sted　to　pH　7．4　with　Tris．　Cells　were　continuously　perfUsed　with　the　bath　solutions　at

af［ow　rate　of　l　ml／min　by　gravity　and　the　overflowed　solution　was　vacuumed　by　an

electronic　pump．　In　the　standard　whole－cell　recording，　pipettes　were　filled　with　the

KCI－rich　pipette　solution（mM）：123　KCI，10EGTA－2K，6NaCl，1．3　CaCl2，2ATP－Mg，

0．3GTP－Na，10HEPES，10glucose　and　a（加sted　pH　at　7．4　with　Tris．　In　the

experiments　with　ramp　co㎜ands　in　the　whole－cell　co面guration　and　the

gramicidin－perfbrated　recording，　pipettes　were　filled　with　the　CsCl－rich　pipette　solution

（mM）：130　CsCl，10EGTA－2Cs，1．3　CaCl2，2．O　MgCl2，10HEPES，10glucose　and

a（加sted　pH　at　7．4　with　Tris．

　　　Aphysiological　intraceIlular　concentration　of　Cl『（［Cl－］i）was　examined　by　the

gramicidin－perfbrated　recordings．　These　experiments　were　made　using　the　same　pipettes

as　used　in　the　experiment　with　ramp　commands．　Gramicidin（Sigma）was　dissolved　in

methanol　at　10mg／ml．　Subsequently，　the　gramicidin　solution　was　added　to　the

CsCl－rich　pipette　solution　to　give　a　final　gramicidin　concentration　at　O．1　mg／ml．　Pipettes

were　tip－filled　with　the　gramicidin一丘ee　pipette　solution　and　then　back－filled　with　the

gramicidin－containing　solution．　Once　a　giga　ohm　seal　was　established，　neurons　were

held　until　a　series　resistance　reached　a　stabilized　level　at　smaller　than　50　MΩ．　Usually，

it　took　25－40　min　after　contact　of　the　pipette　tips　to　the　neurons．　An　agar　bridge
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containing　2％agar　and　l　54－mM　NaCl　in　cor加nction　with　an　Ag－AgCl　wire　was　used

as　a　refbrence　electrode．　Since　liquidjunction　potentials　between　bath　and　pipette

solutions　were　measured　as　being　smaller　than土3m～㌧they　were　not　corrected．　The

patch－clamp　ampli丘er　used　was　EPC－10（HEKA，　Lambrecht／P魚lz，　Ge㎜any）．　Currents

and　potentials　were　controlled　and　measured　by　Patch　Master　software（HEKA）running

on　Macintosh（Apple，　Cupertino，　CA，　USA）．　All　electrophysiological　experiments　were

per飴㎜ed　at　room　temperature（24－26°C）．　Stored　data　were　analyzed　of仁line　by　IGOR

Pro　so負ware（WaveMetrics，　Lake　Oswego，　OR，　USA）．

D7〃95

　　　The　fbllowing　drugs　were　dissolved　in　distilled　water　and　stored　at－20°C．

Concentrations　ofthe　stock　solutions　are　as　fbllows：tetrodotoxin（TTX，　Waco　Pure

Chemical，　Osaka，　Japan）；1mM，　GABA（Sigma）；100　mM，　muscimol（Sigma）；50　mM，

SKF97541（Alexis　Biochemicals，　Lausenne，　Switzerland）；50　mM，　bicuculline（Sigma）；

10mM，　CGP35348（Sigma）；10mM．

D伽αcg謝”oηαη45’α∫’3’ノcα1αηめ5’3

　　　Spontaneous　spike　activity　was　analyzed丘om　typical　records　during　2－3　min　period．
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The　spike　ffequency　was　calculated　as　an　inverse　of　a　mean　interspike　interval（ISI）．

The　coefficient　ofvariation（CV）was　calculated　in　the　same　records　as　used　to　calculate

spike　f士equencies＠＝36）．　The　CV　was　defined　as　the　standard　deviation（SD）of　the

ISI　divided　by　the　mean　ofthe　ISI．　Effbcts　of　GABA　and　its　agonists　on　spontaneous

spike　activities　were　analyzed　by　comparing　spike　f士equencies　during　longer　than　5－s

periods　in　the　presence　of　the　agonists　with　those　during　20－s　periods　showed　stable

spikes　befbre　and　after　the　application　ofthe　agonists．　In　all　experiments　in　this　stud｝～

GABA　and　GABA　receptor　agonists　were　applied㎜til　electrical　activities　ofthe　AL

neurons　reached　steady　or　peak　levels．　When　inhibition　of　spontaneous　spike　activities

or　GABA－induced　currents　were　not　observed　during　application　of　drugs　fbr　longer

than　30－s，　we　concluded　that　the　drugs　showed　no　effbct．　Data　are　presented　as　mean土

SEM．　Dif驚rences　were　considered　significant　when　P＜0．05　assessed　by　Student’s

’－test．　The　no㎜al　distribution　ofthe　data　was　evaluated　using　Jarque－Bera　test　with　a

signi且cance　level　at　P＜0。05．ASpea㎜an　test　was　used　when　either　data　sample　lacked

ano㎜al　distribution．
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　RESULTS

勘o磁ηθo〃5吻舵αc’∫v∫’ノ63

　　　1n　the　measurements　with　on－cell　configuration，　about　a　half　ofAL　neurons

exhibited　spontaneous　spike　activities（n＝224／440，51％）．　TTX，　a　selective　blocker　of

v・ltage－gated　Na＋cha㎜els，　apPlied　at　250　nM　ab・1ished　the　sp・ntane・us　spike

activities，　indicating　that　this　spontaneous　activity　resulted　f｝om　action　potentials（Fig．

3－1A）．　Similar　results　were　observed　in　other　4　neurons．　The　ffequency　ofthe

spontaneous　firing　varied丘om　O．46　to　17．06　Hz　and　the　mean丘equency　was　5．26±

0．76Hz（η＝36）．　The　CV　values　are　plotted　against　firing丘equency　of　each　neuron

（Fig．3－1C）．　In　the　experiments　with　whole－cell　current　clamp　recording，70ut　of　10

neurons　that　had　spontaneous　firing　in　the　on－cell　configuration　exhibited　spontaneous

action　potentials（Fig．3－1B）．

G辺Bオ励ノ傭’加3ρ傭oηθo〃5伽η9

　　　GABA　at　100μM　was　applied　to　AL　neurons　that　showed　spontaneous　firing　fbr

longer　than　5－s　in　the　on－cell　configuration（Fig．3－2A）．　GABA　arrested　the　spontaneous

firing　in　70ut　of　8　AL　neurons　tested，　and　largely　inhibited　it　in　one　neuron．

Summarized　data　are　shown　in　Fig．3－2B（η＝8）．　To　identifンsubtypes　of　GABA
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Fig．34　Spontaneous　spikes　observed　in　AL　neurons．（A）Atyp孟cal　current

tracerecorded丘om　an　AL　neuron　in　the　o11－ceil　configuration　is　shown．　TTX

（250nM）was　applied　during　the　period　ind孟catedby　the　open　bar．（B）A

typ重cal　current　trace　recorded　in　the　whole－cellpotential　clamp　configuration

is　shown．　The　AL　neuron　was　dialyzed　with　the　KCI－rich　pipette　solution　and

perfhsed　with　the　no㎜al　bath　solution．（C）The　coe茄cient　ofvariation（CV）

ofthe　spontaneous　firing　recorded　in　the　on－ceH　configuratio！1　is　plotted

against　the　firi且g丘2equency（ア＝－0．46，　P＜0．01　by　Speanlan　test，17＝36）．
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receptors　contributing　to　the　inhibition　of　spontaneous　firing，　effbcts　of　specific　GABA

agonists　were　examined．　The　GABAA　receptor　agonist，　muscimol，　at　100μM　applied

fbr　longer　than　5　s　inhibited　spontaneous　firing（Figs．3－2C，　D），　while　the　GABAB

receptor　agonist，　SKF97541，at　100μM　that　was　applied　fbr　longer　than　30　s　showed　no

ef驚ct　on　spontaneous　firing（Figs．3－2E，　F）．　From　each　experiment，　the　mean　firing

丘equency　was　calculated　befbre，　during　and　after　the　drug　applications（Figs．3－2B，　D，

F）．

　　　Effbcts　of　antagonists　specific　to　the　GABA　receptor　subtypes　were　also　examined．

In　neurons　showing　spontaneous　firing　in　the　on－cell　configuration，　GABA　was　applied

R）rlonger　than　5　s　in　the　presence　of　bicuculline，　a　GABAA　receptor　antagonist，　or

CGP35348，　a　GABAB　receptor　antagonist．　Bicuculline　at　50μM　and　CGP35348　at　100

μMhad　no　effbct　on　the　f士equency　of　spontaneous　firing．　The　application　of　GABA

R）llowed　to　the　application　of　these　two　antagonists　fbr　longer　than　30　s．　In　the　presence

ofbicuculline，　GABA　did　not　reduce　the　firing　ffequency（η＝6，　Fig．3－3A，　B）．　In

contrast，　CGP35348　at　100μM　showed　no　effbct　on　GABA－induced　inhibition　of

spontaneous　firing（η＝5，　Fig．3－3C，　D）．　These　results　indicate　that　GABA　inhibits

spontaneous　firing　ofAL　neurons　through　activation　of　GABAA　receptors．
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Fig．3－2　Effヒcts　of　GABA　and　GABA　receptor　agonists　oll　the，噸ontaneolls

firing　recordedin　the　on－cell　configuration．（A，　C，　E）Typica韮cuπent　traccs

recorded　f士om　AL　neurons　in　the　ol1－ceH　con丘guration　are　shown．　GABA
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ロ
（100μM），the　selective　GABAA　agonist　muscimo1（100μM）and　the　selec重量ve

GABAB　agonist　SKF97541（100μM）were　applied　as　indicated　by　the　bars．

（B，D，　F）Effヒcts　ofGABA（η＝8），　muscimol（η＝7）and　SKF97541＠＝6）

on　spontaneous　firing　are　summahzed．　The　columns　and　bars　indicate　the

firing　f｝equency　befbre，　during　and　a長er　the　apPlication　ofeach　drug．零；1）く

0．05and＊＊；P〈0．01　by　paired　Student’s’－test．
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Fig　3－3　Effヒcts　ofGABA　receptor　antagonists　on　GABA－lnduced　inhibition

ofthe　spontaneous　f1ring　recorded重n　the　on－cell　config1建atio江（へC）TソpicaI

current　responses　to　GABA　in　the　presence　ofthe　selective　GABAA

antagonist　bicuculline（50μM）or　the　selective　GABAB　antagonist　CGP35348

（100μM）are　shown．（B，　D）Effヒcts　ofbicucullino（π＝6）and　CGP35348（π

＝ 5）on　the　inhibitory　action　ofGABA　on　spontaneous　firing　are　summadzed．

The　columns　and　bars　indicate　the　firing丘equency　befbre，　during　and　after

the　application　ofGABA．＊；P＜0．05　by　paired　Student’s～－test．
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　　　To　exarnine　whether　GABA　evokes　currents　carried　by　Cl－through　GABAA

receptors，　the　whole－cell　voltage　clamp　experiments　were　carried　out　in　AL　neurons．　In

the　voltage－clamped　neurons　dialyzed　with　the　KCl－rich　pipette　solution，　the　GABA

application　evoked　a　transient　inward　current　when　neurons　were　voltage－clamped　at

－70mV（Fig．3－4）．　The　mean　amplitude　of　GABA－induced　currents　was　583士ll5pA

（η＝25）．Muscimol（100μM）also　induced　a　transient　inward　current　and　the　amplitude

was　481士260　pA（η＝5，　Fig．3－4）．　On　the　other　hand，　SKF97541（100μM）did　not

evoke　any　current（η＝5，Fig．3－4）、　We　also　examined　ef飴cts　of　antagonists　speci且c　to

the　GABA　receptor　subtypes（Fig．3－5A）．　Bicuculline　at　50　FM　greatly　reduced

amplitudes　of　GABA－induced　currents　by　90土9．6％（η＝9），　while　CGP35348　at　l　OO

μMdid　not　af驚ct　the　current　amplitudes（Fig．3－5B）．　These　results　suggest　that　GABA

evokes　the　transient　inward　current　through　activation　of　GABAA　receptors　in　AL

neurons．

　　　Tb　dete㎜ine　the　charge－caπying　ion　of　the　inward　cuπent，　GABA　at　l　OOμM　was

applied　to　the　neurons　that　were　clamped　at　three　dif驚rent　potentials（－70，－50　and－30

mV）in　the　whole。cell　configμration．　At　each　potential，　GABA　evoked　transient　inward

currents　as　shown　in　Fig．3－6A．　Since　GABA　currents　were　desensitized　during
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Fig．3－4　GABA－induced　cu∬ent　responses　recorded　in　the　whoIe－cell

con丘guration．　AL　neurolls　were　dialyzedwith　the　KCトrich　pipette　solution

and　per負lsed　with　the　no㎜al　bath　solution．　The　membrane　potential　was

clamped　at－70　mV　Typical　current　responses　to　GABA（100μM，α∫01罎

Z＞αr），muscimol（100μ】M），　and　SKF97541（100　F］M）applied　during　the　time

indicatedby　the　bars．
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Fig．3－5　GABA－illduced　cllrrent　responses　recorded　in　the　whole－cell

configuration．　AL　neurons　were　dia豆yzed　with　the　KCI－rich　pipette　solution

and　per釦sed　with　the　no㎜al　bath　solution。　The　membrane　potential　was

clampedat－70　mV（A）Typical　current　responses　to　GABA（∫01fげうo’雪）重n

the　absence　or　presence　ofthe　GABA　antagonists，　bicuculline（50胆M）and

CGP97541（100匙乙M）．　The　antagonists　were　applied　longer　than　30　s　befbre

the　GABA　application　and　GABA　was　applied景）r　Ionger　than　5　s　as　indicated

by　bars．（B）Inhibitory　effヒcts　ofthe　GABA　receptor　antagonists　on　the

GABA－evoked　c㎜ents　were　summarized．　The　colu㎜s　and　bars　indicate

amplitudesofGABA－evoked　inward　c㎜ents　in　the　absence　and　presence　of

bicuculline　and　CGP35348（η；9）．＊；P＜0．05　by　paired　Student’s’－test．
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repetitive　applications，　current　amplitudes　at　each　holding　potential（－70，－50，－30　mV）

were　no㎜alized　by　the　amplitudes　ofthe　cu∬ent　evoked　by　the　preceding　applications

of　GABA　at　a　holding　potential　of－70　mV．　Amplitudes　of　GABA－induced　currents

increased　with　an　increase　in　negative　holding　potentials（Fig．3－6B）．　To　eliminate　the

influence　ofthe　voltage－gated　K＋，　Na＋and　Ca2＋chamels　on　the　Cl－currents，　neurons

were　dialyzed　with　the　CsCl－rich　pipette　solution　and　perfUsed　with　the　NMDG－Cl　bath

solution　in　the鉛llowing　experiments　using　a　ramp　voltage　co㎜and．　Replacement　of

these　cations　with　NMDG　had　little　or　no　effbct　on　GABA－induced　currents（η＝6，　Figs．

3－7A　and　B）．　A　ramp　co㎜and丘om＋100　to－100　mV（changing　rate：4mV／ms）

preceded　by　a　steady　pulse　at＋100　mV　fbr　10ms　was　applied　to　neurons　befbre，　during

and　after　the　application　of　GABA　with　an　interval　of　5　s（Fig．3－8A）．　The　preceding

pulse　at＋100　mV　was　applied　to　obtain　I－V　relationships　of　the　GABA　current　under

the　condition，　when　voltage－gated　Na＋and　Ca2＋channels　were　inactivated．　The

di館rence　cuπent　between　the　cuπents　evoked　by　the　ramp　co㎜and　be鉛re　and　during

application　of　GABA　is　plotted　against　the　potential　of　the　ramp　command　in　Fig．3－8B．

The　intersection　potential　of　these　two　current　responses，　i．e．　the　reversal　potential　of

the　GABA　current，　was－1．3士3．O　mV（η＝6）．　This　value　was　close　to　the　estimated

equilibrium　potential　fbr　Cl－that　was　estimated　to　be－6．1　m～～indicating　that　the

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　50



GABA　current　was　mainly　carried　by　Cr，　as　expected．

P勿5／0109’oα1’ηかαcθ11〃107σcoηcεη棘∫oη5’ηc乃∫cんθ〃吻伽cαcoθ550り・10ゐθ

ηθ〃70η5

　　　Generally，　an　intracellular　concentration　of　Cl－（［Cl］i）decreases　with　progress　in　a

development　of　neurons．　In　order　to㎞ow　whether　activation　of　GABAA　receptors

causes　depolarization　or　hyperpolarization　of　the　membrane，　we　investigate　a

physioIogical［Cl－］i　in　AL　neurons　by　using　the　gramicidin－perfbrated　patch　clamp

tec㎞ique，　which　do　not　disrupt　native［Cl－］i［1］．　Figure　3－9　illustrates　typical　traces　of

the　GABA－evoked　currents　in　a　gramicidine－perfbrated　neuron　held　at－50，－60，　and

－70mV．　GABA　evoked　an　outward　current　at－50　mV　and　an　inward　current　at－70　mV

while　GABA　did　not　significantly　change　current　level　at－60　mV（Fig．3－9A）．

Experiments　with　the　ramp　co㎜and　were　per飴㎜ed　under　the　same　conditions　as　Fig．

2－8at　the　basal　holding　potential　of－70　mV（Fig．3－9B）．　The　net　current　evoked　by

GABA　during　the　ramp　command　was　calculated　by　subtracting　the　current　befbre　the

GABA　application丘om　that　in　the　presence　of　GABA．　The　amplitude　ofthe　net　GABA

cuπent　is　plo枕ed　against　the　potentials　of　the　ramp　co㎜and　in　Fig．3－9C．　The　reversal

potential　ofthe　GABA－evoked　current　was　estimated　to　be－61士2．6　mV（η＝3）that　is

considered　to　reflect　a　physiological　equilibrium　potential　fbr　Cl－in　intact　neurons．
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Assuming　that　the　GABA　currents　were　carried　by　only　Cr，　the　estimated［Cl］i　using

the　Nernst　equation　was　16士1．5　mM（η＝3）．
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Fig．3－6　The　Cu∬ent－voltage　relationship　ofGABA－inducedα㎜ents．

（A）Typlcal　c㎜ent　responses　to　GABA　at　100μM　at　holding　potentials

of－30，－50　and－70　mV　recorded　in　the　whole－ceU　configuration　in　an

AL　neuron．（B）No㎜alized　amplitudesofthe　GABA－evoked　inward

currents　at　three　diffヒrent　holding　potentials　are　summarized．　The　cu∬cnt

ampli血des　were　no㎜alizedby　the　amplitudes　ofthe　cuπent　evoked　by

preceding　application　ofGABA　at　a　holding　potential　of－70　mV　The

numbers　in　the　bars　represent　the　number　ofneurons　observed．
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Fig．3－7　GABA－induced　currellt　responses　recorded　in　the　whole－cell

conf玉gufatio且．　AL　neurons　were　dialyzedwith　the　CsCl－rich　pipette　solution．

The　membrane　potential　was　clamped　at－70　mV（A）Typical　current　responses

to　GABA　at　100蝉per魚sed　with　the　no㎜al　bath　solution　or　cation一丘ee

solut量on．（B）Effヒcts　ofreplacement　ofNa÷，　Ca2÷，　and　K÷with　Nヱ〉皿）G　in　the

bath　solution　on　G歯A－induced　c㎜ents　are　su㎜諭zed（η＝6）．
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Fig．3－8　The　current－voltage　relationship　ofGABA－induced　c㎜ents．

（A）Atypical　response　to　GABA　with　the　ramp　command　i　s　shown．

Aramp　command　f士om÷100　to－100　mV（changing　rate：－4　mV／ms）

precededby　the　steady　pulse　at＋100　mV　fbr　10ms　was　applied

befbre，　during　and　after　the　app藍ication　of　GABA．（B）The　dif驚rence

cuエrent　between　the　cuエrents　evoked　by　the　ramp　command　befbre

（P陀in　A）and　during（艶5オin　A）app藍ication　ofGABA　is　plotted

against　the　potentials　of　the　ralnp　command．
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Fig．3－9　A　reversal　potential　ofthe　GABA－induced　c㎜ents　recorded　i煎he

gramicidln－perfbrated　configuration．（A）Typical　traces　ofGABAα1∬ents　in　an　AL

neuron　held　at－50，－60，　and－70mV　in　the　gramicidin－perfbrated　configuration．

The　AL　neuron　was　dialyzedwith　the　KCI－rich　pipette　solution　and　perft聡ed“垣th

the　no㎜al　bath　solution．（B）Atypical　response　ofthe　GABA－induced　current　with

ramp　comm｛mds　is　shown、　The　ramp　command　used　is　as　same　as　in　Fig．3－8．　The

AL　neu蟄oll　was　dialyzed　with　the　CsCl－rich　pipette　so玉ution　and　perfhsed　with　the

NMDG－Cl　bath　solution　and　held　at－70　mV　between　the　ramp　commands．（C）Tke

di銑rence　cuπent　be伽een　the　c｛肛ents　evoked　by　the　ramp　co㎜an由be飴re（P昭

in　B）and　during（7乙∫∫in　B）application　of　GABA　is　plotted　against　the　potentials

ofthe　ramp　co㎜and．
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　DISCUSSION

勘oη珈θo〃5伽η9’ηαccθ∬o理10ゐθηθ〃γo刀5

　　　1n　the　present　study，　we　demonstrated　that　some　neurons　isolated丘om　chick　AL

show　spontaneous　spikes　in　the　on－cell　configurations．　These　spikes　were　inhibited　by

250nM　TTX，　indicating　that　they　reflect　spontaneous　action　potentials．　It　has　become

clear　that　AL　neurons　have　an　intrinsic　mechanism　to　generate　action　potentials

spontaneousl》dn　the　previous　study，　we　did　not　find　the　spontaneous　firing　in　AL

neurons［45］．The　dif琵rence　in　the　results　between　the　previous　and　present　study　may

be　caused　by　the　dif飴rence　in　the　pr6cedures　of　the　cell　isolation．　We　changed　an

enzyme　to　digest　AL　tissues　ffom　trypsin　to　papain．　This　change　may　have　made　it

possible　to　isolate　healthier　neurons．　There　is　a　correlation　between　the　CV　and　the

firing　ffequency，　i．e．　the　AL　neurons　with　higher　f士equencies　of　firing　generate　action

potentials　with　a　more　regular　pattern．　This　is　a　general　characteristic　ofneurons　in

other　systems［13，40］．

　　　It　is㎞own　that　spontaneous且ring　has　various釦nctions　in　neurons　and　neuronal

networks．　For　exampIe，　it　plays　important　roles　in　the　maturation　of　developing　nervous

systems［5，12，22，26，43］．　Since　AL　neurons　in　this　study　were　isolated丘om

embryonic　chick，　the　spontaneous　firing　observed　in　this　study　may　support　neuronal
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development　and／or　maturation　ofneuronal　networks．　On　the　other　hand，　chicks　can

stand　up　and　initiate　head　movements　controlled　by　the　vestibular　organ　within　hours

after　birth，　which　are　necessary　fbr　their　survival［6］．　The　spontaneous　firing　in　chick

vestibular　tangential　principal　cells　has　been　reported　to　appear　at　birth　when　chicks

start　standing，　fbeding　and　dri盛dng［44］．　It　has　been　also　reported　that　the　terrnination

pattem　between　chick　ALs　and　lamina　VIII　was　already　well　developed　at　E　18［10，11］．

In　addition　to　these　lines　of　evidence［Cl－］iwas　low，　as　estimated　to　be　16mM　in　this

stud￥In　ma㎜als，　most　neurons　undergo　developmental　changes　involving　changes　in

Cl『transporter　expression　and　the　equilibrium　potential　of　Cr，　which　in　tum　render

GABAergic　potentials　hyperpolarizing　and　inhibitory［36］．　On　the　other　hand，　there　is

no　report　about［Cl］i　of　avian　neurons　except　that　of　nucleus　magnocellularis　that　has　a

specialized　properties　to　show　the　reversal　potential　of　Cl－around－40　mV［18］．

However，　since　the　value　of［Cl－］i　in　AL　neurons　obtained　in　the　present　study　is　low

like　in　matured　ma㎜alian　neurons，　there　is　a　possibility　that　K＋－Cr　exchangers　are

well　developed　in　chick　AL　neurons　even　at　E　18－20．　Although　it　is　necessary　to　confi㎜

whether　AL　neurons　of　hatched　chicks　also　show　spontaneous　firing　and　to　compare　the

characteristics　ofAL　neurons　between　embryonic　and　hatched　chicks，　it　is　possible　that

the　spontaneous　firing　ofAL　neurons　have　some　physiological　fUnctions　other　than
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supporting　the　maturation　ofneurons　and　neuronal　networks．

　　　It　is　also㎞o㎜that　spontaneous　Hring　Plays　an　impomnt　role　in　neurotransmission

of　sensory　organs．　Spontaneous　firing　in　the　sensory　organs　was　first　described　in　the

study　of　catfish　peripheral　nerves［17］，　and　thereafter　it　has　been　reported　fbr　many

first－and　second－order　sensory　neurons［9，13，20］．　It　is　proposed　that　spontaneous

firing　is　essential　fbr　the　chick　vestibular　nucleus　neurons　to　transduce　incoming

vestibular　stimuli　to　vestibulocerebellar　neurons，　reliably　and　accurately［8］．　Based　on

the　investigations　of　organs　at　the　lumbosacral　region　of　the　bird　including　ALs，　ALs　are

proposed　to　be　a　sensory　organ　of　equilibrium，　which　is　invoIved　in　the　control　of

hindlimbs［27，29－34］．　Therefbre，　the　spontaneous　firing　in　AL　neurons　may　have　a　role

as　a　paれof　a　sensory　organ　similar　to　the　vestibular　nucleus　neurons．　To　co面㎜this

possibility，　it　is　necessary　to　show　that　AL　neurons　sense　mechanical　signals　and　the

spontaneous　firing　in　AL　neurons　can　be　conducted　through　axons　and　transmitted　to

pr（麺ected　neurons．

G躍彊rεα勿073めリァ85∫ηαccθ∬oワ10ゐθηθ脚η5

　　　1t　is　reported　that　AL　neurons　may　have　some　neurotransmitters　and　their　receptors

based　on　the　immunohistochemical　evidence［25，28］．　In　the　present　study，　we
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demonstrated　that　GABA　inhibited　the　spontaneous　firing　in　AL　neurons．　This　is　the

first　report　to　show　that　the　AL　neurons　express　fUnctional　GABA　receptors．　Similar

inhibition　of　firing　was　also　observed　when　neurons　were　perfUsed　with　muscimol　or

with　GABA　in　combination　with　CGP35348．　In　contrast，　SKF975410r　GABA　in

combination　with　bicuculline　did　not　inhibit　the　firing．　Moreover，　in　the　whole－cell

configuration，　GABA，　muscimol　and　GABA　in　combination　with　CGP35348　but　not

SKF97541　and　GABA　in　combination　with　bicuculline　evoked　the　transient　currents．

The　mean　reversal　potential　of　GABA－evoked　currents　was　close　to　the　theoretical

reversal　potential　of　Cl－．　These　results　indicate　that　GABA　exerts　the　inhibitory　ef琵ct

on　the　firing　through　the　activation　ofthe　ionotropic　GABAA　receptor．

　　　The　experiments　with　the　gramicidin－perfbrated　patch　clamp　tec㎞ique　revealed　the

physiological　reversal　potential　of　the　GABA　currents　in　the　presence　of　167　mM

extracellular　Cl－．　Since　GABAA　receptor　cha㎜els　are　also　pe㎜eable　to　HCO3－ ，　it　is

dif丑cult　to　estimate　the　exact　concentration　of　Cl『in　the　intact　neurons．　However，　since

the　m勾ority　of　the　charge　carrying　ions　of　GABA　currents　is　expected　to　be　Cl－，　the

approximate［C1］i　and　the　physiological　equilibrium　potential　are　estimated　to　be　16

mM　and－60　mV　respectivel｝dn　the　previous　study，　we　reported　that　the　voltage－gated

Na＋chamel　in　AL　neurons　were　activated　at　depolarized　potentials　higher　than－50　mV
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［45］．Therefbre，　it　is　likely　that　the　activation　of　GABAA　receptors　drives　the　membrane

potential　to－60　mV　and　ceases　the　spontaneous　firing　in　AL　neurons．

　　　In　many　animals，　neurons　expressing　GABA　receptors　are　widely　distributed

throughout　the　CNS　and　the　C1－current　through　activated　GABAA　receptors　is　one　of

the　m句or　players　to　inhibit　neurotransmission　in　the　mature　CNS［19，24，46］．　The

GABA－induced　modulation　of　the　excitability　of　neurons　is　important　also　fbr　the

coordinated　movements，　e．g．　walking　and　swimming．　For　example，　the　locomotor

central　pattern　generators　of　the　lamprey　that　contribute　the　control　of　the　body

movement　are　modulated　by　the　systems　using　GABA［14］．It　is　also　shown　that　the

GABAA　receptor　modulates　the　burst　ffequency　of　the　firing　in　the　locomotor　networks

of　the　lamprey［39］．　Since　AL　neurons　may　have　a　fUnction　to　provide　coordinated

movements，1t　ls　lmportant　to　reveal　that　electrical　activity　ofAL　neurons　is　inhibited　by

GABA　also　in　vivo．
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　　　　　　　　　　　　　　　　　　　　　　　CONC正m）ING　REMARKS

　　　The　series　ofthe　studies　provides　the　cel1－physiological　characteristics　of　chick　AL

cells．　Chapter　l　shows　the　first　cellular　evidence　that　the　fhnctional　neurons　that　can

generate　complete　action　potentials　exist　in　the　spinal　ALs　of　the　chick．　Chapter　2

shows　chick　AL　neurons　have　an　intrinsic　mechanism　to　evoke　the　spontaneous　firing

and　the　inhibitory　mechanism　through　the　activation　of　the　GABAA　receptoL　These

results　could　be　fUrther　evidence　supporting　that　ALs　act　as　the　sensory　organ　and　have

arole　in　keeping　body　balance　in　combination　with　the　vertebral　canals　during　walking

on　the　ground．

　　　Although　it　is　evident　that　VGSC，　voltage－gated　K＋channels，　and　GABAA　receptors

are　expressed　in　these　neurons，　fUrther　investigations　concerning　other　voltage－gated，

ligand－gated　ion　cha皿els，　metabotropic　receptors，　other　excitatory　and　inhibitory

mechanisms，　and　associated　networks　are　required　to　clarify　the　physiological　fUnction

of　avian　spinal　ALs　as　sensory　organs　of　equilibrium．
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　SUMMARY

【INTROI）UCTION・PURPOSE】　In　the　avian　spinal　cord，　ten　pairs　of　protrusions，

called　accessory　lobes（ALs），　are　present　at　both　lateral　sides　of　the　lumbosacral　spinal

cord　near　the　dentate　ligaments．　Morphological　and　histological　infbrmation　about　ALs

suggests　that　ALs　act　as　a　sensory　organ　and　have　a　role　in　keeping　body　balance　in

combination　with　the　vertebral　canals　during　walking　on　the　ground．　It　was　also

reported　that　neurons　located　in　an　outer　layer　of　ALs　showed　GABA－and　glutamic

acid　decarboxylase（GAD）－like　immunoreactivity　more　strongly　than　centrally　located

neurons，　which　were　suπounded　by　the　GAD－immunoreactive　te㎜inals．　Although

there　have　been　much　experimental　data　to　suggest　that　ALs　in　birds　act　as　the　sensory

organ，　there　is　little　evidence　to　indicate　that　cells　in　ALs　have　a　neuronal　fUnction，　and

there　is　no　inib㎜ation　about　cell－physiological色atures　of　AL　cells．　To　elucidate　these

points，　we　developed　a　method　to　dissociate　cells　f士om　chick　ALs　and　made

electrophysiological　recordings　by　the　patch　clamp　tec㎞ique，

　【RESIJLrS・DISCUSSION】　There　are　two　types　of　cells　in　chick　ALs；one　is　a　cell

with　rich　and　the　other　is　a　cell　with　clear　cytosolic　structure．　Considering　that　AL

consists　of　glycogen　cells，　derived丘om　astroglial　cells，　and　neurons，　the　dissociated

cells　with　the　clear　cytoso1，　which　no　voltage－gated　ionic　currents　may　be　glycogen　cells．
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In　contrast，　the　other　type　of　cells　with　the　rich　cytosolic　structures　showed

voltage－gated　currents，　indicating　that　they　express　fUnctional　voltage－gated　Na＋

chamels（VGSCs）and　voltage－gated　K＋ch㎜els．　Moreover，　these　cells　generate釦ll

acti・n　p・tentials．　These　results　clearly　indlcate　that　the　cells　with，ich　c外。s。lic

structures　are　fUnctional　neurons．　Acutely　dissociated　chick　AL　cells　with　the　clear

cytoplasma　often　had　short　processes，　and　cells　with　rich　cytosolic　structures　sometimes

had　some　dendrites　or　axons　with　many　branches．　Such　morphology　is　consistent　with

the　reported　properties　ofthe　glycogen　cells　and　neurons　respectively　in　pigeon　ALs．

　　　About　50％of　neurons　isolated　fヒom　chick　AL　showed　spontaneous　firing　in　the

on－cell　configuration．　It　has　become　clear　that　AL　neurons　have　an　intrinsic　mechanism

to　generate　action　potentials　spontaneously．　It　is　proposed　that　spontaneous　firing　is

essential　fbr　the　chick　vestibular　nucleus　neurons　to　transduce　incoming　vestibular

stimuli　to　vestibulocerebellar　neurons，　reliably　and　accurately．　Therefbre，　the

spontaneous　firing　fbund　in　AL　neurons　may　have　a　role　as　a　part　of　a　sensory　organ

similar　to　the　vestibular　nucleus　neurons．

　　　The　present　study　also　demonstrated　that　GABA　inhibited　the　spontaneous　firing　in

AL　neurons．　This　result　coincides　with　the　i㎜uno㎞stochemical　evidence　that

GABA－containing　nerve　te㎜inals　suπound　AL　neurons．　The　experiments　using
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pha㎜acological　tools　to　analysis　GABA　receptors　in　this　study　explain　that，　in　AL

neurons，　GABA　exerts　the　inhibitory　effbct　on　the　firing　through　the　activation　ofthe

ionotropic　GABAA　receptoL　In　addition，　the　experiments　with　the　gramicidin－perfbrated

patch　clamp　tec㎞ique　revealed　that　the　physiological　equilibrium　potential　is　about－60

mV．　Considering　that　the　VGSCs　in　AL　neurons　were　activated　at　more　depolarized

potentials　than－50　mV　it　seems　that　the　activation　of　GABAA　receptors　drives　the

membrane　potential　to－60　mV　and　ceases　the　spontaneous　firing　in　AL　neurons．　In

ma㎜als，　most　neurons　undergo　developmental　changes　involving　changes　in　Cl－

transporter　expression　and　the　equilibrium　potential　of　Cl－ ，　which　in　tum　render

GABAergic　potentials　hyperpolarizing　and　inhibitor）乙On　the　other　hand，　there　is　little

in鉤㎜ation　about　avian　neurons　in　this且eld．　However，　since　the　value　of［Cl－］i　in　AL

neurons　obtained　in　the　present　study　is　low　like　in　matured　mammalian　neurons，　there

is　a　possibility　that　K＋－Cl－exchangers　are　well　developed　in　chick　AL　neurons　even　at

E18－20．

　　　In　many　animals，　neurons　expressing　GABA　receptors　are　widely　distributed

throughout　the　CNS　and　the　Cl－current　through　activated　GABAA　receptors　is　one　of

the　most　m句or　players　to　inhibit　neurotransmission　in　the　mature　CNS．　The

GABA－induced　modulation　of　the　excitability　ofneurons　is　important　also　fbr　the
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coordinated　movements，　e．g．　walking　and　swimming．　For　example，　the　locomotor

central　pattern　generators　ofthe　lamprey　that　contribute　the　control　of　the　body

movement　are　modulated　by　the　systems　using　GABA．　Since　AL　neurons　may　have　a

fUnction　to　provide　coordinated　movements，　it　is　important　to　reveal　that　electrical

activity　ofAL　neurons　is　inhibited　by　GABA　also加vlvo．

【CONCLUSION】　Chick　ALs　have　fUnctional　neurons，　which　have　an　intrinsic

mechanism　to　evoke　the　spontaneous　action　potentials　and　the　inhibitory　mechanism

through　the　activation　of　the　GABAA　receptor　It　seems　that　these　results　support　the

hypothesis；ALs　in　birds　can　act　as　the　sensory　organs．
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