
vs
//""･E./A<lluiilJ;･･

   Studieses aspm Pkosewecepetew-ffewtz@pmtaM ¢eeMX Sgepmagegfi¢

            Wffmaewsmagsstwwa dey /imalystwg

Smpdyeetawaeews eeWS¢s im Skee Reeerimrk wtewdizaswataes ¢eMks ed the

                     ¢anerge

eeajfime ewwtSAwwA

A dgsseptaeiopm seebgrxxgtted go gke Docgoffag Prograrge

Rge Bfiologicag Sciences, the Uitgversisy of 'gisagk"ba

   tw paptEal fugfiglffffkefi# of tke reqwtffeggyents

foeeke deggee ef Docger' of Phggosophy git Scieftce

           Seeeee 2eeopR

   ge ,/di." 3 es ;¥); e6



                                     Absewa¢e

    The visual processing is orfigiptatedi ]fr'ogif] ghe syxtapgic transEnission firorEg reginag phoaerecepgors

¥(PRs¥). AffR 3n3gysis of ffif]finiat$re sponganeogs excit3gory posgsyitapgic cgrrent ¥(sEPSC¥) otf retinal

g}c>rgzoAgaP £eRg (eeC) showiCg be esseftaial ge iftvestigate ghe vesic"gar graftsix]igker reEe3se froffn PR ge

}IC. Eifowever, ghe quant3g sEPSC evengs ox ffCs have ftot yeg beefi sgedied, since 3it adeqgate

             '
voltage £Aainp ifecording frogit HCs fiit the retiita h3s itog beeft esaabRished, probabEy due te aheir

exgefisive egectgicai couplliitg between adja£eRk HCs. git ghe presewt stgdy, at firsg, g airited ae re£erd

                                  '
asud eo aRagyze sEPSCs of es1 HCs, with ph3rgg¥)acegogicai agenes ao s"ppress ahe e}ecericag coupling.

Nexg, E aixified eo investigaae the regggaaory ffif}echanisgg]s ef PR-EgC syitapaic gransgngssioit, ba$ed on

ghe sEPSC anagysis of HCs. Especially, g fecused on the iExkport3nce of 1) presyptaptg£ regulagfioit

by ffg]eeabokropic gg"tagxRage fecepgor (rif)GguR) aitd 2) postsynaptgc regecIaggege by recepaor

deseRsigizagiort, go the PR--HC syitaptic araitsReeissieit.

    sEPSCs were recor¥(ged uader whole-ceg} voigage cRagxip frogcri camp E{a EffCs eencoupged by

dnpagglifiite. Red Iighe steps, whgch hyperpo}3rize presyitapgic cenes aftd redece glutarEgate regease,

indaced ogtward cgrreita responses accoifnpanied by a suppressiort of sEPSCs. sEPSCs decayed

exponegetiaigy with a gxkean tririfie constaRg of O.7a ± e.e7 ms and had a reversal poeengiag ne3r e gg]V.

Pewer specgral awagysis of sEPSCs revcaled a sirEEigar decay gigxee coitstaita. 'ifhey were sgppressed

by a Rofi-NMDA fecepaor aneagoRisg, CNQX aa 10 geM, and a relagiveRy specifi£ AIVEPA recepaor

awtagoftisa, C}YKg52ag66 ag 20 geM. The presence of sEPSCs suggesifs ahat ahe release of glugamage

frofiffi cone syftapgic tergi}iitags is vesicuRar. [ifRie reduction in mean sEPSC gireqgen£y wiah red lighg

was noe accegnpanicd by a sfignificaRa change in ahe gxRean sEPSC cenducgaitce increase (482 ± 59

pS¥), suggesalRg ghag a decrease in ghe vesic"S3r rele3se rate from cenes does itet aiter ghe vesicular

gRkitain3ge concepttraggefi (qgantall coitgengs). 'Mlae resgits skiggcst t&iag ghe spongarteews eveitts gn Hfi

ce}ls were conaribgted by non-NMDA (pessibfiy AM}]"A) aype glueamage recepgors inodu]ated by ghe

red £oite inpug.

     To inveseigage thc presymapgic regulation of PR-HC synapse, ehe gxkGI"R-gnediaged symapgic
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regueation at PR-HC synapse w3s tested by amagysfiitg sEPSCs of Ha HCs. Red gight sgeps or ahe

appgicagiofi of leO geM cebait reduced the frequeftcy ef sEPSCs wigho"t affecging khefir peak

aggipliaude, consistent wgah hyperpolargzatioR or khe seeppression of Ca2' efttry finto cogee synapEic

aermin3gs reducing vesiceR3r gfansxnigecr regease. Coptversegy, posasynaptic blo£k3de of Ha MC

AMPA recepaors by 500 nM CNQX reduced the 3Eif]pliggde of sEPSCs wgahoest affe£kgng eheSg

frequency. I7he selectgve group ggg ffgiGguR 3genisg L-2-arntwo-4-phosphoptobggyrate (L-APB)

¥(20geM¥) reduced ahe fgeqgency of sEPSCs wigh a slight redactioft iit agxRpgiagde, ifi Hl HCs diaaysed

wieh ahe proteifi kiitase inhibiaor, H-7. Tkgs acggon w3s aitaagonized by 50e geM

¥(s¥)-2-r[Reahyfi-2-amino-4-phesphenobutyrate ¥(MAP4¥), a group gEff ffERG]uR sefiecaive awtagofiEsg. [glhe

ifcdu£gfioR of sEPSC frequcitcy indgced by L-APB was resgered by 3pplgcagien of 200 geM

4-3minopyridgkc (4-AP), a blocker of vokage-depeftdeng poaassguggi channegs. [g}}ese resajits

suggesa thaa ghe activ3giefi of gro"p ggg gnGfigRs seeppresses eragesgNgieaer renease frozai) £one

presyRaptic geffrif)iRals, via 4-AP sensitive paahw3y. ffr&Rey akso sagggesg ah3g negaafive feedba£k,

operatirtg via ffN]G}ggR a*tereceptors, xEgay lixnig excessgve gigtaffitaae regease frorg] cone synapafic

gergKginags.

    Descftsggizatioit ef posasyitaptic ffC AMPA recepgors was invesaigated gsing cycioehiazgde

¥(CTZ¥), ait githibitor of AINifiPA receptor deseptsigEzagiofi. aeO geM CTZ depogargzcd ee1 HCs andi

increased ghe arEgpEitaxde ef Right responses, wighout preffrRtweitt chaftges En gheir kieeekg£s. sEPSCs im

Ha HCs were obscrved iit the presence of 2.5 gxklVg hepgaiteg, art ggecouplgng ageita of gap gencagons.

20 geM GYKg52466 blocked the sEPSCs, consisgeeeg wikh the sEPSCs being Kxftediaged by AMPA

recepgors. 100 geM cobaia stippressed the frequency of sEPSCs withogg changgftg gkegr gxieait peak

aixeplitgde, suggeseing ghat calcium-depegedeitg tragesinitger release froffg] coites was itoe affecged by

heptamol. CTgrZ increased the gotaA iRwar¥(} ckiarge transferred per sEPSC by iitcreasgRg gkRe sEPSC

decay tjme censtant 2-fold, wikhoua 3 sigwifgcane change in ehcir ffcquency aitd gnean peak

agnp]igade. "rhis stkggests th3t the depolarizing effeca of CTZ on Ma HCs was dge te b}ocking

descnsigiz3tioit of AMPA reccptors, increasing the inw3rd £urreng indgced by glugaff[g3ge reReased
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frorg] cone syn3ptic germina]s. "The desensitizaaion of g}gtagcrNage recepgors xif]ay funcggon go exaeitd

thc dynagnge range ef Hl ptC lighg responses.

    An ageaEysis of HC sEPSC, of which jfirequency gs reduced by Eighg sairg]ulatgoit, revealed ahe

feature ef asyRchronoxs vesicuiar gransmitter re}ease faoixE phogoreceptors. The frequency of

vesicuR3r gransgnigaer reiease can be rrkodulated by 3 presyit3pgic reg"]aeieft of gxRGguRs, resuttgeeg tw

ghe regglagion of HC ligha ffespeitses. The posasyn3peic AMPA recepgor ox HCs is desensitized by

                                                            '
ggut3rE]aae regeased frogn phogoreccptors, resu}ting iR ehe regugatgon of HC ]ighg respoRses. The

asygechfoitegs gransrif}iaeeff release froxifi PRs shoggd be essential fog ghe graded ]ight respon$e of

horizefigal celgs, because ehe gelease raee can chafige gradgaRIy and successivegy. The aftalyses ef

ffC sEPSC cle3rly showed ahag the reguiation ef HC gighi respegese cait be regulaifed by bogk of pre-

3nd posasyfi3ptic fa£gors; presynapgic kr3nsrifiitter refiease aRd posasynapgg£ recepgor sefisiagvfigy. Xlhe

sEPSC anaayses of ffCs should be escftkl ge iRvesgigate geea ongy the vesicugar synapafic transifff}issiept

3t PR-HC synapse, bwt also ghe egegff}eRSary postsyitaptic process for gr3ded pegeiteial sigfiag]iitg.
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AC: ar()acrine ceg}

AMPA: oc-art]ino-3-hydfexy-5--gxiethyg-4-isoxazoPe propionic acid

BC: bipogar celg

CNQX: 6-cyafio-7･-RitroqgiRoxalirte

CNS: ceRtr3S pterveus sysgegxe

CTZ: cycgothgazide

DA: dopamiRe

DMSO: dirgieghyEsulfoxide

ew: f3sg Feurtcr Sraitsforfixit '

GC: gaitgRion cell

GYKI52466: 1-(4-agninophefiyl)-4-xg]£ehyl-7,8-gncahyRenedgexy-5H-2,3-benzodiazepigee

ifiC: horizontafi c£lg

L-APB: L-2-amino-4-phesphoftebgayric acid

LEg¥): ligkg efffiigking diode

MAP4: 2-amino-2-gxgeghy-4-phosphoitobutyric acid

ffERGIuR: xff]etabogropgc glutagrkage recepteif

NMDA: N-rraeghyg-D-･asparat3te

]I'R: pkRotoreceptor ceaE

sEPSC: spentaReous excig3gory postsyitapaic cgrrept

4-AP: 4-aminopyridiite
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                              Sefi Weeffgeberage eregfieea

1¥) ffistrogicnt esnaphysiologicat properties ofretinal neesrons

      The veftcbr3te fettwa possesses ghree neurag layers, 1¥) ogter geaxcuRear kayer, 2¥) infter n"cular

layer aRd 3) gaitglion cegk aay£r (Kg. fi.fi). Ougcr fi"cgRear Rayer consisks of two gypes of

phogorecepgor ceRRs called rod 3itd ceite phogoreceptors (PRs). gnfief nu£ulear R3yer censises of

ahree kiRds of xt£"rens caAged horizoneag ceggs (EECs), bipogag ceggs (BCs) 3xtd 3ffitacgine ce]ts (ACs).

Gangggoit ceN (GC) iayer censises of ganggion £elgs. Besides negroits descrgbed 3bove, the gegima

pess£sses MCkNcr £eRNs, one of gRiali ceAls, which cengribgee te the gncgabo}isgi] ef akge retiRa. LigkRg

p3sses ghrough trartsparent regirtal ne"rag gayers and is fgnaggy absorbed by phogepiggnenas tw ghe

eutcr segrxEengs ef PRs. PhokopigxEEepts £onsisgs of rhodopsiit iit rod PRs aftd godopsin fipt cone PRs.

'E"Rie absorbed gighe eRergy kriggers ghe conformaaionag change of khe phoaepigffff¥)ewt, which sgares ahe

second ffnessenger cascade (especiagly cGMP) leadiitg go ghe hyperpoliarization of PRs by ghe

ciosgre of cGMP-gated channels. After agl, the dcpolarized phogoreceptors iit ahe dark ¥(at areund

--
20･-30 mV) are hyperpolarized by }ighg stiiigxaslees, which redgces Ca2' curreita iRfggx gnedgaged by

voktage dependefta ()a2" chageitels iit ghe 3xon tcrgxitwafi. The redgction of C32" infiaxx regaxgages ahe

araitsmitgeff regease froxn PRs ao the posasynaptic secopd order neuroits iitckudfing ffCs and BCs.

"lhe vergical signal originaged frorer¥) PRs is transferred tG BCs and ghereafter GCs, aitd ehe spikgng

signae eptcogdied at GCs gs ftwaRly gransferred go CNS for visg3A processfigegs. Osu the oghcr han¥(S,

lageral signaa paahways are rgiedlated by HCs and ACs. HCs are considered {o ffifEoduaage ahe

PR-BC symaptic tfansyxxission. ACs are censidered go gx¥)od"late ghe BC-GC sywapeic graRsgxkfissien.

PRs, HCs and BCs gencrate ahe graded potengiag change according ge the lighg stggxituR3tioit. [E"ftge

euter retina is, therefere, coitsidered ko pessess anagog sEgptali processiitgs. WhEle HCs show

sigit-preservifig lighg response ac£ording ao the hypepeliarization of PRs, BCs possesscs

sign-preserving aftd -inverting gight responses in OFF-centre 3nd ()N-centre BCs, respecgSvegy.

[e]he spiking sigital of GCs, encoding the visual inforxif]atiofl precessed by regiRai £ir£uik, gs

prop3gaged go khe CNS, and the propagaaion ef spikes is convenfiena for ahe propagatgofi ef loitg
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disaance corEftgg¥)unicatiofi iR ghe ite"rag circ"iks.

2¥) Photoreceptor-horizontal cegl synaptic crousmisston

    'E7}ige physiegogical functions of secon¥(S order neuropt HCs are proposed as foaAows. Firsg, ahe

HC integraaes PR f£spenses, which centfRbutes ao ghe spatiai ggetegragiofi of vis"aS pgocessing.

Second ahis iwtegrated aight respoitse of HCs can 3cg as ghe feedb3ck sigitag ge ghe PR iggha

responses, which caft controg the agghg response raitge of PRs. Moreover, the feedba£k sysgeff[it

froni HCs go PRs is assgrr}ed go convert coRor signals ingo color epponewt sggn31s in BCs.

    I* the gegeosg regina, the rod and coite paghways arc segfegaged aa ffCs ¥(Kageeko & Yagxgada,

a972¥). CoRe-drivesc horgzoitgag ceels ipt carp reairt3 c3gegerized ingo ffa, H2 3nd H3 sgbgypes,

accordfing to their characteristic specgrag respoitses (gegg. fi.2). Hl ccPls, £encerfled ige ehe pgeseitg

ghesis, are £ensidered ao re£eive predogx]in3fta sygeapgic inpwt frogi) red-sensgtive cones since Ehe

spectraR response ef ff1 cegRs iit cyprEnid reiipta is very sigxulliar go khaa ef red-sensiSfive £oites

¥(Djaffkgez, 1984; Yarnada & Yasui, 1988; YagKRada et ag., 1999¥). "llhe raaio of red, green and bR"e

cone syit3pgic cont3cgs onae Na cells in goidfish is £onsfidercd go be 9: 5: 2, respe£gfivegy (Sgeki ee ag.,

1975¥).

    TEIhe PR-NC synapse is oite of the Enosg fepresewtaeive synapse for graded poeengfi3E sfiggealing.

rffhe firse step of visgal processifig gs originated frogn ghe sign31 traitsdgcgieA at phogorecepeor ceggs.

rfflRe phogoisogyicrizatioge ef visii3g pigxK]eRt resuAts iR ghe redgckioge ef fixtaraceggulas cGMP, wkfich

                            '
induccs the c}esgfe of cGMP-gated cagion chanftels. rff"hes, ghe ffiterEibrane pogeRaiaR of

photereceptor ceEgs shows depo13riz3tien (-20･-3e su]V) in darkitess 3nd Rxypeffpolarizatiort by 1figkg

sgiynuEaaion (:E7oifnika ea aa., 1967). 'fi]e gneEnbrarte poeentiaA changes in ggaded manner 3ccording ao

the Aight intensity. gn ordcr ao transfer the gra¥(ied respoase of }}Rs to pesgsynaptic sccond ogdeg

negjsrons, the graded syitapgic transgnission is performed in theif syn3pses.

     TErhe graded synaptic graftsix]issioit froffit PRs ko EECs has been exaeptsively inv£stigaeed by

volgage fyieasuremnent of HCs iit isolated retix3. A£cordgng ge eriginak schegne pfoposed by
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Trifoftov (1968) aitd TogEgita (1970), negrogransmitter fregxk phoaorecepaors is toiticaigy released ige

darkness and acgs to dcpogarjze horizeReal ceNs. The follewing sgbskaneial evidence a}so sdeppoms

ghe originaR proposag by rl'rifogeov and rgiomita. 1) Extriitsic £urrept-indeced depolargzatgoge of PRs

res"ks in ghe depolargzation of HCs (Byzef & Trifeitev, 1968). 2) Exeerma] app}icagion ef dfivagertg

c3gion$ su£h as Ce2' or Mg2' s"ppresses transgnitaer re}ease, resulgs in ahe hypempolargzatgoft of HCs

¥(Dowling & Ripps, 1973; Kancko & Shiffff]azaki, 1975¥). 3¥) Lighit stiffg]uRagioR increases ghe inpga

resistance ofHCs accompanged by the ffnegnbrane hyperpolariz3tioge ¥(Byzof & TrifoRov, 198A; Yasug

& Yamada, 1989; Mgyachi & MurakafiMi, 1989¥). 4¥) GgutarK¥)aae, a candgdage of ghe pte"rograitsfrftitter

fe]£ased frogff} PRs, depolafizes HCs iit iitgact regiita (Mesrakagg]i ee ag., a972) aRd dissocSaaed ffCs

¥(Lasater & E¥)owiing, 1982; Tg"achibaita, 1985¥). 5¥) Egecgric3] stigxiulatgoee of isolaged PRs iitdeces

NMDA-channel activity in outside-oug patches (Copeith3gefi & gahr, 1989). ReceneAy,

GYKg53655 or GYKI52466, segective AMPA receptoc awtagenisgs, bgocked gl"gaffE]age respomse of

iseiaged HCs (ERiasof and jahr, 1997; Lg eg 3g., 1998) and suppressed HC-Eigha gesponse tw ahe

fisofi3SeCE retina (Yang et aR., [g998). Ikerefore, ie is wideRy be}ieve(S gh3g Ehe vertebr3ge PRs

aonficaggy relie3se Sraitsgxxgtter (glgtarg)aee) to HCs ifi darkness aged redgce ghe release by Righa-findagced

hypeypo]arizatioft.

                             g.2 Sygegegeefi¢ twaeesmeEssE*ge

1¥) eesgmesl tresnsmitter releesse

       [rhe negrotransmiteer release 3t ckegitical synapses is griggered by Ca2' iitffeex ghroggh

   voggage dependegeg C32' chaititels, which is opened by ghe presyRapeic depolarizagien.

   Origiitalgy, Fatt and Katz (1952) discovered the rxiingatgre eRd pgage poteittiag (mEPP) ae frog

   flegifegitRiscuEar juptcgieRs (gekg. fl.3A) and proposed ghag the rele3se of neurotr3nsgitigteff is

   quawtized. Thc ffi]ini3ture potentiaE h3s agso bcefi ebserved ag agg of fygyopteural jkincgioits, and

   sRrnNar miniat"re events have aiso beefi reported at neuronag syitapses tw CNS ¥(Beki<ers &
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Saevens, 1989¥). Frogxk 90's, ghe pagch-cgagMRp recording in brain slfices eitaR¥)Red syfiapaic cayreng

recordtwg wigh high-aigxae resolgtioft aged, gherefore, previded a gitifiiature spoptganeoes ex£iaaeegy

or inhibggory postsymaptic currept (sEPSC, sgPSC or gnEPSC, ingPSC) ige geeurowali synapses

¥(Bekl<ers et 3R., 1990; Sigver eg ai., a992¥) ¥(Wkg. fl.3B¥). Spoitgafieogs gngniatwre pesasyge3pgic

cgrreitg (sPSC) is aAso generally believed ao be dese go ahe q"aneaR ar3asgxRiager release, agakoesgh

sorgie argesrifients are prepesed ghag sogne sPSCs are due to Eiteeliai-qeeangal tragesffifiitter rellease

¥(ff>aulsen & ffeggeluitd, 1994¥). 'Fkge.qe]3ittieative an31ysis of sEff'SC gherefore, fis esseitaiaR ao

axnderse3nd ahe acgivikies of excitagory syptapgic graftsmissioit.

2¥) Gresaea synaptic gresnsmissiove vs. evoked synaptic tresnsmission

   Evoked synapgic traitspt[gissioge aa spiking synapses, sgch as nexrog[kuscggar jgncagoges off CNS

synapses, shows syge£hreno*s gransmissioit by brief spike-gike depolagizagioge in presynapgic neesrons.

Accerding to c]assical syitaptic transE"ission theory proposed by Kaaz akdi hgs colileagges, gke brief

aitd rebust depoSariz3riefi of presynaptic kermigeags elicies syitchrone"s aitd En3ssive aransg¥)riigaeg

geRe3se fift a `p"lse' ggke fashion. Moreover, they confirffEged ghe varian£e of pesgsynapaic potenaial

conid be dcscribed by ghe xE]ultipge of ahe arifxplitgde ef mEPP (del CastigBo & Kagz, fi954). [ff'hgs, ae

evoked syit3pses, ghe agitplia"de of postsynaptic voAtage gesponse is comsg¥(iered ao be prepergioit3ft ko

ahe Reember of kransxEiitaer vesicles reiease.

    gn conarast, synaptic ar3nsxrgissioit at graded synap$es, sech as regfinaA phekorecepeor-secoitd

erder rteuron synapses, shows eonic31 eransiykission dgfing sgagioital deporarizaaion 3g pr£syftaps£

¥(ggusola ct ag., 1996¥). The eransrff]igter release is regisRaged by graded voggage change ak presyitapagc

terffitinais. Ak ghe outer reein3, ahe gxReryibr3ne poeeittfiag ef PRs is depolarRzed ige darkness and

hyperpegarizeCg during lighg stirnu]atioit. X"h£ secon(S order Regrons receivRitg synaptRc figepua fr()gK}

PRs, gherefore, show graded responses accerding te the gr3ded change ef gigha iitteitsiay. 'Thus, ig

is assEdirxRed thag transmieeer from[R photereceptors is released gongcag}y in darkitess and ehaa ghe

agnount ef tramsgititger is successively reduced by Iight stRix}uSaggege. "I"he graded syRapgic
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aransrg}ission, gherefore, ifg23y possess unique syRaptic mechanisins distincg frogKk ahe evoked synapaic

gransrEifgssgon.

 3¥) euentag synaptic crousmission from photoreceptors hess veot been aescribea welg

      rlke syRapgic terri]inaAs of I'Rs aitd BCs in the vergebrate r£tiita possess eeitiqge strgcture

cafiNeci `ribt>on synapse'. Ne"regransrif}igter vesic}es 3re released copttimaxogsly at ghe ribR¥)oR

synapses durfiftg thegr depoSariz3giox, which is dfiseincg froig] the graptsgnission foffExg of convefiegonag

syn3pses, and ghgs syitapse possesses different properties iR their xxorphology aitd gn aheir syRapkic

vesgcle pfoteipts (Morgaits, 2000).

       Moreover, ahe transgxgigter frorg] PRs shougd be rekeased git vesi£ulaf ggN3nner, bc£3use axoit

gergxRfinais ef PRs h3ve hgge n"x[kber of synaptgc vesicies ige ghefir cyaop}asxgi ¥(Gr3y & Pease, fl97a;

ptttiatseemura ee al., 1981¥). Asynchronogs excitagoffy quantal evengs have ftoe been observcd aa eeCs,

3iahoasgh ghe a$ynchrogeous aransmieter release is perforx[ged at isoSat£d rod synapse (Reike afid

Schwartz, 1996). 'Elhere h3s beeR ggggge cvideftce of shoa ev£rtts gitduced by vesics]ar

ite"ffc>transmiater release frorff} I'Rs, 3gthougR] vokage noRse fRucguation apmaiysis ift O]Fff7-bgpogar ceSRs,

based eit ghe C3inpbeRg's gheoregig], ceugd estigxRage the transgxEfiggef release rage ¥(Ashffnore &

Copenhagen, 1983¥).

                             n.3 Srweegeptfieceregwiatfi*ee

     rTftke efficieptcy of synaptEc eransxERgssien can be cowtrogRed by several inodgaators. Tke

syn3pti£ modul3ggon is igriportang precess for synaptic pgasgicigy. The synapgic gx]odglaagon can

iAclude bogh ef syscaptic acgivagioit aptd regui3tiofl. Especiagiy, synaptgc regalation capt pSay 3 ro}e

in the adjgsgment ef syitaptic strength, and therefere c3n be enc of the princip31 phegeogtr]egea for

centrolRing nekkfal systegns. M3inly, there are twe kinds of synaptic r£guAagioge: presyitapgic

regugagion and postsynaptic regu]ation.
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7¥) Presynaptic regutestion

       Presynaptgc regg}agiofi is the regugatory grgechanisiit ge ceptroR gr3nsgigitaeg rele3se gage 3itd,

eherefore, ig caft play a roAe in the 3djustxff}eRg of synapeic streRggh or ahe preveflaioit of excessgve

transmieter regease. Ackivakien ef presyitapkic recepgers, such as prinefgic 3nd ff[Rascarinergfic

recepaors, ffg}ediates a part of synapgic regui3tion ag K[Rany synapses, and sogg¥)e experiExxexea} evideRce

showed ahaa presynaptic gitodugagors inhibig Ca2' channel$ er acgfivage K" £hanfie}s aa presywapifgc

ne"rons (Wes & Saggau, 1997).

       Acgivagion of presynaptic sEaegaboaropgc glgaaffg)ate rccepaers (gptGluR), a class of G-proteige

co"pRed glutait]aae recepgors, can agso play a roAe git presyRapegc inft]ibigion ae several CNS syRag¥)ses

¥(Anwyg 1999; Careggxelg & Schoepp; 2000¥). Receaagy, gg is reported thag the presynapgic actfivaagon

of ]kainage aype recepiors c3n 3]so reguiage a syxtapaic transrif]ission (E?rerking & NicogR, 200e).

'if}gerefore, gRutagxiage, an excigagory pteurearansKx]igter, cait be presymapgic regugagor for ahe sygeapagc

gr3nsgg]ission. gn ahe retinag neureits, immggeohi$gocherE¥)gcaR saudies propose ahe exisgence of

presyitaptic mi)GIEsR on the axon aeggxgiR3i of PRs (KoeeEen ea al., a999) aged BCs (Brandsaageer eg al.,

1996). Nevertheless, their physio}ogicag fgsitcgions have geea yet been des£ribed, beca"se

eg£cgrophysiofiogical recordings to determ[Eirte synapgtc Kgiod"iagion sige have itoe beeee esa3blished ag

ghese grad£d poteRtRai synapses.

2¥) Postsynaptic regutestion

      Postsynapkjc regulagRon is ghe xff]echanisrE] to regggage tlige response ef postsynaptRc recepgors,

3nd ig can a}so play 3 ro}e in ahe 3djusamept of syRaptic sgrengeh or ghe preveptioit ef excessive

sensitivity to the released neurotrageswtigaer. The syn3ptic cljrregeg is coptrokicd by posesynapggc

fi¥)edulation of receptors, such 3s single chaft*el conductance or opening prob3bgliky. Recepaor

desensigizatien, a reducgieR ef re$ponsiveptess durAng iong appAic3ggon of gransr[gitaer, can aAso

regugaae the pestsyitaptic current, and therefofe ahe efficacy of synapgic araitsrEgissioft. At spgkgng

neurens, the deseitsigizatien of pestsyfi3pgic receptors caA reggsiate khe decay 3itd arE]pgieude ef
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postsynaptic respofise (jones & Wesgbrook, 1996). At ghe gr3ded potengiag nc"rons, kowever, ahe

functiens ef pesksyitapgic receptor dcscnsitgzation have poorgy beeR gitdegstooq 3iahoggh kaifiage

recepkor desensgtization ae OFF-BCs is censiCgered to regul3te the operaging range of pesasywapti£

responses (DeVries & Schwartz, 1999).

    gn order to discgss ehe xE]cchanisxE] of syRaptic ffitodugaaioeq ghe mr}edulaagen site should be

determined. At ehe eveking syfiapse, ghe anagysgs of CV (coefficfiene of v3riance) of posesypmaptgc

responsc eitables go detergxRine ahe syRaptic mod"latiofi siae (Cgegg}ents & Siiver, 20eO).

AJIternagivegy, aft aitalysis ef gigigniag"re spontaneogs posasyftapeic £urrent (sPSC) is agse "sed few akis

dcgerxExinagioge, becagse ahc frequertcy of sPSC reffects ghe activity of graRsmitteff regease froffrcg

presyxtapses. In centrast, 3t eke graded potenagal synapse, ghe anaEysis go deterffg]ine ghe syit3pific

gxRodg}agiofl site has nog beeR estab}ished with a conventionaR aRaliysfis of pesgsyitapaic cewregeg.

                        Meaj Weeecgegse $ff gke geeceseeett saeediy

    I"he aft3eysis of sEg'SCs en HC sheuld be essewtiaA to invesaig3ke gke vesicugar agansffnieter

release fregn PRs ge HCs. However, ghe quaittag sEPSC evengs in HCs have itoa been serdied yet,

since an adequate voltage c13mp recording froKi] HCs tw ghe fetina has nok beege esgablished,

probaR)gy daxe go gheir extensive elecgricaR cogplEng b£gween 3djaceng HCs. Aa fgrsg, g airEfted go

record the postsyn3ptic currena of ff{Cs wigh pharmacologicaA pgocedures, ssing eiaher dopagxEfine og

hepa3nol, te suppress ghe elecgric3I coupgfifig in order go rEftgnExnize leakage currertt tkfoggh ahe

e]ectricag cegpling. Nexg, g aimed to investigage the reguftatory giK]echaxtisgERs of PR-HC syftaptic

transgnissRon, based on t}ike EgC sEPS(]) anagysis. EspeciaEly, g fecused eit the ggx]portancc of 1)

presynaptic regu}agion via mGluR aitd 2¥) posgsyRapgic regugatgoit by posgsyn3ptRc recepger

desensitization onto ehe PR-ffC synapeic aransrfgissioft. Afger agl, rr¥)ain pk]rposes of thgs ghesis are

as fogRows,

                                                         '
         1¥) Te estab]ish the recording and analysis ef sEPSCs in gr3ded pogential iteureits, HCs.
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         2) To invesgig3ge ghe rEgGluRs-xnedi3ted syn3pai£ regug3aion ag PR-HC sygeapse, b3sed oge

            sEPSC anagysis.

         3) To invesgig3ge ghe role ef dieseasitizagiofi of pesgsynapgic recepgors iR ggaded p( >tengiaA

            signaling ag PR-ff{C syitapse, based on sEPSC amalysgs.

    la ghe Ckkpteec 2, ff repegrt the physio]ogical and pharmacoRogical propergi£s ef sEPS¢s off ffC

  iR sliced regina.

    gn ghe ¢kftptex 3, g show thag E.･-APB, a sel£cgfive agoAistt of EypeaiginGlgR caR regeeRage

transxEkitEer release froxpt coite PRs by ifke aRagyses of ghe sEPSC giirequency and axg}plgtude iit ffCs.

    ffn the Cktsptew 4, g investigage ghe centrgbgggon of re£epgof desensieizagien ao sk£ gr3ded

syfiapgic tramsfK¥)issgo* ag PR-HC synapse, wsiitg gff]ed"laaory drgg of posgsygeapafic recepgogs.
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                               2.fi xeeger*diewecgfi$me

    Horizontal cells (HCs) are second order neuroges receiviRg aheir mafin syftapgic drive froifif]

phogorecepters. Tftiese seconCk order fieurones are AoR-spikEptg gee"rones ffespoflding wggh eniy

graded poaengi3}s for neuraR proccssing. ffCs i* cagrp reaiita g£ceive syftaptic iitp"g frerif] rods afid

coRes via separage paghways (Kafteko & YagiE}ada, 1972).

    Neurotramsmigaer frofg} phogore£eptors is aefticagAy reaeased fin darkR£ss afid 3cgs ao depogarize

horizonta] celis. 'ffl]e rele3se of tllie eransgnfiager, gktaEff}age, fr()ffxg pkgoaoreccptor ce]Rs (Cop£ithagege

& Jahr, 1989¥) is redgced by liighg resulting irt hypeglpelarizing responses go lighg in ffg cells.

Whglsg ghere are a few insgances reperging ahe presence ef NMDA re£epaors ige isolaged HCs in

cagfish rcgima (O'Delli & Christensen, 1989), other work h3s shown nefi-NMDA eype glggaff[iage

recepgors ifo be akge gxEajor gfiugariiage receptor gype gxgeg[Siating syitapgic inpwt Rit{o cone-¥(}rivept HCs

¥(Lasaeer, 199e; ffshida et aA., 1984; gshida & Neygon, 1985¥). "The ron-NMM¥)A recepgors gespend go

gluaagnaife recepgof ageRisgs wieh a pharit]aco]egy whgch caoseay reseffff}bges ah3a of ciofied AMPA

receptors (Heggmanre & ffeinegnaRft, a994). Gggtagitate-rccepgor chaitRel kineaics ift dissociat£d

}-ICs have be£ge saudied axsing eigher ghe power spectrtsrg) ef £asrgept itoise (gshida & Neyaon, 1985) or

single-chanitel recerdiitgs (Lasater, a990), geve31iRg fasg and siow ch3nneis. Rcccntgy,

desensitizaeion of AMPA receptors also in dissoci3ted HCs was seudied wieh rapgd drug appgic3aioms

¥(Eaiasof & j3hff, 1997; ]Lu eg aa., 1998¥).

    Bccause of difficukies in ghe gN]easuregKkeftt of syitapgic cgrrengs of ffCs in gke retina dee to gheEr

exgensive elecaricafi coupgtwg, oitly a few voatage clagptp skudies of Ha cells have beeit made esimg

double barregled grEicro-electredes, using depagnipte to redgce eSectrgc3g ceupgiRg ¥(Low et ag., 199a;

Yafrkada et 31., 1992¥). "Ill}ese skudies revealed ahat the revers3g pegentiaA of ligha-gnduced curregea

was near zero, bug ingerestiitgly, responses go differeitg wavel£ngghs in the red, greea and baue ranges

lxaCg differenk kineeics. EEewever, this ffyieel}od cogA¥(S net detect rapid c"grena evengs resglgEng frogxR

ghe quanta} ye]ease of transmiager, dge to fERtergng by the l)igh resisgapt£e ini£re-elc£affodes. In

contrasg, whole-celi pagch cgaTg}p recerding frogxft CNS sNces (Edwards et ag., 1989) ef rcgiwag sgices
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¥(ShielSs & Falk, 1990¥) co"xld g"easure syftaptic curreRgs with high girE]e resobegion whg]sg preserving

             '
tke syftapggc connections and responses to gighg, respectively. Sfince the gggtagxkage gn phogerecepgoff

synaptic aermina]s is stored in the forrn of synaptic vesicRes, quang31 evewts n]ighg be expected to

occgr in secoftd-order neurones.

    Elxe ukraskrgcg"re of ahe coRe to horizontal ceRg synapse is stereoayped bese in ufiwsgal fashioxt

acress vergebrages: a hofizonaai cegg process iitvagin3ges ingo ahe £one pedicle and eitds gn cfiose

apposigion go a synaptic ribben 3g ahe apex of khe invagiRagioit (Downiftg eg al., 1986). Kg fis

generaAly considered thaa 3 qgaxaal reRease of syitaptic vesicges wowid resglg gR spontaneous

excigagery posgsyn3pgic £urrent (s]E]PSC) at excitatory syftapses of CNS, as wegR 3s ffEgimiature eitd

plage poaenifgal at ncgrercif]uscukar juitctions (Faat & Kagz, 1952). A bgief descriptioR of sEPSCs aa

      '
OFF-bipoliar cclgs is c>ne aptd oniy eRectrophysical evideitce fer clusgered regcase of araRsgxkiager ffr()gn

phoaoreccpeors (Map}e ea 31., 1994), but not in hogizontal celas.

    gn this ch3pger, g describe ghe properiies ef posa-syitapERc curregees of Hfl cegls ige ffetinal sN£es of

carp usfimeg who}e-cegg paach cl3mp recordtwg.

2e



                          2.2 MatreectaEs ftpmdi IiMletko*dis

1¥) Retinesl slice preparestien esna supembsion

    Sgices of retima were prepared as describe(fi by WcrbRin (1978) an(S ShiegSs & llFaik (199([)) frorif]

carp (dyprinscs cesrpto) kepg "nder itatgral day fiight condiaions. Ligha adapged fish (200-250g)

were pgehed and ghe eyes were enuc}eated aAd hexgii-se£ged. To regxlteve ahe vgareogs kuig]oasr, ahe

eyec"ps wege genagy washed fbr 3 - 4 ifg]iR wigk Ringer's soimgfioR coftaainiftg 120 asnit/gni

coglagenase aptd 465 unig/Kitl hyaggronidase (Sigfi]3 Lad.).

            '
    [lhe eyecesp was cgt into 4 pieces. Retina was degached froffg] ghc pfie£e of eye£esp ongo figtcr

papcr (pore size O.45 g.em[R: MiEAipore Corp) aRd w3s secgioned finao 20e ge,gm ahick ski£es. [g7ftxese

were sgperfused with Ringer's solugieit containing (icr}M): 102 NaCg, 2.6 KCE, a CaCl2, a MgCe2, 28

NaffCe3, 5 ggucese and 5 EgEPES, adj"sted eo pff 7.5 when bgbbRed wiah 95% 02: 5% C02. im aag

experimenes, congrol Ringeif centained fl5-20 geM dopaixkiite (DA), wki£h was used go uitcoupge ehe

gap jgnctions of Hl ceNs, with 75-leO geM ascorbic a£gd added ee reduce oxidaaiept.

6-cyano-7-wttroquiitoxaline (CNQX an antagonisg of noev-NNEDA receptors) (RBg Lgd.) or

a-(4-3Kif)imophertyg)-4-inethyg-7,8-meahyleitedRexy-5H-2,3-benzodgazepine (GYKg52466, a regatgvegy

seXecEive aRgagoftisg ef AMPA rcceptors) (Sigxif}a Lgd.) was dissolved iit DMSO (finag coRceptgratgoit:

<O.a%¥), aitd ahen added go the sgperfus3te, aitd agg experimertas were coxtdgcaed ae rooixE geffi]perature

(21-230C). It geok 25-30 ![gift ge gnake sli£e prepar3gions uRder sRgghaly dggn roorE] iggkg. 'g"he

slices were viewed using an gpriglgt gxkicroscope (OgygxRpgs, BX5C}Wg) wgtftx infrared gfibugxgiR3tRon

¥(>85e ngn¥) and rrkonttored oge a CRT display wigh a CCD cagxkera ¥(C5985, Hagxftarnatsu Phokongcs¥).

2¥) Ligkg stimutution

    ReEifial slices were i]gurr]inated wigh red- and bRu£-diffgse Rgghg egnigging dRodes

¥(LED's¥)¥(g¥)HR6610 and GNB4510, Ewasaki Egecwic I.kd., the peak wavegength 3t 650 nxxft and 450

nm, respeckively). The blue light was fiitered with a band pass fiager (V42, Toshiba Elecgric LEd.,
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kffansgxftissieit peak aa 41e geifg]) and ahe yed iight fikered wRgh a skarp c"a fiiaer (R65, Hoya Opgics Ltd.,

cag off wavelenggh 650 geifE]¥). rffhe red gigkg was filtereCg eo seAectively seigggulate ahe geg[i cc¥)ptes

¥(Kaneko & Tachibama, 1985¥). "gltge horizoptal cegls were idengificd by gheir characaeristic

ffxkorphoeogy, spr£ading gategagRy in ghe o"ter plexiform iayer, coitfirffEied by saaining wfith g.eecifef

yeiiow via ghe patch pipegtes. Subgypes were dgstinggished by gheif charackeriseic responses go

sgeps of red and b]ge iighg. EEI celgs respoitded wiah garger okkgward cyrreitgs go redi aeed srif]agReff

outwar(I curgent ko bl"e lggkgt, whilsg Eg2 and ff3 ceggs respoftded witkg larg£f c)gtwarCft cgrrept tc) bRge

b"g srffiailer er no currene to red. "I7he intensity of red lighg was usas3agy in the raitge ag --- 6 xg05

qgpmga/geggk2/s, which eliciged ptear satur3ting respekses. Saronger blige }ighg intensiify was xteeded

ghan red one go induce khe sarne curreng axifkpliaude.

3¥) W7geole-cell recording

    Pipettes fer whole ceAl pagch cgagxkp recordiRg were fabricaeed fregxR staftdard-wagled

borosigicate geass (C]3rk EAeceromedfic31). gntraceliufiar K"- based soivkion £one3irted (ffnM): alO

KCfi, a MgC}2, 5 EGTA, g Mg-ArMP, a Na-GrffIP, aO EEEPES adj"sgedro di 7.2 wigh KCpen. Nl cefiRs

were vogaage-£Ramped go gheir iitiaiafi dark potentials (cogrrecged for the trfip pogentg31) gE]easured jeesg

3fter gogftg whoge-ccll. Patch-pipeates had fesistances of 3-6 Msk and ongy recordings wiah a

serges yesisgance ef aboua 10 M9 were analysed. sEPSCs wege usg311y re£orded froEn cegls wagh

high Rnput fesistance (>aOe Mg2) by eleckrodes wiah low series resiseance (<10 Mg2ig). Whege £el}

veRgage ciaffRp recerdings were obtained asing 3n Axopagch 1-g) af[kpgifier (Axon gmsgrugneitgs). No

series resiskance compensatgon was einpieyed. Sigitals were ffiggered at 2-5 kuez, dggigized ae 8-25

kHz. Data were stered on g¥)ARr tape and on hard disk. Enward and ouaward cgrrenes were

gefereitced with respecg to the current at the hoiding pogenggali ciagnped ao the resgifig poteptial of ghe

cells. Fgguee 2.fi shows the schematic diagram of whoie-cell p3ech c}amp recording frorg] sgiced

realna.
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- Measurement of sEl]f¥)SCs

    Slow cogxiponeRgs were reixEoved by high pass fi]teriitg ag <le Hz. Each sEPSC afgypgikgde

was gx]eas"reCi fr()xxE g&ge zero c"rrept geveR to tkRe peak peint of inward cgrrena. e'Baseaime noise"

was figted with a Gaussian probabiligy distributien (see geEg. 2.3). Each dis£rete sEPSC was

gsol3ged frogxR the baseline fieise by gsing the foigewing crigeria: (1) rE7he peak iitw3rd cuffregeg events

were deee£ted by setting a thresho]d geveg, defined as gwice the stagedard deviaeion (sfigpt]a) ef ghe

b3segine noise (ghe detectfioR ReveA is gllustraged in ptgg. 2.3C). (2) AgE evegegs Aargeg ehait ehis geveli

were incg"ded if they had a rise tigne <1 ixk$ and (3) if ghey did noa arise ffogn ahe decayiRg phase of

a previogs evena. (4) [Rr() dlcgect aut()xEiagicaRly ghe g)eak of discgege gRward c"rreitt, a Effic)vgfig

rcctangae ¥(height abeuB pA and widgh 1-3 ms for xgieasureifxieng ef interval: heigha 3boue 3 pA and

wgdth le-20 gxRs for affEiplitude mc3sureKif}eng) was gsed (Origgn 4.a or 6.0 software, MgcrocaE Lgd.).

Criaerion (3) was not incggded fbr ghe gEReas"rexERena of ehe frequegecy histoggaffxR. The segecged

ahreshold level remaincd coitstaitg for ghe eRgire anagysis of ehe cell. Decay tggxRe coitsaawts of

individeeal sEPSCs were cagcglaged by fieting singRe expoReptgg31s. Rise gggxke was measgred as eke

gixx¥)e beEween 2e% aRd 80% of peak affxRpgit"de.

5¥) Spectrginnelysis ofmembresite cewrent composea ofsEasCs

    To describe ehe power spectruffxR of xg¥)eifabrane cgrrcftg cogxRposed of sEPSCs, ehe waveforffn of

individgag sEPSC, g(ij, was approxixff)ated by dogbRe exponcngiaR fuRcaioms describing decay and

rise phase 3s fog]ows (Segag et al., 1985);

      g(g) - es kxp( -t/z7d)- exp( -g/zr,)1 a)

where 'bj 3nd z7 were decay aitd rise gigxRe constangs, 3nd a is ait aigipggtude factor. z} corresgrogeds go

72 % of 20-8e % rise gigrie.

Power density spectra were caicuiaged using a Fase Feurier Tr3nsform aggeriahgxg. Each power

spectral deftsigy curve in each conditiopt was averaged. CoffgRponeites ef ehe powcr specgrag density

suppressed by test stigRge]lagien, such as iighg or chemicais, were obkaipted by sgbtra£ting ghe power
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specgrugxg afteg the test froffit ghat before the eesk. 'lhe power spectra were figged wigh ahe foleowtwg

equatioR (2), a prodegcg of two E.orentzians describing wavegibrgxk of the iftdgvidgal sEPSCs as shown

fiit the equaaioge (a);

    S(f) = {a + (f/ fa )2S} O{1+ (f / f, )2} (2)

where S(b i$ ahe power specgrag degesiay at freqasency £ So is a consaaite, ghe spectral densiay of

zero RigxRit frequeptcy, and k ( =1/2Kxd) aRd f, (=1/2xx,) the cut-off corner freqgencies for dec3y aptd

rise p&k3se, respectiveRy. 'ffhe c"rve figting was 3ckRieved gsing 3 non}inear leasg-sqeeare error

aggorkhffn.

    The staagsiicag daaa were shown 3s gxieast ± $taitdard cffror.
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                                    23 Resmigs

D 772e light indeeceapost-synaptic cesrrent ofcone horizontal cells

    gefigeeere 2.2A shews tke whege ceaX c"rrent response of an Effg celg ifo saeps of red and bgue Afigha

which eiicited eutward ckgrreRt (actuagly a reduction of DC inward curreitg 3s shewn later) ifespogeses.

'ffhis was acco[gxpanied by the sgtsppressiofi of sponaaiteous Eff'SCs (sEPSCs, rapEd inwar(i tr3fisiepmks)

by red light b"g ghere w3s gess reduction in s]EPSC freqgeRcy in respogese ae b]a]e iight, evept eheggk

each sgign"Sus evoked tke sarEie ouaward carreng axnplitgde. This paper is £oncerned wggh ehe stgdy

ef sEPSCs recor{died iR ghe Cgark 3n¥(i on expos"re to fed ait¥(i blue aese lighg whiclg eAicgted prognineng

s"ppressioit ef sEPSCs. Quankiaative akagysgs, however, was gnade eniy for ahe records obaatwed

wiah red fiight. The inp"g resisa3nce of ghe Hl celgs was g48.2 ±15.0 M9 (ft=g4) in darkncss gge the

presefice of dopagnine whgch fedasces efiectric31 coupling betweeit Ha ceggs ¥(Yas"i & YagxEada, a989;

Fgrukawa eg a}., 1997). The resisgance incre3se iftduced by red gfighg, 29.9 ± 7.6 Mst, was greager

ghan ehaa by blue }ighg, 16.1 ± 11.6 MS) (ge=6), ag ghe sagK]e IRght-cvoked cgrreng axgipgfigude,

coitfirrxRiitg previous resisgaRce fEeeasgregxkeptas obaained by intracelgulag recordfiitg ¥(Yasgi & Yaffnada,

fl989; Furukawa et afi., g997¥). Swigching frc¥)gn voltage clagxRp Eo carreng clagKftge> resgEeeCE in E}ie

sxyNooghing of speRganeo"s synapgic eveRts (geEg. Z.2B). 'ffhis sgggesgs tkgag sEff'SPs observe(g fiit

osrrewt cgagxRp were Rc¥)w-pass fikered by thc egecgrgcaR properties of khe Hg ce}g rif]erEibrane. By

anagysing aiige tigxge-co"rse of vokage respoRses go rectangeelar cgrreng pgEses gneasure¥(S by ceerreng

cRaffxip Eflode, the meffyibr3ite giEifie coRstang was deeerfffiined go be ef khe erder ef a E[gs.

2Msolestion ofsEPSCs from haseline noise

    I isegated sEPSCs ef ahe E{1 ceal froifg basegine itoise kgsing the procedesre shewn in gefig. 2.3.

[El}e currept grace in gefig. 2.3Ats is baseline noise in an Ha ceSkaken firofifN the sggeng pefRod of ahe

recerd wkhou{ sEPSC evengs dgring red lighk saiffxgaslaaieit (Bfig. 2.3Ab) whEch greaely skgppressed ghe

currene itoise. The probabiRiey deptsRty histogram of igs currene arifipeit"de ¥(geSg. 2.3Baj was agffgost

symgnegrical angii was figted welR by 3 G3ussiait dgsgribution cgrve ¥(a soRid line; staitdarCg cSeviaaion g
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= 3.0 pA). ptRgoffe 2.3Ab shews the whole peried of the c"rrcng recording in ahe pres£nce of red

ggghg, an(S eskg. 2.3Bb is ies probabiAigy CEefisggy hisgograxxE of cesrrewt affy]g)ljgude. Rt w3s sRigft}agy

skewed dge to inclusiept of inw3rd sEPSCs bua ghe ougward curreng sfide w3s fiated welg by ghe

Gaussian disgribwtion c"rve (standard deviation: g = 2.7 pA). The cgfrent iteise greaaly increased

in darkness (gegg. 2.3Ac). The probabigigy degesiay hisaograrn of gh£ cgrrept Roise (gegg. 2.3gec) was

twuch irkore skewed dge to the higher firequeit£y of sEPSCs bge ghe eggwagd cugirena side was figaed

weRl by the Gawssian disgrgbutien curve wikh a g3rger saaitdard deviaEiopt (g = 4.a pA). rlihis part of

ghe cgrrcita xtoise im th£ gr3ph fitaed by ghe Gagssian diskribuEgen cgrve w3s assggxged go be basegine

cuanreite Roise ift d3rkness. The staitdard deviatioge of ghe cgrve for tke inward cgrreng was larger im

darkness ghaR ghaa wigh red light stixnuSagieit iit ethef Ha ceggs (n=a5). [ehe fiitcreased baseline

geoisc in darkitess gxRay iRdicaee the ackivagion of glgtagnaie feceptof chanfiels, cogeafib"ggng a

cor{]poftena of chaftnel noise, by sor¥(]e accugxxtklagioit of glwt3m[iage rele3sed gowtc3ggy in darkxtess. gn

ghe fellowing results, individuag sEPSCs were iselated giroxg] ghe baselirte geeise gsing agfi ahe cfigeria

described in the Methods. "E"he fasa sweep recordtwg in red Aigha and darkness are showR gn gegg.

2.3¢k and b, respectively. Tke thick congiit"o"s line gRdicaEe$ zero cgrrena, dcfined fregn ghe

gEgaximuffx] poing of the probabiNay densigy hgseogram. gR order eo coKiNpare gke propewies of

sEPSCs in darkitess and red Sighg, g isogated discreke inward evengs (sEPSCs) exceeding 2 aiExRes ghe

sgaptdard devgatioit of baseaine noise (thick dashed Aine: 8.1 pA) tw darkitess (b). sE}'SCs im yed

ligha were also isol3aed using ahe saffne ghreshold as ige darkfiess.

3¥) Suppression ofsEPSCs by rea light

    gefigeere 2.4A shews ahe wheAe celg current respoitse of aR }-Il cclg in darkness 3nd in ehe

presence of a steady rcd lighg. Red Iight e]icited 3 M)C steady ogaward casrreng (a red"cgioit of DC

inward current¥) aRd a rxgarked suppressfion of sEPSCs. geSguere 2.ajB shews ghe sagxke current neise

oA a faster time scaPe. Occasionally, liarge sEPSCs (>50 pA) were obscrved beah in darksuess and

in rcd light. Thc frequeitcy aitd ghe pe3k amplikude of the sEPSCs ift differeng kRghg or
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pharffna£ologic3R condiaions were compafed by eesing ghe saffxke ghreshoRd A£veg, as described fin gekg.

2.3. [grhe freqgency of sEPSCs was highesg in darkRess, 218 ± 20 Hz, and was redgced ge 34 ± 6

Effz (n = fi3) gpy red iigkxg, cofisisseita wigh a reductioR in vesgcesAar gguaagi}ate reaease on

                                                                                    '
hyperpoAariz3tiege ef photoreceptor terfninals wgth lighg. rg"gae distrfibggiens ef sEPSC twtervaRs

begween evenas weye anaRysed aitd are shown tw geEg. 2.aj¢ in darkitess 3nd in red Iiglae. [ff"he

hisgogragns of sEPSC intervals in darkness 3nd iit red gigha were fitged wgth siitgle exponengia]s,

showing thag ghese events were randon]gy distribaatted in tgrif¥)e, foglowtwg ahe Pofissoge pgocess. [El]e

peak axnplgeude kistogragxgs of sEPSCs ift darkncss aRd in red lighg are showit in esgg. 2.ajD. The

xg]eage £ond"ceance increases iRdgced by sEPSCs in d3rkness andi red light were 482 ± 59 and 40a ±

ig4 pS ts=a3¥), respectiveRy. ghe wtean sEff'SC affnpli{gdes git darkness 3nCg geCfi lighg wege ftot

significanegy different iR 13 ce}ls (P>O.1fi). To deterffitine wketheif ahe reducggon gn frcqeeeitcy of

sEPSCs w3s gg3de{ig witftx }Rglikg intensity, wRiole-cegg currepts were fec¥)ordeCg frorg] Hg celAs in

respoitse go gncre3siitg, then decreasiftg, rarmips in red }ggha ineeit$igy (asEg. 2.SA). Secgioits of ehe

recording shown in Ffig. 2.SB on an expanded gimescaie were ghen a*akysed and tkeiff ff[Rean

freqgency was pgogte(i againsg the ligha-in(figced skgift iit ouaward cuxreget (geEg. xe.S¢). Tllgere was 3xt

gnverse fiiitcar regagioRship beeween sEPSC glreq"eflcy aitd lighg-induced egaward cgrreftg (redes£egoft

of DC inward currewt¥) ifi ghe Hl cegg. The skagedafd deviatiofi of basegine noise was also gffadwalliy

sgppressed frogxft 7.e pA go 3.2 pA by Aight sgiExguiagiofi. A sigKiifiar regaagonship was observed in

four cells. g floted th3g light saimyiagioge redgced ghe variance of ahe baselgne fioise bgg nog ehe

ptgeait peak agxkplitude of sEPSCs. rl"his indicates that light stifii*]3giopt sasppresses ahe frequency ef

asynchroitous vesgcular aramsffxRitter release, witho"g a redascgioge of quant3g congena, aitd ghe redgcgioft

ipt base}gne nefisc refgects 3 consequent reductgon in gbutamage cenceptkraagoge gn ghe syitapgic cRefg.

4 IZH7ze reyersalpotential ofsEPSCs ofthe M cegl

    exgasffe 2.6 shows sEPSCs recorded in the dafk held ae differeng gxi£iitbrane poteptgaas. The

polarity of sEIPSCs was reversed around O EnV. I"his is sirERigar ao ghe reversafi pogcitaiaE fof
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ggat3wtake induced cuxreng reported ift prevge"s stasdies of fisogaaed horizoitgai ceggs ¥(Tachibagea,

IR`985¥)e

5¥) Kineticproperties ofsEiPSCs

       ffndividuag examp}es ef ff1 ceil sEPSCs rccerded iit darkness 3xtd in ffed lighg are showpt

sasperimpesed in eskg. 2.7A and B, respecgivegy. The rise aitd decay pkases of ghe sEPSCs w£re

figted wggh sRngge expoAentiaRs. Meapt v3Rges ef ghe ciec3y aptCg rise aggi]e constawts in daffkRess were

e.71 ± O.02 gns and O.10 ± O.Ol xns, respecgivegy (fi = 11). waowever, ghe rfise aiE[Re woggd be IEgxRgtcd

by the b3ndwidth of ghe gecording systeix] (2-5kHz). The decay tigxpe consaawts pti}easured from a

aarge sampge of sEPSCs were pleated agairtsa peak inward cgrgeitg tw geEg. 2.7 in darkness (Ba) aged in

red ggght (Bb). The decay tgnie was posieiveliy correlated wigh peak aixep}ittide (corgrelaggon

coefficiene = e.64, n = ae). The decay tigne cemsganas of sEPSCs Eneasgged in darkness (agKRp}igude

< 80 pA) aRd gfi red ligha were rtog sigflificangay differeita (p > O.88).

6¥) sE!]PSCs ewe meaiestea by sufX mpe glutesneeste receptors

    Te ckaracgergse ghe ggugamage recepter aype ffg]ediatgxtg coite syrtapgic inpwt ko ffa celgs regiitai

slices were sgperfused with 20 geM GYKg52466, 3 regatively spe£ific and non-£eMpegigive

angagonisg ofAMPA recepgers (Paternatw eg ag., 1995). [g7his sgppressed ghe gigkt respoRses, afid

w3s accompartied by aft eugward curreng (redgceion of DC iitward cgrreng) aitd decre3se im inpgea

coftd"caaitce (geSg. xe.8A), coitsfisteitt wiah bgockirtg the posesynapafic 3cgioit of gRgaaixkage re]cased

frogrR phogorecepters. The sEPSCs observed in ghe dark were almesa coEnplegely s"ppressed by

GYKff52466 (Wig 2.8B, ft=3) except sr[Ralg resfiduaR sgow coifgpogeegets. CNQX (aO geM) a]so

suppressed beah the Iight respenses and sEPSCs.

D sSpectral esnfflysis of s2!]PSCs

     g cognpared ehe power spectrugit of current noise, iitcEk]ding sEPSCs, seeppressed by red lighg

and 10 geM CNQX. enguere Z.9A shews effecgs of red lighg stignulagEert on ghe power spectrEjgn.

ptkgskpte 2.9Ak and b 3re ahe power specgruxEs in darkrkess and red Iight, afid emg. 2.9Ac is ghe
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diffeifeitce spectruffEp. Subgracgioft of this froffx the noise coptwib"ged by sEPSC evengs ift ifke dark

iso]ages ghe spectral cogcr}pon£ngs contrib"aed by the sEPSCs. g)ififefence specgra were fiited wigh

ahe producg ef gwo Lorentziams (eq"agioR (2) iR Methods). A simgie E.orewtziaft dgd rtog fiif wegk ghe

high frequency regien ef specgra (3 dashed gine in ghe figure). M£an cwt-off freqgencies weffe a97

± 7 ffz and 1520 ± a25 Hz for (dark - red gigha) spectra, correspeitding ao a decay gigne coftsaaita zzi =

O.82 ± O.e2 xff)s aRd a rise giEif)e consg3nt of z7 = O.11 ± e.Ol xif)s (n = la). rTkese vaages correspoptd

weee with ghe x[Rean rise 3nd dec3y eigne co*sgaitts giteasgred direcgly. gegeeme 2.9B shows effecas of

10 geM CNQX epthe power specgruxff]. ptfiguece 2.9Ba and lv are ghe power specar3 of cgrreeg git

darkness 3nd CNQX, and gekgeeecee 2.9Bc is ghe differegece specgr"ixk. Wikh red gighg or CNQX, ghe

current enoise due ao sEPSC evcwts was esscntially redgced to 1/f (aa gess ghan 400 ffz) of systeffif]

noise (incfiude Sohfisen noise and shot nofise aa frequertcy kigher thaR 400 Hz) and sgE]agkesidual

components. "ifhere was good agfeerrkektr between xE)can gigne coitstants derived frogKR ehe (dark -

red lighg) or (dark. - CNQX) difference specgra.
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2.4 Dfis¢assstoge

Z¥) kSPontaneeess EPSCs offff horizontesl cells

    The presence ef sEPSCs in Ha cells provides cPear evidcnce ghat ghere is vesicaxgar release of

the iteurogransrif}itger, ggge3mate, fregit cogee synaptic terffE]inals. [rhcse rapgd evengs were geoe clearly

observed in curreng clafKNg) recordgngs froffifg gaorizokgaR ceRas becaase ef fiRteging by ekgeir ffgM£gnbrane

tigite-consk3ng, which was of the order of 1 r¥(]s. 'The redgcagon of sEPSC frequeftcy observed wgah

red ligkgg is consisgent with hyperpogariz3giept of conc synapaic gergxxinaAs reducgitg tftxe ff¥)robabiRigy ef

vesicgfiar reg£ase. rffftiere w3s an invcrse gigee3r re}agioge betweefi ahe ouaward c"rreng respomses go

ragg¥)ps of reCfi g}gha and sEPSC frequcncy, suggesSiitg ghat tkge g¥)osgsynapgfic voRtage respc¥)nse is

gnainly deterfi}ined by ghe freq"eftcy of arrivafi of sEPSCs, which ragses the conceiteraaioge of

gRgtaxgiaae within ghe synaptic clieft Thc goRic 3nd asyAchroflogs reke3se of traitsffff¥)iaeer froffEg cogees

woufid thus be crR]ciai feg generatiitg graded lighg responses tw khe itoge-spikgng horizongag celg. The

gnean frequeitcy of sEPSCs recorded gn darkness, 218 Hz, was reduced ae 34 eez by steady red

i.gradgation. There was no significaitt chagege iit gheir ffg}ean peak aKKgpAiagde wgth red aigha,

                                         '
suggesting eh3a ahere was no chaitge iit ahe gxeeaft vesicular glgtaExiaae coRcengr3aien (quantal coitaent)

wheit gheir freqaxcncy of release w3s fedeced. Red gighg stififiugatgoge seeppr£ssed tke variance of

baseline noise (probab}y chanptel noise), sgggesting ghag gighg redgces ahe con£entragioit of

gkuaarE]aee withipt ghe syitapgic cgeft

2¥) wwRY mpe glutameste receptors on ff1 cells

    Since ahese rapid sEPSCs were cempgetely b]ecked by ahe ANEPA recepgor aneagongsgs 3ged

showed ghe same reversa] poteneiali arognd 0 mV, perhaps the simpiesg iitgerpretatien is tkag ehese

sEPSCs are 31g gegeeraeed by the sarrkc posasynaptic xitechanisrga, by ghe openifig of AMPA recepgor

chanitegs in responsc te ahe vesgcular release of glutagrg3ke. ff]he postsynaptgc respomses of

salaM[g3itder horizontali cells have been showft to be KiRediated by AMPA-recepters, since ghey were

also bAocked by (}YKI52Z#66 (Yaitg et aA., 1998).
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3¥) Estimation of the number of chonnels genernting the sEPSCs

    'ff'he dgstfib"tien of sEPSCs ift gigEie was r3nderE}, following an expoRepttiafi inaervag disargbwtfioft,

bua showed consider3ble variatioft in both 3fnpggtude and rate of de£ay. Larger affxxp}Rtgde s]E}'SCs

             '
were £orrelaaed with siower decay tigxies. Variatiens gn sEPSC agxRpgitwdes ceuld be due go

variagions in vesicle size or ggga3rg]ate concentration gitcerporated iitEe individg31 synapgic vesicles.

       rl'he sEPSCs wcre clearSy dge te gnuiti-chanRel opeitings. A sgngge-ch3nnek condecaaptce

of iton-NMDA recepSor channels was estiffitaged to be 16.4 pS fog ghe camp Hl cekg as showit fipm

Appegedices 2. 'Mi"s, ghe f[kean agEgpgitude of sEPSCs associaaed wiah a £onductance chaitge of480

                                                                    '
pS woesRd arise froxn tke opening of aboug 29 chaptnegs. gn d3rkRess, 6380 channels woeegd open

per secend wieh a grgeart sEPSCs frequency ef 220 Hz.

4¥) Estimation ofrelease rate ofsynaptic vesicles.from cones

    Each Hl horizoRtaR cegg contacas with 16 cones in gogdfish (R:9, G:5, B:2, Stcll et afi., fi975)

and 14 cones in roach (R:7, G:6, B:1, Dowiting 3nd DjarERgoz, 1989). The toeaE nuffif]ber ef

syftapgic ribboits cone3cting with ghe ro3ch Hl cegg cait be cag£gAaaed ge be aboga 240 sfiRce ea£X] of

fed-, green- and bl"e-seitsitive £one h3s 22, 13 and 7 synaptic ribboits, respecaiveRy, ag ghe axeit

aermina] (Downing ea a]., 1986). Thercfore, ff c3n estiriMaae ghag ghe regease rate ige darkness we"Sd

be 3bout 14-16 Hz frogxg each cone and abo"t 1 ffz frorg} e3ch sywapgg£ ribboge go Hl celgs, assgr[king

tk3t tke itumber of cenes coftaacting Hl cells in carp is siffnilar go ghat of oeher cyprinid reaigea. [gllgis

gow re}ease rage from indivgda]al synaptic ribbons is probabgy an eenderestgfi]ate, since ahe aeckitSqese

used hcre eo discrigxRinate sEPSCs frem baseline noise would excEgde very gow aff[ipKgude sl]PSCs.

5¥) sEesC kinetics.

     grhe shergesg sEPSC dccay tigne coitsaaitg ef O.2 gns is prebably dietergxkincd by the undergying

single-channeg kinegics. grhis is similar eo the inactivagioit gime comstageg of AMPA receptor

chaniteSs in other iteurens (O.6-3.3 fffis: Geiger ea al., 1995; SiRver ag ag., g996). Ae other CNS

syrtapses, free diffusion aided by glutagit3ge gransport clears gRutarEuate so r3pidly thag ghe dec3y of
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ghe AMPA re£eptor EPSC is liffRited selely by ehe dissociagien of glggaffg3aae frerffx ghe recepeor (Tong

& jahr, 1994). Mulag-vesicular release, studied in £ugaured hippocargNpaA iteaxrones, does geog slow

tke decay of AMPA recepaor EPSCs, suggestiRg thae each synaptic twpua contrRbgtes twdependextftay

ae ahe postsynapiic cenductance chartge (DiamoRd & gahr, 1995). The rapgd de£ay eirgies of

sEPSCs in Hg cells wouid suggesg a sirEiigar indepeftdeftk iRput giregg¥) individgal coite sygeapEic

ribboms, which 3re spagialAy isolate(i frorn opte anotheg (Saito et 3g., a985; g)owitiftg eg 31., 1986).

Single-chaitRel recordings from isoiaaed horizontal ceRgs caaegorEsed ptoR-NMSbA channegs inko two

gypes, `fast channels' (meait opext gjEne 1-2 ms) and `sPow cha*itels' (ggeeait open tfiEx]e 4.5-8.8 gns)

¥(Lasaaeq a990¥). rg'he very brief decay kigne consgaRts measered here sgggesgs ifk3g optly ghe `fase

channels' are expressed at ahe sysuapse.

    'g7h£ phegorecepaor-horizoitgaE-bipogar ce}fi syptapse has a highgy speclaRized uggr3-sarucguge, witk

horizonaai ce]1 processes deeply ikvaginaaiftg gnto rod and conc pedicAes which possess syitapggc

ribborts. The horizonga] ceig dendriaic processes are in very cgose 3pposigioge go ehe presynapgic

regease sigcs with a g3rge coptaca area ae bogh rod and coite ribbon syptapses. Thgs cgose apposigioit

gxRighg accognt for ghe very rapid ffa ce}l sEff'SC kiRetics. "g"he locaeion of ghc eN aitd OFF-Eg type

bipolar cept processes, relagive ao the tr3Rsmiiter reliease sites, are rg]ere disaawt (Safito eg a}., 1985),

and a comsequeitk diffusioRag delay cog}d accouita for mrigch sgower sEPSC kfinegfi£s im dogiish

Off]-bipo}ar celgs (R. A. Skiel]s, in preparatgon). 'ffhe rod-bipogar celg syitapse appe3rs ao be

highly speciaiized to red"ce synaptic noise, which ogkerwise wougd lir[Rig ghe sensigivigy of ahe visuag

systc]rifR.

    NMDA receptors expressed by hortzoitgag celEs wkich h3ve ynech sRower kineggcs ¥(O'DegR &

Christeitsesc, 1989; ESiasof & gahr, 1997¥) wogld be unSikegy to cefttrgbuge ge the igngnediaee process

of synaptic transmission fregn coites. l"he gengest decay aRr[Re consg3flt ef 1.4 gns associaged wiah

Iarger events gxiay be due go pregoitgagioit by the diffusieft pfocess of giue3giiaee wggh ghe ]arger

increfi¥)eftt of concentration. gf ghe sEPSC sigital wcre propagated frorE] the ncighbouriftg celgs, the

peak amplitgde weuld have bccn red"ced and the decay tiwte constaita wogld have been prolofiged
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by the c3ble properties. The sEPSCs were ceriaiftly fteg redgced in ampliggde or fifitered by ghe

cable propefgies of ghe ff1 cc}I beca"se ghe decay time conseang dgd geok show a negagive g£laeioitship

wikh amp}igude.

    g)eVries & Schwargz (1999) reported thag k3imake rec£paors ffK]ediaee ghe OFF-bipolar cefil fiighg

respenses iit gxkaffENgxEaRiait reeina and ghat mosg of ghese recepgors are deseRsitfized ift darkgeess, having

a very leng (500 ms) eifne constawt of recoveffy frogn desensigfizatien. gn conarasg, fton-NMDA

(possgbgy AMPA) receptors iit horizontag £elgs skow very rapid recovery frorffx desensiagzaeieit (9 ffkigs:

Egiasof & jahr, 1997). Dopaffg)ine h3s beeit showit go bgo£k desensigization of herizoAtal cegE

itort-NMDA recepeors (Schm[iide eg ag., 1994) so it is esptgikegy th3a gke sEPSC gigEge-coesrses gxxeasgyed

in ahe preseitg sagdy in the pres£nce ef dopapt}ine were decreased by deseptsitgzaeioR of AMPA

feceptors.

pt Conclnding remesrks

    [Mhe qeeantag eveitas of glugamage re]ease froffEg coRe pkoaorecepaors were first fogptd iit carp

reeina. Spentaiteogs excitagory pestsynapgic currextts (sEPSCs) fifl horizoittag ce}gs were degecaed by

uncoupaiitg ahe elccgrical coupling of horizenkal ceRls usgng dopagT]ine. "FEie an31ysRs of sEPSCs

sllggesged ahag red ceRe phoeoreccpeors asynchroneusay reliease syptapgic vesicles witk hggk

frequen£y in darkness and redgce the frequency of fefiease iit respefise go graded £hanges wighegg

rcducgion of q"3ne3I cowteRt by red Iight sgiffn"ius. [grhe spoittaneoas eveitts in horfizontal cellas

were conaribuged by non-NMDA (possibly AMPA) type ggutan]aae receptors ffERodugated by khe red

cone gnpug.
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                               3.m meegec*dias¢gR*ge

   g kave shown ghat sEPSCs in Hl HCs are frgedi3ted by AMff'A gecepaors, £egesgsgeptg wgth

previogs $twdies on isokaged cells (Lu ee al., 1998), th3t these ionetropic g}utarfiRage recepgors gritedi3ee

fasa syitaptRc gransgptission frogyp concs (Chapger 2; Hirasawa eg 3g., 2001). "g'he synapgic iRpug eo

ON-bipolaf cegls from rod photorecepaers is, however, ffgiediaged by a G-proeein cogpled

gxgetabotrepic glesgawtage recepgeg (r[xGguR6), whick is seliecgiveXy acagvated by

(L)-2-agxgine-4-phesphegeobuayri£ acid (L-APB) (Shgegls eg ai., 1981; Nawy & gahr, a990; Shfie}gs &

]Falk, 1990; NakajirEga eg 3g., 1993; de ga Vggla ea aR., a995; SlRieAgs & F31k, a{l¥)95¥). 'ifirkis is ahe oitgy

known syptapse where ehe gokal excigaEory pesesyitape}c inpge is Kx¥)edfi3ged excgusivegy by an gxkGguR,

tw gke rod retina (Shie}Ss, 1994).

    ffxgGg"Rs, however, piay 3 roAe itoa onZy in gxgediatfing postsyrtapai£ acaioms bgg are 31so

expresse(g ifi presyftapaic eengxiitags, fg]nctioniRg t() iyRog[iesgage araitsgitigaer rege3se iit ahe CNS (/hefiwyR,

g999; Caramelfi & Schoepp, 2000¥). [Rkree mechawtsms for ahe dowR-regggatioit of aransEniater

release by gitGluRs have been propesed: (fi) suppressing pfesywaptgc Ca2" conduceaitce a3kahashA

ea ag., 1996; Ko"gen eg a]., 1999), (2) acaiv3aing K' cogedgcgance (Sladeczek eg al., a993; Co£higRa &

ARford, 1998) or (3) directly githibittwg transixgiager regease, findependept]y frogig} ffedu£ing £alciggxR

fiftfiux (Scanziani ee ag., 1995). L-APB, an agonfise of group ggg mGluRs (ffffgGAuR4, 6, 7 & 8),

hyperpol3rized HCs in fisolaEed regina ¥(Nawy ea 3g., 1989; Yasui ea al., 1990; Takahashi &

Cepenh3geit, 1992; EEare & Owen, fl992¥). Two dgsagncg hypotheses have been proposed ao accowng

for this action, invegvtwg either a presynaptic or a postsyn3ptic gxke£haxtfisffxx. Nawy eg ag. (fl989)

pgopeseCE a presynaptic effect, eh3t APB regulages traitsExftEater re]ease frogKp plRotc>recepeer syxtaptic

aerminals, sin£e pestsyitapSic HC responses go kaiRage were esftaffecged by APB. Seepportgng gkfis,

KouReit et al. (1999) recefitly reported that photorecepeer eerffitinags tw ggiarEigxkagi3R reetwa shewed

rEgGluR8 Rrxgmunereactiviky and a redgcaioA ige ipttraceglular calci"in concentragien an fesponse to

APB. (}rokip glg ffnGagRs are coitsidered go funcggon 3s agtorecepkors, regegRaaing syitapgi£

transxxiission from photorecepaer terr¥(}imals by itegatRve feedb3ck. 'Tak3haski & Copenhagen
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¥(a992¥), however, have proposcd 3 postsynaptic acgioit, since gl"gam3ae respenses of isolaked waCs

showed suppressien by AJE'B. "E7his postsynaptic actgefi was, furthergxkore, shown go gRvogve ahe

3ctivatioit of guaitygate cyc13se, increasing ghe leveg ef cGMP iR HCs which in gurfi 3cged eo

gitod"late a K' cenducgance via a cGMP-dependent kigease (DgxeR & CopenhageR, a997). rg7his

acaiox is distincggy differefig frogfi ehe gxkGlaR6-gKgediaged acgieA of APB in ON-bgpelar £eRs, whgch

is ]iftked via a phosphodiesSerase te red"ce a cGMP･-acggvated cefid"caaitce (Shi£ggs & Falk, a990;

Nawy & jahr, 1990; Shieigs & Falk 2000¥). A fgraher postsyitapaic acgion of APB git ffCs is ao

activage volgage-dependept cal£iggi] currenes (LinR & Gafka, 1999).

    En this chapger, g show ahag group gN ggiGggRs reguiaite syitaptic gransrE¥)issgon froxifN

phogoreceptor synapaic gerxif}inals by aitalysiRg the suppressgoit of sEPSC frequeitcy by APB ifi ffg

HCs fiit carp yeginag sgices. 11he rcsulgs indicate presynaptfic expressiosu of mG}uRs funcggoniitg ao

ffedesce er3Asggiiater release by indgcgng K""-depcitdeptg presyptapeic iithfibitioR, consisaegei wgah ahe

knowmaceiens of mi}GluR8 ef mG}uR4.
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                           3.2 MaiteecSftEs rkgedi Meakogdis

Z¥) Retinnt slice preptsrgtion esnd smpedesion

    S}ices of reatwa were prepared as described in Chapter 2, aitdi akey wefe sgperfused wiah

RgAger's solggieit coRaaining (gnM): 102 NaCl, 2.6 KCA, 1 CaCg2, 1 MgCfi2, 28 N3HC03, 5 gigcose

and 5 HEPES, adjgsSed to pH 7.5 wigh NaOH wheit bubbRed with 95% 02 ard 5% C02. gn 3Ag

experigneitts, ahe conkroA Ringer contairted 15-20 geM dopaEgeiite to block ghe gap jgnctions of Ha

ce}gs, with 75-100 geM ascorbic acid added ao redesce oxidatieit. 6-cyageo-7-wtgroquinoxaline

¥(CNQX, RBg Ltd.¥) w3s disselved tw DMSO and theit added to ghe swperfusage.

2--aEif]iito-2-gxieehy-4-phosphoftob"tyric acid ¥(MAP4, an aftaagoitisg of groeep Egg ffg]GguRs, Tecrgs

Cooksoit¥) was dissolved with IN N30H aftd then added ae the sgpeffus3ge.

L-2-afif)ine-4-phospheneb"ayric acid (L-APB, a selective agonisg of gregp ggE giiGlgRs, 'Tocris) or

4-axif]inopyridine (4-AP) was direcgXy added te ghe superfusage. Perfusiopt speed was fl.4 m[gg/gxRin

and the vol"me of the recerding ch3r[Rber was 5eO ge]. Agl experfiffgieitgs were coitducged atr rooffxft

eexrkperature (21-230C). 'fflhe slices were viewed using aft "prighg xifgicgc>scope (BX5eWE, Ogygxgpgs)

witk infrared gi}uxninagioR (>850 nrffi) and twonigored on a CRT disp}ay wiah a CCfi) caxEftera (C5985,

Hagxitagn3as" Phoaongcs¥).

2mp Light stimutestion

    Reeinag s}ices wefe siix}igargy illuixftiitated by red- and blage--diffgse lightr egngaatwg diodes (LEM)'s)

as described ige Chapger 2. 'The horgzentaR ceg]s and their subaypes were aRso ideitggfied by gg?egr

characteristic morphegegy and specErag responses as described fin Ckgapaer 2. The inEemsiay of ife¥(}

}ight was beaweeit 6-2fi×le5 qaxanaa/gegxR2/s.

3¥) W7zole-cell recordingfrem ff7 HCs

    Pagch pipettes for whole-celi recordings wefe fabricated frorn sgandard-wagged borosiagcaite

glass (CAark Electrogikedical). Intracel]"lar Cs'- based pipegge soluaion contagned (gnM): 70 £esiaigg}

meghanesulfomate (CsMeS04), 3e CsCl, 1 MgCl2, 5 EGTA, a Mg-ATP, 1 Na--GTP and 10 eeEPES
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adjusged ge pH 7.2 wigh 3N CsOH. sEPSCs were wsuakly recorded frogER £ells wggh high igepua

fesiseance (>70 MSI}) by patch egecarodes with lew series resisaance (<12 MSS;ig). Whege ceRg voitage

clarEitp gecordings wege obtained using 3n Axopatch 1-D arRapgifier (Axon instrasgneitas).

    L･-Aiff'B ffx}odulaaes membr3Re c"rrenas tw HCs by the acaivatien of cGMP-depcitdeftt pgotein

kinase (PKG) (Dixoit & Copenhagefi, 1997) 3nd by increasing veltage-depegedent Ca' conductagece

¥(Linn & ¥(}afka, 1999¥). Te bgock these effecgs, 1-5-isoquinoltwesulpkoityg-2-xgiethygpipegazigee

¥(H-7¥) a fton-selective progein kinase inkibieer ¥(Sigma¥), was fiitcluded go ahe ineerg}31 pgpeege sofiueion

and HCs were vokage ciaxgiped go peteRkiags gptore negative ahaft -50gixV. No serics f£sgsgaptce

cegrkpensatrioft was egnpgoyed. Sigwals were lew-pass-filitered at 2-5 kHz, digitized 3tt 8-10 kffz.

`iC¥) W7zole-cegl recoraingfi'om coxes

                                                             '
     Te elifniitage ehe possgbfiIigy of a direce rffkod"gatgoft of vogaage-activated Ca2" cogedgctarece in

co*es, whoge-ceg} voAgage cEaffif¥)p recerdEitgs were obgained fregxk cones ik cafp ffetinal sigces. Tl]e

same patch-claggip gechniqge w3s gsed as for recording froxEa HS HCs, wigh oite rxRedificaifien. Te

clieargy observe the voltage-acgivated Ca2' coftd"cgance, ahe K÷ coitd"cgagece in coitcs was bfiecked

using Cs' and TEA in ghe exgemag sogugion. The externag sogugion cowtaifted (xg]M): 55 NaCg, a5

CsCg, 30 !g"EA-Cl, a CaCl2, a MgCR2, 28 NaHC03, 5 glaicose and 5 eeEPES.

5L¥) Analysis

     sEPSCs in HCs wefe 3Raiysed by segting a thresho]d degectgoit }evee beaween 4-le pA,

defiAed as gwRce the st3ndard devRaaioit (g) ef ehe b3seline noise in darkness (Chapter 2).

Probabiligy density histograms of ougward cesrrept neise were fitted wigh Gaussian functfions,

a]lowing cagcugatioit of the sgandard devgaeioit of ghe baseftine ftegse. The seEecaed ghreshold }eveg

rernained constant for the entire analysis. AII events garger than thfis geveg were incgud£d if ghey

had a rise aime <1 nis and if they did nog arise froitk ghe decaytwg phase of previeus eveng. Ig7he

peak of sEPSCs was detected segEii-augogitatically with a xiioving recaangie ¥(Orggin 6.0 software,
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Micfocag Lgd¥). The height of recaaitgle was see at abega 3 pA, and the width was see aa 1-3 gxRs for

interval x"easgxregi]eite or 10-20 fi]s for peak 3gnpgiggde gg]eas"reffg]eitg iit ordeg ptot eo degeca

overlapped peak. The sgagistical daga were showfi as gxieaits ± startdard error (SEM).
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                                   3.3 Reswhgs

1¥) Presynaptic smppression ofsE]PSCs oua baseline moise by light or cobaet

    geSgeeece 3.ptA shows ghe pesgsymapkic curreitt respoitse of an Ha HC, recorded "nder whoge-cell

voRtage £iamp, go a step of red fiight. 'ffgix]e-expangiEed graces show eh3a red iighg sEixg]u}agiox redifc£d

ghe frequency of sEPSCs compared to thag iA dar]kt)ess (gegg. 3.fiB), cemsisgenet wigh gighg

hyperpogargzing cone syRapgic aerminags, leading go 3 reduckioxt in vesicaglar glugamate refiease. Tke

distribggien of sEPSC axx}pgit*des was axagysed by coitsargcgiitg prebabgMgy densfity hisaoggaffg¥)s of

the posgsymapaic curreRt. 'ffhe reducgion in sEPSC frequency by liighg ffesglted kn a redaxctriort tw ahe

inw3rd curreRa densigy (gegg. 3.SC: Reee), whilsa a reducgfiopt of baseline noise vaffiaptce was

associaged with a decrease gn outward curreng defisiiy (esfig. 3.fiCg erggkg). sEPSC evegegs kave a

solegy inward curgeRa po]arity, whi}sS baseRine noise has beah inw3rd aRd ougwewd Roise corK]poitengs

ffgctuagigeg aboug zero c"rreftt levei. ga coggd be predicted ghae ghe disaribuegon ef ghe gfiward

corgiponepts of baseiine nofise, obscured by gnward sEPSC eveitgs in ghe dark wheit ake quantal

release raae is high, by 3sstkfEging a siKnigag Gaussian disaribuagoge ao ahe r[Reasgrabge easaward

compertept of basegine neise (Chapter 1). rEhe cuxK)ugative frequency hisaogragxg shows ghe

reduction in sEPSC frequeftcy induceCE by reCg gRgiRt (wrg. 3.fipmk, fr()xxR liga ffz go 87 Hz) bgg pto

$ignificane dgffereitce was observed in gnean peak aExEpRiegde ¥(gekg. 3.figela, froffgi g7.7 ! O.6 pA ae

15.7 ± e.8 pA; ge = 3: p>O.06). WhiAe the fkrequency w3s sigwtficandy reduced by 37.4 ± O.Ol %

¥(paired stu¥(ient t-test, p<O.OOI¥) in 3 celigs, the 3ffxftplitgde was itoe cl]anged ¥(p>e.05¥) ¥(ewg. 3.Rpmc¥).

    SiixRilar, bge more prefeuftd effecas te rcd Kgkxt saiffEEulaggon werc ot¥)t3imed on sgperfusion wRah

10e geM cobalt (utg. 3.2A), which suppresses traRsixgitger rcgease by b}ocking presyftapaic Ca2"

conductance (Dowling & Rgpps, 1973; K3neko & ShRffnaz3ki, 1975). Cobagt (aOO geM) induced age

ougward currewt accogxRpanied by 3 redection in sEPSC freqkgency. On washovEe, therc was

recevery of sEPSC frequency and whoie-celg current. TirEke-expaitded recordings show thae cobalg

sgppressed ehe sEPSCs, wikh a signkfic3itg red"cgion ift basegiite itoise (geRg. 3.2B). EgigiReif
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cencentr3tiens of cobak (1-2 ffnM) suppressed sEPSC freqgency eo gess khait 1 Hz (nog shown).

/hnalysgs of sEPSC aKnpiieude distrfibgtion aged basegine noise showed a draxE]a{ic redgcaion ipt ahe

gitward curreng compoRegeg of ghe probabiiggy density histegram (eng. 3.2¢: geft), cogresponding ao

ahe aarge red"cgioft in sEPSC freqgeitcy. Redgctioit ef the ogtward c"rreng densggy reffecgs an

accompanying reduceion ef the baseSiRe noise variance (gegg. 3.2C: rfight). gefigeepte 3.2pm shows ghe

girne-course of averagcd sEPSCs ift controg (k)gack trace) aptd with cobaSt (gray agace). Tgrhe decay

phase iR cobagg was slighaRy g[kore prolonged, bueehere was ne £haRge in gffMeart peak affif]pRfiigde.

Ig'kfte cuxnugagfive frequency hisgogragn shows r£ductiopt of ehe sEPSC freqgeit£y by £obaae (gegg.

3.2Etc, freggi 2e4 Hz ao 4 Hz), wgth geo sigrtificant diffeffence in ghe eryEeait peak agKRplfitwde (gegg.

3.ZEb: froffxi 19.4 ± O.3 pA go 18.8 ± O.8 pA). Whilsa the gilarequency was significangEy suppressedi

by 95.3 ± a.3 % (p<O.eel) in 8 ceggs, ehe afxgpgitude was fteg sggnificanaAy changed (O.8 ± 5.9 %:

p>e.8) (gekg. 3.2Ec). 'I7hese resugts 3re coAsisteng wigh 3syitchronogs traitsffxRiater release froffif} £gRes

being Ca2' dependeng (Rieke & Schw3rtz, a996). Ihe decrease gn sEPSC freqgen£y resuggs fr'oixR a

red"ction ifi vesicgiar regease rage, whilisg ehe redecafion ofb3selifte noise, wkgch w3s also suppgessed

by Eighg, probabRy resuigs frorgi a redu£tioit in the epeR probabigggy of ch3genels deee ao a falg in free

glagaggxate ceitcefigraaioit in ghe syAapgic cfieft (CE}apeer 2 3nd sec appendices). 'The rise in basegEne

geoise iR d3rkitess, or on w3shoug of cebale, would ghus resula frogn aR Eitcrease in sirtgRe-chartneA

ffeecggagions in response tc a backggeuftd leveR ef free gguaaifgiate. 'E"his would be consisteita wiggi

ghe Gawssian djstribution of ghe baseiine noise, wkgfich was fiate¥(X by ugRgizirtg ahe CgRsgrgbugiofi of gS]e

oaigward current noise cexKkpoReAts (geggs. 3.fi¢ & 3.2C) (Chapter 2).

2¥) Postsynapgic sespt]ression ofsEPSCs aua haseeine noise by CNeX

     Next, I iitvestigated the pestsynaptic suppressiopt of sEPSCs aitd baseline ftogse by appgyiRg

CNQX, an aitgagowisg of Roit-NMDA receptors. esEgure 3.3A shews ehe effect of 500 nM CNQX.

Trhis relatively gew ceitcentratien of CNQX indgced aR outward cgrfent, cofisisgcpt with bleckifig

pestsynaptic AMPA receptors (Chapger 1). Tfir[Re-expanded tr3ces sbow ehaa 5eO itM CNQX
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ffeduced the peak arif]pggt"de ragher th3n the freq"en£y ef sEPSCs (geSg. 3.3B). ffigh£f

concentragions of CNQX (10 geM) cogxipketely suppressed sEPSCs (iitset). The prob3biliay densEty

                                                                        '
histegraxifNs (gefig, 3.3¢: ieft) show a reducaien of inward curreitt evenes due ao redaced sEPSC

aKg]p}igudes. A correspondiRg redgctioit gn baseline noise variance reduces the ouawagd eerreptt

deptsity (ptfig. 3.3C: righg), as would be expcctcd if CNQX angagonized ghe acaion ef frec glgtaffEgage

in the syRaptic £left. [the gime-course ef 3veraged sEPSCs iit coittrolaged wigh CNQX is shown jR

gefig. 3.3D. Whiisg ghe iff]ean agnplitude was rcdgced by CNQX ehere was no ch3Rge in ehe sEPSC

decay phase. [Vkge £gri)ugagive frequeRcy ftxisgogram firoxff] this daea shews no signifgcane redgcgioge

of sEPSC freqgency by CNQX (gegg. 3.3Ea: P>O.11) bgt ahere was a sigRific3ng redacgfion of gg}ean

arK)pEig"de (geSg. 3.3Eb, froxKN 15.7 pA go 10.5 pA). IE"he frequency showed ito significarta ckange in

4 ceggs (P>e.4). However, ahe aEifeplitude was significanggy fedeced (ewgg. 3.3gtc).

3¥) Suppression ofsEPSCs bgseline noise gnd light responses by Z-APB

     "ffo (diegergnine ghe .presynaptic rele of grogp HIR xif)GIgRs iit cone ao ffC syftaptic er3ptsrrRgssioit, E

sgudged the acagoR of L-APB, art agoRisg of gro"p gEX rgi¥(}guRs, on Ha eeCs. L-APB, however, gs

kRewn go have posasynaptic acgions, in xnodug3ging ghe iRwafd recgifger potassiurEK chaitnel via cycgic

GMP dependegea kinase (Dixon & Copefthageit, a997) and gft acaivatfiptg vole3ge-3ceivaaedi C32'

chaRfieAs (Linn et al., a999). 'To avogd ahese posksynapgic acgions, H-7, 3 noss-sele£give progeige

kiitase twhibigor was 3dded to ahe pagch-pipetae solggierts. Whole-ceag recordiitgs with H-7 did pmot

show any detecgabie effect eit HC whele-ccil c"rrenks, sEPSCs or gight respenses (daga xtog shown).

krahergnore, the holdiitg pogential of eeCs was kept more negaaive to -55 inV eo avoid large

changes iR voltage-acgivaged Ca2" coitducgance. esEgeeere 3.4A shows the effecg ef 3ppgyiitg 2e geM

L-APB, wiah the HC equilibratcd wikh Eif-7 in the patch-pipette soaggion, en the whole£eRl curifeRt in

the dark. L-APB induced an outward current with a clear redgction iit sEPSC frequeptcy ¥(gegg.

3.4Bft and b), signigar to tExe effect of cob3Re or Iighg. I"he probabgligy (SensRty Sikfisgograms show a

reducgioR of inward currenk evengs, due go ahe sgppressieit of s]EPSCs (]Fgg. 3.4(]r, gefi) and a
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redection in eutward probabiAiay densiey indicating a reductgon ef basegiRe noise vagi ance (swgg. 3.ag¢,

righg¥). ptggwaffe 3.4pm shows the ein}e-coasrse of averageg[fi sEff'SCs befc¥)re anCg dgring applAcatioit of

L-APB. There was 3 s}ight reducegoge in arE¥)pgitgde, but gitgle ch3nge in decay phase. The

curif]u]ative frequency histogragns shew a gnarked redgcgiofi iit sEPSC freqveficy induced by L-APB

froxif} 147 Hz to 25 Hz (esig 3.4Ea) and k sSigha suppressioge of gxEean peak 3grRpligude frogn 28.2 pA

go 20.2 pA (geEg. 3.rgEb). ]rhis slighg redgcgioit iit axEkpligude rEkay be dge ke twcoffEplege bgo£kade,

by EE-7, of ghe kRown posg-synapagc acgioft of L-APB oit HCs (Dixoit & Copenhageit, 1997).

L-pAPB significantly s"ppressed ahe gnean freqgeRcy by 52.7 ± 6.0 % (p<O.OOI) in g9 cells and agso

signfificaittgy supprcssed ghe gx}eaff ampNeude by g5.5 ± 2.a % (p<O.Oea) (geRg. 3.ajgec). 'ffhe gxgajog

effeca of 20 geM L-APB under ghese cortditioits therefore, is go sgppress ahe er3ptsffEitteg regease

process, having a sigxRigar action ao red gighg off cobale oit sEPSC freqgegecy aRd aEnpaiegde. E.owef

doses of APB were alse effecaive, 2 geM L-APB suppressed khe freqgency of sEPSCs by 42.5 ±

22.3 % (ft=3).

                   '
    geggure 3.SA shows ghe effecg of 20 geM L-APB eit Hl HC gigka-grduced ougward cgrrena

respomses. L-APB suppressed the red iight responses, accoffnpanied by a redgction in sEPSC

fiir£queftcy. [E"he tiptse-course of outward g)() curreitt changes foigowed ahe sEPSC frequency

chaAges (gegg. 3.SB). L-APB reduced ehe frequency of sEPSCs by 74 % (frexKi 10a Hz te 7.5 eez,

filled sqwares) and reduced ghe 3mpligude of lgghg respoitses by 83.3 % (freifxi 54.a pA go 9.6 pA,

opege circles¥). Thc redeceion ef sEPSC frequeficy aRd iighe respomses shewed a cgear correlagfioR

¥(correlagioit coefficiena: O.90¥), suggesting that L-APB Rirnigs ahe apti]pgiggde of iight respenses by

s"ppressing the traitsinigter release pfocess frem coese synaptic terrgiiitags.

4¥) Z7ze effigct ofAA!P is esntesgonizea by ue4

    To confirm that L-APB was actfing via a group IKE rifx¥(}luR, g ex3ffkined wheaher MAP4, a

seleceive antageftisa of group gH fifiGIgRs, ant3gonized ghc effecgs of L-APB. geggeeece 3.6A skows

an appggcatieit of 50e geM MA[P4 gxRade dufiftg superfgsien ef an ffa HC with 2e geM L-A[E¥)B. Iglie
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f3sg-sweep recordings fin each conditien are shown in wtg. 3.6B. 'ffgxe infiti3g sEPSC gireqgeeecy ige

coptrol was 117.6 ± 4.3 Eifz and was redeced go 17.9 ± 1.1 glz by L-APB. Co-app]icaeion of 500

geM MAI'4 p3rai3g}y restored the frequency te 44.1 ± 4.4 Hz, afid s"bsequene washout ef MAP4 go

20 geM L-APB agone reduced ehe frequency go 155 ± O.8 Hz. Sogg]e recovery eo 69.9 ± 3.2 eezwas

ghen observed oit w3shing o"t APB (gekg. 3.6Cts). rifRiRe ffg]ean peak agitplit"de was ftog sigitificanagy

changed by MAP4, coitsistefit wigh 3 presynapeic sige of 3cgioft (gekg. 3.6¢b). Averaged resufigs

from[g 4 cegls are shown iR gefig. 3.6pm. The sEPSC frequency, redaced by L-APB ¥(ii]eait s"ppressioit

rate: 29 ± 13 %, p<0.02: coxff]pared wgth congrol) recovered with 500 geIMI MAP4 (p<O.el: cognpared

wigh L-AI'B) ard the effect ef MAP4 was reversible (p<e.05). The ifExeage peak aE)gplit"de was pat

significandy ch3nged by L-APB and MAP4 in 4 celis (p>O.e5), althongh on recovery frogit L-APB

ghere was a smale increase in ghe ffg]eait peak 3mpgitwde (p>O.04). Appai£atRoR ef MAP4 alene

gnd"ced an ixtward curreng accorifipange(i by a sEighe, b"t insigngfic3fie, inc)rease ifi sE}'SC fre(iuege£y

¥(daga noe shewn¥).

      MAPag (50e geM) agso awtagonizcd the redectfioit of red gigkt responses and sEPSC frequegecy

indgced by L-APB (exg. 3.7A). Light respenses were redgced by L-APB in propertion ge ahe

redgcagoft ifi sE}}SC frequency (gegg. 3.7B) and both showed partgall re£overy oit appgicakioR of

MAP4. 0re washing ogg ghe aiteagefiise, ghere was a gyaere profoaged redgcaioge in aighe fespoftses

and sEiPSC frequency, which shewed seme recovery on reg"rning ao ceegrog Ringer. SfimiRaff

effecgs were observed in 2 ce]ls.

5) 4:/SP reduces thepresyitaptic (ij71ect ofL-meB

      'ffWe principal mechanisms have been preposed to account fof the L-APB induced gegulagien

of transgniater reliease: (1) suppression of a presynaptic Ca2' conducaance (ZE"akahashi ea aR., a996)

and (2) acgivatioft of a presyptaptic 4-agxtinopyridine (4-AP) sensgtive K' channefis (Sladeczek ea al.,

1993; Cochi]Sa & Alford, 1998¥). To deeermine whether L-APB redkgccs voRgage-dependene Ca2'

conductance iit cenes, whole-cell vokage-clamp recordgngs were obtained frogg} cenes Rn ghe £arp
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xetinai sgice. "Ilhc curreRt-voleage (f-V) regatiosu was fEke3s"red b£fore aftd duriitg cobaga or L-･APB

app}icaaions (gegg. 3.8). Whglsg cobaik was effective in redagciitg tke Ca2" condaxceaitce (gekg. 3.8A),

20 geM L･-Ajff'B did itoe reduce the voitage-depertdeitg Ca2" curregee iit cones (Wkg. 3.8B).

      g therefore examiRed whegher L--AI¥)B was acaing go suppress a 4-AP-sensigive K" ewrrena in

ahe presyitapgic aerrif]in3is. ptggewe 3.9A shows an 3ppRicaaiege ef 20e geM 4-AP to an Hg HC gxxade

dgring superfusioit wigh 20 geM L-APB. This induced ait inward esfrena, coitsgstene with 4-AP

acting go reduce ghe presyptaptic inhibition induced by gg]GkuR acgivagioit. gFasg sweep ge£ofdRngs gxt

each coRditioit are shown in ptg. 3.9B. The sEPSC freqkiency, reduced by L-APB, showed a

sigitific3nt recovery ciose go ghe controNcveg wigh 200 geM 4-Ag). The freq"eitcy, in the presen£e

ef L-APB, incfeased froffgN 182 ± 9 Hz to 239 ± 9 Hz o* 3ppRicaeion of 4-AP (esgg. 3.9¢aj. On

washing eue 4-AP, this was red"ced So fi54 ± 8 Hz and oit yetgriting to coRtrog Rifigeff recovered ao

190 ± 78 Hz 'ff'ke ffE}eait peak affEgp]it"de, however, shewed geo sigptfificaitS change wiah 4-AP (geEg.

3.9Cb), s"ggesking a presyitaptic 3cgion. Res"Aas avef3ge(fi ffc)ffif) 4 ceggS 3re sRiRc>wen gn gekg. 3.9pm.

rChe redncgion ifi sEPSC freqncncy irdsced by L-APB (74.6 ± 3.3 %, p<e.05) showed 3 sggnificagea

recovery with 200 geM 4-AP (p<O.Ol) (twfig. 3.9Dk). Washo"e of 4-AP significanaay reduced ahe

gnean fgeqgency (p<O.Ol). The Eg]ean peak aiNipgieude w3s sigitgfgc3ngly decreascd by ake ieeigiall

applic3tion of L-APB (p<O.Ol, n = 4) (geSg. 3.9Db), bug showed no furaheff sigRgfi£ana changes on

3ppgi£atgon or folgowing washoge of 4-AP (p>e.07, it = 4).

    Iglge APB-induced reduction of Hl HC red light respoitses was agso reversed by 4-AP ¥(gegg.

3.pmA¥). rl'he ougward current respeRse to lighg was iptitiaPIy redeced by ff.-APB and ghen showed

soxff]e recovery, accoiitpani£d by ait inwafd curreng, on appigcatiofi of 4-me. Light gespoRses wcre

reduced by L-APB ifi prepowion to ghe redgctien in sEPSC g]requency (geEg. 3.flgeB) and bogh shewed

recovery en 3ppgicakion of4-AP. A significana fecovery res"Eted on 3ppgicagiort of4-Aff¥), consisgent

with L-APB activation of presynapgic mGli"Rs reducigeg transgnitteif release by RRcreasing a 4-AP

sensitive K" coitdkice3nce.

    Since ghe acgivation of gre"p Mff ixgeaabotropic giuaam3ge receptors has been slaown eo redece
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gptkrace}tugar cAMP, which ahen xrRed"gates kinase 3ctivity go effecg an twcre3se iit presyitapaic K'

£oitdwct3Rce (SRadeczek et ai., A993; Cochiala & Aaford, 1998), g aesaedi whegher elevatfiitg cAMP

reversed ghe action of L-APB. Appgicatiopt of 100 geM ef the inernbraite-periiteabie 3nalogue ef

cAMP, 8-bromo-cAMP, dgring perfusgoft wgth 20 geM A[PB, did not, however, induce any signifgcaitg

recovery ef sEPSC freqgeficy as obseffved wi{h 4-AP. In seffite recordgngs, 100 geM

8-broffE]o-cAMP indaced ifiward ceerrextgs in ffa HCs, indicaging afi epposirtg acgiopt go L-APB, bua R

conid Rol excg"de non-specific effe£gs, fof exagx}ple phosphodiesterase inhibiaion, ]e3diitg a rfise in

eGMP aged thgs dcpofiariziitg coite synaptgc germinals aitd iitcreasing g}ugamake reRease.
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                                 3.aj Dgs¢asssE*ge

Z¥) Anelysis of HZ HC sEesCs determines presynaptic vs postsynaptic modutution of synoptic

                                         'transmlssion.

    Tiae amagysgs of sEPSCs, in bogh frequcptcy aftd agnpiigude, provides a novel ffg¥)eghodo]ogy for

deeerff[ainiRg whether synapgic gransffg]issieit froxgR copmes to Hff ffCs fis gxgedulated ag eigher presyenapegc

or pestsyitapgic sites. Presynapgic modugation, igevolviitg a claange tw ahe ifaae of q"aftaal gegease of

aransii}igter froEg} cofte sygeapaic terffninais, resulks in a change ige sEPSC fgequeitcy withowt any

chafige ift n]ean peak affxipgitwde. Th*s, g degecged a redecaion tw the freqgency, dge ge

hyperpegarizatien of ghe syitaptic gerg}iginals or sgppressiofi of Ck2' iitfiux wigh red Mghg c¥)g cobagg,

respectively, wRgh Ro cerfesponding redgcafioft gn gnean agnpait"de. Posgsynaptic ffified"gaafieft, oge ehe

other k3Rd, involves no chaRge in ahe frequency, bwt does effecg a £hange in affitplRgude.

Accordgngly, with CNQX, which bgocks AMPA ffeceptors iit Hg eeC, g dee£cted a r£d"ctioge in

sEPSC affMgpRigude withogg any corresponding change iR freqncncy. dmagysis of velaage noise in

ON or OFF-bipoEaf cells h3s been used go estimate the transrgiikaer rege3se raae froEg} phogorecepgors

¥(AshffERore & Fagk, 1982; Ashr[kere & Copenh3geR, 1983¥) bue since ehfis synapse seexg¥)s eo be

specialized to redgce thc er3nsmissioge of synapggc Roise eveRas dgs£rege quantall sEPSC £venes

3rising frogn the transmitter release pro£ess fronk rods aitd cones coggd ptog be deaecged. Recewt

stkgdy of the irif}xKkuitocytechemic31 goc31izaafieR ef ixkGIuR6 aa photorecepger eo 0N-bgpolar cell

syitapses shews a diseribugion on ahe ON-bipolar ceRg ¥(iegedriges dgsg3ite go the gr3nsffxaiaaer regease siaes

of rods and cones (Vardi eg ag., 2000). "I"his sgggesgs the presence of a syRaptEc ffilter, specialized

to redgce 3ny fasg sEPSC-gike evenes in bipolar ceNs due go vesRcgRar gluaagxg3te reRease, wkich

woaxSd oaherwise disrupg singRe-pheton deaecgjeit, or the hggh segesieivgty, of ehe rod vis"3A system.

ff-IC posgsyitapgic deitdrites, however, are very cgosegy apposed to the cosue aransifRigter release sgaes

¥(Saito et al., 1985; Vardi et al., 2000¥) resulting in the preseitce ef discrege sEPSCs gn HCs,

possessing very rapid kinetics (Chapaer 2).
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2¥) ldentificestion ofthe mGlrk on cone presynaptic terminals.

                   '
      L-APB significaAtay reduced Egl HC sEPSC frequency and slight]y decreased th£iy gneage

peak agnpiitade. The reffKiarkabie reduceiofi of sEPSC fgequency by L-APB indicages the

supprcssien of gr3nsiif]itter rele3se from copte presynapggc eerrERgitags as beimg khe predegEEiflaita

gptech3nisxn of acaion. Tifhe s}ight reduction of sEPSC axrgpligude ExRay gndgcaae either 3 reducaiopt of

posgsyitaptic AMPA receptor sensgtivity, possibEy by soyne acgioft by efievaeing cGMP via ghe

posgsynapaic ffff]Gg"R (Dixon & Copenhagefi, 1997). The presynapeic a£aion is consisaent wikh ehe

cxpgessieit of PR-seitsigive ffKgGggRs on coite presyesapgic aerrERiitals, fuitcegogetwg as rteg3give feedback

ae rednce transgnitger release. The ECso va}ue of L-APB is ige ehe range efO.06-a geM foff gi¥)GfigR 4,

6 and 8, but gnere than aOO geM for gx]GAuR7 (Cararg)egg and Schoepp, 200e). Since g fbgnd ehae

conceittratioits of2 - 2e geM L-APB were effecgive in redgcgng sEPSC frequency by 47.3 ± 6.0 %,

ghis suggests that the presynaptic 3cgfien of APB may be gnediaaed by rg¥)GluR4, 6 er 8, beg itoa by

                '
it2GluR7. MAP4 f3iged to ang3gonize She effecg ef L-APB oit reeina] ON bipog3r cefigs expressiRg

ggxGiuR6 (lhoresoge £t 3i., 1997) 3nd ahere is no irEkgyk"nocyaochegg]gcal evidence for ehe expressioge of

ifg}GigR6 oit coRe presynapeic terfninags (V3rdi et aR., 2000), exciuding ahe cogearibxtiept of ffif](}beR6.

MAP4 h3s beeit showft to be an afitagoitgst aa mGbuR4 wigh gCso>500 ge]Nifi (Kg}Opfeg eg al., 1995),

whilsg foff xnGg"R8 the gCso is greager than 25 geM (Saggsead eg 31., a997), in expgession syseeggis. E

cannog as yeg diskingugsh betrweeft gxE¥(}lgR4 and g frorg] present ph3rixgacoiogficag evidence, bgg ghe

irifirnnocytocheffgicaa evidence couAd suggest xE]GguR8 (Koulen ee ag., a999).

      KoufieR ea aR. (1999) dem[Eoitstrated the expression of gn61agR8 eft maxngnaliaR ceite

presyrtapgic teenmiftaEs, aftd its activagion by L-APB in(Iuced a faRl Rpt Ca2" cogeceneratien. Greug) Egg

mGlgRs suppress afaxsxK)itter rele3se ift awo priftcipal ways: (a) by s"ppresstwg ahe presyitapaic

vo]tage-activaged Ca2' coRducaance by direct G-pregein-chanRel ingeraction ¥(Takahashi ea al., fi996;

DogphRn, 1998) or (2) by 3ctivagion of presynapgic 4-axEkinopyridine (4-AP) sensigive K' chaptftegs,

                                                '
by a cAMP-mediated second messenger paghway (Cartgnell & Scheepp, 2000). The pres£na resuggs

would be consistefte with ehe acbon of L-APB being gnediaged by gitGguR8 or mGIuR4 linked to a
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redeecgiofi in cAMP, which redRxces cAMP-depeitdextg kinase activigy resegking ift age iitcrease in

velt3ge-dependent K' conducgaitce, in coite presymaptic gerniiRa}s. 'ifhis wootd hyperpogarize ghe

germina}s, which are regativeey dcpoRarized ifi the dark resuking in a redgctioge in qgang3kransxg]itger

regease. i found that L-APB had no direcg effecg on cene voRgage-actgv3ged Ca2' coptdesceance, $o

ghe f3ag iit Ca2' conceRtraeiefi observed on expesure of cofies go L-APB (Kougen ea al., 1999) rgkay be

resglged fron) a secoptdary cffeca due ao hyperpogarizatioR (redgciRg veEgage-acagvated Ca2'

conductafice¥) of ghe presyitaptic gergi[iiRais.

      Gluaagxgage is also knewft go 3cgivaae a Cl--depeitdeita gramsporSer cgrrewt in coites, which is

inscnsitgve go APB (Graitg & Werblin, a996) and xnediates a presyitapai£ 3caioge of ggutagKRate at the

cone gerKxRina]s (Saraptis et ag., 1988; Tachibana & Kancko, 1988). SiRce ahe rev£rsal poteitai31 of

Cg- in cenes is more posigive ao their gnerif}br3ne poteneiag in ghe dark, glueagx]ate depo}arizes £enes

by ehi$ gKftechanisrg}. "This cemstieuges a posigive feedback gi]echanfisgcr}, proposed te iitcrease tke gaiR

for the coftversion of changes in }ighi intensgty iitgo changes in ggutagxg3ge refiease ¥(Sarafigis ea ag.,

1988¥). T}ae ffnGggR-gnediated suppressgon ofvesRc"laff gigeagg]3ae reXease, yepereed hege, constiggges

3 negaaive feedbacl< mechanisrER actifig to Riiii¥)it the rellease rage ef glestagg¥)age. ff¥)erhaps ahe

ffxeGkR-mediated ncgaaive-feedback paahway is yequfired to prevene ehe gegeRerative pogentgai

deve}opffEenk, oif exccssgve ggggaffkage re]easc by ghe posiggve-ffeedb3ck pathway, rrEediaged by ehe

gl"gai ifiaee transporter cgrreRg.

3¥) Negative feedback mediested by mGleeRsfanctioning ess autoreceptors.

    The preseftg resuats s"ggest th¢ pessibiliay of autereceptioit, sgch tk3a giutaffEgage regeased frogyx

coites acts via inGgeiR8 or gxftG]uR4 to redgEce ahe tfansffngtteff relcase precess by in£reasing ahe

voltage-sensitive K+ conductance ige red cefte presynapaic gerwtgn31s. [grhis negaSive fecdback vi3

group ggg mGluRs might regki}ate the aoptic rege3se of glggagxgate in the dark. Wigh red gigha

stRgnggagion, the rate of ggutagnate re]ease is reduce(i R)y hyperpoiarizatioit ef ghe presyenapgic

aermiwags, so the negagRve feedb3ck weu}d accordingly decrease as the aevel ef free glgaarff¥)3ee, and
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heitce xKiGiaR 3ctiv3tion, is reduced. Precise functioges ef fi}GbeRs in regulaging postsymaptic ]gght

respemses of both HC and bipelar ceits reinain go be degerxg]ined. [Eli}e gx]GgesR angagertisg, Mme4,

induced oniy a srERalg, bua insignificant, incre3se Rn sEPSC freqg£Rcy when applied in ghe absence of

L-APB. 'This suggesgs ahaa ahe presynaptic EnGl"R is neg highRy acaiv3ifed ipt light-adapaed reaina}

slices wheit ahe vesi£uiar rele3se rage, aitd heece free gflutaixg3ae, is Rew. Whekheff rif}GguR

activ3tiesc is higher ift ahc dark-adapted cogedikion, when vesicular giutaffg}ate reRease is hggh, regxgaipts

to be deaermified.

    Cert3inly, thRs itegaaive feedback, giffxkiting the gigaarxRaae rele3se pro£ess, would p]ay aR

importane role iff pfevewting possible excigotoxgc Revegs of ggut3gli]age 3ccugg¥)"latigeg ag ahis syftapse.

A furgheif possibie ft]ftctioftal rofi£ cogld be go resgrg£g afiy ac£"rifRglagiert oif free giuaayg)ate, axd ahas

redgce basegiRe nogse dge eo siitgle-chaitRel ffgcggatgoits. This foffii ef presynapegc gnhgbigion

prebably gniy applies to the cone visesaA sysgem fift which epgggnag lgghtr deeectiofi is fiog a prfierigy.

gf reds pessessed a sirniiaf ggiechangsgn, ahis would gcnd go redgce ehe chaitge gfi gRggam[gaae regease

pcr gxgV £hange in presyitapaic poaefteial (Falk, 1989; Shfiells & FaAk, 1995), aft(S thws reCRuce vis"ak

seeesigiviay. Wheehef rg}GluRs are exprcssed on rod presyn3pgic aergg}gnals, and whether ahey

ifx]edgage positive or itegative feedback on gransrif]gtter reRease, remains go be shewit.
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4.N geeitff$dimpcttg*ge

    g have showit thag e£-amtwo-3-hydroxy-5-Kff}ethygisexazole-4-propionic acid (AMPA) ifype

ieRotropic gRtggag)age recepgors grge(ii3te gheir spontaiteeus exciaag()ry posgsynaptic cgaryeites (sEff)SCs)

3nd respenses ge iighg in carp rekina} sgices (Chapger 2; Hirasaw3 et ag., 2001). [g7he dec3y aggxke

consgang of sEff'SCs fefiect£d khe tigxge-cogrse of cft}aitne] £iesure. Ogl]eg facgoys, whRcfti ceeefiCg have

influenced ghe decay aiifrge coptst3nt, for exampge, ake cleafartce ef gintagif}ate frogi} ghe synapti£ ciefe

by gpkake, were considered. Vokage-clamp recordtwg of sEPSCs was facfiliaaaed gsfigeg doparif}ipte

ao gncoup}e the ffCs, which reduces ehegr gap-j"ftctional condgcgance, decreasiRg gheig inpwt

conductaRce. This, however, had a dwag acgion, agse reduciitg AMPA recepgor desefisieizatiopm.

]i-Iepeano], which has beeR "sed go unceupge gap junctioms in ogher systeEits ¥(Perez-hrffi}endarfiz et ak.,

a991¥), was aherefore gsed insaead of doparxine in the presena stgdy. Tkis aglowed vo}gage-cgaffgip

r£cording of sEff'SCs aRd anagysRs of ghe effec{ of bSockgng deseRsitizakion by ()[grZ oee eheir

afinplitude, frequeptcy and kinegics.

    Receptor desensigizatgon gn spiking negroRs cengribwtes go ghe shaping of posgsygeapai£ caxrrepts,

d£cffeasing EPSC decay gime coitstawts (jones & Wesebrook, 1996). AMPA gec£pgoff

desensitizatioit in iseRaged HCs is very fas{, occeerring wieh a tipt]e conseana of 1 - 2 ffits ¥(Egiasof &

Yahf, 1997; Lu et ag., 1998¥). Desertsiaiz3giefl can be defined as ghe reduced abfigiay of a recepaor ao

elicgg a pestsyftapaic response in ahe preseftcc of a g]iaiwtained agowtse coitceitgragiept, as occggs, fof

cxampEe, ai the nicotinic aceayRcholine recepgor. CycEoghiaziCge (CrgrZ), a seaecaive bgocker c>gi

AMPA rcccpgor dcsensieizagion (YaR}3da & Tang, 1993), has wideRy been used ae strdy the effecg of

AMPA gecepkor desensitizagiofi. Yang et ag. (1998) reperted ahaa CTZ depelafized HCs, bue dgd

noa cerregage this wigh its effecg on ghe kinegics of the pestsyrtapgic £"rreitgs. in ahis chapter, E skow

ahe irnport3itce of receptor desensigiz3tiept iR shapfing ghe sEPSC gigxRe-course.
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                          aj.2 Mgegeffgags aeedi Megko*dis

Z¥) Retinal slice prepavation gitd smpembsiove

    S]iccs ef retina were preparcd as described iit Chapter 2, and ghey were sup£rfused wiah

Riitger's solugion containiitg (gx)M): 102 NaC], 2.6 KCI, a CaCg2, g MgCR2, 28 NaHCO3, 5 gfigcose

aitd 5 HEPES, adj"sged by NaOff ge pff 7.5 when bmbbfied with 95 % 02 ard 5 % C02. H£paaiteg

¥(SiggxEa¥), age urtcoupgifig agept for gap jititcaiore, was dissoived directky fingo ghe seeperfusaae fiic¥)r

velt3ge claxif]p rccerdiptg. GYKg52466 (Sigrg]a) and cycgoahiazide (CTZ, RBg Lgd.) were dissogved

in DMSO (fiRal coRcentratioit: less ahaR O.1 %) aged theft added ao the s"perfosage. PegfusSoit speed

was 1.ig nil/igiin aitd vo}ugxge of tlige c}xaffxkbef was 5eO g,gA. rTlae sfiices wege viewed vsgng an uprigRie

fERicroscope (BX5eWff, Ogyffnpus) with infrared ilbugniptation (>850 nmi]) and rKkogeigored on a CRrrc

dispgay with a CCg]) car[kera (C5985, HaixiaxEkatsee Phoeonics). AgA experigx}eitas were cofiducted aa

roogR tegxRperatgre (21-230C).

2¥) Lighe stimutestion esita iaentijZcation of cells

    Rettw31 slices were siEg)g}argy glluffxEinaged by ged- and b}ue-dfiffuse gight egxgiggirtg dfiodes (LED's)

as descyibed in Chapter 2. The herizofitag celgs and aheif s"bgypes were also idenaified by gh£iff

characteriseic morphology and spectrag fespoftses 3s described tw ChapEer 2. [Eke finteitsity of iighg

stim"lagion was usuaggy O.1-1.5×106 q"anta/ptxn2/s, whick gitduce git3xiff[gurui kight rcspomses of HCs.

3¥) i]thole-ceZl recoraing

    Paach pipegtes for whole-celfi recording were fabric3ked frexEE seaRdard-wagged borosggicate g}ass

¥(C13rk Electrowtedicali¥). "ffhe p3gch pipetge ingracegg"iar soletion cenaained ¥(gxENif¥): 70 cesigfEi

gneahanesulfowaae (CsMeS04), 30 CsC}, 1 MgCg2, 5 EG[E"A, 1 Mg-AI:E', 1 Na-GrffP, 10 ffEPES

3djusged to pH 7.2 by CsON. Patch-pipegtes had rcsise3nces of 3-6 M9 and sEPSCs were axsualgy

recc>rded fr()rit ceRgs wRt&i kigh input resisaances (>leO MS2). Series resisganccs were ideagRy less

than 12 M9. Whege cel} currena clamp and volg3ge cfiamp recordings were ebg3ined using aft

Axepaach fl-D ampREfier (Axoit instreig)ients). No series resistance compens3tion was egnpioyed
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excepg eaherwise described. Sigmals were fiItered aa 2-5 kHz and digigized ae 8-10 kHz

dy Pressewe-applicestion ofglutgmeste.

     Gllgsaaxnaee-indaice(S responses were re£orded in r£sponse Se focag pfess"re appSicatRopts froKg) a

pagch-pipeaae fiRged wiah O.5 ffEEM giug3gn3ee im RiRger solasgfie* onto ghe Nl ffCs, gnder visuaR

centrol. 3 gitM cobak was added go ehe externag coRarol solugiopt go beock syptapafic transxERfissgoee.

20-100 xg)s pressure (20 psg) pugses were appRied go ghe p3ech-pipetge.

5¥) Aneslysis

       sEPSCs were anagysed by segging a ghresho]d detecgien }evea beeweeft 4-10 pA, defined as

ttwice gke saandard dcviaeion (sigx(Ea) of ghe baselgfie noise Eit darkftess, for deaaigs shown fifi ehe

Chapaer 2. IMff2e segected ghreshoki Reveg was kepe censgaitg for the eneire 3nagysis of ghe celg. Ag]

evenas llarg£r ahan this level wcre incggded gf they kad 3 rise ggEne <g ffxRs and if khey did ptot arise

from ghe decaying phase of the previous evene. The peak of sEPSCs was detecaed

seffni-3agorgMagicaRgy with a gi}eviAg rectartgRe (Origiit 6.0 sofgware, Microcaa Lad). TMft}e heighe of

ghe ffecaagegR£ was sea at abegt 3 pA, and width w3s set ag aboua a-3 gits for gwtervag xK)e3surergkepts of

sSPSC eveitgs and 10-2e ms for their peak gne3surexx¥)escts net to detecg overlapped peak. The

decay aigxge constana ef sEPSCs was obgained by fitatwg ehe decay phase with a skitgie exponeitEial

curve. 'ffhe eerve fgtting was achieve¥(S using a itoitAimear Reasg-sqgaffe error aSgorieftliffx#. [grkge

staggsgficali daaa were showR as xxReans ± skandard errers.

pt U>zcompling ggents ofgap junctions

       gn kkc previous sections, g appgged dopaixkine to redgce elecaffgcal cogpting beawee* HCs

¥(Chapters 2 & 3¥). Dopagigine is knowit to 31so ffgioduRage ghe kincaics of gl"aaxifiate recepgors eft

HCs by bPocking desensitgzation (SchKg]idt ea al., 1994). g, tkerefore, ex3iitined ether ways of

b]ocking gap jksnctionaA coupling. Krsegy, 8-bregrRo-cmsP and dib"tyrye-cAMP, amaaogs of cAMP

which are krxowft go unceasple gap juitcgions between HCs, were introdnced frogn twaerital paach

solution or appgied frorn externaa segugien. Intreducing these cAMP 3nalogs (fi mM) fregg] ingernal
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p3tch soPutiens, however, faiged ao gncrease ghe iAput resistance of HCs iit ghe sgice pgepar3gioR.

Extterma1 applicatioit of these ana]ogs (100 geM) was also insuffgciept to observe sEPSC in HCs.

Seco"dly, carbenoxogone (100 geM), a glycyrrhetinic acid 3nafog kitowR ko uitcogpge gap geitcgions

¥(Vaitey et aR., 1998¥), faiged to increase gl]c inpwt resisgance c¥)f HCs in slice prep3ragioRs and,

gherefore, sEPSCs were ftoe observed. 'SrhirdEy, 2.5 fg}M hepaanol, an alcohol which "ncogpges g3p

j"ncaions (P6rez-!trgnenCgariz ea ag., 199A), pr()gxxiRently Rncrease([fl tRxe inpug gesiskance of HCs, an(}

sEPSCs were cEeargy observed. E, aherefore, judged ghaa the appAicatioft ef hepg3nog was ghe bcsg

pregoceg ko record EifC sEPSCs kinder voltage claifxRp.
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                                 aj.3 ReseeRgs

f¥) C7:Z aepolarizes Hf ffCs sc7ith enhaucement oflight responses

    ]he effeca of cycioghiazide (CTZ) on the gxiegxabraite pogengiag of Hl HCs in ehe slicc

preparatioit was studied in curreitt c]agxkp gxgode. Undef gh£se coitdEgiepts, wiah ghe recorded £e}g

eYecgricaley co"p]ed to neighbogriRg cel]s, ghe membrane pogentiag resg]ts frogig ahe sggcr} of poaegegial

£haftges in ahc eliecaricagly--co"p}ed neSwork Celgs lyifig de£per fin the sgi£e have 3 gnore twgace

phogerecepgoff ifipug (Shielks & Falk, 2eOe) and thus are reRativeEy gxRere depolarized gkait the

recerded ce}i ]ying on the s"rface, aptd so coftgrgbuge a depogayizing, tww3rd, cvrrent via ahe gap

juncgieits. Cs' w3s "sed Rn the pagch-pipette soluaioR go red"ce K" cortdectaftce, whgcEi pt[Rade fiiaage

difference go ghe xneimgbrane pogentiag, sgnce reCg"cing K' condgcgaitce in ghe recorde¥(g cegl woul¥(S

kave giaage effecg oR ahe suR] of poaeRtiai changes congrgbuted by ahe fteawork. CTZ (100 geM)

depolarized ff1 HCs frerf] -27.5 ± 8.2 gypV go ---14.8 ± 5.6 fi]V in 4 ceggs (ahe ffif]ean depo}ariz3gien:

12.8 ± 2.8 wtV) (esSg. 4.gA). In addikioit, CTZ agse increased ghe agEipgiggde of ghe phogofcspoases

¥(gegg. 4.IB¥). rifhis s"ggests aft iitcrease in gighg seitsigivigy, coitsisaewt wgah a rise in g}gaagnate

                 '
ffe£epeoff sensitivigy on blocking gheir deseitsiaizagfioR. emgasre ag.fi¢ shews ligha respoitses scaged go

ahe saffg]e peak aixkpgitudes. The aime-course of ghe Eight respaitses showed Agaage change with CTZ.

[grhe tr3nsieita depolarizagioms ag gight offseg, prob3bly gepterag£d pgesyn3pagcaggy iR khe coites, were

increased in propertiopt ko ah£ iitcrease gn hyperpelariziitg fiighg responses, coitsistena wggh beah

effects resuking frogxR a rise iR pestsyn3ptic AMPA chageRe} sensigivity on bgocking desefisigizaaiopt.

2¥) Pkystologicalproperties ofsEesCs ofM ffCs observed in thepresence ofheptauol

    For veltagc c}3rrkp recording ef sEPSCs froiti Hl ffCs in ahe slice pifcparaaioit, g sgppressed ehe

elecgrical coupting begween HCs by appeyiRg 2.5 gitM hepganoi. 'Ilge effect of heptanog on ghe

postsyitaptic current of ait Hl HC is showit in ptgg. 4.2A. eeepaaitol increased ghe inpua resgseance

of ghe cell frex[a 14 MS]e (ag pogng 1 gn Fig. 2A) go 210 MS12 (at pegng 2). (>it average, heptaenoR

incre3sed ghe iitput fesistance of ff1 HCs frorit 20.4 ± 2.8 MS{2 ao 148 ± 23 Mg;i} (ge=a2), sEffxEglar eq

                                                    '
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bkgt more effecgive than dopargiine (Chapter a). [lihe Eighg responses were agrERost cogxRpSeaely

sgppressed by heptr3"og, which was accogyipanied by 3n euewaifd shifi in ghe whofie-£elg cgrreng

¥(fror* es ee b in ptEg. ag.Z¥) and ghe appearaitce of discrete sEPSCs. Tgrhgs sgppressgon of lfighg

responses suggeses ghat biocking gap-junctienal cogpRing isogages tke recorded celg ome the sgrface ef

ehe retinafi sgice fger[k deeper ceiis, which have a more ineact syftaptfic finput froifkig pheaogecepgors.

git degfish feginag sgices, ON-bipoiar cells recorded oft the surface of ghe sgices had sxERagl light

               '
respomses (aO-20 pA), whilsg deeper ceEgs had mgch gargeif flfighe responses (100-200 pA), due ao a

gx]ore intaca red inpwt (SBiRieRl$ & Fagk, 2000). 'Tkge ogtwarCe £ifrreng g?robabgy arises fr()ffg] EkiRe

suppression of an inward currefig engerikg ehe re£orded ceg] vi3 gap juncgions, frogxR gcr}oge

depo]arized ffCs (wigh a gNgore int3ct coRe inp"g) deeper in ghe sAice. So ifhe red"cgiort iR iighe

respoRse by heptaneA, in ghe ffIC on the sgrface of the sggce, deyives frogg} ahe reductgon iit

eleetrotonic spread of ahe aight respense within the HC syecygi"ffifft. The ouaward curreng fistdwced

by hepganol appii£atioit was foElowed a sgow recovery, an inward casrrena, whfich probabgy defgves

frorgg ahe suppressien of K" condgctance as ehe e]ectrgcaily isogated cegg eqgilibrated wgeh Cs'.

Tk]gs igg)provepti)ewt in space-clamp, reduciitg leak ceerreftas, afilows ehe re£erdgng of discrege sEPSCs.

Alcokels, in pawicaigar, eehanoS, have bceit showft ge reduce AMPA recepaor cvrrenas iR other CNS

ftegrons, but at Kx)uch higher concengratgons (50-20e xff}M) (Wang et al., 1999). HepaaRog (2.5 gxeM),

u$ed here eo eeRceupRe gap juncgions (P6rez-Armegedariz ee aR., fl99A) would, aherefofe, be uitlikegy

ao have afiy direcg postsymapeic effecg oft ghe Hl ffC AMPA £haRptels. "Srkgis was confirfg]ed by

kcptaneg fai]ing ao bgock Ha HC responses ee pressure app]ficagfioess of g}gaagg¥)age ifi ahe preseitce of

Co2" go b]ock syftaptRc traitsx[Rissioit (gekge rge2B)･

    Discrete sEPSCs were observed on isogatgng ghe recerded Hl E[C wieh hepgaptoi-cont3twgng

Ringer's sol"gioit (ptgg. 4.3A). Irhe polarigy ef sEPSCs was reversed at areund O gnV (geig. ag.$A:

n=3¥), consistent wigh measgremenas ef aheir reversaA poaewtiag shewge Rit Chapter 2. 'fflRe KgRean

decay eSrg]e coitstang of sEPSCs was e.59 ± 0.06 xns (it=8) and the singie quantaR ceedecgance

obgained frorrg gheir ffr]eait peak 3mplitude was 497 ± 62 pS (x = 8). 'She sEPSCs were bRocked by
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20 geM GYKE52466, an antagonisg of AMPA receptors (gegg. aj.3B: pm=5). Cobaeg (aOO geM)

supprcsse¥(i e&ie sE}}SC fregeq"ency, sirERiiag go the effecS ef Righg, bgg dg¥(i itoe aftcct ahe Eg]eaft pcak

amplitgde (ewig, aj.3¢fo tsgedl c), which iRdicaaes ghat Ca2' depeitdeftt trransmiater reiease was nog

xrkarkedly affe£ged by hepgaRog. SigxEigar effccgs were seeit in 3 celgs. "I'he fisiitg aitd decaying

phase of ghe averaged sEPSC aixxge-ceewse fiR cobaig containgng Riitger ¥(the doeaed ggne showxt by ghe

iitset to Ffig. aj.3¢b) was q"ite sirExfiiar to thag En congrel (so]id aifte). 'Eke physiologi£afi pgoperties

of sEPSCs rExeas"reCg iit ehe g)resence of ligeptaftol wefe aggitosa R(iengicag go gliose exaffitinecll tw

Chapgcr 2 (gi]eaft decay giExRe constant was O.71 ± O.07 fif]s, singRe qgangag coitdgcgance chagege was

482 ± 59 pS) gsing (iopafninc ae bgock gap-junceion3a coespging. rffhis seeggests gkgaa kReptanoR dees

xtog sigwificaittRy alter ahe asndergying physielogicag properties of the posksyitapgic AMPA recepgogs.

However, g canscea corKNpSeteRy excg"de s()gxge g)resyRapggc cffect of hepaaitol, wlgich gs kftowft eo

ffxgod"gaae vofitage dependena Ca2" curreRts in paftcre3tic beta cells (Perez-Argxgendariz eg aR., g99g)

an¥(S ceuld, potewti3ily, aEger ghe traptsmigter feRe3se process frogxR coites.

3¥) C7Z incregsea the aecay time constaut offf1 ffC sEPSCs

      glhe effecg of 100 geM CTZ en Ha HC sEPSCs w3s sggdfied iit ahe presesuce of heptanol.

esfigewe 4.ajA shows sEPSCs averaged gR ceAgro} axtd wigh C[TZ, and wer£ fiated wieh singge

expopteittial f"ncagons descrgbing their decay phases (grey }gnes). These aver3ged sEPSCs affe

shewit sgperiKnposed (aligited) on the right. C"TZ profioRged ahe d£cay afiiif]e consgang of sEPSCs.

TRzae pgets of peak aiykpgigude vers"s decay tixiie censgana of sEPSCs are showit in geig 4.agB. C'TZ

                                                                 '
significaptt}y increascd the decay gime constant of sEPSCs frogn e.60 ± O.08 fEis go 1.25 ± O.fi8 ffEis

(2.1 ± O.4-foXd: p<O.Ol: ft=5). [grkgeir decay gix(]e coftstant showed a posigive correiation wieh

arnpSitude, indic3aing th3t gnembrane filgering due go cable prepertges was itog prollongimg the decay

tirif]e const3nt. CrffZ did Roa signgficawtly induce aity change ift xK]e3n sEPSC frequency (22.3 ±

19.1 % : p > O.36, n =5) or change in xr)ean peak sEPSC axEkpMtude (15.9 ± 8.8 % : p > O.17, n=5).

'ptaere was no change ix eiaher ghe sEPSC imterval er amplitude diseribggion (asSge ngeagCtc tsgedi la),

wkich indicates that gramsmiater refiease was not significaittiy agtered by CTZ in hepeageoi soaaggofi.

                                       58



[gkese gesulas 3re coitgrary go ghe report that CTZ increases xg]EPSC frequegecy of CAa hippec3ffE}pag

neurofts, which suggested serrEe presynaptic effecg 3ctiitg go increase aransgtr}itaer regease ¥(DiafffioRd

& jakr, 1995¥).

      IlRe gxggllisecofld-ordeif decay time-consgafie of ghe sEPSCs fiit C'TZ seeggests ahe rapid

remeval of ggansrnigeer from postsyfiaptic receptors. g tried eo d£tecg any conarib"agoft of gigaaEcrxate

gptake ge ehe decay gggxRe coptsaang of sEPSCs. Inhibitien ef ggutamage gpgake aransporters in ahe

presegece of heptanog, gsing dihydrekaiitaae (DffK) of L--araRs-PDC (fi50-200 geM), fagled eo

sigitific3ngly progogeg the sEPSC decay tiffE}e coRstartts (wiahogg sigitSficana chaitges; O.65 ± O.05 gxfts

(controg), O.79 ± O.20 gns (with P]DC); p>e.49, R=3; O.78 ± O.22 xff)s (congroR), O.86 ± O.23 EKgs

¥(wigh DHK¥): p>O.08, pt :2¥). No chaRge iR decay eime coitsganif was observed with ghese upgake

wtkgbitors iR the preseRce of CTZ. Bfiocking desensiggzatiefi of the AMPA recepgors, r3aher ghan

soxif)e acgioR oit gluaaEEkage asptake, seexEgs go be ehe prgncipa] ffitechawtsgg} iea(iiitg eo their pregoitged

asrgle-course.
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                          aj.4 Dgscewssfi*ee

Z¥) C7Z-inducea aepolgrizgtion ana smppression ofAZ"diM receptor aesensitizestton.

    CrTZ imcreased the decay tigKke coitstawt of sEPSCs by abotga 2-fogd. "Tke iRward cgrrent

carried by each sEPSC woifgd eherefore be increased by a sifERiiar degree. Since there was ito

cftiaptge in fre¥(}uency or gxgeait sgi]PSCs peak ar[gpliagde, g}iais woas1¥(i lea¥(i ec> depeAarfizaagoxt of ghe Ega

HCs. Q"anaitagively, ghe incfease gn cgrreng igeff"x indeced by CTZ cait be esaigitaged from ahe

resglts shown iit gefig. ag,R. The depog3rizaggoft fiftdgced by gbeaagy]ate regeased frorE] £egees, g/ t.....itt..

is describcd by ahe foR}owing £q"aaion,

  "g!lrans7nitter :"S2Zi m'g2Bright (1)

where Y bright is a gx]etwbragee pogeptia} undef brighk ligha (wheft gransgnitter reRe3se fis suppressed)

and VLi ahe resting pogentiag of HC in darkgeess (when gr3nsr[gitger release is hggh). V t.....itt.. caft

atse be described as folgows
                       '

  iEi'lransmitte" =-GJIi},.,, (2)

whege f is a eog3g infiux of current ghrough AMPA receptors in darkRess andi GA2va?A fis ahe toaag

conductance of AMPA gecepgors en HCs. Froiig equagions (1) and (2), ghe foggowtwg equaefion can

be cbaained"
         '

f=: Gma. ･(Vi,.,,, -)Ex21,) (3)

Observed valges, V b.ight and Vd, in ceptrol soSugien in FSg. ag.fi, were -32.7 mV and -26.2 gxpV,

respectively. V b.ight and Yd iR CTZ were -28.2 gnV and --17.8 inV, respectgvegy. Tftkegefore, eige

cowtroi (f.ontr.i) and I in CTZ (fczz) were -6.5 GAMm pA and -le.4 G/wa?A pA, respectivegy.

Iherefore, E caR estiinate that the gxft3croscopic cEsrreng inffux passing ghe gKgefggbraite of an ee1 esC

was increased by 1.6-fold wiah C'irZ. The EKiean vak"e ef the Ei]acroscopRc cgrrena finfigx was
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increase(S by g.8 ± O.3-fogd (n =`l), correspendigeg well wigh ggke 2-foAd increase ipt $EPSC decay tigxRe

£onstant. 'ffftee prolonged sEPSC decay tiitie constang refge£ts an underlyiitg gncrease gn gke opepm

probabggigy of AMPA feceptor channels. The CTZ-induced depelarizatiofi can eherefore be

accouwted for by an incrc3sed current infbux due go a rffiore prolonged sEPSC giKif]e-course opm

bgo£king AMPA re£cpgor desensiagzatioft.

    Ig7here was eiagle ch3nge iR the kineaics of ghe IRgha rcspomses, which were pc>tentriaae(i by ()"ifZ

[g7ftiis is because ghe rise aitd decay phases of ghe horizoneai c£ANighg respogese, which fo]Aow ehe

gixg)e-cogrse of ehe cone syRaptic gnput, are gxgech sgower ghan ghe kineei£ changes observed at tke

leveg of tke sEPSCs oft bgocking des£nsigizaaion. A doub}iitg of ahe sEPSC decay aigne £optsgane go

1.25 xrgs wouRd, cReariy, have gitgle deeecgabae effect ofi the rg]3cfoscopic cgfrene giifffNe-coagffse,

changing ever a aiffgie-scale of huptdreds of ms.

2¥) Ftsctors aetermining the sEPSC decay time constam

    Tkge decay aifxRe coitsaaest of sEPSCs skowed a pcpsitive coffr£iatioit wigh peak ampligude,

indicaaiRg thag ghey were nog filgered by ahe cabge preperdcs of ahe ce}e gxkegxgbranc. A negaafive

£orregaagoft woa]ed indicage a peor space-cgamp (Sprgstopt et afi., a993). The positive re}agiogeshfip

beaweeit ahe decay ginAe ceitsgawt and ahe peak agKRplfig"de Kgiighg sgggesa a dependeitcy of agnptitwde

en ahe rate ef glutamage diffusion frogit receptors in ahe synapgic £}efit (GAavinovfic & R3bie, a998).

CTZ prolonged ahe decay aime £ogestant of sEPSCs by bgockEng desensitizagion of tke AMPA

receptoif-chaitRels. We c3nitog, hewever, cxclude whegher the change tw sEPSC kimeggcs degfives

froixg an increase gn deactgv3tion, or chanitei cgosing tgfgie. Other wogk, showing ghag CrTZ bllocks

AMPA receptor desensitization (ragher th3n chaRging the deacgiv3&iert kiitegics of ahe ckaRRels),

weuRd favour desensitization over deactgvation (Shcn et ai., 1999; Keike et al., 2000). Giutagit3ge

upt3ke does itoe affect the sEPSC dec3y phase, since gngigG)Rgors of glwtagx)ake aransp()i'gers,

dihydrekain3te or L-tfans-PDC, failed ge proiong khe dccay gigxfte £opmstana. Sheit eg ag. (1999)

reported ahat ghe pharmacekogical properaies of AMPA receptors of carp HCs are siffgrkfiaar ao ghose
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oba3ined ag meA receptors assembged froffn fiop variants ige expression sysgeffEEs. CTZ has a gKiuch

Xess pogeng actioit oge ahe fiep type, £oxgipared go iks acftiofi in blo£kimg deseftsigizaagon of flgp type

AMIPA recepeers. The maxgmai effecg is obtained at 300 geM ext the ffop gype, so aOO geM used isc

ahe present experigx}ents may rtot have ceiERpScgely blocked desensigizakioit. However, over the firsa

few ggis ef the response go glugagnate, cognpar3bRe te ghe sEPSC giifE}escale, aOO geM CrffZ was

cefi]p]egeAy effective in bgocking desensitiz3gion (Kogke eg ai., 2000). ]rhe sffxRall increase gn

sE}'SC decay tigite censgang by a facgor of 2 with C'TZ suggests th3t ehe ¥(Segree of deseitsRaizaggoge of

Hl HC AMPA gype reccpkors is gT}uch Ress progxiinewt ghapt, for exaggapie, kairtate gecepgers of

cone-dgiven OFF-bipolar ceNs (DeVries & S£hwartz, fi999). Rod-drivext eeCs (Sh3eggs eg ag., a986),

or rod-drgveit OF]F-bipeRar cells (Shiells & Fa]k, 199Z#), on ghe oakker kagedi, did rtoa show any

desensgaizagiofi go gl"aafi]age. Desensitizagien in ghe red sysaeffn would cEeagly CRisrupa dgffgi gighg

degecgioA, whereas in the cofte systergi ghe fugectioit of g3ge3mage recepter dcsensitizaaion inay be go

improve resoiuaioit in the gggxae domatw. 11IRe Ha HC AMPA recepaoff desensiagz3gioit wowgd

coitsegve high sensitivity in the dark without indllciitg axy prognineptg chaitge iit gheir lighg respogese

gimecoaxrse. rl'his ffptighg fuRctioR go preveite aheig excessive depoflafgzagieit ift ehe dafk-adapged

condieiosc and extend aheir response oper3aing raRge.
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/Seeeslysis ofsEi]IPSCs #es ffZ ifCs rewexts the essyitehrgee$ess yesg"eweew gvaeesmeuter regease.fr*ew esswe

phgggreceptors

      Whole-ceil paach cgamp recording of HCs froyx¥) reEgnal slfices rcvea]ed sEPSC evewts wiah

high eirif]e reso}titioit, whfige vokage cgaxE]p recordgng by doubge barrelged gifkicro-electredes ¥(Lew eg

ag., 1991; YaEnada et ag., 1992¥) fai}ed to degect rapgd sEPSC eve*as, probably due ao figgerfing by ghe

high resisgance xEgicro--elecgrodes. [g]he gwe following reasoits cart be added for recofdgngs of ffC

sEPSCs. First, HC dendrites cAesegy face ao ghe cone gransfi)gageg regease siaes (S3igo ea aS., S985;

V3rdi eg al., 2000). Re£efia sagdy c)f ahe ifi]gituitocygockfteffEEica} gocaAizaaioit of fion(>itoeif()pfic

gbueaxifftage reccpgor subunits (GbuRl, 2, 2/3 aitd 4) at coene pedicles agso shows th3g ff-IC dendfites

face io £one sygeapgic ribboms, while OFF-BC dendrites ceita3ct ag basag jufi£gfions ae conc pedicXes

(XIaverkagnp £g al., 2000). Moreover, fiiff]m"nocyaocheffgicag locaRizaagoit of gik(}RuR6 at PR to

ON-BC synapses shows ehat ghe ON-bipo13r cegl dendritcs are distang go ghe tr3nsffifigtger ffegeasc siges

of PRs (V3rdi et 3g., 2000). 'E"hese evidences sgggest ehaa ahe syxtapaic fiiaer of BCs wouid ffcdgcc

fase sEPSC-like events resulted froffEx vesicggar g]etagcrpage ffeflease, which could net occgr Eit HCs.

Second, AMPA re£eptors c3pabge go geRerate r3pid sEPSCs pllay as pesasynaptic recepeors ort eeCs.

A£tga}gy, ghe noise leve] ef ON-BC pestsyn3peic cgrrcwt is ffitech gess khait ahaa of OFF-BC

posgsyftapgic £grreng (W" ee 3}., 2eeO). 'This sgggesgs eh3g xif)G}gRs oee eN-BC, whgch show

relatively slow cond"ctance chaRge dge ao 3 secend messenger sysaexif], gg]ay coitarfibgee ao ahe

syfiapgic filtergng ef rapid syfiapgic evenas by vesgcufiar gr3nsKff)itger actgon (Wu ee ali., 2eOO).

       E)iscrete sEPSC oit Hg EECs gn carp regiRa, of which frequen£y is sgppressed by Rigkt

seirxuAus, should be ghe direce £videfice for aR asynchronogs vesiculag tr3nsrff]itter re}ease frogN) cenes.

Usuapmy, in ake vertebr3ge reafifta, aR aRaRysfis of voltage noise ag bipogar ceiRs can provide ghe feagere

ef graded transmitter relc3se ragc from PRs (Ashgnore & Copenh3geit (a983)). "Elieir voiaage itoise

aitaEysis, however, fteeded a stagisaical afialysis bascd on CagxkpbeRl's theorerg] to describe ghe

quangit3tive phenomefton ef synaptic transgitission, bec3vgse of ahe faiRure of discrege quanaal events.

ER copttrase, an analysis of s]EPSCs on HCs can previde ghe feaaure of vesgcular traitsffRitger regease
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from PRs withoug a sgatisgicag ana]ysis, aftd therefore skogld be usefkjgg ge describe gke 3speca of

vesicugar gragesmitaef rege3se lfgro]ig} PRs.

Ribbon synepse in ph$torecoptors

  In coptrasg to conveptiogeag syitapse regeasiitg itegrokransffx]igger tfansieitifgy, ribboit syn3pse in PRs

yeRease twansififiiager contin"ogsRy ift ghe dark and redgce ghe reiease ratte iR response go ahe ggaded

chaxtges in ghe gxiegxEbrane potewtiag. 'ifligeRr specialize(i physfioAogicaR properties are (leaefgg}twe(S lt)y

ahe differences of saructure and rno]ecuiar inechaptisgEE. Ribbon syftapse possesses a spe£gag

sgr!Rcgure cailed `syptaptic rgbbon', which is reenning above a Simear active zosu£. Stwce gxk3ny

vesicges 3ccugif}ulage ag ghe b3se of ahe syRapgic ribben (Gray & Pease, 197fi), ia is coRsideredi thag

ghe syitapkfic ffibboRs conwibute to the captgre of syn3ptic vesicges froxg] ahe cygosea aitd ge ghe

granspoptatiofi of gheggR eo ahe acgive zone. Synapgic rgbbon, giffpediatgng vesicle capt"re aend ies

gransport3tioft, is crucia} for conginesous graxsffff¥)geaef gegease. Mereever, ribboxt sygeapses ofPRs and

BCs express a differena gneifff}ber of syn3paic vesicge-associag£d progegns. Firsagy, ribbon sygeapses

R3£k synapsins, synaptic vesicge-associaged proteins foufld im agg convegekioitaa synapses (Morgaits e{

31., 2000¥). SecoRdgy, ribboit synapse expresses syxtgaxgit 3 for an esseitaiag cexnponewt of ehe core

fusfion complex, whilsg coRventioftal synapse cxpresses synaaxipt 1 (Morgaits ee aS., fi996). Thirdgy,

ribbopt symapse in PRs specially expresses a ffif¥)ajog pfotetw cognpofteittr cagEed RgBEYE which ffExay

cowtg'ibuae to the synapeic vesicRe fusgon (Schgnitzs eg al., 2000). Ageheggh these sygeapgic

vesicge-3ssociated proaeifis are £oRsidered to be crgcia] for graded neuron3a signaling, ahegr

pkgysfiogogicaR furtction is sgiN egusive. sE]PSC aitagysgs oft ]EffCs slrkould 3gso be age>pgicabi£ to

invesgfigate ahe Enolecular n¥)echanissuNs of gramsritieeer regease frogit PR gibboit syftapses.
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Presyesaptic tvesmesmuter reeeesse regutestisse by esctiwesti$ss ofmaGinscs

    Coitvenggeitai artagysis of posgsynapeic pot£ntial cannog degerffxEiRe ghe modu}atiosu siae of graded

potengiag synapse. First, the 3nalysis of posgsynaptic voltage fiucguaeion is nog wsedfitjgko determine

ghe synaptic pt¥)odulation siae, because it wilg be rcduced by bogh of pre- aitd pesasynapggc inhibfigfioge.

A£g"aligy, tke volgage ffucggatioit ef 0N-g3itgfiion ceggs, in the preseftce of getrodotexgn, gs sgppressed

by begh of L-APB (changing presyeeptic quantag ra{e) and CNQX (changtwg postsymapaic quaneag

                                         '
agnpligude) (Freed, 20eO). gn contrast, sEPSC agealysis of HC is a novci aitd esefug meghod go

determine the gnodugation sgee in PR-HC syRapefic eransrg¥)ission, because sEPSC freqgency and

agnplig"de cait be reg"Akted by ghe vesicugar graRsffg}itter regease raae frogit presynapse and ghe

pesgsynapgic recepeor sensigivigy xespectively, as showR in Chapaeif 3. g degrRogesgwaged ahag gxftGlgR

agoitisg suppressed vesicular aransxEkieger release froxffi PRs gsiitg sEPSC anagysis. APB-indeced

frequency suppressieit of sE}'SC iitdEcates thag the activaaioge of rEEGRgR cait pgay a gole in ahe

presynapei£ fegeslaggen of vesicuRar aransgEEieter re]ease froffR PRs. sEPSC freqgency regulaaion by

EffiG}"R can coitafibnte to khe auSo-feedback xEiecgRanisgKg of g}ut3ifRate reRease froKxR PRs, akgxoaxgh iEs

ffg]c)(S"gagieit xEEechanisin in detaiA is saigg egusive. Nitric oxide (Savcheptko ea ag., 1997) er

sogxkatosaaein (Akopiait ee al., 2eOe) fis considered go regaig3g£ tramsgRieaer reAease froffn phogorecepgofs.

sEPSC afiagysis oft HCs cart provide ehe qajgaittitative feature for vesicu]ar aransgERitaer regease afid,

aherefore, sho"gd be usefuito describe ghe presygeapgic fi¥)edugatioit ifi ghe owter regtwa. Tke agealysis

of sEPSC fre(iueRcy and agRpgitg(Se sho"ld ag)kis provg(Se a novell ait(l "sef¥R ffg)ethoCg g() det£riy)ine ggae

Eg kodugagioit sige of PR-EffC synaptic gransffxRissioit.

    Ig is fieeded to detcrEnine wheaher L-APB suppresses gr3nsgxEieger fele3se froffg] cone PRs directly

er indirecgly. Twe kinds ef ixiechanisrif} can be proposcd for tke effecgs of L-APB.

   Firsg is a direct reg"gagioit to PRs, as discussed in Chapter 3. g have eno dfifece evideflce for ahe

Knoduiatien ef L-APB ort voltage dependept Ca2" er K" £haftneis ox PRs. Howevcr, ehe gecovery

of sEPSC frequeitcy by 4-AP gg]ay indic3ge ahaa L-/wa'B suppressed transmitger regease via 4-AP

sensRaive paahway but ftog dfirect suppression of pre$ynapaic Ca2' ceitducaan£e.
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   Sccond is aft indirecg regulatien to PRs via second ofdcr neerons akroggh negaaive feedback

paahway. 'I'wo pessibRe pathways cait be considered: fi¥) GmsA-ergic negagEve feedback pathway

or 2) GABA independeRg feedback pathway (Verweij et aa., (1996)). in ehe accessofy ogfacaory

b"lb, the grageekge cegl gnGguR2 can regulate GABA gfansxE]issioR ao ghe ffititral ceag ¥(Hayaski et al.,

1993¥). Eit rx}y experignegets, however, both of picrokoxiR and bgowces]gtwe, angagoitists of GABA

receptors, faiRed go recover the sEPSC frequency suppressed by L-APB. [Ekereforc, GABA-ergic

feedback sysgeffgx rE)ay Rot £ongrib"ee to the {rEecrRsfiniateg reiease regugaged by gxgGggR. GABA

indepeRdefig-negakive feedback, sifaing the velg3ge range of C32' £grregeg ef cone PR ae seeppress

gransxitiaeer release (Verweij ei 3g., (1996)), irRay also be acgivaged by L-APB. ffowever, ia is

uitAikegy, since L-APB had ito effect oge volgage dependeng Ca2' cggreftg of cone PRs (gegg. 3.8).

    As described abeve, ehe reg"laaory x[Rechanisxg] ef graRsgxEiager release by L-APB yeffg}ains gg be

clear. Furthcr invesgigaaioit is needed go deterxK)iite ghe gKNGIuR-rif)ediak£d traitsmieger ffegease

regugaagon at PR-HC syRapse.

Postsymeuptic AneP2`g recoptor aesewsgggnetiome to gradedipggeretint sigesesestwg ofif¢s

   in Chapaer 4, the CTZ induced-progongation ef sEPSC decay eigE]e fiitdicaaes gh3a AMPA xeceptog

on HCs £3R be desensitized go gg"taffK]age deefiitg syRapgic iransgERissioit. [gehe eff£cts of CE'Z,

depogariztwg HCs and prolenging sEPSC de£ay tiggie, sgggesg the igxEporgance of AMPA re£epgoff

desensitgz3gion to gE]aintain the HC restiitg potentiag aitd go reg"}3ge ehe operatfing range of HC gigha

respoRses. AMPA recepEor desensigization of HCs, therefore, regu]aaes ahe carreng iitfl"x acefivaged

by gktaffgiate aitd shouid be irERportang to reguiaae operating range of HCs. The posasynapaic

regulatieft by receptor desensitizatioft cait congro] ehe graded Mghif respogese of HCs.

    Dopar[kine, reieased from finterplexiforggi cells, can sgppress ehe receptor desensitgzatiort oR

HCs (Schmidt eg al., 1994), which therefore can account for ahe potentiation ef HC ggugan)3ge

fesponse (Knapp & DowAing, 1989). AMPA recepgor deseitsitizatiofi shougd coitwibgee to ehe

preventien of ghe ggugarif}ate respoitse of HCs frorEi rnaxigxaal respoitse, afid eherefoffe gx]akes rooExp for
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ghe synapgic potenggagioit by neurogxkedulators.

Concinatwg remewks

    M3in firtdings in the presenk study are as fo]lows. Firsk, an anaRysis of sEPSC on EffCs, of

which frequeitcy is redeced by gighg sgignu}atioit, reveal£d ghe feaggre of asynchronoes vesgcg]ar

eransgx)igteif refiease frofg} PRs (Chapter 2). Second, ghe frequency of vesiowgar eraRsffg]iager gefiease

c3it be rnodglated by a presynapgfic reg"laggoft of gxg¥(}gljRs, resulging in ghe regesl3ggeit of HC Righg

respoftses (Ch3pter 3). Third, the posgsycapti£ AMPA receptog oge ffCs gs desensitized by

giuaaxEEake released frorgR PRs, resglging in ghe regulation of HC lgghe respomses (Ckapger 4). The

asynchroftows aransrif]igter regease frorEE PRs shoasld lt¥)e esseRaial for kRie gradeCg Right response of ffCs,

becaasse g&Re rclease raee caR be gnodeelated gradgaNy aged s"ccessiveRy by lighg stiffEkggaaiofi. "lirkgis

asyft£hgonous and vesiculaf gransffnitger regease cogid be specfiagfized fog graded eraitsgyeitgeff regease ag

ribbon synapses. Moreover, the amagyses of sEPSC en HCs cgeargy showed thag ghe HC lighg

response wa$ reg"Eaeed by bogh of pre- aitd posgsyRapgic faceors; presynapgic eramsKEgieter reAease and

posgsynapaEc recepgor seitsggivigy.

    MPiffexeng frogxR conveRtiofiag intracelfiular recordings, sEPSC stasdy oit HCs can ffeveag g¥) the

vesicdiaff agaitsgnitter regease rage frorg} PRs (by an3gysing sEPSC firequcitcy) and 2) ahe £losure

kinetics of posgsyRaptic AMPA recepgor (by anaiysing sEPSC decay tigncke course). The sEPSC

anafiysis of HCs sheufid be usefull ee Rnvestigate ftoa ertAy the vesicglar syftaptgc aransrg]issgc¥)rt aa

PR-ffC synapse, bug also ahe eieEE]eitt3ry postsynaptic process for graded poteiteia} sigptalgiitg.
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                                   Agegeegeditices

ff. intwodesctigee ofgheprgaescts ofLgrentztsmes t#fit thepgse,er specstrune ofposafsyesespeeaf afswrept

offfCs

    g wglR shew the gngg()decgion c>f the products of g.erentzians to fit ahe pow£r spectrgsgg] of

posgsynaptic cgfrena of HCs in geig. 2.9. Rn general, aiiite course of ea£k egegxiewtary process of

sysuapgic eveAgs can be described by a singie exponeRaial curve if opening gigne of chaitftels fis gxkech

faster gh3n cgosing gigne (e.g., /imdersoR & Se£vens, a973). Kge conarasg, sfiRce sEPSC iR HC shews

rise eiffgxe (opeiting egrne) comp3rabSe go decay girrge (cRosing tixff]e), e}egifkewtagy syptapgic evengs fifi

ffCs can be approxigxiated as folaows,

g(t) == es{exp( -af/zr,)-exp( -t/'gr.)j (a)

where 'gtz aitd 'g}. were dcc3y and rise tgEfike ceptstants re$pecgivegy, and es is axt agg]ptitwdc factof.

    'Mhe Fo"rier trrafisforixk of equaaion (1) is givek as fo}gows,

g(f) - ee

iw

a

   a
+
  1of d

x

 density

   g

      a
iw +
     'Xr

¥(2¥)

wheife ev=27of ¥(fLl/2 O and i for ghe igrE3gfiitary uftit.

    Powef specgfaR S(D of syRapaic fioise cgrrena coffrcRposed of a geewgitber of e}etix)eneary

curgena (sEPSCs), arriving ag 3 gneait rate eq gs wrigtefi by Ehe folfowfing eqgagioit (e.g., R)eFelice, L.g.

"ingrodectioit go Merr¥)brane Noise", PlerwEgiE Press, New York aptd LondeR, 1981¥)

                   2  S(f) -= 2hr g(f)                                (3)
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s(f)-

TltRe power speckral density is ebiained from

                 So

                       A"( f, )2

    wheifeSo=2es2v¥(zzi-oj2 andfa=1/¥(2xoj,S=Z/¥(2xop.

  Since power specgggix] of posasynaptic cgrrena of ffCs was fuged wefig wigh ahe pgoducas of

]Lorentziams (gekg. 2.9), ghe baseaine itoise cognponent (probabfiy atwibasgab]e ao £onginuoees channeg

ftoise) gKk3y also have sigxkilaf kgneti£s to sEPSC evengs.

2. sEPSCesasabasegixemeogse

      Accerding to ehe origgftatschetwe of syn3ptic graptspti}issgon proposed by K3tz andi £ol]eagges,

ihe aj[[Rplitwde of posgsyitapeic respoRse is fes"Ated from Agner sgffxggn3eSon of rg}iftiatwre syitapgic

events. If gheig classic3} propesal were va]id go descrfibe the PR-HC sygeapggc traftsmissio$, sEPSC

ifrRighg have been CEefineCE froffffi absoggee zero current Reveg bgg ftog base}Sne ievel. Howeveg, fi

assgm[ged ahat glae defiitigioft of sEPSC froEEk baseAine itoise geveg was appropriate by ggipe fo]aowgng

ffeasons. Firskgy, afi egaward coffE]peiteng ofbaseline iteise, of which v3riance gs seeppressed by Sighg

stirEEuR"s or cobalt, was fiaked wigh Gaussiage distribueion functioit, ggedicaggitg ghag akEe baseline enc¥)Ese

vari3fice is resuked from[R randoixi conginuous itoise. Secosudiy, sEPS() affgipflfiggde fift ghe dark was

a]rEiose conse3itg d"ring light stimugation or in ghe presence of cobak, irtdgcatiRg thaa qagaftgal coRaeng

is coptseang. Since the quankag conteng is unkikegy ko be changed by ehe g]RaRipwiatiopts to redasce

tr3nsffif]igtcr release rate, ahe coitstang qgawtag congewt gndicages that the ffKgeasgregneng of sEPSC frogn

baseiine ]evei is proper.

    TE'laen, how 3s ahe ougward DC holding current occgrred by the giiEangp"latgeRs ge redace ehe

eransmigter re]ease, suck as }igha saimulatioit 3itd the appgic3tien of cobage ? E ass"ffi}ed ghag gh£

ougward DC hoR¥(iing current was 3tgribugable to ahe cowtingogs cgosiRre of posasynapgic recepeors,
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which wo"ld hyperpoA3fizc ghe cel]s. A rE]ajor part of basegine noise ige ahe d3rk can be agkribuged

ge ehe coptinaxoais AMPA channel scoise, prob3bgy activ3ted by ffesideeal gliugaitiate iit ghe synaptic

cleft, bec3gse ahe suppression of the pestaii3ged base}ine noise was accegnpaptfied by ehe ogtward

kogding c"rrenk. Sappordng this, sing]e chaftneg coitdgcgance estiffnated frogxft ghe variaRce chang£

ef basefiiite noise was sii]Rigar to ehag of non-NMDA gecepeer ckannels as shown be]ow.

    The siitgle chafiitel cendu£gance was estim3eed froxn the variaR£e of base}iite itofise erigfinaaing

freifg gecepeor channc} noise and the ffxgeaR cgrrene Seveg, both of whfich werc redgc£d by red gight

stirngilaaion. Tke vargances of baseliite nogse in darkgeess and red gtighe shewge ift gefig. 2.3Bb afid c

were a6.8 pA2 aAd 7.3 pA2, respecgivegy. The outward cgrrent eiicfiaed by red fiigha saiffxRagaaiopt was

3e pA. ]rherefore, ghe singge chaftnefi cgrrenk was -O.32 pA, cstignaEed frogrg ghe KEiodificatiege of

coitventienaa skaaionary noise aitalysRs as shown by khe foRgowiRg eq"3ftioit,

                                      22                                 e gd'gr
                                 g=
                                        g

    where i is a single chaftneP current of recepaor chanRels, g is age o*gward ceerrertg egicfiged by red

Rigka sgRffitesgagion, didand g2, are vargances ofbasegine geoise in darkness afid red gigha. The siitg]e

channefi £oftdu£g3nce ef 8 pS was obgained froEEg ghe siitgle ch3nneR eegreita divided by ahe

egecggomotive forcc ¥(= a potenggag difference begweege ahe ho}dgitg poeeRgiaR of -40 mV aRd ghe

rcversal pogeRtiag ef e gitV). The inean vague from 14 ceggs was 16.4 ± fi.8 pS. Thgs is isu goed

agrecgg]eng wigh the sigeg}e channci cenductartce of noit-NMDA ggutagi}ate recepeor changee} degived

frogn studies on isofiated ffCs (aO-30 pS: Lasaifer, g990; 7 pS: Schmgdt, a997).

      in the presept an3Rysis, however, g canitog exacggy defiffe ah£ gyansgxRieter release raae, becagse

kigh frequeAt sEPSC ffE]ade ig difficult ko discriffiignake frerER baseline noise cerEipAegeRy. Recenk}y,

Neher and Sakaba (2001) CReveloped a new deconveEwtRon amaAysis to estiixgage traptsmfiteer regease

r3te, wigh a itenRgRear curreitg cegnponena resutging from the dei3yed cle3raptce of gAutafi]age froiKR ehe

synaptic c]efa, at ghc Cagyx of Hegd synapse. 'I"heir newEy deveaoped decortvoluiaion gxpethod

feso}ves ghe time coajErse of neurokramsmiaaer regease. Such a itovel ageagysis ffrgay be appggc3bge te
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de往e撫i餓e臨e　aspec奮s　of豊ra麗m蓋t重er　re玉e＆se　at　PR一：HC　sy難pses。
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ptEgasife A.A Scheffi}agic diagragxg of reaiital

  ptegroms arf3nged into three geuclieaf layers:

  hofizontal cegls, 3ffer¥)3crine ceggs, and gaitgigofi

  xgiake synapgic cofinecaiorts with each ogher

  and ganglieit ceg}s iitake syn3ptic coxtgaca

  verticaAly frogn phetofecepgors go ga*glion

  IageraRiy, inediaaed by horizene31 cells in

  pgexiferr[E layer. ¥(Medificd frogit Kaitdel et ali

  CT: Applekoit axd Lange, 1991¥)

                                   innGr
                                   pgex}ffergn
                                   gayer

 g.a,rggEon P,G.?AZi"'Z?

circuggry. The regina posses five fitajer cl3sses ef

 phogoreceptor ceiAs (ffeds aitd cones), bgpog3r £eais,

   cells. Phoaorecepgor, bipolar and horizogetafi ceggs

 git ghe ogter plexiforgn layer. The bipegar, agnacrine

  Rn the infter pgexiforixR gayef. infoffrE]atfiofi fiows

  cegAs via bipokar ceNs. Eitfoggffiatiege aXso fiows

the ouger plexfiforgn layer 3itd 3ffi]acrRne celAs iit ghe

 ., Principies of Neeraa Scfience, 3rd editien. NoxwaEk,
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gekgeeme fi.2 Three gypes ofcoite-dfiven Horizontag celas of the fish regtwa. Lefg: wkole ExRo*ng

view of cone-driveR HCs of ghe goRdgigsh. Right: light-evoked responses of HCs iwthe reeixta of

ghe cyprinid fish (roach), showing coite-dffiveft actXvgay. (top) kumifiosggy (Hl); (gx]iddle) bgphasic

chrorrgacigy type (ff2); foogSogn) eriphasic £hropt[R3ticggy aype (H3), all driven by cogees wieh no rod

inpgt. Sixteen differeng spectrag sgfimugi (2e ngit inaervals) ofnear-equag qgantgm conaent were

presented in sequence (dogs at right botgogg) of thc figure) ao cover ghe specaral range froffg} 40e nffER ko

700 xrg]. ¥(Modified from Djagxxgoz eg ag., Neurobiokegy and CliRicaR Aspecas of the eueer Regfina.

ChapEg]an & Haig, 1995¥)
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  ptRgeeece fl.3 Miniatwre sygeaptic evengs re£orded giEroffER xngscfle fiber endpg3ge (A) 3ptd

hippocaffg]p3R pteufons (B).

A. Intracellular recording of sponganeoes ifEiniature eitd-pg3ke potewti31s (gnEPPs) iit ghe ffif]uscRe

   fibeg. Uppef powions w£re recorded ag low speed and higk affmipggficagieR (calibratioits 3.6 ffg)V

   aged 46 Eyis): gKREPPs show the gocalized spontafteous activigy aa ghe ptn£tienag reggoge. boweg

   records show the electric response ko a eserve irrgpugse, eakept ae higk speed aemd gower gain

   (cagibrations 50 gg}V and 2 pt(]s). The stimegius was appgied to ghe neyve ae ghe bcgiRniitg of ehe

   trace. (Medified fror[R Fagg & Katz, 1952)

ge. Patch-clamp recording of rifiiniaagre excieatory postsyftaptic currents (ifKiEPSCs) in the

   hippocampal slice. 'fflhree individgag inEPSCs (top gkree gra£es) and the 3verage of 12 sgch

   ffnEPSCs (bogtogx trace). (Modified frorifi Bek]<ers et al., 199e)
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geggure 2.g Scheixxatic diagragx ofwhoRe-cell pat£hh-ciaftRp recgrding systegxfts.

   Sgiced retiRa was giteiRitgfed by an infrared fisRi£roscepe, and perftgsed with extemak soRxgtion

  gravity fed frong aft igeiget tube (inftet). The seimtien was ffowed owt frogn an outlet tvkbe (oEEtaeO.

  wngge £elg e"xrreitt recorded by a pat£h egectrode was asifNplified by a patch egeurgp aanplifief

  (Amp), aRd stgred in a DAr recerder gf a personal cox]apwter (PC). The sgiced retin3 was

  iliwniRated with red･- and bbue-difuse Mghk eifkitufig diodes (LED's). A reference ele£trede (Ref

  Eeec¥) was csxRi kected to the bagh solutien.
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gefigptere 2.2 Light-ind"ced cgrrengs ftroffgk an HS gype horizofiga] cean (Ha £egfi) recorded tw wkolle

cegl xxode froffKi camp retiRag sgice.

A. Cgyrewt response accogg]paRied wiah spoitganeogs rapid ifiwagd tffansienas frogx¥) ahe cefi1. The

    ingensity of red aR(S g)bee gight stixg]ggi w3s adjusged go elEcig the sagxge g)C affffxp]iaudes of oaaward

    c"rrent. Reci an(i bg"e Eight ingeptsigies were 5.6×105 afid 62xl05 qeeanta/ge,egxg2/s, fespecaively.

    Hoggiging poteitgiaE was 4g ffifgV.

B. [gke red"ceiofi of spoRtaneogs respomses by swigching frogEk vo]tage clagxgp gxtode go c"ifregeg

    clagnp gEgode ik darlffkess. Uppeif trace: X7ftxe cerreita era£e in voggage cgagxEp mode wieh a

    hogding poaeitgiag ag -z#9 rif]V. Lower erace: The vogtage trace ire c"rreittcgagg]p gxRode wfieh a

    resting pogeittigialE a# --39 gif]V.
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ptfigewme 2.3 gsolatioft of spont3neogs EPSCs (sEPSCs) frexff} baseiSne nogse gn afi HA £ega of r£gfiwtg

slice.

A. BaseEine noise of ghe cegg (a) cofffigpared wfiah ahe cegl's sEPSCs recoKded gitder red lgghg

   stiffxftuRatgon (b) aftdin darkness (c). R£dlight ipmgegesgty was 5.6xl05 qeeaitga/geffgi2/s. HoRding

   potewti3R was 40 rEkV. SagK}pSiitg freqecncy for digitgz3agoge was 8 kffz.

'B. The prebabgliey demsity hiseogragpts gbgaigeed frogi} cgrrentr traces igeA. Zego c"rrept leveg of

    disafibgtion was seg aa ghe poing of the x(}axixEaesgffk of the prebabRgigy density fuptctioge. (a) 'ifhe

   kistograixe witho"g sEPSCs showit iitAes. [grhick lggee in ghe hisaograffEk: a G3"ssiaee ¥(sgandard

    devgatioge g = 3.0 pA¥) choseft ao fig ahe probabifiiky demsity. fo¥) XIIke hisaograEg] of gke cesrregeg

   avace in r£d gighi shown iRAb. rifTgRgck Xne iR ahe hisgograx(x: a Gaussgan (g = 2.7 pA) ckosen go

   fia ahc fight halfof the probabigity densigy, considered as gke distgibection ofbaseline Roise. (c)

   rlke kxisgcpgragxi froxK¥) ggke curgeng trace tw darkness sgRowit inAc. [Mkkick liite Rft the ft]isaegragxg: a

   Gaxssian (g = 4.1 pA) choseft go fie ahe righg ha}f of ghe probabiligy deftsisy, coftsideged as ghe

   djsgributioft of baseline noise.

(]S. Fasa sweep c"rrent recording wigh crigerion lev£E. (3) rk]e cgrifeget trace Sit red ggghg obgaiit£(fi

   fiikrogxk Ab. Tke ghin dotaed 1ine: 2 times sgaitdard deviagion of basegiite noise gft ged fiight ¥(S.4

   pA : from hisgogragxR ofBb¥). Thick dashed iiite: 2 gixg¥)es sgaRdard deviaaion ofbasegifte xtoise

   in darkn£ss (8.2 pA : froxEx hisgogr3gER ofBc). (b) [E"he c"rrept grace Sft darkt)ess obg3ined frog[k

   Ac. [EIRe contingeus linc indicages zego cgrreftt Seveg. sEPSCs oveifgappgitg wigh ahe prevgous

   sES}SCs were fiot couRted for amptEggde xEgeasgregff]eng, even if ggRey exceeCEe¥(l gRRe crigergon geveg.
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asfigeegeee 2.ag Red ligkg indgced sgppgessioxt of sEff"SCs of an ff1 celg ige ifetifiaA sgice cotwpafcd wggk

ghose tw darkness.

A. gEff)SCs recofded gn darkrgcss (a) aitd vnder red lighe stigg]uAaegopt (5.6xa05 qgaitaa/gegEg2/s) (b).

    [gke ceN was voggage cgaptiiped at 40 xEEV 'rhe rediighg seeppressed ghe frequency of EPSC$

    aRd eRicited apt ogtwagd cuifreeg of 20 pA.

B. Fase sweep rccordings of ahe casxrewt in darkness (a) and "xtder fed gighg (b) shewit igeA.

C. Evena igeterval histograK¥(gs of ghe sEPSCs of an Ha cegg wieh holding poee*eiag ag 40 gxRV. 'ffke

    filled (2 sifRs bins) and ghe opeit (10 gxRs bifts) £olux[Rns show ghe hisgograggis ige d3gkness aged red

    lighg, respecaiveEy. "ffhe evept gnaervaE hisgogragEg$ were figte(i by sifigge exponential £esrves.

    Igke meait ifttervaRs correspondtwg go ehe gime comsaangs were 3.2 ifffRs En daifkness (pt = 544) aitdi

    20.3 xits iit red lighg (n = A77), which repfesewt 313 aitd 49.3 eez of frequency, r£sp£cgRvely.

pm. Pe3k agEgplitgde hisgogragff]s of sEPSCs of the ff1 cegl iit C in darkRess (filled) and in red Nghg

    (opefi colugnns). Meaft peak 3gxipgitwdes in darkness pt=488) and tw red fiigkt (n =a59) were

    22.8 aRd g6.9 pA, whgch yield coeductance chaRges 570 aged 423 pS, respeceivegy.
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Wfigoecee 2.S Sgppression of sEPSCs of 3n Ha celg by ragKkp fiiod"lagioit of ffed fiigh# iniensiay.

A. Uppeif gface: ahe grad"ag change of ake owtward eefrent in gke Hl cegR indgced by ged ]figkt.

    kswer tyace: the vogtage appgied to ghe red ]LED ¥(gighg ogepwt w3s appfexigxkaaely Rine3ff wiah

    vellttage). [Elhe giRaxigEEesffK} lighg twaensigy was 6.3×le5 qesanta/gegcr}2/s. Hogdgng pogentiag: -70

    xi]V. 'ff'ke sgandard deviatioR ofbaseliRe itogse iR darkness was 7.0 pA

B. Fa$a sweep recordi"gs of the sEPSCs aa sevegal gixrr]e peings skown inA.

¢. Freq"ency of sEPSCs plegted againsg ougward cgrrewt, gxReasljred fror[i gke dark gevel, irtdeced

    by yed lighg. [g7he correSatioit coefficieRt for the freqgency of sEPSCs aitd outrward c"greitg

    w3s -e.97. rffhe ho}ding poteRtiag: -70 gptV.
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ptfigeeffe 2.$ Tke revers3g potentgag of sEPSCs of 3n Ha celg in regtwag slice.

    sEPSCs gecogded at variogs holding pogegetiags ipt dafkness (-25, -aZ e, +flZ "25 agedi +34gxRV).

Cogffectfiore of the hogdiitg poaeneiag was gE}ade by using series resisg3Rce coifffRpewsagiofi. Whe

pogarigy ef sEPSCs was feversed at 3round O EE}V.
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ewgeeme 2.'7 KfietEcs of sEI'SCs of ffg ceggs gfi daffkfiess aptd gn¥(Seff ged Rigll]a.

A. (a) Supeggitiposed ggaces of 42 sEPSCs tw darkfiess gn an ffa ceaR. (b) Sgpeffigg}posed tgaces ef

    39 sEPSCs rexg]ained esfideg red gight.

ge. (a) Plog of dlecay gggike an(li peak 3gxEpRitgde of B2 sEff)SCs oEptaRRed in daskgNess. Asolid IERe

    shews tke Rincar fit. Coggegation coefficiefit foff decay tggg}e and peak aEcr]pRit"de was O.6g.

    fo¥) ff¥)lot of decay tEme aftd peak aixkplgt"de of 87 sEPSCs obgatwed eeitder red kggwt. Cegre}agign

    coeffgcient for decay tigite aitd peak agg¥)plitgde was O.S6. Thege was Ro sigitgfgcant difference

   betweeit the decay gigite coptstaitts gn dagkffRess aitd gitder ffed Kght.
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geggeege£ 2.8 Sgppressiofi of sEPSCs and lgghg respomses ofHa cegis by GYKg52466.

A. Uppeptvace: Cgrreng noise of ait Hl £egg te lighg sgignulagioR iit £oxtaro1 Rgnger aitd ige eke

   presence of 20 geM GYK(52466 and recovery en wash-out. GYKgS2466 agEKkesa £oEgipletegy

   biockedi ]ighg responses (*pward deffeegioms), axtd igs recovery was ebserved by washing-ogt.

    Helding poteittiaf: -60 gEiV. Lcpwer arace: The gigENing ofred (left) and bgge (right) sagffgRgifi.

B. Fasg sweep recordings of ghe sEPSCs s"ppr£ssed by 20 geM GYKg52466.
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vakgoptee 2.9 Power specgra of sEPSCs ix Ha cegls suppresscd by red light sgixnulaaion aftd CNQX.

/%. Power specergffxR chaRged by fed ]ight iggurERinatioR. Power sp£cgresgxa in darkfRess (a) and ahae

  gR r£d iighg (b) and the differeRce specgrufi} (c) betwe£n dagktxess and ged light. Dark - sed

  powef specgrgsffxft, fa = 264 Hz, A = 1600 ffz. ca aftdpt : cwt-off frequeptcy foff decay aRd rise

  pkase, respectivegy¥)

B. Power spectguEg) chaptged by 10 geM CNQX. Poweg specgrgffifg in darkness before (a) and afteif

  greatx[Eent of CNQX (b) and ghe difference spectr"gn (c) between ghese in darkg}ess and CNQX.

  Dark - CNQX power specgfggn, th = 160 Hz, j£ = 905 Hz. Each of tke dggiference power

  spectruxK} was obgagited by subgr3caing ahe spectyugiif} obtagned tw each tesg cortdigioit frem ghaa in

  darkRess, andwas figted by equakiofi (2) in Meahods. A stwgAe R.oreitezian (shown by a dashed

  llifie¥) does itot fit weRkc ghe high frcq"egecy gegion of powef specareffi]. gn each case, eigha

  sagnpges of 256 gns d"ragiofi, wieh gow pass filgeg£d ag 2 kEEz, wege avefaged usg*g a sagxkpgiitg

  freqgeitcy ef 8 kEEz
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gefigeere 3.g Red iighg igiuxE]inagiofi geduces ghe frcqeseecy ef sponaaneous ex£gaagoffy posgsyitapgic

cesrrengs (sEPSCs) wggho"e sigitificaptg reducaioR of gMReage peak ampgieeede iit an Ha hoffgzoptag cegS

¥(EEC¥), recorded from a carp regiital slice.

A.Whoge-celg vo}tage claEg}p ge£ordtwg froffK] an ffa horizong31 celg showing an oaxttw3fd cgrreng

   respoxtse go a step of red lighS with a reductien in sEPSC freq"ency. 20 geM dopaxgkinc was

   useci ahroughout to bRock gap jaxitcaions So aigow recerdigeg of sEff)SCs (igew3rd eerifeRg evengs)

   (EEirasawa eg ag., 2eOg). Xlxe iitgeitsggy of the red lighg w3s 6xa05 qasaftga/gegg]2/s. ffofidggeg

   pegeRgial w3s --52 mixV.

B. Fasg sweep re£ordings in dagkgxess (a) aitd wigh y£d lighg (b).

C Pfobabigigy density disgribgtion hisgogyafi)s of postsyftapgic cgrreng ifi darkgeess (filledi squares)

   aitd red }ighg (opege cir£Res) (gefg). The ffff}axSrE}a of ghe preR)3bglEgy deitsgty dgstrgbesgieges w£re s£g

   go zero £urrent. [Rrhe sagEke histograxE]s oit aft exp3nded aEptpgiiude scaAe go show ahe b3seRime

   xtoise distribwtioit (righg). Gaussian fuftcgions fggged gke o"gwaifd cggrffeng densigy ire darkitess

   (bgack iine, st3nd3rd devi3giox: g = 5.1 pA) and gn ged gight (gray Rine, g = 2.6 pA).

D. (a) CgffEe"iative probabigiey ftgisgograggks showiftg sEPSC Engervag distxEbgtiofi in darkgeess (figl£(i

   squares: 168 events) aitd in red lighg (opea circges: g16 evenas). rE7he KK}ean sEPSC iita£rvals

   were 7.1 gxks and 11.5 ffKRs iit darkness artd in red Sighg, ffespecaively. (b) CaxgxRniative pgobabMigy

   hisgegragE}s of peak aKxkplig"de of sEPSCs ix darkgkess (fiRged squares: 282 eveitts) aitd in ged Righg

   (open cigcfles: 17g evengs). Mean arg]plitwde tw ged Rigkt (a5.7 pA) was slighggy reduced

   £ogERpared wgth thaS gn dar]kggess (a7.7 pA). (c) Bar charg sscgxggg)agizEng ehc ckaitges gss ggReage

   fr£q"ency (a) and peak agcripgEggde (R)) girowt 3 £elgs. rTRie ged ligkg ge(ieceCft ghe fre(ggency of

   sEPSCs by 37.4 ± O.1 % (p<e.OOI) bet did paa chaxtge the rff]eaft agscgplgkude (7.0 ± g.9 %;

   p>O.05¥). Levegofsigitificancewas: *":p<0.01
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esggeeee 3.2 ]Exgerital appgEcagion of 100 geM £obalg red"ces ghe sEPSC freq"ency in darkgxess

   witho*t any significant feducgioit git fikean aiKgp}Rgude.

A. Whoge--ce]l volgage cgarwp r£cofdtwg freixi ait Hl hoffgzoptag ££lfi showing ait outwagd curreptg

    respoitse go appRic3tioge of cob31g, showing a rediuctiopt ige sEPSC freqasegecy. A voggage

    £oixkmaRd puls£ of 5 mV was applied evegy 12 s ao pmRortigoif iRpstt condgcaagece. For

    igigsgragioag ghe grace was shoptepted by 20 s (indicaged by the sEask£s). Hoidiptg pggextaiag was

    44 fikV.

B. Fasg sweep recofdings before (a) and d"firtg cobalt applicaeioge (b).

C. Prob3bSgfigy de*sgty dRsgributioge hEsgograiif}s gf postsyitapgic cggrewt gee coitarog (figXed sqagares)

    and with cobalg (epen cir£les) (I£fi). 'The xENaxixERa ef ahe probabiligy densiay dfisaribuagons wege

    seg go zero c"rrena. "Tkke s3wte kisgograggR oft an expartded agnpgggude scale go shew ghe basegine

    noise disgrib"gioit (right). Gaeessian fugectgopts figged ahe owtward caxrr£geg defisigy in coitagoP

    (bga£k line, g = 4.7 pA) and wigh cobale (gfay gine, g = a.1 pA).

I). TigEge-co"rse of averaged sEPSCs befofe (bgack tvace, it = 95) aged dgrieeg cobagg applicaggept

    (gray grace, ge = 57)

E. Cusixes}aagve pfobabiliay hisgograffENs showgxtg sEPSC ineexvag dgsgffibgeiosu gR coenergg ¥(figged

sq"ares: 8g7) 3n(S tw c()balt (open circRes: Qfi6) ixtdicate Ecbweg sEPSC evene freqaxency ift cobagg.

[glftke gxkean sE}'SC iitgervags w£re zg.g} ff[Rs ancS 246 gg]s git cowtrol andi wiafta cc,baltr, respecgiveRy. (b)

C"ffg)"Rative pfgbabiliay histogragxi ef peak ampgiegde ef sE?SCs gpm conareg (ffiIRed squar£s: 4g3

eveRes) aitd wiek cobaSa (op£ge cifcges: 12e evewts). Meaft axEgp]itgde gge cebagg (g8.8 pA) wa$

sgightly redeced coitRpared wEgh ehag in cengrog (19.4 pA). (c) Bar charg seegitEnagizifig ghe

£haitge of xNkean firequeitcy (a) axtd gKgean peak aig]pgitude fo) frogE] 8 cegls. AOO geM £obala

reduced ghe sEPSC girequency (4.7 ± 1.3 % : p<e.OOI) bge dfid nog change ghe twean agKRpligesde

(ael ± O.1 % : p>e.8).
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Fkgume 3.3 5eO fiM CNQX gedwced ahe sEPSC gcrkean peak amptiagde wighewt 'aity change gn

   freqgency.

A. Whoge--celg vokage cRagxRp recording frogg] ait Hg hortzoRaag cegl skowiptg age ewtward caxptreng tw

    response ge appgic3gioft of CNQX wiah a redgctioge iR s]EPSC agxEpRgtwde. ]For iRbusgraggopt, 8e s

    of gke ifecording was geecg]oved. A volgage cewtmi¥)and pggse of 5 EgkV was applied evegy fl2 s.

    'IllEe inigiag inwEkrd cewrenE was probably a solugion-swgtchifig araifact sin££ this w3s omeSy

    ebsefved iit 1 out of ag recordings. Holdifig poeenaiag was 60 ixftV.

B. Fast sweep recordiitgs, iit darkftess, before (3) and d"ring CNQX applicaaigge (b).

C. Probabiliay densgty disgribugioit hisgograKxes of posasynaptic curregea fige darkness (figlled sqeeares)

    and wiah SOO nM CNQX (open circges) (geft). [grkEe su)axigpta of ghe prebabiligy densgay

    disgribgtioms wefe seS to zero ceerrewt. Tk}e saxEge hisgogragxks oge age expaitded affERptikaxde scaEe

    to show the baseiine geoise distribggieit (right). Gaessiait fvn£tions figged ghe o"kward cgffffeng

    densiay in cowtroE (black line, g = 5.0 pA ) and wEah CNQX (ggay line, g = 3.4 pA).

D. 'g"ime-co"fse of aveKaged sEPSCs befoife (black arace, gm = 139) and dgging CNQX appgicatien

    (ggay grace, it = 196).

Eo Cutwug3giv£ probaR)ikigy ieistografi)s showing sE]l)SC ixtg£rval disgrfiE)esaioR fiee congffoR (filled

sq"ares: 222 eveites) aitd wigh CNQX (opee cgrcSes: fi57 eveitts) gndicage Ro sigwtficant change

of sEPSC frequency with CNQX. [grhe xffiean sEPSC gng£gvals were 4.3 gg)s aptd 4.7 ggks in

controg and with CNQX, respeceivegy. (b) CuxEx"gagive probabigigy hisgogragxgs ef peak

axE}pgitwde of sEPSCs ift darkness (filled sq"ares: 22g evenas) aRd wgkh CNQX (opeit cggcies:

i56 eveRgs). Mean axE]pliggde i* CNQX (10.5 pA) was redeced coKE}pared wgth ahaa ige cegeereg

(a5.7 pA). (£) Baf chagg $ugifkgxRaggziptg ghe chaitge of gxiteage frequeitcy (a) and gnean peak

agxEp}itude (b) frogxg 4 ceggs. 500 nM CNQX ifedeced ghe sEPSC agN}pgigude (77.3 ± e.1 % :

P<O.03) bgg did not change ghe meait frequency (90.5 ± 9.9 % : P>O.4). Leveg of sigftificance

was: ":p<O.05
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ptgeeec£ 3.aj I.-Aff)B ffeduces sEI'SC frequeAcy with sAigkg fedgctgext of xxeaft peak affEapgitrade.

A. Wholle-cefig volgage claxxxp recordiitg frowt an Hl horizoittag cegfi in ake dark shewing an ogtward

   cesrrent fesponse ee applicagion ef 20 geM L-AE'B, with a reduction in sEPSC frequency. rRrhe

   pagch-pipette sogugien contained aOO geM H-7 te bgock ghe pest-synkpgi£ aceiome ef L-Ak)B,

   Kff¥)ediaged by phospkgryaagion. A vokage cofff}Exxand pulse of 5 ffscRV was appgied every g2 s.

   ffoEdgng peteittiag was ---57 xERV.

B. Fasg sweep recerdgngs before (a) aftd dgrigeg gL-AreB appgicatien fo).

C ?gebabggity de$sity distfibestgoee hgsgggwaggx$ of postsynaptic cgrreitg gn ceitgfoa (fiaged sqyases)

   aged wgeh 20 geM L-AIPB (opea cgrcRes) (geft). The ggiaxiggg3 of the prebabiligy density

   disaribugions were set eo zego casrrent. 'g7llae sagERe kisgograggNs en an expageded axKxpgiggde scafie go

   show ghe basegine geoise distribution (righg). Gagssiapt funceiens ifigged the ogewafd cgrreng

   density in darkgaess (black ginc, g = 7.5 pA ) and with CNQX (gray atwe, g = 3.a pA ).

D. Time-£ogrse ef averaged sEPSCs before (black gface, ge = 84) and dgring L-APB applicagioge

   (gray agace, n = 104).

E. Cggg)utatgve prebability iiisgegrams sftNc}wiitg sEff'SC ingervaR (gisgfgbeettioft gn contreKfigleCg

   squares: 2935 evenits) aitd with L-APB (open cifcges: lag2 events) Eendicages redacgion of sEPSC

   fireqgency with L-APB. The gxRean sEPSC imervags were 6.8 gxfts and 34.0 gpts darlgrgess aptd

   with L-APB, respectivegy. (b) Cggnggative probabiiigy hgsaografixRs ofpeak agitpligude of

   sEPSCs in coittrog (fi}led sqgares: a249 events) afid with L-APB (epen ciffcles: 885 evewts).

   Mean agptpgiggde in L-APB (2e.2 pA) was redeced coEE)paged wgah ekae gsu congrog (28.2 pA). (c)

   Baff chart sggrExExariziitg ghe chaxge ef gxNean freqgeptcy (a) aitd agptpgitgde (b) froffrft a9 ceggs. 2e

   geM L-APB reduced eke $EPSC frequency by 52.7 ± 6.e % (p<e.OOI) and sggghtgy fedgced gke

   ffxNean agxkpgitgde by 15.5 ± 2.1 % (p<O.eOl). Tg]e frequency redgcgion was significantgy greageif

   th3n thag of peak agxkpgitude (p<e.OOa).
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ptggeeere 3.S The llggkt-ggedgced o"tward current ifesponses were redgced by L-APB, accogERpawted

by a reductic)ge of sEPSC 3xERpliEu(ifes.

A. Whoge-cegi voEgage £lagcrkp recoxdgng #irexxe an Hl herizontag cegg showigeg ewtward eeffffeag

   ffespoitses ge red light sgeps (2xg06 quanta/gegxg2/s). dm appRicatgon of 20 geM L-AIE'B twdeced an

   outward shtw in ghe whole-cegl cgrgeitt. A vogSage cogxgiptafid psllse ef S gg}V was applied every

   12 s. Hogdiitg potengiag was K5e KEaV.

B. Lighg respeeses (open circges) aitd sEg'SC giirequency (figRe(fi squares) showed a ge{digcggon ever a

   sigi]igar tigNxecegrse iit respeftse tg A]¥)B.
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ptggure 3.6 The a£tion ofL-AI)B iit feducing sEPSC freqggeitcy as aittagonized by ww4.

 A. Whole-£egl voXtage cgaxnp recordiitg frog)R aft Hg hgrizoittal ceRg iit the dark. 20 g.gM

   L-APB induced an outward cwweitt ac£orifkpanied by a redxg£tign iR sEPSC frequeRey

   Ce-application of 500 geM MAP4 iRd"ced aR inward cewent with seme ffeeovery of

   sEPSC frequeRcy. A veltage £emmaitd p"ise of S i]kV was appgied every 12 s.

   Holding potemiag was -57 i xxV

 B. Fast sweep recgrdiitg gfcutfent traces in each pharmaceiogi£ag conditioit shgwgx in A.

 C. (a) Bar chart representation of sEPSC freqkxency mpder the different pha] ena£ogogicag

   coitditions. ww4 applieatioR partialky restored the reductRon ift sEPSC fre¥(}ueRey

   indkiced by L-APB. (b) A simigar piot sbowing gawte £hange iit sEPSC peak

   amplitudes.

 D. Bar chans summiarizing the xnean £hanges in sEPSC frequeit£y (a) and peak agxipgitwde

   (b) froryx 4 £eals. Open circies with dotted lines indi£ate indivEduag data fregxx sigxgge

   ceegs. Errer bars indicate SEM. Levegs cf signficance were: "*: p<O.Og,

   *:p<O.05
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geSgoere 3.7 MAP4 angageitizes ehe presynapgic actioge of L-APB.

A. Oggward currena responses go red light (2xae6 qgaRg3/gefiff}2/s) gecorded gnder whole-cegg volgage

   clagxEp frorEx an Hft HC. Appgicagion of 20 geM L-A[E'B gnd"ced aR eetward cgrgeitg aRd

   reduceion of tke ligkt respcpmses. Co-applicatioit of 5eO geM MAP4 indeeced 3pt ifiward cesrreptg,

   3ccompawted by sonxe re£overy of ahe light fesponses. Holding potentria} was -57 gxitV.

B. TEiRe L-AJE'B indkced redgcgion in gight respoitse asliipiitude (open bars) 3nd sEPSC frequexcy

   (ffied bars) were resgored by MAP4.
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esggeeme 3.8 2e geM L-APB does not reduce vofitage-acgivgted Ca2" cogedecgance in cones.

A. Current-vokage if-V) relagions obtained fregxE 3 whoge-cegfi velgage--£]affg]pedi coite

  photoreceptof g* the carp retiitaR sEice before (sqg3res) aitd daxrimg (circ]es) cobaNa appgication,

  showing a reducgion of vegtage-seitsiaive Ca2" cogeducgan£e by cobage.

B. f-V felationships jfirogn ahe sagg}e cone photorecepgor before (cifcfies), dwifing (squages) and oge

  washout (triangles) of a 20 geM APB applic3tion go ahe regifiaN saice, showing geo effe£g of A[ff'B on

  Ca2' condectance. in both cases, K' coitdecgaRce was sgppfessed by extergxal appgicaeioft ef Cs

  and TEA.
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ewggure $.9 BlockiRg K+ conductance with 4-A]i' induces an inward cg[rreRt aRd recevery of }Ig

E[C sEPSC frequency reduced by L-A[PB.

A. Whole-£ell vokage caamp recording frong an Hg horizontal £eag iit the dark. 20 paM L-APB

  ind"ced ait oxgtward carrent accoxnpaRaed by a reductioit iit sEPSC frequeitcy Ce-appXg£atign

  ef200 geM 4-AP indxgced an inward ck]esent. A vekage £oarmand pulse of5 mV was appMed

  every 12 s. Holding potential was -7 g xnV

B. Tinge-expanded sections of the recordiRg iR A showiRg redEEetieR iR sEPSC frequency wtkh

  L-APB and theit some re£overy with 4-AR a£cempanying the iitward £Eirrent.

C. Bar chans showiitg ry}ean sEPSC frequency (a) and mean peak ampgitxide (b) changes frgxifR 4

  ceals iit each pharmacokggical conditioit. Error bars iRdicate SEM.

D. Bar chams sumniarizifig the mean changes iit sEPSC freqk}eitcy (a) aRd peak agnptitude (b) fregE}

  4 cells. Open circles wtth dotted gines iit¥(licate iitdividasaR dat2g from siitgge ceggs. Eirgr bars

  indicateSEM. Leveisefsignfican£ewere: "":p<O.Og,*:p<O.OS
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gigka respomsese

A. Oggwafd cesrrent respogeses to red gight (2xfi06 quanta/gegifp2/s) recorded aggedeif wholle-cega voRgage

  cgaii]p frogg} an Hl HC. Appgicatioge of 20 geM L-Aff'B iitd"ced age ewtward cgrffeita and

  feductiort of gight r£spoitses. Co-appgication of 20e geM 4-AIE) gndagced an twward £gggeng,

  a£cogEkpafiied by segxge recovery of the lgght gespenses. Hoading pogeRti3R was --60 g[RV.

B. !eke L-APB-indaced redgctgen ige gight respoitse aggxpgitwde (open bass) and sEPSC fireqgegecy

  (fiRged bars) showed sor[Re yecovery wigk 4-Ai "
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geggeegeee 4.e 100 geM cycgoahiazgde (CTZ) depolayizes Ha ffCs in cafp reaiRaN slices, wiak

enhanceEptent ef ]igke ffespomses

A. rgrkRe effeca ef C'g'Z-£ortaaining Riitger soPwtioge oge voltage responses of gke E-IC gecorded iR

   ewfgreRa cA3gEkp gxiode. A sgep ef red ligkg wieh a s dgvagiopt was applied every a2 s. R.ighg

   twgemsiay was adjessged ae indasce a half-satwragifig Aighg respeits£ (2.8xl05 qgaitaa/geffifR2/s). CTZ

   depogargzed ahe restiftg poaeestiag frexifx --26.2 iERV go --fl7.8 ff[gV and fincf£ased tke axx}pgit"de of

   lighg-eveked Kg¥)embrane kypegpogarizatfion fgoxff} 6.2 twV ae 10.4 xrRV.

B. Eitlarged volgage ar3ces of pkogorespomses in cofitroE (a) aitd in C[grZ (b) in A.

¢. Vic)ltage respoRscs in £oitgroA (so}id gtwe) and in CTZ ((iletted gipte) norgxR3Aized at tft}e peak

   arnpliagde.
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gekgeeece ag.2 Spc)ptaite(>gs excgaagory g)esesyft3paic currepts (sEPSCs) c)f 3n eea HC tw a geginaR slice

        observed gn ghe presence of 2.5 Kff]M kepeaitog

A. Tbe effeca ef kepaaRo] oit postsyptaptic eeifreng of the ffC recorded in voagage clagxep gxRode.

   'lhe doaaed lifte ag ghe begtwwtng of ahe fecordgng indicaaes zero cgrfeng leveg. Tke lower ar3ce

   indicaaes ghe gggxRiitg of gigha-ssep sgiggx"gaggoge (geft: ged, ffggha: bive). Ougwafd currewt respoRses

   wefe elicieedi by a paiif of redi aRd bAue gight saiggkuli in £oittrol sel*gion (a) aftd in hepaapto}-

   coptaainiitg Ringeff soguggoee (b). XrSRe Sighg sgeps eliciged o"award cgrseitgs > 2eO pA before the

   app]gc3gfioge of hepganeg. Lfighg inaensgeies of fed and blese Sigha sgigxxasli were g.O aitdi 1.4xl06

   qwaptta/gekcrk2/s, ff£specgively. Megxgbrane coitdgcsance was monitoffed by applying 4 xEiV of

   pntses ef20 ff[Rs daxragioge eveffy 12 s. (fi, 2): The cggreeas iitdgeed by 5 gEiV pg}ses. 'lhe figepua

   resgseageces in coitggol and hepeaneA were a4 M9 (1) aftd 2aO Mst (2), respe£ggvegy. Series

   sesisgance was aO Mst. Hoediftg pogeitaiag was 6e g]kV. The cgrfena gr3£es iR daifkrkess (**)

   axtd wggh rcd gigha (*) in (b) afe shewft begow ee expanded timescales as fiRarked wigh asaerisks.

B. 25 inM hepganog faiis go bgock HC depokarizing respoitses go pressgre appgicagioms of glesgagxRaae.

   Depo13ffizimg gespoitses ao e.5 gifgM glwtaffERate were recorded tw c$rsena clamp rif¥)ode. 3 mM

   Co2", go biock syscapaSe affansggiSssjoR, was preseng ift Ringef's solggioit. Hypegpofiaggzfiitg gO

   ffgiV coffrckEg}aged puases were appRied ge gxRonieof inpuS gesistance, which increased wiah kepgag}og,

   aitd wigger ghe pffess"re appEicaeioms.
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gefigagffe aj.3 PkysgogogicaE propeffaies of sEPSCs of Hl eeCs fifi a slic£ pgeparaaieit tw 2.5 iptM kepeanog

A. [fiIhe sEPS¢s ak sevegali ho]dgng poaengiags. PolafEgy of sEff'SCs reverscd aa aKognd OEg}V.

B. [gZhe sEPSCs were blecked by 20 geM GYKR52466.

¢. The effece of gOe geM coba}g opt sEPSCs. (a) Cgrfeng araces of sEPSCs. (b) Caxgn"lative

   probabiPiay hgsgograggks of peak aEgMplieude of sEPSCs gn controg ¥(filged squares:, n ¥(rt"g[Rbef of

   £venas) = 304) and fige cobala-cowt3iming Rirtger (opefi circEes: n = 20S). MeaR peak aEx]pgitwdes

   of sEPSCs iee cewtfol and cobage wege le.4 pA andi 9.9 pA, respccgiveey. 1¢kxe imsee shows ahe

   average sEPSC tgggie-course in £oftafel (solid ltwe: n = fi4g) afid cobaga (doated 1ine: n = 97)

   cegeaaintwg Rgnger. (c) CuEg}ggative pgobaR)ility hfisgograKgps of ehe peak iwtervaA oif sEPSCs in

   copmgrog (figAed sqasares: ve = 638) axtd ire cobaRg (c>pen cfigcles: n = 279). T'ke xif)eage ff)eak intervals

   of sEPSCs i* £onggog gN[Ed c()R)3Rg were 5.2 ffEks aged aCB.8 gygs, gespeckiveAy.
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geggoee aj.4 gOO geM CTZ incifeased ehe decay eigxge ceitsaang of sEPSCs of an Hl HC

A. 'ff7ftge effeca of 100 geM CTZ git Ha ffC sEPSCs in ghe preseftce of heptaptog. lhe decay phase of

   sEPSC was fitaed wiah simpgge expogeengiag cgrve (gray IEne). Avefaged sEPSCs gn cofiarol (it =

   a43: geft) and CTZ ( it = 131: iiAgddge) wefe ifitted wgtk simgge expeneittgags wigh tiEKke coftsaaRts

   of e.66 gns and A.41 ffges, gespecgively. Rgght: Supegixykposed (agggned) araces tw contffol (tingn

   Agne) and C[RrZ (tftRick gine).

B. 'g}ge pget of peak agxkpSgtwde versus decay giffERe cogeseafia ef sEPSCs in conerol (fglged squares) and

   CrgiZ (open circies). Eig]e daga were figted witk ginear fegressgen Aines by ghe geast s(ggafe egreff

   gxkethed (cggegifoa: sogid line, CTZ: dashed 1twe). CTZ significanafiy iRcffeased the ffER£an decay

   gfime consgana ef sEPSCs frogg] e.63 gEks go 1.21 EERs.

¢. (a) (])eerExeelagive probabggggy hisgegragyis of peak agxgplitwde ef sEPSCs ipt cefiafog (filRed sqag3res: n

  (eeiigbef of evewts) = 455) and ipt CTZ (epen circges: n : 40e). "R"he ffExeait peak agEipligudes of

  sEPSCs tw congrog aed in CTZ were 8.6 pA and 9.5 pA, respectgvegy. (b) CgffERaxllaSive

  probabigity hiseegfagass of peak twg£rvag gf sEPSCs iit congrol (figlcd squaffes: ee = 75e) and in CTZ

  (epeft ciffcRes: n = 630). 'ff"Rxe KgMeapt intervag ef sEff)SCs in coptrofi and CT"Z wcffe a3.3 ffgys an(fi

  a5.8 ffiks, ffespecggveiy.
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