POCCUHNCKUI ®N3NOJTOTNYECKUI XKYPHAJI um. U.M. CEUEHOBA 2020, Tom 106,
Ne 4, c. 448—461

OKCIIEPUMEHTAJIBHBIE CTATbU

OCOBEHHOCTHU nAM®-3ABUCUMOM PETYJIUPOBKHN KACKAJIA
®OTOTPAHCAYKIINN B KOJBOYKAX

©2020r. B.C.Curunkosa® *, JI. A. Acraxosa!, M. JI. ®upcos!

! Hucmumym seonroyuontol pusuonoeuu u 6uoxumuu um. M. M. Ceuenosa PAH,
Canxkm-Ilemep6ype, Poccus

*E-mail: viktoriya_sergeevna_sitnikova @mail.ru

IMoctynuna B penakiumio 19.02.2020 r.
ITocne mopa6otku 25.02.2020 r.
[MpuHsTa x nyonukanuu 25.02.2020 r.

DoTopelenTopbl CeTYaTKN — KOJIOOUYKH U MAJTOYKKU — CITOCOOHBI K CBETOBOI afanTalii
B LIMPOKOM JMAara3oHe OCBEILEHHOCTE 3a CUET KOMIUIEKCA PEeryJIUPYIOIINX MeXaHW3-
MoB. Cpeayn HUX Hanbosiee U3ydeHHBIMM SIBJISTIOTCST KaJTbLIMEBbIE OOpaTHBIE CBSI3U, CITO-
COOHBIE 00BSICHUTH TPUMEPHO 50% peasibHO# PeryIMpOBKU CBETOYYBCTBUTEIbHOCTH.
EcTb 1 npyrue peryisiTopHble MeXaHU3MBbl, TAKXE CITOCOOCTBYIOILIME HACTPOIKE peak-
1y poropeuenTopa Ha CBET B 3aBUCMMOCTU OT YPOBHSI OCBELLIEHHOCTH, B YaCTHOCTH,
peryaupoBaHue Kackana (hOTOTPAHCIYKIIMY B Te€YEHUE CYTOYHOro putma. Bo Bpems
“TeMHOI” (pa3bl CyTOYHOTO LMKJIA B (hOTOpELienTOpax yBeanunBaeTcs ypoBeHb HAM D
W TIOBBIIIAETCS] YYBCTBUTEIBLHOCTD IMAJIOYEK, YTO MOXKHO CUUTATh aJallTUBHBIM Jeii-
ctBUeM. 1151 KOJI60UYEK, KOTOpble pabOTalOT MPY BHICOKMX OCBEIIEHHOCTSIX, a B CyMep-
Kax MOYTH YyTPAYyMBaIOT CBOI BKJIAJ B 3pEHME, YBEIMYCHNE YYBCTBUTEILHOCTH B “TeM-
Hyl0” (hazy MOXeT He UMEThb alaliTUBHOTO 3HaueHus. B HacTosieit pabote uccieno-
BaJIOCh, KaK n3MeHeHne [HAM®];, Biausier Ha paGoTy Kackana GOTOTPaHCIYKLIUA B
kosnboukax Kapacs. [ToBeimieHue [HAM®];, nocTUragoch myreM MHKyOaly KJIETOK €
aKTMBAaTOPOM aJleHWJIATIIMKIIa3bl — (hopcKoanuHOM. [TokazaHo, 4To B KOJI60oUKax (op-
CKOJIMH 3amesieT o6e (asbl (hoTOOTBETa — HapacTaHue U BbIKiIOUeHue. Kak cien-
CTBME, B KOJIOOYKAX, B OTIMYME OT MajovyeK, (POPCKOJIMH HE YBEIMYMBAET YYBCTBU-
TEJILHOCTb K CBETY, HO TOYTH B JIBa pa3a yMEHbIIAET TEMHOBOIi TOK. TakuM o6pa3om,
peakuusl Kackaga (GOTOTPAHCAYKLMU KOJOGOYKM Ha mnosbiueHue [HAM®];, cymie-
CTBEHHO OTJIMYaeTcsl OT peakuuu B Tnajioukax. st Koybouek Takoit 3ddekT
[HAM®];, Takxe MOXET UMETb afalNTUBHOE 3HaYeHHE, HO He B (JopMe yBeIMUCHUS
YYBCTBUTEJILHOCTH, a B (hOopMe YMEHBIIICHUsI METa00INYeCKOW HAarpy3kKu Ha KJIETKH,
He (PyHKIMOHUpPYIOIIME B “TeMHYI0” ¢a3y.

Karouesvie crosa: xonbouka, (OTOTpaHCIYKLIMS, IUPKAIHBIN puT™M, TAM®, najgouka
DOI: 10.31857/S0869813920040081

DoropelienTopbl MO3BOHOYHBIX CITOCOOHBI K afanTallii B OYeHb IIUPOKOM JYara3oHe
uHTeHCUBHOCTeM. CITOCOOHOCTB K aganTaliiy 00ecIieuMBaeTCs LeJIbIM KOMILIEKCOM pery-
JIMPYIOLIMX MEXaHU3MOB, VCIOJIB3YIOIINUX pa3Hble MeauaTopHbie cucteMmbl. McTopuuecku
MepBoOM 1 Hanbosiee U3yYeHHOM SIBJISIETCS TPYIIa MEXaHW3MOB, PETyJIUPYEeMbBIX BHYTpU-
KJIETOYHOM KOHIeHTpanyei Kaublus [1—6]. MCTOYHUKOM peryiMpyoiiero Bo3neicTBus
IUTST BCEX OTUX MEXaHM3MOB SIBJISIETCSI U3MEHEeHMe GajlaHca BXoJa M BhIXOIa KaJIbIINs yepes
1a3MaTu4IecKylo MeMOpaHy Hapy>KHOIO cerMeHTa ¢oropenenTopa. AKTuBauus ¢porope-
LIeNTOopa CBETOM MPUBOAUT K YACTUIHOMY WJIM MOJHOMY 3aKpbITUIo I M D-yrpaBisieMbIX
KaHaJIOB MJ1a3MaTU4YeCKO MeMOpaHbl U K YMEHbBIIIEHUIO WX MPeKpallleHUIO BXo1a B Ha-
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PYXHBII CETMEHT MOHOB HAaTPUS U KaJibLiMsl, B TO BPeMsl KaK OTKayKa KajbLIUsl U3 LIUTO-
mia3Mbl HapyXKy npu oMoty Na,K/Ca o6MeHHUKa TIPOJ0IKAETCs C TIPEXHE CKOpo-
CThIO M HE 3aBMCHUT OT YpOBHSI aKTuBaLMu (potopelenTopa cBetoMm [7]. KoHLeHTpauus
KaJIbLIMsI B IMTOTUIA3Me YMEHBIIIAETCSI, BCJIEACTBUE YETO a) YBEJIMYMBAETCS aKTUBHOCTh PO-
nmoricnHkrHa3kl GRK1 (y manmouek) mwm GRKY7 (y konbodek), 0) yBeMunBaeTCsl aKTUBHOCTh
ryanmiatuukiasel (I') retGC1 u retGC2 u B) yBeanuuBaercst cponctso ul M®-ynpasisie-
MBIX KaHaJIO0B I1a3MaThueckKoit MemOpaHbl K HI'M®D. Bo Bcex Tpex ciydasix Hermocpe-
CTBEHHBIMU KAJIbIIMEBBIMU CEHCOPAMU SIBJISIIOTCS HE POAONCUHKMHA3a, T'yaHWIaTUUKII1a3a
M KaHaJbl, a ClielMajabHble OelKu-mocpenHuku — pekoBepuH, GCAP u kanbMomyiuH.
B pe3ynbraTte paboThl KaJabIKeBO 00paTHOI CBSI3M (oTOpelenTOp OBICTpee Bo3Bpallia-
eTCcsl K TIPe-CTUMYJIbHOMY COCTOSTHUIO, 8 TAaKXKe YMEHBIIIAETCsl €ro BO30yXIeHNUE B OTBET
Ha MOCJEAYIONIYI0 CTUMYJISIIIMIO, YTO TIO3BOJISIET €My OCTaBaThCsl B paMKax AWHaMuue-
CKOro Auana3oHa peakiuu Ha cBeT. KOHEeUHbIil pe3ysbTar BCeX BblllIeNepeyrclIeHHbIX
MEXaHU3MOB — YCKOpEHHUe Tpollecca Bbixona GoTopelenTtopa U3 COCTOSTHUS HAChILe-
HUSI U ONITUMAJIbHOE COYETaHMWE PeaKIIMM Ha MOCTOSIHHYIO U MEPEMEHHYIO COCTaBJIsIIO-
1IIY10 CBETOBOTO CTUMYJIA.

Tpu BeIIIETIEpEUMCICHHBIX MEXaHN3Ma KaJlblIMEeBOI OOpaTHOM CBSI3U CITOCOOHBI 00b-
SICHUTh mpuMepHO 50% peanbHOIl perylIupoBKU YyBCTBUTEIBHOCTH, MPOUCXOISIIEl B
doTopelienTopax B OTBET Ha CBET, YTO CBUACTEILCTBYET O CYIIECTBOBAHUM U JIPYTUX pe-
TYJSATOPHBIX MEXaHU3MOB. Tak, HAaMU MOKa3aH MEXaHU3M YCKOPEHUS BBIKITIOUEHUST aK-
TUBUPOBaHHOM cBeTOM (pochoauactepasbl (DJID) [8]. CyluecTBYIOT U IpYyTUE PEryisi-
TOPHBIE MEXaHU3MBbI, TAKXe CIIOCOOCTBYIOIIME HACTPOIKE BEJIMYMHBI peakiiuu ¢hoTtope-
LIENTOPA HA CBET B COOTBETCTBUU CO CPETHUM YPOBHEM OCBEILLIEHHOCTU. DTU MEXaHU3MbI
paboTaloT B CYIIECTBEHHO Oojiee MeIJICHHOI BpeMEHHOI 1IKaJie, YeM BBIIIIEOIMMCaHHbIE.
K HUM OTHOCSTCS TIpollecChl CBETOMHIYIIMPOBAHHOTO TPAHCIIOPTa HEKOTOPBIX KJTIOUe-
BBIX O€JIKOB, yU4acTBYIOIIMX B paboTe Kackana poToTpaHcayKuuu. Tak, Tpu o4eHb BbICO-
KUX YPOBHSIX OCBEIIEHHOCTU HEU3BECTHBIM MTOKA MEXaHU3M 3allyCcKaeT TPaHCHOPT TPpaH-
CIOylIMHA U3 HApY>XXHOTO CerMEeHTa BO BHYTPEHHUI [9], yMeHbI1asg TakuM oO0pa3oM KOH-
LIEHTPALUMIO TPAHCAYLIMHA B HAPYXXHOM CErMEHTEe M CHUXasi KO3(p@GUUUEHT yCUJIEHUS
Kackazga hoTtoTpaHcayKIuK. [Ipyroit MexaHu3M, TakXKe MoKa He UIeHTU(ULIMPOBAHHBIM,
3aMycKaeT TPaHCIIOPT appeCcTUHA U3 BHYTPEHHETO CEerMeHTa B HApYKHBI, yCUIMBasI TEM
CaMbIM CITOCOOHOCTD K BBIKJTIOUEHUIO OCTATOUYHON aKTUBHOCTU poaoricuHa [10].

PerynupoBaHue paboThl Kackajia HEO0sI13aTeJIbHO JOIKHO BKJIIOYaTh HEIMOCPEACTBEH-
HYIO peaklIMIo Ha ypoBeHb cBeToBOro (oHa. Tak, npyrue MexaHu3Mbl MOTYT PeryJupo-
BaTh pabOTy Kackajga B TeUYEHME CYTOYHOTO PUTMA, KOTAa LUKIMYECKUE U3ZMEHEHUS
HAM® B nanoukoBoM ¢otopeuentope ([11, 12], 0630p B [13]), IpUBOASAT K UBMEHEHUIO
YyBCTBUTEJILHOCTH KacKana ¢ororpaHcaykumu | 14]. B ykazaHHoit paboTe MBI TOKa3aIu,
yTO anrmukamnus 2 MKM akTuBaTopa ageHuiIaTuukiIassl (ALl) dopckonuHa B 2.5 pasza
yBEJIMYMBAeT BHYTPUKIIETOUHYIO KOHIIeHTpaluo TAM® ([UAM®];.) u B 2 pa3a yBenau-
YUBAET YyBCTBUTEJIBHOCTD MAJIOUKHM JISITYIIKU K CBETY. [leTanbHbIil aHAaTU3 MoKas3as, 4To
MPUYMHAMU U3MEHEHUS YYBCTBUTEIBLHOCTH SIBJISIIOTCS U3MEHEHUE 0a3albHON aKTUBHO-
ctu /1D, a TakKe UBMEHEHUE CBETOMHAYLIMPOBAHHOM akKTUBHOCTU DJID 1 nusMeHeHUe
akTuBHocTH I'Ll. IMocimennue nBa adpdekra MOIIN Obl OBITh OOBSICHEHBI PETYINPYIOIIM
BO3ACUCTBUEM KOHILICHTpAlUM KaJblMs, U OeiICTBUTEIHLHO, B paboTe [15] ObUIO TakKe
MoKa3aHo, 4to yBenmdeHue [HIAM®],, mpuBomuT K yBennyeHUo B 1.6 paza KOHIIEHTpa-
1LIMU Kayiblus B uutoruia3me. C Ipyroit CTOpOHbI, B COBpEeMEHHOM Moenu Kackana ¢dho-
TOTPAHCAYKIIMU HET OMMCAHUsI KaJblIMi1-3aBUCUMON PETYJIMPOBKY 0a3ajibHOI aKTUBHO-
ctu DJID, u mpupoaa 3Toro 3deKTa 0CTaeTCsl HEM3BECTHOIA.

PocT 4yyBCTBUTEIPHOCTU MAJIOYKK B YCIOBUSIX MOBBILIEHHOTo [HAM®];, conpoBoxaa-
eTCs TaKXKe YCUJIECHUEM HMU3KOYaCTOTHON KOMIIOHEHTHI, TaK Ha3bIBAEMOI'0 HEMPEPHIBHOTO
TeMHOBOTO IityMa [16—18], onHako o0liiee OTHOIIIEHMEe CUTHAJI/IIIYM YBEJIMUMBAETCS B IBa
pa3a M okasbIBaeTcsl OoJiee OJarornpusTHBIM JUISI AETEKIIMU OJTHOKBAHTOBBIX OTBETOB.



450 CUTHUKOBA u np.

OT10T 2 (PeKT, o4eBUIHO, TOIKEH CIIOCOOCTBOBATh O0eCIIeuMBaeMOMYy IajJouyKaMU 3pe-
HUIO B YCJIOBUSIX HU3KOM OCBEIIEHHOCTH, B HOUHYIO (Da3y CyTOYHOro nukiaa. MexaHusMm,
obecneyrBarolIuii UKINYeckoe n3MeHeHue [HAM®]; B doTopenenTopHbIX KJIeTKax
saBasieTcss [oaMUH-3aBUCUMBbIM. B cOOTBETCTBUM C OOLIMMU TPENCTABICHUSIMU LIUP-
KaJIHble PUTMBI B CETYATKE OCHOBAHBI Ha PELIMIIPOKHBIX M3MEHEHUSIX BHEKJIETOYHOM
KOHILICHTpAllMU IBYX HeiipoMenuaTopoB — AoaMuHa U MeJaTOHUHA, KOTOPbIE Peryjv-
PYIOT MHOTOUYMCJIEHHbIE (DYHKIIMM BO BCEX KJIETKAaX ceTyaTKu. [Ipy 3TOM MenaTOHUH Bbl-
pabartbiBaeTcsi B GOTOpELENnTOpax U BO3AEHCTBYET Ha 1ohaMUHEPTUUECKUE aMaKPUHOBbBIC
KJIETKM, BbIpabarbiBatolme godaMut (0630psl [19, 20]). doTopelienTopsl SBISIOTCS OJI-
HOM 13 IJIaBHBIX MUIIIEHeN HMPKaIHON 1oaMUHOBOM PEeTyIsiIuU, OMHAKO 3(MEKTHI am-
MIMKanuu nodaMuHa Ha TaJTIOYKHU JISTYIIKY TTO3BOJISIIOT MPEAIIOI0XUTh, YTO PETYISTOP-
HBI 2 dexT nodamuHa peanusyercss He TOJAbKO yepe3d M3MeHeHus: [HAMD];.. Ho u,

BO3MOXHO, yepe3 npsimoe, HTAM®-He3aBUCUMOE peryJIMmpoBaHue [Ca”]in [21].

Bo Bpems “remHOI1” da3bl HUPKATHOTO IHUKJIA B (POTOPELIENITOPHBIX KISTKAX YBEIU-
YuBaeTcs ypoBeHb [HAM®],, 1 MOBBIIIAETCS YYBCTBUTEIBHOCTD IMAJI0OUEK, YTO MOXKHO
TPaKTOBaTh KaK MOJIE3HBIN ananTUBHBIN 3 dekT. BKilam Koa604KoBOI CUCTEMBI B 00ec-
MeYeHue YyBCTBUTEIbHOCTH YMEHBIIIAETCS C TIOHWXKEHUEM 00l111eit OCBEIIeHHOCTH, U MO0~
cJie orpene/ieHHON BeJMYMHBbI ucuesaetr coBceM. OTcrofa ciaeayer, 4To sl KOJbouyek
BO3MOXHOE TMOBBIIIEHNE YYBCTBUTEJIBHOCTM B TEMHOBYIO (pa3dy CYTOYHOTO LMKJIA HE
IOJDKHO MMETh adanTUBHOro 3HadeHusi. C Apyroil CTopoHbl, 3(deKT yBeIudeHus
[CAM®];, Ha kackan HOTOTPAHCAYKLMU B KOJIOOYKAX HEU3BECTEH, U HET OCHOBAaHMIt
ToJIaraTh, 9YTO OH JOJDKEH OBITh MaeHTHYeH 3ddekTy yBennueHus [HAM®];, B mamou-
Kax. Penepryap ajeMeHTOB KacKana (poTOTpaHCAYKIIMY B MaJoYKax U KOJIOOUYKaX OYeHb
030K, OTHAKO KaK/Iblii KOMIIOHEHT KacKaja CylIeCTBYeT B COOTBETCTBYIOIIEH Crelu-
dbuueckoii nzopopme. CTexuoMeTpuIecKoe COOTHOIIIEHUE MEXIY dJIEMEHTaMU KacKaja
TaK>Ke MOXET CUJIbHO OTJIMYAThCS B MAJIOYKaX U KOJIOOYKaX, YTO B CBOIO OYepelb BbIpaxa-
€TCSl B CYIIECTBEHHBIX (DYHKIIMOHAIBHBIX paznnuusix [22]. Kpome Toro, 0bL10 mMoka3aHo,
YTO YPOBEHb IKCIPECCUU HEKOTOPHBIX OEJIKOB-yYaCTHMKOB KacKaja B Majo4ykKax M KoJi-
60YKax B XOJ¢ CYTOUYHOIO IIMKJIA MEHSETCS IPOTUBOIIOJIOXHBIM oopa3oM [23]. I[TosaTomy
1IeJIbI0 HACTOSsIIIe paboThl ObUIO U3YYEHME MOBBIIIEHUSI BHYTPUKIIETOUHOI KOHIIEHTpa-
uun HAM® Ha paGoTy Kackaaa (GpoTOTpaHCIOYKLMU B KOJOoukax. B kauecTBe oObeKTa
U3y4eHUs: ObUIM BBIOPAaHBI KOJIOOUYKM pbIObl Carassius carassius, noBbiieHue [HAM®];,
JIOCTUTAJIOCH allIUIMKAIeil BO BHEKJIETOUHYIO cpeny 2 MKM akrtuBaropa All, ¢opcko-
JIMHA. MBI BEISICHWIN, 9YTO B KOJIOOUKaX (DOPCKOJIMH BIMSET Ha 00 cTamuu, GOpMHUPYIO-
e (GoToOTBET — pa3BUTUE OTBETA U BBIKJIIOYEHHE OTBETA, 3aMeJIsIsl KXyl U3 HUX.
B pesynbrare, B K01004YKax, B OTJIMYME OT MajouyeK, POPCKOJIMH TOCTOBEPHO HE YBEIU-
YKMBaeT YyBCTBUTEJILHOCTh KJIETOK. KpoMe Toro, B Koi6oukax (pOpCcKOIUH CYyIIECTBEHHO
(moyTu B OBa pa3a) yMEHBIIIaeT TEeMHOBOI TOK (oTopelientopa. Takum ob6pa3oM, peax-
1MsT Kackana hoTOTPaHCIYKIINY KOJIOOUKHY Ha TTOBhIIIeHUEe [TAM®];, CyIiecCTBEHHO OT-
JINYaeTcsl OT peaklMy MaJJoYKOBOTO Kackaaa. Takoe nmoBeaeHe KOJIOOUKOBOTO Kackaja
BO BpeMsI TEMHOBO (ha3bl CyTOUHOTO 1IMKJIa TAKXKe MOXKET UMETh alalITUBHOE 3HAYeHNE,
HO HE B OTHOIIEHWUM YBEJIMYEHUSI YyBCTBUTEJILHOCTHU (KaK y Tajioyek), a B OTHOLICHUU
YMEHBIIIEHUS] META00IMYeCKOil Harpy3Ky Ha KJIETKU, He (yHKIIMOHUPYIOIIME BO BpEMS
TEMHOBOM (ha3bl.

METOAbI NCCIEJOBAHUA

0m60p U nodeomoska IKCNepUMeHmaabHblX HCUBONTHBIX

Bce akcrieprMeHThI BBITIOJIHEHBI Ha ceTyaTke pbio BUna Carassius carassius, OCKOJIbKY
B MX CeT4yaTKe, KaK 1 y OOJIbIIMHCTBA pbI0, ITpeodianaioT Koinoouku. Konbouku Carassius
carassius TOCTaTOYHO KPYIHBIE M XOPOIIO ITePEHOCIT IJIUTEIbHbIE SKCIIEPUMEHTAIbHbIE
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npoTtokosibl. CoaepKaHue XMBOTHBIX U 3a00p Marepuaia NMpOU3BOAUINUCH B COOTBET-
ctBuu ¢ Guide for the Care and Use of Laboratory Animals (1996, National Academy of
Sciences, Washington, DC), a TakxXe ¢ mpaBUJlaMu, YTBEPXKICHHBIMU OMO3TUYECKOMN KO-
muccueit UD®b PAH. PuiObI comepKaluch B aKBapuyMe B J1aG0OpaTOPUU IIPU TEMIIEpa-
Type Bonbl 24°C, ¢ NBEeHAAIATUYACOBBIM LIUKJIOM JIEHb/HOYb.

Houblo niepen akcrepruMeHTOM KMBOTHBIE 12 4 amanTUpoOBaJIMCh K TeMHoTe. ['1aza
M3BJIEKAJIUCh TIPU CBETe KpacHOro (oHapsi, a JajibHelillee OTAeJeHUEe CeTYaTKU OT
OCTaJIbHBIX 000JIOUEK TJIa3a U ee pasfe/ieHue Ha 0ojiee MeJIK1ue YacTU OCYIIECTBISIIOCh
noJ OMHOKYJISIPHOM JyIToii ¢ mH@paKkpacHoi noacBeTkoii. [1orydyeHHast cycrieH3us1 U3
HeOoNbIINX (parMeHTOB CETYATKU M U30JMPOBAHHBIX (DOTOPELIENITOPOB MepemMelia-
Jlach B KaMepy JJis nepdy3uu B cOCTaBe 3KCIEPUMEHTATIbHONW YCTAHOBKM, MOCJIE YEro
MPOBOJUJICS MIOMCK M BCAaChblBaHUE KJIETKU B MUIMETKY. Bce MaHUMYNISILIUM BbINOJTHSIUCH
npu KoMHaTHo# Temrepatype (18°C).

Hcnoavzyemoie pacmeopbl

st nepdy3uu 1 MOATOTOBKHM ITpenapaToB (DOTOPELENTOPOB IMTPUMEHSLITA pacTBOp PuHre-
pa cienytonero cocrasa (koHueHTpaiyst B MM): NaCl 102, KC12.6, MgCl, 1, D-rmoko3a 5,
CaCl, 1, NaHCOj; 28, HEPES 5 u BCA 50 mr/n, pH 7.8—8.0.

PacTtBopn! uccienyeMbix (papMaKoJIOTrMYeCKUX areHToB — popckoiuH (2 MKM) u po-
suripam (10 MkM) B pactBope PuHrepa — nmosnyyanau M3 paHee MPUTrOTOBJIEHHBIX MaTOY-
HBIX pacTBOpoB B nuMeTuicyibdokcune (DMSO) ¢ koHueHTpauueit 10 MM. Bce nepe-
YuCJICHHBIE peareHTHI ObLIN pruobpeTeHsl y Sigma-Aldrich, CIIIA.

Peeucmpauuﬂ moka d)omopeuenmopoe U CMmumynsayusa ceenom

B manHOM ucclienoBaHUMM MCITONb30BAJICS METOJ, onucaHHbIii D.A. Baylor ¢ coaBr.
[24]. DxcnepyMeHT BKIIIOUAJI PETUCTPALIMIO TOKOBBIX OTBETOB KOJIOOUEK, MPUKPEIUICH-
HBIX K ceTyatke. [Ipu mepekinoyeH BXOTHOTO TTOTOKa Mepdy3upyrolmii pacTBOp 3ame-
HsUICS BO Beeit Kamepe uist nepdy3uu B TeueHue 2.5 MuH. CTUMYJISILIMS CBETOM OCYILIECTBIISI-
JIach 1O IBYM KaHaJIaM, B OTHOM 13 KOTOPBIX UICTOYHHUKOM CBETa CJIY>KWJI 3eJIeHbIi (519 HM),
a B IPyroM — KpacHbIi (632 HM) cBeToauon. MHTEHCUBHOCTD, JTUTEILHOCTh M YaCTOTa
CJIEIOBaHMST CBETOBBIX CTUMYJIOB KOHTPOJIMPOBAIUCH MporpaMmoii u ruratoii LabView
(National Instruments, Austin, TX). CBeroBast CTUMYJSLIMS Ha OBYX pa3HBIX IJIMHAX
BOJTH TIPUMEHSLIACh TSl OTPeeIeHUsT CIIEKTPaTbHOTO THITAa KojiboyeK. KOoHTposb MHTEH-
CHUBHOCTU CBETOBBIX CTUMYJIOB OCYIIECTBIISUICS C TOMOIIBIO CEPBIX HEHUTPaTbHBIX CBETO-
unbTpoB 1 Toka cBetonrona. CtaHaapTHAs JUIMTEJIBHOCTD BCITBIIIKY COCTAaBJIsLIA 2 MC.

DKcnepumeHmanvHulil RPOMOKON

ITocie oMellieHNsT BO BCAaChIBAIOLLYIO MUIETKY Y KOJIOOUEK B OIpPeIeIeHHOM MOpPSIIKe
3aMyChIBAJINCh OTBEThl Ha CBETOBbIE CTUMYJIbl BO3pacTarollleii MHTEHCUBHOCTU, B TOM
YKCJIe HAChILAIOLIEel UHTEHCUMBHOCTH, ITOCJIE Yero nep@y3upyroLIunii pacTBOp 3aMEHSLI-
Cs Ha pacTBOP, CoAepKallnii GOPCKOJIIMH WIN POJUIipaM. B HOBOM pacTBope KJIeTKU UH-
KyOupoBaInuch 0KoJji0 20 MUH, MOCJIE YeTo MPOTOKOJ 3alIUCH OTBETOB ITOBTOPSIJICS.

B xone uccnenosanmii oueHuBascst apdekT popckonmHa (2 MKkM) 1 ponumnpama (10 MKM)
Ha XapaKTepUCTUKU (HOTOOTBETOB, a TAKKe ObLIM IPOBEAECHBI KOHTPOJIBbHBIE KCIEPU-
MEHTBI C TEM K€ MPOTOKOJIOM, HO 06e3 J00aBIeHUsI UCCIIeAyeMBIX (hapMaKOJIOIrMYEeCKUX
areHTOB [Jis CpaBHeHUs. B Kaxknmom skcnepumeHTe (¢ MHKyOaluei B pacTBopax (popcko-
JIMHA U poJIMIpaMa) Wi IPU 3aIMCU KOHTPOJIbHBIX 9KCIIEPUMMEHTOB B HOPMaJIbHOM pac-
TBOpe PuHrepa onieHuBaIMCh mapamMeTpbl POTOOTBETOB KOI00UYEK (OIMCAaHbI HUXKE) 10 U
nocJje UX ABalIaTUMUHYTHOM MHKYOAlIMK1 B 3aJaHHOM pacTBOpE.
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Puc. 1. OTBeTbI KOJIOOYEK Ha CTUMYJIBI BO3pacTaloLIell MHTEHCUBHOCTU B YMCTOM pacTBope Punrepa (4) u B pac-
TBOpe Punrepa c opckonmHom (2 MKM) (B). MTHTEHCMBHOCTB BCTIBILIKM JUTSI KAXIOT0 OTBETA Ha pUC. A COBIaiaeT
C MHTEHCHBHOCTBIO /ISl COOTBETCTBYIOLLIETO OTBeTa Ha puc. B. C — aHAIM3 U3MEHEHMsI YyBCTBUTENILHOCTH KOJI004-
KU T10 MOJIOXEHUIO KPUBOI OTBET-MHTEHCUBHOCTD (CIUIOLLIHASI KPUBAasi — OTBETbl B HOPMAJILHOM pacTBope PuHre-
pa; MyHKTUPHAasl KpUBasi - OTBETHI ITOCJIe MHKYOalmy B TeueHre 20 MUH B pacTBoOpe, cozepkailieM (GopcKOIH).
Fig. 1. Responses of cones to stimuli of increasing intensity in normal Ringer’s solution (4) and in Ringer’s solu-
tion with forskolin (2 uM) (B). The flash intensity for each response from the panel A coincides with the intensity
for the corresponding response in the panel B. C — analysis of the sensitivity change by the shift of the response-
intensity curve (solid curve shows are responses in normal Ringer’s solution; the dashed curve shows responses
after incubation in forskolin-containing solution for 20 min).

Pe3ynbTaThl JUIs KOHTPOJIBHBIX KOJIGOYEK ITO BCEM UCCIIEAyeMbIM TTapaMeTpaM (HoTo-
OTBETOB VCTIOJIb30BAJIUCH JIJIST CTATUCTUYECKOTO CPaBHEHHSI C TPYIIaMU KOJI004YeK, TTO-
BEPTIINXCS BO3MENCTBHIO (DOPCKOIMHA WIIM POJTUTIpAMa.

Hccnedyembie napamempol pomoomeemos

Mpbl ontleHUBaJM 3G GEKTHI KCCIETyeMbIX BEIIECTB Ha YyBCTBUTEIBHOCTb KOJIOOUEK K
CBETYy, YpOBeHb TEMHOBOTO TOKAa M KHHETHKY (DOTOOTBETA KaK Ha ciabble, TaK U Ha HAChI-
IIAOITE CTUMYJTBI.

H3MeHeHUe YyBCTBUTEIBHOCTH KJIETKM OLEHMBAJIOCH ABYMSI CIIOCOOAMU: MO CIBUTY
KpUBOil “OTBET—MHTEeHCUBHOCTDL” (puc. 1C), CIBUT KPUBOii olleHMBaJICS Ha ypoBHe 50%
OT MAaKCUMAJIbHOTO OTBETA KJIETKH, Y TOTOJHUTENBHO — 10 U3BMEHEHUIO BEJIMYUMHBI HOP-
MUPOBaHHOTO (POTOOTBETA Ha cla0ble, HEHACHIIAIOIIUE, CTUMYJIbL.
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Puc. 2. YcpenHeHHbIe OTBETHI BCeii rpyMIibl KJIETOK B pacTBope PuHrepa 1o nHKybauuu, rnocjie nHKyoaunu (B
TedeHue 20 MUH) B YMCTOM pacTBope PuHrepa (KOHTpOJIb) U TOCTE MHKYOAIlMM B PacTBOPE, COmepKalleM
2 MKM dopckoanHa.

Fig. 2. Flash responses averaged over the entire group of cells in Ringer’s solution before incubation, after incubation
(for 20 min) in normal Ringer’s solution (control), and after incubation in a solution containing 2 uM Forskolin.

M3MeHeHUs1 ypOBHSI TEMHOBOT'O TOKa OIPEACIISIIUCh KAK OTHOILICHWE aMITIUTYIbl Ha-
CBHILLIEHHOTO OTBETAa KJIETKM TOC/ie MHKYOallUuy mperapara ¢ MCC/IeyeMbIM BEIllECTBOM K
aMIUIUTY/Ie OTBETa B HOpMaJbHOM pacTtBope PuHrepa.

st aHaim3a KWHETUKU OTBETOB Ha HEHACHIIIAIOIIE CTUMYJIbI OLIEHMBAIACh BOCXO-
ngiast ¢asa OTBETOB, KaK YCpeaHEHHbIe 3HaUeHHUs BceX (POTOOTBETOB OJHOM UHTEHCHB-
HOCTH (00 MHKYOALIMU, TTOC]Ie MHKYyalluu B pacTBope PuHrepa 1 nmocjie MHKyOaluu B pac-
TBOpe ¢ hopckommHOoM) (puc. 2), a Hucxomsas ¢asa GoroorBeTa anmpoKCUMUPOBa-
JlaCh OJHOSKCIIOHEHLIMAJIbHOM (yHKIMeil B mporpamme Microsoft Excel (puc. 3),
y4acToOK Hucxonsiieil ¢a3bl OTBeTa, MPUTOIHBINA [IJisI anIlpOKCMMAallMU, BHIOMpasics Ha
OCHOBaHMU BU3YaJIbHOU OLIEHKM. Takasl anmnpoKcuMaiiys AaBajia MOCTOSIHHYIO BpEMEHU
BbIKTIOUeHUST (poTooTBeTa. KMHETHKA BBIKJIIIOYEHUSI HACBHIIIEHHBIX OTBETOB M3y4alUCh
MOCPEACTBOM OLIEHKM BpEMEHHU IpeObIBaHUS OTBeTa B HachlleHuu (Bpemst 10 20% Boc-
CTaHOBJIEHUSI TEMHOBOI'O TOKA IOCJIe Hayaja (poTooTBeTa, puc. 4). Ij1s1 Bcex mapaMeTpoB
CpaBHUTEJIbHBIN aHAIN3 IIPOBOAWJICS HAa OCHOBE JAHHbBIX, 3apETUCTPUPOBAHHBIX B CTAH-
IapTHOM pacTtBope Punrepa u B pactBope PuHrepa ¢ no6asieHueM 2 MKM ¢dopcKkoanHa
unu 10 MkM unruouropa ®J19D 4 Tua, poaurpama.

Obpabomia danHbix

O06paboTKa 3KCIEPUMEHTAIbHBIX JaHHBIX MPOU3BOAMIACH ITPU TTOMOILIM ITPOrpaMM
Microsoft Excel (Microsoft), GraphPad Prism 8 (GraphPad Software) u makera mpo-
rpamm LabVIEW (National Instruments).
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Puc. 3. CpaBHeHME KMHETUKM HEHACBILIEHHBIX OTBETOB C UCIOJIb30BAHUEM 3KCIIOHEHLIMATbHOTO MPUOIMKe-
HUS HUCXOAAWEN (asbl, Ty — MOCTOSHHAS BDEMEHU SKCTIOHEHTHI.

Fig. 3. Comparison of the kinetics of non-saturated responses using the exponential approximation of the declin-
ing phase, T, — time constant extracted from approximating exponent function.
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Puc. 4. Bpemst npeObIBaHUSI KOJIOOYKM B HACBILIEHUH TOCJIE SIPKOl BCIBILIKKU CBETa B pacTBope PuHrepa u B
pactBope (hOPCKOJIMHA.
Fig. 4. Time in saturation after bright flash of light, in normal Ringer’s solution and in forskolin-containing solution.

CraTUCTHUYECKYI0 00pabOTKy MPOBOAMIN MPU MOMOIIHY MakeTta rmporpamMm SPSS Sta-
tistics 22 (IBM). HopMasibHOCTB pacripeesieHUsI BBIOOPOUHBIX JaHHBIX TPOBEPSLIACH C
npuMmeHeHueM kpurtepus Llanupo—Yuika. [TockoabKy MHOTHE U3 UCCIEI0BAHHBIX 110~
Kazareyieii He MMeJIM HOPMaJIbHOTO paclpenesieHUsI, IS CpaBHEHUS TPYITI MCITOJIb30-
Bajcsa H-kpurepmii Kpackena—Yosiuca ¢ arnoctepuopHbIM TMOMApHBIM CpaBHEHUEM
KputeprieM MaHHa—YUTHHU ¢ TionpaBkoii boHdeppoH Ha MHOXECTBEHHbIE CPaBHEHMSI.
Paznuuust cunTaich JOCTOBEPHBIMU MPY YPOBHE 3HAYMMOCTH HYJIeBOi rurote3sl p < 0.05
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(c monpaBkoiit boudepponu p <0.025). JlaHHbIe HAa pUCYHKaX MpeacTaBJIeHbl KaK Meaura-
HBI U KBapTUIu (puc. 5).

PE3VJIBTATHI UCCIIEAOBAHUA

BcacrpiBaroiasi muneTka 1mo3BoJjisieT perTMCTpupoBaTh BHEKJIETOUHBIN TOK. [1pu pabote
¢ najouykamMu am¢uouii BO3MOXHbBI BapHaHThl PETMCTpallMi TOKa KaK B KOH(Urypauuu at-
tached cell (xyieTKa MpUKperUieHa K HeOOJIbIIOMY (DparMeHTy CETYATKM U OTHOCUTEILHO WH-
TaKTHA), TaK U B KOHUTypauuu isolated cell. B iociaeqHeM ciydae BO3MOXHA KOH(PUTY-
panys inner segment in (BHyTPEHHUI CETMEHT BHYTPU MTUITETKU, HAPY>XKHBII CETMEHT 10~
CTyrmeH sl (hapMaKOJOTMUEeCKOTO BO3MEUCTBUSI, B TOM YHWCINE IUIST OBICTPOIl 3aMEHBI
nepdy3upyIoIIero pacTBOpa) WK outer segment in. B HacTosei padbore 1151 perucTpa-
MY ToKa (hoTopelenTopa MCIojb3oBagack KoHMuUrypamus attached cell, ipu KOoTopoit
HapY>XHBII CETMEHT KOJIOOUYKM HAXOMUTCSI BHYTPU PETUMCTPUPYIOIIECH MUIIETKU, a BHYTPpEH-
HUI CErMEHT 3KCIIOHMPOBaH HapyxXy. PaHee Ha M30/MpOBaHHBIX MperapaTax Majiovek Jisi-
TYIIKY MBI TOKa3aJin, 4To 3G GeKT (HOPCKOIMHA MPAKTUYeCKU MHBApUAHTeH K KOHMUTY-
paluu 3anucu (outer segment in U inner segment in) [16], TT03TOMY B paMKax TaHHOM pa-
OOTBI MBI OXMIAU, YTO (DOPCKOJMH, BO3MECUCTBYIOIIMI Ha BHYTPEHHMI CErMEHT
KoJIO0UKU B KOHUrypauuu attached cell, BbI3biBan Takoi ke 3(h¢heKkT, Kak eciau Obl OH
BO3/IECTBOBaJ Ha CBOOOMHBIN HAPYXKHBIA CETMEHT KOJOOUKMU.

B oTBeT Ha CTUMYNSALIMIO KOPOTKOM (2 MC) BCIIBIIIKOII CBeTa KOJIOOYKA TeHEepPUPYET
OIHOITOJISIPHYIO BOJIHY YMEHbIIIEHUS TOKa (puc. 14, HaGop OTBETOB HAa CTUMYJIBI Hapac-
TaIIeif ”HTEHCUBHOCTA B HOPMaJIbHOM pacTBope PuHrepa). JIish BceX OTBETOB ObLIN
MPOaHaIM3UPOBaHbI U3MEHEHU S BEJIMYMHBI TEMHOBOTO TOKa (/3), KUHETHKA HapacTaHUs
U cniaga GoToOoTBeTA (Tys), a TAKKE U3MEHEHUS YyBCTBUTEIBHOCTU. IS Beex KOJIOOUeK
CTPOMJINCHh KPUBBIE YYBCTBUTEIBLHOCTH K KPACHOMY WM 3€JICHOMY CTUMYJIY, IOCJIE Yero
MPOTOKOJ PETUCTPALIMK (POTOOTBETOB HA CTUMYJIBI HapacTarollleil ”THTEHCUBHOCTY TTPOBO-
TAJICST TIPY CTUMYJISIIIMY 3€JIEHBIM CBeTOM. CIIEKTpaTbHbIN THUIT KOJOOYKM OTIPEeIISICs
MoCjie OKOHYAHMS 9KCIIEpUMEHTa IpUu 00paboTKe naHHBIX. O0lIee KOINYEeCTBO KPACHBIX
KOJIOOYEK COCTaBJISIIO ¥ OT 001IEero KoJIM4ecTBa 3ejieHbIX Kobouek. B obieit cratuctu-
Ke naHHbIX (21 Kj1eTKa), Mbl He JIeJIaJIv pa3lie/IeHUsI Ha KpacHbBIE U 3eJICHbIe KOJIOOUKMU.

Konmponw eausnus ecacviearoueii nunemxu. B HopmaabHoM pactBope Punrepa 3a 20 MuH,
YTO MPUOIU3UTETHEHO COOTBETCTBYET BPEMEHH MTOJTHOTO Pa3BUTHSI PEaKIIMU KOJIOOUYKH Ha
MHKy0a1uio B 2 MKM pacTBope (hOpCKOJIMHA, TEMHOBOM TOK CHYKajICS Ha 13 £ 6% (n = 14).
OcrtanbHble TIapaMeTpbl OTOOTBETa — YYBCTBUTEJIBHOCTb M CKOPOCTHM HapacTaHUsl U
crajga, He IoKa3ajyu CTaTUCTUYECKU JTOCTOBEPHBIX U3BMEHEHUIA.

Dopckorun eausem Ha MeMHOBOU MOK K0a1004eK u KuHemuky gpomoomeema. 20-MUHYT-
Has UHKy6aums B 2 MKM (hopcKogrHa TPUBOIUT K IMOUYTH IBYKPATHOMY YMEHBIIIEHUIO
TeMHOBOro Toka (tabj. 1). Kpome Toro, B pactBope ¢ (pOpCKOIMHOM 3aMeISTIOTCS oba
npoliecca, popmupyloire ¢GoToOTBET KOJIOOUYKM — HapacTaHMEe OTBETa M CIall OTBeTa.
OT1OT 3(h(heKT XOpOoI10 BUIEH HA PUC. 2, HA KOTOPOM IPEACTaBIEHbBl OTBEThl HA CTUMYJI
OIMHAKOBOI MHTEHCUBHOCTH, YCPETHEHHBIE MO BCEM BKIIIOYESHHBIM B aHAJIU3 KJIETKAM U
3aperMCTPUPOBAHHBIE B HOPMaJIbHOM pacTBope PuHrepa mo WHKyGalMu B JIOOOM U3
pacTBopoB, Tocie 20-MUHYTHOM MHKYOAIIM B HOPMaJIbHOM pacTBope PuHrepa u mocie
20-MuHYTHOI MHKYOauu B pactBope PuHrepa, comepxkaiiem 2 MKM dopckonuna. s
KOJMYECTBEHHOM OIIEHKM 3aMellJIEHUS Criafa OTBeTa KOJOOUKM Ha BCTIBIIIKY CBETA HUC-
xonsmast paza oTBeTa alllIPOKCUMMPOBajach 3KCIIOHEHIIMAIbHOI (yHKIMe (puc. 3).
IMocTositHHAst BpeMEHU CITajia OTBeTa yBeJIWYUBaiIach Mo AeiicTBueM (hopcKonHa 6oiee
yeM B 1Ba pa3a (tadi. 1).

Ananu3s addexra popcKkoaHa Ha KUHETUKY BOCXOSIIEN (pa3bl HEHACHIILIEHHOTO OT-
BeTa TMPOBOAMWJICS IO YCPEOHEHHBIM IS BCEX aHAJIM3UPYEMBIX KJIETOK OTBeTaM Ha
BCITBIIIKY OTHOM Y TOi K€ MHTEHCUBHOCTH JI0 U MOCJIe BO3ICHUCTBUSI UCCIISTyeMOIo Be-
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Puc. 5. luarpaMMbl CpaBHEHUSI U3MEHEHUsI TTapaMeTpOB IO/l BO3IEUCTBMEM BELIECTBA OTHOCUTEIBHO KOH-
TPOJIbHOM TPYMIIbI KJIETOK, # — KOJUYECTBO KOJIOOUEK B rpymre: A) u3MEHEeHUe aMILIUTYIbl TEMHOBOIO TOKa;
B) u3aMeHeHUe YyBCTBUTEIbHOCTH MO aMIUIUTYAEe HOPMUPOBAHHOrO oTBeTa; C) M3BMEHEHUE YyBCTBUTEIbHOCTU
MO CABUTY KPHMBOI “OTBET—MHTEHCUBHOCTH”; D) CpaBHEHHE KMHETUKU HACHILIEHHBIX (DOTOOTBETOB MyTeM
ornpeneeHusi BpeMeHU OTBeTa B HachillleHuH; E) cpaBHEHHE KMHETUKU BBIKJIIOUEHMST (POTOOTBETA IMyTEM
orpeneseHus MOCTOSIHHOM BPEMEHU BBIKJIIOYeHUs (T). ¥ — nocToBepHble pasiunuus no U kputepuio MaHHa—
YutHu ¢ nonpaskoit Bondepponu (p < 0.025) Mexx1y KOHTPOJIBHOM TPYIIION KJIETOK U TPYNION KJIETOK, MHKY-
OUPOBABIINXCSI B pacTBOpe ¢ GOPCKOIMHOM. JlaHHbIE BbIPAaXXeHbI KAK MeIMaHa U KBAPTHIIH.

Fig. 5. Comparison of parameter changes under the action of a substance relative to the control group of cells, n is
the number of cones in the group: A) change of the dark current; B) change of the sensitivity assessed by normal-
ized response amplitude; C) change of the sensitivity assessed by the shift of the “response vs. intensity” curve; D)
comparison the kinetics of saturated photoresponses by determining the time in saturation; E) the kinetics the
photoresponse turn-off by determining the time constant of the response decay (7). * — significant differences in
the U Mann—Whitney test with Bonferroni correction (p < 0.025) between the control group of cells and the
group of cells incubated in the solution with forskolin. The data presented as a Median and Interquartile range

1ecTBa. Y Kaxnoi MHAWBUIYTbHON KOJOOYKU TaKOM aHAIU3 HE TIPEICTaBISIETCS BO3-
MOXHBIM 13-3a ymMa ¢otooTrBeTa. CTereHb M3MEHEHUSI CKOPOCTU aKTMBAIlMK KacKaaa
ObLTa OlleHEeHA TT0 YCPEeTHEHHBIM TSI BCeX KJIIETOK OTBETaM, B HOPME M ITOCJie MHKYOaIun
B ¢opckonauHe (puc. 2). YMeHBIIEHHBIN BCISACTBUE YCPEOHEHUS IITyM SKCIICPUMEH-
TaJbHOM KPWBOI1 Jie1aeT BO3MOXHBIM CPaBHEHME ABYX KPUBBIX M MOKAa3bIBAET 3aMeJie-
HUEe CKOPOCTHM HapacTaHMsI OTBETa Mo aeiicTBueM (DOpPCKOIMHA.

Dopckorun eausem Ha 6pemMsa HACbLUEHUA KOAO0YKU, HO HE HA YYECMEUMEeAbHOCHb (homo-
omegema. VI3BeCTHO, UTO JOCTATOYHO SIpKasl BCIIBIIITKA CBETa BbI3bIBAET TUIPOJIM3 CBOOOI-
HOI (hpaKklMy BHYTPUKIIETOUHOTO mysia il M® 10 ypoBHsI, TP KOTOPOM 3aKPBIBAIOTCSI
Bce uI' Md-3aBucrMbIe KaHaJbl IUIa3MaTU4ecKoii MeMOpaHbl. B pesynabrare ul' Md-3a-
BUCUMBIIi (DOTOTOK TMpeKpalaeTcsi, U KJIeTKa BXOAUT B COCTOSIHUE HACBIIIIEHUS, a BpeMsI
npeObIBAaHUSI B HACBIIIIECHUY 3aBUCUT OT MHTEHCUBHOCTH BCIIBIILIKM M OT YYBCTBUTEJIBbHO-
cTH Kackaga (ororpaHcayKiuu. Takum o6pa3oM, BpeMst TTpeObIBAHUST KJIIETKU B COCTOSI-
HUW HACBIIIEHUST KOCBEHHO XapaKTepu3yeT YyBCTBUTEILHOCTD KIIeTKH. Harm pe3yabraThl
MoKa3ajii, YTO MHKYOa1vs B (DOPCKOIMHE YBETNIMBAET BpeMsI IMpeObIBaHUS KOJIOOUYKU B
COCTOSIHMM HachIleHUs B 2.2 pa3a (tabi. 1, puc. 4).

MN3MeHeHre 4yBCTBUTEILHOCTH OLIEHUBAIOCh 10 U3MEHEHUIO BEJIMYMHBI HOPMUPO-
BaHHOTO (DOTOOTBETA Ha BCIBIIIKY CTAHAAPTHOM MHTEHCUBHOCTH WX TT0 UBMEHEHMIO T10-
JIOXKEHUsI MOJTYHACHIIIAOIIEe NMHTEHCUBHOCTU CTUMYJIa Ha KPUBOM “HOPMUPOBAHHBIN OT-
BeT—uHTeHCUBHOCTE” (puc. 1C). [locnennee siBnsieTcss 6ojiee 00BEKTUBHOI OLIEHKOM IyB-

Taomuua 1. CBomHast Tabuiia pe3yIbTaToB (CpeiHee 3HaueHue + cTaHaapTHasl OIIMOKa CPeTHEro
3HAYECHMS)
Table 1. Summary table of results (mean value * standard error of the mean)

OTHollIeH1Ee TapaMeTPOB
parameters ratio (after action/before action)

KMHETHUKA BBIKJITIOYCHUS CI)OTOOTBCTB.
kinetic of turn-off photoresponse

YYBCTBUTEJILHOCTh
sensitivity

TEMHOBOII TOK

dark current

CpaBHEHUE aMILTUTY
amplitude of normalized

10 CABUTY KPUBOIL
shift of “response—in-

TIOCTOsIHHAsI BDEMEHU
BBIKJTIOUCHM S

BpeMsI OTBETaA
B HaCbIIIEHU N

resPOnse tensity”-curve time constant time of stay
P y of falling phase in saturation
KouTpons 0.87 £ 0.06 0.98 £ 0.12 1.03 £0.02 0.83+0.06 1.03 £0.02
control
Ponunpam 0.78 £ 0.11 1.00 £ 0.14 0.91 £0.11 1.12 £ 0.09 1.21 £0.05
rolipram (10 uM)
DopckonuH 0.58 £ 0.05 1.L12+ 0.1 0.87 £ 0.07 2.05+0.26 2.23+0,.0

forskolin (2 uM)
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CTBUTEJILHOCTH, TaK KaK MPUHUMAET B pacyeT BEeJWYUHY HE OJHOTO, a HECKOJbKUX
OTBETOB KJIETKM HAa CTUMYJIbl pa3HON MHTEHCUBHOCTU. OKa3ajoCh, UTO YYBCTBUTEIIb-
HOCTh CTATUCTUYECKM 3HAYMMO HE U3MEHSJIACh HU IO OJHOMY U3 MCCJIeNyeMbIX Tapa-
MeTpoB (puc. 5, Tabi. 1).

Poaunpam ne erusem na eeauuuny memnog020 moka, 4y8cmeumenbHOCMsy U KuHemu4e-
ckue napamempbl homoomeema koabouku. BoamoxxkHoe BiustHue nHruouropa O 4 tu-
1a — poJUIIpaMa u3y4ajoch Mo MPOTOKOJTY, aHAJJOTUYHOMY ITPOTOKOJTY C UCITOJIb30BAHU -
eM dopckonrHa. CpaBHUTEIbHBIN aHAJIN3 TapaMeTPOB, OMMMCHIBAIOIIMX PAbOTy Kackama
¢doToTpaHCAYKILIMH, ITOKA3aJl, YTO YPOBEHb TEMHOBOIO TOKa B pe3yJbTaTe 20-MUHYTHOM
nepdy3un pacTBOPOM, COIEPKAIIMM POJIUIpaM, yMeHblnaeTcss Ha 22 + 11% (n = 8), uyto
COITOCTABMMO C BeJUYMHOU 13 + 6%, MojlydeHHOU B KOHTPOJBHBIX 3KCHEPUMEHTaX C
nepdysueit pactBopom PuHrepa. YyBCcTBUTEILHOCTD MO, ASMCTBHEM pOJIMIIpaMa yriajia Jo
91 + 11% ot xoHTpoNBHOI (7 = 7, p = 0.71). BeIKITIOUeHMe OTBeTa KOJIOOYKM Ha BCIIBIIIIKY 3a
Bpems nepdy3uu ¢ porunpamMom 3amemniiocsk B 1.12 + 0.09 paza (n =8, p = 0.13) (8 1.3 paza
B KOHTPOJIBHBIX 3KCHepuMeHTax). TakuM obpa3oM, HUKaKMe U3 OLIEHEHHBIX IapaMeT-
pPOB paboThl Kackana OTOTPAHCAYKIIMM HE JIEMOHCTPUPYIOT CTATUCTUYECKU 3HAYMMOM
3aBUCHMMOCTH OT aIlllJIMKAIMU pojimipama (puc. 5).

OBCYXIEHMUWE PE3VJIBTATOB
Annaukauus hopckoauna u nogvlieHue sHympuKkiemo4nol konuenmpauuu yAM®P. Bnu-

ssHUe (OPCKOJMHA Ha ypoBeHb [UAM®],, B HapyXHBIX CErMEHTaX MaJOYKH JIATYLIKU
Rana ridibunda 6p110 HaMM paHee MMOKa3aHO 3KCIIEpUMeHTaIbHO [14]. MBI ycTaHOBWIN,
YTO MHKYOAIIMsI M30JIMPOBAHHOM CEeTYaTKU JISITYIIIKY B TeueHue 17 MuH B pactBope PuHre-
pa, coaepxaiueM 2 MKM ¢dopckonrHa, yBeanuusaeT [HAM®];, B Hapy>KHBIX cerMeHTax
dotopenenTopoB, KOoTopble MpencTabiieHsl Ha 98% mnanoukamu, B 2.5 pa3a. B Hacrosieit
paboTe MBI He TPOBOAMIIN TpsiMoe u3MepeHue [HAM®];, B Hapy>KHBIX ceTMeHTax oTope-
LEeNTOPOB PHIOKLI, OMHAKO U3BECTHO, U4TO Bo3nelicTBue 1 m 10 MKM dopckonmHa Ha N30/~
POBAHHYIO CETYATKY KYPHIIbI, B KOTOPOii, KaK U B CETYATKE PHIObI, JOMUHUPYIOT KOJIOOU-
KM, BbI3bIBaJIO POCT ypoBHSI HAM® B ceTuaTke B 2.1 1 2.3 pa3a coOOTBETCTBEHHO [27].

Bauanue nosviwenus [UAM®P];, na pabomy kackada ¢omompancOyKuuy é Koa0ouKax.
OCHOBHOI1 BBIBOJI HACTOSIIIEH pabOThl COCTOUT B TOM, UTO peakius Kackana ¢oToTpaHc-
IYKIIUY KOJI0O0YeK Ha ToBbIeHNe [HAM®];, 3aMeTHO OTIIMYaeTCs OT peaKIMy KacKana
B najioukax jisiryiku. [lepBoe oTinume 3aKiIovyaeTcs B peakKliui TEMHOBOTO ToKa ¢hoTope-
mentopa Ha yBenumdeHue [MAMO®];, — vy majovex JISITYIIKY OH TOCTOBEPHO HEe MEHSIETCS, a
y KoJIOOYEK PBIObI yMEHbIIIaeTCs IIOYTH B 1Ba pa3a (puc. 14, B, tabi. 1).

Bropoe oTiinyre cocTOUT B UBMEHEHUU CBETOYYBCTBUTEIbHOCTH MaJIOYEK U KOJIOoUeK
B oTBeT Ha yBennueHue [HAM®]; .. C onHoit cTOpOHBI, (DOPCKOTIUH YBEIUYUBAET BPEMsI
npeObIBaHUS KOJIOOYKM B HACHIILIEHHOM COCTOSTHUM (puc. 4, Tabj. 1) B 2.2 pa3a, 4To npu-
MEPHO COBITaJaeT C peaklinen najodyek Ha ¢opckouH [14]. BpeMs nmpeObIBaHUST B HACHI-
IIIEHUU ONpeaesieTCss MHTerpajioM (pOTOOTBETa KJIETKU, KOTOPBI, KaK XOPOIIIO BUIHO
Ha puc. 4, 3HAUUTETLHO YBEJIMUUBAETCS 1O/ BO3/IeiicTBUEM (hOPCKOJIMHA.

VY nanouyku npu ypeandeHuu [HAM®];, He U3MeHsIeTCsl CKOPOCTb HapacTaHUs OTBETA,
HO 3aMeJJISIeTCs €T0 BbIKJIIOUEeHUE. BeiencTere aToro OTBeT Najouyku Ha CBET YBEJIUYHM-
BaeTcs Mo aMILIUTYe Oojiee yeM B JBa pa3a [14]. Y kojibouek BeIKIIOYeHHE (hOTOOTBETA
TaKXKe 3aMeJISIeTCSl B 1Ba pa3a, OJHAKO JTOCTOBEPHOIO YBEJIWUYECHUSI aMIUIUTYAbl OTBETa
HE TPOUCXOOUT M3-3a TOTO, UTO CKOPOCTh HapacCTaHUsI OTBETAa TaKXe YMEHbIIIAeTCs.
B pesynbrare 4yBCTBUTEIBHOCTD KJIETKH, OMpeaesisiemMasi 1o aMIUIUTYIe HOPMUPOBaHHO-
ro OTBETA Ha HEHACHIIIAIOIIMI CBETOBOI CTUMYJI, HE U3MEHSIETCSI.

MoXHO TIpeIOXUTh Cleaytolee oObsICHEHWe pa3HUIIbl B peakliuM Kackaaa ¢GoTo-
TPaHCAYKIINY NTAIOYEK U KoJIoo4yeK Ha [TAM®];,. ¥ mamodek ¢hOpCKOIMH U TTOBBIIICHUE
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[LAM®];,, npuBOAUT K yBearueHuo B 1.6 pa3a BHyTPUKIIETOUHON KOHIIEHTPALUU KaJlb-
1M1, oqHaKo ypoBeHb [ M®P];, 1 TEeMHOBOI1 TOK HE U3MEHSIIOTCS 13-3a KOMIIEHCAaTOPHO-
ro BavsgHus TAM® Ha TeMHOBYIO akTUBHOCTE DJID6 (00bsicHeHus B [14]). K coxane-
HUIO, B KOJIOOUKAX, U3-32 OCOOEHHOCTEl KWHETUKU UX OTBETOB, OMPENEIUTh BOZMOXHbIE
W3MEHEHUS [Caer]irl TeM XKe CIIocoboM (10 KMHETUKEe OOMEHHOIO TOKa) He IMPeaCTaBIIsI-

eTCsl BO3MOXKHBIM, OHAKO MOXHO MPEANONoXUTh, uto [Ca’*];,, Kak U B majgoykax, yBe-
JnarBaeTcs. B Takom ciydae, XOpoImo M3BECTHBIN 3(hGEKT YMEHbIIEHUST aKTUBHOCTHU
I'll mon Bo3neiicTBMEM MOBBILIEHHOTO [C32+]in [28, 29] u oTcyTCcTBUE Yy KONOOUEK KOM-
MEHCAaTOPHOrO YMEHbIIEeHUsT aKTUBHOCTH DJID6 0OBICHSET yMEHbIIIEHHE TEMHOBOTO
ToKa. 3aMeyIeHUe BBIKIIOUEeHUsT (pOTOOTBEeTa y KOJIOOUEK MOXET ObITh OOBSICHEHO, MO
aQHAJIOTUH C TTAJIOYKAMU, YBEJIMICHUEM BHYTPUKIETOYHOM KOHIIEHTPAIINY KaTbIIMSI.

TakuM 06pa3oM, TPUHIUITUAIBHO PAa3TUIHBIMU OCTAIOTCS PEaKIIMKM Ha yBeJUYCHUE
[TAM®];,, reMHOBOI1 akTUBHOCTH DPJID6 1 cKOpOCTH HapacTaHUs (GOTOOTBETA, a UMEH-
HO — TIOBBIIIEHHBIN YypoBeHb [TAM®];, yMeHbIIIaeT TEMHOBYIO aKTUBHOCTH DJID6 B 11a-
JIOUKax, HO He B KOJIOOYKAaX, U TIOBBIIIEHHBI! ypoBeHb [HAMP];, 3aMeisieT HapacTaHue
(oTooTBeTa B K0IO0OYKAX, HO HE B Majioukax. MMeloluecst 1aHHbIe He MO3BOJISIIOT Cle-
JIaThb OKOHYATEJIbHBIN BBIBOJI O MPUYMHE 3TOM Pa3HUIIBLI KpOMe OOIIETo apTyMeHTa O TOM,
YTO KacKaabl (POTOTPAHCAYKIIUM B MAJIOYKaX U KOJIOOYKAX MPEACTaBICHBI pa3TUnIHBIMU
HabopaMu OEJIKOB, XOTS U C aHAJIOTUYHBIMU (DYHKIUSIMU, HO JOBOJBHO PAa3TUYHBIMU
cBoiicTBamu [22, 26]. HecoMHEHHO, OIHAKO, YTO OMMCAHHOE MOBeAeHUe Kackana (poTo-
TPAHCOYKIIMM KOJIOOYEK MOXET MMeTh amanTuBHoe 3HadeHue [29]. KoHmeHTpamus
HAM® B hoTOpelienTope MOBBIIIAETCS BO BPEMSI TEMHOM (ha3bl CyTOYHOTO LIMKJIa, KOTIa
YPOBEHb OCBEIIIEHUST HEIOCTaTOUeH i1 paboThl Kojibouek. B TakoM ciydyae CHUKeHUe
YPOBHSI TEMHOBOTO TOKa M 3aMeJIeHNe BCeX peaKlMii Kackaga OTOTpaHCIyKIIMU MOX-
HO MHTEPIIPETUPOBATh KaK MEPEXo/l B PEXKUM MeTabOJINUUYEeCKOl SKOHOMUM.

Poaunpam. UKyOa1ms KoinbodeK peIOBI C pOJIUIIPaMOM B KOH(UTypaumu “attached cell,
outer segment in” He TIPUBOWIIA K CTATUCTUYECKU 3HAUUMBIM U3MEHEHUSIM HU OJHOTO U3
ucclieayeMbIX mapaMeTpoB (OTOOTBETOB Koibouek. Ponumnpam sBisieTcsl ceeKTUBHBIM
uHruoutopom MJID4, 1 HanMIKMe peakuy (OTOPELIENITOPHOM KJIETKI Ha POJIUTIPAM MOT-
JIO OBbI CIYXXUTb KOCBEHHBIM TOATBepXkKIeHeM TpucyTcTBusi MJID4 B k0160YKax phIOHI.
Takue nokaszaTenabcTBa ObLIM MOJYYEHBl HAMM paHee ISl NMajloyek JISITYLIIKU — UHKYyOa-
111 U30JIMPOBAHHBIX MaJIoueK B KOHMUTrypaiuu “inner segment in” B 10 MKkM ponunpama
BbI3bIBaJIa 3(hdeKThl, 61nu3kue K apdekTy nHKybalmuu B 2 MKM dopckonunHa. Bo3aMox-
HBIM OOBSICHEHHEM OTCYTCTBUS 3¢ ¢deKTa poaunpamMa B ciiydae KojJ0ouyeK MOTyT ObITh 1)
HEIOCTYITHOCTh MUIlIeHN posnmipama, @194, n3-3a MHBepTUPOBaHHO# KOHOUTYpaIium
pAacCIIONIOKEHUS KJIETKU (HapyXXHbIii CErMEHT KOJIOOYKM HAXOAWUTCS BHYTPU IMUIMETKHU),
wnu 2) orcyrctBue MJID4 B Koa6oukax. [IpoTUB MepBOro MpearoioKeHUsI TOBOPUT TOT
¢hakr, yTO ApPyTHE areHTHI, TAKXKE BO3IECMCTBYIONIME HA MUILIEHU, HAXOASIIIMECS B HAPYXK-
HOM cerMeHTe (poTopelientopa, B KOHDUTypaiuu “inner segment in” BbI3bIBAIOT CXOIHbII
addexT, Kak u B KoHpurypauuu “outer segment in” (popckonut, [14]; IBMX, nHeony6-
JIMKOBaHHbIE faHHbIe). [loaTOMY GoJsiee BEpOSITHO BTOpOe 0O0bSICHEHUE — KOHTYP CUHTE-
3a-ruaponnsza HAM® B Koj160ouKax, B OTJIMUME OT Majiodek, He BKaouaeT DI 4 tuna.
Bo3MoxHO, B ero coctaB BXoasT apyrue TAM®-cnennbuynsie GJ1D.

BJIIATOOJAPHOCTHU

ABTOpPHI BEIpaXKaIoOT GirarogapHocTh Ajiekcanapy fOpbeBruy PoTOBY 3a ITOMOIIB B CTATHCTHYE-
cKoit 06paboTke U Bukropy McaeBnuy I'oBapaoBCKOMY 3a IJIOAOTBOPHYIO TUCKYCCHUIO MTPY HAIM-
CaHUU PYKOITUCH.
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Specificity of cAMP-Dependent Regulation
of the Phototransduction Cascade in Cone Photoreceptors

V. S. Sitnikova® *, L. A. Astakhova“?, and M. L. Firsov*

9Sechenov Institute of Evolutionary Physiology and Biochemistry, Russian Academy of Sciences,
Saint Petersburg, Russia

*e-mail: viktoriya_sergeevna_sitnikova@mail.ru

Retinal photoreceptor cells, rods and cones, are capable of light adaptation in a wide
range of illuminations due to a set of regulatory mechanisms. Among them, the most
studied are calcium feedbacks, and they may account approximately 50% of actual regu-
lation of photosensitivity. There are other regulating mechanisms that contribute to ad-
justing photoreceptor reaction to light depending on the level of illumination, for exam-
ple, regulation of phototransduction cascade under circadian cycle. During the dark
phase of the circadian cycle, the level of cAMP increases and the sensitivity of rods also
increases, which can be considered as an adaptive effect. In cone photoreceptors, oper-
ating under high light intensities and losing their contribution in the twilight, rise of pho-
tosensitivity may not have adaptive significance. In present study we investigated how
the change in [cCAMPY];,, affect the function of phototransduction cascade in carp cones.
[cAMP];, in cones was elevated using adenylate cyclase activator forskolin. It has been
shown that in cones, forskolin slows down both rising and declining phases of photore-
sponse. As a result, in cones, unlike rods, forskolin does not increase photosensitivity but
causes nearly two-fold decrease of dark current. Thus, reaction of the cone phototrans-
duction cascade to an increase in cAMP level is distinctly different from reaction of rod
photoreceptors. For cones, this effect of [CAMP];,, may also have an adaptive signifi-
cance, not in the sense of increasing sensitivity, but for the purpose of reduction of met-
abolic load on cells that do not function in the “dark” phase.

Keywords: cone, phototransduction, circadian rhythm, cAMP, rod
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