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Annomayun. «Ceryatka — 3TO YacTh LIEHTPAJbHONH HEPBHOM CHUCTEMBI, Nepudepuyeckas
4acTh MO3ra». OTO YTBEp)KJIEHHE BEJIMKOIO HCIAaHCKOro rucroiora, Jlaypeara HobGeneBckoil
npemun Pamon-u-Kaxan npuoOperaer B Hacrosiee Bpemsi Bc€ Oonbluinii cMbicia. B ceryarke
IPOMCXOIUT CIIOXKHEHIIas oOpaboTka 3puTenbHOW HMHGOpPMAaLUMU, KOTOpas 3aTeM Inepenaércs B
3pUTENbHbIE LEHTPhl Mo3ra. [1ogpoOHO paccMOTpeH camblii MEpBBIM 3Tal 3pUTENBHOTO aKTa —
CO3JaHMe M TIepejaya 3pUTEIbHOrO ((poTopenenTopHoro) curHaia. Takke paccMOTPEHbI
YHHUKaJIbHAsE MO CKOPOCTH M S(G(PEKTUBHOCTH TEpBHUYHAs (OTOXMMHUYECKAsh peakuus M 3areM
HOCIIEeYIOIUE TEMHOBBIE, OMOXMMHUYECKHE IMPOLECCHl NPe0OpPa30BaHUs SHEPIHU MONIOMEHHOIO
KBaHTa CBETa B JJIEKTpUYECKUH ((POTOpenenTopHbIil) MOTEHIMAT 3PUTEIBHON KJIETKH; HHBIMH
CJIIOBaMH, MEXaHU3M I'€HEpalluy 3pUTENBHOrO curHana. Jlamee paccMOTpeHa CTPYKTypa IIEpBOIO
(oTOpenenTOpHOr0 CHMHAINCA CETYaTKW M MEXaHU3M Iepenadl 3pUTEIbHOro ((hOoTOpEIenTOPHOro)
CUTHaJIa B 3TOM CHHAIICE CJIEAYIOIIUM HEPBHBIM KJIETKaM ceTuarku. PaccMoTpeHna Takke oOpaboTka
ATOTO CUTHAJA B IIEPBOM CHHAIICE, PE3YIHTATOM KOTOPOU sBJIsIETCS (HOPMUPOBAHUE B CETUATKE JBYX
nyTeil 00paboTtku 3putenbHOM HHPopMamuu — ON-u OFF-myrteii. Mexanusmbl 00paOoTKH
3pUTENbHON WH(OpPMAIMM B HEPBHBIX CIIOSIX CETYATKH TIJla3a OCTAIOTCS aKTyalbHEHIIeH,
MEXIUCLUIUIMHAPHOM Npo0ieMoii COBPEMEHHOM HayKH O MyTsaX 00paboTKHU MH(pOpPMALIUU B KHUBBIX
CUCTEMAX.

Knrwouesvie cnosa: cerdarka rasa, (hOTOPELNTOPHBIA CHUrHal, oOpaboTka MHpOpMauH,
CHHAIICHI, TAJIOYKH, KOJIOOUYKH, 3pUTEIIbHBIA HEPB, HCKYCCTBEHHBIN HHTEIICKT

Annotation. “The retina is part of the central nervous system, the peripheral part of the brain”.
This statement of the great Spanish histologist, Nobel Prize winner Ramon y Cajal is currently
gaining more and more meaning. The most complex processing of visual information occurs in the
retina, which is then transmitted to the visual centers of the brain. The very first stage of the visual
act is considered in detail - the creation and transmission of a visual (photoreceptor) signal. The
primary photochemical reaction, unique in speed and efficiency, and then the subsequent dark,
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biochemical processes of converting the energy of an absorbed light quantum into the electrical
(photoreceptor) potential of the visual cell are also considered; in other words, the mechanism for
generating the visual signal. Next, the structure of the first photoreceptor synapse of the retina and
the mechanism of transmission of the visual (photoreceptor) signal in this synapse to the following
retinal nerve cells are considered. The processing of this signal in the first synapse is also
considered, which results in the formation of two pathways for processing visual information in the
retina - ON and OFF pathways. The mechanisms of visual information processing in the neural
layers of the retina remain the most pressing, interdisciplinary problem of modern science about the
ways of information processing in living systems.

Keywords: retina, photoreceptor signal, information processing, synapses, rods, cones, optic
nerve, artificial intelligence
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Jopozue konnecu!

Ham Konrpecc yHukaneH cBoed MeEXAUCHUILIMHAPHOCTHIO. M s mymaro, 4To
ydJacTue B HEM (DU3HOJIOTOB MPUHIIUITHAIIBHO Ba)KHO. Ba)kKHO HE B TOM CMBICTIE, YTO
KOHKPETHBIC, OCOOEHHO TMOJIY4YeHHbIE B MOCIEAHEE BpeMs 3HAHUS O padoTe MO3ra,
paboTe CEHCOpPHBIX CHCTEM, O MEXaHM3Max CO3JaHHs, O0OpaboTkm U
nepeaadyrd HHGOPMAIIMU B KUBBIX CHCTEMaX, HAKOHEIl, 0 MEXaHU3Max IMaMITH U JTaKe
CO3HAHUS MOXHO OygeT KakuM-TO o00pa3oM TepeHeCTH B WH(OOPMAIIMOHHBIE
TEXHOJOTHH, B COBEPIICHCTBOBAHWE TOTO, YTO MBI YyCIIOBHO Ha3bIBaeM
«HCKYCCTBCHHBI HMHTEIUICKT». A BaXHO, KaK MHE TIPEICTaBIACTCS, Y4YacTHE
(U3HOIOTOB B TOM, JIPYTOM CMBICJIC, UTO 3TH 3HAHUS PACHIUPSIIOT KPYyro30p, HaBOJISIT,
OBITh MOXET, CHCITHATMCTOB 3TUX CaMbIX WH()OPMAIIMOHHBIX TEXHOJIOTHH HA HOBBIC
Mmbiciii. Kak ropopurtcs, «3HaHue-cuial». [ToaToMy cepust 1okiIagoB (GpuU3n0IOrOB Ha
sToM KoHrpecce M ecTeCcTBeHHA, W, HaBEPHSIKA, MOXKET OBITh MHTEPECHA W IOJIe3HA
«uHGOPMAITMOHHBIM JIIOIAMY», Kak, Hanmpumep, Aokiaja akaaemuka K.B. AHoxuHa o
COBpPEMEHHBIX ITpoliieMax M MoaX0AaX K MeXaHU3MaM CO3HaHMS.

To, 0 weM s ceromust Oyny TOBOpPUTH, KAacaeTCs MOJICKYJISIPHBIX MEXaHU3MOB
co3manusi UHPOPMAIMU B JKMBBIX CHUCTEMaX, a KOHKPETHO O CO3JaHHUH 3PUTEIHLHOMN
uH(OPMAaIMK B OTBET HA MOTIIOIICHUE CBETA 3pUTEIHHBIMU KJIETKAMHU CETYATKH TJ1a3a.
B sToit obmact ceHcopHO (pu3nomoTHH 3a TOCIETHUE ACCATUICTHS JOCTUTHYTHI
nopasuTeNbHble ycnexu. Ho mpexkae, 4eM TroBOPUTh O MOJIEKYISIPHBIX OCHOBAax, S
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JIOJDKEH CKa3aTh HECKOJBKO CJIOB O ()yHIAMEHTAIBHBIX (DU3HOJIOTHYECKUX OCHOBAaX
speHus. M3  3THX  (PU3MOIOTMYECKMX OCHOB  TPOWCTEKIN  COBPEMCHHBIE
MOJIEKYJIIPHbIE OCHOBBI CO3/IaHUS 3PUTEIIBHOIO CHUTHAja, TO €CTh 3PUTEIbHOU
uHdopManuu B kuBoi cucteme. Hauny s ¢ pu3ukoB u mopora abCoOIIOTHON CBETOBOU
YyBCTBUTEJIIPHOCTH I71a3a.

QDu3uKku u 3peHue

@u3MKOB BCEIla MHTEpPECOBAJIa NMPUPOJA 3peHus. B neBsTHaanaToM U nepBou
MIOJIOBUHE JIBAJIIATOI0 BEKOB OHU BHECIIM PELIAIOIINNA BKJIaJ HE TOJIBKO B TOHUMAHUE
ontuku maza (Moran Kemiep \1611\ «XpycTtanuk — 310 poKycupyroas J1uH3a»), B
teoputo 1BeroBoro 3peHust (Tomac FOur \1802\, Ix. Maxcemnn \1861\, I'epman
['enbmroneir \1856\), HO U B onpeeneHne abCOMIOTHOM CBETOBOM YyBCTBUTEIBHOCTH
3pUTENbHON cUCTEMBI. [lepBoe U BIIOJIIHE TPAMOTHOE ONPENIEIEHUE ITOPOTra CBETOBOM
YyBCTBUTEJIILHOCTH TJ1a3a yesoBeka ObuUio caenano B koHie XIX Bexa Camyanem P.
Joumu (1834 - 1906) - ¢dusukom, actpoHoMm, m3zoOperarenem Oomomerpa. Ero
3HauEHHUE T10pOra abCONIOTHON CBETOBOM YyBCTBUTENLHOCTH — 3X10™ opr mimm okoio
800 KBaHTOB, MAJAIOUIMX HA POTOBUILY, OKAa3aJOCh JHIIbL Ha TOPSAOK BbIIIE
coBpeMeHHbIX 3HaueHud. [lo cymecTBy, crienyromuMu (QU3UKaMHU, CIENaBIIUM
BaYKHBIN 1I1ar B 3ToM Hanpasienuu, obu 0. b. Xaputon n C.1. BaBunos.

0. b. XapuToH — oJIuH U3 «OTIOB» COBETCKOM aTOMHOW OOMOBI, monaB B 1926
rony B KemOpwmx, B KaBunauuickyro naboparopvio M TOJYyYHUB OT OpPHCTA
Pozepdpopna u JIx. UsnBuka KiIacCHYECKYIO 3a7ady sI€pHON (PU3MKU TOrO BPEMEHHU
— CYETa O-4acCTHIl, UCIIOJIB3YET ISl €€ PelICHUs IV1a3 yeaoBeka [1].

C.A. BaumoB wu ero corpyaHuku B Jlemunrpage B 30-x rogax, B
[ocynapcTBEHHOM OINTUYECKOM HWHCTUTYTE€ AaKTUBHO 3aHUMAIOTCA KBaHTOBOM
npupoaoil cBera. JKMBO MHTEpECYSACh NPUPOAOU 3PEHUS U UICTOPUEN HAYKH O 3PEHUU,
C.M. BaBwioB Takke BBINIOJHAET CEPUI0 PabOT, M3 PE3yJIbTaTOB KOTOPHIX OH
OTIpeIeIIIeT MOPOT abCOMIOTHOM CBETOBOM 4yBCTBUTEIILHOCTH T71a3a yesioBeka [2-4].

B cyry6o ¢uszndeckom ['ocymapcTBeHHOM ONTHYECKOM MHCTUTYTE emi€ B 1923 1
OblIa co3maHa crienuanbHas Jlaboparopus TiasHoW onTwku. A kxorma B 1931 T stoT
uHctutyT BosmiaBuil C.U. BaBunoB, e€ mnepeuMeHoBaIM B J1a0OpaTOpUIO
¢usnonornyeckoit ontuku. C.J. BaBuiioBy u ero coTpyaHHKaM yJajaoCh YCTAHOBUTh
M KBaHTOBYIO MPUPOLY CBE€Ta, M HSKCHEPUMEHTAIbHO H3MEPUTH IOPOTOBYIO
YyBCTBUTEJIBHOCTD IN1a3a. DTU UCCIIEOBaHUS U B (pu3uKe, U B (PU3UOJIOTUU 1O MPaBY
CUUTAIOTCS KJIACCUYECKUMH.

Ha puc.l g mnokaseiBato Bam ¢ororpaduto (cieBa) akaagemuka HOmus
bopucosuua XaputoHa (OH B LEHTpE), s PAIOM C HHUM, CIIpaBa — €ro Y4HUTellb,
akanmemuk Hwukomait HwuxonaeBuu Ceménon, Jlaypear HoOeneBckoit mnpemun,
co3narenb MHCTUTYTa XUMUYECKOM (U3UKH, B KOTOPHIH OH MEHS C TpYyIIoOi
COTPYHUKOB TpHHsI B JnanékoM 1969 roay, a cieBa oT XapuToHa akaJaeMUK SIKOB
bopucoBuu 3enbroBUY, BTOPOH «OTEI» COBETCKOM aTOMHOW OOMOBI, TOXe
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omxkanmuii yaeHuk Hukonas Hukonaesuua CemEHoOBa.

ArageMuk

Axagesmk HOamit Bopucosua Xaputon Cepreii Heanosad BABHJ/IOB

J. Chariton, C .A. Lea. “ Some Experiments Concerning the CIL Bagnacs. SaysTyaunn i
Counting of Scintillations Produced by Alpha Particles™ X IOMEpennsa u;ﬂ}‘a.mm
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Puc. 1. ®omoepaghuu A.B.3envoosuua, FO.b.Xapumona, H.H. Cemenosa, C.1. Basunosa
Fig. 1. Photos of Ya.B.Zeldovich, Yu.B.Khariton, N.N. Semenova, S.I. Vavilova
1.Ya.B. 1HEORRS BRI | Y.B. WREEHE | N.N. NG | 5.1 FUMbEEE

dotorpadusa crnpaBa Ha ITOM claljge — 3TO NOpTpeT akaaemuka Cepres
NBanosuua BaBuiioBa, [Ipe3unenta Axkagemun Hayk CCCP, n3ydaBuiero He TOJIBKO
KBaHTOBYIO IPUPOY CBETA, HO ¥ (PU3UOJIOTHIO 3PECHHUSI.

W3 He3aBUCHMO M B pa3HbI€ TOJbI BBHIMOMHIBIIMXCA (pu3ukamMu XapuUTOHOM U
BaBuiioBbiM paboT clieioBal BBIBOJ, YTO MaJ0YKa ceTYarka riia3a yejJoBeKa crocoOHa
OTBEYaTh (PU3UOJIOTMUYECKUM CUTHAJIOM BCETO HA OJIMH MOTIIONIEHHBINA KBAaHT CBETA.

B Hacrosimee BpeMs OSKCIIEPUMEHTAIBHO ONPEACIEHHBIA IOPOI CBETOBOU
4yBCTBUTEIBHOCTH Ia3a cocTapiseT 4+7e 107" spr/c. Peyb MaeT 0 MUHMMAILHOM
MIOTOKE CBETOBOM PHEPTUMU OT TOUYEYHOT'O MCTOYHHMKA, KOTOPBIM MAJaeT HA POTOBUILY
I1a3a U BOCHPUHUMAETCS MO3IOM Kak BCIIbIIIKAa cBeTa. B mepecuere s JUIMHBI
BOJIHBI 507 HM (MaKCUMyM KpHBOW BUAHOCTH MAJIOYKOBOTO 3PEHUsI) TaKasi HOPOroBas
sHeprus coorBeTcTBYeT 50150 kBanTaM. OKOJIO MMOJTOBUHBI ATOM YHEPTUM HA MYTH K
cCeTyaTKe TepsieTCd B ONTHYECKUX Cpellax Iiia3a, DIaBHbBIM 00pa3oM 3a cyer
OTPa)KE€HUsI OT POTOBUIILI M TIOTJIONIEHHUS B XPYCTAJIUKE U CTEKJIOBUAHOM Teiie. Takum
oOpa3oM, U3 JOXOASIIMX JIO CeTyaTku 25+75  KBaHTOB  COOCTBEHHO
dboTopenenTOpHbIMU  (3pUTEIIbHBIMK) KJETKaMH 3(h(EKTUBHO TMOMIONIAETCS BCEro
5+15 cBeToBbIX KBaHTOB. OCTaIbHBIE, TAK HA3bIBAEMbIC “JIMIIIHUE” KBAHTHI, TPOXOISIT
CKBO3b CETUAaTKy U TMOIVIOIIAIOTCS JIeKAIUM 332 HEW OAHOCIOWHBIM UYEPHBIM
MUTMEHTHBIM SIHUTEIIHEM.

B 1942 rony dwusuonmor C. XexT u coaBTOpHl MyONHKYIOT paboTy, BBIBOA W3
KOTOpOW 00 OHOM KBAaHTE JJI OJHOW MAJOYKH YK€ BXOIWUT BO BCE PYKOBOJICTBA U
y4aeOHUKH [5].

Wrak, 3putenbHas KJIeTKa CETUATKH Ia3a — Majlouka CrocoOHa JETEKTHUPOBAThH
OJIMH TIOTJIOILICHHBIA KBaHT cBeTa. MHbIMU ciioBaMu, B OTBET Ha IOMIOIICHUE
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MaJ0YKOW BCEro OJHOTO KBaHTA CBETa B HEM BO3HUKAET (PM3MOJOTUYECKHUM CUTHAII,
KOTOPBIM  3aTeéM  mepenaércsi CIEOyIIUM  HEPBHBIM  KJIETKaM  CETYaTKH,
00pabaThIBaETCS U MOCTYIAET B MO3T.

Bo uzbexxanue HemopasyMeHui ciaeayeT MOAYepKHYTh, YTO MOMIOIMICHUS OJHOTO
KBaHTa OJHOM TAJOYKOM COBEPIIEHHO HEJOCTaTO4YHO ISl CyOBEKTHBHOTO
BOCIIpUATHS (ONIYyIIEHUsT) cJaboil CBeTOBOW BCmbIMKU. [[mst sToro HeoOxommma
CyMMallisl CUTHAQJIOB IO KpaiiHeld mepe oT 5-15 B30y IEHHBIX CBETOM MAJIOYEK,
IpUYeM B TEUCHHUE BIIOJHE OMPEACICHHOTO KOPOTKOTO MPOMEXKYTKA BPEMEHHU
(moxpoOHee cm. [6,7]).

O10T (QyHIaMEHTAJIbHBIA BBIBOJ Jall TONYOK K COBPEMEHHOW paciudpoBke
MOJICKYJISIPHOTO MexaHu3Ma 3peHus. Peub HIET O MOJICKYJISIPHOM MEXaHU3ME
(GhOTOTPAHCIYKIIMU — TOIVIOIICHUU MOJICKYJIOW 3PUTEIBLHOTO MUTMEHTA POJOTICHHA
KBaHTa CBETAa, T.€. IMEPBUYHOIO CBETOBOTO CHUTHAja, MOCIEAYIOUIEr0 YCUJICHUS
(pa3MHOXEHUS) TOTO CUTHAja ¥ BOSHUKHOBEHUHU, B KOHEYHOM CYETE, B 3pUTEIHHOMN
(oTopenenTopHOi) KIETKE AIEKTPUIECKOTO (DOTOPEIIENTOPHOTO CUTHAIA.

OrpomHy0 poib B pa3BUTHH (U3HOIOTUHU 3peHus B Poccuu chirpall akajaeMuk
Jleon Ao6rapoBuu OpbOenu — moOuMmbiii u BepHbiii yueHuk W.II. IlaBnosa. Ero
dororpadpuss Ha puc.2. meHHo ¢Qusmonorueid 3peHHsi OH Hadal 3aHUMATHCA Y
[TaBnOBa, M COXpaHUI K ATON POOIIEME HHTEPEC IO KOHIIA YKU3HHU.

C Cepreem MBanoBuuem BaBuioBbIM y HEro Obuiu
camble Ipy>KEeCKHe OTHOIICHUS U TECHOE
corpyaHuuectBo. B Te ke tTpuauarsie roabl JL.A.
OpOenu 1 ero MHOTOYMCIIEHHBIE YYEHUK U COTPYIHUKH
B pa3HbIX JIabOpaTopusax aKTUBHEHIIMM 0Opa3oMm
3aHUMarOTCAd  (GU3MONOTHMEH  3peHHs, Kak Toraa
Ha3bIBaJIOCh — (Qu3nonorudeckor omnrukor. C.U.
Basunos u JI.A. Opbenu — 06a akTUBHBIE OPTaHU3aTOPBI
Haykd — co3biBalOT B 1934 r B Jlenunrpazae Ilepyro
koHepeHuus o ¢uzuonornyeckoit ontuke. OHa B TOT

Puc.2. Axademux MOMEHT CTajia HEOOXOAUMOM JJIsi KOHCOJTHMIAINH YCHITUH
Jleot Abeaposuy Opberu  crienpanucToB CaMOro  pPa3jau4yHoOro npodui,
Fig. 2. Academician 3aHuMaBIInxca 3peHneM. A B 1940 r. onum cozpator
Leon Abgarovich Orbeli ~ CTIEIIMATBHBIN NIEYATHBIA OpPraH — CEPUI0 COOPHUKOB MO/

Ha3BaHHUCM «Hp06JIGMBI Q)HSHOHOFH‘IGCKOI‘/JI OIITUKH».

Bl 2 3% - £ A 25 1]
I8 2. ¢ - B A Al - LR Takum oOpaszom, HaunHas ¢ TpuAaTeix rogoB, B CCCP

HAE A
CO3/1a€TCsl U Pa3BUBACTCS CHJIbHAS HayyHas IIKOJA MO (PU3MOJIIOTHH 3PEHHs, KOTOpast
COXpaHWIach M CYILIECTBYET N0 CUX Hop. bimaromaps 3ToMy U COBPEMEHHBIE
MOJIEKYJIIPHO-(PU3UOIOTHYECKUE MCCIEAOBAHMS TEPBUYHBIX MPOILIECCOB 3pPEHUS, B
TOM YHCJIE MEXaHU3MOB (DOTOTPAHCAYKIIMU, BEAyTCS Yy HAC HA XOPOIIEM,
ITO3BOJIMTEIBHO CKa3aTh, MUPOBOM YPOBHE.
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Mexanuzm pomompancoykyuu: mecmo oeiicmeus

[Ipouiecc mpeoOpazoBaHUs MEPBUYHOTO CBETOBOTO CUTHAIA B DJIEKTPUYECKUIMA
(poropenienTopHBIN) CUTHATA 3PUTEIBHOM KIETKU (MEXaHU3M (OTOTPAHCIYKIIUH)
MIPOUCXOAUT HE BO BCEU 3PUTEIIBHOM KIIETKE, a B €€ CIEIUATU3UPOBAHHON YaCTH —
Hapy)KHOM cermeHTe. Ha puc. 3 mpexacraBieHbl — cxema Iva3a, Ha KOTOPOH
o0o03HaueHa ceTyaTka, BBHICTHJIAIONIAsl AHO Ia3Horo Ookana. Jlanee, B cepenuHe —
CXeMa CJIOEB CETYaTKW, Ha KOTOPOM BHIHBI CIIOW 3pUTEIBHBIX KIETOK —
CBETOYYBCTBUTENBHBIX MAJOYEK U KOJOOYEK, a 32 HUMU HEPBHBIE CJIOM CETYATKH, /e
U MPOUCXOJUT CIIOKHENass 00paboTKa 3pUTENIbHON HH(POPMALIUU, MPEXKIE, YEM OHA
o npuMmepHo | Mmwmmony 200 TeICSlYaM BOJIOKOH 3PUTEIBHOTO HEPBA IOCTYIIUT B
Mo3r. U, HaKoHel, crpaBa — 3TO CaMM MMAJIOYKH, OTBEYAIOIINE 32 CYMEPEYHOE 3pEHHUE,
U KOJOOYKHM, OTBEYalollMe 3a JHEBHOE, LBETOBOM 3peHue. KpacHbiM 1BeTOM
BbIJICJICHbI HAPY>KHBIE CETMEHTHI MaJIOYeK U KOJOOYEK, B KOTOPBHIX MOMIOMIEHHBIN

KBaHTOB CBETa HWHHUIMHPYEeT OOpa3oBaHHE OHMOAIIEKTPHUUECKOIO 3PUTEIHHOIO
(doToperenTopHOTO) CUTHAA.

T'1a3 — Ceruarra — Ilagouxs a1 Koadouxn

IManouxu — cymep esHO0e 3p eHHE
Konbouku — 1HeBHOE 3peHHe

F? Caaoit
T ETBHBIX
KIETOK

Caon

r:la" HEPE HbIX %
KIETOK §
3
7}y :
ULight _'g !_J:tu:wl--un
CeruaTka
£
:
L
KonGoysa
Puc.3. Cxema 2naza, Fig.3. Eye diagram, [83. ARiE]
Ha cnenytomeit ¢portorpadum (Puc. 4) Cantesaro Pamon-u-Kaxane — Benukwmii

UCIAHCKUIM THCTOJIOT, OJUH W3 OCHOBOMOJOXHUKOB COBPEMEHHOUN HEHPOOHOIOTHH,
Jlaypear HobGeneBckoil npemuu o ¢puzuosoruu u meauiune 3a 1906 rox.

Systems theory, algebraic biology, artificial intelligence: mathematical foundations and applications 473



«CeTtyaTka — KaK OH THcal
emé B koHue XIX Beka — «3TO
4acThb  LIEHTPAJbHOM  HEPBHOM
cUCTeMbl, nepudepuueckas 4acTb
Mo3ra» [8].

Korma oH »T0 roBopun wu
nucay, TO caM He IMOoAo03peBal,
Hackojibko Obul mpaB. Kak wmbl
ceiiuac MOHMMAeM, B CETYaTke, B
€€ HEpPBHBIX CJIOSIX, COBEpIIACTCS
OTPOMHBIN 00BEM mepepaboTKu

3pUTEIIBHOU uHdopmaIm,
Puc.4. Caumosieo Pamon-u-Kaxane MHOTHE JeTaan 00paboTKH
F lg-féfﬁony Cajal KOTOpOM HaM BCE €IIE OCTarTCs
= VEYS -FDA%
= a HE SCHBIMH.

Ha cnenyromem pucyHke 5 mnOpencTaBieHbl BECbMa CXEMAaTUYHO OCHOBHBIC
KJIETOYHBIE 2JIEMEHThI CETYATKU W WX CHUHanThueckue cBsa3u. Konbouku, a ux Tpu
CIIEKTPaJbHBIX THUIIA — CHHE-, 3€JIEHO- WU KPACHOUYYBCTBUTEJIBHBIC, II€PEIAIOT
uHdopManMio B TMEepBOM (OTOPEHENTOPHOM CHHAICE HANpAMYIO CIeAyloen
HEPBHOM KIJIETKE CETYATKH, T.H. OMIOJSIpHON KieTke. B cBor ouepenp OumomsipHas
KJIETKa TaKKe HampsMyr mnepenaét WHGOpPMAIHMio BO BTOPOM CHHArce (BTOPOE
MEPEKIIFOUCHNE) T.H. TAHIJIMO3HOW KJIETKE. A Ta, MO CBOEMY JIJIMHHOMY OTPOCTKY —
aKCOHY TMepenaéT B BUJIC TOCIEA0BATEIbHOCTH HEPBHBIX UMITYJIbCOB UH(POPMALIUIO B
MO3I, 4 HMMEHHO B €ro 3aTbUIOYHBIC 3pUTENbHbIC LEHTPbL. [loaTOMY AHEBHOE
KOJIOOYKOBOE 3pEHHE — 3TO TAK HA3bIBAEMOE LIEHTPaIbHOE, (POTONMHYECKOE, IBETHOE U
HanOoJiee SICHOE 3pEHHE, a €CJIM TOBOPUTh B TEXHUUECKUX TEPMHHAX, TO OHO BBICOKO
paspemiénHoe. [Ipoiie roBopsi, OCTpoTa 3peHust KOJIOOYKOBOIO 3peHusi Bbicokoe. YTo
KacaeTcsl Majgo4yeK, PacrojOKEHHBIX MO Nepudepuu CeTyarku, TO, KaK TOBOPHUTCH,
«HOYBID BCE KOIIKU CEpb». 3aTO MAJIOYKOBOE 3PEHUE BBICOKO UYYyBCTBUTEIBHOE.
UToOB! YBUAETh MEPIAIONIYIO 3BE3I0UKY HA HOYHOM HeOe, HaJlo Ha HEro CMOTPETh
KpaEIlIKOM IJ1a3a. JTO MPEKPACHO 3HAIM aCTPOHOMBI ApeBHOCTU. VIMEHHO majouka,
KaK MBI y>K€ TOBOPHJIH, CIIOCOOHA JIETEKTUPOBATh BCETO OAWH MOTIOMIEHHBIA KBAHT
cBeTa omgHOM m3 10° CBETOYYBCTBHUTENBHBIX MOJIEKYI 3PHUTEILHOIO IIUTMEHTA
poIorcHuHa B €€ HapyKHOM cermenre. Jlanee, 3a mamoykaMH U KOJIOOYKAMH CIEIYIOT
HEPBHbIC KJIETKU — OUIMOJSPHBbIE, TOPU3OHTAJIbHbIC, aMAKPUHOBBIE U TAHIJIUO3HBIE.
Ha camom gene, (QyHKIMOHAIBHBIX THUIOB HTUX KIETOK JIOBOJIBHO MHOTIO.
bunonspHbie U TOpU30HTANIBHBIE KJIETKUA MOMYy4aroT U o0padaThiBatoT UHPOPMAITUIO
OT (pOTOPEIIENTOPHBIX KIIETOK.
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Puc.5. Ocnosnvie kiemku cemuamru
Fig.5. Basic cells of the retina

B5, HHERRREAH

NHdopmaiinio oHU MOTYYaloT, Kak 3TO HE YAUBUTEIIBHO, B BUJE 3aMEIJICHUS WU
JaXXe TPEKpAIleHUs] Ha SPKOM CBETY BBIJICJICHUS B CHHANTHYECKYIO IIIEJb
XMMHMYECKOrO0 BEIECTBA — HEWpoMeauaropa, a HMEHHO mniyramara. DOyHKius
TOPU30HTANBHBIX KIETOK — o00paboTka wuHPOpManuu OT (OTOPELEnTOPOB IO
ropu3oHTaNM, a (QYHKIUS OUMNOJSPHBIX — CHUHANTHYECKasl Iepefada JTOM YxKe
oOpaboTaHHOl B mepBOM (POTOpELENnTOPHOM CHHArice MHGOPMALUU CIEAYIOIIEMY
CJIOK0 HEPBHBIX KJIIETOK — aMaKpWMHOBBIM U TaHIVIMO3HBIM. BTOpOW CHHaNTHYECKUN
CJIOW CEeTYaTKH Tropasfao Iupe, 4yeM NepBbiid. I cHOBa — (yHKIUS aMaKpUHOBBIX
KJIETOK CIIOKHEeHWIass oO0paboTka HMHQpOpMAIMU, MOIy4aeMOW OT OWIMOJISIPOB, TIO
rOpu30HTAMH a (PyHKIMSI MHOTHX (DYHKITMOHAJIBHBIX THUIIOB TAHTIIMO3HBIX — Mepeaada
B BHUJC IMOCJICIOBATEIPHOCTH HEPBHBIX HMIYJIHCOB WH(MOPMAMH TIO0 WX JJTMHHBIM
OTKPBITKAM-aKCOHaM B MO3T. UTO Ba)KHO: HMITYJIbCHAs aKTUBHOCTh BO3HHUKAET B
CeTYaTKe TOJIbKO B €€ TaHIIMO3HBIX KIETKaX. Bo BceX OCTalbHBIX HEPBHBIX
UMIIOCTOB HE BO3HHUKAeT: (OTOPEUENTOPhl OTBEUAIOT HA CBET MEAJICHHOU
AIIEKTPUYECKON aKTUBHOCTBHIO, B OHWIOISPHBIX, TOPU3OHTAJIBHBIX M OOJBIIMHCTBA
aMaKpUHOBBIX KJIETOK TOXKE MEJICHHAs AJIEKTPUYECKasi aKTUBHOCTb.

B ¢usmonorun ceryarku CymiecTBYET Tako€ MOHSITHE — «PEHEHTUBHOE IMOJEH.
Peur unér o ToMm, 4YTO, OIHA KIETKa cOOMpaeT HH(OpPMAIUMIO OT MHOXECTBA
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CUHANTUYECKHU CBSI3aHHBIX ¢ Hel kieTok. Hanpumep, 1 OunonspHas kineTka coOupaet
dboTopelnienTopHble CUTHABI, MO KpahHed wmepe, ot 15-30 mamouexk (Puc. 6).
[TockonbKy aOCONIIOTHBIN MOPOT YeI0BEYECKOTO 3peHus — 10-15 kBaHTOB, MajaromIMXx
Ha BCIO CETYaTKy, TO BEPOSTHOCTH TMOMAJaHHS 2-X WK Oojiee KBAHTOB Ha OJIHY
MajJo0uYKy HUYTOXKHA.

A 3TO 3HAUMT, YTO TOJBKO B OJHOM
n3 15-30 manouek B PELENTUBHOM IIOJIE
OUNOJIAPHOM  KJIETKM BO3HUKAET Ha
IoryiolieHe 1 KBaHTa CBeTa CHUTHAI,

15-30 nanoyek

g b OPL|  KOTOpBIi 3areM CUHAIITUYECKU

‘ nepenaéres U oOpabaTbIBaeTCsI

1 Gunonapwas knetka OUTIOJISIPHOU KJIETKOU, a 3aTeM

® MOCBUIAETCA  JaJblI€, BO  BTOPOH

, CUHANTUYECKUN CJIOM. Nmenno
e OFF

' o | ODpaboTka 5TOro CHrHanza B CIIOXHO

o YCTPOEHHOM TEPBOM, (OTOPEHEHTOPHOM

G CHUHAICE, Kyda IIPUXOAAT OTPOCTKHU H

6I/IHOJ15[pHBIX, 1 TOPHU30HTAJIBHBIX KJICTOK,

Puc. C 5 } MO3BOJISIET JIETEKTUPOBATh M IEpeIaBaTh
Ue.0. Luenalol i OUROIAPHOU Kaemie CHUTHAJl OT OTOM, IMOIVIOTUBIICH CBET
Fig.6. Signals on Bipolar Cell

6o %ﬁﬂ%@tﬂ% [HaJIOYKHN CJICAYyOIMIUM HCPBHBIM
DJIEMCHTaM CC€TUYaTKU.

Tenepp 0 TOM, Kak k€ BOZHHMKAET 3TOT CUTHANI B 3puTenbHON KieTke? IIponecc
€ro BOZHUKHOBEHHS, TO €CTh MPEOOpa30BaHUsI CBETOBOTO CUTHAJIA B AJIEKTPUUECCKUI
(botopenenTopHsiil), OpoUCXOAAUMA B €€ CHEHUATM3UPOBAHHOM HAPYKHOM
CerMeHTe, Ha3bIBaeTcs oToTpaHcaykiueil. Ha puc. 7 cieBa cxemMaTU4eCKH HaryIsTHO
IpENCTABIEH JTOT IpoLecc B manouke. KBaHT cBera mommomaercs omHod u3 10°
MOJIEKYJI pO/IOTICHHA, 3alOJHAIOIINX HAPYKHBIM CErMEHT. B pesynbrare noriomeHus
KBaHTa CBETa 3TON OJHOM MOJIEKYJIOM Ha Mla3MaThuyeckue MeMOpaHbl HApy>KHOTO
CerMEHTa Uu3MeHsieTcsi (HE BO3HMKAeT, a HMEHHO HW3MEHSETCS) JIICKTPUUECKUUN
NOTEHIMANL. JTO M3MEHEHUe (TUIEepHospu3anus MEeMOpaHbl) U €CTh TOT CaMbld
«BO3HUKIIUK» (OTOPEIENTOPHBIM DIEKTPUUYSCKUM CHUTHAJ, KOTOPBIA JIOBOJILHO
MEJJICHHO (HE KaK HEPBHBIA HMITYJIbC) PACHPOCTPAHIETCS 10 MPECHHANTHYECKOTO
OKOHYaHHSI U peryiaupyer (yMEHbIIAET) CKOPOCTh BBIJIEICHUS] HEWpomeauaropa B
CHHAIITUYECKYIO LIEJIb. Taxkum o0pazom, IIEPBUYHBIN 3PUTEIBHBIN
(poropenienTOpHBIA) CHUTHAT XUMHUYECKHM MyTEM mepenaéTcs B IEPBOM
(OTOPEENTOPHOM CHHAIICE CETYATKH AAJbIIE — OUMOISPHBIM M TOPU30HTAIBHBIM
HEPBHBIM KJIETKaM. DTOT 3JEKTPUUYECKHUI cUrHai ((HOTOpelenTOpHbI NOTeHIHal) B
OTBET Ha MOMIOUIeHUE | KBaHTa MOXET OBITh BIPSAMYIO OTBEIEH (3apErUCTPUPOBAH)
OT TMAaJo4yKHh, KAaK 3TO W I[OKAa3aHO Ha MpaBoll 4yactu pucyHka. OH oka3zajics
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JOCTAaTOYHO BCJIMK: OKOJIO 3% OT MaKCUMaJIbHOTO OTBETa IIaJOYKH Ha SAPKY1O,
HACbIIMAIOIIY O BCIIBIIIKY CBCTA.

Keaut
cBeta

CeeTouyBCTBHETEIBHAS i * IMeKTPHYECKHIl OTBET MATOYKH
MOJTEKY.IA 3PHTEILHOro _—* Ha [or.j1om eéHHe 0JHOr0 KBAHTA CBeTa
OHTMeHTa
0.6
ceer
04 {/\

DoTOP ENENTOPHBI e L

- r '
NOTEHIHAT KIETKH + pA /
02t ‘i
;
| ————— I

Xumudeckas mep e1aua
CHIHAJA CJ1eIYIomeii HepBHO# |
KJIeTKe CeTYaTKH

Puc.7. Domompancoykyusa 6 nanouke
Fig.7. Phototransduction in a rod

&7, HhEs

OTo mpoliecc OT KBaHTa CBeTa JI0 (POTOPELEHNTOPHOrO CHUrHajla - MEXaHU3M
(GoTOTpaHCAYKLIMK B HACTOAIIEE BpeMsl JOCTaTOYHO Xopouo omnucaH. CyTh €ro B
(dbepMeHTaTUBHOM YCHUJICHHH IOYTH B CTO ThICSY pa3. HaunHaeTcs oH ¢ yHMKaIbHOM
1o CKOpocTH 1 3(Q(PEKTUBHOCTH (DOTOXMMHUIECKONU PEAKIINK B MOJIEKYJIE POJOIICHHA.

Ha puc. 8 creBa mpencraBieHa cxeMmaTH4eckd (HOTOpELenTopHas KIeTKa
najgoyka. E€ HapyXHbII CETMEHT CONEPKUT CTOIKY IMCKOB, KaK Obl HAJOXKEHHBIX
JpyT Ha Jpyra U CTPOr0 OPUEHTHUPOBAHHBIX. B Mmajiouke ceTyaTku 4yeaoBeKa X OKOJIO
OJHOM-IBYX ThICAY, B MaJlOYKe ObIKA — JHEBHOTO >KMBOTHOTO HX OKOJO JBYXCOT-
TPEXCOT, a B MaJ0YKe TITyOOKOBOHON PHIOBI, OOMTAIOINICH MOYTH B MOJHON TEMHOTE,
X MOXeT ObITh Oosee aBaauaty Thicsid. Wnes BOMIOIMU OpPraHOB 3pEHHUS B TOM,
4YTOOBI «IIOMMAaTh» KBaHT cBeTa. YeM cBeTa MEHbIlle, TEM HYKHO OOJbIIE JIUCKOB H,
COOTBETCTBEHHO, MOJIEKYJI POJOICHHA B HAPYKHOM CETMEHTE, YTOOBI «IOMMAaTh)
KBaHT U 3allyCTUTh mHponecc ¢ororpaHcaykiuuu. Kaxapli nuck — 3TO0 JBe
Ouosiornyeckue MeMOpaHbl, «CIEMJICHHBIE» MO KpasiM; BHYTPH JMCKA UMEETCS Y3KOe
BHYTPUJHCKOBOE  ITPOCTPAHCTBO. B MeMOpaHy  JUCKa  «BCTaBJICHBI»
CBETOYYBCTBUTEIBHBIE MOJIEKYJIBI POAOIICHHA, IIPU 3TOM ILNIOTHOCTH 3TUX MOJIEKYJ B
JUCKE 4YpEe3BbIYAWHO BbICOKA. [Ipm 3TOM B JKMIKOM Kak OJMBKOBOE MAacio
dboTopenienTopHOil MeMOpaHe MOJIEKYJbl POJONCUHA HAXOAWTCS B JAUHAMUYECKOM
MOHOMEPHO-IMMEPHOM COCTOSIHUSIX. HMke Ha 3TOM pHUCYyHKE MNpeiCcTaBlieHa cama
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MOJICKYJIa pOOOIICHUHA, «BCTABJICHHAA» B 6I/IJ'II/IHI/II[HYIO MCM6paHy.

Pononcun
= (PEeHTreHOCTPYKTYPHBbIH aHAJIH3)

= Flasma membrane

—] o NCK
—] 1SC
—_— o |
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Cemicdd 11-yuc perunaian

Puc.8. ®omopeyenmopnas knemxka - nanouka (cieea),
PEHM2eHO-CIMPYKMYPHAsL KAPMUHA POOONCUHA (cnpasa)
Fig.8. Photoreceptor cell - rod (on left), X-ray structural picture of rhodopsin(on right)
Bs. Botiia Skl a8, REER.Y SRR (1552 )

Monekyna 3Ta COCTOWT W3 OOJbIel OETKOBOM YacTH W COBCEM HEOOJBIION
XpoMO(OpHON dYacTM — MOJEKYNIbl aibJeruaa BUTamMHHA A (peTuHas),
OKpPAIIMBAOIINI BCIO MOJIEKYJIBI B PO30BBIN LIBET.

11-yuc n3omep peTnHaIA

Puc.9. [lonepeunvlii cpez Monexyivl poOONCuHa
Fig.9. Cross section of a rhodopsin molecule

&9, HEEDFHURETH
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[IpruéM, 4TO UHTEPECHO U BAXXKHO, PETUHAJb, B IPUHIUIIE, MOKET HAXOAUTCS B
16-tu uzomepubix ¢dopmax. Ho yxke Ha caMbIX paHHUX CTagusiX 3BOJIOIUU
’KUBOTHOTO MHUpPa B KadecTBE XpOMO(OpHOI yacTu (XpoMO(OpPHOHN TpYIIbI) BCEX
3pUTENBHBIX MUTMEHTOB OBbLIT «BBIOpAH» TOJBKO OJWH H30MEp, a UMEHHO Il-yuc
nzomep peruHans. M tomy ceiiyac ecth (pusmko-xumuyeckue oObsicHeHus. 11-yuc
W30MEP PETUHAISI HAXOAUTCS BHYTPU OCITKOBOM YAacTH, W MPOYHO CBSI3aH C OEITKOM
KOBJICHTHOM CBA3BIO. A CIlpaBa Ha puUC. 8 MpEICTaBI€HA pealibHAsl, COBPEMEHHA
PEHTI€HO-CTPYKTYypHas KapTHHA POAOIICHHA, €ro 0enkoBoi yacTH. BuaHo, 4rto Gennok
JEHUCTBUTEIBHO «BCTaBJIE€H» B MEMOpaHbI, YTO €ro MOJIUMNENTHAHAS LIENH CEMb pa3
npoHu3biBaeT MeMmOpany. [Ipuuém, Kak BBISICHUIOCH, (PYHKIIMOHAJIBHO Ba)KHO, YTO
KOKJIbIH W3 BHYTPUMEMOpPAHHBIX YYaCTKOB ATOM IEeNH («TSHKU») MUMEET CBOM yroi
HAKJIOHA OTHOCUTEJIBHO MJIOCKOCTH MEMOpaHBI.

Ha cnegyromem puc. 9 mpeacrabiieH MONEPEUYHBIN Cpe3 MOJIEKYJIbl. DTO TOXKE
pe3yJbTarT PEeHTIeHO-CTPYKTypHOro aHanuza. CiieBa BHIHO, YTO B OEJIKOBYIO 4YacTb
(3enénbii 11BeT) MOTpy>k€H 11-yuc peTuHanb (KpacHbIi BET). A clipaBa — pEeHTI€HO-
CTpyKTypHast kaptuHa ll-yuc peruHans (¢GuOMETOBBIM 1BET), OKPYXEHHOTO
AMUHOKHUCJIOTHBIMU OCTaTKaMH B XpOoMOGOPHOM IeHTpe Oenka W KOBAJICHTHO
CBSI3aHHOTO CBOMM KOHIIOM (aJIbJETHUIHON TPYIIOi) C OJHUM U3 aMHUHOKHCIOTHBIX
OCTaTKOB, a HMMEHHO C AaMHUHO-Tpynmnou 296-0oro nu3nHa B CEOBMOM «TSDKE»
MTOJTUIICTITUAHOM 1IeTTH OSIKOBOM YacTh (OIICHHA).

OcTtaHoBUMCS Teleph Ha 3TOM YHHMKAJIbHOW IO CKOPOCTH M 3(PPEKTUBHOCTU
(GOTOXMMHUYECKON peaklUyd B MOJIEKYJIE POJOIICHMHA, KOTOpasi KaK TPUITEp 3aIlyCKaeT
npoiecc (GOTOTPAHCAYKIMH, TO €CTh 3pUTENbHBIA aKT. DTa peakuus Obula OTKpbITA
emé B 1958 romy B naboparopum Oynymiero Jlaypeara HoOGeneBckoit mnpemuu
xopmka Yonma B TapBapackoM yHuBepcurere. [[o cuX MOp HCCIEIOBAaHHE
MEXaHHM3Ma JTON PEaKIUU OCTAETCS «Tropsyed TOYKOW» HE TOJIBKO (U3HOJIOTUU
3peHus1, HO U BooOIe coBpeMeHHO# dhoToxumun. CaM pooniCuH ObLIT OTKPHIT B 1876
r. @epenniem bomnem (Ferenz Boll), u Ha3zBaH UM «3pUTENBHBIM BEIIECTBOM
(Sehestoff). 3arem, 3atem B cHUIy CBOEro MypIypHO-PO30BOTO IIBETa, €ro
MEPEMMEHOBANIA B «3PUTEIbHBIA IMypHyp», U TOJBKO IMO3IKE OH CTal HA3bIBATHCS
POJOIICHHOM OT FPEYECKUX CIOB: «710d0» — PO30BBIA U «OPSiS» — BUJETh.

Cytp otkpeiTus ®epennia bomis O6puio odeHb mpocta. OH COOCTBEHHBIMU
ra3aMy HaOJIIo[al Kak M3BJIEUEHHAs M3 IUas3a JISTYIIKA PO30Basi CETYATKAa HAa CBETY
o0eclBeunBajgach — CTaHOBMJIACH JKEJITOBaTod, a 3arem Oenécoil. M3 storo, mo
CYLIECTBY, (POTOXMMUYECKOTO HAOIIOACHHS OH 3aKJIFOUMII, YTO B 3PUTENbHBIX KIETKaX
CETYATKU HAXOAMTCS KAaKOe-TO CBETOYYBCTBUTEIBHOE BEIECTBO, OOECIBEUMBAHUE
KOTOPOTO KaK-TO CBSI3aHO C mpolieccoM 3penus. Ho to, uro Habmogan bomns — 310
OBUIO YK€ MOCHEeACTBHE (POTOXUMHUYECKOM peakinu, 3TO ObUI pacrmajl poAOICHHA,
KOrZia OT ero OEJKOBOM YacTH OTPBIBAJICS peTHUHalIb. Bces mocienmyromas UCTOpHUS
UCCIIEZIOBaHUs (POTONpPEBPAILLIEHUS] POIOIICHHA CBA3aHA C MPOrPEeCcCOM METO/I0B
dboroxumMuHM, TO €CThb C pa3BUTUEM METOJAOB PETUCTPAllUd KUHETUKHU
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oroxumudeckux peakiuii. C pa3BUTHEM METONOB JAa3€PHOM CIIEKTPOCKOIMU
PEaNbHOCTh CTAl0 MCCIIEN0BAHUE DTOM peakumil B (EMTOCEKYHIHOM IIKale BPEMEH
(1 pemrocekynna pasua 10" cekyHabI).

g
EenkoBan yacTb I s B
-

DoTonsoMepHIANHN -
4 -
11-yuc pernnans - -

e 17 = =
BokpyT 11-12 aBoiinoi cBmR 11-YuC peTHHATE ’
-

Bpe,\m H3IOMEPH3ANMHH:

50-100 pemTOCERYHA

Puc.10. @omousomepuzayus pemunans
Fig. 10. Photoisomerization of retinal

B0, RAFEEL

B nab6oparopuu J[xopmka Yonma B 1958 romy mokaszanu, 4TO €JMHCTBEHHOM
(bOTOXUMHUECKOW peaklMe B 3peHUU SBISETCS u3omepuszanus 11-yuc perunans
BOKpyr 11-12 nBoifHOW CBsI3W ¢ 00pa30BaHUEM €TO TMOJTHOCTHIO-MPAHC W30MEPHOU
(GbOpMBI, TO €CTh BBIIPSMIICHUE M30THYTOW MOJIeKynbl petuHans (puc. 10). MabiMu
CJIOBaMH, €IMHCTBEHHOE, 3a4€M HYXXEH CBET B 3PCHHUH — ATO JJIs1 (POTOM30MEPHU3AITUU
XpoMO(OpPHOH TpyHIbl pOIONCHHA, U 3TO mpoucxoauT 3a 50-100 pemrocexyna. Bee
nocyienyoume KoH(GpOpMallMOHHbIE EPECTPONKH OEJIKOBOM 4acTHU MOJIEKYJbl U BCE
nocienyromme  (pepMeHTaTUBHbIE  peakiud,  oOecleyuBalIllue  Mpouecc
(GhOTOTpaHCIYKIIMU, UOHHBIC M DJIEKTPUUYECKUE MPOLIECChl B 3PUTEIBHONU KIIETKE, B
CBETE YK€ HE HYKJIAFOTCH.

Yonn v €ro COTpyIHHKM CaMU HE MOJA03PEBAJIA, HACKOJIIBKO OHAa OKa3ajach
yHuKanbHOW.  MccnemoBanmss  mocmegnux — 10-15 smer  nmokazanmm, — 4TO
dborouzomepuszanusg coBepiiaeTcs 3a  (PEMTOCEKYHIHbIE BpEeMEHa M 4YTO
3¢ (HEeKTUBHOCTH ATOW PEaKIMKM OYeHb BBICOKA — KBAHTOBBIN BBIXOZ paBeH 0.65, mpu
aToM 58% TOMIOIIEHHONW SHEPruu 3amacaercs B camMo Moliekyse (moapoOHee o
dboToxumuu poxoricura cm. [9], [10]).

Ha puc. 11 npencrasiiena coBpeMeHHast cxeMa 3TOW peakuru. BbISICHUIIOCH, YTO
M30MEPU3alMs MPOUCXOIUT YEPE3 TAK HA3bIBAEMOE «KOHMYECKOE IEPECEUEHUE)
MOBEPXHOCTEH MOTEHIMAIBHON SHEPruu, KOTOPOE CBS3BIBACT BO30YKICHHOE
coctosinue petuHais (S1) c nepBeIM IPOAYKTOM peakuuu, Gporopononcunom (doto),
HO Ternepb yxke B 0ocHOBHOM cocTostHuM (S0). [Tokazano, uTo yuc-mpanc-nepexon B
pPOJIOTICHHE coBeplIaeTcs 3a paHTacTudecku Koporkoe Bpems — 50—100 ¢c, u 9To 310
— KorepeHTHasi peakius. CTaHOBUTCS OYEBHIHBIM, UYTO BBICOUAMINIAsl CKOPOCTh U
3¢ (HEKTUBHOCTh 3TOTO Mepexoia 00ecneunBaeTcsi B3auMOIEUCTBHEM XPOMOGOPHOM
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rpynnsl ¢ ee OmbKalliuM OENKOBBIM OKpPY>KEHHEM B XpOMO(QOpPHOM IIEHTpE
MOJIEKYJIbI pOIOTNICMHA. MeXaHU3M 3TOTro BaaHMoI[eﬁCTBH;I €llle MPEJACTOUT BISICHUTD.

\\H

hv

11-cis

Puc.11. Domopeakyusi poooncuna
Fig.11. Rhodopsin photoreaction

B/, REENRIE

OT B3aMMOJEWUCTBUS PETUHAIS C €ro OMMKaWuM OENKOBBIM OKpPY>KEHHEM B
TECHOM XpOMO(OPHOM IIEHTpE MpsAMO 3aBUCAT Takue (yHAAMEHTaIbHbIE
XAPAKTEPUCTUKU MOJIEKYJbl POAONCHHA, KAaK IIOJOKEHHE MaKCHMyMa CIEKTpa
MOMJIONICHUS,, BpPEMsl JKM3HU BO30YXKJIEHHOIO COCTOSIHMS, KBAHTOBBIA BBIXO]
U30MEpU3allMl M KojeOaTellbHas KOT€PEHTHOCTb, HaOIoAaeMble B  IEPBOM
(doTonpoayKTe peakuuu, T.H. (OTOPOIOIICHHE.

Ha camom pene, npuxoguT NOHUMaHHE
TOTO, YTO peyb HUAET O OEJIKOBOM KaTajau3e
npouecca  (Qorou3zoMepusaluu,  MOCKOJIBKY
UMEHHO OelKoBOe OkpyxkeHue 11-yuc peruHans
o0ecreynBaeT ero CBEPXOBICTPYIO U
abdextuBHy0 (doToMzoMepu3auo (CM. pHUC
12).

310 OETKOBOE OKpYKEHHE B XPOMOGOPHOM
LHeHTpe omncuHa ¢ ll-yuc peTuHaneM Kak
XpOMO(OPHOI TPYNIONW MOJIEKYJBl POAOIICUHA
CO3Ma€T caMmble pPa3JIMYHBbIE B3aUMOJNCHUCTBUS —

Puc.12. bBenkoswiti kamanuz npoyecca

qb0m0u30Mepu3a14uu CTCPHUYCCKHC, DJICKTPOCTATUICCKUC, BOJOPOAHBIC
Fig.12. Protein catalysis of the 1 rupopoOHBbIe.
photoisomerization process Jleranu Takoro B3aUMOICHCTBUS €I

12, XEEUBRYEREEC  npencrout BHIACHUTS.

KakoB ¢usnonornueckuii cMbica (poronzoMepusanud B XpoMopOPHOM IIEHTPE
onicuHa 1l-yuc perunansg? CMbICT B TOM, YTO H30MepH3alus (BBIIPSIMIICHHE)
M30THYTON MOJIEKYJIbI PETUHAJS MPUBOIUT K KOH()OPMAIIMOHHBIM TMEPECTPOUKaM B
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0eJIKOBOI YacTH MOJIEKYJIBI, TO €CTh K HE3HAYUTEIbHOMY H3MeHEeHHIO e€ ¢opmbl. Kak
BBISICHIJIOCH, BBITIPSIMIICHHBI PETHHANbL pa3[IBUTACT alb(a-CIUPATbHBIE TKH,
npuuéM pa3JBUracT BCEro Ha HECKoibko aHrctpem (puc 13, cmeBa). Ho storo
OKa3bIBAETCS JJOCTATOUHBIM ISl TOTO, YTOOBI B PE3ybTaTe dTOTO CMEIICHUS THKEH Ha
MOBEPXHOCTH OEJIKOBOM YaCTH MOJICKYJIBI OOHaKWJIUCh 3aKpPBITBIE IO TOTO MeECTa
CBSI3BIBAHUSI C APYTUM OCIIKOM, TaK Ha3biBaeMbIM (G-O€IKOM WJIM TPaHCAYIIMHOM(pHC
13, cripaBa).

CMeHIEHl/Ie 0-CIIMPAJbHBIX «TSKe»

» Oo0HakeHHe HA IOBEPXHOCTH 0eJIKOBOI YaCTH MOJIEKYJIbI
B 0€J1KOBOI1 YacTH MOJIEKY.IbI

MecT cBs3bIBaHUA ¢ G-0e1K0M (TpPaHCIYIHHOM)

PoponcuH «3akpbIT»

DoTOAKTHBHPOBAHHBIH
poaoncuH (akTUBHOE
COCTOsIHUE)

Pononcux B TeMHoTE
(HeaKTHBHOE COCTOSIHHE)

Puc.13. Cmewenue a-cnupanohvix «msoicelly (ciesa), 0OHAdNCeHUe MeC C8:3bl8AHUS(CNpasa)
Fig.13. Displacement of a-helical “strands” (on left), exposing binding sites (on right)

B3, o-4R0E A BHVES (F0D), REBEESMM (AR )

Takum oOpazom, (hoTOHM30MEpU3ALUHA PETUHANS 3aIlyCKAeT KOH(POPMalMOHHBIHI
NePEX0] MOJIEKYJIbl POJOTICMHA B (PU3HONIOTMYECKU aKTUBHOE cocTosiHuE. CyTh 3TOro
(U3HOIOTUYECKH AKTHUBHOTO COCTOSIHHMSI COCTOMT B TOM, YTO 3allycKaercs padora
(dbepMEeHTaTUBHOTO KacKajia yCUJIEHUE CBETOBOTO CUTHAJIa, KOUM CITY>KUT MOITIOLIEHUE
POJIOTICUHOM BCETO OJIHOIO KBaHTa BUIAMMOTO CBETA.

Ha puc. 14 mnpencraBieHbl OCHOBHBIE YETHIpE YYAaCTHHMKA 3TOr0 Kackaja
yCWJIEeHMs: pononcuH, TpaHcayuun (G-6emok), ¢ocdomurcrepaza u yl MO-
yIpasisieMblid MOHHBIM KaHai. CTpenkaMu MOKa3aHO, KaK aKTUBUPOBAHHBINA CBETOM
POMIOTICUH B3aUMOJICUCTBYET ¢ TpaHCAyIUHOM (G-0enKoM), TOT B3aHMMOJEHCTBYET C
Ype3BBIYATHO aKTUBHBIM (depmeHToM — (ocdoaudcTepas3oid, KoTopas, Oyayudu
aKTUBHPOBAHA, C BBICOKOW CKOPOCTBIO pa3pyllaeT PACTBOPEHHBIE B LMTOILIA3ME
HApy>)KHOTO  cerMeHTa  (OTOPELENTOPHOW  KJIETKM  MaJieHbKHE,  MOJEKYJIbI
HUKJInYecKoro ryanosuamMoHodocdara (yI M®D). Monekyibl sxe yl MO «ynpaBisitoT
BCTPOEHHBIM B IJIA3MAaTUYECKYIO (Hapy>KHYI0) MEMOpaHy (OTOPELENTOPHON KIIETKH
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T.H. yIl M®-yrnpaBiasseMbIM HOHHBIM KaHAJIOM.

G

© s
Ry Comway Lamt

PDE

PogoncuH G-benox
TpaHcayuMH
Mocthopnaciepaza

Md-ynpagnAeMbIn
WOHHbINA KaHan

Puc.14. epmenmamusnuiti kackao ycunusaem ceemogoti cueHan 8 oonee, uem ¢ 10000 pas
Fig.14. The enzymatic cascade amplifies the light signal more than 10,000 times

B 74, BEESREHEEAERIUGER 10,000 13

Ha cnepgyromem puc. 15 cxemarndecku IMOKa3aH STOT KacKald YCHUIJIEHUS,
(dakThuecku LenHas peakuus. BugaHo, yTto 1 Mosnekyna poaorncuHa, MONIOTHBLIAS
KBaHT CBETA, YCIEBACT B AKTUBUPOBAHHOM COCTOSIHUM IPOB3aMMOJEHCTBOBATH C
nouty 200 MoJeKyIaMu TpaHCAYLIMHA U UX aKTUBUPOBATh.

25000 ¢

Puc.15. Kackao ycunenus, Fig.15. Gain cascade, [ 15, 1% at A5

Hanee, kaxzaas akTUBUPOBAHHAS MOJIEKYJla TPAHCAYLIHHA, B CBOKO O4YEpEnb,
aKTUBUpYeT MoJekyay ¢ocdomudctepassl. W 3arem  Kaxkgas  MoJeKyia
dochoamdcTepaspl ¢ BBICOYANIIEH CKOPOCTHIO Pa3pyliaeT MHOXKECTBO MOJIEKYI
yI'M®, mpeBpamass ux B HeUUKIWdeckuil ryaHosuHMoHodocdar (I'MD). Takos
YHUKaJbHbI (EepMEHTATHBHBIM KackaJ yCWICHHS (pa3MHOXEHUS) NEPBUYHOIO
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CBETOBOro curHaia. CripamimBaercs, 4TO K€ Jaaiplie? 3a4eM BCS 3Ta CIO0KHOCTh?
OtBer — 4TOOBI B (OTOPELENTOPHONW KIETKE BO3HUK OMOANEKTPUUECKUIN
dboToperenTopHbINA (3pUTEIBHBIN) CUTHAIL.

MEMBPAHA ®OTOPELEIITOPHOI'O AMCKA

Benok-achcpextop =

I T®-cansnLBaOLLMA thocchoguacTepasza
Genok = TpaHGIyLMH ufMao
= 4- MEMBPAHA KJIETKH
urMmo
*@
GTP @
dDepMEHTaTHBHbm KackKkag ycuneHus uFMm

urMmo
%-Tox Na* Ca*
qrmm

oﬂ:pur

=N

Puc.16. Cocmosinue membpan oucka u Kiemku 00 no2LoweHusi KBAHma céema
Fig.16. State of the disc and cell membranes before absorption of a light quantum

160 RO 7 72 Hi HE[E] B FTAT B AR A AR R

Ha puc. 16 npencraBneHa TeMHOBas CUTyalusi, 10 MOMIONICHHUS KBAHTA CBETA.
[TokazaHbl QoTopenentopHas meMOpaHa JIUCKa, B KOTOPOH JIOKAJIM30BaHbI BCe OEIKU
(dbepMeHTaTUBHOTO Kackajla YCWJIEHHUS, W HapyKHas, Iula3Maruyeckass MemOpaHa
dboToperienTopHOl  (3pUTENBLHOM) KIETKH, B KOTOpyHO «BCTpoeH» yl M-
yIpaBisieMblid HOHHBIN KaHaI. B TEMHOTE pONOIICHH, €CTECTBEHHO, HE AKTUBHPOBAH
U (pepMEeHTATUBHBINA Kackaa He pabortaer. [Ipu stom, koHIeHTpamus Monekynl yI MdD
B IUTOIUIa3ME€ KJIETKH OOJbIlasi, U HECKOIbKO MoJyiekyn yl M® noBOJBLHO MPOYHO
cBsa3anbl ¢yl M®-ympaBisieMbIM HOHHBIM KaHAJIOM, M OHH «JI€pXKarT» KaHal
OTKpHITEIM. [To3TOMy B TemHOTe MOHHBIA TOK (Na“ Ca’’) Teuér BHYTpb KIETKH, W
KJIETKA, TOUYHEE TIa3MaTHIecKas MeMOpaHa KIETKH, HAXOAUTCS B JICTIOJIIPU30BAHHOM
coctosauu. Ha pumc. 17 mnpencraBieHa cBeroBas CHUTyalds, KOIZla MOJEKYJIa
POJOIICHHA TMOIVIOTUIAa KBAHT cBeTa. Torna poAoNcHH MepexoauT B (PU3HOIOTHYECKU
aKTUBUPOBAHHOE COCTOSIHME W 3allyCcKaeT (PepMEHTATUBHBIA KackajJ yCHUJICHUS.
CrnencTBUEM 3TOr0 CTAaHOBUTCA MaJCHHE B IIUTOIIA3ME KOHILIEHTPALUU CBOOOIHOTO
ylM®. B pesynprare storo Mojekyibl yl M®, no toro ces3zanubie ¢ yl MO-
YOpaBiIsi€MbIM HOHHBIM  KaHaJIOM, OT HEro «OTBAJMBAIOTCSA», MW  KaHal
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«3aXxJIOMBIBACTC» — MCPCXOAUT U3 OTKPBITOI'O COCTOAHHA B 3aKPBITOC.

MEMBPAHA ®OTOPELEIITOPHOI'O AMCKA

AKTVBHPOBEHHLIA
PoponcmH CNCHH
(500 tm) (MeTapoponcms Benok-achcpexTop =

I, 380 1m) I TP-ceasLIBAIOULMA cpocchoamacTepasa

benok = TpanqayLmMH ulfM®
HAPY/KHAA
* « » =) MEMBPAHA KJIETKH
ur
T~ 9
® Sy
GTP @ GoPN  ° ® %

Tok Na* Ca?

O

Puc.17. Cocmosanue membpan oucka u Kiemku nocie no2ioujeHus Keanma ceema
Fig.17. State of the disc and cell membranes after absorption of a light quantum

17. WAL 1 712 1] 45 FUAT SRR 19 1K

Tok nonos Na“ u Ca*" BHYTpb KJIETKU [IPU OTOM, €CTECTBEHHO, IPEKPAILAETCS, U
KJIETKa, TOYHee e€ IUIa3MaTudeckas MeMOpaHa  KJIETKH, MEepeXOAuT B
TUIEPIONAPU30BAHHOE  COCTOSIHUE —  BO3HUKAECT  THIEPIIOIAPU3ALUOHHBIN
ANIEKTPUYECKUI MoTeHIan. BoT 31oT (oTopenenTopHblil, TUNepnoispu3auOHHbINA
NOTEHIIMAJI U €CTh TOT CaMblii OMO3IEKTPUYECKUN 3pUTENBHBIM CUTHAN, KOTOPBIN
3aTeM nepenaércs CIEeAyOINM HEPBHBIM KIIETKaM CETYaTKH.

Ha puc. 18 cnesa emé pa3 mnoka3aHa YNPOIIEHHAs CXe€Ma MEXaHU3Ma
¢ororpancaykuuu. IlokazaHo, Kak CBETOUYBCTBUTENIbHAs MOJIEKYJa 3pUTEIBHOIO
NUTMEHTa POJOIICHHA MOIVIOUIAeT KBAaHT CBETA, KaK B pe3ysbTare 3Toro, Onaropaps
pabore (EepMEHTAaTUBHOTO KacKajga YCHJICHHS, BO3HHMKAeT (DOTOpEIENnTOPHBIMH,
TUIEPIOIAPU3ALMOHHBIN IIOTEHIMAI, KOTOPBIN PacIpOCTPaHsIOCh 10
IIPECUHANTUYECKOTO OKOHYAHMS HM3MEHSAET CKOPOCTHb BBIIEICHHUS U3 KIETKU
XUMHUYECKOro  BemectBa (Hedpomeaunaropa). Ilockonmbky — (OTOpeLenTOpHBIH,
MIOTEHIMAJI TUIEPIOJIAPU3ALMOHHBIN, TO OH BBI3BIBAET HE YCKOPEHUE, a 3aMEIJICHNE
CKOPOCTH BBIJIEJICHUS] HEUPOMEANATOPA U3 NMPECUHANITUYECKOTO OKOHYAHHUSI KIIETKH B
CUHAIITUYECKYIO IIEJb, a IPU SIPKOM CBETE U BOBCE IPEKPAILICHHUE BBIIACICHUS
Helipomenuaropa. MHBIMM CIIOBaMM, KaK 3TO HE IMOKAXETCS YAMBUTEIBHBIM, HO B
CeTyaTKe IV1a3a MO3BOHOYHBIX )KUBOTHBIX M YEIOBEKA UMEHHO 3aMeJIeHHe CKOPOCTH
WU NpPeKpalleHne BbIICICHUs HeMpoMeauaTopa U3 PEeCUHANTUYECKOrO OKOHYaHUs
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CIIYIXKUT I/IH(l)OpMaHI/IOHHBIM CUTHAJIOM O IIOITIOIICHWH KBAaHTA CBCTA AJIA CIICAYIOIIUX
3a @OTOpGHGHTOpaMH HCPBHBIX KJICTOK CCTYATKMH.

KeanTt
cBeTta

CBeTo4yBCTBUTEILHAA MOTEKY1a +
PHTAELEIN O THTMEHTA _—* SaeKTPIYECKIIT 0TBET NATOUKH
Ha Hil'p] CTAMMI M€ M0 HHTEHCHBHOCTH
BOIBMIKH CBETa
Boreiusa
20 - " np—
PoTOp emenTOp HBI, e —
 ——— - =
THIIep 10.18p H3aHoHHBI

HOTEHIINA/ KJIeTKI o

k]

5 1

[ ————— F

Honnbiii Tox nepecTaér Te4s BHYTPS
KJIeTKH H KJIeTKAa FHNep o/ IAp HIYeTcs

Xuvirdeckas mep elada cir Hala

Puc.18. Ynpowénnas cxema mMmexanusma pomompancoyKyuu
Fig.18. Simplified diagram of the phototransduction mechanism

18 JLHFE A Y 1L

Ha puc. 18 cmpaBa mokaszaHbl peajbHBIC 3alUCH DJICKTPUUECKUX OTBETOB
MajJoyKy CETYATKH Ha HapacTarollde MO0 WHTEHCUBHOCTH BCHBIIIKK CBETa. OJTH
OTBETHI SBJISIIOTCSI CJIEJCTBUEM YMEHBIIEHUS CKOPOCTH WJIM MOJTHOTO MpEeKpalieHus
MOHHOTO TOKAa BHYTPb KJIETKH, YTO MPUBOAUT K €€ TUTIEPIIOJISIPU3ALIUH.

MexaHu3M CHHANTUYECKOM Tiepemadyud  (POTOperenTopHOro CUTHajia  OT
(GhOoTOpELeNTOPHBIX KJIETOK K CIEAYIOIIMM HEPBHBIM KJIETKaM CETYaTKU JOBOJIBHO
CJIOXKEH, a CTPYKTypa NepBOTro (pOTOPEIENTOPHOTO CHHAINCA BEChbMa HEOOBIYHA (CM.
puc. 19).

MHOroO4YHCIIEHHBIE CHUHANTHYECKHE OKOHYAHMS ITaJlOYeK, WX Ha3bIBAIOT
«chepyibl», - 3TO HEOOJIBIIIME KPYIVIbIE BBIPOCTHI, 3-5 MUKpOHa B nuameTpe. Ha puc
19, cneBa mpencrtaBieHa cxema cTpoeHHs cdepyiabl. OKoHYaHUS KOJIOOYEK, UX
Ha3bIBAIOT «HOXKH KOJIOOYEK», - KpyIHbIC, KOHUYECKHe, auaMeTpoM 8-10 MHUKpPOH.
Kak B cepynax mangodek, Tak ¥ B HOKKAX KOJIOOYEK MMEIOTCS TUIOTHBIE CTPYKTYPHI,
Ha3bIBAEMbIE CUHANTHUYECKUMU JIEHTAMH, HA KOTOPBIX M BOKPYI KOTOPBIX HMEETCA
MHOKECTBO CHHANTHYECKUX BE3UKYJ, COJAEpKAIIMX MOJEKYNbl Helpomeauatopa. B
HOXXKE KOJOOUKM umeeTcs okoyio 30 Takux JIeHT, B cdepynax MaJIOYeK HUMEIOTCS
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TOJILKO JIBE€ CUHANTH4eCcKue JeHThl. K 3TuM nentam B cepyity manouku BAAIOTCS JBa
OTpOCTKa (J€HApUTA) OHWIOISAPHBIX KIETOK (T.H. IMaJIOYKOBBIC OHWIIONSAPBI) W JBa
OTPOCTKa (JICHAPUTA) TOPU3OHTANBHBIX KJIETOK, KaK 3TO ITOKa3aHo Ha puc 19, ciesa.

CuHanmTHYecKas nepelada GpoTopeuenTopHoro CHrHa1a oT (hoTopeenTOPHBLIX K1€TOK

K CIeIYHWIHEM HEPEHBIM KIeTKaM CeT9a TKH
I\)iﬂ[lﬂ'n

| ChnanTiaeckan JenTa

B edepy.ae nai09Kn

15-30 nanover ®

Cxema CTpOeHIH CHHAMCA MEXTY e —1% _~_—— AE :
CHHANTHYECKIM OKOH9AHIEM —r —
MAJ0YKH I JeHIP HTaMi BCC
GnmoIApHOIT I TOp M30HTAILHOIT

KJAETOK. 2 -
B coHANTHYECKOM OKOHYAHIN

MNAJOYKH HMeeTCH CHHANTHYeCKaA
JeHTa ¢ MOTeKy. 1aME

7

HeflpoMeImaTOpa (T.IyTaMaTa)

Puc.19. Cxema cmpoenusi cghepyiol
Fig.19. Spherule structure diagram

[ 19, /DERAE fik

Ha stom e pue. 19, cnpaBa o003HaueHa cama CeTYyaTKa U MOIVIOTUBIIAsL B HEU
KBaHT CB€Ta MaJoyKa. JTa Najlo4yKa OJHA M3 MHOIUMX JPYIHX, CXOASAIMIMXCA K
OUMOISAPHON KIIETKE, U UMEHHO OHA NepeaéT OMnoIIpHOM KJIETKE CUTHAII O cBeTe. B
CUHANTUYECKUE OKOHYaHue (cepynay) STOM NaNO4YKKM BIAIOTCA OTPOCTKU — U
OUNOJIAPHOM, U TOPU3OHTAIHLHOM KJIETOK. B mepBoM, (OTOpEnEenTOpHOM CHHAIICE
CUTHAJI HE TOJIbKO IMepeaaéTcsi HEpBHBIM KJIeTKaM, HO U oOpabarbiBaeTcs. Cymmanus
TaKMX CHUTHAJIOB OT 5-15 OWMONSAPHBIX KJIETOK, MOJTYYUBIIUX HHGPOPMALIUIO O
MOTJIONICHUH KBAHTA CBETA OT «CBOWX» MAJIOUEK, JHOXOJIUT JO TAHITIMO3HBIX KIIETOK,
KOTOPBIE ¥ NIOCBUIAOT €€ B BUJE MOCJIEA0BATEIbHOCTH HEPBHBIX UMITYJIbCOB B MO3I, U
KOTOpasi, B KOHEYHO cuéTe, CyOBEKTUBHO BOCIPUHHMAETCS KaK €Jleé 3aMeTHas
CBETOBAsl BCIBIILIKA.

[TockonbKy B Hamell JeKUMM pedb HAET O MOJEKYJSIPHBIX MEXaHH3Max
TeHepalnd, Tepeiadn 1 MepBUIHON 00paboTKku HOTOPEIEeNTOPHOTO CUTHAIA, TO MBI
KOPOTKO PACCMOTPUM KaK UIMEHHO OH Nepenaércs u o0padaTbiBaeTcsl.

B HapyXHOM CHHanTHYECKOM CJIO€ CETYaTKHM MPECHHANTHYECKUE OKOHYAHUS
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KOJIOOUYEK M IIaJIOUCK KOHTAKTUPYIOT C Pa3JIMYHBIMH THUIIAMU 6I/IHOJ'I}IpHBIX 141
T'OPU30HTAJIBHBIX KJICTOK.

TTamouxn TTamoukn

Kombouxa Koabouxka |

Konbouxa

x llll_" pl.-'- £ ’f » =
TopmsonTamsHas

Bunonmapuda e

KJIBTEA KJIeTKAa

AmakpuHoBas @ AmaxpruHoean
KJIeTKa KIIeTKa
@
g

—_
== P
""-'_7/}\'" %

Puc.20. OcHoBHbIe KIemOoyHble d1eMeHnbl CeMYamKu
Fig.20. Basic cellular elements of the retina

20, PRSI ZE A ki 7

Ha puc. 19 (cmpaBa) u Ha puc 20 mnpeACTaBICHbl OCHOBHBIE KJIETOYHBIC
alieMeHTHI ceTuarku: ¢otopenentopubie — nanouku (I1) u konbouku (K), u HEpBHBIE
— ounonspuasie (b), ropuzontanbubie (I'), amakpuHoBbie (A) u ranruosHbie (I'K)
kietku. lIpeacraBieHbl Takke WX CHHANTHUYECKUE CBSI3M B JIOBOJBHO Y3KOM
HapykHoM cuHantuueckoM cioe (HCC) u B ropazno 6ojee MHMPOKOM BHYTPEHHEM
cunantuueckoM ciioe (BCC). BaxxHo, 4TO yke€ B Hapy>KHOM CHHANTHYECKOM CJIO€
MPOUCXOAUT (HOPMHUPOBAHME JABYX HMHQPOPMAIMOHHBIX MOTOKOB. OAMH M3 HHX
npenHa3HaueH s OOHapyKeHHs OObEKTOB, KOTOphie cBeTiiee (hoHA, a JPYTOi,
koTopbie TeMHee (poHa. 1o T.H. ON- u OFF-mmoToku. DT0T MeXaHu3M, o0ecreurnBacT
BaXHEHIINE 3pUTETbHBIE (QYHKIIUU — BOCIPHUSITHE KOHTPACTa, CBETJIBIX U TEMHBIX
rpaHul], MOpOLIE TOBOPS, NpEeAMETHOE 3peHue. Bompoc B TOM, Kak MMEHHO 3TO
MIPOUCXOJINT, KAKOB MOJICKYJIIPHBIN MEXaHU3M TaKOTO pa3iesieHrus HHPOPMAIMOHHBIX
MOTOKOB YK€ Ha TIEPBOM JTare mepefaadu u 00padoTku (GOTOPEIenTOPHOTO CUTHAIA.
MexaHu3M 3TOT OKa3aJicsi BECbMa HEOOBIYHBIM.

Kak MbI yxe roBopwin, B OTBET Ha CBET (OTOPEUENTOPhl MO3BOHOYHBIX

488 Teopvm cucrtem, anre6paw-|eCKa;| 6uonorus, VICKyCCTBeHHbIVI NHTENNEKT: MateMaTn4yeCckne OCHOBbI 1 NPUNOXeHUA



’KUBOTHBIX W 4YeJIOBEKa THUMepnoysipu3ytorcs. DakT WX TUMNEpHosipu3aluu, a He
NENOJIApU3alui, TPUCYIIEH OOJBIIMHCTBY CEHCOPHBIX PEIENTOPOB  JIPYTUX
MOJIaJIbHOCTEN B OTBET Ha CTUMYJIILHIO, CTal B cepenuHe 60-X rofoB ceHcauuen
[11]. IIlpumepHo B TO k€ roasl Mbl ¢ FO.A. TpudoHOBBIM MOTYUNIIN yAUBUTEIbHBIC
pe3ynbTarbl, M3 KOTOPBIX CJIEJOBaJlo, YTO B TEeMHOTEe (HOTOPELENTOPHI
JENOJIIPU30BaHbl U U3 UX CHHANTUYECKUX OKOHYAHUI ITOCTOSIHHO BBIAEIISETCS KAKOM-
TO JIEMOJIAPU3YIOIINI CIEIYIOUIY0 HEPBHYIO KIETKY HEMpPOMEANATop, @ 4TO Ha CBETY
CKOpPOCTb €r0 BBIJICJICHHS] YMEHBIIAETCS, IPU 3TOM Ha SIPKOM CBETY OH MPEKpaliaeT
BbiAenATbCs BoBce [12]. Tlogpobnas crares FO.A. TpudoHoBa 00 3TOM OTKPBITUU
MOSIBWJIACh Ha cieayromui roa [13].

Konbouka Oreer

Koabo4KH

Ha (BET [ _\/-

I'HreprioJapH3alma
0N - oTBET
OFF- oTBET BHm0TsIp HOM KMeTRH
GHmOTAPHOH KITeTRH
Exn [ [
Ey a1
T'ymepmo mAp s awms P
OFF - OTBET QN - 0TEeT
TAHTTHOSHOH KNETKH TAHTTHOSHOH KIIeTEH
IroymecHan
AKTHBHOCTE
T'vmepmonapmsama Jemomap s aumsa
Hromynscxas

.. 1Ilepesaya no spuTeLHOMY
= HEPEBY IPHTe.EHOH
HH{} OPMAITH E MOT

Puc.21. @opmuposanue ON- u OFF-nymeii obpabomku 3pumenvHoll ungopmayuu
om 0OHOIL U MOLL Jice KONOOUKU
Fig.21. Formation of ON- and OFF-pathways for processing visual information
from the same cone
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Ho 4To BaxkHO: MOCTCHHANTHYECKUE OUIONIAPHBIE KIETKH OTBEYAIOT HAa CBET
aubo runepnoispusauuend, aubo naenonspuzanued. [Mnepnonaspusyrouuiics TUIl
ounossapHbIX KieTok HasbiBaeTcsi OFF-Oumnomsipamu, a nenonspusytomuiics - ON-
ounonspamu. [locTcuHanTHUecKue TOPU30HTAIBHBIE KJIETKM BCErla OTBEYAIOT Ha
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CBET runepnoisipusanuei. 1 3To NoHATHO, MOCKOJIbKY B TEMHOTE HA HUX MTOCTOSIHHO
JNEUCTBYET NETONSPU3YIOIINN HEUPOMEANATOP, U OHM, CJIENOBATEIbHO, HAXOIATCS B
JENOJISIPU30BAHHOM COCTOSIHUM, a MPEKpAlleHUE BbIACICHUSA JENOIAPU3YIOLIErO
Helpomeauaropa NpUBOAUT K UX runepnosspusanuu. To ke camoe OTHOCUTCS U K
THMEPIIONSIPU3YIOMUMCST Ha CcBeT OumonsipHbeiM kietkam — OFF-6unomspamu. Ho
CHpalInBaeTcs, KakuM 00pa3oM CHHANTHUYECKH CBSI3aHHbIE C (HOTOpELEenTopaMu
OMMOIAPBl OTBEYAIOT HA CBET ACMOJISPHU3aLMEl, KaK U IMo4eMy OHM cTaHoBiTCS ON-
ounonspamu? OKas3anoch, YTO CYIIECTBOBAHHME ABYX THUIIOB OHUIIONISAPOB CBSI3aHO C
TE€M, YTO B HMX IOCTCHHANTUYECKHX MeMOpaHax HAaXOAATCS pa3Hble PELEenTOPbI
(MoJeKynbl) AJIsi OMHOTO U TOTO K€ HeWpomeauaropa, a MUMEHHO MiyTamara. Y
TUIEPIONSIPU3YIONIETOCs] TUMA OUMIONSPOB 3TO T.H. HOHOTPOIHBIE IIIyTaMaTHbIE
peuenTopel, a y JenoJIApU3YIOLIErocs TUIa OWIONSIPOB T.H. METa0OTpPOIHbBIC
[IyTaMaTHbIE PELEeNTOPbl, KOTOpble MHBEPTUPYIOT CUTHAN 4epe3 Kackana (G-Oeikos.
bnaronapsi Takoit uHBepcuU 3HaKa oTBeTa Ha cBeT y ON-OUIONSIPOB yKe Ha caMmOM
paHHeM o9rtane 00padoTku  (oTopenenTopHoro curHaiza ¢GopMupyeTcs JBa
unpopmanronnbix nmoroka — OFF u ON-notoku Bo Bceil ceTuaTke U jajiee BO BCe
3purenbHOl cucteMe. Ha puc 21 cxemarndyecku M OYE€Hb YHPOIIEHHO MOKA3aHO
dbopmupoBanue ON- u OFF-myTeit 06paboTku 3putenbHON nHpOpMAIUU OT OJHOUN U
TOW e Kojabouku. B camoil kombouke B OTBTE HAa CBET BO3HHKACT MEIICHHBIN
TUIEPIONSIpU3allMOHHbIA  0TBeT. B koHTaktupyromem c¢ Heid OFF-Ounomnsipe
(MOHOTPOMNHBIN  [IyTaMaTHBIA  pElEeNnTop) TakKe  BO3HUKAECT  MEJICHHBIM
runepnoysipu3auvoHsbli  otBeT. Tak HaumHaerca OFF-kaman wimm  OFF-nyTh
00paboTKH 3puTebHON nH(pOpMali. B koHTakTUpYIOLeh ¢ Toil ke konboukoir ON-
ounomnspe ( MeTabOTPOIHBIN MIyTaMaTHBIA PELenTOp) BO3HUKAET MEJJICHHBIA, HO
TENeph y>K€ WHBEPTHUPOBAHHBIN JEMONSIPU3ALMOHHBIA OTBET. Tak HaunmHaeTca ON-
kaHan win ON-myTh 00paboTku 3putenbHor uHbopmanuu. [lanee, OFF- u ON-
OUMOSAPHI MEPEAl0T CUHANITHYECKH, HO YK€ BO BHYTPEHHEM CHHANTHYECKOM CIIOE,
uHQOpMaIMIO  TaHMIMO3HBIM  KjeTkaM. Cpeau  modtd  TpEX  JECATKOB
(GYHKITMOHAIBHBIX THIOB TAaHTIIMO3HBIX KJIETOK 3HAYUTENbHAS OIS MPUHAIJICIKUT
OFF- u ON-tumam, xotopeie popmupytorcs omarogaps OFF- u ON-Oumomnsipam. B
raHnIno3HbIX KieTkax OFF-Tuma B OTBET Ha CBET BO3HUKAET TMIEPHOJSPU3ALINS,
IIPUBOAIIAS K INPEKPALICHUI0O MX CIIOHTAHHOW B TEMHOTE HMITYJIbCALUH, T.€.K HUX
(U3HOIOTMYECKOMY TOPMOXKEHHIO. B ranmmuo3nsix xe kietkax ON —rtuma (ON —
KaHajia) B OTBET HAa CBET BO3HUKAET JAENOJSPU3ALINS, TPUBOAAIIAS K BOSHUKHOBEHUIO
OBICTPOM HMMIYJIbCHOW AaKTHUBHOCTH, T.€.K UX (PU3MOJIOTHYECKOMY BO30YXACHHUIO.
[TocTynaromasi B MO3r 10 aKCOHaM (3pUTEIBLHOMY HEPBY) BCEX THUIIOB TaHTIIMO3HBIX
KJIETOK B MO3T 3puUTelbHas MHGOpMalUs MOJBEpPraeTcsi, €CTECTBEHHO, JaJIbHEeHIIen
CBEPXCIIOKHOU 00paboTKe, 3aBEpIIAIOIICHCS OMO3HAHUEM 3pUTENbHOTO oOpas3a. He
B/IaBasICh CKOJIBKO-HUOYIb MOAPOOHO B MpoIiecc 00paboKu 3pUTENbHON HHpOpMAITUU
Ha YPOBHE CETYATKU, KOPOTKO CKAXKEM TOJIbKO 00 OCHOBHBIX (DYHKLHSAX €€ HEPBHBIX
kjaeTok. Kak oueBHIHO, OMIONSPHBIE M TAHIIMO3HBIE KJIETKH COCTaBJISIOT MPSIMOMN
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NyTh TEepeaaYn 3pUTEIbHON MHPOPMAIMK OT (POTOPEIETTOPHBIX KIETOK — IMaloueK
(cyMmepeuHoe 3peHHE) U KojaOouyeK (JHEBHOE, IIBETOBE 3pEHHE), B TO BpPeMs Kak
TOPU3OHTAIBHBIE M aMaKpPUHOBBIC 0O0ECHeYrBalOT 0o0pabOTKy HH(pOPMAIIUU TI0
ropu3oHTaNMH. [OpU30HTaIBHBIE KIETKH OTBEYAIOT 3a T.H. JlaTepajibHOE TOPMOXKECHHE,
oOecrieunBaronee (GPOPMUPOBAHUE PEIENTUBHBIX TMOJNICH OWIOISPHBIX KIIETOK.
AMaKpHHOBBIC KJIETKH TakKe O0O0ECIeurMBaIOT JaTepajbHOE TOPMOXKCHHE W
dbopMHUpOBaHUE PEIENTUBHBIX TOJEH TaHTIMO3HBIX KIeToK. Ho oHM Takke
OTBETCTBEHHBI 32 MHOXKECTBO JAPYTHUX 3PUTEIHHBIX QYHKITUHN, BKIIIOYas 3 (HEKTUBHYIO
nepeiaqy CUTHaJIA ¢ BRICOKUM COOTHOIIICHUEM CUTHAJI/TITYM.

IepBbrii
CHHANITHY eCKHii
cJ10it

Bropoii
CHHANITHYEeCKMIi ci10ii

l'anrnuo3ubie

KJIETKH, Tiepeaonme
uH(popMaNHIo B MO3T

3puTenbHble obnacTu
KOpPbI FONIOBHOIO
Mo3ra

Cunanc
3pHTEIbLHOI
KJIeTKH

Puc.22. Obpabomka unghopmayuu 6 cemuamxe 2naza
Fig.22. Information processing in the retina

22, PAAIHER AN P

B uenom (cm. puc 22), MoseKysipHble MEXaHU3Mbl BOSHUKHOBEHUSI, IEPEIAYU U
00paboTKH (HOTOPELEITOPHOTO CUTHAJa B TIEPBOM, HAPY>KHOM CHHANTUYECKOM CIIOE,
MEXaHHM3MBbl €ro IMOCIEAYIOYIIEH CIOKHEel o0pabOTKM B HEPBHBIX KIETKax WU
BHYTPEHHEM CHHANITHYECKOM CJIO€ CETYaTKH, U YXK, KOHEUHO, IOAPOOHOCTU
CBEPXCIOXKHOU 00pabOTKM MH(OPMAIIMKU B BBICIIMX MO3TOBBIX LIEHTPAX COCTABISIOT
CYyThb W OCTAIOTCS MPEAMETOM HHTEPECHEHIIMX W BaXKHEHMMX (yHAaMEHTaIbHBIX
UCCJIeIOBAaHUN 3PUTENIbHOM CHCTEMBbl B HacTtosiee Bpemsi v B Oyayuiem. OjHako,
MeXaHU3Mbl 00pabOTKN MH(OPMALIUK B CETYATKE KaK «4acTH MO3Ta, BBIHECEHHOH Ha
nepudeputo» (Pamon-u-Kaxan), a Tem Oosiee B 3pUTENbHBIX U 3aTEM JIPYTHX LEHTPAX
MO3ra, JaJieKO BBIXOAAT 3a paMKU 3TOH CTaThbM, COCTaBISIsl OTPOMHYIO OO0JIaCTh
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MCKIUCTUIIIIMHAPHBIX I/ICCJ'IGILOBaHI/II\/JI.

Dear Colleagues!

Our Congress is unique in its interdisciplinarity. And [ think that the
participation of physiologists in it is fundamentally important. It is important not in
the sense that specific, especially recently acquired knowledge about the work of the
brain, the work of sensory systems, the mechanisms of creation, processing and

transmission of information in living systems; finally, the mechanisms of
memory and even consciousness can somehow be transferred to information
technology, to the improvement of what we conventionally call “artificial
intelligence.” And it seems to me that the participation of physiologists is important
in the other sense that this knowledge expands horizons and perhaps leads specialists
in these same information technologies to new thoughts. As they say, “knowledge is
power!” Therefore, a series of reports by physiologists at this Congress is natural and,
for sure, can be interesting and useful for “information people”, such as the report by
Academician K.V. Anokhin about modern problems and approaches to the
mechanisms of consciousness.

What I will talk about today concerns the molecular mechanisms of information
creation in living systems, and specifically the creation of visual information in
response to the absorption of light by the visual cells of the retina. Amazing advances
have been made in this area of sensory physiology in recent decades. But before
talking about the molecular basis, I must say a few words about the fundamental
physiological basis of vision. From these physiological foundations arose the modern
molecular basis for the creation of a visual signal, that is, visual information in a
living system. I'll start with physicists and the threshold of absolute light sensitivity
of the eye.

Physics and vision

Physicists have always been interested in the nature of vision. In the nineteenth
and first half of the twentieth centuries, they made decisive contributions not only to
the understanding of the optics of the eye (Johann Kepler \1611\ “The lens is a
focusing lens”), to the theory of color vision (Thomas Young \1802\, J. Maxwell \
1861\, Hermann Helmholtz \1856\), but also in determining the absolute light
sensitivity of the visual system. The first and quite competent determination of the
threshold of light sensitivity of the human eye was made at the end of the 19th
century by Samuel R. Lanley (1834 - 1906) - physicist, astronomer, inventor of the
bolometer. Its value of the threshold of absolute light sensitivity - 3x10-9 erg or about
800 quanta incident on the cornea, turned out to be only an order of magnitude higher
than modern values. Essentially, the next physicists who took an important step in
this direction were Yu. B. Khariton and S.I. Vavilov.
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Yu. B. Khariton - one of the “fathers” of the Soviet atomic bomb, having arrived
in Cambridge in 1926 at the Cavindish Laboratory and having received from Ernst
Roseford and J. Chadwick the classical problem of nuclear physics of that time -
counting o-particles, he uses it to solve it human eye [1].

S.1. Vavilov and his collaborators in Leningrad in the 30s, at the State Optical
Institute, were actively studying the quantum nature of light. Being keenly interested
in the nature of vision and the history of the science of vision, S. I. Vavilov also
carries out a series of works, from the results of which he determines the threshold of
absolute light sensitivity of the human eye [2-4].

In the purely physical State Optical Institute, back in 1923, a special laboratory
of eye optics was created. And when in 1931 this institute was headed by S.I. Vavilov,
it was renamed the laboratory of physiological optics. S.I. Vavilov and his
collaborators managed to establish both the quantum nature of light and
experimentally measure the threshold sensitivity of the eye. These studies are
rightfully considered classic in both physics and physiology.

On the first slide (Fig. No. 1 in the article) I show you a photograph (on the left)
of academician Yuliy Borisovich Khariton (he is in the center), I am next to him, on
the right is his teacher, academician Nikolai Nikolaevich Semyonov, Nobel Prize
laureate, founder of the Institute of Chemical physicist, into which he accepted me
and a group of employees back in 1969, and to the left of Khariton is Academician
Yakov Borisovich Zeldovich, the second “father” of the Soviet atomic bomb, also the
closest student of Nikolai Nikolaevich Semyonov. The photo on the right on this slide
is a portrait of Academician Sergei Ivanovich Vavilov, President of the USSR
Academy of Sciences, who studied not only the quantum nature of light, but also the
physiology of vision.

From the work carried out independently and in different years by physicists
Khariton and Vavilov, the conclusion followed that the rod retina of the human eye is
capable of responding with a physiological signal to just one absorbed quantum of
light.

Currently, the experimentally determined threshold of light sensitivity of the eye
is 4+7e 10-10 erg/s. We are talking about a minimal flow of light energy from a point
source, which falls on the cornea of the eye and is perceived by the brain as a flash of
light. In terms of a wavelength of 507 nm (maximum of the visibility curve of rod
vision), this threshold energy corresponds to 50+150 quanta. About half of this energy
on its way to the retina is lost in the optical media of the eye, mainly due to reflection
from the cornea and absorption in the lens and vitreous body. Thus, out of 25+75
quanta reaching the retina, only 5+15 light quanta are effectively absorbed by the
photoreceptor (visual) cells themselves. The rest, the so-called “extra” quanta, pass
through the retina and are absorbed by the underlying single-layer black pigment
epithelium.

In 1942, physiologist S. Hecht and co-authors published a work, the conclusion
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from which about one quantum for one rod is already included in all manuals and
textbooks [5].

So, the visual cell of the retina, the rod, is capable of detecting one absorbed
quantum of light. In other words, in response to the absorption of just one quantum of
light by the rod, a physiological signal arises in it, which is then transmitted to the
next nerve cells of the retina, processed and sent to the brain.

To avoid misunderstandings, it should be emphasized that the absorption of one
quantum by one rod is completely insufficient for the subjective perception (feeling)
of a weak light flash. This requires summation of signals from at least 5-15 rods
excited by light, and within a very specific short period of time (for more details, see
[6,7]).

This fundamental finding gave impetus to the modern deciphering of the
molecular mechanism of vision. We are talking about the molecular mechanism of
phototransduction - the absorption of a light quantum by the molecule of the visual
pigment rhodopsin, i.e. the primary light signal, the subsequent amplification
(reproduction) of this signal and the eventual emergence of an electrical
photoreceptor signal in the visual (photoreceptor) cell.

Academician played a huge role in the development of visual physiology in
Russia.

Phototransduction mechanism: site of action

The process of converting the primary light signal into an electrical
(photoreceptor) signal of the visual cell (phototransduction mechanism) occurs not in
the entire visual cell, but in its specialized part - the outer segment. In Fig. Figure 3
shows a diagram of the eye, which shows the retina lining the bottom of the optic
cup. Further, in the middle, there is a diagram of the layers of the retina, which shows
a layer of visual cells - light-sensitive rods and cones, and behind them the nerve
layers of the retina, where the most complex processing of visual information occurs,
before it arrives through approximately 1 million 200 thousand fibers of the optic
nerve into the brain. And finally, on the right are the rods themselves, which are
responsible for twilight vision, and the cones, which are responsible for daytime,
color vision. The outer segments of rods and cones, in which the absorbed quantum
of light initiates the formation of a bioelectric visual (photoreceptor) signal, are
highlighted in red.

In the next photo (Fig. 4) Santiago Ramon y Cajal is a great Spanish histologist,
one of the founders of modern neurobiology, Nobel Prize Laureate in Physiology or
Medicine for 1906. “The retina — as he wrote at the end of the 19th century — “is part
of the central nervous system, the peripheral part of the brain” [8].

When he said and wrote this, he himself did not suspect how right he was. As we
now understand, a huge amount of processing of visual information takes place in the
retina, in its neural layers, many details of the processing of which still remain
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unclear to us.

The following Figure 5 shows very schematically the main cellular elements of
the retina and their synaptic connections. Cones, and their three spectral types - blue-,
green- and red-sensitive, transmit information at the first photoreceptor synapse
directly to the next retinal nerve cell, the so-called. bipolar cell. In turn, the bipolar
cell also directly transmits information at the second synapse (second switching), the
so-called. ganglion cell. And it, along its long process, the axon, transmits
information in the form of a sequence of nerve impulses to the brain, namely to its
occipital visual centers. Therefore, daytime cone vision is the so-called central,
photopic, color and clearest vision, and if we speak in technical terms, it is highly
resolved. Simply put, the visual acuity of cone vision is high. As for the rods located
on the periphery of the retina, as they say, “all cats are gray at night.” But rod vision
is highly sensitive. To see a twinkling star in the night sky, you need to look at it out
of the corner of your eye. Ancient astronomers knew this very well. It is the rod, as
we have already said, that is capable of detecting just one absorbed quantum of light
from one of the 109 light-sensitive molecules of the visual pigment rhodopsin in its
outer segment. Next, the rods and cones are followed by nerve cells - bipolar,
horizontal, amacrine and ganglion. In fact, there are quite a few functional types of
these cells. Bipolar and horizontal cells receive and process information from
photoreceptor cells. They receive information, not surprisingly, in the form of
slowing down or even stopping in bright light the release of a chemical substance into
the synaptic cleft - a neurotransmitter, namely glutamate. The function of horizontal
cells is to process information from photoreceptors horizontally, and the function of
bipolar cells is the synaptic transmission of this information already processed in the
first photoreceptor synapse to the next layer of nerve cells - amacrine and ganglion
cells. The second synaptic layer of the retina is much wider than the first. And again,
the function of amacrine cells is the most complex processing of information received
from bipolars horizontally, and the function of many functional types of ganglion
cells is the transmission of information in the form of a sequence of nerve impulses
along their long axon postcards to the brain. What is important: impulse activity
occurs in the retina only in its ganglion cells. In all other nerve imposts, no nerve
imposts arise: photoreceptors respond to light with slow electrical activity, and in
bipolar, horizontal and most amacrine cells there is also slow electrical activity.

In retinal physiology there is such a concept - “receptive field”. The point is that
one cell collects information from many synaptically connected cells. For example, 1
bipolar cell collects photoreceptor signals from at least 15-30 rods (Fig. 6). Since the
absolute threshold of human vision is 10-15 quanta falling on the entire retina, the
probability of 2 or more quanta hitting one rod is negligible. This means that only in
one of the 15-30 rods in the receptive field of the bipolar cell does a signal arise upon
the absorption of 1 quantum of light, which is then synaptically transmitted and
processed by the bipolar cell, and then sent further to the second synaptic layer. It is
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the processing of this signal

Now how does this signal arise in the visual cell? The process of its occurrence,
that is, the conversion of a light signal into an electrical (photoreceptor) signal,
occurring in its specialized outer segment, is called phototransduction. In Fig. 7 on
the left is a schematic visual representation of this process in a stick. The light
quantum is absorbed by one of the 109 rhodopsin molecules filling the outer segment.
As a result of the absorption of a quantum of light by this one molecule on the plasma
membranes of the outer segment, the electrical potential changes (does not arise, but
rather changes). This change (hyperpolarization of the membrane) is the very
“emerging” photoreceptor electrical signal, which rather slowly (not like a nerve
impulse) spreads to the presynaptic ending and regulates (reduces) the rate of
neurotransmitter release into the synaptic cleft. Thus, the primary visual
(photoreceptor) signal is chemically transmitted in the first photoreceptor synapse of
the retina further - to bipolar and horizontal nerve cells. This electrical signal
(photoreceptor potential) in response to the absorption of 1 quantum can be directly
removed (recorded) from the rod, as shown on the right side of the figure. It turned
out to be quite large: about 3% of the maximum response of the wand to a bright,
saturating flash of light. A physiological signal of this magnitude, spreading from the
point of origin in the outer segment to the presynaptic ending, can confidently be
transmitted to bipolar and horizontal nerve cells. In other words, the process of
converting the energy of a single quantum of light absorbed by rhodopsin into a
photoreceptor (visual) signal is very effective. This is a process from a quantum of
light to a photoreceptor signal - the mechanism of phototransduction is now quite
well described. Its essence is enzymatic enhancement almost a hundred thousand
times. It begins with a photochemical reaction in the rhodopsin molecule that is
unique in speed and efficiency. In Fig. 8 on the left is a schematic representation of a
rod photoreceptor cell. Its outer segment contains a stack of disks, as if superimposed
on each other and strictly oriented. In the rod of the human retina there are about one
to two thousand of them, in the rod of a bull - a diurnal animal there are about two
hundred to three hundred of them, and in the rod of a deep-sea fish that lives in
almost complete darkness there can be more than twenty thousand of them. The idea
of the evolution of the organs of vision is to “catch” a quantum of light. The less light
there 1s, the more disks and, accordingly, rhodopsin molecules in the outer segment
are needed to “catch” the quantum and start the phototransduction process. Each disk
is two biological membranes, “fused” along the edges; There is a narrow intradiscal
space inside the disk. Light-sensitive rhodopsin molecules are “inserted” into the disk
membrane, and the density of these molecules in the disk is extremely high. At the
same time, in the photoreceptor membrane of the rhodopsin molecule, which is liquid
like olive oil, it is in a dynamic monomer-dimer state. Below in this figure is the
rhodopsin molecule itself, “inserted” into the bilipid membrane. This molecule
consists of a large protein part and a very small chromophore part - a molecule of

496 Teopvm cuctem, anre6paw-|eCKa;| 6uonorus, VICKyCCTBeHHbIVI NHTENNEKT: MateMaTn4yeCckne OCHOBbI 1 NPUNOXeHUA



vitamin A aldehyde (retinal), which colors the entire molecule pink. Moreover, what
is interesting and important is that retinal, in principle, can be found in 16 isomeric
forms. But already at the very early stages of the evolution of the animal world, only
one isomer was ‘“selected” as the chromophore part (chromophoric group) of all
visual pigments, namely the 11-cis isomer of retinal. And now there are physical and
chemical explanations for this. The 11-cis isomer of retinal is located inside the
protein part, and is tightly bound to the protein by a covalent bond. And on the right
in Fig. Figure 8 shows a real, modern X-ray structural picture of rhodopsin, its
protein part. It can be seen that the protein is indeed “inserted” into the membranes,
that its polypeptide chain penetrates the membrane seven times. Moreover, as it
turned out, it is functionally important that each of the intramembrane sections of this
chain (“strands”) has its own angle of inclination relative to the plane of the
membrane.

In the next fig. Figure 9 shows a cross section of the molecule. This is also the
result of X-ray structural analysis. On the left you can see that 11-cis retinal (red) is
immersed in the protein part (green). And on the right is an X-ray structural picture of
11-cis retinal (purple color), surrounded by amino acid residues in the chromophore
center of the protein and covalently bound by its end (aldehyde group) to one of the
amino acid residues, namely the amino group of the 296th lysine in the seventh
“heavier” than the polypeptide chain of the protein part (opsin).

Let us now dwell on this photochemical reaction, unique in speed and efficiency,
in the rhodopsin molecule, which, as a trigger, starts the process of phototransduction,
that is, the visual act. This reaction was discovered back in 1958 in the laboratory of
future Nobel Prize winner George Wald at Harvard University.

Until now, the study of the mechanism of this reaction remains a “hot spot” not
only in the physiology of vision, but also in modern photochemistry in general.
Rhodopsin itself was discovered in 1876 by Ferenz Boll, and he called it “visual
substance” (Sehestoff). Then, due to its purple-pink color, it was renamed “visual
purple”, and only later it began to be called rhodopsin from the Greek words: “rhodo”
- pink and “opsis” - to see.

The essence of Ferenc Boll's discovery was very simple. He observed with his
own eyes how the pink retina, removed from the eye of a frog, became discolored in
the light - became yellowish, and then whitish. From this essentially photochemical
observation, he concluded that the visual cells of the retina contained some kind of
light-sensitive substance, the discoloration of which was somehow connected with
the process of vision. But what Ball observed was already a consequence of a
photochemical reaction, it was the disintegration of rhodopsin, when retinal came off
from its protein part. The entire subsequent history of research into the
phototransformation of rhodopsin is associated with the progress of photochemical
methods, that is, with the development of methods for recording the kinetics of
photochemical reactions. With the development of laser spectroscopy methods, the
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study of these reactions on a femtosecond time scale (1 femtosecond equals 10-15
seconds) has become a reality.

George Wald's laboratory showed in 1958 that the only photochemical reaction
in vision is the isomerization of 11-cis retinal around the 11-12 double bond to form
its all-trans isomeric form, that is, straightening the bent retinal molecule (Fig. 10). In
other words, the only reason light is needed in vision is for photoisomerization of the
chromophore group of rhodopsin, and this occurs in 50-100 femtoseconds. All
subsequent conformational rearrangements of the protein part of the molecule and all
subsequent enzymatic reactions that ensure the process of phototransduction, ionic
and electrical processes in the visual cell no longer require light.

Wald and his employees themselves did not suspect how unique it turned out to
be. Research over the past 10-15 years has shown that photoisomerization occurs in
femtosecond times and that the efficiency of this reaction is very high - the quantum
yield is 0.65, while 58% of the absorbed energy is stored in the molecule itself (for
more information on the photochemistry of rhodopsin, see [9], [10] ].

In Fig. Figure 11 shows a modern scheme of this reaction. It turned out that
isomerization occurs through the so-called “conical intersection” of potential energy
surfaces, which connects the excited state of retinal (S1) with the first reaction
product, photorhodopsin (Photo), but now in the ground state (S0). It has been shown
that the cis-trans transition in rhodopsin occurs in a fantastically short time - 50-100
fs, and that this is a coherent reaction. It becomes obvious that the highest speed and
efficiency of this transition is ensured by the interaction of the chromophore group
with its immediate protein environment in the chromophore center of the rhodopsin
molecule. The mechanism of this interaction remains to be elucidated.

The interaction of retinal with its immediate protein environment in a close
chromophore center directly determines such fundamental characteristics of the
rhodopsin molecule as the position of the maximum of the absorption spectrum, the
lifetime of the excited state, the quantum yield of isomerization and vibrational
coherence observed in the first photoproduct of the reaction, the so-called.
photorhodopsin.

In fact, it becomes clear that we are talking about protein catalysis of the
photoisomerization process, since it is the protein environment of 11-cis retinal that
ensures its ultra-fast and efficient photoisomerization (see Fig. 12). This protein
environment is in the chromophore center of opsin with 11-cis retinal as The
chromophore group of the rhodopsin molecule creates a variety of interactions -
steric, electrostatic, hydrogen and hydrophobic. The details of such interaction remain
to be determined.

What is the physiological meaning of photoisomerization in the chromophore
center of the opsin 11-cis retinal? The point is that isomerization (straightening) of a
curved retinal molecule leads to conformational rearrangements in the protein part of
the molecule, that is, to a slight change in its shape. As it turned out, straightened
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retinal pushes apart the alpha-helical cords, and pushes them apart by only a few
angstroms (Figure 13, left). But this turns out to be sufficient so that, as a result of
this displacement of the strands on the surface of the protein part of the molecule,
previously closed binding sites with another protein, the so-called G-protein or
transducin, are exposed (Figure 13, right). Thus, photoisomerization of retinal
triggers a conformational transition of the rhodopsin molecule into a physiologically
active state. The essence of this physiologically active state is that the enzymatic
cascade is triggered to amplify the light signal, which is the absorption of just one
quantum of visible light by rhodopsin.

In Fig. Figure 14 shows the main four participants in this amplification cascade:
rhodopsin, transducin (G protein), phosphodiesterase, and cGMP-gated ion channel.
The arrows show how light-activated rhodopsin interacts with transducin (G-protein),
which interacts with an extremely active enzyme - phosphodiesterase, which, when
activated, quickly destroys small molecules of cyclic guanosine monophosphate
(cGMP) dissolved in the cytoplasm of the outer segment of the photoreceptor cell.
The ¢cGMP molecules “control” the so-called plasmatic (outer) membrane of the
photoreceptor cell. cGMP-gated ion channel. In the next fig. Figure 15 schematically
shows this amplification stage, in fact a chain reaction. It can be seen that 1 molecule
of rthodopsin, having absorbed a quantum of light, manages to interact in the activated
state with almost 200 molecules of transducin and activate them. Further, each
activated transducin molecule, in turn, activates a phosphodiesterase molecule. And
then each phosphodiesterase molecule breaks down many ¢cGMP molecules at high
speed, converting them into non-cyclic guanosine monophosphate (GMP). This is a
unique enzymatic cascade of amplification (reproduction) of the primary light signal.
The question is, what's next? Why all this complexity? The answer is for a bioelectric
photoreceptor (visual) signal to arise in the photoreceptor cell.

In Fig. Figure 16 shows the dark situation, before the absorption of a light
quantum. Shown are the photoreceptor membrane of the disc, in which all the
proteins of the enzymatic amplification cascade are localized, and the outer, plasma
membrane of the photoreceptor (visual) cell, into which the cGMP-gated ion channel
is “built-in”. In the dark, rhodopsin is naturally not activated and the enzymatic
cascade does not work. At the same time, the concentration of cGMP molecules in the
cell cytoplasm is large, and several cGMP molecules are quite tightly bound to the
cGMP-gated ion channel, and they “keep” the channel open. Therefore, in the dark,
an ionic current (Na+ Ca2+) flows into the cell, and the cell, or more precisely the
plasma membrane of the cell, is in a depolarized state. In Fig. Figure 17 shows a light
situation when a rhodopsin molecule has absorbed a light quantum. Rhodopsin then
enters a physiologically activated state and triggers an enzymatic amplification
cascade. The consequence of this is a drop in the concentration of free cGMP in the
cytoplasm. As a result of this, the cGMP molecules, previously associated with the
cGMP-gated ion channel, “fall off” from it, and the channel “slams”—it goes from an
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open state to a closed one. The flow of Na+ and Ca2+ ions into the cell naturally
stops, and the cell, or rather its plasma membrane of the cell, goes into a
hyperpolarized state - a hyperpolarizing electric potential arises. This photoreceptor,
hyperpolarizing potential is the same bioelectric visual signal, which is then
transmitted to the next nerve cells of the retina.

In Fig. Figure 18 on the left once again shows a simplified diagram of the
phototransduction mechanism. It is shown how the light-sensitive molecule of the
visual pigment rhodopsin absorbs a quantum of light, how as a result of this, thanks
to the work of the enzymatic amplification cascade, a photoreceptor, hyperpolarizing
potential arises, which, spreading to the presynaptic ending, changes the rate of
release of a chemical substance (neurotransmitter) from the cell. Since the
photoreceptor potential is hyperpolarizing, it causes not an acceleration, but a
slowdown in the rate of neurotransmitter release from the presynaptic end of the cell
into the synaptic cleft, and in bright light, a complete cessation of neurotransmitter
release. In other words, as surprising as it may seem, in the retina of vertebrate
animals and humans, it is the slowing down of the speed or cessation of the release of
a neurotransmitter from the presynaptic ending that serves as an information signal
about the absorption of a light quantum for the retinal nerve cells following the
photoreceptors. In Fig. 18 on the right shows real recordings of the electrical
responses of the retinal rod to flashes of light of increasing intensity. These responses
are a consequence of a decrease in the rate or complete cessation of the ionic current
into the cell, which leads to its hyperpolarization.

The mechanism of synaptic transmission of a photoreceptor signal from
photoreceptor cells to subsequent retinal nerve cells is quite complex, and the
structure of the first photoreceptor synapse is very unusual (see Fig. 19).

Numerous synaptic endings of rods, they are called “spherules”, are small round
projections, 3-5 microns in diameter. Figure 19, on the left, shows a diagram of the
structure of the spherule. The endings of the cones, they are called “cone legs,” are
large, conical, with a diameter of 8-10 microns. Both rod spherules and cone stalks
contain dense structures called synaptic ribbons, on and around which there are many
synaptic vesicles containing neurotransmitter molecules. There are about 30 such
ribbons in the cone stalk; in the rod spherules there are only two synaptic ribbons.
Two processes (dendrites) of bipolar cells (so-called rod bipolars) and two processes
(dendrites) of horizontal cells protrude into these ribbons into the rod spherule, as
shown in Fig. 19, on the left. In the same fig. 19, on the right is the retina itself and
the rod that absorbed the light quantum in it. This rod is one of many others
converging on the bipolar cell, and it is this rod that transmits the signal for light to
the bipolar cell. The processes of both bipolar and horizontal cells protrude into the
synaptic ending (spherule) of this rod. In the first, photoreceptor synapse, the signal is
not only transmitted to nerve cells, but also processed. The summation of such signals
from 5-15 bipolar cells, which have received information about the absorption of a
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quantum of light from “their” rods, reaches the ganglion cells, which send it in the
form of a sequence of nerve impulses to the brain, and which, of course, is
subjectively perceived as barely noticeable flash of light.

Since our lecture is about the molecular mechanisms of generation, transmission
and primary processing of the photoreceptor signal, we will briefly consider how
exactly it is transmitted and processed.

In the outer synaptic layer of the retina, the presynaptic terminals of cones and
rods contact various types of bipolar and horizontal cells. In Fig. Figure 19 (right)
and Figure 20 show the main cellular elements of the retina: photoreceptor - rods (P)
and cones (C), and nerve - bipolar (B), horizontal (D), amacrine (A) and ganglion
(GC) cells. Their synaptic connections are also presented in the rather narrow outer
synaptic layer (OSL) and in the much wider inner synaptic layer (ISL). It is important
that already in the outer synaptic layer two information flows are formed. One of
them is designed to detect objects that are lighter than the background, and the other
is designed to detect objects that are darker than the background. This is the so-called
ON and OFF streams. This mechanism provides the most important visual functions -
the perception of contrast, light and dark boundaries, in other words, object vision.
The question is how exactly this happens, what is the molecular mechanism of such
separation of information flows already at the first stage of transmission and
processing of the photoreceptor signal. This mechanism turned out to be very
unusual.

As we have already said, in response to light, the photoreceptors of vertebrates
and humans hyperpolarize. The fact of their hyperpolarization, and not the
depolarization inherent in most sensory receptors of other modalities in response to
stimulation, became a sensation in the mid-60s [11]. Around the same years, Yu.A.
and I. Trifonov obtained amazing results, from which it followed that in the dark the
photoreceptors are depolarized and some kind of neurotransmitter is constantly
released from their synaptic endings, depolarizing the next nerve cell, and that in the
light the rate of its release decreases, while in bright light it stops being released
altogether [12 ]. Details

Detailed article by Yu.A. Trifonova reported on this discovery the following year
[13].

But what is important is that postsynaptic bipolar cells respond to light by either
hyperpolarization or depolarization. The hyperpolarizing type of bipolar cells is
called OFF bipolars, and the depolarizing type is called ON bipolars. Postsynaptic
horizontal cells always respond to light with hyperpolarization. And this is
understandable, since in the dark they are constantly exposed to a depolarizing
neurotransmitter, and they are therefore in a depolarized state, and the cessation of
the release of the depolarizing neurotransmitter leads to their hyperpolarization. The
same applies to bipolar cells that hyperpolarize to light—OFF-bipolars. But the
question is, how do bipolars synaptically connected to photoreceptors respond to light
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with depolarization, how and why do they become ON-bipolars? It turned out that the
existence of two types of bipolars is due to the fact that their postsynaptic membranes
contain different receptors (molecules) for the same neurotransmitter, namely
glutamate. In the hyperpolarizing type of bipolars this is the so-called. ionotropic
glutamate receptors, and in the depolarizing type of bipolars the so-called.
metabotropic glutamate receptors, which invert the signal through a G-protein
cascade. Thanks to this inversion of the sign of the response to light in ON bipolars,
already at the very early stage of processing the photoreceptor signal, two
information flows are formed - OFF and ON flows throughout the entire retina and
further throughout the entire visual system. Figure 21 schematically and very
simplified shows the formation of ON and OFF pathways for processing visual
information from the same cone. In the cone itself, in response to light, a slow
hyperpolarization response occurs. In the OFF bipolar (ionotropic glutamate receptor)
in contact with it, a slow hyperpolarization response also occurs. This is how the OFF
channel or OFF pathway for processing visual information begins. In the ON bipolar
(metabotropic glutamate receptor) in contact with the same cone, a slow, but now
inverted, depolarization response occurs. This is how the ON channel or ON pathway
for processing visual information begins. Further, OFF- and ON-bipolars transmit
information synaptically, but in the internal synaptic layer, to ganglion cells. Among
almost three dozen functional types of ganglion cells, a significant proportion belongs
to OFF- and ON-types, which are formed due to OFF- and ON-bipolars. In OFF-type
ganglion cells, in response to light, hyperpolarization occurs, leading to the cessation
of their spontaneous impulses in the dark, 1.e. to their physiological inhibition. In
ganglion cells of the ON type (ON channel), in response to light, depolarization
occurs, leading to the emergence of rapid impulse activity, i.e., their physiological
excitation. Visual information entering the brain through the axons (optic nerve) of all
types of ganglion cells into the brain is naturally subjected to further highly complex
processing, culminating in the recognition of the visual image. Without going into
any detail into the process of processing visual information at the level of the retina,
we will briefly say only about the main functions of its nerve cells. As is obvious,
bipolar and ganglion cells constitute a direct pathway for the transmission of visual
information from photoreceptor cells - rods (twilight vision) and cones (daylight,
color vision), while horizontal and amacrine cells provide horizontal information
processing. Horizontal cells are responsible for the so-called. lateral inhibition,
ensuring the formation of receptive fields of bipolar cells. Amacrine cells also
provide lateral inhibition and the formation of receptive fields of ganglion cells. But
they are also responsible for many other visual functions, including efficient signal
transmission with a high signal-to-noise ratio.

In general (see Fig. 22), the molecular mechanisms of the emergence,
transmission and processing of the photoreceptor signal in the first, outer synaptic
layer, the mechanisms of its subsequent complex processing in nerve cells and the
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inner synaptic layer of the retina, and, of course, details of the highly complex
information processing in higher brain centers constitute the essence and remain the
subject of the most interesting and most important fundamental research of the visual
system at the present time and in the future. However, the mechanisms of information
processing in the retina as “a part of the brain brought to the periphery” (Ramon y
Cajal), and even more so in the visual and then other centers of the brain, go far
beyond the scope of this article, constituting a huge area of interdisciplinary research.
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VE Ryl S5 38 BB GBS AR, BIFSRAT &, BE 1958 4, BRI R #8445
FEIRIRE (George Wald) Fis i RS2 8 g 2 il 5 3 1 a4 S JEE

1e4 Rk, B SOBERE T BT FEAEAE AR A B RS, i HAE AR
SRR — M [TREL] o BEREASRBEMK BKE (Ferenz Boll) Ji2
1876 “F3E T, Mz &y [HREYHE ] (Sehestoff). A%, HAHEHE, &
WEBm A “HRERA” , HEBRREAFGBHMASERALE, HEARE
“rhodo” - ¥raL Al “opsis” - & 2,

Bfmx PRSI AEAERE ., IR T E IR EECT

AL ORI T AR MRt ——Je e, MR N . WEMAH LXK
WEREIE T, M5 AR, SRR AN R & A A, S O

FAEREE FEEEEAE. (HEREERAN SRR ENER, B
AN R O E o vk, SR G 0. FER B EOGE i) B E
FUIE SH# B2 T iR DA B, BIELRC B0 52 I Bl g 22 1 7 v 1Y) 3% e
A, FEETIGEETTERNERE, ERDERRE (1 RBPER 10-15)
HF9T0E L I JE A TE

George Wald B 5 = A 1958 FFR B, LB ME— DB ROEZ 11-IH0457
I [ 11-12 S SR, TP 2 U, Blh B8 fh 1 4% o i o)
T (& 100 o EAEE, SUE R EDGME— R R 58 5 A 1O B
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th, BIEEELE 50-100 PN . 5 EEH5 1T A 1% R R EHE DL LR
P AT P G R R . B TR R AR I BT A 1R AR S EAN T R B

IR B L H R AIEECER R, 2% 10-15 FE AR
B, SRR AR RPN, W HERIEMNSERETG——ETERS
0.65, TIWRIKHIEEE R S8%MEAFETFAGH (THEZEH) BRHREYN
HeEE, 2 H[9]. [10]].

TEEH . 11 B T EZ&RIERRATT . HiglH, ERiEEE
FHRERET [IEISER AT X | 55400, BN A I ) B S B (S 1) B — 1 S i A
YA 4L AL & (Photo) BE4Z AT 2R, (HIRTEEAILRE(S0) » TR, HEHF
i) g it s A A0 A8 R0 BRI I - 50-100 s, Tiiig 2 — R B g, (R EE,
15 AR 1Y) e e R R R E AR R T E B O 22 A B R
W IR B ) AE ELAE T AR AR . 33 R AH ELAE R ARSI AT0 A 1 T B

AR B AT S O M EEE O EIRE A LR B e THRE
B FIEARRE, WRBOLR R KMENME . BB Ed. BRELNET
JIE RN 2 B IR B A TR 7E I B 2 — e, BIFTEERT. JefiEE.

HE L, BHERMEEDRCEMBERNEE ML, FALER 11-
NE AR S5 T 1 B R IR AR5 T S P A = s AL (RLE 12) . 3R
A RS AR EANEAE PO 11-EXH S B AREE ) THE A
EAZEMEAER - =M. 555, 8MEiK. 1880 EEH A A i
JE o

WEE -MEARAERE OE DR R B AR R BSEER,
B ORAER TREMBNE GUE) §EEr TEAEN MR EA, R
ARG AERERSE . FEEY, ERRSEGR o BIesRAER, W e
HEPAZE R ClE 13, A . HHEEEY, BU&LH T, BRI TEAEMY
BRI EHER)E SR, SERTEL Y —MEAE (RPEEN G A sEEEA) H
sk o B R k. (& 13, ) o Bk, BAEBROE SRR M S5
oy 1 G Ry AR PR MIRRE o 3 A PR IR R ) A A A S T K A
JEORIGRRSR, RIS (R — 1 &7 Al B e

E I8 o 14 BUR 1 METSORARS rh p DU 2 2 Bl AR L R
H (GHEH) « B _FAEEEA cGMP FIfERE FIBIE. wsRBUReBun R H
T BLEERE AR 1 (G B D AHIARA], SRR e B L (1 B - WEIR R
MEAER, BER BeREwsus 12, &AM S E PR
R (cGMP) /N> 1o BOGHII —#E 7. cGMP 70 [42H] ] e i EOLA
fE (Oh) . cGMP PIiZREE F@iE. 7E FEH. 15 RPN T R%
RSB, EmE B — SR E. WU, 1 EEEE 0 TRy —&E T
R, AETEAARTE N RIRELIE 200 (AR E Ao TR EREM.
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At BRHENE AR BEOE B B TR IE AR RS 1. MR RR(E BEIR
B> 2 cGMP 70, R E ML AR RR B BR & (GMP) .
18 & — BRI ARSI (8D W0 IR, BT Rg#4
HEF? RAEEEER? ZREBOCHIIEAEMEROE (RS Gk,

FE [ o 16 HR VRO E T2 AT B E DL, 8 T s B e A
B AR AR , AR B BOR AR 1 A B AR Hh, BARIBOLAT I (A
RO AN, Hh TN 1 cGMP =k FiliE. (ERET, #
RE BN GRS, R RAGEEN. Fik, ARRES cGMP 7211
IR, I HAT 28 MH cGMP 73752 cGMP FI4% 3 T IBIEAH B R R AL &,
[OR¥F ] IIERAEG DIk, EREET, BETER (NatCa2+) FAANM, i,
ol 5 YE i S LA A 1Y) B B s AR RE . FEE 17 88 TR E T
SO BT IR A G . SRR AR 5 B IE N A PRI A IR T8 1 il S I JBOR 0
HER A E B cGMP IIREE FRE.  &5R, SEArtd cGMP [#%EkE1d
EMER cGMP 7 F0Er “fitvE” , JEIE “HRIREIPH 7 —— 1T B IR RESE & B
PARRE.  Nat+ fl Ca2+ B FIRAMMERFIE, A, SCE DI AT i &
R, MENFERAGRRE - H BB AL, T8RRI 4% 1) AL A A2 A R
HIZEY)FEAR AN GE, SRR 1K 2R AR A TR — 81 45 K

FEE . ZflE 18 FOE R OB EA R A iLE . s8R 7RG
AARALE PR 7RO R T, BRBRBOREE N, Stz A
A T, RZ AL B R AT A AR, BSOS RS (A
BE) MR, HOtEZ S B2, e &5 S A SRy E 6
A0 P % fl T S R TS0 5% Al ) Bt R A e, TRV, I HLAESROG R, ARAEE
WY AR etF k. RAEEE, BEEERS NER, EAFHESMMA
FARALARIE A, R fl A o SR JSC A0 468 5 5L 0 L )3 PR Ji e B 1k, A A A o MR A
15 EME 9% BRBECISZ S AT S O B . A A [
18 BH7R | ML IEAR SR R I PO R OB B Rk, B MERIEAN
AN PR A BT R U R PR B S A IR AR, S S AR AL .

IR 2 AR I BRAE G TR A2 i AT L 21 il A5 ) A0 4R iAo A6 41 1) 5 A 5 DI K ) A
HAME, HEE DGRBS R AR SR AEE A2 (FE 19 .

W 2 RIEA AR I RE A “/NERY , 2/ NBETER MY, HAER 3-5 Bk,
19 ZEIB7R 1 /NERIAS AL SRS R um Al 2 “BERR” , 1RK, 2B
e, EALR 8-10 oK. FRIR/NERONIBEIR 3 #0 5A R A Rl vy A &,
EREEA T2 S A SIS E TR R NE . SERSEPORAYE 30 e
BRHUA AR TIAR RN ER P A e R 7 . AR (B RO IR EE AR B
W SR RS AKCPATI A W 58 (5D R PIIE L rh, AR
NER, tfE 19 AR, AEREEF. 19, AR AR S AL
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POt E TR, AR REEMmEY EFFEE R —, ERZAERE
ATVaE (S 2 AR . ARA A RN KT A R R R AT S O HY B RE AR I SR
uy (ANERD o FESE—ECECZ AR R T, AR A E IR B e &0, T H
BYEFE . RE 5-15 {8 S RAT A A L EE S AR RT, 18 SR AN A 2SR IR BN
BPE TEMR ] AR SE TR R, FIEMACETA M, MASHi4mm bl — &
I IRE T 2O FL IR BIRHS, &R, e B LR AR R T A RS
P

FE A FRAP 10 5 A 2 R A Y IR A2 A A\ SR 2 A . B RN ) AR B 1K 40 B
[R] I T A 55 5 T b 5 B ) e ) {e i T B L Y

TERTAFPEIRT A0 I g e, A5 e A G AR A5 A A4 1100 5 il T Sy 5 il - Al R Yy
ALK 4. ERE. B 19 () AE 20 BEon 7 A48 R A = EAN M A
AT B - AR AR AT () AR SEAT A (C), DA #4%- #hw(B). /K- T41f (D). M
RR(A) MIHFEEI(GC) ) A, EAM IS Al s B i A7 10 A AH & A 1 7 SR il
J& (OSL) AIESE A NRME (ISL) . BEERLE, EAARMEE D CEERT
WA ERETR . Horh— R ML TS St s, 59— R R ET A Rl
L SRS EE . IEAFTEEN ON M OFF #i. EMEMHIIRML 7 & EE N
P ThRE——% b . BIRES AR s, BA)EEER, MEVBERE . MERE
e 175 Y00 2] RS 2 G e S AR 1, 70 GRS A Atk oo 0 i Y 2 — P BUE A R
IYEEI S TR AT . HEE, SRR AT

IE NI AR, B HEBhYI AN A JH B 6182 25 516 1) S E & B AR AL .
EAM B AL, A A K 2 B A R 3 ) [ 7 B S A8 e T [ A 2
ftk, 1B —FEE 60 FARFHTIR T EE) [11]. KAERE—F, YuA FIK.
KR ARG RS TE ARG R, HIkEH, EEREEES, s a Lk,
N H I AR R R AN W A FL R AR R i R A, A R — (R AR AR AR i s fl, TR
HeAR T, HERCER K, MEXLE T, HERER R K. BexeEIbE
A SR HIE[12]

Yu.A. [EFAHSCEE Trifonova 7ERRFIRTE TIEITHEE [13].

HEE NS, AR A IS A B BB DG S . B
AT ek A AL R AR & OFF R AR, Fohifb RUAH 2 ON B AR, SRR /K14l
PRARSE E EDOCARATE RIS . g2 nT LB, DI AfE B, EfMA
Wiy 2% 2 i AL AP EOE Y R, e P B Y AR RR,  E Al R
BRI AF IR Sre M ae it . 3 Rk 7 36 O b b A 11 2 A &1 e — ol A
AN . (HREEAR, B IRKAE A% 58 Ml 45 ) B M i G e 3606 1 HY At
S, eI LAR A5 R ON SRR L 2 SR B Al ], A 2R B Ak ) 7 A
e R E M AR R & A7 ST AN R AP AR S (R &IR) AN R 3248
(735D o FEEMEGERACER T, SRR, BT RS, L
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K FTRE AR AR BT, AR BRI IR 2 B, 1B G B A R E AR .
FH P ON B fi 39l 228 R ) 157 5% S i, 7 i RGO LR 1 - S RS B gl L 8 TR Tl
T PRSI — OFF A1 ON it S B (AR AR e, 0t — Dl A B R A R 50
21 et HAET B R TR EHE R B F— R4 R 2 B R
ON 1 OFF EEfSIITE il TEMEREAR G, B, a8 ML 2 E,
TE S HE Al () BF PH B h T BRI IR 288D v, e S AR AR 18 I AR AL
B, st E BN OFF MiEsk OFF MISmBais =, 7B [E—
SRR ON #E i (AR Z8E) T, & St 4R18H IAE I [m) i) 2= hd L,
RE. E@ZEMEAEA RN ON WiE ON &ML . b,
OFF-F1 ON- & A 75 18 5% filg s sl B B IE B e &8 BT AN M, (BN RMERE . 7T
T AN ThREXE R, R K—3F 7 B i OFF Z4 AT ON 2, &M & | i
OFF #4 A1 ON 74 # fp 4l f i FE B i . 7E OFF BUh &S G4l p o, 2, 9%
AR L, EECLTE B R E SEEEE L, BPILAE PRSI, 7E ON B
FIANA (ONIEE) wF, ZEERE, %4 Fohmtl, B P IRE S E), R
EME AR EE, SRS S S e A AN B A oY (RS K,
HAR T 22— D m E R, R RAAE AR .  TEAEANR
s A A B T T e B AR S GRS I AR B T, FRAM A 1 4 A 4 L &8 A A )
FEINEE. M R, EERRAT AR fo 4 A A A T A B AN i — A AR A R
CEORRED ARSEANR (HY6. @8 HIEREAE K EERE, A4l
PRI A SR AR R KR G BB TR . KCPAIIR A B ATEE . MldmE], FEdR
N AT PR B I . 2 S A B AR B R 1 00 ) AR e 458 8 A4 D K 52 B )
. HEMBaETL MRS, O EA 5158 E e s 58 e
HI o

— kR CRLIE 220, SE— AR S A OB AR AR B 8 R R P
)73 TR, T BB A% 10 Joh 25 A0 0 AR AR A48 I T 2 il g v P A e R A ), AR
T AR RS ot v P AR A 1 & SRR BRI AT B R R T AR R AU TR R AR B AT
B BRI A RIARE M EE . AR, SRAEIEA [ RIS — 589915 2
4hE ] (Ramon 'y Cajal) RIS BE RS, 784505 A1 RS i FoAh b0 B8 2 it
EEE W AR E . CE, BT — BRI R R ST E .
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