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KanbLumeBomn curHanuaaumm (205).

§5. lnurtenpHOE ACHCTBUE MEINATOPOB

HENpPsIMOTO IEHCTBUA. ............. 205

BBIBOIBL....ceveeeeeeneaen 207

Pexomennyemas muteparypa..........

HutnpoBanHas aureparypa
I'nasa 11. BeicBoOoxkIeHUE MeguaTOPA .... 211
§ 1. OcHoBHbIe CBOICTBa NpoLecca
BBICBOOOK/ICHHUS MEUATOPA. ........ 212
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[lenonspusaumns HepBHbIX OKOHYaHWA W BbiCBOBOXAEHWe Mepuatopa (212). CuHanTuyeckasi 3apepxkka (213). 3HaueHue
KanbLysi Ans npouecca BbicBoboxaeHus (213). VamepeHve Bxoaa kanbuusi B NpecuHanTUYeckoe HepBHOE OKOH4YaHue (214).
TNokanusauus mecT Bxoaa kanbumsi (216). Ponb aenonsipusaumm B BbICBOGOXAeHUM MeamaTopa (217).

§2. KBaHTOBOe BbicBOGOXAEHNE MeaumaTopa ... 218 CnoHTaHHOe BbiCBOBOXAeHMe kBaHTOB Megmartopa (219). HeksaHToBOE
BblcBOGOXAEHME (220). ®nyKTyaumn noTeHumana KoHueBoun nnactuHku (220). CTaTMCTUYECKUIn aHanu3 NoTeHUManoB KOHLEBON
nnactuHku (220). KBaHTOBBIN COCTaB B CUHancax mexay HevipoHamu (224). KonuyecTBo monekyn B kBaHTe (224). KonuyecTtBo
KaHarnos, aKkTUBMPYeMbIX KBaHTOM (225). I3meHeHne pa3mepa KBaHTa B HEPBHO-MbILLEYHOM COeaunHeHnn (227).

§3 BesukymsapHas TUIIOTe3a BEICBOOOXKICHUS

MEIIATOPA.....evenvenreeeenne 227

YnbTpacTpyKkTypa HEPBHOIO OKOHYaHUs (228). OK30UMTO3 cuHanTu4eckny Beankyn (230). Mopdonornyeckoe cBuaeTeNbCTBO B
nonb3y ak3oumTtosa (230). KpyroBopoT cuHanTuyeckux Beaukyn (233). HabniogeHnsi 3a 3K30LMTO30M U 3HOAOLMTO30M B XKUBbIX
knetkax (235).

BbIBOABL........ceiiiiene 240

Pexomennyemas nutepatypa ..240

utupoBanHas nmuTeparypa...........241

naBa 12. CuHanTHYecKas NNacTMYHOCTb .. 243

§ 1. KpaTkoBpeMeHHbIE H3MEHEHHS........ 244

dacunutaums n genpeccusi Bolibpoca MepumaTopa (245). Ponb kanbums B dacunutamum (246). YcuneHue CUHONTUYECKON
nepepauu (246). MocTTeTaHnyeckas noteHunammsa (246).

§2. JlonroBpeMeHHbIE H3MEHEHH. .........248

[onroBpemeHHas noTeHumanus (248). AccoumatvsHas OBl B nupamuaHbix kneTkax runnokamna (249). MexaHuambl UHAYKLMK
OBIM (250). MexaHuam nposienenus [OBIM (251). Monyawwme cwuHancel (251). Perynsiuma konuyecTBa CUHANTUYECKUX
peuenTtopoB (252). MNpecvHantuyeckas ABI1 (253). JonroBpemenHas agenpeccus (254). B B mo3xeuke (255). NHaykums OB
(256). CwucTembl BTOPUYHBIX MOCpeaHukoB, onocpeaytowme OB (256). Mpossnenve OB (257). 3HayeHue w3meHeHWi
cuHanTuyeckon adpdpekTmBHOCTH (257).

BBIBOIBL.......ccoveeaene. 258

Pexomennyemas nuteparypa.......... 258

LutupoBanHas juTeparypa........... 259

I'naBa 13. Kierounas u MonekyispHas OMOXUMHUS CHHANITHYECKOH MEPEIAYH. ............... 261

§ 1. HellpomeamaTtopei................. 262

WpeHTudrkaums megunatopos (262). HelipomeamaTopbl kak nocpeaHukuy (263). Monekynbsl MeamaTopos (264).
§ 2. CuHTE3 HeHpOMeaMaTopoB........... 264

CuHTe3 avetunxonuHa (AX) (266). CuHTe3d godammHa K HopagpeHanuHa (268). CuHtes 5 HT(270). Cuntes TAMK (271).
CuHTe3 rnytamata (272). KpaTko- 1 fonroBpeMeHHasi perynsums cuHtesa meamaTtopoB (272). CuHTe3 Henpone ntuaos (273).
§3. XpaHeHUe MeIMaTOPOB

B CHHANTUYECKHX ITY3BIPbKAX ......... 275

§4. AKCOHHBI TPAHCMOPT.............. 276

CKOpOCTb W HanpaBREHHOCTb aKCOH HO ro TpaHcnopTa (276). M uKkpoTpybouku u BbICTpbI TpaHcnopT (277). MexaHusm
MeZNIEHHOro aKCOHHOro TpaHcnopTa (278).

§5. BeICcBOOOXKICHNE MEAUATOPOB

n metabonuyeckuin KpyrosopoT Be3ukyn . . 279 CopTvpoBKa BE3WKyn B HEPBHOM OKOHYaHum (279). KoHcepBaTuBHble
MexaHu3Mbl TpaHCMopTa CUManTUYeckux ny3bipbkoB (280). CUHANTOTarMUH W 3aBUCMMOCTb BbICBOGOX/AEHUS MEANaToOpoB OT
Kanbuusi (282). BakTepuanbHble HeWpOTOKCUHbI HaueneHsl Ha SNARE komnnekc (282). BoccTaHOBReHME KOMMOHEHTOB
MeMbBpaH CYHaNTMYECKMX Ny3bIpbKOB NyTem aHAoLuWTo3a (282).

§6. Ilokanusauus peLenTopoB MeamaTopos . . . 283 MpecuHanTtuyeckue peuentopbl (285).

§7. Y nanenue MequaTopoB

W3 CUHANTHYECKOU LIEIH. .......... 285

Ypanenne AX auetunxonuHactepason (285). Yaanenne AT® nytem rugponusa (287). YaaneHue meavatopoB nyTem 3axeaTa
(287)
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LintupoBaHHas nutepartypa........... 289

naBa 14. HeipomeamaTopbl B LLleHTPanbHOn

HEPBHOIi cHCTEME...........292

§ 1. KaptuposaHnue pacnpegenenus meguatopos 293 MAMK v rnuumH: Topmo3sHble mMeauatopbl B LIHC (295). Peuentopbl
FAMK (295). Moaynsiuna dyHkumm FTAMKg peuentopoB 6eHsoamasenuHamu n 6apbutypatamm (296). MnyTamaTHble peuenTopbl
B LUHC (297). Okcup as3ota kak megmatop B LIHC (298). AueTtunxonuH: GasanbHble sigpa nepegHero mosra (298).
XonuHeprnyeckme HEWpOHbI, KOTHUTUBHBbIE (DYHKLMM U Gone3Hb Anbureiimepa (299). AT® u ageHoswH kak meauatopbl UHC
(301).

§2, MentuaHble meguatopsl B LIHC........ 301

Cy6craHuma P (302). Onmonarble nentuapl (302).

§3. Perynsiums gyHKLWIA LeHTpanbHOMI

HepBHOW cucTembl GroreHHbIMU amuHamu . 303 HopapperanuH rony6oe natHo (locus coeruleus) (303). 5-HT: sapa wea (raphe
nuclei) (304). uctamuH:Ty6epomamunnspHoe sapo (tuberomammillary nucleus) (305). JodamuH: yepHas cy6cTaHums
(substantia nigra) (306). O cneumdU4YHOCTN NEeKapCTBEHHbIX NpenapaToB, AENCTBYIOLWMX Ha cuHanckl (308).
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(320). BzaumopeiicTBME YYBCTBUTENbHLIX W ABUraTenbHbIX HelipoHoB (320). KpaTkoBpeMeHHble W3MEHEeHWsI cuHa
nTnyeckon nepepgaun (321). MemOpaHHbI MOTeHUMan, npecrHanTUYeckoe WHrMbMpoBaHne u ocBoboXxaeHue
mMeanaTtopa (323). MNoBTopHas akTMBHOCTb M Grok npoBefdeHust curHana (324). Bbiclwimne ypoBHM uHTerpauun (325).
CeHeuTu3aums u S HTepHenpoHsl (325).

§3. HaBurauwsi y nyen n MypaBbes........ 329

Kak nycTbiHHbIV MypaBel HaxoauT gopory gomon (330). Mcnonb3oBaHne nonspM3oBaHHOro ceBeTa Kak komnaca (331).
BocnpusiTne nonsipuaoBaHHOro cseTa rrasomM Mypasbs (332). CTpaTerum no novcky goporu k rHesay (334). HepsHble
MexaHu3Mbl  HaBuraumm (334). [Monspu3oBaHHbI CBET U «CKpydYeHHble» poTopeuenTopbl nuyen (twisted
photoreceptors) (335). Micnonb3oBaHne MarHMTHbIX Nonen nyenamv B Hasurauum (337).

§4. 3auem HyXHO U3y4aTb HEPBHYIO CUCTEMY

6ECMO3BOHOUHBIX?....c.eeeeeeene 338
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LintuposaHHas nutepatypa... .339
naea 16. BereTatuBHasA (aBTOHOMHasA)

HEPBHAS CUCTEMA.uceerrees 342

§ 1. HenpoussonbHo ynpaensiemble dyHkumu . . 343 CumnaTtnyeckast M napacumnatTMyeckas HepBHbIE CUCTEeMbl
(343). CnHanTMyeckas nepegaya B cMMNaTuyeckunx raHrmnusx (345). M-Toku B BereTaTUBHbIX raHrmmsx (347).

§2. CuHanTnyeckas nepegaya

OT NOCTraHIMMOHAPHbIX 8KCOHOB....... 348

MypuH prveckast nepegaya (349). CeHcopHble BXOAbl BEreTaTMBHOW HEpBHOM cucTeMbl (350). OHTepanbHas HepBHas
cuctema (351). Perynsumsi  BeretatvBHbIX  (yHKUM B runotanamyce (353). HeWipoHbl runotanamyca,
BbicBoGOXaalowme ropmoHbl  (354). Pacnpepenenne u  uncneHHocTb  GnRH-cekpeTupyowmx kneTtok  (354).
LinpkagHble putmbl (355).
BbIBOABI......eveeeeeeennnen 358
PekomeHayemas nutepartypa
LintupoBaHHas nutepartypa...........

maBa 17. TpaHcAyKUNA MeXaHU4YeCKux

N XMMMYECKUX CTUMYIOB......361

§ 1. KoaunposaHve ctumynos

MexaHopeLenTopamM............... 362

KopoTkve u anvHHble peuentopbl (362). KoaupoBaHue napameTpoB CTMMyna peuentopamu pactsxeHus (364).
PeuenTopbl pacTspkeHuss pedvHoro paka (365). M biwevHble BepeTeHa (366). Peakuus Ha cTaTudeckoe 1
OVMHaMuyeckoe MbllleyHoe pacTsikeHve (367). MexaHu3mbl apgantaumu B MexaHopeuentopax (367). AganTtauusi B
Tenbue MaynHn (368).

§ 2. TpaHcayKuMsi MexaHN4eckux CTUMYNoB . . . 369 MexaHo4yBCTBUTENbHbIE BOMOCKOBbIE KMETKW yXa MO3BOHOYHbIX
(370). CTpykTypa peLenTopoB BOMOCKOBbIX KneTok (371). TpaHCAyKuMs Yepe3 OTKIOHEeHMe BONOCKOBOro nydyka (371).
KoHueBble cBSi3v 1 BOpOTHble MNpyxuHbl (371). KaHnanbl TpaHcaykuuy B BOMOCKOBbIX kneTkax (373). Agantauus
BOJIOCKOBbIX KIETOK (373).

§ 3. OBOHSHME. ... 375

ObGoHsATenbHbIe peuentopbl (375). OboHaTenbHbIM oTBeT (376). KaHanbl 0b6oOHATENbHLIX peLenTopoB, yrnpasnsemble
LMKNn4yeckummn  Hykneotuaammn (376). ConpsikeHve peuenTopa C MOHHbIMM kaHanamu (376). CneumnduyHocTb
opopaHToB (378).

§ 4. MexaHu3Mmbl BKyCa................ 378

BkycoBble peuenTopHble kneTku (378). ConeHbiin 1 kucnbiin Bkyc (379). Cnaakuii u ropbkuii Bkyc (380). MonekynsipHble
peuenTopbl Ans rayTamara n unnu (380).

§ 5. TpaHcayKUuMA HOLMLEENTUBHBIX

1 TemMnepaTypHbIX CTUMYIIOB.......... 381
AKTMBaUus 1M ceHcUTU3aumus HouuuenTtopoB (381).
BbIBOABI......uvveeeeeenenees 382

Pekomengyemas nutepartypa.......... 383
LinTupoBaHHas nutepaTtypa........... 383

naea 18. O6paboTka COMaTOCEHCOPHbIX
W CNYyXOBbIX CUrHanoB........ 386

§ 1. ComaToceHcopHasi cucteMa: TakTUIIbHOE
pacnosHaBaHue

OpraHu3aums peLenTopoB TOHKOrO npukocHoBeHus (387). KoguposaHue ctumyna (388). LieHTpanbHble npoBoasiume
nytn (389). ComatoceHcopHas kopa (390). CBoWCcTBa OTBETOB KOPKOBbIX HelpoHoB (391). JlaTepanbHoe TopMoXeHue
(392). MapannensHas obpaboTka ceHcopHbIX MoganbHocTel (393). BTopuuHas u accoumaTtmBHasi ComaToceHcopHas
kopa (394). bonesble 1 TemnepaTypHble nposoaswme nytn (395). LieHTpanbHbie nytn 6onm (395).

§ 2. CnyxoBasi cuctema:

KOOAMPOBaHWE YacToTbl 3BYKA.......... 397

Ynutka (398). YacTtoTHas m3bupaTtenbHOCTb: MexaHuyeckas HacTponka (398). OddepeHTHoe TOPMOXEeHWE YNUTKU
(400). OnekTpnyeckasi NOABVPKHOCTb BOMOCKOBbLIX KNETOK YNMTKM MmnekonuTalowmx (402). SnekTpuyeckas HacTpoiika
BOJIOCKOBbIX KneTok (402). KanveBble kaHanbl BOMOCKOBbLIX KMETOK M WX HacTpoiika (404). CriyxoBble NpoBOAsLune
nytu (405). CnyxoBas kopa (406). Jlokannsaums 3Byka (409).
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PekomeHgyemas nutepatypa.......... 411

LinTupoBaHHas nutepaTtypa........... 411
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maea 19. Nepeaaya u kogMpoBaHue
CUrHana B ceTyaTke rnasa ..... 414

AHaToMMsi NpoBOASLLMX NyTel 3puTensHoro aHanuaartopa (41S). KoHeepreHums n avBepreHums ceaseli (416).

§2. CeryaTka.........uuo..n...... 416

Cnon cetyatkn (416). MManoykn wun konboukn (417). Opranusaumsi u Mopdponorus oTopeuentTopoB (418).
OnekTpuyeckne curHarnsl B OTBET Ha CBET B hoTOpeLienTopax No3BOHOYHbIX (419).

§3. 3pUTeNIbHBIE TUIMEHTHL............. 420

MornoweHve cBeTB 3puTenbHbIMU NUrMeHTamu (420). CtpoeHune poponcuHa (420). Konboukn 1 LBeTOBOE 3peHue
(421). LipetoBasi cnenota (423).

§4. Mepepaya curHana B doTopeuenTopax .. 424 CsoictBa kaHanoB doTopeuentopa (425). MonekynsipHas
cTpykTypa UIM®-ynpaansiembix kaHanoB (425). Metabonuyeckwii kackan uuknuyeckoro MM® (426). Peuentopbl
MO3BOHOYHbBIX, AENONAPU3yIoLLIMECH Npu AencTBuK cBeTa (426). YcuneHue curHana B kackage ulfM® (427). CurHanbl B
OTBET Ha OAMHOYHbIE KBaHTbI cBeTa (427).

§5. MNepepava curHana ot oTopeLenTopoB

Ha BUNONSIPHbIE KMETKMW.............. 429

BunonsipHble, ropusoHTanbHble W amakpuvoBble kneTkn (429). Meamatopel B cetyatke (430). KoHuenuus
peuenTuBHbIX nornen (431). OTBeTbl BunonsipHbIx kneTok (432). CTpykTypa peLenTyBHbIX Nonei GUNonsipHbIX KNeTok
(433). [opusoHTanbHble KnNeTkn u uHrMbuposaHve nepudepun (433). 3HaveHVe CTPYKTYpbl PeLenTMBHbIX Monen
6uUnonspHbIX kneTok (435).

§ 6. PeuenTuBHble MOMSA raHmMMO3HbIX kneTok. . 435 OddpepeHTHble curHanbl cetyatkn (435). McnonbsosaHue
[NCKPETHBIX 3pUTENbHbBIX CTUMYNOB ANt onpeAeneHns peLenTuBHbIX nonen (436). OpraHusaums peLenTuBHbIX Nonein
raHrnmMo3HblX kneTok (436). Pa3smepbl peuentuBHbix nonen (438). Knaccudukaumsi raHrmmosHbix knetok (438).
CuHanTuyeckne BXoAbl Ha raHrMUO3Hble KNEeTKW, onpeensioline opraHusaumio peuenTuBHbIX nonei (439). YTo 3a
MHOPMAaLIO NepeaatoT raHrnNMo3Hble kneTkn? (439).
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1 NepBUYHON 3pUTENbLHOM Kope .. 443

§ 1. latepanbHoe koneHyartoe Teno........ 444

KapTbl 3puTenbHbIX nonen B nateparnbHOM KoneH4yaToM Tene (446). dyHkumnoHanbHble cnou JIKT(447).
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(450). PaspeneHne Bxopswumx BonokoH ot JIKT B crioe 4 (451).

§ 3. Ctpareruu u3y4eHus KOpbi........... 452

PeuenTmBHble nons kopbl (453). OTBeThI NPOCTbIX KNeTok (454). CuHTE3 npocToro peuentmsHoro nons (456). OTeeTh
CMOXHbIX KneTok (457). CuHTe3 cnoxHoro peuenTuBHoro nonsi (458). PeuenTvBHble NONs: eauHULbLI BOCTPUSTUS
dopmbl (459).
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3PUTENLHOMN KOPbBl..eraseesss 465

§1. KonoHku ¢ gomvHupoBaHnem ogHoOro

rnasa u opueHTaLMOHHbIE KOMOHKW.....466

OpueHTauVoHHbIE KOMOHKM (467). CBA3b Mexay KOMOHKaMM [MasHOro [AOMWHMPOBAHMS U OPUEHTALVOHHbIMU
KONoHkamu (469).

§ 2. MapannencHas obpaboTka nHGopMaLmm

0 (hopme, IBHIKCHHUH U LIBETE ......... 469

KpynHOKNeTOYHble,  MEMKOKIETOYHble 1 KOHWOKMNETOYHble  «KaHanbl»  nepegadn  uHdopmauum  (470).
LInToXpoMOKCHAA3HBIC METKU B BMAE «MOnoc» WU «nateH» (470). lMpoekuvn B 3putenbHylo 3oHy 2 (Vo) (470).
AccoupatuBHble 30Hbl 3puTenbHOWM kopbl (471). [eTekums aBwxeHust n 3oHa MT (472). 3oHa MT u 3puTenbHoe
cnexenune (472). LiBeTosoe 3peHue (473). Myt uBeTHOro 3pexus (474). LiBeToBoe NocTosHCTBO (475).

§ 3. VHTerpaumsi 3putenbHon uHdopmauum . . . 476 Fopu3oHTarnbHble CBSI3W B MNpegenax NepBUYHON 3pUTENbHOWM
kopbl (476). PeuentuBHble nonsi oboux rnas, KOHBEPrUpYylLWME Ha KOPTUKanbHbIX HenpoHax (477). Cssaw,
obbeanHsioLLMe NpaBoe 1 neBoe 3puTernbHble nons (478).

§ 4. Uro manpmie?........c........... 480

Pervctpaumsi paboTbl kneTtok (480). lluua n 6yksbl (480).
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§ 1. OsuratenbHas eguHuua............. 488

CuHanTuyeckne BxoAbl Ha MOTOHEWpoOH (488). OauHouHble CuHanTMYeckue noTeHuWanbl MOTOHENPOHOB (489).
MpuHUWN pa3mepa 1 rpagyansHoe cokpalleHue (491).

§ 2. CnuHaNBHBIE PEIIEKCHL............. 493

PeumnpokHas wuHHepBauus (493). CeHcopHasi MHOPMaUuMs OT MblleYHbIX peuenTtopoB (494). 3ddepeHTHbINn
KOHTPOIb MbilLEYHbIX BepeTeH (495). CrubartenbHbie pednekcol (496).
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B3anmopencTBrs CeHCOPHOM MMMyNbCaLmMn 1 LLeHTparnbHbIX reHepaTtopos putma (499). [eixanue (500).

§4. OpraHusauus gsuraTtenbHbIX NyTen ..... 503

OpraHun3aums cnmHanbHbIX MOTOHenpoHoB (503). CynpacnyHarnbublii KOHTPOSb MOTOHEPOHOB
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(503). latepanbHble aBuratensHble nmyt (503). MegmanbHbie aBuratenbHble nytun (504).
§5. [iBmratenbHas kopa 1 BbINONHEHNE
NPOU3BOMbHbLIX ABUXKEHUA ........... 50S
AccoumatuBHas asuratenbHas kopa (506). AKTMBHOCTb KOpTUKarnbHbIX HeWpoHoB (507). AKTMBHOCTb KOPKOBBIX
HepoHOB, CBA3aHHas ¢ HanpasneHuem asuxeHns (508). MnannposaHve aswkeHus (508).
§6. Mo3xe4oK ....509
Mo3axeukoBble cBs3n (510). KnetouHoe cTpoeHune kopbl Mo3xeuka (511). KneTtoyHas akTMBHOCTb B sApax MoO3xeuka
(512). HapyLueHunsi y na UMeHTOB C noBpexaeHnsiMmn Mmoaxedka (513).
§7. bazanbHbBIC TAHTIIAA  ............... 514
HelipoHHble ceTn 6GaHanbHbix raHrnueB (SI5). Knetounas aktuBHocTb B BsAsanbHbix raHrmusax (516). BonesHu
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LintupoBaHHas nutepartypa........... 519

Paznen IV

Pa3Butre HepBHOI1 CUCTEMBI 522

naBa 23. Pa3BuTne HepBHOW CUCTEMBI .... 522

TepmuHonorusi (S23). MeHeTYeckvie NOAXOAbI K MOHMMaHMIO npouecca pa3sutust (524).

§ 1. Pa3Butune HepBHOW CMCTEMbI

B paHHEM NepUOaE................ 524

O6pa3oBaHue NpeALecTBEHHMKOB HEPBHbIX KNeTok W rmuu (527). Murpaums HevipoHos B LIHC (527). Benku agreauu
BHEKNETOYHOro MaTpuKca N MUrpaums KneTok HepBHOro rpebHs (527).

§2. PervonanbHast crienupuKanus

HEPBHOM TKaHMW......ccccevuunee 528

FomeoTnueckne reHbl n cermeHtaums (530). Xopaa u 6asanbHas nnactvHka (531). Obwas cxema pervioHansHon
anddepeHumpoBku (531).

§3. MpoucxoxaeHne HeMpoHOB M kneTok rmumu 532 lMpoucxoxaeHne KNeTok M WHAYKUMOHHbIE B3avMOAEWCTBUSI B
npocTbiX HepBHbIX cuctemax (532). WHAYKUMOHHble B3auMoAeWCcTBMS Mpu pasnutum rmas gposodunsl  (533).
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Ilpeoucnoeue peoakmopoes pycckozo nepesooa

JlaHHas KHUra sBJISETCS NEPEBOJOM YETBEPTOrO M3JaHUS 3HAMEHUTOH M CTaBIIEH KJIaCCHYECKOH
kHuTH «OT HelipoHa K Mo3ry». [lepBoe m3nanue 3toit kaury, HanmcanHoi Credenom Kyddnepom u
Jxonom Huxomicom B 1975 romy, 6bu10 mepeBeneHo Ha pycckuit s3Ik u Bbiio B8 CCCP B 1979
rofy nop penakuueit npodeccopa JI. I'. Marazanuka. HecMoTpst Ha 60J1bIoi THpaXx, KHUra OBICTPO
ucyes3Nia ¢ NMPUIABKOB MAarasvHOB M CTajla HACTOJIBbHBIM Y4E€OHMKOM JUIsl HECKOJIBKHX ITOKOJIEHUI
Helpoduzuosoros. Ilocnenyomue aHIIMECKUE W3AAHUS KHUTH ObUIM CYIECTBEHHO IepepaboTaHbl
HOBBIM KOJUIEKTMBOM aBTOPOB, OJHAKO HM BTOPOE, HUM TpPEThe M3[aHHe B Poccum He BBIXOAMIH.
[Tybnukanust Ha pPycCKOM SI3BIKE JIAHHOTO, YETBEPTOrO M3IaHHs CTajla BO3MOXHOW Onaromaps
noanepskke Poccmiickoro ¢donna gynmaMeHTaIBHEIX HCcaenoBaHui. Bo3Bpaienue k Toif kHUre B
HayaJle HOBOI'O ThICAYEIEeTUS KaXKETCd HaM CUMBOJIMYHBIM — HOBOE U3JJAHUE JUI HOBOT'O ITOKOJICHUS
03HauaeT, HaJeeMcCsl, BO3POXKICHUE UHTepeca K Hayke. lleab HOBOro u3naHus, NCKIApUpOBAHHAs B
MIPEIUCIOBHU K aHINIMICKOMY H3JaHMIO, OCTajach TOM K€, 4TO M IEepBOTO, HAIMCAHHOrO Ooee
YEeTBEPTU BEKa Ha3aJl — «OIHCaTh CIOCOOBI Mepeayl CUTHAIOB HEPBHBIMHU KJIETKAMU, KAK CUTHAJIbI
AQHATM3UPYIOTCS M KaK Ha OCHOBE 3TOil MHTErpalliy BO3HHUKAIOT Bbiclne GyHKIMM Mo3ra». OnHaKo,
(aKkTHueCKH, 3TO HOBasl KHUTa, HAalMCaHHAs B COOTBETCTBUHU ¢ OYpHBIM Pa3BUTHUEM HeipoOuonoruu
MOCNeTHUX JIeT. B mpeaucnoBuu, cHelyanpHO HAMMCAHHOM K PYCCKOMY IIEPEBOIY UETBEPTOTO
n3panwus, [xon Hukomnc ocobo BBIIENSET MpeaMeT «HeHpOOHOJIOTHs» KaK MEXIUCIHIUIMHAPHYIO
HayKy, CIOCOOHYI0O MHTErpHpOBaTh 3HAHHS M MOAXOABI CMEXHBIX HayK. B Poccnu meiipobuonorus
TI0Ka HE BHIJETIEHa B OT/EIbHBII IIPEAMET, KaK 3TO IPOU30MIIO B OOJIBIIMHCTBE U3BECTHBIX 3aIlafHBIX
yauBepcuteToB. Kumra «OT HelipoHa K MO3Ty» MOXET CTaTb Ul CTYICHTOB, IO CYTH [eIa,
y4eOHUKOM 10 HelpoOuonoruu. Mel HAMEPEHHO MPEACTaBHIN 4acTh TEKCTA B MOIMUCIX K PUCYHKAM
Kak Ha PyCCKOM, TaK M Ha OPUTHHAIILHOM aHTIMICKOM si3blke. HaMm KkakeTcs, 4To 3TO MO3BOJIUT
CTyJIEHTaM M HAYMHAIOIIUM YYEHBIM JIETUE OCBOHMTH CIENU(PHUECKYI0 TEPMHHOJIOTHIO M OBICTpee
HMHTETPUPOBATHCS B MHTEPHAIIMOHAIBHOE HAYYHOE COOOILIECTBO.

HoBast kaura coxpanmiia y3HaBaeMbIe 4ePTHI IIEPBOTO M3AAHMS, TAKUE KaK JOCTYITHOCTh M IIPOCTOTA
TOJIKOBAHUSI CAaMbIX CJIOXKHBIX SIBIICHUH B COYETAHHH C BHICOKOIM HAyYHOCTBIO, IOTUYHO OTCIIEKEHHAS
B3aMMOCBSI3b PA3JIMYHEIX BOIPOCOB HEHPOOHOJIOTHH, OTPOMHOE KOJIMYECTBO SIPKUX HATJISITHBIX
mwmoctparuid. OOBSICHEHHE KaXJOro Ipomecca BeAeTCs JIOTMYHO M IIOCIENOBATENIBHO, MBICIH
aBTOPOB 4YeTKa M sicHAa. IIpuATHOI 0COOEHHOCTBIO KHHUTH SIBISETCSl TO, UYTO ABTOPHI HE OIMYCKAIOT
CIIOpHBIE BOIPOCHI, OMMCHIBAIOT albTEPHATUBHBIE TOUKH 3PEHUS] U YKa3bIBAIOT HA HEPELICHHBIE B
HacTosmee Bpems npoonemsl. [locneqHee ocoOEHHO IIEHHO, MOCKOIBKY 3TO YKa3aHHs SKCIEPTOB B
3TOH 00NacTH Ha MEPCHEKTHBHBIE HANPABIECHUS BO3MOXKHOTO AAbHEHINEro pa3BUTHS HEHPOHAYKH.
He ocraBnien 6e3 BHUMaHHS U UCTOPHYECKHUI aHAIN3 PAa3BUTHS NPEJCTaBICHUI 0 paboTe Mo3ra, 4To
JleTIaeT KHUTY YMOIMOHATIBHOHN U yBIIEKAaTEIbHOM.

IMocTosIHHBIM aBTOPOM U TJIAaBHBIM MHHIIHATOPOM BCEX YeTHIpeX m3manuii sBisiercst xon Hukomic
(John Nicolls), mpodeccop Mexnynaponnoit Bbicmied mkonsl (SISSA) B Tpuecre (Mramus).
Jpyrumu aBTOpamu SIBISIOTCS U3BECTHBIE Helipobuonoru bproc Bamnac (Bruce G.Wallace) u Pobepr
MaptuH (A. Robert Martin) (University of Colorado), a Taxxke Ilon ®@ykc (Paul A. Fuchs) (The John
Hopkins University). Bce aBTOpbI BHECTH CYIIECTBEHHbIM JMYHBINA BKJIAA B Pa3pabOTKy H3JIaracMbIX
mpo6ieM, 4To 00eCeumIo «B3IJIsL U3HYTPU» HAa MHOTHE NPOOJIeMbl HEHPOOUOIOTUY U IPUBHECIIO B
H3JI0KEHUE 0COOYIO IOCTOBEPHOCTh U TOUHOCTb.

HepBoe HU3JJaHUC «Ot HeﬁpOHa K MO3ry» A0 CUX IOp BXOJAUT KaK PEKOMCHAOBaHHasl JUTEparypa
MIPpAaKTUYECKU BO BCE€ KYPChbl, KacCaromuecs pa6OTLI Mo3ra, s CTYACHTOB MCEAUIMHCKUX U
OHOJIOTHUECKUX BY30B Poccun. HaneeMcsI, 4YTO HOBOC, IMOJIHOCTBIO Hepepa60TaHHOe COBpPEMEHHOC
W3IaHKE 3aiIMET TaKOE e MECTO.

II. Banaban P. I'unuamynnun



Ilpeoucnosue asmopoeé K pycckomy u3z0anuro

Ipn nmammcanmm «OT HEHpOHAa K MO3Ty» S M MOM KOJUIETH IIPEXJE BCEro INpeciIefoBald Ieib
CO3JaHus JIETKO YATaeMOM KHUTH, KOTOpast IIOMOTJIa OBl CTYJICHTaM MEAUIMHCKUX U OHOJIOTHIECKIX
(baxyIbTETOB B OCBOCHHHU 3HAHMII 0 HEPBHOH cucTeMe. MBI HaJesyInCh, YTO KHUTra OyneT Moye3Ha
UCCIIEZIOBATENSIM B 3TOM 00JIACTH, PaBHO Kak U (U3MKaM, HH)KEHEPaM U MOJICKYJIAPHBIM GHOJIOraM.

TepMunsl «HeHpOOHUOJIOTHSI» U «HEHPOHayKu» Bouutd B 0buxon B 60-¢ roapt XX B., korma CTuBeH
Kydbdmep cozman B mMemuumHckod Imkoje ['apBapickoro yHHBepcHTeTa IepBbIi  (akyibTer,
COTPYJHUKAMU KOTOPOTO cTanu (hU3MOJIOTH, aHATOMbI M OMOXMMMKH. Paboras BMecTe, OHM peranm
npoOyieMbl  (YHKIHMOHMPOBAHHS W Pa3BUTHS HEPBHOM CHCTEMBI, HCCICIOBAIN MOJIEKYISIPHBIE
MEXaHU3MBI Pa0OTEl Mo3ra. Jlo 3TOro ydYeHBIE 3THX CHEHHANbHOCTEH paboTanmu OTHEeNbHO, M
y4eOHHKH TOTO BPEMEHH OTPaXAIOT CYLIECTBOBaBILee pa3jeneHue. HacTosmas KHura npencraBisier
co00if 0COOBII TOAXON K OKCHEPHMEHTATEHOMY aHalM3y M OTPaKaeT pPa3BUTHE KIFOUEBBIX
KOHIIETIIIMI HayKH O MO3T€ BHE 3aBHCUMOCTH OT HCIIOJIb3YEMBIX METOJIOB.

ABTOpBI KHUI'M OYCHb HAJESNIMCh HA TO, YTO OOraTo WILUIIOCTPUPOBAHHBIM Matepuan OyIeT JIerKo
JIOCTYIIEH Ka)K/IOMY CTYJICHTY, KOTOPBIH NPOCTO MPOJIUCTAET KHUTY U PELIMT, CTOUT JIM €€ POYECTb.
HecmoTpst Ha TO, 4TO aHINIMICKMH $3BIK ceddac CcTan HEeoOXOAMMOM dYacTbio 00pa30BaHUs
UCCIIeZIOBaTeNsl, TEKCT HE Ha POJHOM S3bIKE BCErJa BOCIIPUHUMAeETCs TpynHee. Tepsercs Ta 4acTh
HAyYHOTO IOJXOMAa, KOTOPYI0 MBI CTapaluCh MHepenaTh B KHHIE: KpacoTa HAayKH, JJIETAHTHOCTD
9KCIICPHIMEHTOB, CBSI3b MEXIy KIACCHYECKUMH HCCIIEOBAHHUSMH HMPOILUIBIX JIET M OTKPHIBAIOIIHECS
CEeTOIHS TOPU30HTHI Oyxymmiero. IMeHHO MOITOMy M3BECTHE O TOM, YTO BCKOPE IOSIBUTCSI PYCCKHUIT
NIepeBoJ IMOCIEAHEr0 W3JaHus Hameil KHurw, Tak paxyer aBropoB. Crtueen Kydduep Bcernma
HaJesuics, 4YTO ero KHura OyleT NepeBeAeHa Ha Apyrue sA3blkd. IlepBoe W3JaHME KHHMTH ObUIO
6nectsiie nepesepeHo B 1979 romy Hamumm apyrom npodeccopom JIbBoM MarazaHukom w3
Wucturyra 3Bomouuonnoi ¢usnonorun u 6uoxumun AH CCCP (Jlenunrpax). C Tex nop Obuio
CIIEJIaHO CTOJIBKO KIJIIOUEBBIX OTKPBITHH M HACTOJIBKO M3MEHWJIOCH Halle NMOHMMaHHE MEXaHH3MOB
paboTHI MO3ra, 4TO MOSBJICHHE Ha PYCCKOM SI3BIKE KHUTH IS CTYICHTOB O COBPEMEHHOH HeHpoHayke
CTaJI0 HEOOXOIMMOCTHIO.

MHorue u3BectHble yaeHble Poccuu u ObiBiiero CCCP BHecIn OrpOMHBIN BKIJIAJ B HAIlIC IOHUMAaHUE
OMO(PU3NUECKUX, HEHPOXMMUYECKNX W BBICIIUX (YHKIWA MO3ra, YTO IOCITYXHJIO OCHOBOW IS
Pa3BUTHA HCCIECHOBAaHUN CHHANTHYECKOHN mepenadu, Nepefadyu 3pUTEIbHOTO CHUTHajla, MEXaHHU3MOB
MOTOPHOTO KOHTPOJIS, (YHKLHMHA KOpPHI MO3ra M MEXaHHM3MOB OOydeHHs. DTOT BKJIAA U CO3/aHHE
MIPU3HAHHBIX HAyYHBIX IIKOJI TAKKE JIKAT B OCHOBE IOSBHMBIIETOCS B IOCIEAHEE BpeMs B MHpE
HOBOTO MHTEpeca K HelfpoHayKaMm.

Kax Bcerpa, aBrops! Omarogapst Hanrero m3narens O. CuHayspa 3a MOMOIIG B H3JaHHH OPUTHHANA U
pycckoro nepeBoga. Mul Grarogapum Hammx apyseit npodeccopos I1. bamabana u P. 'manarymaa
32 UX YCWIHS IO pelaKTHUPOBAaHUIO M BBHINYCKy poccuiickoro uznanus. Ilepesomuuxu JI. Xupyr, P.
XacunoB u A. ['ankuH, BMecTe ¢ pefakTopaMu OBICTPO ¥ MPOQECCHOHAIBHO 3aBEPIIIIIH HOATOTOBKY
n3nanus. HecoMHEHHBIM JOCTOMHCTBOM KHHUTH SIBISIETCS COXPAHEHHE OPUIMHAIBHBIX MOAIMCEH Ha
AHTJIMICKOM S3BIKE, UTO MTO3BOJISET JIErue NepeiT K aHaJIn3y MUPOBOH JIMTEPATYPBI.

MpI HajeeMesl, YTO HACTOsIIEee M3AaHUE MOCTY)KUT AaJbHEHIIMM CTUMYJIOM K Pa3BUTHIO HHTEpeca K
OypHO Pa3BUBAIOIIMMCS B HACTOAIICE BpeMsi HEHpOHAyKaM, BKJIaJ B KOTOPbIE POCCHUICKUX YUEHBIX
HEOCIIOPUM.

Jlicon Huxonnc 2003 2., Tpuecm, Umanusa



Pa3pen |. BBEOEHUE

BBEOAEHME

I'naga 1. Ilpunyunet nepeoauu unpopmayuu u
CMPYKMYPHAA OP2AHUZAUUA M032a

LleHTpanbHas HepBHasA cucTtema npeacTaBnsAeT co6oi HenpepbIBHO paGoTalowmii KOHromepar
KNeToK, KOTopbie MOCTOSIHHO Mofy4yalT MHdOopMauuio, aHanuM3upyloT ee, nepepabaTbiBaloT U
npuHUMaloT pelweHnsi. Mo3r cnocobeH Takke 6paTb MHMUMATUBY Ha cebsa M MpousBOAUTb
KOOPAWHMPOBaHHblE, 3(h(PEeKTUBHbIE MbIlleYHbIe COKpalleHUsi ANns XoAbObl, FMOTaHUA Wnu
neHus. [ins perynsiuMm MHOrMX acneKkToB NOBEAEHUSA M ANA NPSIMOro UM HEMPSIMOTO KOHTpONs
BCero Terla, HepBHasA cucTtema obnagaeT OrpoOMHbIM KOMUYECTBOM JIMHMIA KOMMYHMUKaUWW,
obecneyMBaeMbiX HEpPBHbIMM KreTkamu (HepoHamu). HelpoHbl npeacTaBnsAlT cobown
OCHOBHYIO €AMHULY, UNM cocTaBHOM 6nok, mo3ra. Hawa 3agaya — u3yuyuTb 3Ha4YeHUe MUX
B3auMoAeNCcTBUSA.

OpHa M3 uenen 3ToN KHUIM NpyMBeAeHa B HasBaHuW. B nocneayowmnx rnaBax Mbl nonbitTaeMcs
OGBLACHUTL NoBeAeHNEe U CNoXHble (PYHKLMU MO3ra B TEPMUHAX aKTUBHOCTU HEPBHbIX KNETOK.
BTopoi uenbio SBNAETCA paccMOTPEHWe KIEeTOYHbIX W  MONEKYNAPHbIX MexaHM3MOB
MeXHeNpPOHHOro B3anmopaencTeus. TpeTbs LeNb cBA3aHa C U3yyeHmem cnocoboB obpasoBaHUs
CTPYKTYp U CBfi3el, KOTopble nexaT B OCHOBe (hbyHKUUM pa3BMBalOLWErocl opraHM3ma, Kak 3mm
(PYHKLUMN 1 CBA3N U3MEHAIOTCA C ONbITOM W MOFYT BOCCTAaHOBUTbLCA nocre nospexaeHus. B
HacTosilleW rnaBe Mbl CYMMWPYEM KiltOuYeBble KOHLEMUUA WU OCHOBbI paccMaTpyMBaeMbIX
ABNEHUMN.

B3aumocBsasu B NMPOCTbIX HEPBHbLIX CUCTEeMaXx

CoObITHS, KOTOpBIE NPOUCXOAAT MPU pPEAIU3ALUM IPOCTBIX PEePIEKCOB, MOIYT OBITH
IIPOCIISKEHBI U MIPOaHAIM3UPOBaHbI JeTanbHo. Hanpumep, Koraa 1o KOJEHHOW CBA3KE yIapsioT
MAaJICHbKUM MOJIOTOYKOM, MBIIIIbBl U CYXOXWIUS Oelpa pacTArMBAIOTCS U 3NEKTPUUECKUE
HUMIIyJIbCHl 110 CCHCOPHBIM HEPBHBIM BOJIOKHAM MIYT B CIHMHHOM MO3I, B KOTOPOM
BO30Y)KIAIOTCS MOTOpHBIE KJIETKH, IIPOU3BOJAS HUMIYJIbCHl M aKTHBUPYS MBbIIIEYHbIE
cokpaieHus. KoHeuHbIM pe3ynbTaToM sBISETCS paclpsiMICHHE HOTHM B KOJICHHOM CYCTaBe.
Takue yrpomieHHble CXeMbl OYEeHb BaXKHBI JJIsI PEryJIMPOBKHM MBIIICEYHBIX COKpAIEHHH,
YIIPABISIOMUX JIBIDKEHUSIMH KOHEYHOCTeH. B Takom mpocTtoM pediekce, B KOTOPOM CTHMYI
BeJIET K ONPEEIEHHOMY BBIXOAY, POJIb CUTHATIOB U B3aUMOJICHCTBUI BCETO JBYX BUJIOB KIETOK
MOXeT OBITh YCIIEIITHO NPOaHATN3UPOBAHA.

CnoXHble HEMPOHHbIE CETU U BbicluMe (PYHKLUN MO3ra

AHau3 B3aMMOJEHCTBUSI HEHPOHOB B CIIOXHBIX ITYTSX, BOBJIEKAIOIUX B OYKBaJIbHOM CMBICIIE
MIUTHOHBI HEHPOHOB, CYIIIECTBEHHO 00jIee TPpYIeH, YeM aHalli3 NpocThIX pediekcos. [lepe-
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Jaya WHGOPMAIMK B MO3T IIPH BOCHPHUITUH 3ByKa, IPUKOCHOBEHHS, 3allaxa MM 3pUTeNbHOTro odpasa
TpeOyeT MOCJIe/0BaTeIbHOTO BOBJICUCHHUS HEHPOHA 32 HEHPOHOM, TaK K€ KaK U HPH BBIIOIHEHUH
HPOCTOrO NMPOU3BOJILHOTO JBMKeHHs. Cepbe3Has npobiieMa NpH aHaIM3e B3aUMOJICHCTBHSA HEHPOHOB
U CTPYKTYpBl CETH BO3HHKAeT M3-3a IUIOTHOW YIAKOBKH HEPBHBIX KIJIETOK, CIOKHOCTH HX
B3aNMOCBSI3eH M OOMIMS THUIOB KIeTOK. MO3r yCTPOGH HE Tak, KaK HedYeHb, KOTOpask COCTOHUT W3
OJIMHAKOBBIX MOMyJsinuii kietok. Ecian Bel oOHapy wiH, Kak paboTaeT oHa 00JIacTh NEYCHH, TO BB
3HaeTe OYECHb MHOIO O IICYCHU B IIEJIOM. 3HAHHSA O MO3XKEUKE, OJHAKO, HUYETO HE CKaXyT BaM O
paboTe ceTyaTku Wi JFO00H NPYroi 4acT [EHTPaIbHONH HEPBHOH CHCTEMEL.

HecmoTpss Ha OrpoMHYIO0 CII0KHOCTb HEPBHON CHUCTEMBI, C€HUuac BO3MOXKHO IPOAHAIU3UPOBATH
MHOT'O CIIOCOOOB B3aUMOJEICTBUS HEWPOHOB NpU BocHpuATHH. Hanpumep, 3anuchiBast akTHBHOCTh
HEWPOHOB B MyTH OT I71a3a K MO3TY, MOXHO MPOCIEAUTh CUTHAJIBI CHaJaa B KIETKaX, CeUpHIECKH
OTBEUAOILINX Ha CBET, U 3aTeM, IIar 3a Iarom, 1o Mocie0BaTeNbHbIM NEPEKITIOUEHHSAM, 10 BBICIIHX
LIEHTPOB MO3ra.

HnrepecHOll 0COOEHHOCTBIO PabOTHI 3PUTENBHONH CHCTEMBI SBISETCS CIIOCOOHOCTD BBIIEIATH
KOHTpacTHbIe 00pa3bl, BETA U JBIKEHUS B OTPOMHOM JHaIia30He HHTEHCUBHOCTEH 1iBeTa. Korza Bb
YUTaeTe 3Ty CTPAHHUILy, CHTHAJIBI BHYTPH TIJa3a OOECIeYMBAIOT BO3MOXKHOCTH JUI UCpPHBIX OYKB
BBIICNATbCS Ha Oeyoif cTpaHule B CIa0OOCBCLIEHHOH KOMHATE WIM HPH SPKOM COJHEYHOM
ocserienny Crienuduueckue CBsI3M B MO3re 00pasyloT €MHYI0 KapTHHY, HECMOTPS Ha TO, YTO [IBa
IJIa3a PacrooKeHbl pa3/IeIbHO U CKaHUPYIOT OTJIMYAoIInecs 00IacTH BHEIIHETo Mupa. bonee Toro,
CYILECTBYIOT MEXaHHU3MBbI, 00ECIEeUNBAIOIINE MOCTOSHCTBO 00pa3a (XOTs HAIIU IJa3a HENPEPHIBHO
JIBUTAIOTCS) U JTAIOIINE TOYHYIO HH(GOPMAIHIO O PACCTOSHUH 10 CTPAHUIIBL

Kakum o0pa3oM cBsI3M HEPBHBIX KIETOK 0OeCIeYnBaroT moao0HbIe siBieHus1? HecMoTpst Ha TO, 4TO
MBI €Ille He CIIOCOOHBI J1aTh MOJIHOE 00BSCHEHHE, celiuac MHOTOE H3BECTHO O TOM, KaK 3TH CBOHCTBa
3peHHsI 00CCIEYUBAIOTCS MPOCTHIMUA HEHPOHAIBHBIMH CETSIMH B TJla3¢ M HAa HAaYalbHBIX CTaHsIX
nepexmoyeHuss B Mosre. KoHewHO, ocTaeTcs MHOTO BOIPOCOB O TOM, KaKOBBI CBS3H MEXIY
CBOMCTBaMH HEWPOHOB M IMOBEACHHWEM. TaK, Uil TOTO YTOOBI MPOYECTh CTPAHUILY, BBl JOJDKHBI
COXPAHSTh ONpeaeTICHHOEe

Wisual coriex Puc. 1.1. My oT rmasa [0 Mo3ara
4epes ONMTUYECKUI HEPB W OMTUHECKMIA
TpaKT.

Fig. 1.1. Pathways from the Eyes to the
Brain through the optic nerve and the
optic tract. The interposed relay is the
lateral geniculate nucleus. Arrows
Orptic tract indicate how images are reversed by
the lens and how the specific crossing
of axons causes the right visual field to

Luseral be represented in the left brain, and

geniculme i The fi has b

Fickam vice ~versa. e figure has been
modified from an original by Ramo y
CajaL which dates from 1892 (11909-
1911] Eng. trans. 1995).

Optic morve

MOJIOXKCHUE Tella, TOJNIOBBI M pykK. Jlamee, MO3r JODKEH OOCCIECUYHTh IMOCTOSIHHOE YBIIQXKHEHHE
[JIA3HOTO SI0JI0KA, MTOCTOSIHCTBO JIBIXaHHSI U MHOTHE JPYTHUE HEMPOU3BOJIBHBIC U HETIOJAKOHTPOIBHBIC
co3Hanu (yHkuun. [logoOHBIe MPOOIEMBI, TPEIyCMAaTPHBAIOIINE OIMCAHUE LENOCTHON KapTHHBI
KOOPAWHMPOBAHHBIX IBIDKCHUH TeNa, BHIXOIAT 32 PAMKHU 3TON KHHUIH.

B nanbHelimeM Mbl paccMOTPUM TNPHHIMIBI OPraHU3alMd HEPBHON KIIETKM, BO3HHKHOBEHUS H
pacnpocTpaHeHHs NEKTPUUECKUX CUTHAJIOB OT HEWpOHa K HellpoHy. PyHKIMOHMPOBAHUE CETUATKU
SIBIISIETCS XOPOILIHM NPUMEPOM OCHOBHBIX MPHHIUIIOB PaOOTHI HEPBHOM CHCTEMBI.
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Puc. 1.2.. Ctpyktypa u cBs3u

KNeTok B cetuarke| 1A} p
MIEKONI ITaOLLMX. (A) | Photoreceprors
Cxema HanpaeneHus

curHana oT peuenTopa K
ONTUYEC KOMY Hepsy  no| Bipolar cells
PamoH-1 -Kaxanto. (B)
Pacnpe;|eneHve no PamoH-u-
Kaxanto KneTouHbix | FAMECrine W"u
anemeH oB cetyatkn. (C) e
PucyHky nanouku n kon6ouyku
ceTyaTki1 YenoBeka.

Canglion cells

Fig. 1.2. Structure and Connections of Cells in the Mammalian Retina. The photoreceptors (rods and cones) connect to
bipolar cells. Bipolar cells in turn connect to ganglion cells, whose axons constitute the optic nerve. Horizontal cells
(not shown) and amacrine cells make connections that are predominantly horizontal. (A) The scheme proposed by
Ramon y Cajal for the direction taken by signals as they pass from receptors to the optic nerve fibers. This scheme still
holds in general but essential new pathways and feedback groups have been discovered since Ramon y Cajal's time.
(B) Ramon y Cajal's depiction of the cellular elements of the retina and their orderly arrangement. The Mueller cell (M)
shown on the right is a satellite glial cell. (C) Drawings of a human rod (left) and cone (right) isolated from the retina.
Light passes through the retina (in these drawings from bottom to top) to be absorbed by the outer segment (top) of the
photoreceptor. There it produces a signal that spreads to the terminal to influence the next cell in line. By recording
electrically from each cell in the retinal circuit we can follow signals step by step and understand how the meaning of
the signals changes. (After Ramon y Cajal, 1995.)

§ 1. CTpoeHue ceT4aTKu

AHaJM3 3pUTEIBHOTO0 MUpa 3aBUCHT OT MH(OPMALUH, NOCTYNAIOLIEH OT CETYaTKH, Iie MPOUCXOIUT
nepBasi cTaaus oOpabOTKM, yCTaHABIMBAIOIIAs TMpPEAeNbl Ul Hamero Bocmpustus. Ha puc. 1.1
MOKa3aHbl IMyTH OT IJIa3a J0 BBICHIMX IEHTPOB Mo3ra. M3o0paxeHue, momajaomee Ha CETYATKY,
MIepeBEPHYTO, HO BO BCEX JIPYIHX acHeKTax HpecTaBisieT co0oil 10OpocoBECTHOE TpeCTaBIeHHE O
BHemHeM mupe. Kakum o0pa3oM 5Ta KapTHHKa MOXeET OBITh IlepefjaHa B Hall MO3T IIOCPEICTBOM
NEKTPUYECKUX CHTHAJIOB, KOTOPBIE BO3HHUKAIOT B CETYATKE M 3aTEM ITyTEIIECTBYIOT IO ONTUYECKAM
HepBam?

OGpa3bl U CBA3UM HEMPOHOB

Ha puc. 1.2 noxa3aHsl pa3Hble TUIIBI KIETOK M UX PacloOXkeHUe B ceryaTtke. CBeT, NonaJaroluil B
rja3, IPOXOAUT CKBO3b CJIOM MPO3PAyHbIX KJIETOK M pocturaer Qoropeuentopos. CurHaisl,
NepeaBacMbple K3 TJa3a MO BOJIOKHAM ONTHYECKOTO HEpBa, SBIAIOTCS €AWHCTBEHHBIMH
MH(POPMAIMOHHBIMU CUI'HAJIAMHU, HA KOTOPBIX OCHOBAHO HAIlle 3pEHHE.

Cxema npoxoxaeHus uHpopmanuu mo cerdarke (puc. 1.2A) Obuta npemioxena Cantbsiro Pamon-u-
Kaxanem" B koHIe XIX Beka. OH ObUT OTHUM M3 BETHYAWIINX HCCIICTOBATEIICH HEPBHOW CUCTEMBI U
MIPOBOJIII DKCICPHMEHTHI Ha CaMbIX Pa3HBIX XHBOTHBIX. OH CHIENaN CYIIECTBEHHOE 0000IICHUE O
TOM, 94TO (OpMa W PACIOJOKCHUE HEUPOHOB, TaK e KaK 00JIACTh BO3HHMKHOBCHUS W KOHCYHAsS
MUIICHb HEHPOHAIBHBIX CHT'HAJIOB B CETH, JAIOT BAXKHEHITYI0 HHPOPMAIHIO 00 QYHKIIMOHUPOBAHUU
HEPBHOMN CHCTEMBI.

Ha puc. 1.2 sicHO BUAHO, YTO KJIETKH B CeTYaTKe, KaK M B JIPYTHX YacTAX LEHTPaJbHON HEpBHOH
cucrtembl (IJHC), oueHp ImioTHO ymakoBaHbl. BHauane MopdosoraMm NpHXOIMIOCH Pa3phIBAaTh
HEPBHYIO TKaHb Ha 4YacTH, YTOObI yBHIETb OT/CIbHbIC HEPBHbIC KIETKH. METOJbI, NPH KOTOPBIX
OKpAILMBAIOT BCE HEHPOHBI, NPAKTHYECKH OECIIOIE3HbI 111 UCCIeA0BaHUS (OPMBI U CBSI3H KIICTOK,
MIOTOMY 9YTO TaKHMe CTPYKTYpHI, KaK CEeTJaTKa, BBINVIAAT I0JO00HO TEMHOMY IITHY IepeIuIeTeHHBIX
KIETOK M OTPOCTKOB. OJeKTpoHHas Mukpodororpadus Ha puc. 1.3 mokaspBaer, dTO
9KCTPAKJICTOYHOE MPOCTPAHCTBO BOKPYT HEHPOHOB U ITOIEP>KUBAIOIINX KJIETOK COCTaBILSIET BCETO 25
HAaHOMETPOB B MMpHHY. bonbmras wgacts pucyHkoB Pamon-u-Kaxams Obuta crenaHa ¢ HOMOIIBIO
METOJa OKpackH 1o I'oybku, KO-
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Puc. 1.3. MNnoTHasa ynakoBka HENPOHOB B
cetyaTtke obesbsHbl. [lomeyeHa ofHa
nanoyka (R) n ogHa kon6ouka (C).

Fig. 1.3. Dense Packing of Neurons in
Monkey (Macaque) Retina. This electron
micrograph  shows a characteristic
feature of the central nervous system:
The cell membranes are separated by
narrow, fluid-filled clefts. The
photoreceptors and their processes can
be followed to the outer plexiform layer
where their terminals contact bipolar and
horizontal cells. One cone (C) and one
rod (R) are labeled. (Micrograph kindly
provided by P. Stering and Y.
Tsukamoto.)

TOpPBIA OKpAaIIMBaeT C IOMOIIBI0 HEU3BECTHOI'O MEXaHHW3Ma BCEr0 HECKOJIBKO CIIy4aifHbIX
HEHPOHOB M3 BCEW MOITYISIINH, HO 9TH HECKOJIBKO HEHPOHOB OKPAIIEHBI TOJIHOCTHIO.

Cxema Ha puc. 1.2 mnokasplBacT NPUHLUI YIOPSIOYEHHOTO PACHOJIOXKEHUS HEHPOHOB B
ceryarke. Jlerko oTaMunTh QoTOpenenToprl, OWMONSAPHBIE W TaHIVIMO3HBIE KIIETKH.
Hampasnenue nepenaud uaeT OT BXOJa K BBIXOLY, OT (DOTOPELENTOPOB K IaHINIMO3HBIM
kieTkaM. Kpome Toro, ABa Ipyrux THIA KIETOK, TOPH30HTAIBHBIE M aMaKPHHOBBIE, 00pa3yIoT
CBSI3Y, coeAuHsomue paszHble myrd. OHON M3 Lenell HelpoOuonoruu, NPUCYTCTBYIOIIEH B
pucynkax Pamon-u-Kaxans, siBiasercs cTpemileHHE INMOHATh, KaK Kak[gas KJIETKa y4acTBYET B
CO3/1aHUH KapTUHBI MUPA, KOTOPYIO Mbl HaOII0AaeM.

Teno KneTku, AeHAPUTbI, aKCOHbI

l"anrnuosHas kneTka, mokasaHHas Ha puc. 1.4, WUIIOCTpUpyeT 0COOEHHOCTH CTPOEHUSI HEPBHBIX
KJIETOK, TMPHUCYIIME BCEM HEHpOHAM LEHTPAIbHOH M THepUEepHUECKOd HEPBHOH CHCTEMBI.
KrnerouHoe Teno comepxuT sApO M APYrMe BHYTPHKIIETOUHBIE OpraHeUlbl, oOLIue Ui BCeX
KJIeTOK. JITMHHBIA OTPOCTOK, KOTOPBIA MOKHIACT TENO KIETKU M 00pa3yeT CBs3b C KIETKOMH--
MUILEHbIO, HAa3bIBAETCS aKCOHOM. TEpMHUHBI JIEHIPUT, TEJNO KIETKH U aKCOH MPHUMEHSIOTCS K
OTPOCTKaM, Ha KOTOPBIX BXOJSIIME BOJIOKHA OOpa3ylOT KOHTAaKThl, HIPAIONIHE PpOJb
MIPUHUMAIOUIMX CTAHLUI U1 BO30YKICHUS WM TOpMOXKeHHs. Kpome raHrinno3Hoil KieTku, Ha
puc. 1.4 nokasaHsl JIpyrue BUIbl HEHPOHOB. TepMHHBI JJIsl ONUCAHUS CTPYKTYpHl HEipoHa, B
YaCTHOCTH HEHAPUTOB, HECKOJIBbKO CIIOPHBI, HO, TEM HE MEHee, OHH YyIOOHBI M IIMPOKO
MIPUMEHSIOTCSI.

He Bce HEWpOHBI COOTBETCTBYIOT IMPOCTOMY CTPOEHHIO KIJIETKH, IMOKa3aHHOMY Ha puc. 1.4. Y
HEKOTOPbIX HEHPOHOB HET AKCOHOB; Y JPYIUX €CTb aKCOHBI, HA KOTOPBIX 00Opa3yeTcsl CBSA3b.
EcTp KI€TKH, 9bH JEHIPUTHI MOTYT NIPOBOJUTH MMITYIILCHI H OOPa30BBIBATH CBA3M C KIETKAMHU--
MmumeHsMu. Eciy raHriavosHas KIETKa COOTBETCTBYET CXEME CTaHIapTHOIO HEHWpoHa cC
JEHAPUTAMHU, TEIOM W aKCOHOM, TO JApyrHe KIEeTKH He COOTBETCTBYIOT 3TOMY CTaHIApTy.
Hampumep, y ¢oropeuentopoB (puc. 1.2C) HeT o0ueBHIHBIX [JEHAPUTOB. AKTHBHOCTb
¢doTopenenTopoB HE BBI3BIBACTCS JIPYTMMH HEHpOHaMM, HO AaKTHBHUPYETCS BHEIIHHMH
CTUMYJIaMU, OCBEIlleHuEeM. [IpyruM UCKIIOYEHUEM B CETUATKE SIBISETCA OTCYTCTBUE, AKCOHOB Y
(doTopernenTopos.

MeToabl naeHTUOUKaALMN HEUPOHOB U NpPOCNeXnBaHMe UX cBA3en

XoTs TexHuKa ["0JbDKH Bee elle IMPOKO HCTIONb3YETCs, MHOTHE HOBBIE MOAXOMABI OOIETIHIIN
(YHKIMOHATIBHYIO WACHTH()UKAIMIO HEHPOHOB M CMHANTUYECKUX CBs3eil. MoJeKyJbl, KOTOpbIe
OKpAIIMBAIOT HEHPOH MOIHOCTBIO, MOTYT OBITH MHBELMPOBAHBI Y€Pe3 MHUKPOIHIIETKY, KOTOpast
OJIHOBPEMEHHO PETUCTPUPYET AJIEKTPUUECKUil curHan. PiyopecueHTHbIE MapKephl, TaKUe Kak
monudep OSKENTHIH, IO3BOJISIOT YBHUAETh CaMble TOHKHE OTPOCTKH B JKHUBOH KIIETKe.
BHYTpHKIETOYHO MOTYT OBITH BBEAEHBI TaKHE MapKephl, Kak (epMEeHT MEepOKCHIa3bl XpeHa
(ITX) nnu GuonuTHH; nocie GUKCAUK OHU 00pa3yloT IUIOTHBIA MPOJIYKT WIH SIPKO CBETSTCS B
¢dyopeciieHTHOM cBere. HeWpoHbl MOXKXHO OKpacuUTh IIEPOKCHIA30M XpeHa U MpH
SKCTPAKJIETOYHOH amuIMKaiyy; (pepMeHT 3aXBaThIBACTCS M TPAHCHOPTUPYETCS B TEJIO KIETKU.
®diryopeciieHTHbIE KapOOLMaHOBBIE KPACHTENIM NMPH CONMPUKOCHOBCHUH C MEMOpaHOM HeipoHa
pactBopstoTcs U AP GYHAUPYIOT O BCEH OBEPXHOCTU KIETKH. DTH PUEMBI
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Puc. 1.4. dopmbl 1 pasmepsl Molor penFon frem spine] cond Aiitrsl cell from olfsctory baft
HEWPOHC B.

Ma. 1.4, Shapes and Sizes of
Neurons. Neurons have
branche:; (the dendrites) on
which  >ther neurons form
synapses, and axons that in
turn meke connections with
other reurons. The motor
neuron, drawn by Deiters in
1869, was dissected from a
mammaian spinal cord. The
other calls, stained by the
Golgi m3thod, were drawn by
Ramon '+ CajaL The pyramidal
cell is ‘rom the cortex of a
mouse, he mitral cell from the
olfactory bulb (a relay station
in the pithway concerned with
smell) of a rat the Purkinje cell
from human cerebellum, and
the  ganglion cell from
mamma ian retina (animal not
specifiec). (After Ramon y
CajaL 1¢95.)

Pvuc. 1.5. Tpynna O6WNONspHbIX KNEeTOK, OKpalleHHbIX
laHTTENnom Ha depmeHT docdokmHaza C. Tonbko
cofepxallye hepMeHT KNeTKN OKpacunuch.

Fig. 1.5. Population of Bipolar Cells Stained by an Antibody|
against the enzyme phosphokinase C. Only bipolar cells|
that contain the enzyme are stained. Above are
photoreceptors; below are ganglion cells. (Photograph
kindly provided by H. M. Young and D. I. Vaney, University|
of Queensland.)

OYCHb BAaKHbI JJI MIPOCICIKHUBAHUA ITPOXOKACHHSA aKCOHOB U3 O,Z[Hoﬁ qacTu HepBHOfI CUCTEMBI B
ApYTYIO.

Jis onucanus cnenupUUecKUX HEHPOHOB, NEHIPUTOB U CHHAICOB IIyT€M W30UpPaTEIbHOIO
MapKUPOBAHMS BHYTPUKJICTOUHBIX MM MEMOPaHHBIX KOMIIOHEHTOB MCIIONB3YIOT aHTurena. Ha
puc. 1.5 nokaszana rpynmna cnenupuuecKiux OUMOJSIPHBIX KJIETOK, MApKUPOBAaHHBIX aHTUTEJIOM K
dbepmenty docdoxunaza C. AHTUTENA YCHEIIHO MPUMEHSIOTCS ISl POCIEKUBAHUS MUTPALIUH
n auddepeHUnanUY HEPBHBIX KIETOK B OHTOreHe3e. JIONOJIHUTENbHBIM HOAXOAOM IS
ONHUCaHHUs HEHPOHOB SBISIETCS THOPUIM3ALMS in  Situ: CIenU(PUIECKH MEYEHBIC 30HIbI
mapkupytor MPHK Heiipona, koTopast KogupyeT CHHTE3 KaHaja, pelenrtopa, nepeaarduka Win
CTPYKTYPHOTI'O 2JIEMEHTA.

HeHepBHble ANeéMeHTbl Mo3ra

OTueTauBO BUJHA KJIETKa, IoMedeHHas OykBoil M Ha puc. 1.2B, mpexacrasmstomas co6oit
HEHEPBHYIO KJIETKy, HaXOJIAIIylocs B ceTdaTke. TakWe KIETKH H3BECTHBI KaK IJIHAJbHbIE
KIeTKU. B oriuune oT HEHPOHOB, y HUX HET aKCOHOB WJIM JEHAPUTOB U OHU HE CBA3aHbI
HAIpsMYIO ¢ HEPBHBIMHU KJIETKaMH. [ THabHBIX KIETOK OYeHb MHOTO B HEPBHOH cucteme. OHI
BBIIOJHAIOT MHOIO pa3HbIX (DyHKIMI, CBSI3aHHBIX ¢ mepepadedl curHana. Hampumep, akCOHbI
TaHTJIMO3HBIX KIETOK CETYATKH, COCTABIIAIONINE ONTUYECKUH HEPB, MPOBOIST UMITYIBCH OYEHb
ObICTPO, HOTOMY YTO OHM OKPYKEHbl HU30J1UpYOIIell aunuaHoi 00010uKOM, Ha3bIBaeMOil
MIIHH. MudiauH QopMupyercs TIIHATbHBIMU KIETKAMH, KOTOPBIE 000padMBarOTCS BOKPYT
AKCOHOB IIpU OHTON€HETMYECKOM Da3BUTHU. [ NManbHBblE KIETKM CETYATKM H3BECTHBI Kak
MIOJIIEPOBCKHIE KIETKH.
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MpynnupoBKa KNeTOK B COOTBETCTBUMU C hyHKLUEn

3amMevaTeIbHBIM CBOMCTBOM CETUYATKH SIBIIIETCS PACIHONIOXKEHUE KIETOK B COOTBETCTBHU C (QyHKIHEH
(cm. puc. 1.2). Knerounsre Tena pOTOpenenTopoB, TOPU30HTAILHEIX, OUITOISIPHBIX, AMAKPHHOBBIX H
TaHTJIMO3HBIX KJIETOK PacHOJIOKEHBI OTYETIMBEIMHU ciosiMu. IlomoOHast CIOMCTOCTH HabIomaercs
MOBCEMECTHO B Mo3re. Hampumep, CTpykTypa, B KOTOPOH BOJIOKHa ONTHYECKOTO HeEpBa
3aKaHYMBAIOTCS (JaTepalbHOE KOJEHYATOE TEeN0), COCTOMT M3 6 CIIOEB KIETOK, KOTOpbIE JIETKO
Pa3IMYUTh JaKe HEBOOPYXKEHHBIM IJIa30M. BO MHOTrMX 00JacTsAX HEPBHOH CHCTEMBI KIETKH CO
CXOAHBIMH (DYHKLMSMU CTPYIIIMPOBAHBI B OTYETIIMBBIC LIAPOOOPA3HbIE CTPYKTYPbI, H3BECTHBIC KaK
spa (He myTaiiTe ¢ AApoM KIETKH) WM FaHTJINY (HE IyTaiTe C FaHIJIMO3HBIMHU KJIETKaMH CEeTYaTKH).

MoaTunbl KNEToK U hyHKUUA

VYHpoluieHHOe MpeICTaBIeHUe CTPYKTYPbl CETYaTKU Ha pUC. 1.2 HE OTpakaeT HEKOTOPBIX CBOMCTB
CE€TYaTKHU. CyIJ.leCTByeT HECKOJIbKO OTYETIMBBIX TUIOB IAHITIMO3HBIX, TOPU3OHTAIBHBIX, 6PIHOJ'[$[pHLIX
U aMakpUHOBBIX KJIETOK, KaXXIbli U3 KOTOPBIX obagaer XapaKTepHOH MOp(i)OJIOI‘I/Ieﬁ,
cneuH(i)I/I‘{HOCTL}O Meamaropa u (1)I/I3I/IOIIOI‘I/I‘{eCKI/IMH cBoiictBamu. Hanpumep, Q)OTOpeueHTOpLI
Pa3ACIIAAIOTCA Ha JBA JIETKO Pa3JIMYMMBIX KJIacCa — MAJIOYKH U KOJIOOYKH, — KOTOPBIC BBIINOJIHIIOT
Pa3IM4YHbIC (1)yHKL[I/II/I. VUIMHEHHbIE MaJOYKH HCKJIIOYUTEIBHO YYBCTBUTENIBHBI K MaJICHIINM
W3MEHEHHUSAM B ocBeleHnn. Koraa Bel uMTaere 9Ty CTpaHMIly, PACCESTHHBIN CBET CIMILKOM SpOK Ul
najioueK, KOTOphIC (l)yHKL[I/IOHI/Ipy}OT TOJBKO B CJ1abOM CBeTe MOCjC UIUTEILHOTO nepuoja B
TemHore. Konbouku oTBEeyaroT Ha 3pUTENIbHBIE CTUMYJBI B SIpKOM cBere. bosee Toro, KOJIOOYKH
Jajiee moapas3aesitoTCs Ha MOATUIIBI (bOTOpeueHTOpOB, YyBCTBUTECIIbHBIC K KDACHOMY, 3€JICHOMY MIIU
CUHEMY 1IBETY. AMaKpHUHOBBIE KJIETKH SIBJISIOTCS IPKUM IPUMEPOM KJIETOYHOTO pa3H006p831/I$I: Oosiee
20 THIIOB MOKET OBIThH BEIIEICHO I10 CTPYKTYPHBIM U (1)I/I3I/IOIIOI‘I/I‘{CCKI/IM KpPUTCPHUSIM.

Takum obpa3om, ceTyaTka UNNKCTPUPYET rnydoyaliume npobnemesl COBpeMeHHOW Hevipobuonormn. HemssecTtHo, Ana
Yero HYXXHO CTONIbKO TUMNOB aMaKPUHOBbLIX KMETOK M Kakue pasHble (PyHKUMMU BbIMOMHAET KaXAbl U3 3TUX TUMNOB
kneTtok. OTpe3BnsieT CO3HaHWEe TOro, YTo (PyHKUUS noAaBnsoLWero GONbLMHCTBA HEPBHbIX KMNETOK LieHTpanbHoM,

nepudpepuyeckor 1 BUcLeparbHON HEPBHOW CUCTEMbI HeUM3BeCTHA. B To e Bpems aTo HeBefeHUe NoAcCKa3bIBaeT, YTO
MHOIMe OCHOBHbIEe NPUHLUNbI POGOTHLI MO3ra eLle He MOHATHI.

KoHBepreHuusa u guBepreHUnA CBA3eN

Crpenkamu Ha puc. 1.2A moka3aHo HampaBlIeHHE MEPefayl CUTHAJIA OT PEHENTOPOB K FAHTTIMO3HBIM
KJIeTKaM. B peanbHOCTH KapTHHA CyLIeCTBEHHO Ooiee cioxHas. Hanpumep, HabmonaeTcst CHbHOE
YMEHBIICHHE KOJIMYECTBA BOBJICYCHHBIX KJIETOK HA MYTH OT PELENTOPOB K I'aHIVIMO3HBIM KJIETKaM.
Berxonsr 6onee wem 100 MHJUIMOHOB pPELENTOPOB KOHBEPIHPYIOT Ha 1 MWIIMOHE TaHTIIMO3HBIX
KJIETOK, aKCOHBI KOTOPBIX COCTAaBISIOT ONTHYECKHMH HepB. TakuMm oOpa3oM, MHOTHE (HO HE Bce)
TaHTJIMO3HBIE KJICTKU MOYYaloT BXOJBI OT OOJIBIIOr0 KOJIMYECTBA (hOTOPEIENTOPOB (KOHBEPTCHIINS)
4yepe3 BCTABOYHBIC KJIETKH. B CBOIO odepenp, ofHa TaHINIMO3HAs KIETKA MHTEHCHBHO BETBHUTCS U
OKaHYMBAETCA HA MHOTHX KJIETKaX-MHUIICHAX (IMBEpreHuus, cM. puc. 1.13).

Kpome TOro, B omiuume OT ympoIIeHHOH cxeMbl Ha puc. 1.2A, CTpENKH IOJDKHBI NOKa3bIBaTh B
CTOPOHBI A1 0003HAUCHHS B3aUMOJCHCTBUS MEX/y KJICTKaMHU B OJJHOM cJI0€ (JIaTepalIbHbIC CBS3H) U
Jaxe B HPOTHUBOIIOJOXKHBIE CTOPOHBI — HalpHMeEp, Has3aJ OT TOPHU3OHTAIBHBIX KIETOK K
¢doropenienTopaM (BO3BpaTHBIE CBSI3HM). Takue KOHBEPIEHTHEBIC, IUBEPICHTHBIC, JIATEPAIBHBIE H
BO3BpATHBIC BIVSHUS SBISIOTCS MOCTOSIHHBIMU CBOWCTBaMU OOJBIIMHCTBA HEPBHBIX IyTeH MO Bcei
HepBHOW cucreme. TakuMm oOpa3oMm, mpocras TomaroBas o0pa0OTKa CHrHana 3aTpyAHEHa
napauIeIbHBIMA H 0OpaTHBIMU B3aUMOICHCTBUSIMU.

§ 2. CurHaJybl HepBHBIX KJIETOK

Jlns aHanu3a coOBbITHIT BO BHEIIHEM MHpPE WIM BHYTPH HAILIEro Teia, Ul nepenadu HHOpMaLuH oT
KIETKH K KIJIETKE HEHPOHBI HCHONB3YIOT JNEKTPUYECKHE M XHUMHUYECKHE CHTHanbl. PaccTosiHne
Hepeiaud CUTHaIa MOXKET ObITh OOJBLIMM: OT KOHYMKOB MNajblEB Ha HOTax 10 CIMHHOTO MO3ra.
Pasnuynble curHaiel IpeKpacHoO MPEACTaBIEHbl BCE B TOM ke ceTdyarke. B To Bpems, korna PamoHn-u-
Kaxanb pucosain crpenkn Ha puc. 1.2A, moutn He 6puT0 HHOPMAIK 00 STHX CHTHANAX, YTO JeTaeT
€ro JIOCTIDKEHUS ele 0oJiee IpuMedaTeIbHBIMH.
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Crynenn nepepaboTku HH(OpPMAIMM MOXHO MOCIEJOBATEILHO IPOCIEIUTh: CBET MaJaeT Ha
(doTOpenenTopsl U TeHEPUPYET IEKTPUUECKUE CHTHAJIBI, KOTOPHIE BO3/ICHCTBYIOT Ha OUITOJSpHEIC
kieTkd. OT OUIOIISPHBIX KJIETOK CHUTHABI HEPealoTcsl K TAaHIIHO3HBIM KIIETKaM M OT HHUX K BBICIIAM
LIEHTpaM MO3Ta, KOTOpbIe U OCYLIECTBIIIOT BOCHPUATHE BHEIIHEro Mupa. B cremyromux paszgenax
paccMaTpUBalOTCS CBOICTBA CUI'HAJIOB U IyTH HepepaboTKu HHPOPMALIHH.

Knaccbl ANEeKTPUu4eCKnxX curHanos

DJeKTprYecKUe CUTHAJIbl HEPBHBIX KIETOK MOTYT OBITH pa3jeleHbl Ha Ba OCHOBHBIX Kiacca. Bo-
MIEPBBIX, 3TO JIOKAIBHBIC TPpayalbHble IMOTEHIUANEl (CM. pHC. 1.8), KOTOpBIE BBI3BIBAIOTCS TAKHMMH
BHEIIHUMH CTHMYJaMM, Kak CBeT, MaJaioluii Ha (oTopenentopsl Ija3a, 3BYKOBas BOJIHA,
nedopMHpyIOIas BOJIOCKOBBIE KIETKM yXa, HJIM INPUKOCHOBEHHE, MEXaHWYECKH CMellaoliee
OTPOCTOK CEHCOPHOII KIeTKH B Koke. CXOJHBI 0 XapaKTepPUCTHKAaM, HO CYLIECTBEHHO OTJIHYAIOTCS
M0 TIPOMCXOXJIEHUIO CHUTHAIIBI, T€HEepUpPYeMble B CHHANCaX — COEAMHEHMAX MEXAY KIETKaMu,
KOTOpBIE MBI 00CYIMM M03xke. Bce 9T cHrHans! rpagyaibHbl U IPUBS3aHEl K MECTY BOHHKHOBEHUS,
a MX PaclpoCTpaHEHHe 3aBUCUT OT ITACCUBHBIX XapaKTEPUCTUK HEPBHBIX KIICTOK.

INoreHuuansl neicTBUS COCTABISIOT BTOPYHO OCHOBHYIO Kareropuro (cM. puc. 1.9). Ilorennuanst
JIeHCTBUS BBI3BIBAIOTCS JIOKAIBHBIMU IpajyalbHbIMH IOTCHIMAAaMU. B omindue OT JOKaJIbHBIX
MOTEHIIMANIOB, OHU OBICTPO PACTIPOCTPAHSIOTCA Ha OOJBIINE PACCTOSHUSA — HANpHMEp, OT IJia3a 0
BBICIIMX LIEHTPOB MO BOJOKHAM TaHTJIMO3HBIX KJIETOK, COCTABIISIONIMX ONTHYECKHHA HEPB, MU OT
MOTOPHBIX KJIETOK B CIIMHHOM MO3r€ K MBIIIIAaM HOTH. BTopoe oTinumne MOTEHLHATOB AEHCTBUS
COCTOHT B TOM, YTO OHU (PMKCHPOBAHBI [0 aMIUIUTY/IE U JUTUTENLHOCTH, KaK TOUKU B a30yke Mopse.
KpaiiHe cymiecTBEHHO MOHMMATh, YTO MOTEHLMANbl JIEHCTBUs, IIyTEHICCTBYIOIIUE IO BOJIOKHAM
ONTHYECKOTO HepBa He SBIAIOTCS ONU(QECHOMEHAMH, IPUCYTCTBYIOIIMMU JIMIIb B  HAIIUX
MIPE/ICTaBICHUSIX 0 pabore Mosra. OHU SBISIOTCS €IUHCTBEHHOH (HOPMON CHTHAIM3AIUK, KOTOpas
cHabxkaeT Mo3T HH(OPMAIHCH O BHEITHEM MHpE.

[lepenaua currana oT ceT4aTKH MOKET OBITh IPEACTABIICHA CIIEAYIOIIEH YIIPOIIEHHOH CXeMOi:
Cset

l

JlokanbHbI rpanyaanblﬁ‘LcmrHan B hoTopeLenTope
JokanbHbIN rpagyanbHbli curHan B GUNonspHon kneTke
JlokanbHbIV rpagyanbHbIA CUTHAN B FAHIIMO3HON KNeTke
MoTeHumnan encTeunsa B raHrmMoO3HON KNeTke
MpoBefeHWe curHana K BbICLUIMM LiEHTpaMm.
yHMBepcaanOCTb ANEeKTPUu4eCKnxX curHanosB

BakHBIM CBOWMCTBOM 3JIEKTPHUYECKUX CHUTHAIOB SIBISIETCS TO, YTO OHH (PAKTHYECKH MICHTHYHBI BO
BCEX HEPBHBIX KJIETKaX OpraHM3Ma HE3aBUCUMO OT TOrO, 3aIlyCKAIOT JI OHU JBIKEHUE, IEPEAA0T JIU
nHpopmarmio o 1BeTax, Gpopmax miIM GOJIC3HEHHBIX CTHMYJNAX, WM COSAUHSIOT pa3IMdHbIe 00nacTi
Mo3ra. BTOpbIM BaXHBIM CBOHCTBOM CHIHAJIOB SIBIISIETCA TO, YTO OHHM HACTOJBKO OJMHAKOBBI Y
Pa3HBIX XMBOTHBIX, YTO JaKe YMYAPEHHBIH OMBITOM HCCIEA0BATENb HE CIOCOOEH TOUHO OTIHYHUTH
3amuch MOTEHLMaNa JISHCTBHSA OT HEPBHOTO BOJIOKHA KHMTA, MbILIM, 00€3bsHbI WM Hpodeccopa. B
3TOM CMBICIIE TTOTEHIHANb] JEUCTBUSI MOTYT CUHTAThCSl CTEPEOTUIHBIMU eUHHIAMU. OHU SIBIISIOTCS
YHUBEPCAIBHBIM 3TAJIOHOM ISl 0OMeHa HH(opMaIeil BO BceX HUCCIICIOBAaHHBIX HEPBHBIX CHCTEMaX.
B Mo3re He THIBI CHrHANIOB, a OrpoMHOe KommuectBo kierok (oT 10 mo 10 meiiponos) u
pa3Ho0Opasue cBsi3el 00eceUnBaIOT CJI0XKHOCTD BBITOJIHACMBIX 33/1a4.

Ora wupes Obula BhicKazaHa B 1868 romy HemenkuMm ¢U3MKOM U OwoioroM ['epmanoMm ¢oH
I'enbmroneiem. bepst 3a 0OCHOBY rHnoTeTHYEeCKUE MPHUHIMIIBL, 33J0JIT0 10 OOHAPYXEHHUS U3BECTHBIX
ceifuac (hakToB, OH muCcan>:

HepBHbLIE BONOKHa 4acTo CpaBHMBAKT C TenerpadHbLIMU NPOBOAAMM, NepeceKaloWMM MeCTHOCTb, U 3TO CpaBHeHUe
XOpOLIO NPUCNOCOGNEHO AN MWMANICTPauuMn YAMBUTENbHbIX U BaXHbIX OCoGeHHocTeM Mx obGpasa pdeicTBus. B
TenerpacHoi ceTn Be3ae Mbl OGHapyXuBaeM Te e MeAHble WNKN CTanbHble NPOBOAA, HecyliMe TONbKO OAVH BUA
ABWXEHWUs, MNOTOK 3NeKTpUYecTBa, HO BbI3blBalOlWMe caMble pasHble pe3ynbTaTbl Ha pasHbIX CTaHUMAX B
COOTBETCTBUM C [OMNOSNIHUTENbHOW annapaTypoil, C KOTOpPOW npoBoaa coeAuHeHbl. Ha opHow cTaHuuu 3adpdekT
COCTOUT B 3BOHKE KONOKONbYMKa, Ha APYroi CUrHam npocTo nepepaeTcsl Aanblue, Ha TpeTbeill BCTynaeT B paGoTy
3anucbIiBaloLWMiA annapar. ...foBopsi KOPOTKO, KaXA0e U3... Pa3NMYHbIX AeACTBUNA, BbI3bIBaeMbIX
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(B Intrace hudar recording Puc. 1.6. TexHuka
pervicTpauum

anet TpM4eCcKomn
akTm3HocTn. (A) KoHumk
TOHKDIO  MeTanmnMyeckoro
anetTpoJa  pacrnonoxeH
6nun: Ko K HEPBHOW KNeTke
B Kope. (B)
BHy pukneToyHas
pervicTpauus

npol 3BOANUTCS

3anc fIHeHHoN

NPOE OAALEN  KUOKOCTHIO
CTeK 1S HHOW

MUK[ OMMNETKON,

BBeL eHHON B kneTky. (C)
BHy pukneToyHoe

OTBE OeHne TaKke
f[en:eTca  NaTy-nuneTKou,
KoTedas  npununaeTr K
KneTo4Hoi MembpaHe.

Fig. 1.6. Electrical Recording Techniques. (A) The tip of a fine wire electrode is located close to a nerve cell in the
cortex. (The wire above the tip is insulated.) Extracellular recording allows one to record from a single cell or from a
group of cells. (B) Intracellular recordings are made with a fluid-filled glass capillary that has a tip of less than 1 /urn in
diameter, which is inserted into a neuron across the cell membrane. At rest there is a potential difference of about 70
mV, the inside negative with respect to the outside. This difference is known as the resting potential. (C) Intracellular
recordings are also made with patch electrodes. A patch electrode has a larger tip than that of an intracellular
microelectrode; the tip makes an extremely tight seal with the cell membrane. If the seal is intact the currents that flow
as a single ion channel in the membrane opens or closes can be recorded. Alternatively, as shown here, the cell
membrane can be ruptured to allow the diffusion of molecules between the pipette and the intracellular fluid of the cell
(whole-cell patch clamp).

ANEeKTPpU4eCcTBOM, MOXET ObITb BbI3BaHO U nepegaHa npoBoaomM B J'II06yI0 HeOGXOﬂMMyIO TOYKY. anI 3TOM B nposoge
npoucxoautT oauvH U TOT XKe npouecc, ﬂpVIBOAFII.I.WIﬁ K cCaMbIM pa3HbiM nocrneacTtBUAM. ...Ta pa3HuUa, KOTOpYH Mbl
BUAUM npu BO36y)KAeHMVI pa3nuyHbIX HEepBOB, 3aKn4yaeTcsA TOJNIbKO B pPO3HULE CaMUX OPraHoB, K KOTOpPbIM
npucoeavHeH HEPB U KOTOPbIM NepenaeTcs COCTosiHUe Bosﬁy)meuua.

Ha camom nene, kak OyzmeT moka3aHO B IiaBe 6, HEOObIIAs pa3HUIA B aMIUIUTY/IC U JUTUTCIBHOCTH
OueBHIHA B NOTCHLHMANax MEHCTBUSA pAa3HbIX HEHPOHOB. YTBEp)KICHHE, YTO BCE IOTCHLUAIBI
JIeHCTBUS OAMHAKOBBI, PABHOCHUJIBHO YTBEPXKICHHIO, YTO BCE AyOBbl OJJMHAKOBBI.

TexHUKa 3anucyu CUrHaNoB OT HEMPOHOB C NOMOLLLIO INEKTPOAOB

Jl1st perieHus] HEKOTOPBIX 3a/1ad CYLIECTBEHHO PErHCTPUPOBATH aKTHMBHOCTH OJHOTO HEWpOHA WU
Jla)ke OJHOT'0 MOHHOTO KaHaja, TOTAA Kak A APYTuX 3aJad HeoOXoguMa CyMMapHas aKTUBHOCTb
MHOTHX HEeWpoHOB. Himke KOpPOTKO CyMMHpPYIOTCS OCHOBHBIE NMpPUEMbI AJIS 3alHCH AKTHBHOCTH
HEHPOHOB, UCIIONb3yEMbIe A1 00CYKICHUS B CICAYIOIIUX TaBax.

BriepBrle 3anmch MOTEHIMANOB ACHCTBUS OT HEpBa ObUIa C/AeNaHa OT Hepu(epUUeCcKUX HEPBOB
9KCTpa KJIETOYHBIM M 3JeKkTpojamu. llpomyckaHue TOKa MeXIy Napol cepeOpsHbIX
IIPOBOTHUKOB BBI3bIBAJIO MOTEHIMAI ASHCTBHS, TOTJa KaK BTOpas IMapa TaKuX JKe JJIEKTPOJIOB Ha
HEKOTOPOM DPACCTOSIHMM PETHCTpUpOBana OTBET. B 1eHTpanbHONH HEPBHON CcHCTEMe
perucrtpauuss OT HEHpOHAa WM TPYNNbl HEHPOHOB MPOM3BOAMTCS AKCTPAKIECTOUHBIM
9JIEKTPOAOM, KOTOPBIM COCTOUT U3 MPOBOIAHUKA B H30JIUPYIOIIEH 000I0UKEe HIIN U3 CTEKISIHHOTO
KaImuuIapa, 3ar0JIHEHHOTO ITPOBOJISIINM COJIEBBIM pacTBOpoM (puc. 1.6A).

C NOMOIIBI0 BHYTPHUKIETOYHOTO MHKPODJIEKTPOJAa MBI MOXEM IPSIMO H3MEPSTh PasHUILY
MOTEHIIMANa MEeXJy HapyXKHOH M BHYTpEHHEH Cpeloil KJIeTKH, TaK K€ Kak Bo30yxkIeHHe,
TOPMOXKEHHE M BO3HHKHOBEHHE HMITYIb5COB. CTEKJISHHBIH MHKPOIIEKTPO, 3arlOJHEHHBIN
COJIEBBIM PAaCTBOPOM U ¢ KOHUMKOM MeHee 0,1 MM B imamerpe, BBOAUTCS B KJIETKY C IOMOIIbIO
MuKpoMmanunyistTopa (puc. 1.6B). MUKpO3NEKTpOIbI TaKKe HCIOJB3YIOT JJsl MPOIMYCKaHUS
TOKa yepe3 MeMOpaHy WM BHYTPUKJIETOYHON HHBEKIIUH MOJIEKYII B IIUTOILIA3MY.
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YacTo wucnoib3yeTrcs MpUeM H3MEpeHUs: MeMOpaHHOIO IOTEHIMana, W3BECTHBIH KakK I3TY-
KiIamMn nesnod kineTku. CTeKIsHHas NHIeTKa CO CPAaBHUTEIBHO OOJNBIIMM ITOJMPOBAHHBIM
KOHYMKOM HPUABHUIAETCS K IMOBEPXHOCTH KIETKH, TJ€ OHA NpHIUIaeT K MeMOpaHe u oOpasyer
npouyHoe coenuHeHne. [locne HapymeHus eT0CTHOCTH MEMOpPaHbl BHYTPHU MHUMETKH >KUIKOCTD
B IIUIETKE NPSIMO KOHTAKTUPYET C BHYTPUKIIETOUHON JKUAKOCTBIO.

HenHBasuBHbIe MeTOAbI perncrtpauunun HeﬁpOHHOﬁ AKTUBHOCTU

Vcnonb3yst METOA ONTHYECKOW PETHCTpaluK, MOXHO NPOCIEIUTh Hepenady MHGOpManuy B
HEKOTOPBIX TIpermaparax Mo3ra 0e3 HCMONb30BaHUS 3JeKTpoaoB. CHEeNUaIbHO CO3IAHHbBIC
KpacHUTENIM, KOTOpBIC CBS3BIBAIOTCS C KICTOYHOW MeMOpaHOi, HW3MEHsT abcopOuuio
MPOXOAAIIEr0 CBeTa WX (IyOPECUCHIMIO IPU H3MEHEHHUIX MEMOPAHHOTO MOTEHIIMANA KIIETKH,
YTO MOXKHO OOBEKTHBHO perucTpupoBaTh. CyLIECTBYIOT W Takue HEMHBA3HUBHBIE METOJBI, KaKk
MO3UTPOHHO-IMHUCCHOHHAs TOMOrpadusi W MarHHUTHO-pe3oHaHCcHas Tomorpadus (MPT),
KOTOpBIC IO3BOJISIIOT  ONPENeNUTh, Kakhue OO0JacTH Mo3ra OOAPCTBYIOIIETO YeNOBEKa
AKTHBU3UPYIOTCS MIPU MPEIABSIBICHUN CTUMYJIOB WM MPH IBIDKCHUH. [loydyaeMoe ¢ IOMOIIbIO
MPT wuzob6paxenne Ha puc. 1.7 moka3piBaeT 00JacTH, aKTHBUPYEMbIC IPH TNPEIbSIBICHUN
3pPUTENBHOTO CTUMYJIA.

PeruHorpamma oOTpakaeT CyMMapHyK aKTHBHOCTb CETYaTKH, 3JIEKTpOdHIEedamorpamMmma —
CYMMapHYIO aKTHBHOCTb MO3ra. DTH METOJIbl B OCHOBHOM HCIIOJB3YIOTCS IUISl JAMATHOCTUKH
HapyuieHu# QyHKIui Mo3ra.

Pacnpe.qeneHMe JNMOKanbHbIX rpagyalnbHbIX NOTeHUWanoB “n
nacCuBHbLIE ANNEeKTpu4veckKkue cBOMCTBa HeﬁpOHOB

B cxemax Pamona-u-Kaxans, oroOpakaromux KIETOYHOE CTpoeHHe mosra (cM. puc. 1.2A),
MIPOCBEYUBAET UES O TOM, YTO OCBEILEHHE CETYATKH U3MEHSIET aKTUBHOCTH ()OTOPELIENTOPOB U
9TH W3MEHEHHs OTPAKAIOTCS B AKTUBHOCTH HEPBHBIX BOJOKOH, BBIXOIMIMX M3 Iiasza. st
Takoil nepenayr MHGOPMALMK CUTHANIBI JOJDKHBI PACHPOCTPAHATHCS HE TOJBKO OT KIETKH K
KJIETKe, HO U BIOJb KJIETKH, OT OJZHOTO e¢ KOHIa A0 Apyroro. Kak, Hampumep, dneKTpHuecKuit
CUTHAJI, TEHEPUPYEMbIl Ha KOHTAaKTHPYIOIIEM C (OTOPELENTOPOM KOHIE OHMITOJIIPHON KJIETKH,
pacnpocTpaHseTcss BAOIb HEHpOHA W AOCTHraeT TEPMHUHAIN, KOTOpas PACIOJIOKEHA OKOJIO
TaHTJIMO3HOW KIIETKHU?

Jlns Toro 4TOOBI OTBETHTH HA 3TOT BOIPOC, MOJE3HO PACCMOTPETh COOTBETCTBYIOLIHE
CTPYKTYpBI, KOTOPBIC MEPEAAIOT CHUTHANBL. BUMONSAPHYIO KJIETKY MOXHO paccMaTpUBAaTh Kak
JUIMHHBIA LWIMHIpP, HAlOJHEHHBIH BOJHBIM pacTBOPOM COJIEH (IMCCOIMMPOBAaHHBIX Ha
MOJIOXKHUTENBHO M OTPHUIATENIFHO 3apsDKEHHbIE HOHBI) W OEJNKOB, OT/ACICHHBIH OT
9KCTPAKJIETOYHOI0 pacTBOpa MeMOpaHOW. BHYTpHKIETOYHBIH M 3KCTPaKIETOYHBIH PacTBOPHI
OCMOTHYECKH OJMHAKOBBI, HO HWMEIOT pa3Hbli HOHHBIM cocTaB. MOHBI JBUTAIOTCS TIO
CHEelMAIIbHBIM ~ MOHHBIM  KaHajlaM, KOTOpble 00pa3oBaHbl  OEJIKOBBIMH  MOJIEKYJaMH,
MIPOHM3BIBAIOIIUMHE MeMOpaHy. DJIEKTPHUYECKHE U XUMHUYECKHE CTHMYJIbl BHI3BIBAIOT OTKPBITHE
WM 3aKPbITHE KaHAJIOB JUI1 MOHOB KaJbLIUs, HATPHsL, KU U XJIOpa.

B pesympraTe pasnuuuii B KOHIIEHTPALMM HOHOB IO 00€ CTOPOHBI MeMOpaHbl M H3-3a
n30UpaTEeIbHOCTH KaHAJIOB JJIs OIPE/ISICHHBIX HOHOB 00pa3yeTcs MOTeHIUal OKos KIeTKu. B
[IOKO€ BHYTPEHHEE COAEPIKUMOE KJIETKH OTPHULATEIbHO 3apsHKEHO IO OTHOIIEHHUIO K HapyKHOMH
cpene (cM. puc. 1.6). etanbHas uHGOpPMALKL O MOJEKYIIPHON CTPYKTYpE UOHHBIX KaHAJIOB U
MIPUHIIMIIOB [IPOXOKICHUS Yepe3 HUX HOHOB JlaHa B I1aBe 2.

CrpoeHre M CBOHCTBa HEHPOHA OIPEIEISIOT CIIOCOOHOCTh IPOBEACHHS SJIEKTPUUECKUX
cUTHaNIOB. Bo-TepBbIX, BHYTPUKIETOYHAS JKHIKOCTh, IHUTOILIa3Ma (aKCOIUIa3Ma B OTPOCTKE
KJIETKH, aKCOHE) NPHMEPHO B 10’ pa3 Xyxe MPOBOAUT 3JIEKTPHUUECTBO, YEM METAIMYECKUN
npoBoHUK. OMHON W3 MPUYMH SBJISETCS TO, YTO IUIOTHOCTh MEPEHOCUYMKOB 3apsja, UOHOB, B
HECKOJIBKO pa3 MEHbIIE, 4YeM O3JIEKTPOHOB B METajlle; KpOME TOrO, MOJBI)KHOCTb HOHOB
HeBeJMKa. BO-BTOPBIX, IPOTEKaHHE TOKA BIOJIb aKCOHA Ha OOJIBIIOE PACCTOSHUAE OCIIOKHSICTCS
TeM, 4YTO MeMOpaHa He SBIIETCS HAealbHbIM M30JATOpOM. COOTBETCTBEHHO, BEIMYHMHA TOKA,
TEKYLIETO0 BJOJb BOJIOKHA, OBICTPO yMEHBIIACTCS H3-32 YTCUKH 4Yepe3 HOHHBIC KaHaJIbl
MeMOpaHsbl. TOT (akT, 4TO HEPBHBIE BOJIOKHA O4€Hb Majibl (00bIYHO He Goisiee 20 MUKPOH (MKM)
B JMaMETpe Yy MO3BOHOYHBIX), €IIe OOJIbIIEe YMEHBIIAET KOJMYECTBO MPOBOJAUMOrO TOKa. AJaH
XOMKKUH JTaJl UHTEPECHYI0 WIUIIOCTPALMIO 3THX CBOMCTB paclpOCTPAaHEHUS 3JIEKTPHUUECKOTrO
curxama’ -

Ecnu crneyuanucm no snekmpu4yecmsy nocMOmMPUM Ha HEPS8HYIO cucmemy, mo cpa3y yeudum, ymo
nepedaya cueHana o Hep8HbIM BONTOKHOM si8rsiemcsi 02pomMHoU rpobrnemoul. Quamemp axkcoHa 8
Hepse
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Puc. 1.7. W3obpaxeH 1€ XMBOro Mo3ra C
nomotubio MPT.

Fig. 1.7. Magnetic Re¢:sonance Imaging of
Living Brain. The subje:t was presented with
visual stimuli that ceused activity to be
generated in the lateril geniculate nucleus
(labeled with the boundzd arrow) deep within
the brain (see Figure 1. and Chapter 20) and
the visual cortex. The color represents the
level of activity, white :orresponding to high
and grey to low. (After Ugurbil et al., 1999;
image kindly provided by K. Ugurbil.)

gapbupyem om 0,1 do 20 MUKPOH. BHympeHHee colepxumoe coO0epXum UOHbI U SI8/IIEMCS HEernoXum nposoOHUKOM
anekmpuyecmea. OOHaKo, BOJIOKHO HEBEUKO U €20 MpodoribHOe COMpomusneHue o4eHb 8biCoko. [lpocmoll pacyem
roka3bigeaem, 4mo & eosiokHe Ouamempom 1 MUKPOH u corpomuerneHuem 100 Om/cm ydernbHoe conpomusiieHue cocmasum
okono 10" Om/cm. 3mo o3Hayaem, 4Mo 3MEKMPUYECKOe CONMPOMUEIIEHUE ManeHbKO20 HEPEHO20 80sI0KHa OnuHol & 1 memp
pasHo conpomusneruo 10" munb 0,2 MM MedHOU NPOSOMOKU, MO ecms MPO8oNoKU AnuHol & decsims pas 6onbwe, Yem om
3emnu do nnaHems CamypH.

Takum 00pa3oM, NAacCHBHOE IPOBEICHHE ICKTPUYECKHX CHTHAJIOB 3aTPYIHEHO M OrPaHUYCHO
paccrostHueM 1-2 MM. Kpome Toro, kxorja Takoi CHTHAJI KOPOTOK, ero ¢popMa MOXET OBITh CHIBHO
HCKa)KEHa M €ro aMIUIUTyJa €Ille yMEHBIIEHa €MKOCTBbIO KIeTO4HON MeMOpaHbl. TeM He MeHee,
JIOKaJTbHBIE TTOTEHIUAIIBI OUEHb BaXKHBI JUIS BHI30BA U ITPOBEACHUS PACIIPOCTPAHSIOIIETOCS CUTHANA.

PacnpocTpaHeHue u3aMeHeHU NoTeHuuana B OUNoNApPHbIX KNeTkax u
c¢hoTopeuentopax

doTopenenTopsl W OUIONISIPHBIE KIETKH HEBEJIUKH IO JUIMHE, ITOITOMY JOKAJIbHBIM IpalyalbHBII
curHan MoxeT J((EeKTHBHO pacpocTpaHATbCA OT OJHOTO KOHIA KJISTKH OO JApYyroro.
DJeKTpUUYEeCKUi CHUTHAJ, KOTOPBII OTpa’kaeT MOIajaHWe cBeTa Ha (hOTOPELenTop, TeHepHpyeTcs B
HapyXHOM CErMeHTe Hajo4eK miu kosnbodek. OTTyaa CHrHal MAacCHBHO PACIpPOCTPAHSETCS BIOJb
KJIETKA O TePMHUHAIM Ha OumossipHod kierke. Ecnu Obl penentop wian OumnonspHas KieTka ObUIH
JUIMHHEEe (HECKOJIKO MHIJIMMETPOB B JUIMHY), TO JIOKaJIbHbIH MOTEHIUAN U3-3a CHIIBHOTO OC/Ia0JICHHs
HE JOCTHI' OBl TEPMHMHAIN M HE CMOT BJIUATH Ha CICAYIOLIYIO B LIEMH KIETKy. BUIonspHble KIeTKH 1
(oTOpenenTopsl MPECTaBIAIOT OO0l NCKIIIOUeHHE U3 OOIIero MmpaBmiIa, KOTOPOE TIACUT, YTO JUIS
nepeHoca MH(OpPMaIMU BJOJIb HeifpoHa HEOOXOIMMBI MOTCHIHANBI IeHCTBUS. ["aHTIIMO3HbIE KIIETKH
o0J1aafoT JUIMHHBIM (HECKOJIBKO CAHTHMETPOB) aKCOHOM M IO3TOMY JOJDKHBI I'€HEpPHpPOBAThH
MOTEHIMAIIB! ISHCTBUS JUIsL 2(P(HEKTUBHOTO PACIPOCTPAHEHHS CHTHAJIA B ONTHYECKHI HEpB. 3amuch
aKTUBHOCTH, [IOKa3aHHbIe Ha puc. 1.8, caenansl oT Teu KieToK. JIokaabHbIe OTEHIMAbl BOSHUKAIOT
Ha JCHIPHUTAX B PE3yJbTaTe CHHANTHYECKUX BO3JCHCTBUIl M NMACCHBHO PACIPOCTPAHAIOTCS K MECTY
OTBEICHUS.

CBoncTBa NoTeHUuuanoB AeUCTBUA

OnHUM U3 OCHOBHBIX CBOMCTB IOTEHHIHMANA IEUCTBUA SIBISETCA TO, YTO 3TO B3PBIBHOE, IIOPOTOBOE
coOBITHE, BO3HUKAIOIIEE 110 3aKOHY <«BCe-HIM-HHYero». IloTeHuuman neicTBUS BO3HHKAaeT B
TaHTJIMO3HOW KJIETKE B TEX CIIy4asX, KOTAa MPHUXOISIINE OT OMIIONSPHBIX M aMAaKPHHOBBIX KIETOK
CUTHAITBl JIOCTUTAIOT HEKOTOPOTO KPHUTHUYECKOTO YPOBHS (IIOpora) MEeMOpPaHHOTO MOTCHIHANA. Y
noteHuuana gaevicreust (I1J]) ectb yeTko ompeseneHHbI MOpOr, IMocie MOCTHKEHUS KOTOPOro
aMIUIUTYJa ¥ JAIUTeIbHOCTH [1]] He 3aBUCAT OT mapameTpoB CTUMYISIIMU. Bonbline no ammumTyae
CTUMYJIBI HE BBI3BIBAIOT Ooubiine 1o ammuiutyzae [1]], paBHO Kak U AMHHBIC CTUMYJIBI HE IPUBOJIAT K
nosiBNieHUIo Oonee auHHBIX [1]]1.
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Puc. 1.8. JlokanbHble rpapyanbHble
noteHumansl.

Fig. 1.8. Localizeld Graded Potentials
Intracellular recordings are made from
(A) a bipolar cell :and (B) a ganglion cell
with microelectrocles. (A) When light is
absorbed by the [ hotoreceptors, it gives
rise to a signal that in turn produces a
localized graded response in the bipolar
cell. The resting potential across the
membrane is rediiced (the trace moves
in an upward dirzction). This effect is
known as a depclarization. The size of
the signal in the kipolar cell depends on
the intensity of illumination, hence the
term "graded". The depolarization
spreads to the far end of the bipolar cell
passively. As it spreads, it becomes
smaller in amplittde owing to the poor
conducting properties of neurons. At the
terminal of the bipolar cell the
depolarization cal ses the release of the
chemical transmit er. (B) The transmitter
produces a local yraded potential in the
ganglion cell. Because it is localized,
the potential carnot spread for more
than 1 mm (at riost) along the axon.
Whereas the bipo ar cell is short enough
for a local potential to spread to its
endings, the ganglion cell has an axon
several centimeters long. In these
illustrations the ocal potentials were
recorded from the cell bodies and were
produced by transmitters acting on the
dendrites. (A after Kaneko and
Hashimoto, 1969; B after Baylor and
Fettiplace, 1977.)

1A} Bipolar cell: praded respomse to ti
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{B) Ganglion cell: graded respoases o light

Ha puc. 1.9 mnoxkasano, uro IIJ] mpencraBiser co0oil KOPOTKUH 3JIEKTPUUECKHH HMMITYJIBC
ammutynoi okoso 0,1 B. nurensnocts I1]] oxono 1 MusmmucekyHab! (MC), U OH OBICTPO ABHKETCS

BJI0JIb HEPBHOT'O BOJIOKHA OT OJJHOTO KOHIIA K IPYrOMY.

Bce ¢assr I1/1 1omKHBL OBITH MOJTHOCTHIO 3aKOHUYEHBI 10 Havyaja BO3HHKHOBEHHUS ciemyromero 11
Iocne kaxporo I1J] cymecTByeT meproj BEIHYKAESHHOTO MOJYaHUS (pedpaKkTepHBIH Iepuox), BO
BpeMsi Koroporo wuHunuanus IIJI HeBo3MOXHa.

pedpakTepHBIM EPUOTIOM.

Yacrora purmuueckux IIJ[ ompenensiercs

PacnpoctpaHeHue N[ Baonb HepBHbLIX BOMTOKOH

Ka)KZ[LIﬁ UMITYJIBC BBI3BIBACT JJICKTPUYCCKUC TOKH, PACHPOCTPAHAIOIIUEC MMACCUBHO II€PE HUM 110
aKCOHY. Xots pe3yanI/Ipy}0un/H‘/'I JIOKaJIHHBIA TTOTCHITHAI 6bICTpO yraca€t ¢ paCCTOSIHUEM, OH BCC K€

npeBbImaeT nopor. Takum o6pazom, I1/1 mpon3BOIUT AIEKTPUIECKHUI CTUMYII 001aCTH aK-
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Puc. 1.9. Peructpauus

noteliumana nenctens

20| ' raHrr Mo3Homn KNeTku
CeTYITKM

| BHYT|IMKINETO4YHbIM
1) | ——— - — MWKP d3MEKTPOAOM.

!

Time (1 5}

Fig. 1.9. Action Potential recorded from a retinal ganglion cell with an intracellular microelectrode. When the stimulus,
in this case current injected into the cell through the microelectrode, causes a depolarizing response that exceeds the
threshold, the all-or-nothing action potential is initiated. During the action potential the inside of the neuron becomes
positive. The action potential propagates along the axon of the ganglion cell to its terminal where it causes transmitter
to be released. (After Baylor and Fettiplace, 1977.)

coMa, B KOTopyw Oyner pacmpoctpansatkcs. HambGonee Obictpbie I[1/] pacmpocrtpaHstoTcs 1o
BOJIOKHaM OOJIBIIOTO JHaMeTpa CO CKOpOCThio 0koio 120 merpoB B cexyHay (430 xm/dac), 9to u
OTIpeNIeIICT BOZMOXKHOCTE OBICTPOH Tiepenadd HHGOpMAUU Ha OOJIBIINE 10 CPABHEHHUIO C Pa3MepoOM
Tena KIETKH PaCCTOSHHUS.

N KaKk HeMPOHHbLIN KoA

VYuaureiBast, uto Kaxxaslii [1J] mmeer QuUKCHpOBaHHYIO aMIUIUTYAy, HESICHO, B YEM JKE€ OTPaKAETCS
BeJMuMHa cTUMyJa. MHTeHCcHBHOCTE Komaupyercs dactoToit 1[I, Bonee addexTuBHbIil 3pUTEIbHbBII
CTHMYII BBI3BIBAET OOJIBIIIYIO AEHONAPU3ALUIO U, KaK CIEACTBHE, O0siee BBICOKYIO YaCTOTY T€HEpaluH
I B raurmuosHoit kretke (puc. 1.10). Takoe 0606IIeHHe BrepBble GbUI0 caenano E. Dxpuanom”,
KOTOpBI Moka3an, 4ro uyactoTa IIJ[ B UyBCTBUTENIBHOM OKOHYaHHHM KOXKHOTO HEpBa 3aBHCHUT OT
HMHTEHCHBHOCTH cTuMyina. Kpome Toro, oH oOHapy i, 4Tto Ooyiee CHIBHBIH CTHMYJ aKTHBHPYET

0oJIbIIIee KOJIMIECTBO YYBCTBUTCJIbHBIX BOJIOKOH.

CuHancbl: obnactn MeXxkKneTouHoun KOMMYHUKaUunUuu

doTopenenTops! BIUAIOT Ha OUNOJIAPHBIE KIETKH, KOTOPBIC BIMAIOT HA FAHIIMOHAPHBIE KICTKH U TaK
Jajee, 4To B KOHEYHOM CYETe IPHBOJUT K BOCIPHATHIO 3pUTENbHOT0 obpasa. CTpykTypa, uepes
KOTOPYIO OJHA KJIeTKa IiepefaeT HWH(OpPMAIMIO OPYrod, M3BECTHA KaK CHHAINC. MeXxaHu3Mm
CHHAIITHYECKON IIepefaddl IpPEeACTaBIsIeT COOOH OCHOBHYIO TEMy HCCIENOBAHHH B COBPEMEHHOI
HelipoOuosorun. Uepe3 cHHANTHYECKUE B3aNMOICHCTBYUS HEHPOHBI, TOXOOHbIE TaHTJIMO3HOH KIIETKE,
MHTErpUPYIOT HHYOPMALMIO O CHT'HAJaX BO MHOTHX ()OTOpELEeNTOpax, MPOU3BO/IA Ha BBIXOE HOBBII
cOOCTBEHHBIH MH()OPMAIIMOHHBIN CUTHAN AJIsI HEPBHOW CETH.

XumMmuyecku onocpeaoBaHHasa CMHanNTU4Yeckana nepenava

Ha puc. 1.11 noka3aHa cl0XHO OpraHM30BaHHAs CTPYKTYypa, ¢ MOMOLIbIO KOTOpol (oToperentop
KOHTaKTHUPYeT ¢ OUIOJSAPHBIMHU KiIeTKamu. [IpecuHanTnueckas TepMUHaiIb GOTOpELenTopa oTaeIeHa
OT OUNOJIAPHOM KIJICTKH ILIEJIbI0, 3alIOJHEHHOH 3KCTPAKIETOYHOH >KHUAKOCTBIO. DTO HMPOCTPAHCTBO
CIIMIIKOM BEIHMKO [UIsi TPOXOXKAEHUS TOKOB, TeHepupyeMbix (oropenentopoM. Bmecto 3Toro
TepMHHAIb (DOTOpELEeNnTOpa BHACISIET MeAHATOP (MHAYe, TPAHCMHUTTEP WIN HeiponepenaTduk),
KOTOPBIH XpaHUTCS B IPECHHANTHYECKHUX ITy3bIpbkax. Menuatop (B JAaHHOM CIydae IJIyTamar)
muddyHIuIpyeT Yepe3 CHHANTHIECKYIO IIeNb W Pearkpyer co cHenu(UIecKnMy MOJIeKyJaMH Oenka
(peunentopamu), KOTOpbIC HAXOAATCS B MOCTCHHANTHYECKOH MeMOpaHe OUIIOISIPHOM
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Puc. 1.10. Yactota kak nokasatenb uHTeHcuBHocTW | Puc. 1.11. Ctpyktypa cuHanca. (A) OcHOBHble CBOWCTBa
curHana B raHrn1o3HOM KIeTke ceTyaTku. CuHanca mexay oTopeLienTopoM 1 BUNONsSpHON KNeTkon.

. . o (B) OnekTpoHHas mukpodoTorpadus TUNMYHOTO CuHanca B
Fig. 1.10. Frequency as a Signal of Intensity in a | ceryarke 06esbsiHbI.

retinal ganglion cell. Depolarizing current passed
through the microelectrode produces local potentials. | Fig. 1.11. Structure of a Synapse. (A) These drawings show
Larger currents produce larger local potentials and | the principal features of synaptic structures made by a
higher frequencies of firing. (After Baylor and | photoreceptor on a bipolar cell. (B) This electron micrograph
Fettiplace, 1979.) shows the appearance of a typical synapse in the retina of a
macaque monkey. The vesicles that store transmitter are in
the presynaptic terminal; a narrow cleft separates the pre-
and postsynaptic membranes. The postsynaptic membrane
is densely stained. Transmitter released from the
presynaptic amacrine cell diffuses across the cleft to interact
with receptors on the postsynaptic ganglion cell.
(Micrograph kindly provided by Y. Tsukamoto and P.
Sterling.)

kietkd. ClenyeT OTJIMYaTh «XEMOPELENTOPbl», Pearnpyrollde Ha MOJIEKYJNbl, U «CEHCOpPHBIE
peLenTopsl», pearupyomye Ha BHEIIHHE CTUMYJBI, Hampumep, doropenentop. Meanatopsl,
CHUHTE3UpYEeMble W BBIJEISEMble HEHpOHOM, W peuentopsl MeMOpaHbl MOTYT OBITh
UACHTU(QUIIMPOBAHEl M BHU3YalW30BaHbl HEKOTOPBIMH METOAMKAMH, BKIIOYAIOIIUMU MEUYCHUE
AHTHUTEJIAMH.

AKTHBaIMsl MOJIEKYJl PEIENTOPOB OWMONSAPHON KJIETKHM IIyTaMaTOM NPHBOIHUT K IOSBICHHUIO
rpajyajbHOro JIOKAJBHOTO MOTEHIMAa, KOTOPBII pacnpocTpaHsercs o HeifpoHny. Yem Oobiie
MeINaTopa BBIAEISETCSA, TEM BBIIIE €ro KOHLIEHTpAlMs B I, TeM OojblIe PEerenTopoB
aKTUBHpYETCS U TeM OOJIbllIe JIOKAJIbHBIA MmoTeHIuan. Bee 3Tu coObITHS IpOUCXOasIT ObICTPO,
npumepHo 3a 1 Mc. OCHOBHBIE ITPUHLMUIEI CHHANTHYECKOH Nepenadn ObUIM BIEPBbHIE ONMCAHEI
Karuom, Kyddiepom 1 coaBropamn’’, KOTOPEIE HCIIONB30BATH OTBETHI MBIIIEYHBIX PELIEITOPOB
KaK OYCHb UyBCTBHUTEIBHYIO OMOMOJIENb ¢ XOPOILIMM Pa3pelIeHHeM 110 BPEMEH! AJIsI U3MEPEHUS
BBIJICJICHHUS MeIUaTopa.

Bo306yxaeHue n TopmMoxeHue

OCOOCHHOCTBIO ~ CHHANTHYECKOH  IepeAayd, MNpPOJEMOHCTPUPOBAHHOW  Ha  mpuUMepe
B3aUMOJICHCTBUS MEXIYy (oTopeuenTopoM M OHUIIOJISPHOM KIETKOM, SIBISETCS BO3MOXKHOCTh
TOPMOXKEHHUS
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(A} Excitsiory synaptic poteniials Puc. 1.12. BosbyxaeHne un TopmoxeHnue. (A) BosbyxaeHue
raHrAMo3HOM KNeTku npu ocselleHnn ceTyaTkn. (B] OcseleHne
fpyroit  rpynnbl - pOTOpPELIenTopoB  Bbi3biBaB!  TOPMOXeEHUE,
ar | BblpaXarollieecs B runepnonapusaunyn 1 othaneHun oT nopora
1wk reHepauuy noTeHuuana AencTems.

0 Mn. 1.12. Excitation and Inhibition. Intracellular recordings from
a ganglion cell showing excitatory and inhibitor) synaptic
potentials. (A) A ganglion cell is depolarized bj continuous

Membrane potential (mV)
2

40 release of excitatory transmitter during retinal illumination. If the
depolarizing synaptic potential i; large enough, threshold is
=50 - crossed and action potential- are initiated in the ganglion cell. (B)
oL llumination ol a different group of photoreceptors causes
inhibition Hyperpolarization of the membrane makes it more dif
Light on
I — ficult to initiate an action potential. (After Baylor anc Fettiplace,
1979.)
i i i i i i i
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WM BO30YXKIICHUS B 3aBUCHMOCTH OT Habopa pelenTopoB B MOCTCHHANTHYCCKON KieTke. Hanpuwmep,
OJMH W3 BHJOB INIyTAMAaTHBIX PELENTOPOB Ha OUMOIAPHOI KIETKE pearupyer Ha TIiIyramar
BO30Y)KAEHHEM (Iemoisipu3anuei), KOTopoe pacupocTpaHsieTcs A0 TePMUHAJIeHd Ha APYroM KOHLE
KJICTKH M TPUBOJUT K BHICBOOOXKACHUIO Meauartopa. Jpyroi kiacc OUMONSAPHBIX KIETOK COACPIKHUT
TITyTaMaTHbIE PELENTOpbl APYroro BHIA, KOTOpPbIE PEarupyoT TOpPMOXeHHeM. B 3Tom ciydae
COOBITHSI TIPOMCXOIAT B TOHM JKE ITOCIENOBATENFHOCTH, HO INPHUBOAAT K YMEHBIICHHIO BHIOpoOca
MequaTopa. [Ipumepbl BO30OYIMTENBHBIX M TOPMO3HBIX IIOTCHIIMAIOB B TaHIVIMO3HOHM KIETKe
MoKa3aHbl Ha puc. 1.12.

Bo Bcex HelipoHax HEPBHOM CHCTEMBI COOTHOIICHHE BO30YIUTENBHBIX M TOPMO3HBIX BXOOB
OTpeAeNsieT BO3MOXKHOCTh JIOCTHKEHHS TOpOra WHMIMAIMK TOTeHuuana jedcteus. Hampuwmep,
TaHTJIMO3HAs KIIETKA MOJyJaeT U BO30yIUTeIbHBIE, H TOPMO3HbIE BXObI. Eciu mopor mpeonoineH, To
HOBbIN curHan B Buie I1J] OyzeT mocnaH K BBICIIMM IIEHTPaM, €CIM HET, TO CHTHaja He OyzeT. B
MOTOPHBIX KJICTKaxX CIIMHHOTO MO3Ta, HallpHMep, BO30YAUTENIbHbIE U TOPMO3HBIE BIMSHUS OT Pa3HBIX
BOJIOKOH ONpENeNsioT, OyneT WiIM HeT NPOU3BENCHO MABIDKCHHE, KOHTPOIHUPYEMOE ITaHHBIMHU
MoToHelipoHamu. [logoOHbIe MOTOHEHPOHBI MoMy4aloT okoio 10000 BxomoB oT BojokoH (puc. 1.1
3A). DTu BOJIOKHA BBIJEISIOT MEIUATOPBI, KOTOPHIE INPHOMIKAIOT WIM OTAAIIIOT OT II0pora
Bo3HuKHOBeHH [1]] MmeMOpannsIil morenmman. OTaenbHbBIC KIETKH B MO3XKEUKe HOIyqaloT Ooiee 4eM
100000 BXx0m0B.

AnekTpuveckan nepegava

XoTsl OCHOBHOH croco0 mepenadn WHQOPMAIMU OCYIIECTBISIETCS Yepe3 XUMHYECKYIo IIepeiady,
HEKOTOpBIC KJIETKM B CeTYaTKe M JAPYrUX OOJacTSX HEpBHOM  CHCTEMBI  CBSI3aHBI
CIEIHANN3UPOBAHHBIMU  COEUHEHUSIMU, B KOTOPBIX MPOUCXOAUT 3IJIEKTPHUECKasi TIeperaya
unpopmaruu. IIpe- U nocTcHHanTHYECKUEe MEMOPaHbI B TAKMX COSAMHEHUAX OJN3KO PACIOIOKEHBI U
CBsI3aHBl KaHAJlAMH, KOTOPbIE COEAMHSIOT BHYTPHKIETOYHOE COJEP)KUMOE JBYX KieTok. Takoe
COEIMHEHHE TIO3BOJISET JIOKAJIbHBIM MOTEHIManaM M Jake IIOTeHLIUadaM JeHCTBUS TPSIMO
pacnpoCTpaHAThCS OT KIETKH K KJIeTKe 0e3 XUMUUYEcKoro nepemartduka. [IpoxykTsl Metaboiansma u
KpacuTelM TaKKe MOTYT PacHpOCTPaHATbCA OT KJIETKU K KIEeTKe. B ceTuarke ecTh Tak Ha3bIBacMble
TOPU3OHTANBHBIE KIETKH, KOTOPBIE JJIEKTPHUECKH CBS3aHBI TakuM crocoboM. bmaromapst stomy
CBOWCTBY I'pajlyalbHble OTEHIUAIBl MOTYT PACIPOCTPAHATHCA OT OAHOU K APYroil rOpU30HTAILHON
KJIETKe, CHJIbHO BIHUAA Ha IIpoLecC IepepaboTKH 3pUTEIbHOH MHMOpMalMM B CeTyaTke.
OJeKTpUUECKUEe CHHANCHI OOHAPYKEHBl M MEXIy APYTHMH KIETKaMH Tela, HalmpuMep MEeXIy
SMUTENNATBHBIMU KJIETKAMHU, MBIIIEYHBIMH BOJJOKHAMH KHIIEYHUKA U CEPJILIA.
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Puc. 1.13. MHOXeCTBeHHble CBA3W OTAerNbHbIX HelpoHoB. (A) MpumepHo 100)0 npecuHanTU4ECKUX
aKCOHOB KOHBEPIMpYlT U 06pasyloT CUMHaNTUMYECKMe OKOHYaHUs Ha MOBEPXHOCTM MOTOHEWPOHA
cnuHHoro mo3ra. (B) [inBepreHuys akcoHa OAHONM rOpU3OHTanNbHOMN KNETKM.

Fig. 1.13. Multiple Connections of Individual Neurons. (A) Approximately 10 (00 presynaptic axons
converge to form endings that are distributed over the surface of a motor neuron n the spinal cord. This
drawing is based on a reconstruction made from electron micrographs. (B) Ttis drawing shows the
divergence of the axon of a single horizontal cell that branches extensively to sufply many postsynaptic
target cells. (A from Poritsky, 1969; B after Fisher and Boycott 1974.)

Moaynauna cuHanTu4yeckon 3acpcheKTMBHOCTH

XMMHYECKH ONOCPENOBaHHAs CHHANTHYECKas nepeiada MHGopmMaluu oveHb jabuiabHa. OCHOBHbIC
W3MEHEHHUs  IMPOMUCXOAAT B  KOJMYECTBE  MEIMATOpa,  BBHIAEIAEMOTO MHPH  JOCTHXKEHUH
MIPECUHANTUYECKOH TEPMUHANN MOTEHIMAIOM JEWCTBUS MWJIM TpagyalbHbIM MOTEHIMAIOM.
doTopenenTop CETYaTKH MOXKET CIY)KUTh TPUMEPOM: KOJIMYECTBO MeIHaTopa TiIyTamara,
BBIZIEISIEMOTO MaJOYKOW WM KOJIOOUKOH B OTBET Ha CTAaHJApPTHBIH CBETOBOM CTHMYI, MOXET OBITh
YBEJINYEHO WM YMEHBIICHO B 3aBUCHMOCTH OT OOpAaTHOH CBS3M HA TEPMHHAIb OT FOPU30HTAIBHBIX
KJIETOK, KOTOpPBIE IOJIy4aloT BXOABI OT (DOTOPELEeNnTOpoB. JTa Ienb OOpaTHOH CBS3M HIpaeT
KPUTHYECKYIO POJIb B QIalITAllMH T71a3a K Pa3INYHBIM YPOBHSIM OCBEICHUS.

Jlpyrue MexaHW3Mbl, BIMSIOIIME HAa BEJIMYMHY BbIOPOCA MEAMATOpA, 3aBUCAT OT INPEABICTOPHUH
HMITYJIbCHON aKTHUBHOCTH. BoO BpeMs MM mocie 3ajlna HUMIIYJIbCOB B HEHPOHE KOJUYECTBO
BBIZIENAEMOTO UM MEMATOPa MOXKET CYLIECTBEHHO yBETMUMBAThCSI MIM YMEHBIIATHCS B 3aBUCUMOCTH
OT 4YacTOThl W JAJHUTEIBHOCTM MPEIIIECTBYIOUIEH HMITYJIbCHONM aKTUBHOCTH. Momymsanus
3 PEeKTUBHOCTH MOXKET INPOHCXOJUTh M B IOCTCHHamnce. J[oNroBpeMeHHas M KpaTKOBpEMEHHas
IUTACTHYHOCTH HAXOAUTCS B (POKyCe BHIMAHUS HEHPOOHOIIOTOB.

MHTerpaTVI BHbl€e MéXaHU3MblI

Kaxnpiif HelipoH B LIEHTpalIbHON HEPBHOM CHCTEME YYHTHIBACT BCE NMPHUXOISAIINE BIMAHUSI M HA MX
OCHOBE CO3J1a€T CBOE MMITYJIbCHOE «IIOCIAHUE» C HOBBIM 3HaueHHEM. TepMUH MHTerpanus BICpPBbIC
611 npumenen Y. IlleppunrronoM ®, KoTopslil Takke BBE B 00MXO/ TEPMUH «CHHAIIC.

I"aHrIMO3HbBIe KIIETKH CETYATKU OILITH )K€ MOTYT CITyXKHTh IIPUMEPOM CIIOCOOHOCTH K MHTerpanud. C.
Kybdunep” BrepBbie m0Ka3a, YTO FAHMIHO3HbIE KIETKH OTBEUAIOT HAHOOIEE CHIIBHO HA HEGOIIbIIOE
CBETOBOE WM TEMHOBOE IIATHO pPa3MEpPOM B HECKOJBKO PELENTOPOB B OMpEAENeHHOH obnacTH
ceTyaTKU. Takoe ISITHO BBI3BIBACT OTYETJIMBBII 3a)I OTeHIMAIOB AeicTBus (puc. 1.14A). bosbmoe
IISITHO, OCBEILAOIIee Ty XKe 00NacTb ceTyaTkH, MeHee 3G PEKTUBHO. DTO NMPOUCXOAUT IIOTOMY, YTO
npyras rpynna (GOTOpeLenTopoB, PacloJIOKEHHAs BOKPYI aKTUBHPOBAHHBIX, TAKXKe pearupyer Ha
cBer. [leficTBue THX (HOTOPELENTOPOB TOPMO3UT AKTHBHOCTH TAHTIMO3HBIX KiIeTok (puc. 1.14B).
Cymmarusi Bo30yXKJaloIiero AeicTBHS MaJCHBKOTO IISITHA M TOPMO3HBIA 3((EeKT pacrosIoxKeHHBIX
BOKPYT pELENTOpOB MPUBOAAT K TOMY, 4YTO TaHIJHMO3HBIE KIETKH OTHOCHTENIBHO —Cl1ado
qyBCTBHUTEIBHBI K T dy3HOMY cBety (puc. 1.14C).

Takum 00pa3oM, 3HAUCHHE CHMTHAJa TaHIJMO3HON KIETKH HE IPOCTO OTPAXKAET «CBET» MM
«TE€MHOTY>», HO U COOTHOCHUTCS C IIATTEPHOM KOH-
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Fig. 1.14. Integration by Ganglion Celts. Extracellular recordings made from a single ganglion cell in the retina of a
lightly anesthetized cat while patterns of light were presented to the eye (see Figure 1.15). (A) A small spot of light
presented to a centrally located group of photoreceptors gives rise to excitation and a brisk discharge of action
potentials. (B) Light presented as a ring, or annulus, to illuminate a circumferential group of photoreceptors gives rise
to inhibition of the ganglion cell which prevents the cell from firing. Removal of the inhibition at the end of illumination is
equivalent to excitation, which gives rise to a burst of action potentials. (C) lllumination of both groups of receptors
causes integration of excitation and inhibition and a weak discharge of action potentials. (After Kuffler, 1953.)

TPAaCTHOCTH CBETOBOTO CTHMYJIa B MOJIE 3pEHHS. TaKkoH CIIOKHBIH CHTHAJI BO3HUKAET M3-3a TOTO, YTO
Ha KaXyI0 TaHIJIHO3HYIO KJIETKY HPUXOIAT CHUTHAIBI OT MHOTHX (oToperenTopos. Creruduaeckue
CBSI3M, ONOCPEIOBAHHbIE OHIOIAPHBIMHM, TOPHU3OHTANIBHBIMH M aMaKPHHOBBIMH  KIIETKaMH,
OIPENENA0T CHEeLU(pUIECKUI ATTEPH CBETOBOIO CTHMYJIA, ONTHMAJIBLHBIM 00pa30M aKTHBHPYIOLIHI
Ka)KIyl0 KOHKPETHYIO TaHTIIHO3HYIO KIIETKY.

CnoxHocTb MHopMmauum, nepegaBaeMon NoTeHLManaMmm enMcTBuaA

Eure Gosee crnoxHyr0 HHGOPMALHUIO O 3PUTENbHBIX CTUMYJax HecyT I1J] HEepBHBIX KJIETOK HOBOIf
KOpBbI, MOJYYalOIMX CUTHAJI Yepe3 TPU MNEPEKIIOUEHMs IOCIIE CETYaTKU ® Tosenenne IIJI B
HEHpPOHaX KOPbI 3aBUCUT OT IATTEPHA OCBELICHUS CETYATKH, KOTOPBIH MOXKET ObITh CHELU(pUYHBIM
UL pasHBIX KIeTok. Hampumep, oaWH TUN KIETOK H30MpaTeNbHO OTBEYaeT HA IIOJIOCKY CBETa
crenuUIecKoi OpUEHTAINHN (BEPTHKAIBHAS, TOPU30HTAIBHAS HII HAKJIOHHAS ), KOTOpast IBIXKETCS B
OIIPEIEICHHOM HAIpaBJICHUU B ONpPE/eIeHHON JacTy nois 3peHus (puc. 1.15). ITapameTps! pa3psaos
TaKOHM KJIETKH He 3aBHUCST OT MU((HY3HOTO OCBEUICHHS MM OT HOSBICHUS IOJIOCKH HEONTHMAIbHON
OpHEHTAIlNH, WIM OT JBIDKCHHS B HENPaBWILHOM HampapieHHH. Takum obOpasom, IIJ[ B Takom
HEHpOHE JAal0T TOYHYI0 MH(OPMALMIO O 3PUTENBHOM CTUMYJIE B BBICIIME LEHTpPbI Mo3ra. ITono0Has
JeTanu3alys 3HaueHus, nepenaBaemas crepeoTunHbiMu 1], MokeT ObITH OOBSCHEHA TOYHOCTHIO
oOpa3oBaHust CBsi3eil MeXIy KIETKaMH HU3KOTO MOPSAAKA ¢ KOPTHKAJIbHBIMH KJIETKAMH U CIIOCOOOM
WHTETPAIMU BXOIHBIX CUTHAIOB (CyMMAIMsl IPajJyalbHbIX HOTEHIINAJIOB).

Hepepa60T1<a I/IH(l)OpMa]_[I/II/I MOJXKET OBITh MpEaACTaBJICHA B CJIICAYIOIIEM BHU/C:

cueHan c¢homopeuenmopa Hecem UHGOpPMayuw 06 U3SMEeHeHUU UHMEeHCUBHOCMU oceeweHuss 8 OaHHoU
obriacmu nosns 3peHusi;

CueHan 2aHanuo3HoU Kremku Hecem UHGhopMayuto 0 KoHmpacme;
CueHan KopmukasnbHO20 HelpoHa Hecem UHGOpMayuro 0 Hanu4yuu opueHmuposaHHoU MoocKu ceema.

CnoxHass wHTerpauuss MHGOPMAIMH HPOMCXOAMT B JPYTHX CEHCOPHBIX cucTeMax. Hampumep,
HaIIpaBJICHUE U JIOKAJIHM3aIHsl MEXaHuIe-
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—— Puc. 1.15. Mepepava nHdopMaumm

= noteHumanamu pencteusa. (A) OTBeT KneTku

3pUTENBHON KOpbl KOLWIKW Ha NpeabsiBreHve

= Cortical BepTUKanbHOW nonocku ceeta. (B-E) OteeTbl
pewron Ha CTUMYIbI APYro OpUeHTaLmn.

Fig. 1.15. Information Conveyed by Action
Potentials. Extracellular recordings from a
neuron in the cerebral cortex of a lightly
anesthetized cat. Action potentials in this cell
indicate that a bar of light that is almost vertical

shines on one particular part of the visual field.

The small drawings to the left of the graphs

F show how visual stimuli such as bars or edges
——L4h with different orientations and positions are

presented to the eye. (A) The cortical cell fires
a burst of action potentials when the light
stimulus consists of a vertical bar of light in one
— particular part of the visual field. (B-E) Bars
with different orientations or diffuse light fail to
evoke action potentials. The cortical cell
integrates information arriving by way of relays
from a large number of photoreceptors, some
of which (corresponding to those illuminated by
e —— the vertical bar) give rise to excitation on the
cortical cell, the others giving rise to inhibition.

(After Hubel and Wiesel, 1959.)
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CKOro CTHMYJIa KOHYHUKOB MAJIbBLEB CIIy>KaT I/I36I/IpaTeJ'II>HI>IM CTUMYJIOM [JII KOHKPETHBIX
HeprOHOB TOH oO0JacTu HCOKOPTCKCA, B KOTOpOfI IpOUCXOaUT nepepa60TI<a I/IH(l)OpMaHI/II/I )
HaIpaBJICHUHU TaKTHUIHHOU CTUMYJIALINHA.

MoOXHO cenaTh ABa BaXXHBIX 3aKJIIOUEHHS O NPUHIMIAX NepepadoTKH HHQOpMalUU B HEPBHOH
cucteme: (1) HEpBHBIE KJIETKH WTPAIOT POJIb COCTABIIIOIIMX AJIEMEHTOB Ui «IOCTPOCHUS»
BoCcHpuATHS; (2) 3HaYEHHWE CUTHAJIA HEHpPOHA MOXET ObITh OYEHb CIOXHBIM M 3aBUCETH OT
BXOJHBIX CUTHAJIOB.

§ 3. KiteTouHasi M MOJIeKYJISIPHAs OMOJIOTHSI HEHPOHOB

Kak u gpyrue THOBI KIETOK OpraHM3Ma, HEHpPOHBI B MOJHOW Mepe OO0JIaNaroT KIETOYHBIMHU
MeXaHM3MaMH MeTabOJIMYECKOW aKTHBHOCTH, CHHTE3a OeNKOB MeMOpaHbl (Hampumep, OelKOB
WOHHBIX KaHAJOB W pelentopoB). bomee TOro, OENKM HOHHBIX KAaHAIOB M PELENTOPOB
HANpaBIEHHO TPAHCIOPTUPYIOTCS K MeCTaM JIOKAJIM3alMd B KIETOYHOM MeMOpaHe.
Crneunduynble sl HATPUS WIH Kalksg KaHAIbl PACIHOJIOKEHBl HAa MEMOpaHe aKCOHOB
TaHIJIMO3HBIX KJIETOK IUCKPETHBIMU TIpymmaMu (KiacTepaMu). OTH KaHaJbl YYacTBYIOT B
vHUIanuy 1 nposenexnun [1/1.

[IpecunanTiyeckre TepMHUHAIH, OOpa30BaHHBIE OTPOCTKAMHU (OTOPELENTOPOB, OUITOJISPHBIX
KJIETOK M JAPYrHX HEHpOHOB, coIepkaT B CBoeil MeMOpaHe crenupuueckue KaHalbl, depes
KOTOpBbIE MOT'YT IIPOXOJMTh WOHBI KaJbIMsi. BX0J Kalblys 3alycKaeT BbIIEICHUE MeIuaropa.
Kaxxapiit T HEHPOHOB CHHTE3UPYET, XPAHUT U BBIAEISIET ONPEAEICHHBIN BU MeauaTopa(os).
B oTnuuune oT MHOTUX pYrux O0€IKoB MeMOpPaHBbl, pelenTopbl A crieu(UIeCKuX MeIUaTopoB
PACIONOXKEHBl B TOYHO OMNPENENICHHBIX MECTaX — IIOCTCHHANTHYeckux MmeMmoOpaHax. Cpean
0enKoB MEMOpaHbI U3BECTHBI TaKXKe OEJNKH-HACOChl WM TPAHCIOPTHbIE OENIKH, pOJib KOTOPBIX
3aKJII0YAETCS B COXPAHSHNH MIOCTOSHCTBA BHYTPEHHETO COAEPIKMMOTO KIETKH.

OCHOBHBIM OTJIMYMEM HEPBHBIX KJIETOK OT OCTaJlbHbIX BUAOB KJIETOK OpraHu3Ma SBILIETCS
HaJIW4he ATMHHOTO aKCOHA. Tak KaKk B aKCOHAX HET OMOXMMHUYECKOH «KyXHH» ISl CHHTE3a
0€NKOB, BCE OCHOBHBIE MOJEKYIbl JODKHBI HEPEHOCUTHCS K TEPMHHAISIM C IIOMOLIBIO
mporecca, Ha3bIBAEMOTO AaKCOHAIBHBIM TPAHCIIOPTOM, MPHYEM YacTO HAa OYEHb OoIbIIne
paccTosiHus. Bee Mosekynbl, HeoOXonuMble IS MOJAEPAKAHUS CTPYKTYpPhl U (YHKIUM, PaBHO
KaK ¥ MOJIEKYJIBI
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{B) Puc. 1.16. TeHeTuueckve
BMUSIHW| Ha pa3BuUTWe rnas y
aposodpanbl. e eyeless
KOHTPOF UpyeT pa3BuTUE rMa3
y Apo3sudunbl. MNoBbileHHas
9KCMpeccusi reHa NpUBOOUT K
nosiBnel Mo Mopconornyecku
HOPMar sHbIX  3KTOMUYECKUX
ma3 (A B) B pasHbIx yacTax
Tena My LWKu.

fig. 1.16. Genetic Influences on Development of the Eye in the fruit fly, Drosophila. A gene known as eyeless controls
development of the eye in the fruit fly. After deletion of this gene, eyes fail to appear. Overexpression leads to the
development of ectopic eyes that are morphologically normal. (A) This scanning electron micrograph shows such
ectopic eyes on the antenna (arrowhead) and on the wing (arrow). (B) Here the wing eye is shown at higher
magnification. A gene with strikingly similar sequence homology in the mouse also leads to the formation of ectopic
eyes in the fly if it is overexpressed. (After Haider, Callaerts, and Gehring, 1995; micrographs kindly provided by W.
Gehring.)

MEeMOpaHHBIX KaHAJIOB, ITyTEHIECTBYIOT OT TeJla KJIETKH JTHM ITyTeM. TOYHO Tak K€ M MOJICKYJIB,
3aXBauCHHBIE MEMOpPaHOI TepMUHANIEH, IPOAENBIBAIOT OOPATHBIH IyTh K TEIy KIETKH, UCIIOJIB3YS
aKCOHAJIbHBIN TPAHCIOPT.

HeiipoHsl oTIM4aroTCs OT OOJBIIMHCTBA KJICTOK €IIe W TeM, 4TO, 33 HEOOJbLINM MCKIIOYECHUEM, HEe
MOTYT AGIUTHCS. DTO O3HAYaeT, YTO Y B3POCI]bIX JKMBOTHBIX MOrHOIINE HEHPOHBI HE MOTYT ObITh
3aMEHEHBI.

§4. Peryasiuusi pa3BUTHS HEPBHOW CHCTEMbI

Bricokast crerneHb OopraHusanuun TaKoM CTPYKTYpPBI, KaK C€THaTKa, CTaBUT HOBBLIC HpO6JIeMI)I. Ecmu
JIIsL C60pKI/I KOMITbIOTEpa HeO6XOZ[I/IM YEeJI0BEYECKUI MO3I', TO HUKTO HE€ KOHTPOJHUPYET MO3I BO
BpEMsI pasBUTHA W YCTAHOBJICHUSA €TI0 ceaseid. [loka emie ocraercs 3211‘21211(0171, KakK IIpaBUJIbHasA
<<c60p1<a>> gacTei Mo3ra MPUBOAUT K NOABJICHUIO €0 YHUKAJIbHBIX CBOWCTB.

B 3penoii cetyartke KakAblil TUII KIETOK pacloIOXKEH B COOTBETCTBYIOLIEM CJI0€ WIM IHOJCIOE U
oOpasyeT CTpOro OIpEJCICHHbIE CBS3M C COOTBETCTBYIOIIMMM KJIETKaMU-MHIICHAMH. Takoe
YCTPOMCTBO SABIISIETCS HEOOXOJMMBIM YCIIOBHEM NPABHIBHOTO (yHKUMOHHpOBaHusA. Hampumep, nis
pa3BUTHA HOPMANbHBIX TAHTJIMO3HBIX KIETOK KIETKA-MPEAIIECTBEHHUK JODKHA pa3JeluThCs,
MHTPHPOBATh B ONpeelIeHHOe MecTo, Au(depeHnpoBaThCS B ONpeelIieHHyI0 GpopMy U 00pa3oBaTh
crenu(pUIecKue CHHAITHIECKHE CBSI3M.

AKCOHBI 3TOHM KII€TKM JOJDKHBI HAWTH uepe3 3HAUYUTENbHOE pacCTOsSHUE (ONTHYECKUIl HepB)
OTIPENICNICHHBI CJION KJICTOK-MHUIIICHEH B CIICAYIONIEM 3BCHE CHHANTHYECKOTO IEPCKIIOUYCHUS.
AHaJOrW4HbIe TNPOLECCH MPOUCXOAAT BO BCEX OTIENAaX HEPBHOM CHUCTEMBI, B PE3yJIbTaTe YEro
00pa3yroTCs CI0KHBIE CTPYKTYPBI CO crieu(UuecKUMU (GyHKIHIMH.

HccnenoBanne MexaHH3MOB 00pa30BaHUsS TAKHUX CIOXKHBIX CTPYKTYP, KaK CETUaTKa, sIBIsETCs OXHOI
U3 KIIOYEBBIX MPOOJeM COBpeMeHHOM Heitpobuosorun. [loHnManue Toro, KakuM 00pa3oM CII0KHBIE
B3aMMOCBSI3M HEHPOHOB 00pa3yloTcsl B MpOLECcCe MHAUBUIYAIBHOTO Pa3BUTHS (OHTOTCHE3E), MOXKET
IIOMOYb OIMCaTh CBOMCTBAa M MPOUCXOXKIEHHE (QYHKIMOHAIBHBIX PAaccTpOHCTB Mo3ra. Hekoropsie
MOJIEKYJIBI MOTYT UIpaTh KIIOUEBYIO POJb B M (epeHIranuy, pocTe, MHUTpanud, o0pa3oBaHUI
CUHAIICOB ¥ BbDKMBAaHUM HEHpOHOB. Takue MOJIEKyIbl B HACTOSIIEE BPEMs OIMCBHIBAIOTCA BCE Yallle.
HHTepecHO OTMETUTD, YTO 3IEKTPUUECKUE CUTHAIIBI PETYIUPYIOT MOJIEKYISIPHBIE CUTHAJIBI, KOTOPBIE
3ayCKaloT POCT aKCOHOB M 00pa3oBaHHe CBs3eil. AKTHBHOCTb HMIPaeT poOjib B YCTaHOBICHUH
raTTepHa CBA3EH.

IeHeTnyeckue MOAXOIBI  ITO3BOJAIOT  MICHTU(GUUMPOBATH TICHBI, KOTOPBIE KOHTPOJIUPYIOT
nuddepeHIHaIIO IeblX OPraHOB, TAKMX KAK I7Ia3 B LETOM. I'epuHr” ¢ KoIIeraMH MCCIei0Bain
9KCIIPECCHIO TeHa eyeless y TIonoBoi Mymku Drosophila, KOTOpBIH KOHTPONUPYET Pa3BUTHE IJIa3.
VY ianeHue 3TOro resa U3 reHomMa IpUBOJUT K TOMY, 4TO IJ1a3a He pa3BuBarorcs. ['omorno-
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THYHBIC TEHBI Y MBIIIEH U denoBeka (M3BecTHBIC Kak small eye W aniridia) TTIOXOXH TI0 CTPYKTYype.
Ecian romonornuHsiil reH eyeless MIIEKONMMTAIOMIMX HCKYCCTBEHHO BCTPOEH M IKCIPECCHPYETCS y
MYILIKH, TO Y 3TOTO HMBOTHOTO Pa3BUBAIOTCS JOMOIHUTENbHbBIE (MyLIHHBIE IO CTPYKTYpE) I71a3a Ha
ycuKax, KpbUIbsiX M Horax (puc. 1.16). DTo mo3BOJs€T MPEANOI0KUTh, YTO 3TOT T'€H OJMHAKOBO
ynpaBisieT 00pa30BaHUEM I71a3a Y MyXHU WM MBILIH, HECMOTPS Ha IIOJHOCTBIO PA3JIMYHBIC CTPYKTYPY
U CBOUCTBA I'JIa3 HACCKOMBIX U MIIEKOIHTAOMINX.

§ 5. PereHepanusi HEpBHOM CUCTEMBbI NOCJI€ TPABMbI

HepBHast cucTreMa He TOJIBKO YCTaHABIMBAECT CBSI3U BO BPEMs Pa3BUTUs, HO MOKET BOCCTaHABIMBATh
HEKOTOpBIE CBA3M IOCIE IOBPEXKICHMs (Ball KOMIBIOTEp ATOro Jenarth He MoxeT). Hampumep,
aKCOHBI B pyKe MOI'YyT IIpOpacTaTh IOCIE MIOBPEXICHUSI U YCTaHABIMBAThH CBSA3U; PyKa OISTH MOXKET
JIBUTaThCS W OLIYIIATh HPUKOCHOBEHUsS. AHAJOTHMYHO, Y JIATYIIKH, PbIObI WM OECIO3BOHOYHOIO
KHMBOTHOTO BCIIE/l 332 Pa3pyLICHUSIMH B HEPBHOH cucTeMe HaOIroJaeTcs pereHepalys akCOHOB M
BoccTaHoBIeHHEe (QyHKuuH. ITocie mepepe3kH ONTHYECKOro HepBa Y JIATYIIKM WM PbIObI BOJIOKHA
OIISATh MPOPACTAIOT U JKUBOTHOE MOXKET BUAETh. OJJHAKO, 3Ta CMOCOOHOCTh HE MPUCYIIA IIEHTPAIbHOI
HEpBHOH CHCTEME B3pOCIIBIX [IO3BOHOYHBIX XMBOTHBIX — Yy HHUX pPEreHepalys HE IMPOUCXOIMT.
MornexynsipHble CHTHAIIBI, KOTOPBIE OJIOKHPYIOT pereHepanuio, 1 uxX

OHOJIOTHYECKOE 3HAUYCHHE JJIsL Q)yHKHHOHHpOBaHHSI HepBHOfI CUCTCMBbI HCU3BCCTHBI.

BbiBOoAbl
- He#poHsI cBsI3aHBI IPYT € JPYrOM CTPOTO OIPEICIICHHBIM CIIOCO00M.
. I/IHq)OpMaHHSI OT KJIETKU K KJICTKE NIEPEAACTCS YEPE3 CUHAIICHI.

B otHOCHTENBHO HOPOCTBHIX CUCTEMAX, TAKUX KaK CE€THATKa rijia3a, MOXKHO IPOCICAUTL BCE CBI3U U
TIOHATH 3HAYCHHUEC MCKKIICTOYHBIX CUTHAJIOB.

- HepBHble k1eTKH MO3ra SBISIOTCS MaTePUATbHBIMU 31€MEHTaMU BOCIIPUSTHSL.
CurHasbl B HeHpOHaxX BBICOKO CTEPEOTUITHBI I OJJUHAKOBBI ISl BCEX KUBOTHBIX.
- TloTeHuuains! aeiicTBust 6€3 MOTEPh MOTYT HPOXOJAUTD OOJIBIIME PACCTOSHHUS.

JlokansHbIE IrpagyajlbHbIC TTOTCHIUAIBI 3aBUCAT OT IMMAaCCUBHBIX 3JICKTPUYCCKUX CBOWCTB HeﬁpOHOB
1 pacCrpoCTPaHAOTCA TOJIBKO Ha KOPOTKUE PACCTOSAHUA.

Ocoboe CTPOCHHUE HEPBHBLIX KJICTOK Tpe6yeT CIICUAIIU3UPOBAHHOTIO MEXaHU3Ma aKCOHAJIbHOI'O
TpaHCIIOpTa OCIIKOB U OpraHeJl1 OT U K TEIIy KJIICTKH.

Bo BpEeMsI  MHAWBUAYAJIbHOI'O  Pa3BUTHUS HeﬁpOHLI MUTPUPYIOT K  OKOHYATCIbHOMY
MECTOPACIIOJIOKCHUIO U YCTAHABJIMBAIOT CBSA3U C MULLIEHAMMU.

- MornekynspHble CUTHANBI YIPABIAIOT POCTOM aKCOHOB.
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Paspgen Il. NTEPEOJAYA WHOOPMALIUU B
HEPBHOU CUCTEME

NEPEAAYA WH®OPMALUU

B HEPBHOW CUCTEME

I'naga 2. Honnvie kananvt u HEUPOHATbLHAA
CUZHAU3AUUA

OnekTpuyeckne curHansl, obecnevnsaroLime QyHKUMOHMPOBAHWE HEPBHbIX KIETOK, OMOCPeAoBaHbI MOTOKOM
MOHOB  Yepe3  BOAOMPOHMLA@EMble MOpbl  KMETOYHOW  MembBpaHbl. 3T nopbl, 0bpa3oBaHHble
TpaHcMeMbpaHHbIMK Genkamu, HasbiBalTCA MOHHbIMK KaHanamu. K HacTosliemy BpemeHu paspaboTaHsbl
BbICOKOYYBCTBUTESbHbIE METO/bI, MO3BONSIOLLVE 3aperncTpupoBaTh U U3MEPUTL MOHHbIE TOKW, MpOTeKaLLne
yepe3 OAMHOYHbIE MOHHbIE KaHanbl. B aTo rmaee ByayT obcyxaaTtbca Takve yHKUMOHamNbHbIe CBOWNCTBA
MOHHbBIX KaHaroB, Kak MX cneuuduyHOCTb AN TOro UMM MHoro uoHa. Kpome Toro, GyaeT paccMoTpeHa
perynsiLyst MOHHbIX KaHaros, NPMBOAsLLAs K reHepaLm Heo6X0AMMOro TUMNa HePBHOIO UMMYnbCca.

HekoTopble MOHHbIE KaHanbl M3GMpaTeribHO NPOHULAEMbI TONbKO As KAaTUOHOB, TOrAa kak Apyrie nNpoBoasT
TOMbKO aHWOHbI. KaTMOHHbIE KaHamnbl MOFYT GbiTb BbICOKO M3GUpaTesibHbIMU MO OTHOLLEHMIO K OAHOMY WOHY,
Hanpumep HaTputo. VoHHbIE kaHanbl coBeplUalT nepexoabl MeXAy OTKPbITbIM U 3aKpbITbiM COCTOSHUEM U
MMEIOT, Kak MPaBuro, XxapakTepHOe BPEMSI OTKPBLITOIO COCTOSIHUSA. VX BKNaj B MOHHLIA TOK Yepe3 KNeTouHYH
MeMOpaHy onpeaensieTcsi OTHOCUTENbHLIM KONMUYECTBOM BPEMEHU, KOTOPOE OHW HAxXOASITCS B OTKPbITOM
COCTOSIHUM.

OTKpbITME KaHana perynupyeTtcsi pa3nMyHbIMU MexaHuamamu. HekoTopble u3 aTux MexaHm3moB dusmyeckue,
TakKne KaK pacTaxXeHune MeMGpaHbI nnmn KnU3MeHeHusa MeMGpaHHOI’O noteHumana. [pyrne MexaHu3mbl
XUMU4eckne, BKIoHawLline cBA3biIBaHNE aKTUBHbLIX MOJEKyn (J'IVII'aH,ElOB) C aKTMBHbIM LIEHTPOM, KOTOPbIV
pacnonaraeTca nmMBo c BHEKINETOYHOM, nMbo ¢ BHYTPWKIETOYHOW CTOPOHbI KaHana.

BaXHbIM CBOWCTBOM KaHamnoB, B [OMOSHEHNE K KWHETUKE OTKPBITUSI U 3aKpbITUS, SIBMSIETCSI CMOCOBHOCTb
OTKpLITOrO KaHana NpoBOAWUTb WMOHHbIA TOK. OAMH M3 cnocoboB, KOTOPLIM MOHbI MOTYT MPOHWKaTh Yepes
OTKPbITLIN  KaHan, sBnsetca npoctas Auddysusa. [pyron cnocod — B3avMOAEWCTBME WOHOB C
BHYTPUKaHanNbHbIMWU LIEeHTPaMU CBS3bIBaHWSI U NepeckakuBaHWe BHYTPY BOLHOW MOPbl OT OAHOMO LiEHTpa kK
apyromy. B nobom cryyae ABMXKEHWE MOHA Yepes kaHan sIBNSIeTCsl MacCUMBHBIM U ONPeaEensieTcs rpagueHTom
KOHLEHTPaLMUn 1 rpagueHToM 3MEeKTPUYECKOro NoTeHLMana Ha MeMmopaHe.

KonunyecTBo TOKa, NPOXOASLLEro 4Yepe3 OTKPbIThbI KaHam Mo 3MEKTPUYECKOMY TpafMeHTy, 3aBUCUT OT
NPOHMLIAEMOCTH KaHarna s 4aHHOro Tuna MOHOB. BenunyrHa Toka Takke 3aBUCUT OT KOHLEHTPaLUN UOHOB
B YCTbsIX kaHana. 3Tu ABa haKkTopa, NPOHULAEMOCTb U KOHLIEHTpaLus, onpeaensoT NPOBOAUMOCTb KaHana.
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B nepBoii riaBe yKa3plBaJOCh, YTO Iepelaya HMH(OpMAlMM B HEPBHOHW cUCTeMe
OCYIIECTBISIETCS JABYMsI THIIAMH OJIEKTPUYECKHX CHTHAJIOB: MECTHBIMH IOTEHIHAIaMHy,
JIOKQJM30BAaHHBIMU B CIHELMAIU3UPOBAHHBIX YYacTKaxX HEHpOHA, W MOTEHIMaTaMU ICHUCTBUS,
KOTOpbIE TEpPEeNaloTCs IO BCEH NPOTSHKEHHOCTH HEPBHOW KIETKHA. OTH CHTHAIBI MEHSIOT
CTaOWIBHBIN 3JEKTPUYCCKUI TIOTCHIMAN KJIETOYHONH MeMOpaHbl, Ha3bIBa€Mblii MEMOpaHHBIM
MOTEHIMAIOM TOKOs. B 1oKkoe, B 3aBHCMMOCTH OT THIIA HEWpoHa, MeMOpaHHBIH MOTEHLMAI
nmeet BenmnuuHy OT -30 MB mo -100 mMB. OrtpunartensHblif 3HaK MOTEHIMANa O3HAYAET, YTO
BHYTPHUKJIETOUHBIH 3apsi1 MeMOpaHbl OTPULIATENICH 110 OTHOIIEHUIO K BHEKJIETOYHOH cpere.

Ilepemaua wummynsca B HEPBHOH CHCTEME OIIOCPEAyeTCs H3MEHEHHSMH MEMOPaHHOTO
noreHnyana. B ceHCOpHBIX HEHpOHAX aJleKBaTHBIH CTUMYII, TAaKOW KaK IPUKOCHOBEHHE, 3BYK,
CBET, BBI3BIBACT JIOKANBHYIO JCHOApPH3AlMIO (Ienas MeMOpaHHBIH IOTEHIMAl MEHee
HETaTHBHBIM) WIM TUIEpHoispu3anuio (MeMOpaHHBI NOTEHLMal CTaHOBUTCS Oosee
HeraTuBHbIM). [l0JOOHBIM ke 00pa3oM HEHPOTPAHCMHUTTEPHl B CHHANCAX BBI3BIBAIOT
JIETIONIAPU3ALIMIO WIIM THIIEPIIOJISPU3ALMIO TIOCTCUHANITHYECKON KieTku. [loTeHnuansl qedcTBus,
MPEACTABIAIOIHNE CO00M KOPOTKHE MAEHOJIIPU3ALMOHHBIE CHUTHAIbl OOJBIION aMIUIUTY.B,
IIPOBOJIAT IO OTPOCTKAM HeiipoHa HH(OPMALIMIO U3 OAHOTO OT/IeNIa HEPBHOM CUCTEMBI B JIPYTOM.

Bce 3Tn n3mMeHeHnss MeMOpPaHHOTO MOTEHIMAIA BEI3BAHbBI ABI)KEHHEM HOHOB Yepe3 KICTOUHYIO
MeMmOpany. Hanpumep, HarpaBieHHOE BHYTPb KJIETKH JBWKEHHUE IOJIOXUTEIBHO 3apsDKEHHBIX
WOHOB HATpHs CHIDKaeT OOIIMH OTpUUIATENbHBIN 3apsx MeMOpaHbl WIH, IPYTHMH CIOBaMHy,
BBI3BIBACT Jlenoyspu3anuio. Haobopot, pe3ynbTaToM ABHKEHHUS IOJOXKUTEIBHO 3apsDKEHHBIX
WOHOB KajJMsi U3 KIETKH SBISAETCS POCT OOIIEro OTPUIATENbHOTO 3apsiga, TO €CTb
runepronspusanys. ['unepnonspusanus MOXeT ObITh 0OYCIOBJIEHA TaKXKe JIBIDKEHHEM BHYTPhb
KJIETKH OTPHULIATEIbHO 3apsKEHHBIX HOHOB XJIOpa.

Kak ABWXXYTCSA HOHBI uepe3 KIETOUHYI0 MeMOpaHy U uYeM UX MABI)KEHHME pErynupyercs?
I'maBHBIM myTeM mist OBICTPOTO IEPEeMEINEHHS HOHOB BHYTPh KJIETKH M W3 Hee SBISIOTCS
UOHHbIE KaHalbl. MIOHHBIE KaHAIbl MIPEACTABIAIOT COOOH BCTPOECHHbIE B MEMOpaHy MOJEKYJIbI
0enka, KOTOpble O0pasyloT MOpHI, NMPOHMIAEMBIE IJIsI MOHOB. VIOHHBIE TOKH DPEryIHPYIOTCS
4yepe3 OTKPBITHE U 3aKPbITHE 3THX HOHHBIX KaHAJIO0B. 3HaHME MEXAHU3MOB pabOThl MOHHBIX
KaHaJIOB MT03BOJISIET MIOHATh, KaK T€HEPUPYIOTCS AIEKTPUUYECKUE CUTHAIIBL.

§ 1. CBoiicTBa HOHHBIX KaHAJI0B KileTounas MmemOpaHna
HEPBHOM KJIETKH

Knerounsle MeMOpaHbI COCTOST U3 KUAKOH (pa3bl IMNUIOB M BCTPOSHHBIX B JIMITUIBI OSIKOBBIX

Puc. 2.1.  KnetouHas| (A} By
memGpaHa M WOHHbLIN
kaHar. (A) KnetouHble
memGpaHbl COCTOAT U3
XnokoW  ¢asbl  NUNngoB
N BGTPOEHHbIX B NUMMAbI
6erKe BbIX Mornekyn.
MpoH 13biBatoLMe

memE paHy

(TpaH sMembpaHHble) Genku
obpa: yloT MOHHbIE KaHarsbl.
(B) CxemaTtunyHoe
npea:TaBneHne  MOHHOro
KaHara C  LeHTpanbHOM
BOAHON NOPON U BOPOTHbLIM
mexalinamom (G).

Fig. 2.1. Cell Membrane and lon Channel. (A) The cell membrane is composed of a lipid bilayer embedded with
proteins. Some of the proteins traverse the lipid layer, and some of these membrane-spanning proteins form
membrane channels. (B) This schematic representation shows a membrane channel in cross section, with a central
water-filled pore and channel "gate" (G). The gate opens and closes irregularly; the probability of opening may be
regulated by the membrane potential by the binding of a ligand to the channel or by other biophysical or biochemical
conditions. A sodium ion, surrounded by a single shell of water molecules, is shown to scale in the pore for size
comparison.
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monekyn. Kak mokazaHo Ha puc. 2.1 A, MOJEKy/nbl JMOHIOB OPTaHU30BaHBI B JABYXCIOWHHYIO
MeMOpany (Oucioif) TommuHOM oxomo 6 HM. [lomspHele THAPO(WIBHEIE TOJIOBKH JIUIHIOB
oOpaleHs! K IMOBEPXHOCTSIM MeMOpaHbl, a THApo(OOHbIE XBOCTHI BBITIHYTHI K CepeanHe Oucios.
JIumu sl MI0X0 MPOMYCKAIOT BOAY M NMPAaKTUYECKH HEMPOHUIAEMBI A7 HOHOB. belkoBbIe MONEKYIIBI
YaCTHYHO IOTPYKEHbl B CJIOH JIMNMUIOB, JUOO C BHEKJIETOYHOM, JIMOO C LHUTOILIA3MATHYECKON
cTopoHbl. HekoTopble O€nkd LEIMKOM HPOHM3BIBAIOT MeMOpaHy. MIMEHHO IpOHM3bIBAIOIIHE
MeMOpaHy (TpancmeMOpaHHbIe) Oesiki 00pa3yoT HOHHbIC KaHaibl. OCHOBHBIC HOHBI, y4aCTBYIOIINE
B TEHEPAINH JJIEKTPUYECKUX CHUTHAJIOB, TaKWE KaK KaJWH, HaTPWH, KaJbLUH WIN XJIOp, JBHXKYTCS
yepe3 HMOHHBIC KaHaNbl ITACCUBHO Ojarojapsi TpaJieHTy KOHIEHTPAIMid U DIICKTPHIECKOMY
MOTEHIHATY MEMOPaHBL.

Jpyrue tpancMeMOpaHHBIC OCITKU CIy’KaT B Ka4eCTBE HACOCOB M MEPEHOCYHKOB, 00CCIICUHBAIOIINX
TPAaHCIOPT BEIIECTB 4Yepe3 KICTOYHYI0 MeMOpaHy IIPOTHUB DICKTPOXMMHYECKHX TIPaHEHTOB.
TpaHcropTHBIE MEXaHU3MBI IOJAEPKUBAIOT HOHHBIM COCTaB LUTOIUIA3MBI, YA WM BO3Bpalias Te
HOHBI, KOTOPBIE MPOLUTH KJICTOYHYI0 MeMOpaHy MO MX JJIEKTPOXUMUYECKUM rpagueHTaM. OHU TaKKe
BBIMOJIHSIOT BOXKHYIO (DYHKILIHUIO ITEpeHoca yepe3 KIeTOYHbIe MeMOpaHbl CyOCTPaTOB METaOOIMISCKIX
peakuuii, TaKuX Kak TJIF0KO3a H aMAHOKUCIOTHL. CBOMCTBA TPAHCHOPTHBIX MOJICKYJ OOCYKIAIOTCS B
riase 4.

Kak BbIrnsagaT MOHHbIE KaHanbl?

MounekynsipHOe CTPOCHHE MOHHBIX KaHAJIOB M MX BHYTPMMEMOpaHHOE yCTPOWCTBO OOCYKHaloTCs B
Jertansx B TiaBe 3. B KoHTekcTe MaHHOM TIJIaBBl MOJE3HO, OJAHAKO, HaTh HECKOJBKO OOIIMX
XapaKTepUCTUK (HU3MIECKUM CBOWCTBAM MOHHBIX KaHATIOB. TpaHCcMeMOpaHHBIH HOHHBIN KaHAT HMEeT
LEHTPAJIbHYI0 BOAHYIO IIOpPY, COOOIIAIONIYIOCS KaK C BHEKJIETOYHBIM, TaK M C BHYTPHKIETOYHBIM
npoctpancTBoM (puc. 2.1B). C obenx CTOpOH KaHaja Iopa paciIupsiercs, o0pasys yCTbs. Y3Kas
BHYTpHMEMOpaHHasi 4acTb MOHHOTO KaHana (opMupyeT BOpOTa, KOTOPbIEé MOTYT OTKPBHIBATHCS H
3aKpbIBAaThCS, PETYINPYs MPOXOXKASHUE HOHOB.

Pa3mep Oeinka HOHHOTO KaHajla BAPbUPYET B 3HAYMTENBHON CTENICHH B 3aBUCHMOCTH OT THIIA KaHAJIA.
HexoTopsie MOHHBIE KaHAIBI MMEIOT AOMOJIHUTENbHBIE CTPYKTYPHI (M CBSI3aHHBIE C HUMU HOBBIE
cBoiicTBa). Ha puc. 2.1B npezacraBieH THNUYHBIA KaHAJ CpeIHUX pa3MepoB. I comocTaBlIeHUs
pa3MepoB MOHA M HOHHOTO KaHajla Ha PUCYHKe H300pa)xeH IHpaTUPOBAHHBII HOH HATPHI.

M36MpaTeﬂbHOCTb KaHanoB

MeMmOpaHHBIe KaHAJIbl OTJIMYAIOTCS MO CBOEH M30MpATeNbHOCTH: HEKOTOPHIE IPOHHIAEMbI IS
KaTHOHOB, Apyrue i1 aHUOHOB. HeKoTopble KAaTHOHHBIC KaHAIbl SBISIOTCSA CEICKTHBHBIMH I10
OTHOLICHUIO TOJBKO K OJHOMY BHIYy HOHAa. Hampumep, HekoTopble KaHanbl IIPOHULIAEMbI
HCKJIFOUUTENIHHO JUISl HOHOB HATpUS, PYTHE UL HOHOB KU, IIPOYHe ISl HOHOB Kaibius. OIHaKo
CYIECTBYIOT OTHOCHTEIBHO HECENEKTHBHBIE KATHOHHBIE KaHANBI, MO3BOJISIONINE MPOXOJIUThH IaKe
HEOOIBIINM OPTaHWYECKUM KaTHOHAaM. AHMOHHBIE KaHAIIbl, CBSI3aHHBIE C TIepelaueil AeKTPUIECcKOoro
UMIIyJbca, 00nagaloT HHU3KOW cnenuduyHoCcThi0. OJHAKO OHM, KaK IPaBWIO, HA3bIBAIOTCS
«XJIODHBIMH ~KaHaJlaMH», [OTOMY 4YTO HOH XJIOpa sBJIsSeTCs Haubosiee pacHpoCTPaHCHHBIM
MIOJIBI)KHBIM aHHOHOM B OHMOJIOTMYECKHX XKHUAKOCTSIX. B1o0GaBOK, HEKOTOpHIE KaHATHI (HAa3bIBacMBbIe
KOHHEKCOHAMH) COCIMHAIOT COCEAHUE KICTKHM U IPOHHUIAEMBl KaK IS MHOIMX HEOPraHUYECKHX
HOHOB, TaK U JUIS HEKOTOPBIX MENKUX OPraHHYecCKHX MOJeKysl. KoHHeKCOHBI 00CYKHaroTcs B TIaBe
7.

OTKprToe N 3aKpbiTOE COCTOAHUA

XOoTs UIT MPOCTOTHI MBI YacTO IMPEACTABIISIEM OCIKOBBIC MOJICKYJIBI KaK CTaTHUECKHE CTPYKTYPHI,
OHH TaKOBEIMH BOBCE HE SIBIAIOTCS. l3-3a CBOEH TEIUIOBOM JHEPTHH BCE OOJBIIAE MOJEKYJIBI
BHYTpEeHHE HecTaOWibHBL. [IpH KOMHATHOW TeMIiepaType XHMHYECKHE CBSI3U PACTATHBAIOTCS U
0CJabJIAI0TCs, TO €CTh IOCTOSHHO KOJISONIOTCS MO OTHOIICHHUIO K YCTOHYMBOMY COCTOSHHIO.
HecMmoTpst Ha TO, 4TO 9TH MHAUBUIYAJIbHBIC JIBIKCHHUS COCTABIISIOT BEIUYUHY TOJIBKO OKOJIO 1072 M
(Cc 4acTOTOM, MOCTHUTAOIICH 08T 1), TAKHE aTOMHBIE KOJIeOAaHHS MOTYT HPUBOJHUTH B HTOTE K
ropa3go Oosiee 3HAYMTENBHBIM M 0O0jiee MEUICHHBIM H3MEHEHMSIM B CTPYKType MOJCKYJ. OTO
MPOUCXOANUT TOTOMY, YTO MHOTOYHCIICHHBIC OBICTpBIC NBIDKCHHS aTOMOB IEPHOJUYECKH CO3MAIOT
YCIOBUS JJISl B3aUMOJCHCTBUS (DYHKIIMOHAJBHBIX TPYIIT OeliKa, HECMOTPS Ha HAJMYUE B3aMMHBIX
OTTAIKUBAIOIINX CHI. B3amMoneicTBUs (QYHKIMOHAIBHBIX TPYII MPHBOMAT K KHHETHYCCKAM
nepexonaM OeJka, KOTOpbIC, pa3 BO3HUKHYB, MOTYT JUTUTHCS MHOTHE MIJUTUCEKYHIBI WM JTaXKe
CeKyHZbl. VI3BECTHBIM NPUMEPOM MOXKET CIY)KHTh MOJIEKysia remorioOuHa. I[eHTpsl CBsI3bIBAHUS
KHCJIOPO/1a 3aK/II04EHbl BHYTPY MaKpOMOJICKYJIbI 3TOT0 Oerka,
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M K HHM HET MOCTOSHHOTO CBOOOMHOro noctyma. CBs3bIBAaHHE KHCIOPOAa MOXET OBITH
JOCTUTHYTO TOJBKO 32 CYET TPAH3UTOPHOTO JOCTYNa MOJICKYI Ta3a K LCHTPAaM CBSI3bIBAHHUS Ha
MoJieKyiie Tema. Takum 00pa3oM, MOJIeKyJa TeMOTIIO0HHA «IBIIIHUT, NEPHOJIUYECKHA CTAHOBSCH
JIOCTYITHOM JIJIs CBSA3BIBAHUS KUCIOPO/a, MHAYE TAaHHBIH OeJIOK ObLI OBl HE CIIOCOOCH BBIMIOJHSTH
npeIHA3HAYCHHYIO (DYHKIMIO [0 TIEPEHOCY Ta30B .

Jlns MOHHBIX KaHaJOB (DYHKIMOHAJIBHO BA)XKHBIMHU SIBIISIIOTCS IEPEXOJbl MEXAY OTKPBITHIM U
3aKPBITBIM COCTOSHUSMH. DT MEPEXOAbl COBEPIIAIOTCS MPAKTUIECKH MOMEHTanbHO. C mpyroit
CTOPOHBI, IIPU CUCTEMHOM HM3YY€HHH MOBEJICHUS JII0OOr0 MOHHOTO KaHajla Mbl OOHApy»XHUM, 4TO
BpeMs OTKPBITOTO COCTOSIHHS BapbUpyeT CiydaifHeIM oOpa3om. VIHOTIa KaHal OTKPHIT TOJNBKO
OJIHy MWJUIMCEKYH/ly WJIM JIa)K€ MEHbIIE, XOTs B CIEIYIOIIUH pa3 OH MOXET ObITh OTKPBIT Ha
ropazzo Oosiee mpojaoJnKuTENbHOE Bpemst (puc. 2.4). Tem He MeHee, KaK/Iblii KaHajl UMEET
XapakTepHOe cpeJHee BpeMsi OTKPbITOI0 COCTOSIHUS (71), U BCE BapHALUK ITPOUCXO/AT BOKPYT
9TOTO CPEIHETO IMOKa3aTeNs.

Hexoropsle nOHHBIE KaHAIBI OTKPBIBAIOTCS JJOCTaTOYHO YaCTO Jlake B MoKoe. MIHbIMU clioBaMmu,
BEPOSITHOCTh HAXOXKJCHHS TaKMX KaHAJIOB B OTKPHITOM COCTOSIHUM B HEAaKTHBUPOBAHHON KIIETKE
OTHOCHUTEJIHO BBICOKA. BOJBIIMHCTBO TaKMX HMOHHBIX KAaHAIOB NMPOHHMLAEMO IS Kalus WIN
xnopa. OHM BaXkKHBI [UIS T€HEpalH MEMOpPAaHHOTO MOTEeHIHMana Mokos. OcTanbHble HOHHBIE
KaHaJIbl NPH 3TOM 3aKpBIThl, TO €CThb BEPOATHOCTb HAXOXKJEHHS HUX B OTKPHITOM COCTOSIHUH
OYeHb HH3KAa. AKTHUBALMSl DJTHUX KAHAJIOB aJCKBAaTHBIM CTHUMYJIOM DE3KO YBEJIUYUBAET
BEPOSATHOCTD OTKPBITUS. DTOT XK€ CTUMYJ MOXXET JeaKTHBHPOBATH HOHHBIC KaHAJbI, ObIBIINE
AKTHBHBIMHM B IIOKO€. Ba)KHO NMOMHHUTB, YTO aKTHMBAUWs WIM [CAKTHUBALMA KaHaja O3HAYaeT
BO3pACTaHUE WIIM CHIDKECHHE 6EpOAMHOCMU OMKpPbIMUs KAHAAA, HO HE YBEIMYCHHE WIIN
YMEHBIIIEHHE BPEMEHH OTKPBITOTO COCTOSIHUS (71) KaHAuA.

[ToMuMO aKTHBAIMU U JI€aKTUBALMM, HOHHBII TOK Yepe3 KaHaJIbl PEryIUPYeTCs ABYMs JPyrHMHU
¢dakropamu. IlepBbiii (akTop 3akitO4aeTcss B TOM, YTO MOHHBIM KaHajd TEPEXOJUT B HOBOE
KOH(QOPMAIIMOHHOE COCTOSIHUE, B KOTOPOM OOBIYHBIA aKTHBUPYIOUIMHA CTUMYJ HE CIIOCOOEH
BBI3BAaTh OTKPHITHE KaHada. Il MOHHBIX KaHAJIOB, aKTHBHPYEMBIX ICTOSpH3aLie, Takoe
COCTOSIHME Ha3bIBAeTCs MHAKTHBauMeii. /{1 KkaHajaoB, OTBEYAIOUINX HA XUMUYECKHE CTUMYJIbI,
9TO COCTOSIHME H3BECTHO Kak J[eceHCUTH3alus. BTopoll MexaHusM — O0J0K OTKPBITOro
KaHaja. Takoe ciy4aercsi, Korja, HarmpuMep, KpynHas MoJieKyna (Takas KaK TOKCHH)
CBSI3BIBAETCS C MOHHBIM KaHAIOM U (DPU3MUYECKU 3aKyNOpUBAeT HOpy. ApyruM mpuMepoM MOXKET
CIIy)KUTh OJIOKMPOBaHHE HEKOTOPBIX KATHOHHBIX KaHAJOB MOHAMHM MarHus. B 3ToMm ciydae
MOHBI MarHusl caMHM He NPOHHUKAIOT 4Yepe3 HMOHHBIM KaHaJ, HO CBSA3BIBAIOTCS C KaHAJIOM B
00J1aCTH €ro YCThsl M TEM CaMbIM MEIIAIOT IIPOHUKHOBEHHIO JIPYrHX KATUOHOB.

CnocoObl akTuBaLuu

Puc. 2.2 cymmupyer mpeicTaBICHHS O CIIOCO0aX aKTHBAlMM MOHHBIX KaHaoB. Hekoropbie
KaHaJIbl crieln(UYEcKH OTBEYaloT Ha (PU3NUECKUEe U3MEHEHHUS B KIETOYHOH MeMOpaHe HelipoHa.
Haubonee ApkuMH NpeNCcTaBUTEISIMH 3TOHW TPYNIIBI SBISIOTCS MOTEHIMAT-aKTHBHpPYeMble
kaHaybel. [IpuMepoM MOXXET CIIyXKHTh YyBCTBUTENBHBIM K IOTEHLWANy HAaTPUEBBIH KaHal,
KOTOPBI OTBEYAeT 3a PEreHEpaTHBHYIO ACMOJSPHU3ALMNIO, JEXKAIIyl0 B OCHOBE T'eHEpaluu
noreHnuana naeicrteus (rnasa 6). K aToill rpymnmne oTHOCSTCS TakkKe MeXaHOYYBCTBHTe/IbHbIE
MOHHBIE KaHaJbl, KOTOPhIE OTBEYAIOT HA MEXaHMYECKOE BO3JEHCTBHE Ha KIETOYHYIO MEMOpaHy.
Penenitopel  pacTsbkeHusi, COAEpKallMe HMOHHBIE KaHajbl TaKoro pojaa, HalgeHbl B
MeXaHopeuenTopax Koxu (rinasa 17).

Jlpyrue HOHHBIE KaHallbl OTKPBIBAIOTCS TOIJA, KOIJa XUMHYECKHE AareHTbl aKTUBUPYIOT
CBA3BIBAIOLIME LIEHTPHI Ha MOJIEKYJle KaHaia. Takue JJHraHg-aKTHBHPYyeMble HOHHBIE KaHaJbl
MOJIPa3eIAIOTCS Ha JIBE NOATPYIIIBI, B 3aBUCMOCTH OT TOTO, SIBJISIIOTCS JIM aKTUBHbBIE LEHTPHI
BHYTPUKJIETOUHBIMM MJIM BHEKJIETOYHbIMU. KaHajaoMm, OTBeuyarollUM Ha BHEKJIETOYHYIO
AKTUBALIMIO, SIBJISAETCS KATHOHHBIM KaHal MOCTCUHANTHYECKOW MeMOpaHbl B CKEJIETHON MBIIIILIE.
OTOT KaHal aKTHBUpPYETCS HEHPOTPAHCMHUTTEPOM aleTHIXOJIMHOM, OCBOOOXKIAIOMIMMCS W3
JIBUTATENIBHOIO HEPBHOro oOKoHYaHUs (TnaBa 9). OTKphITHE alETWIXOJIMH-aKTHBUPYEMOTO
HOHHOIO KaHaja IO3BOJISIET HMOHAM HATpHs BOWTH B KIETKY, BbI3bIBas JEMOJIAPU3ALUIO
MBILIEYHOT'O BOJIOKHA.

HI/IFaH)I—aKTI/IBI/IpyeMBIC KaHaJIbl, OTBCYANOIIHC Ha BHYTPUKIICTOYHBLIC CTUMYJIbI, BKIIOYAIOT
KaHaJIbl, YYBCTBUTCJIbHBIC K MCECTHBIM H3MCHCHUAM KOHICHTPAIUH CHCHI/I(l)I/I‘IeCKI/IX HWOHOB.
HaanMep, KaJ'ILHPIfI—aKTPIBPIpyeMBIe KaJIUCBbIC KaHaJlbl AKTUBHUPYIOTCSA JIOKAJIbHBIM
TIOBBIICHUEM KOHIUCHTPAIMU BHYTPHUKIIECTOYHOTO KaJIbIHA. Takune KaHaJBI UT'PAOT BaXXHYIO
POJIb B penojisipu3alun KJIETOYHOM M€M6paHLI BO BpEMs 3aBCpUICHUS OTCHIHAIA )IeﬁCTBPI?I.
[ToMmumo noHOB KaJbusi, TUNUYHBIMU TPECACTABUTCIIAMU JIMTaHA0B, aKTUBUPYIOIINX HOHHBIC
KaHaJlbl C IIU-
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(A) Chaiinels sctvaged by physical changes in the cell membrane Puc. 2.2. Cnocobbl
aKTVB auuu MOHHBIX
kaHaroB.  (A) WoHHbIE
KaHar bl,  aKTMBUpyeMble
n3mMelieHnem

MeMG daHHoro

nover umMana unm
pacTs xeHneMm MemMbpaHbl.
(B) VoHHblE KaHansbl,
aKTVB MpyeMble

XUMW' IECKUMW  areHTamu,
nMbo € BHEKIIeTOYHOMN,
nmMbo C  BHYTPUKIETOYHOW
CTOPC HbI.

Fig. 2.2. Modes of Channel Activation. The probability of channel opening is influenced by a variety of stimuli. (A)
Some channels respond to changes in the physical state of the membrane, specifically changes in membrane potential
(voltage-activated) and mechanical distortion (stretch-activated). (B) Ligand activated channels respond to chemical
agonists, which attach to binding sites on the channel protein. Neurotransmitters, such as glycine and acetylcholine,
act on extracellular binding sites. Included among a wide variety of intracellular ligands are calcium ions, subunits of G
proteins, and cyclic nucleotides.

TOIIA3MAaTUYECKOH CTOPOHBI MEMOpaHbI, SBJISIOTCS LUKINYECKUEe HYKIeoTuabl. LIMKimmueckui
I'M®, nampumep, OTBedaeT 3a aKTHUBAI[MIO HATPHEBHIX KAHAJIOB B MaJOYKaX CETYATKU. TaKoi
THUI KaHaJa UrpaeT MpUHIHUIIHAIBHYIO POJIb B pad0oTe 3pUTEIbHOTO aHanu3aropa (riasa 19).

Ora KIaccUpUKaLUs HE SIBISETCS JOCTATOYHO CTporoil. Hampumep, kanblMii-aKTHBUpYEMbIC
KaJIMeBble KaHaJbl YyBCTBUTEJbHBI TAKKE K M3MEHEHHUIO [TOTEHIIMaNa, a HEKOTOphIE MOTEHIIHA-
AKTHBUPYEMbIe HOHHBIC KaHaJIbl YyBCTBUTEIILHEI K BHYTPUKJICTOUHBIM JIUTAHIAM.

§ 2. U3mepeHne TOKOB OIMHOYHOT0 KaHAJIa

Maty-knamn meton

Jlnist u3MepeHHsT MOHHBIX TOKOB 4Yepe3 OJMHOYHBIC KaHAaNbl MEPBOHAYAIBHO OBUT MPEIIOKEH
HENPSIMOil METOJ[ aHaNN3a MEMOPAHHOTO mymMa > . 3aTeM ObLI paspaboTaH CIOCOG MPSMOi
pETHCTpalii OJJMHOYHBIX HMOHHBIX KAaHAJOB C MOMOIIBIO METOa, KOTOPBIA Ha3bIBACTCS MITY-
kimamn (patch-clamp “9). B COBOKYITHOCTH 3TH MOJXOMABI Jajld MpPSIMBIE OTBETHI Ha BOMPOCHI,
Kacarouyecss (GYHKIHHM HOHHBIX KaHAIOB, KaK TO: KaKOW 3apsj MPOXOIUT Yepe3 OAWHOYHBII
KaHaJ? Kak JOJro KaHal OCTaeTcs OTKPBHITHIM? KaKk BpeMsl HAaXOXKAEHHsS HMOHHOTO KaHaja B
OTKPBITOM HJTH 38KPBITOM COCTOSIHHH 3aBHCHT OT MEMOPAHHOTO MOTEHIIUAIa?

[IsTu-kmamn meton, npemnoxkennsnid . Heepom, b. CakManHOM 1 MX KOJuleramMu, 3HAYUTEIHHO
YIIIyOWIT HAIM 3HaHUSI O QYHKIMOHUPOBAHUU MOHHBIX KaHAIOB. J{JIsl MATY-KIAMII PEerUCTpaluu
HEOOXOMUMO, 4TOOBI KOHYMK CTEKJISIHHOH NMHUIETKH C BHYTPEHHHM IHAaMETPOM OKOJIIO 1 MKM
IUIOTHO KOHTAaKTHpOBal ¢ MeMOpaHO# ucciemyemMod kierku. IIpu ynauHoM mnojBeneHHH,
OJylarosiaps JISTKOMY TPUCACBIBAHUIO, MEX/Y KIETOYHOW MEMOPAHOW U CTEKJIOM IMHUIIETKU (pHC.
2.3A—B) cosnaercs compotupienue Gombime 10° OM (0TCI0fAa BO3HHK TEPMHH «THTAOMHBIiL
KOHTaKT», gigaohm seal). Korjga numnerka coemuHeHa ¢ COOTBETCTBYIONIMM YCHITUTEIEM, MOXKHO
3aperucTpupoBaTh HEOOJBLIME TOKHU, NMPOXOAS-IIUE Yepe3 y4acTOK MeMOpaHbl, HaXOAsLIeHCs
BHYTpU KOHuUWKa nuneTku (puc. 2.3F). Takas KoHQHUrypaius miTY-KIaMI METOoJla Ha3bIBACTCS
cell attached (koHTakT ¢ KJIETKOH). BHICOKOOMHBIN KOHTAKT rapaHTHPYeT, YTO HOHHbIE TOKH,
IIPOBOAMMEIE 3TUM YJ9AaCTKOM KJIETOUYHOH MEMOpaHbI, IPOXOIAT IPEUMYILECTBEHHO Yepe3
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Puc. 2.3. Peructpais MOHHbIX TOKOB (Ad
MeTogoM naTy-knamn. Onektpon obpasyeT
NNOTHBLIA KOHTaKT C MeribpaHoit (A), KOTopbI
Gnarogapsi nerkoMmy MOHUKEHUIO [AaBneHus
npeBpallaeTcss B T[UradOMHbIA  KOHTakT (B).
OtTArvBaHMe Membpatbl € Mocneaylowmm
OoTpbIBOM ee dparneHTa  npuBoAWNT K| o,
KoHdurypauwu inside-out (C). Apyron BapnaHT l‘ Suction
OCHOBaH Ha rnocrnefosa eflibHoM obpa3oBaHUK

koHdurypaumm whole cell, n 3atem — outside- 18)
out (E).

Fig. 2.3. Patch Clamp F ecording. (A-E) Patch
configurations, represen ed schematically. The
electrode forms a seal cn contact with the cell
membrane (A), which s converted to a gi-
gaohm seal by gentle suction (B) Records
may then be made from the patch of
membrane within the electrode tip (cell- (D} WHOLE-CELL
attached patch). Pulling away from the cell RECORDING
results in the formation of a cell-free vesicle,
whose outer membrane can then be ruptured )
to form an inside-out pitch (C). Alternatively,
the membrane within th. electrode tip may be
ruptured by further sucton to obtain a whole-
cell recording (D) or, br pulling, to obtain an f
outside-out patch (Z). (F) Recording
arrangement. The patch  electrode is
connected to an amplifier that converts

) Pull

[Gigaokm seal)
CELL ATTACH :D

channel currents to ‘'roltage signals. The
signals are then display2d on an oscilloscope
trace or computer scre:n so that amplitudes
and durations of single -channel currents can [

be measured. (A-E after Hamill et al., 1981.) \ ;+ Lf

{C) INSIDE-OUT
PATCH {E} CUTSIDE- JUT PATCH

YCHJIMTENBHYIO alapaTypy, a He TePSIOTCS B MECTe KOHTAKTa IITY-IHMIETKH ¢ KIeTKoi. Ilpn
WCIIONb30BAHUK IMATY-KIAMII METOJIa PETUCTPUPYEMbIe COOBITUSI COCTOAT M3 MPSIMOYTOJBHBIX
TOKOBBIX CHTHAJIOB, OTPaXAIOLIMX IPOLECCHl OTKPBITUSI M 3aKPHITHS OJMHOYHBIX HOHHBIX
kaHaoB. TakuM 00pa3oM, Mbl B pEalbHOM BPEMEHH MOXXEM HaOIIoIaTh aKTHBHOCTD
OJIMHOYHBIX OEJIKOBBIX MOJICKYJI MEMOpaHBbI.

B mpocroM ciyuae TOKM OAMHOYHBIX KaHAJOB IOSBILSIIOTCS HEPEryASIPHO U C Pa3IUuHOI
MPOJOJKUTEIBHOCTRIO, HO C TOCTOSIHHOW aMIuuTyaoil (puc. 2.4A). B HEKOTOpHIX ciydasx,
OJIHaKO, KapTHUHA TOKOB MOXKET OBbITh OoJiee ci10xkHOH. HekoTopble HOHHBIE KaHANbl, HAIPUMED,
B OTKPBITOM COCTOSHUM MOTYT HMMETh 0Oojiee 4eM OAMH YPOBEHb MPOBOAUMOCTH, KakK 3TO
nokazaHo Ha puc. 2.4B. Kpome Toro, MoHHbIE KaHalbl MOIYT IpPOSBIATH KOMILIEKCHYIO
kuHeTHKYy. Hamprumep, TOk uepe3 oquHOYHBINH MOHHBIA KaHAT MOXKET BBITJISAETh HE KaK IMPOCTOM
MIPSIMOYTOJILHUK, & KaK «BCIIbILIKa» OTKPHITUI KaHana (puc.2.4C).

Takum 00pa3oM, MITY-KIAMII METOA IMPEAOCTABISICT HOBBIC YHHKAIBHBIC BO3MOXKHOCTH JUIS
M3y4eHHs TIOBEICHUS] HOHHBIX KaHAJIOB. BO-MEePBBIX, N30JLIIUS MAIEHBKOTO y4acTKa MeMOpaHbl
MO3BOJISIET HAONFOIATh AaKTUBHOCTD BCEr0 HECKOJIBKUX MOHHBIX KaHAJOB, @ HE THICSY, KOTOPBIC
aKTHBUPYIOTCS B LEJNOH KIEeTKe. BO-BTOPBIX, BBICOKOE COMPOTUBICHUE KOHTAKTa JaeT
BO3MO)KHOCTBh PETHCTPUPOBATH JaXKe KpailHe
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Puc. 2.4. an/IMepr OAWMHOYHBIX MOHHbIX KaHarioB, 3apermcTpupoBaHHbIX METOAOM NA3TY-KNamn.

Fig. 2.4. Examples of Patch Clamp Recordings. (A) Glutamate-activated channel currents reco'ded in a cell-attached
patch from locust muscle occur irregularly, with a single amplitude and varied open times. Downward deflections
indicate current flowing into the cell. (B) Acetylcholine-activated currents from single channels i1 an outside-out patch
from cultured embryonic rat muscle reach a maximum amplitude of about 3 pA and relax to a substate current of
about 1,5 pA. Downward deflections indicate inward current. (C) Pulses of outward current through glycine activated
chloride channels in an outside-out patch from cultured chick spinal cord cells are interrupted by fast closing and
reopening transitions to produce bursts. (A after Cull-Candy, Miledi, and Parker, 1980; B after Hamill and Sakmann,
1981; C from A. I. McNiven and A. R. Martin, unpublished.)

manble TOKu. B pe3yabTaTe€ Mbl UMEEM BO3MOXXHOCTH TOYHOI'O H3MEPCEHHSA aMIUIUTYHd TOKOB
OAWHOYHBIX NOHHBIX KaHAJIOB U MOXXEM ITPOBECTHU aHAJIN3 KNHCTHUKHU KaHAJIOB.

KoHdurypauuum naty-knamn metoga

II>Ty-KMamMIm MeTOx TO3BOISIET OCYHIECTBIATH TAaKXKE PETHCTPAIMI0 HOHHBIX KaHAlIOB H B
JIpyrux KoHurypauusx. JlocTurayB KoHTakTa B KoHburypauuu cell attached, MoxHO, oTBOIS
ANIEKTPOJ, OTTSHYTh Y4aCTOK MeMOpaHbl ajsi popMupoBaHus inside-out (BHYTpEHHsISI CTOPOHA
Hapyxy) koHpurypauuu (puc. 2.3C). B mnocinegHeMm ciyyae LUTOILUIa3MaTHYECKas CTOPOHA
MeMOpaHbl Oyzner oOpamieHa K nepdy3noHHOMY pactBopy. C Apyroit CTOpOHBI, ¢ MOMOIIbIO
HEeOONBIIIOTO  IOMONHHUTENPHOTO TIPUCACHIBAHMS MOXKHO TIPOpPBATh yJ4acTOK MeMOpaHHI,
PACHONOXKEHHBII BHYTPU PETUCTPUPYIOIIETO 3IEKTPOAA, OOECIeuuB KOHTAKT IMOCIEIHEro C
nuroriazmMor  kietkd (puc. 2.3D). B 3TMx ycnoBusx OyAyT pEerucTpHpOBATHCS TOKH B
koH¢urypanuu whole-cell (1enas knerka). HakoHel, nocie noxy4eHus KOHQUIypanuu «uenas
KJIeTKa», MO>KHO OTTSIHYTh JIEKTPOJ OT KIETKH, ChOpMUpPOBAB U3 MEMOpaHbI CHadala TOHKYO
HEPEMBIUKY, a 3aTe€M, IIOCIE OTJEIECHHUs 3TOr0 y4acTKa, MOIy4uTh KOH(Urypauuio outside-out
(HapykHast cTopoHa Hapyxy; puc. 2.3E). Kaxknmas w3 3Tux koH(uUrypauuid HMeeT CBOM
IPEeUMYIIECTBA, UX MHCIOJIB30BAaHUE 3aBUCUT OT THUIA H3Y4aeMOr0 HOHHOIO KaHajaa U TOil
uHGOPMAILY, KOTOPYIO MBI XOTHM IIOTYy4YHTh B JaHHOM 3KcrmepuMente. Hampuwmep, s
allUIMKalUy BEIIECTB HA BHEIIHIO CTOPOHY MeMOpaHbl IPEIIOYTHTENILHOM SBISETCS
KoHuryparwus outside-out.

II>Tu-Knamn KOH(bI/IpraHI/Iﬂ «geJias KJICTKa» Mpeamnojgaract o0MeH MCXAY I.II/ITOHJ'IEBMOﬁ
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KJIIETKH U pacTBOPOM, 3aITOJIHSIOINM PErUCTPUPYIOIIYIO IIUIETKY. DTOT 0OMEH, Ha3bIBa€MbIH HHOT 1A
«IHAJIN3», MOXKET OBbITh MCIOJIb30BaH JJI HAMEPEHHOIl 3aMeHbl BHYTPUKIETOUHOIO COCTaBa HOHOB
Ha Te, KOTopble HaxoasATcs B numerke. C Apyroi cTopoHsl (0COOEHHO B TeX Cllydasx, KOTJa KieTKa
Majia), HeoOXOAMMO YHYUTBIBATH, YTO BAXHBIC IUTOIUIA3MaTHYECKHE KOMIIOHEHTBI MOTYT ObITh
MOTEPSHBI U3-3a2 MX OBICTPOrO Iepexoja BO BHYTPHMIIMIIETOYHBIH pacTBOp. Takoil MOTEpH MOXKHO
U36eKaTh, UCIIONB3Ys TAK HA3bIBAeMbI IephOpUpoBaHHbLi maTY-K1amn Metox ¥. B aToMm ciyuae mis
¢dopmupoBanus HavansHOH cell attached koHGUrypaumu HCIONB3yeTCs MHICTKA, 3alOJHEHHAs
BEI[ECTBOM, CIIOCOOHBIM (hOPMHUPOBATH MEMOpaHHBIC MOPHI (HAallpUMep aHTHOMOTUK HUCTaThH). [lo
MIPOLIECTBUN HEKOTOPOTO BPEMEHH B HM30JMPOBAHHOM C MOMOIINBIO DJIEKTPOJa YJacTKe MeMOpaHb
00pa3yloTcs MPOHULAEMBIC UL SJIEKTPOJIMTOB MOPBI, TO3BOJIAIOLINE PErUCTPUPOBATH HOHHBIC TOKH B
KOHQUTYpaIMH «IeT1asi KIETKax».

BHYTpPUKNETOYHaA MUKPOINEKTPOAHAA perucTpauus

Jlo pa3paboOTKHM IITY-KJIAMII METOJa CBOWCTBA HOHHBIX KAaHAJIOB B KIETOYHBIX MeMOpaHax
HCCIIEIOBAIUCh B AKCHEPUMEHTAX, B KOTOPHIX AT HM3MEPEHUs] MEMOPAaHHOrO MOTEHIHANa HIH
MEMOPAHHOTO TOKa HCIOJIb30BANIUCh CTEKIAHHBIE MHKPO3JIEKTpoAsl. Mcmonb3oBanue JIuHrom u
JxepapaoM " B 1949 Toxy CTEKIAHHBIX MHKPOIIEKTPOIOB I BHYTPHUKICTOUHOH PErHCTPAIIHH
HOHHBIX TOKOB B )KMBBIX KJIETKax ObLIO HE MEHEE Ba)KHbIM COOBITHEM, YeM BBEIEHHE M3TY-KIaMII
MeToJa TPH JECATWICTUS CIyCTS. OJTOT MeTOoXA oOecredrBajl TOYHOE HM3MEPEHHE MEeMOpaHHOTO
MIOTEHIIMAJIA TIOKOS KJIETKH, MOTEeHIMala ISHCTBHUS, a TakoKe OTBETOB Ha CHHANTHYECKYIO AKTHBAILIUIO
MBIILIEYHBIX BOJIOKOH U HEUPOHOB (IJ1aBa 1).

Meton BHYTPUKIETOYHOH perucTpanuu IpOWLIOCTpUpoBaH Ha puc. 2.5A. OcTpas CTEKISIHHAs
MHUKPOIMIIETKA, JHaMeTp KOHYMKAa KOoTopoil He mpeBbimaer 0,5 MKM, 3arnojHEHHas
KOHLICHTPUPOBAHHBIM COJIEBBIM pacTBopoM (Hampumep, 3 M KCl1), cayXuT >7IeKTpoaoM U
MPUCOEIMHIETCS K BOJBTMETPY MJs 3alUCH TMOTeHIHana. MOMEHT MpoKasbIBaHHUs IHUIETKOM
KJIETOYHON MeMOpaHbI, MPUBOASAIINHI K TPOHUKHOBEHHUIO €€ B KIETOUHYIO IIUTOIIA3MY, POSIBIISIETCS
MTHOBEHHBIM ITOSIBJIEHHEM ITOTEHIMAIa, COOTBETCTBYIONIET0 MEMOpPaHHOMY MOTEHIMATY HoKos. [1pu
yIaYHOM IIPOHMKHOBEHHH B KJIETKy MeMOpaHa OOXBAaTHIBACT BHEIIHIOI IIOBEPXHOCTH ITHIIETKH,
Onaromapst 4eMy IUTOILIa3Ma OCTaeTCs H30JIMPOBAHHON OT BHEKIIETOUHOH XKHUIKOCTH.

BHYTpVIKneTO‘-IHaﬂ perncrpayusa wyma MOHHbIX KaHanoB

B nawane 1970-X ronoB, HUcCHOIb3ys HEPBHO-MBIIECUHBIM cuHanc jarymkd, Katn u Munenu
OPEINPHUHSAIM  OpUTHMHAIBHBIC  OKCIIEPUMEHTBI, B  KOTOPBIX ~ METOJ  BHYTPHUKIECTOYHOH
MHUKpPO?JIEKTPOAHOM PpErucTpalliy HUCHOJB30BalCAd I M3Y4YEHHUs XapaKTEPUCTUK «IIyMOB»,
MIPOAYLHUPYEMBIX MEIHATOPOM areTiikoiuHoM (AX). B takom cunarnce AX, 0cBOOOKAAIOMINICS 13
MOTOPHOTO ~ HEPBHOTO  OKOHYAHHsA,  OTKPHIBAET  XEMOBO3OYIMMBIE  HMOHHBIE  KaHAJbI
MOCTCHHANTHYECKOH MeMOpaHbl. BX0oa KaTHOHOB B BOJIOKHO 4Y€pe3 OTKPHITHIC HOHHBIE KaHAJIbI
BBI3BIBACT Jemnossspu3aruio MemOpansl (rinasa 9). Korna Kari 1 Munenu 10kaipHO anuiiIUApOBAIIH
9K30reHHbIi AX Ha o00nacTb CHHANCAa, OHM OOHAPYXKWIM, 4YTO BBI3BAHHAS JCTIONAPU3ALMSL
COIPOBOKAANIACH DJIEKTPUYECKUM «IIyMOM». BoO Bpemst cTaOMIBHOH Jemoiisipu3anin ObICTpBIE
KoJieOaHus MOTeHIHaa ObUIN Topasfo Goibiie KoyeGaHuil N30IMHUN B ToKoe. OHU IPE/IIONI0KIIH,
9TO BO3pacTaHHUe dIEKTPUUCCKOrO IIyMa B MPUCYTCTBUU AX OBUIO CBA3aHO C XaOTUYHBIM OTKPHITHEM
U 3aKpBITHEM AX-aKTUBHPYEMBIX HOHHBIX KaHAIOB. MHBIMHU clioBamMy, amumkanus AX mpUBoAWIa K
OTKPBITHIO OOJIBLIOrO YKCJIa HOHHBIX KAaHAJIOB, U YHCIIO 3TO CIIy4aifHO KOJIeOanoCh B 3aBUCHMOCTH OT
yucia B3auMoaeiicteuilt AX ¢ perentopamu.

Hcnone3ys u3BecTHyI0 M3 (U3MKH TEXHHKY aHanmu3a Imyma, Katm u Mwuieau cMoriu noay4uTh
MHPOPMAIIHIO O CPEAHECTATHCTHYECKOM IMOBEACHUM OTAEIBHOTO HOHHOTO KaHaja, aKTUBHPYEMOTO
AX. Tlo3nHee mMoJOOHBIE KCIIEPUMEHTHI OBLIH IPOBEICHBI HA TOM ke 00bekTe Anderson u Stevens
9. B ormmane oT MPEIIECTBEHHUKOB, 3TH HUCCIIEIOBATEIN U3MEPSUIM MEMOPAaHHbBIN TOK, BHI3BAHHBIN
AX, 4TO MO3BOJIUJIO YCTAHOBUTDH BEJIMUUHY U MPOAODKUTEIILHOCTh HOHHBIX TOKOB U€pe3 OJUHOYHBIN
kaHai (puc. 2.5B).

IMpuHIUne! aHanmu3a IIymMa JOCTATOYHO TMPOCTBI: BO-TIEPBBIX, €CIM TOKM OJMHOYHOTO KaHala
SBJIAIOTCS OOJNBIIMMY, CyMMapHbIii LIyM Takxke OyzneT OoiblIMM. BoO-BTOPBIX, MOHHBIC KaHAJbI,
OTKPBIBAIOIMECS] HA OTHOCHTEIBHO MANUTENbHOE BpeMs, OyIyT MPOAYLHHPOBaTH HU3KOYACTOTHBIH
IIyM; HAo0OpOT, KaHaubl, OTKPHIBAIOIIMECS Ha KOPOTKOE BpeMs, OyayT HpOAYLHpPOBAaTh
BBICOKOYACTOTHBII IIyM. MccienoBaHne aMIUTUTY JTHO-BPEMEHHBIX XapaKTEePUCTHK IIyMOB, aK-
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(A Wiceock el rode Preamplifier Puc. 2.5. BHyTpukneTOuHOE  OTBedeHue
BMEeKTPUYECKOTO  «lIyMa»,  MPOU3BOAMMOrO
(OYHKUMOHMPOBAHNEM MOHHBIX KaHanoB. (A)
Cxema YCTaHOBKM ans peructpauuu
MembpaHHoro noreHumana. (B)
BHyTpukneToyHaa  perictpauma  addekta
aueTtunxonuHa. (C) Mpv Gomnbluem ycuneHun
BUIEH aLeTUNXONMUHOBBIV «LLyM».

Fig. 2.5. Intracel ular Fecording of Channel
[i:1] » Noise. (A) Arrangenent for recording

Res membrane potentials of muscle fibers with a
microelectrode. The elect-ode is connected to a
g 100 preamplifier, and the signals are displayed on

ACh an oscilloscope or computer  screen.
Penetration of the elecirode into a fiber is
[ i | ] L ] i marked by the sudder appearance of the
] a1 0.2 03 o4 05 06 resting potential (downward deflection on the
screen). After penetratior, changes in potential
due to channel activation can be measured. (B)
Intracellular  records of the effect of
acetylcholine  (ACh). In this experiment
i Rest additional circuitry was used to record

PRI g st e e, membrane current (ratier than membrane
potential). At rest (upper trace), there is no
current across the menibrane; application of
ACh produces about 13( nA of inward current

(lower trace). (C) Traces in B shown at greater
amplification. The beseline shows little
fluctuation at rest; the imvard current produced

- by ACh shows relatively large fluctuations
" H L “ 0.6 ("noise"), due to random >pening and closing of
Time (s} ACh-activated channels. Analysis of the

increased noise yields ‘alues for the single-
channel current and the 1nean open time of the
channels. (B and C after Anderson and
Stevens, 1973.)

TUBHPOBAaHHBIX AX B HEPBHO-MBIIIEYHOM CHHAIICE, TIOKAa3ajl0, YTO 4Yepe3 OJUHOYHBIN
OTKPBITBIA HMOHHBIA KaHall NpoXoauT okojo 10 MWIIMOHOB MOHOB B cekyHay. Kpome Toro,
BBISICHUJIOCH, YTO 3HAYEHUE CPEIHET0 OTKPHITOTO BPEMEHH (7) MOHHOT'O KaHaja COCTaBIsieT OT 1
110 2 Mc.

HecmoTpss Ha 1mmpokoe BBITECHEHHME IITY-KIAMI METOJOM, aHalu3 ILIymMa 10 CHX IOp
WCTIONB3YeTCsl Ul HW3Y4YeHUs] HMOHHBIX KaHAJIOB B KIETKAaX, KOTOpble HE IOIIAI0TCs
HCCIIEAOBAHUIO C TOMOIIBIO IITY-KIAMIA, HApHUMeEp, B HEKOTOPHIX OOIACTAX LEHTPaNbHOM
HEPBHOH cucTeMsl *. KpoMe TOro, aHaaus mIyMa SIBISETCS CPABHHUTEIHHO OBICTPEIM METOIOM
JUISL TIONMyYeHUs] MHPOpMAalUK O CBOMCTBaxX OONBIION MONMYJIALMK KaHAJIOB M HCIIOIB3YeTCS B
KOMOMHALMM C N3TY-KJIAMIT pPErucTpanyeil OT LEeJIO0H KIeTKH I HWACHTHU(PHUKALUH THIIOB
kaHayioB. Tem He MeHee, HaJ0 MOHMMATh, YTO C IOMOIIBI0 aHAJIW3a LIyMa HEBO3MOXKHO
MOJIY4UTh AETAIbHYI0 HH(OpMAIHMIO O OBEACHUH OAMHOYHOTO KaHajla, OCOOCHHO B KaHaIax co
CJI0’)KHOW KMHETUKOW MIIM NPU HAJIMYUK HECKOJIBKUX YPOBHEH ITPOBOMMOCTH KaHajIa.

MpoBoauMMocCTb KaHanos

Kunernueckoe nopefeHHE KaHala, TO €CTb BPEMs €0 HAXO0XJEHUS B 3aKPBITOM U OTKPBITOM
COCTOSHHMSX, MOXKET IPeIOCTaBUTh HHOOPMAILIMIO O MEXaHU3MAaX OTKPBITHS M 3aKPBITHS KaHANA,
a TaKkKe O KOHCTaHTaX cKopocTed 3Tux mpoueccoB. C Apyroil CTOpOHBI, BEIUYUHA TOKA,
TPOXOJSIIEr0 Yepe3 HOHHBIA KaHal, SBISETCA MPSMBIM OTPaKEHHEM TOTO, Kak OBICTPO
IPOHUKAIOLINE HMOHbl JBIXKYTCS 4epe3 KaHal. TOK MOHOB 3aBUCUT HE TOJIbKO OT CBOMCTB
KaHaJla, HO TaKXKe OT TPaHCMEMOpaHHOTO TOTeHIHana. [Ipumep Takoro poja MokazaH Ha PHC.
2.6. Ha sToM pucynke nzo0pakeH ¢pparMeHT MeMOpaHbl, KOTOPBLI COAEPKUT OJUH CIOHTAHHO
aKTUBHBIM MOHHBIM KaHaJ, NMPOHHULAEMbIH I Kanusd. PacTBopbl, Kak B IUMETKE, Tak U B
BaHHOYKE U1l O0BEKTa, cojJep:kaT OAUHAKOBYIO (150 MMOJb) KOHLEHTpALUIO MOHOB Kalus.
Honbl kammst depe3 OTKPHITBI KaHAl MOTYT JBHTaThCsl B 00omx HampapieHHsX. OmHako
[OCKOJbKY  KOHLEHTpPAalMd HOHOB 1O 00€ CTOpOHbl MeMOpaHbl MICHTUYHBI, 4
TpaHCMeMOpaHHbIN MOTEHINAT OTCYTCTBYET, TO HET HUKAKOTO ABMKCHHS HOHOB HU B OJHOM
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Puc. 2.6. BnusHu:: noteHumana Ha TOkK
yepe3 OAMHOYHbIA  KarnveBbl  kaHan
B CMMETPVYHOM [:aCTBOPE MOHOB Kanwusi !

+20 my

no obe cTopoHbl NembpaHbl. (A) Cxema mg I Ou
yctaHoBku. (B-D) [lpumepbl TokoB Yepes " I | l i i | ! l "
O[IMHOYHbIE NOHHbI2 KaHarnbl NPy pasHbiX -

YPOBHSIX MeM06paH 1oro noteHuuana. (E) 3
Tok Yyepes kanuest I KaHan Kak yHKUuA
MeMBpaHHOro NoTe HUMana.

Fig. 2.6. Effect of Potential on Currents
through a single, spontaneously active
potassium channel in an outside-out L i
patch, with 150 niM potassium in both

the electrode and the bathing solution.
(A) The recording system. The output

from the patch clamp amplifier is
proportional to th2 current across the 0 7]
patch. The potential across the patch is| =

equal to the potential (VC) applied to the
input of the amplif er as shown. Positive
charge flowing ott of the electrode is
defined as positive current. (B) When no .

potential is applicd to the patch, no (E) ar
channel currents a‘e seen because there
is no net flux of potassium through the
channels. (C) Apgplication of +20 mV to| =
the electrode results in an outward ; F
current (upward d3flections) of about 2
pA through the channels. (D) A -20 mV

potential results in inward channel| ™ g

= Out =M mV

currents (downwaid deflections) of the
same amplitude ¢s in C. (E) Channel
currents as a function of applied voltage.
The slope of the line is the channel

conductance (7). Ir this case, 7 = 110 pS| = 2
(picosiemens).
- al
Wt 5
Wl = Patch potentlal {mV)
£ & § R ey 1 -

u3 HanpasieHuil. [IosToMy Ha faHHOM puc. 2.6B Noka3zaHO OTCYTCTBUE MEMOPaHHOTO TOKA.

[T>Ty-Knamn MeTo UMeeT JOCTOMHCTBO, KOTOPOE eIlle He ObIIO YIIOMSHYTO: MBI MOJKEM MEHSTh
MOTEHIIMAJ Ha PErHCTPUPYIOLIEH MUIIETKE U BapbUPOBaTh, TAKMM 00pa3oM, TpaHCMEMOpPaHHYIO
pasHocTh moteHiuanoB. Hanpumep, npu memOpanHoM noreHnuane +20 MB Kax10e OTKpBITHE
KaJIMEeBOro MOHHOT'O KaHaJla COIPOBOXKJAETCS TOKOM, HalpaBlIeHHbIM Hapyxy (puc. 2.6C). Oto
CBSI3aHO C TE€M, YTO IIOJIOXKMTENHHO 3apsDKEHHBIC HMOHBI KajMs IIBHTAIOTCS 4epe3 KaHall IIo
NIEKTPUYECKOMY TPAJUEHTY MEXAy pacTBOPOM B IUIETKE U B BaHHOYKe. C Ipyroil CTOpOHSHI,
KOT'/Ia BHYTPH MTUIETKH CO3JaH OTPHULATENbHBIN MOTEHIHAN BeInInHOU B -20 MB
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(puc. 2.6D), Tok HanpaBlieH B 00paTHOM HaIpaBJICHUH (YEPE3 OTKPBITHIH KaHAIl B ITUIIETKY).
3aBHCUMOCTh TOKa OT BEJIMYMHBI MMOTEHIMANA HA MeMOpaHe mpejcTaBicHa Ha puc. 2.6E. Ora
3aBUCUMOCTb SIBJIETCS JIMHEHHOH: Tok ([), Hpoxonisaiuil depe3 KaHall, NPONOPLUOHANIEH

norernmany (V): I =7V,

Orto Gopmyna npeacrasisier codoii npeodpazoBanHbIi 3akoH OMa (npuitokenue A). Koncranra
7 Ha3pIBaeTCS MPOBOJAMMOCTBHIO KaHaJja. IIpy ogHOM M TOM Xe MOTEHIHMale Ha MeMOpaHe
KaHaJl ¢ BBICOKOM MPOBOJUMOCTBIO IEPEHOCUT MHOI'O TOKa, KaHaJl ¢ HU3KOH IPOBOJAUMOCTBIO
IIPOBOJUT MAJIbIH TOK.

IMpoBomumocTs u3Mepsiercst B cumencax (Cm). B HelipoHax TpaHCMeMOpaHHBIA MOTEHIIHAI
00BIYHO BhIpakaercss B MuumBojibTax (1 MB = 107 B), TOKM OJMHOYHBIX HOHHBIX KaHAJIOB B
nukoammnepax ( 1 mA = 107" A), mpoBoanMOCTh B mukocumencax (1 nCm = 10" Cwm). Ha puc.
2.6 moreHuuan +20 MB mpomynupoBal TOK 0Kono 2,2 DA, COOTBETCTBEHHO IPOBOJUMOCTD
kanauna (y = I/V) cocraBuna 2,2 nA/20 MmB = 110 nCwm.

npOBOAMMOCTb n NPpoHNUaemMoCTb

[IpoBOIMMOCTh MOHHOTO KaHaJIa Y 3aBUCUT OT JIByX (DaKTOPOB: BO-IIEPBBIX, OT TOW JIETKOCTH, C
KOTOPOM MOHBI MPOXOIAT Yepe3 OTKPHITHII KaHall. DTO BHYTPEHHEE CBONHCTBO KaHalla U3BECTHO
Kak MPOHMLAeMOCTh KaHaJa. Bo-BTOPBIX, IPOBOIMMOCT 3aBHCUT OT KOHIICHTPAlUH HOHOB
OKOJIO YCThEB KaHasa. SICHO, YTO €CIIM MOHBI KaJlusl OTCYTCTBYIOT KaK BHYTPH, TaK U CHAPYKHU
KJIETKH, TO He MOXET OBITh U TOKa. [IpH 3TOM CTAaHOBHTCSI HE Ba)KHO, KAKOBA IPOHHUIIAEMOCTD
KaHaJla WM HAaCKOJIbKO BEIMK MeMOpaHHBIM moTeHnuan. Eciu mpucyTcTByeT BCEro HECKOJIBKO
WOHOB Kajus, TO, NPH OJHOH M TOH >K€ BEeIMYMHE NPOHHLIAEMOCTH H CTAaHAAPTHOM
TpaHcMeMOpaHHOM IOTEHIMaje, TOK Yepe3 MOHHBIN KaHall OyZeT ropasio MEHbIIE, YeM IpU
N30BITOYHOM KOHIIEHTPALMH HOHOB Kalus. DTH B3aMMOOTHOIIEHUS MOTYT OBITh IPE/ICTABICHEI
ClIeyIOIUM 00pa3oM:

OTKpPHBITHIN KaHaTT —> MPOHUIIAEMOCTh

[IpoHunaeMocTh + HOHBI —> NIPOBOJIUMOCTb.

PaBHOBeCHbLIN NoTeHLMan

B yxe paccCMOTpeHHBIX NpHMepax HOHHOTO TOKa KOHLEHTPAlMHd HOHOB Kaius OBUIH
OJINHAKOBBIMU IO 00€ cTOPOHBI MeMOpaHbl. UTO MpoU30MIeT, eciiu Mbl cAeIaeM KOHLEHTPpAaIuu
9TOT0 HMOHA B NHIETKE M B BaHHOUKE pasnuuHbIMH? IIpencraBuM, YTO IOCHE MOIYYSHUS
KoH(uUrypauu outside-out, Kak 3T0 IOKa3aHO Ha pHc. 2.7 A, KOHLIEHTpalUUs Kalus B BAHHOYKE
cocTaBiseT 3 MMOJb (MOJOOHO HOPMAJILHOW BHEKJICTOYHOW KOHIEHTPAIMH STOTO HMOHA), a
BHYTPHU BJIEKTPOJa 3Ta KOHUEHTpanus paBHsieTcs 90 MMOib (IOJOOHO LUTOILIA3MAaTHYECKON
KOHLeHTpanmy). Ecnu kanueBblid kaHanm B MeMmOpaHe OymeT OTKPBHIT, TO MOHBI KalWs HAYHYT
JIBUTATbCS M3 IHIIETKH B BaHHOYKY. Takoil TOK OyAeT NMPOMCXOAMThH JaKe NPU OTCYTCTBHHU
MoTeHIWana Ha nunetke (puc. 2.7B), Tak Kak IBWXKYIIEW CHIION JUISI MOHOB KalHs SIBISIETCS
rpajiveHT KoHUeHTpauuid. Ecmum e Mbl 3apsguM IHIETKY IOJIOXKHUTENIbHO, TPagUeHT
MoTeHIMana Ha MemOpaHe Oyner emie Ooyiee YBEJIMYMBATH JIBUKCHUE IIOJIOKUTEIHHO
3apsDKEHHBIX MOHOB Kallsi Hapyxy (K MuHYcy). B pesynbrare TOK MOHOB uepe3 KalueBble
kaHayel Oyzaer Bo3pactath (puc. 2.7 C). I Hao00poOT, eciny NpuAaTh MHUIETKE OTPUIATEIbHBIN
3apsij, JBH)KEHHE HOHOB KajMs M3 JJIEKTpOAa HapyXKy depe3 MeMOpaHy 3aMeJUIuTCs |
KaHAJIBHBIN TOK yMeHbIIuTCs (puc. 2.7 D). BaxkHO OTMETHTB, 4TO HPHU JAOCTATOYHO OOJBIIOM
OTPHUILIATEIIFHOM 3apsi/ie MOHBI KaJIus HAYHYT JBWDKEHHE 6HYmMpb, TO €CTh IPOTHUB IpaJlMeHTa
koHueHTpaiuu (puc. 2.7E). 3aBUCHMOCTh MOHHOTO TOKa OT HAIPSDKEHUsT Ha MeMOpaHe JIst TOH
SKCHEPUMEHTAIILHOI Molenu noka3ana Ha puc. 2.7 F.

Puc. 2.7 F namoctpupyeT, 4TO TOK MOHOB Kajisl 4epe3 KaHaj 3aBUCUT OT JJIEKTPUYECKOTO
MOTEeHIMana MeMOpaHbl ¥ TPpafreHTa KOHIEeHTpauuu kanus. CodeTaHue 3THX IBYX (DAKTOPOB
¢dopMUpyeT 3JIEKTPOXMMHYECKMii TIpagMeHT s Kanus. B oTimume oOT HavaiabHOTO
pe3yabTaTa, MONTYyYeHHOTO NMPH OJMHAKOBBIX KOHIEHTPALMAX HOHOB KajMs MO 00e CTOPOHBI
MeMOpanbl (puc. 2.6), B JaHHOM IpuUMepe HOHHBIM TOK PaBeH HYIIO IpU IMOTEHLUale Ha
nunetke -85 MB. Ilpu 3ToM nmoTeHnane crpemiieHue HOHOB KaJiksl BRINTH Yepe3 KaHall HapyKy
[0 TPaJUeHTY KOHIEHTPAlMi [IOJIHOCTHIO YPAaBHOBELIEHO TPAaHCMEMOpPAHHOH pa3HULEH
JIEKTPUYECKOTO IOTEHIHANA, KOTOpas HANpaBiseT IBWKEHHE HOHOB B IPOTHUBOIOJIOKHOM
HarpaBJIeHUd. DTOT TpaHCMEMOpPaHHBII MOTEHIMal Ha3bIBAETCS KAJIHMEBBIM PaBHOBECHbBIM
noTeHUa oM (Ey) PaBHOBECHBIH MOTEHIMAN 3aBUCHT TOJILKO OT KOHIIEHTPAIIMH HOHOB IO 00¢
CTOPOHBI MeMOpaHbl, HO HE OT CBOMCTB MOHHOIO KaHaja WJIM MEXaHU3Ma MPOHUKHOBEHHUS
MOHOB Yepe3 KaHall.
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Puc. 2.7. ToTeHuuan peBepcun  Ans _’—I——LII:I. Closed

KanneeBoro Toka B acuv METPUYHOM pacTBoOpe j“[

kanua. OcTtanbHble 0603HAYEHUs Takue Xe,
Kak Ha puc. 2.6.

Fig. 2.7. Reversal Potential For Potassium

Currents in a hypothetic:il experiment using an| - Clossd
outside-out patch with the concentration of i'!l.-l_ﬂﬂm'-' — e h = = == Open
potassium in the resording pipette ("in-

tracellular" concentration) 90 mM and in the Time

bathing solution ("extracellular" concentration)
3 mW. (A) Recording arrangement as in
Figure 2.6. (B) With no yotential applied to the
pipette, the flux of potassium from the| {F)
electrode to the bath clong its concentration
gradient produces outward channel currents.
(C) When a potential ol +20 mV is applied to
the pipette, outward currents increase in
amplitude. (D) Applicaton of -50 mV to the
pipette reduces outwarc currents. (E) At -100
mV, currents are reversed. (F) The current-
voltage relation indicates zero current at —85
mV, which is the fpotassium equilibrium
potential (EK).

YpaBHeHue HepHcTa

Kakoli uMeHHO mNOTeHIMan HEoOXOAMM IJIsi TOro, YTOOBI YpaBHOBECUTH 3((EKT pealbHON
pasHuIBI KOHIEHTpauud woHOB Kammst? Ilpemnmonmoxxenme o Tom, dro FE, mpocto
IPONOPLMOHANIEH pa3Hule Mexay BHyTpukierouHod [K]; u Brmemmell [K], xoHumeHTpanueil
HMOHOB KaJlusi, HE COBCEM BepHO. To4YHee, paBHOBECHBIH MOTEHIIMAI 3aBUCUT OT Pa3HUILIbI MEXY
J02apu@mamy KOHUEHTpaLUi:

E, = kin[K], - In[K],).

Koncranta k ompepensercs u3 ¢opmynst RT/(zF), rne R — raszopas nocrosHHas, I —
a0coJIIOTHAs TeMmIeparypa, Z — BAJICHTHOCTh MOHA (B JaHHOM ciydae +1 ) u F — 4mcio
®Dapanes

(4UCIIO KYJIOHOB DJIEKTPUYECTBa B | MOJISIpHOM pacTBope HoHa). Takum oOpaszom,
RT
Eyx = 5 (K], - In[K]),

YTO MOXXHO INPEACTABUTH KaK:

RT K],
E': = E 5 I“ ﬁi.

OTO ypaBHEHUE Ha3blBaeTcs ypaBHeHuUeM HepHcra 11 MOHOB Kanusl. AHAJOIMYHO, MOXHO
MoCTpouTh ypaBHeHne HepHcrta w g npyrux ocHOBHBIX HOHOB. OtHomenue RT/(zF)
u3MepsieTcs B BOIbTAaX U paBHO mpumepHo 25 MB mpu temneparype 20° C. Muorga 6onee
ynoOHO Tonb3oBathes aecsatudHbiM (log), a He HarypanbHbiM sorapupmom (In). Torma
3HaUEHUE
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RT/(zF) nomxHo ObITb yMHOeHO Ha In 10, unu 2,31, uto nact B pe3ynbrare 58 MB. To ects:

K K

Kl _ 58 10g LKle.

] K ]1 I.K ]i

ITpu Temneparype Tena miuekonuraromux (37° C) emecro 58 MB cnenyer ucnons3zosats 61 MB.
Jl1st xnmeTku, mokazaHHoW Ha puc. 2.7, 3HaueHue £?, = —85 MB cooTBeTcTBYeT OTHOIIECHHIO
koHueHTpanuii 1/30.

= 251n

Heobxomumo otMeTuTs, uTo nuddy3us HoHA 1O TpaJueHTy KOHIEHTPALMN HE CTPOTO 3aBUCUT
OT ero KOHIeHTpaluu. Bo Bcex pacTBopax, KpoMe OueHb CIaObIX, MOHBI B3aHMOJEHCTBYIOT
JIpyT C JIPYroM, YTO HPOSBISAETCA B AICKTPOCTATUUECKOM MPUTSHKEHUU WM OTTaJIKUBAaHUU
3apsDKEHHBIX YacTHLl. Pe3ylbTaToM TakuX B3aWMOJCHCTBHI SBIAETCS CHIDKEHHE >(PQeKTHBHON
KOHLEHTPAIU MOHOB. D deKTHBHAsT KOHIEHTPAIMS HOHA HA3bIBAETCS] aKTUBHOCTHIO. [IoaTOMY
0oJsiee TOYHBIM TEOPETHUYECKMM HapaMeTpoM Uil ypaBHeHHs HepHcTa sSBIsS€TCS COOTHOIICHHUE
aKTUBHOCTEH, a HE COOTHOUIEHHWE KOHUeHTparuid. OJHAKO IOCKOJBKY CyMMapHbIe
KOHLICHTPAIlU! HMOHOB BHYTPU M BHE KIETKH OJM3KU (T7aBa 5), COOTHOLIEHHE AaKTUBHOCTH
HOHOB He OyJIeT CYIIECTBEHHO OTJIMYATHCS OT COOTHOIIEHHUS KOHLIEHTPALUH.

OBuxywas cuna

Puc. 2.7F wuttocTpupyeT BaXKHbIM MOMEHT JUIS POXOXKJICHUS TOKa Yepe3 MOHHbIE KaHalbl: 0e3
MIPWIOKEHHS MTOTEHIMANa TOK COCTABISET OKOJIO 4 pA, TOTIa Kak ¢ IOTEHIMAIOM Ha IHIIETKE -
85 MB noHHbIH TOK paBeH Hyito. Cien0BaTeNIbHO, HOHHBIN TOK OINpeesseTcs He aOCOMOTHBIM
3HaUYeHHeM MeMOpaHHOro nmoreHnmana (V,,), a pasHULEH Mex1y MeMOpaHHBIM MOTCHIHATIOM U
PaBHOBECHBIM MOTEHLUAJIOM JUIs JAHHOTO MOHA, B JaHHOM cCiy4ae il MoHa Kamus (E,). Ota
pasuuna V,, — E, sBisercs OBIKYIIEH CHIION A MPOXOXACHUS MOHOB 4yepe3 KaHal. BHOBB
obparumcst k puc. 2.7F: mpu MeMOpaHHOM MOTEHIHMaje, PAaBHOM HYJIO, ABHXKYILAS CHIA
cocrasisieT +85 MB.

HenuHenHble OTHOLWEHUS «TOK—HanpaxeHue»

BropbiM XapakTepHBIM CBOMCTBOM 3aBHCUMOCTH «TOK—HaIpsbkeHue» Ha puc. 2.7F, B oimune
ot puc. 2.6E, sBnsercs ee HennHelHOCTD. [Ipy caBure oT paBHOBecHOTO NMoTeHMana -85 M B

B CTOPOHY JEHONApU3alMU (TO €CTh K HYII0) TOK MEHsEeTCs 0ojee ObICTPO, UeM IIPU MEPEXOJIE B
CTOPOHY TMIIEPIOJIAPU3ALMU. DTO IPOUCXOAUT U3-3a TOTO, YTO IMPOBOAUMOCTh KaHaja SBISAETCS
¢yHKIMEH KOHIEHTpalMd HOHa. B HamieM mnpuMepe KOHLEHTpauus WOHOB Kajus BHYTPH
IIUIETKN TOpa3/io Bbllle KOHLEHTPALMU 3TOr0 MOHA BO BHEIIHEM pacTBOpe. DTO NPUBOIUT K
TOMY, YTO TOKOM, UAYLIUM HapYXy, IEPEHOCUTCS OOJbIIE UOHOB, YEM TOKOM, HAIIPABJICHHBIM
BHYTpb. [lo Mepe ciaBura oT paBHOBECHOTO IOTEHIMAla B CTOPOHY JEMOJIAPU3ALUM, ITOT
3¢ deKkT craHoBUTCA Bce Ooee 3aMeTHbIM. [109TOMy 3aBUCUMOCTh «TOK—HAINPSKEHUE» UMEET
HaNpaBlIeHHBI BBEPX HM3THO, HECMOTPS Ha TO, YTO NPOHHIAEMOCTh ITOTO THIA KaHaja
IPaKTUYECKU HE 3aBUCUT OT NOTEHLUANA.

HenuueiiHble OTHOLICHHS «TOK—HAMPSDKCHHUE» HAOIIONAIOTCS TakKe B HOHHBIX KaHalax,
001a1alolKUX BIIPIMIIOIUMY CBOMCTBaMHU. B Takux KaHangax HNPOHULAEMOCTb 3aBUCHUT OT
MOTEHIHana, IO3TOMY TIpUM OMNPEJETeHHOM TOTEHNMade WOHBl OBUTAIOTCA B  OJHOM
HaMpaBIeHUU TIoOpa3fo Jjerde, 4eM B oOparHOM. OJHUM U3 TakUX IPUMEPOB SBILIETCS
MOTEHINAI3aBUCUMBIA KaIMEeBBI KaHAJl, HAa3bIBAEMBIH KaHATOM BHYTPEHHETO BBHIIIPSMIICHUS
(inward rectifier). Takoll TUn KaHalla MO3BOJIAET MOHAM KajMs ABUTAThCS BHYTPb KIETKU IPU
HoTeHNHane, Oojiee HETaTWBHOM, 4YEM DAaBHOBECHBIM KalWeBbIH moTeHrman. OpHAKo IIpH
HNOTEHIMANAX, MEHEe HEraTUBHBIX 110 OTHOLIEHHMIO K PaBHOBECHOMY KaJUEBOMY IIOTEHLHUAILY,
BBIXOJIAIINH TOK WM OY€Hb MaJl, MM MIOJTHOCTHIO OTCYTCTBYET.

npOHI/ILI,aeMOCTb MOHHbLIX KaHanoB

Kakum sxe 00pa3oM HOHBI IPOXOAAT depe3 KaHanubl? OIHUM M3 BO3MOXKHBIX MEXaHH3MOB
sersiercst Auys3us yepe3 BOIHYIO Cpeay, 3anoiHsoNyo nopy. Ipeacrasnenue o quddysun
JIexalo B OCHOBE DAaHHUX TUIOTE3 O Ipoliecce MOHHOH nponunaemoctd. OpHAaKo ULt
60mBIIMHCTBA KaHAJIOB MpocTas AU(GdY3Hs ONMUCHBACT HOHHYIO IIPOHHUI[AEMOCTh HEIOCTaTOYHO
aJIleKBaTHO. [ J1aBHAsl IPUYMHA B TOM, YTO IIPOHHUKAIONINE HOHEI BCTYHAIOT BO B3aHMOJCHCTBHE C
GenkamMu MOHHOTO KaHama. Tak, B pacTBope, Omarofaps HAIHYHIO 3apsia, HOHBI BCET/a
HOKPBITBl TUApaTHOM obOosoukod (puc. 2.1). B ciydae KaTUOHOB MOJIEKYNIBl BOJBI
OPHEHTHPOBAHBI TAKAM 00pa30M, 4TO OTPHIATENHHO 3apsKEHHBIN KUCIOPOT
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oOpalleH B CTOpOHY HOHAa. ECIM TOpa HMOHHOTO KaHajla JOCTATOYHO Y3Kas, HEOOXOIHMO
HEKOTOPOE KOJIMYECTBO SHEPTUH, YTOOB!I OCBOOOANUTH HOH OT ACCOLMHUPOBAHHBIX MOJIEKYJ BOMBI
W TO3BOJIMTh €My MPOHHKHYTh 4Yepe3 3TOT ydacTok (riaBa 3). B kaHame MOH MOXET OBITH
00BEKTOM TPUTSHKEHHS WM OTTAJKHBAHMS DICKTPOCTATHYECKHMH 3apsiiaMd CTCHKH KaHala.
B3anmoneiicTBre MOHA C KOMIZIEMEHTapHBIMU LIEHTPaMH HOHHOTO KaHalla MOXKET IPHUBOIUTE K
TOMY, YTO MpPOLECC MPOHUKHOBEHUsI OYAET MPEACTABIATh COOOM CBOCOOPA3HBIA «IEPECKOK»
HOHA C OAHOTO IIEHTpa CBS3bIBaHMA Ha Apyrod. Takwe B3aMMOAEWCTBHS MOHA CO CTEHKOM
KaHaja MOTYT BJMATH KaK HAa MOHHYIO U30UpaTeNbHOCTh, TAK M HA CKOPOCTH IMOTOKA MOHOB.
Mopenu, ONHMCHIBAIOIINE HOHHYIO IIPOHUIIAEMOCTh II0 OJTOMY MEXaHHM3MY, Ha3BIBAIOTCS
Mozemsivi Difpuira °). B IienoM, Takke MOJEIHM ONHCHIBAIOT HOHHYIO H30HPATENbHOCTH M
MIPOBOIUMOCTB TOpa3o OoJiee aJeKBaTHO, YeM MOJEIH TpocToit auddy3uu.

3HaYeHue MOHHbIX KaHanoB

OYHKIIMOHUPOBAHUE MOHHBIX KaHAJIOB, OMMCAHHBIX B 3TOM IIaBe, JaeT BO3MOXKHOCTH HelipoHam
pearupoBaTh Ha CUTHAJIBI U3 BHELIHEH CpeJbl WK OT APYTUX HEHPOHOB, IepeaBaTh UMITYJIbChI
Ha OONbIIME PACCTOSIHUS K HCIIOJHUTEIBHBIM OpraHaM WIM K ApYyruM HedpoHaM. Takum
00pa3oM, Bcsl CIIOXKHAs CHCTEMa BOCIPHATHS M aHaJIM3a CHTHAJIOB, TaK JK€ Kak reHepanus
JIBUTATEIIbHOM KOMaHbl, OIPE/IENAETCs], B KOHEUHOM CUEeTE, aKTUBHOCTBIO HOHHBIX KaHAJIOB.

BaxxHO moHMMaTh, YTO BCE HMOHHbBIE TOKH, JIEXKAlllie B OCHOBE HEHpPOHAIBHOW CHUTHAIM3AIMU,
00yCIIOBIIEHBI TACCUBHBIM JIBIDKCHHEM HMOHOB Y€pe3 OTKPHITHIE HOHHBIE KaHAIBI 10 TPAJAUCHTY
KOHIIEHTpAllud M B 3aBUCHMOCTH OT 3apsja KiIeToyHOH MemOpanbl. Jlpyrumu ciioBamu,
HEHPOHBI UCMOJIB3YIOT JIEKTPOXMMUYECKUE I'PAJMEHTHI 1JIsl TeHEepaluy NOTOKa MOHOB M, Kak
ciencTBue, s GOPMHUPOBAHUS HIIEKTPUUECKUX CUTHANOB. [loTeHIMaibHO MOHHbBIE TOKH MOTJIN
OBl HapymaTh 3TH IPaJUEHTHI, OJHAKO B JAEHCTBUTENBHOCTH 3TOTO HE IIPOHMCXOIHUT, TAaK Kak
KJIETKH HCIIONB3YIOT DHEPIHI0, 00pazyeMyro B xo1e MeTaboian3Ma, Al HOANCP)KaHUS HOHHOTO
cocraBa uuToIUIa3Mbl. CrienUanu3upoOBaHHbIE MEXaHHM3MBbI, JIeXKallde B OCHOBE aKTUBHOIO
TPaHCIOPTa HOHOB, OIIMCAHBI B Ii1aBe 4.

BbiBOoAbl

OJeKTpUYECKHe CHUIHAJbl B HEPBHOM CHUCTEME TI'€HEPUPYIOTCA [BMKEHHEM HOHOB 4epes3
MeMOpaHy HEpBHOW KJIETKM. OTH HOHHBIE TOKHM IPOTEKAal0T 4Yepe3 BOAHBIE IOpPbI
TpaHCMEMOPAHHBIX OEJIKOB, M3BECTHBIX KaK HOHHBIE KaHAJIBI.

Kananel pasnuuarorcst 1no cBoedl M30MpaTeNbHOCTU: HEKOTOPhIE KATHOHHBIE KaHAJbI
MPOIyCKAIOT ~TOJNBKO  HATpWUM, KauWil  WIM KaJIbLUH, JApyrue SBISIIOTCS  MEHee
n30upare’bHbIMUA. AHHOHHBIE KaHaJbl CPAaBHUTEIBHO HE M30UpATEeNbHBI I MaJIbIX aHHOHOB,
HO OHHM TPOIYCKAlOT B OCHOBHOM HOHBI XJOpa, TaK KaK XJIOp SBISETCS CaMbIM
pacnpocTpaHEeHHBIM aHHOHOM BHEKJIETOYHOM U BHYTPHKIIETOYHOM JKHUIKOCTEH.

- Kanainsl coBepuatoT nepexozbl MeXx /1y OTKPBITBIM U 3aKpPBITBIM COCTOAHUAMHU. Kakplil kanan
MMEeT INpHUCyllee €My BpeMS OTKPBITOro cocTosiHusA. Kornma KaHamel aKTHBHPOBAaHBI,
BEPOATHOCTh MX OTKPBITUS BO3pacTaeT. JleakTuBallMs CHUXKAeT 4acTOTy OTKphITHs. KaHaibl
TaK)Ke MOT'YT ObITh MHAKTUBUPOBAHbBI HJIM OJIOKMPOBAHbI.

- Kanansl Moryt ObITh KJIACCH(UIIMPOBAHBI 110 THITY UX aKTHUBALMH: MEXaHOUYBCTBUTENIBHBIE,
MIOTEHIIMAI-aKTUBUPYEMBIE, JINTaH 1-AKTUBUPYEMBIE.

Wonbl ABHXKYTCA Yepe3 KaHaJbl IACCUBHO B COOTBETCTBUH C I'PAJIMEHTOM KOHLEHTPALUU WU
NIEKTPUYECKUM TPAIUEHTOM Ha MeMOpaHe.

PesynbpTupyromuii NOTOK MOHOB 4epe3 KaHal 10 TPaJUEHTY KOHLEHTpPAlMd MOXET OBITh
CHIDKEH MPOTHUBOIMOJIOKHO HANpaBJIEHHbIM 3JIEKTPUYECKMM TI'PAJUEHTOM. OJEKTPUYECKUM
MOTEHIIMAN, CHIDKAIOMIMK pe3yJIbTHPYIOMIMH MOTOK KAaKOro-IM0O MOHA 110 HyJs, Ha3bIBAeTCS
PaBHOBECHBIM TOTEHIIMAJIOM JIJaHHOTO MOHA. OTHOLIEHHE MEXKAY PaBHOBECHBIM IOTEHLMAIOM U
IpaJiv€HTOM KOHIIEHTpAIUU OIUChIBaeTcs ypaBHeHueM HepHcra.

- JIBwKymas cuia Iyl JBIDKCHUSI HOHOB Yepe3 MeMOpaHy eCTh pa3HHIA MEXIy PaBHOBECHBIM
U MeMOpaHHbIM NOTeHUMaNaMH. VIOHHBI TOK, NpPOTEKAIOUIMKA Yepe3 OJMHOYHBIN KaHall,
3aBUCUT OT ABMJKYIIEH CHIIBI AJISI TAaHHOTO MOHA W NMPOBOAMMOCTH KaHala AJsl 9TOro HoHa. B
CBOIO OYepe/lb, IPOBOAMMOCTh 3aBHCUT OT IPOHUIAEMOCTH JAHHOIO KaHajla M BHEIIHEH u
BHYTPEHHEW KOHIICHTPAI HOHOB.
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I'nasa 3. Cmpykmypa uoHHbIX KAHA108

MonekynsipHasi CTPyKTypa MOHHbIX KaHarnoB MoOXeT ObiTb paclumdpoBaHa U CoOTHeceHa € UX hyHKUMen ¢
MOMOLLbI0 Pa3MNYHBIX 3KCMEPUMEHTamNbHBIX METOAOB. OTU MeToAbl BKIIOYAKOT: G1OXMMMYecKoe BblaeneHve
6enkoB, KMOHMpPOBaHWe, oOnpefeneHne nocneaoBaTeNbHOCTU aMWHOKWCIIOT, TOYeYHble MyTauun Ans
M3MEHEHUs1 aMUHOKWUCINOTHON MocriefoBaTenbHOCTU B OTAEMbHbLIX y4acTkax MOMekynbl 6enka, aKcrpeccuto
MOHHBIX KaHaMoB B 4yXXepOAHbIX KneTkax, Takux, Hanpumep, Kak 0oLWTbI NaryLuek kceHonyc (Xenopus). Kpome
TOro, pm3n4eckoe YCTPOMUCTBO KaHanoB MOXET ObiTb M3y4eHO MOCPeACTBOM 3NEKTPOHHOW MWKPOCKOMUW,
3NEKTPOHHON U PEHTTEHOBCKOM Andpakumm.

Hanbonee WMPOKO KOMOMHaUMA 3TUX IKCMEPUMEHTasbHbIX NOAXOA0B Obina mMcnonb3oBaHa Ans U3yyYeHus
NMraHa-aKTMBUPYEMbIX KaHAMOoB aLeTUIIXONIMHOBOMO peLenTopa. OTOT peLenTop COCTOUT U3 NSATH OTAENbHbIX
cybbeanHuL, cobpaHHbIX KOMbLOM BOKPYr LeHTpa. [IBe n3 Hux — o-cybbeanHuLbl — coaepxat peuenTtopbl
Ons Meguatopa auetunxonuHa. Kaxpas cybbeauHuua uMeeT 4eTbipe TpaHCMeMOpaHHbIX [oMeHa
(obo3Havaembix kak M1, M2, M3 u M4), coegnHEHHbIX C NOMOLLBIO BHYTPU-U BHEKNETOYHbLIX PparMeHToB
6enkoBon Monekynbl. M2 OomeHbl Bcex NATU cy6beauHuy, OopMUPYOT NPOHULAEMYHO ANS WOHOB Mopy
MOHHOTO KaHamna. ALETUNXONWHOBLIN peLenTop SIBMsSIETCS MpeacTaBuUTeNleM CynepcemMencTsa nuraHa-
aKTUBUPYEMbIX PELIENTOPOB, BKMIOYAIOLLEro Takke peuenTopbl Ans MMUUMHA, Y-aMUHOMACHSHOW KUCHOThI
(FAMK) 1 cepoTOHMHa.

MoTeHumnan-akTMBMpyeMble KaHanbl 06pa3syloT Apyroe cynepcemMencTBO MOHHbIX KaHanoB. YCTaHOBMEHO, YTO
noTeHuMan-akTMBMpyeMbll  HaTpUEBbIN KaHan sBnseTcs eauMHOW OOonblIOoN MOMEeKynon € YeTblpbMs
MOBTOPSIOLLMMUCS [JOMEHAMU, PACMONOXEHHbIMU KOMbLIOM BOKPYr LieHTpa. Kaxabi JOMeH COAepXUT LecTb
TpaHcMeMbpaHHbIX CerMeHToB (0603Ha4YaeMbIx kak S1-S6). B kaxaom 13 yeTbipex AOMeHOB dparmeHT 6enka
mMexay cermeHTamm S5 1 S6 obpalleH K LeHTpy u chopMupyeT NpoHULaemyto Ans MoHoB nopy. MNoTteHuman-
aKTVBUpyeMble KamnbLMeBble KaHamnbl MMEKT CXOQHYI CTPYKTypy. [loTeHuman-akTuBvpyeMmble KanveBble
KaHanbl Takke Mofo6HbI MO KOHMUIypaumMu HaTpveBbIM UMW KanbLUMeBbIM KaHanam, HO C OOHUM BaXHbIM
OTNNYMEM: OHU COCTOSAT HE U3 OAHOW MOIEKynbl, a U3 4 oTAENbHbIX CyGbeanHL,.

AMUHOKMCNOTHbIE MOCNefoBaTeNbHOCTU M AeTanbHas WH(OPMaLUMs O CTPYKTYpe MOomnyyYeHbl U Ans ApYrux
CEeMEeNCTB PeLenTopoB U MOHHBIX KaHamnoB. 3a PEAKUM WCKIIOYEHWEM BCE OHW MPEeACTaBnsioT cobon
COBOKYMHOCTb  HECKOSIbKMX CyObeaMHWUL, Kaxgas W3 KOTOpbIX COCTOMT Kak MWHAMYM U3 OBYX
TpaHcMeMGpaHHbIX JOMEHOB M y4acTka, (POPMUPYIOLLEro BOAHYIO NMOPY MOHHOTO KaHara.

Jlns ycremrHoro (pyHKIIMOHMPOBAHMS HEPBHOM CHCTEMBI HEHPOHBI JOJDKHBI 00JIaJaTh BeChMa
Pa3HOOOPa3HBIM pemepTyapoM 3JIIEKTPUYECKOH akTUBHOCTH. Hampumep, HMITyNbC, T€HEpUpPYEMBIi
OIHUM W3 HEHpPOHOB, MOXKET IMOJABUTh JJIEKTPUYECKYIO AKTUBHOCTb COCEIHHMX HEPBHBIX KICTOK,
aKTHBUPOBATh PsJl OTJAJICHHBIX HEHPOHOB, U, HAKOHEI, IUNIABHO MOJYJINPOBATh aKTHBHOCTB TPETheil
rpynnsl HepoHOB. Bce 3Tu BapuaHTBI MOBEJEHUS 3aBUCAT, B KOHEYHOM CYETE, OT aKTUBALMH HITH
JIeaKTHBAIlMU MOHHBIX KAHAJIOB, PETYIHPYIOLUIUX HOHHBIE TOKU Yepe3 MEMOPaHbI HEPBHBIX KIIETOK.

ITosToMy cTONB BakKHO MOHMMATh, Kak (YHKIMOHHPYIOT HOHHBIE KaHaJbl. OTO IOHHUMaHUE
6azupyeTcss Ha 3HAHUM MOJIEKYISPHON CTPYKTyphl OEIKOB KaHaioB. JlJisi OOJBIIOrO YHCIa HOHHBIX
KaHaJIOB OMNpEIENeHbl IOCIEI0BAaTENbHOCTH aMHMHOKHCIOT B O€NKOBOM MONEKyNe, a TaKke
NIPeNONIOKHUTENbHAsT KoHurypanus Oenka B InIa3MaTHdeckod MemOpaHe. B aToif rmaBe Mbl
paccMOTpHM B JIeTAJISIX ABA THIA MOHHBIX KaHauoB. [lepBast rpymma — 3TO JIHMTraHI-aKTHBUPYEMBbIE
KaHaJbl, ITIPEICTaBIeHHAs HUKOTHHOBBIM aleTHJIXOJM HOBEIM penentopoM. Bropas rpymma —
MOTEHIMAI-aKTHBUPYEMbIe KATHOHHBIE KaHAJIBI, KOTOPBIE 00ECIIeUNBAIOT JBIKECHHE
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HWOHOB HAaTpus, KaJlus W KajJlbliud 4Y€pe3 KICTOYHYIO MeM6paHy. Ot JiBa TUIIa KaHAJIOB CIIy>KaT
MOJCIIIMHA, Ha KOTOPBIX 6a31/1py}0Tc;[ NOCTYJAThl O CTPYKTYPC NPOYUX KaHAJIOB.

Kak jxe BBIIIAIUT MOJIEKyJa HMOHHOTO KaHalla W Kak oHa (yHKnmoHupyer? B mocnemHue rojpl
OCYILECTBIICH 3HAYMTENIBHBIM MPOTrpecc B MOHUMAHUM CTPYKTYPbl MOHHBIX KaHaIOB. B momyuenuu
9TOi MHpOpMaIMK ObUIM HCIOJIB30BaHbI /IBA SKCIEPUMEHTAIBHBIX JOCTHXKEHHUS. Bo-nepBbix, ObUTH
n3onuposansl K1oHb JIHK, xogupyromue CTpyKTypy MOHHBIX KaHAJIOB, YTO IO3BOJMIO MOJYYHUTh
nHpopmarmio 06 aMHHOKHCIIOTHO# MMOCIIeI0BAaTENbHOCTH ITHX OenKoB. TexHUKa, UCTIONb3yeMast IIpH
9TOM, JlaBaja TaKK€ BO3MOXHOCTh MEHATh OcHOBaHus B Mosekyne JIHK (caiiT-nHanpaBineHHbIH
MyTareHe3) ¥ 3aMeHATh, TAKAUM 00pa3oM, B BRIOPAHHOM y4acTKe OelKa OJJHy aMHHOKHCIIOTY IPYTOM.

BropeiM focTmxenneM Obuta pa3paboTka TEXHUKH, MOCPenCTBOM KoTopoi kionel JIHK Opun
HCTIONB30BAHBl JUIS JKCIIPECCUM HMOHHBIX KAaHAJIOB B UYXEPOMHBIX KJIETKaX, TAKMX KaK OOLUTHI
Xenopus. DTOT NpUEM IMO3BOJIWJI OLECHHTb (YHKLMOHAIbHBIC CBOICTBA KJIOHMPOBAaHHBIX HOHHBIX
KaHAJIOB  3JIEKTPOQU3HOIOTHYECKMMH MeTojamd. KoMOuHaumus [JByX METOJOB I03BOJISJIA
MaHMIYJIMPOBaTh CHENM(PUUECKUMH YYaCTKaMH MOJICKYJbl MOHHOTO KaHaja, 4YTOObI OIpeleiuTh
3Ha4YEHHE STHX YYacTKOB I ero (yHKUHMOHMpOBaHWs. [IpMMEHEHHE 3THX METOIOB IO3BOJIMIO
BBIICHUTB, 4TO B psjAe CIIydyaeB 3aMeHa Jaxe OJHOH aMUHOKUCIOTBl MEHSET HOHHYIO
n30MpaTeNbHOCTh KaHaa.

§ 1. HUKOTHHOBBIH alleTUJIXOJUHOBBIN penenTop

OpHUM U3 HEepBHIX M3YYECHHBIX B AETAISIX MOHHBIX KaHAJIOB ObUI HUKOTHHOBBIN alleTMIIXOJIMHOBBII
peuentop (AXP). 3amerum, 4TO AJIS JIMTAHI-AaKTUBUPYEMbBIX KaHAJIOB IPEANOYTHTEILHEE TECPMHH
«pELEeNToP», YeM YacTO UCIOJIb3YEMBIH TEPMHUH «KaHAI», TaK KaK XapaKTEPUCTHKA TaKUX OEIKOBBIX
MOJIEKYI B IEPBYIO OUepPe/b 3aBUCUT OT CBSI3bIBAHMS MOJIEKYJ arOHUCTOB, AaHTarOHHUCTOB, TOKCHHOB H
aHTUTENl, 4YeM OT Chelu(pUYECKUX XapaKTepPUCTHK HOHHOTO KaHama. HuxoruHOBhle AXP
HPEJCTABICHB! B IOCTCHHANITHYECKNX MEMOpaHaX CKEJICTHBIX MBIIICYHBIX BOJIOKOH NO3BOHOYHBIX, B
HeWpoHaX HEepBHOU CHCTEMbI OECIIO3BOHOYHBIX U IIO3BOHOYHBIX, B CHHAIICAX JIEKTPHUECKOTO OpraHa
JIEKTPUYECKOrO CKaTa.

Ortn  penentopsl akTUBHpYIOTCT AX, 0CBOOOXKIAIOMMMCS W3 IPECHHANTHYECKUX HEPBHBIX
okoHyaHuil. [Ipu akruBanuu AXP OTKpBIBAaIOTCS MOHHBIC KaHAlbl, Y€pe3 KOTOPbIE KATUOHBI MOTYT
HPOXOJUTh KJIECTOYHYI0 MEMOpaHy IIOCTCHHAIITUYECKO KIeTKH. Penentopbl 0003HAa4aroTCs Kak
«HUKOTHHOBBIE», TOCKONIbKY zeiicTBHe AX BOCIPOHM3BOAUTCS HUKOTUHOM, U JUISI TOTO, YTOOBI
oTinnyarh ux oT Apyrux AXP, kotopsie akTHBHPYIOTCA MyckapuHoM. MyckapuHoBsle AXP camu He
SIBTIIIOTCS MOHHBIMU KaHAJTaMM; MX aKTHBAIMsA 3aIlyCKAaeT CUCTEMY BHYTPUKIETOUHBIX IMOCPETHUKOB,
KOTOPBIE SABJIAIOTCS HEIIOCPEACTBEHHBIMH PETYJIATOPAMU AKTUBHOCTH HOHHBIX KaHAJIOB.

Broxnmudeckoil u3omsuu HUKOTHHOBOTO AXP croco0cTBOBalO HanWdue KOHIEHTPHPOBAHHOTO
HCTOYHHKA PEIENTOPOB B CHHANTHYECKHX MeMOpaHax 3JIEKTpHUECKOro opraHa ckara Torpedo.
DJeKTpUYecKuii OpraH d3TOM M JAPYrHX NOMOOHBIX OSJIEKTPHUECKUX pBIO MpexacTaBisieT coOoit
pEeAyLPOBAaHHBIE MBILICYHbIE KICTKH (QJICKTPOLMTHI). PsAAbl  3IEKTPOLIMTOB aHATOMHUYECKH
BBICTPOEHBI TAKUM 00Pa30M, YTO MPH OJAHOBPEMEHHOM MX NENOJIIpU3aluy OOLIMiT pa3psa JOCTHraeT
100 V — BenuuuHy AOCTaTOYHYIO, YTOOBI OTIYIIUTh NOOBIMy. Ilocie sKcTpakimu W3 MeMOpaH
3JEKTPOLIUTOB MOJEKyJIbl AXP ObUIM OTZAENEHBI OT IPYrMX MeMOpaHHBIX O€NKoB Onaroiaps HX
BbICOKOMY adduuuTeTy (CpPOACTBY) K O-OYHrapOTOKCHHY. DTOT HEHPOTOKCHH 00JafacT BBICOKOIL
crieuGUUHOCTBIO O OTHOLIEHNIO K AXP B 3JEKTPOLMTAX M B CKEJIECTHOW MBIIIIE MO3BOHOYHBIX.
beuto o6HapyxeHo, uto AXP u3 Torpedo cocrout u3 4 GenkoBbix cyobemuaui (o, B, Y u 8) ¢
MOJICKYIIsipHO# Maccoit okomo 40, 50, 60 m 65 k/la (KWIOZATETOH), COOTBETCTBEHHO.
Wzomuposanneiii AXP, mocie BKIIOYEHHS B HCKYCCTBEHHBIC JIMMUIHBIE MEMOpaHBI, COXpaHSET
GONBIIMHCTBO (YHKIHOHATLHBIX XapAKTEPHCTHK, PUCYIIMX HATHBHOMY HOHHOMY KaHATy' .

®dusunyeckue ceouncrea AXP peuenTtopa

Pasmep u opueHranms noHHOro KaHama AXP mo oTHOmIEHHIO K MeMOpaHe OBUIM OIpEAETICHBI C
MTOMOIIBIO DJIEKTPOHHOW MHKPOCKOIIHH BBICOKOTO Pa3pelICHUs, a TaKkKe APYTUMH (HU3UYCCKHMHU
meromamu 2~ Y. ®usnueckas crpykrypa AXP mokasana Ha puc. 3.1. ITsaTh CyObeAnHHI — IBE O,
onHa 3, oqHa Y ¥ 0fiHa & — 00Pa3yIOT KOJBLO BOKPYT HEHTPAIBHOMN MOpPBL. JIHaMeTp MOJICKYJIbI B ¢€
caMoi IMPOKOH, BHEKJIETOUHON 4acTH, COCTABISET OKOJIO 8,5 HM, a ;yinHa AXP —
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Puc. 3.1. AX peuentop. (A) AX peuentop | A} (B
cocTouT K3 NATU cy€beauHuy — nase o, ,
onna f, omma Y m onma S-CyGbeauHMUbI
PacnonoXeHHbIX paay anbHO C YrioM OKOIO
72°  BOKpYr UeHTpa, o-cyobeanHULbI
cojepxaT  LeHTpbl  cBsidbiBaHust  AX.
Mosunumss B- n y-cyGteamHuL MoXeT ObiTb
obpatHoi. (B) MpopacnbHoe n nonepeyHoe

ceyeHne  aneKTPoHIio-Mukpockonmyeckoro | 1H I
M300paXKEHNs1  LUMIUIOPUYECKUX  BE3WKYN Wﬂlﬂr.:"él
nocTcuHanTudeckor  MembpaHbl  Torpedo, - o' ;_-Ll‘f_
Ha KOTOPOM 10Ka3aHbl anotHO | - =

pacnonoxeHHble  Al{  peuentopbl.  (C) m
MonepeyHblii pa3pe3 Takoro uUWnuWHAOpa C
6onblym yBenuyeHue M. (D) ToT ke o6bekT
nog euwe OGOnMbLMN  YBENWYEHWEM, Ha
KOTOPOM MokasaH oami104HbIN AX peLenTop.

C i
5 @ 5 maptic deft

Fig. 3.1. The ACh Receptor. (A) The
complete AChR cons sts of five subunits—
two a, one 8, one 7, and one 6 — spaced
radially in increments of about 72° around a
central core. The a subunits contain
receptor sites for acetylcholine. The position
of the B and 7 subunits may be reversed.
(B) Longitudinal anc transverse electron
microscope images »f cylindrical vesicles
from postsynaptic me mbranes of Torpedo,
showing closely packi:d ACh receptors. (C)
Transverse section ¢f the tube at higher
magnification. (D) Fur her enlarged image of
a single ACh recepto-, showing its position
and size relative to tie membrane bilayer.
Dense blob undel the receptor is
intracellular receptor-iissociated protein. (A
based on Stroud ani Finer-Moore, 1985,
and Toyoshima and LInwin 1988; B, C, and
D kindly provided by N. Unwin.)

11 uMm. Brexnerounas uactb AXP BbliaeTcs Haj IOBEPXHOCTBIO MEMOpaHbl Ha 5 HM.

Usmepenne u3bHpaTeabHOCTH MOHHOTO KaHama AXP mo OTHOIIEHHIO K OOJIBIINM KaTHOHaM
. 5,6

MIPEIIoNaraeT, 4YTo JUaMeTp HeHTPaJIbHOM Mopsl cocTaBisieT npumepHo 0,7 HM ),

AMUHOKMCNOTHaA nocnegoBaTenbHOCTL cyobeauHuy AXP

[Mocne mpenBapUTENbHBIX OMOXMMHYECKHX HCCIICAOBAHUN " Gbim kimornpoBanbl KAHK st
Beex cybbemuun AXP 1 onpeeneHsl oc/Ie0BaTebHOCTH aMiHoKucioT © ' B Kax10il 13
HuX. Puc. 3.2 mokaspiBaeT aMHHOKHCJIOTHYIO IOCIIEIOBATEILHOCTh O-CyObenuHuisl AXP u3
anekTpudeckoro oprana Torpedo (coorBercTBymonye cyorenunuisl AXP yenoBeka u Ko-

POBBI HECKOJBKO OTIMYAIOTCS OT TMPEICTAaBIEHHOW Ha pPHUCYHKE). AMHMHOKHCIOTHBIE
I0CJIEIOBATENILHOCTH IPYTHX TpeX CyObeAMHUI] BEChbMa CXOAHbI (TOMOJIOTUYHBI) CO CTPYKTYPOH
O-CyObeMHUIBI, C HE3HAYUTEIbHBIMU BapUAlUIMH HECKOJbKUX aMHHOKHCIOT. I[loaTomy
NPUHLMIBI CTPYKTYPHOH KOH(HIypaumuu, oOCyXIaeMble I O-CyObEOUHHIEI, B OCHOBHOM
MIPUMEHUMBI M APYTHX CYyOBETMHULL.

BropuyHasa n TpetudHaa ctpyktypa AXP

XoTsd TepBUYHAS CTPYKTypa CyOBEAMHHII HE JaeT HMHPOPMALUK O TOM, KakuM o00pazom
OenkoBas Moinekyiaa AXP opraHu3oBaHa B MeMOpaHe, MOXKHO MPUOJHU3UTHCS K MOHUMAaHUIO
3TOr0 BOMPOCA MyTEM IIOCTPOCHHUS MOJICKYIISPHBIX
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Puc. 3.2. AmuHokvCnoTHasi nocnefoBaTenibHOCTb cybbeanHuubl AXP. 3aTeMHeHHble «(6nacTu nokasbiBaloT
mapodobHble yyactku (My, M2, M3 n M4), cnocobHble hopmMmpoBaTb TpaHCMEMOpPaHHbIE O-Crpani.

Fig. 3.2. Amino Acid Sequence of the AChR Subunit. Sequences in color indicate hydrophobii: regions (MI, M2, M3,
and M4) that are capable of forming membrane-spanning a helices. In the MI region, 16 of tt e 22 amino acids are
hydrophobic. The other membrane-spanning regions are of similar composition. The initial ur derscored segment is
the signal sequence. (After Numa et al. 1983.)

MOJIEJIEN, OCHOBBIBAsCh Ha JaHHBIX 00 aMUHOKHMCJIOTHOW ITOCIIEAOBATEIbHOCTH Oenka. JIormuHo
MPEANONIOKHUTh, YTO, KaK Yy JIOOBIX KPYNMHBIX OCJIKOB, CErMEHTBI MOJICKYJIbl CBEPHYTHI B
YIOPSIIOYEHHbBIE MEJIKHE O~ HITH KPYITHbIE [3-criupain. DTH BTOPHYHbBIE CTPYKTYPBI, B CBOO OYepep,
CBOPAYMBAIOTCSI, 00pa3yst TPETUYHBIE CTPYKTYpbL. Hakower, msth cyObequam (1Be ¢, oxHa B, oxHa y
U OJIHA §) COENMHAIOTCS BMECTE, (POPMUPYS KOHEUHYIO YETBEPTHUHYIO CTPYKTYPY — IOJHOLEHHBIN
WOHHBIA KaHaJl.

s mocTpoeHus Moeny BTOPHYHON U TPETUYHOM CTpYKTYpsl AXP cyliecTBEHHYIO POIb
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Puc. 3.3. Mogenb TpeTW4HOM CTPYKTYpbl CyObeauHuLbl
AXP, npegnonoxeHHas M3 aHanuM3a aMWHOKWUCIOTHOW
nocrefoBaTensbHOCTH 3Toro 6enka. Kaxabii U3 y4acTkoB
M1-M4 obpasyeT TpaHcMemb6paHHble cnvpanu, a oba
TepMuHanbHbIX yd4actka (COOH n NH ) Haxoastcs Bo
BHEKMETOYHOM NPOCTPaHCTBE.

Fig. 3.3. Model of the Tertiary Structure of an AChR
Subunit as proposed originally from amino acid sequence
analysis. Regions Ml through M4 each form membrane-
spanning helices, and both the carboxy (COOH) terminus
and the amino (NH ) terminus of the peptide lie in the
extracellular space.

chirpasio  OOHApY)KEHHE B TMEPBUYHON TMOCIEIOBATEIBHOCTH Oe€lika OOIIMPHBIX Y4YacTKOB
HETOJISIPHEIX (M, CIIEOBATENBHO, THAPO(POOHBIX) AMHHOKHCIIOT, CIIOCOOHBIX K ()OPMHPOBAHUIO
TpancMeMOpaHHOTo JjgomeHa. B opurmnanmeHOM wmopenn AXP, mnpemtoxennoir Hyma ¢
KOJLIeraMu °), GbUTH HACHTHMHIMPOBAHB YeThipe Takne obmactu (M1-M4, cM. puc. 3.2), u
ObUla TpEJIOKEHA CTPYKTypa, TNpeacTaBieHHas Ha puc. 3.3. Vcmone3ys uHIEKC
THAPO(QUIBHOCTH aMHHOKHCIOT B MI1-M4 001acTsX, MOXHO CaMOCTOSTENBHO HPOBEPHTb
apryMEHTHPOBAaHHOCTb  STHX  3akimtodeHud. ComllacHO  TOCHEIHMM  JaHHBIM,  BCE
TpaHCcMeMOpaHHBIE y4acTKH, 3a UCKIIOUYCHHEM M2, SIBISIOTCS CKOpee 3 4eM O-CIHpaIsMu (CM.
puc.3.4A).

Kak y3Hatp, kakas gacts Monekyinbl AXP sBnsieTcsl BHEKJIETOYHOH, a KaKkasi BHyTPHKJIETOUYHOMI?
[Ipexne Bcero, Ha NH,-KOHIlE HAaXOOUTCS OTHOCHUTENBHO THIPOGOOHBIH ydacTok u3 24
aMHHOKUCIOT (puc. 3.2 u 3.5). Dra curHajbpHas IMOCJIEIOBATEILHOCTh HEOOXOAMMa ISt
IIPOHUKHOBEHUSI CUHTE3MPOBAaHHOrO0 B KieTke Oenka AXP B moBepXHOCTHYIO MeMOpaHy.
CnenoBarenbHo, NH,-koHen siBisieTcs BHEKIIeTOUHbIM. C 3THM corjiacyeTcs TOT (akT, 4To J1Ba
COCEIHUX IMCTEMHOBBIX OCTaTka B mo3uiusx 192 u 193 accoumnpoBaHbl ¢ BHEKJIETOYHBIM
nentpom cBs3piBaHus AX. Hakonen, HadanbHBIN BHEKJIETOYHBIM CETMEHT COCTABIISIET OKOJIO
MIOJIOBUHBI OT BCEH MOJIEKYJbI, YTO COIJIACYETCS C HW3BECTHBIM pacIpelieieHHeM Macchl
peuenTopa (cMm. puc. 3.1). Mcxoas U3 yka3aHHOTO YETHOTO YMCIIa TPAHCMEMOPAHHBIX Y4aCTKOB,
COOH-KoHen Takxe SBISETCS BHEKIETOYHBIM. [JIaBHBIE XapaKTEPUCTUKH 3TOW MOJENHN
XOPOIIO COTNIACYIOTCS C IPYTUMU HaOofeHusiMu. Hampumep, B yCIOBHSAX TUIOTHOM YIaKOBKH,
AXP ob6pasylor auMmepbl 3a cueT aucyib(umHbix cBsseir Mexgy COOH-konmamu  6-
cyobenunmn.  [lokazaHo  Takke, 4YTO TaKue JUCYJIb(QUIHBIE MOCTUKH  SIBJISIFOTCS
BHEKJIETOYHBIMA' - 12).

CtpykTypa u hyHKLMA KaHana

OCHOBHOH TE€XHHMKOH coIOCTaBieHUsI (yHKIMU KaHAla U €r0 CTPYKTYPBI SBISIETCS SKCIPECCUst
HMOHHBIX KAaHAJIOB B OOLUTAaX Xenopus WIN B JPYrUX KIETKaxX MHBEKLHEH COOTBETCTBYIOIIEH
MPHK unu tpancdexuueit JTHK ¢ nomoupio BEKTOPOB " Tocne sroit MpOoLEAYPBl MOKHO
IIPOU3BOJUTH 3AMUCh NEKTPUUECKUX CUTHATIOB JUOO OT (parMEeHTOB MEMOpPAHBbI, COAEPKALIUX
OJIMHOYHBIE KaHAIBI, TMOO PETHCTPUPOBATH TOKM LENOH KIETKH (0TOOpaXkaloIiue MOBEICHUE
BCEH MOMYJIAMU SKCIPECCUPOBAHHBIX KAHAJIOB). DTOMY OMOIaeT TO, YTO MHTAKTHBIE OOLIUTHI
camu He 3KcnpeccupyioT AXP. OnHako mocne BBeIeHUs] HyKJIEMHOBOM KHCIIOTHI, KOAUPYIOIIEeH
AXP, OHH HE TOIBKO 3KCIPECCHUPYIOT COOTBETICTBYIOLIME CYOBEIUHHUILbI O€lKa, HO JAaxe
Yyy/lecHbIM 00pa3oM o0ecrneynBaloT MX CcOOpKYy B (DYHKIMOHAJIBLHO aKTHUBHBIC DPELENTOPHO-
KaHAJIbHbIE KOMIUIEKCHI.

CTpyKTypa MOHHOTO KaHajla MOXXET ObITh W3MCHEHA CalT-HANpaBJICHHbIM MyTareHe3om. [liis
OCYILECTBJICHUSI 3TOW METOAMKHM He0o0X0AMMO CKOHCTpyupoBaTh MyraHtHylo KJIHK c
MYTALMAMH, MEHSIOIMMHI KaKOW-ITN00 calT Gelka HOHHOTO KaHaja. DTO MO3BOJISIET HOOUTHCS
TOT0, YTO BBIOpAHHbIE AMHHOKHCIIOTBHI C IPUCYIIMMU UM (PU3MKO-XMMHUYECKUMH CBOWCTBAMHU
(TOTIOXKUTENBbHBIM ~ WJIM  OTPHIATENIBHBIM  3apsiiOM, BBICOKOMOJISIPHBIE MM HEHOJSIPHBIC)
3aMEHSIOTCS JIPYTMMH aMHUHOKHCIOTaMH € OTJIMYAIOUIMMUCS CBOHCTBaMH. DYHKIMOHAJIbHBIE
CBOHCTBa MYTAHTHBIX KaHAJIOB MOTYT 3aTeéM OBITh M3ydeHBI IOCIE IKCIPECCHH ITOTO OelKa B
KJIETKaX, B KOTOpbIe Obl1a BBeneHa myranTHas kJJHK.
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AMOpUOoHanbHbIN U B3pocnbii TUNbl AXP B MbiliLe MNeKONUTaroLWwmx

[To mepe pa3BuTusi CKeNeTHOM MBIMIEI cBoiicTBa AXP MOTyT M3MEHSTHCS 3a CUET 3aMEHBI
SMOpHOHATIBHOTO THIIA Ha B3pociblid Tun AXP. OMOpuonansHas Gopma peuentopa OTauyaeTcs
oT B3pocnoit ¢opmbl AXP Gonee MPOAOIKUTENBHBIM BpPEMEHEM, KOTOPOE HOHHBIH KaHal
IIPOBOJUT B OTKPHITOM COCTOSHUHM, M MEHbILIEH MPOBOIUMOCTHIO. B OCHOBE M3MEHEHHs CBOWCTB
peuenTopa JEXHUT TO, YTO ©Y-CyObeAMHHIA, XapakrepHas i1 sMmOpuoHasbHOro AXP,
3aMeHsIeTCsl € CYObEOUHUICH C WHOW aMHUHOKHCIOTHOW IOCIEI0BATEIbHOCTHIO . Dra cBs3k
W3MECHEHUH KWHETHKM HMOHHOTO KaHajla ¥ €ro IpOBOAUMOCTH ¢ HAa0OpoM CyObeanHHI,
obpasyrommx AXP, noarBep)kZeHa MHOTOYHCIEHHBIMH SKCIEPUMEHTAaMH I10 HMHBEKINUU
pasznmnunbix komOuHanuii MPHK, komupyromeii pasheie cyObemunuil AXP %), Oomursy,
unbenupoBanusie MPHK mis -, B-, ¥ u O-CyObeauHUL, 3KCIOPECCUPYIOT HOHHBIE KaHAJbI
sMmOpuoHanpHOro tuma. Ilocne wuabekuquu MPHK mus o-, B-, & u  d-cyObemummi,
JKCIPECCUPYIOTCS KaHAJIbI cO cBoiicTBaMU, NoA00HIMU AXP B 3pesnoii Mplie.

Kakue cy6beauHuubl AXP BbicTpauBaloT nopy?

Jns momydenust uadopmarun 06 ycTpoiicTBe BBICTHIIKM MOPBI HOHHOTO KaHaya ObUI aKTUBHO
WCTIONIb30BaH CalT-HAMpaBJICHHbIH MyTareHe3 cyobenuani AXP. HecMoTps Ha Hanmmuue o0mmx
MPEJCTaBICHU O TPETUYHOH CTpykType cyOobeauHun AXP, Hamm 3HaHUA O TOYHOM
TOIMOJIOTUYECKOM ~ PACIOJIOKEHHH TPAaHCMEMOpPAaHHBIX CEIMEHTOB M HMX YyJacTHH B
(¢bopMHpOBaHMM CTEHKM MOHHOIO KaHaja Tropa3fqo Oojiee IOBEPXHOCTHBL.  Takue
XapaKTePUCTUKN MCKIIOYUTENBHO BAXKHBI, MTOCKOJBKY CTPYKTYpa IMOpPHI ONpEAENsieT HOHHYIO
M30MpaTeIbHOCTh U MIPOBOJUMOCTD KaHaia. OAMH U3 MOJIXO0/0B K PEIICHHIO TaHHOH MpoOsieMbl
COCTOHT B MPOBEICHUH OJHOHM MM HECKOJIBKMX MYyTalWil B ydacTke Oenka, IpeanooKUTEIbHO
BOBJICYEHHOM B BBICTWJIKY TIOpbl, M PpETUCTPAlMU CJIEOYIOIIMX 3a JTUM H3MEHEHHUH
n30MpPaTEeILHOCTH ¥ IPOBOJMMOCTH KaHaa.

Jpyroii mogxon MoxeT 0a3supoBaThCsA Ha CIIOCOOHOCTH CTEHKM HOHHOTO KaHala CBS3BIBATH
MOJICKYJIBI C OIpEIETCHHBIMU (U3MKO-XUMHYECKUMHU CBOHCTBaMu. Harmpumep, Moiexyna
MecTHOro aHectetnka QX-222 MoxkeT OJOKHpOBaTh TOK uepe3 HMOHHBIM KaHal 3a CYeT
CBSI3BIBAHUS C ONPEAETICHHBIM CAaliTOM BHYTPU OTKpbITOro KaHana AXP. Myrauuu cyObequHuI
AXP mnokazanu, uto M2 nomeHbl (OPMHPYIOT 4acTh CTEHKH OTKPBITOrO KaHala %), Kak
n300pakeHo Ha puc. 3.4A. B uactHOoCcTH, M2 noMeHBl O- K O-cyObeaunun, AXP Mbimu
coJiepKaT CIeAyIolre aMHHOKHCIOTHBIE MOCIEA0BATENILHOCTH (HAIIPABICHHE OT IIMTOILIA3MBI
K BHEKJIETOYHO# cpejie, ¢ HyMepalien, OTHOCSIIEHCs K O-CyObeTuHuUIIe; puc. 3.2):

241 250 255 261
a: MTLSISVLLSLTYFLLVIV
f:TSVAISYLLAQSVLLLIS

MO>KHO TPEANONOKHUTh, YTO TUAPOPHITEHBIE AaMHHOKUCIIOTHI, TAKHE KaK CepHH (S) WM TPEOHUH
(T), ckopee Bcero oOpalieHbl K BOJHOW MOpe, B TO Bpems kKak runpodoOHbii uzoneinun (1)
Oyner Oosiee BEpOATHO KOHTAKTUpOBaTh ¢ MeMmOpaHHbIMHM Junuaamu. Korma cepum u3
YKa3aHHBIX MO3MIUH (OTMEYEHO TOAYEpKUBAaHHEM) ObUI 3aMeHeH c¢iabo TuapodoOHBIM
aNaHWHOM, MPOBOAMMOCTh MOIU(DUIMPOBAHHBIX HOHHBIX KAHAIOB CHU3WIACH IOYTH
HanoyoBrHY. KpoMe TOro, y MyTaHTHBIX KaHAlIOB pe3ko cHusmics adduuurer mis QX—222.
OtH 3G dEKThI COrIacyoTcs ¢ uaeeil 0 ToM, YTO cepuu 00pas3yeT CTEHKY BOJHOM MOPbI HOHHOTO
kanasa AXP u BHOCHUT BKJIaa B ()yHKIIMOHAJIbHBIE CBOICTBA HOHHOTO KaHana. [Ipeamnonaraercs,
9TO BCE BBIACICHHBIC HAa NMPUBEICHHOM PHCYHKE AMHHOKHCIOTHI B COCTaBE O-CyOBEIMHUIII
[PUHAMAIOT y4YacTHe B O0Opa30BaHMM KOHTYpa BOJHOM TOpPH. OTH OCTaTKH OBUIH
MICHTHDUIMPOBAHEI B OKCIEPUMEHTaX Kapime ¢ komteramu '), B KOTOPBIX KaKIblit
aMHHOKHUCIIOTHBI OCTaToOK O-cyObeauHunbl ot M243 no V261 mo ouepenu 3aMeHsSIM Ha
uuctenH. MyrtaHTHas O-cyObenuHMIa ObUla 3aT€M SKCHPECCHpPOBaHa B OOLUTHI BMECTE C
MHTAKTHBIME B, ¥ 1 8-cyObeaunaniamu. MeMOpaHHEIe TOKH, TPOAYIHpyeMbie AX, H3MEpSUIHCH
J0 U mociae  jedictBus  rugpodunbHoro  pearenta  MTSEA  (sTunamMMoHMS
METaHATHOCYJIb(OHAT). PeareHT MOr n30MpaTenbHO pearupoBaTh C CYIb(OIUAPHUILHON IPyNIon
LUCTeNHa TOJBKO B TOM Ciydyae, €CIM 3aMEIICHHBI LUCTeMH HaxoOwics B BOAHOH (ase.
MTSEA ocnabnsn orBersl Ha AX (3a cyer OloKa MOHHOTO KaHalla) B TeX CiIydasx, KOrua
MyTalusIM TOJBEPTAINCh, aMHHOKHCIIOTHI, BbIeJeHHbIe Ha pucyHke (1244, 1.245, S248, 1250,
L251, S252, V255, L258). O1u pe3ynpTaTsl NpeANONaraloT MoJAelb yCTPOUCTBA CTEHKH BOJHOM
mopsl, 00pa30BaHHOW PETyJISIPHON CIHpabi0 OENKOBOW MOJICKYIbI, IIPEPBAHHOW B CepeMHE
BBITSIHYTOU CTPYKTYpPOH, cofeprkaieit octatku 250, 251 u 252.
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Puc 3.4. IMopenb CTPYKTYpbI
cybbeauHuubl AXP, 6asvpyrowascs
Ha  3NEKTPOHH 2-MUKPOCKOMUYECKOM
n3obpaxeHun. (A) Tpu cnuvpanbHbIX
anemeHTa HaxoasTcst BO
BHEKI1ETO4HON Yyactu KaHana,
oKkpyxass n opmupys yctbe AXP,
obpalleHHoe B CHMHaNTUYECKylo
wenb. B nopegenax nnockoctu
MembpaHbl yyilctkm MI, M3 n M4
obpa3syloT kpyliHble B-cnvpanu. M2
npeacTaBnseT cobol  U3NOMaHHyo
MerKoLIaroByto a-crvpans,
obpalleHHylo 11 npocBeT nopbl. (B)
MonepeyHbIn cpes peuenTtopa,
COCTOSLLEro U3 NSATU CyobeanHu,.

Fig. 3.4. Proposed Model of the AChR Subunit Structure, based on electron microscope imayjing. (A) Three helical
elements lie within the extracellular region around the synaptic vestibule. Within the plane of the membrane, regions
MX M3, and M4 form a b sheet. M2 is a split a helix extending into the pore region. (B) Cross sections of the complete
receptor, consisting of five subunits, in the plane of the membrane. In the closed receptor, the V2 helices extend into
the core of the structure. An open pore is created by the rotation of each helix toward the char nel wall. The model is
not in agreement with biochemical experiments that suggest that the gate is closer to the cytoplas mic end of the pore.

CtpykTtypa AXP ¢ BbICOKUM pa3pelueHuem

O¢pGbeKTUBHBIM MOAXOJOM IJIsl U3YYEHUs TOIOJIOTMU HOHHBIX KAaHAJIOB SIBISIETCS aHAIIM3
n300pakeHuss MeMOpaHHOro Oenka, MOJYYEHHOTO 3JCKTPOHHONW MHKPOCKOIHEH C BBICOKAM
paspelieHneM, Kak mokazao Ha puc. 3.1. JI. Amsun' ', amammsupys mzobpaxenns AXP B
BE3MKyNax M3 MOCTCHHANTHYECKUX MeMOpaH Torpedo, noctur paspemenus 6onee gem 0,9 HM,
PacKpbIB, TakuM 00pa3oM, MHOTUe JeTanu (yHKIUOHAIBHOIO YCTpoiicTBa 3Toro Oenxa. ITh
CcyObeqUHULl IO (U3UYECKOMY YCTPOUCTBY HOAOOHBI IpPYr APYry, 3a MCKIIOYEHHEM O-
CyOBEJUHUILBI, KOTOpasi UMEET «KapMaH», OOpalleHHbIH B CUHANTHYECKYIO 30HY, U CIyXKallui,
BEPOATHO, UEHTpOM cBs3piBaHust AX. IIpuHIMOMaNBHBIE XapaKTEPUCTUKH CTPYKTYpPbI
cyobequnnn AXP cymmupoBansl Ha puc. 3.4A. B kaxoll cyObeauHUIe BOKPYT BHEKJIETOUHOM
BXxonHOH yactu AXP HalieHbl TpU ydacTKa ¢ IUIOTHOM ynakoBkoll B Buie O-cnupaneil. Mx
¢bu3nyeckye NO3ULUY MPUOIU3UTENBHO TaKUE, KaK IIOKa3aHO HAa PUCYHKE, HO UX OYepEeIHOCTb
10 OTHOUICHWIO JPYr K APYry MOKa HEW3BECTHA. AHANM3 Cpe3a M300pakeHHs Ha ypOBHE
MeMOpaHbl yKa3blBae€T Ha TO, YTO B 3TOH 00IacTH Kakaas CyObEJUHHULA COCTOUT TOJIBKO M3
OJIHOW CHHpabHOM CTPYKTYphl (BMECTO paHee MpeanojaraBuIuxcs 4eTblpex) W olnagaer
3aMETHBIM U3TUOOM B CEpPEIIUHE.

B nommHOM penenTope aHCaMOIb U3 MATH HEHTPATBHBIX CIMpaneil o6paMiIeH KOTbIOM IIIOTHOTO
Mmarepuana, obpasyromumM noxodue 3ee3abl (puc. 3.4B). IIpeamonaraercs, 4TO LEHTPAIbHBIE
CIUpany SBJISIOTCS (GOpPMUPYIOIMME TIOpy M2 ydacTkammu, a OKpyKaromiee Koiblo — f-
cnupaly ocTaBIIUXCs 15 TpaHcMeMOpaHHBIX OMEHOB (Tpu B Kaxnoill cyObeaunune). Ilo
pacderaM, OKpPY)KHOCTb 3BE€3[4aTOT0O KONbIIA COCTABIACT MPUOIH3NTENsHO 20 HM, 4TO OIH3KO K
pa3sMepaM, IMOJNy4EHHbIM IIpU aHauu3e U300pakeHuil, 3aperucTpUPOBAaHHBIX METOJIOM
JJIEKTPOHHON AU(PaKLIULL.
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OTKpbITOE U 3aKpbiToe cocToAsHMA AXP

Ha puc. 3.4A mpencraBineHa ofHa U3 O-CyObenuHHmI] 3akpeiToro AXP, B KOTOpOM HM30THYTHIIT M2
y4JacTok Baercss B mopy. s Toro 4toOBl moiyduuTh u3oOpaxenue oTkpeiroro AXP, Unwin
anmumuupoBan AX B TedeHue 5 Mc nepes ObICTPBIM 3aMOPaXUBAHUEM, 3aXBaThIBast, TAKMM 00pa3oM,
PELENTOPEl B OTKPHITOM COCTOSIHHH'). DTO JOCTHTaZoch OBICTpHIM HaHeceHmeM AX ma AXP-
CoJIep KalIne BE3UKYJIbI, KOTOPIE CPa3y MOCIE 3TOTO MaJANH B KUJIKHH a30T.

CpaBHeHHE H300paeHHH, MOTydeHHbIX 6e3 AX M mocie AeHCTBHS 3TOro MeIuaTopa, MOKa3bIBaeT,
yTO CBsi3bIBaHHE AX BBI3bIBAET BpalllaTEIbHOE JABIKEHHE CIMpaliell BO BHEKJIETOYHBIX Y4acTKax
AXP, uro mepenaercs, mo-suauMomMy, Ha M2 crupamm. Kakum Obl HE ObUT MeXaHW3M, B M2
CIUPAJISIX TOSBISETCS BpallaTebHOE JBHKEHHE, HAIlPAaBJICHHOE HA [IEPEMEIICHNE ITUX YYaCTKOB OT
neHTpa (cM. puc. 3.4B), 4TO B KOHEYHOM CcueTe NPUBOJUT K OTKPBITHIO HOHHOTO KaHana AXP.

TouHas nokanmu3als BOPOTHOTO MEXaHM3Ma IOKa He ompezeneHa. Ha oCHOBaHMM CTPYKTYpHBIX
JTAHHBIX MOJKHO IPEIIOJI0KHTb, YTO BOPOTa PACIIOJIOKEHbI BOIM3K u3rnba M2 criupany, BO3MOXKHO,
cooTBeTCTBYS neiinuHy B mosumma 251 (L251) . Ommaxo, sxcnepumentsr Karlin m xommer ma
MYTaHTHBIX KaHajJaX, SKCIIPECCHPOBAHHBIX B OOUHTAX, MO3BOJIAIOT TNPEINOJI0XKUTh, YTO BOPOTA
PACIIONAralTCs Topasao ONMKe K IUTOMIA3MATHYECKOMY KOHILY CIMpanu>’. DT aBTOpH! HAIUIM,
9TO J100ABIEHHBII BO BHEKIETOUHBIH pacTBOp BOJOPACTBOPHMBIH Onokmpyromuii pearenr MTSEA
MIPOXOJIUIT 3aKPBITYIO TIOPY JO TIIYOWHBI, COOTBETCTBYIOIICH TpeoHHHY B no3uin 244 (T244). Ecim
xe MTSEA no6aBisuicst ¢ MUTOINIA3MAaTHIECKO CTOPOHBI, OH MPAaKTHYECKH HE MOT IIPOHUKHYTH B
3aKpBITHII HOHHBIN KaHan AXP.

Pa3Hoob6pa3ue cyobeamHuy HenpoHanbHoro AXP

IMocne ycraHOBIEHHWS AMHHOKHCIOTHOH IIOCIEROBAaTEIbHOCTH HHUKOTHHOBOro AXP momoOHble
MOAXOABI TI0 W3OALMM M CEKBEHUPOBAHMIO OBUIM TNPEINPHHSTHI 110 OTHOIICHUIO CyOBeAMHHUI
HUKOTUHOBBIX AXP wu3 BereratuBHbix ranriaveB u LIHC. Dtu peuentopsl Mmoaydumid Ha3BaHUE
«HEeHpOHAJbHBIE HHUKOTHHOBBIE perentopbl». CyObeAMHHIBI, aHAIOTHYHBIE —O-CyObeAnHHMIIE
MBILIEYHOTO peLenTopa, ObUIM HMACHTH(GHULUHUPOBAHBI 110 HPUCYTCTBUIO COCEIHUX LHCTEHHOBBIX
OCTaTKOB B MpokcuManbHOM uacth NH, konma (mosmumu 192 u 193 ma puc. 3.2). pyrue
cyObeHHUIBI ObUIH OnpeselneHsl Kak "f". BMecte ¢ ¢, B,.% O U €-CyObeIMHUIAME dIEKTPHUSCKIX
OpPraHoB ¥ MBI 3TH CyOBeAMHUIBI (HOPMHUPYIOT CEMEHCTBO OOILIEr0 TIeHETHYECKOro
MIPOUCXOXKICHHS.

W3 Mo3ra mplmieHKka U KpbIChl ObUIM M307IMpOBaHbl 11 cy61>e/:uxmnu21- 2. o2, 3,4,5,6,7,8u9, a
takxe B2, 3 u 4. Unvekuus B oouutsl MPHK st 02, o3 win o4 cyosequuun ¢ B2 win B4
npuBoAmia K (GopMHPOBaHHIO (QYHKIIHOHAIBHBIX xananos>. Kanansl, ¢dbopmupyromyecst U3 2 win
0osiee THUTIOB CyOBEIMHUII, TIPUHATO HA3bIBATh TE€TCPOMYIBTUMEPHBIMU. DKCIPECCHS TOJIBKO JIHUIIb
o7 CcyObCOMHHI[ SIBISICTCS JOCTATOYHBIM Uil (OPMHUPOBAHUS TOMOMYJIBTHMEPHBIX HOHHBIX
kaHanos’”. DTo ke BepHO W Wi 08 wim 09 cyOpenmHmn. Hammuume GONBIIOTO ceMeHcTBa
CyObeIMHNIl, TPUTOMHBIX I (OPMUPOBAHUS KaHala, MPEIIoiIaracT, 4ro OHH MOTYT OBITh
crenupuueckuM 00pa3zoM CKOMOHHUPOBAHEL, (OPMHPYS pa3HOOOpa3HbIC BApUAHTHI HOHHBIX KaHAIOB
C OTIHYAOINUMHCST (QYHKIUOHATBHBIMA CBOWCTBAMH, TAKHMH KaKk HWOHHAas W30UpPaTeIbHOCTS,
MIPOBOJMMOCTh H KHHETUYECKHE TTAPAMETPBI.

Cy6beamMHuYHana KoMno3muusa HempoHanbHbIx AXP

Kakoe xommdecTBo cyObeanHuI HeobxoaumMo Jutst GopmupoBanus HeifpoHansHOro AXP? D10 ObLIO
ONPENeNCHO MyTauussMd O- ©u P-cyobenuuun AXP UpllleHKa, MEHSBIINMH B pe3yJbTare
MOJUMUKALIME TIPOBOAMMOCTh MOHHOrO Kanana’’. CoBMeCTHAas MHbEKLHA B 0ouuThl KJIHK s
HOPMAaJBHOW M MYTaHTHOW O-CyObeaununsl Bmecte ¢ kJIHK, komupyromieil HopMalibHyo [-
CyOBeMHHUILY, AaBaja B pe3ysbTaTe TPU PA3IMYHBIX THIIA IIPOBOAMMOCTH KaHasa. OfUH U3 HUX OBLT
TaKUM JK€, KaK IPOBOAMMOCTb OOBIYHBIX KAHAJIOB, APYrOd — TakuM JKe, KaK Yy KaHaJoB,
KOIUPOBaHHBIX TOJbKO MyTantHo# kJ[HK. Tperuii Tvn mpoBoauMOCTH, MO BCEH BUIMMOCTH, OBLI
MIPE/ICTABIICH KaHAJIaMH C OJHON HAaTMBHOM M OJHOM MyTaHTHOH O-cyOwmemununei. Ilo Hammauro
OJIHOTO (M TOJBKO OJHOTO0) MPOMEXKYTOYHOTO TUIA OBbUIO CAENAHO 3aKIOUeHHEe, YTO 00buHbI AXP
COIIEPIKHT JIBe OL-CyObeqUHULBL. BeiencTBie HHBEKINKE HOPMAIBHON W MyTAHTHOM [--CyObeIMHHUIBI
BO3HHMKIM KaHalbl C YEThIPbMs THUIAMM IPOBOAMMOCTH, YKa3blBaIOIUEC HAa HalM4YUE TpeX HE O-
cyopequunl. Ha ocHOBaHMM 3THUX OSKCIEPUMEHTOB OBbIJIO CAENAHO 3aKIIOYeHHE O TOM, 4YTO
HeliponansHblit AXP npezcrasisier co0oi meHTamep co crexuomerpreit (0)(B)s-
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Puc. 3.5. Twmagpcnatuyeckme  MHOEKCbI
ansa aMWHOKUCNOTHbIX
nocneposatensHocren Ol n B-cybbeamHuL
CABA peuentopa /4 ofHoi cy6beamHuLbl

AXP. MonoxuT:nbHble OTKIMOHEeHst
COOTBETCTBYIOT mapoo6HbLIM
aMUHOKMCTIoTaMm, a oTpuuaTernbHble

3Ha4YeHns1 — rnapodIUNbHbIM OCTaTKaM.

3

Fig. 3.5. Hydropathy Indices for the

ammo acid seque nces of the GABA Ot
and S subunits axd the AChR subunit.
Indices are calculated by taking a
moving sum of ths individual indices of
adjacent ammo acids in the sequence.
Regions in the positive range are
hydrophobic, those in the negative
range hydrophilic. Light grey indicates
principal hydrophobic regions; the four
areas in similar positions toward the
carboxy terminus correspond to the MI
through M4 regiors of the ACh receptor.
Dark grey regions are signal sequences.
(Ammo acid nurnbering includes the
signal sequence: on the amino
terminus.) (After S:hofield et al., 1987.)

Hydeopathy index
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- ¥ &4

"

NHy Aming achds COOH

§ 2. CynepcemeiictBa penentopoB 'AMK, ranunHoBbIe u 5-
HT peuentopsl

Tpu Tuna aHMOHHBIX (XJIOPUAHBIX) HMOHHBIX KAaHAJIOB SBISIOTCA IOCPEIHUKAMU CHUHANTHYECKOTO
TOPMOXKCHUS B HEPBHOU cucreMe. Bce Tpu TuNa KaHAIOB aKTHBUPYIOTCS AMUHOKUCIOTaMU:
penenrops! THIA A i Trma C aKTHBHPYIOTCS Y-aMEHOMACTAHOR Kicnotoi (TAMK 2% 1 TAMK?"
peuenTopsl) M IIIMUMHOBBIA peuentop (mmP) — aMUHOKHUCIOTON rnHuHHOMm. Kaxxnpiii tumn
penenTopa UMeeT HEeCKOJIbKO H30(opM CyObeMHNUII, TPUYEM BCE OHH TOMOJIOTUYHBI CyObeANHHIIAM
AXP. Hampumep, st TAMK, penenTopoB HISHTHQUIUPOBAHO IIECTh (-, TPH [-, TPH Y-, ONHA O U
onHa ¢€-cyobemumuuua. S5-HT; peuentop s ceporoHMHa o0pa3yeT KaTHOHHBIA KaHan ¢
(DYHKUMOHANBHBIME ~ CBONMCTBAMH, IOIOOHBIMM HHKOTHHOBOMY AXP?”. Bblla KIOHHpOBaHA
cy6benuuuna 5-HT; peuenropa, u3sectnas kak CEPol’”. o amusoxucnotHoMy coctasy CEPal,
Kak ¥ cyobequuuibl TAMK M MIMIMHOBOrO penentopos, cXOAHa ¢ CyObeANHULIAMH HUKOTHHOBOTO
AXP.

Xorss AX u 5-HT; peuenrtopsl siBisiioTcss KaTHOH-u30uparenbHbiMH, a ['AMK u rianiuHOBBII
peLenTopbl — aHHOH-W30UpATEIbHBIMM, CXOJCTBO aMHHOKHCJIOTHBIX IOCIIENOBATEIBHOCTEH B MX
CyOBEMHHIAX IO3BOJISIET TPEANOTIOKUTh, YTO BCE UETBIPE CEMbU DPELENTOPOB HMEIOT oOIee
TeHETHYECKOe TIPOMCXOXKICHNE. BMecTe OHM 06pasyloT obllee IeHETHUECKOE CyMepceMeicTBO’ .
BeIcokast cTeneHb TOMOJIOTMM AaMHHOKHCIOTHBIX —IOCIIEOBATEILHOCTEH IIperoaraeT, 49To
CTPYKTYpHI OoJiee BEICOKOTO TOpsiAKa Taroke OymayT 1mofo0Hsl. CBHAETETECTBO TAKOTO CTPYKTYPHOTO
nonoOust NPEeACTaBIeHO HA pHC. 3.5, HA KOTOPOM CpaBHHUBACTCSI HHJIEKC BOIOPACTBOPUMOCTH
IOCJIe/IOBATEJIFHBIX aMHHOKHUCIIOT, BXOAAIMKX B cocTaB AByx cyowenunnn 'AMK, penenropa u O-
cyopenunnuel AXP. Kak sicHO ciemyer M3 3TOro pUCYHKa, BCe TPU MENTHIA HUMEIOT CXOMIHBIE,
npoduan ¢ 4eThIpbMs THAPOGOOHBIMH  IOCIENOBATEIBHOCTMH MEXKAY aMHHOKHCIOTHBIMU
ocratrkamu 220 wu 500, yka3plBaloIlWe HAa CXOJHBIE TpPaHCMEMOpaHHbIE JOMeHbL I[logoOHBIE
rUAponaTHYecKue NpodUIN MOKa3aHsl U M CyObeauHul rmuuuHoBoro u 5-HT; perentopos. Takum
obpa3oMm, mpexanosiaraeMas TpeTHUYHAas CTpyKTypa cyOobexunun riaumuaoBoro, TAMK u 5-HT,
penenTopoB aHaIOTHYHA TaKOoBOH y cyObeauaur; AXP (cM. puc. 3.3).
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NoHHan w36upa1'enb|-|oc1'b nuraHa-akKtTuBupyemMmbiX MOHHbLIX KaHanoB

MoskeT BbI3BaTh yIUBJICHHE TOT (DAKT, UTP OJHO M TOXKE CYINEPCEMEHUCTBO BKIIOYAET KaK KaTHOHHBIE,
TaK ¥ aHHOHHbIC KaHaibl. KakuM 00pa3oM CelleKTUBHOCTh HOHHBIX KaHAJOB MOXET Pa3inyaThCs MpU
CTOJIb OYEBHIHOM CTPYKTYpHOM mono0un? OQHOM N3 XapaKTEePHBIX YePT CTPOCHHS HOHHBIX KaHAJIOB
SIBJISIETCSL TO, YTO MX BHEMEMOpAHHBIC YaCTH 3HAYNUTEIBHO BBLIAIOTCS HAJl MOBEPXHOCTHIO MEMOpaHbI
(mampumep, cM. puc. 3.1). Unwin®? OTMEYAeT, YTO B KaTHOHHBIX KaHAJIaX CTCHKH BBICTYIAIOIIEIO
BECTHOIOJIS KaHaJa UMCIOT N30BITOYHBIN OTPUIATEIBHBIN 3apsi/, TOT/Ia KaK aHHOHHBIC KaHAJIbI B 9THX
MeCTaX 3apsHKCHBI M30BITOYHO TOJIOKUTEIBHO. Tak Kak OTKPBITHI KaHall MMEET OKOJO 2 HM B
nuaMeTpe, a d((GEKTHBHBIA PagHyc JJIEKTPOCTATUYECKOTO B3aUMOICUCTBUS B (HHU3UOJIOTHMYCCKUX
pacTBopax COCTaBIseT OKOJO | HM, MOJOKHTENbHBIA 3apsi B BeCTHOMOJE KaHajda MOXET
CIOCOOCTBOBaTh AKKyMYISILIMM B HEM OTPHLATENIbHBIX HOHOB, HAlpuUMep, XJIOPHUAOB B YCThE
[JIMIMHOBOTO penentopa. Hao60poT, B KATHOHHOM KaHajle B OTPULATENIFHO 3apsDKEHHOM BECTHOIONIE
MOTYT HAKaIUIUBATHCS TIOJIOKUTENBHO 3apsDKEHHbIC HATPUM M KaNbLMHA. AKKyMYyJSLUsS HOHOB B
BecTHOIOJIE MOXKET CIIOCOOCTBOBAThH MPOLECCY 0TOOpa aHMOHHBIM KAHAJIOM aHHOHOB, & KATHOHHBIM
KaHaJIOM — KaTHOHOB. Hamo ydecTh Takke, 4TO aKKyMYJSIUsS HOHOB OyAeT CHOCOOCTBOBATH
YBEJIMYEHHUIO IPOBOJMMOCTH KaHAJOB (HAallOMHUM, 4YTO IPOBOAMMOCTb KaHalla 3aBHCUT OT
KOHIEHTpAIU1 HOHOB).

§ 3. HOTeHHI/IaJI-aKTI/IBI/IpyeMI)Ie KaHaJIbl

K kananam, crnenuuyecKd aKTHBHUPYEMbIM JACNOAPU3ALMEH KJIETOYHON MeMOpaHbl, OTHOCATCS
MOTEHLHAJI-AaKTUBUPYEMbIC HAaTPHEBbIE KaHAJIbI, OTBEYaIOLIMe 3a (asy Aenosspusaluy MOTEHIMAA
JeHCTBUS, W IOTCHLUMAI-AaKTHBUPYEMbIC KaJIEBble KaHajbl, aCCOLMUPOBAHHBIC, C MEMOpaHHOH
penonspusanyeil. B 3Ty rpynmy Takke BXOAAT NMOTEHIHAN-aKTHBUPYEMble KaJbI[HEBbIE KaHAIBI,
KOTOpBIE B HEKOTOPBIX TKaHAX OTBEYAIOT 3a ICHEpAlMI0 IOTCHIMAana ACHCTBUS U MOJAEP:KaHUE
JUTITEJIBHON AEHOJISIPU3alUY, a TAKKe BBHIONHSIIOT MHOTO APYTHX (QYHKIMH, TAaKMX KaK MBIIIEYHOE
COKpAIlleHHe M OCBOOOKICHHE HEHpOTpaHCMHUTTEpoB. Kaxkaoe M3 3THX Tpex ceMeiicTB KaHalIoB
UMeeT psl M30(GOpM, NPEACTABICHHBIX y PAa3IMYHBIX OMOJOTMYCCKUX BHJOB M B Pa3HBIX YaCTIX
HepBHOW cucteMbl. [lomo6Ho AXP u ero anamoram, OHM TaK)Ke€ COCTABISIOT CYIEPCEMEUCTBO
€IMHOT'0 T€HETHYECKOTO MTPOUCXOMKJICHUSL.

MoTeHunan-akTUBMpPyeMble HaTpueBble KaHanbl

Mertozpl, KOTOpbIEe OBLIN HCIIOJIB30BaHBI IS XapaKTEPUCTUKH MOJICKYISIPHOH CcTpyKTypbl AXP, OputH
TaKOKe YCIIEITHO MPHMEHEHBl K MOTEHIHAN--aKTUBUPYEMBIM KaHanaM. Kilo4eBbIMM IIaraMu B 3TOM
npouecce OBUTH OHOXHMHHYECKAS SKCTPAKIHS M HM3OMAUMA MPOTEHMHA> ~ >°) ¢ MOCHeYIOUIHM
BoizeneHreM kiaoHoB kJJHK u pacmudpoBkoii aMUHOKHCIOTHOI nocegoBaTensHOCTH . Takke Kak
B cioydae AXP, snexrpuueckue pelObl — Ha 3TOT pa3 yrops Electrophorus electricus — SBUINCH
060raThIM MCTOYHHKOM KaHAJIBHOTO OeNka, a BhICOKOA(Q(HUHHBIC TOKCHHBI, TAKUE KaK TETPOIOTOKCHH
(TTX) u cakcutokcuH (STX), obecrmednmm mporece H30IANUU mpoTenHa. O0a 3THX TOKCHHA
OJIOKHPYIOT HMOHHYIO NPOBOAMMOCTh HATHUBHBIX KaHAJIOB, 3aKyNOPHBas MOPY OTKPHITOrO KaHaa.
IMo3xe HaTpHeBble KaHAIBI OBUIM M30JMPOBAHBI U3 MO3TA M CKEJICTHOH MbIIbEL. Harpuesslii xanai,
BBIJICJICHHBIN U3 3JIEKTPUYECKOTO YIps, COCTOUT U3 oaHoro kpynHoro (260 xJl) mentuaa u sBiseTcs
TUMUYHBIM IPEJCTABUTETEM CEMEHCTBA CTPYKTYPHO CXOIHBIX IPOTEHHOB.

B mo3re miexonmratomux kimodeBast 260 k[l o-cyObeAnHNIIA HATPHEBOTO KaHAIa acCCOLMUPOBAHA C
JIBYMSI JIOTIOJIHUTEbHBIME CcyObequautamu: 3 (36 k1) u S5 (33 k]1). [TokazaHo, uTo NpHCYTCTBHUE L,
-CYOBEIMHUIBI 3HAYMTETHHO MOBBIIACT CKOPOCTh WHAKTHBAIMH HATPHEBOrO KaHana - . B Moare
ObUIO HaleHO HeCKONbKO pa3nu4Hblx BapmaHToB MPHK, kommpyromux oO-cyObepuHHINy, HUTO
0OBSICHSET HAJIMYUE Pa3HbIX MOATUIIOB HATPHEBOro KaHana. [1o kpaiiHell Mepe [jBa JOMOIHUTEIBHBIX
n30()OpMbI HATPUEBOTO KaHAla BBIACNEHBI U3 CKENETHOIH MBINIIE MIEKOMHUTAIONIMX — OJHA M3
3pocoit Memusl (RSKMI)®®, i apyras, xapakrepHas mist SMOPHOHATBHOM HIIM JeHEPBHPOBAHHOM
mbimel (RSKM2)*. Tperss u30dopMa 3TOro KaHana oGHapyKeHa B CepCUHOM MBILILE
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{A) Sodism channel

Puc. 3.6. CTpykTypa noTeHuuan axkTuBupyembix kaHanoB. (A) [loTeHuman akTuBMpyeMble HaTpueBble KaHambl,
npeacTaensowme ogHy 6enkosylo Monekyny ¢ ueTbipbMsi gomeHamu (I-IV), COEAMHEHHBIMM BHYTPUKIETOYHBIMM
netnamu. Kaxablii AOMEH MMeeT LuecTb TpaHCMeMBpaHHbIX ydacTkoB (S1-S6). CTpykTypa, d-opMupytoLLasi MOHHYIO
nopy, pacrnonaraeTcs Mexay NsATbiM U LWecTbiM cermeHToM. (B) CTpykTypa noTeHuuan-akTUMB/PYEMbIX KanbLMEBbIX
KaHanoB nogobHa TakoBoW HaTpueBoro kaHana. (C) CybbeauHuua kanveBoro kaHamna noxoxa Ha OAMHOYHbIN [JOMEH
HaTpueBoro kaHana. (D) Mpegnonaraemas TpexmepHas CTpyKTypa kaHana.

Fig. 3.6. Figure 3.6 Voltage-Activated Channel Structure. (A) Voltage-activated sodium channel, represented as a
single protein with four domains (I-IV) connected by intracellular loops. Each domain has six transmembrane
segments (S1-S6), with a pore-forming structure between the fifth and sixth. (B) The structu e of voltage-activated
calcium channels is similar to that of the sodium channel. (C) The potassium channel subunit resembles a single
domain of the sodium channel. (D) The proposed three-dimensional channel structure, with the: domains in a circular
array and the S5-S6 connectors dipping into the pore. The relative positions of Sl through S6 in each domain are not
known and thus are shown arbitrarily.
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MIIGKOHI/ITa}OIIII/IX40). Tlocne TpaHCIAINUA TPOUCXOAUT UHTCHCUBHOC I'TMKO3UIIMPOBAHUC KaHAJIBHOT'O
Oeka. TaK, okoio 30 % wmaccel HATPpUEBOI'0 KaHajlla YI'ps COCTaBJAIOT YIJICBO/bI, COACpKAIIUC
OOJIBIIIME KOJMYECTBA CHAJIOBOM KHUCIOTHI.

AMUHOKUCNOTHaA NocnefoBaTeNlbHOCTL U TPeTUYHaA CTPYKTypa
HaTpUeBOro KaHana

HarpueBblii HOHHBIA KaHall yrpsi MPEACTaBIsET cO0O# MenTHi C MOCienoBaTelbHOCThI0 n3 1832
aMHHOKHCIIOT, B KOTOPOM BBIICIISIOT YETHIPE CIEAYIOUIUX ApyroM 3a Apyrom gomena (I-1V), kaxsrit
u3 koropbix comepxur or 300 mo 400 ocratkoB. DTH AOMeHBl UMEOT NpuMepHO S50%-Hyio
TOMOJIOTHIO aMHMHOKHCJIOTHBIX IOCJIeIOBaTeNbHOCTeH. Kakmplii TOMEH SBISIETCS CTPYKTYPHBIM
SKBHBAJICHTOM OJHOH CyOBeIMHUIBI KaHANBHBIX OenmkoB cemelictBa AXP. Oxnako B OTIHMYHE OT
AXP Bce JOMEHbI HATPHUEBOTO KaHajda COSAMHEHbI BMECTe B €QUHBIH Oenok. B mpenenax kaxmaoro
JIOMEHa €CTh MHOXKECTBEHHbIe T'HAPOGOOHBIE WM CMemaHHble ruapodhoOHO/THAPODUITBHBIC
(amdoTepHble) MOCIEAOBATENLHOCTH, obecreunBaoomye (HOPMUPOBAaHHE TPaHCMEMOpPaHHBIX
CETMEHTOB.

CornacHO OOUICTIPUHATON MOJIETH TOMOJIOTHH KaHama (puc. 3.6A) KaXIbId JTOMEH MMEET IIEeCTh
TaKUX TpaHCcMeMOpaHHBIX cerMeHTOB (S1-S6). Tak ke kak B ciaydae AXP, moMeHBI HaTpHEBOTO
KaHaJla PacIojararTcsl KOJIbIOM BOKPYT IOPHI HOHHOTO KaHana (puc. 3.6D). OcobeHHO MHTEpeceH
CerMeHT S4, KOTOpBbI MMEETCs BO BCEX YETHIPEX JOMEHAX U HECET MOJOXKUTEIBHO 3apsyKCHHBIN
aprMHUHOBBIN WM JIN3MHOBBII OCTaTOK B KaXKAOW TPEThel MO3MILMK TPAHCMEMOPAHHOTO CerMEHTa.
IIpennonaraercs, 4To 3TO CBOICTBO 0OecrmeuynBaeT UyBCTBUTENBHOCTh KaHalla K INEKTPUYECKOMY
TIOJII0 ¥ OHO UMEETCS y BCEX NMOTEHIMAI-aKTUBUPYEMbIX HOHHBIX KaHAJIOB (T71aBa 6).

nOTeHLIVIaﬂ-aKTVIBVIpyeMbIe KanbuueBble KaHanbl

CeMelicTBO TMOTEHLHUAT-aKTUBUPYEMBIX KalbI[HUEBBIX KaHAJIOB COJEPXKHUT HECKOJIBKO IOJTHUIIOB,
KOTOpble OBbUIM  KJIACCH(MIMPOBAHBl MO KX (YHKIMOHAIBHBIM CBOWCTBAM, TaKUM Kak
Y4yBCTBUTEIBHOCTh K JACNOJIAPU3ALMU MEMOpaHbl M IPOJOJDKHTEIBHOCTh OTKPBITOTO COCTOSHHMS
(tabn. 3.1) *" *%). M30(hopMbl KalblLUEBbIX HOHHBIX KAHANOB OBLIM KIOHHPOBAHBI U3 CKEJETHOI,
CepeYHOl M TJIAAKOM MBIMIEL, a TakKe M3 MO3ra. AMHMHOKHCIOTHAas MOCIEeJOBaTEILHOCTD
nepBUYHON  KaHan-popmupymomieit cyobenuHunbl  (0,) M0A00HA aHATOTHYHOW CyOBEIMHHILE
IOTEHIMAI-AKTHBUPYEMOT0 HATPHEBOro KaHana' ). B 4acTHOCTH, TpaHCMeMOPaHHbIE CErMEHTH S 1—
S6 TrOMONOTMYHEI TAaKOBHIM HAaTPHEBOTO KaHasa. Ha OCHOBaHMM 3TOTO IIpeIojaraercsi, 4To
KaJIbIIMCBBIA M HATPUEBBII KaHAIBI IMEIOT OAWHAKOBYIO TPETHUHYIO CTPYKTYpY (pHc. 3.6B).

Xota mna popmupoBaHHs (GYHKIHOHUPYIOIIETO KalbIMEBOrO KaHala B YYXKEPOJHBIX KIETKax
JIOCTaTOYHO TOJBKO O,-CyOBEAWHMIIB, B HATHBHBIX KICTOYHBIX MeMOpaHaxX HaHJeHBl Tpu
NOTIOJNHUTEIbHBIE CYOBCINHHUIBL 0,0, JUMED C BHEKJICTOYHBIM O-TIEIITHAOM, CBSI3aHHBIM C
TPaHCMEMOPAHHBIM O-TIENTHAOM JUCYJIb(GUAHON CBA3BI0; [ BHYTPUKICTOYHBIA IPUMEMOpPaHHBIH
0eJIOK, M ¥ HHTErpalbHbI OEIOK ¢ 4YeThIpbMsl TpaHcMeMOpaHHbIMH jaoMeHamu. Koskcrpeccus
Pa3NHYHBIX KOMOHMHALMH CyOBEAMHMI MO3BOJMIA MPEAMONOKHT, YTO OGS U [-CyObemuHUIBI
BIUSAIOT KaK Ha IPOBOAMMOCTh KaHajla, TaK U HA €ro KMHETHKY, a }#CyObequHMIA oOecreduBaeT
IIOTEHIHAI-YYBCTBUTENBHOCTb KaHaa ).

nOTeHLIMan-aKTVIBVIpyeMbIe KanueBble KaHamnbl

IMoTeHnman-1yBcTBUTEIbHBIC KAIUEBbIE KaHAIB! HTPAIOT BAXKHYIO POJIb B IIPOIEccaX BO3OYIMMOCTH 1
npoBoUMOCTH. Llenblif psim pa3sHBIX T'€HOB KOAUPYET pPa3sHOOOpa3HBIC THIBI KAIHEBBIX KaHAJOB.
IMepBblii KanueBblid KaHal, y KOTOpOro ObUIa yCTAaHOBJICHA aMUHOKHCIIOTHASI IOCIIEIOBATENHHOCTS,
6611 BbIgeneH Yy Drosophila. On 6bu1 Ha3zBan Shaker Mo reHeTH4ecKOMy MYTaHTY, Y KOTOPOTO ObLI
obHapysKeH aedexT 5Toro Kanana®). OCOBEHHOCT 3THX MyTAHTHBIX MyLIEK 3aKTI0YANACH B TOM, 4TO
onn Tpeneranu (shaking), xorma s MX mojcyera WX aHecte3upoBand d¢upoMm. CTONb JIErko
pacro3HaBaeMasi MyTalus oOecrednia yqoOHbIH METOJUYECKUH MOAXO[ Ul KIOHHPOBAHHUS 3TOrO
KaJMeBOro KaHaua, He TpeOyroumili 00s3aTenpHOil naeHTudukanuu Oenka. ['eHeTndeckuil anamus
MO3BOJIMJI YCTAaHOBHUTH OOJACTh NpHUMEpHOro pacnonoxkenus reHa Shaker B renome Drosophila.
IMocnenytomee comocraBiaeHHe HOPMAIGHOM M MyTaHTHOHM HOCIENOBAaTENLHOCTEH B 3TOH obmacti
NIPUBENIO K UJIeHTH(HUKALNHN TeHa shaker.

HeO)KI/IZ[aHHbIM OBLIO TO, YTO aMUHOKHUCJIOTHAsA MOCICAOBATCIIBHOCTD IOJTYYECHHOI'O 0eJlka 0Ka3ajaoch
HaMHOI'0 KOpo4e TaKOBOM Yy TNOTEHLHUAI-aKTUBUPYEMOI'0 HATPHUEBOI'0 WJIM KaJbLHUEBOI'0O KaHalia.
IlenTun xanMeBoro KaHaiga coaepkan
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Tabnmua 3.1. ®yHKuMOHanbHas KnaccuduKaumss MNOTEHUMAan-3aBUCUMbIX  Karbli 1€BbIX  KaHanos K
COOTBETCTBYIOLUME KITOHBI CyGbeanHNLL.

Table 3.1. Functional classification of voltage-activated calcium channels and corres>onding clones of a
subunits.

Type* Threshaols® rnacti'mlicn Clone Aliernative designation Tissue source
T v Yes - - _
L HV No s CaChl Skelctal muscle |
[] = - — Ca, Che CaCh2a, CaCh2b Brain and heart

o - £ CaChl Brain

P HV " Stow A CaChé Brain |
Q HV Slow = = =

N HY Yes B CaChs Brain

R i Mo E CaChts [ Brain |

2 Designations T, L, and N originally meant Transient, Long-lasting, and Neither T nor L; P refers to Purkinje
cells.

® HV and LV indicate high-voltage and low-voltage thresholds for opening.
¢ Lowercase designations a and b indicate splice variants.

TONBKO OAuWH JoMeH (cM. puc. 3.6B), monoOubiii IV ngomeHy HarpueBoro KkaHama yrps.
OKCrepuMeHTalbHbIe JAHHbIE YKa3blBAalOT HAa TO, YTO B MEMOpaHe OTHCibHbIC CYObEAMHHULIBI
KATHEBOr0 KaHATa OOBEIHHAIOTCS, (POPMHPYS MyIbTHMEPHbIC HOHHBIE KaHamb'). Y Drosophila
ObUTH KJIOHMPOBAHBI YETHIPE OTACNBHBIX MOJCEMEHCTBAa KaJlMeBBIX KaHaJOB (Ha3BaHHbBIe Shaker,
Shab, Shaw, Shal). Y MiexonuTaronux HaiIeHbl aHAJIOIH JUIS BeeX 3TUX THIIOB (Tabia. 3.2). Kaxnoe
HojiceMeicTBO TpencTaBieHo pasanuHbiMH n3opopmamu (Shakerl, Shaker2 u T.1.). M3odopmet
OJIHOTO M TOTO K€ TI0JICEMEHCTBA TI0CIIe IKCIPECCHH CIIOCOOHEI (POPMUPOBATH TETEPOMYIILTUMEPHBIE
KaHAJIbI, TOrJa KaK U30()OpPMbI, TIPUHA/UICHKAILNE PA3HBIM M0JCEMENHCTBAM, TaKOH CIIOCOOHOCTBIO HE
o6manaror?).

IMogoOHO HATpHEBOMY ¥ KalbLMEBOMY KaHajaM, HOTCHIHAI-aKTHBHPYEMble KalHeBble KaHAJbI
0OBIYHO 9KCIIPECCUPYIOTCS BMECTE c JIOIIOJTHUTEIIEHBIMH B Cy6’beZ[I/IHI/H_[aMI/I48).
WaeHTuduuMpoBano aBa MOACEMENCTBA 3THX JONOJHUTENLHBIX cyobemunui; Kvpl.1-KvfB1.3 u
Kvf2.1. DKcnpeccMpoBaHHBIE C OCHOBHBIMH CYOBEIUHHIAMHU, [-CyOBEIMHHUIBI ONPENENAIOT
MOTEHIHANI-YyBCTBUTEIILHOCT U MHAKTUBAIIMOHHBIE CBOMCTBA KaJMEBBIX KaHAJIOB.

Ckonbko cy6beauMHUL, B KanueBOM KaHane?

CpaBHEHHE CTPYKTYpPbl KaJHEBOIO KaHajla CO CTPOCHHEM POACTBEHHBIX HATPHEBOTO M KaJbLHUEBOTO
KaHanoB (puc 3.6) MO3BOJMJIO BBICKAa3aTh MPEAINOJIOKEHHE, YTO MOJTHOLEHHBIM KalueBBIH KaHa
MPEe/ICTaBlIeH aHcaMbiIeM 4deTsipex cyObeanHul (Terpamepom). J{ist U3ydeHust STOro Bompoca ObUTH
npoBezieHbl AP deKTHbIE IKCIIEPUMEHTHI ¢ OJ0KaTopoM KamueBoro kanama charybdotoxin (CI'X) B
COYETAHMM C MCIONB30BAHHEM MYTAHTOB, PE3UCTEHTHBIX K NAHHOMY TOKCHHY''. CyGbeIHHHIbI
HAaTUBHOTO M MYTaHTHOTO THIIOB KaJHMeBOTO KaHana Drosophila Obum sKcnpeccHpoBaHBI B OOIHT B
pa3HBIX Iponopuusx. IIpH HCIOIB30BaHUM TOJIBKO HATHBHBIX CYOBEOMHHMI] KaJIHEBOTO KaHaa,
(GOPMHUPYIOIMX TOMOMYIBTHMEPHBIC KaHANIbI, KAJINEBBIE TOKHM B MeMOpaHE OOIUTA IOJIHOCTHIO
OnokupoBaiich BeICOKMMH KoHIeHTparusimMu CTX. MyTanTHbIe KaHabl IPU 3TOM IPAKTHYECKH HE
GJIOKUPOBAITHCE.

Ta6nuua 3.2. eHbl cybbeauHuL, NOTEHUMan-3aBUCMMOrO KarnvMeBoro kaHana y Apo3ogurbl U COOTBETCTBYIOLLME MEHbI
MITEKONUTAIOLLUX.

Table 3.2. Voltage-activated potassium channel subunit genes in Drosophila, and corresponding mammalian genes.

Dro:sophila gene Mam nalian genes
Sheker1to 12 Kv1.1t01.12
Sheb 1 and 2 Kv2." and 2.2
Shew 1to 4 Kv3." t0 3.4
Shel1and 2 Kv4." and 4.2
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Toku B oonmnTax, MHBECIHUPOBAHHBIX KaK MyTaHTHOMW, Tak ¥ HatuBHOH MPHK, GxoxupoBanmce mumb
YaCTHYHO.

JUIs TPaKTOBKM 3THX JKCIICPHMEHTOB KIIOUEBOE 3HAa4YeHHE MMeN TOT (akT, uro cBs3bBanme CTX
Jlake OIHOW CyOBEOUHHLEH KaHama YK€ JOCTaTOYHO [UIsi OJOKMPOBAHUSI BCErO KaHAIBHOTO
KOMIUIEKCa M MpeKkpaleHus Toka. CleoBaTensHo, B OOIMTAaX, HHBELUPOBAHHBIX CMECHI0 HATUBHOTO
U MYTaHTHOTO THUIIOB, HE3aTPOHYTBIMH TOKCHHOM OCTaHYTCSI TOJIBKO TOMOMYJIbTUMEpPHBIE KaHAIbI,
00pa3oBaHHbIE HCKJIIOUMTEIBHO MYTAaHTHBIMH CyObequHuuamu. @Dpakuuss TakuxX KaHaJOB,
c(OpPMHUPOBaHHBIX CITy4aifHOW acconmanuedl CyObEIMHHI[ HATUBHOIO M MYTaHTHOTO THIIOB, MOXXET
OBITH IOJCYHMTaHA IO COOTHOIICHHIO KoymdecTBa uHbenuposBaHHoW MPHK mns myrantHOrO M
HATUBHOTO THUIIOB KaHaya. Hampumep, ecnmm kaHam coctouT 3 detelpex cyowsenuuun u 90% PHK
SIBIISIETCS. MyTAQHTHOM, TO BEPOSITHOCTH ()OPMUPOBAHUS KAHAJIOB, COCTOSIIUX TOJIBKO M3 MYTaHTHBIX
CcyObeANHHL, COCTaBUT ([0,9]4), nm 66%. OcrtaBmuecst 34 % xaHanoB OyIyT UMETh IO MEHBIIEH
Mepe OAHYy CyObeAMHHIly HATHBHOTO Tuma M OyAyT MOABEpPKEHbI OJOKMPYIOIIEMY IEHCTBHUIO
TOKCHMHA. AHAJIOTMYHBI MOJACYET mpenckaspiBaet, 4ro Onokupyroumii sddexr CTX nomken
coctaButh 27 % pAns KaHAJIOB-TPUMEPOB (KaHANOB, cocTosmux M3 3 cyOowvemunui) u 41 % mns
neHTaMepoB (5 cyorenuaun). [TocKoNbKy B yKa3aHHBIX SKCIIEPHMEHTaX HaOJII0aIOCh OJIOKUPOBAaHUE
KaHanoB Ha 34%, yOUBUTENBHO COBMAJAIOIICe C IpeCcKa3aHHeM, ObUIO CIHENaHO 3aKII0YeHHE O
TETPaMEepPHOH CTPYKTYpe KaJIUCBBIX KaHAIOB.

CTpOGHI/Ie nopbl NOTeHUUuan-akKtTuBupyemMbIiX KaHanoB

OO0muM NpU3HAKOM aMHHOKUCIOTHBIX MOCIEOBAaTEIBHOCTEH BCEX IOTEHIHAN-aKTHBUPYEMBIX
KaHAJIOB SIBISICTCS YMEPEHHO TUAPOQOOHBIA y4acTOK BO BHEKJIETOUHOH IerTie Mexmy S5 u S6
cermentamu (puc. 3.6). Tak ke kKak B JKCIIEpMMEHTaX, ONMCaHHBIX paHee it M2 yuactka AXP,
MYTaIlU{ B 3TOM y4acTKe KalueBoro kaHaia Shaker CHY»kamu cpoACTBO KaHAIa IS GIOKHPYIOIIETO
neiictus Terpastunammonns (TEA) M M3MEHSIM TPOBOAMMOCTh KaHama - °». Beimo caemamo
3aK/II0YEHHE, YTO 3TOT YYacTOK MOTPY:KEH BIIyOb KaHala W MPUHHMAET ydacTHe B (POPMHPOBAHUS
HOHHO# TIOPBI2). DTOT BBIBOM TOATBEPHKAAICS TAKKE JAHHBIME PEHTTCHOBCKOM AH(PaKIMM KaHama
(eM. puc. 3.7). Iletna S5—S6 popmupyeT KOPOTKYIO cIHpalib, KOTOpas OTPY)KEHa B LIEHTP KaHaja;
aMHWHOKHCIIOTHI, BOCXOISIINE OT HI)KHETO KOHIIA CIIUPAIH, 00pa3yloT BEPXHIOI YacTh HOHHOM MOPHI
(cMm. puc. 3.6D). MyTamuu B 067aCTH HOPHI CYIIECTBEHHO 3aTParuBaioT HOHHYIO M30MPATEIbHOCTD
MOTEHIMANI-aKTHBUPYEMBIX HOHHBIX KaHaioB. Hampumep, B HaTpHeBBIX KaHaJTaX MO3Ta KPBICHI
3aMeHa B OOJAcTM TIOpEl B TPETbEM JOMEHE IIOJIOKHTEIBHO 3apsDKEHHOrO TIIyTaMara Ha
OTPUIATENHHO 3apsDKEHHBI JIM3UH TPHBOJUT K MOSBICHUIO XapaKTEPUCTUK, CBOMCTBEHHBIX
Ka/bIHEBHIM KaHaiaM’>). BMECTO CENeKTHBHOM MPOHHMIAEMOCTH Ui HATPHMS MYTAHTHBII KaHAI
UMeeT HU3KYI0 H30upaTenpHOCTh M MOHOBAJICHTHBIX KaTHOHOB. Kpome Toro, mpm
(GU3M0JIOrNYECKUX KOHIEHTPALUIX HOHOB, OOJIbIIAS YaCTh TOKA Yepe3 TaKoil KaHasl 00ecrednBaeTCs
KaJIbIIAEM.

AHanus CTPYKTYPbI KanmeBOro KkaHasna ¢ BbiICOKUM pa3pewieHnem

CTpyKTypa KanueBbIX KaHanoB Streptomyces lividans (KcsA kaHasbl) Oblia H3y4eHa PEHTTEHOBCKOM
kpuctamiorpadueii ¢ paspemennem 3,2A%). bakrepuaibHble KaHATIbI OTHOCATCA K KIACCY KAIHEBBIX
KaHaJIOB, CyOBEIUHHUIBI KOTOPBIX BMECTO IIECTH TPAHCMEMOPAHHBIX JOMEHOB MMEIOT TOJBKO JBA.
JlpyruM IpUMepoM TaKoro MABYX-JAOMCHHOTO OeJKa SIBIISICTCSl KaJUEBBI KaHal BHYTPEHHETO
BBINIPSIMIICHHS, KOTOPBIH OyzeT o0cyxnaThes moxe (cM. puc. 3.8). J[Ba cermMeHTa KaJlleBOro KaHaja
SIBIITIOTCS CTPYKTYPHBIMU SKBUBAJICHTAMH CEIMEHTOB S5 U SO B NMOTEHIMANI-aKTHBUPYEMBIX KaHaIaxX.
HecMoTps Ha pa3HOE 4MCIIO0 TPAaHCMEMOPAHHBIX CEIMEHTOB, AMUHOKHUCIIOTHAS TTOCIIEIOBATEIBHOCTD B
nopy-(hopmupyomeii merie S5-S6 yIHBHTEIBHO KOHCEPBATHBHA Y BCEX KATHEBBIX KAHAIOB - °).
IIpenmyIiecTBOM HCCIENOBaHHA OAKTEPHAIBHOTO KAJIMEBOTO KaHaja SBJIAETCS TO, YTO OH MOXKET
OBITh NPOAYLMPOBAH B OOJBIIMX KOJMYECTBAaX, JOCTATOYHBIX IJI1 KPUCTALUIM3ALUM, YTO JEJaeT
BO3MO>KHBIM IIPOBEICHIE PEHTTCHOBCKON U (paKIiy.

KcsA kanan siBisiercst rerpamepoM. Puc. 3.7 mpencrapiser KaHal B pa3pe3e U MOKa3blBaeT OOJIBIIYIO
4acTh €r0 CTPYKTYPHBIX netaneil. Psmom ¢ NH,-KOHIIOM Kamo# CyOheIMHHIBI UIMEETCS Hapy KHAs
CIHpaib, KOTOpas IPOHU3BIBAET MEMOpaHy OT IMTOIUIa3MATHYCCKOW CTOPOHBI 10 Hapy:KHOH
MOBEPXHOCTH. 3a HAPYKHOIl CIHUpaNbio CIEAyeT KOPOTKas CIHpajb, HAalPaBICHHAs B MOPY. 3aTeM
pacrnonaraetcss BHYTPEHHsSS CHHpaib, KOTOpas BO3BpAIaeTCs K IMTOILUIA3MATHYECKOH CTOpOHE.
CoeIMHSIONINE TTETIH MEXK-
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Puc. 3.7. CTpykypa KanueBOro kaHa
na. [lonepeyHbin cpe3  KanueBoro
kaHana K A Tunz, nokasbiBawwuin e
M3 detblpex cyobeauHuy. Kaxpgas
cybbeanHnua nveet nse
TpaHCcMeMBpaHHb X cnupanu 7
KOPOTKYl0 CMMpenb, obpalleHHylo B
nopy. [leTnu, vaoyuwme OT KOPOTKOW
cnupany,  obpe3yloT  CEeNEeKTUBHbIN
unbTp KaHana.

Fig. 3.7. Potassium Channel Structure. Sectional view of a KscA potassium channel showing two of four subumts, one
on either side of the central pore. Each subunit has two membrane-spanning helices and a short helix pointing into the
pore. The connections between the outer helices and the short helices of the four subunits form four turrets that
surround the pore entrance and contain binding sites for blocking molecules. The four connections between the short
helices and the inner helices combine to form the selectivity filter, which allows the permeation of potassium, cesium,
and rubidium but excludes smaller cations such as sodium and lithium. (After Doyle et al., 1998.)

Iy Hapy)XHOH W KOPOTKOH CIHUpaqsiMH o0Opa3yloT dYeThIpe BO3BBILCHUS, OKPY)KAIOLINe
Hapy>XXHO€ OTBEpCTHE MOpbHl M COJAEpKalllMe CBs3bIBarolue caitel ansi TEA W npyrux
GIOKMPYIOIMX KaHa7l TOKCHHOB . B KaIoil CyObeIMHHIE MET/s MEXKTy HEHTPATbHBIM
KOHIIOM KOPOTKOH CHHpalli ¥ BHYTPEHHEH CIHpaibio GOPMHUPYET CTPYKTYPY MOHHOW MOPBHI.
UYerblpe Takue METNIM, OOBEIUHSACH, 00Opa3yrT Y3KHH MPOXOJ, OTBETCTBEHHBIH 3a HOHHYIO
n30MpaTeIbHOCTh KaHala — CEeJIEeKTUBHBbIN ¢GuibTp. OTHOCHTENHbHO OOJbIIAs IEHTpajbHAs
MI0JIOCTh M HIDKHSISI BHYTPEHHSIS TI0pa COSANHSIOT CENEKTHBHBIN QBT C LUTOIIa3MOH.

W36upaTenbHOCT JJIsl Kaaus JOCTUraeTcs Kak pa3MepoM, TaK U MOJIEKYISPHBIM CTPOECHHEM
cenekTuBHOro ¢unbTpa. Juamerp ¢uinbtpa cocraBisier okoso 0,3 HM M aMHHOKHCIOTHI B €T0
CTEHKE OPHUEHTUPOBAHbI TAaKUM O00pa3oM, 4TO IIOCIEOBAaTElbHbIE KOJIbIA, OOpa30BaHHBIE
YeThIPbMSI KapOOKCHMJIBHBIMH TpyNNaMu (M0 OJHOW OT KaxIoW CyOBbEeTUHHUIIBI), OOpalleHbI
BHYTPb NOPBL. JJuaMeTp Mopbl JOCTATOUYEH AN IPOX0XKIECHUS JETUAPATUPOBAHHOIO HOHA KaJlus
(mmametpom okoino 0,27 mm). CrnemyeT 3aMeTHTh, YTO JAETHIpATalis MPOHHUKAIOIIETO HOHA
Morga Obl HOTpeOOBaTb 3HAUMTENBHOM sHepruu (raBa 2). OpHako 3TOT  (akTop
MHUHUMH3UPYETCS 32 CUET KHCIOpOoJa CTEHKH KaHaja, KOTOPBIM 3aMEHSEeT aTOMBI KHCIOpoIa
BOJBI B TUAPATUPOBAHHOW Mousiekyne. FloHbI MeHbIero pasmepa, Takue Kak HaTpuil (auamerp
0,19 um) unu gutuit (auametp 0,12 HM), HE cOCOOHBI IPOHUKHYTh Y€pe3 KalUEBbIH KaHal,
MIOCKOJIbKY OHHM HE MOTYT C(hOpMHPOBATH IOCTATOYHO IUIOTHBIM KOHTAKT OJHOBPEMEHHO CO
BCEMU YETBIPHMsI KMCIOPOAAMHU, IO3TOMY OHU OCTAIOTCS TUIPAaTUPOBAHHBIMU. JIOHBI GOJbIIEro
pa3smepa, Takue kak nesnit (quamerp 0,33 HM), HE MOTYT IPOHHUKHYTH Yepe3 Mopy M3--3a CBOMX
pa3MepoB. OTU CTIPYKTypHblE OCHOBBl HOHHOH M30MpaTENbHOCTH BIIOJIHE COIJIACYIOTCA C
TPAIUIHOHHEIME BO33PEHISIMHA HA HOHHYIO POHHUIIAEMOCT KAHATOB ).

UccnenoBarenn HaiEOTCS, YTO METOJ PEHTTEHOBCKOH AM(PAKIMU CMOXET OO0ECreunuTh
HOBBIMHM JaHHBIMH O IIOKa €ILIe MAJIOW3yYE€HHBIX CTPYKTYPHBIX M3MEHEHHSX, MTPOMCXOISIINX
IIPU OTKPBITUU BOPOT KaJIMEBOro kKaHana. Hampumep, 3arajaxoii sBiIseTCs JIOKaJIU3aLlus BOPOT,
MOCKOJIBKY B KalMeBbIX KaHamax Shaker mpuiokeHHbIE C HUTOIIA3MaTHYECKOH CTOPOHBI
BEIIECTBA MUMEIOT IIPU OTKPBHITOM KaHajle CBOOOJHBIN 1OCTYN BIIIyOb MOPHI, XOTS TOT/A, KOIna
KaHaJbl 3aKpbITBl, OHM MOTYT IPOHMKATb BHYTPb KaHala TOJbKO HA OYEHb KOPOTKYIO
nuctaniuio. CrenoBaTellbHO, BOpPOTA JIOJDKHBI HAaXOAWUThCS COBCEM pSAJOM CO BXOAOM, C
LUTOTIA3MaTHIECKO CTOPOHBI HMOHHOM Hop5157).
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§ 4. Jlpyrue kaHaJbl

IToMuMO nepeuuCIeHHBIX paHee, B HEHpOHaX UMeeTcs elle JOBOJIbHO MHOTO UHBIX HOHHBIX KaHAJIOB,
MPUHIUINATGHO BOKHBIX I (QYHKIMOHHPOBAHUS HEPBHOM cHCTeMBI. JJIi MHOTHX M3 9THX KaHAJIOB
ObUIN OIpe/ieIeHbl JIeTallM MX MOJEKYJSIPHOrO ycTpoiicTBa. Cpean HHX HPEACTaBICHO CEeMEHCTBO
IITyTaMaT-aKTUBUPYEMBIX KaHaloB, ceMeilcTBo AT®d-akTHBUpyeMBbIX KaHAJIOB M MHOTUE IpyTHe.
KroHupoBaHbl peAcTaBUTENHN OONBIIOr0 ceMeHCTBAa MOTEHIMAN-aKTUBUPYEMBIX XJIOPHBIX KaHAJOB,
a TaKKe OINpeAeNeHbl AMHHOKHCIOTHBIE II0OCIEA0BATENbHOCTH CYOBEIMHMI, (OPMHUPYIOLIHX
MIOTCHIMANI-IyBCTBUTEIbHBIC KalUEeBbIE KaHAJIbl BHYTPEHHEro BhIpsiMieHus. Kpome Toro,
YCTaHOBJIEHBI CTPYKTYPHI HOHHBIX KQHAJIOB, AKTHBUPYEMBIX BHYTPHUKICTOUHBIMU JIMTaHIaMH.

I'maBHOM 3aKOHOMEPHOCTBIO, YCTaHOBJICHHOM K HACTOAIIEMY BPEMCHH, SBISETCA TO, YTO MJIL
(OpMHPOBaHUS HOHHOTO KaHajla He0OXOJUM, KaK IPaBHIIO, aHCAMOJIb YETHIpEeX MM 0ojiee OSTKOBBIX
cyObequHHL (MIM B CIy4yae MOTEHIMAN-aKTUBUPYEMBIX HATPHEBBIX M KalbLIUEBBIX KAaHAJIOB —
HaJIM4YMe YEeThIPEX MOBTOPSIONIIMXCS AOMEHOB OJHOTO Oeika). Bo MHOrHX ciydasx peaqbHOE YHCIIO
cyObenuHHL, O00pa3ylolMX KaHall, 3ayacTyl0 OCTaeTcsi HEM3BECTHBIM, XOTA I IIOTCHLHMAJ-
YyBCTBUTEIBHBIX KaHATOB M KaTHOHHBIX KAaHAJOB, aKTHBUPYEMBIX BHYTPHKIETOYHBIMH JIMTaHIaMHU,
IperoaracTcss TeTpaMepHas CTpyKTypa. B oramume oT 3TOro, 1 KaHalOB, aKTUBHPYEMBIX
BHEKJICTOYHBIMH JIMTAHJAMH, OOIICHPHHSATHIM CUHTACTCS HauWdMe ISt cyObexmnumi. [lamee
IIPUBEIEHB! HEKOTOPHIC IPUMEPHI TAKUX KaHAJIOB.

nOTeHLIMan-aKTVIBVIpyeMbIe XIMOPHbIe KaHanbl

BriepBble moTeHIMang-akTa BHPYEMbIE XJIOPHBIE KaHAJIbl OBUTH KIOHHUPOBAHBI M3 JJIEKTPUYECKOTO
oprasa Torpedoss)‘ M3Bectubie kak CLC-0 kaHabl, OHU ¢ BHICOKOH IJIOTHOCTBIO SKCIIPECCHPOBAHBI B
HEWHHEPBUPOBAHHOH YacTH KJIETOK JTOTO OpraHa, IpPEefOCTaBisil CO00H HU3KOOMHBIA ITyTh
pacnpocTpaHEeHUs] TOKOB, IeHEPHPYEMBIX B HHHEPBUPOBAHHON 001acTH KieTku. ['eH, Koxupyrommit
CLC-0, obHapy»xeH Takke B MO3re MICKOIUTAIOIINX U OTHOCHTCSI K OOJIBIIOMY CEMEHCTBY, KOTOPOE
BKJTIOYAET, [0 MEHbIIEH Mepe, BOCeMb APYrHX FOMONOTMYHBIX reHos ). CLC-1 XTopHble KaHAIbI,
HalIeHHbIE B CKEJICTHON MBIIIIE MIIEKONMTAIOMINX, BHOCAT BEAYIIyI0 POJIb B IPOBOAUMOCTH
MEMOpPaHBI MBIIIEUHBIX

BOJIOKOH. B wacTHOCTH, OHM cTaOMIM3UPYIOT 3apsi MeMOpaHbI Ha ypoBHe noTeHnuana nokost. CLC-2
KaHaIbl aCCOLMMPOBAHBI C perysinuell obObeMa KIETKH M 00NafaloT YyBCTBUTENBHOCTBIO K
pacTspkeHuIo MeMOpansl. [[Be apyrue m3odopmsl xiaopHbIx kananos, CLC-K1 u CLC-K2, orseuaror
3a peabcopOLuIo XJIOpUIA B TOYKAX.

Jlo cuX IOp OCTArOTCS HEKOTOPbIe HESCHOCTU B TPAHCMEMODPAHHOH TOMOJIOTMM XJIOPHBIX KaHAJIOB
CLC, 4r0o B 3HAYMTENBPHONH Mepe 3aBUCHT OT PA3IMYHONH TPAKTOBKH THAPONATHYECKOTO aHAIN3a
AMHMHOKHCIIOTHO# ToceaoBaTensHocTH benka kanama . CLC xaHamsI cocTosT u3 13 ruapohobHbIX
JIOMEHOB, 11 U3 KOTOpBIX C BBICOKOW BEPOSTHOCTHIO PACIHOJIOKEHBI BHYTpH MeMmOpansl (puc. 3.8).
OCOOCHHOCTBIO 3TUX XJIOPHBIX KaHAJIOB SIBISETCS HAIMYUE MPOTSHKEHHOTO THAPO(POOHOro ydacTka
D9-D10, xoHdwurypanus KOTOpOoro B MeMOpaHe IOKa HEU3BECTHA. OKCIEPHMEHTAJbHBIC JAaHHBIC
no3BoJsiioT npennonoxutsh, 4ro CLC-0 ¢yHKIMOHHMpYeT B MeMOpaHe Kak IUMep, HEOOBIYHBIM
CBOMCTBOM KOTOPOTO SIBIISIETCSL TO, YTO Kakaas cyOpequuuna QopmupyeT B MeMOpaHe CBOIt
COBCTBEHHbII HE3aBUCHMBIH KaHan °",

KanueBble kaHanbl BHYTPEeHHero BbinpaMmneHunsa

KaymeBsle kaHans! BHyTpeHHEro BhIpssMiieHUs (K, kaHabsr) 00ecrieunBaloT ABIDKEHHE HOHOB KU
B KJETKY TOTJa, KOTAa MEeMOpaHHBIH MOTEHIMAJ OTPHUIATETIEH II0 OTHOIICHHIO K PAaBHOBECHOMY
MOTEHIMAYy Kalus, XOTS OHU NPAKTHYECKH HE MOAAEPKUBAIOT JIBIKECHHS KalMs HapyXy KIETKH.
Nmeercst 1o kpaiineil mepe msath noacemeiicts kanaita Ky 1—K;-5, o6HapyxeHHBIX B MO3re, cepue u
noukax % ). Oxno cemeiictso, K3, (popMHpyeT KaHANBI, AKTHBHPYEMbIE BHYTPHKICTOUHBIME G-
6enkamu (rnaBa 10). DT KaHabl MOTYT OBITH 3a0JIOKHPOBAHBI BHYTPUKICTOYHBIM MarHueM H/WITH
BHYTPHKJIETOUHBIMH moiuamuHamu. [Ipexnomaraemas crpykrypa cyosemunnn K (puc. 3.8B)
nono0OHa TakoBoH y kaHana KcgA ¢ aByMst TpaHCMeMOpaHHBIMH JOMEHaMU. MarHui-CBs3bIBAIOMNit
caiiT, Onoxupyromuii akTuBHOCTH K, KaHaNoB, pacroaraeTcs MpeAnoNIoKUTeIbHO Ha M2 noMeHe B
00J1acTH IUTOINIA3MAaTHIECKOTO KOHI[a KaHalIa.

AT®-akTuBUpyemble KaHanbl

Anenosus-5'-tpudochar (ATD) BemonHsACT (QYHKIMIO HEHPOTPAHCMHUTTEPA B TJIAJAKOMBIIICYHBIX
KIIETKaX, B KJICTKaX aBTOHOMHBIX TaHIVIMEB U B HEHPOHAX LECHTPAIbHONW HEPBHOM
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{A) Yollage-ncivated chioride channel (8} loward rectifier subosit

Puc. 3.8. lpumepbl oTaenbHbiX TWMOB KaHamoB. (A) Benok noTeHuman akTMBMPYEMO O XIOPHOrO KaHana
npeanonoxutensHo umeeT 11 TpaHcMeMbBpaHHbIX yyacTka. [MMmepbl 3TOro kaHana B MeM>paHe obpa3syloT ABa
He3aBUCMMbIX KaHama. (B) BTopuyHasi CTpyKTypa KanmMeBOro KaHama BXOAHOrO BbINPAMIEHUS C  OBYMS
TpaHcMeMbpaHHbIMM JoMeHaMu neTnen, obpasytoLleit nopy. MonHbln kaHan, no-euaMmomy, Te ‘pamep (C) CTpykTypa
AT® peuenTopa cxogHas CO CTPYKTYpoW kaHana BxogHoro BbinpamneHus. (D) CyGbelmHuua rnytamaTtHOro
peuenTopa C Tpemsi TpaHCMeMOpaHHbIMM  chvpansamMu 1 obpasylowas nopy nerns, ucxogswas C
uuTonnasmaTnyeckon CTopoHbl. [MonHbIA KaHan, no-sugumomy, neHtamep. (E) CrtpoeHue cybbeauHuubl KaHana,
aktvBupyemoro ULAM® unu ufM®, nogobHO CTpoeHMo MoTeHuMan akTUBMPYeMOoro KanveB(ro kaHana (puc. 3.6)
[MonHbIN kaHan, No-BugMMomy, TeTpamep.

Fig. 3.8. Examples of Distinctive Types of Channels. (A) The voltage-activated chloride chann:l protein is thought to
have 11 membrane-spanning regions; the arrangement of segment D9-D10 is not known. The protein is believed to
assemble in the membrane as a dimer to form a "double-barreled" channel structure. (B) Proposed secondary
structure of a subunit of the inward-rectifying potassium channel, with two membrane-spanninj regions and a pore-
lining loop. The complete channel is assumed to be a tetramer. (C) The subunit structure of rece ptors for ATP appears
similar to that of the inward rectifier. (D) Glutamate receptor subunits are believed to have three transmembrane
helices and a pore-forming loop entering the channel from the cytoplasmic side. The complete receptor is thought to
be a pentamer. (E) The subunit structure of channels activated by cyclic AMP or cyclic GNP is similar to that of
voltage-activated potassium channels (see Figure 3.6C). Complete channels are assumed to be ‘etramers.

CUCTCMbI 64, 65). Tak xak AT® sBusieTcs IIYPUHOM, €ro peucHTOpHLIC MOJICKYJIbl HM3BECTHBI KakK

nmypuHeprudeckue perentopsl. OnuH u3 Hux P2X penentop, NMHUTaHI-aKTHBHPYEMBIH KaTHOHHBII
kanan. KionmpoBano cemb cyOwsemuuun P2X pemenropa (P2X;-P2X5) ) Px IpearnoJaraemas
TperuyHas crpykrypa (puc. 3.8C) ¢ nByms TpaHCMEMOpaHHBIMH y4acTKaMH MOJOOHA TaKOBOW Y
cyobeanHuL KaHana KcgA.

FmyTamatHble peuenTopbl

I'myramat siBiustercss Hambosiee BaKHBIM M HamOoJiee pacIpOCTPAaHEHHBIM —BO30YyXIAIOIINM
HEHPOTPAHCMUTTEPOM LIEHTPAJILHON HEPBHOH CUCTe-
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MBI, aKTHBHPYIOIINM, 110 MEHBIIEH Mepe, TPH THIIAa KaTHOHHBIX KaHAJIOB. Bce Tpu THma perenTopHo-
KaHAIBHBIX KOMIUICKCOB O0JAmaloT pPa3NUYHBIMU (YHKIMOHAJIGHBIMU CBOMCTBAMHU M OTJIMYAIOTCS
IPYr OT JApyra IO YyBCTBHTEILHOCTH K PA3HbIM aHAIOraM TiiyTamara ©'). OIHH M3 DeIenTopos,
HasbiBaeMblii NMDA-penentop, usbuparensno otBedaer Ha N-methyl-D-aspartate (NMDA). [[Ba
IPYTHX pelenTopa akTHBUPYIOTcs cooTBeTcTBeHHO AMPA (0-amino3-hydroxy-5-methyl-4-isoxazole
propionic acid) win xaunatom. braarogaps uzbupatensHocTH, Tpu 3TUX aronucta (NMDA, AMPA,
KalHAaT) SBJISIOTCS BaKHBIMH 3KCIEPUMEHTANbHBIMU MHCTPYMEHTaMHU AT CENEKTUBHOM aKTHBALUH
COOTBETCTBYIOIIETO THUIA IITyTaMaTHOTo penenrtopa. IIpu 3ToM ciemyeT MOMHUTB, YTO €CTECTBEHHBIM
TPAHCMHUTTEPOM I BCEX TPEX THIIOB PEIENTOPOB SIBISIETCS TOJIBKO IIyTaMar, HO He €ro aHaJOTH.

MornexynsipHoe KJIOHHpOBaHHE Mo3Boymio uneHtudunuposats kxJHK i 16 cyOpexunnm
rIyTamMaTHoro penenropa. IIate u3 otux cyOowenunun, HazBanusle NR1 n NR2, mMoryr nmpuHHMaTh
yuactue B popmupoBanun NMDA-penentopa. AMPA-penentops! copMUpOBaHBI IPyTHMH THIIAMU
cyobenunnl, ob6o3HayaeMblx Kak GIuRA-GIuRD (mmu GluRI-GluR4). Kaunatable penentopbl
cobpanbl u3 cyopenunun KAl w/mmu KA2 B komOunammu c¢ GIuRS, 6 wm 7. Ins aByx
TOMOJIOTHYHBIX CyOBEIMNHHUIL TITyTAMATHOTO PELenTopa, & U J, MPUHAANEXHOCTb K KaKOMY-JTHO0
OTIENBHOMY DPELENTOpy OCTaeTcs MoKa He ycTaHosieHHOW. Ilo anamorumm ¢ HuKOTHHOBBIM AXP
CUUTAETCs], YTO TIIyTaMaTHBIE KaHAJbI ABIAIOTCS TaKXKe MEHTaAMEPAMH, XOTS Ha 3TOM I0J00He MEXITY
HHUMH 3aKaHIMBAETCs AMHHOKHCIIOTHAS TIOCIIEI0BATEIBHOCTD CYOBEMHHL] ITTyTaMaTHOTO PelienTopa
8 - 79 ppuMepHO BIBOE IIHHHEE TAKOBOI CymepceMeiicTsa, BIouaromero AXP, 5-HTs;, TAMK u
[IMIKMHOBBIE penienTopbl. Kpome Toro, Mexmy IByMs 3THUMU CyIepceMeHcTBAMU MPAaKTUYECKH HET
TOMOJIOTHU.

IMTockoibKy CyObeIMHHIBI TITyTAMATHOTO PELENTOPa UMEIOT YeThIpe TPAaHCMEMOpaHHBIX CErMEHTa,
MOHAYaJy CYUTAIU, YTO OHH pacIoyiaralotcs B MeMOpaHe Tak e, kak y AXP (cm. puc. 3.3). OnHako
[OCJIE/IHME JAHHbIE IO3BOJIAIOT IPEACTABUTh CTPOCHHME INTyTAMATHBIX KaHAJIOB TaK, KaK 3TO
n3o6pakeno Ha puc. 3.8D. CoriacHo 3TOMy MPEACTABICHUIO, BTOPOM CErMEHT BCTyNaeT B MeMOpaHy
C LMTOIIA3MAaTUYECKOIl CTOPOHBI, 00pa3ysl METIIIO-LINHIBKY, BEICTHIAIONIYIO NOPY. OTa yHHKaJIbHAS
JUISL TIIyTaMaTHOTO peLenTopa KOH(UIyparus MOATBEPXKAACTCS W JaHHBIMH MyTareHe3a JaHHON
IET/IH HOHHOTO KaHaya 2.

KaHaan, aKTuBupyemblie LUKITN4eCKUMMun Hykneotngamum

Penenrrops! ceTuaTku ¥ OOOHSTEIBHOTO SIUTENUS AKTHBUPYIOTCS BHYTPUKJICTOUHBIM IMKINIECKAM
AM® umu muxmmueckum TM® 7 7. Penentopsl GOpMHpPYIOT MOHHBIE KaHAIBI, C Pa3sIMYHON
N30MPATEeNbHOCTRIO JUISI Kalks, HAaTpHUs WIM KanblWs. AMHHOKHCIOTHAs MOCIEJOBAaTEILHOCTD
CyOBEIMHHI] HYKJIETHI-aKTHBHPYEMBIX HOHHBIX KaHAJIOB HMEET HEKOTOPYI0 TOMOJIOTHIO C
CyOBEMHHUIIAMI TIOTEHLUAI-1yBCTBUTENbHBIX KaHaoB. IIpeamnonaraemas CTpyKTypa KaHaloB (pHC.
3.8E) BkiuroyaeT IIecTh TPAHCMEMOpAHHBIX  y4acTKOB, YTO XOPOLIO  COIJlacyercs ¢
THIPONATHUECKUMH  HMHIEKCaMH 3THX  OenkoB. YwacTok S4  OpeACTaBlIeH  PEryNspHO
MOBTOPSIOIIUMUCS  3apSDKEHHBIMU  OCTAaTKaMM, XOTS UHCIO HMX HIDKE, 4YeM Y MOTEeHIHAal-
qyBCTBHUTEIBHBIX KaHAIOB. B cOOTBETCTBHN C akTHBanuel BHYyTPUKICTOUYHBIMH JIMTaHaMH, OOJIbIIAsT
9acTh Macchl OelKa KaHajda HaXOIWTCS HAa IMTOINIA3MAaTHYeCKoil cropoHe MeMOpanbl. HamGomee
BEPOATHOH (opMoit 00beANHEHHS CyObEANHUIL SBIISICTCS TETPaMep.

§ 5. PaznooOpa3ue cy0beanHuL

XapakTepHOH OCOOCHHOCTBIO MOHHBIX KaHAJIOB SIBISETCS HIMPOKOE pasHooOpasue H30(hopM
cyobeauunl. CyniecTByeT OOJbIle JIOKHHBI BAPHAHTOB CyObeAMHMI] HUKOTHHOBOro AXP u eme
Gosbliiee YUCIIO CyOBEIMHUI] KAIHEBOTO KaHajla M IIyTaMaTHOro perentopa. Kak Bo3HHMKaeT Takoe
pazHooOpaszue? B OCHOBE 3TOrO JIGKHT NPEXAE BCErO TO, YTO KaXIbIH KaHal WIM CyObeIuHHIA
KaHaJla KOJMPOBAaHBI OTIENbHBIM TI'eHOM. Kpome TOro, yCTaHOBNIEHBI [Ba JAPYrHX MEXaHH3Ma,
MIPUBOASIINX K MOSBICHUIO CYOBEMHHL] C PA3INYaONINMH CBOHCTBAMH.

Bo-nepBhIX, 3TO anbTEepHATHBHBIN CIUIAHCHHT. BOJIBIIMHCTBO OEIKOB KOAMPOBAHBI B Pa3sIMUHBIX
cermenrtax JIHK, Tak Ha3pBaeMBIX HK30HaX. B HEKOTOPBIX Coydasx SK30HBI BMECTO KOMOWHAIUU B
enuHcTBeHHBI BapuanT MPHK, xoHTpommpyromuii cuHTe3 crenuduueckodl CyObeaMHHMIHL,
00pa3yloT pa3NUYHbIC AIbTCPHATHUBHbIC KOMOMHAIMHM, 4YTO NpPUBOAUT K co3manuio MPHK s
MHOXECTBEHHBIX H30(opM CyObenMHUL. Bo BpeMs TpaHCKPHIILIMHM HEW3BECTHBIH DPEryJHpYIOLIHid
MEXaHHU3M ONpeJieNsieT, Kakas u3 anpTepHaTuBHbIX MPHK OyzneT ucnonb3oBana ais cunTesa
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Oenka. OCTaTOK HCKIIOYAeTCsl M3 TpaHCKpunrTa M ocrasmmecss cerMentsl PHK coemumsiores,
¢bopmupys koneunyio MPHK. Hanpumep, UMEHHO TakuM myTeM o0pa3yroTcs H30(OpMbI KalueBOro
kaHana tuna Shaker.

Bropoit crioco® moctipkenus pasHooOpasus cyObeauHul, — pepaktupoanue PHK. TIpumepom
SIBIISIIOTCS CyOBequHuLBI ryTaMaTHeIX peuentopoB GluRB, GIuRS u GluR6. Otu cydbeauHuib B
cepeuHE BTOPOTO TPAaHCMEMOPAaHHOTO CErMEHTa COAEpXaT JHOO TIIIOTAMHHOBBIN, JHOO
apruHUHOBBIN ocTaTok (puc. 3.8D). IIpucyrcTBre apruHUHA YCTpaHIET KAJIbLUEBYIO IPOHUIAEMOCTh
HOHHOTO KaHajla M YyMEHbIIAeT ero INpoBOAMMOCTb. TakmMm obOpazom, xors [HK Bcex Tpex
CyOBeIMHHIl JUIS ITOTO caifTta CoAepKuT TimroTamMuHOBBI komoH (CAG), Ha ypoHe MPHK, B
COOTBETCTBYIOIIEM YJ4aCTKE MOXKET MOSBHTECS KOAOH st aprumnaa (CGG)™. D10 M3MeHeHHe B
6a30BOi OCIIENOBATEIBHOCTH HYKJICHMHOBBIX KHCIOT JocTuraercs penakrupoBanuem PHK B sape
kinetkd. Takum oOpasoM, Hampumep, peraktupyercs mpouecc cuHre3a GluRB u oTtuactu cuntes
GluRS u GluR6. B GluR6 nononnutensHoe penaktupoBanue A/G HaiiieHo B TEpPBOM
TpaHCMEMOPAHHOM CErMeHTe ).

3ak/IoueHue

CoBpeMEHHBIMI METOJaMH OHOXHMHH, MOJICKYJSIDHOM M KJIETOYHOH OHONOrHH, 3JIeKTPOHHOI
MHKPOCKOIINY, 3JIeKTPOHHOH M PEHTIeHOBCKOW MU(paKIMu MOydeHa JeTaybHas HHGOPMAIHUSI O
MOJIEKYJISIPHOH OpraHW3allid M CTPYKType KaHAIOB M penenTtopoB. MBI 3HaeM, HalpHMeEp, UTO
KaHajibl O0pa3oBaHBl UETHIPbMS WIM Oosiee CyObeAMHMLAMHM WM JOMEHaMH, COOpPaHHBIMH B
OIIPEJIeTICHHOM NOPSAAKE BOKPYT LEHTPaIbHOMN 1opbl. Kaxknas cyObenuHuUIa WM JOMEH BKIIIOYaeT, B
CBOIO OdYepenb, OT JBYX [0 IIECTH TPaHCMEMOPAaHHBIX YYacTKOB, OOBEIAMHCHHBIX BHE- U
BHYTPUKJIETOYHBIMU TNETIAMU. AHcam0ib, COCTOAIIMH W3 CyOBEAMHUL, COCTaBJIsSeT CTPYKTYpY,
JIOCTAaTOYHYIO, YTOOBI Ha aJeKBaTHBIA CHTHAJI 00pa3oBaTh MOpY, MPOIYCKAIONIyI0 HOHBI. Kanasl,
SIBIIIOIINECS] OTHOCUTEIIHFHO M30MPATEIbHBIMU, TAKUE KaK MOTCHIMAN-3aBUCHMbIE KaHAbI, 0OBIYHO
MIPE/ICTABIISIIOT COOOH TeTpaMepsl; OoJiee KpyIHbIE M MEHee N30MpaTeNbHbIC JINTaHI-aKTHBHPYEMBbIe
KaHaJbI SBISIIOTCS TTeHTaMepaMu. Kak npojomkenne sToro nprHnumna Haubosiee KPyImHble KaHAIbl —
IIEJIEBbIE KOHTAKTBI — MMEIOT FeKCAMEpHYIO CTPYKTYpy (rnaBa 7). [l HEKOTOPBIX KaHAJIOB 10 CHUX
HIOp OCTAaeTCs HeACHOH (DYHKIMOHAIBHOE MPEIHA3HAUCHHE

psila TPaHCMEMOpPaHHBIX Y4acTKOB cyObeaAMHUL. OHAKO UMEETCsl HECKOJIBKO MPHMEPOB, B KOTOPBIX
(GYHKLHUS OTJETbHBIX YYacTKOB JAOCTAaTOYHO TBEPAO ycTaHOBIeHA. Hampumep, 4eTKo 10Ka3aHO, 4TO
M2 ygactok cyObemmuumi] cynepcemeirictBa AXP ¢GopMupyeT CTEHKY HMOHHOM IOpBI U BOPOTHBII
MexaHM3M. PeHTreHoBckast MuQpakius BBIABIIA CTPYKTYPHYIO OCHOBY MOHHOW H30MpaTeIbHOCTH
KaJIEBBIX KAaHAIOB. JTOT PE3yJIbTaT MOXET OBITh SKCTPANOIMPOBAH HA JAPYrHe KaHAIBI, HMEIOIINe
nofo0HbIe TEepPBUYHBIE MOCIEJOBATEILHOCTH, TAaKHe KaK MOTEHIHAI-3aBHCHUMBIC KaHAIBI, KaHaJbI
BHYTPEHHETO BBINPSIMIICHUS, KaHAJbl, aKTUBHUPYEMbIE LUKIMYECKIMH HYKICOTHIAMH, U KaHAIbI,
aktuBupyemble AT®. BonblmmHCTBO HccnenoBaTeneld CYMTaeT, YTO TPAHCMEMOpaHHBIC Y4YacTKH
KaHAIOB IIPEICTAaBIAIOT Cco00# O-crmpamu. CTpyKTypHBIE HCCIEIOBAHUS ITOJTBEPIMIN 3TO
npeanonoxenue 11 KesA kanama, HO He A HUKOTHHOBOro AXP, y xoroporo M2 cermeHT
IpeICTaBIeH 6oJiee KPYITHOM S-Cripanblo.

BHemeMOpaHHBIE TIETJIM, COEIMHSIONIME TPAaHCMEMOpaHHBIE Y4YacTKH, OOECICYMBAIOT Pl
crienuduueckux (yHKUMA, Haubosee BaXKHOH M3 KOTOPBIX sBiseTcsd (OPMUPOBAHHE LIEHTPOB
CBSI3BIBAHMS BHYTPHKJIETOUHBIX M BHEKJIETOUYHBIX JIMTAHOB, PETYIHPYIONMX (YHKIUH KaHaa.
Kpome Toro, HakomjieHHe HMOHOB BO BHEMEMOpAaHHBIX YCTbAX KaHajla IIOMOTAaeT pPeryInpoBaTh
HOHHYIO N30MpPaTeNbHOCTh M IIOBBIINIACT NPOBOAMMOCTH KaHaja. MHOTHE AETann MOJICKYISIPHOTO
YCTPOMICTBA KaHAJIOB OCTAIOTCA HEBBLICHEHHBIMU, HO, BOOPYXXECHHBIC COBPEMEHHBIMU TEXHUYECKUMU
BO3MOJKHOCTSIMH, MBI MOXKEM HAJeIThCS Ha OBICTPBIN Iporpecc HAMMX 3HAHUKH O MOJICKYJSIPHOI
OCHOBE (D)YHKIIMOHHPOBAHUSI HEPBHON CUCTEMBI.

BbiBOoAbI

HuxoTHHOBBIE aIeTHIXONNHOBEIE PELENTOPHI MIEKTPUIECKOro oprana Torpedo COCTOSAT U3 MATH
CyOBenuHHI (IBe O U TPH IpyTHe, 0003Ha4YaeMble YU O), TPYIIUPYIOUMXCS BOKPYT [EHTPATIBHON
HOPBI, 0-CyOBEANHHULIBI COAEPIKAT CBA3BIBAIOLIME CANThI U1t AX.

B kaxpmoit cyOpenmHmie AX perentopa MMeeTcs 4eThpe TpaHCMeMOpaHHBIX ydacTka (MI—
M4), o0benMHEHHBIX BHYTPH- W BHEKIETOUHbIMM mnermisamu. ITokaszano, uyto M2 ywacrok Oenxa
(opMHpyeT IOPY HOHHOTO KaHaja.
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N3 HepBHOW CHCTEMbI BBIACNICHBI OIAMHHAILATH OTHCIBHBIX CYOBEAMHHI HMKOTHMHOBOro AX
penenTopa, BOCEMb U3 KOTOPBIX UMEIOT CalThl, cBs3bIBatomue AX (1 o003HauaeMble Kak Oh—0), U
TpH Apyrux o6o3uauaroTes Po-Py- BonpmmacTBO KOMOUHALMH OL-B-CyObeIMHUIl MOTYT HOPMHUPOBATH
(bYHKUHOHANBHBIC KaHAIIbI, CIIOCOOHBIE OTBe4aTh Ha AX.

- CyObeIMHHIBI pelenTopoB Y-amuHOMacssHOH kuciothl (TAMK), rmunuHa u ceporonuna (5-HT)
aHAJIOTHYHBI 10 CTpyKType cyObenuuuiam AX peuentopa. Bmecrte deTblpe 3THX ceMmeilcTBa
peuentopoB 00pa3yroT CynepceMeicTBo, HMeroLee 001iee TeHETHIECKOE TPOUCXOKICHUSL.

[loTeHunan-akTHUBUPYEMbI HATPUEBBIN KaHAN 3JEKTPUUYECKOIO OpraHa yrps sBIseTCs OQUHOYHON
Monekysnol, cocrosmed u3z 1 800 amMHHOKMCIOT. OTOT KaHal HMEET 4YEThIpe KPYIHBIX
nopropstomuxcs  gomeHa (I-1V).  JloMeHBI  SBIAIOTCA ~ apXUTEKTYPHbIMH  3KBHUBAJICHTAMH
CyOBEIMHHI] APYTUX KaHAJOB; BHYTPU KXKAOTO MMEETCS MIECTh TPAaHCMEMOpPaHHBIX ydacTKoB (S1-
S6), coenqMHEHHBIX BHYTPH- M BHEKJICTOYHBIMU IeT/ISIMU. HaTpueBslil HOHHBIN KaHAN yrps sBISETCS
MIPOTOTHUIIOM Pa3HOOOPa3HBIX H30(OPM ITOTO KaHaNa, MPEICTABICHHBIX B MBIIILAX U MO3TE.

CeMeNCTBO MOTEHUHAT-aKTHBUPYEMbIX KaJbLMEBBIX KAHAJIOB AaHAJIOTHYHO II0 CTPYKType
HaTpHUeBOMYy KaHaily. [loTeHuuan-akTUBHpyeMble KajleBble KaHalbl CTPYKTYPHO TOJOOHBI
HaTPUEBbIM U KaJbLMEBBIM KaHAJaM, HO C BaXHbIM OTJIMUMEM: y HHX YEThIpE MOBTOPSIOIIUXCS
JIOMEHa HKCIPECCHPOBAHBI KaK OTHENbHbIE CYOBEOMHHUIIB, a HE KakK MOBTOPSIOLIMECS IOMEHBI
onaHoit Mousekyinbl. CymiecTByeT 1o MeHblied Mepe 20 T€HOB, KOHTPOJIMPYIOUIMX 9SKCIIPECCUIO
CyObeIMHHI] KAMEBOTO KaHayia. KanueBble KaHANBl TPYNIUPYIOTCS B YETHIPE OTIEIBHBIX
nojacemeiictea.  IloTeHIMan-akTUBUpYEMble HATPUEBBINA, KalbLMEBBIH M KaJMEBBIH KaHAJIbI
COCTaBJISIIOT BMECTE €IMHOE CYIIepCeMECTBO.

CyObeqMHULBI IPYrUX JIUTaHA- WU TOTEHIHAN-aKTUBUPYEMbIX HOHHBIX KaHAJIOB 3HAYUTEIBHO
pa3snuyaloTCca KaK pasMepaMM, TaKk ¥ aMHHOKMCIIOTHBIM cOCTaBOM. HekoTopble MMEIOT CXOACTBO C
CyObeIMHUI[AMH TTOTCHINAI-AKTHBUPYEMbIX KaHAJIOB, HO OOJBIIMHCTBO 3aMETHO OTJIMYAIOTCS OT
Mpe/ICTaBUTENeN KaK MOTEeHIMAl-, Tak 1 AX-aKTHBUPYeMbIX KaHanoB. HekoTopble HMEIOT TOJIBKO J1Ba
WU TPU TPaHCMEMOpPAHHBIX JOMEHA, a JPYrHe MOTyT UMeTh Oosbine 10 Takux JOMEHOB.
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I'naea 4 Tpancnopm uepes membpany Kiemku

Bxog v BbIXOA4 WMOHOB Yepes3 kaHanbl B MembOpaHe HelpoHa WUMEET NacCUBHLIA XapakTep WM NpoucxoauT
6narofapsi Hanuuui  3MEeKTPUYECKUX U XMMUYECKUX TpagueHToB. [Nnsi KOMMeHcauun pesynbTaToB
nepeaBuXKEHNSI MOHOB KIETKa MCMONb3yeT aKTUBHbIE TPAHCMOPTHbIE MEXaHU3Mbl, KOTOpble 3aTpadvBaloT
3HEPruo Ha NepeMeLLEHNE MOHOB B HaNpPaBneHUn, NPOTUBOMOSIOXKHOM UX 3MEKTPOXMMUYECKUM NOTEeHLManam.
Takum 06pa3oM, KOHLEHTpaLMW WOHOB B LMTONMa3Me MOAAEPKMBAOTCA Ha MOCTOSIHHOM YpPOBHE, 4TO
No3BONSAET COXPaHUTb HEUM3MEHHbIM NOTEHLIMATM MOKOS, @ TaKKe reHepMpoBaTh IMEKTPUYECKUE CUrHATbI.

MepBUYHBIN  aKTUBHBIA TPaHCMNOPT OCYLIECTBASETCA 3a cyeT aHeprum rugponusa AT®. Haubonee
pacnpocTpaHeHHbIN NPUMEpP Takoro TpaHcnopTa — HaTpU-KanueBbli 0OBMeHHUK, unu Hacoc. CneuunarnbHas
Monekyna, HasblBaeMasi HaTpuii-kanmeBon ATda3ol, OCyLLEeCTBNSET 3a CHET IHEPrun pacLuenneHnst ogHon
Monekynbl AT® nepeHoC Tpex MOHOB HATpWUsS HapyXy W ABYX WOHOB Kanusi BHYTPb KneTku. lNockonbky B
pe3ynbTaTe KaXaoro TPaHCMOPTHOIO LMKNa NPOUCXOAUT U3MEHEHWE CYMMapHOro TpaHcMeMbpaHHoro 3apsifa
Ha eAVHULYY, HaTPWIi-KanueBbli HACOC SIBMNSIETCSI ANEKTPOreHHbIM, TO €CTb NPOM3BOAMNT AMEKTPUYECTBO. [pyron
npuMep akTMBHOrO MOHHOTO TpaHcnopta — AT®a3sbl, BbIBOASLME KanbLWA M3 LMTONNA3Mbl: KanbLmeBble
ATdasbl  nnasmatuyecko MembpaHbl BblkauMBalOT Kanbuuii  3a npegenbl  knetku, a ATdasbl
3HA0MNAa3MaTNYeckoro 1 CapKonna3MaTyeckoro peTuKyslyMOB 3akayvBaloT KanbLMA M3 LMTONNasmMbl BO
BHYTPUKIIETOYHbIE CTPYKTYPbI.

BTOpPWUYHBIA aKTUBHBIA TPAHCMOPT OCHOBaH Ha 3HEPruy NepefBUKEHUS MOHOB HATPUSi B HamnpaBneHun ux
3MEeKTPOXMMMUYECKOTO rpaaveHTa. MNpu 3ToM Apyrue NoHbI NePEHOCATCS 3a CHET ABWKEHUSI MOHOB HaTpus NMbo
B TOM e (KO-TpaHcnopT), nubo B obpaTHOM HanpasneHun (MoHoobMmeH). MpuMepom Takoro mexaHuama
ABMAETCA HAaTPUN-KanbLMEBbIi 0GMEHHMK, BbIBOASALLMIA OAMH MOH KarbLus 3a cUYeT BXxoAa B KMETKY TPeX MOHOB
HaTpusi. Kak u BCe cuCTeMbl aKTMBHOIO TpaHCMopTa, 3TOT OOMeHHMK obpaTum K MoxeT paboTaTb kak B
npsiMOM, Tak U B 06paTHOM HarpaBneHuu, B 3aBUCUMOCTU OT COOTHOLLEHUSI SMEKTPUYECKUX U XUMUYECKUX
rpagvMeHToB Ans oboux MOHOB. BTopas cuctema HaTpui-kanbuMeBOro obmeHa BCTpevaeTcsi B KreTkax
ceTyaTku U1 OCYLLECTBISIET MEPEHOC OAHOMO MOHA KanbLys U OAHOIO MOHA Kanusi Hapyxy, B 0OMEH Ha YeTbipe
BXOASILLIMX MOHA HaTpUsi. QHEPrUst BXoAa HATPUs B KIETKY UCMONb3yeTcs Takke Ans NepeHoca MOHOB Xropa U
bukapboHaTa 4epe3 KreTouHyld MembpaHy. Bce BbllenepeymcrieHHble MeXaHu3Mbl OCHOBaHbl Ha
nepefBMKEHUN HATPUSA B HaNPaBMEHUN €ro SNEeKTPOXMMMUYECKOro rpafMeHTa v, crieaoBaTenbHo, 3aBUCAT OT
3adhdeKTMBHOCTU paboTbl HAaTPUIt-kanMeBoro Hacoca, obecrneynBatoLLero NogAepXaHne aToro rpagueHTa.

TpaHcnopT MeanaTopoB HeoBXxoAnM AN (PYHKLMOHUPOBAHMS HEMPOHOB. HakonneHue Monekyn meamartopa B
CUHaNTUYecKnX ny3blpbkax (Besukynax) B LMTOMMa3Me MpPEecuHanTUYEeCKOro OKOHYaHWSi HEBO3MOXHO 6e3
TaKoro TpaHcnopTa, OCHOBAHHOTO Ha NEPEMELLEHUN NOHOB (MOHHO-COMNPSHKEHHBIN TPpaHCMopT). MogoGHbIN e
MexaHu3M ucrnonbayeTtcs Ans obpaTHoOl 3akayky MegmaTopa nocne ero Beibpoca B CUHANTUYECKYIO Lerb.

Ha cerogHsiwHWA fAeHb BbiAeneH W KNOHWPOBaH Lenbll psa  TPaHCMopTHbiX AT®a3 u  BbickasaHbl
npeanonoxeHmns o6 ux KoHdurypaumm B kneTodyHo MembpaHe. Bce AT®asbl coctoatr u3 10-12
TpaHcMeMOpaHHbIX CEerMeHTOB, KOTOpble, MO BCeW BEepOATHOCTW, 0OpasyloT KaHano-nofobHble CTPYKTYpbl.
MepenBuxeHve BewecTB MO 9TUM KaHanam MPOWUCXOAUT B pesynbTaTe BbIABWXEHWUS Y4aCTKOB,
COOTBETCTBYIOLUMX MECTaM CBA3bIBAHWUSI MOHOB, NOOYEPEHO TO BO BHEKNETOUHYH, TO BO BHYTPUKIETOUHYO
cpeasl.
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B rnaBe 2 obcyxpancs MeXaHU3M T€HEpallM 3JEKTPHUYECKHX CUTHAJIOB IPH IEpEeMEIeHUN
WOHOB 4epe3 KaHalbl B IUIa3MaTH4ecKkod MemOpane. Tak, Hampumep, IBIDKCHHUE
MIOJIOXKUTENIBHBIX HMOHOB HATpUsi BHYTPh KJIETKM MPUBOJUT K CHIKEHUIO CYMMAapHOIO
HETaTUBHOTO 3apsila Ha BHYTPEHHEH CTOpOHE MeMOpaHbl, TO €cTh IPHBOAUT K €€
nenongpuzanui. Hanpotus, BXoA B KJIETKY OTPULIATENBHO 3apsKEHHBIX MOHOB XJIOpa BJICYET 32
co0oii runepnoysipuzanyio. JBmkeHHe MOHOB yepe3 KaHallbl HOCUT IACCHBHBIA XapakTep U
00yCIIOBIIEHO HaJMYHEM DJIEKTPUUECKUX M KOHIEHTPALMOHHBIX IPpafueHTOB Ha MeMOpane. [1pu
OTCYTCTBHH KOMIIEHCHPYIOIIUX IPOLIECCOB TaKOE MEPEIBIKEHHE HOHOB OY€Hb CKOPO IPHUBEIIO
OBl K IOJTHOMY HCUE3HOBEHHIO DJIEKTPOXUMUYECKHUX I'PaJHEHTOB.

Cy1ecTByeT, 0IHaKO, LEJIbIH psiji MEXaHU3MOB aKTUBHOT'O TPAHCIOPTA, KOTOPBIE IEPEMEIAl0T
WOHBI B HAlPaBJICHUH, IPOTHBOIIOIOKHOM JIEKTPOXUMUYECKOMY TPAJAUCHTY. DTH MEXaHU3MBI
KOMIIGHCHPYIOT YTE€UKY MOHOB, IPOMCXOJAINYI0 Kak B IIOKO€, TaKk M B pe3yJbTare
JJIEKTPUIECKON AaKTHUBHOCTH. AKTHUBHBIA TPAaHCHOPT TMOApa3fensieTcs] Ha MEpPBHYHBIA U
BTOpuuHbIi. IlepBHYHBIH TPAaHCHOPT MPOUCXOJUT 3@ CUET MNPSAMOTrO HCIIOJIb30BAHUS
MeTabOMMYECKOH 3HEPrHH, a UMEHHO, 3Hepruu pacuieruieHuss AT®. BTopu4HbIi akTUBHBIN
TPAHCHOPT HCIOJIB3YET SHEPTHIO MOTOKA HOHOB (Yallle BCEr0 HOHOB HATPHs) B HAIPaBICHUU UX
NIEKTPOXUMHUYECKOTO TPAJMeHTa Ul MepeMelleHHs APYTHX HOHOB 4epe3 MeMOpaHy iubo B
TOM ke (KO-TPaHCIIOPT), JIMOO B IPOTHBOIOJI0KHOM HalpaBlIeHUH (MOHOOOMEH).

§1. HaTpuii-kajmneBblii 00MeHHBbI HACOC

BonbIMHCTBO BO30YAMMBIX KJIETOK UMEIOT MOTEHIMAN mokos oT -90 no -60 MB. PaBHOBecHBIIH
HNOTEHIHAN Ul HOHOB Hatpus (Ey,) — 00br4HO nopsiaka +50 MB. Takum o6pa3oM, CyliecTByeT
OOJIBIION DIEKTPOXUMUYECKHH IOTEHOWAN, CTPeMSAIINiics NepeHeCTH WOHBI HATPHUs BHYTPb
kieTkd. Takoil mepeHoc OCYLIECTBILETCS. IPU NOMOIIY MHOTOYHMCIIEHHBIX MeXaHU3MOB. Kpome
TOTO, PAaBHOBECHBIM MOTEHIMAT Ul Kamus OoJjiee OTpHUIATENIeH, YeM IOTEHIHal IIOKOf,
BCJICJCTBUE YEr0 MOHbl Kajus IOCTOSHHO BBIBOAATCS U3 KieTku. Mg noanep:kaHus
KHU3HECTIOCOOHOCTH KJIETKH HEOOXOIMMO, YTOOBI MOHBI HATPHUsl HENPEPHIBHO MEPEHOCHIUCH
HapYXXy, a HOHBI Kalus BHYTPb KJIETKH, T, €. IPOTUB UX 3JIEKTPOXUMUYECKUX I'pagueHToB. st
9TOM LIeJI B MeMOpaHe KIIETKH CYILIECTBYET HaTPHU-KATUEBbIi OOMEHHBIN HacOC, KOTOPBIH Npu
Ka)XJJOM CBOEM LIUKJIE IEPEHOCUT TPU UOHA HATPUS HAPYXKY U JBa MOHA KaJKsl BHYTPb KIETKU.

o 1, 2
Vxe pannme skcrmepuMeHTHl XomkkuHa u Keitneca ) Ha TMTAHTCKOM aKCOHE KajpMapa

yOeanTeNnsHO MOKAa3aIH, YTO HCTOYHUKOM SHEPTUH IS 3TOTO TPOIlecca SBISAETCS PACIICIICHIe
AT®. B To xe Bpems CKay3) npoaeMoHcTpupoBai, uto ATda3a, u30IMpOBaHHAs U3 HEpBa
Kpaba, oOiagaeT MHOTHMH 13 OHOXMMHYECKHX XapaKTePHCTHK, KOTOpHIE MOIDKEH HMETh
HaTpuil--kanueBblil Hacoc. JleficTBUTENBHO, Kak i pabOThl Hacoca, Tak M JUIL aKTHBALUU
AT®a3bl HEOOXOAMMO MPHCYTCTBHE MOHOB HaTpusi u Kaimusa. Kpome Toro, yabauH (ouabain)
OJIMHAKOBO OJIOKUPYET aKTUBHOCTh Hacoca U AT®a3bl.

Ha ocHoBe 3Tux HaOroeHUN OBLT CIeNIaH BBIBOJ O TOM, 4TO Harpuii-kanueBas AT®daza u ecth
HaTpuii-kanueBblid Hacoc. OHa npuHamnexuT k cemeifctBy AT®a3 P-tuma (P-type),
MOJIYYMBIIIEMY CBOE€ Ha3BaHME IOTOMY, 4YTO B mpouecce padoTsl 3tH AT®da3sl 00pa3yroT
dochopunuposannyio dpopmy. IlepeHOC HOHOB OCYILIECTBISIETCS 32 CUET SHEPTUM PACILEIICHUS
AT®. K atomy xe cemelcTBY oTHOCATCS KanbuueBbie AT®da3pl, BRIBOISIINE HOHBI KAJIBILUS U3
LUTOIUIA3Mbl KJIETKH, U TpoToH-KanueBble ATda3pl, Haubosee npumeyareiabHas (QyHKUIUS
KOTOPBIX 3aKJII0YAETCS B CEKPELHH OOIBIIOT0 KOJMYECTBA KUCIOTHI B IOJIOCTD JKEITyIKa.

Buoxumunyeckune cBomcTBa HaTpun-kanueson AT®asbl

bruoxumudeckue cBoiicTBa HaTpuii-kanneBoi ATda3pr XOpoIIo N3BECTHHI YK€ Ha MPOTHKEHUHN
MHOTHX JIeT'). CTexnoMeTpu4ecKoe COOTHOUIEHHE CBS3bIBAEMbIX KaTHOHOB COBIAJAET CO
CBOMCTBaMH TPAHCIIOPTHOTO MpOIECCa: B CPETHEM, HAa KOKAYIO paciieruisieMyto Monekyiry ATO
MIEPEHOCUTCS TPH MOHA HATpHA M JIBa MOHA Kanus. M30MpaTenbHOCTh K MOHAM Kajlis BecbMa
BBICOKA: OSTO EIUHCTBEHHBIH CyOCTpaT, IIEPEHOCHMBII HAcoCOM HapyXKy KIETKH, |
€JIMHCTBEHHBII MOHOBAJICHTHBII KaTHOH, HE NPUHUMAEMBI HACOCOM [UIs INEpEeHOCa BHYTPb.
Hanpumep, nutuii, amMMoHu#, pyOuamii, nesuid M TaJUIMii MOTYT 3aMEHUTb Kaluii BO
BHEKJIETOYHOM pPAacTBOpPE, HO HE HATPUMl BO BHYTPHUKIETOUYHOM. B OTCYTCTBHMHM Kanus Hacoc
MIEPEHOCUT HATpHii ropaszno Menee 3¢ pextuBHO (0kon0 10% MomHOCTH).

Crienduyeckum GJI0KATOPOM HATPHUIT-KaIUEBOW TPAHCIIOPTHOM CHUCTEMBI SIBISIFOTCS BEILECTBA,
HCIIOJIb3YEMbIE TIPH JICUCHUU CEepIIeUHON
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Henocratounoctu (digitalis glycosides), B ocobenHocTn yaGanH W ctpodaHTHAMH. Biokupys
AKTHBHBII TPAaHCIIOPT HATPUS U KaJHsl, TH BEILECTBA HE OKA3bIBAIOT BO3/ICHCTBYS Ha MTACCUBHOEC
MepEMEIIICHHE HOHOB Yepe3 HOHHbIC KaHaJIbl B MEMOpaHe.

SKCﬂepMMeHTaﬂbele AoKa3aTeNnbCTBa INMeKTPOreHHOCTU Hacoca

B pesymprare TOro, 4TO HAacCOC MEPEHOCHT 3a OAMH IUKI HEOJHMHAKOBOE KOJIHMYECTBO HMOHOB
HATpUs U Kalus, IPOUCXOJUT CyMMAapHBIN MEPEHOC Uepe3 MEMOPaHy OJHOIO MOJNIOKUTEILHOTO
3apsma. [losToMy Hacoc Has3bIBaeTCs 3JCKTPOTCHHBIM. OJTO CBOWCTBO Hacoca ObLIO
POTECTHPOBAHO SKCIEPHMEHTATLHO HAa AKCOHE KambMapa - - °), a Take ToMacom Ha
Heitponax ymutku * 7. HefpOHBI YIHTKH JOCTATOYHO BEJMKH JUIA TOTO, YTOGBI MOXKHO GBHLIO
BBECTU HECKOJIbKO MUKPOIEKTPOIOB B LUTOIIA3My, HE IIOBpexkAas KIeTKU. [l ucciaeoBanus
B3aMMOCBS3M MEXJy BHYTPUKJICTOYHON KOHIIGHTpalMed HaTpHsA, TOKOM dYepe3 Hacoc |
MeMOpaHHBIM HOTeHIManoM ToMac UCIOIb30Bal JBE MUKPOIUIETKU JJIsl BBEICHUS HOHOB B
KJIETKy, OJ{Ha M3 KOTOPHIX OBLIa 3alOTHEHa alleTaTOM HATpPUs, a Jpyras aleTaToM JUTHS (PHC.
4.1 A). Tperbs nMHeTka HUCIOIb30BAACh B KAuecTBE SJIEKTPOJa M pEerucTpanuu
MeMOpaHHOrO  ToTeHIHana. UeTBepTas MHIETKAa CIOY)XHIA TOKOBBIM  3JIE€KTPOJOM,
obecreunBarOIUM pexxuM ¢ukcauuy noTeHuuana (voltage--clamp; rmasa 6). Eme oaun
JMEKTPOJ,  CHCTAaHHBI W3  HATPHI-UyBCTBHTEIBHOTO  CTEKJA, TMO3BONSI  M3MEPATH
BHYTPUKJIETOUHYIO KOHLUEHTpALUIO HaTpusl. sl MHbEKIMU HATPUs, Ha 3JIEKTPOJ, 3al0IHEHHBbII
HMOHAMH HATpPUs, IMOAABATOCh MOJIOKUTENBHOE HAIPSDKEHHE 10 OTHOIICHHIO K D3JIEKTPOLY,
coJepiKallleMy HOHbl IuTHsA. TakuMm 00pa3oM, BeCh TOK B UHBEKLIUOHHOHW CHCTEME IpOTEeKal
MEXy OByMs UIIeTKaMH BHYTPHU KIIETKH, a He 4epe3 KIeTOUHYI0 MeMOpaHy.

Pesynbrar onbita nokazan Ha puc. 4.1 B. Ilocne kpaTkoBpeMeHHOH MHBEKIMU paboTa Hacoca
aKTUBH3MPOBAJIACh U MEMOpaHa KJIETKU THIEproisipu3oBaiack npubiausurensHo Ha 20 MB. TTo
Mepe TOro, Kak H30BITOYHOE KOJIMYECTBO HATPUS BBIBOAWIOCH M3 KIIETKH, MeMOpaHHBIN
MOTEHIMAN TIOCTENICHHO BOCCTAHABIMBAICS, YTO 3aHHMAJIO HECKONBKO MHMHYT. MHBEKnus
JIUTHS, TPOM3BENICHHAS MTOCPEICTBOM MPUIIOKEHHS TOJIOXKUTENBHOIO MOTEHIHANa K JIMTHEBOU
IIUIETKE, He MIPUBeNia K TUIIEPIIOIIPU3AIMU KIETKH.

MOXXHO BBIIEINTh HECKOIBKO (DaKTOB, HOATBEPXKIAIOIIUMX Y4acTUE HAcOCa B HU3MEHEHUU
MeMOpaHHOTO TMOTEHIHMana. Tak, B TPUCYTCTBUM OJoKaTopa TpaHcmopra (yabauHa)
TUTIEpHONpH3annsl MeMOpaHbl OblTa 3HAYUTENBHO MEHEe BBIPAKEHHOW MM TOITHOCTBIO
yerpansanach (puc. 4.1C). Kpome Ttoro, ycrpaHeHue Kaiaus U3 BHEKIETOYHOIO pPacTBOpa
OPUBOJWIO K HWCYE3HOBEHWIO BIMSHUS HWHBEKIWH HATPUS Ha MeMOpaHHBIH ITOTEHIMAI;
BOCCTAHOBJICHUE YPOBHS BHEKJIETOUHOIO Kalusl MOCIE UHBEKUUM HATpusl BBI3bIBAIIO
HEMeICHHYIO Tunepnonspusanuio (puc. 4.1 D).

KonnuecTBeHHBIE OLIGHKH CKOPOCTH pabOThl HAcOCa M COOTHOLICHHS OOMEHHMBAaEMbBIX HOHOB
ObUIM TIOJYYEHBI B OMbITAX ¢ (DUKCALMEH MOTEHIMana. JTOT METOA (ONUCAHHBIA B riaBe 6)
MO3BOJISIET M3MEPATh TOK, NMPOTEKAOUMK Yepe3 MeMmOpaHy, B TO BpeMs Kak MeMOpaHHBIH
NOTeHIMAN MOAJEP)KUBAE€TCI Ha HEM3MEHHOM YypoBHe. KOHIEHTpamus HATpUsS Takke
H3MepsAIach B XOJ€ 3TOro ombiTa. MHBEKIMA HATpUs BbI3BAJIa KPATKOBPEMEHHOE MOBBIIIEHUE
€ro BHYTPHKIETOYHOW KOHIICHTPAlUH, KOTOPOE COIMPOBOXKAATOCH BBIXOSLIIMM TOKOM.
JIMMTenbHOCTh M aMILIMTY/a 3TOTO BBIXOSIIEr0 TOKA 3aBHCENIM OT U3MEHEHHsI KOHIEHTpPAIH
HaTpus BHyTpH KieTku (puc.4.1E). Benmnumna cymmapnoro 3apsiga, IEpEHECEHHOTO HapYXKy
KJIETKH, ObLIa MOJICYWTAaHAa HA OCHOBAHMHM M3MEPEHUs MHTerpasia MeMOpaHHOro Toka (TO €CTh
IUTIOINAAX O] KpHBOH Toka). CyMMapHBIid 3apsiji COCTABUII MPUOIU3UTEIBHO OJHY TPETh 3apsiia
HMOHOB HATpHsl, HHBEIIMPOBAHHBIX B KJIETKY. DTH JJaHHbIE OATBEPXKIAIOT MPEICTABICHUE O TOM,
YTO Ha KaXIble TPU MOHA HATpPHs, BHIBOAMMOIO HAacOCOM M3 KJIETKH, IPUXOAWTCS JIBa HOHA
KaJusl, IEPEeHOCUMBIE BHYTPb.

MexaHu3mM nepeHoca MOHOB

Puc. 4.2 mumocTpupyeT MOCIENI0BAaTEIbHOCTh COOBITUH, JISKAIIUX B OCHOBE IIEPEHOCA MOHOB
HATPUI-KaIMEBBIM HACOCOM. BHYTpHM KaHaNO-MoJOOHON CTPYKTYpBl HAacoca pacrioyIOKEHbBI
MecTa CBA3bIBAaHMS Kajlusd M HATpHsa, KOTOPBIE II00OYEPEAHO BCTYNAOT B KOHTAaKT C
BHYTPUKJICTOUYHOW M BHEKJIETOUHOW cpepamu. [{uknnyeckoe u3MeHeHne KOH(OpMAIUU Hacoca
IPOUCXOJUT 3a cueT (ochopunupoBanus u gedochopuInpoBanHus ero OSIKOBOH MOJIEKYIIbL.
DTOT MpoLEcC CONPOBOXKIAETCS N3MEHEHHEM CPOJCTBA MECT CBS3BIBAHMS K COOTBETCTBYIOIIUM
noHaM. MecTa CBSI3bIBaHUS, HAIPaBICHHBIE BHYTPb KJIETKH, UMEIOT HU3KOE CPOJACTBO K KaIUIO
u Bbicokoe K Hatpuio (puc. 4.2A). CBs3pIBaHHE TpeX WOHOB HATPHS BEACT K H3MEHEHHIO
koH(popManuu Oenka, nociuenyromemy cBsaspiBaHuio ATO u dochopunuposanuo depmenrta
(puc. 4.2B).
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Puc. 4.1. BnusiHne MHbEKUMN HAaTPUi B HEWPOH YNUTKM Ha
BHYTPUKIETOYHYIO KOHLIEHTPaLUWio aTpusi, Mem6paHHbINn
noteHuMan W TOK 4epe3d MocmOpady. (A)  [Oga
MWKPO3MIEKTPOAA UCMOMNb3YITCA [l UHBEKUUU HaTpus
vnu nuTns. HaTpuin-4yBCTBUTENbHBI A 3NEKTPOA M3mepsieT
KOHLEHTpauuio HaTpusi  BHyTpM knetkn. Ewe oguH
anekTpod  ucnonb3yeTcs  nuBo  AnsSt U3MEpEeHust
Mem6paHHOro noTeHuuana, nubo, B nape C TOKOBbIM
3neKTpoaoM, ans chukcaumm noteHuvana Ha
onpeAerieHHOM YPOBHE C LiENblo W IMepeHust Toka vepes
MeMbpaHy (nokasaH Ha [mc. 4.1E) (B)
lvnepnonsipusaunsi Mem6paHbl Bi:NeACTBUE  UHBEKLUU
HaTpusa. (HeGonblune KpaTkoBpeMeHHble BblOpoCHl Ha
KpVBOW nNpefcTaBnsiioT coBoi CroliTaHHble MoTeHuuarnsbl
[efcTBMsA, pa3Mep KOTOPbIX MpeyMeHblUeH 3a cyeT
MHepTHOCTK camonucua.) VIHbekuus nutus He BrieveT 3a
coboin rnepnonspusaumu. (C) Moc.1e nogayn GnokaTtopa
HaTpueBbIX HAcocoB yabanHa (20 r/vn) MHbeKUMst HaTpun
BbI3blBaET 3HaYUTENbHO MeHee BbIPaXEHHYI0
rmnepnonspuaaumio. (D) YpalieHne Kanus n3
BHEKIIETOYHON  cpefbl  GMOKMPYET  Hacoc, MO3TOMy
WHBEKUMA HaTpWsi He BbI3bIBAET [Aneprnonspusaumm no
Tex nop, noka ypoBeHb kanwusi He BC ccTaHaBnmsaeTcs. (E)
N3mepeHne membBpaHHOro Toka npu  noTeHuwane,
dukcupoBaHHoM Ha —47 MB B |esynbrate WHbeEKUMn
HaTpus ero BHYTPUKNETOYH s KOHLIeHTpauusi
NoBbILLIAETCS, U Yepe3 MeMOpaHy npoTeKkaeT BbIXOASLLMUNA
TOK. BbIGpocbl Ha KpWBOW HaTp 1€BOM  KOHLEHTpauuu
npeactaBnsoT  cobon  apTedakThbl MNHBEKLMOHHOMN
CUCTEMbI; BPDEMEHHOMN XOf, W3MEHEH) I 9TON KOHLeHTpaLmm
rokasaH MyHKTMPOM.

Fig. 4.1. Effects of Sodium Injection into a snail neuron on
intracellular sodium concentration, membrane potential,
and membrane current. (A) Two micropipettes are used to
inject either sodium or lithium. A sodium-sensitive
electrode measures the intracellular sodium concentration.
Another electrode measures meinbrane potential or,
alternatively, is used in combination with a current-passing
electrode to hold the membrane potential steady while
measuring membrane current shown in E). (B)
Hyperpolar-ization of the membrane following intracellular
injection of sodium. (The small rapid deflections are
spontaneously occurring action potentials, reduced in size
because of the poor frequency i1esponse of the pen
recorder.) Injection of lithium does not produce
hyperpolarization. (C) After appliciition of ouabain (20
g/ml), which blocks the sodium pum >, hyperpolarization by
sodium injection is greatly reduczd. (D) Removal of
potassium from the extracellular solution blocks the pump,
so sodium injection produces no 1yperpolarization until
potassium is restored. (E) Measur:ments of membrane
current with the membrane potenticl clamped at -47 mV.
Sodium injection results in an increase in intracellular
sodium concentration, and an outw:ird current across the
cell membrane. Sharp deflectioas on the sodium
concentration record are artifacte from the injection
system; the time course of the conicentration change is
indicated by the dashed line. (After T 1omas, 1969.)
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o6naz[a10T HU3KHUM CPOACTBOM K HATPHUIO U BbI-
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] Puc. 4.2, Tep3Hoc wuoHoB Na-K
AT®azon. (A) TocagouHble MecTa,
HanpaBneHHble BHYTpb KNeTku,
obnafjalT  BbLICOMM  CPOACTBOM K
HaTPUIO U HU3KUN — K Kanuio. MoHbl
Kanusi, 4O 9TOr0 \ OMEHTa CBSA3aHHble C
monekynon AT®a:bl, BbicBOGOXAAOTCS,
B TO BpeMs Kak WOHbl  HaTpus
cBsidbiBalOTC € Hei. (B) Bcnen 3a
CBA3bIBAHNEM FaTpust NpouCXoanNT
CBsi3blBaHNe M( neKynbl ATO 7]
doccopunmpoaHile depmenta. (C) B
pesynbtate  or:popunuMpoBaHs B
CTPYKTYpe dep neHTa npoucxoasT
V3MEHeHMs1, npusoasLive K
BbIABWXKEHWUIO MO afouYHbIX MeCcT BO
BHekneTouHylo cregy. (D) B Takom
nosoxeHun n¢ cagoyHble MecTa
obnagalT HU3KUM CPOACTBOM K HaTpuio
M BbICOKUM — K Kanuio, Mo3TOMy OHM
cBA3biBaOT ABa L oHa kanusa. (E) Mpu
CBSi3blBaHUN Kanus AT®aza
nedocdopu-nupyetcs. (E) Bosspat B
nepBOHAYaribHOE C XCTOSIHUE.

o -

Fig. 4.2. lon Translocation by Na-K ATPase. (A) Inward-facing binding sites have a high affinity for sodium and a low
affinity for potassium. Previously bound potassium ions are released and three sodium ions are bound. (B) Sodium
binding is followed by ATP binding and phosphorylation of the enzyme. (C) The phosphorylated enzyme undergoes a
conformational change such that its binding sites face the extracellular solution. (0) Outward-facing sites have a low
affinity for sodium and high affinity for potassium, and they bind two potassium ions. (E) Potassium binding leads to
dephosphorylation. (F) Dephosphorylation is followed by a return to the starting conformation.

COKHMM K KaJIMIO, IO9TOMY HOHBI KaJlusl 3aMEIIatoT aBa MoHa HaTpus (puc. 4.2D). Cesa3biBaHue
Kanus BbI3bIBaeT aedocdopunupoBanue ¢epmenta (puc. 4.2E) m Bo3Bpammaer Hacoc B
nepBoHayanbHoe nojoxenue (puc. 4.2F). MoHbI Kanus BHICBOOOXKIAIOTCS BO BHYTPUKIETOYHOE
MIPOCTPAHCTBO.

§ 2. KaabnueBbie HACOCHI

H3menenue KOHICHTpallMi HOHOB KaJlblIUsl BHYTPH KIIETKU HI'PACT Ba)KHeﬁHIyIO poOJIb BO
MHOT'UX IIpoHeccax XHU3HECACATCIbHOCTHU HeﬁpOHOB, TaKHUX KakK BI:ICBOGO)K,I[GHI/Ie Meauaropa B
CHHAIITUYCCKYI0 MICJIb, AaKTHBAlMsA HWOHHLIX KaHAJIOB B KJIETOYHOM MeM6paHe, a TaKxe
peryisinys nejoro psaa MMToImIasMaTu4eCKux Q)epMeHTOB.

B MblIIeYHBIX KIETKAaX KalbLUM UrpaeT KIIOUYEBYIO pOjb B 3allyCKe IpOLecca COKPAIIeHUs
MBILIEYHOTO BOJIOKHA. Bce 3TH (QyHKIMM CBsI3aHBI € KpPAaTKOBPEMEHHBIM IOBBIILICHHEM
KOHLIEHTpAlMd KaJbLUsd B LUTOIUIa3ME, IO3TOMY BAaXKHOM 3ajadedl Al KIETKH SBISETCS
[oJIep’)KaHue HEU3MEHHOTO YPOBHS KalbliMsi B IOKOE. B NpOTHMBHOM cilydae pas3iHyuHbIE
KaNbIUi--3aBUCHMBIE MEXaHHM3MBl OyIyT aKTUBHPOBATHCSI HE B OTBET Ha CHeHU(UUECKOe
pa3zapakeHue, a HOCTOSHHO.

V3MeHeHne KOHIEHTPALMK Kalblys B LMUTOIUIA3ME MOJKET MIPOMCXOJHUTH IO ABYM HPUUMHAM:
KaJbLMH MOXXET BXOIUTHh WM BBIXOAWUTH uYepe3 KIETOYHYI0 MeMOpaHy, JIMOO NEepexXOJuTh U3
LUTOIUIa3Mbl BO BHYTPUKJIETOUHBIE OpraHeiulbl U o0patHO (puc. 4.3) Y B TIEPBYIO OYEPEIb B
9H/IOIJIA3MATUYECKUI PETUKYITYM
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Puc. 4.3. BHyTpukneToiHble opraHennbl. B
uuTonnasme KneTkW HiXOAUTCS  MHOXECTBO
BHYTPUKIETOYHbIX Orparenn. HekoTtopbin u3 E=
HAX — B TMepByld o4vepedb 9HAO- MU Cytoplas
capkonnasmatude  CKM1  peTUKyrmymbl — —_
CMocoBHbI 3anacaTh Kanb Juil. Plasma
membrang
Fig. 4.3. Intracellular Compartments. Within
the cytoplasm of anima cells are numerous h"“t‘-l
intracellular compartmerits. Some of these P
compartments — princigally the endoplasmic
reticulum and mitoctondria — sequester 5
calcium. Enduplasmsc
Nuoclew
Mircchandria
b Bl
M mem
(B MblIIE — CAapKOIUIA3MAaTHUECKHH PETUKYIYyM) W MHUTOXOHIPUHU 9). Jns wu3mepenus

BHYTPHKJIETOYHOH KOHIEHTPAIMH KaIbLHsA B KIETKY BBOJATCS CIICLHANbHBIC BEIIECTBA, TaKHe
KaK dKkBopuH ' (aequorin) miu ¢ypa-2 'V (fura2), KOTOpbIE H3TydarOT HIH MOITOMIAKT CBET
IpPH CBSI3BIBAHUM HOHM3MPOBAHHOTO Kamblms. Jlpyroi crmoco® OTCHeKHBAaHHMS H3MEHEHHIT
YPOBHS Kaybliisi — TpaHCheKuus 0coObIX OETKOBBIX KOMIUIEKCOB '~ ', CO3NAHHBIX MpH
TIOMOIIM TeHHOW WHXKEHEPHUH TaKHM 00pa30M, 4TO MX (IyOpecIeHTHbIE CBOMCTBA H3MEHSIOTCS
B 3aBHCHUMOCTH OT KOHIIEHTpAaLUM HOHU3UPOBAHHOIO Kalblus. B 000HX cilydasx MU3MEHEHUS B
TOTJIOMIEHNH MM M3ITy9eHHH, MPONOPIMOHATEHBIE H3MEHEHHAM YPOBHS KaNbIUs, H3MEPSIOTCS
C IIOMOILbIO BBICOKOTYBCTBUTEIBHBIX OINTUYECKUX METONO0B. CpeaHssl KOHLEHTpaLMs KaabLus B
mokoe Juisi OOJBIIMHCTBA HeWpoHOB coctaBnsier oT 10 mo 100 HM. YpoBeHb Kanblsi B
MEKKJIETOUHOM IIPOCTPAHCTBE O3BOHOUYHBIX COCTABIAET OT 2 10 5 MMOJIb.

Jns nopnepskaHusl HU3KOHW BHYTPHUKIETOYHOM KOHLEHTPALMH KaJbLIUs HEOOXOAMM MEXaHH3M,
OCYILECTBIISIONINHA HENPEPbIBHBIM BBIBOJ KaJIbIIMS U3 KJIETKU BONPEKH HAIMYUIO 3HAYUTEIILHOTO
KOHLIEHTPAIIMOHHOTO TpagueHTa. Kpome TOro, CHCTEMBI KalbIMEBOrO TpPAHCIOPTA dYepes
BHYTPUKJIETOYHbIE MeMOpaHbl IOJICPKUBAIOT  BBICOKYIO KOHLEHTPALMIO KalbLUs B
opra”emiax. Tak, ypoBeHb KaJblHs B YHIOIIA3MAaTHIECKOM PETHKYIyMe MOXeT pocturats 400
MrMons' > %), a B capKOIIIa3MaTHYECKOM PETHKY/IyMe MBIIIIBI TOAHMMaeTcs 10 10 MMoms .
Morekyna, OTBETCTBEHHas 3a TPAHCIOPT  KaJdbLUs  depe3  IUIA3MaTHUeCKylo |
LUTOIUIA3MATHYECKYyI0 MeMOpaHbl, Has3biBaeTcs KajbiueBas ATdaza. Eme omuH mexaHusm
TPaHCHOPTA KaNbIHs OyeT 00CyXKIaTbCcs HIKE B 9TOH IJIaBe.

AT®a3bl 3HgoNNasMaTM4eCcKoro U capkonnasmaru4ieckoro
PeTUKYNymMOB

Opnno u3 cemeiicte AT®a3 pacrosioxkeHO B MeMOpaHe 3HJOIUIa3MaTHYECKOI0 PETHKYIyMa
HEHpPOHOB, a TaKXKe B CapKOIUIa3MaTH4eCKOW MeMOpaHe ckeyeTHOiM Mbiiibl. DT AT®da3br
MEPEHOCAT HMOHBI KaJlbIIUs W3 LUTOIUIa3Mbl BO BHYTPUKJIIETOUHBIE OopraHeibl. CokpaieHue
MBILIEYHOTO BOJIOKHA IPOUCXOJUT IPHU OCBOOOXKICHUHM KajbLMs M3 CapKOIUIa3MaTHYECKOTO
peTuKyiymMa B MUOILIa3My. BeicTpoe ycTpaHeHne HOHOB KalbLHs W3 MHUOIIIa3MBbl, HEOOXOIUMOE
JUIS  peNlaKcalliil MBIIIIBI, oOecreuynBaeTcss 3a CueT BBICOKOH koHneHTpauun ATda3z B
MeMOpaHe capKOIIIa3MaTHIeCKOTO PETHKYIyMa.

KanpuueBslit TpaHCIIOPTHBIM LUKIJ B IPUHLIUIE aHAJIOTHYEH LUKy PaOOThl HATPUH-KAIUEBOTO
Hacoca, Moka3aHHoMy Ha puc. 4.2. OH Ha4MHAETCS C MPUCOEAMHEHHUS JIByX MOHOB KAJBIUS K
MECTaM CBSI3bIBAHUS, PACIOJIOKEHHBIM B IIUTOIUIA3ME M 00JIaIal0IlUM BBICOKMM CPOJICTBOM K
Kambiiio (Kicy ~ 100 EM) ',
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3areM mpoucxomuT ¢ochopmrpoBaHue GpepMeHTa U M3MEHEHHE ero KOH(QOpMaluH, B pe3yibTare
Yero MOHbI Kbl IEPEHOCATCS BHYTPb PETHUKYJIyMa. [locie 0CBOOOKACHHUS KajlbLMS MOJICKYJIa
AT®a3s! nedochopunrpyercs 1 BO3BpALIAETCsS B CBOE IEPBOHAYATIBHOE COCTOSHHE.

AT®a3bl nnasamaTtu4eckon MemMopaHbl

Kanpuuebie AT®a3el BCTpEWAIOTCS TaKKE B IUIA3MAaTHYECKOW MeMOpaHe 000N KIeTKd. 3a
HCKJIIOUCHMEM HEKOTOphIX neTaneil '~, crpoenue u (ymkimsa >tux ATdas He OTIHYAETCA OT
kanpuueBblx  ATda3  SHAOMIA3MAaTHYECKOrO U CApPKOIUIA3MaTUYECKOTO  PETUKYIYMOB.
BHYTPHKIETOUHOE MECTO CBA3BIBAHHS OONANAET BBICOKHM CPOICTBOM K KAIBLHIO '°, OJHAKO BO
BpeMs1 TPAHCIIOPTHOIO LUKJIA IPOMCXOAUT CBSI3bIBAHUE BCETO OJHOIO MOHA Kaiublusa. KoHneHTpanus
AT®da3 B mia3mMaTrveckoii MemMOpaHe HEHpPOHOB M MBIIICYHBIX KJIETOK JOBOJBHO HU3KA, IOITOMY
3 PeKTUBHOCTh 3TOM TPAHCIOPTHOW CHUCTEMBbI HE CIMIIKOM BbICOKa. TeM He MeHee, ¢ 3amaueii

YCTpaHE€HUS BXOIALIETO B KJIICTKY KaJIbLIUA OHA CIIPABJIACTCA.

§3. HaTpuii-kajbuueBbiii 00MEeHHHUK

Bo MHOrEX MexaHW3Max HOHHOTO TPAHCIIOPTA HCIIOJB3YETCS COBEPLIEHHO MHOW MPUHIMUII IIepeHoca
HOHOB Yepe3 MeMOpaHy HMPOTHB ICKTPOXUMHUUYCSCKOTO TpaJyeHTa. BMecTo sHeprum pacmiersieHHoi
MosteKynsl AT® 3TH MexaHU3MBI UCHONB3YIOT YHEPTHIO YXKE CYIIECTBYIOIIETO MepeMElIeHHs] HOHOB
HaTpUsl B HANPABICHWM WX KOHIIEHTPAI[MOHHOTO TPAJHEHTa, TO €CTh BHYTPh KieTku. OnuH u3
MPUMEPOB — HATPHUH-TIPOTOHOBBIH OOMEHHHK, MEPEHOCSINNA HOHBI B COOTHOmeHHH 1 @ 1 u
y4JacTBYIOIIUH B mojepkaHuu BHyTpukierouyHoro pH. IIpoToHbI mepeHOCTCs U3 KIETKH Hapyxy
BOIIPEKH 3JIEKTPOXMMHYECKOMY TpaJHeHTy B OOMEH Ha HOHBI HATpHs, IMEpeMeliaeMble BHYTPb
kietkd. [TomoOHBIM ke 00pa3oM MepeHOCATCs Kalbluil, Kanuii, OukapboHat u xiop. B pesynbrare
paboTHI 3THX BTOPUYHBIX TPAHCIIOPTHBIX MEXAHU3MOB, B COCTOSIHIH MOKOS BHYTPh KJIETKH ITONAaeT
3HAUUTENIBHOE KOJMYECTBO Harpus. Tem Oosiee BaXKHA pONb HATPUH-KAIHEBBIX OOMEHHUKOB,
BBIBOJSIIIIUX HATpU OOpaTHO BO BHEKJIETOYHYIO Cpely. B HEKOTOpBIX ciydasx MeXaHH3MaMu
BTOPUYHOTO AaKTHBHOTO TPAHCIIOPTA HCHOJB3YSTCsl OJHEPrus IepeMemieHHs HOHOB Kalus B
HAIPaBJICHUH UX EKTPOXUMUUECKOTO TPATUEHTA.

TpaHCNOpPTHbLIE CUCTEMbI HaTPUU-KanbLUMeBoro o6meHa

CylIecTBYIOT IO-KpaiiHell Mepe /JBa MeXaHW3Ma HaTpHii-KanblueBoro obmena. HauGomee wacto
BerpevatoTest oomennukn Thna NCX (Na—Ca exchange), koTopbie ObUTH BIEPBBIC OIHCAHBI B
cepaeuHoii Mpimme ', Hepse kpaGa - u axcoHe kampMapa . IIpu mepeHOCE TPAaHCIOPTHOM
MOJIEKYJIOH OJTHOTO MOHA KaJbIsI HAPYXKy IMPOMCXOJUT NEPEHOC TPEX HOHOB HATPHS BHYTPH KIIETKH
). HecMoTps Ha To, uTo cpoacTBo NCX K KalblHIO HIDKe, 4eM y KaibuueBoil ATdassl, oblmas
MOIIHOCTE 3TOTO TPAHCIIOPTHOT'O MEXaHHW3Ma BBIIe NPHOMM3HTENbHO B 50 pas, ITOCKOIBKY
IIOTHOCTh TAKHX MOJEKYT B MeMOpaHe 3HaunTenbHO Bbime - 2, NCX HrpaioT BaKHYIO POIb B
YCIIOBUSIX TMOBBIIIEHHOTO BXOJa KalbLUs B KIETKY, BBI3BAHHOTO 3JIEKTPHUECKONH aKTHBHOCTBIO M
HPEBBIILAOIIET0 BO3MOXHOCTH AT®a3 1o ycTpaHeHHIO H30BITOYHOTO KJIBLIMS U3 KIICTKH.

Ha puc. 4.4 nokasaH npuHUMI ACHCTBHS MEXaHHW3Ma HATPHUI-KaJbLHEBOro OoOMEHa B aKCOHE
kaimpMapa. JUIt  M3MepeHHs  BHYTPUKJICTOYHOM  KOHIEHTPAIMH  KaIBIUS  HCIOJIB30BAIIN
(ITyopeceHTHYIO MOJIEKYITy KBOPHH (aequorin). B cocTossHuY 1MOKOSI BXOZ KaNbIMs B HAaIIPaBICHUH
NEKTPOXHUMHUUECKOTO T'PAJUCHTA YPAaBHOBEIIMBACTCS 3a CUET IEPEHOCa MOHOB M3 KIETKH HOHHBIM
oOmeHHUKOM (puc. 4.4A). B Hauanme omblTa BHYTPUKICTOYHAS KOHIEHTPAIMS KalbIMs BBICOKA
MOTOMY, YTO YPOBEHb KaJbLUs CHapyXu akcoHa mnosbimeH (112 mmons). Ilpu cHmwkenuu
BHEKJIETOYHON KOHIIEHTPAI[MM CHIDKAETCS M TACCHBHBIM BXOJ KalbLUs B akCOH. B pesymbrare
CHI)KAETCSl BHYTPUKJICTOYHAS KOHIGHTpALMs KajiblMs, M J[ABIKYINAs cuia Ao 3TOTO0 HOHA
BO3pacTaeT [0 TeX MOp, MOKa CKOPOCTh MACCHBHOTO BTOKA BHOBb HE CPABHIETCA CO CKOPOCTBIO
BEIOpOca Kanbnus. C Ipyroi CTOPOHBI, CHIYKEHHUE BHEKJICTOYHOW KOHIIEHTPAIMH HATPUSI IPUBOAUT K
YBEJINYCHUIO BHYTPUKJICTOUYHOH KOHIEHTPANH KaJbIHs, HOCKOIBKY OOMEHHHUK MEUICHHEE BEIBOJHUT
KaJIbIIAIl B YCIIOBUSIX CHIKEHHOW JBIDKYIIEH CHIIBI I Hatpus. I103TOMy IMPOMCXOIUT MOBBIICHHE
BHYTPHKJIETOYHOTO YPOBHS KaJIbIIs, CHIDKAIOIIEe CKOPOCTh BXO/Ja KaJIBIKS B KJIETKY. 3aMEHA OHOB
KaJbLMs HMOHAMH JIUTHS, HE CIOCOOHBIMM Y4YacTBOBaTh B paboTe OOMEHHHMKA, IPHUBOAUT K
JlanbHENIIeMy NOBBIIIECHUIO BHYTPUKIETOUHOH KOHIIEHTPALIUH KaJIbIHs.
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Puc. 4.4. TpaHCcnopT WOHOB  Kanbuws | (A}
M3 aKcoHa kamn-mapa Hapyxy. (A)
Cxema HaTpUii-kanbLUeBoro
obmeHHMka. Bbl3poc opHoro  voHa
KanbLuus U3 KI€TKM  SHEepreTuyecku
COMpPsKEH C BXOAOM TPEX MOHOB HaTpust
B Hanp aBreHum nx
3NEKTPOXUMUYECK IFO rpagueHTa.
PaBHOBeCHasi KO iLeHTpauus kanbuusi
ycTaHaBnMBaeTCs B TOT MOMEHT, Korga
BbIBOA KarnbLusi 6OMEHHUKOM U3 KNEeTKU
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ypaBHOBELUMBAET  MacCWBHLIN  BXOA 1 o,
Kanbums B kn3Tky. (B) BnusiHue " +
N3MEHEHUI BHEKMETOYHbIX

KOHLIEHTPALM  KAMbUMS U HaTpusi Ha Cytoplasm: i

BHYTPUKIIETOYHbI/  YPOBEHb  KarbLWsi.
KoHUeHTpauus ke NbLus BHYTPU KIETKU
uamepsietca  ¢Gotopetektopom o | {E
YPOBHIO CBEYEHWs 3KBapuHa (aequorin),
VHBELMPOBAHHOTC B KIETKY. CHuxeHne 800 H12mMCa 11 mM ey —
BHEKIIETOYHON KCHLEHTpaLun KanbLms
¢ 112 po 11 mmonb Brevet 3a coboil ! _
CHUXKEHWE  €ro  BHYTPUKIIETOYHOrO Ha hin e sha u Na
ypOBHSA. WOHbI . MTUSI He CnocO6GHbI £00-

3aMeHUTb HaTpuii B 3TON TPaAHCMNOPTHOMN
cucteme.

4004 H'
Fig. 4.4. Transpot of Calcium lons out
of a squid axcn. (A) Scheme for

sodiumcalcium e>change. The influx of o et
three  sodium ions down their
electrochemical ¢radient is coupled to
the extrusion of ne calcium ion. The ol
calcium concentre tion reaches a steady L L . e —]
state when outward transport through @ L 0 3a 40 % F w o
the exchanger is equal to the inward Tirme {min)

Ca* leak. (B) =ffect of changes in
extracellular calcum and sodium on
intracellular cal-

inA)

cium concentration. Changes in intracellular calcium concentration are measured by changes in the luminescence of
injected aequorin, indicated by nanoamperes of current from the photodetector. Increased readings mean increased
concentrations of intracellular free calcium. Reducing the extracellular calcium concentration from 112 mM) to 11 mM)
reduces the intracellular concentration. Reducing extracellular sodium reduces outward calcium transport and hence
increases intracellular concentration. Lithium ions do not substitute for sodium in the transport system. (From Baker,
Hodgkin, and Ridgetvay, 1971.)

PeBepcus HanpaBneHus pa6otbl NCX

V3MeHeHne TpagdeHTOB Ui OIHOTO WM HECKOJBKHX HOHOB, YYacTBYIOIIMX B pabote
00OMEHHHKA, MOXKET MPUBECTH K IIEPEMEHE HampasieHus ero paboTel. MHTEpecHO, 4To B Ciryvae
NCX Ttakas cMEHa HAMpPaBJICHHS MOXET MPOM30MTH B (DU3HOIOTHYECKUX ycIoBusX. [Ipu sToM
KLU OyJeT NePEHOCUTHCS 6HYMpb KICTKH, a HATPHH — BBIBOAUTHCS U3 Hee. HampapieHue
pabotel NCX omnpenensiercs: pa3HHULCH MEXIy SHEPTrUei, BBIACIAESMOM MPH MepEeMEICHHN TPeX
HOHOB HATPHS BHYTPb KJICTKH, U DHEPTHEH, HCOOXOANMOM Il IEPEHOCa OJJHOTO HOHA KaJbIUs
Hapyxy. OmHUM H3 (aKTOPOB, ONMPEACISIOMIUX OSTOT DHEPreTHUYCCKUH OallaHc, SBISETCS
MeMOpaHHBIH TOTEHIMaN. BiusHHE MOTeHIHMana MeMOpaHbl OOYCIOBJIEHO TEM, YTO MPOIIECC
HOHOOOMEHA He SIBJISETCS DJICKTPUYECKH HEUTpPAbHBIM. BClencTBie KaXAOro MpsMOro LUK
paboTel OOMEHHHKa, Yepe3 MeMOpaHy BHYTPh KIICTKH HEPEHOCHUTCS OJHUH IOJOKHUTETbHbIN
3apsia. CreoBaTenbHO, THIIEPHONSIPU3AIMS MEMOpaHbl 00Jier4aeT MPsIMOi LUK OOMEHHUKA, B
TO BpeMsI KaK JCMOJSIPU3ALHS €ro 3aTPYAHSICT M MOXKET NPHBECTH K M3MCHCHHIO HAIIPABIICHUS,
TO ecTh K paboTe OOMEHHHKAa B peXHMe oOpaTHOro mukia. CleayeT MOAYEPKHYTh, UTO,
HECMOTPS Ha OTCYTCTBHE OJJICKTPHYCCKOH HEHWTPAJbHOCTH, OOMEHHHKH HE SIBJISIOTCS
JNICKTPOTCHHBIMU. B OTJIMYME OT HAcOCOB, OHU PA0OTAIOT 332 CYET OJICKTPOXUMUUECKHX
IPAIMCHTOB, @ HE MPOU3BOMISAT UX.

DHeprusl, BblIesieMast 32 CYET BXO/la HOHOB HATPHs B KIETKY (WK SHEPrusi, HEOOXOAUMast JJist
[epeHOCca ITHX HOHOB HAPYKY), pPaBHA IPO-
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M3BEIICHUIO 3aps/la Ha pPa3sHOCTb MEXAY paBHOBECHBIM IOTEHUMAIOM i Hatpuss (En,)
MeMOpaHHbIM HoTeHIHaaoM (Vy,). 1 Tpex noHoB HaTpus 3Ta 3Heprus Oyner paBHa 3(.Ex, — V).
COOTBETCTBEHHO, UIS OJHOTO JBYXBAJCHTHOT'O HOHA KaJlblWs JHEPrus mHepeHoca OyneT paBHA
2(Ec,—V ). Ilpu onpeeneHHOM 3HAYCHUU MEMOPAHHOTO MMOTEHIIHANIA YPOBHH SHEPTHU CPaBHIIOTCS
U niepeHoc npekparturcs. O003HAYUB 3TO 3HAUCHUE Yepe3 TOTCHIHAT PEBEPCUH V,, TIOTYIUM

By, ~ ;) <2E, - V),
HIIn
V., = 3E,, - 2E,,.

HpI/I 3HAYCHUAX [IOTCHOHAJIa boJee OTpULATCIIBHBIX, Y€M M[OTCHIHUA]l PEBEPCUH, HanI/Iﬁ
NepeMEeNIacTCd BHYTPb KIICTKH, a Kb — Hapyxy. HpI/I 00Jice IMOJIOKUTEIBHBIX 3HAYCHHUAX
HaIpaBJICHUC NBUKCHHUSA HOHOB CMCHSCTCS Ha O6paTHO€.

IMpenmnonoxum, 9TO KOHIEHTPAIMU HATPHS M KANBIWS B KIETKE NPUHUMAIOT 3HAYCHUS 15 MMOJIb 1
100 HM cOOTBETCTBEHHO, a BO BHEKJICTOYHOW cpene HaxoxuTcs 150 MMonb HaTpus U 2 MMOJb
KanbLysl. Takue 3Ha4eHUs BIIOJIHE BEPOSTHBI 1M1 KJIETOK MilekonuTatomux. [1o ypaBHenuto Hepuera
(rmaBa 2), paBHOBECHBIN MOTEHIMAN I HaTpus OyzaeT +58 MB, a mis xaneimsa +124 MB. IloTennuan
peBepcHM, IPH KOTOPOM [BIXKCHHE MOHOB Yepe3 OOMEHHHUK mpekparurcs, Oymer —74 MB. Dto
3HaUeHHE OJM3KO K ITOTEHIHATy IOKOS MHOTHX KIETOK MieKomnuTaromux. CiemoBaTeibHO, B
OTIENBHO B3STOH KJIETKE HAIpaBIeHHE HOHOOOMEHa MOXKET OBITh KaK IPSIMBIM, TaK M OOpaTHBIM, B
3aBUCUMOCTH OT TEKyIIEro 3HA4eHUs MeMOpaHHOTO MOTEHIMAla M OT TOTO, MPOUCXOAMIO JIN
HaKOIUICHHE HOHOB HATPUS WM KalbIMsi B JTOH KiIeTKe. B KieTkax cepleyHOH MBIl BXOX
kanbrust gepe3 NCX B X0/i¢ TIOTEHIHANA ASHCTBUS CIIOCOGEH BBI3BATH COKPAIICHHUE MBIIIIE > 2%, a

€ro MocieayIOUi BEIBOA U3 KIETKH ocpeacTBoM Toro ske NCX crnocobcTByeT penakcauu m,

HanMﬁ-KanbLlMeBblﬁ OOMEHHMK B nanouvkax ceTyaTku

s KneTok ¢ HU3KUMM 3HaueHHMsAMH MoTeHuuana moxkos NCX He mpencTaBisieTcsl HaAeKHOU
CHCTEMOH BBIBOAA KaIBIUS W3 LUTOIUIa3MBl. B Takux KieTkax Kajdblui CcHadayna Oyzmer
HaKallJIUBaTbCAd A0 HEKOTOPOro, AOCTATOYHO BBICOKOIO, YpOBHA. IIpuMepoM Takoé KIETKH MOXKET
CIy)KUTh IAJIOYKa CETYATKH MIICKOIMTAIOINX, MEMOpPaHHBIH MOTCHIHAI MOKOS KOTOPOH OOBIYHO
HaxoxuTcsi Ha ypoBHe -40 MB (rmaBa 19). B MemOpane Takux KIETOK BCTpEdaeTcsl APYrod TUI
HaTpuUil-KaJIbLUEBOro oOMeHHuKa, RetX 2-30 1o cpaBHeHU10 ¢ NCX 1onosHUTeNbHAS SHEPTUS IS
MEepEeHoCca KaJIbLUs I0JIyyaeTcs 3a CYeT ABYX OTIMuYui B crexuomerpuu RetX. Bo-nepBbix, BMeCTO
Tpex MOHOB HaTpus yepe3 RetX mpoxozasat yersipe. Bo-BTopbIx, B paboTe 0OMEHHHKA y4acTBYeT HOH
Kanusi, Takke IepeMeIlaloNuiics B HaNpaBICHUH CBOETO 3NEKTPOXHMHUUYECKOTO TpajJdeHTa W,
CJIC0BATEIbHO, BBUICIAIOIIUN IpU 3TOM JONOJHUTENBHYI JSHEPrul0. YpaBHEHHE I[OTEHLMANIA
peBepCHN HaTPHH--KaTHH-KaIbIEeBOT0 OOMEHHUKA MMEET CIIEYIOINIA B

V, =4E,, - Ex — 2E,

Hcxons w3 moAcyuTaHHBIX Bbllle 3HaueHUd Ey, U Eq, m npuHuMas 3HaueHue Eyx 3a —90 mB,
noy4uM u3 ypaBHenust Hepaera V.. = +74 MB. OueBHaHO, 4TO BEpOSTHOCTh PEBEPCHU HOHOOOMEHA
yepe3 RetX Becpma maina.

Jns mydmero monumanus pabotsl RetX mpencraBmsercss menecooOpasHbIM 3a1aTh CIEAYIOLUIHN
BOIIPOC: KAaKO€ 3HAUCHUE JOJDKEH IPHHATH PAaBHOBECHBIH moTeHmMan Ec, It TOro, 4roObl V.
CPaBHSUICS C NOTCHLUANIOM IOKOs KiIeTky, T. €. -40 MB. C moMo1bto TOro xe ypaBHEHUs MOJIY4UM
181 MB, uTO Npy BHEKJIETOYHOM KOHLECHTPALMU KalblKs 2 MMOJb JaeT 3HaUCHUE BHYTPUKICTOYHOMN
koHneHnTpanun 1 HM. Jlpyrumu cioBamu, nmpu MemOpanHoM noteHnuane -40 MB obmennnk RetX
obsafaeT JOCTaTOYHOM SHEPruel JIf TOro, 4ToObl CHU3UTh YPOBEHb KANbLUS BHYTPH KIETKH 10 1
HM. VHTepecHO OTMETUTD, YTO HpH TeX ke yciaoBuix NCX crocoOeH MOHU3UTh BHYTPUKICTOUHYIO
KOHILIEHTPALHUIO KaJbIUs TONBKO 10 383 HM.

§ 4. Xu10pHBI TPaHCTIOPT

KoHuenTpauus xmopa BHYTpU KIETKH TOJAEPKUBAETCS B CTPOTO OINpPENENCHHBIX TpaHUIaX. B
HEHpOHAX IMOCTOSIHCTBO YPOBHS XJIOpAa OCOOCHHO Ba)KHO, IOCKOJIBKY OT 3TOrO (pakropa 3aBUCHT
CHHanTH4ecKasi jaenpeccus (nHruOupoBanue) (rnaBa 9). Ximop-uyBctButenbHble ATda3zbr Obu
onMcaHbl B KJIETKax MO3ra, BBIPALICHHBIX B KYJIbType 3D gro YKa3bIBa€T Ha BO3MOKHOCTb
CYIIECTBOBAHMS MIEPBUYHBIX MEXaHU3MOB TPaHCIIOpTa XJiopa. TeM He MeHee, OOJbIas 4yacTh XJIopa
MEPEHOCUTCS Yepe3 MeMOpaHy MOCPEICTBOM TPEeX MEXaHH3MOB BTOPHYHOI'O TpaHCHOPTa. DTO —
XJI0p-OuKapOOHATHBI OOMEHHMK, BBIBOASAIIMI HOHBI XJIOpa M3 KIETKH 4Yepe3 IUIa3MaTHYeCKYIo
MeMOpaHy; KO-TPaHCHOPT KaJIus
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Puc. 4.5. MexaHusmbl xropHoro TpaHcnopTa. (A) Xnop 6vkapboHaTHbIM OBMEHHBIX, CIBMECTHO C HaTpui-
BOJOPOAHbIM OBMeHHWMKOM, onpefenseT yposeHb pM BHyTpu knetku. (B) Kanuit-xnopHblii  Ko-TpaHCnopT
OCYLLECTBIISIET BbIBOZ MOHOB XIOpa M3 KIEeTKU 3a CYET SHEpruu BbIXOASILLEro TOka Kamnvs B HanpaBreHuu ero
anekTpoxummuyeckoro rpaguenta. (C) B HekoTopbix HelipoHax TPaHCMOPT Xnopa BHYTPb KNeTKil NPOW3BOAUTCS Cpasy
ABYMS1 HE3aBUCUMbIMW MEexaHW3MaMu, WCMONb3YIOLWVMN HaTPUEBbIA 3NEKTPOXUMUYECKUI T daaueHT. lepBblii —
HaTPUN-XIOPHbLIN  KO-TPaHCNOpPTEpP, BTOPOA  —  HATPUN-KaNW-XNOPHbLIA  KO-TpaHcrnodTep,  obnapgarowmi
crexvomeTpuen 1:1:2. 3ameTum, 4TO BCE CUCTEMbI TPAHCMOPTA XJ10pa 3NEKTPUYECKN HENTPAribH »I.

Fig. 4.5. Mechanisms of Chloride Transport. (A) Chloride- bicarbonate exchange operates in parallel with sodium--
hydrogen exchange to regulate intracellular pH. (B) Potassium-chloride cotransport uses the outward electrochemical
gradient for potassium to transport chloride out of the cell. (C) In some neurons, inward chloride: transport is mediated
by two independent mechanisms, both using the electrochemical gradient for sodium. Ore is sodium--chloride
cotransport the other sodium-potassium-chloride cotransport with a stoichiometry of 1 : 1 : 2. Note that all the chloride
transport systems are electrically neutral.

U XJIOpA HapyXKy KJIETKH; KO-TPaHCHOPT HATPHs, KU M XJIopa. DTH MEXaHU3MBbI IPEICTABIICHBI Ha
puc. 4.5.

Xnop-6uMkapOboHaTHbLIN OOGMEHHUK

Xnop-6ukapOoHaTHEIE 0O0MeHHHK (puc. 4.5A) BcTpeuaercs B OONbIIMHCTBE KIETOK. ITOCKONBKY
OukapOOHAT UrpaeT BaXKHYIO poiib Oy(epa HOHOB BOJOPO/A B LIUTOILIA3ME, STOT MEXaHU3M, Hapsy ¢
HATPHii-BOJOPOIHBIM OOMEHHHKOM, YYacTBYeT B MOIACpYKaHHH BHyTpukierodsoro pH. Tomac *2)
HPOBOAMII 3KCIIEPUMEHTHI 10 U3MepeHuto pH B HelpoHax yJIUTKU C HOMOILIBI0 pH--4yBCTBUTEIBHBIX
3JIEKTPOI0B. BHyTpHKIeTOUHAs cpefa 3akucisiach nocpenctsoM uabekund HC1 wnm anmimkanuu
CO,, mocime dUero w3Mepsulach CKOPOCTh BOCCTAaHOBJIEHHS YPOBHS JO II€pPBOHAYAIBLHOTO.
BoccraHoBieHHE 3aMeNNIAIOCh, €CIIM BHEKIIETOUYHBII yPOBEHs OMKapOOHaTa OBLI MOHIDKEH, a TaKKe
€CIIM BHYTPHKJIETOYHAss KOHIEHTpalus Xjopa Obuta cHibkeHa. bonee Toro, Boccranosnenus pH He
MIPOUCXOMMIIO BOBCE, €CIIM U3 BHEKJICTOUHOM CpeJIbl ITOJTHOCTBIO yaasuics HaTpuid. ClIenoBaTenbHo, B
nporecce BOcCTaHOBJICHHs pH NpOMCXOIMT nepeMelieHHe MOHOB HaTpus M OukapOoHaTa BHYTpPb
KJIeTKH B OOMEH Ha BBIBOJ HMOHOB XJIOpa Hapyxy. Mexanusm Omokupyercst BeriectBamu SITS u
DIDS. Xnop 1 6ukapOoHAT HepeMeIIaloTcsi IPOTHB CBOUX AJIEKTPOXHMHUUYECKUX IPAUEHTOB 33 CUET
SHEPTHH, BBLIEIAEMON P ITACCHBHOM JIBH)KEHUHM MOHOB HATPHs B HAIIPABICHUM €r0 I'PAJAUCHTA.

Kanun-xnopHbin KO-TpaHCNopT

Eme oqHrM MexaHH3MOM IIepeHOca XJIOpa SIBISIETCS Kalui-XJIOpHBIA Ko-TpaHcopT (puc. 4.5B) ),

Cucrema ne uysctBuTensHa k SITS m DIDS, Ho Onokxmpyercs ¢ypocemMunoM U OyMeTaHHIOM
(furosemide, bumetanide). OTo BemecTBa OIOKHPYIOT XJIOPHBI TPAaHCHOPT B TaKMX KIIETKaX, Kak
TpyOuaTble KJIETKU Mouek. DHeprus A MepeHoca XJIopa MOCTYNaeT UCKIIOUUTENIHO OT ABMKEHUS
HOHOB Kanusl B HAMpaBICHUH €ro 3JIEKTPOXHMHUUYECKOTO TpPaJUEHTa, MOCKOJIBKY CHCTEMa 3Ta
HEYYBCTBHUTENbHA K H3MEHEHHSAM BHEKJIETOYHON KOHLIEHTPAIUH HATPUSI.

TpaHcnopT xnopa BHYTPb KNETKU

B kieTkax MHOTHX THIIOB, HallpUMEP, B BOJIOKHAX CKEJICTHOM MBIIIIEI, TPYOUaThIX KJICTKAaX IOYKH,
aKCOHE KallbMapa, MPOUCXOIHMT AaKTHBHOE HAKOIUICHHE HMOHOB XJIopa. TpPaHCIOPT XJIopa BHYTPh
KJIETKH 3aBUCUT OT BHEKJIETOYHBIX YpPOBHEW Kanusg U HaTpus, He uyBcTBUTEdeH K DIDS u
onokupyercst hypocemunoMm u OymeranunoM (furosemide, bumetanide). B kieTkax modyku umeercs
JIBa MOJTHIIA 3TOT0 MEXaHU3Ma: MepBeIif nMeeT crexuomeTputo Na : K : Cl
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(B) GARA and ghycine 1€ Cutnmsie Pwuc. 4.6. TpaHcnopT
MeamaTo 208
(TpaHcMu rrepos) B
CUHanNTUY 2ckne ny3bIpbKU.
Bogopogaiibie ATdasbl
nepeHocs T NPOTOHbI 13
uuTONnasMbl BHYTPb BE3UKyI,
cosgaBas Tem cambiM

AMEKTPOX IMUHECKUIA  TpafneHT
Ans Bbixoda NpOTOHOB. Yepes
Monekyrny BTOPUYHOIO
nocpeaHv ka BbIXOASALMA NOTOK
NPOTOHOE npefocTasnsieT
ks ' - BHeprMio  AnA  akkyMynauum
S (S - TpaHcMu1 Tepal_I (T) B
] & ny3blpbKax. efnonaraeTcs,
[F e \ﬂﬁ a Vesicle lumen Yesicke hamen l-|¥o gTex 10MGT§MH cucTeMbl B
cnyyae TpaHcnopTa
MOHOAMW 10B U aLEeTUNIXONnHa
coctaBnsAzT 2 : 1 (A), rmuumHa,
FAMK v rnytamata — 1: 1 (B u
C). Bmecte c rnytamatom B
BE3UKYIy BXOAMUT X110p.

Fig. 4.6. Transport of Neurotransmitters into Synaptic Vesicles. Hydrogen ATPase transports protons into the vesicle
from the cytoplasm, creating an electrochemical gradient for proton efflux. Proton efflux through the secondary
transport molecule provides the energy for accumulation of the neurotransmitter (T) in the vesicle. The proposed
stoichiometry is 2 : 1 for monoamine and ACh transport (A), 1 : 1 for glycine, GABA, and glutamate transport (B and
C). Glutamate transport is accompanied by chloride entry into the vesicle.

B cootHomenuu 1 : 1 : 2, a Bropoit Na : Cl B coorHomennu 1 : 1 (puc. 4.5C) **. B
JKCIIEPHMEHTaX Ha akcoHe KambpMapa Paccen 339 nokasan CyIIIECTBOBAHNE HATPUH- M KaJWii-
3aBHCHMOTO TpPaHCIIOpTa XJIOpa BHYTPb KJeTku, oOmamaromiero crexuomerpueir Na : K : Cl B
cootHomeHn 1:2:3. Tloka HesCHO, OOBSCHAETCS JIM 3TO HAIMYHMEM TPETHEr0 MEXaHHU3Ma
XJIODHOTO ~TpaHCIOpTa WM JIMIIb OJHOBPEMEHHOH pa0OTOH JBYX BBIIICONHMCAHHBIX
MEXaHU3MOB. TpaHCIIOPT XJI0pa BHYTPh KJIETKH OBUI TAKKe ONMUCAH B KJIETKaX CIMHHOTO MO3Tra

37
TOJI0BaCTUKOB

§ 5. TpancnopT HelipoMeaUATOPOB

[ToMrMO TpaHCHIOPTa HEOPTAHMYECKUX HOHOB, B HEPBHBIX KIIETKAX MMEIOTCS TAKKE MEXaHHU3MbI
HAKOIUIGHUS BELIECTB, YUYacTBYIOIIMX B CHHANTH4YeCKOM mepemade. HeipomeauaTopsl
TPAHCIOPTUPYIOTCS B OPTaHEIUIbI, HAXOSIINECS B IUTOILUIA3ME MPECUHANTHYECKOTO HEPBHOTO
OKOHYAaHUS, I'Zle M 3aracaroTcs K MOMEHTY BBICBOOOXKIEHHS B CHHANTHYECKYIO Iuenb. Ilocne
BBICBOOOXK/ICHUS, TaKUE MEIMATOPbl, KaKk HopanuHeppuH, ceporoHuH, [AMK, rmuumH wim
rJIyTamMaT, OTKAYMBAIOTCS W3 CHHANTUYECKOW IIEeNH CHEeLUAIbHBIMH II€PEHOCYHKAMU,
PACIIOJIOKEHHBIMU B KJIETOUHOW MEeMOpaHe CaMUX HEHPOHOB HMJIM COCEJHUX MIMABHBIX KIETOK
(rmaBel 8 u 13). Bce 3TH MeXaHU3MBI SBISIOTCS BTOPUYHBIMU TPAHCHOPTHBIMU CHUCTEMaMH
YepHarT SHEPrHI0 M3 MEPEMEIICHUS MOHOB KalWs, HATPHUS WM BOJOPOJA B HAINPABICHUH MX
INEKTPOXUMHUYECKHUX IPaUEHTOB.

TpchnopT B CMHaNTu4eckue ny3blipPpbkKu

HeiipomenuaTopsl CHHTE3UPYIOTCS B IIMTOIUIA3ME€ HEPBHOTO OKOHYAHMA, IIOCIE Yero
HAKaIUTMBAIOTCS B CHHANTHYECKHX ITy3bIpbKax (BE3WKYJNax) MpH IOMOIIM MeXaHH3Ma
BTOPUYHOT'O AKTUBHOI'O TPAHCIOPTA, COMPSIKEHHOTO C BBIXOJOM IPOTOHOB. DTOT MEXAaHU3M
AQHAJOTMUCH BTOPUYHOMY TPAHCIOPTY Yepe3 IUIa3MaTHYECKyl0 MeMOpaHy, OCHOBaHHOMY Ha
JIBIDKEHHUH MOHOB HAaTpHUs, OJHAKO BMECTO HATPHUEBOIO TIpaJHMEHTa 3/IeCh HCIOIb3yeTCs
TpageHT MpPOTOHOB, co3maBaeMblii mpoToHHONH AT®a30#i, mnepeHocsmeld NPOTOHH U3
LMTOMIA3MBI B CHHATITHYECKHE My3bIPhKH > . KOIMYECTBO CHCTEM TPAHCIIOPTa, OCHOBAHHBIX
Ha DHEPIruM JABWDKCHUS NPOTOHOB, OTPAaHWYEHO. Tak, MEXaHM3M BE3UKYISIPHOTO TpaHCIOpPTa
MOHOaMUHOB oOOecre4yrBaeT HaKOIUICHWE HOpANHMHeppuHA, JopaMuHa, TUCTAMUHA U
cepotonuHa (5-HT). CymiectByeT Taxke obas TpaHcnoptHas cucteMa st TAMK u rimnuHa.
AUETHNIXONMH M TIIyTamMaT oO0JagaloT COOCTBEHHBIMM CHUCTEMaMH 3aKayKd B ITy3bIPHKH.
[Ipenmnonaraemasi CTeXHOMETPHUSI CUCTEM 3aKadyKH Moka3aHa Ha puc. 4.6. Bce atu cucremsl, He
Oymy4H 3JIEKTPUYECKH HEHTPaIbHBIMU, 3aBHCAT OT MOTEHIIMANa BE3UKYJISIPHOW MEMOpaHbI U OT
rpaguenta pH. OtianunTenpHast 0cOOCHHOCTh MEXaHU3Ma TPAHCIOPTa IIyTaMara cocTo-
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(A) (utamsbe (B) Mossamines, o
GARA, ghrize Puc. 4.7. 3akauka HellpomeanaTopoB M3 BHEKIETOYHOrO

npoctpaHcTBa. (A) 3akauka rnmytamarta conpsbkeHa C
BXOAOM [BYX MOHOB Xlopa W BbIXOAOM OAHOrO MOHa
Kanusi, KpoMe TOro, OHa COMPOBOXAAETCs1 BbIGpocoM u3
KneTkn ogHoro voHa OH  (nnu HCO3). (B) B cuctemax
3aKaydkun FAMK, rmuumHa n MOHOaMVHOB
(HopanuHedpuH, podamMnMH U CEPOTOHMH)  3akadka
TpaHcmuTTepa (T) conmpsbkeHa € BXOOOM [BYX WOHOB
HaTpus 1 CONPOBOXJAeTCs BXOAOM OAHOrO MOHa xropa.
MpopykT ruaponusa aueTunxonuHa, XOMWH,
3aKauMBaeTCsi B HEPBHOE OKOHYaHMe C TOW e
crexunomeTpuen, 4to u FAMK, rmuumH n MOHOaAMWUHBbI.

Fig. 4.7. Uptake of Neurotransmitters. (A) Glutamate
uptake is coupled to the influx of two sodium ions and
efflux of one potassium ion, and it is accompanied by the
extrusion of one OH™ (or one HCO7; ) ion. (B) In the
GABA, glycine, and monoamine (norepinephrine,
dopamine, and serotonin) uptake systems, recovery of
the transmitter (T) is coupled to the influx of two sodium
ions and accompanied by the uptake of a single chloride
ion. Choline from the hydrolysis of acetylcholine is
recovered into the nerve terminal with the same
stoichiometry as the GABA, glycine, and monoamine
systems.

HT B TOM, 4TO OJJHOBPEMEHHO C MEIHATOPOM BHYTPb ITy3BIPHKOB IEPEHOCATCS HOHBI X10pa *V.
MexaHu3mM 3aKa4uku meguatopa B KNeTky

Menuatopsl MOTYT TaKXKe 3aKauMBaTbCS U3 BHEKJIETOYHOT'O NPOCTPAHCTBA BHYTPb HEWPOHOB WIIH
IIMANBHBIX KJIeTOK (T71aBbl 8 u 13). B 1menoM 3TOT mpoliece BBINOJIHSAET JABE 3ajauu: 1) ycTpaHeHue
MeIMaTopa U3 BHEKJIETOYHOI'O IPOCTPAHCTBA, OKPY)KAIOLIEr0 CHHAIIC, C LEJIbI0 MPEKpaleHHUsI ero
JIEUCTBHUSI Ha [OCTCUHANTUYECKYIO KJIETKY A ) 3aKayKy MeAmaTopa oOOpaTHO B
MIPECUHANTHYECKOEe OKOHYAHHE JUIsl IIOBTOPHOTO HCIOJL30BaHMS B CHHANTHYECKOW mnepenaue. Bce
MoA00HBIE MEXaHH3Mbl HCHOJIB3YIOT JJICKTPOXHMHUUYECKU TpaJUeHT HATPHUs Ul MepeMelCHUs

MeuaTopa B LUTOIIa3My.

Ha puc. 4.7 noka3aHsl ABa OCHOBHBIX THIIa CHCTEM 3aKauKH MeIHaTopa ) MexaHH3MBI N1EpPBOIo
THUIA CONPSDKEHBbI C MEpeMENIEHHEM HOHOB HaTpHs BHYTPh M MOHOB Kalusl Hapyxy KiueTku. Taxue
CHCTEMBI HCIIOJIB3YIOTCS I 3aKAYKH HEHTPAIbHBIX M KHCIIBIX AMUHOKHCIIOT, TAKMX KAK IIyTaMar™.
IlepemenieHue 01HON MOJIEKYIBI IIIyTaMaTa BHYTPb KICTKH COIPSDKEHO C HEPEMELICHUEM JIBYX WU
TpeX MOHOB HATPHUs BHYTPb U OJHOIO MOHA Kanus HapyxKy. KpoMe Toro, mpoucxoauT nepeMelneHue
100 TPOTOHA BHYTPbH, JIMOO THAPOKCHIBHON TPYyNNBl HapyXy, YTO TNPHBOJAUT K OKHCICHHIO

BHYTPUKJIECTOYHOH cpensl .

MexaHH3MBI BTOPOTO THIIA MCIIOJIB3YIOT BXOJ HATPHS ULl BBEICHHS B KJICTKY MOJICKYJI MEAHATOpa U
HOHOB xJopa. OTu cucteMbl obecneunBarorT Tpancnopt ['AMK, nopanuuedpuna, nodamuHa,
[JIMLMHA U CePOTOHMHA B KJICTKY. 33 OAMH LUK B KJIETKY BXOAUT OAMH WM [Ba MOHA HATPHS, OJHA
MOJIEKyITa MEMATOPA U OfIHH HOH XJ10opa™™,

HuTepecHbIM CBOMCTBOM TaKHMX MEXaHM3MOB 3aKauKH MEIUATOPOB B KIIETKY SIBJISIETCS OTCYTCTBUE
JNIEKTpHYecKoil HeifrpansHOCcTH. ClenoBaTeNbHO, BapHAllMd MEMOPAHHOTO IOTCHIHANA, JaXKe B
(DM3HONOrHYECKOM JMANa30He, MOTYT BbI3BaTh PEBEPCHIO HAIPABICHHS PabOThl THX chcTeM™ ).
JleiiCTBUTENBHO, B KIETKAX KIETUATKH COMA ObLI MOKa3aH obparHbii Tpancnopt [AMK Hapyxy™”.
TakuMm 00pa3oM, TPAHCIIOPTHBIC CUCTEMbI MOTYT OCYILECTBIIATh HE TOJILKO 3aKauKy MEIMaTopa, HO U
€ro BbICBOOOXKIEHHE. PeBepcus MexaHHM3Ma 3aKaykM MeJHaTopa MOXKET TAaKXKEe HMETh BPEIHBIE
nocieAcTBus. Tak, B pe3ysibTaTe TPaBMbl F'OJIOBHOTO MO3Ta MIIM MHCYJIBTa MOXET HMPOU30MTH BHIOPOC
rIyTamaTa U3 JeTOJSIPU30BaHHBIX TNHAIBHBIX KJIETOK, MPUBOASAIINNA K HAKOIUICHUIO TOKCHYHBIX
KOHLIEGHTpaLUi 3TOro MeAUaTOpa BO BHEKIETOYHOH cpefie U JallbHEHIIEMY OBPEKACHUIO COCEIHUX
KJIETOK 51).

Kpyrosopor eme ogHoro Meauaropa, anetmixoianHa (ACh), IpouCXoUT Mo HECKOJILKO HHOU CXEeMe.
ACh cunTe3npyercst U3 XoinuHa u anermi-kodepmenta A (rnasa 13). ITocne BeicBoboxkaerns ACh B
CHHANTHYECKYIO LIeNb €ro JACHCTBHE Ha MOCTCHHANTHYECKYI0 KIETKYy OIPaHH4YHMBACTCS OCOOBIM
(bepMeHTOM (aLeTUIIXOIMHACTEPa3oii; rimaBa 9), koropas ruaponusyer ACh Ha auerat ¥ XOJHH.
ITpu6IM3UTENBHO TONOBHHA MOJIEKYJ XOJIMHA 3aKAauMBAeTCs B HEPBHOE OKOHYAHHE C IOMOLIBIO
Beicokoappunroro (K, = 2 mxmoip) mexaHm3Ma U ucnonbsyercss misi cuute3a ACh. TTomo6Ho
MeXaHM3MaM 3aKadku MoHoamMuHOB, 'AMK ¥ rimimHa, 5TOT MEXaHM3M TaKKe 3aBHCHUT OT

BHEKJICTOYHOI'O HATpHUs U XIIOpaSZ).
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§ 6. MoJiekyJsipHasi CTPYKTYpAa MePeHOCYNKOB

Jlo cux mop peub muIa JUIIb O (DYHKIMOHAIBHBIX XapaKTEPUCTHKAX IEPEHOCUYMKOB, 0e3
YIIOMUHAHHS UX MOJISKYJISIPHOTO cTpoeHust. Kak U B cilydae HOHHBIX KaHAIOB (IJ1aBa 2), Kaxaas
(GyHKIMOHAIbHAS TPYIINA CBsA3aHa C ONpPEJIEICHHOM OeIKOBOI MOJIeKyol uitk, B 6ojee o0iem
BUZIE, C CEMEHCTBOM MOJIEKYJ. MHOIrHe U3 HUX YJaJIOCh M30JIMPOBaTh U KIIOHUPOBATh, a TAKKE
cenaTh MpPEINoJIOKEHHEe O KOHQHUIYpalMu 3THX MOJIeKyal B MeMOpaHe. Hipke mnpuBeneHb
ofume cBeieH!s 0 CTPYKTYpe MOJIEKYJl IEPEHOCUYMKOB, MOKa3aHHOM Ha puc. 4.8. BoybmMHCTBO
n3 Hux umeer ot 10 mo 12 TpancMeMOpaHHBIX CETMEHTOB U, KaK I0JaraimT, o0pa3yeT KaHajo-
nmoo0Hble  CTPYKTYphl. IlepeHoc BemiecTB uepe3 MeMOpaHy OCYIIECTBISICTCS IyTEM
MIOTIEPEMEHHOTO BBIJBIKEHUSI IOCAZOYHBIX MECT BO BHYTPHUKIETOUHYIO W BHEKJIETOYHYIO
cpenpl.

AT®dasbl

MornekynsipHoe crpoeHue HaTpuii-kaaueBoii ATda3pl M3y4eHO AOCTATOYHO JETAIbHO
OHa COCTOHMT 3 JBYX CYObEIUHHI, O U [ O-CyObeAHHHIA, MOJICKYJISIPHAsS Macca KOTOPOU
cocrasisier npuommsurensHo 100 x/I, oTBewaer 3a (hepMEHTATUBHYIO aKTHBHOCTH Hacoca U
COJIEPKUT BCE MECTa CBs3bIBaHMs cybcrpara. Mensmas o pasmepy (35 k[l) f-cyObenununa
COJIEPKHUT HECKOJIbKO BHEKJIETOUHBIX MECT IJIMKO3WIMPOBAaHHMS W TaKkKe HeoOXxoauma st
(GYHKIMOHMPOBAaHUST HAacoca, OJHAKO B 4YeM HMMEHHO COCTOMT ee pojb, Hem3BecTHO. Obe
CyOBEIMHNIBI OBUIM YCIIEUIHO KIOHMpOBaHE > . TIpemonaraeMasi CTpyKTypa MOKa3aHa Ha
puc. 4.8A. MecTta cBsi3bIBaHUsI HYKJICOTHIOB M (hochopuInpoBaHus pacioNoKeHbl B OOJIbIIOM
LUTOIUIA3MATHYECKOM  Y4YacTKe  O-CYyOBbEAMHMIBI,  MEXIOy  YeTBEPTBIM M IISTHIM
TpaHCMEMOpDAHHBIMH CErMEHTaMu. bonbinas uacte [-CyObeIUHHIBI PACIONOKEHA BO
BHEKJIETOYHOM IIPOCTPAaHCTBE, M JIMIIb OJMH CETMEHT IPEINOJI0XKUTEIILHO IPOHU3BIBAET
MeMOpaHy. U3BeCTHBI TpH H30(OPMBI O-CYOBETHHHIIBI (O, O H O3), BCE OHH IKCIIPECCHPYIOTCS
B HEPBHOM cucreMe. JIBe M3 Tpex M3BECTHBIX M30GopM S-cyOneauuuinl (5 u fB,) HalineHsl B
HEPBHBIX TKAHAX.

53, 54)

CemelictBo kanbuueBblx ATda3 3HI0- U capkomaasMaruueckoro peruxkyiymoB (SERCA)
MIPOUCTEKAET, KAK MUHUMYM, U3 TPEX T'€HOB C aJIbTEPHATUBHBIM crumaiicuarom” ). CemeiicTBo
KaJIbIIUEBBIX HACcOCOB IIa3MaTuueckodl MemOpansl (PMCA) sBiseTCsl IPOAYKTOM 3KCIIPECCUU
YeTBIPEeX PA3IMYHBIX TEHOB, KKIbIH M3 KOTOPBIX HMEEeT, KaK MHHHMYM, [Ba BapHaHTa
crutaiicunra. Bee 3Tu GenKoBble MOJIEKYIIbI IPEACTABIAIOT COO0H OAUHOUHYIO IOJIUNENTUIHYIO
LENOYKy ¢ MoyeKyisipHOH Maccoil mopsinka 100 k]I, cTpykTypa KOTOpOH HalOMUHAeT O-
cyOobequnuLy Harpuii-kanueBol AT®a3bl ¢ yBeIUYEHHBIM LUTOILUIA3MATHUYECKUM CETMEHTOM
CO CTOPOHBI KapOOKCHJIBHOTO OKOHYaHWs. B oTnuume ot Harpuii-kanueBod AT®asbl, 3Th
AT®a3bl He HyKZAOTCS B [-CyObeIMHHMIE JUIA OCYLIECTBICHHS CBOEH (DepMEHTATUBHON
AKTHBHOCTH.

Hatpun-kanbumneBble 06MeHHUKHU

Hatpwuii-kaneuueBblii oOMeHHuK cepaednoi Mbimipl (NCX1) mpencraBnser co0oit 6enok ¢
MOJIEKYJISIpHOH Maccoit okono 120 /I, cocrosimmii 13 970 aMHHOKHCIOT e Bropoii Tum,
NCX2, Obu1 TEepBOHAYAIBHO KJIOHHPOBaH M3 Mo3ra Kpbickl. O0a KiIOHAa 00JamaroT psAaoM
usodopm crumaiicuara . C [OMONBIO THAPONATHYECKOTO AHANM3A M HCCICIOBAHMI C
WCTIONb30BAHUEM aHTHTEIN OBIIO IMOKa3aHO, YTO OOMEHHHUKH COCTOST U3 11 TpaHcMeMOpaHHBIX
CeTMEHTOB W OOJBIIOW BHYTPUKICTOYHON TETNIH, PACIONOKEHHOH MeXIy 5-M U 6-M
cermeHTamu (cm. puc. 4.8B) ob, Pasmep u macca RetX Heckonbko 6ounbire: 1 199 aMmuHOKHCIOT,
130 /I 2, Hecmotpss Ha TO, uro Mmexnay RetX u NCX Her Oonpmioro cxozacrsa
AMHMHOKHUCIIOTHBIX TIOCIE€AOBATENIBHOCTEH, NX MEMOpaHHAasi TOMOJNOTHS JOJDKHA OBITH CXOAHOH,
KaK IT0Ka3bIBaeT IMAPONATHUCCKUI aHAIH3.

I'IepeHocqleM Apyrmx noHoe

. . 63 64
B Mmo3re kpbIchl OblIM HaiineHs! kanuil-xnopHsle ko-nepeHocuuku (KCCl u KCC2) ™. ™).

Kaxnapiit m3 Hux cocrout 3 1100 aMuHOKHCIOT M MMeeT MoyeKyasipayo Maccy 120 xJI. Ha
OCHOBaHUU INEPBUYHOM CTPYKTYpBI 3THX MOJEKYI MOXHO 3aKIIOYMTh, YTO B HUX BXOIAT 12
TpaHCMEMOpPAHHBIX ~ CeTMEHTOB, M  4To o0a  OKOHYaHHMsA (aMHHOTEpMHMHAIb U
KapOOKCUTEpMHHAIb) PACIONOXKeHbl B muTomaasMe (cMm. puc. 4.8C). CxonHol CTpyKTypoil
00J1aJal0T MOJIEKYJbl OOMEHHHKOB aHHOHOB (AE)®, a rakke cemeiicTBO HaTpUN-KaIAN-
XJIOPHBIX KO-IIEPEHOCUYHKPB (NKCC)34).

MOHeKyan nepeHoCc4YMKoB HeﬁpOMeAMaTOpOB

CxoncTto TMECPBUYHBIX AMUHOKHUCIIOTHBIX MOCJIEI0BATEILHOCTEH TPaHCIIOPTHBIX 6eJ'IKOB, po-
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1A Sodivm—potassiem ATFPase 1B} Sodum—calcium « xehasger

Puc. 4.8. Tlpegnonaraemass MonekynsipHass CTP!'’KTypa TPaHCMOPTHbIX
monekyn.  MHorve  TpaHCMOpPTHble  MOMeKkyntl  Obinyu  ycrewHo
KIMOHMpOBaHbl, @ WX pacrofiokeHne B MeMmliipaHe W3BECTHO W3
pesynbTaTtoB rmaponaTtnyeckoro aHanusa. (A) HaTpui-kanuesas AT®da3sa
COCTOUT U3 O-Cy6beauHWLbI, MMetowen ot 8 Ao |2 TpaHCcMeMOGpaHHbIX

y4acTKoB, U MeHblUeil Mo pasmepy ,B-cyﬁbe,qmuvubl, NpoHK3bIBatoLLel
MembpaHy nuwb oavH pa3. KanbuueBble AT®13bl MMeT cxoaHoe
cTpoeHue. (B) Hatpuii-kanbuneBble OO6MEHHMK1 HacumTbiBatloT 11
TpaHcmembpaHHbIX ydacTkoB. (C) Kanuii-xmopHb e  Ko--TpaHcnopTepsl,
MOIeKyrnbl aHWOHHbIX CEMEHHWKOB, a Takke Hé TPUiA-Kanuin--XrnopHble
TpaHcnopTepbl MMelT 12 TpaHCMeMOpaHHbIX Y4YacTKOB W  MOXOXYH
KoHurypaumio B Membpare. (D) Cynepceme iCTBO TpaHCMOPTHbIX
Monekyn, obecneyvBaloliMx 3akayky MoHoamuHo3, TAMK u rnuuuna, i
xapaktepuayetcsi Hanudimem 12  TpaHcmem6pa iHbix  yyacTtkoB. (E) c P -3
mytamatHble TpaHcrnopTepbl MeHbLue no pasmepy (10
TpaHCMeMBpaHHbIX Y4aCcTKOB).

Fig. 4.8. Proposed Molecular Configurations of Transport Molecules. Various transport molect les have been cloned
and their structure in the membrane deduced from hydropathy analyses. (A) Sodium-potassiun ATPase consists of
an a subunit with 8 to 10 transmembrane segments, and a smaller 8 subunit that spans the membrane only once.
Calcium ATPases have a similar structure. (B) Sodium-calcium exchangers have 11 transmeinbrane segments. (C)
Potassium-chloride cotransporters, anion exchange molecules, and sodium-potassium-chloride transporters all share
the same membrane configuration, characterized by 12 transmembrane segments. (D) The superfamily of
transporters for the uptake of monoammes, GABA, and glycine has a motif of 12 transmernbrane segments. (E)
Glutamate transport molecules are smaller, with 10 transmembrane segments.

U3BOJSILIMX 3aKauKy B HEepBHOe okoH4aHue HopanuHedpuHa (NET), ceporonuna (SERT),
nopamuna (DAT), TAMK (GAT) u rmmnuba (GLYT), no3BosisieT 3aKiO4YUTh, YTO BCE OHH
TPOHCXOAT OT OJHOTO CyrepcemeiicTBa reros . [lepeHOCUNKH MOHOAMHHOB TPEICTABIIAIOT
0COOBII MHTEPEC, IOCKOJIbKY MMEHHO OHM SIBJISFOTCS MUIIEHBIO U1 MHOTUMX HAapKOTHYECKHX
BEIIECTB, BKIIIOYAs KOKaHH U am(eTamMHH, a TaK)Ke HEKOTOPBIX aHTHIENpeccaHToB (riiaBa 13).
Kaxnaplii uneH cymepceMeiicTBa INpeACTaBIEH HECKOIbKUMU M30TUIAMHU. belnku HUMeoT
mouekysipHyto Maccy oT 80 o 100 k/] u, kak cnemyer U3 TUApONATH-
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YEeCKOro aHajim3a, cocTosT u3 12 TpancMmemOpanHbIX cermeHToB (puc. 4.8D). Ilo mepBuuHOif
MOCJIEIOBATEIbHOCTH  MOJIEKYJy MEpPEHOCUMKAa XOJHMHA TaKKe MOXHO OTHECTH K 3TOMY
CynepceMencTBy 87,

B HacTosimee BpeMsi M30JMPOBAHO ISITh OENKOB, OCYIIECTBISIONMX 3aKauKy riyramara °0. Omu
CTPYKTYPHO OTJIMYAIOTCS OT CynepceMeiicTBa INepeHocYyuKoB MoHoamuHOB, 'AMK u rimmuuna.
Pa3zmep aTHx OeNKOB cpaBHHUTENBHO HeBelHK, OoT 500 10 600 aMHHOKHCIIOT, pu Macce okouo 65 k/.
I'maponaTuyeckue AaHHBIE CBUICTENBCTBYIOT 0 HanuuuK 10 TpaHCMEeMOpaHHBIX CETMEHTOB (CM. PHC.
4.8E).

CemeiicTBa O€NKOB, OCYMIECTBISIOIINX 3aKayKy MOHOaMHHOB, TimuuHa, ['AMK, rmyramara u
AIETWIXOJIMHA B CHHANTHYECKHE ITy3bIPbKH, (YHKIHMOHAIBHO OTJIMYAIOTCS TEM, YTO 3aBHUCAT HE OT
HATPHUEBBIX, & OT IPOTOHHBIX I'pajueHTOB. Besukynapusle nepenocunku MoHoamMuHOB (VMATI u
VMAT?2) Obut KJIOHHPOBAHBI PaHBINE JPYTHX, 32 HAMH IOCIEIOBaJ BE3UKYISIPHBIA HEpPEHOCUNK
anerniaxonnaa (VACHT) 3®), Kaxxmas u3 9THX MOJeKyl BKIIto9aeT B ce0s oT 520 mo 530 aMHHOKHCIOT
U, CyIs IO THIPONATUYECKUM JAHHBIM, COCTOMT M3 12 TpaHcMeMOpaHHBIX cerMeHTOB. CTpykTypa
VMAT1 u VMAT2 coBmagaer Ha 65 %, a VAChT wupentnuen um Ha 40 %. Monekymbl
neperocunkoB TAMK ¥ rimnmuHa Taxke GbUIH ycremHo kionnposassl * 7. OHH CTpYKTYpHO
OTIIMYAIOTCA OT IEpeHOCUYnKOoB MOHOaMMHOB U ACh u cocroar Bcero u3 10 TpancMeMOpaHHBIX
CETMEHTOB.

§ 7. Poib MeXaHM3MOB TPAHCIIOPTA

Kaxk nepBuuHbIe, Tak 1 BTOPUYHBIE MEXaHU3MBI aKTHBHOTO TPAHCIOPTa BHOCST ITOCTOSIHHBII BKJIAT B
MOJJIep)KaHNe KJIETOYHOTO TOMEOCTa3a, a TakKe IIOCTABISIIOT HEOOXOAWMBIE DIICMEHTHI IS
CHHANTHYECKOH mepefadu. TeM He MeHee, STUMH IPOCTHIMH Ha NEPBBIH B3I IPOIECCAMH UX POJIb
B JKH3HE/ICSTEIILHOCTH HEPBHOI CHCTEMBI He OrpaHuduBaeTcs. [IepeHocunKy BHOCAT CyIIeCTBEHHBII
BKJIaJ] B pabOTy CUTHAJIBHBIX CHCTEM KJIETKH. Tak, HampuMep, B HEOOJIBLINX OTBETBICHUSX HEPBHBIX
OKOHYaHUH BO BpeMs pACIpPOCTPAHEHMS IOTCHIMana IEHCTBUsS, aKTHUBALMS HATPUIl-KaJIMEBBIX
AT®a3 BcnencTBUe HAKOIUIGHHS BHYTPHKIETOYHOIO HATPHS MOXET BbI3BaTh OJIOK MPOBOAMMOCTU
(rmaBa 15). [Jlpyroii mpumep cBs3aH ¢ aktuBauueil peuentopoB ['AMK,, kotopsle 00pa3yroT
XJIOpHBIE KaHAIBI B MeOpaHe KIeTKU (raaBa 3). B Tex kieTkax, U3 KOTOPBHIX IMEPEHOCUYHKH BBIBOIST
XJIOp HapyXy, BHYTPHKJIETOUHBIC KOHIEHTPAIIMX ATOTO MOHA HU3KHU, W NPHU OTKPHIBAHWU XJIOPHBIX
kananoB ’AMK,-penentopoB XJop BXOIUT B KIIETKY, BBI3BIBAsl IMIEPIIOIPH3AIHIO MEMOPAHHOTO
noreHnmana. HampoTuB, B Tex KJIETKaX, TA€ NPeoOIafaroT IMEpeHOCUYUMKH HOHOB XJopa W3
BHEKJICTOYHOTO IPOCTPAHCTBA B LMTOILIA3My, BHYTPHKJICTOYHBIH YPOBEHb XJIOpPA CPaBHHUTEIBHO
BBICOK, U OTKpbiBaHHEe ['”AMKj,-KaHaJIOB NPUBOANT K JEHOJIAPH3ALMKM 32 CYET BBIXOJA XJOopa U3
wietku 7. TakuM 06pa3soM, Xapaktep JCHCTBHMS MEIMATOPA HEIOCPEACTBEHHO OMPEICIACTCS
HaJIMYMEM TeX WM UHBIX IEPEHOCYHUKOB B KIIETKE.

Eme Gosiee BaKHYIO pOJIb MTPAIOT IIEPEHOCYMKU HEHpomeanaTtopoB. BEICTpoe ynaneHne MOJEKy
MequaTopa M3 CHHANTHYECKOH MIeNHM MOXET IMPEAOTBPATHTh M3OBITOYHYIO AKTHBAIMIO, A TaKKe
MHAKTUBAlMIO penentopoB. CBOEeBpeMEHHAs 3aKauka MEQUaTOpa B CHHANTUYECKUE ITy3BIPHKU
MOJICPKUBAECT HEPBHOE OKOHYAHUE B COCTOSHMM IIOCTOSHHOM TroTOBHOCTH. CllenoBaTelbHO,
MIEPEHOCUYUKH BBINOIHAIOT BaKHEHITYI0 (YHKLHUIO PETyIsAlUU IWMHAMHYECKHX CBOMCTB CHHAICOB M
HEPBHOM CHCTEMBI B 1IEJIOM.

BoobOmie roBopsi, cliedyeT paccMaTpUBaTh MOHHBIC KaHajdbl KaK CHCTEMbl, POBOASILME
JNIEKTPUYECKUE CHUTHAJbI, a IEPEHOCUYMKH — KaK CHUCTeMbl obecreueHus 0a30BBbIX YCIOBHH, Ipu
KOTOPBIX TaKO€ IIPOBEACHHE CTAHOBUTCSA BO3MOXKHBIM. ClleyeT OTMETUTh, YTO MEXIY dTUMHU IBYMs
CHCTEMaMH 3a4acTyl0 HPOUCXONAT M OoJice CIOXKHBIE B3aMMOJCHCTBHUS, BIHAIOIINE Ha paboOTy
HEPBHOU CHCTEMBL.

BbiBOoAbl

Iepenoc pa3nMYHBIX BEIIECTB depe3 MeMOpaHy B KICTKY WIH U3 KICTKH IPOM3BOIUTCS IIEIBIM
psimoM MeMOpaHHBIX OenkoB. OOWH M3 IPUMEPOB — HATPHH-KAINEBBI OOMEHHHK, HMEPEHOCSIIHI
TP MOHA HATPHs HApyXKy M JiBa MOHA KM BHYTPb KIETKH 3a CUET SHEPTHH THAPOJIH3a OJHOU
Mostekynsl AT®. OOMEHHUK NOANEPKHBACT BHYTPUKICTOUHYIO KOHIICHTPALUIO HATPHS M Kalus Ha
MOCTOSTHHOM YPOBHE, HECMOTPSI Ha YTE€UKY 000MX HOHOB.

Huskuit ypoBeHb BHYTPHKIETOYHOTO KajbLHs MOAAEPKHUBAECTCA ABYMsI THIAMH KallbIIUEBBIX
AT®a3. AT®da3a mepBoro THIa, PacHoIOKEHHas B IUIA3MAaTHYSCKOH MeMOpaHe, OCYLIeCTBISET
BBIBOJI KJIBLIUS M3 KJIETKH. BTOpO# THIT HaxoxuTcs B MeMOpaHax
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OHJO0- WM CAapKOIUIasMaTHYCCKOI'0 PCTUKYIIyMa U obecrnieunBacT OTKa4YKy KaJblUd U3 LUTOILIA3MbL
BO BHYTPHUKIICTOYHBIC OpraHEJIJIbL.

Eme onuH MexaHM3M KaJbLHEBOTO TPAaHCIOpTa — HATPUil-KaJbIUEBBI OOMEHHUK. DHEpPrws,
[ojry4aeMasi OT epEeMELICHNUs HATpUsl BHYTPb KIETKH, T. €. B HAIIPABICHUH €r0 3JICKTPOXUMHUYECKOTO
rpajJyeHTa, 3aTpayMBacTCd HAa BbIBOJ HOHOB KajlblMsi HapyKy. OTO NpHUMEP BTOPHUYHOTO
MEpEeHOCYnKa, paboTa KOTOPOTO - 3aBUCHT OT TMOAAEPXAaHHS HATPUEBOTO TIpaJUEHTa HaTpuii--
kanueBoil AT®a30il. B GonbLUIMHCTBE HEHPOHOB MEPEHOC OJJHOTO MOHA KAJIBLIUSI TPOMCXOJUT 32 CUET
BXOJa B KJIETKy TpeX HOHOB HaTpus. IIpu HEKOTOPBIX (U3MOJIOTMYECKUX YCIOBHAX HATPHii-
KaJIbIIMCBBI OOMEHHHK MOXET padoTaTh B MPOTHBOIIOJIOKHOM HaIpaBlIeHUH. B mamoukax ceTdaTkn
TPaHCIOPTHAsT MOJICKyJIa IIEPCHOCHUT OAWH HOH KAJIBIWS U OJWH HOH Kajius B OOMEH Ha 4eThIpe
HOHA HAaTPUs, BXOISIUX B KIETKY.

CyliecTByeT 1Ba OCHOBHBIX THIIa MOJEKYJ, OCYILECTBISIOLINX BBIBOJ XJOpa U3 KieTKu. [lepBblit
—  XJjop-OukapOOHAaTHBIM OOMEHHMK, WIpAalOmMii TaKXKe BaXHYI0 pOJIb B  PETYISIHUU
BHYTPHUKJIETOUHOTO pH M 3aBUCAIIMI OT 27EKTPOXUMHUECKOT0 TpajiueHTa HaTpus. Bropoit — kanuii-
XJIOPHBIIl KO-TIEPEHOCYHK, paboTa KOTOPOro OCHOBaHA HA MEPEMELICHUH KaJIUs U3 KICTKH Hapyxy, T.
€. B HallpaBJI€HUHU €0 AEKTPOXUMHUUECKOTO TPAAUECHTA.

B HEKOTOpBIX THNAX KJIETOK XJIOp HE BBIBOJUTCSA HapyXy, a HA00OPOT, aKKyMyJIHPYETCS B KIIETKE.
DTOT NPOLECC 3aBUCUT OT HATPUEBOIO IPAJUEHTA U CONPOBOKAACTCSA BXOIOM B KIICTKY HOHOB KaJHs.

- B npecuHanTH4ecKUX HEPBHBIX OKOHUYAHMAX IEpEMEILEHUE MOJICKYJI MEAUATOPa B CUHANTUYECKHE
Iy3BIPbKM TIPOUCXOAUT B OOMEH HA BBIXOJ M3 HHMX MpPOTOHOB. IIpOTOHHEIA TIpagueHT Ha
BE3UKYJIPHOI MeMOpaHe moauepxuBaercs BogopoausiMu ATdazamu.

ITocne BBIOpOCAa B CHHANTHYECKYIO IIEIb MOJEKYJbI MEAMAaTOpa 3aKayMBalOTCs OOpaTHO IpH
MOMOLIU CHUCTEM BTOPUYHOIO TPAHCHOPTA, KOTOPHIC 3aBHCAT OT 3JIEKTPOXUMUYECKOTO I'PAaIMEHTA
Hatpus. CyliecTByeT [jBa THIIa CUCTEM 3aKauKH MEJHaTOpa: CUCTEMa, B KOTOPOH MEPeHOC IiiyTamaTra
CBsI3aH C BXOJIOM HATPHs M BBIXOJOM KaJUsl, U CHCTEMBbI 3aKa4KM JPYTHX MEIHATOPOB, CBA3AHHOU C
BXOJIOM B KJIETKYy HOHOB HaTpHs H XJIOpa.

Jnst  GONBIIMHCTBA IEPEHOCYMKOB — IOCIEJOBATEILHOCTh OOpasyOmMX WX aMHHOKUCIOT
M3BECTHA, a THAPONATHYECCKUH aHAIN3 TT03BOJISIET CAETIATh IPEAIIOIoKeHHsT 00 UX KOHpopMaluy B
MeMOpaHe KiIeTkd. Kak mpaBmiio, MOJIEKyJIBI IEPeHOCYNKOB cocTosAT u3 10-12 TpaHcMeMOpaHHBIX
Yy4acTKOB M, IO-BHIUMOMY, OOpa3syloT KaHAJO-TIOJOOHBIE CTPYKTYpBI, MEPEHOC BEILECTB Yepes3
KOTOpBIE ~ OCYIIECTBISIETCS ~ ITyTEM IOMNEPEMEHHOTO  BBIABIDKEHHsS IIOCAJOYHBIX MeECT  BO
BHYTPHKJIETOUHYIO U BHEKJIETOUHYIO CPEIbL.
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I'nasa 5 Honnvie mexanusmol nomernuudia nOKoA

B cocTtosiHumn nokost Ha MmembpaHe HelipoHOB NOAAEPXKMBAETCS NOCTOSIHHbIA SMEKTPUYECKUI NoTeHuman, npu
3TOM BHYTPUKIIETOYHAsi cpefa 3apshkeHa oTpuLaTeslbHO MO OTHOLLEHWIO K BHEKIETOYHON. [MoCKonbKy BHYTPU
KneTkn Gorblue VOHOB Kanusi U MeHbLLE MOHOB HaTpWs M XIopa, YeM CHapyXM, TO KaXAbli U3 3TUX MOHOB
CTPEMUTCS NMPOHUKHYTb CKBO3b MEMOpaHy B HanpaBrieHUM CBOErO 31EKTPOXMMUYECKOrO rpaieHTa, To ecTb
MOHblI Kanusi CTPEMSATCS HapyXy, a WOHbl HaTpusi U Xnopa — BHYTPb KNeTkM. JTOMY MepeMeLLEHUIO
npensaTcTByeT MembpaHHbIi noTeHuman. Ecnu npeactaBunte cebe ynpoLLeHHyo Moaenb KneTku, membpaHa
KOTOPOW NpoHUL@eMa nuWb AnA Kanua W xfopa, TO B HeW BO3MOXeH Takoh 6GanaHc mexay
KOHLEHTPaLMOHHbIMU rpagueHTamMmm 1 MEMGPaHHBLIM MOTEHLIMANOM, NPU KOTOPOM CYMMAapHbIN TOK KaXXA0ro U3
3TUX WOHOB paBeH Hynt. Torga MembpaHHbIi noTeHuuan OyaeT B TOYHOCTM paBeH pPaBHOBECHOMY
noTeHumany Ans 9TUX ABYX MOHOB.

Ecnn B Tako Moaenu W3MeHWUTb BHEKNEeTO4YHYK0 KOHUEeHTpauuk Kanuda, TO WU3MEHUTCA paBHOBECHbIV
noTteHuuan nana kKanuda, a cnegoBaTtenibHO U MeM6paHHbIl7I noteHuman. W3meHeHne BHEKNETOYHOW
KOHLeHTpaLun Xnopa, HanpoTue, NpuBeaeT K COOTBETCTBYHOLLEMY USMEHEHUIO €r0 BHYTPUKNETOYHOIoO YPOBHA.
[Npn 3TOM HN paBHOBECHbIV NOTEeHUMan ans xnopa, Hu MeMGpaHHbIVI noTeHunan He USMEHATCA.

Mem6paHa peanbHoi KNeTKM NpoHMLaeMa Takxke Ans HaTpus. B cOCTOSIHUM NOKOSI MOHBI HATPUSI HENPEPBLIBHO
nepemMeLLaloTcsl BHYTPb KNETKWU, CHXKas TakuM obpa3om oTpulatenbHbii 3apsg Ha MembpaHe. [ockonbky npu
3TOM Kanuii yxe He HaxoaMTCS B PaBHOBECUM, OH HauMHaeT BbiTekaTb U3 kneTku. Ecnu Gbl He MexaHW3Mmbl
KOMMeHcauun, To Takoe nepeMeLleHne HaTpusi U Kanusi NpuBeno Obl K M3MEHEHUIO WX BHYTPUKIETOYHbIX
KOHLEHTpauun. 3Toro He npoucxoaut 6Gnarogaps paboTe HaTpui--KanmMeBOro Hacoca-oOMeHHUKa,
NepeHoCALEro MOHbl HaTPUS HapyXy W WOHbl Kanus BHYTPb KrneTku B nponopumn 3:2. Memb6paHHbIn
rnoTeHUMan MoKOos 3aBUCWUT OT KanueBOr0 W HaTPUEBOIO PaBHOBECHOTO MOTeHUMana, OTHOCUTENbHOM
NPOHMLIAEMOCTM KMETOYHON MeMOpaHbl Ans 3TMX MOHOB, @ Takke OT CTEXMOMETPUM HaTpUn-KarmeBoro
Hacoca. B cocTosiHUM NOKOsi CKOpPOCTb MepeHoca HaTpusi U Kanusi HacoCOM B TOYHOCTU KOMMEHCUpyeT
NacCUBHYIO YTEeYKy 3TMX MOHOB. HaTpuit-kanuesbli OOMEHHWMK BHOCWUT Takke HenocpedCTBEHHbIN BKnag B
MeMOpaHHbIN NoTeHuuan (B pasmepe HEeCKONMbKMX MWMMUBOMBLT), MOOKOMbKY OH nepemellaeT Gonblue
MOSIOXUTENbHbIX 3apAA0B HAPYXY, YeM BHYTPb KMETKM.

B 3aBMCMMOCTU OT MEXaHU3MOB TPaHCMopTa, PaBHOBECHbLIVM MOTEHUMan Ansa xfopa MoXeT 6bITb Kak Gonee,
Tak U MeHee oOTpuuaTeNbHbIM MO OTHOLIEHWIO K MOTeHuuany nokos. Hanuune 3HauuTenbHOW XMOpHOW
NPOHNLAEMOCTU UrpaeT BaXHYK posiib B obecneyeHunmn AnNeKTprU4ecKon CTabuNbHOCTU MHOMMX KMETOK,
HEeCMOTPS Ha TO, YTO pacnpefeneHne NOHOB XITopa He CTOMb BaXXHO ANs (hopMMpoBaHUS NoTeHuMana nokos.

BoO3HUKHOBEHHE 3JIEKTPHUYECKUX CUTHAJIOB B HEPBHOW KJIETKE MPOMCXOAUT B OCHOBHOM 3a CHET
W3MEHEHUS] TIPOHULIAEMOCTH MEMOpAHbI Ul TaKUX MOHOB, KaK HATPUH M Kauuid. YBeJMYCHUE
MIPOHULIAEMOCTH MeMOpaHbl MO3BOJIAET HMOHAM IEpeMelaTbcsi BHYTPh WM HapyKy KJIETKH B
HaIpaBJIeHUH CBOUX IEKTPOXUMHUECKHX IpajueHToB. Kak nokazaHo B IiaBe 2, U3MEHEHUS
MIPOHHULIAEMOCTH 3aBUCAT OT aKTHBAllMM MOHHBIX KaHajoB. [lepemMelieHre HOHOB uepe3 KaHajbl
B MeMOpaHe NpPHUBOAMT K H3MEHEHHIO 3apsia Ha HEH M, CleNoBaTelIbHO, MEMOPaHHOTO
noreHnyana. YroObl MOHATH MPUHIMIT BO3HUKHOBEHUS 3JIEKTPHUECKOIO CHrHajla, HEOOXOIMMO
VACHHUTh CYIIHOCTh HMOHHBIX TPagMeHTOB Ha MeMOpaHe, a Takke TO, KaK OHM BIHMAIOT HA
MTOTEHIIHAN OKOSI.

§ 1. UneanpHas KiIeTKa

Haunem ¢ paccMoTpeHust MOZENH HIEaIbHON KIETKH, MMOKa3aHHOW Ha puc. 5.1. B aTolt xnetke
coJlepKaTcsl HOHBI Kallisl, HATPUS U XJIOpa, a TaK-
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# Puc. 5.1. PacnpeneneHve voOHOB B maeanbHOW KIeTke.

Extracelialar Mem6paHa npoHuyaema gna K n Cl , Ho
HenpoHuuaema Ans Na 1 BHYTPUKMETOYHbIX aHWOHOB
(A ). KOHUEHTpauWOHHbIA rpaguveHT WOHOB Kanusi
cnocobCcTByeT BbIXOAY 3TUX MOHOB W3 KIeTKW (YepHas
CTpenka); rpadueHT noTeHumana CTPEMUTCS MEPEHECTU
WOHbl Kanusi BHYTPb KneTku (cepasi cTpenka). B
COCTOSIHAN MOKOS1 3TU OBE CWIbl YPaBHOBELUMBAOT APYr
apyra. KOHUEHTPaLUMOHHBIA 1 3NEeKTPUYECKUIA rpagneHThb
Ona xropa  MMelT MPOTMBOMOJIOXKHbIE  HanpaBrieHus.
MOHHbIE KOHLEHTpauMu BblpaXeHbl B MU JIMMONSAX
(MMoOnBb).

7 mat

4

m cr
Fig. 5.1. lon Distributions in a Model Cell. The cell
membrane is impermeable to Na~ and to the internal
anion (A7), and permeable to K* and CI. The
concentration gradient for K* tends to drive it out of the
cell (black arrow); the potential gradient tends to attract
K* into the cell (grey arrow). In a cell at rest the two
forces are exactly in balance. Concentration and
electrical gradients for Cl ~ are in the reverse directions.
lon concentrations are expressed in millimolar (mM)
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e KpynHble aHHOHBI. KileTka moMemieHa B pacTBOp, COIEP)KAIIMM MOHBI HAaTPHUS W Kaius.
Jlpyrue WOHBI, TPUCYTCTBYIOLIME B pEaJbHBIX KJIETKaX, HE WIPal0T BaXHOW poiIH B
(GbOopMUpPOBaHMM MNOTEHIMANA IOKOS W IOTOMY HE paccMaTpHUBAIOTCS B IAaHHOM MOJIEIH.
KoHueHTpauy MOHOB BHYTPH M CHAapyXH KJIETKH MPUOIU3UTEIBHO COOTBETCTBYIOT CPEIHUM
BEJIMYMHAM, MONYyYCHHBIM Ha KIETKaX JITYIMKWA. B KieTkax NTHUD M MIEKONUTAIOIUX 3TH
3HAYEHUs] HECKOJBbKO BBIINIE, & y TAaKUX MOPCKHX OECIIO3BOHOYHBIX, KaK KajbMap —
3HAYMTENILHO BBIINIE, YeM Yy Jaryimkd (cM. tabm. 5.1). B HacTosmielt Moaenu paccMaTpuBaeTCs
KJerouyHass MemOpaHa, INpoHMIaeMas JJis Kalusd M XJopa, HO HE Juid HaTpusi u
BHYTPHKJIETOYHBIX aHHOHOB. [ TOro 4ro0bl KieTKa mpeOblBana B CTAOMILHOM COCTOSHHH,
HEOOXOIUMO BBITIOJHEHUE TPEX YCIOBHH:

1. Kak BHyTpuKiIeTOYHas, TaK M BHEKJIETOUHAs Cpelbl JOJDKHBl OBITh 3IEKTPUUECKU
HelTpanbHbIMU. Tak, HampuMep, pacTBOP HE MOXET COCTOSATh U3 OJHUX JIMIIb HOHOB XJIOpA.
OTpuLaTenbHbI 3apsa 3TUX HOHOB JOKEH KOMIIEHCUPOBATbCA TAKUMM IIOJIOKHUTEIbHBIMU
HMOHaMM, KaK HAaTpui WM Kauuil (MHade B3aMMHOE OTTaJKMBAHUE OJMHAKOBO 3apsUKEHHBIX
YaCTHUI] IPUBEJIET K pa3pyIICHUIO PACTBOPA).

2. Krmerka momkHa HaxOOUTHCS B OCMOTHMYECKOM paBHOBECHH. B mpoTHMBHOM ciydae Boza
OyzieT MpoHUKaTh B KIETKY (MM BbITEKaTh W3 HEE) J0 TeX IOop, MOKa paBHOBECHE He OyaeT
nocTurayTo. OcMOTHYECKOE€ PaBHOBECHE HACTYIAeT NPH YCIOBHM DPABEHCTBA CyMMapHOH
KOHIIEHTPAIMU PaCTBOPEHHBIX YaCTHIl BHYTPH U BHE KJIETKU.

3. CyMMapHbId 3apsii KaXIOrO OTIEJIBHO B3STOTO HMOHA, MEPEHOCHUMBIH uepe3 MeMOpaHbI
KJIETKH, JIOJDKEH PaBHATHCS HYJIIO.

UoHHOe paBHOBecuUe

Kaxk co3marorcs u moanep>KnBaloTCs HOHHBIE TPAJUEHTHl U COOTBETCTBYIOUIMH JIEKTPUIECKHUI
noreHnuan? Ha puc. 5.1 mnoka3aHo, 4YTO HMOHBI HAaXOJATCS B IIOJIOKEHUHM OOpaTHON
MIPOTNIOPIIMOHANILHOCTH: MOHBI Kallusi 0oJiee KOHIICHTPHUPOBAHBI BHYTPH KJIETKH, @ MOHBI XJIOpa
cHapyxH. IIpencraBum cebe, 4yro MeMOpaHa KIETKH NMPOHHLAEMA TOJBKO JUIi MOHOB Kausl.
BoszHukaer Bonpoc, mouemMy 3TH HOHBI He TUPPYHIUPYIOT U3 KIETKH HAPYKY J0 TeX Mop, MoKa
KOHIIGHTPAIMY BHYTPHU M CHapYXH KJIETKH HE CpaBHSAIOTCA. [IpuunHa 3TOro 3akirodaercs B TOM,
YTO €CJIM MOHBI KaJIUsl IIOKUIAIOT KIETKY, TO CHAPY)KU HaKaIrIMBaeTCs MOJIOXKHUTEIbHBIN 3apsi, a
BHYTPU KJIETKH 00Opa3syeTcs M30BITOK 3apsjia OTpUIATENIbHOro. Bo3HUKIIMH TakoMm 00pa3om
ANEKTPUYECKUI MOTEHIUAN CHIKAET CKOPOCTh IIePEMEIIECHNs] HOHOB KaJlkisl, a PU JOCTIKEHUU
ONPENENIEHHOTO YpPOBHS MPHBOAUT K IIOJHOMY €ro MPEKpalleHnio. OTO pPaBHOBECHBIN
noteHuuan g kamust (E,). Ilpm noreHumane E, 3JIEKTpUYECKHI TIpaJUEHT MOJHOCTBIO
YPaBHOBEIINBAET TPAJUEHT XUMHUECKUH, B PE3yIbTaTe YETrO ABIKEHHE HOHOB IPEKpaIIaeTcs.
OT/ienbHbIE MOHBI KM 110 MPEKHEMY BTEKAIOT B KJIETKY U BBITEKAIOT U3 Hee, HO CyMMapHBIH
TOK paBeH HyJI0. IOHBI KaJisi HAXOAITCSI B PABHOBECHH.

VYcnoBus HaxX0XKJEHUS MOHOB KalMs B PABHOBECHU T€ JKE CaMble, YTO OIKCAHBI B INIaBe 2 IpHU
PACCMOTPEHUN HYIIEBOTO CyMMAapHOTO TOKa Yepe3 OIWHOYHBINA KaHal B HEOOIBIIOM yJacTKe
(patch) MemOpanbl. B 3ToM ciydae KOHLEHTPAalMOHHBI TIpaJUeHT YypaBHOBELIUBAJCS
HNOTEHIHANIOM, IIPH-
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JIOXKEHHBIM K patch-anmektpony. BakHoe oTiiMume OMUCHIBAEMON 31eCh CHTYallid B TOM, YTO
MepeMenIcHHEe HOHOB caMo M0 ce0e MPOU3BOIUT JICKTPHICCKUI MTOTCHIMAN, YPABHOBECIIHBAIONINN U
OCTAaHaBJIMBAIOIIUI HSTO InepemelneHue. Jpyrumu cioBaMu, paBHOBECHE B JIAHHOH MOJAEIH
JIOCTUTaeTcsl aBTOMATUUECKH W sBIseTCs Hen3Oe:kHbIM. HamomMHMM, 4TO B IJlaBe 2 paBHOBECHBIH
MOTEHLIKA I Kanus Moty4asics u3 ypaBHeHus Hepuera:
B = EI|'1 l—K!-'E'.-. 5B log &

zF  [K], (K],
rae [K]; u [K]y — BHyTpHKIIeTOYHAs ¥ BHEKJIECTOYHAs] KOHUEHTPAUK KaJlksi, COOTBETCTBEHHO. [lyis
KJIETKH, H300pakeHHOH Ha puc. 5.1, momyunm Ey = -85 MB.
JomycTuM Temepb, YTO B MeMOpaHe, KpOME KaJHMeBBIX, NMPHUCYTCTBYIOT €II€ U XJIOPHBIC KaHAJBIL.
[TockonbKy A7t aHMOHOB Z = — 1, MOy4UM paBHOBECHBIN MOTEHIMAN AT XJIopa:

ci,
EEI = —58 'DE ﬂ
WJTH, TI0JIB3YSICh CBOMCTBAMH JIorapudma,
cll,

Eq = Stlog [t

Jlis Mojienu uaeanbHOM KISTKH MOJY4YUM COOTHOLICHUE KOHIEHTPAUi XJI0pa, KOTOPOE TOKE PaBHO
1 : 30, m XJOpHBIA paBHOBECHBI NHOTeHmuau, paBHBIT -85 MB. Kak m B ciywae ¢ kammem,
MEeMOpaHHbIH TOTEHLHANT BeNMYMHON B -85 MB B TOUHOCTH ypaBHOBENIMBAET CTPEMIICHHE HOHOB
XJIOpa JBUIaThCs B HAMIPABJICHUH X KOHIEHTPALMOHHOTO TPAAUCHTA, T. €. 6HYNIPb KIETKHU.

O0o0mast BBIIIECKA3aHHOE, MOXKHO 3aKJIIOYUTh, 4YTO MEMOpaHHbBIA IMOTEHLHAT IPEISITCTBYET
MEPEMENIEHHI0 KaK XJopa BHYTPh KJIETKHM, TaK M Kalausd M3 KIETKM Hapyxy. PaBHOBecHblE
MOTEHIMANIB! JUISl IByX HOHOB DPaBHBI OJlarojapsi TOMy, YTO COOTHOIICHUS MX BHECKJIETOYHBIX M
BHYTPUKJIECTOYHBIX KOHLEHTpauui onuHakoBsl ( 1 : 30). IlockonbKy Kanuil U XJIOp €IUHCTBCHHBIC
HOHBI B HaIlleH MOJENH, CIOCOOHBIE IIPOHUKAThH Yepe3 MeMOpaHy KIeTKH, U mpu -85 MB oba nona
HaXOJATCA B PABHOBECUM, TO KIETKAa MOXET HAXOIUTHCS CKOJIb YITOAHO JOITO B COCTOSHUM IOKOS,
IIPU KOTOPOM CyMMapHOE MEPEMEIEHIE HOHOB B KIETKY M U3 KJIETKH OyJeT paBHO HYJIIO.

AnekTpuyeckan HeUTPanbHOCTb

ITepemerieHre MOMOB Kalus HApy)Ky M HMOHOB XJIOPa BHYTPb KJICTKHM HPHBOIAUT K HAKOIUICHHIO
OTPHULIATENBHOTO 3apsia B KIETKE M IOJOKHMTEIBHOTO — BO BHEKIETOYHOM mpocTpaHcTBe. Ha
MIEPBBIA B3I, TaKasi CUTyalusl IPOTUBOPEUUT IPHHIMITY NIEKTPHIECKON HEUTPAIBHOCTH, OIHAKO
9TO He Tak. MOHBI Kanms, MOKHUAas KIETKy, HAaKaIUIMBAIOTCS B HEMOCPEINCTBEHHOH ONM30CTH OT ee
MeMOpaHBI, B TO BpeMsl Kak MX OTPHIATENIHHO 3apsOHKEHHBIE CITyTHUKH OCTAalOTCSI BHYTPH KIIETKH
BONM3M OT BHYTpEHHEI! MOBEpXHOCTH TOH e MeMOpaHsl. Y Te U apyrue GpakTHIeCKH OKa3bIBAIOTCS
BHE OCHOBHOM 4acTH PacTBOpa, KaK BHE-, TAK U BHYTPHUKIETOUHOro. TakxKe M MOHBI XJIOpa, BXOIS B
LIUTOIJIa3My, OCTAIOTCS BOJIM3HM OT MeMOpaHbl, a UX CIIyTHUKHU, OCTABJICHHBIC IIEpPE]] TPOXOJOM Yepe3
MeMOpaHy, CKaIuTMBaloTCs obau3octi oT Hee. OOpa3yroTcst ABa ClIOsSi HIOHOB — KaTHOHOB CHAPYKH
U AHUOHOB BHYTPU KIJIETKH, KOTOpbIE YAEPKHBAIOTCI y MeMOpaHbl Oylarozaps B3aUMHOMY
npuTsHkeHuto. TakuM oOpa3oM, MeMOpaHa HrpaeT pojlb DJIEKTPHUECKOH €MKOCTH, pa3eistiomeil u
3amacaroreii 3apsiz.

BermeckazanHoe He O3HA4YaeT, YTO MOHBI KW U XJIOpa NMPUKOBAHEI K IIOBEPXHOCTSIM MEMOpaHBI.
OtaenbHble HOHBI CBOOOJHO OOMEHHMBAIOTCSI C MOHAMH BHYTPH- WM BHEKJIETOYHOTO pacTBopa. Tem
HE MeEHee, 3apsj, HAKOIUIEHHbIH Ha MeMOpaHe, OCTaeTcs HEM3MEHHBIM, a pPacTBOPHl —
HENTPaIbHbIMHU.

WHTepecHbIM TpeacTaBisieTcs BONPOC, KaKylo OO0 OT OONIEro KOJMYECTBA HOHOB B KIIETKE
COCTaBIISIIOT HWOHBI, HaKalIMBaroliuecs Ha MemOpade. Jlons uX BecbMa He3HauuTenbHa. Ecmu
MIPEOJIOKHTD, YTO IMAMETP KJIETKH COCTaBIIEeT 25 MKM, TO IpH KoHIeHTparuu 120 MMoib odmee
KOJIMYECTBO KATHOHOB (a4 CIENOBATENbHO, M aHHOHOB) moiyumrcs 4 10'% IIpu memOpaHHOM
noreHmane -85 MB BenmumHa 3apsiga, pasgesieHHOro MeMOpaHOH, COCTaBisieT NMPUOIU3UTENBHO 5
10" onHoBaneHTHBIX MOHOB Ha cM’ (rmaBa 7). Ilpu muomanu moepxHoctd kimetku 8 107 cm?
MONy4aeTcs, 9TO Ma BHYTPEHHEH IOBEPXHOCTH MeEMOpaHbl HakammiBaercs okomo 4 107
OTpHULIATENbHBIX MOHOB, WM OJJHA CTOTHICAYHAs 4acTh OOIIEr0 YMCJIA HOHOB BO BHYTPHKICTOYHOM
pactBope. CiemoBaTenbHO, NEpeMEIEHHE HOHOB Kalus M XJIOpa, JOCTaTOYHOE Ui CO3JaHHUS
MEeMOPaHHOTO MOTEHIMANIA, HUKAK He BIHAET Ha KOHIEHTPAI[MM HOHOB B KIIETKE.

BnuaHne BHEKNETOYHOro Kanusa u Xnopa Ha M9M6paHHblﬁ noreHuynan

Ha MeM6paHHbII71 OTCHIUAI HeﬁpOHOB, a TaK’K€ MHOT'UX APYTUX KIIETOK, BIMAIOT U3MCHCHHWS BHE-
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Puc. 5.2. BnusHue
MN3MEHEHUN  BHEKIEeTOYHbIX
KOHLIEHTpauuin WOHOB  Ha
BHYTPUKINETOYHbIE

KOHLieHTpauumn " Ha
MeMOpaHHbIA  noTeHuwmarn.
(A) BHekneTouHbIN ypoBEHb

Kanus YLBOEH, a
KOHLIEHTpauus HaTpus
CHWXeHa c Lenbto

COXPaHeHUs OCMOMSIPHOCTN
Ha npexHeM yposHe. (B)

MonoswuHa MNOHOB
BHEKNETOYHOrO xropa
3aMeHeHa Ha aHWoHbl, He
npoHuKaroLe yepes

mem6paHy (A ). WoHHble
KOHLEHTPaLMW BbIpaXeHbl B
MUMIUMONSAX (MMmonb),
obbem BHEKIIETOYHOrO
npocTpaHcTBa

paccmatpuBaertcsi Kak
beckoHeyHo  Gornbluoit B
CpaBHEHMM C  OObeMom
KMNeTkn, MO3TOMy BXOA MU
BbIXOA MOHOB Yyepes
MeMOpaHy He W3MEHSIET KX
BHEKIETOUHbIX

KOHLIeHTpaLui.

Fig. 5.2. Effects of Changing Extracellular lon Composition on intracellular ion concentrations and on membrane
potential. (A) Extracellular K* concentration is doubled and, to keep osmolarity constant Na* concentration is reduced.
(B) Half the extracellular CI” is replaced by an impermeant anion. A™. lon concentrations are in millimolar (mM), and
extracellular volumes are assumed to be very large with respect to cell volumes, so fluxes into and out of the cell do
not change extracellular concentrations.

KJIETOYHOH KOHIIEHTpAIMU Kajausd, HO He xyopa. OOpaTumMcs K MoJenu uaeansHoil kietku. Choenaem
JIOMyIICHUE (U1 PAcCMOTPEHHS JAHHOW CHUTyallMH), 4YTO O0BEM BHEKJICTOYHOH >KUAKOCTH
OCCKOHEYHO BEIMK, M 4YTO IEPEMEIICHHE MOHOB HE BJICYET 3a COOOH 3HAYUTEIBHOTO HM3MCHCHUS
KOHIICHTPAIIMU MOHOB BHE KJIETKH. Ha puc. 5.2A moka3aHbl H3MEHEHUS! BHYTPUKICTOYHOTO HOHHOTO
cocTaBa U MEMOPAHHOTO MOTCHIIMANIA, BRI3BAHHBIC MOBBIIICHUEM BHEKIICTOYHOTO YPOBHS KaUs C 3
10 6 mMmoub. [[si coxpaHeHHUs] NEPBOHAYAIBHOW OCMOJLSIPHOCTH, OJHOBPEMEHHO C 100aBieHHEeM 3
MMOJIb KaJlusl U3 pacTBOpa yIAIMINA 3 MMOJIb HATPHs, B Pe3yJIbTaTe 4ero oduast

KOHIIEGHTpalUs PacTBOPEHHBIX MOHOB OCTajach Ha ypoBHE 240 MMoJb. YBeIHMYCHHE BHEKIETOYHOH
KOHIICHTPALUH KaJIUsl IPUBOJIMT K CHIXKCHHUIO €r0 TPAHCMEMOPAHHOI'0 TPaJMeHTa, IBIKYILETO HOHbI
W3 KIETKA HapyxXy. [Ipm 3TOM Ha HadalbHOM 3Talle MEMOpaHHBIA TOTCHIMAI HE MeHseTcs. B
pe3yiabTaTe IPOMCXOAUT IEPEHOC CYMMAPHOTO MOJIOKUTENBHOIO 3apsia BHYTpb KiIeTKH. Benencrue
HAKOIUICHHS MOJIOKHUTEIHFHOTO 3apsiia Ha BHyTPEHHEH TOBEPXHOCTH MEMOPAHBI OHA JICTIOJISIPU3YETCS.
Wonbl HaTpus Onaromapst JEMONISIPU3AlM BBIXOAAT W3 COCTOSIHHS pPaBHOBECHS W HAYHHAIOT
JIBUTaThCsl BHYTPH KIIeTKU. [lepemenienrie MOHOB Kallus U XJI0pa MpoJ0J-
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HKaeTcsl 10 TeX IOop, MoKa He Oy#eT JOCTUTHYTO HOBOE PaBHOBECHOE COCTOSHHE, OCHOBaHHOE Ha
HOBOM COOTHOIICHHM KOHIIGHTpAaIi{ M HOBOM YypPOBHE MeMOpPAaHHOTO IIOTEHIHAla, B JAHHOM
npumepe —68 MB.

Bxon kamms u Xjlopa CONPOBOXKIAETCS BTOKOM B KIETKY HEKOTOPOTO KOJIWYECTBA BOJBI,
NPUBOMAIIAM K HEOOJIBIIOMY YBEIMUYCHHIO 00beMa KIETKH. B mporecce MOCTHKEHHS HOBOTO
COCTOSIHUSI PaBHOBECHS KOHIIEHTpauus kaiaus Bozpactaer ¢ 90 mo 91 mmons, xnopa — ¢ 4 1o 7,9
MMOJb, @ 00BEM KJIETKH yBenuumBaercs Ha 3,5 %. Ha mepBbIil B3rian Kaxercsl, 4YTO KOJUYECTBO
BOILIE/IIIETO B KIETKY XJIOpA MPEBHIIACT KOJTHMICSCTBO KaJHs, HO MPEICTaBUM ceOe, KaKOBBI ObUTH OBl
9TH KOHILEHTPALUH, ecli OBl 00beM KICTKH HE YBEIHYIJICS: KOHIICHTPAUU O00OMX MOHOB OBLTH OBI
Beime Ha 3,5%. CnenoBarenbHO, BMecTO 7,9 MMOIIb KOHIIEHTpamus xJjiopa Obuia Obl 8,2 MMOJIb, a
KOHIICHTpanusl Kanusi Obuta Obl Ha ypoBHE 94,2 MMOIIb, TO €CTh YBEIHMUYCHUE O0CUX KOHIICHTpAIUH
coctaBmio Obl 4,2 %. Takum oOpa3oM, CHayana Kajuidl M XJIOP BXOMAT B KJIETKY B MPUOIU3UTEIHHO
PaBHBIX KOJMYECTBAaX (32 HCKIIOUYEHHEM HE3HAUYUTEIBHOTO KOJIMYECTBA, HEOOXOOUMOTO JUIs
HW3MEHEHUs 3apsiia Ha MeMOpaHe), a y)Xe 3aTeM BOAa BTEKaeT B KICTKY, CHMKas KOHLCHTpALUH
000MX HOHOB /I0 OKOHYATEIBHOTO YPOBHSL.

CXoJtHBIe PacCyXICHUs IPUMEHIMBI U B CITy4dae yBEJIMUYECHHS BHEKJIETOYHON KOHIIEHTPAIMHU XJIOPa, C
TOW JINIIG pasHMIEH, YTO MPU 3TOM MeMOpaHHBIA HmoTeHIHan He MeHsercsa. Ha puc. 5.2B nokaszan
pe3yabraT S50-IPOLEHTHOIO CHUXKEHHMS KOHLEHTPALUM XJIOpa BO BHEKIETOYHOM pacTBOPE IyTEM
3ameHsl 60 MMONB XJlOpa Ha JAPYrod aHHMOH, He NPOHMKAOmMH depe3 MeMmOpany. MoHbI Xxiopa
BBITEKAIOT U3 KJIETKH, T€M CaMbIM JENOJSIpH3yst MEMOpaHy IO HOBOTO XJIOPHOTO PaBHOBECHOTO
ypoBH# (-68 MB). Kanuii, BoIBeIeHHBIN 13 paBHOBECHS], TAKXKE HAaUWHAET BBITEKAaTh U3 KiIeTku. Kak u
B IIpeIbIIyLIEM IpuMepe, 00a MOHA MOKHIAIOT KJIETKY B PABHBIX KOJIMYECTBAX, yBIEKas 3a coOOi
Boqy. CHmXKeHHe BHYTPHKIETOYHOTO YPOBHS Kalds HEBEJNMKO B IPOIEHTHOM OTHOUIECHHH,
NIOCKOJIBKY ~ HadalbHas €ro KOHIEHTpamuss B KIETKe BBICOKA. HampoTus, CHmKeHHe
BHYTPHKJIETOYHOTO YPOBHS XJIOPA BECbMa CYIIECTBEHHO, M OHO BJIEYET 3a CO0O0H 3HAUYMTENbHOE
HM3MEHEHHUE PaBHOBECHOI'O MOTeHuuana A xnopa. Ilo mepe BbIxoza Xj0pa U3 KIETKU 3HAYCHUE
PaBHOBECHOTO XJIOPHOTO TIIOTCHIMAla BHOBb HpHOMIDKaeTcs K IepBoHadansHoMy. Ilpomecc
MIPOJOIKAETCS. 10 TeX TOp, MOKAa PABHOBECHBIE MOTEHIMAIBI Ul XJIOpa U Kallks HE CPaBHAIOTCA M
MeMOpaHHBIN MMOTEHIHAN He BOCCTAHOBUT CBOE MPEXKHEE 3HAUCHHE.

§ 2. MeMOpaHHbBIl IOTEHUMAJ B AKCOHE KAJIbMapa

I'unoresa 0 TOM, YTO B OCHOBE MEMOPAHHOTO MOTEHILHAIA JIKUT PA3INIUe MEXKLY BHEKICTOUHOH 1
BHYTPHKIICTOUHOH KOHIIGHTPALHMSIMH KaJlis, ObLIa BIIEpBEIC BhICKasaHa Bepmmreitmom " B 1902 T.
Emy He ynanoch NpOBEpPHTH CBOE IPEIIIONI0KEHHE SKCHEPHMEHTAIBHO, MOCKOJIBKY B TO BpeMsi He
CYIIECTBOBAJIO crocoba M3MepeHus MeMOpaHHOrO NOTEeHNHajia. B HammM JHU MOXXHO C BBICOKOI
TOYHOCTBIO HM3MEPUTh MEMOpaHHBI IOTEHIHAN, a TaKkKe yOeIUThCS B TOM, UTO HM3MCHEHHUS
KOHIICHTPAlMM KajJWs BHYTPH ¥ CHApyXH KICTKH IPHBOIIT K H3MECHEHUSM MEMOpaHHOTO
MOTEHLMaJIa B COOTBETCTBUH C IIpe/ICKa3aHusIMH ypaBHeHus HepHera.

BriepBbie Takue u3MepeHHs ObUIM IMPOBEACHbI HA THUTAHTCKOM aKCOHE Kaibmapa. AKCOH I3TOT
nocturaer 1 MMoJib B JuaMeTpe 2), YTO TO3BOJISIET BBOAUTH B HETO 3JIEKTPOABI C LENbIO IPSIMOIO
n3MepeHus MemOpaHHOro moTeHiuana (puc. 5.3A). bonee Toro, akcoH KajabMapa yIUBHUTEIBHO
KHUBYY H TPOJOIDKAET (DYHKIIMOHHPOBATH, AXKE €CIM M3 HETO BBIIABUTH IUTOILUIA3MY C MMOMOIIBIO
PE3MHOBOTO BajMKa M 3aMEHHTH e¢ Ha rep¢y3uoHHEIH pactBop (puc. 5.3B u C). YV uccnenoBarens
€CTh BO3MOXHOCTh KOHTPOJIMPOBATh MOHHBIM COCTaB Kak BHEKJIETOUHOI'O, TaK U BHYTPHUKIIETOYHOIO
pactBopoB. A. JI. XomxkuH, BMecte ¢ A. @. Xakciiu BriepBble OCTaBUBIIMKA MHOTHE SKCIIEPUMEHTHI
Ha aKkCOHe KajpMapa (3a KOTOpble OHM I03Xe OblIM ymocToeHsl HoOeneBckoil mpemuu), OmHaKIbI
ckasan >;

MoxHo ymeepx0amb, 4mo esedeHue KOHzom e 1936 200y npenapama akcoHa Kanbmapa umesno Onsi HayKu o6 aKcoHe
bonbwee 3Ha4yeHue, 4Yem Kakoe-nubo Opyeoe oOmKpbimue, coenaHHoe 3a mnocnedHue 40 nem. OOuH ebidarowulicsi

Helipoghusuorioe 3amemusi He0asHO 80 8PEMS Y)KUHA Ha OOHOM U3 KOH2peccos (He caMbIM maKkmuy4HbiM 06pa3oM, OO/mKeH
npu3sHams): «Ecnu yecmHo. Hobenesckyto npemuto HyxHo 6blro npuceoums Karbmapy».

KoHueHTpanuu 0CHOBHBIX HOHOB B KPOBU KaJIbMapa, a TAKKE B HUTOILIA3ME €r0 aKCOHA, IIPUBEICHBI
B Tabin. 5.1 (Takue MOHBI, KaK MarHuil ¥ BHYTPHUKJICTOYHBIC aHUOHBI, OMYIIEHBI). DKCIIEPUMEHTHI Ha
H30JMPOBAHHOM aKCOHE OOBIYHO NMPOBOASATCA B MOPCKOH BOJE, COOTHOLIEHHE KOHIEHTPAIMI Kallus
BO BHYTPUKJIETOYHOH U BHEKJIETOUHOH cpenax cocrasiseT mpu 3tom 40 : 1.
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(A}
Pwuc. 5.3.
AnekTpuyeckoe
oTBeAEeH1e OT akCoHa
kanbmapa. (A)
doTorpacms
M30MMPOBAHHOTO
aKcoHa kanbmapa ¢
BBEAEHHbLIM B HEro
anekTpogom. (B)
YpaneHnue akconnaambl
13 aKCoHa, KOTOpbIit
3aTeEM HanorHseTcs
— m*’t‘-'"m""“’ BHYTPUKIETOYHBIM

1B I —— rolle nepaysnNoHHLIM
I pactBopoMm. (C)
= pid ConocTaBneHve

OTBeAEHUI nocne
(perfused) n go (intact)

recording electrode
inside. (B) Extrusion of
axoplasm  from  the
axon, which is then
cannulated and
perfused internally. (C)
Comparison of records
before (intact) and after
perfusion shows that the
resting and  action
potentials are
unaffected by removal
of the axoplasm. (A
from Hodgkin  and
Keynes 1956; B and C
after Baker, Hodgkin,
and Shaw, 1962.)

-~ T nepdy3unm nokasbiBaeT,
=__ _ perfimion fuid 4TO yaaneHue
r.m{mz aKkconnasmbl He BNusieT
Kak Ha noteHuwan
w MoKosi, Tak U Ha
+ 60 I noTeHuman A4encTeus.
e - I Fig. 5.3. Recording from
+10 - ey a Squid Axon. (A)
o Isolated giant axon of
a r the squid, with axial

Membrane potenidal {mY)

Ecin 651 MeMOpaHHBIH MOTEHIMAN OBUT PaBeH PaBHOBECHOMY IOTEHIHUAY U Kajns, eT0 3HAUCHHE
66110 061 —93 MB. B neficTBuTensHOCTH MeMOpPaHHBIH MOTEHIHAN TOpa3lo MEHee OTpHIaTeNieH (0T —
65 mo —70 mB). C npyroil CTOpOHBI, 3TO 3HadeHHe OoJice OTPHUIATEIFHO, YEM PaBHOBECHBIN
noteHmman it xjopa (+55 MB). I'mmoresa bepHmteitna Obia mpoBepeHa ITyTeM H3MEpEHUS
MOTEHIMAlla TIOKOS M CPABHEHHUsI €ro C KalHeBbIM PAaBHOBECHBIM IOTEHIHANOM IIPU Pa3ITHUHBIX
3HAUEHUSIX BHEKJIETOYHON KOHLEHTpPAIUH Kajius. 3aMETHM, 4TO, KaK M B CIIydae MOJENH HeanbHOI
KJIETKH, U3MEHEHHs YPOBHs Kalusl CHapyXM HE BIIEKYT 3a CO0OM 3HAUMTENbHBIX W3MEHEHHH ero
BHYTPUKJIETOUYHOM  KOHUeHTpauuu. M3 ypaBHenus Hepucra ciemyer, UTO  H3MEHEHHE
KOHLICHTPALIMOHHOIrO rpaaueHta B 10 pa3 mpu KOMHATHOH TeMIepaType IpUBEIET K M3MEHCHUIO
MeMOpaHHOTO MoTeHIHana Ha 58 MB. Pesynprar skcnepuMeHTa IO BapbUPOBAHHIO BHEKJICTOUHOTO
ypoBHsS Kanmms TokazaH Ha puc. 5.4. Ha ocm abcmucc mpencraBieH jorapudM BHEKIETOYHON
KOHIICHTPALUH KaJisl, @ HA OCH OpJMHAT — MEMOpaHHBIA IOTEHIHA.
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Tabnuua 5.1. KoHueHTpaumm NOHOB CHapY»u 1 BHYTPU akCOHOB KanbMapa.

Table 5.1. Concentrations of ions inside and outside freshly isolated axons of squid.

ion Concentraticn (Mmornb)
Axoplasm |Blood |Scawater
Potassium 400 20 10
Sodium 50 440 460
Chloride 60 560 540
Calcium 0,1 mkM? |10 10

Source: After Hodjkin, 1964.

2. lonized intracellular calcium irom Baker, Hodgkin,
and Ridgeway, 1971.

Teoperuuecku npeacKka3aHHBIM yroil HakJIOHAa KPUBOHM (COOTBETCTBYIOIIUM M3MEHEHHUIO [IOTEHLIMANA
Ha 58 MB mpu nmecsATHKpaTHOM W3MEHEHMM KOHIIEHTPAllMUd W MOKa3aHHBIA NpSAMOH JIuHHEH) B
JIEUCTBUTENPHOCTH JOCTUTAETCs JIMIIb TPHU CPABHUTEIBHO BBICOKMX KOHIEHTpauusx. Uem Hmxe
KOHIIEHTpAaLUsl KalMs, TEM MEHbIIe Yroil HaKJIOHAa KpUBOH. JlaHHBIE TIOKA3bIBAIOT, 4TO
pacrpezieNieHie HOHOB Kallusl He SBJISETCS €AMHCTBEHHBIM (pakTopoM, (GOPMUPYIOLIMM MEMOPaHHbBIH
MOTEHIHAL.

Ponb HaTpueBOW NPOHULIAEMOCTH

W3 bsKkCcepUMEHTOB Ha AaKCOHE KajlbMapa MOXHO 3aKIIOYMTh, YTO THUIOTE3da, BBICKA3aHHAs
Bepumreitnom B 1902 r., Opi1a OaM3Ka K MCTHHE: TPAaHCMEMOPAHHBINA TPaJAUCHT Kajus SIBISETCS
Ba)KHBIM, XOTSI U HE €JJMHCTBEHHBIM (haKTOPOM, BIUAIOIINM Ha MEMOPaHHBIN MOTeHIHaN. YeM MOXKHO
OOBSCHUTh OTKJIOHEHHE JKCIEPUMEHTAILHOH KpHBOM, MOKa3aHHON Ha puc. 5.4, OT ypaBHEHUS
Hepncra? Oka3bIBaeTcs, 7151 3TOTO JOCTATOYHO CHATh OTPAHUUEHUE C MOJIENH, COCTOSIIEE B TOM, UTO
MeMOpaHa HEeIIPOHHUIIaeMa JUIsl HOHOB HaTpusi. MemOpaHa peanbHOH KIeTKH AeHCTBUTENbHO 00IagaeT
HaTPHUEBOM MPOHUIIAEMOCTBI0, KOTOpast cocTaBideT oT 1 10 10 % kanueBoi.

Jlis paccMOTpeHHsT pOJM HATPHEBOH NPOHMIAEMOCTH O00paTUMCsl K MOJEIH HACATbHOW KIETKH U
BPEMEHHO HCKIIIOYHMM U3 IOJI 3PEHHMS epeMelleHre HOHOB XJIopa. MeMOpaHHbIH MOTEHINAaN paBeH
KaJMEBOMY pPAaBHOBECHOMY IOTEHLHUANy, II03TOMY IIE€pEeMEICHHE CYMMapHOro 3apsaa depes
MeMOpaHy OTCYTCTBYeT, KJIETKa HaxXoAuTcs B Mokoe. Ecim Tenepb BBECTH B MOJIENIb HAaTPHUEBYIO
MIPOHULIAEMOCTh, TO HATpUil OyAeT CTPEMHUTbCS BOWTH B KIETKy Onarojapss Kak CBOeMY
KOHIIEHTPALlMOHHOMY TpPaJMeHTy, Tak M MeMOpaHHOMy mnoTeHunuamy. Ilo mepe BXoma HaTpusi Ha
BHYTPEHHEHl MOBEPXHOCTH MEMOpaHbl HAKAIIMBAETCS TIOJIOKMUTEIbHBIM 3apsi M MeMOpaHa
JleTosipu3yeTcs. B pe3ynbTraTe HOHBI KalHsl BBIXOJAIT U3 PABHOBECHS M HAYMHAIOT IOKUATh KIIETKY.
C yBenu4eHHEM JAEMOJIIpU3anid MeMOpaHBI ABIDKYINAs CHJa JUIL BXOAA HATPHS CHIDKAETCS, B TO
BpeMsl Kak JBIXKYLIas CUa JJIS BbIXOJA Kaius Bo3pacraerT. IIpouecc mpojoskaercs 10 TeX Iop,
noka o0a MOHHBIX MOTOKa HE ypaBHOBECAT APYT Ipyra. B 3TOT MOMEHT M3MeHEeHHe MeMOpaHHOTO
MOTEHIMANIa MpEeKpamaeTcs, MOCKOIbKY KaKoe-JIMOO HAKOIUICHHE 3apsiia OTCYTCTByeT. Boobme
TOBOpPsA, 3HAUYE€HHE MEMOPAaHHOTO TMOTEHIHANa pPACIOJIOKEHO MEXKAY KalMeBbIM M HaTPHEBBIM
PABHOBECHBIMM TOTEHIANAMU M ONpEJeNseTcs PaBHOBECHEM MEXIy KalHEBBIM U HATPUEBBIM
TOKaMHM, PaBHBIMH 110 BEJTMYMHE U HANPABICHHBIMU B IPOTHBOIOJIOXKHBIE CTOPOHBI.

HoHb! xJ10pa Takke y4acTBYIOT B 3TOM IPOLECCE, OAHAKO, KaK Mbl yOEIUINCh paHee, PABHOBECHBIH
MOTEHIMAN I XJIOpA MOACTPaMBaeTCs I10J] HOBOE 3HAYeHHE MeMOpaHHOrO NOTEHIHala 3a CYeT
HU3MEHEHUsI BHYTPUKJIECTOYHOM KOHLEHTpauuu 3Toro uoHa. Ilo Mepe TOro kak TOKM KaTHOHOB
MOCTENEHHO NPUXOJAT B PABHOBECHE, BHYTPHUKICTOUHBIA ypOBEHb XJIOpA BO3pacTaeT IO TeX IOp,
[I0Ka CyMMapHBIH XJIOPHBIH TOK HE CTAaHET PaBHBIM HYJIIO.

YPaBHeHMe NMOCTOAHHOIO NonA

Jlnst Toro 4ToOBl BEIYMCIHTH TOYHOE 3HaU€HHE MEMOPAHHOTO MOTEHNHMAIa ISl MOJEIH HAeaTbHON
KJIETKH, HEOoOXOJMMO MPHHATH BO BHUMAaHHME OTJEIbHBIE HMOHHBIE TOKH, IMPOTEKAIOIIUE Yepes3
MeMOpaHy. Bxomsmuit HaTpueBbIi TOK (iy,) 3aBHCHT OT BEIMYMHBI JBIDKYIIEH CHJIBI [UISI HOHOB
Harpus (V,—Ey,) (r1aBa 2), a Takxke 0T HaTPHUEBOH IIPOBOUMOCTH MEMOpaHHI (gy,). [IpoBou-
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Puc. 5.4. 3aBuncunocTb  MembpaHHOro
noteHunana oT BHeKIe ro4YHOW KOHLeHTpaLmum
Kanua  Ha  akcoHe  Kanbmapa  (nony-

norapugmMmuyeckas wk:na). MNpamas nuHus o}
npoBedeHa MoA YrNOM HakfoHa, paBHbIM 58

mB Ha [ecsATUKf aTHoe n3MeHeHune ﬁ
BHEKI1ETOYHOrO YPCBHSA Kanus, B -
COOTBETCTBMM C  ypiBHeHMeM HepHcTa.

Bnarogaps Hanmy 110 MemBpaHHoW
NpOHNLIaeMoCcTn ans HaTpus, —40

aKCnepuMeHTanbHble A3HHbIE PacXoAsTCsi C
NpsAMOA  NWHWIA, OCOJEHHO MNPU  HU3KUX
KOHLIEHTPaLMSX Kanwsi. ”

Fig. 5.4. Membrane Po ential versus External L
Potassium Concentralion in squid ixon,
plotted on a semilogarithmic scale. The -ml
straight line is drawn vith a slope of 58 mV
per 10-fold change in extracellular potassium
concentration, according to the Nernst
equation. Because th¢: membrane is also
permeable to sodium, t1e points deviate from
the straight line, especally at low potassium
concentrations. (After |Hodgkin and Keynes,
1955.)

MOCTh IPOIIOPLHOHAIbLHA CPEAHEMY KOJHMYECTBY HATPUEBBIX KaHAJIOB, HAXOIALIMXCS B OTKPBITOM
COCTOSIHUM TIpHU IMOTEHLHUANIC TOKOS: YeM OOJbIIe OTKPBITHIX KaHAJIOB, TEM BBILIE MPOBOINMOCTb.

Takum 00pa3oM, HaTPHEBBIil TOK paBeH:

b = GV — B
ToT e moXo/ CIIpaBeUINB 1 JUIS Kajus U XJIopa:

iy = Q'x{Vm = E,,:}.

I'u = gﬂ{Vm - El.'.'l:"
Ecmun nmpuHATH i, = O (T. €. MOHBI XJOpa HAaxXOIATCA B PABHOBECHH), TO, A COXPAHEHUS
HEM3MEHHOT0 3HaYeHHs MEMOPAHHOTO MOTEHIHMA A, KaJueBbI M HATPHUEBBIH TOKH JOJDKHBI OBITh
PaBHBI 110 BEJTMIMHE U IPOTUBOIIOJIOXKHBI 110 HAIIPABICHHUIO:

9k (Vi = By) = 0 (Ve = By}
PaccmoTpuM 310 ypaBHeHue Oosiee moApoOHO. IIpenrnosgokuM, 4To gy 3HAYUTENBHO OOJNBIIE gy,
Toraa, st Toro 4toObl TOKM ObUIM PaBHBI, ABIDKYIIAs CHJIA ISl BBIXOJA Kajusl NOJDKHA OBITh
3HAYUTENIPHO MEHBIIE ABMKYILCH CHIIBI Ul HaTPHEBOrO BXoja. J[pyrumMu cioBamu, MeMOpaHHBII
MOTEHIMA JOJKEH ObITh Ommke K Ex , 4eM K Ey,. COOTBETCTBEHHO, €CIIi 3HAYCHHE gy, BEJIHKO, TO
MeMOpaHHBI oTeHIUaN OyaeT Onmxke K Ey,.
IIpeo6pazoBaB BeIpaskeHNe, MOTyIHM (GopMyITy Ui MeMOPaHHOTO NOTEHIIHANA:
_ 9By + habra

Y + O

Eciu no Toii MM MHON MPUYHHE HOHBI XJIOpa HEe HaXOSITCS B paBHOBECHH, TO opMyiia mpruodperaeT
HECKOJIbKO 00JIee CII0KHbIH B

V, = By + 9 Fr + 50Eq _

.+ G t 8y

BhllICIPUBEICHHBIE PACUETHI ObUIM IIEPBOHAYATLHO NPOBEAEHBI I'onmManoM’) M, HE3aBHCHMO OT
Hero, XomkkusoM ¥ Katiem®), ¢ Toif JIMIIb pasHHuedi, YTO BMECTO PABHOBECHBIX MOTCHIHANOB
IIPOBOJMMOCTEHl OHM OIIEPUPOBAIM HOHHBIMU KoHyeHmpayusmu cHapyxu ([Na]y,...) U BHyTpu
([Nal,...) KIIeTKH, a TAKKE NPOHUYAEeMOCMbI0 MEMOPAHBI AJIsl KaXKI0TO U3 HOHOB (Pn,+):
r PKIKI. + PN.{ N'Bli + pﬂ[{:llo
Tak e Kak U paHee, XJIOpHbIE KOMIIOHEHTHI BBIPAKEHUS HE pAacCMaTPHBAIOTCS, €CIM MOHBI XJIOpa
HAaXOMsATCS B PaBHOBECHU. YpaBHEHHE Ha3biBaeTcs «ypaBHeHHeM [ XK» 1o ¢aMunusM aBTOpOB, WIIH
YPaBHEHHEM IIOCTOSIHHOTO MOJISI, ITOCKOJBKY OIHUM W3 MIOIYNIEHWH IIpU BEIBOJC YpPaBHEHHUS
SIBIISIETCSL pABHOMEPHOE paclpesiefieHNe IPaJAueHTa HANPSDKEHUS (T.€. «I10JI») Ha BCEM NPOTSHKEHUN
MeMmOpanbl. YpaBHeHHe ['XK TMONHOCTRIO aHAJOTMYHO YPAaBHEHHIO MPOBOAMMOCTEH, Ha €ro
OCHOBaHUH MOJKHO CJIeJIaTh T€ K€ IPeCcKa3aHus: KOra IMPOHHUIIAEMOCTH I HATPHS U XJIOpa Majbl
[0 CPAaBHEHUIO C KaJMEBOW NMPOHUIAEMOCTBIO, XJIOPHBIM M HATPUEBBI KOMIIOHEHTHI YpaBHEHUS
CTAHOBSTCS NPEHEOPEKUMO MaJibl, © MEMOpPaHHBIH NOTEHLMAT CTPEMHUTCS K 3HAUCHHUIO PABHOBECHOTO
MOTEHIHAIA IS
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Puc. 5.5. MaccuBHbIe MOHHBIE TOKM M paboTa HacocoB B
COCTOSIHAM  NOKOSA.  [MyHKTUPHbIE CTPenku YykasbiBaloT
HanpaBreHue MacCMBHOTO [ABWKEHWUS WOHOB 4epes
MembpaHy KneTku, a CnfolWHble — HanpaeneHve
rnepeHoca MWOHOB TPAHCMOPTHLIMK cuUcTEMamu. [nuHa
CTpernku oTpaxaeT OTHOCUTESbHYIO BENUYNHY
CyMMapHOro nepeHoca 3apsiga. CymmapHbli Tok Ansi
Kaxaoro WoHa paBeH Hynwo. Hanpumep, cymmapHbiii
NaccuBHbIN ~ BXOA HATpUA paBeH MO  BenuyuHe
TPaHCMOPTY 3ATOrO MOHAa M3 KNEeTKW Hapyxy. TpaHcnopT
Na : K ocywecTBnserca B cooTHoweHvmn 3 : 2. B
3aBMCMMOCTU OT KOHKPETHOM KNeTKW TPaHCrmopT xropa
o MOXeT ObITb BbIXOAALMM (Kak NOKasaHO Ha pUCYHKe) unu
BXOASLLMM.

Fig. 5.5. Passive lon Fluxes and Pumps in a Steady State. Net passive ion movements across the membrane are
indicated by dashed arrows, transport systems by solid arrows and circles. Lengths of arrows indicate the relative
magnitudes of net ion movements. Total flux is zero for each ion. For example, the net inward leak of Na* is equal to
the rate of outward transport. Na : K transport is coupled with a ratio of 3 : 2. In any particular cell. Cl--transport may be
outward (as shown) or inward.

kamms: V,, = 58 log([K]y/[K];). Ilpm yBenwyeHWH HATPHEBOW MPOHUIIAEMOCTH MEMOpaHHBIN
MOTEHLIUAJI CABUTAETCS B CTOPOHY HATPUEBOTO PaBHOBECHOTO MOTEHIIMANA.

W3 ypaBHEHUS NOCTOSHHOTO MHOJA CleXyeT OIWH BaKHBIH MpHUHIMI. MeMOpaHHBIH HOTEHLHAT
3aBUCHT OT MPOBOJUMOCTHU (MM IPOHULIAEMOCTH) MEMOpPaHBbI AJIs BAKHEHIINX HOHOB, a TAKKE OT UX
PaBHOBECHBIX MOTEHIIMAIOB. B peanbHBIX KIIETKaxX MPOBOJUMOCTH JJISl KAl M XJIOpa CPAaBHUTEIBHO:
BBICOKH, TTO3TOMY NOTEHIMAN MOKOS KJIETKH ONU30K K PaBHOBECHBIM MOTEHLMANAM Ul 3THX ABYX
noHoB. [Ipu yBenmuueHun HaTpUEBOH IPOBOJMMOCTH, HAlpUMeEp, BO BpeMsl NOTEHIMajda JeiicTBUs
(rmaBa 6) WM BO30YXKAAIONIETO IMOCTCHHANITUYECKOTO TOTEeHIMana (riaBa 9), MeMOpaHHBIIT
MOTEHLIMAJI CABUTAETCS B CTOPOHY HATPUEBOTO PaBHOBECHOTO MOTEHIIMANA.

MoTeHumnan nokosn

Hecmotpst Ha TO, yTOo BO MHOrMx ciydasx ypaBHenue ['XK. Becbma mone3Ho, OHO He IaeT
BO3MOJKHOCTH TPaBHJIBHO BBIYMCIHTH NMOTEHIHAN MOKOsA. J[eno B TOM, YTO YCIOBHE pPaBEHCTBA
CYMMapHOT0 TOKa HyJII0 HEIIPABOMOYHO: TPEThE yCIIOBUE PABHOBECHS, @ IMEHHO TPEOOBaHHUE, YTOOBI
KadcOvlll OTJETBbHBIA HOHHBIA TOK PaBHSUICS HYIIO, HE BBINONHSAETCA. B pesymbrare kierka Oymer
MIOCTEIEHHO TEPSITh KUK M HAIIOJIHATHCS HATPHUEM M XJIOPOM. B peanbHBIX KiIeTKaX KOHICHTPAIUN
HATpHUs U KNS TTOJIEPKUBAIOTCS HA IIOCTOSHHOM YPOBHE IIPU IOMOIIM HATPHH-KAINEBEIX HACOCOB
(rmaBa 4). B mpoTHBOBeC HENPEPHIBHOMY IIOTOKY HATPHS BHYTPh KIETKH W KU Hapyxy, dTH
HACOCHI TIEPEHOCAT 00a 3T HOHA B ONPEACICHHON MPONOPLMH B HANPABICHUH, IPOTHBOIIOIOKHOM
MX MAcCUBHOMY IBIKeHHIO (puc. 5.5). CremoBarespHO, Ul HOAJCPKAHUS KIETKH B CTaOMJIBHOM
COCTOSIHUH 3aTPadMBaETCA METabONNUeCKasi SHEPTHsI.

Yr0o0b! noNTy4nTh O0Jiee MOJIHY0 (GopMyly MOTEHIHANA OKOs, HEOOXOAMMO NPHUHATH BO BHUMAaHHE
Kak [MacCHBHOE IBW)KCHHE HOHOB, TaK M WX AKTHBHBI TPAHCIOPT, OCYLICCTBISIEMBIH HACOCAMH.
PaccMmoTpuM cHavana macCMBHOE JBIDKCHUEC HOHOB HATPUS U KU 4yepe3 MeMOpaHy:

I = alVo = By) g = gK[Vm - Ey).
OTKa3aBIIUCh OT TPEANOI0KEHUS O TOM, YTO TOKH 3TH PaBHBI [0 BEJIHMYHHE U TPOTHUBOIIOJIOKHEI 110
HAIPaBIICHUIO, HO 3HAas COOTHOIICHHE MEXIYy HHMH, MOXXHO TOJIYYUTh ypaBHEHHE MEMOPaHHOTO
MOTCHIIAANIA, WCXOAS W3 PAaBHOBECHBIX IIOTCHIWAJIOB JUIi HATPUSA M Kajiusi, a TaKKe WHX
OTHOCHUTEIIBHBIX MMPOBOIUMOCTEH. 3/1eCh yKe HY)KHO yUHTBIBATh BIMsSHHE Hacoca. [I0CKOIBbKY HAcOC
MOJICP>KUBACT BHYTPHUKIICTOUHbIC KOHLCHTPALIMK HATPHUSI 1 KaJIKsl Ha IIOCTOSIHHOM YPOBHE, IIEPEHOCS
HMOHBI B COOTHOIICHHUH 3 : 2, TO M MACCHBHBIC TOKH TOUKHBI HAXOAWTHCS B TOM K€ COOTHOILICHHUU:
ina/ix = 3/2. meeM cnenyrolee BhIpakeHHE:

iﬁ = [ e = Lrk

iy gV = Ey) %
COOTHOIIEHUE HWMEET OTPHUIIATSIBHYIO BEIMYHHY, IOTOMY 4YTO HANpaBJICHHUS HATPHEBOTO U
KaJMEBOT'O TOKOB ITPOTHBOIMOJIOKHBI. [IpeoOpazoBaB BEIpaKCHUE, TOTYIUM:

=1
1.5g, + Ova
3T0 ypaBHeHHe IIOXO0XE Ha HOJ’Iy‘IeHHOC BBILIC IS MOACIIH I/I,HCEU'H:HOFI KJIETKH, U HA €ro
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OCHOBaHHUHM MOXKHO CJIeNlaTh TO JKe MpeAcKa3aHHe: 3HaueHHe MeMOpaHHOTO MOTEHIHaNa OyaeT
OTPEACIATHCS OTHOCUTEIBHBIMU BETMYMHAMH gy, U gx. OTinuue Hacrosiei GopMyibl COCTOUT B
TOM, YTO WICHBI, OTHOCSIIMECS K KaJIHI0, yMHOXKeHbI Ha 1,5. Biarogapst atomy dakropy MeMOpaHHBIi
noteHiman Oyner Oommke kK Ex. Takum oOpa3om, ABIKYIIAs CHIa IJisi BXOJA HATPHs BO3PAcTaeT, a
JUISl BBIXOJA Kauusi, Ha00OpOT, yMeHbIIaeTcsi. B pe3ynbraTe M MAcCHBHBIC TOKM HATPHS U Kajus
OyIyT HAXOAWUTHCS B COOTHOLICHUH 3 : 2, a HEe 1%

006001m1ast BBIIECKa3aHHOE, MOXKHO CHENIaTh BHIBOJ, YTO IIOTCHIMAJ MOKOS — 3TO TAKOE 3HAYCHHE
MEeMOpaHHOTO MOTEHLHMANa, IPU KOTOPOM BXOJSIIMIA HATPUEBBII TOK HE paBeH IO BEIMYMHE
BBIXOZSIIEMY KaJlHeBOMY, a MpeBocXoauT ero B 1,5 pasa. IlaccuBHble TOKH O0OHMX HOHOB
OIPENENAIOTCS UX PABHOBECHBIMHU NMOTEHIHMAIAMH U IIPOBOJUMOCTSIMH, B TO BPEMs KaK COOTHOILCHHE
TOKOB 3 : 2 IPOJUKTOBAHO CTEXMOMETPHYECKUMHU XapaKTCPUCTHKAMHU HAcOCa.

3azauy 1o BbIBOAY (DOPMyIbI MOTEHIMANIA MOKOS IS PealbHbIX KICTOK BIEPBbIE B3I Ha ceOs
Mymmusac 1 Hozpa”). C moMoInpio BHYTPHKIETOYHBIX MHKPOAJIEKTPOJOB OHHM HCCIIEOBAIH BIUSHUE
N3MEHEHUs] MOHHBIX KOHIIGHTpaui Ha MeMOpaHHBII ITOTEHIMAT MBIMIeYHOH KieTku. IlomoGHO
TlNonpmany, Xomkkunay 1 Kariy, oHE noydnin BeIpaykeHHe, CBA3bIBAIONIee MCMOPaHHbIH ITOTEHIHATT
C MPOHHMLAEMOCTSAMH U KOHLEHTPALUSAMHU OTACIBHBIX HOHOB. Pe3ynbTaT aHalorudeH TONBKO 4TO
[IOJy4€HHOMY HaMM YPaBHEHHIO, OCHOBAHHOMY Ha IIPOBOJUMOCTSIX U PABHOBECHBIX IIOTCHIUATIAX:

rpx K], + P Nal,
Py [Kli + PNJ NaL !

V_=58log

rae r — abCoNIIOTHOE 3HAYCHHE COOTHOIIEHMs HOHHOro TpaHcmopra (3 : 2). YpaBHEHHE TOYHO
OIKCHIBACT IIOTEHIMAJ IOKOS INPU YCIOBHM, YTO BCE OCTaJbHbIE HOHBI, HMPOHMKAIOIIHE CKBO3b
MeMOpaHy (Takue Kak XJIOp), HaXOAATCsl B PABHOBECHH.

PacnpegeneHue xnopa

Hackomnpko nmpuMeHHMBI TOROOHEIE paccyxaeHus it xiopa? Kak u Ut Apyrux HOHOB, CyMMapHBII
TOK XJIOpa JIOJDKeH ObITh paBeH Hymo. Kak mokasano Beime (puc. 5.2B), paBHOBecHe HOHOB XJopa
JIOCTHIaeTCsl IyTeM IPOCTOTO U3MEHEHHs €ro BHYTPHKICTOYHOIN KOHIEHTpAaLUK, 0e3 U3MEHEeHHs IIpH
3TOM MeMOpaHHOro MOTEHLHala. TeM He MeHee, BO MHOTHX KJETKaX CYIIECTBYIOT TPaHCIIOPTHbIC
CHCTeMBI Julsl XJopa (ry1aBa 4). B akcoHe kanbMmapa M B MBIIIIE aKTHBHBIC TPAHCIIOPTHBIC CHCTEMBI
MIEPEHOCT MOHBI XJIOpa BHYTPh KJIETKH; BO MHOTHX HEPBHBIX KJIETKaX, HAIPOTHB, XJIOP BBIBOJHUTCS
n3 ietkn (cM. puc. 5.5). B pesynprare akTHBHOIO TpaHCIIOpPTa XjIopa B KIETKY, €ro
BHYTPHKJIETOUHAs KOHIIEHTPAIMSI BO3PACTAET, YTO MPUBOAUT K YCHJICHHIO BBIXOASAIIEr0 MaCCHBHOTO
TOKA YTEUKH XJIOpa, PABHOIO IO BEIHYMHE aKTHBHOMY BXOJsileMy TOKy ). TpaHcrmopT xiopa u3
KJICTKH HapyXy IPOU3BOAUT 00paTHOE AeiicTBHE.

AneKkTpuyeckana moaenb MeMopaHbl

s Tex, KTO MpeamouuTaeT HUMETh JeN0 C 3JIEKTPUYECKUMH CXEMaMH, BBIMICIPUBCICHHbIC
paccyxaeHus moka3aHbl Ha puc. 5.6 B 0606menHoM Buze. [lotenuunanst Ey,, Ex u Ec nokasaHsl B
Buze Oarapei, a IPOBOAUMOCTH JUIS HATPHUS, KU U XJIOpa W300paKCHBI B BHIC CONPOTHUBICHUN
(pesucropoB). IlaccuBHBIE TOKM 4Yepe3 CONPOTHBIIEHUS pPaBHbI M IPOTHUBOIOJIOKHBI TOKaM,
TCHEPUPYEMBIM COOTBETCTBYIOUIMMH HACOCAMH, TIO3TOMY CYMMAapHBIH TOK 4Yepe3 MeMOpaHy s
Ka)KI0r0 HOHA PaBEH HYIIO.

Oxupaemble 3HaYeHURA MeM6paHHOFO noTeHuunana

MOXHO JM, OCHOBBIBasCh Ha BBIIICIIPUBEICHHBIX COOOPAXKEHHSAX, OOBSCHUTH HEIHMHEHHYIO
3aBHCHMOCTh MEMOPAHHOTO MOTEHIMAala OT KOHIEHTPAIMK KaJlus, NoKa3aHHyto ua puc. 5.4?7 Oteer
CTaHET OYCBHJHBIM, €CITHM TOACTaBHTh B (OpMYIy peaibHble 3HaucHWs. /(s akcoHa KaibMapa
COOTHOWICHHE KOHCTAHT MPOHMIAEMOCTH JUIS HATPHS W Kaaus puOmmsuTensHo pasno 0,04 : 1,0.°
Bocrmons30BaBIIMCh 3TUMU JIaHHBIMH, a8 TaKXKE 3HAYCHUSMH HOHHBIX KOHIEHTpanuii u3 Tabim. 5.1,
MOJIYYUM MOTEHIIHA TIOKOSI B MOPCKO#1 BoJie:
V. = Sti0g 10 + 0.0NEE0) 1 o

a (1,5){400) + (0,04)(50) '
CTaHOBUTCA OYEBUAHBIM, IOYEMYy TIPU M3MEHEHHWH BHEKJIETOYHON KOHLEHTpPALUH KaJlus
MeMOpaHHBIM MOTEHIMAN HE CTPOro MOAYMHSAETCA ypaBHeHUI0O HepHera s kanus, Kak MOKa3aHO Ha
puc. 5.4. Ecnu cpaBHUTH ciaraeMele B 3HaMeHaTesne, oTHocsumecs kK kammo (1,5 x 10 = 15) u
Hatpuro (0,04 x 460 = 18,4), TO MOTYYUTCS, YTO BKIIAJ KAITUs COCTABIIET Bcero okolo 45%. [o atoit
MPUYHMHE, YBEIMYCHWE BHEKICTOYHONW KOHICHTPALMM KAl BJIBOC HE NPHUBEICT K YIABOCHUIO
yucauTels (Kak ObUTO ObI
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T Puc. 5.6. One apuyeckas cxema

] MeMbpaHbI KneTin B COCTOSIHUM

[ paBHOBECKSI, NOKa3z HHOM Ha puc. 5.5. E,

i, Friiy oy ™ iy Ena M Eqy — noTetiumansl HepHcta ans
COOTBETCTBYIOLWMX WOHOB. OTAernbHble

Uik T 1" 1/ VNOHHblE NPOBOAMMCCTU MpeAcTaBneHbl B

¥u |Buge COMPOTUBIEHY 1 (BESIMYMHA KOTOPbIX
paBHa 1/g ANl kaxgoro  WoHa).

- - OTAenbHble UOHHBIE TOKW (ik , . . . ) PaBHbI
Ey E £ no BENWYMHE W  IPOTUBOMOSIOXKHBI MO
i - ] HanpaeneHWto  Tolam,  reHepupyembIM

HaTpU-kanmeBbiM (OMEHHUKOM (Tna-k) U
XMopHbIM ~ Hacocon!  (Tg ), noaTomy
CyMMapHbI TOK 43pe3 memOpaHy Ans
KaXgoro wuoHa péBeH Hymwo. Vi, —
yCTaHaBINMBAKOLLMIAC A B pesynbTaTte
MeMOpaHHBbI NOTEH ju1arn.

Fig. 5.6. Electrical Model oflhe Steady-State Cell Membrane shown in Figure 5.5. Ex, Ena, and Eg¢ are the Nernst
potentials for the individual ions. The individual ion conductances are represented by resistors (having a resistance of
1/g for each ion). The individual ion currents (i, ina, and ina) are equal and opposite to the currents (i ), frnay @nd frcy)
supplied by the sodium-potassium exchange pump (Tya-k), and the chloride pump (T,), so the net flux of each ion
across the membrane is zero. The resulting membrane potential is Vi,

B Ciyyae IIOJIHOTO COOTBETCTBHMS C YypaBHeHMeM HepHcra), u, cienosatenbHo, 3ddexT
W3MEHEHUS YPOBHS KaJIMsi HA MEMOpaHHbIH MOTEHIMAN MEHBINE, YeM B MACAIBHOM CHUTYalWy,
KOrJa Kaluid SBJSIETCS €JUHCTBEHHBIM IPOBOAAIIMM HOHOM. Korga BHeKJIETO4Has
KOHIEHTpAIMs Kalusi BO3pacTaeT A0 cymecTBeHHBIX 3HaueHuil (100 mmons Ha puc. 5.4), TO
pOJIb  KaJMEeBOrO KOMIIOHEHTa B 3HaMeHaTelle CTAHOBMUTCS TMOAABIIONICH, W KpuBas
3aBUCHUMOCTH TPUOIIKACTCS K CBOEMY TEOPETHUECKOMY yriy HakioHa (58 mMB Ha 10-kpaTHOe
YBEIMUYEHHE KOHIEHTPAIMH Kayus). DTOT 3G QeKT ycunuBaercs: 6yaronaps CBOMCTBY KaJIMEBBIX
KaHaJoB, oOOCyxknaBlmieMycs B TiaBe 3. MHOrMe KajaueBble KaHambl — 00NamaroT
YyBCTBUTEJILHOCTbIO K MEMOpaHHOMY IOTEHIHMAdy W OTKpPBIBAIOTCSA IPH JAENOJIpU3aluy,
BBI3BAaHHOW YBEIMYECHHEM BHEKICTOYHONH KOHLIEHTpaUMH Kamusi. B pesynprate momoOHOTO
YBEIMYEHNs NPOHMIAEMOCTH JJIsl Kajius BKIax Harpusi B (OpMHpOBaHHE MeMOPaHHOIO
MOTEHIMANA JOTOTHUTEIEHO CHIKACTCS.

BooO0me, nmoteHan mokosi HEPBHBIX KIETOK NpHOnu3uTensHo paseH -70 MB. B HexoTopbix
KJIETKaX, HAalIpUMep B CKEJIETHON MBIIIIE TO3BOHOYHBIX 8), MOTEHIMAJ ITOKOS MOXKET OBITh -90
MB uwmn  paxe Oosbiie, 4TO OOBSCHAETCS 3HAYUTENBHBIM IPEBOCXOJCTBOM KaJIMEBOH
IIPOBOJUMOCTH HaJl HATpHeBoil. HaTpuesas mpoBOAMMOCTb ITIHAJIBbHBIX KJIETOK HACTOJIBKO Maa,
YTO MX MOTEHIMAJ TOKOS MPAKTHYECKH PaBEH KaJMEeBOMY PaBHOBECHOMY IMOTEHIMaNy (TiaBa
8). B Takux kierkax, Kak, HanpuMep, HeHPOHBI TaHIJINEB HABKU )y peuenTopbl ceruarku'”,
HaTpHEBas MPOBOANMOCTH JIOCTATOYHO BEJIMKA, a MOTEHIINAN MOKOsI cocTaBisieT Bcero —40 MB.

Bknaa HaTpun-KanueBOro Hacoca B MeMOpaHHbIN NoTeHuMan

Harpuii-kanueBblii HACOC SBIISETCS YICKTPOTSHHBIM, TIOTOMY YTO 32 KaXKABIA LUKI €ro paboThl
W3 KICTKH BBIBOAUTCS OJMH CYMMAapHBIN IOJOXKHTEIBHBIA 3apsil, TEM CaMbIM YBEIHYHBAs
OTPHILATENIBHBIN 3apsi/l HA BHYTPEHHEH OBEPXHOCTH MeMOpPaHbl KIIeTKHA. HaCKOJIBKO BEHK 3TOT
BKJIaJ B 3apsiy Ha MeMOpaHe? UToObl OTBETUTH Ha 3TOT BOIPOC, MPEICTaBUM ce0e, YTO HacOC He
JNIEKTPOTEHEH, a HEHTpaJeH, TO €CTh COOTHOIICHUE MOHOB, MEPEHOCHMBIX HACOCOM BHYTPbH U
HapyXy KICTKH, paBHO eauHuIe. C y4eTOM 3TOr0 yCIOBHS IPOBEAEM BBIYHCICHUSL:

(1,O)(10) + (0,04)(460)
(1,0)(400) + (0,04)(50) —

V, = 58log 67 MB.

[TockonbKy moyydeHHBIH NOTEHLMAN MOKOs Ha 6 MB MeHee oTpuiareneH, TO MOXHO C/ENaTh
BBIBOJ, O TOM, YTO BKJIaJl Hacoca B MOTEHLHUAN MOKOs paBeH -6 MB. Ilpu ycnoBum Tpancmnopra
HMOHOB B COOTHOIIEHHH 3 : 2 BKJIaJ HacOcCa B MOTEHIIHAI ITOKOSI HE MOXKET MPEBBICUTS -1 1 MB'".
[Ipu ocraHoBKe MOHOOOMEHA €ro BIMSHHE HA BEJIMYMHY HNOTEHLMANA MOKOs IpeKpaliaeTcs, u
MOTEHIMAN IIOKOSI TIOCTEIIEHHO CHIDKAETCS [0 Mepe HAKOIUICHWS B KJIETKE HOHOB HATPHUS U

BBIXOJIa U3 HCC KaJIHsL.
UoHHbIe KaHanbl, y4vyacTeyrowue B (bOpMVIpOBaHVIVI noTeHuyunana nokKkos
Hanmane mpoBOAMMOCTH ISl HATPUS, Kalus M XJIOpa B COCTOSIHHM ITOKOSI OBIIO ITOKAa3aHO BO

MHOTHUX KIJICTKaXx. I/IHTepeCHO OTMCTUTh, YTO HWOHHBLIC KaHaJIbI, 06ecnemea}0mHe OTH
MIPOBOANMOCTH, 1O CHUX IIOp HE ObLIH ONPE€ACIICHBI HU B OJHOM THIIC KJIETOK. Kangumarer
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Ha pOJIb KalMEBBIX KaHAJOB, AKTUBHBIX B JMAaNa3oHe IIOTEHIMana IIOKOs, pPa3IU4YHbl B
3aBUCUMOCTH OT THIa KieTokK. Cpemy HUX €CTh KaHajbl, aKTUBHPYEMBIE BHYTPHKIECTOYHBIMHU
KaTHOHAMH: HATPUH-aKTHBHPYEMble W KaJIbLMi--aKTUBHpYEMble KallMeBble KaHaybl. Kpome
TOTO, MHOTHE HEPBHBIC KJIETKH OOJagaloT TaK Ha3bIBAEMBIM KaJIHMEBBIM KaHAIOM THIA «M»,
KOTOpBIC OTKPBITH NPH IMOTEHIHMANE IOKOS M 3aKPBIBAIOTCS NPH y4aCTHH BHYTPHKIECTOYHBIX
HOCPeHUKOB (raaBa 16). AKTuBaIUs OOJIBIIOrO KOJIMYECTBA MOTEHLUAI3ABUCHMBIX KAJIUEBbIX
KaHaJoB (TO €cTh «3aMeIIeHHOTO BeIIpsMurens» — delayed rectifier, u xanamoB Ttuma «A»)
IIpU NOTEHIHaNe MoKos ManoBepostHa. Oanako, gaxe 0,1-1 % ot ux obuero uucaa ObL10 ObI
JIOCTATOYHO, UTOBBI CO3aTh MPOBOIUMOCTh, CPABHUMYIO C IPOBOAMMOCTBIO B IIOKOE .
KoHKpeTHble HOCUTENU HATPUEBOH MPOBOAUMOCTU B HEPBHBIX KJIETKAaX TAaKXKe HEU3BECTHHL. B
HEKOTOPOH CTENEHH, BXOJ HATPUsI MOXET NPOUCXOAWTH 4Yepe3 KajlueBble KaHaJbl, It
GOJIBIIMHCTBA U3 KOTOPBIX NPOHULIAEMOCTb UL HATPUs cocTaBisieT oT 1 10 3 % oT kanueBoil
npornmaeMocti . KpoMe TOro, OTKPHIThIE KATHOHHBIE KaHATHI MOTYT CIIOCOOCTBOBATH KAK
BBIXOJy KaJlUsl, TAaK M BXOJY HATpHs, IOCKOJBKY OOJIbIIasi 4acTh 3TUX KaHAJIOB He oOianaer
BBICOKOW CEJIEeKTHBHOCTBIO K KaJIMIO 1O CPAaBHEHHUIO C HATPUEBOM 19 NlonmonnnTenbHbIi
UCTOYHMK BXOJLIErO B KIETKYy HAaTpUs — 5TO HATpPUH--3aBUCUMbIE BTOPUYHBIE AKTUBHBIE
TpaHCIOPTHEBIE cucTeMbl (rnaBa 4). Hakonen, moTeHnnan--4yBCTBUTEIbHbIE HATPUEBHIE KaHAIBI
TaKXKe BHOCST CBOH BKJIAJl B HATPUEBYIO IIPOBOAUMOCTD B IIOKOE, IOCKOJbKY 3Ta IPOBOAUMOCTh
GIOKHPYETCS TETPOIOTOKCHHOM, XOTS M B HEGOJBIIOHN CTETEHH ).

Xnopuble kaHanel cemeiictBa CLC (rmaBa 3) IMIMPOKO pacrnpoCTpaHEHbl B HEPBHBIX H
MBIIICYHBIX KJIeTKaX. Hanuuue XIopHBIX KaHAIOB 00eCHeYrnBaeT CTaOMIN3aLHI0 MEMOPaHHOTO
noreHnuana (CM. HIDKe). OTH KaHajbl TAKKE YYaCTBYIOT B YCTAHOBJIEHHHM BHYTPUKIETOYHOMN
KOHIIGHTPALINH XIIOpa, B3aHMOJCHCTBYS C CHCTeMaMH XIopHoro Tpancropra ' . [Ipu HH3KOM
ypoBHe skcnpeccud kaHainoB CLC, nanpumep, B HeWpoHax 3MOpPHOHAIIBHOIO THIIIOKaMIIA,
3HaueHne Ec MeHee OTPUIATETBHO IO CPABHEHHUIO C MOTEHIMAIOM IIOKOs, Oaromapsi BKIaLy
aKTUBHOTO TPAHCIIOPTa MOHOB XJIOpa BHYTPh KJIETKM M MX HAKOIUICHHWIO B IMTOIUIa3Me. B
HEHpOHaX B3pPOCIOro XHBOTHOTO 3Kcmpeccus: kaHanoB CLC Gonee BbpakeHa, 1 MeMOpaHHas
IIPOBOJUMOCTD JUISl XJIOPA BBIIIE, TO3TOMY HaKOIUIEHHE BHYTPUKIETOYHOTO XJIOpa HEBO3MOXKHO,
u Ec paBeH MeMOpaHHOMY NOTeHIMaNy. B kieTkax meHTpanbHON HepBHOW cucteMmsbl 10 10%
ll'g)OBOILI/IMOCTI/I MeMOpaHbl IpU MOTEHIMAJIe OKOs 00eCreyrBaeTCs 32 CUeT XJIOPHBIX KaHAJIOB

§3. U3MeHeHUs1 MEMOPAHHOT0 MOTEHLNAJIA

HCO6XOI[I/IMO IIOMHHUTB, 4YTO, 06cy>1<z[a;1 TIOTCHIMAJI TIOKOs, MBI BCErAa TOBOPHUM O COCTOSHHUH
paBHOBECHA. HaHpI/IMep, BBIIIC OBLIO CKa3aHO, YTO M3MEHEHHE BHEKJICTOYHOM KOHLCHTpalnu
XJioOpa HE OKa3bIBACT 3HAYWUTCIIBHOTO BJIMAHHA Ha MeM6paHHBII>i TNOTCHIMAJI, MIOTOMY 4YTO
BHYTPUKIICTOYHAsA KOHLCHTpalus IpU 3TOM HNOACTPAUBACTCSA IIOJ HOBBIC YCJIOBHA. B xonie
KOHIIOB 3TO JEHCTBUTEIHHO IIPOUCXOOUT, HO MPOLECC 3aHNUMACT KaKOE€-TO BPEMs, U B TCUCHUC
9TOr'0 BPEMCEHH U3MCHCHHNC BHCKIICTOYHOI'O YPOBHS XJIOPA OKa3bIBACT BJIUSHUC HA M€M6paHHBIfI
MOTCHIHAJ.

PaBHOBecHbIM MeMOpaHHBII IOTEHLUAl NpeicTaBiseT co0oil ToT (OHOBBHI YpOBEHb, Ha
KOTOPOM TIPOMCXOAAT BCE M3MEHEHMs MeMOpaHHOro mnoTeHnuana. Kak oHM mpoucxopasr?
OOBIYHO KPAaTKOBPEMEHHBIE M3MEHEHHs MEMOpPaHHOTO IMoTeHIHana (oJOOHbIE TeM, KOTOpbIe
HAOJFOIAIOTCS MPH B3aUMOJICHCTBUN HEMPOHOB MEXIy cO00it) MPOUCXOIAT 3a CUET BPEMEHHBIX
W3MEHEHUI NpoHuuaeMocTH MemOpanbl. Kak Mbl 3HaeM M3 ypaBHEHHsS HOCTOSHHOIO IIOJIf,
YBEIMYCHHE HATPUEBOW MPOHHUIIAEMOCTH (TaKKe KaK M CHIDKCHHE KaJIMeBOM) MPUBOAUT K
JIETIONAPU3aLMl, TO €CThb K CMELICHHWI0 MeMOpaHHOrO IOTEHIMala B CTOPOHY HATPUEBOIO
paBHOBECHOTO MoTeHIMana. HampoTus, yBenudyeHHE KalnueBOW INPOHHUIIAEMOCTH BBI3bIBAET
runepronspusanuoo. Eire oIuH BaXKHBI JUIS CUTHAJIBHBIX MPOLIECCOB KIETKH HOH — 3TO
Kanpluil. BHyTpHKIeTOYHass KOHLEHTpalusl Kaiuplus OdeHb Hu3Ka (rnaBa 4), a Ec, B
GoipIIMHCTBE KIETOK mpeBblmaer +150 MB. CrenoBatenbHO, yBeNMYEHHE KalbLIUEBON
MIPOHUIIAEMOCTH JIOJDKHO NPUBOAUTD K BXOAY KIBIMS B KIETKY U IETIOSIPU3ALIHA MEMOPaHbIL.

OcoOblil HMHTEpeC NpEeACTAaBISET BIMSHUE XJIOPHOW NPOHMIAEMOCTH Ha MeMOpaHHBIN
noreHiuan. Kak ObUI0 OTMEYEHO BBIIIE, XJIOP BHOCHT HE3HAYMTENBHBIM BKJIAJ B MOTEHIHAT
MoKosi. BHyTpuKiIeTOYHass KOHIEHTPalysl XJI0pa MOJCTPauBAETCs M0/ HOBBIE YCIIOBUS 3a CHET
paboTHl CYHIECTBYIOIINX XJIOPHBIX TPAHCIIOPTHBIX MEXaHU3MOB. BimsHue KpaTKOBPEMEHHOTO
yBeIHYe-
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HUS XJIODHOM IIPOHUIIAEMOCTH MOXET BBIPAXAThCS KAaK B TUIEPHONApU3ALUU, TaKk U B
JIETNOJIIpU3aLUY, B 3aBUCUMOCTH OT TOrO, IOJIOKUTEICH HIM OTpULATENCH Eci 10 OTHOILICHHIO K
MOTEHIMANLYy MOKOsl. DTO, B CBOIO OUYepellb, 3aBUCHT OT pabOTHI TPAHCIIOPTHOIO MEXaHU3Ma, JINOO
HAMOJHSAIOIIETO KJIETKY XJIOpOM, TMOO0 BBIBOAAIIETO €ro Hapyxy. B mo0om ciydae, BiusiHHE Xj10pa
Ha MeMOpaHHBI{ NOTeHHIHan OOBIYHO HEBENHKO. TeM He MeHee, YBEIHYCHHE XJIOPHOH
MIPOHUIIAEMOCTH MOXET HMETh BaXKHOE 3HAYEHHE ISl PEryIMpOBaHMs CHUTHAIBHBIX MPOIECCOB,
MOCKOJIBKY OHO IMOJIEP>KUBAET MEMOPAHHBIN MTOTEHLUANT B AMANa3oHe Ecy U 3a CUET ITOro ocnabdiseT
CIOCOOHOCTH JIPYTHX MPOIECCOB N3MEHHTh MEMOPAHHBIH ITOTEHIINA.

IMonnepkanue MeMOpaHHOTO IOTEHIMANa Ha HEM3MEHHOM YPOBHE WIPAeT BaXHYIO pOJIb B
peryisnuy Bo30yJUMOCTH TaKUX KJIETOK, KaK CKEJICTHas MBIIIIIA, XJIOPHAs TPOBOAUMOCTH KOTOPOH B
[IOKOE JOCTaTOYHO BeJMKA. B TakuX KiIeTKaX KpPaTKOBPEMEHHBIA BXOJ IOJIOXKHUTEIbHBIX HOHOB
BBI30BET MEHBIIYIO JETOJSPH3ALMI0 B MPUCYTCTBHUM XJIOPHOH NPOHMI[AEMOCTH, HEXEIH B €€
OTCYTCTBHH, MOCKONBKY HX BXOJ OTYacTH OanaHCHPYETCsl BXOJOM XJIOpa 4Yepe3 yKE OTKPBITHIE
KaHaibl. MyTalluu XJIOPHBIX KaHAJIOB, CHIOKAIOLIHE XJIOPHYIO MPOHUIIAEMOCTh MEMOpaHbI, IPHUBOIAT
K HEKOTOPBIM MBIIIEUHbIM 3a0o0neBaHusIM. IloTepsBIIE HOPMAIbHYIO BBICOKYIO XJIOPHYIO
IIPOBOMMOCTb MBIIIIIBI HAXONATCA B COCTOSHMHU MOBBIICHHOH Bo36yauMocTH (myotonic) ' 2,

BbiBOoAbl

HepBHble kieTku 007a7ai0T BBICOKOM BHYTPHKJICTOYHOW KOHIGHTpAlMeH Kalius M HHU3KOH
KOHLEHTpalMel HaTpus M XJIOPa, TaK YTO KU CTPEMUTCS BBINTH M3 KIETKM, @ HaTPUH U XJIOp
cTpeMsTcsl BOWTH B Hee. CTpEeMIICHUIO KallMsl M XJIOpa IMIPOHUKHYTH Yepe3 MeMOpaHy B HaIPaBICHUN
KOHIICHTPAMOHHOTO TPAJANCHTA IIPOTHBOCTONT MEMOpPAHHBIIT HOTEHIIHAIL.

- B Mozenu uneanpHOM KIETKH, 00J1a1at0MIel TOJBKO KaIMEBOW 1 HATPHEBOW TIPOBO/IU-

MOCTSIMH, MEMOpaHHBIH IOTEHIMAI MOXET B TOYHOCTH YPAaBHOBECHTh KOHIIGHTPALIOHHBIE
rpaJueHThbl TAKUM 00pa3oM, YTOOBI CyMMAapHBII TOK 00OMX MOHOB PaBHAJICSA Hym0. B 3ToM ciydae
MeMOpaHHBIN MTOTEHIHA COOTBETCTBYET PABHOBECHOMY MOTEHIIHATY A Kalus U XJIopa.

- VI3MeHeHHe BHEKJIETOUHOTO YPOBHS KaJIUs IPUBOJAUT K U3MEHEHHIO €r0 PABHOBECHOTO MOTEHIMAA
U, CJIEI0BATEIHO, MEMOPAaHHOTO NOTeHIada. HanpoTus, n3MeHeHne BHEKJICTOUHON KOHIIEHTPaluu
XJIOpa MPUBOJUT B KOHEYHOM HUTOTe K U3MEHEHMIO ero BHYTPHKIIETOYHOI'O YPOBHS, TaK YTO CIBUT
XJIOPHOTO PAaBHOBECHOTO IIOTCHIMAla W MEMOPAHHOTO IIOTCHIMANa OT CBOMX II€PBOHAYAIBHBIX
3HAYCHUI HOCUT KPaTKOBPEMEHHBII XapakTep.

MewMmOpaHa peasbHBIX KIETOK 00NafaeT Takke HATPUEBOH IMPOBOJMMOCTBIO. B pesymsrate B
COCTOSTHUM MOKOSI TIPOMCXOUT MOCTOSIHHAS (Y31 HATPUS BHYTpPb, @ KaIUs HAPYXKY KICTKH. DTH
TOKH B TOYHOCTH YPaBHOBELIMBAIOTCS aKTHBHBIM MOHHBIM TPAHCIIOPTHBIM MEXaHU3MOM — HATpHIi-
KaJMEeBBIM HAacocoM, pabOoTalomuM MO cxeMe 3 MOHa HaTpus K 2 MOHaM Kaiuusi. B 3TuX ycloBusx,
BEJIMYMHA MEMOPAHHOTO IOTEHLIHMANa 3aBUCUT OT HATPUEBOTO UM KAIHEBOTO PAaBHOBECHBIX
MOTEHIIMAJIOB, OTHOCHTEIBHBIX MPOBOIMMOCTEH IS 3THX MOHOB, a TAKOKE OT COOTHOIICHUSI HOHOB B
IIUKJIe Hacoca.

Braromapss ToMy, 4TO HaTpUii-KaJHEBBIH HACOC MEPEHOCHT OOJNBINE MOJNOKHTCIBHBIX HOHOB
Hapy)Xy, 4eM BHYTPb KJIETKH, OH BHOCHT HEIOCPEICTBEHHBII BKJIAJ B MEMOPAHHBIN MOTEHIHAN B
pazMepe HeCKOJIbKUX MB.

- B 3aBucuMocTH 0T 0cO6EHHOCTEH XJIOPHBIX TPAHCTIOPTHBIX MEXAaHU3MOB, PAaBHOBECHBIN MOTEHIHAI
JUISL XJIOpa MOXKET OBITh Kak Oonee, Tak M MEHee OTPUIATEIbHBIM IO OTHOLIEHHWIO K MOTEHIMAIY
nokos. HecMmoTps Ha He3HaunTenbHOE BIMSHHME PpaCHpeNeNieHHs XJIopa Ha MOTEHIMAl IOKOs,
HaJIM4Me BBICOKOH XJIOPHOH IPOBOJUMOCTH HEOOXOAMMO IS IIOJIEPKAHMS OIICKTPUIECKOI
CTaOMIIBHOCTH KIIETKH.
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I'nasa 6. Honnvie mexanuzmvl nOmeHyua1a 0elucmeus

KonunyecTBeHHOE onucaHWe MexaHM3MOB, Y4YacTBYIOLMX B reHepauuu noTeHuuana AeWCTBUS, CTarmno
BO3MOXHbIM Gnarogaps MeToay u3amepeHusi MeMOpaHHbIX TOKOB B YCroBuM dukcauuy noteHumana. 31oT
MeToA MO3BOMSET ONpefenuTb, Kakol BKMag BHOCAT MOHbI TOTO UMK MHOO TUNa B MeMBpPaHHbIA TOK, a Takke
BbIYMCIUTL BENUYUHY U BPEMEHHOW X0 U3MEHEHWUI COOTBETCTBYIOLLMX UOHHBLIX NPOBOAMMOCTER. AKTMBaLUS
HaTpMeBON NPOBOAMMOCTM HOCUT KPaTKOBPEMEHHBIN XapakTep, 3a Hell cnegyeT MHaKTMBauMs. YBenuyeHune
KanveBoi MpoBOAMMOCTU MNPOAOMMKAETCS [0 Tex MNop, Moka He 3akoHuYuTca Aenonsipusauusi. VIMeHHo
3aBMCUMMOCTb HaTPMEBOW M KanvMeBOW MPOBOAMMOCTEN OT MeMOpaHHOro noTeHuuana u ux nonepemeHHasi
aKTMBaLMA Ka4eCTBEHHO OMpenensitoT Kak aMmniuTyay, Tak U BPEMEHHOW X0 MoTeHuuana AencTBus, paBHO
Kak u apyrune membpaHHble XapakTepucTUKW, BKMoYas nopor U pedpaKkTepHbIi Nepuoa.

WccnepoBaHve NpoBOAMMOCTEN OOMHOYHBLIX KanMEBbIX W HATPUEBLIX KaHanoB BO Bpemsi MNoTeHuuana
OeNCTBMSA NPOBOAMMUCE B YCNOBUSX hukcaumm noteHumana yvactka membpaHbl. Habniogaemble npu atom
NPUHUMNLI paboTbl OTAENbHBIX KAaHANOB COOTBETCTBYHOT pe3yfibTaTaM, NoflyYeHHbIM paHee B 3KCNepUMeEHTax
c dukcaumen noTeHUMana LUenoi KNeTku: npu AernonsipusauuyM BEPOSITHOCTb OTKPLITUS HATPUEBBLIX WU
KanueBbIX kaHanoB Bo3pacTaeT. Bo3pacTaHue BEPOATHOCTU NPOUCXOANT C TEM XE BPEMEHHBIM XOA0M, YTO 1
COOTBETCTBYIOLME TOKU B YCNOBUSIX (bukcaumm noTeHumana. Tak, HaTpueBble KaHanbl Haubonee 4vacTo
OTKPLIBAKTCA B Havane [enonsipusytoLllero UMMynbca M BEPOSITHOCTb TakMX OTKPLITUIA MagaeT no mepe
pasBUTUSI HATPUEBOWN MHAKTUBALMN.

B reHepauumu noteHumana AeicTBUSI MOTYT NPUHUMATL y4acTUe U Apyrne KaTUOHHbIe KaHanbl. B HekoTopbix
kneTkax asa pocTa noTeHuuana AelcTBUS OnpeaensieTcs akTUBauuen KanbuueBblX KkaHaros, a
penonspusaums NPoMCXoAUT Gnarogaps akTMBaLuM pasnuyHbIX TUMOB KanMeBbIX KaHanoB.

§ 1. HaTtpueBble u KajiueBbie TOKU

B rmaBe 5 ObUIO NPOAEMOHCTPHUPOBAHO, YTO IMOTEHHIMAJ IOKOS 3aBUCHUT TJIAaBHBIM 00pa3oM OT
pa3sHOCTH KOHICHTpanuii kaius (kak 6puto nmpemnoskeno beprmreiitnom B 1902 roxy), U, B MeHbIIeH
CTENEHH, OT KOHLEHTpauuil Hatpusg U xjaopa. OZHOBPEMEHHO ¢ co3faHueM bepHIITEliHOM Teopuu
noTeHnuana nokos, OepToH " cenan BaxHOE OTKBITHE: OH IIOKA3aJl, YTO A FEHEepAIHH HEPBOM
MIOTEHIMANIa JeHCTBUSI HEOOXOIUM HATPHH, W CAeNIall poOKOe MPEANONIOKEHHE O TOM, YTO OCHOBOI
MOTEHIMaNa AeHCTBHS SIBISIETCA BXOJ MOHOB HATpHUs B KJIETKy. Pa3BuTHe 3Ta rumoresa moiyduia

GJarofapsi ONbITaM Ha aKCOHE KallbMapa.

B 1939 rogy XomkkiH ¥ Xakcau > IOKA3aiM, 9TO HA MHKE TMOTEHIHWANA ACHCTBHSA MPOHCXOIHUT

KpPaTKOBPEMEHHasi CMEHA 3Haka («OBEpILIyT») MOTEHLMala Ha BHYTPEHHEH CTOpOHEe MeMOpaHbl B
00J1acTh MOJIOKUTENBHBIX 3HAUCHUH. DT0 HaOII0feHne MOATBEPANIO yJacTHe HaTpUs B MOTEHIHAIE
JIEUCTBUS, TIOCKOJBKY BXOJ HATPUsI B KIETKY IIPOMCXOJUT W IPU IOJIOKHUTEIBHBIX 3HAUCHUIX
MEeMOpaHHOTO IIOTEHIMala BIUIOTh JO HATPHEBOIO pPAaBHOBECHOro moTeHmuana Ey, Cmycts
necaTunerne XomkkuH u Kari ¥ 106MIMCh yMEHbIIGHHs SBICHHS OBEPUIYTA IIyTEM CHIMKCHHS
BHEKJICTOYHOM KOHLIEHTPALMU HATPHs, a CIeI0BaTeIbHO, U Ey, (puc. 6.1). OHH NpUILIN K BBIBOLY,
YTO MOTEHLMAJ JICHCTBUS €CTh PE3yJbTAaT 3HAUMTEIBHOrO, XOTS M KPaTKOBPEMEHHOTO, YBEIMYCHUS
HATPHEBOH MPOBOAUMOCTU MeMOpaHbl. CeroJHs U3BECTHO, YTO 3TO YBEIUYECHHE MPOUCXOIUT 3a CUET
OTKPBITHSI OTPOMHOT'0 YMCJIA MOTEHIHAI3aBUCHMBIX HATPUEBBIX KaHAJIOB.

Yem obbsicHsieTcs (asa cnaga noTeHuuana aeiicteus? MoxKHO MPEAIoN0KUTh, YTO CHaJl IPOUCXOAUT
IIPOCTO B PE3yNbTaTe 3aKPBITHS HATPHEBBIX KaHAJIOB. JTO, AEHCTBHUTENBHO, OAMH W3 (aKTOPOB.
OpHako, ecinu OBl 3TO OBLI SIMHCTBEHHBI MEXaHH3M, TO BO3BpPAaT MEMOPAaHHOTO IIOTEHIHATa K
YPOBHIO NOTEHIIHAJIa TIOKOsI B OOJIBIIMHCTBE KIETOK IPOMCXOIMI ObI Topasio
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Puc. 6.1. Ponb HaTpua B reHepauuu
noteHumana penctems. [oTeHuman
[EeNCTBUSA, OTBEJEHHbLIN OT akcoHa
KanbMapa B MCPCKOM Boge (Y4epHbln
CMMOLWIHOW  rpa(duk), B pacTBopax,
cogepxawmx 50% (LUTPUX-NYHKTUP) 1
33% (cepbll) rFaTpust OT HOPMbI, ©
3aTeM CHOBa B MOpCKOW BoAe
(nyHKTUP).

Fig. 6.1. Role of Sodium in Action
Potential Generetion. Action potentials
recorded from a squid axon bathed in
seawater (black solid line), in solutions
containing 50% dashdot line) and 33 L
% normal sodilim (grey), and then E_ T e = 2 2
returned to se:water (dashed line).
(After Hodgkin ar d Katz, 1949.) Timae (ma}

..--"”f Sexwater, 10 1% [MNal,
7 30K [Nl
Y — 135 [l

m¥

hé#é.ﬂ;

MeJUICHHEE, YeM B JeHCTBUTENbHOCTH. [IprunHa 3TOro B TOM, 4TO 00IIasi MPOBOAUMOCTE MEMOpPaHbI
B IIOKOE JOCTaTOYHO Maja, M BbHIXOJ HAKOIUICHHBIX B pe3yJbTaTe MOTEHIMANA JAeiCTBUS
MOJIOXKUTENBHBIX HOHOB M3 KIETKM 3aHsN1 OBl HECKOJBKO MIJUIMCEKYHI, a TO U JECATKH
MUJUTMCEKYHI. B IeHCTBUTENBHOCTH, BO3BPAT K YPOBHIO NOTEHLHANA MOKOS MPOUCXOIUT ropasio
ObIcTpee Onarogapsi 3HAYUTEIEHOMY YBEIMYECHHUIO PYroi MEMOpPaHHOW POBOAUMOCTH, @ AIMCHHO, 32
CYET OTKPBITHS KaNUeBBIX KaHAoB. C TOW e OBICTPOTOH, C KOTOPOW MEMOpaHHBIA MOTCHIIUAI
JICTIOJISIPU30BAJICS B HampaBlieHUH Ey,, OH THIICPIIONpU3yeTcs Ha (ase craja MoTeHIHaNa AeHCTBUS
B HampaBlieHHMH Ey. YBeIWYEHUE KAJIMEBOW MPOBOAMMOCTH MOET MPOJ0JDKATHCA O HECKOJIbKUX
MHJUIMCEKYH]l, YTO TNPHUBOAUT BO MHOTUX KIETKaX HE TOJNBKO K peHoispu3alud, HO H K
THIEPIOSIPU3aLA MeMOpaHbl 10 3HAYCHUH OoJjiee OTPULATENBHBIX, YeM IOTCHLIHAT MOKOs (pHC.
6.1).

O0o06mmM  BbleckazanHoe. [loTeHIman JAeiicTBHS  SBISIETCS  PE3yJabTaTOM — OBICTPOrO |
3HAYUTENBHOTO YBEIMYCHHS HATPHUEBOI MPOBOJMMOCTH MeMOpaHbl. BXox GOJIBLIOrO KOJIHYECTBA
HOHOB XJIOpa M aKKyMYJISILMs IOJIOXKUTEIIBHOTO 3apsifa Ha BHYTPCHHEH MOBEPXHOCTH MEMOpaHBI
KICTKH CABUraeT MeMOpaHHBII IOTEHLHAl B HampapieHun Ey, Penoysipuzanust MeMOpaHb
HPOUCXOJUT B PE3yNbTaTe IMOCICAYIOIIETO YBEIMYCHHS KaJMEBOW IPOBOJMMOCTH U YMCHBIICHHS
BHYTPHUKJIETOYHOTO TIOJIOKMTEIBHOTO 3apsia U3-3a BBIXOJAa MOHOB KalMs M3 KJIETKH. MeMOpaHHbII
MOTEHLMAJl NP 3TOM BHOBb npuOmmwkaercs k E,. Takoe oObsicHeHHE MeXaHW3Ma TI€HEpallu
NOTEHLMala  JEHCTBUS BEAST K IOHMMAaHWIO NPHHLUIOB  DAacHpPOCTPAaHCHWS  HMILYJbCa,
paccMaTpuBaeMbIX B IiaBe 7.

Kakoe Konn4yecTtBo MOHOB BXO4UT B KIeTKy U BbIXOOUT U3 Hee BO
BpeMA noTeHuMnana aencreua?

Ecnu yuects, uTo Ha (pase pocTa moTeHHMana AESHCTBUSA B KJIETKY BXOAUT OOJBIIOE KOJUYECTBO
HATpHsI U OOJIBIIOE KOJMHMYECTBO KU ¢ MOKHUIAeT Ha (a3e craja, TO CTAHOBHUTCS OYCBHIHBIM, YTO
KOHIEHTPAIMK 3TUX UOHOB B IIMTOIUIA3ME JOJDKHBI U3MEHUTHCS. BenmuunHy 3TUX U3MEHEHUI MOYKHO
OTIPENIEITUTH JINO0 SKCIEPUMEHTAIBHO, JIN0O ITyTEM PacycTOB.

BBMHCICHUST  COOTHOIICHHS  MEXKAYy MEMOpaHHBIM — HOTEHIMAJIOM W TpPaHCMEMOpPaHHBIX
KOHILICHTPALlMOHHBIX TPaJUeHTOB NpHBeleHHl B riaBe 7. Ilpu morenuunane -67 mMB Ha BHyTpeHHEH
IOBEPXHOCTH MeMOPaHBI HAXOMUTCS pubmusuTensHo 4 - 10" orpumarensubix 3apagos Ha cM>. Ha
nuKe noreHuuana aedcrsus (+40 MB) BMecTO 3TOro OTPUIATENBHOTO 3apsia BHYTPH KIETKH
HaKammBaeTcs 0komo 2,4 - 10! MonoKHTENBHEIX 3apAI0B, YTO MPOMCXOANT B Pe3y/IbTaTe BXOAA B
K1eTky 6,4 - 10" nomoB HaTpms Ha cM’. DTO COOTBETCTBYeT mpubimsuTensuo 1072 Moms/cm>.
DKCIIepPUMEHTAIbHbIE H3MEPEHHS BX0JA PAIHOAKTHBHOIO HATPHS U BBIXOJA PAAHMOAKTHBHOIO Kamus®
Janu sHauenms Mexay 3 - 1072 m 4 - 1077 moms/cM’. Pasnumume MexIy TEOpETHUECKH
MIPE/ICKa3aHHBIM U 3KCIEPUMEHTAIBHBIM 3HAUYCHUSIMU OOBSICHSIOTCS TJIaBHBIM 00pa3oM TeM, 4TO IpH
pacderax He INPHHEMAJIOCh BO BHHMAaHHE TO, YTO BXOJ HATPHUS U BBIXOJ KaJIUs YaCTHIHO
HEPEKPBIBAIOTCS BO BpeMEHH. TakuMm o00pa3oM, KOJMYECTBO BXOJSILIEr0 HATPHUSA IPEBbILIACT
3HaUeHUe, HeoO0XoAuMoe Ui AEHoNsApu3alud MeMOpaHbl 10 THMKOBOTO YPOBHS MOTEHIMAla
JIEUCTBUSI, TOCKOJIBKY BBIXOJ] KaJIUsl HAUMHAETCS 10 MOMEHTA JOCTHKEHHS THKa.

KakoBo BiusHHME BX0Ja HATPHsI HA €T0 BHYTPHKJICTOUHYIO KOHIIEHTparuio? CerMenT ax-
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Puc. 6.2. BnusiHMe MOBbILIEHNA HAaTPMEBOW W KanveBOW NPOBOAMMOCTEN Ha MeMOpaHHbii noTeHuman. (A) Bxop
HaTpusa ycunusaeT Aenonsipusaumio. (B) Beixog kanus Bbi3biBaeT penonsipusaumio.

Fig. 6.2. Effects of Increasing Conductances (gna and gk) on membrane potential. (A) Scdium entry reinforces
depolarization. (B) Potassium efflux leads to repolarization.

COHa KasibMapa JuHo# 1 cM u muamerpom 1 MM nMeeT Turomans nosepxuoctu okono 0,31 oM,
T03TOMY IPH CKOPOCTH BXO0Ja HaTpus 3,5 - 107 mpHBeieT K HAKOILICHMIO NPHOIH3UTETbHO 10~
M Hatpusi. O0bEeM 3TOro OTpe3ka akcoHa cocrapiuser 7,85 - 107" n, B HeM coxepxxurcs (pu
mnotHocTH 50 MMOIB/T) 4 - 107 M HaTpms, MOSTOMY M3MCHEHHE KOHICHTDAIMH HATPHS B
pelynpTaTe moTeHIuana aedcTBUs odeHb Mano u coctaBmsger 0,0000025. Bwixon xamust
OPOU3BOJUT CPABHUMBIA 3(GEKT U U3MEHSeT BHYTPHKICTOYHYIO KOHLEHTPALMIO Kalus B
0,000003 pas.

IMorennuan peiictBus B 0ojee TOHKUX OTPOCTKaX HEHpOHa MOMKET IPHUBECTH K Ooiee
3HAUUTENBHBIM HW3MEHEHUSM BHYTPHUKICTOUHBIX KOHIEGHTPAUMM HATpUsi M Kamus, 49eM B
TMTFAHTCKOM aKCOHE Kajibmapa. Tak, HepBHOE OKOHuYaHHe JuaMeTpoM 1 MkMm u amuHOo# 100 MKkM
HMMeEeT TUIOMNIA (b TOBEPXHOCTH 3 - 107 cm” 1 oGvem 8- 107 1. Bo BpeMsl MTOTEHIIMANIA JEHCTBHS
Bxox Hatpus 3 - 10° momb/cM’ NPOM3BOAMT yBEIMUYEHHE KONMYECTBA HATPHS BHYTPH
TepMHUHAIN Ha 107 M. [Ipn BHyTpuKiIeTouHOW KOHHeHTpaunu 20 MM B TepMuHANH
comepxutcs mpubmmsuTensHo 1,5-107° M, Tak uTO yBeTMYEHHE KOHIEHTDAILMH HATPHS B
pesynpTate onxHoro mnoteHmmana aeiictBus cocraBimsier 0,7 %. Ilauka w3 50 wmmmynscoB
TEOPETUUYECKU IPUBENET K YBEIMYEHMIO YPOBHS HATpus Ha 35 % U CXOJHOMY CHUXKEHUIO
YPOBHS Kajus. BxoJ HaTpusl yBeIMYMBAET aKTUBHOCTh HATPHUH-KAIMEBOTO OOMEHHHKA (TJ1aBa 4)
TakK, YTO KOHLIEHTpAaIMU ObICTPO BO3BPAIIAIOTCS K M3HAYaJIbHOMY YPOBHIO.

MonoxurenbHaa u oTpuuartenbHasn o6paTHa;| CBA3b BO BpemA
U3MEeHeHUNn npoBoaAnMoOCTHU

['maBHBIM CBONCTBOM HATPHEBOW M KaJHEBOW MPOBOAMMOCTEH, OMPEEIISIONINM XapaKTep TOKOB
BO BpeMs MMOTEHIHaNa JICHCTBUS, SBISETCA UX IOTCHIUAI3aBUCUMOCTh: BEPOSITHOCTh OTKPBITUS
WOHHBIX KAHAIOB  yBEJIMYMBACTCA C  JeNOsIpH3alied  MeMOpaHHOro  MOTEHIHAa.
Jlenonsipuzanusi yBeIMYMBaeT HATPUEBYIO MPOBOJMMOCTb, a TAKXKE, C HEKOTOPOH 3aJEp>KKO,
KanueByro.  BosneifctBue — gemossipu3aliiM Ha  HATPUEBYIO  NPOBOAMMOCTh  HOCHUT
pereHepaTHBHBINH XapakTep: CHavajga HeOOJbLIAs JETONAPU3ALUS YBEINYUBACT KOJIMYECTBO
OTKPBITBIX KaHAJOB; MOHBI HAaTpUs, BXOJJIIME B KIETKY II0 HaNpaBIEHUIO CBOEro
JNEKTPOXUMHUYECKOTO TPaJUeHTa, NPOM3BOIAT MajbHEHIIYIO JAENOJIpU3ALNI0 MeMOpaHbl,
OTKPBITHE OOJIBIIETO KOJIMYECTBAa KAaHAJOB, YTO BJIEYeT 3a coOOH BXox emie OOJbLIEro 4ucia
HOHOB, M Tak nanee (puc. 6.2A). Takoil camMOyCHIMBAIOIIMICS HPOLIECC XapaKTepPH3YeTCs
TOJIOKUTEJILHOI 00paTHOH cBA3BIO. [loTeHIMAT--3aBHCUMOCTh KaJIMEBbIX KaHAJIOB, HA00OPOT,
XapakTepu3yeTcs HaMYMeM OTPUIATEIbHOH oOpaTtHoi cBsa3u (puc. 6.2B). Tlpu
JIETIONAPU3ALUHI KOJIMYECTBO OTKPBITHIX KAIHMEBBIX KAHAJIIOB BO3PACTAET, M HOHbI KaJIisl BXOJAT B
KJIETKY B HaIPaBJIEHUM JJIEKTPOXUMUYECKOro rpaauenra. OnHako, BXOJ Kalus HE YCHIMBAET
JIETIONAPU3ALIMIO, a BeNeT K pEeroyspu3alid M BO3BPAILCHHIO KaJlWeBOW IPOBOJUMOCTH B
COCTOSIHUE NTOKOSI.

N3mepeHUs npoBogUMOCTU

To, yTo 110 cux mop 00CYXJalock B 3TOH TIJaBe, ObUIO MPEMIOKEHO XOPKKUHOM, XaKCIU U
Katuem > u nmeramsHO pa3paboraHo XO/KKMHOM H Xaxemm®” ~ Y, KOTOpbIE TOCTaBUIN
JJIEraHTHBIE ONBITHI HA TMIAHTCKOM aKcOHe Kajbmapa. OHM 3KCIEPUMEHTAIBHO MOKa3alH, YTO
MIPH MTOTEHLIMANE ACUCTBUS MPOUCXOIAT U3MEHEHHUS KAIMEBOM 1 HATPUEBOW MPOBOAUMOCTEN, U
YTO TIOCJIEZIOBATEIbHOCTh ATHX H3MEHEHHWI B TOYHOCTH OIpeAeiseT BPEMEHHOW Xoa u

BCIIMYMHY NTOTCHIHAJIA JIeHCTBHSL.

Ha ocHoBaHmM Kakux OmbITOB ObLI ciaenaH 3TOT BeiBoA? Ha mepBblid B3risn, H3MepeHue
HaTpHUEBOH (gn,) U KAINEBOH (g,) MPOBOAMMOCTEH Ka)keTcs MpocToi 3amaueid. HyxHO TOIBKO
HM3MEPUTH BEJIMYHMHY TOKA (I), IPOTEKAIOIIEro Yepes3
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MeMOpaHy IpH TOM HIIH WHOM roTeHuae (V,,), TOCKOJIbKY:

Iy Iy
Bra = ¥V - E. ‘Em' = V. —E;

OpHako, mpexae HeoOXOOUMO pPEUIMTh [Be MpoOieMbl. Bo-mepBbIX, TOK, MPOTEKAIOMMN dYepe3
MeMOpaHy, HpUBEAET K M3MCHEHHIO MEMOpaHHOTO IOTEHIHaa; 5TO, B CBOIO OYepeib, BBI3OBET
HM3MEHEHHUe MPOoBOAMMOCTeH. Pemrenne ObUIo HaleHO mmyTeM pa3pabOTKH MeTOAa, MO3BOJIAIOIIETO
OBICTPO YCTAQHABJIMBATH 33JaHHBIII MEMOpPaHHBIN MOTEHIMAI U MOJEPKUBATh €0 HA MOCTOSIHHOM
YPOBHE, IIPH 3TOM H3Mepsisi BEIMUUHY U BpeMEHHOH X0 MeMOpaHHOro Toka. [IockonbKy moTeHmman
(GUKCHPOBaH B TEUEHHE BCEr0 BPEMEHM 3KCIIEPHMEHTa, TOK OyHeT aKKypaTHO OTPaKaTh N3MEHEHUS
HPOBOAUMOCTH MeMOpaHbl. Btopas npoOnemMa coCTOMT B TOM, 4TOOBI pa3leNuTh pas3iInyuHbIC
KOMIIOHEHTbI MEMOPaHHOT'O TOKa JUISl TOTO, YTOOBI U3MEPHTh UX MHIMBHUIYaJIbHBIE XaPAKTEPHUCTUKH.
Jlns mpeojosieHuss 3TOro 3aTPYIHEHUS HNPUMEHSINCh PA3jIMYHbIE METOJbI, B TOM YHCIE 3aMeHa
HaTpUsl Ha WOH, HE NPOHMKAIONIMN dYepe3 MeMOpaHy, a IIO3Hee MHCIIOIb30BAaJIHCh CEJIEKTHBHBIC
TOKCHHBI H SI/IBL

§ 2. IKcnepuMeHT ¢ (pUKcanueid MOTeHNAJIA

Meron ¢uxcanuu notennuana (voltage clamp) 6su1 paspaGoran Konem'™ 'V u ero xommerammu, u

YCOBEpPILIEHCTBOBAH XOKKUHOM, XaKCIH U Karnem®. Bce, 910 HaM HEOGXOZUMO 3HATH IS TOTO,
YTOOBl IOHATH CaMH JKCIEPUMEHTHI, 3TO TO, YTO METOJ IO3BOJSET MPAKTHYECKH MIHOBEHHO
YCTaHOBHUTh HYXHBII ypOBEHb MEMOpAHHOTO MOTEHIMaNa U 3a()UKCUPOBaTh €ro Ha TOM YPOBHE,
u3Mepss mpu 3ToM MeMOpanHbI Tok. Ha puc. 6.3A mokaszaH mpumep TOKa, MPOTEKAIOIIEro depes
MeMOpaHy MpH CKayKooOpa3sHOM HW3MEHEHHH IIOTE€HLIMala C YypoBHsS mokos (—65 MB) Ha
JIenoJIsipu30BaHHbIA ypoBeHb (-9 MB). Tok, BO3HUKaIOLIMI B OTBET HAa CKaYOK IOTEHIMalla, UMEeT
Tpu ctamun: (1) KOPOTKHUIA BEIOPOC BBIXOASIIETO TOKA, [UIIIHNACS BCETO HECKOIBKO MIJUTHCEKYH]I, (2)
paHHMi BXOASIIMKA TOK U (3) NO31HUI BBIXOASIIUI TOK.

EMKOCTb 1 TOK yTe4Kku

[lepBoHavanbHBIE KPAaTKOBPEMEHHBI BBIOPOC TOKa IMpPEACTaBIsAeT CO0OMl EMKOCTHOHW TOK,
0OyCIIOB/ICHHBII M3MEHEHMEM 3apsiia Ha MeMmOpaHe B pe3yibTaTe H3MEHCHHs MeMOpaHHOTro
noteHuuana. Eciam ycunurens oOpaTHOI CBA3M CIIOCOOCH MPOBOAUTH OOJIBIINE TOKH, TO EMKOCTHON
TOK JJIMTCS O4eHb Hemoiro. Ha mpaktuke BBIOPOC €MKOCTHOTO TOKa AIHTCS oKoio 20 Mc, U 32 HUM
ciieyeT HeOOIBIIOH, HO YCTONYUBBII BBIXOSIIUA TOK.

OTOT BBIXOASALIMHM TOK, MPOTEKAIOIIUN Yepe3 IPOBOJMMOCTH, aKTUBHBIE NPH MOTEHIHUANE IMOKOS,
Ha3bIBaeTCs TOKOM YTeUKH. bosblieidl yacTbio 5TO TOK HMOHOB Kallusli M XJOpa, KOTOPBIA HMeeT
JIMHEHHYIO 3aBUCHMOCTh OT BEJMYMHBI CMCIICHHS TOTCHIMAda (PUKCAIIMK OT IOTCHIMANA [MOKOS U
HaOII0aeTcsl Ha BCEM NPOTSKEHUH CKauKa MOTeHIMana. bonplnyio 4acTh BpeMEHH, OJHAKO, 3TOT
TOK 3aMaCKHPOBAH IPYTHMH, rOpa3/io OOJNBIIUMH 10 BEIMIMHE HOHHBIMUA TOKaMH.

Tokun noHos HaTpuUa U Kanua

XoDKKUH B XaKCIH TTOKA3aJId, YTO BTOpPast M TPEThsl CTAJUM TOKAa OOYCIIOBIEHHI CHaydajla BXOJOM
HOHOB HATpWs, a 3aTeM BBIXOJOM HOHOB KaiMs M3 KIETKH. MM Takke yHaJoch BBIIEIHTH
WHJUBUyaJIbHBIE KOMIIOHEHTHI TOKa M PAacCUMTaTh MX BEJIMYMHY M BpEeMEHHOH xon. OmHuM u3
YIOOHBIX CIIOCOOOB ITOOUTHCS ITOTO IOCTYXHJIO yAajdeHHe W3 pacTBOpa OONbIIEH YacTH HMOHOB
HaTpHs U 3aMEHA MX Ha MOHBI X0JIMHA (KOTOPBIE HE MPOXOAAT uepe3 MeMOpany). CHU3UB cofepKaHue
BHEKJIETOYHOTO HATpHsl, yOadoch MOOUTBCS TOTO, YTO HATPUEBBIH DPAaBHOBECHBI IOTEHLHAT
CPaBHSUICS C JENOJIPU30BAaHHBIM MeMOpaHHBIM mnoteHmuanoMm (-9 MB Ha puc. 6.3A). Takum
o0pa3oM, CyMMapHBIii TOK HaTpHs paBHsUICA Hymto. OCTaucs TOJNBKO KajMEBBI TOK, KOTOPBIH
noka3ad Ha puc. 6.3D. HarpueBsnii Tok (puc. 6.3C) ObLT HONy4eH ITyTeM BBIYUTAHHS KaJIHCBOTO
KOMIIOHEHTa U3 CyMMapHOTo Toka (puc. 6.3A).

MSGMPaTeﬂbeIe A40bl OANA HaTpUueBbIX U KanueBbIX KaHanoB

Co BpeMeH MEepBOHAYAIBHBIX ONBITOB XO/PKKMHA U Xakcnu ObUIM  HaieHsl  ynoOHBIE
(bapMakoJIOrM4eckue CpeACTBa, MO3BOJAIONIMEG HM30MPATeNbHO OJIOKMPOBAaTh HATPHEBBIE WIIH
KanueBble TOKH. OCOOGHHO YIOOHBIM CpENCTBOM OJIOKMPOBAaHMS HATPUEBBIX TOKOB OKa3alcs
terponotokcuH (TTX) u ero ¢apmakonormueckuil cmyTHUK cakcuTokcuH (STX) (rmaa 3). TTX
Mpe/CTaBIsieT co00i CHIIBHBINA sIMI, COASPIKAIIUICS B SMYHUKAX M JPYrHX opraHax peiosl ¢yry. B
cBoeM o630pe Kao '? omuchiBaeT 3aXBaThIBAONIYIO HCTOPHIO TOTO 513, HAYMHAIOLIYIOCS C €I0



106 Pasgen |l. lMepedaya uHpopmayuu 8 HepsHol cucmeme

Puc. 6.3. MembpaHHble TOoku B
oTBET Ha pAenonspusaumio. (A)
O6wwmin 1o . (B) EmkocTHOM TOK.
(C) PaHHn1 Bxogswmii Tok. (D)
[Mo3gHWIA B HIXOAALLMIA TOK.

Fig. 6.3. Membrane Currents
produced )y depolarization. (A)
Currents n easured by a voltage
clamp diring a 56 mV
depolarizaton of a squid axon
membrane The currents (lower
trace) contist of a brief positive
capacitativi: current an early
transient phase of inward current
and a late, maintained outward
current. These are shown
separately in B, C and D. The
capacitative: current (B) lasts for
only a fev' microseconds (note
the chang: in timescale). The
small outw.ird leak current is due
to the mavement of potassium
and chlorille. The early inward
current (C) is due to sodium
entry, the late outward current
(D) to poti ssium movement out
of the fiber.

OTKphITUS kHTalickum wmmmepatopoM Illyn Hynrom (2838-2698 no u. 3). Vwmmeparop mmdHO
ucrpo6oBail 365 pa3UYHBIX BELIECTB, COCTABIIISA CBOIO (hapMAaIleBTHUECKYIO KOJUIEKIIUIO, U MIPOXKHIT
Ha yzausieHue noaro. STX cuHTe3MpyeTcs MOPCKMM IUIAHKTOHOM M HaKaIUIMBAaeTCs B IUTAIOIIMXCS
IUTAHKTOHOM MOJIIFOCKAX, TAKMX Kak aJsICKUHCKUH Saxidomus. 1o cuine nedcTBUA 3TOT s CPaBHUM C
TTX; ynorpebieHue B MUILY BCETO OJHOTO TAKOI'O MOJUIIOCKA (CHIPHIM MIJIM B BAPSHOM BHJIE) MOXKET
HPUBECTH K CMEPTEIIBHOMY HCXOY.

Baxnoe mpeumymectBo TTX m1g HelpoOHONOTMYECKHX OIBITOB 3aKIIOYACTCS B BBICOKOI
n30upaTensHOCTH ero nercTsust. Myp, Hapaxamm 1 ux KOJUIETH B CBOMX JKCIIEPUMEHTaX Ha akCOHE
KajpMapa 1mokasany, 94to TTX B KOHIEHTpaIuy Bcero 1 MKMOJIb WITH HIDKE N30UpaTeNnbHO GIIOKHpyeT
IOTEHIMAN3ABUCHMEIC  HATPHCBEIC KaHATGI'. V3MeHeHHE MOTEHIMANA (DUKCAMM AaKCOHA,
obpaboranHoro TTX, He HPUBOIUT K BO3ZHHKHOBEHHIO BXOJIIET0 HATPHEBOrO TOKA, HO JIHIIb
BBIXOZsIIero kamueBoro (puc. 6.4A u B). BenmuunHa u BpeMEHHOH XOJI KaJHMEeBOTO TOKa HE
n3Menstores B npucyrersun TTX. Buyrpuxinerounoe BBenenne TTX B akcoH HUKaK HE ACHCTBYET
Ha ToK. DPdexr STX Huuem He oTinuaercs ot 3dpexra TTX. O6a TOKCHHA CBSI3BIBAIOTCS C OJJHUM U
TEM e MOCaTOYHBIM MECTOM, PACIIOI0KCHHBIM BO BHEIIIHEM YCThE KaHala, Yepe3 KOTOPOe MPOXOAST
MOHBI HATPHS, U (PU3MUCCKH IIEPEKPHIBAIOT UM IIPOXOJ Uepes MeMopamy .

JIyisl KanMeBBIX KaHAIOB, YYaCTBYIOIIUX B MOTCHIMANIC JCHCTBHUS, TaKkKe ObLIO HAWICHO HECKOJBKO
OJIOKHPYIOIINX UX BEeHIecTB. Tak, B
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Puc. 6.4. ®apmakonormyeckoe pasnuyeHue
MeMmbpaHHbix  TokoB.  (A) OTBegeHve B
HopmanbHoM pactBope. (B) Brok HaTpuesoro
Toka TeTpogoTokcuHoMm. (C) bnok kanuesoro
Toka TEA.

Fig. 6.4. Pharmacological Separation of
Membrane Currents into sodium and potassium
components. Membrane currents were produced
by clamping of the membrane potential to 0 mV
in a frog myelinated nerve. (A) Control record in
normal bathing solution. (B) The addition of 300
nW tetrodotoxin (TTX) causes the sodium current
to disappear while the potassium current
remains. (C) The addition of tetraethylammonium
(TEA) blocks the potassium current leaving the
sodium current intact. (After Hille, 1970.)

Puc. 6.5. TlMoTeHUnan3aBMCHMOCTb paHHEro u
nosgHero TokoB. (A) Toku B OTBET Ha runep- u
penonspusauuio. (B) 3aBncuMocTb amnnuTyabl
TOKa OT BEMNUYWHbI Mpe-Tunepnonspusaum 1
npe-fgenonsipusaLmm.

Fig. 6.5. Dependence of Early and Late Currents
on Potential. (A) Currents produced by voltage
steps from a holding potential of -65 mV to a
hyperpolanzed level (-85 mV) and to
successively increasing depolarized levels as

indicated. The late potassium current increases as the
depolarizing steps increase. The early sodium current first
increases, then decreases with increasing depolarization; it is
absent at +52 mV and reversed in sign at +65 mV. (B) Peak
currents plotted against the potential to which the membrane
is stepped. Late outward current increases rapidly with

depolarization. Early inward current first increases in
magnitude, then decreases, reversing to outward current at
about +55 mV (the sodium equilibrium potential). (After
Hodgkin, Huxley, and Katz, 1952.)

aKCOHE KaJbMapa U MHUEJIMHU3MPOBAHHOM aKCOHE JIATYIIKH, KaK IMOKa3aau APMCTPOHT, XWLIe H UX
komuterd, Terpadtwiamonuii  (TEA, B  koHuentpaumsx Bbimme 10  Mmonb)  Grokupyer
MOTEHIMAI3aBUCUMBIC KaJUeBbIe KaHAIEI (cM. puc. 6.4C) 15,

B akcone kanpmapa TEA Heo0xoauMo A00aBisTh BO BHYTPUKICTOYHBIH PAcTBOP, MOCKOJIBKY OH
OJIOKUpYeT BHYTPEHHEE YCThe KaHajla; B APYTHX Iperaparax, TAKUX Kak nepexBaT PaHBbe JATYIIKH,
TEA >¢dexTuBeH 1 IpH BHEKIIETOU-
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HOW anmmiukanuu. J[pyrue coeUHEHMs, Takue Kak 4-aMUHONUPUIMH (4-AP) wiu auaMUHONUPUANH
(DAP), OnOKHpYIOT KajHeBble KaHAJIbl B MHJUIMMOJIIPHBIX KOHIIEHTPAIMSAX KaK CHApYyXH, TaK H
U3HYTPU KJICTKH.

3aBUCUMOCTb MOHHbIX TOKOB OT MeM6paHHOFO noTeHuunana

VYcTaHOBUB NpUPOAY PAaHHErO0 M IMO3JHETO0 KOMIIOHEHTA TOKA, XOMKKUH U XaKCiM HCCIIENOBaIU
3aBHCHMOCTb HAaTPHUEBOI'O U KaJIHEBOTO TOKOB OT MeMOpaHHOro mnorteHuuana. TOKH, BbI3BaHHbIC
Pa3IMYHBIME YPOBHSMH JACIOJISIPU3alMM OT ITOTEHIHANa 1mokos -65 MB, mokasans!l Ha puc. 6.5A.
Ckauok noTeHnuana Ha -85 MB (HmxHssS KpuBas Ha puc. 6.5A) NPUBOAUT UMb K BOSHUKHOBEHUIO
HEeOOJIBIIOr0 BXOMSINETO TOKA, KaK M CIIEAOBAIO OXHAATh HA OCHOBAaHUHM CBOWCTB MEMOpaHBI B
cocrostHuM mokoa. Kak yxe Oboio mokazaHo Ha puc. 6.3, Kakablii K3 HEOOJBIIMX
JICHONIIPH3ALIMOHHBIX ~ CKAaYKOB INPOM3BOAMT CHAauajla BXOAAIIMH TOK, a 3areM Ooiee
MIPOJOKUTENBHBIN BeIXOMAIMN. C yBETMIEHHEM BEMUHHBI JETIOISPH3AMOHHBIX CKaUKOB PAHHUI
TOK YMEHBIIACTCS, NPHU JCTONApU3alMu Ha +52 MB oH paBeH Hymo, a npu eme Oonee
MOJOKUTENBHBIX 3HAYEHHUAX ACMONIAPU3ALUHN MEHSET 3HaK U CTAHOBUTCS BBIXOIAIINM.

[MoTeHIMAN3aBUCUMOCTh pAaHHEH W TMO3JHEH COCTABIAIONIMX TOKa IOKa3aHa Ha puc. 6.5B.
MaxkcumainpHas aMIUIMTY/Ja paHHEro TOKa U aMIUIMTY1a YPOBHSI IUIATO MO3/IHEr0 TOKa PacIioyIOKeHbI
[0 OCH OpJAMHAT, a MOTCHIUAN (PUKCAINU, KOTOPBIA YCTAHABIMBAJICS CKAYKOM C YPOBHS IMOTCHIIAAIA
mokosi — 1o ocu abcuucc. [Ipyu THNEPHONAPU3YIOMIMX CKAa4YKaX HET pa3icicHUs Ha paHHHE U
MO3/IHUE TOKH; MeMOpaHa OTBEYAeT HA CKAYOK IMOTEHIMANIA KaK IpocTod pesucrop. [lo3mHuid TOk
TaKXKe BeIeT ceOs Kak Pe3UCTOp, MOCKOJIbKY ACMOJSIPU3AMs aKTHBUPYET BBIXOISIINNA TOK, OJHAKO
[0 Mepe YBEIMUEHHS YPOBHS ACHOIAPH3aLUH BEIMUYHMHA TOKA HAYMHAET 3HAYUTENILHO MTPEBOCXOANUTh
BEJIMYHMHY, 0)KUIAEMYIO HAa OCHOBAaHHHU CBOWCTB MeMOpaHbI B MOKOE. DTO OOBSCHSIETCS aKTHUBALMEH
MOTEHLMAJI3aBUCUMON KalIMEeBOM MTPOBOAMMOCTH, MPOIYCKAIOIIEH JOMOJIHUTENbHBIN TOK. [loBenenue
PaHHETO TOKa 3HAYHMTENHLHO Ooiyiee ciokHO. Kak yke OBUIO OTMEUEHO, OH CHAdalia BO3PAcTacT, a
3aTeM yOBIBaeT IO Mepe YBEIMUYCHHUS JCTONSAPU3AINN, CTAHOBUTCS PABHBIM HYJIIO MPH MMOTCHIIAAIIES
+53 MB, a 3aTeM u BoBce MeHseT 3Hak. [[OTeHIMaI PeBEPCUH PACIIONIOKEH OJH3KO K PABHOBECHOMY
MOTEHLUATY JUIS HATPUsl, YE€TO U CJIEI0BAJIO OXKHUAATh JIJIsl TOKA HOHOB HATPHSL.

HHTepecHOl 0COOGHHOCTBIO MOTEHIMAI3aBUCUMOCTH PAaHHEro TOKA SBISIETCS TO, YTO B JHAIa30HE
noreHuuanos oT —50 10 +10 MB Tok pacTer ¢ pocToM Aenosspusanyu. BeandynHa HaTpUEBOro Toka
3aBHUCHT OT HATPHEBOM MPOBOAUMOCTH (gN,), @ TAKKE OT ABMKYIIEH CUIIBI U1 HOHOB HaTpus (V,, —
Exa). MoxHO 6bUI0 OBI MPEATONIOKHUT, YTO ONarogapst 3TOMy TOK OYIET yMeHbuamscsi 0 Mepe
MPUOIDKEHHST MEMOpPAaHHOTO TIOTEHIMAana K HAaTPUEBOMY pPaBHOBECHOMY IIOTEHIHATY, T. €.
MPOU30MAET YMEHBIICHHE IBIKYIICH criibl. OJHAKO STOrO HE MPOHCXOAUT IO NMPUYHHE PE3KOTO
YBEIMUYCHUSI HATPHEBOW MPOBOJUMOCTH C BO3pACTaHHEM JCHOIApH3anuu (cM. puc. 6.7), KoTopoe
nepeBemuBacT d3PPEKT CHIDKEHHS TBIDKYIICH CHITbl. Takum 00pa3om, HATPUEBEIH TOK Iy, = gna(Ky -
En.) BO3pacTaeT. OTOT y4YacTOK MOTEHIMAI3aBUCHMOCTH PAHHETO TOKA HA3bIBACTCA «Y4aCTKOM
MIPOBOJMMOCTH C OTPULIATEIBHBIM YIJIOM HaKJIOHA.

UHakTuBauyus HaTpueBOro Toka

U3 ombiTOB XOZ[)KKI/IHa u Xakciu OYCBUIHO, 4YTO BpeMeHHOﬁ X0 HAaTpUEBOI'0 U KaJIMEBOI'O TOKOB
BE€CbMa Ppas3JINYCH. Pasputne kammeBoro Toka 3aMC/UICHO O CPaBHCHHUIO C HATPUCBLIM, OJAHAKO IIO
JAOCTUIKCHUU CBOCTO MAKCHUMAJIBHOT'O YPOBHSA KaJIMEBBIA TOK OCTAE€TCS HAa HEM JOBOJIBHO JOJITO.
HaHpOTI/IB, HanHeBbIﬁ TOK pacTe€T ropasago 6bICTpee, HO 3aTeM cnagacT A0 HyJid, HECMOTPs Ha TO,
4uTo MeM6paHa BCC €LIC ACIIOJIApHU30BaHa. Takoit ciag HaTPpUEBOT'O0 TOKA HAa3bIBACTCsA WHAKTUBAIUEH.

XOMKKHH 1 XaKcIu JeTaabHO M3y4YHIN MPOLECC HHAKTUBALUKM HATPUEBOTO TOKA. B yacTHOCTH, OHU
HCCIIEIOBAI BIUSIHUE THUINEPHONSAPU3YIOIUX U IEMONAPU3YIOIUX MpPEe-UMITYJILCOB Ha IMHKOBYIO
aMIUTUTYy HaTPUEBOTO TOKA, BOSHHUKAIOILETO B OTBET HA MOCIEAYIOIIYIO JAenossipusanuio. [Ipumep
TAKOro JKCIepUMEHTa MoKa3aH Ha puc. 6.6. Ha puc. 6.6A MeMOpaHHBIH MOTEHIMAN CKauK00Opa3Ho
mepeBefieH ¢ -65 Ha -21 MB, B pe3ynbrare 4Yero BO3HHMKAeT HATPUEBBIH TOK BEIMYMHOI
npuGmmsurensHo 1 MA/cm?. Kora Ienonspusauuy IpeuecTBYeT THIEpIONapU3alys BeTHUHHON
—13 MB, nmkoBoe 3HaueHHme TOKa Bo3pacraer (puc. 6.6B). Jlemomspusyromme Ipe-HMITyJIbCH,
HAINPOTHUB, CHIDKAIOT aMIUTUTYRy HaTpueBoro Toka (puc. 6.6C u D). Bo3zeiicTBre nenonspusyrommx
U TUMEPHONAPU3YIOMUX IPe-UMITyJIbCOB 3aBUCUT OT BPEMEHH BO3JAEHCTBUS: KOPOTKHE HMITYIIBCHI
JUIMHOH B HECKOJILKO MMJUTUCEKYH/ He3(PEKTUBHBI. B TaHHOM 3KCIEPUMEHTE JUIUTENBbHOCTD Ipe-
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Puc. 6.6. BnusHne  memGpaHHOro
noTeHumana Ha HaTpueBsblii Tok. (A) Tok [15] Membgnne poeniml B mne curend
B OTBEeT Ha ,lenonspudaumio. (B) -3l
YBenuyeHne aminuTydbl Toka mnocne

npe--rmnepnonspi3aumn. (C  wu D) :.E
MpepBapuTensHa 1 fAenonsipusaums 65 p—
CHWXaeT amnnuT/ay BXOASLLEro Toka. r :

(E) 3aeucumocTe  oTHocuTenbHoro | ()
W3MEHEHWNsi aMNr UTyabl TOKa OT Mpe-
runepronsipuaaLy n npe-
[aeronspu3aLmm.

ﬁ
J

Fig. 6.6. Effect cf Membrane Potential N g
on Sodium Curre 1ts. (A) A depolarizing| 1<} |
step from -65 10 -21 mV produces
inward sodium current followed by -
outward potassiun current. (B) When
the depolarizing ‘tep is preceded by a
30 ms hyperpolar zmg step, the sodium| (D =2

l

current is increased. Prior depolarizing = g5} ’___\/"'
steps (C and D) ‘educe the size of the B T e

inward current. (E) The fractional —65 ™ . . a : i f
increase or rediction of the sodium 0 0 40 6 0 M| 40 £

current as a function of membrane
potential duriny the preceding
conditioning step. The maximum current
with a hyperpolaiizing step to -105 mV
is about 1,7 tines larger than the
control value. A dzpolarizing step to -25 [E}
mV reduces the subsequent response
to zero. Full range of the sodium current
is scaled from z:ro to unity by the h
ordinale.

=105 -85 6% 45 =25
Prepubse potential (mV)

HUMITyJIbCOB OblIa JqoctatouHoi (30 Mc) Aist JOCTHXKEHHU MaKCUMalIbHOTO 3¢ dekra.

PesynpTaTel mpeacTaBiIeHBl KOJMYECTBEHHO Ha puc. 6.0E B Buae 3aBHCHMOCTH IHKOBOTO
HATPUEBOI'0 TOKA OT IOTEHIHAJIA Mpe-UMITyIbca. [IMKOBBII TOK BBIPAXEH B JOJISAX aMILIUTYIbI
KOHTpOJbHOTO ToKa. [Ipm nenonsipusyromem npe-ummnynbee nopsiaka —30 MB HaTtpueBsiit TOk
OBbUI CHIDKEH 10 HyJISl, T. €. MHAKTUBAIMA Obula MoyHOW. [unepronspusyonye npe-uMILyabChl
o -95 MB u Hmxe BpI3BanmM yBennueHrne HaTpueBoro Toka Ha 70 %. XomkkuH n Xakciu
BBIpA3WJIM 3TOT JAMANa30H 3HAYEHWH HATPUEBOrO TOKAa OT HyJIS [0 MaKCUMyMa OIHUM
napaMmeTpoMm (h), MPUHUMAIOIIUM 3HAYeHHE OT Hyis (MoJiHAas MHAKTHBanus) A0 1 (OTCyTCTBHE
WHAKTHBAIMK), KaK [MOKAa3aHO Ha MpaBoil ocu opAuHAT Ha puc. 6.6E. B naHHBIX SKCrIepUMeHTax
WHAKTHBAIWs TNPH MOTEHIHane TMokos Obuta okono 40 % MakcUManbHOTO 3HAUCHHS.
[locnenyromue SKCIIEpUMEHTHI IIOKa3alHd, 4YTO HATPUEBbIE KaHaJbl BCEX HEHpPOHOB
JIEMOHCTPHPYIOT Ty WM HHYIO CTENIeHb NHAKTUBALMHU B IIOKOE.

HaTtpueBas u kanueBas NPOBOAUMOCTb Kak (PyHKUUA noTeHUuana

W3mepuB TakuM 00pa3oM BEIMYMHY W BPEMEHHOM XOJ HATPUEBOTO U KaJMEBOTO TOKOB Kak
¢GbyHKIMM MeMOpaHHOIrO IMOTEHIMana V, W OIpelesuB paBHOBECHbIe moreHuuansl Ey, u E,,
XOKKMH M XaKciIU IMOJY4YWIX BO3MOXKHOCTh pacCUMTaTh BEJIMYMHY MU BPEMEHHOH XO[
W3MEHEHUIl HaTpUEeBOM H KaJlWeBOW NPOBOAMMOCTEH, HCIONIb3YySd NPUBEICHHbIE paHee
COOTHOILIEHUSI-

I B Iy
~-By ¢ V- By

gNI=F
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Puc. 6.7. HatpnveBas u kanueBas nposogumocTu. (A)
M3ameHeHnss npoBogMmMocTM B oTBeT Ha ckadok | Peak sodium conductance and steady-state potassium

noteHumana. (B) 3aeucumocTb HaTpuesoin u kanueson | conductance both increase with increasing
NpPOBOAMMOCTEN OT MOTeHUMana Bo BpeMsi ckauka. depolarization. (B) Peak sodium conductance and
Fig. 6.7. Sodium and Potassium Conductances. (A) | steady-state potassium conductance plotted against the
Conductance changes produced by voltage steps from — | potential to which the membrane is stepped. Both
65 mV to the indicated potentials. increase steeply with depolarization between -20 and +10

mV. (After Hodgkin and Huxley, 1952b.)

Ha puc. 6.7A moka3aHbl pe3ynbTaTbl HSATH CKaukoB HoTeHnuana. Kak gy, Tak u g
BO3PACTAIOT C YBEJIIMYCHUEM Jenoispu3annd. BpemeHHo# X0l HaTpUeBOW MPOBOIUMOCTH
COBIIAZ]a€T C HATPHUEBBIM TOKOM, OJHAKO €€ IIOTCHIIMAI3aBUCHMOCTh CYIIECTBEHHO
OTJIMYAeTCs OT TOKOBOH (puc. 6.5). [IpoBOAMMOCTS paBHOMEPHO HAPACTACT C YBEIHMICHHEM
JIETIONIAPU3AINAY, B TO BpeMsl KaK BeJMUYMHA HATPHEBOTO TOKA CHAdaja BO3PACTAET, a 3aTeM
yOBIBaeT MO Mepe YBEIWYEHHS IETONSPH3AIMOHHBIX CKadkoB. Uem Ommke MeMOpaHHBIN
MOTEHIIMAT BO BpeMs NEHOJSIpU3alMd K HATPHEBOMY PABHOBECHOMY MOTCHIHAITY, TeM
MEHbIIIe HATPUEBBIM TOK. B pe3ynbraTe BXOAAIUI TOK YMEHBIIAETCS, HECMOTPA Ha TO, 4TO
MIPOBOJUMOCTb PacTeT. 3aBUCUMOCTh MAKCHUMAJIBHOW MPOBOJUMOCTH Ul HATPUS U Kaus
0T MEMOpaHHOTO MOTEHIMAalla ToKa3aHa Ha puc. 6.7B. CXoICTBO KPUBBIX OUEBHIHO.

O0600mMM BBINIECKa3aHHOE. Pe3ymbraThl ONMbITOB XOMKKHHA W XaKCIU TOKa3ajiH, 4YTO
JIETONSIpU3aIsi MeMOpaHbl aKCOHa BBI3BIBACT TPH mmporecca: (1) akTUBAIMIO HATPUCBOMN
MIPOBOIUMOCTH, (2) €€ TOCJIEeIyIIyl0 HWHAKTHBANHMI0O H (3) aKTHBAIMIO KaJMEBOM
TIPOBOMMOCTH.

KonuuecTtBeHHOE onucaHue HaTPUEeBOW U KanueBon NPOBOAUMOCTEN

Ha ocHOBe NOJyYeHHBIX KCICPUMCHTAIBHBIX TAHHBIX XOKKUH U XaKCIU pa3padboTaiu
MaTeMaTHYECKyI0 MOEJb, CIIOCOOHYI0 TOYHO OINMCATh BPEMEHHOW XOJ HW3MCHEHUI
HaTpUEBOM M KaJIMEBOM MPOBOJAUMOCTEH, MPOUCXOJAIINX B OTBET Ha JETOJSPHUIYIOUIUI
CKa4yoK ToTeHnuana. Ecim paccMaTtpuBaTh KalWMeBYIO HPOBOAMMOCTb, TO JIOTHYECKHM
CIIECTBHEM W3MEHCHHS IOTCHIIHala JOJDKHO OBITh BO3HMKHOBEHHE IBIDKYIICH CHIIBI,
CcrocoOHON TepEeMEeCTHTh OIMH FJIM HECKOJBKO 3apsiOB BHYTPH IOTEHIHATI3aBHCHMOTO
KaJIMEeBOr0 KaHalla, KOTOPBIA B pe3ylbTaTe JOJDKEH OTKPBIThbCA. Ilpu yciaoBuH, UTO pedb
uaer o0 OJHOM-CAMHCTBCHHOM MPOIleCCe, KHHETHKA U3MEHCHUH KalleBOM MPOBOAUMOCTH
JIOJKHA OIMMUCHIBATHCA YPaBHEHUEM MEPBOIO MOPSJKA, T. €. BO3pacTaHHE MPOBOAUMOCTH B
OTBET Ha JCTIONIAPU3AIUIO TOJDKHO OBITh SKCIIOHCHIIAATBEHBIM.

Bompekn TakuM = pacCyXIEHUSM, TIPOLECC YBEIMYCHHUS KalMeBOH IPOBOAMMOCTH
HAYMHACTCS C 33/IEPXKKOH M MpOTeKaeT o S-o0pa3zHoil KpuBoi (cM. puc. 6.7A). bnaronaps
HAJIMYMIO 3TOW 3aJEep)KKH, a TAaKKEe TOMY, YTO YBEIWYEHHE KaJIHeBON IMPOBOAUMOCTHU
BO3HMKACT TOJHKO B OTBET Ha JCTOSIPH3ALMIO, HO HE THIIEPHOIAPHU3AIHNIO, 3TOT HOHHBIN
KaHaJI TIOJy4ry Ha3BaHHUE 3ajep:kaHHOro BhImpsimiaeHus (delayed rectifier). Xomkkua u
XaKciy HAILIA CHOCO0 I TOYHOTO MAaTEeMaTHYECKOTO OMMCAHMS MpOLEecca yBEIUYCHUS
KaJIMeBOIl NPOBOAMMOCTH, CHENIaB JOMYIIEHHE O TOM, YTO Ul AL OTKPBITHS KaHania
HEO0OX0AnMMa aKTHBAIUS YETHIPEX MPOILECCOB NEPBOTO MOPsAKA (HAIPHMED, TIEPEMEIICHUE




'maBa 6. MloHHbIe MexaHU3MbI nomeHyuana delicmeusi 111

YeThIpeX 3apsDKCHHBIX YacTUIl BHYTpH MeMOpansl). [pyruMu cioBamu, S-00pa3sHyl0 KpPHBYIO
MOKHO OIIMCATH CYMMOIi YeThIpeX KCIOHeHT. TakiuM 00pa3oM, KaaueByI0 HPOBOAUMOCTh MOXKHO
IIPEJCTaBUTh KaK

= gu[mﬂ‘-

1€ g Kmax) — MAaKCUMajbHas HIPOBOAMMOCTb M JAaHHOIO CKauka MOTeHLuana, a n —
BO3PACTAIOLIAs YKCIOHEHIMAIbHAS (DYHKIHS, IPHHEMAOIIAs 3Hauenus oT 0 1o 1:n=1— ™™,
3aBUCUMOCTD Z(may) OT MOTEHIHANA TTOKa3aHa Ha puc. 6.7. BpeMeHHas KOHCTaHTa SKCIIOHEHTHI, 7,
TAKOKe 3aBHCUT OT TMOTCHIMANA: 4YeM OoJblle JeNoyisipu3amis, TeM OBICTpee BO3pacraeT
npoBoauMoctb. Ilpu temneparype 10° C 7, mpuHMMaeT 3HadeHUs B Juamna3oHe oT 4 Mc Jyid
HeOOIBIINX JEeTOIIpH3ayil 1o 1 MC IS JenoIIpHu3aliy 10 Hy 11 MeMOPaHHOTO ITOTEHIHAA.
BpemenHoit X0/ Bo3pacTaHusi HATPUEBOH MPOBOAMMOCTH TaKke UMeeT popmy S-oOpa3HOil KpUBOH,
HO OIMCBIBAETCS HKCIIOHEHTOM, BO3BEIACHHOM B TPETbIO CTeNeHb. HampoTus, cnax HaTpueBou
IIPOBOJMMOCTH B pe3y/bTaTe MHAKTHBALMK IPOUCXOJUT 110 MOHOJKCIOHEHLUAIBHOW KpUBOW. [l
Ka)XIOr0 KOHKPETHOTO CKayka [IOTEHIHak a, OOMMil BpPEeMEHHOM XOJ H3MEHEHHI HaTpHUeBOil
IIPOBOIMMOCTH TIPEICTABIIET COO0H Pe3ynbTaT HaJIOXKEHHS IIPOIIECCOB AaKTUBALMH 1 MHAKTHBALIUH:

g“ — gmtm.}mlh.

IZ1€ gNamax) — OTO MAKCHMAaJbHBIH YPOBEHb, KOTOPOTO HATpUEBas MPOBOAUMOCTh JOCTHIJIA OBl IPU
OTCYTCTBHU WHAKTUBALUK, a m = 1 — e [pornecc MHAKTHBAIMH MTPEACTABICH HE HAPACTAIOICH, a
CHaJAroIIeH SKCIIOHEHTO!, MIPECTABICHHON KaK /i = e /™ Kak u B cilydae KaJlueBOH MpoBOAMMOCTH,
SNa(max) 3ABUCUT OT TOTEHIMAja, TAak)Ke KaK U BPEMEHHbIE KOHCTAHTHI aKTHBALlMd U WHAKTHUBAIWU.
Bpemennas koHCTaHTa aKTHBAallMM HATPUEBON MPOBOJAUMOCTHU 7 FOpa30 KOpoue KalueBOH, U Mpu
10° C npunumaer 3nauerust ot 0,6 Mc (Ipu 3HaYCHHAX MOTEHILMANA OJIM3KHX K MOTCHIMAIY MOKOS)
o 0,2 Mc mpu HyJeBOM MeMOpaHHOM IOTEHIMane. BpeMeHHass KOHCTaHTa WHAKTUBAIUHU 7, On3Ka

110 3HAYCHHUIO KOHCTAHTE 7.

PeKOHCTPYKLWIﬂ noTteHuuana gencraus

OMIUPHYECKH TOJTy4deHHble (OPMYJbl, OTPAXAIOLIME 3aBHCHUMOCTb HATPUEBOM M  KalueBOH
MIPOBOJVMOCTEH OT IMOTEHIMANa M OT BPEMEHH, MO3BOMMIN XOMKKHHY M XaKCIH IpeicKa3aTh
BPEMEHHOH XOJ BCEro IIOTEHIHMANa JEHCTBUS M INPOHCXOIIMX IIPH STOM H3MEHEHHUi
npoBoguMocTell. Hauas ¢ nenomispusyromero ckadka MOTEHIMANA, JIUIIb HEMHOTO MPEBHIIIAIOIETO
IIOPOTOBOE 3HAUCHUE, OHM PACCUUTAIH BCE MOCIEAYIONINE M3MEHEHHSI MEMOPaHHOTO ITOTEHIUANA C
maroM 0,01 mc. Tak, oHu noacuurany, kak B TeueHue nepseix 0,01 Mc nocne penonspuzauuu 1o -45
MB u3MeHsTCS gy, U g, KakoBo Oyzer yBenuueHue Iy, u Iy, ¥, HAKOHel, KakuM OyZeT B pe3yibTaTe
BO3EHCTBUE CyMMapHOro Toka Ha V,,. 3Has 3HaueHue V,, B KOHIE nepBoro orpeska spemenu B 0,01
MC, OHU NOBTOPHJIM T€ XK€ BBIYMUCICHHS UL CICIYIOIIEro IPOMEXKYTKaA, 3aTeM UL CISAYIOIIero, U
TaK jajiee, Ha MPOTSDKEHUH BceX (a3 HapacTaHWs U claja MOTECHIWaaa NeHCTBHS (MCKIIOYUTENHHO
TpyJIOeMKasi IpoLeypa, €CIIH y4ecTh, YTO HA KOMIIBIOTEPOB, HU Jake KaJIbKYISTOPOB B TE BPEMEHA
He ObuIO0!).

Pe3ynbTaThl pacdeToB € YIAWBUTEIBHOM TOYHOCTBHIO IIOBTOPHIM (OpMy peasbHOrO IOTEHIHAa
efcTBUs akcoHa KaimbMmapa. Ha puc. 6.8A mnpuBeneHbl SKCIEPUMEHTAIBHO W3MEPEHHBIH U
pacCUNTAHHBIM MMOTEHIMANB! JSHCTBHS NPU TPEX PA3NIMYHBIX YPOBHAX Aenoispusauuu. {ns toro,
4TOOBl 110 JOCTOMHCTBY OLICHUTh 3HAYUMOCTb ITUX HOCTH)KCHUH, HYXKHO HMMETh B BHJIY, HYTO
HapamMeTpbl, UCIOJIb30BABIIMECS IS PAacyeToB, ObUIM IIOJIy4YEHBl B COBEPLICHHO HEECTECTBEHHBIX
YCIIOBHSIX, TPU KOTOPBIX ITOTEHIHAT OCIIEJ0BATEILHO (PUKCUPOBAIICS Ha PA3HBIX YPOBHSX.

CxemMa MexaHHM3Ma I'eHEpaluy MOTEeHIMAlla NeHCTBUS Ipe/ACTaBlieHa Ha puc. 6.8B, rxe moxazaHb
BEJIMYMHA M BPEMEHHOI X0 PacCUYMTaHHOTO PacIpOCTPAHSIOIIETOCs ITOTEHIHANA ACHCTBHS, a TaKKe
pacdeTHbIC N3MEHCHUS HATPUEBOH M KAIMEBOH IIPOBOANMOCTEH.

Mopor u pedpakTepHbIn nepuoan

XOMmKKUH M XaKcId HE TOJBKO ONUCAIM MOTCHLUHWAN JEHCTBUS, HO OOBSICHWIM MHOTHE IpYrue
CBOICTBa BO30YAMMBIX aKCOHOB, HampuMmep, nopor u pedpaxrepusiii nepuox. Co BpeMeHeM
BBISICHUJIOCH, YTO OIMCAHHBIE UMHU 3aKOHOMEPHOCTH IIPUMEHUMBI B KO MHOTHM APYTMM BO30YIUMbIM
TKaHSM.

MOJKHO JIM Ha OCHOBE 3THX 3aKOHOMEPHOCTEH Ipe/CcKa3aTh BEIMYHHY ITOPOTOBOI0 MEMOpPaHHOIO
HOTEHLMAllA, [PH KOTOPOM 3allyCKaeTcss MEXaHW3M IoTeHuuana jedictBusi? He o3Hawaer i
JIUCKPETHOCTh TaKOr0 IMOHSATHS, KaK MOPOT, TOr0, YTO HOHHAS IPOBOJMMOCTH TOXKE JOJDKHA OBITH
JCKPETHOM (He HenpepbiBHO) dyHKime#? [{ist Toro, 4To0bI MOHSTH JaHHBIH (eHo-
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Puc. 6.8. PekoHCTpykuMsa noTeHumana
(A) 120 - [encTBus. (A) CpaBHeHune
paccuMTaHHOro noTeHuuana AencTeus
100 - Calculated c peanbHO N3MEPEHHbIM. (B)
|l CooTHOLIEHNe Mexay noTeHuuanom
% [efCTBUA U M3MEHEHWSIMU HaTpUeBOW
L1 1 Kanuesou NpoBoANMOCTEN.
= Fig. 6.8. Reconstruction of the Action
wr Potential.  (A)  Calculated action
ol potentials produced by brief
depolarizations  of three different
120 - amplitudes (upper panel) are compared
with those recorded under the same
rm'- Chicrved conditions (lower panel). (B) Relation
] 80 between conductance changes (gna
i ek and g¢) and the action potential (V),
calculated for a propagated action
40 - potential in a squid axon. (After
] 13 Hodgkin and Huxley, 1952d.)
oL
i 1 L L i i
L] b 1 3 q 5 [
Time {ms}
1B) By, 40
wr- —F
% 12
or :_'_:_T;.:"_" -
- g i ""%
i e \,\‘_,_.—-—'_ Fi 1@
e
-t
L 1. e — I
E 4
Tieme {ms)

MEH, MIPEACTaBUM ce0e CHTYALHIO, TPU KOTOPOH MOTEHIMANn MeMOpaHbl YBEIMIUBACTCS BILIOTH
JI0 JIOCTH)KEHUsSI TIOPOrOBOIO 3HAYEHHUs, a 3aTeM TOK OTkIodaeTcs. [lockonbky memOpaHa
JIETIONSIPU30BaHa, BEIXOMSIINNA TOK OyAeT NpeBHIIATh BEINYMHY TOKA B IOKOE, MPOTEKAIOLIEro
Yyepe3 KalMeBble KaHanbl (M KaHanbl yredykd). HekoTopoe KOIMYeCcTBO HATPUEBBIX KaHAJIOB
TaKke OylIeT akKTUBHPOBAHO, IMOITOMY HATPUEBBIH TOK Bo3pacTeT. [Ipym moporoBoM 3Ha4eHHH
MeMOpaHHOrO NOTEHLMANa BXOJSIIUA M BBIXOJSIIMI TOKM TaKKe YPaBHOBEUIMBAIOT JIPYr
JIpyra, Kak ¥ B COCTOSHHU MOKOs. OHAKO, €CTh OJHO BA)KHOE OTIMYME OT IIOKOS: PaBHOBECHE
9T0 HeycroilunBo. Ecim B KieTky Boiizmer xoTss Obl OIMH HOH HATpus, TO BO3pAcTeT
JIeTIONSIPU3aLiysl, BO3pAcTeT W HaTpHeBas MPOBOANMOCTD, B PE3yJbTaTe 4Yero B KIETKY BOWIET
emie Oosbliee KOJMMYECTBO HATpUs. BbIXomsmuii TOK B TAaKOH CUTyallud YK€ HE MOXET
KOMITEHCHPOBAaTh BXOJa HATPHsl, MOATOMY BO3HHMKAET pereHepatuBHbBIM mpomecc. C apyroit
CTOPOHBI, €CJIM TeNepb U3 KIETKHU BBIHIET OJUH MOH Kallks, TO ACHOJSpU3alXs YMEHbIIUTCS,
CHHM3UTCS W HaTpHeBas NPOBOJUMOCTb, B PE3YyJIbTaTe 4Yero M30BITOUYHBIA BBIXOISIIMH TOK
MpUBeAeT K rumneproispusanuu. 1lo JOCTHKeHHH YpOBHs MOTEHIMana IMOKOS KaJMeBbI TOK
CHH3UTCS 10 BETMYMHBI IPOTHBOIOI0KHOTO €My HaTPHEBOTO TOKA.
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Ecnu moTeHnuan BbllIe MOPOrOBOro, TO YBEIMYEHHWE HATPUEBOW IMPOBOAMMOCTH JIOCTATOYHO
JUIL TOTO, YTOOBI HAaTPHEBBIH TOK 3HAYHUTEIBHO IIPEB3OLIEN KATHMEBBIM W PEHONpU3ALUN HE
BO3HMKJIO. Ecii, HanpoTuB, MOTEHIMAA MeMOpaHbl HHXKE YPOBHS IIOPOra, TO YBEJIMUEHHE gy, HE
Oyzer HoCcTaToOYHO OONBIINM, M KIMEBBIH TOK IPUBEAET K THIICPIOJIIPU3ALIULL.

KakoB MexaHH3M BO3HHUKHOBEHHs pedpakrepHoro nepuona? Bo Bpems moTeHiuana aeicTBus
MIPOUCXOJAT JIBa MpOIecca, B pe3yjibTaTe KOTOPBIX HEHPOH HE CHOCOOEH Kakoe-TO BpeMs
TeHepHPOBaTh CICAYIONIMH IOTEHIMAT AEHCTBUS. Bo-TepBBIX, WHAKTUBALMS HATPUEBBIX
KaHAJIOB JIOCTUTAeT HanOOJIBIIEro YPOBHS BO BpeMst (asbl Criajia MoTeHIuaNa AeUCTBHA, U Ha ee
yCTpaHeHHe HEeOoOXOIUMO HECKONBKO MHIUIMCEKYHA. Bo-BTOpBIX, Oyaromapst akTHBaIUu
KaJMEeBbIX KaHAJIOB, gy OYEHb BHICOKA HAa CIaJe IOTCHIHUANa JCUCTBHA, M IOCTECIIEHHO
BO3BpamiaeTcs K YPOBHIO TOKOSA. B 3THX ycmoBusx mid BO3OYKIEHHS KakKHX-JIHOO
JIETIONAPU3YIOIUX ~ PEreHEePaTUBHBIX MPOLIECCOB MOTpeOoBanoch Okl  OueHb  OOJbIIOE
yBEIWYEHHE gy, J[Ba BBIICNPUBEACHHHIX (aKTOpa MPUBOIIAT MeMOpaHy B COCTOSHHE
a0COoJIIOTHON pe(paKkTepHOCTH, KOTOPOE IMOJAEPKUBAECTCSA B TeueHHe (asbl craja moTeHIuana
JIEWCTBHS U XapaKTEpHO TEM, YTO HHKaKas ACHOJsIpU3anys MeMOpaHbl He CIOCOOHA 3aIlyCTHTh
CIIEIYIOIUi pereHepaTuBHBIA mpornecc. Ilocie abcomoTHON pedpakTepHOCTH HACTYMAeT
MIePHOJ OTHOCUTENBbHOH pedpaKkTepHOCTH, B XOJ€ KOTOPOTO HOPOT MOCTENEHHO CHIKAETCS K
CBOEMY  HOPMAQJbHOMY  3HA4YCHHUIO, HATPUEBble  KaHalbl  BOCCTAaHABIMBAIOTCS M3
WHAKTHBHPOBAHHOTO COCTOSIHUS, & KQJIMEBbIE KaHAIIBI 3aKPBIBAIOTCSL.

Jocrmwxennii XomxKkuHa 1 XaKciau B JETAIBHOM OOBSICHEHHH CTOJIb CIIOKHBIX Onodu3niecknx
IIPOLIECCOB TPYIAHO MEPEOLECHNUTH. Jlaske HECMOTpS Ha TO, 4TO OoJiee MO3JHNE SKCIIEPUMEHTHI 110
perucTpanyy OJMHOYHBIX KaHAJIOB JOMOJHWJIM HAIIWM 3HAHUS O MOJIEKYJSIPHBIX MEXaHH3Max
MeMOpaHHBIX NPOLIECCOB, 0€3 PaHHUX OMBITOB C (PUKCAIMEll MOTEHIMAIA U X MHTEPIpETalun
HEBO3MOXXHO ObUIO OBl ONpeaeiuTh, KaKUM 00pa3oM IMPOUCXOJUT IeHepauus U HpOBEIeHUE
MOTeHIMana JeHCTBHS HA OCHOBE OJHMX JIMIIb AAaHHBEIX 00 OAMHOYHBIX KaHamax. Bce
MOCTIEYIOIINE UCCIeIOBAHUS JUIIb 000TaTUIM, HO HU B KOEM Cllydae He yNpa3THHUJIM JaHHbIX,
MOJIy4€HHBIX IIEPBOIPOXOJIIAMHU.

Tokn BOPOTHOro MexaHusma

XOJUKKMH U XaKCIIU BbICKA3aJId IPEANOI0KEHNE, YTO aKTUBAIMA HATPUEBOT0 KaHajla CBsI3aHa C
NepeMeleHHeM BHYTPH MEeMOpaHbI 3apsHKEHHBIX CTPYKTYp, WM YacTull. OHH IIPeIoNoxKuIIY,
9r0 nHomo0HOEe TepeMelleHHe BHOCHT BKJIaJ B E€MKOCTHOH TOK, IPOWU3BOIMMBII
JIETIONAPU3aLMOHHBIM CKaukoM. [locne Toro kaxk ObLIM pa3penieHbl HEKOTOpPhIE TEXHHYECKHE
po0JIeMBl, 3T TOKH BOPOTHOTO MEXaHNW3Ma yAAJIOCh, HAKOHEL, yBUIETh

Kak oTnuuuth BOPOTHBIH TOK OT OOBIYHOTO €MKOCTHOI'O TOKAa, BOSHHKAIOILETO B PE3yJbTaTe
CKa4K00Opa3HOro M3MEHEHHs MOoTeHluana (cM., Hanpumep, puc. 6.3)? Toku, 00ycIOBICHHbIE
HCKJIIOYHUTENBHO MPOLECCAMH 3aps/IKU U pa3psiiku MeMOpaHbl, TOJDKHBL ObITh CUMMETPUYHBIMU.
Jlpyrumu cnoBamH, UX BEJIMYMHA JOJDKHA OBITH OJMHAKOBA KakK IJIS JETIOSPH3YIOIINX, TaK U
JUIA TUIEPHOJIAPU3YIOIINX CKauyKOB MOTeHIMana. HanpoTus, TOKM, CBA3aHHbIE C HATPHEBBIMU
KaHaJaMH, JOJDKHBI BOZHUKATh B OTBET Ha Aemosipu3anuio (K npumepy, ot -70 MB mo -20 MB),
HO HE B OTBET Ha TUIIEPIIOJIIPU3ALUIO C TOTO XK€ HAa4aJbHOTO INOTeHUuana. MHeIMU ciioBamu,
€CITM KaHaJl Y)K€ 3aKpBIT, TO B OTBET HA JAIBHEHIIYIO THIEPHOISIPU3ALNIO TOK HE BOSHUKHET.
CxonHbIM 00pa3oM BOPOTHBIE TOKH, CBS3aHHBIE C 3aKpHITHMEM KaHaia, JOJDKHBI MPOTEKATh B
MOMEHT OKOHYaHHs [ENOJSIPU3YIOLIEro, HO HE THUIIEPIOIIPHU3YIOIIEr0 CKauyka MOTEHIHAa.
Taxum 00pa3oM, OZMH U3 BO3MOXKHBIX CIIOCOOOB 3aIMCH BOPOTHOTO TOKA COCTOUT B CIIOKEHUHU
TOKOB, NPOU3BOAMMBIX CKAauKaMH IOTEHIHAla OJMHAKOBOM BEIMYMHBI M NPOTHBOIOJIOXKHON
MOJIIPHOCTH. ACUMMETpUS], CBA3aHHAs C HAJIMYMEM BOPOTHBIX TOKOB, ITPOMJUIIOCTPUPOBAHA Ha
puc. 6.9A, yactu a u b. Tok, MpOTEKAMOIIMIA B Ha4aIe JACTOISPU3YIOLIETO CKauKa, OOJIbIIe TOKA,
BBI3BAHHOTO THIIEPIIOJIsipU3alied, 6Jarogaps JONOJIHUTEIbHOMY IIEPEMEIEHHIO 3apsia B CBA3U
¢ paboTOii BOPOTHOTO MEXaHMW3Ma HATPUEBOTO KaHana. [Ipu cliokeHnu IBYX TOKOB (puc. 6.9A,
C) TOJTy9aeTCsl BOPOTHBII TOK (MM «TOK aCHMMETPHUH») B YHCTOM BHUJIC.

Ha puc. 6.9B mnokaszan mpuMmep BOPOTHOTO TOKAa B aKCOHE KajbMapa, MOJYYEHHBIH CIocoOoM
B3aUMHOIO BBIYUTAHUS EMKOCTHOro Toka. IloTeHnuam3aBUCUMbIE KaluEBble TOKHU ObLIU
3abnokupoBansl npu nomomu TEA. Ckaukoo6pas-
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Puc. 6.9. BopoTHbIi TOK % - g

HaTpveBoro kaHana. (A)

MpuHumn pasgeneHus “ #%) Depolarizion ! - 00

BOPOTHOIO " - ' juhem? -

€MKOCTHOro TokoB.  (B) J » B b

Mpvmep BOPOTHOTO TOKa C n,.-"“ s

nocneayloLwmM HaTpUeBbIM. - a

(C) M3onmpoBaHHbIii 1
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Fig. 6.9. Sodium Channel A EapapciEcn L o P —— i

Gating Current. (A) Method v g Al

of separating gating current [ —| Lo o P

from capacitative current. . 50 -

A depolarizing pulse (a) - Ao’ '

produces capacitative . : 1 T .

current in the membrane, "T -

plus gating current. A T Capaciestive cument ? ':

hyperpolarizing pulse of the o R — — -

same amplitude (b) e

produces capacitative i (€} Sum ol and b ; R .

current only. When the 3 Giatlng curent

responses to a - E"'{ "

hyperpolarizing and a J i

depolarizing  pulse are " .

summed  (c), capacitative response to a depolarizing pulse, after cancellation of capacitative current. Inward

culrrents_ cancel out "?md sodium current was reduced by lowering extracellular sodium to 20 % of normal. The

only gating current remains. | oo outward current (arrow) preceding the inward current is the sodium channel

(B) R.ecord o.f current from gating current. (C) Response to depolarization from the same preparation after adding

asquid axon in TTX to the bathing solution, recorded at higher amplification. Only the gating current
remains. (B and C after Armstrong and BezanilU, 1977.)

Hasl Jemoisipu3alus nepy3upoBaHHOTO aKCOHA KaJlbMapa BhI3BaJla CHa4Yajla BOPOTHBIA TOK, a BCIE]
3a HUM BXOJSIIMHA TOK HATpus. HaTpueBblil TOK B NaHHOM ciydae TOpa3fo MEHbBIIE OOBIYHOTO,
MMOCKOJIbKY BHEKJICTOYHAs KOHICHTpaIyst HaTpus cHmkeHa 10 20% ot HopMbl. Ha puc. 6.9C nokazax
BOPOTHBIH TOK B YHCTOM BHJE, 3apETUCTPHPOBAHHBIA IOCIE TOTO, KaK HATPUEBBIH TOK OBLI
MOJTHOCTBI0 yCTPAaHEH C TOMOIIBI0 TETPOJOTOKCHMHA (OOpaTHTe BHHMAaHWE Ha H3MCHEHHE
BEPTUKAIBHOHN LIKaibl). JlaHHBIE O TOM, YTO TOK aCUMMETPUH NEUCTBUTEIBHO CBA3AaH C aKTHUBAIMEH
HATPHEBBIX KAHANOB, COOpaHbI B 0630pe ApMcrponra'®.

AKTUBaUMA U MHAKTUBALUA OOUHOYHbLIX KaHanoB

Hcnonp3oBanne MeToza patch-clamp 1mo3BONMWIO MONMYYUTH MOAPOOHYI0 MHGOPMAHUIO O TOM, Kak
HaTpHEeBbIe KaHAJbl OTBEYAIOT Ha Jenoispu3anuio. OOUH U3 SKCIEPHMEHTOB C HCIIOIb30BAHHEM
9TOr0 Meroja mpuBeneH Ha puc. 6.10. Tok perucTpupoBaJICS OT MBIMIEYHOTO BOJOKHA KPBICHI B
KyIbType, B pexume cell-attached'®). s ycTpaHeHns MHAKTHBALMM HATPHEBBIX KAaHANOB MeMOpaHa
ObL1a TUMEpHoNsIpu30oBaHa Ha HekoTopoe Bpems 1o —100 MB. 3arem yepe3 maT4--ameKTpoxa Obuia
npuiiokeHa Jenossipusauus BennunHoit 40 MB mpubnumsurensro Ha 20 mc (puc. 6.10B, a).
IMpu6musurensHo B 30 % ciiyyaeB akTHBAllMM HaTPUEBBIX KAHAIOB B OTBET HA ACMOJAPU3ALMIO HE
ObUT0. B ocTanbHBIX CilydasX OAMHOYHBIE KaHAIbl OTKPBIBAJIMCH OJIMH WM J(Ba pa3a, U Hauboiiee
94acTOo 9TO NMPOHMCXOJWIO B caMOM Hauaile aenossipusanuu (puc. 6.10B,b). Cpexuuit Tok cocrasui 1,6
nA. Ecnu f0omycTUTh, YTO HATPUEBBbIM paBHOBECHBIM moreHuuan paseH +30 MB, To morenuuai,
CO3JAIOMMI ABMXKYIIYIO CHTy JUId HATpHs, COCTaBUT mpuOmm3nTensHo -90 MB; crnemoBarensHO,
MIPOBOJVMOCTG OJMHOYHOTO KaHana paBHa 18 mCM. Drta BeIMYMHA CpaBHUMA C IPOBOAUMOCTHIO
HATPUEBBIX KaHAJIOB, M3MEPEHHOH B Pa3AMYHBIX THMax KieTok. IIpocymmuposa 300 oTAenbHBIX
TOKOB OJIMHOYHBIX KaHanoB (puc. 6.10B, c), momyunM BXoasdmuii TOK, BPEMEHHOH XO0J KOTOPOTO
COBIMAJAET C TOKOM, ITPOTEKAIOIINM B MeMOpaHe LENOi KIETKH.

Kak Bugno u3 puc. 6.10, cpennee Bpems npeOblBaHUs KaHana B OTKpeIToM coctosHuu (0,7 mc)
HEBEJIMKO B CPABHEHUH C BPEMEHHBIM
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Puc. 6. 10. Tokn HarpveBbIx kaHanos. (A)
Cxema onbita. (E) Tokn OOMHOYHBIX
KaHanoB B  OTB3T Ha  MOBTOPHbIE
[AenonsapuayloLme ¢ @4kn noTeHumana.

Pipette

Monites

Fig. 6.10. Sodiur1 Channel Currents
recorded from cell-attached patch on a
cultured rat muscle: cell. (A) Recording
arrangement. V; - tie command potential
applied to the membrane patch. (B)
Repeated depolarizing voltage pulses|*
applied to the patch, with the waveform
shown in (a), pryduce single-channel
currents (downwarc deflections) in the
nine successive rec)rds shown in (b). The| -
sum of 300 such r:cords (c) shows that

channels open mosi often in the initial 1 to| e
2 ms after the onset of the pulse, after| = :% v g, it o
which the probability of channel opening |.|

declines with the time constant of|
inactivation. (After Sigworth and Neher,| ' = - semrmnfone L~ P b,

1980.) TSR et v
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X0ZOM cyMMapHoro toka. KoHcranta BpeMeHH cmaza mocienHero (0kojo 4 MC) He OoTpaxaeT TO
BpeMsi, B TEYEHHE KOTOPOTO OT/EJbHbIE KaHAJIbl OTKPBITHL. BpeMs craja cyMMapHOTO TOKa CBSI3aHO
BPCMEHEM CHIDKEHHS BEPOATHOCTH OTKPHITHS KaHANA. [Iponeccs akTuBamuy (m°) i HHaKTHBaImy (1)
OTpa)XKalOT CHadaJla yBEJMUYCHHUE, a 3aT€M CHIDKEHHE 6eposmHOCMU TOTO, YTO KaHAJI OTKPOETCS B
JAHHBII MOMEHT HAa KOPOTKOE BpeMs. IIpomsBeleHHe STHX IBYX BeiMudH (m’h) OmIMCHIBAaeT
BPEMEHHOH X0J] 0000LIEHHOTr0 HM3MEHEHHs! BEPOSITHOCTH, KOTOpas OBICTPO Bo3pacTaeT B Hadale
JIETIONSIPU3AIMY, JOCTUTAaeT MAaKCHMaJIbHOTO 3HAYEHHMsI, a 3aTe€M IOCTEIEHHO crmanaet. [Ipn xaxmom
OT/ICNIBHOM JICTIOJIIPU3YIOLIEM CKauKe KaHal MOXET OTKPBIThCSA B CaMOM Hadaye, B CEpelMHE MU B
KOHIIE JICTIOJISIPU3ALINH, WIIH BOBCE HE OTKPBITHCSL.

OOpatumcss BHOBb K puc. 6.9. W3 pucyHka BHIHO, YTO I[E€pPEeMEIICHHE 3apsiia MPaKTHICCKH
3aKaHuMBaeTcs B TeueHue 0,5 Mc, 10 TOro, Kak HaTPHEBbIH TOK JIOCTUTHET MAKCUMAaJIbHOTO 3HAUCHH,
T. €. IO TOTO, KaKk OOJBIIMHCTBO KaHAJIOB MEPENUIo B OTKpHITOe cocrosiHKe. OTciona clenayer, 4To
n3MeHeHHe KoH(popMamuu OeNKOBOH MOJEKyJIbl KaHaua, CBS3aHHOE C MepeMelIeHHeM 3apsuaoB
BHYTPH MeMOpaHBI, OTIMYHO OT H3MEHEHUs KOH(OpPMAIMH, CBS3aHHOTO C OTKPHITHEM KaHaa.
HeBepHo Obuto OBI, cllenOBaTeNbHO, TOBOPUTH 00 ITHX 3apsgax Kak O HEKOSH «pydke»,
HEMOCPEACTBCHHO OTKpbIBaIoOLIeil BopoTa KaHana. IlepemelieHne 3apsaoB O3HA4aeT JIMIIb TO, YTO
BEPOSTHOCTb IIePeX0/ia KaHalla B OTKPBITOE (MJIM HHAKTUBUPOBAHHOE) COCTOSIHUE BO3POCIIA.

§ 3. MoJiekyJisipHble MeXaHU3Mbl AKTUBALIMU U
HHAKTHUBALMH
BOpOTHbIe MeXaHU3MbIl NOoTeHUunan3aBUCUMbIX KaHAJoB

JlaHHBIE HCCIIEIOBAaHUI CTPYKTYpbl IOTEHIMA--3aBUCUMBIX KaHAJIOB yKa3blBalOT Ha TO, YTO
BOPOTHBIN MEXaHH3M PaCIOJIO0KEH HEAAJeKO OT LUTOIIa3MaTHYECKONW yacTu nopsl (rnasa 2). Oaun
U3 OTKPBITBIX BOIIPOCOB 3aK/IIOYaeTCs B TOM, KaKk KMMEHHO BOpOTa KaHaja 3aBUCAT OT
MeMOpaHHOrO ToTeHuuana. s Toro, 4ToObl MOTCHIMAI3aBHCUMbBIH BOPOTHBIA MEXaHU3M
(GYHKIIMOHMPOBaJ, HEOOXO0AMMO HaJM4YHe 3apsHKEHHBIX DJIEMEHTOB B cOcTaBe Oeika KaHaua,
KOTOpbIE MEHSIOT CBOE MOJIOKEHHE MpH Aenoisipu3anui. VIMeHHO Takoe mepeMenieHne 3apsiaa
OTBEYAeT 32 BOSHUKHOBEHHE BOPOTHOTO ToKa. OJIHO U3 CTPYKTYp, NIPUBIIEKIIUX 0cOb0e
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Puc. 6.11. Tlpegnonaraemoe cmelleHue
cnvpanu S4 genonspusiiuven membpaHbl. (A)
CoctosiHue nokosi. (B! [enonspusoBaHHOe
COCTOSsIHME, BbI3bIBalOLLIE 3 OTKPbITME KaHana.

Fig. 6.11. Proposed Stift of S4 Helices by
membrane depolarizatiori. Charged S4 helices
are represented in two o the four domains of a
voltage-activated sodiun channel. (A) At the
resting potential the helices are held against
the inner end of the chaanel and the channel-
gating elements are closed. (B) Depolarization
causes outward moven ent of the positively
charged helices, allowing the gate to open.

BHUMAaHHUE UCCJIEIOBATEINICH B 3TON CBS3M, SBIAETCS Cpaib S4, MPOHU3bIBAIOIIAs MEMOpaHy U
cofepiKamas LEMOYKy IOJIOKUTENPHO 3apsHKEHHBIX aMUHOKHCIOT, a MMEHHO, JIM3MHA HWIIH
apruHrHA, PAaCHOJI0KEHHBIX HAa KaXKJOH TpeTheil MO3ULIUKN Ha JAHHOM Y4acTKe MOJIEKYJbI (pHuC.
6.11). D10 OOIIEE CBOWCTBO BCEX UJICHOB CYIEP-CEMEWCTBA MOTEHIMAI--3aBUCHMBIX KaHAJIOB
HaBEJIO YYEHBIX HAa MBICIH O TOM, YTO CIIUpalb S4 UIpaeT pPoJib MOTEHIUAI--YyBCTBUTEIHLHOTO
3JIeMeHTa, 00eCIIeYHBaIOIIEro CBI3b MEXAY MEMOPaHHBIM MTOTEHIIMAIOM U pabOTOH BOPOTHOTO
Mexarm3Ma . Takum 0Opa3oM, ACMOIAPH3aIys MeMOPAHBI (T.¢. YBETHUCHHE MOTOKHTETHHOO
3apsiia BHYTPH KJIETKH) JIOJDKHA BBI3BAaTh CMEIEHHE IOJOXKUTENBHBIX 3apsi/IOB B HANPaBICHUU
BHEKJICTOYHOM Cpelbl, MOITOMY BCSl CHHMPAiIb IEPEMECTHTCS B TOM K€ HANpaBleHHH (pHC.
6.11B), a BEepOsATHOCTh OTKPBITHS KaHala yBEIWYMUTCS. MeXaHU3M YBEJIMYEHUS BEPOSITHOCTH
eIlle He U3yYeH MOJTHOCTHIO.

Jns  npoBepku 3TOW TUHOTE3bl ObUIM IMPOM3BEAEHBI HAINPABICHHBIE MYyTalMd T'eHa,
KOAMPYOIIEro 001acTh S4 MOJIEKYJbl HATPHEBOTO KaHalla MO3Ta KPBICHI b, Hetitpansasie
KHCJIbIE aMHUHOKHUCIIOTHBIE OCTATKHM 3aMEHMJIM Ha OJMH WM 0oJiee IIEJIOYHBIX OCTAaTKOB, C TEM
9TO0BI MCCIIEAOBATh MX BIHMSHHE Ha aKTHBAIMIO KaHana. ['MIloTe3a cocTosyia B TOM, YTO €CIIH
YIIUTH TIOJOXKUTENbHbBIE 3apsbl U3 CHHpald, TO Ui aKTHBALMK KaHaia rnorpelyercs Oojee
BBICOKHII YpPOBEHb JIETIONSIPH3aLMK MeMOpaHsl. JJaHHOE IpenonoKeHne MoATBEPAHIOCh, Korna
MyTalluM 3aTparvBajld YYaCTKM MOJIEKYJbl MOOJM30CTH OT €€ LUTOIUIa3MaTHYeCKOIro
okoHuaHus. IlogoOHBIE pe3ynabTaTbl OBUIM TOMYYEHBI B peE3yibTaTe OSKCIEPHMEHTOB C
MyTalusMHu S4 KaJleBbIX KaHAJIOB THUIIA A?.

Bruoxumudeckue SKCIIEpUMEHTHl Ha KaHalax--MyTaHTax TaKKe IMOATBEPIMIM, YTO aKTHBALUS
KaHAa CONPOBOXKIAETCS H3MEeHeHHsMH B cermente S4 7 Y. B sTux 9kcrepuMeHTax
AMHMHOKHUCIIOTHBIE OCTAaTKH 1O 0OEMM KOHIIaM CHHUpaly ObUIM 3aMEHEHBl HA LUCTEHH. 3aTeM
HCCIIeIOBATIM JOCTYIHOCTh CYJAb(TUAPUIBHBIX IPYII LHUCTEUHA Ul THIPOQHIBHBIX pearcHTOB
(rnaBa 3). AMUHOKHCIIOTBI, KOTOpPBIE OBUTH HEJOCTYITHBI C BHEKJIETOYHOI CTOPOHBI MEMOpaHbI B
COCTOSIHUM TIOKOSI, BO BPEMS JIEHOJIAPH3aLMU CTAaHOBWIIUCH JOCTYIHBIMU. B TO ke Bpems Te
OCTaTK{, KOTOpbIe OBIIM AOCTYHNHBI W3HYTPH, CTAaHOBWINCH HENOCTYNHBIMH BO BpeMs
JIETIONAPU3aLlMM, 4YTO YKa3blBAJIO Ha IE€pPEeMEIleHHe CIUPaId B CTOPOHY BHEKIETOYHOU
MTOBEPXHOCTH MEMOPAHBI.

O600uM BhIIIECKa3aHHOE. HecMOTpst Ha HENOCTaTOYHOCTh 3KCIIEPUMEHTAIbHBIX JIaHHBIX,
MOXXHO C BBICOKOH CTENEHBI0 HAJEKHOCTH [OMYyCTHTh, YTO IEpeMemieHne cnupain S4 B
HalpaBJIeHUH HAPY)KHOW IIOBEPXHOCTH MeMOpaHbl MpEeJCTaBisieT Co0Oil MepBblid  3Tamnm
BOPOTHOTO MeXaHM3Ma. B COCTOSIHUM TIOKOS OTpUUIATEIbHBI BHYTPHKICTOUHBIA 3apsn
MIPUTATUBAET CIUPAIb B HANpaBlICHUH IUTOIUIa3Mbl. B MOMEHT aenoispu3alvy CHHXEHUE
BEJIMYMHBI OTPULATEIBHOTO 3apsja MO3BOJISAET CHHUPAIH NEPEMECTUTHCS B IPOTHUBOIIOIOKHOM
HarnpasieHud. [lepemenenne S4 BiedeT 3a cO00H JOMOTHUTENBHBIE U3MEHEHHS KOH(QOpMAIUU
0GeIKOBOI MOJIEKYJIbI, KOTOPbIE B KOHIIE KOHIIOB MPUBOSAT K OTKPBITHIO KaHaa.
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Puc. 6.12. Mogenb vHakTUBaumMm NOTEHLMaN3aBUCUMOro
KanvMeBoro kaHana «wap Ha uenoyke». (A) BopoTHbIn
MexaHM3M Ha BHYTPeHHeW CTOpoHe pelentopa B
OTKpbITOM  cocTosHunM.  (B)  OgmH 13 yeTbipex
VNHaKTMBALMOHHBIX «LLapoB» BRnokupyeT ycTbe kaHana.

Fig. 6.12. Ball and-Chain Model of Inactivation of a
voltage-activated potassium channel. The figure
shows the complete channel with one ball-and-chain
element tethered to each of the four channel
subumts. (A) Gating elements at the inner
(cytoplasme) end of the channel are open. (B) One of
the four inactivation balls enters the inner vestibule to
block the open channel.

UHakTuBauuma HaTpueBOro KaHana

U3 skcnepumeHToB XOMKKMHA W XakKCIU ¢ Mpe-ACHOoIIpU3aluel M Ipe-THIeprosipu3anuei
MeMOpaHBI CIEyeT, YTO HHAKTUBALHS MIPEACTABIISIET COO0M CAaMOCTOSITENILHBIN IPOIIECC, OTACITIMBII
or akrtuBanuu. Ilocienyromme SKCHEPUMEHTHI C WCHOJB30BAaHHEM MpOHA3bl IOATBEPIMIN 3TH
runotesy. [locie nepdy3uu BHyTpHaKCOHHON Cpelbl pACTBOPOM IIPOHA3HI (CMECH NMPOTEOTUTHIECKIX
(epMEHTOB) TpOIlecC MHAKTHBALME 3aMEIMICS, 4 3aTeM IONHOCTBIO Hcues >, BHeximeroumoe
npuioxeHne (EpMEHTOB B TOW e KOHIEHTpauuu He wumeno 3¢¢exra. OdeBHIHO, MpOHA3a
paspylimiia 4yacTh LUTOILIA3MATHYECKOr0 OKOHYaHHs OelKa, OTBEYAIOLIyI0 32 HHAKTHBALMIO KaHaJa.
Ha ocHoBanNM 3THX HaHHBIX APMCTPOHT U besannnia pa3paboTanu MOJEINb «IIapa Ha LEermoYKe», 10
KOTOPOH BHYTPHMKJICTOUHAs OJOKMpYIOLIas yacTuua (Iuap), 3aKperyieHHas Ha LUTOINIA3MAaTHYECKOM
OKOHYAaHUH O€JIKOBOM MOJIEKYJIBI KaHaja IIOCPEACTBOM I'MOKOTO COeIUHEHUs (LIEIOYKH), IPU CBOEM
PACKAYHBAHUH CIIOCOOHA GIOKHPOBATH KAHAN BO BPEMs HHAKTHBALMH 2,

B pesymbrare OKCIEpHMEHTOB HA  HATPHUEBBIX KaHAJTaX YAAIOCh WACHTH(UIMPOBATH
BHYTPHKJIETOUHYIO II€TJIIO, COCTOSIIYI0 W3 AMUHOKHCIOTHBIX OCTAaTKOB, KOTOpas y4acTBYeT B
Iporecce MHAKTUBALMH. B mersie comepkuTcs NpUONMM3UTENLHO 45 OCTaTKoOB, W OHa IOJ00Ha
OyJaBKe, KOTOpasi, pACKaYMBAsICh M3 CTOPOHBI B CTOPOHY, BXOJHUT BO BHYTPUKIIETOUHOE YCThE KaHaia
U TeM caMbIM OJIOKHpYeT ero. B mccrienoBaHnu Ha KaHanaX MO3ra KpBICHI, SKCIIPECCHPOBAaHHBIX B
OOIMTAX, OBUTH BBIJEIECHBI TP AMHHOKUCIOTHBIX OCTAaTKa, PACIOJIOKEHHbIE B CPEJJHEH YacTH MeTny,
KOTOpBIC HEOOXOMUMBI Ul HHAKTHBAIMH °° °Y, VaNeHHe WIM 3aMEHA THX OCTATKOB METOOM
HAIIPaBJICHHOTO MyTarcHe3a IPHBOJUT K OCIA0JIEHHIO WM YCTpaHEHHIO MHakTHBanuu. IlomoGHOTO
poaa SKCHEepPUMEHTHI NOMOIJIM TAKKe BBISBUTH TPYIIHI IPOJMHOBBIX M TJIMIHOBEIX OCTaTKOB HA
000uX KOHI[aX IETJIH, y4acTBYIOIIEH B MHAKTHBAIUH. VX NPUHATO CUNUTATh MECTAMHU «IIOJBECKI»,
103BOIAIONIEH GyIABKE IOMACTD B YCThE KAHATA >,

Kpome Toro, akTuBauusi ¥ WHAKTHBAIMS HATPHUEBBIX KaHAIOB 3aBUCSAT OT TPYIIbl THAPO(OOHBIX
TOKCHHOB, BKJIIOUamolleil B cebs BepaTpuaMH, ajKalOWA U3 pacTeHHi cemeiicTBa JWIHHA, WU
06aTpaxOTOKCHH, MOJyYaeMblii W3 KOXKH I0)KHOAMEPUKAHCKOH JUTYIIKH. JTH TOKCHHBI IOJHOCTBIO
YCTPaHSAIOT UHAKTHUBALMIO, TAK YTO KaHAJIBI OCTAIOTCSI OTKPBITBIMH CKOJIb YTOJHO nonro™?.

KpOMe TOro, OHM CMCHIAIOT MOTCHUUAI3aBUCUMOCTb AKTHBALlUM KaHaJIOB TaKUM 06pa30M, 4TO OHHU
OTKPBIBAIOTCA IIPHU IMOTCHIUAJIC ITIOKOA.

MHakTuBauuma kanueBoro kaHana tmna A

BHyTpUKIeTOUHAs CTPYKTYpa, CBA3aHHAS C MHAKTHBALMEH, Obula BIEpBble MACHTH(OULMPOBAHA JUIS
KaJMeBbIX KaHAJIOB A—Tuma Apo3oduisl (riaaBa 3), KOTOpbIE, B OTIWYHE OT HATPUEBBIX KAaHAJIOB,
WHAKTUBUPYIOTCS BO BpEMS JCTONAPU3ALMH. DKCHEPUMEHTAIBHO MOKAa3aHO, YTO WHAKTHUBALMSA
3aBHCHT OT LICTIOYKH BHYTPHUKJICTOYHBIX AMUHOKHMCIIOT U HPOMCXOAUT 110 CXEME «IlIapa Ha LEHOYKe»,
MPEIJIOKEHHON paHee Ui HAaTPUEBBIX KaHajoB. Monenb mpowsutiocTpupoBaHa Ha puc. 6.12. Ilap
COOTBETCTBYET CIryCTKY AaMHHOKHCIOT, a IeNoYka — IIOCIEIOBATeIHHOCTH aMHHOKHCIIOTHBIX
OCTaTKOB, CBSI3BIBAIOIINX IIAp C OCHOBHOHM CTPYKTYpOH KaHajia B IeJoM. Bo Bpems nenomspu3anuu
map CBS3BIBACTCS C ITOCAOYHBIM MECTOM B YCThE KaHAJIA, TEM CaMbIM OJIOKHPYS €ro.

JUI1  OKCHepUMEHTANBHOI IIPOBEPKM [JaHHOM MOJEIH HCCIIENOBAIN IIOBEACHHE KaHAJIOB,
9KCIPECCUPOBAHHBIX B OOLMTAaX I'€HAMH, KOIMPYIOIIUMH CyOBEIMHUIIBI-MYTAHTbI (HAIIOMHHUM, YTO
A—xaHan npezacTaBisieT co00H TeTpamep, a He OAMHOYHBIM noiunentun). Okono 80 aMHHOKUCIOT
Ha yyacTke Mex1y N-KOHLIOM
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U mepBoii MeMOpaHHOi crmpanpio S1 GbUIM yianeHsl WM MyTHpoBaHbI'). Kaman, cocTosmmii u3
CyOBEMHHI] C YCTPAaHCHHBIMH aMHUHOKHCIOTaMH (¢ 6 mo 46), MpakTHYecKH HE JEMOHCTPHPOBAI
MHAKTUBAllUM, 4YTO YyKa3blBAaeT HA Y4YaCTUE HEKOTOPBIX M3 OSTHX aMHHOKHCIOT B IIpolLecce
nHakTHBanuy. Ilpu nobGaBieHHH B pacTBOP, OMBIBAIOLIMI LUTOMIA3MATHYECKOE OKOHUAHUE KaHala,
CHHTETHYECKOTO  TeNTujaa, copaepxamiero mnepBble 20  aMMHOKHCIOT  N-TepMUHanu B
COOTBETCTBYIOIIEH MOCIEN0BATENPHOCTH, NHAKTHBAIMS ObLIa BOCCTAHOBJIEHA M 00Jaana JMHEHHOI
KOHICHTPALMOHHOM 3aBUCHMOCTEIO B auamasone ot 0 mo 100 MxM™). Dtm sameuaresnbHeie
HaONoieHNsT yOeAWTENbHO MOKa3aaw, 49ro TepBble 20 aMHHOKHCIOT KalMeBOro A-KaHaia
OTBETCTBEHHBI 3a OJOKHpyollee AeiicTBHE B Ipolecce WHAKTHBAIMHM. OJTOT THII WHAKTHBAIUK
KaJIMEeBBIX KAHAJIOB 3a4acTyl0 Ha3bBalOT N-THUIIOM, Oilaromaps yd4acTHIO B HeM N-TepMUHANM.
HexoTopsle THIIBI KaJdMEBBIX KaHAIOB OO0JagaloT Taike cBocTBoM C-mHakTHBamuy, Ooiee
MEJICHHOH, TIOy4YMBILEH CBOE Ha3BaHUE M3-3a EPBOHAYAIBHOTO MPENOI0KEHHS 00 yHacTHH B Hell
C— TtepmuHanu. BnocnexcrtBuu, onHako, ObuI0 mNoka3aHo, 4To C—MHAKTHMBALMSA CBS3aHA CO
CTPYKTYpaMH, PACTIONIOKEHHBIMH HEJATEKO OT BHEITHETO YCThs TOPHI KaHama > %),

KuHeTn4yeckue mogenu akTuBaumMm 1 MHaKTUBaL MM KaHanoB

OOHapyXHUB, YTO BPEMEHHOH XOJ aKTHBalMH HATPUEBBIX M KAaJIMEBBIX KaHAJIOB JIYYIlle BCETO
OIHCHIBACTCS IKCIIOHEHTAMH, BO3BEICHHBIMH B TPEThIO WM YETBEPTYIO CTeneHb (1’ u n”), XOmKKuH
1 XaKkciIM TPEANOJOXKWIM, YTO AaKTHBAIWMS W WHAKTUBAIMSA OOBSCHACTCS HE3aBHCHMBIM
IepeMelnieHHeM TpeX WM YeTHIpeX 3apsDKCHHBIX YacTUIl BHYTpH MeMOpanbsl. Hampumep, MoxHO
HPENOI0KUT, YTO JUIS OTKPBITHS KaHajla HE0OXOAUMO, YTOOBI AEMOJIApU3alHs BbI3BaIa CMELCHHE
crupaneit S4 Bo Bcex ueThlpex CyObeAMHMIAX, COCTABIIIONIMX KalIMeBbIH KaHal. MOXHO Takke
HPEINOI0KUTh, YTO CMEIICHHE 110 KpaifHed Mepe Tpex MOAOOHBIX CTPYKTYpP HEOOXOIMMO JUIs
aKTUBAllMM HATPUEBOro KaHanma. Jlajee, MOXHO JOMYCTHTb, YTO KaK MHUHHUMYM OJHO MOmoOHOE

CMCHICHHUE CBA3AaHO C PIHaKTPIBaL[PIeﬁ. HOIIO6H8.$I napajuiejibHast MOJICJIb ObLia OpeaJIOKEHA Ketinecom
35 36)

Ipenmnonoxenne o TOM, YTO B IPOLECCE AKTUBALMM KaHala 3a/JeHCTBOBAHO YETHIPE OTAENIBHBIX
coObITHS (TakuX, Kak cMmemeHne S4), TaeT BO3MOXKHOCTh TOBOPHTH O 16 pasIHYHBIX COCTOSHHSIX
KaHana: Oe3 cmerueHus (OAHO COCTOSIHME), OJHO K3 HYETHIPEX BO3MOXHBIX CMEIICHHUil (d4eThIpe
COCTOSIHUS), IBA U3 YETHIPEX (IIECTh COCTOSHUI), TP U3 YETHIpEX (4EThIPE COCTOSHUSA) M BCE YEThIpE
cMenieHus (0AHO cocTosHue). Eciu Bece mepexoibl Mex/y COCTOSHUSIMU He3aBUCHMBI M KHHETHYECKN
UJICHTUYHBI, TO KOJMYECTBO BO3MOXHBIX COCTOSHMH COKpalaercst 10 IsTH: 0e3 CMEIIeHHS,
CMEIEHNE B OJHOM 00JacTH, CMEIIeHHE B JIBYX, B TpeX U B deThpex obuacTsax. Takum obpaszom,
MIePEXO/ U3 3aKPHITOTO B OTKPBITOE COCTOSIHUE OY/IET BBINIACTD CIESAYIOINM 00pa3oM:

C,—CGe—CG—C—0

rae C, — cocTosiHMe KaHajia B okoe, C; U T. 1. — CepHs 3aKPBITHIX COCTOSIHUHN MPH ACTOSIpU3altY,
a O — otkpeiToe cocrosiHue. [l HATPUEBBIX KaHAJIOB HEOOXOAWMO [OOaBUTh COCTOSIHUE
HMHAKTUBAIUK. VcciieqoBanus Kak OAUHOYHBIX KAHAIOB, TaK M TOKOB OT I[EJIOM KIIETKH II0KA3aJIH, YTO
VHAKTHBAIIAS HATPHEBBIX KaHAJIOB HE 3aBUCHT OT TOTO, MOOBIBAJH JI KaHAIBI MPEABAPHTEIHFHO B
OTKPBITOM cocrosrnn’” ¥, Ilepexon B cocrosane wHakTuBaiwu (1), Takum o00pazom, MOKET

HpOH30ﬁTH KaK U3 OTKPBITOT'O, TaK U U3 3aKPLITOI'O0 COCTOSAHUA:

CHC;HC:H'C — 0O,
: N
1

PasHpiMu  aBTOpamMu ObUIM HPEUIOKEHBI MHOTOYHCICHHbIE MOJU(UKALMKY JaHHOW CXEMBbI,
BKJIIOUaromue OoJblliee WM  MEHbIIEE KOJMYECTBO IEPEXOJOB, a TaKXKe HECKOJIbKO
MHAKTHBUPOBAHHBIX COCTOSHUM 3.4 Oraname 5THX cxeM OT MOAEIH XOMKKIHA 1 XAKCIIH COCTOMT
B TOM, YTO MPOLECCHl aKTUBALUK M WHAKTHBALUH MPOXOIIT Yepe3 HECKOJIbKO OOIIMX COCTOSHHUIA, a
HE NPOTEKaIoT MapajuleJIbHO U HEe3aBUCUMO, KakK MOKa3aHo Bblme. KpoMe TOro, XoTs mepexoisl u3
OJIHOTO COCTOSHHSI KaHalla B JpPyroe ¥ JOJDKHBI OBITh MOTCHIHAI3aBUCHMBI, STO BOBCE HE

00513aTeNBHO JJIS1 OKOHYATEIBHBIX IIEPEX0I0B B aKTHBUPOBAHHOE WIIM HHAKTHBHPOBAHHOE COCTOSTHUS
41 42)

CKOJIbKO B IEUCTBUTEIBHOCTH Pa3JIMYHBIX COCTOSIHUM KaHana? J[OCTOBEpHO 3TO HE M3BECTHO, XOTS
€CTh OCHOBAaHMsI MOJararh, 4TO B MpPOLIECCE AKTHBAIMM HATPUEBOTO KaHala MPOMCXOJUT Kak
MHHHUMYM TPH OTJACIbHBIX MepeMenienus 3apsiaa. Kontu u HlTyMep43) MPUIIUTH K TAKOMY BBIBOJY Ha
OCHOBE OIBITOB 10 M3MEPEHUIO BOPOTHBIX TOKOB B OOJIBIINX y4acTKax MeMOpaHbl B KOH(HUIypalnuu
cell-attached
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(Tak Ha3bIBaEMBIC «MaKpO-IITUM»). KaHambl OBUIM SKCIIpecCHpOBaHBI B OOLUTaX Xenopus IyTeM
nabekun PHK HaTpueBbIX KaHajoB, MOJy4EHHOI W3 Mo3ra KphIChl. BennuumHy enuHuIb! 3apsaa,
MEPEHOCHMOT0 BOPOTHBIM TOKOM, PAacCUMTAll Ha OCHOBE CPEJHUX 3HAYCHHH Il OOJBILIOTO
KOJMYECTBAa WHIMBUAYalbHBIX BOPOTHBIX TOKOB. MeToJ HamoOMMHAeT pacyeT BEIMYMHBI TOKa
OJIMHOYHBIX KaHAJIOB ITyTEM H3MepeHHs InyMa (rjaBa 2): COOTHOIIEHHE CPEAHETO W BapHaluH
(pa3bpoca) TPONOPIMOHAIBHO AaMIUIUTYJABl OJMHOYHBIX coOblTHi. IlojcuwrTaHHas BeIMYHMHA
2JIEMEHTApHOI0 3apsja, EPEHOCUMOI0 BOPOTHBIM TOKOM, cOCTaBuia 2,3 3apsja 31aeKTpoHa (2,3e).
INonublii 3apsa, NEPEHOCUMBIA OJHUM KaHAJIOM, MOXKHO OLCHUTh Ha OCHOBE yIJla HAaKJIOHA KPUBOH
akTHBanuu (cM. puc. 6.7B): dem Oouble 3apsii MCCIEAyeMOI CTPYKTYpHI, TeM MEHbIIE BEJIMYMHA
U3MEHEHUs TOTEeHIMala, TPeOyoIascs LIl U3MEHEeHUs KoHpopMauuu 3T1oi cTpykrypsl. Ha ocHoBe
3TOr0 COOOpaXKEeHHs ObIIO MOJCYUTAHO, YTO MPU AKTHBAIUH MPOUCXOAUT MEPEHOC 3aps/a BETUINHOM
oT 6e 110 8e, T. €. B TPH pa3a NPEBBIILAIOLIETO 3IEMEHTapHbIH 3apsijl, MEPEHOCHMBIIl BOPOTHBIM TOKOM.
ITpumeuaTensHO COOTBETCTBHE [AHHBIX PpE3yNbTaTOB II€PBOHAYAIBHOW MOMAENH AKTHBAIMH,
npemtoxkenHoit  XomkkuaeiM ¥ Xakcod. Komtm wm Iltymep ortmermmm, uro Haumbonee
NIPUBJIEKATEIbHON MHTEpIpeTanyeil uxX pe3ysbTaToB OyIeT NPEIoJoKEHHE O TOM, YTO IEePEeHOC
3apsia CBS3aH C TpeMsl M3 YeThlpeX CyObeIWHUI, B TO BpeMs KaK WHAKTHBAIUS CBsA3aHA C
B3aNMOJICHCTBIEM MEXIy HUMHU U YeTBEPTOil cyObequHNULCH. PasymeeTcst, JTaHHBIE HCCIIEOBaHNS HE
[IPUHUMAIOT BO BHUMAHUE BO3MOXHBIC IIEPEXOJbl B IIPOMEXKYTOUHBIC COCTOSHUS, IOCKOIBbKY
MOCJIETHAE HUKAK HE MPOSIBIISIIOTCS SIEKTPUUECKH.

O0600mmuM BbIlIECKa3aHHOE. KHHETHYEeCKME MOJENM YKa3blBAlOT Ha TO, 4YTO B pe3yJbTarte
JAenoJIsIpU3aliy 3aMycKaeTcsl 1eno4vka I0cjeJ0BaTeJbHbIX KOH(GOPMALMOHHBIX H3MEHEHHI,
BelyIIUX, B KOHEYHOM HTOre, K OTKPHITUIO KaHajma. TOYHOE ONMCAaHME 3THX M3MEHEHUH He
MIPE/ICTABIISICTCSI BOBMOXKHBIM, OJHAKO B HanbOoiee o0IeM BHE NX MOXKHO ceOe IpecTaBuTh (I1aBa
3). Beumn chenaHbl mepBBIE IIArd B OIpPEACNICHUM TOrO, C KaKWMH TPYyNIIaMH AMHHOKHCIOT B
MOJIEKYJIaX HAaTPHEBOTO M KAaJMEBOrO KaHAJIOB CBs3aHa WX WHakTuBamms. [lo Mepe Toro, kak
COBEPIICHCTBYETCS Hallle TIOHNMAaHKHEe MOJICKYIIPHOH aHATOMUH STHX KaHAJIOB, HECOMHEHHO, OyIyT
YCTaHOBJIEHbI HOBBIE CTPYKTYPHO-(YHKI[OHAIbHbIE CBS3H.

CBoncTBa KaHana, cBfA3aHHble C NOTeHUMaNnomMm AencTBus

B Xozme 3KCIEpHMEHTOB METOJOM IITY-KIaMIl Ha KPBICHHBIX MBIIIEUHBIX BOJIOKHAX B KyJbTYpE,
MIPOBOJVMOCTG ITOTEHI[MAI3aBICUMBIX HATPHEBBIX KaHAJIOB ObUIAa HM3MEpPEHa HEIOCPEICTBEHHO M
cocraBmia 20 nCm (puc. 6.10); momoOHBIE W3MEpeHHS B MOTOHEHPOHAX KPBICHI BEISBUIIN
[IPOBOJMMOCTh BEIMYMHOH 14 nCm*). IInotsocts HaTPHEBHIX KaHAJOB ObUIa M3MEpEHa B psle
TKaHEH METOAOM MCCIIEA0BAHUS IUIOTHOCTH MecT cBs3biBaHus TTX. Mcnonb3ys MeueHbld TpUTHEM
TETPOJOTOKCUH, JIeBUHCOH U Megec*’) ONpEeACIWIM, 4YTO Ha OIMH KBaApaTHbII MHUKPOMETpP
MeMOpaHbl aKCOHa KajbMapa IPHXOMUTCS NPUONU3UTENbHO 553 Mecra CBSI3BIBAHHS MOJCKYJIbI
TokcuHa. [UGpHI, MOTyUEHHbIE B APYTHX TKAHAX, BAPBUPYIOT OT 2 MOJNEKYT HA MKM’ B ONTHYECKOM
HEpBe HOBOPOXICHHBIX KpEICAT'® 10 2 000 B mepexsaTe PaHBbe CeMaiMIIHOrO HepBa Kpomuka *®.
ITnoTHOCTS HATPHEBHIX KaHAJIOB B CKEIETHONM MBINIE ObIIa HM3MEpeHa METOJOM JIOKAIBHOI
JIETIONSIPU3aM  HEOOJIBIIOTO y4acTKa MeMOpaHbl C ITOMOINBI0 BHEKIETOYHOH IMIETKH IIpu
OJTHOBPEMEHHOM HM3MEPCHHH HAaTPHUEBOTO TOKA, MPOTEKAIOIIEr0 4epe3 3TOT YJ4acTOK MeMOpaHBI.
Pe3ynbpraTel BappupoOBalId OT OJHOIO y4yacTKa K JPYyroMy, YTO YKa3blBacT HAa HEPABHOMEPHOCTh
pacmpernenieHuss KaHaloB B MeMOpane. I[lmotHocts Obuta Hauboibliedl B paiioHe KOHIIEBON
TUTACTHHKH, CHIDKAJIACh 10 Mepe yhaieHus oT Hee u gocturana 10 % oT MakCHMallbHOTO YPOBHS IO
Mepe mpubmmkenns K cyxoxmmio ‘Y. Kpome TOro, 6bU10 MOKA3aHO, UTO HATPHUCBBIC KAHATB B
MBIIIIIIE TPYIITUPYIOTCS B KIacTepsl .

[IpoBOOMMOCTE KalMEBBIX KaHAJIOB, OTBETCTBEHHBIX 3a IO3[JHIOI0 COCTAaBIIAIOIIYIO TOKa, Obuia
HU3MepeHa B Ipernapare BCKPHITOro aKcoHa KajibMapa 30 Kananbt Trna «BBINPSIMUTEID C 3aJIEPIKKOI»
obmanaror mpoBoguMocteio 10, 20 m 40 nCwm, mpuyem Hambojiee YacTO BCTpEYaeTCs KaHAl C
poBoarMOcThI0 20 TCM. [10100HO HATPUEBBIM, KaIUEBBIC KAHAIBI MBIIIIIBI JISATYIIKH PACIPEICICHBI
HE PaBHOMEPHO, a KJIacTepaMu 39 Tem e meHee, MaTTePHBI PACIONIOKEHUS KJIACTEPOB HATPUEBBIX U
KaJMEBBIX KaHAIOB HE COBMAJAIOT MEXAy co0oil. Brimpsmurenu c¢ 3agepXKOil IONTHOCTBIO
OTCYTCTBYIOT B IepexBaTax PaHBbe MHETMHHU3UPOBAHHOIO HEPBAa KPOJIMKA, TaK KaKk B OTBET Ha
JIENOJIIPU3ALIMIO TIO3HUI BBIXOJSIIMH TOK HE BO3HMKAET U B xome mnoreHumana neicreus
pernossipu3anys nocie ObICTPON MHAKTUBALMK HATPHUEBBIX KAHAJIOB JAOCTHIAaeTCs 3a CHET OOJIBIIOro
TOKa YTEUKH.
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Bknap OTKPbITbIX KalilneBbiX KaHanoB B penonapu3auuto

KpoMme BeIpsMHTEINST C 3aIepKKOH, B HEMPOHAX HMMEETCS LENbIA Psl OPYTHX TUIOB KaTUEBBIX
KAHATOB 2, HEKOTOPHIC M3 KOTOPHIX MPHHUMAIOT YYACTHE B PEMONSPHU3ALHE MeMOpaHbl. OXuH U3
TaKuX KaHAJIOB — 3TO A-KaHaJ, OBICTPO aKTUBHPYEMBI B pe3yibTaTe Aemoiispusann. Bruag A-
KaHAJIOB B PENOJISPU3AIMIO B XOJE IOTCHIMANA JEHCTBHS MHHHUMAJIECH O JIBYM NPHYHHAM: OHHU
OBICTPO MHAKTUBHPYIOTCS, W B OOJIBIIMHCTBE KJICTOK aKTHBALMs 3TOr0 THIA KAaHAJIOB BO3MOXKHA
JIMLIb MIPU YCIOBUH MPEABAPUTEIBLHOM TUIIEPHONIpU3aluH (T. €. OHU HHAKTHBUPOBAHbI B COCTOSTHHU
nokost). J[Ba Apyrux THIa MOTEHLIMAI3aBUCHMBIX KaJHMeBbIX KaHaiuoB, M-kanan (rimaBa 16) u S-
KaHaJI, TOX0XXH Ha BBIIPSIMHUTENb C 33J€PIKKOI TeM, YTO OTKPBIBAIOTCS B OTBET Ha JCMONISPU3ALHIO.
JlomomHATEIFHOE CBOMCTBO M-KaHAJIOB COCTOUT B TOM, YTO OHH HMHAKTHBUPYIOTCS allCTHIXOIHHOM
yepe3 Myckapurnogvlie AX peuentopsl (OTCIOa HAa3BaHUE). S-KAHATIBI OTKPHITBI B IOKOE U
WHAKTUBUPYIOTCS CEPOMOHUHOM.

KasbIuii-aK THBHPYEMbIE KalHeBbIe KAHANBI TAKKE MOTYT BHOCHTH BKJIAJ B peroispusamuio . B
XOJIe MOTCHIMANIA JCHCTBUS KANbIHMHA BXOAWT B KIECTKY 4Yepe3 MOTCHIMAN3aBUCHMBIC KAITbIIHCBBIC
KaHaibl (CM. cieayromuii pasaen). Bo MHOrMX THIAax KJIETOK TaKOe IOBBILICHHE YPOBHS KabLHs
CIOCOOCTBYET YBEIMYCHHIO KAJIMEBOW IPOBOAMMOCTH, KOTOpas CIIOCOOCTBYET DEMOJISIPU3ALUHA H
MPUBOAUT K HOcheayrouleil runepnosipusanun. CyniecTByeT Kak MUHUMYM TPU MOJTUIA KaJbL[Hii-
AaKTHUBHPYEMBIX KaJIHEBBIX KaHAJIOB, ¢ oueHb OonpmmM (200 nCwm), cpenaum (30 nCm) u manemm (10
nCM) ypOBHSAMH TPOBOAMMOCTH. Hanwume 53TUX KaHAIOB MOXHO IPOAEMOHCTPHUPOBATH
9KCIEPUMEHTAIFHO TIOCPEACTBOM IOBBIIICHHST YPOBHS KNI BHYTPU KICTKU, HAIpUMEp, ITyTEM
MHBEKIHK Yepe3 BHYTPHKICTOUHYIO MUKpOIHIeTKy V. Beie 3a Takoil MHbEKIeil MpOBOINMOCT
MeMOpaHBl PE3KO BO3pAcTacT W MEMOpAHHBIA TMOTCHIHWAN IIOKOSI MPHONMKACTCS K KAIUCBOMY
paBHOBECHOMY MOTeHIHany. [0 Mepe ycTpaHEeHHs HM3JIMIIKOB KalbLUS W3 LUTOIUIa3Mbl 33 CYET
BHYTPHUKJICTOYHBIX OydepoB u BbpIOpOCa KalblUsl M3 KICTKH, COMPOTHUBICHHE W IOTCHLIHAT
BO3BpALIAIOTCS K CBOEMY HOpPMalbHOMY ypoBHIO. CyLIECTBYeT TakkKe THIl KalHUeBbIX KaHAJOB,
aKTHBUPYEMBbIil BHYTPUKJICTOYHBIM HAaTPUEM 5.5 B HEKOTOPBIX KJIETKAaX aKTHBAIMS TAKUX KaHAJIOB
MOJKET BHOCHTB BKJIAJ[ B PEITOJISIPH3ALIMIO B XO/I€ MOTEHIMANA JCHCTBHS >,

§ 4. Posib kaabuus B BO30Y:KI€HUU KJIETKHU
KanbuueBble noTeHUManbl AeUCTBUA

B wMemOpane HEpBOB U MBIICYHBIX  BOJOKOH  COJNCPXKUTCS  OOJIBIIOE  KOJIHMYECTBO
MOTEHLHAI3aBUCUMBIX KaJIbLIMEBBIX KaHAJOB (CM. IVIaBy 3, KiIacCU(UKAIMA U CBOWCTBA KaJIbLIMEBBIX
KaHayoB). KayibLii, BXOIAIIMH B KIETKYy 4epe3 3TU KaHalIbl BO BpeMs MOTEHIMala ACHCTBH,
OKa3bIBaeT BIMSHHE Ha camble pas3Hble mpouecchl (riaBel 9-12). K mpumepy, KpaTkoBpeMeHHOE
YBEIIMYCHUE YPOBHS KaJIbLMsA B XOJ€ IOTEHIMala ACHCTBHUSA BBI3BIBACT CEKPELHIO KAK CEKPELHIO
XUMHYECKHX MEUAaTOPOB B HEPBHOM OKOHYAHHH, TaK M COKPAIICHUE MBIIIEYHOTO BOJIOKHA.

B HEKOTOPBIX MBIIICYHBIX BOJIOKHAX U HEHPOHAX KaJIbLIUEBBIC TOKH JOCTUTAIOT TAKOW BEJIMUUHBI, YTO
100 BHOCSAT 3HAYUTENBHBIA BKJIaA, MO0 IOJTHOCTBIO (GopMmupyIOT (asy pocTa mOTeHIHana
nevictust. Ilpormecc STOT HOCHT pereHepaTUBHBIM XapakTep Oyarofaps BO3pacTaHHIO gc, IpU
JIETIONSIPU3AIMY, TOYHO TaKOMYy, KaK y HAaTPUEBBIX KaHANOB (CM. BBIIIE). YYacTHE KalbIMEBBIX
KaHaJIOB B MOTCHIMane JeicTBus Obuio BrhepBbie u3ydeHo Partom u ['mH360prom ¥ a
BIIOCJIECJICTBUM XaruBapon %) KanblueBble TOTEHIHATBI ACHCTBHS OMHCAHBI B CepAeYHOI MBIIIIIE, B
LEJIOM psAfe HEHpOHOB OECIO3BOHOYHBIX, a TaKXKe B HEHpPOHAX BEreTaTMBHOW M IIEHTPAIBLHOH
HEpBHOI cucTeMbl M03B0H0uHbIX *”. Haliune KaibIMeBbIX OTEHIMATIOB NeHCTBHSA TAKIKE IIOKA3AHO
B HE-HEHPOHAIBHBIX TUIAX KJIETOK, TAKUX KaK psjl SHAOKPUHHBIX KIETOK M HEKOTOPBIX SHIEKIeTKaX
0eCII03BOHOYHBIX. [lOTEHIMAN3aBUCHMBIC KaIbIUEBBIE TOKH OJIOKUPYIOTCS B MHJUIMMOJIIPHBIX
KOHIICHTPAIUsIX KOOAIBTOM, MarHueM WIH KaJMHeM, J00aBIEHHBIM BO BHEKJIETOYHBIH PacTBOP.
Bapuii Mo>xeT 3aMEHUTH KaJbIMi B MPOXOXKICHUHU Yepe3 MOopy KaHajla; MarHUi Ha 3TO HE CIOCOOEH.
IopasuTensHBIM MPUMEPOM CO-CYIIECTBOBAHUS HATPUEBBIX M KAJIBIIUEBBIX MOTEHIHANOB JEHCTBUS B
OHOM THUIIE KIETOK sBIsgeTcs kieTka IlypkuHbe B MO3kedke MileKomuTaromux. HaTpuessie
MOTEHIMAIBl AEHCTBUS TeHEepUPYIOTCs B Tene kieTku IlypkuHbe, B TO BpeMsl Kak KajbLHEBbIE — B
nengpurax °'. ¢,

MoHbI Kanbuua U BO3GyaAMMOCTb

Vonbl kampmust BIMSIOT TAKke HAa BO30YIMMOCTH MEMOpaHBI: CHIDKEHHE BHEKIECTOUHOI
KOHIICHTPAMH KajdbLUs HPUBOAUT K YBEIHYEHHIO BO30YAMMOCTH; HOBBIIICHHE BHEKJICTOYHOTO
YPOBHSI KaJIbLIHsl, HAIPOTHUB, BICYET 32 COOOM CHIKEHHE
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Fig. 6.13. Effect of Surface Charge on Membrane Potential proposed to explain the effects of calcium on action
potential threshold. (A) The membrane structure includes negatively charged elements on the outer surface whose
charge is neutralized by divalent cations. The resting membrane potential VR, produced by ionic charge separation, is
determined by the composition of the intracellular and extracellular fluids. (B) When the fixed negative surface charges
are unscreened (e. g., by removing calcium from the extracellular solution) the resting potential is unchanged, but the
shape of the potential profile is altered by the surface negativity, reducing the potential gradient across the membrane.

63
BO30ymmMocTH. Ppankerxaysep # XOMWKKHH ) HCIONB30BATH METO (DHKCAIHMH MOTEHIHANA

JUIA McCeN0BaHus ATUX 3QQEKTOB B akcoHe KajabMapa. OHU 0OHApYXHIIH, YTO NPU CHIXKEHUH
BHEKJICTOYHOW KOHIIEHTPAIUU KAIbLHUS MPOUCXOIUT CABUT MOTEHIINAI3aBUCHUMOCTH aKTHUBAIH
HATPUEBBIX KaHAJIOB TaKUM 00pa3oM, YTO AJISl JOCTHKEHHUS MOpOora M IeHepalliud HaTPUEBOTO
TOKa HOPMaJbHOW BEIMYMHBI TPEOOBAJIMCh MEHBIIME YPOBHH Jenoiisipusanuu. CHIbKeHHE
YPOBHSI HEOOXOIUMOH JENOJSIpU3aMU ObUIO TIOCTOSIHHBIM BO BCEM JIMANa3oHe BO30YIUMOCTH U
3aBHCENIO0 OT KOHIEHTpauuu Kauplus. [laTHKpaTHOE NOBBIIEHHE BHEKJIETOYHOTO YPOBHS
KaJIbLUs IPUBOAMIO K CHIDKEHHIO [TIOPOrOBOr0 YpoBHS Jenossgpuzanuu Ha 10-15 m B.

®pankenxay3ep 1 XOIHKKHH HPEANOIOKHIIH, YTO 3TOT IPPEKT MOKET OBbITH OOYCIOBICH TEM,
YTO WOHBI KalbIMs YAaCTHYHO 3aCIOHSIOT (MM OJKPaHUPYIOT) OTPHUIATENbHBIC 3apsibl,
pAacIoIoKeHHbIC Ha BHEIIHEH MoBepXHOCTH MeMOpaHbl. [logoOHOE Bo3ieicTBHE Ha MeMOpaHy
MOXET OKa3aTh, K IpUMEpy, IIMKONU3AIMsA MEMOPAaHHBIX OEIXOB IOCIEIOBATEIEHOCTIMU
YIJIEBO/IOB, CONEPIKAIIMMH OTPULATEIBHO 3apsDKEHHYIO CHAJOBYIO KUCHIOTY. HatpueBblii kaHan
cKkaTa caMm o cebe obmamaer Gonee yem 100 ocTaTkamu cuanoBoii kucaotsl *. IIpu ycaoBuu
3aCJIOHEHUS] 3apsAloB TpajdeHT MOTeHIHWana Ha MeMmOpaHe OyaeT paBeH Hu3MepsIeMoMYy
noreHuuany mnokos (puc. 6.13 A). Ilocne ycrpaHeHHs KanbLusl, 3apsijibl, JIHIICHHBIE
9KPAaHUPOBAHUS, YBEIHYAT OTPULATEIBHBIN 3apsl Ha BHEIIHEH CTOPOHE MEMOPaHBI, TEM CaMbIM
CHIKast o0muil snekrpudeckuil rpagueHt (puc. 6.13B). Orta runore3a BHOCUT HOBBIH pakypc B
[OHMMaHHEe MEeMOpPAHHOTO MOTEHIMANA: PA3HOCTh IOTEHIMAJOB MEXIYy BHYTpU- U
BHEKJICTOYHBIM PACTBOPAMH ONPEJEICTCS BHE-  BHYTPHKICTOYHOH KOHICHTPAILHSIMH HOHOB,
a TaKKe MPOBOJMMOCTIMH, KaK IOKa3aHO B riaBe 5. OmgHako, ¢popMa IrpagueHTa HOTeHIHaIa
MOXET 3aBHCETh OT 3apsDKCHHBIX MOJEKYJ, CBS3aHHEIX C IMOBEPXHOCTBIO MeMOpaHsl. [yt
MOTEHIIMATYYBCTBUTEIILHBIX 3JIEMEHTOB MeMOpaHbl 3TOT 3(ddekr Oyaer HMeTh OrpomMHOE
3Ha4YeHHe, HOCKOJIbKY OHH PACIO3HAIOT JIUIIb T€ IPaUCHTHI OTEHINANA, KOTOPbIe HAXOIATCS B
HETIOCPEACTBEHHOH OJIM30CTH OT HUX.

OHHB. us3 npoGneM C THUIOTE30H MOBEPXHOCTHOI'O 3apsia COCTOUT B TOM, UYTO YAAJIICHUC
BHCKJICTOYHOI'O KaJIbIUA JOJI)KHO ITOBJIMATH HC TOJIBKO Ha AKTHBAIIWKO, HO U HA MHAKTHUBAIIUIO
HAaTPpUCBBIX KaHAJIOB, a TAKXXE€ Ha aKTUBAllUIO KaJIMCBBIX. CHmKeHne Topora HanHeBOﬁ
WHAKTUBALlUM W KaJUeBOM aKTUBALIMU NPpUBEACT TOrAa K CHUIMCEHUIO B036yHI/IMOCTI/I. B cuiy
HCU3BCCTHBIX IIPU-
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YWH, BIMSHUC YCTPAHCHUs KaJbIMS HA 3T MapaMeTphl TOpa30 MEHEE BBIPaXKCHO, YeM
BIIMSIHYE HA AKTHBALMIO HATPHEBHIX KaHanoB - ®”. BO3MOXHO, 9T0 H He yIHBUTEIIBHO, UTO
JIOKAJbHBIC U3MEHEHHsI DJICKTPUYECKOT0 TPaHEHTa OKa3bIBAIOT CTOJIb Pa3HOE BIHSHHE Ha
pa3IYHbIe MOJICKYJIbI KaHala, WK Aa)e Ha pa3Hble YYaCTKH OJTHOM U TOi e MOJIEKYJIbl, B
3aBUCHMOCTH OT PAaCIOJIOKEHUSI TOTCHIMATIYBCTBUTEILHOTO 3JIEMEHTa OTHOCHTEIBHO
MMOBEPXHOCTHBIX 3apsaoB. KaknMu Obl HM OBUTH IPUYWHBI 3TUX pasindui, oommii sdhdext
KaJIbIHs 3aKITI0YaeTCs B CTAOMIM3alK MEMOpaHbl U BHECEHHUHU IIOTIOJHUTENBHON CTEIICHN
HAQJICKHOCTA TPU BAPHbUPOBAHHMM YPOBHS IOTCHIMAda MEMOpaHBl MEXAYy ITOKOEM |
MTOPOTOM JJIsI IIOTCHITHATIA ICHCTBUSL.

BbiBOAbI

[lotenmman meficTBus B OONBIIMHCTBE KICTOK BO3HHKAET 32 CUET KPATKOBPEMEHHOTO
BO3pacTaHHs HATPUCBOW MPOBOJUMOCTH, KOTOPOE CTPEMHUTCS MPHBECTH MEMOpaHHBII
MOTEHLIMAT K YPOBHIO HATPHUEBOTO PAaBHOBECHOI'O MOTEHLMANa U 32 KOTOPBIM CIEAYET
YBEIUYCHHUE KaTHEBOW MPOBOIUMOCTH, BO3BpAIIaoIce MeMOpPaHy B COCTOSIHUC MOKOSI.

Bospacranme ~ mpoBoaMMoOcTell  BO3HHMKAaeT Onaromaps ITOTCHI[HAT3aBUCHMOCTH
HATPUCBBIX W KAJMECBBIX KAHAJIOB: BEPOSTHOCTh WX OTKPBITHS BO3PacTacT MpH
JIETIOJISIPU3aIIHN.

OKcIlepruMEeHThl Ha aKCOHE KalbMapa ¢ (ukcamuell NOTeHIHala IIPEIOCTABIIN
JETaNbHYI0 HH()OPMAIMI0 O TOTCHIHAI3aBUCHMOCTH WM BpPEMEHHOM XOJ€ W3MEHCHHH
npoBomumocTed. [Ipm nmemosspusammy MeMOpaHBI HaTpHeBas IMPOBOIUMOCTH CHadaja
OBICTPO aKTHBHUPYETCS, a 3aTeM HHaKTHBHpYyeTcs. Ka-

JIMEBas MPOBOANMOCTE aKTUBHPYETCS C 3aAEP)KKOI M 0cTaeTcsi Ha BEICOKOM YPOBHE /IO TeX
I0p, IOKa He KOHUYMUTCS ACTOSIPU3aLIHsL.

BpemenHo#l xon M NOTEHIUAI3aBUCUMOCTh W3MEHEHHUN HATPUEBBIX U KaJIHUEBBIX
MIPOBOJUMOCTEH B TOYHOCTH OMpPENEISIIOT aMIUIUTYAy M BpPEMEHHOW XOJ MOTeHLHaIa
NEHCTBUS, a TaKkkKe TaKWe XapaKTCPUCTHKH MeEMOpaHbl, KaKk TOpOT AaKTUBAIMA |
pedpakTepHBIA IEPUO/T.

TeopeTnueckn akTHBALMsS HATPUEBOW M KaJHEBOW MPOBOAMMOCTEH MpHU ACTONSIPU3ALUU
OJDKHA OBITH CBSi3aHA CO CMEMICHHEM 3apsAia BHYTPH KIETKH. OTH CMEIICHHS,
Ha3bIBa€MBIE BOPOTHBIMHU TOKaMH, YIAJIOCh H3MEPUTH HKCIIEPUMEHTAIBHO.

OKCIIepUMEHTHl € WCIONB30BAaHWEM METOJa IIITY-KJIAMI JONOJHWIA CBEICHHS,
MONy4eHHBIE B OoJiee paHHUX OMNBITaX C (UKCANMEH MOTEHINala, HOBBIMH ACTAISIMHU O
mporecce Bo30yxaeHus. Tak, HampuMmep, HATPUEBBIE KaHAJBI OTKPBIBAIOTCS Ha JTOBOJBHO
KOPOTKOE BpPEMs, 1 BEPOATHOCTH MX OTKPBITHS B XO/I€ ACTOIPU3AIIN CHaYasla BO3pacTaeT,
a 3aTeM CHW)KAeTCs, B COOTBETCTBHUM C aKTHBAallMed U HMHAKTHBALlUEH HATPUEBOM
MPOBOJIUMOCTH B IIEJNOH KJIETKe. Pa3nuvHbIe KHHETHYCCKHE MOJECIU OBUIH MPEIJIOKCHEI C
LEJIBIO OTMCAHUS TPOIIECCOB aKTHUBAIMY W MHAKTUBAIIMY KaHAJIOB.

Kanpuumii urpaer BaXHYIO POJb B BO30YKICHUH. B HEKOTOPHIX KJIETKaX UMEHHO BXOJ
KaJbllds, a HE HATpPHs, OTBeyaeT 3a (pasy pocra moTeHmuana aelicTBus. Kpome Ttoro,
BHEKJIETOYHBIH YpOBEHb KaJBIHS ONpeAesieT Bo30yanMocTs MeMmOpaHbel. CHIKEHHUE
BHEKJIETOYHOH KOHIICHTPALNH KaJIbIIHs IPUBOIUT K YBEITHMICHUIO BO3OYIIMMOCTH.
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I'naea 7 Heiiponsl Kak npo8oOHUKU IIeKMPUYECmea

MoTeHuman AencTBUS NpoABUraeTcs BOOMb akCOHa 3@ CYET MPOAONbHOrO pacrnpocTpaHeHus Toka. Kaxabii
y4acTok MembGpaHbl, TeHepupys UMMYNbC MO TMPUHLUMMY «BCE WMU HWYEro», CBOEW [Aenonspusauuen
BO30yXAaeT cocefHWi ydvacTok. [N MOHMMaHUS MexaHu3Ma pacnpoCTPaHeHWs UMMynbca, a Takke
CMHaNTMYecKon nepedayv W MHTErpauuu, HeobXoOMMO YSICHUTb MPUHLMM NaCCUMBHOTO PacrpoCTpaHeHus
MMMyNbCOB BAOMb HEPBA.

Mo Mepe cBoero NPOABMXKEHWUS BAOMb aKCOHa WNW AEHAPWTa TOK TEPSIET CBOK cuily. CHUXEHWE BENUUUHBI
TOKa 3aBUCUT OT psila NPUYMH, B MEPBYIO ovepeab OT AMameTpa U CBOWCTB MeMOpaHbl HEPBHOMO BOSIOKHA.
MpogonbHoe pacnpocTpaHeHMe Toka Tem Oonblue, 4Yem Oonblue AMameTp BOMOKHA W Yem Bbllle
conpoTuBneHve mMembpaHbl. EMKOCTHbIE CBOWCTBa MeMOpaHbl BRUSILOT Ha BPEMEHHOW XOA 3MeKTPUYECKMX
cUrHanoB, a TakkKe Ha pacnpocTpaHeHue Toka. YToObl OueHWTb, Ha Kakoe paccTosiHue crnocobeH
pacnpocTpaHUTbCs MOAMNOPOroBLIN MOTEHUMar, HeobXxoAMMO 3HaTb reoMeTpuio UM CBOWCTBA MeMOpaHbl
HelipoHa 1, KPOMe TOro, BPEMEHHOW X0A 3MEHEHMWsI MoTeHLumMana.

AKCOHbI MHOTVX TUMOB HEPBHbLIX KMNETOK Y MO3BOHOYHBIX MOKPLITHI 0GOMOYKOM M3 MUenuHa, obnapatoLiero
BbICOKMM COMPOTUBIIEHMEM W MasIo eMKOCTbI0. MuenuHoBasi 060noYka urpaeT porb M30SSLMOHHON 0GMOTKU
npoBoAa W 3acTaBnsieT TOK nepemelLaTbesl BAOSb MemGpaHbl. Mpy aToM Tok BbICTPO nepeckakvsBaeT OT
ofHOro nepexsata PaHBbe (KOPOTKOro yyacTka MemGpaHbl, MIMWEHHOrO MUenuHa) 4o APYroro, U CKOpPOCTb
npoBeAeHusi NpU 3TOM Bo3pacTaeT. MuennHUaMpoBaHHble BOMOKHA BCTPEYAKOTCS B TeX 06nacTsaX HEMPOHHOM
ceTu, rae CKOPOCTb MPOBEAEHUS UMPAET BaXHYIO POfib.

OnekTpuyeckme curHanbl crnocobHbl Takxke nepeaaBaTbCA C OAHOMO HeWpoHa Ha OpYron B MecTax TeCHOro
KOHTaKTa Mexay HVWMW, Ha3blBaeMblX LLENeBbIMU KOHTakTaMu. TOK B TakMxX COeOMHEHUsIX MpoTekaeT o
0COo6bIM kKaHanam, KOHHEKCOHaM.

§ 1. IlaccuBHBIE YJIEKTPUUYECKHE CBOMCTBA HEPBHBIX U
MbIIIEYHbIX MeMOpaH

OCOOCHHOCTH TPOHUIIAEMOCTH HEHPOHANBHBIX MEMOpaH M TO, KaK OHH CIIOCOOCTBYIOT
reHepanuy MOoTeHIraNa ASHCTBHs, 00CYKIATUCh B IPEIBbIAYIINX INIaBax. B TaHHOUW riiaBe peyb
noiaeT riaBHBIM 00pa3oM O TOM, KaK TOKH PACIPOCTPAHSIOTCS BIOJIb HEPBHOTO BOJIOKHA U
00pasyIoT JOKaIbHbIC PA3HOCTH MOTECHIHAIOB.

[TaccuBHBIE 3JEKTPUYECKHE CBOWCTBA HEMPOHOB, a HMMEHHO, CONPOTHBICHHE H EMKOCTh
MeMOpaHBbI, a TAKXKE COMPOTHBIICHUE LIUTOILIA3Mbl, HTPAIOT BAKHEHUIIYIO POJIb B HEHPOHAILHON
curHamM3aluu. B opraHax 4YyBCTB 3TH CBOICTBa SBISIFOTCS CBS3YIOIIMM 3BEHOM MEXIY
CCHCOPHBIM CTHUMYJIOM M T'eHepalnuel MMIyJbca; Ha YPOBHE aKCOHA OHM ITO3BOJISIIOT UMITYJIBCY
pacrpoCTpaHUTHCS; HA YPOBHE CHHAICOB OHM OIPEJNEISIOT CIIOCOOHOCTh MOCTCHHANTHYECKOTO
HEeWpoHa CKIaAbIBaTh M BBIYMTATh CHHANTHYECKHE IIOTEHLHMATbI, BO3HMKAIONIME HAa
MHOT'OYMCIIEHHBIX CHHAaNTHYECKHX BXOJaX, Oyab TO BONM3M Tela KIETKH WM Ha CaMbIX
OTHAJEHHBIX JAeHApuTax. JIIs MNOHMMaHMS JTHUX TPOLECCOB HYKHO 3HAaTh NPHUHIMUIIEI
pacrpoCTpaHEeHUs! AIIEKTPUYECKUX CUTHAJIOB BJIOJIb HEHPOHHBIX OTPOCTKOB. B naHHO# TiaBe
peuyb MOieT riIaBHBIM 00pa3oM O HEPBHBIX BOJIOKHAX C IOCTOSHHBIM IHAMETPOM Ha BCEM
CBOEM MPOTSDKEHHWH, T. €. O IWIMHAPHUYECKUX NpoBOAHMKaX. Kpome Ttoro, s aaHHOTO
OTMCaHMS MBI IPUMEM, YTO B OTCYTCTBHE pereHepanuy MeMOpaHa AeHCTBUTENBHO TIACCHBHA, T.
€. W3MEHEHHUs IOTeHLMajla, HE JOCTUTalollde IOPOrOBOTO YPOBHS, HE aKTUBHPYIOT
MOTEHIHAI3aBUCUMBIX IPOBOANMOCTEH M HE N3MEHSIOT TeM CaMbIM CONPOTHBIICHHSI MEMOpPaHbIL.
JlaHHBIE NPUHLUNBI IPUMEHUMBI U K 00Jiee CIIOKHBIM CTPYKTypaM, TaKUM KaK pa3BeTBIICHHS
AKCOHHBIX OKOHYaHWM WM [CHAPHUTHBIE BETBIECHHS C HEOIHOPOIHBIMH DJIEKTPUYECKHMH
cBoiictBamut - 2. Poltb MOJOGHBIX CTPYKTYP B (DYHKIMOHHPOBAHHH HEPBHOH CHCTEMBI BECHMa
BEJIMKA, OJJHAKO KOJIMYECTBEHHOE OIMCAHNE UX IEKTPHUECKUX CBOMCTB moTpeboBao Okl Goee
CJIO)KHOT'O aHaJIM3a.
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KabenbHble cBONCTBA HePBHbLIX U MbllLeYHbIX BOJIOKOH

[unuanprudeckoe HEpBHOE BOJOKHO COCTOMT M3 TeX JK€ KOMIIOHEHTOB, 4TO W IIOJBOMHBII
JNEKTPUYECKHH KaOellb: U3 CTEPXKHEBOTO IPOBOJHUKA M HM3OJIILMOHHOM O0O0OJIOUKH, OKPY>KEHHOI
IpoBOJAIIEeH cpenoil. TeM He MeHee, KOIMYECTBEHHOE OTJIMYHE 3THX JIBYX CHCTEM BECbMa BEIHKO.
CreprxeHb Kaberst OOBIYHO CHENAH W3 MEIOH WIM MeTala C OYeHb BBICOKOH MPOBOIUMOCTBIO, B TO
BpeMsi Kak o00oOJlouKa CJenaHa W3 IUIACTMKA WM JPYyrHX MaTrepuajoB C OYECHb BBICOKHM
conpotusneHueM. Kpome Toro, 06oi0uka 0ObIYHO OBIBACT AOBOJBHO TOJCTAs M MOTOMY OOJafaer
HU3KOM eMKOCThIO (mpuiokeHue A). Hampsokenue, mpuiaoKeHHOE K TaKOMY NPOBOXY, CIHOCOOHO
nepeaThCsl Ha 3HAYMTENbHOE PAcCTOsSHME Onarojaps TOMY, YTO CONPOTHBICHHE MEIH Malo, Kak
HE3HAUUTENBHEl U NOTepH 4depe3 00osouky. ConepkuMoe HEpBHOTO BOJIOKHA NPEACTABISICT co0O0it
pacTBOp COJICH, 1O KOHICHTPAIWH IOXOXXHH Ha BHEKIETOUHYIO Cpely H, B OTIMYHME OT MEnH,
ol6Jrafaronuii IOXOH MPOBOJUMOCTBI0. MeMOpaHa KIIeTKH, B CBOIO OUepellb, HE SIBISIETCS XOPOIINM
M30JATOPOM U 00JamaeT BBICOKOH €MKOCTBIO BBUAY CBOeH Mayod ToimmHbl. Hampsbkenwe,
MIPWIOKEHHOE K HEPBHOMY BOJIOKHY, HE PAacIpPOCTPAHSIETCS Ha 3HAUUTENHHOE PACCTOSHHE IO JBYM
npu4YMHaM: 1) IPOBOJMMOCTb COJIEPKMMOIO BOJIOKHA Mala, CJIEIOBAaTeIbHO, CONMPOTHBICHUE TOKY
BEIIMKO; 2) TOK, NpPOTEKAIOUIMi BHOJb IMTOIUIA3MBI, pacceMBaeTcsi Oyiarojapst yTedke CKBO3b
MeMOpaHy, He 00eCIIeuHBaIOLLYI0 JOCTATOYHOH U30JISLIIH.

Ananu3 Toka B kabene Obu1 Ha4yar jopaoM KenbpBHHOM NPUMEHHTENBHO K TPaHCATIaHTHYECKOIl
Tene)OHHOU CBs3M W ycoBeplieHCTBOBaH OnmBepoMm Xepucaiijom. B konme XX B. XeBucaiin
BIIEPBBIC y4Yel 3HAYMMOCTh YTEYKH TOKAa 4epe3 H3OJIHOHHYI0O O0O0O0JOYKY, SKBHUBAJICHTHYIO
KIIETOYHOU MeMOpaHe, a Tak:Ke BHEC MHOXKECTBO Ba)XKHBIX JIOTIOJIHCHHUH B KaOCIBHYIO TEOPUIO, B TOM
qycie OINpeNeNiyl MOHATHE uMIenanca. KalOenbHas Teopus ObUia BIIEPBBIC HCIOJIB30BaHA IS
HEPBHBIX BOJIOKOH XODKKUHBIM H Pamrrorom’), KOTOpbIE OKCIIEPUMEHTAIFHO H3MEPHIIU
pacmpocTpaHeHue MOTEeHIMaNa ICHCTBUS B aKCOHE OMapa ¢ MOMOIIbIO BHEKJIETOYHBIX JJIEKTPOJOB.
IMo3anee 1uist MOJOOHBIX U3MEPEHHUI B LISJIOM Psifie HEPBHBIX M MBILICYHBIX BOJOKOH HUCIIOJIb30BAINChH
BHYTPUKJIETOYHBIE JICKTPOIBI.

B jmaHHOM pasfene paccMaTpHBAaeTCsl 3aBHCHMOCTB IIPOJOJIBHOIO PACIPOCTPAHEHHS TOKa OT
COIPOTUBICHUS MeMOpaHbI 1 akcoriazMbl. OCHOBHBIM IPaBHJIOM 3/eCh sBIsieTcs 3aKoH OMa: TOK i,
HPOXO/IS Yepe3 CONPOTHBICHHUE T, CO3/IaeT HampspKeHue v = ir (mpuioxenue A). Huxe B 9Tl rinaBe
MBI PacCMOTPHM Tak)Ke BJIMSHHE MEMOpaHHOW €MKOCTH Ha BEJIMYMHY W BpPEMEHHOW XOI
MPOAOJIBHOTO PacIPOCTPAHCHUS TOKA.

Tok B Kabene

Jlns nmydmiero MOHMMaHHWs HPHHIMIIOB IPOXOXJEGHHSA TOKAa MO KaOemro IMpeincTaBUM cebe, Kak
pacnpocTpaHseTcs TEIIO BIOJIb METAUIMYECKOro MPYyTa B TEIUIOU30JIUPYIOIIEH 000I104Ke, KOTOPBIH
IIOMeIIeH B MPOBOJISINYIO cpeny (Hampumep, B Boxy). Ecnu HarpeBaTh mpyT ¢ OXHOTO KOHIA, TEILIO
pacnpocTpaHsieTcsl BOJb IpyTa M, [0 Mepe CBOEr0 PacHpOCTPAHCHUs, YaCTUYHO paccenBaeTcs B
OKPYKAIOIIYIO Cpefy, IPOHMKas depe3 000sIouKy. UeM pablie OT HarpeBacéMoro KOHIA, TEM HIDKE
TeMIlepaTypa; 10 Mepe CHIDKCHHS TEMIIepaTyphl CHIDKAeTCS M CKOPOCTh paccesHus Temwa. [Ipm
YCIIOBHH, 4TO OKpY’Kalollas cpea obJiaaeT BbICOKOM TEIUIONPOBOIHOCTBIO, PACCTOSHUE, HA KOTOPOE
pacmipoCTpaHuTCs TeIIoTa, OyIeT 3aBUCETh IJIaBHBIM 00pa3oM OT OByX HapaMeTpoB: 1) oT
TEIUIONPOBOAHOCTH TIPYTa U 2) OT H30JIUPYIOLIUX CBOKCTB 000IOUKH.

ITpoTexanue Toka B Kabese MPOUCXOAUT MTOX0KHM 00pa3zoM. HampspkeHue, NpuiloXkeHHOE K OHOMY
KOHITy Ka0eJs, BBI3bIBACT IPOTEKAHHE TOKA MO CTEPXKHIO B IPOMOJIHHOM HAIpaBIEHHH, KOTOPHII
YaCTHYHO TepsieTCs CKBO3b OOOJIOUKY B OKPYXKAIOIIylo cpexy. UeMm jmaiblie OT KOHI@, K KOTOPOMY
MIPWIOKEHO HAIpsDKEHUE, TEM MEHbIIe TOK. PaccTosiHue, Ha KOTOpOE pacHpOCTPaHUTCS TOK, OymeT
3aBHCETH OT IPOBOJUMOCTH CTEPXKHS M OT TOTO, HACKOJILKO (P (PEKTHBHO 000J09Ka Mpe0TBpaIaeT
notepu Toka. O00J0UKa C HU3KUM CONPOTHUBICHUEM MPOIYCTUT BECh TOK B OKPYXKAIOLIYIO CPELY.
OG6onouka ¢ Gosiee BBICOKMM CONPOTHBICHHEM HO3BOJIUT TOKY PAacIpOCTPAaHUTBCA Ha Oosbliee
paccTosiHUE.

Tok B akcOHe MEPEHOCHTCS] HOHAMH: IIPU MHBEKIMU TOKAa B HEPBHOE BOJIOKHO (HAIPUMEP, B aKCOH
oMapa) 4yepe3 MUKPOZJICKTPOJ, KaK I0Ka3aHO Ha puc. 7.1 A, MHBEUUPOBAaHHBIC IMOJIOKUTEIBHBIC
3apsapl OyAyT OTTANKUBATH JPYTHe KATHOHBI U NIPUTSTHBATh aHHOHBI. CaMbIi pacripoCTpaHEeHHBIH U3
HEeOOIBIINX HOHOB BHYTPH KJIETKH — 3TO KaJMH, KOTOPHI, ClIeOBaTEILHO, IEPEHOCHT HanOoJIbIIee
KOJIMYECTBO TOKa depe3 MeMOpaHy. Tok rmpoTekaeT B IPOXOIHHOM
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HAaITPaBJICHUH BIOJIb AKCOHA, ¥ 1I0 Mepe MPOBIKEHHS YacTh €ro TepseTcs Oaronapsi nepeMereHuro
HOHOB 4Yepe3 MemOpany. B MemOpaHe ¢ HH3KUM CONpPOTHBICHHEM U OOJBLIOH HOHHOI
MPOBOAUMOCTBIO OOJIBIIAS YaCTh TOKA NOTEPSETCS 0 TOTO, KaK OH YCIeeT IePEeMECTUTHCS Ha CKOJIb-
HUOYIb 3Ha4YMTENbHOE paccrosHue. Ilpu Gosiee BBHICOKOM CONPOTHBICHHMHM MEMOpaHbl TOK
pacnpoCTPaHUTCS BIOJb aKCOHA Ha OOJIbIIIEE PACCTOSHHE, MPEKAE YEM PACCEATHCS B OKPYXKAIOILYIO
cpeny.

BxogHoe conportuBneHune n NOCToAHHAA ANMMUHbI

Ha puc. 7.1A npexcraBiieH TOK, IPOTEKAIOMNIT Yepe3 pa3IndHble yYacTKH MEMOpaHB! BIOJIb aKCOHA
Ha pa3sHOM PACCTOSHHUM OT OTBOMSAIIETO 3JIEKTpoaa. ToNmuHA KaKTOH CTPENKH MPUOIU3UTEIHHO
COOTBETCTBYET BEIIMYMHE TOKA B KaXXIOM OTIEIBbHO B3sATOM yuacTke. Ilo 3akoHy Oma maneHue
HANPsDKEHUS HA JAHHOM PACCTOSHUM OT 3JIEKTPOZA MPONOPLHMOHAIEHO MEMOPaHHOMY TOKY Ha TOM
e paccTosiHuH. Bo3HuKaeT aBa Bompoca:

1) KakoBo OyzeT H3MEHEHHE HANpPsHKEHHS Ha ODICKTPOJAEC IMPH [JaHHOM KOJMYECTBE TOKa,
MPOXOJISIIEM Yepe3 IEKTPo?

2) Kak JAJICKO 3TO U3MCHCHUEC HAIIPSI)KECHUS paCIIPOCTPAaHUTCS BIOJIb BOJIOKHA?

UToOBI OTBETUTH HA 3TH BOIPOCHI, JOCTATOYHO M3MEPUTH N3MEHEHHE HANPSDKEHUSI C TIOMOIIBIO eIie
OJTHOTO JJICKTPOJIA, BCTABIIEMOTO B BOJIOKHO HA PAa3IMYHOM PACCTOSIHUH OT IEPBOTO JIEKTPOJa, Kak
noka3ano Ha puc. 7.1 A. Pe3ynbraThl mogoOHBIX M3MEpeHHH Moka3aHel Ha puc. 7.1B. M3menenune
HaNpsDKEHUS UMEeT HanOouiblliee 3HAUCHHE B MECTE MHBEKLIUM TOKa M MOCTENEHHO CHIXKAeTCs MO
Mepe yaleHUs OT Hero.

Criaj BeMYUHBI U3MEHEHHS HATPSKEHUS] HOCHT SKCIIOHEHIMANBHbIA XapaKkTep, Tak 4TO MOTEHLHAT
(V,) Ipu 1aHHOM 3HAUYEHHUU PACCTOSIHUS X PABEH:

1"': e I'Elt_:'r','.

MakcuManbHbIi NOTeHIMan V( NpoNopLHOHalIeH BeIMYMHEe HMHbenupyemoro Toka. Kosdduuuenr
[IPOIOPLUOHAILHOCTH HA3bIBACTCSA BXOAHBIM COIIPOTHBICHUEM BOJIOKHA, iy, OH paBeH cpeaHeMy
CONPOTHUBIICHHIO, BCTPEYaeMOMY HOHHBIM TOKOM, IIPOTEKAIOIINM 4Yepe3 akcoIula3My U MeMOpaHy BO
BHEKJICTOYHYIO cpefty. Takum

O6pa30M, €CJIM BEJIMYMHA UHBCHUPOBAHHOI'O TOKA paBHA i, TO
Vo= i,

IMocToSIHHAS ITHHBI BOJIOKHA A — 3TO PACCTOSHHE, HA KOTOPOM IIOTEHIIMAN CHIKAETCS B e pas (1o
37% OT Ha4AIBHOTO 3HAYEHHS). DTH ABA MAPAMETPA, Finpy ¥ A, OTPEACISIOT BEIUYHHY W3MEHEHHS
MOTEHIMAla B OTBET HAa MHBEKIMIO TOKa, a TakkKe PACCTOSHHE, HAa KOTOPOE 3TO HM3MEHEHHE
PacIpoCTPaHUTCS BIOJb BOJOKHA.

COﬂpOTMBneHMe MeM6paHbI n npoaoNnibHoOe conpoTtuBneHune

Kabenb MOXKHO MPeACTaBUTh ceOe B BUJIE LETIOYKH JIEMEHTOB CONPOTUBIICHUS, Iy U 7, COEANHEHHBIX
nocnenoBarensHO  (puc.  7.1C). Takas memodka MONY4HTCS, €CIM BOOOpasHTh cebe aKCoH
pa3pe3aHHBIM Ha IIUIMHAPHYECKHE CcerMeHTHl. CONpoTHBIEHHE MEMOpaHBI 7, COOTBETCTBYET
CONPOTHUBICHUIO CTEHKM LWIUHIPA; MPOJOIBHOE CONPOTUBIECHHE 7; COCTaBIIIET BHYTPEHHEE
COIIPOTHUBIICHUE BJOJb Y4acTKa aKCOIUIA3Mbl MEXKAY CEPEAMHOW IaHHOTO LWIMHApA M CEpeAUHON
cnenytomero. ITockonbky HEpB OOBIMHO IOMEIIAIOT B OOJBIIOE KOJIMYECTBO JKHUAKOCTH, TO
6HeKIemoyHoe MPOJOILHOE CONPOTHUBICHUE MOXKHO NPUHATH 33 HOJb. JTO JOMYIIEHUE HE BCErla
BEPHO Ul LIEHTPalIbHON HEPBHOM CUCTEMBI, B KOTOPOW aKCOHBI M JI€HAPUTHI HEHPOHOB, & TaKXKe
IIIHanbHble KIETKH (CM. IMIaBy 8) yMakoBaHbl HACTOJBKO IUIOTHO, YTO MPOTEKAHHE BHEKIETOUHOTO
TOKa OrpaHMYCHO. B cioyuae paccMaTpuBaeMOro OIBITa TAKOE JOIYLICHUE CIIPABEAIMBO U CIIyXKHT
JUI MAaKCUMAJbHOIO YIPOLICHUS MaTeMaTU4eCKUX BbIpakeHUH. J[IMHA MUIMHAPUYECKUX CETMEHTOB
MOXeT OBITh JTI000H, OMHAKO 7y, ¥ 7; ( IPUHATO YKa3bIBaTh M3 pacdyeTa Ha yJacTOK aKCOHA [UIMHOU 1
cMm. ComnpoTuBieHHe MeMOpaHBI 7y, BBIPQ)XKAETCSI B OMaX, YMHOXEHHBIX Ha caHTUMeTp (OM cm).
BenuunHa MOXXET NMOKa3aThCsl CTPAHHOM, HO OHA OOBSACHSETCS TEM, YTO CONPOTHUBJICHUE yObisaem ¢
YBEJIMUYEHHEM [UTHHBI BOJIOKHA, a 3HAYMUT, C yBEIMYEHHEM KOJMYECTBA KaHAJOB, Yepe3 KOTOPHIE
TepsieTcst TOK. TakuM 00pa3oM, COMpPOTHBIEHHE AAHHOTO ydacTKa MeMOpaHbl aKCOHa B OMax
PaBHSETCS] CONPOTUBICHUIO CAHTUMETPOBOTO yJacTKa (7, B OM - cM), AeNeHHOMY Ha AJIHMHY JaHHOTO
yuactka (B cM). IlocTosiHHas r;; BbIpa)kaercsi, KaKk M CIEJOBalO OXHJAaTb, B OMaX, JECJICHHBIX Ha
cantumetp (Om/cm).
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(Al : I:_‘l_'1 Puc. 7.1. Tokun B meME€ daHe akcoHa. (A) Tok
i _'[_ (i), npoTekalowwmn B Mc:MOpaHe, B OTBET Ha

= MHBEKLMIO MOCTOSIHHOIO ~ Toka  Yepes
Mukpoanektpoag. (B) [loteHuman (V) kak
YHKLMA paccTosHUA (0) OT MecTa WHbeKLMn
Toka. (C) OkBuBanerTHas anekTpuyeckas
cxema, B KOTOp( 1 conpoTuenexHne
BHEKNETOYHON Cpedbl MPUHATO 3a HOMb, a
eMKOCTb MeMBpaHbl He ' YATLIBAETCS.

T " : L J Fig. 7.1. Pathways for Current Flow in an
» - gy

axon. (A) Current fow (i) across the
membrane produced by a steady injection of
current from a microel :ctrode. Thickness of
the arrows indicates current density at various
distances from the pcint of injection. The
m ¥ second electrode (left records membrane

. Y potential at various distiinces from the current

¥a electrode. (B) Potential (V,) measured along
the axon as a function cf distance (x) from the
- point of current injection. Decay of voltage is
exponential with a length constant A. (C)

' H"‘--.______ Equivalent electrical c rcuit assuming zero

Oruisidle fudd

Axoplasm .

—_— — resistance in the exteraal fluid and ignoring
= B 0 2 : membrane capacitanc: r = longitudinal
: Distance resistance of axoplasm per unit length; n, =

: I, membrane resistance of a unit length.
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PacueT conpoTuBneHus mem6paHbl U BHYTPEHHEro CONPOTUBIEHUsA

[TocTosiHHAS JUTMHBI BOJIOKHA 3aBUCHUT KaK OT rm, TAK U OT 172

A= (:_—':')m.

BenuunHa u3mepsieTcss B CAHTUMETPax W OTBEYACT WHTYMTUBHOMY IPEJCTABICHUIO O TOM, YTO
paccTosiHMe, Ha KOTOPOE PacHpOCTpaHSeTCs W3MEHEHHE IOTEHIHana, JOJDKHO BO3PacTaTh C
YBEJIMUYEHUEM COIPOTHBIICHUSI MEMOpPaHbl (KOTOPOE MPEMATCTBYET MOTEPE TOKA 32 CUET YTEUKH)
W, HANpOTHUB, IOJDKHO CHIKAThCS C YBEIMYEHHEM BHYTPEHHETO CONPOTHBIECHHS (KOTOpOE
3aTpyIHIET NIPOTEKaHHEe TOKA BO0JIb COAEPKUMOT0 BOJIOKHA).

To4HO TaK ’k€ BXOAHOE CONPOTHBIICHNE 3aBUCUT OT 000X ITapaMeTPOB:

Tinpus = U,S{rmr.}l”z_

Brlpaxkenue uzmepsiercs B JODKHBIX exuHunax (OM) M moJpa3yMeBaeT BO3pacTaHHE BXOJHOTO
COTIPOTHBIICHUSI C YBENWYEHHEM KaK OJHOT0, Tak W jApyroro mnapamerpo. Paxrtop 0,5
OOBSICHACTCS TE€M, YTO AKCOH NPOCTHPAETCS B JIByX HAIIPABJICHUSAX OT MECTAa MHBEKLUUH TOKA.
Kaxxnas mosoBuHKa 00J1a1a€T BXOHBIM COITPOTHBIICHUEM, PABHBIM (¥:17) 03

3Has 3TH BBIPAKEHHS, MOXKHO IOJTYYUTh HapaMeTphl CONPOTHBICHHS MEMOPAHbI M aKCOIUIa3MbI
U3 OIBITOB, MOJOOHBIX MIOKA3aHHOMY Ha prC. 7.1. I3MepHB 3KCIIEPUMEHTAIBHO Fippy U A, MOIKHO
IIyTEM IIPOCTHIX IPEOOPA30BAHMUM MOMYIUTD BBIPKEHHUS JUIS Fy U 7

A o e
2

= Zrl.; |

YpenbHoe conpoTuBneHue

PaccuutanHble 3HAUYEHUS Fy, U 7; XapaKTEPU3YIOT CONPOTUBIICHUE LMIMHAPHYECKOTO CErMEHTa
akcoHa JuinHO# 1 cM. OHaKo, OHH HE MPEJOCTABISIOT TOYHOW HH(POPMAIIUH O COTTPOTHBICHUN
camMoii MeMOpaHbl, a TaKKe aKCOILIa3Mbl, MOCKOJIbKY IIOCJIEHUE 3aBUCST OT pa3Mepa BOJIOKHA.
[Tpu paBHBIX NPOYMX YCIOBHUSIX, CAHTHMETPOBBI OTPE30K TOHKOTO BOJIOKHA JOJDKEH 001anaTh
6oJ1ee BBICOKMM COIPOTHBJIEHUEM MeMOpaHbl, 4eM OTPE30K 00JIee TOJICTOro BOJIOKHA
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TOW e JJIMHBI, MOCKOJIBKY y TOHKOTO BOJIOKHA IUIONIA[b ITOBEPXHOCTH MEMOpaHBI MEHBINE, YeM Y
toscroro. C Ipyroif CTOpPOHBI, €clu B MeMOpaHe TOHKOTO BOJIOKHA INIOTHOCTh KaHAJIOB 3HAUUTENBHO
BBIIIE, TO COMPOTHUBIEHHE CAHTUMETPOBOTO y4acTKa €ro MeEMOpaHBI MOXKET B PE3yNbTaTe OKA3aThCs
TaKUM e, KaK U Yy TOJCTOro BOJIOKHA. [Ijist TOro, 4to0bl conocmasums MeMOpaHbl MEXILy cOOOii,
HY)KHO 3HaTh BEJIMYMHY YACIBHOTO CONPOTHBIICHHS, KOTOPOE PABHO CONPOTHBICHUIO MEMOpPaHBI
miomaneo 1 cm* u usMepsercsa B OM eM?. OTpe3ok axcomna JUIMHOK 1 ¢M U paguycoM o oOiamaer
ILIOMIABIO IOBEPXHOCTH 2110 cM>. COIPOTHBICHHE MEMOPAHEI Iy TAKOIO OTPE3Ka MOXKHO HONyUHTb,
pasznenus R, Ha momans MeMOpaHsl: 1y, = R,/(27m). [Ipeobpa3oBaB BbipakeHUE, MOTYIUM

R =1lzar_.
Bemnuunna R, BakHAa TeM, YTO HE 3aBHCHT OT T€OMETPHYECKHUX CBOWCTB MEMOpaHbl M MOTOMY
MO3BOJISIET CPaBHUBATh MEXy CO00i MEMOpaHbI CaMbIX Pa3HBIX pa3MepoB U HOpM.
B OGonpmmHCTBE THUIOB HEWPOHOB R, ompenensercs IJTaBHBIM 00pa3oM KalHeBOM U XJIOPHOH
MIPOHUIAEMOCTSIMH MeMOpaHBI B IOKOE (rJ1aBa 5), BEIMYMHA KOTOPHIX 3aBHCHT OT THIIA KIJICTKH.
Cpennee 3HadeHue R, noinydeHHoe XO/UKKMHBIM U PalITOHOM Ha akCOHE oOMapa, COCTaBJIAET
npuGmmsurensao 2000 OM - cM’; [1aHHBIE, NOJYYEHHbIE B APYTHX MpENapaTax, BaphbHPOBAIM B
nuamnasone ot 1 000 Om - oM’ B MeMmOpaHax ¢ OONbIINM KoJmyecTBOM KaHaioB 10 50000 Om oM’ B
MeMOpaHax co CPaBHUTENBHO HEOOIBIINM YHCIOM KaHAJIOB.
VaenpHbIM CONPOTHUBIEHUEM (R;) aKcOIUIa3Mbl Ha3bIBAETCSl BHYTPEHHEE MPOJIO0JIBHOE CONPOTUBIIEHUE
ydacTKa akcoHa AMMHON I CM M TIomanbio ceueHus 1 cm’. ITa BENMUMHA TAKKEe HE 3aBHCHT OT
TEOMETPUYECKHX CBOWCTB aKCOHAa M OINpPEAENAETCS TEeM, HACKOIbKO CBOOOJHO MOHBI CIIOCOOHBI
IepeMenaThcsl BO BHYTPUKIETOUYHOM IIpocTpaHcTBe. UTOOBI moaydunts R; U3 rj, Hy)XHO BCIIOMHHTS,
YTO C YBEJIUYCHHEM IUIOLANU CEUCHMs LMIMHAPA €ro IPOJOJbHOE COIPOTHUBICHHE YMEHBIIACTCS.
Crne0oBaTebHO, COIPOTUBIICHHE Y4acTKa aKCOHA JUIMHOM 1 cM (7;) MOXHO BBIPAa3UTh KaK 4acTHOE
BeM4HHbI R; 1 mwiomamy cevenust: r, = Ry/(a?). Otcrona MOJTY4UM:

R = rwa’.
Bennunna R, wu3mepsercs B OM - cMm. Jldd akcoHa KaibMapa €€ 3HAuU€HHE COCTaBIIAET
npuGmmsurensHo 30 Om em mpu 20° C, uto B 107 pa3 Blile, yeM YIEIbHOE COIPOTHBICHHE MEJIIL.
BemuunHa 3Ta COOTBETCTBYET OXKHIAHMAM I HOHHOTO COCTAaBa aKCOIUIA3Mbl KambMapa . Y
MJICKOIIMTAIOMINX MOHHAS KOHLEHTpPALUs B LUTOIIA3Me HUXKE, a yJEeIbHOE CONPOTHBICHHE BBIIIE,
okoso 125 Om - cm mpu 37° C. ¥V narymek, npu eme Oojiee HM3KOH HMOHHOW KOHIGHTpAIMH,
BeJIMYHMHA yJenbHoro conporusieHus npu 20° C cocrasisier mpubnusurensao 250 OM - cMm.

BnuaHune auameTtpa kabena Ha ero xapakTepucTuku
Kak Oyzer BIMATh AHaMeTp BOJIOKHA Ha €ro KabelIbHBIC MapaMETPBI Iy, U A IPU JaHHBIX 3HAUYCHHSIX
YIENBHOTO CONPOTHUBICHHUS aKcoulasMbl R; u ymemsHOro comporusineHus memOpansl R,,? Otser
MOKHO ITOJyYHTh Ha OCHOBE YpaBHEHUIl, IPUBEACHHBIX BhIIe. HauHeM ¢ BXOAHOTO CONPOTHBIICHUS.
MbI 3HAEM, UTO Tinpy = 0,5(rmry) /2 1 oy = R/ (27), 1, = R (2 71a%).
ITpeo6pazoBaB 3TH BEIPAKCHUSL, TIOJTYIHM:
12
Finea = 0,5 Em-R'-- ;
G 2xla!
CrnenoBaTenbHO, ¢ YBEIMUECHUEM IUaMETpa BOJIOKHA O BXOJHOE CONPOTHUBIECHHE CHIXKAETCS Kak 3/2
CTEINEeHb paauyca.
IMono6HBIM K€ 00pa30M HailleM NOCTOSHHYIO JUIHHBI:

()"

[Ipy paBHBIX MPOYHX YCIOBUSX A BO3PAcTaeT C YBENHYCHHEM Pajiyca BOJOKHA KaK KBaJPaTHBIN
KOpPEeHb pafnyca. JTHM MapaMeTpOM MOXHO IIOJIb30BAaThCS NPH CPAaBHEHHH DA3IUYHBIX BOJIOKOH
MeXIy COGOi, ecl MPHHATh, YTO YACTBHOE COMPOTHBICHHE MeMOpaHbl paBHo 2000 Om cM’ B
KaXJIOM ciiydae. AKCOH KanbMapa UIMHOI I cM ¢ ynenbHeIM BHYyTpeHHUM conpoTusieHueM 30 Om -
CM JIOJDKEH 001a/iaTh MOCTOSIHHOW JUIMHBI ToYTH 13 MM. MbllIeuHOe BOJIOKHO JIATYIIKH, Onaroaaps
CBOEMY MEHbIIEMY JUaMeTpy U 0ojiee BBICOKOMY YACIbHOMY BHYTPEHHEMY COIPOTHBICHHMIO, IIPU
muamerpe 50 MKM HMMeeT IMOCTOSHHYIO JUIMHBL, PaBHYIO Bcero 1,4 MM, a HEpBHOE BOJIOKHO
MJICKONUTAIOLIMX JuaMeTpoM 1 Mmxm — Beero 0,3 M.

O6o6muM BblieckazanHoe. KaOenbHbIe MapaMeTphl i, H A ONPEACISIIOT BEIMYMHY CHUTHAIA,
TeHEPHPYEMOTO HEPBHBIM BOJIOKHOM, a TAaKXKe pPacCTOSHHE, Ha KOTOPOE ITOT CHTHAN CHOCOOEH
pacnpocTpanutscs. Hanpumep.
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IIPA PaBHBIX TPOYHMX XaPaKTCPUCTUKAX, BEIMYMHA BO30YKIAIOMIETO CHHANTHYCCKOTO MMOTCHIIAANIA
(rmaBa 9) Oyner Oosbllie B TOHKOM JeHApUTe (C 00jee BBICOKHM Iyy,y), 9eM B ToictoM. C npyroi
CTOPOHBI, B TOJCTOM JICHIPHUTE MOTCHIUAN OyIeT PaclpOCTPaHITHCS Ha OOJBIINE PACCTOSHUS IO
HANpAaBJICHUIO K TEJy KIETKH, 4YeM B TOHKOM (Oiaromaps GoiblieMy 3HaueHuio A). TeM He MeHee,
iput ¥ A 3aBHCSAT HE TOJNBKO OT pasMepa BOJOKHA, HO U OT PE3UCTHBHBIX CBOMCTB IUTOIUIA3MBI U
MeMOpaHbl. MOXHO C BBICOKOW CTEIEHBIO AKKypaTHOCTH CYUTATh, 4YTO 3HAYCHHE YICIBHOTO
COTIPOTHBIICHUS LMTOIIa3Mbl OJAMHAKOBO IUIS JIIOOBIX KJIETOK HE3aBUCHMO OT Kijacca >KUBOTHOTO.
VYaenbHOE CONMpPOTHUBIEHHE MEMOpaHbl, HAPOTHB, PA3IMYHO IS Pa3HBIX THIIOB KJIETOK U MOXKET
OTIIMYATHCS B JECATKH pas.

EmkocTb MemMOpaHbI

MewmOpaHa KJIETKH He TOJIBKO IPOBOJUT MOHHBEIE TOKM, HO ¥ HAKAIIMBAaeT 3apsia HA CBOSH BHEIIHEH
WM BHYTpeHHEH mnoBepXHocTH (rm1aBa 5). C TOYKM 3peHHUs TEOPUU DICKTPUYECTBA, Pa3lCIICHUE
3aps0B HA MeMOpaHe 03HavaeT, 4To MeMOpaHa obJiaiaeT cBOMcTBaMH KOHIEHcaTopa. B obmrem Bune
KOHJIGHCATOp COCTOMT M3 ABYX HMPOBOJLIUX IJIACTUH, OTAEIEHHBIX APYT OT JpPyra H30IUPYIOIINM
MaTepHanoM; B IPOMBIIIIEHHBIX KOHAEHCATOpPAaX MPOBOJSIINE IIACTUHBI OOBIYHO CHAENAHBl W3
METAUTMYECKON (ONbru, a H30JIMPYIOIAs NPOCIOWKa MEeXAy HUMH — M3 IUIacTHKa. B cimydae
HEPBHOW KIIETKH NPOBOAHUKAMH SIBISIOTCA [BA CIOS KHJIKOCTH, HaXOJsIIMECs MO 00€ CTOPOHBI
MeMOpaHBI, a caMa MeMOpaHa HrpaeT poib M30JIHpyromel npocioiiku. [Ipn 3apsike koHAEHCAaTOpa
oT OaTaped Ha OJHON M3 IUIACTMHOK HAaKaIUIMBAeTCs ITOJIOKHUTEIBHBIA 3apsii, B TO BpeMs Kak Ha
BTOPOH IUIACTUHKE CO34a€TCA DPABHBIA IO BEJIMYUHE 3alac OTPULATEIbHOIO 3apsga. EmMkocTs
koHzeHcaTopa (C) onpesensercss KOJIMYecTBOM 3apsija (Q), 3amacacMbIM Ha OAMH BOJbT [IOTEHLIKANIA
(V), npuioxkenHoro k miuactuHam kouzgencatopa: C = Q/V. C usmepsiercs B KyJOHaX, JEICHHBIX Ha
BOJBT, T. €. B (apamax (P). Yem Omke APyr K APYry pPAacloOKEHbI IUIACTHHBI, TeM Oolee
3((}EeKTHBHO KOHJIEHCATOpP CIOCOOEH pa3feNATh W HaKalUIMBaTh 3aps. IIOCKOJIBKY TOJIIMHA
MeMOpaHbl KJIETKH BCETO 5 HM, OHAa CHOCOOHA HaKaljMBaTh JOCTAaTOYHO OoJbmIol 3apsa. OObYHO
EMKOCTh MEMOPAHBI HEPBHBIX KIETOK cocTapmser 1 Mx®/cm?. TIpeobpasoBas BHIPaKEHHE, MOTYUacM
Q = CV. Ilpu norennuane nokoss —80 MB, koan4ecTBO M3OBITOYHOIO OTPUNATENHHOTO 3apsia Ha
BHYTpEHHEH cTOpoHe MeMmOpaHbl coctaBuT (1 - 10 x (80 -107%) = 8- 1078 KYJIOHOB, JICJICHHBIX Ha
cM?, uto coorserctByer 5 - 10'! onHoBanmeHTHEIX HOHOB (0,8 NMOJb) HA KBAIPATHBI CAHTHMET]
MeMOpaHbI.

BennunHy ToKa, MPOTEKAIOIIET0 BHYTPh KOHJEHCATOPA MIIH M3 HEro, MOKHO MOACYUTATh HA OCHOBE
COOTHOILEHUS 3apsia U HANpPSDKEHHs, YUUTBIBAsI, YTO TOK (i, B amIepax) €CTb CKOPOCTh M3MEHEHHUS
3apsza Bo BpeMeHH, T.e. 1 ammep = (1 kynon)/(1 ¢). Ilockonsky Q = C/V, noiayuum:

daQ E‘E

dd T dt’

CKOpOCTh M3MEHEHUS 3apsAa Ha KOHAEHCATOPE MPSAMO MPONOPIMOHAIbHA BeNU4nuHe ToKa. Ecimu Tox
MIOCTOSIHEH, TO MOTEHIMAT OyIeT MEHATHCS ¢ OCTOSHHOM ckopocThio dV/dt = i/C.

CoOoTHOLIEHHE TOKA M HANpsOHKCHUs] B LENM, COAEpKalledl pe3HcTOpsl (CONMPOTHBICHUS) U
KOHJICHCATOPbl (EMKOCTH), COCOUHEHHblE NapajuleIbHO, NPOWLIIOCTPUPOBAHO Ha puc. 7.2.
IIpsMOyroapHbIM CKayOK TOKA BEJIUYMHOM I, NMPUIOXKEHHBIM K pesucropy (R), cozgaer ckadok
HaINpsDKEHUs Ha pe3ucrope BenudyuHou V = iR (puc. 7.2A). Ecnu TOT e CKadyoK TOKa IPUIIOKUTH K
koHzaeHcaTopy (C), TO HalpsDKEHNE Ha KOHAEHcaTope OyIeT HaKaIUIMBaThCs cO CKOpocThio dV/dt =
i/C (puc. 7.2B). Korna 3tu 11Ba 1eMeHTa, pe3sucTop U KOHIEHCATOP, COSAMHEHBI MapajulebHO (pUC.
7.2C), To Bechb TOK MOWAET CHa4ajga Ha 3apsIKy KOHIEHcAaTopa co CKopocThio i/C; OIHAKO, Kak
TOJIBKO Ha KOHIEHCATOpE HAKOIMHUTCS KAKOW-TO 3apsij, TOK MoTeueT M uepe3 pesuctop. Ilo mepe
HapacTaHWs TOKa, BCe OOJbllas €ro 4acTh OyZAeT NPOXOAUTh 4epe3 CONPOTUBIECHHE, NOTOMY HYTO
CKOPOCTh 3apsAKu KOHJAeHcaTopa OyAeT MOCTENEeHHO CHIDKAaThCA. B KOHIIE KOHIIOB BECh TOK OymeT
Teub 4epe3 PEe3UCTOp, Co3/laBas HA HeM moTeHmman V = iR, a KoHAgeHcaTop OyHeT MHOJHOCTBHIO
3apspkeH. [1o 3aBepiieHUM ckavka TOKa 3apsiji U3 KOHAEHCATOpa IOCTENIEHHO pacceeTcsl Ha PEe3UCTope,
a HalIPsOHKCHUE BEPHETCA K HYJIIO.

MocTosiHHan BpeMeHun

Hapacranue u cnaa noreHnuana NpoucXoAUT MO SKCIIOHEHIMAIBHOW KPUBOM, KaK MOKa3aHO Ha puC.
7.2B. ®a3a pocTa ONUCHIBACTCS YpaBHEHHEM:

vV =iR(l -,

rJie { — BpeMsl OT Havana uMIynsca. IlocTossHHAs BpeMeHH 7 paBHA npousseneHuo RC. OTo Bpems,
3a KOTOpOE IOTEHIUAJ BO3PACTAET
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Puc. 7.2. BrnvsaHue emkocTM Ha A &)

BPEeMEHHOW xon, M3MeHeHust 1’ . |

noteHumana. (A) MoTeHumnan,

cosgaBaeMblii MPAMOYTONbHEIM -L]_I_L.. R ¥ _[—_| V=iR
CKa4ykoM TOKa E Lenu, copepxallen L
uckniounTenbHo  peauctopel. (B) B ] l

Lienu, cocTosiLlell U3 OAHUX eMKOCTel,
CKOPOCTb ~ M3MEHEHUS  MOTeHuwana
nponopLmoHanbk a BENnu4nHe
npunaraemoro Tka. (C) Tok B uenwu,
coaepxallen Kek pe3ncTopbl, Tak K
emkocTu. (D) OnikTpuyeckas cxema u3
puc. 7.1C c pojaBneHneM yaenbHow
€MKOCTN MeMBpaHbI.

Fig. 7.2. Effect o Capacitance on Time
Course of potenials. (A) Potential (V)
produced by a rectangular pulse of . .-

current (i) in a purely resistive network. | F #C} - Wal
Voltage is propo tional to, and has the i

same time coiLrse as, the applied x| f—\\‘--_
current. (B) In « purely capac itative - ¥
network the rate >f change of voltage is 1 "'\\__“‘__ I
proportional to tt e applied current. (C) .Lr-_-_]._'l ke '_f_,_,.--— g

In a combined ?C network the initial : . 1 r. }
surge of current is into the capacitor i
(ic); by the end »f the pulse all of the I v - —I-'f-‘
current flows thraugh the resistor (ig). ptil:=i

Voltage rises t» the final value ig
exponentially with time constant © =
RC. After termiration of the current
pulse, the capacitance discharges
through the resistance with the same
time constant ard i; and iz are equal
and opposite. (L) Electrical model of
a cable as in ~igure 7.1C, but with

membrane capacitance per unit length
(cm) added.

=g =0T

10 63 % (1 - 1/e) cBoero MakcuManbHOTO 3Ha4eHUs. Criajl HaNpsDKEHUS TOXKeE SKCIIOHEHIIUATICH,
C TOM K€ TIOCTOSIHHOHM BpeMeHu. TOoK depe3 pe3ucTop, ix, JOJDKEH U3MEHSTHCS BO BPEMEHHU IO
TOMY JK€ 3aKOHY, 4TO M HampspkeHue. CienoBaTesibHO, Ha (ha3e pocTa TOK HAYMHAET PacTH OT
HyJlIS JO CBOETO MaKCHMMAJILHOTO 3HaueHHs i. EMKOCTHOW TOK, HaoOOpOT, HAaYMHAETCS C
BEJIMYMHBI | ¥ CNIAJAET JI0 HYJIS [0 SKCIIOHEHTE C TOH e MOCTOAHHOHM BpeMeHu. [1o 3aBepmiennn
HMITyJIbCa, MOCKOJIbKY BHEIIHEr0 MCTOYHHMKA TOKAa HET, CJMHCTBCHHBIM TOKOM Ha pe3UCTOpe
OyzeT TOK, reHepupyeMblil HanpshDKeHueM Ha KoHneHcaTope. CrienoBaTenbHO, TOK Ha pe3ucTope
PaBeH 10 BETMYMHE EMKOCTHOMY TOKY U MPOTHBOIIOJIOKEH €My IO HAMpPaBICHUIO, KaK MOKa3aHO
Ha pUCYHKE.

BrimieonucaHHyl0 I, COCTOSINYI0 M3 IApajUlebHO  COCOMHEHHBIX pE3HCTOpa |
KOHJIEHCATOpa, MOXHO HCIOJIb30BaTh JJIS ONMUCaHUS chepudecKoil HEpBHOW KIIETKH, aKCOH U
JICHAPUTHl KOTOPOH HACTOJNBKO Malbl, YTO MX BKJIAJOM B JJIEKTPHUUECKHE CBOMCTBA KIIETOK
MOKHO IpeHeOpeub. B SKBUBaJICHTHOW LIENOYKE JUIS aKCOHA WJIM MBIIIEYHOTO BOJIOKHA Kak
€MKOCTb MeMOpaHBI, TaK U €€ CONPOTHUBICHHE PACHpENeNeHbl 0 BCEH JUIMHE BOJOKHA, Kak
nmokaszano Ha puc. 7.2D. EMKkocTh MeMOpaHbl Ha €IUHUILY JJIHHBI C, (M3Mepsiemas B MKD/cM)
3aBHCHUT OT yJENbHOW eMKOCTH Ha efauHuity miomaau Cy, (B Mr®/cm’) 1o dopmyne ¢, = 2mC,,
rze 0. — pajnyc BOJIOKHA.

[TocrosiHHasi BpeMEeHH MeMOpaHbl CepruecKOr KIETKH WM BOJIOKHA (T, = R,,C,,) HE 3aBUCUT
OT pa3Mepa KJIETKHM WJIM BOJIOKHA. [IpHuMHA 3TOro B TOM, 4YTO YBEIHYEHHE paanyca (a
CJIeZIOBaTENbHO, U TUIOLIAIU [TOBEPXHOCTH MEMOpaHbl) BiIEYET 3a COOOH HE TOJBKO YBEIMYEHUE
€MKOCTH, HO M COOTBETCTBYIOIICE CHI)KECHHE CONPOTUBIICHUS, TaK YTO NMPOW3BEACHHUE ABYX
BeIWYMH He MeHsaeTcs. [lockonbKy nokaszaHo, yto BesmunHa C,, IpUOIM3UTENBHO OJIMHAKO-
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Puc. 7.3. PacnpocTpaHeHne noTeHumana BOofMb
Corten aKkcoHa oOmapa, pPerucTpupyemMoe C  MOMOLLbO
e 1 NOBEPXHOCTHOTO 3MeKTpoaa.

£
E | Fig. 7.3. Spread of Potential along a lobster axon,
- SR recorded with a surface electrode. A rectangular
,E | current pulse is applied at 0 mm, producing an
electrotonic potential. With increasing distance from
5 |:! mY the site of current injection, the rise time of the
potential change is slowed and the height of the
o plateau attenuated. (After Hodgkin and Rushton,
1946.)

o {1} 0 0 A0 50
Tirne )

Ba JUI1 BCEX HEPBHBIX M MBIIICYHBIX BOJIOKOH (1 MKq)/CM2), TO BEIMYMHA T SBISCTCS YHOOHBIM
[apaMeTpoM, XapakTepHU3yIOIIUM YASIbHOE CONPOTUBICHHE MEMOpaHbl A8 [aHHOH KIIETKH.
IMocrosiHHast BpeMEHH — 3TO TPETHil MapameTp, KOTOPBI, HapsiLy ¢ BXOAHBIM CONPOTUBICHUEM H
MOCTOSIHHOM JUIMHBI, XapaKTepU3yeT NOBEICHHE aKCOHA. JlMana3oH 3Hau€HUI OCTOSHHON BPEMEHHU B
Pa3IMYHBIX TUITAX HEPBHBIX ¥ MBIIICYHBIX KICTOK cOCTaBIsIeT OT 1 10 20 Mc.

EmkocTb B kabene

KakoBo BimsiHUE OCTOSIHHOI BpeMeHH Ha TOK B kabene? Kak u B ciydae npocroit RC-nienouxu (puc.
7.2C), HapacTaHHe W CHaJ ITOTEHIMala B OTBET Ha CKayKOOOpa3HOE M3MEHEHHE TOKa 3aMeUISeTCS
Gnarofapst HUIMYMIO KOHJeHcaTopa. CUTyalus OCJIOXKHIETCS TEM, YTO TOK T€UeT Y)KE He 4epe3 OJHH
KOHJIEHCATOP, HO KKl CErMEHT LIETIOYKH SBISETCS] OHUM U3 PE3UCTHBHO-EMKOCTHBIX 3JIEMEHTOB,
B3aMMOJICUCTBYIOINX MEXIy coOoi. bmaromaps 3TuM B3auMOAEHCTBUSAM BPEMEHHOH XO& B
OT/IENIBHOM CErMEHTE Hellb3s OIMCATh IPOCTOIl SKCIOHEHTOMH, U (a3bl pocTa U crajga 3aMeIsI0TCs
0 Mepe yAaleHUs OT TOYKM HHbeKIuM ToKa (puc. 7.3). IIoCKOIbKYy CKOPOCTb HapacTaHUs
MOTEHLMAJIa 3aBUCUT OT PACCTOSHMUSA MEXIY OTBOJSIIUM JIEKTPOAOM U MECTOM HHBEKIMU TOKA,
MIOCTOSIHHYIO BPEMEHH CIajia yXKe HeNb3sl PAacCUNTaTh Ha OCHOBE MPOCTOTO M3MEpEHHs BpeMeHH 63
Jo-HOr0 POCTa MOTEHLUANA, 32 UCKIIOYCHHEM €IUHCTBCHHOU TOYKM BJOJIb BOJIOKHA, B KOTOPOH 3TO
PacCTOSIHUE PAaBHO MOCTOSIHHOM JUTHHBI.

OOpatiMcs K pacCMOTPEHHMIO JBMKEHHSI MOHOB. ECIIM B aKCOH MHBELMPOBAH IMOJIOXKHUTEIbHbBIN TOK,
BHYTPHUKJIETOUHbIC HMOHBI (IJIaBHBIM 00pa3oM, Kaius) OyIyT paclpOCTPaHATHCS BIOJb BOJIOKHA.
Hekoropast 4acTh MOHOB yiJIeT Ha N3MEHEHHUE 3apsja Ha eMKOCTH MeMOpaHbl, Apyras 4actb Oyner
IIPOTeKaTh MO MeMOpaHHOMY compoTuBieHHI0. OJHOBPEMEHHO C JTHM IIporeccoM OymeT
IIPOUCXOAUTh IIEPEMEICHHE OTPULATEIBbHBIX HOHOB B  IPOTHUBOINOJIOKHOM  HAIpPaBICHUU.
IMocrenenHo mnoreHnMan Ha MeMOpaHE IOCTHTHET HOBOTO YCTOMYMBOIO 3HAYEHHs, EMKOCTH,
pacnperenieHHble 0 MeMOpaHe, OyayT MOJHOCTBIO 3apsDKEHBI O HOBOTO YPOBHS IOTCHIHANA, a
yepe3 MeMOpaHy OyzeT pOTeKaTh MOCTOSIHHBIN HOHHBINA TOK. Bpems, He0OX0MMOe 115 IOCTHXKEHUS
HOBOT'O YCTOHYHBOTO COCTOSIHUSI, ONPEEINSIeTC TOCTOSHHON BpEMEHH.

Emie onHO ciencTBHe HAIM4MS MEMOPaHHOH €MKOCTH 3aKJIIOYaeTCsl B TOM, YTO KOPOTKHE CHUTHAJIBI
pacnpoCTpaHsOTCsl Ha Ooyiee KOPOTKHE pACCTOSHMSA, 4YeM JUIUTENbHBIE CHUTHalIBl. B ciydae
JIOCTaTOYHON JUINTEIbHOCTY CUTHAJlA, B TEUCHHUE KOTOPOI0 NOTCHIHUAI YCIEBAET NJOCTUTHYTH CBOCIO
MaKCHMaJIbHOTO 3HAYEHMs, EMKOCTb 3apsDKAeTCsl MOJIHOCTBIO, U IPOCTPAHCTBEHHOE pPacCIpelelICHUe
TOTEHIMANA ONIPEACACTCS CONPOTHRICHUAME MEMOPAHBI U IUTOMUIA3MEL: V, = Voe™ A I KOPOTKHX
HMIIyJIbCOB, TAKUX KaK CHHAITUYECKUM MOTEHIMaa, TOK IpPEeKpalaercsa eme J0 TOro, Kak eMKOCTh
yCIIeBaeT IOJIHOCTBIO 3apsIAUThCSA. DTO BBIPAXKACTCS
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Puc. 7.4. MeM6 >aHHbIi TOK BO Bpemsi

NPOXOXAEHUS NCTEHLMana AeicTBms.
+ 50 Refractory Direcri pn of
Fig. 7.4. Current Flow during an Action = FEgan BIopag Heod
Potential at an instant in time. Rapid 5
depolarization during the rising phase a
of the action potential is due to the o
influx of positirely charged sodium E
ions. The postive current spreads
ahead of the impulse to depolarize the
adjacent segnient of membrane é Phwresheid
toward threshod. Repolarization on 5 i
the falling phase is due to the efflux of i 5

potassium ions. =

B YMEHBIIEHUH PACCTOSHMSA, HA KOTOPOE MOTEHILHAl PacHpOCTPaHAETCs BAOJIb BOJOKHA. Jpyrumu
cioBamMH, 3G GEKTUBHAS OCTOSHHAS AJIMHBI 111 KOPOTKHX CUI'HAJIOB MEHbIIE, YeM JUIS JUIUTEIIbHBIX.
Kpome Toro, ¢opmMa KOPOTKHX CHIHAJIOB HCKaXACTCs 0 MEPE MX MEPEMELICHUs MO0 BOJOKHY, a UX
aMILTUTY/a CHIDKACTCS 32 CUCT «3aKPYTIICHHUS» TIHKa, TOCTUTAEMOT0 BCE MO3IHEE U MTO3/IHEE.

§ 2. PacipocTpaHeHne moTeHIMAaJa AeiicTBUS

IMponsmxeHne mOTEHIHMANa JACHCTBHS BJIOJIb HEPBHOTO BOJIOKHA 3aBUCHT OT HAaCCHBHOTO
pacnpoCTpaHEeHUs] TOKa B COCEJHHE yYaCTKH MEMOpaHBI, KOTOPOE BEI3BIBACT B HUX JEHOJSIPHU3AINIO
JI0 TIOPOTOBOTO YPOBHS. J[JIst MILTIOCTpAIMK 3TOTO CBOMCTBA MPEACTaBUM cebe MOTEeHIHal AeHCTBHS,
«3aMeplInii» BO BPEMEHH, M OOpHCYyeM OOIIyl0 KapTHHY pacHpeleNeHus IOTEeHLHala BIOJIb
BOJIOKHA, KaK IOKa3aHO Ha puc. 7.4. Pa3mep ydacrtka MeMOpaHbl, HaXOZIAIIEroCs MOJ BIMSHHEM
MOTEHLHaNIa JeHCTBUS, 3aBHCUT OT €r0 JJIMTENIBHOCTH M CKOPOCTH mpoBeneHus. K mpumepy, ecin
JUTMTENIbHOCTh NOTEHIIMANIA IeUCTBHS paBHA 2 MC, a cKopocTh ero mposenerus 10 m/c (10 mm/mc), TO
MOTEHIMANl PACIPOCTPAHUTCS Ha ydacTke MeMOpaHel ¢ 2 cM. B Tom Mmecte, rne mMeMOpaHHBII
MOTEHIMANl JOCTHT Topora (T. €. Ha mepeaHeM (pPOHTe MNOTEHIHada NEHCTBHS), HMPOUCXOAUT
MAacCHBHBIH BXOJ HATpHs B HANPABICHUM OJJIEKTPOXUMHYECKOTO TPaAWCHTa, HPUBOMIIINHA K
JanbHeHIe nenonspusanun MeMOpaHbl. Kak u B cilydae MHBEKIMH TOKa 4epe3 MHUKPOAIIEKTPOL,
BXOJAIIMA TOK pacHpoCTpaHseTcs B IPOJOJBHOM HAIPaBiICHUM OT aKTHBHOTO Y4YacTKa. OTOT
PACIpOCTPAHSIOIMNACA TOK BBI3BIBACT JCMOAPU3ALMIO Y4YacCTKa, COCEIHEr0 C AaKTHBHBIM, JIO
HOPOroBoro ypoBHs. [lo3any OT MuKa MOTEHLHMANAa ACHCTBHS, HAIPOTUB, KaJlHeBas NPOBOAUMOCTh
HACTOJBKO BBICOKA, YTO TOK 4epe3 KaJIMEBbIC KaHAIbl BBI3BIBACT PEHOJSIPU3ALUIO MEMOpaHbl 10
YPOBHSI TOKOSL.

Wmimynbchl 00BIYHO 3apOXKIAIOTCS B OJXHOM KOHIIE aKCOHA M IIEPEMEINAIOTCs K APYTOMY €ro KOHILY.
OpnHako, HE CyLIECTBYET HPEANOYTHTEIBHOIO HAIPABICHHUS PAaCIpPOCTPAHCHUS UMIIyJbCa.
Wmmynscel, NpOU3BOAUMBIE B HEHPOMBIILIEYHOM COCOUHEHMHU, PACIIONOKEHHOM B CEpeIUHE
MBILIEYHOTO BOJIOKHA, PACIPOCTPAHAIOTCS B OOOMX HANpPaBICHUSAX OT CEPEAMHBI MBIIIIBl K
cyxoxunuio. Tem He MeHee, 3a peJKHM UCKIIOUEHHEM MOTEHIUAl ASHCTBUSA HE CIOCOOEH U3MEHHUTh
HAIpaBJICHUs CBOEro ABIDKEHMS 10 BOJOKHY. IIpuumuHa sToro B pedpakrepHoM mepuoje. B 3one
pedpakrepHOCTH, TOKa3aHHOM Ha puc. 7.4,
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HATpPHEBbIC KaHAJIbl B OCHOBHOM WHAKTHBHUPOBaHBI, a KaJHeBas IPOBOJUMOCTb BBICOKA,
MO3TOMY PAaCIpOCTPAHEHHE PEreHEPUPYIOLIEro Ipolecca B 0OpaTHYI0 CTOPOHY HEBO3MOXKHO.
Iocre TOro, kak MOTEHIWAN IEGHCTBUS yIIEN W3 JAHHOTO YYacTKa BOJIOKHA, MEMOpaHHBII
MOTEHIMAT BO3BPALIACTCS K YPOBHIO IIOKOS, WHAKTHBALMS HATPUCBBIX KAHAJIOB CHHMACTCH,
KaJneBasi MPOBOAUMOCTD CHMDKACTCsl 0 HOPMAIBHOTO YPOBHS, M Y4aCTOK BHOBb CTaHOBHTCS
BO30YIUMBIM.

CkopocTb nNpoBeaeHuUs

CKOpoOCTh IIPOBEAEHHS OTEHIMANIA JEHCTBUS 3aBUCHT OT TOTO, HACKOIBKO OBICTPO M HACKOJIBKO
JTAJIEKO  BIIEPEAM OT AaKTHBHOTO y4yacTKa IPOMCXOJAUT, Onarojmaps pacnpoCTpaHEHUIO
MIOJIO’KUTENBHOTO 3apsizia, ACTIONSpU3alis MeMOpaHbl IO MOPOTOBOTO YPOBHS. DTO, B CBOIO
ouepelb, 3aBHCUT OT BEJIMYMHBI TOKA, FCHEPUPYEMOIO B aKTHBHOM Y4YacTKe, a TaKXke OT
Ka0eNbHBIX CBOMCTB BOJIOKHA. Eciam mocrosHHas BpemeHu memOpawsbl, 7, = R,C,, Mana, TO
MeMOpaHa OyIeT IenoyspH30BaThCs OBICTPO, YTO YCKOPUT IpoBeaeHue. Ecnu mocrosiHHas
JUHSL A = (ry/r)'/, Bemuka, TO JIETIONISIPU3YIOIIUI TOK OyJeT pacnpoCTpaHsIThCs Ha OOJbIIOe
paccTosiHuE OT aKTUBHOT'O YYacTKa.YTO TaKXKe YBEJIMYUT CKOPOCTh IPOBEACHHUS.

Kak 3T akTopbl COOTHOCATCS ¢ pa3MepoM BojiokHa? Kak y)xe 0TMe4asnoch BbIIIE, IIOCTOSHHAS
BpEMEHH HE 3aBUCHUT OT pa3Mmepa. I[locTOsSiHHas MJMHBL, HANpOTHB, IPONOPIHMOHAIbHA
KBaJIpaTHOMY KOPHIO JHaMeTpa BoJIoOKHa. ClieloBaTelbHO, TOJCTHIE BOJIOKHA MPOBOIST
ObIcTpee, ueM TOHKHE. boiee neTaisbHOE TEOPETHUECKOE PAacCMOTPEHHE IOKa3bIBAeT, YTO B
HEMUEIMHI3UPOBAHHBIX BOJIOKHAX, TAKMX KaK aKCOH KaJbMapa, CKOPOCTH NPOBEICHUS AOJDKHA

4
OBITh IIpsAMO NMPOINOPUHOHAJIbHA KOPHIO KBaAPpATHOMY JUaMETpa BOJIOKHA ).

MMenMHM3MpOBaHHbIe HepBbl U CanbTaToOpHaa NPoOBOAUMOCTDb

B HepBHOW cuCTeMe MO3BOHOYHBIX HEpPBHBIE BOJIOKHA OOJBLIEr0 JHaMeTpa OOBIYHO
MHeNIMHI3UpoBaHel. Ha nepudepun MuenuH oOpasyloT IIBaHHOBCKHE KieTkd, a B [THC —
OJIMTOJICHIPOIMTHI (T1aBa 8). DTH KIETKU IJIOTHO 00JIeraroT HeHpPOHBI, 0OBUBAsCh BOKPYT HUX.
MeMOpaHBI Tak IDIOTHO COHNPHKACAIOTCS APYT C APYrOM, YTO LUTOILIa3Ma BBLIABIMBACTCS W3
3a30pa MeXJy HHUMH, B pe3ylbTaTe 4ero oOpasylioTCs TECHO YIAKOBAHHBIC CIHpPAIIbHBIC
MeMOpaHHbIe «00epTKu» (rmaBa 8). KommuectBo obeprok (1ameneii) Bappupyetr ot 10-20 mo
160 . Hanmmume 160 namerneii 03Hauaer, 4To MEXIy IUIA3MATHUECKOH MEMODaHOi akcoHa
BHEKJIETOYHOH JKHIKOCTBIO TOCIEA0BaTeIbHO pacronaraercs 320 memOpan. Takum oOpasom,
3¢ dexTHBHOE CONpOTUBIEHUE MeMOpaHbl Bo3pacTaecT B 320 pa3, U BO CTOIBKO K€ pa3
CHIDKaeTcss MeMOpaHHash eMKOCTb. MwuenuH coctaBisier o0biaHO oT 20 mo 40 % o6uero
JUaMeTpa BOJOKHA. MuennHOBas 000JOUYKa IPEpPHIBACTCS dYepe3 PaBHBIC IIPOMEKYTKU Tak
Ha3bIBaEMBIMHU IlepexBaTaMy PaHBBE, B KOTOPBIX COOCTBEHHas MeMOpaHa aKCOHA HE IOKpHITa
MHeIMHOM. PaccrosHme Mexnmy mnepexsaramu oObgHO B 100 pa3 mpeBOCXOMHUT BHEIIHHIT
MaMeTp BoJIoKHA U cocTasisieT oT 0,2 1o 2 mwm.

OyHKIMA MHUEIMHOBOM OOOJIOYKM COCTOUT B TOM, 4YTOObI OOECHEYUTb MPOTEKAHHE TOKA
[JIaBHBIM 00pa3oM B IepexBaTax, Oarofapsi BEICOKOMY CONPOTHBICHHIO W HHU3KOW €MKOCTH
MHUEIMHU3MPOBAHHBIX YYacTKOB MeMOpaHbl MeEXJy HHMU. B pesynbrate BO3OYXIeHHE
IepeMeIaeTcsi CKaukooOpa3HO OT IepexBaTa K MepexBaTy, U CKOPOCTh MIPOBEIACHHS IPH STOM
3HAYUTENIFHO BO3pacTaeT. Takoe MMITYJIbCHOE MPOBEACHUE MOIYYMIIO HAa3BaHHE CaJIbTaTOPHOIO
(ot maruHCKOTO Saltare — mpeirath). CalbTaTOPHOE MPOBEACHNE HE 03HAYAET, YTO MOTEHIHAI
JIeHiCTBUSL MOXKET NMPOTEKaTh JHIIb B OJHOM IepexBaTe PaHBbe B KaXKIblii OTAEIBHO B3SITHIN
MOMEHT. B To Bpems kak BO30yXIEHHE PAcIpOCTpaHSIETCS Ha OUYEPEHHON INepexBaT, MHOTHUE
MpeabIAyIIie IepexBaThl IO-NPEeXKHEMY INpeObIBaAlOT B  aKTUBUPOBAHHOM  COCTOSHHU.
MuenuHN3UPOBAaHHEIE ~ AKCOHBI ~ HE  TOJNBKO  TNPOBOAAT  BO3OYXKIEHHE  ObIcTpee
HEMHEIMHU3UPOBAHHBIX, HO U CHOCOOHBI IPOBOJUTH HMMITYJIbChl O0Jiee BBICOKOH YacTOTHI B
TedeHne 0ojiee IOJIroro BpeMEHH. DTH NMPEUMYLIECTBA CJIEAyeT OTHECTH Ha CYET eIe OAHOTO
HOCJIEACTBUS MUEIMHU3AIMY, 2 UMEHHO TOI'0, YTO B IPOLIECCE IPOBEICHUS UMITYJIbCA MEHBIILIEE
KOJIMYECTBO HATPUsI M Kajus TPOHMKAET dYepe3 MeMOpaHy, IOCKONBKY pereHepaTHBHBIE
opoLecchl IPOTEKAIOT B OCHOBHOM B Hepexsatax Panebe. CrenoBaTellbHO, MEHBIIE
MeTa0oMMYEeCKOW JHEPruy 3aTpayMBaeTCs Ha MOJJCp)KaHHE BHYTPUKIECTOYHBIX HOHHBIX
KOHLIEHTpaLH.

6
CanpTaTOpHOE TPOBEACHNE BIEpBbIe MpoaeMoHcTpupoBanu B 1941 roxy Tacaku ) 1, mo3Hee,

7
Xakcmu u Iltemndau ', KOTOpble PErMCTPHPOBATM TOK B NEPEXBATAX H MEXIICPEXBATHBIX
yuactkax. [1o100HbBII SKCIEpUMEHT Ha U30JMPOBAHHOM MHEIMHU3HMPOBAHHOM aKCOHE ITOKa3aH
Ha puc. 7.5. Heps nmomerieH B Tpu BAHHOYKHU C PACTBOPAMH COJIEH, CPEIHISI U3 KOTOPBIX
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Puc. 7.?. Tok, (A B)
NpoT 2KatoLLMiA B |jiih Ry
MWer IHU3NPOBAHHOM |

BonckHe. (A) [lepexsat
PaHebe pacnonoxeH B
cpepHen BaHHOuYKe (HOMep
2). (B) B cpeaHen

BaHHJ4Ke HaxoauTcsa
mMexiie peXBaTHbIVI
y4ac "oK.
2 2 -
Current through Currers throug b
'5 1} mode T 1| insemode
[ B o
§u L
L]
=1 L = o ol -2 L i j
i B [ 2ms 0 ] 2ms

Fig. 7.5. Current Flow through a Myelinated Axon. A single myehnated axon passes through two air gaps that create
three compartments not linked by extracellular fluid. During the propagated action potential currents into and out of the
center compartment (2) flow through the resistor (R); the voltage drop across the resistor provides a measure of the
current. (A) A node of Ranvier is in compartment 2. Initially, as the action potential approaches and the node is being
depolarized, current flows through the resistor from compartment 2 to compartment 1 (upward deflection); when
threshold is reached at the node, a large inward flux follows and the current is reversed. (B) An internode is in the
center compartment and there is only outward current flow from the compartment, with no inward current, as the action
potential first approaches and then leaves the internodal segment (After Tasaki, 1959.)

Obuta Oonee y3KOH M OTAENNACH OT OCTAaNbHBIX BO3AYLIHBIMH IPOCIOHKAMH C BBICOKUM
CONpPOTHUBIICHHEM. BaHHOUKM COeMHEHBI MEXy cO0O0H BHEUIHEH AJIEKTPUYECKOH LENblo, KaK
[I0KA3aHO Ha PHUCYHKe, Oiaronmapsi 4eMy TOK HE MPEephIBAETCS BO3AYLIHBIMH NPOCIOHKaMH, HO
IIpOTeKaeT U3 LEHTPaIbHOM BaHHOUKH 4yepe3 pe3uctop (R). [lanenue HanpspkeHus Ha pesucrope
M03BOJISIET U3MEPUTD BEJIMUMHY U HAIIPaBJIEHUE TOKOB.

B nepBoMm ombiTe (puc. 7.5A) B LIEHTpanbHON BaHHOYKE HaxoAuwics nepexsar PanBbe. B
pe3ynbTaTe pasfpakeHHsl HepBa TOK CHAJana BBITEKAaeT M3 IMepexBaTa HapyKy M oOpaTHO B
CTOPOHY aKTHBHOIO y4acTKa (BOCXOJsllas 4YacTb KPHUBOH) IO Mepe TOro, Kak IIepexBaT
JIENOJISIPU3YETCS 10 MOPOrOBOIO ypOBHA. 3aTeM CllelyeT BXOIALIMH TOK (HMCXOZAMIAs 4acTh
KpHBOIi), IPOTEKAIOMUil B X0€ TeHepaluu noTeHuuana aeicreus. Ecnu B cpeaneil BaHHOUKe
pacnoyaraics MHUEIMHU3UPOBAHHBIA (MEXIEPEeXBaTHBIN) ydacTok akcona (puc. 7.5B), To
BXOJAIIMA TOK OTCYTCTBOBAN, M PETHCTPHPOBAIHN JIHIIb HEOONBIINE OTKIOHEHMS 3a CUET
€MKOCTHOI'O M PE3UCTUBHOIO TOKOB U3 CPEAHEH BAHHOUKU B HAIPABICHUM BO30Y)KIECHHBIX
y4acTkoB. I[lomoOHBIE OMBITHI MOATBEPAWIH, YTO BXOAAIIETO TOKA, a CIEJOBATETbHO W
pEereHepaTUBHOTO IPOLIECCAa B MEKIIEPEXBATHBIX Y4aCTKaX HET.

W3ompeHHble METOAbl PErMCTPALMKM CalbTaTOPHOIO IIPOBEAEHHMsI B HEPACCEYEHHBIX aKCOHAaX
MIICKONUTAIONMX ObLIH paspaboransr Bocrokom u CupcoM ». DTH METOXbI MO3BOJSIOT
U3MepATh KaK BXOJLIME TOKM B IepexBaTax, TaK M INPOJOJbHBIE TOKM B MEKIEPEXBaTHBIX
y4acTKax, JaBasi BO3MOXKHOCTb TOYHO OIIPEJENUTh IOJIOKEHHE IepexBaToB PaHBbe u
PacCTOSIHUSA MEX/ly HUMHU.

CKOpOCTb npoeegeHnsa B MUENTMHU3NPOBAaHHbLIX BOJTOKHaX

Jluama3oH BO3MOXHBIX 3HAUCHUH CKOPOCTH IPOBEICHHS B MHEIHHH3MPOBAHHBIX BOJOKHAX
IIUPOK: OT HECKOJBKUX METpoB B cekyHay mo 100 m/c. MupoBoil pexops NpHHAIUICKHUT
MUEIMHU3UPOBAHHBIM aKCOHAM KPEBETKU, KOTOPbIE MPOBOAAT BO30YyxkaeHue ObicTpee 200 m/c
* B HEpBHOI CHCTEME TMO3BOHOUYHBIX HEPBBI PA3IEIAIOTCS HA IPYIITIBI 10 CKOPOCTH MPOBEICHHS
"9y o GysKuMK. B COOTBETCTBHM ¢ TEOPETHUECKHMH PAacyeTaMH, CKOPOCTh TPOBEICHHS B
BOJIOKHE JIOJDKHA OBITH TPOMOPIHOHANBHA €ro AuaMeTpy . BOWI i Kojmern mokasami, 4to y
MIICKOITUTAIOMNX CKOPOCTH IPOBEACHUS (B M/C) IS TOJCTBIX MUEIMHHU3UPOBAHHBIX BOJIOKOH
NpUONIN3UTENEHO PaBHAETCS MX BHEIIHEMY AHaMeTpy (B M), HOMHOKeHHOMY Ha 6. Jlns Gosee
TOHKHX BOJIOKOH KO((HIEHT IPOMOPIHOHATBHOCTH PHOIN3HTENBHO paBeH 4,5,



136 Pasgen IN. lNepedavya uHghopmayuu 8 HepeHOU cucmeme

HHTepecHBIM ¢ TOUKH 3pEHUs] TEOPUH NMPEACTABISAETCS TAKOH MapaMeTp, Kak ONTHMalbHas TOJIIHHA
MHENIUHOBOM 00070UKH, 00€CIeunBaroIasl MaKCHMAabHYI0 CKOPOCTb MPOBEIEHUS IIPU JAHHOM
BHEIIHEM jauaMerpe BosiokHA. OYeBHAHO, YTO 4YeM TOJIIE MHEIHHOBas 000J0YKa, TeM OoJibIle
BO3pacTeT CONPOTHBIICHHE MeMOpaHbl akcoHa. C JApyroil CTOPOHBI, C yBEIHMYECHHEM TOJIINHEI
MHEINHOBOM O00OJOYKM yMCHBINAETCS IUIOMAAh IIONEPEYHOTO CEUYEHHs aKcOIUIa3Mbl
CJIC/IOBATENBHO, BO3PACTET €€ BHYTPEHHEE NPOAOIbHOE conporusieHue. [lepBrlii n3 aTux QakTopos
BJI€YeT 3a cO0OH yCKOpeHHE NPOBEICHUs, BTOPOi — ero 3aMemnenue. [lokaszaHo, 4To onTUMalbHOE
3HAQUEHUE TOJIIMHBI MUEITMHOBOH OOOJIOYKHM IOCTHUraeTcs, KOrja JuaMeTp aKCOHa COCTaBiAeT
npubnmsurensio 0,7 ot obmero aumamerpa BojokHa. Kak yxe ormedanocs, HaGomacMbie
COOTHOILCHHUSA B epU(epuIecKUX HepBax MIEKONUTAIOMIMX BapbupytoT ot 0,6 1o 0,8.

TeopeTHuecky pacCUUTaHHOE ONTHMAIBHOC PACCTOSIHHUE MEXIy IepexBaTaMH TaKXKe COBIIAAET C
peanbHO CYIIECTBYIOIIMM: OHO NPEBOCXOIUT AUaMeTp akcoHa npubmusurensHo B 100 pas. Bombmiee
paccTosiHHEe MeXIy IepexBaTaMH MOBBIIAET CKOPOCTh mpoBeneHus. C Apyrodl CTOPOHSHI, TOK,
JIOCTHTAIONMH clemylomero nepexsara PanBbe depe3 Oojee IIMHHBIA MEKIEPEXBaTHBIA OTPE3OK,
Oyner ocnabineH 3a CyYeT HPOTHBOACHCTBHSA IPOJOJBHOTO CONpPOTHBICHUA. B pesynbrare
JIETIONIpU3alsl B NepexBaTe OyIeT pa3BUBAThCSl MEAJIEHHEE, U CKOPOCTh NPOBEICHHS CHHU3UTCS.
braroznapst 3TUM ABYM IPOTHBOOOPCTBYIOMINMM (DakTOpaM HEOOJBIINE BapUALMM MEXIIEPEXBATHOTO
PacCTOSIHUSI BOKPYT ONTHMAJbHOTO 3HAUEHUs] MOYTH HE BIMSIOT Ha CKOPOCTh mpoBenenus. [lpu
CJIUIIKOM OOJIBIIIOM MEXKIICPEXBATHOM PACCTOSIHUM, OYEBUAHO, ACTOJISIPU3ALUS OT IPEIBIIYIIEro
nepexBaTa He JJOCTUTHET II0pora, U IIPOBEICHIE IIPEKPATHTCS.

Pacnpe.qenel-me KaHanoB B MUENTUHU3NPOBAHHbLIX BOJTIOKHAX

HarpueBble kaHalbl B MHCIMHU3NPOBAHHBIX BOJIOKHAX CKOHIIGHTPHPOBAHBI B IepexBaTax PaHBbe, B
TO BpeMs KaK KalHeBbIC KaHATbI COOPAHbI B MPUIEPEXBATHBIX 06macTsx obomoukd . Brepssic
CBOMCTBAa TPHUIEPEXBATHBIX O00JACTEH, OOBIYHO IOKPBITBIX MHEIHHOM, ObUIM H3y4eHbl Puum n
komteramu'?. JI1s 5TOrO MHENHHOBYIO OOOITOUKY OCHAOMIM C TOMOIIBIO (DEPMEHTOB HIIH
ocMoTHYecKoro moka. OTBeneHus ¢ GpuKcaleil moTeHyana, ciejanHble Ha 00paboTaHHOM y4acTke,
CPaBHUBAJIM C pe3yJIbTaTaMM, IOJYYEHHBIMH 10 €ro 0OpaOOTKH. DKCHEpHMEHT IOKa3all, 4YTO B
HOpMe, TIpH BO30Y)KACHHH HEpBa KPOJHKA, B IepexBaTax PaHBbe BO3HMKACT JIMIIb BXOJSIIUN TOK.
Penonsapusanust obecrieunBaeTcsi He 3a CUET YBENMUCHUS KaJMEBOH IPOBOAMMOCTH, KaK BO BCEX
OINMCAaHHBIX BBIIIE THHAX KIETOK, a B pe3yibrare OBICTPOIl MHAKTHBAIlMM HATPHEBBIX KAHAJIOB, a
TaKXKe YTEYKH HOHOB Yepe3 JAOCTATOYHO OOJIbIIYI0 NPOBOAUMOCTH MOKos. ITocie ouncTKN y4acTka,
COCEZIHEro ¢ nepexBaToM PaHBbE, OT MHENMHA B HEM ObLI 3apErHCTPUPOBAH BBHIXOASALIMN KaJIMEBbII
TOK IIPH IIOJHOM OTCYTCTBHH HATPHEBOI'O TOKA. DT HAOJIIOEHHS IT0KA3aJI1, YTO B CBEKEOUHIICHHOM
OT MHeIMHAa MeMOpaHe COJepiKaTcs KaMeBble KaHaJbl TUIIA «BBIIPAMUTENb C 33/I€PXKKOi», HO HE
HaTpHeBble KaHANBL boiee mo3qHMe HCCIENOBaHUS C HCHONB30BAaHHEM HMMYHOTUCTOXMMHYECKHX
METOJIOB MOATBEPAMIN, YTO MOTCHIHAI3ABUCHMBIC KaJIEBbe KaHAIBI B MUECIHMHH3UPOBAHHOM HEpPBE
KPbIChI COOPAHBI B IIPHIIEPEXBATHBIX yuacTkax (puc. 7.6A) ' ', MuTepecno oTMernth, 4TO B cCaMux
IepexBaTaXx aKCOHa JIATYIIKH Xenopus COAEPXKUTCS NPYrod THIl KAIHMEBBIX KaHAIOB — HAmMpuil-
axmueupyembie KaTHEBbIe KaHATB '), ITH KaHANBI MOTYT OTKPHIBATHCA B OTBET HA BXOJ HATPHS Ha
¢baze pocra noTeHIMAaIA JSHCTBUS U, TEM CaMbIM, CHOCOOCTBOBATh PEIOJIAPU3ALIMI MEMOPAHBbI.

Kananbl B ACMUEJNTUHU3NPOBAHHbLIX aKCOHaX

B akcoHax MIICKONMTAIOIIMX, MHEIMHOBas O0OOJIOYKA KOTOPBIX OblIa yHaJleHa NpH HOMOLIN
XPOHHYECKOH 00pabOTKM TOKCHHOM JU(TepHH, MOSBISACTCS IOCTOSIHHAS IIPOBOJAMMOCTH B
JIeMHEIMHI3MPOBAHHBIX 06/1aCTAX ). DTH JaHHbIE YKA3bIBAIOT HA TO, YTO B OONACTAX, OUMIIEHHBIX OT
MHENINHA, MOSBIISIOTCS MOTCHIMAI3aBUCHMbIE HAaTPHEBBIC KaHAIBL. B ombITax ¢ MCIIOIBb30BaHHEM
aHTHUTEJ, CIOCOOHBIX METHTh HATPHEBBIC KaHAIBI, OBUIO IIOKA3aHO, YTO IIOCIE JEMHEIMHH3AINN
aKCOHA KaHaJbl MCYE3al0T M3 obiactell mepexBaToB PaHBbE, B TO BPEeMsi KaK BHOBb HOSBUBIIMECS
KAHANEl PACHPEIENAIOTCS BAOMb pAHEe MHCIMHM3HPOBAHHBIX ydacTkoB (puc. 7.6B) '®.
ToTeHIMAT3aBUCHMBIC KATHEBBIC KaHATBI Takxke nepepacnpenensiores ' %, Tlocie BocctaHoBeHHs
MHEIIMHOBOH 000JIOUKH HaTPUEBbIE KaHAJIbl BHOBb KOHLICHTPUPYIOTCS Ha NepexBarax, a KaJlueBble —
B TIPUIIEPEXBATHBIX 00JIACTSIX.

FeomeTpuueckoe cTpoeHue U 6NOK NPOBOAUMOCTHU

MOZ[CJ'H) IpOCTOr0 OAHOPOAHOTO Kabest XOpoUIO ONUCHIBACT HeMI/IeJII/IHI/I?)I/IpOBaHHLIﬁ aKCOH,
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HO OTHIOAb HE Iefblii HEHpPOH C TeIoM, pa3BUTHIMH ICHAPUTHBIMHU Pa3BETBICHHAMH U
MHOTOYHCIICHHBIMU BETBSIMU akcoHa. CloKHasi TNPOCTPAaHCTBEHHAs OpraHU3als HEHPOHOB
NIPEOCTABIIICT MHOTOUYNCICHHBIC BapHaHTHI OJIOKa MPOBEACHMS HUMITYJIBCOB. B dacTHOCTH,
IIPOBEICHNE TPEPBETCS B TIOOOM PACIIMPSIOMIUMCS y4acTKe JEHAPHUTA, TOCKOIBKY aKTHBUPOBAHHAS
MOTECHIMAJIOM JISWCTBUSI MeMOpaHa B TOHKOM y4JacTKe HE CMOJXKET IPEJOCTAaBHTh JOCTATOYHOTO
JIETIOSIPU3YIONIEro TOKa JUIS HAANOPOTOBOM aKTHBAaIMK MeMOpaHbl C OONbIIeH IUIOmanbio B
coceqHeM ydacTke. Takas CHUTyals MOXKET BO3HHUKHYTh B MECTE pa3/IBOCHMS JCHIPHTA, KOrJa
aKkTHBHas MeMOpaHa HEepa3/JBOEHHOIO Yy4YacTKa JOJDKHA MpPEeJOCTaBUTh JOCTATOYHOE KOIMYECTBO
TOKa, 4TOOBI AETMOISIPU30BaTh [Ba MOCNIEAYIOIUX yIacTKa. B HOPMaNbHBIX YCIOBUSX OJUH UMITYJIbC
MIPOXOAUT Yepe3 TaKOe Pa3BETBICHHE, OJHAKO IMPU IOBTOPHOM pa3ApaKEHHU MOXKET BO3HHKHYTh
6nok. K 61oky mMoryT mpuBecTd U Iapyrue (akTopsl: B CEHCOPHBIX HEHpOHAX MHSBKH, HAaIlpUMeEp, K
HapyUICHUIO NIPOBOJUMOCTU MOKET IPUBECTU MOBTOpPHAs I'MICPHOIAPU3ALUA 34 CUET yBEIMUYCHUS
JIEKTPOTCHHON aKTHMBHOCTH HATPUEBHIX HACOCOB (TiIaBa 15), a Taxke Omaronmapst JOJITOBPEMEHHOMY

YBEIMUYCHUIO KaJHEBOW MPOHHUIIAEMOCTH, KOTOPOE TAKKE CIIOCOOHO IMOBBICHTH MOPOT BO3OYXKICHHUS
20) - 22)

Pwuc. 7.6. PacnpeneneHve HaTpueBbl.( 1 KanmeBbiX MOHHbIX
KaHanoB B MWENUHWM3NPOBaHHbLIX akcoHax. (A) HaTtpuesble
(1) n kanveBble (2) KaHanbl B cedarn AWHOM HepBE KpbICbl.
(B) TMMepepacnpepenenve HaTpWEEbIX KaHamnos nocne
aeMuenuHusaumm  6okoBoro Hepsa 30moToW  pbiOku: (@)
MWENMHU3NPOBaHHLIN  akcoH, (b) 14  agHen nocne
AemuenuHusaumu, (c) 21 geHb nocne ,1leM1MenuHm3aLmi.

Fig. 7.6. Distribution of Sodium and F'otassium Channels in
myelinated axons. (A) In rat sciatic ni:rve, sodium channels
(2) are tightly clustered in the node of Ranvier, and
potassium channels (1) are sequest:red in the paranodal
region. Note the sharp decrease in axon diameter within the
node. (B) Disruption of sodium cheznnel distribution after
demyelination of goldfish lateral-line nerve. In the
myelinated axon (a), sodium channe s are concentrated at
the node (arrow). Fourteen days after the beginning of
demyelination (b), sodium channels. appear in irregular
patches. At 21 days (c), more patches have appeared,
distributed along the length of the nerve. (A after Rasband
et al. 1998, kindly provided by P. Sh-ager; B after England
et al. 1996, kindly provided by S. R. Levinson.)

B MuenmHu3MpOBaHHBIX INEepUPEPUUECKHX  BOJOKHAX  (aKTOp  HANEKHOCTH  HPOBEICHMS
NpUONU3UTENBHO paBeH S5: 3TO O3HA4aeT, YTO TOK M3 AaKTHBHOTO IepexBata PaHBbe co3faeT
JIETIONSPU3AIMIO Ha CIIEAYIONIEM IepexBaTe, KOTopas B 5 pa3 MPEBBIIAET MOPOTOBbIA ypoBeHb. B
MECTax Pa3BETBICHHS ACHIPUTOB (DaKTOp HAIEKHOCTU CHIKaeTcsa. Taxoke, Ha TeX ydacTKax, e
3aKaHYMBACTCS MHEIMHOBAs 00OJOuYKa (HampuMep, OJbKe K KOHI[y MOTOPHOTO HEpBa), TOK H3
TIOCJICITHETO TIepexBaTa paclpenessieTcsl Ha OOJBIIYIO IUIOMIANh HEMHEINHU3UPOBAHHOW MeMOpaHbI
HEpBHOI'0 OKOHYAHMs, U, CIEJOBATEIbHO, IPOM3BOAUT MEHBIIYIO JCMOIIPU3ALMIO, YEM B IIEpeXBaTax
PanBbe. B0O3MOKHO, UMEHHO IO OSTOH NPUYMHE IOCICIHHE MEKIICPEXBATHBIC YYAaCTKU IIEpe[
HEMHUEIMHU3UPOBAHHBIM OKOHYaHHEM OOBIYHO OBIBAIOT HECKOJNBKO KOpoue: Omarojaps 3ToMy

OoJplIee KOJMUECTBO IIEPEXBATOB CMOKET NMPHUHATH YUacTHE B ACHOIAPH3ALUN HEPBHOTO OKOHYAHUS
23)
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(A Puc. 7.7. PacnpocTfaHeHvne noTeHunana
pencteua B deHpputex. (A) OTBegenus oT

) L KneTkn TypKUHbE B M )3KEUKE, MOMyYeHHble
mn [ BHEPEHVEM  3MIeKTPOAA B yKasaHHbIX
[ Mectax M WHbEeKLMel  Yepe3  Hero

pernonspusylowero  “oka.  OTBeTbl  Ha
[enonsipusaumio, co3f aHHylo (a) bnuke k
Kpalo [deHaputHoro [epeBa, (b) u (c) B
cpedHux nonoxeHusx 1 (d) Ha come kneTkw.
(B) MNpoBepeHve B nudamuaanbHON KheTke

h kopbl, (a) HebonbLias penonspusaums
! NaccMBHO  PacnpoCTPiIHSETCS K comMe U
5 BbI3blBAET B HeW MOT¢HUMan Aencteus. (b)

Boree BbLICOKUI YpOIteHb Aenonspusauum
BbI3blBaET KarbLMeBbll NoTeHuMan AencTems
B AeHapuTe.

Fig. 7.7. Spread of Action Potentials in
Dendrites. (A) Recorls from a cerebellar

e Bl Purkinje cell obtained )y impaling the cell at

. 0 e w0 ¥ the indicated locaticns and passing a

'hqh] depolarizing current thirough the electrode.

B Near the end of th: dendritic tree (a),

(B} —L - | depolarization prod ices long-duration
— - calcium action potentials. In the cell soma

/Sqm (d), a steady depolariing current produces

high-frequency sodiutn action potentials,

Dendrice interrupted periodicall" by calcium action
Symapiic potentials. At intermeciate locations (b and
- depailasization c), depolarization proiuces calcium action
potentials in the dedrite. Accompanying
o — sodium action potentiils, generated in the
N J ! soma, spread passivel) into the dendritic tree
— o 0 and die out after a short distance. (B)
L’ Conduction in a cortical pyramidal cell. The
Dendritic Soema cortical cell dendrite is depolarized by
record =5 activating distal exciatory synapses, (a)
—ﬁ_h'" - Dreradrite Moderate depolarizaticn of the dendrite is
5 } attenuated as it spreacs to the soma, where
Somaric - ’fdzpuhnudm . |it initiates an action potential. The action
sevard potential then spreads >ack into the dendrite.
k (b) Larger depolarizatic n produces a calcium
N o 1 | action potential in the Jendrite that precedes
o 1] m action potential initiatio 1 in the soma. (A from
Llinas and Sugimori, 1980; B after Stuart,

100 o ). Schiller, and Sakmann, 1997.)

§ 3. IIpoBeeHue B JeHAPUTAX

HezaBucuMO OT TeOMETPUYECKOro CTPOEHHUS, IMOpPOr BO30YXKIEHHS HEKOTOPBIX Y4YacTKOB
MeMOpaHbl HEMpOHAa HMXKE, YeM Y Jpyrux. BrepBble 3TO OBUIO OTMEYEHO kkacom™” u
koieramd. OHM OOHApYXWJIM, 4YTO MpPH JENOJIApU3alUM IOTEHIMaN JCWCTBHS CHavaia
3apoKHaeTcsi B OO0JACTH AaKCOHA, PACIOJOKEHHOW MEXIYy TElIOM KIETKH W MEepBBIM
MEXXIIEPEXBaTHBIM Y4aCTKOM, a 3aT€M pPaclpOCTPaHAETCsS 10 aKCOHY, a TakXKe Ha3aja B TElo
KIeTKH W B JeHApuThl. [lpumepHo B TO ke Bpems Kydduep u AMzarup mnokasamu, 4To
Jlenonspu3anuss MeMOpaHbl JIEHAPUTOB PELENTOPOB PACTSHKEHHUsI paKka BBI3bIBAET MOTEHIMAI
JeHCTBUS He B CAMMX JICHAPHTAX, 4 B Tele KICTKH WIH OKOIO Hero™ . [1006HbIe HabIroaeH s
MIPUBENIN YYEHBIX K MBICIH O TOM, YTO JICHIPUTHI HE CIIOCOOHBI K BO30YKICHHUIO U CIYXKaT JIMIIb
JUISL TIACCHBHOTO IIPOBEICHHS CHTHAIOB OT JEHAPHUTHBIX CHHAICOB JI0 HA4yaJbHOTO CErMEHTa
akcoHa. ['mmore3a 3Ta BO3HMKJIA BONPEKH OOJBLUIOMY KOJIMYECTBY JAHHBIX, IPOTHBOPEYALINX
eii. Hampumep, paHHHE ONBITHI C BHEKJIETOYHON perucTpamueii B MOTOPHOH Kope
MJIEKONMTAIOINX, npojenanHsle JIu n JxacnepoM, yOoeauTenbHO MPOAEMOHCTPUPOBAIIU, YTO
MIOTEHIMAN ACHCTBHS CIIOCOOEH paclpOCTPaHAThCS 110 JEeH-
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Puc. 7.8. LleneBble coeavHeHua mexay | LA
HelipoHamu. (A) Coeau ieHue mexay [ABYMS
AeHapuTamm yKasaHo CTpenKom. (B)
PackonoTasi noc.1e 3aMOpOo3kun
npecuHanTuyeckas  Me abpaHa;  cKonneHus
YacTul, obpasylolmnx LieneBble COeAMHEHUs,
nokasaHbl ctpenkamu. (C) OpHo wu3 MmecT
cKkonneHust yactul, npu €onbLueM yBermyYeHnuu.
(D) OTaenbHble KOHHEKCHHbI, NPOHK3bIBAOLLME | §
NpOCTPaHCTBO MEXAY KIle rkamu.

Fig. 7.8. Gap Junctions between neurons. (A)
Two dendrites (labeled D) in the inferior olivary
nucleus of the cat are joined by a gap junction
(arrow), shown at highe - magnification in the
inset. The usual space between the cells is
almost obliterated in the contact area, which is
traversed by cross-bridges. (B) Freeze-fracture
through the presynaptic nembrane of a nerve
terminal that forms gap junctions with a neuron
in the ciliary ganglion o' a chicken. A broad
area of the cytoplasnic fracture face is
exposed, showing clusiers of gap junction
particles (arrows). (C) Hgher magnification of
one such cluster. Each particle in the cluster
represents a single connixon. (0) Gap junction
region, showing individuill connexons bridging
the gap between the lipd membranes of two
apposed cells. (A from Sotelo, Llinds, and
Baker, 1974; B and (. from Cantino and
Mugnam, 1975; 0 after M kowski et al., 1977.)

JApUTaM IHPpAaMHUJAAIBbHBIX KIICTOK, OT TCjJla KICTKH K HNOBEPXHOCTHU KOPBI CO CKOPOCTBHIO
26)

MPOBEEHMSI OKOJIO 3 M/c .

JleHnpuTHBIE TOTEHLMANBl JEHCTBUS, OOYCIOBJIECHHBIE pEreHepaTHBHBIMU HATPUEBBIMH U
KaJIbLIMEBBIMH TOKaMH, OOHAPY)KEHbl BO MHOTHX THIIAX HEPBHBIX KIETOK. B MO3)Keuke KIEeTKH
[TypkuHbe crocOOHBI FeHEPUPOBATh HE TOJBKO HATPHUEBBIE MOTEHIHMAJBI JEHCTBUS B 00JacTh
COMBI, HO M KaJbI[MEBLIEC NMOTECHIMAJIBI JCHCTBUSI B z[eHz[pHTax27). Kax nmoxazano na puc. 7.7A,
JNICHIPUTHBIN  KaJbLIMEBBII MOTEHIMAN JEHCTBHS YCIEIIHO JOCTUraeT Tejla  KIETKH.
Comarnyeckuil IOTeHIA ACHCTBHS, HAIPOTUB, HE PACIIPOCTPAHSETCS 110 BCEMY JICHIPUTHOMY
JIepeBy, HO MACCHBHO MIPOHMUKAET B HETO JIMIIb HA KOPOTKUE JUCTAHIIUU.

Kak m B xnerkax IlypkuHbe, B NMUpPaMUAAIBHBIX KJIETKaX KOPBI HAOIIOJAIOTCSI HATPHEBBHIE
MOTEHIMANbI IeHCTBUS, OOBIYHO BO3HMKAIOIIME B HAYAIbHBIX YYacTKax akcoHa. B ynaneHHbIX
JEHAPUTAX 3THX KIETOK OBUIO TMOKA3aHO HATHUHME KATbIMEBBIX MOTCHIMANOB ACHCTBHS - .
OTBeT NMpaMHUIAIbHON KIETKH Ha JETIONISPU3AINIO, BHI3BAHHYIO aKTHBALMEeld BO30YKIAIOLINX
cuHancoB (raBa 9) Ha yHaleHHBIX JACHAPUTaX, MNOKa3aH Ha puc. 7.7B. HeOombias
CUHanTH4YecKas axktuBanus (puc. 7.7B, a) BbI3bIBACT JMENOJAPH3ALUIO ICHAPUTOB, KOTOpas
MIACCHBHO paclpoCTpaHseTcss K coMme. JTa JAeNoJspu3alys BbI3BIBAET B COME IOTEHLMAI
JIeHCTBUS, KOTOPBIA pacrpocTpaHsercss oOpaTHO B jAeHApUT. boiiee cuibHas CHHANTHYECKAs
aktuBauus (puc. 7.7B, b) mpuBOIMT K TeHepanuu COOCTBEHHOIO IIOTEHLMala JIeHCTBUS B
JIEHJIPUTE, BO3HUKAIOLIETO PaHbIlIe COMATHYECKOTO.

HecmoTpss Ha OOWIMpHBIE JaHHBIE O PETCHEPATUBHOW AKTHBHOCTH B JACHIPUTAX, oOIlee

MpeacTaBieHHe 00 aKCOHHOM XOJIMHKE Kak O HauOosiee BO30YJMMOM 4YacTH KJIETKH I0--
30

IIPEXKHEMY COXpaHSCTCS .

O4eBUIHO, YTO PACHPOCTPAHCHHE IMOTEHIMANA ACWUCTBHS B JCHIPUTE MPEICTABISICT COOOH
ropaszio 6oJee CIIOXKHBIN MPOIIECcC, YeEM B
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akcoHe. Bo-nepBbIX, B aKCOHE CIPaBEAINBO AOIYIIEHHE, YTO HOAIIOPOTOBEIE H3MEHEHUS TOTSHIHAIA
HE BIMSIOT HA IIaCCUBHBIC CBOHCTBA MeMOpaHBl. B 1eHapurax, HampoOTHB, 3TO JIOIYIICHHE
HEBO3MOJKHO OJiarofiaps HaIMYUIO LEJOT0 psija MOTEHINAI3aBUCUMbIX MPOBOJUMOCTEH, KpOMeE TeX,
4TO OOBIYHO YYacTBYIOT B eHEpaluH NOTeHLMana AekcTBus. [lonoxkeHue emre Goliee yCnoxHIETCS
TeM, YTO B JEHAPUTHOM JepeBe IOTEHNMAlbl JEHCTBUS COCEACTBYIOT C CHHANTHYECKUMU
noteHuuanamu. Hanpumep, ¢akTop HaaeXHOCTH 0OpaTHOrO pPaclHpOCTPAaHEHUs IOTEHIMAjA
JNEWCTBUSI M3 COMBI 3aBHCHT OT BXOJHOTO CONPOTHUBIEHUS pPAa3IHYHBIX BETBEH; BXOAHOE
CONPOTHUBIICHHE, B CBOIO OYEpe/b, 3aBUCHT OT CTEIICHH aKTUBHOCTH BO30YXKIAIOIIUX M TOPMO3HBIX
cuHarcoB. TakuMm o0pa3oM, oOpaTHOE PacHpOCTpaHEHHE BO3OYKACHHS B AEHIPUTHI 3aBHCHT OT
CHHANITHYECKOH aKTHBHOCTH ), B TO e BpeMs II0BEJCHHE MOTCHIIHAN3ABHCHMBIX CHHANITHUYECKIX
TOKOB OYET MEHATHCS B 3aBHCHMOCTH OT OOpaTHOIO paclpocTpaHeHus Bo3Oyxaenus >, ITpouecc
MOHUMAHUsL 3TUX CJIOXKHBIX HPOLECCOB CHHANTHYECKOW MHTErpalid M OOpabOTKM CHrHAJIOB
HaXOJUTCS €llle B CAMOM Havare.

§4. Toxn, nporekawiue MexaAy KIeTKAMU

B GonbIIMHCTBE CiTy4yaeB 3NEKTPUUECKHH TOK HE MOXKET TeUb HANPSIMYIO C OJHOH KIETKH Ha APYTYIO.
CyIiecTBYIOT, OAHAKO, JJIEKTPHYECKH CcONpsLKeHHble Kierku. CBolicTBa W (QyHKOUH
JNIEKTPUYECKUX CHHAIICOB ONHMCAHBI B TiaBe 9. 31ech pedb MHoigeT 00 0COOBIX MEKKICTOYHBIX
CTPYKTYpax, 00€CIIeUNBAIOIINX IMEKTPHIECKYIO HETIPEPEIBHOCTE MEXITY HUMH.

CTpyKTypbl, 06ecneumnBaloLme INeKTpUIeckoe conpsaxxeHune:
weneBble COeaUHEeHUA

B MecTax 3IeKTpHYECKOTO COIPSKEHUS MEKKICTOYHBIA TOK IIPOTEKAET Yepe3 IENIEBbIC COCAUHECHUS
3 IlleneBbIM COEIMHEHMEM HA3bIBACTCA YYACTOK TECHOIO KOHTAKTA MEMOpaH IBYX KIETOK, B
Ka)KI0H U3 KOTOPBIX UMEETCSI CKOIIIEHHE OCOOBIX YaCTHI], COOPaHHBIX B T€KCArOHAIbHbIE CTPYKTYPhI
(puc. 7.8). Kaxxnast yactuia, uMeHyeMass KOHHEKCOHOM, COCTOHT U3 LIECTU OCIKOBBIX CYObEANHHII,
00pasyIOIIX KPYT C BHEIUHHM JHAMETPOM OKO10 10 HM ¥ BHYTpeHHHM mmamerpom 2 um>-Y). Ha
CONPSKEHHON KIJIETKE HAXOAUTCSA TOUHO Takas >ke CTpYKTypa. COBMECTHO OHM NMPOHM3BIBAIOT 330D
Mexxy MeMmOpanamu (2-3 mm). [lonocTe B cepiueBHHE COSIUHEHHBIX KOHHEKCOHOB CHOCOOCTBYET
MIepEeMEIICHHI0 HOHOB M MEJKHX MOJICKYJ MEXIy KieTkamu. [IpoBOJMMOCTE OAMHOYHOTO KaHaa,
06Pa30BAHHOTO IBYMsl COLPSKEHHBIMU MOIIEKYIAMH KOHHEKCOHA, COCTaBIAeT okoyio 100 nCm*®,
enprit psi 6EMKOBBIX CYOBEIMHUI] KOHHEKCOHA (KOHHEKCOHOB) Maccoi 26-56 k]I ObLT H30IMpOBaH U
xionuposan >, Ha3pauus COOTBETCTBYIOT Macce: HANPHMep, KOHHeKcoH-32 (32 kJI) HalineH B
MEYEHH KPBICHI, KOHHEKCOH-43 — B cepAe4yHOil Mblmine, u T.4. ['maponarndeckuil ananus (raasa 3)
yKa3bIBaeT Ha TO, YTO KOHHEKCOHBI COCTOSIT U3 YETHIPEX CIHPATBbHBIX CETMEHTOB, IPOHU3BIBAIONINX
MeMOpaHy. MccnenoBaHust ¢ NPUMEHEHHMEM aHTHTEN MOATBepAMIH, 4To N-koHen, u C-KoHer
KOHHEKCOHOB PACIOJIOKEHBI B IUTOILIa3Me. B KaxaoM Tume TKaHH B (OPMHPOBAHHM KOHHEKCOHA
Y4JacTBYeT OJHH HJIH, BO3MOXHO, BCETO HECKOJHKO TUIIOB KOHHEKCOHOB, OJHAKO (DYyHKIMOHAJIBHOE
CONpsDKEHHEe BO3MOXKHO: Hampumep, xorna nPHK s xonnekcoHa-32 MHBEIMpOBaHA B OIHY H3
KJIETOK, a JUIi KOHHEKCOHa-42 — B JIPYryio, CONPsDKEHHYIO ¢ mepBoii’’). ChopMupoBaTh IIeeBoe
COeIMHEHHE MOXHO WCKycCTBeHHO, uHBenupoBaB MPHK B 1Ba compumkacarommxcs oormra
Xenopus**). BaxHeHIINM Hepa3peLICHHbIM BOIPOCOM OCTASTCs TO, KAKUM 00pa3oM KOHHEKCOHBI Ha
JIBYX COMPSDKEHHBIX KJIETKaX HAXOJAT APYT JIPyra, a 3aTeM MOJCTPauBaiOT CBOE MOJOKEHHE APYT MOJ
nipyra, He (opMHUPYs IPU STOM MOPBI MEXKAY LUTOIIA3MOI U BHEKJIETOUHOH CpeoH.

BbiBOoAbI

PacnipocTpaHeHHe MECTHbBIX MOJINOPOrOBbIX MOTEHIMAIOB B HEHPOHAX, a TaKXKe MPOABIKECHHE
MOTEHLHaJIa ACHCTBUS B0 HEPBHOIO BOJOKHA, 3aBUCHT OT 3JIEKTPUUCCKHX CBOMCTB LIUTOILIA3MBI U
MeMOpaHBbI KJICTKH.

IIpu uHBEKIMU MOCTOSIHHOIO TOKA B LUIMHAPUYECKOE BOJIOKHO BEIMYMHA MECTHOIO IOTECHIMAIA
OIpENEAeTCS BXOIHBIM CONPOTHBICHUEM BOJOKHA (Fip,y), @ TAKKE PACCTOSHUEM, HA KOTOPOE OH
MOJKET PacpOCTPaHHUTHCS, ONPEASIICMBIM OCTOSHHOM UTHHEI (A).
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BxonHoe compoTuBICHHE W TIOCTOSHHAs IJIMHBI 3aBHUCSAT, B CBOIO OdYepeldb, OT YAEIBHOIO
conporusieHus meMopans! (R,,) 1 akcoruiasmsl (R;), a Takoke AUaMeTpa BOJIOKHA.

- Kpome pesucTopHbiXx, MeMOpaHa 00JIBIaeT eMKOCTHBIMH cBoiicTBamu. EMkocts MemOpaust (C,,)
HpOsBISIETCS B 3aMeIeHHH (a3 pocTa U crajia MMEeKTPUYECKUX CUrHaIoB. BennuunHa storo s dexra
ompenensercs BeipaxenueM: 7= R,C,,.

. PaCHpOCTpaHeHI/Ie HoTCHIMaIa Z[eﬁCTBHﬂ BJ10JIb BOJIOKHA 3aBUCHUT OT IMACCUBHOI'O NMEPEMEIICHUA
TOKa OT aKTUBHOI'O y4acCTKa MeM6paHI)I K COCCIHEMY. CKOpOCTL HNpOBEACHHSA 3aBUCUT OT ITOCTOSTHHOM
BPEMECHHU U TTOCTOSTHHOW JITHHBI MeM6paHbI.

KpymnHble HepBHBIE BOJIOKHA O3BOHOYHBIX 3aBEPHYTH B MHEINHOBYIO 000JIOUKY, BEIPaOOTaHHYIO
IIBAaHHOBCKMMH KileTkaMu. O00JI0uKa IpephIBacTCs Yepe3 paBHbIC IIPOMEIKYTKH, 00pa3ys epexBaThl
PanBre. Bo BpeMs mpoxoxieHns BO30YXKICHNS TOTSHINAT

JIEUCTBUSI «IIEPECKAKUBAET» C OJHOTO MIEpEXBaTa Ha APYTroil (SIBJIEHHE CalbTaTOPHOTO MIPOBEACHMS).

PacnpocTtpanenne  moTeHnuama JIEWCTBUSI CHJIBHO 3aBHCHT OT T€OMETPUYECKHX (DaKTOPOB,
CBSI3AaHHBIX C WM3MEHEHHEM IUIOIAJy HMOBEPXHOCTH MeMOpaHbl. PacmpocTpaHeHnme MokeT OBITh
IIPEepBaHHBIM B TOYKaX BETBJICHHS HEPBHOTO OKOHYAHUS, M IIEpEMEIICHHE BO30YyXKICHHUS B
Pa3BETBICHHBIX JEHAPHUTAX MOXKET UMETh IPEIIOYTUTENEHbIE HallpaBIeHHsI.

IlepeHoc »2IeKTpUYECKOrO 3apsja C OJHOW KJIETKH Ha APYryH0 HPOMCXOAUT B MeECTax
MEXKJIETOYHBIX KOHTAKTOB, OONaJalOIIMX HU3KHUM CONPOTHUBICHHEM U Ha3bIBAEMBIX ILEIEBBIMH
COCMHEHUSAMH. OTH COEIMHEHHs OOpa30BaHbI CKOIUICHUSIMH KOHHEKCOHOB, OENIKOBBIX MOJIEKYII,
CrocoOHBIX (POPMHUPOBATH BOJHBIC IIOPBI MEXKY LINTOIUIA3MaMH CMEXHBIX KICTOK.
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I'nasa 8 Ceoiicmea u hynkyuu neipoznuanvoHvlx
K1emok

HepBHble KIETKM B LEHTPAIbHOM U mepu(epuyeckoii HEPBHOH CHCTEME OKPYKEHBI KICTKaMH--CITyTHHKAMH:
IIBAHHOBCKMMHM KJIETKaMH Ha nepudepun u HelipornuanbHbeiMu KieTkamu B LIMC. B stoii riiaBe Oymyt oOcyxkaaThes
BOIIPOCHI — KaK YCTPOCHBI KIETKHU-CIyTHUKH, KaK OHH B3aUMOJICHCTBYIOT C HEHPOHAMH U KaKOBa MX (pU3HOJIOTHYECKast
poJib.

HeiipornmanbHple KIE€TKH COCTaBJIAIOT OKOJIO MOJOBHHBI 00bEMa MO3ra, a UX KOJMYECTBO 3HAYUTEIHHO IIPEBBIIAET
KOJIM4EeCTBO HEHpoHOB. OCHOBHBIMHU KJ1aCCaMH HEHPOITMaIbHBIX KJIETOK SBJIAIOTCS OIMTOACHIPOLMUTHI, aCTPOLUTHI U
panuanbHble INIMAJbHBIE KJIETKM. MUKPOIIMaNbHBIE KIETKU IPEICTABIAOT cO00i 0COOYH MHOMYIALUI0 KIETOK-
(arouuToB HepBHOMU cucTeMbl. HeiipoHbI 1 IinManbHble KICTKH OYEeHb IUIOTHO YIAKOBaHbL X MeMOpaHbI OTAEICHBI APYT
OT Jpyra y3KHM SKCTPaKJIECTOYHBIM IIPOCTPAHCTBOM LIMPUHON 0KO0J0 20 HM, 3alOJHCHHBIM XXHUAKOCTHIO. MeMOpaHs
TJIMAIBHBIX KJIETOK — TaK jKe KaK U MeMOpaHbl HEHPOHOB — COZICPKAT HOHHbBIE KaHAJIb, PELENTOPbI HEHPOMEIUATOPOB,
HACOChI, TPAHCIIOPTHPYIOIINE HOHBI, U TPAHCIOPTEPbl AMUHOKHCIOT. B1o0aBoK, IiMalbHble KIETKH CBA3aHbI JPYr C
JIPYTOM ILIEICBBIMU KOHTAKTaMH, Y€Pe3 KOTOPBIE MOTYT IIPOXOAUTh HOHBI M HEOONBIINE MOJNEKYIIbI. [ JIaIbHbIC KICTKH
UMEIOT Goliee OTPULIATENIbHBIN, YeM HEHPOHBI, IIOTCHIHAI TI0KOS, HO HE CIIOCOOHBI TeHEPHPOBATh IOTEHIMANIBI ACHCTBHUSL.

OCHOBHO#1 POJIBIO OJIMTOJCHIPOLIMTOB U [IBAHHOBCKHUX KJICTOK SIBIISIETCS ()OPMHPOBAHHE MHUEINHA BOKPYT aKCOHOB, YTO
3HAYUTEIBHO YCKOpPSICT MPOBEACHHE HEPBHBIX HMITYJIbCOB. I JIMaJbHbIC M ILIBAHHOBCKHE KICTKH TAaKXKe SBISIOTCS
MPOBOJHUKAMH PACTYIMX aKCOHOB K MX MHILICHSIM. MHKpOIIIMAIbHbIC KJIETKH MOSBISIIOTCS B Y4aCTKaxX MMOBPEKIACHHS
WM BOCTIAJICHUS U DarolUTHPYIOT IPOLYKTHI pacraja.

B cumy 61u3koro pacrosioxxkeHus MeMOpaH INIMATbHBIX KJIETOK M HEHPOHOB, MEXIy 3TUMHU JBYMs THIIAMH KIETOK
CYIIECTBYET IMHAMHUYECKOE B3anmoeiicTeue. Tak, HepoHbI 0cBoGOKAat0T K* B y3KO€ BHEKIETOYHOE IPOCTPAHCTEO 10
BPEMsl NPOBEJICHUS HEPBHBIX MMITYJbCOB, YTO MNPHBOAUT K YBEIMYEHUIO KOHIEHTPAlMM BHeKineTroyHoro K+ u
JIENONAPH3AlMY TIIHANBHBIX KJIETOK. [JIMalbHble KIETKH BIMAIOT Ha COCTAaB JKMJKOCTH, KOTOpas OKPYKaeT HeHpOHBI,
3axBaTbiBas K , a Taxke HeifponepeaTunky, KOTOPbIE HAKAIUIMBAIOTCS B PE3yNbTaTe HEPBHOM aKTHBHOCTH. I nanbHbIe
KJICTKH CEKPETHPYIOT NepeJaTunKH, MUTATEIbHbIC BELIECTBA U Tpoduueckue GpakTOpsl BO BHEKJICTOUHOE IIPOCTPAHCTBO.
JIOBOJIBHO CJIOKHO OLIGHHTb KOJIMYECTBEHHO, KAaKOB BKJIAJ 3TUX MEXaHH3MOB B HOPMalbHOE (DYHKLHOHMPOBAHHE
HEHPOHOB.

HepBHble KI€TKHM B MO3re OYCHb IUIOTHO OKPY>KEHBI KIETKAMU-CITyTHHUKAMH, KOTOPBIC HA3bIBAIOTCS
[NIMAIbHBIMU KJIETKaMU, WM TaMed bBbulo MOJACYMTAaHO, YTO KOJMYECTBO INIMANBHBIX KIETOK
IIPEBBIIAET KOJIMYECTBO HEHMPOHOB MO KpaiiHeil Mepe B 10 pa3, U INIUs COCTABISIET OKOJIO MOJOBUHBI
oObeMa HepBHOH cucTeMbl. C MOMEHTa MX OTKPBHITHA (YHKILMS TINIMAJIbHBIX KIETOK UIMTENBHOE
BpeMsi OCTaBajach 3arajkoil 1 HelipoOuosoroB. HecMOTpsi Ha TO, YTO KOJHMYECTBO TIMAIBHBIX
KJIETOK 3aMeTHO Ooublie, (U3HOJIOrHYecKas aKTMBHOCTb HEPBHOM CHCTEMBI 4acTO 00CyKHaeTcs
HCKJIIOUUTEIIBHO B paMKax (YHKIMOHHMPOBAHHSA HEHPOHOB, Kak eciu Obl MM HE CyliecTBoBala. B
HACTOSIEH TiaBe OO0CYXIAaloTcs (U3HOJOTMYECKHe CBOWMCTBA INIMANBHBIX KIETOK U HX
(YHKIHMOHAIEHOE B3aHMOJICHCTBHE C HEHPOHAMIL.

Uctopuueckuin pakypc

I'muanbHBIe KIIeTKH OBUIH BIIepBBIe onucaHbl B 1846 roxy Pynonshom BupxoBeiM, KOTOpEIH cunTai,
YTO OHM SBJIAIOTCA «HEPBHBIM KiI€eM» — OTCIOJ]a OHM M TIONYYMIIM CBoe Has3BaHue (glue mo
AHIJIMICKY O3HaydaeT Kieil). Boinepkku u3 padotsl BupxoBa aroT BO3MOXKHOCTH TOYYBCTBOBATh 3TY
TOUKY 3peHHs);

Mo cux nop, onucvieas HepeHylo cucmemy, si 2080pull MOIbKO 06 UCMUHHO HelpoHanbholl ee yacmu. OOHaKo...
BAJICHO 3HAMb O MOU CYOCMAHYUU., KOMOPAs HAXOOUMCS MeHcOy COOCMBEHHO HeUPOHANbHLIMU YACMAMU,
CKpenyisiem ux emecme u co30daem yeroCmuylo popmy... Jmo NOOMOIKHYIO0 MeHs K MoMy, 4mobul 0ams eii ceoe
Haszeanue — Heupozius. ...Onvimvl NOKA3bLIEAIOM HAM, 4IMO dMA MKAHb 20I08HO20 U CNUHHO20 MO324 AENACMCA
00HUM U3 HaAuboNlee YACMbIX MeCm NOCMEPMHbIX USMEeHeHull... B Helpociuu npoxodsm cocyosl, Komopbvie
NPaKmuyecku no6cemMecmno omoeneHsl Om HepeHOll CyOCmManyuy NPOMeXCYMOYHbIM CI0EM U He 6X00m C Hell 8
HenocpeoCmeeH bl KOHMAKM.
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B mocnenyiomue roasl HeHpOriHaabHble KJIETKM MHTEHCHBHO HCCIEAOBAIMCH HEfpoaHaTOMaMu 1
[IaTOJIOTaMH, KOTOPBIM OHH OBUIM M3BECTHBI KaK Hau0o0JIee YacThlil ICTOUHHUK OIyX0JIeil B Mo3re. JTo
HE TaK yX U YJUBUTENBHO, IOCKOJIBKY OIpE/elIeHHbIC TIIMANbHbIE KISTKH — B OTIHYHE OT
OOJIBIIMHCTBA HEHPOHOB — MOTYT HPOJOJDKATH JEIUTHCS M PasMHOXKATHCS BO B3POCIOM >KHBOM
oprannzme. Cpeny caMbIX HEPBBIX IPEIIIONIOKEHHH O POJHM TIHAIBHBIX KIETOK [0 OTHOLIEHHIO K
HelpoHaM OBUTH CTPYKTypHAasi IOANEPXKKA, CEKpenust TPopHIeCKHX (aKTOpoB U INEKTpHUECKas
H30IALMS HeHpoHOB 2. ITHTaTenbHAs PONTb HEHPOrIHK ObTa mpeanonoxkena Lomsmku B 1883 roxy”.
OH nucan:

Hetpoenusi... cyoicum 0151 00CmagKu nUmamenbHbix 6eujecms... (U)... Omaudaemcs om oobluHol cOeOUHUMENbHOU
MKAHU  CBOUMU  MOPPONOUUECKUMU U  XUMUYECKUMU XAPAKMEPUCIMUKAMU U  UHBIM  IMOPUOTOSUYECKUM
NPOUCXOMHCOCHUEM.

Wnen T'oapmxy Ka3zaduch HACTOJIBKO MPaBUIIBHBIMA W HUMEJIU TaKyl CUIY, YTO Ha INPOTHKECHUU
MHOTHUX JIET HUKOMY 1 B T'OJIOBY HE IPUXOAUJIO UX IIPOBEPUTD.

Mopdonorusa u knaccudukaumsa rnmanbHbIX KNeTok

OTJIMYUTENBHBIM OT HEHPOHOB CBOMCTBOM HEHPOITIMAIBHBIX KIETOK SBISETCS OTCYICTBHE AKCOHOB.
Tunmynas rauansHas kietka n3obpaxkena Ha puc. 8.1. B IIHC mo3BOHOUYHBIX INTHANbHBIE KIETKH
I0/Ipa3IeIAI0TCS Ha HECKONIBKO KiIaccoB *- V.

AcTpoLuThl KOHTAaKTUPYIOT C KanuwuisipaMu U HeifipoHamu. OHH AeNATCs Ha JJBE OCHOBHBIE TPYIIIBI:
(I) ¢uOpo3HBIE acTPOLUTHI, KOTOPBIE COZACPKAT (DMIAMEHTBI; 3TH KJIETKH B OOJBIIOM KOJIUYECTBE
HAaxXOJATCAd B IIyYKaX MHUEIMHU3MPOBAHHBIX HEPBHBIX BOJOKOH B 0OesoM BeliecTBe Mo3ra; (2)
MPOTOIIA3MAaTHYECKHE AaCTPOLUTHI, KOTOPBIE COJEp)KaT MeEHbIle (UOPO3HOTO MaTepHana |
N300MWITYIOT B CEPOM BEIIECTBE, BO3JIE COMBI U ICHAPUTOB HEHPOHOB U CHHATICOB.

ONUroeHIpoOnUTE B OCHOBHOM HaXo[sATCsl B OS/IOM BEIIECTBE, IJie OHU (GOPMHUPYIOT MUEIHH BOKPYT
KPYIHBIX aKCOHOB (rasa 7).

PanunaneHple rimanbHble KIETKH UTparoT BakHyio posb B pazsutuu LIHC muexonuraroumx. OHu
HaTSHYThl KaK CTPYHBI dYepe3 BCIO TONIIMHY CIMHHOTO MO3ra, CETYaTKH, MO3KEYKa K HX
MOBEPXHOCTH, 00pa3ys MpPOJONroBaThie (HUIAMEHTHI, BIOJb KOTOPHIX DPa3BHBAIOIIHECS HEHPOHBI
MUTPHUPYIOT K cBoeMy MecTy HasHaudeHus. B IIHC B3pocnbIX >KMBOTHBIX MPUCYTCTBYIOT KIIETKH,
HaIllOMMHAIOIUE PAAUABbHYIO INIHI0 — KIeTKd beprmana B Mo3keuke W MIOIJIEPOBCKUE KJIETKH B
ceTJarke.

QHGHZ[I/IMHBJII)HI)IG KJICTKH, BBICTHJIAIOIIUE BHYTPECHHIOKO MOBEPXHOCTHL MO3ra — KEIYAOYKOB, —
TAKXE KJ'IaCCI/I(l)I/IL[I/Ipy}OTCSI KaK I''THaJIBHBIC KJIICTKH.

MuxkpornuaipHble KIETKH OTJIMYAIOTCS OT HEHpOINUANbHBIX KJIETOK IO CTPYKType, CBOWCTBaM U
npoucxoxacnmio © 7. OHM HAOMHHAIOT Makpo(arn KpOBH H, TO BCCH BHAMMOCTH, OT HHX H
MIPOUCXOJIAT.

B mepudepudeckux HepBax M TaHINIMSIX MO3BOHOYHBIX IIBAHHOBCKHME KIIETKH SIBIISIFOTCS aHAJIIOTOM
IIMaNbHbIX KIeToK. OHU pOPMHUPYIOT MUEINH BOKPYT OBICTPO NMPOBOISAIINX akcOHOB. I1IBanHOBCKHE
KJIETKH IUIOTHO OOJeraloT Takke MaJleHbKHE aKCOHBI (MeHee | MHKpOMeTpa B JUaMeTpe), He
(GopMUpYS IIPU STOM MHEIHHOBOTO CIIOSI.

OmnpefeneHne KIETOK-CATEIUINTOB, WM CI[yTHUKOB, YIOTpeOseTcs B HACTOSIICH TIJaBe I
0003HaueHNUSI BCEX HE HEHPOHAIBHBIX KIETOK B COBOKYITHOCTH, BKIIOYas IiHanbHble kietkd B [THC
U IIBAHHOBCKHUE KJIETKU Ha nepudepun.

Pa3nuuHble THIBI IIMATBHBIX KJIETOK MOTYT OBITh OIPEIENCHBI ITyTEM BBEACHUS METOK, HAalpHUMeD,
CIELUAIBHBIX KPACOK B JKMBBIX Iperaparax, WIH ¢ HOMOLIBI0 MMMYHOJIOTHYECKHX MPUEMOB (pHC.
8.2). CymiecTBYIOT aHTHTeNa, KOTOpble CHeUU(UYECKH CBSA3BIBAIOTCS C  acTPOLMTaMH,
OJTMrOJICHAPOIMTAMHUY, MUKDOTJIMCH, IIBAHHOBCKMMH KieTkamu °. Hampumep, (ubposnsic
aCTPOLMTEI MOIYT GBITH MOKpAIIEHBI ¢ OMOIIbIO anTuTel K Oenky GFAP ¥ (glial fibrillary acidic
protein; puc. 8.2B).

Kaxk u HelipoHBI B IIEHTpaJIbHON U IIepu(epuIecKoil HepBHOM CHCTeMaxX, ITHAIbHBIC U IIBAHHOBCKUE
KJIIETKH UMEIOT pa3iIMdHOe YMOPHOHAIBHOE NTPOUCXOX IeHe: riHranbHble kietkn B [IIHC nmpoucxomsat
U3 KJIETOK TPEIIeCTBEHHUKOB, BBICTHJIAIOIIMX HEPBHYIO TPYOKy, KOTOpas NpeACTaBIseT co0Ooif
BHYTPEHHIOIO MTOBEPXHOCTH Mo3ra. lIIBaHHOBCKHE KIETKH IPOUCXO-
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Puc. 8.1. HeifpornuanpHele KIETKH MO3Ta MIICKOMUTAFOLINX.
(A) OnurofeHAPOUUTBl M ACTPOLMTHI SABISAIOTCA  ABYMS
OCHOBHBIMH ~THIIAMH HEpOrIManbpHBIX KIETOK B MO3re
no3BoHOYHBIX. (B) Mukpornnans Hble KICTKH —HMEIOT
MajJeHbKHE pa3Mepsl M HamoMuHalT Makpodaru. (C)
OnekTponHasi MHKpopoTorpadus —TIIHambHBIX KIeTOK B | They are closely associated with neurons. (B) Microglial cells
ONTHYECKOM TpPaKTe KpbIChl. Ha HMmXHEH yacTh BUIEH MPOCBET | are small, wandering, macrophage-like cells. (C) Electron
kamumiipa  (CAP), KkoTopslii  BBICTIAH 9HIOTENHMANBHEIMH | micrograph of glial cells in rat optic nerve. In the lower portion
xnerkamu (E). Kammmmwip oxpyxen orpoctkamu GuOPOSHEIX | is the lumen of a capillary (CAP) lined with endothelial cells
actpountoB  (AS). IlpoctpaHcTBo — Mexay —OTpocTKamu | (E). The capillary is surrounded by end feet formed by
aCTPOLMTOB ¥ 3HJOTEIHAIBHBIMU  KICTKAMH  3alOHEHO | processes of fibrous astrocytes (AS). Between the end feet and
KkostareHoBbIMH BostokHamu (COL). Ha Bepxueii yactu BuaHa | the endothelial cells is a space filled with collagen fibers
4acTh snpa onurozenapouuta (OL), a cnipasa BUHBI akcoHbl, [ (COL). In the upper portion is part of a nucleus of an
TOKPBITbIE MHETMHOBOH 060I04KOH. oligodendrocyte (OL), and to the right are axons surrounded by
Fig. 8.1. Neuroglial Cells in Mammalian Brain. (A) | myelin wrapping. (A and B after Penfield 1932, and Del Rio-
Oligodendrocytes and astrocytes, stained with silver | Hortega, 1920; C from Peters, Palay, and Webster, 1991.)
impregnation, represent the principal types of neuroglial cells
in vertebrate brain.

AT W3 HEpBHOro rpebHs (ryaBa 23). Y HEKOTOPHIX XKHBOTHBIX, Kak, HAIpUMep, y MHABKM,
pasBHTHE TJIMATBHBIX KJIETOK MOXHO HAOMIONATh  HEMOCpPencTBeHHO .  Kierku-
MpPEAICCTBEHHUKN U DHEepeHIUPYIOTCS B TJIHANBHBIC KIETKH, KOTOPBIE OKPYXAIOT Tena U
JIEHAPUTHl HEWPOHOB, a TAKXKE CHHANCHL. Pa3BUTHE TIHMANbHBIX KIETOK MOXET OBITh
HCCIIEIOBAHO B HSMOpHOHAX ITO3BOHOYHBIX IIYTEM OKPAacKH KJIETOK-IIPE/IIECTBEHHUKOB.
He6ospImoe KOMMYECTBO KIETOK HMH(PUIMPYETCS Ha pPaHHUX OJTamax pa3BUTHS BUPYCOM,
COIEPIKALINM TeH--MapKep, KOTOPBIi IePEIACTCs OT MOKOJNCHHS K MOKoIeHno . [loMedeHHbIe
KJICTKH MOTYT OBITh  BIOCJICACTBHU  HMICHTHOUIMPOBAHBI KAaK  aCTPOLMUTHI WK
ONUTOAEHAPOUUTHI. TakuM 00pa3oM MOXHO MPOCIEKHBATH KJIETOYHBIC JIMHUM M OIPEAENATDH
9Tarbl pa3BUTHUS, HA KOTOPBIX IIMAJIbHBIE KJIETKU IUBEPIHPYIOT OT HEHPOHOB.

CTpYKTYpHbI€ CBA3U MeXAYy HEMPOHaMM U rnuen

[pu B3rNs/AE HA DNEKTPOHHYIO MUKpodoTOorpaduio Mo3ra Opocaercs B riia3a T0, Kak IIIOTHO
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Puc. 8.2. I'lmanbHble KIETKH,
OKpAIlCHHbIC MPH  [OMOIIH
BHYTPHUKIIETOYHOH  MHBEKIUH
KpacuTenss M aHTuTeNaMu. (A)
B acTpoiuuT ONTHYECKOrO HEpBa
KPbICHI  OBUI  BBEIEH IyTeM
BHYTPHUKJICTOYHOMN HHBEKIIHN
(IryopecleHTHBII Kpacuresb
Lucifer Yellow. Yepe3 mieneBbie
KOHTAaKTbl ~KPACUTEJh JIPOHUK
TaKXKe B COCCIHMI acTPOLHT, B
pe3yJIbTaTe 4ero OKpalICHHBIMU
OKazaJluch JBa HelipoHa. (B)

{B)

Oubpo3HsIit aCTPOLUT,
CBEKEBBIJICICHHBII 176}
OIITHYECKOTO HepBa
canaMaHphl, OKpalleH
QHTHTCIaMH K  [JIHAIBHOMY
TPOTEHHY CFAP. ©)
OJUroeHAPOIUTHI B

OITHYECKOM  HEPBE  KPBICHI,
3anonHennsle  Lucifer  Yellow.
PacmonoxeHHbIe  MapaLIeIbHO
HPOJIOJIbHBIC OTPOCTKU
SIBISIIOTCS XapaKTEPHBIM
Fig. 8.2. dial Cells Labeled by Intracellular Injection and Antibodies. (A) Dye coupling of | CBOHCTBOM o1 U TOJCH
astrocytes in intact rat optic nerve. An astrocyte was filled with Lucifer yellow by intrac 1 | APOLHTOB .

ular injection. The dye spread to a neighboring astrocyte. (B) Fibrous astrocyte, freshly
dissociated from salamander optic nerve, labeled by an antibody against glial fibrillary acidic
protein (GFAP). The antibody staining and the shape unequivocally establish its identity. (C)
Oligodendrocytes in rat optic nerve filled with Lucifer yellow by intracellular injection. The
appearance of the longitudinal processes that run symmetrically in parallel is characteristic for
Oligodendrocytes. (A and C after Butt and Ransom, 1993, photos kindly provided by A. M.
Butt; B from Newman, 1986.)

ymnakoBaHbl HelpoHbl U rims. Ha puc. 8.3 mokaszan cpe3 Mo3xeuka Kpbichl. Ha cpese MHOkeCTBO
HEWPOHOB U INIHATBHBIX KJIETOK, KOTOPbIE MOXHO Pa3JIMUUTh M0 MHOXKECTBY KpUTepueB. [ uanbHble
OTPOCTKH OOBIYHO TOHKHE, MHOTJA TOHbIIE 1 MUkpomeTpa. JIMIIb BOKPYT sapa INIHATbHBIX KIETOK
MOXXHO OOHApyXHTh 3HAUUTENIbHOE KOJIMYECTBO IUTOILIA3MbL. ODKCTPAKIETOUYHOE MPOCTPAHCTBO
OTPAHUYECHO Y3KUMHU LensaMu (okoio 20 HM). Hukakux crenuanbHbIX KOHTAKTOB MEKIY HEHpoHaMuU
u et Bo B3pocioit ITHC He HaGmonaercs, 1 (GU3HOJIIOTHIECKHE TECTHl He 00HAPYKHUBAIOT HPSIMBIX
cBsi3el Mexxy HUMH. OIHAKO, MeXIy COOOH IIManbHBIe KIETKH CBS3aHBI IUIOTHBIMU (IIETEBBIMM)
KOHTaKTaMu (gap junctions) (rmapa 7) '> ', B3auMOOTHOIIEHMS MeX/y IVIMAIBHBIMH KIETKAMI,

HEWPOHAMU KalHJULIPAMH U 9KCTPAKIETOUHBIM MPOCTPAHCTBOM CXEMAaTUYHO M300pa’keHbl HA PHUC.
8.4.

§ 1. ®usunosoruyecKkue CBOMCTBA KJIETOYHBIX MeMOpPaH
IJIMAJBbHBIX KJIETOK

MemOpaHb! ruabHBIX KIeTOK Obuth BriepBble uccienoBansl B [IHC nusaBku. I'nuanbHble KIeTKH B
TaHTJIMY MUSIBKH UMEIOT OOJIBIINE pa3Mepsl W Ipo3padHsl (cM. puc. 15.2). Ilox MHKpOCKOIIOM OHH
BBINIAJAT KaK IIyCTOE IPOCTPAHCTBO MEXkKIY HEHpOHAMM, U MX MOXKHO HCCIEIOBaTh C MOMOLIBIO
BHYTPUKJIETOUHBIX WIM [3TY--KIaMIl d1extponoB = ' 19 Tlocne perucrpamum pusnonornueckux
CBOMCTB TJIMAJIBHYIO KJIETKY MOXKHO 3alOJNHHTh (UIyOpPECHEHTHBIM MapkepoM (Hampumep,
Jlroundepom xenteim, Lucifer Yellow) u nabmonats ee gopmy B xuBoM npemnapare. [locne Toro,
Kak ObUIM ONMCAHbI IIMAJbHbIC KJICTKM IHABKH, ObLIM ONHCAHBl TAKKE CBOMCTBA U MOP(HOIOrHs
TITHANBHBIX KIETOK 3€MHO-
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I'muanbHble KIETKH CIerka OKpameHbl. HeWpoHBI M TINHaNbHBIC KIETKH
paszeneHbl mienpl0 MUpHHOH Okono 20 HM. HeiipoHanbHBIE SIEMEHTHI:
neraputhl (1) n akconsl (Ax). JIBa cunarca (Syn) OTMEUEHbI CTPEIKAMH.

Fig. 8.3. Neurons and Glial Processes in Rat Cerebellum. The glial
contribution is lightly colored. The neurons and glial cells are always
separated by clefts about 20 nm wide. The neural elements are dendntes (D)
and axons (Ax). Two synapses (Syn) are marked by arrows. (After Peters,
Palay, and Webster, 1991.)

Puc. 8.4. HeiipoHbl, TiiHsi, BHEKJICTOYHOEC MPOCTPAHCTBO M KPOBb. (A)
HeiiponanbHo-rimanbHble ¥ TIHATBHO-TJIMAIBHBIE B3aHMOAEHUCTBHA. B To
BpeMsl KaKk HEHpOHBI M IJMaNbHBIC KICTKH BCErJa pas3JCleHbl IIENbIO,
TIIHANbHBIC KICTKH COCIMHEHBI IIENICBBIMH KOHTAKTaMM (gap junctions).
(B) Cps3u Mexay KanmwuispamMu, IJIMeH W HEHpOHaMH B CBETOBOM M
9NIEKTPOHHOM MuKpockomne. Ilytn nuddysun u3 KanwuipoB K HelfipoHam
MPOXOJAT Yepe3 3aIOJTHEHHOE JKHAKOCTBIO MPOCTPAHCTBO MEKKICTOUYHBIX
meneif. IIpornopuuyu KIeTOUHBIX Pa3MEPOB HECKOJIBLKO H3MEHEHBI.

Fig. 8.4. Neurons, Glia, Extracellular Space, and Blood. (A) Neuronal-glial
and glial-glial relationships. While neurons are always separated from glia by
continuous clefts, the interiors of glial cells are linked by gap junctions. (B)
Relations of capillaries, glia, and neurons as seen by light and electron
microscopy. The pathway for diffusion from the capillary to the neuron is
through the aqueous intercellular clefts. Cell dimensions are not in proportion.
(After Kuffler and Nicholls, 1966.)

BOJIHBIX M MJICKOMIUTAIONINX, H OOHAPY/KHIOCH 3HAYHTEIBHOE CXOACTBO MEH/Ty HUMH '*.
[MoTennman mNOKOS TNIMATBHBIX KIECTOK Ooublie (0ojiee OTpHULATENbHBIH BHYTPH), 4YeM Y
HeiipoHoB. CamMble OOJbIIINE 3HAYCHUST MEMOPAaHHOTO TIOTEHIIMANIA B HEHPOHAX HE MPEBBIIAOT -
75 MB, B TO BpeMs Kak y INIMAJIbHBIX KIETOK MeMOpaHHbBIN MOTEHIMAN MOXeT JocTurarh -90
MB. JIpyrHM OTIMYHUTENBHBIM CBOMCTBOM TNIMANbHBIX KJIETOK SIBISETCS OTCYTCTBHUE
PacIpOCTPaHSIOMUXCS TOTEHIUAJIOB JeWCTBH. JIMIIb B HECKOJBKHX HCCIENOBAaHHUAX ObLIO
[IOKA3aHO, YTO IJIHAIBHbIE KIETKH B KyJIbTYpPaJbHBIX YCJIOBHSX CIIOCOOHBI TEHEPUPOBATH
pereHepaTuBHbIE OTBETHI.

MemOpaHa mHaNbHOW KJIETKH BEET ce0sl KaK KaJMEBBIH 3JIEKTPOJI, T. €. B COOTBETCTBHU C
ypaBHeHueM HepHcra ai1st pacTBOPOB ¢ pa3IMYHBIME KOHIIEHTPALUSIMU HOHOB Kauus (raasa S).
Jlpyrue MOHBI BHOCAT BeChbMa HE3HAYHTEIBHBIA BKJIAJ B MEMOpaHHBIN norenrman' . Ha puc.
8.5 moka3aHa 3aBUCHMOCTb MEMOPAaHHOIO MOTEHLHUanda I[NIMAAbHOM KIETKH OT HapyxXHOH
KoHueHTpaiuu uoHoB Kamusi [K], B norapudpmmyeckoit mkane. Ilpsmas nuHHA & —
TeopeTHYecKasi 3aBUCUMOCTh MEMOPAHHOIO IOTeHNuana ¢ HakilioHoM 59 MB mpu 10-kpatHOM
N3MEHEHUHU
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Puc. 8.5. 3aBucamocts MeMOpaHHOTrO
noTCHIHUaIa TJIN: TbHOM KICTKHA oT
HApy>KHOH KOHILICHT| allu¥ HOHOB Kajus. (A)
CxeMa BHYTPHKJICTOYHOW PETHCTpAlUH OT
rauanbHOi  KieTtki.  (B)  YMeHblieHue
KOHIICHTpallMK Kalrsa C d)I/BI/[OIIOFI/[‘IeCKOFO
ypoBHs (3 MMoIIb) ;0 0,3 MMOJIb BBI3BIBACT
TUIIEPIIOIAPU3ALUIO M€M6paHLI; YBEINYCHUE
BHEKJICTOYHOH KOHL eHTpaluu Kaiaus jpo 30
MMOIIb LPUBOAMT K ACMONApH3aluu Ha 59

(B MB. (C) 3aBucumoc ‘b Mexa1y MeMOpaHHBIM
InzraceBular record From glinl TIOTEHIIHATIOM " BHEKJIETOUHOM
o cell, while |[K],isc KOHLICHTpAI[MeH Ka.[Hs, PAaCCUMTAHHAs I10

ypaBHeHHI0 HepHc'a (cCruiomHas JIMHHMSA),

=50 5
E :! TOYHO COOTBETCTBY('T JKCIIEPUMCHTAIbHBIM

JAHHBIM, 3a HCKJIKYCHHEM OYCHb HH3KHX

3 = i . .
150 O3mM K", 30 A K", KOHIEHTpanui kasjua. Heiiponsl MeHee
T ! T i YyBCTBUTEJBHBI K H }0O0JBIINM H3MCHCHHAM
i 5 3 5 1 i M " KOHIEHTPAUK Kamisi B (DU3HOIOTHYECKOM
i il 120 I8 240 30O 380 nuanasone. RP — moTeHman mokos.
Time (5)

Fig. 8.5. Dependerce of Glial Membrane
Potential on potassium concentration. (A)
System for recording from a glial cell in mud
puppy optic nerve while changing external
=] I ﬂmvmnlx*lu = 100 mM ——— potassium concentretion. (B) Reducing the
potassium concentra ion from the normal 3,0
mAf to 0,3 ms) hyperpolarizes the
membrane;  increasing the  potassium
concentration to 30 mA) depolarizes by 59
mV. (C) The relation between potassium
concentration and membrane potential
predicted by the Ne nst equation (solid line)
accurately fits the experimental results,
except at very low extracellular potassium
concentrations. Neurons are less sensitive
than glia to small changes in potassium
concentration in the physiological range. RP
= resting potential. ‘After Kuffler, Nicholls,
and Orkand, 1966.)

Gilial membrane potential (mV)
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KOHLEHTpAllUd B COOTBETCTBUU ¢ YypaBHeHueM Hepucra (mpu 24° C). DTa 3aBUCHMOCTb
3HAYHUTENBHO OTIMYAETCA OT OOJBIIMHCTBA HEHPOHOB, MEMOPAHHBIN MOTEHIHAN KOTOPBIX HE
COOTBETCTBYET pAacCUUTaHHOMY IO ypaBHEHUI0 HepHcTa B jauana3zoHe (DU3HOJIOIMYECKHX
konnentparuii [K]yor 2 1o 4 mmons (rmasa 5).

Pacripenenenne KanmeBBIX KaHAIOB OBUIO HCCIEJOBAaHO Ha MeMOpaHe MIOJUIEPOBCKHX
INIHANIBHBIX KJIETOK M aCTPOLUTOB, H30JIMPOBAHHBIX M3 CETYaTKM M ONTHYECKOro HepBa
PA3IMYHBIX KHBOTHBIX: JIATYIIKH '), calaMaHAphl | i KPOJiHKa . UyBCTBUTENBHOCTD K KAIIHIO
MakCHMaJbHa Ha KOHIIE OTPOCTKAa MIOJUIEPOBCKOW KJIETKM W CpPaBHHUTENBHO Majia Ha Tele.
W3onupoBaHHas MIOIEPOBCKAs KIIETKA cajlaMaHIpbl X OTBETHl HA aNIUIMKAI[MIO BBICOKOM
KOHIIGHTpAIMM Kajlus Ha €€ pa3lIMuHble Y4acTKH IOKa3aHbl Ha puc. 8.6. Ha paHHux sramax
Pa3BUTHs KaJMEBbIe KaHAJIBl PAacIONOKEHBI MO IOBEPXHOCTH MIOJUIEPOBCKONW KIIETKH Ooiee
OJIHOPOJJHO, @ TIOBBIIICHHAs YYBCTBHTEIBHOCTh K BBICOKOMY KaJlMI0 Ha KOHLE HOXKHU
TMOSIBISIETCS.  TONBKO IOCTE TPAHC(OPMAIMH TOTOBACTHKOB BO B3POCIBIX JIATYIIEK .
BosMmorkHOE Qu3HoIornuecKoe 3HaueHrue 3TOro SBJIEHHU 00CY)KIaeTCsl HUKE B 3TOM IJIaBe.

UOHHbIe KaHanbl, TPAHCNOpPTEepPbI U peuenTopbl B MeM6paHax
rmnanbHbIX KINeTOK

Ha ™emOpaHe rmMaNbHBIX M IIBaHHOBCKUX KIIETOK, BBIPAIIMBAEMBIX B KYJIBTYpaJbHBIX
YCIIOBUSIX,
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Puc 8.6. Oteersl Ha IOBBINICHHE
BHCKJIETOYHOT'O Ialusi B MIOJUICPOBCKUX
TIIMAJIBHBIX KJIC TKax, W30JIMPOBAHHBIX
M3 CeTYaTKH CcéslaMaHapbl. OTBETHI HA
ANIUTAKAIAI0 pac TBOpa C TIOBBILIICHHOM
KOHIGHTpAllMeH Kallusd Ha pasjInyHble

— T ———
N T
E

Y4YacTKH KIETKH PETHCTPHPOBANUCH ¢ [
TIOMOII[BIO BHYTPIIKJIETOUHOI'O IEKTPOJA. D e
A — KOHIEBas HOXKA MIOJUIEPOBCKOM —f-
kiaetkd, a G — ee JAUCTalbHAs YacTb. Te——
UyBCTBHTENBHOCTh K  KAJIHIO  camas B _f

with an intraccllular  electrode while
potassium was adplied to different sites.
A is the end foot and G is the distal part
of the cell. The s :nsitivity to potassium is
much greater at tie end foot suggesting a
higher  concent-ation of potassium
channels in that region. (After Newman,
1987; micrograpt. kindly provided by E.
Newman.)

Oonbllasi Ha KOHLEBOH HOXKE, YTO
Mpeanoaraet Gosee BBICOKYIO
KOHIIGHTPAIMIO KAJIMEBBIX KaHAJIOB B WmY
9TOM Y4acTKe KJIE TKH.
Fig. 8.6. Resporses to Potassium of a
Millier ~ Glial  Cell isolated from
salamander retina. Recordings were made

10 pm ] ==

H ] A Hms
—1T1

00HapYKHUBAIOTCS Pa3HOOOPA3HbIC HOHHBIC KAHAIBI M TPAHCIIOPTEPHI:

1. Ilpu 3TOM, KaK ye ObLUIO OTMEUYCHO BHIIIE, JOMHHUPYIOT KATHEBBIC TIPOBOAUMOCTH 16),
2. Ha meMOpaHax IIBaH MOWCKaX KJIETOK M aCTPOLUTOB €CTh IMOTCHIMAI3aBUCHMBIC HATPHEBBIC U
KanpLueBsle Kananbl>). OGLIee COOTHOLICHHE MPOBOJUMOCTH MEMOpPaHbI MIOJUICPOBCKUX KJIETOK K
KaJIMI0O U HaTpuUio oueHuBaercsa npubmusurensHo kak 100 : 1. Kak yxe ObUI0O OTMEYEHO BHIIIE,
AKTHBALMS HATPUEBBIX U KAIBIHEBBIX KAHAJIOB HE IPUBOIUT K T€HEpally MOTEHIMANA ICHCTBUS.

3. HccnenoBanue C IOMOLIBIO IMATY-KJIAMIT PETHCTPALMK OOHAPYXKUIIO XJIOPHBIE KaHAIBI B
LIBAHHOBCKUX KJIETKAaX U aCTPOLMTaX =

4. B rmanpHBIX KIETKaX MPUCYTCTBYIOT MOHHBIC TIOMITBI JJIsI TPAHCIIOPTA HATPUS M KaJlHis, a TaKkKe
OuKAapOOHATA H IPOTOHOB >,

5. Ha meMOpaHax TIHaJbHBIX KJIETOK B OOJBIIOM KOJHYECTBE JKCIPECCHPOBAHBI TPAHCIOPTEPHI
ggyTaMaTa, I'AMK wu mimnmuHa; OHM 3aXBaThIBAlOT HEMPOMEIUATOPHI, BblIENsIeMble HEHpoHaMU
6. OnurofeHIpOLMTHI, aCTPOLMTHI U IIBAHHOBCKHUE KJIETKH MMEIOT MHOTOUYUCIICHHBIE PELETITOPHI K
HelpomenuaTopam™ .

3ﬂeKTpVI‘-IeCKVIe KOHTaKTbl MeXAy rmmanbHbIMU KIleTKaMu

CoceHue MUaIbHbIE KIETKU COCIUHEHBL IPYr C APYroM IOCPEICTBOM LIEIEBbIX KOHTAKTOB (IJ1aBa
7). DTUM OHM HAalIOMHHAIOT SIUTENINATBHBIE KIETKH, a TAkKe TIaAKOMBIIICYHbIe KIeTKH. [ nansHble
KIETKH OOMEHHUBAIOTCS HMOHAMH M MAaJEHBKMMH MOJEKYJIaMH HampsMyIo, MHHYs BHEKJIETOYHOE
MIPOCTPAHCTBO, M TaKHE CBA3M MOTYT HCIONB30BaThCS IJIsI YMEHBLIEHHS KOHLEHTPAIMOHHBIX
rpamuentos *® %, Kak 0TMeuanoch BBIIIE, IIENEBBIX KOHTAKTOB MEK/Iy HEHPOHAMHU ¥ CIHATBHBIMI
KJICTKaMH He OOHapy»KMBAeTCsl, 1 MOHHBIC TOKM uepe3 MeMOpaHbl HEHPOHOB HE BIHMSIOT HAIPSAMYIO
Ha ONu3IexKalye riuaibHble KIeTKH.

§ 2. OyHKIMHU IVTHATbHBIX KJIETOK

Ha NPOTAKECHUE MHOI'UX JIET IPAKTUYCCKHN KaXKas q)yHKI_[I/ISI KJIICTOK B HepBHOﬁ CHUCTEME, KOTOpas HE
Haxoausia O4CBHUIHOTO 06'I)$ICHCHI/I$I, OpUIUCIIAIaCh K q)yHKHI/II/I TIMATBHEIX KJIETOK. B nocieayromux
pasaeiiax Mbl BHa4aJI€ paCCMOTPUM T€ (I)yHKI_[I/II/I TJIMAJIBHBIX KJIIETOK, KOTOPBIC XOPOLIO YCTaHOBJICHBI,
a 3aTeM nepel‘/meM K BOIIpOCaM O TE€X q)yHKHI/ISIX, KOTOpPbIC Tpe6y}0T HaHLHeﬁmHX HCCIICIOBAHMM.
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{A) Schematie diagram of arrangement of myclin

o

At the edge of the node is a specialized close contact area between the membrane of the axon
(Ax) and the membrane of the myelin wrapping (arrows). (C) Cross section of a myelinated
axon at a node that is contacted by a process (marked with arrows) from a perinodai
astrocytic glial cell (G).Myelin (M) is absent at the site of contact between the astrocyte and
the node. (A after Bunge, 1968; B from Peters, Palay, and Webster, 1991; C from Sims et al.,
1985; micrograph kindly provided by J. Black and S. Waxman.)

Puc. 8.7. Muenun u nepexsarbl
PanBbe. OnurogeHAPOLHUTH U
LIBAHHOBCKHE KJICTKH
(dopmupytor MHEIIHHOBYIO
060J104Ky BOKPYT akcoHOB. (A) B
mepexBatax PamBbe  (cieBa)

MHEIMHOBAs 000s104Ka
TpephIBAETCS. Cnpasa
u300paXKeH  MOMEpeyHbId  cpe3
yepes AKCOH, TOKPBITHII

MHEIMHOBOM  ob6omoukoit.  (B)
DnekTpoHHas MUKpodoTorpadus
obmactn  mepexBata  PaHBbe
MHEJIMHU3MPOBAHHOTO  BOJIOKHA
ITHC KPBICHI. Ha  kpato
nepexBata MeMOpaHa — aKCOHa
(AX) ¥ CKJIAQIKA MHEITHHOBOMI
00607109KH (oT™MeueHbI
CTpEeNIKAMH) TUIOTHO HPUIIETaloT
npyr k apyry. (C) IMonepeunstit
cpes MHEIHHU3HPOBAHHOTO
aKcOHa B O00IACTH TIepexBaTa;
OTPOCTOK acTpouuTa G),
KOTOPBIit KOHTaKTHPYET c
AKCOHOM, OTMEYEH CTpEJIKAMH.
Muemnr (M) oTcyTcTByeT B
MmecTe KOHTaKTa MEXay
ACTPOLIMTOM U IEPEXBATOM.

Fig. 8.7. Myelin and Nodes of
Ranvier. Oligodendrocytes and
Schwann cells form the wrapping
of myelin around axons. (A) At
the nodes of Ranvier, like the one
shown here on the left, the myelin
is interrupted and the axon is
exposed. The upper half of the
nodal region, with a loose
covering of processes, is typical
of the arrangement in peripheral
nerves. The lower part is
representative of a node within
the central nervous system. Here
an astrocytic finger comes into
close apposition with the nodal
membrane. To the right is a
transverse  section through a
myelin-covered axon. (B)
Electron micrograph of a nodal
region in a myelinated fiber in rat
CNS.

MuenuH u POIb rnuanbHbIX KINeTokK B NnpoBegeHUn BO36y)KAeHVIFI no

adKCOHam

Baxnoli QyHKIHEH OIMIONEHAPOLUTOB W LIBAHHOBCKUX KIIETOK sBISeTCS (GOpMHpOBaHHUE
BOKPYI aKCOHOB MHEIMHOBOW OOOJOYKM — CJOSI C BBICOKMM COIPOTHBIICHHEM, KOTOPBIi
oI00CH M30JIMPYIOIEi 000I0UKe 3JEKTPHUECKOTo MpoBoJa (rnasa 7). MuennHoBas 000si0uka
npepbiBaeTcsl B nepexsarax PaHBbe (puc. 8.7), KOTOpBIE PACIONOKEHBI BAOJb aKCOHA Yepes3
paBHBIE HHTEPBAIIBI ) XapakrepHoii ocobeHHOCThIO TepexBaTtoB B [IHC sBistOTCS OTPOCTKH
aCTPO-IIUTOB, KOTOPhIE KOHTAKTHPYIOT ¢ aKCOHOM . [10CKOJIbKY HOHHBIE TOKH, BO3HHKAIOIIHE
P TPOBEJCHUHM NOTECHIMANA JEeWCTBHS, HE MOTYT MPOXOAWTh 4Yepe3 MHEINH, HOHbI
MePEeMEIAOTCsl TOJBKO B MECTax MEpexBaToB. B pe3ynbraTe CKOPOCTh MPOBEICHHS 10 aKCOHY

SHAYUTEIIbHO BO3PACTACT.
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Puc. 8.8. Jlokanuszauusi MHEITHHOBOTO npoTer Ha PMP22 B MOJIOIBIX 1 Axons o Schann cells
CTapbIX KyJbTYpax aKCOHOB M MIBAHHOBCKI X KIETOK. Bo3pacTHsie Y

W3MCHCHHSI B PACIPEICICHHN MHEIMHOBOrC mporerHa PMP22 mpu AlNearofilsmert stain (BIF P22
COBMECTHOM  KYJIbTHBHDOBAHMHM  aKCOHOE €O  HIBAHHOBCKHMH
knetkamu. (A, B) HepmempHas xynbry)a HelipoHOB (A) u
IIBAaHHOBCKUX ~ KJIeTOK (B), OKpalIGHHEX MOHOKIHHAIBHBIMU
QHTHTEIAMH K HeifipodHIaMeHTaM ¥ MOJINKIHATBHON CBIBOPOTKON K
PMP22. Crpenkamu yKa3aHbl 11 3aHHOBCKHE KJIETKH,
KOHTAKTHPYIOIIHE ¢ HEHPOHATBHBIME OTpOC  Kamu. Ha sTom paHHeM
JTare PasBUTHS PACIpe/IelCHIE IINABHBIX 11 HeHPOHATBHBIX OEIKOB
3HAUMTENBHO pasmiyaetcs, 1 PMP22 B OCHC BHOM HAaXOZMTCS B TENE | iy hf
mBaHHOBCKUX KieTok. (C, D) Uepes 4 Hemenu KyJIbTHBUPOBAHHS
PMP22 mepepacrpenensercsi B MUCIMHOBBI CerMeHThL. CTpenkaMu
0003Ha4ens! akconsl (C) ¥ Teja MBaHHOBCKH < Ki1eToK (D).

In staln

Fig. 8.8. Localization of Myelin Protein (PMP22) in short- and long-term myelinating cultures of axons and Schwann cells.
Changes in distribution of myelin protein PMP22 induced by coculture of axons with Schwann cells. (A, B) 1-week-old coculture
of neurons (A) and Schwann cells (B) doubly stained with monoclonal antineurofilament and polyclonal PMP22 antiserum.
Arrows point to Schwann cells that are in contact with neuronal processes. At this early stage the glial and neuronal proteins have
different distributions, with PMP22 mainly in Schwann cell bodies. (C, D) After 4 weeks in medium that promotes myelination,
PMP22 becomes colocalued with myelin segments (stained by antibody PO). Arrows point to axons (C) and to the cell bodies of
elongated Schwann cells (0), with uniform PMP22 staining over the cell membrane. (After Pareek et al., 1997; photos kindly
provided by E. Shooter.)

HeckonbKo HMHTEPECHBIX BONPOCOB BO3HUKAET OTHOCHTENBHO CBS3U IIBAHHOBCKUX KIIETOK
ONIMTOACHIPOLIUTOB C AaKCOHaMH TpH (OPMUPOBaHMM MHUelMHA. Hampumep, Kakue
TeHETUUECKHUEe W BHEUIHHE (haKTOPHI MO3BOJIOT TIMATBGHBIM KIIETKaM BBIOMPATh MOAXOASIINE
AKCOHBI, OKPY)XHUTh WX B HaJexallee BpeMs M MOIICP)KUBATH MHUEIHHOBYIO O000JIOUKY?
KakoBbl XapaKTEPUCTUKH HEHPOJIOTUUECKUX HAPYIICHUH MHEIUHA, BHI3BAHHBIX 3a00JICBaHHEM
WIA TeHEeTMYECKMMHU HapyuieHusiMu? DopMHUpoOBaHHE MHEIUHOBOW OOOJIOYKH B Ipolecce
pPa3BUTHS MPOHUCXOJUT B PE3yNbTaTe KOMIUIEKCHBIX M TOYHBIX B3aUMOJCHCTBHHA MEXIY
HEWpOHaMH W TJHANBHBIMU KIETKaMH. PaccTosHMe MeXIy IepexBaTaMH, 3a30p MEXIY
[JIMANBHOM KIETKOW M HEHpPOHOM B y4acTKax, MPUIIETAIONIMX K IepexBaTaM, paclpelelicHUe
HATPUEBBIX M KaJIMEBHIX KAaHAJIOB PETYJIMPYETCsS TaKUM 00pa3oM, YTOObI 00eCIednuTh ObICTpOE
MPOBEJCHUE UMITYJIbCA 110 AKCOHY.

JlunamMpyeckoe B3aMMOJEHCTBHE MEXIy HEHpOHAMH W IIBAaHHOBCKHUMHU KJIETKaMH OBLIO
UCCIIEA0BAHO B KYIbTYPalIbHbIX YCIOBUAX, IIPH KOTOPBIX BOCIPOU3BOATCS KAK PA3BUTHE CAMHX
IIBAHHOBCKMX KIETOK, TAaK M TPOLECCH MHEIHMHH3AIMM M PEMHCIMHH3ANNA aKCOHOB .
KnroueBble Oenku, ydacTBYIOLIME BO B3aUMOJCHCTBMU MEXIY LIBAHHOBCKMMM KIETKAMU U
aKcoHOM, mueHTH(umposansr . Hampumep, IllyyTep W ero KOJIETH MOKa3aiH, 4TO KOIZIA
LIBAHHOBCKUE KJIETKU BBIPALMBAIOTCA B KyIbTYypalbHBIX YCIOBHAX caMU IO ceOe, TO OHHU
CHUHTE3UPYIOT Oenok nepudepudeckoro MuenrHa (M3BecTHbId kak PMP22). B aTux ycnoBusx
obopor PMP22 ouenb OblcTp, U OH HOJABEpraercs Jerpajalldd B 3HAOIUIA3MAaTUYECKOM
perukynyme. Eciu k 3TO# KynbType no0aBuTh HEHpoHBI (puc. 8.8), TO cpasy mocie KOHTaKTa
MEXly HEHpOHOM U IIBaHHOBCKOH kieTkoil PMP22 nepemeraercst B MeMOpaHy LIBAHHOBCKOIL
KJIETKH. DTO SBISETCSI BKHBIM 3TalloM B (JOpMHpOBaHUM MHENUHA. BMecTe ¢ TeM, MeXaHU3M
CHrHATTM3aIMH MEXK/Ty HelPOHAMH M IMBAHHOBCKHMH KJICTKAMH [TOKA HEH3BECTEH ~ .,

Tounoe xommyecTBO mpou3BoanMoro PMP22 spnsercst kpuTwmueckuMm JUIsl HaaJexariei
MUEIMHU3AIMY; W30bITOYHOE MM HEA0CTaTOYHOE Ipou3BoacTBo PMP22 spusercs npuuuHOil
HEKOTOphIX 3a0oneBanuii. Ha puc. 8.9 mokazaHo, 4TO 3aMeHa BCEro OJHONH aMHHOKHCIIOTBHI B
PMP22 (manpumep, neilMHa Ha IOPOJMH) IPUBOAUT y Mblel K 3aboneBanuto (“trembler”),
KOTOpOE€ XapakTepu3yercs NeGUIMTOM MHENMHH3aIUH M CePhe3HBIMH HEBPOJIOTMYECKHMH
npobiemamu. Takas sxe MyTalusi OTBETCTBEHHA 3@ HACIEACTBEHHYIO HEHPONATHIO Y YeTI0BEKa.

I'mmaneHBIE KJIETKHM TakXke alusAloT Ha O6p3.30BaHI/Ie KJIaCTCPOB HATPUECBBIX KaHAJIOB B
MUCIIMHU3UPOBAHHBIX  HCPBHBIX  BOJIOKHAX. HpI/I MUCIIMHU3alWK, JUMUCIUMHU3AUU H
PEMUCIIMHNU3AIUN U3MEHACTCA PACIPEACIICHNE HOHHBIX
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) Trembler Puc. 8.9. Hapymenue
- ] MHETHHU3IIUA Yy  MYTAQHTHOH
«Tpsicyle ics» MBIIITH [

TCHCTUYCC KUM E[Cd)CKTOM

MHEJIMHOB IO 6enka  PMP22.
Cepanuiii blii  HEPB B KOHTPOJIE
(A) My «TpsCyIEHCS» MBIIIH
(B). OfjpamaT Ha cebs
BHHUMaHHE 3HAYUTEIILHBIC
pasznuuus B Kaaubpe aKCOHOB U
TOJILMHE MHUEITHHOBON 000I0YKH
(OTMEYeHE[ cTpelkamMu Ha B).
Toueunasi MyTauusi, OPUBOLISIIAS
K 3aMHEe BCEr0  OJHOM
AMUHOKKC 10THI  (JieiiumHa  Ha
MPOJIMH), BBI3BIBACT HEHPONATHIO
Y MBIILH U Y Y4€TI0BEKa.

Fig. 8.9. Deficient Myelination in "Trembler" Mutant Mice with a genetic defect in a myelin protein, PMP22. Morphological
appearance of sciatic nerves in normal (A) and mutant trembler (B) mice, aged 10 days. Note the marked differences in axon
caliber and myelin thickness between normal and trembler mice (indicated by arrows in B) in microscopic sections at equivalent
magnifications. Also note the severity of dysmyeli nation A single ammo acid mutation from leucine to proline produces trembler
neuropathy in mice and in humans. (After Notterpek, Shooter, and Snipes, 1997.)

KaHaJIOB B II€pEXBaTax, y4aCTKax BO3JIC U MECKIAY NE€pEXBaTaMu 3 - 35). Ot poueCChbl HAITIOMUHAIOT

KJIaCTEpU3alMIO  PEIENTOpOB  HEHPOMEAWATOPOB B  IOCTCHHANTHYCCKOM  MeMOpaHe IIpH
¢dopmupoBanun cuHanca. OTpPOCTKM acTPOIMTOB B OOJIaCTH IepexBaTa Takke WHTCHCHBHO
CBSI3BIBAIOTCS C CAKCUTOKCHHOM (TOKCHH, KOTOPBIH CBSI3BIBACTCS C HATPUEBBIMH KaHanaMmu) (TJ1asa 6),
9TO MPEINONAracT BHICOKYIO ILUIOTHOCTh HATPHEBBIX KAHATOB HA LIHAmbHON MemOpane °*. Bbuto
NPE/TOTOKEHO, YTO HATPHCBBIC KAHAIBI [EPEHOCATCA OT AaCTPOLHMTOB K mepexBataM Pamppe 7,

OJHAKO 3TO MHTEPECHOC NMPEAIIOJIOKEHUE HE ITOJTYUHUIIO TTOKA IPAMOIro J0KA3aTEIILCTBA.

MMuanbHble KneTtku, passutue LULHC n cekpeuusn cpakTtopoB pocta

OCHOBHBIE aCIIEKTHI Pa3BUTHSI, B KOTOPHIE BOBJICUCHHI INIHANBHbIE KICTKH, PACCMATPUBAIOTCS B TJIaBE
23. B 3Toi#i ri1aBe MBI PacCMOTPUM HECKOJIBKO KIIIOYEBBIX pOJIEH, 3a KOTOpBIC OTBETCTBEHHA IJINS,
IIBAaHHOBCKHE KJIETKH M MHKporins. Hampumep, rimanbHble W MIBAHHOBCKHE KIETKH CEKPETUPYIOT
TaKWe MOJIEKYJbl, KaK ()aKTOp pOCTa HEPBOB M JIAMHMHMH; 3TH MOJIEKYJIBI CIIOCOOCTBYIOT POCTY
HEHPUTOB, KAK B KYJIBTYPE, TAK M B LEJIOM OpraHu3Me ~° °. BuT TaKKe BBIACICH IIHANBHBIH OEIOK,
ctuMyaupytomuii poct HeifpuroB, GDN (glial-derived nexin). Monard ¢ kosieramu npennonoXuiy,
4y10 GDN, KOTOpBIi SBIAETCS CHIBHBIM HHTHOUTOPOM TPOTEa3, MPEMATCTBYET Pa3pyLHIEHUIO MOJIEKYTT
IKCTPAKIIETOUHOIO MATPUKCA, KOTOPbIe BaXHbI 11si pocta’”. TIHanbHble KIETKH MOIYT TAKkKe GbITh
pernesenTaMy, MHrHOUpyrouuMy poct Heiipuros V. Hanmpumep, Genok, uspecTHslil kax NI-25/250,
COJZIEPXKUTCS B MHUEIHMHE W OJUTOJCHAPONUTAX. DTa MOJIEKYJIa OCTaHABINBAET MPOJBIKEHHE BIEPE
KOHYCOB POCTa HEHPOHOB M BBI3BIBACT MX KOJUIANC. Belkw, MHrHOMpyomue pocT, MOTYT TaKKe
y4acTBOBaTh B ()OPMHUPOBAHUHM TIPOBOJIINX TPAKTOB B CITAHHOM MO3I'€, OTPaHU4YMBAask POCT HEPBHBIX
BOJIOKOH B HEINPAaBWIBHOM HANpaBieHUH. Bo3aMoxkHbie 3((eKkTsl 3THX OCSIKOB Ha TMPOLECC
pereHepanuy mnocjue NOBPEXACHHU pPacCMaTpUBAIOTCS B riaBe 24.

Bo Bpems pa3BUTHS HEPBHOM CHUCTEMBI I'MIHMAJbHBIC KIETKH UTPAIOT POJIb B alperanud HEHpOHOB B
sIpax. Slapa M CTPYKTYpBI, pa3BUBAIOIIUECS in Situ U B KyJbTYPAIBHBIX YCIOBHSX, B CAaMOM Hadaie
(hOpMHPYIOTCS TIHATEHBIME KIETKAMH 42,49 Tax, HaIpuMep, YeTKO OrpaHUYEHHbIE IPYMIBI KIETOK
OYepUeHbl IHAIBHBIMU KJIETKaMHM €IIe JO IMOSBJICHUS HEHPOHOB B COMAaTO-CEHCOPHOM Kope
pasBuBaroneiicst My (riiasa 18).

MexaHH3MBI, TOCPEIICTBOM KOTOPBIX paJHalIbHbIE INIHANBHBIC KJIETKH HAIpaBISIOT HEHPOHAIBHYIO
MHIDAIHIO TI0 BPEMs PA3BHTHS, OBLTM BCKPHITHI B dKCrepuMenTax Paxumua *¥, Xarrena * *9 u ux
koyter (cM. Taoke riaBy 23). B mporecce pa3BUTHS KOpBI, THIIMIOKaMIIa M MO3XKEUYKa YeJOBeKa U
00e3bsHBI, HEPBHbIE KJIETKH MUTPUPYIOT K MECTaM Ha3HAYEHHUS BJOJIb OTPOCTKOB IVIMAJIBHBIX KJICTOK.
JIBrKeHHe  HEpBHOW  KJIETKM  THUIIOKAMIAa  BAOJb  pPagUadbHONM  IJIMAJAbHOM  KIETKHU
MIPOJIEMOHCTPHPOBAHO
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(C)

Puc. 8.10. HelipoHs! MUTPHPYIOT BJ)Ib PagHadbHOIN INIMH B
npouecce  pasutha.  (A) Cpe:  3aThUIOYHOH  JloU
pa3BUBAlOIIECHCS KOPBI IUIOAA OJe3bsHBI B CEpe/IMHE
OGepeMeHHOCTH. PajpanbHble TIHATIHbIE BOJOKHA HIYT OT
BEHTPHKYJIAPHOH 30HBI (BHU3Y ) K MOBEPXHOCTH
pasBuBatonieiics kopsl (BBepxy). (B) Murpupyromas kneTka
(1) wumeer Beaymuii OTPOCTOK, pacrojararomuiics Ha
panuanbHOM TIJNHAIBHOM KIETKE M HCHONB3YIOMmEeH ero B
KauecTBe IpoBojHMKa. Kierka 2, koTopas HpoJBUHYIACh
Janellle,  OCTAaBIseT 32  co0Oil  OTPOCTOK,  TaKKe
MPUKPEIUICHHbIH K TiManbHOl kie 'ke. Kietka 3 Tonbko
HA4YMHAET 0OPA30BBIBATE OTPOCTOK, IT )eXKAE YeM HAYaTh CBOIO
MUrpanuio  BAodb InanbHod  knetkd. (C)  Murpanus
THNMOKAaMIAIBHOTO HEHPOHa BJOJb [ 2IHATBHOTO ITIHATBHOTO
BosiokHa (GF) in vitro. C Te4eHHeM BpPEMEHH JIMMPYIONIHI
orpoctok (LP) mpozaBuraercst Bce BEINIE W BbIIIE, @ 332 HUM
ClIeyeT Teo HeiipoHa. Bpems B MHH; Tax yKa3aHO BHH3Y.

Fig. 8.10. Neurons Migrating along Radial Glia during development. (A) Camera lucida drawing of the occipital lobe of
developing cortex of a monkey fetus at mid-gestation. Radial glial fibers run from the ventricular zone below to the surface of the
developing cortex above. (B) Three-dimensional reconstruction of migrating neurons. The migrating cell (1) has a voluminous
leading process that follows the radial glia, using it as guideline. Cell 2, which has migrated farther, retains a process still
connected to the radial glia. Cell 3 is beginning to send a process along the radial glia before migrating. (C) Migration of a
hippocampal neuron along a radial glial fiber (GF) in vitro. As time progresses, the leading process (LP) moves farther up, with the
neuronal cell body following. Times indicated at the bottom represent real time, in minutes, taken from video photography. (A and
B after Rakic, 1988; C from Hatten, 1990.)

Ha puc. 8.10. Murpupyoomue HEHpPOHBI PACIO3HAIOT HAa TMOBEPXHOCTH TIHANBHBIX KIETOK
MOBEPXHOCTHBIE MOJICKYJIbI, cHenuduYecKkne K WX HelpoHalipHOMY THIy. Hampumep,
panuanbHble TJMANbHBIE KIETKH W3 THUNIOKAMIIa MOTYT HAIpaBisATh MHUTPAIMI0 HEHPOHOB
THIIIIOKAaMIIa, HO HE HEOKOPTEKCa.

Ponb MukpornuanbHbIX KNeTOK B penapauuu 1 pereHepauum B LLHC

ACTpOIMTBI, MUKPOTJIMS M IIBAHHOBCKHE KJIETKH PEarupyroT Ha HEHpOHAJbHOE MOBPEXICHHE
perukanyei 5.7 Oun YYacCTBYIOT B YIQJICHHM NPOAYKTOB pacnaga W B pyOueBanuu. Ha
MEPBOM dTalle PEe3UACHTHBIE MHUKPOTJIHANBHBIC KICTKA M Makpo(ard, KOTOpble MPOHUKAIOT B
HOBpemi:g?HHHﬁ yuactok [IHC u3 xpoBwH, AensATCsS M yHAISIFOT MPOIYKTHI Pachajga yMUPAIOIINX
KIIETOK

Miosutep 1 ero COTpYIHUKH HCCIEIOBAIN POJIb MUKPOTJIMAIBHBIX KJIETOK B pereHeparuu [[HC
y musBku *Y. (KCTaTH, MMEHHO y IHABKHM MHUKDOTJIHANBHBIC KIETKH OBUIM BIEPBBIC ONMUCAHBI U
TONYUHIH CBOE HA3BaHKe ' . B HOPMATBHBIX yCIOBHSX MHKPOTJIHANBHBIC KICTKH PaBHOMEPHO
pacnpeziesieHbl B TaHINIMAX M IIydKaX aKCOHOB, KOTOpble MX coequustoT (puc. 8.11). Cpasy
nocnie noBpexaeans [IHC mukpornmanbHble KIETKH MHUTPHPYIOT K MECTY MOBPEXKICHHS CO
ckopocTbio okono 300 Mxm/gac, akKyMyIMpYIOTCST Ha 3TOM MecTe U (harouuTUpPYIOT
HOBPEXKJICHHYIO TKaHb. [ mOpuansanus in situ ¥ UMMYHOXHMHYECKHE PEAKIUH MOKa3alHd, YTO
MHKPOTTTHAIBHBIC KICTKH TPOAYIMPYIOT B MECTE MOBPEKICHHS NAMHHHH  (rjiaBa 24) —
MOIIEKYITy
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Puc. 8.11. Murpanus MH pOrJIHAIBHBIX KIETOK K
yuactky mospexaenus B |[HC. (A) Mukpornus B =100 I — N — —
IMHC nusBKM, oOKpauter Hast  )IyOpECIEHTHBIM -4 ~¥=1 -1 01 2. ¥ 4 5 6 7.8
kpacureneMm (Hoechst 37342). IIyd4ok akcOHOB, Viehochty (puemy'min)
CBA3BIBAIONIMX TAHIJIMHK, JbUI CIABICH 5 MHHYT
Hazad. Y4YacTOK CHABICHHA OTMCYCH IyHKTHPHOIM Away fram cnsh 5 Tt coush

nuHUei.  MUKporjmanbH e KJIETKM Bce elle
paBHOMepHO pacmpenenensl. (B) Uepes tpu waca
nocyie TNOBPEKACHHS MiIKpOrHaIbHbIe KICTKH
CcOOMparoTcsl Ha MeCTe CHABICHHS M HAYHHAIOT
npousBoauth  gamuHuH  (C)  Ckopocth U
paccTosHUe,  NPOMJCHH(E  MHKDPOIIHAILHBIMU
KJICTKAMH hi(] HAIp; BICHUIO K  MecTy
TOBPEK/ICHUS].

The bundle of axons linking ganglia had been crushi:d 5 minutes earlier. The
extent of the crush is indicated by the dotted Line The nuclei of microglial
cells were still evenly distributed at this time. (B) Three hours after the
injury, microglial cells had accumulated at the crush site. There they
produced the growth-promoting molecule laminn. (C) Velocities and
distances traveled by microglial cells as they moved toward a lesion in leech
CNS. Microglial cells were tracked by video-microscopy at 10-min intervals
Fig. 8.11. Migration of M croglial Cells in Injured in injured leech preparations. In uninjured preparations, microglial cells
CNS. (A) Microglia in the Leech CNS were stained mgke only shqrt random movements. (A and B ifter Chen et al., 2000,
micrographs kindly provided by K.J.Muller; C after McGlade-McCulloh et

with a fluorescent nuclear ¢ ye (Hoechst 33342).
al., 1989.)

9KCTPAKIIETOYHOIO MaTPUKCa, KOTOPask CIOCOOCTBYET POCTY HEHPUTOB B KYJIBTYPE U in Vivo, KaKk
Y IMABKH, TAK U Yy IO3BOHOYHBIX.

LLiBaHHOBCKME KNETKU Kak NyTU pocTta B nepudepruyecknux HepBax

VYhpapieHHe pPOCTOM aKCOHOB HEHPOHOB IIBAHHOBCKMMH KJIE€TKaMU ObUIO HCCIIENOBAHO B
sKcriepuMenTax Thompson ¢ koijeramMu Ha MOJENN KOHIIEBOW IUIACTUHKM — CHHAIICAa MEXIY
JIBUTaTE€IbHBIM HEPBHBIM OKOHYAHUEM M CKEJIETHOM MBIIIIEH -39 (rmaBa 24; puc. 8.12A).
VKkpoHOKHasi MBI Y B3POCIBIX KPHIC ObUIa YaCTUYHO JEHEPBHPOBaHA. B0 0OHapyxeHO,
4YTO  HEHOBPEXKJECHHBIE AKCOHbl  pa3sBETBIIOTCA U YCTAHABIMBAIOT  KOHTaKThl C
JICHEPBUPOBAHHBIMH BOJOKHAMH. B MOZOOHBIX yCIIOBUSAX OIUH aKCOH B COCTOSHUM YCTAHOBHTH
KOHTAKThl C KOJIMUECTBOM BOJIOKOH, B 5 pa3 NPEBBLIIIAIOLINM TAKOBOE B HOPMAIbHBIX YCIOBUSIX.
Poct akcoHOB ObUI BU3yaJM3MPOBaH C MOMOIIBIKO aHTUTEN K Hekpodunamentam (puc. 8.12B).
IITBaHHOBCKME KIETKU OBUIM OKpALEHbl ApyruM cneunuduueckum antutenom (puc. 8.12B).
[Ipssmoe HaOmroneHWE BBUIBWIO, YTO MEPBHIMM HAYMHAIOT PAcTH IIBAHHOBCKHE KIETKH
JICHEpPBUPOBAHHBIX BOJOKOH, HANpaBiAs OTPOCTKM K HMHTAaKTHBIM akcoHaM (puc. 8.12A, c).
TospKO MOCHIE 3TOrO aKCOHBI JAIOT OTPOCTOK, KOTOPBIA CleAyeT Mo MyTH, chopMHUPOBAaHHOMY
OTPOCTKOM IIIBAHHOBCKOHM KJIETKH. VIHTEpeCHO, YTO MMIUTAHTALMS [IBAHHOBCKOW KIIETKH PAIOM
C HEMOBPEKACHHBIM aKCOHOM TaKKe CTHMYIUPOBaJa CIPAYTUHI aKCOHA, JaXKe€ B OTCYTCTBUU
JIEHEPBUPOBAHHOTO BOJIOKHA.

B cepuu npyrux skcrnepuMeHTOB nepudepuueckuil HepB ObUI MOMHOCTBIO NepepesaH. Kak u
IPEAIONAranock, Nocjae KOPOTKOH 3aJepKKU aKCOHBI Hayalld PacTH U3 NPOKCHMMAJIbHOTO KOHLA
HepBa. OHAKO, KaK ¥ B IPEIbLIYIIEM 3KCIEPUMEHTE, NEPBBIM 3TAllOM ObLI POCT IIBAHHOBCKHX
KJIETOK, 110 OTPOCTKAM KOTOPBIX AKCOHBI MOIJIM PACTH K CBOMM MMILIEHSM.

3ameyvyaHue

XOTS JKCHEPUMEHTHl Ha HEPBHO-MBIIIEYHOM CHHAIICE SICHO IPOAEMOHCTPUPOBAIU POJb
LIBAHHOBCKUX KJIETOK B HAIpPaBJIEHUH POCTa HEHPUTOB BO BpEMs pereHepaluu, cieayeTr ObITh
OCTOpPOKHBIM Tpu 0000IeHnn 3toro npasuia. Hampumep, B [THC nusiBKM MOBpexIACHHBIC
AKCOHBI MOTYT PacTH M BOCCTaHABJIMBATh CBOM MCXOHBIE CBA3U JIaXKe MOCIIE YHUYTOXXEHHS BCEX
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LAY

(B Schwann cell

A Diectiion of groeih

Durcction of growth  ——

{x) Both end plates inneraned (b} Right end plate denervated

fc) Schwann cell sprous fos (9) Unisjured aonn folloss
2 drrz.ru:.:r;:mj ,;.1;",._-s iz Sehwann el to denerveied
erdd plate

Puc. 8.12. IlIBaHiiOBCKME  KJIETKH —
TNPOBOJAHUKHA  AKCCHOB,  PaCcTymMX K
JICHCPBUPOBAHHBIM ~ (OHIIEBBIM IUIACTHHKAM
Ha CKEJIETHBIX MBbIL [CYHBIX BOJIOKHAX. (A)
Cxema  COOBITHH, TNPOUCXOSUNIMX  OPH
YACTUYHOW JICHEpBAL MM MBIIILBI KPBICHI: (a)
KOHTponb; (b) aK:OH, WHHEPBUPYIOLIHI
BOJIOKHO ~CmpaBa, OBUI Ilepepe3aH, d4To
TIPUBEIIO K /e ‘eHepalun HEpPBHOTO
OKOHYaHMSI; (C)  IIBAHHOBCKas  KJIETKa,
OCTAIOIIASCS Ha JICHEPBUPOBAHHOM
MBIIIICYHOM BOJIOKHE IPOPACTaeT, U OAUH U3
OTPOCTKOB [IOCTHTael HEPBHOTO OKOHYAHHUS
Ha OJM3JIeXKaIIeM M>SIIIEYHOM BoJIokHE; (d)
OT aKCOHa OTpacTae ' HOBas BETKa, KOTOpas
pacTeT BAOJIb OTPOCT <@ IIBAHHOBCKOM KIICTKH
K JICHCPBUPOBAHHOY KOHIICBOM IUIACTHHKE
M YCTaHABIMBACT (: HEH CHHANTHYCCKHI
koHTakT. (B) Poct BHOBR 00pa3oBaHHOM
BETKH aKcOHa (OKpalUICHHOM aHTUTENaMH K
HefipodunaMeHTaM) K JICHEPBUPOBAHH My
CHHANCY BJOJIb OT)OCTKA IIBAHHOBCKOM
KJICTKH (OKpAIICHHOH CrenHHICCKUMH K
LUIBaHHOBCKUM KieTi:aM aHTtutenamu 4E2).
Coyers  Tpu  JAH:  IIOCIE€  YacTHYHOM
JICHepBALlMM HEpPBHAa#d BETKa IMPOpOCiIa OT
HEIOBPEXICHHOTO aKCOHa K
JICHCPBUPOBAHHOW 1 BIIIIE, CIEAYsS BIOIb
OTPOCTKA MIBAaHHOBCKOM KIICTKH, KOTOPBIi
obpasoBaics paHee.

Fig. 8.12. Role of Schwann Cells in Guiding
Axons to denervate! motor end plates of
skeletal muscle fbers. (A) Schematic
representation of 1he effects of partial
denervation of a rat muscle, (a) At normal
nerve-muscle synap:es, an axon and its
Schwann cell are closely apposed. (b) The
axon innervating the right-hand muscle fiber
is cut leading to degzeneration of the nerve
terminal, (c) In response to this denervation,
the terminal Schwant cells on the denervated
muscle fiber grow frocesses, one of which
reaches the nerve terminal at the adjoining
muscle fiber, (d) An axonal sprout is induced
from the uninjured 1erve terminal. It grows
along the Schwanr cell process to the
denervated end plate, which it rein-nervates.
(B) Growth of axonil sprouts (labeled with
antineurofilament artibody) to denervated
synapses along piocesses extended by
Schwann cells (labeled with a monoclonal
antibody, 4E2, whict is specific for Schwann
cell bodies and proc:sses). Three days after
partial denervation, a neurofilament-labeled
nerve sprout has grcwn from the innervated
junction to a denervated junction by
following the Schwan cell process that had
grown earlier. The irnervated and denervated
motor end plates ‘vere identified by the
patterns of staining of axons and Schwann
cells. (After Son and Thompson, 1995;
micrographs ~ kindly  provided by W.
Thompson.)
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OKpY’KalOIUX UX IIHalbHBIX KIETOK. bonbmoe xoaudecTBo cuHancos ycraHasiaupaercsa B IIHC Ha
9MOpPHOHAIFHOM STalle Pa3BUTHS, KOTAA KOJIMYECTBO INIMAJBHBIX KIETOK OodeHb Mano. bomee Toro,
Jlake MIPU TIOJIHOM OTCYTCTBHU TJIMAJIBHBIX KJIETOK BIIOJIHE HOPMaJbHBIE CHHAICH! ()OPMUPYIOTCS B
KyJIbTypalbHBIX ycloBHAX. Takum 00pa3oM, MaJgOBEpPOSITHO, 4YTO «CHHAINChI HE MOTYT HH

opMupOBATECS, HI ()YHKIHOHHPOBATH B OTCYTCTBUH FIHANBHBIX KIETOK» *».

§ 3. O deKThI HElIPOHAIBbHOI AKTUBHOCTH HA IJIMAJbLHbIE
KJIETKH
HakonneHue kanua BO BHEKNETOYHOM NPOCTpPaHCTBe

Jlenonspuszanus rManbHOM KJIETKM BO BpeMsl aKTUBHOCTH HEWpOHA MPOWUIIOCTPHPOBAHA HAa PUC.
8.13. Peructpanus npousBoAuiach OT INIMAIBHON KJIETKU B 3PUTEIHHOM HEpBE MOJIOJIOTO TPUTOHA
(Necturus). TloTeHuumansl AeWCTBUS, 3allycKaeMble B HEPBHBIX BOJIOKHAX DJIEKTpUYECKOU
CTUMYJSIIMEH WM BCHBIIIKAMU CBETAa, MPOXOMAT MHUMO TIJIMAJIbHOW KJIETKH M HPUBOIAT K ee
JIETIONIAPU3ALUK, KOTOpas CYMMHPYETCS NMpPHU HPOXOXKAECHHH HECKOJIBKUX HMITYJIbCOB % B Kope
MJICKOIMTAIOIINX TJIHAJIBHBIC KIETKH TaKXKe JIeMOJIPU3YIOTCS, IPHUYeM ACHospr3anus TeM Ooblie,
4yeM OOoJblLiIe U 4Yallle aKTUBUPOBAHO PSIOM PACIOJIOKEHHBIX HEHPOHOB MPH CTUMYJLILIUH HEPBHBIX
TPaKTOB, EPUPEPHUUECKUX HEPBOB, IOBEPXHOCTH KOPHI H YyBCTBUTEIBEHBIX BXOJIOB 36

[IpuunHoii Aenosnsgpu3anUy IVIMU SIBJISETCS BBIXOJ Kajiusl U3 akcOHOB. Ilpu HakoIjieHHH Kaius BO
BHEKJICTOYHOM TIpocTpaHcTBe cooTHomienue [K]o/[K]; Mensercs, yTo M NpUBOJUT K H3MEHEHUIO
MeMOpaHHOTO TOTCHIWANAa TJIHANBHBIX KICTOK. Kaluif-4yBCTBUTEIBHBIC JJIEKTPOIBI  OBLIH
WCIIOJIb30BAHbl Al W3MEPEHMS HAKOIUICHHS Kajiusd BO BHEKJIETOYHOM IIPOCTPAHCTBE BO BpeMs
HEHpPOHAJILHOM aKTUBHOCTHU D,

W3meHenne MeMOpaHHOTO IOTEHIMANA TJIHATBHBIX KIETOK KOCBEHHO OTpa)XKaeT YPOBEHb
MPOXOJAIINX OKOJIO HUX HEPBHBIX HMITyJdbcOB. KanueBas cuUrHanmu3amus Mexay HEHpOHaMH U
[NIMAbHBIMA ~ KICTKaMH  OTJMYAeTcsl OT  CHeNU(PHUYECKOW  CHHANTHYCCKOW  aKTUBHOCTH.
CHHanTHYecKOe B3aUMOJIEHCTBHE OrpaHUYMBAETCS CIIELUAIN3UPOBAHHBIMU y4acTKaMH Ha Telax W
JICHIIPUTAX HEPBHBIX KJICTOK, U MOXKET OBITh KaK BO30YKIIAIOIIUM, TaK U TOPMO3SIIIIM.

B mpoTHBOMONOKHOCTH 3TOMY, CHTHAaIM3alMs KalueM HEe OTpPaHHYMBACTCS CTPYKTypaMu,
COZIEPXKAIIMMH PELENTOpPhl, M cpabaTblBaeT HE3aBHCHMO OT TOTO, YTO IIOCITYXHJIO IPHIUHOM
YBEJIMYCHUS BHEKJICTOYHOH KOHLEHTpPALMK Kajki. B OTiIMYME OT INIMAIbHBIX KIETOK, HEHPOHBI
JICOJIIPU3YIOTCS IPH NOBBIILICHUH BHEKJIETOYHOTO K B MEHbIeH CTEeNeHH, HOCKOIbKY 3aBUCHMOCTD
UX MeMOpaHHOTO NOTeHUMana OT HapykHoro K orkimonsercs or ypasHeHus Hephera B
(PU3UOIOTHUECKOM Anana3oHe KOHLIEHTpaluii (riasa 5).

I'Ipoxoxq:leHMe TOKOB U ABUXXEeHUe Kanua Yepes rmuarnbHble KNneTkn

Mexy y4acTKaMH KJIETKH, MMEIOIIMMH pa3HbIEe MOTECHIMANBI, IPOTEKAIOT TOKH. HepBHEBIE KIeTKH
HCTIONB3YIOT 3TOT 3aKOH Uil MPOBEACHMS HMITYJIbCa: TOKH IPOXOIAT MEXIY HEBO30YKICHHBIM
YYaCTKOM aKCOHA W TOM 4YacThlO, 110 KOTOPOH B JAHHBIM MOMEHT NMPOBOJUTCSA MOTEHUMA JEHCTBUS.
IMockonbKy rauanbHble KIETKH CBA3aHbI APYT C APYTOM KOHTAKTAMHU C HU3KUM COIIPOTHUBIEHHEM, IO
MPOBOJSIIMM CBOMCTBAM OHM CXOKHM C OJHOM YIMHEHHOHN kieTkoi. IlostoMy nenosnspusauus
HECKOJIbKUX TJIMAbHBIX KJIETOK IPH TOBBIIIEHUH KOHLEHTPAllUH BHEKJIETOYHOTO KalHsi B HX
OKpPYKCHUU NPUBOAUT K IEPEHOCY 3apsioB OT KIETOK, KOTOPBIC HE MOJABEPIIKCh Bo3aekcTBuo. I1o
TOMY >K€ NPHUHIMITY YUTMHEHHas MIOJUICPOBCKAsl KJIETKAa, KOTOpasi MPOXOIMUT depe3 BCIO TOJIIUHY
CeTYATKH, TEHEPHPYET TOK IIPH INOBHIIICHUH KOHIEHTPAIMX KaJUs JIMIIb Ha HEOONBIIONH YacTH ee
noBepxHocTH (puc. 8.6 u 8.14). Bxonsamuii Tok B yyactke nobimenus [K]y, mepeHoCHMBIi HOHAMU
KaJIusl, PACHPOCTPAHACTCS K JAPYrUM OONacTsM IIIHaIbHOH KIETKH M 4epe3 IelIeBble KOHTAKThl — K
JIpYrMM TIHAdbHBIM KIeTKaM. TOKM, TeHepupyemble TITIHalbHBIMH KIETKaMH, BHOCAT BKJIAJd B
CHUTHAIbI, PETUCTPUPYEMBIE BHEKJIETOUHBIMH JJIEKTPOJAMHU OT CETYATKH (NEKTPOPETUHOTPaMMa) UITH
C TIOBEPXHOCTH TOJIOBBI (3nekTposHuedantorpaMma). Takoro poma HCCIEOBaHUS IAlOT BeChbMa
LEHHYI0 NH()OPMAIHIO NIPH KIMHUYECKON INarHOCTHKE 3a00JIeBaHUI.

Fnua kak 6ycep IKCTPaKNETOMHOMN KOHLeHTPpaLUnU Kanusa

OnanM w3 OYCBUIHBIX CBOWCTB TIIUU SIBJISICTCSI pa3aeiicHue " TI'pynnupoBKa HeﬁpOHaIIbeIX
OTPOCTKOB. B PEe3YyIbTATEC 3TOT0 KOHICHTPpAIUN
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Puc 8.13. Bmmmue HelpoHanIbHOI A
aKTHUBHOCTH Ha Me!10paHHBIH MOTCHLHUAI
IIIMATBHBIX KJIETOK B ONTHYECKOM HEpBE

TPUTOHA. (A) OnHOBpEeMeHHOE

e
BO30YKICHHE E €PBHBIX BOJIOKOH, Optic nerve |
BBI3BIBAEMOE UEKTPUUECKON P —
CTUMYJILHUCH, TPUBOIHUT K _—
JIenoNsApH3alu JIMANBHOH  KJIETKH.

AMIUIMTY/Ia JIeTIOJ: PU3aliH 3aBHCUT OT
KOJINYECTBA aKTHBYK POBAHHBIX AaKCOHOB U
4acToThl cTuMyIsiLy M. (B) Benblka cBera -82
JUTITEITEHOCTBIO 0,1 c BBI3BIBACT
JICTIONSIPU3ALMI0  T.IMaJbHOW KJIETKH B
OITUYECKOM HEpBE in vivo.

]

g

Fig. 8. 13. Effect of Action Potentials on
dial Cells in mud [uppy optic nerve. (A)
Synchronous impulses evoked by electrical
stimulation of nerve fibers cause glial cells
to become depolari red. The amplitude of

the potentials depeiids on the number of . ’ o .,
axons activated and on the frequency of "
stimulation. (B) Illamination of the eye

Single stimali to axons

with a 0,1 s flish of light causes
depolarization of a glial cell in the optic
nerve of an anesthe ized mud puppy, with
intact circulation. _ower trace monitors
light stimulus. (After Orkand, Nicholls,
and Kuffler, 1966.)
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KaJusi MOXKET yBETMYMBATHCS BO3JIE HEKOTOPHIX HEWPOHOB, B TO BPEMs KaK JPYTHE OKa3bIBAIOTCS
3aIIUIEHHBIMHU TNIHATbHBIMU KJIETKAMHU. JTO JIETJIO B OCHOBY IPUBIIEKATEIbHON THIIOTE3BI O TOM, UTO
TIIHANbHbIE KIETKH PETyIupyIOT KOHIEHTPAIMIO Kalusl BO BHEKJIETOYHOM IIPOCTPAHCTBE U CITyXKaT
«IIPOCTPaHCTBEHHBIM 6y(1)ep0M»'6—58'. B coorBercTBUM C 3TOM THIOTE30l IJIMAJbHBIE KIETKU
OIOCPENYIOT 3aXBaT MOHOB Kalus U3 BHEKIETOYHOIO IPOCTPAHCTBA, IOAJECP>KUBAsl HMOCTOSHCTBO
OKpyKarolel cpespl. I1ockonbKy riinanbHble KIETKU CBA3aHbL APYT € APYTOM, KalIuil MOKET BXOAUTh
B OJHOM y4YacTKe M BBIXOJIHUTH B APYroM, Kak Obuto ommcaHo Bemue (puc. 8.14). OueBngHO, 4TO B
pe3yiabTaTe MOBBIMICHUS KOHIICHTPALlMU Kalus, OH JBIJKETCA 4epe3 IMalbHble KIeTKH. OpHako,
JIOBOJIBHO TPYIHO OLICHUTb, CKOJBKO Kalus IBHXKETCS IO INIMAIbHBIM KIETKaM U B KaKOW CTEHNCHU
3TO JBWXKEHHME Ba)KHO JUI YMEHBIIEHUS BHEKJIETOYHOW KOHIEHTpauuHu Kaimusa. beiam cremaHsl
MOMBITKA OLEHUTh PONb 3TOTO MpOLEcca TEOPEeTHYECKH, Ha OCHOBAHUM MPEANONOXKEHHH O
FGOMeTpI;I(g, HPOBOAUMOCTH, JU(GY3UH M aKTUBHOM TPAHCIOPTE Kalus B HEHPOHAX M IJIMAJIbHBIX
KJIeTKax ~ .

AdhekTbl MeanaTopoB Ha rNUanbHbIe KNeTKU

Takue memmatopel kak ['AMK, riayramar, MIMIMH W aleTHIXOJHH, JEHCTBYIOT Ha MEMOpaHbBI
[IMAIBHBIX KJIETOK, BI3bIBAs IEMOJISIPU3YIO-
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‘Gap juncticns

Puc. 8.14. KanueBble KaHanbl B TIHAILHBEIX KIETKaX. [ JIMaNbHbBIE KIETKHA COC€VMHEHBI IpYr C APYTrOM IEJICBBIMH KOHTAaKTaMH.
BblenieHHBIN aKTHBHBIMH aKCOHAMH KallWi JICTIONSAPU3yeT OIM3JIeKaliie IHaabHble KICTKM U BXOJW ' B HHX, BBI3bIBas TOK U
BBIXOOAOICC ABUKCHHUC HOHOB KallHA IO BCell rHManbHOM ceTtu. Takum 06pa30M, TJIMAJIBHBIC KJIETKH MOTYT BBIIIOJIHATH POJIb
MPOCTPAHCTBEHHOTO Oydepa BHEKICTOUHOTO KalIHsl.

Fig. 8.14. Potassium Currents in dial Cells. The glial cells in the diagram are linked by gap junctions. Pot: ssium released by active
axons in one region depolarizes the glial cell and enters, causing current flow and outward movement o~ potassium elsewhere in
the glial tissue. The concept of spatial buffering of potassium has been postulated as a mechanism for influencing neuronal
function by glial cells.

1me um runepronspusytonme oreersl 2 %, Axtuparms TAMK, perentopos mpu Bo3aeicTBIM
I'AMK Ha MIOJIepOBCKHE KIETKH ToKasana Ha puc. 8.15 ®. Dtu perentopst Bo MHOrOM, X0TS U He
BO BCeM, cX0xu ¢ HelpoHambHbIMU ['TAMK, penentopamu. ®usnonorudeckas posib peLenToOpoB K
HeWpoMeanaTopaM Ha IIHAJIBHBIX KJIeTKaX MOoKa ellle He OIpe/iesICHa.

BwMmecte ¢ TeM, TmanbHBIC KIETKH HTPAOT BAKHYIO pojib B 3axBaTe MeauatopoB B I[HC, kak mpu
(DU3MOJIOTHYECKUX, TaKk M TIpH MATOJIOTHYECKUX YCIOBUSX. YMEHbIICHHE BHEKICTOYHOI
KOHIICHTPAllMH BBIISISIEMBIX B CHHANCaX MEAMATOpOB (TIyTamaTa, HOpaApeHalHHa, TIIMIUHA)
MPOUCXOJUT OTHACTH B pe3ysibTarte NpocToil anddy3nu, oIHaKO, OCHOBHYIO POJIb B 3TOM IpoLecce
MIpacT 3axXBaT MEIMATOPOB HEifpoHamMu u rymambHeME KieTkamu P~ % Kak u B Heiiponax,
TPaHCIOPT TIyTamMaTa B TJIHalbHbIE KIETKH COYETaeTCd CO BXOAOM HATpus 1O €ro
NIEKTPOXUMUYECKOMY IpaaueHty (rnasa 4). Ecnu MexaHu3M ynaneHus: He paboTaeT, BHEKJICTOUHAs
KOHIICHTpALUsl TJIyTaMara JOCTHTaeT OYCHb BBICOKOTO YPOBHS, NPUBOAS K M30BITOUHOI aKTHBAIUK
NMDA penentopoB, MACCUBHOMY BXOJy KallbLMs M KJI€TOYHOH cMepTH. KonudecTBeHHBIE pacdeTsl
MIOKA3BIBAIOT, YTO CHCTEMa TPAHCIIOPTA, COCPEJOTOUCHHAS B ITIHABHBIX KIIETKaX, HTPaeT KIIIOUEBYIO
pONb B MPENOTBPALIEeHHN H30BITOYHOTO HAKOIUIEHHS IJyTamMaTa BO BHEKIETOYHOM IIPOCTPAHCTBE.
bbulo Takke mNOKa3aHO, UYTO y TPAHCIEHHOM MBIM, Yy KOTOPOM B acTPOLMTAaX OTCYTCTBYET
riayTamatHelii Tpancnoptep GLT-1, pa3sBuBaeTCsl SMUIENCHs U MOBBIIIEHHAS YyBCTBUTENBHOCTh K
KOHBYIIbCAHTAM 2.,

OcBoGoOXaeHne MeanMaTopoB rMuanbHbIMU KNeTkaMmu

IMpn 3HAuWTENBHOW [MEMONAPH3AIMU TJHANBHBIX KJIETOK MOJ BO3JIEHCTBHEM IIOBBIIICHHOTO
BHEKJICTOYHOT'O KaJMsl MM [IyTamara, a TaKXKe [PU MOBBILICHHH BHYTPHKICTOYHON KOHIICHTPALUU
HOHOB HATPHs, TNIHAIbHBIC KJICTKM HAYMHAIOT BBIICIATH [IyTaMaT BO BHEKIETOYHOE IPOCTPAHCTBO
7 B ocHOBe 3TOro mporecca JIeKUT MEXaHH3M 0GPaTHOrO TPAaHCIOPTA, OMMCAHHBIT B ruase 4. Ha
puc. 8.16 n300paxKeH HKCIEPUMEHT, IMOKA3bIBAIOIUI 3IEKTPUUYECKUIH TOK, KOTOPHIH BO3SHHUKACT MPU
OCBOOOXIEHHH TIJyTamara TIJualbHbIMM KieTkamu. [Iporecc oOpaTHOro TpaHCHOpTa MOXET B
3HAYUTENBHONW CTENEHH YCYTyOUTh IIOCIEICTBHMS HOBpeXIeHHS Mo3ra. IloBpexaeHHblE U
norubarolye HEPBHBIE KIETKM OCBOOOXKAAroT riayramar ¥ K' M TakuM 00pa3oM IEmonspusyroT
TIIMaNbHbIe KIETKH (M JIpyrue HeHpOHBI), KOTOPHIE B CBOIO Odepelb OCBOOOXKIAIOT eme OoJibIine
riyraMara.

OmHUM W3 JIy4IIUX OPUMEPOB OCBOOOXKICHUIO MEIUaTopa TIIIMAIBGHBIMA KICTKAMH SIBISICTCS
pereHepanus B repuepruuecKoil HEPBHOW crcTeMe. B eHepBUPOBaHHBIX JBUTATEIFHBIX KOHIICBBIX
IUTACTUHKAX IIBAaHHOBCKHE KJIETKU 3aHMMAOT MECTa, OCBOOOXKIaeMble IBUraTEIbHBIMH HEPBHBIMH
OKOH‘IaHJgI)ﬂMI/I, Y BBIOCISIOT AlETWIXONMH, NMPUBOJAA K I'eHEpalid MHHUATIOPHBIX HNOTEHLHAJIOB B
MBIIIIIE .

KanbuueBble BOSHbI B rNuUanbHbIX KNneTkax

V rmanbHBIX KIETOK, PacTYIIUX B KYJIBTYpe, a TAKXKe H in Situ, MOXKHO HaOII0AaTh (heHo-
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Puc. 8.15. OtBets! rmnaneubix kinetok Ha TAMK (A) Tok, BereiBaembiii TAMK (GABA) B MIOIIEPOE CKO# THATBHON KIIETKE
ceryaTku. KOHIEHTpalMOHHAs 3aBUCMMOCTh OTBETOB, BbI3bIBacMbiXx 'AMK (cnpasa). (B) Otsersl. BbI3bIBaeMble ['AMK,
O0KHpYIOTCS OMKYKYIUTHHOM — aHTaronnctom 'AMK, perientopos.

Fig. 8.15. Responses of dial Cells to GA6A. Responses of Muller glial cells in skate retina to GABA. (A) Current induced by
GABA (30 uM) in a glial cell voltage-clamped at 0 mV. The dose-response relation for the peak of the G.ABA current is shown on
the right (error bars indicate standard error of the mean). (B) The effect of GABA was blocked b’ bicuculline. a GABAA
antagonist. (After Qian et al., 1996.)

MEH CETEBOT0 YBEJIMYEHMS BHYTPHKICTOYHOIO KaJbLMf, BBIIENSEMOTO M3 BHYTPUKIETOUHBIX JEHO
(puc. 8.17). Ucnonb3yst (hiryopeceHTHbIE 30H[bI, MOKHO HAOMNIOAATh 3TH OCLMUIATOPHBIC BOJIHBI
(WM «KaJbLIMEBbIE CHAWKH»), HPOXOJAIIHE 4Yepe3 ILEIeBble KOHTAKThl MEXAY INIMAIbHBIMU
wierkamu Y. KaiblmeBsle BONHBI MOTYT 3allyCKaThCs —NCHIOISPU3ALME, MeIHaTOPaMIL,
MeXaHH4ecKoH cTuMyisinued. OHM HallOMHHAIOT KaJbIMEBBIE BOJHBI B HEHPOHAIBHBIX CETSIX
(rmaBa 23). Newman ¢ KOJIIEraMH IIOKa3ald, YTO PacIpOCTPAHSIOMNECS KAIbIMEBbIE BOJIHBI MOTYT
3aIycKaTb OCBOOOXJICHHE TiIyTaMara IIIHAIBHBIMH KJIETKAaMH B CETYaTKe, YTO, B CBOIO OdYEpesb,
MOSKET BIMATH HA MATTEPHbI HEHPOHANBHON aKTHBHOCTH /. (DH3HOTOrHYECKas POIb STHX BOJH TOKa
HEU3BECTHA.

MNepeHoc MeTaboONUTOB OT rNUanbHbIX KNETOK K HeMpPOHaM

Hccnenopanus Ha muenaX U IIO3BOHOYHBIX IIOKA3aJld, YTO IIHMAIbHBIC KJIETKH MOIYT y4acTBOBATh B
JIOCTABKE K HEHpOHAM HHTATelIbHbIX BelecTs '~ " ). B arperatax (pOTOPELEnTOpOB U MIOIUIEPOBCKIX
KJIIETOK, M30JMPOBAHHBIX M3 CETYATKH MOPCKON CBHHKH, OBUIO ITOKAa3aHO, YTO MOJIOYHASI KHCIIOTa
(;akrar), BBIpaOOTaHHAsl TNIMATGHBIMU KJIETKAMU W3 TJIMKOTCHA, HAKAIUIMBACTCS BO BHEKJICTOYHOM
JKUAKOCTH. B ycnoBHAX TNOBBIIIEHHOW HEWPOHAIBHOM aKTUBHOCTH JIAKTAT HEPEHOCHUTCS OT
IIIMabHBIX KJICTOK K (pOTOpelenTHBHbIM HelipoHam. Hannuue Takoro MexaHu3Ma B KyJIbTYPaJIbHBIX
yclnoBusiX mpexnonaraet, 4ro U B HHTakTHOM I[HC rimanpHble KIETKHM MOTYT Y4acTBOBaTb B
CHa0)KCHUHU Hel-
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{A)  Isolated Puc. 8.16.  OcBojoxaeHne  riyramata
TIIMAaJIbHBIMHA KJICTE aMH. OCBOﬁO)K}:[CHHC

iy riayTamaTa B [ e3y/IbTaTe peBepcHH

TpaHCIopTepa riIyTamaTa B
Whde-ceil MIOJUICPOBCKUX  KiIeT caX. (A) BeispiBaeMoe
’“"_‘m-l froers Jenosipu3anueil 0CBC 00Xk ACHHE TIIyTaMaTa U3
Mdlter cell in MIOJT JIEPOBCKOM KJIETKH (cripaBa)
cultur: ompeensieTcs 10 BBI3BIBACMOMY
OCBOOOXKIAIOIMMCSI ~ [IyTAMAaTOM TOKY B
pacronokeHHo# psinom  knerke ITypkunbe
(cneBa). Kiuerka Ilypkuube mcmomb3yercs B
KayecTBE BBICOKOYYB( TBUTEIBHOTO JICTEKTOpa
TIIyTaMaTa. (B Jlenonspuzanus
(H) . . MIOJUIepOBCKOM KieTkn o1 —60 1o +20 mMB
Depolanzstion of BBI3BIBAET B Onumsneximel knetke [lypkunbe
Muilier ect BXOJAIIMHA  TOK, O IOCPEJOBAHHBIH  IJTyTa
MaTHBIMH  penentop: M. OTBET B  KIIETKE
MM[ K71, 30 mdf brvweard current of IlypkuHbe HMCYe3aeT, eclu KieTka llypkumbe
Purkinje ccll siing 8% | yrangeres ot aromneposckoit knerkn (C), a
deteciorof gutamale | pae  ppu ygulennn kams b3
released by Mdler el | b opnerounoro pactiopa (D). B pactBope,
cogepxameMm O wmvoms K7,  oOpatHbIit
TPAHCHOPT TJyTaMa'a WU3  MIOJUICPOBCKOIT
KIICTKH OIIOKUPYETCSL.

Fig. 8.16. Release of Glutamate by dial Cells.
(L] Wlk L0 Aboiition ef release Release of glutamate zenerated by reversal of
by remenal of K, the glutamate uptake carrier in a Muller cell.
1 (A) Depolarization--nduced release  of
{11 m Dietector pulled sway | glutamate  from a Muller cell (right) is
i monitored by record ng glutamate-elicited
currents from an adiac/:nt Purkinie cell (left).

The Purkinje cell acts as a detector with high sensitivity and time resolution. (B) Depolarization of the Millier cell from -60 to +20
mV (top trace) elicits an inward current in the nearby Purkinje cell. The Purkinje cell current is generated by activation of its
glutamate receptors. The response to glutamate disappears when the Purkinje cell is moved away from the Miiller cell (C) or when
extracellular K > is omitted (D). In fluid containing 0 mAf K - , reverse glutamate transport by the Millier cell is blocked. (After
Billups and Attwell, 1996.)

POHOB IHTATEIBHBIMU BEIIECTBAMH NPH MOBBINIEHHOW aKTHMBHOCTH WM K€ MPH HEIOCTATKE
KHCJIOpO/a.

AdphekTbl rMUanbHbIX KNETOK Ha HEMPOHaNbHYIO CUTrHaNU3auuio

OrnucaHHble B NPEABIAYLIMX pa3fiellaX SKCIEPUMEHThI IOKa3bIBAIOT BaXKHYIO POJIb IIHAIBHBIX
KJIETOK B Pa3BHUTHH, pereHeparyu u GpopMupoBaHnn Muennaa. Ha ceroqHAIIHNNA 1eHb JOBOIBHO
XOpOLIO U3Y4eHbl TAKXKE HMOHHbIE KaHalAbl B MeMOpaHax INIUalbHBIX KIETOK U POJIb IJIUU B
PEryJIAIMN BHEKIETOYHOI cpeapl. MHOTHE MpeIIoIoKeH! O PONH TIHANBHBIX KIETOK ObIIn
CIeTaHbl HA OCHOBAaHMM JKCIEPUMEHTOB, INPOBEJIEHHBIX B KYJIbTYPaIbHBIX YCIOBHUSX, YTO HE
03HAJaeT, YTO OHM BEPHHI in vivo. Bno6aBok cBOICTBA TTHANBHBIX KIETOK CHIBHO BAPbUPYIOT B
pasnmuuHbix obmactax I[HC. Hampumep, onTudeckuil HepB, XOTS U sBIseTCA
PACTIPOCTPAHEHHBIM MPENapaToM Ul HCCCIOBAHUS TIIHH ', B TO K€ BPEMS HE SBJIACTCS
HauboJee pernpe3eHTaTUBHBIM NIPENapaToM JUIS UCCIIE0BaHUS [JIMU B LEIOM, IOCKOIbKY B HEM
HET CHHANcoB. JI0 cUX NOp HET JOCTATOYHBIX JI0KA3aTENbCTB TOMY, YTO IJIMANbHBIE KIETKH
UTPalOT BaXKHYIO0 pOJb B JAUHAMMYECKUX IpOleccax, TAaKuX, HaNpuMep, Kak peduiekc Ha
pacTshKEHHE, WIM B OTBETaX KOMIUIEKCHBIX KIETOK 3PUTEIBHONM KOPBl B HOPMAaJIbHBIX
¢dusnonornuyeckux yciosusx (riaasa 20).

§ 4. I'nimajibHbIE KJIETKH U reMaTtodHuedaanyeckuii 0apbep

bnuzkoe PaCHOJIOXKCHUC ITINAJIBHBIX KJICTOK, KallWJIIPOB U HeprOHOB B MO3re npeanojaracrt.
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Puc. 8.17. KambuueBble BOJIHBI B MIOJUIEPOBCKUX
KIICTKaxX caJlaMaH[pbl. Kanbuuet sie BOJIHBI, BBI3BAHHBIC
I[O6EIBH€HI/I€M puaHoaWHA B OTC /TCTBHUE BHEKIETOYHOI'O
KaJIblMs, HAYMHAIOTCS C alMKalbHOr0 KOHIA KICTKH M
PacIpoCTPaHSAOTCs 10 HAlPaBJICl M0 K KOHIIEBOW HOXKE.
BHYTpHKIICTOYHAs! KOHIICHTPAIMS KalbIHs ONpEeIsIach
C TIOMOIIBIO KalblMi-4yBCTBHUT¢ IbHOW MeTku fura-2 ¢
MHTEpBaIoM 7 cekyHa. Kalbluer bie BONHBI MOTYT TaKkKe
PacpoCTpaHsaThC MEXKAY IIHAJ>HBIMHA KIICTKAMH 4€pe3
1iesaeBble KOHTaKThl. CXOXHE BO.IHBI MOTYT 3aIlyCKaThCsl
dJI/ISI/IOJ'IOI'I/I'{CCKI/IMI/I CTUMYJIaMH ., OTH BOJHBI TaKKe
HAIlOMHHAIOT BOJNHBI B HEHl pPOHANBHBIX KIETKAaX Ha
PaHHUX dTamnax pa3BUTHUS.

Fig. 8.17. Calcium Wave in a Dissociated Salamander
Miiller Cell. The Ca** wave, elicited by addition of 100
nM ryanodine in the absence of ¢xtracellular Ca®*, begins
at the apical end of the cell and trivels toward the cell end

Apacal erad

End oot

IET T EETT]

0 jm

The intracellular Ca®* concentration was irlaged using the Ca®* -
indicator dye fura-2. Images were obtained a 7 s intervals. With glial
cells that are coupled by gap junctions, the ¢ ilcium waves can spread
from cell to cell in a continuous progression. Similar waves are
initiated by physiological stimuli. They r:semble those seen in
neurons during development. (After Keirs ead and Miller, 1997;
image kindly provided by S. Keirstead.)

foot.

9TO  TNHaJbHBIE  KIETKH  MOTYT  OBITH  4acThl0  reMarodHuedanuueckoro  Oapbepa.
I'emaTosHIEhaIIeCKi Gapbep pacrosaraercs B MecTax COCIUHEHHUS MEXIY
CHEUATN3UPOBAHHBIMU SHIOTEIHATBHBIMH KJI€TKaMH, BBHICTHIAIOIINIMHI KPOBEHOCHBIE KAMMIUISPHI B
Mosre 7. Pollb TIMANBHBIX KIETOK ObLTA MOKA3aHA [PU BHIPAIIMBAHHH JHIOTEIHATBHBIX KICTOK H
aCTPOLMTOB B KYNbTYPalbHbIX yCIOBHAX ' ). TIpu BIPAIIMBAHKH GE3 aCTPOLMTOB SHIOTCTHATHHBIC
KIETKH PEAKO COeAUHAIOTCA Apyr ¢ apyroM. OIHaKo, B NMPUCYTCTBHH acCTPOLUTOB MPOUCXOAUT
(opMHpOBaHUE TMOJTHOLCHHBIX IUIOTHBIX KOHTAKTOB, TAKUX Kak in vivo. DTH KOHTAKTHI, KOTOPHIE
MOJHOCTBIO IMEPEKPBIBAIOT MEKKJIETOYHOE IIPOCTPAHCTBO MEXKIY DSHAOTCIMAIBHBIMH KJIETKaMU,
COCTaBJISIIOT OCHOBY JJIsI HETPOHMIIAEMOCTH MO3TOBBIX KalMIUIAPOB. st TOro, 4TOOBI NPOHUKHYTH
U3 KPOBHU B MO3T, MOJIEKYJIbI JOJKHBI IIPOMTU Yepe3 SHAOTENUANIbHBIE KICTKH, a He MEXIy HuMU. B
CBOIO Ouepe/lb, HAIMYUE B KYNbType SHIOTENHATBHBIX KIETOK M3 KalWUIIPOB MO3ra BBI3BIBAET
TMOSIBIEHUE B aCTPOLUTAX CKOTUIEHUH MEMOpaHHBIX YacTuIl. B3anMoaelcTBI MeX Ty acTpOLUTAMU
SHIOTENUANBHBIMA  KJI€TKAMHM  MO3TOBBIX  KAaMHJUISIPOB  HOCAT — CHELU(UYECKHH  XapakTep.
OubpobIacTsl WM SHAOTEIHATBHbIE KICTKH M3 NepH(EPUYECKUX COCYJOB HE JAlOT CXOXKEro
pesynpTaTa. B Hacrosuiee BpeMs MCCIEAYIOTCS CIIOCOOBI, [AIONIME BO3MOXKHOCTb BBI3BATh
pa3oOieHne >HAOTENHANBHBIX KIETOK, C TeM 4TOOBI YBEIMYHUTH NPOHUIIAEMOCTh KaIllMUIIPOB. DTO
Mo3BONMMIIO OBl 000HMTH remarosHumedaanueckuii Oappep (CM. Takke CIEAyOIIMI pas3nen) u
obecneynTh IOCTaBKy B MO3T TeX (apMaKOJIOTHUECKHX IIPENapaToB, KOTOPHIE B HOPMAJIBHBIX
YCIOBHSAX 4epe3 Hero He IpoXomAT ™.

MpeanonoxeHue o0 ponu acTpoLUTOB B KpOBOCHa6)KeHVIM Moa3ra

Tpu dakra CBHICTEIHCTBYIOT O BO3MOXKHOI pOJM acCTPOLUTOB B MO3re MIICKOIMTAMOMINX. Bo-
MIEPBBIX, OHU OKPYXKAIOT KaMUUIIPbl MO3Ta CBOMMH KOHILIEBBIMU OTPOCTKaMH (MMEHHO 3TO CBOKWCTBO
npuBesio ['oMbIKKM M MHOTUX JIPYruX K IPEANOJOXNKECHUIO O TOM, YTO OHU 3aHMMAIOTCA JOCTaBKON
BEIIECCTB K HeipoHaMm). Bo-BTOpPBIX, aKTUBHOCTb B OIpPEACICHHOM Y4YacTKE MO3ra BBI3BIBAET
3HAUUTENIBHOE YBEIWYEHHE KPOBOCHAOXKEHHS dYepe3 STOT Y4YacTOK, UTO OTYETIMBO BHIHO IIPH
HCTIONB30BaHUN ITO3UTPOHHOH TOoMorpaduu (positron emission tomography, PET), marmurHOTO
pe3oHaHca (magnetic resonance imaging, MRI) u ontudeckoii peructpauuu. B-TpeTbux, riuaabHble
KJIETKH OTCJIC)KMBAIOT OOLIMH ypOBEHb aKTUBHOCTH B CBOeM OKpyxeHuu. Ilaynbcon n Hproman 86)
MIPEUIOKHUIN HHTEPECHYIO TUIIOTE3y O TOM, YTO KOHIIEBbIE OTPOCTKHU AEMOIIPU30BAHHBIX ACTPOLIUTOB
MOTYT BIUSTh HAa KalmWIIApbl M BBI3BIBATh MECTHOE PACHIMPEHHE KPOBEHOCHBIX COCYIOB.
IMocpencTBoM IiHANbHOM CHTHANM3AIMM aKTHBHBIE HEHPOHBI MOIJIM OBl IOJydYaTh TaKUM 00pa3oM
JIONIOJIHUTENILHOE  KOJIMYECTBO KHUCIOPOAa M INIOKO3bl. OTHOCUTEIBHO MEXaHM3MOB MOXKHO
IpeAmnonaraTe, 4YTo oCcBOOOXK/CHNE Kanus, MPOTOHOB WK 3akuch a3oTa (NO), ocBOOOXKIaeMbIX H3
KOHIIEBEIX OTPOCTKOB AaCTPOLMTOB, MOXKET BIHMATh HA OSHIOTEIHAIBHBIC KIETKH KaIMILIIPOB.
[Ipeanonoxxenne Paulson u Newman cpoIHH HCXOTHOMY MPEANOI0KEHHIO ['0ONbIKHU, OHAKO B HX
THIIOTE3€ CUTHAIBI MMEIOT 00paTHOE HANpaBlICHUE: HE ITHANbHbIE KIETKU MEePEHOCAT MUTATEeIbHBIE
BEIL[ECTBA UePE3 CBOIO LIUTOIIA3MY U3 KPOBU K HEHPOHAM.
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a HeﬁpOHaHBHaﬂ AKTUBHOCTBH BbBI3BIBACT JIOKAJIBbHOC PpAaCHIMPEHUE KPOBCHOCHBIX COCYHAOB H
YBEIUYCHUC KpOBOCHa6)KeHI/IH HUMCHHO TaM, ri€ 3TO HeO6XO,Z[I/IMO.

§ 5. 'nuasbHbIe KJIETKH U MMMYHHbIe 0TBeThI B [IHC

Jlo coBceM HeZaBHUX IOpP CYUTAIOCH, YTO TKaHb LIEHTPAJIHHONH HEPBHON CHUCTEMBblI HAXOIUTCA
BHE KOHTpPOJSI HMMYHHOH cucteMbl. Hammume remarosHuedannieckoro 6aprepa, OTCyTCTBUE
nUM(aTHUECKON CUCTEMBI U CPaBHHUTENbHAS JIETKOCTb, C KOTOPOM MPHKUBAIOTCS YIaCTKH MO3ra
IpU Hepecajike, — BCE 3TO NpearoyiaraeT OTCYTCTBHE UMMYHHOTO OTBETa Ha Uy)KEPOIHBIE
anTurensl. B pesynprare Qynkumu IIHC He HapymaroTcs mpu MacCHUBHBIX aJUIEPrHUECKHX
PEaKLysX, BBI3BIBACMBIX, HAIIPHMeED, YKycoM Iyenbl. OIHAaKo, aCTPOLUTHI B KyJIbTYpe U in situ
B3aUMOJEHCTBYIOT ¢ T-nuM¢ounUTaMu, Ybs aKTHBHOCTh WJIM CTUMYJIHPYET, WJIN IOAABISET.
IMony4ensl moKa3aTeNbCTBA B IOJIB3Y TOTO, YTO MHUKPOINIUS U aKTUBHPOBaHHBIE T-muMQOIUTEI
MOTYT BXOJIUTh B MO3T H BBI3BIBATH OCTPOE BOCIAJICHIE B MO3TOBOM TKaHK ° *°. PoIb TIHH BO
B3aMMOJCHCTBAN MEXJIy HEpPBHOW M HMMYHHOH CHCTEMaMH OCTAeTCSl aKTyalbHON W ele
JTAJIEKOM OT PELIeHUs MPOoOIeMOii.

BbiBOoAbI

I'nuanbpHble KIETKM B MO3I€ M LIBAHHOBCKUE KIETKU Ha IepUBEPUU CO3LAIT OKPYXKEHHE
HEHPOHOB.
- OnMroneHapOLUUTHl UMEIOT KOPOTKHE OTPOCTKH U MUEIUHU3UPYIOT KPYIIHBIE aKCOHBIL.
* ACTpOLIUTEI OKPYKatOT MO3TOBbIE KaMJIIAPHIL.

LIBAHHOBCKUE KIETKM MMEIUHU3UPYIOT MepUPepUdecKe aKCOHbl M IPOLYLUPYIOT

TPO(QUUECKUE MOJICKYIIBL.

MukporavaibHble KIETKH YAAIAIOT IPOAYKThl paclaja IOcie IMOBPEXJICHUS HEPBHOU
CHCTEMBI ¥ BOBJICYEHBI B BOCIIAJIMTEIBHBIE OTBETHI B HEPBHOM CUCTEME.

I'nuanpHble KIETKM HUMEIOT Oosiee OTPULATENbHBIA IMOTEHLHUANd, 4eéM HEHpOHBI, U He
FEHEPHPYIOT NOTECHIMAIIBI IEHCTBHU.
- T'nanbHble KIETKU JIEKTPUYECKU CBSI3aHBI APYT C IPYroM, HO HE ¢ HelipoHaMu.
- MeMmOpaHBl TIHANBHBIX KIETOK COJEPXKAT HATPHEBBIC, KalIMEBbIC, KabI[NEBbIE HOHHBIC
KaHaJIbl, a TAKXKE PELENTOPbI, HACOCHI U TPAHCIIOPTEPLIL.

I'muaneHple KJIETKM HWIPalOT POJb B PA3BUTHU HEPBHOM CHUCTEMBl M B IOJJEPKaHUU
TOMEOCTAa3a CPebl, OKPYKaroIeil HEHPOHBL.
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I'nasa 9. Ocno8vl npAMOIl CUHONMUYECKOU nepeoayu

CHHaICBHI ABIAIOTCA MECTAMH KOHTAKTa MEX Iy HEPBHBIMU KJI€TKAMH M X MHILICHSIMHU, B KOTOPBIX CHTHAJIBI [IEPEAIOTCS
OT OIHOM KJICTKH K JPYroi. B 3nmekTpuuecKux CHHAICax TOK U3 MPECHHANTHYECKOr0 HEPBHOrO OKOHYAHMS HAMPSIMYIO
IPOXOJUT B HOCTCHHANTHYECKYIO KICTKY U MEHACT ee MeMOpPaHHBIH MOTeHIMAaN. DIeKTPUUIecKas epenaya npeodiagaet
B HEPBHOH cHcTeMe OeCro3BOHOYHBIX, HO BCTpEYaroTcs dMeKTpuueckue cuHancel u B I[HC mnexkonmraromux. B
XMMHYECKUX CHHAIICaX IOTEHIMaN JeiCTBYS, MPUXOIAIIMI B HEPBHBIE OKOHYAHHS, BBI3BIBAET OCBOOOXKIEHHE MOJIEKYII
HellpomennaTopa. B NpsAMBIX XMMHYECKHMX CHHAICaX MEIMATOP CBA3BIBAETCA C HMOHOTPOMHBIMH PELENTOpPaMH Ha
MeMOpaHe IMOCTCHHANTHYECKOH KIIETKH, KOTOpBIE OJHOBPEMEHHO SABJIAIOTCA MOHHBIMU KaHajnaMu. B pesymbrare
PELENnTOpbl M3MEHAIOT CBOI KOH(OpPMAIMIO, KaHaJlbl OTKPBIBAIOTCA, YEPe3 HMX IPOXOMAT HOHBI, M MeMOpaHHBIH
MOTEHIMAl MEHsAeTcs. B HenpsAMbIX XMMHUYECKMX CHHAIcax B Iepejjauy CHMIHala BOBJIEYEHBI MOCTCHHANTHYECKHE
MeTabOTPOIHBIE PELENTOPbI U BHYTPHKIIETOUHbIE BTOPHYHbIE HOCPEIHUKH (r1aBa 10).

Kanaibl, KOTOpblE OTKPHIBAIOTCA B BO30Y)KIAIOUIMX CHHAINCAX, MO3BOJAIOT KAaTHOHAM BXOJMTH BHYTPb KJIETKH, YTO
CIBUTaeT NOTEHIMad MeMOpaHbl B CTOPOHY IIOpOra NOTEHIHMana ASHCTBUS. B TOPMO3AIIMX CHHAICaX MEAUATOPbI
OTKPBIBAIOT KaHAJbl, KOTOPbIE HMPOHHUI[AEMBbI JUI AHHOHOB, YTO YJEPKHBACT NOTEHIMANl Ha 0ojee OTPULATEIbHBIX
3HaueHHsAX. Kak B BO30OYXKIAIOIMX, TaK U B TOPMO3SILUX CHHAICAX HANpPaBICHHE IOTOKA HOHOB ONPENENIeTCS
PaBHOBECHEM KOHLEHTPAIMOHHOTO U 3JIEKTPUUECKOT0 TPaJHEHTOB, ACHCTBYIOIMX Ha IPOHHIIAEMbIE HOHBI.

CHHAICH! MEXKy ABUraTeIbHBIME HEPBAMU M MBIIICYHBIMU BOJOKHAMH OBLIM IpEnapaToM, Ha KOTOPOM OBUTH BCKPBITHI
OCHOBHbBIC MEXaHH3MBI IPSAMO XuMuueckoit nepegaqn. 6 [THC miaexonuTaronmx npsmast Bo30yxaaronas 1 TOpMo3siias
XMMHYECKas Iepeaya POUCXOIUT B CHHAICAX, MCIIONB3YIOUINX B KAYeCTBE HEHPOMEIHaTOPOB alleTHIXOJIHMH, TIIyTaMart,
I'AMK, cepOoTOHMH ¥ ITypUHBI, KOTOPbIE OCBOOOXIAFOTCS U aKTUBHPYIOT HOHOTPOITHBIE PELIETITOPHI.

B o1HOM XMMHYECKOM CHHAICe MOXXET OCBOOOXKIAaThCs OOJiee OJHOTO THIIA Meauaropa, ¥ MHOTH€ ME€IUaTOpbel MOTYT
JIeHCTBOBATh GBICT]Z)O, CBA3BIBAsACh M OTKPbIBasg NOHHBIC KaHAJIBI HAIIPAMYIO, 1 OoJiee MeUICHHO, TIOCPEACTBOM HETIPAMBIX
MEXaHU3MOB.

IMepenava nHpOpMALUK OT OJHOTO HEWPOHA K APYTOMY, a TaKKe OT HeiipoHa K 3G (HEeKTOPHOMH KIleTKe,
HarpuMep, MBIIIEYHOMY BOJIOKHY, IIPOUCXOAMT B CHELHATU3UPOBAHHOM MECTE KOHTaKTa, KOTOPOE
Ha3bIBaeTCsl CUHATIcoM. B »3Toif rmaBe OyZyT pacCMOTPEHBI OCHOBHBIE NPHHIMIBI MPSMOIf
cumanTtHyeckoil mepemaun. I[Ipsmble, Taike Ha3bIBaeMble «OBICTPHIMH», CHHAICEI MOTYT OBITH
JJIEKTPUYECKUMHU, B KOTOPBIX Iepellaua OCHOBAHA HA IIPOXOKACHUM TOKA OT IIPECHHANTUYECKOH
KJIETKH K IOoCTcHHanTHIecko. OHako, 0ojee pacrpocTpaHEHHBIMH SIBISTIOTCS IPSIMbIE XUMUUECKUE
CHHAIICHI, B KOTOPBIX OKOHYAHMSI aKCOHAa OCBOOOKNAIOT HEHpOMeIuaTop, KOTOPBIH CBSA3BIBACTCS C
pEeLEeNnTOpaMy Ha KJIETKaX-MHIICHSX, SBISIONIMICS OTHOBPEMEHHO HOHHBIMH KaHaJIaMU.

B nocnenyromux riaBax OyaeT OmMCaHO, KAKUM 00pa3oM XUMHYECKHEe HEHpOMeIHaTopsl BIUSIOT Ha
KJICTKU-MHUILIEHH HENPsIMbIM 00pa3oM, CBSA3BIBAACh C PELENTOPAMH, KOTOPbIE 3aIlyCKalOT KacKaJlbl
BHYTPHKJIETOUHBIX peakimii (rmaBa 10), kakum oOpa3oM HelpoMenuaTopbl 0cBOOOXKIal0TCs (I1aBa
II), kak HelipoMeaUaTOPbl CUHTE3UPYIOTCS U XPAHATCS BHYTPU HEPBHBIX OKOHuYaHMH (rmasa 13), a
Taloke Kak 3(Q(EeKTUBHOCT CHHANTHYECKOW Hepeayd MOXKET MEHSTHCS B pe3yibTaTe MOBTOPHON
aktuBHOCTH (I'maBa 12). ITockoibKy CHHANTHYeCKHE B3aMMOJEHCTBHS BecbMa pa3HOOOpasHBI U
CJIOXKHBI, OBUIO OBI TTOJIE3HO HAYaTh C HCTOPHUUECKOT0 0030pa OCHOBHBIX HAEH.
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(A) Electrical synapse Puc.  9.1.  Dmektpuyecias W XHMHYECKas
cUHaNTHYecKass mepenada. (A) B omextpmuecknx
CHHANCAaX TOK IPOTEKAeT HaNpsMyK OT OJHOH
KIeTKH K  JAPYyroii 4Yefe3  KOHHEKCOHBI —
MEKKJICTOUHbIE KaHaJbl, KCTOpbIE KJIACTEPU3YIOTCS
¢ 00pa30BaHMEM IIETIEBBIX K( HTAKTOB (gap junctions).
(B) B XuMHYecKMX CHEancax JAeNoJspu3alus
MPECHHANTHYECKOTO HEPBHOI O OKOHYAHUSI BBI3BIBACT

0CB060)K}:[€HH€ Meavaropa, KOTOpLIﬁ
BSaP[MOJlCﬂCTByCT C penentopamMu Ha
MOCTCUHANITHYCCKOM E eﬁpone, BbI3bIBAsA

BO36y}K}10HP[C WA TOPMOIKCH 1€.

Fig. 9.1. Electrical and Chemical
SynapticTransmission. (A) At electrical synapses,
current flows directly fror1 one cell to another
through connexons, intercelltlar channels that cluster
to form gap junctions. (B) At a chemical synapse,
depolarization of the presynaptic nerve terminal
triggers the release of neurotransmitter molecules,
which interact with receptcrs on the postsynaptic
neuron, causing excitation or - nhibition.

§ 1. HepBHLIe KJIECTKH H CHHAIITUYCCKUEC KOHTAKTDbI

Tor ¢akT, 4TO OCHOBHBIE COCTaBISIOIINE KOMIIOHEHTHI CHHAIICAa — IPECHHANTHYECKOE
OKOHYaHHUE U MOCTCHHANTHYECKAs KJIETKa — MOP(OJIOrHYeCKH pa3o0IeHbl, CTall OYEeBUIEH HE
cpa3y. Bo Bropoit monoBune XIX Beka 4acTh YYEHBIX MPHIAEPKUBANACH KIETOYHOW TEOPHH,
KOTOpas CYHMTala, YTO HEWPOHBI SBIISIOTCS HE3aBUCHMBIMH €IMHHUIAMH HEPBHOW CHCTEMBI,
JIPyTHe K€ CYUTAIIH, YTO HEPBHBIE KIETKH MPEACTABISIIOT cOO0H CHHINUTHYM, B KOTOPOM KJIETKU
COEMHEHbl Yepe3 IMpOTOoIUIa3MaTHYeckue MOCTUKU. Tonbko B koHie XK Beka KieTodHas
Teopusi crajga oOumenpuHaTo. OCTaBajJOCh JHUIIb MOJYYHTh C TOMOIIBIO DICKTPOHHOU
MHUKPOCKOITMM OKOHYATEIbHOE JJOKA3aTEeILCTBO TOI0, YTO KaXIbI HEWPOH IOJIHOCTHIO OKPY)KEH
cBoell COOCTBEHHOW IUIa3MaTH4YecKoi MeMOpaHod. Ho maxe 31eKTpOHHAass MHUKPOCKONHUS W
JIpyrue COBpPEMEHHbIE MOIXO0/bl OOHAPYKUIIM, YTO HEKOTOphIE HEHPOHBI B JEHCTBUTEILHOCTH
KOHTaKTHUPYIOT IIOCPEICTBOM KaHAJIOB, HA3bIBAEMBIX KOHHEKCOHAMH, KOTOPBIE IPOHUIIAEMBI JJIs
HOHOB U JAPYTUX HEOOJBbIIUX MOJIEKYJI (rasa 7).

OTCyTCTBHE COTIACHs IO HOBOAY CTPYKTYPBI CHHAIICOB YCYI'YOJISUIOCH HECOTJIAaCHEM II0 TIOBOIY
ux Qynknuu. B 1843 rony /lro0ya-PeliMonz Mokasal, 4To 3JIEKTPUYECKUI TOK BOBIECUEH KaK B
COKpalleHHe MBIIIIBI, TaK M B MPOBEACHHE BO30Y)KICHHS IO aKCOHY, U TpeGOBAIOCH JIMIIb
HeOOJIbIIOE PAa3BUTUE ITOH uzaeH, 4ToObI CAENaTh BBIBOJ O TOM, YTO Iepejada BO30YKIECHUS C
HEpBa Ha MBIy TaKXe OMOCpPEAOBaHA MPOXOXKACHUEM JIIEKTPHIECKOro Toka (puc. 9.1 A) b,
Cawm xe [Jro0ya-PeiiMonz mpeanodyuran HHOe 0ObACHEHHE: OH CUMTAll, YTO HEPBHOE OKOHUYAHUE
BBIIIENIICT BO30YXKIalollee BEIIECTBO, KOTOPOE BBI3BIBACT COKpalieHne MbInpsl (puc. 9.1B).
OpHako, uest )KUBOTO 3JIEKTPUUIECTBA UMENAa CTOIb CUIBHOE BIMSHUE, 4TO mpouwio 6onxee 100
JIeT, MpeXae 4eM ObUIM MONy4eHBl JOKAa3aTelbCTBA, OINPOBEPrafolive IPEAIONIOoKeHHe 00
UEKTPUYECKOH MNpUpPOJE INepefaud Bo30YKAEHHMsS C HEpBa HA MBIy, a TaKKe MEXIy
HEPBHBIMU KJIETKAMH.

Xumunueckana nepegava B BeretTaTUBHOW HEpPBHOW cUCTEMe

OpHOYt W3 TPUYMH TOTO, IMOYEMy HJes XMMHUYECKOW CHHANTHYECKOW mNepemadd Kazaaach
MaJIOBEpOATHON, ObllIa CKOPOCTH NEpefaydl CUTHAIOB MEXAY HEPBHBIMU KJIETKaMH M MEXIY
HEpBOM U MbIIeH. Jlonn ceKyHabl, KOTOPBIE Pa3AesIiOT CTUMY/ISILIUIO IBUTaTeIbHOTO HEpBa U
COKpAIlleHHE COOTBETCTBYIOIEH MBIIIIbI, Ka3aluCh HEJAOCTaTOYHBIMM JJIsI TOTO, YTOOBI
o0ecneynTs TOCTaTOYHOE BpeMsl ISl OCBOOOXKICHHS XUMUYECKOTO NepenaTyrka (IIoCpeIHnKa,
TPaHCMUTTEDA,
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MeJraTopa) U3 HEPBHOTO OKOHYAHMS M B3aHMOJCHCTBHS C PELENTOpaMy Ha IIOCTCHHANTHYECKOIt
MeMOpaHe. OnHaKo B BEreTaTMBHOW HEPBHOH CHCTEME, KOTOpas KOHTPOJMPYET JKele3bl u
KPOBEHOCHBIE COCY/IbI, TAKOTO PoJia MPoOIeMbl He CyIEeCTBYeT: 3(G(GEeKT HEPBHON CTUMYIISILIMN 3/1€Ch
pa3BUBAETCS MEAJIEHHO U JOBOJBHO MPOAOJDKUTENICH, OKOJIO HECKOJIBKUX CeKyHI (rnasa 16).

B 1892 rogmel JI3HrIM nmpenmonoxui, 4TO CHHANTHYEeCKas Iepenadya B BETCTATHBHBIX T'aHTIIHMAX
MJICKOIIMTAIOMNX HMMEET XHMHYECKyI0 HpHpOIY, a He odieKkTpuueckylo. OH OCHOBBIBAICS Ha
HaOJIIOZCHNM O TOM, YTO Ilepefada dYepe3 NWIHAPHBIA TaHMINE W30MpaTesbHO OJIOKHPYETCS
uukotusoM 2. IlpuMepHo uepes 10 neT DJIHOT OGHAPYXKMI, YTO DKCTPAKT, HONYYEHHbIH M3
HaJIIOYCYHNKOB, — aJpeHaINH (SnuHe(pHH) — MPOMU3BOJUT Ha MUILICHU TAaKOE XKE BO3AEHCTBHE,
KaK U CTUMYJISIMS CHUMIIATHYECKUX HEPBOB. DTO MO3BOJHIIO MPEANONOKHTh, UTO aAPEHAIMH MOXET
CeKPEeTHPOBATHCS HEPBHBIMH OKOHYAHMSMH B KadecTBe Meamaropa . Ommako mmms B 1921 roxy
JleBu moctaBmil HPsIMOil M IPOCTOH ONBIT, B KOTOPOM ObLIa YCTaHOBJICHA XUMHYECKas NPHPOJa
Iepesiaun B BEreTATHBHBIX CHHATICAX MEXTY 6IIyiKIalomum HepBoM i cepieM ¥, O nepdy3upopar
cepale JITYIIKA U CTUMYJIMPOBAJ OMyXJaiomuil HepB, BEI3bIBas 3aMeieHne cepaueduenuii. Korma
KHUAKOCTh M3 3aTOPMOXKEHHOTO  CTHUMyJiIMell cepama ObUla IHepeHeceHa HAa  BTOPOE
HECTHMYJIIPOBAaHHOE CEpALle, OHO TaKXKe HauWHAJIo OHThCS MeAJeHHee. BBpuIo O4YeBHIHO, HUTO
CTUMySinusl  OJTy’KIAloIero HepBa BBI3BIBAJA OCBOOOXACHHWE B Iep(y3UPYIOIUA pacTBOp
TOPMO3SIIIEr0 BEIIecTBA. B mocieqyrommx skcrnepuMeHTax JIeBH W ero KoJulern MokasalH, 4To
aneTHIxoyuH (AX) MOJHOCTHIO BOCIIPOM3BOANI (G (PEKTHI TOT0 BELECTBA.

YV IMBUTEIBHO, YTO MJES ITOr0 KCIepUMEeHTa Npuiuia JIeBu BO CHE, OH 3amucall ee, HO HOyTpy He
CMOT' pa300paThCs B TOM, YTO Hamucall Houbio. K cuacTblo, COH MOBTOPHIICS, U B 3TOT pa3 JleBu He
CTaJl PUCKOBaTh: OH HOMYAICA B JIaOOPaTOPUIO M IOCTABWJI ITOT SKCHEPUMEHT. BoT Kak OH
BCIIOMHHAET 3Ty HOYb:

Ilo cepvesnomy pazmluiienuio, 68 X0JI00HbIX JYUaxX YMpeHue20 céemd, si Obl HUK020d He NOCMAGUN MO0
9KCnepuMeHTa. 10, umo Oayocoaiowuil Heps Modcem 0c8000ACOAMb MOPMO3sujee Beuwjecmso, Oblio OYeHb
MANOBEPOSIMHO; ewje MeHee 8ePOSMHbIM ObLIO MO, UMO XUMUHECKOe BeUjeCniBo, KOMopoe NpeonoiodlCumensto
00ICHO  BbLIO  OEliCME08ambs  HA  KOPOMKOM DACCMOSHUY MEXKIY HEPEHbIM OKOHYAHUEM U  Mblyel,
0C606021C0ANOCH ObI 8 MAKOM OOIBULOM KOIUYECTEe, YMO COXPAHAN0 Obl dhghexmugnocmy nocne pazeedenus: @
nepysupyroweri acuoxocmu .

B nagane 1930-x rogoB poias AX B CHHaNTHYECKOH Nepefade B FaHIIUSAX BEreTaTUBHON HEPBHOMU
cHCTeMbI GbLIa OKOHUATENBHO ycTaHOBIeHa DenbIGeproM M ero corpymHMKamMu . CXOXHE HieH
MOXKHO TaKKe HaWTH B cTaThsx JIdilyla, KOTOPHIH HA NPOTSXKEHHN HECKOJIBKHUX IECSATHIICTHH OBLI
OIHOW W3 BeAymMX (Uryp OpuTaHCKOi ¢usmonormn um dapmaxomorui ©. Cpexd MHOTHX ero
OTKPBITUH — BBIACHEHHE pOJM AaleTUIXOJMHA B CHHANCaX B BETeTaTUBHBIX TaHTIMAX H
YCTaHOBJICHUE €T0 POJIM B HEPBHO--MBIIIEYHOM CHHAIICE.

XuMmnueckas cMHanTu4yeckas nepenava B HepBHO-MbILWWEYHOM
CoeAUNHeHUN NO3BOHO4YHbIX

B 1936 romy [piin u ero COTPYIHHKHM IIOKa3ajld, YTO CTUMYJISALUS JBHUTaTelbHBIX HEPBOB,
MHHEPBUPYIOLINX CKENETHYIO MYCKYJIATypy, BhI3bIBacT 0cBoGokaeHne AX 7. B 0MONHEHHE K 3TOMY
napeknust AX B apTepud, CHaOXKalolIMe MBIy KpPOBBIO, BEI3BIBAJa MOIIHOE CHHXPOHHOE
COKpAIIIEHHE MBIIICYHBIX BOJIOKOH. B nanbHelIeM OBUTH MCIIOIB30BAaHBI AIEKTPOGU3HOIOTUISCKUE
MOAXOABI JUIA HCCIEJOBAaHUS W3MEHEHHH MEeMOpPAaHHOTO IIOTEHIHaj]a MBIIICYHBIX BOJOKOH,
BBI3BIBAEMBIX CTUMYJIALMEH BHIaTeIBHOTO HEpBA, W OBUIO MOKA3aHO, YTO 3T M3MEHEHHS MOTYT
ObITh BOCHpOM3BeleHbl HaHeceHMeM AX. bbulo Takke II0Ka3aHO, YTO OTBETHI, BbI3BaHHbIC
CTUMyISIIMEH HepBa M IpsAMBIM HaHeceHHeM AX, ONOKUpYIOTCS Kypape — sJ0M, KOTOPBIM
F0)KHOAMEPUKAHCKHE HMHJACHIBI CMa3bIBald CTPENbl U KOTOPBIA OiiokupyeT perentopsl kK AX, u
HNOTEHLUUPYIOTCS 33CPUHOM — BEIECTBOM, KOTOpOe HpenoTBpamiaer ruapoaus AX ¢epMeHToM
AIeTHIXOJIMHACTEPa30il. DTH SKCIIEPUMEHTH! HOCIYKIIM HaJeXHBIM JOKa3aTEIbCTBOM TUIIOTE3BI O
XMMHYECKOH IpHpOJie CHHANTHYECKOWH IIepefadd B HEPBHO-MBINIEYHOM cuHamce. Kak Oymer
MOKA3aHO Jajee, BHICOKOCHECIUAIN3UPOBAHHBIE Tpe- M IOCTCHHANTHYCCKHE O00pa30BaHUS
obecneynBarOT OBICTPYI0O — B MIJUIMCEKYHIHOM [HAIa30HE — XHUMHUYECKYI0 CHHANTHYECKYIO
nepefauy. TakuM 00pa3oM, JOMHHHPOBABIIAsS UIMTEIBHOE BpPEMs THIIOTE3a 00 3JIEKTPHYECKON
nepenade, KoTopas Obuia oOwIenpuHATA Ha OpoTsDKeHuH okoino 100 ner u GasupoBanach Ha
HEaJIeKBaTHbIX JI0KAa3aTeNIbCTBAX, OblIa HAKOHEL OTBEPrHYTa MpPSMBIMH SKCIIEPUMEHTAMH, HO IIpU
3TOM OKa3aJach BEPHOH B HEKOTOPBIX APYTUX CHHAMCAX.
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Puc. 9.2.  Dnexrpuueckas
CHHANTHYECKash Tepenada B
ruranTckoM cunarnce [[HC
paxa. (A) JlaTepanbHblit
THTAaHTCKUH aKcoH o0pa3syer
MIPECHHANTHYECKYIO 4acTh
EKTPUYECKOrO0  CHHAamca ¢
MOCTCHHANTHYECKHM
THTaHTCKAM ~ JBUTATEIbHBIM
akcoHoM. (B) Jlemonspu3anus
MPECHHANTHIECKOTO HepBa 6e3
Kakoi-1160 3a/1ePKKH
pacrhpocTtpansiercs Ha
MOCTCHHANTHUYECKOE BOJIOKHO.
B namHOM mpuMmepe Kaxaas
KJIETKa JIOCTHIaeT Iopora |
TeHepupyer MOTEHIHA
neiicteua. (C) Tlpu npsimoit
CTUMYJISALUH
MOCTCHHANTUYECKOT0  aKCOHA
MOCTCHHANTUYECKHI
MOTEHIHA JIeHCTBHS
MPUBOJUT K HE3HAUMTEIBbHOH
JIeTIONISpU3aLHN B
MPECUHANTHYECKOM  aKCOHE.
Takue CHHANCHl Ha3bIBAIOTCS
BBIIPSMIISFOLIUMU.

Fig. 9.2. Electrical Synaptic
Transmission at a Giant
Synapse in the crayfish central
nervous system. (A) The
experimental preparation. The
presynaptic lateral giant axon
makes an electrical synapse
with the postsynaptic giant
motor axon in the abdominal
nerve cord. (B) Depolarization
of the presynaptic axon
spreads immediately to the
postsynaptic fiber. In this case
each cell reaches threshold and
fires an action potential.
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(C) When the postsynaptic axon is stimulated directly to give an action potential, depolarization
spreads poorly from the postsynaptic to the presynaptic axon. The synapse is said to rectify.
(After Furshpan and Potter, 1959.)

§ 2. DueKkTpuUYeckasi CHHANITHYecKas nepeaava
UpeHTuuKauma n xapakTepucTUKu aNeKTPU4eCKuxX CMHancoB

B 1959 rogy ®ypmman u IloTrep, HCHONb3ys BHYTPHUKIETOUYHBIE MMKPOAIEKTPOIBL IS
OTBEJCHHS AKTHBHOCTH OT HEPBHBIX BOJIOKOH B a0JOMHHAIBHOM HEPBHOM CIUIETEHHH PaKa,
OTKPBLUIH 3JIEKTPUIECKUIA CUHAIIC MEXKAY HEHpo-

HaMH, BOBIICUYCHHBIMH B peduiekc u3beranus (puc. 9.2A) Omm mokasanH, 4TO MOTEHIIHAI
JIeHCTBUSL B JIaTEpajlbHOM TUTAaHTCKOM BOJIOKHE NPUBOJUT K JEHOJSAPH3ALUU TMTAHTCKOTO
JIBUTATEIHFHOTO BOJIOKHA MOCPEACTBOM MPOTEKAHHUS TOKA MEXOY 3TUMHU KieTkamu (puc. 9.2B).
Jenonspuzanus Obuia JOCTATOYHOM Uit TOTO, 4TOOBI 3aIyCTUTh B IOCTCHHANTHYECKOM
BOJIOKHE ITOTEHIHMAN ACHCTBHA. DJEKTpUUYEcKas CBs3b OblIa 3((GEKTUBHOW TOJIBKO B OJHOM
HaIpaBJICHUH, U ACTOJSPU3AINS TIOCTCUHANITHYECKOTO BOJIOK-
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Ha HE IPUBOJMIA K IPEeCHHANTUYeCKON Aenoaspusanuu (puc. 9.2C). IpyruMu cl1oBaMu, TOT CUHAIIC
SIBTISIETCS BBINPAMIITIOLIHM.

B oTinyMe OT TMIaHTCKOTO CHHAICa paka OOJBIIMHCTBO IEKTPUUYECKHX CHHAINICOB HE MPOSBIIAIOT
CBOMCTB BBINPSMIICHUSI U OJMHAKOBO XOPOLIO MPOBOJAT BO30YKAeHHE B OOOHMX HAIMPaBIICHUSX.
MopdosoruueckumM CcyOCTpaTOM IJIEKTPUYECKON CBS3M B TMFAHTCKOM CHHAICE paka M B JAPYTHX
JIIEKTPUYECKUX CHHAIICAX SBILSIFOTCS INENIeBhIe KOHTAKTHI (gap junctions) 9. IlleneBble KOHTAKTHI
00pa3yroTcss KOHHEKCOHAMH, KOTOPBIC JJAI0T BO3MOXKHOCTh MPOTEKAHHS JIEKTPUICCKOTO TOKA MEXKITY
KJIeTKam¥ (T1aBa 7).

QHCKTpI/I‘{eCKaﬂ nepeaava OblIa IOKa3aHa B pa3H006pa3HbIX CHUHaIcax 10. “), Hanpumep, MExKXAy

MOTOHEHpOHAMHM B  CIMHHOM  MO3TC JISTYMIKM 2, UyBCTBUTCIBHBIMH  HEHPOHAMH B
MeE3dHIIC(ATHICCKOM  sApe  KPhiCHl ), NHMPAMHAHBIMH  KIeTKaMu B  rummokamme'®) u
FOPH30HTANBHBIME KJIETKAMH B CETUATKE 3¢6pa--phibku' ). MHTEPECHBIM CBOHCTBOM SMEKTPHUECKHX
KOHTAKTOB MEXIy UYyBCTBUTEIBHBIMH HEHPOHAMH Yy MHUSIBKU SBIAETCS TO, UTO JAETOSPU3ALIUS
MIPOBOJUTCST Yepe3 HUX XOPOIIO, a THUIEPHOISIPHU3AIUs — IUIOXO, T. €. OTH KOHTAKTHl 00JamailoT
JIBOMHBIM BBIIPAMICHHEM '

Cuna B3aMMOJCHCTBUSL MEXKIY KICTKAMH 4Yepe3 DJICKTPHYCCKUE KOHTAKThl OOBIYHO BBIPAXKACTCS
koaddunentom ceszu. Koadduiment 4 : 1 03Havaer, 4T0 B IOCTCHHANITHYECKOI KIIETKE H3MCHEHHE
MOTEHIMAlIa COCTABIISET OJIHY YETBEPTYIO OT M3MEHEHHs IIOTCHIMANA B IPECHHANTHYCCKOH KIIETKE.
Jnst Toro, 4roObl obecrieunTh APHEKTUBHYIO IIEKTPUYECKYIO CBs3b, HEOOXOAUMO, YTOOBI
COIPOTUBIICHHE KOHTAaKTOB MEXIy KJIETKaMM ObLIO MaJlo, a TakKe HeoOXOAMMO, 4TOOBI Ipe- u
MMOCTCUHANTUYECKHUE JIEMEHTHI OBUIN COMIOCTaBUMBI I10 CBOUM pa3Mmepam (T1aBa 7).

YacTto snexTpuueckas M XMMHUYECKas Iepefadya COCYLIECTBYIOT B OAHOM cuHamce. CMellaHHbIe
JIIEKTPUYECKUE W XMMHUYCCKHE CHHAICHI ObUIH BICPBBIC OOHAPYKEHBI B IMJIMAPHOM TaHTIIMH MTHII,
rJIc XUMAYECKOMY CHHAITHYECKOMY MOTCHIUANY (BBI3BAHHOMY AaHWETHIIXOJIMHOM) IPEIIIECCTBYET
MOTEHLIMAJI, OTIOCPEJOBAHHBIN IEKTPUUIECKUM KOHTAKTOM (puc. 9.3) 18 CMewanHble CHHAIICH YacTO
BCTPEYAIOTCS y TIO3BOHOYHBIX, HATIPUMEP, Ha HHTEPHEUPOHAX CIIMHHOTO Mo3ra") U MOTOHEHpPOHAaX B
CIMHHOM MO3re JIATYIIKU 20 TlocrcuHANTHYECKHE —KIETKH MOTYT TIOJIy4aThb pa3lesibHbIe
NIEKTPUYECKHE M XUMHYECKHE CHHANTUYECKUE BXOMABI M3 PA3IUYHBIX MCTOYHHMKOB. Hampumep, B
TaHTTMSAX NUSBKH (I71aBa 15) MOTOHEHPOHBI MOMYYAIOT TPU THIIA PA3IMYHBIX CHHANTHYECKUX BXOJ0B
OT YyBCTBHUTEJIbHBIX HEHPOHOB, HACTPOEHHBIX Ha Pa3HbIE MOJAIBHOCTH; OJUH W3 BXOJOB SBISIETCS
XUMHUYECKUM, PYTrOd — JJIEKTPUICCKUM, & TPETUH — CMEUIaHHBIM, 3JICKTPHICCKAM U XUMHYECKAM
OJIHOBPEMEHHO 2h,

CuHanTtunyeckan 3agepxkKa B XUMUYECKUX U NEeKTPpn4eCkKux cuHancax

OmHUM M3 XapaKTEePHBIX CBOMCTB 3JIEKTPUYECKUX CHHAINCOB SBJISETCS OTCYTCTBHE CHHANTHYECKOH
3aJepKKU. B XuMHdeckux cHHaIcax OKojo 1 MC pas3zenseT MOMEHT IIPHUXOJa MMITYJIbca B HEPBHOE
OKOHYaHHE U MOSBICHHUE IEKTPUUECKOTr0 ITOTEHIHANIA B TIOCTCHHANTUYECKON KIIeTKe. JTa 3aiepKKa
o0ycloBIIeHa TEM BpEMEHEM, KOTOpOe HEOOXOAMMO MJisi OCBOOOXKICHHS MeIuaTopa HEPBHBIM
okoHuaHueM (rnmaBa 11). B anekrpuueckoMm cuHarce Takol 3alepKKU HE CYILECTBYET, U TOK
HEMEJIJICHHO MPOBOJUTCS OT OAHOM KJIETKU K APYTOM.

CMenIaHHbIe CHHAICH C 3JIEKTPHIECKON I XMMHYECKOH Iepeiadeil IBISIOTCS YI00HOH MOJIEIBIO IS
CpaBHEHMSI PTHX JABYX MEXaHU3MOB CHHaNTHUeckod nepemaun. Ha puc. 9.3 npuBemena 3ammch
BHYTPHUKJIETOYHOTO OTBEIEHHS OT KJISTKM B NWIMAPHOM TaHIVIMK IbIUIeHKA. CTUMYISIUS
BXOJISIILIETO B TAHITIMH HEPBA BBHI3BIBAET MOTEHIMAN JEHCTBUS B OCTCHHANTHYECKOH KIIETKE C OYEHb
KOPOTKOH 3anepxkoit (puc. 9.3A). Ecnu mocTcMHANTHYECKU HEMpOH cierka THIepHosipU30BaTh
(puc. 9.3B), To moTeHUMan NEWCTBHA BO3HMKACT IIO3IHEE, BBIABIAA PAHHIOI KPAaTKOBPEMEHHYIO
JIETIONSIPU3AIMIO, KOTOpas He JIOCTUTaeT Mopora MOTEHIHana JeHCTBHsA, IOCKOJbKY KIIETKa
runeproisipu3oBana. Eme Oonpmas rumeprnonspusanus (puc. 9.3C) momHOCTBIO GrioKmpyeT
MIOTEHIMAN ISUCTBUS, BBUIBILSIE XMMUYECKUI CHHANTHYECKHH MOTeHIMal. TakuM oOpaszoM, B 3Toit
KIeTKE B HOPMAIBHBIX YCIOBHSX HHHULOHUALMS MHOCTCHHANTHYECKOTO IIOTEHIMANa JEeHCTBUS
XMMHYECKOH mepenadeil IpenyCHIMBAeTCsl JIEKTPUYECKOil CBA3bI0. B 3TOM mpmMepe moreHmman
JNEKTPUYECKOH CBSA3M NPEAIIECTBYET XUMHYECKOMY MOTEHIMAly C MHTEPBAJIOM OKONO [/ MC, 4TO
MO3BOJISIET HAMPSIMYIO OLEHUTh CHHANTHUYECKYIO 3aJEpKKy. JlOMONHMTENbHBIE SKCIEPHMEHTHI Ha
3TUX KJIETKaX BBISIBUIIN, YTO IIEKTPUUECKAs CBA3b SIBISIETCS ABYXCTOPOHHEH, TO €CTh 3TH CHHAIICHI HE
SIBIISIIOTCS BBIIPSIMIISIOIUMHU.

BHCKTpI/I‘{eCKaﬂ nepeaava 06II8.Z[216T pAAOM IPEUMYIICCTB. OnHO U3 HUX — TO, YTO BJICKTPHU-
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Puc. 9.3. DNeKTPUYECK: st u XUMHYECKas
CHHANITUYECKas Iepejada B  IJMIMAPHOM TaHIJIMH
neieHka. (A) CTUMymsnus BXOASIIETO B TaHTIIH
Hepaa BBI3BIBACT TOTEH 11ajl JieHcTBHA B
peructpupyemoM  Heiipone raumms.  (B)  Ilpm
THOEPIONAPU3ALMN  HEWpOHAa MOTEHIHAN ACHCTBUS
BO3HUKACT 3HAYMTEIBHO 03¢, W OOHApYKUBACTCS
paHHAS ~ KPAaTKOBPEMEHHasl  Jemojspu3aius. OJTta
JIeToNspU3aLus SABIACTC A AEKTPUYECCKUM
CHHANTHYCCKUM MOTCHIMAIOM BBI3BIBACMBIIl MPSIMBIM
TOKOM W3  NPECHHANTUYE(KOTO  OKOHYaHHA B
TIOCTCHHANTHYECKUH HeHpoH. 1a 3ammcu, moxa3aHHOH
Ha 4YacTM A, DJEKTPUYC¢CKUH  CHHANTHYECKUH
MOTEHIMAN JeTOApU3yeT FJICTKy /[0 [opora |
3amyckaer noteniman aeiicteus. (C) Ewme Gosbinas
THOEPIIONAPU3ALHSL Mpe101 BpalaeT TOTEeHIHAT
JICHCTBHSA, W BBUBISICTCS  OoJee  MEUICHHBIH
XUMHUUYECKAH CHHANTUYECKHH I OTCHIHANL. XUMHICSCKUH
CHHANTHYECKUi MOTCHIHAN CI:AYeT 3a DICKTPHICCKHIM
C CHHANTHYECKOW 3aJepKKCH OoKolo 2 MC mpH
KOMHATHOH TeMmIeparype.

Fig. 9.3. Electrical and Chemical Synaptic
Transmission in a chick ciliar’ ganglion cell recorded

3 with an intracellular microelectrode. (A) Stimulation of

—— - the preganglionic nerve producezs an action potential in
f.'—- the ganglion cell (lower trace) (B) When the ganglion

—_— - cell is hyperpolarized by pas:ing current through the

recording electrode (upper t-ace), the cell reaches
b threshold later, revealing an earlier, transient
+ depolarization. This depolariation is an electrical

== 4 synaptic potential (coupling potential), caused by
n ] | ¥ 1 current flow into the ganglion :ell from the presynaptic

X terminal. In A, the electrcal synaptic potential

i
- depolarized the ganglion cell t» threshold, initiating an

i - action potential. (C) Slightly ;reater hyperpolarization
= = 4 prevents the ganglion celt fiom reaching threshold,

L n PN NSNS | . . . .
i 3 : ) ﬂ - exposing a slower chemical synaptic potential. The
! ;‘ " 'l"..‘ d 'ﬁ » :_ - L chemical synaptic potential follows the coupling

— l"iw e T potential with a synaptic delay of about 2 ms at room
ns T i e temperature. (After Martin and ’ilar, 1963.)

YECKHE CHHAIChl 001agaroT OOJbIIel HAJEKHOCTBIO, YeM XHMHYECKHE CHHANCHI: OHHM HE
MOJIBEP)KCHBl CHHANTHYCCKOW JENPECCHH W HE OJIOKHPYIOTCS HEHpPOTOKCHHAMH 2 2) Bropoe
MIPEUMYILECTBO B OOJIBIICH CKOPOCTH AJIEKTpUIecKor nepenaun. CKOPOCTh SBISICTCS CYyNICCTBCHHBIM
(axTOpoM B OBICTPHIX peduiekcax M30eraHusi, B KOTOPBIX SKOHOMHS MHJUTUCEKYHIBI MOXET CTaTh
MIPHUHIMITHATHGHON JJIsI BBDKUBAHHS TPU HAIAJACHUH XUIMHUKA. [IpyruMu QyHKIUSIMU SJICKTPUICCKIX
CHHAIICOB SIBJIIOTCSI CHHXPOHM3AIMS 3JIEKTPUYECKOW aKTHBHOCTH B TpYIIax HEHpPOHOB #B oy
MEXXKJIETOYHas Nepefadya Takux Moiekyll, kak AT®, tAM® u nOHOB KanbLus 29 Bputo MOKa3aHo,
4TO HO(GaMHH MOXET MOJYJIHPOBATh AKTHBHOCTH LIEJEBBIX KOHTAKTOB MEXIy KJICTKAMH B CeTYaTKe
2.2 Takum 00pa3oM, IeNeBble KOHTAKTHI SIBISIFOTCS HE MPOCTO IMACCUBHBIMH KOHTaKTaMH, HO
MOTYT TaKXe ObITh THHAMUYECKIM KOMIIOHEHTOM HEWPOHAIIBHBIX CETCH.

§ 3. XumMnueckasi CHHANITUYECKAsI Mepeaaya

[Ipu momeiTke BOCCO31aTh CXEMY XHMMHUUYECKOH CHHANTUYECKOW Iepelaud BO3HUKACT HECKOJIBKO
0oueBHAHBIX Bompocos (puc. 9.1B). Kakum o6pazom mpoucxomuT ocBoboxeHNe HelipoMenuaTopa?
Kaxk B3ammopeiicTBHe MenuaTopa ¢ MOCTCHHANTHYECKUMH PELENITOPaMH IPHBOJIHUT K BO30YXKICHUIO
i Topmoxkenuo? IIpoiecc ocBoOoKACHHS paccMaTpUBAaeTCsl B AeTalsX B ri1ase 11, 31ech xe Oyner
paccMOTpeH BOMPOC O TOM, KaKk HEHPOMEAMAaTop BO3ACHCTBYET Ha MOCTCHHANTHUYECKYIO KIETKY B
MPSMBIX XMMHYECKHX CHHAICAX.

MHor#e u3 MHOHEPCKHX MCCIICIOBAHMI XUMUYECKOH CHHANTHYECKOW Hepeaadyn ObLIM NPOBEICHbI Ha
CPaBHUTENBHO IPOCTHIX 00BEKTaX, B YaCTHOCTH, HA HEPBHO-MBIIICYHOM COEAUHEHNH JIATYIIKU. B To
BpeMsi 3TOT IIpernapar UMel TO IPEeUMyLIeCTBO, uTo Helipomeauarop (AX)



I'naBa 9. Ocrogbl npamoti cunonmuueckol nepeoaiu 171

Puc. 9.4. Crpykrypa
XMMHYECKOTO cHHamca. (A)

Cxema HEPBHO-
MBILICYHOTO  COCAMHECHMS
JIATYHIKH. CI/[HaHTI/[‘ICCKI/[C
BE3HKYJIbl CTPYIITUPOBAHBI
B HEPBHOM OKOHYaHWUA B
obacTsix,
pacnojararommuxcs
HaIpoOTHB
MOCTCHUHANITHYCCKHUX
CKIaJ0K. 1M  obnactH,
Ha3bIBaCMbIC AKTUBHBIMH
30HAMH, SIBIISTFOTCS
MeCTaMH, B KOTOPBIX
MeIHaTop OCBOOOKIAETCS
B CHHAITHYCCKYIO IIEIIb.
(B) DneKTpoHHas
MHKpodoTorpadus
TPOJOJIBHOTO cpesa
HEPBHO-MBILICYHOTO
COEVHEHHUS. B
MPECHHATNITHYECKOM
OKOHYaHHUHU KJ1acTepbl
CHHANTHYCCKHX  BE3HKYI
PpacrmonararoTcst BO3IIE
YIUIOTHEHUH Ha
TIPECHHANITHYECKOH
MeMOpaHe — aKTHBHBIX
30H (0TMEYEHBI
CTpEJIKaMH). Ha
MBILICYHOM BOJIOKHE
TOCTCUHANITUYCCKUEC
CKJIAZIKH  PAacIoiararoTcs
HAalpOTUB AKTHUBHBIX 30H.
©) DneKTpoHHas
MuKpodoTorpadus
cunarica B I[HC nwmsBku.
Kaxk u B  HepBHO-
MBILICYHOM  COCJMHCHHU

JIATYUIKH, KJI1acTepbl
CHUHANTHYCCKUX BE3UKYT
HAXOJATCS BO3JIE
DJIEKTPOHHO-MIIIOTHBIX
Y4acTKOB Ha
TIPECHHANITHYECKOH
MeMmOpane, bopmupys

AKTHUBHBIC 30HBI, KOTOPBIE
PAacIOIOXEHbl  HAIPOTHB
TOCTCUHANITUYCCKUX
YIUIOTHEHUH.

Fig. 9.4. Structure of Chemical Synapses. (A) A three-dimensional sketch of part of the terminal arbor of a motor axon at the frog
skeletal neu-rornuscular junction. The low-power view (inset) shows several skeletal muscle fibers and their innervation (the
region depicted in more detail is indicated by the box). Synaptic vesicles are clustered in the nerve terminal in special regions
opposite the openings of the postjunctional folds. These regions, called active zones, are the sites of transmitter release into the
synaptic cleft. Fingerlike processes of Schwann cells extend between the terminal and the postsynaptic membrane, separating
active zones. (B) Electron micrograph of a longitudinal section through a portion of the neuromuscular junction. In the nerve
terminal clusters of vesicles lie over thickenings in the presynaptic membrane — the active zones (arrows). Schwann cell processes
(S) separate the dusters. In the muscle, postjunctional folds open into the synaptic cleft directly under the active zone. The band of
fuzzy material in the cleft which follows the contours of the postjunctional folds, is the synaptic basal lamina. (C) Electron
micrograph of synapses in the central nervous system of the leech. As at the frog neuromuscular junction, clusters of synaptic
vesicles are focused on dense regions of the presynaptic membrane, forming active zones, and are juxtaposed to postsynaptic

densities. (B kindly provided by U. 3. McMahan; C kindly provided by K. 3. Muller.)
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ObUT OKOHYATeJIbHO YycTaHOBieH. (MHoro et cmyctst ObUIO MMOKa3zaHo, 4To BMecte ¢ AX
JIBUTaTeJIbHbBIC HEPBHbBIC OKOHYAHHS BhIIENAIOT Takke AT®D, koTophlii AeHCTBYET B Ka4ecTBE BTOPOTO
HeﬁpOMeZ[HaTOpazg).)

CTpyKTypa cuHanca

XuMHYECKHe CHHAICHI UMEIOT CIOXKHYI0 CTpyKTypy. Ha pmc. 9.4 moxaszansl Mopdosornieckue
CBOIMCTBA HEPBHO-MBILIEYHOTO COEIUHEHUS JSArymKd. OAMHOYHBIE AKCOHBI OTBETBISIOTCS OT
BXOJSILETO JBUTATENbHOTO HEpPBAa, TEPSIOT CBOIO MMEIHHOBYIO OOOJNIOYKY M 3aKaHYMBAIOTCS
HEPBHBIMH OKOHYAaHMSMH, KOTOpbIE PACIONAraloTcss B JKENOOKaX Ha IOBEPXHOCTH MBIIICYHOTO
BoJokHa. CHHanTHYecKas IIeb, pa3jelsiionias HEPBHOE OKOHYAHHE M MBIIICUYHYI0 MeMOpaHy,
cocraBysier okoio 30 HM. BHyTpm menm Haxommtcs OasainbHas MeMOpaHa, KOTOpas MOBTOPSET
penbed MOBEPXHOCTH MBIIIEYHOTO BOJOKHA. [locTCHHAaNTHYeCKWe CKJIAJKH pacHoyararoTcst Ha
MBIIIEYHOM BOJIOKHE d4epe3 paBHble HMHTepBaibl. CKIAIKM SIBISIOTCS OCOOEHHOCTBIO CKEJIETHBIX
MBIIIY, HO HE SIBIIIOTCS OONIMM CBOWCTBOM BCEX XHMMHMYECKHX CHHAICOB. [locTcmHanTmueckumit
Y4JacTOK Ha MBIIIEYHOM BOJIOKHE M3BECTEH KaK JBHTaTelbHas KOHIEBas IuacTHHKA. lIIBaHHOBCKas
KJIeTKa TMOKPHIBAET HEPBHOE OKOHYAHHE, OXBAThIBAas €r0 HAMOMMHAIOIIMMHU MaNbIbl OTPOCTKAMH
4yepe3 paBHbIE HHTEPBAJIbI.

B muromnnasme HEpBHOTO OKOHYAHUSI HAaXOIATCS KJIACTEpPhl CHHANTHUUECKHX BE3UKYJ, CBSI3aHHBIX C
JJIEKTPOHHO-IIOTHBIM MaTepHUaliOM Ha MPECHHANTHYecKoil MeMmOpane, 4To (GOpMUpPYET aKTHBHBIE
30HbI. CHHANTHYECKUE BE3WKYIBI SBISIFOTCS MECTOM XpaHeHUs AX; mpu Bo30YXKICHHH HEPBHOTO
OKOHYAHWsI OHH CIIMBAIOTCS C MPECHHANITHYECKOI MeMOPaHO! B aKTUBHON 30HE M OCBOOOXKIAIOT CBOE
COJIEP’)KMMOE B CHHANTUYECKYIO 11eJb ITyTeM 3K301MTo3a (rnasa 11) 30,

CuHanchl Ha HEPBHBIX KJIETKaX OOBIYHO 0Opa3yloTCsi paclIMpeHHSIMH HEPBHOTO OKOHYAHUS,
Ha3bIBa€MbIMM OYTOHaMM, KOTOpPBIE TAaKKE OTHENCHbl OT IOCTCHHANTHYECKOH MeMOpaHbI
CHHaNTH4YecKoi mensio. Ha mpecunanTuueckoii memOpane OyTOHOB OOHApY)KHMBAIOTCS Y4YacTKU C
TIOBBIIIEHHOH 3EKTPOHHON MJIOTHOCTBIO, K KOTOPBIM MPHUIIETAIOT KIACTEPhl CHHANTHYECKHX BE3UKYII,
GOpMHpYST aKTHBHBIE 30HBI, CXOJHBIE C TAKOBHIMH B HEPBHO-MBIIIEYHOM COEIWHEHHH, HO
3HAYUTENILHO MeHbIMX pa3MepoB (puc. 9.4C). ByToHbl KOHTaKTHPYIOT CO BCEMH YYacTKaMU
HEPBHBIX KJICTOK — JICHAPUTAMH, TEJIOM KIETKH M akCOHOM. Ha meHapurax MHOTHE CHHAITHYECKUE
BXOJBl PACIOAraloTcsi Ha MaJCHBKUX IIHMIHKAX (spines), OTXOIAMHMX OT OCHOBHOTO JCHIPHTA.
IMocrcunantiyeckass MeMOpaHa B CHHANcCaX MEXTy HEHpPOHAaMM YacTO HCTOHUCHA U COACPIKUT
3NIEKTPOHHO-TIIIOTHBII MaTepHal.

CuHanTuyeckue noteHyuanbl B HepBHO-MbIlLe4YHOM COeAUNHEeHUN

B pannux paborax Okkica, Karma u Kyddnepa mns uccrnenoBanusi moTeHHMana KOHLEBOI
mmactuaks (ITKI) HCIONB30BANHCh BHEKIETOYHBIE MeToxbl permerpamun - 2. TIKIT — a0
JIETIONSIPU3AIMsl MBIIIEYHOTO BOJOKHA B YJacTKe KOHIEBOM IUIACTHHKH, KOTOpas CIemyeT 3a
B030Y>KJIEHHEM JBHTAaTEILHOTO HEPBa M BhI3bIBaeTCI AX, 0CBOOOKIAIONIMMCS U3 IPECHHANITHIECKIX
HEepBHBIX OKOH4YaHMH. CHHanTHYeckue noreHrmansl, HantomuHaromwme [1KII, HabmronatoTes Takxke B
Heliponax. CHHaNTHYeCKHMH NOTEHIMAN, BO30Y)KHAIOIMHA MHNOCTCHHANTHYECKYIO KIETKY, OOBITHO
Ha3bpIBaeTcs BO30YXIAOIUM MocTcHHanTu4eckuM mnoreHuuanoM (BIICID), a topmossmumii —
TOPMO3HBIM nocTcuHanTHyeckuM norenuanom (TIICIT).

Awmrututyna [TKII B ckeneTHOM MBILIEYHOM BOJIOKHE B HOPMaJIbHBIX YCIIOBHSIX 3HAUYUTENBHO OOJbILE,
yem TpeOyercs [Uisl MHULIMALWKM MOTeHuuata naedctBus. OmHako, mpu A00aBiICHHH B HapYXKHBIH
pactBop Kypape (okoio 1 mxmosns), ammutyaa [IKIT ymenbuiaercss 10 noanoporoBbIX 3HaYEHUN U
MOTEHIMAI AeiicTBUs He Bo3HHKaeT (puc. 9.5). DddekT Kypape 3aBUCHT OT KOHIEHTpPAIWH, U IPH
nanbHeieM ee yBenuuenuu [1KII mogapnseTcs momHOCThIO.

C momomeo BHYTPUKJIETOYHBIX JJICKTPOOAOB 3 ®ert u Karng 3 ucciea0oBain BpeMeHHOﬁ X0o u

npoctpancTBerHoe pacnpeaencaue [IKII B MbleyHbIX BOJOKHAX, 00paboTaHHBIX Kypape. OHH
CTUMYIHpOBAaIM JBUraTenbHbli HepB u peructpuposanu IIKII BHYTpHKIETOYHO Ha pa3HBIX
paccTOSHUAX OT KOHIEBOH IUTacTUHKM (puc. 9.6). B KoHLEBOM IacTHHKE Aenoispu3anus OBICTPO
JIOCTHrajla MakCUMyMa M 3aTeM MeajeHHo cmazana B TeueHue 10-20 wmc. Ilpu ynmanenun
PETHCTPHUPYIOLIETO dJIeKTpoga OoT obyacTH KoHIEeBoH IuractuHkH ammumryzaa IIKIT mporpeccrBHO
yMmenblanack, a Bpems pocra [IKII 3amenssuiocs. ®ert u Katu nokasaiu, 4To 10 JOCTUKEHUU ITHKA
ammmryga IIKIT cmamaer co CKOPOCTBIO, COOTBETCTBYIOIIEH ITOCTOSHHOM BpPEMEHH MeMOpaHbI
MBIIIEYHOTO BOJOKHA, U 4TO yMeHbiIeHne ammmnTy sl [IKII ¢ ynaneHneM oT KOHIEBOH IUIaCTHHKH
00BsCHSETCS] KaOCTbHBIMUA CBOHCTBAMH MBIIICYHOTO
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Puc. 9.5. CunanTuyeckue MOTEHIHMAIbI,
PETHCTPUPYEMbIC BHYTPHKICTOYHBIM
MHUKPOAJICKTPOAOM B HEPBHO-
MBIIICYHOM COCTMHCHHH,
obpabotanHoM Kypape. Konuentparus
Kypape Obula  mojo0paHa  TakuM
obpaszom, 49T00BI aMIUIATYy A
CHHAITHYECKOTO  MOTCHIWANA  JIMIIb
n3peaKa JOCTHrana Hopora MOTCHIHaNa
JICHCTBHS B MBIIICYHOM BOJIOKHE.

Fig. 9.5. Synaptic Potentials recorded
with an intracellular microelectrode
from a mammalian neuromuscular
junction treated with curare. The curare
concentration in the bathing solution
was adjusted so that the amplitude of the
synaptic potential was near threshold
and so on occasion evoked an action
potential in the muscle fiber. (From
Boyd and Martin, 1956.)

4 mm

-nﬂ[J\Mmhﬁ

10 ma

z ) Mascle fiber

Puc.  9.6.
AMIUTHTY B
MOTEHINAJIOB
yAQICHHS
TUIACTUHKI
BoJIokHa.  Ilpum
PETHCTPUPYIOLIETO
9]EKTPOJa  OT  KOHIICBOM
IUIACTUHKA PETUCTPHPYEMBIC
c TOMOIIBIO
BHYTPHKICTOYHOTO
9JEKTPOJAa  CHHANTHYECKUC
MOTEHIUANBl  YMEHBIIAIOTCS
B aMIUIATYJE, a BpeMs HX
HAPaCTaHMUs yBEIMIUBACTCS.
Fig. 9.6. Decay of Synaptic
Potentials with Distance from
the end plate region of a
muscle fiber. As the distance
from the end plate increases,
synaptic potentials recorded
by an intracellular electrode
decrease in size and rise
more slowly. (After Fatt and
Katz, 1951.)

YMeHblIeHHE
CHHANTHYECKUX
no  Mepe

KOHIIEBOH
MBIIIEYHOTO

yIaJIeHUH

oT

BoJIoKHa. COOTBETCTBEHHO, OHH cAenany BeiBoA 0 ToM, 4To IIKII renepupyercst KpaTKOBpEMEHHBIM
HMITYJIbCOM TOKAa, KOTOPBI BXOAWUT B MBIIICYHOE BOJIOKHO B OOJACTH KOHIEBOW ITACTUHKH M
BBI3BIBACT OBICTPYIO IETOJSIPH3ANMIO. BBI3BAaHHBI 3THM TOKOM IIOTEHIMAN CIaJaeT IIaCCHBHO,
pacnpoCTpaHssICh OT KOHIEBOH IIACTHHKY B 000MX HAIPABIEHUAX, U IIOCTEIICHHO 3aTyXaeT.

OnpeaeneHue y4acTKOB MbILEYHOIO BONOKHA, YyBCTBUTENbHbIX K AX

OcoOble CBOWCTBA CKENETHOTO MBILIIEYHOIO BOJIOKHA B YYaCTKE €ro MHHEPBALMM ObIIM H3BECTHBI C
Hauana ABaguaToro Beka. Tak, JIsmrmm NPEANONOKII HAJIUYME «PELEeNTUBHON CcyOCTaHIHUN»
OKOJIO JBUTATENIbHBIX HEPBHBIX OKOHYAHHI, OCHOBBIBASICh HA TOM, UTO 3TOT y4acCTOK
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Puc. 9.7. Onpenenenue (A}  Intrcellular ACh

4yBCTBUTENBHOCTH K AX B obactu mgrochciode  pipene
HEPBHO-MBIIICYHOTO  COCAMHCHHS
JISATYLIKH C TIOMOIIBI0 HOHO(ope3a.
(A) 3BamonnenHas AX NHIETKa
pacronaraeTcs  OKOJIO  HEPBHO-
MBIIIEYHOTO CcoeuHeHns, u AX
0CBOOOKIACTCS U3 HEE KOPOTKUMHU
OJIOKHUTEITBHBIMU TOTYKAMHA
noteHnuana (nonogopes). OTBETHI
MBIIICYHOTO BOJIOKHA Ha
anmmkanuo AX perucTpupyroTcs
BHYTPHKJICTOYHBIM  DICKTPOIOM.
(B) OrtBeThI Ha o

g =

HMOHO(OPETHIECKYIO  AIIUIMKALHIO (-1 -h A -
AX  yMeHbIIAWOTCS MO  Mepe Al edge Jum Gum
yIaneHus ANUIHIUPYOLICH ol terminal from edge from edge

TIANCTKA OT HCPBHOT'O OKOHYAHUA.

Fig. 9.7. Mapping the Distribution *-?[
of ACh Sensitivity by lonophoresis

ﬁ

at the frog neuromuscular junction.

(A) An ACh filled pipette is placed - 10
close to the neuromuscular * ' '*‘ . i ok e l g ol
junction, and ACh is ejected from - -, O iy BTl PSR R, T

the tip by a brief, positive, voltage

pulse (lonophoresis) An | (B) Responses to small ionophoretic pulses of ACh applied at different distances from the

intracellular microelectrode is used | axon terminal (indicated by the black dots in [A]). The amplitude and rate of rise of the
to record the response from the | response decrease rapidly as ACh is applied farther from the terminal. (After Peper and
muscle fiber. McMahan, 1972.)

MBIIIEYHOTO BOJIOKHA 00JaaeT MOBBIIICHHOH YYBCTBHTEIBHOCTBHIO K PAa3IMYHBIX XUMUYECKUM
BEI[ECTBAM, HaIpuMep, K HHUKOTHHy. Bckope mocie BBeleHHS B OOMXOJ CTEKISTHHBIX
MHUKpPO3JIEKTPOAOB U1 BHYTPUKICTOYHON PErHCTPALMM, MUKPOAICKTPOABI CTAIU HCIIOJIb30BATHCS
TaKOKe JUI JIOKaJNbHOW ammmkanuu AX (a BIIOCHEACTBUM M JPYTUX BEIIECTB) Ha KOHIIEBYIO
IIACTHHKY MBIIICUHOTO BOJOKHA ). ITOT METOMUCCKHUIT IPHEM MPOMILTIOCTPUPOBAH Ha PHC. 3A.

MHUKpO3IIEKTPOL BBOJUTCS B KOHLEBYIO IUIACTUHKY MBIIICYHOTO BOJIOKHA JUISL PErucTpanin
MeMOpaHHOrO IOTCHIMANA, B TO K€ BPEMS K MBIIIEYHOMY BOJIOKHY MOABOIMTCS MHKPOIMIIETKA,
3anonHeHHas AX. Anmmkanys AX U3 NUNETKH NPOM3BOJUTCSA KOPOTKUM MOJIOKUTEIBHBIM TOTYKOM
MOTEHLMAJIA, YTO BbBI3BIBACT BBIXOJ M3 ITMIETKHM MOJIOKUTEIBHO 3apsDKeHHbIX HMOHOB AX. Metox
MOJIa4YX 3apsDKEHHBIX MOJIEKYJI W3 IHIETKH HasblBaeTcst noHodope3oMm. Mcmombsys 3TOT MeTon
ammmkanuy, Kactumeo u Katn moxasamu, uro AX memossipu3yeT MBIIIEYHOE BOJIOKHO TOJIBKO B
06/1aCTH KOHIIEBOM IIACTHHKM H TOIBKO IPHM HAHECEHHM €r0 CHAPYKH MBILIEYHOIO BOIOKHA .
Korma mnmmerka, 3amonHeHHas AX, HaxXOAWTCA BIUIOTHYIO K  KOHIEBOM  IUIACTHHKE,
HOHO(OpEeTHUECKas alIUIMKALU BBI3bIBACT OBICTpBIE OTBETHI (puc. 3B). Y naneHue numeTku Bcero Ha
HECKOJIBKO MMKPOMETPOB BBI3bIBACT YMEHBILICHHE aMILTUTY/Ibl ¥ 3aMeJICHHE OTBETOB.

Temepp W3BECTHO, YTO MOCTYIUPOBaHHOW JI3HrIM penenTUBHOM cyOcTaHIuMel —SABIsETCS
HUKOTHUHOBBIM ~aLleTWIXOJIMHOBBIM peuentop. TexHuka uoHodope3a TO3BONMIA C BBICOKOH
TOYHOCTBIO OIIPENENIUTh PACIpECICHUE IIOCTCUHANTHYECKUX peuentopoB AX Ha MBIIICUHBIX
BOJIOKHAX °® 1 HePBHBIX KIETKAX . DTOT METOJ 0Ka3ajIcs 0COOEHHO MONE3eH B TOHKUX IIperapaTax,
B KOTOpBIX Ipe- M MOCTCUHANTUYECKHE CTPYKTYpbl MOXKHO pa3IM4UTh C I[OMOLIBIO
uHTEp(EPEHITHOHHOr0 KoHTpacta *” U monoxeHne HOHO(GOPETHUECKOH MUIETKH 110 OTHOLICHHIO K
CHHAIICYy MOXET OBITh ONPE/ENICHO C BBICOKOH TOYHOCTBIO.

OnHMM H3 TakMX MpENapaToB SBIAETCS HEPBHO-MBIIIEYHOE COCAMHEHHE 3MEH, MOKa3aHHOE Ha PHUC.
9.8. KoH1ieBbIe IMIIACTUHKY B MBIIILAX 3MEH UMEIOT 0K0JI0 50 MKM B naMeTpe, HAOMHHAs 10 CBOSH
KOMITAKTHOCTH KOHIIEBBIE MIACTUHKU y MieKonuTaomux. Kaxknoe okoHdaHne akcoHa coaepxut 50-
70 yrommeHMH, aHAJOTUYHBIX CHHANTHYECKMM OyTOHAaM, M3 KOTOPBIX BBIIENSACTCS MEIHaTop.
DnexTpoHHast MUKpodoTOorpadus Takoro CHHarca rokasana Ha puc. 9.8B, a na puc. 9.8C npusenena
9NIEKTpOHHAsE MUKpodoTorpadust THIHMYHON MHUKPOIMIIETKH Uil HoHO(ope3a. Pasmep orBepcTus B
KOHYHKE COCTaBIISIET pHMepHO 50 HM, YTO CPABHUMO C Pa3MEpOM CHHANTHIECKON BE3UKYIIBL.

Oco0eHHO y1auHbIM MPEnapaToM Ui HCCIEA0BAHNS UyBCTBUTEIBHOCTH PAa3HBIX YUaCTKOB
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(A (B 1y

Puc. 9.8. HepBHo-MbIIeuHoe coenunenune 3Mer. (A) KoHIeBas IiacTHHKA Ha CKEIETHON MBIIIIE 3MeH. AKCOH 3aKaHYUBACTCS B
BUJIC KJacTepa JIPECHHANTHYCCKHX OyToHOB. (B) DnexrpoHHass Mukpodororpadus MOmepeyHoro cpesa OJHOrO M3 OYTOHOB.
CHHaNTHYECKHE BE3UKYIIBI, TIOCPEICTBOM KOTOPHIX AX 0CBOOOKIAETCsl N3 HEPBHOTO OKOHYAHUS, HMEK * JHAaMETp OKoso 50 HM.
(C) DaexrponHas MUKpodoTorpadus KOHYMKA MHUIETKH Ui HOHOGOPETHYECKON ammiukanud AX, CIelaHHas [PH TaKOM e
yBenudeHuy, 4to U Ha (B). [Tunetka umeet BHemHuit auametp okono 100 HM 1 BHYTpeHHHH JuaMeTp OKC 10 S0 HM.

Fig. 9.8. Skeletal Neuromuscular Junction of the Snake. (A) An end plate on a skeletal muscle of a snak¢. The axon terminates in
a cluster of boutons. (B) Electron micrograph of a cross section through a bouton. Synaptic vesicles, which mediate ACh release
from the nerve terminat are 50 nm in diameter. (C) Electron micrograph of the tip of a micropipette used for ionophoresis of ACh,
shown at the same magnification as (B). The pipette has an outer diameter of 100 nm and an openinc of about 50 nm. (From
Kuffler and Yoshikami, 1975.)

MBIIIEYHOTO BOJOKHA K AX sBJIsSETCS MPEenapaT, B KOTOPOM ABUTATENbHOE HEPBHOE OKOHUYAHUE
yaaneHo mocie 00pabOTKM MBIMIB (epMeHToM KoutareHasoil - 2. Tlpomecc ymaseHus
OKOHYaHWi moka3aH Ha puc. 9.9A. Ha Mecte kaxmoro u3 OyTOHOB OCTAaeTCsl KPYIJIbIi KpaTep,
JTHOM KOTOPOTO SIBJISETCS IOCTCHHanTHueckas memOpana. Ha puc. 9.9B nokaszaHa mnumnerka,
3anojHeHHass AX, HaleleHHas Ha OJUH M3 TakuxX KpaTtepoB. Ecim numerka Haxoaurtcs
HETIOCPEACTBEHHO HaJ| IOCTCHHAITHYECKOW MeMOpaHO#, To s3nexrpuueckuid 3apsn B 1 nK
(TMKOKYJIOH) BBI3BIBACT OCBOOOXKICHHE AX, TpUBOJMANICE K JEHONSIPU3ALUN MbBIIICYHOTO
BOJIOKHa Ha 5 MB. UyBcTBUTENBHOCTH MEMOpaHbl TakuM o6pa3zoM cocrasisier 5000 MB/uK (puc.
9.9C). Y nanenue NUMNETKH BCETO HA 2 MUKPOHA OT TPAaHUIBI KpaTepa Be3bBaeT oreT B 50-100
pa3 cnabee. Ha rpanunax Mexxay Kparepamy 4yBCTBUTEIBHOCTh 3HAYUTEIBHO BapbUPYET.

Opyrue cnoco6bl AnA onpegeneHus pacnpegeneHun peuentopoB AX

Jpyroii cnoco® A omnpeneneHus TOro, KakuM oOpasoM penentopsl AX pacmpeiencHsl IO
MOBEPXHOCTH MBIIIEYHOTO BOJIOKHA, OCHOBAH HA CBA3BIBAHUM O-OYHIapOTOKCHHA — TOKCHHA,
COJEpIKALllerocss B 3MEUHOM sI€ U CBS3bIBAIOLIErocs M30MpAaTeNbHO U HEOOpaTHMO C
HUKOTHHOBBIMH AX penenrtopamu. Pacnpesnenenue cBA3bIBaHHS TOKCHHA MOXKHO HAaOIFOJATH C
UCIIOJIb30BAaHUEM TUCTOXUMUUECKUX MeTonuk. Hanpumep, diayopeclieHTHbIE METKU MOTYT OBITH
CBSI3aHBl C O-OYHIapOTOKCHHOM, U PAacCIpeleieHHUe PELENTOPOB MOXKET ObITh HCCIIEN0BAHO C
MOMOIILBI0 (PITYOPECIIEHTHOTO MHKPOCKOMA 2 (puc. 9.10A). O-ByHTapOTOKCHH MOXeET OBITh
TaKKe CBA3aH ¢ (PePMEHTOM MEPOKCHIA30H XpeHa, 1 IIOTHBIN MPOIYKT PeaKIUH BU3YaTn30BaH
B 3JIEKTPOHHOM MHKpockome ' (puc. 9.10B). DTH SKCIEPHMEHTHI MOATBEPYIAIOT, HUTO
PELENTOPEl  CKOHIIEHTPUPOBAHBI HEMOCPEICTBEHHO II0] OKOHYaHHWeM akcoHa. Eme Gomee
TOYHAsl KOJMYECTBEHHAs OLEHKAa KOHLEHTpauu AX peLentopoB MOXKET ObITh HOJNydeHa C
HCIIOIb30BAHHEM DAIMOAKTHBHOTO OL-OYHrapoTOKCHHA M aBTopamuorpadmu (puc.9.10C) *.
I110THOCTB PELENTOPOB MOXKET OBITH ONPEEIeHa IIyTeM MOJICUETa KOJIUYECTBA IpaHyll cepedbpa
B 9KCIIOHMPOBAHHOH 3MynbcHu. IIIOTHOCTS penenTopoB HanOOMbIIAsS HA Teperndax U BepXHei
TPETH MOCTCHHANTHYECKHX CKIaiok (okomo 10%/MKM); B 3KCTpaCHHANTHUECKHX ydacTKax
IUIOTHOCTh 3HAYMTEIBHO MeHbIne (OKomo S5/mkm’) . PenenTopsl CKOHIIEHTPHUPOBAHBI Ha
[OCTCUHANTUYECKOI MeMOpaHe Taloke B CHHAIICaX LEHTPalbHOU U nepudepuueckoil HepBHOI
CHCTEMBL.

HeﬁpOMeHI/IaTopLI Hu Apyrue BeHICCTBA MOI'YT IOJAaBAaTHCA Ha HeﬁpOHBI WU MBIIICYHBLIC BOJIOKHA
TAK)KXC TOJYKAMH JaBJICHHUA, IIOJABACMBIMHM Ha KOHYHUK ITAIICTKH. HpeI/IMyH_[eCTBOM 9TOTO
METO/JAa ABJIAACTCA TO, YTO KM MOXKHO I10JIaBaTh
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Pazpen II. Ilepedaua ungopmayuu 8 nepsnoii cucmeme

Puc. 9.9. Pacnpenenenus
AX-penentopos B
HEPBHO-MBIILIEYHOM
COCIMHEHHH 3MeH. (A)

VY nanenue HEpBHOTO
OKOHYAHHUS C TOBEPXHOCTH
MBIIIEYHOT'O BOJIOKHA ITOCIIE
06paboTKN KOJIareHasou.
(B) IlocTcunantuyeckas
MeMOpaHa 1ocie yaaneHus
HEPBHOTO OKOHYaHHs.
3anonuenHas AX nunerka
(cripaBa) HalleJIeHa Ha OJIMH
W3 KpaTepoB, B KOTOPOM /10
3TOTr'0 HAXOHJICS
MPECHHANTHYECKU# OyTOH.
(C) Pucynok obmnacty,
00603Ha4eHHOIT CcKOOKamMu
Ha yactu (B), ¢
HU300paKEeHUEM YeThIpex
KpaTepoB, B KOTOPBIX
paHbllle HAXOAWIHCh
MPECHHANTHYECKUE OyTOHEL.
IenTpanbHas yacTh Kparepa,
o6o3HaueHHas Oonee
TEMHBIM 1IBETOM, SIBIISETCS
MOCTCHHANTHYECKOIT
MeMOpaHo#, BOKpYT Hee
(cBeTIBIM) — Kpast Kparepa,
32 KOTOPbIMH HHXE
HaXOJUTCS
9KCTPacHHANTHYECKAS
006J1acTh, 0003HaUYCHHASI
MEPEXOJHBIM  (MEXTY
TEMHBIM M CBETIIBIM)
cepeM nBeToM. (D)
Pacnipenenenne
4yBCTBUTENBHOCTH K AX.
Kpatepsl umeroT camyro
BBICOKYIO 4yBCTBUTEIBHOCTh
K AX (5000 mB/uK); Ha
KpasiX KpaTepoB
YyBCTBUTEIBHOCTh
MOCTETICHHO CHIDKACTCS U
B 9KC TPACHHANTHYCCKON
00J1aCTH COCTABIISIET BCETO
okono 100 mB/uK.

Fig.  99.  Acetylcholme
Receptor Distribution at the
skeletal neuromuscular

junction of the snake.

1By

= o
Distnnce from edge of erater (jpm)

(A) Light micrograph showing the removal of the nerve terminal from the neuromuscular
junction in a muscle treated with coliagenase. (B) Light micrograph of the postsynaptic surface
of the muscle cell exposed by removal of the nerve terminal. An ACh-filled pipette (entering
from upper right; compare with part C) points to a crater that had been occupied by a terminal
bouton. (C) Drawing of the area bracketed in B, showing the position of four craters formerly
occupied by terminal boutons. Dark areas represent postsynaptic membrane within the craters,
light areas are the crater rims, and grey areas are extrasynaptic regions. (D) Distribution of ACh
sensitivity. The craters have a uniformly high sensitivity to ACh (5 000 mV/nC); the sensitivity
declines steeply at the rims of the craters; extrasynaptic regions have a uniformly low ACh
sensitivity (100 mV/nC). (After Kuffter and Yoshikami, 1975.)

JNIEKTPUYECKN HEWUTpalbHbIE MOJIEKYJbl. BemjecTBa MOTyT Takke IMOAaBaThbCS Ha KIETKH WK
y4acTKH MeMOpaH C MCIOJIb30BaHHEM METOAUKH OYeHb OBICTPOH 3aMEHbI PaCTBOPOB 3aJaHHOTO

cocTraBa 47).

A3mepeHne MOHHBLIX TOKOB, Bbi3aBaHHbIX AX

Kakum 06pa30M AX BBI3bIBACT BXOZ[SIIIII/Iﬁ TOK B KOHHCBOﬁ IJIACTUHKE? BKCHepI/IMeHTBI, IIpOBE-
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(A1 i)

Puc. 9.10. Busyanmsamms pacnpenencHuss AX pelEentopoB B HEPBHO-MBILIEYHOM coeauHeHHH. (A) ®PiyopecleHTHas
MHUKpodoTOorpadus KOXKHO TPYIAHOH MBIIIIEI JIATYIIKH, OKPAIICHHOW O OYHrapOTOKCHHOM, CBSI3aHEBIM C pojaamMuHOM. (B)
DnexTpoHHas MHUKpodoTorpagus MONEpPedHOr0 Cpe3a HEPBHO-MBIIICYHOTO COCAMHEHHS KOXXHO TPYIHHHOW — MBIIIIIEL,
OKpAUICHHOTO OBYHrapOTOKCHHOM, CBA3AHHBIM C IIEPOKCHIA30H XPeHa. IeKTPOHHO-IUIOTHBIH MPOYKT JEaKIHH 3amOJIHACT BCKO
cuHanTHueckyio mens. (C) ABTOPagHOrpaMMa HEPBHO-MBIIICYHOrO COCTMHEHHS, OKDAIEHHOro ['2’I]-0-GyHrapOTOKCHHOM.
Cepeﬁp;{ﬂme TpaHyJbl, OTMECUYCHHBIC CTPEIKAMHU, CKOHIIECHTPUPOBAHBI HA BCpXHCﬁ HaCTH MOCTCUHANITUYECC (MX CKIIad0K.

Fig. 9.10. Visualizing the Distribution of ACh Receptors at the neurornuscular junction. (A) Fluorescer ce micrograph of a frog
cutaneous pectoris muscle fiber stained with rhodamine a bungarotoxin. (B) Electron micrograph of a cross section of a frog
cutaneous pec tons neurornuscular junction labeled with HRP-a bungarotoxin Dense reaction product fils the synaptic cleft. (C)
Autoradiograph of a neuromuscular junction in a lizard intercostal muscle labeled with ['*I]-o-bur garotoxin. Silver grains
(arrows) show that receptors are concentrated at the tops and along the upper third of the junctional folds. (A kindly provided by
W. J. Betz; B kindly provided by U. J. McMahan; C from Salpeter, 1987, kindly provided by M. M. Salpetr.)

nennbpie @ertoM U KaTiiem, mMo3BOJIMIIM CAENATh BBIBOJ O TOM, 4TO AX BBI3bIBAE€T 3HAUNUTEIIBHOE
Hecrenu(pUIecKoe YBEIMYEHHE IPOBOIUMOCTH IIOCTCHHANITHYECKOH MEeMOpPaHBbI I MaJIEHbKUX
HOHOB . JIBe MeTomuKH ObLIM MCIOJIb30BAHBI ISl UCCIIEAOBAHHUS U3MEHEHHS MPOBOIMMOCTH,
Bb3bIBaeMoil AX. B ofHOIl M3 HHMX HCIOJIB30BAJIMCh PaJMOAKTUBHBIE H30TOIBI U OBLIO
MOKa3aHO, YTO BO3PACTAET MPOBOJUMOCTh MOHOB HATpWs, KaIWs W KajbliMs, HO HE XJiopa ),
DTOT 3KCHEPUMEHT SBJIAETCS YOeUTENbHBIM 10Ka3aTeIbCTBOM TOMY, KaKUe€ HOHBI BOBJICUCHBI B
WM3MEHEHHUE TPOBOANMOCTH, HO HE JaeT UH(OpMAIMU O ACTAIAX 3TUX U3MEHECHHUH, X KHHETHKE
WIM NOTEHLIMAI3aBUCUMOCTU. OTa MH(popmManus Obuia Bnepsble nonydeHa A. Taxeymu u H.
Takeymiy, KOTOpbIE WCIIONB30BAJIM METOJ JIByXIJICKTPOAHOW (HUKCAUH MeMOpaHHOTO
MOTEHIIMaNa B MBIIIEYHBIX BOJIOKHAX . JlU3aliH 3TOro SKCHepruMeHTa u300paxeH Ha puc. 9.11
A. JlBa MHUKpPO3JIEKTpOJa BBOJSTCS B OOJACTh KOHIICBOM IJIACTUHKH MBIIICYHOTO BOJIOKHA
JISTYHIKH — OJIMH

U3 UX pEruCTpUpyeT MeMOpaHHbId moreHuuan (V,), a depe3 ApPYroil mpomyckaercs TOK JJist
(¥KcarMy MMOTCHIMANA Ha 33JlaHHOM ypoBHe. IloCTCHHANTHYECKHE PELeNnTOPHl aKTHBUPYIOTCS
m60 AX, 0cBOOOMKIaEMBIM U3 JIBUTATEILHOTO HEPBA, MO0 IIyTeM MPAMON HOHO(POpPETHIECKON
anIUIMKanuy. BIOCIENCTBUM CXOXKHE DKCIEPHUMEHTHl OB IIPOBEICHBI Ha MBIIIEYHBIX
BOJIOKHAaX, O0Opa0OTAaHHBIX TIJIMIEPUHOM, YTO HPEJOTBPAINACT COKPAIICHUE MBIIIEYHOTO
BOJIOKHA IIPU €T0 ACHOJIPU3AUH, HO UIMEET TaKkKe M TOT HEAOCTATOK, YTO MBIIIEYHBIE BOJIOKHA
HAaXOJITCS B HCKYCCTBEHHO JCTONIPHU30BAHHOM COCTOSIHUH. Pe3ynbTarThl, IHOJyYCHHBIE Ha
00pabOTaHHOM TJIMIIEPUHOM MBIIICYHOM BOJIOKHE, IMOKa3aHbl Ha puc. 9.11B. TIpu memOpanHOM
HoTeHnuane, GUKCHPOBAHHOM Ha ypoBHe -40 MB, cTHMymsIHs HepBa BHI3BIBACT BXOAIINH TOK,
KOTOPHBIH BBI3BAN OBl ACHOJISPU3ANNIO MBIILIEYHOTO BOJIOKHA B TOM CITy4ae, €CU Obl MOTEHIHAT
MBIIIEYHOTO BOJOKHA He (HKcHpoBaics. IIpu Ooiee- OTpHIATETBHBIX MOTEHIUANAX TOK Yepes
KOHLIEBYIO
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A)

From valtage
Tovaltnge E_ 4
clamp clamp chrouat
wircui

Curred-pasing
Microelect rode for elecirode for
Fa controlling ¥,

Puc. 9.11. IloTeHnman peBepCHM CHHANTHYECKHX TOKOB,
HM3MEpEHHbIN B yCIOBHAX (HKcanuu noreHiuana. (A) Cxema
PETHCTpallii TOKOB JBUTaTEIbHOIl KOHLEBOIl IUIACTHHKU B
yenoBusix ¢ukcaruu notenipana. (E) CuHantudeckue TokH,
3apErHCTPUPOBAHHBIC NIPH MEMOPaH! [bIX MOTCHIHATAX OT —
120 mo +38 w™B. Ilpum oTpHIATeNbHBIX 3HAYCHMAX
MeMOpPaHHOTO MOTEHIMANIa CHHAI HYECKHE TOKH MMEIOT
BXOJIsilIiee HampapieHue. Ecim MeM dpaHHBIH MOTeHIMan He
(buKCHpPOBaTh, TO BXOJAIINN TOK MPY BEJACT K JICIONSIPU3AIHH
MBILNICYHOTO BOJOKHA. IIpM MOJC KUTEIBHBIX 3HAUCHHSIX
MeMOpaHHOTo MOTEHIMAIa C IHaNTHYECKHE TOKH
HampaBieHbl U3 kietku Hapyxy. (C) 3aBucHMOCTB
aAMIUIMTY/bl  CHHANTHYECKOro TO<@ OT  MeMOpaHHOro
moTeHnMana OiM3ka K JIMHEHHOW 1 IMOTCHIHMAl DPEBEPCHU
CHHANTHYECKHX TOKOB HaxoauTcs ok)io O MB.

Fig. 9.11. Reversal Potential for Syraptic Currents measured
by voltage clamp recording. (A) Scheme for voltage clamp
recording at the motor end plate. (B) Synaptic currents|Such inward current would depolarize tte muscle if it were not
recorded at membrane potentials bet veen -120 and +38 mV. | voltage-clamped. When the end plate pote ntial is clamped above 0
When the muscle membrane potential is clamped below 0|mV, synaptic current flows out of the cell. (C) Plot of peak end
mV, synaptic current flows into the miscle. plate current as a function of membrane jotential. The relation is
nearly linear, with the reversal potential close to 0 mV. (After
Magleby and Stevens, 1972.)

IUIACTUHKY YBCJIIMYUBAJICS, a IPU ACHOJIApU3alluN MeM6paHLI — YMCHbIIAJICA. HpI/I [S11($ OoJbIIEH
JACHOJIIpUu3aliui TOKM MCHAJIN HAIIPaBJICHUE U CTAHOBUJIMCH BBIXOASAIIUMHU.

3aBHCHMOCTh aMIUIMTYZABI TOKa KOHIEBOH INIACTUHKM OT MeMOpaHHOTrO IOTEHIHMaja IoKa3aHa Ha
puc. 9.11C. Tok peBepcupyer, T. €. MEHsIET HallpaBJIEHHUE CO BXOJAIIEr0 Ha BbIXosuuii okosno 0 MB
Ha MOCTCHHANTHYECKOH MeMOpaHe. 3HaueHre MeMOPaHHOTO NOTEHIMANa, IPHU KOTOPOM MPOUCXOAUT
peBepcHs TOKa, Has3bIBaeTCsl MOTEeHIMaioM peBepcun (V). B Oojee paHHHX DJKCIEpUMEHTaX
IIOTEHIHAI PEBEPCHH COCTAaBHI OKoo -15 MB V.

I'quemy BaXXHO 3HaTb nNoTeHuUuan peBepcvwl?

IMoTennman peBepcuy TOKa KOHIIEBOW INTACTUHKU JaeT MH(POPManuio 00 MOHHBEIX TOKAX, KOTOpHIE
MIPOTEKAIOT Yepe3 KaHalbl, akTHBHpyeMble AX Ha rmocTcuHanTudeckoil memOpane. Hampumep, ecin
OBl KaHaJIB! OBUTH IPOHHIIAEMBI TOJIBKO JUII HOHOB HATPHs, TO TOK Yepe3 3TH KaHAJIBI PEBEPCHPOBAT
OBl TIPU HATPHUEBOM PaBHOBECHOM mMoTeHIHaIe (0koio +50 MB). JIpyrue oCHOBHBIC MOHBI, KA U
XJIOp, UMEIOT PaBHOBECHBIH MOTeHIMAN 0kojo -90 MB, 4To Giu3K0 K MoTeHUMany mokos (riasa 5);
PaBHOBECHBII MOTEHIMAN JUIS MOHOB KajbLus cocTaBisier nmpumepHo +120 mB. Hu ogun u3 stux
HMOHOB HE UMEET PaBHOBECHBIN MOTeHIMAN B fuana3zone ot O 1o -15 MB. Kakue ke noHBI BOBII€UEHBI
B reHepauuio 3Tux orBeToB? A. Takeymum u H. Takeymm nokaszanu, 4TO HW3MEHEHHE HApy>KHOH
KOHIICHTPAlUM HATpUs, Kalus M KIBIUS INPUBOAUT K HM3MEHEHHMIO IOTEHIHMala PEBEpPCHH, a
HM3MEHEHNE KOHICHTpalUH HOHOB XJIOPA Ha HEE HE BIUSET, YTO COINIACYETCS C Pe3yibTaTaMH C
HCTIONb-
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30BaHUCM PaAUOAaKTUBHBIX U30TOIIOB 33 52). Takum 06pa30M, ObLT CACJIaH BBIBOJX O TOM, 4YTO AX

BBI3BIBACT 061].[66 yBEJIMYEHUE KaTHOHHOHU TMIPOBOANMOCTH.

CpaBHUTENbHbLIN BKNag HaTPUSA, Kanua U Kanbuusa B NoTeHUuan
KOHLIeBOM NNaCTUHKHU

AX OTKpbIBacT HOHHBIC KaHAJbl B MEMOpaHe KOHIEBOM [UIACTHHKH, KOTOPBIE IPH MOTEHIHAJIE TOKOSI
MO3BOJISIIOT HOHAM HATpPUS U KaJIbIH BXOJUTh, @ HOHAM KaJIUs BBIXOAUTH U3 KJIETKU B COOTBETCTBUU
C HX DJEKTPOXUMHYECKUMH TpagueHTaMHd. [IOCKOJbKY NHpOBOAMMOCTH KalblMs Yepe3 KaHajbl
CPaBHHUTEIBHO MaJla, BKJIAJIOM HOHOB KaJbLUS B CHHANITHYECKUH TOK MOXHO IpeHeOpeyb, Tak jKe KaK
U BKJIQJIOM JIpYIMX HOHOB, Kak, Hanpumep, marHus. (Cieayer 3aMeTuThb, YTO HU3Kas KaJblHeBas
npo8oOUMOCHb CBSI3aHA C HU3KOUM BHYTPH- M BHEKJICTOYHOW KOHIICHTPALUEH KANBIHSI B TO BPEMs KaK
KaJbLUEBas npoHuyaemocmv cocraBisier npuMmepHo 20 % HaTpUeBOM IPOHUIAEMOCTH.)
CoOTBETCTBYIOIIAs ICKTPUIECKasi cXeMa MpuBeieHa Ha puc. 9.12A. B mokoe MeMOpaHa COCTOUT 3
OOBIYHBIX HATPHUEBBIX, KAJIMEBBIX W XJIOPHBIX KaHajoB. [lapaiienpHO K HHM COGAMHEHBI
akTuBupyeMble AX HaTpHUeBbIC U KaJUeBble KaHalbl, Agn, U Agkx. A. u H. Takeymu ycranoBunu, 4ro
moteHnuan pesepcurt V, = -15 MB, W 4TO COOTHOIICHHWS HM3MEHEHUH MPOBOIMMOCTH Agn./Agk
cocraBnsier okono 1,3. B nelcTBUTENBPHOCTH KaHal, OTKpbIBaeMblii AX, HMeeT HIpUMEpPHO
OJMHAKOBYI0 NPOHHIAEMOCTh I MOHOB HATphsi M Kamust ) ~ Y. Ommako, ecod NPHHATH 110
BHUMAaHHE BHYTPHU- 1 BHEKJICTOUHYIO KOHIIEHTPAIMIO ATUX MOHOB, TO OKa3bIBACTCS, YTO KOJIHUYECTBO
HMOHOB HATpHs, JOCTYIHBIX IS MEPEMEICHHs Yepe3 KaHall, IPEBBIIIACT KOJIUYECTBO MOHOB KallUs
(rmaBa 5). TakuM 00pa3oMm, MPU PaBHOM W3MCHEHHH IMPOHHIIAEMOCTH, HATPHUEBas IPOBOAUMOCTH
HECKOJIbKO OoutbIe (raBa 2).

NpoBoauMocTb MeMGpaHbl B NOKOe U aMNNUTy4a CUHaNTU4eCKoro
noTteHuuana

DOnexTpudeckas cxema, IOKa3aHHas Ha puc. 9.12A, MoxkeT OBITh yHpOIIEeHa, €CNM HPeICTaBUTh
MeMOpaHy B COCTOSHHU IIOKOSI KaK €IWHYIO IIPOBOANMOCTB, g (PAaBHYIO CyMMe BCEX HMOHHBIX
IIPOBOJMIMOCTEH), M OIHY MEKTPHUIECKYIO OaTaperKy, V. (paBHyI0 MEMOpaHHOMY

noTeHuuany nokost). CuHanTiu4yeckass MeMOpaHa MOXKET ObITh IIPE/CTaBIeHa OJHOM MPOBOIUMOCTHIO
Ags 1 Garapetikoi ¢ morennanoM V, (puc. 9.12B). CBOHCTBOM 3TOMH 3IEKTPUUECKOH CXEMBI SIBISCTCS
TO, 4YTO aMILIUTYJa CHHAITUYECKOrO IOTEHINAIIA 3aBUCUT KaK OT Ag ey, TaK U OT Ags.

s mpocToTel maBaiiTe paccMOTpHUM, Kakoi MoOTeHuuan obOpasyercs B TOM Ciydae, €Cid
CHHANTH4YeCKass IPOBOJUMOCTb aKTHBHpPYETCs Ha JIHTenbHOe Bpems. Ecmm Ags HamuOrOo Gonblue,
9eM gy, TO MEMOpaHHBIM INOTeHIWan nomkeH npubmusurcs K V.. Ecim Agg paBHO gy, TO
HW3MEHEHHEe MeMOpaHHOTO MOTEHNHMasa, BbI3BAHHOE AaKTHMBALMEH CHHANTHYECKOH NPOBOAMMOCTH,
JIOJDKHO OBITH BJIBOE MEHbLIE. TakuM 00pa3oM, aMIUIMTYJd CHHANTHYECKOTO IMOTEHIHala MOXKET
YBEIIMYUBATBCA JUOO NP YBEIMYEHMH CHHANTHYECKOH INPOBOAMMOCTH (T. €. NPHU aKTHBALUU
GOJIBLIEr0 KOJINYECTBA CHHANTHYECKUX KaHAJIOB), TMOO NPU YMEHBIICHUH IIPOBOIMMOCTH MEMOpPaHBI
B COCTOSHHM TOKOS. YMEHBIIEHHE MEeMOPaHHOW NPOBOAMMOCTH SIBISIETCS BAXKHBIM MEXaHH3MOM
Moxymsinun 3G (EKTUBHOCTH CHHANTHYECKOH Iepemaun. Hampumep, ompeneneHHbIE BXOIBI Ha
KJIETKH BETCTATHBHOTO T'aHTJINS >KaOBbl BEI3BIBAIOT 3aKPHIBAHHE KAIHEBBIX KAaHAJIOB, YTO NPHUBOIUT K
BO3pACTaHUIO AMIUTUTYIbI BO30Y)KHAIOINX CHHANTHYECKUX IOTCHIHAJIOB, BBI3BIBACMBIX JPYTHMH
BXOJaMHM Ha 3TH KJIeTKH (TaaBa 16).

KuHeTuka TokoB Yyepe3 OAMHOYHbIe KaHalbl, akKTUBUpyemMblie AX

B kakoil creneHM BpEMEHHOM XOJ TOKOB KOHLIEBOHM IUIACTMHKHM OTPaXKaeT MOBEICHHUE OJMHOYHBIX
HOHHBIX KaHAJIOB, akTUBUPYeMbIX AX? MOXHO MpeICTaBUTh, YTO OTIEIbHbIE KaHAIbI MHOTOKPAaTHO
OTKPBIBAIOTCS M 3aKPBIBAIOTCSI BO BPEMsI TOKA KOHIIEBOI! INTACTHHKY € YMEHBIIAIOIIEHCS CO BpEMEHEM
BEPOATHOCTBIO OTKPHIBAHMS KaHaja. BO3MOXKHO M TO, 4TO KaHAJbl OTKPHIBAIOTCS JIMIIG OIUH pa3, U
BPEMEHHOH XOJ] HHTETPATEHOTO TOKA OIpeessieTcss TeM, KaK JOJT0 KaHAIBl OCTAIOTCS B OTKPHITOM
coctostHu. OKOHYATENBHBIH OTBET HA 3TOT BONPOC OBLI MOJY4YEH C BHEJAPCHHUEM METOIWKHU IIDTU-
kiaaMn (patch clamp), ¢ NOMOLIBIO KOTOPOH MOXKHO PETHCTPUPOBATh AKTHMBHOCTH OAMHOYHBIX
HOHHBIX KaHANOB (r7aBa 2) . BEUTO MOKA3aHO, YTO, IIPH HEMPEpHIBHOM ammmukarmi AX, KaHaisl
OTKPBIBAIOTCS U 3aKPHIBAIOTCS 10 HPHHIMIY «BCE HIM HHAYEro», MPHUYEM BpPEMs HAXOXKICHUS
KAHATIOB B OTKPBITOM COCTOSHHH COOTBETCTBYET MTHTEIBHOCTH TOKOB KOHICBOH MIACTHHKH O,
AxrtuBa-
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(A} Restkng membeane ) Synupisc channel
Puc.  9.12.  Dmnextpuueckas  Mojenb channels contralled by ACH
MOCTCHHANITHYECKOH MeMOpanbl. Kawaibl, Chasade . ——e
AKTHBHpPYEMbIE AX, napauieIbHO | #MCh
COCJMHEHBI C JPYIMMH KaHalaMH H C e
E€MKOCTBI0 MeMOpaHbl. (A) CuHanTH4ecKue
KaHambl,  OTKpbIBaeMble ~ AX,  MOXHO hMembrane |

NpEACTaBMTh ~ Ha ~ cXeMe  KaK  JIBE “m L s} B A - e
HE3aBUCHMBIX TIPOBOAMMOCTU [JIsi HOHOB 1

HAaTpUsT W Kanus. J[pyrMMH  KaHajamu, Ey— : ] :
oTIZgLITLIMH B cocmﬂm]:]z/r TIOKOSI, SIBJISIFOTCSI i B o |r o —[_ I 5
KaJIMeBbIC, HATPUEBBIE U XJIOPHBIC KAHAIBL. Inude

(B) CuHanTHyeckHWe  KaHallbl  MOXHO é

NPECTaBUTh B BUJE OJHOM MPOBOAUMOCTH

C NpOBOAMMOCTBIO Ap M SJNEKTPHYECKOH | g

Gatapeeil ¢ MOTEHUMAIOM,  PABHBIM {P

noteHuuany pesepcun V' OcTtanbHas =

MeMOpaHa MOXKET ObITh MPEACTaBICHA B

BHJC CIHHOW MPOBOAMUMOCTH ey H
Garapeeii ¢ TOTCHIUATIOM V-

ACh

Fig. 9.12. Electrical Model of the fm T [ o A,
Postsynaptic Membrane with channels
activated by ACh in parallel with the resting ¥ o ¥ |
membrane channels and with the membrane
capacitance, ¢,. (A) The synaptic channel sl 6

opened by ACh is electrically equivalent to
two independent pathways for sodium and
potassium. The resting membrane has | represented as a single pathway with conductance Ap.. and a battery equal to the
channels for potassium, chloride, and | reversal potential V.. The resting membrane can be represented as a single
sodium. (B) The synaptic channel can be pathway with conductance g, and a battery equal to Vi .

IUsl MOHHOTO KaHajla MOXET OBITh OINMCAaHA CIEAYIOIIEH CXeMO#, B KOTOpOW MoJeKylna
Menuaropa A (aroHHCT) B3aUMOJECHCTBYET ¢ MOJIEKYJION OCTCHHANITHYECKOTO perentopa R:

a w
24+ R+ AR = AR

JIBe Monexynbl AX CBS3BIBAIOTCS C KaHaJIOM (10 OJHOM Moiekyne AX ¢ Kaxaoil o-
cyObenuHuLeH; rnaBa 3), KOTOPbIM 3aTeM IoJBepraercsi KOHPOPMAIMOHHOHN MepecTpoiike U3
3akpbeIToro (A,R) B oTkpeITOE (A,R*) cocrostame. Ilepexompl MeXay OTKPBITHIM U 3aKPBITHIM
COCTOSIHMSIMH XapaKTepU3ylOTCsi KOHCTaHTaMH O K [ Kkak o0o3Ha4deHo Ha cxeme. Temepb
paccMOTPUM BpEMEHHOW XOJ] TOKa KOHIEBOH MIacTUHKH (puc. 9.13). Brinenenusiit 13 HEpBHOTO
OKOHYaHUS AX MpPaKTUYECKH OIHOBPEMEHHO OTKPBIBAET OOJBLIOE KOJMYECTBO KaHAJIOB.
IMockonbky AX OBICTPO yHansieTcs W3 CHHANTHYECKOW Inenu (B pe3yabTaTe THIPOJIN3a
XonuHACcTepazol u auddy3un), Kaxaplii KaHaJl OTKPBIBAETCA TOJBKO OJAWH pa3. 3aKpbIBaHUE
HMOHHBIX KaHAJOB MPUBOJIUT K CHAJly CHHANTHYECKOrO TOKa. TakuM oOpa3oM, BpeMEHHOH XO[
CIajia CHHaNTHYECKOTO TOKA OTPAKaeT CKOPOCTh, ¢ KOTOPOH 3aKPhIBAIOTCS OAMHOYHBIC KaHATIBI,
aktuBupyemble AX. Kananbl 3akpbIBaroTCsi CO CKOPOCThIO & X [A,R*]; TO ecTh MHOTHE KaHAIBI
3aKpbIBAIOTCS OYEHb OBICTPO, M BCE MEHBIIEC W MEHBIIE KaHAJIOB 3aKpPBIBACTCS depes Ooubluee
Bpems (puc. 9.13). Kak B cilyyae BceX HE3aBUCHMBIX WU CIy4aiHBIX COOBITHH, OTKPBITHIE
BpEMEHAa MMEIOT JKCIOHEHIMAIbHOE paclpeleieHne, CO CPEAHHM BPEMEHEM OTKPBITOTO
COCTOSIHUS (T), paBHBIM IIOCTOSIHHON BPEMEHH CIajia TOKa KOHIIEBOU TUTAaCTUHKH, 1/0L.

OKCHEPUMEHTHl C HCIIOJb30BAaHUEM MATY-KJIAMII METOAWKH IIO3BOJMIN BBUIBUTH MHOTHE
0COOEGHHOCTH AaKTHMBHOCTH KaHAJIOB, KOTOpbIE HEBO3MOXXHO OBUIO OIpENeNuTh paHee C
WCIIONB30BAaHUEM JIPYIMX METOIWK. Tak, MeCTHBbIE aHECTeTHKH (HalpuMep, IPOKauH)
MIPOJIEBAIOT CIaJ] TOKOB KOHIIEBOW IUIACTUHKH (B JIOMOJHEHHE K OJOKMPOBAHHMIO HATPHEBBIX
KaHAJIOB M MOTEHIUAJIOB AEHCTBUS). [I9TY-KIaMn perucrpaiys MO3BOJMIA ONPEHENIUTh, 4TO
3aMeIJICHHE CHHANTHYEeCKUX TOKOB IPOUCXOJUT B peE3yJbTare TOro, YTO B IPUCYTCTBUU
[IPOKAaWHa TOK 4epe3 KaHal TpaHC(HOPMHPYETCS BO BCHBIIIKH KPATKOBPEMEHHBIX OTKPHIBAHHH.
DTO MNPOUCXOJHUT, 1O BHIUMOMY, BCJIEJCTBUE TOTO, 4YTO MOJIEKYlIa aHECTeTHKa OBICTPO
nepeMeIaeTcsi BHYTpbh KaHajla M OOpaTHO, BBHI3BIBAas KPaTKOBPEMEHHOE OJOKMPOBAHHE TOKA
aepes kaman ° . Tlocmeayiomme SKCIEPHMEHTHI BBISBHI, 9TO, B JOINOJHCHHE K 3TOMY
MeXaHU3MY OJIOKHpOBa-
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Puc. 9.13. Tok KOHIEBOH NIACTHHKU SBIACTCA PE3yIbTaTOM
CJIIOKCHHUS TOKOB 4Y€pE3 OAHWHOYHBIC HWOHHBIC KaHaJIbI. B

—_— BEpXHEHl YacTH pHCYyHKa H300pakeH TOK dYepe3 IIecTh
-'_— _f-"'btﬂ ONMHOYHBIX  KaHaymoB. Ilpum  aktuBammu AX  KaHajbl
OTKPBIBAKOTCA OAHOBPEMEHHO. AX 6I)ICTp0 THUAPOINDYETCA UTO

I

!

; == —— Tpea0oTBpaliacT TIOBTOPHYIO AKTUBALMIO KaHaJIoB.
L — Pacnpez[eneHHe BPEMEH OTKPBITOTO COCTOAHUSA KaHAJIOB UMECT
i

I

T

I

I.H.D'lcru'lnﬂinn:n

L
— 3KCHOHCHIHATBHBII Xapakrep. Ha HwxHell yacTH ToOKa3aH
HWHTETPAJIBHBIM TOK KOHIEBOUW IUIACTUHKH, KOTOPBIU SABIISCTCSA
Pe3yabTaTOM CJIOKCHUA TOKOB 4YEpE3 OJMHOYHBIC KaHAJIbI;
MOCTOsIHHAsT BPEMEHH CHaJa UWHTETPAIBHOTO TOKa paBHA
CpCAHEMY BPEMCHU  OTKPBITOTO  COCTOSHHUS  OJMHOYHBIX
KaHaJoB.

Singhe-channe] curments

Fig. 9.13. Total End Plate Current Is the Sum of Individual
Channel Currents. Current flow through six individual channels
is depicted in the top panel. Channels open instantaneously in
response to Adi ACh is rapidly hydrolyzed, preventing any
further channel openings. Channel open times are distributed
exponentially. The individual channel currents sum to give the
total end plate current (lower panel). The time constant of the
decay of the total current is equal to the mean open time of the
individual channels.

dpal

Tatal currem

HUS KaHala, IPOKauH TaKkKe MHIMOMpYeT OTKphIBaHHE KaHajla, CBS3BIBASICh C PELENTOPOM BHE
60 N o

YCThsI KaHana ). CpoiicTBa KaHana MOTYT HM3MEHSTHCS TOJ IEHCTBHEM MHOTHX BEIIECTB,

61 62 63 64

BKJIOYAs KokauH 7, OGapOuTypatsl ), CTEpOUHbIE TOPMOHBI ) o6ume anectetuku ),

KOTOPBIC CBA3BIBAIOTCA C MECTAaMHU KaK BHYTPH, TaK 1 BHC TIOPbI HOHHOI'O KaHaJ1a.

CpoiictBa penentopoB AX MeHstoTCst B mporiecce pa3Butusi. CyliecTByeT 3MOpHOHAIbHAsS
¢dopma perentopa AX, KOTOpast UMeeT HU3KYIO IPOBOAUMOCTD M JUINTEIILHOE BPEMsI OTKPHITOTO
COCTOSIHUS, W B3pocnas ¢opma, KOTOpas MMeeT OONBIIYI0 MPOBOAUMOCTE M KOPOTKOE BpeMs
orkpeBarmii > . Tlepexox u3 5MOpHOHATBHON (DOPMBI BO B3POCIYID NPOHCXOIMT B
pe3ynbraTe U3MEHEHHUs CyObeTUHUYHOTO cocTaBa (TaBbl 3 u 23), a crulaiic-BapuaHThl OJHOW U3
SMOPHOHAJIBHBIX CyObEAMHUI] MOTYT ObITh OTBETCTBEHHBI 32 BapHUALlUM BO BPEMEHH OTKPHITOTO
COCTOSIHHS KaHAIIOB HA PAHHKX JTArax pa3BuTHs * .

§ 4. [IpsiMoe cMHANITUYECKOE TOPMOKEHHUE

B ocHoBe paboThl cHHAIICOB, 00ECIIEUYMBAIONINX NMPAMOE XUMHYECKOe TOPMOKEHHE, JIS)KAT TS
K€ MEXaHM3MBI, YTO M B OCHOBE PabOTHI MPAMBIX XMMHUYECKUX BO30YKIAIOLIMX CHHAIICOB.
Bo30yxneHne nmpoMCXOAWUT IPHU OTKPHIBAHWM B IIOCTCHHANTHYECKOH MeMOpaHe KaHAaJIOB C
MOTEHIIHAIOM peBepcUH 0ojiee MOJIOKHUTENBHBIM, YeM IOPOr MOTeHIMana AeicTBua. B To ke
BpeMs IPsSIMOE XUMHYECKOE CHHANTHYECKOE TOPMOXKEHHE JOCTUTAaeTCsl OTKPhIBAHHEM KaHaJIOB,
Yyel MOTEHIMal PEeBEPCHM OTPHULATENICH I0 OTHOIIEHHWI0 K MOPOroBbIM 3HadeHusM. IIpsimoe
XMMHUYECKOE CHHANTHYECKOE TOPMOXKEHHE IPOUCXOAUT MPH aKTUBALUHU KaHAJIOB, MPOBOISIINX
noHbl xjopa. Kak mnpaBuio, MOHBI XJIOpa HMMEIOT DPAaBHOBECHBIN IOTEHIMAN, pPaBHBIN WK
OyM3KUI K MOTeHIMaldy Mokos. IlepBble HMCClieoOBaHUS NMPSAMON XMMHUYECKOH CHHANTHYECKON
nepeaun ObUIM MPOBEACHBI HA HEPBHO-MBIIICYHOM COEIHHEHHH wWieHHCTOHOrHX - )
PELeNITOpe PaCTsIKEH s Paka ) ¥ MOTOHEHPOHAX CIIMHHOTO MO3Ta KOIIKH |

MoTteHuunan peBepCcun TOPMO3HbIX NOTEHUManoB

MOTOHEHPOHB! CIUHHOTO MO3ra TOPMO3ATCSI CEHCOPHBIMHM BXOJaMU OT MBIIII-aHTarOHUCTOB
gepe3 TOPMO3HBIE MHTEPHEHPOHBI CIIMHHOTO MO3ra. D((eKT aKTHBAIUH TOPMO3HBEIX BXOIOB
MOXET OBITh HCCIEJOBaH B 3KCIEPUMEHTE, NPOWLIIOCTPUPOBAaHHOM Ha puc. 9.14A. B
MOTOHEHPOH BBOIATCS JBA MHKPOAIEKTPOAA: OAWH W3 HUX HCHONB3YeTCS NS PETHCTPALUU

MeMOpaHHOIO NOTEHLWalla, OPYrod — JyIsd HPOIYCKaHHs TOKa 4epe3 KIETOYHYI0 MeMOpaHy.
[Ipn norennmane mokost (okomo -75 MB) CTUMynSIHUS TOPMO3HBIX BXOJOB BBI3BIBAECT
HEOOJIBIIYI0 THIEPIONISPU3ALMI0 KIETKH — TOPMO3HOW MOCTCHHANTHYECKHIl MOTEeHIHA

(TIICII, puc. 9.14B). Ecnu penonsipu3oBath MeMOpaHy, MPOIYCKasi MOJIOKUTEIbHBIA TOK B
kaerky, ammiutyna TIICIT yBenuuusaercs. [Ipu runepnonspusanuy KIeTKH
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Puc. 9.14. TIlpsamas TopmosHas | {A) S H ' &
XUMHUYCCKasAg CHHAIITU4YCCKasAg
nepezayva. (A) Cxema 5

— ——

BHYTPUKJICTOYHOH PETHCTPALUU OT
MOTOHEHpPOHA ~ CIIMHHOTO  MO3ra
KOIIKM U CTHMYJISILIHA TOPMO3HBIX
cHHanTH4YecKux BxoxoB. (B) Cu
HANTHYECKHE MOTEHIUAIBI,
BBI3BIBACMBIC CTUMYIISIHEH
TOPMO3HBIX BXOJIOB, 3aIlMCAHHbIC
OpH  3HAYCHUSIX  MEMOpaHHOTO
noreHuuana mexay -64u -101
MB. Totenmman peBepcuu
HaxojuTcs Mexay -74 m -82 MB.
©) DnexTpuyeckast MOJIEITh
MeMOpaHbI MoTOHelpoHa c
XJIOPHBIMH KaHaJaMu,
AKTHBHPYEMBIMH TOPMO3HBIM
MEIMaTopoM Agey ¥ MapaienbHO - il

COCIMHEHHBIMH Zregt U Cyp 1<)
1 Inhibitory
Iransmaer
AE&J
'E-l'l T

Fig. 9.14.  Direct Inhibitory (P
Chemical Synaptic Transmission.
(A) Scheme for intracellular
recording from a cat spinal Membrine
Hrewe
between -74 and —82 mV. (C) Electrical model of the motoneuron membrane with

motoneuron and  stimulation of
potentials - evoked at membrane | .p1orde channels activated by the inhibitory transmitter, Agcy, in parallel with the resting

inhibitory ~ synaptic inputs. The
membrane  potential  of  the ¥

potentials between ’6‘,‘ E}"d -101 membrane channels, g.q, and the membrane capacitance, c¢y,. (A and B after Coombs,
mV. The reversal potential is Eccles, and Fatt, 1955.)

motoneuron is set to different levels . T
by passing current through a second
intracellular  microelectrode. (B) Inaide
Intracellular records of synaptic

Jn0 -82 MB TOpPMO3HBIM MOTEHLMANn CTAHOBUTCS OYEHb MAaJE€HbKMM U HU3MEHSET CBOE
HanpaBieHue (pesepcupyer). IIpu MemOpanHoM mnoreHuuane -100 MB  ammiuTyna
PEBEPCHPOBAHHOTO TOPMO3HOTO MOTEHIHANA yBeNUUHBaeTcs. [loTeHIman peBepcHd B JaHHOM
SKCIIEPUMEHTE COCTaBILIET 0K0J0 -80 MB.

TopMO3HBIE KaHAIBI MNPOBOAAT AHHOHBI, MPUYEM IIPOHUIIAEMOCTH JOBOJIBHO XOPOIIO
KOPPEIHPYET C PajiycoOM THAPATHPOBAHHOTO MPOHHKAIOMEro HoHa >, B (yH3MOIOrHIeCKIX
YCIIOBHSX €IMHCTBECHHBIM aHHOHOM MAaJEHBKOTO pa3Mepa, NMPHCYTCTBYIOIIMM B 3HAUYUTENBHBIX
KOJINYECTBAX, SBJISIETCS MOH XJiopa. BBeneHrne MOHOB XJiopa B MOTOHEHPOHBI CHIMHHOTO MO3ra
13 MUKPOITMIIETKH CABUTAET XJIOPHBIH PAaBHOBECHBIN MOTEHIMAI, M COOTBETCTBEHHO IMOTEHIIUAT
pesepcun TIICII, B NONOXUTENFHOM HanpaBieHUH. M3MeHeHNe BHEKJIETOYHON KOHIEHTpAIH
XJIOPHBIX HMOHOB TAaKKe BBI3BIBAET M3MEHEHHE PABHOBECHOTO XJIOPHOTO IIOTEHOMAna |
noreHnuana pesepcun TIICII, ongHako pe3ynbTaThl TaKUX SKCIIEPUMEHTOB HE Bcerna
OHO3HAYHBEL. DTO CBA3AHO C TEM, YTO M3MEHEHHE BHEKJICTOUHOH KOHLEHTpAlUH HOHOB XJIOpa
4acTo NMPHUBOAUT K NPONOPLUUOHAIBHOMY M3MEHEHHIO BHYTPUKJIETOUYHONH KOHIEHTPALMH HOHOB
xjopa (r1aBa 5), U MO3TOMY HM3MEHEHHE XJIOPHOTO PaBHOBECHOTO MOTEHIMAlia HOCHUT JIUIIb
KpaTKOBPEMEHHBIH Xapakrep.

D10 3aTpyIHEHHE MOXET OBITH IMPEOJOJICHO, €CIM IOJHOCTBIO YAAIUTh HOHBI XJOpa U3
BHEKJIETOYHOH cpenpl. Ha puc. 9.15 mokasaH mpumep perucTpanid OT PEeTHKYJIOCIUHATBHOM
KJICTKU IPOOJTOBATOr0 MO3ra, B KOTOPOil TOPMO3HAsl CHHANITHYECKAs [Iepeiada OnocpeI0BaHa
rmEOM . MeMOpaHHBI  [OTEHIMAN  PErMCTPHPOBANCS — BHYTPHKICTOYHBIM
MHKPO3JIEKTPOIOM. BTOpO# 31eKTpo MCIOIB30BaNCs TS IPOIYCKAHHS B KIETKY KOPOTKHX
TOJYKOB THUIEPIOISAPHU3YIOMIErO TOKA; BBI3BIBAEMOE STHMH TONYKAMH H3MEHEHHE MEMOPaHHOTO
NOTEHIHMANA CIYKHJIO /IS OLICHKA BXOJHOTO CONPOTHBICHHS KICTKH. HakoHen, Tperss
MUKPOITUIETKA MPUMEHSIACh JJIsS AalIUIMKAM{d [JHIAHA Ha KIETKY BOJIH3M TOPMO3HOTO
CHHAIICA, HCIOJb3ys KPaTKOBPEMCHHBIC TOJYKH JABJICHMS. ATIUIMKALMS TIMLIHHA BBI3BIBAIA
HEeOOJIBIIYIO
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Puc. 9.15. T'muuuHOBBIE TOPMO3HBIE  OTBETHI

OIOCpeOBaHbl HOHAMHU XJ Opa. BHyTpukierounas + Gilycime
perucTpamms T HeifpoHa cTBONa Mosra mumory. | AN Comtrod e

(A) TloreHuman mnokos cocraBusier —63 MB.

KpaTkoBpeMeHHBIE ~ OTK.IOHGHHSI ~ MOTCHIHANA

BBI3bIBAIOTCS TOJNYKAMHU TO <a BeauuuHoi 10 HA u3

BTOPOTO BHYTPUKJICT )YHOTO JIIEKTPOAA.

Ammaryna 9THX OTBETOB OTpaxkaeT

conporuBiaeHne MeMmOparbl. Ilpu  jmobGaBnenun e =St e b

TIIMIMHA KJIETKA THUIIEPIIO. IAPU3YECTCA Ha 7 MB u

COIPOTHBICHHE MeMOpaHE pe3ko cHikaercs. (B)
Tlocne ynaneHust HMOHOB XJIOpa M3 Hapy)KHOTO
pactBopa oTBeTHl Ha rimiuH ucue3aT. (C) Ilpu

nepdysun pacTBOpoM c HOPMaJIbHBIM
COJCP)KAHIEM HOHOB XJICPA OTBETHl HA TIIMIHH
MOJHOCTBIO BOCCTAHABIINBA OTCSL. {C) Recovery . .

Fig. 9.15. Inhibitory Respcnse to Glycine Depends \]'-r-r—r"f-"""'_r'
on Chloride. Intracellular niicroelectrode recordings Wmy

from a neuron in the brain: tem of the lamprey. (A)

Resting membrane potenial is -63 mV. Brief
downward voltage deflections are produced by 10 b o L ' . y
nA current pulses from a second intracellular i ] L] ¢ 13 w n
microelectrode; their amplitude indicates “Time s}

membrane resistance. On application of glycine
(bar), the cell is hyperpolarized by about 7 mV and
membrane resistance is rediiced drastically. (B)

After 20 min in chloride-free bathing solution th¢ response to glycine is
abolished. (C) Five minutes after return to normal chloride solution the
response has recovered. (From Gold and Martin, 1983.)

THIIEPIIOJSIPU3ALIHIO, COIPOBOKIAEMYIO 3HAYUTENILHBIM ~ yYMEHBLIEHHEM  BXOJIHOIO
comportuBiieHus (puc. 9.15A), 4TO MOIJIO CBUAETENLCTBOBATH OO0 AaKTHBAIMK TJIMIUHOM
0O0JIBIIOrO KOJMYECTBA XJIOPHBIX KaHAJOB. {11 IMpOBEpKM 3TOW TMIOTE3bl MOHBI XJIopa ObUIM
MOJHOCTBIO YNAJICHBl M3 HApPY)KHOTO pacTBOpa M 3aMEHEHBl HA HENPOHMIAEMBIH aHHOH
M30THOHAT. DTO MpPHBEJO TAaKXX€ K BBIMBIBAHMIO HOHOB XJIOpa M3 KIETKH 4epe3 XJIOpHbIE
KaHaJbl, KOTOPBIE OTKPHITHl B COCTOSIHMM MOKosA. Yepe3 20 MHHYT anmuIMKanusl IIIMIHMHA He
BBI3BIBAJIA KAKOTO-TMOO 3aMETHOrO H3MEHEHUS MeMOpaHHOro MOTEHIHala WIA BXOJHOTO
conpotuBieHus (puc. 9.15B), uTo yka3pIBaeT Ha TO, 9YTO HIOMUMO HOHOB XJIOpa HUKAKUE APYTHE
HOHBI HE MPOXOJAT 4Yepe3 TOPMO3Hble KaHalbl. BoccTaHOBIEHHE HOPMAJbHOM KOHLIEHTpAlUU
BHEKJIETOYHBIX HOHOB XJIOPA IPUBOAMIIO K BOCCTAHOBJICHHIO OTBETOB (puc. 9.15C).

[TockonbKy B OCHOBE TOPMO3HBIX OTBETOB JIGKHUT YBEIMYEHHE XJIOPHOH HPOBOJMMOCTH,
MOTEHIIMAJI PEBEPCUU TOPMO3HOIO TOKAa PaBEH PABHOBECHOMY IOTEHLMAy MOHOB XJIOpa, U
aMIUTUTYJla TOKa paBHA

Aoy = Dy = BV, — Ey).

[Tpu MeMOpaHHBIX MOTEHIHANAX, O0JIee MOJI0KUTEIBHBIX, YeM Ecy,, XJIOPHBIA TOK BBIXOISIIHNA 1
MIPUBOIUT K THIEPIONSApU3ald MeMOpaHbl. B 3TOM ciyyae BBIXOISAIIMH TOK OOYCIOBIEH
BXOJZIOM OTPHILATENIFHO 3apsDKEHHBIX HMOHOB XJopa. [Ipy MeMOpaHHBIX MOTEHIMAlaX,
OTPHUILATENIFHBIX MO OTHOLICHUIO K Er, TOPMO3HBIH HEHpOMEIUATOp BHI3BIBAET BBIXOJ] HMOHOB
xjopa u nenonspuzanuio. COOTBETCTBYIOLIAs AJIEKTPUYECKas CxXeMa H300pakeHa HH pHC.
9.14C.

Ha panHuX sSTamax pa3BUTUS LEHTpalbHOH HEpBHOM cucreMmbl MiekonuTaromux I'AMK u
TIMIVH BBI3BIBAIOT MAapagoKCalbHbIE AETOIAPU3YIONINe U BO30YXKIAIOIIIe OTBETHl B HEHPOHAX
runmokamma’ . D10t 3(deKT CBA3aH He ¢ 0COOEHHOCTSMH KaHAIOB, OTKphiBaeMbix TAMK u
IIMLIUHOM, @ C DPa3lIMuusMU B PETYISALMU BHYTPUKICTOYHOM KOHLEHTpAallMM HMOHOB XJOpa,
IPUBOAAIMMY K U3MEHEHHUIO IOTEHIIUAJa PaBHOBECHUSI HOHOB XJIOPA.

I'IpecuHanTquCKoe TOPMOXeHune

Jlo cux mop Mbl pa3rpaHUYMBaIN BO30YKIAIOLIME U TOPMO3SIIUE CHHAIICHI Ha OCHOBE d(deKTa
MeIUaTopa Ha MOCTCHHANTHYECKYI0 MEeMOpaHy — TO €CTh Ha OCHOBaHUH TOTO, ISl KaKHX
HOHOB BO3PACTACT MPOBOJUMOCTh MOCTCHHANITHIECKOW MEMOPaHbI: [JIsl KATHOHOB MJIA aHHOHOB.
OpHako, B psAf€ CIIy4acB TOPMOXKCHHE HE MOXKET OBITh OOBSCHEHO B paMKax JIUIIb
TMOCTCHHANITHYECKOTO M3MEHEHHS TPOBOXMMOCTH - . DTOT HapagoKc ObLT paspeiieH B
pe3ynbTaTe OTKPBITUSI AOTIOJHUTEIBHOIO MEXaHH3Ma TOPMOXKCHUS —
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Puc. 9.16. Ipecunantuueckoe
TOPMOYKCHHE B MBIIICYHOM BOJIOKHE paka,
KOTOPBIi HMHHEPBUpYETCS OJTHUM
BO30OYKIAOIIMM M OJHHM TOPMO3HBIM
aKCOHAMH. (A) Crumyssuus
BO30Oyknmarorero akcona [E] BeI3biBaeT
BIICIT ¢ ammutynoit 2 wMB. (B)
Ctumymsiuuss  TOPMO3HOro  akconHa  [I]
BeI3bIBaeT genomspusyronmii  TIICIT ¢
ammumatynoid okonmo 0,2 MB. (C) Ecim
TOPMO3HBIN CTUMYT cremyet 3a
BO30YK/IAIOIIUM C MAJICHBKOH 3a/IePKKOH,
Hukakoro d¢¢exkra ua BIICII He
HaOmonaercs. (D)  Eciam  TopMo3HbIH -

CTHMYJ TIPEAIIECTBYET BO30YKIAIOMIEMy A (B
Ha HECKOJIbKO MuumMcekyHn, 1o BIICIT ——EPSP PSP
MPaKTHYECKH MOJIHOCTBIO  OIOKHPYEeTCsL. }{
D10 yKa3blBaeT Ha TO, YTO TOPMOBHBIH Zlﬂ"[ _-‘J%\"*

HEPB OKa3bIBaACT TIPECUHANTHYCCKOC

HCﬁCTBHC, yMeHnbmas KOJIMYECTBO ’ m I'h.!-_ +
Meauaropa, ocso6o>lcnaCMor0 Hu3 E
Bo36y)1cz[a}01_uero HEpBa. I
o)
__—EPsP ¢ 5P

the inhibitory axon (I) produces a
depolarizing IPSP of about 0,2 mV. (C) If
the inhibitory stimulus follows the
excitatory one by a short interval there is | (D) If the inhibitory stimulus precedes the excitatory one by a few milliseconds,
no effect on the EPSP. the EPSP is almost abolished. The importance of precise timing indicates that the
inhibitory nerve is having a presynaptic effect reducing the amount of excitatory
neurotransmitter that is released. (After Dudel and Kuffter, 1961.)

Fig. 9.16. Presynaptic Inhibition in a

crustacean muscle fiber innervated by one / fEPSP
excitatory and one inhibitory axon. (A)

Stimulation of the excitatory axon (E) *‘m
produces a 2 mV EPSP. (B) Stimulation of .’ H

Puc. 9.17. JnmurenpHas anmmmkamms AX
BBI3BIBACT JIECCHCHTU3ALNIO
MOCTCHHATITHYECKHUX peuenTopoB B
HEPBHO-MBIIICYHOM COCIMHCHHI
JSICYIIKA. BHYTpHKIETOYHAsT PerucTpaius P O R N R
M3MEHEHMIT  TOTEHIMAsa,  BHI3BIBACMBIX T
KOPOTKUMH TECTOBBIMH | |
HOHO(OPETUYCCKUMH TOMdKamMu AX  ud
MHKPOIUINETKH (YKa3aHbl Toukamu). M3 R - S S S N R
JIpyroit MTHIIETKH TIPOM3BOUTCS e R
JumTenbHas anminkanus AX  (orMedeHa
CTYHEHbKAMU BHU3Y). Bo BpeMs.

JUIMTEIIBHON ~ alIUIMKAlMd  TECTOBbIC i e L R L L B R L

OTBETHI Ha AX YMEHBIIAIOTCA B
pesyabrare JCCCHCUTHU3AIUN 5 e r-['
TIOCTCHHANITHICCKUX  PEUCHTOPOB. Uem

l--l!l-l""""‘"i------l-ii-
Gonbie AX  BbEIsCTCS 110 Bpems
JIUTENLHON ammivKanuu/ TeM OOJblie J—.—.l
CTETCHb JICCCHCUTH3ALMH. S1 .

Fig. 9.17. Prolonged Application of ACh
Causes Receptor Desensitization at the | doses of ACh were delivered from a second pipette (upward deflections of lower

frog neuromuscular junction. Intracellular traces). During the conditioning pulse the response to the test pulse decreases in
recordings of potential changes produced | amplitude as the receptors desensitize. With increasing doses the rate and extent

by brief ionophoretic pulses of ACh from a of desensitization increase. (After Katz and Thesleff, 1957.)

micropipette (dots). Steady conditioning

MIPECHHANTHYECKOTO TOPMOXKEHUSI — KOTOPOE OBUIO ONMUCAHO B CIIMHHOM MO3T€ MIIEKOIHTAIONINX B
paborax DKKICA H €r0 COTPYIHHKOB ', a TA4KKE B HEPBHO-MBIIEYHOM COGNMHEHHH paka o).
IIpecunanTuueckoe TOPMOKEHNE BBI3BIBAET YMEHBILIEHUE KOIUUECTBA MEANATOPA, OCBOOOXKIAEMOTO
13 BO30YIKIAMOIIHX HEPBHBIX OKoHuammii - 75 ™),
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Kak mokazano Ha puc. 9.16, TOPMO3HBEIM HEpPB B HEPBHO-MBIIIEYHOM COCJUHEHHHM paka He
BO3/ICIICTBYeT HE TOJBKO HA MBILNIEYHOE BOJIOKHO, HO TaKke M Ha BO30yXkJaiollee OKOHYAHHE.
IMpecunantuueckuii 3P HEKT JUIMTCI KOPOTKOE BPEMs, JOCTUras MaKCHMyMa B TCUEHHE HECKOJIBKUX
MHJUIMCEKYHII M cHajas NMPakTUYeCKH IO Hynsd B TeyeHue 6-7 mMc. MaKCHMaJIbHBIM TOPMO3HBIN
sddexr pocruraercss B TOM Cly4ae, €CJIM HEPBHbIH HMIYJbC IPUXOAUT B TOPMO3HOE
MIPECHHANTHYECKOE OKOHYAHHE 332 HECKOJBKO MIUUIHCEKYHI [0 IPHXOJa MOTEHIMana JICHCTBUS B
B030yXkJatoliee OKOHYaHHE. BimsHME BpeMEHHOH 3aJep>KKH MEXIy ITOTEHIUATaMH JCHCTBHS B
BO30Y)XIAIOIEeM W TOPMO3SIIeM HepBax Ha 3((EKTUBHOCTb IPECHHANTHYECKOTO TOPMOXKECHUS
noka3ano Ha puc. 9.16. Ha gactax A u B moxaszaHsl Bo30yxIaromuii ¥ TOPMO3HBIH MOTEHIAAIIB,
BBI3BIBACMBIC CTHMYJIILIMEH COOTBETCTBYIOIIMX HEPBOB MO oTxensHocTH. Ha puc. 9.16C
CTUMYIHPYIOTCSI 00a HEpBa, HO TMOTEHLUAN ASHCTBUS B TOPMO3HOM HEPBE ClEIyeT 3a MOTEHIUAIOM
NEWCTBUSI B BO30Y)KIAIOIIEM HEpBe C 3alepikoil B 1,5 MC — CIMIIKOM TO3AHO, YTOOBI OKa3aTh
Kakoi-mbo Topmossiunit ad¢dexr. Ha puc. 9.16D, norenuman aeiictBHs B TOPMO3HOM HEpBE
NIPe/IIECCTBYeT IIOTEHIHUATy AeiicTBHA B BO30Y)XIAIOIeM HEPBE U BEI3BIBACT 3HAYUTENHHOE
YMEHBIIIEHHE BO30YKIAIOIIEer0 IIOCTCHHAITHIECKOTO MOTCHIINAIA.

[pecunanTryeckuii M TOCTCHHANTHYECKAH J(PQEKThI OmOCpeOBaHBI OJHUM H TEM IKE
HelipomenuaTopoM — ramma-amMmuHomacisinoil kucnotod (ITAMK), u cBsizaHbl cO 3HAUMTENBHBIM
yBENMUIEHHEM XJIOpHOH npoBommoctr - 8V, Bio mpeanonoxkeHo, 4to Mpy BO3PACTAHWH XJIOPHOI
MIPOBOIUMOCTH B MEMOpaHe HEPBHOIO OKOHYAHHMs ACHOJIIPU3YIONHi 3Q(EeKT BXoJa HOHOB HATPHS
BO BpeMsi Bocxosiiel (a3l MOTEHIMANA ASHCTBUS YaCTUYHO MPEIOTBPAIACTCS OTHOBPEMEHHBIM
BXOZIOM HOHOB XJiOpa. B pe3synpTare NpOMCXOOWT YMEHBIICHHE aMIUTUTYIbI MPECUHANTHYECKOTO
MOTEHNIMala JeHCTBUS M KOJIMYECTBA OCBOOOXKJAEMOro Meauaropa. bpuio mokasaHo, dYTO
MPECUHANITHYECKOE TOPMOXKEHHUE BO MHOTMX CHHAIICaX MJICKOIUTAIOIIUX MPOUCXOJUT B pE3yJibTaTe
WHTHOUPOBAHUS TOTCHIIMAT3aBUCHMBIX KaJbIIUCBBIX KAHAIOB B OKOHYAHHSIX aKCOHOB .

OyHKIIMOHAIBHEIE 3HAUCHUS MPECHHANTHYECKOTO M IOCTCHHANTHYECKOTO TOPMOXEHHS B
LIEHTPaJIbHOM HEPBHOU CUCTEME JOBOJBHO CUIIBHO paznuyarorcs. [locTcMHAnTH4ecKoe TOPMOKEHUE
yMeHbIIaeT BO30YIMMOCTh KIETKH, Jelas e¢ MEHEee UYYBCTBUTEJIBLHOH KO BeeM BO30YKIAIOIIMM
BxoAaM. IlpecuHanTHYecKOe TOPMOXKEHHE ropa3no Ooijee cHequpUYHO U HANpaBICHO Ha
OTIpEENeHHBIN BXOJ, JaBasi KJIETKE BO3MOXXKHOCTh MHTErPUPOBaTh MHGOOPMAIMIO U3 APYTUX BXOMAOB
8 IIpecunantiueckoe TOPMOYXECHHE TNPEAMNONATACT, UTO TOPMO3HBIE AKCOHBI YCTAHABIMBAIOT
CHHANTHYECKUH KOHTAaKT C OKOHYAHHSIMH BO30YyXKJaIOMUX aKCOHOB. Hammune Takux akco-akCOHHBIX
CHHAIICOB OBUIO TIOKAa3aHO C IIOMOIIBIO OJICKTPOHHOH MHKPOCKOIMH B HEPBHOMBIIICYHOM
coenuHEHHH paKka oY u B pasnmmumbix obnactsax LIHC muexomuraommx *. Bonee TOro, TOpMO3HEIE
HEpBHbIE OKOHYAHHSA CAMH 110 ce6e MOT'YT HOJBEPraThCs BIMSHHIO HA IPECHHANTHIECKOM YpOBHE **;
COOTBETCTBYIOIME YJIbTPACTPYKTYPHbIC 00pa3oBaHMs ObUIM OOHApY)KEHbI B TOPMO3HBIX CHHAIICaX
pelenTopa pacTsKeHHs paka®’. VIMEIOTCS TakKe JaHHBIC, CBHACTENBCTBYIONIME O CYIIECTBOBAHHM
MPECHHANITUYECKOT0  BO30YXKIEHUS, OINOCPEJOBAHHOTO CHHANTHYECKUMH BXOJAMH, KOTOpbIC
YBETMUMBAIOT KOJNHUECTBO MEIHATOPA, OCBOGOKIAEMOTO H3 HEPBHBIX OKOHUAHHH ),

OeceHcutunsauyun

Ilpm MHOTOKpAaTHOI WM JUIMTENILHOM AaNIUIMKAIlUd OTBETHI, BBI3BIBAEMBIE HEHPOMEIHaTopoM,
YMEHBIIAIOTCS; ATO SBJICHHE IOJTYyYHIO Ha3BaHHWE NECEHCHUTHM3anmu JleceHcuTu3amust B HEPBHO-
MBIIIEYHOM COEIMHCHUH OblIa IMoJpo0OHO oxapakTepu3oBaHa B paborax Karma m TecneBa, koTopsle
MOKa3aJlf, 4TO IPH HPOAODKUTEIBHOM BO3JICHCTBHH AX NENONSPHU3YIOIMI OTBET B MBIICYHOM
BOJIOKHE IIOCTENeHHo ymenbmaercs (puc. 9.17) . Jlecencutnsaums SIBIsSETCS MONEKYIAPHBIM
cBoiictoM camoro AX-penentopa °. OmHaKo, CKOPOCTh IECCHCHTH3ALMH M BOCCTAHOBJICHHS
peuenropa Monyaupyercs (pocdopunupoBaHuem © % B (U3HONOTHYCCKHX YCIOBHAX
JleceHcUTH3aIMsT HE WrpaeT 3HAYMTEIBHONH pOJIM B OTBETE MBIIIEYHOrO BONOKHA K AX,
0CBOOOXK/AEMOMY H3 HEPBHBIX OKOHuYaHmii . OIHAaKo, B Mbllle, KOTOpas oOpaGoTaHa
WHTHOMTOpPaMHM  XOJMHACTepasel  (Hampumep,  (GOCHOpOOPraHWYECKHMH  COCTHHCHUSIMHU,
HCTIONB3YEMBIMU B KaueCTBE MHCEKTHIMOB M HEPBHO-NAPAUTHUECKUX Ta30B), NPOJOIDKUTEIEHOE
npucyrcTBiue AX B CHHANTHYECKOH IIEIM AOCTATOYHO JUIS TOTO, YTOOBI BBHI3BATh AECEHCHUTH3ALUIO U
6I0KHPOBATH CHHANITHYECKYIO IIEpeaady =,

I'myramatieie 1 I'AMK penentopsl Takke ITOABEPKEHBI AECEHCUTHU3ALUU % B cunamcax

LIEHTPaJIbHON HEPBHOM CUCTEMBI, B KOTOPHIX riiyramaT 1 '”AMK ygacTByIOT B psiMoii Xumude-
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CKOH mepenaye, AECEHCUTH3ALMUS MOCTCHHANTHUYECKUX PpELENTOpPOB pa3BUBAeTCA Oaxe B

HOPMAJIBHBIX (DPU3MOJIOTHYECKUX YCIOBHUSX M SIBISAETCS BaXKHBIM (DAKTOPOM, ONPEIEIIOIINM
N 94 9

aMIUTUTYly ¥ BpEMEHHOH XOJ MOCTCHHANTUYECKUX MOTEHIUAJIOB = -

PeuenTopbl, KOTOpble onocpeayloT NPAMYIO U HENPAMYIO
XUMUYECKYI0 Nnepeaavy

IlpsiMass XuMu4YecKas CHHANTHYECKas IepeAadya OIOCpPEeIOBaHa HMOHHBIMHM KaHAIAMH B
[MOCTCUHANTHYECKOII MeMOpaHe, KOTOpbIe aKTHUBHPYIOTCS IPHU CBA3BIBAHUM HEWpoMenuaropa,
0cBOOOXKIAEMOT0 TIPECHHANTHYECKOM KiIeTKkol. Takue Jurana-aKTUBHPYEMble HOHHBIE KaHAJIbI
Ha3bIBAIOTCSl TAKXKE MOHOTPONHBIMHM penentopaMu. OCHOBHBIMM MEIMATOPAMHU B IPSIMBIX
XUMHYECKUX CHHAICaxX LEHTPaIbHONW HEPBHOM cCHCTeMbl milekomurtamomux spisitorcs [AMK,
rmuiuH U riyramat. TAMK u mMuouH akTHBHPYIOT pelenTopbl — aHHWOHHBIE KaHajbl, W,
CIIeZIOBATENbHO, SIBISIIOTCS TOPMO3HBIMH Memuaropamu (rmaBa 13). myramar — HamOGonee
yacto Berpevarommiics wMenuarop Bo30yxaenus B IHC wmnexomurarommx. [myramar
AKTHBUPYET HECKOJIBKO PA3IMYHBIX THIIOB HOHOTPONHBIX PELENTOPOB, CENEKTUBHBIX K
katuoHaMm. Jlpyrumu BaxkHeiMH MeauaTopamu B I[HC MiexkonurTaromux, akTHBUPYIOLIMX
KaTHOH-CENEeKTHBHBIE HOHOTPONHBIE PELENTOPhl, SBISIOTCS ALETHWIXOJIWH, CEPOTOHHH U
MYPHUHBL.

Bce nepeunciieHHble Bblllle HEHPOMEIUATOPBI NMPSMOT0 AEHCTBHUSA, a TaKKe TAaKUE MEIUATOPBHI,
Kak no¢aMHH, THCTaMHMH, HOPAJPEHAIMH W HEHpONenTH/bl, MOTYT TaK)X€ BO3JEHCTBOBATH Ha

MOCTCHHANTHYECKHE KICTKH IOCPEICTBOM BECbMa OTJIMYHOTO MEXaHH3MAa — HENPAMOii
XHMHYECKO#l mepenaun. HenpsiMas XuMHYecKass CHHANTHYECKAasl Iiepelnada, Kak IPaBuHiIo,
omocpenyercss MeTaGoTPONHBIMH PelenTOPpaMH — IOCTCHHANTHYSCKUMH DELENTOPaMH,

KOTOpBbIE BBI3BIBAIOT OOpa30BaHHWE BHYTPUKJIETOYHBIX BTOPHUYHBIX MOCPETHUKOB. BTOpHuHBIE
MIOCPETHUKH, B CBOIO OYEpe/lb, OKa3bIBAIOT BIMSHUE HA aKTUBHOCTh MOHHBIX KaHAJIOB, BbI3bIBAs
B030y)KIEHHE WM TOPMOXKEHHE, a TaKkKe Ha OPyrue BHYTPHUKIETOYHbIe MuIeHH. Ciemyromast
IJIaBa MOCBALICHA MEXaHU3MaM HeNpsIMOil XUMUYeCKOW CHHANTHYECKOI repeaayn.

BbiBOAbI

- Ilepemaua curHagoB MeKIy HEPBHBIMHU KJIETKAMH M UX MHUIIEHSIMHU IPOUCXOAUT ITOCPEICTBOM
XMMHUYECKOH U JIEKTPUYECKOI CHHANITHYECKOH Iepeayu.

- DJeKTpuYecKas CHHANTHYeCKas IepeAada OMoCpeayeTcs IyTeM NpsIMOTO MPOTEKaHHs TOKa
MEX]Y KIETKaMu.

B XxumHueckux CHHancax HeWpoMeIuaTrop, OCBOOOKIAMONIUICS W3 TMPECHHANTHYECKOTO
HEpBHOTO OKOHYaHHs, aKTHBHPYET pPELENTOpbl Ha IOCTCHHANTHYECKOH MeMOpaHe; Bpems,
HeoOXomuMoe Ui OCBOOOXKIEHHMS MEIUaropa, 33laeT MHHUMAIBHYI0 CHHANTHYECKYIO
3a7epKKy (0Kkoio 1 mc).

B ciyugae mpsiMol XMMHYECKOM CHHANTHYECKOW IMepenady MOCTCHHANTHYECKHH penenTop,
KOTOPBIIl aKTUBUPYETCS HEHPOMEINATOPOM, SIBJISIETCS B TO )K€ BpeMs HOHHBIM KaHajoM. Takue
JIUTaH/-aKTUBHPYEMblE HOHHbIE KaHAIIBI HA3bIBAIOTCSI HOHOTPOIHBIMH PELIENTOPAMH.

B npsmbIX BO30YXKAAIOUIMX CHHANCaX, KaK, HalpuMep, B HEPBHO-MBIIIEYHOM COEIMHEHUH
MO3BOHOYHBIX, HelipomeanaTop (B 3ToM ciydae AX) OTKPHIBA€T KaTHOH-CENIEKTUBHBIE MOHHBIE
KaHaJIbl, KOTOpbIE IMO3BOJIAIOT NEpEeIBMKEHUE HOHOB HATpUs, Kajdusd M KalblMi IO HX
IIEKTPOXUMHIECKHM TPATUCHTAM.

OTHOCHTENbHAs MPOBOJMMOCTD 4Yepe3 KaHajl pa3IM4YHbIX HOHOB OIPENeINseT IOTeHLHAI
peBepcuy; B BO30YXXJAIOMMX CHHAICAX IOTEHUMAJ PEBEPCUM IOJIOKHUTEIEH 10 OTHOLICHUIO K
MOPOTY MOTeHINAA JeHCTBHS.

B ciryqae npsMOro XMMHYECKOTO CHHAITHYECKOTO0 TOPMOXKEHHS HeHpOMeIuaTop aKTUBUPYET
AQHHMOH-CEJICKTHBHBIC KaHaJbl, KOTOpPBHIC IO3BOJIIOT HOHAM XJOpa IepeMelaThcs M0 HX
JNEKTPOXUMHUYECKOMY TrpafueHTy. lloTeHuman peBepcHHM 3THX TOKOB PaBeH pPaBHOBECHOMY
XJIOpHOMY ToTeHuuany (Ec)), KOTOpBIN OTpuIaTeNieH MO OTHOIIEHHIO K MOpOTry IMOTEHIHaIa
JIeHCTBUSL.

MHorue penentopsl HeHpoMenuaTopoB 001aJaI0T CIOCOOHOCTHIO K IECEHCHTH3ALUM: HX
OTBET YMEHBIIAETCS IPU YacTO MOBTOPSIOMIEMCS WIHM TPOJODKUTEIBHOM BO3/ACHCTBUU
MeIuaTopa.
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I'nasa 10 Mexanuzmovt HenpAMOI CUHANMUYECKOU
nepeoauu

HeiipoMetnaTopsl CBS3BIBAIOTCS ¢ METaOOTPOIHBIMHE PELEHTOPAMH, KOTOPBIC IIOCPEACTBOM L[HTOILIA3MATHYECKUX WM
CBSI3aHHBIX C MEMOpaHOM BTOPHUYHBIX MOCPEIHUKOB BIMSIOT Ha aKTUBHOCTh MOHHBIX KaHAJOB M TpaHCIOpTepoB. Bo
MHOTHX CHHAlCaX B LEHTPAIBHOH M BEreTaTHBHOW HEPBHOM CHCTEME CHHAINTHYeCKas Iepenaya OCYIIeCTBISCTCS
HCKJIIOYUTEIBHO 32 CYET TAaKMX HENpPSMBIX MEXaHU3MOB. B psijie Ipyrux CHHAICOB HENPSIMbIC MEXaHH3Mbl MOYJIHPYIOT
MPSIMYIO CHHANITHYECKYIO TIepesady.

HenpsiMas cuHanTHYecKas Ilepejaya 4acTo OINOCpelyeTcs peuentopamu, cBs3anHbeMH ¢ G-Oenkamu. G-Genkwu,
Ha3BaHHBIC TaK [IOTOMY, YTO OHH CBSI3BIBAIOTCS C I'yaHHHOBBIMH HYKJICOTHIAMH, COCTOST U3 TPeX CyobequHuI: @ fu ¥
AKTHBAIMs PENENTOpa BBI3BIBACT JMCCOLMAINIO Q-M [)CyObeTuHul, B CBOGOTHOM COCTOSHHH CyOheTMHHIbI
CBA3BIBAIOTCS C BHYTPHMKJIETOUHBIMU MHUIIECHAMH M MOJYJIHPYIOT UX aKTHBHOCTb. Hekoropble cyObenuuuubl G-6enka
CBA3BIBAIOTCA C MOHHBIMU KaHalaMM, BBI3bIBas CPABHUTENBLHO KpaTkoBpeMeHHble 3(dekrtsl. Hanpumep, G-6Genok
aKTUBUPYETCsS INpU CBA3bIBaHMUM AX C MYyCKapMHOBBIMH PELENTOpaMM Ha KJETKaX CHHATPUAIBHOIO y3ja Cepjiua.
OcBOOOXKIAOMIASCS IPU ITOM [)CyObEAHHALA CBA3BIBACTCS C KAIUCBBIM KAHATIOM U BBI3BIBACT €IO OTKPBIBAHHE, YTO
IPHUBOJUT K YPEKEHUIO CepLEeOUCHHUIL.

BropeiM MexaHM3MOM JeiicTBus G-0€IKOB SBISIETCS aKTHBAaLMSA (DEPMEHTOB, KOTOpBIC BBI3BIBAIOT OOpa3oBaHHUE
BHYTPHKJIETOYHBIX IIOCPeHUKOB. [IpuMepoM Takoro MexaHusma sBisercs akTupanys G-0elkoB B KapJHOMHOLMTAX PU
CBSI3BIBAHHU HOpPaApeHAIMHA ¢ f-a[peHoperenTopaMu. AKTHBHPOBAHHBIE O U )Cy0beIUHHIIB CTUMYINPYIOT (GePMEHT
aneHunaruukiasy. OOpasyromuiics B pesynbrate Hukimueckuit AM® akrusupyer apyroit ¢gepmeHr — nAMO®-
3aBUCHUMYI0 IIPOTCHHKHMHA3y, KOTOpas MOIYJIHPYeT AKTUBHOCTb HOHHBIX KaHAlOB M (PEPMEHTOB IIyTeM HX
(dochopunupoBaHus. DTH OTBETHI MOIYT IJIUTBCS OT HECKOJBKMX CEKyHJ [0 HECKOJIBKMX YacOB M YacTO MOTYT
NPOJIOIKATECA JUIMTENBLHOE BPEMs T10CTIE TOro, Kak B3aMMOJIeHCTBUE MEMaTopa ¢ PeLenTopoM 3akaHuuBaercs. Takue
MEeXaHH3Mbl 00€CIEYNBAIOT 3HAYUTENBHOE YCUIIEHHE CUTHAlA.

I'maBHBIME MHULIEHAMU HETIPSAMOro JIeUCTBHS MEIUATOPOB SABJIAIOTCSA KaJMEBBIC M KaJIbIIMEBBIC KaHAJIbI. Her}IMOe
JIefCTBHE MEIUATOPOB MOXKET BBI3BIBATH OTKPBIBAHWUE WM 3aKpPBIBAHUE KaHAJIOB, a TakKX€ HWU3MEHCHHE UX
noreHuan3aBucuMoctu. Tak, IIyTeEM HENPAMOTOo JiefcTBHS MEIUaTOpbl OTKPBIBAKOT KaJIMEBBIC KaHAJIBI B KIIETKaxX
CHHATpHUAJIBHOI'O y3J1a cepaua, P[HI‘P[6P[py}OT KaJIbI[MeBbIe KaHasbl N-THIIa B CUMIIATHYECKUX Heﬁpor—lax U YBEIIMYUBAIOT
BEPOATHOCTH OTKPBIBAaHUA KaJIbIIUEBBIX KAaHAJIOB B KAPAUOMHUOLIUTAX NIPU ACTIOJIAPU3ALINHN. MOI[yJ'I}IL[P[H HMOHHBIX KaHAJIOB
B IIPECHHANITUYCCKUX HEPBHBIX OKOHYAHHUAX IPHUBOAUT K H3MCHECHHAM B IIPOLIECCE 0CBOOOXKICHUS MEIUaTopoB, a B
MOCTCUHANTUYECKUX KJIETKaX — K HM3MECHEHHUIO CIIOHTAHHOW aKTUBHOCTH HCﬁpOHOB U OTBCTOB, BBI3BIBACMBIX
CUHANITUYCCKUMHU BXOOaMHU.

IMoMuMO HPSMBIX MEXaHU3MOB CHHANTHYECKOH Iepefady, KOTOpble OBUTH PAcCMOTPEHHI B IiIaBe 9,
MeJUaTOpPhl TAKXKe JEHCTBYIOT HENPSIMBIM 00pa3oM, CBSI3BIBASCH C PELENTOPAMH, KOTOPHIE CaMHU IO
cebe He SBIAIOTCS MOHHBIMM KaHaiamu. Takue peuentopbl B CBOIO ouepenb MOAU(GUUUPYIOT
aKTHBHOCTh HOHHBIX KAaHAJOB, HOHHBIX TPAaHCIOPTEPOB M peUenTopHbiXx OenkoB (puc. 10.1).
Henpsimble MexaHH3MbI HAa3bIBAIOT TAKXKE «MEIUICHHBIMU» WM «CBS3aHHBIMH C BHYTPHUKJIECTOYHBIMH
MOCpeHUKaMU». MHOTHE pelenTopbl HEMPsIMOTO JEHCTBHS BBI3BIBAIOT CBOM 3P (EKTHI ITOCPEICTBOM
B3aumopelcTBust ¢ [ Td--cBsspiBatomnmu  Oenkamu  (G-OenkaMH) Dy HaseBaroTcs Tamke
MeTabOTPONUBIMU pelenTopaMi. B HEKOTOpBIX CHHAICaX, Kak, HampuMep, B CHHAICaX MEXIY
CHMIATHYECKUMH HEHPOHAMH U MBILICUHBIME BOJOKHAME B CEpJILe > HIH MeXIy (OTOPELEenTopaMu
H OIpe/IeNeHHbIMH OHIIONAPHBIME KICTKAMH B CETUYaTKe ), CHHANTHYECKAs Iepeiaua HPOHUCXOIHT
HCKIIIOUUTENBHO Yepe3 HEeMpsIMble MEXaHH3MBL. B Jpyrux cuHancax HenpsiMble MEXaHH3Mbl MOTYT
MOZYIHPOBaTh 3P PEKTUBHOCTD MPSIMON CHHANITHYECKON
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Puc. 10.1. TIpsamoe u Hempsmoe | KA} Direct transmitter acticm
neiicteue  MexuatopoB. (A) B
TIpIMOM XUMHYECCKOM CHHAIICe
MeauaTop CBSI3BIBACTCS c
MOHOTPOIHBIM peuenTopom.
VOHOTpONHBIC PEenTOpbl — 3TO
JINTAH1-aKTUBUPYEMBIC HUOHHBIC
KaHaJIbl. (B) Menuatopsl
HETIPSAMOTO ﬂCﬁCTBHﬂ
CBSI3BIBAIOTCSL C METaO0OTPOITHBIMU
peuentopamu.  MeTtaboTponHbie
perentopel  camMu o cebe  He
SIBIISIFOTCSI  MOHHBIMHM ~ KaHaJIaMH.
Onu AKTUBHUPYIOT
BHYTPUKJICTOYHBIC IyTH
CHUTHaAJIU3aluHu C BOBJICUCHHUEM
BTOPUYHBIX TOCPE/THUKOB,
KOTOPBIC BIHAKOT HAa OTKPbIBAHUE
1 3aKPHIBAHHE HOHHBIX KaHAJIOB.

Fig. 10.1. Direct and Indirect
Transmitter Action. (A) At direct
chemical synapses the transmitter
binds to an lonotropic receptor,
lonotropic receptors are ligand-
actwated ion channels. (B)
Indirectly acting transmitters bind
to metabotropic receptors.
Metabotropic receptors are not
themselves ion channels, but rather
activate intracellular second
messenger signaling pathways that
influence the opening and closing
of ion channels.

nepenauu (rmaBa 16), 4To Ha3pIBaeTCs HpoLECCOM HelpoMonayJssinuu. B 3TOH Ti1aBe MbI
CHauaJla PaCCMOTPUM CTPYKTYPY M (DYHKIMH MeTabOTpOIHBIX peuentopoB u G-0enkoB. 3arem
MBI pPAacCMOTPHM TpPHUMEPbl CHHANTHYSCKUX B3aUMOJACHCTBHUN, KOTOpPbIE OHH MOTYT
ornocpenoBarb. Mbl YBHUIUM, YTO METa0OTpPONHBIC PELENTOphl, AeUcTBYs uepe3 G-Oenkw,
BJIMSIIOT HA OTPOMHOE KOJIMYECTBO MEXaHW3MOB BHYTPHUKICTOYHON CHTHATM3ALUH, 3HAYHTEIIHLHO
MoIuGHUIUPYst HEHPOHAIBHYIO AKTHBHOCTD Ha HECKOJIBKO CEKYH[, MHUHYT, YacOB U IAKE Ha eIle
OoJiee IMUTETHLHOE BPEMSI.

§ 1. MetaboTponHnslie peuentopbl u G-0esaku
CTpyKkTypa MeTaboTpPONnHbIX peLenTopoB

Ces3anHble ¢ G-OenkamMu  MeTaOOTpOITHBIE PELENTOPbl  COCTABISIOT — CYIEepCeMEHCTBO
MeMOpaHHBIX OEJIKOB, XapaKTePU3YIOIIMXCS CEMbIO TpPAaHCMEMOPAaHHBIMH JOMEHaMH C
BHEKJIETOYHBIM aMHUHHBIM KOHIIOM M KapOOKCHJIHBIM BHYTPHKJIETOYHBIM KOHLIOM (puc. 10.2) Y.
B mHactosmiee Bpems HMACHTHGUIUPOBAHO Oojee THICSYM PA3NUYHBIX METaOOTPOIHBIX
peuenTopoB. HekoTropble U3 HUX AaKTUBUPYIOTCS  alETWIXOJIMHOM  (MYCKapWHOBBIE
XOIMHIPIUYECKHE PElENTOPhl), JPyrde CBSI3BIBAIOTCS C HOpajapeHamuHoM (O- u  [-
agpenopeuentopsl), TAMK, 5-HT, nodamunoM, mypuHaMu; €CTh METaOOTPOIHbIE PELENTOPSI,
KOTOpbIe aKTHBHPYIOTCS CBETOM (pojoricuH) (rnasa 19), 3amaxamu — omopantamu (rnasa 17), a
TaKxe MpoTea3aMu.

Buoxumudeckne, CTPYKTYpHbIE ¢ TEHETHYECKHE OKCICPUMEHTHI BBISBHIA HECKOJBKO
Pa3IHYHBIX CHOCOOOB CBSI3BIBAHUS JIMTAH[A, KAXIBIH U3 KOTOPBIX MPUBOAUT K OJMHAKOBOMY
W3MCHEHHUIO CTPYKTYPBI (-TEIHKAIBHOW 00NacTH, Kotopas (OpPMHUpPYET TpaHCMEMOpaHHYIO
gacTh perentopa (puc. 10.2). Y4acTku BTOPOH U TPEThel IHMTOIUIA3MATHYECKUX METENb, a
TakxKe MPUMEMOPaHHBIN y4acTOK KapOOKCHILHOTO OKOH-
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Puc.  10.2.  MeraGorponusie | A}
peuentopbl. (A) MeraGoTpomnHsie

penenTophl HMEIOT CeHb
TpaHCMEMOPaHHBIX JIOMEHOB,
BHCKJICTOYHbI aMUHHBIH KOHEll
BHYTPHUKJIETOUHBIH

KapOOKCHIIbHBIH KOHeIl.
Bropas u TPEThS

LUUTOIUIa3MaTUYCCKUE TICTIIN, a
TaKKe MPUMEMOPAHHBIM Y4acTOK

Blasn s

L

BHYTPUKIIETOYHOTO KOHIIa
00pa3syloT MECTO CBsA3BIBAHHs C
COOTBETCTBYIOIIM G-6enkom.
DochoprIpoBaHHE  HECKOIBKUX
OCHOBaHMI1 HaA TpeThei
LUTOIIA3MATHYECKOH TeTiie M
KapOOKCHIBHOM KOHIIE
(Hanpumep, HAM® 3aBucu Mot
TIPOTEHHKHUHA30H) BBI3BIBACT
JIECEHCUTH3ALIMIO penenropa.
Dochopunnposanme
KapOOKCHIBHOTO KOHIa G- (B} Recepior for mmines, (€} Peptide bormose receptons

6€II0K3aBHCHMBIMU peuenTop
kunazamu (GRKs), wanpumep, B-

mucleotides, shoowasoids

aJIpeHOPELETNITOP-KUHA30M

(BARK), TaKxKe BBI3bIBAET

JICCCHCUTH3ALIIIO peuerropa,

CBs3bIBaHHE Oecika appecTHHa H

npekpamaer oreer. (B) Mecra

CBSI3bIBAaHMS AMHHOB, HYKJICOTHIOB

U DUKO3aHOMIOB  00pasyroTcs

y4acTKaMu TpaHCMEMOpPaHHbIX

nomenoB. (C) B pememropax | !

TNCNTUIAHBIX TOPMOHOB  Y4acCTOK 10} Nesrotraosmitter (ghutamaie, GABA) receplar

CBA3BIBAHUS JIMTAaHJAA HaAXOJIUTCS
Ha Hapy»XHOI 4acTH
TpaHcMeMOpaHHbIX JIoMeHOB. (D)

1
L] [ ] ®
B MeTaGoTpomHBIX peuentopax
royramata 1 [AMK  mecro =
CBsI3BIBAHUS JIMTAHJA HAXOJIUTCS ",
Ha Hapy»XHOM N-KOHIIe.

Fig. 10.2. Metabotropic or G
Protein-Coupled Transmitter
Receptors. (A) Indirectly coupled
transmitter receptors have seven
transmembrane domains, an
extracellular ammo terminus, and
an intracellular carboxy terminus.
The second and third cytoplasmic
loops, together with the ammo
terminal region of the intracellular
tail mediate binding to the
appropriate G protein.

Phosphorylation of sites on the third cytoplasm loop and the carboxy terminus by second
messenger-related kinases, such as cAMP-dependent protein kinase, causes receptor
desensitization. Phosphorylation of sites on the carboxy terminus by G protein coupled
receptor kinases (GRKs), such as B-adrenergic receptor kinase (BARK), causes receptor
desensitization, binding of the protein arrestin, and termination of the response. (B)
Portions of the transmembrane domains form the ligand-bindmg sites of metabotropic
receptors that bind amines, nucleotides, and eicosanoids. (C) Ligands bind to the outer
portions of the transmembrane domains of peptide hormone receptors. (D) The ammo-
terminal tail forms the ligand-bindmg domain of metabotropic receptors for glutamate
and GABA (After Ji, Grossmann, and Ji, 1998.)

YaHUd Y4aCTBYIOT B CBA3BIBAHWU U aKTUBAIIUU COOTBETCTBYIOIIINUX G-0enkoB > 6).

Crtpyktypa u pyHkuua G-6enkos

G-0enku, Ha3BaHHBIE TaK [0 HMX CIIOCOOHOCTH CBSI3bIBATHCS C TYaHHHOBBIMH HYKJICOTHIAMH,
SBIISIOTCS TPUMEPAMH, COCTOSIIMMU M3 Tpex cyObeamuui: o, f u y (puc. 10.3) 7. Cymecrryer
0OJIBIIOE KOJNMYECTBO PA3sHOBHAHOCTEH Kaxmod u3 cydbemuunn (20 o, 6 £ 12 ). uro coszmaer
OCHOBY JAJIsI OTPOMHOTO KOJIMYECTBAa WX KOMOMHAuid. G-OeJKH pa3fensioTcss Ha YeThIpe OCHOBHBIX
TPYIIIBI 110 CTPYKTYpe M MHIICHAM HUX O-cyObemmuui: G, cTuMynmpyeT aneHWIaTHukiasy; Gj
HHTHOMpYeT aneHunariukiasy; G, cesasbiBaercs ¢ ¢pocdonunasoit C; mumenu C, MoKa He H3BECTHBI.
CewmeiictBo G; BKimouaet G,



I'naa 10. Mexanusmol Henpamou cuHonmu4eckoll nepeoaiu 193

Puc. 10.3. MeraGorpomnHsie
penenTopsl JeHCTBYIOT depe3
G Oenkn. G-6enku SBISIOTCS
TpUMEpaMH COCTOSAIIUMH U3
o, B- u  YeyObemuHMI.
AxTuBais  MeTabOTPOIHOTO
peuenTopa, TIPOUCXOJIAIIAs
NMpH  CBSI3BIBAHUM ~ arOHUCTA
(0OTMEYEHO 3BE3J0YKOM),
BeI3pIBAET  3ameHy I Td

(GTP) na 1J1® (GDP) na O~
cyosequunne G-6enka. IT0

TIPUBOAUT K AaKTHUBAUUA o-

CyOBCIMHHIBI U ,B}/ -
KOMILIEKCa, KOTOpBIE
OTCOCMHAIOTCS OT perenTopa
U gapyr or jgpyra. B
CBOOOTHOM COCTOSIHUHM | CBSI3BIBAHMIO BCEX CYObEJMHUIl B HEAKTHBHBII aﬂ%KOMrmeKc M OKOHYAHHIO OTBETA.

axtusnas (& cybremunmma u Fig. 10.3. Indirectly Coupled Transmitter Receptors Act through G Proteins. G proteins are

'B }(KOMHHVCKC 6 trimers of & ,B and )—subunits. Activation of a metabotropic receptor by agonist binding
B3AUMOJICHCTBYIOT € DC/KAMMU- (indicated by a star) promotes the exchange of GTP for GDP on the a subunit of the G protein.
MHUILICHAMH, QFCyObeMHHUIA

M This activates the o subunit and the ﬂ}/ complex, causing them to dissociate from the receptor
obnanaer sHaoreHHoi I'Td-

A3HOI AKTUBHOCTBIO, u | and from one another. The free activated a-GTP subunit and ,B}/ complex each interact with
rugpomus T po TJd ¢ | target proteins. Hydrolysis of GTP to GDP and inorganic phosphate (P,) by the endogenous
obpasoBaHHEM GTPase activity of the a subunit leads to association of the (Zﬁ}’ complex terminating the

Heoprauuieckoro pocdara (P) | response.
MIPUBOJNT K 0OpaTHOMY

(TpaHCAYLMH), KOTOpBIH akTuBUpyeT (ochoaudcrepasy ul M® (rmaBa 19), a Taxxke IBe
n3oopmbl Gy, KOTOpBIE CBS3BIBAIOTCS C MOHHBIMU KaHajdaMu. Bmecte ¢ TeM, Kaxablid u3 G-
OCIIKOB MOYKET B3aUMOJCHCTBOBATh C HECKOJBKMMHU 3 dekTopamu, a pasHbie G-OelKH MOTYT
MOJIyIUPOBAaTh aKTUBHOCTh OJTHHX U TEX YK€ HOHHBIX KaHAJIOB

B neakTuBUpOBaHHOM cocTosiHUU ryaHosungudocdar (I'AII) cBs3an ¢ O-cyObeJUHULEH, U BCe
Tpu cyObeauHUIBl 00bearHEHbl B Tpumep (puc. 10.3). BzaumogelicTBue ¢ aKTHBUPOBAaHHBIM
penenrropoM no3BoiisieT ryanosuHTpudochary (I'Td) samecturs I'II1 Ha Oi-cyObeanHMLIE, YTO
HOPUBOIUT K IHCCOLMALMH O--H fy -cyObenuHui (B (U3MONOTHICCKHX YCIOBHAX [~ H Y-
CYOBEAMHULBI OCTAIOTCS CBsi3aHHbIMH). CBOOOAHBIE O- M SB)CYObeIMHHULBI CBSI3BIBAIOTCS C
Ge/KaMH-MUIICHAME W MOIYTHPYIOT uX aktuBHOCTh  ° '”. CBOGOIHas O-CyObemuHUIA
obnanaer ['Td-a3HON aKTHUBHOCTHIO, BbI3bIBas ruaponu3 ['TO ¢ obOpasoanmem [/II1. B
pesyibrate O- U [)CyObeOUHHIBI BHOBB CBS3BIBAIOTCS, YTO NPHBOAMT K NPEKPALICHHUIO HX
aKTUBHOCTH. Bpems KM3HM aKTHBHPOBAaHHBIX cyOwbenunHni G-Oemka MoIynmupyeTcs Oenkamu,
koTopsle HasbiBaioTcs GAP (Oenku, axtuupyromue I'T®a3Hyl0 akTUBHOCTb). OTH OelKU
BIIMAIOT Ha CKOPOCTh, ¢ KOTOpoii ruaposnusyercs I TP, cszaHHas ¢ O-cyObeqUHULICH 1

Tonkue neranu B3aumopeiicTBusa cyobeauHun G-6enkoB Mexay co00il U ¢ MX MUIIEHSIMU B

HACTOSIILEE BPEMsl HMHTEHCHBHO HCCIENYIOTCS C HCIIOJIb30BAaHUEM METOJOB MOJIEKYISAPHOMI
5 o 12)- 14

6rooruK ~ i PEHTIeHOBCKOH KpucTamtorpadun > ',

DeceHcuTtusaumsa

Kak 1 B ciyuae MOHOTPOMHBIX pelentopoB (rinaBa 9), oTBETHI, onocpenoBanubie G-Oenkamu,
MOTYT JI€CEHCUTH3UPOBAaThC — T. €. YMCHBIIATHCSA NPU MPOJOIDKHTEIHHOW aKTHBAIHH.
JleceHCHTH3aIMs MOXKET OBITH 0OYCITOBICHA ABYMS MEXaHH3MaMu . B mepBoM ciyuae knHasa,
perynupyeMas BTOPHYHBIMH IIOCPEIHUKAMH, HampuMmep, HAM®D-3aBucuMas MPOTEHHKHUHA3A,
MOKET (OcHOPHINPOBATH HECKOIBKO THIIOB PELENTOPOB, CBsA3aHHbIX ¢ G-Oenkamu. Bo BTOpom
ciydae ObicTpass ¥ chenupuyHas K aroHUCTY JCGCCHCHTHU3alUs BOBIICKAeT JBa JPYTHX
cemeiictBa OenkoB. [lepBeiM 3Tamom siBisercss  QocdopunupoBaHre aKTHBUPOBAHHBIX
peenTopos creubpuIecKoil Kunasoi, ceszannoi ¢ G-6enkom (GRK), nanpumep, kuHaszoi S
anpenoperieriropa  (SARK). 3areM mpoTedH H3 CeMECTBA appECTHHOB CBS3BIBACTCSA C
(bochOpUITMPOBaHHBIM PELIENITOPOM, OJIOKUPYS €ro CHOCOOHOCTh aKTHBUPOBaTh G-OeikH, W
TaKkuM 00pa3oM OrpaHUYHBAET OTBET.
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Puc. 10.4. Tpsimas MoaynsIus akKTUBHOCTH HOHHOTO Kanana G 6emkom (A) Anmmukanus G gy -KOMIUIEK :a Ha BHYTPUKJICTOYHYIO
CTOPOHY MeMOpaHbBl MBINICYHON KICTKH IPEJCEpAHs BBI3HIBACT YBEIMUYCHHE TOKA dYepe3 KAJMEBBIC KaHANbI, aHAJOIHYHOE
9¢(deKTy aleTUIXOIMHA MPU €ro BO3ACHCTBMH C HApYXKHOW cTOpoHbI MeMOpanbl. (B) CesspiBanne AX ¢ MyCKapHHOBBIM
peuentopom (MAChR) aktuBupyer G-0e/10K; aKTHBHPOBAHHBIH ,B}lkowmnekc HAINpsAMYIO CBSA3BIBACTCS C KAJIMEBBIM KaHAJIOM U
BBI3BIBACT €r0 OTKPBIBAHHUE.

Fig. 10.4. Direct Modulation of Channel Function by G Proteins. (A) Application of the G g, complex tc the intracellular surface

of an isolated patch of membrane from a rat atrial muscle cell (Gg,in bath) results in an increase in p>tassium channel current
similar to that seen when acetylcholine is added to the extracellular side of the patch (ACh in pipette). (B) Schematic
representation of events in an intact cell. Binding of ACh to muscarinic receptors (mAChR) activates a (5 protein (indicated by a

star); activated ,B}/complex binds directly to and opens a potassium channel. (A after Wickman et al., 1994.)

§ 2. llpsimast MoayJISILMSI AKTUBHOCTH HOHHBIX KaHAJI0B G-
oeJIKaMu

G-0enku BOBIICUEHBI B PETYJIILMIO MO KpailHeH Mepe NecsTKa Pa3N4YHbIX KaJIUEBBIX, HATPHEBBIX U
KATbLMCBBIX KAHATIOB MOCPEACTBOM OKONO 70 pasmmuHBIX peuentopos . G-Genxn omocpemyior
B3aMMOJICHCTBHE PELIEITOPOB ¢ HOHHBIMH KaHAJIAMHM JIHOO0 HANPSAMYIO, HETIOCPEICTBEHHO CBSI3BIBASICh
C WOHHBIMH KaHaJIaMM, JHOO OIIOCPENOBAHHO — C BOBJICYCHHEM BTOPHYHBIX ITOCPEIHUKOB.
MmHoroo6pa3sue CUrHaIBHBIX KackaloB JeJIaeT BO3MOXKHBIM TO, YTO OAWH M TOT YK€ MEIHATOp MOXKET
BHavaje BBI3BAaTh BO3OYXIEHHE, a 3aTeM — TOPMOXKEHHE IOCTCHHANTHYECKON KIIETKH, PaBHO KaK M
JIpyTHe MaTTepPHBI OTBETOB B PA3IMYHBIX TUIIAX HEHPOHOB.

AKTUBaUuUA KanueBbiX kKaHanoB G-6enkamu

3ameasnenue cepaueOHeHuid Mo JeHCTBUEM alleTHIXOJIMHA, BIEepBble uccienosanHoe Jlesu 6oiee 70
ner Hazan (mmaBa 9), omocpenoBaHO METAaOOTPONHBIM — PELENTOPOM — MYCKapUHOBBIM
AIIETUIIXOJIMHOBBIM peLenTopoM. MycKapHHOBBIE PELIENTOPHI MOJIYYHIH CBOE HAa3BaHHE ITOTOMY, Y4TO
OHU CEJIEKTHBHO AaKTHUBHUPYIOTCS MYCKapUHOM; HWOHOTpONHBIE AX pelenTopsl CEeleKTUBHO
aKTHBUPYIOTCS. HUKOTHHOM M IIOTOMY HAa3bIBAIOTCSI HUKOTHHOBBIMH (TJIaBbl 3 ® 9). AKTHBanus
MYCKapHHOBBIX PELENITOPOB B CEPLE IPUBOAUT
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Puc. 10.5. JlokanbHblit
npuMe MOpauHblil  dddexr G i - H"
Gen  xoB c npsamMeiM | (A} {B)

MeXaH 13MOM JCHCTBHSA.
(A) Db dexts AX
HCCIIE, (0BAIKCH € TIOMOIIBIO
MOTY-FIAMII PETHCTPALMH B .
koudr rypaunn  cell-attached. ) = WW X

AX MikeT OBITH 100aBIEH ¥ 4 |
m6o B PErHCTPHPYIOLIYIO -
MUIET <y, TH00 B HAPYXKHBIH

pacTB(p (B) 3anucu v
TOKOB qepes OJUHOYHBIC )
KaHa 110 " nocie

no6as.ieauss AX. AKTUBHOCTH
KaHall)B  BO3pacTana JIIib
npu jpd0aBiennn AX B mOTY-
HIIET Y.

Fig. 10.5. Direct  or|(A) Effects of ACh were assayed by cell-attached patch clamp recording. Acetylcholine could be
Memb 'a“e'Deli“ﬁted’ Effects | perfused into either the patch pipette or the bath. (B) Recordings of singl :-channel currents before
of G Proteins operate over|and during addition of ACh. Compared with the control channel activity increased only when
short cistances. ACh was added to the patch pipette. (After Soejima and Noma, 1984.)

K OTKPBIBAHHIO KAIHEBBIX KAHAIIOB ', BBI3BIBAS THIICPIIOJISAPH3ALIIO.

B psime sxcepuMeHTOB OBLIO MMOKAa3aHO, YTO OTKPHIBAHHE KAJHMEBBIX KAHAJIOB, MPOUCXOSINEE
IpH AKTHBALMH MyCKapHHOBEIX DeIeNTopoB, omocpexoBano G-Gemkamu '*- ' Tak, 6sut0
0GHAPYKEHO, UTO JUTS AKTHBAIMH KATMEBBIX KAHATOB HEOOXoauMa BHyTpuKierounas I'Td *7,
YTO aKTHBALUS KAIMEBBIX KAHAIIOB MYCKAPMHOBBIMHU arOHUCTAMH 3HAYUTENIBHO MPOJISIETCS IPU
BHYTPHUKJIIETOYHOM BBeJE€HUH Heruaponmsupyemoro axamora ['T® — Gpp(NH)p 'y gro
MYCKapHUHOBasi aKTHBALIMS KAJIMEBBIX KaHAJIOB OJOKUPYETCsS] KOKIIOIIHBIM TOKCHHOM, KOTOPBIH
uHakTHBUpYyeT Gi-Gemkm V. BakHas MHQOPMAIHS O MEXaHH3MAaxX AKTHBAIMH KaTHEBBIX
KaHAJIOB B KapAMOMMOLMTAaX ObUta mosrydeHa KisrmxamoM M COTpyJHHKaMH B SKCHEPUMEHTax
Ha M30JIMPOBAHHBIX y4yacTkax MeMmOpanbl. Hcnonb3ys koHdurypamuio inside-out, oHHM
MOKa3ajd, YTO MPH allUIMKAIMK OYHLICHHOW [3)CyObeMHHULBI C BHYTPEHHEH CTOPOHBI
MeMOpaHbl TIPOMCXOJUT OTKpPhIBaHHE KajueBoro kaHama (puc. 10.4) * Iror 9KCIIEPUMEHT
MPOIEMOHCTPUPOBAI, 4TO [)¥CyObeNHHUIA OTBETCTBEHHA 3a OTKPHIBAHHE KAIMEBOTO KaHANa.
[Mocnenyromue OSKCIEPUMEHTHl C KIOHHPOBAHHBIM MYCKapHH-aKTHBHPYEMBIM KaJHEBBIM
kananoM (GIRK1) mokasanu, uto [yCyObemvHula B3aUMOIEHCTBYET C KaJHEBBIM KaHAIOM
Hanpsimyro (cm. puc. 10.4B) B, HHTepecHo TO, YTO Npu peructpaunu B koHdurypamuu cell-
attached kanueBble KaHABl AKTUBHPYIOTCS TPU JOOABICHUM MYCKAPHHOBBIX aroHHCTOB B
IIUIETKY, NOOaBIeHNE K€ MYCKapMHOBBIX aroHHCTOB B HApPY)KHBIH PacTBOp HE NPHBOIUT K
aKTHBALIMHM KAHATOB B PETHCTPUPYEMOM yuacTke MemGpambl (puc. 10.5) *. Takum oGpazom,
aKTHBUpOBaHHAsi f)CyObeMHMIA HE B COCTOSHHM IIPEOAOJNETh 30HY KOHTAKTa MEXIY
IIUIETKOM M MeMOpaHOH, YTO CBHIETENBCTBYET O BEChbMa OTPAaHWYEHHOM DPaanyce NeHCTBUS

AKTHBUPOBAHHOM [ -CyObeNHUIIBL.

MHrubuposaHue kanbLuueBbIX KaHaNoB, onocpeaoBaHHoe G-6enkamu

JpyruM mpuMepoM TNpsIMOTO B3aMMOAEHCTBUS Mexay G-OenkamMu M HMOHHBIMH KaHaJIaMU
SIBISIETCA CaMOPETy/sUsl OCBOOOMKAEHMS HOpaJpeHaluHa M3 HEHPOHOB CUMIIATHYECKOIO
TaHTIIHS  JISTYIIKH % OcBOGOKIACMBIH  ITHMH HEHpOHAMH HOpAJApPEHAIMH HE TOJBKO
AKTUBUPYET PELENTOPbl Ha MOCTCUHANTUYECKUX KIETKaX-MUIICHAX, HO TaKkxe JEHCTBYET Ha
caMy IPECUHANTHYECKHE HEPBHbIE OKOHYAHUS Yepe3 O,-axpeHopeuentopsl (puc. 10.6A).
AxTHBanMs ayTOpeLEeNnTopoB (autoreceptors) ociabiseT BblaeneHue meauaropa (puc. 10.6B),
CHW)Kasl BEPOSITHOCTh OTKphIBaHWsI N-Tuma kanpuueBbix kaHanoB (puc. 10.7). (Kampunessie
KaHaJIbl pas3zjendtorcss Ha Heckoibko kiaccoB [L, T, N, P, Q u R] mo kuneruke u
(dapmakonorudeckuM cBoiictBam (rmaBa 3). OcBOOOXKICHHE Meauaropa M3 CHMIIATHYECKHX
HEHPOHOB KOHTPOIMPYETCS KalbIHEM, BXOAIIMM uepe3 N-THI KalbIMEBHIX KaHATIOB ~.)
DKCHEpUMEHTHl C HETHAPOIM3UPYEMbIMH Tpou3BOAHBIMU [ T® BbIIBMIM, YTO OTBET Ha
HOPaJpEHAIUH OOCPE0BaH
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Puc. 10.6. TlpecunanTuueckue ayTo]eLENTOpbl YMEHBIIAT
0cBOOOKICHHE MeamaTopa. ‘A) Hopanpenanun
(norepinephrine, NE), ocBoGoxmaem 1ii M3 CHMIIATHYCCKHX
HEMPOHOB, CBA3BIBAETCA C O aJPEH( pEEeNTOpaMu (aymope-
yenmopamu) Ha MeMOpaHe HEPBHOTO OKOHYAHHS M BBI3BIBACT

aktuBanuio G-Oenka AKTHBHBIH ,574 oMnieKc CBA3BIBACTCS C
KaJIBIIUEBBIMUA KaHAJIAMHM, 4YTO NMPUBOAY T K YMEHBIIICHUIO BXOJAa
KalblMsl M OCBOOOXAeHHs Menuaroda. (B) Hopanpenamun
YMEHbIIACT OCBOGO)K}:[CHI/IC MeauaTtcpa M3 CHUMIIATUYECKUX
ranrimeB. B raHmmu  ObuUl BEGAGH  PaJMOAKTHBHBIN
HopanpeHamuH.  OCBOOOKIICHHE M :JIHATOpa  BBI3BIBAIOCH
anIIMKaued pacTBopa C BHICOKOM KOHIEHTpaluel HOHOB
kamust (50 wmmonp). JloGaBneHue 3 HapyXHbIH pacTBOp
HeMeueHoro HopazapeHanuHa (30 N KMOmb) NPUBOAMIO K
YMEHBIICHUIO OCBOGOKICHHUS PaanOaKTHBHOTO
HOpaJpeHalIWHa, BBI3BIBAEMOI'0 KaJIUCB W HCHOHZPH3&HHCﬁ.

Fig. 10.6. Presynaptic Autorecepto's Reduce Transmitter
Release. (A) Norepinephrine (NE) re eased from sympathetic
By 0k - neurons combines with o,-adrenergic eceptors in the terminal

membrane (called autoreceptors), acti’ating a G protein. The
® 035 activated ,B}/ complex binds to calciim channels, decreasing
P P calcium influx and so limiting further transmitter release. (B)
E 04 —— L Norepinephrine reduces the releasc of transmitter from
e sympathetic ganglia. Ganglia were oaded with radioactive
E norepinephrine and then enclosed it a perfusion chamber.
03} Transmitter release was evoked by depolarization with a
solution containing 50 mM potassium (light bars). Addition of
0l |- K 30 uM unlabeled norepinephrine to the perfusion solution (dark
o - T _ N i bar) reduced the amount of radiolabel¢d transmitter released in
[ 2 400 {08 B0 1000 response to potassium-induced depolarization. (B after

Time {5} i Lipscombe, Kongsamut, and Tsien, 198).)

G-6enkamu. THruOMpoBaHue aKTMBHOCTH KallbMHUEBBIX KaHaoB B cell-attached xondurypaumm
HaOJI0AaeTCs JIHIIb TOT/IA, KOTIa HOPAAPCHATNH T00aBIAETCS B PETUCTPUPYIOUIYIO MUIETKY, a
HE CHapy)XH, YTO MPEIIOJIaract mpsmMoe B3aumopeiicTeue mexay G-OenkamMu M KajabLHEBBIMU
KaHaJgamMd. [Ipy MOBBIMIEHHOW SKCIPECCHM HIIM MPOCTO HHBEKIUH O- U [¥CyObeidHHI] B
KJIETKU ObUIO OOHAPY)KEHO, YTO KaJblMeBble KaHaiubl N-THIa OIOKUpYIOTCs B)Ccy0obeauHuieit
*. % Takoil TOpMO3HBI >(P(EKT SABISETCS OBICTPHIM M JIOKATHHBIM MEXAHH3MOM I
perymsimn BEIGpoca MeuaTopa .

§ 3. AktuBanus G-0eJikaMM BHYTPHUKJIETOYHBIX BTOPUYHBIX
MOCPEeIHNKOB

Mmuorue G-6enky B3aUMOJIEHCTBYIOT C HOHHBIMH KaHAJIAMH HE HANPAMYIO, a 4epe3 MOTYIISIUIO
aKTUBHOCTH (DEpMEHTOB, BOBJICUCHHBIX B IMTOIIa3MATHIECKHE CHCTEMBI BTOPHUYHBIX
[OCPEHUKOB: aJeHunaTuuKiIassl, docdomunassl C, dochomumnassl A,, dochoauscrepassl u
¢dochaTuaumuHO3UTON 3-KMHa3bl. [IpOMYKTHI 3THX (EPMEHTOB, B CBOK OUYepEib, OKa3bIBAIOT
BO3JICHiCTBHE HAa MHIICHH, KOTOPBIC BIMSIOT Ha AKTUBHOCTH HOHHBIX KaHAJOB M JPYTUX
BHYTPHKJIETOYHBIX MPOIECCOB. B OTIHYME OT OBICTPBIX M JOKAIBHBIX OTBETOB, BBI3BIBAEMBIX
OpSIMBIM ~ B3aUMOJCHCTBHEM CyObemuuul; G-0€IKOB ¢ HOHHBIMH KaHalaMH, OTBETHI,
OIOCPEOBAHHBIE IUTOIIA3MATHIECKMMH CHCTEMAaMH BTOPHYHBIX IIOCPEIHHMKOB, Ooiee
MEJUICHHBIE U UMEIOT OOJIbIINI paguyc AeHCTBYS.

FAnpeHopeLenTopbl akTUBUPYHIOT KanbLuueBble KaHanbl Yyepe3 G-
6enku u ageHunaTuuknasy
OpHuM M3 HaumOoJiee XOpOIIO W3YyYCHHBIX MPHMEPOB HEMPSIMO CHHANTHYECKOW TNepenayu,

OIOCPE/IOBAHHON BHYTPUKJIETOYHBIMH BTOPHYHBIMH TIOCPEIHHKAMHE, SIBISIETCS aKTUBAIUS [
aPEHOPELENTOPOB B CEPACTHON MBIIIIIE MO ACHCTBUEM
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Puc. 10.7.  Hopanpenanux
]/IHI']/I6I/[I y €T AKTUBHOCTH
KaJIbIIHE BBIX KaHaJO0B. Toxku

4yepe3  OJMHOYHBIC  HOHHBIC C L
omtral 30-4M Norepineph
KaHANbl PErHCTPUPOBATNCH B i
KOH(UD parun cell-attached. _I_F—‘"——l— |'—'_"'
Kananst AKTHBUPOBAIIHCH
Jenosf u3almeil  MeMOpaHblL. 1pA YT L AT —r
TIpu I100aBIICHUN
T
HOPAJIpC HATHHA B T4
2JIEKTPO ] aMIUIUTyJa TOKOB HE — T AT Iy -“""I'W
H3MEHSJ aCh,  OJIHAKO  KaHAJBI =
HAYMHAI X OTKPBIBATHCS PEXE U - .l "'. .,."'I. H. L _|'P|I L e e e : :
Ha 6oJ1e1: KOPOTKOE BPeMsl. 0 & 120 1800 [ 120 180
Fig. 1).7. Norepinephrine mm - Time sl
Inhitijts ~ Calcium Channel
Activity Single-channel | 3 depolarizing pulse (top trace). When norepinephrine was included ir the patch electrode, the

currents were recorded in cell- unitary currents did not change in size, but channel openings were les; frequent and of shorter

attached patches; channels were | quration. (After Lipscombe Kongsamut, and Tsien, 1989.)
activatec. with

Puc. 1).8.  Axrtupanus ﬁ--
AJPCHOL SLENITOPOB  MPHBOIAUT
K YBEJ HUCHUIO KaJablIHUCBOTO
TOKa B epJeyHOM Mblmue. (A)
VBenuuHHAE KaJlbIIUEBOT'O TOKa,

B Catcium 4 pA

BBI3BbIBA( MOC ~ AKTHBAIIHCH ,B
AJIPEHOL SLENTOPOB, MPHUBOAUT K
YBEIN4E HUIO AMIUTUTYABL "
JUTHTEITE HOCTH MOTEHINANA
I[eflcTBPl 1 W CHIIBI COKpaIlCHUSA
MBIIICYE BIX KJIETOK cepaua. (B)
Bonbran nepHas

XapaKTe YUCTUKA KaJIblIHUCBOTO
TOKa B MHOKapHOLHTaX
HU3MEPCE Has B YCIoBUAX
¢dukcamiM  MOTeHIMama B
KOHTpOJ € " Tocie
nobapie HUSL  aJpeHalHa  —

bk = |
0 200 400 &0 800
Tiamse: {res)

AroHuCT 1 ﬁ»aﬂpeﬂopeuerﬂopo&

Fig. 1(.8. Activation of ﬁ»
Adrener jic Receptors in Car@iac receptors, in this case by addition of 10 H norepinephrine, in:reases action potential
Muscle  Increases  Calcium|amplitude and duration and the tension produced by cardiac muscle ¢zlls. (B) Current-voltage

Current. (A) The increase in relationship of calcium current in a myocardial cell measured under vo tage clamp conditions in

Ici t duced b,
caletum - current - produce Y the absence and presence of 0,5 uM epinephrine, a ,B—adrenergic r¢ ceptor agonist. (A after

activation Ofﬂ' adrenergic Reuter et al., 1983; B after Reuter, 1974.)

2, 30
HOpaJipeHaInHa ). HopajpeHaTuH BBI3BIBACT yuallCHHE CEPALCOHCHHS W yCHJICHHE

cokpauleHuil cepedHoi Mbimnbl (puc. 10.8A). YBenuueHue COKpaTUTEIbHOW CUIIBL OTYACTH
00yCIIOBIIEHO YBEIMYCHUEM aMIUTUTYIbl ¥ AIUTEIBHOCTH (has3bl INIaTO CepIeyHOro MOTEeHIHana
JIEUCTBUSA, YTO CBA3aHO C YBEIMYEHUEM JICKALIETO @ €r0 OCHOBE KalblMEBOIO TOKa (pHC.
10.8B). Perucrpanus OJMHOYHBIX KaHAJIOB B KapauHOMHOIMTaX B KoH(urypauuu cell-attached
MOJATBEPIMIA, YTO CTHMYJSIUHUS [-aJPEHOPELENTOPOB aroHUCTaMH (HOPAJPEHAIMHOM WIIH
H30MPOTEPEHOJIOM) BBI3BIBACT YyBEIMUYEHHE AaKTUBHOCTH KajbIMEBBIX KaHaioB (puc. 10.9).
Bbonee Toro, okaszanoch, YTO Ul IOJNY4EHUS OTBETa HE 00A3aTENbHO 100ABIATH ArOHUCT BO
BHYTPHUIMIIETOYHBIH pacTBop. JloOaBieHHe H30NpPOTEpPEHONAa B HAPYKHBIM PACTBOP TaKKe
BBI3bIBAET YBEIMYEHHE AKTHBHOCTH KaJbLMEBBIX KAaHAJIOB B CaMOM MCCIEIYEMOM KyCOUKE
(mT49e) MeMOpaHbl, YTO SBIAETCS AWATHOCTUYECKUM TECTOM IJISi OTBETOB, OIOCPEIOBAaHHBIX
b GYHIMPYIOMAME BHYTPHKICTOYHBIMI BTOPHIHBIMH TOCPEIHHKAMHE

AKTI/IBaL[I/ISI ﬂaﬂpeHopeuenropOB CBsA3aHa C YBCJIMYCHUCM KaﬂLHHeBOﬁ IIPpOBOAMMOCTHU
MOCPEACTBOM BHYTPUKIICTOYHOI'O BTOPUYHOT'O
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Puc. 10.9. Axtupanus ,B—anpcnopcucmopos BBI3BIBACT YBEIMUYCHHE AKTHBHOCTU KaJbLIMEBBIX KaH UIoB. (A) Perucrpanmus
npou3BomIack B Konpurypammu cell-attached ot HeGonbIoro yqactka MemMOpaHbl, COJEPIKAILEro JBa (AIbLMEBBIX KaHaua. (B)
JlobaBiieHre B HapyKHBII PacTBOpP H30JIPOTEpPEHOIA (ﬂ-a):[pel{epmqecxmﬁ ArOHKCT) BBI3BIBACT YIEIHYECHHE BEPOSATHOCTH
OTKPBIBAaHHSA KaJIBIIUEBOT'0 KaHalla IIpyu ACTIONIAPU3alIuN MCM6paHLI.

Fig. 10.9. B—Adrenergic Agonists Cause an Increase in Calcium Channel Activity during a depolarizing fulse. (A) Recordings are
from a voltage-clamped cell-attached patch. (B) Consecutive records of the activity of a patch containir g two calcium channels.
Addition of 14 uM isoproterenoL a ﬂ}{idrenergic agonist to the bath causes an increase in the probability that the calcium channel
will open when the cell is depolarized. (After Tsien, 1987.)

nocpeanuka nukiapueckoro AM® (uAM®). Kaxk mnpoummntoctpupoBano Ha puc. 10.10,
CBSI3BIBAHHE HOpAJpEHANIMHA C [-aJ[peHOPEeLeNITOpaMHy Ha KJIeTKax cepaua aktusupyer G-6enok
(Gy), ocBoGOKmast ero - U Prcyobequuuipl. B 1aHHOM ciiyuae Kak @, Tak ¥ [S)CyObeAnHHUIIbI
CBSI3BIBAIOTCS W AaKTUBHPYIOT (DEpMEHT aJeHWIATHUKIA3y; CTUMyupyromuii shdexr o-
CyObeMHUIBI HAMHOTO CHIbHee, 4eM [ycyOobenunuipl (dhdekrsl pasmudanbix Go- u Gy
CYOBEIMHHIl HA Pa3THUHbIC M30(DOPMBI aJICHIIATIMKIA3H 3HAUMTEIBHO PA3IHUarOTCs - ).
Apnenunarnukinaza npespamaer AT® B nAM® —  Obictpo  guddyHaupyromuit
BHYTPUKJICTOYHBIN BTOPHUYHBIN MMOCPEIHHUK, KOTOPHI aKTUBUpPYET Ipyroi ¢pepmMeHT — nAM®-
3aBHCHMYIO IIPOTEMHKHHA3y. KaTanmuruueckas cyObeJUHHIA 3TOM MPOTEHHKHUHA3H! OOCPEIyeT
nepeHoc (ocdara ¢ AT® Ha TUAPOKCWIIBHBIC TPYIINBI CEPHHA W TPEOHHWHA B PA3IMYHBIX
(bepMeHTax 1 KaHaaxX, TAKUM 00pa3oM MOIYIHPYS UX aKTUBHOCTb.

B mnonmb3y 970l cXeMbl [-aJpeHEPrHuecKOd CTHMYJSILMH KajJbLHUEBOW IPOBOJAMMOCTU B
KapIHOMHOLNTAX CBUICTENbCTBYET Iejas cepust Habmonemii . Hampumep, aKTHBHOCTH
KalblMEBBIX KaHAJIOB  yBEIMYMBAcTCs IOA  JelcTBueM  (DOPCKONMHA, HHTUOUTOPOB
(dochommdcrepaszbl, MeMOPAHONIPOHHIIAEMBIX MPOM3BOAHBIX HAM®, a Takke NpH MPSIMOit
BHYTPUKIETOYHOM uHBbeKIMU UAMO®D. BHyTpukieTouHas HMHBEKUMS KaTaIUTUYECKOM
cyobenuuunbl  TAM®-3aBHCHMON  NMPOTEMHKUHA3BI TaKXKE MPUBOAMT K  YBEIUYCHHUIO
KaJb[IUEBBIX TOKOB, B TO BpeMs KaK HHBEKLUS H30BITOYHOIO KOJIMYECTBA PETYISATOPHOI
CyOBEIUHULBI WM MHTUOUTOPOB NMPOTENHKHUHA3bI OJOKHPYET aApeHEPrHYecKyI0 CTUMYJISILIUIO
KanmpIeBblX TOKOB. ATP)S (amamor AT®) ycunuBaer anpeHEPrHUYECKyl0 AaKTHBAILIMIO
KaJIbLIMEBBIX KAHAJIOB IyTeM 00pa30BaHMs CTaOMIBHBIX (OCHOPUIMPOBAHHBIX OENKOB, B TO
BpeMsl Kak BHYTPUKIETOYHas MHbeKIMsA (ocharas OpemAoTBpalacT adpEeHEPrUYecKyto
CTUMYJISIIMIO KaJbLIMEBHIX TOKOB WJIM AK€ NPHUBOIUT K €€ IOAABICHUIO ITyTeM YIaJICHUS
docdarubix rpynn ¢ GochopUIupoBaHHEIX OEIKOB.

Perynsiuua akTMUBHOCTU KanbLUeBbIX KaHanoB Yepe3 apyrue
CUTrHanbHble NyTH

ITomuMo HOpazpeHanwHa, JApyrHe HEHpOMEeIuaTopbl W TOPMOHBI Takke o00IamaroT
CHOCOOHOCTBIO MOJYJIMPOBaTh AKTUBHOCTh KaJbLIMEBBIX KaHAJIOB B CEPIEYHOW MBIIIIE
MHorue "3 3THUX BEUIECTB JCHCTBYIOT 4Yepe3 MeTaboTponHbie perentopsl W G-0enkw,
CTUMYJHMPYS WM WHTUOUpYS aJeHWIATLMKIA3y; B JACHCTBHE JPYrMX BOBJICYCHBI HHbBIE
BHYTPHUKJIETOUYHbIE CHCTEMBl BTOPHYHBIX NocpeaHunkoB. Hampumep, AX, npelcTBys depes
MYCKapHUHOBBIE pPELEeNnTopbl, akTHBUpYeT Gj, KOTOpPbIi HHrUOMpYyeT aleHWIATIHKIA3zy. OTO
IPUBOANT K YMEHBIICHUIO KOHLEHTpalud UAM® ¥ HOmaBIeHHIO aKTHBHOCTH KaJbLIUEBBIX
KaHaJIOB.
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Puc. 10.10. Bausaue ,B—aape}lopeuenTopOB Ha KaJblIMEBBIE KaHANIbl ONIOCPEI0BAHO BHYTPHKIETOYHBIM BT OPHYHBIM TOCPETHUKOM

HAM® (cyclic AMP, cAMP) Cas3biBaHue HOpaJpeHaInHA C ﬁ—anpeﬂopeuer[TopOM NpUBOIMT TcpencTBoM G-Genka K
aKTHBALMK (hepMEHTA aJCHWIATIHKIA3a. AJCHHIATIMKIA3a KaTaIM3UPYyeT peakuuio obpasoBanus ILAM®D u3 ATD. nAM®
akTHBHpYeT HAM®- aBHCHMYIO IPOTEHHKHHA3y — (hepMeHT, KOTopelii Gochopuanpyer Genku mo cepH 10 BBIM U TPEOHHHOBBIM
THIPOKCWIIBHBIM rpynmaM. OTBET Ha HOPAJpeHaJMH Npekpamaercs B pesyibrate ruapoiauza 1IAM® po 5-AMP u
nepochopuupoBannst  GenkoB  ¢pocarazamu. B KapIHMOMHOLMTAX — HOPAJPCHAIMH  BBI3BIBACT  (pocdopuimpoBaHue
MOTEHINAN3ABHCHMBIX KANbLHEBBIX KaHAIOB, NepeBoAs HX B (opMy, B KOTOpOHl OHM MOTYT ObThb AKTHBUPOBAHBI IIPH
JICTIOJISIPU3AIIA MEMOPAHBI.

Fig. 10.10. ,B—Adrenergic Receptors Act through the Intracellular Second Messenger Cyclic AMP to iacrease calcium channel

activity. Binding of norepinephrine to ,B—adrenergic receptors activates, through a G protein, the erzyme adenylyl cyclase.
Adenylyl cyclase catalyzes the conversion of ATP to cyclic AMP. As the concentration of cyclic AV P increases, it activates
cAMP-dependent protein kinase, an enzyme that phosphorylates proteins on serine and threonine residu¢s (—OH). The response
to norepinephrine is terminated by the hydrolysis of cyclic AMP to 5' -AMP and the removal of prote:n phosphate residues by
protein phosphatases. In cardiac muscle cells, norepinephrine causes phosphorylation of voltage-activated calcium channels,
converting them to a form that can be opened by depolarization (available).

Moaynauma akTUBHOCTU KanbLMeBbIX KAHANOB NoCcpeaACcTBOM
¢ochopunupoBaHus

IprBeicHHbIE BBIIIE SKCIIEPUMEHTHI SIBHO YKa3bIBAIOT HA TO, 4TO 3P (EKTh f-aipeHePrudecKoit
CTUMYIISIIIMM HA KalbLIMEBbIe TOKM OMOCPENOBaHbI yBenuueHneM UAM® u  aktuBanmeit
npoTeHHKUHA3bL. [IpH 3TOM, OIHAKO, OCTABAJIOCH HESCHBIM, Kakhe OCJKH II0JBEPraroTCs
bochopunupoBanuio. Ilocnenyronme 3KCIEPUMEHTHl BBISBIIM, 4YTO MHIICHBIO IpoIecca
dochopunupoBaHus SBISIOTCS CaMH KaJlbIIMEBbIC KaHajbl. [IJis 3TOro cHavyaia norpeboBaioch
BBIJICTIUTh U OYUCTUTH KaJbIIMEBbIC KaHANBI L-TUma (KaHalbl 3TOTO TUIA aKTUBHPYIOTCS TP
CTUMYJISIAN [-a[I[PEHOPELEITOPOB B CEPACYHOM MBIIIIE) W3 CKEJIETHBIX MBIIIL, HUCIOIb3YS
crenuduueckne ¥ 00NaJaloNIe BBICOKAM CPOJACTBOM HHTHOMTOPBHI — JIMTHAPOINHPHIMHBL.
BeigeneHHble TakuM 00pa3oM KaHaubl ObUIM BCTPOCHBI B JIMITHIHBIC BE3UKYJIBI u
MCKYCCTBEHHbIE ~ MEMOpaHbl 0 M IOABEPTHYTH  BosjeiicTBuio  HAMM-3aBHCHMOl
nporerHkuHasbl (puc. 10.11). B pesynbrate mpoucxoauno ¢GochopuiupoBaHne OCITKOB U
BEPOSITHOCTh OTKPBIBAHHS KAIBIMEBbHIX KAHAIOB 3HAYUTEIBHO BO3pacTaja. JTO MPHUBEIO K
BBIBOJIY, YTO B OCHOBE [-aJIpCHEPrHIECKOM MOIYIISIIMU KaIbIIMEBBIX KAHAJIOB L-TUma jexur
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Puc. 10.11. ®ocdopunupoBaHne KadbLHEBbIX KAaHANOB YBEIMYHBAET BEPOSATHOCTh MX OTKpbIBaHES. (A) BceTpoennsie B
MaJICHbKUE JIMITHHBIC BE3UKYIbI (JIMIOCOMBI) KaJIbIIUEBbIC KaHAIbl JOOABIAIOTCA B PACTBOP C OJHON ( TOPOHBI HCKYCCTBEHHO
6ucnoitnoii MmemOpansl. IIpy causSHUE TUMOCOM ¢ MEMOPAHOI CTAHOBHTCSI BO3MOXKHBIM PETHCTPUPOBATh AKTHBHOCTH OAMHOYHBIX
HOHHBIX KaHaJoB. (B) ®ochopuinpoBanne yBeqnYnBaeT BEPOATHOCTh OTKPHIBAHMS KAaHAJIOB. 3allMCH IKTHBHOCTH OJHHOYHBIX
KaHaJoB /10 # nocie nobasnenus AT® u katanutrdeckoi cyobeanHnusl HAM® 3aBHCHMON NPOTEHHKI (HAYBI C OIHOM CTOPOHBI
OucIoiHO MeMOpaHBI.

Fig. 10.11. Phosphorylation of Calcium Channels Increases Their Probability of Opening. (A) Puified calcium channels,
incorporated into small lipid vesicles (liposomes), are added to the solution on one side of a pho;pholipid bilayer. When
liposomes fuse into the bilayer membrane, single-channel events can be recorded. (B) Phosphorylation in reases the probability of
channel opening. Single-channel records before and after adding ATP and the catalytic subunit of cAMP- lependent protein kinase
to the solution bathing one side of the bilayer. Biochemical studies demonstrate that the calcium channel itself becomes
phosphorylated. (After Flockerzi et al., 1986.)
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Puc. 10.12. HopanpeHainnH yMeHbIIAeT JAJIMTENBHOCTh MOTEHIMANA ASHCTBUS B HEHPOHAX JIOPAAIbHOIO I'AHIIINA LbIIUICHKA. (A)
Hopanpenanun (NE) ymeHbIIaeT AIMTENBHOCTh MOTEHIMANA AEHCTBHUA NPU PETHCTPALMU BHYTPUKIETOYHBIM 35eKTpoaoM. (B)
BonbramnepHas xapakTepHCTHKa KaJbLHEBOIO TOKA, PETUCTPUPYEMOIO B NPUCYTCTBUM TETPO JOTOKCHE A M TETPAdTHIAMMOHHS,
B KOHTpOJIC H MOciIe N00aBIeHUs HOpaapeHanuHa. HopaapeHaanH yMeHbIIAeT MOTEHIMAT aKTHBHPYEME (i KaIbIUEBbIH TOK, UTO
SIBIISIETCS TIPUYNHON YMEHBIICHHS ATNTEIbHOCTH MOTEHINANA ACHCTBHUSL.

Fig. 10.12. Norepinephrine Decreases the Duration of Action Potentials in chick dorsal root ganglion cells in culture. (A)
Norepinephrine (NE; 107 M) causes a decrease in the duration of the action potential recordcd with an intracellular
microelectrode. (B) Current-voltage relationship for calcium current recorded from cells bathed in solutions containing
tetrodotoxin and tetraethylammonium, and 10 mM calcium, with or without 10~ M norepinephrine. No epinephrine reduces the
voltage-activated calcium current which accounts for the decreased duration of the action potential. (After Dunlap and Fischbach,
1981.)

nAM®-3aBucumoe pochopuarpoBaHre caMHUX KaJbLMEBBIX KaHATOB. MOAYMSIMS aKTHBHOCTH
Kalbl[MeBbIX  KAaHAJIOB L-TWUma  JApPYrMMH TOPMOHAMH  TaKXKe  OMNOCPEJOBaHA  HX
¢dochopunupoBanueM MO0 4vepe3 aleHWIATHHKIA3y W HAM®D-3aBUCHMYIO0 MPOTEHMHKWUHA3Y,
00 Yepe3 NPyrue CUrHaNbHbIC MYTH BTOPHYHBIX MOCPEAHUKOB M MPOTSHHKHHA3
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Puc. 10.13. BinsHne HopajpeHaaMHA HA KalbLUEBbIe KaHAIBI B HEHPOHAX IOPIaIbHOTO TaHIVIMS ISIMUICHKA OMOCPEJOBAHO
BHYTPHKJICTOYHBIMH BTOPHYHBIMH IIOCPEHMKAMH auamuirimueponoM u IP . Cs3piBaHME HOpaJp ‘HAIMHA C PEIEHTOPOM
npuBoauT mnocpeacTBoM G-OenkoB Kk akrtuBamuu (pepmenta ¢dochomunara C. Dtor depmeHt ruzpommdyer dochomunma
docoarnmmmmnosuton  4,5-nudocdar (P1P,) ¢ obpazoBaHHEM JIByX BHYTPHKJICTOYHBIX BTO)HYHBIX [IOCPEIAHUKOB:
muaunrunepona (DAG) u unosuton 1,4 5-tpudoctara (IP3). IP3, BeI3bIBaeT 0CBOOOKACHHE KANBLHSA ¥ 3 3HAOIIA3MATHIECKOTO
perukyiayma B nuroruasmy. JledictByst Bmecre, DAG u kanmbluii akTHBHpYIT nporenHkuHa’y C. Ilporennkunaza C
thocdopunupyer psig 61KOB, 4TO, B YACTHOCTH, IIPUBOIUT K YMEHBIICHUIO KAIbL[HEBBIX TOKOB.

Fig. 10.13. Norepinephrine Acts through the Intracellular Second Messengers Diacylglycerol and IP to r:duce calcium current in
chick dorsal root ganglion cells. The binding of norepinephrine to its receptor activates, through a G protein, the enzyme
phospholipase C. This enzyme hydrolyzes the phospholtpid phosphatidylinositol 4,5-bisphosphate (PIP,), releasing two
intracellular second messengers: diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IPs). IP; relzases calcium from the
endoplasmic reticulum into the cytoplasm. DAG and calcium together activate protein kinase C. Prctein kinase C catalyzes
increased protein phosphorylation. In chick neurons, this causes a decrease in calcium current.

JIByXxcTyneH4arslii ()epMEHTATHBHBIA KacKaj, BOBJICKAIONIMH aJCHUIATIMKIA3Y U HAMO-
3aBUCUMYIO MPOTEHHKUHA3y, OOECIeYMBACT MOIIHOC YCHJICHHE CHTHAJAa IO CPaBHEHHIO C
IPSMBIM OTKPBIBAHHEM WM 3aKpbIBaHMEM KaHAJOB IIOJ JCHCTBHEM aKTHBUPOBAaHHHIX G-
OenkoB. Kaxpmas akTHBHpOBaHHash MOJIEKyla aJCHHIIATIHMKIA3BI KAaTATHM3HPYET CHHTE3
00JIBIIOTO KoJIYecTBa MOJIeKyl HTAM® u, Takum 00pa3oM, aKTUBUPYET OOJIBIIOE KOJIHMYECTBO
MOJIEKYT NPOTEMHKHMHA3, a KaxIas MOJICKyJla MPOTEHHKHHA3bl MOXET (OCHOPUINpOBaTH
0oJpIIoe KOJMUecTBO OenkoB. Takum 00pa3oM, akTHUBALMS JIUIIb HEOOJBLIOTO KOJMYECTBA
pEeLEnTOPOB  MPHBOOUT K MOIYJSIMU  OONBIIOTO  KOJIMYECTBa OCNKOB-MHUIICHEH Ha
3HAYUTENFHOM paccTossHid. bomee Toro, nAM®-3aBucumasi NPOTEMHKHHA3a MOXKET
bochopunupoBaTh pasznuUHBIE OCJIKH M TaKMM 00pa3oM MOIYJIUPOBaTh INUPOKUIN CIIEKTP
KJIETOYHBIX IIPOLIECCOB.

AktuBauua cpoccponunasni C

Mopynaius KaJbIueBOr0 TOKA BO BPEMs MPECHHANTHYECKOTO MOTEHIMaNa IeHCTBUS SBISETCS
OJIHUM U3 MEXaHHU3MOB, C T[IOMOIIBIO KOTOPBIX MOXET OCYILECTBISATHCS —Pperyssiuus
3G PEKTUBHOCTH CUHANITHYECKON Nepeiavn 7, Hampumep, npu BHYTpUKIETOIHON perUCTpaniuu
OT HEHWPOHOB, BBLAEICHHBIX M3 JOP3aJIbHOIO TaHIJIUMS CHMHHOIO MO3ra M BBIPALICHHBIX B
KyJbTYPQJIbHBIX YCIOBHSX, ObUIO oOHapyxeHno, yro ['AMK, HopajapeHanuH, CEpOTOHUH W
MEeNTHBI SHKe(DATUH i COMATOCTATHH BBI3bIBAIOT YKOPOUYCHHE
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Puc. 10.14.  HeiiponenTun
FMRFamide yepes
AKTHUBal M0

BHYTpH UJICTOYHOTO BTOPHYHOTO
mocpes IMKa — apaxHJIOHOBYIO
KHUCJIOT, 7 —_— YBEIIMYUBACT
AKTHBH\)CTh KaJIMCBBIX KaHAJOB
B CEHCOpHBIX Helponax I[HC

ATUTHAH 1. Casi3bIBaHIC

FMRFamide c¢ perentopom 1 ] PRI L e

npuBoa4r mocpejactsom G- E q ‘i ‘l.'i'l:!'llri‘t'!‘F I
B R e

OenkoB K akTuBanuu Qepmenta | & = i

bocdos nnaza A, Oror

tdepmer T pacienser

bocos unuast MeMOpaHsl,

HaIpHL ep, P1P,, c

00pa3oliaHieM — apaxuJIOHOBOH

KHUCIIOT I ApaxugoHoBast

KHCIIOT:I MeTa Oonmdupyercs

10 JIUT OKCHUT'CHA’HOMY IIyTH C
00pa3zolaHueM HPETE,
KOTOpBI i CBSI3BIBACTCS c
KaJIMEeBlIMHM KaHAaJIaMH S-an[a "
YBEJINY 1BACT BEPOSITHOCTh X
OTKPBIB AHUA.

potassium channel activity in sensory neurons in the CMS of Aplysia. Binding of FMRFamide
Fig. 1(.14. The Neuropeptide to its receptor activates, through a G protein, the enzyme phospholipase A,. This enzyme
FMRFamide Acts through the degrades membrane phospholipids, such as P1P,, forming arachidonic icid. Arachidonic acid is
metabolized along the lipoxygenase pathway to form 12-HPETE, which binds to S-current

Intracel ular Second Messenger X i ! Y. ;
potassium channels and increases their probability of opening (p,).

Arachic onic Acid to increase

o 38
MMOTEHIIMAIOB JEHCTBHS 3a CYET YMEHBIICHHs KanblueBoro Toka (puc. 10.12) ). KoudaecTBo

BBIACIKICMOI'0 MEAMATOpa YMEHbBIIAJIOCh MNPONOPHUOHAIBHO YMCHBIICHHIO KaJbIIUEBOI'O TOKa
39)

MexaHu3MBl, JIeXallie B OCHOBE JeWcTBUs HopaapeHanmuHa u ['AMK, nzo0pakeHbl Ha puc.
10.13. CesizbiBanue HopanpeHanuHa u TAMK ¢ MeTabOTpOnHBIMU pelenTopaMu MPUBOIUT K
aktuBaimu Gi-Oenmka. Yuactue G-Oenka ObUIO IMOKa3aHO B OKCIIEPUMEHTE, B KOTOPOM
BHyTpHUKIeTouHOoe BBenenne GDPAS (ananora ['IdD, koTopslii npeoTBpainaer akrusanuo G-
0ENKOB) OJOKHUPOBAIO YMEHBIICHUE JIMTEIBHOCTH TOTCHIHAIOB JAeHCTBHA. TakuMm ke
spdexToM 00Namans KOKIIOIIHBIA TOKCHMH (pertussis toxin), KOTOpBIH HEOOpaTHMO
WHAKTHBUPYET O-CyObenuHuIly cemeiictea G; .

G; aktuBupyer ¢ochonunazy C (puc. 10.13). @ochonunaza C rugponusyer MeMOpaHHBIN
mumuadochatuaumHo3uToM4, 5-0udocdar(PIP,) ¢ obpasoBaHHeM IBYX MOJICKYI: HHO3HTOI
1,4,5--rpudocdara (IP;) n aquammnrnunepona (DAG). IP; BbI3bIBaeT 0CBOOOXKICHHE KATbIIUS U3
SHJIOMIA3MATHIECKOTO PETHKyIymMa - . TIOBBIIICHHE MHTOMIA3MATHUCCKON KOHIIEHTPAIUH
kampisi 1 DAG axtuBupyer mnporemHkuHady C. Ilporemnkmnaza C, B CBOO odepenp,
(bochopruupyer cepu U TPEOHNH Ha OeIKaX-MHIICHSIX.

HmeroTcss Ba AKCMEPUMEHTATBHBIX JIOKAa3aTelnbCTBA TOT0, 4TO 3(dekTsl HOpaapeHanHa U
IF'AMK Ha aauTenbHOCTh MOTEHIMAaa ACHCTBHS ONOCPENOBaHbl IPOTEMHKHHA30U C37). Bo-
MEPBbIX, MpsMas aKTHBALUS MNPOTerMHKHHa3bl C aHanorami JUALWITIIHMIEPOJIa BBI3BIBACT
YMEHbILIEHHE KaJbLIMEBOIO TOKA B 3TUX HeipoHaX. Bo-BTOpBIX, HHIHOUTOPHI IpOTEeUHKUHA3BI C
OJIOKMPYIOT YMEHBIICHUE KaJIbIIUEBBIX TOKOB, BBI3BIBAEMOE KaK aHAIOTAMH JHALMITIHIIEPOIa,
Tak u camumu Meauaropamu I'’AMK u HopaznpeHaluHOM.

AxTnsauua docconunasbl A,

Jpyroii mumensto G-OenkoB sBisercs ¢ocdonunaza A, BozgeilictBys Ha DAG u
ompeneNieHHble MeMOpaHHble JMOUAbI, Hanpumep, PIP,, 3ToT (epMeHT BbI3BIBaET
OCBOOOXK/ICHIE apaxyIOHOBOM KHCIOTHL. ApaxuIOHOBas KUCIOTa METabONU3HPYETCs MO IBYM
MyTSAM: JINITOKCUT€HA3HOMY, C 00pa30BaHHEM JICHKOTPHEHOB
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Puc. 10.15. Tlapakpunnoe peiictBue NO. AIETHIXONMH CBS3bIBACTCA C MyCKapHHOBBIME pere ITopamn (mAChR) Ha
9HJIOTEIIHAIBIHBIX KIETKaX KPOBCHOCHBIX COCYNOB M aKTHBUpYyeT docharumminHosuTui-cremududeckyo docdomumnazy C (PI-
PLC) PI-PLC Be3biBaeT obpaszoBanue IP; , KOTOpBI BBI3bIBACT OCBOOOXKACHNE KANBLMS M3 BHYTPHUKIE lOYHBIX Aerno. Kambiwmii,
CBS3ABIINCH C KaJbMOAYNHHOM, aktuBupyeT NO-cuntasy (NOS), koropas Bbi3biBaeT obpaszoBarne N). NO muddynaupyer B
GIM3nexalIne T1aJKOMBINICUHbIE KICTKH H CTUMYIHpyeT ryanunatiukiaasy (GC), koTopas xaTammsupy T obpasoBanne ul M®.
uI'M® akrusupyer ul' M®-3aBucumyio npotennkunasy (PKG), u mocnexnyroinee QocdopuanpoBan ie GElIKOB MPHBOIHT K
YMEHBILICHUIO BHYTPUKJICTOUHON KOHIEHTPALMU KalbLUs M MbIIEYHOMY pacciabnenHuto. NO MMeeT K« poTKoe BpeMs KH3HH H
TOITOMY €ro JICHCTBHIO IIOIBEPratoTCs JINIIb OIH3IIeKAIINE KISTKH — II03TOMY €ro IeHCTBHE HA3BIBACTC 1 TAPAKPUHHBIM.

Fig. 10.15. Paracnne Signaling by Release of Nitric Oxide. ACh binds to muscarinic receptors (mAChR) on vascular endothelial
cells, activating phosphotidylinositide-specific phospholipase C (PI-PLC). PI-PLC forms inositol tri phosphate (IPs), which
releases calcium from intracellular stores. Calcium, together with calmodulin, activates nitric oxide syithase (NOS), producing
nitric oxide (NO). NO diffuses into neighboring smooth muscle cells and stimulates guanylyl cyclase GC), increasing cGMP.
Cyclic GMP activates cGMP-dependent protein kinase (PKG). The resulting increases in protein pt osphorylation lead to a
decrease in intracellular calcium concentration, causing relaxation. NO is rapidly degraded, so that it affi:cts only nearby cells —
hence the term "paracrine".

1 HPETES, 1 IMKIIOOKCHI€Ha3HOMY, C 0GPa30BaHHEM IIPOCTATTAHINHOB M TPOMOOKCAHOB 2.

Apaxu10HOBasi KUCIOTa MOAYIUPYET HEHPOHANbHYIO aKTHUBHOCTb, JEHCTBYS HANpsIMyI0 Ha MOHHBIE
xanansr > *Y, wepes axrmparmo nporenmnxumassr C*¥ u uepes cBon merabomute*®. Hampumep, B
CCHCOPHBIX HEHpOHAX alUTM3HH apaxUIOHOBas KUcIoTa oOpasyercs B orBeT Ha nentuy FMRFamide
n Merabonmsupyercs 1o junokcureHasHomy iyt jgo 12-HPETE. 12-HPETE ces3biBaercst ¢
KaJIMEeBbIMH KaHaJlaMH S-TUIA U yBEIMYHMBACT BEPOATHOCTb UX OTKpbIBaHUA (puc. 10.14) 499 1ot
3¢ dexT MPUBOAUT K THUIEPHOISIPU3ANUN NOCTCHHANTHISCKHX MBIMICYHBIX KIETOK U TOPMOKEHUIO
CHHANTHYECKOH [TEPENadH MEXK/ITY CCHCOPHBIM HEHPOHOM H MBIIICIHBIM BOTOKHOM ** 7,

Curnanusauyums 4yepe3 NOu CO

Okwuch azorta (nitric oxide, NO) siBisieTcst BOJO--M KHPOPACTBOPUMBIM ra3oM, 00pa3yroummes u3
apruauHa 1ox aeticreueM ¢epmenta NO--cuntazel. NO — 3T0 Meanarop, KOTopslil auddynaupyer
13 IUTOIUIa3MBI KIIETKH, B KOTOPOH OH 00pasyeTcs, B COCEHNE KIETKH, TJIe OH aKTUBHPYET (hepMEeHT
ryanmariuknasy’” °?. NO Gbll BIEPBBE OMHCAH KAK PETYISTOpP KPOBSHOTO IaBIICHHS,
ONOCPeNyIOIUI paclIMpeHre COCYI0B IPU BO3IACHCTBUU alleTUIIXOJIMHA 59 Bsanmoneiictere AX ¢
MYCKapUHOBBIMU DEIENTOpaMH Ha SHIOTENbHANBHBIX KIETKAaX COCYIOB MPUBOAUT K aKTHBAIUU
tdocoonunazer C, obpazosanuio IP; 1 0CBOOOKICHHIO HOHOB KAJIBLHUS M3 BHYTPUKICTOYHBIX [ETIO
(puc. 10.15). Kampimii cBsI3bIBaeTCS C KalbMOIYIMHOM M akTuBHpyeT NO-CHHTa3y, NPUBOAS K
obpazoBannio NO. NO mudpdyHaupyer B COCEHHE TNIAJKOMBILICYHbIE KIETKH W CTUMYJIHPYET
pacTBOpUMYIO T'yaHWJIATIWKIIa3y, YTO NPHBOJUT K YBEINYCHUIO KOHIEHTPAIMH BHYTPHKIETOYHOTO
u[M®. ulM®, B cBoo ouepenb, axrtuBupyeT UI'M®-3aBUCHMYI0  IPOTEHHKHHA3Y.
dochoprmpoBanue GEIKOB MOIYIMPYET aKTHBHOCTh KAIMEBBIX M KaJbIHEBBIX KAaHAIOB, a TaKKe
KaJIBIICBBIX HACOCOB, NPHBOJS K YMEHBIICHHIO BHYTPHKICTOYHONH KOHIIGHTPALUH KAIBIHS, YTO B
KOHEYHOM CYeTe BBI3bIBACT MblIlIeYHOE paccnabiienne. NO HHaKTUBUDPYETCS B TEUEHHE HECKOJBKUX
CEeKyH]I, B3aUMOJICHCTBYS C CYNEPOKCHAAMH U 00pa3ys KOMIUICKCHI ¢ OelIKaMM KPOBH, HAIpUMeEp, ¢
TeMOTTIO0MHOM.

BbIsicHEHHE CHUTHAJIBHOTO IIyTH, BOBJICKAIOLIETO NO, MPUBEJIO K NOHUMAaHUIO MEXaHHU3Ma JeUCTBUS
HUTPOIIUICPHUHA, KOTOpLIﬁ yixe
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JTaBHO HCHONB3YeTCsl NpH JICUCHUM HIIeMHYecKod OoisiesHn cepama. Hutpormmmepun sBnsercs
noHopoM NO u ocobeHHO >(QQeKTHBeH I pacIIMpeHus KOpoHapHBIX aprepuil. Ero nmeiictBue
NPUBOANT K YBEJIUUYCHUIO KPOBOCHAOXKEHHS CepAlla W YCTpPaHEHHWIO OOJIM, BO3HHKAIOIIEH IpH
HIIeMHYECKOl 00JIe3HU cepaa.

B mosre NO-cunTasa cBsisama ¢ moHotponmusiM NMDA perentopom riyramara (rasa 3) >* >

KanpuueBble wnOHBL, Bxozasmue uepe3 akTuBupoBaHHbIE NMDA penentop, CBs3BIBaIOTCA C
KaNbMOJIY/IMHOM, H KaJIbIHii-KaIbMOIYIHHOBBIH KOMIUTEKC akTuBHpyeT NO-cuuTazy *°. OCHOBHBIM
s¢dexrom NO B Mo3re, Tak ke Kak U B IIAJKUX MBIIIIAX, SBISETCS CTUMYJIIIUS TyaHUIATIIKIIAa35I
32 NO BoBieueH B Pa3HOOOPa3Hble CHHANTHUECKHE B3AUMOCHCTBHA KAK y OECIO3BOHOYHBIX, TAK 1
I103BOHOYHEIX KHBOTHBIX ° 0,

CpoiictBa MoHookcuza yriepopa (CO) Bo MHorom cxoxu co csoictBamu NO %. 6D co
MPOAYLMpPYeTCs OKCHI€Ha30H Tema, Haxopsiueiics B SHIOTEIMANBHBIX KIETKaX KPOBEHOCHBIX
COCY/IOB U aKkTHBHpYIOLIeiics npu ¢ocopunupoBanuu mporenHkuHazoi C. Jlerko pacTBOpUMBIi B
mumugax u Bozge, CO muddyHaupyer B OnU3IeKallne aJKOMbIIICYHbIE KJICTKH U CTUMYIHPYET
obpazoBanne ul'M®, BbI3biBas BasommisTanuoo. [lomumo storo, NO-cHHTa3a M OKCHIeHa3a TeMa
ObUTH OOHApyXEHB! B HEHpOHAX, PacHONaralolIuXcsi B CTEHKaX KHUIIEYHHKA, H ObUIO ITOKa3aHo, 4TO
NO u CO mnpuHHMAlOT ydYacTHE B pPAacCcIa0ICHHM TJIAJAKOMBIIICYHBIX KJIETOK KHIICYHHKA.
Crnemudurueckass gopma oxcurenassl rema (HO2) ckoHIEHTpHpOBaHA B MO3re M HMEET TAaKOE Ke
pacmpernenieHre, Kak ¥ pacTBOpHMasl TyaHWJIATHMKIa3a, 4YTo mpexanonaraer ydactue CO B
curnanu3aiuu B IIHC.

BaxxHoil ocobeHHOCTBIO cHrHANOB, onocpenoBanHbix NO u CO, siBisieTcs TO, YTO 3TH BELIECTBA HE
MOTYT HAKaIlIMBaThCsl B CHMHANTHUYECKUX BE3HMKYyJIaX U OCBOOOXKAATHCS AKCOHHBIMH OKOHUYAHUSIMHU B
crienM(UUECKMX ~ MeCTaX,  pAcCIOJOXKECHHBIX  BO3J€  IHOCTCHHANTH4YeCKOW  MeMOpaHbl ¢
COOTBETCTBYIOMUMH perentopamu. Bmecto storo, NO u CO paBHOMepHO IuGQYHANPYIOT OT MecTa
UX CHHTe3a B OJM3JIeXallue KJICTKH, U MX PaclpOCTPaHEHHE JIMMUTUPYETCS TOJBKO MX KOPOTKHM
BpPEMEHEM JKH3HH. OTOT THI CHTHAIM3AlUM, NPOMEXKYTOUHBIH MEXIy IpsSMOI CHHAaNTHYeCKOit
nepenadeii M OCBOOOXKAEGHMEM TOPMOHOB SHIOKPHHHBIMH OpraHaMH B KPOBEHOCHOE pYCIo,
Ha3bIBaeTCs MapakpuHUbIM OYeBHIHO, 4TO creuuduuHOCTh 3P(PEKTOB TAKOro poja MapaKpUHHBIX
CHI'HAJIOB 3aBUCUT OT PACIpENCICHUs M CBOHCTB ()EPMEHTOB, aKTUBUPYEMBIX WIIM MHTHOMPYSMBIX
NO umu CO.

Moaynsauma KanueBbIX U KanbUueBbIX KaHanoB MeTaboTPOonNHbLIMU
peuenTopamMmu

BakHbIM 00OOIIEHHEM M3 BCEro BbILICH3IOKECHHOTO SIBIAETCS TO, YTO KAJIMEBbIE M KaJbL[EBbIC
KaHaJbl CIY)KaT HMEPBUYHON MHUIIEHBIO JJIsI MOIYJSILUH HeHpOMeIuaTopaMu, JeHCTBYIOIIMHI Yepes3
MeTabOTpONHBIE penentopbl. VI3MEeHeHWss B aKTHBHOCTH OJTHX KaHAJIOB MOTYT BIHSTH Ha
MeMOpaHHBIH ITOTEHIHAT IIOKOs, CIOHTaHHYIO aKTHBHOCTh, Ha OTBETHI, BBI3BIBAEMBIC JIPYTHMH
BO30Y)XIAIOIIMMI ¥ TOPMO3HBIMU BXOJaMH, M Ha KOJMYECTBO KaNbIWs, BXOJSAIIETO BO BpeMs
MOTEeHIMANa AeHcTBHA. OTH (QEKTH OKa3bIBAlOT OYEHb CHIBHOE BIMSHHE HAa CHTHAIM3ALMIO B
HEpBHOH cucteMe. BecbMa CIIOKHO NpeAcKas3aTh, KaKUM 0Opa3oM HENpsSMble MEXaHU3MbI OymyT
MOJIYJIMpOBaTh aKTHBHOCTh KaHAJIOB B JaHHOM kierke. Hampumep, nHopazpenamun u [TAMK
YMEHBIIAIOT KaJbIHEBbIE TOKA B CEHCOPHBIX HEMPOHAX IBIMIEHKA YePe3 aKTUBAIMIO POTENHKUHA3HI
C*", B 10 Bpems kax TAMK — HO He HOpampeHamHH, — JIeiicTBYs uepes HAMM-3aBHCHMEIN
MEXaHHU3M, MPOJUISIET KalblMEBble MOTEHIMANBI JEHCTBHA B UyBCTBUTENBHBIX HEHpPOHAX MUHOTH,
MHIHOHDYS KaNbIHii-aKTHBHPYEMbIe KATHEBbIE KaHamsl °2. CIOKHOCTH ITHX B3aHMOCHCTBHIL
Ha0JIfolaeTcs U Ha ypOBHE OJHON KIIETKH: aKTMBHOCTh HEHPOHOB BEPXHETO PECHUYHOTO TaHIJIHS
KPBICEI MOJYJIUPYETCSl MO KpaiHeH Mepe HEBATHI0 MeIUaTOpaMM, NEHCTBYIOIIMMH 4Yepe3 IIITh
cBs3aHHBIX ¢ G-OenmkaMy IyTed, KakKAblii M3 KOTOPHIX BIHMSET HA aKTUBHOCTH JIBYX KaJIBIIMEBBIX

KaHaJIOB U OAHOT'0 KaJIMEBOI'O0 KaHaJla 63).

§ 4. Kanbumii B pojin BHYTPUKJIETOYHOTO BTOPHYHOTO
MOCPe/IHUKA

KoHuentpauus kanmpuusi B KJIETKax ONpenensercs €ero BXOJOM 4Yepe3 JIMraHA- WU
MOTEHIMAIAKTUBUPYEeMble KaHajibl (IJaBa 3) M aKTUBHOCTBIO KalbLUEBBIX HACOCOB U HOHHBIX
00MeHHUKOB (rnaBa 4). [ToMrMO 3TOT0, KalbIUid MOKET 0CBOOOKAATHCS U3 BHYTPHUKICTOYHBIX JIETIO
IIPHA BXOJIC B KIICTKY KaJbIIUs, HATPUS WIN IO ACHCTBUEM p,%.6° ). Mcroienne BHyTPUKIETOUHBIX
JICTIO BBI3BIBACT OTKPHIBAHUE PACIIOJNIOKCHHBIX HAa KICTOYHOW MeMOpaHe KaJbIMEBBIX KaHAJOB
0c000r0 THIIa, HA3EIBAEMBIX icrac°6~67).
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C pa3BHTHEM ONTHYECKHX METOJOB M3MEPEHHs BHYTPHKIETOYHOH KOHIEHTPAIMU KaJbLUs OBLIO
ClIEeJaHO [iBa 3HAYUTENbHBIX HaOmofeHus. Bo-mepBblX, ObUIM OOHApYKEHbI KalbL{EBbIC
MHKPOJOMEHbI — O0CO0ObIe yJaCTKM KIETKH, B KOTOPBIX NPOHCXOJUT OTPAaHUYEHHOE MOBBIILIEHUE
konrenTpamun Kanbius * D, CooTBeTcTBEHHO, 3BEKTHI, ONIOCPETOBAHHBIC KATBIHEM, 3ABHCAT OT
€ro BHYTPHUKJIETOYHOTO PACTpPENeTIeHHs, paclpe/ie/ieHus] OeKOB, aKTHBUPYEMbIX KalbI[HeM, U HX
MuInIeHel — ()epMEHTOB U HOHHBIX KaHAJIOB. Bo-BTOPHIX, OBII0 0OHAPYKEHO, YTO (hH3HOJIOTUISCKUE
CHTHABl YacTO BBI3BIBAIOT BBICOKOJIWHAMHUYHBIE WM3MEHCHUS B KOHICHTPAIUH KaJbLUs B BHUIE
OCLILIALMY, CHAHKOB, crapkoB (Mckopok) u BomH *'- . 72 7 Byio rtawke o6HapyxeHo, 4TO
pa3iIu4Hble IPOCTPAHCTBEHHO-BPEMEHHbIC NATTEPHbI U3MEHEHUS BHYTPHUKICTOYHON KOHIEHTpPAIUU
KaIbIIHs 3aITyCKAIOT PA3IHUHBIC KACKAIbI BHYTPUKICTOUHBIX OHOXMMHUIECKHX PEeaKiuii .

BbicTpoe UHrMGMpoBaHME CUHANTUYECKON nepeaaym,
onocpenoBaHHoe KanbLuuem

CuHanTHueckoe TOpMOXKeHHe Mexay 3((GepeHTHbIMH CIYXOBBIMH BOJIOKHAMH M BOJIOCKOBBIMH
KJIETKaMH IbIIUICHKA SIBJISETCS NMPUMEPOM TOTO, KaK KaJlbLHMiH, BXOAS B BOJIOCKOBBIC KJICTKH 4epes
HOHOTPOITHBIE PELENTOphl, ACHCTBYeT B KauyecTBE BTOPHYHOIO IMOCPEAHHMKA, aKTHUBHUPYS IpYyrue
HOHHBIC KaHaubl . B 9TOM CHHAIICE aLETHIXOIMH, OCBOGOXKIAeMBbIl U3 3¢ depeHTHBIX HEePBHBIX
OKOHYAHWiA, aKTUBUPYET HA IOCTCHHANTHYCCKOW MeMOpaHE BOJOCKOBBIX KICTOK HOHOTPOITHBIC
HEHpOHAIILHBIC AICTHIXOJIMHOBBIC PEIENTOPHI, KOTOPhIC MPOMYCKAIOT B KIETKY KaJbLUH W ApYyrue
KaTHOHBI. MOXHO OXHIaTh, YTO PE3yJbTaTOM Oyner OOBIYHOE BO30OYXICHHE, KAK U B HEPBHO-
MBIIIEYHOM coefArHeHuH. OJIHAKO B BOJIOCKOBBIX KJIETKaX BXOMSAIIAN KaJbIUN BBI3BIBACT
OTKpBIBaHHE KaJbLHH-aKTUBUPYEMbIX KaJHCBBIX KaHAJIOB, TEM CaMbIM BbI3bIBasi TOPMOXKEHHE
nocrcuHanTu4ecko kietku (puc. 10.16A).

Ha puc. 10.16B noka3ana cxema 3KCIIEpUMEHTa, B KOTOPOM BOJIOCKOBBIE KJIETKH PErUCTPUPOBAIUCH
C HOMOILBI0 METOIUKH MATY--Kjiamn B KoHpuryparmu whole-cell (ot uenoit xinerku). Koportkuit
mynsc AX BBI3BIBAI B KJIIETKE OOJIBIION BBIXOASAINNHA (TOPMO3HOM) KaIMEBBIH TOK, KOTOPOMY
MIPE/IIECTBOBAJl MaJICHBKUH BXOAMIUH TOK. IIpu mo0aBieHHM B PETHCTPHPYIOLIMI 3IIEKTPOX (I
COOTBETCTBEHHO B LIUTOILIA3MY KJIETKH) KaiublueBoro xenaropa BAPTA Beixonsumuil Tok ucuesal,
BBIIBIISISL 3aMACKHPOBAHHBIA MM 3HAYUTEIBHBIA BXOIIIMKA KaTHOHHBINA TOK. OOBSCHEHHE STOMY
SIBIICHUIO TIPOCTOE: IPH BXOJE B KIETKY KalbLUil cpa3y xke cBs3blBacTcs ¢ xenatopom BAPTA, uto
MPeIOTBPAIAET €ro AEHCTBUE Ha KalbIlUi-aKTUBUPYEMBbIE KalbIMeBbIe KaHaNbI. BbITIO MoKa3aHo, 4To
MOX0XHUH MEXaHU3M TOpMOkeHus cymecTByeT U B LIHC 0,

MHoroo6pasue nyren KanbuueBOM CUrHaNU3aLum

BHYTpHKIETOUHBII KaNbIMii pETyIUpyeT KaJMeBble, KAaTHOH-CEJICKTUBHBIC M XJIOPHBIE KaHAJIbI,
pacnoyioXeHHbIe Ha KJIETOYHOH MeMmOpaHe, a Takke AaKTUBHOCTh CBS3aHHBIX C MeMOpaHOM
dochomunas C u A, (puc. 10.17) . Dru  depmenTh, BOBNEUEHHBIE B OOpa3OBAHHUE
BHYTPHKJIETOUYHBIX BTOPUYHBIX IOCpPeAHUKOB IP;, nmammnrimmepoiia M apaxuIoOHOBOH KHCIIOTHI,
TaKxke perynupytorcs G-Oenmkamu (CM. Bbllle). B muromnasme KanbLUi aKTUBHPYET TPH OCHOBHBIX
MHUILEHH: TPOTeMHKHHA3y C, KalbMOY/IMH U KaJbLMil-3aBUCUMYIO IPOTEasy (KaJIblaKH).

Kanpmannel sBIAIOTCA TPYNIOH MNpoTea3, KOTOPble BOBIEUEHBI B PETYIAILMIO ILHUTOCKENETa H
MEMOpaHHbIX 6e1KkoB o 7). KanibMOMYIMH SBIACTCS GENKOM C UETHIPhMS MECTAMH CBS3BIBAHHS
xambius - 8D, Korja Bce 5T MecTa CBS3aHBI C KalbLHEM, KAIbMOIY/IMH CTAHOBHTCS CIIOCOGHBIM
aKTUBHPOBATh KaJbLUI/KaabMO Ly IHH--3aBUCUMYIO [IPOTCUHKUHA3Y, aICHIIATLUKIIA3Y,
dochoandcTepa’y IUKINIECKUX HYKICOTUIOB, POTEHH (ocdaTazy (KaabUuHEHpHH), a Takke NO-
CUHTAa3y.

§ 5. luimTenbHOeE 1elicTBHE MeIUATOPOB HENPSAMOI0
aencTBus

CuHanTUuecKue B3aUMOACHCTBHS, OMOCPEIOBAaHHBIE HEMPSIMBIMH MEXaHU3MaMHM, Pa3BHUBAIOTCS, Kak
npaBuio, Oojee MEUICHHO ¥ JUIATCS HAaMHOTO JIOJIbIIE, YeM B3aHMMOJCHCTBHS, ONOCPEIOBaHHbIC
NPSMBIMH MEXaHU3MaMH. B HEPBHO--MBIIIEYHOM COEIMHEHWH Ha CKEJIETHOH MBbIIIIE Tpebyercs
BCET0 OJ(HA-/IBE€ MHJUIMCEKYHABI Ul TOro, 9T00bI AX 0CBOOOMIICS, IPOIIEN Yepe3 CHHANTHIECKYIO
mienb, CBA3aJACA M OTKPbUI HOHOTPOIHBIC AallCTHUIXOJIHHOBBIC peLenTopsl. B cioydae oTBeTOB,
OIIOCPENOBAHHBIX, HAIIPHMEp, aICHIIATIIHKIA30H HiH Gocdoumnazoit
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Puc. 10.16. Topmoxenn 2, onocpenoBaHHoe AX-
aKTHBHPYCMbIMH KaTHOHHBIMH ~KaHAllaMH, B
BOJIOCKOBBIX ~KJIETKax mplieHKa. (A) AX
CBSA3BIBACTCA C MOHOTE OIHBIMH PEIENTOPaMH,
yepe3 KOTOpbIe KaTHOHB , B TOM YHCJIE KaJbLHH,
BXOAAT BHYTPb KICTKI. Bxomsmmii KambIuid
aKTHBHPYET  KalblHil-3aBUCHMBIC  KaJIHCBBIC
KaHAaJbl, BBI3bIBASI BBIXO LIIMH KalIHEBbI TOK M
runepronspusanuio. (B) B ycnosusax whole--cell
peructpaunn anmmukarus AX Ha OCHOBaHHE
BOJIOCKOBOIH KJI 2TKH BBI3BIBACT
KPaTKOBPEMEHHBI TOK HEOOIBINOH aMILTHTYbI
(OTMEYEH CTPENKOH), 3a KOTOPBHIM CIIEyeT
BBIXOAAIINKA TOK Oonsmoif  aMmuutygsl. B
MHTAKTHOH KJIETKE TaKo 1 TOK OyJeT HPUBOJIHUTH
K TopMokeHuio. Ilpu moGaBieHmnm xematopa
kansuust BAPTA B perictpupyromuii 3nexTpoj
(0TKyaa OH NPOHMFAET B  IMUTOMIA3MY)
BBIXOJSAIIMH TOK IOJ HOCTBIO  OJIOKHpYeTcs,
MOCKOJIBKY ~ BXoismmi vepes AX-perentopsl
KalnblMi  CBA3BIBACTCA C  XEIATOPOM, UTO
NpesoTBpanaeT aK’ MBaLMIO KaJlblHMi--
3aBUCHUMBIX KaJIHEBbIX K¢ HAJIOB.

Fig. 10.16. Inhibition by ACh Activated
Cation Channels in har cells from the chick
cochlea. (A) In chick lair cells ACh binds to
ionotropic receptors that allow cations, including
calcium, to flow into the cell. Intracellular
calcium causes calcium-activated potassium
channels to open, leadir g to outward potassium
current and hyper-polar: zation. (B) In a whole-
cell recording (inset), ¢pplication of ACh near
the base of a hair cell produces a small, transient
inward current (arrow) followed by a large
outward current. In the intact celt the outward
current would be inhbitory. If the calcium
chelator BAPTA is alded to the recording
electrode, and hence to the cell cytoplasm, ACh
application produces only inward current. No
outward current is sen because incoming
calcium ions are chelate 1 and so prevented from
activating potassium channels. (Records kindly
provided by P. A. Fuchs.

C, cuHTE3 TONBKO OXHON MoJeKynsl TAM® wian ruapoian3 ogHOro MEeMOPAaHHOTO JIMNU/A 3aHHMAaeT
HECKOJIBKO MIJUIMCEKyHA. Jlaxke Ipollecc aKkTHBAIMM MEMOpPAaHHOTO KaHajla IIPH CBS3BIBAHUHU
cyopequHuIpl G-0enka K caMOMy MOHHOMY KaHally IMEEeT BPEMEHHOH X0 B CEKYHJHOM JHala3oHe,
9TO OTpakkaeT BpeMs JKH3HM AKTHBHOH O-CyObeaummmbl °2. OTBETBI, ONOCPENOBAHHBIC
(hepMEHTAaTHBHBIMU PEAKIMSIMH C 00pa30BaHHEM BHYTPHKIETOYHBIX BTOPHUYHBIX IOCPEIHHKOB THIIA
UAM® uiu [P3, umeroT eme Oosiee ANTENbHbIA BPEMEHHOW X0/ M IUISTCSI OT HECKOJIBKUX CEKYHT /10
HECKOJIbKHX MHHYT, YTO OTPaXaeT MeEUICHHbIC W3MEHCHUS B KOHLEHTPALMM BTOPHYHBIX
MOCPEIAHHUKOB.

B TO ke Bpemsi ONBIT HaM MOJCKAa3bIBACT, YTO HEKOTOPbIC M3MEHEHHs B Iepeiaye CHTHAIOB B
HEPBHOH CHCTEME MOT'YT COXPAaHATHCS Ha BCHO kH3Hb. KakiuM 00pa3oM MOI'YT HPOHCXOAUTH CTOJb
JIOJI'OBPEMEHHBIC U3MEHEHHUS B 9 )EKTUBHOCTH cHHanTH4YecKoi nepenadn? OHUM U3 00bSICHEHUH
9TOMY MOXeT ObITh 0c000€ CBOMCTBO MPOTEHHKHHA3, O KOTOPHIX TOBOPWIJIOCH B 3TOil IiiaBe. DTu
(epMeHTBl camu 110 ceOe SIBIAIOTCS MHIIEHBbIO Wi pochopunupoBanus. Hanpumep, W3HavaabHO
aKTHBHpOBaHHas KanbieM, CaM-kunaza II hocopumupyer cama cebs >, Ecmu pochopunupyiores
HECKOJNBKO CyOBEAMHHMII, TO CBOMCTBA 3TOr0 JH3MMAa KapAWHAIGHO MCHSIOTCS: OH CTAQHOBHTCS
MOCTOSIHHO AaKTHUBHBIM, M KalbLHi-KaTbMOAYIMHOBBI KOMIUIEKC Oonblue He TpeOyercs i
HOJICPXKAHUS €ro aKkTUBHOCTH. Takoro poja MeXaHH3M MOXKET OOECHeYHTb IOJITOBPEMEHHBIC
W3MCHEHHUSI B aKTHBHOCTH KHMHA3bl, YTO B CBOIO OYEpEb MOXKET IPUBECTH K CTOJIb JKE [UIUTCILHOMY
W3MCHEHHUIO B aKTUBHOCTH OCJIKOB, SIBJISIONIMXCS MUILCHBIO 9TOr0 (epMeHTa.
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Puc 10.17. Kanbupii B ponu BHyTPUKIETOYHOTO BTOPHYHOTO MOCPeAHNKA. KOHIEHTpamus Kaiblius B ¥ TOIIa3Me PEryIHpyeTcs
€ro BXOJIOM 4epe3 MOHHbIC KaHAJbl, aKTHBHOCTBIO KaJIbIIUEBBIX HACOCOB M OOMEHHHMKOB, CEKBECTPAI( i BO BHYTPHKICTOUHBIX
Jemo (B TOM YHCJIC B DHAOILUIA3MAaTUYCCKOM pCTI/IKyJ'IyMC), a TaKxKe 0CB060)KI[CHI/ICM U3 BHYTPUKIIETOYHE X JICMO, KOTOPOEC MOXKET
BbI3bIBaThCA IP, M BXOZOM HaTpus M Kaiblusd. B CBOIO odepesnb, KamblMii pEryampyeT akTHI HOCTh MEMOPaHHBIX U
LHUTOIUIAIMATHYECKHUX OEIIKOB, BKIIIOYAs! HOHHBIC KaHAJIBI, OOMEHHHKH, HAcOCHI, (ocoumnasel, MpoTerH uHazy C, KalTbMOIyINH
W KaJIbIIaHH.

Fig. 10.17. Calcium as an Intracellular Second Messenger. The concentration of calcium in the cytopla:m is regulated by influx
through membrane channels, by the activity of calcium pumps and exchangers in the plasma membrine, by sequestration in
internal stores such as the endoplasmic reticulum, and by release from internal storage sites by sodium ir flux, calcium influx, and
IP;. Calcium, in turn, regulates membrane and cytosolic proteins, including ion channels, exchangers, pumps, phospholipases,
protein kinase C, calmodulin, and calpain. (After Kennedy, 1989.)

Jlnst Toro, 9T0OBI M3MEHEHHUs COXPAHSINCh B TEUEHHE HECKONBKHMX IHEH u OonbIne, oOBIYHO
TpeOyeTcst N3MEHEHUsI Ha YpPOBHE CHHTe3a OeNMKoB. BBUIO MOKa3aHO, YTO MHOTHE U3 CHCTEM
BTOPHYHBIX TTOCPEAHHUKOB, OTIMCAHHBIC B 9TOH TJaBe, BBI3BIBAIOT N3MEHEHUS B CHHTE3e OEIKOB
(puc. 10.18) *¥ 7%, i u3MeHenns 0GBIYHO MPOHCXOIST B PE3YNbTATE AKTUBAIAN OJHOTO HITH
0ojee  CHTHaJIbHBIX  KackamoB  (QochopuiaupoBaHus  OEIKOB, 4YTO  MPUBOAUT K
(ochoprmpoBaHu0 (aKTOPOB TPAHCKPHUIIIMK M H3MEHEHUIO B JKCIpeccuu TeHoB. CaMble
obIcTphIe 3((eKThl HAOTIOAAIOTCS B Cilyyae KCIPECCUM HEMEJICHHBIX PaHHHUX T'€HOB C-fos, c--
Jun u zif/2681, KOTOpbIe KOIUPYIOT HHAYIUPYeMble (haKTOPHI TPAHCKPUIIMK U3 ceMeiicTB Fos,
Jun u Krox®”. Tlo okonuanun TPAHCIALMK 3TH OCJNKU BXOJAT B SJPO, TIE PETYIUPYIOT
HOCTIETYIOIIYIO SKCIIPECCHIO TEHOB, IIPUBOAS K METaDOINYECKUM U CTPYKTYPHBIM M3MCHCHUSIM,
HaBCET/]a M3MEHSOIINM KJICTOYHBIE CBOWCTBA.

BbiBOoAbl

HeiipomenuaTopsl akTHBUPYIOT ~METa0OTpPONHBIE pPELENTOphl B  KIETKaX-MUIICHSX.
MeraboTponHble  penenTtopsl caMH 10 cebe He SBISIIOTCS HOHHBIMH KaHaJdaMH; OHH
MOIUGUIUPYIOT pabOTy MOHHBIX KAHAJIOB, HOHHBIX HACOCOB U JPYrHX OENKOB MOCPEACTBOM
HENpsAMbBIX MEXaHU3MOB.

JlefictBHe  MeTaOOTPONHEIX — penenTopoB  omocpenoBaHo  G-Oemkamu.  IIpumepamu
MeTaGOTPOIHBIX PELENTOPOB ABIAIOTCS MyCKAPHHOBBINH AUETHIXONHHOBBIH PELENTop; & U f-
aJIpeHOPELEeNTOPHI; onpeeneHHsle perentopsl 'AMK, cepotonnHa, fodaMuHa U TIyramara;
peLenTopsl HEMPONENTHIOB, CBETA U OJOPAHTOB.

G-6enku SBIAIOTCS Qff¥rerepoTpuMepamMu. B cOCTOSHUM TOKOS -CyObe/IMHHIIA CBS3aHA C
I'Id, u Bce Tpu CYOBCOUHHMIBI CBSI3aHBI B TPUMEPHBIM KoMmIuiekc. [Ipu  akTuBaumu
MeTaborponHoro peuentopa ['/1® 3amemaercs va ' TD, Tpumep pacnamaercs Ha a-
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Puc. 10.18. CurHaibHble yTH,
Y4acTBYIOLINE B peryssIun
Tpanckpunuun G-jenkamu  Aktusanus G
GenkoB MeTabOoT[ OITHBIMH  PELENTOPaMHU
3aIycKaeT BHYTPH JICTOYHbBIC CHTHAJIBHbIC
KacKajpl, BKIOYA:! (ochaTHIUITHHOIUTH
crienpuueckyo  pochomunarsy C  (PI--
PLC), anenunatiy kna3y (AC), Ras u Rac,
KOTOpBIE, B CBOIC OYEpe[b, AKTHBHUPYIOT
HpoTeHHKMHAbl.  [TpoTeHHKHHA3bl  (oc
dopunmupyior € oxbIIoe KOJIMYECTBO
pasnuuHbIX Oenkol -mumieneil. ®ochopunn
poBaHHe (akTpoB TPAaHCKPHIILINA
M3MEHSCT SKCIPEC CHIO T€HOB U BBI3BIBACT
JIOJITOBPEMEHHBIE 1 [3MEHEHUS B KIIETKE.

Fig. 10.18. G Protz:in Signaling Pathways
Alter Transcripti>n.  Activation of G
proteins by metabotropic neurotransmitter
receptors triggers intracellular signaling
cascades involviny phosphatidylinositide-
specific  phosphclipase C  (PI-PLCV
adenylyl cyclase (AC), Ras, and Rac,
which activate, i1 turn, protein kinases.
The protein kinas¢s phosphorylate a wide
variety of target froteins. Phosphorylation
of transcription factors alters gene
expression and produces Long-lasting
changes in the cell.

U fycyObemuHHIBI, W CBOOOIHBIE CYOBEAMHHIBI AKTHBHPYIOT OJHY WM HECKOIBKO
BHYTPHKJIETOYHBIX MHIIEHEH. AKTUBHOCTH cyObenuHun G-Oenka 3aKaHIMBaeTCs C THIPOIH30M
I'T® no THAIl B pesynaprate sHuoreHHoi ['Td-a3HON aKTUBHOCTH O~CyOBEAMHHIBI W
pekoMOuHAINEH & 1 [¥CyObeIMHHI] B TPEMEPHBIA KOMILIEKC.

- PycyObenuHunl  HEKOTOPBIX  C-GENKOB CBS3BIBAIOTCS HANPSMYIO C HOHHBIMH KaHAIaMH,
yBEIMYMBAas WM YMEHbLIAs MX aKTHBHOCTh, O win PBpcydbenunnusl apyrux G-6enxos
aKTUBHPYIOT aJeHIIaTOuKIa3y, ¢ochommmasy C mm ¢docdomumazy A,, 9TO NPHUBOAUT K
00pa30BaHMIO BHYTPUKIETOYHBIX BTOPUYHBIX TTOCPEAHUKOB C ITHPOKHM CIEKTPOM 3(P(heKToB.

. HeﬁCTByﬂ HEIPAMBIM o6pa30M, MEAUATOPbl OKa3bIBAIOT BJIMSIHHUC Ha pa60Ty KaJIUEBBIX H
KaJblIUEeBBIX KaHaJIoB. M3MeHEeHHs B pa60Te OTHX KaHAaJIOB B CBOXO O4YCpEeIb IMPHUBOIAAT K
U3MCHCHHUAM ITOTCHIHUAJIA ITOKOs, CIIOHTAaHHOM AKTUBHOCTH, OTBETOB B APYIMX CHHANITUYCCKHUX
BXOJax, a TAakKX€ B KOJIMYCCTBC KaJibIMA, BXOIALICIO BO BpEMs IIOTCHIHMAJIA JICUCTBUS, H,
CJICI0BATCIIBHO, B KOJIMYECTBE OCBOGO)KZ[aeMOFO meauaropa.

V3MeHeHUsT B KOHIEHTPALUUHM BHYTPHKJICTOYHOTO KAJBIMS WM KaJIbIHHA-KAIbMOIYTHHA
peryaupyroT paboTy MOHHBIX KaHAIOB M akTUBHOCTh (ocdonunaz C u A,, nporeunkuHassl C,
KalblanHa, aJeHUIATIUKIA3b], GocdoaudcTepasbl TUKIHYSCKUX HYKIEOTHIO0B, NO-CHHTA3bI.
BaxnsiMu  (axkTopamu, ONPEAETAIOIMMH ACHCTBHE Kalublus, SBISIOTCSA paclpenesicHue
M3MCHEHU I KOHLICHTPAIMU KaJbL¥si BHYTPH KJIETKH, KOTOPOE MOXKET OBITh OYCHB JIOKATBHBIM, &
TaKKe JUHAMHUKA YTUX U3MEHEHNH (KaJIbLIMEBBIE BOJHBI U OCUMIUISIINH).

- JlelicTBuEe MEIHMATOPOB, OMOCPEIOBAHHOE HEMPSMBIMH MEXaHM3MaMH, MOXET JUTUTCS OT
HECKOJIBKMX MUUIMCEKYHII 10 HECKOJIbKMX JieT. B ocHoBe ObICTpbIX 3((deKToB Nexar
WU3MCHEHUS] B aKTUBHOCTH HMOHHBIX KaHaJoOB; 3()(MEKTHl C MPOMEKYTOYHOW IIHTEIHHOCTHIO
orocpeioBaHbl akTuBauen u pochopuimpoBanneM GEpMEHTOB U JIPYrux OCNIKOB; AJIUTEIbHbIC
3 deKThI CBA3aHbI C PETYISIUeH CHHTE3a OSIKOB.
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I'nasa 11 Boviceoborcoenue meouamopa

CtuMynoM [Uisi BBICBOOOXKICHMS MeEIMATOpa W3 TEPMHUHAIM SBISIETCS [JCHOJSIPH3AlUs HEPBHOTO OKOHYAHUSL.
BrICBOOOIK/ICHHE TPOUCXOJUT B PE3y/IbTaTe BXOJa MOHOB KaJbLMs B HEPBHOE OKOHYAHUE Yepe3 MOTCHIHAI3aBUCHMbIC
KaJbpleBble KaHaabl. MeanaTop BeICBOOOXKAaeTCs: npuMepHO depe3 0,5 Mc mociie mpecHHanTHYeCKOH JenosIpH3aln.
Ora 3aj7epkka o0ycloBIeHa BpeMeHeM, HeOOXOJMMBIM ISl OTKPBIBAaHHS KaJbIIMEBBIX KAHAJIOB U KaJbIUH-3aBHCHMOTO
BBICBOOOXKACHHS MEIHaTOpA.

Mem«[aTop BBICBOOOXKIaCTCS MYJIBTUMOJICKYJIIPHBIMU ITaKETaMHU (KBaHTaMH), KaXKIbIN U3 KOTOPBIX COACPKUT HECKOJIBKO
TBICAY MOJICKYJI Meauaropa. Ot 1 mo 300 kBaHTOB (B 3aBUCUMOCTH OT THIIa cm{anca) BBIACIAICTCA TPAKTHYCCKH
OTHOBPEMEHHO W3 HEPBHOI'0 OKOHYAaHHA B OTBET Ha IMOTCHIHAJ JiefcTBUs. B cocTosHMM TOKOSt HEPBHBIC OKOHYaHUA
TaKk)Ke BBICBOOOKIAIOT KBAaHTHI CIIOHTAaHHO, XOTA M C HU3KOH 4YacTOTOH, BbI3bIBasi B IOCTCHHAIITHYECKOW KIIETKE
MHWHHATIOPHBIC CHHANITUYECKUE MOTCHIIUAIBI. TlomuMoO 3TOrO, B COCTOSIHUM MOKOSI HEOOJIBIIOE KOJIMYECTBO MeauaTopa
BBICBOOOXKIACTCS M3 HEPBHOI'O OKOHYaHUS HEKBAHTOBBIM 06pa30M, B BHJIE IIOCTOSIHHOM YTEUKH.

OnuH KBaHT HeifpoMeaTopa COOTBETCTBYET COAEPKUMOMY OJHOM CHHANTHYECKOI BE3UKYIIBI — HECKOIBKUM ThICAUaM
MOJIEKY] MEIHaTOpa ¢ HU3KMM MOJICKY/ISIPHBIM BECOM. BBICBOOOMKIEHHE OCYLIECTBIAETCS MOCPEICTBOM 3K30LHUTO33, B
pe3ynbTaTe KOTOPOro INPOUCXOAUT CIIMSHHE MEMOPaHbl CHHANITHYECKOH BE3HKYJIbI C MPECHHANTHYECKOH MeMOpaHoil 1
COJIEP)KUMOE  BE3MKYJbl BBICBOOOXKIACTCA B CHHANTUYECKYKO Miedb. KOMIOHEHTHl BE3UKYIAPHOH MeMOpaHbI
BIIOCJICACTBHH SHIOLUTHPYIOTCS, COPTHPYIOTCS B SHIOCOMAX U UCHOJIB3YIOTCS 1715l 00pPa30BaHUs HOBBIX CHHANITHYECKUX
BE3HKYIL.

IIpm paccmoTpeHHn mpomecca BBHICBOOOXKIEHHS MeAMaTopa HPECHHANTHYCCKUMH HelpoHaMu
BO3HHUKAET OOJIBIIOE KOJINYECTBO BOMPOCOB. [t TOro 4TOOBI OTBETHTH HA 3TH BOIPOCHI, TPEOYIOTCS
SKCIICPUMEHTAIBHBIE TOAXOMBI ISl OIPENETCHHS KOJIMYECTBA BBICBOOOXKIAEMOTrO MeEIUaTopa C
BPEMEHHBIM pa3pellcHHeM B MWUIMCEKYHJHOM JAxarna3oHe. Bo MHOrHX SKCIIepHMEHTaXx,
MIPE/ICTABICHHBIX B 3TOH IJlaBe, 3TH M3MEPEHUsS NPOM3BOAMINCH ITyTEM H3MEPEHUs] MEMOPAHHOTO
MOTEHLHAJIa TIOCTCHHANTHYECKOH KIETKH. YJOOHBIM IIpenapaTtoM ajsi MCCIIENOBaHHs Ipolecca
BBICBOOOJKIEHUSI MEIHaTOpa SBIAETCS HEPBHOMBIIIEYHOE COEAMHEHHE MO3BOHOYHBIX, B KOTOPOM
MeauatopoM sBisercss AX. OpHako A mojydeHusl Oojiee MONHON HHGOpPMAUUK O Mpolecce
BBICBOOOJK/ICHNSI HEOOXOJMMO Takke MMETh BO3MOXKHOCTH PETHCTPHPOBATH HEMOCPEACTBEHHO OT
MIPECHHANTHYECKUX OKOHYAHWH; 5TO HEOOXOAMMO, HAIPUMED, VISl TOTO, YTOOB! ONPENeTIHTh, KaKUM
o0pa3oM KaigblMi ¥ MEMOpaHHBIH IIOTEHIHAT BIUSAIOT HAa TIPOIECC BBICBOOOXKACHUS.
IpecnnanTuyeckne OKOHYAHHS B HEPBHO--MBINIEYHOM COCAMHEHHH MO3BOHOYHBIX CIIHIIKOM Majbl
JUTA 3eKTpodusnoNornueckoil peructparuu (Moputa u Bapper, 1990"). Onnaxo sta perucrpauus
MOXXET OBITH OCYLIECTBJICHA B JPYTMX CHHAIICaX, HAalpPHMEp, TMFAHTCKOM CHHAICe 3BE314aToro
TFaHIHsT KadbMapa 2, THFAHTCKEX OKOHUAHHMSX OHIIONAPHBIX KIETOK CETYATKH 30I0TOH PHIOKH ), a
TaKKe B KAMHIM(BOPMHBIX CHHANCAX IMIHAPHOTO TAHTJIMA MTHI * M CTBOJE MO3ra TPhI3YHOB .
bosee Toro, HEKOTOpbIE HOBBIE METOJAMKH MO3BOJIAIOT UCCIIENOBATh BEICBOOOKACHHE Meauaropa 0e3
perucTpanu  OT  IIOCTCHHANTHYECKOH KieTkn. B oaroli  mmaBe OyayT paccMOTpEHBI
NEKTPOPHU3NOTIOTHUECKUE U MOP(OIOTHIECKHE YKCIICPHMEHTHI, KOTOPBIE XapaKTepU3yIOT IPOIEeCcC
BBICBOOOJK/IeHUS. Benku, KOTopble y4acTBYIOT B BBICBOOOXICHHHM MEAMATOPa, OyIyT OIHCAaHBI B
riase 13.
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§ 1. OcHOBHBIE CBOMCTBA MPOLECCA BHICBOOOXKIECHUS

MeauaTopa

Oenonspusaumna HepPBHbIX OKOHYaHUW U BbICBOOOXAEeHMe MeauaTopa

3Be31uarhlii raHMIMi KanbMapa ObIT HCIOJIB30BaH B dKcrepuMeHTax Karna m Munenu st
HCCIIIOBAHUS 3aBUCHUMOCTH MEXJ1y MeMOpaHHBIM MOTEHLIMAJIOM Ha HEPBHOM OKOHYAHUU W
KOJIMIECTBOM BBICBOGOYXIaeMOro Memaropa . [Ipernapar u SKCIepHMEHTATBHBIH J3aiH It
OJIHOBPEMEHHON pEerucTpaldd OT HEPBHOTO OKOHYAHHMA M IOCTCHHANTHYECKOrO0 BOJIOKHA
nzobpaxensl Ha puc. 11.1 A. ITocne nobaenenus Terpogorokcuna (TTX) B HaApYKHBIA pacTBOP
MIPECUHANITHYECKUN MMOTEHIMA ASHCTBUS ITOCTENIEHHO YMEHbIAeTCs B TedeHue 15 MuHyT (puc.

(A) Stcllaie gangleon of squid Puc.  11.1.  TlpecHHanTHYSCKMH  HMMIYIbC  H
m TMOCTCUHAJITHYECKHI OTBET B TUTAHTCKOM CHHAIICE

w
Current

6 W

ms

kanpMapa. (A) CxeMa 3Be3/4a ‘Oro raHrMs KajlbMapa,
H306pa)i<a}01ua;{ ABa OOJIBIL UX aKCoHa, KOTOpBIC
00pa3yroT XMMHYeCKuii cuHanc B 00a akcoHa BBeJICHBI
MHUKpO2IeKTpoabl. (B) OIHOEpeMeHHass perucTparus

TPECUHAIITUYCCKUX AKCOHOB (ccpaﬂ JIUHUSA ) u
MOCTCHHANITHICCKUX  aKCOHOE (qepHaﬂ J'I]/IH]/IH) B
Tporecce pa3BuTUA J10Ka TIPOBEACHUA

TETPOJJOTOKCHHOM. [10 Mepe y veHbIICHHSs aMIUIUTY/bI
MPECHHANITHYECKUX TOTe! IIUATI0B JIeHCTBHS
YMEHbIIaeTcs TaKKe " JIOCTCHHANTUYECKHI
noteHnuan. (OOpatuTe BHUM:HHE, 4YTO JBa MEPBBIX
OTBETa BBI3BIBAIOT IOCTCUHE ITMYECKUH MOTEHIHAI
JCHUCTBUSL.) (&) 3aBuC IMOCTh AMILTUTY B
MOCTCHHANTHYECKOr0  MOTEHLHala OT  aMIUTHTY]IbI
MIPECUHANTUYECKOTO MOTEHIMA. [a. YepHBIMU KpyXKKaMu
MpeJICTaBIeHbl Pe3y/IbTaThl, I(Ka3aHHbIE Ha 4acTH B;
CephIMH  KPYXKKAMH  MPEJCTaBICHBl  Pe3yJbTaThl,
MOJNy4EHHbIC TPH  HAHECCF UM  JICTIOJSAPU3YIONINX
MyJIbCOB TOKA HAa MPECHHANTHY 3CKOE OKOHYAHHE IOCIIe
MONHOTO  OJIOKMPOBAaHMS  1IOTCHIMAna  JeHCTBHS
TETPOJJOTOKCHHOM.

L] ‘--..___P i

A eeaher T

W0 40 % w0
Amplitide of presynageic depolarization (i £

Fig. 11.1. Presynaptic Impilse and Postsynaptic
Response at a squid giant synapse. (A) Sketch of the
stellate ganglion of the squid, i lustrating the two Large
axons that form a chemical synapse. Both axons can be
impaled with microelectroces as shown. (B)
Simultaneous recordings from the presynaptic axons
(black records) and postsynap ic axons (grey records)
during the development of corduction block by TTX.
As the amplitude of the presynaptic action potential
decreases, so does the size of tlie postsynaptic potential.
(Note that the two largest presynaptic action potentials
evoke postsynaptic action potentials.) (C) The relation
between the amplitude of the presynaptic action
potential and the postsynaptic potential Grey circles
represent results in B; black circles represent results
obtained by applying depolariz ng current pulses to the
presynaptic terminals after ccmplete TTX block. (A
after Bullock and Hagiwara, 1157; B and C after Katz
and Miledi, 1977c.)
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[NocTcHANTHYECKUIA TOTEHIMAT JCUCTBHS TaKXKE IOCTEIICHHO YMCHBIIACTCS W B OINPEICIICHHBIN
MOMEHT IIOJTHOCTBIO HCU€3aeT, TaK Kak Bo30yxparomuii nmocrcuHantudeckuil morexuuan (BIICIT)
mepecTaeT [OOCTUTaTh mopora mnoTeHuuana jeiictBus. C 9TOro MOMEHTa [0 aMIUIATYIE
CHHANTHYECKOT0 MOTSHIHAIa MOXHO CYIUTh O KOJIMYECTBE BHICBOO0XKIAEMOT0 MeHaTopa.

I'paduk 3aBUCHMOCTM aMIUIMTYAbI BO30Y)KAAIOIIET0 IOCTCHHANTHYECKOr0 MOTCHIHANa OT
aMIUIUTY/IbI IPECUHANITHYECKOT0 UMITyJIbca npezcTasieH Ha puc. 11.1C. CunanTuyeckuii moTeHuuan
YMEHbIIAETCS IPU CHIKEHUU aMILUIUTYIbl IPECHHANTUYECKOr0 NOTeHIMala AelcTBUsl MeHee 75 MB,
a eclld aMIUIMTyJa [PECHHANTHYEeCKOT0 HMITyJbca CTaHOBUTCS MeHblie 45 wMB, TO
[TocrcunanTuyeckuii OTBET BOBCE Ipornajgaer. TeTpoJOTOKCUH HE BIMAET Ha YYyBCTBUTEIBHOCTD
MOCTCHHANTHYECKOW MeMOpaHbl K MEIHATopy; MOJTOMY CHIDKEHHE aMIUIMTYIbl CHHANTHYECKOTO
MOTEHIIMAJIa CBSI3aHO C YMEHBIIEHHEM KOJMYECTBA MEIHATOPA, BBIACIIEMOr0 U3 MPECUHAIITHYECKOTO
okoHuaHus. Takum oOpaszoM, nemojsipu3anus Ha 45 MB sBiseTcss HMOPOTOBBIM 3HAYCHHEM IS
BBICBOOOKAEHHST MEAMATOpa; Hpu emie OOoJbIIeM YBEIWYEHHHM AaMIUIMTYIbl MPECHHANTHYECKOTO
MOTEHIIAAIIA ISHCTBHSI BO3PACTAIOT KOJIMYESCTBO BBICBOOOXKIaeMoro Meauaropa u ammumtyaa BITCIT.

Jlnst Toro, 4ToObl MCCIIEA0BaTh 3Ty 3aBUCUMOCTh B AeTalsix, Kar 1 Munean mpoBenu Clexyromuii
9KCIEPUMEHT: OHM BBEJIH B IPECHHANTHYECKOC OKOHYAHHE BTOPOM ODJIEKTPOJ, 4Yepe3 KOTOpPbIH
HojiaBayiich KOpoTkue (1-2 Mc) JAemnosspusyrolide TOMYKM TOKAa C ILENbI0  HMHTHPOBATh
[PECHHANITUYECKUH MOTCHIHAN JCHCTBHS. 3aBHCHMOCTh aMIUIMTYbl CHHANTHYECKOTO IOTEHIMAJA
OT aMILUIUTYIbl CUMYJIMPYEMBIX IIPECHHANTHYECKUX MOTEHIMAIOB JIeiiCTBUS OKa3alach TaKOM xke, KakK
U B Cllydae HaCTOALIMX MOTEHIMANOB aeicTBUs (cM. puc. 11.1C). DTOT pe3ynbTaT CBUAETEIBCTBYET O
TOM, YTO MOHHBIC ITOTOKHM HATPHS U Kajlus, OTBETCTBEHHbBIC 32 T'€HEPALMIO OTEHIMAIa IeiiCTBUS, He
SIBIIIIOTCS  00s13aTeNbHBIM ~ (AaKTOPOM /I BBICBOOOXKICHHS MEAMaTtopa M 4YTO MPOLEcC
BBICBOOOJK/ICHHSI 3aIlyCKAeTCsl CHOISIPU3ALUCH.

CuHanTunyeckan 3agepkka

OpmHOIl M3 XapaKTEepHBIX OCOOEHHOCTEH TIIpomecca BBEICBOOOXKACHMS MEAMATOpa  SIBISIETCS
CHHANTHYECKas 3aJep>Kka — BPeMs MEKAy HayaaoM MPECHHANTHYECKOTO MOTEHIHaNa AEHCTBUS U
HayaJIoOM CHHANTHYecKoro noreHnuana (puc. 11.1B; rmasa 9). B npuBeneHHBIX BBIIIE SKCIIEPUMEHTAX
Ha FMTaHTCKOM aKCOHE KaJbMapa, KOTOpbIe MPOBOIMINCH pH Temneparype okono 10° C, 3agepkka
cocTaBIsia 0Koao 3-4 Mc. B HEpBHO-MBILIEYHOM COEMHEHUM JIATYLIKM CHHANTHYEC-Kas 3aJepiKKa
cocrapmser 0,5 MC IpH KOMHATHOH Temmeparype (puc. 11.2)"'. DrTa 3ajepika 3HAUMTEILHO
npeBbImaeT Bpems (oxoso 50 Mxc), HeoOxoxumoe st quddy3un AX depe3 CHHAITH-YECKYIO el
(paccrostrue oxono 50 HMm). Ilpm moHOdopernyeckoi ammmkanuun AX Ha HOCTCH-HAITHYECKYIO
MeMOpaHy W3 NHUIETKH 3afepXKa MOXET cocTaBisiTh Bcero 150 mc. Bomee Toro, cmHanTtHuyeckas
3a7epXkKa ropasgo Oojiee 4yBCTBUTENbHA K TeMmeparype, yem mpouecc nuddysuun. OxnaxkaeHne
HEpBHO-MBIIIEYHOr0 Ipenapara a0 2° C yBenuuuBaeT 3aaepkKy 10 7 mc (puc. 11.2B), B To Bpems
KaK 3a/lepXXKa Ha OTBET, BBI3bIBAEMBII HOHO(pOpeTHuyecKoW anmuukanued AX, 3HAYUTENBHO HE
Mmensiercs. TakuM 00pa3oM, OCHOBHasl NMPUYMHA 3aJEPKKH KPOETCS B MEXaHM3ME BBICBOOOMKICHUS
Meauaropa.

3HaveHue Kanbuua AnA npouecca BbICBOGOXAEHUA

Kampnnit ObUT TaBHO M3BECTEH KaK BaXKHOE 3BEHO B IIPOIleCce CHHANTHUeCKoW mepemauu. Ilpm
YMCHBIICHHN KOHLEHTPAIUH KaJIBIUS B HApY)XKHOM pacTBOpE YMEHBINAECTCS TakkKe U
BBICBOOOXK/IeHHEe AX B HEPBHO-MBILIEYHOM COEJUHECHHMH, BIUIOTH 1O IOJHOTO OJIOKMPOBAHMS
MOCTCHHANTHYECKUX 0TBETOR ). Kanbuumit HrpaeT BaXHYIO PONb B BHICBOOOXKICHHH MEIHATOPA BO
BCEX CHHAINCaX HE3aBUCMMO OT HPHPOJbI MeauaTopa (OJHUM U3 HCKIIOUCHUH SBISETCS
BbIcBOOOXKAEeHNEe ['TAMK 13 ropu3oHTanbHBIX KJIETOK B ceTyaTke pblO, cM. riaBy 4")). beuio Taxke
MIOKA3aHO, YTO KaJbLUH MIpaeT BaXXHYIO POJIb B IIPOLECcCaxX CEKPelHUU B IEJIOM, Kak, HalpHuMep, B
BBICBOOOJK/ICHUM TOPMOHOB KJICTKAMH THNO(H3a, BBIACICHUH HOPAJPEHAINHA H3 MO3TOBOTO
BEILIECTBA HAMTIOUYEUHHKOB M CEKPELMHU U3 CIIOHOOTICIMTEIbHBIX xkenes = '3, Kak Gyer nokasaHo B
CJICIYIOIIEM pas3Jielie, BEI3BAHHOMY BBICBOOOKAEHHIO MEIHaTOpa MPENIISCCTBYET BXOJ KalbIHs B
[PECHHANTUYECKOE OKOHYAHUE, IPUYEM BBICBOOOXKIECHHE MOXET ObITh 3a0JIOKUPOBAHO HOHAMH,
KOTOPBIE NPEMATCTBYIOT BXOK/ICHHUIO KaJIbLIUs, HAIPUMEpP, MarHUEM, KaJIMUEM, HUKEIIEM, MapraHLEeM
n kobanbroM. CiesoBaTenbHO, BBICBOOOXKIECHHE MEIUATOPa MOXKHO YMEHBIIHUTH, JUOO YCTpaHHUB
KaJIbLMH W3 HApyXHOr0 pacTBopa, JuO0 100aBMB B HEro OJOKMpYIOIIME HOHBL MenuaTop
BBICBOOOJKIAETCSI TOJIBKO B TOM CITydae, €Cin
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Puc. 11.2. Cunantuyeckas {4} Extiracellular
3aie|PKKa B XHMHYECKOM

CHHa Ice. (A) OrtBeTHI,

BBI3b BaGMbIE

3NIEK PUYECKOit

CTUM yasiueit s

JIBUT ITEJILHOTO HepBa,
peru -TpupyroTcs c
TMOMCI[BI0  BHEKJIETOYHOTO
MHK[ 03JIEKTPOJIa B HEPBHO--

MBI SYHOM COCOAUHCHUHU
JIATY. UKH. (B)
DKCT daKIeTOuHas

peru :Tpanus apredaxra
ctuMymsinud (S), TOTeHIHan
JICHC [BHSI OKOHYaHHUs aKCOHA
(AP) ¥ TOKa KOHIEBOH
mac ‘unku (EPC) npu 2,5 u

7° C. Cunantuueckas
3aje]’KKa — 3TO  BpeMs
MEX,y MOTEHINAIOM
Jieic rBus B HEPBHOM

OKOHaHUM M HayaJoM TOKa
KOHII 2BOH TJIACTHHKH.
OOp:THTE BHUMAHHE, YTO
TOK, BXOISIIMA B HEPBHOE
OKOHIaHME M  MbIIIEYHOE
BOJIO CHO,  PETHCTPHPYETCS

BHCK ICTOYHBIM

MUK] O3JIEKTPOAOM B  BHJIEC
OTPH 1aTEJIbHBIX

note mmanoB. (C) I'padux
3aBHUMOCTH

CHHa TTHYECKOM 3a/IepKKH OT
TEMI 2paTyphbl; 4eM BBILIC
TEMI 3paTypa, TEM Kopoye
CHUHA TTUYECKas 3a/1CpKKa.

Fig. 1.2. Synaptic Delay at a
Cheriical Synapse. (A) The
moto: nerve is stimulated
while  recording with an
extrazellular  microelectrode
at tiwe frog neuromuscular
juncton. (B) Extracellular
recordings of the stimulus
artifact (S), the axon terminal
actio1 potential (AP), and the
end-jlate current (EPC) at

2,5 and 7° C. The synaptic delay is the time between the action potential in the nerve terminal
land the beginning of the end-plate current. Note that the current flowing into the nerve terminal
or the muscle fiber is recorded as a negative potential by an extracellular microelectrode. (C
Plot of synaptic delay as a function of temperature; the higher the temperature, the briefer the
synaptic delay. (After Katz and Miledi, 1965.)

KaJIbIIAN HOPpUCYTCTBYCT B HApPYKHOM pacTBOPEC B MOMCEHT JACTOJApU3AlIMU MPECUHAINITUYCCKOrO
OKOHYaHUA 14

Vlsmepel-me BXOoA4a KanbLuusa B npecuHanTtu4eCckoe HepBHoe OKOH4YaHue

B xone manpHEHIIMX IKCIEPHUMEHTOB ObUIO BBIIBICHO, YTO MPOBOJMMOCTH MEMOpAHBI JJis HOHOB
KaJbLUsl YBEJIIMYMBACTCS NP JEMOJAPU3ALUM U YTO KaJbIIMH BXOAUT B OKOHYAHHE C KaXIbIM
MOTEHUMAIOM JAeHcTBUA. JIMMHAC ¢ COTpyOHMKaMH H3MEPWIM aMIUIUTYLy W BPEMEHHOH XOJ
KaJIbIIUEBOI'0 TOKA, BBI3BIBAEMOI'O IPECHMHANTHUYECKOW Jenojisipu3anueil B TUTaHTCKOM CHHAICe
kajgpMapa. [lpuMep Takoro skcrepuMmeHTa moka3aH Ha puc. 11.3A. HartpueBas u kanmeBas
MIPOBOJMIMOCTH, CBSI3aHHBIC C TOTCHIUAIOM JeWCcTBHsA, Obutn 3abmokupoBanbl TTX u TOA
(TeTpa’TWIIaMMOHHEM), TaKUM OO0pa3oM, TOJBKO MOTCHIHAN3aBUCUMbBIC KabIHCBBIC KaHAJbI
OCTaBaNUCh (PYHKIHMOHAIBHBIMU. J{emossspu3arys IPecHHANTHYECKOro OKoHYaHus 10 —18 MB
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Puc. 11.3.  Tlpecu 1anTHyecKuit Kanbluui 1
BBICBOOOXKICHHE M(:AHATOpa B THTAHTCKOM
cuHance kambmapa (A, B). Ilorenmman na
JIPECUHAITUYECKOM OKOHYaHUH
¢dukcupyercss Ha 3aJaHHOM YpPOBHE, a
MOTCHIMAT aKTHBY pyeMble HATPUEBBIC U
KalnueBble  TOKH  3a0JIOKUPOBAaHBI  Te
TPOJIOTOKCHHOM U T >TPa’THIAMMOHHEM. (A)
Ha BepxHMX 3amuc (X MMOKa3aH KOMaHIHBII
MOTEHIHUA, I1 YMKJIaAbIBACMbIH K
TPECHHANTHYECKUM BOJIOKHAM, B CEPEIUHE
— MPECHHAITHYEC M KaJbLMEBBIH TOK,
BHH3Y — BO30YKIArOIINH
nocTcuHantuaeckui  norermuan (BIICII) B
TMOCTCHHANTUYECKON  BOJOKHE.  Tomdok
noreHuuana ot -7) go -18 MB (cnesa)
BBI3BIBACT MeJ1 TeHHBIH BXOJAIIMIT
KaJIBIUEBBII TOK, 3¢  KOTOPBIM C 3aIPKKOit
okoslo 1 Mc (01MEYEeHHOH CTpelKaMM)
cnenyet BIICIL. [le romspusanus 10 +60 MB
(cripaBa) MoJaBIIA€T BXOA Kayblus. B KoHIe
MMIyJIbCa BO3HHKA2T BOJHA KaJlbIIUEBOTO
TOKA, 32 KOTOPOH ¢ :ajiepkKoii okoo 0,2 Mc
crexyer BIICIL. (B) Ecmum B ycioBumsx
(UKCalMK TOTCHIF alla BBI3BAaTh TAKOE IKE
mo ¢opMe HU3MHEHHE  MeMOpaHHOTO
MOTEHIIMANa, KaK 10 BpeMsS HOPMAaJIbHOTO
ToTEeHLHAaIa ] eficTBHSA (oT™MeTKa
Presynaptic), TO B(3HHKAIONIMHA TPH ITOM
BIICIT neBo3moxH)> oranuuts ot BIICII,
BO3HHUKAIOLIETO B ¢usmonornuecknx
YCIIOBHUSIX (OTM >TKa Post-synaptic).
AMIUTHTY/Ia U BPEM HHO# XOJ KaJlbIIHEBOTO
TOKa MOKa3aHbl YyepHoit JIMHUEH.
CuHanTr4eckas 3aJ epkKka MEXIy Hadauiom
MPECHHANTHYECKON  JICTIONSApH3alMK U
HAYaJoOM  JIOCTCH aTHYeCKOr0  OTBETa

0T4aCTH o0ycs oBlICHa BpPEMEHEM,
3aTpavrBaCMbIM Ha OTKpBIBAHHE
KaJIBLIUCBBIX KAHAJIC B, @ TAK)XKE Ha TO, YTOOBI
BOLIE AN K AJIBIAHA 3aITyCTHIT

BLICBOﬁO)K}:[eHI/Ie Me 1uatopa.

Fig. 11.3.  Presinaptic Calcium and
Transmitter Releasz at the squid giant
synapse. (A, B) Th: presynaptic terminal is
voltage-clamped anl treated with TTX and
TEA to abolish voltage-activated sodium
and potassium curr:nts (A). Records show
potentials appb'ed o the presynaptic fiber
(upper trace), presynaptic calcium current
(middle trace), and PSP in the postsynaptic
fiber (lower trace). 4\ voltage pulse from
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-70 to -18 mV (left panel) results in a slow inward calcium urrent and, after a delay
of about 1 ms (arrows), an EPSP. A larger depolarization, .0 +60 mV (right panel),
suppresses calcium entry. At the end of the pulse, a surze of calcium current is
followed within about 0,2 ms (arrows) by an EPSP. (B) If 2 voltage change identical
in shape to a normal action potential is produced by the voltage clamp (labeled
Presynaptic), then the EPSP is indistinguishable from tha seen normally (labeled
Postsynaptic). The black curve gives the magnitude and ti1ie course of the calcium
current. The synaptic delay between the beginning of piesynaptic depolarization
and the beginning of postsynaptic response is due in part to the time required to
open calcium channels and in part to the time for calcium entry to trigger

transmitter release. (After Llinas, 1982.)

(BepXHsisl 3amKCh CJIeBa) BbI3bIBAJA BXOIAIIMI KAIbIHEBHIH TOK B OKOHYAaHHE, KOTOPBIA MEIJICHHO
yBennuuBaica npumepHo a0 400 HA (cpenHssl 3amucCh), a TAKXKE CHHANTHYECKUN MOTEHIHAI
OOJIBILION aMIUIMTYIbl B IOCTCHHANTHYECKOW KIeTKe (HIKHsS 3amuch). Ecian  OKoHYaHHe
JIETOIApU30BaNIOCh 10 +60 MB, 4TO MpUMEpPHO COOTBETCTBYET PAaBHOBECHOMY IOTEHIMATY KaJIbIHS,
TO KaJBIUEBHIA TOK U CHHANITHYECKHUI TIOTEHIIHAT TOIaBISUTUCE BO BPEMS JICTIOJIsI-
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PH3AIOHHOTO TONTYKA (CM. 3aIlUCH CIIpaBa). ITO JOKa3bIBAET, YTO ACHOJISIPU3ANUSI OKOHYAHHS cama
1o cebe He SBISETCS JOCTATOUYHBIM YCIOBHEM ISl BRICBOOOXKICHHSI MEJHAaTOpa; HEOOXOANMO TaKXe,
9qTO0OB! TPOM30IIEN BXOJ HOHOB Kambmus. [Ipm pemonspusanum HaOmronancs KpaTKOBPEMEHHBII
KaJIbLUEBbIH TOK, KaK eciu Obl KaJbLMil BXOIWJI 4epe3 KaHalbl, KOTOPBIC OTKPBUINCH BO BpEMs
JICNOJIIPH3ALINH, U 3TO CONPOBOKIATIOCH HEOOIBLINM TOCTCHHANTHYECKUM HOTEHIHAJIOM.

D dexT HCKyCCTBEHHOrO MOTeHUuana JedcTBus mokazan Ha puc. 11.3B. IlpecuHantuueckuit
MOTEeHIMaN fAeiicTBus, 3amucaHHbli g0 poGaeieHus TTX u TDA, ObUl  «BOCIPOH3BEHCH»
JNIEKTPUYECKOH Henbio (DUKCAINY ITOTEHIMANa, C TeM YTOOBI BBI3BAaTh TOYHO TAKOE K€ M3MCHEHHE
MOTEeHIMAJIA B OKOHYAaHHH. [loCTCHHANTHYECKUI MOTEHIMAN IPH 3TOM HE OTIHMYACTCsl OT OTBETa,
BBI3BAaHHOT'O HOPMAJIGHBIM IIPECHHANTHIECKUM ITOTEHINAIOM JSHCTBUS, HOATBEPKAas TOT (hakT, 4To
HaTPHEBbIE U KaJINEBHIE TOKH, KOTOPHIE B HOPME YJacTBYIOT B IeHEpalluy ITOTEHIMANA IeHCTBYS, He
SIBIISIIOTCSA HEOOXOMMBIM YCIIOBHEM JIJIsl BBICBOOOKIEHUS] METATOPA.

Hcnonp3oBaHne METOAMKH (DUKCALMM MOTEHIMANa TaKKe IO3BONMIO H3MEPUTh aMIUIUTYILy H
BPEMEHHOM XO0J] KaJIbIIUEBOTO TOKA, BBI3BIBAEMOT'0 MCKYCCTBEHHBIM MOTEHIMAIOM AEHCTBHS (KpHBas
yepHoro 1gera Ha puc. 11.3B). Kansuuesslit Tok HaunHaeTcst npumepHo depes 0,5 mMc mocie Havana
MIPECHHANTHYECKOH JIeTIOSIPU3aliY, a MOCTCUHAITHYCCKUH MTOTeHIMan HaduHaeTcs eme depes3 0,5
Mc. Takum 06pa3oM, Bpemsl, HEOOXOAUMOe IS ASTIONSIPU3aLiH IPECHHANTHIECKOTO OKOHYAHUS U
JUISL OTKPBIBAaHMS KaJbIMEBBIX KAaHAJOB, COCTABIACT IEPBYIO MOJOBHHY CHHANTHYECKOH 3a/IepiKKU;
OCTaBIIAsICS YacTh 3aJEPXKKHM YXOJIUT Ha BO3pacTaHHe KOHIEHTPALMH KadbLIUs B OKOHYAHHH M
BBICBOOOKACHHE MEHATOPA.

JInuHac ¢ COTpyAHMKaMH TakXKe HENOCPEICTBEHHO HAOMIONaIn BXOJA KalbLUs, HCIOJIb3Ys
JIOMHMHECHCHTHYI0 METKy dKBOpuH - '®. Onm 06Hapykwim, 4To B pe3yibTaTe KOPOTKOH cepum
MPECHHANTUYECKUX MMOTSHIUAIOB JEHCTBHUS BHYTPUKIETOYHAS! KOHIIEHTPAIMS KaJlbIMsA JOCTUIaeT OT
100 mo 200 MKMOJIb B MEUKPOJOMEHAX BHYTpU OKOHuYaHUs (puc. 11.4), koTopsle, 10 BCell BUIUMOCTH,
COOTBETCTBYIOT aKTUBHBIM 30HaM (11aBa 9).

Nokanusauua mecT BXxoaa KanbLuA

OKCIepUMEHTHl Ha THTAaHTCKOM CHHAIICe KallbMapa Jaid IOIOJHUTENbHYI0 WH(OpPMAIMIO O poin
Kalbpllisl B BBICBOOOXJICHHHM M, B YAaCTHOCTH, O OJM3KOM DPAacCMOJOKEHWH KaJbLHEBBIX KaHAIOB K
MEeCTaM CEKpeuuu MenuaTopa B stux sKcrepuMeHTax BBeaeHne BAPI'A — cusbHOrO
KanbLeBoro Oyepa — B NPECHHANTHYECKOE OKOHYAHHE BbBI3BIBAJIO 3HAUMTEIBHOC YMEHBIICHHE
KOJIMYECTBAa  BBICBOOOXKIAeMOro MenuaTopa 0e3 Kakoro-jmbo CyLIECTBEHHOTO HM3MEHEHMS
norteHmana peicrus (puc. 11.5A). C npyroit croponst EGTA — npyroii kamsuueBsiit Oydep —
oGazan s HeGonbmmM dddextom Ha BeIcBoOOXkAeHHE (pHc. 11.5C). DTo paznuume cBA3aHO C
TeM, 4TO cBs3biBaHme Kaibiusa ¢ BAPTA mpoucxomaut nHamuoro Obictpee, yeM ¢ EGTA. Taxum
00pa3oM, y KalbIMEBBIX MOHOB OCTaeTCs HE3HAYHWTEIbHas BO3MOXKHOCTH I AudQy3HH OT MecTa
BXO/Ia, IIPEeXkJIe 4eM OHH CBsKYyTcs ¢ BAPTA; B TO ke BpeMsi MOHBI KaJIbLIMsl MOTYT IIPOXOAUTH OoJiee
3HAYUTENIbHBIC PACcCTOsHUS, mpexae deM Oyayt ceszanbl ¢ EGTA (puc. 11.5B u D). Io ckopoctu
muddy3nn kanpius u ero ces3biBaHui0 ¢ EGTA MOXHO paccyuTtath, YTO MECTO CBSI3bIBAHHUS
KalpllMsl, CBSI3aHHOE C MPOIECCOM BBICBOOOMKAEHHUS, JOMKHO HAaXoAUThes B mpenenax 100 HM oT
MecTa Bxoa Kanbiust. C nqpyroii cropoHsl, 6su10 okasano, uto EGTA

Puc. 11.4. (Puc. 11.4A u 11.4B cm. Ha uBerHoW BKieHke mocie c. 640.)
MHuKpOJOMEHBI KalbLHsl B MPECHHA NTHYECKOM OKOHYAHHU B THTAaHTCKOM CHHAIICE
kanbMapa. (A) PacnipesneneHue Kajblusi BHYTPH NPECHHANTHYECKO I'O OKOHYAHMS
aKCOHAa B TMOKOE, OMNpPEACICHHOE C MOMOIIBIO BHYTPHKICTOYHOH WHBEKIHU
KaJIbIIMH-4yBCTBUTEIBHOH METKH (KBaJpaTOM Ha PHCYHKE ClieBa OTMEYEH y4acToK,
B KOTOpOM mpoBogurcss u3Mmepenue Kambnus). (B) Kopotkas — cepus
NPECHHAITHIECKHX TIOTCHIMATIOB JCHCTBUS BBI3BIBACT MOSABICHUEC MUKPOJIOMEHOB C
BBICOKOIT KOHIIEHTPANNEii Kalblus BHYTPU OKOHYAHHS aKCOHA.

Fig. 11.4. Microdomains of Calcium within the Presynap tic Terminal at the Squid
Giant Synapse. (A) Distribution of calcium within the presynaptic axon terminal at
rest determined by intracellular injection of a calcium-sensitive dye (box in
illustration at leftj shows the region imaged). (B) A brief train of presynaptic action
potentials results in the appearance of microdomains of high calcium concentration
within the axon terminal (After Llinas, Sugimori, and Silver, 1992; micrographs
kindly provided by R. Llinas.)
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Puc. 11.5. Kanpuuii BXOZUT OKOJIO MECT BBICBOOOKICHHUS MEIHMATOpa B TMTAHTCKOM CHHArce KambMmap:. (A) BHytpuknerounas
PErucTpanys OT Jpe- ¥ NOCTCHHANTHYECKOr0 aKCOHOB I10CIIe HHBEKIMH OBICTPOro KabimeBoro xenaropi BAPI'A. HanoxeHnbie
Jpyr Ha apyra 3amucH nokassiBaroT ymensuieHne BIICII B Teuenne 4-x munyT nocie uabekunn BAPT'A. (B) BAPT'A cBs3siBaeT
KaJIBIMH 710 TOTO, KaK OH JJOCTHIAaeT «KaJbIMEBOIO CEHCOPa», KOTOPBIH 3aIycKaeT BhIcBOOOXKIeHHe Meu atopa. (C) HanoxeHHble
JpYT Ha Jpyra BHYTPUKICTOUHBIC 3aMICH, MOIyYeHHbIE B TeueHHe 4-Xx MUHYT nHbekunn ECIA — xenarpa, KOTOpBIH CBS3bIBACT
Kanpuuii ropasno mepienHee. Ammmryna BIICIT ne usmensercs. (D) Kanbliuii 10CTUraeT «KalblMEEOro CEHCOpa», KOTOPBIH
3aIyCKaeT BBICBOOOXKICHNE Meanartopa, Osictpee, yeM ¢ HuM cBsokeTcss ECIA; 9T0 ykaspiBaeT Ha TO, 'O MECTO BXOJA KalbIIUs
JIOJDKHO ObITh B mipejenax 100 HM oT MecTa, B KOTOPOM KallbLHii 3aIlyCKaeT BBICBOOOK/ICHHE MEIHATOPA.

Fig. 11.5. Calcium Enters Near the Site of Transmitter Release at the squid giant synapse. (A) Intracel ular recordings from the
pre- and postsynaptic axons following injection of the fast calcium chelator BAPT'A. Superimposed trac s show the reduction in
the EPSP during a 4 min BAPTA injection. (B) BAPT'A binds calcium before it has time to reach the ca cium sensor that triggers
release. (C) Superimposed intracellular recordings during a 4 min injection of ECI'A, a chelator that bir ds calcium more slowly.
No change in EPSP amplitude is seen. (D) Calcium reaches the sensor that triggers release faster than it t ecomes bound to ECT'A,
indicating that the site of calcium entry must be within 100 nm of the site at which calcium triggers tran: mitter release. (A and C
after Adler et al., 1991.)

MOJXKET BJIMATH Ha BBICBOOOXKAEHHE MEIMATOpPa B HEKOTOPBIX CHHAIICAaX; 3TO IMPEIIIOJaraer, 4To B
9TUX KJIETKaX KalbLUi MoxeT auddyHIupoBaTh Ha OOJbIINE PACCTOSHUS OT KAIbLUEBBIX KaHAJIOB
JI0 MECT, B KOTOPBIX HHUIIHMPETCS BHICBOOOMKICHHE MEIHATOPA’).

Ponb genonsipusauum B BbICBOGOXAEHUU MeauaTopa

IpencraBieHHbIe 10 CHX MOpP JOKa3aTeNbCTBA YKa3bIBAIOT HA TO, YTO BHICBOOOXKIECHHE MeIuaTropa
3aIyCKaeTCsl yBEIMUCHUEM BHYTPUKICTOYHON KOHIIEHTPAIIMY MOHOB KaJbIHs, KOTOpasi IPOUCXOAUT
IOpH  JCTONAPU3ALMH  NPECHHANTHYECKOrO0 OKOHYAaHMS ¥ OTKPBIBAHUM HOTEHLHAI3aBUCUMBIX
KalblMeBbIX KaHaloB. J[aHHas rumoTe3a OblLia MpoBEpeHa C MOMOIIbBI0O TaKk Has3biBaeMoro 'caged
calcium" — Oydepa, KOTOpPBIH BBICBOOOXKIACT KaIbLHUH MPU 00IYUYESHUH YIbTPa(hHOIETOBBIM CBETOM
18200 TTpn nepexun auTpodena (ogHa n3 popm "caged calcium”) B MPECHHANITHYCCKOE OKOHYAHHE
THTaHTCKOTO CHHAICA KaJbMapa MM HEPBHO-MBIIICYHOE COCAMHEHHE paka oOIydeHHe OKOHYAHUS
BBI3BIBAJIO BBICBOOOXKIeHUE MeauaTtopa (puc. 11.6). [l BBICBOOOXKIEHHS TAaKOro e KOJIMYecTBa
MeraTopa, KaKk 1 P CHHANTHYECKOM IOTeHIHuase
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Ay INifrophen injection

Puc. 11.6. VBenuueHue BHYTPUKIETOYHOTO
Kalblusl JOCTaTOYHO IS TOTO, 4YTOOBI BBI3BATh
ObICTpOC  BBICBOOOXKJICHHE — MeauMaropa B
THTaHTCKOM cHHarce kambMapa. (A) Hutpoden
(BEIECTBO, KOTOPOE BHICBOOOXKIACT KabLMit
npu 00IyYeHHH YNbTPAaHOIETOM) MHBEIHPOBAH
B TPECHHAIITHYECKOE OKOHYaHHE.
BrIicBOOOXKACHHE MeEIHATOpa PETHCTPUPYETCS C
MOMOIIBI0  BHYTPUKJIETOYHOTO OTBEICHHS OT
TMOCTCHHANTHIECKOTO aKCOHa. (B)
BHYTpHKIETOUHBIE MOCTCHHANTHYECKHE OTBETHI,
BbI3BaHHbIe cruMmynsuueir Hepsa (BIICIT) wu
BBICBOOOXKACHHEM Kanlblis W3 HUTpO(peHA MOX
JICHCTBHEM BCIIBIIIKH YJIbTPadHOIETOBOrO CBETA
(nitrophen  response).  Peskoe  yBemuueHue
BHYTPUKJICTOYHOTO KaJbLus BBI3BIBACT B 3
YBEIHYCHHE OCBOOOXKACHHS MeEauaTopa MOYTH r

Takoe ke ObICTpoe, Kak MpH IPOXOKICHUH

MPECHHANTHYECKOTO MoTeHmana aeicreus. Crag 4 |‘ EPSPF 1 16

_H_._F,_.d--i‘-llmph:n TEspORsE

OTBETA, BBI3BAHHOTO HUTPOMECHOM, MEUICHHBIH 1
HETONIHBIN, ~ HOCKONBKY — mocie  doTonmsa
HUTPO(EH YACPKUBACT KOHLEHTPALHIO KAJIBLUS
Ha Gosiee BBICOKOM yPOBHE, YeM B HOPMAaJbHBIX
YCIOBHSIX.

Fig. 11.6. An Increase in IntraceUuLar Calcium Is

EPSP amplinude (mV)
¥}
.

) smuods usgdarny

Sufficient to Trigger Rapid Transmitter Release at 1k - 4
the squid giant synapse. (A) Nitrophen, a form of

"caged calcium," is injected into the presynaptic _I
terminal. Transmitter release is monitored by LIS 0

recording intracellularly from the postsynaptic
axon. (B) Intracellular records show the

postsynaptic response to nerve stimulation (EPSP) o g L L L i et
and to release of calcium from nitrophen by a ] 1o w0 ] 40 s
flash of ultraviolet light (nitrophen response). An Tirme (ms}

abrupt increase in intracellular calcium causes an
increase in transmitter release that is nearly as
rapid as that produced by a presynaptic action | slower and incomplete because the photolyzed nitrophen buffers calcium to
potential. The decay of the nitrophen response is a concentration higher than the normal level at rest. (B after Zucker, 1993.) -

JedcTBUs, ObLIO HEOOXOAMMO, YTOOBI BHYTPHUKIICTOYHAs KOHLGHTPALMS KalbLUs BO3pacTala
npumepHo a0 100 mMkmoinb. B skcneprMeHTax Ha OKOHYAaHHSX OUIOJSIPHBIX KIETOK U3 CETYATKH
30J10TOM PHIGKH OBLIH HOyYEHbI CXOXKUE PE3YIIBTATHI 2.

B Toxe BpeMsi HEKOTOPBIE CBOICTBA MpoIiecca BEICBOOOKICHHS HE MOTYT OBITh OOBSCHEHBI JIMIIH HA
OCHOBaHWUHM BXOJa Kalbllisi B HEPBHOC OKOHYaHWE. OJTH CBOicTBa OBUIM WCCICIOBaHBI B
HEPBHOMBIIICYHBIX CHHANCAX paka M JIATYIIKH, ¥ OBUIO OOHApYXKEHO, 4YTO MpPU YACPKaAHUU
BHYTPHKJIETOYHON KOHLIEHTPAIMH KalbIHsl Ha HOCTOSHHOM MOBBIIICHHOM YPOBHE M OJOKHPOBaHUH
JIOTIOTHUTENIFHOTO BXOJa KaJbIHs ACTOSPU3AIMI MOXKET BbI3BIBaTh BHICBOOOXKICHUE MeIMaTOpa 9,
MecTo [IeWCTBUSI IEMOJIpH3alMd HE YCTAHOBICHO; OJHUM U3 OOBSICHEHHH SIBISIETCS TO, YTO
JETIOJISIPU3ALMsl BIUSIET Ha MOTCHIMAI3aBUCHMbIE ayTOPELENTOPh B MeMOpaHe MPEeCHHANTHIECKOro
HEPBHOI'O0 OKOHYAHUS )

§ 2. KBaHTOBOE BBICBOOOKIEHHE MeMATOPA

Ucxonst uz BBIIICCKa3aHHOI'O, 06111a;[ cxema BI)ICBO60)KIICHI/I$[ Meauaropa MOXKET OBITh npeacTaBlicHa
B BHJIC CJIeIIyIOHICﬁ LCIIOYKU:

MNpecxsanTeyecsan QERONADHIALMR
Bxbg KaAsyWa
1
Bienobom gEHUE e BuaToRa.

Tenep}, OCTaCTCd IOKa3aTb, KAKUM 06pa30M MeauaTop BI)ICBO60)KZ[21€TC$[ 13 HEPBHBIX okoHYaHMi. B
OKCHEPUMEHTAX Ha HEPBHO-MBIINICYHOM COCIWUHCHHUU JIATYIIKUA derr n KaTI_[ oKasajid, 4To AX
MOXKET BI)ICBO60)KZ[21TI)C${ W3 OKOHYAHWIA B BHIE MYJBTUMOJICKYJISIPHBIX IIaKETOB «KBAaHTOB» 23).
HOCHCZ[y}OIIII/Ie OKCIEPUMEHTHI TOKa3aik, 4YTO Ka)KZ[LIﬁ KBaHT COOTBETCTBYET IIpU-
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Puc. 11.7. Munuatiopbie (A Intraceliulas

CHHAJI ‘NYeCcKue microckecimode

MOTEH 1HaJIbl BO3HHKAIOT

CIIOHT IHHO B HEpBHO-

MBILIE THOM COCMHEHHI

JIATYIU KH. (A) =t

Buytpuxnerounas —_

peruc: pauus MBIIICYHOTO 1

BOJIOK 1a B obmacti ,ﬁ'_—‘

JIBUTa" ‘€JIbHON KOHIIEBOH ( ) s gy an g, om 3 D

mwiactiikd. (B) Crontanusie
MUHUE TFOPHBIE

CHHAJI 'MYECKUE  TMOTCHIIHAIIBI Muscle

HMEKY ' aMILUTHTYy OKojo 1 ~

MB u HabIIoaTCa . e

HCKIIK YHTENBHO B  00ONacTu |

KoHuesoif  mmactnmkn.  (C)| e ]\r\. \J\‘___ |
Tlocne noGasnerms | 0 l
JpOCTI I'MHHA  (MHrUOHTOpA '; A :1:___

thepmeHTA z I"--J.\

alleTH. [XOJMHICTEPashl, ——e ] .
Kotopiisi  ruaponusyer AX) ’ — -
MUHUE TFOPHBIE ] I:——.J"'—n-—...-«-——. ki
CHHAI [MYECKHE  MOTCHIIHAIIBI Im¥ [\ M 4

YBEJIM IMBAIOTCA B aMILTATYJIC | = o e

U JJATENBHOCTH, HO MpHU L v s J

9TOM HX  YacToTa  He
M3MEH 1eTCSI.  DTO YKa3bIBacT
Ha TO, 4qTOo Ka)KI[LIf[
MUHHE TFOPHBIH HOTEHIMA | [t
SABJISAC™ CA OTBETOM Ha b,

KBaHTOBYIO mHopiuio AX, a He

=" e s

OTBET(M Ha OIHY MOJCKYIY
AX.

Fig. 11.7. Miniature Synaptic
Potent als occur spontaneously

recording from a muscle fiber in the region of the motor end plate. (B) Spontaneous miniature
synaptic potentials are about 1 mV in amplitude and are confined to th: end-plate region of the
muscle fiber. (C) After addition of prostigmine, which prevents a:etylcholinesterase from
hydrolyzing ACh, miniature synaptic potentials are increased in amplitt de and duration, but the
frequency at which they occur is unchanged. This indicates that each mir iature is due to a quantal

at th: frog neuromuscular

. 8 packet of ACh, rather than to a single ACh molecule. (After Fatt and Katz 1952.)
juncticn. (A) Intracellular

mepHo 7000 monexyn AX * CnenoBaTenbHO, KBAHTOBOE BBICBOOOM/ICHHE O3HAYAET, UTO
tosibko 0, 7000, 14 000 u Tak ganee MOJIEKYJI MOXKET BbICBOOOKAATHCS OJHOBPEMEHHO, a He 4
250 wm 10 776. B kaxXaoM JaHHOM CHHAICE KOJIMYECTBO KBAHTOB, BBICBOOOXKIAEMBIX W3
HEpBHOTO OKOHYAHWS B OTBET Ha MOTEHIMAN ACHCTBHSA (KBAaHTOBBIH COCTAB CHHAITHYECKOTO
OTBETa) MOXKET 3HAYMTEJIIFHO BAapbHPOBAThH, OJHAKO KOJMYECTBO MOJIEKY]T B Ka)JIOM KBAaHTE
(pa3Mep KBaHTa) SBISETCS MOCTOSIHHOW BETMYMHON (¢ BapuanusaMu B nipenenax 10%).

CnoHTaHHOE BbICBOOOXAEHUE KBaHTOB MeauaTopa

IlepBbIM CBUIETENLCTBOM TOrO, 4TO AX yrnakoBaH B MyJIbTUMOJIEKYIISIPHBIE KBaHTBL, OBLIO TO,
9TO B 00JACTH KOHLEBOH INIACTHHKU HAOMIOAETCs CIIOHTAHHAS HEpeTyIsipHas ACTOJIIpU3anis
¢ ammmuTyzoi okono 1 MB (puc. 11.7) . BpemeHHOH XOJ CIOHTAHHBIX AEMONAPH3AIMii
COBIIaJal ¢ BpEMEHHBIM XOJOM MOTEHIMANa, BEI3BIBAEMOTO CTUMYIIsiKel HepBa. CIIOHTaHHbBIE
muHuatiopusle noteHnuansl (MIIKII, MuHMATIOpHBIE NOTEHLUANbl KOHLEBOW IUIACTUHKM)
YMEHBIIANMUCh IO AaMIUIUTYA€ BIUIOTH A0 MOJHOTO HCUE3HOBEHUSI IO Mepe YBEIUYCHHUS
KOHLEHTpaluu aHTaronucra AX peuenropa Kypape, B TO BpeMs KaK UHIHOUTOPBI
alleTHIMHXOIMHACTEPas3bl (HalpUMep, NPOCTUIMUH) YBEIUUYMBAIU aMIUIUTYLy U 3aMeULId
BpemenHo# xox MIIKII (puc. 11.7C). Ot nBa GapmMaKkoIOrHYeCKUX TECTa yKa3bIBalOT Ha TO,
yro MIIKII renepupyercs B pe3ylbTaTe CHOHTaHHOTO BHICBOOOMKAEHUS AUCKPETHBIX KOJIUYECTB
AX W3 HEpBHOTO OKOHYAHHS, W HMCKIIOYAIOT BO3MOXXHOCTH Toro, 4ro MIIKII renepupyercs
OJIUHOYHBIMU Mojekylamu AX. BrocneacTBuu perucTpanus ¢ MOMOIIBIO M3TY-3JIEKTPOAOB
[I03BOJIMJIA HETIOCPEICTBEHHO ONPENENINTh, YTO KOJIMYECTBO TOKA, MPOTEKAIOIIEro yepe3 OAuH
AX penLentop, A0JDKHO BbI3bIBATh JEMOJIPU3ALUIO MBIILIEUHOTO



220 Pazpen II. Ilepedaya ungopmayuu 6 nepnoii cucmeme

BOJIOKHA mpuOmu3utenabHo Ha 1 MkB (rmaBa 2). CrenoBaTenbHO, B T€HEpAlMU KaKIOTO
cnonranHoro MIIKII ywactByer OGosiee Thicsuu AX peLentopoB. Bbuld HONydeHBI TaKkKe
JIOTIOJIHUTENbHBIE J0Ka3aTeIbCTBA TOIO, YTO CIOHTaHHbIE MHUHMATIOPHBIE IIOTCHILUAJIBI
SIBISIOTCS OTBETOM Ha MYJIbTHUMOJIEKY/SIPHbIE akeTbl AX, BbIIEISIEMbIE HEPBHBIM OKOHUAHUEM.
Hanpumep, nenossipusanys HEpBHOTO OKOHYAHHUS, BbI3bIBAEMAsi OCTOSHHBIM TOKOM, IPUBOAUT
K YBEJIMYEHHIO 4aCTOThbl CIIOHTAHHOI aKTMBHOCTHU, B TO BPEMS KaK JEMOJIIPU3ALUS MBIIIIbI HE
BIIUSIET HA qaCTOTyZS'. BoTynmMHOBBIN TOKCHH, KOTOPBIH OJOKHUpPYET BhICBOOOKAEHHE AX B OTBET
HA CTHMYJSIMIO HEpBa, OJOKMPYET TAKkKe M CIOHTAHHYIO aKTHBHOCTH . Bckope mocie
JIeHEepBallMU MBIIILb] JBUTaTEIbHOE HEPBHOE OKOHYAHUE JET€HEPUPYET, YTO COMPOBOXKAAETCA
HICUC3HOBEHHEM MUHHATIODHBIX MOTEHIMANOB . MHTEPECHO, YTO 1O MPOIICCTBHH KOPOTKOTO
MIPOMEKYTKAa BPEMEHM CIOHTaHHbIE MOTEHLIUAJIbl BHOBb IOSBIIAIOTCS B JICHEPBUPOBAHHOM
MBIIIIE JIATYIIKH; OHM BO3HHKAIOT B pe3ynpTaTe BbIcBOOOXKIeHHS AX mbaHKOBCKMME
KJIETKaMU, KOTOpbIE IOMNIOUIAOT YYacTKU [ETEHEPUPYIOIIMX HEPBHBIX OKOHYAHWN IIyTeM
parormroza®.

HekBaHTOBOE BbICBOOOXAEHUE

B nomonHeHue K KBaHTOBOH (opMe BBICBOOOXKIEHHS, HEKOTOpOE KoIuuecTBO AX TakkKe
MIOCTOSIHHO «yT€KaeT» M3 LUTOIUIa3Mbl BO BHEKJIETOYHOE IIPOCTPAHCTBO B HEKBAaHTOBOM
(bopMe29-30). B neilictBurensHocTd, obmiee konuuecTBO AX, KOTOPBIH yTeKaeT U3 HEPBHOIO
OKOHYaHUS B BHJE HEKBAHTOBOIO BBICBOOOXKIeHHUs, npumepHo B 100 pa3 Ooubine, udem
konuyecTBO AX, BBIIEISEMOrO B BUJE CIIOHTAHHBIX KBAHTOB. DTO COOTHOILEHUE MOXKET OBITH
OIIpEZeTIeHO IIyTeM CpPaBHEHHs OOIIEro KOJIWYECTBAa BBICBOOOXKIAEMOTO M3 MbIIIE AX,
U3MEPEHHOT0 OMOXUMMYECKHMMHU METoJaMu, ¢ KonuuecTBOM AX, BbICBOOOXKIAEMOIO B BHJE
KBaHTOB, paccuuTaHHbiM 10 4acrtore MIIKII ¢ yderom oOmiero Konu4yecTBa KOHIIEBBIX
IUIACTUHOK Ha MBIIIIIE.

B ¢usuonornueckux ycnoBusix yreuka AX W3 MPECHHANTHYECKHX OKOHYAHWH B HEKBAHTOBOM
¢bopMe He BbI3BIBACT IIOCTCHHANTHYECKOTO OTBETA: KOJMYECTBO XOJMHACTEpas3bl B
CHHANTHUYECKOM IIEeNTH IOCTATOYHO UL TOTO, YTOOBI THIPOJIHM30BATH CTOJIb HE3HAUHTEIBHOE
konpuyecTBO  AX, mpemoTBpamias TakuM ~ 00pa3oM  aKTMBALMIO  PELENnTOpOB  Ha
nocrcMHanTH4Yeckoii MemOpane. ITocrcuHanTryecknii 3pGEeKT HEKBAHTOBOTO BBICBOOOXKICHHUS
MOXET OBITh BBISBIEH TOJIBKO B YCIOBHSAX MHTHOMPOBAHHOW XONHMHACTEpasbl. B To ke Bpems
onHoBpeMeHHoe BbicBoOoxaeHne 7 000 monexyn AX B 0JIHOM KBAaHTE JIOKAJIbHO MPEO0JI0JIEBAET
AKTHBHOCTb 3TOTO (pepMeHTa 3a cHeT CyOCTPaTHOro MHrMOMPOBaHUS M M03BOJIIeT AX ITOCTHYD
IOCTCUHANTUYECKUX pelenTopos u Bbr3Bath MIIKII (rnasa 13).

tDnyKTyame noTteHuuana KoHLeBOW NMNACcTUHKK

TunuuHEIH CHHANTHYECKWH MOTEHIHAT B CKEJETHOM HEPBHO-MBIIIEYHOM COEIHHEHHH
JIENOSIpU3yeT  IOCTCHHANTHYeCKylo MeMOpany Ha 50--70 MB. Kakoif MexaHu3M
BeICBOOOXKIEHNST AX — yTeuka WIM KBAHTHI — JIEKHT B OCHOBE 3TOTO CHHANTHYECKOTO
noreHuuana? @err u Kari oOHapy:KuiM, 4TO IpU yYMEHBIIEHUU CUHANTHYECKOH IHepenauu
IMyTeM TOHIKEHMS! SKCTPAKIETOYHONH KOHIEHTPAlUH KaIbLIUS W yBEIWYEHUS KOHIIEHTPAIIHU
MarHusi IHOCTCUHAITUYECKUE OTBEThbl, BbI3bIBAEMblE CTUMYJALMENl HEpBOB, (QIyKTyUpYIOT
CTYIEHYAThIM 00pa3oM, KakK IMOKa3aHO Ha pHC. 11.8A%". HekoTtopsie cTUMYNBI HE BBI3BIBAIOT
OTBETOB BOBCE, HEKOTOPBHIE BBI3bIBAIOT OTBETHI C aMILIMTYAOH okojo 1 MB, MaeHTHYHBIE IO
pasmMepy ® (¢dopMe CIIOHTaHHBIM MHHHATIOPHBIM MOTEHIHanaM; HaKOHEI, OCTalbHbIe
BbI3BaHHBIE OTBETHI UMEIOT JBYX-, TPEX--MWIU YETHIPEXKPATHYIO aMIUIUTYLy IO OTHOLIEHHIO K
aMILTHTY/Ie MHHHATIOPHBIX CTIOHTAHHBIX ITOTEHIINATIOB.

OTO yIUBHUTENbHOE HAaONIOJEHNE MPHUBETIO K KBAHTOBOW THMIOTE3€, B KOTOPOW Ipearoaraercs,
9YTO OJMHOYHBIE KBAHTOBBIE COOBITHS, BO3ZHHMKAIONIME CIOHTAaHHBIM 00pa3oM, MPEACTABISIOT
co00il TakKe «CTPOUTENbHBIE OJOKM» M CHHANTHYECKUX MOTECHIMAIOB, BBI3BAHHBIX
cTumyssinueil. B ¢u3nonornyeckux yciloBHSX MNOTEHIUAIbl KOHLEBOW IJIACTUHKH COCTOST
npuMmepHo u3 200 KBAaHTOBBIX €OUHMIl, W BapHalMHd B UX aMIUINTYyIE HE3HAUHWTEIbHBL. B
YCJIOBUSIX IMOHM)KEHHOH KOHLIEHTPALMHU KAJIbIHsI pa3Mep KBaHTa OCTAETCS HEM3MEHHBIM, OJTHAKO
KBAaHTOBBI COCTaB OYECHb Mall — OKOJO 1, 2 mnm 3 KBaHTOB — M CiydailHBIM 00pa3om
(GIIyKTyHpyeT OT OZHOTO COOBITHS K JIPyroMy, NMPHUBOAS K CTYHNEHEOOpa3HbIM (IIYKTyallUsM B
AMIDIATYJle IOTeHIMANIA KOHLIEBOH IUIaCTHHKY.

CratucTtnyeckum aHanmMs3 NOTeHLMANOB KOHLEBOMN NNAaCTUHKU

Kactuneo u KaTL[ pemniiu NIpUMEHUTH CTaTUCTUYECKUHN aHalnu3 JUIS1 IPOBEPKH KBaHTOBOM
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A

Puc. 11.8. TloreHnmanel KOHLEBOH IUIACTHHKHM COCTOAT M3 KBaHTOBBIX CIMHMIL, KOTOPBIC COOTEETCTBYIOT CIIOHTAHHBIM
MUHHATIOPHBIM HOTEHIManaM. IIpecHHanTHYecKoe BbICBOOOICHHE AX B HEPBHO-MBINICYHOM OKO![YaHUM JIATYLIKH OBLIO
YMEHBILICHO 3a CYET CHIDKCHMS KOHIGHTPALMM Kalbllis B HapyKHOM pacTBope. (A) IIpuMepsl OTBETOB, BBI3BIBAEMBIX
CTUMYIISIIMEH HEpBa M PErHMCTPUPYEMBIX BHYTPHKJIETOYHO OT MBIIIEYHOrO BOJOKHA. AMIUIMTY/Aa T0TCHIMATIOB KOHIEBOM
mnactunku (TIKIT) BapbupyeT cTymeHYaThiM 00pa3oM; caMble MajJ€HbKHE OTBETHI IO AMIUIUTYAE COOT3€TCTBYIOT CIIOHTAHHBIM
MuHHaTIOpHBIM noTeHimanaM (MIIKII). (B) CpaBHenue cpennero kBanToBoro cocrtaBa (m) IIKII, ompeneneHHOro aByMms
criocobamu: nmpuMeHeHueM pacnpenenenus ITyaccona, m — In (N/ng), u mytem nenenust cpenneit ammm ryast ITIKIT Ha cpenHioro
ammuutyny MITKII. BenukosenHoe COOTBETCTBHE 3TUX JIBYX OLIEHOK HOATBepkaaeT rumotesy o ton, yro IIKIT cocrosar uz
KBAHTOBBIX €JHHUII, COOTBETCTBYIOIUX crioHTaHHBEIM MITKII.

Fig. 11.8. The End-Plate Potential Is Composed of Quantal Units That Correspond to Spontaneois Miniature Potentials.
Presynaptic release of ACh at a frog neuromuscular junction was reduced by lowering the calcium con:entration in the bathing
solution. (A) Sets of intracellular records, each showing two to four superimposed responses to nerve st mulation. The amplitude
of the end-plate potential (EPP) varies in a stepwise fashion; the smallest response corresponds in amolitude to a spontaneous
miniature potential (MEPP). (B) Comparison of the mean quantal content (m) of the EPP determined in t\/o ways: by applying the
Poisson distribution, m = In (N/n). and by dividing the mean EPP amplitude by the mean MEPP amplituce. Agreement of the two
estimates supports the hypothesis that the EPP is composed of quantal units that correspond to spontanec us MEPPs. (A after Fatt
and Katz, 1952; B after del CastiUo and Katz, 1954.)

runoressl ©. OHu MIPEAIOJIOKUIIH, YTO JBUTATEIHHOE HEPBHOE OKOHYAHHUE COAEPIKHUT THICTIU
KBaHTOBbIX makeToB AX (1), KaxIblii M3 KOTOPBIX MMEET BEPOATHOCTh (p) OBITh
BBICBOOOXKJICHHBIM B OTBET HAa HEPBHBIM HMMITYJIBC, 4 TAKKE YTO KBAHTHI BBICBOOOKIAKOTCS
HE3aBHCHUMO, T. €. BBICBOOOXKJEHHE OJHOIO HE BIMAET Ha BEPOSATHOCTh BBICBOOOXKICHUS
nocieaytomero. [Ipu OONBIIOM KOJNMYECTBE COOBITHH CpellHee KOJMYECTBO KBaHTOB (m),
BBICBOOOXKJAEMBIX BO BpeMs COOBITUS, OyAET paBHBIM 71p, a KOJIMYECTBO COOBITHH, COCTOSIINX
m3 0, 1, 2, 3, 4,... WK x KBAaHTOB, JOJDKHO COOTBETCTBOBAaTH OMHOMHAJBLHOMY pacnpe/iesieHUIo.
Opnako Kactunpbo u Kati He uMenn BO3MOXXHOCTH W3MEPUTh N WIK P 3KCIIEPUMEHTAIBHO, U
MMO3TOMY OHHM HE MOTJIM UCIIOJIb30BaTh OMHOMHAIBHOE PACIIPEICIICHHUE JUIS TPOBEPKH THIIOTE3bI
O TOM, YTO MOTEHIMAJ KOHIIEBOM IUIACTUHKM COCTOMT M3 €IMHMIl OJMHAKOBOIO pa3Mepa,
COOTBETCTBYIOIINX CIIOHTAHHBIM MHHHUATIOPHBIM MOTEHIMaNaM. [Jis Toro, 4ToObI CIIPaBUTHCS C
3TOH NPOOJIEMOH, OHH PACCYKIaJH CIEAYIOIUM 00pa3oM:

B Hopmanbhbix ycaogusx MOJCHO NPeOnONONCUMb, YMO P CPAGHUMENbHO GeluKd, M. e. OOIbulds Ydacmb
CUHONMUYECKOU NONYIAYUuU omeedaem Ha UMnyibc. OOHAKO KAK MOIbKO Mbl YMEHbULAeM KOHYEHMPAYU Kaiblyus
U ygenuuugaem KOHYEHmMpayuio MazHusl, 6ePOsimMHOCNb OMEEma YMEeHbUAeMCsi, U Mbl He HaOI00aem 0meenos Ha
60BUWYIO YACTb CIMUMYIL08, U PEOKO — OMEembl, COCmosiwue U3 0OHOU unu 08yx eounuy. B smux ycrosusx,
K020d p OYeHb HAA, KOIUYeCmeo eOunuy x, komopwie cocmasnsaom ITKII, npu 6oabuiom Koruvecmsee HAOI0O0eHull
dondicHo pacnpedensmuvcs no 3axkony Ilyaccona.

Pacnpenenenne Ilyaccona siisercs npuOmmkeHHeM K OMHOMHAIBHOMY pacHpeleleHHI0 B
Cllydasx MajbIX 3HAUeHHUH p. [IpUHIMIHAIBHBIM OTINYHEM SBISETCS TO, YTO JUIS MPEACKa3aHUs
ITyaccoHOBCKOro pacnpeeneHus He 00s13aTellb-
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HO 3HaTh 1 WIH p. DKCHEPUMEHTATOPY HEOOX0JUMO U3MEPHUTS JIMIIb UX OOLIMI MPOAYKT M, CpeaHee
KOJIMYECTBO KBAaHTOB, BBICBOOOXJAEMBIX BO BpeMs OAHOro coObITus. IIpeanonaraemMoe KOIM4ECTBO
OTBETOB, COCTOSIIIINX M3 X KBAHTOB, 3aJaeTcs B pacnpenenennu [lyaccona mo dpopmyie:

]

n,=N ﬁ)e"",

!
OpHUM W3 Jy4IINX NPHUMEPOB HCIIONb30BaHUS pacrnpeneneHus Ilyaccona B mcropum ObUI aHAIM3
YHCIIa MIPYCCKUX KaBaJepuilckux o(puIepoB, yOMBaeMBIX 3a I'oJ| yAapoM JOMAaJHHOTO Kombita. [1pn
0O0JIBILIOM KOJIMYECTBE O(HUIIEPOB (1) BEPOSITHOCTD (p) TOTrO, YTO KTO-TO M3 HHX OyAeT yOuT, O4eHb
Masa. B HeKoTopble ro/ibl HUKTO U3 O(MIEPOB He Morudai; B OCTalbHble MOrndaay OAUH, a MHOT/AA U
nBoe. B TeueHue MIUTENBHOrO Mepruoaa HaOMOASHUI KOIMYECTBO JIeT, B KoTopsle norudamu 0, 1, 2
w 3 oduiepa, IpuOIKAIUCh K 3HAYeHUSAM n3 ypaBHeHus [lyaccoHa, Ipu MCIOJIb30BaHUM TOJIBKO
CpeIHHX 3HAaYEeHUH «yJadHBIX» IUKOB B TOJ (M) IS ONPEASNICHUS] TEOPETHUECKH IIPE/II0IaraeéMoro
pacnpereneHusl.

Jlpyrum npumepoMm, B KOTOPOM ypaBHeHHe [lyaccoHa MOXeT mpeJickasaTh pacipesereHre COOBITH,
SIBIISIETCSL UTPOBOM aBTOMAT THUIIA «OJHOPYKHH OaHIuT». PasMep omHON eNUHULBI paBeH 5 LEHTaM,
aBTOMAT COJIEP>KUT OOJIBIIOE KOJMYECTBO MOHET, @ BEPOSTHOCTh BBINAJICHUS KaXkI0H MOHETHI OYEHb
Majia ¥ He 3aBUCUT OT APYrux MoHeT. EciM M3BEeCTHO cpejiHee KOJMYECTBO MOHET, BHIIIAUMBAEMbIX
3a Urpy, TO NpPHU AIUTEIBHOM HAOIMIONEHUM 3a Urpod ypaBHeHue IlyaccoHa TOYHO MpenCKaxeT,
CKOJIBKO pa3 urpa OyzleT MPOMUIrpaHa, a TaKXkKe CKOJIbKO Pa3 UTPOK MOIYYUT OJHY, ABE U OoJice MOHET.
W BHOBb BaKHBIM CBOMCTBOM ypaBHeHHs1 [IyaccoHa sBIse€TCS TO, 4TO CBOWCTBO pacIHpe/eNeHUs
3aBHCHUT TOJIBKO OT M.

Crie10BaTenbHO, A1 TOrO 4TOOBI IPOBEPHUTH, TIOJUHHSAIOTCA JIH (IYKTyalluy MOTEHIMATIOB KOHLIEBOH
IUIACTUHKYU TIPU CHIDKEGHHOH KOHIEHTpalluH KalbLius 3akoHy IlyaccoHa, HEOOXOZMMBIM SIBIISIETCS
JIMIIb 3HAYEHUE M, CPEJHEE KOIMYIECTBO €AUHHII, BRICBOO0XKIAEMBIX 33 OJJHO COOBITHE. DTO 3HAYEHHE
HOJIy4aeTcsl MyTeM JIeJIeHUsl CPEJJHENH aMIUIMTY/bl BBI3BAHHBIX MOTEHLMAIOB HA Pa3Mep eIMHMIIbI —
CPEJHIOI0 AMILIUTY/ly CIIOHTAHHBIX MUHUATIOPHBIX OTEHLUANIOB!
CPERNAR AMNRHTYA
sy B IBAMNEE NOTENEHARDD
L CPEMHAR AMNAMT,RA :
HHKMATIONHOTS NOTENLWANA

B ciyyae urpoBoro aBromMaTa m paBHIETCS CpPEeOHEMY KOJIMYECTBY IEHET, BBILJIAYMBAEMOMY II0
pe3yibTaTaM KakAoi Hrpsl (M0 BCeH BUAMMOCTH, HE OYCHb MHOTO, CKakeM, 1,5 IeHTa 3a urpy),
JIeJICHHOMY Ha pa3Mep equHULBI (5 1eHToB), yTo AaeT m = 0,3 equHuLbl 3a urpy. Eciau ammmuTyast
MOTEHLMAJIOB KOHIIEBOM IUIACTUHKH paclpeiessiloTCsl B COOTBETCTBUM ¢ ypaBHeHHeM [lyaccona, To m
TaKKE MOXKET OBITh OIPEICICHO MO KOJMYECTBY HyJEeBEIX 0TBETOB I1). B ypaBHeHnu Ilyaccona npu x
= 0 ny=Ne™ (nockomsky m® i 0! = 1). Takum 06pasoM, GopMyITa MOKET GbITh YIPOIIEHa 1O

n(2)

Kactumbo u Katig mposenu peructpanuro 60JIbI10r0 KOJIHIECTBA MOTCHIIHAIOB KOHIIEBOH IIACTHHKH,
BBI3BAHHBIX CTUMYJLIIHEH HEpBa, B YCIOBHSAX IOHIKEHHOTO KaJbLUs U IIOBBIIIEHHOTO MarHus B
Hapy’>)KHOM pacTBOpe, a Tarke OOJBIIOro KOJMYECTBA CIIOHTAHHBIX MUHHATIOPHBIX IOTEHIUAJIOB.
PaccunTaB m »TUMM ABYMsS crocoOaMu, OHHM OOHApYXKWIM IPAaKTHYECKH IIOJHOE COBIAJCHUE
pE3yIbTAaTOB, YTO MOCITY)KUIIO CEPbE3HBIM JOKa3aTeIbCTBOM B IIOJIb3Y KBAHTOBOM T'MIOTE3bl (pHLC.
11.8B).

C uenblo fanpHEHIIed MPOBEPKH KBAHTOBOHM THIIOTE3BI MOXKHO IOIBITAThCS MPECKa3aTh IOIHOE
pacnpejiesieHle aMIUIMTY/l OTBETOB, MCIOJb3Ys 3HAUEHUE M U CpefHeH aMIUIUTYAbl MUHHATIOPHOTO
norexHuuana (puc. 11.9). Kak u paHee, m pacCUMTBIBACTCS KaK COOTHOLICHHE MEXKAY CPEIHUM
BBI3BAHHBIM IIOTCHI[AIOM U CPEIHUM CIIOHTaHHBIM MHHHATIOPHBEIM ITOTEHIHAJIOM. 3aTeM
paccUUTHIBACTCA KOJIMYECTBO HPEAINOIaraéMbelX OTBETOB, cocrosmux u3 0, 1, 2, 3,... xBanrtoB. [
NPUHATHS B pacueT HEOOJBIION BapHanuMM B aMIUINTyIE KBaHTA MpEAIoyaraeMoe KOJIHIECTBO
OTBETOB, COJEPKALIMX OJWH KBaHT, PACMpEenseTcs OT CPEJHEro pasMepa KBaHTA C TeM JKe
pa3bpocoM, Kak M y CIHOHTaHHBIX coObithii (puc. 11.9, BcraBka). IIpeamonaraemMoe KOJIHYECTBO
OTBETOB, COCTOSIMX M3 2, 3 W Ooyiee KBAaHTOB, PACIpPENEIACTCS BOKPYr CPEJHUX 3HA4YeHHil ¢
MPONOPLUUOHATIBHO  YBENIUYUBAIOIIUMCS  pazObpocoM.  OTHENbHBIE  pacIpeieNieHus  3aTeM
CYMMUPYIOTCA JJI IIOJlydEHUS TEOPETUYECKOrO pAaCIpElesIeHHs, I10Ka3aHHOITO Ha pPHUCYHKE
criomHoi JmHMel. Coriacue ¢ SKCIEPUMEHTAIBHO IIOJMyYeHHBIM paclpeneeHneM (CTOIOMKN)
obecneyrBaeT JOMOIHUTEIBHOE I0KA3aTeIECTBO KBAHTOBOM I'MITOTE3HL.
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Puc. 11.9. Pacnipeaenenue aMIUIUTy ] MOTEHI[HATOB KOHLEBOI MIACTHHKYA B HEPBHO-MBIIIEYHOM COCAMHE IMH MIICKOIHUTAIONIETO B
YCIIOBUSIX TIOBBIIICHHOH (12,5 MMOJb) BHEKJICTOYHOH KOHIEHTpAlMM MOHOB MarHus. Ha rucrorpamMm: rokasaHo KOJHYECTBO
COOBITHI C aMIUTMTYIOH, YKa3aHHOH Mo ocu abcrmcc. MaKCHMaibHOE KOJHYECTBO cOOBITHH MMeeT .mmutyay 0 MB (1. e.
MeJMaTop He BblAENAETCS BoBCe); Jlpyrue MHMKHM TMCTOIPAMMbI COOTBETCTBYIOT 1-, 2-, 3--m 4-KpaTHOIf IMIUIMTYZAE€ CIOHTAHHBIX
MHUHHATIOPHBIX MMOTEHIMANIOB KOHIEBOW TUIACTHHKH (CM. BCTaBKY), yKa3blBas Ha TO, YTO OTBETHI cOCTOST M3 1, 2, 3 u 4 KBaHTOB.
Cl'[J'IO]J_IHaﬂ JIAHUSL ~ COOTBETCTBYET TEOPETUYECKOMY PaCIPEACIICHUI0 aMIUIMTYJ] [OTCHUIHWAIOB KOHHCBOﬁ IJIaCTUHKH,
paccyMTaHHOMY MO YypaBHeHHIO IlyaccoHa ¢ moOmpaBKOi Ha pa3bpoc aMIUIATYABI pa3Mepa KBaHT1. CTpelKaMH yKa3aHO
npeacKa3aHHoe ypaBHeHHeM IlyaccoHa KOIMYECTBO HYNEBBIX COOBITHIA.

Fig. 11.9. Amplitude Distribution of end-plate potentials at a mammalian neuromuscular junction in higt (12,5 mW) magnesium
solution. The histogram shows the number of end-plate potentials observed at each amplitude. The peaks of the histogram occur at
0 mV (failures) and at one, two, three, and four times the mean amplitude of the spontaneous miniature en-plate potentials (inset),
indicating responses comprising 1, 2, 3, and 4 quanta. The solid line represents the theoretical distributi>n of end-plate potential
amplitudes calculated according to the Poisson equation and allowing for the spread in amplitude of the juantal size. The arrows
indicate the predicted number of failures. (From Boyd and Martin, 1956.)

Bo MHOrMX cuHamcax BEpOSTHOCTb BBICBOOOKAEHMS MOBOJNBHO BBICOKA, M paclpenesicHue
[lyaccona Henpuinoxxumo. B 3TuX ycnoBHsX HEOOXOAMMO HCIOJIb30BaTh COOCTBEHHO
OMHOMMaNBHOE pacmpeneieHre. B OMHOMHAIBHOM pacmpeneneHHH KOJMYECTBO EAMHHIL,
CHOCOOHBIX yYacTBOBaTH B OTBETE, MOXET OBITh OONBIIC HJIM MEHBINE, TaK K€ Kak U
BEPOSTHOCTH  BBICBOOOXIECHUS. HeoOXoauMbIM OCTaeTcs yCIOBHE TOTO, YTO KBAaHTHI
BBICBOOOXKJIAIOTCS HE3aBUCHMO Opyr oT npyra. Kak u paHee, eci Mbl BO3bMEM CpeIHEE
KBaHTOBOE BHICBOOOXKIEHME (M) KaK pe3yabTaT KOJIMYECTBA €IMHHL, CHOCOOHBIX K y4acTHIO B
OTBETE 1 M CPEIHIOI BEPOSTHOCTH BBICBOOOXKACHHS (), TO BCTPEYaEMOCTh MHOMKECTBEHHBIX
COOBITHII B COOTBETCTBUY ¢ OMHOMHUAIBHBIM paclpeie/ieHHeM paBHa:

n!

n, = ”(E"—ﬂm)p‘q"".

TJ€ 1, SBIACTCS KOIMYECTBOM OTBETOB, COCTOSIIIMX M3 X KBAaHTOB, N — oOIIee KOIMYECTBO
cobbiTuii u g =1 —p.

Co0TBETCTBUE MPOLIECCAa BEICBOOOKICHHUSI OMHOMHUAIBHON CTaTUCTHKE OBIIO BIIEPBHIE MOKA3aHO
2
HA HEPBHO-MBIIIEYHOM COCAMHCHIH PaKa .

Takum 00pa3zoM, Ha CETOTHAIIHMI AE€Hb MMEIOTCSA BECKHE JOKa3aTeNbCTBA B IOJB3Y TOTO, UTO
MEIHATOp BHICBOGOIKIACTCS B BUJIC NIAKETOB, MM KBAaHTOB ~ - °. TOUHOE ONpee/cHN e pa3Mepa
KBaHTA M KBAHTOBOTO COCTaBa BA)KHBI JUIS ONPEEIeHNs] MecTa JeHCTBHS Pa3IMYHBIX (HaKTOPOB
U BEIIECTB, KOTOPble MOJIYIUPYIOT CHHANTUUYECKYylO mepepady (riaasel 10, 12, 16). B nenowm,
MPECUHANITHYECKHE MOAYJIATOpHbIE 3()(EKThl HM3MEHSIOT KOJMYECTBO BBICBOOOXKIAEMOTO
MeIUaTopa, MEHss KBAHTOBBIA COCTaB, HO He Biuss Ha pa3Mep kBaHTa. C Opyroil CTOpOHSI,
MOYJANNS Ha TIOCTCHHANITHIECKOM YPOBHE BIMSET Ha TyBCTBHTEIBHOCT MOCTCH-
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Puc. 11.10. KommuectBo Mmonekyn AX B OFHOM KBaHTe, ONpeleieHHOe HOHOopeTHdeckoi :mmukauumeid AX. (A)
BHYTpUKIICTOUHBIH MHKPO3JIEKTPOJ] PETUCTPUPYET CHOHTAHHBIC MUHHATIOPHBIC IMOTEHIMANbl KOHLEeBOV ruiactuHku (MIIKIIT) u
OTBeTH Ha HOHO(opeTHyeckyro amminkamuio AX. (B) MITKIT npakTHyecks HOTHOCTBIO BOCIPOU3BOAY TCS HOHO(DOPETUUCSCKUM
tomgkoM AX. Bpemst pocTa oTBeTa, BhI3BaHHOI0 HOoHO(Mope3oM AX dyTh MEIUICHHEE, TaK KaK IHIeTka ¢ AX HaXO[uTCs Aajblie
OT IIOCTCHHANTHYECKOIl MEMOPaHbI, YeM HEPBHOE OKOHYAHHE.

Fig. 11.10. The Number of ACh Molecules in a Quantum is determined by. mimicking a spontancous miniature end-plate
potential with an lonophoretic pulse of ACh. (A) An mtracellular microelectrode records spontaneous miniature end-plate
potentials (MEPPs) and the response to ionophoretic application of ACh. (B) A MEPP is mimicked almost exactly by an
ionophoretic pulse of ACh. The rate of rise of the ionophoretic ACh pulse is slightly slower because tte ACh pipette is further
from the postsynaptic membrane than is the nerve terminal. (B after Kuffter and Yoshikami, 1975a.)

HaNTUYECKOM KJIETKH K MEIMaTOpy M M3MEHSET KBAHTOBBII pa3Mep, HE BIIMAA HA KOJMYECTBO
BBICBOOOKJa€MBIX KBAaHTOB. IIpum HH3KOH BepOSTHOCTH BBICBOOOXKAEHUS (p), KaK U B Clydae
HHU3KOH KOHLEHTpAIMU KajbLusl, pactperneneHue Ilyaccona sBiaseTcst yooOHBIM COCOOOM st
aHanmu3a Quiykryanuu. Jis OomMcaHusi pacupezesieHus OTBETOB IIPH BBICOKOH BEPOSITHOCTH
BBICBOOOXKICHHS CTAHOBUTCS HEOOXOAMMOH OMHOMHUANbHAas CTaTUCTHKA. B IOMOJHEHHE K
3TOMY, OMHOMHaJIbHAs CTATUCTHKA MOXET 00ecneyuTb HHPOpMalued O TOM, SBISIETCS JIU
N3MEHEHHE KOJIMYEeCTBA BHICBOOOXKIAEMOT0 MEAMAaTOpa CIICACTBHEM H3MEHEHUS KOJIMYecTBa
JIOCTYITHBIX KBAHTOB MJIM BEPOSITHOCTH UX BBICBOOOXKICHUSI.

KBaHTOBLIN cOCTaB B CMHaNcax mexay HeMpoHamu

OOHUM U3 YIUBUTEIBHBIX CBOWCTB HEPBHOM CHCTEMBl ITO3BOHOYHBIX SBISIETCS yMEHbIIEHUE
CpemHero KBaHTOBOTO COCTaBa HPHU MEPeXolie OT HEPBHO-MBILIEYHOTO COEAMHEHHS, KOTOPOe
XapaKTepu3yeTcss OueHb MaybiM ypoBHeM uHTerpauuu (m = 200-300), x BereraTHUBHBIM
raurmsaM (m = 2-20) 35, 36) M, HaKOHEI, K CHHAICaM IIeHTPAIbHON HEpPBHOW CHUCTEMBI (B
KOTOpHIX m MoxkeT Obith pasHo 1) *- ™Y B koTopoii mocTcHHANTHUECKHE KIETKH MOTYT
HMHTETPUPOBATH BXOJIBI OT JECATKOB THICSY NPECHHANTHYECKHUX KiIeToK. Hampumep, B cuHarce
MEXIy TNepBHUYHBIM adepeHTHHIM BOJIOKHOM MBIIIEYHOTO BEpeTeHa M MOTOHEHPOHOM
CITIMHHOTO MO3Ta CPEeIHUN KBAaHTOBBIN COCTAaB MPUMEPHO paBeH | * 3ro, oHako, He 03HAUACT,
YTO Iepefadya B 3TUX CHHAICaX HEHAJe)KHa, KaK 3TO MOIJIO ObI CIeloBaTh W3 paclpeieieHus
ITyaccona. BbICBOOOXIEHHME B 93THUX CHHANCax CKOpee COOTBETCTBYET OMHOMHAIILHON
CTaTHUCTHKE C BBICOKOH BEPOSTHOCTHIO (p ~ 0,9) M MaibIM YUCIIOM JIOCTYIHBIX KBAaHTOB (1 ~ 1).
B OompmmacTBe cuHaricoB B I[HC kBaHTOBOE BBICBOOOKICHHME SBISETCS OCHOBHBIM
MEXaHU3MOM CHHanTu4ecKkod mnepenaud. OIHAKO BO MHOTHX CIydasx ObIBaeT TPYIHO
MpUMEHHUTh TIpocTol  [lyacCOHOBCKMIA WJIM OWHOMHAJbHBIAH CTATUCTUYECKUN  aHAIU3.
CnoxHOCTh M pazHooOpa3ue cuHanThHueckux KoHTakToB B [ITHC mocmy:xuino ocHoBaHHEM ISt

38 40 41
pa3BuTHs 00Jiee CI0KHBIX CTATHCTUYECKUX METO/I0B 00paOOTKH TaHHBIX =« - ),

KonuuyectBo MOJieKys B KBaHTe

Xotsa u3 skcnepuMeHToB Karna, @erra n Kactwiibo ObLIO OYEBHAHBIM, YTO OJWH KBAaHT B
HEPBHO-MBIIIEYHOM COCJUHEHHH COJEpXXUT Oojiee OOHOM MoyieKynbl AX, HCTHHHOE
KOJIMYECTBO MOJIEKYJI B OJHOM KBaHTE OCTaBaJOCh Heu3BecTHbIM. Kyddiuep u Nowmkamu
MIEPBBIMHU TOJIYYHII TAKOTO POJa OLEHKY, UCIIOJIb3Yys OYeHb TOHKHE MUIIETKH Uil HoHO(dope3a
AX Ha TIOCTCHHANTHYECKYI0 MEMOpPaHy MBIIIIIBI 3MEU *_Orser,
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Puc. 11.11. KonuyecTBeHHBIH —aHanu3 Ay
AX BBIZENSEMOTO U3 MHKPOIHICTKH
mpu  uonodopese. (A)  Kamemska
JKUJIKOCTH, TOKpbITast MacIsHOH
UICHKOH, 3abupaeTcs u3 kanwuiapa. (B)
AX wuHbBEnMpyeTCs B 3Ty KamelbKy
cepueii  MOHO(OPETHUECKHX ITyJIBCOB,
KOTOpbIE HCIIONB30BAINCH JUIst
BOCIIPOH3BEACHHS CIIOHTaHHBIX
MMHHATIOPHBIX ITIOTCHIMAIOB (CM. pHC.
11.10B). (C) Iocne n3mepenus odobema
3anonHeHHas AX  Kamenbka Kacaercs
MOBEPXHOCTH ~ MEXIYy  MacioM |
pactBopom  Punrepa B obmactm
KOHLICBOH TIIACTUHKH MBINIIBI 3MEH, H

{C)
BI)ICBO60)KI[&CT CBO€ COHEPKHUMOE B \ \
BOJIHYIO bazy. Jlenonsapusanus -,
KOHHCBOﬁ ITaCTUHKH, BbI3bIBACMas ITOM - m
KareJbKoi, CpaBHHBAECTCS c "
Es

JIenoNsIpu3anueii, BLIBB&HHOI/:[ 2 ' ' ﬁ)
KareibKaMHu c M3BECTHOM - — — -
KOHIIEHTpaIueit AX. Korna el plate Ringer
KoHIeHTpauus AX B TECTOBOU Karelbke

OTpesIeNeHa, MOKHO paccuntath | (B) ACh is injected into the droplet by a series of ionophoretic pulses, each identical
KkoyuyecTBo AX BBICBOOOJIAEMOTO NMpH | to that used to mimic a spontaneous miniature potential (see Figure 11.10B). (C)
O/THOM HOHO(DOPETUIECKOM MyITbCE. After its volume is measured, the ACh-loaded droplet is touched against the oil-

Ringer interface at the end plate of a snake muscle, discharging its contents into the
. N R : aqueous phase. The depolarization of the end plate is measured (not shown) and
from a eromp?ne,by ionophoresis. (A) compared with that produced by droplets with known ACh concentration. Once the
A, drop'let of ﬂuld 1s remcyed from the concentration in the test droplet is determined, the amount of ACh released per pulse
dispensing capillary under oil. from the electrode can be calculated. (After Kuffter and Yoshikami. 1975b.)

Fig. 11.11. Assay of ACh Ejected

BBI3BIBAEMBIIl KOPOTKMM IynbcoM AX, TNPaKTHUECKH MONHOCTBIO COBMAfal CO CIIOHTaHHBIMH
MUHHUATIOpHBIMU noTeHuanamu (puc. 11.10). /g uamepenus KojauyecTBa MOJIEKYJ, BBIACISIEMBIX U3
nunerkyd, AX BbLIEIUICA IOBTOPHBIMM IyldbcaMH B KalelbKy pacTBopa (okoimo 0,5 Mkin),
Haxozserocss nox cioem Macna (puc. 11.11). Drta kamenbka 3aTeM HAaHOCWIACh Ha KOHLEBYIO
IUTACTUHKY MBIIIEYHOTO BOJOKHA 3MEU U HU3MeEpsulach pe3ylbTHpyromas aenoispusanus. Orser
CpaBHUBAJCA C OTBETAMU HA KamleIbKd TOYHO TAaKOTO J>K€ pa3Mepa, CoJepiKallue H3BECTHBIE
konuentpauun AX. Takum oOpazom ObuIM ompesencHbl KOHUEHTpauun AX B TecTHUpyOLIeit
Karlenbke M KOJMMYeCTBO MoJeKy1 AX, BbICBOOOXKIAEMbIX KaXIbIM myibcoM. Ilymeec AX,
BOCIIPOM3BOJIAIIUI CIOHTaHHBII MUHHUATIOPHBIH MTOTEeHIUA, conepxai npumepHo 7 000 monekyn

KonuuectBo kaHanos, aAKTUBUpyeMbIiX KBAHTOM

Ecmu xBant AX cocroutr u3z 7 000 Moiyiekys, TO MOXHO OXHJIaTh, YTO JIMLIb HECKOJBKO THICSIY
CBSDKYTCSL C IOCTCHUHAIITUYECKUMHU pPELENTOpaMHU B HEPBHO-MBIIIEYHOM COEAMHEHUH, a OCTalbHbIE
OyIyT MOTEPSHBI B pe3yibTaTe TUPPY3UN U3 CHHANTHYCCKON IS WIH THAPOIIH3a XOIUHICTEPa3ou.
KomnuecTBo peLentopoB, akTHBHPYEMBIX OJHHM KBAaHTOM, MOXET OBITH ONpPENeNIeHO IIyTeM
CpaBHEHHUS IPOBOAMMOCTH, aKTUBHPYEMOIl BO BpeMsi MUHHATIOPHOTO MOTEHIHANA ¢ POBOAUMOCTHIO
OIMHOYHOT'0 MOHHOTO KaHajla, aKTUBHPYEMOTO AX??, Perucrparuss MUHHATIOPHBIX TOKOB KOHLIEBOM
IUTACTUHKY B YCJOBUSX (PMKCAIlMM NOTEHLMaja B MBIIIIE JIATYIIKA BBIABHJIA, YTO MPOBOJMMOCTB,
aKTUBUpyeMasi Ha NHKe oTBera, coctaBisier okono 40 HC. OguHounbli AX peuentop umeer
npoBoaumocth okosio 30 nC. CrnenoBarenbHO, MMUHUATIOPHBIM MOTEHLMAT KOHIEBOM IUIACTHHKH
SIBIISIETCSL Pe3yIbTaTOM OTKphIBaHHS okoso 1 300 kananos. (3To coorBercTByeT 2 600 Monekyn AX,
MIOCKOJIBKY JUISL OTKpBIBAaHMSI KaHana TpeOyercs nBe Moiekynasl AX; cm. rmasel 9, 13.) Cxoxne
pe3yibTaThl ObUTH mostydeHsl Katnem u Munean, KOTopble OLIGHWIN BKJIAJ OAWHOYHBIX KAaHAJIOB B
MOTEHIMAJl KOHLIEBON IUIACTHHKH HAa OCHOBAHUM aHAIW3a IIyMa 43 Bimskoe 3HaUCHHE KOJIMYECTBA
KaHaJIOB, OTKPHIBAEMBIX KBAaHTOM MeEIUaTOpa, ObUIO MOJIYYEHO B INIMIMHAPIUYECKUX TOPMO3HBIX
CHHAIICaX MPOAOJITOBATOTO MO3Ta MUHOTH “ B JIpYTUX CHHArcax OblIn
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Puc. 11.12. CooTHOIIECHHE TUTOMIE MM TTOCTCHHANITHIECKOH | [A} @)
MeMOpaHbl M pa3Mepa CHHanTH4e Ko Be3ukyisl. (A) B
HEPBHO-MBIIICYHOM COCIMHEHHH I TYIIKHA pernentopsr AX
IUIOTHO YMAKOBaHbl (~ 10000/M1'M?) Ha 3HAYNTEITHHON
TUIOMIAAN  TTOCTCHHANTHYECKOH M2MOpaHbsl (3aTCHEHHBIE
obmactu). [I09TOMY KOIHMYECTBO |€LENTOPOB MPEBBIIAET
KOJINYECTBO MOJIeKy T AX, U pa3me] KBAaHTOBOTO COOBITHS
BapbUpyeT B 3aBHCHMOCTH OT K)JIMYECTBA MONICKYT B
kBaHTe. (B) B THUNMYHOM THIIIO (AMITaJIbHOM  CHHAIICEe
TMOCTCHHANITHYECKHE PEIENTOPBl Yl [AKOBAHBI 3HAYHTEIBHO
pexe (~2800/MKkM?) © Ha ropas/ld MEHbIIeH IUIomAau
(0,04 wmxM?). B pesymsrate  KONMUECTBO — MOIEKYI
MeJIHaTopa B KBaHTE JOCTATOYHO /711 TOTO, YTOObI HACBHITUTH
BCE JOCTYIHBIC PELENTOPBI, U KBal TOBBIC COOBITUSI HMEIOT
OYCHb MAJIICHBKUE (IIYKTYAIMH 110 A [IUTHTYJE.

Fig. 11.12. The Area of Pustsynapti: Membrane Relative to
the Size of a Synaptic Vesice. (A) At the frog
neuromuscular junctior: ACh recep ors are packed at high (B) At a typical hippocampal synapse, postsynaptic receptors are
density (~10 000/um’) over a large postsynaptic area|packed less densely (~2 800/um’) over 1 very small area (0,04
(shaded). Accordingly, receptors ou number ACh molecules, pirm®). As a result the number of trarsmitter molecules in a
and the size of the quantal event varies with the variation in quantum is sufficient to saturate the availat le receptors, and quantal
the number of molecules per quantuni. events show very little fluctuation in amplitiide.

MOJIy4eHbl MEHBIIME 3HavyeHus. Hampumep, B CHHAICaX Ha THINOKAMIAIbHBIX HEWpOHAX
. 38 45
KBAaHTOBBIH OTBET COOTBETCTBYET OTKPBIBAHUIO OT 15 10 65 kaHayoB ™ - ),

[Touemy Mexay cHHANCamMH CYIIECTBYIOT Takue paznuuus?! OYeBUAHO, YTO KOJIMYECTBO
MOCTCUHANTUYECKUX PEIENTOPOB, aKTHBUPYEMbBIX KBAaHTOM MEIUATOPa, BHICBOOOKIAEMOTO M3
OJTHOTO TPECHUHATITTUYECKOTO OyTOHA, JOJDKHO COOTBETCTBOBAThH pa3MepaM KIEeTKU. B Gombmmx
KJIETKaX C HU3KMM BXOJIHBIM COTPOTHBJICHHEM, KaK, HAIIPUMEP, CKEJICTHBIE MBIIICYHbIE BOJIOKHA
WIM MIOJUIEPOBCKME KJIETKHM MUHOTH, 3HAuUTENbHBIH 3¢dekT omHoro kBanra Oymer
HAOMIOAAThCSl MPU AKTHBAIMU OOJBIIOrO KOJMYECTBA PELENTOPOB. AKTHBALUS TAaKOTO JKE
KOJIMYECTBA PELENTOPOB B OYEHb MAJICHBKOW KIETKE NPHUBEINET K IEPEHACHILCHUIO |
LIYHTHPOBAHUIO BCEX APYTHX MPOBOIMMOCTEH M ACHONSPU3AIUY KICTKH K MOTEHIUATY OKOJIO
0, ecnu cuHamnc sBISETCs BO30YXKAAIOMIMM, WM e K (UKCUPOBAHHIO MEMOpaHHOTO
[OTEHIMaNna Ha YPOBHE DPAaBHOBECHOTO IIOTEHIMANa HOHOB XJOpA, €CIH CHHAIC SBISETCS
TOPMO3HBIM.

Kakum o00pa3oM [IoCTHTaeTcss COOTBETCTBHE MEXKAY pasMEpOM KIETKH U KOJIMYECTBOM
PELENTOPOB, aKTHBUPYEMBIX KBAHTOM Meamaropa? YMEHBIIAeTCS JTH IPH 3TOM KOJIHYECTBO
MOJIEKY]I B KBAaHTE, WM )K€ CHIDKAETCS KOJIMYECTBO MOCTCHHANTHYECKHX perentopos? TouHoe
3HaYEeHHE KOJIHMYECTBA MOJICKyJd MeAmaropa B cHHanTHdeckux Beswkymax B I[HC moka
Hen3BecTHO. KonmuecTBo MoJeKya Mexuaropa B TIJIyTaMaT-COACPIKAaIlUX Be3HKyJax OBLIO
orereno B 4 000 *”, T. e. TOro e MOpsIKa, YTO M KOTMUECTBO MOJEKYn AX B BE3MKyIax B
HEpPBHO-MBIIICYHOM coequHeHnn. C Apyrod CTOpPOHBI, aHAJIW3 KBAaHTOBHIX (IyKTyanuu B
BO30YX/JAIOIIX M TOPMO3HBIX CHHAIICAX Ha T'MINOKAMIIAJIBHBIX KIETKAaX HPEIIoNaraer, 4ro
KOJIMYECTBO JOCTYIHBIX IMOCTCHHANTHYECKUX PEIENTOPOB HAMHOTO MEHbIIE, YeM B HEPBHO--
MBIIICYHOM COCIMHEHHH - . KBaHTOBbIC COOBITHS B THINOKAMIATBHBIX CHHAIICAX
aKTUBHPYIOT JIMIIL OKOJIO 15-65 KaHaIoB. AMIUTUTYIAa STHX KBAHTOBBIX COOBITHII UMEET O4YCHBb
MaJblif pa3dpoc, YTO yKas3bIBAaeT Ha TO, YTO KOJIMYECTBO MOJIEKYN, BEICBOOOXICHHBIX OJHHUM
KBaHTOM, Bcerga Oojiee 4eM IOCTATOYHO AN aKTHBAalMKM BCEX NOCTYIHBIX peuentopos. B
HPOTHBOMOJIOKHOCTE ITOMY, YBEJIMYCHHE KOINYECTBA MOJICKY] MEANATOpa B KBAHTE B HEPBHO-
MBIIICYHOM COEIMHEHWH TPHBOIMT K YBETHUCHHIO KBAHTOBBIX cobbrrmit *'- *¥. Pasmmume B
KOJIMYECTBE MOCTYIHBIX IOCTCHHANTHYECKHX pELENTOPOB, PACCYMTAHHOM II0 KBAHTOBBIM
GuykTyanusiM, coryiacyercsi ¢ pasnuuueM B Mopgoisoruu cunarncos (puc. 11.12): B HepBHO-
MBIIIIEYHOM COEMHEHHH PEIENTOPhl IUIOTHO yrmakoBaHbl (0koi0 10 000/MkM’) Ha GOTbIIMX
IUIOINAASX TOCTCHHANTHYECKOH MeMOpaHbl, oOecreurBas MPAKTHYECKH Oe3rpaHHYHOe
KOJIMYECTBO PELENTOPOB JUIS KaKAOro KBaHTAa Mexwartopa (rasa 13). B TummuHOM cuHarce
THIIOKaMIa INIOTHOCTh MMOCTCHHANITHYECKUX PELENTOPOB
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Puc. 11.13. BeicBoGOXIeHHE HEHpoMeaHaTOpa IMOCPEICTBOM OSK30LHTO3a CHHANMTHYCCKUX BC3UKYJI. DICKTPOHHbIC
MHKpooTorpadui  HEPBHO-MBIIIEYHOTO — coenuHeHMs. (A) KiacTep CHHAaNTHYeCKHX BE3MKYJ, pPAaCHOJIOXKEHHBIX B
TIPECUHATITUYCCKOM OKOHYAHUH, KOHTAKTUPYET C DJICKTPOHHO-IUIOTHBIM Y4aCTKOM npecpmam‘pmecxoi MCM6paHLI, q)OpM]/Ipyﬂ
AKTUBHYIO 30HY. (B) OMHOYHBIH CTHMYJT ObLI HAHECCH HA JIBUTaTEIIbHBIH HEPB B PUCYTCTBHH 4-aMUHC MMPHANHA — BEIICCTBA,
KOTOpPO€ 3HAYUTEIILHO YBEIUYUBACT BI)ICBO60)KI[CHI/[C MeauaTopa, MpoJiss MOTEHIUAI HCﬁCTBHﬂ, — ¥ TK2Hb ObITa 3aMOpOX€EHa B
TEUCHNE HECKONBKMX MMIUIMCEKYHJ II0CIE CTUMYJa. Be3WKynbl, KOTOpbIe HAXOAMJIMCh OKOJIO aKTH3HOH 30HBI, CIMINCH C
HpeCI/IHaHTI/I‘[eCKOI;‘[ MCM6pZ.HOﬁ u OCBO6OI[]/IJ'I]/I CBOE€ COIECPKUMOE B CUHANITUYECCKYIO LICJIb ITYTEM 3K301H" '03a.

Fig. 11.13. Release of Neurotransmitter by Synaptic Vesicle Exocytosis. High-power electron micrograp is of frog neuromuscular
junctions. (A) A cluster of synaptic vesicles within the presynaptic terminal contacts an electron-dense 1egion of the presynaptic
membrane, forming an active zone. (B) A single stimulus was applied to the motor nerve in the presen:e of 4-aminopyridine, a
drug that greatly increases transmitter release by prolonging the action potential, and the tissue was frczen within milliseconds.
Vesicles docked at the active zone have fused with the presynaptic membrane and released their contents into the synaptic cleft by
exocytosis. (A, micrograph kindly provided by U. J. McMahan; B from Heuser, 1977.)

2,49 o .

Hrke (oxoao 2800/MkM”) ), ¥ TUIOIIA/b, 3aHUMAaeMasi MOCTCUHANITHYECKOH MeMOpaHoi, OueHb
2, 50 o

mana (0,04 mxm’) *”; Takum 06pasom, Ha Heil mpucyTcTByer Menee 100 MOCTCHHANTHUECKHX

PeLenTopoB.
M3meHeHue pa3mepa KBaHTa B HEPBHO-MbILWEYHOM COeQUHEHUU

XoTsi BeNMYMHA CIIOHTAHHBIX MHHMATIOPHBIX NOTEHLUHAJIOB B Ka)KJOM CHHAIICE SBISETCA
MIPAaKTUYECKH TIOCTOSHHOM BEJIMYMHOM, B OINpPEJENCHHBIX YCIOBUSAX MOTYT HMETh MECTO
HCKIJIIOYEHHUS U3 ATOTO INpaBuia. Hanpumep, Bo BpeMsi pa3BUTHS U pereHeparuy JIBUraTeIbHbIX
HEpBHBIX OKOHYAaHUM aMIUIMTYIbl CHOHTAHHBIX MHHHUATIOPHBIX IOTEHLUAJIOB MMEIOT He
HOpMaJIbHOE, a CKOILIEHHOE paclpelesieHne, yxoasdiee B uyMm 0a30Boi JIMHUM; T. €. Oonblioe
KOITMYECTBO CIIOHTAHHBIX MOTEHIHANOB MMEET OUECHb MANCHBKYIO aMILTHTymy - . C apyroi
CTOPOHBI, HMHOTIZa HAOJIIOAAIOTCS CIIOHTaHHbIE CHHANTHYECKUE ITOTEHIMANbI, 3HAYUTEIHHO
TPEBBIIIAIONIAE OOBIYHBIC MHHHATIOPHBIC MOTCHIMANEI . B ONpEIeNeHHBIX YCIOBHSX OTH
0oJIplIMe TMOTEHLMAIIBI CBSI3aHbI CO CIIOHTAHHBIM BBICBOOOXKJEHHUEM OJHOBPEMEHHO JIBYX WIIU
0ojiee KBAaHTOB; B JAPYIHX CIydasiX HMX pa3Mep HE COOTHOCHUTCS CTOJIb SBHBIM 00pa3oMm C
pa3MepoM HOpMalbHBIX KBaHTOB. HakoHern, B psIe HEKOTOPbIX HEPBHO-MBIIIEYHBIX
3a00J1€BaHMi, HaNpUMeEp, B CIydae 3JI0KaueCTBEHHON MHACTEHUH, CIIOHTAHHbIE MHUHUATIOPHBIE
U BbI3BAaHHbIE CHHANTHYECKUE MOTEHIMaJbl YMEHBUIAIOTCS B AaAMIUIUTYZAE BCJIEJCTBUE

o 54
YMCEHBIICHUA KOJINYCCTBA pECUCTITOPOB HA TOCTCUHAIITHICCKOU MeM6paHe ).

§ 3. Be3ukyJisipHasi THNOTE3a BLICBOOOKIEHUSI MeIUATOpPa

Bckope mocne Toro, Kak ¢ IOMOIIBIO 3JEKTPOGHU3HOIOTHIECKHX METOAOB OBLIO IMOKAa3aHO, 4TO
BBICBOOOJK/ICHHE MeIMaToOpa UMEET KBAHTOBBIM XapakKTep, JIEKTPOHHAS MUKPOCKOIHS HEPBHO--
MBIIIEYHOTO COECAMHEHUS MTO3BOJIMIIA BBISBUTH OOJBIIOE KOIMYECTBO MAJCHBKHUX, CBSI3AHHBIX C

. o 55 56)
MeMOpaHOH CHHANTUYECKUX BE3UKYJ BHYTPU aKCOHHBIX TepMuHanel (puc. 11.13A)™ 77,
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Puc. 11.14. CrpykTypa CHHANTHYECKOH MeMOpaHbI B HEPBHO-MBILIICYHOM COeJMHEHHH srymkd. (/0beMHOE H300paxkeHne
MPECHUHANTHYECKON M IIOCTCHHANTHYCCKOH MeMOpaH; Kaxaas MeMOpaHa pasjielicHa Ha JBE YacTH — (MTOIUIA3MATHYECKYIO U
HApyXHYI0, KaK 3TO IIPOHUCXOAUT IIPpH 3aMOpaXMBAHHH-CKaJIbIBAaHUH. ]_[]/ITOHJ'Ia?:MaTI/I“ICCKaﬂ TIOJIOB MHA r[pecp[Har[TI/mecxoﬁ
MeMOpaHbl B OONACTM AaKTHBHOW 30HBI OOHApYKHBAaeT Ha CBOCH IIOBEPXHOCTH CKOJA BBICT /MAMONINE YACTHIBI, U
COOTBETCTBYIOILINE UM yTJ'Iy6J'ICHI/[$I BHJHBI HA CKOJIE HAPYXKHOTO JIUCTKA MCM6paHLL ITocTcunanTuyecka: MCM6paHa, packomoTast
B obmactu CKIIaJI0K, 06Hapy)i<maaeT 0O0JIBIIIOE KOTHYECTBO YaCcTHUIl Ha LUTOIUIA3MAaTUYCCKOM JIMCTKE; 3TH YaCTHLbI ABJIAIOTCS
peuentopamu AX.

Fig. 11.14. Synaptic Membrane Structure at the frog neuromuscular junction. Three-dimensional vew of presynaptic and
postsynaptic membranes, with each membrane split along its intramembranous plane as might occur in freeze--frarture. The
cytoplasmic half of the presynaptic membrane at the active zone shows on its fracture face protruding par icles whose counterparts
are seen as pits on the fracture face of the outer membrane leaflet. Vesicles fusing with the presynaptiz membrane give rise to
pores and protrusions on the two fracture faces. The fractured postsynaptic membrane in the region o' the folds shows a high
concentration of particles on the fracture face of the cytoplasmic leaflet; these are ACh receptors. (Kindly provided by U. J.
McMahan.)

310 HaOJIOAEHHUE JIETTIO B OCHOBY Be3MKYJISIPHON T'MIIOTe3bl BHICBOOOXKICHHUS MEAUATOpa, KOTOPas
IperosaraeT, 4YTo KBAaHT MEIHaToOpa COOTBETCTBYET COIEPKUMOMY OJHOH BE3HKYyJIbl M HYTO
BBICBOOOJK/ICHHE ITIPOMCXOMUT IIOCPEICTBOM 3K30LIMTO3a, NPU KOTOPOM BE3UKYJA CIMBACTCS C
[PECHHANTHYECKOIl MEMOpPaHOH M BBICBOOOXKIAET CBOE COJICPIKMMOE B CHHANTHYECKYIO ILIenb (pHC.
11.13B).

¥Yn bTpacTpykTypa HePBHOIro OKOHYaHUsA

B pesynbrare MOpGONIOTHUECKHX HCCIENOBAaHMA OBUIM IOTYy4YEHBI JOKA3aTeNbCTBA B IIOJB3Y
BE3UKYJSIPHOM THITOTE3bI BEICBOOOXKIEHHS. [IepBhIe HcclieJOBaHUS TaKOro pojia ObUTH IIPOBEAEHHI Ha
HEPBHO-MBIIIEYHOM coefiuHeHHH. [locnemyromue SKCIEpUMEHTHI IOKa3ald, 4YTO OCHOBHBIE
Mopdonornyeckre CBOMCTBA XMMHUYECKUX CHHAIICOB CXOXH BO BCEll HEPBHOIl cHCTEMe, TO €CTh B
XMMHYECKHX CHHAIICaX BBICBOOOXKIEHHE OCYIIECTBISETCS MyTe€M 3K30IIMTO3a BE3HMKYJ, KOTOPBIE
cozepxar  mexuatop. HeGonblioll  yyacTOK — HEPBHO-MBILIEYHOTO  COCAMHEHMS  JIATYLIKH
CXeMaTH4ecKkH n3obpakeH Ha puc. 11.14, xak eciu 651 ipe- u [TocTcnHanTuaeckas MeMOpaHbl OBUTH
pasfeieHbl € IOMOINBI0 METOAMKU 3aMOPaKUBAHUSA-CKAIbIBAaHMS HA LUTOIUIA3MATUYECKYI0 U
BHEIIIHIOIO YacTH.

Bepxnusst wacte puc. 11.14 m3obpaxkaeT NpecHHANTHYCCKYI0 MEMOpaHy C BE3HKYJIaMH, KOTOpHIE
BBICTPAUBAIOTCA C IUTOMIA3MaTHUECKOH CTOpoHBL. HekoTopsle U3 BE3HMKyNT HAaXOIATCS B IpoLecce
sk3ouMTO3a. HapykHas NOBEpPXHOCTh LMUTOIUIA3MATHYECKOM IIOJOBHMHBI  NPECHMHANTHYECKOU
MeMOpaHbl COAEPKUT BHYTPMMEMODAHHBIC 4YaCTHLbI, BBICTYIAIOIIME C IIOBEPXHOCTH CKOJa;
COOTBETCTBYIOIIME UM YIiyOJICHHs MOXKHO YBHJIETh HA CKOJIE BHELIHEH 4acTH NPECHHANTHYECKON
MeMOpanbl. CXOXXHE YacTHIBI M YryOJNeHHS HaXOMATCS Takke Ha CKOJIAX ITOCTCHHANTHYECKOi
MeMOpaHbl. B JomosHeHHn K 9TOMy Ha IPECHHANTHYECKOH MeMOpaHe BHUJIHBI SK30IUTHPYIOIINE
BE3UKYJIBl B BUJIE YIIIyOJNeHUH Ha BHEIIHEH CTOPOHE IUTOINIA3MAaTHYECKOH 4acTH MeMOpaHbI U Kak
CKOJIOTBIE HAPOCThI HA BHYTPEHHE! CTOPOHE BHEILIHEH €€ YacTH.
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Puc. 11. 5. CrtpykTypa HepB

HO-MBIIIC THOTO COCOUHCHHUSA
narymkd.  (A)  Cpes  depes
HEPBHOE OKOHYaHHEC,
rapajuien >Hblii aKTHBHOH  30HE,
c BE3UKYJIaMH,

BBICTPOME IIMMHCST  BJIOJb Hee B
nBa psiaa. [odydeHo ¢ MOMOIIBI0
3JEKTPOH: 1070

TPAHCMHUC SHOHHOTO MHKPOCKOIIA.
(B) Cko.l nuTOIIIa3MaTHYECKOM
TOJIOBUHE.  MPECHHANTHYECKON

MeMOpaHiT B 00NacTH aKkTUBHON
30HbI. AK[MBHAas 30Ha UMEET BH]
TOJIOCKH, TI0 TPaHHI[AM KOTOPOM
pacroJar: 1Tcst YaCTHIIBI c
IHaMeTpoM  OKOJIO 10 =Mm;
Jlatepaibl ee pacrnosararTcs
HeOOMbII € KpaTepsl, KOTOpbIE
COOTBETC1BYIOT MECTaM CIIMSHHUS
CHHAINTHY 3CKUX BE3HKYJT c
MeMOpaH«if. ©) Ckoun
CHHANTHY:CKOM  oblacty  mpu
MaJloM YBEJIMYCHHH. Ckon
BHayasie TIPOXOJHUT gepes
MeMOpaH)' IIpe CHHANTHYECKOro
okonyanusd (T), oOHapyxuBas
HapYKHBI I JIHCTOK CO CTOPOHBI
CKoJIa, 3aTeM nepeceKkaet
cuHantHa:ckyro mens (C) u
BXOJUT 3 IIOCTCHHANTHYECKYIO
memOpany. Ha ckome wmexay
cknaakam1 (F) MoxHO yBumeTh
arperatel AX peuentopoB Ha
LUTOIUIA3 AaTHYECKOM JIUCTKE.
MOXHO TIKKE YBHIETh OTPOCTKH
IIBaHHOB( KOI KJICTKH (S),
KOTOpBIE TIPOXOJIST MEKTY
HEPBHBIM OKOHYaHHEM "
MBIIIIIEH.

1jpm

Fig. 11.1:. Structure of the Frog
Neuromuscular — Junction.  (A)| The active zone region is delineated by particles about 10 nm in (liameter and flanked by
Transmission electron micrograph | pores caused by fusion of synaptic vesicles with the membrane. (C) Low-power view of
of a secion through the nerve| frycrured synaptic region. The fracture passes first through the presyraptic terminal membrane
termn}al I arall§1 to an active zone, | (T showing the fracture face of the outer leaflet, then crosses the s maptic cleft (C) to enter
showing two lines of vesicles. (B) | he postsynaptic membrane. On the fracture face between the folls (F) one sees on the
Fracture “ace of Lhe' cytoplasmic | ¢yoplasmic leaflet aggregates of ACh receptors. A Schwann cell prccess (S) passes between
half of th> presynaptic membrane | he nerve terminal and the muscle. (A from Couteaux and Pecot-Dect avassine, 1970; B and C
1n an active zone. from Heuser, Reese, and Landis, 1974.)

OnekTpoHHass MUKpo(hoTorpadusi TOPU30HTAIBHOIO Cpe3a aKTUBHOH 30HBI MOKa3aHa Ha PHC.
11.15A, Bua co CTOPOHBI IMTOIUIA3Mbl HEPBHOTO OKOHYAHHUS. YTOPSIOYEHHBIH psif
CHHAITHYECKUX BE3UKYJI BBICTPOCH ¢ JBYX CTOPOH IOJIOCHI 3JEKTPOHHO-IJIOTHOTO MaTepuaa.
Ha puc. 11.15B noka3aHo, KaK BBITJISIUT COOTBETCTBYIOIINI CKOJI IIUTOIJIa3MaTHUECKON YacTu
MIPECUHANITHYECKOH MeMOpaHbl, YTO PABHOCHIBHO PACCMOTPEHHIO 3TOTO K€ y4acTKa CO
CTOPOHBI CHUHAIITHYECKOH ILeJIU. Psibl yacTull, HMEIOMMX AuaMeTp okoiio 10 HM, NPUMBIKAIOT K
aKTUBHOH 30HE ¢ 00enx cTopoH. JlaTepanbHee HaXOIATCs YrayOineHusl, KOTOPbIE COOTBETCTBYIOT
MECTaM OTKpPbIBaHUS SK30LMTUPYIOUIUX Be3uKyd. OnucaHHbIe paHee 31eKTPO(U3NOTIOrnIecKre
9KCHEPUMEHTBI, B KOTOPBIX Oydepbl MOHOB KajbLUs WHBELUHPOBAJIUCH B NPECHHANTHYECKUE
OKOHYaHUS, YKa3blBAlOT Ha OJIM3KYIO CBSI3b MEXIY KaJbLIMEBBIMH KaHaJaMH W MECTaMHU
BbicBOOOXKeHUs. IlosToMy 1o  KpailiHeii Mepe HEKOTOpble U3 MEJIKHX  YacTHl,
pacroiararouxcs Hermocpe/i-
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CTBEHHO BJoms mnosoc (puc. 11.15B), MOryr COOTBETCTBOBaTh HOTEHIHAI-aKTHBHPYEMBIM
KaJbLIUEBBIM KaHaJaM, 3aIlyCKArOIUM SK30LUTO3.

Pe3ynbpTaTsl MccleI0BaHUM, MOMY4YEHHBIE HA HEPBHO-MBINICYHOM COCIUHECHUM JIATYLIKU U MBIIYU C
HCTIONB30BAHMEM PA3IMUHBIX TOKCHHOB, MOATBEPYIAIOT JaHHYIO rHmoTesy > = %, [J-KOHOTOKCHH,
KOTOPBIi HEOOpaTHMO OJIOKHUPYET HEPBHO-MBIIICYHYIO I1Epe/iady, CBA3bIBAsCh C IPECUHANTHYECKUMI
KATbUMCBBIMH ~ KAHATAMH 0, OBUI  COGOMHEH C ¢nyopecueHTHO  Monekynoi.  Ilpu
MHKPOCKOIIMYECKOM HCCIIEIOBAHUU OBbUIO OOHApYKEHO, 4TO (NIIFOOPECLICHIMS CKOHLIEHTPHPOBAaHA B
BUJC Y3KUX IIy4KOB, pa3sfeiseMbIX HHTCPBAJIAMU OKOJO 1 MKM, YTO COOTBETCTBYET PACCTOSHUIO
MEXIy aKTHBHBIMH 30Hamu (puc. 11.16). OpmHOBpeMeHHas OKpacka IOCTCHHanTHYeckux AX
pELenTopoB ¢ IOMOIIBIO  (UIYOPECLHEHTHOTO O-OyHrapOTOKCHHA BBIIBMJIAa COOTBETCTBHE B
IIPOCTPAHCTBEHHOM PACIOJI0XKECHUH IPECUHANTUYECKUX KaJIbIHEBbIX KAHAJIO0B U NOCTCUHANTUYECKUX
CKJIAJIOK, KOTOPBIE HMEIOT HanOOJIBIIYIO INIOTHOCTH AX-perenTopoB.

Ha puc. 11.15C u300pakeH y4acTOK HEPBHO-MBIIIEYHOTO COCTUHEHHS JIATYIIKH, ITOJyYCHHBIH C
HCTIONb30BAHIEM TEXHUKH 3aMOpa’KMBaHMA-CKaIbIBaHHA. Ha BepxHell J1eBoi ero uacTu cKalblBaHUE
OOH@KMJIO HAPYXHYI0O 4YacThb IPECHHANTHYECKOH MeMOpaHbl. 3aTeM CKOJ IPOXOJMT dYepe3
CHHANTHYECKYIO INeNb U OOHaKaeT IMTOIUIa3MaTHYECKyI0 4YacTh MOCTCHHANTHYECKOW MeMOpaHBI.
Bnoib 000MX CTOPOH NMOCTCHHANTHYECKUX CKJIAJOK PACHOJIaraloTcsl KIIACTEphl YacTHLl, KOTOPbIE, O
BCEH BUIMMOCTH, SIBISIOTCS AX-pelenTopaMy, CKOHICHTPUPOBAHHBIMU B 3TOH 00JIACTH KOHLIEBOI
IJIACTUHKY (TJIaBa 9)6” ~ 83,

OK30LMTO3 CUHANTUYECKUX BE3U Kyn

OCHOBHBIM M3 MOJIO)KCHUH BE3MKYJISIPHOW T'MIIOTE3bl BBICBOOOXKIEHUS SBIACTCS TO, YTO IIpU
CTUMYJSIIUK BCE PAaCTBOPUMOE COAEPKHMMOE CHHANTHYECKHX BE3HKYJI IOJDKHO BBHICBOOOXKIATHCS B
CHHANTHYECKYyIO 1ieb. [IpoBepka 3TOro nosoxeHus OblIa BIEPBbIE OCYILECTBICHA HE HA HEHPOHAX,
a Ha KIETKaX MO3rOBOTO BELIECTBA HAJIOYEYHHKOB, KOTOpbIE BBIACIAIOT XpoMadduHHbIE
rpanyms?. XpomadGHHHbIE "PAHYIIbl — 3TO OPraHeIIs, AHATOTHIHEIE CHHAITHEECKAM BE3HKYIIAM,
HO HMeEIOIIHe ropa3no OOJbIIMI pa3Mep; OHM CoAepKaT afpeHanuH, HopaapeHanuH, ATO, depment
cuHTe3a K0(aMuH-B-ruaponasy, a Takxke OIKH, KOTOpbIe Ha3bIBAIOTCS XPOMOrpaHuHaMu. Bee atu
KOMIIOHEHTHI BBICBOOOXKIAIOTCS TIPH CTHUMYJIIIIMA MO3TOBOTO BEIECTBA HAANOYEYHHKOB, H B
Hapy»KHOM pacTBOpPE OHU OKAa3bIBAIOTCS TOUHO B TAKOM K€ COOTHOLICHUY, KAK U BHYTPH OYUILEHHBIX
TpaHyIL

BeicBOOOKIaeMOe U3 HEHPOHOB BEIECTBO TAKIKE XOPOIIO COOTBETCTBYET COJACPIKHMOMY BE3HKYII,
XOTsI BBIJEJICHUE U OYMCTKA CUHANTHYECKUX BE3UKYJ M3 HEPBHBIX OKOHYAHUH C IETBI0 M3YUYEHHS HX
COZIEPKUMOTO SBJISIETCSI BEChbMa CIIOXKHOMU 3amadeld. Hampumep, ManeHbKHe CHHAITUYECKUE BE3UKYJIbI
B HEHpOHAaX CHMIIATHUYECKOM HEPBHOI cHcTeMbl conepkaT HopazapeHanuH U AT®; OGonpine
9IIEKTPOHHO-TUIOTHBIC BE3MKYJIBI COJCPKAT Takke A0(aMuH, B-THIPOKCHIA3y W XPOMOTPAHHH A.
CTUMyISIOUST CHMIIATUYCCKHX AKCOHOB IPHBOAUT K BBICBOOOXKICHHIO BCEX OTHX BE3UKYIIPHBIX
KOMIIOHEHTOB, Besukynbl, BblieTICHHbIE U3 XOJIMHIPIHUECKUX HEUPOHOB, conepkaT AX u ATO, u
00a 3TH BEIIECCTBA BBIACISIOTCS IIPH CTHMYJISIIUHN XOJIUHIPTUICCKUX HEPBOB = .

B xomumaprudeckux HeHpoHax OBUIO Takke INPOBEIEHO KOJIMYECTBEHHOE HCCIICIOBAaHUE TOTO,
COOTBETCTBYET JM COJACP)KUMOE OJHOW CHHANTHYECKOH BE3WKYJHl OJHOMY KBAaHTY MeIHaTopa.
CuHanTUUeCKUE  BE3MKYNbl, BBIACICHHBIE M3  OKOHYAHMH  XONMHIPIUYECKHX  HEHPOHOB
3JIEKTPUYECKOT0 OpraHa Mopckoro ckata Narcine brasiliensis (ponctBeHHuk Torpedo califomica)
comepxar okono 47000 momexyn AX®”. Ecnn GbI CHHANTHYECKHE BE3HKYNEI B HEPBHO-MBILICTHOM
COCMHEHMH JIATYLIKM MMenu Obl TaKyl0 K€ BHYTPH BE3UKYJSIPHYIO KOHIeHTpauuio AX, To ¢
MIONPABKOM Ha WX MEHBIIMH pa3Mep OHH NOJDKHBI Obumm OBl comepkats 7000 monexyn AX. Oto
HaXOAUTCS. B MPEKPACHOM COOTBETCTBHU C OJIEKTPOGH3HOJIOTUYECKAMH OLCHKAMU KOJHMYECTBa
Mosiexys 1 AX B 01HOM KBaHTe 2V,

Mopdonornyeckoe cBUAETENbLCTBO B NOJMb3Yy 3K30LUTO3a

Xeysep u Puuz® n300peny HOBBIH METOAMYECKUH IpHeM, KOTOPBHIH MO3BOJIMI UM OBICTPO
3aMOpPa)XUBATh MBIy JIATYIIKM B TEYEHHE HECKOJIBKMX MMIIMCEKYHA MOCNe OAWHOYHOM
CTUMYJSIIUM  ABUTATEIbHOTO HEpBa C MOCNEAYIOIUM MCCIECIOBAHMEM C MOMOIIBIO METOAUKH
3aMOpaKUBAHUSA-CKaNbIBaHUs. B pesynprare cTalo BO3MOMKHBIM IONYy4YUTh CKaHUPYIOIIKE
JJIEKTPOHHBIE MUKpOTrpaduy BE3UKYJ, 3ale4aTICHHBIX B MOMEHT CIHSHUS C IPECHHANTHYeCKOi
MeMOpaHOH, a TakKe C ONpeelIeHHONW IoJel TOYHOCTH OIPENeNINTh BPEMEHHOH XOoJ Ipouecca
CIIUSHUSA.
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(A (B) {C)

10 pm

Puc. 11.16. PacnipeniesieHne KajabliUEBbIX KAHATIOB B HEPBHO-MBIIICYHOM COEAMHEHUH. HepBHO-MBIIIEUHE COSTUHEHHE JIATYIIKH
OKpalIeHO AByMS METKaMmu: (i-OyHrapoTokcmHOM (B) m aHTHTenamm K KanblueBeIM KaHamam (A); ¢otorpaduu momydeHsr ¢
TOMOII[BI0 KOH(OKATBEHOTO JTa3epHOr0 MUKpOCKoMa. M300paxeHns KanblueBbIX kaHaltoB (A), perentopoB AX (B) un Hanoxenne
3tux u3o6paxkenuit (C). PacrnosnokeHue KaJbLMEBBIX KaHAJIOB COBIAJACT C AKTUBHBIMM 30HAMU i HEPBHOM OKOHYaHWH,
CKOHIIGHTPUPOBAHHBIMU B BUJE Y3KHX IIOJIOCOK HAMPOTHB MOCTCHHANTHYECKHX CKJIAJ0K, KOTOPBIE BUAHE! O pacronoxkeHnio AX
peLenTopoB (OTMEUEHbI CTPEIIKAMH).

Fig. 11.16. Distribution of Calcium Channels at the neuromuscular junction. Mouse neuromuscular junctions double--labeled with

O-bungarotoxin (B) and with antibodies to calcium channels (A) and observed by confocal laser micros :opy. Images of calcium
channels (A), ACh receptors (B), and superimposed images (C). The position of the calcium channels niatches that of the active
zones in the nerve terminal, concentrated in narrow bands that are in register with the openings of the juiictional folds, as marked
by ACh receptors (arrowheads). (After Sugiura et at 1995; micrographs courtesy of C.-P. Ko.)

C 9TOH wLenpl0 MBIIIIA KPENUTCA K HIDKHEH IOBEPXHOCTH NAaloLiero MOPLIHS, HpU4eM
JIBUTATEIbHBIA HEPB MPUKPEIUIEH K CTUMYJIMPYIOIIMM 3JIeKTpoaaM. B mpouecce majgeHus: mopiuss
3aIlyCKaeTcsi CTUMYJIATOP, KOTOPBIA pa3jipakaeT HEepB C 3aJaHHbIM BPEMEHHBIM IPOMEXYTKOM [0
TOro, Kak MBbIIIIA MPUAET B CONPUKOCHOBEHHE C MEIAHBIM OCHOBAHUEM, OXJIAXKICHHOE >KUIKUM
remreM 10 4 K. BaxHOIl 0COOCHHOCTBIO 3TOTO IKCIICPUMEHTA SBISIETCS TO, YTO JUTUTEIBHOCTH
MIPECHHANTHYCCKOTO MOTEHIIANA ACHCTBUS Mpoisiercs: 4-amuHOTIApuaHOM (4-All), n06GaBIsIEeMBbIM
B HapyXHBIH pacTtBop. 4-All 3HaUMTENBPHO YBETHMYMBAET KOJIMYECTBO U JIUTEIBHOCTH KBAaHTOBOTO
BBICBOOOKAEHHS, BBI3BAHHOTO OJMHOYHBIM CTHMYJIOM, U, COOTBETCTBEHHO, KOJIWYECTBO OTKPHITUH
BE3HKYJ, KOTOPhIe MO>KHO YBUAETH C IOMOIIBIO 3JIEKTPOHHOTO MUKpockomna (puc. 11.17A u B).

Ha oCHOBaHMHM 3THMX 3KCIIEPMMEHTOB OBUIO CIENAHO JIBa BaXKHBIX BBIBOJA: BO-NIEPBBIX, HanOOJbIIEE
KOJIMYECTBO OTKPHIBAGMbIX BE3WKyJ HAOMIOJANOCh B TOM Clydae, €ClId 3aMOpaKMBaHHE
OCYIIECTBIIIOCH Yepe3 3-5 Mc mocie CTUMYISIIUH. DTO COOTBETCTBYET IMKY ITOCTCHHANTHYECKOTO
TOKa, pErucTpupyeMoro B oOpabGoTaHHbIX Kypape u 4-All wmpmmax. /[pyrumm crioBamy,
MaKCUMaJIPHOE KOJHYECTBO OTKPBIBAHMI BE3WKYJI IO BPEMEHHM COBHAJal0 C  IHKOM
MOCTCHHANTHYECKOTO (DM3HOJIOTHUECKOTO OTBEeTa. BO-BTOPBIX, KONMYECTBO OTKPBIBAHUH BE3HKYI
YBEIMYUBAIOCH IPH TOBBILEHUH KOHUEHTpaumu 4-All, um 310 yBenuueHue ObUIO IIPAMO
MPONOPLIMOHAIBHO YBEIHUYHUBaIOIeMycs 1oJ aeiictBueM 4-All KBaHTOBOMY COCTaBY MOTEHLHAJIOB
KOHIIEBOH IUIACTUHKHM, KOTODBI ObLI paccCYMTaH 10 JAHHBIM  3JIEKTPO(U3MOIOTHYECKUX
skcriepuMeHToB (puc. 11.17C). Takum o6pa3oM, KOJIMYECTBO OTKPHIBAHMN BE3UKYJ KOPPEIUPYET C
KOJIMYECTBOM M BPEMEHHBIM XOJIOM KBAaHTOBOT'O BBICBOOOXJICHUS. B IOCIIEIyIONNX IKCIIEPIMEHTaX
Xeysep u Pums®™ nanmu Gonee jmeranbHOe ONMCAHHE BPEMEHHOIO XOJd OTKDBHIBAHHS BE3HKYI M
MIOKA3aJIi, YTO KOJIMYECTBO OTKPHIBAHHWI YBEIMYMBACTCS B TEUCHHE Ieproia oT 3 mo 6 Mc mocie
CTHMYJISIIUMY, a 3aT€M yMEHbIIaeTcs B TedeHue nocienyromux 40 mc.

DK301MTO3 OBUI TAKKE UCCIICNOBAH HA KUBBIX KJIETKAX C IIOMOIIBIO (UIyOPECHEHTHOH MUKPOCKOIIUH.
B 3THX 3KCrIepUMEHTaxX NENTHICOAEPIKAIINE BE3UKYJIbl ObUIM HOMEUEHBI (IyOpECIIEHTHON METKOH B
KyJbTHBUpYeMbIX KieTkax nuauu PC 12, u xpomadduHHBIE TpaHyJIbl—B aIpeHOMEAYUIIPHBIX
KJIETKax. BBICBOOOXK/IEHHE KaTEXOJAMHHOB M3MEPSUIOCh C MOMOLIBIO aMIEPOMETPHH — METoza C
OUCHb BBHICOKOM UYBCTBUTEJIBHOCTHIO, B KOTOPOM MHKPOINIEKTPOM, CHENAHHBI U3 YroJBHOTO
BOJIOKHA, HCTIONIB3YETCS IS ACTEKIIMU MEINAaTOPOB MO TOKY, BOHHUKAIOIIEMY IIPH UX OKHuCIeHuH. C



232 Paznen II. Ilepedaua ungpopmayuu 6 HepsHoti cucmeme

Puc. 11.17. Dk301MTO3 BE3MKYd COOTBETCTBYeT KBAaHTOBOMY BBICBOOOKICHHIO. (A) DneKTpoH ias Mukpodororpadus
IUTOMIA3MATHYCCKOH TIOJIOBHHBI IPECUHANTAYCCKOH MEMOpaHbl B HEPBHOM OKOHYAHHM JIATYIIKM (BHA CO CTOPOHBI CH
HANTHYECKOH IIEH); ITONYYEHO C IIOMOIIBI0 TEXHHKH 3aMOPaKMBAaHHUSA-CKanbiBaHHsA. OONAacTh aKTEBHOW 30HBI UMEET BHJ
HEBBICOKOT'0 TpeGHs, BJIOJIb KOTOPOrO pacroararoTres yacTipl (okoso 10 HM B quamerpe). (B) Bua Hep BHOrO OKOHYaHHUS TaKOi
e, KaK Ha A, HO TIOJTy4eHHBIH MOCIIe 3aMOPO3KH B TOT MOMEHT, KOT'J[a HEPB Ha4all BBLACIATH 6OJIBIIOE KC IMYECTBO KBAHTOB (5 MC
nocie ctuMyna). «JIpIpel» Ha MeMOpaHe (0ZHA M3 HMX OTMEUYEHA KBaJpaToM) SBJISIOTCS MECTAMH CIIH[HHS BE3HKYI; LIMPOKUE
BMATHHBI COOTBETCTBYIOT BE3HKYIaM, KOTOPBIC CIMINCh C IIPECHHANTHYECCKOH MeMOpaHOI mocie 3K30IMTO3a (OTMEYCHBI
3Be30uKkaMu U ctpenkamu). (C) CpaBHEHHE KOTMYECTBA OTKPBIBAHUIH BE3UKY (IMOJCYUTAHHOTO 110 U300 )aiKEHUSIM, TIOTyIYCHHBIM
C  TOMONIBI0  3aMOPaKMBAHUA-CKAIBIBAHMSA) M KOIMYECTBA  BBHICBOOOXKJCHHBIX ~ KBAHTOB  (ONPENEICHHOTO B
9NMEeKTPO(YH3HOTOTHUESCKOM JKCIEepHMeHTe). J[HaroHanbHas JHMHHS SBISETCS TEOPETHUECKOil 3aBuCHMN ocThbio 1 : 1, KoTopas
MPEJTIONIaraeT, YTo OJHA OTKPhIBIIAsACS BE3MKyna BbICBOOOKIaeT 1 KkBaHT Menuatopa. Kommde(TBO BBICBOGOXIaEMOro
MeMaTopa U3MEHSIIOCH TyTeM J00aBnenus 4-All B pa3muuHbIX KOHLIEHTPAIMSX (CTPENKOif 0003HaUEH KO HTPOJIB).

Fig. 11.17. Vesicle Exocytosis Corresponds to Quantal Release. (A) Freeze-frarture electron micrograp1 of the cytoplasmic half
of the presynaptic membrane in a frog nerve terminal (as if observed from the synaptic cleft). The r:gion of the active zone
appears as a slight ridge delineated by membrane particles (about 10 nm in diameter). (B) Similar vievv of a terminal that was
frozen just at the time the nerve began to discharge large numbers of quanta (5 ms after stimulation). " Joles" (box) are sites of
vesicle fusion; shallow depressions mark where vesicles have collapsed flat after opening. (C) Compirison of the number of
vesicle openings (counted in freeze-fracture images) and the number of quanta released (determined f:rom electrophysiological
recordings). The diagonal line is the 1 : 1 relationship expected if each vesicle that opened released 1 quantum of transmitter.
Transmitter release was varied by adding different concentrations of 4-AP (arrow indicates control, without 4-AP). (From Heuser
et al., 1979; micrographs kindly provided by J. E. Heuser.)

MIOMOIIBIO ()IIyOPECIIEHTHOTO MHKPOCKOIIA MOKHO OBIIIO HAaOIIOATh, KaK BE3UKYJIbI CKAIIMBAIOTCS Y
IUTa3MaTHIEeCKOH MeMOpaHBI M HCYE3al0T [0 Mepe TOro, Kak MX (IyOpecHeHTHOE COAEpKUMOe
BHICBOGOXKIAETCS B pesysbrate sk3omurosa (puc. 11.18)% V. Mcuesnoenne kammoit u3 BE3UKyN
COIIPOBOJKZAJIOCH  BBICBOOOJK/ICHHMEM  KBaHTa  MEIMAaTOpa, PETHCTPUPYEMOTO C  MOMOLIBIO
amnepoMerpur. OnTuueckue (UIyOpecHEHTHbIE METOAbl ObUIM TAKKEe MCIIONB30BAHBI  JUIS
UCCIICZIOBAHMUS ABMKCHUS BE3UKYJI BHYTPH KJIETOK, OITMCAHHS TOTO, KAKHUM 00pa3oM OHM HMOAXOIAT K
IIa3MaTHIECKOH MeMOpaHe ¥ CKAIUTMBAIOTCS OKOJIO HEE e CIHSHHAEM > ),

Takum 00pa3oM, Ha CErONHANIHUN JIeHb HAKOIUIEHBI BECKHE JOKA3aTeNbCTBA B IOJNB3Y TOTO, UTO
CHHANTHYECKUE BE3UKYINIB SBIAIOTCS MOP(OJIOTHYECKHM CyOCTpaToM KBaHTa MEIUAaTOpPa W HUTO
Ka)kIasi BE3UKyJa COJEPKUT HECKOJBKO THICSY MOJIEKyN MeauaTopa. ComepkKuMoe BE3HKYI MOXKET
BBICBOOOJK/IAThCS MYTEM 3K30LIMTO3a CIIOHTAHHO, C HU3KOH 4YacTOTOH BBICBOOOXKIEHUS (BBI3bIBAS
MHHHUATIOpHbIE ~CHHANTHYECKHe TOTEHIMaNbl), a TaKkKe B OTBET HA IPECHHANTHYECKYIO
nenomspu3anuio. CYIECTBYET U HHAs TOUYKA 3PEHUS ), OHAKO APYTHE MEXaHH3MbI, PEIOKEHHBIC
JUIst OOBSICHEHHS! KBAHTOBOT'O BBICBOOOXKACHUS!, HAIIPUMED, KaJIbLUi-aKTHBHPYEMbIE
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Puc. 11.18. HaGmionenue 3a 3k301uT030M B KuBbIX | LA

knetkax. (A) XpomapduaHbE KICTKH  ObUIH Carbon fiber
BBIPAIICHBl HA MOKPOBHBIX CTEKIAX M OKpAIICHBI clectrode
(IryopecUeHTHON METKOM, KOropasi KOHIEHTPUPYETCS
B XpoMapGUHHBIX Besukyaax OjuHouHble Besukyibl, | Chromnallin cell
PpACIONIOKEHHbBIE BO3JIC IUIA3 4ATHYECKOH MeMOpaHbl, \
BH3YaJIM3UPYIOTCS. C TOMOI bIO  (hIIyOPECIIEHTHOTO

MHKPOCKOIIA. BeICBOOOXKI :HHE ~ KAaTEXOJIAaMHHOB

OJTHOBPEMEHHO JICTEKTHPY 2TCs c TIOMOIIBIO - —

aMIIEPOMETPHH. B) 1[306paxenus OfHOMI ~ _I"\J F ﬂﬁ. .-J""FF Mlicrsoope
xpomadGpuHHOI BE3MKYJIE TOJIy4YeHHbIE c| ™ i el
WHTEpBaIOM B 2 C MOCJIE 10T0, KaK KIeTKa ObLia ]

MPOCTUMYJIHPOBaHA ~ PAcTBO|!OM C  TMOBBIIICHHOMH
KOHIEHTpauel Kamus CBelslueecs NATHO B LGHTpe
Hcye3aeT OBICTPO M HeOOPATH! 10, KaK TOJIBKO BE3UKYIa
TO/IBEPraeTcsi SK30IMTO3Y 11 BBICBOOOKIACT CBOE
¢dyopecuentHoe comepxumce. (C) Bpemennoit xon
3K301IUTO3a B OTBET HA YBETMYCHHE BHEKICTOYHOM
KOHIEHTpalluM  KalMs, 3a)ETHCTPUPOBAHHOIO  C
MOMOILBIO aMIIepoMeTp! rMeckoi JICTEKIHU
BBICBOOOXKICHHS ~ KAaTeXOlIay MHOB, a TaKke M0
MCYE3HOBEHHIO (uIyopecleH1HbIX IsiTeH. OGparnte
BHHMAaHHE Ha TO, YTO  BBICBOOOJKICHHE M
MCYE3HOBEHHE ISTEH COBHAL IOT (CTPENKOH OTMeueH
OZMH U3 mpuMepoB). borblue: KOIM4eCTBO COOBITHI
PETHCTPUPYeTCs € TMOMCIIBIO  aMIIEPOMETPHH,
HOCKOJIBKY amIepoMeTp TYecKHit SIIEKTPOJL
JETEKTHPYeT 3K30LHUTO3 C DOJBIIOH IMOBEPXHOCTH
KJICTKH, B TO BPeMs KaK M3MepeHHE (III00peCeHINN
MPOBOAMTCS ~ JIMIIb ~ OT  HeOONBHIOrO0  y4acTKa
KJICTOYHOH TIOBEPXHOCTH.

Fig. 11.18. Exocytosis Obser/ed in Living Cells. (A)
Chromaffin cells growing on 1 glass coverslip in cell-
culture were labeled with a fluorescent dye, which
becomes concentrated in chromaffin  vesicles. 5
Individual vesicles docked a: the plasma membrane !

were visualized by evanescentwave microscopy. At 3
the same time, release of cate tholamines was detected ‘E

by amperometry (B) High-pcwer images of a single
chromaffm vesicle at 2 s intcrvals after the cell was 0
stimulated with high potassitm. The spot disappears 0 1EH 2
abruptly and permanently a: the vesicle undergoes Time (s}
exocytosis and releases its fuorescent contents. (C)
The time course of exocytosis in response to an
increase in extracellular pot:ssium concentration, as |recorded by amperometry than by fluorescence tzcause the amperometric
recorded by amperometric de ection of catecholamine | €lectrode detects exocytosis over a large part «f the cell, while only a
release and the disappearance of fluorescent spots. [small portion of the cell surface is imaged by evanescent-wave
Note the coincidence of releas: and spot disappearance | microscopy. (After Steyer, Horstmann, and Airiers, 1997; micrographs
(the arrows mark one example . More events are kindly provided by W. Aimers.)

KBaHTOBBIC BOPOTA B NPECHHANTHYECKOI MeMOpaHe, He MOJIy4HIIN JOCTaTOYHOM IKCIIEPUMEHTAIBHON
noagepkkd. Kak ObUIo 3aMeueHO BbIIIE, B HEKOTOPHIX CHEIHAIN3MPOBAHHBIX CHHAICAX CETYATKH
JIETIONSIPU3aIMs  MOXET BBICBOOOXKAATb MeEAHATOP IIOCPEACTBOM TPAHCIOPTHBIX OENKOB B
HPECHHANITUYECKOI MeMOpaHe, T. €. IIOCPEJICTBOM MEXaHU3Ma, KOTOPBIil He SBIICTCSA KBAHTOBBIM, HE
OIOCPEI0BAH YK30IUTO30M BE3UKYI U HE 3aBHCHT OT BXOJA Kanblus - /0.

KpyroBopoT cMHanTU4eCKux Be3ukyn

UTo HmpOUCXOAUT C OMYCTOUIEHHOW CHHANTHYECKOI BE3HKYJIOH IIOocie TOro, Kak OHa ocBOOOIMIA
cBo#i 3amac Meauaropa? CiuBaeTcs I OHa ¢ NPECHHANTHYSCKOW MEeMOPaHOH MM OCTaeTCs LEeoi 1
BO3BpAl[aeTcsi OOpaTHO B LMTOIUIa3My, KaK TOJBKO ee coAepkumoe Obuio BbICBOOOXAeHO? B
HEPBHO-MBIIIEYHOM coearHeHnn U B cuHancax L{HC uHTeHcHBHas CTUMYIAIHS
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Puc. 11.19. Crumynsums BbeI3bIBacT oOpaTHMOE
HCYC3HOBCHHE  CHHAINTH® €CKHX  BE3HKYI B
THTAaHTCKUX aKcoHaX MrHOrd. (A) Cunarnc B
KOHTPOJIBHBIX YCJIOBUAX, 3 MpUKCHPOBAHHBIN udepe3
15 MHHYT HaXOXKICHHS B PiICTBOPE; CHHANTHICCKUC
BE3UKYIbl CTPYHIIMPOBAHb Yy IPECHHANTHYCCKOM
memOpanbl. (B) Cunanc, 3 1(pUKCHPOBaHHBIH MOCTIE
CTUMYIISIMM COMHHOTO Mo:Ta ¢ yactoToif 20 'l Ha
npoTsuKeHnH 15 MuHyT. ()OpaTHTe BHUMAHHE HA
HCYC3HOBECHHE  CHHANTHYSCKMX  BE3UKYN,  Ha
MOSIBICHHE HOKPBITBIX ~ BE3HKYI © =
mieomopdubix  Besukyn (P), a Takke Ha
YBEIHYCHHE  MOBEPXHOCIH  IPECHHANTHYCCKOI
Mem6panbl. (C) CuHarc, 31(pUKCHPOBaHHBIH Yepe3

60 MHHYT T[OCIE TPEK)ALICHHUS CTUMYIISLHH. Iym
OG6paTHTe BHUMaHHE HAa CXOJCTBO C CHHAICOM B
KOHTpOJIE Ha YacTH A. (B) Synapse fixed after stimulation of th: spinal cord for 15 min

. . . . at 20 Hz.Note the depletion of Synaptic vesicles, the presence of
Fig. 11.19. Stimulation Causes a Reversible|coated vesicles (C) and pleomorphic vesicles (P), and the
Depletion of Synaptic Vesicles in lamprey giant| expanded presynaptic membrane. (C) Sy apse fixed 60 min after
axons. (A) Control synaps> fixed after 15 min in|ceggation of stimulation. Note similarities to the control synapse in

saline. S_ynaptic vesicles are clustered at the| . (Micrographs kindly provided by W.O. Wickelgren.)
presynaptic membrane.

BBI3BIBAET YMEHBIICHHE KOJIMYECTBA CHHANTHYECKMX BE3UKYJ M YBEJIMYCHHE IUIOLIAIU
MIOBEPXHOCTH aKCOHHOTO OKOHYAHMS, YKa3blBas Ha TO, YTO IIOCIE BBICBOOOXIEHUS CBOETO
COJIEPXKHUMOTO ITyCTasi BE3UKYJIa YIUIOMIAETCS U CTAHOBHUTCS YacThi0O MEMOpaHbl OKOHYAHU (pHUC.
11.19)7 = ™, Xeyszep u Pruz™” 00HApYXHJIM, YTO KOMIIOHCHTHI BE3HMKYISIPHOW MEMOpaHbI
BHOBb HCIIOJIB3YIOTCS (PELUKIUPYIOTCS) B HOBbIE CHHANTHYECKHE Be3UKYJbl. OHM HCCIIeI0BAIN
PELMKINPOBAHNE BE3WKYJ B JABUTATENbHBIX HEPBHBIX OKOHYAHHAX JIATYIIKH, CTHMYIUPYS
HEpBHO-MBIIICYHBIH MpenapaT B MNpuUCYTCTBHM mepokcupasel xpena (IIX) — depmenra,
KaTaJM3UPYIOIIEr0 00pa3oBaHUE 3IEKTPOHHO-IUIOTHOTO MPOAYKTa peakuuu. Ha syeKTpoHHBIX
MUKpodoTorpadusx OKOHYaHUH, 3a(UKCUPOBAHHBIX I1OCIIE KOPOTKOTO MEPUOJIa SIEKTPHUUECKON
ctumynsinuy, [1X oOHapyxuBanack ITaBHBIM 00Opa3oM B BE3UKYJaX, PAcHOIararollixcs BO3Je
HapY)XHBIX KpPaeB CHHOIITHYECKOH 00JIaCTH, YTO HpexmnosnaraeT o0pa3oBaHHE 3TUX BE3HUKYJI H3
MeMOpaHbl OKOHYaHHs MOCPEICTBOM SHIOLMTO3a M 3aXBaT NpH 3ToM [IX U3 BHEKIETOYHOTO
npoctpanctBa (puc. 11.20). Tlocne HeOonbmioi 3amepxkku [IX mosiBisIach Takke B
CHUHAIITUYECKUX Be3WKyJax. KOJNMYeCTBO CHHANTHYECKUX BE3MKYJ, 3amojiHeHHbIX [IX,
YMEHBIIANOCH IPH CTUMYJIIIIMN B cpefe, He comeprkamiedt I1X, 4To CBHAETENbCTBYET O TOM, YTO
3axXBayeHHas B pe3yJbTaTe HHIOLMTO3a MeMOpaHa u IIX penukimupyercs B HOIYJIALUIO
BE3HUKYJI, KOTOPBIE BIIOCJIEICTBUH YIaCTBYIOT B BEICBOOOXKIEHUN MEANATOPA.

CocraB MeMOpaHbl CHHAaNTHYECKUX BE3UKYJ HECKOJBKO OTJIMYAETCS OT IUIa3MaTHYeCKON
MeMOpaHbl HEPBHBIX OKOHYAaHWI; TeM He MEHee, OIpellelieHHble KOMIOHEHTHI BE3UKYISPHOI
MeMOpaHbl 3aXBaThIBAIOTCS 0OpaTHO B IMTOIIA3My BCKOpE IIOCIE TOrO, KaK BE3HKYJSpHas
MeMOpaHa CJIMBAeTCs ¢ IIa3MaTHYeCKOH MeMOpaHoi OKOHYaHUH (pucC. 11.21)*". Tlommsit muk
BOCCTAHOBJICHUs criel(puIeckux MeMOpaHHBIX OEJIKOB U JIMIHJIOB MIPOMLUIIOCTPUPOBAH HA PHUC.
11.22%. KommoueHTs! BE3UKYJISIPHOH MeMOpaHbl 3aXBaThIBAIOTCS M3 MPECHHANTHYECCKOM
MeMOpaHbl OCPEACTBOM (POPMHUPOBAHUS MMOKPHITHIX BE3UKYJI
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Puc. 11.20. Bropu4yHOe  HCIOJNB30BAaHHE  MEMOpaHBI
CHHANTHYECKUX  BE3HKYNI.  ODNEKTPOHHBIE — MHKporpaduu
HONEPEYHBIX ~ CPE30B  HEPBHO-MBINICYHOrO  COCIMHCHHS

JIATYIIKH, OKpanIeHHBIX mepok cuaaszoi xpena (I1X) (A) Heps
CTUMyIMpOBalics B pacTBope, cozepxamem IIX, Ha
OPOTSDKEHMH | MHHYTBI; DJIEKTPOHHO-TUIOTHBIH — HPOJYKT
peakiuuy HaGII0IaeTCs BO BHEKICTOYHOM IPOCTPAHCTBE, a
TaKKe B LUCTEPHAX M MOKPHITEIX Be3ukynax. (B) Heps
CTUMYIHpOBaNCs B TedeHue 15 munyt B mpucyrctBum IIX, a
3aTeM BOCCTaHABJIMBAJICs B TeyeHMe 1 yaca B pacTsope, HE
cogepxamem I[IX. MHorue CcHHANTHYECKHE  BE3HKYJIbI
coziepkar npodykT peakiuu ITX, ykasbiBas Ha TO, YTO OHH
00pa3oBaNNCh MPH HYHAOLUTO3¢ KIeTouHOH MeMOpanbl. (C)
AKcoHHbIE OKOHuYaHMs Obutn 3arpyxensl IIX u 3atem
BOCCTAHOBIIEHBl TaK jke, KaK M Ha 4acTH B, mocme uero
MPOCTUMYIIMPOBAaHbl BTOPOH pa3 M BOCCTAHOBJICHBI €Ille Yepe3
1 wvac. JIumpb HeOONBIIOE KOJIMYECTBO BE3UKYT COJACPIKHT
npoaykt peakuuu I1X (oTMedeHo cTpelnkoit), ykasbiBas Ha To,
YTO 3aXBauCHHbIC NpH 3HIOIMTO3¢ MeMOpana u IIX Obum
PELMKIMPOBaHbl B MOMYJIAIMIO BE3HKYJ, KOTOpas y4acTBYeT B
TPOLIECCE BHICBOOOKICHHUSL. Many synaptic vesicles contain HRP reaction product,
indicating that they have been formed from membrane

Fig. 11.20. Recycling of Synaptic Vesicle Membrane. Electron | etrieved by endocytosis. (C) The axon terminal was loaded

micrographs of cross sections of frog neuromuscular junctions
stained with horseradish peroxidase (HRP). (A) The nerve was
stimulated for 1 min in saline containing HRP; electron-dense

with HRP and rested as in B, then stimulated a second time and
allowed to recover an additional hour. Few vesicles are labeled
(arrow), indicating that the recaptured membrane and enclosed

reaction product can be seen in the extracellular space and in
cisternae and coated vesicles. (B) The nerve was stimulated for
15 min in HRP, then allowed to recover for 1 h while the HRP
was washed out of the muscle.

HRP were recycled into the vesicle population from which
release occurs. (From Heuser and Reese, 1973; micrographs
kindly provided by J. E. Heuser.)

U PELUKIMPYIOTCS B HOBBIC CHHANTHYECKHE BE3UKYIIBI MO0 HAIpPSMYIO, IHO0 depe3 SHUI0COMBI (CM.
Takxe riaasy 13).

B pesynbrate 0cOOCHHO MHTEHCHBHOM CTHUMYJIAIMK B HpucyTcTBuM II1X Habmomaercst oOpa3zoBanne
OOJIBIINX HETOKPHITHIX YIIIyOJIeHHH u mucTepH, comepxamux IIX (cm. puc. 11.20A). Henokpeitsie
yriayOJIieHHss W IMCTEPHBI NPEICTABIAIOT COOOH HECENeKTHBHBIC HMHBATMHALMM — W3JIMIIKOB
cuHanTHuecKkoif Membpamsr ). Ilo BCeH BHAMMOCTH, MOKDHITHIE BE3MKYJIbl 3aTCM  YAAJAIOT
crienuuuecKre KOMIIOHEHThl U3 TaKUX LIUMCTEPH I8 MOCICAYIOIIEro PELUKINPOBAHUS HAIPSAMYIO
WM 4epe3 S3HA0COMEI (cM. puc. 11.22).

Ha6nioaeHnA 3a 3K30LUTO30M U IHAOLMTO30M B XUBbLIX KNeTKkax

AHayornuHbIe OKCHEPUMEHTLL ObLIH MIPOBEACHLI C UCIIOJIB30BAHHUC BBICOKO q)ﬂyOpeCIleHTHI)IX MCTOK
JJI1 MapKUPOBKH PEHUKIIMPOBAHHBIX Be3I/IKyJ183). BHerCHHaS{ Bernom u KOJuIeraMu, 3Ta METOAHUKa
Ja€T TO Ba’XXKHOC NPEUMYIIECTBO, YTO prl"OOGOpOT BE3UKYJI MOKHO HaGJ’I}OZ[aTL B JKUBOM IIpCriapaTe
I10 BBI3BIBACMBIM CTUMY-
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Fig. 11.21. Recycling of Specific Synaptic Vesicle Meribrane Proteins. (A-C)
Fluorescence micrographs of frog neuromuscular junctions laseled with antibodies to
synaptophysin (a vesicle membrane protein) and fluorescein-conjugated second
antibodies. (D, E) Electron micrographs of cross sections of 1euromuscular junctions.
(A) Normal junction. The axon terminal membrane must b: made permeable with
detergent in order for antibodies to reach synaptophysin. (B, D) Muscle was treated with

Ol-latrotoxin, which causes quanta! transmitter release in the : bsence of calcium. This
was done in calcium-free medium, which blocks endocytosis. Under these conditions,
axon terminals are depleted of synaptic vesicles, appear dist¢nded, and stain without
being made permeable. This indicates that synaptic vesiclcs have fused with the
terminal membrane during exocytosis while retrieval of vesicle membrane was blocked,
leaving synaptophysin exposed on the surface. (C, E) Mus:le was treated with o-
latrotoxin in normal saline. Terminals have a normal appearance and can be stained only
after being made permeable. Under these conditions the vesicle population is
maintained by active recycling while more than two times the initial store of quanta is
released. Thus, despite the active turnover of synaptic vesicles, no detectable
synaptophysin remains on the terminal surface, demonstrating the specificity and
efficiency of synaptic vesicle membrane retrieval. (From Valtorta et al., 1988;
micrographs kindly provided by F. Valtorta.)

Puc. 11.21. B¢ pudHOE HCMOIB30BaHUE
crenuduyeckiny  GENKOB  MeMOpaHbI
CHHANITHIECKUX BE3UKYJL. (A-C)
DiryopecuenTHI 1e MHUKporpapuu
HEPBHO-MBIIIEY 1bIX COeMHEHHIT
JIATYIIKM, OKpA IICHHBIX AHTHTENAMH K
CHHANTO(H3UHY (6ernok
BE3UKYJSIPHOH MeMOpaHbI) u

BTOPUYHBIMH aHTUTEIIaMH,
KOHBIOTUPOBAH! (BIMU c
(BIIFOOPECIICHHO . (O, E)
DNeKTpOHHBIE MuKpodoTorpadun
HONEPEYHBIX cpe3oB HEPBHO-
MBIIICYHBIX COETMHEHHIA. (A)

HepBHo-MbllIet HOE  coeMHEHHE B
KoHTpone. MemOpaHa  aKCOHHOTO
OKOHYaHMsA JI0 DKHA OBITH 00paboTaHa
JETEPreHTOM, 4TOOBI cTaTh
TIPOHULIAEMOiT U aHTHUTET,
CBA3BIBAIOIIMXCT C CHHANTO(GH3HHOM.
(B, D) Mpmmt 6buta obpaborana o-
JIATPOTOKCHHOM, KOTOpPBIH  CIOCOOCH
BBI3BAaTh BBICBO YOXKACHHE MEAMATOpa B
OTCYTCTBMM  Kiutblius. [locnemyrommii
3HAOLUTO3 OblJ TPEIOTBPAIICH IyTeM
yOupaHust KaJblMS M3 HApY)KHOro
pactBopa. B aTHX ycnoBusax 3amac
CHHANTHYECKHX BE3UKYl B AKCOHHBIX
OKOHYAHHMSX M >TONIACTCSA, OKOHYAHHS
pasmyBaloTCs H HX MOXHO OKPACHTh
naxe 0e3 mpe sapuTesbHoi 00paboTKI
JIETEPreHTOM. C TO yKa3bIBaeT Ha TO, 4TO
CHHANTHYECKHE BE3UKYJIbl CIMBAIOTCS C
MeMOpaHO#i B mporecce HK30IHTO3a,
YTO B YCIOBIIAX 3a0JIOKHPOBAaHHOIO
0o0OpaTHOTO  31XBaTa  BE3UKYJAPHOI
MeMOpaHbl TP BOIUT K JIJIUTEILHOMY
HAXOXKACHHIO  CHHANTO(GU3MHA  HA
nosepxHoctH kinetku. (C, E) Mbimma
Obl1a 00pabOTZ HA CI-TATPOTOKCHHOM B
HOPMaJIbHOM  pacTBope. OKOHUaHHS
BBITJIAZAT HOP!ATbHO M MOTYT OBbITh
OKpAIlleHbl TOJ bKO TIOCIE 0OpabOTKH
jerepreHToM. B aTMX  ycnoBuaX
MOMyJBINKS  BEHKYJI IOJCPKUBACTCS
AKTUBHBIM  PElMKIMPOBAHHEM, B TO
Bpemsl KaK u3 OKOHYaHUsI
BBICBOOOXKIACT(SI B JBa pasza Ooblie
KBAHTOB, YeM H { OBIJIO B CaMOM Hauaje.
B pesynbTate, HECMOTpsS Ha aKTHBHOE
UCIIO0JIb30BaHHE CHHANTHYECKUX
BE3MKYJ, Ha I1DBEPXHOCTH OKOHYAHMS
He 0OHap NKHBACTCS CIIe/I0B
CHHANTO(U3MHE, YTO JEMOHCTPHpPYET
crenuduaHOCTE M 9()PEKTHBHOCTH
MEXaHH3Ma 0OpaTHOTO 3axBaTa
BE3HKYJISPHOM 1 [eMOpaHBI.

JSIIMell HaKOIUICHWIO W BBICBOOOXKAEHHIO MeTku (puc. 11.23). DTu wmccnenoBaHus MO3BOIMIN
0OHAPYKHTh, YTO B HOPMAJBHBIX (DHU3HOJOTMUECKHUX YCIOBUAX MOJHBII LUKIT K301MTO3a 0OPaTHOTO

84) -- 86)

3axBaTa M (OPMHUPOBAHHSA HOBBIX CHHANTHYECKHX BE3UKYN 3aHMMaeT MeHee | MUHYTBI ;
BOCCTAHOBJICHHE K€ [TOC/IE GONIee HHTCHCHBHOM CTHMYJIALIME IPOMCXOUT MeuieHHee ). Bomee
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Puc. 11.22. TIlpennonaraemsie
IyTH MCM6P&HHOFO 3axBaTa B
npouecce BTOPHYHOTO

HCIIOJIB30BAaHUSI BE3UKYIIL. Tlocne
OK30IMT03a BE3UKYJIBI, MOKPBITHIC

KJIaTPHHOM, CEIIEKTHBHO
3aXBaThIBAIOT KOMITOHEHTBI
BE3UKYJIApHOH MeMOpaubsl. HoBbie
CHHANTHYECKUE BE3UKYJIbI
o0pasyroTest u3 TIOKPBITBIX
BE3MKyJ JHOO HampsaMmyro, JIH0o
qyepes SHIOCOMBI. Mocne
HMHTEHCHUBHOI CTUMYJISILIMH
Habmoaercs 3axBar u3
HEMOKPBITBIX ~ YriayOneHumid B

MeMOpaHe, a TaKKe W3 IHCTEPH.
HoBble CHHANTHYECKHE BE3UKYJIBI,
o6pa3oBaBLIHECS u3
PEeUHUKINPOBAaHUEM MeMOpaHsbl,
3aMOJHAIOTCS  HEHPOMEANaTOpOM
U MOTyT OBITH BBICBOOOXKICHBI
TP CTUMYJISILIMH.

Coated vesiclc

Fig. 11.22. Proposed Pathways for Membrane Retrieval during vesicle recycling. After
exocytosis, clathrin-coated vesicles selectively recapture synaptic vesicle membrane
components. New synaptic vesicles are formed from coated vesicles, either directly or
through endosomes. After intense stimulation, retrieval occurs from uncoated pits and
cisternae. The new synaptic vesicles formed from recycled membrane are filled with
transmitter and can be released by stimulation.

Puc. 11.23. Bei3biBaemble
AKTUBHOCTBIO 3axBaT u
BBICBO60)KI[CHI/IC

(IryopecleHTHON — MeTKH B
AKCOHHBIX OKOHYAaHHAX HEPBHO-
MBIIICYHOTO COCIMHCHHS
JIATYHIKH. DyopecrieHTHbIE
MHKporpaduu AKCOHHBIX

OKOHYaHHH B  KOXHO TpyIWH
HOW Mbime. (A) Meimma Obita
obpaboTtana (yopecueHTHOI
METKO# (FM 1-43, c
KOHIIEHTpanueil 2 MKMONb) B
TEUeHHe S5 MHHYT U  3areM
OTMbIBAJIACh Ha TNpoTskeHun 30

MHHYT. JInme HeboIbIIoe
KOJIMYECTBO ~ METKH  OCTaeTcst
CBSI3aHHOU c MeMOpaHoit

okonyanus. (B) Ta >xe Mblmma
ObL1a Janee 0OpabotaHa METKOM B
TEUeHHE 5 MHUHYT, B TO BpeMs Kak
HEPB CTHMYIIHPOBAJICS C YaCTOTOM
10 rll, u 3aTeM oOTMBIBaJach Ha
MPOTSHKEHUH 30 MUHYT.
DyryopecieHTHbIC MsTHA
SIBIISTIOTCS KIIacTepaMu
CHHANTHYECKUX BE3UKYJ, KOTOPBIS
ObUIM  3allOJIHEHBl  METKOH B
npouecce peuuknupoBanus. (C)

Ta xKe MBI 3aTeM
CTUMYJIHMPOBAIach S5 MHHYT C
yacroroii 10 Tu wu 3arem

OTMbIBasIack B TeueHue 30 MUHYT.

Fig. 11.23.  Activity-Dependent
Uptake and Release of fluorescent
dye by

LA}

i€y

S

axon terminals at the frog neuromuscular junction. Fluorescence micrographs of axon
terminals in a cutaneous pectoris muscle. (A) Muscle was bathed for 5 min in fluorescent
dye (2 uM FM1-43) and washed for 30 min. Only small amounts of dye remain associated
with the terminal membrane. (B) The same muscle was then bathed in dye for 5 min while
the nerve was stimulated (10 Hz) and washed for 30 min. The fluorescent patches are
clusters of synaptic vesicles that were filled with dye during recycling. (C) The same muscle
was then stimulated at 10 Hz for 5 min and washed for 30 min. Stimulation released most of
the dye. (Micrographs kindly provided by W. J. Betz.)

TOTO,

OBLIO IIOKa3aHO, 4YTO 3axBaT Q)HyOpeCHeHTHbIX METOK B MNPECHHANTHYCCKUE 6yTOHI)I

KYJbTUBUPYEMBIX THIIIOKaMIIAJIBbHBIX HeﬁpOHOB IPOUCXOAUT KBAHTOBBIM 06pa30M, pu4ieM pasmep

KaXXJ0ro KBaHTa COOTBETCTBYET 3axBaTy OZ[HOﬁ CHHANTUYECKON BE3UKYJIbL

89 Takoro pona

KBAHTOBBIN 3aXBaT OPOUCXOAUT B TECHECHUC CEKYH/ ITOCJIC HavaJla CTUMYJIALUH, ITpEaAriojiaras.
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Puc. 1 .24. BricBoOOXKIEHHE

MeJMaTopa u 3axBaT
BE3HKYJ APHOH MeMOpaHsI,
PErUCTp ApyEMbIi o
H3MEHEl M0 MeMOpaHHO#

€MKOCTI . YBEJIIMYEHUE EMKOCTH =
KJICTKH [PH PETHCTPAIMH MITY-
JMEKTPOTOM B KOH(HUIYpaluu
OT  1LCJIOH  KIETKM  HMeeT
CTYIEHT aThIi Xapakrep, s s
OTpa)ka: CJIHAHHE OTACIBHBIX . i
BE3UKYT C TIa3MaTHYECKOH 1 B
MeMOpa 10i. YMeHblIeHHe " lm-ﬁ b
€MKOCTI MIPpOUCXOAUT npu
00paTH( M 3aXBaTe BE3UKYII.

Increases in celt capacitance measured with the whole-cell patch pif ette recording technique
Fig. 1.24. Release and|occur in a stepwise fashion reflecting the fusion of individual vesicles with the plasma
Retrievel of Vesicle Membrane | membrane. Corresponding decreases in capacitance are seen duriny vesicle retrieval. The
monitorcd by  changes in|recordings are from a rat mast cell, which has particularly large secre ory vesicles (300 nm in
membra 1e capacitance. diameter). (After Fernandez, Neher, and Gomperts, 1984.)

YTO OJWHOYHBIE COOBITHS SK30IMTO3a M OSHJOILKTO3a OYEHb OJM3KO CBSA3aHBL JTa METOAMKa
M03BOJISIET AaHAIM3HPOBATH KBAHTOBOE BBHICBOOOXKJCHHE M3 OTACIBHBIX NMPECHHANTHIECKUX OYTOHOB
0e3 pEerucTpamuu IIOCTCHHANTHYECKHX OTBETOB. I[IOCKOJBKY pETrHCTpUPYIOIIUE 3JIEKTPOIB He
HY)KHBI, 3TH ONTHYECKME METOIbl OKa3bIBAIOTCI BECbMa yIOOHBIMH IPH HCCJIEIOBaHHU
HPECHHANTUYECKOH (QYHKIMH U A0IATOBPEMEHHOH IIIACTHYHOCTH.

MHoroo6emarommuM HoAX0A0M Ul UCCIEA0BAaHUH SK30LIMTO3a BE3UKYJI ABIISETCS HCIIOIb30BaHUE HE
HEHPOHAIBHBIX CEKPETOPHBIX KJIETOK, HAlpHUMep, KIETOK MOJIOYHOH jkene3bl M XpoMad(HHHBIX
KJIETOK, B KOTOPBIX 3K30IUTO3 OOJBIINX M IUIOTHBIX CEKPETOPHBIX TPAHYJ MOXET OBITh HCCIIENOBAH
OJTHOBPEMEHHO C IIOMOIIBIO CBETOBOII MHKPOCKOIHH, 3JIEKTPO(HU3NONIOTHIECKONH pEerHcTpanud 1
AMIIEPOMETPHH, KOTOPAs MO3BONAET JETEKTUPOBATH AMHHBI, BBLICIACMBIE STHMH KICTKAME -,
CrnusiHEe OJMHOYHBIX TPaHyJ ¢ IUIa3MaTHIECKOH MeMOpaHOil MOXKEeT OBITh 3apeTHCTPHUPOBAHO IIITU-
JNMEKTPOJOM B BHUJAE YBEIUUEHUS 3NIEKTPHUECKOH EMKOCTU KIETKH, KOTOPOE BO3HHKAET IIpH
J100aBIeHNY MEMOPaHHBIX I'PaHyJl K KIETOYHOH IOBEPXHOCTH; OOpATHBIL jke 3aXBaT MeMOpaHbI IIpH
SHJIOLMTO3¢ NPHBONMT K YMEHbINEHHIO emkocTd (puc. 11.24)°%). Ammepc ¢ coaBropamu B
IKCHEPUMEHTaX Ha XpoMad(HUHHBIX KJIETKax NOOABMWIIM BJIEKTPOJA M3 YrOJBHOIO BOJOKHA BHYTDPb
II9TY-3MEKTPOJIA, YTOObI H3MEPHTh BHICBOGOXK/ICHHE KATEXONAMHHOB, COJACPHKANIMXCA B IPaHyIax .
BeicBOOOXKIeHHE OOBIYHO AETEKTHPOBAJIOCH OJHOBPEMEHHO C YBEIMYEHHEM EMKOCTH, KaK 3TO
MOXHO OBUIO OBI IPEANONIOKHUTH B CIydae SK30IUTO3a M BKIIOUEHHS TPaHYSIPHOM MeMOpaHBI B
rasMaTHaeckyto (puc. 11.25). Oxgnaxo npumepHo 15 % coObITHIA BRICBOOOXKICHHS COIPOBOXIATINCH
KPAaTKOBPEMEHHBIM H HETOJHBIM YBEIMYEHHEM €MKOCTH. B 3THX ciyuasx 3K301MTO3, MO Bceil
BUIUMOCTH, TPOHCXOIUI Yepe3 MaJleHbKOE, OTKPhIBAEMOE Ha KOPOTKOe BpeMs oTBepctHe (fusion
pore), KOTOpOe 3aTeM OBICTPO 3aKPbIBAJIOCh, HO3BOJIAS TPaHysle OTONTH OOpAaTHO B LIUTOILIA3My Oe3
BKJIIOUEHHS €€ B HapyXHyI0 MeMOpany (puc. 11.25D). Takue coObITHS THUIA «IIOLETOBAT U yOexam»
(kiss and run) MOryT NO3BOJHTH OCBOOOXKHATHCS MAaJICHBKMM MOJIEKYJIaM, HalpHMep,
KaTeXxOJIaMIHAM, Y€ 3amac MOKeT OBITh OBICTPO BOCCTAHOBIICH, HO 3a€PXKUBATh IIPH 3TOM OOJIbIINe
0eJKH, TToTepst KOTOPBIX MOXKET OBITH BOCIOIHEHA TOJIBKO ITyTEM CHHTE3a a0COIIOTHO HOBBIX TPaHyIT
B armapare ['oabmKm.

V3MeHeHus: eMKOCTH, CBSI3aHHBIC C BHICBOOOXKACHUEM MHOXECTBEHHBIX KBAHTOB, ObLIN M3MEPEHBI B
OJIMHOYHBIX HEPBHBIX OKOHYAHMSX, BbIIeNeHHbIX u3 [THC 1103B0HOUHBIX > V. TToKa ele TeXHUYECKH
HEBO3MOXKHO pETUCTPUPOBAaTh HM3MEHEHHE EMKOCTH, CBS3aHHbIE CO CIHMSHHEM OAWHOYHBIX
CHHANITHYECKUX BE3UKyJ. XOTS IOJHOE CIMSHHE CHHANTHYECKHX BE3HKYJ C IPECHHANTHYECKOH
MeMOpaHOH SBHO IPOUCXOIUT BO BPEMsI MHTEHCUBHOW CTUMYIIALIUMH, OCTAeTCsl HESCHBIM, MOXET JIU
MPOUCXOJNTh B HOPMAIBHBIX (U3UOJOTUYCCKUX YCIOBUSIX BBICBOOOXKJICHHE IO MEXaHU3MY
«II0IIENIOBATh U y6e>1<aT1,>>94’ ),
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Puc. 11.25. VBenuueHne eMKOCTH MeMOpaHbI M BBICBOOOXKICHHE KaTEXOJAMHHOB W3 XpoMad(HHHBIX KiIeToK. (A) DIEKTPOa,
M3TOTOBJICHHBIN U3 YrOJIBHOT'O BOJIOKHA U pacnonoxcem{mﬁ BHYTPU MITY-DJIEKTPOAA, U3MEPSIET BLICBOG 0XJICHHUE KaTeXOJIaMHHa
aAMIEPOMETPUICCKUM CHOCO6OM, B TO BpEMsA Kak CaM DJJICKTPOJ HCHOIb3yEeTCsa Ui U3MEPEHHs EMKOCTH B Mpeaenax
perucTpupyeMoro ydactka Memopausl. (B) OnHoBpeMeHHas! perncTparus BEICBOOOXKICHHS KaTEXONIaMH 10B (BBEpPXY) H €MKOCTH
(BHI/By)A Bcee COGLITI/IH DK301UTO3a, 3apEeTUCTPUPOBAHHBIC MO BLICBOGO)K}:[CHI/IIO KaTeXoJlaMHAHA, COBI@QIAKT C YBECIUYCHUEM
emkoctH. (C) Ilectoe u cepMoe COOBITUS 3K301IMTO3a (M3 YacTH B pucyHKka) mokaszaHbl Ha yBEJIMYEF HOM BPEMEHHOH MHIKase.
IlecTtoe CO6LITI/[C DK30IUTO%a COBNANACT C KPATKOBPEMEHHBIM U JOBOJIBHO IIYMSIIUM YBEIUYCHUEM €11KOCTH, KOTOpas NIIUTCA
okoiio 5 ¢. CerbMoe COOBITHE COBMAacT ¢ OBICTPHIM M UIMTEIBHBIM yBeandeHneM eMkoctH. (D) KpatkoBpeMeHHOE yBeInYeHHE
E€MKOCTH MOXKET COOTBETCTBOBATh 3K30LIMTO3Yy 4Y€PE3 OTBEPCTUE, o6pa3y10meec;{ TIpU YaCTUYHOM CIIMSIHUI [ BE3UKYI C MCMGpaHOﬁ,
KOTOPBIi JUTHTCSI KOPOTKOE BPEMsi, 3aKaHYMBAsICh OTCOCANHEHHEM BE3HKYIIbI OT MEMOPAHbI H yX00M 00)aTHO B LUTOIIIa3My 6e3
BKJIKQUCHUS B MJIa3MaTU4CCKYIO MCM6paHy. B 3tux YCIIOBHUAX MOTYT BI)ICBO60)KI[B.TLC$[ MAaJICHBKME MOJ €KYyJbl, B TO BPpEMs Kak
GoubIIre GEJIKH OCTAIOTCS BHYTPH BE3HKYJIbL.

Fig. 11.25. Coincident Increases in Membrane Capacitance and Release of Catecholamines from chrom iffin cells. (A) A carbon
fiber electrode inside the patch pipette measures catecholamine release by amperometry, while at the seme time the electrode is
used to measure capacitance within the patch. (B) Simultaneous recording of catecholamine release (to> trace) and capacitance
(bottom trace). All exocytic events detected by catecholamtne release coincide with increases in capaci ance. (C) The sixth and
seventh exocytic events in part B, displayed on an expanded scale. The sixth exocytic event coincides v-ith a transient flickering
increase in capacitance that lasts about 5 s. The seventh exocytic event coincides with an abrupt and long-lasting increase in
capacitance. (D) Transient increases in capacitance may correspond to exocytosis through a temporary fusion pore that rapidly
closes, allowing the vesicle to pinch back off into the cytoplasm without ever becoming incorporated info the plasma membrane.
Under such circumstances small molecules may be released while larger proteins are retained in the vesicle. (After Albillos et aL,
1997.)
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BbiBOoAbI

I[enonﬂpmaunﬂ OKOHYAaHUSA AaKCOHa TIIPUBOAUT K OTKPBIBAHUIO IIOTEHIUATI-aKTUBUPYEMBIX
KaJIbHUCBBIX KaHaJIOB, YBEIIMYCHUIO BHyTpHKHeTO‘{HOﬁ KOHIICHTpaun KaJibus n
BLICBO60)KZ[GHI/IIO meauaropa.

Menuarop BBICBOOOXIACTCS B BUAC MYJIBTHMOJCKYJISPHBIX KBAaHTOB, YTO IIPOUCXOIUT IPH
CIIMSTHAM CHHANTHYCCKUX BE3UKYJ, 3alONHEHHBIX MEIHATOPOM, C IUIa3MaTHYECKOW MeMOpaHOH U
BBICBOOOKAEHUM HX COIEPXKHMOTO IyTeM 3K301HTO3a. [IOMHMO 3TOro CyIIecTBYyeT TaKke
MIOCTOSIHHASI HEKBAHTOBAs YTeUKa MEIMATOPa U3 OKOHYAHUH aKCOHOB B COCTOSIHUH MTOKOSI.

CuHanThueckas 3alepXKa MeXIy HadaloM NPECHHANTHYCCKON AENosIpu3aldd U HadaaoM
MOCTCHHANTHYECKOT0 IIOTEHIMATa OO0YyCIOBJICHa BpPEMEHEM, HEOOXOMHMBIM Uil CHOJISIpU3aLnH
HEPBHOTO OKOHYAHUS, OTKPHIBAHUS KAIBIMEBHIX KAHAJIOB W YBEIWYCHHS BHYTPHUKICTOYHON
KOHIEHTpAIUK KaJblHs, KOTOPBIN 3aIlyCKaeT MPOLECC SK30LUTO3a.

B noxoe 5K30LMTO3 MPOUCXOAUT C HU3KOW YACTOTOM, BBI3bIBAasl CIHOHTAHHBI MHHMATIOPHBIN
CHHANTHYCCKUI MOoTeHIHAI. B oTBeT Ha moreHmuan aeictBus oT 1 1o 300 kBaHTOB (B 3aBUCUMOCTH
OT THIIa CHHAIICa) BBICBOOOKIACTCS MPAKTHYECKU OTHOBPEMEHHO.

CHHaNTUYECKHEe BE3UKYNIBl COJEpKaT HECKOJBbKO THICSY MOJICKya MeauaTtopa. KosmdecTtBo
MOCTCHHANTHYECKUX  PELENTOPOB, AaKTHUBUPYEMBIX OJHMM KBaHTOM MEAMATOpa, BapbUpPYyeT
3HAYUTENBHO, B peaenax ot 15 no 1 500, B 3aBUCUMOCTH OT TUIIA CHHAIICOB.

Pacnpe/:[eneHHe AMIUIMTY CIIOHTAaHHBIX MHWHHUATIOPHBIX W BbI3BAHHBIX IOCTCUHANTUYCCKUX
MNOTCHLOHAJIIOB MOXET OBITH IpoaHAIU3UPOBAHO CTATUCTUYCCKUMU MCTOAAMU IJId ONPEACIICHUSA
pasM€pa KBaHTa M KBaHTOBOI'O COCTaBa. aq)q)eKTHBHOCTL CHHANTUYECKON nepeaain MOXKET
MOAYJIUPOBATHCA HAa NPECUHANITUICCKOM YPOBHE 3a CHET UBMCHCHHUA KBAHTOBOI'O COCTAaBa, a TaK¥XKEC Ha
MOCTCUHAIITHICCKOM YPOBHE 3a CUHET U3BMEHCHHUS pa3Mepa KBaHTa.

- B pesynbrare 5K30111MT032 MEMOpaHbl CHHAIITHYECKUX BE3UKYJI MOTYT CIMBATHCS C IUIA3MaTHYECKOH
MeMOpaHOoi. KOMIIOHEHTHI Be3UKYIApHOH MeMOpaHbl 3aTeM CHELU(PHYHO 3aXBAaThIBAIOTCS OOpaTHO
IyTeM SHIOLMTO3a IOKPHITHIX BE3MKYJ M PELUMKIUPYIOTCA MNpH  (HOPMHPOBAHMM HOBBIX
CHHANTHYECKMX BE3UKYJ. B ONpenereHHBIX YCIOBUAX BHICBOOOXKIAEHHBIE BE3HKYJIbl MOTYT
BO3BpAIIaThCsl 0OPATHO B IIUTOILIa3My O3 BKIIOUECHHS B KJICTOYHYIO MeMOpaHy.
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Tnaea 12. Cunonmuueckasa naacmuuHoCmo

OdppeKkTMBHOCTL CMHANTUYECKON Nepedayn He PUKCMpOBaHa U MOXET M3MEHSITLCS Kak CrieiCTBME 3MEHEHNS
naTTepHa Tekyllel akTUBHOCTW. KopoTkue 3anmnbl NOTEHLUMANoB AEWCTBUA B MPECUMHANTUY4ECKOM HelpoHe
MOryT BbI3BaTb NMb0 obneryeHve (pacunuTauuio) BulAeNeHNs MeamaTopa U3 NpecuHanTU4eckon TepMuHanm
Ha HecKomnbKO COTEH MWUMNMcekyHA, NmMbo nopaBneHue BblAeneHUs MeamaTopa Ha CekyHapbl, Nmbo
KOMBUHaLUMIO 3TKX npoLeccos. Bropas dasa dacunutaumm, HasbiBaemas ycuneHune (augmentation), Takke
MOXET ANTbCS CeKyHAbl. [NMHHbIE 3annbl NOTEHUMANoB AeWCTBUS B MPECUHaNTUYeCKOM HeWpoHe MoryT
BbI3BaTb MoCTTEeTaHW4Yeckyto noteHuuaumto (MTI1), KoTopas xapakTepusyeTcs yBenuyeHueM BblaeneHus
MeamaTopa Ha AeCSTKM MUHYT. YBENuYeHne KOHLEHTPaLMmM KarbLyst B NPECUHANTUYECKON TePMUHANU NeXuT
B OCHOBE 3TUX U3MEHEHWI BblAeneHns Meguartopa.

Bo MHOrMx cuHancax MoBTOPSIIOLLAsICS aKTUBHOCTb MOXET BbI3BaTb He TOMbKO KPATKOBPEMEHHLIE, HO U
[ONrOBPEMEHHbIE U3MEHEHUS CUHaMNTMYecKoW 3PEKTUBHOCTU, KOTOpble AMATCS Yacbl U gaxe OHW. [1Ba
SIBMIEHMs1 3TOr0 pofa M3BECTHbl Kak JonroBpemeHHas noteHumaums (OBI) n gonroBpemeHHas aenpeccus
(OB0O). OB onocpenoBaHa yBeNMYEHWEM KOHLEHTpALMWU KanbUusi B NMOCTCUHANTUYECKOMN KIeTKe, KoTopoe
3anyckaeT Kackafbl CMCTEM BTOPUYHBIX MOCPEAHUKOB (MECCEHAXEPOB), aKTUBHOCTb KOTOPbIX MPUBOAUT K
MOSIBMEHWNIO  JOMOMHWUTESNbHBIX  PEeLenTopoB B MOCTCMHANTMYecko MembpaHe W yBenuuuBaeT
YyBCTBUTENbHOCTb peuenTopoB. [1B[] nosiBnsieTcs B OTBET Ha CPaBHUTENbHO MeHbluee yBenuyeHue
KOHLEHTPaLUuM KanbLuusi B MOCTCMHANTUMYECKOW KneTke U COMpOBOXAAeTCs YMEHbLUeHUMEeM Konudectsa U
YYBCTBUTENBHOCTU NMOCTCMHANTUYECKUX PELIenTOPOB.

HekoTtopble cdbopmbl OBl v B BoBnekaoT npecuHantuyeckne mexaHmambol. O6e 311 hopMbl NNAcTUYHOCTN
CUATAIOTCA OCHOBOM PasnuyHbiX POpM 0ByYeHUss U POPMUPOBAHUSA NaMATU, HO UMEIOLLMECS B HAcTosLLee
BpeMsi laHHble Noka He NpeaoCcTaBUnM 6e30roBOPOYHbIX 40Ka3aTeNbCTB 3TOW FMMNOTE3bI.

Jlo HacTosILEro BPEMEHH MbI OOCYXKIanu Mepefady BO30OYIUTENbHBIX M TOPMO3HBIX CUTHAJOB B
aKTHBUPOBAHHBIX CHHANCaXx B TEPMHHAX OJMHOYHOTO IOTEHIMANA ASHCTBHS, MPHXOMASIIETO IO
MIPECHHANTHYECKOH TepMUHANHN, IETOISPH3AMU TEPMHUHAIN, BXOJAa KAJIBIUS M BBICBOOOXKICHUS
MequaTopa, INPHUBOISIIIET0 K Je- MM THIePIOJSIpU3aliH MOCTCHHANTHYECKOH MeMOpaHbI B
3aBUCHMOCTU OT CBOMCTB IOCTCHHANTUYECKHX PELENTOPOB. B 3THX yCIOBUAX OTBETHI KaKIOIO
JJaHHOI'O0 CHHAICa OTHOCHTENIbHO CTCPEOTHUIIHBl M IIOCTOSHHBI, €CJIM HE CYUTATh ECTECTBCHHYIO
BapuabenbHOCTh. OHAKO MPU HOPMANbHOM paboTe MO3ra CHHAIICHI aKTUBHPYIOTCSI HE OTAEIBHBIMH
noreHuuanamu aeiicteus (I111), a HenpepbiBHEIMU ToToKaMu [1/] pa3HOil 4acTOTHI U PETYIAPHOCTH.

Takast Tekyulas akTHBHOCTb MOXET OKa3biBaTh A(deKTHBHOE BO3ACHCTBHE HA CHHANTHYECKYIO
nepenady. Hanpumep, npu cTUMYISIMK IPECHHANTHYECKOTO BOJOKHA KOPOTKHM 3allIOM CTHMYJIOB
Pe3yIbTUPYIOUINE MOCTCHHANTHYECKUE MOTEHIUAIBl MOTYT JIMOO yBEIWYMBATBhCA (CHHANITHYECKas
¢dacwinTanys), MO0 YMEHBIIAThCS (CHHANTUYCCKAS NETPECCHsi). DTH U3MCHEHHS COXPAHSIOTCS H
Mocje OKOHYAHWS BBI3BABIICH WX aKTHBHOCTH, M WX KIACCHPHIUPYIOT B COOTBETCTBUH C
JUTMTEIBHOCTBIO coxpaHeHust (puc. 12.1). @acunuranus NosiBISIETCS MITHOBEHHO U JUIUTCSI BCE BpEMsI
crumymsinud. Ilociae Toro, kak 3aimoBas CTUMYJSLMS 3aKaHYMBACTCS, OTBETHl Ha OJMHOYHBIE
TECTOBbIC CTHMYJIbl [OKa3bIBAIOT, YTO YBEIHMYCHHE CHHANTHYCCKOH AS(PQPEKTHBHOCTH UIUTCS
HECKOJIbKO COTeH MUJUIHCEKYyH[. bonee anutenbHas (asza QacuiuTanuu, MBIIAscs HECKOIbKO
CEKyH/I, Ha3bIBaeTCs yCHJICHHEM OTBeTa (augmentation).

B Tex ciydasix, Koraa akTHBHOCTb CHHAIICOB MPUBOAUT K JETIPECCUH, BOCCTAHOBIEHUE MPOUCXOAUT
TaKkKe 3a HECKONbKO CeKyHA. OTHOCUTENBHO MJIMTENIbHBIM, BBICOKOYACTOTHBIM 3alll CTHMYJIOB
(0OBIYHO HA3BIBAEMBIH TETAHYCOM, IOTOMY YTO IPH NPHIOKEHUH TaKOTO 3ajIla CTUMYJIOB K MBIIIIIE
WA MOTOPHOMY HEPBY IIPOUCXOAUT
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Puc. 12.1. [OuHamwuka
M3MeHeHUN 3hPEKTUBHOCTMN
cuHan rMyeckon  nepegauu,
BbI3BaHHas pUTMUYecKon
aKTUBHILMEN. (A)
dacus uTauus; (B)
ycune ive u genpeccus; (C)
i I ! i nTn; D) ABn.

Facilisation

Fig. 12.1. Time Courses of
Activit i-Induced Changes in
synapic transmission. (A)
The main component of
facilitation decays over a
period of about 100 ms, with
a smilller phase persisting
for several hundred ms. (B)
Recovery from depression is
] ] I compl >te, and augmentation
' E 10 is larcely dissipated, by 10
s. (C) FTP lasts for more
than * 0 min, and (D) LTP
and L' "D last well beyond 10

h.
1 wl S - e W el bk iam Sl
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TETAaHWYECKOE MBIIIEYHOE COKpAIlleHHEe) OOBIYHO MIPUBOIUT K CHHANTUYECKON ACTIPECCHH, BCIIE]
3a KOTOPOW 4epe3 HECKONBKO CEKyHII HaOJII0AaeTcsl yBeIMUYECHHE aMIUIUTYAbl CHHAITHYECKOTO
MOTEHIIMaNa, KOTOPOE€ MOXET JUIUThCS AECATKH MUHYT. DTO Ha3bIBaeTCs MOCTTETAHHYECKOil
norteHuuauuei (IITII). PurMuvHas akTHBalMs CHHAIICOB B IEHTPAJIbHOM HEPBHOW CHCTEME
MOXET BBI3BIBATH eIl Oosee JUIMTENbHbIE N3MEHEHUS B CHHAIITHYECKOI Iepeiaue, Ha3bIBaeMble
nosaroppemenHoii morenuuanueid (JABII) u moaroBpemenHoii nenpeccueii ([IBJl). Otu
SIBTIGHUS MOTYT JUTUTHCSI MHOTHE Yachl U TaXKe THU.

[Ipu wucciaenoBaHMM MEXaHM3MOB, JIEXKALIMX B OCHOBE JOJTOBPEMEHHBIX HM3MEHEHUH
9 (PEKTUBHOCTH CHHAIICOB, MPOCISKUBAETCs 00mas HUTh. CyIIeCTBEHHAsl 4acTh PETYISIUI
CHHAIITHYECKOH Ilepelaud OIOCpeOBaHa W3MEHEHUSMU KOHLEHTpAIMd BHYTPUKIETOYHOIO
KaJbLIMs B MIPECUHANTUYCCKOW TEPMUHAIM M/UIHM MIOCTCUHANITHYECKON KeTke. TakuM o0pas3om,
CUHAIITHYECKAs PpEryJsiiusl CYIIECTBEHHO 3aBUCHUT OT MEXaHHM3MOB IIPOXOXJIEHHS HOHOB
KalpI¥s Yepe3 IUIa3MaTHYeCKyl0 MeMOpaHy M MX MOOWIM3alWHM W3 BHYTPUKIETOUHBIX JETIO.
OTH MEXaHHU3MBbI, KOTOPbIE BKIIOYAIOT KaK IPSAMYIO aKTHBALMIO KaJIbI[MEBbIX KaHaJoB (Ti1aBa 9),
TaK W CIOXHBIE CHCTEMBl BTOPWYHBIX NOcpenHuKoB (rnmaBa 10), SABISIOTCS CPEeACTBOM
peryssiiuy cuHanTH4ecKoi 3(h(heKTUBHOCTH BO BPEMEHHBIX paMKaX OT MUJUTMCEKYH/ JI0 4acOB.

§ 1. KpaTtkoBpeMeHHbIe H3MEHEHMSsI

KparkoBpemenHsle n3mMeHeHus 3G GEeKTUBHOCTH CHHAIITHYECKOH Iepeiadun Hanboiee HHTCHCHB-
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HO OBUTH M3y4YCHBI B CHHAIICAX MEPUPEPUICCKON HEPBHOW CHCTEMBI, TAKHX KaK CHHAIICHI CKEJICTHBIX
MBI WIM aBTOHOMHBIX raHriueB. TeM He MeHee, MOZOOHbIE HM3MEHEHHS] ObUIM IOKa3aHbl H
MIPAKTUUECKH BO BCEX OTIEaxX LIEHTPAIbHOM HEPBHOI cucTeMbl. B HacTosmem paszaene Ml 00Cyanm
(acunuranuio, ycunenue, aenpeccuto u JIBI1 HepBHO-MBIIIEYHOrO CHHAICA JIATYIIKU U IIUIMAPHOTO
TaHTJIUS UBIIJIEHKA. DTH U3MEHEHHS «KPaTKOBPEMEHHBIE», TaK KaK MX JAJIUTEIBHOCTb BapbUPYET OT
JIECITKOB MILTUCEKYH] ((pacrmmTanus) o aecsatkoB mMuHyT (JIBII). B 0coObIx yciioBHsSX Ha 3THX
JKCIepUMeHTaNbHBIX Mozersix JIBII MoxkeT anutbes yacamu.

dacunuTtauma U genpeccusn Bbiopoca meguaropa

Bo MmHoOrmx cunarcax Hamboiyee OBICTPBEI 3(QQEKT PUTMHYECKOH CTUMYJALMM 3aKIodaeTcs B
(acuauTanuy OTBeTa. DTO NPOMJUIIOCTPHUPOBAHO Ha pHc. 12.2, HA KOTOPOM IOKa3aHbI MOTEHIUAIBI
KOHIIEBOH TJIACTUHKM HEPBHO-MBIIIEUYHOTO COEJUHEHUS JIATYLIKH, BBI3BAHHBIE KOPOTKHUM 3aJIlIOM
HMITYJIbCOB, MPHUXOAAIIUM MO MOTOPHOMY HEpBY. AMIUIUTY[Aa TOTEHLHUANTOB (M3MEpPEHHas OT
HaAyaJbHOW TOYKH mepeaHero (poHTAa) yBEIMYUBAETCs BO Bpems 3aima. bosiee Ttoro, addexr
HaOJIIolaeTCs CyIIECTBEHHO [IOJIBIE, YeM MJIMTCS 3aJII CTUMYJIOB, TaK 4TO OTBET HA TECTOBBII
ctumyn depe3 230 Mc Bce eme Oosble, YyeM IepBHIH OTBET B IociemoBaTenbHOCTH. Dacummranus
MOXeT OBITh pa3JielieHa HA JBa HEPAaBHBIX KOMIIOHEHTA: OOJBIIMI KOMIIOHEHT YMEHBIIAETCS C
MIOCTOSIHHOM BpeMeHH okoso 50 Mc, TOrja Kak BTOPO KOMIIOHEHT YMEHBIIAETCSI ¢ HMOCTOSIHHOM
Bpemenn oxono 250 mc'. TMokasaHo, 4To (aCHIMTALMS MPOHCXOMMT H3-3a YBEMHUCHHS CPEIHEro
KOJIMYECTBa KBAHTOB Mexamartopa (m; cM. IW. 11), BBICBOOOXIAaeMOro B NPECHHANTHYECKOM
oxonuannn” Y. JlanpHeiuui CTATHCTHYCCKHH aHANN3 BbIOpOCa MenuaTropa B HEPBHO-MBIILICYHOM
COCJMHEHHMH paKa MPHBEN K MPENOJI0KEHHIO, YTO YBEJIMYEHHE M NPOUCXOIUT CKopee Onaromaps
YBEJINYCHHUIO p, KOTOPOE OTpaXkaeT BEPOSTHOCTH BBIOpOCAa MEAMATOpa, UYeM U3-33 yBEIMUYCHHS n —
KOJIMYECTBA FOTOBBIX K BEIOPOCY KBAaHTOB Mexmaropa”. KommuecTBo MeauaTopa, BHICBOGOXKIAaEMOE
13 TepMHHAIM, MOXET yaBamBaThcsi Ipu (acmwmmranuu. CHHanTHYeCKas IeNpeccusi MOXKeT
HaOJIIOATECST B TEX CIIydasX, KOTJa KOJIMYECTBO KBAaHTOB MEIHMATOPa, BHICBOOOKAAEMBIX 3aJIIIOM
CTHMYJIOB, BEIMKO. B skcmepuMeHTe, MOKa3aHHOM Ha puc. [2.2A, aMIuMTyza NOTEHIMANIOB
KOHIICBOM IUIACTMHKM ObUIa YMEHBILICHA MOHWKCHHEM KOHLEHTPALMH KaJbLMi B OMBIBAIOLIEM
pacTBope; B OTOM Ciyyae HadalbHbII KBAaHTOBBIH COCTaB MOTEHUUATIOB ObU1 HeOGombiuM (10 mmm
MeHee). [1oxoxuii dKcrepuMeHT npu OOJIBLIONH KOHIGHTpPALUK Kalblus Toka3aH Ha puc. 12.2B. B
9TOM JKCHEPHMEHTE KBAaHTOBBII BBIOPOC 3HAYUTENIBHO OOJBINE, HO OTBETHI OBUIM YMEHBIICHBI IIO
amMIumTye 6J0Kano0i nmocTcuHanTHdeckux AX penentopos npu momon Kypape. I[Ipu purmudeckoit
CTHMYJISIIUM OTBETHl CTAHOBIJIMCH BCE MEHBINE IO amiumTyne. Kak u B ciydae c¢ dacunuranuei,
JIeTIpeccusl JUTUTCS TOJIBIIE 3aJIa CTUMYJIOB.

Jlenpeccust MOTEHLMala KOHLEBOH IUIACTUHKH, KaKk M (acHINTalus, MUMeeT IPEeCHMHANTHYECKYyIo
npupony. Ee MexaHu3M He MOIHOCTBIO SICEH, HO TOT (aKT, 4TO JUISl JeNPECCUH HE0O0X0JUMa HCXOIHO
Gosblasi BEJIMYMHA KBAaHTOBOI'O BBIOpOCA MEAMATOpA, NPEAIOJAraeT, YTO HCTOIICHHE KOJIMYeCTBa
My3bIPbKOB B NPECHHANTHYECKON TEPMUHANIU BO BPeMs 3alllIOB CTUMYJOB MOXET OBITh OJZHUM M3
onpegensomux ($paxropos menpeccuu’®. BTOpsIM (aKTOPOM MOXKET SBISTHCS MOIYJIAIUS BHIOPOCA
AX w©3 TpecHHaNTHYECKOW TEPMHHAIH COBMECTHBIM BbIOpocoM AT® (rmaBa 13). AT®
THAPONU3YeTCsl IO AaJCHO3MHA, KOTOPBI 3aTeM BIMSET Ha IPECHHANTHYECKYI0 TEPMUHAIb U
yMEHbIIAET KBAHTOBBIA coctaB oTBeta . ATD M caM MOMKET YrHETaTh CEKPELMIO MeIUaTopa uepe3
cobctBeHHBIe TpecuHanTHdeckne P2 penentops! (Giniatullin and Sokolova, 1998). Ilocme
JUIMTEJIBHOTO IIEPHOJia PUTMHYECKOH CTUMYISLMHM IENpecchus MOXXET OBITh OYeHb CHIIBHOIA,
yMeHbIIas aMILIUTYIy CHHAIITHYECKOTo noTeHnuana oomuee, yem Ha 80 %.

B 3axioueHne MOXKHO CKa3aTh, YTO BBIOPOC MEAMATOpa U3 NMPECHHANTHYECKUX TEPMUHAIEH MOXKET
IpeTeprneBaTh JBa THIA OTHOCHTEIBHO KPAaTKOBPEMEHHbIX Moaubukauuid. ITepsas, dacumuranus,
MIPOUCXOANT Orarozapsi yBeNMUYEHUIO 3()(EKTUBHOCTH BHIOpOCAa KBAaHTOB M3 IPECHHANTHYECKOI
TepMuHaIH. Bropas, nemnpeccus, MokeT OBITH CBsI3aHA KaK C MCTOLIEHHEM KOJMYECTBA KBAHTOB, TAK
U ¢ yMeHbIIeHneM 3¢ QekTHBHOCTH BEIOpoca. Ha puc. 12.2C npomnmiocTpupoBaHO B3anMOJCHCTBHE
9THX IBYX 3¢dexToB. Bo Bpems 3ai1moB UMIyIIbcOB HaYaIbHEINH 3 dekT dacumuranun npeodiagaet
HaJ eNpeccuel, U CUHANTUYECKUN OTBET pacTeT nmo aMmiuuryne. [lozaHee, korga naercs TECTOBBIN
cTuMy, hacuianTanus yxe ocnabiia, 1 HaYMHACT MpeolnasaTh ACNPEcCHs, KOTOPast AJINUTCS AOJIbLIE.
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Puc. 12.2. ®acunuteumss n penpeccust B
HEPBHO-MbILLEYHOM CUI 1ance NO3BOHOYHBIX.

AY
Fig. 12.2. Facilitation iind Depression at the
vertebrate  neuromuscular junction. (A)
Muscle bathed in lov' calcium solution to
: ! —’k reduce the quantum cc ntent of the response.
) Amplitudes of the end-plate potentials

increase progressively during a train of four
impulses. The response to a test pulse 230
B ms later is still faciliated (arrows indicate
initial amplitude). (B) Similar experiment with
a curarized preparaton in high calcium
solution. The response amplitudes decrease
progressively during th2 train. (C) Interaction

- between facilitation anc| depression in normal
< calcium concentration. There is no further
facilitation after the second response
because of the onset nf depression, and the

ol g test response at 230 ms is depressed. (A
k and C after Mallart ani| Martin, 1968; B after
SV Lundberg and Quilisch, 1953.)
L L A ] =
a 1] 00 304 400 500

Time (s}

Ponb kanbuusa B hacunurayum

Jlannsie, nomydennsie Karuem u Mnnezmx), MO3BOJISIIOT TPEAINONIOKHUTh, YTO (haCHIUTAIHS
BbIOpoca Menuaropa Ha BTOpOM U3 mnapHbeix noreHuuano aedcrsus (I1/I) cBszana c
OCTaTOYHBIM BHYTPUKJIETOYHBIM KaJbLIUEM, BbI3BaHHbIM IpeamectBytomuM [1/1. B psane pabor
OBUIM MCKIIFOUEHBI HEKOTOPBIC JAPYrre BO3MOXKHBIE MEXaHU3MbI 3TOro ¢eHomeHa. Hampumep, B
CHHAIICaX LWIMAPHOTO TaHIJIMA LbIIUICHKa ObUIO ITOKa3aHO, 4YTO (acHIIMTALUS HE SBISETCS
CJICJICTBUEM YBEJIMYEHUSI aMIUIMTYAbl WK JUTEIbHOCTH BTOoporo I/l B mpecHHanTHYecKOH
TepMI/IHaJ'II/Ig). [Tokazano Takxe, 4Tro QacuiuTanus BTOPOrO OTBETa B CHHAICAX MEXIY
HEHpOHAMH NHSIBKM TPOMCXOAUT O3 YBEIMUCHHS BXOJA KalblMsi B IPECHHANTHYECKYIO
TepMI/IHaJ'IBlO). Takum oOpa3om, Haubojiee BEpOSTHOH SABJISETCS THUIIOTE3a O TOM, 4YTO
(dacunuTalys CBsi3aHa ¢ OCTATOYHBIM KallbIIUEM B TepMHUHANU. [Ipy pUTMHYECKOIN CTHUMYJISIIUI
HAKOIUIEHHUE BHYTPHUKJIETOYHOTO KaJbLMs NPUBOJIUT K NMPOrPECCHBHOMY YBEIMYEHHUIO BBIOpOCA
MearaTopa, Kak moka3aHo Ha puc. 12.2A. HekoTopsie TeopeTnieckue moaxo/bl, NCIOIb3yeMbIe
IIPHU UCCIICIOBAHUH CBSI3U MEXIY KHHETUKOW KOHIEHTPAIlMH BHYTPUKIIETOUHBIX HOHOB KaJbLIUS

v v 11
¥ TMHAMUKO# (DaCHITMTAINH, MOKHO HaiiTH B 0G30pe’ .

YcuneHue cuHanTuyeckon nepegauu

OxapakTepu30BaB BpeMEHHOEe TeueHHe (acuiurauuu W jaenpeccud, Marnebu u 3eHrenb
OOHAPYKMIHM IOTOJHHUTENbHBINH 3()(MEKT PUTMHYECKOH CTUMYJSILUM, KOTOPBIA OHM Ha3BaJll
yemnenneM (augmentation)'> Y. Vceunenne npencranser coGoif BBI3BAHHOE PHTMHUECKOH
CTUMYJISIIEH YBENMUCHHE AMIUITMTYABl CHHANTHYECKOTO IMOTEHIMAaNa, KOTOPOE Pa3BHBACTCS
3HAYUTENIFHO MeEIJIeHHee, 4eM (acunuranys, U crnagaer 3a OoJjiee JIMTENbHBIA Nepuo] ¢
nocrossHHOW Bpemern oT 5 o 10 ¢ (puc. 12.1B). Kak dacwiuranus, Tak U yCHICHUE
MIPOMCXOIAT H3-3a YBEIWYEHHs BBIOpOca MeauMaTopa M3 NPECHHANTHYECKOH TepmuHamu. B
HEPBHO-MBIIIEYHOM COEJUHEHUH JIATYIIKH yCUJICHHE U (acuInTalys BMECTE MOTYT YBEJIUYUTh
aMIUIUTYly CHHAaITHYECKOro MOTeHIHana 0ojee yeM B IATh pas.

MocTTeTaHM4Yeckas noTeHLMauua

IITII nonobHa dacunurauuy U yCUIECHHIO B TOM, YTO OHAa OTpa)aeT yBEIUYEHUE BbIOpOca M3
MPECUHANITUYECKOH TEepMUHAIM, BBI3BAaHHOE MPEAIIECTBYIOMEH CTUMYIsinueil. Pazmndme
coctoutr B ToM, uro IITII HauuHAeTCs CYIIECTBEHHO II03XKE, NOCTUraeT MaKCUMyMa d4epes
HECKOJIBKO CEKyH] IOCJie KOHIIa CTUMYIISILUU U JUINTCS AecsaTkr MUHYT. Ha puc. 12.3 nokazan
IpuMep SKCIEPUMEHTa Ha KJIETKE LIMIMAPHOIO IaHIIUs LbILIEHKAa, 00paboTaHHOU Kypape It
ymenbinenus ammuntyasl BIICIT. Kpome Toro, s npenoTBpaieHus 3amycka [1]] kinetka Obiia
TUIEPNOJIpU30BaHa (JUIMHHBIE OTKJIOHEHMs BHM3 Ha puc. 12.3A) mepex crumynsnueil
IIPECHHAIITH-
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Pwuc. 12.3. MocTTeTaHnyeckas
noTeHumauus BO36yAUTENBHOMO {A)
NMOCTCUHANTUYECKOM ) noteHumana

(BMCI) B kneTke LWNWapHOrO raHrnms Coetral
ublnneHka,  BbI3B:HHAs  CTUMynsLMen
HepBa. (A) KOHTpOMbHas 3anucb A0
noteHumauuu; (B) otBetr uepes 15 ¢ b
nocne 3anna B 1 500 ctumynos; (C-F)

OTBETbI Ha TECT--CT MMynbl Yepe3 1, 3, 51
10 MyH nocne TeTar usauuu.

Fig. 12.3. Posttetanic Potentiation of the & _ 155
excitatory postsynaotic potential (EPSP) '] L

in a chick ciliary ganglion cell, produced

by preganglionic nerve stimulation. L

Potentials were recorded with an

intracellular microelectrode. To prevent| £€)

action potential initiation, the EPSP — I min
amplitude was reduzed with curare, and a

hyperpolarizing pulse was applied through

the recording electrode before each

stimulus. (A) The control record shows

electrical  coupliny  potential  (brief o

depolarization) folloved by a small EPSP. S Aok
(B) The response r:corded 15 s after the

end of a train of 1 500 stimuli applied to

the preganglionic nerve. The EPSP -

amplitude is more han six times greater| {E}
than the control, giving rise to an action

f / ! s Smin
potential. The amplitude of the coupling
potential is unchan¢jed. (C-F) Test stimuli
at 1, 3, 5, and 10 rnin after the tetanus -

show the slow declie of potentiation, with
the EPSP in the las: record still more than| #F}
twice the control velue. (From Martin and

Pilar, 1964.) wn| /-

0 ™ M & 0 10
Tirne: {ms)

10 min

yeckoro Heiipona. [lepBoe OTKIIOHEHHE BBEpX Ha KaKJOW 3aluCH NPEACTaBISeT COOOH
MOTEHIIMAN 3JIEKTPUYECKOM CBSI3M MEXIy CTUMYJIMPYEMOM M PErHCTPUPYEMON KIIETKOW; Ooee
MeaneHHas penofsipusanusa npexnctasinser co6oit BIICII, Bbe3Banubl BbiOpocoM AX U3
MpeCHHANTHIecKol TepMmuHany (rnaBa 9). B mamHom cimywae ananmsy monsepraercst BIICII.
Wznauansho ammuryna BIICIT 6bu1a Tombko okono 4 MB (u3-3a npucyrcTBus Kypape). 3atem
MIPECHHANITHYECKUN HepB pazapaxkancs ¢ yactotoi 100 mMmmynscoB B cekyHOy B TedeHue 15 c,
4YTO BBI3BAIO KpaTkoBpemMeHHoe ymenblienue BIICII (ue mnokaszano). Yepes 15 cekyHn
onnHoYHbI ctumyn Bbi3Ban BIICIT ammumutymoii Gonee 20 MB, KOTOpBIi TIPEBBICHIT MTOPOT U
Bb3Bai [1J1 (puc. 12.3B). OTBeTh! Ha NOCIEAYIOINE CTUMYJIbI IIOCTENEHHO YMEHbLIATUCH (PHUC.
12.3C-F), Ho naxe uyepe3 10 MUHYT Imocjie KOHIIA TETAHUYECKOW CTUMYJISILIMK OTBET ObLIT BABOE
60JIBlIIE HAYAIBHOTO.

Kak u ¢pacunuranus, [TTIT umeer npecuHantu4eckoe NporcxoxaecHue. I1o o3HavaeT, uyto [1TIT
BbI3BaHA YBEJIMYEHHBIM BBIOPOCOM MeauaTropa M3 IPECHHANTHYECKOW TEepMUHAIH, CKOpee
BCErO, M3-3a YBEJNMYCHUS KOHLEHTPAIMH BHYTPUKICTOYHOTO KalblHs. TOYHBI MEXaHU3M
9TOTO SIBJICHUS HEACEH, HO OJKCIIEPUMEHThl Ha HEPBHO-MBILIEYHOM COEAMHEHHMHU JIATYIIKU
nokazamy, uto IITII 3aBucHT OT BXOJa KamblMs B TEPMHHAIb BO BpeMs 3aJllla CTUMYJIOB.
Hanpumep, ecnu yOpaTh KanpLiMii M3 OMBIBAIOIIEr0 pacTBOpa BO BpEMsl CTUMYJIALUH, TO
noTeHIMaIHs He Oymer Habmomathcs' . B OTIOHUME OT Kanblusi, BXOJ HATPHS HE SBIACTCS
HeoOxomumbIM, Tak Kak [ITII moxer ObITh BbI3BaHA aIlIUIMKALMEH ETOJSPU3AIMOHHBIX
MMITY/ThCOB HA TEPMHHA/Tb B PHCYTCTBHH TeTPOAOTOKCHHA . B 3THX
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Puc. 12.4. T'wvnnokamnanb
Has popmaums.

Fig. 12.4. The Hippocam-
pal “ormation Lies buried
in tte temporal Lobe and
congists of two interlocking
C-staped strips of cortex,
the dentate gyrus and
the lippocampus, together
with the neighboring
subii:ulum. Pyramidal cells
in area  CA1 are
inne vated by the

Sche f-fer collateral-

com nissural pathway.

Grarule cells in the

A= dent ate gyrus are

Schadfler inne vated by the perforant

collaseral- fiber pathway from the

commzsTal subiculum and, in turn,
pat ey inne vate CA3 cells.

CAJ

Dertate gyrus

YCIOBHSX BEJMYMHA IOTCHIMAIWMM  YBENIMYMBAETCS C  YBEIMYEHHEM  KOHLEHTPALUU
9KCTPAKJIETOYHOro Kaiblus. [Ipy O4YeHb BBICOKMX KOHLEHTpauusx Kanbius (83 Mmoub)
noreHuanus nocie S00 cTuMynoB MTcs 6oJee AByX 4acoB.

HecmoTpst Ha TO, YTO HAaTpuil He HyXeH UL HOTEHIMALMY, €r0 BXOJ BIUSET Ha AJIUTEIbHOCTD
[ITII. IloTeHumamusi HEPBHO-MBIIIEYHOTO COCOUHEHUS KPBICHI YAJIHHSIETCS BO3ACHCTBUSIMH,
KOTOpble OnokupytoT BbiBeAeHHe HaTpusa Na-K AT®da3ol, Hanpumep, nob6aBneHueM yabauHa
WM yJaJeHHEeM Kajlusl U3 OMBIBAIOIIETO paCTBopal(’). Veenmuenue anurensHocty [ITIT moxer
IPOUCXOJUTh H3-3a TOrO, YTO YBEJIUYEHHAs KOHLEHTpalus BHYTPUKIETOYHOIO HATpUs
YMEHBILIAET CKOPOCTh BBIBEACHUS HakomieHHOro Kaubis Na—Ca oomeHowm. TITII B HepBHO--
MBIIIIEYHOM COEJAMHEHMU paKa TakKe YMEHBIIACTCS IO BEIUYMHE U JJIUTENLHOCTU IIpU
BO3JICHCTBUAX, KOTOpHIE BIMAIOT HAa OOMEH KagbUUs MEXKAY LWTOIUIA3MOM |
BHYTPUKICTOUHBIMU  XPAHMIMIAMH, HAIPAMED, MHTOXOHAPHSAMH' . DTH 3KCIEPUMEHTHI
MIO3BOJISIFOT TIPEAIONOKHUTh, YTO BXOJ KalbIMsi BO BpeMsl TeTaHyca HMPUBOAUT K OBICTpOMY
HATIOJIHEHUIO BHYTPUKJIETOUHBIX XPaHWIHMI Kanblys. HakomieHHbIH KalblUii 1ocjae TeTaHyca
MEIUICHHO BBLICBOOOXKIAETCS B IHUTOIUIA3My, MOIAEP)KMBAs MOBBIICHHYIO KOHIIEHTPALUIO
CBOOO/IHOTO Ka/lblMs B LUTOILIA3ME.

§ 2. JloiroBpeMeHHbIe U3MEHEHUSI

Purmudeckass akTHBHOCTh HEMPOHOB IIEHTPAIbHOW HEPBHOM CHCTEMBI MOJKET BBHI3BIBATH
HU3MEHEHUS! CHUHANTHYECKOH 3((EKTUBHOCTH, KOTOPbIE MJIATCS 3HAYUTENBHO JOJIbIIE, YeM B
nepudepruueckux cuHancax. JmuTenbHble M3MEHEHHS MOTYT HaONMIONATHCS B PA3HBIX YaCTSIX
MO3ra, U 3TO SBJICHHE OCOOCHHO MHTEPECHO TEM, UTO MOXKET OBITh CBA3aHO C MAMSTHIO.

LdonroBpemeHHasa noTeHUMauua

Jonrospemennas norenunanus (JBII) Bnepsble Obuta onmcana bnucc, Jlomo B 1973 roay B
ITyTaMaTEPriudecKiX CHHATICAX THIMOKAMIATBHON (opMariu'~. JTa CTPYKTypa HAaXOTHUTCS B
BHUCOYHOH 00JIaCTH MO3ra M COCTOUT U3 JBYX 00JacTeil, N3BECTHBIX KaK THIIOKaMII U 3yO4aras
(dacuus, KOTOpble Ha Cpe3e BUIHBI Kak JBe MOJOCKH Kopbl C-00pa3Hoit (opMbl, B3aMMHO
OXBaThIBAIOLIME APYT Apyra U cyouxyiayma (puc. 12.4). YnopsnodeHHOE pacloNoKeHUE KIETOK
1 BXOJHBIX ITyTeH MO3BOJISIET CTEPEOTAKCHYECKH BBECTH B MO3T KMBOTHOTO 3JIEKTPOJBI TOYHO K
ONpENEeNeHHbIM THUIIAM KJIETOK UM BHYTPHUKJIETOYHO pPETHCTPUPOBAaTh CHHANTHYECKHE
noteHiyansl. COOTBETCTBEHHO, JIETKO PACIOJIOKHTh M CTUMYJIHPYIOLIME DIEKTPOABI Ha
crenn(pUUECcKUX BXOTHBIX MyTSX.
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Puc. 12.5. [JonroBfemeHHass  noTeHuua
ums (aBr B rmnnokamne
aHecTe3npoBaHHOro Kponuka. (A)
CuHanTuyeckne OTEETbl Ha CTUMYNALMIO
nepcopaHTHOTO My ¥ PerncTpuMpoBanvcb
B [PaHynspHbIX  Kknetkax  3ybyaTton
dacumn. (B) KopoTkne TetaHychl (15 ct/c
B Te4y. 10 C) HaHOATCA B OTMEYeHHble
CTperikaMy MOMEHTE .

Fig. 12.5. Long-Tern Potentiation (LTP) in
the hippocampus of an anesthetized
rabbit. (A) Synaptic esponses to perforant
fiber pathway stimtlation were recorded
from granule cells in the dentate gyrus. (B)
Brief tetanic stimuli (15/s for 10 s) were
given at times marke d by the arrows. Each
tetanus caused en increase in the
amplitude of the syiaptic response (grey
circles), eventually It sting for hours. In the
same cell, response:s to stimulation of a
control pathway rot receiving tetanic
stimulation (blac < circles) were
unchanged. (After Bl ss and LOmo, 1973.)

]
o
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-
e

Amplitade of EPSP (%)

bmcc u Jlomo mokazanu 3HAYMTENBHOE YBEIWYEHHE CHHANTHYECKUX BXOJOB KIIETOK 3yOuaToi
¢acuu B pe3yabTaTe BEICOKOYAaCTOTHOW CTUMYJIAIIMH BXOZOB K ATUM KJIETKaM, KOTOPOE JUTUTCS Yachl
n paxe qau (puc. 12.5). Ceifuac 310 siBIeHHE N3BECTHO Kak romocunantudeckas JIBII. Hecmotps Ha
T0, uto JIBII Obl1a moka3aHa U B JPYruX 00JAaCTSIX MO3ra, BKJIIOYast HECKOJIBKO OTIEIOB HOBOM KOPHI,
U JaXKe B HelipOMBILIEYHOM COSIMHEHHH paKkooOpasHbix'”, Hanboee HHTEHCUBHO 3TO SBICHUE GbUIO
M3yueHO Ha cpe3ax rummokamma 20 2,

AccouunatuBHan [BI1 B nupaMmuaHbIX KneTkax runnokamna

BpayHn ¢ coaBTOpamu nokasainu, 4to i Bo3HuKHOBeHUs [IBII accorupoBanHas Bo BpeMeHH crabast
CTHMYIALHMSA ABYX BXOZOB d(deKTHBHEE pa3jelbHOH CTHMYIALHM>>. JTO sBICHHE HA3BAHO
acconmatuBHoii JIBII. [Ipumep sToro siBieHUs 1mokasaH Ha puc. 12.6. BHyTpuKIeTOUHO OTBOAMIACH
aKTMBHOCTh IUpaMUAHBIX KiIetok obmactm CAl  rummokamma. J[Ba  AKCTPaKJICTOYHBIX
CTUMYJHMPYIOIIUX JIEKTpoAa OBUIM pacHoNIOKEHBl Ha BXOIHBIX HyTsx (xosmmatepamu Iladdepa)
TakuM 00pa3oM, 4TOOBI aKTUBHPOBATH Pa3HbIE CYOIIOIY AN aKCOHOB, aKTUBHPYIOIINX ACHIPUTHOE
nepeBo mupaMunHoit kiaetku (puc. 12.6A). HTEHCHBHOCTh CTUMYJSIIMM ObLIa MOJ00OpaHa TaKUM
o0pa3oM, 4To 2meKTpox | BbI3bIBan OOJBLION CHHANTHYSCKUH MOTEHIMAA B MUPAMHIHOU KIIETKE,
Torza Kak 3nexrpo Il cylecTBeHHO MEHBIINH.

CHHanTUYeCKHe OTBEThl Ha CTUMYJLALMIO uepe3 aekTpon II moxasanel Ha puc. 12.6B. Kopotkuit
3ann umiyibeoB (100 I'u B Teyenue 1 cekyHibl, TOBTOPEHHBIH yepes 5 ¢) yepes anekrpon I mpusen k
YCHJICHHIO OTBETOB, aKTHBHPYEMBIX 4epe3 3TOT BXOJ (He IMoKa3zaHo). TeraHHW3alus, MpUMCHCHHAsS
yepe3 eKTpoa I, He oka3ana BIMSHUS Ha BEJIMYHHY OTBETa, BhI3bIBacMOro BxozaoMm II (puc. 12.6B,
Bropoii orBer). Kpome Toro, BeicokouacToTHast TeraHuzauus udepe3 Bxon II Taixke He BbI3Baja
HM3MEHEHHUH TECTOBOTO OTBETA Ha 3TOT BXOJ (TpeTuil oTBeT). OIHAKO MOCIIE COBMECTHOM CTUMYIISILIUU
BxoznoB | u Il Habmromanock cyIiecTBEHHOE yBENWYEHHE BEIMYMHBI OoTBeTa Ha BXoX II (4eTBepThIit
OTBET), Aysimeecs AecATKH MUHYT (puc. 12.6C). Oto sBneHue ObUI0 Ha3BaHO acconuaTuBHOU JIBII,
TaK Kak JUIMTeNIbHOE yBelIn4eHue oTBeTa Ha Bxox Il nmpoucxoamno
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Puc. 12.6.
AccoumaTtuBHaa [OBI1 B
cpesax runnokamna. (A)
Cxema  3KCNepUMeHTa;

(B) yCcpedHEHHble
OTBeThI; (C)
CYMMMUPOBaHHble
pesynbTaThl.

Fig. 12.6. Associative
LTP in a rat hippocampal
slice. (A) Intracellular
records were made from
a CA1 pyramidal cell
while  stimulating  two
distinct groups of
presynaptic fibers in the
Schaffer coUateral-
commissural pathway
(stimulus | and stimulus
Il). The stimuli were
adjusted o) that
responses to stimulation
at site | were five times
greater than those to
stimulation at site Il. (B)
Averaged responses to
stimulation at site Il in the
control condition, after
tetanic stimulation at site
Il (100 stimuli/s for 1 s),
after a similar tetanus at
site |, and after a
combined tetanus at | and
II. Only the combined
tetanus produced
potentiation; test shock
10 min later indicated a
twofold increase in
response amplitude. (C)
Summary of the results in
part B, showing the time
course of the changes in
response amplitude.

(A Submubus 11

Stimulation at site | had no effect stimulation at Il produced a brief potentiation of
the response, and combined stimulation produced long-term potentiation. (After
Barrionuevo and Brown, 1983.)

TOJIBKO IIpH COBIIaACHHUH BO BpEMCHU CTUMYJISILIMU 3TOI'0O BXO/Ja U BXOJa I

MexaHu3mbl nHaykuuu AOBIN

IMonHol xapTUHBI IPOUCXOAAIUX BO BpeMs unaykuuu JIIB sBnenuil noka eme Hetr. OgHaKo
BCE MCCIIEAOBATEIM COMVIACHBI C TEM, UTO YBEIWYEHHE KOHLEHTpPAlMU KalbliUsi B
HMOCTCHHANTHUYECKON KIIETKE SBIETCS BaXXHBIM (pakTopoM. B mupammmHbix kietkax monst CAl
WHAYKIUS TPOUCXOAUT C YYacTHEM Kalblus, BXOImero depes riyramaTtHeie NMDA
peuentopsl (rmaBa 3). NMDA peuentopbl 00pa3yloT KaHaubl JJs KaTHOHOB C HEOOBIYHOMN
XapaKTePUCTUKON — 3TH KaHaJIBI 3a0JIOKHPOBAHBI TPY HOPMATIBHOM
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MIOTEHIMANIe MOKOs KieTkd. Kananm ONOKMpOBaH MOHAMM MarHWs U3 JKCTPAKIETOYHOTO pacTBOpa,
KOTOpbIE OCBOOOXJAIOT KaHaJl TOJBKO IIPU JCTONAPU3ALMH y4dacTKa MeMOpaHbl € STHMHU
rIyTaMaTHRIME  perentopamu’-  2Y.  Boiblias  uacTh  IJyTaMaT-dyBCTBUTENBHBIX  KJIETOK
skcrpeccupyer NMDA u ue-NMDA (AMPA) penentopsl B MOCTCHHANTHYECKOH MemOpane,
KOTOpBIE AKTHBHPYIOTCS [PH BBIACICHHHU [TyTAMaTa U3 [PE-CHHANTHYCCKHX TEPMUHATCH .

NMDA pernentops! 0071a1al0T OTHOCHTEIIBHO BBICOKOH KaJbIMEBOH IIPOBOANMOCTBIO, OJJHAKO BXOJ
KaJIBIIMSl 3aBHCUT OT BEIMYMHBI JIETIOJSIPHU3AMU, KOTOpasl JODKHA OBITH JOCTATOYHA AN CHSATHS
MarHueBoro OJioka B KaHanaX. VIMEHHO STHM MOXHO OOBSICHHTH TO, YTO B OJKCIIEPHMEHTE IO
aktuBanun accoumatuBHod JIBIT ctumynsimus Toibko omHoro (crmaboro) Bxoma Il He BhI3BIBaNA
JIOCTaTOYHON CHHANTHYECKOH AeMOsIpU3aliy ISl CHATHS MarHUeBOro OlOKa M BXOJA KalbIMs.
OpHako, KOTAa 3Ta CTUMYJISLIUS CONPOBOKAATIACH IETIONIApU3aLliell, BRI3BAaHHOM akTHBaLuen Bxona I,
NMDA penentops! oka3aauch pa30JI0KHPOBaHBI, YTO MpHBETIO K Bxomy Kambius u JBII. Yuactue
NMDA penentopoB NOATBEPKAECHO SKCIEPHUMEHTaMH, B KOTOPBIX aHTaroHUCTel NMDA Gnokupyrot
unaykumio JIBII, Ho e Memarot JIBIT npy IpUMEHEHHH HOCe HHAYKIuu - 7.

Wnes o Tom, uro JIBII naaynupyercs yBelu4eHHEM KOHLEHTpAlMU KalbLUsA B NOCTCUHANTUYECKON
MeMOpaHe, HOAJep)kaHa JBYMs THIIAMH JOKa3aTelbCTB. Bo-TepBBIX, OBUIO HSKCIIEPUMEHTAIBHO
[IOKA3aHO YBEJIMYCHUE KOHLEHTPALUK BHYTPUKIETOUYHOIO KaJIbLMsl BO BpeMs CTUMYJISILIUY, [IPH STOM
0JI0Ka/ia YBEIMYEHHUS TPAUCHTA STOTO KaTHOHA BHYTPUKIICTOYHO BBEACHHBIMU Oy(epaMu ycTpaHseT
IBIT. 2, Bo-BTOpBIX, yBEIMUEHHE KOHLEHTPALUU KalblLMsl B IOCTCHHAaNTHYECKOW KIIETKE
Oyarofapsi M3BJICYECHUIO €r0 U3 APYIMX BHYTPUKJICTOUHBIX MCTOYHHKOB NPUBOJIUT K JUTMUTEIBHOMY
YBEJIUYEHUIO  aMIUIUTYIbl BIICIT”. Takum 0o0pa3oM, HCTOYHHMK KaJblHsi HE SBISIETCS
CYILIECTBEHHBIM, TO3TOMY B HeKOTOpbIX cuHarncax JBII uumymupyercs BXOJOM KalbLUs Yepes
MOTEHIMAI3aBUCHMBIE KaJIbI[HEBbIE KaHAJbI, TOrJa KaKk B APYTHMX — BBICBOOOXKICHUEM KaJIbLUS W3
BHYTPHKIICTOUHBIX JIEH0>.

VYBenuueHHas KOHIEHTpAlWs BHYTPUKJIECTOYHOIO KalbLUsl MOMKET aKTHBUPOBAaTb LEIbIH paf
BHYTPHKJIETOUHBIX OHoxmMmmueckux myreid. HambGomee BakHbl juit mupykium JIBIT axruBamus
KayTbLIMii/KaTbMO Ty THH-3aBHCHMOiT KuHassl 11 (CaMKII) u nAM®-3aBucHMas pOTEMHKHHAZB ",
CaMKII oOHapyxeHa B OOJIBIIMX KOJIMYECTBAX B IMOCTCHMHANTHYECKMX YIUIOTHCHUSAX ILIMIIHMKOB
NICHAPHUTOB, U BHYTPUKJIETOUHass UHBbEKLHs OnokaropoB CaMKII Gnokupyer MHIYKIHIO JBIT* 3,
Kpowme toro, nanykius [ABII HapyiieHa y Mblieil ¢ TeHETHYECKMMHU HAapYLICHUSIMH CHHTE3a OJHOH
13 CyOBEIUHHI CaMKIT?. brokana nHAM®-3aBUCUMON NPOTEUH-KUHA3bl TaKXKe CYIECTBEHHO
ymenbuaer JBIT?. #2339,

MexaHuam nposisnenusn OBl

Otxpeitue JIBII moctaBumio Bompoc O TOM, SIBISIETCS JIM HAONIOJAaeMOE YBEIMYEHHE aMILTHTYIbI
CHHANTHYECKOTO  MOTEHIHana  pe3ylbTaToM  yBEIMYEHHOTOo  BBIOpOCa  MepejaTyhka M3
MIPECHHANTUYECKOH TEPMHUHAIM MM U3MEHEHUS! 1yBCTBUTEIBHOCTU MOCTCHHANITHYECKONH MEMOpPAHBI.
[IpuBiekaTenbHBIM Ka3aJ0Ch MpennonoxeHue o Tom, uyto [IBII, Tak ke kak (acumuranys, ycuieHue
u [ITTI, oTpaxaer yBenudeHIE KBAHTOBOTO COCTaBa CHHAIITHYECKOTO OTBETA, YTO U OBUIO ITI0KAa3aHO B
nepBeIx d3kcnepuMmeHTax. Ha puc. 12.7 nokazaHo pacnpeneneHHe aMmILIMTYJ CHHAITUYECKUX
NOTEHLIMAIOB [0 M IMOCIe MOTCHUUauuu. B psge SKCHCpUMEHTOB CTaTUCTHYECKUN aHalu3
pacrpeseneH i aMIUTMTYJ] 0Ka3a)l yBEIHUEHHE CPEHEro KBAHTOBOIO conepakanus’ - - °¥. Onunako
B JPYTHX OSKCIIEpUMEHTaX OBUIM ITOKAa3aHbl IPOTHBOIIOJIOXKHBIC pe3ynbrarel: yBeanmuenwe BIICIT
TIPOMCXOMIO GNIAroIaPs H3MEHEHHIO Pa3Mepa OHOTO KBAHTA, a HE KOJIMUCCTBA KBAHTOB B OTBETE" .
VBennueHne KBaHTOBOTO COZEP KaHMS MOTEHIIMUPOBAHHOTO OTBETA C OJAHON CTOPOHBI M YBEINUEHUE
pa3Mepa KBaHTa pAacCMaTPUBAIOTCA B HACTOAIIEE BpEeMs KaK YyKas3blBalONIME HA pa3IH4YHbIC
Mexanu3Mmbl  mposieienust  JIBIT:  mpecuHanTuueckuii  (BbiaenmsieTcst  OOJibllie  KBAaHTOB) H
MMOCTCHHANTHYECKUI (OONBIIMI OTBET HAa KaXIblid KBaHT). HOBBIC JaHHBIC TOBOPAT B MOJB3Y TOTO,
YTO YBEJIMYCHHE U KBAHTOBOIO COJACPKAHUSA, M 4YMCJIAa KBAHTOB OIOCPEAOBAHBl U3MCHCHHUSIMU B
MIOCTCHHANTHYECKOH MeMOpaHe.

Mon4awmue cuHanchbl

Kakum 00pa3oM H3MEHEHMS B IIOCTCHHANTHYECKON KJIETKE MOTYT HPOSBIATHCS B H3MEHEHHU
KOJIMYECTBA BBIAENAEMBbIX KBAaHTOB? bbITo OBl HEMPaBHIBHO JyMaTh, YTO MOCTCHHANTHYECKAs
MeMOpaHa sBIAETCS CTAaTH4eCKOHl CTPYKTypod, M €AMHCTBEHHBIM MEXaHU3MOM YyBEIHUYECHUS
kBaHToBoro conepkanust IICII MokeT OBITH yBEeIMYEHHE KOJIMYECTBA KBAaHTOB, BBIIEIIEMBIX
[IPECUHANTUYECCKON TepMHUHAIIBIO. [Ipenonoxkum, 4TO HECKOJIBKO IPECHHAITUYECKUX
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Puec. 12.7. MameHeHus (A} Control (B} Poleniined
KBaHT(BOrO COAEPXaHWUs Cu
HanTU' IECKUX OTBETOB

Hewipo 0B runnokamna
kpeicb npu OBI. (A, B) 16
Hanox eHHbIX

CUHaM UYeckUx TOKOB [0
(A) " nocne (B)
wHpykipm - ABM.  (C, D)
Pacnp sgenexne  amnnutyg
TokoB Ao (C) u nocne (D)
nHayk mm OBIM.

Fig. 12.7. Change in
Quant im Content of
synaplic responses during
LTP. Records from a rat
hippocampal slice. (A, B)
Sixtee superimposed
whole-cell records of
excitatory synaptic currents
(EPSCs) in a CA1 pyramidal
cell (A) before and (B) after
a conditioning  train  of
stimuli. Note the quan-tal
steps in  the current
amplitiides. After
conditioning, the fraction of
failure; is decreased and
there are many more
multigiiantal responses. (C,
D) D stribution of current
amplitudes (C) before and
after D) conditioning. The
norma curve is fitted to
baseline noise (failures);
arrows indicate mean | produced by a single quantum. After potentiation, the number of failures is reduced and
curren the mean current is increased in amplitude by a factor of almost * hree, while the single-
quantum current is unchanged. (After Malinow and Tsien, 1990.)

OYTOHOB KOHTAaKTHPYIOT C IOCTCHHAIITHYECKOH MEMOpaHOW JEHAPUTHOTO IIUIHKA KOTOPBIN
COJIEPXKUT BCEr0 HECKOJIbKO paboTtatonmx AMPA perentopos, WK UX COBCEM HET. B ycioBusx
MIOKOs1 BBIOPOC Iiyramara B TaKOM CHHAIICE BBI30BET OY€Hb MAJICHbKUN MJIM HUKAKOTO OTBETa
— Takoil cuHarc Oyxaer «voTIaIIIM» . [Ipenmonoxxum, mocne wuayknuu J(BII HOBBIE
rmyramatHele  AMPA  penenrtopsl OyayT BKIIOYEHBI B IOCTCHHANTHYECKYI0 MeMOpaHy
MOJYALIEro CHHANca. OTH PpEelenTopsl HAa4yHYT OTBEYaThb Ha KBAaHTBl MEAMAaTopa,
BbIOpackiBaeMble M3 IPECHHANTHYECKOM TEepMHMHAM, M KBAaHTOBBIM COCTaB OTBETa

COOTBETCTBEHHO yBennuuTcs (puc. 12.8).

Perynsauua konuyectBa CMHaNTU4eCKUX peLenTopoB

B Hacrosmee BpeMs CYyLIECTBYIOT JAOKa3aTelIbCTBA TOro, yTo npu Bbi3oBe ABII AMPA
peLenTopbl YBEIMYMBAIOTCS B KoymdecTBe. [loka3aHo, uyro cyObequuuisl AMPA penentopos
JIOCTABJIAIOTCA B IUUIUKA JAEHIPUTOB IOCIE PUTMUYECKOH CTUMYJISALUM, CONPOBOXKAAOILEHCS
axtuBamueii NMDA perentopos™. Cy6wsemuumina AMPA penentopa GluRl (cm. riaBy 3),
MedeHas 3eseHbIM (uryopectieHTHeIM nentunom (GFP), Obuta skcnpeccupoBaHa B HeWpoHax
TMONOKaMIa B KylbType. AHalu3 pacnpelencHUs MeueHOH CcyObeAUMHUIBI B OTPOCTKAX C
TTOMOIIBIO JIA3ePHON CKAaHUPYIOMIEH MUKPOCKOIMU M JIEKTPOHHON MHUKPOCKOIIHMHU TOKAa3all, 4YTo
6onbiast yactb GluRI-GFP naxonurcs B aennputax. Ilocine cruMymsiiuy HEHPOHOB, MEUEHBIE
perenTops! OBICTPO MOSBMINCh W B TeX ACHAPUTAX, IJe UX paHbIIe HE ObUIO. DTH JaHHBIE
[O3BOJISIIOT HPEANONOKUTh, YTO MHOTUE JEHAPUTHbIE WIMNMKU SBIAIOTCS MOJYAIUMU U
MOJTY4alOT MOJIHBIA Ha0op AMPA perentopoB mocjie puTMHYECKONH CTUMYIISIHH.

IIOHOJ'IHI/ITGJ'IBHBIC CBUACTCIILCTBA YBCIIMUCHU S KOJIUICCTBA AMPA peuenTopon ObLIH CyM-
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Puc. 12.8. Mpegnonaraemblii MexaHu3m LA
yBENWYEHUs1 KBa 4TOBOMO  COAEpXaHWs

npv OBI.

Fig. 12.8. Propnsed Mechanism for
Increased Quanum Content during
LTP. (A) Release of five quanta of
glutamate from dre-synaptic boutons
(indicated by om:ga figures) activates
only two postsyneptic spines (asterisks)
because many sp nes contain no AMPA
receptors (grey circles) and are
"silent", fllus, the quantum content of
the response is two, even though five
quanta are released. NMOA receptors
(blackrectan-gles) are activated only if
depolarization is sufficient to remove
magnesium block. (B) During LTP, AM
PA receptors ae inserted into the
postsynaptic menibranes of the spines
and the quantuim content of the
response is increased to five, with no
change in the number of quanta
released.

muposansl Manenka u Huxomr’. Hampumep, HMMYHOTHCTOXMMHYECKH OBLIO MOKA3aHO, UTO
BCE CHHaIChl, oOpa3zoBaHHble Koularepansmu Illaddepa u KomuccypaabHbIME BOJOKHAMU,
comepxar NMDA penentopsl, HO TOJBKO YacTh colIepkuT Takke AMPA peuenTopH”).
COOTBETCTBEHHO, B 3JIEKTPO(PU3UOTIOTUUECKUX SKCIEPUMEHTAX ObLIM IOKa3aHbl B OOIBLIOM
KOJIMYECTBE CHMHAICBhl MUpaMuIHbIX KiIeTok nons CAIl, KOTOpble aKTUBHPOBAIMCH TOJBKO
NMDA; AMPA 0TBeTbl PerucTpUpPOBATIUCH TOJIBKO BO BpeMs JBITY- *V. Wnes o mossnenun
HOBBIX OTBETOB B CBSI3M C TIIOABICHHEM HOBBIX PEIENTOPOB B MeMOpaHe IoJiepikaHa
HaOmoaeHueM o ToM, uto JIBII yMmeHbImaeTcs MpU MHBEKLMU B MOCTCUHANTUYECKYIO KIETKY
COCJIMHEHHH, 3aTPyAHSIOMUX CIHSHAE MeMOpaH, KOTOpoe, KaK IHpeIonaraeTcs, IPOHCXOIUT
TIpH BCTPAHBAHHH HOBBIX PELENTOPOB”

B npyrux skcnepuMmeHTax ObLIO TOKazaHo, 4yto mnocie uHaykuuu JIBIT Ha nenapurax
IMpaMUIHBIX KIeToK momst CAl MOSBISIOTCS HOBbIE MHIHKH . [I0TEHIMALHS CHHANITHYECKOTO
oTBeTa mpuMepHO Ha 80% CONPOBOXKIAETCS yBEIMUSHUEM ITIOTHOCTH PACIPENEeNCHUS INITHKOB
npuMepHo Ha 13 %.

Tekymass Touka 3peHHs Ha (AKTOpBI, BIMSIOIIME HAa HWHAYKUUIO W mnpossieHue JIBII,
cXeMaTH4YecKH ToKazaHa Ha puc. 12.9. [IpumepHO NOJOBUHA AEHAPUTHBIX HIMITUKOB COJEPIKUT
B ocHOBHOM NMDA penenTtopsl, KOTOpbIE HE OTBEYAIOT HA TIIyTaMaT MPH MOTEHIIMAJIE MTOKOSI.

ITpu nocTaToyHOM AENONApU3alMU CUHAIICA PUTMUYECKAs CUHANTHYECKAs! aKTUBALMS IPUBOAUT
K BXONy KaiplusA. Bxomsmuii kampiuii cBs3piBaeTcsi ¢ KampMmoxynuHoM. Kommekc Ca-
kanbMmonynuH aktusupyer CaMKII, koropas aBrodochopunupyercs, OpeBpamasich B Gopmy,
COXPAHSIOILYI0 aKTUBHOCTB CILYCTS J0JITO€ BPEMs MOCJIE BO3BPALIECHHs KOHIEHTPALUU KaIbLuUs
k HayanbHOMY ypoBHI0. CaMKII oka3biBaeT nBoiHON 3(deKT Ha CHHANTUYECKYIO IIepeady:

(1) dochopumupyer AMPA perentopsl B MeMOpaHe, YBEIUYMBAs HX IPOBOAUMOCTH JIJIsSt
WOHOB ¥ YBEIIMYMBasi TAKUM 00pa3oM pa3Mep KBaHTa;

(2) obmeryaer wmoOmnmm3anu pe3epBHbIX AMPA  peuenTopoB W3 IUTOIUIAa3Mbl B
IUTa3MaTHYECKyI0 MeMOpaHy, M03TOMY OOJIbllIe IOCTCHHANTHYECKHX CANTOB JOCTYHHO ISt
AKTHBALIMU KBaHTAMHM TIIyTaMaTa, BHICBOOOKIAEMOr0 U3 TEPMHUHAIY.

[IpencraBnenHas cxema coObituii npu JABII ycnoxHsercs pazHOOOpa3sHbIMH MOYJIUPYIOLIMMHU

BIMSHUSMHM, BKItO4aronMu Oosiee ueM 100 pas3Hbix Mousiekyn u peuentopoB. OOCyxaeHue
o 21,22

3TOTO MOXKHO HANTH B 0630pax” >,

Mpecunantu4veckan OBl

HeCMOTpSI Ha TO, 4YTO HUACAd O INIOCTCHHAIITUYCCKOM MCXaHU3MC HBH MOATBEPIKACHA
OKCIIEPUMCHTAJIBHO, CYIICCTBYIOT TaBHO N3BECTHBIC
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AMPA recepoor Puc. 12.9. MNpeanaraembiin mexannam OBI1.

Fig. 12.9. Proposed Mechanism for LTP. Activation of
NMDA receptors allows calcium entry into the spine,
activating CaMKIL which undergoes autophosphorylation,
thereby maintaining its own activity after calcium
concentration has returned to normal. CaMKIl
phosphorylates AMPA receptors already present in the
postsynaptic membrane and/or promotes the insertion of
new receptors from a reserve pool. (After Malenka and
Nicoll, 1999.)

n yOenuTeNnbHBIC CBUJIETENHCTBA IO KpalHEH Mepe YacTHYHOTO IPECHHANTHYECKOTO MEXaHH3Ma
npossiaenuss JIBII. OgHuM W3 Takux NPHMEpOB SBISIETCS TpYINIa CHHAINCOB, OOpa30BaHHBIX
MIIMCTBIMU BOJIOKHAMH TPaHYJAPHBIX KIETOK 3yOuaroil ¢acuum c nupamugamu mnomns CA3
runmnokammna. B aTux cuHancax Obuto oOHapyxkeHo, uro JIBIT moxer ObITh BhI3BaHa Ipu OJ0Kanae
NMDA peuentopoB M Jaxke NPH IOJHOM OTCYTCTBHM IOCTCHHANTHYECKHX oreeto*”, uTo0
MpearoaraeT YucTo npecuHantuueckyo npupoay JBII. Ilocnenyromue 3KCepuMEHTBI BCe-TAKU
MOKA3ali yBETMUCHHE KOHIEHTPALMH MOCTCHHANTHUECKOTO KANbLHA B OSTHX HEHPOHAX> .
Oxa3aioch, 9YTO ¥ YBEIMYEHHE KOHIEHTpamuu Kaibiws, u JIBII 3aBucaT OT akTHBammm
MeTabOTPOIHBIX IIyTaMaTHBIX penentopos (TiraBa 10) ¥ MOTyT OBITH OJIOKHPOBAHBI HHTHOHTOpPaMHU
UAM®-3aBUCHUMON IIPOTEUHKHHA3BL, YTO MO3BOJSIET MPEAIIONI0KUTh IPOUCXOXKICHUE YBEINYEHHOTO

BHYTPUKIIETOYHOI'O KaJIbIIUA U3 BHYTPUKIICTOYHBIX JICIO.

MoskHo npeanonaoxurs, uyto JBII B cuHance Mexay MIIMCTBIMM BOJOKHAMHU W MUPAMUIAMHU T0JIA
CA3 Bce € IIOCTCHHANTHYECKOI'O IPOUCXOXKAEHHSA, HO OIOCPEIOBaHa METa0OTPOMHBIMU
peuentopamu. OfHAKO CYLIECTBYeT HaOIIOJEHHE, KOTOPOE HE MO3BOJSIET CAENAaTh TaKOW BBIBOJ:
JIBII B 3TOM cuHamce COMpoBOXKAaeTCsi ocabiieHneM (pacuautauud B OOJbIINHCTBE HEHTPaTbHBIX
CHHAIICOB IIPU HAHECEHMH JBYX NPECHHANTHIECKUX CTUMYJIOB C HEOOIBIINM HHTEpBAIOM (0K0I0 50
MC) TTOCTCHHANTHYECKHI OTBET Ha BTOPOH CTHMYJI CyHIECTBEHHO obOierdaercs. MexaHH3M 3TOH Tak
Ha3bIBaeMOH (pacHinTanmMy Ha MapHBIA UMITYJIbC TaKOH ke, KaK M B HEPBHO-MBIIICYHOM CHHAIICE, TO
€CTh YBEIMYEHHE KOJIMYECTBA KBAHTOB MEIHATOpa, BBICBOOOXKIAEMBIX M3 IPECHHANTHYECKOI
TEPMHUHAIM. YUUTBIBAS, YTO (pacMIIMTALMS YMEHBIIACTCS, KOTJa YBEINUMBACTCS CPSAHUI KBAaHTOBBIH
coctaB (cM. puc. 12.2), To ymeHblineHue pacumurauum, kotopoe conposoxiaaer JIBII B pazdupaemom
cllydae, Tpe.rojaraeT yBeJIMYeHHE KBAaHTOB, BBIAEIAEMBIX U3 IPECHHANTHYECKOH TepmuHamu. B
mo0oM ciydae, U3MeHeH!e (HacHINTALUKY TOBOPUT O NMPECHHANTHYECKUX TpoLeccax. DTOT KPUTEPUi
ObLI ONMCAH KAK yKa3bIBAIOMIMil HA IpecHHANTHYeCKUIT Mexaru3M JIBII Bo Muorux cunancax’® ™,

[pecunantryeckoe nposieineane [IBII B 0TBET Ha aKTUBALUIO METAOOTPOIHBIX MOCTCHHANITUICCKIX
PELEnTOPOB MPEIoaracT HalMIue PETPOrPaIHOTO MOCPEIHUKA B cuHarice. OHUM U3 KaHIUIaTOB
B TaKWe MOCpPeTHHUKH sBisieTcss okcupa azora (NO), KOTOphIA MOXKET OBITh CHHTE3WPOBaH B
MOCTCHHANTHYECKON KIIeTKe U ObICTpO A GYyHIUPYET B OKPYKAOLIYI0 TKaHb (cM. riaaBy 10).

donroBpemMeHHasn genpeccus

Honrospemennas nenpeccus ([IBJl) cunanTudeckoil mepeaaun, NpoTUBOIONOkHAsA 1o 3Haky JBII,
ObIIa BIEPBHIC TOKA3aHA B CHHATICAX My Kommarepamsivu Lladbdepa i mupammmamu moss CA1°%.
JIB]I Gbl1a mo3»ke rmokaszaHa B Jpyrux oOylacTsx Mo3ra, Takux kak nosie CA3 runmokamma, 3youaras
(dacuus, pa3nuyHbIe O00NACTH HOBOH KOpPHI U B mozxeuxe’). Tomocumantuueckas JIBJ{
NPECTaBIsieT  COOOH  JUIMTENBHYIO — JENPECCHI0  CHHANTHYCCKOW  IIepefiaud,  BBHI3BAHHYIO
MpeUIeCTBYIOIEH PUTMUYECKOI aKTUBHOCTBIO 3TOr0 ke Bxoaa (puc. 12.10A). JIBIT MoxHO BbI3BaTh
pa3sHBIMH TOCIEIOBATENBHOCTAMI CTUMYJIOB, HalpuMep, [UIUTENbHOW HHU3Ko4acToTHOH (1-5
CTHMYJIOB/CEKyHIy B TedeHHE 5-15 MHHYT), HU3KOYACTOTHON CTUMYJIALMEH HMapHbIMU MMITYJIbCaMHU,
KOPOTKOH BBICOKOYAacTOTHOM crumynsanueir (50-100 cr/c B Tewenume 1-5 c¢). B xommarepamsax
Maddepa romocunantuueckas JIBJ] 6mokupyercst antaronncramu NMDA peuenTopOBsz- 3, paBHO
KaKk W THIEpIosIpu3aniell NUPaMHUIHOW KIETKH M IIOCTCHHANTHYECKOH HMHBEKIHEeH XeIaTopoB
xanmbuusa®. Opmako B Apyrux oGmactsx Mosra anTaromucthl NMDA He okassiaz dddexra:
HaIpOTHUB, BCE
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(A) Homosymaptic LTD (B} Heteroxynaptic LTD {C) Assachative LTD ([ ) Cersbellar LTD

Puc. 12.10. Tunbl gonroBpeMeHHON Aenpeccuu, KnaccuguumpoBaHHble B COOTBETCTBUM C YC.10BUAMU CTUMYNSALMN.
CuMBOIbI OTMEYaloT MOTEHUMaUMO (+) UMM Oenpeccuio (-) CMHaNTMYECKOro OTBEeTa MOCHE KOHAMLMOHUPYHOLLEi
CTUMYNSALMN.

Fig. 12.10. Types of Long Term Depression, classified according to stimulus conditions. Symbcls indicate potentiation
(+) or depression (-) of the synaptic response after the conditioning stimuli. (A) Homosynaptiz LTD is produced by
prolonged low-frequency stimulation of the same afferent pathway. (B) Heterosynaptic LTD is produced by tetanic
stimulation of a neighboring pathway, which may itself be potentiated after the stimulus train. 1C) Associative LTD is
produced by low-frequency stimulation of the test pathway, together with brief out-of-phase tetani applied to the
conditioning pathway. (D) LTD in the cerebellum is produced by coordinate low-frequency stimuilation of the climbing-
fiber (CF) and parallel-fiber (PF) inputs to Purkinje cells. (After Linden and Connor, 1995.)

JIAHHBIE YKA3IBAIOT HA BOBIICUCHHE METAGOTPOIIHEIX [TyTAMATHEIX PELEnTOpoB .
lerepocmaantuveckass JIB/l nmpencraBasier co00il  ANHWTENBHYIO — JICHPECCHIO
CHUHANTUYECKON Tepelayr, BBI3BAHHYIO IIPEIIICCTBYIOMICH aKTUBHOCTBIO B JPYrOM
addepeHTHOM BXone 3ToW ke kierku (puc. 12.10B). Orta dopma [IBJl BHawane Obuia
omnucaHa Kak KoppensT romocuHantuueckoit JIBII, BeI3BaHHOM B cHHarcax KoJuiatepasiei
[labdepa ¢ mupamuaamu moms CA1*Y. B stux omsitax mamykims JIBIT B 0HEX BXOZaX
NMPUBOAMIA K JIETIPECCHH JPYTUX pAOOM PpaACIHONOKEHHBIX BXonoB. llozmHee, B
XPOHUYECKHX OTBEACHHUSIX OT CHHAIICOB MEXAY BOJIOKHAMHU TIep(OpaHTHOTO MyTH H
KIIeTKaMu 3yOuaToi (acimu OBLIO TMOKA3aHO, YTO Takas AETPECCHsl MOXKET JITUTHCS
Heckonbko aHei . Ha ocTpeix npenapartax ['erepocunantuyeckas B/l amurcs qace’.
OTo SBICHHE 3aBUCHUT OT BHEKJIETOUHOTO KAIBIHS® M CONPOBOKIACTCS MOBBIIICHHEM
KOHIIEHTPALIMH BHYTPUKIETOUHOTO Kanplms . B rurmoxamme JIBJ] 3aBUCHT OT aKTHBAIIHH
NMDA penenropos*”, Ho MoxeT GBITh BBI3BaHA MOCTCHHATITHUECKOMH JeMONpH3alueii 6e3
axtuBarmn NMDA penenropos™. B 3y6uatoit dacuuu J{BJI 610kupyeTcs GIOKaTOpaMu
KaJTbIHEBBIX KaHANOB L-Trma™".

AccouuatuBHasi /IB/I HaGmomaeTcss mpHU MPOTOKOJIAX CTHUMYJISINN, aHAUTIOTHIHBIX TEM,
IIpH KOTOPBIX BhI3BIBaeTcs accormartuBHas JIBIT. CoBmamarommasi Bo BpeMeHHU ciabas u
CHIIbHAsl CTHMYJISIMSA JIBYX BXOJOB NPHUBOJHWT K ociabieHuro ciraboro Bxoma (puc. 12.
10C). CymectBennpiM oTimmuueMm JIBJ] ot JIBII sBnsieTcst TO, 9TO cOYeTaeMble CTUMYJIBI
MoryT ObITh He cuHGpa3Hel. Kak wm mnpu accoumatuBHoi JIBII, nenomspm3arms
TIOCTCHHANITHIECKOTO HEMPOHA MOXKET CIy)KHTb 3aMEHON CHHATITHYECKOH CTHMYISIHN .
OneHnBass OSKCHEPUMEHTHl Ha THIIIOKaMIleé B [EJOM, CIEAyeT NpU3HATh, YTO
OITyOJIMKOBaHHBIC JaHHBIE 110 BBIpaOOTKe accouuaruBHod JIBJI Ha runmokamme
MIPOTUBOPEYMBEI U BO MHOTHX CIIy4asX IPHUMEHSIOTCS CIELHaIbHBIC CIIO0KHBIE POTOKOJIBI
CTUMYJISIIUM — HaIpuMep, MNpelllecTByromas cTuMymsanus ("priming") cTUMydaaMu c

o 43
TTa-gactoroii (5cr/c).

OB B mo3xeuke

JABJl ybOeantenpHO moka3zaHa B Kope Mozkeuka. Kietkm I[lypkuHbE KOpBI MO3XKEdKa
MOJTYYar0T BO30YKIAIOIIUH BXOJ OT IBYX MCTOYHHKOB (TJaBa 22): mapauieIbHBIC BOJIOKHA,
MPOUCXOJAIINE OT KIETOK-3¢PCH, IIUPOKO JUBEPrHPYTOT H  00pasyrT OOIbIIOe
KOJIMYECTBO CHHAIICOB HAa BTOPHYHBIX W TPETUYHBIX JCHIPUTAX; JIMAHOBHIHBIC BOJIOKHA
00pa3yroT 3 PpeKTUBHBIC CHHATICHI HA TeJe U IPOKCUMAaIbHBIX JeHApUTaxX. [lepeaaraukom
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B IapajUIeNbHBIX BOJIOKHAX CIY)KUT TJIyTamaT, M B MX CHHaIcax ecTb Meraborpomusle u AM PA
peuentopsl. Ilepenartuumk, BblAENsAEMbl  JIMAHOBUIHBIMM  BOJIOKHAMH, OKOHYAaTENIbHO HE
nperTudumposad. B Mo3xeuke B3pocibix xuBoTHEIX NMDA penentops! He 06Hapy)KeHbI46' 60, 61

Haub6onee noxpo6uo JIBJ/I B Mo3xeuke Obita n3ydena HUro ¢ coaBTopaMn62). B cBoux skcnepumenTax
9Ta TpyIa aBTOPOB MPHMEHsUIa HU3KOYACTOTHYIO (1-4/c) mapHy0 CTUMYISALHIO MapajuleNbHBIX U
JIMAHOBUIHBIX BOJIOKOH B TeueHue 5 MUHYT (puc. 12.10D). Ilocnenyromye OTBEThl Ha CTUMYJISILUIO
[apaJuleIbHBIX BOJIOKOH ObLIM OCIa0ieHbl B TEUCHHE HECKOJIbKHX 4acoB. Kpome Toro, korzma
amIUIMKanus TJIyTamMara Ha JSHIPHUTHL COYeTaNach CO CTUMYJIIHEH JIMaHOBHIHBIX BOJIOKOH,
MIOCJICYIOIHE OTBETHl Ha TIIIyTaMaT TaKXkKe ObUIM OCNAOIEHbBI, YTO IPEANONAracT ONOCPEeIOBaHUE
atoro 3ddekra mocrcuHanTHYeckoil MemOpaHoi. Hamexnoit nemonctpammu JIBJl B WHTaKTHOM
KMBOTHOM TIOJIyYHUTh HE yIaJoCh, OJJHAKO Ha MEPEeKHUBAIONINX CPe3axX U B KyJIbType TKAaHH MO3KEUKa
3TO SBIICHUE MTOKA3aHO yoemuTenpHo® - ),

Ha »stux mnpemaparax ObII0 TOKa3aHO, 4TO Jemojspu3anus kiaeTku IlypkuHbe, BbI3bIBAIOIIAS
KaJlpIIMEBbIe TTOTEHIUATBI JEUCTBUS B ACHAPUTAX (TyaBa 7), MOXKET CIyXKUTb 3aMEHOI CTUMYISIIUH
JIMAHOBHIHOTO BONOKHA st uHaykin JIBJI®- 9. OnHako vy CTHMYIALHS THAHOBHAHOTO BOJOKHA,
HU BHYTPUKJICTOYHAS IENOJSIPU3anus B OTAENBHOCTH He Obuth > ¢dexTuBHE it nHaykuuun JABJI:
Bcerza ObiTa HeoOXOoMMa KOAKTHBAIMs TIIyTaMaTHBIX PELENTOPOB, BBI3BaHHAS MO0 CTHUMYIIIHEi
napauielbHBIX BOJIOKOH, JIHOO TIPSIMOH amlIuMKalued TIiayramata. B ciywae cTuMymsnun
napauie’bHbBIX BostokoH JIBJ okasanmach BxopmocnenuduuHa, TO €CThb OCIa0JIeHb OBUIH TOJIBKO
crumynupoBasinecs Bxoabl. Muaykius JIBJl npenoTepamaercs BBEACHUEM XEIaTOPOB KaJbLUS B
MOCTCHHANTHUECKYI0  KIeTKY®”. 3HAuMTENBHOE HAKONICHWE KalblMs HAabGIIOACTCA TOCHE

CTUMYJISIIUA JINAHOBUAHBIX BOHOKOHﬁg).

Unaykuna OB

VYcnoBust Bo3HEKHOBeHUS JIBJ] MOTYT 3HAaUUTENBFHO BapbHPOBATH B 3aBHCHMOCTH OT 00JIACTH MO3Ta.
Kaxk cnencrre 3T0r0, 0Ka3anock TPyIHO BBLIEIUTH (GaKTOPHI, IIPUBOSIINE K BOZHUKHOBeHUIO JIB/I.
PasHble CXeMbl IPUBOIATCA B Pa3HBIX 0030pHbIX cTathax - . °V HanGonee mocrosHHbIM (akropom
seisiercss o, uro JIBJI, xak u JIBII, 3aBUCHUT OT MOCTCHHANTHYECKOTO HAKOIUICHUS KabIusi. B
HEHpoHaX TUMIOKaMIa KalblUi BXOXZUT B OcHOBHOM depe3 NMDA peuenropsl, XOTs
rerepocuHanTryeckass JIBJl Moxer ObITh BbI3BaHa TOJNBKO JeHoisipu3alueid 0e3 akTHBalLUH
pelentopos U ocnabisiercst OJI0Kaoi KalbLMEBBIX KaHANOB L-Tuna. 3To mpenmosaraer, 4To Korja
JOKadbHas JenoiApu3auus W Bxon Kameiusa depe3 NMDA peuentopsr BbisbiBaeT JIBII
aKTHBUPOBAHHOTO BXOJa, PACIpPOCTpaHEHHE ACHOJIIPU3aLUK HA COCEIHHE CHHANTHYEeCKHe o0nacTi
kinetku Bbi3biBacT JIBII uepe3 akTuBanuio MOTCHIMAT3aBUCHUMBIX KaJIBLUEBBIX KAHAJIOB M BXO[
Kanpus. B npyrux oOmacTsx Mo3ra KOHIEHTPAIMsS CBOOOJHOTO KaJbIMS yBEJIMUYHBAJIACH IOCIE
aKTHBAllUM TIyTaMaTOM MeTa0OTPOMHEIX IIyTaMaTHBIX PEIENTOPOB, YTO MPHBOJMIO K HHO3HUTOJN-3-
¢docaT-onocpeoBaHHOMY BBIOpOCY KalbIMs U3 BHYTPHKICTOUHBIX Jemo (rnmaBa 10). B kmerkax
[lypkuHbe MO3Keuka, B KOTOPbIX OTCYTCTBYIoT NMDA penentopsl, BXoA KajbLUs ONOCPEIOBaH
MOTEHIMAI3aBUCHMBIMU KaJIbLIUEBBIMH KaHaTaMM, KOTOpPbIE YYacTBYIOT B T€HEpAllMd JEHAPHUTHBIX
noTeHuuanoB Aencteus. Ilouemy Hakomnenue kanbuus BbizbiBaeT JBII B ognux ciyuasx u B/l B
npyrux? B Hacrosiee BpeMs HET YE€TKOIO OTBETA Ha 3TOT BOIPOC, XOTS €CTh HEKOTOPOE pa3audue B
JIOCTATAeMBIX KOHIIEHTPAIUSIX — OTHOCHTEIBHO OOJIbINas KOHIIEHTPAIMs Kaublus Bei3bBaeT [IBII,
MeHbIIas KoHHmeHTparus BbibBaeT JIBJI. CooTBeTCTByeT 3TOH TOUKE 3peHUS HAOIIOJCHHE Ha
kiaerkax mons CAl: crumyn, BepbBatomuid cinabyro JIBII nmpu  HOopMmanbHOH HapykHOI
KOHUEHTpalMHU Kajblys, BeI3biBaeT JAB/l nocie ymMeHblIEeHNs] HAPYKHON KOHLIEHTPaLUK ™.

Cuctembl BTOPUYHbLIX NOCpeAHUKOB, onocpeaytowme OB

[Mpoucxopsiue B KIETKE IPOLECCH, CBS3BIBAIOIINE CPABHUTEIBHO HEOONBIIOE YBEIHYCHHE
KoHUeHTpauuu kanbuus ¢ JIB/l, nmoka He ouens sicubl. Kak u npu JIBII, 61okaTopsl KaabMoayaInHa
OJIOKHPYIOT TOMOCHHANITHYECKYIO I[BZ[69). ITokazano, uto /IB/] orcyrcTByeT B HOKayTHBIX 110 T€HY
CaMKII wmpmrax. Kpome toro, romocunantudeckas JIBJl Onokupyercss MOCTCHHANTHYECKAM
BBEJICHHEM OJIOKaTOPOB IPOTEHH-pocdaras.

Wunykous 1B/l B Mo3kedKe IPOUCXOIUT TOJIBKO MPU OJHOBPEMEHHOM aKTHBAIlH METabOTPOIHBIX
n AMPA riyramMaTHBIX penenTopoB. Tak Kak aKTHBALMsS JMAHOBUAHBIX BOJIOKOH MOJKET BBI3BATh
3HAYUTENBHBIA BXOJ KaJblMsi Yepe3 MOTCHLHAN3aBHCUMbIE KaHAJbl, TPYIHO MHpEAnojararb, 4TO
OCHOBHas POJIb aKTUBAL[U METa0OTPOIHBIX PELICIITOPOB 3aKII0YACTCS B YBEIH-
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YEHUU BHYTPUKJIETOYHON KOHLEHTPALMM KaJbIMS Yepe3 aKTUBalMio 1P;-uyBCTBUTEIBHBIX
nero. bonee BepoATHRIM mpencTaBisercs MyTh aktuBauuu npotenH-kuHa3zel C (IIKC), dgro
nmoJTBepkIaeTcss NaHHbIMU o Onokazne JIBJl B mozxeuke Gnokaropamu ITIKC. Bxon nonos
Hatpus uepe3 AMPA penentopsl Takke MOXKeT UrpaTh pois B uHAyKIuu JB/l, Tak kak 3ameHa
BHEKJIETOYHOT'O HATPUS Ha JINTHH WK LIE3Ui TaKkke OJIOKUpYeT B,

B Heckonmbkux paboTax Ha MEpEeKUBAIOMIMX Cpe3aXx MOIKEUKa MOKa3zaHa pojb OKCHIA a30Ta
(NO) B mamykumn u moxaaepkanuu JIBJl, omHako B JpyrWX HCCIENOBAHUSAX HE YAAJIOCh
npoaeMoHcTpupoBarh posib NO. Oxkazanoch, uto NO-cuHTa3a, HeoOXoauMas Ui MPOAYKIHUU
NO, nonxHOCTBIO OTCYTCTBYET B KieTkax [lypkunne.

Mpossnexue OB

YMeHbIlIeHHEe MOCTCHHANTUYECKONH YyBCTBUTEIBHOCTH SBIISIETCS OCHOBOHM mpossiaeHus JIBJI.
Kpome yxxe 0TMEe4eHHOTr0o OclIabJIeHUs] YyBCTBUTEIBHOCTH K ANIUIMKALIMK TIyTaMaTa, OTMEYCHO
YMEHbIIEHHE aMIUIUTY]] MHHHUATIOPHBIX BICI"™. Dru usmenenus COIIPOBOXKIAIOTCS
nedochopumupoarmem GluR1 cyosenmammsr AMPA penentopos’”, urto mompasymesaer
YMEHbILIEHHE IPOBOJIUMOCTH OJMHOYHBIX KaHajoB. bonee Toro, Bo Bpems nposisienus /IBJl Ha
KJIETKaX TUIIOKaMIla B KyJbType OTMEUYEHO yMeHblleHne konuaectBa AMPA penentopoB Ha
MMOCTCHHANITUIECKOH MeM6paHe67). Takum 00Opa3oM, MeXaHW3Mbl, U3BECTHBIE JUIS MPOSBICHUS
JB/, seustorcs oOpatHeiMu Mexanusmam [IBII. BesycnoBHo, oOcyxaenHbie cBoicTBa JIBJ]
IIOJIBEPKEHBI PA3HOOOPA3HBIM MOAYIUPYIOIINM BIHSHUSM.

Kpome toro, xak w mus JIBII, cymecTByloT mnpu3Haku y4yacTHs MPECHHANTHUECKUX

MEXaHM3MOB: BO MHOTHX CIy4asX YMEHbIICHHE AaMIUIMTYAbl CHHANTHYECKOro MNOTEHIHala
o 75 76

COTPOBOXKIACTCS YBETHUCHHEM (DaCHIHTAINK HA MTAPHBIA HMITYIIBC - .

3HauYeHue U3MeHeHUN cnHanTu4Yeckon acpcheKTUMBHOCTH

OO0cyx/IeHHbIE B HACTOSINEH TJIaBe SBJICHHS MPEICTABISIFOT CO0Oi OCHOBY CIIOCOOHOCTH
HEpPBHOM CHUCTEMBI PETyIUpPOBaTh CUHANTHYCCKYIO d((PEKTHBHOCTh B MHTEPBANaX OT ACCITKOB
MWUIMCEKYHI [0 HECKONbKMX aHed. Kak 9TH MeXaHHW3MBl HCHONB3YIOTCS  IPH
(GYHKIMOHMPOBAHUHM HEPBHOM CHCTEMbl M WX OTHOCHTENbHOE 3HAa4Y€HHE B OCHOBHOM
HensBecTHBI. HanOonpmmii HHTEpeC MpenCcTaBIsoT COOOH [Ba ONMCAHHBIX BU/A MOTEHIMALNY.
IpecunanTuyeckas mo npoucxoxaeHuro ITTII TUTes ASCITKA MUHYT B LIMJIMAPHOM TaHTJIHU U
9acel B HEPBHO--MBIIIEYHOM COCOMHEHUH II03BOHOYHBIX JKMBOTHBIX IIPU 3HAYUTEIHHOM
MOBBIINICHHN KOHIICHTPALMK HOHOB KaJbLs B MPECUHANTUYECKON TepMuHAmU. Takas BBICOKas
KOHLIEHTPAIMS JIETKO MOCTIDKMMAa B HEOOJBIIMX NPECHHANTHYECKHX OJmKax ¢ OONBIINM
COOTHOUICHHEM MOBEPXHOCTH/00beM. BO3MOXKHO, YTO YacTh HECOOTBETCTBHM, BOZHHUKAIOIIMX
IpU TIOMBITKaX Kinaccuduuuposath JIBII kak mpecHHANTHYeCKOe WIM HNOCTCHHAITHYECKOE
SIBJICHHE, CBA3aHO HMMEHHO C TeM (DaKTOM, YTO B HEKOTOPBIX CHHAIICAX MOXET OBITh
3HauuTensHoe BpemenHoe nepekpeitue [ITII u JIBII, uro He mo3BONSET OTACTUTH ATH ABA
SIBJICHUS B OKCIIEPUMEHTAX, JUBIIINXCS BCETO HECKOJIBKO YacOB.

IToka HeT cTPOrMX MOKa3aTENbCTB YYacTHs M3MEHEHWH CHHANTHYeCKOH 3((QEKTUBHOCTH B
mporeccax OOyd4eHHsT W TMaMSATH, XOTSA OOJBLIIMHCTBO HEHPOOMOJIOrOB NPHHUMAET 3TO Kak
HCXOIHBIN TOCTynaT, 4yTo akTHBH3UpyeT uccienoBanne Mmexanm3moB [ITIT u JIBII. Murepec
YCHJIMBAeTCs TEM, YTO 00a 3TUX SIBJICHUS 00J1a1al0T CBOMCTBOM, OCTYJIMPOBaHHBIM J{OHAIbI0M
Xe660M Kak HEOOXOIMMBIM IS aCCOIMATHBHOTO OOYYeHHs = — YBEIHYEHHE CHHAITHYECKOH
(G (PEKTUBHOCTH NPOUCXOAUT IPH KOAKTHBALMU IPECHHANTHYECKUX W IOCTCUHANTHYECKHX
ameMeHTOB. Ha CcOBpeMEHHOM Hay4HOM S3bIKE CHHAIICHI C TaKMMH CBOWCTBAMU Ha3bIBAIOT
cuHancamu Xeo60a.

JIOCTaTOYHO HAJISKHO TIOKa3aHa KOPPEISILUS MEXKIY MPOCTPAHCTBEHHbIM o0yueHueM u JIBIT Ha
HeiipoHax cpe3oB rummokamma . HampumMep, 06a 3THX SBICHHS MOTYT OBITh GIOKHPOBAHBI
antaronuctamu NMDA penenTopoB Wid MeTabOTPOMHBIX TIyTaMaTHBIX PELENTOPOB JUOO
0JIOKaTOpaMH  KaJbLUi/KaJbMOIYIHH-3aBUICUMON  MpOTeMHKWHA3bl.  OjpHaKo  mpupojna
MOBe/IcHYeCKOro neduinTa, BEI3BAaHHOTO OJIOKAzo#, He Beerna sicna. Hampumep, npu nedcTBUR
anTaronuctoB NMDA penenTopoB y KpbIC HaOroAaeTcs o0IIMe CEHCOMOTOPHbBIE HAPYILICHNS,
KOTOPBIC BIMSIOT Ha PEIICHUE 3a/1a4 [0 OPHEHTAIMU B BOJHOM JIAOMPUHTE (YTO MPEANOIaraeT
HapylmieHne oOydeHMs), HO KPBICHI JIETKO CHPaBISIIOTCA C 3afadeld, ecou A0 Hadana
OKCIICDHMEHTA OHH OBUIM O3HAKOMICHBI C OOCTAHOBKOH NpOBeieHHs oOydeHms® . Takim
oopazom, NMDA--onocpenoBannas JIBII He siBisieTcss HEOOXOIUMBIM TpeOOBaHUEM LIS STOH
3agaun. CXomHbIe
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HCACHOCTH OTMCEYCHBI B DJKCIEPUMCHTAX C YAAJICHUEM TI'C€HOB: HEKOTOPBLIC H3 T'C€HOB, KOTOPHBIC
HeO6XOIII/IMI)I JIIsL ﬂBH, HeO6XOIII/IMI)I JJIA IIPOCTPAHCTBEHHOT'O O6y‘IeHI/I$I, HCKOTOPLIC Hesz).

Haxommiocs MHOTO JaHHBIX, NMOATBEPKIAIOIINX THIIOTE3y O ToM, uto JIBII B MHHmammHE MOXET
ObITh cyOcTpaToM st aBep3uBHOro oOycnaBnuBanus ('fear conditioning"). ITonyuaBiiue coderanus
3JIEKTPOIIOKA M 3BYKa KPBICHI JEMOHCTPUDPYIOT YCHJICHHBIH OOOPOHHTEIBHBIH pediiekC Ha 3BYK.
INapannenbHO € 3THM OTBET KJIETOK MHHOAIMHBI Ha 3JIEKTPUYECKOE DPa3[Apa’keHHE BHYTPEHHETO
KOJIGHYaTOro Tena (Iepefaiomero 3ByKoBylo HH(opMarmo) ysemmuen' - Y. CooTsercrBeHHo,
naayknust JIBII B 9THX ke CHHAIcax € IOMOILIBIO DJIEKTPUYCCKOM CTHUMYISIMH IIPUBOIHUT K
YBETHUEHHIO OTBETOB HA 3BYKOBBIE CTHMYIEI. O6a s¢dexra Grokupyiores anraronncrama NMDA
peL[eHTopOB85 - 89 B 3akmoueHmne MOXKHO CKa3aTh, 4TO XOTS 6e3oroBopouHOit cBsizu mexnay JIBIT u
IIPOCTPAHCTBEHHBIM O0OydeHHEeM He ycTaHoBieHo, JIBII MoxeT urpartb poib B Oosiee TUCKPETHBIX

aKTax 0O0y4eHHMs, TAKUX KaK KJIacCH4ecKoe 00yClaBIBaHUE.

BbiBOAbI

- KopoTkue nepuoapl CHHaITH4ECKON aKTUBALIMU MOTYT HPHBOIUTD K (DaCHIMTALIMY, ICTIPECCUH WIIH
YCHJICHUIO BEIOpOCa MeraTopa, Wik K KOMOMHAIH 3TUX 3 deKToB.

- DacuiuTanys UCYE3aeT 3a HECKOIbKO COTCH MUIUIMCEKYH/I; CHHANITUYECKAsl ICIPECCUsl U yCUIICHHE
JUIATCS. HECKOJIBKO CEKYHJI.

Qacuiuranys CBA3aHa C JUIMTEIbHBIM YBEJIMYEHHEM KOHICHTpAlMU KalbLUs B LUTOILIA3ME
[IPECUHANTUYECCKON TEpMUHAIIY.

IIponomxuTenbHas PUTMHYECKAss CTUMYJSIIMS TNPUBOJAMT K MOCTTETAHUYECKOM MOTEHLIHUALUH
(IITII) BeIOpOCaA MeanaTopa, KOTo-
pasi MOXET JJIMThCS JAECSITKU MUHYT M TaKkKe OIOCPEOBaHA YBEIWUYEHUEM KOHIIEHTPALUK KaJIbIUs B
MIPECHHANTUYECKOH TepMUHANN.

Bo wmHormx ob0macTsSX HEpBHOM CHCTEMBI PUTMHYECKass CTUMYJIALMS MOXKET IPHUBOIUTH K

nosroBpemenHoi norenuuanuu (JABII) wnu nonroBpemennoit nenpeccun (JIBJI) cunantuueckoit
nepeiadu.
- W3menenus cunantuaeckoit s¢pdexrusaoctr npu [ABIT u 1B/l MoryT OBITH TOMOCHHANITHIECKUMH,
TO €CTh 3aTParuBalOIIMMH TOJNBKO CTUMYJIMPYEMBIH BXOJ, MM TeTEPOCHHANTUYECKUMH,
3aTPArMBAIOLIMMU  COCEJHME  CHHAICBI; TCTCPOCHHANTHYECKHE M3MEHEHHMS MOryT  ObITh
aCCOLMATHBHBIMU, TO €CTh TPEOYIOUMMH KOOPANHUPOBAHHON aKTUBHOCTH CUHANTHYECKHUX BXOJIOB.

Bosnuknosenue JIBII cBA3aHO C NOBBILIEHHMEM KOHLEHTPALUHM KajlbliUsA B IOCTCHHAITHYECKON
KJIETKE U 00YyCIIOBIEHO KaK BCTPaWBaHUEM HOBBIX PELENTOPOB B IIOCTCHHANITHIECKYIO MEMOpaHy, Tak
U YBEIIMYEHHUEM YYBCTBUTEILHOCTU PELICITOPOB.

Bozuuknosenue JIBJ] Takke CBA3aHO C MOBBILEHUEM KOHLEHTpPAUUM  KalbliUsi B
MIOCTCHHANTHYECKOH KJIETKE M OOYCIOBICHO YMEHBIICHHEM KOJIMYEeCTBA M UyBCTBUTEIHLHOCTH
PELEnTOpoOB.

- JIBIT u IB/I MOTryT BBI3bIBaTh U3MEHEHHS BHIOpOCA MEIUATOPA U3 NPECUHAIITUYCCKOW TEPMHUHAIIH.

- XOTA CyWECTBYIOT KOppessiuuu Mexay BozHukHoBeHueM JIBII u JIB/] u uaMeHeHussMu noseneHust
npu  OOy4eHHM, HPUYMHHO-CICNCTBEHHOH CBA3M MEXAY OSTUMH JUIMTEIbHBIMH HM3MEHEHHAMU
CHHANTHYeCKOU 3 (PEKTUBHOCTH 1 00pa30BaHUEM NaMATH HE YCTaHOBJIECHO.
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I'nasa 13. Knemounas u monexkyaapuas ouoxumus
CUHANMUYECKOU nepeoauu

B xuMunyeckux crHancax HelpoHbl BbIcBOGOXAAOT HEMponenTuabl U HU3KOMOSIEKYNsipHble MeauaTopbl, Takue
KaK aLeTunxonuH. HuskoMornekynsipHble MeANaTopbl CUHTE3NPYIOTCS! B @KCOHHbIX OKOHYaHUSX (TepMUMHansix).
CyluecTByeT Lenblii psif MexaHU3MOB, KOTopble o6ecrneunBaloT XxpaHeHue MeAuaTopoB B CUHaMTUYECKUX
nysbipbkax (Besukynax), ObICTpoe MW3MEHeHWe aKkTUBHOCTM (DEPMEHTOB, OCYLLECTBASAOWMX CUHTE3
MeanaTopoB, U AONTOBPEMEHHbIE W3MEHEHUSI KONMYecTBa MOMEKYn 3TUX (epMeHTOB B TepMuHansx. OTu
MeXaHU3Mbl PErynupyloTc B COOTBETCTBMM C NOTpeBHOCTAMM KneTok BbicBODOXAaTh Heobxogumoe
KONMMYecTBO MeamaTtopa. Helponentnabl CUHTE3NPYIOTCS U BKIIOYAIOTCA B My3bipbku B Ternle KNeTku, 3atem
TPaHCMOPTUPYIOTCA B aKCOH K MECTY XpaHEHWs 1 BbICBOBOXAEHMS.

CvHanTu4eckue NysbipbKU U ApYyrue opraHesnsbl NepeHOCATCs No HanpaBneHuio K TepMUHany (aHTeporpasHbii
TpaHCnopT) M obpaTHO K Teny KNeTku (PeTporpagHbii TPaHCMopT) GbICTPbIM aKCOHHLIM TPAHCMOPTOM.
MeaneHHbIM akCOHHBIM TPAaHCMOPTOM NEPEHOCATCA LMTonasMaTuyeckue 6enkv 1 KOMNOHEHTBI LUTOCKeneTa
aKCOHOB OT Tena KNeTKu K TepMuHany.

BeicBoGoXaeHNe MeamaTopa M3 CUMHANTMYECKUX My3bipbKOB MPOMCXOAUT MO MEeXaHu3My 9K3ouuTo3a.
3K30LMTO3 — BbICOKOKOHCEPBaTUBHbIN NPOLIECC, BKMOYAOLMIA NepeMeLleHe Ny3bIpbKOB MO HarnpaBneHuo K
MeMbpaHe U CrsHWe BE3UKYNSPHOW W KNETOYHOW MeMOpaH, Kak y APOXOKen, Tak U y MyX u y yenoseka. B
HEPBHbIX TepMuHanax 6enkM CuHanTUYeckoro mnysbipbka CBA3bIBAOTCS C 6Genkamu npecuHanTU4eckon
MeMbpaHbl, 06pa3sys KOMMMEKC, KOTOpbI yaepXvBaeT My3blpek, roToBbll K Bbibpocy megmatopa. WoHb
KanbLusi, BXoAsiLUME B TepMUHarb, CBSA3bIBAKOTCS C GenkaMu 3TOro KOMMMeKca M CrocoGCTBYIOT CRUSIHUIO
BE3MKYNAPHON U NpecMHanTUYeckon MembpaH 1 3K30UMTO3y.

Peuentopbl  HelpomeamaTopa  CKOHLUEHTPUpOBaHbl Ha  MeMOpaHe  MOCTCUMHANTUYECKOW  KMeTku
HEenocpeacTBEHHO MOA4 HEepBHOW TepMuHanblo. benku uutockeneta u mMembpaHHble Genkv ygepxvBatoT
peuenTop U co3patoT cybmemBpaHHyo ynopsifoYeHHY0 CTPYKTYPY, C KOTOPOW CBSI3aHO (PYHKLIMOHWMPOBaHWe
BHYTPUKIETOYHbIX CUTHamNbHBIX BENKoB.

®uHaNbHbBIN LWar XMMUYEeCKoi CUHaNTUYeCcKon nepeaadn — yaaneHue MeanaTopa U3 CUHanTUYECKON Lienw.
Hu3akomonekynsipHble Megmatopbl nuGo pacnagaloTcs nocne  BbicBOGOXAeHUsl, NGO 3axsaTbiBalOTCH
rMUanbHbIMU KNETKaMU UM aKCOHHBIMU TEPMUHAMAMM, FAE OHW MepeynakoBbIBAKTCS B Ny3blPbKU U CHOBA
BbIGPACLIBAIOTCS B CUHANTUYECKylD LWenb. Herponentuabl yaansiorcs nytem Auddysun. Xumudeckue
BElecTBa, KOTOpble OKasblBaloT BMWSHWUE HA pacnaj MeauaTopa WnW ero 3axeaTt, MOryT OKasblBaTb
BO3/EVICTBME Ha MPOLIECC Nepeayn curHana. JTo 4oKasbiBaeT, YTO MPOLIECChI yaarneHus HempoMeamaropa us
CUHaMTUYECKON LEMN MrPaloT BaxkHYIO POSlb B CUHANTUYECKOM nepeaadye.

[Iponiecc BBIACHEHHS OMOXMMHUYECKMX OCHOB CHHANTHYECKOM Iepefauyd BHauyaie ObLI OYeHb
MeIeHHBIM. Uepes IecThAecAT JIeT MOCHe TOro, KaK Hes XUMHYECKOH CHHANTHYECKOH mepenadu
ObUIa BIIEPBBIC TpeaiokeHa DmHoTtoM B 1904 ro;[yl), TOJIBKO TPHM BEIIECTBA — ALETUIXOJIMH,
HOPaJApCHANMH M Y-aMUHOMACJSIHAsI KHCJIOTa — ObUIM OE30rOBOPOYHO HMACHTU(DHIIMPOBAHBI Kak
HelipoMeuatopel. Penentopsl 3THX MeIuaTopoB OBUIA MPOCTO KIACCH(UIMPOBAHBI HA OCHOBAHUHU
uX (hapMaKOJIOrHYECKMX CBOWCTB: HUKOTHHOBBIC MIIM MYCKaPHHOBBIC JUISl allCTHIIXOJINHA, O- WK [3-
aJpeHepruyeckre il HopajJpeHalnHa. B mocienHue HECKONBbKO NECSTUICTHH IMPOM3OIIET B3phIB
KOJIMYECTBa OMOXUMHUYECKUX WCCICAOBAHUH HEPBHOW CHCTEMBI, 4YTO CTall0  CIICJICTBHEM
KOHIICNITYaJbHBIX W TEXHOJOTMYCCKUX IIOCTIDKCHHH OMOXMMHH WM TEHETHKH. B pesynpTare 3TOTO
O6onee 50 BemiecTB ObUTM MpPEIJIOKEHBI B KauecTBE HEHPOTPAHCMHUTTEPOB. BbUIM ycTaHOBIIEHBI
CTPYKTypa OeJKa U MOJICKY/IAPHbIE MEXaHU3MBI IESTEIbHOCTH PELIENTOPOB HelipoMeana-
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Puc. 13.1. Xumuuyeckas  cuHanTuyeckas

nepepaya. B XUV N4ECKNX CMHancax

HerpomMeauaTopbl CUHTE JMPYIOTCS, XpaHATCS B

CMHaNTUYECKMX BE3WKYNe X U BbicBOboXAaloTCS

nytem 9K30UMTO3 2. Megwnatopebl

g 4 AN DYHANPYIOT Yepe3 GUHANTUYECKYH Lenb,

aKTUBUPYIOT peLenTopbl Ha

/ NOCTCUHANTUYECKON tneTke n 3atem

Tenmsrmster yoanaiooTtca nytem auddyaum, 3axsata unu
refmdvil pacnaga.

Prastsynaptic cell

Fig. 13.1. Chemical Syn.ptic Transmission. At
chemical synapses, reurotransmitters are
synthesized, stored in <ynaptic vesicles, and

Transmitters diffuse across the synaptic cleft activate receptors on h
released By exocytosis.

the postsynaptic cell, and then are removed ty diffusion, uptake, or
degradation.

TOpoB (T71aBbl 2 M 3) W OXapaKTepU30BaHBI MYTH, MO KOTOPHIM MEIMATOPHl OCYLIECTBISAIOT WU
MOJIYJIHPYIOT CHHAITUYECKYIo nepenady (rassl 9 u 10).

B sr0i1 riaBe Mbl choxycupyeM BHUMaHUE Ha OelKax M OpraHeulax, KOTOpble OCYLIECTBISIOT CHHTE3
MEIHaTOpOB, X XpaHEHHE, BBICBOOOXKICHUE U yAaleHne U3 cuHantiuyeckoi menu (puc. 13.1). Xots
MHOTHE M3 3THX HPOLECCOB OBUIH ONMCAaHBI B HEPBHOW TKAaHM, HEKOTOPHIC M3 HUX OBUIM BIICPBBIC
OXapaKTepH30BaHBl B COBEPIICHHO JAPYTHX YCIOBUSAX. SIpKMM IpUMEpOM SIBISIIOTCS OeNKwy,
Y4YacTBYIOIIHE B BBICBOOOXICHUHM MeAMaTopa, (GyHKIUS KOTOPHIX OblIa YCTaHOBJIEHa Ha OCHOBAaHHU
HX POJIH B IpOIEccax TPAHCIOPTa B anmapaTe [obmky 1 ceKpelun B KIIeTKaX APOXKKeil.

§ 1. Heiipomeauatopsbl
UpeHTudmkauma meguaTopos

[Mnonepckue sxcniepuments! JIaurmu, JleBu, ®@enpadepra u [eiina ycTaHOBUIN, YTO alCTHUIXOIUH
SIBIIICTCS HEUPOTPAHCMUTTEPOM B HEPBHO-MBIIICYHOM COCIUHEHHM CKEICTHOW MyCKyJIaTyphl
MI03BOHOYHBIX M B aBTOHOMHBIX TaHIIINAX (raasa 9). Onpenensiomue padotsl Kennona, gon Ditnepa
n Ilepra moka3amy, dYTO HOPAAPEHATIMH SBIAETCS MEAWATOPOM, BBICBOOOXKIAIOIIUMCS W3
cummaTHueckux Heitporos”, a ®nopu, Kyddmep, KpaBuTi um HX KOWIETH OTKPHUIH, 4TO Y-
aMHHOMACIIiHas KHCJIOTa SIBISAETCS TOPMO3HBIM MEIUATOPOM B HEPBHO-MBIIIEYHOM KOHTAKTE
paKxooOpasubix”. B 9TMX HCCIENOBAHMAX ObUIM HCIIONb30BAHBI JErKO JOCTYIHbIE mepudepHueckue
CHHAICBl, B KOTOPBIX BO3MOXKHO H30MpATENIbHO CTUMYJIHUPOBATH HPECHHANTHYECKHI AaKCOH,
PETHCTPUPOBATh BHYTPUKIETOYHYIO AKTUBHOCTh MOCTCHHANTHYECKON KIETKH, aIIUIMIIPOBATh
XMMHYECKHE BEIECTBA HA MPECHHANTHUECKYI0O MEMOpaHy C MOMOILBI0 MUKPONUIETKH U COOMPATh
BBICBOOOJKMatoIuiics Meanarop. Takum o0pa3oM ObUIO MOKa3aHO, 4YTO MOJIEKYJa, KOTOpas,
BO3MOJKHO, SIBIISIETCSI MEJIMATOPOM, ObIJJa CHHTE3HPOBaHA IIPECHHANTHIECKOH KIIETKOH, XpaHWIach B
AKCOHHOH TEepMUHAIM, BBLIEISUIACH BCIEACTBHE CTUMYJSIIUM HEpBa M BOcHpou3Boimia dddexTst
9HJJOT€HHOTO TPAHCMHUTTEPA B (PU3HOIIOTHIECKHX U (PapMaKOJIOTHIECKHX TECTaX.

B orimune oT Takux nepudepudeckux CTPYKTYp, OTAENBI EHTPaIbHON HEPBHOM CHCTEMBI COlepKaT
pasHble THUIBI HEWPOHOB, KOTOpble OOILIAIOTCA JPYr C JPYroM. OTO CHJIBHO YCIOXKHSET
uneHTuUKaLo MeauatopoB. K cuacTbio, KIETKH, HCIOJb3YIOIME OAWH M TOT K€ TPAHCMUTTED,
WHOTAA CTPYNIIHPOBaHBl BMECTE, a UX AKCOHBI MPOXOIAT B BHIE IIyYKOB K XOPOIIO H3BECTHBIM
oTaenaM. OTO AAeT BO3MOXHOCTb CTHMYIJIHPOBAaTh H3BECTHBIE IOMYNAIMU AKCOHOB M COOMpPATh
MeJUaTop, KOTOPBIH OHM BBIAENSAIOT. Takye SKCIICPHMEHTHI MOTYT OBITh CIETaHbl HAa MHTaKTHOM
LIHC ¢ ucnons3oBanHdeM, Hampumep, Mukpomuanusa’ > umu push-pull xamomu® ” mis nepdysuu
MECT CKOIUICHHSI CHHAICOB. B npyrux ciydasx Moryt OBITH HMcHonb30BaHbI cpe3sl Tkanu L[HC
TonmuHON npumepHo 100 MKM 11t TOTO, YTOOBI CTUMYJIMPOBATH ONPEETICHHBIC HEPBHBIE TPAKTHI,
OCYLIECTBIIAA IPU 3TOM 3allUChb AKTUBHOCTH IIOCTCUHANTHYECKUX KIETOK. Cpe3pl MOXKHO
KyJIbTHBUPOBATh 1 Vitro, Ha HUX MOXHO aNIIMIMPOBATH MEAMATOPHI YePE3 MMKPONUIETKY H
cobupath mepdy3ar’ WM HCTONB30BATh UPE3BBIYANHO UYBCTBUTEIBHBIC AMIICPOMETPHUCCKUE
MeTomsr.

beuin  paspaboraHbl M JApyrue€ MeETOAbl HACHTU(GHKALMK TPAHCMHUTTEPOB H BH3YalIH3alUH
pacrpeneneHus: KIeTOK, KOTOpble X BeIIelstoT, B cuHarcax [[HC. Onu Oymyt onmcansl B riaBe 14.
MHorue U3 3TUX METOJJOB OCHOBa-
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Puc. 13.2.  HuskomonekynsipHbie o
HelipomeamnaTof bl. i "
Fig. 13.2.  Low-Molecular-Weight Oy G OOl e
Neurotransmitters. Acetylcholine (ACh)
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Hbl Ha JCTCKIWU JSKCHIPECCUUN 6CIIKOB, KOTOPBIC OCYHICCTBJIAIOT Pa3IMYHLIC aCIICKTBL XUMUYECKOM
CHHANTUYECKON nepeaavu.

HetpomeguaTopbl Kak NOCpeaHUKN

OpuH U TOT e HeHpOMEeIHaTOp MOXKET BBICBOOOMKAATHCS B Pa3HBIX OTAENAX HEPBHOH CHCTEMBI.
TO4YHOCTP MOCTaHHs, KOTOPOE COOOLIACTCsl ITUM MEIHATOPOM, ONPEICIASTCI KOHKPETHBIMHU MyTSIMH,
CBSI3BIBAIOIIMMY pa3Hble HEHpPOHBI Mexdy coboil. Hampumep, BblmeneHHE AalETHIXOJIMHA W3
TEPMUHAIH MOTOPHOTO HEpBa B MBIIIE gastrocnemius (OPIOXOHOTOTO MOJUTFOCKA) BEI3BIBACT
YIUIMHEHUE HOTH, TOT/Ia KaK alleTUIIXOJIUH,
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BBICBOOOXKJaeMblii B ompeneneHHbix cuHarcax B ILIHC, maeT BaM BO3MOXHOCTH BCIIOMHHUTH
KapTUHBI Bamiero nercrBa. C Ipyroil cTOpOHBI, HeHponenTHasl 0OHAPYXEHbI TOJBKO B OYEHb
MaJIOM YHUCIIE KJIETOK, KOTOPBIC CIYXaT Ul BBIMOJHEHUS crienupuuecknx QyHKIMHA. B Takux
cinyyasx quddysHas ammumKanys Kakoro-iu0o HeWpomenTtuaa MOKET BbI3BATh XapaKTepHOE
MOBEJICHUE, OIPE/eIIsieMOe PACHpe/IeICHHEM M CBOMCTBAMH €ro PEleNTOPOB Ha IEHTPaIbHBIX
Heiiponax. Hampumep, BBeneHue HeilpornenTuga Y B CIHHHOMO3TOBYIO JKUJIKOCTh KMBOTHBIX
MIPUBOJIUT K YPE3MEPHOMY MOCAAHUIO MTUIIU U omnpeﬂmom).

Monekynbl meguaTopoB

MenuaTopsl MOTYT OBITH pa3ieneHsl Ha TpH rpynnel. OfHa TPYIa CONEp KUT TaK Ha3bIBaeMble
«KJIACCUYECKHE» HEeMpOMENNaTophl, BELIeCTBA C HHU3KHMM MOJICKYJISPHBIM BECOM, KOTOpbIE
XpaHATCA B BE3WKyJax B HEPBHBIX TEPMHHAIAX. OTa TpyNNa BKIOYACT aleTHIXOJHH,
HOpaJpeHAInH, ajpeHaauH, nodamus, S-ruapoxcurpuntamud (5-HT wnmm  cepoTonun),
rucrtamMuH, aneHosuHTpudocpar (ATD) ¥ aMUHOKUCIOTHI — Y-aMUHOMACISHYIO KHCIIOTY
(TAMK), rmyramar u mmunuH (puc. 13.2). Bropas rpymna MeIuaTOpoB, XpaHSIIUXCS B
My3bIpbKaX, COCTOUT U3 HelponenTwioB (Tadmn. 13.1), 6omnee 40 U3 KOTOPHIX OBUTH OOHAPYKEHBI
B IHC mnexonuratomux. Okcun azora (NO) u oxeup yrnepoaa (CO) cocTaBisilOT TPEThIO
IPYMITy TPAHCMUTTEPOB, KOTOPHIE SIBISIIOTCS Ta3aMH, JIETKO PaCTBOPUMBIMU B JIMIUAAX U BOJE.
CrnenoBarenbHO, OHH HE MOTYT XpaHHUThCS B KieTkax. O4yeHb BEpOSATHO, 4TO emie OoJibliee
YHCIJIO MEJUATOPHBIX BELIECTB OCTAETCS HEUCCIEAOBAHHbIM.

MHorue BelecTBa, KOTOpble ObUIM HCXOJHO OXapaKTepU30BaHbl KaK HEHpoMeauaTopbl B
HEpBHOH cucteMe OECIIO3BOHOYHBIX WJIM B IEpUPEPUUECKHX CHHAICAX HEPBHOW CHCTEMBI
M03BOHOYHBIX, aAedcTByloT U B LIHC wmuexonutarommx. MHTEpecHO, YTO OJHH U Te Ke
MEAXATOPHI IIUPOKO PACIPOCTPAHEHBI B LIAPCTBE )KUBOTHBIX OT MUSIBOK U HACEKOMBIX 10 MHUHOT
U MJICKOITUTAIOLIHX.

§ 2. CuHTe3 HelipoMeIuaTopoB

I'ne cuHTE3MPYIOTCS MOJEKYITBI MEIHATOPa U KaK MPOMCXOIUT MOAIEPKAHNE U TIOMOTHEHHE €0
3anacoB? TpaHCHOPTUPYIOTCS JIX OHU B HEPBHOE OKOHYAHUE B FOTOBOM BUJE, WIM MEIUATOP
00pa3yeTcst HEOCPEACTBEHHO B TEPMUHAIN U3 IPEIIIECTBEHHUKOB, KOTOPbIE JOCTaBILIIOTCS U3
Terma kneTkn? OTBEThI Ha KaXIBIH M3 3TUX BOMPOCOB PA3IHYHBI JIA Pa3sHBIX MEAHATOPOB.
Knaccudeckue HM3KOMOJEKYISIPHbIE MEQUATOPbl NPOLYLUPYIOTCS B aKCOHHOHM TepMUHAIU M3
O0IIMX KIETOYHBIX META0OIMTOB M BKIIOYAIOTCS B MAJICHBKHE CHHANTHYECKHE ITy3bIpbKH (50
HM B JuaMmerpe) And XpaHeHus U BbIcBoOOxIeHUs. NO u CO Takke CHHTE3UDPYIOTCA B
TepMuHad. [TOCKONBKY OHM HE MOTYT ObITh ymakoBaHbl B my3bipbkd, NO u CO cpasy xe
T YHIUPYIOT U3 HEPBHOIO OKOHYAHUS M OKa3blBAIOT Bo3jeiicTBUe Ha muiienu (rnasa 10). C
JOpYTodl  CTOPOHBI, MENTHAHBIE HEWPOMEOWATOPHl CHHTE3WPYIOTCS B  Tele  KIETKH,
YIIAKOBBIBAIOTCS B OOJBIINME BE3UKYIIbI C INIOTHBIM LeHTpoM (large dense-core vesicles, 100-200
HM B JIMaMeTpe) U TPAHCTIOPTUPYIOTCS B aKCOH.

JIOTIOTHUTENBHYIO CIIOKHOCTh IMPEICTaBIAeT TO, YTO MHOTHE, a BO3MOXXHO M BCE, HEHPOHBI
BBICBOOOXKIaOT Oosiee omHOro Meauatopa. OOBIMHO OSTO OJMH HHU3KOMOJICKYJSPHBIN
TPaHCMUTTEP U OJIMH WM OoJiee HeHpoIenTH 12 pyc. 13.3 mokassiBaer nokanm3anuio 5-HT
u HeiiponentunoB FLRFamuga u annarocratiuna B otaenbHbiXx HelipoHax [THC GaGouku 9
BbIIO yCTaHOBJIEHO, YTO BO MHOTUX CHHAICaX TAaKHe KOTPAHCMUTTEPhI ICHCTBYIOT CHHEPIHIHO
(rmaga 16) " 'Y, Jlx BBIOpOCa HU3KOMOJIEKYIISIPHBIX MEIHATOPOB JOCTATOYHO OIMHOYHBIX
HUMITYJTbCOB, TOTAa KaK JUisi BBICBOOOXKACHHS HEHPOMENTUIHBIX KOTPAHCMHUTTEPOB YacTO
TpeOYIOTCS HaYKH UMITYJILCOB.

VmeroTcss MHOTOYHCIIEHHBIE 10KA3aTeNbCTBAa TOTO, YTO MHOTHE HEHPOHBI BEICBOOOXKAAIOT OoJiee
OJTHOTO HM3KOMOJICKYJISIPHOTO MEAHaTopa. DTy HICI0 BHICMEUBAIM BCETO JIMIIb HECKOIBKO JIET
Ha3aja. Hanpumep, HEKOTOpblE CHHMHAIBHBIE HWHTEPHEHPOHBI BBICBOOOXIAIOT AMHHOKHCIIOTY
rmuH 1 [AMK, kaxpgas w3 KOTOPBIX OKas3bIBaeT TOPMO3HOE BIUSHHE HA OJHY M Ty K€
IIOCTCHHANITHYECKYIO KJIETKY 4epe3 CBOM COOCTBEHHBIC peuenTtopsl . Jpyrhe CIMHAIbHBIC
HEHpOoHbI BBIOpackiBalOT ofHOBpeMeHHO AT® kak Bo3Oyxnaroumii meauatop 1 TAMK kax
TOpMO3HOH  menuatop ~.  IlpumewarenbHO  TO, 4YTO  MHOTME TaKk  Ha3bIBaeMble
MOHOAaMHUHEPTUYeCKUe HEUPOHBI B IEHTPAIbHON HEPBHOW CHCTEME IO3BOHOYHBIX (T€, KOTOPHIE
conepxar aopaMHH, CEPOTOHMH WJIM HOPAApPEHAIMH) COJEpXaT TaKKe IJTyTaMHHA3y —
(depMeHT, KOTOpBI OOBIYHO OCYIIECTBISCT CHUHTE3 IJyTaMaTa B AaKCOHHBIX TEPMUHAIAX,
BBICBOOOXKJAIOMMX TIiyTamMaT (cM. OOCyXAeHHe HW)XKe B OTOH TIjaBe). OTH JaHHbIE
CBHJICTEIILCTBYIOT O TOM, YTO TAKHE HEMPOHbI BHICBOGOXK1aI0T 00a Meamaropa ' - . Hampumep,
HEHPOHBI
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Tabnuua 13.1. HelponenTtuabl B HepsHOW cucTeme mnekonutatowmx. Table 13.1. Neuropeptides in mammalian nervous
systems

Family Precursor Meuropept| de
Opioid Pro-opiomelanoconin Cenicotropin (ACTH)
(POMC) - Lipotropin
a-MSH
a-Endorphin
- Endorphin
-Endorphin
Pro-enkephalin Met-enkephalin
Leu-enkephalin
Prodynorphin a-Necendorphin
[F-Mecendorphin
Dynorphin A
Dynorphin B (rimorphin)
Leumarphin
Meurchypophyseal Provasopressin Vasopressin
Mewrophysin 11
Pro-oxytocin Oxytocin
Meuropliven |
Tachykinins a-Protachykinin A Substance P
f-Protachykinin A Substance P
Meurckinin A
Neuropeptide K
7-Protachykinin A Substance P
Meurokinin A
Meuropeplide y
Protachykinin B Meurokinin B
Bombesin/GRP Probomibesin Bombesin
Pro GRP Gastrin releasing peplide (GRP)
Secrelins — Secretin
- Motilin
Proglucagon Gilucagon
Pro VIP Vasoactive intestinal pept de (VIF)
Pro GRF Girowth hormone—releasig factor (GRF)
Irsulins Pro-insulin Insulin
- Irsulin-like growih facter:
Somatostating Prosomatostatin Somatostatin
Gastring Progastrin Gastrin
Prochelecystokinin Cholecystokinin (CCK)
Meuropeplide Y Pro NPY Neuropeptide Y (NFY)
Pro PP Pancreatic polypeptide (FP)
Pro FYY Peplide YY (FYY)
Chler Pro CRF Corticotropin-releasing fa ctor (CRF)
Procalcitonin Calcitonin
Pro CGRP Calcitonin gene-related p rplide (CGRE)
Proangiotensin Angiotensin
Probradykinin Bradykinin
Pro TRH Thyrotropin-releasing hotmone (TRH)
-_ Meurglensin
- Galanin
Luteinizing hormone—reh asing hormone
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Puc. 13.3. (Cm. uBeTHyto Bkneviky nocne c. 640.) 5 Mmapokcutpuntamud, FLRFamug n annatoctatuH B oTAeNbHbIX
HepBHbIX kneTkax 6aboukn, Manduca. (A, C) ®nyopecueHTHble KOHdOKanbHble MUKpodoTorpadun Cpe3oB
onTnyeckon aonun 6aboukmn, oKkpalleHHbIX aHTUCLIBOPOTKOM Kk 5-HT (kpacHbin) n Helponentuay FLRFamungy (3eneHsbiit).
(A) MpoponbHbI cpes. KneTkn knactepa OL2 (cneBa BHW3Y) NpoeumpyloTcs rnaBHbIM obpa3om B crioi namuHa (La).
(C) ®poHTanbHbI BMA KnacTepa KneTok. bonblwmHCTBO kneTok cogepxat u 5-HT. n FLRFamung v Bbirnsgat xxentoimu.
(B. D) MukpodoTorpacum cpe3oB, okpalleHHbIX aHTUCLIBOPOTKON K 5-HT (kpacHbI) 1 HerponenTuay annatoctaTuHy
(3eneHbint). (B) MpoponbHbii cpes. KneTku, copgepxawme 5-HT w/wvnu annaTtoctatwH, nNpoeuupyrloTcst B NamuHy,
mepynny (M), no6yny (L) n nnactuHky nobynel (LP). (D) ®poHTanbHbIM BuA knactepa KneTok

Fig. 13.3. Hydroxytryptamine, FLRFamide, and AUatostatin in Individual Nerve Cells of the moth, Manduca. (A, C)
Fluorescence confocal micrographs of a section of the moth optic lobe labeled with antisera to 5-HT (red) and to the
neuropeptide FLRFamide (green). (A) Longitudinal section. Cells in the OL2 cluster (lower left) project mostly to the
lamina (La). (C) Frontal view of cell cluster. Most cells contain both 5-HT and FLRFamide, and so appear yellow. (B, D)
Micrographs of a section labeled with antisera to 5-HT (red) and to the neuropeptide allatostatin (green). (B)
Longitudinal section. Cells containing 5-HT and/or allatostatin project to the lamina, the medulla (M), the lobula (L), and
the lobula plate (LP). (D) Frontal view of cell cluster. Colocalization of 5-HT and allatostatin occurs in a small
subpopulation of cells. (Micrographs kindly provided by N.T. Davis and J. G. Hildebrand.)

siaep IIBa BBHICBOOOXKIAIOT W CEPOTOHMH, M IMIyTaMaT W3 OJHUX U TEX K€ CHHAICOB, KOTOPHIE
colepXxar JiBa pa3HbIX THUMA BE3WKyl B TepMmuHalsaX. JlodamuH-copepkaiiue HEHpOHbI
CPEAHEero Mo3ra UMEIOT [Ba Pa3HBIX TUNa TepMuHaneH. OOHU comepkaT U IyTamar, KOTOPBIi
BBI3BIBACT OBICTPBIA BO30YXIAIOUIMH NMOCTCHHANTHYECKUI MOTEHIWAN Ha KIETKEe-MHIIEHH, U
nodaMuH, KOTOpPBIM pacrpocTpaHsercss 1o OoJblIed IJIOMIA[M, OKa3bIBas MeEIJICHHOE
MOAyIupyrolee AecTBue. J[pyrue cogepxaT TONbKO TiyTamar.

CuHTe3 auetunxonuHa (AX)

OnHO U3 NEPBBIX MOJHBIX UCCIEJOBAaHUI O TOM, KaK MEAUATOPbl AKKyMYJIUPYIOTCS B HEPBHBIX
TEPMHUHAIAX U Kak 3amac MEIUaTOPOB IOMOJNHSAETCS B MEPHOABI aKTHBHOCTH KIETKH, OBLIO
BBINOIHEHO bupkcoMm u MakluTomeM B pabote, Irie OHU U3ydalal aleTUIXOIMH B TEPMUHAIX
MPETaHTIMOHAPHBIX aKCOHOB TEPEAHEro MeWHOro ranrmus Komku (puc. 13.4A u B; cMm. Takxke
raBy 16)'”. OHu BCTABIAIM KAHIONM B COHHYIO apTEPHIO H APEMHYIO BEHY, nepdy3HpoBai
TaHIJIMI  pacTBOPOM, COJCPKABIIMM AHTHUXOJIMHICTEPa’y, M AaHAIM3HPOBAIHM COJCP)KaHUE
aleTUIXoNMHa B nepdyszate. B ycrnoBusX NOKos HEOONIBIIOE KOJIUYECTBO ALETUIIXOJIMHA
MOCTOSIHHO BBICBOOOX/IAIOCHh U3 raHrus, coctabisisi mpuMepHo 0,1 % ot oOriero conepxanus
aleTHUIXOIKMHA Kaxayto MuHyTy (puc. 13.4C). Tot dakt, 4To ypoBEHb aETUIIXOIMHA B FAHIINU
OCTaBajICsi HEM3MEHHBIM, O3HA4al, YTO ALETWIXOJIHH IOCTOSHHO CHHTE3HPOBAJICS B IIOKOE.
(BrocnencTBuu OBLIO MOKA3aHO, YTO CKOPOCTh CUHTE3a alETUIIXOJIMHA B IOKOE, U3MEPEHHAsI [0
CKOPOCTH BKJIIOYEHMS PAJAMOAKTHBHO MEYEHOTO XOJMHA B AIETHIXOIWH, HACTOJIBKO BBICOKA,
4YTO KOJIMYECTBO, PAaBHOE IOJHOMY 3allacy alleTWIXOJIMHA, PACclafacTCsl U PECHUHTE3UpyeTCs B
aKCOHHOU TepMHUHANU Kaxabie 20 mun’”.)

3arem bupke u MakMHTOIm CTUMYIUPOBAIU IPEraHINIMOHAPHBIA HEPB AJIMHHBIMU IauKaMU
UMITy/IbCOB U OOHAPYKUIM, YTO KOJIMYECTBO ALETUIXOJIUHA, KOTOPOE BBICBOOOXKAAIOCH M3
raarms, yBennunsaioch B 100 pa3. DtoT mpupoct o3Havan, yto 10 % HCXOTHOTO cComepKaHMs
alleTHIXOJIMHA BbIOPAchIBAIOCh KaxIyr0 MUHYTY (cM. puc. 13.4C). MHTepecHO, 4TO CKOPOCTb
BBIOpOCA MOANEPKMBATACh HA OJHOM YPOBHE B TEUEHHE OJHOTO daca 0e3 W3MEHeHHs
COJEpKaHUsl ALETWIXOJIMHA B TaHrauu. TakuMm o0pa3oM, B TEUEHUE YaCOBOM CTUMYISILUU
aKCOHHAs TEPMHHAIb MOTJIA BBICBOOOXKIATh KOJIMYECTBO AIETUIXOJIMHA, MHOTOKPATHO
IPEBBIILIAIONIEE UCXOJHOE COAEPKAHUE MEUATOPA B FaHIIIUK 0€3 UCTOILEHHUS €ro 3amaca.

EnuHCTBEHHBI OK30T€HHBIH WHIPEIUECHT, HEOOXOAWMBIH HEPBHBIM OKOHYAHWSIM  JUIS
HOJJIEP>KaHUS 3arlaca alleTHIXONIMHA B TAKUX YCIIOBUSX, — 3TO XOJIMH, KOTOPbIH 3aXBAaThIBAETCS
U3 OKpYXKAalmeHd JKUIAKOCTH 10 MEXaHW3MaM aKTHBHOTO TpaHcmopTa (puc. 13.5).
Heo0xonuMoCTh BHEKJIETOUHOIO XOJIMHA ObLIa IPOJEMOHCTPUPOBAHA B HKCIEPUMEHTaX C
nepdysueil mpemapaToB pacTBOpPaMH, HE COJACPIKAIIMMHU XOIHH, W OJIOKaJO0i 3aXBaTa XOJMHA
AaKCOHHbIM OKOHuUaHueM c¢ mnomoumplo remuxonuHa (HC—3). B oboux cioyuasx ypoBeHb
alleTUIXONMHA B TAHTIIMM W KOJIMYECTBO AIeTHUIIXOJMHA, BBICBOOOXKIECHHOTO B pE3yIbTaTe
CTUMYIIALIMY, ObICTPO cHuKanuch (puc. 13.4C).

Kak ke KOHTpOIMpyeTcs CHHTE3 alleTHIXOINHA, YTOObI OH MOT BBICBOOOKIATHCS IO MEPBOMY
TpeboBanuto? Hame nmoHMMaHue MEXaHHW3MOB, PETYIHPYIOIIUX CHHTE3 alETHIXOJUHA U €ro
XpaHEHHUE B XOJIMHEPTUYECKUX HEPBHBIX OKOHUAHMAX, HAa yIUBICHHUE OrpaHudeHo. Dep-
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Puc. 13.4. amepeHune BsicBoboxaeHun AX us | (Al
Tep MvHanew nperaHrr VOHapHbIX aKCOHOB
nepefHero  LWEWHOro 1aHrmust  Kowku. (A)
MperaHrnuoHapHble  aksOHbl  MPUXOOAT K

nepeaHemy LUeAHOM! / raHrmno oT
pacnonoXxeHHOro 1103aau raHrnus
CMMNaTNYeCcKoro cTBOna. (B)

MperaHrnuoHapHblE HeW YOHbl, Tena KOTOpbIX
nexatr B CNWHHOM M3re, BbicBOGOXAAOT
aUeTUNXONUH  Kak Me[MaTop B  CuHamncax
cuMnaTuyeckux radrnues. Knetku raHrnves
BbicBoGOXaloT  HopapdleHanuH  (NE)  u3
BapUKO3HbIX  PacLUMPEH 1,  PacronNOXeHHbIX
BOONMb UX OTpPoCTKOB Ha nepudepum. (C)
BbicBoboxaeHne AX M3 cuMNATUYeCcKoro
raHrnus, nepdysnpoBaHHOro
OKCUIreHVpOBaHHON Mrastion, copepxaiien 3 -
10° M 33epuHa /N UMHIMGMPOBaHMS
aLeTUIIXONUHACTEPa3bI.

Fig. 13.4. Measuring the Release of ACh from
the terminals of preganglionic axons in the cat
superior cervical ganglion. (A) Preganglionic
axons reach the superior cervical ganglion from
more posterior ganglia in the sympathetic chain.
(B) Preganglionic neurors, whose cell bodies
lie in the spinal cord, release acetylcholine as a
transmitter at synapses in sympathetic ganglia.
Ganglion cells release norepinephrine (NE)
from varicosities along their processes in the
periphery. (C) Release of ACh from a cat
sympathetic ganglion per used with oxygenated
plasma containing 3 + 10 ° M eserine to inhibit
acetylcholinesterase.  Ir  control ~ medium,
preganglionic stimulatior at 20/s causes a
sustained, 100-fold incre:se in the rate of ACh
release, compared to relzase at rest. Release
decreases rapidly duriny stimulation in the
presence of 2 - 10~* M hemicholinium (HC 3),
which blocks choline up ake. (After Birks and
Macintosh, 1961.)

o
o 15 0. qlrr-.‘.ut
Time min)

T e o ]

MEHTAaTHBHBIE PEAKLUH 3TUX MPOLECCOB CYMMapHO M300pakeHbl Ha puc. 13.5 1 AeTaabHO MOKa3aHbI
B MPWIOKEeHUH B. AretHiaxonun cuHtesupyercs u3 xoiuHa u anetun CoA (auermn-kodepmenta A)
(depMEeHTOM  XOJMHALETUATpaHC(epa3oil M TMAPONM3yeTcs 0  XOJNMHa W alerara
aleTHIXOoNNHICTepa3oil. Oba yka3aHHBIX (DepMEHTa HaxoIITcss B uTo30je. [lockoibky peaknus,
KaTaIn3upyeMasl XOJHMHALETWITpaHChepa3ol, sBIseTcss 0O0paTHMOH, EAMHCTBEHHBIM (DaKTOpOM,
KOHTPOJIMPYIOIIMM yPOBEHb aleTHIXOJIMHA, CIY)XUT 3aKOH JeiicTBylomux wmacc. Hampuwmep,
CHIDKEHHE KOHIICHTPAIMH alleTIIXOJINHA, BBI3BAHHOE €0 BEICBOOOXKIEHHEM, OyIeT coCcOOCTBOBATh
CHHTE3Y 10 TeX IIOp, TI0Ka PaBHOBECHE HE OYET BOCCTAHOBJICHO.

OfHaKO PpEryJIATOPHBIE MEXaHWU3MbI, Pa0OTAIOIINEe B XOJMHEPIHYECKUX HEPBHBIX OKOHYAHUSIX,
SIBIISIIOTCS  OOJIee CIIOKHBIMH, 4YeM O3TOT. Tak, B YCIOBHSX IIOKOS HAKOIUICHHE AalleTHJIXOJINHA
OTPaHMYEHO OJHOBPEMEHHBIM THIPOJIN30M, KOTOPBIA  OCYIIECTBISIETCS  BHYTPUKICTOYHOI
alleTHIIXOJIMHACTEPa30il; HHrHOMPOBAHIE ALECTUIXOIMHAICTEPa3bl B HEPBHOM OKOHYAHHM BBI3BIBACT
MOBBIIICHAE ~ COACPIKAHHUS anermwxomuaa”  2¥.  Takum o0pa3oM, ypOBEHb, IO KOTOPOTO
HAKaIUIMBACTCs AICTHIXOIMH, MPEICTAaBIAeT cO0OW JMHAMHUYECKOE PABHOBECHE MEXKIY TEKYIIAM
CHHTE30M ¥ pacmajgoM. OTO sBiIseTcss oOmed dYepTod MeTa0onm3Ma HU3KOMOJEKYISIPHBIX
MeIUaTopoB. XOTS 3TO U KAXKETCS PACTOYUTEILCTBOM, TAKOH MOCTOSHHBIA KPYTOBOPOT MOXKET OBITH
HEeHU30eK-
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Puc. 13.5. MexaHn3aMbl CcuHTE3a, XpaHeHwus,
BbICBOOOXAEHWS " pacnaga
aueTunxonuHa. ALETUNXONMWH CUHTe3upyeTcs
13 xonuHa v auetun ko pepmeHta A (AcCoA)

c NoOMOLLbI0 hepmeHTa
XOnuHaueTunTpaHcgep: 3bl (CAT) 7]
paspywaetcs depmeHToM

auetunxonuHactepasoin  (AChE).  AcCoA
MCXOAHO 06pa3yeTcsi B IMTOXOHAPUSIX; XOIUH
pocTtasnserTcs B KneTky cucTemon
BbICOKOA(hUHHOTO ~ aK MBHOTO  TPaHCMopTa,
KoTopas MoXeT MHrMbnposaTbCs
remmxonunHom (HC-3). /ich ynakoBbiBaeTcs B
nysbipbkn  Bmecte ¢ AT® (ATP) gns
nocnegytoLiero BbICE 0BOX/AEHNS nytem
ak3oumTo3a. TpaHcnopr Ach B ny3bipbku
6nokvpyetcs Besamuk(niom. BeaukynsipHbin
Ach sawmweH oT da3pywenus. [locne
BbICBOOOXAEHMSA Ach pacuiennsieTcs
akcTpakneTouHor ACHE po xonmHa wm
auetaTa. Okono 10M10BMHbI XOnuHa,
MOCTYNAOLLEro B XOMNVH 2PrUveCKyt0 akCOHHYIO
TEPMUHANb, WMEeT W:TOYHWUKOM T[Waponu3
paHee BbicBOGOXAEHHO O Ach. B HekoTopbix

CcuHancax AT® coegnHsaeTcs c ACHE ATPase
nocTcUHanTUdeckumm  peuentopamu. AT Choline + Acetae —— ACh + ATF ———= Adenosine + 1P,
rMaponu3yeTcs  9KCTP AKNETOYHbIMM  AT®- / \

asamum pJo apgeHosnHa u  docdata (P ); Posluynapise reeepaorn

afeHO3MH MoXeT COEANHATLCS c

NpecMHanTU4eckumm PeuenTopami, i3 - high-affinity active transport system that can be inhibited b
MOAYIMPYA BbICBOGOXAE Hite. hemicholinium (HC-3). ACh is packaged into vesicles together with

IATP for release by exocytosis. Transport of ACh into vesicles is|
blocked by vesamicol. Vesicular ACh is protected from degradation,|
IAfter release, ACh is degraded by extracellular AChE to choline and
acetate. About half of the choline transported into cholinergic axon|
terminals comes from the hydrolysis of ACh that has been released.
/At some synapses, ATP combines with postsynaptic receptors. ATP
is hydrolyzed by extracellular ATPases to adenosine and phosphate
(P; ), adenosine can combine with presynaptic receptors to modulate|
release.

Fig. 13.5. Pathway:; of Acetylcholine
Synthesis, Storage, Release,
Degradation. Acetylcholie is synthesized from
choline and acetyl coeizyme A (AcCoA) by
choline acetyltransfera:ie (CAT) and is
degraded by acetylcholinesterase (AChE).
AcCoA is  synthesized  primarily in
mitochondria; choline is :;upplied by

HbIM TOCJICACTBUEM  MCXAaHHU3MOB, KOTOPbLIE TapaHTUPYKOT HaJIW4YIHWE BCerAga AOCTYIIHOI'O
HCO6XOIII/IMOFO KOJIM4eCTBa Me€auaropa.

bonbmas wacte AX B HEpBHBIX OKOHYAHHUSIX IepepacrpesessieTcs B CHHANTUYECKHE IYy3bIPbKH,
Torja Kak cuHTe3 W jerpagauus AX mpoucxomar B uuto3ose. Torma s Toro, 4roObl OKa3aTh
BIMSHHE HAa YPOBEHb CHHTE3a, BBICBOOOXKICHUE AIlETHIIXOJMHA JODKHO CHU3HTh KOHIEHTpauuio AX
B LIUTOIUIa3Me. DTOT IMPOLECC OCYLIECTBISETCA IMyTeM IMepeMelleHus uTomIa3MaTnyeckoro AX B
HOBOOOpA30BaHHBIC ITy3bIpbKH. CXOZHBIE B3aMMOOTHOIIEHHS MEXAY LHMTOIIa3MAaTHYECKUM
CHHTE30M ¥ BE3UKYJSIPHBIM XPaHCHHUEM M BBICBOOOXKIICHHUEM SIBIISIOTCS OOIIEH YepToi MeTabonn3Ma
HU3KOMOJIEKYJISIPHBIX MEIUAaTOPOB.

B XOIMHEPruYecKHX HEPBHBIX OKOHYAHMSAX LEHTPAIbHOH HEPBHOH CHCTEMBI JOCTYIHOCTH XOJIHMHA,
JoctynHocth  cybcrpara  ametwsi  COoA  (IPOM3BOAMTCS B MHUTOXOHJAPUSIX) M aKTHBHOCTD
XONMHHAIETHITPaHC(EPa3bl, KAk OBUIO TOKA3aHO, PEryIHPYIOT CKOPOCTh CHHTE3a AICTHIXOMMHA -
2)

CuHTe3 gothaMmuHa U HopagpeHanuHa

Jpyroit MexaHu3M, KOHTPOJUPYIOIIUN CUHTE3 BEIIECTB B KIETKE, — 3TO MEXAHMU3M OTPHULATENbHOMN
oOpaTHOH CBSI3W, COIIACHO KOTOPOMY CKOPOCTh OHMOCHHTE3a TOPMO3UTCS IIPU YBEIUUCHUH
KOHEYHOTO IpPOJIYKTa peaknuy. XOpOMMH NpHMep 3TOr0 HPUBOAUTCS B paboTax ¢oH Diinepa,
Axcenbponia, YaeHppeHaa U UX KOJUIET IO MCCIISJOBAaHUIO CHHTE3a, XPAaHEHHs W BBICBOOOXKICHHUS
HOpPAJ[PEHANHA B CUMIIATHUECKHX HEMpPOHAX M CEKPETOPHBIX KIETKAX HANIOYCUHHMKOB . Kierku
HA/TIOYEYHUKOB CXOJHBl C CHMIATUYECKUMHM HEHPOHAMU 10 MHOTMM MapaMeTpaM: OHH HMEIOT
OJMHAKOBOE AMOPHOHAIBHOE IPOMCXOXKIEHHE, OHH HMHHEPBUPOBAHBI  XOIUHEPIHMYECKHMH
BOJIOKHAMH, MPUXOAAIIMMHM W3 LEHTPalbHOM HEPBHOM CHUCTEMBI, U OHH BBICBOOOXKIAIOT
KaTEeXOJAMHUHBI B OTBET Ha CTUMYJIAIHIO. (TepMuH KaTexolaMUMbl HCHONB3YETCs ISl 0003HAUSHUS
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Tpynnsl Takux BemecTs, kak JJODA, nodaMmuH, HOpaJpeHAINH U aJpeHAINH, KOTOPBIE COAEpIKaT
KaTeXoJIbHOE S1pO0 — OCH30JIbHOE KOJIBLO C JBYMsI IPUCOEAMHEHHBIMU THAPOKCHIIBHBIMU IPYIIIaMU
— ¥ amuHOrpymiy.) CuMnaTu4yeckue HeHpOHBI MIIEKONUTAIOLINX BBICBOOOXKIAIOT HOpaApEHAIHH (Te
K€ HEHpOHBI Y JATYLIKM BBICBOOOXKIAIOT aJpPEHAIMH); KICTKH HaJIOYEUYHHKA BBIICISIOT U
aJIpeHAIMH, 1 HOPAAPEHAJIH.

Hopanpenanua cuHTe3upyeTcst M3 O0IIero KJISTOYHOro MeTabonnTa THPO3WHA B CEPUH PEaKIHid,
COCTOSIIIEH M3 Tpex mIaroB: TUpo3uH mnpespamaercs B JJODA ¢pepMeHTOM THPO3HHTUAPOKCHIIA30M,
n3 IODA obpaszyercs nodaMuH mop JedcTBueM (epMeHTa aeKapOOKCHIa3hbl apoMaTHIecKHX L-
AMHHOKHCIIOT, 0haMUH NPEBPAILACTCS B HOPAAPESHAIMH MO/ ISHCTBHEM J0(paMUH-B-IHapOKCHIa3bI
(puc. 13.6). IIpeppamenne tuposuna B JODPA u JJODA B nodamuH MPOMCXOAUT B IUTOILIAZME.
3areM JnoGaMuH TPAaHCHOPTHPYETCS B CHHANTHYECKHE ITy3bIPbKH, TA€ OH IIPEeBpallacTcs B
HOpaIpeHAINH 10(haMuH-[-THAPOKCHIA30H, CBS3aHHOW ¢ MeMOpaHOW Be3WKynl. BoJblmas 4acth
HOpaJipeHallMHa XPaHUTCA BHYTPHM BE3HKYJ; HEKOTOPOE KOJIMYECTBO HOpPAJApEHaIMHAa MPOHUKAET
00paTHO B LUTOIIA3MY, T/ie TIOJBEPTaeTCsl pacnaay Mo AeHCTBUEM MOHOAMHHOKCHA3bL.

HeilipoHel, KOTOpbIE BBIAENAIOT AO(PAMHH KaK MEAMATOp, COAEPXKAT THPO3UHIMAPOKCHIAZY U
NeKkapOOKCHIIa3y apoMaTHIeCKUX L-aMHHOKHCIOT, HO B OTHX HEHpPOHAX OTCYTCTBYET HO(pamHH[3-
rUApoKcHiasa. Jlpyrue HeHMpoHbl, Tak ke Kak M KJIeTKH HaJIOYEYHUKOB, BHICBOOOXKIAIOT afipeHallH,
KOTOpBIit 00pa3yercst U3 HOpaapeHANINHA [0 AeHcTBIEM (eHUIITaHOIaMHH-N-MeTHITpaHc(epasbl.

OOBMHO TEpBEII  (DEpPMEHT TAKOTO MHOTOCTYIEHYaToro IIpolecca sBISICTCS  (haKTopoM,
JMMHUTHPYIOIINM CKOPOCTB IIPOIecCa, W WHTHUOMPYEeTCs KOHEUHBIM IIPOAYKTOM peaknuu. B
OKCTPaKTaX HAANOYEYHNKA AKTHBHOCTH THPO3HMHTHIPOKCHIA3bl Ha [Ba IOpsIKa HIDKE, 4YeM
JeKapOOKCHIIa3hl apOMATHICCKHUX L-aMHHOKHCTOT U 10(haMUHP-THAPOKCHIA3bl, YTO JaeT OCHOBAHHS
IpeAnonarar, 4T0 THAPOKCHINPOBAHHWE THPO3UHA SIBISETCS ITAIllOM, JIUMUTHPYIOIIAM CKOPOCTH
Bcero mnpouecca. boiee TOro, ObUIO YCTaHOBJIEGHO, HYTO THPO3MHTHIPOKCHIIA3a HHIHOMpYyeTcs
HOpaJIpeHaTNHOM (a Takke AopaMUHOM M aApeHanuHoM). Takum o0pa3oM, 10 Mepe HaKOIJICHUS
nodamMuHa, HOpaJpeHAIMHA WIH aJpCHAINHA NAIbHEHIIUH MX CHHTE3 OyIeT TOPMO3HMThCS 10 TeX
1op, NoKa He OyIeT AOCTUTHYTO COCTOSHHME PaBHOBECHS, NPH KOTOPOM CKOPOCTb CHHTE3a CTaHET
PaBHOI CKOPOCTH pacmnaza U BeICBOOOkaeHus (puc. 13.6).

JlokaszarenbcTBa TOTO, YTO HHTMOMpPOBAaHHWE IO IPHHIMIY OOpaTHOM CBS3M pEryiIHMpyeT CHUHTE3
HOpaZpeHallMHA B HEHpoHaxX, OBUIM MONydeHBI B OSKCIEepUMeHTax BeifHepa ¢ Kkoyuleramm Ha
TEPMHUHASIX CUMIIATUYECKUX aKCOHOB, HHHEPBUPYIOIINX TJIAJKUE MBIIIIBI COCYAUCTOTO pycia (vas
deferens)*”. Dtu aBTOPHI M3MEPUIM CKOPOCTh CHHTE3d HOPAAPEHATMHA B TEPMHHAIAX, MHKYOUpYs
mpemnapaTbl C PaJHOAKTHBHO MEUYEHBIM MPEALIECTBEHHHKOM M Habmrojas 3a HaKOIJIEHHEM
paznoaKkTUBHOTO HopanpeHannHa. OHU OOHAPYXKWIH, YTO CKOPOCTh CHHTE3a HOpAJApEHAIMHA OblTa
Gosiee 4eM B TPM pas3a BbIlLIE, €CIM B Ka4yeCTBE NPEALICCTBEHHHKA Ui NEPBOH (hepMEHTATHBHON
peakuuu kackaga wucnonas3oBai JJODA BmecTo THpO3MHA. OTH [JaHHBIE TMOATBEPAWIH, YTO
npeBpanieHue Tupo3nHa B JJODA nmumuTupyeT cKopocTh OHOCHHTE3A.

Jlist Toro 4ToOBI OKa3aTh, YTO JIMMHTHPYIOIMHA CKOPOCTH 3TAll KOHTPOJHMPYETCS 10 HPUHIHITY
OTpHIaTeNIbHON 00paTHOH cBs3M, BeiiHep ¢ koyuteraMy M3MEHsUIM KOHICHTPAIUIO HOPaJApeHaInHa B
UTOIUIa3Me JBYMs croco0amu. Bo-mepBbIX, BOCIIONB30BaBIIMCH TeM (DAKTOM, UTO TEPMHUHAIN
CHMIIATHYECKUX aKCOHOB MMEIOT crenuHuyecKkuii MexanusM TpaHcropra aiai HA, onun nobasisiiu
HA B nHKyOalMOHHYIO XHIKOCTb, YTO BBI3BIBAJIO yBENHUYEHHE KOHLEeHTpauuun HA B TepMHHAIIX.
OTO CHMXKAJI0O CKOPOCTh CHHTE3a HOpAJpEeHalMHA M3 THpo3uHa. HampoTuB, ctumynsanus Hepsa,
KOTOpas yMeHblIana KoHLeHTpauuio HA B nuromnasme, moOBbIIIana CKOPOCTh IPEBPAICHUS
tupo3uHa B HA mourtu B 11Ba pa3a. Takoro yBeqM4eHHs: CKOPOCTH CHHTE3a He HaOI01aIoCh, OJHAKO,
ecmn HA no6aBisiny B MHKYOAIMOHHYIO cpefy BO BpeMs CTUMYJIAINK HepBa. [lo-BuanMoMmy, 3axBaT
HA w3 cpensl ObUI JOCTAaTOUCH Ul IIOJEPIKAHMS OIPENEICHHOTO YPOBHS HOpaJpeHAaINHA B
AKCOHHBIX TEPMHHAIISIX U, TAKUM 00pa3oM, TUMHTHPOBAJ €ro OMOCHHTE3.

Jononauresnphbie (akTopbl OKa3bIBAIOT BIHMSHHE HA CHHTE3 KarexonamuHoB (puc. 13.7). Ilpm
BBICBOOOJK/ICHHH HOPAJIpEHAIMHA M3 aKCOHHBIX TEPMMHAICH, BBI3BAHHOM CTHMYJIALMEH HEpBa,
THUPO3MHTUIPOKCHIIa3a MpHoOpeTaeT Ooibliiee CPOACTBO K KO(MAKTOPY TETParuApoOUONTEepUHY U
CTAHOBMTCA MEHEE WUYBCTBHTCIBHON K HHTHOMpoBaHmio HA®). DTu M3MeHEHHs CBs3aHBI C
ob6paTuMbIM  pocHOopHIMPOBAHIEM THPO3UHTUAPOKCHIA3El KHHA3aMH, KOTOPBIC aKTUBHPYIOTCS
BXOJISIIIVIMH B KJICTKY HOHa-
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NE + ATF + DiH
+ chromogranirs

Postsymaplic receplons

Puc. 13.6. MexaHn3Mbl cMHTe3a, XpaHeHus, BbICBOBOXAEHWS 1 pacnada HopaapeHanuHa. Tvp )3uH npeBpallaeTcs B
OO®A c nomolyblo depmeHTa TuposuHrugpokcunasel (TH). JO®A npeobpasyetcss B godarimH aekapbokcunason
apomaTtuyeckunx L-ammHokucnot (AAAD). [odamuH TpaHcnopTuMpyeTcs B Ny3blpbku, rAe M3 Hero obpasyeTcs

HopagpeHanuH npyu nomowm depmeHTa godaMuH-P-rugpokcnnasbl (DBH) HopagpeHalimH  uHrbmpyet TH,
perynupysi Takum o6pasom CWHTe3 MO MNpWHLMNY oTpuuaTenbHoi obpaTHoi cBsan. TpaidcnopT godamuHa u
HOpagpeHanuHa B Ny3blpbku OnokupyeTcss pesepnvHom. [ly3blpbkv Takke cogepxat ATO (KpynHble NMOTHblEe

ny3blpbkn TaKKe CcoAaepxaT pacTBOPUMYIO DBH N XpoMorpaHuHbl). Bce pacTBopuMble <OMMOHEHTbI Be3WKyn
BblbpackiBatoTcst BMecTe. NE, AT®, aneHo3nH n nentuabl, NPOM3BOAHbIE XPOMOrPaAHUHOB, MON T CBS3bIBATbCS C Npe-
WM NocTCUHanTUYeckuMmn peuentopamn. [locne BbICBOGOXAEHUS HOpafpeHanuH BO3BpillaeTcs obpaTHo B
BapUKO3HblE PaCLUMPEHNS C MOMOLLBID MEXaHW3Ma 3axBaTa, KOTOpbld GrokupyeTcsi KokauH) M. HopagpeHanvH B
uuTonnasmMe MoxeT OblTb BHOBb YnakoBaH B My3blpbkM AN nocnegytowero BbicBOOOXAsHUS. B BapuKoO3HbIX
pacwmperusx MoHoamuHokcnpasa (MAO) u anbagermpaervaporeHasa (ADH) pacuiennsioT HdpagpeHanvH go 3,4-
avrnapokcuMuHaansHon kucnotel (DOMA) n godamut fo 3,4 aurnapodeHunykcycHoi kucnotel (DOPAC).

Fig. 13.6. Pathways of Norepinephrine Synthesis, Storage, Release, and Uptake. Tyrosine is ¢.onverted to DOPA by
tyrosine hydroxylase (TH). DOPA is converted to doparnine (DA) by aromatic L-arnino acid cecarboxylase (AAAD).

Dopamine is transported into vesicles, where it is converted to norepinephrine (NE) by doparnine ﬁ—hydroxylase

(DBH). Norepinephrine inhibits TH, thus regulating synthesis by feedback inhibition. Transport of dopamine and
norepinephrine into vesicles is blocked by reserpine. Vesicles also contain ATP (large dense-core vesicles contain

soluble DBH and chromogranins as well). All soluble components of vesicles are released together. NE ATP,
adenosine, and peptides derived from chromogranins can bind to pre or postsynaptic receptors. After release,
norepinephrine is transported back into the varicosity by an uptake mechanism that is blocked by cocaine.
Norepinephrine in the cytoplasm can be repackaged into vesicles for release. Within the 'raricosity, monoamine
oxidase (MAO) and aldehyde dehydrogenase (ADH) degrade norepinephrine to 3,4-dihydroxyriandelic acid (DOMA)
and dopamine to 3,4-dihydroxyphenylacetic acid (DQPAC).

MU KEU'H)III/IHZG' 27). Eme omgaum q)aKTOpOM, PEryimmpyromuM akKTUBHOCTb THPO3UHTUAPOKCHUIIA3BI,

SIBIAETCS KOHIIEHTpaLUs TeTParuapoONONTEPUHa, KOTOPBIiH CHHTE3MpyeTCs u3
ryanosunTpudochara’”. Wtak, pasmHuHbiCc MEXaHH3MBI NCHCTBYIOT B KIETKE JUI TOTO, UTOGHI

CKOPOCTh CHHTE3a HOpaapeHalInHa o0ecreyrBaa KJIeTKy HE0OX0IMMbIM KOJIHYECTBOM MEAUATOpa.
CuHTe3 5-HT

CepOTOHI/IH CHUHTE3UPYETCA U3 TpI/IHTO(l)aHa. HepBaﬂ CcTaaus 3TOro mnpounecca — MnpeBpanicHue
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Puc. 13.7. Perynauus rMpo3vHruapokcunasbl | Presyraptic —ae Trans-symapie regulation  ——— = Incroised nmeount
B CAMNATMYECKMX HEMPOHaxX. AKTUBHOCTb | BCtivily of TH transeription and of TH i ierminal
NPECUHANTUYECKOro  H3MpOHa BNWSIET Ha transiation i cell body
9KCMpeccuio  TUpPO3uHIY gpokcunassl (TH) B
rocten HanTuyeckon kileTke. OTOT MnpoLecc, H,A:-——-
M3BECTHbIN KaK TPAHC  euHanTuyeckas e —
perynauus, onpeaenssT KonudyectBo TH, ° \¢.
MPUCYTCTBYIOLLLETO B KIETKE U HEPBHOM —a
OKOHYaHWK. B HE pBHOMN TepMuHanu
cyliecTByeT F10Ka) 1bHbIN KOHTPOIb | Preganglicak: Posiganglionse Fegubs tiom of TH sctivity by
aKTMBHOCTW TUPO3UHIMA YOKCUNasbl. neuran sympathetic Feed wack imhibition

mERIEGn Phios phorylation
Fig. 13.7. Regulation of Tyrosina- Hydroxylase | Pues idfiree cofactor]
in sympathetic neuron:;. The expression of
tyrosine hydroxylase (TH) is influenced by the|to as trans-synaptic regulation. This determin:s the amount of TH
activity of the presynagtic neuron, a process |present in the cell and nerve terminal. Within nerve terminals, there is
referred local control of tyrosine hydroxylase activity.

]

Puc. 13.8. CuHtes

SHT. Trypeophan Aromstic 1-amire
) ) Iydrorylase ncid decarboxybase
Fig. 13.8. Synthesis
of 5-HT. Tryptophan ————— 5-Hydroxyinpiophin ——————# $-Hydroxyinptamine
(5-HTP (5-HT)
Tetmhydro-
bacpterin
Tpunrodana B S-rugpokcutpuntodan (5-HTP) c MOMOIIbIO (bepmeHTa
TPUNTO(GAHIMAPOKCHIA3s  —  sBIsieTcs  jmMutHpylomei  (puc.  13.8).  5-HTP

nekapOokcuupyercsi ¢ obpazoBanueMm cepotonuna (5-HT) npu yuactuu nexapOOKCHIIa3bl
apoOMaTHYEeCKUX L-aMHHOKHUCIIOT, T.€. TOTO JKe caMoro (epMenTa, KoTopblit mpespamaer JJODA
B nodamun. BeicBoboxkaenne S-HT u3 HElpOHOB BO BpeMsi CTUMYJISILIMK BBI3BIBACT MOBBIIICHUE
CKOPOCTH TMpeBpaileHusi Tpuntodana B S-ruapokcutpuntodas. [Ipeamonaraercs, 4ro 3TO
MPOMCXOJUT ONIaroAaps U3MEHEHHUIO CBOMCTB TPUNTO(AHTHAPOKCHIA3bl, BEI3BAHHOMY KaJbI[Hii-
3aBUCUMBIM dochopunuposarmem’, CXOJ/IHBIM c s dexTamu CTUMYJISILIAN
TUPO3MHTUIPOKCWIa3pl. Kak W B ciydyae THPO3MHTHIPOKCHIIA3bl, ISl (PyHKIIMOHUPOBAHHUS
TpUNTO(GAHTUAPOKCUIA3bl HEOOX0AMM KO(GakTop TeTparuapoOuonTeput. JJOoCTYMHOCTH 3TOrO
KodakTopa OyIeT peryTupoBaTh CHHTE3 CEPOTOHHHA.

HeiipoHbl HE MOTYT CHHTE3MpOBaTh TpHuITodhaH. [109TOMy HepBBIM IIAaroM, BeIyIIHM K Hadaly
cunresa 5-HT, sBnsercss oOneryeHHplid TpaHCIOPT TpHUNTO(aHa M3 KPOBH B CHMHHOMO3TOBYIO
KHUIKOCcTh (iaBa 8). Jlpyrue HEWTpanbHble aMHHOKHCIOTH ((QeHHNalaHuH, JCHIUH |
METHOHHMH) TPAHCHOPTUPYIOTCS M3 KPOBH B MO3I TEMH XK€ NMEPEeHOCUUKAMH, YTO U TPUNTO]AH.
Takum 00pazom, BaxXHBIM (HaKTOPOM, OTpeaesonmM ypoBeHb S-HT B cepOTOHHHEPTHUECKUX
HeHpoHaX, SBISETCS OTHOCUTEIbHOE B CPABHEHUH C APYTMMH HEHTpaTbHBIMM AMUHOKHCIIOTA-

MH KOJMYECTBO TpunrodaHa B nuiie. B pesynprare noseaenue, cesizanHoe ¢ ¢pynkiued 5-HT
(rmaBa 14), 0COGEHHO 4yBCTBUTEIBHO K COCTaBY L[I/Iermw. Hanpumep, 106poBoIIbIIbl, KOTOPBIX
KOPMMWJIM MHUIIEH ¢ HU3KUM COJIep)KaHWEeM OejiKa B TeYE€HHE OJJHOTO IHS, a 3aTE€M JaBajid CMECh
aMHHOKHCIIOT, HE CO/IEPIKaBILYIO0 TpUNTO(aHa, T1EMOHCTPUPOBAIN arpecCUBHOE noBezxeHue’” u
M3MEHEHHUE KA CHa .

CuHtes T'AMK

IF'AMK cuHTe3upyeTcss W3 riayramarta (epMeHTOM TIiiyramataekapOokcuiazoii (GAD). Ora
peakiys OblIa BIIEPBbIE OXapaKTE€PU30BaHAa KaK 4acTb Tak HasbiBaemMoro I'AMK-miyHra, T. €.
CEpHH Peakimii, B X0/e KOTOPOil GKETOTITyTapaT MOKET GBITh MPeoOpa3oBaH B CYKIMHAT (PHC.
13.9) TAMK-uyHT BOEpBble Obll ONUCAaH B KauyecTBE CHELU(DUYHOrO UL MO3ra IIyTH
MeTaboIM3Ma TITFOKO3bI, KOTOPBIN MO3BOJISIET MUHOBATh 4acTh peakuuii mukia Kpebca (oTcrona
TEPMUH «IIYHT»). JlaHHblE 0 TOM, uTOo I"”AMK sBiIsieTCS OCHOBHBIM TOPMO3HBIM MEIHATOPOM B
Mosre™”, BMecTe ¢ JaHHBIMH O TOM, YTO IIyTaMaTieKapOOKCHIa3a OOHAPYKEHA TONBKO B
HelipoHax, BeicBoOOkaaromux '”AMK, roBopsT o ToM, uTo rnasHas ¢yHkuus 'AMK-mynTa He
CBsI3aHa C METa0OIM3MOM TITIOKO3BL.

KpaBuTIl ¢ KOJUIeraMu MoKa3aiu, YTO B TOPMO3HBIX HEHPOHAX KOPbI (PH3HUOJIOTUUECKUE YPOBHHU
'AMK MHrHOMPYIOT rITyTaMaTaeKapOOKCH-
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Puc. 13.9. (uHTEe3 un meTabonusm
FAMK. TAMK cuHTesmpyetca  u3
rnytramara ¢ nomoulbio chepmeHTa
rnytamartaeke pbokcunasbl (GAD),
KOTOpOWA Heobxoaum
nupuagokcans(ocar B KayecTse
kodbakTopa. [ 1ytamat obpasyetcs u3

Ol-keTornytarara npwn yyactum
depmeHTa FAMK-OL-
okcornytapar ‘paHcamuHasbl  (GABA
T). FAMK pacuiennsietcs no
aHTapHon  kucnotel  GABA-T un
cyKumHaT-

nonyanbAerv; AervaporeHason
(SSADH).

Fig. 13.9. 3ABA Synthesis and
Metabolism. GABA is synthesized

Paszgen |l. [Nepedaya uHhopmayuu 8 HepeHoU cucmeme

Ghutamate o- Ketoghitarale =s—
- GABA-T
Pyridonal | =y
pesphsie
Ko cycle
GARA Succinic seminldehyde
SSADH
Succinic ned —
|

acid decarboxylase (GAD), which requires pyridoxal phosphate as a cofactor Glutamate

is synthesized from O(-ketoglutarate by the enzyme GABA (O(-ox >glutarate transaminase
(GABA-T) or from glutamine (see Figure 13.10). GABA is metz bolized to succinic acid

from glutamate by the enzyme

utami by GABA-T and succinic semialdehyde dehydrogenase (SSADH .
glutamic

a3y, CBHIETETLCTBYS O TOM, UTO OTPHIATENbHAS 0BpaTHas CBA3b peryaupyer Hakomienne TAMK®.
B Mo3re MiEKONUTAOMMX ObUIM HaiiJeHbl HECKOJBKO JOIOJHUTEIbHBIX DEryJIITOPOB CHHTE3a
FAMK, Bimouas AT®, meoprammueckuii pochar u xopakrop mupumokcanspocdar’®. B mosre
IPUCYTCTBYIOT zBe (OpMbI riyTamariekapboxcumassl’ . GADg; HMeET BBICOKOE CPOACTBO K
mpuIoKcanbhocdary, ¥ IOATOMY MOXKET ObITh aKTHBHPOBAHHOHN MOCTOSIHHO; GADgs MMeeT HU3Koe
CPOJICTBO K IHpHAOKcaIb(ochaTy, U ee aKTHBHOCTh MOXET OBICTPO PEryIHpOBAThHCS JOCTYITHOCTBIO
9TOro KodakTopa. MyTaHTHbIE MBIIIH, y KOTOPBIX OTCyTcTBYeT GADgs, MMEIOT HOpManbHOE
noBezieHne ¥ HopMaibHble ypoBHH I'AMK, HO OHU 4yTh Go0Jiee 4yBCTBUTEIBHBI K Cy0poraM. Mbliiy,
HokayTupoBaHHble 10 TeHy GADg;, AEMOHCTPHPYIOT 3HauMTeNnbHOE CHIKeHHe ypoBHI 'AMK B
MO3T€ H yMHPAIOT BCKOPE OC/IE POAK/ICHHS OT CHIILHOTO PaCIIEIUICHHS Heba .

CuHTe3 rmyramara

ImyramaT sIBISICTCS OCHOBHBIM BO30YXKIAIOIIMM MEIHAaTOpOM B MoO3re. B KiieTkax CyIecTBYeT
HECKOJIBKO IyTell CHHTe3a IilyTamaTa. B HelpoHax riiyramar, KOTOpPBI HCIOJIb3YeTCsl B KauecTBe
HelipoMenaTopa, IIepBOHaYaIbHO 00pasyeTcs U3 IIIyTaMUHa [IPU HOMOIIU aKTUBHpPYeMoil ocdarom
dopmer  depmenta rayrammbassl (puc. 13.10)”. Cremmdbmumeii ams Mosra  TpaHcmoprep
HeopraHudeckoro ¢Qocdara JoKanM3oBaH H3OMPATENPHO Ha TEPMHHAISX IJyTaMaTePrHYSCKHX
HEHPOHOB H, TAKMM 06Pa30M, MOYKET PEryIHpoBaTh CHUHTE3 rayramara’’. Bosbinas dacTh riyTamara,
BBICBOOOJK/IaEMOT0 HEHPOHAMM, 3aXBATHIBACTCSA IJIMAIBHBIMU KJICTKAMH M HPEBPAIaeTCss B ITUX
KJICTKaX B DIIyTaMHH. [JIyTaMuH, B CBOIO OYepe/b BBHICBOOOXKIAIOIIMICS W3 TNIMAIBHBIX KICTOK,
3aXBaThIBACTCsl HEHPOHAMH M CHOBA IIPEBPALIACTCS B IIyTaMmar.

KpaTko- u ponroBpemMeHHas perynauusa CMHTe3a MeguaTtopoB

OnucaHHbIe BBIIIE PETYIATOPHbIE MEXaHW3Mbl PabOTalOT OBICTPO, M3MEHSS CKOPOCTb CHHTE3a B
HEPBHbIX OKOHYaHMAX. KpoMe Takux KpaTKOBPEMEHHbIX 3((EKTOB CyIIECTBYIOT MEXaHU3MBbI
JonroBpeMeHHON perymsiuuu. IIpekpacHsIM NpUMEpPOM TaKOH peryisilu SIBISETCS OTBET
CHMIIATHYECKON HEPBHOM CHCTEMBI y XHMBOTHBIX, OABEPTHYTHIX MPOJOKUTEIBHOMY cTpeccy. Ilpu
JIelicTBUM CcTpecca Ha OpraHM3M AaKTHBUPYIOTCS cUMIaTHyeckue Helponsl. IIpomoipkurenbHas
aKTUBAaLUs BEIET K TpeX-, YCTHIPEXKPATHOMY YBEIUYEHHIO YPOBHEH THUPO3UHTUAPOKCUIA3Bl U
no(aMuH-B-THAPOKCHIA3HI B TEAX H TEPMUHAISX CUMMaTHueckux Heiipornos*' *2, Do ypenuuennue
MIPOUCXOANT Oylaromapsi CHHTE3y HOBBIX MOJEKYN ()epMEHTOB U sBisieTcs cnenuduunsM. [Jpyrue
(epMeHTHI CHHTE3a M Jerpajallid HOpaJIpeHalNHa, TaKkhe Kak aekapOokcmiasa apoMarndeckmx L-
aMHHOKHCJIOT U MOHOAMHUHOKCH/1a3a, He IIOJIBEPKEHbI TAKOMY BO3JCHCTBHIO.

VBenuyeHne yYpoBHS (PEPMEHTOB 3allyCKaeTcsi CHHANTHYECKOH aKTHBaLMedl CHMIIaTHYECKUX
HelipoHoB (cM. puc. 13.7). Takas TpaHc-CMHANITHYeCKasl PperyJsiiMsi IPeICTaBIsIeT COOOH
MEXaHU3M, 4epe3 KOTOPbIH CIIOCOOHOCTH HEHPOHOB K CHHTE3Y MEIHATOPOB MOTYT OBITh CONPSKCHBI
CO CKOPOCTBIO BHICBOGOYICHHS MEAHATOPOB ", DKCIIEPUMEHTHI, TIPOBEIACHHBIC HA CHMIIATHHUCC-
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Puc. 13.10. Mytn

CUHTE:3a, XpaHeHus,
BbICB Y60X/AeHNs "
3axBiTa rnyramata B
rnyTaMaTepruyecknx
HeunpHHax. nytamar
CUHTE:3MpyeTCA "3
rmyTaMuHa B
MWTO (OHOPUAX c
NoMo Lo docdat-
3aBUC:MMON chopmbl

depnrieHTa  rmyTammHasbl.
TpaH :nopTep
Heop! aHN4YECKOro

docdrata (P0O4)
pacnonoxex B
NyTEMaTepruyecknx

TEPM 1HansX. Mocne

BbICB Y00XaeHus
HeKko10poe  KOMWYecTBO
rmytemara

3axBé TbiBAeTCA

Npec! IHaNTU4YEeCKUM

OKOH* aHMeM; GonbLuas
YacTtt rmytamara
3axBé TbiBAeTCA
rnvajibHbIMM  KNeTkamMmm 1
npespaLyaeTcs B Presysmpiic newstn Postsyn plic nesroa
rMyTeéMuH. [nyTaMuH 3atem
BuiBpaceiBaetcst n3 rnum u|Fig. 13.10. Pathways for Glutamate Synthesis, Storage, Reli:ase, and Uptake in
3axB: ThiBaeTcA HepBHbIMy | glutamatergic neurons. Glutamate is synthesized from glutamine within mitochondria by

OKOH @aHUSIMM nnsi|a phosphate-dependent form of the enzyme glutaminase. An inor janic phosphate (P0s)
nocn:aytoLiero transporter is localized to glutamatergic terminals. After release, sc me glutamate is taken
npeolpasoBaHms B |up into presynaptic terminals; most is taken up by glial cells and c¢nverted to glutamine,
rnyTemar. EAAT =|which is then released and taken up into nerve terminals for co wersion to glutamate.
TpaH:nopTep EAAT = excitatory amino acid transporter.

B036) AatoLLNX

AMWH JKNCIOT.

KMX TaHITHMAX 4YeJOBEKa, IOKas3ald, 4TO JJIEKTPUYECKas CTUMYJILHA IPEraHITMOHAPHBIX
BOJIOKOH BBI3BIBaeT 3aMeTHOe moBeleHne yposHs MPHK tuposurrHapoxcunass: u 1ohaMuH--
B-rumpokcmiaser B TedeHne 20 MHH. JTO CBHACTENBCTBYET O TOM, YTO PETYJSILHS ICHOB,
YJacCTBYIOIIMX B CHHTE3¢ HOPaJApeHANINHA, SBIACTCS O4YeHb OBICTPON M 3aBHCHT OT BHEIIHMX
ycnosnﬁ44).

CuHTe3 HeponenTULoOB

PerJ'I}II_[I/I}I 3amacoB NCOTUAHBIX MEAUATOPOB 3aTPyYAHCHA B CBA3UM C Pa3ACIICHUEM MECT HX
CHUHTE3a U BI)ICBO60)KH6HI/I$I. Tlentunap CHHTC3UPYIOTCA Ha pI/IGOCOMaX, KOTOPBIC PACIIOJIOKCHBI
B T€JIaX HECPBHBIX KJICTOK, @ HE B aKCOHAX WJIM HEPBHBIX TECPMHUHAIIAX. Takas OopraHm3anus UMECT
JABa IOCJICACTBUA: BO-IICPBBIX, CKOPOCTb CHHTE3a IMCNTUAOB PEryIHNpyCeTCsa B TClaX KICTOK,
OCJIC 4Y€ro mnenTUuabl JOJI)KHBI OBITH NEPCHECCHBI B TCPMHHAJIb AKCOHHBIM TPAaHCIIOPTOM (O
KOTOpPOM YK€ KpaTKoO FOBOpI/IJ'IOCB). 210 rnpouecc MEJUICHHBIN 110 CpaBHCHUIO C GBICTpI)IM
MECTHBIM KOHTPO-

JIEM CHHTE3a U XpaHEHUS! HU3KOMOJIEKYJIIPHBIX MEIMaTOPOB BHYTPH aKCOHHBIX OKOHUaHHH. Bo-
-BTOPBIX, KOJHMYECTBO MENTHAA, JOCTYIMHOE JUIS BBICBOOOXICHHS, OrPAaHMYCHO €ro
KOJIMYECTBOM, HMEIOIMMCA B TepMHHaIM. OJHAKO CBS3BbIBAHME IENTHUIOB C pELENTOpaMu
MIPOUCXOJIUT MPY 3HAYUTEIHHO O0Jiee HU3KMX KOHLIEHTpalusX (B mpeesiax 107'°—107® M), yuem
CBSI3BIBAHUEC HU3KOMOJICKYJSIPHBIX MEAMATOPOB, TAKUX KaK alETHIXOJHH, C MX PELeNnTOpaMu
(10”7—10"4M). MexaHnu3Msbl, yAansAoNMe MENTUAHBIE MEAMATOPbl U3 CHHANTHYECKOW IIENH,
Takke B OCHOBHOM MeJJICHHbIE. boiiee TOro, peunenTopbl HEHpONENTHUIOB, KaK U Jpyrue
MeTabOTPONHbBIE PELENTOPhl, JIEHCTBYIOT uYepe3 BHYTPHKIIETOYHBIE ITyTH, OOECIeYMBAaIOIINE
orpomHoe ycwienue curHana (rmaBa 10). BenmemctBue sToro amst okazaHusi BO3ACHCTBHS Ha
MIOCTCUHANTHYECKYI0 MHUILIEHb HY)XHO HEOOJbIIOE YHCIO MOJEKYJ MeNTHaa, TaK dYTO
MOTPeOHOCTh B HEOOXOJUMOM JUISI BHICBOOOKICHHUS KOJIMYECTBE HEHpOMENTHIa MOXKET OBITh
obecrieyeHa TPaAHCIIOPTOM MOJIEKYJI U3 Tella KIETKH.
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Puc. 13.11. CuHTes Hen
ponelTuaos. (A)
CrpyiTypa npo-
OnKoI AeNaHoKOPTUHA

6blka MonoxeHnns
M3BETHbIX  KOMMOHEHTOB
nentiiaa n3o6paxeHbl
okpal JeHHbIMU

NPAM dYronbHUKaMu.

0603 4a4eHbl napbl
OCHOI IHbIX

a@MUH JKUCTIOTHBIX

0CTa1KoB, KoTOpble
SIBMSIOTCA MULLEHSIMW  Anst
depneHToB. (B)
Mpeo3pasoBaHne

HenpHNenTUAHbIX

npes UeCTBEHHVKOB
0ob6bl440  HauuHaeTcs C
OTLUE NEHUs!
kap6(KCUTepMUHanbLHoON
yacTi Monekyrbl no
NoJI0 KEHUIO, KoTOpOE
pacnosHaetcs
9HO0/1POTEa3oit.

OcCHO 3Hble NnosoXxeHus
oThelATCes
kap6kcunenTuaason E.
Ecrnn nenTua
3aKat UMBaeTCcs  rMULMHOM,
depnieHT nenTuaun-

rnvul H--Ol-amugupytoLLas
MOHO JKCUreHasa (PAM)
npeoljpasyet KOHEYHYH0
KkapGoKkeurpynny B
aMugHyo. (C)
Mpepn wecTBEHHUKN
HenpHNenTUaoB
HanpiaBnsioTcs B
norno :Tb
9HA0!1Na3mMaTYecKoro
peTui ynyma

NOCPC}ACTBOM  CUrHanbHOW
nocni:goBsaTtensHoct. B
9HA0!1Na3mMaTnyeckom
peTviynymMme nNpouCXoauT
obpa:toBaHune
AuncylibpuaHbix cBs3en 1
N-cBsi3aHHOE

MVKC 3unupoBaHve. 3atem
HerponenTug

TpaH:nopTMpyeTca  Yepes
annapat  lonboxu, roe
npou :XoasT ero
[anb ienne

MoAM bukaumu, Takue Kak
Cyrnb(2aTupoBaHue "

chocdropunmposaHue

MokasaHbl OBe  CXEMbI
ynakc BKU. Cnesa
npon::NTuA ynakoBblBaeTcs
B ny3bIpbKy,

OTNO! IKOBbIBatoOLLMECS
annapara Fonbaxu;

oT

(A} (B}
2 pp o :
Sagnal ACTH p-LPH P,
peptide S —— —— ;
a-MSH CLIF  yLPH f-Endorphin Carbsoxy-
-
B-MSH Mei-cnkephalin ¥
- PAM
(©

Nno Mepe CO3peBaHWsi BE3UKyn Nponentua paciuennsietcs, obpa:ys Asa nentupa (A un
B), ynakoBaHHble B opgHOW Beaukyne. CrpaBa nponenTua picLLennseTcs BHYTPU
annapata [onbapku ¢ nocneayoLLel COPTUPOBKOM NENTUAOB B past ble My3bIPbKY.

Fig. 13.11. Synthesis of Neuropeptides. (A) Structure of bovine pro-opiomelanocortin.
The locations of known peptide components are shown by colored boxes. Paired basic
amino acid residues — common targets for processing enzymes — are indicated. (B)
Processing of neuropeptide precursors usually begins with cleasage on the carboxy-
terminal side of the recognition site by an endoprotease. The basic residues are trimmed

by carboxypeptidase E. If the peptide ends in glycine, the enzyrie peptidyl glycine Ol-
amidating monooxygenase (PAM) converts the carboxy terminus to an amide. (C)
Neuropeptide precursors are directed into the lumen of the endoplasmic reticulum by a
signal sequence. In the endoplasmic reticulum, disulfide bonds ar: formed and N-linked
glycosylation occurs. The propeptide is then transported througt the Golgi apparatus,
where further modifications, such as sulfation and phosphorylaion, take place. Two
packaging schemes are illustrated. On the left a propeptide is fackaged into vesicles
budding from the Golgi; as the vesicle matures, the propeptide is cleaved, resulting in
two peptides (A and B) packaged in the same vesicle. On the right a propeptide is
cleaved within the Golgi, followed by sorting of peptides into se>arate vesicles. (After
Sossin, Fisher, and Scheller, 1989.)
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IMenTunsl cUHTE3WPYIOTCS B BUIE Oo0Jee KPYMHBIX OENKOB-TPEIIIECTBEHHUKOB, KOTOPBIE YacTo
COJIepKAT MOCIISOBATEIIbBHOCTH HECKOIBKHX OMOJOTUYECKH aKTHBHBIX merrumos™- 49 (tabm. 13.1,
puc. 13.11). IlepBblMHM 3TamaMu CHUHTE3a HNPEALIECTBEHHHKA HEHPOIENTHAA SBISIOTCS CTaIuH,
TUNUYHBIE AT CHHTE3a CEKPeTUPYEMbIX OENKOB: CHHTE3 B JHIOMIA3MATHUECKOM PETHKYIYME,
OTIIEMJIEHHE CUTHAIBHOTO MENTHAA, MPOLECCHHT B ammapare [obIku M BKIIOYEHHE B KPYIHBIE
(100-200 HM) 21E€KTPOHHO--ILIOTHBIC Iy3bIpbKH. bosee mo3aHue 3Tansl OJUHAKOBLI U1 HEHPOHOB U
SHJOKPUHHBIX KJIETOK. ODTH IIard KaTIU3HPYIOTCS CIENU(UISCKHIMH 3HAONPOTEa3aMH, KOTOpHIE
pacIIeIUIAIOT  OeNOK-IPEeIISCTBEHHHK  Ha  COOTBETCTBYIOIIME  TIENTHIHBIE  MOJIEKYIIHI,
9K30MENTHIA3aMH, YCTpaHMIOMIMH C-TepMHHAJIbHBIE OCHOBHBIE TPYMNIE, W aMHIUPYIOIIAM
OU(YHKINOHAIBHBIM (PEPMEHTOM, KOTOPbIH NPEBpallaeT TIMIHHOBBIA OCTaTOK B COOTBETCTBYIOLIYIO
amuHyto rpynmy nentuga (puc. 13.11B). IlporeonuTuueckuii mporiecc HauMHAETCs B ammapare
lompk M MPOJOMKAETCS BHYTPU KPYMHBIX IUIOTHBIX BE3MKYN, B TO BpeMs KOrjJa OHH
TPaHCIOPTUPYIOTCS BHU3 10 aKCOHY M HaXOJATCs B TepMHHaIH. HekoTopble KIETKH CHHTE3UPYIOT
Ooylee OMHOTO MEQMATOPHOTO MENTHAA; OSTH MEeNTHIB MOTYT OBITh pPa3IMYHBIM 00pa3oM

PacCOpPTUPOBAHLI B ITY3bIPbKU U HAIIPABJICHBI B PA3HBIC TepMI/IHaJII/I47).

§ 3. XpaHeHne MEANATOPOB B CHHAIITHYCCKUX MMY3bIPbKaXx

Huskomonexyisipasie  Memuatopel, Takue kak AX u HA cHHTe3upyloTcs M yIaKOBBIBAIOTCS B
Iy3BIPEKM B AKCOHHON TepMUHanM. Ha 3IeKTpOHHBIX MHKPOQOTOrpadusx Takue CHHANTHYCCKUE
My3bIPbKU  BRIDIAAAT Medkumu (50 HM B auamerpe) W MOryT ObITh mpospadneiMu (T. €. AX,
AMUHOKHUCJIOTHBIC MEAHATOPBI) WJIM HMMETh JICKTPOHHOIUIOTHYIO CEpALEBHHY (T. €. OHMOTeHHbIe
amuHbl). KOHIEHTpanuss HU3KOMOJIEKYISIPHBIX MEIMaTOPOB B Iy3bpbkax cocraBiser 0,5 M, yro
3HAYUTENIBHO BbILIE, YEM B OKPYIKAIOLIEH LIUTOILIa3ME.

Haxomenne MenuaTopoB B CHHANTHYECKHX Iy3BIPBKaX OCYHIECTBISAETCS —CICHU(PHISCKIMHI
TpaHcOpTHEIMU  Oenkamu  (puc. 13.12; cm. Takke rmaBa 4). Beuto ycraHoBieHO dYeTsIpe
BE3UKYJSIPHBIX TPAHCIIOPTEpa: TPAHCIIOPTEP BCEX OMOTeHHBIX MOHOAMHHOB (HazBaHHBIH VMAT),
tpancnoprep 'AMK u rimmuna, Tpancroprep anerwixonuHa (HasBaHHbIH VACOT) n tpancnoprep
royramara®® >, Kaxapii 3 TPaHCIOPTEPOB SBISCTCS HHTCIPATHHBIM MEMOPAHHBIM GEIKOM,
uMerouM 12 TpaHcMeMOpaHHBIX JOMEHOB. MeMOpaHbl CHHANTHYECKHX BE3HKYJ COAEPKAT TaKkKe
HeszaBucumytro AT®dazy, koropas nepekaynBaeT NPOTOHBI BHYTPh IIy3BIPHKOB, CO34aBasi TaM
TOJIOKHTETBHBIN 3aps H G0Jee KUCIYIO CPELy TI0 CPABHEHHIO C IUTOMIa3MOi . J[Ist TOro uTobbI
nepeMelaTh MOJICKYJIbl MEIUaTopa BHYTPb IIy3bIpbKOB IIPOTUB TIpajMeHTa KOHICHTpAlUY,
BE3UKYJSIPHBIC TPaHCIOPTEPHl MEAMATOPOB HCIONB3YIOT 3HEPrHI0 JIIEKTpoxumuueckoro u pH
rpajueHToB. M3-3a Manoro pasmepa CUHANTHYECKHUE ITY3bIPbKU, BEPOATHO, COLCPIKAT TONBKO OJHY
KOIIMIO INIPOTOHHOHM IOMIIBI, KOTOpasi MPeACTaBIseT co00i OOJBIION KOMIUIEKC, COCTOSIIHM, IO
KpaiiHeil Mepe, u3 12 cyObequHuIL.

BesukynspHble TpaHCHOPTEPHl MEAMATOPOB HE OO0JAaJaloT TAaKOM JKe CIenU(UUHOCTBIO, Kak
MOCTCHHANTHYECKUE PELENTOphl. BceieacTBue 3TOro  MOJEKymbl, KOTOpPBIE HE  CIOCOOHBI
aKTHBUPOBATh TOCTCUHANTUYECKUE PEIENTOphl, HMHOIJA HAKAIJIMBAIOTCS B CHHANTHYECKHX
Iy3bIPbKAX U BHIOPACHIBAIOTCA H3 AKCOHHBIX TEPMHHANIEH B KAUECTBE IICEBIOMETUATOPOB >+ >,
IMepBbIMU OB BBLIETICHBI U MIPOAHATM3UPOBAHBI OMOXUMHUYECKH ITy3bIPHKH M3 HAANIOYEYHUKA. DTH
kpymnuble my3bipbke (200—400 HM B quameTpe) Has3bIBalOTCS XpoMagdGUHHBIMU TPaHyJIaMH, TaK Kak
OHHU OKpAIINBAIOTCS COIIMH XpoMa. XpoMadGHHHEIE TPAHYIIBl IOMIMO KaTE€XOJIaMHHOB COZEpIKaT
BbIcOKHe KoHUeHTpauun AT®, ¢depmenra modamuH-B-rHOPOKCHIA3El M PACTBOPHMBIX OEJIKOB,
Ha3bIBaeMBIX  XpoMorpanuHamu. OOpa3oBaHHME MyJIBTHMOJEKYISIPHBIX ~KOMIUICKCOB — MEXIY
MOJNOKUTENBHO  3apsHKEHHBIMH  KaTE€XOJAMHHAMH, OTpHUIATENbHO  3apspkeHHBIM  ATD  wu
XPOMOTIPaHMHAMH, ITI0-BHAUMOMY, CIHOCOOCTBYET YIAKOBKE M XPAHEHHMIO KAaTEXOJAMHUHOB B TaKMX
KOHIICHTPAIMAX, KOTOPHIC B HHBIX YCIOBHAX MOTJIH Obl GBITh rHmepocmoTHuecknmu® . Kpome Toro,
BBICBOOOKIEHHE KAaTEXOJIaMHHOB COMPOBOXKAaeTcd BbIOpocoM AT®, KOTOpbI OKa3bIBaeT CBOH
coBCTBeHHbIE S(P(EKTHI, M TAKHM 00OPa3oM AEHCTBYET KAk KOTpaHCMHTIep - 0. BhUIO IOKA3aHO
TaKOKe, YTO OJUH U3 OSJIKOB, XPOMOTPAHUH A, CIIYKUT IIPEAIICCTBEHHUKOM psifia IIENTUIOB, KOTOPhIE
MOJTY/IUPYIOT CEKpELHio ",

Boiim  BEINENEHBI  CHHANTHYECKWE IMy3BIPPKH W3 NEpUPEPUIECKHX  XOJIMHEPIHYECKHX U
HOPAJPEHEPTrUUECKUX TEPMHUHANEH M U3 LIEHTPAJIbHONW HEPBHOM cuUCTeMbl. B HopanpeHepruueckux
HEPBHBIX OKOHYAHHAX UMEIOTCSI KPYTIHBIE
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Puc. 13.12.  TpaHcnopr  meauatopoB B
CUHanTu4eckne ny3bIplKK ynpaensieTcs :
MPOTOHHLIM ~ AMEKTPOXUMU IECKUM  TPaAVNEHTOM. H

AT®-3aBuCcMMan nomna Tpa iCnopTUpyeT NPOTOHbI

B CWHanTUYeckue nMysblpbkh, co3pasBasi BHyTpu | Froton Transmiiter
BE3UKYNT KUCTYHO U MOSIOKI1TENbHO 3apsiKeHHyto | PUfip Transmutier
OTHOCUTESLHO LMTOr NasMbl cpeqy. UrRNSPOries
HelipomepuaTopsl  nepeHccsTcs B My3bipbki | 4

cneunduyeckumm TpaHcnopTepamu,

BHEPreTUYECKN COMPSKEHFLIMA € MPOTOHHBLIM

3MEKTPOXMMUYECKUM rPaaue 1TOM. AP+ P,

Fig. 13.12. Transport of Transmitters into Synaptic | making the vesicle interior acidic and positive relative to the
Vesicles Is Driven by a PFroton Electrochemical|cytoplasm. Neurotransmitters are ca ried into the vesicles
Gradient. An ATP-powerid pump transports|by specific transporters, energetically coupled to the proton
protons into synaptic vesicles, electrochemical gradient.

1oTHbIE My3bIpbku (70—200 HM B 1uaMeTpe), KOTOPbIe OX0XKU Ha XpoMadGUHHBIE IPaHyIbL.
DTH My3bIPbKHE COZEPIKAT XPOMOTPAHUHBI, pacTBOpuMYIO GopMmy nodaMuH-B-ruapoKcHiIassl 1
nentuaHele HelipomenuaTtopsl. B kaTexonaMHUH-COAEPKALIMX HEPBHBIX TEPMUHAIAX, TAK XKE
KaKk M B XOJMHEPTHYECKHX HEPBHBIX OKOHYAHMSIX, HAXOAWTCS OONBIIOE UHCIO MENKHX
CHUHANTUYECKUX IIy3bIPbKOB, B  KOTOPBIX COJEPXKUTCA HE3HAUUTEIBHOE KOJIUYECTBO
pacTBopuMoro Oenka. CHHaNTHYECKHE IMy3bIPHKH, COZEpIKAIIHe alleTHIXOINH U OONBITHHCTBO
GHOTCHHBIX AMHHOB, TAKXKE COJAEPKAT BhICOKHE KoHuentpammu AT®Y. B pesukymax,
coliepXKalliX CEpPOTOHHH, HaxomuTcs Mano AT®, HO umeercs 0oJbIIOE KONMMYECTBO Oelika, ©
BBICOKOH auuHOCTRIO cBa3bBatomero 5-HT”. Hecmorps Ha To, uto 3axBar AT® B
KaTexonaMuH- 1 AX-colepiKaliue Imy3bIpbKi ObUT OXapakTepusoBan - °, Tpancroprep AT®
emie He uaeHTuuIMpoBaH. HekoTopbie HEHpOHBI CIMHHOTO Mo3ra BeicBoOOkatoT 1 TAMK, u
raarua' Y. TOT (akT, 9TO 5TH [BA MEIMATOPA HMMEIOT OJMH M TOT K¢ BE3MKYIAPHBI
TpchnopTep6'~ 62 naror ocHoBaHus nonaratk, uro TAMK u riuius YIaKOBBIBAIOTCSI BMECTE B
OJIHU U T€ XK€ ITy3bIPbKH.

§ 4. AKCOHHBII TPAHCIIOPT

Benku, KoTOpble 0OHAPYXHUBAIOT B aKCOHHBIX OKOHYAHMSX, JOJDKHBI IOCTABIATHCS TyZAa U3 Tena
KJIETKH, TJIe€ OHM CHHTEe3UpyloTcs. llepBble NOKa3aTelbCTBA NEPENBMXKEHHS BEIECTBA BJOJb
aKCOHOB ObUIM TMOJIydeHbI B OKClepuMeHTax Beiicca ¢ komeramu. OHH  NepeXUMald
nepudeprudecKue HEpBbl C MOMOIIBIO JHUraTypsl M Habmoaanu pa3OyxaHHE aKCOHOB BBIIIE
MecTa nepexarus. [locne ycTpaHeHHs JIUTaTypsl MPOMCXOMWIO MepeMeneHIe HaKOMMBILIETOCs
BEWIECTBA BJIOJNb AKCOHA™. ITH HKCIEPHMEHTbI CBHICTENECTBYIOT, 9TO B HOPMAIBHBIX
YCIIOBHSIX CYLIECTBYET IIOCTOSHHOE OOBEMHOE IepeMEIlIeHHE aKCOIUIa3Mbl BIOJIb aKCOHA CO
CKOpPOCTHIO 1-2 MM B JIeHb, KOTOPOE MOJYYWJIO HAa3BAaHUE «aKCOIJIa3MAaTHYECKOro TOKa». JTa
uziess ObUla TOATBEpXKIEHA IO3JHEE B OKCIEPHMEHTaX C HCIOJIB30BAHHEM PaJHOAKTUBHO
MEUYEHBIX AMUHOKHUCIIOT, KOTOPbIE IIePEMEIIAINCh B COCTaBe OEJNKOB OT TNl HEPBHBIX KJIETOK I10
nepudepuuecKuM W LEHTPaTbHBIM akcoHaM® . Takoe MepeiBIHKEHHe HAGIIOaNoch JaKe B

o 65)
OJIMHOYHBIX aKCOHAX B KJIETOUHOH KynbType (puc. 13.13)™.

CKOpOCTb n HanpaBneHHOCTb aKCOHHOIo TpaHcnopTa

XapakTepHble pa3inyus B CKOPOCTH NEPEIBMKEHUS IIUPOKOTO CHEKTpa TPAHCIIOPTHPYEMBIX IO
AKCOHY KOMIIOHEHTOB OBUIM ITOKa3aHbl IIPU W3MEPEHHH BPEMEHH HAKOIUICHHUS BELIECTB BBINIE
MeECTa Mepexarnsi akCOHA U B aKCOHHBIX TepMUHaNAX. CTPyKTypHble O€NKH, TaKkhe Kak TyOynuH
1 OeNKU HeWpO(UIAMEHTOB, MEPEMEIAIOTCS C CAMOM MEJICHHOM CKOPOCTBIO, |—2 MM B JICHb;
KJIETOYHBIE OpraHeJUlbl, Takue KaK MUTOXOHIPUUM W Iy3bIpbKHM (BKJIIOYAs CHHANTHYECKUE
My3bIPbKH, COJIEpIKAIIIEC MEAUATOPHI) ABMXKYTCS 3HA4YUTENIbHO ObicTpee (o 400 MM B nenp)™?.
Taxoe ObicTpoe TIepeMeleHe HEBO3MOXKHO OOBSCHUTH TOJIBKO 0OBEMHBIM TOKOM LIUTOILIA3MBI.

B cBsi31 ¢ 3TMM OBUT IPUHAT TEPMUH AKCOHHBII TPAHCHOPT.

HexoTopble O€lKky U OpraHeiIbl IBIXKYICS IO HAIpaBICHUIO K AKCOHHBIM OKOHYAHUSIM
(aHTeporpagHblii TpaHCOOpT), a JApyrue MEepeMEemaroTcd OT OKOHYAaHWH K Tely KICTKH
(peTporpajanblii IpaﬂcnopT)66~ o, Perporpaguplii TpaHCIOPT HOKPBLITBIX MeMOpaHOM
OpraHeiI CIoCOOCTBYEeT BO3BPATy BEIIECTB B TENO KIECTKH IS NMepepaboTKH MM paclaia u,
Kak ObLIO [IOKA3aHO, ABIIIETCS
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Puc. 13.13. MeOneHHbIN aKkCOHHbI TPaHCNOPT OblNl NPOAEMOHCTPUPOBAH B pe3ynbTaTe HaK( MieHUs KOMMNOHEHTOB
uuTockeneTa B MecTe nepexatusi akcoHa. OAMHOYHBLIA aKCOH B KynbType HEWpPOHOB FaHriliisi KOpeLika CMUHHOMO
Mo3ra KpbiCbl Obin nepexaTt nyTem COaBMMBAHWS CTEKMSHHbIM BOMOKHOM. (A) Ha dotoroadusx, nonyveHHbIX
MeToAoM (Pa3oBOro KOHTpacTa, MoKasaHbl akCOHbl HEMOCPEACTBEHHO nepep nepexatnem u yepes 1, 30 n 120 MuH.
(B) Yepes aBa yaca nocne nepexatus KneTky hMKCMpoBanu n CTeknsiHHoe BOSlokHo ybupanu (C) ®nyopecueHTHas
MuKpodpoTorpadms akcoHa, MEYEHHOro aHTuTenamu B 6enky HevipocunamenToB. (D) 3aBUMCMMVOCTb MHTEHCUBHOCTM
croopecLieHLMM OT PacCTOSHWSA MO aKCOHY, KOTOpbI Gbin nepexaT B Teyenne 5 ¢, 30 1avH unn 2 4. Bpewms
HakonneHusi 6enka HermpodMnaMeHToB B TOYKE MepexaTusi akcoHa (CTperika) MokasbiBaeT, ' TO CPefHsisi CKOpPOCTb
TpaHcnopta Bbina NpuMepHo 3 MM B JeHb.

Fig. 13.13. Stow Axonal Transport is demonstrated by the accumulation of cytoskeletal comoonents at the site of
axonal constriction. A single axon from a cultured rat dorsal root ganglion neuron was constriciad by pressure from a
glass fiber. (A) Phase-contrast images show the axon immediately before constriction and after 1, 30, and 120 min.
(B) Two h after constriction the cell was fixed, and the glass fiber removed. (C) Fluorescence riicrograph of the axon
labeled with antineurofilament protein antibodies. (D) Graphs of fluorescence intensity as a fun:tion of distance along
axons constricted for 5 s, 30 min, or 2 h. The time course of accumulation of neurofilament protein at the site of the
constriction (arrow) indicated that the average transport rate was approximately 3 mm/day. (After Koehnle and Brown,
1999; micrographs kindly provided by A. Brown.)

OCHOBHBIM CIIOCOOOM MEPEIBMKCHUS TPOPHUECKUX MOJICKYJI, TAKUX KaK (PaKTOp pocTa HEPBOB,
OT AaKCOHHBIX TEPMUHAJIEH K TeJlaM KJIETOK (IJ1aBa 23)68).

HeiipoanaTombl pa3paboTaiy METO/bl MCCICIOBaHUS aKCOHHOTO TPAHCIIOPTA, OCHOBAHHBIC Ha
WCIIONIb30BaHUM  CHELMAIBHBIX MapKepoB (Tak Ha3bIBAEMBIX TpeEicepoB), TaKUX Kak
MepoKCcHIa3a XpeHa, (PIIyOPECIIEHTHO MEUCHBIC IPaHYJIbl U AaXKe BUPYCHI, KOTOPBIE MIEPEHOCSITCS
10 aKCOHY B aHTEPOrPaJHOM U PETPOrpaJHOM HarpaBiieHHd. VICronb30BaHHE TaKuX MapKepoB
JTaeT  BO3MOYKHOCTh ~KAapTHPOBAaHWsSI CHHANTHYECKUX KOHTAKTOB MYTEM BHU3yalIH3alllH
WH/IMBUIyalbHBIX aKCOHOB, MX TEPMHHAJBHOTO BETBJCHUS M TEJN KIETOK Jake Ha OOJbIIMX
paCCTO}IHI/I}IX69 70

MuKpOTpYy60OUKK M BbLICTPLINA TPaHCMOPT

B panHuX sKcriepuMeHTax OBLIO MOKA3aHO, YTO aKCOHHBIH TPaHCIIOPT TpebyeT 3aTpaT YHEPruu
Y HaJIM4YMsI MHTAKTHBIX MUKPOTPYOOUEK, HO B Te-
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Puc. 13.14. VipeHTudwmkaums opraHenn u  nyTewn,
yyacTBylOWMX B ObICTPOM  a@KCOHHOM  TpaHcropTe.
OnekTpoHHas MukpodpoTorpadmst ny3blpbka,
NPUKPENeHHOro K MUKpPOTpybouke B akconnasme karnbmapa.
C MomoLLblo CBETOBOV MWUKPOCKONUM BbINO YCTaHOBIIEHO, YTO
0 chukcaumn aTa opraHenna gsuranacb BOOMb BOMOKOHHOTO
MyTU CO CKOPOCTbIO, COOTBETCTBYIOLLEN CKOPOCTU BbiCTPOro
aKCOHHOro TpaHcnopTa. JONekTPoHHas MukpodoTorpadus
nokasblBaeT, 4TO dTa opraHenna SIBMSETCA CUHANTUYECKOW
BE3VKYyINoW, a ee NyTb — MUKPOTPYOOUKOW. paHynspHbIn 1
BOMOKOHHbI ~ MaTepuan pacrofioXeH Ha  CTEKMSHHOM
cybcTpare.

Fig. 13.14. Identifying the Organelles and Tracks Mediating
Fast Axonal Transport. Electron micrograph of a vesicle
attached to a rmcrotubule in extruded squid axoplasm Before
fixation this organelle was observed by light microscopy
moving along a filamentous track at a rate corresponding to
fast axonal transport. The electron micrograph shows that the
organelle is a synaptic vesicle, and the track is a microtubule.
A layer of granular and finely filamentous material coats the
glass substrate. (From Schnapp et al., 1985.)

yenue 30 JeT OYeHb Majlo JIOCTUTHYTO B IIOHMMaHMM MEXaHH3MOB 3TOro Imporecca. /[Ba
TEXHOJIOTHYECKHX JIOCTM)KCHHUSI Jlald  BO3MOXKHOCTh OYEHb OBICTPO MNpPOJABHUHYTHCS B
HCCIIeIOBaHUM 3TOH mpobnemsl: (1) pasBUTHE METOJOB MHUKPOCKOIHH, KOTOpPbIE IO3BOJIMIIN
HAMpPSAMYIO BU3YaJIM3UPOBaTh SAMHUYHBIC My3bIPEKA BHYTPH kietok - 2 u (2) OTKPBITHE TOTO,
YTO JIBIDKEHHE BE3MKYJl IMPOUCXOMUT M B OECKIETOYHOH cpene, TakoW Kak akcoruiazMa
KanLMapa”). Uccnenosanusa Pusza, lllutua, Illnsnma, Baiina, bioka n ux xosier nokasajiu, 4To
TPAHCHOPT MPOUCXOJUT IYTeM IPUKPEIJICHUS OpraHesl, TaKuX KaK MHUTOXOHIPUHU WIH
My3bIPbKH, K MHKPOTpyOOYKaM. MeXaHOXUMHUYECKHE (PEPMEHTHI, WM MOTOPBI, PACIHICIUISIOT
Mosiekyny AT® u UCHONB3YIOT MOIYYEHHYIO SHEpPrHI0 Ui MEpeHOCa OpPraHelul M0 «KOJIee»
MEKpoTpyGouKn (puc. 13.14)™. 7.

MukpoTpyboukn 007a7al0T COOCTBEHHOM IOJISIPHOCTBIO; B aKCOHAX  «IIOJIOKUTEIIHHO
3apsHKEHHBIM»  TOJIIOC  PACHONOKeH Ha  JUCTAJbHOM KOHILE AaKCOHHOH — TepMHHAIM.
AHTeporpaiHblii TpaHCHOPT ocyliecTBiaseTca OenkoM kuHesuHoM (kinesin), KOTOpBI
IepeMelaeT OpraHejuibl MO HAaNpaBIeHHI0 K IOJOXUTEIBHO 3apsDKEHHOMY — IIOJIIOCY;
PEeTPOrpafHblii TPAHCIIOPT OCYLIECTBISAETCS UTOIIA3MaTHIECKUM OekoM JrHeiiHoM (dynein),
KOTOPBIA TIepeMEIIaeT OpraHesuIbl 10 HAIPABICHUIO K OTPUIIATEILHOMY ITOTIOCY (pHC. 13.15)°.
Crenuduyeckre penentopsl Ha IOBEPXHOCTH OpraHe/ul OOYCIIOBIMBAIOT IPUCOEAWHEHHE K
HUM WIM KHHE3WHA, WIM LUTOIUIa3MAaTHYECKOTO JHMHEHHAa M, TaKuM 00pa3oM, OIpPEAENSIOT
HarpaBJIeHHE JBIDKEHHS OpraHei1 (puc. 13.16)77). Be110 moka3aHo, 4TO OJMH KHHE3WHOBBIN
MOTOp TIE€peMEINaeT OpraHeJuly BAOJIb MHKPOTPYOOUKHM €O CKOPOCTBIO, OKBHBAICHTHOM
CKOpPOCTH OBICTPOr0 AaKCOHHOT'O TPAHCIOpPTa'  ; TUAPOIHN3 0HOM Mosekyinbsl AT® obecneunBaer
SHEPrHell «IIar» JUIMHOM NPHOIM3UTENHHO 8 HM, YTO COOTBETCTBYET PACCTOSHUIO OT OJHOTO
auMepa  OP-TyOymHHA [0 CIEAYIOmEro BAONh MPOTOMMIAMEHTa MHKpOrpyooukm - .
Paznuuust B CKOpOCTM TpaHCIOPTAa pa3HbIX KOMIIOHEHTOB OOYCIIOBJICHBI JOJeH BPEMEHH, B
TEUEHHEe KOTOPOTO OHH OCTAIOTCS «B KOJIEE», U TEM CONPOTHBIEHHEM, KOTOPOE OHU BCTPEYAIOT
10 Mepe MPOX0XKIECHHS Yepe3 IUIOTHOE MEPEIUIeTeHNE 3JIEMEHTOB LIMTOCKENIETa B aKCOHE.

MexaHU3M MeaneHHOro akCOHHOro TPaHCNopTa

PacTBopuMble O€TKM M DIEMEHTHl IMTOCKENeTa, TakHe Kak MHKPOTPYOOUYKH |
HeillpoduiaMeHThl, NEepeHOCATCs OT Tela KIETKH K aKCOHHOMY OKOHYaHHIO MEIJICHHBIM
tparcioprom™. Jlo cux mop 0GCYKTAeTCS BONMPOC O TOM, TPAHCIOPTHPYIOTCS I
MHUKPOTPYOOUKM M HelpoduinamMeHThl B BHJE MHTAKTHBIX IOJIHMMEPOB WIH, €cli
nojauMepu3anys (UIaMEHTOB SIBISIETCS CTalMOHAPHBIM MPOLIECCOM, TPAHCIOPTHPYIOTCS JIH
MOHOMEpBI HIIH OJIHTOMEpH HEeHpO(pHIaMeHTOB" . SICHO JIMIIb, YTO AKCOHHBIA TPAaHCIIOPT
0ENKOB LUTOCKEJIeTa HE MOXKET OCYIIECTBIATHCA MyTeM Iu(dy3un, a SBISETCS AKTHBHBIM
IPOLIECCOM.



'naBsa 13. KnemoyHasi u monekynspHas buoxumusi cuHanmu4yeckol nepedadyu 279

(A} Dynesn

(B) Kineun ]

Puc. 13.15. MonekynsipHble MOTOpbl [AWHEWH W KWHE3UH [BUraloT MWKPOTPYBOYKM B MPOTUBOMOMOXHBIX
Hanpasnenusx. (A, B) MocnegoBaTtenbHble n3obpaxeHns ABMXEHWUS (dparMeHTOB MWKPOTPY JOMEK Ha OYULLEHHbIX
«MOTOpax» BblCTpOro TpaHcnopta. Bpemsi nokasaHo B MuHyTax. OuulleHHble LMTOnnasMaTy HYeckuii AuHenH (A) u
KMHe3nH (B) ocaxpanu Ha MOKPOBHbIX CTeknax, pobasnsnu dparmMeHTbl MukpoTpybouek. [locne KoHTakTa
parMeHTOB C NMOBEPXHOCTbIO OHW ABWranUChb B HamnpaBIieHWM WX Pa3fBOEHHOrO (AWCTanbHOrO WMAM +) KOHUA Ha
AVHEVHe 1 B HanpaBneHM KOMNaKTHOTO (MPOKCUMAnbHOTO UMK -) KOHLA Ha KUHE3UHe, Kak Mokas:iiHO Ha PUCYHKe.

Fig. 13.15. The Molecular Motors Dynein and Kinesin Propel Microtubules in Opposite Directiins. (A, B) Sequential
images of the movement of microtubule fragments on purified fast-transport "motors.” Time is indicated in minutes.
Purified cytoplasmic dynein (A) or kinesin (B) was adsorbed to a coverslip, and fragments of microtubules were
added. When the fragments contacted the surface, they were propelled toward their frayed (dis al or +) end on dynein
and toward their compact (proximal or -) end on kinesin, as illustrated. (After Paschal and Vall te, 1987; micrographs
kindly provided by R. Vallée.)

§$5. BbicBOOOKIeHNE MEINATOPOB U MeTa00IMYeCKUil
KPYI'OBOPOT BEe3UKY.JI

KBaHTOBOE BBICBOOOXKIECHHE MEIMATOPOB IIyT€M 5K30LIUTO3a BE3UKYN (riaBa 11) cTaBUT paf
(yHIaMeHTaTbHBIX BOMPOCOB: KaK paclpejeNeHbl CHHANTHYECKHE ITy3BIPhKM B HEPBHBIX
TepmuHanax? Kakue MexaHM3Mbl PEKPYTUPYIOT IIy3bIpbKM B aKTHBHYIO 30HY? Kak Bxon
KaJbLMs B KJIETKY 3aITyCKaeT SK30LUTO3?

CopTupoBKa Be3uKyn B HEPBHOM OKOHYaHUMU

He Bce my3blpbku oauHaKoBbl. VccienoBaHUs C  HCIOJIB30BAaHUEM — PaJMOAKTHBHBIX
MIPEJIIECTBEHHUKOB, KOTOpbIE BKJIIOYAIOTCS B MEAMATOPbl B IIpOLiEcCe CHHTE3a U 3aTeM
MOCTYNAIOT B ITy3bIPbKH U BBICBOOOKAAIOTCS M3 OKOHYAHMH, MPEIONaraloT, YTO CyLIECTBYIOT
pasHble CyONOIYJISIMH BE3WKYJA B AKCOHHBIX TEpPMHHAIAX. Hampumep, mpu cTHUMYISIuMu
IIEKTPUYECKOTO OpraHa MOPCKOro ckara Torpedo OBIIO YCTAaHOBIEHO, YTO CHHTE3MPOBAHHBII
BHOBb AX HE pacrpesenseTcss paBHOMEPHO 110 CHHANTUYECKUM ITy3bIpbKaM, a JIOKaJM30BaH B
TeX BE3MKyNaX, KOTOpHIE HEIABHO 0OPA30BAINCH MO 3aBEPIICHHH IHMKIA KpyroBopora - *V.
W3yyeHne akCOHHBIX TEPMHUHAJEH MOTOPHBIX M CHUMIATUYECKUX HEHPOHOB MIIEKONUTAIOUINX
[I0KA3aJI0, YTO BBICBOOOXKIAIOTCSI IPEHMYIIECTBEHHO BHOBb CHHTE3MPOBAHHBIE MOJEKYJIbI
Meamaropa™ - *. Takue pe3ylbTaThl JAIOT BO3MOKHOCT MPEAIOIOKHTH, UTO CYIIECTBYET
CyOnomysinus My3bIPHKOB, KOTOPBIE MOABEPralOTCsl OBICTPOMY KPYTOBOPOTY, B TO BpeMsI Kak
GOJIBLIIMHCTBO BE3UKYJI HAXOJUTCS B pe3epBe. [laHHbIe 0 TOM, YTO Be3aMHU-
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Puc. 13.16.  bbicTpbIi
AKCOHHbIA TpaHcnopT
YNPaENSeTCA KUHE3NHOM U
[OVHel HOM B  akcoHe
MUKPCTPYBOUKM

CTauy OHapHbl U obnapgatoT
Nonsif HOCTbIO:

MO0 (MTENbHBIN KOHeL|,
HanpéBNeH K  aKCOHHOM
TEepMIHanu, a
Axon OTpWL aTeNbHbIi — K Teny
termipal | KETKA. KunesuH "
LMTOr NasmaTmyeckum
OVHelH BMeCTe c

[10M0J HATENbHLIMM

hakTopaMy  MPUKPENnsaT
opraHsnnbl U ABUralT KX
no HanpasneHno K

e® aKCOHHOW — TepMuHanu 1
Accessory factors @ ‘f Cytoplasmic dynein | TeTY KIeTKM

COOTE 8TCTBEHHO.

On panclle

Fig. 13.16. Fast Axonal Transport Powered by Kinesin and Dynein. In the axon, microtubules are stationary and have a
polarity: The plus end points toward the axon terminat the minus end toward the cell body. Kinesin and cytoplasmic
dynein, together with accessory factors, attach to organelles and propel them toward the axon terminal and celt body,
respectively. (After Vallée, Shpetner, and Paschal, 1989.)

KOJI, ciequ(UUecKr HapyIIAIOMUHA TpaHcopT AX B CHHANTHYECKUE ITy3bIPHKH, H30MPATEIHHO
GIOKHpYET BHICBOOOKICHHE HOBOOOPa3oBaHHOrO AX >, COOTBETCTBYIOT NPHBEICHHOH CXeMe.
CylecTBOBaHHE pa3HBIX IYJOB BE3MKYJI B AKCOHHBIX OKOHYAHMAX YAAJIOCh MOATBEPAUTH
HEKOTOPEIM aBTOPAM B SKCIIEPHMEHTAX ) ¢ MCIIONB30BAHHEM ()IYOPECLEHTHOTO KPACHTEIIs, HO
HE YIanock Apyrum’

Jlenenue Imy3bIpbKOB Ha pasHble cyOmomymaiuud TpeOyeT, 4ToObl UX JBIMXKEHUE ObLIO
OPraHH30BaHO OIpeAeNeHHBIM o0pasoM. Ecimm OBl cHHanTHYecKHe My3BIPHKH JBHTAIHCH
CcBOOOZHO IO 3aKOHaM OpOYHOBCKOIO JBM)KEHMS, OHHM JOJDKHBI Obl OBbLIM PaBHOMEPHO
HepeMEIINBaTECS B HEPBHBIX OKOHUYAaHHAX. Kpome TOoro, B 9KCIIepEMEHTaX C HCIONB30BAHHEM
METOJla TaK Ha3blBAEMOIO BOCCTAHOBIEHMs (IIOOpECHEHIMU Hoclae (OoTooOecIBeUnBaHUS
(FRAP) ObUI0 yCTaHOBJIEHO, YTO B OKOHYAHHSX MOTOPHOTO HEpPBa JIATYIIKH ITy3bIPHKA HE
mbdynmupyor  coGommo (puc. 13.17)*. B oTux SKcrepuMEHTaX IMy3bIPhKH METHIIH
(bmyopeclieHTHBIM ~KpacuTeneM, M HEOONBIION yJacTOK KJacTepa MEUYEHBIX BEe3HKYI
obecupeunBany. VHIMKaTOPOM TOrO, YTO IIy3bIPbKM HE MOLYT CBOOOJHO MEpEeMEIaThCs B
CTOPOHEI, OBIITO TO, 9TO 00ECIBEUCHHOE IISITHO COXPAHSIOCH AaXke B MPOIECCE BBHICBOOOKIEHNUS
MeIUaTopa.

I'punrapa ¢ xomgeramu OTKPBUIM B aKCOHaX M aKCOHHBIX TEPMHUHAISIX CEMEWUCTBO OEJKOB,
Ha3BaHHBIX CHHAICHHAMHU (Synapsin), KOTOpbIE MPHUKPEIUISIOT Iy3bIPbKH K IIMTOCKENETY,
TPEISITCTBYS HX JBHAKCHHIO - . WHTEpEeCHO, UTO CBSI3bIBAHME CHHAIICHHOB C BE3HKYIAMH
peryiaupyercss  gocopunupoBanueM; jgodaBieHue ¢ochaTHBIX TpPyNI K  CHHAICHHAM
CIOCOBCTBYET WX OTCOGIMHEHHIO OT My3bIPHKOB. DKCIEPUMEHTH JIMMHAca ¢ KOJUleramu’
WUTIOCTPUPYIOT OJHY U3 (YHKUHUH, KOTOPYIO MOXKET BBIIOJHATH TAKOE OrPaHUYCHUE JABHKCHUS
ITy3bIPEKOB B BBICBOOOXKICHUN HelipomeauaTopa. Otu aBTOPBI BBOJIMIIN
nedochopraMpoBaHHbI CHHANCHH | B MPEeCHHANTHYECKYIO TEPMHUHAIb TMI'AHTCKOTO aKCOHA
KaJbMapa, 4TO BbI3BIBAIIO CHIDKEHHE KOJMYECTBA MEIUAaTopa, BHICBOOOXKJAEMOTO BCJIEJCTBUE
CTUMYJISILIUA HepBa. IMocnenyromee BBE/ICHHE MIPOTEMHKUHA3HI, cnenuduaHo
¢dochopunupyronieid cuHancuH I, TPUBOAUIO K YBEIMYEHUIO KOJIMYECTBA BBICBOOOXKIAEMOTO
Menuaropa. Takum o00pa3oM, B HOPMAQJIBHBIX YCIOBHUSX AKTUBHOCTh JHIOTEHHBIX KHHA3 M
¢dochaTaz MOXKET MOAYIMPOBATH KOJMYECTBO MEAMATOPA, BHICBOOOXKIAEMOro M3 aKCOHHOM
TEPMHUHAIH, peryiupys GocHOopUIMpOBaHUE CHHATICHHOB.

KoHcepBaTMBHbIE MEXaHU3Mbl TPAHCNOPTA CUHANTUYECKUX
ny3blipbKoB

Kax cuHanTnyeckue ITY3bIPbKHU NIEPEHOCATCA K IJ1a3MaTH4EeCKON MeM6paHe u BLI6paCBIBa—
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Puc. 13.17. OrpaHnveHHOe [BWXEHWe CUHANTUYeCKMX BE3WKyrl B HEpBHOW TepMmuHans  PnyopecueHTHble
MUKpodhoTorpact  HEPBHBIX OKOHYAHWIA  MSIFYLUKW, B KOTOPbIX CUHANTWYeckue My3bipbM 6GbIMM  NOMEYeHbI
dnyopecueHTHbIM kpacuTenem. (A) HepBHoe okoH4aHue A0 (BBepXy), HEMOCPeACTBEHHO nicne (B cepeauHe) u
yepes 28 MuH nocne (BHM3Y) OGecLBEYVBAHWA OKpackM B HEOOMbLUOM MATHE B rpynne Ee3viKyn WMHTEHCUBHbIM
ocBelleHnem. ObecLiBeyeHHbI y4acTok (CTpesika) OCTaeTcsi MOYTU HEM3MEHHbIM Yepe3 28 M 1H Mocrie OCBeLLeHUs,
YTO yKasblBaeT Ha He3Ha4YUTENIbHOE CMOHTaHHOE MepeMeLLeHne OKpalleHHbIX Be3ukyn. (B) To xe, YTo U Ha pUcyHke
A, 3a ucknoyeHnem Toro, YTo mocrne obecLBeuMBaHWS TepMUHamb CTUMYNMpoBanu TOkoM C 4actoTtoir 10 Hz B
TeyeHnme 5 MuH. XOTs rpynnbl Be3vkyn OnegHenu, Tak Kak BbICBOOOXZAnM OKpaLLEHHOe COAEPXUMOe B Xode
3K30LMTO3a, ATOT Mpolecc He 3aTparvBan O6GecLBEYEHHbIi Yy4acTOK, YTO roBOpuT 06 OTCY1CTBUM NepeaBudKeHUst
OKpaLLEeHHbIX Be3UKyn B 3Ty obnacTb.

Fig. 13.17. Restricted Movement of Synaptic Vesicles within Nerve Terminals. Fluorescenc: micrographs of frog
nerve terminals in which synaptic vesicles have been labeled with a fluorescent dye. (A) Restin¢ nerve terminal before
(top), immediately after (middle), and 28 min after (bottom) bleaching the dye in a small syot among the vesicle
clusters with intense illumination. The bleached region (arrowhead) is nearly unchanged after 28 min, indicating little
spontaneous movement of dye-containing vesicles. (B) As in part A, except after bleacting the terminal was
stimulated at 10 Hz for 5 min. Although all the vesicle clusters dim as vesicles undergo exocy osis and release their
dye, no increase in fluorescence occurs in the bleached region, indicating no net movement of clye-containing vesicles
into this area. (After Henkel et al. 1996; micrographs kindly provided by W. J. Betz.)

IOT CBOE COJEP)KMMOE€ B CHHANTHYeCKyro Immens? Jiust Toro d9ro0bl OXapakTepHU30BaTh
KOMIIOHEHTBl HEPBHBIX OKOHYAaHUi, ydacTByloLlM€ B 3TUX Ipoleccax, ObUIM IPOBEAEHBI
OKCTIEPHUMEHTHI ), KOTOPbIE TPHBENH K OTKPHITHIO HECKOJBKHX OCIKOB, JIOKATH30BAHHBIX B
CHHAIICE, FOMOJIOTHYHBIX Ge/IKaM, HeOOXOMMBIM JUISl POLIECCOB CEKPEIHH y APONOKSH ) ¥ Ul
BE3MKYIIPHOrO TpaHcmopTa B ammapate [omeimn . IIOHHMaHHE TOTO, YTO B OCHOBE BCEX
BUJIOB MEMOpPAHHOIO TPAHCIOpPTa JEXaT OJHU U T K& 0a30BbIE MEXAHU3MbI, MOCIYXKUIO
OCHOBaHHEM JJIsi OBICTPOrO Iporpecca B O3TOW o00nacTH wuccienoBaHuid. ['eHeTmyeckue,
¢du3ronoruueckye U OUOXMMHMYECKUE IOAXOJbl IO3BOJMIU BBIIBUTH IOCIEJOBATENbHOCTD
1IaroB, B PE3y/NbTaTe KOTOPOH MPOHCXOMMT SK30IMTO3 MeamatopoB’ - **. IlepBbIM marom
sSIBII€TCA 00pa30BaHUE KOMIUIEKCA Mex1y OelkamMu MeMOpaHbl CHHANTUYECKOIO IIy3bIpbKa U
OcenKkaMi aKTHBHOM 30HBI Ha MPECHHANTHYECKOH MeMOpaHe. DTOT KOMIUIEKC YIEPKHBAET
BE3UKYIy B (DUKCHUPOBAHHON MO3ULUKU U CHOCOOCTBYET CIMSHHMIO MEMOpaH B OTBET Ha IPUTOK
Kanpius. benku, cHnocoOCTByIOLIME NPHUCOSIMHEHHIO M CIMSHUIO MeMOpaH, Ha3bIBAIOTCS
SNARE, coxkparienHo ot «peuentop SNAP», Tak kak OHM ObUIN BIIEpBbIe HICHTU(PHULIUPOBAHBI
B Ka4yecTBE pELENTOpPOB JAPYroro Oenka, HEOOXOAMMOTO M CEKpelHH Y ApOXKeH,
Ha3bIBAEMOI'0 PACTBOPUMBII IPUKPEILIAIONIUIL Oe-
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Puc. 13.18. MecTa el TBMSA CTONBGHAYHOMO U
BGOTYNMMHOBOrO ~ TOKCMHOB.  OTW  TOKCWHbI
ABMAOTCA NpoTea3amu, KOTOpble paspyLualT
KOMMOHEHTbI SNA3E KOMMrekca.
BotynuHoBbIn  TokcmH  Cl  peiicTByeT  Ha
CUHTaKCWH, GoTynuHOBEIe ToKcMHbl A un E
paspywator  SNAP-ZE  n  GoTynuHOBble
TokcuHbl B, D, F 1 G 1 CTONGHAYHBIA TOKCUH
BO3AENCTBYIOT Ha CMHanN robpeBuH.

Fig. 13.18. Site of Action of Tetanus and
Botulinum Toxins. Thes:: toxins are proteases
that degrade components of the SNARE
complex. Botulinum toxi1 Cl acts on syntaxin,
botutinum toxins A and E degrade SNAP-25,
and botulinum toxins B, D, F, and G and
tetanus toxin target syna >tobrevin.

1ok NSF (NSF attachment protein), unmu SNAP. B cooTBeTcTBUM € 3TUM NpeCTaBICHHAs CXeMa
MIPUKPEIJICHUS U CIIUSIHAS MeMOpaH noiy4dnia HazBanue SNARE-runore3sa.

CuHanToTarMuH U 3aBUCUMOCTb BbICBOOOXAEHUA MeanaTopoB OT
Kanbuua

Benok, u3BecTHBIN Kak CHHANTOTarMUH (synaptotagmin), sIBJIsSETCS KalbLUEBBIM CEHCOPOM IS
BHICBOOOIKICHHST MeIuaTopoB . CBS3bIBAsCH C KalbldEM B ONPEACTICHHOM HHTEpBAe
KOHIIEHTpAlM{, CHHANITOTarMHH M3MEHSET CTEleHb CBOEro B3aUMOJICHUCTBHS C OenkaMu
CHHANTUYECKUX ITy3bIPHKOB W IUIA3MAaTHUECKOM MeMOpaHbl. Y MYTaHTHBIX >KUBOTHBIX, Y
KOTOPBIX OTCYTCTBYET I'€H, KOJUPYIOUIMHA CHHANTOTarMUH, CTUMYJISLMS aKCOHAa HE OKa3bIBaeT
sdexra MIM MMEeT HE3HAUMTENFHOE BO3ACHCTBHE Ha BHICBOOOXKICHHE MEIUATOPOB, XOTS
CIIOHTAaHHOE BBICBOOOXK/IEHHE MEIMAaTOPOB IIOBBINIEHO. TakuMm 0O0pa3oM, CHHANTOTarMUH
JIEWCTBYET KaK MpephIBaTeNb, NPEJOTBPALIAIOINI ClIusHIe MeMOpaH B OTCYTCTBHE KalbLUs U
YCHIIMBAIOIIUH CIIMSAHIE MEMOpPaH 1 9K30IIUTO3 NIPH IOCTYIUICHUH KaJIbIUS BHYTPb KIETKH.

Cps3blBaHMe KanblueBblX KaHaioB M SNARE OenkoB mimasmaTudeckod MemOpaHbl —
cuHTakcuHa (syntaxin) u SNAP-25 — MoXkeT urpaTh pojb B KOJOKAIM3AIHMH KaJIbI[HEBBIX
KAHATIOB M MECT BBICBOOOXK/ICHHS Menuatopa’ . KalbIMeBbIl KaHAT H CHHAITOTATMHH TaKKe
CBSI3BIBAFOTCS APYT C APYTOM, 9TO MOXET MEPEBOUTH CHHANTOTATMHUH B MOJIOKEHHE, B KOTOPOM
OH OKa3bIBACTCS BO3JIE OTKPHITHIX KAHATOB HA y4ACTKE TOBBIICHHOMN KOHICHTPAMH KaTbIs .

BakTepuanbHble HeMPOTOKCUHbI HaueneHbl HAa SNARE komnnekc

Unentudukamust SNARE komriuiekca MO3BOJNMIA TOHSATh MEXAaHWU3M JCHCTBUSI CHIIBHBIX
HEHPOTOKCHHOB, BblpabaTeiBaeMblx Oakrepuell  Clostridium: TOKCUHOB CTONOHSKA U
GoTymusma’”. OHOM MOJIEKYJIBI STHX TOKCHHOB JOCTATOYHO Ui TOTO, YTOOHI MPEIOTBPATHTS
BBICBOOOXKJIEHHE MEIUATOPa U3 HEPBHOIO OKOHYaHMA. KaXkIblii TOKCUH COCTOUT M3 JIETKOH U
TSOKENIOW 1IeTIei, COCAMHEHHBIX IUCYIbQUIHON CcBs3bl0. Tshkenas 1emb CBA3BIBACTCS C
IU1a3MaTHYECKOH MeMOPaHO! U NMEPEeHOCUT TOKCHH BHYTPh HEPBHOIO okoH4anus. [locne sToro
TUCYIb(OUIHBI MOCTHK PACIIETIIASTCS M JIeTKas Ielb JeHCTBYeT KaK dHOOMpOoTeasa, KoTopas
cnenuduuecku paszpymaer komnoHeHTsl SNARE kommiekca (puc. 13.18).

BoccraHoBneHne KOMNOHEHTOB MeM6paH CUHaNTU4YeCKUX Ny3blipbKoB
nyrem 3HaouunTo3a

Kak onmcano B rmaBe 11, mocie 3K30IMTO32 KOMIIOHEHTHI MEMOpaHbl CHHANTHYECKHX
ITy3bIPPKOB  BO3BpAILAIOTCSI OOpaTHO B KIETKY M HCHOJB3YIOTCS IIOBTOPHO, COBEpILas
MeTabonnyeckuii kpyropopot. Hanbonee ncciaenoBaHHBIM IyTeM KPYrOBOpPOTa SIBISIETCS ITYTh
KJIACCUYECKOTO JHJOLUTO3a, IPU KOTOPOM MeMOpaHa Iy3bIpbKa IIOJHOCTBIO CIIHMBAeTCA C
MIPECUHANITHYECKOH MeMOpaHOW B TPOIECCe 3K30LUTO33, W KOMIIOHGHTHI BE3UKYJSIPHON
MeMOpaHbl BO3BpAIIalOTCs OOpaTHO IyTeM BSHAOLMTO3a B BHIE (ParMEHTOB, IMOKPBITHIX
knaTpuHoM (puc. 13. 19)'%. TTomnmo KJIATPHHA 3TOT MPOLIECC TPEOyeT ydacTHst
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Puc. 13.19. [Oea nymn

Kpyro 3opoTa
BE3NkYNsApHbIX  MembpaH
nocne: aK3ouuTOo3a.
Han6 nee

oxap: KTepu3oBaH nyTb,
npyv  KOTOPOM  Ny3bIPbKA
CrnvB:IloTCS c
nnasnaTnyeckomn
memEBpaHon nocne

3K30UMnTO3a, KOMMNOHEHTbI
MeMﬁpaH BO3BpaLLaTCa C
nOoMO Lbto
0onocy'eqoBaHHOIo
KnatguHoMm aHgoumTosa wun

obpa:yoT HOBbIE
nysblpbkn. B HekoTopbix
CcuHaricax NPOVCXOANT

3K30UWTO3 MO MPUHLMNY
«nouenosan  n - ybexan»,

NPU  KOTOPOM  My3blpbKiA Fig. 13.19. Two Pathways for Vesicle Membrane Recycling after :xocytosis.In the best-

BLICT)O OTCOEAMHSIOTCS characterized pathway, vesicles flatten into the plasma mempranu after exog:ytosis, and
nocrme:  sksounTo3a  6e3 components are recycled via clathrin-mediated endocytosis aid formation of new
Crusitns c|vesicles. At some synapses there is evidence for "kiss and run' exocytosis, in which
nnasMaTMYeckoit vesicles rapidly pinch off after exocytosis without merging with the glasma membrane.

memEpaHoun.

aJlalITOPHBIX OEJKOB, KOTOpbIE OTOMPAIOT TOAXOJSIIUE Ui TOBTOPHOTO HCIIOJIb30BAHHUS
aneMeHThl, ¥ JuHamuka (dynamin), kanpuuii-aBucumoi ['Tda3sbl, KoTOpas OTLIEIUIAET
MOKPBITBIE KJIATPUHOM IY3BIPBKH OT  IUIa3MAaTHUYECKOU MeM6paH1,1101). Jns  onmcanus
MEXaHU3MOB IIOBTOPHOT'O MCIIOJIb30BAHUSI KOMIIOHEHTOB, 3aXBaU€HHBIX B IIPOLIECCE YHIOLUTO3A,
ObUIM TIPEIJIOKEHBI JBE cXeMbl. IlepBas mpenmnosaraer mnpsMoe o0Opa3oBaHUE HOBBIX
CHUHAIITHYECKUX IIy3bIPHKOB II0CJIIE YTPaThl KJIATPUHOBOH OOOJIOYKM SHIOCOMHBIX BE3HKYIL.
Bropas — HE0O0X0MMOCTb MPOXOXKACHHSI CHEIHATBLHOIO 3HAOCOMAIIBHOTO OT/IENa, B KOTOPOM
1 00pa3yroTcsi HOBbIE CHHANTHYECKHE My3bIpbKH. CUMTAETCS, YTO KPYrOBOPOT CHHANTHYECKHX
My3BIPHKOB IIYTEM HHAOIMTO3a B OCHOBHOM 3aHmMaeT oT 30 c¢ mo 1 mua' % ' oxmako
9KCHEPUMEHTBI, BBHIIOJIHEHHbIE Ha HEPBHO-MBIIIEYHOM KOHTAKTE 3MEH, CBUJAETEILCTBYIOT O
TOM, YTO TOT MPOLIECC MOXKET MPOTEKATh HAMHOTO GBICTpeeIO4) .

AnbTepHAaTHBHAsL THIIOTE€3a COCTOMT B TOM, YTO ITy3bIPbKH OTCOEIMHSIOTCS Cpa3y ke MOcie
BBICBOOOK/ICHHUS X COJICPIKUMOTO 03 CIIUSHHMSA C MIa3MaTuieckoi MmeMOpaHou (cM. puc. 13.19)
19 Takas cxema 9K301IMTO3a 110 NPUHIMIY «rouenoBan u yoexan» ("kiss and run") Obuia
MPE/UIOKEHa Ui O4YeHb OBICTPOrO KPYroBOpOTa Iy3bIPHKOB, KOTOPBIH HMEET MECTO B
HEKOTOpBIX CHHAICaX, HAIpUMEp, B LEHTPAIbHBIX CHHAICaX, IJe MPOUCXOAUT BHIOPOC
MeAnaTopa U3 HEOOJBIIOr0 YHCIa My3bIPHKOB MPECHHANTUYCCKUX OKOHYAHMH, HO ¢ OOJBIION
YaCTOTOM.

§ 6. Jlokanu3anusi peuenTopoB MeINATOPOB

B cuHancax meHTpanabHON HEPBHON CHCTEMBI HOHOTPOIIHBIE PELENTOPH CKOHLEHTPUPOBAHEI B
MMOCTCMHANTHYECKOM MeMOpaHe HEeMOCPEICTBEHHO IOl HEPBHBIM OKOHYaHWeM (TiaBa 9);
MeTabOTPONHbBIE PELENTOPbl MMEIT MEHBIIYI0 IUIOTHOCTh M HE TAaK TOYHO JIOKAJIM30BaHbI.
HanmpuMep, B IIIyTaMaTeprHuecKMX —CHHANCAX KOPhl MO3kKeuka ™ ¥  rummokamma'’’
MJIEKOIIMTAIOIINX HOHOTpOIHbIE penentopsl AMPA-THIa 3aHMMAOT MOCTCHHANITHYECKYIO
MeMOpaHy NpsIMO HAalpPOTHB MECT BBICBOOOXKICHHS MEOHaTopa, TOrJa Kak MeTabOTpOIHbIE

peuenTopsl JIOKAJIN30BaHbI B Opr)I(aIOHICﬁ yﬂaﬂeHHOﬁ 4acTH OCTCUHANTUYECKON MeM6paHI>I.

Kak pemenTopsl MeauaTopoB CTOJIb TOYHO YAEP)KMBAIOTCS B JAaHHOM KOHKpeTHOM mecte? B
HEPBHO-MBIIIEYHOM KOHTAaKTE€ CKEJIETHOW MYCKYNaTypbl IO3BOHOUHBIX AXP sBusrorcs
HETIOJBIDKHBIMH, TaK KaK OHU IIPEACTABIAIOT COOOH YacTh IMOCTCHHANTHYECKOTO ammapara,
00pa3oBaHHOrO OellkaMK LUTOCKEIETa, a TaKKe MEMOpPaHHBIMM M MEMOPaHO-CBA3aHHBIMU
Oenkamu (pHc. 13.20)'%. ', Kak momararor, B IOCTCHHANTHICCKOM anmapare 43 kJla 6emox
paricuH (rapsyn), accouuupoBanusblii ¢ AXP,
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Puc. 13.20. TMocTcmHanTMyeckne KOMMOHEHTbI HackiweHHoro AChR yuyacTka CKeneTHOr( HepBHO-MbILLEYHOMO

KOHTakTa MO3BOHOYHbIX. [WCTPO(PUHOBLIN FMMKOMPOTENHOBBIA KOMMMEKC (yTpoduH, O- 11 B-nMCTpOmMKaH "
CapKOrNMKaHbl) CKPEnnsT LUTOCKENeT, MeEMOpaHy 1 3KCTPaKIETOUHbIN MaTPUKC. ArpuH COEAlIHAETCS C NaMUHUHOM

1 Ol-OUCTPOrnMKaHOM U nepefaeT CUrHam ¢ MoMOLLbIO peLientopa TUpo3nHkuHasel MuSK, 3aryckasi chopmupoBaHmne
NOCTCUHANTUYECKOro annapara B MnpoLecce OHToreHesa (mnasa 23). PancuH urpaet kioyeByt) posfib B CBA3bIBAHWN
MuSK n AChR c uwntockenetom. RATL n MASC saBnsoTCA elle HeycTaHOBMEHHbIMW KONIMOHEHTaMW, KOTopble
obecneymnatoT Baammopeiictsue MuSK ¢ pancvHOM 1 arpHoM COOTBETCTBEHHO.

Fig. 13.20. Postsynaptic Components of AChR Rich Regions at the vertebrate skeletal neurornuscular junction. The

dystrophin glycoprotein complex (utrophin, O(- and B—dystroglycan, and the sarcoglycans) links together the actin
cytoskeleton, the membrane, and the extracellular matrix. Agrin binds to laminin and a dystroglycan and signals
through the receptor tyrosine kinase MuSK to trigger formation of the postsynaptic apparatus during development
(Chapter 23). Rapsyn plays a key role in linking MuSK and AChRs to the cytoskeleton. RATL and MASC are as yet
unidentified components that mediate interaction of MuSK with rapsyn and agrin, respectively.

1 KOMIIOHEHTHI KoMIuTekca quctpoduka (dystrophin) UTpaioT ompeneseHHYI0 poJib B JIOKAJIH3AIUN
AXP. JuctpodrHOBBIA KOMIUIEKC, KOTOPBII CBSI3BIBACT BMECTe MHUOGMHUOPWILIBI IIUTOCKENETa,
MeMOpaHy U OKPY)KAIOIMi BHEKJICTOUHbBIH MaTPHUKC, TAKKe 00ECHeYnBAET CTPYKTYPHYIO ONOpPY VIS
MBIIIEYHOH KJIeTKH. MyTallMd KOMIIOHEHTOB 3TOTO KOMIUIEKCA SIBISIOTCS IMPUYMHOM pa3BUTHS
MbllIeuHOH guctpodun  JllomeHe, NpH KOTOPOW MbIIICYHbIE BOJIOKHA IIOBPEXKAAIOTCS U
nerenepupyior' %,

B TOpMO3HBIX CHHAICaX LEHTPAILHOW HEPBHOH CHCTEMBI INIMIMHOBEHIE PEIENTOPH! «3asSKOPEHBI» B
LIUTOCKENIETe C MOMOILBI0 TyOyIHHCBS3bIBAIOMIEro Oenka redupuna (gephyrin)''Y. Tedupun Tawxe
HeoOxomuM u mia Jokammsanuun ['AMK, pementopoB B IOCTCHHANTHYeCKOH MeMOpaHe, XOTS
IpsIMOTO B3auMogeiicTBus Mexay redupunoMm n cyowsenuuunamMu 'AMK, pementopoB He ObLIO
HPOAEMOHCTPUPOBaHO. ['epupUH  B3aUMOAEHCTBYeT €  HECKOJIBKHUMU  BHYTPHKJICTOYHBIMU
KOMIIOHEHTAaMH, KOTOpPBIE 00ECICYMBAIOT OTBET KJIETKM Ha aKTUBALMIO WIM JEHCTBHE TPOGHUUECKUX
(axropoB. Takue B3aMMOJACHCTBHS, BEPOSATHO, MIPAIOT LEHTPAIBHYIO pPOJIb B CO3JaHUH U
CTaOMJIM3aLUK TOCTCUHANTHYECKOH ClelMaM3allik B TOPMO3HBIX CHHAIICaX.

B BO30y)xmaromux cHHarcax LEHTPaJbHOW HEPBHOI CHCTeMBI ObUIM OOHApYXKEHBI TPH CeMelcTBa
0EJKOB, KOTOpBHIE B3aMMOJICHCTBYIOT C TIIyTaMaTHBIMH perentopamu (puc. 132" 1) Benxu
Ka)XIOTO U3 CeMEHCTB HMEIOT OAuH WK Oosiee PDZ 10OMEHOB, KOTOpBIE SBISIOTCS KOHCEPBATUBHEIMU
pEeTHOHaMH, OTIOCPENYIOMINMH OeToK-0eNKkoBhle B3anMoaeiicTeus. ['myramarasie penenropst NMDA-
TUMa CBs3aHbI ¢ Oenkamu cemeiictBa PSD—95, koTopble SIBISIOTCS TNAaBHBIMH KOMIOHEHTaMH,
00pa3ylolMl  MMOCTCHHANTHYECKOEe  yIUIOTHEeHHe. [nyramartaele peuentopsl  AMPA-tuma
coenuHeHbl ¢ Oenkamu cemeiictBa GRIP. MeraborponHbie ['nmyTamarHble peLenTopbl CBS3aHbI C
yiaeHamn cemeiictBa Homer GenkoB. IlepBoHauanbHO BHMMaHME —HccienoBareneil  ObUIO
CKOHIIEHTPUPOBAHO HAa TOH pOJH, KOTOPYIO Takue OENKH WTpaloT B JIOKAIU3AIUH PELENTOPOB B
OIIPEIENICHHBIX MEeCTaxX Ha CHHaNTH4YecKod MeMOpaHe. OmHAKO CTaNo SICHO, YTO ITU OEJNKM TaKke
UTPAlOT BAXKHYI0O pOJb B CO3NAaHMH BHYTPHUKIETOUHON CTPYKTYphl, KOTOpas aKTHBHpPYET
(pexpyTupyeT) BHyTPUKIECTOYHBIC CUTHANb-
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Puc. 13.21. nytamaTHble peuenTopbl CBSI3aHbl C MOCTCMHANTUYECKMM ckadpcponaom (ITaxepkon), KOTOpbIv
BKkItoyaeT 6enku, BOBMEYEHHble BO BHYTPUKNETOYHblE CUrHamnbHble Kackagbl. YneHbl cemiiictBa GenkosB GRIP
cBasbiBaoT AMPA peuentopsl ¢ peuentopoM IP3. PSD-95 u ero romonoru coeamHsitor NMDZA peuenTtopel ¢ Yotiao,
nNOS, Src, SynGAP n GKAP. CaMKIl cBssbiBaer NMDA peuentop ¢ MyoV. CemeilcTEO XomepHbix Genkos
coevHsieT MeTaboTpOMHbLIN rryTaMaTtHbii peuentop ¢ Shank u, Takum oGpas3om, CBsI3biBaiT €ro C KOMMIEKCOM
NMDA peuenTopa.

Fig. 13.21. Glutamate Receptors Are Linked to a Postsynaptic Scaffold that includes proteins ivolved in intracellular
signaling cascades. Members of the GRIP protein family link AMPA receptors to the IP; reczptor. PSD-95 and its
homologues connect NMDA receptors to Yotiao, nNOS, Src, SynGAP, and GKAP. CaMKIl binis to NMDA receptors
and to MyoV. The Homer protein family links metabotropic glutamate receptors to Shank and thereby to the NMDA
receptor complex. (After Sheng and Lee, 2000.)

Hble OCJIKH, BKITIOYAsi CHHTa3y OKCHA a30Ta, peuentop Tupo3unkunas Raf, MAP u Rsk-kuHa3bl,
peuenropsl 1P; u Ras-monoGubie mameie I'Tdassr' . Taknm 06pazom, 5T GENKH MOTYT He
TONBKO OMNPENeNsITh PACMOJ0KEHHE PELENTOPOB, HO TAKXKE JCTCPMUHHUPOBATH IMOCIEACTBUS
AKTHUBALMHU PELICITOPOB.

MpecuHanTU4yeckue peuenTopbl

Peneniroprl  HeifipoMeMaTOPOB TakXkKe OOHApYXKEHbl M Ha MPECHHANTHYECKMX HEPBHBIX
OKOHYaHUsX. Takue MPEeCHHANTUYCCKUE PEIETITOPBI PETyIUPYIOT BHICBOOOKICHUE MEIHATOPOB
(rmaBa 10) 1 MOTYT yyacTBOBaTh B MEXaHHU3ME BBICBOOOXKICHUS KaK TaKOBOM (rJaBa 11).

§ 7. YnajieHue MeIUATOPOB U3 CHHANITHYECKOM 1€/ 11

OuHANBHBIM 1arOM XMMHYECKOM CHHANTHUYECKOH Iepefadn SBISETCS yAaJIeHUe MEIaTopa U3
CHUHANTUYECKOM Ienu. MexaHu3Mbl y[aleHHs MeAuaTopa BKIOYAOT Aud@ys3uio, pacman U
3aXBaT IJIMAJIbHBIMU KJIETKAMH MM HEPBHBIMH OKOHYAHUSAMHU.

YnaneHue AX aueTUNXonuHacTepason

Kak omumcano B rmaBe 9, neiictBie AX mpekpamaercs (pepMEHTOM aleTHIXOJIHMHICTEPa30i
(AXD), xoropeiii rugposnm3yer AX 10 XoinuMHa W anerata. bonbliasg yacTe  XOJNMHA
TPaAHCIOPTHUPYETCs 0OpaTHO B HEPBHOE OKOHYAHHME M BHOBB UCIOJNIB3yeTcs sl cuHTe3a AX. B
HEPBHO-MBIIICYHbIX  CHHANTHYECKMX  KOHTAKTaX  CKEJETHBIX MBI  [O3BOHOYHBIX
AIeTHIXOJIMHICTEpas3a CBsI3aHA C CHHANTHYECKUM O0a3ajbHBIM CIOEM, TO €CTh C TOH YacThbio
MaTepHaja BHEKJIETOYHOIO MaTpHUKCa OOOJIOYKHM MBIIIEYHOTO BOJIOKHA, KOTOpas 3aHUMAET
CHHANTHYECKYIO IIeTh U CKIaJKH KOHTakTa (puc. 13.22) ' B cumanTHueckoM 6a3aabHOM CII0€
pacrionoxkeno 2 600 katamuTuyeckux cyobeauuun AXD Ha KBagpaTHbIi MuKpoMerp' ) (as
CpaBHEHHMS: B IIOCTCUHANITUYECKONW MEMOpaHe HaXOJUTCS 10* AXP Ha KBaJIPaTHBII MUKPOMETD).

Taxoe pacnonoxenue AXD MexJly aKCOHHbIM OKOHYAaHHEM U IIOCTCHHANTHYECKONH MeMOpaHOH,
3acTaBIsOIIee MOJIEKYJIbl AX mepecekaTh MHHHOE MMOJIe M3 PACHICIUIIONUX (EPMEHTOB 0
TOT0, KaK OHM CMOTYT BCTYIIUTb BO B3aUMOJEHCTBHE C IOCTCHHANTHYECKHMMHU DPELENTOpPaMH,
MOKET TIOKazaThcsi HedPPekTuBHbIM. OJHAKO, €CIM MpPUHATH BO BHHMAaHUE pa3Mepbl
CHUHAIITHYECKON HIeTH U CKOpOCThb MU(Qy3uH, cBA3bIBaHUS M rupponnza AX, TO BO3HHKAET
mpocTasi CXeMa, IOJydYMBIIas Ha3BaHHME HACHIIIEHHOTO JWcKa (saturated disk)"'?. Tocne
BBICBOOOK/ICHUS OZJHOTO KBaHTa AX €ro KOHIEHTpAIHsI BO3PACcTaeT NPAaKTHUYECKH MIHOBEHHO (B
TEYCHHWE MHKPOCEKYH/I) BO BCEM OOBEME CHHANTHYECKOW MLIETH JI0 YPOBHSA, JOCTATOYHO
BbIcokoro (0,5 MMOIIB), 4TOOBI HACBHITHTH U perentopbl AX, n AXD B nipe-
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Puc. 13.22. AueTunxonuHacTepasda CKOHLEHTPUpPOBaHa B CUHAaNTM4YeckoMm 6asanbHOM Croi: HEepPBHO-MbILLEYHOrO
KOHTaKTa ckenetHoh Mblwubl. (A) MukpodoTorpadus HEPBHO-MbILLEYHOTO KOHTaKTa KOXHOW TFPYyAHOW MbILULbI
NSArYLIKW, OKpalleHHasi TMCTOXMMMUYECKM Ha aLeTUNXOnMHICTepady. TeMHbI MpOAYKT peakwiM pacrionaraeTtcs no
CuHanTuyeckum xenobkam u cknagkam. (B) 3nekTpoHHas MukpodpoTorpachusi nornepevHoro cpesa aKkCOHHOM
TEPMUHANN MbILLLbI, OKPALLEHHOW Ha aueTWUNXONMHacTepasy, kak 