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C. I1. PomaHoB

MOJEJTHPOBAHHE CBOHCTB HOHHOIO KAHAIJIA
H HUCCAEXOBAHHE EIro POJIH
B $OPMHPOBAHHH UMIIYJIbCHOH AKTHBHOCTH HEWPOHA

[Ipennoxen paboTaoliuii B peajbHOM MacuitaGe BpPeMEeHH 3MeKTPOHHHIE aHaJjor HeApoHa,
TNOCJ/IeI0BATENbHOCTh IIpe0OPA30BAHKSI CHTHAJIOB B KOTODOM COOTBETCTBYET MNPOLECCAaM, NpO-
HCXOAfIIAM B CHHAIICE, IIOCTCHHANTHYECKOH MeMOpaHe M coMe HepBHOH KJjeTkH. [Ipexacras-
JIEHHs O CHHance Kak O KJoYe H O HOCTCHHANTHYecKoH MeMOGpaHe Kak 00 HOHHOM KaHaJe
¢ H3MeHsIoWeHca Nnoj AeHCTBHEM MEAHATopa H BHYTPHKJIETOYHOro HOTEHIHaJa IIPOBOXHMO-
CTbIO, pe€a/i30BaHHble HAa (DH3HYECKOH MOJENH, NO3BOJHJH CO3JaTh AaHAJOT HEHpPOHA HA
OCHOBE TeHepaTopa HMIYJbCOB, B KOTOPOM BO3MOXHO BOCIIPOH3BECTH paGoOTy CHHANTHYE-
CKOro ammapata H CTPYKTYpPy A€HAPHTOB HeiipoHa. [Ipomecch mnpeo6pa3oBaHHs HMIYJbC-
HBIX TOTOKOB, XapaKTepHble AN HEHPOHOB DAa3/HYHBIX THIOB, HalPHMED MOTOHEHPOHOB H
KJeTOK PeHwoy, npoMOAeJHPOBaHE IIOCPEJCTBOM H3MEHEHHHi NapaMeTpOB CONPOTHBJEHUA
H eMKOCTH MemOpaHbl. Pe3yabTaTbhl HCC/leJOBAHHS HPOCTHIX HEAPOHHBIX ceTell HOKa3aJau
BO3MOXHOCTb HCIOJIb30BaHUA NPEAJIOXKEHHHX aHaJoroB [IJs H3YYEHHS NPHHUMIOB OpPraHH-
3aluK HEHAPOHHBIX CTPYKTYp H MEXaHM3MOB B3aHMOAEHCTBHs HEHPOHOB, B HaCTHOCTH, B CH-
cTeMe YMNpaBJeHUs JBHIKEHHEM.

BBEJXEHHE

B Hacrosilee BpeMsi B 3KCIE€PHMEHTAJbHBIX H MOJEJNbHBIX HCCAeNLOBAHHAX
BbISIBJISIIOTCA BCe OOJlee TOHKHe MeXaHH3Mbl OPFaHH3AUMH H (YHKLHOHHPO-
Banusa Hedpoma [10, 11]. Ilpomomkaercs H3yueHHe CBOHCTB (GOpMajbHBIX
HellpoHOB [5], a/laNTHBHBIX HeHPOMOAOOHEIX 3JaeMeHTOB [6] uiu ycrpolcTs
AJIS. MOJIe/IMPOBAHHS HeHpoHa [4], BHIIOJIHEHHBIX Ha 3JE€MEHTaX LUPPOBOH
TEXHHKH. JTH OOBbeKTH BOCIPOM3BOJAT OTHEJNbHbIE XapaKTEePUCTHKH GHOJIO-
rHYECKUX HeHPOHOB — NaMsThb, NepecTPOiiKy BeCOB BXOJOB, aJaNTalHIO H
T. 0. H PEaJH3yIoT (QYHKIHIO CyMMaTopa (HHTerpaTopa) BXOAHHIX BO3Jel-
creuil [7, 20]. Ha ocnose pesysbratoB pabor XomxkkuHa u Xaxkciu [25] B
TEOPEeTHUECKOM TJIaHe paccMaTpHBaeTcsl posab HOHHBIX kKaHanoB (HK) B re-
Hepalud PHTMHYECKOH akTHBHOCTH HelipoHoB [13, 14], a Takxke uccaeny-
eTCsl BIHsSiIHHe CBOHCTB JEHADHTOB Ha 3()(PEeKTHBHOCTb HNOCTCHHANTHYECKHX
CIBUIOB BHYTpHKJeTouHoro morennuana (IICIT) B obsacti renepatopHoit
3onbl Helipona [21, 24, 26]. IlpeacraBnenus Dxkiaca [22] o cuHamce KaxK o
KJIIOYe, H3MeHSIoLeM NIPOBOJHMOCTL MOCTcHHAaNTHYecKod MeMOpansl (ITCM),
YUMTBIBAIOTCA B MaTeMaTHYeCKHX BhipaxeHusx ¢opmupoBanus BIICII u
TIICIT To/bKO Kak CTaLMOHApHBIE YCJOBHS BO36GYKAEHHOH HJIH HeBO36yXK-
neHHoH MemOGpansl [14]. JluHaMHueckHe NOpOUECCHl B MOMEHT 3aMBIKAHHS
«KJI0Ya» B ypaBHeHHsAX OOBIYHO He PacCMAaTpPUBAIOTCH, a4 BLIABJCHHLE C
npuMeHeHHeM MeToja (GHKCAUMH HaNpsKeHHsI HeJMHEHAHOCTH BOJIbT-aMIiep-
HbIX XapaKTepucTHK [ICM OOGBACHAIOTCS NOTEHIHAJ03aBHCHMOCTBIO HACOC-
HbIX TOKOB [9, 14, 23, 27] uin HeJMHHEHHOCTHIO XapPaKTEPHCTHK ACHIPHTOB
{8, 12], no Mepe nmenonsipuzauun MeMOpaHB KOTOPHIX YMEHbINAETCS BHIXO-
pquui Tok. MaTtemaTHuecKH#l anmapaT He NO3BOJSAET HAlMISAHO IIpeNcTa-
BHTh DelleHHe CUCTEMBl HeJHHEHHBIX AH(OdepeHUHATbHBIX YpaBHEHUH, YUH-
ThiBaomux KuHeTHKy MK, n tpefyer nx JnHHeapH3aUuH, uTO BeleT K yIpo-
LUIEHHI0O H II0Tepe CYIUECTBEHHBIX CBOHCTB OOBEKTa B HCCAEIYyeMON MOJeJH.
Takune ypaBHeHuss MOryt ObITb DellieHbl B peajibHOM MacTabe BpeMeHH Ha
yCTpOlCTBAX, ABJAOIUMXCA 3JeKTPOHHBIMH aHaJoraMu He#poHa, ocobeH-
HOCTAM (POPMHPOBAHHS MMITYJbCHBIX MOTOKOB Ha BBIXOJAE KOTOPHIX H IOCBS-
HleHa JaHHad pa6ora.

METOLHKA

JKcnepuMeHTE! ObIM TPOBEJeHb HAa 3JeKTPOHHOM aHaJsore Hefipona [3], y
KOTOPOro BpeMeHHble NapaMeTPsl HMIYJbCOB, T€HePHPYEMBIX HA BHIXOLE H
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Puc. 1. Monens u CBOHCTBa HOHHOrO KaHaja B 5JEKTPOHHOM aHAJIOre HelipoHa.

@ — 5KBUBAJIEHTHAf SJEKTPHUECKAs cXeMa NpeoOpasoBaHMs CHTHalNoB B cHHance. JIpCM — npe-, IICM —
TOCTCHHANTHYECKasy MeMGpaHa. WHIEKCH OTHOCATCS K 3/IeMEHTaM, MOAENHPYIOLU(AM TpPOLEcCH: X — Bhi-
AeleRHe M pacmaj XHMHYECKOro MNepeflaTuuKa, K — CONPOTHBNEHHe R M eMKoctb C HOHHOTO KaHana,
M — CONmpOTHBJEeHHe R M eMKocTh C ITCM. Ry — conportnBaenue nesaputa, I — «kawu», E — HCTOUHHKH

TPAJKEHTHEIX NMOTEHHHANOB, 6—2 — rpad MK 3aBHCHMOCTH CONDOTHBNEHHS <«KJoua» (6), BeJHUYHHBI MeM-
OpaHHoro noTeHnHaja (€), PasHOCTH NOTeHNMaNoB Ha JICM — ] UM TOK2a HOHHOTO KaHajia — 2 (&) (ocn
OpIHHAT, YCJ. €.} OT KOHHEHTPamuH MeimaTopa (och abcumcc, yoid. ef.). & — 3aBHCHMOCTH BEJHUHHLI
TICI1 or coOTHOLIEHHS CONPOTHBJACHHA HOHHOrO KaHana (Ry) n MemG6pamnt (R,). JluaneR ykasana Teo-

PeTHYeCKasn 3aBHCHMOCTD, CBETJILIMH KPYXKaMH — H3MEDeHHS Ha Momend. ITo ocH aeumee — R, /R,, (gor.
Macmral); MO OCH OPRMHAT — BeJMYMHA NOTeHIHaja (MSMepsieTcs OT YPOBRR «l», KOTOPDOMY COOTBeT-
CTBYeT BHYTDHKJETOUHBIR NOTEHLHAM).

Fig. 1. The synaptic model and properties of the ion channel in the electron analogue

of a neuron. Eu

NOCTyNaIOWHX HA ero BXOAH (l Mc), IpUMepHO COOTBETCTBYIOT NapaMeTpam
NOTeHUHANOB J€HCTBHS HeApOHa HEepPBHOH CHCTEMEI IO3BOHOYHBIX. Ha pHc.
1, a npeacraBieHa NPHHUMIKAJIbHAS CXeMa OJHOTO BXOAA MOJE/H, KOTOpas
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MOJEJIMPOBAHHE CBOVICTB MOHHOI'O KAHAJIA

MOXKeT paccMaTpUBaThCsl Kak 9KBUBajeHTHas cxema MK B o6nactn cuHan-
ca. OcoOeHHOCTBIO CXeMBbl AIBJseTCs BBeleHHe Kawua T [1, 2], ynpasieHue
KOTODBIM OCYILIeCTBJISIeTCSI HMHTHPYIOLUIHM Bo3JleficTBHe MeaMaTopa Ha
I[ICM nanpsaxennem Ha KoHgeHcatope Cx. Ilocrosinumie BpeMenn RxCx H
R’xCy BXOJHOH Llenu MOIENH COOTBETCTBYIOT BDEMeHH BhIAeJEeHHS H pacna-
da MejHaTopa B CHHamTHyeckKoi WiesaH. ITapamerpst R u Cy NpenCcTaBAdIOT
3KBHBaJIeHTHLIe CONMpPOTHBJIeHHe H eMkocTh VK, WyHTHpYIOMMHE CONpOTHBIIE-
HHe R, MeMOpaHpl Mpu 3aMBIKAHHH KJ104a, a R. — CONPOTHBJIEHHE BHEKJIe-
TOYHOH cpeanl B O6sactu cuHanca. Llemouku R'«C’x m R”C”¢ orpaxkaior
csoiicrBa gpyrux MK paccmarpusaeMoro cuHanca, KOTOpHe MOTYT MOAKJIO-
4aTbca K MHBIM HenoykaM R,C,; HanpsiXXeHHsA C HX BHIXOAOB CYMMHPYIOTCS
uepes CONPOTHBJIEHHST R, NeHADHTa HJIM Tesia KJAeTKH B oOJAaCTH ee reHepa-
TOPHOH 30HH. BBeleHne B Monenb 3JeKTPOHHHIX KJloueH, ympaBAsieMBIX
BXOJAHBLIM CHTHAJIOM, II03BOJIHJIO IIOCTPOHTh HEKPUTHYHBIA K KOJHYECTBY BXO-
10B aHaJor HefipoHa Ha OCHOBe reHepatopa HMIyJbcoB [15]. 3uauenus pe-
3ucTOpoB Ry u KonjeHncaropos C, OTpaKalT CBOHCTBAa MeMOpaHH HeHpOHA,
MoJesupys 3(h(deKT PACNOJNOXKeHHs] CHHANCOB HA €ro COMe H JeHAPHTAaX, a
BO3MOKHOCTb HX [apajliesIbHOro NOJAKJIOYeHHS K IeHepaTOPHOMY MeXaHH3-
My (HH3KOHOPOroBOil 30He) NO3BOJISeT PEKOHCTPYHPOBATHL JEHAPUTHHIA am-
napat HefipOHa, BOCNPOH3BOAS B MOJENSIX CBOHCTBZ MOTOHEHPOHOB, KJIETOK
Penioy, B036y:KAAIOUIAX H TOPMO3HLIX HHTEPHEHPpOHOB [19].

KoHueHnTpanus Meamatopa B CHH2NTHYECKOH HIeNIH 3aBUCHT OT 4acro-
Thl CJI€J0BaHHs HMIYJbCOB N0 AAaHHOMY BXOLY W [AJIST TEKYHIEro BpeMeHH f
OT MOMEHTa INpHXOAa OYepeIHOro MMIYJbCa BHIYHCJASETCS 10 Qopmyse

Kn (t) = ((K - Kn—l) ) (1 — €Xxp (— T/Rxcx)) + Kn—l) - €Xp (__ (t - T) / R;(Cx)r

rie K — MakcHMaJbHO BO3MOXKHAs KOHUEHTpauusi Meguartopa, K., — ocra-
TOYHAs KOHIEHTpanusi MeIHaTopa B CHHANTHYECKOH IeJH K MOMEHTY IpH-
X0jla ouepeAHOro HMIYJbCa f AJHTENBHOCTBIO T II0 aKCOHY 3TOro Bxoza. Jla-
Jee HCMOJAb3yeM JBa MOJNOXKEHHS: MEAHATOp SIBJASETCS KJIOYOM, OTKpPHIBA-
omum MK [22], u nposoaumocts [ICM  perynupyercss KoHUeHTpauuel
MelHaTopa B CHHanTHueckod Ienu [11]. MakcumanbHoe oTkpeiTHE WK
onpejiesisieT Bec NAHHOTO BXO[a, KOTOPHII 3aBHCHT OT COOTHOIIEHHS COIPO-
THBJeHHH MemOpaHn u MK B obnacru cunanca. Emxocru C, MeMOpaHBI H
C« UK onpenensitor BpeMennsie napamerpel passutus [1CII, a uucno omgHo-
BpeMeHHO aKTHBHpyeMblx MK — ero ammauTyny. HeBo3MmoxKHOCTh aHaJHTH-
YECKOro pelleHHsl YpaBHEHUIH B paccMaTpHBaeMoll lenouke npeobpasoBaHHH
3acTaBu/a oOpaTHTBCA K HCCJEAOBAHHUIO 3JeKTPOHHOU Mognend. [lonyueHHBe
pe3yJibTaTel TO3BOJSIOT HENOCPeACTBEHHO CPAaBHHUTh AAHHbIE MOIEJNbHBIX H
e po(H3HOTOTHYECKHX SKCIEDHMEHTOB. ‘

PE3YJIBTATDI

Jns otoxnaectBiaeHust cBoiicts MK Ha Mojenu u3Mepsiiy HampsAKeHUe Ha
rxonaencarope C,, coorBercrBywoutee [ICI1 Hefipona, u Ha Bxoxe Rx MK B
obJacTd 'CHHANTHUYECKOH IUeJH NPH H3MEeHEHUH HAINpsXKEeHUs] Ha KOHJeHCa-
tope Cx, COOTBETCTBYIOllee BEIAE/S€MOMY B CHHANTHUECKYIO LIeJb KOJHUe-
crBy Mejuartopa. IlocienoBatedsHo ¢ Ry MOTYT BKJIOYaThCH WCTOYHHKH
HanpsAXKeHHsl, HMHTHDYIOLIMEe HACOCHYI0 (PYHKIHIO OTAEJbHBIX HOHOB 3a CyeT
rpajiHeHTHBIX 3JeKTPOXHMHUECKHX MOOTEHLUHAJOB, KOTOpHle B HALIeM ciayuae
MOJeJUPYIOTCS TOJNBKO HCTOUHHKAMH HamnpsikeHus £, u +=F. JlaHHBe H3Me-
peHUll AJsl Tpex 3HAaueHHH BeCOB BXOJAOB, XapaKTepHHX HJf MaJleHbKHX,
cpefHuX u OOJbIIHX HEeHPOHOB, NpeacTamieHnl B Tabuauue. I[lo Mepe yBenn-
yeHHs] KOHLeHTpaunu Menuaropa (Cx) Hanpsikenue Ha C, cHavasna He3Ha-
YyHUTeJbHO BO3pACTaJo, a 3aTeM Pe3Ko NajaJgo 10 yPOBHS, ONpelessieMOro
OTHolleHHeM conpotuBienuit MK u MemOpaHb, a npH aajbpHeHlleM NOBHI-
IIEHHH KOHLEHTPALWH MeAuaTopa BO3PacTajo OT MHHHMAJIbHOTO 3HAYeHHS.
XapaxkTepHo, YTO MocJe 3aMBIKaHHs KJlo4a HanpsekeHHs Ha Bxoge MK
OCTaBaJuCh HEH3MEHHBIMH JJf Da3/IMUHbLIX 3HAaYeHHH BeCOB BXOJAOB, T. €.
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HanpsixeHHe B PA3JHYHBIX TOUKAX CXEMbl MOJEJNH HOHHOIO KaHajia
Potentials in Different Points of the Ion Channel Model

CX
R /R
Ko 0 ‘ 0.4 ‘ 0.8 ‘ 1,2 ’ 1.3 } 1,4 l 1.5
03 9,40 9,44 9,46 9,38 7,69 2,82 2,69
; 9.95 9,29 9,30 3.19 6,91 031 0.15
o 9,74 9,76 9,78 9,76 9,20 6,47 5,33
: 9,57 9,59 9,62 9.56 8,35 5,58 0.15
" 9,88 9,89 9,92 9,92 9,86 9,50 8,95
9,71 9,72 9,75 9,71 9,00 5,45 0.17
CX
R./R
KoM 1,6 l 2,0 \ 3,0 \ 4,0 5,0 ‘ 6,0 ’ 7,0 ) 8,0
03 2,74 3,00 3,79 4,43 5,16 5,87 6,61 732
) 0,22 0,57 158 2,54 3,54 452 5,52 6,50
o 5,36 5,52 5,99 6,44 6,90 7,35 7,82 8.27
: 0,22 0,57 158 2,54 354 4,52 5,52 6,50
8,96 9,00 9,10 9,20 9,30 9,40 9,50 9,59
10 0.23 0,57 158 2,54 354 452 5,53 6,50

NMpuMeuanns Cy— HanpsKEHHe HA KOHIEHCATOPe, HMHTHpYIOIlee KOHUEHTPAUHIO XHMUHYECKOTO
NepefaTuHKa B CHHANTHSecKofl weaw; R, R, — SKBHBANEHTHEE CONPOTHBJEHHS HOHHOrO KaHala H

MeMOpaHbl COOTBETCTBeHHO. Haj 9epTofl yKa3aHBl 3HAYEHMS HalDSIKEHHH HAa KOHJEHCATODE, HMHTHDYIO-
meM eMKOCTh MeMOGpaHbl, MOJA 4epPTOi — Ha COMPOTHBJIEHHH HOHHOrO KaHana.

napaMeTpnl KJiooua He 3aBuceau oT cBoiictB [ICM u ynpaBisiinCh TOJIBKO
MeanatopoM. XapaxTepuctuku coberBendo MK mpusenensr Ha puc. 1, 6 —
9. ConpoTHBJeHHe K/04a MOXHO BBIYHMC/IHTbH N0 3HAUYEHHSM pas3HOCTed Ha-
npsixxeHHil Ha KoHJeHcatope Cy u Ha Bxoje Rx MK. Ecnu KonuenTpanus me-
AMaTopa Obuia GaM3Ka K HyJlo, Koy o6aafan OOJBIIHM CONPOTHBJIEHHEM
(COMPOTHB/IEHHEM YTeUKH), KOTOpOEe He3HAUHTeJNbHO CHHXKAJO BeJIHUHHY
MeM6paHHOro noteHumana (puc. 1, 6), paBuylo B Moiean 10 B. Jlomoporo-
Bble H3MeHeHHs] KOHLUEeHTpalHuy MeJuaropa He3HAUHTeNbHO H3MEHSJIH conpo-
THBJEHHE KJI0Ya, MOKa JaBHHOOOpPAa3HO He HACTYNAJO €ro IOJHOe OTKPHI-
Banpe. OTpuLATe/bHAsi BEJHUHHA COIPOTHBJEHHS CBHIETEJbCTBYEeT O TOM,
NTO KJIOU IpeBpaliajcs B AKTHBHBI TreHepaTop TOKa, obecnevdBaloliHi
HanpaBJeHHOe JIBHXKeHHe HOHOB uepe3 Kanaap [TICM. V3MeHeHHe BeJHUHHEL
MeMOpaHHOro noreHmuasa (puc. 1, 8) TakxKe HOCHJO CTYNEHYATHIH Xapak-
Tep, HO MOC/Te PE3KOro Chmaja HampsiKeHHs B pesysibrate oTkphiBanus MK
[1CI1 Bo3pacras NPOMOPIHOHAJLHO YBEJHYEHHIO KOHIEHTpaIMH MeqHaTo-
pa. 2tor mpouecc, GoJiee BHIPAXKEHHbIH Yy KPYTHBIX HelipOHOB, MOXKET $B-
JSThCS OJHHM M3 MEeXaHH3MOB NpecHHamTHYeckoro TopMoxenusa [22]. Tay-
GuHa cnaja Onpelessyiach OTHOLICHMEM CONPOTHBJIEHHI OTKPBITOIO KaHasa
¥ [ICM. Uem Metiblile GBIO 3TO OTHOLIeHHe (CM. Tabaumy), Tem OOJIbLIHMH
OblJM Tlepenaj BHYTPHKJIETOYHOTO Hampsikenus B 00JACTH CHHANTHYECKOTO
BXOJa U ero BJIHSHHe Ha reHepaTopHbH MexanusMm. Ha puc. 1, e npexcras-
JeHbl rpaduxd H3MeHeHuil Toxka MK, BeluMc/ieHHOro NO pasHOCTAM Hanps-
JKeHHil Ha ero BXoJe H Bhixoje, u noresuuasna IICM, ompejeseHHOro OTHO-
CUTeNIbHO HATpSIKEeHHs, KOTOPOe CO31aBajoch KOHILEHTpalHed MeAHaropa.
B MoMeHT OTKpHiBaHHs Kiloua Tox MK Bospacraj, a 3aTeM IO Mepe yBeJH-
YeHUs KOHIEHTpalluu Meauatopa yOuBan. Ilorenmuan TICM ywmenblnaics
cKAyKOOBPA3HO M C POCTOM KOHLEHTPAIHH MeJIHaTOpa MPOROJKaN yOhIBATD,
CTAHOBSICh OTPHIATENbHBIM (HHBePCHsi TOKa) ObICTpee y MeJKHX HelipOHOB.
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