Mamemamuueckas buono2us u buoundopmamuxa
2020. T 15. Ne 2. C. 138-147. doi: /10.17537/2020.15.138

MATEMATHYECKOE MOJAEJINPOBAHUE
MonesiupoBaHie NMK-BOJHOBBIX Pa3psiioB B MO3Ie

MaJIbIMH CETAMMH HeﬁpOOCHHﬂﬂﬂTOpOB

Kanyctnukos A. A."1?, CpicoeBa M. B.713, Cricoes U. B.*12

L Capamosckuii punuan Uncmumyma paduomexnuku u s1eKmpoHuKu uMeHu
B. A. Komenvnukosea PAH, Capamos, Poccus
2Capamosckuii nayuoHanbHbLil UCCT006aMenbCKUL 20CY0APCIMEEHHbII YHUSEPCUMEN UMEHU
H.I Yepnviwesckoeo, Capamos, Poccus
3Capamoeckuii 2ocyoapcmeennviii mexnuueckutl ynusepcumem um. I azapuna IO. A.,
Capamos, Poccus

Annomayusa. 11atonorus apxXuTeKTyphl CBA3€H B TallaMO-KOPTHKAIBHON CHCTEME
CUUTAETCS] OCHOBHOIO IPUYMHONW aOCaHCHOW SHHUIICICHUH, HPOSBIAIOLICHCS Ha
aNEKTpo3HIe(asorpaMMe B BHJIE MUK-BOJHOBBIX pa3psaoB. HemocpencTBeHHOIO
MIpUYMHOMN Hayasla pa3psa MOTYT ObITh YBEIHYEHHE B3aUMO/IEHCTBUI BHYTPU KOPBI
WJIM BHEUTHSSI CTUMYJISIIIASA KOPBI WJTH Tajamyca. [ [pu 3ToM MexaHN3MBI 3aBepIICHHUS
pa3psIoB 10 CHUX MOP HE SICHBI, TOATOMY C TOYKH 3PEHHS TEOPUH TUHAMHYECKUX
CHCTEM IHK-BOJIHOBOM pa3psii MO)KHO CUHUTATh AJITMHHBIM EPEXOJHBIM ITPOLIECCOM.
B nanHoii pabore mnpemiaraeTcsi mpocTas MaTeMaruieckas Mopenp w3 14
WIEHTUYHBIX MOJEIbHBIX HepoHOoB THNa dutnXsto — Harymo, opraHuzoBaHHBIX
B COOTBETCTBHU C COBPEMEHHBIMHU IPEACTABICHUSAMH O TallaMO-KOPTHKAJIbHON
ceTw Moara. J[ist 3Toi MoJieny MoKa3aHo, YTO MCKIIIOYUTEIBHO 32 CHET CTPYKTYPBI
CBA3€H BO3MOXKHO IIONyYWTh JUIMHHBIE IEPEXOJHBIE IIPOLIECCHI B OTBET Ha
KpaTKOBPEMEHHOE UMITYJIbCHOE BO3AECHCTBHE CO CTOPOHBI OTIEIBHOIO HEHpOHA,
MOZETMPYIOIIET0 TPOWHUYHBIA HepB. BU(ypKalMOHHBIA aHAMW3 IOKa3bIBACT,
YTO TaKue MEepeXoJHbIe MPOLECCHl Pa3BUBAIOTCS B CUCTEME B OKpPECTHOCTHU
Oudypkauuu poXIeHUS NUKIa W3 crymieHus (azoBbIX Tpaekropuii. Monenb
JOJDKHA OBITH TTOJIE3HA B Ka9€CTBE COCTABHOW 4acTH OoJiee AETaJbHBIX MOJenen
TaJIaMO-KOPTHKAJIbHOI CHCTEMbI, CO3aBacMbIX C ()yHIAMEHTAIbHBIMHU LEISIMH,
a TaKkKe UCIONB3YIOUIMXCA Ml TECTHUPOBaHHA JS(PQPEKTOB IIEKTPUIECKON
CTUMYIALMN MO3Ta, (apMakoJIOTMYECKHX BO3ICHCTBHA W IJIS1 TECTUPOBAHUS
METO/IOB OLIEHKHU CBSI3aHHOCTHU B MO3TE€.

Knroueewie cnosa: abcancras snuiencust, RUK-60IHO8bIE PA3PIObL, MANAMO-KOPMUKATbHASL
cucmema, HeUpoHHble AHCAMONU, OUHAMUYECKUe CUCmeMbl, NepexoOHOU npoyecc,
MaAmeMamu4eckoe MoOeIuposanue.

BBEJIEHHME

B nHacrosimee BpeMsi HcclieOoBaHHE W MOJAEIMPOBaHHE OHOJIOIMYECKHX CHUCTEM, B TOM
YHUCJIE MO3T'a, CTAJI0 OJHUM U3 CAMBIX PACIPOCTPAHEHHBIX MPUIIOKEHUI METOAOB HEJIMHEUHON
JUHAMHKH. B 4acTHOCTH, MaTeMaTH4YeCKUi anmapar Teopun Oudypraiuii u karactpod akTUBHO
HCIOJB3YETCS IPU CUHTE3€ MOJAEJIEN Mepexoa OT HOPMAJIbHOM K MATOJIOTMYECKON TUHAMUKE
B MO3re NpH pa3lIM4yHBIX paccTpoiicTBax: Oone3Hu AnbureriMepa [1], 6one3nu [lapkuHcona
U JIeMeHIuU [2], TanamMo-KOpTUKaIbHOW au3putMuu [3] m npu snunencun [4]. [ockonbky
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pa3iMyHble THIBI AIWJICICUU MPEACTABIAIOT COOOI0 MO CYyTH pasziuyHble 3a00JIeBaHMS,
3aJIeHCTBYIOIIUE Pa3HbIe MOACUCTEMBI MO3Ta i UMEIOIIHE PA3INYHOE MPOSIBICHUE, B TOM YHUCIIe
sHIIedanorpadudeckoe, OONBIIMHCTBO MOJAENEH SMUICTICUU Takke BecbMa crenuduuHbel. B
YaCcTHOCTH, JJIsi abcaHCHOM smmiencuu [35, 6] — ¢hopMbl, MHUPOKO pacTpoCTPaHEHHON CpeH
JIeTe U MOAPOCTKOB — CO3/1aHbl HECKOJBKO BUJIOB MaTeMaTHYECKUX MOJENIeld, B OCHOBHOM
OTHOCSIIIUXCS K HEUPOHHBIM MOMYJISIIUSAM |7, 8].

Jls JaHHBIX MOJIeNel XapakTepHO OMMCAHKE LEN0H MOMYNISIIUMYA HEHPOHOB ONpeaenEHHOTO
TUIIA, HAIPUMED, TUPAMHU/]] IN UHTEPHENPOHOB KOPbI, OAHUM, KaK B [ 8], N1 HECKOIBKUMU, KaK
B [7], ypaBHeHussMuU. [IpenmMymiecTBaMy Takoro MOAX0Aa SBISETCSA COYETAaHHE OTHOCUTEIbHON
IIPOCTOTHI ¥ BOBMOYKHOCTH OIMCAHUS XOTs ObI YacTH crielu(UIeCKUX AJis ONPeaesIEHHOTO TUIIa
SMWIETICUU OMOXUMUYECKHUX MpolieccoB. Kak cieacTBue, Takue MOJIEH IOy CKatoT YaCTUYHBIN
OudypKalMOHHBIA aHajdu3. BONBIIMHCTBO BHMIOB JMHICICHH, B TOM 4YHcle abcaHCHas, —
CETEBOE SIBIICHUE, TO €CTh BAJKHO YUECTh CBSI3U KaK MEXY 3a/leiCTBOBAHHBIMHU CTPYKTypaMu
MO3ra M THUIIAMH KJIETOK, YTO MOJEIH HEHPOHHBIX aHCaMONedl MO3BOJIAIOT, TaK M BHYTPH
HUX, YTO C UX MOMOUIbIO CIEJaTh HEBO3MOXKHO. JTOT CYIIECTBEHHBIH HEIOCTATOK 3aJ10)KEH
B MOJEJIM HEMPOHHBIX aHCAaMOJel MO MOCTPOEHUIO M HE MOXET ObITh mpeoponéH. s ero
MIPEOI0JICHUS TOSABUIINCH CETEBBIE MO/IETH, B KOTOPBIX KaXI0H CTPYKTYPE MO3Ta COOTBETCTBYET
JIOCTaTOYHO OOJNBIIOE YHCIIO MOJENBHBIX KIeTOK [9, 10]. OqHako MexaHU3MBbI IIepexoa MEeXIY
HOPMAJIbHBIM U TTaTOJIOTUYECKHM COCTOSHUSIMHM B TAaKMX OOJBIINX MOJEISIX U3YYUTh OYCHb
npoOieMaTnyHo M3-32 OOJBIION pa3MEepHOCTH M OOJBIIOrO YMCIa TMapaMmeTpoB. B mpenene
HEKOTOpBIE PEe3yJIbTaThl MOTYT OBITH MOJIYYEHBI, €CIM NEPEeUTH K PacCMOTPEHHI0 MO3Ta Kak
CIUIOIIHOM cpelibl, Kak 3TO clenano B [11], HO Takoe MOoAeTupOBaHUE HE BCET/a COIIacyeTcs
C COBpEMEHHBIMU MPEJCTABICHUAMU O HAIUYUHU OONBIIOTO YHCIA JAIbHUX CBSI3eH MEXIy
HEHpOHAMU KOPBI M TaJaMyca, XOTs MOXKET OBITh MOJIE3HO JUII HEKOTOPHIX THUIIOB aKTUBHOCTH,
HamnpuMep, pU U3yUEHUHN paclpocTpaHsouleiics nenpeccuu [12].

B nanHolf pabGore MBI mpeqIaraeM MHHUMAJIMCTUYHYIO CETEBYIO MOJEib TeHepaluu
MUK-BOJIHOBBIX pa3psiioB U3 14-TM HEHPOHOB, BOCHPOM3BOIALIYIO OJMH U3 HM3BECTHBIX
CIICHapueB HMHHIMALIMW, W3BECTHBIM U3 pabotel [13]. B Momenu paccmarpuBaeTcs TOIBKO
HeOoNpIIas YacTh TaJlaMO-KOPTUKAIBHOM CETH, HEMOCPEICTBEHHO 3a/IeHiCTBOBaHHAs B
3apOXKACHUN MMHICOTHPOPMHON aKTHBHOCTU. B paborax [14, 15] MONBITKH JETEKTHPOBATH
MEXaHU3MblI 3aBEpIICHUS TUK-BOJIHOBBIX pa3psA0B NPEAIPUHUMAINCH, HO OTJENbHBIN poLecc
3aBepIICHUS U OTBETCTBEHHBIE 32 HETO CTPYKTYPHI He ObLIIM 00Hapy:keHbl. Tak 4yTo B HacToOsIIEE
BpeMsl [TO-TIPEKHEMY CUMTAETCS, YTO MUK-BOJHOBBIE Pa3psi/ibl 3aKaHUMBAIOTCS CIIOHTaHHO [16].
[ToaTomy B mpesuiaraeMoi MOZEIN MUK-BOJIHOBOM pa3psj pacCMaTpUBAacTCs KaK MEPEXOqHON
IIPOLIECC, BBI3BAaHHbBIN KPATKOBPEMEHHBIM BHEIIHUM CTUMYJIOM.

2. MOJIEJb

Tak kak W3HA4YaNbHO CTAaBMUJIACh LE€Jb MOJEIHMPOBAaThH B IIEPBYK0 OYEpPEAb CETEBbHIE
3¢ QEKTHI, M0 BO3MOXHOCTH YMEHBIINUB CIOKHOCTh OIMCAHMSA OTACIBHBIX Y3JIOB CETH, JUIA
OTJIEHHOTO HEHpOHA ObLjIa MCTOJIb30BaHA OJJHA U3 MPOCTEUIITNX MOJeNel HelpoHa — MOJIeb
OuruXpto — Harymo [17, 18] B 3ammcu (1), mpennoxenHoil B [19], mockosibKy Takas
3alKCh CONEPKUT BCEro ONWH OMGYPKAIMOHHBIM MapaMeTp, peryJupyoni oqHOBPEMEHHO
aMIUTUTYy W 4acTOTy KojeOaHWi, a Takke ymoOHa I AalbHEHIIel peanu3alii B BUIE
ANEKTPUUECKON CXEMBI, KaK 3To cenaHo B [20].

edui v + 3 k
= U= 5 T 1, Ui
dt 3 =
J=1j#
dvi
= U + i, 1
o (1)
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TJe u; — ONHUCHIBACT AMHAMUKY MEeMOpaHHOTO MOTEHIIMAA ¢-TOTO HEHpPOHA; v; — COBOKYITHOE
JeICTBHE BCEX MEIJIEHHBIX MOHHBIX TOKOB, OTBEYAIOLIMX 3a BOCCTAHOBJIEHHE IOTEHIMaa
MTOKOSI MEMOpaHbI; HapaMeTp @; ONPeAEIseT XapaKTePUCTUKY POBOAUMMOCTH HOHHBIX KaHAJIOB;
¢ > ( — OTHOCHTENBHAS CKOPOCTh U3MEHEHHS MEIJIEHHBIX HOHHBIX TOKOB; £; ; — KO3 QHUIHEHT
CBSI3U MEXKY ¢-ThIM U J-ThIM HEHPOHAMHU.

[TockonbKy UIsi MOAETUPOBAHUS MHUK-BOJHOBBIX Pa3psioB BAXKHO YYECTh KaK MHUHUMYM
JBa sApa Tajamyca: PETUKYJISIPHOE U BEHTPONOCTEPUAIBHOE MEIUAIbHOE, a TaKKe
COMaTOCEHCOPHYIO KOpPY, COCTOSIIYIO B CBOIO Ou€pelb U3 KIETOK JBYX THIIOB: MUPAMUI U
WHTEPHENHPOHOB, MBI B3sUIM 32 OCHOBY CXeMy U3 paloThl [7], a COOTHOLIEHHE HEHPOHOB B
OMyJISIIUK Kak B padote [21]. ITpu 3TOM unciao HEHPOHOB OBUIO PEAYLIUPOBAHO B KXKIIOH U3
HNOMYJSIIUI 10 MUHUMYyMa, TaK 4TO y HAC YUCJIO UHTEpHEHpOHOB Ny = 1, yucio nupamup

Npy = 4, 4uClIO PEeTUKYIAPHBIX KIETOK Ngg = 4 W UYUCJIO TaJaMOKOPTHKAIBHBIX KJIETOK
Nrc = 4. Kpome Toro, cienys [10] B cucreMy Obli BBEIEH BHEIIHUIN BXO, MOJCIHUPYIOLIUI
TPOWHUYHBIN HepB (OJUH HEWpoH, oOo3HaueHHbIH nanee kak NT, Nyr = 1); B memix

MHUHHUMU3ALUK pa3Mepa MOJIEIH OH MPEICTABIISUICSA €IMHCTBEHHBIM HEMPOHOM, Tak 4TO ol1iee
4yucio HelpoHoB B cucteMe 0b1o N = Ny + Npy + Nrg + Ntc + Nyt = 14.

CBsI3U B CETH MOJIyYEHBI C IOMOLIBIO T€HEPATOPA IICEBIOCITYYaHBIX YUCEI C HAJIO)KEHUEM
OTPaHUYECHUM, KOTOpPBIE CIEAYIOT U3 U3BECTHBIX 3aKOHOB AaHATOMHUHU TAJIAMO-KOPTHUKAJIbHOMN
CUCTEMBI: TUPaMUbl MOTYT OBITH CBS3aHBI IPYT C IPYTOM IIPOU3BOJIBHO, KaK U PETUKYISPHBIE
KJICTKH, UHTEPHENPOHBI MOT'YT BO3JCMCTBOBATh TOJIBKO HA MUPAMMJIBI, TAJIAMO-KOPTHKAJIbHbBIE
KJIETKM MOTYT BO3JI€MICTBOBATh Ha IMPAMUJIbI U PETUKYJISIPHBIE KJIIETKH, TPUUEM KOJUIATEPAIbHO,
TO €CThb €CIU €CTh BO3JIEHUCTBHE C JAaHHOM TajaaMO-KOPTUKAJIBHOW KIETKM Ha OJHY W3
NApaMuj, TO €CTb W BO3ACUCTBUE HA OAHY U3 KIETOK PETUKYISpPHOro snpa. Taxkxke u
PETUKYISIpHBIE KJIETKU BO3JEHCTBYIOT HAa MUPAMUJIBI U TalaMOKOPTHKaJIbHbIE KIeTKU. Kpome
TOT0, OBIIIM HAaJI0)KEHBI JOIIOJTHUTEINIbHBIE YCIOBUS, BBI3BAHHBIE HEOOXOJMMOCTBHIO MAKCUMAJIBHO
UCIIOJIb30BATh MMEIOIUECS MOJENIbHBIE HEHPOHBI, TaK KaK MX OYEHb MaJI0 IO CPaBHEHUIO
C U3BECTHBIMM CeTeBbIMU MoneisiMu [10, 22]: HecBs3aHHBIE HEHPOHBI, & TAK)KE HEHPOHBI,
UMEIOIIME TOJIBKO MCXOMASIINE CBSI3M MJIM TOJBKO BXOISIINE CBS3M, OBLIM 3ampemieHbl. Takxke
BCE HEHpPOHBI MHpaMUJ JODKHBI ObUIM BIMATH JAPYTr Ha JApyra NnpsMO WM ONOCPEIOBaHHO,
AQHAJIOTUYHO U PEeTUKYJspHbIe KieTku. [lomyuuBiascs cetb n300paxkeHa Ha pUCYHKe 1.

PY

Y2

T1

C

Puc. 1. I'pad cBs3u 14 neiiporo moxaemnu (1). UEpHBIM IBETOM 0003HAYCHBI TTOJIOKUTEIILHEIC CBI3H
(st koTOpBIX K; ; > 0), ceppiM — oTpunarensHeie (k; ; < 0).

Bce kxoddbduuuentsl cBazu k;; # 0 OpUHUMamM OAHO U3 TPEX 3HAYEHMI: Ky, And
MOJIOKUTEIIBHBIX CBSA3EH BHYTPU CETH, —kyp, Ul OTPULIATENbHBIX CBA3EH BHYTPH CETHU U Ky
g cBsasu NT—TCI, To ecTb cO CTOpOHBI BHEIIHEro BXoJa Ha ceTh. Bce HelpoHbl ObuIN
uneHTndHel, kpome Helipona NT. Iapamerp ¢ = 0.1 6bu1 QUKCHPOBaH, a MAPAMETP A;ANT =
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Qp, MEHSUICS, YTOOBI TOCTHTHYTH KellaeMoro moBeneHus: cucreMbl. [lapamerp ant = 0.82
OBUT YCTaHOBJICH TaKUM OOpa3oM, YTOOBI HEHPOH TPOWHUYHOTO HEpPBA BCET/IAa HAXOIHIICS B
KosiebaTelbHOM pexume: B padore [19] Obuto mokazaHo, 4TO 3HA4eHHE ¢ = 1 SBISETCS
OndypKaIMOHHBEIM — UMeeT MecTo Oudypkanus AHApoHOBa — Xomda, MpUIEM KojaeOaHHs
pasBuBarTCs pu a < 1.

Jainee 1st mpocTOTHI OyeM TOBOPUTH 00 aBTOHOMHOM crucTeme u3 13 HelipoHOB nipu kyp =
0 ¥ 0 HECABTOHOMHOW CHCTEME UHAYE.

3. PE3VJIBTATBI

VYpaBuenus mojen (1) pemanuck ¢ ucnoiab3oBanueM QyHKIIMU sCipy.integrate.odeint
U3 nakera scipy [23], ocHoBaHHOH Ha CTaHAapTHOI OnOIMoTeyHOI poreype LSODA, koTopas
B CBOIO OYepe/lb UCTIONIb3yeT MeTol Anamca u «popmyny auddepenuupoBanus Hazams» (BDF),
BBIOOp MEXTy KOTOPBHIMH MPOMCXOIUT aBTOMaTHYeCKU. DYHKIHUS HMCIOIB30BATACH C IIaroM
BBIOOpKH At = 275, [lepexonnoii mpouece B 15000 3HaueHnii oTOpachIBaICs.

1. KosieOanusi B Moie/ 11 aBTOHOMHOM TaJ1aMO-KOPTHKAJIBHOM CeTH

bu¢ypkanus Angponosa — Xomnda, CyliecTByIouiasi B OTAEIbHBIX MOJIEIbHBIX HEHPOHAX
npu @ = 1, COXpaHAeTCs IpU MaJbIX Ky, B @aBTOHOMHOM cucteMe. OJJHaKO HaYMHAasi IPUMEPHO
¢ ky- = 0.02, poxaeHue KoneOaHuil MPOUCXOIUT KECTKO Yepes OMQypKaIHIO pOKICHUS UK
u3 cryuenus ¢as3oBbix Tpaekropuil. Ilpu sTom 6udypkanus Anaponosa — Xornda HUKyAa He
JIEBA€TCsI, OHA IIPOCTO MPOMCXOAUT IO37AHEE — IIPU MEHbIIEM 3HAYE€HUU .. BriocneacTsuu,
C YBEJIMYEHHEM Kj,, BOBHMKAIOT BCE HOBBIE OM(ypKaluu pOXKACHMUS IUKIA U3 CryIIEHUs,
Harpumep, npu k. ~ 0.11, k. ~ 0.20 u ky, =~ 0.23, Kak 3TO BHJHO Ha PUCYHKE 2, TIE
HPUCYTCTBYIOT Pa3pbIBbl HAa JIMHUM POXKJICHHS LIUKJIA IPU COOTBETCTBYIOIUX Kp;.

~0.31 1.7 =
_1.0] 1.6 =
1.51 =
o] 1.4/ o
= S T
> © | F
50l 1.3 =
1.2 e
=2.5] 11
30 1.0{ <
00 02 04 06 08 10 12 1.4 0.0 0.2 0.4 0.6 0.8 1.0
Apr kb,—
(a) (b)
Puc. 2. budypkanmonnas aumarpamma 1o mapameTpy ap, ans HedipoHa TCl mpu ky. = 0.4,

HNOCTPOEHHAS MyTEM HAJIOXKEHUs JUarpaMM, PACCUMTAHHBIX NPH TPEX Pa3IMYHBIX HadallbHBIX
yCIOBHAX (4EPHBIM, KPACHBIM M CUPEHEBBIM LIBETAMH COOTBETCTBEHHO) — (2) ¥ GM(ypKalMOHHAsS
JMHUSA POXACHUS MpPENeNbHOro HUKiIa B Mojenu (1) mpu pasiudHBIX YPOBHSX CBS3€d BHYTpH
TaIaMO-KOPTUKAJIBHOM CeTH Ha IOCKOCTH (Kpy-, apr) — (b).

Takum oOpa3oM, B cuUCTeME MOCIEAOBAaTEIbHO C YBEJIWYEHHEM CHJIbl BHYTPEHHUX
cBsizell (OpMUPYIOTCS BCE HOBbIE MEXaHU3MBI peaju3alii KoleOaTelnbHOW JMHAMUKH C
KECTKUM BO30YXKICHHEM TMPH COXPAHCHHH TMPEABIAYIIMX. OTH MEXaHU3MBbl IO3BOJISIOT
peanu3oBaTh KojiebaHUsl IPU BCE OONBUINX @y, TO €CTh BCE JaJIbLIE OT OPOra BO30YKACHUS
WHIWBUIyJIbHOTO HelpoHa. OJHOBPEMEHHO BAaiH (HWXKE) OT MPUBENEHHON Ha puUCyHKEe 2,b
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TMHUM  QOPMHPYETCS MYIbTHCTA0MIIBHOCTh, KOTJAa TPUCYTCTBYIOT Cpazy HECKOJIBKO
KOJIeOATENBHBIX PEKUMOB, TIOCKOJIBKY MpeApIyIue oudypkanuu He UCUE3ar0T, a ¢ POCTOM
Ky, CMEIIAIOTCS B CTOPOHY OOJBIINX G-, YTO XOPOIIO BUIAHO TI0 OM(ypKAITMOHHON JUarpaMMe
(cM. pHUCYHOK 2,a), T/I€ pa3IMYHBIMH I[BeTaMH (YEPHBIM, KPACHBIM M CUPEHEBBIM) 0003HAUCHBI
TOYKH, IOJyYEHHBIE NP PA3IUYHBIX HAaYaJIbHBIX YCIOBUAX. UyTh HIDKE caMoil TMHUU (KpoMe
oyeHb MamnbixX kp. < 0.02) uMeeT mecTo OMCTAOMIBLHOCTH: COCYIIECTBOBAHHE yCTOMYMBOM
TOYKH U LIUKIIA.

2. BnI3BaHHBIE KOJIEe0aHUA

B paGore [13] mnoka3aHO, 4YTO OJHUM M3 BO3MOXHBIX CIIEHApUEB Iepexoja K
SNMIENTUGOPMHON aKTUBHOCTH MOXKET OBITh CTUMYJSIUS TpoilHMYHOro Hepma. Jlanee
MBI IIPEII0JIaraeM, YTo B TajJaMyC U3 TPOMHUYHOIO HEPBA MPUXOAUT OTHOCUTEIBHO KOPOTKAs
MOCIIEIOBATENIFHOCTh UMITYJIbCOB, 3aIlyCKaroOIasi KoJieOaHusi B ceTU. DTU KoseOaHus cHavaja
HOCSIT XapakTep BBIHYKICHHBIX, a 3aT€M, 10 OKOHYaHUM BO3AEUCTBUS, IMPOAOIIKAIOTCS
eni€ HeKoTopoe BpeMsi. Bo3MOXKHOCTh TPOAOHKEHHS KOIeOaHUd 10 OKOHYAHUH BO3/ICHCTBHS
00ycJIOBJIeHAa TAKUM 3aJlaHUEM MTapaMeTpa ay,., YTOOBI CUCTEMa HAXOAUIIACh B HEKOJIEOaTeIbHOM
BO30YIUMOM COCTOSIHMM BOJIM3M OM(YpKallMd POXKIASHUS IHMKIAa W3 CryIIeHHs (a30BbIX
TPAaeKTOPHH — YyTh BBIIIE KPUBOW HA pUCyHKe 2,b mipu k;,. > 0.02. B Takoii curyaruu nocie
NpEeKpaIeHUs BHEIIHETO BO3CHCTBHSI CUCTEMA TTONAIAeT B CryIIeHHe (Da30BBIX TPACKTOPHUI U
MPOAOJIKAET KoJIehaThes i€ HEKOTOpoe BpeMs, Kak 3TO M0Ka3aHo Ha pucyHke 3. dakruuecku,
Takue KoyueGaHHs MPEICTaBISIOT CO00I0 UIMTENbHBIN NepexonHoil mporecc. OHU ABISIOTCS
B 3HAYUTEJIbHOM CTENEHH PETYJSAPHBIMH, HO B TO K€ BPEMsI HE TOYHO NEPUOAUYHBIMU, UTO
XapaKTepHO U IS SKCTIEPUMEHTAIbHO HAOII01aeMBbIX MTUK-BOTHOBBIX Pa3psiiOB.

KonuuectBo koneGanuii v mociie OKOHYAHHWS BO3IEUCTBHS 3aBUCUT OT HECKOJIBKHUX
(aktopoB. Bo-nepBbix, BO3AEHCTBUE JOJIKHO OBITH JOCTATOYHO UIUTENBHBIM (CM. pHC. 3,a),
IIOCKOJIBKY MHAau€ OHO HE YCIIEBAaeT pacKadaTh CETh LEIUMKOM. B ciydae, paccMOTpeHHOM
Ha pucyHKe 3, yacTb HeiipoHoB RE Bkitouarorcs B KojeOaTeNbHYI0 aKTUBHOCTH TOJBKO
nocie 7-8 ocmsanuii. [Ipekpanienne BO3AEHCTBHUS 10 3TOTO MOMEHTa 00s3aTeIbHO BEAET
K HEMEJUICHHOMY OKOHYaHHUIO KOJIeOAHUH, MOCKOJIBKY CETh HE ycIea LEeIMKOM BO30YAUTHCS.
Bo-BTOpBIX, YMCIIO V 3aBUCHUT OT OJIM30CTH K OM(ypKallMOHHON KpHBOIi: HEOOJIBIIIOE U3MEHEHNE
MapaMeTpoB CYIIECTBEHHO MEHSET YMCIO OCTAaTOYHbIX KoneOanuil. Hampumep, ecnu B3ATh
ap, = 1.338 BMectO a3 = 1.337 nna pexuma, MOKa3aHHOTO HAa PUCYHKE 3, 3TO
NPUBOJUT K YMEHBIICHUIO KOJIMYECTBa KojeOaHUH Mmocie OKOHYaHus Bo3neictBus ¢ 9 no 1.
BbIxox TpaekTopuM M3 HEaBTOHOMHOIO pEXHMMa B PEKUM OCTATOUHBIX KOJICOaHUI MoKa3aH
Ha pUcyHKe 3.b, rie HeaBTOHOMHasl TUHAMMKa IT0Ka3aHa KpacHbIM, a aBTOHOMHAas IMHAMUKa,
MpeIecTBYIOIasi U MOCIeAyIolas 3a Hel0 — 4épHbIM (4€pHasi U KpacHas KpUBbIE — JIBE
4acTU OIHOM M ToW ke Tpaektopuu). [Ipu sToM u3 pucyHka 3,a BUJHO, YTO KojieOaHUS B
MOJIENIA CETH UMEIOT MIEPUOJI BIBOE OOMBIINIA, YeM BHEIIHEE BO3ZeicTBHE. B-TpeThux, uncio
OCTaTOYHBIX KOJE€OaHWH 3aBHCHUT HE MPOCTO OT JUIMTENBHOCTH BO3ACHCTBHS, HO, HaYMHAs
C HEKOTOPOM MUHMMAJIbHOM JUIMTEIBHOCTH, — B MEPBYIO ouepelb OT (a3bl €ro OKOHYaHHS
(BpeMeHU OKOHYAHHSA 1y;,). [Ipuunna B TOM, 4TO OT (ha3bl BO3JACHCTBUS W, CIEI0BATENBHO,
oT ¢a3pl COOCTBEHHBIX KOJICOAHMI 3aBHCHT, B Kakol 4YacTh (a3oBOro MPOCTpaHCTBa (W,
3HAYUT, KaK OJIM3KO OT CTYIIEHUS TPASKTOPHIl) OKaKETCsl CCTeMa 10 OKOHYaHUH BO3JCHCTBHUS.
3aBUCUMOCTS V(1 fi, ) HA PUCYHKE 4 IMEET IPKO BBIPAXKEHHYIO IEPUOTHIECKYI0 CTPYKTYPY, XOTS
C YBEJIMUYEHUEM BPEMEHU BO3JEHCTBUS OoJiee AJIMHHBIE IEPEXOJHbIE IPOLECCHl BCTPEUAOTCS
yaiie.
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Puc. 3. Yacte (a) — BpeMEHHBIE PAIBI, POCYMMHPOBAHHEIE IO THUIIAaM HEHPOHOB, KojeOaHWi
U MOJENH TalaMO-KOPTUKAJIBHOM CETH 10 MOAKIIOYEHHS, BO BpPEMs U IOCIE OTKIHOUEHUS
BO3AECHUCTBUS CO CTOPOHBI TpoiHWYHOrO HepBa (HelpoH NT) mpu ap. = 1.337, ant = 0.82,
kpr = 0.4, knt = 0.4. YépHbIMH TUHHUSIMHU 0003HAYCHBI HAUaI0 ¥ KoHell Bo3aeicTus. Yacts (b)
— mpoekuus (ha30BOH TPACKTOPUH Ha INIOCKOCTh epeMeHHbIX HelipoHa TC1 Ha ToM e HHTepBae
BpEMEHH, UTO W TPEACTaBICHBI HAa (parMeHTe (a), TIe KpacHBIM 0003HAa4YeHa HEaBTOHOMHAs
TUHAMUKa, a YEPHBIM — aBTOHOMHasI, BKIIFOYasi 9 OCTaTOYHBIX KONeOaHWH HEIoCPeICTBEHHO IO
3aBEPIICHUH BO3JICHCTBUSI.

O = N W b U

30 35 40 45 50 55 60
tﬁn

Puc. 4. 3aBUCHMOCTB 4KCIIa OCTAaTOYHBIX KosieOaHuit v B cucteMe (1) OT IIUTeNbHOCTH (KOHEYHOTO
MOMEHTA { f4,,) BHEHIIHETO BO3IEHCTBUSL.

4. BAK/IIOYEHUE U OBCYKJIEHUE

B pabore nmemoHCTpUpyeTcsi BOSMOKHOCTh MOJICIIMPOBAHHS THK-BOJTHOBBIX Pa3psAIOB —
OCHOBHOTO 3HIedanorpaduyeckoro mposiBICHUS a0CAHCHOM SNMIENCHUH — UIMHHBIMHU
NEePEXOTHBIMH IIPOIIECCAMH, BO3HUKAIOIIUMH BOMM3M OH(ypKaluu pPOXKICHHS LUKIA W3
crymenus ¢a3oBbiX TpaekTopuil. IIpu 3TOM caMO BO3HMKHOBEHHME Takoi Oudypkanuu
OKa3bIBaeTCs BO3MOXKHO BCIIEICTBHE CETEBOM CTPYKTYPhI MOJIENH, & HE 3aJI0)KEHO B ypaBHEHHUS
JUISL OTZIEIBHOTO 3JIEMEHTa CETH, TIOATOMY MOXKHO OXKH[ATh, YTO COOTBETCTBYIOUIHE d(PPEKThI
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MOXHO TOJYYUTh M C MCIOJb30BAaHUEM APYIMX MOJENIEH Ul OTAEIBbHOIO y3Ja, HalpuMep,
Moppuc — Jlekapa [24] win Xunamapit — Poy3 [25]; nocratouHo cBexuil 0030p mozaenei
OJTMHOYHBIX HEUPOHOB CM., HAIpUMeEp, B padote [26].

[IpemoxkeHHbId MOAXOMA SBISETCS HOBBIM IO CPaBHEHHUIO C CYIIECTBYHOIUMH. OT
Mozeneil HeMpoHHbIX aHcamOnell Ttuma [7, 8] M JAPYyrUX OH OTIMYACTCS HaIUYMEM
HepapXUUeCKU OPraHN30BaHHON CETH HEHPOOCHMIIIATOPOB, UTO COOTBETCTBYET COBPEMEHHOMY
MIPEJICTABICHNI0O 00 JSMNMIENCUM Kak O ceTeBoM sBiIeHMM. OT Monesnei, riae mnepexon
MEXJ1y peKMMaMHd HOPMaJbHOM M ASHWIENTU(OPMHOM aKTUBHOCTH OCYIIECTBISETCS
32 Ccu€T TEepeKIIOYCHUS MEXIy aTTpakTopaMu (MyJIbTHCTaOMIBHOCTH), Kak B [7],
IpeAJIoKEHHas: MOJEIb OTIMYAETCS TaKkXke TEeM, YTO SNHIENTHU()OPMHON aKTUBHOCTH B
Hel He COOTBETCTBYeT HHUKaKoe YCTOWYMBOE MHOroobOpasue, Omarogapss 4eMy MOJEIb
JEMOHCTPUPYET CaMOIPOM3BOJILHOE NPEKpALICHUE pa3psAAoB, KaK 3TO B HACTOSIIEE BpeMs
MIpEIoIaraeTcsi Ha OCHOBE aHaJIM3a dKCIEPUMEHTaIbHBIX JaHHBIX [14, 15]. Mcnonb3oBanue
MEPEXOIHOTO Ipoliecca il MOJCIUPOBAHUS IMUK-BOJHOBBIX pa3psoB TaKKe IO3BOJISET
PELIUTh BONPOC O HEMOJHOM PEryIsspHOCTH KojeOaHW, KOTia OCHOBHOM PUTM COXpaHseTcs,
HO KaKJas OCLUWUISALMS OTIMYAeTCs OT JPYTHX, YTO HEBO3MOXHO B MOJENSIX, OCHOBaHHBIX
Ha TEePEKITIOYCHNN MEXKIY aTTpakTopaMu 0e3 HMCIOJIb30BaHUS IIyMa, KaK 3TO ObUIO CIIENaHO
B Oonbmion cereBoil mozxenu B [10]. EcTecTBeHHBIM 00pa3oM Takke pelIaeTcs BOMPOC O
pa3auuusax B JJIMTENBHOCTH IHK-BOJHOBBIX pa3psioB, MOCKOIbKY [UIMTEIBHOCTH paszpsia
II0 BPEMEHHM 3aBUCUT OT TOIO, B KaKOM MECTE€ CHCTe€Ma BbIIUIA B CrylIeHHE (a30BbIX
TPAaEeKTOPHH MMOCJIe OKOHYaHMS BHEIIHEro BO3JEHCTBUS CO CTOPOHBI HEHPOHOB TPOMHUYHOTO
HepBa. Takum o0pa3oMm, Mojedb MPETEHIyeT Ha TO, YTO OKa3bIBaeTCs CIOCOOHA OMMCATh
MeXaHHU3M TEePEKITIOYCHHs, a HE IPOCTO pa3Hble (JOPMBI AKTUBHOCTH Kak, HAIlpUMep, MOIEIH,
TpeIokeHHbIe B [27, 28].

ABTOpBI TIPUACPKUBAIOTCSI TEOPUU «KOPKOBOTO (hokyca» [29] B TOM CMBICIE, YTO €CTh
OTHOCHTENIbHO HeOOJbIlasi MOMyJALUs HEHpOHOB B NEPBUYHONM COMATOCEHCOPHOH Kope U
TajaMyce, OTBETCTBEHHAs 3a T'€HEepaIMI0 MaTOJIOTWYECKOM aKTUBHOCTH, HO 3Ta IMOMYJISALM
MOJKET OBITh (M CKOpEE BCET0) MPOCTPAHCTBEHHO PACIIPENIETIEHA B COOTBETCTBYIOIUX O0IACTIIX,
COCTaBJIsIsl CKOpee ceThb, 4eM olisacTh. [Ipu 3TOM reHepanusamus paspsiia BbI3BIBAETCS TEM,
YTO HEWPOHBI MATOJIOTUYECKOW CETH MUMEIOT MPOEKIMH TaKke W Ha OOJBIIMHCTBO JIPYTUX
HEMpPOHOB COMAaTOCEHCOPHON KOpBI, BEHTPOIOCTEPUAIEHOTO MEIUAIBHOIO U PETHKYJISPHOTO
aaep Talamyca, U TpU BO30OY)XKICHMHM B IaTOJIOTMYECKOM CETHM OHa B CBOIO O4Yepelb
CHHXPOHM3YET 3HaYMTeIbHbIE 00MacTH BOKpyr ceds. Takum obOpasom, mpeziaraemasi Manas
MO/JIeNIb HE MPETEHIYEeT Ha ONMCAaHUE BCEH TalaMO-KOPTUKAJIbHOW CETH, a MOJEIHUPYET TOIBKO
CPaBHUTEIBHO HEOOJBIIYI0 €€ 4YacTh — Ty camylo (POKaJbHYIO CEThb, OTBETCTBEHHYIO 3a
3amyck paspsnoB. Iloctpoenue 6omblIold TUHAMHUYECKOM Me3oMacITaOHON MoJenu abcaHCOB
Hen30eXHO BJIEYET HEOOXOAMMOCTb MOJEIMPOBAHUS HOPMAJbHOM IMHAMHUKH, IJI YEro
HEOOXOIUMO TOpasfo Oonblle Y3JI0B CETH, YeM JUIS HEMOCPEICTBEHHO MOJEIUPOBAHUS
IUK-BOJHOBBIX pa3psaoB [21]. OueBuAHO Takxke, 4TO IpeAsiaraemMas MOJENb MOXKET
paccMmarpHuBaTbCs CKOpee KaK MOATBEpXkACHHE paboTOCIOCOOHOCTH W€ MOJEIMPOBAHUS
IHMK-BOJIHOBBIX Pa3psAI0B C MOMOIIBIO NEPEXOAHBIX POLECCOB, MPeAIoxKeHHON B [21]. 3a cuér
MaJIoro 4ucia y3j0B B CETH 0Ka3aJ0Ch BO3MOXKHO IMPOU3BECTU NEPBUYHBIN OU(YpKaLMOHHBIN
aHaiu3 Mozenu. Ho 3To e Majoe 4YHCiIo 3JIEMEHTOB IPEMSITCTBYET BOCIPOU3BEICHUIO
SKCHEPUMEHTAIbHBIX XapaKTEPUCTUK. Tak, YMCIIO IMOJYyYEHHBIX IOCIIE OKOHYAHUS pas3psia
KojebaHuil He Oosee 9, 4yTO Maslo Ui HACTOSILIMX MUK-BOJHOBBIX Pa3psiioB, UIUTEIbHOCTh
KOTOPBIX B CPETHEM COCTaBJISIET OKOJIO 6 ¢ u mopsika 50 xkonebanwmii [16]. [TockonbKy 1ebI0
ObUIO MMEHHO MOKa3aTh BO3MOXKHOCTh peajM3alliu CIIEHAapHs BO30YXKAEHUS IIUTEIbHOTO
MEPEeXoqHOTo Imporecca B (opMme KBa3sHpEryaspHbIX KojleOaHuil B ceTu Onmarojaps eé
TOIOJIOTHH, OBIJIO PEUICHO OTPAaHUYHMTHCS PACCMOTPEHHEM EIMHCTBEHHOW MaTpPHUIIBI CBS3EH,
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NPEICTaBICHHONW Ha PUCYHKE 1, XOTs pe3yiasrarsl padot [10, 21] mokas3sBaloT, YTO B 001IEM
cllydae JIOJDKHA CYIIECTBOBATH «IOIMYIISIIUS) TaKUX MaTpull. MccienoBaHue JaHHOTO BOTIPOCa
He SIBJISTIOCH LIEJIbI0 HAacToAIIEe paboThl, HO ObLIO ObI OJIE3HO VIS MOATBEPKACHUS OOLTHOCTH
IIPEICTABICHHBIX MEXaHU3MOB U IJIAHUPYETCA B JaJbHEUIIEM.
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MATHEMATICAL MODELING

Modeling Spike-Wave Discharges in the Brain with Small

Neurooscillator Networks
Kapustnikov A.A."2, Sysoeva M.V.!3, Sysoev L.V.!

1Saratov Branch of Kotelnikov Institute of Radioengineering and Electronics of Russian
Academy of Sciences, Saratov, Russia

2Saratov State University, Saratov, Russia
3Yuri Gagarin State Technical University of Saratov, Saratov, Russia

Abstract. Pathology of coupling architecture in the thalamo-cortical system is
considered to be the main cause of absence epilepsy, which eletroencephalographic
primary manifestation is spike-wave discharges. The onset of discharge may be
An increase of intracortical connectivity or external stimulation of the cortex or
thalamus can be an immediate trigger for discharge onset. At the same time, the
mechanisms of discharge termination are still not clear; so from the point of view
of the dynamical system theory, the spike-wave discharge can be considered as a
long transient process. In this paper, we propose a simple mathematical model of
14 identical Fitzhugh—Nagumo neurons, organized in accordance with modern ideas
about the thalamo-cortical brain network. In this model long transients in response to
short-term pulse driving from a separate neuron, representing the nervus trigeminus,
are shown to be possible. Bifurcation analysis reveals such transients to develop in
the system in the vicinity of the bifurcation of the cycle birth from the condensation
of phase trajectories. The model should be useful as part of more detailed models of
the thalamo-cortical system created for fundamental purposes, as well as it can be
used to test the effects of electrical brain stimulation, pharmacological effects, and
to test methods for evaluating connectivity in the brain.

Key words: absence epilepsy, spike-wave discharges, thalamo-cortical system, neuron
ensembles, dynamical systems, transient process, mathematical modeling.
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