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AHHOTALMA
WccnepoBaHve CMHXPOHM3ALMKU HEMPOHHOM aKTUBHOCTM B MO3re ABNIAETCA OLHWMM M3 KIIOYEBbIX HaNpaBNieHWA coBpe-
MEHHOW Herpobuonorvm u HevpoaMHaMMKK. B 300poBOM MO3re KOrHUTMBHBIE MpOLECChl TPebyloT TOYHOW WMHTerpaumu
HEMPOHHOM aKTMBHOCTW B OMpefenéHHbIX MPOCTPAHCTBEHHO-BPEMEHHBIX MacluTabax. /I3aMeHeHMe CUHXPOHU3ALMM MOMKHO
HabnloaTh NpY HEKOTOPbLIX HEBPOIOMMYECKUX U NCUXMYECKMX paccTporcTax. OfHUM M3 Hanbonee MHTEPECHBIX U BarKHbIX
NaTTepHOB CMHXPOHHOM MOMYNALMOHHON aKTMBHOCTM ABAETCA MayeyHad aKTUBHOCTb, KOTOPaA MOMET flexaTb B 0CHOBE
KaK HopMarbHbIX PU3MONOrMYECKMX, TaK U NATONOrMYecKMX NpoLeccoB (K mpuMepy, anunencuu). K HacToALLeMy BpeMeHn
NPeLNoXeH PALd MaTeMaTUYeCKUX MOAENEN, ONMUCHIBAIOLLMX MeXaHW3Mbl pOpPMUPOBAHUA NaYe4HOM aKkTUBHOCTW. Hanbonee
WHTepecHble 1 61onornyeckn NpaBgonofo6bHbIe MOLENM NO3BOMAINT YYUTbIBATb aCTPOLIMTAPHYID MOAYNALMIO HEMPOHHOM
axtuBHocTm [1].
B paHHOM paboTe Mbl npednaraeM HOBYI0 PEHOMEHONOMMYECKYI0 MOLESb, KOTOpPasA NO3BONAET BOCNPOU3BOAUTL MaveyHyt
MONyNALMOHHYI0 aKTUBHOCTL HeWMpoHOB. lpegnaraeMas Mofenb ocHoBaHa Ha Mogenu Lloabikca—Mapkpama [2] u yunThbl-
BaeT 0C0HEHHOCTW B3aMMOLENCTBMA HEMPOHOB M aCTPOLMTOB Yepe3 TPEXUACTHBIN cuHanc. Mogenb ABNAETCA YNpoLLEeHUEM
paHee mpepnoxeHHon mopgenu [3]. Ha BpeMeHax aKTMBHOCTM acTpoumTa (MopAdKa CEKyHA) Mbl MOMEM 3apUKCUpOBaTh
3HayeHWe BEpPOATHOCTY BbICBOHOKAEHNA HEMPOTPAHCMUTTEPA, U, IMHAMKKA KOTOPOI onpefensAeTcA Ha BpeMeHax nopsAaKa
MWIICERYHA. 3TO NO3BOMAET HaM 3anucaTb NpeanaraeMyio Mofesb B CiefyloLeM BULE:
rE=—E+a In(1+exp((Ju(Y)xE+l)/a)),
'=( =X)/1~u(Y)XE,
=—y/ty+Ba,(X).
3pecb E(f) — cpeoHAA HeWPOHHAA aKTMBHOCTb Bo36ym,ua|0u.1em nonynAumu. lNepeMenHan x(f) MogenupyeT KonmyecTBo
LOCTYMHOMO HEMPOTPAHCMUTTEPA, a y(f) — OMUCbIBAeT KOHLEHTPALIMIO MMOTPAHCMUTTEpPA, BbICBO60XKAAEMOro B pesynb-
TaTe HUOXMMUYECKUX peakLMi NpU HEVPOH-acTPOLMTApHOM B3aMMOAENCTBUM. 3MeHeHe BEPOATHOCTM BbICBOGOMKOEHMA
HEeMpOTPaAHCMUTTEPA B NPUCYTCTBUM FIMOTPAHCMUTTEPA ONMUCHIBAETCA GYHKLMEN
u(y)=ug+(Bug)/(1+exp(=50(y-yy,)).
3pecb U, — BEPOATHOCTb BbICBOOOMAEHNA HEMPOTPAHCMUTTEPA B OTCYTCTBME acTPOLMTApHOro BAMAHWA; Au; — u3Me-
HEHWe BEPOATHOCTU BbICBOOOKAEHWA HEMPOTPAHCMUTTEPA 3@ CYET AEWUCTBMA TMMOTPAHCMUTTEPA HA MPECUHANTUYECKYIO
TepPMUHanb, J,,, — MOPOr0OBOE 3HaueHue, onpeaenAlLLiee U3MeHeHVe BEPOATHOCTU BbICBOOOKAEHNA HEMPOTPAaHCMUTTEpa
3a CYET BO3AEMCTBUA MMMOTPAaHCMUTTEpa. BnuAHMe HeMpOTPaHCMUTTEpa Ha KOHLETpaUMIo MINOTPaHCMUTTEpa OMUCHIBAET-
cA QyHKUMen
0,(0)=1/(1+exp(~20(x-x,)),
rfe X, — MOpor aKTUBALMM acTpPOLUTOB.
OTMeTMM, yTo nNpefnaraeMas Mofeslb He BKITIOYAET MeXaHU3M CUMHaNTUYecKoW Aenpeccuu, 1 (GopMMpoBaHME pasfINYHbIX
LAVHAMUYECKUX PEMMOB B MOAENM YNPABNIAETCA UCKMIOYUTENBHO aCTPOLIMTApHON AMHAMUKON.
B pabote B KayecTBe ynpaBnALLMX NapaMeTpoB bbinn BbibpaHbl napaMeTpsl [y U Uy 3Ha4eHUA OCTanbHbIX NapameTpoB
b 3admKcupoBaHbl cnedylolwmm obpasom: t=0,013, 1,=0,08, a=1,58, J=3,07. MapameTpbl M3MeHeHNA KOHLIEHTpaLUu
He/poTpaHcMUTTepa M ranoTpaHcMuTTepa: Aug=0,305, 7,=3,3, p=0,3, x,,,=0,75, y,,=0,4. Uccnenosanne nposoauTca ¢ mc-
M0/b30BaHNEM KOMMbIOTEPHOI0 MOAENMPOBAHWA U YMCTIEHHBIX METO0B HEJIMHENHON AMHAMUKM.
MoKasaHo, YTo MpepsoKeHHas MoAenb BOCNPOM3BOAMT boraTbii Habop NaTTepHOB NONYNALMOHHOM aKTUBHOCTW, B TOM
uKcne CNamKoBble M NayveyHble PerynApHble U XaoTUYECKUE PeruMbl. Ha MnockocTu ynpaBnALwmx napaMeTpoB HangeHb
0671acTu, B KOTOpbIX CUCTEMA IEMOHCTPUPYET XaoTUYecKylo AMHaMUKy. C noMoLLblo 6udypKaLMoHHOro aHanu3a obbACHe-
Hbl MeXaHW3Mbl BO3HUKHOBEHWA YKa3aHHbIX NaTTePHOB aKTMBHOCTY. [10Ka3aHo, YTO BO3HUKHOBEHUE XaOTUYECKOW aKTMB-
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HOCTU B CMCTEME MOMXKET OblTb CBA3AHO KaK Co CueHapueM yaBoeHuA nepuopa, Tak U C AanbHenWwnm pa3BuUTMEM XaocCa,
B pe3ynbrate 4yero B CUCTEME NOABNAETCA FOMOKJIMHUYECKUI aTTPaKTop Mo CLeHapuio lnnbHmKoBa. [oKa3zaHo TaKkke,
41O B CUCTEME B OﬂpeﬂeﬂéHHOM AunarnasoHe rnapaMeTpoB HaﬁﬂIO,EI,BETCH MyanMCTaﬁMﬂbHOCTb.

OTMETMM, YTO MOABNIEHWE MYNbTUCTAbUIBHOCTM M NaYeYHON aKTUBHOCTM B MOAENIU HE 3aBUCUT OT CJIOMKHOCTM JIOKaNIbHOM
LVHAMUKN HEMPOHOB U MMANbHbIX KNETOK. 3TV TUMbI AUHAMUKM OMPERENATCA HalMuMeM NeTin 06paTHol CBA3W Mexay
NPECUHaNTUYECKUM HEMPOHOM W TNIMaNbHOM KNeTKol. MpoeMoHCTpMpOoBaHHble 3d¢eKTbl HEMPOHONOA06HOW AMHAMUKK
W HEMpOHO-TNINAMNbHOMO0 B3aUMOLENCTBUA ABMAIOTCA AOCTATOYHO 0OLUMMM, NOCKONBKY OHU He MoApasyMeBaloT cneuudu-
YECKMX XapaKTEPUCTUK HEMPOH-TNIMAbHOr0 B3aUMOAENCTBUSA, KOHKPETHOM apXUTEKTYPbl HEMPOHHOW CETU UNW OMHAMUKM
OTAEeNbHbIX HeMpOHOB. CriefyeT 0TMETUTD, YTO B MPEASIOKEHHOW MOLENN Mbl pacCMaTpUBaEM TOJbKO ycuieHWe (MoTeHLM-
aLyIo) CMHaNTUYeCKOW Nepefayy acTpoLUTOM.

MoaBomA MTOr, MOXHO CKasaTb, YTO NpefsioxeHHad GeHOMEeHONormyeckan Modesb NonynALMOHHOM aKTUBHOCTU MOMKET
MCNONb30BaThCA /1A BOCNPOMU3BEAEHUA Pa3NINYHBIX NaTTEPHOB NONYNALMOHHOM aKTUBHOCTU HEMPOHOB B LUMPOKOM Aua-
nasoHe MCCnefoBaHUA OUHAMMYECKOW NaMATU 1 06paboTkn uHGopMaumn. OQHUM U3 BO3MOMKHBIX MPUNOMKEHWUI TaKWX
“ccnenoBaHUI ABNAGTCA pa3paboTKa HOBbIX IGPEKTUBHBIX METOLOB NEYEHNA HEBPONOTMYECKMX 3ab0neBaHuiA, CBA3AHHBIX
C HEMpOH-TNManbHbIM B3auMoaencTeueM. [ipyraa obnactb, rae aTv pesynbTaThl MOryT 6biTb NONE3HbI, KacaeTcA Co3daHuA
3G PEKTUBHOrO ¥MBOMO YMNA C 3apaHee 3aflaHHbIMU QYHKLMAMM, 4TO TpebyeT Nyyllero NoHWMaHWA pUTMOreHe3a B Hel-
POHHBIX CETAX W (YHKLMOHMPOBAHMA MO3ra.

KnioueBblie cnoBa: aCTpouUMnThI; TpéX‘-IaCTHbIVI CHMHanCc; nonynAunMoHHAA aKTUBHOCTD; [IMHaMMUYeCKUM Xaoc; KpaTKoBpe-
MeHHaA NNacTUYHOCTb.
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Bursting activity in the reduced mean-field model
of neuron-glial interaction

S.M. Olenin, T.A. Levanova*, S.V. Stasenko

National Research Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russian Federation

ABSTRACT
The study of neural activity synchronization in the brain is a central focus of modern neurobiology and neurodynamics.
In a healthy brain, cognitive functions necessitate the accurate integration of neural activity at specific spatiotemporal
scales. Some neurological and psychiatric disorders exhibit observable variations in patterns of synchronous population
activity. One of the most significant and compelling synchronous population activity patterns is the bursting activity that
participates in various informational and physiological processes, including epilepsy. Several mathematical models have
been proposed to explain the mechanisms of formation of the bursting activity. The most intriguing and scientifically sound
models enable incorporation of astrocytic modulation of neural activity [1].
In this paper, we present a novel phenomenological model for accurately replicating the bursting neural population activity.
Our model builds upon the Tsodyks-Markram [2] model and incorporates vital aspects of neuron-glial interaction through
a tripartite synapse. The presented model is a simplified version of the previously proposed model [3]. During astrocyte
activity (which lasts seconds), we can set the probability of neurotransmitter release, u, which is determined in fractions
of a second. This enables the proposed model to be written in the following manner:
rE=—E+a In(1+exp((Ju(Y)xE+ly)/a)),
x=(1-x)/ty—~u(Y)xE,
y=—ylt+B Uy(X) .
Here, E(t) represents the average neuronal activity of the excitatory population, while x(f) denotes the quantity of available
neurotransmitter. Additionally, y(f) describes the concentration of gliotransmitters, which are released as a result
of biochemical reactions during neuron-astrocyte interactions. The function describes the alteration in the likelihood
of neurotransmitter release when gliotransmitters are present
uly)=ug+(Bug)/(1+exp(=50(y-yy,)).
Here u, represents the probability of neurotransmitter release without astrocytic influence; Au, indicates the change in
the probability of neurotransmitter release caused by the interaction of the gliotransmitter with the presynaptic terminal,
and y,, represents the threshold value that determines the change in the probability of neurotransmitter release due
to the effect of a gliotransmitter. The function describes the influence of neurotransmitter on the concentration of the
gliotransmitter
0,(0=1/(1+exp(~20(x—x,,)),
where x,, is the astrocyte activation threshold.
Note that the proposed model does not account for synaptic depression’s mechanism. Therefore, various dynamical regimes’
formation in the model is solely controlled by astrocytic dynamics.
In the study, control parameters /, and u, were selected while the remaining parameters were held constant. Specifically,
1=0.013, 1,=0.08, a=1.58, J=3.07. Changes in the concentration of neurotransmitters and gliotransmitters were characterized
by parameters Aug=0.305, 1,=3.3, f=0.3, x,,,=0.75, y,,=0.4. The research was conducted using computer modeling and
numerical methods in nonlinear dynamics.
The proposed model exhibits a diverse range of population activity patterns, such as spiking and bursting regular and chaotic
activity. Chaotic dynamics zones are identified in the control parameter plane. An account is given of the mechanisms behind
the emergence of these activity patterns through bifurcation analysis. It is shown that the occurrence of chaotic activity
in the system can be associated both with the cascade of period doubling bifurcations and with the further development
of chaos, as a result of which a homaclinic attractor appears in the system according to the Shilnikov scenario. It was also
shown that multistability is observed in the system in a certain range of parameters.
Note that the emergence of multistability and bursting activity in the model is independent of the intricacy of neuron and glial
cell dynamics. These dynamics are instead influenced by the feedback loop between the presynaptic neuron and the glial cell.
The effects of neuron-like dynamics and neural-glial interaction demonstrated are generally applicable, without specifying
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particular characteristics of neural-glial interaction, network architecture, or single-cell neuron dynamics. It should be
noted that our proposed model solely concerns the potentiation of synaptic transmission by astrocytes.

In summary, the proposed phenomenological model for population activity can replicate various patterns of neuron
activity found in a wide range of dynamic memory and information processing studies. This research can potentially lead
to the development of new, effective treatment methods for neurological diseases that involve neuron-glial interaction.
Another potential application for these results is in the development of an optimized live chip that has preset functions. This
requires a deeper understanding of rhythmogenesis in neural networks and brain function.

Keywords: actrocyte; tripartite synapse; population activity; dynamical chaos; short-term plasticity.
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