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AHHOTALILA

N3yyeHne CMHXPOHM3ALMK B HEMPOHHBIX CETAX MMEET pelualoLiee 3HaYeHne [NIA NOHUMaHUA GYHKLMOHMPOBAHUA Mo3ra
B HOPMarbHbIX M NaToNIOrMYeCKMX COCTOAHMAX. CUHXPOHM3aLMA CUTHANOB MeXy HEMPOHHLIMU FPYNNaMu UrPaeT BarK-
HYI0 POfib B MO3rOBOW aKTMBHOCTU WM CBA3aHA C Pa3fIMYHLIMU MO3TOBbIMU (YHKLMAMM, TaKUMU KaK MaMATb, OBUMHKEHME,
COH U BHWMaHMWe. OfHaKo, 4Tobbl MO3r ¢YHKLMOHMPOBaN HOpMasnbHo, HEOBX0AMMO NOAAEPHMBaTL OMNpefenéHHbIA ba-
NaHC MeOy CUHXPOHM3auMen M OecuMHXpoHM3aumen. Bo BpeMa snunencuy Habnio[aloTcA COHTaHHbIE MepeKlyYeHns
MEMIY ABYMA COCTOAHWSAMM MO3rOBOM aKTMBHOCTM: CMHXPOHHBIM M aCMHXPOHHBLIM. 3TW MEPeKMioYeHUss MoryT BbiTb Bbl-
3BaHbl pasNINYHbIMM (aKTOpaMM, BKKOYaA AMCOanaHC B XMMUYECKMX CUrHanax, M3SMEHEHWA B CETEBOW aKTUBHOCTM U Jpy-
r1me MexaHu3Mbl, KOTopble [0 KOHLUA He M3yueHbl. [ToHMMaHUe 3TUX CMOHTAHHbIX NMEPEKIIOYEHNUI U MEXAHWU3MOB, NeXHaLLUX
B X OCHOBE, ABJIAETCA BaXKHbIM acneKToOM MUCCieoBaHNUs 3Nuencum. 31o No3BosuT pa3paboTaTb HOBble METObI SIEYeEHMs
W CTpaTerMy Ana NoJaBNeHWUs CUHXPOHHOM aKTMBHOCTM W MPeaoTBPaLLEHWs CYAOPOMHBIX MpuUcTynoB. B aaHHon pabo-
Te pa3paboTaHa Mofesb HEMPOH-acTPOLIMTAPHON CETU, AEMOHCTPUPYIOLLAA COHTAHHbIE U UHOYLIMPOBaHHbIE (Bbl3BaHHbIE
BHELLHMM BO3[ECTBMEM) NEPERIIOYEHNA MEHKOY AaCUHXPOHHBIM M CUHXPOHHBIM COCTOAHMAMM.

PeanusoBaHHan Moaenb cetu coctouTt u3 1000 HerpoHoB MikuKkeBmua [1], coeiMHEHHBIX BO30OYHOAOLWMMM CUHAMNCAMW.
CvHanTMYecKas TONOMOrMA OpraHM3oBaHa B COOTBETCTBMM C He3MacluTabHeIM (scale-free) rpadoM. Karkabin HelipoH ceTu
ABYHanpaB/ieHHO B3aMMO[encTBYyeT ¢ ogHMM acTpoumtoM (Bcero 1000 acTpouwuToB B ceTu). B KauecTBe Moaenu OuMHaMm-
KM M3MEHEHWUA BHYTPUKNETOYHOW KOHLIEHTPALMM MOHOB KanbLMA eOMHUYHOr0 acTpoumTa MCrosb3yeTcA Mofdesnb Ynnaxa
[2]. T'eHepaumMA NOTeHUMaNoB LeWCTBUA HEMPOHOM NMPUBOAWT K BbICBOOOMAEHMIO HEMPOMNepeaaTYMKOB B CUHAMTUYECKYIO
Lwenb. BbicBOOOMKOEHHLIE HeMponepenaTiMKM UHAYLMPYIOT BbICBOOOMOEHME WOHOB KanbUWA M3 3HOOMNNA3MaTUYECKOro
PETMKYNyMa COOTBETCTBYIOLLLEr0 acTpoumTa B ero uuTonnasMy (reHepupyeTcAa KanbLmeBbi MMMyNbC). B cBol ouvepenb
npy reHepaLuy B acTpoLuTe KanbLMEBOro MMMynbca M3 acTpoLMTa BbICBOOOMKOAETCA rMaTpaHCMUTTEP, OeNCTBME KO-
TOPOro Ha mnpe- W MOCTCMHANTUYECKME TEPMUHANM cnocobHo MomynupoBaTh 3PAEKTUBHOCTb CUHANTUYECKOW Mepefayn
CBA3aHHOr0 C [JaHHbLIM acTPOLIMTOM HeMpoHa, @ UMEHHO MOAENMPYeTCA 3KCMEPUMEHTANbHO NOKa3aHHbIA 3QPEKT acTpoLm-
TapHOro NoAaBJeHMA BbICBOOOMHKOAEHUA HerponepeaaTyumKka. [py 3ToM cuna BXOOHOM CUHAMTUYECKOW CBA3M 1)1 HEMpOHa,
B3aMOAEMCTBYIOLLEr0 C aCTPOLIMTOM, YMEHbLLAETCA NPONOPLMOHAIBHO aMNUTYAe KanbLMeBOro UMNysbCca B acTpoLuTe.
B paMKkax uccnefjoBaH1A peannsoBaHHoM Moaenu 6bin NpoBeaéH aHanM3 3aBUCMMOCTI NapaMeTpa riobanbHoro nopaaKa
OT MaKCMMambHOr0 Beca CMHaNTUYeCKMUX CBA3eM. bUdypKaUMOHHBIA aHanM3 NoKasan Hanuuue ructepesuca B onpefe-
NEHHOM [Mana3oHe 3HauyeHWii NapaMeTpa MaKCMManbHOW CUNbl CBA3M. B HEM paccMaTpuBaeMan cUcTEMa MOXKET AeMOH-
CTPMPOBATb CUHXPOHHBIMA U aCUHXPOHHBIM PEMMUMBI, B TO BPEMA KaK [J1A 3HAYEHWUI NapaMeTpa MeHbLUe HUMKHEN rpaHuLb
AMana3oHa XapaKTepeH TOJbKO aCMHXPOHHBIN PEXMM, a 1A 3Ha4eHU 60MbLLe BEPXHEN rpaHuMLbl, HA060POT, CUHXPOHHBIN.
3ateM 6bin npoBedEH CTATUCTUYECKUA aHanM3 ASMTENIbHOCTEN aCMHXPOHHbLIX COCTOAHWI MOAENM AN 3HavyeHuA napa-
MeTpa MaKCMMarnbHOM0 Beca CBA3eW BOMM3M BepxHel rpaHuLbl 06iacTv ructepesuca. [1na atoro Modenuposanach npo-
AOMKMTENbHAA BpEMeHHas peann3aumna OMHaMUKM CeTU U Oblfla NOCTpOeHa MMCTorpaMMa AfMTeNIbHOCTEN aCMHXPOHHBIX
COCTOfIHWIA B ABOMHOM NlorapudMmyeckoM Maclutabe. 3aTeM TOUKM Bbin annpoKCUMMPOBaHbI IMHENHON 3aBUCMMOCTbIO
1 NoKa3aTeslb CTEMNEeHHOro 3aKoHa cocTaBun —3/2.

CornacHo nonyyeHHbIM pe3ynbTaTaM, HEMPOH-acTPOLMTapHan CeTb CNocobHa [LEMOHCTPUPOBATL CMOHTaHHbIE MEPEKIIoYe-
HUA MeMOYy OBYMA COCTOAHMAMM: CMHXPOHHBIM M aCMHXPOHHBIM, YTO CXOME C MaTONOrMYecKMMM NpoLeccamm B Mo3re,
a MMEeHHO MoKa3saTeflb cTeneHn —3/2 COOTBETCTBYET 3HAYEHMI0 1A SKCMNEPUMEHTANbHbLIX 3anUCen NUENTUYECKON aK-
TMBHOCTM B Mo3re rpbi3yHoB [3—5]. KnioueBoii 0co6eHHOCTbI0 AMHaMUKK CETU ABMANCA CNOCOb 3aaHuA MOAYMpYIoLLEero
BO3[eMCTBMA aCTPOLMTOB Ha COOTBETCTBYIOLLME MM HEMpOHbI NOCPEACTBOM BbICBOOOXAEHWA W NOTNOLEHNA HelpoMeau-
atopos. [leTanbHoe MofenupoBaHme 61odr3nIeCKMX NPOLLECCOB NOKa3ao CNOHTaHHbIN XapaKTep LYM-MHOYLMPOBaHHOMO
BO3HWMKHOBEHWA rNobanbHOr0 NopsAaKa B CETU, B TO BPEMA KaK paspyLUeHWe CMHXPOHM3aLMM B HEMPOHHOM CeTU Obino
0nocpeaoBaHo acTPOLMTApPHbLIM BO3EHCTBMEM, CHUMKAIOLMM 3GPEKTUBHOCTL CUHANTUYECKON Nepeaayn.
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KoHdnuKT uHTepecoB. ABTOp AeKNapupyeT OTCYTCTBME ABHBIX U NOTEHUMAMbHBIX KOHQIMKTOB MHTEPECOB, CBA3aHHBIX C My6-
JIMKaLMEN HACTOALLEN CTaTb.
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ABSTRACT

The examination of synchronization in neural networks is essential to comprehend how the brain functions in normal
and pathological states. The synchronization of signals between groups of neurons is paramount for brain activity and
associated with various brain functions, including memory, movement, sleep, and attention. However, a balance between
synchronization and desynchronization must be maintained for proper brain function. During epilepsy, spontaneous
transitions occur between two states of brain activity: synchronous and asynchronous. These transitions can be induced
by various factors, including imbalances in chemical signals, changes in network activity, and other mechanisms that are
not yet fully understood. Understanding these spontaneous transitions and the underlying mechanisms is a crucial aspect
of epilepsy research. It will lead to the development of novel treatment approaches and strategies for inhibiting synchronized
activity and averting seizure episodes.

A neuron-astrocyte network model was constructed in this study, which displayed spontaneous and induced transitions
between asynchronous and synchronous states triggered by external stimuli. The network model utilized 1000 Izhikevich
neurons [1] interconnected with excitatory synapses and organized according to a scale-free graph. Each neuron had
a bidirectional interaction with a single astrocyte, resulting in a total of 1000 astrocytes in the network. The Ullah model
[2] simulated intracellular calcium ion concentration dynamics in a single astrocyte. The action potential generated by
a neuron causes the release of neurotransmitters into the synaptic cleft, which triggers the corresponding astrocyte to
release calcium ions from its endoplasmic reticulum into the cytoplasm, generating a calcium impulse. The calcium pulse
within the astrocyte led to the release of a gliotransmitter. This gliotransmitter has the potential to regulate the synaptic
transmission efficiency of both presynaptic and postsynaptic terminals associated with the respective astrocyte. The study
simulated the effect of astrocytic suppression on neurotransmitter release. The strength of the synaptic input connection to
the neuron that interacts with the astrocyte decreased in proportion to the amplitude of the calcium pulse in the astrocyte.
Within the context of the implemented model study, we analyzed the global order parameter’s dependence on the maximum
synaptic weight. Our bifurcation analysis showed the presence of hysteresis within a specific range of parameter values for
connection weight maximums. In this range, the system under consideration is capable of displaying both synchronous and
asynchronous regimes. However, an asynchronous regime was the only observed outcome below the lower boundary of the
range, and only a synchronous regime was observed above the upper boundary. A statistical analysis was carried out on
the duration of the model’s asynchronous states, specifically for the parameter value of the maximum synaptic weight near
the upper boundary of the hysteresis region. The network dynamics were simulated for a prolonged period, and a histogram
of the asynchronous state durations was plotted on a double logarithmic scale. The resulting data points were approximated
using linear regression, which yielded a power-law exponent of —3/2.

Based on the obtained results, the neuron-astrocyte network can exhibit spontaneous transitions between two states:
synchronous and asynchronous, similar to pathological processes in the brain. More precisely, the power-law exponent
of —3/2 aligns with values discovered in experimental recordings of epileptic activity in rodent brains [3-5]. Detailed
modeling of biophysical processes revealed the spontaneous emergence of global order in the network induced by noise.
Astrocytic effects mediated the disruption of synchronization in the neural network by reducing the efficiency of synaptic
transmission.
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