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BonesHb Mapkutcona (BIM) npeacTaBnAeT cobov rMNOKMHETMYECKOE ABWraTesbHOe PacCTpOWCTBO, XapaKTepuayloLueecs
bpaauKMHe3ne, pUrnaHoCTbIo, TPEMOPOM U MOCTYPasbHOM HeyCTOMYMBAOCTbIO. [IMCTOHWUA — FUMNEPKUHETUYECKOE ABU-
raTeflbHoe PacCTPOWCTBO, OT/IMYAIOLLEECA HEMPOM3BOMbHBIMY YCTOMUMBLIMU MM MPEPLIBUCTBIMUA MBILLEYHBIMW COKpa-
LLIEHUAMK, BbI3bIBAIOLMMM aHOMaJIbHbIE, YacTo MOBTOPALLMECA ABUMEHWA, NO3bl MAM U TO, U Opyroe. Knaccuueckas
(yHKLMOHanbHaA Mofenb 6asanbHbIX FaHrMeB NpeAcKasbiBaeT MOBbILIEHHYH aKTMBHOCTb HEMPOHOB BHYTPEHHErO Cer-
MeHTa bnegHoro wapa (GPi) npu rynokMHeTMYecKoM ABUratenbHoM paccTpoicTae (60ne3Hb MapKUHCOHA) U CHUMKEHHYIO
aKTUBHOCTb MPUW FMNEPaKTUBHOM ABUraTeNlbHoM HapyweHuu (auctonus) [1, 2]. Mpy 3ToM 13BECTHO, YTO B 060MX Clydanx
rnybunHasa ctumynaums (Deep Brain Stimulation, DBS) 3101 CTpyKTYpbl AAET NONOMMUTENbHBIA KIMHUYECKWIA 3QdeKT. ITOT
napaioKC Ha CeroHALIHWM [AeHb 0CTAETCA Hepa3peLUEHHBIM M MHULMMPYET NAACT HOBbIX MCCNE[0BaHWA HEMPOHHBIX NPO-
LLeccoB, MpOTEKalLMX B AApax basanbHbIX raHrMeB, COBEPLUEHCTBOBAHWE MOJENEW ABUraTeNbHOr0 KOHTPONA, a TaKMkKe
uccnenoBaHui BAMAHWA DBS cTuMynaumMM Ha akTMBHOCTb Mo3ra. CuMTaeTcs, YTo NOBbLILLEHHAA CUHXPOHM3auus beTa-puT-
moB (13-35 I'y) y naumeHToB ¢ 6onesHbio MapKMHCOHa OTpaXKaeT M3BLITOUHOE KONIMYECTBO aHTUKMHETUYECKMX TOPMO3HBIX
MOTOPHBIX CUTHaMOB, B TO BPEMSA KaK NOBbILIEHHAA CMHXPOHU3aLMA TeTa-, anbda-putMoB (4—12 L) cBA3aHa ¢ natonorunei
AWCTOHUM [3, 4]. HecMOTpA Ha aKTMBHOE M3y4eHWe YacTOTHOM M MPOCTPAHCTBEHHOM CMHXPOHM3aLMM, $YHKLMOHaNbHas
pOJib 3TUX PUTMOB B OPraHM3aLMK MOTOPHOTO KOHTPO/IA B HOPME W NPK ABUraTesbHbIX NaToN0rMAX 0CTAETCA HEM3BECTHOM.
B paboTe Mbl cpaBHMBaNM aKTMBHOCTb BHYTPEHHEMO U BHELUHEr0 cerMeHToB bnegHoro wapa (GPi u GPe) B rpynne nauu-
eHTOoB ¢ 6one3Hblo MapKkuHcoHa (BIM) 1 B rpynne naumeHToB ¢ reHepanusoBanHon (M) v uepsukansHon (L) ouctonveit:
OT OTAENbHbIX HEMPOHOB [0 HEMPOHHBIX MOMYNAUMIA. MUKpOINeKTpoaHaA perucTpaumna akTMBHOCTM OAMHOYHBIX HEMpo-
HoB bnepgHoro Lwapa npoBoamnack Bo BpeMaA 20 NNaHOBLIX HEMPOXMPYPrUYECKMUX OMepaLyi N0 UMNNIAHTaLMUM 3NeKTPOL0B
AnA rnybuHHoM cTMynAumMm Mo3ra (DBS) Bo BHYTPeHHUIA cerMeHT bnegHoro wapa (GPi) y uccnegyembix nauueHto. Myb-
TUKaHanbHaA (16 KaHanoB) 3anucb IOKasbHBIX MOTEHLMaNoB bneaHoro wapa bbina nonyyeHa B NocneonepaLyUoHHbINA ne-
pvof C BPEMEHHO BbIBELIEHHBIX IMEKTPOLOB Y 8 nauumeHToB. MiccneaoBaHue 0406peHo 3TUYECKMM KoMuTeToM LieHTpa Heil-
poxupyprum uM. H.H. BypaeHko. AHanu3 HeMpPOHHOM aKTMBHOCTM MPOBOAMICA C MOMOLLbBIO pa3paboTaHHOro HaMK paHee
MeTofa pa3feneHnA aKTUBHOCTY HEMPOHOB Ha TOHUYECKUM, MAYeUHbIN W Nay3HbIi MaTTepHbl C MOMOLLbI0 MepapXu4ecKoi
Knactepusaumu [5]. [anee Mbl oueHMBanu pacnpefeneHWA NaTTepHOB M MX OCHOBHbIE KOJIMYECTBEHHbIE XapaKTepUCTU-
KMW: CPeQHAA YacToTa pa3pAmoB, KOIGPULMEHT BapuaLMM MEKUMNYIbCHBIX UHTEPBANIOB, MHAEKC aCUMMETPUM, UHOEKCHI
Ma4yeyHOCTM U Nay3HOCTU, MPOLEHT MaYeyHbIX paspAaos, Ko3dGULMEHTLI OCLMANALMM U Opyrue napaMeTpbl. [na uccne-
L0BaHWA NOKanbHbIX noTeHuuanos (LFP) 6biny npuMeHeHbl MeToLbl CMEKTPANbHOMO aHanM3a M KOIMYECTBEHHOW OLEHKM
KonebaTeNbHbIX NPOLLECCOB B Pa3fIMYHbIX YaCTOTHLIX AMana3oHax. bbin NpoBedéH aHanu3 Kak NepuoaMYeckmx, Tak U ane-
proamyeckux (1/f) KOMNOHEHT NOKanbHbIX MOTEHLMANO0B, MCMONb3YA aNroPUTM NapamMeTprU3aLMm CreKTPa HEMPOHHOMO CUT-
Hana Kak KOMbMHaLMI0 anepronYeCKUX KOMMOHEHT 1 NEPUOSUYECKUX OCLIMIIATOPHBIX MUKOB.

MbI nokasanu, 4YTo TeKyLLaa YacToTa pa3pAnoB HevpoHoB GPi 3HauMMo He pa3nuuanacb B UCCNedyeMblX rpynnax nauueH-
TOB, NPY 3TOM bbiNa obHapyeHa bonee TOHUYECKanA HEMPOHHAA aKTUBHOCTb CO CHUMKEHHBIMM TeTa-, anba-ocLmAnALMAMM
B rpynne naumeHToB ¢ bll. AHanu3 pacnpepnenesna GPi HeMpOHOB MoKasan 3HauMMoe yBennyeHne NpOoLEeHTa TOHUYECKMX
knetok (11% — IO, 15% — UL, 49% — BI1) 1 yMeHblieHWe npoueHTa nay3Hbix HerMpoHoB (28% — I, 25% — L,
11% — BI). Mbl 06Hapywunu, uTo rpynna naumenTos ¢ b1 xapakTepusoBanack 3Haummo (p <0,001) 6onee BbICOKOM YacTo-
TOM pa3pAnoB TOHMYECKMX HelpoHoB (33 nmn/cek — 'L, 51 nmn/cek — L, 91 umn/cek — BI1) 1 cHUKeHHOW YacToToM
pa3pAnoB nayeyHbIx HerMpoHoB (62 umn/cek — M, 68 umn/cek — LI, 56 umn/cek — BI1). NpuMeHeHWe anropuTMoB Ma-

Pykonucb nonyyena: 10.05.2023 Pykonucb opobpena: 26.11.2023 Ony6nukoeaHa online: 20.01.2024
V-2
ECOeVECTOR Article can be used under the CC BY-NC-ND 4.0 International License

© Eco-Vector, 2023


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.17816/gc623411
https://www.zotero.org/google-docs/?DkqjLI
https://www.zotero.org/google-docs/?8dAeBY
https://www.zotero.org/google-docs/?hWUdnf
https://crossmark.crossref.org/dialog/?doi=10.17816/gc623411&domain=PDF&date_stamp=2023-12-15

MATEPNAJTTE KOHOEPEHLIM TOM 8, N2 4, 2023 [eHBI 1 KNEeTHN
CONFERENCE PROCEEDINGS 18 (4) 2023 Genes & cells

LUMHHOMO 06y4YeHWst ANA MyNbTUMNAPaMEeTPUUECKOro aHanM3a NoKa3ano BarHOCTb HESTMHEMHBIX XapaKTePUCTUK HEMPOHHO
aKTUBHOCTM, TaKUX Kak auddepeHumanbHaa IHTPONUA, TeTa-0CLMANALMM, UHAEKC Nay3HOCTU U Ip., ANA Knaccudukaumum
nawWeHToB Mo TMNy 3aboneBaHMA. AKTMBHOCTb HeMpPOHOB BHELLHEro cerMeHTa bnepHoro wapa (GPe), a TakKe aKTMBHOCTb
GPi B obnactv DBS cTMMynAumMmM 3Ha4MMO He pa3nnyanucb Meay ucciedyeMbiMy rpynnamMm naLmeHToB.

CneKTpanbHbIA aHanM3 NoKasnbHbIX MOTEHLMAN0B MOKa3a 3HAYMMOe YBEIMYEHWE TETA-aKTUBHOCTU W YMEHbLUEHUE alb-
da-, HU3KOYACTOTHOM U BLICOKOUACTHOM HeTa-aKTUBHOCTH 060MX CErMeHTOB byiejHOrO Liapa B rpynmne NaLMeHToB ¢ AUCTO-
Huew no cpaBHeHuio ¢ bIN. MeToq cnyyaitHoro neca nokasan, YTo Hanbosnee BaXKHbIMM NapaMeTpaMu As KnaccuuKaumm
UccnemyMbIX NaLMEHTOB ABMAIOTCA OCLMINALMM B BbICOKOYACTOTHOM bGeTa-ManasoHe M HaKMOH anepuoguyeckon KoM-
noHeHTbl. 06nactb DBS cTuMynAumMmM xapakTepusoBanach BbICOKOM TeTa-, @ TaKHKe CHUMKEHHOM HU3KOM 6eTa-aKTUBHOCTbIO
W anepuoaMYecKor KOMMOHEHTOW Y MaLMeHTOB C AucToHWen. B rpynne naumeHToB c Bl Mbl He 06Hapy*UM 3HaUMMBIX
pa3znuumii B obnactu DBS ctumynaumm v 3a eé npegenamu. CpaBHeHMe akTMBHOCTU B 06nacTi DBS ctumynaumm y uccne-
[YEMbIX MaLMEHTOB MOKa3ano 3HauMMbIe PasNnyms TeTa- U beTa-aKTUBHOCTY.

MonyyeHHble pe3ynbTaTbl CBUAETECTBYIOT 0 HEOAHOPOLHOCTM HEWMPOHOW OparHM3auuW bnefHOro Lapa, XapakTepusylo-
LLerocA pasfIMYHbIMU NaTTepHaMM aKTUBHOCTU. PasHOHanpaBneHHble M3MEHEHUA aKTMBHOCTW Pa3HOr0 TWMA HEeWpOHOB,
pa3nuuMA NpefCTaBIeHHOCTM MaTTEPHOB aKTMBHOCTM ONeHOr0 Lapa, a TaKKe BarKHOCTb HENIMHEMHBIX XapaKTepPUCTUK
COTNIAcylOTCA KaK C YaCTOTHOM, Tak M C NaTTepHOBOM MofenaMu 6a3anbHbix raHrnveB. PesynbTathl aHanm3sa foKasbHbIX
MOTEHLMAN0B CBUAETENLCTBYIOT O NepepacrpefesieHMn Kak Nepuoanyeckux, Tak U anepuoanyeckmux KOMMOHEHT aKTWB-
HOCTW 6reJHOro Wapa Npu ABUraTeNbHbIX HapyLweHusax. Mbl npegnonaraeM, Y4To UMEHHO KOMBWMHALMA 3TUX KOMMOHEHT
onpepensAeT Natoioruio ABMraTenbHbIX HApyLUEHWI, @ He YBeNMYeHWe OCLMANALMIA B 0QHOM AnanasoHe. OTcyTcTBue pas-
JINYMIA HEMPOHHOM aKTUBHOCTM B 06/1aCTW CTUMYNALMK YacTMYHO paspeLuaeT napoaokc adbdextmeHocTv DBS ctumynauum
bnegHoro Lapa npy runo- 1 runeprUHeTUYecKMx 3aboneBaHuAx. Mbl npegnonaraeM, 4to AnA NporHo3uMpoBaHWA obnacTu
CTUMYNALMM U KIIMHUYECKOr0 UCXOAa He06X0[MMO UCMOMb30BaTh KOMMIEKCHBIX MOAX0M, YYUTLIBAA COYETAHUE JIMHEMAHbIX
U HeNMHENHbIX (aKTOPOB OMHOYHOM AKTUBHOCTM HEMPOHOB, a TaKXKe MepuMoaMYECKMe M anepuoLnYECKUe KOMMOHEHTbI
IOKanbHbIX NOTEHLMaNoB 61eaHoOro LWwapa.

Kniouesbie cnoBa: 60ne3Hb [TapKUHCOHA; AUCTOHUA; bnedHbIN LWap; aKTUBHOCTb OMHOYHBIX HEMPOHOB; JIOKaNbHbIe
noteHumansl (LFP); ¢yHKumMoHanbHas Heipoxvpyprua; rnybuHHan ctumynauma mosra (DBS).
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Neuronal signatures of abnormal globus pallidus
activity in patients with Parkinson’s disease
and dystonia
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ABSTRACT

Parkinson’s disease (PD) is a hypokinetic movement disorder. It is characterized by bradykinesia, rigidity, tremor, and
postural unsteadiness. Dystonia is a hyperkinetic movement disorder characterized by involuntary sustained or intermittent
muscle contractions that cause abnormal, often repetitive movements, postures, or both. The traditional functional model
posits that there is greater neuronal activity in the internal segment of the globus pallidus (GPi) in PD, a hypokinetic movement
disorder, and reduced neuronal activity in dystonia, a hyperactive movement disorder [1, 2]. Deep brain stimulation (DBS)
of this structure was shown to have a positive clinical effect in both cases. This paradox remains unresolved, necessitating
further research on the neuronal processes in the basal ganglia, enhancing motor control models, and analyzing the impact
of DBS stimulation on brain activity. Increased synchronization of beta (13—-35 Hz) rhythms in patients with PD indicates an
excessive amount of antikinetic inhibitory motor signals. Meanwhile, increased synchronization of theta-alpha (4—12 Hz)
rhythms is associated with dystonia pathology [3, 4]. Although frequency and spatial synchronization have been actively
studied, the functional role of these rhythms in the organization of motor control in normal and pathological states remains
unknown.

The study compared the activity of the internal and external segments of the globus pallidus (GPi and GPe) in patients with
PD and patients with generalized (GD) and cervical (CD) dystonia. The analysis was conducted at both the single-neuron and
neuronal population levels. Microelectrode recording was performed on single-unit activity of the globus pallidus during
neurosurgical procedures. The purpose was to implant DBS electrodes into the internal segment of the GPi in studied
patients. A total of 20 procedures were conducted. Multichannel recording of local field potentials (using 16 channels)
from the globus pallidus was obtained postoperatively through temporary externalized electrodes in 8 patients. The study’s
ethical approval was obtained from the committee at the N.N. Burdenko Center for Neurosurgery. Neuronal activity analysis
used a previously established method separating neurons’ activity into tonic, burst, and pause patterns through hierarchical
clusterization [5]. We analyzed the distribution of patterns and their main quantitative characteristics, such as the average
firing rate, coefficient of variation of interspike intervals, asymmetry index, burst and pause indices, percentage of bursting
discharges, oscillation scores, and other relevant parameters. Spectral analysis and quantitative assessment of oscillatory
processes in various frequency ranges were used to analyze the local field potentials (LFP). An examination of periodic
and aperiodic (1/f) constituents of local field potentials was performed using the neural signal spectrum parametrization
algorithm as a combination of aperiodic elements and periodic oscillatory crests [6].

The study demonstrates comparable firing rates of GPi cells across all groups examined. However, the PD group exhibited
a higher level of tonic neuronal activity with decreased theta-alpha oscillations. The analysis of GPi neuron distribution
reveals a significant increase in tonic cells (11% GD, 15% CD, 49% PD) and a decrease in paused neurons (28% GD, 25% CD,
11% PD). The patient group with Parkinson’s disease exhibited a markedly elevated firing rate of tonic neurons (33 imp/sec
GD, 51 imp/sec CD, 91 imp/sec PD) compared to the control groups, as well as a reduced firing rate of burst neurons
(62 imp/sec GD, 68 imp/sec CD, 56 imp/sec PD), with statistical significance at p <0.001. Multifactor analysis using machine
learning algorithms demonstrated the significance of non-linear characteristics in neuronal activity for classifying patients
by disease type, including differential entropy, theta oscillations, pause index, among others. Activity of neurons in the GPe
and GPi activity in the DBS stimulation area did not exhibit significant differences between the patient groups studied.
Spectral analysis of local field potentials revealed a marked elevation of theta activity and a decline in alpha, low-, and
high-beta activity in both segments of the globus pallidus of patients with dystonia compared to those with PD. The random
forest algorithm indicated that the most crucial factors for identifying the patients under study were oscillations in the high-
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frequency beta range and the slope of the aperiodic component. The area of stimulation via DBS exhibited increased theta
activity and decreased low beta activity and an aperiodic component in patients with dystonia. No significant differences
were found in the area of DBS stimulation and beyond for patients with PD. Significant differences were observed in theta
and beta activity when comparing the DBS stimulation area activity among the examined patients.

The study revealed the neural organization of globus pallidus as heterogeneous, displaying diverse activity patterns.
Multidirectional changes in neuronal activity, differences in activity pattern distribution, and non-linear characteristics are
supported by both firing rate and firing pattern models of the basal ganglia. The analysis of local field potentials revealed
a shift in both periodic and aperiodic components of globus pallidus activity in movement disorders. The interplay of these
components determines the pathology of movement disorders, rather than heightened oscillations in a single frequency
range. The lack of variance in neural activity in the stimulated area provides partial resolution to the enigma of the GPi-
DBS'’s efficacy in hypo- and hyperkinetic conditions. To accurately anticipate the area of stimulation and clinical outcomes,
a comprehensive strategy is required, which integrates a blend of linear and non-linear components of single unit activity,
along with periodic and aperiodic elements of local field potentials of the globus pallidus.

Keywords: Parkinson's disease; dystonia; globus pallidus; single unit activity; local field potentials (LFP); functional neu-
rosurgery; deep brain stimulation (DBS).
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