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MuenuH TipencraBisieT co00ii BBICOKOCTICIIMAIM3UPOBAaHHYIO (hopMy TuTasMaTuieckoit MemOpaHbl. [locrermeHHast
noTepsi MUEIMHA SIBJISIETCS OJHUM U3 XapaKTEePHBIX MTPU3HAKOB KAaK BO3PACTHBIX, TAK U MATOJIOTMYECKUX U3MEHEHMI
mo3sra. B naHHOM 00630pe MBI TIOTBITATUCh OXapaKTeprU30BaTh CIIEKTP TEHOB, YbM MPOAYKTHI IPUHUMAIOT yJyacThe B
bopmupoBannm 1 GpyHKumonupoBanun muenrHa LIHC, a Takke olleHUTh MX BO3MOXKHBIN BKJIan B matoreHes bIT.
AHanu3 ony0JIMKOBAaHHBIX B HACTOSIILIEE BPeMsT JaHHBIX, MOJIYYEHHbBIX HA MOAEIbHBIX 00beKTax U nanueHTax ¢ bI1,
TIO3BOJIJI BBISIBUTH HECKOJIBKO I'€HOB O€JIKOB MUEJIMHA, KOTOPbIe MOTYT ObITh CBsI3aHbI ¢ pa3BuTueM BI1. I'enst PLP1,

MOBP, FA2H u HSPAS siBnsatoTcst HanboJee mepcrneKTUBHBIMU JIJIST UCCIIEOBaHMS X BKJIaaa B matoreHes BI1.
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OBIIAS XAPAKTEPUCTUKA MUEJTIMHA
HEWPOHOB UHC U ET'O POJIb
B ®YHKIUMOHMUPOBAHWUN HEPBHbBIX
KJIETOK

MuenuH mpencraBisieT co0Oif BBEICOKOCIIEIIHMA-
JIM3NPOBaHHYIO (GOopMy IIa3MaTUIECKOil MeMOpa-
HBI. MHOrocnoitHas (250—300 cioeB B ILieHTpallb-
HOM HEpBHOI cucteme) obojiouka oOpasyercs B
pe3yabTaTe pa3pacTaHMsI W IIOCIICOYIOIIETO CITH-
PaJIbHOTO 3aKpyYMBaHUS IUIA3MaTHICCKOI MeMOpa-
HBI BOKpYT (hparMEHTOB aKCOHOB ITPOCKIIMOHHBIX
HEHPOHOB IIPM IIOMOIIM OCOOBIX INIMAJBHBIX KIIe-
TOK. B IIeHTpasbHO HEPBHOH CHCTeME TaKUMU
KJICTKAMU SIBJISTIOTCSI OJIMTOIEHAPOLIUTHL. M3BeCTHO,
YTO OOWH OJIMTOACHIPOIIUT YYaCTBYET B IIpoliecce
muenuHu3amu 40—60 akCOHOB, OrpaHUYUBASIChH
IIPUTOM JIMIITbh OMHUM MHUEIMHOBBIM CETMEHTOM; Ta-
KNM 00pa3oM, OIMH aKCOH MUETMHU3UPYETCS Cpasy
HecKoJibKuMu oaurogeHapouutamu (Nave, 2010;
Saab, Nave, 2017).

I'maBHas pyHKIMS MUEIMHA KaK B LIEHTPAJIbHOIM,
TaK U B IiepudepruIecKoil HepBHOI1 cucteMe — obec-
MeYeHNe SIEKTPOU3OJISILIUYA AKCOHOB, UTO ITO3BOJISI-
€T peryJIupoBaTh CKOPOCTh Mepeaayr HEPBHOTO M-
nynbca. KoMmakTHOCTE 1 MHOTOCIOMHOCTH (1o 100
CJI0€B) MUEJIMHA TO3BOJSIET YBEJIUYUTH CKOPOCTh
pacIpoCcTpaHeHMsI HEpBHOI'O UMIyJIbca oT 1 g0 50—
100 m/c (Zalc, 2006; Simons, Nave, 2015). dpyrum
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XapaKTepHBIM CBOMCTBOM MMEIMHA SIBISICTCS €r0
BBICOKAS TUIACTUYHOCTD, OOYCIOBJICHHAS CJIIOXKHBI-
MM MOJIEKYISIPHBIMM MeXaHM3MaMM, TaKHUMU Kak
CHHTE3 KOMIIOHEHTOB MHUEJIMHA, UX MEeTa0OIU3M U
nerpagauus. Ilpenmonaraercsi, yTo mpouecc dop-
MHUPOBaHUSI MUEIMHA 3aBUCUT OT IIOATHUIIA HEMpo-
HOB, 00JIaCTM MO3Tra U IIPOCTPAHCTBEHHO-BPEMEH-
HOW mepegayd CUTHAJIOB  HEWpOMEOUaTopoOB,
BBICBOOOXKIAaeMBIX M3 pa3HBIX KiIeToK (Saab, Nave,
2017). Eme omHa BaxkHast 0COOEHHOCTL MUEJIMHA 3a-
KJIIOYAETCS B €70 CIIOCOOHOCTH M3MEHSITHCS CTPYK-
TypHO B TeueHMe oHToreHeda (Cermenati et al.,
2015). N3zmMeHeHnsIM TOOBEp:KEHBI TaKWe Iapame-
TPHI, KaK TONIIMHA MUEIMHA, IJIMHA MEXIOY3/IUS U
IepUHOAIbHAS OpTraHU3alNsI, PeryJIupyeMble Ipu
MOMOIIM Be3UKYyJsspHoro sk3ouuto3a (Ford et al.,
2015; Etxeberria et al., 2016; Schneider et al., 2016;
Duttaet al., 2018). J1IoBOJIbHO MHTEHCUBHOE U CJTOXK-
HO€ B3aMOJIEIICTBIE MEXIy MUCIIMHOM 1 aKCOHOM,
OCYIIECTBISIEMOE TP IIOMOIIIHU 1IEJIOTO psiga OEIKOB
U JAIWO0B, a TaKKe MEXJIUITUIHBIE B3aMMOIEH-
CTBHS B CJIOSIX CAMOTO MMEIMHA ITOMOTAIOT ITOAAeP-
KMBaTh MPABWIBHOCTD €r0 CTPYKTYPHI M CTaOWIb-
HocTh (Olsen, Faergeman, 2017).

MuenuH B mepecyere Ha CYXyl MacCy COCTOUT
Ha 70—85% w3 nmununoB u Ha 15—30% u3 GenkoB
(Pierre Morell, 1999). Bricokoe conepkaHue JTUIH-
JIOB  CIIOCOOCTBYET JIy4lledl 3JIeKTPOU3OJISIILIUN
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(Harayama, Riezman, 2018). OCHOBHbIMU JUIIW/I -
HbIMU KoMmnoHeHTamMu muenuHa IHHC sasnsiiorcs
XOJIECTEpUH, COUHIOMIUMKOIUMUAL (B OCHOBHOM
rajakrTolepedpo3ua), pazanuHblie Gocoaunuabl 1
cuHromuenH. OCHOBHBIMU OEJIKOBBIMU KOMIIO-
HEHTaMM SIBJISIIOTCSI OCHOBHOI 0eJIOK MueJMHa
(MBP), nporeonunuansiit 6enoxk (PLP) u Mmuenu-
HOBBIM  OJIMTONEHAPOLMTAPHBINA  TJIMKOIPOTEUH
(MOG) (Clements et al., 2003).

[locTeneHHas1 IIoTepss MUSIUHA SIBJISIETCS. OMHUM
M3 XapaKTEepHBIX IIPU3HAKOB BO3PACTHBIX M3MEHE-
Huii mosra (Kohama et al., 2012). IIpu maronoruu
MIPOUCXOAUT HapylleHue (GopMUPOBAHUS MUCTMHA
WJIM X€ ero Aerpagalus IO BIUSHNEM KaK TeHeTH-
yecKMnX (paKTOpOB, TaK 1 (DAKTOPOB BHEIIHEH CPEIBI
(HanmpuMmep, TeUIIUT MUTATSILHBIX BEIIECTB, Tepa-
MEeBTUYECKIE BMEIIATeIbCTBAa, XUMUIECKIEe U OMO-
Jlorn4eckre TOKCHWHBI) (puc. 1). buoxmmmyeckue
W3MECHEHUSI, CBA3aHHBIC C JeMUEIMHU3ALe Heli-
poHoB ITHC, kak mpaBujio, CXOOHbI HE3aBUCUMO OT
atuojoruu (Saab, Nave, 2017), ogHako cama geMue-
JIMHU3AINASI MOXET OBITh KaK IPUIMHOM, TaK 1 CJIe -
CTBMEM MATOJIOTUMYECKOIO mpoliecca. Tak, mpu om-
HUX AEeMUEIMHU3MPYIOLIUX 3a00JIeBaHUSIX CHavaja
MIPOUCXOAUT U30MpaTeIbHasI JeTeHepalis MACTTHA
WIM MUETMHU3UPYIOIINX OJUTOAEHAPOLMTOB, a 3a-
TeM Aerpanaluuu MoaBepraoTcs U akcoHbl. Kak mpa-
BWJIO, JaHHbIe 3a00JeBaHUS MMEIOT WMMYHO-
OIOCPEIOBAHHBIN W WH(PEKIIMOHHBINA MaTOTCHE3;
CpeIu HUX HauboJiee paclIpOCTPAHEHHBIM SIBJISIETCS
pacCesTHHBIN CKJIEPO3, TaKXKe BCTPEYAIOTCS JIEHKO-
sHIIeaToNaTuu, nepudeprudeckue HeBpOMaTUU U

B HopmMme
3penein
(MUETUHU3UPYIOLLNIA)
onurogeHapoumt
Mpwm
Aerpagauuu

ITYJIbCKAS u ap.

Ip. B opyrux ciyvasax (ieiikoauctpoguu, 00ae3HU
JIN30COMAJILHOTO HAKOITJICHUsI, HaclleCTBEHHbIE
HEBPOITATUH U T.[II.) IPOUCXOOUT AeTeHEepalysl Heli-
POHOB, IPUBOJIAIIAS B KOHEYHOM UTOTE K MX IEMHUE-
muauszanumn (Garcia-Gil, Albi, 2017). Hanpumep,
npu 0oJie3HN AJbLreiiMepa noTeps MUeJrMHa aKCo-
HaMM TIPOUCXOOUT YK€ Ha paHHUX KIMHUYECKUX
cTagugx 3a00JieBaHMS 3aJ0JITO OO TOSIBJICHUS TIep-
BbIX cumMnToMoB (Altevogt et al., 2002; Dean et al.,
2017; Papuc, Rejdak, 2020).

I[MPOLECCBI MUEITMHHWU3ALINN
TP BOJIESHU ITAPKMHCOHA

bonesns ITapkuncona (BII) sgBasgercss onHUM U3
HanboJiee pacIpoCTpaHCHHBIX HelipomereHepaTUB-
HBIX 3200JIeBaHUI 1 00yCIOBJIeHA MEIJICHHOM HEey-
KJIOHHO IIpOrpecCUpYIOIIei IereHepamueit moda-
MHUHEPTUYECKMX HEHPOHOB CpeaHEero  MO3Ta.
M3BecTHO, uTO XapakrepHbie it BI1 nBuratenbHbIC
CHMIITOMBI, TaKHe KaK TPEMOp, ITOCTypajbHas1 Hey-
CTOMYMBOCTD, TUIIOKWMHE3US U IUIACTUYCCKUIT TH-
MEPTOHYC, NOSIBJSIOTCSI IPpY rMbeau npuMepHo 50—
60% JIAepruueckux HEUMpPOHOB B  YepHON
cyOCTaHLIMM M CHMDKEHMU modaMHHA B CTpHUATyMe
Ha 70—80% (Bernheimer et al., 1973; Fowler, 2007;
Cookson et al., 2008). Ha ceronHsIHUI 1eHb U3Be-
CTEH LEeJbII Psi MOJEKYJISIPHBIX KJIETOYHBIX MPOLIEC-
COB, JIeXXaIllX B OCHOBe maroreHe3a bll, HaunHas ¢
KJTacCHYeCKUX (ayrodarusi, MUTOXOHIpUAIbHAST TUC-
¢yukuuss u ap.) (Shimura et al.,, 2001;Youle,
Narendra, 2011; Ding, Yin, 2012; Lin, Farrer, 2014;
Beilina, Cookson, 2016; Bose, Beal, 2016; Voigt et

MoBpeXAeHUA

Puc. 1. Cxematnueckoe nzodpaxenue muenuHa LIHC B HopMe u B Tpoliecce aerpanaiuu.
Fig. 1. Schematic representation of normal and degradating CNS myelin.
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IF'EHbI BEJIKOB MUEJIMHA

al., 2016) 1 3aKaH4YMBast TAKUMU HETABHO BBISIBJICH-
HBIMU MpoleccaMy, KaK HapylleHre Be3UKYISIPHO-
ro TpaHCIIOpPTa, OKUCIUTEIbHBIA CTPECC U anoITo3
(Dong-Chen et al., 2023; Ye et al., 2023). OgHako
MOMCK MOJEKYJISIPHO-TeHETUYECKUX MEeXaHU3MOB
pa3Butusl BI1 akTMBHO MPOAOJIKAETCS, MOCKOJbKY
M3BECTHBI JaJIEKO HEe BCE MEXaHU3MBbI, CBSI3aHHbIE C
natoreHe3zom bBII, a mpolecchl, MHULUUPYIOLLIUE
pa3BUTHUE Mpolecca HeiipoaereHepauuu npu bIT, u
BOBCE OCTAlOTCSI MaJIOU3y4YeHHBIMU.

M3yyasg maTosornyeckre M3MEHEHUsS B MO3re
0onbHbIX BII, U3BeCTHBIN HEMELIKUIA TTaTOI0r0OaHa~
ToM X. bpaak BriepBble OTMETUJI HEUPOIIPOTEKTOP-
HYIO pOJIb MUEJIMHA MIPU JaHHOM 3a0ojieBaHuU. VM
ObLIO OTMEUEHO, UTO CUJIbHEE BCEro aerpagaluu
MOABEPKEeHBbI NMTPOESKLMOHHBIE HEAPOHBI, UMEIOLIIUE
pa3BETBJICHHbIE U TOHKWE aKCOHBI, KOTOpbIe HAYM-
HaIOT MUEJIMHU3UPOBATHCS B MOCIEIHIO OYepeb.
B T0 ke Bpems HelipOHBI C CUJIBHO MUETUHU3UPO-
BaHHBIMU aKCOHaMHU (KakK IMpaBWUJIO, TaKash MUEIU-
HU3alMs1 HAUMHAeTCs ellle MpeHaTaabHO) OKa3biBa-
IOTCSI HEBOCHPUMMYMBBI K HelpoaereHepaluu.
MHTepecHo, 4TO JaHHAs1 3aKOHOMEPHOCTD ObLiIa BbI-
sIBJIEHA JIJIS1 BCEX TUITOB HEMPOHOB U obacTeil Mo3ra
(Braak, Del Tredici, 2009). Takum o6pa3om, UM ObILT
clieJlaH BBIBOJ, O TOM, YTO pa3BUTHE HElipoaereHepa-
TMBHOTO IMpoliecca B KOpe roJIoBHOTo Mo3ra npu bIT
B 0OpaTHOM TIOpSIAKE TOBTOPSIET IOCJeIOBaTEb-
HOCTh MUEJMHU3ALMU HEHUPOHOB JaHHOU oOJacTu
(Braak, Del Tredici, 2004). Ha cerogHIIIHUIA AeHb
MMEIOTCSl TaHHBIE O TOM, YTO TOJIIIMHA MUEJIMHA
MMeeT pelaloliee 3HaueHue st 53PPeKTUBHOM T1e-
peJayy CUTHAJIOB, a €ro MOBPEXACHUE WIN UCTOH-
YyeHMe TIPUBOIMUT K OECUHXPOHU3ALUMU Mepeaadyu
3JIEKTPUYECKOTO UMIMYJIbCa, KOTOPBIA CO BpeMEeHEM
3aTyXaeT Ha KOPOTKOM PACCTOSHUM, HECMOTpPSI Ha
ero 0oJjiee BBICOKYIO CKOPOCTb, UTO, HECOMHEHHO,
MOXET UMETh 3HAUYEHUE TIPU U3YyYEeHUU TaToreHesa
3a00JIeBaHUI, CBSI3aHHBIX C JeMUeIMHU3aluei
(Jacak, Jacak, 2022).

Poav aunudos mueauna npu bI1

TecHast cBsI3pb COMHTOIUMIUIOB C HEpoaereHe-
paTUBHBIMM 3a0o0jieBaHUSIMUA  OOYCIIOBJIEHA UX
(yHKIIMET OCHOBHOIO CTPYKTYPHOIO KOMIIOHEHTA
IUIa3MaTUIECKOM MeMOpaHbl OJIMTOACHIPOILIUTOB 1
muemmHa (Cermenati et al., 2015). B mocnemnue
TOJIbl aKTUBHO PACIIMPSIIOTCS 3HAHUS O POJIM CHUH-
roaunuaoB B matoreHede BII, nmpu 3Tom HanGOJb-
1IIee BHUMaHME yIeIsIeTCs [epaMHIaM, SIBIISIIOIINM-
CsI TIpeAIeCTBe HHMKAMMU CJIOXKHBIX C(OMHTOIUITUIOB
(Custodia et al., 2021, Vos et al., 2023), a B1usiHNE
cUHTOMHUEINHA, WIPAIOIIETO KIIYEBYIO pPOJb B
HOPMAaJIbHON M TATOJIOTUYECKOM (DU3MOJIOTUH TO-
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JIOBHOTO Mo3ra, Ha pa3zsutue bI1 usyyeHo Hempocra-
touHo (Signorelli et al., 2021).

B pesyabrate uccienoBaHuWil, NpOBEAEHHBIX in
vitro, C UCIIOJIb30BaHMEM XXKUBOTHBIX Moneieii bII, a
TakKe 00pa31oB IepudeprudecKoil KpoBU U TKaHEH
naueHToB ¢ BIT 6bU10 MOKa3aHO, YTO MPOrpeccu-
poBaHue BII u TsXecTh ee TeueHUsT HalpsSIMYIO CBSI-
3aHbl C U3BMEHEHMEM MeTabou3Ma CpUHIOMUETH-
Ha. TeM He MeHee ero MOJIEKYJISIPHbIE MEXaHU3Mbl
OCTAalOTCS HE 0 KOHIIAa u3ydyeHHbIMU. [Ipenmnonara-
eTcsl, YTO COUHTOMHUENIMH y4yacTBYeT B pa3BuTuu bI1
3a cYeT oOecrHevYeHMs mepenadyr HepBHBIX UMITYJIb-
COB, IPECUHANTUYECKON MIACTUYHOCTU U BIUSIHUS
Ha JIOKAJIM3alMI0 PELENnTOPOB HEHPOMEAMATOPOB
(Signorelli et al., 2021). AHanu3 pepMEeHTOB, MeTa-
OONMM3UPYIOIIMX COUHIOMHUEINH, TO3BOJWI Ya-
CTUYHO MPOSICHUTH ero pojb B naroreHese bII.

M3BecTHO, 4TO rMAPOIN3 COUMHTOMMEIMHA OCY-
LLIECTBJISIETCS B TJIa3MaTUYeCKO MeMOpaHe (C Io-
JlydeHueM liepaMmuaa U (pochoxoanHa) nOpu MoMo-
Iy cUHTOMUETNHA3. Y 4YelloBeKa MMeeTCsl IISITh
cUHTOMHUEINHA3, KOTOPBIE OTINYArOTCsT N-KOHIIE-
BbIM YYaCTKOM M Koaupylorcss reHamu SMPDI-
SMPD5 (Hofmann et al., 2000; Airola, Hannun,
2013). Insa ayx uz Hux (SMPDI v SMPD3) cyuie-
CTBYIOT JaHHBIE O poJiu B matoreHe3e bII.

breino mokaszaHo, yto MyTtauuu B reHe SMPDI
MPUBOIAT K CYIICCTBEHHOMY CHIDKCHUIO aKTUBHO-
CTU C(OMHroMUEIMHA3HI, YTO B CBOIO OYepeab MPH-
BOAUT K HAKOIUICHUIO C(OUHTOMMEIMHA U Hapyllle-
HUIo npoluecca ayrogarum (Bernardo et al., 2021).
Ha cerogHsaiHuii 1eHb yKe HECKOJIbKMMM TPYIINa-
MM MCClIeIoBaTe/Ieii Ha pa3IMuYHbIX STHUYECKUX BbI-
bopkax ObIJIO IMOKa3aHO, 4yTo MyTaluu c¢.996delC
(p.fsP330), p.L302P, p.P332R, p.Y500H, p.P533L u
p.R591C B rene SMPD I nocToBepHO 4aille BCTpeya-
1oTcs y 6onbHBIX BIT 110 cpaBHEHMIO ¢ KOHTPOJILHBI-
MM BbIOOpPKaMHU. ['OMO3UTOTHOCTb IO MYTallMsIM B
JAHHOM I'eHe npueodum K paszsumuro 601e3H1 Hema-
Ha—ITuka, B TO BpeMsl KaK I'eTepO3UTOTHBIE MyTa-
uun B SMPDI 9BISIOTCS HOBBIM TE€HETUUECKUM
daxropom pucka paszsutusa BIT (Dagan et al., 2015;
Gan-Oret al., 2015; Schuchman, Wasserstein, 2015;
Mao et al., 2017).

Hukakux paznnuuii B ypoBHE 93KCIPECCUU T€HOB
SMPDI1 u SMPD2 B kJleTKax cTpuaTyma M 4epHOit
cyoctaHuuu Mbimeit ¢ MPTP-unayuupoBaHHOI
Mogenbsio BIT BeisiBieHo He Obuto (Blokhin et al.,
2022). B To e Bpems ObLIO 00HAPYKEHO CHUKEHUE
ypOBHSI 3Kcrnpeccun reHa SMPD3 B cTpuatyme u
runmnokaMne Mbeieir ¢ MPTP-unagyuupoBaHHOI
Monenblo BII, 4yTo momuepKuBaeT BaKHOCTb Jdallb-
HelIero u3ydyeHus Bkiaaga COUMHIroMuearMHa3s B a-
Ne 3
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toreHe3 BII (Cataldi et al., 2017; Signorelli et al.,
2021).

Poav cmpyxmypHubix 6eaxos mueauna 6 bIT

benku cocrapnstior okojio 15—30% ot o61ero
KOJINYECTBA BelllecTBa MUeIMHA. VX OTIM4YuTeNh-
HOM 0COOEHHOCTBIO SIBJISIETCS HEOOJBIION pa3Mep
(mo 30 x/1a). Hanbosee npeacTaBieHHBIMU SIBJISIOT-
csl: OCHOBHO 0etok MueanHa (myelin basic protein
(MBP)), MUeIMHOBBIII MPOTCONUNUAHBINA Oel0K
(myelin proteolipid protein (PLP)) u ocHoBHoOI1
OJIUTOACHIPOLIUTHBIM OeloK MuenumHa (myelin
oligodendrocyte basic protein (MOBP)) (Yamamoto
etal., 1994; Baron, Hoekstra, 2010; Frid et al., 2015).

OcCHOBHOI1 0eJTOK MU€eIMHA MPeACTaBIseT CO00
MeMOpaHHBIN MoaynorpyxHoit 6e1ok. MBP koau-
pyeTCs OMHUM I'eHOM M UMeeT MHOXKECTBO U30(hOPM,
BO3HMKAIOIIMX B pe3yabTaTe aJlbTepHATUBHOTO
CIUTaificMHTa WJIM ITOCTTPAHCISIIIMOHHBIX MOIU(U-
Kauuii. OCHOBHOII €ro OCOOEHHOCTBIO SIBJISIETCS
CMOCOOHOCTh K MHOTOYMCIEHHbBIM MOBEPXHOCTHBIM
B3aMMOJACHCTBUSM, MpHUUeM NaHHOE cBoiicTBO MBP
YHUKaJIbHO cpelM Bcex 0enkoB muenuHa (Harauz et
al., 2009). Ilpu nemuenunuszauru MBP noBoibHO
ObICTpO Aerpaaupyer ¢ GOpMUPOBAHUEM arperaTos,
4YTO ObLIO MOKA3aHO MPU XPOHUUYECKOM PaCCESTHHOM
cKJiepo3e. ABTOpaMU TakKe Obljla BhICKAa3aHa I'MIO-
T€3a O BO3MOXHOM CYIIECTBOBAHUM ITOJOOHBIX
arperatoB npu BIT (Frid et al., 2015).

MuennHOBEIM TIpoTeoMmuaHbIil 6eok (PLP)
Kogupyetrcsd reHoM PLPI n 9BnsieTcst BTOPBIM OC-
HOBHBIM OE€JIKOBBIM KOMIIOHEHTOM MMEINHA, 00ec-
MEYMBAIOIINM €T0 CTA0OMIBHOCTD U KOMITAKTU3ALINIO
(Greer. Lees, 2002). IlomHOTpaHCKPUIITOMHBIN
aHalIu3 o0pa3luoB JIOOHOK KOphl MauueHToB ¢ BII
(post mortem) ¥ TpaHCTEHHBIX KPBIC CO CBEPXIKC-
npeccueil anbpa-CMHYKJIenHAa OKa3all ITOBBIIIEH-
HyI0O 3Kcrpeccuio reHa PLPI B obomx ciydasx
(Hentrich et al., 2020).

OCHOBHOI1 OJIMTONEHIPOLUTHBIN OEI0K MMEIHN-
Ha, KoaupyeMblit reHoM MOBP, sBisieTcs TpeTbUM
10 PacIpOCTPAaHEHHOCTU MUEIMHOBBIM OEIKOM, a
€TI0 OCHOBHAsI POJIb COCTOUT B MOAAEPXKAHUM YILJIOT-
HEHHOU CTpyKTypbl MuenuHa (Montague et al.,
2006). Be110 MOKa3aHO, UTO MOJUMOPPU3M 13616147
B reHe MOBP siBnsetcs ¢pakTopoM pUCKa pa3BUTUS
BII (Siokas et al., 2022). Kpome Toro, MOBP 6511
BBISIBJICH B KaueCTBe KOMITOHEHTa KOPTUKAJIbHBIX
tenel] JleBu B oOpa3iiax Mo3ra, IOJIydeHHBIX OT Ta-
veHToB ¢ BIT (Kon et al., 2019).

Takum 00pa3oM, moaydeHHBIE Ha CETOTHSIIITHII
JIeHb TaHHBIe KOCBEHHO ITOATBEPXKIAIOT YJaCTHE OC-

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU
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HOBHBIX O€JIKOBBIX KOMIIOHEHTOB MUEJIMHA B I1aTO-
renese BII.

Poab ee3uxynsproeo mpancnopma mueauna npu bIT

Be3ukynsipHbIii TPaHCIIOPT SIBJISIETCSI OTHUM U3
0a30BbIX KJIETOYHBIX MpolieccoB. HapyieHus myTteii
TPAaHCHOPTUPOBKM, COPTUPOBKU WJIM MPABUILHOM
JIOCTaBKY BE3UKYJI MOTYT OBITh BOBJICUEHBI B pa3BU-
te BII (Ebanks et al., 2019). MuenuHusupymoIye
OJIUTOJEHIPOLIMTE 00pa3yloT caMble MaJeHbKUe
BHEKJIETOUHBIC BE3UKYJIbI, 9K30COMBI, KOTOPHIC TE-
PEHOCAT psii HEOOXOOMMBIX IS (POPMUPOBAHMS
muennHa OenkoB (mpexne Bcero PLP) (Kramer-
Albers et al., 2007; Jin et al., 2021). Beu1o mokaszaHo,
YTO HapylleHue rnpouecca TpaHcnopTa PLP npuo-
IUT K HeXBaTKe NaHHOTrOo OejKa B MeCTax CHMHTe3a
MMEJIMHA, a CJIeI0BaTeIbHO, K OCTAHOBKE €ro PocTa
(Hines et al., 2015; Koudelka et al., 2016; Almeida et
al., 2021) 1 HEBO3MOXHOCTH TTOBTOPHOI MUEIMHU-
saumu (Bakhti et al., 2011; Domingues et al., 2016).
CHuXeHue MMUeTMHU3AlUU HEHPOHOB BCJIEICTBUE
HapyIIeHUs BE3UKYJSIPHOTO TPAHCIIOPTA MOXET
ObITh ogHOI M3 mpuuuH pazsutus BIT (Braak, Del
Tredici, 2004; Braak, Del Tredici, 2009).

Jpyeue ceszannble ¢ YYHKYUOHUPOBAHUECM MUCAUHA 2€HbL,
Komopble Mo2ym 8HocUmb 6kAa0 6 passumue bII

I[ToMuMoO T€HOB, YbM MPOAYKTHI HAIIPSIMYIO yda-
CTBYIOT B (DOPMUPOBAHMM MHEJIMHA, CYIIECTBYET
psia 6eaKOB, OITOCPEIOBAHHO BIUSIONINX Ha nudde-
PEHLIMPOBKY OJIMTOASHAPOLIUTOB, YTUIN3ALIUIO T10-
BPEXIEHHOIO MUEJIVHA 1 IMMOBTOPHYIO MUEJIMHMU3A-
uuio akcoHa. [lpu momoIu aHaau3a OCHOBHBIX
OEIKOBBIX IIPOAYKTOB MUEIMHA B 0a3e HJaHHBIX
STRING, a Takke aHaiM3a OIMyOJIMKOBAHHBIX JaH-
HBIX HaMM ObUI BBISBJIEH PSII T€HOB, YbM OEJIKOBBIE
OpPOAYKTbI MOTYT OBbITh CBsI3aHbI ¢ pa3Butuem bII
(Tabm. 1).

Tak, ObUTa TTOKa3aHa MOBBIIIEHHAsI 3KCIPECCUS
MPHK-reHoB, Bxomdmux B KjaacTtep “MUEIUH”
(Atp1bl, Tspan2, Hspa8) B cTpuatyme 1 4YepHOIii cy0-
craHiuu Mbieir ¢ MOTII-uHayLIMPOBaHHON MO-
nenbio BIT (paHHsIE cMMOTOMHAS U O3AHSST TOCUM-
nroMmHasg ctagun) (Alieva et al., 2018). MHTepecHO
OTMETHUTH, YTO CXOXWE JaHHBIE ObUTH MOJIYYEHBI TS
reHoB ATPIBI u HSPAS B yepHoli CyOCTaHIIAM TTa-
uueHToB ¢ BII, B To BpeMst Kak reH T.SPANZ2 npak-
TUYECKHU He DKCIPECCUPYETCST B MUEIMHE TOJTOBHO-
ro mo3ara yenoBeka (Hauser et al., 2005; Jayakrishna
et al., 2020).

Jpyroii ucciaenoBaTe/IbCKOi IpynIoii ObLIO BbI-
SIBJICHO UBMEHEHME IKCIPECCUHN Psila TeHOB, KOAU-

pyoomux depMeHTsI MuenuHa (Asahl, Asah2, Gbal,
Ne 3
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Taomamnua 1. ['eHbl, MPOAYKTHI KOTOPBIX CBA3aHbI ¢ GYHKLIMOHMPOBaHMEM MUEINHA 1 pa3BuTeM BI1
Table 1. Genes encoding products that are associated with myelin functioning and the development of PD

I'en Benok CBs3b ¢ MHEJTMHOM Ces3b ¢ BIT GO Onthology term
GO0:0006682 Galactosylceramide
OnuH 13 cyoCcTpaToB YOMKBUTHHA. bi heti
TloBbIlIeHHAs 9KCpeccus y nmanu- 10synthetic process
G0:0022010 Central nervous
eHTOB ¢ bI1 u TpaHCTeHHBIX KpbIC. .
T'mnpoxkcunaza | YuactByer B momaepkaHuu | [OMO3UTOTHAsI TOUKOBast system myehnatl_o n
. G0:0048709 Oligodendrocyte
FA2H | XupHBIX CTPYKTYPHOI LIEJIOCTHOCTH | MyTallMsl BbISIBJIEHA Y MallME€HTa C differentiation
KUCJIOT MMEJTMHA. TOMO3WUTOTHOM AeJielIneil OMHOTO . . )
ak30Ha B reHe PARK?2 (Kruer et al., I(r;l(e)n.?oznsz Glial cell develop
2010; Benger et al., 2019; Hentrich . L
et al.. 2020) G0:0042552 Myelination
HeraTuBHBII peryasitop
TToBbIlIeHHAS 9KCTIPECCHST Y
nuddepeHLIMPOBKU
OO HIDOLITOR I naiueHToB ¢ BIT u TpaHcreHHbIX
JICHIDOLL KpBbIC. GO0:0031175 Neuron projection
MUEJTMHU3AINHN.
MemOpaHHbi MBI ¢ BRIKJTIOYEHHBIM development .
P . | Gpr37 neMOHCTPUPYIOT G0:0022008 Neurogenesis
eLenTop, TOJIUTIENITHI, CBSI3aHHBII :
. . | MOHMXKEHHYIO 3KCIIPECCUIO GO0:0048468 Cell development
GPR37 |cBS3aHHBI C ¢ G-6eJIKOM U Ha3BaHHBIM :
MUEJIMH-ACCOLIMMPOBAHHOTO GO0:0007399 Nervous system
G-6e1KoM peuentopom Pael, siBnser- MAG devel
Cs1 CyBCTpATOM NapKIHa MJIMKOMPOTEMHA u evelopment
’ MOBBIIIEHHYIO BocripuuMunBocTh | GO:0016043 Cellular
HakorieHue Pael-R . N
MOXeT PUBECTH K BN K neMmuenuHuzanuu (Imai gt al., component organization
o(baMUHEpIIHEcKIX 2001; Yang et al., 2016; Smith et al.,
Aod p 2017; Hentrich et al., 2020)
HelipoHoB nipu AR-JP
G0:0032289 Central nervous
AKTHBHO SKCHDECCHDYETCS system myelin formation
MpU MHULIAA Ifn > TToBbIlIEHHAS 9KCIIPECCHST G0:0032288 Myelin assembly
Muennn-acco- | P I P y GO0:0022010 Central nervous
. | MuenmHM3aLMK, onocpeny- | marueHToB ¢ bI1 1 TpaHCcreHHBIX .o
MAG | uuMpoBaHHBIN . . . system myelination
eT B3aumoeiicteue Mexny |Kpbic (Quarles, 2007; Hentrich et ; .
JIMKOIPOTEUH G0:0048709 Oligodendrocyte
OJIUTOCHAPOLIMTAMU U al., 2020), (Lopez, 2014) diff L
OIM3IeXKAIMMMI aKCOHAMU ferentiation
G0:0021782 Glial cell develop-
ment
TloBbIlIeHHAs 9KCcIpeccust y
“Monexkyna aare3uu”, nanyeHToB ¢ bI1 1 TpaHCTeHHBIX
Heobxommumast st KpHIC, GO0:0007417 Central nervous
MuenuHoBbI | obecrieueHUst CTPYKTYpHOM | MOG-uHayLMpoBaHHast system development
MOG | omronen- LIEJIOCTHOCTH MUEJIMHA, Heliporporekius noBpexneHHoit | GO:0007399 Nervous system
IPOIIUTHBIN CHHTE3UPYyeTCs HUTPOCTPUAPHOIT CICTEMBI B development
IMKOIIPOTEUH | OJIMTOACHAPOLUTAMU mbimax ¢ MPTP-unayunposannoit | GO:0016043 Cellular component
Ha MO3IHUX 3Tanax mogeinbto BIT (Kurkowska-Jastr- organization
MUEITMHU3ALINHA. zebska et al., 2009; Hentrich et al.,
2020)
OGeceynBaeT GO0:0006682 galactosylceramide
nepeHoc uepamuaa TTOBBIIEHHAS SKCITDECCHSI biosynthetic process
HETIOCPEICTBEHHO B P y G0:0032288 Myelin assembly
Llepamuaranak- nauueHToB ¢ BIT v TpaHcreHHbIX : Lo
anmnapar ['onbmxu, roe . ) GO0:0042552 Myelination
UGTS |Tto3unrpaHche- . kpbic (Hentrich et al., 2020; Bous- : ..
nalbHelIee no0aBaeHue GO0:0031175 Neuron projection
pasa cary et al., 2021)
K Hemy dochoxoHa development
MPUBOIUT K 00pa30BaHUIO GO0:0007417 Central nervous
c(MHroMHUeINHa. system development
CVEBeIMHILA WM3MeHeHue aKcnpeccuu y MblIeit
6(3;3_ 1)1 1 Kommnonent Na/K ¢ MOTII-uHayIMpOBaHHOMN
AT®azs1, KaHaJla MeMOpaH B monebio BIT yepes 64 mocie GO:0016043 Cellular
ATPIBI1 MUETMHU3UPOBAHHBIX BBEIEHUS TOKCUHA, a TAKXKE Y .
TPaHCIIOPTUPY- component organization

folast HaTpwit/
Kajnuii

aKCOHax CIiMpaJibHOIo
TaHIJIVA YJIMTKHU Y€JIOBEKA

nauueHToB ¢ BI1 (post mortem
yepHas cyocranuumst) (Hauser et al.,
2005; Alieva et al., 2018)
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IIpoodonxcenue Tabauyvr 1

I'en Benok CBs13b C MHEJTMHOM Cs3b ¢ BIT GO Onthology term
CHHTE3HDYVETCS G0:0048709 Oligodendrocyte
Py .. | differentiation
onurofeHapounTamMu st | UsMeHeHre 9KCIIPeCCUu y MbILIEi G0-0021782 Glial cell
o0JsieryeHus npoiecca ¢ MOTII-uHayLMpoBaHHOMK devélopmen t
TSPAN2 | TerpacrianvH 2 fiepeaatin chrHaja ot Mofensio BII wepes 6 1 mocie G0:0042552 Myelination

HepoHa, BO3MOXHO
Y4aCTBYET B ITOAAEPXKAHUU
€ro CTaOMJIbHOCTH
MUETNHA

BBeneHus TokcnHa (Birling et al.,
1999; Yaseen et al., 2017; Alieva et
al., 2018; Gargareta et al., 2022)

GO0:0031175 Neuron projection
development

G0:0007417 Central nervous
system development

Asnsiercsa HIarnnepoHOM IJid
OCHOBHOTO 0Oejika MUeJIMHa

M3MeHeHMe 9KCIIPECCUN Y MBIILIEi
¢ MOTII-uHayLmpoBaHHOMK
mozuenbio BIT uepes 6 4 rmocie
BBEICHUSI TOKCUHA.

HSPAS benok rero- | (MBP), moxet npuHumarb | CHuxkeHue ypoBHst MPHK u ero G0:0016043 Cellular
Boro moka 70 | yyactue B nucarperauuu Oesika B nepudepuyecKoii KpoBU component organization
TOKCUYHBIX OJTUTOMEPOB nanueHToB ¢ BIT (Redeker et al.,
Q-CUHYKJIEMHA 2012; Papagiannakis et al., 2015;
Alieva et al., 2018; Bonam et al.,
2019; Jayakrishna et al., 2020)
Komiectso beska KOHTAKTHHA | 503,0032289 Central nervous
B CIMHHOMO3TOBOM XXUAKOCTU . .
benok kneTouHoi MOHUXEHO y naiueHToB ¢ bIT system myelin formaﬂon
aJire3uy y4acTByeT HaKaIIMBasICh B TO e BpeMsI B G0:0032288 Myelin assembly
Tesn G0:0022010 Central nervous
CNTNI1 | KontakTuH 1 B peryMpoBaHin TeJbIIAX ’ system myelination

MPOLIECCOB MUETMHU3ALIUN
1 hopMUPOBaHUS
nepexBatoB PaHBbe

CBs13b 151442190 B CNTN1 ¢
mytanumeit G2019S B rene LRRK2y
nauueHToB ¢ BIT (Colakoglu et al.,
2014; Vacic et al., 2014; Chatterjee
etal., 2020)

GO0:0048709 Oligodendrocyte
differentiation

GO0:0021782 Glial cell
development

Cersl, Cers5), B 4yepHOt CyOCTAaHLUMU MBIIIEH C
MOTII-uHAYUIUPOBaHHON MOIEIbIO paHHEH CHUM-
nToMHOU 1 nocumitoMHoi ctanuit BIT (Blokhin et
al., 2022).

B onHoit 13 paboT ObLIO MOKAa3aHO JOCTOBEPHOE
W3MEHEeHUE 3KcIpeccun reHa MAG, a Takke ele
YETHIPEX FTEHOB, CBA3aHHBIX ¢ PYHKIIMOHUPOBAHNEM
muenuHa (FA2H, MOG, GPR37, UGTS), B obpa3Lax
JI00HOI Kopbl Kak nauueHToB ¢ BI1, Tak u TpaHcreH-
HBIX KPBIC CO CBEpPX3KCIpeccueit anbda-cuHyKIeu-
Ha (Hentrich et al., 2020).

SAKIIIOYEHHUE

B nanHOM 00630pe MBI TTONBITATNUCH OXapaKTepu-
30BaTh CIEKTP T€HOB, YbM IIPOAYKTH IMPUHUMAIOT
ygactrie B (DOPMUPOBAHNM M (PYHKIIMOHUPOBAHUY
muenrHa [THC, a TakKe OLIEHUTHh WX BO3MOXKHBIN
BKJIaJ B natoreHes 0ojie3Hu IlapkuHcoHa.

AHanus paboT, CBSI3aHHBIX C U3MEHEHUEM 2KC-
MpecCUyd TeHOB MUEJIMHA, ITO3BOJISIET YTBEPXKIATh,
YTO JI00BIe M3MEHEHUS IKCIIpeccuy (KaK MOBBIIIIE-
HUE, TaK U CHIKEHME) T€HOB, YbM IIPOIYKTHI SIBJISI-

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU

IOTCSl HETTOCPEICTBEHHBIMM KOMITOHEHTAMU MMEJI-
Ha, y4acTBYIOT B MOJIEKY/ISIPHBIX B3aMMOJIEHCTBUIX
MUEJIMHA U OKpYXKalolleil ero cpeanl (Tadna. 1), mpu-
BOAST K HApYLIIEHUIO MUEIMHU3AIUM aKCOHOB U
YCHJICHUIO TIPOLIECCOB HeliponereHepaiuu, 4YTo Koc-
BEHHO TOATBEPXKIaeT uccaenoBaHus bpaaka mo Ha-
JINYMIO OOJNBIIOrO YHUCia CJIabOMUETMHU3UPOBAH-
HBIX WJIM XK€ BOBCE JIMIIIEHHBIX MUEJIMHA HEMPOHOB
npu BII (Braak, Del Tredici, 2004; Braak, Del
Tredici, 2009). Pe3akoe cHUXXeHMe 3KCIPECCUU TEHOB
MOXET TOBOPUTh O TOM, YTO KOMIIEHCATOPHBIE BO3-
MOXHOCTH KJIETOK MCCSIKAIOT, MPUBO/IS K Pa3BUTHUIO
rnpouecca IEMUETMHU3ALUY U TAIbHEUIIEeH HEpo-
nereHepaivu. [1py 5TOM MOBBILIEHUE 3KCIPECCUU
KaKoro-jam0o reHa TakXe MPUBOAMT K KJIETOYHOM
ruoenu. Hanpumep, npu BIl HaGmomaercss Hako-
wieHue cuHromuenuHa (Signorelli et al., 2021), a
Takke arperatoB 6ea1koB MBP u MOBP (Frid et al.,
2015; Kon et al., 2019), 4yTo MpUBOAUT K THOEIN KJle-
TOK M3-32 IUTOTOKCUYHOCTU IAHHBIX BEILIECTB.

N3meHeHne MUeIMHU3aLUN HCP’IpOHOB Ha4YMHa-
€TCA Ha CaMbIX paHHHNX KIMHNYCCKHNX CTaAUAX BII.
Ha cerogHsILIHWI 1eHb MBI HE MOXEM OJHO3HAYHO
YTBCPKIAaTb, ABJIAIOTCA JIX 9T M3MCHCHUA ITPpUYM -
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HOM WM Xe pe3yJbTaToM HelipoaereHepaTUBHBIX
npoieccoB. Kpome TOro, HeoOXOAMMO OTMETUTH,
YTO BCE MCCJIEIOBaHUS, CBSI3aHHbIE C UBMEHEHUEM
BKCIIPECCUM B TeX WJM WUHBIX OTAeNaX T'OJOBHOIO
MO3ra, MpOBOJSTCS C MCIOJb30BaHUEM IMOCTMOpP-
TaJIbHBIX 00Pa31[0B MALMEHTOB JIM0OO XXMBOTHBIX MO-
neneit BIT u uMeloT psii orpaHUYEHU (TeXHUYE-
CKMX, MOP(POIOTMYECKUX, TEHETUUECKUX U JIP.).

ITockonbKy Ha CErOMHSIIHNN AeHb HEBO3MOXKHO
OPOBOAUTL TIPUXKM3HEHHBIE MCCAEAOBAHUSI DKC-
MpecCUr TeHOB B TKAHSIX TOJIOBHOTO MO3ra MaleH-
ToB ¢ BII, HeoOXx0AMMO MTPOU3BOAUTHL COITOCTaBJIE-
HUE BCeX TIIoJlydaeMbIX JaHHBIX: PE3yJbTaTOB
aHaJIM3a KakK IMOCTMOPTaJIbHBIX 00pa31[0B MO3ra UJIn
nepudepruiecKoit KpoBU NallMEHTOB, TaK U JAHHBIX,
noJydyaeMbIX Ha pasnudyHbix mojaeisx BII, uyro mo-
3BOJIMT B JOajibHEHIleM BBISIBUTH Psifi HOBBIX Te-
HoB-kKaHaunaToB bIT. Ha jaHHbBIf MOMEHT XOTEJIOCh
06l BblaeAUTb TeHbl PLPI, MOBP, FA2H n HSPAS
Kak Haubojiee MepCcreKTUBHBIC I JaJlbHEHIIero
u3ydeHus ux BKJana B matoreHes BIT.

OUHAHCHUPOBAHUE

Pabora Mapunsl Illynbckoii, Iletpa CrnomuH-
CKOTO TIpOBeIeHa B paMKaX BBIIIOJIHEHMS rocyaap-
ctBeHHoro 3amanus HUI “KypuyaTtoBckuii MHCTH-
tyT” (I'3-5® - UMTI'.9). Pabota Mapuu Lllanpunoii,
AHenu AnueBoii MpoBeldeHa TpU 4YacTUYHON (u-
HaHCOBOI monaepxkke PoccuitckuM HaydHBIM (DOH-
1oM (PH®) (cormamenue Ne 20-15-00262).

COBJIOAEHUE 5 TUYECKUX HOPM

Hacrosiiiasg cratbss He COOCPKUT KaKUx-aubo
WCCJICIOBAaHUI C ydqaCTuem JIIONEH M XKMBOTHBIX B
KayecTBe OOBEKTOB.

KOH®JIUKT MHTEPECOB

ABTOpBI 3asIBJSIOT 00 OTCYTCTBUM KOHGIUKTA
MHTEPECOB.

NHO®OPMALINA O BKIIAAE KAXAOTO
ABTOPA

M.B. Illynsckasi — HanucaHue TEKCTa CTaTbH,
I1.A. Cnomunckumii, M.W. [llanpuHa — pengakTupo-
BaHUe TeKcTa ctatbi, A.X. AnueBa — pa3paboTKa
KOHIICTILINN.

YKA3AHUWE HA JOCTYITHOCTDb I[TEPBUYHBIX
JAHHBIX

JaHHBIN 0030p HE COAEPKUT KaKUxX-JInbo mep-
BUYHBIX NAHHBIX M OCHOBAH Ha JHUTEpPaTypPHBIX
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JaHHBIX, TOCTYITHBIX 10 CChLIKAM M3 CIIUCKA JIUTE-
paTypHL.

CIINCOK JIMTEPATYPbI

Airola M.V., Hannun Y.A. Sphingolipid metabolism and
neutral sphingomyelinases. Handb. Exp. Pharmacol.
2013. 215: 57-76.

Alieva A.K., Zyrin V.S., Rudenok M.M., Kolacheva
A.A., Shulskaya M.V., Ugryumov M.V. et al. Whole-
transcriptome analysis of mouse models with MPTP-
induced early stages of Parkinson’s disease reveals
stage-specific response of transcriptome and a possible
role of myelin-linked genes in neurodegeneration. Mol.
Neurobiol. 2018. 55 (9): 7229-7241.

Almeida R.G., Williamson J.M., Madden M.E., Early J.J.,
Voas M.G., Talbot W.S. et al. Myelination induces
axonal hotspots of synaptic vesicle fusion that promote
sheath growth. Curr. Biol. 2021. 31 (17): 3743—3754.

Altevogt B.M., Kleopa KA., Postma FR., Scherer S.S.,
Paul D.L. Connexin29 is uniquely distributed within
myelinating glial cells of the central and peripheral
nervous systems. J. Neurosci. 2002. 22 (15): 6458—6470.

Bakhti M., Winter C., Simons M. Inhibition of myelin
membrane sheath formation by oligodendrocyte-
derived exosome-like vesicles. J. Biol. Chem. 2011.
286 (1): 787-796.

Bandres-Ciga S., Cookson M.R., Saez-Atienzar S., Bonet-
Ponce L., Billingsley K., Vitale D., Blauwendraat C.,
Gibbs J.R. et al. International Parkinson>s Disease
Genomics Consortium (IPDGC).

Baron W., Hoekstra D.On the biogenesis of myelin
membranes: sorting, trafficking and cell polarity. 2010.
FEBS Lett. 584 (9): 1760—1770.

Beilina A. Genes associated with Parkinson’s disease:
regulation of autophagy and beyond. J Neurochem.
2016. 139, Suppl 1: 91—-107.

Benger M., Mankad K., Proukakis C., Mazarakis N.D.,
Kinali M. The Interaction of Genetic Mutations in
PARK?2 and FA2H Causes a Novel Phenotype in a Case
of Childhood-Onset Movement Disorder. 2019. Front.
Neurol. 10: 555.

Bernardo A., De . Nuccio C., Visentin S., Martire A., Minghetti L.,
Popoli P, Ferrante A. Myelin Defects in Niemann-Pick
Type C Disease: Mechanisms and Possible Therapeutic
Perspectives. Int. J. Mol. Sci. 2021. 22 (16).

Bernheimer H., Birkmayer W., Hornykiewicz O., Jellinger K.,
Seitelberger F. Brain dopamine and the syndromes of
Parkinson and Huntington. Clinical, morphological
and neurochemical correlations. J Neurol Sci. 1973. 20:
415—455.

Birling M.C., Tait S., Hardy R.J., Brophy J. A novel rat
tetraspan protein in cells of the oligodendrocyte lineage.
J. Neurochem. 1999. 73 (6): 2600—2608.

Blokhin V., Shupik M., Gutner U., Paviova E., Lebedev A.T.,
Maloshitskaya O. et al. The Sphingolipid Asset Is
Ne 3

TOM 74 2024



266

Altered in the Nigrostriatal System of Mice Models of
Parkinson’s Disease. Biomolecules. 2022. 12 (1): 93.

Bonam S.R., Ruff M., Muller S. HSPA8/HSC70 in
Immune Disorders: A Molecular Rheostat that Adjusts
Chaperone-Mediated Autophagy Substrates. Cells.
2019. 8 (8).

Bose A., Beal M.F Mitochondrial dysfunction in
Parkinson’s disease. J Neurochem. 2016. 139 Suppl 1:
216-231.

Bouscary A., Quessada C., Rene E, Spedding M., Turner B.J.,
Henriques A. et al. Sphingolipids metabolism alteration
in the central nervous system: Amyotrophic lateral
sclerosis (ALS) and other neurodegenerative diseases.
Semin Cell. Dev. Biol. 2021. 112: 82—-91.

Braak H., Del Tredici K. Poor and protracted myelination
as a contributory factor to neurodegenerative disorders.
Neurobiol. Aging. 2004. 25 (1): 19—-23.

Braak H., Del Tredici K. Neuroanatomy and pathology of
sporadic Parkinson’s disease. Adv. Anat. Embryol. Cell
Biol. 2009. 201: 1—119.

Cataldi S., Arcuri C., Hunot S., Légeron F-P., Mecca
C., Garcia-Gil M. et al. Neutral Sphingomyelinase
Behaviour in Hippocampus Neuroinflammation of
MPTP-Induced Mouse Model of Parkinson’s Disease
and in Embryonic Hippocampal Cells. Mediators of
Inflammation. 2017. 2017: 2470950.

Cermenati G., Mitro N., Audano M., Melcangi R.C.,
Crestani M., De Fabiani E., Caruso D. Lipids in the
nervoussystem: frombiochemistryandmolecularbiology
to patho-physiology. Biochim. Biophys. Acta. 2015.
1851 (1): 51-60.

Chatterjee M., van Steenoven 1., Huisman E., Qosterveld L.,
Berendse H., van der Flier W.M. et al. Contactin-1
Is Reduced in Cerebrospinal Fluid of Parkinson’s
Disease Patients and Is Present within Lewy Bodies.
Biomolecules. 2020. 10 (8).

Clements C.S., Reid H.H., Beddoe T., Tynan F.E., Perugi-
ni M.A., Johns T.G. et al. The crystal structure of myelin
oligodendrocyte glycoprotein, a key autoantigen in
multiple sclerosis. Proc. Natl. Acad. Sci. USA. 2003.
100 (19): 11059—11064.

Colakoglu G., Bergstrom-Tyrberg U., Berglund EFE.O.,
Ranscht B. Contactin-1 regulates myelination and
nodal/paranodal domain organization in the central
nervous system. Proc. Natl. Acad. Sci. USA. 2014.
111 (3): E394—403.

Cookson M.R., Hardy J., Lewis P.A. Genetic neuropathology
of Parkinson’s disease. Int. J. Clin. Exp. Pathol. 2008.
1: 217-231.

Custodia A., Aramburu-Nunez M., Correa-Paz C.,
Posado-Ferndndez A., Gomez-Larrauri A., Castillo J.
et al. Ceramide Metabolism and Parkinson’s Disease-
Therapeutic Targets. Biomolecules. 2021. 11 (7).

Dagan E., Adir V., Schlesinger 1., Borochowitz Z., Ayoub M.,
Mory A. et al. SMPD1 mutations and Parkinson disease.
Parkinsonism Relat. Disord. 2015. 21 (10): 1296—1297.

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU

ITYJIbCKAS u ap.

Dean D.C.3rd, Hurley S.A., Kecskemeti S.R., O’Grady J.P,
Canda C., Davenport-Sis N.J. et al. Association
of Amyloid Pathology With Myelin Alteration in
Preclinical Alzheimer Disease. JAMA Neurol. 2017.
74 (1): 41—49.

Ding W.X., Yin X.M. Mitophagy: mechanisms, pathophy-
siological roles, and analysis. Biol Chem. 2012. 393 (7):
547-564.

Domingues H.S., Portugal C.C., Socodato R., Relvas J.B.
Oligodendrocyte, Astrocyte, and Microglia Crosstalk
in Myelin Development, Damage, and Repair. Front.
Cell Dev. Biol. 2016. 4.

Dong-Chen X., Yong C., Yang X., Chen-Yu .S., Li-Hua P.
Signaling pathways in Parkinson’s disease: molecular
mechanisms and therapeutic interventions. Signal
Transduction and Targeted Therapy. 2023. 8 (1): 73.

Dutta D.J., Woo D.H., Lee PR., Pajevic S., Bukalo O.,
Huffman W.C. et al. Regulation of myelin structure and
conduction velocity by perinodal astrocytes. Proc. Natl.
Acad. Sci. USA. 2018. 115 (46): 11832—11837.

FEbanks K., Lewis PA., Bandopadhyay R. Vesicular
Dysfunction and the Pathogenesis of Parkinson’s
Disease: Clues From Genetic Studies. Front. Neurosci.
2019. 13: 1381.

FEtxeberria A., Hokanson K.C., Dao D.Q., Mayoral S.R.,
Mei F, Redmond S.A., et al. Dynamic Modulation of
Myelination in Response to Visual Stimuli Alters Optic
Nerve Conduction Velocity. J. Neurosci. 2016. 36 (26):
6937—6948.

Ford M.C., Alexandrova O., Cossell L., Stange-Marten A.,
Sinclair J., Kopp-Scheinpflug C. et al. Tuning of Ranvier
node and internode properties in myelinated axons to
adjust action potential timing. Nat. Commun. 2015. 6:
8073.

Fowler C.J. Update on the neurology of Parkinson’s
disease. Neurourol Urodyn. 2007. 26 (1): 103—109.

Frid K., Einstein O., Friedman-Levi Y., Binyamin O., Ben-
Hur T, Gabizon R. Aggregation of MBP in chronic
demyelination. Ann. Clin. Transl. Neurol. 2015. 2 (7):
711-721.

Gan-Or .Z., Orr-Urtreger A., Alcalay R.N., Bressman S.,
Giladi N., Rouleau G.A. The emerging role of SMPDI1
mutations in Parkinson’s disease: Implications for
future studies. Parkinsonism Relat. Disord. 2015. 21
(10): 1294—1295.

Garcia-Gil M., Albi E. Nuclear Lipids in the Nervous
System: What they do in Health and Disease.
Neurochem. Res. 2017. 42 (2): 321-336.

Gargareta V1., Reuschenbach J., Siems S.B., Sun T,
Piepkorn L., Mangana C. et al. H.B. Conservation and
divergence of myelin proteome and oligodendrocyte

transcriptome profiles between humans and mice.
Elife. 2022. 11.

Greer J M., Lees M.B. Myelin proteolipid protein —
the first 50 years. Int. J. Biochem. Cell Biol. 2002. 34
(3): 211-215.

Ne 3

TOM 74 2024



IF'EHbI BEJIKOB MUEJIMHA

Harauz G., Ladizhansky V., Boggs J.M. Structural
polymorphism and multifunctionality of myelin basic
protein. Biochem. 2009. 48 (34): 8094—8104.

Harayama T., Riezman H. Understanding the diversity of
membrane lipid composition. Nat. Rev. Mol. Cell Biol.
2018. 19 (5): 281—-296.

Hauser MA., Li.Y.J., Xu .H., Noureddine M.A., Shao Y.S.,
Gullans S.R. et al. Expression profiling of substantia
nigra in Parkinson disease, progressive supranuclear

palsy, and frontotemporal dementia with parkinsonism.
Arch. Neurol. 2005. 62 (6): 917—921.

Hentrich T., Wassouf Z., Ehrhardt C., Haas E., Mills J.D.,
Aronica E. et al. Increased expression of myelin-
associated genes in frontal cortex of SNCA

overexpressing rats and Parkinson’s disease patients.
Aging (Albany NY). 2020. 12 (19): 18889—18906.

HinesJ. H., Ravanelli A.M., Schwindt R., Scott E. K., Appel B.
Neuronal activity biases axon selection for myelination
in vivo. Nat. Neurosci. 2015. 18 (5): 683—689.

Hofmann K., Tomiuk S., Wolff G., Stoffel W. Cloning and
characterization of the mammalian brain-specific,

Mg2+-dependent neutral sphingomyelinase. Proc.
Natl. Acad. Sci. USA. 2000. 97 (11): 5895—5900.

Imai Y., Soda M., Inoue H., Hattori N., Mizuno Y.,
Takahashi R. An unfolded putative transmembrane
polypeptide, which can lead to endoplasmic reticulum
stress, is a substrate of Parkin. Cell. 2001. 105 (7): §91—
902.

Jacak J.E., Jacak W.A. The Role of Myelin in Malfunctions
of Neuron Transmittance. Neurosci. 2022. 505: 125—
156.

Jayakrishna T., Nellore J., Veerappan V. Gender specific
mRNA expression of HSPAS in Parkinson’s disease.
2020. 3391-3395.

JinT, Gu .J., Li .Z, Xu .Z., Gui Y. Recent Advances on
Extracellular Vesicles in Central Nervous System
Diseases. Clin. Interv. Aging. 2021. 16: 257-274.

Kohama S.G., Rosene D.L., Sherman L.S. Age-related
changes in human and non-human primate white
matter: from myelination disturbances to cognitive
decline. Age (Dordr). 2012. 34 (5): 1093—1110.

Kon T, Tanji K., Mori F, Kimura A., Kakita A.,
Wakabayashi K. Immunoreactivity of myelin-
associated oligodendrocytic basic protein in Lewy
bodies. Neuropat. 2019. 39 (4): 279—-285.

Koudelka S., Voas M.G., Almeida R.G., Baraban M.,
Soetaert J., Meyer M.P. et al. Individual Neuronal
Subtypes Exhibit Diversity in CNS Myelination
Mediated by Synaptic Vesicle Release. Curr. Biol. 2016.
26 (11): 1447—1455.

Kramer-Albers E.M., Bretz N., Tenzer S., Winterstein C.,
Mobius W., Berger H. et al. Oligodendrocytes secrete
exosomes containing major myelin and stress-protective

proteins: Trophic support for axons? Proteomics Clin.
Appl. 2007. 1 (11): 1446—1461.

Kruer M.C., Paisan-Ruiz C., Boddaert N., Yoon M.Y.,
Hama H., Gregory A. et al. Defective FA2H leads to

KYPHAJI BbICILIEW HEPBHOM AEATEJIbHOCTHU

267

a novel form of neurodegeneration with brain iron
accumulation (NBIA). Ann. Neurol. 2010. 68 (5): 611—
618.

Kurkowska-Jastrzebska 1., Batkowiec-Iskra FE., Ciesielska A.,
Joniec 1., Cudna A., Zaremba M.M. et al. Decreased
inflammation and augmented expression of trophic
factors correlate with MOG-induced neuroprotection
of the injured nigrostriatal system in the murine MPTP
model of Parkinson’s disease. Int. Immunopharmacol.
2009. 9 (6): 781-791.

Lin M. K., Farrer M.J. Geneticsand genomics of Parkinson’s
disease. Genome Med. 2014. 6 (6): 48.

Lopez P.H. Role of myelin-associated glycoprotein (siglec-
4a) in the nervous system. Adv. Neurobiol. 2014. 9:
245-262.

Mao C.Y., Yang J., Wang H., Zhang S.Y., Yang Z.H. et al.
SMPDI variants in Chinese Han patients with sporadic
Parkinson’s disease. Parkinsonism Relat. Disord. 2017.
34: 59—61.

Montague P., McCallion A.S., Davies R.W., Griffiths I.R.
Myelin-associated oligodendrocytic basic protein: a
family of abundant CNS myelin proteins in search of a
function. Dev. Neurosci. 2006. 28 (6): 479—487.

Nave K.A. Myelination and support of axonal integrity by
glia. Nature. 2010. 468 (7321): 244—252.

Olsen A.S.B., Faergeman N.J. Sphingolipids: membrane
microdomains in brain development, function and
neurological diseases. Open Biol. 2017. 7 (5).

Papagiannakis N., Xilouri M., Koros C., Stamelou M.,
Antonelou R., Maniati M. et al. Lysosomal alterations
in peripheral blood mononuclear cells of Parkinson’s
disease patients. Mov. Disord. 2015. 30 (13): 1830—
1834.

Papuc E., Rejdak K. The role of myelin damage in
Alzheimer’s disease pathology. Arch. Med. Sci. 2020.
16 (2): 345-351.

Pierre Morell R.H.Q. Characteristic Composition of
Myelin. Basic Neurochemistry: Molecular, Cellular
and Medical Aspects. 6th edition, Siegel, GJ, Albers,
RW, et al., Eds., Philadelphia: Lippincott-Raven, 1999.

Quarles R.H. Mpyelin-associated glycoprotein (MAG):
past, present and beyond. J. Neurochem. 2007. 100 (6):
1431—1448.

Redeker V., Pemberton S., Bienvenut W., Bousset L., Melki R.
Identification of protein interfaces between alpha-
synuclein, the principal component of Lewy bodies
in Parkinson disease, and the molecular chaperones
human Hsc70 and the yeast Ssalp. J. Biol. Chem. 2012.
287 (39): 32630—32639.

Saab A.S., Nave K.A. Myelin dynamics: protecting and
shaping neuronal functions. Curr. Opin. Neurobiol.
2017. 47: 104—112.

Schneider S., Gruart A., Grade S., Zhang Y., Kroger S.,
Kirchhoff F at al. Decrease in newly generated
oligodendrocytes leads to motor dysfunctions and
changed myelin structures that can be rescued by
transplanted cells. Glia. 2016. 64 (12): 2201—-2218.

Ne 3

TOM 74 2024



268

Schuchman E. H., Wasserstein M. P. Types Aand B Niemann-
Pick disease. Best Pract. Res. Clin. Endocrinol. Metab.
2015. 29 (2): 237—-247.

Shimura H., Schlossmacher M.G., Hattori N., Frosch M.P,,
Trockenbacher A., Schneider R. et al. Ubiquitination of
a new form of alpha-synuclein by parkin from human

brain: implications for Parkinson’s disease. Science.
2001. 293 (5528): 263—269.

Signorelli P, Conte C., Albi E. The Multiple Roles of
Sphingomyelin in Parkinson’s Disease. Biomolecules.
2021. 11 (9).

Simons M., Nave K.A. Oligodendrocytes: Myelination and
Axonal Support. Cold Spring Harb. Perspect. Biol.
2015. 8 (1): a020479.

Siokas V., Aloizou A.-M., Liampas 1., Bakirtzis C., Tsouris Z.,
Sgantzos M. et al. Myelin-associated oligodendrocyte
basic protein rs616147 polymorphism as a risk factor for
Parkinson’s disease. Acta Neurol. Scand. 2022. 145 (2):
223-228.

Smith B.M., Giddens M.M., Neil J., Owino S., Nguyen TT,
Duong D. et al. Mice lacking Gpr37 exhibit decreased
expression of the myelin-associated glycoprotein MAG

and increased susceptibility to demyelination. Neurosci.
2017. 358: 49-57.

Vacic V., Ozelius L.J., Clark L.N., Bar-Shira A., Gana-
Weisz M., Gurevich T. et al. Genome-wide mapping of
IBD segments in an Ashkenazi PD cohort identifies

ITYJIbCKAS u ap.

associated haplotypes. Hum. Mol. Genet. 2014. 23 (17):
4693—4702.

Voigt A., Berlemann L.A., Winklhofer K.F The mito-
chondrial kinase PINK1: functions beyond mitophagy.
J Neurochem. 2016. 139 Suppl 1: 232—239.

Vos M., Klein C., Hicks A.A. Role of Ceramides and
Sphingolipids in Parkinson’s Disease. J. Mol. Biol.
2023. 435 (12): 168000.

Yamamoto Y., Mizuno R., Nishimura T., Ogawa Y., Yoshikawa
H., Fujimura H. et al. Cloning and expression of myelin-
associated oligodendrocytic basic protein. A novel basic
protein constituting the central nervous system myelin.
J. Biol. Chem. 1994. 269 (50): 31725—31730.

Yang H.-J., Vainshtein A., Maik-Rachline G., Peles E. G
protein-coupled receptor 37 is a negative regulator of
oligodendrocyte differentiation and myelination. Nat.
Commun. 2016. 7 (1): 10884.

Yaseen I.H., Monk P.N., Partridge L.J. Tspan2: atetraspanin
protein involved in oligodendrogenesis and cancer
metastasis. Biochem. Soc. Trans. 2017. 45 (2): 465—475.

Ye. H., Robak L.A., Yu. M., Cykowski M., Shulman J.M.
Genetics and Pathogenesis of Parkinson’s Syndrome.
Annu Rev Pathol 2023. 18: 95—121.

Youle R.J., Narendra D.P. Mechanisms of mitophagy. Nat
Rev Mol Cell Biol 2011. 12 (1): 9—14.

Zalc B. The acquisition of myelin: a success story. Novartis
Found Symp. 2006. 276: 15-21.

ROLE OF INDIVIDUAL STRUCTURAL AND FUNCTIONAL ELEMENTS OF
MYELIN IN PARKINSON’S DISEASE

M. V. Shulskaya”, P. A. Slominsky, M. 1. Shadrina, A. Kh. Alieva

National Research Center “Kurchatov Institute”, Moscow, Russia

#e-mail: shulskaya.m@yandex.ru

Mpyelin is a highly specialized form of the plasma membrane. The gradual loss of myelin is typical for both age-related
and pathological changes in the brain. In this review, we attempted to characterize the spectrum of genes which
products are involved in the formation and functioning of CNS myelin, as well as to assess their possible contribution
to the pathogenesis of PD. Analysis of currently published data obtained from model objects and patients with PD has
identified several myelin protein genes that may be associated with the development of PD. The PLPI, MOBP, FA2H,
and HSPAS genes are the most promising for studying their contribution to the pathogenesis of PD.

Keywords: myelin, axon, myelination, Parkinson’s disease
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BBEAEHUE

I'onoBHOIT MO3r — opraH ¢ BBICOKOI CKOPOCTBIO
MeTaboj13Ma, CHHaNTUYecKasl Iepenada MexKy Heii-
pOHaMM KOTOPOTO UyBCTBUTEJIbHA K TOMEOCTaThYe-
CKUM H3MeHeHUsIM. YenoBeueckuii MO3r UCIIOIb3yeT
25% Bceii SDHEpPrum opraHu3Ma v TeHeprpyeT OKOJIO 7 T
MOTEHIIMAJIBHO TOKCUYHBIX OEJKOBBIX OTXOIOB €Xe-
nHeBHo (Naganawa Taoka, 2022; Nedergaard,
Goldman, 2016). BciencTsue 3Toro Haaiexaiiee pe-
rymupoBaHue cpenbl LIHC Xxu3HeHHO BakHO IS ee
3I0pOBOTr0 (PYHKIIMOHUPOBAHUS, a AMcOaJaHC KOH-
LIEHTpaLii KPUTUYECKUX MOHOB U OTXOJIOB METab0-
JIM3Ma SIBJISIETCSI OMHOBPEMEHHO PE3YJIbTaTOM M IIPH-
YUHOM IMTOTEHIINAIBHO TSKeToN nucyHKINKU. Takum
00pa3oM, CTPYKTYpPbl M CUCTEMbI, OTBEYalOIlIMEe 3a
BBIBEJICHUE IIPOAYKTOB METa00/I13Ma, SIBJISIIOTCS KpU-
TUYECKUM KOMIIOHEHTOM I'OMeocTa3a TKaHe# I'oJoB-
Horo Mo3ara (Voumvourakis et al., 2023). K ocHOBHbIM
crucTeMaM, OTBEYalOIIM 3a TaHHBIA roMeocTas, OT-
HOCSITCSI CCTEMA LIMPKYJISILIMY XUAKOCTE TOJIOBHO-
Io MO3ra 1 reMaTosHI1IehaInIecKuii bapbep.

l'o0BHOIT MO3T BKJIIOYAET YEThIPE XKUIKOCTHBIX
oTceKa (KOMITapTMEHTA):

1. CHMHHOMO3IOBYIO XHUIKOCTh (JTUKBOP) — 10%
OT 00111ero 00beMa, — KOTOpas MPOAYLIMPYETCS CO-
CYIMCTBIMU crieTeHUsIMU B KosmmdectBe 500 cm3 B
JEHb, TIPX MaKCUMaJIbHON BMECTUMOCTH FOJIOBHOTO
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Mo3ra 150 cMm?, 4To CBUIETETLCTBYET O BaXKHOM poJin
LHUPKYJISAIMM JukBopa (Johanson et al., 2008).

2. UHTepcTMIINANBHYI0 (BHEKJIETOUHYIO) KM~
KocTh — 12—20%.

3. BHYTpUKIIETOUHYIO XKUIKOCTh — 60—68%.

4. KpoBb B cocTaBe KPOBEHOCHOI COCYIMCTOM
cucteMmbl — 10% (Plog, Nedergaard, 2018).

KpoBb oTneneHa oT mapeHXMMbBI TOJJOBHOTO MO3-
ra ¥ JUKBOpa reMaTo3HIIe(haTnIecKuM OapbepoM
(I'DB), xoTOPHIiT 00pa30BaH MPEUMYIIIECTBEHHO 9H-
TOTSIMATBHBIMIA KJIETKAMM KPOBEHOCHBIX COCYIOB
TOJIOBHOTO MO3ra M KOHIICBEIMM HOXKAMH KIIe-
TOK-aCTPOIIUTOB, SKCIIPECCUPYIOITUMI BOTHBIN Ka-
Han akBanopuH-4 (AQP4), Koropwiii peryaupyer
TpaHcIopT xuukoctu (Jessen et al., 2015). Ilpo-
CTPAaHCTBO MEXOY KPOBECHOCHBIMH COCYyIaMHM U
acTpOLIMTaMM Ha3bIBACTCsI IIEPUBACKYIISIPHBIM IIPO-
crpancTtBoM (Mestre et al., 2017).

Knetku sHgoTeNMst U acTpOLUTHI COBMECTHO C
MepuIMTaMyu, HEHpOHAMM U TJIaJAKOMBIIIEYHBIMU
KJIETKAMU COCTAaBJISIIOT “HEPBHO-COCYIMUCTYIO €d1-
HULY”, KOTOpast CIYXKUT aHATOMO-(PYHKILIMOHAJb-
HbIM KOMIIOHEHTOM (DYHKIIMOHUPOBAHUS TOJIOBHO-
ro MoO3ra, a CBsSI3b MeXAy (PYHKIIMOHUPOBAHUEM
“HEepBHO-COCYIUCTON €IWHULBI”, reMaTodHleda-
JIMYECKUM OapbepoM U TEePUBACKYJISIPHBIM IIPO-
CTPaHCTBOM SIBJISIETCSI HACTOJIBKO TECHOM, YTO 3TO
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gamo ocHoBaHue Troili F. BBectM TmOHATHE
“nepuBacKyISIpHON eqUHULBI” 1151 OMUCAHUS IPO-
LIECCOB, MPOUCXOASIINX B MEPUBACKYISIPHOM IIPO-
ctpaHnctBe (Troili et al., 2020).

Hcemopus omxpoimus eaumgpamuueckol
cucmembl

bonee cra ner Hazag JIbtonc Yun, Helipoxupypr
un3 I'apBapackoit MeaUuIMHCKOM 1KOJbl B bocToHE,
MPOAEMOHCTPUPOBAJI, UTO KpacUTE/b, BBEACHHBIN B
CIMHHOMO3TOBYIO XXUAKOCTh, BCKOpPE TMOSBIISIICS B
JIuM@paTUYeCKMX Y3dax Ileu, IOATBepXIas TOT
(axT, 4TO OTTOK JTUKBOPA MIPOUCXOAUT HE TOJBKO B
BEHO3HYIO CUCTEMY T'OJIOBHOTO MO3ra, HO U B JIUM-
datuyeckyto cuctemy (Weed 1914a, 1914b).

B 1851 r. Pynonspom BupxoBbiM 1 B 1859 .
Iapiaem Oummnmom PobruHOM ObUIM OIMCAHBI T1e-
puBackyasgpHbeie npoctpaHcTtBa (ITBII, wiu mpo-
cTtpaHcTtBa BupxoBa—Po06uHa) B BUaE MOJIOCTEH, 3a-
MOJHEHHBIX JIMKBOPOM, BOKpYT liepeOpaibHBIX
apTepuii 1 BeH KaK BapMaHT HOPMBI TMCTOJIOTHYC-
CKOM KapTuHbl rojoBHoro wo3sra (Virchow, 1851;
Robin, 1859).

Ha npotstkeHun 6ojiee COTHU JIET CBSI3b MEXIY
JIBYMS1 JaHHBIMU OTKPBITUSIMU, PABHO KaK U CBS3b
MeXAy MNepUBACKYJISIPHBIMM MPOCTPAHCTBAMHU U
LUPKYJISILKMENA TMKBOPA B TOJIOBHOM MO3re, He Oblia
YCTaHOBJIEHA M OLIEHEHa IO JOCTOMHCTBY IO TeX
nop, koraa B 2012 r. 1 B nocaeayouue roabl B 1abo-
paropun Nedergaard M., 1liff J. (Iliff et al., 2013)
ObLIY MOJIyYEHBI U OMyOJMKOBAHbI pe3yJbTaThl UC-
c/leoBaHMs IBVDKEHMS JIMKBOpa M3 cCyOapaxHo-
WIATBHOTO MPOCTPAHCTBA HEIMOCPEACTBEHHO Yepes
MepUBACKYISIPHbIE TPOCTPAHCTBA C TIOMOILbIO IBYX-
(OoTOHHOI1 1a3epHOI CKaHUPYIOLIE MUKPOCKONUU
C BBEIEHMEM HWHAWKATOpPa B OOJBIIYIO LUCTEPHY
mosra Mbimeit (Iliff et al., 2012). B manpHeiiem
JaHHBIA MOyTh MHPOXOXACHUS JMKBOpa ObUT MOA-
TBEPXKAEH 3TUM Xe aBTOPOM C moMolibio MPT-nua-
rHocTuku B pexxume Tlw FLASH ¢ KoHTpacTHBIM
ycunenuem ramonuaueMm  (Liff et al., 2013). Ilo-
CKOJIBKY OCHOBY MUHTEPCTULIMS TOJIOBHOTO MO3Ia CO-
CTaBJSAIOT KJETKM TJMH, TO JaHHYI CHUCTEMY
TpaHCHOpTa JUKBOpa B TKaHSX TOJIOBHOTO MO3ra
ObUIO MOpEeMIOXEHO Ha3BaTb “raua-aumdparuye-
ckoii” mu (cokpaieHHo) “rmmMbarndeckoit” (11iff
etal., 2012, 2013).

HecmoTpsd Ha TO, 4TO OaHHbIE, ITOJyYE€HHbIE
Nedergaard M., lliff J., mpuBnexim K jaHHOMY BO-
Npocy BHMMaHUWE MHOTMX HCCaeaoBaTeneid, TnuM-
(haTnyeckas runoTe3a Ha JaHHBIA MOMEHT HE SIBJISI-
€TCS OJHO3HAYHO ITOATBEPXKIEHHOM, MOCKOJBKY
CYIIECTBYET PsII IIPOTUBOPEUYMBEIX MOMEHTOB, KO-

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU

TOPBAYEBCKWM u ap.

TOpblE TpeOyIOT JaJbHEMIIMX  UCCIAEAOBAHUM
(Naganawa, Taoka, 2022; CemsukuHa-InymikoB-

ckas, [ToctHoB, u np., 2023; Hladky, Barrand, 2020),
a UMEHHO:

e KakoBa pojib M COOTHONICHHE MEXaHU3MOB
KOHBEKIIMHU U TUDDY3UU B TUPKYJISILINNA HHTEPCTH-
LIUAJTBHOM XKUIKOCTHU?

e KakoBa poJib IIyJIbcallui apTepuii, puT™Ma Ibl-
XaHMS 1 00pa3oBaHUs JMKBOPA B IUPKYJISILIMU UH-
TePCTULIUAIBHOM KUAKOCTH?

o JIeiiCTBUTEIBHO JIV ABMKEHE NHTEPCTULIMATb-
HOI XUIKOCTU CBSI3aHO C BBIBEIECHUEM IPOAYKTOB
JKA3HENESTETbHOCTA  TOJIOBHOTO  MO3ra, TOTAA
Kak KaHajabl AQP4 npomyckamT TOJIbKO BOIy?

B mocnemnue romel rmmMdarnieckass THIIOTe3a
IOJBepraeTcs Cepbe3HOi KPUTUKE CO CTOPOHHI psiaa
uccnenopateneit (Hladky, Barrand, 2020) u, B03-
MOXHO, OyIeT JHOIOJHEHa J100 IepecMOTpeHa 110
Mepe MOJIy4eHUSI HOBBIX HayYHBIX JaHHBIX, OMHAKO,
HECMOTPS Ha psII CYIIECTBEHHBIX 3aMEYaHUiA,
Hladky S.B. otMeuaeT, 4To MHTEepeC K TInMbaTrnde-
CKOIf CCTEME He 0clabeBaeT, a pacTeT.

Takxe cuntaeM HEOOXOIMMBIM Cpa3y pa3neinuTh
MOHATUS “TMMM@AaTUYECKON TUITOTE3bI”, KOTopas
SIBJISIETCS  PE3YJIbTATOM MCCIEIOBAHUNA HAYyYHOM
mkoabl Nedergaard M., n “rmumdaTndeckoil cu-
crembl” (Buccellato et al., 2022), koTopast Ha TaH-
HBIA MOMEHT SIBJIIETCS 00O0OIIAIONIUM TEPMUHOM,
BKJIIOYAIOIIMM BCIO COBOKYIHOCTb COBPEMEHHBIX
Hay4YHBIX MTaHHBIX O KJIMPEHCE JIMKBOpa U MHTEp-
CTULIMAJIbHON XKUIKOCTH TOJOBHOro mosra. Bos-
MOXKHO, OoJiee afeKBaTHBIM OBbLIO OBl MCIIOIb30Ba-
HUEe TepMUHA “CHUCTeMa yOaJeHUs OTXOIOB
rosoBHoro mo3sra” (anri. Brain Waste Removal
System) (Semyachkina-Glushkovskaya et al., 2022)
100 “IuMaTtuyeckas IpeHaXKHasl CUCTeMa roJIOB-
Horo Mmosra” (CemsuykuHa-InymkoBckas u mp.,
2023), omHAKO ITOCKOJBKY €IMHOTO MHEHHUS, KakK
Ha3bIBaTh JaHHYIO cucTeMy, HeT, a PubMed mo 3a-
npocy “glymphatic system” Beigaet 6osee 200 cchi-
JIOK Ha 0030phl M CHCTeMaTU4ecKue 0030phI, TO
TepMHUH “TIMMdaTndeckast cucremMa” cienayeT cUm-
TaTh JOCTATOYHO YaCTO YIIOTPEOISIEMbIM B KAUeCTBE
00111er0 Ha3BaHUS IPEHAXXHBIX CUCTEM TOJIOBHOTO
MoO3ra.

IToHnMaHue 3HaYeHUST ITUM(PATUIECKON CUCTE-
Mbl B (OYHKIIMOHMPOBAHWMW TOJJOBHOTO MO3ra eIle
0oJtee BO3pOCIIO TMOcye MPOBENEHUS UCCIEA0BAHNIMA,
WHTEPCTULIMAIBHOTO  MPOCTPAHCTBA  T'OJIOBHOTO
MO3ra y CISIIIUX MbIIei. JlaHHbIH (hakT ObLT 00bsIC-

HEH TeM, 4YTO YBEIWYEHUE WHTECPCTUIIMATBHOTO
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MPOCTPAHCTBA CHMXXAET oOOIee COMPOTUBJICHUE
TKaHeil roJIoOBHOTO MO3ra ITOTOKaM JIMKBopa, o0Jier-
yag aumdoapeHax Bo BpeMs cHa. Ha npumepe 60-
Je3HU AJblireiiMepa TakKe ObLIO TOKa3aHO, 4YTO
KJIMpEeHC pacTBopuMoro Oeta-amwiouna (AP) yse-
JIMYUBAJICI B 2 pa3a BO BpeMsI MeIJICHHOTO CHA I10
cpaBHeHMUIO ¢ boapcTBoBaHueM (Xie et al., 2013), HO
JeTaJIbHBIIT MEXaHN3M JAHHOTO SIBJICHUST OCTaBaJjICs
HESICHBIM.

IlocTerrerHO Cc(opMUpOBaANIACH OTHOCUTEIHLHO
LIeJIOCTHASI KapThHA (PYHKIMOHUPOBAHUS IIMMda-
TUYECKOM CUCTEMBl U TIEPUBACKYJISIDHBIX IIPO-
cTpaHCTB, u3noxeHHast B 2015 1. Jessen N.A. (Jessen
et al., 2015) B 00630pe “I'muMmdarnyeckas cucremMa:
PYKOBOACTBO LIS HAUMHAIOIIMX”, CoAepKallasl ciie-
JYIOLIWE TTOJIOXKEHMUSI:

1. ApTepuu C MOBEPXHOCTU KOPHI TOJIOBHOTO
MO3ra MepexonsT B MuajbHbIE apTepUH, MPOXOIsI-
IIMe 4epe3 cydapaxHOMAaIbHOE IIPOCTPAHCTBO, CO-
nepxailiee JUKBOP.

2. IuanbHbBIE apTepuy ITOTPYKAIOTCS B MapeHXM -
MY F'OJIOBHOT'O MO3Ta COBMECTHO C 3JIeMEHTaMU MSIT-
KOIi 000JI0YKM TOJIOBHOTO MO3ra, IIe IMepexolsT B
MPOHUKAIOIINE apTEePUOJIbl, CO3MaBasl MEepUBaCKY-
JIIpHBIE TIpocTpaHcTBa BupxoBa—PobOuHa, 3amon-
HEHHBIE JTMKBOPOM M OKalMJIEHHbIE CJIOEM JIEITO-
MEHMHIeaJIbHBIX KJIETOK KaK Ha BHYTPEHHEN CTEHKE,
o0pallleHHOM K cocyay, TaK ¥ Ha HApy>XKHOI CTEHKE,
00pallleHHOM K MepUBACKYISIPHBIM aCTPOLIUTAPHBIM
KOHIIEBBIM HOXKaM.

3. ITo Mepe TOro Kak MpoOHMUKAIOILIME apTePUOJIbI
CYXXaloTCs TIyOXe B MapeHXMMe TOJIOBHOTO MO3ra,
npoctpaHcTBOo BupxoBa—PoOuHa wucyezaer mepen
KanmWUISIpHBIM ypoBHeM, rae ITBIT cocTout nckio-
YUTEJIbHO U3 0a3aIbHOM TJIACTUHKM COCY/a.

4. V13 nepeOpallbHBIX KAIIWLISIPOB KPOBb ITOCTY-
MaeT B MOCTKAIMJUISIDHBIE BEHYJIBI 1 MaTrACTPallb-
HBbIE BEHEHI, IIe¢ Oa3ajbHBIC MEMOpaHBI 3HIOTEIH-
aJbHBIX KJIETOK M acTPOILUTOB YBEJIMYMBAIOTCH,
cHoBa obecnieunBasi oopazoBaHue [1BII, HanmoqHeH-
HOE JINKBOPOM.

5. JIUKBOp M MHTEPCTULIMATIbHAS XKUAKOCTb MO~
CTOSTHHO B3aMMOJEHCTBYIOT MeXIy co0oif Ha Tpa-
Huue IT1BIT u uHTEpCTULIMS TOJJOBHOIO MO3ra U SIB-
JISIFOTCS B3aMMO3aMEHSIEMBIMU 34 CUYET CJICIYIOLINX
MEXaHU3MOB:

— apTepHabHOM MYJIbCALINN;
— IbIXaHUS;
— rpadMeHTOB JaBJIeHUS JINKBOPA.

KYPHAJI BbICILIEW HEPBHOM AEATEJIbHOCTHU
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6. Pexblii BomokHMCThIM MaTpukc ITBIT pac-
CMaTpMBaeTCsd KaK MarucTrpajlb ¢ HU3KUM COIPO-
TUBJICHUEM 151 TPUTOKA JIMKBOpA.

7. JIBMKeHNe JTMKBOpa IIPUBOIUT K KOHBEKTUB-
HBIM ITOTOKAaM KMIKOCTH 10 HAIIPaBJICHMIO K ITIEpH-
BEHO3HBIM TIPOCTPAHCTBAM, OKPYXKAIOIIMM KpYII-
Hble Tyookue BeHbl (Jessen et al., 2015).

M3 mnepuBEeHO3HOro MNPOCTPAHCTBA TOJOBHOIO
MO3ra >XXUAKOCTb BBIBOAMUTCS B IIEHHYIO JUMpaTH-
YeCKYI0 CUCTeMY, Kak Obl 3aBepliiasi IMyTb LIUPKYIsI-
LIMM JIMKBOpPA B TOJIOBHOM Mo3re. OaHa U3 BeAylLIMX
poJieil B peryasiuuy UUPKYISUUU JMKBOpa MIpUHAI-
JIEXKUT KJIeTKaM-acTpOLUMTaM U OelKy akBaIllopu-
Hy-4 (AQP4) B HOXKax JaHHBIX acTPOLIUTOB, T.K.
WHAKTUBALMs aKBallOprMHa-4 MPUBOOUT K CHIDKE-
HHIO MOTOKA JIMKBOPA Yepe3 MapeHXUMY TOJJOBHOTO
Mo3ra Ha ~70% no cpaBHeHuIo ¢ KoHTposeM (Iliff et
al., 2012, 2013).

B o630pe Gedek A. (Gedek et al., 2023) ykazaHbl
OCHOBHbIE MYTU JAJbHEUIIEr0 OIpeHUpPOBAHUS IIe-
PUBACKYJISIPHOT'O IIPOCTPAHCTBA:

1. AGcopO1LIMs CTMTHHOMO3TOBOM XXKUIKOCTU B Ha-
3aJIbHBIC JTUM(ATUIYECKUE COCYIbl Yepe3 peleTda-
TYIO IJIACTUHKY SIBJISIETCSI XapaKTepHOII 0COOEHHO-
CTBIO BCeX MJICKOITUTAIOIINX, BKJIIOYAsI
yenoBeka (Johnston et al., 2004).

2. JlpeHaxk yepe3 MpoCTPaHCTBA BAOIb YePEITHBIX
HEPBOB, TaKMX KaK TPOMHUYHBIN HEPB, JIMLIEBOK
WJIM SI3BIKOTJIOTOYHbBII HEPBBHI.

3. HenaBHO 0OHapy>XeHHbIe TUM(MATUYECKHE CO-
Cy/ibl B TBEp/IOif MO3rOBOI 000JI0UKE, PACTIONOXEH-
HbIe BOKPYT AypalbHbIX BEHO3HBIX CHHYCOB.

4. B uccnenoBanuu (Chang et al., 2023) moxkaza-
HO HaJImyue TIy00KUX TMM@aTUIECKUX COCYIOB Io-
JIOBHOTO MO3Ta.

Takum 06pa3oM, IpeHaxkHasi CUCTeMa rOJI0BHOTO
MO3ra He OrpaHMYMBaeTCsl COOCTBEHHO IIMMaTh-
YECKOI CUCTEMOIA, a SIBASIETCS CyMMAapHbIM pe3yJib-
TaToM  (YHKIUOHUPOBAHUS  I€PUBACKYJISIPHBIX
npoctpaHcTB (ITBIT) (Bo3aMoXHO, TakKe U IMapaBa-
CKYJISIDHBIX) M MEHMWHI€JIbHON IUM@paTuYecKoit
cuctembl (Hukonenko u ap., 2018), a Takxke riy6o-
KMX JMM@aTUYEeCKMX COCYAOB TOJIOBHOTO MO3ra
(Chang et al., 2023), xapakTep B3aMMOJEHCTBUS KO-
TOPBIX TPEOYET JaJbHEMUIIIEero u3y4yeHusl.

CormacHo coBpeMeHHBIM JaHHBIM (Okar et al.,
2023), B ciydae JIOKaJTBHOTO HapYIIEHWS ITUPKYJIS-
I MHTEPCTULIMAIBHON XMIKOCTH U €€ HEemoCTa-

TouHoTO KiaupeHca yepe3 [IBI1 Bo3HuKaeT yBenuue-
Ne 3
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HUE MepUBaCKYJSIPHOTO IMpocTpaHCcTBa. B 0030pe
Okar S.V. npuBoasiTCs YeThIPe OCHOBHBIX TUITOTE3bI
yBeauueHus TTBIT:

1. Tunore3a OTJIOKEHUSI aMUJIOUJIA B COCYyIaXx,
CBsI3aHHAas C TEM, YTO Y MAIIUEHTOB C iepeOpabHOM
AMWIOUIHOI aHTMONATUEl OTMedyaeTcsl Ooibliee
yBenuueHue [1BI1 mo cpaBHEHUIO C KOHTPOJIEM.

2. I'mnote3a HapylleHWs] IPOHULIAEMOCTH reMa-
TO3HLEedaInYecKoro 6aprepa, CBsI3aHHas ¢ 3aboJje-
BaHMEM MEJKMX COCYIOB, KaK MPUYMUHBI yYBeIUUYEC-
Hus TIBII, xorma cocyauctbhie (hakKTOpbl pUCKA,
TaKue Kak apTepuajbHas TUNepTEeH3Us, MPUBOIAIT K
SHAOTEINANTBLHON IUC(HYHKIIMU U OapoTpaBMe ITopa-
JKEHHBIX COCYIOB KaK OCHOBHOII MpUYMHE HapyIlIe-
HuUs npoHuiaeMoctu I'Db.

3. Tunote3a BeHO3HOro pedJIoKca CBSI3bIBACT
yBenudenue [1BIT ¢ HapymieHueM (pyHKIIMOHUPO-
BaHMSI TNIyOOKMX MEAYJUISIPHBIX BEH U LepeOpalib-
HBIM BEHO3HBIM PeMIIFOKCOM.

4. T'uriore3a HapyIIEHUSI CHA KaK KPUTUIECKOTO
¢axropa remommHamukn LTHC.

B 0630pe Mestre H. (Mestre et al., 2017) ¢pyHK-
LIMOHUPOBaHUE MNIMM@PaTUIECKOM CUCTEMBI CBOIUT-
cs K TPEM OCHOBHBIM TpolieccaM (HO He UCUYEPIIbI-
BaeTcs UMU), KOTOPBIE CIEAYeT PacCMOTPETh OoJee
MOJIPOOHO:

1. LlepedpoBackynsipHass TyJbcalivisi, KOTOpast
SIBJSIETCS ABVKYILLEH cuiioii moToka nukBopa B I1BI1.

2. Kimmpenc n3 ITHC pacTBOpeHHBIX TOKCHUYE-
CKHUX BEIIECTB U IIPOIYKTOB MEeTa0O0IM3Ma.

3. CrpyktypHasgd ¥ (yHKUMOHAIbHAs LEJOCT-
HOCTh IIEPUBACKYJSIPHBIX TMPOCTPAHCTB  (IIpO-
cTtpaHcTB BupxoBa—Pob6uHa).

HEPEBPOBACKVJIAAPHAS MYJIbCALIMA.
PET'VJIALMA PABOTBI TTMUM®ATUYECKOU
CUCTEMBI

M3HayaabHO MNEPUBACKYISIPHOE IIPOCTPAHCTBO
CUMTAJIOCh IACCUBHOMA AaHAaTOMUYECKOM CTPYKTY-
poii, KOoTopasi U3MeHsljla CBOii 00beM BTOPUYHO II0
OTHOILICHUIO K TPAaH3UTOPHOI Ba30KOHCTPUKIIUN U
Ba3OOWJIATAIMM COCYIa, HaXOMSIIErocsl BHYTPU
IIBII. Ilomo6HOe mpeamnojioXXeHue BhICKa3all ellle
ILiff J.J. (Iliff et al., 2012, 2013), KoOTOpPHIi TTOKA3aI,
uyto nepeMeleHue aukBopa no IIBIT ocyiectsis-
eTcsl 3a cUeT MmyJbcauuu aptepuii BHyTpu I1BII, my-
TE€M BKCIEPUMEHTA II0 OOJHOCTOPOHHEH ITepeBsI3Ke
COHHBIX apTepHii Y KPBIC, KOTOPast HOCTOBEPHO CHU-
Xaja myJbcaunio aprepuii Ha 50%, B TO BpeMs Kak

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU
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CHCTEMHOE BBEIECHHUE aapeHEPrMYeCcKOro aroHucTa
J00yTaMUHA YBEIMYMBAJIO MyJbCalldio MPOHUKAIO-
X aprepuii Ha ~60%. B xome mapaiieIbHOTO HC-
cjenoBaHUs JMKBOPOAWMHAMUKM B PEKVME peab-
HOTO BpPEMEHM C TIOMOIIbI0 (hIyOpecleHTHOM
BHU3yaJi3allMu ObUIO YCTAHOBJIEHO, YTO TEpeBsi3Ka
BHYTPEHHE COHHOM apTepuM 3ameIsuia CKOPOCThb
MapaBacKyJISIPHOTO 0OMeHa MEXK1y TMKBOPOM U MH-
TEPCTULIMAIBHOM XUAKOCThIO, B TO BPeMS KaK BBe-
JEHHBIN TOOYyTaMUH CKOPOCTh IapaBacKyJsSIpHOTO
oOMeHa yBenuuuBajd. Torma ke ObUIO BBICKa3aHO
MPEATIONIOKEHNE O CBSI3M HApyILICHUN apTepuaib-
HOI MyJibcallMU CO CKOPOCThIo HakorieHus1 B LTHC
MPOAYKTOB METa0O0IM3Ma.

ITo3nHee uccnenoBanue Barisano G. (Barisano et
al., 2021) nmokazajo, 4To TnpocTpaHcTBa BupxoBa—
PoGuHa He aBsI0TCS aOCOIOTHO CTATUMHBIMU aHa-
TOMUYECKUMU OOpa30BaHUSIMM, ITIOCKOJIBKY IS
IIBIT xapakTepHbl CyTOUHbBIE BapUaluu Kaaubpa y
OIHUX U TexX Xe cyobekToB, korma [1BIT ymeHbima-
IOTCSI BO BpeMsI CHA M YBEJIMYMBAIOTCS B TeUCHUE
nHs. CriocodHocTh K M3MeHeHuto kanuopa TTBII
YMEHBIIIAETCS TI0 MEpe CHIDKEHUs 3JIaCTUYHOCTHU
COCYAMCTOI CTeHKHU, mo3ToMy ¢ Bo3pacTtoM IIBII
TEPSIIOT CIMIOCOOHOCTh M3MEHEHUs Kaaubpa M ocTa-
JOTCSI TIOCTOSTHHO pacIlIMpeHHBIMMU.

B uccnenoanuu Hughes T.M. (Hughes et al.,
2013) Obula moATBEpKIAeHA CBSI3b MEXIY YBeauye-
HUEM PUTUMIHOCTU CTEHOK apTepUM U YCKOpEeHHEM
OTJIOXKEHUSI OeTa-aMWJIOMJAa B TKaHSIX TOJOBHOTO
MO3ra.

B nganpHeiimem ObLIO BBICKA3aHO MPEAIONI0XKE-
HUE, YTO CEepACYHBIE WUMITYJbChl HE MOTYT OBITh
€IVHCTBEHHBIM MEXaHU3MOM IIUM(pATUIECKON
CTUMYJISIIIAU, W OB MPOBENECHBI UCCIEIOBAHUS C
MPUMEHEHUEM  CBEPXOBICTPOIi MAaTHUTHO-PE30-
HaHCHO 3HIIedaorpadun C LEIbI0 HAWTHA AOTION-
HUTEJIbHBbIE UCTOYHUKHU MYJIbCAlUU CITUHHOMO3TO-
BO XUIKOCTU B TOJJOBHOM MO3re YejioBeKa. Tak, B
uccnenoBanuu Kiviniemi V. (Kiviniemi et al., 2015)
OBLIO MOKAa3aHO, YTO TOMUMO CEPAECYHBIX MEXaHU3-
MOB TyJbCAllUU JIMKBOpA CYIIECTBYIOT €Il IbIXa-
TeJIbHbIE 1 HU3KOYaCTOTHBIE MEXaHU3MBI.

1. deixatenbHble myabcauuu =0.3 I'no npeacras-
JISIIOT COOOM LIGHTPOCTPEMUTEJIbHbIE MepuogUYe-
CKMe UMITYJIbChI, BOSHUKAIOIIME MPEUMYIIECTBEHHO
B OKOJIOBEHO3HBIX 00J1aCTSIX.

2. TpeTtuii TUN MyAbCAllUii — 3TO BOJHBI OYEHD
Huskoit yactorel (OHY 0.001—-0.023 I'tt) 1 HU3KOI

yactotel (HY 0.023—0.73 T'wy).
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Pe3yabTraTroM 1aHHOIO MCCIEIOBAHUS CTajlo I0-
HUMaHWeE, YTO KapAUOTeHHbIe MYyJbCallUM, CBSI3aH-
Hble ¢ 3y0uHoM R cepaedyHoro mukia, NpUBOIST K
JIBVDKEHMIO XXUIKOCTU B MepUapTepUaIbHBIX MPO-
CTpaHCTBax, B TO BpeMsl KaK KoJjeOaHUs, BbI3BaH-
HbIe IbIXaTeIbHBIM HMKJIOM, IPUBOIST K TIEPUBEHO3-
HbIM MoToKaM. Bo Bpemsi Bmoxa BHYTPUIPYIHOE
JaBJeHUE CTAHOBUTCS OTPHULIATEbHBIM, YMEHbIIIAs
00BbEM KpOBM B BeHaX TI'OJJOBHOIO MO3ra, 4To, Kak
npeanonaraercs, nopeiaeT ITBIT. Beimox BeI3bIBa-
eT oOpaTHBIM 3(@EKT: OH MOBBILIACT BHYTPUTPYII-
HOe JaBjieHue, YBEINUMBAET 00beM LiepeOpaibHOM
BeHO3HOU KpoBU U 3akpbiBaeT I1BII, BeiBOAS MH-
TePCTULIMAILHYIO XUIKOCTb OOpaTHO B JIUKBOP
(Kiviniemi et al., 2015).

B uccnenosanuu (Yamada et al., 2013) 6b11a 11o-
Ka3zaHa CUHXpOHHW3alMsl pUTMa padoOThl cepala U
JObIXaHUS C IBUXKEHUEM CIIMHHOMO3TOBOM KMIKO-
CTU MO JaHHBIM MPT-AMarHOCTUKYU C UCIOJb30Ba-
HueM metona Time-SLIP, npu KoTopoii KpaHUab-
HOe JBWXXEHHE JMKBOpa OTMEYaeTcsl BO BpeMs
1y0OKOro BIOXa, a KayJaalbHOE — BO BpeMsl BbIIO-
Xa, YTO BM3yajlbHO MOATBEpKAaeT MpUHUMUIT MoH-
po—Kemnmu.

I[loMmuMoO pas3IMYHBIX IIyJbCallMii Ha paboTy
M GAaTHIeCKOi CUCTEMBI BIMSIOT TakKKe HEMpo-
MenuaTopbl. HopampeHaauH SIBISIETCS KITIOUYEBHIM
perynstopoM DIMMGATUIeCKO aKTUBHOCTU, U
MMEHHO OH OTBETCTBEHEH 3a MOIaBJIcHHE ImmMda-
TUYECKON aKTMBHOCTHA BO BpeMsl OOIPCTBOBAHMSI.
Peanuzauusa addexkToB HOpagpeHaJIMHA OCYIIECT-
BisieTcst yepe3 actpouutsl (O’ Donnell et al., 2012),
KOTOPbIE SKCIIPECCUPYIOT @ -, @,~ U 3 -alpEHEPIU-
YECKUE PeleITOPhI, [I03TOMY HOpaIpeHAINH MOX-
HO pacCMaTpUBaTh KaK YCHINTENb (DYHKIIUI acTpo-
IIUTOB, a €ro BBICBOOOXIEHNE IIPUBOAUT K
YMEHBIIEHUIO MHTEPCTUIIMAIBHOTO IIPOCTPAHCTBA U
YBEJIWYEHUIO CONPOTUBICHUS OOMEHY JMKBOpa U
MHTEPCTUIINAIBHOM XUIKOCTHU, IIOJABICHUIO TIIMM-
(paTyecKMX IIOTOKOB BO BpeMs OOZpCTBOBa-
aus (Plog, Nedergaard 2018). Eme ogHuM mexa-
HU3MOM BIMSTHUSI HOpaApeHalInHa Ha rmuMbaTnde-
CKYIO CHCTEMYy SBJISIETCSI TO, YTO HOpaIpeHaIUH
MOJABISIET BHIPAOOTKY JIMKBOpPAa COCYOUCTBIMU
CIUIeTeHUSIMU. Takske HopagpeHaInH MOXKET BBI3bI-
BaTh 3aCTOM B MIMMGATHUIECKOIl CHCTeMe IOCpeI-
CTBOM aKTHBalm MuKpornn (Sugama, Kakinuma,
2021). MecTtHOE TTIpUMeHEeHNEe KOKTEIMIST aHTarOHM-
CTOB PELIEITOPOB HOpaapeHaInHa Y OOIPCTBYIOIINX
MBIIIEH TPUBOIMIIO K YBEIMICHHUIO IIPUTOKA MHIN-
KaTOpOB JIMKBOpA, IIOYTH COIIOCTABUMOMY C TEM,
YTO HAOJII0JAIOCh BO BpeMs CHAa WIM aHECTE3UU
(Plog, Nedergaard, 2018).
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Bo BpeMs cHa ypoBeHb HOpaApeHalInHa CHXKA-
eTrcsd (M3-3a yMEHBIIECHUS HOpaJpeHEePruYecKoro
TOHYca, 00yCIOBJIEHHOTO locus coeruleus), 4To IpU-
BOJIUT K PAaCIIMPEHUIO BHEKJIIETOYHOTO ITPOCTPaH-
CTBa, CHDKEHUIO PE3UCTEHTHOCTH M, CJIEIOBATEb-
HO, VYBEJIMYEHUIO ITIPUTOKA JIMKBOpa M OTTOKa
MHTEPCTULINAIBHOM XUAKOCTH. TakmMm o0pa3om,
€CTECTBEHHBII COH CBSI3aH C yJIy4YIIEHUEM MHKPO-
uupkyasiuu B TTBIT 1 moOBBILIEHHBIM KIMPEHCOM
MHTEPCTULIMAIBHBIX PACTBOPEHHBIX BEIIECTB, B TOM
yucie tTakux Kak oera-amuiions (Plog, Nedergaard,
2018; Reddy, van der Werf, 2020). Takxke ObL10 110-
Ka3aHo, 4YTO pa3BUTUE 00JIe3HU AJblreiiMepa CBsI-
3aHO C pa3BUTUEM IATOJIOTUYECKUX M3MEHEHWIl B
locus coeruleus (LC), oOCHOBHOM HCTOYHMKE HOpP-
agpeHanuHa (NA) B rojoBHoM mo3re (Lancini et al.,
2023).

HecmoTtps Ha rTosydeHHBIC JaHHbBIE, ObLIN HE00-
XOIWMBI JTOTOJHUTENIbHBIE MCCICIOBAaHMS, UYTOOBI
IMOJIHOCTBIO OMHUCATh POJIb, KOTOPYIO 3TU (PU3NO0I0-
rMYeCKrde TepeMEeHHBbIC WIPAlOT B MUPKY/ISILINU
rMMGaTUIeCKOil CUCTEMBI, OMHAKO 3TO CTaJO OC-
HOBOII [IJI1 IIOHMMAaHMSI TOrO, KaK HapyIleHHe
(GYHKIIMOHUPOBAHUS TIMM@PATUIECKON CUCTEMBI
MOXET CIIOCOOCTBOBAaTh PUCKY pa3BUTHUs Helipome-
reHepaTUBHBIX 3aboyeBaHuit (Rasmussen et al.,
2018).

HAPYIOUEHWE KIIMPEHCA N3 LTHC
ITPOAYKTOB METABOJIM3MA
TP HEMPOAETEHEPATMBHDBIX
3ABOJIEBAHUAX N HAPYIHEHWU CHA

ITo panaeiM Nedergaard M. (Nedergaard,
Goldman, 2016), mpakTUYeCKH cpasy Mocjie OTKPhI-
TS IUMGATUIECKON CHCTEMBI YUYEHBIX 3aMHTepe-
COBaJI BOIIPOC, MOTYT JIX O€JIKM, KOTOphIe HaKaIlJIi-
BalOTCSI B MO3Te IIpU HeiipomereHepaTUBHBIX
3a00JICBAaHUSAX, YCIICITHO BBIMBIBATBHCSI B OOIIMIA
KPOBOTOK BMECTE C APYTUMU MeTabonuTaMu. beuto
00OHapyKeHO, YTO B 3[I0POBOM MO3re OeTa-aMUIOUI,
a TaKXKe CMHYKJIEMHOBBIE O€JIKI YCIIEIITHO BBIBOISIT-
cg mmMdaTrdeckoii cucteMoit. B Hopme A3 00bIa-
HO CYIIIECTBYET B (POpMe paCTBOPHUMOTO CEKPETHUPYE-
MOTO IIeNTHUIA, KOTOPBI 00pa3yeTcsl B pe3yjIbTaTe
MMPOTEOIUTUIECKOTO pacCIIeIUICHUS OeIKa-TIpe/Ie-
crBeHHuKa ammionna (Boespflug, Iliff, 2018). Co-
mracHo mccnenoBanmio Bateman R.J. (Bateman et
al., 2006), y 310pOBbIX MOJIOIBIX JTtoAei 8.3% o011ie-
ro -ammiaonaa CBOOOIHO BBEIBOAUTCS Yepe3 CITMH-
HOMO3TOBYIO XXMIKOCTh KaXIbIi1 4ac, T.€. B CpeIHEM
BeCh [3-aMWJIOud B HOpME IOJDKEH BBIBOIMTBLCS U3

TOJIOBHOTO MO3Ta TTOJTHOCTHIO TIpUMEpPHO 3a 12 U,
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IIpu 3TOM HEOOXOOMMO OTMETHUTb, UTO CYyIEe-
CTBYIOT pa3IMYHbIe MEXaHNU3MbI KIMpEeHCA aMUIOW-
Jla U3 TOJJOBHOTO MO3Tra, KOTOPbIE HE CBOASTCS UC-
KITIOYUTESTBHO K (DYHKIIMOHMPOBAHUIO —IMMGbaTH-
yeckoil cucteMnl, (van der Thiel et al., 2022), a
WMEHHO:

1. CucreMa ynaneHust A3 ¢ ydacTueM TepruBacKy-
JIIPHBIX IPOCTPAHCTB.

2. TpaHcBacKyIsIpHBIM KIMpeHe A3 yepe3 KpPOBb.

3. ¢pepMeHTaTUBHAS Oerpaganus Af.

OpnHako, eciu OeTa-aMUJION MEHsSIET KOH(pOp-
Mallli0, OH CTAHOBUTCSI HEPACTBOPUMBIM U arperu-
pyeT BO BHEKJIETOYHOM ITPOCTPAHCTBE B OJIUTOMEPHI
u amunouaHblie onsiuku (Verghese et al., 2022). Ta-
KM 00pa3oM, (OpMHUPYETCS TETIS MOJIOXKUTEb-
HOIl OOpaTHOI CBSI3U, IMPU KOTOPOM ILIOXOH COH
CIOCOOCTBYET OTJIOKEHUIO aMUJIonaa, a odpa3oBa-
HUE aMWIOMAHBIX OJISIIIEK HapyllaeT COH, BO3IEi-
CTBYSI Ha 00J1aCTU MO3ra, CIocoOCTBylolIMe cHY (Ju
et al., 2014).

IlockonbKy BhIBemeHME OeTa-aMMIIONIA MAKCH-
MaJIbHO BO BpeMsI CHa, OBLIN IIPOBEICHBI UCCIIEI0-
BaHMS (PYHKIIMOHUPOBAHMS MO3Ta BO CHE, B T.4. M3-
YYCHME MEIJICHHON OCUWLISITOPHOI HEWpPOHHON
AKTUBHOCTH — SIBJIEHUSI, KOTrma OOJIBIIIME TPYIIIIHI
HEHPOHOB KOOPIMHMPYIOT CBOIO JIIEKTPUUCCKYIO
aKTUBHOCTh, PUTMHUYHO Ienosipu3ysicb. CoriacHo
pacpoCTpaHeHHON TUIOTe3e, MEMJICHHBIII COH
(coH craguu N3) BEITIONTHSIET MHOXECTBO (PYHKITHIHA,
BKJIIOYAsI OOyJYeHHE, ITaMSITh U BBIBEICHHE MeTab0-
ymtoB. CornacHo ncciemoBanmio Fultz N.E. (Fultz
et al., 2019), ObTI0 OOHApPYKEHO, YTO BO BpeMs CHa
MeIJIeHHAas! OCHWIINPYIOIasi aKTUBHOCTD IIPEIIIe-
CTBYET CONIPSDKEHHBIM BOJHAM IIOTOKAa KPOBH M
CIIMHHOMO3IOBOI XUOKOCTA B TOJIOBHOM MO3I€,
TIO3TOMY BITOJTHEe 3aKOHOMepHO, 4To (Reddy, van der
Werf, 2020) mimMdpaTHUIeCcKii KIMPEHC B OCHOB-
HOM IIPOMCXOIUT IIPY MEIVIEHHOM CHE, IJISI KOTOPO-
ro XapaKTepHBI BHICOKOBOJIBTHBIC CHHXPOHH3HPO-
BaHHBIE BOJHBHI Ha BOBI. MemneHHbIE BOJIHBI
00byHO JIexxaT B mmamasoHe ot 0.5 mo 4.5 I'm Ha
D3OI, B nynecanum BapsupyioT oT 20 1o 30 ¢ n
OTpaXaloT BaxkHOE (PM3MOJIOTUYECKOE BOCCTAHOB-
JICHE MO3ra M HACHIIICHWE KPOBU KHCJIOPOIOM,
TOYHO COBIIAAasi CO BpeMEHEM, PUTMOM U DJICKTPU-
YeCKOM aKTUBHOCTBIO crammy N3, IoATBepXmas,
yTo IMM@aTrnIecKast CHCTeMa OUMIIEHMS TOJIOBHO-
ro MO3ra OT OTXOIOB B OCHOBHOM aKTHBHA BO Bpe-
M MeIJICHHOTO cHa. Bo BpeMst memieHHOiT da3bl
CHa HEHPOHBI IEMOHCTPUPYIOT CUHXPOHHYIO aKTHB-
HOCTb U Oes3meiicTBue, KoTopble (Semyachkina-
Glushkovskaya, Postnov et al., 2020), nepuoauye-
CKU CMEHSISI OpYT Apyra, COCOOCTBYIOT YCWICHUIO
LUPKYJISIIAY MO3TOBBIX XKUIKOCTEH 1, 110 00pa3HO-
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TOPBAYEBCKWM u ap.

My BbIpaxeHuio Semyachkina-Glushkovskaya O.,
MPUBOAAT K T.H. “IIPOMBIBAHUIO MO3ra” Momo0HO
TOMY, KaK MOpPCKHE BOJIHBI MepeMellaioT (1 Imepe-
MEILIMBAIOT? — MPUM. aBT.) COJb U BoAy. Takke BbI-
CcKazaHo IpeanoaoxeHue, yto napamerpbl D3I Mo-
IYyT oTpaxaTb XapakTep (QYHKIMOHUPOBAHUS
JpeHaxka TOJIOBHOTO MoO3ra (Semyachkina-
Glushkovskaya, Karavaev et al., 2022), npuuyem
CBsA3b napamMeTpoB DDI' U cHa MOXKeET OBITh UCITIOJIb-
30BaHa HE TOJILKO KaK TMarHOCTUYEeCKasi, HO U KakK
TeparneBTuueckas texHojiorust (Lee, Gerashchenko
et al., 2020).

BrickazaHa rumnores3a 0 B3aUMOCBSI3U MPOIYKIIHN
OeTa-aMWIONIa B 3aBUCHUMOCTH OT peXHMMa CHa U
ooapcTBoBaHus. Tak, BO30yxXIeHUE HEUPOHOB U
CHHANTUYeCKasl aKTUBHOCTD B IIPOIIECCE MHTEHCUB-
HOI1 IesITeJIbHOCTH BO BpeMsl OOAPCTBOBAHUS BBIC-
BoOOXmaeT AP, 4TO IPUBOIUT K YBEINYESHUIO KOH-
LIEHTpalu A} BUHTepCTULIMAIBHOM XuaKocTu. Ecinu
Ka4eCcTBO CHA HM3KOE U YeJIOBeK OOIpPCTBYET, WM
CIIUT IUIOXO W HE MOXET JOCTUYb U MOIAIEPKUBAThH
(hazy MeUIEeHHOTO CHa, TO JUIMTEJIbHOCTh, B TeUEHUE
KOTOPOT'O KOPKOBEIE HEMPOHBI OYAYT OEIOJISIPU30-
BaThCs, BEPOSITHO, OyIET yBEIMYEHA 110 CPAaBHEHUIO
¢ TIEPUOAOM CHA XOPOIIIETO KayecTBa. DTO yBeInde-
HHUE BO30OYXICHMSI HEMPOHOB BO BpeMsI HeKade-
CTBEHHOI'O CHa IIpUBEIET K OOJbIIEMY BBICBOOO-
XKmeHnio AP m Oojiee BBICOKMM YpOBHSIM Af} B
MHTEPCTUIUATILHOM XUIKOCTU II0 CPaBHEHUIO C
TEM, YTO IIPOUCXOIUT BO BpeMs ITOJIHOLIEHHOIO CHA
(Boespflug, Iliff, 2017; Verghese et al., 2022; Juet al.,
2014; Insel et al., 2021), a0 OymeT crmocoOCTBOBATh
€ro HaKOIUIEHUIO U IOCJeAYIOIIeMY OTIOXKEHMIO B
BUIIC aMUJIOUIHBLIX OJISIIEK, IMOCKOIbKY, IO JaH-
HbeIM Tarasoff-Conway J.M. (Tarasoff-Conway et al.,
2015), n3ouITouHas arperanins A3 SBisieTcs pe3yiab-
TaToOM AucOallaHca MeXIy ero 00pa3oBaHUEM U K-
peHcoM. Keable A. (Keable et al., 2016) 6bL1a IToka-
3aHa TIpsMas CBSI3b  MeEXIy DNIMM@aTUIeCKOM
IUCGhYHKIMEH, pa3BUTUEM IiepeOpanibHOM aMUIO-
MIHOM aHTUOIATHHU U CTaApECHUEM:

1. ITepuBacKyJISIpHBIN TUM@OAPEHAX YXyIIIaeT-
Cs C BO3PACTOM U TT0 MEPE Pa3BUTHS aTEPOCKIIEPO3a
COCYZI0B TOJIOBHOTO MO3Ta.

2. HapymeHnue nepuBacKy/IsSIpHOIO IpeHaxKa CBSI-
3aHO C BO3PACTHBIM YIIOTHEHHEM CTEHOK apTepuii
1 U3MEHEHUSIMU 0a3ajbHbIX MEMOpaH COCYIOB.

3. bera-amuioua OTKJIaAbIBaeTCsS B IepUBACKY-
JIIPHBIX APEHAXHBIX MYTSIX JEMNTOMEHUHIeadbHbBIX
apTepuii B BUje liepeOpaabHON aMUIOUIHOMA aHT MO~
MnaTuu.
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4. YaydiieHue epuBacKyIsipHOTO ApeHaxa CIo-
COOHO TIPEeNOTBpPaTUTh paHHee pa3BUTHE LiEeped-
pajJbHOIl aMUJIOUOHOI aHTUOIIATMM W 3aMeIJIUTh
pa3BuTHE 00JIe3HU AJblireiimMepa.

3a mecsaTuieTHe UCCIeI0BaHN ObUIO HAKOILIEHO
MHOT0 (DaKTOB O CBSI3U INTUM@aTUUECKON TUCPYHK-
1IUN, CHA, CTAPEHUS 1 HeiipomereHepallum.

B uccnenosanun Peng W. (Peng et al., 2016) ¢
BBeJIeHHEM MbIIIaM (IyOpeClIeHTHO MeYeHOro 0e-
Ta-aMujaouaa ObUIO JOCTOBEPHO MOKAa3aHO yTHETe-
HUe TUM@paTUYECKOl CUCTEMBI, a INIMMpaTHUecKast
HEJOCTaTOYHOCTh ObLIa TIpUM3HAHA PAaHHUM JIOCTO-
BEpHBIM MapKepoM 0oJie3HU AJblireiiMepa.

B uccnenosanusix Eide P.K., Shokri-Kojori E.
(Eide et al., 2021; Shokri-Kojori et al., 2018) 6bL1a
MoKa3aHa CBsI3b MEXIY HelpuBalldeil cCHA U yXYI-
IIeHreM IMM@GaTUIECKOTO KJIMPEeHCa, a B UCCIIEH0-
BaHuu Del Brutto O.H. (Del Brutto et al., 2018) mo-
KasaHa CBSI3b HApyIICHWs CHA C pacIIMpeHHeM
MEePUBACKY/SIDHBIX IIpOCTpaHCTB. [lo maHHBIM
Xu Z., Rainey-Smith S.R., Silva I. nokazaHa cB$3b
MEXAy HakoIieHrWeM OeTa-aMwiouaa U IUCGYHK-
mueit AQP4 (Xu et al., 2015, Rainey-Smith et al.,
2018, Silva et al., 2021) u cBgI3b MexXay 0OJI€3HBIO
Anblreiimepa u anoaumnonporernHoMm E4 (Liao et al.,
2017). B nybnukauusx Zhang Y., Berezuk C. 6b11a
YCTAaHOBJIEHA 3aBUCUMOCTh MEXIY HapylIeHUSMU
CHa, 6oyie3HbI0 AblireiiMepa u ypenuueHueM I1BII,
Mo JaHHBIM ToJaucoMHorpaduu (Zhang et al. 2022;
Berezuk et al., 2015) nu6o akturpacdun (Winer et al.,
2021).

HMHTepeCHBIM MPENCTaBIseTC TaKKe MCCIEHO-
Banue Hablitz L.M. (Hablitz et al., 2021) o Tom, 4TO
LIUPKYJISILIAS TMKBOPA HAXOOUTCS IO, LIMpKaauaH-
HBIM KOHTPOJIEM U YTO 3TOT PUTM IOAACPXKUBACTCS
aKBariopmHOM-4.

ITo nanneiM Cordone S. (Cordone et al., 2019,
2021), Takue HapylIeHUsI CHa, KakK (pparMeHTalus
CHAa CO CHMXXKEHHUEM MEUIECHHOBOJTHOBOI'O CHA, YXY/I-
IIeHME KayecTBa CHa, MHCOMHMUSI, TUAaTrHOCTUPYIOT-
cs yXe Ha paHHeill cTamuu 6oyie3HM AJblireiiMepa
npuMepHo y 60% nalMeHTOB M COXPaHSIOTCS Ha
BCEX CTaIMSIX Pa3BUTHS TAHHOM MATOJIOTMU, YCYTy-
OJISISICh 10 Mepe €€ ITPOrpecCupoBaHMUSL.

B uccnepopanuu Ju Y.E. ObLIO IOKa3aHoO, 4TO
JINIIIEHUE CHA YBEJIMYUBAET KOHIIEHTPALIMIO paCTBO-
pumoro A3 ¥ IPpUBOJIUT K €TI0 XPOHNIECKOMY HaKO-
miaeHuo. B ¢cBoro ouepeab, Kak TONbLKO A3 HaKariu-
BaeTCsI, pa3BUBACTCSI MOBEIIIIEHHOE OOIPCTBOBAaHUE
¥ U3MEHEHHBIN peXXuM cHa. JItooy ¢ paHHUM OTJIO-
KeHueM A3 coo01IaoT 06 aHOMaIUsIX CHA TMPU elle
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COXpaHEHHOM KOTHUTUBHOM PyHKUMU. M3MeHeHUs
BO CHE€ IIPEAIIECTBYIOT MOSIBJICHUIO0 KOTHUTUBHBIX
CUMIITOMOB y MAalIMeHTOB C 00JIE3HbIO AJIbLIreiiMe-
pa, a Ka4ecTBO CHA M/WJIN UMpKaguaHHash GyHKIIUS
CHIXAIOTCS Iajiblile IapajuleIbHO KaK ¢ KOTHUTUB-
HOI mucyHKIIMEN, TaK U C IIPOrpecCUpoBaHUEM
06one3nu AnbureitMepa. Ilpuuem moxknmHU4YecKas
cranus 6oJyie3Hu AJblreiiMepa nposisisercs 3a 10—
15 neT no Havajaa pa3BUTHUSI CUMIOTOMaTH4YecKoi (Ju
et al., 2014). Boespflug 66110 MOKa3aHoO, 4TO cTape-
HUe, HapyllleHWe CHAa U INIMM(paTUIYeCKOTo KIMPEH-
ca MOTYT TIpEJCTaBISIThL COOOM IIMKII IIPSIMOIA CBSI3U,
CIOCOOCTBYIOIIMI OTI0XEHUIO OJIsIIIeK AR B cTape-
rorieM mo3sre (Boespflug, Iliff, 2017).

Bce ato no3ouiio Ju Y.E., Mander B.A., Wang C.
(Ju et al., 2014; Mander et al., 2015, 2016, 2020;
Wang, Holtzman 2020) ycTaHOBUTb HaTWUME ABYHA-
MpaBJIEHHOM CBS3U IJIS1 HAPYIIEHUI CHA U 00Je3HU
AnbureiimMepa, Korna MTHCOMHMUS SIBJISIETCSI HE TOJIb-
KO CHMIITOMOM, HO U WH(MOPMATUBHBEIM PaHHUM
MapKepoM 0oJie3HU AlbLreiiMepa.

B cBoio ouepenn, Lynch M. (Lynch et al., 2022)
OBLIO BBICKA3aHO MPEATNOI0XEHNE, YTO YBEINYCHUE
IIBIT 3a cyeT cHUXeHUS TAUMGATUYECKOTO KIIM-
peHca 1 HakorieHus B jaHHbIX ITBIT 6eTa-amuion-
Ja 1 6esiKa Tay TakXke SIBJSIeTCS] MHAUKATOPOM IIPO-
rpeccupoBaHys 00Jie3HU AJblreiiMepa, 4To MOXET
OBITh MCIIOJIB30BAHO B KAa4eCTBE BTOPOIO PaHHETO
JMUarHOCTUYECKOTO MapKepa JaHHOTO 3a00J1eBaHus.

Heob6xonmmMo 0OTMETUTh, 9YTO TOMCKY JUAaTHOCTH -
YeCKMX MapKepoB 00JIe3HN AJbLTeiiMepa IIpeaIpu-
Humanuch padee (Parnetti et al., 2019). Tak, co-
racHo paboram Jack C.R. (Jack et al., 2010, 2016,
2018), ObUIM TIpeIJTOKEHBI OMOMapKephl Pa3BUTHS
Oose3HN AublreiiMepa, MCCICIOBAaHUS KOTOPHIX
IMOKAa3aJix, 4TO Y JIUII C aHOMAaJIbHBIMH aMUJIOUIHBI-
MU OuoMapkepaMu HaOjwomaeTcss 0ojiee ObICTpoe
IIPOrpPeCCUPOBaHNE KOTHUTUBHEIX HAPYIICHMIA, YeM
y auu 6e3 OuoMapkepoB. JlaHHBIE OMOMapKephl
ObLIM cUCTeMaTU3MpoBaHbl B BuAe cxeMbl ATN, rae
A — 51O arperupoBaHHbIN 6eTa-amunaona, T — arpe-
TMPOBaHHLIN Tay-0e10K, N — Imokasarein Helipome-
reHepaluun.

Hannblit moaxon rno3pouuna Dubois B. (Dubois et
al., 2016) paccMmarpuBaTh 0OJIe3HBb AJbIIreiiMepa
KaK KOHTUHYYM, B KOTOPOM paHHEE BBISIBICHUE
JUarHOCTUYECKUX OMOMapKepOB B JOKJIMHUYECKOMN
CTaJy TIO3BOJISIET OCYIIECTBISTh paHHEee TepareB-
TUYECKOE BMEIATEIbCTBO C MAKCUMAaJIbHBIMU IIIaH-
caMM Ha ycrieX, MOCKOJbKY HAWIyYIlIMM BpEMEH-
HbIM OKHOM JUISI TOTO, YTOOBI TeparneBTUYECKOE
CcpeacTBO ObLIO APOEKTUBHBIM B 3aMeIJICHUU WU

OCTaHOBKE MPOrpecCUpoBaHUsI 00Jie3HU AJbLIeli-
Ne 3

TOM 74 2024



276

Mepa, BEPOSITHO, SIBJISIETCS JOKIMHWYECKAasl CTaIusl.
TTockonbKy B 1e010Te 60J€3Hb AJbLIreiiMepa mpoTe-
KaeT 0e3 KOTHUTMBHBLIX HapylIeHW, TO KayecTBO
CHa ¥ ero HapylleHHe, a TakKXke YBeJIMYeHHE
MEePUBACKY/ISIDHBIX TMPOCTPAHCTB ITOTEHIMAILHO
MOTYT OBITh CITOJIb30BaHKI B Ka4eCTBE paHHUX OMO-
MapKepoB Y MAlMEHTOB C TOKJIMHUYECKON cTamueit
0ose3HM AJblireiimepa.

OpHako TipobyieMa arperaliid U OTJIOXEHUsS B
TKaHSIX TOJIOBHOTO MO3ra “HenpaBUJIbLHBIX” OEJIKOB
HEe CBOJIMTCS TOJBKO K OeTa-aMuIouay U 0OJe3HU
AnblreiiMepa U gBiasieTCsd (QaKTOPOM, OOLIMM IS
HECKOJIbKUX HelipomereHepaTUBHBIX 3a00JIeBaHUMA,
BKJIIOYasi, MoMMUMO Oosie3HU AnblreiiMepa, 00KO-
Boii amuorpodudeckuii ckiepo3 (bBAC), 6oJyie3Hb
ITapkuHCcOHa, 00Jle3Hb ['€HTWHTTOHA W XpOHWYE-
CKyI0 TpaBMaTWuecKylo »sHuedangonatuio (XTO)
(Frost, Diamond, 2010), yTo, Hapsiay ¢ pa3HbIMU
MeXaHM3MaMH TaToTreHe3a 3a0oJieBaHMIii, HellaeT
JaHHYI0 pobJieMy 0oJiee CITOXKHOIA.

HAPYIIEHUWE CTEYKTYPHOI?I
N OYHKLINMOHAJIbHOU HEJIOCTHOCTHU
IMEPUBACKYJIAPHBIX TPOCTPAHCTB
(ITPOCTPAHCTB BUPXOBA—POBWNHA)

CornacHo mHeHwmto Troili F. (Troili et al., 2020),
OOJIBIIIMHCTBO HEBPOJIOIMYECKUX PACCTPOMCTB UME-
IOT TeTEPOTCHHbIN ITaTOTeHEe3 C Pa3IMYHBIM U IIepe-
KPHBIBAIOIIMMCS BKJIAIOM HepOHAJIbHBIX, UMMYH-
HBIX M COCYIMCTHIX MEXaHU3MOB TOBPEXKICHMUS
rojioBHoro moara. [lepuBackyssspHOe IIPOCTPaHCTBO
(mpoctpaHcTtBO BupxoBa—PoOuHa) B Tr0J0BHOM
MO3T€e MpPeICcTaBiIsIeT co00il KIII0UeBOM aHATOMMYIE-
CKMiT KOMIIOHEHT IMMM(AaTHIeCKOil CCTEMBI U O~
HOBPEMEHHO CBOCOOPA3HBII IepeKpecTOK, TIe 3TU
MeXaHU3MBI MTHTEHCUBHO B3aMMOIEHCTBYIOT.

ITo manueiMYu X., Soto-Rojas L.O. (Yu et al.,
2020; Soto-Rojas et al., 2021), ximroueBBIM TTaTODM-
3MOJIOTUIECKUM SIBJICHEM IIPY Pa3BUTUU OOJIE3HU
AnprreiiMepa SBIISIETCST HapyIIeHHE PETYIISIIIUN
Helpo(nepu)BackyasipHoit eauHunsl (HBE) wu
I'Db, mpuuem maHHas CBSA3b SIBIISICTCS IBYHAIIpaB-
neHHoit — Kak mucynkuuss HBE/I'Db moxer BbI-
3bIBaTh OTJIOXKEHUE MATOJIOTUYECKOro OejIKa, TaK 1
OTJIOXEHUE OejIKa BhI3BIBACT U3MEHEHME (PYHKIIMO-
HupoBanust HBE/I'Db.

B ¢usnonornyecknx ycioBUSIX KJIETKH MHUKPO-
IJIMY HAXOJSITCS B “COCTOSIHUM TTIOKOs1”, a ITPU MaTo-
JIOTHU TIEPEXOIST B “aKTUBUPOBAHHOE COCTOSIHUE
CBsI3aHHOe ¢ (barouUTapHON AaKTUBHOCTBIO U
BBICBOOOXIEHUEM IIPOBOCIIAJIUTEIBHBIX ITUTOKH-
HOB (Soto-Rojasetal., 2021; Edleretal., 2021; Arcuri
et al., 2017; Heneka et al., 2015). Hakorurenne BHe-

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU

TOPBAYEBCKWM u ap.

KJIETOYHOIo OeTa-aMUJIOMAa MHAYLMPYET aKTHUBA-
LIMIO aCTPOLIUTOB M MUKPOITIMU C IMOCIEAYIOLIMM
BBICBOOOXIEHNEM MEINATOPOB BOCHANIEHMsI, KOTO-
pbIe CITOCOOCTBYIOT JajIbHEIIIEMY IPOrpeccupoBa-
HMIO 3a00JIeBaHUSI.

B nyb6nukauuu Postnov D. (Postnov et al., 2023)
Takke yOenuTeJIbHO MOKAa3aHO, YTO aCTPOLIUTHI aK-
TUBHO YYaCTBYIOT B peryjsiuvu (yHKIIMOHUPOBA-
HUS HEWpPOHOB TOJOBHOTO MO3ra, B TOM YMWCIE 3a
CUET aleHO3WHa KaK HeWpoTpaHCMUTTEpa, KOraa
BoineneHne AT® actpounTaMy M BO3/eiicTBHE afie-
HO3MHA Ha pelenTtopbl Al MpUBOAUT K U3MEHEHUIO
CKOPOCTU CUHANTUYECKON Tepenadyn. B KoHTekcTe
(byHKIIMOHMPOBAaHUS aCTPOLIMTOB U HEUPOHOB B
paMKax HeWpOBACKYJISIPHON €IUHUIIBI BaXKHO TaKXKe
YIIOMSIHYTh KOHLIEMIUIO TPEXCTOPOHHETO CHHArIca,
COIJTaCHO KOTOPOH TOHKME OTPOCTKH aCTPOLIMTOB,
IUTOTHO OXBaThIBAIOIIME CHHAIIC, IIepEeXBAThIBAIOT
BBITEKAIOIIUIA M3 CUHANTUYECKOU IeNu Helpome-
MUaTop TAyTaMaT U MOAIEPKUBAIOT PELPKYIISIIAIO
rayramata 1 TAMK mocpencTBoM LHIMKIIOB riiyTamat/
I'AMK-ri1yTaMyH ¥ TaKMM 00pa3oM KOHTPOJIUPYIOT
YPOBEHb HEUPOHATBLHOU aKTMBHOCTH W PEarvpyroT
Ha Hee (Newman 2003; Lee, Gerashchenko et al.,
2020) myTeM peryasiliuy CUHANITUYECKON Iepeaadyn
yepes acTPOLUTAPHYIO KaJIbIIMEBYIO CUTHATA3ALIMIO.

ITo nanubpiM Meraz-Rios M.A. (Meraz-Rios et
al., 2013), akTUBMpOBaHHAsI MUKPOIJIUS CTUMYJIU-
pyeT HEMPOHEI K TTOBBIIIEHHOMY IIPOM3BOACTBY O¢-
Ta-aMUJIOUAA, a TUCHYHKINS aCTPOLIMTOB MIPU MPO-
rpeccUpoBaHUM 00Jie3HU AJblireiiMepa, B CBOIO
ouepenb, YCYryoiasieT BHEKJIETOYHOE W COCYAUCTOE
HaKoIUleHue OeTa-aMUJIOMAa 3a CUeT HapylIeHUs
KJIMpeHCa MHTePCTULIMAIBLHON XKUIKOCTH TIPU JUC-
dyHKUIMY MUMGATHIEeCKOil CUCTEMBI, IIPUYEM aK-
TUBALMSl ACTPOLIMTOB MOAYJIMPYETCS acTpOLUTAp-
HbiM AQP4, 6enkoM, KOTOPBIA UIpaeT KIOUEBYIO
pojib B rMM@aTuyeckoM KiaupeHce. Takum obOpa-
30M, TaToreHe3 0oje3HU AJblireiiMepa CBsI3aH He
TOJILKO C MEXaHUYECKOM 3a1epXKKOii BbIBeACHUS Oe-
Ta-aMUJIOMAa U3 TKaHeil TOJJOBHOIO MO3ra, HO U C
MMMYHOJIOTUYECKMMU MeXaHU3MaMM pEeaKTHUBHOTO
acTporIno3a U MUKPOTIMAIbHOI akTuBaLuu (Soto-
Rojas et al., 2022; Rodriguez-Giraldo et al., 2022).

ITomMuMo acTpolMTapHON M HEUPOHHOU auc-
¢yHKIIMM, B TaToreHe3e OoJie3HU AJblreiiMepa
WUTpaeT posib AUCHYHKILUS U APYTUX KOMIIOHEHTOB
HEMPOBACKYJISIPHON eAMHULIBI — NEPULIMTOB U KJIe-
TOK 3HAoTenus. B3auMoneiicTBue Mexny AP u pe-
LIENITOpaMHU MEPULIUTOB 3ayCKAET BHICBOOOXIEHME
9HAOTEIUHA-1 U3 TepULIMTOB, YTO MIPUBOIUT K CO-
KpallleHUIO TTIEPULIMTOB U MOCIEaYIOLIEMY CYKEHUIO
kanwuisipoB (Alcendor, 2020). HapyiieHue Muk-
Ne 3
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POLIMPKYJISILIAM MOXKET BbI3BaTh JUCHYHKIIMNIO HEli-
POHOB, CITOCOOCTBYSI aHa’pOOHOMY METa0OIU3MY
MO3ra M CHIDKEHUIO BEIpaboTKu AT®, 4TO B CBOIO
oyepelnb MPUBOAUT K HEMPOHAJIBHON 3KCAMTOTOK-
CUYHOCTM W TMOCHEnyllleid rubean HEeHpOHOB
(Shabir et al., 2018). Bce 3T0 nmoaTBepkaaeT TECHYIO
CBSI3b MeXAy INUM@PaTUUECKUMU, COCYAUCTBIMU U
MUMMYHOOIIOCPEAOBAHHBIMU ~ MEXaHU3MaMU  T10-
BPEXIEHUS TOJIOBHOTO MO3ra.

BropbiM 10Ka3aTeabCTBOM CBSI3U TAMMpaThue-
CKOU 1 UMMYHHOI1 CUCTEM SIBJISIETCS TO, UYTO, MO IaH-
HbiM Kipnis J. (Kipnis, 2016), rmuMdatuyeckas cu-
cTeMa Kak MepuBacKyIsIpHO-TMM(MATUYECKUIA TTyThb
MpeacTaBisgeT cOO0il OCHOBHOM MyTh APEeHUPOBAHUS
AHTUTCHOB 13 TOJIOBHOIO MO3ra B 1IeiHbIe JuMda-
TUYECKHE y37bl, a T-KJIeTKM UMMYHHOI CHUCTEMBbI
CIOCOOHBI MMPOHMUKATh B APEHUPOBAHHBIE TMKBOPOM
cybapaxHOUIAIbHOE M IIEPUBACKYJISIPHOE IIPO-
cTpaHcTBa. JlaHHBIA (akT OBbLT IOATBEPKIACH
MUMMYHOTUCTOXUMUYECKUMU METOAAMU B UCCIIEI0-
BaHuM Mezey E. c ucnonp3oBanuem anturen LYVE]
n PDPN pa Buszyanuzainuu JuM@aTu4ecKux Map-
Kep-TOJIOKUTENbHBIX KJIETOK, I10 pe3yJbTaTaM KOTO-
pOro B MEpUBACKYISIPHBIX MTPOCTPAHCTBAX FOJIOBHO-
ro mosra OblIM OOHapyxXeHbl T-auMdouMTHI, a
TaKkKe ITI0Ka3aHa WX CBSI3b ¢ TepudepruyecKuMu
JUMGATUYECKUMM COCyJaMy TMOJOCTU HOca, 3pU-
TeJIbHOTO HepBa U OCHOBaHUs uepena (Mezey et al.,
2021).

CrnenoBarenbHO, MMMYHHBIM Hanm3op 3a IHHC
OrpaHWYeH MPOCTPAHCTBAMM, B KOTOPBIX LIUPKYIM-
pyeT JUMKBOP, K KOTOPbIM OTHOCUTCSI U TIPOCTPaH-
ctBO BupxoBa—PobuHa, 4yTo, Mo oO0pa3zHOMY Bblpa-
sxenuto Engelhardt B. (Engelhardtetal., 2011, 2016),
HaroMMHAET 3aMKOBbBI POB, OTpaHWYEHHbBI BHEIII-
HEUWl U BHYTPEHHEW CTEHAMU Y MaTPYJIMPYEMBIA OX-
paHHUKAMM — TI€PUBACKYJISIPHBIMU aHTUTEHIIpE-
3eHTUPYIOIIMMHU KJIeTKaMu. KIMEHHO MOo3TOMY
aHaToMuuyeckoe HapyuieHue uejgoctHoctu IIBIT
MOXET OBIThb OMACHbBIM HE TOJBKO C MeTaboauye-
CKOI M HEWPOJETeHEPATUBHOM, HO U C UMMYHOJIO-
TUYECKOI TOYKU 3PEHUSI.

TpeTbuM IOKa3aTENbCTBOM CBSI3UM MEXOY HEpPB-
HOW 1 UMMYHHOU CHUCTEMOI B TOJJOBHOM MO3re (B
ToM uucie ¢ yyactueM I1BIT), a Takke ¢ ICUXUKOM
yeJioBeKa SBISIETCS (PEHOMEH CTpecC-UHIYyLUpPO-
BaHHOU HEUPOMMMYHOMOIYJISILIMU, KOTOPBIA CBSI-
3aH C BbIPaOOTKOH INIIOKOKOPTUKOWUIOB U HOpaape-
HanuHa. Kak yxe ObUIO yKa3aHO  BBIIIE,
HOpaapeHaIH BbIpadaThIBa€TCSl BOCHOBHOM B locus
coeruleus (LC), BBICBOOOXHAETCSI W3 CHUHAIITHYE-
CKMX OKOHYAaHHMI aKCOHOB U SBISIETCS  KJIIOYe-
BbIM HEMpOMEaUaTOPOM B MOAYJISILIMU KJI€TOK MUK~
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pOrvMM, TEM CaMbIM OIpEACNsss pa3IudHbIC
KJIETOYHBIE COCTOSIHMS M peaKluy, HaYMHAasA OT CO-
CTOSTHUS TTOKOS U 3aKaHYMBasi COCTOSTHUEM aKTHBa-
LIMM, B 3aBUCHMOCTHM OT YpPOBHSI CTpecca WU OT
TOro, OOIPCTBYET OpraHu3M WJIM cnuT (Sugama,
Kakinuma 2020).

Takum o06pa3zoM, MaToJOrMYECKOe B3aUMOJEK-
CTBHE MEXIy HeHPOHHBIMM, UMMYHHBIMH M COCY-
IUCTBIMUA (DaKTOpaMU MOXKET CO3MaBaTh CJIOKHBIC
MEXaHM3Mbl IIOBPEXICHMS TOJIOBHOIO MO3ra, HO
pPOJIb EPUBACKYJIIPHOTO IIPOCTPAHCTBA U IIMMdQa-
TUYECKOIl CMCTEMBI B X Pa3BUTUM Ha HAYaJIbHOM
3Tare MOXET 0Ka3aThCs OOIIIEH, a JiIedeOHOe BO3ICTi-
cTBUEe — Hambomee 3(pdekTnBHBEIM. Tem He MeHee,
HECMOTpPS Ha IPpUBEICHHBIC JaHHEBIE, HEOOXOIMMBI
JIOIIOJIHUTEIbHBIE MHCTPYMEHTAJIbHBIE MCCJIEIOBA-
HUsI, 9TOOBI ITOJTHOCTBIO OIMCAaTh U IIOATBEPOUTH
IIaTOJIOTUIO INMIMM(aTHIECKOIl CUCTEMBI.

MPT-ANATHOCTUKA ITATOJIOTUN
[TEPUBACKVIISIPHBIX TPOCTPAHCTB
U TTIMM®ATUYECKOU CUCTEMbI

Hecmotpss Ha To, uTo psia dyHIaMeHTaJbHBIX
JAHHBIX 0 MexaHU3Max QYHKIMOHUPOBAHUS TJIUM-
¢aTuyecKoit cucTeMbl ObIJT MOJYYEH C UCIOIb30Ba-
HueM MPT-KoHTpacTHBIX ucclenoBaHU C BBelE-
HUeM TragoiauHusi, B pabore Provenzano D.A.
(Provenzano, Pellis et al., 2019) ObL1 ontMicaH KJIMHU -
YecKuii ciiydaii paTaqbHOM ragoaMHUR-UHIYIIAPO-
BaHHOI 3HIedaaonaTuu IMocje MHTpPaTeKaJbHOIO
BBEACHMS IIperapara ¢ MocCaeayrlIei CMepPThIO UC-
CJIeAyeMOoro, 4To AejaeT AaHHbIA MEeTOd IMOTEHIIU-
aJIbHO OITACHBIM IIJIsI IMUPOKOTO IIPUMEHEHMUSI, TOTraa
KaK HEeWHBa3WBHBINA MeTon AUp@Py3HO-TEH30PHOI
MPT (DTI-ALPS) (Taoka et al., 2017; Harrison et
al., 2018), mo3BossIoNIMii OlleHUBaTh OU(GY3UI0
KUAKOCTU T10 MEPUBACKYJISIPHOMY IIPOCTPAHCTBY,
HEIOCTaTOYHO BHEIPEH B IIPAaKTUKY. DTO BHIHYXKIa-
€T OLIEHUBaTh TMUM@ATUUYECKYI0 TUCHYHKIUIO 10
KOCBEHHBIM JAaHHBIM, K KOTOPHIM MOXHO OTHECTHU
U3MEHEeHUs TIepUBACKYISIPHBIX MpocTpaHCTB (Bup-
xoBa—PoOuHa) 1o pe3ylbTaTaM OeCKOHTPACTHBIX
MPT-ucciaenoBaHuii TOJOBHOTO MO3Tra 4eJOBEKa,
YTO BBI3BaHO B IIEPBYIO OUepeab TPeOOBaHUSIMMU 0e3-
OMNAaCHOCTHU UCCIIETOBAHUIA.

Pacmmpenune nepuBacKyIsIpHOTO IIPOCTPAHCTBA,
paHee cumMTaBIIeecs OOOPOKaYeCTBEHHBIM Hepo-
pPagyoIOTMIECKIM IIPM3HAKOM WM apTeakKToM
(uKcauny TKaHeil, CTAHOBUTCS KIMHUYCCKM 3HA-
YUMBIM, ITIOCKOJIbKY YyBequdyeHue pasmepoB I[1BII
CBSI3aHO C 3a00JIEBAaHMEM MEJIKUX COCYIOB T'OJIOB-
HOTO MO3ra U liepeOpajibHON aMUJIOMIHON aHTHO-
natueii n 6ose3nbpio AnblireiiMepa (Boespflug et al.,

2017, 2018).
Ne 3
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HMHutepec k TIBIT B KayecTBe AMarHOCTUYECKOTO
MapKepa 3a00JIeBaHWII HEPBHOW CUCTEMBI TakKKe
CBSI3aH C T€M, UTO M0 Mepe YBEeJIMUEHUS HAMPSKEH-
Hoctu tojigs MPT (Barisano et al., 2020), ucnosib3ye-
MOTO IJisl AUArHOCTMKU, MEPUBACKYJISIPHbIE TPO-
CTpaHCTBa TaKxe cTanu bosee JIETKO
pacrno3HaBaeMbiMK HA MPT-cHUMKaXx, yeM aecsaTr-
Jetre Hazaa. Hebombimoe komuvectso IIBIT mo
JaHHbIM MPT-nuarHocTMKu BCTpedyaeTcsl BO BCEX
BO3PACTHBIX Ipynmax, Ho ¢ Bo3pactoM I1BIT BbIsIB-
JISIIOTCS yalle ¥ uMeroT 6osbiuue pa3mepol (Kwee,
Kwee, 2007). YBenuuyeHue npoctpaHcTB BupxoBa—
PoOuHa mpoucXoauT B pe3yabTaTe 3aCTOS XKUIKOCTHA
BCJAEACTBUE TIUMGAaTUYECKON TUCHYHKIMU, KOraa
notok JukBopa yepe3 IIBII HemocTaToyeH, B pe-
gyapTaTe 4yero IIBII pacmmpsioTcs M CTaHOBSATCS
BuaumbiMu Ha MPT. Xota yBenuuenue I1BIT aBus-
eTCsl MPU3HAKOM CTapeHUs, paclpoOCTPaHEHHOCTb
yBeanueHHbIX [1BIT Bo3pacrtaet mpu HeliponereHe-
paTUBHBIX Tpoleccax. IIocKoIbKYy HEBpOJIOTHYE-
cKkue (HelpoaereHepaTHBHbBIE) 3a00J€BaHUS YacTO
TpeOytoT npoBeneHuss MPT rojgoBHOro Mosra, Kak
YacTU KJIMHUYECKOTO OOCIENOBaHUS C LIENbIO TTOM-
TBEPXKAEHUSI AUarHo3a, METO/1 OLIEHKU pacLIMPEHUS
IIBIT ctanm ngocTtaTOYHO AOCTYNEH B KIIMHUYECKUX
YCJIOBUSIX.

30JI0TbIM CTaHAAPTOM IMArHOCTUKU TAaTOJOTUU
MEePUBACKYJISIPHBIX MPOCTPAHCTB OCTAETCs MPSIMOI
noacuet TIBII, ogHako B CBSI3U C TPYAOEMKOCThIO
3TOro mpolecca ObUIM pa3paboTaHbl BU3yaJbHbIE
OLIEHOYHbIE 1IKaJIbl, OCHOBHOU M3 KOTOPLIX SIBJISIET-
ca wkana Wardlaw J.M. STRIVE (Wardlaw et al.,
2013), Bkmovatoias pyuyHoii noacuet ITBIT Ha cpe-
3ax MOJyOBaJbHOIO OKHA, Oa3alibHbIX TaHIJIMEB U
cpellHero Mosra Io gaHHbIM MPT-guarHocTukm.
CornacHo naHHoMy uccienoBaHuto, TIBIT onuckl-
BalOTCSl KaK 3alloJIHEHHbIE XXUIKOCTbIO MPOCTPaH-
CTBa, KOTOPbIE CJIEAYIOT IO XO4y COOTBETCTBYIOLIETO
cocylia, UMEIOT MHTEHCUBHOCTb CUTHalIa, aHAJIOTUY-
HYI0 MHTePCTULIMAJIbHOM XMUAKOCTU Ha BCeX Tociie-
JOBATEIbHOCTSX, AUAMETPOM OOBIYHO MeHee 3 MM.
ITpu BICOKOM paszperieHun B HeHTpe I1BIT nHorma
MOXHO YBUIIETh LIEHTPaJbHbINA COCYI, KOTOPBII MO-
JKET OTJIMYATh 3TU MPOCTPAHCTBA OT JIaKyH. Takxke B
ominmuue oT JakyH, nuameTp ITBIT oObiuHO He Tipe-
BbIIIAET 3 MM U MIPOCTPAHCTBA HE UMEIOT T2-Turep-
MHTEHCUBHOIO Kpasi BOKPYT 3alOJJHEHHOTO >KMIKO-
CThIO MpocTpaHCTBa Ha T2-B3BelIEHHBIX M300pa-
KeHusax win n3oopaxeHusx FLAIR.

MunumanbHO ponyctumoe MPT-06¢cnenoBaHue
JIOJDKHO BKJIIOYATh, 1o MHeHu1o Wardlaw J.M., ak-
cHabHO-IU(pGHY3MOHHO-B3BEIICHHYIO BU3yaau3a-
nuio, kapty koagdunuenta nudpdysuu, FLAIR,
T2-B3Bemennyo u T2*-B3BemieHHyio GRE- wim
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T1-B3BellIEHHYIO BU3YaJU3aLWIO C IIPEANOUYTUTEb-
HbIM ucnoab3oBaHueM MPT ¢ HanpskeHHOCTbIO
nos 3-0 Tn (Wardlaw et al., 2013).

B uccnenosanuu Banerjee G. (Banerjee et al.,
2017) TpOAEMOHCTPUPOBAHO, YTO YBEIUYECHUE
IIBII o nanHbiM MPT-nuarHoCTMKKU B pexXumax
T1/2/2* MPT u FLAIR sBnsieTcs paHHUM Helipo-
BU3YAIM3UPYIOLIUM MapKepoM 3abojieBaHUiA To-
JIOBHOI'O Mo3ra, ripudeM jokanuzauus [1BI1 B no-
JIyOBaJIbLHOM 1LIEHTpE CBsI3aHa C LepeOpalbHOMI
aMUJIOMIHOI aHrMonaTuei, Toraa Kak JoKaanu3alus
B 0a3aJIbHBIX TAHIJIMSX aCCOLMMPOBAHA C apTepUO-
JIOCKJIEpO30M TNIYOOKUX Mep(OpaHTHBIX apTepUid.
[laHHOe rccienoBaHue MO3BOJISIET paclieHBAaTh Ha-
nuuue yBeaudeHHbIX T1BIT B monyoBajibHOM LiEH-
Tpe B KayeCcTBe BU3yaJU3UPYIOLIEro Mapkepa 00-
JIe3HU AnblUreiiMepa.

CornacHo MHeHuio Rowsthorn E., nag OGosnee
MMOJIHOI OLIeHKM IMMdaTrndecKoil GyHKLIMU TpeI-
Jaraetca oueHuBaTb npu MPT-guarHoctuke He
TOJILKO TIepMBACKYJISIPHBIE ITPOCTPAHCTBA, HO U PsII
JIPYTUX ITOKa3aTeseil, KOTopble TPYyNITMPYIOTCS B 1Ba
KJacrepa:

1. Knacrepbl, CBsI3aHHBIE C “COCYOIUCTON” AUC-
byHKUMEH.

2. Krnacrepnl, cBsI3aHHBIE C JOUCGHYHKLUEH
TPaHCIIOPTa XUAKOCTEIA.

HaHHOe wucciaenoBaHWE OOIMOJHUTEABHO TMOMd-
TBEPKIAET B3aMMOCBSI3b IIEPHBACKYISIPHBIX IIPO-
CTPaHCTB M TIUM@aTUIeCKON MUCHYHKINU, TIPU-
yeM oOpaliaeT Ha ce0s BHUMaHUE TO, YTO
IepUBACKYISIpHBIE TIPOCTPAHCTBAa 0Oa3ajlbHBIX TaH-
[JIMEB MPUCYTCTBYIOT KaK B “COCYIMCTOM” KJIacTepe
Kak Mapkep Hozosoruit (Banerjee et al., 2017), Tak u
B “XUIKOCTHOM”, Ilie UX YBEJUYEHUE BbI3BAHO Ha-
pyuieHueM apeHaxa (Rowsthorn et al., 2023).

ITo manHpiM 0030pa Gedek A. (Gedek et al.,
2023), 6pu1a moka3zaHa cBiI3b Mexay oobeMom T1BIT
Y MPOAOJIKUTEIbHOCTBIO CHA Y MALIMEHTOB C Liepeb-
POBACKyJISIpHBIMU 3a00JIEBAaHUSIMU, C MCHOJIb30Ba-
HueM noaucoMHorpaduu u 3D-MPT, roe obuuit
oobeM IIBIT u o6bem IIBII GazanbHBIX raHIIMEB
OTPULIATEILHO KOPPEIUPOBAIU C MPOAOJKUTEIb-
HOCTBIO 3(PHEKTUBHOIO CHA (BpeMsI CHa, pa3aeyieH-
HOeE Ha BpeM$l, ITIPOBEIEHHOE B IMOCTENIMN) U C IPOAO0JI-
KUTEJIBbHOCTBIO (pa3bl cHa N3, 4TO CBUACTEIbCTBYET
0 TOM, 4YTO 0oJjiee KOPOTKOE BpeMsl CHa CBSI3aHO C
Hed((DEKTUBHBIM IPEHaXXOM MO3ra, 4YTO MOXKET
npuBect K pacumpenuto ITIBIT (Gedek et al.,
2023).
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Taommua 1. Knactepsl mmmMdaTrndeckoit 1nchyHKIMN
Table 1. Clusters of glymphatic dysfunction
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“CocyamcTslii” KnacTep

“2KunkocTHplii” Knacrep

npoHunaeMoctb Db

yBenuueHHbie [1BI1

nepdysus

CBOOOIHAs BoIa

I1BII 6a3anbHBIX TAHTIKEB

TMIEPUHTEHCUBHOCTD O€JI0ro BEILECTBA
(WMH, white matter hyperintensities)

ITockonbky BU3yajibHasl OlLiIEHKa M300pakeHuit
MPT — 310 BecbMa Tpya03aTpaTHbIN U JJTUTEAbHbBIN
Mpolecc, PsSIIoM HcClieqoBaTeneil Obl1o pa3pabora-
HO OOJIBIIOE KOIMIECTBO aBTOMATU3UPOBAHHBIX aJI-
TOPUTMOB [IJI5I TTOBBIIICHYS HAIEXKHOCTU U3MEPEHMUS
IIBII 1 ero none3HOCTU B KauecTBe OroMapkepa JJjist
rmM@aTIIECKOM CUCTEMBI, TAKMX KaK MCCIeIoBa-
aue Boespflug E.L. (Boespflug et al., 2017, 2018), co-
IJIACHO KOTOPOMY aBTOMATM3WpPOBAaHHAs OICHKA
MOpGOIOTMYECKUX OCOOCHHOCTEHl pacIIMpEeHHBIX
I1BII moxkeT ObITh YCIEIIHO JOCTUTHYTA C TIOMOILIBIO
MP-Busyammzanmy ¢ HanpseKeHHOCThIo 11071 3.0 T,
npuueM ysenumuyeHHble TIBII, uaeHTUdULIMPOBaH-
HBIE C TIOMOIIBIO ABTOMATHM3MPOBAHHOIO METOMa,
MOCTOBEPHO KOPPEIMPYIOT C 3TaJOHHBIMH CTaH-
JAPTHBIMU OLICHOYHBIMY IIIKAJIAMMU.

BBIBOJIbI

3a mecsTh JeT ¢ MOMEHTa TTIOBTOPHOTO OTKPBITHS
rUM@GaTUIECKOI CUCTeMBI ObIJIO ITPOBEAECHO MHOTO
HCCIIeI0BaHMI, KOTOPBIE T0Ka3all €€ PoJib B pa3BU-
TUM 3a00JIeBaHUI HEPBHOI CHCTEMBI, OJHAKO HdaH-
HbIe 3HAHMUS ellle He BIIOJIHE HallUTU IpaKTUYeCcKoe
npuMeHeHre. OIHUM W3 paHHMUX HecIeluuduue-
CKMX CHUMITOMOB IIMM@aTuIecKon IUCHYHKIIUU
SIBJISIETCS HApyllIEeHUEe CHa, a YaCTbIM CIIYyTHUKOM —
paciidpeHue  MepUBACKYJISIPHBIX  IPOCTPAHCTB
(BupxoBa—PoOnHa) Kak aHATOMUYECKOW OCHOBBI
rmuMdarndeckoit  auchyHkuuu. Ilpencrasasiercs
MEePCHEKTUBHBIM PACCMOTPETh MX OMHOBPEMEHHO U
KaK CHUMIITOMBI, 1 KaK BO3MOXHBIE paHHUE IIPEINK-
TOPHI Pa3BUTHS HEMPOJIETeHePAaTUBHBIX 3a00JIeBaHMIA
C TIEPCIIEKTUBOM paHHe OTUarHOCTUKHU, TTpodUIaK-
TUKMU U JIEUEHUST, HAaUMHasl ¢ TOKJIMHUYECKOro 3Tana.

B cBsi3u ¢ 3TUM, NOMUMO CYLIECTBYIOIIUX OMO-
MapKepOB HEUpOIEreHepalud, OJAHHBIA IIEPEYCHb
11e71eC000pa3HO paCIIMPUTh, TOMOJIHUB €ro mNoKasa-
TEJIIMU paHHEN (BO3MOXHO, ITOHO30JO0TMYECKONN)
JMAarHOCTUKM 00JIe3HU AJbLIreiiMepa u Ipyrux Hem-
poaereHepaTUBHBIX 3a00JI€BaHUIA:

e Hajuuue MHCOMHUM MO JaHHBIM 060pa aHaM-
HE3a U TCCTUPOBAHUA IMMaIMCHTA C MCITOJIb30BAHNEM
CTaHJapTHLIX IIKaJI 1 OIIPOCHUKOB.

KYPHAJI BbICILIEW HEPBHOM AEATEJIbHOCTHU

e Hanuuwne/mokaau3alms/KOJIUIeCTBO YBEIM-
YEeHHBIX IIepMBACKYIISIPHBIX ITpocTpaHCTB (Bmpxo-
Ba—PobuHa) mo ganHeiM MPT rojioBHOro Mo3ra.

NHOOPMALIMA O BKIIALE
KAXKI0I'O ABTOPA

A.B. T'opbaueBckuii - NOMCK aHATUTUYECKUX Ma-
TEpUAJIOB B OTCYSCTBEHHBIX U 3apyOeKHBIX MCTOY-
HUKaX, TIPOBEACHNE aHajIM3a 1 IMOATOTOBKA IIEPBO-
HavaJIbHBIX BBIBOJOB, ITOATOTOBKA JIMTEPATYPHOTO
0030pa, noaroroska Tekcta ctatbu. O.A. Kuuepona
- Hay4YHOE PYKOBOJICTBO, IIPOBEIeHNE KPUTUIECKOTO
aHajM3a MaTepuajioB U (POPMHUPOBAHME BEIBOHOB,
IMOATOTOBKA TEKCTA CTaThHM, OCYIIECTBICHUE KPUTH-
YeCKOro aHan3a M IopaboTKa TeKCTa, COBMECTHOE
OCYILECTBIICHNE aHaIM3a HAyYHOM JIMTepaTyphl 110
po0JieMe UCCIeNOBaHMS, pellieHne OpraHN3alOH-
HBIX BOIPOCOB No noarotoBke Tekcra. JI.N. Peiixept
- OCYILIECTBJICHNE KPUTUYECKOIO aHalIn3a W Jopa-
0OTKa TeKCTa, COBMECTHOE OCYIIECTBICHNE aHAI3a
HAYIHOI JIMTEPaTyphI IT0 ITPOOJIeMe UCCIICAOBAHMSI.

KOH®JIMKT MHTEPECOB

ABTOpPHBI 3asBJSIOT 00 OTCYTCTBUM KOHMJIMKTA
WHTEPECOB.

COBJIOJEHUE STUYECKNUX CTAHIAPTOB

Hacrosiuit 0630p He comepXXUT OMUCaHUS Ka-
KMX-TM00 HCCIeNoBaHUI C ydyacTUeM JIIoAeH WIn
>KMBOTHBIX B KAU€CTBE O0BEKTOB.

YKA3AHUWE HA JOCTYITHOCTb [TIEPBUYHBIX
JAHHBIX

[NepBUYHBIMU JAHHBIMU SIBJISIIOTCS. HAYYHBIE 00-
30pHI U CTAThH, JOCTYITHBIE B 0a3ax naHHBIX PubMed
n E-library.
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GLYMPHATIC SYSTEM, SLEEP, NEURODEGENERATION

A. V. Gorbachevskii®, O. A. Kicherova, L. I. Reikhert

Federal State Budgetary Educational Institution of Higher Education “Tyumen State Medical University” of the Ministry of Health
of the Russian Federation, Tyumen, Russia
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The prevalence of neurodegenerative diseases and the complexity of their treatment in late stages make it urgent to
identify early markers and symptoms of this group of diseases in order to optimize diagnosis, treatment and prevention.
Materials and methods. The PubMed database was analyzed for the following queries: perivascular space, Virchow—
Robin space, glymphatic system, sleep disorders, Alzheimer’s disease.

Conclusion: enlargement of perivascular spaces (Virchow—Robin) can be considered an early structural marker of
both glymphatic dysfunction and neurodegenerative diseases, while sleep disturbance can be considered as a functional
marker (symptom) of these disorders.

Keywords: perivascular space, Virchow—Robin space, glymphatic system, insomnia, Alzheimer’s disease, astrocyte,
norepinephrine, MRI, polysomnography

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU ToM 74 Ne 3 2024


mailto:gorbachevskyalex@mail.ru

XKYPHAJI BEICIITEH HEPBHOH JEATEJILHOCTH, 2024, mom 74, Ne 3, c. 285—296

®U3MNO0JOTNA BRICIIEN HEPBHOM (KOTHUTUBHOMN)

JEATEJIBbHOCTHN YEJIOBEKA

VIIK 159.91

INATTEPHBI MEXITOJYIIIAPHBIX B3AUMOIENCTBUIA
ITPU ITPOBYXKIAEHHNN OT KOPOTKHUX SIIN3040B ITHEBHOI'O CHA

© 2024 r. A. E. Manaenkos" > *, H. B. JIuryn', /I. C. Ceemnnkos?®, E. B. SIkynuna®,
B. 1. Topumn?, B. B. lopoxos'

! Tabopamopus Heiipobuoao2uu cHa u 600pcmeosans,
HUnemumym evicueil Heperoll desmenvHocmu u Helipogusuonroeuu PAH, Mockea, Poccus
2 Kaghedpa ncuxogpuzuonoeuu, Mockosckuii eocydapcmeennuiii ynueepcumem um. M. B. Jlomonocosa, Mockea, Poccus
? Kagpedpa nopmansroii pusuonoeuu, Meduyurnckuii uncmumym @TAOY BO “Poccuiickuii ynusepcumem opyscovl Hapooog”,
Mockea, Poccus

*e-mail: allomulder@gmail.com
IMocrynuna B pepakiuio 26.02.2024 1.

IMocne mopa6otku 23.03.2024 .
[Mpundra k nyoaukanuu 12.07.2024 1.

Panee Ha MaTepHajie MHOXECTBEHHBIX 3aChIIaHUIA IIPU BBIMOIHEHUN OMMaHyaIbHOTO IICUXOMOTOPHOIO TeCTa C MC-
TOJTH30BAHNEM MOOMITBHOTO TIPUJIOKEHUS Ha cMapTdOHe MBI BBIIEIWIN U IIPOMHTEPIIPETUPOBAIN 4 Ka4eCTBEHHO
pa3IMYHbBIX MMATTEPHA MOBEAEHYECKOM aKTMBHOCTH MEXITONYLIAPHBIX B3aUMOIEHCTBUI mpu 3ackimanun. Ha atux
ke 73 cryneHTax ¢ 191-4acoBbIM 3KCIMEPUMEHTOM MBI MIPOBEJIM aHAIU3 JTaHHBIX, YTOOBI YBUIETh, KaK U3MEHSIOTCS
MEXXTIOJTyIIIapHbIe B3aUMOIEHCTBUS TIPY MPoOykneHNM 0To cHa. C IMOMOIIIbI0 METOIa NepapXuIecKoil KiracTepu3a-
vy 1o Yopay Obutu BeieaeHb! 4 kiaacrepa. OLieHeHbI CpeaHIe 3HAYeHMsI TIOBEIEHYECKUX IT0Ka3aTeeil B Kiacre-
pax, ¢ IOMOIIbIO KpUTepus Xu-kBaapaT [IupcoHa cpaBHUIM 1Ba HaGopa KIacTepoB.

TToka3aHo, 4TO BBIpAXXEHHBIN MATTEPH aCUMMETPUN MEXIy pyKaMu SIBJISIeTCSl HanboJjee peaKuM; Ul HauMeHee
“COHJIMBOTO” KJIacTepa XapaKTepHO YepeloBaHUe PyK IPU MPOOYXKIEHUSIX, ISl HanboJjiee “COHIMBOrO” — MEHb-
111281 MpeacKa3yeMoCTh MaTTEPHOB BO BpeMeHU. Takxke MOKa3aHo, UTO “aCUMMETPUYHbBIIN” U “COHIMBBIN” KJlacTep
HUKOTIAa He CMEHSIIOT IPYT APYTa MEXIY 3aChIIIaHUSIMU ¥ TTIPOOYXKICHUSIMY 1 Jallle CMEHSIIOTCSI Ha OCTaBIIMECST 1Ba
KJ1actepa, YeM HaoGOpOT.

TlonyyeHHbIE pe3yIbTaThl MOTYT OTpaXkaTh TMHAMUKY MEXITONYIIAPHBIX B3aMMOAEUCTBUI MPHU Iepexoaax MexXIy
CHOM U GonpctBoBaHMeM. [Ipenrmonaraercs, 4To pa3Tuaus MeXIy KiacTepaMu OOyCIIOBIEHB OCOOEHHOCTSIMHU Tie-

pecTpoiiku HGyHKIIMOHATBHOM CBSI3HOCTH MO3Ta B PAa3IMYHBIX Auarna3oHax D[ -aKTMBHOCTHU.

Karouesvie cro6a: ICUXOMOTOPHBIN T€CT, MOOWIJIBHOE TIPUJIOXXKEHUE, ACUMMETPUYHBIN COH, TUCTEPE3UC

DOI: 10.31857/50044467724030032

CornacHo COBpeMEHHBIM MCCIIEIOBAHUSIM, COH U
0OIpCTBOBAHME HE SIBJSIOTCS TOJIBKO YHUTAPHBIMU
COCTOSTHUSIMU, a perynupytorcs JokaibHo (Krueger
et al., 2019). IlomoOGHast peryasiuusi MOXET TakxXe
y4yacTBOBaTh B BUJe (HDEHOMEHOB aCUMMETPUYHOIO
CHa (pa3inyHasl aKTUBHOCTh MOJYIIAPUi MO3Tra BO
BpeMsl CHAa) ¥ OTHOMOJIYLIAPHOTO CHA, TPY KOTOPOM
OITHO TIOJIyIlIapue NEeMOHCTPUPYET MPU3HAKKU CHa, a
BTOpPO€ — MPM3HAKU OOAPCTBOBAHUS MO0 MpOMe-
>KyTOYHOTO MEXIY CHOM M 00IpCTBOBAaHUEM COCTOSI-
Hust (Mascetti, 2016).

OpHomoJIyIIapHBI COH BCTpeYaeTcsl B JIMTEpa-
Type Kak (peHOMeH, HaOII0OAIOIINIICS Y HEKOTOPBIX
KMBOTHBIX. Tak, XOpOIIO M3BECTEH COH Yy KHUTO-
00pa3HbIX, U B YACTHOCTH IeIb(GHUHOB, CPEIN IIPO-
Yero IPOSIBISIOIINICS B BBIPAXXEHHOII HU3KOYA-
CTOTHOM aKTUBHOCTM B OJHOM IIOJyIIApUU U
MaJIOAMITIUTYIHOI BBICOKOYACTHOCTHOI aKTHUBHO-
CTH B APYTOM, a TAK:K€ COOTBETCTBYIOIIMX BapHalll-
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sax B Temriepatype mosra (Lyamin et al., 2013;
Lyamin, Siegel, 2019; Mukhametov et al., 1977).
Takske ogHOMOYIIAPHBIA COH ONMMCAH y JJACTOHO-
rux (Lyamin et al., 2017; Lyamin & Siegel, 2019) u
paaa ntul (Rattenborg et al., 2019).

Taxke CyIIecTBYeT psii CBUAETEIBCTB 00 acHM-
METPUU MO3TOBOI1 aKTMBHOCTH BO BpeMsl OUIIOIY-
mrapHoro cHa y moaeit (Nobili et al., 2011). Tak, B
psiie UCCaeI0OBaHUM HAOII0IaIaCh ACUMMETPHSI OC-
WUISITOPHOI aKTMBHOCTH MO3Tra B Pa3HBIX IIOJIO-
cax YacTOT, 3aBHCHMasl OT TEKyIIel CcTamuy CHa
(Benca et al., 1999; Roth et al., 1999; Sekimoto et
al., 2000). B pa6ore lllemoBanpHuKOBa (Illemo-
BaJIbHUKOB 1 1p., 2012) 5TO MOKa3aHO Ha OCHOBE
KPOCC-KOPPESInii OMOIIOTeHIINAIOB 0e3 pa3merie-
HUSI Ha KOHKPETHBIE MOJIOCH YaCTOT — C 0CO00 BBI-
pPaxXeHHBIMH Pa3IMYMSIMKU BO BTOPOI CTamuy CHa
(yBeImueHMNe CUJIBI KOPPEJISIINiA B JIEBOM ITOJIyIIIA-
pun). Tem He MeHee B HemaBHeit ctarbe Tashakori
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(Tashakori et al., 2024) ocnapuBaeTcsl MpaKTUYe-
CKasl 3HAYUMOCTh OTUX Pa3INIMiA.

Bonbiioii uHTEpeC MpeACTaB/ISIOT MCCeNIoBa-
HUSI, CBUIIETEIbCTBYIOIIME O Pa3TUIHOMN POJIM MOJTY-
LIapuii IpU PeryysiliMKi CHa U O0IPCTBOBAHMS; TaK,
B pabote Tamaki (Tamaki et al., 2016) rmoka3saHa 1mo-
BBIIIIEHHAsI aKTUBHOCTD JIEBOTO MOJyIIApHUs B Iep-
BYIO HOUb UCCJIEIOBAaHUSI, YTO TPAKTYETCSI aBTOpaMu
KaK 3alllUTHBINA MEXaHU3M, TTOIISPKUBAIOIINIA OO~
TEeJIbHOCTh B He3HaAKoMol cpeae (3ddekT mepBoit
Houn). bonee mosmaue uccnemosanus (Ma et al.,
2023; Mayeli et al., 2022) Tak:ke 0OHApYyKMBAIOT I10-
TOOHBIN aCUMMETPUYHEIN “a(ddeKT nepBoit Houn”,
OIIHAKO B IIPaBOM MOJIyIIapUH.

OTnenbHO CTOUT OTMETHTh  WCCIedOBaHUE
Casagrande, rae onuckiBaeTcs: 0ojiee paHHee “3achl-
naHue” JIEBOTO ITOJyIIapus 1O CpaBHEHUIO C TIpa-
BBIM, 3apUKCHPOBAHHOE ITPU TTOMOIIN OMMaHyab-
Horo TannuHr-tecta (Casagrande, Bertini, 2008).
ABTOpPBI TPAKTYIOT pPe3ylabTaT KaK CMEHY MaTTepHa
JlaTepaju3aluy IIpU IIepexoie OTO CHAa K OOAPCTBO-
BaHWIO, TIe JIeBOe ITOJylapue AOMWHUPYET TIPU
0OIPCTBOBAHUM, a TIpaBOe — MPU 3aCHITTAaHUN, TTPU-
yeM 0e3 apdekTa rnepBoii HOUM.

Hama naGopatopusi MpoBOIMT HCCIEIOBAHUS
MHOTOKpPaTHbBIX 3IIM30[I0B 3aChllaHUsI, BhI3BAHHBIX
MOHOTOHHOM AeSITeIbHOCTBIO; B 3TUX LIEJISIX MbI UC-
MOJIb3yeM CBOIO MOIM(PUKAIIMIO TIMIMHI-TECTa
(Dorokhov et al., 2019, 2021), npenmoJararourymo
MHOTOKPATHBIE HAXKATHUS HA KHOIIKY OJTHOM PYKOM C
MOBTOPSIIOIIMMMCS CMEHAMU ONHOM PYKW Ha Ipy-
ryio BtedeHue 1 9 ucciaegoBanus. [TomooHas cTpyk-
Typa UCCIeNOBaHUS XOPOIIO IMOAXOAUT JJISI UCClie-
JNOBaHMSI IMHAMUKU aKTUBHOCTU  Pa3IMYHBIX
MoaylIapuii, MO3BOJISAST OTBETUTh Ha BOMpPOC “Ha-
OmomaeTcss U (QYHKIMOHAJIbHAA aCUMMETPUs
MoJIyIIapuii Ha MaTepuajae MHOXECTBEHHBIX 3aChl-
naHuii?”. B aTux 1easx ObLI0 MPOBEISHO UCCIeI0-
BaHME B JOMAIHUX YCJIOBUSIX C HCIIOJIb30BaHUEM
HaIlIero TAMNIIMHT-TECTa, afallTUPOBAHHOTIO JIJIS MO-
OMJIBHBIX yCTpoiicTB Ha miatdopme Android
(Manaenkov et al., 2023); Takoii gu3aiftH Uccaeno-
BaHMS TI03BOJIMJI cOOparh OOJBIIYI0 BBIOOPKY MC-
MBITYEMBIX, TTOIXOASIIYIO IS aAeKBaTHOTO CTaTH-
CTUYECKOTO aHAI13a.

HMccnenoBaHue 6a3upoBagoch Ha IBYX OCHOBHBIX
runote3ax: 1) BBIPaXXEHHOCTb MEXITOIYILIAPHOM
acCMMMETPUU MPU 3aChIaHUIX TeTEPOreHHAa U 3aBU-
CUT KaK OT MHAMBMAYaJbHBIX OCOOCHHOCTEH KOH-
KPETHOTO MCIBITYEMOIO, TaK WM OT €ro TeKYIIEeTro
(pyHKIIMOHAJIBHOTO COCTOSIHUSI; 2) OHA MPOSIBISETCS
B CTEIIEHM pa3HOOOpa3us NMaTTEPHOB, CBSI3aHHBIX CO
CMEHOI pyK B TeUe€HHE UCCAeA0BaHMS. B aTuX Lessax
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MBI PacCYMTHIBAIM TOKa3aTeJd MHGOPMAllMOHHOM
crnoxnHoctH (Lau et al., 2022) mis kaxaoro 1-yaco-
BOTO MCCJICIOBAaHMSI, OCHOBAaHHBIC Ha ITOCICTHUX
HAXaTUSIX TIepel KaXAbIM BIM30I0M 3achIlaHUs
(“kakas pyka yCHyJIa TOCJeOHEl™); MoJay4eHHbIe
pEe3YJIBTATHI TTOABEPTAINCh UePAPXUIECKON KJlacTe-
pu3ainum no metony Yopaa (Ward, 1963).

Ilo pesynbraTamM ucClIeOIOBaHUS BbIAEIUINCH
4 knactepa. [IpumeyarenbHO, YTO KJIACTEP C SIPKO
BBIpaXXK€HHOI acUMMeTpueil (Jalle BCero Iocie-
Hel “3aceinana” mpaBas MO0 JeBas pyka) obJagan
HaVMEHBIIIMM pa3MepoM M OB acCOLMUPOBaH C
KpaTKOBpeMeHHbIMU 3ackinnaHnusMu =10 c. B cBorwo
ouepenb, B Hambosiee “COHJIMBOM” KjacTepe o0e
PYKM “3achIlajii’” ¢ paBHOBEPOSITHOI 4acTOTO, HO
MaTTEePHBI “TIepeKII0UeHUsI” ¢ OOHOM PYKM Ha JIpy-
I'VIO OKa3aJIMCh MEHEE MIPEICKA3yEMbIMU, YEM B JIBYX
OCTaBIIIMXCS KJIacTepax.

Mpsl mpenriosiaraeM, 4YTO TIOMOOHBIE Pa3IMIMS
MOTYT OBITh OOBSICHEHBI Pa3IMIHBIMU ITPOCTPaH-
CTBEHHO-BPEMEHHBIMU ITaTTepHAMK aKTMBHOCTH B
anb(pa-guanasoHe; Tak, B padore Kalauzi u coasnr.
(Kalauzi et al., 2012) onucsiBaeTcsl iIMHaMuUKa a3o-
BOI CMHXpOHU3AILINHU aTb(da-puT™Ma MEXKIY 3JIeKTPO-
Jamu D31 Bo Bpems 3achblllaHUsl — CPeaU MPoYero,
aBTOPHI ONMCAJIM YEeThIpe TUIIA M3MECHEHUI B CUH-
XpOHU3ALIMU ajb(a-puT™Ma, 4TO TMEPEKIMKACTCS C
HammMu 4 kiactepamu. KX mo3gHss pabota
(Kalauzi et al., 2018) onucsiBaeT 6oJyiee CIOXKHYIO U
JIe30pTaHN30BaHHYIO IIPUPOAY MATTEPHOB CUHXPO-
HU3aLMU aTb(a-aKTUBHOCTU B COCTOSTHUY IPEMOTHI
10 CpaBHEHUIO C OOIPCTBOBAHUEM.

OpnHako Hala paboTa ObLIa IMOCBSIIEHAa UMEHHO
SIM304aM 3aChIIIaHUS 1M HEIOCPEACTBEHHO HE 3a-
TparmBayia SIM300bI IPOOYXKICHUS; YIUTHIBAsSI, YTO
MeXaHM3MBI TOMIepKaHUs CHAa W OOIXPCTBOBAHUS
KaK MUHUMYM OTYaCTH pas3nmyHbl (Sulaman et al.,
2023), Henb3d YTBEpPKIATh, YTO IMHAMUKA PYK, KO-
TOpBIE “3aCBITTAJIN TTOCIIEIHUMK, OyIeT TaKou Xe,
KaK 1 TMHAMUKA PYK, KOTOPHIE “IPOCHIIAINCH IIep-
BeiMu”. IloaToMy B Tekymieit pabore, MCIOIB3YS
IMOXOXMIA IIPOTOKOJI aHaIM3a, MbI IIPOBEpSIEM ClIie-
IYIOIINE TUTIOTEe3bl OTHOCHUTENIHFHO IIPOLIeYPHI IIPO-
OyXIeHUsI:

1. Knactepsl, BbIeIeHHBIE HA OCHOBE MPOOYXK-
NeHW, OynyT UMETh TaK1e XK€ XapaKTepUCTUKU UH-
(hopMaIlMOHHOM CIOXHOCTH, KaK U Ha OCHOBE 3a-
CBITIAaHWIA.

2. MHTeprnpeTanys 3TUX KJIACTEPOB C TOYKHM 3pe-
HUS TI0Ka3aTesaeid COHIUBOCTU UCTIBITYEMbIMU TaK-
XK€ He OyJeT OTINYaThCs.
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3. Mexnay OByMsl TUIIaMU KJIacTepoB OydeT Ha-
OJ1r01aThCS B3AUMOCBS3b, T.€. MPEACTaBUTEIN OJJHO-
TO KJIacTepa Ha OCHOBE 3achllaHUii OyayT cUCTeEMa-
TUYECKM TMONagaTh B KOHKPETHBLI Kiactep Ha
OCHOBE MPOOYKACHUIA.

METOIMWKA

Bce npouieaypsl, BEITTOJIHEHHBIE B 3TOM MCCIIEI0-
BaHWM, COOTBETCTBOBAJIM BTUYECKUM CTaHAapTaM
XeJIbCUHKCKOM nekiapauuu 1964 r. u Gonee mosn-
HUX MonpaBok K Helt. McciaenoBanue 66110 oqoope-
HO B3TUYECKMM KoMuTeToM WMHcTUTyTa BBICHIEH
HEpPBHOI eSITeIbHOCTU M Helipodusunonaorun Poc-
CUICKOM akajgeMuu HayK (TpoTtokoit Ne 2 oT 3 uioHs1
2019 r.). YyacTHUKHU MCClIea0BaHUS ObLIA MOAPOO-
HO MporHGOPMHUPOBaHBI 000 BCEX Ipolieaypax, 1
OT KaXJI0T0 y4aCTHHMKA ObLJIO MOJIYy4eHO MHPDOPMHU-
POBaHHOE MUCbMEHHOE COTJIacue.

B ucciaenoBaHuy NMpUHSLIM ydyacThe 73 CTydeH-
Ta-Meauka (58 XeHIIUMH 1 15 MyX4uH, CpemHui
Bo3pacT = 19.5 net, sd = 1.5). YyacTHUKHU He c000-
WA O TIPUCYTCTBMM B aHaMHe3e IMCcUXUaTpuye-
CKUX/HEBPOJOTMIECKIX 3a00jiIeBaHMII W IOUarHO-
CTUPOBAHHBIX pacCcTpoiicTBaX CHa B TEPUOL
HCCIeIOBaHUSI.

Kaxxaprit mCIbITyeMBIi 3aIIOJIHSIT OIIPOCHUK AH-
HETT IJIs OLIEHKU (PYHKIIMOHAJIBLHOM aCMMMETPUU
(Annett, 1970). OH cocTouT U3 12 MyHKTOB, OMMUCHI-
BaIOIIMX CUTYallud MCIOJb30BAaHUS pPa3HBIX PYK
(Hanpumep, “Kakoii pykKoil Bbl IepxXuTe 3yOHYIO
1eTKy?”), KOTOpble OLICHMBAIOTCS MO 5-0a/yibHOM
mkane Jlaiikepra B quamasone ot -2 (“Bcerma ne-
Boii”) mo 2 (“Bcerma npaBoii”). baaibl cyMMUPYIOT-
csl, B pe3yJibTaTe 4yero mojaydyaercs 1Kaia oT -24 10
24, roe 3HaYeHMS OT -8 10 8 yKa3bIBalOT Ha OTCYT-
CTBUE SIBHOTO MPENNIOYTCHUS PYKHU (AMOMIEKCTPUS),
0oJsiee HU3KHE OTpULATEIbHbIC 3HAUYCHUST YKa3biBa-
IOT Ha TMpeANnoYTeHue JeBoi pyKu, 0ojiee BHICOKUE
MOJIOXUTEIbHbIE 3HAUEHMST YKA3bIBAIOT HA MPEAIo-
YTEeHUE MPaBO pyKU. /{11 3TOr0 UCCIeTOBaHUS MBI
OTOOpany TOJBKO YYACTHUKOB C MPEANOYTCHUEM
MPaBOW PYKU, YTOOBI UCKITIOYUTHh BO3MOXHYIO TO-
00oYHYIO IepeMeHHYIO (TeCTOBEII Oaut > = 9).

Kaxaprit yaacTHUK yCTaHOBMII MOOMJIBHOE IIPH-
JIOKEHNE Ha CBOM CMapT¢OH M TIONYIWI IBE
Bluetooth-kxHonkn. B mpmioxXeHnn ygacTHUK BBO-
IWJI OCHOBHYIO MH(pOpMAIWio O cebe (MM, IO,
IaTy poXIeHUsl, Topon U yHuBepcurer). Mcnbitye-
MBIX MHCTPYKTUPOBAJIU IIPOBOIUTH UCCIEIOBAHNE B
TUXOM M30JMPOBAHHOM ITOMEIICHUU, IIPUHSITH
yIOoOHOE TOPU3OHTAJIBHOE ITOJIOXKEHME, HAIeTh Ha-
VIITHUKY 100 BKIIIOUHTH Telle(hOH HAa MaKCHUMAalb-
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HYIO TPOMKOCTD IJIA qumeﬁ CJIBIIIMMOCTHU HpO6y>K—
Jaroiiero Curaaia.

HcnbiTyeMble MpOXOauUad UCCaeaoBaHue OT 3 10
7 pas; majee Mo TEKCTY MBI OyIeM Ha3bIBaTh IIPO-
XOXIIeHNe MccienoBanus “mipodoit”. Kaxmas mmpo-
6a mmtack 60 MUH, B TeUeHUE KOTOPBIX YYACTHUK
IOJDKEeH OBLI IepKaTh Ij1a3a 3aKPHITBIMUA U CYUTATh
“mpo ce6s” ot 1 mo 10 ¢ wactoroit mpuMepHo 1 pa3 B
CEeKyHIy, OOTHOBPEMEHHO Haxkmmasi Ha KHomKy 10
pa3 ToodepeaHO MNpaBoil U JeBoii pykoii. Ecnu
YYaCTHUK He HaXKMMaJjl Ha KHOIIKM B TeUeHUE 2 MUH,
MIPWIOXEHNE TeHePUPOBAIO 3ByKOBOI1 CUTHAJI, UYTO-
Obl MCIIBITYEMBI IPOCHYJCS U IIPOHOJIKMI TECT.
Eciu yyacTHMK He BO30OHOBJISI HaXXaTusl, CUTHAI
noBTopsincsd Kaxnawie 10 c. Yepes yac ncciaenoBanme
aBTOMAaTWYECKM 3aBepPIIAIOCh, X OTYET C Pe3yIbTa-
TaMU OTIIPaBJISUICS HA yOAJeHHBINA CepBep.

Jist Kaxkaoil TpoObl OIpeNesuIiCh BIU304bI
KPaTKOBPEMEHHBIX 3aCBhIIIaHWM W UX IJIUTEIBHOCTh
(KpuTepueM 3achITaHus SIBISTIOCh OTCYTCTBHME Ha-
xaTtuii B TeyeHue 10 c 1 6osee), a TakKe onpeacsi-
JIach pyKa, ¢ KOTOpOii BO30OHOBJISIACH aKTUBHOCTh
UCIbITYeMoro (“pyka, KoTopas MpOCHYyJach Iiep-
Boit”). s panbHeillllero aHaiu3a OTOMpPaUCh
TOJBKO IIPOOHEI, B KOTOPBIX OBIIO KaK MUHUMYM
10 smu3000B 3achlIaHUii; CyMMapHOE KOJIWYECTBO
npo6 cocraBwio 191. PacnpeneneHue KoauuyecTBa
po6 110 UCITBITYEMBIM ITOKa3aHo Ha puc. 1.

Hns Kaxmoi mpoObl U3BJIEKAINCh BCE SIM30bI
KpaTKOBPEMEHHBIX 3aChIllaHUii, TOCJIE Yero OIpe-
JIesiiach pyKa, ¢ KOTOPO MCIIBITYEMBII HadyrMHAa
CBOIO aKTUBHOCTB TOCJIe MpoOykaeHus (“pyKa, KO-
TOpas TIpocHynach repsBoit”). [TocaegoBaTenbHOCTH
TaKMX MPOOYXKIeHMI ObLIM 3aKOIMPOBAHBI B TBOMY-
HoM Buze (0 — neBas pyka, 1 — mpaBas pyka), U st
HUX CUMTAIUChH CJIEIYIOIINe IToKa3aTeIu MH(popMa-
LIUOHHO CJIIOXXHOCTH:

e Outpomus lennona (Shannon, 1948) — paccuu-
ThIBaeTCs 1o hopMmyJie:

H(X) = =3_P(x)logy (P(x)),

rme x — coowiTie, P(X) — BEpOSITHOCTb COOBITHS,
X — MHOXeCTBO BceX coObITuii. 119 OMHapHO mo-
CJIeIOBaTEIbHOCTH 3TOT MOKa3aTeslb CTpeMuTes K 0,
€CJIM KaKOe-TO 3HAUYCHME TOSIBISIETCS Yalle APYyro-
ro, U CTpeMuTcs K 1, ecnu ob6a 3HaueHUsI paBHOBE-
POSITHBI. Hanpuwmep, MOCJIEA0BATEIbHOCTH
00000000 m 11111111, cooTBeTCTBYIOIINE HaXKaTH-
sIM TOJIBKO JIEBOI WJIX TOJIBKO IIPaBOM PYKOM, MMeE-
0T HyJeBylo sHTponuio IlleHHOHa, a mociaenoBa-

tenbHOCTL 01000111 mmeer sHTpornmio LllennoHa,
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paBHYIO equHUIlE (TaK KakK U JieBasi, U IpaBas pyKa
BCTpeYaloTCs OJMHAKOBO 4acTo). Takum obpa3om,
sHTponus llleHHOHa MOXEeT pacCMaTpUBaThCS Kak
roxasarejib CHMMETPHM.

o CnoxHocts Jlemnensi—3uBa (Lempel, Ziv,
1976) — oTpaxaeT YMCIO YHUKATbHBIX MMAaTTEPHOB
BHYTpM OOIIeli MocCieAoBaTeIbHOCTH, €C/IU OTCIe-
XKMBaTh €€ OT Hayaja J0 KoHIa. Tak, mociemoBa-
TeabHOCTh 01000111 comepxuT B cebe 5 mMaTTepHOB;
0, 1,00, 01, 11. CnoxHoctb JleMnenss—3uBa KpaitHe
3aBUCUMMA OT JUIMHBI aHAJIUM3UPYeMOI MocienoBa-
TEJIBLHOCTH, TIO3TOMY MbI TAKKE PACCUMTAIN HOPMU-
pOBaHHYIO CJIOXHOCTh Jlemmnenga—3uBa (Zhang et
al., 2009) o cnenymwouieit bopmyiie:

LZ

Ln= ————,
n-log, (n)

rae — oObIYHAs CIOXHOCTD JleMnenss—3uBa, — IIv-
Ha TocliemoBaTebHOCTU. TakuM oOpa3oMm, oba Io-
KasaTeJIsl OTPaKaroT CTEIeHb pa3HOO0pa3us naTrep-
HOB PYK B 3aCHIITAaHUY U TIPOOYKICHUM.

o [lepecranoBoyHas sHTponus (Bandt, Pompe,
2002) paccuuThIBaeTCsl MpPaKTUYECKU IO TOM XKe
dopmyne, uto u “obbruHasgs” sHTponus IlleHHOHA,
HO C OJHUM BaXXKHBIM OTIMYUEM:

H(X)= =" P(n)log,(P(r)),

rme T — MOPSIIKOBBIM IAaTTepH IIOCAeA0BaTEIbHO-
CTU U3 TpeX CUMBOJIOB. IlepecraHoBOYHAsT 3HTPO-
nust paboTraeT CAeAyIOIIUMM 00pa3oM: KaXIple TpHU
CJIeAyIOIIME APYT 3a IPYTOM 3HAUYCHUSI COPTUPYIOTCSI
110 BO3PACTaHMIO, ITOCTIE YETO OMPEeaesaeTCsl UX IMo-
PSIIOK B MCXOMHOM ITOCIEN0BAaTEIbHOCTH. Taxk, B IO~
canegoBaTenbHOcT 01000111 comepxkaTcs maTTepHBI
010, 100, 000, 001, 011, 111, KOTOpPBIE TIPN COPTH-
poBke mpeBpamamoTcsd B marrepHsl 021, 201, 012,
012, 012, 012. CooTBeTCTBEHHO, YeM BBIIIIE pa3HO-
oOpa3ue 3TUX OUHAMUYECKUX IIATTEPHOB — TEeM
BBIIIIE 3HAUEHME SHTponuu. Takxke MBI CIMTAIU yC-
JIOBHYIO TiepecTaHoBOoYHYI0 3HTpormio (Unakafov,
Keller, 2014), xoTopast moKa3bIBacT pa3sHOOOpas3ue
MOPSIAKOBBIX ITATTEPHOB, CICAYIOIIMX IOCIE IPYTUX
NOPSIAKOBBIX MATTepHOB. TakuM 00pa3oM, 3TU T10-
KazaTeJIud OTpaxamT pa3HOoOOpa3ne M CJI0XHOCTD
IUHAMUKHY PYK B 3aCHIIIAHUM U TIPOOYXKIESHUM.

e dpakranbHasg pasMmepHocTh IleTpocsiHa
(Petrosian, 1995) cumraercsa mo cienyiomeit ¢op-
MyJIe:
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MAHAEHKOB u np.

10

KonnuecTtBo UCIIBITYEMBIX

2 4 6
Ywucso mpod HA UCITBITYEMOTO

Puc. 1. PacnipeneneHue KoauvecTna Mpoo 1o UCTIBITYe-
MbIM. ITo ocu X mpencraBieHO YUCIO MPoO, MO ocu
Y — KOJIMYECTBO UCITBITYEMBIX C TAKUM KOJIMYECTBOM
mnpoo.

Fig. 1. Distribution of the trial number by subjects.
The X—axis represents the number of trials, the Y-axis
represents the number of subjects with that number of
trials.

log; (N)

N
logyo (V) +logyg N104N,

rae N — JUIMHa TIOC/IeN0BaTeIbHOCTU, a Ny — KO-
YECTBO pa3, KOTAA OJHO COCTOSTHAE CMEHSIETCS Y-
rum (0 Ha 1 unum 1 Ha 0). DakTUyecKu 3TOT MoKasa-
TeJIb U3MEPSIET YaCcTOTYy CMEHBI PYK B 3achlllaHUU/
MPOOYXIEHNN OTHOCUTEIBHO JUIMHBI BCEW MOCIEN0-
BaTEJIbHOCTU, W OH PACTET C YBEIMYEHUEM STOH Ya-
CTOTBI.

CTaTuCcTUYeCKMIl aHAIN3 JAaHHBIX IIPOBOIMIICS C
MIOMOIIBIO s3bIKa TIporpaMmupoBaHms R v4.3.3.
IMokazaTenn MHGOPMALIMOHHOM CIIOXHOCTU ObLIU
Z-CTaHJAPTU30BaHBlI II0 BLIOOPKE M TOJBEPIHYTHI
HepapXU4ecKOMy KJIaCTepHOMY aHAlIM3y IO ajro-
putMmy Yopma (Ward, 1963), pasnmuuus MeXny Ha-
OIIOACHUSIMU OLIEHUBAJIMCh 110 €BKJIIMIOBOM HOPME.
g comocTaBieHHUs ¢ MPOILIOH pabOTO MBI 13-
BJICKAJIA TO K€ YMCJIO KJIACTepoB — 4.

[lomygeHHBIE Ki1acTephl OBUIM CPaBHEHBI 110 I10-
Ka3aTe/IsIM TICUXOMOTOPHOTO TECTa, OTPAKAIOLINM
COHJIMBOCTBH UCITBITYeMOTO (001I1Iee YMCIIO HaXaTHi,
o0IIIee 4MCIO 3achIllaHWil, CyMMapHas INTENIb-
HOCTb CHa, CPeIHUI MHTEePBaJI MEXIY HAaXKaTUSIMM).
Tax KaK Kj1acTepu3ay IOABEPIrajICh HE UCITBITYE-
MbI€, a IPOOBI, TO (PaKTUUIECKM B JAHHBIX Y HAC Cy-
IIECTBYET ABA THIIA U3MEHUYMBOCTH — MEXTPYIIIIO-

Basg (pa3nmmuus MEXIy OBYMS  pa3IMYHBIMU
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WCITBITYEeMbIMUA, TIPUHAMIICKAIIMMU pa3HBIM Kila-
cTepaM) U BHYTPUTPYIIIIOBas (pa3Inyus IUIst OMHOTO
HCITBITYEMOTO, TIOMNAaBIIETO B pa3HbIE KJIACTEPHl B
3aBMCUMOCTHU OT MpoObI). HTOOBI pa3neanuTh 3THU ABa
TUIA U3MEHUYMBOCTU U 060Jiee YeCTHO OLICHUTD MOJTy-
YMBIIMECS Pa3IMdMsi, Mbl KCITOJIb30Bajd MOJEIb
within-between mixed model (McNeish, Kelley,
2019), peann3oBaHHYIO U aBTOMaTU3UPOBAHHYIO B
nakete panelr (Long, 2023).

PE3VJIETATHI UCCAEJOBAHUN

Kak u B ciydae ¢ 3achlmaHUSIMM, aHAIU3 BCEX
Mpo6 10OPOBOJIBbLEB MO3BOJIMA BBIAEIUTh 4 OCHOB-
HBIX KJIacTepa, 10 CBOMM XapaKTEePUCTUKAM IOXO0-
>KMX Ha KJIacTephl 3aChITTaHUIA:

e Kitactep 1 — 72 HabmoneHUs. ACUMMETPHUS
CJIeTKa BBIpaxkeHa — HEKOTOpBIC 3HAYCHUS DHTPO-
nuu IleHHoHa 3HauuTenbHO HUXe 1. ITo cpaBHe-
HUIO C IPYTMMM TpyHIIaMM MOKa3aTesIM CIOXKHOCTHU
OTHOCHUTENIbHO HM3KHE, HO HE caMble HHM3KHE U3
Bcero Habopa.

o Knacrtep 2 — 74 HabmoaeHUs1. ACUMMETPUS He
BeIpaxkeHa — aHTponus [llenHona 6au3ka K 1. Kpo-
M€ TOro, HabJI0Jal0TCs caMble BHICOKME 3HAUCHUS
BCeX IToKazaresieil CIIOXHOCTU, 3a MCKIIOYEeHUEM
“00bIYHOI” coxHOoCTU Jlemriens—3uBa U YCJIOB-

HOM IepeCcTaHOBOYHOI SHTPOIIUU.

e Kiractep 3 — 35 HabmoneHunii. ACMMMeTpUs He
BeIpakeHa. O0mamaeT caMoil BBICOKOI “OOBIYHOI”
CJI0XHOCTHIO Jlemrtenss—31Ba U yCIOBHOM IIepecTa-
HOBOYHOM SHTPOIMEI, OTPaxKaOIIMU MEHBIIIYIO
“CTaOMITBPHOCTDL” MATTEPHOB BO BPEMEHM.

o Kiacrep 4 — 10 HaOmogeHuit. Hauboiiee BbI-
pakeHHas aCUMMETPHSI M caMble HU3KHE TTOKa3aTe-
JIA CJIOKHOCTH.

BusyanbHO IMOJIy4eHHBIE Pe3yJIbTaThl IPEICTaB-
JICHBI Ha puc. 2.

ITo mokazarensim IICUXOMOTOPHOTI'O TECTA B CPEA-
HEM T'PYIIIBI ITOKa3aJInu CJIACAYIOIINE pa3/Induns:

e Knacrep 1 ceirpai poiib pepepeHTHOI KaTero-
pyu B Mozesu: 2466 HaxXaTtuii, 26 3MM3010B MUKPO-
cHa, 17 MUH CHa, CpeIHUI NHTEpBaJI MEeXIy Haxa-
TUSIMU cocTaBiisteT 1125 Mc.

e Kiactep 2 — cTaTucTUYECKM 3HAYUMO OOJIbIIIE
yucao Haxatuit (BHyTpurpymmoBoe B = 430.07,
t=2.13, p = 0.04), MeHbIIIE YUCJIO 3aChITTAaHUI (BHY-
TpurpymmnoBoe 3 = -8.3, t = -4.29, p < 0.001, mex-
rpynmnoBoe 3 =-10.71,t=-4.17, p < 0.001) u kopoue
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0o0I1Iasl JIUTENIbHOCTb CHAa (BHYTPUIPYIIIOBOE 3 =
-6.04,t=-3.29, p <0.001).

e Knacrep 3 — cTaTUCTUYECKM 3HAYMMO MEHBbIIIe
YUCJIO HaXaTuii (BHyTpurpymmoBoe [ = -541.99,
t = -2.26, p = 0.03) u Gosbllie YKCIIO 3aChITAHUIA
(BHyTpUuTrpyrnmosoe B = 11.48, t = 5.01, p < 0.001,
Mexxrpymnmosoe = 16.17,t =-4.72, p < 0.001). Tak-
ke B KylacTepe HaO/ofaacs HauboJIbIIii MHTepBa
MEXIy HaXaTUsMU, HO pasiuuyue He SBJSeTCs
CTAaTUCTUYECKM 3HAYMMBIM (BHYTPUTPYIIIIOBOE [3 =
141.78,t= 1.88, p =0.06).

e Kimactep 4 — cTaTUCTUYSCKU 3HAYMMO OOJIBIIIE
3aceImanuit (BHyTpurpymmoBoe 3 = 12.44,t = 3.89,
p<0.001).

Lennkom Ko3(DPUIIMEHTHI, NX CTaTUCTUYECKAS
3HAYMMOCTb M IIceBIO-R? Bcex 4eThIpex Mojesieid
MpUBEACHBI B Ta0I. 1.

Taxcke MBI CpaBHIIIM pa3Mephl ITOJTYISHHBIX KJla-
CTEpOB C pa3MepaMM TeX XK€ KJIacTepoB, IMOJIy4eH-
HBIX Ha 3achlllaHugX. BblJIo 0OHApyXXeHO YMeHbIle-
HYe 70au 3-T0 U 4-TO KJI1aCTepOB C OHHOBPEMEHHbBIM
yBeJIMYEHUEM JOJM 2-TO KJjacTtepa, SBJsIolieecs
CTaTUCTUYCCKU 3HAYMMEBIM I10 KPUTEPUIO COTIACHS
IMupcona (x> = 31.917,df=3,p <0.001).

Hakonen, MBI IIpOBEpMIM, COBIANAIOT JIX KJja-
CTEpHl OMHOIO M TOTO € MCIIBITYEMOIO, ITOJTyYeH-
HbI€ Ha 3aCHITAHNUSX U IIPOOYXICHUSIX (T.€. eClId Ha
3aChIITaHUSIX UCITBITYEMBII ITOITajl B 1-11 Kjtactep, mo-
ImageT I OH B 1-# KjacTep Ha IIpOOYXIEeHUSIX, WK
HeT). IS Kaxmoii maphl “KjacTep 3achIIaHUM —
KJ1acTep MpoOyKIeHni1” Obla ITocYnTaHa abCoTIoT-
Hasl 9aCTOTa BCTPEYaeMOCTH, KOTOpast ObLJIa HOPMHU-
poBaHa OTHOCHUTENIIFHO KJIacTepa 3achIIaHWil IS
OOJIBIIICH HATISITHOCTH pe3y/IbTaTa (TaK JIydille BUI-
HO, Kakasl JOJIsI MCHOBITYEMBIX “coxpaHujia” CBOI
KJIacTep, a Kakasl 0Ka3ajlach B APYTOM). DTU Pe3yiib-
TaTHI IIpeACTaBIeHBI Ha pUC. 3.

OBCYXIEHWE PE3VJIETATOB

Cnenyst IpOTOKOJIy aHaIM3a, UCIIOJIb30BaHHOMY
B Hameil mpenbimyineii padore (Manaenkov et al.,
2023), MBI ONYYUIIA 4 KJlacTepa, KOTOphIe IO CBO-
MM Ka4eCTBEHHBIM XapaKTepUCTUKAM IIPAKTUIECKHU
WIESHTUYIHBI KJIacTepaM, IMOJy4eHHBIM Ha MaTepya-
Jie 3achinmanuii. OMHAKO pa3IMIus 110 IICUXOMOTOP-
HBIM XapaKTepUCTUKaM Ha 3THUX KJIacTepax oKasa-
JINCh HE HACTOJIBKO BBIpAaXXE€HHBIMM, KaK B Halllei
mponuioi padore. IIpuMedaTenpsHO, YTO HA OCHOBE
3TOr0 HECKOJIbKO M3MEHWIACH MHTEPIPETALIS KiIa-
CTEepOB; eCJTN B IIPOILJION padboTe Kiacrep 4 (“mipen-

CKa3yeMbIii”’) MOT OBITb WHTEPIPETUPOBAH Kak
Ne 3
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MAHAEHKOB u np.
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Puc. 2. Pacnipenenenus rokasateseil CJI0XXHOCTA B KaXKIOM U3 YEThIpeX KJIAacTepoB (IPeICTaBIeHbl B BUIE YCEUEHHBIX
CKPMITMYHBIX TpachMKOB), a TAKXKe MX CpeaHue 3HaYeHUs1 ¢ 95%-Mu NOoBepUTEIbHBIMU MHTepBaTaMK (IIPENCTaBIeHbI B
BHJIE TOYEK ¢ ycuKamu). HoMmepa Kj1acTepoB IpeacTaBiIeHbI 10 OCIM X, a 3HaYeHUsI KOHKPETHOTO ITOKA3aTeJIsl IIPEACTaB-
JieHsbI 0 ocsiM Y. JloBepuTeIbHbIE MHTEPBAJIbl ObLIM MOCTPOCHBI ¢ UCToNb30BaHMeM ainroputma BCA-bootstrap (Efron,

1987).

Fig. 2. Distributions of complexity measures in each of the four clusters (represented as truncated violin plots), as well as their
mean values with 95% confidence intervals (represented as dots with whiskers). Cluster numbers are represented along the
x-axes, and the values of a specific measure are represented along the y-axes. Confidence intervals were constructed using the

bias-corrected and accelerated bootstrap (Efron, 1987).

“OompcTBYIONINIT” KJIacTep, TO Ha 3TUX JaHHBIX Ta-
KOTO BbIBOJA cliejlaTh Heb3sl. B cBoto ouepenp, 1-it
M 2-Ii KIacTephl HAa 3TUX JaHHBIX OTPaxKaroT OoJjiee
BBICOKUI YpOBEHb 00IPCTBOBAHUSI — OCOOEHHO 3TO
KacaeTcsI BTOpOro KjacTepa, B KOTOPOM HaOJIromaeT-
cs O6oJree YeTKOe YepeaoBaHme “IIpo0yKIaromxcs”’
pyK (oTpaxeHHOe B pa3MepHocTH IleTpocsHa). 3-it

kimactep (“COHIUBBIN") — eMMHCTBEHHBIN, KOTOPBIH
HE yTpaTWJI CBOIO U3HAYAIbHYIO MHTEPIIPETALIUIO.

Taxke cTOUT 3aMETUTb, YTO MCIIOJIb30BAHUE
within-between-mMoneau IMO3BOJIWIO IOIIOJIHUTEIb-
HO pa3rpaHUYMTh XapaKTep dTON N3MEHYNBOCTH — B
OCHOBHOM 3TO BHYTPUTPYITIIOBass M3MEHYMBOCTH
(T.e. I3MEHEHUS KJIaCTEPOB Y OTHOTO M TOTO K€ MC-
MBITYEMOTO BO BpeMsI pa3HBIX IPo0), 3a MCKITIOUEe-
HUEM KOJIMYECTBA 3TM30/I0B 3aChINTaHUI, KOTOPEIE
TaKkKe TEMOHCTPUPYIOT BBIPAXKEHHYIO MEXTPYIIITO-

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU

BYIO U3MEHUYMBOCTH (T.€. Pa3IMIus MeXIy pa3HbIMU
HCIIBITYeMBbIMHY, TIONABIIMMK B Pa3HbIC KJIACTEPHI).
DTO MOXET TOBOPUTH O TOM, YTO HAIIIM KJIACTEPHI B
OOJIBbIIICH CTEIIEHW OTPaXKaloT MMEHHO IIPOLIECCHI,
CBSI3aHHBIC CO CMEHOI1 (DYHKIIMOHAIbHBIX COCTOSI-
HUI, HEeXXeI KaK1e-TO II100aIbHBIE XapaKTePUCTH-
K1, OTPAKAOIINE OTIMIMS MEXITY UCITBITYEMbIMU.

ITogoOHbIA pe3yabTaT MOXET ObITh OOBSICHEH
“TlepepacripenelieHneM”’ KJIaCTepOB: OAHA W Ta XKe
3aIIMCh OMHOTO UCIIBITYEMOTO MOTJIa ITIONAaCTh B pa3-
HBIE KJIACTEPHl B 3aBUCHUMOCTH OT TOTO, BBIAEIISIICS
JIM KJIACTep Ha OCHOBE 3aChIITaHMi1 (KaK B IPOIILION
paboTe) 1M Ha OCHOBe TIPOOYXKIeHMIT (KaK B TEKy-
meil paboTe). DTO mepepaclpeleIiecHHe XOPOIIo
BMUIHO Ha puc. 3 — mond 3-To M 4-To KJIacTepoB
YMEHBIIWIACH B IIOJIb3Y H0JI1 2-T0. I1oaTOMY MBI pe-

mMIn AOIIOJHHUTCJIbHO IIPpOAHAIM3MUPOBATH OO
2024
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Taommua 1. Kosdpduumentsr within-between-Mozeneil, cpaBHMBAIOIIMX ITOKA3aTeId TICMXOMOTOPHBIX TECTOB MeXay 4
kiactepamu. CToJIOUBI cofiepKaT Ha3BaHUS MoKa3aTeJieid: obilee KoanyecTBO Haxatuii (Taps), obiee KOIu4ecTBO 3MU30[10B
cHa (Sleeps), o0Iass MPOXOKATENBHOCTL CHa (Sl. len) u cpemHmii mHTepBan Mexny Haxartusmu (ITT). Intercept orpakaeT
CBOOOIHBIN WieH MOAEIM — B JAHHOM CJIydyae 3TO CpelHMe 3HaYeHUs MokasaTeliei 1o kiacrepy 1. cluster2, cluster3 u cluster4
0003HaYaI0T BHYTPUTPYIIIIOBBIC PA3TUIMSI MEKIY COOTBETCTBYIOIIUM KJIACTEPOM M KJIACTEpOM 1; X aHAJIOTH € TIPUITUCKOM imean
0003Ha4al0T MeXrpyImmoBble pazmmuusa. SD (Intercept) o3Ha4yaeT AMCIIEPCHUIO CIIyYaiHBIX CBOOOMHBIX WIEHOB perpeccuu, SD
(Observations) o3HayaeT OCTaTOYHYIO, HEOOBSICHEHHYIO aucrepcrio. pR2 o6o3HauaeT rnceBno-koahGUIMEeHT AeTepMUHALIMI
— OTpaxaloluii ToJbKo (ukcrupoBaHHBe 3bdexTrl (_fe) u dbuxkcupoBanHble + ciydaitHble (_total). B Kpymibix ckobKax
YKa3aHbI P-3HaY€HMsI COOTBETCTBYIONINX KOI(P(HULIMEHTOB, B KBAAPATHBIX — 95%-Hble JOBEPUTEIbHBIE MHTEPBAIBL. 3BE300YKI
0003HaYaloT ypoBeHb 3HaUuMocTu: * — < 0.05, ** — <0.01, *** — <0.001.

Table 1. Coefficients of within-between models comparing psychomotor indicators between 4 clusters. The columns contain the
names of the indicators: total number of taps (Taps), total number of sleep episodes (Sleeps), total sleep duration (SI. len) and the
average inter-tap interval (ITT). Intercept represents the average values of indicators for cluster 1. cluster2, cluster3 and cluster4
indicate within-group differences between the corresponding cluster and cluster 1; their analogues with the imean annotation
indicate between-group differences. SD (Intercept) represents the random intercept variance, SD (Observations) represents
residual variance. pR2 stands for a pseudo-coefficient of determination — reflecting only fixed effects (_fe) and fixed + random
(_total). The p-values of the corresponding coefficients are shown in round parentheses, and the 95% confidence intervals are
shown in square parentheses. Asterisks indicate the level of significance: * — < 0.05, ** — <0.01, *** — <0.001.
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Taps Sleeps Sl. len ITI
(Intercept) 2466.020 ( < 0.001)*** 25.801 (< 0.001)*** 16.855 (< 0.001)*** 1215.084 ( < 0.001)***
[1687.802, 3244.237] [22.319, 29.283] [11.522,22.188] [994.447, 1435.720]
cluster2 430.073 (0.035)* -8.299 (< 0.001)*** -6.036 (0.001)** 31.884 (0.617)
[31.086, 829.060] [-12.112, -4.486] [-9.654, -2.418] [-93.619, 157.386]
cluster3 -541.988 (0.026)* 11.485 (< 0.001)*** 2.884 (0.187) 141.775 (0.062)+
[-1015.107, -68.870] [6.963, 16.006] [-1.406, 7.174] [-7.046, 290.596]
cluster4 38.660 (0.908) 12.442 (< 0.001)*** 2.486 (0.414) 72.090 (0.495)
[-621.462, 698.782] [6.134, 18.750] [-3.500, 8.472] [-135.553, 279.733]
imean(cluster2) 316.809 (0.595) -10.706 ( < 0.001)*** 2.634 (0.516) -34.064 (0.840)
[-851.978, 1485.595] [-15.767, -5.646] [-5.316, 10.584] [-364.664, 296.536]
imean(cluster3) -69.820 (0.932) 16.174 (< 0.001)*** 8.663 (0.118) -240.635 (0.296)
[-1667.212, 1527.572] [9.417,22.931] [-2.137, 19.464] [-691.613, 210.343]
imean(cluster4) -667.932 (0.717) 0.184 (0.980) 9.338 (0.449) -139.560 (0.788)
[-4284.458, 2948.594] [-14.459, 14.827] [-14.837, 33.513] [-1156.856, 877.737]
SD (Intercept) 1429.777 3.863 9.020 395.484
SD 851.898 8.141 7.725 267.967
(Observations) ) ) ) )
pR2_fe 0.03 0.49 0.07 0.02
pR2_total 0.75 0.58 0.61 0.69
KYPHAJI BEICIIEW HEPBHOM JEITEJILHOCTHU ToM 74 Ne 3 2024
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BO3MOXHBIX COUCTAHUI MEXKIYy STUMU IBYMsI TTapa-
MU KJacTepoOB; OHU IIpeAcTaBieHbl Ha puc. 3 (mpa-
Basl 4acTh).

ITo Bu3yanu3auuu BUOHO, YTO, XOTs BbIpaxkKeH-
Has oJs1 MpencTaBUTeNe KaXIoro Kjacrepa Co-
XpaHsIET ero BHE 3aBUCHMOCTU OT TOrO, Ha KaKHUX
JAHHBIX 3TU KJIaCTePbl BBIIESIINCDH, OIIpeAeIeHHAs
JOJISI VICTIBITYEMBIX BCE-TaKM “MeHsIeT” CBOM Kila-
crep. OmHaKo 3Ta CMeHa KJlacTepa He SIBJISIETCS CIIy-
YaifHOI — Ha rpadrKe XOpOIIo BUIHEI IBA HEOOBIU-
HBIX IIaTTEPHA:

1. Knactepsl 3 1 4 B3aMOMCKITIOUAIOT APYT APY-
ra — HeT HU OIHOTO HAOIOACHMS, TAE UCITBITYeMBbIiA
nonagaj O0bl B o0a KJjactepa OOZHOBPEMEHHO. DTO
MOXET CBUIETEILCTBOBATh O TOM, YTO 3T IBa KJia-
cTepa OTpaXaloT B HEKOTOPOM CTETICHM B3aMOMC-
KJTIOYaoIIe, KAYeCTBEHHO pa3IMYHbIe COCTOSTHUS,

(a)
MpobyxaeHus

60

40

Konunyectso

20

Knactep

3acbinanusa

60

40

KonnyecTtBo

20

Knactep

MAHAEHKOB u np.

B TO BpeMs Kak 1-ii u 2-i1 kjacTtepbl 0003HAYaIOT
HEKOTOpHIE IepeXOAHble COCTOSIHUS, SIBISIOLIMECS
MOCTUKOM MEXIY IBYMSI.

2. Ilpu sToM HabMOgAaeTCsT HEOXKMAAHHAS aCUM-
MeTpus: 3—4-i1 KacTtepbl CMEHSIOTCS Ha 1—2-i1 TO-
pazno yaile, yeM HaobOopot. ['urore3a o ToMm, 4TO
9TO MOXKET O3HaYaTh, IIPUBEACHA HIKE.

Kakue npoueccbl MOTYT CTOSITh 32 9TUMU MOBE-
JeHYeCKMMU U3MeHeHUsIMU? B HalMx OpOLLIbIX
paborax (Dorokhov et al., 2019, 2021) 6bL10 MOKa3a-
HO CYILIECTBOBaHUE IBYX TUIIOB “(a3sruecKux aKkTh-
BalIMOHHBIX TATTEPHOB”, MPEAIISCTBYIOLINX IMPO-
OyXIeHWI0 W  BO30OHOBJICHUIO  AKTUBHOCTM:
anb(a-aKTUBHOCTb MpU NPOOYXAeHUU OT 1-i1 cTa-
IUA CHAa U MEIJEHHOBOJHOBbIE OCLWJUISILINA
(K-koMIuIeKChl) TIpu MpoOYXKASHUU OT 2-i CTaauu
CHa. YUYuThIBasl CpeIHIO YAaCTOTY 3aChIlIaHU B Te-

(6)

Oona

@ o
@ -

KnacTep (3ackinaHue)

1 2 3 4

Knactep (npobyxaeHue)

Puc. 3. (a) — pa3Mepsl KJIacTepoB, MOJTYYEHHBIX Ha OCHOBE TIPOOYXIEeHMI (BEpXHSIS YacTh rpadmka) v pa3mMephl aHAJIO-
TUYHBIX UM KJIACTEPOB, MOJYYEHHBIX Ha OCHOBE 3aChIMaHM (HYDKHSS YacTh Tpacduka). [To ocu X mpeacraBiieH HOMep
KJ1acTepa, 1Mo ocu Y — KOJIMYECTBO HAOMIOAEHMI B KaXKIOM KiacTepe. (0) — nuarpamma, MoKa3blBaloILast JOJIU KaxXI0ro
CcoueTaHUsT “KjacTep 3achlllaHUs — KJIAcTep MPoOYyKIeHUsI” OTHOCUTENLHO BCEX BAPUAHTOB IUIS KaXIOTO KilacTepa 3a-

099

ChIlTaHuA 110 oTaeabHOoCTU. 1o ocu X mpencTaBieHbl “KiacTepbl MpOOYyXaeHWit”, Mo ocu Y — “KiacTepbl 3achIMaHUii”.
JraMeTpoM TOUYKM KOTUPYETCs A0Js1 — YeM 0oJiblie TOUYKa, TeM OOJIBIIIYIO JOJI0 COCTABIISIET TAKOE COYETAHUE KJIaCTEPOB.
Fig. 3. (a) — the sizes of clusters obtained on the basis of sleep-wake transitions (upper part of the graph) and the sizes of
similar clusters obtained on the basis of wake-sleep transitions (lower part of the graph). The cluster number is shown on the
X—axis, and the number of observations in each cluster is shown on the Y-axis. (0) — a diagram showing the proportions of
each combination of “wake-sleep cluster — sleep-wake cluster” relative to all variants for each wake-sleep cluster separately.
“Sleep-wake clusters” are represented on the X—axis, and “wake-sleep clusters” on the Y-axis. The diameter of the point
encodes the proportion — the larger the point, the greater the proportion of such a cluster combination.
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YyeHue Mpood ucciaeaoBaHUsI, MOXKHO MPEATIONOXUTh,
YTO B HallleM cjydyae JOMUHUPYET UMEHHO MaTTepH
1-ro TMMOa; Mbl Mpenjarajy 3Ty TMIIOTe3y B HalleM
npouwioM uccienoBanuu (Manaenkov et al., 2023),
onupasich Ha pa6othl Kalauzi u onucaHHble B HUX
naTtTepHbl (pa3soBOil pacCUHXPOHU3ALMU ajib(da-aK-
TUBHOCTU MEXIY pa3HbIMU 3jieKTpoaamMu DB npu
HacTyrieHuu apemorHoro cocrosiHus (Kalauzi et
al., 2012, 2018).

OmHako B TeKyllIei paboTe IMOSBISIETCS JOITOJ-
HUTEJIbHOE HAOJIONeHWE: eCIU IIPEAIIOI0XUTh, 9TO
“mepexoabl” MeXIy KJlacTepaMu cHa U 00IpCTBOBA-
HUSI OTpaXaloT MepeXoabl MEXKIY Pa3HBIMHM COCTOSI-
HUSIMU CUCTEMBI, TO OITMCaHHas BBIIIIE ACUMMETPUS
B riepexoje Mexny 3—4-m u 1—2-M KjaacTepamu I10-
X0Xa Ha ructepesuc. ['mcrepesuc — 310 heHOMEH,
HaOMIONAIOIINIACS B CIOXHBIX TUHAMWYECKUX CH-
cTeMaxX M OTpaKaloIIMii 3aBUCUMOCTb TEKYIIIETO CO-
CTOSHUS CUCTEMBI OT €€ IPOIIIOTO; OH MOXET BBI-
paxkaTbcsl B OTHOCHUTEIBHOM JICTKOCTH IIepexoa
CHCTEMBI U3 COCTOSTHMUSA 1 B cocTosgHUE 2, HO TIpU
3TOM 0o0JIee CIIOKHBIM IIEPEXOIOM M3 COCTOSIHUSA 2 B
coctogHue 1 (Kopfova, 2006).

ITomoOHBINT pe3yabTaT OYeHb MHTEPECEH B CBETE
ucciaengoBanus Hyoungkyu Kim: aBTophl ucciemno-
Bajau (eHOMEH rucTepe3rca IMpu CMEHEe YpOBHEH
0oapcTBOBaHUS Ha (hOHE aHECTE3MU, a TAKXKe CpaB-
HUBaJM TOJIyYEHHBbIE PE3yabTaThl C (POpMaTbHOM
moaensto (Kim et al., 2018). ABTOpbI ITOKa3bIBaAIOT,
4yTO HauboJiee BbIpaKeHHBIN TMCTepe3rc Haboaa-
€TCS UMEHHO B ajib(a-arana3oHe, IpuueM BbIpaxka-
€TCS OH He B UBMEHEHUM MOIIHOCTH PUTMMYECKOMN
aKTMBHOCTM, a B M3MEHEHUIX (PYHKIIMOHAJIBHOMI
CBSIBHOCTU. B TakoMm cilydae He WMCKIIOYEHO, YTO
pazHooOpa3ue MOJTYYeHHBIX HAMU KJTACTEPOB U UX
COYETaHMIA MeXIy CHOM W OOIpCTBOBAaHUMEM OTO-
OpaxkaeT (byHKUMOHAIbHbIE TIEPECTPOMKHU ajlb-
(pa-aKTUBHOCTH B MPOLECCE BHIMOTHEHUS MOBEICH-
YeCKOTO TecTa.

Henb3s npu 3ToM yIycKaTh U BKJIad aKTUBHOCTH,
CBSI3aHHOI C TpoOyXaeHrWeM M3 0oJiee TTyOOKMX
cTanuii cHa. B 3ToM 1m1aHe MHTEpeCHBI padoThl KO-
BEHKO, B KOTOPBIX UCITBITYEMbIE JOCTUraan 2-i cTa-
JWU CHA MPU BBIMOJHEHWU MCUXOMOTOPHOIO TECTa
(Yakovenko, Petrenko, Cheremushkin et al., 2023;
Yakovenko, Petrenko, Tkachenko et al., 2023). B Hux
OInycaHa aCMMMETpUS, CBSI3aHHAS C aMILIMTYIHOM
CUHXPOHM3AIEN MEXIy pUTMAaMU — B IIEPBYIO OUe-
penb anbda v TeTa B JIEBOM MOJYLIapUM, HaOIoaae-
Mas 1o npodbyxneHus. [TpuToM KoamyecTBO acMM-
METPUYHBIX CBS3€ii yMEHbIIAeTCs II0 Mepe
NpUOJVXKEHUS UCIIBITYEMOIr0 K MOMEHTY IPOOYX-
JIEHUSI; 3TO MOXET TOBOPUTH O O0JIbIIEH CUHXPOHU-

KYPHAJI BbICILIEW HEPBHOM AEATEJIbHOCTHU
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3alMY MEXAY MOJIyIIapusIMU B MOMEHT IIpOOYXKie-
HUs, YTO MOXET  OOBSICHATb  OTCYTCTBUE
“raobajabHON” aCUMMETPUM B OOJIBLLIMHCTBE MPOO
HalIllero uccienoBaHus. TeM He MeHee B3aMMOCBSI3b
MeXIy anbda- U TeTa-aKTUBHOCTBIO U €€ POJib B
(opMUpOBaHUN HAIIUX MOBEICHUYECKUX KIACTEPOB
BCE €lle MOXET ObITb MHTEPECHBIM HaIlpaBJIeHUEM
JTAJTBHEUIIINX UCCIENOBAHU.

J1s1 manbHENIIMX uccaeaoBaHUid TIpearoaraeT-
Csl IOCTPOeHUE KlaccuduKaTopa, KOTOPbIi MO3BO-
JINT HaM IIpMCBauBaTh HOMEP KiacTepa J1abopaTop-
HbIM JaHHBLIM. TakuM 06pa3oM Mbl CMOXEM Y3HAaTh,
Kakue MOBeIeHUYEeCKNEe KJIacTephl yallle Bcero ¢op-
MUPYIOTCS B J1aOOPaTOPHBIX YCIOBUSIX, HACKOJIbKO
OHM IIOXOXU Ha MOJYYUBIINECS Y Hac KJIacTephl (He
SIBJISIIOTCSI JI OHU Pe3yJIbTaTOM 3KCTPAIOJISILNN), —
U TTOJIyYUTh OTBETHI HA BOIPOCHI, CBSI3aHHbBIE C BO3-
MOXHBIMU  (PU3MOJIOTUYECKUMU  MeXaHU3MaMu
¢opMUpPOBaHUS 3TUX KJIACTEPOB.

3AKJITIOYEHUE

Ha 73 ucnbeityembix B 191 uccienoBaHuu ObLIH
BBIACJIEHBI 4 KaYeCTBEHHO W KOJMYECTBEHHO pas-
JIMYHBIX KJIacTepa, OCHOBAaHHBIC Ha TOM, C KaKoOi
PYKHM BO30OHOBJISIACh AKTUBHOCTH HCHBITYEMOTO
rocJjie NpoOyXIeHusT OT KOpOTKOro cHa. Kiacrepsl
JEMOHCTPUPYIOT KOPPEJISILIUM € IIOKa3aTeJISIMU TICH -
XOMOTOPHOTO TeCTa, OTPaKaIOIIMMM YPOBEHb COH-
JIMBOCTA — JUJISI HauMEHee “COHJIMBOro” KiacTepa
XapakTepHO 0oJiee CTEPEOTUITHOE YepeaoBaHUE
“IpoOyXneHui pa3sHBIMU pyKamMu”, Ijs HauboJiee
“COHJIMBOTO” — MEHbIlIasg TpeacKa3yeMOCTh IaT-
TepHOB Bo BpeMeHU. [TokazaHo, uto 3-it u 4-ii Kia-
CTepbl HUKOTZIA HE CMEHSIOT IPYT Ipyra Mexay 3a-
CBHITTAHUSMU U TTPOOYKICHUSIMUA U Yallle CMEHSIOTCSI
Ha 1—2-i kyactep, yem HaobopoT. [Ipeamnonaraer-
csl, UTO 3a pe3yJIbTaTaMU CTOUT AMHAMUKA QYHKIIM-
OHAJIbHOM CBSI3HOCTH B pa3HbIX DD -nuana3oHax.
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KOH®JIUKT MHTEPECOB

ABTOpBI 3asIBJISIOT 00 OTCYTCTBUM KOHG(IUKTA
MHTEPECOB.

COBJIIOAEHUE STUYECKUX CTAHIAPTOB

HccnenoBanne 6bUI0 0MOOPEHO 3TUUECKUM KO-
MUTETOM MHCTUTYTA BBICILIEH HEPBHOM AeSTEIbHO-
ctTu U Helipodusuonorun Poccuiickoit akagemMuu
Hayk (rmpotokoit Ne 2 ot 3 utons 2019 1.).
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PATTERNS OF INTERHEMISPHERIC INTERACTIONS IN THE SHORT DAY
SLEEP EPISODES

A. E. Manaenkov*"#, N. V. Ligun?®, D. S. Sveshnikov¢, E. B. Yakunina®, V. 1. Torshin®,
V. B. Dorokhov*

@ Laboratory of Neurobiology of Sleep and Wakefulness, Institute of Higher Nervous Activity and Neurophysiology of the Russian Academy
of Sciences, Moscow, Russia
¢ Department of Psychophysiology, Lomonosov Moscow State University. Moscow, Russia
¢ Department of Normal Physiology, Medical Institute of the Federal State Educational Institution of Higher Education “Peoples’
Friendship University of Russia”, Moscow, Russia
#e-mail: allomulder@gmail.com

Previously, based on the material of multiple wake-sleep transitions when performing a bimanual psychomotor test
based on a mobile app, we identified and interpreted 4 qualitatively different patterns of behavioral activity. In the same
191 1-hour experiments within 73 students we analyzed the data to see how interhemispheric interactions change when
waking up from sleep. Using the Ward hierarchical clustering method, 4 clusters were identified. The average values
of behavioral indicators in clusters were estimated, two sets of clusters were compared using Pearson’s chi-square test.
It is shown that the pronounced pattern of asymmetry between the hands is the rarest; for the least “sleepy” cluster,
alternating awakenings with different hands is characteristic, for the most “sleepy” — the least predictability of patterns
over time. It is also shown that the “asymmetric” and “sleepy” clusters never switched each other between falling
asleep and waking up, and are more often switched by the remaining two clusters than vice versa.

The results obtained can reflect the dynamics of interhemispheric interactions during sleep-wake transitions. It is
argued that the differences between the clusters are due to the restructuring of functional connectivity in different
ranges of EEG activity.

Keywords: psychomotor test, mobile app, asymmetrical sleep, hysteresis
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Pabota nocasitieHa MpeacTaBaeHUIO U OLIEHKe paboThl arOpUTMa BBIAEJICHUS MO3TOBOTO BBI3BAHHOTO TOTEHIIM-
ana, cBsa3aHHoro ¢ cepauedbueHrem (BI1C), ¢ momolbio MeToa HE3aBUCUMbBIX KOMIIOHEHT. AJITOPUTM BKJIIOYAET
OTHOBPEMEHHYIO perucTpaivio 3jiekrposHiedanrorpammsl (B3T) u dororuretuzmorpammer (PI1T), BeineneHMe
n3 OO parMeHTOB, COOTBETCTBYIOIIMX MUKY ITyJbcoBoii BoiaHbI PIII, ynanenue m3 moiydyeHHBIX (parMeHTOB
KapIMOTeHHOM aKTUBHOCTM C TIOMOIIbI0 MeToJa He3aBUCUMBIX KoMoHeHT (MHK), cunxpoHuzanuio dhparmeH-
ToB ¢ R-3y6110M Kapnuorpammel. Uit yTOUHEHUS JIOKAIM3AUA UCTOYHUKA TTOTYYeHHOTO MOTEHIINAa IPUMEHEH
MPOCTPAHCTBEHHBIN (puabTp “current source density” (CSD). Anroputm 0611 aripodupoBaH Ha 21 y4aCTHMKE 9KCIIe-
PUMMEHTA U1 BBISIBWJI XapaKTepHOE MOBBILIEHUE aMIUIATYABI MOoTeHIMa a B mpoMexyTke oT 0 1o 400 Mc mocie ynapa
cepaua — BIIC.

Taxkum o6pazoM, MpUMEHEHNE METOOB HE3aBUCHMBIX KOMITOHEHT M ITPOCTPAHCTBEHHOM (ubTparuu K DI -dpar-
MEHTaM, CUHXpOHU3UpoBaHHbBIM ¢ DIIT, Mo3BOISIET BBIACIUTH MO3TOBOI BBI3BAHHBII MOTEHIIMAT, CBSI3aHHBI C yaa-
pPOM cepilia, He3aBUCUMBI OT COOCTBEHHO CepAeYHOI aKTUBHOCTU, PETUCTPUPYEMOIT CKATLITOBBIMY OTBEICHUSIMU.

Knrouegnie crosa: BbI3BaHHBIN MOTEHLIMAN, CBSI3aHHBIN C cepILIeOMEHNEM; METO, HE3aBUCUMBIX KOMIOHEHT, D3OI,

OIIT
DOI: 10.31857/50044467724030049

BBEAEHUE

Br13BanHbIi moTeHman Ha yaap cepama (BITC) —
3JIEKTPUYECKUI TTOTEHILIMAJI, BO3HUKAIOLIMKN B TO-
JIOBHOM MO3T¢ B T€UE€HUE HECKOJIBKUX COTeH MUJI-
JvcekyHa nociie ynapa cepaua. Yame Bcero BITC
XapaKTepU3yeTCs MOBBIIICHUEM aMIUIATYIbI CUTHA-
J1a BO (DpOHTAIbHO-1IIEHTPAIBHBIX OTBEICHMSIX B MH-
tepBane 200—550 mc mocie R-3ybma xkapmmorpam-
Mbl (Montoya, 1963, Schandry, 1986). Murepec k
3TOMY OTBETY B IOCJICIHUE TOIbl YBEJIMYWIICS IIpe-
KIIe BCETO IIOTOMY, YTO B 9TOM OTBETE HAIILJIA CBSI3U
KaKk ¢ 0a30BBIMU HEMPO(PU3NOIOTUIESCKUMM TIPO-
1eccaMm, Tak 1 C BBICIIMMU IICUXUISCKUMU DYHK-
nussMu. B HacTosmiee Bpemst (pU3MOJIOrnIecKre Me-
xanu3mbl BIIC He wm3ydeHBI IO KOHIIA, a IIyTh
CHUTHaJIa OT yJlapa CEp/Ila B BBICIIAE KOPKOBBIE LIEH-
TPHl paccMaTpUBAaeTCS B OOIIeM BHUIE: CepAcYHOE
COKpallleHNe BOCIIPMHHMMAETCS WHTEPLIENITOpaMH,
10 IIPOBOISIIYM IIyTSIM BO30YXIEHME TOXOIUT IO
TajaMyca, a 3aTeM IIepeJaeTcsl B KOPKOBbBIE U JIMM-
OMJecKue IEHTPHI TOJIOBHOTO MO3Ta.
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B ponu mepBMYHBIX MHTEPOPELEIITOPOB pac-
CMaTpUBalOTCsS OapopelenTOphl, CUTHAI OT KOTO-
PBIX IIOCTYMAaeT 4Yepe3 OMyKIAIoIINii HEPB B CTBOJI
Mo3ra, a 3ateM B Tajamyc (Zaccaro, 2022). Takxke
€CTh TEOpHUSI O MOCTYIJICHMU CUTHAJIa O cepaleoue-
HUHU B TaJJaMyC OT MEXaHOPEILIEITOPOB CTCHKHU CepII-
IIa 4Yepe3 CIMHOTAIAMOKOPTUKAJIbHBIN TpPakT H
CTPYKTYyphl cTBojia Mo3ra (Park, Blanke, 2019). 13
TajlaMyca CUTHAJI IIOCTYITaeT B CTPYKTYPhI TUMOMYE-
CKOI CUCTeMEI U B KOPKOBBIE LIEHTPBI — OCTPOBKO-
BYIO, COMaTOCEHCOPHYIO U, II0 HEKOTOPHIM JTaHHBIM,
nosicHyto kopy (Park, Blanke, 2019; Salameh et al.,
2024). Takke ecTb CBeleHMs, YTO TMOMUMO siapa
OIMHOYHOTO ITyTM U CIIMHOTAJIaMOKOPTUKAJIBHOTO
TpaKTa CYILIECTBYET 0ojiee KOPOTKUIA 1 IIPSIMOI ITyTh
MOCTYIJIEHUsI MHTEPOLIENTUBHON HH(bOpMalluu B
LICHTPAJIbHYIO HEPBHYIO CUCTEMY. DTOT IyTh 00ec-
IIeYNBAETCSI MEXaHOYYBCTBUTEIbHBIMUA WOHHBIMU
KaHajlaMM, B YaCTHOCTU Ibe30-0eJKaMu, B MHU-
TpaJbHBIX KJIETKAX OOOHSITENIbHOM  JIYKOBHIIBI
(Salameh et al., 2024).
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Cuuraetcs, yto BIIC B niepBylo ouepeab oTpa-
KaeT MpoLecc UHTEPOLUENILUM — BOCIIPUSITUS BHY-
TPEHHMX CUTHAJIOB opraHusMa. I1pu 3Tom xapakre-
PUCTUKM TIOTEHLMAaJIa 3aBUCIT HE TOJbKO OT
AKTMBHOCTU MHTEPOPELEIITOPOB, HO M OT TEKYIIUX
OJHOBPEMEHHO TICUXUYecKux npoueccon (Azzalini,
2019). Tak, 6bU10 MOKA3aHO, YTO AMIUIMTYIA MOTEH-
1[1aja MeHSIETCS B 3aBUCMMOCTH OT TOTO, HaIpaBJie-
HO JIU BHMMaHME Ha caMo cepaledueHue WU Ha
BHellIHUEe coObITUsI. MIMeloTcsl Takke CBEASHUS O
cBs13u aMIIuTyasl BITC ¢ TOYHOCTBIO BOCTIPUSITHUS
cepauedreHus, 0OJHAKO B HECKOJbKUX MCCIeJ0Ba-
HUSIX BOCIIPOM3BECTU 3TU Pe3yJbTaThl HE yIAJIOCh,
TaK YTO BOIIPOC O CBSI3U KOPKOBOI'O ITOTEHILIMAaNa C
NEepUENTUBHON TOYHOCTBIO OCTAaeTCsl CIIOPHBLIM
(Schandry, 1986; Azzalini, 2019).

DKcHepUMEHTaJbHO OBLIO MOKA3aHO, YTO aM-
mautyna BITC Gonbiie npyu HaOMIOAEHUN JIUL, BbI-
paxaIrX 3J0CTb, YeM IpPU HaAOIONEHUM TPYyCT-
HBIX JIAI, TO €CTh BOCIPUSTHE BSMOIMN TaKXKe
BJIUSIET HA HEHMPOPU3NOJIOTUUYECKYIO 00PadOTKY Te-
JiecHbIX curHaioB (Azzalini, 2019). C nomolibio
BUPTYaJbHOI pealbHOCTH ObLIA BBHISIBIICHA IIpSIMast
cBs13b Mexxay amMmuintyaoii BITC u BeIpaxkeHHOCTBIO
WITIO3UU TIepeHoca Tea: 00JIbIas BEIPaXKeHHOCTh
BIIC comyTrcTBOBaja OIlIYIIEHUIO MIepeHoca B BUP-
TyajbHOe Teso. TakxKe ObIJIO BBISIBJIEHO, UTO YBEIU-
YyeHHas aMIUIMTyAa IMOTEeHILIMaja CBsI3aHa ¢ Oolee
TOYHBIM BOCIIPUATUEM CTUMYJIOB, OJIM3KMX K ITOPO-
ry paznunyeHus (Azzalini, 2019).

Kpowme Toro, nokanusanus 1 aMIUIMTyIHO-Bpe-
MEHHBIC XapaKTepUCTUKHN TTOTEHIINAIa BapbUPYIOT-
cs B 3aBHCHUMOCTH OT 3KCIIEPMMEHTAJBHOIO 3ama-
HUSI U cOoCTaBa BBEIOOpPKHU. Tak, CBSI3p aMILIMTYIbI
BIIC ¢ TOUHOCTBIO BOCOIPUSITUS CEPALICOUEHUST UTTU
C YPOBHEM BO30YKIEHUSI OOBIMHO HAXOOUTCS B MH-
tepBasie 200—300 mc (Coll, 2021). Korna Bapbupyet-
cd HampaBjJeHuUe BHMMaHusl, To amiuiutyga BIIC
Oosble Bcero uaMeHsercs B uHTepBaie 350—500 mc.
Pasnmuumst mo aMIUIMTYOHBIM XapaKTepUCTHUKAM
BIIC Ttakke OOHapyXuBaJluChb IIpU CpaBHEHUM
YYaCTHUKOB € IICUXWYSCKUMU WU COMAaTUICCKUMU
3a00J1eBaHUSIMMU (I11adeT, pacCesIHHbII CKIEpOo3, ae-
mpeccusi, IMOrpaHUYHOE PACCTPOMCTBO JUYHOCTH,
AHOPEKCHsI, TPEBOXHOE PacCTPOMCTBO, aIINKIIAN)
C TPyMIioi, He UMeolleil COOTBETCTBYIOLLIETO 3a00-
JleBaHMsI. B 3THUX MccieqoBaHUSIX pa3IMIms aMILI -
tyabsl BIIC yanie o6HapyxXuBaioTcsi B 0ojiee Mo3/-
Hux komnoHeHTax BITC 450—500 mc (Coll, 2021).

OTU naHHbIe MToKa3biBaloT, uTo BITIC He ToabKO
OTpaxkaeT OTKJIMK KOPKOBBIX HEMPOHOB Ha CHUTHAaJ
OT BHYTPEHHUX PeLeNTOPOB, HO CBSI3aH C IIMPOKUM
TUIACTOM KOTHMUTHMBHBIX MpoueccoB. aHHBIA IO-
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CJIOBEHKO, CbICOEBA

TeHLMaJ MpeACTaBIsieT MHTepeC KaK Helpodu3no-
JIOTUYECKUIA MapKep WHTEPOLIENTAUBHON 4YyBCTBU-
TEJIbHOCTU W MOXET ObITb MCIIOJb30BaH IIpU
W3YYEHUU CBSI3U MEXIY BOCIPUSTUEM TEIECHBIX
CUTHAJIOB U BHICIIMMU TICUXUYECKUMU (PYHKIIUSIMU.
OnpHoBpeMeHHas perucTpalus (pU3NoJIOTHYECKOro
npoliecca, CBI3aHHOW ¢ HUM Helpodu3nooruye-
CKOM aKTHMBHOCTU U TIOBEIECHUYECKMX ITOKa3aTeJeit
JJaeT BO3MOXHOCTb COIOCTaBUTb POJIb OMOJIOTUYE-
CKUX, JUYHOCTHBIX U KYJbTYPHBIX (haKTOPOB (op-
MHUPOBAHUS UHTEPOLIEILINU.

CepauebueHre MOXeT ObITh 3apeTMCTPUPOBAHO
HaMnpsIMyl0 C TOMOIIbI0 HEWHBA3WBHBLIX METOIOB,
YTO TTO3BOJISIET 3aMChIBAaTh ATOT MOKa3aTelb B pa3-
JIMYHBIX 3KCHEPUMEHTAJbHBIX YCIOBUSIX, HE CHMU-
>Kasl 9KOJOTMYECKO BaJIMAHOCTU MCCIEeI0BaHUSI.
C0XHOCTb MPU U3YUYeHUN JAHHOTO IOTeHILaNa C
IMOMOIIBIO JIEKTPO3HIIeaTorpaduy MpeacTaBiIsieT
OTIeJIEeHWE COOCTBEHHO MO3TOBOTO CUTHAJIa OT Kap-
JIUOT€HHOW aKTUBHOCTU, KOTOpas 3alluChbIBaeTCs
3JIEKTPOJAMU CO CKaJiblla U IO OTHOLIEHUIO K DO
SIBJIsIETCS apTe(akKTOM OMOJIOTMYECKOTO ITPOUCXOXK-
JIeHUSI.

B Hacrosiiee BpeMsl pa3zpaboTaHbl pa3IMYHbIC
METO/bl PACHO3HABAHUS U yIAIEHUSI KApAUOTEHHBIX
apredakToB 13 DOI': BBIUMTaHUE U3 CUTHAJIA yCPe-
HEHHOro curHana sjaekTpokapauorpammbl (OKT),
BeliBeT-TIpeoOpa3oBaHKe CHUIHajla, BbIACICHUE U
yIajJieHUue M3 CUrHajga He3aBUCUMbIX KOMIIOHEHT,
coaepxaiux IKI-akruBHocts (MHK), nmpoctpaH-
crBeHHast ¢uabTtpauus (Coll, 2021; Terhaar, 2012;
Dai et al., 2019). Kaxnplii ©3 3TUX METOIOB 00J1aaa-
€T CBOUMM TIPEeUMYILLIECTBAMU U MPEABSIBISET OIpe-
JleJIeHHbIe TpeOOBaHUS K YCIOBUSIM 3alTMCU TaHHBIX.
Tak, ecTb moaxon, Mpearnojararoluii BeIYUTaHUE
ycpeaHeHHoi OKI'-BomHbl U3 DOI-(pparMeHTOB,
cuHxpoHusupoBaHHbIX ¢ DKI o R-3y6my (Abtahi,
2014). Drta npoueaypa No3BOJSIET COXPAHUTD B OUM-
LLIEHHOM 3alMCHU BbICOKOE COOTHOLIEHHWE CUTHAJIA U
1yMa, ogHako TpedyeT ycraHoBkU DKI-3nekTpona
U MOXET CHU3UTb 9KOJOTMYECKYIO BAIMAHOCTD 3KC-
nepumeHnTa. O6oiituch 6e3 perucrpaunu DKI mo-
3BOJISIET BEWBJIET-Mpeobpa3oBaHue, MpPearnoaram-
lee YMHOXEHWEe CuUrHajia Ha Ko3(p(PUUMEHTHI,
nonoOpaHHbIe TaKUM 00pa3oM, 4ToObl DKI'-koM-
IMOHEHTHI TTOJIYYMIN MUHUMAJIEHBIN BeCc B CUTHAJIE,
a MO3roBast akTUBHOCTh — MaKCUMajbHble. CpaBHe-
HYe€ 3TUX ABYX METOAOB MTOKAa3aJl0, YTO 00a JalOT BbI-
COKO€ COOTHOIIEHKWE CUTHAJIa U IIyMa, OJHAKO BbI-
YUTaHUE OKTI -BoJIHBI COXpaHsIeT OoJibllIe
BBICOKOYACTOTHBIX KOMIIOHEHTOB DDI'-curHaina, a
BelBIIET-TIpeoOpa3oBaHUE JIYYIlle COXpaHSIET HU3-
KOYacTOTHbIE KOMIIOHEHTBI, a CJeIOoBaTe/bHO, U

o0y cTpykTypy curHana (Abtahi, 2014). O6a
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MoaxXoma TpPeAIlojlaraloT HaJloKeHWe Ha CHUTHAT
ornpeneseHHOro mabjgoHa 6e3 yuyera BapuabdesbHO-
CTH CUTHaJIa BO BpPEMEHM, UYTO MOXKET ITPUBECTU K
noTepe HeapTeaKTHOM COCTABIISIONIEIT CUTHAJIA.

st pazgeneHust MO3roBOi 1 ceplIeyHOl aKTUB-
HOCTHU B 3HILedasorpaMMe yCIlelIHO MPUMEHSIETCS
MeToa HezaBUcUMbIX KomrnoHeHT (MHK), npearmo-
JIaraloluii pa3inoxeHrue MHOTOMEPHOTO CUTHaJjla Ha
CTaTUCTUYECKU He3aBUCHUMBbIE APYT OT Apyra KOMIO-
HEHThI. DTOT MeToH 00JiafgaeT BHICOKON HaaeXKHO-
CThIO B oImpeaeiaeHUn (pu3nIecKux apTedakToB U
BBICOKOAMIUIUTYIHBIX (DPU3UOJIOTUYECKUX, B TIEPBYIO
ouepenb rinaszoapuratesbHbiX. C omonisio MHK B
O3T BO3MOXHO 0OHAPYKUTb U HU3KOAMILIUTYIHbIE
apredakThl — KapINOTeHHBIE M MBITIIEYHBIE, OTHAKO
TaKoil aHaIM3 BO3MOXEH MPU COOMIOIEHUM OIpeae-
JICHHBIX YCJOBMI 3allMCM U OOpabOTKU CHUTHAaja.
ITpeumymectsom MHK gBnsieTcsi BO3MOXHOCTb
BbIOOPOYHOTO yaaJIeHWsI YaCTU CUTHaJIa 0e3 CpaBHe-
HUS C I1a0JIOHOM, TaKUM 00pa30M COXpaHUB MO3TO-
BYIO aKTUBHOCTb, JMAaNa30H KOTOPOUl mepeKpbIBacT-
csl ¢ KapauoreHHbIMM apTedaxkramu. HegoctaTrkom
JaHHOTO METOoHa SIBJISIETCSI OTCYTCTBHE OOBEKTUB-
HBIX KpUTEpPHUEB OTHECEHUS BbIIEJIEHHBIX KOMIIO-
HEHT K CepAeYHOI WM MO3TOBOIA aKTMBHOCTM: HE-
BO3MOXKHOCTb Y3HAaTbh, 110 KAKMM MPUHLIMIAM T€ WIN
MHbIe KOMITOHEHTHI ObUIM YAaJeHbl U3 CUTHaA, 3a-
TPYIOHSIET COMOCTaBJIeHUE pe3yJIbTaTOB He3aBUCH-
MBIX MCCJIEAOBaTENEH.

Brimenennas ¢ momomisio MHK u3 331 anek-
TpOKapaAMoIpaMMa ITO3BOJIMJIA IIPOAHAIM3NPOBATH
IoKa3aTeId YaCTOThI CEPICUYHBIX COKPAIICHWI 1 Ba-
pHuadeIbHOCTA CEPICYHOTO pUTMa y MAIIMEHTOB C
HapymeHusMu co3Hanms (Raimondo et al., 2017).
J17151 9TOTrO MCCIeI0BaTe I PETUCTPpUPOBaIn 256-Ka-
HanpHYI0 DDI 1 npumensum K Heit MHK B couera-
HUM C BBICOKOYACTOTHBIM M HH3KOYACTOTHBHIM
¢unerpamu barrepBopra. Takum obpa3om, Goisee
YeM y MOJIOBUHBI ydacTHUKOB (132 u3 259) ynanoch
BBIIEIUTh KapaIuOTpaMMy, KOTOPYIO OBLIO BO3MOX-
HO TIPOaHAIM3MUPOBATh AaBTOMATU3UPOBAHHBIMU aJl-
roputMamMu o6pabotku DKI'. C omHOIT CTOPOHHI,
3TO rOBOPUT O xopolieil cnocodoHoctu MHK K BbI-
neiaeHnio n3 DDI curHajaoB HE MO3TOBOTO ITPOMC-
xoxneHus. C Opyroit CTOpPOHBI, HEBO3MOXHOCTh
BeIIEIUTh DKI'-KOMIIOHEHTHI M3 MOJIOBUHBI 3aIlH-
cell MoKa3bIBaeT OrPaHNICHHOCTb IIPUMEHEHMS Me-
TOIAa 1 €T0 3aBUCHMOCTb OT OCOOCHHOCTEM aHaTO-
MHUM YYaCTHHMKA DOKCIIEpUMEHTa U YCTaHOBKU
aJIeKTpoaoB. TakuM obpaszom, a5 pa3paboOTKu ai-
TOpUTMAa BBHIICIICHUSI CEepAeYHON AKTUBHOCTH U3
D8I, yauBepcanbHOro 1151 Beex 3anuceit, MHK He-
00XOIMMO IOMNOJHUTh PErucTpanueil coOOCTBEHHO
KapauorpaMMBl.
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Hns pewienus 3agauu BeigeneHus BITC uz 39T
HEeoO0X0AUMO coYeTaHUe 3JIeKTposHILedanorpadpumn
C METOJaMU PETUCTpalluM CepAcUYHOl aKTMBHOCTU.
B mannoii pabote Oymet mpeacTaBieH OAWH U3 BO3-
MOXKHBIX CIOCOOOB BBIACICHUS KapAUOTeHHOTO
CHMTHaJIa U3 3JIEKTPO3HIIe(aIorpaMMbl METOIOM He-
3aBUCUMBIX KOMITOHEHT C IOMOIIbIO CUHXPOHU3A-
uvu ¢ OIIT.

METOIMKA

B nanHoOIt paboTe Ha TIpuMepe SHIIEehaTOoTpaM-
MBI OJHOIO PENpPe3eHTATUBHOIO YYaCTHUKA IKCIIE-
puMenTa XX033 (K, 35 net) OyayT pacCMOTpEeHBI
BCe 3TaIrbl BeIIeaeHUsS n3 DO KapamoreHHoOM ak-
TUBHOCTH IIYTEM CUHXPOHM3AIINM C (DOTOILICTU3MO-
rpaMMoIi, HauMHas ¢ MpeaBapuTe/IbHOI 00padboTKu
zarmucu (puc. 1). [ToMmruMo 3amaum onmmcaHUs ajuro-
putMma npumeHenuss MHK, Oynyt paccMoTpeHbl 3a-
JTadyM TIOMcKa KOMITOHEHT, comepxamux DKI-apte-
(hakThI, OTIpeIeIeHUSIMUTHIMAIbHOTO HEOOXOIMOTO
KonmndectBa DDI-pparMeHTOB 1 000OCHOBAHUS He-
00XOOIUMOCTH CHHXpoHM3anmuu DD ¢ ymapamu
cepaua s ycnemHoro npumeHeHuss MHK. Ha
npumMmepe 3armmmcu DMO017 (M, 21 rom) Gymet pac-
CMOTpeHa BO3MOXHOCTb mpuMeHeHuss MHK nmas
BBIIEICHUS KApIUOTeHHONM aKTMBHOCTU 0€3 CHH-
xpoumzaumn ¢ OIII. Jlanee OyneT mokaszaHo, KAKUM
00pa3oM ¢ ITOMOIIBIO METONa HE3aBUCHUMBIX KOMIIO-
HEHT M3 3JIEKTPOdHIedaTorpaMMbl MOXHO BEIIE-
JIUTb JIEKTPUYECKUIA CUTHAJI CEPALIA U C TOYHOCTBIO
0 MUJUIMCEKYH OIIpeHeINTb BpeMsI BO3HMKHOBE-
Hus R-3y0ma kapamorpaMMbl ¢ YI€TOM MEXUHIM-
BUyaJibHO# BapuadelbHOCTU COOTHOLIeHUsI R-3y0-
11a ¥ IIMKa ITyJIbCOBOM BOJIHBL. Ha mpuMepe 3amucu
DMO024 (2K, 25) ¢ moMoIIso mapajieabHOM peTuc-
Tpaunu 31ekTpokapanorpamMmbl (BKI) n OIIT oy-
IeT IM0Ka3aHO, YTO BPEMEHHON WHTEpPBAI MEXIY
R-3y6110M M1 TUKOM TTyIIbcOoBO#T BoaHBI DIIT aBs-
€TCAd TTIOCTOSSHHOW BEJIWYMHON C MaJICHBKOW IMC-
nmepcueil 3HadeHuii. bymeT mpencTaBieH BBI3BaH-
HBII TTOTEHIIMAJ, TIOIyIeHHBII II0CTIe YIalIeHUs U3
3aIMCHA KapOIMOTeHHOM aKTUBHOCTH. C IIOMOIIBIO
npocTpaHcTBeHHOro ¢unbTpa Jlannaaca Oyaert moka-
3aHO, YTO IIOJYYSHHBIM BBI3BAHHBIN MOTCHIIMAI
HMeeT MO3TOBOE IIPOMCXOXKICHIE.

st anpobanyy aaroputMa ObLTU UCHOIb30BaHbI
3armicy 21 ygyacTHUKOB (17 KeHIIWH, CPeTHWI BO3-
pact 30.7 & 13.5) 6e3 TICMXMIEeCKIX 1 HEBPOJIOTHYE-
CKUX 3a00J1eBaHNMIA B aHaMHe3e. JIJ11 Kaxkmoro y4Jacr-
HHKa 2KCIepPUMEHTa OBbLIM HMCIIOJIb30BAaHBEI 3aIlNCHU
IBYX Pa3IMYHBIX SKCIEPUMEHTAIbHBIX MapaaurM,
BBIOpPaHHBIX IIJISI WITIOCTPALIMK PabOTHl aJIrTOPUTMA.
7151 BBIIEIeHNST HE3aBUCUMBIX KOMITOHEHT OBLIU KC-

TMOJIb30BaHBI 3aITMCU BO BpeMd BBITIOJTHEHUS 3aIaHUA
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Perunctpauunsa 33l u ®II" Bo BpeMs BbINOJSIHEHUSA SKCNEPUMEHTAsIbHOIO 3a4aHus

v

MNpepBaputenbHaa obpaboTka 3anucu 33

v

BbigeneHve ¢parmeHToB 33, COOTBETCTBYIOLNX NUKaM NyNbCOBOWN BOSHbI O

v

BbigeneHne n3 nonyyeHHbIX dparMeHTOB HE3aBUCUMbIX KOMMOHEHT,
copepXxawmnx KkapgnoreHHyro aktTuBHOCTb

v

CuHxpoHu3auunsa ¢parmeHToB I3 ¢ R-3ybL,0M QRS-KoMnnekca

v

[MpumMmeHeHue npocTpaHcTBeHHOro dunbTpa Jlannaca

Puc.1. Cxema anropurma.
Fig. 1. Block diagram of the algorithm.

Ha CpaBHEHME TIPOIOJIKUTEILHOCTA BU3yaJbHBIX
CTUMYJIOB. 3amaHue IIpeamnojarajo CpaBHEHUE
MPeIbsIBIEHHBIX TOOYEPETHO T1ap CTUMYJIOB U OIpe-
nesieHre 0oJiee MPOAOKUTENBHOIO U3 HUX. 3alllCH B
YCJIOBUM KJIacCU(MUKALIMU CTUMYJIOB OBbLIM WCIOb-
30BaHbI TOJBKO TSI TOCTPOEHUST MOAEIN HE3aBUCH-
MbIX KOMITOHEHT Y BbIOOpA MUICTOYHUKOB HE MO3TOBO-
ro mpoucxoxiaeHus. PelieHue MCHOAb30BaTh 3TU
3anucu msi MHK cBsizaHO ¢ TeM, YTO OHU UMEIOT
OOJIbIIYIO JVIUTEIBLHOCTh (HE MeHee 15 MUH), 4TO Mo-
3BOJISIET IIPOCIICOUTh M3MEHEHME PaOOTHI IIPEljIo-
JKEHHOT'O aJIT0OPUTMA B 3aBUCMMOCTH OT KOJIMYECTBA
JAHHBIX, Oepymmxcs s aHamm3a (cMm. 3agada 2.
OnpeneneHne BIUSHUS KOJMMYECTBa (DparMeHTOB Ha
MOJIeNIb He3aBUCUMBIX KOMIOHeHT). Ha 3Tom aTame
00pabOTKM MHTEPEC IPENCTaB/IsUIM TOJIbKO Kapauo-
TeHHble apTedakTbl — KOMIIOHEHTBl CHUTHaJjla, He
CBSI3aHHbIE C MO3TOBOI aKTUBHOCTBIO M HE COBITaal0-
1LI1e C Hell M0 aMIUTMTYIHO-TIPOCTPAHCTBEHHbIM Xa-
pakTepucTukaM. IIpu 3TOM CTUMYJBI COITYTCTBYIO-
11e#l 3a1a4M UMEIOT pa3inyHbIe CIy4aifHble UHTEpBa-

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU

Jbl moBTOpeHMs1. CienoBaTelbHO, MOXHO CUMTATh,
YTO pacrpeaesieHe CTUMYJIOB B OTHOILLIEHUM Pa3HbIX
¢a3 cepaeyHOro LuKia sBasgeTcs caydyaiiHbiM. B Ta-
KOM ciyyae cepaiedreHus, o (ase coBnagarolme ¢
TOU MJIN MHOM CTUMYJISILUEHA, TPEACTABJIEHBI B 3aITH-
CHM B PaBHOM COOTHOILIEHMU U MOXHO HCKIIIOUUTH
BJIMSTHUE MO3TOBOI aKTUBHOCTHU, CUHXPOHU3UPOBAH-
HOIt ¢ 00pabOTKOI APYTUX IKCIIEPUMEHTATbHBIX CTH-
MyJIOB, Ha xapaktepuctuku BITC.

st aeMoHCcTpauuu pesyabTata BeiaeaeHus BITC
U TIpUMEHEHMsT TPOCTpaHCTBeHHOro ¢uiabtpa Jla-
I1aca MCIONIb30BaHbl 3alIUCH BO BpeMS BBIITOJTHE-
HUSI 3a[JaHUSI HA OTCYET CepALeONEH NS, OCKOJBKY,
corjacHo JuTepaTypHbIiM JaHHbIM, BITC Gosee Bbi-
paxkeH NpW HaIpaBJIeHWM BHUMAaHMSI Ha WHTEPO-
uentuBHble oiwnyweHuss BIIC (Petzschner, 2019).
[Ipy BBHITTOJTHEHUM 3TOTO 3aJaHUS YYACTHUKY 3KC-
MepUMEeHTAa IpeIJiarajoch CYUTATh KOJTMIECTBO yaa-
pOB cepilia, He IIynas MyJjabc, ITOKa HE TPO3BYYUT
3BYKOBOI CUTHAJ, W TIOCJe 3amucaTbh OTMEPEHHOE

KOJWYECTBO cepaneorneHnit. ITocKoabKy TMpH BBI-
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MOJTHEHUH 3TOM 3aJauM yYaCTHUKAM He MpPeIbsIBIIsI-
JIaCh BHEILHSSI CTUMYJISILIMS, MOXHO CUMTaTh, 4TO
BCe yIaphbl cepala 3amucaHbl B OIMHAKOBBIX YCJIO-
Busx. CepauebveHue OTCUMTHIBAIOCH B TeUyeHUE
TpeX (pUKCHUPOBAHHBIX BpeMEHHBIX UHTEPBAJIOB: 15,
701 40 c.

Bce sranbl 00paboTKu MpoBeaeHbl B MPOrpaMM-
Hoii cpene MNE Ha s3bike Python.

1. Pecucmpauus snexmposnyeparoepammol
u ghomonnemuzmozpammol

Perucrpannsi MO3roBoii aKTUBHOCTU ITPOBOAM-
Jach B IIIYMOW3OJUMPOBAHHON U BJIEKTPUYECKU
SKpaHMPOBAHHOM KaMepe IpY MOMOIIU ariapary-
pel U TIporpaMMHOro obtecrnedyeHus BrainVision
(actiCHamp Plus (Brain Products GmbH)).

Hnsg 3ammcu  3JeKTpodHIedarorpaMMBl  HC-
MOJIB30BAJIOCh 64 OTBeNEHUsI, PACITOJIOXEHHBIX B
cooTBeTCTBUM C¢ cucteMoit 10—10, pedepeHTHBIMI
anekTpon — FCz. VcxoaHas yacToTa IUCKpeTU3a-
uuu 500 I'u, yactotHbli auamnazoH 0—250 I'u. On-
HOBPEMEHHO IIPOBOAMJIACH PETUCTPALUs JaCTOTHI
CEepAEUYHBIX COKPAIIEHUI ¢ TIOMOIIBI0 (DOTOILIETH3-
morpaduu. IIpumep 3anvcu npeacTaBieH Ha puc. 2.
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2. I[Ipedsapumenvras obpabomka sHyehanoespammol

OOpaboTtka maHHBIX DdHIEdaTorpaMMbl Obliia
nposeaeHa ¢ momouibio nakera MNE (Gramfort et
al., 2013), pazpaboTaHHOTO Ha SI3bIKE MPOrpaMMU-
poBanus Python. I1penBaputenbHas oOpaboTKa 3aru-
ceii Bkimoyasia pvibTpaumio B namnaszone 0.5—40 I'u u
WHTEPHOJIAILNI0 3allyMJISHHBIX oTBeAcHUil. Ilpu
00paboTKe MCIIOJIb30BaHA MCXOMHAs YyacToTa JOUC-
kpetuzauuu — 500 I'w.

3. Buioenenue gppaemenmos 331, ceszanmnvix
¢ cepoyedbuenuem

doToreTM3MorpaMmMa  He PETUCTPUPYET OT-
JIeIbHBIe KOMITOHEHTHI CEpJeUHOro KOMILJIeKca, oHa
MO3BOJISIET ONPEASIUTh TOJIBKO MUK ITYJIbCOBOM BOJI-
HBI, KOTOPbIi 3aBUCUT U OT MOMEHTA yjaapa cepala,
U OT CKOPOCTU PacHpOCTpaHEHUsI KPOBU II0 COCY-
nmaM. Tem He MeHee BapuaOeJbHOCTh MHTEpBaJia
MEXIY yIapoM cep/ilia U ITMKOM ITyJIbCOBOI BOJIHBI Y
OTJIEJILHOTO UeJIoBeKa HeBeJIMKA. 3a cUeT 3TOro Ipu
yCpeIHEHUU JOCTAaTOYHOIo KOJMYecTBa (PpparMeH-
TOoB DOI', CMUHXPOHM3UPOBAHHBIX 110 BPEMEHHU C MU-
KOM TIyJIbcoBO# BOJHBI Ha PIII', MOXXHO yBUIETH
XapakTepHble KoMmnoHeHThl QRS-komriekca, B
yacTHOCTU R- 1 T-3y611s! (puc. 3 (a)). Jdng aHanmza
OBbLIM WCITOJBb30BaHbI ABYXCEKYHIHBIE (DparMeHThI

Puc. 2. IIpumep omnospemenHoit 3anvcu OIIT (Ha HikHeM KaHane) U1 OOI. BepTUKambHBIMYM JIMHUSIMU BBIIETEHBI
nuku OIIIT, mo KoTopbIM ObUTH BEIOpaHBEI DD hparMeHTHI.
Fig. 2. The example of simultaneously recorded PPG (the lowest channel) and EEG. Vertical lines correspond to pulse wave
peaks used for EEG segmentation.
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Puc. 3. Boi3BaHHBIN MOTEHIHAT, CHHXPOHU3UPOBAHHBIIN C yJapaMH Cep/lla, TOMYUYCHHBIH B Pe3yJbTaTe YCPEIHCHHUS Pa3HOTO
KOJIMYECTBAa MHAWBUIYAIBHBIX 310X: 1326 (a), 100 (6) n 150 (B). s KaXKIOro yCpeIHEHHs IPeCTaBIeHO 110 Ba PUCYHKA.
BepxHuii pucyHOK OTpaxkaeT pe3yJIbTaT, HOJIy4YeHHbIH 10 yaaneHus HezaBucumblx komnonenT (HK), conepxaiux kapanoreH-
HbIe apTeakThl, a HIKHHUI — HocIe.

Fig. 3. ERP synchronized with heartbeat including different amounts of averaged epochs: 1326 (a), 100 (6), 150 (B). For each
average two pictures are presented. The upper picture shows the average before extraction of independent components (IC) with
ECG artifacts, the lower picture shows the result of extraction.
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B3I, BKIOYaAIIME CEKYHAY A0 IUKa MYyJbCOBOM
BOJIHBI M CEKYH]1y TOCJIE.

Hnsa no6aBiaeHUs METOK, COOTBETCTBYIOIIUX TTH-
KaM IIyJbCOBOI BOJHBI Ha (hOTOILIETU3MOTPaMME,
OBLTV MCTTOTE30BaHbI (DYHKIINH 711 paOOTHI C O (-
POBaHHBIM CUTHAJIOM U3 OMOJMOTEKH SCipy Ha S13bI-
ke Python (cMm. nmpunoxkenue 1). JIns onpeneneHust
IMKOB ITyJbCOBOI1 BOJIHBI MCIIOJIb30BaHA (PYHKIIMS
MOKCKa JIOKAJIbHBIX 9KCTpeMyMoB. I[1pu aToM cBOIi-
CTBaMU JIOKAJbHBIX MaKCMMYMOB 00JIagaloT IUKU
MNpSIMOI M OTPAXXECHHOM ITyJIbCOBOI BOJIHBI, 4 TAKXKE
clayJyaliHble KoyieOaHUs, HE CBSI3aHHBIE C ydapoM
cepaua. IlockoiabKy HMHTEpec I HCCAed0BaHUS
MPEeICTaBIsI0OT TOJBKO HauboJiee BbIpaxkKeHHbIS
MUKM, OTpaxalollue IpsSIMYIO IIyJIbCOBYIO BOJIHY,
HE00XOIMMO OIPEAEIUTD ITOPOT ISl OTCEUCHUS He-
3HAYMMBIX KosjebaHuid. I 3Toi 3agadyu ObLI UC-
MOJIL30BaH TTOoKa3aTesIb BBIMYKIIOCTH (prominence),
OIlpeAe/IsIeMbIii KaK BEPTUKAJIIbHOE PACCTOSIHHUE OT
BBICOYAMIIIEH TOYKM ITMKA IO YPOBHS COCETHETO JIO-
KQJIbHOTO MHWHHMyMa C OOJBIIMM a0COJIOTHBIM
3HAUYCHUEM.

Br160p nopora Ob171 cie1aH Ha OCHOBAHUU pac-
npeaesieHus moKa3aTesisl BBITYKJIOCTU BCeX MUKOB B
npejesiax omHol 3amucu. PacrnpeneneHue okasa-
JIOCb OMMOJANbHBIM C OOJBIIOK TPYMNMIOi TMHKOB
HM3KOM BBIMYKJIOCTHA, MEHBIIEH TpyIIoi MaKCH-
MaJIbHO BBIITYKJIbIX TUKOB U OTCYTCTBUEM ITPOMEXKY-
TOUHBIX 3HAYEHUI. DMIUPUUECKU OBIJIO BBISIBJIEHO,
4TO 3HAYEHME, IIPEBHINIAIONICE CpeaIHee 3HaueHUE
Ha 1 cTaHAapTHOE OTKJIOHEHHUE, IMO3BOJISIET OTIe-
JIUTh MIUKU, TI0 BBHIMYKJIOCTU CYILIECTBEHHO IpeBOC-
xXomsue 00abIMHCTBO. ITpyu TakoM mmopore MoryT
OBITh YIIYIIEHBI €AUHUYHBIC MUKW TIPSIMOM MYJIbCO-
BOI BOJIHBI CO CHWXKEHHOM aMIUIATYIOI, OOJHAKO B
COOTHOIIIEHUY C BEpHO OIpeieIEHHBIMU KOJIEOaHUSI-
MU 4MCJIO OIMOOK HeBelukKo. [IpenmyiiiecTBom Ta-
KOTO TIopora SIBJISIETCSI €r0 HE3aBUCUMOCTh OT abCco-
JoTHBIX 3HaYeHnii @IIIT, cymecTBeHHO BapbUPYIO-
LIMXCI MEXAY YYaCTHUKAMU KCIIEpUMEHTA.

4. Bvidenenue kapouo2eHHO AKMUeHOCU ¢ NOMOUWbIO
Memooa He3a8UCUMBIX KOMNOHEHN

AHanu3 ObLI IPOBeIeH C MOMOIIbIO aJITOPUTMa
OBICTPOrO pa3IOKEHHUsS Ha HE3aBUCHUMBIE KOMIIO-
HeHTHI FastICA ¢ coxpaHeHMeM Bcex ITapaMeTpoB,
YCTAaHOBJICHHBIX II0 YMOJIYAHUIO, 32 UCKIIOUECHUEM
KOJIMYEeCTBa KOMIIOHEHT, KOTOpHIE HOJIKHBI OBITH
BeIIeIeHBI (caiiT https://mne.tools/stable/genera-
ted/mne.preprocessing. ICA.html). s pasnoxe-
HUSI HAa HE3aBUCUMBIC KOMIIOHEHTHI ObUIM MCIIOJIb-
30BaHbl  JBYXCEKYHIHBIE  (dparMeHTHI D3I,
BKJIIOYAIOIINE CEKYHAY A0 ITUKA ITyJIbCOBOI BOJIHBI 1
cexyHny Tiociie. U3 ananm3a ObUTH ymajieHbl par-
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MEHTbI, [0 aMIUTUTYIe OTJIMYAIOIIUECS OT CPEIHETrO
0oJjee yeM Ha 4 cTaHIAPTHBIX OTKJIOHeHUs. JIJist 1mo-
BBILIEHUST KaYeCTBA MOJEIN HE3aBUCUMBIX KOMIIO-
HEHT 3aIlMCH ObLIU TOIMOJHUTEILHO OT(hUIBTPOBA-
Hbl B auamnazoHe 3—40 I'u. IMTonyyeHHass momdesb
MPUMEHSIaCh K 3amucsM, OT(GWJIBTPOBAHHBIM B
nuara3one 0.5—40 I't. 17151 KOpoTKUX 3anuceit ObUn
MOCTPOEHBI MOIEJIN C MTOAOOPOM ONITUMAIBHOTO KO-
JINYECTBA KOMIIOHEHT I 0ObsicHeHus 99% nuc-
Nepcuu curHaja. JIj1s1 3anuceit, BKIIIoYarommx 00Jb-
1I0€ KOJMYECTBO (hparMeHTOB, ObUIM MOCTPOEHBI
Mofesd ¢ GUKCUPOBAaHHBIM KOJMYECTBOM HE3aBM-
CHUMBIX KOMITOHEHT, TIO3BOJISIONINE COKPATUTh Bpe-
M 0o0paboTku. CpaBHeHUE Moneieid ¢ PpuKcupo-
BaHHBIM KOJIMYECTBOM KOMIIOHEHT I10Ka3ajo, 4YTo
Moaesu ¢ 40 u ¢ 60 KOMIOHEHTaMHM JAl0T OMMHAKO-
BO XOPOILMI pe3yabTaT Npu yAaJIeHUU apTedaKkToB.
TeM He MeHee cuMTaeTCs, YTO COOTHOIIIEHUE CUTHA-
JIa ¥ 1lIyMa JIy4llie B MOJEJISIX, Tlie KOJMYECTBO He3a-
BUCUMBIX KOMITOHEHT MEHbIIIE KOJIMYECTBA OTBEIE-
HUI 3aIIMCH, TTOTOMY B aHajIM3e OyJIeT pacCMOTpeHa
MozeJib ¢ 40 He3aBUCUMBIMM MCTOYHMKAMU, BbIE-
JIEHHBIMM M3 63-KaHaJlbHOW 3HIle(haIorpaMMbl
(puc. 4 (a)). 11 KaxXIoro yyacTHUKa dKCIepUMEH-
Ta KOMIIOHEHTHI, colepxaliue apTedakrsl, BHIOM-
panuch BpydHylo. [ToMMMO KOMIIOHEHT ¢ Kapauo-
TeHHOM AaKTMBHOCTBIO Ha OTOM 3Tafe TakKxXKe
yIAISITUCh KOMIIOHEHTHI, COAepXKaIlMe IJ1a30/JBUTa-
TeJIbHYI0 aKTUBHOCTb.

3agaua 1. BbiOop He3aBUCHMBIX KOMIIOHEHT,
COJIEPXKAIMUX KAPAHOTEHHYI0 AKTHBHOCTD

[Tpu mpuHSTAN penieHnsT 06 OTHECEHUU KOMIIO-
HeHThl K OKI'-apredakram olieHMBajlach e€e IMpo-
CTpaHCTBEHHAS JIOKAIN3AIINS, YACTOTHBIN CIIEKTP 1
dopMa noTeHIIMANA, TTOIYIEHHOTO IIPU YCpEeTHEHN T
JTAaHHOM KOMITOHEHTBI 110 BceM (pparMeHTaM 3alliCH.
Hng OKI-apredakToB xapakTepHa Iepudepuye-
cKasl Jiokanuzauus (Ipyd 3TOM Ha Tomnorpaduu
HUCTOYHUK MOXET OBITh BRIHECEH 3a IIPeAeIIbl TOI0-
BbI), a TAKKE CXOJICTBO YCPEAHEHHOTO ITOTEHIIMAA C
QRS-KoMMmIeKCcoOM 1 HajM4ue BbIpaxkeHHOIo MuKa
aMIUIMTYIbI, cooTBeTcTByMOIIEero R-3y6ny (MNE/
tutorials/Repairing artifacts with ICA, caiit
URL:https://mne.tools/stable/index.html). ITpume-
pbl TaKMX KOMIIOHEHT MpuBeAeHBI Ha puc. 4 (0), 5

(a, B)).

3amaya 2. Omnpenenenune BJIMSHHSA KOJIAYECTBA
(bparMeHTOB Ha MOJIE/Ib HE3ABUCHMBIX KOMIIOHEHT

JJ1st oTBETa Ha BONPOC 0 MUHUMAJIbHOM KOJIWYe-
CTBe (PparMeHTOB, HEOOXOOAMMOM [Jisl BbIACACHUS
KapIWOTeHHBIX apTeakToB, pacCCMOTPUM pe3yJib-
TaThl ycpenHenus 1326, 150 u 100 ¢parMeHTOB 3a-
nucu XX033. MoXHO yBUIETh, YTO MO MEPe YMEHb-
Ne 3
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Puc. 4. 40 nesaBrucumMbix komroHeHT (HK), BeineneHHbIx u3 sHiedarorpammel XX033 (a). CepbIM IIBETOM BBIIEICHBI
Ha3BaHMs KOMIIOHEHT, CoAepXalux riazoasurareabHyio (0 u 1) u kapauorennyio (4, 5, 6, 8, 9, 12, 21, 26, 39) aktus-
HocTb. Tonorpadusi, ycpeAHEHHBII MOTeHMaN, YaCTOTHBIN CIIEKTP U BapuabeIbHOCTh CUTHAJIA B PA3HBIX CETMEHTaX ISt

KOMITOHEHT, COAepKalIuX KapANOTeHHYIO aKTUBHOCTb (0).

Fig. 4. 40 ICs extracted from encephalogram XX033 (a). ID numbers of ICs with eye movement (0 and 1) and ECG (4, 5, 6,
8,9, 12,21, 26, 39) artifacts are grayed out. Topography, averaged epochs, frequency spectrum and signal variability among

epochs of ICs with ECG artifacts (0).

IIEHUs KOJu4yecTBa (PparMeHTOB YMEHbIIAeTCS
OTHOIIIEHUE aMILTUTYIbl R-3y011a K aMIIuTyne Mo3-
TOBOTO CHTHaja, XOTd OH pa3IMuMM Aaxe IIpu
ycpenHeHuu 100 ¢pparmeHToB (puc. 3 (a—B)).

Mg 3anucu, Bkmovatomieir 100 99T'-¢pparmeH-
TOB, ObLJIa IOCTPOEHA MOJEb C KOJTMISCTBOM He3a-
BUCHMBbIX KOMIIOHEHT, OOBsICHSTIOMUM 99% nucrnep-
cum curHaja. Takasg Mopenb 3aHMMaeT OOJIbIIe
BpeMEHU, YeM MOIeIN ¢ (GMKCUPOBAaHHBIM KOJIYe-
CTBOM KOMIIOHEHT, OTHAKO 00JIaaeT MEHBIIIEH pa3-
MEPHOCTBIO M JIYYIINM COOTHOIICHUEM CHUTHalIa U
myma. Cpeny BBIIEIICHHBIX HE3aBHCHUMBIX KOMIIO-
HEHT HAIIACh KOMIIOHCHTBI C XapaKTepHBIMH JIJIS
OKI noxkanuzainueit, cneKTpoM U popMoil MOTEH-
muana (puc. 5 (a)). Tem He MeHee TIocCIie yaaJleHUS
STHX KOMIIOHEHT B 3aITCU OCTAeTCsl BBIPAasKEHHBIM
R-3y0e1r, Mo nokaau3auuy He COBHANAIOIIUN HU C
OfHOI1 13 KoMIoHeHT (puc. 3 (6), 5 (6)). DToT pe-
3yJbTaT Noka3biBaeT, uyTo 100 hparmMmeHTOB HegOCTa-
TOYHO [JIsI BBIACICHMSI 13 2JIEKTpOIHIIedarIorpam-
MBI CEpACUYHOI aKTUBHOCTH B IIOJIHOM O0OBEME.

IIpu yBenmmueHnu KoimdecTBa (pparMeHTOB IO
150 KOIMYECTBO KOMIIOHEHT C CepAeYHON aKTUBHO-

KYPHAJI BbICIIEM HEPBHOU AEATEJIbHOCTHU

CTBIO COKpaTwioch 10 6 (puc. 5 (B)). B pesynbraTe
yaajJeHus 3TUX KOMIMOHEeHT R-3y0elr cTan Hepas3iu-
YUMBIM Ha ycpemHeHuU ¢parMeHToB (puc. 3 (B)).
Takum obOpa3oM, BU3yaJdbHBIA aHAIU3 YCPETHEHUS
(parmMeHTOB MoOKa3bIBaeT, 4YTo 150 hparMeHTOB 10-
CTAaTOYHO U1 Pa3leeHUs CEPACYHON U MO3TOBOM
aKTUBHOCTHU Ha DOTI.

3agauya 3. O0ocHOBaHME HEOOXOIMMOCTH peruc-
tpamuu OIIT nns BbIAeSeHHS KapAUMOTeHHOW AKTHB-
HOCTH 13 DI ¢ NOMOIIIbI0 METOIA HE3ABUCHMBIX KOM-
MOHEHT

Jis1 oTneneHus1 MO3roBoOii aKTMBHOCTU OT Cep-
JIEYHOM C MMOMOIIBIO METOJa HE3aBUCUMBIX KOMITO-
HEHT OOJIbllIoe 3HAauYeHHWE HMEET BBHIOOP MMEHHO
CUHXPOHW3UPOBAHHBIX C ITYJILCOBOIT BOJTHOI (ppar-
MmeHTOB DOI'. Ilpn BeImeTeHNN HE3aBUCUMBIX KOM-
MOHEHT M3 He CETMEHTUPOBAHHOI 3HIIE(haIorpam-
MBI WJIM W3  JIBYXCEeKYHIHBIX (pparMeHTOB,
CITeIYIOIINX IPYT 3a IPYTroM 1 He cBI3aHHBIX ¢ DI,
HE3aBUCUMBIE KOMITIOHEHTBLI MOTYT UMETh XapaKTep-
Hy10 nepudepuuecKyo JOKalIM3aluio U HU3Ko4Ya-
CTOTHBIA IMAIIa30H, OJHAKO IPU OTCYTCTBUM TOYKM
OTCYEeTa, CBSI3aHHOI C CEpACYHOM IESATEIILHOCTHIO,
Ne 3
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Puc. 5. Bce HK, Boinenennbie Ha ocHoBe 100 (6) 1 150 (1) pparmenToB DD XX033. CepbIM IIBETOM BhIIeJICHBI HA3BaHUS
HK, npeamnonoxuTenbHO cofepKallvx IJ1a30JBUraTeJIbHYIO U cepaeuHyto akTuBHocTh. HK, npennonoxuTenbHo coaep-
Kalllie CepAeYHYI0 aKTUBHOCTD, BblIeleHHbIe Ha ocHoBe 100 (a) u 150 (B) dparmMenToB sHuEedanorpammbl XX033, cuH-

XpoHu3npoBaHHBIX ¢ DIIT.

Fig. 5. All ICs, extracted from 100 (6) and 150 (r) epochs of encephalogram XX033. ID numbers of ICs, supposed to contain
eye movement and cardiac artifacts are grayed out. ICs, supposed to contain cardiac activity, extracted from 100 (a) and 150
(B) epochs, synchronized with PPG in encephalogram XX033.

MBIl HE MMEEM BO3MOXKHOCTU IOJIYYUTh YCPEIHEH-
HBI CUTHAJI U OLIEHUTH eTro (popMy (CM. MPUITOKE-
Hu# 2, 3).

ITpn npumenennn MHK k HedparMeHTHpOBaH-
Hoit BT cpenn HE3aBUCHUMBIX KOMITOHEHT TaKXkKe
HE BBIIEJISIETCS UCTOYHUKOB C BBIPAXKEHHBIM CEpII-
1IeOMeHNEeM, YTO HE IT03BOJISIET IPHUMEHUTDH ajiro-
PUTM BBICTaBIeHUS MeTOK it morcka BITC.

OTMeTuTh ymaphl cepaia 6e3 (poTorureTu3Mo-
rpaMMBbI BO3MOXHO TOJIBKO B 3aIIMCSX, IIe Kapauo-
TeHHasI aKTUBHOCTH BBhIpaxkeHa Ha DD -oTBeaeHM-
ax. B kauecTBe mpumepa nmpuBeaeHa 3anmvichk DMO017,
cAelaHHAas BO BpeMsI BBIIOJHEHHUs 3adaHus Ha
OLICHKY BpeMeHH. B Takowm ciydae ¢ IIOMOIIbBIO al-
ropuTMa IIOMCKA ITMKOB MOXKHO OTMETHTbH YIaphbl
Cepila 1o BBIACICHHON HE3aBUCUMOU KOMITOHEHTE
C CEepIeYyHOll aKTMBHOCTHIO (CM. mpujioxeHue 4).
OmHakKo MeTOo, IIpeaIoJaralolinii BEIoop Hanboaee
BBIPAXKCHHBIX KOJIEOAHWII B CUTHaJle HAa OCHOBE
OLICHKU OUCIIEPCUM aMIUIUTYIbI IINKOB, YYBCTBUTE-

KYPHAJI BbICILIEW HEPBHOM AEATEJIbHOCTHU

JIeH K apTedakTaM Ha DDI". MEullieunbie apTe(akThl
coiepxXaT MUKHU C YBEJIMYSHHOM aMITJIUTYIOM, 13-3a
Yero mopor, COOTBETCTBYIOIINI OMHOMY CTaHOApT-
HOMY OTKJIOHEHMIO OT CPEIHETr0, MOBBIIIAETCS TakK,
YTO €ro He MPOXOIAT YAaphl CepAlla C OTHOCUTEIBLHO
HU3KOI aMIUIMTYIOM. METKHU IIpU 3TOM CTaBSATCS Ha
CHTHAJI, HE BKJIIOYAIOIINI yIap cepilia, U He Ioma-
JIaloT Ha HacTosui ynap (cMm. mpuinoxeHue 5). [To-
CKOJIbKY MBIIIeYHbIe apTedakThl MHOTOKPaTHO
BCTPEUAIOTCS B 3aIlMCSIX M CYIIECTBEHHO pasimda-
IOTCSI 110 MHTEHCHUBHOCTH, YCTPAaHUTb MX MOXHO
TOJILKO C TIOMOIIBIO pa3MeTKH BPYYHYIO, YTO HE MO~
3BOJISIET ITOJITHOCTBHIO aBTOMATU3UPOBATh 00pabOTKY.
Kpowme Toro, pusmyeckne n MBIIIEYHBIE apTe(aKThI
OTpaXaloTcsl M Ha He3aBUCUMBbIX KOMIIOHEHTAaX, Mo~
STOMY IIPY IPUMEHEHUM aJITOPUTMA K UICTOUHUKAM,
BhIAeIeHHBIM ¢ nomolibio MHK, Takxke mpoucxo-
AT OLLIMOOYHOE BhIACICHUE yIapoB cepalia. Takum
00pa3oM, BblIeJIeHUEe cepALeOreHus] 1T yCpeaHe-
Hus BIIC Bo3moxHo 6e3 PIII', HO TONBKO I He-

MHOTOUYMCJIEHHBIX 3aIIUCEH, TII€ yaaphl Cepaua OT-
Ne 3
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YETIMBO BUTHBI ITPUA BU3YaJIbHOM onieHKe. [1pu aToM
pe3yabTaThl IPUMEHEHUS aJITOPUTMa MeHee TOYHBI
n3-3a DII'-apredakToB, KOTOPHIX CYIIECTBEHHO
MeHbine Ha PIIT .

5. Cunxponusayus gppaemenmos 331 ¢ R-3youom IKI'
C y4emom MelcuHOUUdyanbHoi 8apuadesbHocmi

Haubonee pacnpocTpaHeHHBIM BapMaHTOM M3Y-
yenusi BIIC gpngercss cuHxpoHu3auus I ¢
R-3yb1iom kaparorpaMmmbl. YTOOBI CUHXPOHU3UPO-
BaThb MOJy4YeHHbIE (hparMeHTbl UMEeHHO ¢ R-3y01i0oM,
HY>XHO U3MEPUTh MPOMEXYTOK Mexay R-3yOLiom u
MUKOM TTyJIbCOBOI1 BOJHBI. YcpeaHeHue (parMeH-
ToB OOTI, CBA3aHHBIX C MUKOM IYJIbCOBOI BOJIHBI,
MO3BOJISIET OIPEIeIMTh JaTeHTHOCTh R-3ybma c
TOYHOCTBIO J0 MWJIJIUCEKYHM: 3y0el] Ha yCpeaHEeH-
HOM TOTEHILIMaJle OTYETIMBO BUIEH KaK BbIPAXKEH-
HbIi MUK HexapakTepHoil ajasg DBI aMIUIMTYObL.
BoluvcieHHBIE TPOMEXYTOK BBIUMTAETCSl W3 Ja-
teHTHOCTH TKa DIIT. TToCKONBKY IITUTETHHOCTD
MHTEpBaJla MMEeT WHIAWMBUAYaJbHYIO Bapuabesb-
HocThb (0.315 = 0.027, Mmunumym 0.28 ¢, MakKCUMyM
0.37 ¢), o Kaxa0oro ydaCTHMKA 3TOT MHTEPBa ObLT
BBIYMCJIEH OTAENAbHO (cM. mpuioxeHue 6). Ilpu
aTOM omHoBpeMeHHas perucrpauus DKI u OIIT y
yyactHMKa DM024 noka3zana, 4To y OTJI€JILHOTO Ye-
JIOBeKa MHTepBaI MexXay R-3y01LIOM Y MTMKOM ITyJIb-
coBoii BoHBI DIII aBIsI€TCS MOCTOSTHHOM BeIU4Yn-
HOI ¢ ManeHbkoi aucrepcueit (cp. 0.3 £ 0.012,
menuana 0.3) (cMm. mpuioxeHue 7).

6. Yepeonenue BIIC no epynne u npocmpancmeennas
pursmpayus memodom “naomHocme UCMOUHUKA MoxKa”

OmHUM U3 CIOCOOOB MOBBIIICHUSI TOYHOCTH JIO-
KaJu3alliy CUTHAja SBJISIETCSI IIPOCTPaHCTBEHHAS
dupTpanus. OTa Ipoleaypa I03BOJIIeT YMEHBIIIUTD
HMCKaXXEeHNEe CUTHAJIa, BOZHUKAIOIIEE IIPY IIPOXOXKIE-
HUM 9epe3 TKaH! TOJIOBHI (“3(ddeKT 00BeMHOI IPO-
BOIMMOCTH ), a TAKKE OLICHUTh MHTCHCUBHOCTD CUT-
Hajla He3aBUCHUMO OT pedepeHTHOro 3JIeKTpOoma.
BoccraHoBieHMe MCTOYHMKA CHTHAJIA ITPOMCXOIUT
Ha OCHOBE JaHHBIX 00 MHTEHCUBHOCTH CUTHAaJA, €ro
pacrpenesieHuss MeXOy COCEOTHWMU OTBEICHUSIMMU,
3aJaHHBIX ITapaMeTpax MoAean (OPMBI T'OJOBHI U
MIPOBOAMMOCTY TBEPIBIX M MATKUX TKaHeil. B Goiee
NOAPOOHBIX MOJEIISIX MOXKET ObITh BKJIFOUEHA MH(MOP-
MaIysi 00 MHINBUAYAIbHOM! JTOKAIM3aINU 3JIEKTPO-
OB Kaxmoro yJacTHUKA. C oIlpeneIcHHBIMU JOIY-
IICHUSIMUA MIPOCTPAHCTBEHHAS umbTpaIys
HCIIONB3YETCS 1T Pa3InIeHNs] COOCTBEHHO MO3TO-
BOIT akTUBHOCTHU U apTedakToB Ha DDI.

B nmanHOM wccliefoBaHMHM ObLI MCIIOJIb30BaH
GmIeTp “INTOTHOCTH WMCTOYHMKA TOKa” (current
source density, CSD), peaqn30BaHHBI B IIpOrpaMM-

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU

CJIOBEHKO, CbICOEBA

Hoii cpene MNE c coxpaHeHUeM Bcex mapamMeTpoB,
YCTaHOBJICHHBIX 110 yMOJYaHUIO (caitT: https://mne.
tools/dev/generated/mne.preprocessing.compute
current_source_density.html). 3ToT pUIBTP MO3BO-
JISIET OIpPEAeSIUTh MO MPOCTPAHCTBEHHBIM XapaKTe-
PUCTUKAM CHMTHAJIa, PAcIlOJOXeH JU €T0 MCTOYHMK
BHYTPU TOJIOBBI WIM Ha MOBepXHOCTH. [1peamnonara-
€TCsI, YTO IIIMPOKOE MPOCTPAHCTBEHHOE pacIpere-
JIEHUE UMEET CUTHAJI, UCKaKEeHHBIN 00BbEMHOI TTPO-
BOAUMOCTbIO UJIU PACIIONIOXKEHHBIN BHE TOJIOBBI, B TO
BpeMsl KaK MCTMHHO MO3roBasi aKTMBHOCTb PErMC-
TPUPYETCSI B HEOOJIBIION rpyIiIe oTBeAeHUi. B naH-
HOI1 paboTe ObLI MCIOIb30BaH MPOCTPAHCTBEHHBIN
¢dunpTp CSD Ha ocHOBe onepatopa Jlamiaca, B Ko-
TOPOM PaCCUMTHIBAETCS PACCTOSIHUE MEXIY JICKT-
pomamMu Ha chepruIecKoil rojjoBe 6e3 yyeTa MpoBoO-
auMmoctn TKaHeit. I[lpouenypa duibTpauum Oblia
MpoBeAcHa IS KaXIoi 3aliCy TMOC/e BblAeJeHUS
BIIC no onucaHHOMY BEILLE aJITOPUTMY.

B xaxmoit n3 3anmceil, BKIIOYEHHBIX B aHAJINA3,
ObUIM OOHAPYKEHBI KOMITOHEHTHI C XapaKTepHBIMU
MMpU3HAKaMU CepISYHBIX apTedaKTOB, XOTsS UX KO-
JIMYECTBO BapbupoBajioch (0T 5 10 11, cpeanee 7.3 £
2.4).

IIpy ycpemHeHMM BBI3BAaHHBIX ITOTCHIIMAIOB
21 yyacTHMKA OBUIO BBISIBJICHO MOBKILLIEHNE aMILIN -
TYIbl CUTHAJIA B TAPUETAIbHbBIX, 3aThJIOYHBIX U LIEH-
TpaJIbHbIX OTBeAeHUSX Ha 0.5 MMKPOBOJIBT, JOCTH-
rajomiee Makcumyma B npomexyTke 100—250 mc
nociie R-3y6ma (puc. 6 (a)).

ITpumenenne puasTpa CSD mMoka3ano, 9To Han-
bosiee y3KyI0 IPOCTPAHCTBEHHYIO JIOKAIM3AIIUIO
MMeeT aKTUBHOCTb ILIEHTPaIbHBIX OTBeaeHmit: Cz,
Cl1, C2, CPz, CP1, CP2 (puc. 6 (6-B)). CratucTtu-
YeCKMI aHalIM3 C IIOMOIIbI0 OTHOBBIOOPOYHOIO
T-xpurepus 1mokasaji, 4TO B 3TUX OTBEACHMSIX 3HA-
YIMOE TTOHMKEHNE aMIUTUTYIbI HAOIIOAAeTCS B MH-
tepsase 0—200 Mc 1Tocite ymapa cepaiia, a 3HaYnMoe
noBeImeHne — B mHTepBaie 250—500 mc mmocne yoa-
pa cepama, 4TO COIMIacyeTcsl ¢ JaHHBIMU, OIIMCAH-
HBIMU B TuTepaType (puc. 6 (r)).

OBCYXIEHWE PE3VJIETATOB

B pesynbTate mpuMeHeHUs IIPeICTaBICHHOTO aJl-
ropuT™Ma OBUI MOIYy4YeH IMTOTeHIIMAJ, KOTOPHIA IO aM-
IUIUTYIHO-BPEMEHHBIM XapaKTePUCTUKAM COOTBET-
CTBYeT MO3TOBOMY ITOTEHIIMANLy, CBSI3aHHOMY C
cepnueonennem (BIIC), omucanHOMYy B IIpenblmy-
IIMX MCCIACTOBAHMUIX: MAKCUMAIbHBIN MOIBEM aM-
IUIUTYIBI 3apPETUCTPUPOBAH B LICHTPATbHBIX OTBEIC-
Husx B ipeneiax 400 mc mocie R-3yoma (Coll, 2021).

B otnume ot KapayoreHHBIX apTeaKToB, IS KOTO-
Ne 3
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Puc. 6 (mponomxenue). [MoteHuman, cBsi3aHHbIN ¢ R-3y0110M Kapnuonukiia, ycpegHeHHBI 1Mo rpyrre 1o (a) u mocie (6)
npumeHeHus1 CSD. [MoreHnuan, cBsa3aHHbIN ¢ R-3y0110M Kapaynouukia (B), M rpaduku T-KpuTepus: pa3ainduii aMIuIuTy-
nbl B otBeneHusix Cz, Cl1, C2, CPz, CP1, CP2 nocne npumeHeHuss CSD (r). OpaHXeBbIM 1IBETOM BbLAEJIECHbI MHTEPBAJIbI,

Tae pa3nuus 1Mo cpaBHeHuIo ¢ ) 3HauuMbl Ha yposHe 0.05.

Fig. 6. Group average of evoked potential associated with R-peak before (a) and after (6) CSD transformation. Group
average of evoked potential associated with R-peak (B) and plots of T-value of amplitude increase in electrodes Cz, C1, C2,
CPz, CP1, CP2 after CSD transformation (T). Time intervals, where p-value < 0.05 are orange-coloured.

PBIX XapaKTepHa IIAPOKas MMPOCTPAaHCTBEHHAs JIOKa-
JIU3alMs1, 3TOT CUTHAJI PETUCTPUPYETCS B HEOOJIBIIIOM
TpyTIIie OTBENECHUI, a 3HAYUT, C OOJIBIIION BEPOSTHO-
CTBIO €r0 MCTOYHMKOM sIBJIsIeTcs Mo3r. Kpome Toro,
JIOKaJIM3alisl CUTHAJIa B LEHTPAIbHBIX OTBEIEHUSIX
He XapaKTepHa JUIs CEpIeYHbIX apTe(aKTOB, KOTOPhIE
OOBIYHO PETUCTPUPYIOTCS B 3aTBLIOYHBIX U BUCOY-
HBIX OTBeAeHUsIX. TakuM oOpa3om, oOHapyKEeHHOe
TOBBILIEHNE aMIUIUTYAbl B ¢parMeHTax D3OI, cuH-
XPOHM3UPOBAHHBIX C R-3yOIIOM, MOXHO CUMTaTh
MO3TOBBIM OTBETOM Ha ceptedneHre. BoaMoxHOCTb
BoineneHus BITC u3 3anucu, B KOTOPOIA IPUCYTCTBY-
0T KapaAUOTeHHbIE apTehaKThl, MTOKA3bIBAET, UTO ME-
TOJ HE3aBUCUMBIX KOMITOHEHT ITOAXOIUT I 3am1ay
yIaJeHus] KapAMOTeHHbIX apTedaKToB.

Hnst yeniemHoro npumeHeHuss MHK HeoGxoam-
MO ogHOBpeMeHHoe ¢ DI’ m3MmepeHue Imyibca, Imo-
CKOJIbKY 0€3 COIOCTaBJICHHS C cepaleOrMeHrueM U3
OOJIBIIIMHCTBA 3aMuceil He BBIACISIOTCS HE3aBUCH-
Mble KOMITOHEHTHI ¢ KapAWOI€HHON aKTHUBHOCTBIO
(Raimondo, 2017). Cunxpounmnzatms ¢ @I’ mo3so-
JINJIa BBIIEJINTh KOMIIOHEHTHI C apTredakTaMud M3
BCeX 3allnceil, He3aBUCHUMO OT TOTO, IIPOCIIEeXKUBa-
JIOCh JIA cepalueOueHne Ha sH1edamorpamme. Ilpn
aTOoM BpeMeHHOoro pasperneHus PIII okazanocs mo-
CTaTOYHO IJIsI OOHapyXeHUsI R-TmKa ¢ TOYHOCTBIO
0 OECATKOB MWJUIMCEKYHH, HO IS YCPEeTHEHUS
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BIIC Heobxoauma HOTMOJHUTENbHAS KOPPEKTUPOB-
Ka JaTeHTHOCTH. bosee mpocrast u TouHasl Iponeny-
pa CUHXPOHM3alLMU C cepalieOMeHMEM U TTOMCKaA ap-
TeaKTHOI aKTUBHOCTU BO3MOXHa mpu
peructpauuu HenocpeactseHHo DKI', ogHako s
y4acTHUKA TaKasl OpraHu3aiys SKCIIEPYMEHTa CBSI-
3aHa C OTpaHWYCHUSIMM IBMKeHUM. Takum obOpa-
30M, BBIOOp OITMMAJbHOIO MeTOAa PEeruCcTpaluu
cepAueOneHnsT 3aBUCUT OT TEXHMYECKUX BO3MOX-
HocTell n ueneir akcnepuMenTa: MIIT nmo3Bonser
MMOBBICUTH SKOJIOTUYECKYIO BATUIHOCTh, HO YCIOX-
HsSIET 3Tal 00pabOTKU CUTHaja, B TO BpeMS Kak pe-
ructpauusg DKI Goiee cimoxHa TeXHUYECKU, HO JO-
IycKaeT 00Jjiee TOUHBII aHaJIM3 CUTHAJIA.

Perncrpaunu 63-kaHanbHOit DOIT mocTaToyHO
IIJIST BBIIEJICHHUST KOMIIOHEHT, OMHO3HAYHO COAepXKa-
IIMX CEPIEYHYIO aKTUBHOCTh. KauecTBo Mozenu 3a-
BUCUT OT KOJIMYECTBA YCPEOHEHWIL: I yHaJCHUS
BCeil BU3yaJIbHO 3aMETHOI CcepAedYHOM aKTMBHOCTHU
CTOUT MCITOJIb30BaTh 3aIlMCH IO MEHBIIIEH Mepe co
150 ¢pparmeHTaMu ¢ ygapoMm cepaua. s TOYHOM
CUHXpOHM3alMU ¢ R-3y6110M BaXKHO yYUTHIBATh UH-
JUBUIYaJIbHYIO BapraOeIbHOCTh CKOPOCTH PaCIIpoO-
CTpaHEeHMSsI MYJIbCOBOM BOJNHBI. [lpu cobmogeHUM
STHUX YCJIOBUII METO He3aBUCUMBIX KOMITOHEHT I10-

3BOJISIET YIAJIUTh U3 3alTUCU KAapAUOTEHHYIO aKTUB-
Ne 3

TOM 74 2024



BbISIBNTEHUE HEUPO®U3UOJOTUYECKUX MAPKEPOB

HOCTb, COXPAaHUB CUTHAJI, OTPAXKAIOLIN KOPKOBBIIA
OTKJIMK Ha ymap cepiua.

Onnum u3 HepoctaTkoB MHK gBnsiercs motepst
CYLLIECTBEHHOI YacTXM MO3rOBOr0O CUTHaja IMpu yaa-
JIeHUH OOJIbIIOrO KOJUYeCTBa KOMIOHEHT. OmHAaKO
aTa npobiema Hen30eKHa 171 BCeX IMOAX0I0B K pa3-
JeJIEHUIO0 CUTHAaJIA: TIpU MIPUMEHEHUHU BEUBIET-Tpe-
00pa3oBaHUsl TepseTCsl BBICOKOYACTOTHAsI COCTaB-
JISolIasl CUTrHajaa, a Mpyu BbIYMTAHUM MCTOYHMKOB
no ycpeaHeHHoMy 1abdaoHy ODKI'-BojHBI XyxXe co-
XpaHsTcs Hu3kovyacToTHble (Abtahi, 2014). Ilpu
ucnonas3oBanun MHK ynydiieHne COOTHOIIEHUS
CHMT'HaJIa 1 IIyMa BO3MOXHO 3a CYET MpeaBapuTesib-
HOM (puIbTpallUM 3aMuceil, ynajlieHus 3allyMJIeH-
HBIX OTBEeIeHUIA U apTeaKTOB.

K HemocTaTkaM MeToma HEe3aBUCUMBIX KOMIIO-
HEHT TaKXKe OTHOCUTCSI OTCYTCTBHE OTHO3HAYHOTI'O
oIpene/ieHNs] KOMIIOHEHT, coAepKalinx apredak-
THL. B CBSI3M ¢ 3TUM pe3yiabTaT OYUINECHMS 3aIlUCH
BCEIIa 3aBUCHUT OT CYOBEKTUBHBIX KPUTEPHUEB MC-
cJeqoBaTelis, YTO YCIIOXHSIET COIIOCTaBJICHUE pe-
3yJIbTATOB HE3aBUCUMBIX SKCIIEPUMEHTOB. BeposiT-
HO, 3TO 3aTpyaHEHME OyIeT IIPEOd0IEHO C TOMOIIBIO
ABTOMATUYECKUX aJITOPUTMOB KJIacCU(UKAIINN He-
3aBHCHMBIX KOMIIOHEHT. B wacTHOCTH, He TaK daB-
HO Hayayia paboTy oHJIalH-TUIaTdopMa aBTOMaTH-
YeCKOU pa3MeTKU He3aBUCUMbIX KOMIOHEHT B DD
(Automatic Labeling of Independent Components
in Electroencephalography, ALICE), ogHoii u3 ue-
JIeli KOTOpoii SBNIsIeTCS pacno3HaBaHME Pa3IUYHbIX
O3BTI'-apTedakToB ¢ MTOMOIIbLIO MAILIMHHOTO 00yYe-
HUS Ha OCHOBE JaHHBIX, 00pabOTaHHBIX PKCIEpTa-
mu (Soghoyan et al., 2021). I1pu aToM 6a3y JaHHBIX
IJ1s1 O0Oy4eHHUsT aJITOpUTMA COCTaBJISIIOT KOMIIOHEH-
Thl, BBIOpaHHBIC BPYYHYIO M3 HACTOSIIIUX 3aIlUCEIA.
XOTs B HacTos1Iee BpeMsl KiacCuduKalums KOMIIO0-
HEHT He3aBUCUMbBIMU UCCCAOBATEISIMU HE SIBJISIET-
cs1 0OObEKTUBHOM, OHA UTpaeT BaxKHYIO POJib AJ1s1 00-
y4eHHsI OOBEKTMBHEIX  aJlTOPUTMOB. Takum
0o0pa3oM, pa3HoOrjacusl MexXIy OLIEHKaMU He3aBU-
CUMBbIX UCCJIeA0BaTE e MOTYT ObITh CHVXKEHBI 0J1a-
rogaps CHUCTEeMaTU3MPOBAHHOMY HAKOIUIEHUIO U
COTIOCTaBJICHUIO pe3yJIbTaTOB 00padboTku DI -cur-
Haja.

ITpocTpaHcTBeHHass (UIbTpaLUUsl CUTHAJIA MO-
XeT OBITh WCIOJb30BaHA KaK CaMOCTOSTEIbHBINA
crnoco0 ymajJeHus KapAUOTEHHBIX apTedaKToB U3
O8I (Terhaar, 2012). OgHako oHa TPUBOIUT K UC-
KJTIOYEHUIO U3 aHaTA3a JII0OOTO CUTHAJIA C IITUPOKON
JIOKAU3alMed, CYyIIECTBEHHYIO YaCTh KOTOPOTO CO-
CTaBJISIET COOCTBEHHAsl MO3TrOBas AaKTUBHOCT.
@Ounbtp Jlannaca maeT BO3MOXHOCTb TPEIIOO-
XXUTh UCTOYHUK CUTHAJIA HA OCHOBE €T0 MPOCTPaH-
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CTBEHHOW JIOKAJIM3alliK, OMHAKO IS aHaJIu3a Xa-
pPaKTepUCTUK  MO3TOBOrO  TOTeHILMala  OoJee
MH(bOPMaTUBEH HEOTMWIBTPOBAHHBIN CUTHAI.

SAKIIIOYEHUE

Ha nmpumMepe 3amucu omHOTO perpe3eHTaTUBHOTO
yYacTHUKA SKCIEPUMEHTa MpeacTaBieH aJrOpUTM
BBIAICJICHUS KapAMOTeHHBIX apTedaKToB 13 SHIleda-
JIOTpaMMBbI C TIOMOIIBbIO CUHXpPOHU3AUK ¢ (HOTO-
IJIETU3MOTPAaMMOM 1 TIPUMEHEHUST METOJIa He3aBU -
CUMBIX KOMITOHEHT. DMITMPUYECKU TTOKA3aHO, YTO
JUIS1 KOPPEKTHOTO TPHUMEHEHUST aJirOpuTMa XKeJla-
TeJIbHO BKJIIOUUTh B aHanu3 6osee 150 ¢pparmeHTOB
¢ ynapamu cepaua. Ilpu aHanuse 21 yyacTHUKA 3KC-
MepUMEHTa C IMOMOILBIO pa3pabOTAHHOTO aJTOPUT-
Ma BbISIBJICHA MEXXUHIUBUAYaIbHAs BAPUATUBHOCTD
WHTepBajia Mexny R-3y0LlOM M MUKOM ITyJIbCOBOIt
BojiHbl Ha DIII, yTo OOycmaBIMBAET HEOOXOMM-
MOCTb KOppeKTUpOoBKU JaTeHTHOCTU BITC nnausu-
IyaabHO JUIst Kaxknaoi 3amucu. C IOMOIIBIO TPO-
cTpaHCTBeHHOTO (unbTpa Jlammaca mokaszaHo, 4TO
BBIZICJICHHBI CUTHAJl UMEET MO3TOBYIO JIOKAIM3a-
LIMIO U HE SIBJISIETCS] KApAMOTEHHBIM apTed®aKToM.
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IDENTIFICATION OF NEUROPHYSIOLOGICAL MARKERS
OF INTEROCEPTIVE SIGNALS USING THE EVENT-RELATED POTENTIAL
TECHNIQUE

E. D. Slovenko*#

, 0. V. Sysoeva*?®

a Institute of Higher Nervous Activity and Neurophysiology of RAS, Moscow, Russia
¢ Sirius University of Science and Technology, Sochi, Russia
*e-mail: ekaterinaslovenko@gmail.com

The paper is devoted to presentation and assessment of the algorithm for extraction of heartbeat evoked potential
(HEP) using the independent component analysis (ICA). The algorithm includes simultaneous recording of
electroencephalogram (EEG) and photoplethysmogram (PPG), selection the EEG-epochs, related to the peak of
the PPG pulse wave, separation of cardiac and brain activity in the epochs using the independent component analysis
(ICA), synchronization the epochs with the R-wave of the cardiogram. Current source density (CSD) transformation
was applied to establish the localization of the extracted potential. The algorithm was tested on 21 subjects and revealed
a characteristic increase in evoked potential amplitude between 0 and 400 ms after a heartbeat.

Application of independent component analysis and spatial filtering to EEG epochs, synchronized with PPG recording
of heartbeat, allows to extract the heartbeat evoked potential, separately from cardiac field artifact.

Keywords: heartbeat evoked potential, independent component analysis, EEG, PPG

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU

ToM 74 Ne 3 2024


mailto:ekaterinaslovenko@gmail.com

XKYPHAJI BRICITEH HEPBHOH JEATEJTBHOCTH, 2024, mom 74, No 3, c. 311—323

®U3MOJOTUA BHICHIE HEPBHOI (KOTHUTUBHOIN)

JEATEJIBHOCTN YEJIOBEKA

VK 612.821

BbISBAHHBIE ITOTEHIINAJIbI HA IBU2KEHUWE 3BYKOBbBIX CTUMYJIOB
TP MEXYHUIHBIX PA3JINYUAX 110 THTEHCUBHOCTU

© 2024 r. JI. b. Illecronanosa*, E. A. IlerponaBjioBckas

OI'BYH Uucmumym usuonoeuu um. U.11. I[lasroéa PAH,
Canxm-Ilemep6ype, Poccus
*e-mail: shestopalovalb@infran.ru; shestolido@mail.ru
Tlocrynuna B penakumio 16.01.2024 .
[Mocne nopabotku 15.02.2024 r.
[Mpunara x myoavkanuum 11.03.2024 1.

WccnenoBaHbl BEI3BAHHBIC TTOTEHIIMATBI MO3Ta UeJI0BEKa B OTBET HA HAYAJIO ABVKEHHMS 3ByKOBOTO CTUMYJIa (motion-
onset response, MOR), co3gaHHOTr0 3a CYET JIMHEMHBIX U3MEHEHUIM MEXYIIHBIX pa3Indyuii Mo MHTeHCUBHOCTH (Al).
Crpykrypa MOR 1nipu n3amMeHeHum Al coBnamajia ¢ OMMCaHHBIMU B JIMTEpaType OTBETaAMM, IOJYYEeHHBIMM TIPU M3Me-
HEHUM MEXKYITHBIX pa3In4Yrii IT0 BpeMeHHU. AMIUTUTYIa KOMITOHeHTa cN 1 yBeTMUInBaiach CO CKOPOCTBIO IBUKEHMS,
HE3aBMCHMO OT €ro HaIlpaBJIeHHUsI, a KOMIIOHeHTa ¢P2 — TOIbKO Mpy ABMXKEHUM OT LIEHTpa K neprudepun. AMILIUTY-
na komnoHeHToB cP1 1 ¢N2 He 3aBucelia OT CKOPOCTH ABMXKeHUSI. LleHTpoOexkHOe NBUKEHUE BbI3bIBAJIO OOJIBIINIA
OTBET, YeM LIEHTPOCTPEMUTEIBHOE, UTO COOTBETCTBYET ITOTYC(HEPHOM MOIEIN JaTepaau3aluy (MO OIIOHEHT-
HBIX KaHaioB). B xapakrepuctukax noreHuuasa MOR uHbopmanysi o HampaBiIeHUU IBMKEHUS (K LEHTPY WU K
nepudeprn) oTpaxaaach B 60j1ee IIMPOKOM BpeMEHHOM MHTEpBaJie, Y4eM HH(POPMALIUI O CKOPOCTH.

Knroueswvie crosa: IpOCTPAaHCTBEHHBIN CIIyX, MEXYIIHBIC Pa3Iu4us 10 MHTEHCUBHOCTU, BbI3BAHHBIC MMOTEHIIMAbI,

OTBET Ha HAYyaJIo JIBVKEHUS
DOI: 10.31857/50044467724030056

DnekTpodr3noIornyecKas peakiys Mo3ra 4ejao-
BeKa Ha IBIKCHHME MCTOYHMKA 3ByKa Hanbosee Kop-
PEKTHO BBIAENSICTCS M3 BbI3BAHHOIO IOTEHIMAJA
IpU CTUMYJISILIUY B TIapaurMe OTCPOYCHHOTO JBU-
>KEHMS, MIpeAroiaramlleil pasHeceHre BO BpeMEHH
MOMEHTA BKJIIOYCHUSI CUTHAJa M MOMEHTA Hadvaa
IOBIDKeHMS. [1epBhble TTOMBITKY UCCIea0BaTh OTACIIb-
HO CYMMAapHBIi1 IIOTCHII AT, BEI3BAHHBIA UI3MEHCHU -
€M MPOCTPAHCTBEHHBIX MPU3HAKOB, OTCTaBJICHHBIM
BO BpEMEHM OTHOCHUTEIHLHO BKIIIOUCHUSI CTHUMYJIA,
ObUTH caenaHbl Sams U coasT. (Sams et al., 1993) u
Maikeld, McEvoy (1996). IBukeH1e 3ByKOBBIX 0Opa-
30B MOJICIMPOBAJIOCH MPU IOMOIIA MTHOBEHHOTO
M3MEHEeHUsI MEXYIIHBIX pa3nuuuii mo BpemeHu (AT)
B cepeanHe ctumyia (Sams et al., 1993) 1u6o nyrem
BBEICHUS B CEPEIUHY CTUMYJa aMIUIMTYIHO-MOIY-
JUPOBAHHBIX YYAaCTKOB pPa3HO IIUTEIbHOCTH
(Mikeld, McEvoy, 1996). Perucrpanyst cyMMapHBIX
MarHUTo3HIedanorpaduIecKux MOTEHLIKAIOB
(M3T') mo3BoMIa 06EUM TPYITIIAM aBTOPOB TTOIY-
YUTh YETKO BBHIPAXXEHHBIE OTBEThI HA HAYAJIO IBYIXKE-
HUSI WY U3MEHEHUE TMOJIOXEHMS, KOTOPbIE He Iepe-
KPBIBAJIUCh C OTBETAMU Ha BKJIIOUEHUE U HMEJU
nmareHTHOCTH 100—130 MC OT HavYaia ABMKEHUS.

BriocienctBuy mapagurmMa OTCPOYEHHOIO JIBH-
XeHUs, co3naHHoro 3a cueT AT, Oblia ycoBepIleH-
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cTBOBaHa Tipu pernctpanmuu DDI (Bapdomomees,
Crapoctuna, 2006; Krumbholz et al., 2007). Peak-
Mg Ha HavaJo IBVDKEHUs TIOJNydmyia Ha3BaHHUE
motion-onset response (MOR) 1 6bliTa HEOMHOKpAT-
HO 3apeTHCTpUpOBaHA IMpPU pa3HBIX BUAAX IIPO-
CTPaHCTBEHHBIX IpU3HaKOB. [loMuMo BapbupoBa-
HUS MEXYIIHBIX pa3mnunii mo BpeMeHu AT,
CyOBEKTUBHOE OINYIIeHNEe OBWKEHUS (POpMUpOBa-
JIN B YCJIOBUSIX CBOOOIHOTO IT0JIS (32 CUET IOCIIen0-
BaTEJIPHOTO TIEPEKIIOUCHUS IWHAMUKOB) WIH C
IIpUMEHEHNEM IIePeHaTOYHBIX (DYHKIIUI TOJOBHI
(head-related transfer functions, HRTF), T.e. ga-
CTOTHBIX XapaKTEePUCTUK CUTHAJIA IIPHU Pa3HBIX YIJI0-
BBIX TToyioxXeHusIx ncrouyHnka (AT: Shestopalova et
al., 2021a,b; lllecromanosa u ap., 2020; cBodbogHOE
3BykoBoe Tone: Getzmann, 2011; Getzmann,
Lewald, 2011, 2012; Kreitewolfetal., 2011; Grzeschik
et al., 2016; Sarrou et al., 2018; mepegaTo4Hbie
dynkunu rososel: Getzmann, 2009; Grzeschik et
al., 2010, 2013).

OCHOBHBIMM KOMITIOHEHTaMU TToTeHIInaia MOR
CUYMTAIOTCS pPaHHEee HEraTMBHOE M ITO3IHEE I03M-
TuBHOe Koyebanue (“change”-N1, cNI1, u
“change”-P2, cP2 coorBeTcTBeHHO). OTBET Ha Ha-
4ajio ABVKEHUST UMEET OOJIBIIYIO JIATEHTHOCTh, YeM
OTBET Ha BKJIIOYEHHE CTMMYyJa. AMIUIATYIA U Ja-
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TEHTHOCTh 3TON peaKIUU TECHO KOPPEIUPYIOT C
YPOBHEM CYOBEKTUBHOTO PA3JIMYECHUS U 3aBUCST OT
pPa3IMYHBIX CBOMCTB CTUMYJIa, TAKMX KaK CKOPOCTh
M HanpasieHue asvxeHus (Getzmann, 2009, 2011;
Getzmann, Lewald, 2010). 3aBUCMMOCTb XapakKTe-
puctuk MOR 0T cCKOpPOCTH ABUKEHUST U3ydeHa Mpu
CO3MIaHUU TIPOCTPAHCTBEHHBIX 3(D(HEKTOB MpHU IMO-
MOIIIY TTepeaaTOYHbIX PYHKIMH ronoBkl (Getzmann,
2009). IMoreHuuan MOR 6b11 TeM OoJiee BhIpaKeH-
HBIM Y paHHUM, Y€M BBI1lIe ObLIa CKOPOCTb CTUMYJIA,
npruYeM 3HaUMMBbIH 3(PEKT CKOPOCTU ObLIT OOHAPY-
KE€H M JIST aMIUIMTYAbI, U JJIST JAaTeHTHOCTU 000MX
€ro OCHOBHBIX KOMIIOHEHTOB (CN1 u cP2). Pannuit
MO3UTUBHBINM KOMITOHEHT CP1 OT cCKOpOCTH He 3aBU-
celJl. AHajornuHble 3aBucuMoctTd MOR oT ckopo-
CTHU ABIKEHUS TTOTYYEHBI TIPY IBYKEHUU CTUMYJIOB
3a cueT JuHelHbIx u3MeHeHuid AT (Shestopalova et
al., 2021a, b; IllecronanoBa u ap., 2020). Mccneno-
BaHue B3anMocBs3M MOR u HampaBlieHUsT IBUKE-
HUS B YCIOBUSIX CBOOOAHOTO 3BYKOBOTO ITOJIST ITOKA-
3aj10, yTo MOR 5okanun3oBaH NpeuMyIIECTBEHHO B
MOJIyIlIapuU, KOHTpaJlaTepaJIbHOM CTUMYJISILINU, HO
KOHTpaJlaTepajibHOe TpeobjagaHue KOMITOHEHTa
c¢N1 3aBucesio OT MOJIOXEHUS HAYaJIbHOI TOYKH, a
KoMIioHeHTa c¢P2 — oT HamnpaBieHUs ABUXKEHUS
(Getzmann, 2011). AHaTOTMYHBIX JAHHBIX OTHOCH-
TeJbHO MoTeHuMaaa MOR, BEI3BAHHOTO JBUKEHU-
€M, CO3JaHHBIM 3a CUET MEXYIIHBIX pa3Induil 1o
nHteHcuBHocTU (Al), B nutepatype HeT. Hactosi-
1llee MCCJIeJOBaHWE HampaBeHO Ha BOCIOJHEHUE
3TOro Inpobera.

CpaBHeHME peaKInii Ha IBVKEHNE K IICHTPY U K
nepudeprun IMeeT BaxKHbBIN TEOPETUISCKHI aCIIeKT:
OHO TPAINIIMOHHO IIPUMEHSETCSI B 9KCIICPUMEHTAX,
HaIIpaBJICHHBIX Ha M3y4eHNE HeiIpOHAJIBHOTO KOIU-
POBaHUS CIIYXOBOTO MpocTpaHcTBa. CyIIEeCTBYIOT
IIB€ OCHOBHBIC MOJICIN KOIWPOBAHMS JaTepain3a-
uu: Tonorpadudeckast Moaeib (place code model),
Mpearojaraomas  YIopsaIoueHHYIO Y3KYyI0 Ha-
CTPOMKY HEMPOHHBIX ITOITYJISILUIA HAa ONIpeACICHHEIC
MOJIOXKEHMsI MCTOYHMKA 3ByKa (Joris et al.,1998), u
“nonycdepHas moaenb” (hemifield model), xkoTo-
pasi OCHOBBIBAaeTCSI HA COOTHOIICHMM aKTMBHOCTU
JIBYX IIPOTMBOMNOJOXHBIX MNOMYJISIUUA, MMEIOLIUX
MM POKYIO HACTPOMKY Ha JIEBOE U IMPaBOe aKyCTHIe-
cKoe mosaymnpocTpaHcTBO (Salminen et al., 2009).
IlonycdhepHass Moaenb TakxKe HOCUT Ha3BaHUE
opponent-channel model (Moaenb OMNIOHEHTHBIX
KaHayioB). CorjnacHo 3Toi MOJEIN, CMEILEHUE 3BY-
KOBOTIo 00pasa OoT LeHTpa K nepudepuu (T.e. Mo Ha-
MNpaBJIeHUI0O K PELUEeNTUBHOMY TMOJI0) BbI3bIBAET
OOJIbLIMIA OTBET, YEM CMEIlEHUE K LEHTPY. DKCIe-
pUMEHTAJIbHbIE TTOATBEPXKAECHUS MOJIyCchEepHO MO-
genu mojiydeHbl Tipu 3amucu BIT  (Magezi,
Krumbholz, 2010; Briley et al., 2013).
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B nmutepatype npomaorkaeTcss TUCKYCCHS TI0 T10-
BOJy TOTO, CIIpaBeIMBa JIK MoaychepHas Moaelb B
pPaBHOI CTEIeHU JIJIsl pa3HbIX BUIOB JIOKAIM3al[MOH-
HBIX TIPU3HAKOB. MICTOKM 3TO# MUCKYCCUM CBSI3aHBI
C BOIIPOCOM O TOM, B KaKMX OTHENAX CIIyXOBOH CH-
CTeMbI KoIMpoBaHue ToyoxkeHus 3a cueT Al unu AT
SIBJISICTCSI TTapaJljIeIbHBIM (HE3aBHCUMBIM), a B Ka-
KX — MHTeTpupoBaHHEIM. C OJHOI1 CTOPOHBI, UME-
IOTCSI CBUZIETENIBCTBA B IOJIb3y MHTETPAIIAM IIPU3HA-
KOB y>ke Ha ypoBHe cTBosia Mo3ra (Riedel, Kollmeier,
2002). C apyroii cTOpoHbI, HAKOIUIEHbI JaHHBIE O
He3aBucuMoit 0opadbotke Al u AT BIUIOTB 0 CIyXO-
Boit kopel (Ungan et al., 2001; Tardif et al., 2006).
bonee  mosgnee  uccinemoBanue — (Edmonds,
Krumbholz, 2014) moka3aio, 4ro ciiyxoBast Kopa
OCYIIIECTBJISIET MHTETPUPOBAHHOE KOOUPOBAHME JIa-
Tepaanu3aluy 3ByKOBOTO 00pa3a, HO B TO Xe BpeMsI
COXpaHsSIET U He3aBUCUMYIO MH(MOPMAIINIO0 OTHOCH-
tenbHO Al u AT. HakoHel, B pabote Salminen u co-
aBT. (Salminen et al., 2015) MeTomom n3zbupareb-
HOil  TMPOCTPAaHCTBEHHOI  ajamnTalyuy  ObLIO
MOATBEPKACHO HAIMYME KOPTUKAIbHBIX ITOMMYJIsI-
Uil HEUPOHOB, YYBCTBUTEJILHBIX OJHOBPEMEHHO K
obouM mpu3HakaMm — Kak K Al, Tak u Kk AT. Otu pe-
3yJIbTaThl CTAJIM APTYMEHTOM B IIOJIB3y MHTEIPUPO-
BaHHOTO MPEICTAaBICHUS 000MX IPU3HAKOB B CIIy-
XOBOII KOpe, HO BCe Xe¢ HE JalIM OIpedeICHHOIO
BBIBOJIa OTHOCUTEJILHO CIIPaBEIJIMBOCTH HOIycdep-
HoIi Monenu ajist cTumyJioB ¢ Al u AT.

Takum obpa3oM, U3yYyeHUe peakliiy Ha JBUXKE-
HUE K LISHTPY U K nnepudepun 3a cueT Al Moxer nath
HOBYIO MH(OPMAILIMIO OTHOCUTEJIPHO HEHpOHAIIb-
HOTO KOIWPOBAHMSI aKyCTMIECKOIO ITPOCTPAHCTBA.
KpomMe Toro, cTUMYyJIBI ¢ IBUKEHUEM, CO3IaHHBIM 3a
cuet Al, mpeacTaBisOT 0COObI MHTEPEC MPU MOJIe-
JIMPOBAaHMU aKyCTUYECKMX CILIEH C HECKOJBKUMH
KOHKYPHUPYIOIIMMU UCTOYHUKAMU 3ByKa, MOCKOJIb-
Ky IIpY HaJIOXKEHUY CUTHAJIOB C pa3HbIMU NaTTEpHA-
MU Al He BO3HUKAIOT U3MEHEHMSI UX B3aMMHOI KOp-
pensiuuu. Ilepen HacTosLIMM HUCciefOoBaHUEM ObLia
IIOCTaBJIEHA 3a/1a4a CO3aTh CTUMYJIbI C TMHEHHBIMU
n3MeHeHUSIMU Al ¥ M3y4nTh CBOMCTBA MOTEHIIMAJIA
MOR, BbI3BAaHHOIO ABUXEHUEM C Pa3HOU CKOPO-
CTBIO U B pa3HBIX HAIIPABJICHUSIX B JIEBOU M IIpaBoit
IMOJIOBUHE aKyCTMYECKOTO ITpocTpaHCcTBa. BriepBhie
OyayT moay4YeHbl JaHHBIe O 3aBucuMocT MOR ot
CKOPOCTH TIpU ABVMKEHUM K LIEHTPY U K nieprudepun.
Ecnu B pe3ynbTaTe Oynet HabmogaThCsl Ooiee BhIpa-
XKeHHbIT MOR mpu aBUKEHUUM OT LIEHTpA K TNepU-
¢depun, yeM B 0OpaTHOM HaNpaBJIEHUU, 3TO OyIeT
CBUAETEILCTBOBATh O CIIPABEIJIMBOCTU HOIycdep-
HOIl MoIenu JaTepaln3aluy (MOOEIW OIIIOHEHT-
HBIX KAHAJIOB) IJISI OTCPOYEHHOTO ABIDKCHUS CTUMY -

JIOB, cO3AaHHOrO 3a cyeT Al.
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METOIWKA

Dmuueckue Hopmbl. Bce nccaenoBaHus mmpoBee-
HBI B COOTBETCTBUM C MPUHIMIIAMU OMOMEIUIINH-
CKOM 3THUKH, C(POPMYIUPOBAHHBIMH B XEIbCUHK-
cKoil nekmapauuu 1964 T. U ee IOCIEIYIOIIUX
OOHOBJIEHUSIX, U 0f00peHbl KoMuccueil 1o aTuke
®OI'bYH HUuctutyTa dusmomorum um. U.I1. I1aBmo-
Ba PAH (Ilporokon Ne 22-02). Kaxnplii y9acTHUK
HCCJIEIOBAaHUS IIPEHOCTABII JOOPOBOJIBHOE ITHCh-
MEeHHOEe MH(MOPMHUPOBAHHOE COIJIACHE, ITOAIIMCAH-
HOE MM TIOCJIE Pa3bsICHEHMS €My ITOTCHIIMATbHBIX
PUCKOB M IIPEHUMYIIECTB, a TAKXKE XapaKTepa IIpei-
CTOSIIIIETO MCCIICIOBAaHMS.

Yenosus sxcnepumenma u ucnoimyemote. 1o yda-
CTHUsI B 9KCIIEPUMEHTAX BCE UCIIBITYEMBIE MTPOXOIM-
JIA TIpeBapUTEIbHOE TECTUPOBAHNE — OIIPOC O CO-
CTOSIHUM  370POBbS, CTaHAAPTHYIO IIPOLEIYpY
TOHAJILHOM ayaIuOMETPUU U TECT AJIs OIpeaeeHUs
Koa(pduumreHta mnpaBopykocTu (JLoOpoxoToBa,
Bbparuna, 1994). beu1 ycTaHOBJIEH CIEAYIOIINI KpU-
TEpUil HOPMAJBHOTO CiIyXa: OTKJIOHEHHWE MOHay-
paJbHBIX TTIOPOTOB CABIIIMMOCTU OT MOMYJISILIMOH-
HOli kpuBOii MeHee yeM Ha 10 n1b B auamazone
yactoT oT 125 't 7o 10 xI'1, mpu pa3HuUIle TOPOTrOB
JIeBOTO 1 TipaBoro yxa He 6osiee 10 1b B yacToTHOM
auanasone Huxe 500 I'o, 5 n1b ot 500 go 1500 I'y u
10 ab BeIwe 2 KI'11. B aKcriepuMeHTaxX NpUHSIIN y4a-
ctre 18 mpaBOPYKUX MCHBITYEMBIX (6 MYXYMH W
12 xxeHIIUH) B Bo3pacTe oT 18 mo 45 net (cpemHuii
Bo3pact 27.8 = 1.4 jieT) ¢ HOpMaJIbHBIM CIYXOM U
0e3 MCTOpUM HEBPOJOTMYECKUX 3abojieBaHUil (110
OTYETaM UCITBITYEMBIX).

Bo BpeMsI 3KCIEpUMEHTOB UCIIBITYEMbIE PacIIo-
JIarajJuch B KpecJie BHYTPU 9KpaHUPOBAaHHOI 3BYKO-
M30JIMPOBaHHOI KaMepbl. MCIBITYeMbIM IUXOTHYE-
CKUM  CIIOCOOOM  IIPEOBSIBISLINCH  3BYKOBBIE
CUTHAJIBI, ¥ TIPY 3TOM BeJIach 3aIIMCh JIEKTPOIHIIE-
damorpammel (B3T1). Bo Bpemst 3ByKOBOIi CTUMYIISI-
LIMY UCTIBITYEMBIC YUTAJIM KHUTY 110 CBOEMY BBIOODY.
ITogpoOHoOe onrcaHWe CMHTe3a CUTHAJIOB U Mpolie-
IyPhl SKCIIEpUMEHTA U3JI0KEHO B Hallleil MpeablIy-
meit padore (IlecromanmoBa m ap., 2022). Huxe
MIpUBEIEHBI TOJIbLKO HauboJIee BasKHbIE CBEICHMSI.

Cmumynst. UCXOOHBIMY CUTHAJIAMU CIIYXKUJIU OT-
pe3Ku 0eI0To IIyMa, CHHTE3MPOBAaHHbBIE C YACTOTOM
quckpeTuanuu 96 KI'i 1 pUIBTPOBAaHHEIE B ITOJIOCE
200—10 000 I'u. 3ByKOBBIE CTUMYJIbI IPEOOPA3OBHI-
BaJICh B aHAJIOTOBYIO (pOPMY IIPU IIOMOIIM MHOTO-
KaHanbHOII ayauoruatel Gina24 (Echo Audio,
CIIA) v npeabsaBasICh IMXOTUYECKU C TOMOIIBIO
3pykousnydareneir  Etymotic ER-2 (Etymotic
Research Inc., CIIIA). 3ByKoBoAbl M3IydaTescii
(pMKCHPOBAIUCH B CIYXOBBIX MPOXOAaX C MOMOIIbIO
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VIIIHBIX BCTABOK, KOTOpPBIE 00eCIIeYnBaIy MOaBJie-
HUe BHeIIHUX 1yMoB Ha 30 nb.

[IpocTpaHCcTBEHHOE TTOJI0XEHNE CTUMYJIOB 3a1a-
BAJIOCh BEIMYMHONM MEXYIIHBIX Pa3IWdMii MO0 WH-
teHcuBHOCTH (Al). CTUMynBI COCTOSIITM M3 TpeX
(parMeHTOB, CIEIyIOIINX OPYT 3a IPyroM 0e3 Iay-
3pl: 1) HAYaJBHOTO CTAIlMOHAPHOTO y4YacTKa IJIH-
tenbHOCTRHIO 1000 MC ¢ TTOCTOSTHHOI BenmmunHoi Al,
pasHoiT 0 ma =10 gb; 2) yyacTka OBIKEHUS IJTH-
teabHOCThIO 200 mau 400 MC ¢ TMHEITHBIM M3MEHE-
HueM Al ot 0 o £10 ab wu ot £10 mo 0 ob, xoTo-
poe co3IaBajaoCh 3a CYeT CUHXPOHHOTO HapacTaHMS
1 yObIBaHUSI YPOBHSI curHajaa Ha 5 b B j1eBOM u
IMpaBOM KaHajaX; 3) KOHEYHOTO CTallMOHApHOTO
yyacTtka JauteabHocThio 800 mau 600 Mc cooTBeT-
CTBEHHO, C IIOCTOSTHHOM KOHEYHOU BeaInIMHOU Al,
pasHoif =10 nb wmm 0 nb. INoaHas TTUTETHEHOCTD
ctuMynioB cocTaBisia 2000 mc. OHM BBI3BIBAIIA Y
clylIaTejiel CHadaja OIIYIIECHWE HEIOMBIKHOTO
3BYKOBOTO 00pa3a, a 3aTeM ero IIaBHOIO IBIKE-
Husl. PacuyeTHBIC YTII0BBIE CKOPOCTH IBYKCHUS CTH-
MYJIOB Ha BTOPOM Y4YacTKe, BRIYHMCIICHHBIE HA OCHO-
Be cootHomeHus “10 nb = 90 rpax”, cocraBwin
450 rpan/c (ObIcTpHIf) U 225 Tpan/c (MemIeHHBII)
ITSL ITATETbHOCTEH yuacTKa apinkeHns 200 v 400
MC COOTBETCTBEHHO.

BpeMmeHHast cTpyKTypa 3MOXUA CTUMYJISIIIAM T10-
KazaHa Ha puc. 1. JJMTeIbHOCTh 3IIOXU COCTaBIIsIa
9070 mc. B TeyeHMe KaxXnoit 3MOXU CTUMYJI ITOBTO-
psicst Tpu pasa. MUHTepBan MeXIy KOHIIOM OJZHOIO
CTUMYyJIa U Ha4yaJioM cJeaytouero coctapisiia 770 mc.

Ilpouedypa sxcnepumenma. CTUMYJIBI, peakLINn
Ha KOTOPBIE pPacCCMAaTPUBAIOTCS B HACTOSIIEH padbo-
T€, MPEACTABISUIM COOOM KOHTPOJBHEIE YCIOBHS
(“ycmoBUS TUIIMHEL”, T.€. TIPEIBSIBICHUS CTUMYJIOB
B OTCYTCTBHME aKyCTHYECKHX IIOMEX) B IIPOEKTE IO
HCCICIOBAaHUIO MAacKUpOBKU. M3MmepeHne MoHay-
PaJbHBIX IOPOTOB U LIEHTPHUPOBAHKE 3BYKOBOI'O 00-
pa3a OmMcaHbl B MNPEIBIAYIINX padoTax M3 3TOrO
npoekTa (Illectonanosa u np., 2022, 2023). UnTeH-
CHBHOCTb CUTHAJIa Ha 000MX KaHaJlaX yCTaHaBIMBa-
JI1 Ha ypoBHe 45 1b Ham MOHaypaTbHBIMHU TTOPOTAMU
CIIBIIITAMOCTH.

Tum sKCIepUMEHTAIBHOM CepUU OIpeesIcs
CKOPOCTBIO ABMKEHMSI CTUMYyJa (MEIJICHHBI, ObI-
CTpBIi1), T.e. cledoBaJ MPUHLUIY “OOHA Cepus —
oJHa ckopocTh”. UepenoBaHue cepuii ObIJIO paHI0-
MUM3MPOBAHO MHIWBUIYaJIbHO M ITO BCEW TpYIIIE.
Kaxnas cepus Bkitoyana B ce0s1 4 BUa CTUMYJIOB, B
COOTBETCTBUM C HaIIpaBJICHUEM HIBIKEHUS B €T0
cpenHeM ¢parMeHTe (LieHTpoOeXXHOe — OT LeHTpa
BJIEBO WJIM BIIPABO, JIM0OO IIEHTPOCTPEMUTEILHOE —
CJIeBa WM CTIpaBa K LIEHTPY). DIOXU C KaXIbIM BU-
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JIOM CTMMYJIOB, 3ByYallliX B TUIIMHE (0e3 (DOHOBOI
noMexH), TOBTOPSIMCH 110 3 pasa B Ipeaesiax oqHoi
cepuu, 4epedysachb B KBa3UCIy4aliHOM ITOpsIAKe
MeXIy coOOii U ¢ IPYTMMU CTUMYJaMU (3By4aBIIN-
MU Ha (oHe nomexu). B TeueHue Bceil cepuu orbl-
TOB KaXXAOMY M3 MCIHBITYEMbIX MPEIbSIBISIN Kax-
IbIiA U3 BUIOB KOHTPOJBHBIX 310X 36—39 pas, 4yTo
COOTBETCTBOBAJIO (C YYETOM TPEXKPAaTHOI'O MOBTO-
peHUsI CTUMYJIa BHYTPU DBIIOXU) MPeabsIBISHUIO
108—117 curHajioB Kaxaoro BUjaa.

MeXCTUMYIBHBIM MHTEpBa OT Hayaja 3I0XU 10
Hayaja ciaeayoueil OblT (PUKCUPOBAH U COCTABIISI
10 000 mc, Bxitouast may3sy 930 Mc MexX1y OKOHYaHU -
€M OJHOM 3IOXM U HayaJioM Cieaylollueil. 3anuch
OIHOI cepuu MpoaoJrKaaach oKoao 8 MUH. Kaxabiit
UCHBITYEMBIM MPOXOAUT SKCIEPUMEHT B TeUeHUE
3 nHeil ¢ uHTepBajioM 1—2 Henenu.

Pecucmpayus u oopabomrxa H3I. Perncrpaumio
O8I nmpoBOAUIM MpPU MOMOIIU XJIOPCEPEeOPSIHBIX
3JIEKTPOIOB, B 32 TOYKAX MO MEXAYHAPOAHON Cu-
creme 10-20, c 3ameHoit Touek oTBeneHus PO3/P0O4
Ha C5/C6. JlonoaHUTEIbHbIE 3eKTPOIbI pacioja-
raJii Ha MoYKax yuieil. [ Opu30HTaNIbHYIO 1 BEpTU-
KaJIbHYIO B3JIEKTPOOKYIOTPaMMBI 3aIMCHIBAIM TIPU
TIOMOIIIY 3JIEKTPOIOB, YCTAHOBJICHHBIX HAJI IIPABLIM
IJIa30M U MO JIEBBIM IJIa30M, OJIVKE K UX BHEIITHEMY
Kpaw. AKTUBHOCTb PETHCTPUPOBAJIACH C ITOMOIIBIO
sHuedanorpadpa ActiveTwo (BIOSEMI, TomnaH-
IUsT) M CIIeUAaJbHO pa3paboTaHHOII IIPOrpaMMEI,
obecrieynBaloleit GUIbTpalMIo CUTHAJIOB U 3aI1Ch

Al

800
10 g6 o

800 mc

LIECTOITAJIOBA, ITETPOITABJIOBCKAA

Ha XXeCTKMIt TUCK KoMIibloTepa. DI onudpoBbiBa-
Jack B mosioce 0—102 I'iy ¢ yacToTOM AMCKpEeTU3auu
2048 T'u ¢ mocaeayouM MOHUXEHEM 10 YaCTOThI
512 I'm.

HenpepriBHyto 3anuck DDT pa3dbuBanu Ha 310-
xu gautenabHocThio 10 000 Mc. Dnoxu, coaepxaliue
HeCTEePEOTUITHbIC apTedaKThl, YA BpyYHYIO Ha
OCHOBE BU3YaJIbHOTO MOUCKA U30BITOYHBIX U3MEHE-
HUI TIoTeHILMaa B OOJBIIMHCTBE KaHAIOB (He 00-
nee 2% snox). Ilocje 3Toro BEIYUCIISUIA TOTEHIMAT
B KaXXKJIOM KaHaJleé OTHOCUTEbHO YCPEIHEHHOIO T10-
TEHIIMajia BCeX JIEKTPOIOB U (UJIbTPOBAIM B AWA-
na3oHe 0.5—45 I'u. OcTaBimuecs aptedakTsl yaass-
JIU TIpU TOMOIIM METONa aHaJIu3a HE3aBUCUMBIX
koMnoHeHT (ICA), OCHOBAaHHOTO Ha aJrOPUTME
infomax u peanuzoBanHoro B moayjie EEGLab cpe-
nel MATLAB (Delorme et al., 2007). ITocne ycTpa-
HeHud aptedakToB DOl BoccTaHaBIMBAIM, U B Ka-
yecTBe pedepeHca MNPUHUMAIU YCPEeIHEHHBIN
MOTEHIMA 3JIEKTPOJOB Ha MOYKax yIei. 3areM
MPOBOIWIIM KOoppeKirio DD oTHOCUTENbHO 6a30-
BOM JIMHUM T10 IPEACTUMYJBHOMY YYaCTKY JJIUTETb-
HocTbio 930 Mc TIeper HaYaJI0M Mackepa.

Ananu3z dannwix. 1151 Mony4eHUS BbI3BAHHBIX 10~
teHumanoB (BIT) DO nonosHuTEIbHO GUIBTPOBA-
yu B nosioce 2—30 I'm. 3amucu DBI B KaxmoM U3
32 KaHaJlOB YCPEeOHSUIA OTAEAbHO MO BCEM TUIIAM
CTHMMYJIOB JIJI1 KaXIOro UcIbiTyeMoro. ®GopmMupo-
BaHVE BBIOOPOK ISl aHaJM3a OTBETOB Ha Hayajo
nuwxkeHus (MOR) B KaXIoM OTBEIEHUU MPOUCXO-

800 mc

/600 mc
0 770 Mc 1000 mc /4

600 mc
770 Mmc 1000 mc 4

760 mc

naysa naysa

/600 mc
770 mc 1000 mc /
naysa | '

S

naysa

10 nb

o L

N

\. ©

naysa naysa

naysa naysa

MonHas anutenbHocTb cTumyna 9070 mc

Puc.1. BpemeHHast CTpyKTypa 3IOXU CTUMYJISILUU B [TapagurMe OTCPOYEHHOro IBIXKEHMS. BBepXy — IBIDKEHHE CTUMYJIOB
BJIEBO 1 BIIPABO OT CPEIHEl JIMHUU TOJIOBHI (OT LIEHTpa), BHU3Y — JABMKCHHUE CJIeBa M CIIpaBa K LIeHTpY. YepHble TUHUN —
OBICTpOE ABMXKEHUE, cepble — MemieHHoe. TTo ocu X — BpeMst. TTo ocu Y — MeXyIIHbIe pa3jindus M0 MHTEHCUBHOCTH.
Hamnpapienue aBrXKeHMs 3a0aeTCsl 32 CYET CUHXPOHHOIO HapacTaHMs M YObIBaHMS YPOBHSI CUTHAJIA B JIEBOM U IIPaBOM

KaHaJiax.

Fig.1. Temporal structure of a single stimulation epoch employed in the delayed motion paradigm. Top row: leftward and
rightward sound motion from the head midline (from center). Bottom row: sound motion from left and right to center. Black
and grey lines show fast and slow motion, respectively. The X axis is time. The Y axis is interaural level differences (ILDs).
The direction of motion is set by synchronously increasing and decreasing the signal level in the left and right channel.
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IUJIO cemylolmnM oOpa3oM. BHauane B mpenmenmax
KaXIO0l 3MOXU BBIOCISIM YIaCTKH, COOTBETCTBYIO-
IIMe peaklMy Ha KaXIoe U3 TPeX MOBTOPEHUIT CTH-
MyJia, U YCPEOHSIM MX MeXAy coboil. 3aTeM ycpen-
HSUIM  peaklMy Ha  OJUHAKOBBIE  CTUMYJIBI,
MpeabIBIsieMbIE B pa3HBIX cepusix. TakuM oOpasom
ObLIM c(hOpMHUPOBaHbI BHIOOPKM yyacTKoB DI, co-
nepxapimmx BI1 Ha Havyano ABUKEHUS, OTIEIBLHO
IUIST KaXKI0M CKOPOCTH M HAIlpaBJICHUS IBVKCHMSI.
H1s1 KaxXmoro ycJIoBUs y KaXXIOTO MCIBITYEMOTO B
cpeaHeM ObUIo OTOOpaHO U ycpeaHeHo 108 =+ 1
(cpenHee £ cT. oIMOKa) yyacTKoB D3IT.

s ananuza 3¢ ¢GeKTOB CKOPOCTH U HaIpabiie-
HUS ABWXKEHUS WHAWBUAyaJdbHble 3amucu DI
yCpenHSIn Mo rpynne 24 ¢GpoHTO-LEHTPaTbHBIX
anektponoB (Fz, Cz, Fpl, AF3, F3, F7, FC1, FC5,
C3, C5, T7, CP1, CP), Fp2, AF4, F4, F8, FC2,
FCo6, C4, C6, T8, CP2 u CP6). dis1 nory4yeHUs
TpaHA-yCPEAHEHHBIX MOTEHUMAIOB MNPOBOIWIU
ycpeaHeHue 110 Ipyrne B uejioM. M3Mepsiau uHau-
BUAyaJbHbIE aMIUIATYAbl KoMIoOHeHTOB cP1, cNI1,
cP2 u cN2, ycpenHeHHBIe B OKHEe IIUPUHOI 50 Mc,
LIEHTPUPOBAHHOM HA COOTBETCTBYIOLIEM IIMKeE
rpaH-yCpeaAHEHHOrO MOTeHLIMala, a TAKXe BeJInYr-
Hy MOTeHLIMaa Ha y4acTKax AauTesibHOCThbIo 200 Mc
nepea HayajaoM ABUXKEHUS, Moaydas moTeHuaa o6a-
30BOi1 TMHUU. JI0OCTOBEPHOCTD BbIIEJIEHUS KaXKI0TO
n3 koMnoHeHToB MOR mnpoBepsiu Mpu MNOMOIIU
OIHOCTOPOHHETr0 MapHOro t-TecTa, B X0/1e KOTOPOro
yCpeaHEHHbIE B OKHE aMILIMTYIbl KaXI0T0 KOMIIO-
HeHTa (M0 MHIWBUAYaJbHBIM IaHHBIM, n = 18)
CpaBHMBAJIU CO CPEAHMMHU 3HAYEHUSIMU MOTEHLIMA-
Jia 6a30Boii 1MHUM (Takke n = 18).

MkB

BbicTpO

OT LigHTpa
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BenuunHbl aMmuiuTya noasepraiu 3-(akTopHO-
My IUCIIEPCUMOHHOMY aHaiu3y (repeated measures
ANOVA, rmANOVA) c¢ dakropamu CKOpOCTb
(MenneHHo, ObicTpo), HampaBneHue (oT LieHTpa, K
ueHTpy) u CtopoHa (cieBa, cripana). [1pu oTkiIoHe-
HUU TaHHBIX OT C(hEPUYHOCTU TTPUMEHSIIIN MOTPAB-
Ky K cTerneHsaM cBoboabl I'punxaysza—Iaiiccepa.
I[lpy mnpoBeaeHUM MHOXECTBEHHBIX CpaBHEHMI
MpUMEHsUIM nonpaBKy boHdepponu. Bce cpaBHe-
HUS IPOBOAWIM C ypOoBHEM 3HaUMMOCTH p < 0.05.

PE3VJILTATbl UCCJIEAOBAHUN

Hayvano aBrkeHMs1 CTUMYJIa BBI3bIBAJIO HEOOJb-
IO MO aMILJIUTYE, HO CTaOMJIbHBI CyMMapHBIi
OTBET BO BCEX 3JKCIEPUMEHTAJbHBIX YCIOBUSIX

(puc. 2).

ITomumo ocHoBHBEIX KOoMITOHEeHTOB MOR (cN1 1
cP2), Habmoganuch Takke paHHUN ITO3UTHUBHBIIN
KOMITOHEHT cPl ¥ mo3mHuMii HeTaTUBHBIA KOMIIO-
HeHT cN2. JlocToBepHOCTh MACHTU(MUKAIIUN KOM-
noHeHToB MOR 11pu cpaBHeHNM ¢ 6a30BOI TMHUEH
npuBeneHa B Ta6. 1. [To3utuBHbIe OTKIOHEeHUS cP1
n cP2 mocroBepHO 0OHAPYXKMBAJNCHh BO BCEX YCIIO-
Busx (p < 0.05). HeraruBHbIit kKoMnoHeHT cN 1 3Ha-
YUMO OTIMYAJICS OT 0a30BO JIMHUU TOJBKO IIpU
ObicTpoM ABMXKeHUM, a cN2 HagexxHee oOHapyXKU-
BaJICS TIPU ABVXKEHUU OT LIEHTPA, YEM K LIEHTDY.

BinusiHue ckopocTy 1 HallpaBjIeHUS IBUKECHUSI, a
TakKe CTOPOHBI 3By4aHUsI CTUMYJIA HA aMIUIUTYIy
KommoHeHToB MOR olieHMBaau Npu MOMOLLM IUC-
MEPCUOHHOIrO aHaJIN3a C IOBTOPHBIMU U3MEPEHUSIMU

MkB

MeaneHHo

OT LigHTpa
= = = = KLEHTpY

Puc. 2. Peakiinu Ha Havaso nrkeHust (MOR) mis IeBOCTOPOHHUX U TIPABOCTOPOHHUX CTUMYJIOB. YCpeIHEHUE T10 TPyII-
e 24 GPOHTO-IIEHTPATBHBIX IEKTPONOB U 10 Beeit Beibopke (n = 18). UepHble TMHUYM — OBICTpOE ABMXKEHUE, Cephle —
MEIJIEHHOE, CIUIOIIHbIE — ABMXKEHME OT LIEHTPa, MyHKTUPHbIE — IBUKEHUE K LIEHTPY.

Fig. 2. Motion-onset responses (MORs) for the left-side and right-side stimuli. MORs were averaged over 24 frontocentral
electrodes and over the whole group of subjects (n = 18). Black and gray lines show fast and slow motion, respectively. Solid

and dashed lines represent motion from center and to center.
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LIECTOITAJIOBA, ITETPOITABJIOBCKAA

Taommua 1. BpeMeHHbIE MHTEPBAJIbI, B KOTOPHIX MPOBOIMIOCH U3MEPEHNUE CPEIHUX aMIUIUTYI KoMmoHeHToB MOR (Mc).
3Be3M0YKaMM TMOKa3aHa 3HAYMMOCTb OTJIMYUS CPEIHUX aMIUTUTYH OT 0a30BOil JMHMH IO pe3yJibTaTaM OITHOCTOPOHHETO
mapHoro t-xpurepus (17 creneneit cBobonbl). YepenHeHue 1mo 24 ¢ppoHTO-LEHTPAIbHBIM OTBEIEHUSIM

Table 1. Time windows used to measure mean amplitudes of the MOR deflections (in ms). Asterisks indicate whether these
mean amplitudes differed significantly from the baseline, according to the one-tailed paired t-tests (17 degrees of freedom). The

responses were averaged over 24 frontocentral recording sites

Kommnonenr MOR
CkopocTb TpaekTopus
cPl cNI1 cP2 cN2
31-81 123-173 193-243 287-337
BricTtpo ot LlenTpa Bieso sess . . ok
39—-89 121-171 184—234 295—-345
Brictpo ot LlenTpa BripaBo s o sk .
59—-109 143—-193 217-267 281-331
BricTpo Cnesa k LlenTpy sk % -
2474 113—163 223-273 293-343
BricTpo Cnpasa k LlenTpy * % .
35-85 137—187 234-284 309-359
MenneHHo ot LlenTtpa Bieso s . %
27-77 133—183 201-251 318—368
MenyieHHo ot LlenTpa BripaBo s % %
63—113 119—169 246—296 307-357
MenneHHo Cnesa k LleHTpy . Kok *
63—113 180—-230 240-290 289-339
MenneHHo Cnpaga K LleHTpy % Kok

Ipumeuanue. * — p < 0.05, ** — p <0.01, *** — p <0.001.
Note. * p <0.05, ** p < 0.01, *** p <0.001.

(repeated measures ANOVA, rmANOVA, Ta0m. 2).
Mdakropamu aHaimza 6bUTM CKOpOCTh (MEIJIEHHO,
6rpicTpo), HampaBnenue (oT 1eHTpa, K IEHTPY) U
CropoHa (cneBa, cripaBa). CTopoHa 3ByJYaHUsI CTH-
MyJia (CJeBa WIK CIIpaBa OT CpeaHe TUHUN TOJI0BHI)
HE OKa3bIBaJIa JOCTOBEPHOTO BIMSHUS HM Ha OOWH
u3 KoMrnoHeHToB MOR (p > 0.05), moatoMy ajist ui-
JIIOCTPAILlMK pe3yIbTaTOB CTATUCTUYECKOTO aHAIM3a
JIAaHHBIC IS JIEBOI 1 IIpaBoOii CTOPOHBI OBLIN yCpe-
HeHbl (puc. 3, 4). Ha puc. 4 ipeacraBiieHBI CpeaTHIE
aMIInTyasl KoMmoHeHToB MOR mist OwIcTporo m
MEIJIEHHOTO IBMXEHUS (YepHBIE U Cephbie CTOJIOM-
KM ) 10 HarpaBJIeHHUIO K IeHTpyY U nepudepun. Cra-
TUCTUYECKU 3HAYMMBIC Pa3IMIMs 10 (haKToOpy CKO-
POCTA IIOKA3aHBl CIUIOIIHBIMKM JIMHUSIMH  CO
CcTpenKaMu, a 1o (aKTOpy HaIlpaBIIEHUSI — TOpPHU-
30HTAJIBHBIM ITYHKTHPOM.

Amriuutyna KomroHeHTa cP1 He 3aBucena HU OT
CKOPOCTH, HM OT HAIIPaBJICHMSI, HA OT CTOPOHEI 3By~
yaaus ctumyia (p > 0.05). st ammutynst cN 1 BbI-
aBJIeHBI T1aBHBIE 3D dekTel Ckopocty 1 Hampasie-
aus (F(1, 17) = 22.07, p < 0.001 u F(1, 17) = 9.97,
p <0.01), B oTCyTCTBHE 3HAUMMBIX B3aUMOICCTBUIA
(p > 0.05). I'naBHBIE 3(p(PEeKTHI OBUIH CBSI3aHEI C TEM,
YTO OBICTPOE IBUKEHME BBI3BIBAJIO OOJBIINIT OTBET

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU

cN1, yem MemieHHOe, a IBMKEHHE OT IIEHTpa —
OOJIBIIINI OTBET, YeM K LIeHTpy. Ilocmenytommii aHa-
JIN3 MIPOBOIMJIM HA OCHOBE ITOIAPHBIX CpPaBHEHUIA
M0 KaxmoMmy (pakTopy B OTHCIBHOCTH, T.K. CTOSIA
3amada ITOATBepAuTb 3(MMdEeKT HampaBlIeHUS MIpHU
pa3HBIX cKopocTsx. IlonmapHele cpaBHeHMS OKa3a-
Ju, uyto 3 dexT HampasiaeHus gocTuraia 3HaYMMO-
CTH TOJIBKO 32 CUET OTBETOB Ha OBICTPOE IBIKCHMUE,
TaK Kak B CjIy4ae MeIJICHHOIO ABIDKCHUS peaKIIuu
Ha IBIDKEHUE OT LIEHTpa 1 K LIEHTPY He pa3Indaiich
(p > 0.05). Dddexr CxkopocT OBUT 3HAYNMEBIM IJIsI
o0oux HampaBineHuit gBrKeHus (p < 0.001 pu 1BU-
KeHuu oT teHTpa u p < 0.05 mpu IBIKEHUM K LIeH-

TPY).

Hnsg ammutyasl ¢P2 ObUT BBISIBIEH €IWHCTBEH-
HbIi rnaBHBIN 3¢ dexT Ckopoctu (F(1, 17) = 17.52,
p < 0.001), Takke CBSI3aHHBIN C OOJBIIMM OTBETOM
Ha OBICTpPOE ABMKEHME, B OTCYTCTBUE 3HAYMMBIX
B3aumoneiicteuii (p > 0.05). CornacHo momnapHbIM
cpaBHeHUSIM, 3¢ dekT CKOpOCTU IOCTUTaad 3HAYM-
MOCTH TOJIBKO /ISl OTBETOB Ha JBMKEHUE OT LIEHTpa
(» <0.001).

Jursg amrumaty el cN2 obHapy>XeH e TMHCTBEHHBII

riaBHbIN ekt Hampasnenmst (F(1, 17) = 5.94,
Ne 3
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Ta6uuua 2. Pesynbratsl (F un?) 3-dakropHoit rmANOVA cpenHux aMiuTyn KoMmoHeHToB ¢cP1, cN1, ¢P2 u ¢cN2 noteHuuana
MOR. ®akropamu ANOVA 66t CKopocTh (MemJIeHHO, ObIcTpo), Hanpapiienue (ot 1ieHTpa, K eHTpy) 1 CTopoHa (ciieBa,
cnpaBa). CrerreHu cBobonbl dF = (1, 17) (df acdpdexra n df ommbku). Bee monpasku ['punxaysa—TIaiiccepa ObLTM paBHBI

COAVHUILIC.

3Be3nouKkaMu 0003HaYeHbl YPOBHU 3HaUMMOCTU: * — p < 0.05, ** — p < 0.01, *** —p < 0.001.

Table 2. The results (F u 1?) of 3-ways rmANOVA for mean amplitudes of cP1, cN1, cP2 and cN2 MOR components. The
ANOVA factors were Velocity (slow, fast), Direction (from center, to center) and Side (left, right). Degrees of freedom dF = (1,
17) (df of effect and df of error). Greenhouse—Geisser epsilons were equal to 1 in all the comparisons. Asterisks indicate the levels

of significance: *** — p < 0.001, ** — p <0.01, * — p <0.05

®Daxkropst ANOVA cP1 cN1 cP2 cN2

CKODOCTD F=0.02 F = 22.07%** F =17.52%** F=0.60
P n?=0.001 n? = 0.565 n2=0.508 n?= 0.016
Hanpas.enne F=2.59 F =9.97** F=0.23 F =5.94*
p n2=0.132 n2=10.370 n2=0.014 n?=0.259

Cropona F=10.65 F=0.039 F=0.69 F=0.58
P n2=10.037 n?2=0.002 n2=10.039 n2=10.033

Cxopocts * Hanpasietue F=10.01 F=0.86 F=3.46 F=0.07
1n?=0.000 12 =0.048 n2=0.169 n2=0.004

Cxonocts * CTODOHA F=0.04 F=0.16 F=0.35 F=0.64
P P n2 = 0.002 n2 = 0.009 n2 = 0.020 n2=10.013

Hanpasienne * Cropona F=0.16 F=10.04 F=0.39 F=10.84
1n2=0.009 n?2=10.002 n2=10.022 n2=0.047

Cxkopocts * Hanpagienune * CtopoHa F=024 F=0.05 F=0.05 F=0.12
n?=0.014 n%2=0.003 1n2=10.003 n2=0.007

p <0.05), cBI3aHHBI ¢ OOMBIIEH BETUUMHOI OTBETa
Ha IBMKEHHE OT IIEHTpa, YeM K LIEHTpY. DddeKT
CKOPOCTH, 3HAYMMBI 17151 KOMITOHEHTOB CN1 1 cP2,
11t BojHbl ¢cN2 okaszalicsl He3aHauuMbIM (p > 0.05).
BzaumoneiictBus Takke orcyrctBoBanu (p > 0.05).

Hs1 yTOYHEHMST CBSI3U OIMMCAHHBIX BBIIIE 3(-
(GEeKTOB ¢ BO3MOXKHOI MEXIOMYyIIapHON acuMMeT-
pueii ObLT IPOBEICH OOMOTHUTEIBbHBIM CTATUCTHUYEC-
ckuil aHanu3 rmANOVA, B KOTOphIiA ObLT BBEIEH
daxTtop IMonyiapue (1eBoe, mpaBoe). Beioopku ais
9TOro aHaIu3a (POPMUPOBAINCH CIECAYIOIIMM 00pa-
30M. bbumM BBIIEICHBI CUMMETPUYHBIE DJIEKTPOI-
Hele kiaactepsl B JeBoMm (FCI1, Fpl, AF3, F3, C3,
FC5, C5, F7, T7) u npaBom nonaymapusx (FC2,
Fp2, AF4, F4, C4, FC6, C6, F8, T8). Unnusuny-
aJibHble 3anmucu DO 3TUX OTBEAEHUI YCPEOHSIIN B
JIEBOM Y MpaBOM KJjlacTepax sl KaXa0ro U3 KCIe-
PMMEHTaIbHBIX YCI0OBUii. B JeBoM 1 mpaBoM Kia-
cTepax WHIWBUOYaJbHBIC 3HAYCHUSI CPEOHMX aM-
mwntyn KommnoHeHToB cPl, cNI1, cP2 u c¢cN2
OIpeaeIsiiu B OKHE IIMpUHOM 50 Mc, LIEHTpUPOBaH-
HOM Ha COOTBETCTBYIOIIEM IIMKE IIOTeHIIMAja,
YCpPEAHEHHOTO I10 Bceii BeIoopke (n = 18) 1 mmo rpyn-
ne 24 snexTpoaoB. Takum oOpa3oM, NOMOIHUTEb-
HBII aHanM3 BKItoval pakTopbl CKOpocThb (MeAIeH-
HO, ObIcTpO), HampasieHue (oT 1ieHTpa, K LIEHTPY),
CropoHa 3ByuaHMs (cieBa, cropaBa), Ilonymapue

KYPHAJI BbICILIEW HEPBHOM AEATEJIbHOCTHU

(neBoe, mpaBoe). Pe3ybTaThl MOMTApPHBIX CPABHEHW
3TOr0 aHaJIM3a IPUBEICHBI HIDKE.

Hnsg xomrioHeHTa cP1 B momapHbBIX CpaBHEHUSIX
00HapyXeHbI 23(pPeKThl Ha IPaHU 3HAYUMOCTHU: B3aU-
moneiictBue HanpasiaeHue*CropoHa*ITonyiapue
(F(1, 17) = 3.34, p = 0.085)). BDddexT Hamnpasie-
HUS, CBSI3aHHBIN C OOJIbIIEH BEIMUYMHON OTBETa Ha
JIBVDKEHHME OT LIEHTpa, YeM K LIEHTPY, IPOSIBUJICS B
MpaBoOM MOJYILIAPUU MPU JEBOCTOPOHHEN (KOHTpa-
natepanbHoit) crumysstuuu (p = 0.06). Kpome Toro,
OTBET ObLI CHJIbHEE CIpaBa MpUY IBUXKEHUU OT LIEH-
Tpa BJIeBO (KOHTpayatepaibHo, p = 0.06).

st kommoneHTa cN 1 B3aumopeiicteue Hampas-
nenne*CropoHa*[lomymapue ObUIO  3HAYMMBIM
(F(1, 17) = 13.76, p < 0.01). ITonyyeHO yTOUYHEHUE
JIOKaJIM3alliy OITMCaHHOTO BhIIe 3¢ dekTa Hampas-
JieHus: (OTBET CUJIbHEE IIPU ABMDKCHMU OT IIEHTPA):
OH JOCTWTaJ 3HAYMMOCTH TOJBKO B ITOJYIIAPUSIX,
KoHTpaarepaabHbiX cTuMmyisinuu (p < 0.05). Kak u
B cinyuae cP1, ortBeT cN1 ObL1 culibHEE crpaBa Ipu
IBVKEHUH OT HeHTpa BieBo (p < 0.001).

s koMnoHeHTa cP2 mony4yeHbl 3HAYMMBbIe B3aK-
moneiictBust  Ckopocth*Hanpasienue*Ilomymapue
(F(1, 17) = 4.80, p < 0.05) u Hanpasnenue*Cropo-
Ha*[Tonymapue (F(1, 17) = 5.07, p < 0.05). Onu-
caHHbBIN BhIIe 3phekT CKOpoCcTH (OTBET CUIIbHEE
Ne 3
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Puc. 3. Peakiiuu Ha Hayano aBuxeHus (MOR), ycpen-
HEHHBIE 10 Bceil BbIOopKe (n = 18) 1 1o cTopoHaM 3BY-
YaHMS CTUMYJIOB (cjeBa U cripaBa). O003HaYeHUS KaK
Ha puc. 2.

Fig. 3. Motion-onset responses (MORs) averaged over
the whole group of subjects (n = 18) and over the left
and right side of acoustic space. Other designations are
the same as in Fig. 2.

npu OBICTPOM IBMIKEHUM) IIPOSIBUJIICS B 00OMX
MOJIyIIapHsIX, HO TOJBKO IIPU IBVXKEHUHU OT LIEHTPA
(p <0.001). Kpome Toro, Obu1a BRISIBIIEHA MEXKITIOJTY-
1mapHast acummeTrpusi: Kak u st cP1 u cN1, orBer
cP2 G6bu1 cuibHee cripaBa Ipu OBYDKEHUM OT LIEHTpa
BieBo (p < 0.05).

Hns1 komrmoHeHTa ¢ N2 BBISIBJI€HO 3HAYMMOE B3au-
moneiictBue  Ckopoctb*Hanpasnenue*CropoHa*
Ionymapue (F(1, 17) = 7.13, p < 0.05). Paznuuus
MEXAy HalpaBJeHUSMU ObLI 3HAYUMMBI TOJILKO B
MPaBOM TOJIYIIApUU TIPY MPABOCTOPOHHEN (UIICU-
JnarepanbHoit) ctuMynsinuu (p < 0.05). Mexiony-
mapHas acuMmMmeTpusi ¢cN2 3aBucesa OT CKOPOCTH:
MpY MEUICHHOM IBWXXEHUM OT LIEHTpa BJIEBO WU
CIIpaBa K LIEHTPY OTBET ObLJI 3HAYMMO CUIbHEE CIeBa
(p < 0.05), a mpu OGBICTPOM IBUKEHUU OT LIEHTpaA
BIIpaBO OTBeT ObLT cuibHee crpaBa (p < 0.05), To
€CTb B 000HMX CIyYasx UICUIaTepaJbHO HaIpaBie-
HUIO, a HE CTOPOHE CTUMYJISILIUU.

CxKabIIoBO€ pacIpefe/icHIe aMILIATYI KOMIIO-
HeHTOB MOR B peakumm Ha OBICTpOe IBIDKEHUE
npuBeneHo Ha puc. 5. [Ipu mocTpoeHN TOmIorpaMm
HCIIOJIb30BAI aMILUIATYIEI OTBETa B KaXXIIOM OTBE-
IeHUH, YCPeTHEHHBIC B OKHE IMMPUHOMI 25 MC, 1IeH-
TPUPOBAaHHOM Ha MUKE COOTBETCTBYIOIIETO OTBETA,
YCPEIHEHHOTO I10 rpyIne 24 ¢pOHTO-LIEHTPATbHBIX
a7eKTponoB. IlyHKTUPHBIMU JTUHUSIMH IT0KAa3aHbI
3HAYMMble MOIapHble CPAaBHEHMSI, BBISIBICHHBIC TPU
4-(hakTOpHOM aHAaJII3E.

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU

LIECTOITAJIOBA, ITETPOITABJIOBCKAA

KB cP1 MKB cN1
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0 : 0 4
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0.6 -0.6
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04 %% % T ~04 1 T
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02 T -0.2
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OT LigHTpa K LieHTpy K LieHTpY

OT LeHTpa

Puc. 4. BnusgHre cKopocTH 1 HaIIpaBJICHUS TBYDKCHUS
Ha amIuTyny koMrmoHeHToB MOR (n = 18). UepHbie
CTOJIOUKU — OBICTpOE IBUXKEHUE, Cepble — MEJICHHOE.
CTaTHUCTHYECKU 3HAYMMBIE pas3Indus I0 (haKTopy
CKOPOCTH TTOKa3aHbl CTUIOLITHBIMM JIMHUSIMU CO CTPEJI-
KaMmu, a 1Mo (haKTopy HaIpaBICHUS] — TOPU3OHTAb-
HBIM TTyHKTHPOM. YPOBEHb 3HAYMMOCTU OOO3HAUEH
3Be3noukamMu: *** — p < 0.001, * — p < 0.05. Beptu-
KaJIbHbIE YePTOUYKU ITOKA3bIBAIOT CTAHIAPTHYIO OG-
Ky CPEIHETO.

Fig. 4. Effects of motion velocity and direction on the
magnitude of MOR components (n = 18). Black and
grey bars show fast and slow motion, respectively.
Statistically significant differences in velocity and
direction are shown by solid arrowed lines and
horizontal dashed lines, respectively. Asterisks indicate
the significance level: *** p < 0.001, * _ p < 0.05.
Vertical bars show the standard errors of means.

OBCYXIEHUE PE3VJILTATOB

B npencraBieHHOII paboTe MCClIeNOBaIN BIUSI-
HHE CKOPOCTHM 1 HampaBJICHUS NBIDKCHUS CTUMY-
JIOB, CO3IAHHOTO 3a CUET JIMHCIHBIX U3MeHeHUI Al,
Ha xapaktepuctnku moreHnuana MOR. CornacHo
JINTepaTypHBIM OaHHBIM, B caMOM OOIIEeM BHIE
CTPYKTypa OTBETa Ha HA4yajlo NBVDKEHUSI OMMHAKOBa
IIpY IPUMEHEHUH Pa3HBIX IIPOCTPAHCTBEHHBIX IIPH-
3HAKOB M COCTOUT M3 TPeX YCTONYMBO T'€HEpUpYe-
MbIX BoiH: cP1, cN1 m cP2 (Getzmann, Lewald,
2010). I'To JTaHHBIM 3TUX aBTOPOB, TIPU CTUMYJISIINHA
B CBOOOTHOM 3BYKOBOM IT0JI€ MJIX IIPU MCIIOJIH30Ba-
HUM Tiepematounblx ¢yHknuit romoBel (HRTF),
BKJIIOYAIOIINX CIIEKTpaJbHbIE MNPU3HAKU, KOMIIO-
HeHTHI cN1 u cP2 pa3suBarorcg Ha 30—50 Mc paHb-
IIIe ¥ TOCTUTAIOT OOJIBIIICH BETMIYMHEI, YeM IIPU CO3-
JaHUM IIPOCTPAHCTBEHHBIX 3((MEKTOB TOJIBKO 3a
CYET MEXYIITHBIX Pa3IMIMii 110 BPeMEHU WJIM MHTEH-

cuBHoct (AT mimm Al). B mamreit pabore addekr
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Puc.5. Tonorpammbl amMriuTyabl kKomnoHeHToB MOR
(n = 18). O TOCTPOEHUSI TOMOTpaMM aMILIATyda
OTBETa B KaXX/IOM OTBEICHUU Obla yCPeIHEHA B OKHE
IUPUHON 25 MC, HEHTPUPOBAHHOM Ha MHUKE COOT-
BETCTBYIOIIIETO OTBETAa, YCPEAHEHHOTO IO Tpymre 24
(bPOHTO-LIEHTPAIbHBIX 3JIEKTPOIOB. JIAaTEHTHOCTU CO-
OTBETCTBYIOIIMX NMMKOB B KaXIOM YCJIOBUU YKa3aHBI
HaJ TororpaMMaMu. HampasneHust IBUXKEHUST CTUMY-
JIOB TIOKa3aHbl cTpeakamMu. [TyHKTUPHBIMU JTUHUSIMUA
MOKa3aHbl 3HAYMMbIE TIOTIAPHBIC CPaBHEHUsI, BBISIB-
JeHHbIe TIpu 4-akTopHOoM aHamu3e rmANOVA (Cko-
pocTh (MenjieHHo, ObicTpo), HampasieHue (0T ieHTpa,
K ueHTpy), CTropoHa 3ByyaHus (cJieBa, cripaBa), [Toiry-
mapue (JieBoe, TpaBoe)).

Fig. 5. Topography of the MOR components (n =
18). To calculate the topograms, the mean response
amplitude at each electrode was measured in the 50-
ms wide window centered at the corresponding peak of
the response averaged over 24 frontocentral electrodes.
Peak latencies used in each condition are given above the
topograms. The directions of sound motion are shown
by arrowed lines. Dashed lines indicate the significant
post-hocs (p < 0.05) revealed by rmANOVA (Velocity
(slow, fast)*Direction (from center, to center)*Side
(left, right)*Hemisphere (left, right)).

JBVKEHMST CO3aBav 3a CUET MEXYLIHBIX Pa3Inumii
no uHreHcuBHOCTU Al. Kak M cienoBano oxXuaaThb,
Habmomanmch KoMImoHeHTHI ¢cP1, cN1 n cP2, a npn
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JIBIDKEHUU OT LIEHTpa K mepudepun (GpopMupoBa-
JIOCh TaK:Ke MO3AHEE HEraTUBHOE OTKJIOHEeHHE CN2.
C TOUYKM 3peHHUsI COIMOCTaBJEHUS XapaKTepUCTUK
MOR npu ctumynsguuu ¢ Al u AT npencrtaBisiioT
WHTEepeC pe3yabTaThl Hallleii HedaBHeil paboThI
(Shestopalova et al., 2021b). B Tom ucciegoBaHuMn
WCMOJb30BAJICS TAaKOW XK€ BPEMEHHOM ITaTTEPH OT-
CPOUYEHHOTO JIBVIKEHMSI, KaK B HacTosdlleil padoTe,
HO IBUXKEHWE CTUMYJIOB CO3[aBajoCh 3a CUeT U3Me-
HeHuii AT 1 MMesI0o TOJILKO OJHO HarlpaBjieHHEe — OT
HeHTpa K nepudepun. CpaBHeHUE I10KAa3aJIo, YTO
BpeMeHHas cTpykTtypa MOR 6b11a npuban3uTeb-
HO OJMHAKOBA MpU cTUMyIsLMM 3a cuet Al wiu AT,
a ammiutyga MOR Obl1a HECKOJIBKO BbIllIE TPU
CTUMYJISILUM C UcToab3oBaHueM AT, Kak U B paboTe
Getzmann, Lewald (2010). besycioBHO, mpsiMoe
conocTtaBieHue Xxapakrepuctuk MOR He Oyner
KOPPEKTHBIM 0€3 3KCIepUMEHTaIbHOIO OIpeaelie-
HUST TOYHOTO COOTBETCTBUSI MEXIY BOCIPUHUMAE-
MbIM CMellleHUMeM 3BYKOBOI'O o0Opasza mpu KaxXaom
3HaueHuu Al u AT, mo3TOoMy CTpOroe cpaBHEHUE
MOR npu 3TUX ABYX BUIAX CTUMYJISILIMNA BO3MOXKHO
TOJBKO B paMKaX €IWHOro McciaeaoBaHus (Hamp.,
Altmann et al., 2017).

CkanbnoBoe pacnpeneneHue aMmiutyny MOR
yalle BCEro OMMCHIBAETCS KaK KOHTpajiaTepaabHOe
JTOMUHMPOBAHUE, HO OHO MOXET HECKOJbKO OTJIM-
YaThCs IIPY Pa3HBIX BUIAX IIPOCTPAHCTBEHHBIX IIPH-
3HakoB. CTUMYyJISLMS B CBOOOAHOM MOJE WIA C
MMpUMEHEHNEM TIePeHaTOYHBIX (DYHKIIUI TOJOBEI
MNPUBOAMJIA K CYyNEpIo3uLIMU 3(PPEeKTOB KOHTpaIa-
TePAIbHOTO Y TMPABOCTOPOHHETO JOMWHUPOBAHUS
peakuuu (Getzmann, Lewald, 2010). ITo MHeHMIO
aBTOPOB, 3TO MOXKET OBbITh CBSI3aHO C HEMPOU3BOJIb-
HBIM MIEPEKIIIOYeHNEM BHUMAHUS U ¢ aKTUBHU3aleit
HEMpPOHAJIbHBIX CETEil BLICOKOIO Topsaka. B enom
SIBJICHUSI MEXITOJIYIIApHO aCUMMETPUY BhIPaKEHbI
CUJbHEe B cllydyae ABMXKEHUS 9KCTepHATU30BaHHBIX
3BYKOBBIX 00pa30B, YeM MpPU IUXOTUYECKON CTUMY-
ngauuu. Tormorpaguio MOR npu ctumynsuuu ¢ Al u
AT MOXHO CpaBHUTb MO JaHHBIM HACTOSIIEH pabo-
Tel (pucC. 5) W HaMX MNOPeAbayIIUX padoT
(Shestopalova et al., 2021a; IllecronanoBa u ap.,
2020; IlecronanoBa u ap., 2023). PacnipeneneHue
c¢N1 u cP2 6b1710 KOHTpajaTepalbHbIM TIPU JBUXE-
HUM OT LIeHTpa Kak 3a cueT AT, Tak u 3a cuet Al. B
ciaydae Al (Hacroginas padoTa) acCUMMeETpus ObLia
HECKOJILKO 00Jiee BhIpaXKEHHOM U COOTBETCTBOBAJA
OINMCAHHBIM B JIUTEpaType JAHHBIM IIPU UCIIOJIb30-
BaHuu AT (Magezi, Krumbholz, 2010).

Ipdexm ckopocmu cmumysa. Paxkropamu, oka-
3aBINMMM BiMsIHUE Ha BeandnHy MOR, ObLIM CKO-
POCTb 1 HaTIpaBieHWEe NBUXEeHUS cTUMya. beicTpoe

IBIDKEHUE BBI3BIBAJIO OoJiee cUJIbHBIE OTBETHI CN1 1
Ne 3
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cP2, yeM MemyieHHOE, B TIOJTHOM COOTBETCTBUH C JIA-
TepaTypHbiMU  JaHHbIMKU ~ (Getzmann, 2009;
Getzmann, Lewald, 2012; Shestopalova et al., 2021b;
CemeHoBa u ap., 2022; Shestopalova et al., 2024).
YBenuueHre aMIUTMTYAbl OTBETA CO CKOPOCTBIO M3-
MeHeHUs Al, COOTBETCTBYIOIIETO IBUXKEHUIO B I'O-
PU30HTAIBHOM IIJIOCKOCTH, OBUIO TAKXKE TTOJTYYEHO B
paHHeit pabore (Méikeld, McEvoy, 1996). OnHako B
HX UCCIIeOBAHUY IPUMEHSIIMCh TOHAIbHBIE CTUMY-
JIBI C OTHOCUTEILHO KOPOTKUM MHTEPBAJIOM OT Ha-
yajia 3ByJ4aHUsI O Hadalia IBMKEHMSI, a OTBET PETHUC-
TpupoBajica wMetogoM MBI, mo3TOoMy mnpsMoe
COITOCTaBJIEHHWE ITOJyYEHHBIX BEJIWYUH C HAIIMMU
JAaHHBIMM HEBO3MOXHO. B KadyecTBe MexaHM3Ma,
obecnevnBaolero BosHukHoBeHrne MOR u ero 3a-
BUCHMOCTb OT CKOPOCTH, OBIJIO TIPEMIOKEHO OCBO-
ooxaeHue ot amantauuu (Getzmann, 2009;
Getzmann, Lewald, 2011). BenuuuHa oTBeTa MOXET
3aBUCETh OT IPOAOJIKUTEIBHOCTHA aJalTUPYIOIIETO
BO3ACHCTBUS CTAllMOHAPHOTO ydacTKa CTHMYJIA JIO
HayvaJia IBVKECHMSI.

CornacHo NoJydeHHBIM B HACTOSIIIIEM MCCIEI0-
BaHUU JAHHBIM, BEJIMYMHA CAMOTO PaHHETo U caMo-
ro no3gHero KoMnoHeHToB — cP1 1 ¢cN2 — or cko-
poctu He 3aBucena. Hmsg BomHbl cN1 addexr
CKOPOCTU OBbLI 3HAUMMBIM KakK IPH LIEHTPOOEXKHOM
JBVXKEHUU, TaK U TIPU LIEHTPOCTpeMUTEIbHOM. B TO
Ke BpeMsl BIUSTHUE CKOPOCTU Ha aMIutuTyny cP2 no-
CTUIJIO CTAaTUCTUYECKOI 3HAUMMOCTU TOJIBKO B CIIy-
yae IBMXKEHMUS OT LieHTpa K nepudepuu. Ilpu nsu-
KEHUM CTUMYJAa K LEHTPY pa3HMUIa MEXIy HUMU
oKazajach MeHble. DddekT ckopocTy mist cN1 u
cP2 nposiBiisijicst oAMHAKOBO B 000MX IMOJIyLIAPUSIX.

Dhpexm Hanpasaenusn dsudcenus. BnmsHue Ha-
MpaBJIeHUS IBUXKEHUS (K LIEHTPY WM K Iepudeprm)
WUIIOCTPUPYETCSl CIUIOIIHBIMU U MYHKTUPHBIMU
KPUMBBIMU Ha pUC. 3, a TaKKe TOIorpaMMaMu puc. 3.
CratucTuyeckas 3HaAYMMOCTh (pakTopa HarpasJe-
HUSI OOHaApyXeHa IJisi HEraTUBHbIX KOMITIOHEHTOB
cN1 u cN2, BbI3BaHHBIX OBICTPHIMM CTHUMYJIAMM:
JIBVDKEHUE BBI3bIBAJIO OOJIBIIWI OTBET, €CJAU OHO
ObLIO HampaB/JeHO OT LEHTpa K Iepudepun, 4yeM K
ueHtpy. Ilpu 3Tom 3¢dekT HanmpaBaeHUsT KOHLIEH-
TpupoBajics B ciaydae cN1 B KOHTpajaTepalbHbIX
CTUMYJIy TIOJyIIapusX, a B ciaydyae cN2 — TOJIbKO
crpaBa, UncuiaaTepaJbHO CTUMYJISILIVM.

BnusiHue HanmpaBieHUs] ABUXKEHWS HaOJI01a10Ch
W TSI MTO3UTUBHBIX OTKJIOHEHM. MexknonyiapHast
acummerpus cP1 u cP2 mposBisiack TOAbKO IpU
JIBVDXEHMH OT LIEHTPA BJIEBO: 00a OTBeTa ObLIY CUJIb-
Hee B KOHTpajaTepajbHOM moywapuu. [Tpu nBu-
KEHUHU K LIEHTPY aCUMMETPUS OTCYTCTBOBaia. Dd-
ekt HampaBieHUS, CBSI3aHHBIA C  OoJblIEH
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LIECTOITAJIOBA, ITETPOITABJIOBCKAA

BEJMYMHON OTBeTa Ha ABMIKEHME OT LIEHTpa, YeM K
LIEHTPY, TIPOSIBWICS Y BOJHBI cP1 B mpaBoM mmony-
apuy TIpU  KOHTpajaTepajbHOU CTUMYJISIIUU.
Kpome Toro, nj1s kommnoHeHTa ¢cP2 TobKo npu 1BU-
KEHUU OT LIEHTpa OoOHapyXeH 3HAaYUMBIN 3¢ ¢eKT
CKOpocCTH (OOMBIINI OTBET HAa OBICTPOE ABUKEHUE).

Kak Obl10 ckazaHo Bo BBenenuu, 3p@dekT Ha-
MpaBJIeHUsI UMEET BaXKHOE 3HAUYEHUE B KOHTEKCTE
nojiychepHoii MOAENM KOOUPOBAHUS CITyXOBOTO
npoctpaHcTBa. B mocienHee Bpemsi monaycdepHas
Mozenb 1y Al Obuia ToaATBepxXKaeHa IPY UCIOJIb30-
Banuu Metona ¢MPT (McLaughlin et al., 2016) u
MeToJa KaIbIIUEeBOM NBYX(hOTOHHOI BU3yaIU3alluu
HelipoHHol aktuBHocTU (Panniello et al., 2018).
Heckonbko MHBIE pe3yabTaThl MOJYyYEHbl B HEAAB-
Heil pabote Ozmeral et al. (2019): o cTUMYJIOB C
AT otBeT ObLI OOJIbIIIE MPU CMELIEHUU K Tepude-
puM, 4eM K LIEHTPY, HE3aBUCUMO OT CTOPOHBI MpPO-
CTpPaHCTBa, a 711 CTUMYJIOB ¢ Al peakuinu 3aBUcenn
OT CTOPOHBI TTpOCTpaHCTBa. I1o JaHHBIM 3TUX aBTO-
pOB, IJiI MPaBOCTOPOHHUX CTUMYJOB MIICHIATE-
panbHbIi oTBeT N1 ObUT OOJBIIE TIPU CMEIIEHUM K
LIEHTPY, 4YeM K mepucdepuu. s JIEeBOCTOPOHHUX
CTUMYJIOB KOHTpajaTepaibHbiii N1 Obul Ooblie
P CMEIIEHUU K TIeprudepunt, 4eM K LIEHTPY, a UIl-
cuiatepasibHbIA P2 ObuT Oobllle TP CMENIEHUHN K
LIEHTPY, YeM K nepudepuu. [Ipu 3ToM B OTBeAeHUN
Cz npakTU4yecKU He ObUIO pa3INuuii OTBETa Ha IBU-
>K€HWE K LIEHTPY U OT IIeHTpa 3a cueT Al.

Pesynbrarsl Halleii paboThl JEMOHCTPUPYIOT 00~
Jee BoIpakeHHbIF MOR nipu ABMKEHUU OT LEHTpa K
nepudepum, 4eM B OOpaTHOM HampaBJ€HUU, BHE
3aBUCUMOCTU OT CTOPOHBI 3By4aHUsl cTUMyJa. Ta-
KMM 00pa3oM, Hallli JaHHBIEC TTOATBEPXKIAIOT CIIpa-
BEIJIMBOCTb MoJychepHOi MOAEIN JlaTepainu3aluu
(Moaenu ONMOHEHTHBIX KaHAJIOB) JJIs1 OTCPOYEHHO-
ro ABWXKEHHUS CTUMYJIOB, CO3IaHHOro 3a cueT Al
OnHako 3HAaYMMBbI 3¢ hEKT HANpaBASHUS MOJIYyYeH
HaMU TOJIBKO IIpU OBICTPOM ABMXKEHUU, TIPU OTCYT-
CTBUM B3aMMOJENCTBUS (haKTOPOB CKOPOCTU U Ha-
npasjieHUs1. B CBS3U ¢ 3TUM BaXXHO OTMETUTh, UYTO B
MPUBEACHHBIX BbIlle paboTaXx He MCHOJIb30BAIOCH
[UIaBHOE JBWKEHHWE CTUMYJIOB C Pa3HbIMU CKOPO-
cramu. IToa cMeleHreM CTUMYJIa aBTOPbI 3TUX pa-
00T moapa3ymMeBaid MTHOBEHHOE H3MEHEHHE ero
MOJIOXKEHMSI, B COOTBETCTBMU C MapagurMoii u3ou-
paTebHOI MPOCTPAaHCTBEHHOM aganTauuu, IpuMe-
HsBlIelicsa paHee npu 3anucu BIT o moaTeepxie-
Hug noaycgepHoit moaenau (Magezi, Krumbholz,
2010; Briley et al., 2013). C yueToM UHTeTpUPYIOLIECH
BpeMEHHOI (DYHKLIMU OMHAYpaJIbHOU CITyXOBOM CU-
CTeMBbl, MTHOBEHHOE CMellleHMe SKBUBAJICHTHO IBU-
>KEHMIO ¢ OY€Hb 0010 cCKOpocThio. [ToaTOMYy He-

YIUBUTEIBHO, YTO UMEHHO IMTPU OBICTPOM JBMXKEHU U
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B Halek pa60Te HabJII0IaIMCh MAaKCUMaJIbHbIE pas-
JINYMA MEXKIOY peaKHHeﬁ Ha CMCIIEHUE K HEHTPY U K
Hepl/l(bepI/H/I, CXOOHbIC C OTBETaMM Ha MITHOBCHHOC
IIEPEMCIICHUC.

EnuHcTBeHHOE uccenoBaHue 3pdekTa HammpaB-
JIeHUs1 B MapagurMe OTCPOYEHHOTO IIaBHOIO JBU-
KeHus BbInmojaHeHo Getzmann (2011) B ycimoBusx
CBOOOIHOIO 3ByKOBOTO MoJist. B 310t paboTe Hemom-
BVDXHBIC HaYaJIbHbIE Y4aCTKW CUTHAJIOB ObLIN JIOKa-
JIM30BaHbI ClieBa U cpaBa OT CpeaHEl JIMHUM IO
yrjoM 44 rpan, a ABUKE€HUE ObLIO HAMpaBIe€HO OT
HUX K HEHTPY WK K nepudepun. AMILIMTYab cN1 u
cP2 B BepTeKCHOM OTBEACHUM HE 3aBMCEIU HU OT
MOJIOXKEHUs Hayaja TpaeKTOpUU, HU OT HaIpaBjie-
HuUs nBvXKeHus. CpaBHEHHE peaKLMy JEBOTO U Ipa-
BOTO MOJYILIAPUM TMOKa3aao, YTO KOMITOHEHT cN1
ObL1 OoJibllle B MOJyLIapuy, KOHTpajaaTepabHOM
MOJIOXKEHHUIO Hayaja TpaeKTOpPUM, U HE 3aBUCEJ OT
HampaBieHus naBvXKeHus. KommnoHeHT cP2 Oblt
OoJibllie TTPU IOBUXKEHUU K LIEHTPY, YeM K Tepude-
pUU; IPU IBVKEHUHU K iepudepuu cP2 6bL1 60JIbI1E
B MOJyLIapUK, KOHTpaJaTepaabHOM HaIlpaBieHUIO
IBYKeHMs. Ha mepBblii B3MISIA, 3TU PE3yJIbTaThl
pacxonsTcsi ¢ noaycdepHoil KOHLEINUUel Helpo-
HaJlbHOrO KoaupoBaHUs. OOHAKO aBTOP HE YCMO-
TPEJ PACXOXIECHUS U MPEIIOXKWI CICTYIONIYI0 UH-
TepOpeTalyio: MOpu ABUXEHUM K nepudepuun
YCUJIMBAETCS aKTUBHOCTb HEIPOHOB, HACTPOEHHBIX
Ha mnepudepruyecKyto 007acTb, BCIEACTBUE YETO
YCWJIMBAETCS peaklivsl KOHTpajaTepaabHOIO MOJIy-
1Iapus; Ipy IBMXKEHUU K LEHTPY HapacTaeT aKTUB-
HOCTh HEMPOHOB, HACTPOEHHBIX Ha (OPOHTATbHbBIN
CEeKTOp, U KOHTpaIaTepaJbHOCTh OTBETA CHUXKAETCSI.

Bpems unmeepayuu npocmpancmeeHHblX NPU3HA-
xo06. B yrmomsHyToii Beimre padote (Getzmann, 2011)
OBUIO BBICKA3aHO MHTEPECHOE IIPEAIIOIOXKEHHE O
TOM, YTO PaHHUIA HETATUBHBINA U TO3MHUIN ITO3UTUB-
HbIl KoMIToHeHTHI MOR oTpaxainm aBa mocieaoBa-
TeJIbHBIX 3Tara o0pabOTKM MPOCTPAHCTBEHHOI MH-
dopmammu. DTa TOYKA 3peHUSI HAXOOUTCSI B
COOTBETCTBMHU C KOHIISIIIINEH, paHee MpemoXeH-
HOIi IpY aHaJIN3e OTBETOB HA CTUMYJIBI, B KOTOPBIX
HavaJio IBVDKEHUS COBIIAAJI0 ¢ HAYaJOM 3BYJaHMSI
(Ducommun et al., 2002). B aToiif paboTe BImsHIE
MIPOCTPAHCTBEHHBIX IIPU3HAKOB OBUIO OOHAPYXKEHO
TOJIbKO B IIO3IHEM MO3UTHMBHOM KOMIIOHEHTE BBI-
3BaHHBIX ITOTCHIINAJIOB, 1 OBLIO BEICKA3aHO IIPEIIIO-
JIOXKEHHE O CYIIECTBOBAHUM OBYX HEWPOHATbHBIX
ceTeli, OlHa 3 KOTOPBIX OTBETCTBEHHA 32 00pabOTKY
MEePBUYHBIX aKYCTUUECKUX IIPU3HAKOB, a Ipyras — 3a
pacrno3HaBaHNe HallpaBJIeHUs ABKeHUs. Briocen-
CTBUHU B paboTe, MOCBIIIEHHON (ha30BOM CHMHXPO-
HU3auuu, aexaiieid B ocHoBe MOR, Mbl He HallUIK
MOATBEePKACHUS KOHLEMIINK IBYX3TaIlHOII 00pa-
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OOTKM IBWXXEHUSI, HO OOHAPYXWIU CBUACTEJIbCTBA
JIUHAMUYECKOM MEpPECTPONKM HEUPOHHBIX aHCaM-
Oseii B TeueHre BpeMeHU 00paboTKU MH(POpMaALIUU
o IBMxKeHuU ctumya (Shestopalova et al., 2021a).

Pesynbratel  HacTosiield  paboOTBl  CBUE-
TEJbCTBYIOT, YTO BJIMSIHUE HAIPaBJICHUS 3aMETHO
yXe B uHTepBajie cP1, nocTuraeT 3HaYUMMOCTU B UH-
TepBajie cN1, 3aTeM yMEHbILAeTCsl, HO COXpaHSIeTCs
BILJIOTH A0 Mo3aHero KomrnoHeHta cN2. Takum 00-
pa3oMm, noreHan MOR orpaxaeT o6pabOTKy MH-
¢dopmalLiMy 0 HaNpaBIeHUU IBMKEHUS (LIEHTPOOEXK-
HOM WM IIEHTPOCTPEMUTEIbHOM) Ha IIMPOKOM
BpeMEHHOM OTpe3Ke. Ecau ucxonuTs U3 Mpeamnono-
KEeHMSI, 4YTO BpeMsl pa3BUTHUSI KomIoHeHToB MOR
CBSI3aHO CO BpEMEHEM MHTETpaliuy IPOCTPAaHCTBEH-
HO#1 mHpOpMaIMK B IpyInax HEHPOHOB, YYBCTBU-
TEJIbHBIX K COOTBETCTBYIOIIIMM MTPpU3HAKaM, TO MOX-
HO 3aKJIIOYWTh, YTO MH(MOpPMAIUs O HaIlpaBIeHUU
JIBIKEeHUsI 00pabaThiBaeTCsl OOLIMPHOI HEPOHHOM
MOMNyJsIreit, KoTopasi XapaKTepu3yeTcsl IUPOKUM
HabOpOM BpeMEHHBIX OKOH MHTerpauuu. C npyroi
CTOPOHBI, BIWSHUE CKOPOCTH ITOJJHOCTBIO OTCYT-
cTByeT B Havasie pa3Butusd MOR (BonHa cPl), no-
CTUTaeT MaKCMMyMa B MHTepBaje BoJHBI cN1 u 3a-
KaHuYMBaeTcsl B MHTepBaie cP2. CiemoBareiabHO,
00paboTka MHGpOpPMALIMK O CKOPOCTU CTUMYJIA Xa-
pakTepusyeTcs 6ojee y3KMM BpeMEHHBIM MHTEpBa-
JIOM, TI0 CpaBHEHMIO C HarpaBjieHueM. I1o TaHHBIM
CemeHoBo# ¢ coaBT. (2022), nuamna3oH JIATEHTHO-
creit MOR, xapakTtepusyoinii 00padoTKy nH(POp-
MaluU O ABUKEHUU CTUMYJIOB ¢ AT, He MpeBbIIIaeT
140—180 mc. Kak ObL10 cKa3aHO BhILIE, CTPYKTypa
MOR npubIM3UTETbHO OJUHAKOBA IS CTUMYJIOB C
AT u Al, 103TOMY MOXHO CUMTaTh, YTO Pe3yJbTaThl
HacTosleit paboThl COrIaCyIOTCSl C 3TOM OLIEHKOI
BpPEMEHU MHTErpalliu Mpu 00padboTke MHMOpMaLUU
0 CKOPOCTH JBUXKEHMUSI.

BbIBObI

Peakuusa Ha Havanmo neuxeHuss (MOR) npu me-
KYIITHBIX Pa3In4usIX M0 UHTEHCUBHOCTU Al mmena
TaKylo Xe CTPYKTYpPY, KaK ObIJIO OMACAHO B JIUTEpa-
Type TIPU MEXYIITHBIX pa3Indusx 1Mo BpeMeHu AT.

BDddexT ckopocT OBLI 3HAYMMEBIM IJISI BOJIH
¢cN1 u cP2: 6bicTpoe nBUXKEHNE BbI3bIBAJIO OOIbIINI
OTBET. AMILIMTYJa CaMOr0 paHHETro M CaMOro mo3/-
Hero koMnoHeHTOB MOR (cP1 u ¢cN2) He 3aBucena
OT CKOPOCTH ABVKCHMUSI.

DddexT HanpaBiIeHUs ABMXXEHUS MTPOSBIISIICS B
0oJbliIeii BeTMYMHE HEraTUBHBIX KOMITOHEHTOB ¢N 1
n ¢cN2 B peaklIny Ha IIEHTPOOEKHOE IBUKEHUE, UeM

ILIEHTPOCTPEMUTENBHOE, a B CJIy4Ya€ MO3UTUBHBIX
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KoMIToHeHTOB cP1 1 cP2 — B U3MeHeHNN NX CKaJIb-
MOBOr0 pacrpeneeHUuss U MOSBICHUU MEXITONy-
IIapHOM aCUMMETPUU TIPU LEHTPOOEKHOM IBUKE-
HUMW.

P€3YJIbTaTbI, IIOJIYYCHHBIC JIA OTCPOYCHHOTIO
ABM2KCHUA CTUMYJIOB, CO3JaHHOTIO 3a CUHET AI, Haxo-
JATCA B COOTBETCTBUU C HOHYC(bepHOfI MOICJIbIO Jia-
Tepain3alilnun (MOI[GJ'[LIO OIIITOHCHTHbIX KaHaJIOB).

Mudopmanma o HampaBiIeHUM OBMKEHUS (K
LEHTPY WU K Tiepudepri) oTpakaeTcs B XapaKTe-
puctukax noreHuuaia MOR B Ooliee IIMpoKoOM
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MOTION ONSET RESPONSES ELICITED BY SOUND STIMULI WITH
INTERAURAL LEVEL DIFFERENCES

L. B. Shestopalova®, E. A. Petropavlovskaia

Pavlov Institute of Physiology, RAS,
Saint- Petersburg, Russia
#e-mail: shestopalovalb@infran.ru; shestolido@mail.ru

We studied the evoked responses of the human brain elicited by the onset of sound motion (motion-onset response,
MOR). Sound motion was created by means of linear changes in the interaural level differences (ILD). The structure
of the ILD-related MOR was similar to that reported in the studies which used changes in the interaural time delay.
The amplitude of the cN1 component increased with sound velocity, regardless of motion direction, and the cP2
deflection increased only in the case of motion from the center to the periphery. The amplitude of both cP1 and ¢cN2
components did not depend on motion velocity. Centrifugal motion evoked a stronger MOR than centripetal motion,
which corresponds to the hemifield model of lateralization (i.e. opponent channels model). Our findings suggest that
motion direction (towards the center or towards the periphery) was reflected in the MOR potential in a wider time

interval than velocity.

Keywords: spatial hearing, interaural level differences, evoked responses, motion-onset response
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OU3NOJNOTMIYECKUE MEXAHU3MBbI IIOBEJEHWA 2KNBOTHBIX:
BOCIIPUATHUE BHENTHUX CTUMYJIOB,

JABUTATEJBHASL AKTUBHOCTbDb, OBYYEHUE U ITAMATD

YIK 612.821:575.827.5

BJIVMAET JIU JJIMTEJBbHBIA OTBOP 11O PEAKIIMAM HA YEJTOBEKA HA
OCOBEHHOCTHA ITPOLECCA IIPUHATUA PEHLIEHNA Y IUCULL ITPU
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B Hacroseit pabote rccaenoBagoch NoBeIeHUE JUCHLL, MPOIISIIITNX JIUTEIbHbIA OTOOP Ha 9KCIIEPUMEHTATbLHOM
6aze ULlul' CO PAH B 1ByX KOHTpPaCTHBIX HaIlpaBJIEHUSIX — Ha TOMECTUKALIMOHHOE 1 arpecCHBHOE MOBEACHUE 110
OTHOIIICHUIO K YeJIOBeKY. B KauecTBe KOHTPOJISI HAMU OBLIN MCTIOJBb30BaHbI HECEIEKIIMOHUPYEMBIE IO TIOBEICHUIO
JIMCULIBI, pa3BOAMUMBIE Ha 3KcriepuMeHTanbHoM 6a3e MIIul' CO PAH. O6cyXnaoTcsi 0COOEHHOCTU MCCeA0BaATEb-
CKOM aKTUBHOCTH JIMCUILL TIPU TIPEABSIBIICHUM UM HOBOTO OOBEKTA, IMOMEIIEHHOTO B JIOMAIIHIO KJIETKY, a TaKXe
MOBeIeHNE JIMCUIL B TECTEe Ha yralleHHe HaBbIKa (POKYCMPOBKM B3IJIsiAa Ha MCTOYHMKE MUILEBOTO TOAKPETUICHUS.
JloMecTULIMPOBaHHbIE JIMCUILIBI OKA3IUCh MEHEE CKJIOHHBI K HE0(OOUHU IO CPaBHEHMIO C APYTMMM MPOTECTUPO-
BaHHBIMM HaMM rpynmnamu. MccnenoBareabekasi akTUBHOCTD PYYHBIX JIMCHUIL OTJIMYAIach OOJIBIIIMM pa3HOOOpa3u-
€M MOTOPHBIX peaKIIUii 0 CpaBHEHUIO C arpeCCUBHBIMU M HeCEJIEKIIMOHUPYeMbIMU. B TecTe Ha yraieHue HaBbIKa
(hboKycUpOBKM B3IJIsIIa PyYHbIE JIMCHULIBI UCIIOIb30BaIU 00JIbIlIee KOJIMUECTBO PAa3IMUHBIX ACHCTBUIA O CPAaBHEHUIO
C IPYTMMHU UCCIIeNOBaHHBIMU rpyrnaMu. [1py nomeeH B HOBYIO 00CTaAHOBKY JIMCSTA U3 TOMECTULIMPYEMOI 110~
MyJISIIAY HaXOIWJIA pa3HOOOpasHbIe CIIOCOOBI IMPEOAOISCHUS TIPErpaIbl B IMpoliecce CAeI0BaHus 3a yeJoBeKoM. Ha
OCHOBE 3THX IaHHBIX 00CYXXIal0TCsI OCOOEHHOCTU Mpoliecca MPUHATUS PEIICHUS Y JIUCHILL.

Karoueguie crosa: JOoMECTUKauuA, arp€CCUBHOCTD, 0T60p, JIMCUIIbI, BApUAaTUBHOCTDb IIOBECACHW A, KOTHUTUBHBIE CI10-

COOHOCTH, ITPOLIECC MPUHSTUS PELIEHUS
DOI: 10.31857/S0044467724030061

BBEAEHUE

HUTeNnbHBINA CeeKIIMOHHBIN 3KCIIEPUMEHT IO
OIOMAIITHMBAHUIO  CEPeOPUCTO-YEPHBIX  JIMCHII,
nposogumblit B Ulul' CO PAH c¢ 1950-x rr. no
WHUIMATUBE W II0A PYKOBOACTBOM aKaieMMKa
bensea JI.K., mo3BoJnI 32 KOPOTKUIA IO 3BOIIOLIU-
OHHBEIM MEpKaM CPOK CO3[aThb IOMYJISLUIO JIMCHIIL,
CXOIHBIX IO TIOBEACHHUIO C JOMalllHell coOakoii
(Trut, 1999). PaznuuHble Mopdosiornyeckue u pu-
3MOJIOTMYECKIE M3MEHEHUS Y JINCUIl B pe3ybTaTe
JOMECTUKALIMU IeTaJlbHO nccaenoBaHsl (Trut, 1999;
Trut et al., 2009; Tpyt u ap., 2004). OgHako Ha ce-
TOTHSIIITHUI JIeHb CYIIECTBYET OTpaHMYEHHOE KO-
YeCTBO PpaboOT, MOCBSIIEHHBIX BIUSHUIO CEIEKIINN
10 TTIOBEICHUIO, aJpeCOBAaHHOMY UYeJIOBEKY, Ha KOT-
HUTHUBHBIE CITOCOOHOCTH JIMCUIL M TUIIOJIOTUYECKIE
cBolicTBa ux HepBHOM cuctemnl (Hare et al., 2005;
Bacunbena, 1991a, 0).

ITo muenuto bensiera [I.K., BaxxHeiimm oObeK-
TOM 0€CCO3HATEILHOTO O0TOOpAa IIPU TOMECTUKAIIH
OBLIM IMEHHO 0a30BbIC CBOIICTBA HEPBHOM CHCTEMBbI

KMBOTHBIX, ITO3BOJISTIONINAE WM amalTUPOBAaThCI K
HOBOI1 coLlMaIbHOI cpeae, B YACTHOCTU “TIOABUK-
HOCTb” HEPBHBIX IPOLIECCOB, CBSI3aHHAS CO CIIOCO0-
HOCTBIO K OBICTPOMY IMEpPEKIIOUeHNIO TTPOIIECCOB
BO30OyxkneHus u Topmoxenus (benses, 1981). IIpo-
BeJleHHOEe HaMM paHee MccieloBaHue CIOCOOHOCTH
JIUCUIL K TIepeleiakKe MHCTPYMEHTAIBHOIO HaBBIKA
CBHUETEILCTBYET 00 YBEIMYCHUU ITOABUKHOCTH
HEPBHBIX MPOLIECCOB y “OeIsIeBCKUX JUCULL” MO
CPaBHEHUIO C arPECCUBHBIMU M HECEJICKIIMOHUPYE-
MbIMM T10 oBeaeHM10 (MyxameamvHa u ap., 2019a).

Bormpoc 0 cooTHOIIIEHNA B IPOIIECCe IMPUHITHS
pelIeHUs Y XKMBOTHBIX TUIACTUYHOCTH IOBEICHUS 1
OIHO3HAYHBIX YCIOBHO-PE(PICKTOPHBIX CBSI3Eil SIB-
JIIeTCS aKTyaJdbHBIM M OUCKyccmoHHBIM (Balleine,
Dickinson, 1998; Keramati et al., 2011; Dezfouli,
Balleine, 2013; Dolan, Dayan, 2013; Pezzulo et al.,
2013). Mu1 ipunepXuBaeMcsI CIEAYIONIETO OIIpee-
JICHUSI: IPUHSITUE PEIIeHNSI — 3TO BEIOOP OMHOIO 13
HECKOJIBKMX BO3MOXKHBIX BAPMAHTOB OBEACHMS, HE
XKECTKMIW M OOHO3HAYHBINA, a TTOMIAIOIIUNACS U3Me-
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HeHuto (Pearson et al., 2014). B npouecce npuHITUS
pellIeHUs] MOTYT B pa3HbIX COOTHOIIEHMSIX, B 3aBU-
CHMOCTH OT pellaeMoii 3aaum, COYeTaThCsl dJIEMEH-
TBI KaK BBIYYEHHOTI'O, TaK M BPOXICHHOIO MOBEAE-
HUSL.

CoBpeMeHHas1 MaTeMaThudecKasi MOJeIb IIPUHSI-
TUSI peIlIeHUsT Y XKMBOTHBIX U YeJIOBeKa — 3TO IeHe-
paTUBHAsI MOAEIb active inference, ¢ TOYKU 3peHUS
KOTOPOi1 XKMBOTHOE MJIA YEJIOBEK BCETIa NEHCTBYET
Ha OCHOBE CBOMX BHYTPEHHUX IIpeACTaBICHUI O CO-
CTOSTHUM Cpelbl, a He B COOTBETCTBUU C PEabHOM
nosHoi kaptuHoit mupa (Pezzulo et al., 2015). Otu
npeacTaBaeHus (IMMPOrHO3bl) MOCTOSIHHO OOHOBIISI-
IOTCSI Ha OCHOBe BbIBOJIa (inference), cieJTaHHOTO I10
pe3ysibTaTaM coOCTBeHHbIX AeiicTBuii (Friston et al.,
2016; Pezzulo et al., 2015). Co3naercs HeKuii ycpea-
HEHHbII MPOrHO3 HA OCHOBE OIbITa B Pa3HbIX CUTYya-
usx. OueHuBaeTcsl Takxke TOUHOCTh 3TOTO IMPOrHO-
3a, T.€. BEPOSITHOCTD YAOBJIIETBOPEHUS MOTPEOHOCTHU
Mnpy peanus3aldy TOro WJIWM MHOTO moBedeHus. Ta-
KMM 00pa3oM, MO3T YUYMTHIBAET pa3Hble BapUaHThI
pa3Butus cutyauuu (Friston et al., 2016; Pezzulo et
al., 2015).

Kpymmnckuii JI.B. (Kpymunncknit, 1960) uccie-
IIOBaJI CIIOCOOHOCTb XXMBOTHBIX K PEIICHUIO 3Je-
MEHTapHOI1 JIOTUYECKOM 3amayn 0e3 aHaJIOTMIHOTO
orpITa. MHOTrMe MCCIemIoBaTeIM OTHOCAT K KOTHU-
TUBHBIM IIPOIIECCaM 1 YCIIOBHO-pedIIeKTOpHOE 00y-
YyeHue XUBOTHHIX. Jpyrme, Hao0OpOT, OTHEISIOT
00y4eHME OT HOHSITUSI KOTHUTUBHBIX CITOCOOHOCTE
(mrs o630pa cMm. (3opuHa, IlomeraeBa, 2003)). B
KOHIIETIIINH active inference HEIMMPOTUBOPEYMBO pac-
CMAaTPUBAIOTCS KaK YCIOBHO-pedIeKTOpHOE 00yUe-
HUE, TaK U MOBeACHME, TP pean3allii KOTOPOIo
TPOSIBIISIOTCS KOTHUTUBHEIE crtocooHocTH (Friston,
2018; Parr, Friston, 2017). MBI paccMaTpuBaeM KOT-
HUTHUBHBIE CIIOCOOHOCTH XMBOTHBIX KaK (DYHKIINHI
MO3ra, ¢ IOMOIIBIO KOTOPHIX XKUBOTHOE BOCIIPUHU-
MaeT, 00pabaThIBaeT, XpaHUT W UCITOJb3yeT MHPOp-
MallMIo UIST B3aMMOICHCTBUS C OKPYKaIOIIEe cpe-
noii (Shettleworth, 2010). B pamkax m1aHHO pabOTHI
MBI CYATaeM HEOOXOMMMBIM YTOUYHUTH 3TO OIpeIe-
JIeHUe: KOTHUTUBHBIE CIIOCOOHOCTH — 3TO CIIOCO0-
HOCTH K aHaJIN3y U nepepadboTKe nH(pOpMaIH, He-
00XOIMMBIE IIJISI IPUHSTHS ONITUMAJIbHBIX peIIeHMI
B T€X YCIIOBUSX, K KOTOPBIM XHNBOTHOE BBIHYKICHO
MpucIocabImBaThcsa. B aToM omnpeneneHUN MBI I1O-
CTapajuch OOBCOIMHWUTH pa3HBIC TOYKUA 3PCHUSI B
OIIHY, ITOCKOJIBKY HaC MHTEpeCyeT CBsI3b HaOJIomae-
MOTO IIOBEIECHUS C BHYTPEHHMMHM IIpoliecCaMH B
IICUXUKE, KOTOpHIE ero 3amycKaioT. C Hallleil TOYKU
3peHMsI, pellicHre HOBOI 3amaun 0e3 aHaJIOTUIHOTO
OIIBITA SIBJISIETCS TOJBKO OOHUM U3 TMIPOSIBICHUIA
KOTHUTUBHBIX CITOCOOHOCTE1 XKMBOTHBIX.
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IMouck pelleHUss KOTHUTUBHBIX 3a1ad MOXET
OCYILECTBISITbCSL KUBOTHBIMU Pa3HBIMM ITyTSIMMU:
MHOTHE CKJIOHHBI HACTOMYMBO MOBTOPSTH OAWH U
TOT X€ BapuaHT pelleHMs 3adadyu (CTepeOTUITHBIC
peakuMy WIM TepceBepalyu), naxke HeCMOTps Ha
OTCYTCTBHE pe3yjbTaTa. Hampumep, B McclienoBa-
HUSIX CIIOCOOHOCTEMN KMBOTHBIX K IMPOCTPAHCTBEH-
HoMy obydeHuIo (spatial cognition) Ha cobakax, JIo-
1agsax, ocjlax M MyjJdax ObUIO IOKa3aHO, YTO
KMBOTHBIE B CHUTyalluM CBOOOJHOIrO BBIOOpa Ha-
MpaBJICHUST IBXKEHUS CTPEMSTCS pa3 3a pa3oM 00-
XOIUTb 0apbep C TOM CTOPOHBI, KOTOPAsl IMOAKpE-
IUIsJIach B TEPBOM TecTe, JaXe HECMOTpsl Ha
nocieaymoliee oTcyrcTBue noakperuieHusa (Osthaus
et al., 2010, 2013). Takyio (opMy MoBeICHUST aBTO-
pbl Ha3BaJIM TOBTOPSIONIEHCS MPOCTPAHCTBEHHOM
olmnoOKoii (spatial perseveration error). CTepeoTHII-
HbIE CIIOCOOKI pellieHUs 3a1a41 HaOTI0JaIUCh Y pa3-
HbBIX XKMBOTHBIX U B 9KCIIEPUMEHTAX T10 OLIEHKE CII0-
COOHOCTM K  OKCTpamoJisiUMU  HaIlpaBJIeHUsI
nBkeHus ctumyia (Kpymmuckuit, 1960), u npu
pelIeHUN 3a1a4 Ha BHIOOP MEXTy pa3Iu4HbIMU KO-
JIMYecTBaMM 3HAYUMBIX 00beKTOB (laterality bias)
(Petrazzini, Wynne, 2016; 2017; Macpherson,
Roberts, 2013; Range et al., 2014; Banszegi et al.,
2016). OQHOCTOPOHHKE BBIOOPHI MPOSIBISIIUCH U Y
JIUCULL B TECTE HA Pa3IM4YeHHUE KOJIMUYECTBEHHBIX CO-
OTHOIIEHUH KycOuKOB nuinu (MyxameaiunHa u ap.,
201906), arpeccuBHbIE U HECEJEKIIMOHUPYEMbIE JI-
CHIIbI OKa3aJIuch 00Jiee CKIOHHBI K TaHHOW (opMe
MOBEIEHMS IO CPaBHEHUIO C JOMECTULIMPYEMbIMMU.

[MpoTHBOMOIOXKHOI O OTHOIIEHUIO K CTEPEO-
TUMHBIM CIIOCO0AM CTpaTerueil pelieHus] KOTHU-
THUBHBIX 3a/1a4 SIBJISIETCS] aKTUBHBII Miepedop pa3HbIX
BapMaHTOB ToBeAeHUs. [lokazaHo, 4TO pa3HOOOpa-
31e ABUTaTeIbHBIX OTBETOB (motor diversity) moyo-
KUTEJIbHO KOPPEIUPYET C YCIEIIHOCThIO PelIeHUsI
KOTHUTUBHBIX 3amauy (problem-solving success) y
pa3nHbix BuaoB (Rao et al., 2018; Griffin, Guez 2014;
Benson-Amram, Holekamp, 2012; Manrique et al.,
2013).

B nicuxonoruu cyiiecTByeT TEpMUH “BapuaTHB-
HO€ MBIIIJIEHWE”, OH yHOTpebsgeTcs B 3HaAYCHUU
“MBIIIUICHWE BapuaHTaMM”’, T.e. TIOHUMaHUE BO3-
MOXHOCTHU Pa3JIWYHBIX CITOCOOOB pEeIlIeHUS 3adaduu
U YMEHUE OCYIIECTBISATh UX CUCTEMAaTUYECKUIA Te-
pebop (Kusaszesa, 2008). IloHdaTue “BapuaTUBHOE
MBIIIIEHE” TPUMEHSETCS U K XUBOTHBIM — 3TO
orpenesaeHue 0ojee YeM OTHOM (popMBI TOBEIEHMS,
BO3MOXHOI B AaHHBIX ycioBusx (KpuBosamuyk,
2008).

B nHacrosteit pa60Te MbI XOTUM COCPE€OAOTOYUTD

CBOE BHMMAaHMe Ha OLIeHKEe pa3HooOpa3us MoBeIeH-
Ne 3

TOM 74 2024



326

YEeCKUX peakUMil y JIUCHUIl B Pa3HbIX 3KCIECPHUMEH-
TaJIbHBIX cuTyauusix. B panpHeiileM npu obcyxkae-
HUM pe3yJbTaTOB Hallleil paboTbl Mbl Oyaem
MCIOIb30BaTh TEPMUH “BapUaTUBHOCTD IMOBEJAECHUS”
B Ka4yeCTBe TToKa3aTeisl, OTPaXkalollero BaApuaTuBHOE
MbllIeHUe. MBI ornpeaensieM 3TO MOHSITHE CAeAylo-
1M 00pa3oM: BapUaTMBHOCTh MTOBEAEHUS — Hau-
yue B “apceHajie” XMBOTHOI'O pa3HOOOpa3HbIX PopM
noBefeHUs (BpOXAEHHBIX U MPUOOPETEHHBIX), KO-
TOPbIE OHO MOKET MCII0JIb30BaTh U KOMOMHUPOBATh
B TIpoliecce NMPUHITUSI pellleHuii, HauboJiee ToaX0-
JOSIUX JJIS1 KOHKPETHOU cuTyaluu. Bo3aMOXHOCTb
NpUMEHEHMsI HOBBIX BAPMAHTOB IT0BeJeHUST HE00X0-
JUMa MpU aJanTaluy K U3MEHUBILIMMCS YCIOBUSIM
o0UTaHUs, HaIpUMeEP K aHTPOIIOTEHHOM cpele, Kak
3TO MPOUCXOAUT MPU JOMECTUKALNU KMBOTHBIX.

METOOMKA

Pabora mpoBoauiaach Ha 3KCIEpUMEHTaJIbHON
6aze ULIul CO PAH “I'eHo¢OHIBI ITYITHBIX U CEJTb-
CKOXO3SIMCTBEHHBIX XKUBOTHBIX . OOBEKTOM HCCIIe-
IOBAaHUS SIBJISTIOTCSI CEPeOpPUCTO-YEpPHBIE JIMCUIIBI
(Vulpes vulpes), ipoleniinye nATeIbHbBINA 0OTOOP Ha
YCUJIEHHE 3MOIMOHAIBHO-IIOJIOKUTEIbHBIX peak-
ot “JoMecTUKAllMOHHOe ToBenaeHue”  (Goree
60 eT) M Ha yCUJIEHHE arpeCCUBHOTIO ITOBEACHUS,
HampaBJICHHOTO Ha yejioBeka (0osee 50 jrer), a Tak-
K€ HeCeJeKIIMOHUPYEMbIEe 110 MOBEACHUIO JIMCUIIBI
(“KOHTpOIL”).

[lepen TecTupoBaHMeM BCE JTMCHIIBI OBUIM OLICHE-
HBI I10 CTAHJAPTHOM METOAMKE, MCIIOIB3yeMOI B ce-
JIEKITMOHHOM 3KCIIEPUMEHTE, IJISI OIpPEIeIeHUS 1X
peakuuu Ha yenoseka (Trut et al., 2009; Tpyr u 1p.,
2017). IloBenenne TOMECTUILIMPYEMBIX JIMCHIL OIIE-
HUBAaeTCs 10 ciemytomeii mkanie: +0.5 — +1.0 — xu-
BOTHBIE C TACCMBHOM 3allIMTHOM pEAaKILIMEN, JTMCULIA
n30eraeT TaKTWIHBHOTO KOHTaKTa ¢ 3KCIIepHMMEHTa-
topoMm; +1.5 — +2.0 — muculIa JaeT yCTAaHOBUTD TaK-
TWJIBHBIII KOHTAKT, HO HE IIPOSBJISIET 3MOIIOHAIb-
HO-TIOJOXUTEITbHOM peakuy; +2.5 — +3.0 — mucuiia
MPOSIBIISIET SMOLMOHAIBHO-TIO3UTUBHYIO PEaKIIMIO
Ha 3KCIIEpUMEHTATOpa, BUJISIET XBOCTOM, ITOCKYJIH-
BaeT; +3.5 — +4.0 — IMCcHIIa aKTUBHO CTPEMUTCS
YCTaHOBUTBLCS KOHTAKT C YEJIOBEKOM, ITOCKYIMBACT
IUTSI TIpUBJICUCHNST BHUMAHUS, TIO3BOJISIET IIOIJIAIUTh
pa3HBIE YACTH TeJIa, B TOM YHCJIE XKIBOT. ATPeCCUBHOE
MOBeIeHNEe OlleHnBaeTcsa Imo mkane: -0.5 wm -1 —
HaVMeHee arpecCUBHBIC JIMCHIIBI, CTIOKOMHEI, KOTIa
3KCIEPUMEHTATOP CTOUT 3a 3aKPBITOM ABEPHIO KJIET-
KM, ONHAKO €CIIM DOKCICPUMEHTATOp OTKPHIBAaeT
IBEpPh W IPOTSTUBACT PYKY K JIMCE, OHA OTCTYITaeT K
3aJHeil CTeHKe, u3aaBas nmogobue polyaHus; -1.5 —
KOIJa SKCIIEpUMEHTATOP OTKPBIBACT KIIETKY, JIHMCa
CITOKOIfHA, HO IIPH IOIBITKE IIPUKOCHYTHCS JIMCHIIA
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oOHaxaeT 3y0obl U “pbruuT”; -2.0 — KOorma aKcIepu-
MEHTATOp MPUOIMKACTCS K OTKPBITOM KJIeTKE Y MO~
HOCUT 3allMIIEHHYI0 PYKY K JIUCHUIIE, XXMUBOTHOE
“pBIYUT” U MBITAETCS YKYCUTh; -2.5 — KOTIa 3KCIe-
PUMEHTATOpP HAXOAMTCS PSIIOM C OTKPBITO KIeT-
KOI, Jlca PhIYUT, HO He aTtakyeT; -3.0 — Korma sKkc-
MEePYMEHTATOp HAXOMUTCS PSIOM C OTKPHITOM
KJIETKOM, Jica oOHaxaeT 3yObl, PhIYUT M aTaKyeT
9KCIEPUMEHTATOPA; -3.5 — Korma aKCIepuMeHTaTop
HaXOIUTCS PSIIOM C 3aKPBITOI KJIETKOM, JIuca phIYUT
U MBITae€TCS aTaKoBaTh, HE AaBasi OTKPHITh KJIETKY. B
XoJle 0TOOpa Ha pa3HBIX €ro 3Tarax mokasaHa OTpU-
LaTeJbHasl KOppeJsIlusl YPOBHS arpeCCUBHOCTU U
cTpaxa IO OTHOIIEHMIO K yejoBeky (Tpyr m np.,
2017). Ha manHOM 3Tare oTbopa cpeaHenoIyJIsiu-
OHHbIE 3HAUYEHMSI OLIEHKW TMOBENCHUS I py4YHOI
MOMYJIAIUUA cocTaBisiioT +3.60, s arpecCUBHOM
-2.10, st HecenekunoHupyemoit +0.06.

Tecm na neoghoburo

DKcriepruMeHT TpoBoavun B aBrycte 2015 1., B HeM
obuM ncTtonb3oBaHbl 107 arpeccBHBIX, 120 pydHBIX
U 77 HeceleKIUOHUPYEMBIX JHUCHUILl B BO3pacTe
6—7 MecslieB, B pABHOM KOJIMYECTBE CaMIIbl U CaM-
Ku. Jlucuile B JOMAIIHIOW KJIETKY IOMEIIAIM HO-
BBIIT OOBEKT (METANIMYECKYIO TIeNab), KOTOPYIO
HCITOJIb30BaJI B TeCTax Ha ()OpMUPOBAHUE U IIepe-
JIeJIKy MHCTPYMEHTAJIBHOIO HaBbiKa (MyxaMmenmmm-
Ha u 1p., 2019a), u B TedeHre 2 MUH OLIEHUBAJIOCH
moBeneHue XKUBoTHOro. M3 120 nomMecTuiinpyeMbIx
mucull 36.7% XUBOTHBIX cpa3y (JIATSHTHOE BpeMs
IMOJX0Aa PaBHSUIOCH HYJIO) IOIXOOWIN K HOBOMY
00BEKTY M HAaYMHAJIM aKTUBHO HCCIEIOBAaTh €ro.
OmHako cpeay pydHbIX TUCHIL BCTPEUaICh HE TOJIb-
KO 0CO0OM, TIPOSBJISTIONINE CTPax Iepel Ieaaablo, HO
1 0co0M, MPOSIBIISIONINE K Heil Ype3MepHBIil MHTE-
pec ¥ BHAJABIINE B COCTOSIHHE ITEPEBO30YKICHMS
OT HOBOro o0ObeKTa. Peakuusi mepeBO30YKACHUS
BBIPAXXaJlach B TOM, UTO IIPXA B3aMMOACHCTBUHM C HO-
BbIM OOBEKTOM JIMCHUIIA IIPOSIBIISLIA UPE3MEPHYIO
JIBUTATEIbHYI0 aKTMBHOCTD, BIUIOTH 0 BO3HUKHO-
BEHMSI TpeMopa (HOJIsSI TAaKUX KMUBOTHBIX COCTaBMJIA
cpeny pydHbix 30.8% u3 120). Y HEKOTOPHIX OME-
CTUIIAPYEMBIX JIMCHUII PeaKIIds CTpaxa CodeTaach ¢
MIPOSIBJICHUSIMM TIEPEBO30YKICHUSI I ITOCTEeTICH-
HO CMEHsUIACh MMM Ha IPOTSKECHUU 2-MHUHYTHOTO
tecta (19.2% w3 120). Jonsd py4HBIX XUBOTHBIX, Y
KOTOPBIX Heo(DOOMSI ITOaaBIIslIa NCCIEAOBATEILCKOE
MMOBEICHME IIPY IIEPBOM IIPEOBSIBICHUN METAIH, CO-
craBuia 16.6% u3 120. Y pydHBIX JTUCHI], KOTOPBIE
HE IIPOSIBJISIM HU PeaKIIUM CTpaxa, HU IepeBO30yX-
JIEHUsI 10 OTHOIIICHUIO K ITeJaI B TeUeHUEe 2 MUH,
MBI OLICHIJIN IT0KA3aTeIb — YMCJIO BApUAHTOB ITOBE-
IEeHYECKUX PeaKIMii NCCIeI0BaTeIbCKOil aKTUBHO-

¢ty (TPBI3ET IeAaib, TPOraeT JIAoMi 1 T.1I.).
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VYV 78.5% u3 107 arpeccuBHBIX 1 66.2% u3 77 He-
CEJIEKIIMOHUPYEMBIX JIUCUI CTPax MOJHOCTBIO IMO-
JABJISITT UCCIIEN0OBATENbCKOE MOBEAECHUE B TEUCHUE
OTBEIEHHOTO 2-MUHYTHOTO OTpE3Ka BPEMEHU. DTU
>KMBOTHbBIE YXOAWIY B JATbHUIA YTOJ KJIETKU, U30e-
rasg B3aMMOJEUCTBOBaTh C Meaaiblo. B muioTHOM
WCCIeNOBaHUN (IaHHbIE HE OMyOJIMKOBAHbBI) HaMU
ObLIO TOKa3aHO, YTO TPU MOMBITKAX afanTUPOBaTh
3TUX XXUBOTHBIX K HOBOMY OOBEKTY B T€UCHUE IV~
TeJIbHOTO BpeMeHU (3—4 nociienoBaTeIbHbIX JHS IO
40 MUH) OHU MPOAOJIKATA U30eraTh KOHTAKTa C Te-
naneto. [TosToMy mokaszaTeab BapuaTUBHOCTU WC-
CJIEIOBATEIbLCKOTO ITOBENEHUSI IO OTHOIIEHUWIO K
Nenajv OLEHWBAIM Yy JIMCHUI, KOTOPhIE B TEUEHUE
2 MMH TIOCJIe TIEPBOro MPEeIbIBICHUS UCCIEI0BAIN
HOBBII1 00BEKT, a HE U30erajin ero — COOTBETCTBEH-
HO y 21.5% arpeccuBHbIXx U 33.8% HeceaeKIMOHU-
pyeMbIX (CpeaHee BpeMs IepBOTo Moaxoaa K HOBO-
My OOBEKTY IS HUX cocTaBisuio 22.3 = 7.82 c¢).
BapuaTuBHOCTh MOBEAEHMS IO OTHOIIEHMIO K HO-
BOMY OOBEKTY ObLj1a OLIEHEHA Y PYYHBIX C BBICOKMM
0ajsIoM JOMECTUKAIIMOHHOTO MOBEACHUS U YyMe-
PEHHOII BO30YIUMOCTbBIO, Y arpeCCUBHBIX — MEHEe
MYTJUBBIX, C BBICOKMM OaJIOM arpeCCUBHOTO TTOBE-
JIEHUs ¥ Y HAaUMeHee MYTJUBbIX HeCeIeKIIMOHNPYe-
MbIX. HMx uyucino cocraBuyio: 14 arpecCUBHBIX,
15 pyuHbix u 16 HeceneKunoHupyeMbiX. CpeaHuii
0asls1, OLIECHEHHBI 110 peakIluu Ha YeJ0BeKa Y 3TUX
JIMCULL, COCTaBWJI ISt pydyHbIX +4.0, 1151 arpeccuB-
HBIX -2.3, 111 HeceJeKuoHupyembix +0.2 6ana.

Tecm Ha sbipabomKy u yeauieHue HA8bIKA (HOKYCUPOBKU
83ens0a (PB)

DKCIIepUMEHT 110 BBEIPAaOOTKEe HaBBIKA (DOKYCH-
POBKHM B3IVISIIA IMIPOBOIMIA B OCEHHUI mepuoxn (aB-
ryct—okTs10pb) 2010 1. Bcero 6bUT10 TpoTeCTHPOBAHO
22 pyuHbIX, 21 arpeccmBHBIX M 11 HeceleKIn-
OHHUPYEMBIX CaMIIOB JIMCUII B Bo3pacTte 6—7 Mec. (ce-
ronetkn). Tect Ha yrameHue HaBbika @B mpoBoay-
mu Toabko B 2011 r., B HeM OBLIM MCITOJIb30BaHBI
15 py4yHbIX 1 14 arpecCUBHBIX JIMCUILL (HECEIEKIINO-
HUpYeMbIe 110 TTIOBEISHUIO JIUCUIILI He ObLIA IIPOTE-
cTUpOBaHBI Ha yramieHue ®B).

BbipaboTKy (hOKYCUPOBKU B3IJIsiAa HA UCTOYHUKE
MUIIEBOTO TMOAKPEIUICHUS MPOBOAWIM B TEUCHME
TpexX IMOCIeI0BaTeNIbHBIX THEi M0 METOOUKE MUIIE-
Boro monkperieHus (MyxamenmmHa u np., 2014)
MocJjie CyTOYHOM MUIIEBOI NeNpUBALIN XUBOTHBIX.
IS OLIEHKU CIIOCOOHOCTHM JMCHULl (DOKYCHPOBATh
B3IJISII HA aJallTUBHO BaXHOM OOBEKTEe HaMU ObLIa
CKOHCTPYMPOBaHA Y U3TOTOBJIEHA CheMHAsT YCTAHOB-
Ka, KOTopasi KpeIWIach CHApYyXH K TOMAIlTHEe KJIeT-
Ke XMBOTHOTO Iepel HadajaoM sKcnepuMmeHTa. Oc-
HOBHBIM ITOKa3aTeJIeM, KOTOPHII OLICHUBAIIA B 9TOM
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TecTe, ObUT HANTpaBJIeHHBII MPUCTATbHBII B3I HA
HWCTOYHUK THMIIEBOTO TMOAKPEIUICHUs. DTOT B3NS
Harpaxnajiu HeOObIION TMOpIUENd TMOIKOPMKHU.
IMponoKUTeTbHOCT  MOAKPEIISIEMOrO  B3IJIsIIA
yBeJuuMBaiM nomiaroso Ha 0.5 ¢. Bo Bropoii u tpe-
TUM OHU TECTUPOBAHUS Yepe3 S-MUHYTHBIE ITpoOMe-
SKYTKM BPEMEHU 3aMePSIN MaKCUMAaJIbHYIO TTPOI0JI-
KUTEIBHOCTh HampabieHHoro B3misima  (M®B)
(BUOeo3anmuch OOCTYITHAa Ha caiite: https://www.
icgbio.ru/wp-content/uploads/2023/12/den3.flv,
“MKB neHb Tpetuit”). 1o BpeMs, B Te4eHHE KOTO-
poro jnucuna (uKcUpoBaia B3IJISAA Ha XeJloOKe,
0Xunasi, HO He ToJydyas MUIIeBOe IOAKpPeIIeH e,
JI0 MOMEHTa, TT0Ka JIMCUIIA caMa He TIPEPBET B3I/,
Tect Ha yrameHue HaBbika OB mpoBoauIM B YeT-
BEPTHIN IeHb MOC/Ie BIPAaOOTKU 3TOTO HaBbIKa. Jjs
3TOTO K KJIETKE KPETTWIM Ty XKe 9KCTIEPUMEHTATbHYIO
YCTAHOBKY, YTO W B TpenbiayiueM Tecte. Ilepen Ha-
YyajioM 2KCIepuMeHTa OyHKep 3aIloJIHSUIM He0OJIb-
IIXMM KOJIMYECTBOM KopMa. JlecsaTh MepBbIX HAIIpaB-
JICHHBIX B3IJISIIOB Ha K€J000K MOIKPEIISIN
noplueii KopMa. 3aTeM KOpM M3BJIeKaId U3 OyHKepa
1 HaUMHAJIA TECTUPOBAaHUE yrallleH!sI HaBbIKa. DKC-
MEepUMEHTATOp, HaXOMSIIMIACS 3a IIUPMOM, TakkKe
HaXkMMaJl Ha KHOIIKY B TOT MOMEHT, KOrja JucHIla
CMOTpeJa Ha XeJloOoK. I1pu a3ToM pazmaBaiics crieir-
UpUIECKUii 3BYK, YK€ 3HAKOMBIiA JTUCUIIE U3 TIEPBO-
ro TeCTa, YCJbIIIaB KOTOPBIH JIMCULIA Cpa3y XKe Mepe-
BOIWJIA B3IJISIA Ha MUCKY B OXMIAHUM KOpMa, HO
MOJKPEIJIEHUST OHa yXe He mojydana. IIpomormku-
TEJbHOCTb T€CTa OblJIa OMMHAKOBOM ST BCEX XKMBOT-
HBIX 1 OTpaHUYMBAJIaCh 1€CAThIO MUHYTaMu. B Teue-
HUE 3TOT0 BPEMEHHOIO IIPOMEXYTKa yralleHue
HaBblka (DOKYCHMPOBKHM B3IJIAAa HACTYIIaJlo Yy BCEX
MPOTECTUPOBAHHBIX JKUBOTHBIX.

B aTOM TecTe olleHMBaIM OOIIIEe YKUCIIO B3IJISIIOB,
KOTOpOe ObLIO HEoOXOAMMO, YTOOBI JMCHUIla Tiepe-
craja (pUKCUpoBaTh B3IJISIA Ha XejloOKe (BUAeo3a-
MYCh JOCTYIHA MO cchuike: https://www.icgbio.ru/
wp-content/uploads/2023/12/ugasanie.flv). TTommu-
MO KOJIMYECTBEHHOI OLIEHKM ITPOSIBJICHUS BEIpabo-
TaHHOTO HAaBBIKA, B TAHHOM TECTE OLECHWJINA YKCIIO
JIPYTUX CITOCOOOB IHIIENOOBIBATEIBHOIO IOBEIC-
HUs (JIMCUIA KOITaeT WJIM TPBI3ET YCTAaHOBKY 4Yepes
CTEHKY KJIETKM U T.J.) IJIsI CpPaBHEHMST BapUaTHBHO-
CTHU MOBEAECHMS Y UCCIIEAyeMbIX HAMM T'PYITI JIMCHILI.

Tlouck pyunvimu aucuyamu 6apuanmos peuleHuil
npu npeodoneHul npeepaovl 8 npoyecce c1e008aHUS
30 4en08eKOM

DKkcnepuMeHT TTpoBoarui B uiosie 2023 1. B Hem
ObLIM IPOTECTUPOBAHEI JIUCATA U3 JOMECTUIIUPYE-
MOl TommynsmuM B Bo3pacTe 3.5—4 Mec, caMIibl,

20 xxuBoTHBIX. [IpenBapnTeTbHO OHM OBIIN OIICHE-
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HBI 10 CTAaHAAPTHOI METOAMKE OLIEHKU MOBEASHHUS B
JoMalnHeil kietke. sl TecTta BBIOMpalM JIUACST
TOJIBKO C MAaKCUMAJIbHBIM 0aJlJIOM Py4HOIO TOBEAE-
HUSI, He MPOSIBISIBIIUX M30eraHusl YyeaoBeKa: JIuce-
HOK CaMOCTOSITeIbHO MHULIMMPOBAT KOHTAKT C 4ye-
JIOBEKOM, HE€ YKJIOHSUICSI OT PYKM IIPU TOIBITKAX €ro
norjaaauTb, HA0OOPOT, TAHYJCS 3a Heil. Bo BpeMs
TecTa JIMCAT MOMENIaIu B HOBYIO OOCTaHOBKY: BO-
Jeep (6 X 6 M), TTeperopoKeHHBII MMOCePeaNHE TTOJI0-
COM M3 AEPEBIHHBIX MPEMATCTBUM (1IMpMa, ePeHO-
cku, nuctel I BII, nepeBssHHbIe MOmAoHbI). TecT
MPOBOAUIIU TPOE YEJIOBEK, KOTOPBIX JIUCSATA BUACIU
BIIEPBLIE.

Ha »skcnepuMeHTaabHO#T 3BepodepMme JHMCATA
BCEX TPEeX TUHUM (pyUHBIC, arpeCCUBHEIC M HECEJIeK-
IIMOHMpPYEMbIe) COAEPXKATCSI B KIIETKAX CO CBOMMU
MaTepsIMU 10 JOCTHXKEHUS 1.5—2-MecsSYHOro BO3-
pacta. 3aTeM MX OTCaXXMBAIOT OT MaTepud B COCEH-
HIOIO KJIETKY U OO TpeX MeCSIeB ComepXaT B Hell
BeCh BEIBOIOK BMecTe. B Bo3pacrte 3 MecsIiieB Kax-
JIOTO IlIeHKa MOMELIAIOT B OTAEIbHYIO KIIeTKy (bes-
eB, 1981a, 1983; benses, Tpyt, 1982, 1989; Trut, 1999;
Tpyru np., 2004). Pazmep xiretok 90 x 90 x 90 cMm, oHI
MIPUIIOTHATEL Ha BHICOTY 80 CM OT ITOBEPXHOCTU U
pacIiojioxKeHbl B ABa psiaa moa oO0LIWM HaBEeCOM, IO
80 xyeToK B psay. Mexay OByMsl psiaaMU KJIETOK B
11e1e UMeeTCs Npoxo IupuHoii 1.7 M. Bzaumoneii-
CTBUS JIUCSAT C YEJOBEKOM OIpaHUYEHBI €XeaHEB-
HBIMU TIpolleAypaMH KOPMJICHMSI KMBOTHBIX. Te-
CTUpYeMbIE JMCSTAa HMKOIJA paHee He ObIBaiud B
3TOM BOJIbePE, OHM He UMEIN HUKAKOil TPEeHUPOBKU
WJIY TIOXOXETO OIbITa 10 TECTUPOBAHMSI.

B TeueHue 2 MUH ¢ Hadaia TeCTa JIUCATAM JaBaJIu
BpeMs Ha CaMOCTOSITeJIbHOE OCBOEHHE HOBOTO TIPO-
cTpaHcTBa. B mmocnenytonie 2 MUH 9KCIIepUMEHTa-
TOPHI TIBITAJINCH TIPUBJIEYh BHUMAaHWE JINCEHKA, JIa-
CKOBO MO3bIBas €r0 K ceOe U IbITasICh IOTIaIUTh,
ecni oH Tropxomwi. Ecim y nmuceHka Tpeobiaganm
peakunu 00SI3HN HOBOUM OOCTAHOBKM, B TOM UMCJIE
OH mM30erajJ KOHTAaKTOB C 3KCIEPUMEHTATOPAMMU,
BKCIIEPUMEHT ¢ HUM Tipekpamanu. I1peobmamanne
00g3HU HOBOII OOCTAaHOBKU Haj WCCIIEIOBATEIb-
CKUM TIOBelleHMeM Habjwopanoch y 5 nucsar. Eciu
JIMCEHOK TTOIXONWJI K JIIOASAM U HO3BOJISLI K cebe
MPUKOCHYTLCS, TO HAYWHAJCI CIIEOYIONINI >Tall
BKCIIepUMEHTa. DKCIEPUMEHTATOPHl BCTaBaId M
TMePeXOIVIN depe3 Mperpaay, JTaCKOBLIM TOJIOCOM
noOyxnaas JUCeHKa cliefoBaTh 3a coboit. Kak Tojb-
KO JIUCEHOK MpeoaoseBall MPEIsITCTBUS 1 TIepexo-
JIUJ K JTI0SIM, OHU cpa3y >Ke BO3BpalllaJuCh Ha Ipy-
TYIO CTOPOHY TIperpaabl, IpoaoJiKasl 3BaTh JIMCEHKA
3a coboil. Ha aToM 3Tame Tecra ¢pukcupoBanim ob-
11ee YMCJIO TIepexoJ0B JUCEHKA 3a DKCIepPUMEHTa-
TOpaMU B TeueHue 1 MUH 1 YUCJI0 pa3IUUYHbIX BapU-
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AQHTOB TIPEONOJICHUSI TIperpaabl (BapuaTUBHOCTh
MOBE/ICHUST) 3a YKa3aHHbIN IMPOMEXYTOK BPEMEHMU.
Hukakoii mOOZKOpMKU BO BpeMsi 3TOTO 3KCIIEpU-
MEHTA JIUCATAM He JaBaJiu.

Cmamucmuyeckas obpabomka pe3y1bmamos

Jis1 ctaTucTuueckoit o0paboOTKM AAaHHBIX TpU-
MEHsUICSI TakeT mporpaMm Statistica 6. CpenHue
3Ha4YeHMs TIpUBeneHBI Kak mean = SEM. Paznmmauns
MEXIy MCCIeTyeMBIMU IPYIIIaMU OLIEHUBAIM C T10-
MOILILIO HelapaMeTpudyeckoro tecta MaHHa—Yur-
HU IS HE3aBUCUMBIX BBIOOpOK (Mann—Whitney
U-test). BimmsgHue roma (T.e. IpaBOMEPHOCTL 00bE-
IUHEHUS XKUBOTHBIX, IIPOTECTUPOBAHHBIX B pa3HBIC
rOIbl, B OMHY BBIOOPKY) IIPOBEPSIOCH C IIOMOIIBIO
OMHO(AKTOPHOIO  AUCIEPCHOHHOIO aHaIm3a
(ANOVA one-way). Koppensaumio MexXmy TIpu3Ha-
KaMHi CUMTaIM C IIOMOIIbI0 Kputepus CrnumpMeHa
(r-Spearman’s). Pasnmmuus cuuranm cTaTUCTUYECKN
3HauYnMBbIMU 11pu p < 0.05.

Bcs paboTa npoBoguiack B COOTBETCTBUM C MEX-
JyHAPOOHBIMM HOPMAaMM OXpaHbl KUBOTHBIX, MC-
MOJIb3YEeMbIX B HayuHbIX LieJisx (Jlupexktusa 2010/63/
EU Espormneiickoro ITapnamenra u Coseta EBpo-
neiickoro Coro3za).

PE3VJIBTATbl UCCJIEAOBAHUM

Ilogedenueckue peaxyuu IUCUY N0 OMHOULEHUIO K HOBOMY
00vexmy, 6nepevle NOMeujeHHOMY 8 OOMAUIHION KIIeMKY
ACUBOMHO20

YV moMecTULIMPYEMBIX, arPECCUBHBIX U HECEIeK-
LIMOHUPYEMBIX JIMCUIL C MpeodiIamaHueM UCCIeno-
BaTEJIbCKOI aKTUBHOCTHU Hall Heo(poOueil Mbl OLIEHH -
BaJld TOKa3aTelb BapuMaTUBHOCTU ITOBeAeHUs. Bce
MOBEJEHYECKNE peaKlMK, MpUBEACHHbIE B Tab. 1,
JOTIOJTHUTEIBHO MPOWJLTIOCTPUPOBAHbI HA BUIE03a-
mucH: https:youtu.be/LZgfecJu3lA?1ist=PLQCBTy
cmAtEngLOWI-3babmT9c8eavcqE. M3 Ta6n. 1 Bua-
HO, YTO PyYHBIE JIMCUILIBI 0OHAPYKUBAIOT OOJIeE TN -
pOKHiI HA0Op 37€MEHTOB MCCJIENOBATEIbCKON aK-
TUBHOCTH, a TaKXe B T€YEHUE 2-MUHYTHOTO TeCTa
OHM MCIIOJIB3YIOT 00JIbIIIE BAPUAHTOB MOBENAECHUS ITO
OTHOIIIEHUIO K HCCIeTyeMOMY OOBEKTY, YEM arpec-
CUBHBIE U HECEJIEKLIMOHMpYeMbIe TUCULBI (pUC. 1).

Tecm Ha evipabomky u yeauieHue HA8bIKa (HOKYCUPOBKU
e3ensda (OB)

YV Bcex MpoTecTUPOBAHHBIX HAMM JIMCHUIL YIaJI0Ch
BBIpAa0OTaTh (PUKCAIIWIO B3MISIAA HA NICTOYHUKE ITOM-
kperienus. [1o auciny snm3onos @B B nepBbIit IeHb
TECTUPOBAHUSI He OBbLIO OOHAPYKEHO CTaTUCTUYE-

CKUX pa3inyuii Mexay rpyrnnamu: 48.9 = 4.7 snuszo-
Ne 3
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Ta6auna 1. BapuaHThI MOBeIeHYECKUX PeaKIMil UCCIIeN0BATEIbCKOM aKTUBHOCTH JIMCHUIL 10 OTHOLIEHUIO K HOBOMY OOBEKTY

(He)la]'l])), BIICPBLIC IOMCIICHHOMY B UX JOMAaIlIHIOIO KIICTKY

Table 1. The variants of research behavior of foxes toward new object (pedal), introduced into their home cage

[NoBeneHYeCKKe peaKUU, XapaKTep-
HBbI€ JUTSI BCEX TPEX MCCIIEI0BAaHHBIX
IPYIIIT JIMCHULL

a) [lepBruHOE MccemoBaHNeE: HIOXAET Meaaib, OLLYITBIBAET Te1alb HOCOM, HAXNMAET
Ha Megajib HOCOM, MCCIIeNyeT IMpaBoe HIKHee KpeIUleHre, CCenyeT JIEBOe HIXKHee
KperieHue, rpbi3eT (pe3liaMu) MpaBoe BepXHee KperuieHre, rphi3eT (pe3laMm) cpeaHee
BepxHee KpeTuIeHue, TPBI3ET (pe3liaMu) JIeBoe BepXHee KpelieHue;

0) aKTMBHOE B3aMMOJIEICTBUE: TPBI3ET (ITOJTHOI MaCThIO) Menaib ¢ IPaBOil CTOPOHHI,
rpuI3eT (MTOJTHOM MacThIO) Menajb C JIEBO CTOPOHBI, TPHI3ET (ITOJHOM MacThIo)
OCHOBaHMe€ Tenaau, TSHeT Neaaib Ha ce0s, BhIICPTUBaeT Menaib U3 CTCHKHU KIIETKH,
KayaeT 3y0aMu COpBaHHYIO C KpeIUIeHU neaib, TporaeT rneaajib IpaBoii JIamnoi,
TPOTaeT Meaaib JIEBOM JIanoii, HaXXUMaeT Ha Nefalib (10 1e4Ka) MpaBoii Jamnoii,
HaXXMMaeT Ha Teqaib (10 1IeJT9Ka) JIeBOi JaIoil, UTpaeT C Meaaibio

TloBeneHUecKMe peakIny, KOTOPBIE
BCTPEYAIMCh TOJIBKO Y arpECCUBHBIX
JTUCHILL

0) aKTMBHOE B3aMMOJICIICTBYE: HalaaaeT Ha Meaalb

TloBeneHueckue pe€akiuun, KOTOPhbIC
BCTPEYATIUCH TOJIBKO Y PYYHBIX JTUCHIL

0) aKTMBHOE B3aMMOJCIICTBUE: CKpeOEeT JIaroil BepxHee KpeTuIeHUe Tenaiu, KayaeT
JIaroii COPBaHHYIO ¢ KperuleHU i Neiallb, KOMaeT Mefaib IByMs JlarlaMu, KOTaeT NneJaib
CcHU3Y (J1exa Ha 00KY), rpbI3eT (ITOJTHOM MacThlO) Menaib CHU3Y, MBITAETCS Yepe3 CeTKY

3aXBAaTUTb PTOM BCEC KPCIUJICHUE MECaaIn

n0B @B y pyunsix aucull (n = 22); 60.6 £ 6.9 snuso-
noB @B y arpeccuBHBIX (n = 21); 62 + 9.2 sanm3onoB
DB y HecenekmoHnpyeMbIx aucuil (n = 11). I'maB-
HOI1 LIeJIbI0 JTaHHOTO SKCIEpUMEHTa Obljla BIpaboT-
Ka JJIATeNIbHOM (DOKYCUPOBKHU B3IJIsa Ha KeJIoOKe
3KCMIEPUMEHTAIbHON YCTAHOBKU. ATPECCUBHBIC JIU-
CHIIbI OKA3aJIMCh YCIIeITHEee B PeIICHUH 3TOi 3agauu

Y Pyunsie N =13

ArpeccuBHble N =19
[IIII] Hecenexw. N =15

14 1
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Puc. 1. Yucno BapmaHTOB MOBEACHUYECKUX peaKlni
HCCIIeNOBATEIbCKO aKTUBHOCTU IO OTHOIIEHUIO K
HOBOMY OOBEKTY (IIefajib), MCIIOIb3YEMbBIX JUCULIEH
B TeuyeHue 2 MuHyT. Tect ManHa—Yurnu (Mann—
Whitney U-test) ™ p < 0.001 mo cpaBHEHHIO ¢ arpec-
CHUBHBIMM U HECEJIEKIIMOHUPYEMBIMU JIMCULIAMU.

Fig. 1. The number of variants of research behavior,
used by foxes toward new object (pedal) during two
minutes of test. Mann—Whitney U test: *** p < 0.001 in
comparison with aggressive and unselected foxes.

KYPHAJI BbICILIEW HEPBHOM AEATEJIbHOCTHU

10 CPAaBHEHUIO C PYIHBIMH M HECEJICKIIMOHUPYEMBbI-
Mu (MyxamenmmHa u ap., 2014). MakcumanbHast
®B y pyuyHbIx ucull coctaBuiaa 5.9 + 0.9 ¢ (n = 21);
y arpeccuBHBIX 9.6 £ 1.4 ¢ (n = 21); y HeceleKIIUO-
HupyeMbix 5.8 = 0.7 ¢ (n = 11). Cratuctudecku 3Ha-
YUMBbIE Pa3IAYMs OBUIM ITOKA3aHbl MEXKIY PYYHBIMU
U arpecCUBHbIMU Tucuuamu, p < 0.05. TenaeHMs K
JIOCTOBEPHBIM Pa3IMIMsIM ObLIa OOHApYKEeHA MEXIY
arpeCCMBHBEIMM M HECEIeKIIMOHNPYEMBIMU JINCHUIIA-
mu, p = 0.054, rect ManHa—YutHu (Mann—Whitney
U-test). Ilpu yBea1uuyeHUM BpeMEHM 3adepKKU M-
IIEBOTO TTOAKPEIUICHUST PyYHBIC JIMCHIIBI CPpa3y HAYM-
HAQJIA UCKATh IPYIME BAPUAHTHI TIOJYYEHUSI KOPMA U3
SKCITEPUMEHTAILHOI YCTaHOBKM (Te e caMble Bapy-
aHTBl OHM BMOCJEACTBUM KCMHOJb30BAIA B TECTe Ha
yramreHrie HaBbika @ B), HeceeKIMOHNPyeMEIE JTIMCH-
LIbl JIEMOHCTPUPOBAJIM TaKOE XK€ MOBeACHNE, HO Mpea-
MOYUTAIM MEHEE AaKTUBHbIE (DOPMbI MOBEIECHUSI —
yalle BCEro OHM HayMHaJM MEHSTh ITOJOXEHUE
TOJIOBbI U TIpUKACAThbCsI HOCOM K XKeJIOOKy. Arpec-
CHUBHbIE JIUCHUILIBI TPU MEPBBIX 3aAepKKax MUILEBOTO
MOJIKpeIUIeHUs TIPOA0IKAIN (POKYCUPOBAaTh B3I
Ha XeJIOOKe, B Pe3yJIbTaTe MOMyYMId TOAKOPMKY 3a
0osiee IIUTENIbHBIN B3IJIsT HA UICTOYHUKE TTUILEBOTO
MOJKPETUICHUS.

B oTBeT Ha OTMEHY IHUINEBOTO IMOAKPEIUICHUS B
TecTe Ha yranreHue HaBbika OB pydyHBIe 1 arpeccuB-
HbIE JTMCHIIBI IIPOSIBWIM CJICAYIOIINE BapUaHThI ITH-
IIeA00BIBaTeIbHBIX pEaKIMii: KOITaeT YCTAaHOBKY,
IPBI3ET YCTAHOBKY Uepe3 CeTKY, KOIaeT XKeJI0OOK Je-
pe3 CeTKY, TPBI3ET 3KeI000K Yepe3 CeTKY, IIpuKacaeT-

CS1 HOCOM K XeJJIOOKY M 3aMUupaeT, KPYTUT JOoMalll-
Ne 3
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MYXAMEIIIINHA, XAPJJAMOBA

Taomuna 2. OcoGeHHOCTH MTOBEAECHMS JTUCHUIL B TECTE Ha yralleHue BhIpaOOTaHHOTO HaBbIKa
Table 2. The features of fox behavior in the test for attenuation of elaborated skill

IToka3arenn ArpeccusHbie (n = 14) Pyunsie (n = 17)
CyMMapHoe Bpemsl (C), B Te4eHHe KOTOPOTo JIMCULIA yua-
ymmapHoe Bpems (), rop a yu 56432 334.6 £ 62.5
IIEHHO JBIIIUT C OTKPBITO IMACTHIO
[Ipo1ieHT XUBOTHBIX, Y KOTOPBIX B TeYEHHE TeCTa HaOJIIO-
JAJTUCh MU30/IbI OTCYTCTBUS ABUTATEIbHON aKTUBHOCTH 35.7 70.6
(JIUCHIIA CUIUT VUTU JIEXKWUT B CTOPOHE OT KOPMYIIIKI)
IIpumeuanue. Tectr Manna—Yutau (Mann—Whitney U-test), ™ — p < 0.001, " — p < 0.05, 110 cpaBHEHUIO C PyYHBIMHU JIMCULIAMH.

Note. Mann—Whitney U-test: ™ — p < 0.001; "~ p < 0.05 in comparison with tame foxes.

HIOIO MUCKY. Y HUKAJIbHBII TOBEACHYCCKUI IATTEPH,
XapaKTePHBIM TOJBKO UISI TPYIIIEI PYYHBIX JIACUII:
CPBIBACT YCTAHOBKY C KperuleHui (BO3MOXHO, 3TO
CBSI3aHO C 1X MePeBO30YKACHUEM ). Y PYUYHBIX TUCHULL
(n = 14) Bo BpeMs TecTa Ha yralieHue Ha0Ioaal0Ch
y4JalleHHOEe JbIXaHWe C OTKPHBITOH IMacThio (CyMMap-
HOe BpeMsl, B TeUeHUe KOTOPOTO JIMCHULIA YYallleHHO
IBIIIUT ¢ OTKPBITO# macTthio — 334.6 £ 62.5 ¢), uto
MOXET CBUIETEIbCTBOBATH 00 X OO0JIbIIIEM HEPBHOM
BO30YXXJIEHUU BO BpeMsl TecTa I10 CPaBHEHMIO C
arpeccuBHBIMU (n = 17) (5.6 £ 3.2 ¢; p < 0.001; Tect
ManHa—YutHu (Mann—Whitney U-test)). Mbl Ha-
OJIfoJaNv y4yalleHHOE IbIXaHWE TOJbKO B MOMEHT
MPOBEICHUS TECTa, B IIOKOE YJAIlIeHHOTO JbIXaHUs y
PYYHBIX JIMCUI] HE HAOIIOmaeTCs.

Py4Hble TuculIBI B TECTe Ha yraiieHue OTIMYa-
JIUCb OT arpecCUBHBIX OOJBIIMM pa3HOOOpa3reM
MOBEICHYECKUX peaknii (prc. 2, BUACO3aITMCh IT0-
BEeICHUS PyYHOI JIMCHUILIBI B TECTE Ha yrallleHHWe Ha-
BBIKa: https:youtu.be/u-d_Adu24VA?list=PLQCBT-
ycmAtEnglLOWI-3babmT9c8eavcqE; Bumeosanuch
MOBEACHMS arPECCUBHOM JIMCUIIBI B TECTE Ha yTallle-
HUe HaBbIKa: https:youtu.be/-jK4HNXaVRw?list=P
LQCBTycmAtEngLOWI-3babmT9c8eavcqE). Yro
KacaeTcs BeIpabaTeiBaeMoro HaBbeika @B, mo KoTo-
POMY TPaZULIMOHHO OLIEHWBAETCS yralleHNe HaBbI-
Ka (Protopopova et al., 2014; Lutz et al., 2004), mex-
Iy PYYHBIMU Y arpeCCUBHBIMU JIMCUIIAMU HE OBLIO
O00HApYXXE€HO pa3jIM4uili MO KOJUYECTBY SIIH30I0B
(hokycrpoBKU B3IJIsIAa Ha XeJIOOKe ITOCjIe TOTo, Kak
5TO TIOBeIeHWe TIEpeCTall MOIKPeIiaTh (puc. 3).
Ho, HecMoOTpss Ha ogMHAKOBOE YMCJIO 3IMHU30IIO0B,
yralieHue HaBBIKA Y PYYHBIX JIMCHUII IIPOMCXOMUIO
ObICTpee. DTO BhIpaXaloCh B TOM, YTO PyYHBIE JIH-
CHIIBI CUIEIN WM JIeXKald B CTOPOHE OT BKCIIepU-
MEHTAJIbHOI YCTAHOBKM B T€UCHME OOJIBIIIETO Bpe-
MEHM T10 CpaBHEHUIO C arpeCCUBHBIMU (puC. 4).

Tlouck pyunbimu Aucuyamu 6apuUaHmos peuleHu
npu npeodonenuu npeepadsl 8 npouyecce cAed06aHuUsl
30 4eN08eKOM

TecT poBOAMIN B BOJIbEPE Pa3sMeEPOM 6 X 6 M,
pasaeieHHOM Ha 1B paBHbIE YaCTH MIEPETOPOIKOIA,

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU

COCTaBJIECHHOI U3 pa3IMYHbIX MaTepUaIoB (LLIUpMa,
ymmctel JABII, ctonemauma u 1ip.). I1pn n3rorosie-
HUM TEPEeropoaku B Hell IIpeagHaMepeHHO ObLIO
OCTaBJIEHO HECKOJIBKO MECT JJI1 BO3MOXHOTO Tepe-
XOJ1a JINCUIIBI C OMHOI CTOPOHBI BOJIbEpa Ha IPYTYIO.
DKCIEPUMEHTATOP MOMELLAJ JUCULLY U3 JOMAaLUHEH
KJIETKM B BOJILED, U TIOCJI€ 2-MUHYTHOM aganTaiuu
MIPU3BIBAJI €€ CJIeIOBaTh 3a COOOM, IMepexXomsl ¢ Om-
HO#1 CTOPOHBI NEPETOPOAKU Ha APYIYI0 M 0OpaTHO
(3KCTIepuMEHTAaTOp MMeJ BO3MOXHOCTb IIepe-
LIATHYTh Yepe3 Mperpaay B pa3HbIX MecTax; JUCHULa
CaMOCTOSITEJIbHO MCKaja BapHUaHThI IS IIepexoa).
IlepeueHb BapuaHTOB Mepexoma 4Yepe3 IIperpany,
KCIOJIb30BaHHBIX JIMCULIAMU Ha TIPOTSKEHWUU TeCTa:
1) y3Kuii IpoXom MeXIy IITUPMOIl U TKaHBIO; 2) IIe-
penphITMBaHue Yepes3 IepeBsHHbBII Kopo0; 3) mepe-
npeiruBanue yepes auct I BIT; 4) mumpokuii “nadbu-
PUHT” TION CTOJCIIHHMIIeii; 5) 3uUr3arooOpa3HBIH
MPOXOJ TOJ HAKJIOHHBIM IOMIJIOHOM; 6) IIUPOKUIA

Pyuneie N=17
ArpeccuBHble N = 14

()]
1
*

N
1
-

w
1

Yucno BapuaHTOB
[\S]
1

MUIIeA00BIBATEILHOTO TTOBEICHUS
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1

Puc. 2. Yucno pa3nuyHbIX BapyaHTOB MHUILETO0bIBA-
TEJLHOTO TTOBEACHUSI, UCTIOJB3YEMbIX TUCUIIAMA B Te-
CTe Ha yralieHue HaBblKa (DOKYCUPOBKY B3mIsiaa. TecT
Manna—YutHu (Mann—Whitney U-test) * p < 0.05 o
CPaBHEHUIO C arPeCCUBHBIMMU.

Fig. 2. The number of variants food-procuring behavior
used by foxes at the test of attenuation of focus attention.
Mann—Whitney U test: * p < 0.05 in comparison with
aggressive foxes.
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Puc. 3. KonuuecTBo B3IISIIOB, HAIpaBICHHBIX JIM-
cHIeil Ha XeJI0OOK 9KCIepUMMEHTAIbHOM YCTAHOBKH,
B TeCTe Ha yrauleHue HaBblka. Tect MaHHa—YUTHU
(Mann—Whitney U-test) *** p < 0,001 o cpaBHeHUIO
CO BTOPO¥ MOJIOBUHOU TeCTa.

Fig. 3. The number of glances directed by fox on groove
of the experimental setup at the test of attenuation of
focus attention. Mann—Whitney U test: *** p < 0.001 in
comparison with the second part of the test.

“JIa0UPUHT” MOJ, CTOJIEIIHULIEH — B OOpaTHYIO CTO-
pPOHY; 7) IPOXOI B YIJIy MeXXAY HAaKJIOHHBIM MOAI0-
HOM U CETKOIi; 8) mpsIMOit MPOXOo Mo HAKJTOHHBIM
noagoHoM; 9) mpoxod MO HAaKJIOHHOMY IMOIJOHY C
MOCeAYIOIINM CIIPbITMBAHUEM Ha OCTOHHBIN MOJ;
10) rmpoxo/ 1o HAKJIOHHOMY MOMJOHY C TOCIEIyIO-
IIMM CIIpbITMBaHWEM Ha HeycTouuBbIi auct A BIT;
11) y3kuii mpoxod MexXay LIMPMOI U ceTkoii; 12)
MnepenpbuiruBaHue 4epe3 JUCT ABI PSIAOM CO CTO-
JlemrHuieil. Bce mepeynciaeHHbIe BapUaHTHI Tepe-
XOJIOB yepe3 Mperpaay MpouLIIOCTPUPOBAHbI HA BU-
neosamucu: https:rutube.ru/video/c51261ecc46a0b7
1d36d23¢83539d5dd/?r=plwd.

B maHHOM TecTe MBI U3MEPSIJIN YKCIIO TIEPEX0I0B
PYYHBIX JIMCHUII 32 3KCIIEPUMEHTATOPOM 4Yepe3 Ipe-
rpangy B TedeHue 1 MUH (CpelHee YMCIO COCTABUIIO
4.33 *+ 0.33; n = 15). Jlucuupl HaXomuiau pa3HEIE
IyTU TIPEOOOJICHUSI TIperpaabl (CpeaHee YUCIO UC-
MOJIb30BAHHBIX JINCULIAMM BapUaHTOB COCTABUJIO
3.46 £ 0.24; n = 15), npu 3TOM 00l1Iee KOJUIYECTBO
MepexoaoB 3a 1| MUH MOJIOKUTEILHO KOPPEIUpOBa-
JI0 ¢ KonmmaecTBoM BapuaHToB (R = +0.67; p < 0.05,
kputepuit CiupmeHa, r-Spearman’s). Jincgra cie-
JIOBaJM 3a 4eJIOBEKOM Ojaromapsi O4Ye€Hb CUJIBHOM
COLMAJIbHOM MOTHMBALIUM, HUKAKON ITOAKOPMKU
KMBOTHBIM HE JaBaJid, He 3aMaHUBaJIM UTPYIIKOA.
JlucaTa BOCIPUHUMAJIM YeJIOBeKa KaK COLUATbHOTO
MapTHepa, 4To 00Jierdajio MX amanTallidio K HOBBIM
ycnoBusiM. MIX moBelieHIe B TEYEHUE TECTa XapaKTe-
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Puc. 4. Bpewms oTcyrcTBUSI ITBUTATEIBHON aKTUBHOCTH
(JIMCHLIA CUIOUT WJIM JIEKUT B CTOPOHE OT KOpMYIIKM). Tect
ManHa—YutHu (Mann—Whitney U-test) *** p < 0.001;
# p < 0.05 1o cpaBHEHMIO ¢ MEPBOIA MOJIOBUHOM TecTa. *
p < 0.05 Mo cpaBHEHMIO C arpeCCUBHBIMU.

Fig. 4. The duration of absence of motor activity (the
fox sits or lies away from the feeder). Mann_Whitney
U test: ** p < 0.001 in comparison with the first part of
the test; * p < 0.05 in comparison with aggressive foxes.

PUBYIOT Clleaytollye mokasarenu: 5.46 £ 1.88 — cpen-
Hee BpeMsI (C), B TeUYeHHME KOTOPOTO JIMCSITA OOHIOXH -
BaJIv T1OJI WJIM CTeHBI B BoJibepe; 23 £ 2.34 — cpengHee
BpeMsI (C), B TeUeHMe KOTOPOT'O JIMCITa HaXOIWINCh
B pamuyce 1 M 0KO0JI0 UyejioBeKa (B IBVDKEHUH U B CTa-
TuKe); 11.2 = 2.2 — natreHTHOE BpeMs:l (C) 10 IIepBOro
MPOX0Ja JIMCEHKA Yyepe3 Iperpamy.

Hamu OblI 0OHapy:KeHbI CAEAYIOLIe KOPPEesi-
IUY MEXIY N3MEPEHHBIMU MPU3HAKAMMU: JIATCHTHOE
BpeM:I 10 IIEPBOTO IIPOXO01a OTPUILIATEIFHO KOPPEIIH-
pOBAJIO CO CPETHUM YKCIIOM IIEPEXOI0B depe3 Ipe-
rpamy 3a 1 muH Tecta (R =-0.75; p < 0.05, xpurepwuit
CrmmpmeHa r-Spearman’s) ¥ CO CpeIHHAM YHCJIOM Ba-
PHUAHTOB MEPEXOI0B, NCIIOIb3yeMbIX Tnculiamu (R =
-0.55; p < 0.05, xputepuit CnupMeHa r-Spearman’s);
cpemHee BpeMsi, B TeUCHME KOTOPOTO JIUCITa OOHIO-
XUBAJIA TI0JI WX CTEHBI B BOJIbEPE, OTPUIIATEIIHHO
KOPPEJMPOBAJIO CO CPEOHUM BpeMEHEM, B TCUCHHC
KOTOPOTO JINCSITA HAXOAWJIUCh B paguyce 1 M OKOJIO
yenoBeka (R =-0.67; p < 0.05, kputepuit CiupMeHa
r-Spearman’s); cpeaHee BpeMsI, B TeYeHHE KOTOPOTO
JINCSITa HAXOIWIMCH B paauyce 1 M 0KOJIO YeIoBeKa,
TOJIOXKUTEILHO KOPPEJIUPOBAIIO CO CPEAHUM YHCIIOM
nepexonoB yepe3 nperpany 3a 1 muH tecta (R =+0.7;
p < 0.05, kpurepuii CnupmeHa r-Spearman’s) U cO
CPEeIHUM YKCJIOM BapUAHTOB IIE€PEXOI0B, HCITOIb3Ye-
MbIx aucunamu (R = +0.71; p < 0.05, xkputepuii
CnupMeHa r-Spearman’s). KapTuHa nmoBeaeHus Ju-

CAT TOBOPUT O TOM, UTO YEM CUJIbHEE Y XKUBOTHOTO
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OblJla MOTMBAlLMS CJIEOBATh 3a YEJIOBEKOM, TEM
ycrenHee (0oblie pa3 v 00JIbIIMM YMCJIOM BapyaH-
TOB) OHO peIlajio 3aaa4y.

OBCYXIEHUWE PE3YJILTATOB

Crpax mepen HOBU3HOM M CTPEMJICHUE HCCIIENO-
BaTh HE3HAKOMBIE YCJIOBUS WIA OOBEKThI BCELIa Cy-
LLIECTBYIOT Y XXMBOTHBIX B HEKOTOpOM OajnaHce. Kak
MBI MOXEM BMIETh IO pe3yJbTaTaM TecTa C HOBBIM
00BEKTOM, BO BCEX TPEX MCCICAYEMBIX MOMYJISIIIHSIX
OOJIBIITMHCTBO XXWBOTHBIX IPOSIBIISUIA PEAKIINIO HEO-
(poOMM 110 OTHOIIIEHMIO K MEeNaIn, OMHAKO B ITOITYJIs-
UM JOMECTHIMPYEMBIX JIMCHUII 1O CpPaBHEHMIO C
arpeCCUBHBIMU 1 HECEIEKIIMOHUPYEMBIMHU Y OOJIbIIIE-
IO MPOLIEHTA XKMBOTHBIX OaJlaHC CIBUHYT B CTOPOHY
MpeodIagaHusI UCCIea0BaTeIbCKOTO TOBEISHMST HAll
Heodooueit. MccrmenoBaTenbcKoe MOBEACHNE, N3Me-
psieMoe B OCHOBHOM C TOUKY 3peHUsI BpEMEHH, 3aTpa-
Y1BaeMOI0 Ha M3y4YeHHE OO0BEKTa/3a1a4r 1 B3alMO-
JeiicTBMe ¢ HUM (HACTOMYMBOCTM), OKa3aJloCh
CBSI3aHO C YCIIEXOM B pellIeHNY KOTHUTUBHBIX 32134 Y
I POKOTO Kpyra BUAOB (6ombIme CMHUIEL: (Morand-
Ferron et al., 2011); nasopeBkm: (Morand-Ferron,
Quinn, 2011); ruensr: (Benson-Amram, Holekamp,
2012); cypukatsl: (Thornton, Samson, 2012)). ¥V mu-
KMX TME€H 0CO0U, KOTOPbIE MEHbIIIE OOSIMCh HOBOTO
00beKTa, ObUIM YCIIELIHEee B pellIeHUU MpoOJIeMHOI
3a7a4i, B KOTOPOi TpeOOBaJIOCh OTKPHITh KOPOOKY C
enoit (Benson-Amram, Holekamp, 2012).

B HameMm ucciemoBaHNM MBI XOTUM COCPEIOTO-
YUTh BHUMaHUE HE HA BPEMEHU, 3aTPAaYCHHOM KH-
BOTHBIM Ha MCCJIeAOBaHME HOBOIO OOBEKTa, a Ha
OCOOCHHOCTSIX TIOBEICHUSI, IIPOSIBISIEMBIX XKUBOT-
HBIM I1pu uccienoBanuu. [1pu mepBom moMeeHNn
HOBOTO 0OBeKTa (IeHajan) B OOMAIIHIOK KIIETKY
pPY4YHBIE JIMCHMIIBI WMCIIOJNB30BAIM 0oJjiee IIMPOKUIA
perepryap MCCISIOBATEIbLCKOM AKTUBHOCTH, 4eM
arpecCHUBHBIC 1 HEeCEJIEKIIMOHUpYyeMbIe (Tab. 1, Bu-
JIe03aICh JOCTYITHA IT0 cChUIKe: https:youtu.be/LZ
gfecJu3lA?1list=PLQCBTycmAtEngLOWI-
3babmT9c8eavcqE), u B TeueHne GUKCHPOBAHHOTO
BPEMEHHOI'O MHTEpBajJia OHU YCIIEBAJIM MCIIOIb30-
BaThb OOJIBbIIIE BAPMAHTOB MAHUITYJISITOPHOI aKTHB-
HocTu (puc. 1). Bo Bpems Tecta Ha yraiieHue HaBbI-
Ka (pokycupoBaTh B3I (puc. 3) pydHbIEC JTHUCHULIBI
MPOSIBJISUTM OOJIbIIIEe CIIOCOOOB B3aMMOMIEICTBUS C
3KCIEPUMEHTAJIBHOI YCTAHOBKOI ITO0 CPaBHEHMIO C
arpeccuBHbIMU. [Ipu aTOM yramenue HaBbika @B y
PYYHBIX JIMCHUII HACTYIIAIO OBICTpEE.

OmHuM 13 OOBSICHEHUN ITOJTYYECHHBEIX pe3yibTa-
TOB MOXKET SIBJIITHCSA OOJIbIIAs aKTUBHOCTh PYYHBIX
JINCUII II0 CPaBHEHUIO C aTPECCUBHBIMU M HECEICK-
nuoHupyeMbiMu. Kotopasi B cBoio odepenp sSIBJIsIeT-
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Cs CJIEICTBMEM MOBBILIEHHON HEPBHOM BO30YIMMO-
CTU PYYHBIX JIMUCHLI, YTO OBIJIO HAMU ITOKA3aHO paHee
MpU M3MEPEHUM YPOBHS BOKaIM3allUMM JUCHUI] B
MPUCYTCTBUU Ye€JIOBEKa, a TaKXe WX ABUTaTeIbHOM
aKTUBHOCTU BO BpeMsl €XEIHEBHOI IIpOLeIyphl
kopMieHus (MyxamenivHa u ap., 2019a). OnHako
BapUaTUBHOCTb Y PYYHBIX JIMCUIL IPOSIBISIach HE
TOJIBKO Ha YPOBHE 3JIEMEHTAPHBIX peakUil Ipy UcC-
CJIefOBAaHUU HOBOTO OOBEKTa WJIM MaHUMYJSIIAMN C
9KCIIEPUMEHTAIBHONM YCTAHOBKOI MpHU yralleHWM,
HO M Ha YypOBHEe 0oJiee CIOXHOro IIOBEIEHMUS,
TPeOYIOIIEro NPUHSTUSI PElIEHUsI, COCTOSIIEro 00-
Jiee 4yeM U3 ogHoro 1ara. I1perpamy, KoTopas pa3mie-
Jisila BOJIb€pP Ha JBE YacTU, MOXHO OBLIO MPEeoao-
JIETh pa3HBIMU cllocobaMu. B oTimuune ot mpoctoro
nepedbopa BapuaHTOB B3aWMOIEUCTBUS C MeAAIbIO
WA SKCIIEPUMEHTAIbHOM YCTAHOBKOM, KaXKIbIN
crnoco® IpeoaoJieH!sI Mperpaabl COCTOSUT U3 He-
CKOJIbKUX HneiicTBUil. Hampumep, 3alIpbIrHYTh, IPO-
OexaTb IO HAKJIOHHOMY IOAIOHY U CIPBITHYTh
BHU3; WJIW pa3BePHYTHCS B IPYTYIO CTOPOHY OT YeJI0-
BeKa, 00OMTHU IIMPMY, CHOBA MTOBEPHYTHCS K YEI0-
BeKy U T.A. Bricokasi BO30yIMMOCTb MOXET 00ycJia-
BJIMBaTh OBICTPBIIT nepedop MPOCTHIX
UHCTUHKTUBHBIX NEUCTBUIMA, HO IJISI CJIOXKHOIO I10-
BelIlcHUS HeoOXOmMMO yIepXuBaTb BHUMaHUE Ha
1eau. YeaoBeK MOT IepellarHyTh yepe3 Iperpamy
TOJBKO B NIBYX MecCTax, B TO BpeMs Kak JIMCsITa
CKJIOHHBI OBLJIM pellaTh 3amadyy I0-pa3HOMY, a He
cliefoBaTh OMHOMY U TOMY XK€ HaWIEHHOMY ITyTH.
XOTUM MOTYEPKHYTh, YTO Y JIUCAT HE ObLIO HUKAKO-
ro MpeaBapuUTEILHOIO OIbITa. DTO OBLIO pelIeHUE
HOBOI1 JIJIs1 HUX 3aJ1a4M B CJIOXKHOI 0OCTaHOBKE, IJe
OHM OKa3ajJuCh BIIEPBbIE. YCIEIIHOCTb pELICHUS
5TOM 3a0a4u 3aBUCEA OT CUJIbl COLIMAJIbBHOU MOTH-
BallM XXMBOTHBIX. JIMCsITa, Y KOTOPBIX CpeHEee Bpe-
MSI CJIeAOBaHMS 3a YeJIOBEKOM ObLII0 HIXKE U HAaOII0-
JaJiCh OPUEHTUPOBOYHBIC peakiuM (OTBJICUYECHUE
Ha OOHIOXMBaHUE), MEHbIIIE pa3 IIPeoJ0JIeBaIN TIpe-
rpamy 3a 1 MmuH Tecta. JIucsita, KOTOphIe Jydlle Bce-
o pelllaiu 3aaady, IpaKTUIeCKU He OTBIEKAIUCH OT
yejloBeKa, ClIeys 3a HUM HeIIPEPhIBHO Ha IIPOTSKE-
HUU MUHYTHI.

Pyunble nucuuibl OLICTPO M T'MOKO aganTUPYIOT
CBOM pelleHUs ToJ, CUTyallylo, YTO AaeT UM IIpeu-
MYILIECTBO B IIPUCIIOCOOJEHUM K HOBBIM OOCTOSI-
TEJILCTBAM I10 CPAaBHEHMIO C IMKUMU U arpeCCUBHbI-
MU. Hosag 00CTaHOBKa, NPUHIUIINAATIBHO
OTJIMYAIOLLASICS OT UX MPUBBIYHBIX YCIOBUI coaep-
>KaHUSI, He TIOJaBJIsIeT Y HUX MPOLIECC IIPUHSITUS pe-
meHus1. biaromapst aTomy, 6e3 reproa JJIUTeIbHO-
ro MPUBBIKAHUS K 00CTaHOBKE TECTUPOBAHUSI, OHU
CIIPABJISIIOTCSI C MHOTOKPATHBIM MOCJIEA0BATEIbHbBIM
peleHrueM HOBOH CJIOXHOI 3agauu. ITpuueM BBICO-
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BJAWSET JIU JUIMTEJIbHBI OTBOP MO PEAKIIMSIM HA YEJTOBEKA

oKa3ajlach CBsI3aHa C BBICOKOM BapMaTUBHOCTEHIO
9THUX PEIICHUIA: TUCULILI, KOTOPBIE 32 MUHYTY YCIIe-
BaJI OOJIBIIIE pa3 MPOMTH Yepe3 Mmperpany, deaan
3TO OOJIBIIM YUCJIOM CIIOCOOOB.

Takoii TN mpouecca NpUHATHUSL PELICHUIA TaeT
MIPEeMMYIIIECTBO B 3a/1a4ax, KOTOPhIE UMEIOT MHOXe-
CTBO BapMaHTOB PEIICHU, HO 3aTPyIHSIET PEIIecHNE
3aga4, TPEOYIONIMX ITOAABICHHUS UMITYJIbCUBHBIX pe-
aknuit. Tak, B TecTe Ha BBIpaOOTKY (hOKYCHUPOBKH
B3IJISIAa OBICTPBIN Iepedop pa3HbIX AeMCTBUIA, HAO-
0OpOT, OKa3aJiCs MeHee YCIeIIHOM TAKTUKOM Y pyd-
HBIX JIMCHII IT0 CPaBHEHUIO C arpecCUBHBIMU (Myxa-
MmemmuHa w nap., 2014). Bce amcuubl OBICTPO
YCTaHABJIMBAIM CBSI3b MEXIY HEIIPOIOLKUTEIbHBIM
B3IJISIAOM Ha 3KeJ000K M ITOJyYeHUEM IHUIIEeBOIO
MOIKpEIUIeH!sI, T.K. BblIaya KOpMa IIPOMCXOIWJIA
HEMEIUICHHO, HO IpY YBEIWYCHUM TPeOOBaHUS K
MIPOIOJDKUTEILHOCTH B3IJIIIa PYYHBIE M HeECelleK-
LIMOHUpPYEMbIe JUCHULIBI HAaYMHAJIKW KMCKaTb IPYTUe
CIIOCOOBI JOOBIBAHUS IMUINKA U3 3KCIEPUMEHTAIb-
HoIt yctaHOBKU. OHU MEHSUIM IIOJIOKEHHUE TOJIOBEI,
WIN 9epe3 CEeTKy MPUKAcallCh HOCOM K KeJIOOKy
(BuImeo3aImch JOCTYITHA 110 CChUIKE: https:youtu.be/
uMouKg61Ba8?1ist=PLQCBTycmAtEngLOWI-
3babmT9c8eavcqE), wim komamu M TpbI3ad ycTa-
HOBKY 4epe3 CTeHKY KJIeTKHU (BUAS03aIINCh JOCTYII-
Ha 1o cceuike: https:youtu.be/i3HpzgoHEv0?list=P
LQCBTycmAtEngLOWI-3babmT9c8eavcqE).
ArpeccuBHBIC JMCHUIBI OKAa3aJIMCh HE CKJIOHHBI K
MOWCKY OPYIMX BapMaHTOB HOOBIBAHMWS IHIINU, U
IIPY YBEJIMYCHUY BPEMEHU OXMIAHUS IOIKpEeIIe-
HUSI OHU 3aMHpPaJIM 1 MOJIyJaId IOPIIHIO KOpMa 3a
OoJiee MIMTENbHYIO uKcaluio B3msiga. [loatomy y
arpecCHUBHBIX JIMCUIl ObLIa BEIpaOOTaHa caMasi IIpo-
MOJDKUTEIbHAST (DOKYCHUPOBKA B3IJIAIa HA MCTOYHM -
K€ ITOAKPEIICHNS.

Bo Bcex mpencTaBieHHBIX B JaHHOI paboTe Te-
CTaxX py4YHBIE JIMCULIBI TIPOSABIIAIN OJIHY U TY XK€ OCO-
OCHHOCTb TIPUHSTUS PEIIEHUS] — HUCIOJb30BaHUE
OOJIBIIIETO YMCla pa3IUYHbIX BapUaHTOB MOBEIEH-
YECKUX peakUMil B eAUHUILY BpeMeHU. OTCyTCTBUE
CTpaxa U YCUJIEHWE HWCCIEAOBATEIbCKUX PEAKLIMIA,
MPOSIBJISIONIEECS BBICOKOW BapUATUBHOCTBIO MOBE-
JIEHW, TIOBBIIIAIOT BEPOITHOCTD aaarTalluu JOMe-
CTULIMPYEMBIX JIMCUIl K HOBBIM YCJIOBUSIM, B TOM
YUCJIE K aHTPOIIOTEHHOM Cpee.

BbIBOAbI

1. PyuHble nuculbl MPOSIBISIOT Oojiee pa3HO-
obpa3Hoe (BapMaTUBHOE) TOBEIEeHNE B YCIOBUSX
TECTOB IO CPAaBHEHMIO C arPECCUBHBIMU U HECEJIeK-
LIMOHUPYEMBIMU.
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2. UeMm BblLIe Y JOMECTULIMPYEMBIX JIMCUILL COLIU-
aJibHad MOTHUBaLMd, aape€CoBaHHadA 4YCJIOBEKY, TCM
0oJblie pa3 OHU MPEOAO0JIEBAIOT NMpErpaiay 3a MUHY-
Ty TECTA. Yucno nepexog0B 4Y€pe3 nperpaay 1moJjo-
KHWUTCJIBHO KOPPCIUPYET C YMUCIIOM pa3HBbIX CITOCO-
0oB ee npeoa0JICHUA.

3. BapnaTuBHOCTb TTOBEJICHUS SIBJISIETCST YCIIEIII-
HOI1 cTpaTerreil y pydyHBIX JJUCHII B TeX 3agavax, IJIst
KOTOPBIX CYIIECTBYET HECKOJIBKO BO3MOXHBIX BaApH-
AHTOB pPeIICHMUSI.

4. Ecnu Xe BapyUaHT pellleHUs 3a1adu SIBJISIETCS
eIMHCTBEHHBIM (ITOIKPETIISIETCSI TOJIBKO YCIISITHBII
BapuaHT pelIeHMsT 3afadyM), TaKTHKa ITOBEICHUS
PYYHBIX JTMCHL], HA000POT, OKa3bIBaeTcs Headdek-
TUBHOM.

NHOOPMALIUA O BKIALE KAXIOI'O
ABTOPA

MyxamenimHa M.A. — KOHLENUIUS 1 UHTepIpe-
Talusl pe3yJabTaToB pabOThI, IIPOBEACHNE DKCIICPH-
MEHTOB, HalucaHue TekKcTa; XapiaamoBa A.B. —
KOHIISITIIASI ¥ PYKOBOJCTBO PabOTOM, 0OCYKICHME
pe3yIbTaTOB MCCJICIOBAaHMSA, peIaKTUPOBAaHUE TeK-
CTa CTaThU.

NCTOYHUK ®PUHAHCHUPOBAHWA PALOThI

Hannas pabota ¢hmHaHCUpoBaHa TpaHTOM Poc-
cuiickoro HayuyHoro ¢onHaa Ne 21-44-04405.

BJIATOJAPHOCTHU

BripaxkxaeM nckpeHHIo1o 61aromapHocts Tpyt JILH.,
I'epGeky }0.D. 3a yuactue B 00Cy:KAeHUU pe3yJibTa-
toB, LIKIT “I'eHO(OHABI MYLIHBIX U CEJILCKOXO35Iii-
ctBeHHBIX >KMBOTHBIX” MIIul' CO PAH 3a nucnojb-
30BaHUE XMBOTHBIX U KCIIEPUMEHTATbLHOI 0a3bl.

KOH®JIUKT MHTEPECOB

ABTOpPHI 3asBJISIIOT 00 OTCYTCTBUM KOHMJIMKTA
WHTEPECOB.

COBJIOAEHUE OTUYECKNX CTAHIAPTOB
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15.11.2022).

YKA3AHUME HA JOCTYITHOCTb ITEPBUYHBIX
JAHHbBIX

[lepBuuHbIe TaHHBIE ABTOPAMU HUTIE HE BHIKJIA-
IBIBAINCh, OHU OOCTYITHHI ISl 3aIIpoca IIpH HeoO-
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DOES THE SELECTION OF FOX FOR THEIR REACTIONS TO HUMANS
AFFECT THE DECISION-MAKING DURING LEARNING?

I. A. Mukhamedshina*, A. V. Kharlamova**

Institute of Cytology and Genetics, Siberian Division, Novosibirsk, Russia
#e-mail: aden _66@mail.ru
##e-mail: kharlam@bionet.nsc.ru

In foxes selectively bred by IC&G SB RAS for domestication or aggressive behavior toward humans, the behavior
was analyzed. We have used the foxes not selected for behavior features as a control. Control foxes also were bred on
experimental farm of IC&G SB RAS. The peculiarities of explorative activities of foxes toward new objects, introduced
inside the domestic cage, as well as behavioral features during attenuation of focused attention on the object of food
reinforcement are discussed in the paper. Domesticated foxes demonstrated less neofobia during experiments then
aggressive and unselected ones. On the other hand, the explorative behavior of tame foxes was characterized by a
greater variability of motor reactions compared to aggressive and unselected ones. In the test for attenuation of focused
attention, tame foxes used a greater number of different actions compared to other studied groups. Fox cubs from the
domesticated population, placed in a new environment for the first time, found various ways go through obstacles when
following a person. Based on these results we discuss the peculiarities of the decision-making in foxes.

Keywords: domestication, aggressiveness, selection, foxes, motor diversity, cognitive abilities, making decision process
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HYPOXIC PRECONDITIONING IN RATS WITH LOW AND HIGH PREPULSE
INHIBITION OF ACOUSTIC STARTLE IS IMPLEMENTED THROUGH
TOPOGRAPHICALLY DIFFERENT SENSORY INPUTS. WORKING
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The neurotransmitter and network mechanisms of hypoxic preconditioning are practically unknown. Previously, in rats, we
identified the key role of the hippocampus and its cholinergic projections in the preconditioning mechanism of single-ex-
posure of moderate hypobaric hypoxia (HBH) based on the association between the efficiency of HBH and the magnitude
of Prepulse Inhibition of Acoustic Startle (PPI). This study presents the first data on PPI-dependent neuronal networks
of hypoxic preconditioning and their cholinergic components. The activity of synaptic choline acetyltransferase (ChAT),
an indicator of cholinergic function, was used for a correlation analysis of ChAT response to HBH in the hippocampus,
cerebral cortex, and caudal brainstem in animals with different levels of PPL. In rats with PPI < 40%, ChAT activity was
correlated in the hippocampus, cortex and caudal brainstem, while in rats with PPI > 40% in the hippocampus and cortex. It
is hypothesized that HBH is realized through topographically different sensory inputs, namely through respiratory neurons
of the brainstem in rats with low PPI and respiratory neurons of the olfactory epithelium in rats with high PPI.

Keywords: hypoxic preconditioning; neuronal/ neural networks; HBH; PPI; hippocampus; cerebral cortex; caudal
brainstem; cholinergic forebrain projective neurons and interneurons; ‘light’ and ‘heavy’ synaptosomes; synaptic

membrane-bound and soluble ChAT
DOI: 10.31857/S0044467724030074

INTRODUCTION

Changes in the oxygen content of the inhaled air
can have both positive and negative effects on the
aerobic organism. This depends on the depth of oxy-
gen deficiency and the length of stay in such condi-
tions (Navarrete-Opazo, Mitchell, 2014; Ando et
al., 2020).

Moderate hypoxia is a necessary natural factor in
cellular differentiation and proliferation at different
stages of prenatal ontogenesis (Radhakrishnan et al.,
2021). This suggests the presence of genetic and met-
abolic pathways of cell adaptation to hypoxic influ-
ences in all body tissues and explains the phenome-
non of the ‘cross-adaptation’ of hypoxic training to
damaging factors of other origins (Rybnikova, Zen-
ko, 2019).

That’s why treatment of the body or individual or-
gans with an adaptive, moderately reduced concen-
tration of oxygen in the air in courses (interval) or in
short-term one-day hypoxic training (hypoxic pre-
conditioning) can increase the resistance of organs
and tissues to the damaging effects of severe hypoxic
or ischemic strokes (Das, Das, 2008; Gavrilova et al.,

2008; Lukyanova et al., 2008, 2009; Maslov et al.,
2011; Rybnikova et al., 2022).

It is known that the brain is the most sensitive or-
gan to hypoxia (Akopyan et al., 1984; Maslov et al.,
2011; Liu et al., 2022) and the brain is a leading regu-
latory system in all body functions. The central nerv-
ous system is realized through the neural networks.
Currently, the question of the neural networks of cog-
nitive functions is being actively examined, and this
includes investigations of synaptic plasticity (Ober-
mayer et al., 2019; Appelbaum et al., 2022; Lara-
Gonzélez et al., 2022). At the same time, the neu-
ronal, including the synaptic organization of hypoxic
adaptation functions remains poorly understood.

Our studies on the one-time moderate hypobaric
hypoxia model (HBH) allowed us to analyze the cen-
tral cholinergic systems in the neuronal organization
of hypoxic preconditioning.

In rats, HBH (5000 m, pO, is 85 mm Hg, 60 min)
initiates a most pronounced preconditioning effect in
the first minutes of reoxygenation that provides in-
creased resistance to severe hypobaric hypoxia, in-
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compatible with life (SHBH, 11500 m, pO,is 31 mm
Hg) (Lukyanova et al., 2008, 2009). Using the same
hypoxic regime, we confirmed the pronounced pre-
conditioning effect of HBH after 4 min of reoxygen-
ation (Zakharova et al., 2011; Zakharova, Dudchen-
ko, 2016). By using the HBH-SHBH test, we found
that the efficiency of HBH was associated with the
efficiency of sensory-motor gating estimated by the
magnitude of Prepulse Inhibition of Acoustic Startle
(PPI). The values of HBH efficiency were inversely
proportional to the PPI values (Dudchenko et al.,
2014). All subsequent experiments confirmed this
regularity (Zakharova et al., 2018a, 2018b, 2020).
This allowed us to investigate the preconditioning
mechanisms of HBH by using the PPI test readings as
a predictor of the efficiency of hypoxic training.

By studying the cholinergic brain system in the
mechanism of HBH, we identified the following reg-
ularities:

(1) Administration of cholinergic ligands PNU-
282987 (PNU), a selective agonist of alpha7 subtype
of nicotinic receptor (nAChR), and dimethyl sulfox-
ide (DMSO), an anti-acetylcholinesterase agent at a
concentration of 2—3% (Sawada, Sato, 1975), had
the multidirectional effects on the efficiency of HBH
in rats with PPI greater and less than 40%. The results
suggest the involvement of the cholinergic system in
the preconditioning mechanism of HBH and the ex-
istence of at least two cholinergic mechanisms
(Zakharova et al., 20218a, 2018b, 2020).

(2) Choline acetyltransferase (ChAT, acetyl-CoA:
choline O-acetyl transferase, EC 2.3.1.6) is a marker
of cholinergic neurons and the most specific indica-
tor for monitoring the functional state of cholinergic
neurons (Monmaur et al., 1984; Dunbar et al., 1993;
Zakharova, Dudchenko, 2014; Bagwe, Sathaye,
2022; Kirstein et al., 2022; AlQot, Rylett, 2023). We
measured ChAT activity in the synaptic membranes
(membrane-bound ChAT, mChAT) and synapto-
plasm (water-soluble ChAT, sChAT) subfractions.
This made it possible to identify mChAT, whose ac-
tivity is a minor part of the total synaptic ChAT
(Zakharova, Dudchenko, 2014).

Under HBH, synaptic mChAT changed its own
activity in different directions in subgroups of rats
with PPI greater and less than 40%. This was observed
in only the hippocampus, but not in the caudal brain-
stem or cerebral cortex (Zakharova et al., 2020). The
biochemical data coincided with the results of our
pharmacological study and allowed us to assume that
the hippocampus is crucial for the preconditioning
effect of HBH.
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(3) The hippocampus hypothesis was confirmed
in our pharmacological study with the intrahip-
pocampal administration of cholinergic ligands in
rats with PPI > 40% (Zakharova et al., 2021).

(4) Multidirectional changes in the mChAT activ-
ity were observed selectively in the light fraction of
hippocampal synaptosomes, in which the presynaps-
es of cholinergic projections from forebrain nuclei
are concentrated (Zakharova, Dudchenko, 2014).
Thus, we have clarified that a key role in the mecha-
nisms of hypoxic preconditioning is played by the
hippocampal cholinergic projections.

(5) In the brain cortex and caudal brainstem, the
synaptic ChAT response to HBH did not agree with
our pharmacological data. At the same time, the cau-
dal brainstem is a primary sensor of vegetative infor-
mation, including respiratory signals (‘the primary
respiratory network’) (Ashhad et al., 2022; Kara-
lis, Sirota, 2022) and the cortex is a structure, in
which the processing of sensory information preced-
ed that in the hippocampus (Yang et al., 2021; Kara-
lis, Sirota, 2022). This suggested the involvement of
these brain structures in hypoxic preconditioning
neuronal networks.

To identify HBH-initiated interstructural con-
nections, in this study, a correlation analysis of bio-
chemical parameters of the hippocampus, cerebral
cortex and caudal brainstem was carried out. The ac-
tivity of mChAT, sChAT and the content of mem-
brane and synaptoplasmic proteins (Pr, mPr and sPr)
in subfractions of synaptic membranes and synapto-
plasm isolated from light and heavy synaptosomes of
each brain structure were analyzed.

In the models of hypoxic preconditioning, the
cholinergic components of neuronal network in the
mechanisms of their protective action have not yet
been studied, especially taking into account the de-
pendence of these mechanisms on the PPI value.
Thus, the proposed study is the first in this scientific
direction.

The main purpose of the study was to determine
whether there are connections between HBH-initiated
cholinergic changes in the hippocampus, caudal brain-
stem and cerebral cortex, and the specificity of these
connections in rats with PPI < 40% and PPI > 40%?

METHODS

The behavioral experiments were carried out in
male albino laboratory outbred rats that were aged
2.5—3.5 months (250—350 g). The animals came from

the Light Mountains Nursery (Moscow region, Rus-
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sia) and were kept in the vivarium of the Institute of
General Pathology and Pathophysiology. The number
and suffering of the experimental animals has been
minimized. The rats were housed in a tempera-
ture-controlled room (20—24 °C) and were exposed to
a 12 h light—dark cycle. They were kept with 5—7 ani-
mals per rat cage with a size of 40 x 60 cm, and they
had free access to food and water. All animal care and
experimental procedures were carried out in accord-
ance with EU Directive 2010/63/EU. All experimen-
tal protocols were approved by the Ethical Committee
of the Institute of General Pathology and Pathophysi-
ology. After the behavioral experiments, the rats were
selected for the biochemical experiment.

Acoustic startle reaction model

The acoustic sensorimotor startle reaction model
(PPI Test) (Wood et al., 1998) was measured by using
a startle response system (TSE System, Bad Hom-
burg, Germany) as previously described (Zakharova
etal., 2021).

Rats were tested in soundproof boxes within re-
straining metal cages that were installed on a platform
(27 x 9 x 19 cm). The acoustic stimuli were issued
from two loudspeakers, which were mounted on the
walls of the metal cages. Broadband noise with dura-
tion of 100 ms and a loudness of 110 dB was used as
the main stimulus. The background-masking sound
signal had broadband noise with a loudness of 72 dB,
and the prestimulus (prepulse) had signal duration of
40 ms and a loudness of 85 dB. The animals were ex-
posed to a total of 12 trials after 5 min of adaption.
The first two trials were pulse-only trials (habitua-
tion). The remaining 10 trials were presented in a
pseudo-random order and included five pulse-only
trials and five pulse trials with a preceding prepulse of
100 ms in a lead-off interval. The intertrial intervals
had a mean value of 15 s (from 10 to 20 s). The PPI
value was estimated by using the formula (Am — Ap)/
Am x 100%, where Am is the average reaction ampli-
tude in the samples without a prepulse, excluding the
first two (n = 5), and Ap is the average reaction ampli-
tude in the samples with a prepulse (n = 5).

Hypoxic preconditioning model

The HBH and SHBH models were used as previ-
ously described (Zakharova, Dudchenko 2016;
Zakharova et al., 2020).

In the HBH model, a pressure chamber was used
for the simultaneous testing of few rats (a branded
pressure chamber from “Schrodeu.Co”, Germany).
The chamber was connected to a single-stage vacuum
pump (model VP 115, 2016, YANG YI, China) and an
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altitude gauge, which was calibrated to an altitude
above sea level (model VD-20, # 152300254, 2016,
RF). The rats in the chamber were “raised” at a speed
of 12—15 m/s to the adaptive altitude of 5000 m (pO, is
85 mm Hg, equivalent to 11% O,, 60 min) and “de-
scended” at the same speed at the end of the training.

In the SHBH model, pressure chambers were used
to test one rat in each of them. Each chamber is
equipped with a vacuum cap with a needle valve and
valves for a vacuum pump and altimeter inlets. The rat
was “raised” at a speed of 63.5—64 m/s to the critical
altitude of 11.500 m (pO,is 31 mm Hg, equivalent to
4.5% O,). In the critical altitude test, the resistance to
hypoxia was recorded as the time (T) until agonal in-
spiration (apnoea) in combination with a loss of con-
trol of body tone. When these symptoms were
achieved, the animal immediately “descended” using
wide access of atmospheric air into the chamber.

Preparative and Biochemical procedures

The methods of preparation of the synaptosomal
subfractions from the brain tissue structures and the
determination of the ChAT activity and protein con-
tent were the same as previously described (Zakharo-
va et al., 2020, 2022).

The preparative procedures were performed at 2—4 C°.
The hippocampus, cerebral cortex, and caudal brain-
stem (medulla oblongata + pons Varolii) were sepa-
rated from a brain. From each structure, the light and
heavy fractions of synaptosomes were obtained from
the rough mitochondrial fraction. The synaptosomal
fractions were precipitated and disrupted. From each
disrupted synaptosomal fraction, the subfractions of
synaptoplasm and synaptic membranes were ob-
tained. All samples were stored at -80 °C.

The ChAT activity was determined by using Fon-
num’s radiometric method (Fonnum, 1969). The
protein content was measured by using Lowry’s spec-
trophotometric method (Lowry et al., 1959).

Experimental Protocol

The rats were handled for at least two consecutive
days before starting the experimental procedures.

All experimental rats (n = 60) were tested with the
acoustic sensorimotor startle reaction model (PPI
model), and the values of PPI were estimated. After
that, the rats were subdivided into the control group (n
= 6) and HBH group (n = 6). As far as possible, for the
control and HBH groups, the rats with the lowest and
highest PPI values were taken to more clearly identify
the biochemical correlates of the PPI-associated val-

ues. PPI values were, respectively, -4.4, +11.9, +29.8
Ne 3
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and-1.1,+19.2, +37.5 for the control and HBH rats in
the subgroups with PPI < 40% and + 68.0, +87.2,
+91.7 and +64.3, +83.9, +93.2 for the control and
HBH rats in the subgroups with PP1 > 40%.

Several days after the PPI testing, the rats were
subjected to subsequent experimental procedures.

The rats in the HBH group were subjected to an
HBH session; 4 min after it ended, they were taken
for an acute biochemical experiment. The first min-
utes of reoxygenation after HBH had the most pro-
nounced preconditioning effect (Das, Das, 2008;
Lukyanova et al., 2008, 2009), and we selected 4 min
as the optimal time period for our experimental con-
ditions. The animals in the control group were taken
directly for the biochemical experiment, bypassing
HBH.

In the same HBH regime, rats were tested for re-
sistance to SHBH (‘HBH + SHBH’ group). Intact
rats (‘SHBH’ group) served as controls. Animals
within a similar range of PPI values were selected into
both SHBH groups. PPI values were, respectively,
from —13.1% to +36.6 (n = 13) and from -12.2% to
+37.8 (n=11) for the ‘SHBH’ and ‘HBH + SHBH’
rats in the subgroups with PPI < 40% and from
+38.3% to +92.5% (n = 11) and from +39.6% to
+91.1 (n = 10) for the ‘SHBH’ and ‘HBH + SHBH’
rats subgroups with PPI > 40%.

The activity of ChAT and the protein content was
determined in the subfractions of the synaptic mem-
branes and synaptoplasm of light and heavy synapto-
somes isolated from the cortex, hippocampus, and
caudal brainstem. Thus, the membrane-bound
mChAT activity and mPr content were estimated in
the synaptic membrane subfractions, while the wa-
ter-soluble sChAT activity and sPr content were esti-
mated in the synaptoplasm subfractions.

All data were obtained in a blind manner. The ex-
perimenters did not know the key characteristics of
tested rats at the stage of obtaining experimental data;
the experiments and animal preparation were per-
formed by different experimenters.

Statistics

The results of the biochemical experiments were
expressed in units of ChAT activity per minute or
units of protein content in 1 g of raw tissue from a
corresponding brain structure.

The normality of all data was assessed with STA-
TISTICA 8.0 (StatSoft Inc. USA) by using the Kol-
mogorov—Smirnov test (parameter d and p-values).
No deviations from normality were found.
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The results were statistically processed with STA-
TISTICA 8.0 (StatSoft Inc. USA) by using the
non-parametric Fisher’s exact test (FET criterion)
and/ or Wilcoxon-Mann-Whitney test (u-criterion).
A correlation analysis was performed by using Pear-
son’s r-criterion in Microsoft Excel, and a correcting
formula was used for small samples where n < 15
(Kobzar, 2006). For correlation analysis, the varia-
tion samples included the values of the corresponding
control and HBH subgroups, n = 6 for each sample.
The differences and correlations were considered sig-
nificant at p < 0.05.

RESULTS

Resistance to SHBH in the PPI-Associated Subgroups
of Rats under the Control and HBH Conditions

The control rats (‘SHBH’ group) exposed to direct
SHBH showed a usual spectrum of innate resistance to
severe hypoxia from 37 s to 1289 s in a PPI-independ-
ent manner. Average T values (M + m) were, respec-
tively, 344 £ 89s(n=13)and 362+ 91s(n=11) for
the ‘SHBH’ rats in the subgroups with PPI < 40% and
PPI > 40%. T-PPI values were not correlated (in the
general data array, r = -0.098, n =24, P > 0.05).

In the ‘HBH + SHBH’ group, Average T values
were, respectively, 802 £ 72s(n=11) and 656 = 63s
(n = 10) for the rats in the subgroups with PPI less
and greater than 40%. HBH increased resistance to
SHBH by 2.4 times in rats with PPI < 40% (P <
0.001) and by 1.8 times in rats with PPI > 40% (P <
0.005). T-PPI values were correlated (in the general
data array, r = -0.594, P < 0.01, n = 21).

Synaptic ChAT Activity and Protein Content in the
PPI-Associated Subgroups under the Control and HBH
Conditions

The values of synaptic ChAT activity and protein
content in the control and HBH subgroups of rats
with PPI < 40% and > 40% are shown in Figures 1
and 2, respectively. These data formed the basis for
the correlation analysis.

The main results on ChAT activity were published
and discussed in detail previously (Zakharova et al.,
2020). Here we present new data on protein content,
as well as data on ChAT activity in a new format.

The ChAT activity was present in natural quanti-
ties (Figure 1). This made it possible to demonstrate
the PPI-associated features of the enzyme’s reaction
to HBH. It can be seen that reciprocal changes in
ChAT (mChAT) activity were observed only in the
hippocampus and in the subfraction of synaptic
Ne 3
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Fig. 1. Individual values of the synaptic ChAT activity in the control and HBH subgroups of rats with PPI values of <40%
and >40%. Designations. The ChAT activity is presented in nmol ACh/1 min in 1 g wet weight of the corresponding brain
structure. The software package STATISTICA 8.0 (StatSoft., USA) was used to visualize the data. I, hippocampus; II,
cerebral cortex; 111, caudal brainstem. C, the fraction of light synaptosomes. D, the fraction of heavy synaptosomes. Synaptic
membranes, the subfraction of synaptic membranes. Synaptoplasm, the subfraction of the synaptoplasm. Control, the control
subgroups of rats. HBH, the subgroups of rats after one-time moderate hypobaric hypoxia (85 mm Hg, equivalent to 11% O,,
60 min). N = 3 for each subgroup. *, the significant differences in ChAT activity values between the paired subfractions of rats
with PPI < 40% and PPI > 40%, p < 0.05. #, the significant changes in the ChAT activity values after HBH were compared
with the corresponding control subgroup, p < 0.05. Fisher’s exact test (FET criterion).

Puc. 1. UuauBunyanbHble 3HaU€HUSI cMHANTU4YecKOi akTuBHOCTU XAT B KoHTponbHOM 1 HBH moarpynmax xpbic co
sHaueHusMU TICT < 40% u > 40%. O603HayeHus. AKTuBHOCTh XAT mnpencraBieHa B HMoib AX/1 MUH B 1 T chIpoii
MaccChl COOTBETCTBYIOIIECH CTPYKTYphl Mo3ra. sl BU3yanu3aluy TaHHBIX UCITOIb30Baiu makeT rmporpamMm STATISTICA
8.0 (StatSoft., CIIIA). I — runmokamit; 11 — kopa ronoBHoro moara; 111 — KaynanbHbIit CTBOJ TOJIOBHOTO MO3ra (ITpoa0JIro-
BaThIii MO3r + BaponmeB moct). C — dhpakius JeTKuX CMHanTocoM. D — dpakims TSKeTbIX CHHATITOCOM. Synaptic mem-
branes —cyb6dpakius ciHanTHYecKX MeMopaH. Synaptoplasm — cyddpakiivst cuHanToria3Mbl. Control — KOHTPOJIbHbBIE
noarpyrnsl Kpeic. HBH — moarpynmbl Kpbic mociie OMHOKPAaTHON YMEPEHHOM TMIo6apuieckKoii TMIoKCcUu (85 MM prT. CT.,
9KBUBaJEHTHO 11% O,, 60 MuH). N = 3 171 KaX10ii MOArpynbl. * — 10CTOBEPHLIE Pa3nnuyus B akTuBHOCTH XAT Mexay
cyodpakuusmu y kpbic ¢ TICT < 40% u TICT > 40% B nipenenax noarpymibl, p < 0.05. # — 10CTOBepHbIe U3MEHEHUS B
aktuBHOCTH XAT nocne I'BI' mo cpaBHEHUIO ¢ COOTBETCTBYIOLIEH KOHTPOJbHOM noarpymnmoii, p < 0.05. Tounslit Meron
®umepa (TMP-kputepwuit).

membranes in the light fraction of synaptosomes. In
most other subfractions, the ChAT response to HBH
was manifested in one of the subgroups or the chang-
es in ChAT activity were unidirectional (in the syn-
aptoplasm subfraction in the heavy synaptosomes of
the cerebral cortex).

As a result, under the influence of HBH, the

vector of differences in the mChAT activity in the
light synaptosomes of the hippocampus significant-
ly changed to the opposite value. In the remaining
subfractions, there was an alignment of the initial,
control differences in ChAT values between the

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU ToM 74 Ne 3 2024



HYPOXIC PRECONDITIONING IN RATS WITH LOW AND HIGH PREPULSE

subgroups. The exception to the latter pattern was
the heavy hippocampal synaptosomes, in which,
due to a drop in mChAT activity in the subgroup of
rats with PPI > 40%, the differences in enzyme ac-
tivity observed in the control subgroups became
even more pronounced under the influence of
HBH.

The results revealed by protein content replicate
changes in ChAT activity in response to HBH in a
number of subfractions in both subgroups of rats, and
also exhibit a response independent of the response of
ChAT activity to HBH (in subfractions D of the hip-
pocampus in rats with PPI < 40%), (Figure 2). We
will present the results of the ChAT-Pr correlation
analysis below.

341

Conjugacy of HBH-initiated Changes in the Synaptic
ChAT activity and Protein Content in the Hippocampus,
Cerebral Cortex, and Caudal Brainstem in the Subgroups
of Rats with PPI values of < 40% or > 40%

To perform correlation analysis of biochemical
parameters, we included data on HBH and the corre-
sponding control in each sample (n = 6). This made
it possible to identify the consistency of the response
of identical indicators to hypoxia in different brain
structures, as well as different indicators within the
synaptosomal fraction (ChAT-Pr, mChAT-sChAT
and mPr-sPr correlations).

Subgroup of Rats with PPI < 40%

In the subgroup of rats with PPI < 40%, a decrease
in ChAT activity and Pr content prevailed (Figure 3,
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Fig. 2. Individual values of the protein content in the control and HBH subgroups of rats with PPI values of <40% and >40%.
Designations. The protein content is presented in mg in 1 g wet weight of the corresponding brain structure. The remaining

designations are the same as those in Figure 1.

Puc. 2. UHnuBuayanbHble 3HAUYCHUS colepXaHus Oesika B KoHTposbHOUM M HBH monrpyrimax Kpeic co 3HaYeHUSMU
TMCT<40% u >40%. O6o3Hauenusi. ConepxkaHue Gesika MPEACTaBICHO B MI' B 1 T' ChIpOif MacChl COOTBETCTBYIOIICH

CTPYKTYpbl MO3ra. OcTajbHbie 0003HAYeHMS KaK Ha puc. 1.
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Table 1, I — III). A positive correlation was observed
between changes in mChAT activity and in mPr con-
tent between the fractions of light synaptosomes of
the caudal brainstem and hippocampus, as well as be-
tween the caudal brainstem and cerebral cortex. In all
three fractions, the decrease in mPr content was as-
sociated with a decrease in mChAT activity. When
comparing the mChAT—mChAT and mPr—mPr val-
ues in these fractions between the hippocampus and
cerebral cortex, there was no conjugacy of changes.

In addition, HBH initiated the changes in Pr con-
tent that did not depend on the cholinergic index: an
increase in mPr and a decrease in sPr in the heavy
fraction of the hippocampal synaptosomes. The in-
crease in mPr content was negatively correlated with
the decrease in mPr content in the light fraction of
the hippocampus, and the decrease in sPr content
was positively correlated with the decrease in mPr
content in the light fractions of both the hippocam-
pus and caudal brainstem.

Subgroup of Rats with PPI > 40%
In the subgroup of rats with PPI > 40%, after

HBH, ChAT activation prevailed without changes in
the Pr content (Figure 4, Table 1, IV — VI).

The following interstructural associations of
ChAT activity were identified: (1) a positive correla-
tion between the activation of mChAT in the light
fraction of hippocampal synaptosomes and mChAT
in the heavy fraction of cortical synaptosomes; (2) a
negative correlation between the inhibition of
mChAT in the heavy fraction of the hippocampus
and the activation of sChAT in the heavy fraction of
the cerebral cortex; (3) a positive correlation of the
sChAT activation in the light fraction of the hip-
pocampus with the sChAT activation in the light
fraction of the caudal brainstem and, simultaneously,
a negative correlation with the inhibition of mChAT
in the heavy fraction of the caudal brainstem.

An increase in sPr content was associated with an
increase in SChAT activity only in the light fraction of
synaptosomes of the caudal brainstem. In addition,
the increased sPr content in this fraction turned out
to be negatively correlated with a decrease in mPr
content in the heavy fraction of the hippocampus. In
the heavy fractions of the hippocampus and caudal
brainstem, the values of both cholinergic and protein
s-indicators decreased, but no significant intrastruc-
tural correlations were found.

DISCUSSION

In the rats of ‘HBH + SHBH’ group tested at the
critical altitude, HBH significantly increased SHBH
tolerance (T values) in a PPI-dependent manner, av-
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eraging 2.4- and 1.8-fold in the subgroups with PPI
less than and greater than 40%, respectively. In the
‘HBH + SHBH’ group, a significant T-PPI depend-
ence was observed, in contrast to the SHBH control
group. Data on all characteristics are fully consistent
with those obtained previously (Dudchenko et al.,
2014; Zakharova, Dudchenko, 2016; Zakharova et
al., 2018a, 2018b, 2020).

Our study revealed for the first time a number of
related changes in the synaptic ChAT activity and Pr
content in the cerebral cortex, hippocampus and
caudal brainstem under HBH conditions.

The presynapses of cholinergic projections of the
hippocampus and cerebral cortex were mainly con-
centrated in the light fractions of synaptosomes and
the presynapses of cholinergic interneurons in the
heavy fraction of synaptosomes (see the review in
(Zakharova, Dudchenko, 2014)).

Only the light synaptosomes of the hippocampus
were a fraction whose cholinergic presynapses re-
sponded to HBH with multidirectional changes in
ChAT activity. This cholinergic reaction correspond-
ed to the division of rats into subgroups at the bound-
ary of approximately 40% PPI in our pharmacologi-
cal data. Activation of cholinergic mediator function
by DMSO reduced the preconditioning effect of
HBH on resistance to SHBH in rats with PPI < 40%
in IP administration and potentiated it in rats with
PPI > 40% in IP and intrahippocampal administra-
tion (Zakharova et al., 2020, 2021, 2022).

From this it followed that the hippocampus is a
key structure in the mechanisms of hypoxic precon-
ditioning, namely, its cholinergic projections from
the corresponding forebrain nuclei (Figure 5).

Participation of the hippocampal cholinergic pro-
jections in generation of the hippocampal theta
rhythm in response to significant stimuli of any mo-
dality is known (Kitchigina, 2004; Yoder, Pang,
2005). In the electrophysiological studies, an in-
crease in the power of slow wave activity in the EEG
spectrum is a stable symptom of moderate brain hy-
poxia in a wide range of its values, starting at an alti-
tude of 2000 m (pO2 is 125 mm Hg). This has been
shown in both rodent and human brains, and all pub-
lications mention the theta rhythm (Akopyan et al.,
1984; Ramadan et al., 2020).

Therefore, when analyzing interstructural corre-
lations, we took into account coherence with mChAT
activity in the presynapses of light synaptosomes of
the hippocampus as the elements of neural network
Ne 3
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Fig. 3. Conjugacy of HBH-initiated changes in the synaptic ChAT activity and Pr content in the hippocampus, cerebral
cortex, and caudal brainstem in rats with PPI < 40%. Designations. The ChAT activity and Pr content values are represented
as a percentage change (mean £ SEM %) relative to the values in the corresponding control subgroup, which were taken as
100%. Cortex, the cerebral cortex. Stem, the caudal brainstem. C and D, the fractions of light and heavy synaptosomes,
respectively, as in Figure 1. SM, the synaptic membrane subfraction. Sp, the synaptoplasm subfraction. The SM and Sp
indicators are shown in pairs according to their belonging to a synaptosome fraction. ChAT, top row, the ChAT activity.
PROTEIN, bottom row, the Pr content. Accordingly, in each brain structure, changes in mChAT/mPr values are presented
in SM, and changes in sChAT/ sPr values are presented in Sp. For better perception, the indicators of different brain
structures (Cortex, Hippocampus, Stem) are presented in different colors (different shades of gray). In the Hippocampus, C,
the SM column is highlighted in red in the ‘ChAT’ row, as it is a key indicator for the mechanism of hypoxic preconditioning.
* significant differences from the corresponding control subgroups, p < 0.05, n = 3, Fisher’s exact test (FET-criterion),
which for ChAT is similar to the ‘#’ marker in Figure 1. Ovals represent a significant correlation between changes in ChAT
activity and Pr content in a subfraction (an intrafractional association), Pearson’s test (r-criterion). Horizontal brackets
indicate a significant correlation of indicator changes (ChAT or Pr) between different subfractions (an interfractional and
interstructural coherence) according to Pearson’s test (r-criterion). +r/ -r, positive/negative correlation, respectively; r*/
rE¥/pxF% p <0.05/p <0.02/p <0.01, respectively; n = 6 for each sample.

Puc. 3. ConpscxkenHocts HBH-mHuImmpyemsix nusMeHeHuit B ciHanTUIeckoir aktuBHOCTH XAT u comepxkaHuu Gerka
(Pr) B runmnokamrie, Kope roJJOBHOIO MO3ra 1 KayaaJbHOM CTBOJIe TOOBHOro Mo3ra y Kpbic ¢ IICT< 40%. OGo3HayeHUsI.
H3menenus B aktuBHOCTH XAT 1 conepkaHnu Gesika IpencTaBIeHb! B ITpolieHTax (M & M%) 1o OTHOIIEHMIO K 3HAYSHUSIM
B COOTBETCTBYIOIIMX CYO(PpaKIIMSIX KOHTPOJIbHOM HOArPYIIbl, IpuHATHIM 3a 100%. Cortex — Kopa ToJIOBHOTO MO3ra. Stem —
KayHaJbHbII cTBOJ royioBHOro Mo3ra. C u D — (pakLiyu Jerkux v TSKeJIbIX CUHAIITOCOM COOTBETCTBEHHO, KakK Ha puc. 1.
SM — cyb6dpakumsi CMHaNTUYeCKMX MeMOpaH. Sp — cyodpakius cuHanToruiasmbl. MHaukatopsl SM u Sp cnapeHbl B
COOTBETCTBUMU C UX MPUHAMIEKHOCTBIO K (ppakiuu cuHantocoM. ChAT — BepxHuit psn, aktuBHOocTh XAT. PROTEIN
— HWXKHUU psiO, comepxkaHue O6enka. COOTBETCTBEHHO, B KaXIOM CTPYKTYpe Mo3ra, B cyodpakiusax SM mpencTraBiaeHbI
u3MeHeHus 3HayeHuit mChAT/mPr, a B cyddpakuusix Sp npeacrapieHbl usmeHeHus 3HayeHuit SChAT/sPr. [list aydiero
BOCTIPUSATHS TTOKA3aTe TN Pa3HbIX CTPYKTYP MO3ra (KOpbI, TMITIOKAMITa, CTBOJIA) MPEICTABICHbI Pa3HBIMA OTTEHKAMU Ce-
poro. B psany “ChAT”, B runmokamiie C ctos6err SM BbleJIeH pO30BBIM LIBETOM, ITOCKOJIBKY 3TO KITIOY€BOM MHINKATOD
B MEXaHU3Me TMITOKCUYECKOTO MPEKOHAUIIMOHUPOBAHUS. * — TOCTOBEPHBIE OTJIMYUS OT COOTBETCTBYIOLIMX KOHTPOJIbHBIX
TIONTPYIIN, UIEHTUYHBI MapKepy “#” Ha puc. 1 1 2, p < 0.05, n = 3, Tounstit Meton ®umepa (TM®P-kputepuii). OBajbl
0003HAYAIOT 3HAYMMYIO KOPPEJISILINIO MEXKIy M3MEeHEHNSIMU B akTUBHOCTH XAT 1 conepkanuu 6eska B Iipeaesiax cyodpak-
1K (BHYTpUGbpaKIIMOHHAas accouuanus), Tect [TupcoHa (r-kputepuii). [opr3oHTaIbHbIE CKOOKH MHAEKCUPYIOT 3HAYMMYIO
KOPPEJIIUIO UBMEHEHU I OMOXUMUYECKUX MToKa3aTeseit (aktTuBHocTH XAT wiu cofepkaHusi 0enka) B pa3HbIX CyOhpakImsIx
(MeXpaKIIMOHHAST M MEXCTPYKTYpHasi KOT€PEHTHOCTb, r-KpUTEepHii). +r/ -r — TIOJOXUTEIbHAsI/OTpULIaTeIbHAS
KOPPEJISILIS COOTBETCTBEHHO; 1/ 1**/ r*** — p < 0.05/ p < 0.02/ p < 0.01 cOOTBETCTBEHHO; N = 6 IS KaXI0 BHIOOPKMU.
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Table 1. Significant correlation values of HBH-initiated changes in the synaptic ChAT activity and Pr content in the hippocampus,
cerebral cortex, and caudal brainstem in rats with PPI < 40% (I — I1I) and > 40% (IV — VI)

Ta6muma 1. 3HaueHUs nocToBepHBIX Koppensiuii mauimupyeMmbix ['BIT maMenenuit cuHantndeckoit aktuBHOCTH XAT 1
coziepkaHus1 OeslKa B TMITITOKaMITe, KOpe TOJIOBHOTO MO3Ta U KayJIaJbHOM CTBOJIe TojloBHOrO Mo3ra y kpbic ¢ TICT < 40%
(I—TIT) u TICT > 40% (IV — VI)

I, ChAT — ChAT
Fraction Pirson’s test/ Fraction Hippocampus, C,SM Hippocampus, D, Sp Cortex, C, SM
Stem, C, r +0.936 +0.863
M P P <0.02 P < 0.05
II, Pr— Pr
Fraction Pirson’s test/ Fraction Hippocampus, C, SM Hippocampus, D, Sp Cortex, C, SM
Stem, C, r +0.880 +0.956 +0.878
SM P P <0.05 P <0.02 P <0.05
r -0.823
Hippocampus,D, SM
P P<0.05
r +0.867
Hippocampus,D, Sp
P P <0.05
Cortex, C r +0.895
Sp P P <0.02
111, ChAT - Pr
Hippocampus, C, Cortex, C,
Fraction Pirson’s test/ Fraction Stem, C, ppSM }I))r SM. Pr
SM, Pr > 5
Stem, C, SM, r 0911
ChAT P P <0.02
Hippocampus, C, SM, r +0.977
ChAT P P<0.01
Cortex,C, SM, r +0972
ChAT P P <0.01
IV, ChAT - ChAT
. . s . Hippocampus, C, Hippocampus, C, Hippocampus, D,
Fraction Pirson’s test/ Fraction SM Sp SM
COI’teX, D, r +0.898
SM p P<0.02
Cortex, D, r -0.960
Sp P P<0.01
Stem, C, r +0948
Sp P P<0.01
Stem, D, r -0.968
SM P P<0.01
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V, Pr-Pr
. . , . Hippocampus, C, Hippocampus, C, Hippocampus, D,
Fraction Pirson’s test/ Fraction SM Sp SM
Stem, C, r -0.878
Sp P P<0.05
VI, ChAT — Pr
Fraction Pirson’s test/ Fraction Stem, C Hippocampus, C, Hippocampus, D,
Sp Sp SM
Stem, C, r +0.866
Sp P P <0.05

Designations. The table includes only samples with significant ChAT—ChAT, Pr-Pr and ChAT-Pr correlations presented in Fig. 3 and 4. The
designations are the same as in Figures: Cortex, the cerebral cortex; Stem, the caudal brainstem; C and D, the fractions of light and heavy
synaptosomes, respectively; SM, the synaptic membrane subfraction; Sp, the synaptoplasm subfraction; ChAT, the ChAT activity; Pr, the
protein content. Pearson’s test (r-criterion), n = 6 for each sample.

O60o3navenus. B TabIMIly BKIIIOYEHBI 3HAUYEHUS TOJIBKO TOCTOBEpHTBIX Koppesituii XAT-XAT, 6enok-6e10k 1 XAT-6e10K, IpeacTaBiIeHHbIe
Ha puc. 3 u 4. O6o3HaYeHUsI Kak 1 Ha pucyHkax: Cortex — Kopa roJJoBHOro Mo3ra; Stem — KaygaJbHblii CTBOJI TojloBHOro Mosra; C u D —
bpakLMK JIETKUX U TSKEJIbIX CHHAIITOCOM COOTBETCTBEHHO; SM — cyO(dpakiiyst CMHAaNTUYECKUX MeMOpaH; Sp — cyOodpaKiIvsl CMHANTOIUIa3Mbl;
ChAT — aktuBHocTb XAT; Pr — comepxxanue 6enka. Meron [upcona (r-kpurepuit), n = 6 I KaXI0i BEIOOPKH.
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Fig. 4. Conjugacy of HBH-initiated changes in the synaptic ChAT activity and Pr content in the hippocampus, cerebral
cortex, and caudal brainstem in rats with PPI > 40%. The designations are the same as those in Figure 2.

Puc. 4. Conpstxennocts ['BI-uHUTIMMpPYeMBIX M3MeHeHNIT B cMHANTHYeCKOi akTUBHOCTH XAT U comepxxaHnm 6eika B
TUIIIIOKaMIIe, KOpe TOJIOBHOTO MO3ra M KayaaJbHOM CTBOJIE rojioBHOro Mo3ra y Kpbic ¢ ITICT > 40%. O603HaueHMsI KaK Ha
puc. 3.
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Bra!nstem

Fig. 5. Scheme of the sources of cholinergic influences in the cerebral cortex and hippocampus, as well as components of
neural networks of hypoxic preconditioning. The scheme is based on the Rat Brain Atlas by Paxinos and Watson (Paxinos,
Watson, 1998) and later data on the stereotaxic coordinates of the prefrontal cortex (Sampath et al., 2017; Wirt, Hyman,
2017). Designations. B, nucleus basalis magnocellularis. CA1, CA2, CA3, fields of the hippocampus. Caudal Brainstem,
medulla oblongata + pons Varolii. Ent, entorhinal cortex. LDTg, laterodorsal tegmental nucleus. LC, locus coeruleus. MS,
medial septal nucleus. mPFC, medial prefrontal cortex. OB, olfactory bulb. Pir, piriform cortex. PPTg, pedunculopontine
tegmental nucleus. VDB, nucleus of the vertical limb of the diagonal band. Red ovals with short processes in the cerebral
cortex and hippocampus, cholinergic interneurons (predominantly bipolar neurons). Red lines, cholinergic projections from
the nuclei of the forebrain and tegmental nuclei of the midbrain. Black lines, projections of other neuromediation (most
often glutamatergic). The arrows indicate a direction of projections to a target structure. Where known, a line thickness
reflects the relative power of single-color projections. The scheme shows only the brain structures and connecting fibers that
are mentioned in the text.

Puc. 5. CxeMa UCTOYHUKOB XOJIMHEPTMUECKUX BIUSTHUI B HEOKOPTEKCE M TUTIIIOKAMIIE, a TaKKe KOMITOHEHTOB HEMPOH-
HBIX CeTeil TMMOKCUIEeCKOTOo MPeKOHANIIMOHNpoBaHus. CxemMa OCHOBaHa Ha ATiace Mo3ra KpbIchl [lakcrHoca 1 YoTcoHa
(Paxinos, Watson, 1998) 1 6osiee MO3IHUX JaHHBIX O CTEPEOTAKCUYECKMX KOOpAUHATaX MpedpoHTaabHOI Kophl (Sampath
et al., 2017; Wirt, Hyman, 2017). O603HaueHus. B — 6a3anbHoe KpymnmHokiaeTouHoe snpo. CAl, CA2, CA3 — mnojs rur-
nokammna. Caudal Brainstem — KaymaiabHBII CTBOJI TOJIOBHOTO MO3Ta (IIpOaoJTroBaThiii Mo3r + Bapommes Moct). Cerebral
Cortex — Kopa roJioBHOro Mmo3ra. Ent — sHTopuHanbHas Kopa. Hippocampus — runnokami. LDTg — natepomopcaibHoe
TerMeHTaIbHOE s11po. MS — MenuanbHoe snpo neperopoaku. mPFC — MeauanbHas npedpoHTanbHasa Kkopa. OB — 060-
HATeNbHaA JyKoBulia. Pir — rpymesuaHasa kopa. PPTg — nenyHKy/IOIMOHTUHHOE TerMeHTaabHOe sapo. VDB — sapo Bep-
TUKAJIBHOTO JTUMOa TUaroHaIbHOMI CBSI3KU. KpacHble oBajibl ¢ KOPOTKMMU OTPOCTKAMU B KOPE TOJIOBHOTO MO3ra M TUIl-
ToOKaMIIe — XOJIMHepruIecKre MHTEPHEMPOHHI (ITPeruMYIIIeCTBEHHO OUTTONSIpHBIe). KpacHbIe TMHUY — XOJTMHEPTUIecKre
MPOEKLINY U3 SIAEp TEPEeTHET0 MO3Ta M TETMEHTATBHBIX sSIIep CpeaHero Mo3ra. YepHbie TMHUY — TIPOEKIINY IPYTUX Hel-
poMenuaTopoB (Yalilie Bcero riryramarepruueckux). CTpesku yKa3blBaloT HallpaBjieHre MPOEeKLUiA Ha LEJIEeBYIO CTPYKTYPY.
Eciu u3BecTHO, TONIIMHA JTUHUHM OTPaXKaeT OTHOCUTENIbHYI0 MOIITHOCTh OJHOIIBETHBIX MpoeKiuii. Ha cxeme moka3aHbI
TOJIBKO T€ CTPYKTYPBI MO3Ta U COEAMHUTENIbHBIE BOJIOKHA, KOTOPBIE YIIOMSIHYTHI B TEKCTE.

involved in the generation of theta rhythm in the pre-
conditioning mechanism of HBH.

tions of the hippocampus, cortex and caudal brain-
stem. Thisindicated the inhibition of neurotransmitter
function in the cholinergic projective neurons of the

Analysis of the Composition of the Neuronal Network hippocampus and cortex, as well as in the population

of Hypoxic Preconditioning in Rats with PPI < 40%
(Figure 3)

Cholinergic Presynaptic Components of the Neu-
ronal Network

In the subgroup of rats with PPI < 40%, HBH ini-
tiated a decrease in mChAT activity in the light frac-

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU

of the cholinergic synaptic pool of the caudal brain-
stem. The decrease in mChAT activity in the caudal
brainstem was positively correlated with a decrease in
mChAT activity in both the hippocampus and cortex.
There was no correlation between the cortex and hip-
pocampus. Therefore we concluded that the reaction
in the caudal brainstem was primary, and its effects
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extended to the cholinergic projective neurons of the
forebrain nuclei of the cortex and hippocampus.

The synaptic response in all three structures —
through a decrease in mChAT activity — was corre-
lated with a decrease in mPr content in the corre-
sponding fractions. The decrease in both biochemical
parameters occurred conjugately (positive intrafrac-
tional correlations mChAT—mPr). Moreover, the
mPr content showed the same correlations of the
caudal brainstem with the hippocampus and cortex as
those for mChAT.

The density of the cholinergic fibers of projective
cholinergic laterodorsal (LDTg) and pedunculopon-
tine (PPTg) nuclei from the middle-brain tegmen-
tum is much more powerful than that of any other
network of cholinergic fibers in the caudal brainstem
(Woolf, Butcher, 1989; Jones, 1990). For both teg-
mental nuclei, the synaptic manner of transmitting
cholinergic signals was characteristic and size of these
synapses (medium and small) corresponded to the
presynapses of the light fraction of synaptosomes
(Bautista et al., 2010). Thus, it is likely that a reaction
of projective presynapses from LDTg and PPTg was
manifested in the fraction of light synaptosomes of
the caudal brainstem.

PPTg and LDTg are the main relay nuclei be-
tween the cortical cholinergic projective neurons and
brainstem formations (Semba et al., 1989). This sig-
nal transmission scheme can provide an interstruc-
tural association that explains the coherence of the
cholinergic reaction in both the cerebral cortex and
hippocampus with the cholinergic reaction in the
caudal brain stem (Figure 5). However, there is a lack
of association between the cortex and hippocampus
in this cholinergic response. Therefore, it is possible
that another source of innervation of the cholinergic
nuclei of the forebrain is also involved in the precon-
ditioning mechanism.

Noncholinergic Presynaptic Components
of the Neuronal Network

The study of synaptic proteins also revealed a re-
action to HBH of a noncholinergic nature in the pre-
synapses in the heavy fraction of hippocampal synap-
tosomes. The increase in mPr and the decrease in sPr
content were not correlated with each other, but both
indicators were correlated with the mPr content in
the light fraction of the hippocampus. In addition,
the sPr content was correlated with the mPr content
of the synaptic presynapses in the light fraction of the
caudal brainstem. Thus, these correlations reflect the
involvement of the noncholinergic synaptic pool of
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the hippocampus in the hypoxic preconditioning
neural network.

Note that in the heavy fractions of synaptosomes,
GABAergic and glutamatergic presynapses dominate
(see the review in (Zakharova et al., 2018b)). In the
hippocampus, GABAergic and glutamatergic neu-
rons are both mandatory components of the theta os-
cillation network and targets of projected cholinergic
influences (Miiller, Remy, 2018; Zinchenko et al.,
2020; Gu, Yakel, 2022).

Analysis of the Composition of the Neuronal Network
of Hypoxic Preconditioning in Rats with PPI > 40%
(Figure 4)

Cholinergic Presynaptic Components of the Neu-
ronal Network

In the subgroup of rats with PPI > 40%, the acti-
vation of mChAT in the light fraction of hippocam-
pal synaptosomes was associated with the activation
of mChAT in the heavy fraction of the cerebral cor-
tex. There were no correlations of the mChAT activ-
ity in this fraction with the synaptic populations of
the caudal brainstem.

Unlike mChAT, the activation of SChAT in the
same light fraction of the hippocampus was associat-
ed with the activation of sSChAT in the light fraction
of synaptosomes and a negative correlation with the
decrease in mChAT activity in the heavy fraction of
the caudal brainstem. However, this reorganization
led to intersubgroup alignment in ChAT activity in
both the hippocampus and caudal brainstem. There-
fore, this did not meet the criterion for the involve-
ment of corresponding cholinergic synaptic popula-
tions in the performance of hypoxic preconditioning.

The lack of coherence of key neurons with the as-
cending airways in the HBH mechanism became
possible to explain by scientific research over the past
20 years on the existence of breathing-sensitive neu-
rons in the cerebral cortex.

It was found that neurons in the nasal olfactory
epithelium respond to mechanical stimuli, including
airflow pressure (Connelly et al., 2015; Girin et al.,
2021; Juventin et al., 2023) and an odorless airflow
(Carey et al., 2009; Phillips et al., 2012; Vaaga, West-
brook, 2016, Salimi et al., 2023). Moreover, nasal
respiratory rhythms have been shown to modulate
cortical rhythmic activity (Fontanini et al., 2003;
Connelly et al., 2015; Lockmann et al., 2016; Vaaga,
Westbrook, 2016; Heck et al., 2019; Girin et al.,
2021; Sheriff et al., 2021, Salimi et al., 2023), and it
has been shown that cortical rhythms disappear after

tracheotomy and they reappear by artificially passing
Ne 3
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air through the nose (Fontanini et al., 2003; Lock-
mann et al., 2016).

It is especially important that that several years
ago, an atypical class of sensory neurons, the type B
cells, were identified in the main olfactory epitheli-
um. These type B cells are not sensitive to atmos-
pheric oxygen (pO, is 159 mm Hg) and are activat-
ed by low O,, starting from pO, is 138 mm Hg
(Bleymehl et al., 2016; Koike et al., 2021). Such
data allow us to assume the existence of own corti-
cal regulatory mechanism under the conditions of
adaptive hypoxia.

The presynapses of cholinergic interneurons are
concentrated in the heavy fraction of synaptosomes
of the cerebral cortex. At the same time, the anatom-
ical connections of the olfactory brain with the corti-
cal regions and hippocampus are well known. In the
olfactory brain, the piriform area is the main switch-
ing link of sensory information (Sheriff et al., 2021).
Direct connections of the piriform area with the hip-
pocampus and cortex have been shown, including the
prefrontal and entorhinal cortical areas, and the pri-
macy of the signal in the piriform cortex in relation to
the hippocampus and entorhinal cortex has been
traced (de Curtis et al., 2019; Sheriff et al., 2021;
Zhou et al., 2021), as well as that with forebrain sub-
cortical cholinergic nuclei, which are projected both
in the hippocampus and cortex (Biagioni et al., 2019).

Therefore, it is likely that the piriform area is the
structure that transmits respiratory stimuli from the
olfactory epithelium to the cholinergic interneurons
of the cortex and to the corresponding cholinergic
subcortical nuclei that innervate the hippocampus
(Figure 5).

In our study, both mChAT and sChAT were acti-
vated in the heavy fraction of the cortex. There were
no correlations between these indicators. Therefore,
we believe that the observed changes occurred in the
presynapses of different populations of interneurons.

Noncholinergic Presynaptic Components
of the Neuronal Network

In the heavy fraction of synaptosomes in the hip-
pocampus, there was a decrease in the mPr content in
presynapses of a noncholinergic nature. The negative
correlation with the increase in the sPr content in the
fraction of light synaptosomes of the caudal brain-
stem indicated the involvement of this population of
noncholinergic presynapses (GABA- or glutamater-
gic) in the same neural network as that of the corre-
sponding cholinergic populations of the caudal brain-
stem and hippocampus.
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Physiological Significance of the Brain’s
Cholinergic Response to HBH

In this experiment, after HBH, the lower limit of
resistance to SHBH was 5 min 29 s for the rats with
PPI > 40%, while for the rats with PPI < 40%, it was
8 min 51 s.

In all of our experiments, for the rats with PPI >
40%, this lower limit was 4 min 20 s, while for the rats
with PPI < 40%, it corresponded to the above (Dud-
chenko et al., 2014; Zakharova et al., 2018a, 2018b,
2020). The network differences in the implementa-
tion of hypoxic preconditioning in the rats with PPI
values of < 40% or > 40% may be critical for the effi-
ciency of HBH.

Increase of resistance to severe hypoxia in these
subgroups of rats as a result of multidirectional func-
tional changes in the same population of neurons is a
poorly understood problem. Apparently, we first for-
mulated this problem in this and our previous re-
search (Zakharova et al., 2020). In the previous study,
we hypothesized that the differential changes in
ChAT activity in the subgroups of animals with PPI
less than or greater than 40% may be a biochemical
equivalent of theta filtering mechanism. And also we
hypothesized that a physiological cause of these dif-
ferences may be the different ways of its regulation.
The second assumption is supported by the results of
this study, which suggest radically different ways of its
regulation in these subgroups of animals.

ChAT activity is the specific indicator for moni-
toring the functional state of cholinergic neurons and
has become increasingly in demand over the years.
This has been demonstrated both in the studies of
ChAT activity and registration of EEG patterns in the
hippocampus (Monmaur et al., 1984), and in experi-
mental impairment of nervous functions or at early
stages of neurodegenerative disorders in animals and
humans (Dunbar et al., 1993; Zakharova, Dudchen-
ko, 2014; Bagwe, Sathaye, 2022; Kirstein et al., 2022;
AlQot, Rylett, 2023).

The activation of synaptic mChAT reflects, as a
rule, the activation of synaptic cholinergic function
(see the review in (Zakharova, Dudchenko, 2014)). It
has been repeatedly shown that the activation of cho-
linergic projections of the hippocampus is necessary
for the generation of theta rhythm (Miiller, Remy,
2018; Ma et al., 2020; Gu, Yakel, 2022). Thus, our
data in rats with PPI > 40% are consistent with the
literature.

On the contrary, in rats with PPI < 40%, a conju-
gated synaptic reaction in all three structures occurred

through a decrease in mChAT activity. A similar re-
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sponse to HBH of synaptic protein in the same sub-
fractions reinforces these data. This, at first glance,
contradicts the ideas about the role of the cholinergic
mechanisms of the hippocampal theta rhythm in the
rats with PPI > 40%, but this is a question that re-
quires careful investigation. Thus, a number of studies
have data that the interaction of cholinergic projec-
tions with hippocampal interneurons contributes to
an adaptation of the theta rhythm to a current form of
behavior (Gu, Yakel, 2022). In particular, the authors
of this study provided data on the potentiation of the
theta rhythm after cholinergic blockade.

The equalization of ChAT activity in response to
HBH in the cerebral cortex and caudal brainstem
may indicate the completion of the phase of percep-
tion and integration during the dominance of hip-
pocampal phase of preconditioning. This “leveling”
may reflect the filtering inherent in the theta rhythm,
which provides insensitivity to stimuli from other
modalities.

We also attributed the mChAT inhibition in the
heavy fraction of hippocampal synaptosomes in the
subgroup of rats with PPI > 40% to the filtration
mechanism. This was the only fraction in which HBH
did not even out but rather further deepened the in-
tergroup differences. The cholinergic presynapses in
this fraction are necessary for successful consolida-
tion of early spatial memory (Zakharova et al., 2022).

These data could be consistent with our pharmaco-
logical experiments. Alpha7 subtype of nAChRs is rec-
ognized as procognitive receptors, the elimination of
which blocks the possibility of memory consolidation
during learning (Lykhmusetal., 2020; Sadigh-Eteghad
et al.,2020; Shenkarev et al., 2020; Cheng et al.,
2021). In our experiments, selective agonist of recep-
tors of this subtype PNU abolished the effect of its
DMSO solvent on HBH and, at high concentrations,
suppressed the preconditioning effect of HBH in rats
with PPI > 40% under IP and intrahippocampal ad-
ministration (Zakharova et al., 2020, 2021).

It is also known that alpha7 nAChRs is involved in
the hippocampal theta rhythm (Hummos, Nair,
2017; Gu, Yakel, 2022). Therefore it seems obvious
that the theta rhythm is realized through different
neural networks and various neurotransmitter recep-
tors depending on the source of significant sensory
stimulation and from PPIL.

CONCLUSIONS

1. The first data on the central cholinergic compo-
nents of neural networks in the mechanism of hypox-
ic preconditioning are presented.
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2. Differences in the composition of hypoxic pre-
conditioning network were revealed in rats with PPI
values <40% and >40%. The neural network includ-
ed cholinergic synapses of the hippocampus, caudal
brainstem and cerebral cortex in rats with low PPI
and only of the hippocampus and cortex in rats with
high PPI.

3. A working hypothesis is substantiated that in the
subgroups of rats with different PPI levels, hypoxic
preconditioning is realized in the hippocampus
through neural networks that include topographically
different sensory inputs, namely respiratory neurons of
the brainstem in rats with low PPI and respiratory neu-
rons of the olfactory epithelium in rats with high PPI.

4. We hope that this direction of research will help
to best realize the innate individual abilities of the
body while optimizing personalized modes of adapta-
tion to hypoxia.
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I'MITOKCUYECKOE ITIPEKOHAUIIMOHNPOBAHUE Y KPBIC C
HU3KUM U BBICOKUM ITPEACTUMYJIbHBIM TOPMOXEHUNEM
AKYCTUYECKOTI'O B3IPATUBAHUA OCYIIECTBJIAETCA YEPE3
TOITIOT'PAONYECKU PA3JINYHBIE CEHCOPHbLIE BXO/IbI.
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HeiipomenuatopHble ¥ ceTeBble MeXaHWU3Mbl TUIIOKCUYECKOrO MNPEKOHIWLIMOHUPOBAHUS TMPaKTUYECKU He
u3yyeHbl. PaHee Ha Kpbicax Mbl BBISIBWIM KJIIOYEBYIO POJIb TMIIIIOKAMIIA U €r0 XOJIMHEPIUYECKUX TMPOEKIUiA B
MPEeKOHIULIMOHUPYIOIIEM MeXaHM3ME OJHOKPAaTHOM yMepeHHoi rumobapuyeckoit runokcuu (I'BI') 6maromaps
acconmaumu Mexny 3 dextuBHocThio [ BI' 1 BeTMunHOM MPpeacTUMYIbHOTO TOPMOXKEHUS B aKYCTUUECKO CTapTiI-
peakuuu (ITCT). B HacTosiiem uccienoBaHuU NpeacTapieHbl epBbie JaHHble 0 [ICT-3aBUCUMBIX HEMPOHATBHBIX
CEeTSIX TUIMOKCUYECKOTO MPEKOHANIIMOHNPOBAHUS Y UX XOJTMHEPTUIECKUX KOMITOHEHTaxX. Uit KOppensioHHOTO
aHaiu3a MCMOJb30BaJlaCh AKTMBHOCTb CHUHAaNTUYeCKOW xonuHauetuiaTpaHcdepassl (XAT), wuHOuKatopa
XOJIMHEPruyeckoit pyHKIIMMY Kak rnokasaresb peakiiuu Ha ['BI B runmnokamrie, Kope roJIOBHOTO MO3ra U KayJAaJIbHOM
OT/IeJIe CTBOJIA TOJIOBHOTO MO3Tra y XXMBOTHBIX ¢ pa3audHbiM ypoBHeM TICT. Y kpoic ¢ IICT < 40% akruBHocTb XAT
KOppeJIMpoBaia B TUIIIOKaMIIe, KOpe U KayIaJbHOM OT/esie CTBoJIa Mo3ra, a y Kpbic ¢ [ICT > 40% — B rumnmokamre
1 Kope rosioBHOTO Mo3ra. [Ipenmonaraercst, uto ['BI' peanusyercst yepes Tonorpadnyeckul pa3TuaHbIe CEHCOPHbIE
BXOJIbI, 4 UIMEHHO Yepe3 IbIXaTelIbHble HEeMPOHBI CTBOJIA MO3ra y Kpbic ¢ HU3KUM ypoBHeM [1CT u mpIxaTeiabHbIe
HEeWPOHBI OOOHSTEILHOTO AIUTEUS Y KPbIC ¢ BEICOKMM ypoBHeM [1CT.
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Wccnenosanu BnusitHue mautenbHOro comepxkaHus (¢ 30-ro mo 150-if mocTHATaJNbHBIM I€HB) B YCJIOBMSIX
MOBBIIIEHHOM cKydyeHHOCTH (15—17 KpbIC B cTaHAapTHOM KiteTKe pasMepoM 31 X 52 X 20 cm, 106—120 cm? Ha KphICy)
Ha TPEBOXHOE MTOBEICHKE, a TAKXKE BBIPAOOTKY U yTallleHHE KJIACCHUECKOTO YCIIOBHOTO 000OPOHUTEIBHOTO pediieKca
Y B3POCJIbIX XXMBOTHBIX. Y TIOJIOBUHBI KPHIC B paHHEM OHTOT€HE3€ BBI3bIBAJM aKTUBAIIMIO UMMYHHOI CHUCTEMBI C
MOMOILIbIO BBEIEHUsI OaKTepHaIbHOTO JIMIONoucaxapuaa Ha 3-it u 5-if mocTHaTalbHbIi AeHb B 103¢ 50 MKI/KT
(rpyrnma JITIC), npyroit moJoBUHE XXUBOTHBIX BBOMYUIN (prznonorndeckuii pactBop (rpyrma @ 3). Hauwnas ¢ 90-ro
JIHSI KPBIC TECTUPOBAJIM B “OTKPBITOM MoOJIe” , MPUITOAHITOM KPEeCTOOOpa3HOM JIAOMPUHTE, BbIpabaThIBaJIM YCJIOBHO-
pediekTopHOE 3aMUpaHue Ha 3BYK. B akcrepuMeHTax yyacTBOBaJIM KaK caMlilbl, TaK U CaMKU. TeCTUpOBaHUE He
BBISIBUJIO TIPU3HAKOB YBEJIMYCHUS YPOBHS TPEBOXKHOCTH TTOM BIMSTHUEM CKYYeHHOCTU, HO OOHAPYKUJIO CHIKCHHE
NBUTATEJIbHOI aKTUBHOCTU M YBEJIMUCHME 3aMelIaloleli akTMBHOCTHY (TPYMUHTA) KaK Y caMIIOB, TaK U camok. [1pu
BBIpA0OTKE YCIIOBHO-PE(IEKTOPHOIO CTpaxa Ha 3BYK Y BCEX CaMIIOB, COIEPXKABIIMXCS B CKYYEHHBIX YCIIOBHSIX,
MO CpPaBHEHUIO ¢ KOHTPOJIEM BpeMsl 3aMHUpaHusI ObLIO MeHbIe. OmHaKo TOJBKO y camioB rpymmbl JIIIC mox
BJIMSTHUEM CKYYEHHOCTHM Hapyllajach IaMsTh O CUTHaJe, cTpanaia nuddepeHInpoBKa KOHTEKCTa M CUTHaJIa, Obl-
cTpee MPOXoauiIo yramieHune pediaekca. Takum o6pa3oM, TIpH BEIPaOOTKE YCIOBHO-PedISKTOPHOIO CTpaxa CamIilbl
MO CPaBHEHMIO ¢ caMKaMU OBUTH GoJiee MOABEPXKEHBI HETAaTUBHOMY BJIMSIHUIO CKYUYeHHOCTH. [lepeXuThIii paHHMIt

MPOBOCIAJIUTENbHBIN CTPECC Y KPBIC YCYTYOJIST BIUSIHUE CKYYEeHHOCTH.

Karoueswvie cnosa:
JIMTIOTNIOJIMCAXapU/L
DOI: 10.31857/S0044467724030085

NOBBIIICHHAA CKY4Y€HHOCTD,

B nutepatype B KauecTBe OOHOIO M3 IIMPOKO
pacpoCTpaHEHHBIX IICUXOCOLUAIBHBIX CTPECCOB
paccMaTpuBaeTCs MepeHaceeHHOCTb, WJIM CKyYeH-
HOCTb, KOTOpasi OKa3bIBaeT HETraTUBHOE BO3ICH-
CTBUE KaK Ha JIIoJieii, TaK 1 Ha XXMBOTHBIX (JloceBa,
2021). PaspaboraHa sKcIiepMMeHTaJIbHas MOJENIb
IepeHaceICHHOCTH Ha TPhI3yHaX B YCJIOBHSIX BUBa-
pUsl — colepKaHWe B YCJIOBUSIX MOBBIIIEHHOM CKY-
YEHHOCTU B KJIETKAaX CTAHIApTHOIO o0beMa, pac-
CUMTAHHBIX HA 4—6 XUBOTHBIX. OMKCAHO HECKOIHKO
MPOTOKOJIOB MCCJENOBAaHUS CKYYEHHOCTH, Mpu
3TOM BapbUPYIOT UIMTEIBHOCTH, BO3pacT Hadyaja
BO3AEHCTBUS, YMCIO KphIC B KiIeTKe. B psime padot
MOMEIIeHNEe XMBOTHBIX B CKYYEeHHBIE YCJIOBHUS Ha
1—14 nHeli oCylIeCTBISIIM BO B3POCJIOM BO3pacTe
rocJjie Mecslia XM3HU B KOMGOPTHBIX YCIOBUSIX
(JIocena, 2021; Knyazeva et al., 2012; Botelho et al.,
2007), Takoii MPOTOKOJ CUMTAETCsI HauboJee CTpec-
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TPEBOXHOCTb, YCIOBHO-peIeKTOPHBIN CTpax,

3aMHpaHuE,

COreHHBIM U151 KpbIC. B Apyrux paborax XXKMBOTHBIX
IMOMEIIAIN B CKydeHHbIE YCIOBUS B pAHHEM OHTOI€-
He3e U Ha 6osee mmuTenbHBINH cpok (Daniels et al.,
2000; I'aBpusioB ¢ coast. 2021) wiau B 3peJioM BO3-
pacte B 10—14 mecauen (Bubna-Littitz et al., 1981).
B crienimanbHBIX MCCIeNOBAaHUAX U3y4Yalach 3aBUCH -
MOCTb 3(P(PEeKTOB OT cofepKaHMsI B KJIETKE Pa3HOTO
YHCIa KPBIC, B CTAHAAPTHYIO KJIETKY IOMeIIann 8§,
10, 12, 16, 24, 32 xuBotHbiXx (Goekner et al., 1973;
Botelho et al., 2007). Beiio ycTraHOBIEHO, YTO Hera-
TUBHBIN 3 GEeKT CKYYEHHOCTH HaOII0Iacs, Korna
B KJIETKe OBLIO He MeHee 16 KphIC.

B GonblIMHCTBE paboT OBLIO MTOKa3aHO, YTO CO-
Jep>XKaHWe B YCJIOBUSX MOBBIIIEHHONW CKYYeHHOCTH
MOXET BBI3BIBATb MOBBIIICHUE YPOBHS TPEBOXHOCTU
y Kpbic 1 Mbliteii (Botelho et al., 2007; Daniels et al.,
2000; Moiseeva et al., 2009; Kusazesa ¢ coanrt., 2012;
Jlocena, 2021; Lin et al., 2015; Delaroque et al., 2021).
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B HexkoTophIx paboTax HabdOOaIM yBEJUUECHUE JIe-
MPECCUBHO-TIONOOHOTO TIOBENEHUSI Yy KPBIC TOCTe
14-nHeBHOTO COMAEPXaHMSI B CKYYEHHBIX YCIOBMSIX
(JIocena c coaBrt., 2015), B ipyrux paboTax Takue 13-
MEHEeHUsI OTCYTCTBOBAJIM Tocie 9 Hexenb MpoXuBa-
HUS MbllIei B 3Tux ycnoBusx (Lin et al., 2015).

BiusiHue MOBBIIIIEHHONM CKYYeHHOCTH Ha 00yde-
HUE W IaMSITh M3YYall B CPaBHUTEIHLHO MEHBIIEM
yucie pador. B mpocThIX 3amaHUSIX ¢ OMHOCTOPOH-
HUM aKTMBHBIM M30eTaHeM WJIM TOPMO3HBIM 130e-
raHvem (CIIycK ¢ IuiaTopMbl) He ObLIO OOHApyKe-
HO HapylleHMsT B OOyYeHUM Y “CKy4YeHHBIX”
(comep:XaBIINXCSI B YCIIOBUSX CKYYEHHOCTH) KPBIC
(Goekner et al., 1973). HapylieHuii B 00y4eHUU U
naMsITU He HaOJTIoIaIn TakKXKe Mpy BeIpaboTKe n30e-
TaHMSI OIIPEACICHHOTO PyKaBa B IIPUITOTHSITOM Kpe-
CTOO0OPa3HOM JIAOMPHUHTE ¥ CAMOK KPBIC, IIPOKUBAB-
KX B CKydyeHHbIX yciaoBusx (Nascimento et al.,
2019). CkyuyeHHOCTb He BIMsJIa HA BbIPAOOTKY MK~
11e100bIBaTEIbHOTO MHCTPYMEHTAbHOIO pediekca
KaK IIpY MTHIWBUIYAJTBHOM, TaK U IIPY KOOIIepaTUB-
HoM o0yueHuu (I'aBpuios ¢ coaBt. 2021). OngHako B
0oJiee CIOXHBIX 3aAa4ax — C BHIOOPOM U TUCKPUMU-
HaHTHBIM M30eraHuem B Y-JIaOUpUHTEe — HaOII01a-
Jm yxyameHue oodydeHus (Goekner et al., 1973).
Kpoichl, comepxaBlIMecsl B CKYYEHHBIX YCIOBMSIX
1o 32 LITYKHU B KJIETKE, BbIpadaThIBaIn JIBYXCTOPOH-
Hee u3beraHue B UYEJHOUYHOI KaMepe, HO 0OoJjee
MEIJIEHHO, YeM KOHTPOJbHBIE XKMBOTHbIE (Goekner
et al.,, 1974). ¥V “cky4yeHHBIX” KpbIC HaOII0IaIN
YXyILIEHUEe MPOCTPAHCTBEHHON MaMsITU B BOJTHOM
nabupuHte Moppuca (Diaz-Burke et al., 2010). B
HEKOTOPBIX paboTax 0OHApYKUJIM, HA00OPOT, YIyd-
lIeHue 00yYeHUs 1 MaMITH Mo BAUSIHUEM CKy4YeH-
HOCTH Y KpbIC B Bo3pacte ¢ 10 no 12 mec B T-obpa3-
HOM JabUpPUHTE C CEMbIO TOYKaMM BbIOOpa
(Bubna-Littitz et al., 1981). CnenyeT nmpu3HaTh, 4TO
BIMSIHME CKYYEHHOCTHM Ha oOydyeHHe HCCIEAOBAHO
HEAOCTaTOYHO IOJIHO, JaHHBIE MO POy MOJENei,
HampuMep Mo BhIPaOOTKE YCIOBHO-PEPIEKTOPHOTO
crpaxa (fear conditioning), otcyrcTBytot. HemsBect-
HO, KaK BJIMSIET CKYYEHHOCTb Ha BbIpaOOTKY BHY-
TPEHHEro TOPMOXEHMSI, HallpuMep Ha yraliieHue
pednaekcos.

B GoabuinHCTBE pabOT IpU U3YYEHUU CKYYEHHO-
CTHA HCIIOJIB30BAJIM TOJBKO CAaMIIOB, KaK CKaXKeTCsI
CKYYE€HHOCTh Ha IOBEICHUN CaMOK — OBUIO HEM3-
BecTHO. PaHee mmpu aHaIM3e ypoBHS KOPTUKOCTEPO-
Ha OBLI0 OOHAPYKEHO eTro MOBHIIISHUE IIPU COmep-
J)KaHUM B CKYYEHHBIX YCJIOBMSIX Y CaMIIOB, HO HE y
CaMOK, y KOTOPHEIX OH CHITXAJICS IO CPaBHEHMIO C
YCIOBUSIMM ~ colaibHOM  m3omsimuu  (Brown,
Grunberg, 1995). ABTOpBI CUMTAIM, YTO CAMKH, B
OT/INYME OT CaMIIOB, YCIIOKAMBAJIMCh IIPU CKYYCH-

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU
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HoCTH. Kpome Toro, npu IpyroM Buzie COUMaIbHOTO
cTpecca, IIpy COUMAIBHON M30JIS1MU, ObUIN OOHA-
PYXEHBI II0JIOBBIE pa3IMUMs, CaMKHU ITOKa3alu
0OJIBLIYI0 YYBCTBUTEJIBLHOCTD K CTpECCy IO CpaBHe-
Huto ¢ camiamu (Krupina et al., 2020; ITaBmoBa c
coasT., 2021a, 0).

M3BecTHO, YTO MEPEeXUThIl paHHUI MPOBOCHA-
JIMTENIBHBINA CTpecc AeaeT KphICc 0osee ySI3BUMBIMU
K CTPECCHUPYIOIIUM BO3AEUCTBUSIM BO B3pOCIOM
Bo3pacte (ITaBnoBa c coaBrt., 202106; Walker et al.,
2009). AkTuBaIMs UMMYHUTETa B paHHEM OHTOTe-
He3e C MOMOIIbIO BBeIEHUS OaKTepUaJbHOIO JUIO-
nonucaxapuaa (JITIC) Ha 3-if u 5-ii OeHb XWU3HU
MpUBOAMJIA K 00Jiee BhIPAXKEHHBIM HETaTUBHBIM M0-
CJIEACTBUSIM OT CTpecca COLMAaJbHON W30JSIUU,
YeM Y KOHTPOJIbHBIX KPbIC, TTOIyJYaBIIUX (PU3N0I0-
ruyeckuit pactBop (IlaBioBa ¢ coasrt., 2021 a, 0).
Kak ckaxercs BIMsIHAE CKYYeHHOCTH Ha KpbIC, TTe-
PEXMBIIMX PAaHHUU IIPOBOCIIAJIUTEIILHBINA CTpeECC,
OBLIIO HEU3BECTHO.

Lenpio Hatiei paboThl ObLT aHAIN3 BIUSHUS CO-
JIepXKaHUs B YCIOBUSIX MOBBIIIEHHONW CKyYeHHOCTH
Ha YpOBEHb TPEBOXKHOCTH, a TAKXKE Ha BBIPAOOTKY U
yrauieH#e yCJIOBHO-PedIeKTOPHOTO CTpaxa y KPhIC
B HOpME€ U IIOCJI€ PAaHHEro IPOBOCIAIUTEILHOIO
crpecca. st DOCTMXKEHUS TTOCTaBJICHHON LEIu Y
MOJIOBUHBI KPBICST B paHHEM OHTOI'€HE3¢ ITPOBOIM -
JIA aKTUBALIMI0O MMMYHHOM CHCTEMbI C ITOMOILBIO
BBEIEHUS OaKTepUaJIbHOTO JIMIIONOJHCcaxXapuia
(JITTC), npyrast moioBUHA KPLICST IoJiydana (pu3no-
Jornyeckuit pactBop (KoHTpojib). Heobxommmo
ObUIO MpOaHAIU3UPOBATh NTOBEAEHUE KPBIC B TECTaX
Ha TPEBOXHOCTD (B “OTKPBITOM MOJIe” U MPUITOTHSI-
TOM KpPEeCTOOOpa3HOM JIAOMPUHTE), a TAKXKE ITPOBE-
CTU BBIPAOOTKY, TECTUPOBAHUE M YTallleHUE YCJIOB-
HO-pedIEKTOPHOTO cTpaxa Ha 3BYK, ITPOSIBIISIONIC-
rocs B Buae 3amupaHus. Ha Bcex atamax ucciaeno-
BaHUsI IIPEANOJiarajyd COIOCTaBUTh ITOBEACHUE CaM-
1I0B U CaMOK.

METOJAHNKA

1. 2Kueommnsie. B sKcriepmMeHTaxX MCIIOIL30BAIN
122 kpwicel Buctap (64 camiia 1 58 caMok) B Bo3pac-
Te ¢ 3-ro mo 150-if moctHaTtaneHEINH AeHb (ITHII).
Kpricsira 6p1tn BeIBeneHnl B BuBapun UBH/I n HO
OT poauTeeii, MoNydeHHBIX 13 prmana “Crondo-
Bag” ®I'BYH HIIBMT ®MEFBA, Poccusa. C nenbio
BBI3BaTh PAaHHUM NPOBOCIAIMTEIBHBIA CTpecc Ha
3-itm 5-i1 [TH]/ omHOIf MOIOBUHE KPBICAT U3 TIOMe-
TOB JIeJIaJId NHBEKIIUIO 0AKTEPHUAIBHOTO JIMITOIIOJIH -
caxapuaa MOIKOXHO B XOJIKYy B mo3e 50 MKI/KT B
ooweme 10 Mk Ha 1 1 Beca (rpyma JITIC). dpyroit

ITOJIOBUHE KPBICAT U3 IIOMETOB B 3TOM BO3pacTe BBO-
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JWIN (PU3UOJIOTUYECKUI paCTBOP B TOM XK€ 00beMe
(rpynmma @M1 3). Ha 25-it [TH/I XpeIcaT oTcaxkuBaiu
OT MaTepu, U B JaJibHEe1eM XXKUBOTHBIX COAEpPKaIU
B BUBapuu IpU 0ObIYHOM 12-4aCOBOM CBETOBOM pe-
>KMMe€ B CBOOOJHOM JIOCTYIIE K BOJIE€ U CTAHAAPTHOMY
Kopmy. B akcnepumeHTax coOrofanyd NPUHLIUATBL
TYMaHHOCTH, U3JIOXKEHHBIE B AIUPEeKTUBax EBporneii-
ckoro Coo6mectsa (2010/63/EU), u mosnoxeHus
MBHI 1 H® PAH o padote ¢ 3KcriepuMeHTaIbHBI -
MU XNUBOTHBIMH.

2. Ycaosus codeprucanusn. Ha 30-ii ITHJI xpoicaT
MOMEIIAIA B Pa3IWYHbBIC YCIOBHSI CONCPXKAHUS, B
KOTOPBIX OH HAXOAWINCH J0 OKOHYAHMS SKCIIePU-
MeHTOB. HacTtsh Kphic (32 camiia 1 33 caMKu) couep-
JKaJIi B CTAHIAPTHBIX YCIOBUSIX 110 5 0co0eil B KJIET-
Kax pasMepoM 52 x 31 x 20 cM (360 cMm? Ha KpEICY,
rpynna CTAH), opyras yactb (32 camua u 25 ca-
MOK) IIPOXXHMBaJIa B YCIIOBUSIX IIOBHIIIICHHOM CKYYeH-
HocTU no 15—17 ocobeit B KJIeTKax TaKoro Xe pa3-
Mepa (106—120 cm? Ha Kpricy, rpynna CKYY). [pu
HEIOCTaTOYHOM KOJMYECTBE SKCIIEPUMEHTAIbHBIX
knBOTHBIX 13 Tpynmbel ®U3 wm JIIIC pis co3na-
HUSI YCJIOBUM MOBHIIIIEHHOM CKy4eHHOCTH B BO3pac-
te 30 mHEl B KIETKY ITOACAKUBAI MHTAKTHEIX KPBIC
TaKOro e Bo3pacTa. ZKMBOTHEIE, COIEepPKaBIIIECs B
YCJIOBUSIX TTIOBBIIIEHHOM CKYYeHHOCTH, HE UCITBITHI-
BaJIM HEIOCTAaTKa B KOpPME U BOJE, CMEHY OITWIOK B
KJICTKE TIPOBOIMIM KaXKIbIil AeHb. B 3aBUCHMOCTH
OT YCJIOBUIA COMEpsKaHMsI, I10JIa U BEIIeCTBa, BBOIU-
MOTO B paHHEM OHTOreHe3e, ObLIO C(HOPMUPOBAHO
8 rpynm kpeic: camibl PU3+CTAH/, (15 kpric),
camupl  OU3+CKYY (15 Kkpeic), caMmIibl
JIIIC+CTAHH (17 xpwic), camubl JITIC+CKYY
(17 xpoic), camxu ®U3+CTAH]I, (16 kphIC), caMKu
DOU3+CKYY (13 xpsic), camxu JIIIC+CTAH/I
(17 xpwic), camxku JITIC+CKYY (12 kphIC).

3. Tecmupoeanue na mpesoxcnocms. Haunnas c
90-ro ITH/I, BHavaie B Te4eHne 3—4 THEM IIPOBOIU-
JIM X3HIJIVHT KUBOTHBIX 110 7—10 MHMH B I¢Hb, 3aTEM
yepe3 2—3 IHSI KPhIC TECTUPOBAIM Ha TPEBOXKHOCTh
B “OTKPBLITOM T0JjIe” ¥ TIPUTTOTHSTOM KpecToobpa3-
HOM mabupmHTe. “OtKpbiToe Toie” (OIl) mpen-
CTaBIISLIO CO0O0M KpyTiayto apeHy aruamerpoM 100 cm
¢ BeicoToit creHOK 30 cM. OcpemenHocts OIl mo-
cturana 30—40 moxc. B KoMITbIoTepHOM porpaMmmMme
YCJIIOBHO BCS apeHa ¢ IIOMOIIBIO OKPYKHOCTE,
IIEHTP KOTOPBIX coBHagan ¢ umeaTpoMm B OII, Obuia
noxeneHa Ha 1eHTpanbHyio 9acTb OIT (d = 30 cm),
CpeAHIoIo YacTh (IupuHoii 16.5 cM) u nepudepuro
(mmupuHOot 17 cM). Bpemst HaOmoneHust B TecTe 5
MHUH. AHAIU3MPOBAIM TOKa3aTelld, OTpaxkKaBIIIUe
TPEBOXHOCTBL/CMEJIOCTh KPBIC (BpeMsI HAaXOXICHMUS
Ha mepudepun, YNCIO U IJIATEIBHOCTb BEIXOHIOB B
LICHTP), OBUTAaTEIbHYIO aKTUBHOCTb KpBIC (IIpOIi-
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JIeHHasl OMCTaHLUs, CKOPOCTb IBUXKEHUS, BpPEMsI
JIBVKEHMSI, TATEHTHOCTh YXOJa U3 LIEeHTpa B Havajie
OIbITa), MCCJIEA0BATENbCKOE MOBEAEHUE (CTONKM),
MoBeJeHUEe TI0 OlieHKEe pucka (BBITSITMBaHUS
(stretch-attend postures)), 3aMellalOLIyl0 aKTUB-
HOCTb (YMCJIO BTMU30I0B U JJUTEIBHOCTb TPYMUH-
ra), a Takke psiji mokasateseii, oTpaxaBIlIUX Berera-
TUBHBIC peakunu (YUCIo aedeKaluuii U ypuHaLuit).

ITpunoaHATHIE  KpecTooOpa3HbIi  JTAOMPUHT
(ITKJT) coctosin u3 ueHTpaabHOM uiomaaky (10 x
10 cM) 1 4 pyKaBOB, IBYX OTKPBITBIX U ABYX 3aKpbI-
ThIX, IWMpHHO# 10 cM u anuHoM 50 cM, 3aKpBITHIE
pyKaBa UMeIu OOKOBBIE CTEHKU BbICOTOM 40 cMm. Py-
KaBa pacrojiaraivch mon yriaoMm 90° mpyr oTHocH-
TeJbHO apyra. JIJabupuHT Haxoawics Ha BeicoTe 50 cM
Haj ypoBHeM nosa. OCBeIeHHOCTh OTKPBITBIX pyKa-
BoB gocturana 60—80 srokc, 3akpeIThix — 20 m0Kkc. B
Hayajie OMbITa KpbICY MOMEIIAAM Ha LUEHTPaJbHYIO
IUTOIIAKY, TOJIOBA ObLIa HAIMpPaBJI€Ha B CTOPOHY OT-
KpBITOrO pyKaBa. Bpemsi HaGaomeHMsT B TecTe
5 MUH. AHaJIM3UPOBAIU MOKAa3aTeIu, OTpakKaBIlInue
TPEBOXHOCTL/CMEJIOCTh KPBIC (YUCIO U JINTENb-
HOCTb BBIXOJIOB B OTKPBIThIE M 3aKPbITblE pyKaBa),
JIBUraTe/ibHyl0 aKTUBHOCTb (MPOMIEHHYIO OUCTaH-
LIMI0, CKOPOCTb ABUKEHUS, BpEMS IBUXKEHUS, YUC-
JIO TIEpEXOI0B MEXIY pyKaBaMM), UCCIEAOBATEb-
CKoe ToBedeHUue (CTOMKM, BBINISIABIBAHUS B
OTKpBITHIC pYyKaBa, CBEIMBAHUS), MOBEICHUE IO
OolieHKe pucka (BeITaruBaHus  (stretch-attend
postures)), 3aMellaloNlyl0 aKTUBHOCTb (YUCIO U
JIJIUTEIbHOCTh 3IMU30J0B IPYMUHIA), a TakXKe psil
rnokazaTeJjieil, CBUIETeIbCTBOBABIINX O BEereTaTuB-
HBIX peaklusax (4ucio gedekauuidi U ypuHaLUi).
ITpu ganpHeieil 00padboTKe A1 OLIEHKU TPEBOXK-
Hoctu B IIKJI moacyuThiBaad MNPOLIEHT BPEMEHU
HaxXOXIEHUSI B OTKPBITBIX PyKaBax OT OOLIEro Bpe-
MEHH, IIPOBEIACHHOTO B OTKPBITHIX 1 3aKPHBITHIX PYy-
KaBax, a TakxKe MPOLIEHT 3aX0I0B B OTKPHIThIE pPyKa-
Ba OT OOlIero 4Yucjiaa 3aXOJA0B B OTKPBITbIE U
3aKpBIThIC pyKaBa.

Hnga dukcupoBaHUsS TPACKTOPUU IBIKCHMS
KPBIC U 3JIEMEHTOB MOBEIECHMS B TeCTaX Ha TPEBOX-
HOCTb UcCHoJb30Baiv Tiporpammy Etho Vision
(Noldus), a Takxe BUI€OPETUCTPALIUIO.

4. Boipabomrxa, mecmupoeanue u yeauienue Kaac-
CUMECK020 YCA06H020 000pOHUMEAbHO20 pedhaexca
(fear conditioning). J1151 BEIpaOOTKM KJIACCUIECKOTO
ITaBIOBCKOIro YyCIOBHOTO OOOPOHUTEIBHOTO ped-
Jlekca ucnoab3oBaau kKamepy Startle and Fear
Combined System mpomsBomctBa PanlLab Harvard
apparatus (Mcmanus, 2000). DxcriepUMeHThI HAYK-
Hamu y Kpeic Ha 110-i1 ITH/I. I1pu oOydyeHun mmocie

120-cekyHaHOro mnepuvoaa oOCAedOBaHUS KaMephl
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>KMBOTHBIM AaBayiu 3 coueTanus 3Byka (30 ¢, 80 nb,
2000 T'a) ¥ 21eKTPOKOKHOIO 0O0JIEBOro pasapake-
Hus (2 ¢, 0.8 MA, 3agep:kka 28 ¢ OT Havaja 1eiicTBUs
3ByKa) ¢ 40—50-CceKyHIHBIMU MEXCUTHATbHBIMU
WHTEpBaJIaMu, TIOCJIe YETo ClIe0BaJ Mepro Mmoce-
neiictBus B 40 ¢ 6e3 Kakux-JIubo cTumyjioB. Uepes
24 4 nocje odyyeHus MPOBOIAWIN TECTUPOBAHUE YC-
JoBHO-peduiekTopHoro crpaxa (Tect 1). B Tecte 1
>KMBOTHBIX IIOMEIIAINA B TY XK€ KaMepy U Ty Xe 00-
cTaHOBKY Ha 120 ¢, mocJie 4ero npeabsBIIsiId TOJIbKO
3ByK B TeueHue 120 ¢ (80 nb, 2000 I'r), nanee ciaemo-
Bas1 mepuon nocneneiicteus B 120 c. [lanee B AByx
OITBITAX C MHTEPBAJIOM 24 4 IpOBOAVIIN yralleHHe
YCJIOBHO-PedIIEKTOPHOTO CTpaxa, Ipu 3TO Mpolie-
nype naBaiu 1Mo 10 n30J1MpoBaHHBIX 3BYKOBBIX CTH-
myJioB (30 ¢, 80 nb, 2000 I'n) 6e3 21EKTPOKOKHBIX
pazapaxkeHuit ¢ 20-ceKyHIHbIMUA MEXCUTHAJIbHBIMU
nHTepBaamMu. Ilocie mpouenypsl yraleHus depes
24 4 TecTUpoOBaIM coXpaHHOCTb pedekca (Tect 2),
IIPY 3TOM ITOCJIEAOBATEILHOCTh CTUMYJIOB ObLlIa Ta-
Kot xe, kak B Tecte 1.

[NoBeneHMe KpBIC aHAIM3NPOBAIN B pa3IddHbIC
WHTEpBaJIbl BpeMeHU: M0 (peaklMyd Ha KOHTEKCT),
BO BpeMs OEUCTBUSI 3BYKOBOIO CUTHAJIBLHOTO pa3-
IpaxXUTeNIsd, B MEXCHTHaJIbHbIE WHTEPBaJIBl (IIpU
00yYyeHUM WM yralueHuu), B MocaeneiicTBumn. Yc-
JIOBHO-pe(JIEKTOPHBIN CTpax OLEHUBAJIU IO BpeMe-
HU 3aMUpaHusl. 3aMUpaHue — MePUOIbI HEITOABIIK-
HOCTU JJIUTEJILHOCTBIO HE MeHee 2 ¢, Koraa
HaOIIONAIM TONBKO AbIXaTeIbHBIC IBUKCHUS KU-
BOTHOTO. 3aMUpaHue OMPEAEISUIM T10 3allMCU MeXa-
HOIpaMMBbI T10J1a KAMEPHI C TOMOILIBIO aMITIUTYIHO-
ro ¥ BpeMeHHOro noporon. O6paboTKy MpoBOAUIN
C TIOMOIIBIO CTAHAAPTHOU MpOrpaMMbl, MpuUiaraB-
meiicsa K yctaHoBke ¢dupMbl Panlab. ITporpamma
MO3BOJIsIa JeTeKTUPOBaTh 3MU30Abl 3aMUPaHUS,
OIIPEACNIATh UX JIMTEIbHOCTh U PACCUYUTHIBATD IIPO-
LIEHT BpeMEHH 3aMUpaHus OT BpEMEHU KaXKI0Tro MH-
TepBaja. Kpome Toro, ajist oueHKM YPOBHS SMOLIMO-
HaJIbHOTO HAIPSDKEHUS Y KPBIC TMOICUYMTHIBAIN
yuCIo nedeKalrii 1 ypuHauui.

5. Cmamucmuueckaa obpabomra Oaunvix. st
00pabOTKM pe3yIbTaTOB MCIIOJNB30BAIM CTaHOAPT-
ayio riporpammy STATISTICA 8.0. Pactipenenenue
3HAYCHUI MCCICHOBAHHBIX ITApaMETPOB OBLIIO IIPO-
BepeHO HAa HOPMAaJIBHOCTD 110 Kputepuio Koamoro-
poBa—CmupHoBa  (Basic  Statistics,  pasmen
Descriptive Statistics). I[Ipu HopMaTbHOM pacmipese-
JICHUW 3HAYCHUN IPU CPpaBHEHUM TPYIII KPHIC KC-
MOJIB30BAJIN AUCIIepcMOHHBIN aHamm3 ANOVA, pas-
nen factorial ANOVA. Tlpu post-hoc-ananuze
npuMeHsUM Kputepuii Newman-Keuls test. Ananu-
3upoBanu BiusgHue ¢axkropoB BEIIIECTBO (JITIC
wm ®U3), T1OJI (camusr u camxu), YCJIOBUA
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COLNEPXAHUS (CTAHA u CKYY), MHTEPBAJI
(o, 3BYK, MEXCUTHAJbHBIIA MHTEpBaJl, MOCenei-
ctBue). I1pu OTCYyTCTBUUM HOPMAJILHOCTH pacIipee-
JICHUSI TIOBEeJeHYECKUX ITapaMeTPOB MCIIOJIb30BaIN
Kruskal-Wallis test, ¢ mociaeaylolmuM CpaBHEHUEM
rpynn ¢ nomouwblo  Multiple  Comparisons
(Nonparametric Statistics). Paznuuus cuuTalu cTa-
TUCTAYECKM 3HAYMMbIMU 1IpH p < (.05, oTMeuanu Ha-
Jmuue TeHaeHuuu npu 0.05 < p < 0.1. JJaHHbIE HA pU-
CYHKaX MpeACTaBJICHbI B BUIE CPEIHUX 3HAYeHUA +
OLLIMOKU CPETHUX.

PE3VJIBTATbl UCCJIEAOBAHUM

1. Bausanue cooepycanus ¢ CKY41eHHbIX YCA0GUSX HA
ypoeéenv mpegoxcHocmu kpwvic. Pe3yabTaThl aHaIn3a
BIMSIHUSI CKYYeHHOCTH Ha pa3jIMJHbIC ITOKAa3aTeIn
rmoBeneHus1 Kpoic B OIl mpencrasieHs Ha puc. 1 u B
tabi. 1. Ha mosenenme xkpwic B OIl cymecTtBeHHOE
BimstHue okaspiBai akrop I[1OJI (tadi. 1), camxu
10 CPAaBHEHMIO C caMIIaMK COBEpIIAIn OOJIbIIEe BhI-
xomoB B neHTp OII (puc. 1 (a)), MeHBIIIe BpeMeHU
IIPOBOIMIIM Ha Iepudepun, IPOXOMIN OOJIBIIYIO
muctanmuio (puc. 1 (0)), IBUTATNUCH ¢ OOIbIIeit CKO-
pocthio (puc. 1 (B)), 6obIlle BpeMeHN HaXOTUIINCh
B OBIDKEHWH, COBEPIIAIM MEHBIIIE aKTOB TPYMHUHTA
(puc. 1(r)), memanm MeHbIIe OOJIOCOB IedeKann,
HO 0OJIbIIIE CTOEK. DTU TaHHBIE CBUIETEIbCTBOBAIN
0 MEHBIIIEM YPOBHE TPEBOXXKHOCTU CaMOK U OOJIbIIIei
IBUTATEIBHOM M MCCIEHOBATEIbCKOM aKTHMBHOCTH,
YTO TIOATBEPXKIAJIO paHee IOJyYeHHBbIE TaHHBIC
(ITaBnoBa ¢ coast., 2021 6). ®akrop YCJIOBUA
COJEPXXAHMUWS nHe BIMSAT HA YMCIIO BBIXOIOB B
LIEHTP 1 BpeMsI HaXOXIeHUs Ha eprudeprnu, a Tak-
K€ YMCIIO CTOeK, YPUHALIMMA 1 JedeKamuii, Ha Cpel-
HIOIO JUIMTEILHOCTh aKTa IPYMUHIA, HO Ha MHOTHE
Ipyrue mokasaTenu noseaeHust Kpeic B OI1 oxkasbl-
Basl BausHUE (Tadm. 1). KpeICh, comepkaBIuecs B
CKYY-ycnosusx, mo cpaBHeHMIO co CTAH/I-Tpy1I-
IIO¥ MPOXOIWJIM MEHBIIYI0 JUCTAHIINIO U C MEHb-
mreit ckopocTtwio (puc. 1 (0), (B)), MEHbBIIIE BpeMEeHH
HaXONWINCh B IBVDKEHUHM, COBEPIIAIM OOJIbIIE aK-
TOB rpymMuHTa (puc. 1 (T)), nMean OOJIBIIYIO TaTeHT-
HOCTB yXOJa M3 IIEHTpa IO, Kyda SKCIIepUMEHTA-
TOP caxkajl XMBOTHOE B CaMOM HadaJjie ombiTa (puc. 1
(m)). BzaumomeiictBust dakropo YCJIIOBUA CO-
JOEP2KAHMU S x I1OJI o6HapykeHOo He ObL10 (TabiI. 1),
YTO CBHUACTEIHCTBOBAIO OO0 OTCYTCTBUM ITOJIOBBIX
pa3IMInii BO BIMSTHUM CKyYeHHOCTH Ha ITOBEICHUC
kpeic B OIl. ®@akTtop BEHHIECTBO He oka3wiBamn
BIMSIHUASI Ha II0KAa3aTeId TPEeBOXHOCTH/CMEIOCTH,
JIBUTATEeIbHOM aKTMBHOCTU M HMCCIIEI0BAaTEIbCKOTO
noseaeHus B OI1. bbuto 06HapyKeHO TOJIbKO BUSI-
HHUe 3Toro ¢akTopa Ha 0OJIOCHl AedeKaluu, cpei-

HIOIO UIUTETBHOCTh aKTa 'PyMUHTa U JIAaTEHTHOCTD
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Ta6uua 1. 3navyenvie F u p ipu aHanu3se ¢ momoinbio Factorial ANOVA pa3nuuHbIX moKa3aresei mosenerust B OIT u ITKJI.
Table 1. The value of F and p in the analysis using Factorial ANOVA of various indicators of behavior in open field and elevated plus maze

Tlokazarenmu akropst
Tect TIOBC/ICHNST I10J1 BEILIECTBO YCIIOBUA YCIL COTL, X YCJL. COI. XI10J1
COIEPXAHUA BEIIIECTBO ’ )
F, ,=2537, X
BbIxonpl B LIeHTp 5= 0,000 - - - -
Bpewmst Ha iepude- F ,,=19.36, ) ) ) )
pun p=10.000
=75.79, =60.87,
1 114 _ 1 114 _ -
Hluctasums =0.000 =000
=76.01, =60.73,
1 114 _ 1 114 _ -
CiopocTs »=0.000 »=0.000
=61.11, =15.21, F =491
B 1 114 _ 1 114 _ 1,114 >
PEMAIBIKCHIA »=0.000 »=0.000 »=0.029
. F ,,=1134,
oIl Croiiku = 0,001 - - - -
F ,,=10.19, F, | ,.=22.36,
Tpywmsr, uncsio »=0.002 »=0.000
F =524,
Tcp_ aKTa rpyMUHIa - = 0024 - - -
Bosockl I 4 =10. 77, Fl,ll4: 7.54, _ _ _
nedekau p=0.001 p=0.007
YpuHatmu - - - - -
JlareHTHOCTH } L F, ,.=478, 1”4 =41.56, L F ,.,=4.70, )
yXoza 13 LIeHTpa p=0.031 p=10.000 p=0.032
BertsirvBanust - - - - -
=13.39,
l 114 - - - -
% BbIx0n0B B OP = 0,000
F ,,=14.94,
%T BbIxomnoB B OP = 0,000 - - - -
%T B 3aKPbITbIX F s=792, i i ) )
pykasax (C) p=10.006
F, ,,=30.66,
Hucranums =0.000 - i i i
=36.07,
I 114 - — - -
CxkopocTh 5= 0,000
=10.82,
1 114 _ _ - -
T Bpemst nBrkeHust p=0.001
=18.54, =20.35, F . ,=1488
T 1 114 _ 1 114 _ 1,114 ’
PYMUHE, HHETO »=0.000 »=0.000 »=0.000
T akrarpymuHra - - - - -
F, . ,=21.00
1,114 ’ _ _ _ _
CaeluuBaHust »=0.000
. F, 1, =430,
Croiiku p = 0.040 - - - -
=8.61,
I 114 - - - -
Bomock! nedexarmin = 0004
YpuHaummn - - - - -
Boitarusanus - - - - -

* Ilpumeuanue. TIpOYEPK — CTATUCTUYECKHM He3HAYMMOe BiusHue dakrtopa. T, — cpennee Bpemsl, %T — MPOLIEHT BPEMEHHU.
* Note. Dash — statistically insignificant influence of the factor. T — average tlme %T — percentage of time.
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Puc. 1. BausgHue cogepxxaHusi B CKy4eHHBIX YCJIOBUSIX Ha MOBeAeHUe KpbIC B “oTKpbiToM nosie”. CTAH/I — rpynmna Kpbic,
comepxxariasicsl B cTaHmapTHoIX yeiaoBusax, CKYU — KpbIChl, TpoXuBalolme B CKy4YeHHBIX ycaoBusix. ®U3 — KpwICH ¢
BBeleHUEM (DU3UOJIOTUIECKOTO pacTBopa B paHHeM oHToreHese, JITIC — kpricel ¢ BBemenuneM JITIC. * — craructuyecku
3HauMMBbIe pasanuus Mmexay rpymmnoit CTAHI u CKYY, $ - mexny camuamu u camkamiu (p < 0.05, Factorial ANOVA, post
hoc ananu3). n — yucio kpsic B rpymmax @U3/JITIC.
Fig. 1. The effect of housing in crowded conditions on the behavior of rats in an open field. CTAH/I — a group of rats
contained in standard conditions, CKYY — rats living in crowded conditions. ®M13 — rats with the administration of saline
solution in early ontogenesis, JITIC — rats with the injection of LPS. * - statistically significant differences between CTAH]J1
and CKYUY groups, $ - between males and females (p < 0.05, Factorial ANOVA, post hoc analysis). n is the number of rats
in the ®U3/JITIC groups.
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yxoja u3 ueHtpa. ¥ kpoic JITIC-rpymmsl 00J110cOB
ObILJ10 OOJIBIIIE, a JJTUTEJIBHOCTh aKTa IPYMUHTA 1 Jia-
TEeHTHOCTh yXOla M3 ILIEHTpa — MEHbIIE, YeM B
DOU3-rpynme. Kpome Toro, HabmI10aa10Ch B3aIMO-
neiictBue (axkropa BEIHIECTBO x YCIIOBUA
COIEPKAHMUSI Bo BIMSIHUM Ha JIATEHTHOCTb YXO-
ga u3 ueHrtpa, B JITIC-rpynmax y CKYY nareHt-
HOCTb OblJ1a MeHbIe, yeM B @MU 3-rpyrmax (puc. 1
(m)). Takum ob6pa3oM, coaepKaHUe B YCIOBUSIX MO-
BBIIIIEHHOM CKYYe€HHOCTH HE BJIMSUIO Ha ITOKA3aTeIn
ypoBHS TpeBoxkHOCcTH B OIl, HO CHMXajlo IBUTA-
TEJIbHYIO aKTUBHOCTB KPHIC, YBEJTMUMBAJIO 3aMeIIa0-
IIYI0 aKTUBHOCTh Y TOPMO3WJIO IBUTATEIBHYIO aK-
THUBHOCTH B Ha4yaJjie OIbITa.

Conep:kaHue B CKY4eHHBIX YCJIOBHSIX B MEHbIIICH
CTEIeHM OKa3ajJo BIMSIHUE Ha IOBeIeHHE KPBIC B
TIKJ (ta6u. 1, puc. 2). ®akrop I1OJI, TaK ke Kak 1
B OIl, oka3bIBai CyllIeCTBEHHOE BIMSIHME Ha ITOBE-
nenne kpbic B [TKJI (ta6a. 1). Camkm 110 cpaBHe-
HUIO C CaMIlaMM COBEpIIaJ OOJIbIIee YHUCIO BBIXO-
OB B OTKpPHITBIE pyKaBa (puc. 2 (a)), TpOBOIVIN
Oonblre BpeMeHW B Hux (puc. 2 (6)), HO MEHBIIEe
BpPEMEHU HaXOIWJINCh B 3aKPBITHIX pyKaBax, IIPOX0-
JUIA OOJIbIIYIO AUCTAHLIMIO, IBUTAsICh C OOJIblIei
CKOPOCTBIO, 0OJIbIIIE BPpEMEHM HAaXOOWINCh B IBU-
JKeHWUM, COBEpIaan OOJIbIlIe CTOEK 1 CBEIIMBAHMUIA,
HO JIeJTaJI MEHBIIIE 00JIFOCOB IedeKaluu. DTH TaH-
Hble CBUIETEIbCTBOBAIM O MEHBIIEM YpPOBHE
TPEBOXHOCTH CaMOK, OOJIbIIIEH UX ABUTATEILHON 1
HCCJIENOBATeIbCKON aKTUBHOCTU II0 CPaBHEHMIO C
caMIllaMHi, YTO COOTBETCTBOBAJIO paHEe IIOIyICH-
HbIM JaHHbIM (ITaBnoBa ¢ coaBr., 2021 6). @akTop
YCIIOBUA COINEPXAHMUS He okazan BIUSTHUS
Ha MOKa3aTelM, OTpaXkaBIIMe YPOBEHb TPEBOXKHO-
CTU/CMEJIOCTH 1 ABUTATEJIbHYIO aKTUBHOCTD KPBIC —
Ha MPOILEHT BPEMEHU HAXOXIEHUSI B OTKPBITHIX U
3aKpBITHIX PyKaBaxX, IJIMHY IIPOMACHHON IUCTaH-
UM, CKOPOCTh M Bpems nBiKeHus (taba. 1). He
OBUTO OOHAPY:KEHO BIAWSHUS TaHHOTO (pakTopa Ha
YHUCIIO CTOEK, ypuHaUMi m gedekaumii. daxrop
YCJIIOBUA COOEPXAHMUSA moBaustm HA YMCIIO
aKTOB rpyMuHTa (Tabi. 1), MpM 3TOM HaAOIIOIATIOCH
B3aumozeiicteue ¢pakropa YCJIIOBUSA COJIEP-
KAHUS x TTOJI. B TTIKJI TombpKO camIibl, comep-
xkasmmecs B CKYY-yciaoBusix, coBepIranm 00JIbIIe
aKTOB TPYMUHTA, YeM caMKu (puc. 2 (B)), CpeIHssS
IUIATEIbHOCTD aKTa TPYMUHTA He 3aBHCENA OT YCI0-
BUI1 comepxkanus (Tadi. 1). Takum o6pa3oM, comep-

Puc. 2. BiustHue conepkaHusT B CKYIEHHBIX YCJIOBUSIX Ha TTOBEIeHNE KPBIC B IIPUITOTHITOM KPeCTOOOpa3HOM JIAOUPHUHTE.
T — Bpemsi, OP — OTKpBITHIE pyKaBa. * — CTATUCTUYECKU 3HAYMMBlE pasanuns mexay rpynmnoit CTAH u CKYY, $ - mex-
ny camuamu 1 caMkaMu (p < 0.05, Factorial ANOVA, post hoc ananus). OctanbHble 0003HaYeHUSI KaK Ha puc. 1.

Fig. 2. The effect of housing in crowded conditions on the behavior of rats in an elevated plus maze. T — time, OP — open
arms. * - statistically significant differences between CTAHJI and CKVYY groups, $ - between males and females (p < 0.05,
Factorial ANOVA, post hoc analysis). The remaining designations are as in Fig. 1.
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xKaHue B CKYY-ycioBusx He MOBIMSLIO HA YPOBEHb
TpeBoxXHOCTU Kpbic B ITKJI, Ha ux ABUTraTeabHYIO U
HUCCIeI0BATEAbCKYI0 aKTUBHOCTh, OJTHAKO TOJBKO Y
CaMLIOB TMPUBEJIO K YBEJIUUYECHUIO 3aMellaloleil ak-
TUBHOCTH.

Wrak, tectupoBanue B OIl u ITKJI He BeIIBUIIO
BJIMSIHUSI COJAEPKAHMUSI B CKYYEHHBIX YCJIOBMSX Ha
[OKAa3aTejId TPEBOXKXHOCTU/CMEIOCTH KPbIC, HO 00-
HaApYy>XWJI0 CHUXEHWE ABUTraTeIbHONH aKTUBHOCTU U
ee TopMoXeHue B Havayie onbita (Toabko B OIl) u

(a) O6yueHue
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Puc. 3. BimsiHue comepkaHusI B CKYYeHHBIX YCJIIOBHSIX Ha BEIPAOOTKY (a) U TPOSIBJICHHUE YCIIOBHO-Pe(IEKTOPHOTO CTpaxa
B Tecte 1 (6). [To ocu abcimee — MHTEepBal BpeMeHU, Ha (a): M — nccnenoBatebCKuii MHTEPBa 10 3ByKa, 31, 2, 3 — nipu
JIeicTBUM 3ByKoBoro crumyia, MCI, 2 — MexXcurHajabHble MHTepBaibl, I1 — mocneneiictBue; Ha (0): peabsiBIeHUE KOH-
TeKCcTa WIK 3ByKa. [1o ocu opmuHAT — MPOLIEHT BpEMEHU 3aMHMpaHUs. ¥ — CTaTUCTUYECKU 3HAUMMBIC Pa3IMUUS MEXIY
rpynnoit CTAHI u CKYU (p < 0.05, Factorial ANOVA, post hoc ananus), # — rennennus (0.05 < p <0.1). + — paznuums
B YPOBHE 3aMHpaHUs B OTBET Ha KOHTEKCT 1 3BYK B JAaHHOI TPYIIIe KPhIC.

Fig. 3. The effect of housing in crowded conditions on the acquisition (a) and the expression of conditioned fear in Test 1
(6). On the abscissa axis is the time interval, on (a): U is the research interval, 31, 2, 3 is the number of the sound stimulus,
MCI, 2 are the inter—signal intervals, IT is the aftereffect; on (6): presentation of the context or sound. On the ordinate axis —
the percentage of freezing time. * — statistically significant differences between the CTAH/ and CKYY group (p < 0.05,
Factorial ANOVA, post hoc analysis), # - trend (0.05 < p <0.1). + — differences in the freezing time in response to context

and sound in this group of rats.
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yBEJIWUYEHUE 3aMellaloleil akTUBHOCTH (TPYMUWHTA)
B 00OUX TECTax.

2. Bausinue codepiycanus @ CKyHeHHbIX YCA0BUAX HA
evipabomky, mecmuposanue U yeauleHue YCa06-
Ho-peaexmopnozo cmpaxa y kpvic. Pakrop MH-
TEPBAJI oka3bIBaj CylIeCTBEHHOE BJIMSHUE Ha 3a-
MUpaHME KpbIC Tpu oOydyeHuu (Taba. 2), 4YTO
MNPOSIBISUIOCHh B MOCAEA0BATEIbHOM YBEJIWYEHUU
BpEeMEHU 3aMHUPaHMSI TI0 Mepe MPEeIbIBICHUS COue-
TaHUIA 3ByKOBBIX 1 00JIEBBIX CTUMYJIOB (puc. 3 (a)).
®axkTop YCJIIOBUA COAEPXKAHUS oxkazan cy-
1IECTBEHHOE BIMSHKE Ha 00yyeHue Kpbic (Tad. 2),
KpoMe TOT0, HabII00aI0Ch B3auMOIeCTBIE (paKTO-
poB YCJIOBUS COAEPKAHUWSA x UHTEPBAJI
YCIIOBUA COIAEPXKAHUA x I10JI. HaunHas ¢
nepBoro MexcurHajibHoro nepuoga (JITIC-rpymna)
WIN co BToporo 3ByKa (PU3-rpymma) u 1o KOHIIA
onbita camibl rpynnbl CKYY 3amupand Ha MeHb-
mee Bpems, yeM camubl rpynnsl CTAH/ (puc. 3
(a)). VY camok paznmuuusi BO BpeMEHU 3aMUpPaHUs B
rpynmnax CKYY u CTAH]I nposiBASUIMCh B MEHb-
LIeli CTereHU, CTATUCTUUECKU 3HAYUMBbIE PA3INYKUS
ObUIM OOHApPYXXEHBI TOJBKO TPU TPEThHEM 3BYKE B
rpyme JITIC (puc. 3 (a)).

Yepes 24 4 nocne obyuennus B Tecte 1, korma
MPEeIbIBISUIN TOJIBKO KOHTEKCT M 3BYK 0€3 TOKa,
daxroper YCJIIOBUSA COOAEPXKAHU A 1 UHTEP-
BAJI Takke oKa3bIBaIy BIMSIHAE HA YPOBEHb 3aMU-
panus Kpbic (Tadm. 2). HeictBre pakropa MHTEP-
BAJI nposiBisiioch B OOJblIEM 3aMUPAHUU KPbIC
IIPY 3BYKE IO CPaBHEHUIO C KOHTEKCTOM, a (haKTopa
YCJIIOBUA COOAEPXXKAHMUS — B MeHbIIIEM 3aMU-
panun y Kpeic rpynmbel CKYY, yem y  Irpymimsl
CTAHZ. Kpome Toro, TOJIBKO Y CaMIIOB, HO HE Y ca-
Mok, paktop BEILIECTBO oxkaswiBanm BIUSIHAE Ha
ypoBenb 3amupanus (F | .= 4.29, p = 0.040), Takxe
HaOJII0MaIM TEHICHIINIO K B3aUMOAECTBHUIO (paKTO-
pos YCIIOBUA COIEPXKXAHHWSA x BEILIECTBO
(F 5= 3.06, p = 0.083). Post hoc aHanm3 mokasai,
yto camnsl rpyrmbl CKYY 3amupanyu Ha MeHbIIIee
BpeMst B rpymrie JITIC npm peiicTBuu 3ByKa, 4yeMm
camusl rpyrmel CTAHJL (puc. 3 (0)). ¥ camok pas-
Jmunit Bo BpeMeHu 3amupaHus B rpymmax CKYY u
CTAHJ ne nHaomopanochk (paktop YCJIIOBUSA
COIEPXKAHUAF, ,,=2.05,p=0. 156). BaxxHo oT-
MeTuTh, 9To B rpymmax CTAH/I y cammioB 1 y Bcex
CaMOK BpeMsI 3aMUPaHUS IIPU IeHCTBUM 3ByKa OBLIO
OoJIbIlle, YeM MpPHU IMPEIbIBICHUN KOHTEKCTa, YTO
OoTpaxkayio OOJIBIIYI0 aBEPCUBHYIO 3HAYMMOCTh 3BY-
Ka TT0 CpaBHEHMIO ¢ KOHTEKCTOM (puc. 3 (0)). Y cam-
moB rpyrmbl CKYY Takoii pa3HUIIE He HAOII0IaIH,
YTO OTpaxajo HapylIeHUEe, II0-BUIUMOMY, IaMSITH
o curHajie 1 1uddepeHIMPOBKY KOHTEKCTA M CUT-
Haja.
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B npouecce 1-ro u 2-ro yrameHust pedaekca
¢akrop MHTEPBAJI oka3biBal CylIeCTBEHHOE
BJIMSIHME Ha BpeMms 3amMupaHus (Tadia. 2), 4To Mpo-
SIBJISVIOCH B TIOCJIENOBATEIbHOM YMEHBIIIEHUW Bpe-
MEHU 3aMUpaHUsl MO0 Mepe MPEabSIBICHMUS ACCATU
HETTOAKpeIUIsIeMbIX 3BYKOB (puc. 4 (a), (6)). PakTop
YCIOBUA COIEPXAHUMS Ttakke oKasbiBajl
BJIVSIHME Ha BpeMs 3aMMpaHUs KpPhIC, KPOME TOTO,
HaOmoganu B3aumopeiicteue dakropoB YCIIO-
BUA COOEPXAHUA x ITOJI (Ttada. 2). AHanu3
Mpoliecca yraieHus BbISIBUJI MEHbIIIEE BpeMs 3aMU-
panus y camuos rpynmnsl CKYY no cpaBHeHUIO ¢
rpynmoit CTAH]I kak B MmepBbIiA, TaK U BO BTOPOit
IeHb (puc. 4 (a), (0)), y caMOK yKazaHHOE pa3jinyue
MPaKTUIECKU He TPOSIBIsUIOCh. [1pu 2-M yraieHuu
nposiBwioch BiausgHue ¢akropa BEIIECTBO, y
cam1oB, mpoxuBaBux B CKYY-ycinoBusix, B rpyIi-
ne JIIIC yrameHue MNpoxXxoausio ObICTpee, YeM B
rpynmie ®U3 (puc. 4 (6)).

B Tecrte 2 nocne yrameHus Ha BpeMs 3aMUpaHus
Takke okasbiBal BiusHue paktop YCIIOBUS CO-
AJEPXKAHMWS, nabmonanu B3aumoAeiicTBue ak-
topoB YCJIOBUA COAEPXKAHHWA x UHTEPBAJI
(tab6. 2). Y camuoB rpymnisl JITIC, conepxaBimxcs
B CKYY-ycrnoBusix, BpeMsl 3aMUpaHus B OTBET Ha
3ByK B TecTe 2 ObUIO MeHbIlle, YeM y CaMLOB B
CTAH-ycnoBusx, BpeMs 3aMUpaHUsI B OTBET Ha
KOHTEKCT HE pPa3inyajoch IPU Pa3HBIX YCIOBUSX
conepxaHus (puc. 4 (B)). Y caMoOK pas3induii MexXay
rpyrnamu CKYY u CTAH/I He 66110 0OHapyXKeHO.

Takum obpa3om, TIpu BeIPaOOTKE YCIOBHO-ped-
JIEKTOPHOTO CTpaxa ObUIM BBISIBJIEHBI IIOJIOBHIE OCO-
OCHHOCTH BO BIMSIHUMU TTOBBIIIIEHHON CKYYeHHOCTH,
caMIIbl B OTJIMYME OT CAMOK ObLIIM 00JIee MoaBepXKe-
Hbl HETaTUBHOMY BJIMSIHUIO CKy4eHHOCTH. CaMIIbl
rpyrnbl CKYY MeHblIe BpeMeHU 3aMUpPau B IPO-
1lecce BBIPAOOTKM U YrallleHUs YCJIOBHO-pedIeK-
TOpHOTO cTpaxa, yem camubl rpynnsl CTAHI. ¥V
camuoB rpynmnsl JITIC npoucxonunau HanboJjiee Bbl-
paxkeHHbIE UBMEHEHUS B TIOBEACHUU 110 CPABHEHUIO
¢ rpynnoit ®U3. Y camuos JITIC-rpymmsl, coaep-
xkaBmmxcsas B CKYY-ycnoBusix, 1o cpaBHEHUIO C
rpynmnoit ®U3, Hapymajiach NaMsTh O 3ByKOBOM
CUTHaJle, a Takxke AU depeHINPOBKA KOHTEKCTA U
cUTHaJjia, ObICTpee MPOXOAWIIO YraleHue pedIekca.

OBCYXIEHUNE PE3VJILTATOB

B Haueit pabote He ObLIO BBISIBIEHO YOSOUTEb-
HBIX J0KA3aTeJbCTB U3MEHEHHS YPOBHS TPEBOXKHO-
CTHM KpPBIC TIpM CKYYEHHOCTH B JIBYX TeCTaX: B “OT-
KPBITOM MoJIe” W IPUIOTHSATOM KpEeCcTOOOpa3sHOM
JabupwuHTe (Tadi. 3). Yncmo BEIXOIOB B LIEHTP, Bpe-

M Ha mepudepnu B OIl, yncio BBIXOOOB U TN~
Ne 3
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Puc. 4. BiusiHue coaepxaHusl B CKYYeHHBIX YCIOBUSIX Ha yraiieHue 1 (a), yrameHue 2 (6) v MposiBJeHUE YCIOBHO-ped-
nekropHoro ctpaxa B Tecte 2 (B). 1o ocu abcuuce Ha (a) u (0) — HOMep 3BYKOBOrO CTUMYJia, Ha (B) — MpeabsBleHUe
KOHTEKCTa WK 3ByKa. I1o ocu opauHaT — MPOLIEHT BpeMEHU 3aMUPaHMs. ¥ — CTATUCTUYECKU 3HAYMMBIE PA3IAYKST MEXITY
rpynnoit CTAH u CKVYY (p < 0.05, Factorial ANOVA, post hoc aHanu3). OctajibHble 0003HaYeHUs Kak Ha puc. 1.

Fig. 4. The effect of housing in crowded conditions on extinction 1 (a), extinction 2 (6) and the expression of conditioned
fear in Test 2 (B). On the axis of the abscissa on (a) and (0) is the number of the sound stimulus, on (B) is the presentation of
the context or sound. On the ordinate axis — the percentage of freezing time. * — statistically significant differences between
the CTAH/I and CKVYU group (p < 0.05, Factorial ANOVA, post hoc analysis). The remaining designations are as in Fig. 1.
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Taomuna 2. 3Hauenue F u p npu ananuse ¢ nomoiplo Factorial ANOVA BbIpaOOTKHU, TECTUPOBAHUS 1 YTrallleHUs] YCIOBHO-

pedIIeKTOPHOTO cTpaxa

Table 2. The value of F and p in the analysis using Factorial ANOVA of the development, testing and extinction of conditioned

fear
dakToph
Dran BELLLE- VCIOBUS WHTEPBAJ x VCIOBUS
non CTRO COJIEPXA- | UHTEPBAJl | VYCJOBUS | COIEPXAHWS
HUS COJLEPKAHMUS x TOJI
O6yueHue F1,1070 =5.22, B F1,1070 =56.81, F6,1070 =104.19, F6,1070 =3.62, F1,1070 =12.89,
p=10.023 p=0.000 p=0.000 p=0.001 p=0.000
F, =420, F, o =38.16,
Teer 1 p=0.042 »=0.000
F, 0 =4.50, Fly=6690, | F,, =425, F, ) =550,
Yramenue 1} = 2 53y »=0.000 »=0.000 »=0.019
F. =403, | F_ =929 F.. =247 F . =14.69
2 _ 1,900 4 1,900 > 9,900 > _ 1,900 >
Yramenue p=0.045 »=0.000 p=0.009 = 0.000
F =547, F =499, F . =385,
Tecr 2 »=0.020 p=0.027 »=0.049

* [Ipumeuanue. TIpouepk — CTaTUCTUYECKN HE3HAYMMOE BIMsIHUE (hakTopa.

* Note. Dash — statistically insignificant influence of the factor.

TeJILHOCTh MpeObIBaHUS B OTKPHIThIX pykaBax ITKJI
He paznuyanuch B rpynnax CKYY u CTAHI. On-
HakKo MpU APYroM MPOTOKOJE CKYYEHHOCTU, MpPHU
MeHee IIUTeIbHOM 14-THEBHOM IPOXMBAaHUM B
CKYYEHHBIX YCJIOBUSIX IIOCJIe MecsIla IpeObIBaHUS B
KOMMOPTHBIX YCIIOBUSX, B psae pador (Botelho et
al., 2007; Kns3esa ¢ coaBT., 2012) y KpbIC TIPOUCXO-
JWIO yBEeJIMYEHUE YPOBHSI TPEBOXKHOCTU. DTO MPO-
SIBJISIOCH B YMEHBIIIEHUH JIATEHTHOTO Ileproa 3a-
X0Ha B TEMHBIA OTCEK B TEMHO-CBETJIOM KaMepe,
YBeJIMYEHUN BPEeMEHU IIPeObIBaHUS B 3aKPBITHIX PY-
KaBax 1 yMeHbIlIeHuH BpemeHu B 1ieHTpe I1KJI, Bpe-
Ms1 B OTKPBITBIX pyKaBaxX Mpy 3TOM HE U3MEHSIOChH.
MoXHO NpeAroIoXUTh, UTO OoJiee JJTUTETbLHOE CO-
JepKaHue B CKYYeHHBIX YCIOBUSIX B HAIlIMX OIBITaX
W PaHHMI BO3pacT HavaJla BO3ICUCTBUS IIPUBEIN K
MIPUBBIKAHWIO ¥ aTalTalliK KPBIC K HETATUBHBIM yC-
JoBUsM copaepxaHus. IIpu paHHeM IOMelLIeHUU
Kphbic (B 30 1HEiT) B CKydeHHBIE YCIOBUS HEOOJIBIIINE
elle MO Macce KPbIChl HE MCIBITHIBAJIM CTpecca, a,
BO3MOXHO, BOCIIPMHMMAJIM TaK1e YCIOBUS KaK CO-
anbHoe oboraiieHue. IlpeanosoxeHue od anar-
TallMK KPBIC K CKYYEeHHBIM YCJIOBUSIM ITOATBEPKIa-
IOT pe3yJibTaThbl aHaIM3a HEKOTOPBIX MoKa3arteeit
CEepAEYHO-COCYAUCTON CHCTEMBI IPU JITUTEILHOM
BO3AEHCTBUM PA3IUYHBIX BUIOB CTPECCOB — U30JIsI-
UM, CKYYEHHOCTH, MMMOOWIM3ALNU, IIPUHYIU-
TeabHOTO T1aBaHus (Nagaraja, Jeganathan, 1999).
VYBennueHnue 4acTOThl CEepACYHBIX COKpaIlleHU U
Macchl cep/Lia HabII0IaIu TOJbKO B HAYaIbHbBIH Te-
pMoI BO3IEWMCTBUSL CTpeccopa, IPU IIMTEIbLHOM
BosneiictBuM (15 1 30 mHei) gaabpHEHIIero yBeamde-
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HUSI HE IPOMCXOOUIO. AHAJIOTMYHO, UIMTEIIbHASI
colMalIbHAsT U30JISILIKS B TeueHUe 8.5 Mec. BBI3bIBa-
Jla MEHbIIIME U3MEHEHUSI B YPOBHE TPEBOXHOCTU U
coMabHOM ToBeneHnn, 4yeM 2-mecsguHas (Iupe-
HOBa ¢ coaBT., 2022). [Tocae 2-MecIIHON COLMAITb-
HOM W3O0JISIUUM Y KpPBIC HAOMIONAIU MOBBIIICHUE
TPEBOXHOCTH, CHIKEHME HCCISIOBATEIbCKOM aK-
TUBHOCTU, YBEJIWYCHHE arpeCCUBHOCTHU, ITOBBIIIE-
HUE TIPEANOYTEHHS COLIMATBHOTO 00bEKTa HECOLIM -
aapHOMy. Ilocie 8.5 Mec. colManbHOM M3OJISLIUU
MPU3HAKY TTOBBIIICHUS TPEBOXHOCTH U arpecCUB-
HOCTU MCYe3aJIH, MOSBISUIUCH IPU3HAKY Ae(UIIATA
COLIMAJIBHOCTH, KOTOPbIE BHIPAXAINCh B YMEHbIIIE-
HUU TIPEANIOYTEHUS COLUMAIBHOTO 00BbEeKTa. ABTOPBI
CYUTAIOT, YTO C YBEJIMYCHUEM JJIMTEILHOCTU CTPEC-
ca IPOMCXOOUT M3MEHEHHE CTpaTeTUM IIPEOmoJie-
HUSI, aKTUBHbIE CTpaTeTMK 3aMEHSIIOTCS Ha IACCUB-
HBbIE.

B Hamix omnplTax gBUraTeabHas akTUBHOCTD B Ol
y rpyriel CKYY Obl1a ToHIKEHa, 0 YeM CBUAETEIh-
CTBOBAJI0O YMEHBIICHUE IIPOMOCHHON IMCTAHIIVH,
CHIDKEHME CKOPOCTH, YMEHBIIICHNE BpeMEeHU IBIKE-
HUg (Tabdm. 3). YBeaudeHME JATEHTHOCTU yXOJa W3
nenTpa OIl, kyna sKCIIeprUMEHTAaTOp caxkajl KphICY B
Hayajie OIbITa, TakKKe, IIO-BUAMMOMY, TOBOPWIO O
TOPMOXEHUHN IBUTATEIbHONM aKTMBHOCTU IIPH IIOTA-
JJaHUU B aBEpCUBHYIO 00OCTaHOBKY. PaHee cxomHoe
YBEIMYCHUE JIATEHTHOCTH HA0IIONaIOCh y KPBIC T10-
cine couuanbHoit wm3oisuuu (ITaBnoBa ¢ CoaBrT.,
20216). Kak B OII, tak n B I1KJI y rpyrmer CKYY
IMPOMCXOIMJIO YBEJIMUEHHE YK CIIA SITM3010B TPYMUH-
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ra (ta6s. 3). CornacHo auTepaType, T[pyMUHT CITY>KUT
HE TOJIbKO IS IIOIIeP3KaHUST YUCTOThI TIOBEPXHOCTH
Tesna, HO M UTpaeT PoJib 3aMelIaloNIeil U CMeIleH-
Hoii (displacement) akTuBHOCTH (Spruijt et al., 1992),
T.e. obJieryaeT HampspKeHUe U SIBJISIETCS  “BBIXOJIOM
MOTUBALIMOHHON 3HEPruu” TpU KOH(MIMKTE MOTU-
Banuii. CorJIacHO 3TOM TOYKE 3peHUs, TPYMHUHT BO3-
HMKAaeT Mocjie CTpecca M OTpaXkaeT ero OKOHYaHUe
WJIA IPUBBIKAHNE K CTPECCUPYIOIIM BO3ICICTBUSIM,
KOPPEJSILIMOHHBIX CBA3€i MEXIy TPYMUHIOM U YPOB-
HEM TPEeBOXXHOCTU He ObU10 0OHapyxeHo. [1pu aHa-
JIN3e CTPYKTYphl TPYMMHTa pa3inyaioT “cTpeccop-
HBI1” 1 “komdopTHbIi” rpymuHr (Kamyes, 1998).
JIJ1s1 CTpeCcCOpHOTO IPyMUHTA XapakTepHO Mpeodia-
JAHUE CTEPEOTUITMM M TIOBTOPSIFOIIXCS IBYDKECHUIA,

IMTABJIOBA, bPOIIEBHM LKA

“3alMKIMBaHKE” HA OMHOI CTaAWU 1 OOJIbIIAs 1IN~
TEJLHOCTD, a U1 KOM(OPTHOTO TPYMMHTa — TOCJIe-
JoBaTeIbHasl CMEHA CTaAuii OT YMBbIBAHUS MOPIOYKU
1o xBocta. B Haweii pabote conepzkaHue B CKYY-yc-
JIOBUSIX HE BBI3BIBAJIO U3MEHEHMIT CpeIHEl IINTEb-
HOCTH 31M30/1a TPYMUHTA, YTO CBUAETEIbCTBYET IPO-
TUB “CTPECCOPHOI” TpUpOObl TpyMuHTa. MOXHO
MPEANOJIOXUTb, YTO CHUXEHUE TOPU3OHTATbHOMN
JBUTATEIbHON aKTUBHOCTH BO3HUKAET y KPBIC MPHU
JUINTEJILHOM COAEpPXKaHUM B CKYyYEHHBIX YCJIOBHUSIX,
KOT/1a MpoOeXKaM TMPEMNITCTBYIOT MHOTOYMCICHHbIE
cocely Mo KJeTKe. [ opu3oHTaIbHass akTUBHOCTD 3a-
MEHSIETCS, TI0 BCEil BUAMMOCTH, B 3TUX YCJIOBUSIX
TPYMUHTOM. YBeJIWYEHME YKMCa aKTOB I'PYMMWHTa y
kpbic rpynmnbl CKYY takke MOTJIO OBITh BEI3BAHO U

Taommua 3. CxemMaTuyeckoe M300pakeHue BAUSHUSL CKYYEHHBIX YCIOBUI Ha MOBEACHUE KPbIC B PA3IMYHBIX MOBEICHYECKUX
napagurmax. - — orcyrctsue uaMeHeHuit y rpynnsl CKYY no cpaBHenuio ¢ rpynmnoit CTAH/I, | — yMeHbllleHHe OIHOTO
rmokasatensi, T — yBenuueHue oqHoro rmokaszarensi. T — BpeMsi, OP — oTKpbITBIE pyKaBa JJaOupuHTa

Table 3. A schematic representation of the influence of crowded conditions on rat behavior in various behavioral paradigms. - —
no changes in the CKYUY group of indicators compared to the CTAH/I, | — a decrease in one indicator, T — an increase in one

indicator. T is time, OP is the open arms of the maze

Camxu
Camibl
IMapagurma INoBeneHueckue mokazaTean
P DU3- JITIC- DU3- JITIC-
rpyIa rpyIa rpyIia rpyIra
IMokazatenu TpeBOXHOCTH (BBIXOMIBI B LIEHTD, o o o o
BpeMs Ha niepudepun)
[BurarenbHast aKTUBHOCTD (TUCTAHITUST, CKOPOCTb, iy iy i i
BpeMSI IBUKECHUS)
o HccnenoBatenbckast aKTUBHOCTD (CTOMKM) - - - -
3aMeriaromnass aKTUBHOCTb (IMCIIO aKTOB 1 ) 4 4
TPYMMHTra)
OlieHKa pucka (BbITSTUBAHMS) - - - -
BereraTtuBHast akTUBHOCTD (O0IIOCH AeheKallnu, o o o o
YpUHALKK)
IMokazarenu tpeBoxkHOCTH (% BbIx0n0B B OP, % T o o o o
BbIx010B B OP)
JBurartebHast aKTUBHOCTD (ITUCTAHITUST, CKOPOCT, L o o o
BpeMSI IBMKECHUS)
KT HccnenoBarenbckast akTUBHOCTD (CTOMKMU, o o o o
cBelBaHus, T BBITJISIIBIBAHUS)
3aMelnalias akTUBHOCTh (YUCII0 aKTOB 1 1 ) )
TPYMUHTIA)
BereratrBHas akTUBHOCTD (O0TIOCH AeheKallnu, o o o o
ypUHALUK)
VP, obyueHue % T 3aMupaHust 1 i - 1
Tect 1
’ % T 3amupaHus - - - -
KOHTEKCT
Tect 1, 3ByK % T 3amupaHus - 1 - -
Yrawenue 1, % T 3amupaHust l il - -
3BYK
VYramenue 2
> % T 3amupaHust 1 1 - -
3BYK
Tecr 2
’ % T 3amMupaHus - - - -
KOHTEKCT
Tecr 2, 3ByK % T 3aMupaHust - 1 - -
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BJIAWUSAHUE CONEPXAHUWS KPbIC B YCITOBUAX MOBBILIEHHOW CKYYEHHOCTHU

3arpsiI3HEHUEM MOBEPXHOCTH TeJla U IIEePCTU SKCKpe-
MEHTaMU COCeJIei 10 KJIETKeE, T.€. BBIITOIHSIIO TUTHE-
HWYECKYIO pOJib. YBEJIMUCHHUE Y1 CIIa aKTOB TPYMUHTa
M YMEHBILIEHUE TMPOIIEHHON AUCTAHLWU Y XKUBOT-
HBIX, MPOXMBAIOIIMX B CKYYEHHBIX YCJIOBMSIX, Ha-
omonanu u panee (Knsa3eBa ¢ coaBr., 2012).

Hawnbonee 3HaunTenbHbIE M3MEHEHUS B TTOBE/IE-
HUU KPBIC TTOCJIe CKYYeHHOCTH MBI HaOMIOmAIM TIpy
BbIpAbOTKE YCJIOBHO-peIEKTOPHOrO cTpaxa (Taoir. 3).
YXe Ha sTane OOy4YeHMSI KPbICHI-CAMIIbI TPYIIIIBI
CKVYY kak ®PU3-, Tak u JITIC-rpyniibl 3aMupaiu Ha
MEHbIIIee BpeMsl MOcje MOJyYeHUs yAapoB TOKOM,
yeM Kpbichl rpynnbl CTAH/I, Ha caMok coaepxkaHue
B CKYYEHHBIX YCJIOBUSX MOBJIUSIIO B 3HAYUTEIHLHO
MEHbIIIEeH CTeleHU. YMEeHbIIIeHUe BpeMEeH! 3aMUpa-
HUSI ITpY 00YYEHMH HE MOIJIO OBITh CBSI3aHO C YBEJIU-
YEeHUEM JIBUTATEJIbHON aKTUBHOCTU KPBIC, ITOCKOJIb-
Ky B Tecte OIl y “cky4eHHBIX” KpBIC HAOJIOmANIN,
HAo0OpOT, CHIDKEHHE IBUIATEIbHON aKTUBHOCTH.
CormacHo maHHbIM JTepaTyphl (Goekner et al.,
1973), y “cKky4eHHBIX” KpBIC He Hapyllajach BbIpa-
0O0TKa IMacCUBHOIO M30€raHUsI, YTO CBUACTEIICTBO-
BaJIO 00 OTCYTCTBUM HApPYIIIEHMIA B IIPOSIBIICHUHM T1aC-
CUBHO-OOOPOHMTENBHEIX peakiuii. OmHOlt U3
BO3MOXKHBIX ITIPUYMH YMEHBIICHUSI BPEMEHM 3aMU-
paHMs TIOCTIe YIapoB TOKa SIBSIETCSI YMEHBIIEHUE
00JIEBOI YYBCTBUTEIBLHOCTUA Y “CKYYEHHBIX~ KPBIC.
JlaHHOe TIpeAnoJoXeHue MOATBEpXKAAeTCs TaHHbI-
MM O CHUZKEHUHU 00JIEBOI YyBCTBUTEILHOCTH (TUIIO-
ajJbre3vM) K COMaTUYECKMM CTUMYJaM B TeCTe “To-
psyas TUIaCTUHKA” Yy  MBllIeil, MOABEPTHYTHIX
KOMOMHHUPOBAaHHOMY TICHUXOCOLIMAJIbHOMY CTPECCY
(couuaJbHOMY MOPaXEHUIO U IOBBIIIEHHON CKY-
yeHHOocTH) (Tramullas et al., 2012), y KpbIC TIpHu CO-
uuaabHoi nsonsguuu (IlvpeHoBa c¢ coasr., 2019), a
TaKXe mpu Ipyrux Bupax ctpeccos (Butler, Finn,
2009). AHanpre3us, BeI3BaHHAsI CTPECCOM ILJIaBaHUS
B XOJIODHOM BOJE, BBISIBIISUIACH B TECTE “B3IparmBa-
Hue/npepkku” (flinch-jump) mpu cTUMYJISIIAN 1Al
ajiekTpuieckuMm TokoM (Bodnar et al., 1978). IToka-
3aHO, YTO IIPY aHAJILIe3UM BO BpeMsI CTpeCcca BKITIO-
YalTCS HIOTEeHHBIE MEXaHU3MBbI, OTIOCPEIOBaHHbBIE
ormmougamu (Miczek et al., 1982). ITokazaHo, 4TO
aHaJbre3usi, UHAYLUMPOBAHHASI CTPECCOM, 3aBHCUT
OT MoJjla XKMBOTHOT'O, Y CAMOK aHaJIbre3us Oblia Bbl-
paxxeHa B MeHbllIeit crenieHu, yem y camioB (Butler,
Finn, 2009), ipu 3TOM I10JI0BbIE TOPMOHBI CAMIIOB U
CaMOK KpPBIC OKa3bIBaIOT CYILIECTBEHHOE BIUSHUE Ha
aHaJIbre3ulo. B HaIlMX oIbITax YMEHbIIEHNE BpeMe-
HU 3aMMpPaHM OCJIe 1M CTBIUSI TOKa Mbl HaOJIto1aIu
MPEeUMYIIECTBEHHO Y CaMIIOB, YTO COOTBETCTBOBAJIO
JAHHBIM JIUTEPATYPHI O ITOJIOBBIX Pa3IUYUSIX B aHAIb-
Te3UH IIpU CTpecce.
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B Tecte 1 yepe3 24 4 nocie oOydyeHUsI y CaMILIOB C
KoMOrHUpoBaHHbIM cTtpeccoM JITIC+CKVYY Bpems
3aMUpaHYsI Ha 3ByKOBOI1 CUTHAJI OBLIIO MEHBIIIE, YeM Y
rpyrel JITIC+CTAH/I, uto, BeposITHO, CBSI3aHO C
HapyIlleHreM CUTHAILHOM mamsTh (Tabm. 3). ¥ cam-
noB B rpymme JIIIC+CKYY nHapymanocs mudde-
pPEHIIMpOBaHNME KOHTEKCTA 1 CUTHAJIa, TIPOSIBISIBILIE-
€csl B TOM, YTO YBEJIMYEHMSI BpEMEHM 3aMUpaHus Ha
CHUTHAJI IO CPaBHEHUIO C KOHTEKCTOM HE IPOUCXO-
nuito. Ipu 3ToM BpeMst 3aMUpaHus TIPU MIPEabsIBIIE-
HUU TOJIbKO KoHTekcTa B rpynmnax ®PU3 u JITIC He
OTJINYAJIOCHh ¥ KPBIC B CTAHAAPTHBHIX M CKyYEHHBIX
YCIIOBUSIX. BaXkHO OTMETUTBH, YTO B KOHTPOJLHOM
rpynire ®N3+CKYY B Tecte BpeMsl 3aMHUpaHUS He
oTymaanock ot rpynmbsl PU3+CTAH/, T.e. oToenb-
HO CKYyYEHHOCTb He BJIMsUIa Ha aMsITh, BaXKHO OBLIO
COBMECTHOE IeMCTBIE CKYIeHHOCTH 1 PAaHHETO IIPO-
BOCHAJIMTEIBHOIO cTpecca. PaHee MbI IMoKa3aiu, 4To
KPBICHI, IEPEXKUBIINE PAHHUI ITPOBOCITAIATEIBHBINA
CTpecc, oKa3ajiuch HauOoJjiee YyBCTBUTEIbHBIMU K
JIPYrOMY BHUIY COLIMAJILHOIO cTpecca (COoLMaIbHOM
U30JISILIMN), CYIsl TTIO0 UBMEHEHUSIM B TPEBOKHOM I0-
BeIEHUHU, YCIOBHO-PE(IEKTOPHOM CTpaxe U B YPOB-
He KopTukoctepoHa B KpoBu (IlaBnmoBa c coasT.,
2021 a, 6). CxomgHble pe3yabTaThl ObUIU MOJYYEHBI B
pabote (Walker et al., 2009). KpbIChI 11ocie paHHETO
MPOBOCMHAJIUTEBHOIO CTpecca, MOABEpraBLIMECs
KOMOMHMPOBAaHHOMY cTpeccy (00e30BUXKEHUE U CO-
[IMaIbHAsI M30JISIIMS ) BO B3pOCIIOM BO3pacTe, IIPOSIB-
JISUTM TPEBOXKHOE ITOBEICHME B OOJIBINIEIT CTEIICHU,
YeM KOHTPOJIbHBIE XKMBOTHBIE, YTO aBTOPHI paccMa-
TPUBAJIN KaK TTOATBEPXKICHUE TUTIOTE3bI “IBOMHOTO
yoapa” (Walker et al., 2009). Panee Mbl BrIcKa3aiu
MpeanoyoXeHue, 4yto mnpoBocnanutebHbl JITIC-
CTpecC B paHHEM BO3PACTe BbI3bIBAET CEHCUTU3ALIUIO
HUMMYHHOM M TUIIOTaJaMO-TUNopu3apHO-HAANO0-
YEeYHMKOBOI CUCTEMEI, 13-3a YeT0O peaKIyusl Ha BTO-
pO¥i CTpecc OKa3bIBaeTCs 00Jiee CUIBHOM, YEM B CIIy-
yae oauHo4yHoro crtpecca (bpolueBuukas u ap.,
2020). U3BecTHO, YTO IJIUTEJIbHOE MPOXUBAHUE B
CKYYEHHBIX YCJIOBHSIX BBI3BIBACT YBEIMYCHME ITPO-
BOCHAJIMTEIbHBIX IUTOKMHOB B KpoBH. B omHMX pa-
0oTax HaOMIODANIM YBEIMYEHHE TOJBKO YPOBHS
WJI-16era (I'aBpuiioB ¢ coasT., 2021), B npyrux o0-
HapyXuJiu akTuBanuio TpaHckpunuuu UJI-17 u yr-
HETEeHUE SKCIPECCUU I'eHa MPOTUBOBOCIIAJIUTEIbHO-
ro uutokuHa MJI-4 (Jlocesa ¢ coanr., 2013). Ilpu
CKYYEHHOCTH HaOII0fa/IM YBeJIMUYEeHNE TTPOBOCIIAIN-
TEJIbHBIX IMTOKUHOB HE TOJILKO B KPOBU, HO U B TOJI-
CTOIl KMIIIKE, YTO COIPOBOXIAIOCh M3MEHEHMSIMU
MUKpoOuoThl KuieyHuka (Delaroque et al., 2021).
Beenenue JITIC B paHHeM OHTOreHe3¢ BbI3bIBAIO
00JIE3HEHHOE COCTOSIHHE Y KPBICSIT U YBEIUYCHUC
MPOAYKUWK  INPOBOCHAJIUTEIBHBIX  ITUTOKWHOB

(Alexander, Rietschel, 2001). Kak BBegenue JITIC B
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paHHEM OHTOIeHe3€e, TaK U CKYYEHHOCTh OKa3bIBaIOT
OJHOHAIpaBJeHHOe ACHCTBUE HA UMMYHHYIO CUCTEe-
My Kpbic. Mcxoast M3 3TUX JAHHBIX, MBI I10JIaraeM,
yTo mpoucxonwia cymmauus aggexkror ot JITIC u
CKYY€HHOCTH, YTO MPUBOAMIO K HApYILICHUSIM Tla-
MTU Y KpbIc camuoB rpymnisl JITIC+CKYY npu yc-
JIOBHO-PE(JIEKTOPHOM CTpaxe.

B kxauyecTBe BO3MOXKXHOIO MeXaHM3Ma yMEHbIIIE-
HUSI BpeMEHHM 3aMUpPaHUS B OTBET HA CUTHAN Y CaM-
oB B rpymniie JITIC+CKYY MoxXHO NpeanonoXuTh
HapylleHUe IOJTOBpeMeHHOM ImamsaTtu. Panee
yYMeHbIIIeHe BpeMeHH 3aMUpaHusI Ha curHai B Te-
cre 1 HabioganIu Mpu APYroM BUJE COLUATBHOTO
cTpecca — mpu counanbHou n3oistun (I1asiaosa ¢
coaBT., 2021a). CorinacHO JaHHBIM JIUTEpaTyphl, ITO-
cJIe U30JISIIUM B MOJIEJIA BEIPAOOTKM YCIIOBHO-ped-
JIEKTOPHOTO CTpaxa BO3HUKAET HapyIICHUE TOJITO-
BpPEMEHHOM ITaMATH, HO He KpaTKOBPEMEHHOM, O
YeM CBUICTCIHLCTBOBAIO HAPYIICHUE MAMITH Yepe3
24 4 unu 4 nHs TocJie 00ydyeHus, Ho He uepe3 90 MuH
u 4 4 (Okada et al., 2014; Matsumoto et al., 2019).
Hapyienue moiaroBpeMeHHOM aMSITU TIPOMCXOIN-
JIO U TIpW OPYTOM BHUAE COLMAIbHOIO CTpecca —
cTpecce COIMaIbHOM HECTaOMIBHOCTU, KOTIa Kax-
OBl IeHb MEHsIM mapTHepoB Io kietke (Green,
McCotmick, 2013).

¥ camuos B rpymnie JITIC+CKVYY nocne yraie-
Hus B TecTe 2 BpeMs1 3aMUPaHUS TAKXKe ObLIO MEHb-
e, yem B rpymnre JITIC+CTAH/, yTo, mo-BUAUMO-
My, OBLIO CBSI3aHO C 0OoJjiee CJIabbIM IPOSIBICHUEM
pedaekca B Tecre 1 cpady mocie o0yuyeHus (Tadi. 3).
To ectb 6onee ObICTpOE yraueHue pedJekca B rpyI-
ne JITIC+CKYY MoXHO 00bSICHUTh MEHBIIIUM ITPO-
SBJICHUEM pedJiekca Mocae BhIpabOTKH, a HE BIIMSI-
HHEM CKYYEeHHOCTH Ha caM IPOLIeCC yralueHus.

B nameit pabore mauTenbHOE MHPOXWBAaHUE B
CKYYEHHBIX YCIOBMSIX OKAa3ajlo HauOoJbIIee BO3-
JIeCTBME HA CaMIIOB KaK NpU TECTUPOBAHUU B
TIKJI, Tak ¥ mipu BbIpabOTKE YCIOBHO-pedIeKTOp-
Horo cTpaxa. I[Ipu aHanu3e ypoBHS KOPTUKOCTEPOHA
B KPOBH KPBIC TaKXe ObljIa IT0Ka3aHa OOJIbIIast 9yB-
CTBUTEJILHOCTh CAMIIOB K CKYYEHHBIM YCJIOBHSIM
(Brown, Gruberg, 1995). ¥ caMm1i0B NpoXuBaHUE B
CKYYEHHBIX YCJIOBUSIX IIPUBOAMJIO K YBEIUYCHUIO
KOHIIEHTpAaIlMM KOPTUKOCTEPOHA B KPOBH, Y CAMOK
YPOBEHb KOPTHMKOCTEPOHA HE MEHSIICS 10 CpaBHE-
HUIO CO CTaHAAPTHBIMU YCJIOBUSIMHM, T.C. CKYYCH-
HOCTb SIBJISIACH CTPECCOM TOJIBKO IUISI CAaMIIOB. YBe-
JINYeHNE YPOBHSI KOPTUKOCTEpOHA B KPOBU WU B
BOJIOCAX CaMIIOB KPHIC ¥ MBIIIEH MOCIe CKYy4eHHO-
CTH ObLIO OOHAPY:KEHO U B Ipyrux padborax (Uarquin
et al., 2016; Delaroque et al., 2021; Smitha,
Mukkadan, 2014). Heo6xoa1Mo OTMETUTb, UTO paH-

JKYPHAJ BbICIIEW HEPBHOW AEATEJIbHOCTHU

ITABJIOBA, bBPOIIIEBUILIKAA

HUI TIPOBOCHAIUTEIBHBIN CTPECC TakKKe OKa3bIBaj
Oosiblliee BJIMSIHAE Ha TPEBOXHO-IENPECCUBHOE U
colmajabHOe noBeneHue camioB (bpoieBuiikas c
coasT., 2020; 2021). D10, MO-BUAMMOMY, CBSI3aHO C
TEM, YTO CYILIECTBYIOT IIOJIOBBIE Pa3IMUMsI B OTBETE
MUMMYHHOI CUCTEMBI Ha CTPECCUPYIOIIME BO3IEii-
ctBus. Tak, HalpuMep, y CaMIIOB IO CPABHEHMIO C
caMKaMM TIPOUCXOAUT 0oJiee BbICOKAs 3KCIIPECCUst
T€HOB IPOBOCTAJIUTEIbHbBIX [IUTOKUHOB IIPU HIIIe-
mudyeckoM uHcyabTe (Villapol et al., 2019) wim
tpaBMe (Doran et al., 2019). Bénbiias ys13BUMOCTb
camuoB K BiausiHuto JITTIC oOBSICHsSIETCS TeM, 4YTO
HEHPOBOCTIAIUTEIbHBIN polecc MPOTEKAET
o-pa3HoMy y camuoB u camok (I'puropbsiH, 2020).
Kpome toro, actporeHbl caMOK CITOCOOHBI OKa3bl-
BaTh MPOTUBOBOCHAIUTEIbHOE BiMsiHME. M3BecTHO,
YTO B3CTPOTE€HBI YCKOPSIOT TpPOTeKaHUE BOCIAIU-
TEJIbHOTO Mpollecca B CTOPOHY €ro JeakTUBallUM,
OoJibIIIast PoJib IIPU 3TOM OTBOIMTCS IIPOTUBOBOCIIA-
smtenbHoMy 1L-4 (Villa et al., 2016), 1 3cTporeHbl
CIMIOCOOHBI 3aTOPMO3UTH BBIPAOOTKY ITPOBOCIIAIU-
TeJIbHBIX HUTOKMHOB (Najjar et al., 2018).

BbIBO/IbI

1. TectupoBaHME B “OTKPHITOM T10JI€” Y IPUTIOI -
HSITOM KpecTOOOpa3HOM JIaOMPUHTE HE BBISBIIO
MPU3HAKOB YBEJIWUYEHUS YPOBHSI TPEBOXHOCTH IO
BJIMSTHUEM CKYYEHHOCTHU. YMCIIO BBIXOMOB B LIEHTP,
BpeMs Ha nepudepuu B OI1, 4ncio BIXOIOB 1 I -
TEJIbHOCTB MpeObIBaHUS B OTKPBITHIX pykaBax [TKJI
He pasnuyanuchk B rpynmax CKYY u CTAH/. Te-
CTUpPOBaHUE OOHAPYKWIIO CHYKEHWE ABUTATEIbHOMN
aKTUBHOCTHU W YBEJIMYEHUE 3aMellalolleil aKTMBHO-
cTH (TPYMMHTa) KaK y CaMIIOB, TaK U CaMOK.

2. VY Bcex caMIIOB, COAEPXKABIIMXCS B CKY4eHHBIX
YCIIOBUSIX, MEHEEe YCIEIIHO BhIpabaThiBalach peak-
11l YCIOBHO-PEe(IEKTOPHOTO 3aMUPaHUSl B OTBET
Ha 3BYK KaK YCJIOBHBIM curHajia. OQHAKO TOJBKO Y
camuoB rpynmnsl JITIC Hapyiramach maMsiTb O CUTHA-
JIe o/ BIMSIHMEM CKYYeHHOCTH, cTpajgaia nudde-
PEHILIMPOBKA KOHTEKCTa ¥ CUTHaJIa, ObICTPEe IIPOX0-
VIO yTameHue pedJekca.

3. IIpu BeIpabOTKE YCIOBHO-PEDIEKTOPHOrO CTpa-
Xa caMmlpbl 10 CpaBHEHUIO C caMKaMM ObL1d Oosee
MOABEPXKEHbI HEraTUBHOMY BIMSIHUIO CKYYEHHOCTH.

4. TlepexuTblii paHHUI TPOBOCHATUTEIbHBIN
CTpeccC y CaMIIOB yCYTYOJISUT BIMSIHUE CKYYEHHOCTH.
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THE EFFECT OF OVERCROWDING ON ANXIETY AND CONDITIONED
FEAR IN RATS

I. V. Pavlova®, N. D. Broshevitskaya

Institute of Higher Nervous Activity and Neurophysiology, RAS, Moscow, Russia
te-mail: pavlovfml@mail.ru

The effect of prolonged housing (from the 30th to the 150th postnatal day) in increased crowding (15—17 rats in a
standard cage measuring 31 x 52 x 20 sm, 106—120 sm? per rat) on anxiety behavior, as well as the acquisition and
extinction of the conditioned fear in adult animals was studied. In half of the rats in early ontogenesis, activation of
the immune system was induced by the administration of bacterial lipopolysaccharide on the 3rd and 5th postnatal
days at a dose of 50 mcg/kg (LPS group). The other half of the rats were injected with saline solution (SAL group).
Starting from the 90th day, the rats were tested in an open field, an elevated plus maze, and conditioned fear to sound
was developed. Both males and females participated in the experiments. Testing revealed that the level of anxiety
didn’t increase, but the locomotor activity decreased and displacement activity (grooming) increased in both males
and females under the influence of crowding. During fear conditioning, all males kept in crowded conditions had a
shorter freezing time compared to the control. However, only in males of the LPS group, the memory of the signal was
disturbed under the influence of crowding, the differentiation of the context and the signal suffered, the extinction of
the freezing reaction passed faster. Thus, males compared to females were more susceptible to the negative impact of
crowding. Experienced early proinflammatory stress in the LPS group aggravated the effect of crowding.

Keywords: overcrowding, anxiety, conditioned fear, freezing, lipopolysaccharide
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AVRAWRA — APPLICATION FOR VIDEO RAW RECORD ACQUISITION
FOR NEUROIMAGING AND VIDEOREGISTRATION RESEARCH
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Abstract. Application for Video Raw Record Acquisition — AVRawRA [o:v'roirs], is a software designed for acquisi-
tion and recording video from the cameras into raw binary and compressed video formats. AVRawRA allows using a
wide range of camera devices in various neuroimaging applications. That provides the benefit of usage of expensive
video registration equipment for several tasks with single software. The concept of presented software allows add-
ing any camera device without rebuilding of the main code pipeline. Presented software has a user-friendly interface
with interactive elements for regulating parameters of acquisition and recording in real time, without stopping video
stream. Simultaneous real-time visualization, analysis and recording can be performed without loss of the efficiency
and missed frames. AVRawRA supports recordings from camera devices with both external and internal triggers. The
size of the saved video file is not restricted by the recording time and is limited only by the space on the storage. Our
software is perfectly suited both for the neuroimaging applications and experiments with supplementary videoregistra-
tion. To summarize, AVRawRA represents a universal platform for usage of various videoregistration devices, perform-

ing real-time analysis and high-speed recordings in raw and compressed video formats.

Keywords: video acquisition software, optical recording, neuroimaging
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1. INTRODUCTION

Nowadays, the vast majority of videoregistration
equipment (cameras) is provided by manufacturers
with their own software. This software allows the user
to acquire and store the data in commonly used video
formats like *.mp4, *.avi etc. Usage of multimedia
compression based also on the suggestion that a hu-
man being’s eye’s limitation, that an eye cannot rec-
ognize high frequency intensity changes (Venkatesh,
2018; Hubel, 1962). Therefore, reasonable loss of in-
formation from the raw image data won’t be detected
by our brain. However, changes in the recorded visual
image below the eye sensitivity level can contain im-
portant and crucial information in scientific applica-
tions. In a large amount of neuroimaging research,
qualitative description of the neuronal activity criti-
cally depends on the spatial resolution, noise/signal
ratio and acquisition rate. In calcium imaging, loss of
the spatial resolution can affect the following separa-
tion of active neurons (Hendel, 2020; de Melo Reis,
2022; Dard, 2022; Oh, 2019; Mues, 2013). Voltage
sensitive dyeing can provide a good time resolution of
the optical signal from the neuron, while modifying
each frame can lead to loss of this advantage (Peters-
en, 2001; Grinvald, 2004; Baker,2005; Popovic,
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2015). In optical intrinsic signal (OIS) imaging the
level of beneficial signal reaches only fractions of per-
cents from background intensity and loss of informa-
tion via compression can lead to absence of results
(Aitken, 1999; Vincis, 2015; Suchkov, 2022; Sintsov,
2017). In behavioral studies, videoregistration of ani-
mal movements can require high time and spatial
precision for correlation to the neuronal activity,
with accuracy of several milliseconds (Tiriac, 2015;
Akhmetshina, 2016; Indcio, 2016). Therefore, re-
cording video files in raw format is essential for neu-
robiological research. Sometimes cameras are sup-
ported by software, which can have some limitations
due to the specialization of the software to the given
field of research. That software, in practice, also has
low compatibility with other cameras, which prevent
usage of the same cameras or software in various ap-
plications. Proprietary software, commonly used in
non-scientific areas, mostly provide recordings in
compressed formats and only for widely used camer-
as (Salem, 2020). While the cost of the scientific vid-
eo equipment can reach tangible values, the necessity
of the software, which can cover at least basic func-
tions of video acquisition in various research, be-
comes noticeable. Here we presented an AVRawRA,
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software, which can provide main functions for video
acquisition and recording in raw data format from the
large amount of modern cameras, including web
cameras. Our software is fully compatible with Fire-
Wire (IEEE 1394), GigE (Gigabit Ethernet) and
USB cameras (USB3 Vision or DirectShow).
AVRawRA allows the user to record video files in sev-
eral formats, including raw binary (*.bin) and com-
pressed video format (*.avi). According to the techni-
cal features of the camera, video recordings can be
performed in several modes using both internal and
external triggers in various configurations. Frame rate
and spatial region of interest (ROI) can be manually
regulated if the camera allows that. A basic analysis of
intensity included in this version of software to pres-
ent the opportunity of the real-time analysis without
significant loss of the camera time resources.

2. AVRAWRA GRAPHICAL USER INTERFACE

AVRawRA graphical user interface contains panel
for setup main camera features, panel for setup region
of interest (ROI), panel for the record configuration,
panel for real-time image visualization and panel for
real-time analysis (Fig. 1).

2.1. “Camera setup” panel. The main step for the
user is a definition of the video adapter, camera and its
operating mode. First, the user should check availa-
bility and indicate the camera’s video adapter in the
“Adapter” combo box. Absence of an adapter of in-
terest may represent incorrect installation of the driv-
ers for the camera. Secondly, the user determines
which camera device, presented in the “Camera”
combo box, will be used for acquisition. Only con-
nected and supported by the chosen adapter cameras
will be represented in the “Camera” combo box.
Thirdly, the user should choose the operating mode of
the camera in the “Mode” combo box. Here will be
defined resolution, color mode. Some cameras with
unregulated frame rate also present different modes
with various predefined frame rates. Finally, numeric
controls “Exposure” and “Unit” will be available, if
the camera’s hardware architecture allows controlling
frame rate. When all combo boxes contain correct
(not blank) information, “Start” button will be ena-
bled to press and start acquisition with imaging in the
panel for real-time image visualization.

2.1.1. “Adapter” combo box. Combo box for se-
lection between available video adapters. To over-
view, the user should press the button with V symbol
to expand the list of automatically detected adapters.
The first video adapter is “IMAQ”, which represents
a part of the LABView Vision Acquisition Module
product. “IMAQ” video adapter based on NI-IM-
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AQdx package functions for acquiring and recording
video. LABView Vision Acquisition Module covers
the vast majority of modern manufacture cameras
with supporting FireWire (IEEE 1394), GigE (Giga-
bit Ethernet) and USB (USB3 Vision or DirectShow)
connection interfaces. The second available video
adapter is “Qimaging”, which represents the drivers
for the line of Qimaging CCD cameras. A package of
functions was designed by Qimaging for acquiring
data using LABView resources. That video adapter
was added as an example of an opportunity to acquire
data without the NI-IMAQdx package. Selection of
the video adapter automatically creates a list of the
available camera devices in the “Camera” combo
box.

2.1.2. “Camera” combo box. Combo box for cam-
era device selection. Camera device selection availa-
ble only after definition of the video adapter in
“Adapter” combo box. To overview, the user should
press the button with vV symbol to expand the list of
automatically detected cameras. Selection of the
camera device automatically creates a list of the avail-
able camera operation modes in the “Mode” combo
box.

2.1.3. “Mode” combo box. Combo box for camera
operation mode selection. To overview, the user
should press the button with vV symbol to expand the
list of automatically extracted modes for the selected
camera device from “Camera” combo box. Camera
operation mode selection is available only after defi-
nition of the camera device in the “Camera” combo
box. Camera operation mode can be changed during
video acquisition (after pressing the “Start” button
from the “Camera setup” panel), but not during the
recording (after pressing “Rec” button from the “Re-
cord control” panel). Selection of the camera opera-
tion mode is a last obligatory action to unlock the
“Start” button.

2.1.4. “Exposure” numeric control and “Unit”
combo box. Numeric control and combo box to set
value and units, respectively, of the exposure time for
each acquisition frame. To change a numeric value,
the user should manually type the acquisition frame
time or press a button with A or V symbol (to increase
or decrease on 1 value point, respectively). To change
time units, the user should press the button with v
symbol to expand the list of automatically defined
time units. The exposure time is automatically set to
16 ms, however, that value can be out of range of the
used camera. Therefore, users should verify accept-
able time ranges for exposure times before operation.
Not correct exposure time will lead to abort of the
application. “Exposure” numeric control and “Unit”
Ne 3
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combo box are not available for the cameras with
constant frame rate.

2.1.5. “Start” button and “Acquiring” indicator.
Button to start/stop acquisition and indicator to rep-
resent corresponding mode. To start acquisition,
press once on the “Start” button. Normally, “Ac-
quiring” indicator will change color to light green,
“Start” button will be highlighted with yellow color
and an image from the camera will appear on image
display in the real-time image visualization panel. A
second press on the “Start” button will stop acquisi-
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moved) and switch off “Acquiring” indicator (dark
green color). It is highly recommended to stop acqui-
sition before switching between camera devices to
avoid unpredictable abort of the application.

2.2. Real-time image visualization panel. Re-
al-time image visualization panel is designed to dis-
play acquired frames, provide spatial navigation
through the image, set or change ROI, represent in-
formation about current camera operation mode and
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2.2.1. Image display. Interactive display for image
acquired frames. Become enabled automatically after
“Start” button press. Interactive display allows user
to observe real-time image from the camera, change
image color map (visually), snap and save image to
file (*.png). ROI selection by default is represented as
a red-colored contour which covers the image. Color
map change and snap/save image functions can be
called by right-clicking on the image display area
with the following selection of the related functions.

2.2.2. Navigation and ROI toolbar. Toolbar with
tools for spatial navigation through the image and
setting the ROI. Toolbar contains zooming tool
(magnifying glass symbol), selection tool (arrow sym-
bol), dragging tool (hand symbol), rectangle ROI set
tool (hand symbol), freehand ROI set tool (blot sym-
bol), ellipse ROI set tool (ellipse symbol). The zoom-
ing tool allows the user to zoom in/out the displayed
image. Zooming tools don’t affect the recorded im-
age size and are used only for the visual zoom. Selec-
tion tool is a neutral tool, which replaces actions of
other tools and indicates the position of the pointer
on the image display in the status string (see Graphi-
cal user interface - Panel for real-time image visuali-
zation — Status string subsection). Dragging tool al-
lows the user to move along a zoomed image.
Rectangle, freehand and ellipse ROI set tool allows
the user to draw the area, which will be used to calcu-
late the ROI region, using respective interactive
shapes.

2.2.3. “Bit depth” string. Text string that shows a
bit depth of the image, used to record (except com-
pressed video, see Methodology section).

2.2.4. “max FPS” string. Text string that shows a
maximum frame per second (FPS) value. Maximum
FPS value is evaluated from the camera parameters.

2.2.5. “max FI” string. Text string that shows a
maximum frame interval (FI) value. Maximum FI
value is evaluated from the camera parameters.

2.2.6. “real FPS” string. Text string that shows a
real frame per second (FPS) value. The Real FPS
value is evaluated as reciprocal to the frame time in-
terval (in seconds) extracted during acquisition be-
tween current and previous frame timestamps.

2.2.7. “real FI” string. Text string that shows a
real frame interval (FI) value. The Real FI value is
evaluated as the frame time interval (in seconds) ex-
tracted during acquisition between current and previ-
ous frame timestamps.

2.2.8. Status string. Text string that shows current
used camera operation mode, zoom factor, a bit
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depth of the acquisition stream and position of the
pointer on the display image.

2.2.9. “Writing” indicator. Button for start/stop
acquisition and indicator to represent corresponding
mode. To start acquisition, press the “Start” button
once. Normally, “Acquiring” indicator will change
color to light green, “Start” button will be highlight-
ed with yellow color and an image from the camera
will appear on image display in the real-time image
visualization panel. A second press on the “Start”
button will stop acquisition, deactivate “Start” but-
ton (yellow highlight removed) and switch off “Ac-
quiring” indicator (dark green color). It is highly rec-
ommended to stop acquisition before switching
between camera devices to avoid unpredictable abort
of the application.

2.2.10. “Trial #” string. Text string that shows a
number of the current recording trial. Text string
shows zero value when the number reaches the value
defined by “Trials #” numeric control.

2.2.11. “Trigger #” string. Text string that shows a
number of the current received camera trigger. Text
string shows zero value when the number reaches the
value defined by “Triggers per trial” numeric control.

2.2.12. “Time” string. Text string that shows a
time of the current recording trial in seconds. Text
string shows zero value when the number reaches the
value defined by “Triggers per trial” numeric control.

2.3. “Region of interest (ROI)” panel. Region of
interest panel is designed to set/unset ROI and dis-
play ROI parameters. ROI region calculated as a rec-
tangle area with left, top, width and height parame-
ters extracted from the minimum and maximum Xx-y
values of the interactive shape mask borders (see
Graphical user interface — Panel for real-time image
visualization —» Navigation and ROI toolbar). Inter-
active shape mask is a rectangle that circumscribes
interactive shape.

2.3.1. “Set ROI” button and “ROI on” indicator.
Button to set ROI action and indicator to show that
ROl is used. To set ROI, press the “Set ROI” button.
Normally, “ROI on” indicator will change color to
light green and an image on the real-time image visu-
alization panel will be reduced to ROI values.

2.3.2. ROI array indicator. Indicator of ROI val-
ues that represent left, top, width and height values
for the rectangle that circumscribes interactive shape
of ROIL.

2.3.3. “Reset ROI” button. Button to reset ROI
back to the original size of the camera operation
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mode. To reset ROI, press the “Reset ROI” button.
Normally, “ROI on” indicator will change color to
dark green and image on the real-time image visuali-
zation panel will be recovered to the camera opera-
tion mode values.

2.4. “Record control” panel. “Record control”
panel is designed to manage record parameters, select
the type of record file and start recording. Record
triggering parameters are extracted from the camera
device properties and presented in the “Trigger”
combo box. “Record type” combo box is used to
specify the record file type (raw or compressed). The
record can also be binned using a 4x4 square kernel, if
necessary. Each record is formed by repetitive trials
with predefined duration and number of triggers. Tri-
al recording stops when the duration time or number
of triggers per trial reaches predefined values. Record
automatically stops when the number of trials was
reached or the “Rec” button was manually disabled
by the user. Number of trials, trial duration and num-
ber of camera triggers are defined by user in the “Tri-
als #”, “Trial duration”, “Triggers per trial” numeric
controls. Additionally, time units for trial duration
time can be specified in the “Unit” combo box. After
adjusting all necessary parameters, “Rec” button can
be pressed to start recording. Record will start imme-
diately, if the user selected the “Free” file type. Oth-
erwise, a user dialog interface will ask for the saving
folder pathway. The user should specify the folder
and press the “Current folder” button in the user dia-
log. Afterward, AVRawRA will automatically create a
subfolder, named as current date (format YYYY-
MM-DD) and place a record file there.

2.4.1. “Trigger” combo box. Combo box for selec-
tion between available camera trigger modes. “Free”
mode is set by default to cameras without the possi-
bility of external triggering. To change trigger type,
the user should press the button with V symbol to ex-
pand the list of automatically defined time units.
Trigger mode has different designs for different de-
vices (cameras) and depends on the specific model.
The most common type is a free (or internal) trigger
(“Free”), in which the image is read from the camera
after the exposure time has been reached. When using
other modes, the trigger will determine when infor-
mation needs to be read from the camera. In this
case, this can be either the time of each frame deter-
mined by the trigger, or, for example, a set of frames
received while maintaining the trigger in the active
state (+5V). The source is an external signal genera-
tor connected to the corresponding functional port of
the camera (if available). Thus, the operation of the
trigger will depend on the corresponding selected
camera mode according to the documentation. The
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list of trigger modes is automatically read from the
device during camera initialization and displayed
here.

2.4.2. “Record type” combo box. Combo box for
selection between record file types. The record can be
saved in raw binary (*.bin) or compressed (*.avi) for-
mats. Experimental I0S3 format is also presented in
the current software release and will be used as format
for RGB-colored video (see Future directions).
“Free” format allows the user to record in the testing
mode without creating any files. To change record
type, the user should press the button with v symbol
to expand the list of automatically defined time units.

2.4.3. “Binning record” switch with indicator.
Switch with an indicator to set/unset binning mode
for the record file. The indicator changes its color to
light green for “binning on” mode and to dark green
color for “binning off” mode.

2.4.4. “Trials #” numeric control. Numeric con-
trol to set number of repetitive trials. Users can inter-
actively change this value during recording. Value
will be checked only after the current trial finishes
recording. Trial number displayed in the “Trial #”
string (see Real-time image visualization panel -
“Trial #” string). To change a numeric value, the
user should manually type the number of trials or
press a button with A or V symbol (to increase or de-
crease on 1 value point, respectively).

2.4.5. “Triggers per trial” numeric control. Nu-
meric control to set the number of triggers in a single
trial. Users can interactively change this value during
recording. Interactively set value will be taken into
account if it is more than the current value, displayed
in the “Trigger #” string (see Real-time image visual-
ization panel » “Trigger #” string). To change a nu-
meric value, the user should manually type the num-
ber of triggers or press a button with A or vV symbol (to
increase or decrease on 1 value point, respectively).

2.4.6. “Trial duration” numeric control. Numeric
control to set duration of single trial. Users can inter-
actively change this value during recording. Interac-
tively set value will be taken into account if it is more
than the current value, displayed in the “Time” string
(see Real-time image visualization panel - “Time”
string). To change numeric value, the user should
manually type the duration time or press a button
with A or vV symbol (to increase or decrease on 1 value
point, respectively).

2.4.7. “Unit” combo box. Combo box for selection
time units of the trial duration, presented in the “Tri-
al duration” numeric control. To change time units,
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the user should press the button with vV symbol to ex-
pand the list of automatically defined time units.
Change of the units will not affect the presentation of
time in the “Time” string (see Real-time image visu-
alization panel - “Time” string), which is always dis-
played in seconds.

2.4.8. “Rec” button. Button to start recording to
the file. To start recording, press the “Rec” button
once. Normally, “Writing” indicator (see Real-time
image visualization panel - “Writing” indicator) will
change color to light green, and the “Rec” button will
be highlighted with yellow color. A second press on
the “Rec” button will stop recording, deactivate the
“Rec” button (yellow highlight removed) and switch
off the “Writing” indicator (dark green color). How-
ever, the camera will wait for the last trigger due to
the mechanisms of stream triggering.

2.4.9. “Pause” button. Unfunctional experimen-
tal button, will be developed for the next release to
pause recording.

2.5. “Real-time analysis” panel. “Real-time anal-
ysis” panel is designed to show users some additional
information about image properties. This panel is still
developing, and for now presents two options: analy-
sis of pixel intensity distribution (“Intensity histo-
gram” graph) and preview for the image binning
(“Software binning” switch with indicator).

2.5.1. “On/off” switch with indicator. Switch with
an indicator to enable/disable real-time analysis. The
indicator changes its color to light green for “analysis
on” mode and to dark green color for “analysis off”
mode.

2.5.2. “Software binning” switch with indicator.
Switch with an indicator to enable/disable software
binning of the data. The indicator changes its color to
light green for “binning on” mode and to dark green
color for “binning off” mode. Software binning disa-
bles the “Rec” button. If software binning was ena-
bled, the video stream was replaced by original imag-
es, spatially smoothed using cumulative intensity
from the 4x4 square kernel.

2.5.3. “Intensity histogram” graph. Graph for
showing image pixel intensity distribution. Full im-
age used by the default. If the ROI contour was de-
fined by a user, only pixels inside the ROI contour
will be used for estimation of the pixel intensity distri-
bution. Automatically evaluated after enabling re-
al-time analysis. Bit depth of each pixel is defined by
the video stream parameters. X-value represents in-
tensity in the bit fullness, Y-value represents number
of pixels with current bit fullness. Number values for
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the y-axis are switched off to remove the effect of the
rapid change of the values during autoscaling.

3. METHODOLOGY

AVRawRA is following a simple workflow. During
“Prepare device mode” users select necessary camera
device and operation mode and define a frame rate, if
possible. Interface for setting acquisition parameters
is placed in the Camera setup panel (see “Camera
setup” panel). Afterwards, “Acquisition session” is
started after pressing the “Start” button (see “Cam-
era setup” panel — “Start” button and “Acquiring”
indicator). During “Acquisition session”, the user is
able to monitor the real-time image from the camera
device (see Real-time image visualization panel), set
ROI (see “Region of interest (ROI)” panel) and
change camera operation mode and frame rate (see
“Camera setup” panel), if necessary. Real-time anal-
ysis can be optionally switched on to visualize param-
eters of the image (see “Real-time analysis” panel) or
sequence of images (see Future directions). To move
to the “Recording session”, the user should set prop-
erties of the record (see “Record control” panel) and
press “Rec” button. After the record will be stopped
(manually or according to the record parameters),
the program state will return to “Acquisition ses-
sion”. AVRawRA does not allow you to open and
view already recorded files. Files with AVI extension
can be played in any media player that supports this
format (if there are appropriate decoding libraries -
codecs). The binary format can be read using any
programming language with an implementation for
reading binary files (for example, the “fread” func-
tion in the Matlab programming environment).

3.1. “Prepare device mode”. “Prepare device
mode” is the first and important stage of the workflow
for the full description of the device which will be
used in “Acquisition session” and “Recording ses-
sion”. Necessity of this stage obviously originates
from the logic of interaction between devices and
software. Firstly, each camera device uses a corre-
sponding video adapter to identify itself in the operat-
ing system. Software will not find the device without
correctly installed camera drivers for the adapter.
That is a key point to allow software to find the cam-
era device. Secondly, the camera device itself and op-
eration mode of the camera should be selected to cre-
ate the correct video stream (see “Acquisition
session”). Created video streams correspond to the
camera device, and it should be reorganized after
changing the device. Therefore, it is highly recom-
mended to stop “Acquisition session” before chang-
ing camera device or adapter, but not the camera op-

eration mode or frame rate. That recommendation is
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based on the architecture of the program. After
change of the camera device or adapter, the depend-
ent parameters of camera names and operation modes
will be fully reset and unset. Therefore, algorithms
will not recognize camera name or operation mode,
leading the program to abort. Operation mode or
frame rate have no critical dependencies, therefore
they can be changed anytime. During “Prepare de-
vice mode” a video stream is not created that is indi-
cated by the “Start” button and “Acquiring” indica-
tor.

3.2. “Acquisition session”. “Acquisition session”
is a main and mostly used stage of the workflow,
where a real-time video stream from the camera de-
vice is created and processed. On this stage the user is
allowed to work with the video stream in the “Live
view” mode to see its features (such as FPS) during
preparation for the record. Video stream presents a
sequence of the images, constantly collecting from
the camera. Once created, the video stream corre-
sponds to the parameters which were set in “Prepare
device mode”. The internal logic of the AVRawRA
allows building video streams for any cameras in the
universal way. That was achieved by isolating pro-
cesses of setting camera parameter names, provided
by the manufacturer, to the blocks with universe in-
puts from “Prepare device mode” and output in form
of video stream. That approach allows a simple pro-
cess of building and encapsulation of the necessary
camera block, despite the large variety of parameter
names from company to company. If bit depth is
specified among internal camera acquisition parame-
ters, it will be used to build the video stream. Other-
wise, 16-bit depth will be used for each image in the
video stream by default. Only monochrome video
streams are allowed in the presented version of the
software. Camera operation modes, providing color-
ed images, are automatically converted to the mono-
chrome image. However, opportunities to work with
colored images will be recovered in the future release
(see Future directions). Image display (see “Re-
al-time image visualization” panel — “Image dis-
play”) shows one current image from the sequence
and renews it according to the frame rate. Parameters
of the stream are represented in the status string be-
low the image display (see “Real-time image visuali-
zation” panel — “Status string™). All real-time analy-
sis in presented software is based on the current image
properties (see “Real-time analysis”). To switch on/
off real-time analysis advantages, “On/off” switch
with indicator is used. During usage of software bin-
ning (see “Real-time analysis” - “Software binning”
switch with indicator) each consequent image is ex-
tracted from the video stream, recalculated as a cu-
mulative intensity from 16 pixels forming 4x4 square
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and placed back to the video stream. That option is
used only for the displaying and real-time analysis
functions (“Recording session” is blocked), because
it consumes machine time resources. Therefore, for
the correct recording with binning instead of “Soft-
ware binning”, the user should use a corresponding
switch on the “Record control” panel (see “Record
control” panel = “Binning record” switch with indi-
cator). That option will perform data binning during
saving to file, but not during acquisition. “Acquisi-
tion session” also allows users to optionally define
ROI using Navigation and ROI toolbar instruments
(see “Real-time image visualization” panel » “Navi-
gation and ROI” toolbar). ROI contour is used to ex-
tract pixels from an image to build an intensity histo-
gram (see “Real-time analysis” — “Intensity
histogram” graph). The user also can use ROI as a
reference for image size by using the “Region of in-
terest (ROI)” panel. A rectangle that circumscribes
the interactive shape of ROI will be used as a new size
for the frame. Video stream will be reconfigured, if
camera device properties allow defining ROI (de-
scribed in the camera device manual). Finally, “Ac-
quisition session” allows the user to start “Recording
session” using the “Rec” button (see “Record con-
trol” panel - “Rec” button).

3.3. “Recording session”. “Recording session” is a
final stage of the workflow, where the user can save
acquired frames to the file. To start a “Recording ses-
sion”, the user should define record parameters using
the “Record control” panel (see “Record control”
panel). According to set parameters, each record will
contain trials with frames. Frames acquisition can be
triggered internally (or in “Free” record mode) by
camera device pacemaker or externally by trigger in-
put on camera device (if it exists). The full set of trig-
ger modes is extracted from the camera device prop-
erties at the stage of forming the camera block (see
“Acquisition session”) and is presented in the “Trig-
ger” combo box (see “Record control” panel - “Trig-
ger” combo box). When the camera device obtains a
trigger, the image is acquired and placed into the
buffer. Buffer is created in the beginning of the record
and works as a process parallel to the video streaming.
Images from the buffer are extracted and written to
the file by the third parallel process. Therefore, ac-
quiring and recording processes are working inde-
pendently, providing high speed of the simultaneous
visualization and saving of the data. Finally, files are
saved to the raw binary or compressed video formats.
The raw binary file (*.bin) consists of two parts: head-
er and data array part with structure presented in Ta-
ble 1. The “Header” section of the file contains the
following sequential information (93 bits): 1) Service
(80 bits); 2) Number of light sources (optional, 1 bit);
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3) Frame width (number of pixels, 2 bits); 4) Frame
height (number of pixels, 2 bits); 5) Parameters of the
rectangular region of interest (ROI) used in the re-
cording (coordinate values of the upper left corner of
the ROI relative to the upper left corner of the frame
in pixels - 4 bits, ROI width - 2 bits, and ROI height
- 2 bits). In the “Data Array” section of the file, each
frame (Frame) corresponds to a data block that se-
quentially contains: 1) information about the occu-
pancy (in bits) of each pixel of the frame; 2) Times-
tamp in seconds (2 bits), milliseconds (2 bits) and
microseconds (2 bits); 3) Trial number. In the case of
an avi-file, the information is organized according to
the structure of the avi-file, with frames being record-
ed sequentially, trial by trial.

4. RESULTS

We tested AVRawRA in several applications.
Firstly, AVRawRA showed perfect results for regis-
tration reflected light from the animal skull (Fig. 2).
The record was performed with external triggering of
the camera under the green LED illumination.
AVRawRA was able to catch, visualize and analyze
each frame simultaneously with FPS rate 36 frames
per second with resolution of 348x260 pixels. Video
stream was recorded to the raw binary file without
loss of the points. AVRawRA successfully visualized
and recorded each frame to the raw binary file, which
had a final size of 1.5 Gb. That shows us the stability
of the record even with switched-on visualization and
real-time analysis.

Secondly, we tested usage of the ROI instrument.
To demonstrate that we used an experiment shown

Table 1. The raw binary file (*.bin) file structure
Ta6muma 1. Ctpykrypa nBongHoro ¢aiina (*.bin)

SUCHKOV et al.

on Fig. 2. Usage of the ROI allowed the user to esti-
mate pixel intensity distribution in the targeted area
(Fig. 3). After the decision to set the current ROI the
“Set ROI” button was pressed. Image size in the
stream was reduced from 348x260 pixels (Fig. 3) to
88x112 pixels (Fig. 4), which increased FPS from 36
to 50 frames per seconds. “ROI on” indicator was
highlighted with a light green color, while ROI coor-
dinates were represented as non editable values in the
right part of the “Region of interest (ROI)”.

To verify the efficiency of the IMAQ adapter, we
connected to the web camera with AVRawRA (Fig.
5). Software was able to perform all types of video re-
cordings. Web cameras usually did not support exter-
nal triggering, therefore all recordings were made us-
ing internal triggers.

Testing showed us several results. AVRawRA soft-
ware allows us to use various camera devices. AVRaw-
RA software allows us to use one camera device for
the different scientific neuroimaging approaches. Re-
al-time analysis is fully functional and compatible
with AVRawRA features like ROI and binning.
AVRawRA software allows us to use one camera de-
vice for the different scientific neuroimaging ap-
proaches. Summarizing that, AVRawRA software
allows performing high-speed recordings with simul-
taneous visualization and real-time analysis without
loss of efficiency.

Future directions
AVRawRA demonstrates a well organized envi-
ronment and concept of data workflow. However,
despite obvious benefits, presented software has some
restrictions and deficiencies. Therefore, future re-

Variable name Number of elements Type
HEADER
Free space 80 char
Number of colors 1 uint8
Image width 1 uint16
Image height 1 uint16
ROI elements 4 uint16
DATA ARRAY
Frame 1 image width * image height uint16
Timestamp 1 (s,ms,us) 3 uint16
Trial number 1 1 uint16
Frame N image width * image height uint16
Timestamp N (s,ms,us) 3 uint16
Trial number N 1 uint16
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lease of the AVRawRA will cover the following key
improvements: 1) acquiring and recording both in
monochrome and colored modes; 2) moving from
NI-IMAQdx functions (which require additional li-
censing after the installation of the compiled applica-
tion) to NI-IMAQ functions (which provide fully
free compiled application); 3) extension of the re-
al-time analysis to display image sequence features;
and 4) opportunity of the recording pause. Also, au-

thors plan to develop an application for creating
camera blocks. Camera blocks will be created inde-
pendently as virtual instruments by the user for fur-
ther upload to the AVRawRA.

5. DISCUSSION
Modern scientific videoregistration equipment
can require large finances. Therefore, usage of the
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Fig. 2. Real-time intensity analysis during recording with Qcam 1394 fast camera. Image display shows a single frame with
an image of the rat skull surface under the green (525 nm) LED highlight. Real-time intensity analysis shows distribution of

the pixel intensity for the current frame in the image display.

Puc. 2. AHann3 MHTEHCUBHOCTH Kalipa B peaJIbHOM BpeMEHM BO BpeMmst 3armicy Kamepoii Qcam 1394, Ha mucrinee oto6pa-
JKaeTCsI OMUH Kalp ¢ U300paxkeHUeM ITOBEPXHOCTH Yepera KPbICHI C IIOACBETKOM 3eJIeHBIM (525 HM) CBETOIMONOM. AHAIN3
MHTEHCUBHOCTH B pealbHOM BPEMEHHU ITOKa3bIBaeT paclpeaeicHue MHTEHCUBHOCTY TUKCeel Il TeKYyIero Kaapa Ha

JUCTLIEC 1/1306pa)KCHI/I$[.
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camera device in various imaging techniques can be
essential for the researcher. We developed AVRaw-
RA in the universal way to provide the user an op-
portunity of connection of the camera device in any
configuration for performing various scientific re-
search requiring videoregistration. However, diver-
sity of the camera device parameters among modern
manufactures creates a problem for the design of the
universal software. AVRawRA was conceived as a
tool for the fast video recording in the raw binary

SUCHKOV et al.

data format for a wide range of the cameras. That
requires high performance of the acquiring, visual-
izing and saving of the video data. Therefore, we
used LABView as the most suitable development
environment for the interaction with hardware. The
greatest advantage of the LABView is a large and
convenient functionality to direct connection to
hardware devices and integrated by default ability of
creating parallel processes. Firstly, stable interac-
tion with various hardware using LABView libraries
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Fig. 3. Real-time intensity analysis using Qcam 1394 fast camera with marked ROI to the video stream from Fig. 2. Image
display shows a single frame with an image of the mouse skull surface under the green (525 nm) LED highlight. The ROI
region was marked with a red contour using the “freehand” tool. Real-time intensity analysis shows distribution of the pixel
intensity inside the ROI region. Frame rate is 36 frames per second.

Puc. 3. AHaM3 MHTEHCUBHOCTH Kajipa B pealbHOM BPEMEHU C UCIOJIb3oBaHMeM Kamepbl Qcam 1394 ¢ oTMeueHHBIM
perMoHOM MHTepeca JJisi BUIeoNnoToKa Ha puc. 2. Ha qucruiee orobpaxkaeTcs oauH Kaap ¢ U300pakeHUeM MOBEPXHOCTU
yeperna MbIIIN IO TOACBETKOM 3e1eHoro (525 HM) cBetonuoaa. PernoH nHtepeca OoTMEYeH KPACHBIM KOHTYPOM C IO-
MOILIBI0 MHCTPYMEHTa “cBOOOMHAs pyKa”. AHaIM3 MHTEHCUBHOCTH B PealbHOM BPEMEHM ITOKA3bIBAET pacrpencicHue
MHTEHCUBHOCTH MuKceei BHyTpu oomacti ROI. YacTtora cocrapisieT 36 KanpoB B CEKYHIY.
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eliminates the necessity of developing a support
package for each device. Secondly, the universal set
of functions for each type of device provides a con-
venient architecture of code, where each interaction
with any device can be formed as blocks with con-
stant inputs and outputs, despite different numbers
and names of the internal parameters of the devices.
Thirdly, various tasks can be performed inde-
pendently in the same time as a part of LABView
language logic, while in other development environ-
ments that is an option. The combination of the de-
scribed factors completely satisfied the conditions
for completing our task. However, synchronization

and accuracy of interactions between parallel pro-
cesses should be carefully taken into account. Using
the advantages of the LABView, we designed a con-
cept of “camera block”, where a virtual instrument
is designed with standard inputs and outputs, while
all differences of the camera device parameter names
are described only inside this virtual instrument
(“camera block”). That allows the user to add
“camera block” to the software without reorganiz-
ing the main interface.

Among the available free software, Micro-Man-
ager can be noticed as the closest analogue (in terms
of functionality). However, Micro-Manager is a pro-
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Fig. 4. Real-time intensity analysis using Qcam 1394 fast camera after setting ROI to the video stream from Fig.2. Frame was
reduced using ROI from 348 x 260 pixels to 88 X 112 pixels. Frame rate is 50 frames per second.

Puc. 4. AHanu3 MHTEHCUBHOCTHU B peaJIbHOM BPEMEHU € MOMOIIbI0 ObICTpoit Kamepbl Qcam 1394 nocnie Hactpoiiku ROI
IUTst BUzieonoToka ¢ puc.2. Kaap 6si1 yMeHbleH ¢ momorisio ROT ¢ 348 x 260 nukceneit no 88 x 112 nukceneit. Yacrora

coctassieT 50 KaapoB B CEKYHIY.

KYPHAJI BbICILIEW HEPBHOM AEATEJIbHOCTHU

TOM 74 Ne 3 2024



380

fessional solution for a wide range of tasks, which
leads to a more complex interface, as well as to some
limitations (for example, organizing video recording
in timed trials). The functionality implemented in
AVRawRA is specialized to the usage of video camer-
as for recording video files. The user can configure
video recording and camera parameters in one inter-
face. Flexible modes for setting up and organizing
video recording in AVRawRA allow the user to or-
ganize record both in streaming form and in the form
of partial trials with fixed time intervals.

SUCHKOV et al.

In the presented software we designed and inte-
grated a “camera block™ for three cameras (Qimag-
ing Qicam 1394 fast, Photonfocus MV1-R1280-
50-G2-16,  Teledyne  FLIR  Blackfly S
BFS-U3-04S2M). Qimaging Qicam 1394 fast re-
quires a unique adapter, which is provided with ap-
plication as self-extracted installation free package.
Photonfocus MVI1-R1280-50-G2-16, Teledyne
FLIR Blackfly S BFS-U3-04S2M and a large set of
similar cameras are supported by the resources pro-
vided by the NI-IMAQdx module. That is quite con-
venient and removes hardware problems of interac-
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Fig. 5. Acquiring and recording with a web camera device (Logitech C270) to the compressed video format (AVI). In the
right bottom corner an inset with a fragment of the recorded video file opened in the media player.

Puc. 5. Cpremka u 3anuch Be6-kKamepoii (Logitech C270) B cxkarbiii Buneodopmar (AVI). B mpaBom HUXKHEM yrily Moka-
3aHa BCTaBKa ¢ (hparMEeHTOM 3aIllMCaHHOTO BUAeo(daiiia OTKPHITOrO B Meuaruieepee.
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tion with camera devices. However, the principal
limitation should be mentioned. NI-IMAQdx mod-
ule requires additional licensing, which can be a large
budgetary burden for the laboratory. Therefore, our
team plans to move from the NI-IMAQdx module to
the simple NI-IMAQ and NI-IMAQ I/0 functions
that are covered by the developing license. Another
option is to use LABView virtual instruments, which
are already provided by some manufacturers in the
camera device support package. However, those vir-
tual instruments are still specific for certain camera
devices. Therefore, the universal approach of “cam-
era block” again can solve that problem. For now, all
“camera block” virtual instruments can be designed
by request. However, in future software releases we
plan to create an application that will allow the user
to create his own “camera block” virtual instrument
and upload it to the AVRawRA.

6. CONCLUSION

AVRawRA software concept is trying to keep the
delicate edge between complexity of the camera de-
vice software/hardware interaction and user-friendly
interface. Moreover, AVRawRA provides an oppor-
tunity for high-speed raw video data acquisition and
recording. Additionally, AVRawRA demonstrates
low-resource consuming real-time image analysis
that can be essential for neuroimaging research. In
summary, AVRawRA is a convenient tool for video
acquisition and recording, however, for now with
some additional licensing limitations.

7. HARDWARE AND SOFTWARE
REQUIREMENTS

Disk space: 1GB; RAM: 1GB;
IBM PC-compatible;
OS: Windows 7.0/8.0/8.1/10

8. LICENSE

The software can be freely used for scientific and
educational purposes. If used for commercial purpos-
es, it is necessary to notify the first author (Dmitrii
Suchkov). AVRawRA is developed in LABView,
therefore a run-time module for LABView 2020 is in-
cluded in the installation executable file. The instal-
lation file is designed for direct installation on Win-
dows operating system without additional
preparations. Attention: IMAQ adapter requires ad-
ditional licensing (https://www.ni.com/en/support/
documentation/supplemental/18/licensingnation-
al-instruments-vision-software.html).

KYPHAJI BbICILIEW HEPBHOM AEATEJIbHOCTHU

To install AVRawRA all files from the presented
repository should be uploaded. Link to the free repos-
itory with installation files: https://gitlab.com/lab-
equipment-assemblies1/avrawra
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AnHotauus. [Iporpamma Bumeopeructpaimu B OuHapHoM (opMmare — AVRawRA [aBpOpa] mipencrapiser co6oit
nporpaMMHoe obecreyeHue, MpegHa3HaueHHOE /17151 cOopa U 3aliCH BUAEOCUTHAJIA C KaMep B BUIE ABOUYHOTO KO/ia
unu cxkaroro Buneodopmara. AVRawRA 103BossieT MCTIOb30BaTh MMPOKUIA CIIEKTP BUIEOKAMEpP B Pa3TUIHBIX
HeWpOBM3yaM3allMOHHBIX 3aMadyax. DTO HaeT MPEeUMYIIeCTBO WCIOJIb30BaHMS HOPOTOCTOSIIIET0 000pYyIOBaHUS
BUIICOPETUCTPALIMM [UISI DELIEHUs] HECKONbKHX 3aJady C TOMOIIbI0 OZHOTO MPOTPAMMHOIO 00ECTeYeHUsI.
KoHnenus npencraBaeHHOTO MPOTPAMMHOTO O0ecTIeUeHsT TT03BOJISIET T0OABIISATh JTI000e KaMepHOe YCTPOUCTBO
0e3 TmepecTpoiiKM OCHOBHOTO KOHBeliepa kona. [lpencraBieHHOE MporpaMMHOe oOecrieueHre MMeeT YyHOOHBIN
uHTepdelic ¢ MHTEPaKTUBHBIMU 3JIEMEHTAMU IS PETYJIMPOBAHUS TapaMeTPOB MOJTYYEHUS U 3allUCU B PEaIbHOM
BpeMeHU 0e3 OCTaHOBKU BUmeomnoToka. OMHOBpeMeHHas BU3yaln3alvs, aHaJIM3 W 3alliCh B PealbHOM BpeMeHU
MOTYT OCYLIECTBIISIThCSI 6e3 moTepu 3dekTuBHOCTH U Tipoirycka KaapoB. AVRawRA momnepxkuBaer 3amuch ¢
KaMEpHBIX YCTPOMCTB KaK C BHEIUHUMM, TaK U C BHYTPEHHUMU Tpurrepamu. Pasmep coxpaHsiemoro Buneodaiina
He OrpaHWYMBAeTCsS BPEMEHEM 3aluCy U OrpaHWYeH TOJIbKO MECTOM Ha Hakomnutese. Haire mporpamMMHoe
obecrieyeHne IPEeKPacHO MOIXOIUT KakK AJIs HEUPOBU3YaTU3allMOHHBIX UCCIENOBAHUI, TaK U ST SKCIIEPUMEHTOB
C JIOTIOJIHUTENBbHON BHUAeoperucTpauveil. B 3akimoyeHue mMoxHo ckasaTh, yTo AVRawRA mpencrasnsier coboit
YHUBEPCATHHYIO TUIATHOPMY JIJIST UCTIONIb30BAHUSI PA3TUMIHBIX YCTPOMCTB BUICOPETUCTPAIINH, TIPOBEICHUS aHATA3a
B peaIbHOM BPEMEHU 1 BBICOKOCKOPOCTHOU 3amucy B (hopMaTax OMHAPHOTO U CXATOTO BUIIEO.

Knrouesbie crosa: mporpaMMHoOe obecTieueHue 151 TOTydeHUsT BUIeON300paKeH U, BUIEOPErUCTpaLivsl ONTUYECKUX
SIBJICHUI, HEPOBU3yAIM3aLIUS
KYPHAJI BBICITEM HEPBHOM JESATEJIBHOCTHU
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