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B3anMoneiicTB1SI MUHIAIWHBI, TPe(@POHTAIBLHON KOPHI M TUIIIOKAMIIA, KJIIOYEBBLIX CTPYKTYP
KOPTUKO-JTUMONYECKOM CUCTEMbI UTPAIOT BAXKHYIO POJIb B (POPMUPOBAHUU ITOBEACHYECKUX OTBE-
TOB Ha YrpoXXalye CTUMYJIBL. OCOOEHHOCTY OHTOTEeHEe3a 3TUX B3aMMOIeICTBHIA KaK Ha ypOBHE
dopMHUPOBAHUS MEXKIY CTPYKTypaMu adpdepeHTHBIX 1 3 (PepeHTHBIX CBsI3¢eii, TaK U IIPOTEKAaI0-
IIUX B HUX HEHPOTPAHCMUTTEPHBIX U HEHPOTPODUUIESCKUX ITPOLIECCOB MOTYT OBITh MIPUYMHAMU
MOBBIIIEHHOTO B aJI0JIECHEHTHBIN (ITOIPOCTKOBBII) Mepuod, puckKa IICUX03MOIIMOHAJILHBIX pac-
CTPOMCTB 10 CpaBHEHUIO ¢ 00JIee pAaHHUMMU U ITOCIIEAYIOIINMU IepruogaMu ku3Hu. Kputunueckuii
aHaAJIN3 JaHHBIX JTUTEPATYPhI II0 3TOM MPOoGIEMe SIBISIETCS BasKHBIM TSI IPOSICHEHUST MEXaHU3-
MOB (DOPMUPOBAHUS TICUXOIATOJIOTUM MOAPOCTKOBOTO BO3PACTa U, BO3MOXHO, MOCIEAYIOIIETO

MoucCKa NyTeil €€ KOPPEeKLMHU.

Karouesvie cnrosa: oHTOTeHE3, MUHIAMHA, TIpedpOHTAIbHAsI KOpa, TUIIIOKAMII, TPEBOXHOCTb,
MO3TOBOIT HelpoTpodrIecKuit ¢hakTop, HEPOTPAaHCMUTTEPHI, ONTOIreHETHKA, XeMOTeHEeTHKA,

BDNF
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BBEJEHUWE

TpeBoXHBIMU pacCTPOICTBAMU CTPaAgaloT
okoJ10 12% moneit, 4To 00yCIOBIMBAET HEOOXO-
JIUMOCTbH BBISICHEHUSI MEXaHM3MOB MAaTOreHe3a
3TUX PACCTPOICTB Y BO3MOXKHBIX MYTEM UX KOP-
pexuuu (Craske, Stein, 2016). [ToBbIlIeHHAsT Ya-
CTOTa DBIIM30J0B TPEBOXHOCTU OTMeYaeTcs B
MOAPOCTKOBOM BO3pacTe, YTO I10JararT Takxke
omnpeneaeHHbIM IIPESAUKTOPOM IMCUXHATpUYEC-
CKUX 3a00JIeBaHUI B IIOCAEAYIOIINE BO3PACTHLIE
nepuonbl (Zimmermann et al., 2019).

B MopenbHbIX 2KCIIEpUMEHTaX Ha XXMBOTHBIX
0OHapyXeHO, YTO aKTUBHOCTb HEMPOHOB 6a30-
JlatepajibHOIt MuHIaMHbI (BLLA) 3amyckaet ncu-
XOITOBEJIEHYECKIE OTBEThI Ha YyIpOXKalollIue CTU-
MyJbl. B 3Tux oTBeTax y4yacTBYIOT HEMpoOTpaHC-
MUTTEPBl U  HelipoTpoduyeckrue (GakTophl,
BJIMSIOIINE HA pa3BUTHE U (PYHKIIMOHUPOBAHUE
HEUPOHHBIX aHCAMOJIEH, OCYILIECTBIISTIOIINX KOH-
TPOJIb TIICUX03MOLIMOHAJIbHBIX pyHKLIMI (Tovote
et al., 2015). ®yHKIMU MUHIAUIMHBI TECHO CO-
MpPsI>KeHbI C TAKUMU CTPYKTYpaMu, CBI3aHHBIMU
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C BOCIIpUSITMEM U TIepepadOTKOI yrpoxaroiiei
nHGOpMAaLIM, KaK TUITIIOKAMIT ¥ TpePOHTAJIb-
Has Kopa, 4TO MO3BOJISIET OOBEAUHATD UX B €11~
HYI0O KOPTUKO-JIMMOUUYecKyio cuctemy. Iloaro-
My MCCIENOBaHMUS, HaIpaBleHHbIE, ITOMUMO
aHa/rM3a pa3BUTUSI U PYHKIIMOHUPOBAHUST STUX
CTPYKTYpP OTAEIbHO, TAKXKE Ha OLIECHKY BO3pacT-
HBIX OCOOEHHOCTEN MX B3aMMOIEHCTBUS, OCO-
OeHHO B IlepUO Hayaja MpOSIBISHUS TPEBOX-
HBIX PacCTPOMCTB, SIBJISIIOTCS IIOJE3HBIMU JJIsI
BBISIBJICHUSI Ba>KHBIX KOMIIOHEHTOB (hOpMHUPOBa-
HUSI TICUXOIATOJIOTUM.

Onmocene3 KOpMUKO-AUMOUUECKOU CUCeMbl
2PbI3YHO8

YV rpbI3yHOB HEMPOANUTETUATbHbBIE KJIETKU Ja-
IOT Hayajlo MepBbIM HelipoHam Ha 9—9.5-ii neHb
SMOPHUOHAJIBHOIO Pa3BUTUSI U Jajiee HAuMHAIOT
dopMupoBatbes CTpyKTypbl Mo3ra. K 15—17.5 nHsam
BHYTPUYTPOOHOTO pa3BUTHUSI TIOSIBJISIIOTCSI I Ha-
YUHAIOT MUTpalMI0O K CBOUM MECTaM Pacrojo-
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JKEHUS BCE HEMPOHBI, COCTABJISIIONIME KOPKOBBIE
U TIOJKOPKOBBbIE 00JIACTM TOJOBHOIO MO3Ta
(Rice, Barone, 2000; Carney et al., 2006; Semple
etal., 2013; Jin, 2016). HeitpoHbl, mpeniiecTBeH-
HUKU KOTOPBIX 3apOXAAlOTCS B BEHTPUKYJISIP-
HOI1 30HE B paifoHe IrpaHUIIbl 3a4aTKOB KOPHI 1
M0JIOCATOTrO TeJIa, MUTPUPYIOT B pa3BUBAIOIIUE-
Csl CTPYKTYpPbI 0a3JIbHOIO KOHEYHOTO MO3Ta, B
OCHOBHOM B MUPUMOPMHYIO KOPY U MUHAATUHY
(Carney et al., 2006).

MuHganuHa, ocHOBHasl (yHKIIMS KOTOPOH
CBsI3aHa C KOHTPOJIEM SMOLIMIA, BKJIIOYAET HE M-
Hee 10 pyHKIIMOHAIBHO U aHATOMMUYECKU pa3-
JM4YHBIX cyobsaep (Sah et al., 2003; Premachan-
dran et al., 2020). 3HaunuTenbHAasA YacTh (pOpPMU-
poOBaHUsI KJIETOUHOTO COCTaBa 3TOU CTPYKTYpPhI
MPOUCXOAUT B TEYEHHUE TNEPBBIX TPEX HEIETb
MOCTHATAJILHOTO OHTOTEHE3a, YTO COMPOBOXIA-
€TCS CYLIECTBEHHBIMU U3MEHEHUSIMU B pazMepe,
KOJIMYECTBE U TUIOTHOCTHU KJIETOK, MOP(POJIOTUU
JNEeHIPUTOB, KOJIWYECTBE CHUHAINTUYECKUX KOH-
TaKTOB M SKCIIPECCHUM OeNIKOB, HEOOXOAMMBbIX
11 obecnieueHus pyHkmn HeiipoHoB (Ehrlich
et al., 2012; Ryan et al., 2015; Bessiéres et al.,
2019). Pa3Butue oTaenbHbIX OOJacTeili MUHIA-
JIMHBI TIPOMCXOAUT HepaBHOMepHO. Hampumep,
K 7-My IHIO TIOCTHATaJIbLHOIO OHTOreHe3a LeH-
TpaJibHasE U MeIuajbHasi MUHIAUIMHBI JOCTUTA-
10T OOJIBIIETr0 MPOLEHTa OT B3pOCIOro oobemMa
(52% v 77% cOOTBETCTBEHHO), YeM siapa 6a3oJa-
TepaJibHOro kKomruiekca (29—44%), ocHOBHOE
yBeJIMYeHUEe 00beMa KOTOPOTO IPOUCXOIUT Y
KpbICc Mexay 20-M 1 35-M AHSIMU >Ku3HU (Prem-
achandran et al., 2020). B TeueHue mnepBOro
MOCTHATAJILHOTO Mecs1la INIaBHbIe HEUPOHBI Oa-
3aJIbHOTO siIpa MUHAAJIWHBI KPbIC MpeTeprieBa-
10T 3aMETHbIE U3BMEHEHMSI CBOMCTB, COCTOSILIIME B
CHUKEHUM UX MEMOpPAHHOI TTOCTOSTHHOM U YBe-
nquueHun cnaiikoBoii aktuBHocTH (Ehrlich et al.,
2012).

lTunnokamil, cocrosiuii u3 3youaToil U3BU-
JuHbI 1 yeTbipeXx (CA1-4) rosieii, urpaet Kiioue-
BYIO POJIb B OOyUYEHUU U MaMsITU, a TaKXKe Mpo-
CTPaHCTBEHHOM HaBUTaLlMK. DTa CTPYKTypa pas3-
BHUBAETCSI Yy KpPbIC B OCHOBHOM B TEYEHUE
nepuHaraiabHoro nepuonaa (Altman, Bayer, 1990;
Tole, Grove, 2001). Tak, obpa3zoBaHue 3y0UYaToii
W3BUJIMHBI U3 KJIETOK-IIPEAIIECTBEHHUKOB —
3y0uaToro Heipos3nuTeluss — HauyMHAEeTCs Ha
13.5-i1 nens amOpuoHaisHoTO pa3suTus (Urban,
Guillemot, 2014), HO K MOMEHTY POXICHUS B
HEM IIPUCYTCTBYET JIMIIb IpUMepHO 15% xite-
TOK, OOHapy:XuBacMbIX B copmupoBaBlieiics
crpykrype (Rice, Barone, 2000).

KYPHAJI BEICHIEVM HEPBHOW OEATEJIBHOCTU

JIBITAJIO

Co3peBaHue MeaUAIBLHON TIpePOHTAIBLHOMN
kopel (MPFC), BoBiaekaeMoit B KOHTPOJIb KO-
THUTUBHBIX (PYHKUWHA W 3MOLMMI, TPOUCXOTUT
MO3Xe, YeM APYTUX CTPYKTYP, U COBITAIAET C Ha-
YaJioM IPOSIBJACHUS MOBEACHMSI, COMPSIKEHHOTO
¢ sMoumMoHanbHEIM oOydyeHueM (Tovote et al.,
2015; Zimmerman et al., 2019). IIpouecc co3pe-
BaHMS BKJIIOYAET B ceOs mponndepalnio 1 MU-
rpauuio HepPoOHOB, POCT AEHAPUTOB, POPMUPO-
BaHME HEHPOHHBIX MUKPO- U MAaKpOCETE yepes
addepeHTHbIe/adhepeHTHBIE aKCOHaJIbHBIE
MPOEKILNH, a TAKXKE TOHKYIO HACTPOMKY CHUHAII-
TUYECKMX KOHTAKTOB U ILUIOTHOCTH HEWPOHOB,
3aBHMCSIIYIO OT MX akTUBHOCTeM (Schubert et al.,
2015). IMTogpocTtkoBeIit mepuon, pazsutuss mPFC
M0JaraloT KpUTUYECKUM i1 (HOPMUPOBAHUS
MOBEACHYECKOr0 TOpMOXeHUs. CTpyKTypHbIe
W3MEHEHUSI B 3TOT IEPUOI COIIPOBOXIAIOTCS,
Hanmpumep, U3MEHEHUSIMU MOBEACHUS, CBI3aH-
Horo ¢ BosHarpaxaeHneM (Premachandran et al.,
2020).

Ces3u KOpmuKko -AUMOUYECKOI cUCeMbl

IMpedponTansHas kopa (PFC), MuHnanuHa u
TATIIOKAMIT SIBASIOTCS (pyHIaMeHTaIbHBIMU JJTST
dopMurpoBaHUs peaklUid cTpaxa, 4YTo obecre-
YUBaeTCd YCTAaHOBJIEHMEM OOINMPHBIX CBsI3el
KaK BHYTPU CAMUX CTPYKTYP, TaK U MEXKY HUMMU.

VY rpbeI3yHOB cBsI13b Mexay BLA u neHTpalib-
HBIMU YaCTSIMU MUHIQJIWHBI 00pa3yeTcst ObICTPO
B TeueHue 1epBbix 10 1HEl MocTHATAILHOTO pa3-
BUTUS, OIEpeXasi YCTAHOBJICHUE CBI3€M 3TOU
CTPYKTYPbI C BHEILTHUMU JIJIs1 HEE OTAeIaMU MO3-
ra, UMITyJIbChl OT KOTOPBIX JIEXKaT B OCHOBE 3aBU-
CHMOTO OT MUHIAIUHBI ToBeaeHUs (Ryazantseva
et al., 2020). XoTs npoeKL1u HeipOHOB MUHAA-
JuHbl B PFC oGHapyxuBawTcs yxe Ha 7-i 1eHb
xku3HU Kpbic (Bouwmeester et al., 2002a), oc-
HOBHasl MHHEpBaLUsI KOPbl MUHIAIMHON (op-
MUpYyeTCcs B MOJAPOCTKOBOM U MOJIOJIOM B3pPOC-
JIOM BO3pacTeé BO BTOPOM—TPEThEM MecsIax
xwu3Hu (Cunningham et al., 2002; Pattwell et al.,
2017). ITlpuyemM ecau B MHHEpBALIMM MUWHOAIU-
HOIl HEKOTOPBIX APYTUX CTPYKTYp, HaIpuMep,
Tajamyca M Ipujiexalllero siipa, He HabIonaeT-
CSl Cepbe3HBIX UBMEHEHUU B TIepUOI MEXAY 7-M
1 26-M THSIMU, TO MHHEPBALUSI KOPBI peOpTraHu-
3yeTcs U3 AuP@y3HOTO HeoHaTaJabHOIO (Ha 7—
9-#1 1HW) B YETKO OYepUeHHbIN ¢ 11-ro u nocJe-
IYIOLIWE THU XXU3HU TTaTTepH. DTOT MPOLIECC CO-
MPOBOXIAETCS YBEJIMYEHUEM TUIOTHOCTU CHHAII-
COB Ha BO30YXXJalOIIUX U TOPMO3HbIX HEMpOHaX
(Cunningham et al., 2002, 2008). B ycraHOBIeHUU
nHHepBauuu u3 BLA B PFC uHTepeceH mnosm-
Ne 4
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HUMA MOAPOCTKOBBIA MEPUOL, B KOTOPOM, IIO
CPaBHEHMIO C MPEIbIAYIMMU NepuogaMu, Ha-
omromaeTrcs “pacuBeT” IUIACTUMYHOCTH C BBICO-
KOI CKOPOCTbIO (DOPMUPOBAHUS U SJIUMUHALIUU
cuHanTuyecknx oyroHos (Delevich et al., 2018).

Cesa3b BLA ¢ addepeHTHBIMU oObNacTIMU
MO3ra, XOTsI U HEMHOTO T103Xe, YeM MEXIy JiaTe-
palbHOW W LEHTPAJTbHBIMU SIAPAMU MUHIATW-
HbI, TAKXKE€ YCTAHABJIIMBAETCS B TEPBbIC HEAETIU
JKWU3HU TpbI3yHOB. CEeHCOpPHBIE 001aCTH TajlamMy-
ca HaUMHAIOT NOChUIaTh Ipoekuuu B BLA BcKo-
pe 1ocJjie poxaeHus1 — Ha 7-1 neHb xku3Hu (Bou-
wmeester et al., 200206). IIpoekunuu KaygaJibHbIX
OT/IEJIOB KOPbl B MUHAAJIUHY, 110 JAHHBIM 3TUX
aBTOPOB, B 3TO BpeMs JMIIb HAYMHAIOT IIOSIB-
JISITbCSI, HO Y€ B TeYeHHe BTOPOI MOCTHATaIb-
HOU HeleaU NOCTUTAIOT 3peJIoro narTepHa.

B nepuon mexay 21-mM 1 39-M DHSAMM XKU3HU
Y KPBIC, CYASI T10 TIOBBIIIICHUIO KOHHEKTUBHOCTH,
(opmupyroTcs B3aMMHBIE TPOSKIINU MEXIY
MUHOAIMHONM W TUIIToKaMIioM (Zoratto et al.,
2018).

YcTaHOBJIeHHE B3aUMOCBSI3eil MexX Iy OoTAesIa-
MM MO3Ta COIIPOBOXAAETCSI NU3MEHEHUSIMU MOP-
dooruueckux KOMIIOHEHTOB, OOecIeuunBalo-
IMX 3TU B3auMoOCBS3U (Zimmerman et al.,
2019). B paHHeM MOoapOCTKOBOM Bo3pacTte J1abo-
pPaTOPHBIX TPHI3YHOB UMEETCSI, HAITPUMED, Tepe-
MPOU3BOACTBO aKCOHOB M CHUHAIICOB, 32 KOTO-
pbIM B 0OoJiee TTO3AHEM TTOJPOCTKOBOM BO3pacTe
clieyeT OBICTpOE COKpallleHWE WX KOJIUYECTB
(Crews et al., 2007). B MmuHganuHe yKopauuBa-
10Tcst aeHaputhl (Zehr et al., 2006) u npoucxo-
JIUT TIOCTOSTHHOE YBEJIUYEHUE TJIOTHOCTU BOJIO-
KOH, coenuHsiolmunx MuHaaauny 1 mPFC (Cun-
ningham et al., 2002). CuHanTuyeckue CBSI3U C
BO30YXIAIOIIMMU M TOPMO3HBIMU HeEWpoHaMu
MUHAAIWHBL 11 npoekuuii u3 mPFC ycraHnaB-
JIMBAIOTCS B MEpUOM 3aBepllieHUs] WHOAHTUIIb-
HOro mnepuojia OOJHOBPEMEHHO C MAacCCHUBHBIM
YBEJIUMYEHUEM CHUHANTUYECKOW HeWpOoTpaHC-
muccum B Mo3re (Arruda-Carvalho et al., 2019).
B nocnenyoiiemM moapocTKOBOM BO3pacTe CBSI3U
mPFC-BLA nomnomHuUTeIbHO MOAMMULIPYIOT-
Cs 3a CUET YCUJICHUS BO3OYKIAaI0IIMX CUHATICOB,
a TaKxkKe BPEMEHHOIo BCIjlecka TOPMO3HOM pe-
ryssunu. IlocnenHee koppeaupyeT ¢ yBeJlude-
HMEM CIIOHTAaHHBIX TOPMO3HBIX TOKOB B BO30YXK-
AKX HEMpOHaX, CBUAETEbCTBYS, YTO CO3pe-
BaHue cBs3u MPFC-BLA pocturaer nuka B
rnepuoa aKTMBHOTO (hOPMUPOBAHUSI OCHOBHOI
TOPMO3HOI HEUpPOMEOUATOPHON CUCTEMBI C
HelipoMearaTopoM raMmMa-aMMUHOMACIISIHOM KUC-
jgotoii (FAMK) (Arruda-Carvalho et al., 2019).
MHorouyucjaeHHble JaHHbIE YKa3blBaIOT, YTO
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OCOOEHHOCTM aKTWBHOCTEN BO30yXKmawiieil u
TOPMO3HOM HEUPOTPAHCMUCCUU B MUHIAJIUHE B
MOOPOCTKOBBIN MEPUON MOTYT OKa3bIlBaThb HJIM-
TEJIbHOE BJIMSTHUAE HA TEKYIIEE M IOCICOYyIONIee
MOBEIECHME.

Hetipomeduamopmoie cucmemoi

HeiipoMenuaTopHble CHCTEMbI, BOBJEKae-
MBbI€ B KOHTPOJIb IICUXO3MOLIMOHAIBHBIX COCTO-
SIHUI, TAaKUX KaK ACHpeccusl U/Wian MOBBIILICH-
Hasl TPEBOXHOCTb, UCIOJIL3YIOT IJISI KOMMYHMU-
Kaluii CHEKTp pas3juYHbIX TPaHCMUTTEPOB,
BKJItovaromuii myramatr, TAMK, MoHOaMUHBHI,
alleTUJIXOJIWH, 9HAOTeHHbIC OIMOUIbLI U KaHHA-
OMHOUIBI, a TaAKXKe HEWPOIIENTUAbl, HAIIPUMED,
OKCUTOLIMH. bajlaHC UX CTUMYJIMPYIOIIMX U/ WUITN
TOPMO3HBIX BJIMSIHUI OIpeaenseT aKTUBHOCTb
HEHPOHOB U B UTOT€ MICUXO3IMOLIMOHAILHOE CO-
CTOSIHUE UHAMBUIA.

Imyramar siBiasieTcsl OCHOBHBIM BO30YyXOar0-
mum HeipomenuatopoM B LIHC mnekonuraio-
LIMX, UTPAOIIM 3HAYUTEIbHYIO POJIb B PETYJIsi-
LM MHOXecTBa (DYHKIUIA 1 IMTOBEASHMS, a TaK-
xe B pazButuu IHHHC (Lujan et al., 2005).
bonbmMHCTBO CcBSA3€El MEXITy HEUPOHAMU CTPYK-
TYp MO3ra W BHYTPU OTIEJbHBIX OO0JacTei,
YYaCTBYIOLLIMX B PETYJISLAM ICUXO3MOLMOHAIb-
HBIX OTBETOB, SIBJISIIOTCSI IJTyTaMaTeprudeCcKruMM.
PazBuTtue nenpeccuBHO-TIOAOOHBIX UM TPEBOX-
HBIX COCTOSIHUIA CONPOBOXIACTCS M3MEHEHMUSI-
MU 9KCIIPECCUY T€HOB, KOIUPYIOIINX OCJIKHA Me-
TaOOTPOIHBIX U CYObEIMHUIL MOHOTPOIIHBIX pe-
LIEOTOPOB, a TAKXKe TPAaHCHOPTEPOB [llyTamMaTa B
mo3re (Dygalo et al., 2020a).

AHanu3 3KCIpecCUr reHOB 3TUX OEJIKOB B OH-
TOreHe3€ TPbI3YyHOB BBISIBUJ HU3KUK ypOBEHb
MPHK cyobsenuuunsl NMDA-penentopos NR1
B TIEPBbIC THU XKU3HU U €T0 CYIIECTBEHHOE yBe-
JquyeHue K 20-my aHio (Monyer et al., 1994).
N3 NR2-cy0benuHuL B HE3pebIX IIyTamaTep-
rMYEeCcKMX CMHAIICax MHOIMX obJyiacTeili Mo3ra 10
7-TO0 OHSI MOCTHATaJIbHOI XM3HM NpeobiaamaeT
NR2B, kotopas ganee B 60abiIMHCTBE NMDA-
peuentopon 3aMelaercss Ha NR2A (Laurie et al.,
1997; Monyer et al., 1994). B narepajibHOI1 MUH-
TlaliHe HeoHaTaabHbIX Kpbic NMDA- penenTto-
pbl TAaKXXE€ COCTOSIT B OCHOBHOM U3 KOMILIEKCa
cyobenuuui, NRI/NR2B, Ho k 21-my nHIO
NR2B 3amensercds Ha NR2A B 3HauUTeIbHON
yactu 3Tux peuentopon (Wang et al., 2008). B
OTJINYME OT JaTepaIbHOU MUHIIWHBI, B LIEH-
TpasibHOU MuHAaauHe U B PFC riyramatepru-
YyecKrWe CHHarChl COXPaHSIOT MYJbTUMEDPHI
NR1/NR2B u Bo B3pociaom coctossHuu (Lopez
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De Armentia, Sah, 2003). [Ipeo6namanue B 1aTe-
pajJbHOM MUWHIAIWHE OO0 3-W Heoeln >KW3HU
cyobenuaui; NR2B, oOycnoBianBalommx 3amMes -
JIECHHYI0 KMHETMKY BOCCTAaHOBJIEHMS DPEeLEeITO-
poB nocJie neakruBauuu (Vicini et al., 1998), ac-
COLIMMPOBAHO C IMPOSIBACHUSIMU TPEBOXKHOCTU
B »TOoM Bo3pacTte. Iluk skcnpeccun NR2B B
5-M cnoe PFC B no3nHeM MoapOCTKOBOM,/paH-
HEeM B3pOCJIOM Bo3pacTe obecrieurnBaeT AIUTEb-
HYIO0 IIOTEHIUALUI0 B OTBET HA CTUMYJISILIUIO
BeHTpaiabHOro rTurmtokamiia (Flores-Barrera et al.,
2014), moarBepxKnas B3aMMOACHCTBUE THUIIIIO-
kamnia u PFC B oTBeTax Ha CTUMYJIBI, aKTUBUPY -
IOIL1E TUITIIOKAMII.

B mPFC kpbic ypoBHU 3KCIIpecCUr T€HOB
cyobenuaull NMDA-peuentopoB NR1 n NR2A,
a TakXe WHAMKATopa aKTUBHOCTU HEUPOHOB
c-Fos nocturaiiv B moapocTKOBOM BO3pacTe ca-
MBbIX BBICOKWX 3HAYEHUI HA MPOTSKEHUU BCETO
BPEMEHM OT POXKIEHUS A0 B3POCIOr0 COCTOSTHUS
(Schipper et al., 2019). ITockoJIbKy MUHIaIMHA
onepexaet B ceoeM pa3putud mPFC (Casey et al.,
2008), 31O O0O0YyCIOBIMBAaeT HEAOCTAaTOYHOCTH
KOoHTpoJist co ctopoHbl MPFC Han ee akTUBHO-
CTBIO, TIPOSIBJISIONILYIOCS MTOBBIIIIEHHOM 3KCIIpec-
cueit c-Fos B artoit obimactu (Somerville et al.,
2010). B cBoro ouepenb MOBBIIIEHHBIE YPOBHU
akcnpeccun c-Fos B mPFC B mogpocTkoBoM
BO3pacTe MOTYT OTpaxKaTh KOMIIEHCATOPHYIO aK-
tuBauMio HelipoHoB MPFC mas coxpaHeHust
KOHTpossd Han MuHpaauHoi (Henson et al.,
2017).

CBsI3pIBaHME JIUTAH[IA C PELENTOPAMHU [IyTa-
mata AMPA-tuna B BLA 1—7-g1HeBHBIX TPBI3Y-
HOB HEBEJIMKO; XOTS Jajie€ OHO MPOrPECCUBHO
YBEJIMUMBAETCS, JOCTUTasl B3pOCJIOrO YPOBHS K
21-my maio xu3Hu (Insel et al., 1990). B xope u
TUMIOKAMIIe B TMEPUOI OT POXIEHUS IO TOA-
POCTKOBOTO BO3pacTa TakXKe MPOUCXOAUT IMPO-
IPECCUBHOE YBEJIMYEHUE DKCIIPECCUU CyObean-
Hu AMPA-peuenTopoB GluR1-3 (Standley et al.,
1995; Martin et al., 1998).

Yucio HEMPOHOB, MPOAYLIMPYIOLIMX TOPMO3-
Hbli Helipomenuatop TAMK, cHuXxaercs B
MUHIAJIMHE I'PBI3YHOB MEXIY BTOPOM U TPEThEeN
MOCTHATAJILHOU HeeasIMU XU3HU. [Ipu aTOM,
OIHAKO, YBeIU4YUBaloTcs miaoTHocTh TAMK-ep-
rudyeckux BoJIokoH (Brummelte et al., 2007) u
KOJIMYECTBO CHMHAIICOB Ha HelipoHax MUHIIN-
Hbl, Ha YTO yKa3bIBaeT BO3pacTaiolllee B He-
CKOJIbKO pa3 4YMCJI0 IMNUKOB Mexay 10-m u
28-M nHsamu (Bosch, Ehrlich, 2015). Ha nipots-
xkeHuu Bcero paszButusi AMK-B-penentopsl
(GYHKIIMOHAIBHO 3KCIIPECCUPYIOTCSI Ha TaJlaMU-
YECKMUX U KOPKOBBIX MPOEKIUSIX, UHHEPBUPYIO-
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IIMX OCHOBHbIE HEMPOHHI JIATEPATbHOU MUHOA-
JIMHBI. AKTUBAIUS PELeNTOPOB YTHETAET BHICBO-
OoXxIeHue TayTamMaTra U3 OKOHYAaHUI OSTUX
npoekuunii. Kommuectso 'AMK, cnocob6Horo
BosaeiictBoBath Ha TAMK-B-penentopsl, He-
BEJIMKO Y MOJIOABIX (KUBOTHBIX, OAHAKO OHO YBE-
JIMYMBAETCS C BO3PACTOM, UTO SIBJISIETCS KPUTHU-
yeckuM ¢aktopoM ToHMueckoro 'AMK-3aBu-
CUMOIO IpPEeCUHANTUYECKOTO WHTUOMpPOBaHUS
CEHCOPHBIX BXOAOB B JlaTePaIbHYI0O MUHAAJINHY
(Bosch, Ehrlich, 2015). B miepBbie mTocTHaTa b-
HbI€ THU XU3HU (PyHKIIMOHATbHOE TOPMOXEHUE
HEUPOHOB IMPe(PPOHTAIBLHON KOPBI Y TPHI3YHOB
npakTrndecky He BoisiBisieTcss (Luhmann, Prince,
1991). Ilepenaua curHanoB yepe3 TAMK-A-pe-
LENTOpbl AOCTUTraeT (PYHKIIMOHAJIBLHOIO CO3pe-
BaHUS B TUIINOKAMIIE 3TUX XUBOTHBIX MEXIY
10-m m 12-M massmMu xku3Hu (Ben-Ari, 2002).

B3anmocBs3b MuHgaiuHbel 1 PFC 3aBucut
TaK>Ke OT TOHKOTO OajlaHca MEXIy BO30YyXKIaro-
IIMMU U TOPMO3HBIMU 3P heKkTamMu fohpaMuHep-
ruyeckux curHanoB (Floresco, Tse, 2007). Hau-
OoJIbllIMEe KOHLIEHTpalMu noaMruHa U Hopaape-
HaJIMHA B MWHIQJIWHE KPbIC MYXXCKOIo IoJja
BBISIBJISIIOTCSI B Bo3pacte 25—60 nmHeil u najee
CHUXaloTcs Mo Mepe B3pocieHus (Siddiqui,
Shah, 1997). B PFC ypoBHU nodamuHa TakxKe
JIOCTUTAIOT MUKOBBIX 3HAYEHU B TTOIPOCTKOBOM
BO3pacTe M0 CpaBHEHMIO ¢ OoJjiee paHHUMU WU
OoJiee mo3nHUMU nepuogamMu xu3Hu (Kalsbeek
et al., 1988). Okcrnpeccus 1ohaMUHOBBIX peleTT-
TOPOB HAYMHAET TOBBIIATHCS B TUIMIOKaMIIE
KPBIC C POXIIEHUS U TIOCTUTAET B3POCIOr0 YpOB-
HA K 28—35-my nHsaM xu3HHU (Tarazi, Baldessari-
ni, 2000). ITomruMo nodamMrHa, Ha BOBJICYEHUE B
obecrnieyeHre (PyHKIIMOHUPOBAHUS CETU MUHIA-
JuHa—PFC—runnokamin yka3blBalOT TaKXKe CyM-
MUPOBAHHbIE B OTHOCUTEIbHO HETAaBHEM 0030pe
OrpaHWYEHHbIE CBEIEHNWSI O CEPOTOHUHE, HOPa/I-
peHaJIMHE, AllETUIXOJIMHE, HIOTE€HHBIX OMUOU-
lax 1 KaHHAaOMHOUAAX, HEMpONenTUIax KOpTU-
konmoepuHe u okcutolnHe (Kim et al., 2017).

Heiipoxumnyeckue n3aMeHEHUsI, TPOUCXOIsI -
M€ B KOPTUMKO-JIUMOWYECKUX CTPYKTypax B
MOOPOCTKOBOM BO3pacTe, MOTYT OTpaxKaTh BaX-
HYIO POJib 3TOIO MEeprOoJa OHTOreHe3a ajist (pop-
MHUPOBAHUS MEXaHMU3MOB IICUXO3MOIIMOHAJIb-
HOW pETYNSLINN.

HCLIXO:—)MOL{LIOHCI/I bHble omeemnibl

ITapannenbHO CO CTPYKTYPHBIM U HeHpoOXu-
MUYECKUM dopMupoBaHrEM MEXaHU3MOB,
obecreunBalolX OTBEThl OpraHM3Ma Ha BHEIII -
HUE CTUMYJIbl, HAUMHAET MPOABIATbCIA U alall-
Ne 4
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TUBHOE TOBEICHUE. YK€ B paHHUI NEepUo, Ko-
rJa KpbIcsiTa HAUMHAIOT MOKKIaTh rHe3mo (12—
15-1 1HU >KM3HU), OHU OBICTPO y4yaTcs U3beratrb
3anax, NpeabsBIsieMblii B COUETAaHUM C aBEPCUB-
HbIM cTUMYJIoM. O0y4eHNe 3TOMY NOBEAECHUIO B
OTCYTCTBME MaTe€pPU BbI3bIBAET AKTUBALIMIO MUH-
nanuHbl (Moriceau, Sullivan, 2006). Mudopma-
LIAI0 O TIOTEHILIMAJIbHO YrpoXarwlnux (pakTopax
WHAWBU MOJyYaeT U UCIIOb3YET 1l OpraHu3a-
LIMM aJIEKBAaTHBIX CUTYallUii BEreTaTUBHBIX U 11O~
BEACHYECKUX PEaKIIMi C ydyacTUeM pa3InYHbIX
CUCTEM OpTaHMu3Ma U OTAeI0B Mo3ra. KirtoueByto
poJib B LIEHTPaJbHOM HEPBHOM 3BEHE JTOH
(byHKIIMOHAIbHOI CUCTEMbI MIpaeT CeTb IIpe-
(bpoHTaILHAA KOpa—MUWHIAAIMHA—TUIITOKAMII.
Heo6naronpusiTHbie COOBITHSI B pAaHHWE TTEPUOIbI
>KW3HU, BKJIIOYAIONIKWE JaXXe HEMPaBUJIbHOE M-
tanue martepu (Glendining et al., 2018), moryT
U3MEHUTb CTPYKTypHOE (QOpMHUpPOBAHUE 3STUX
OTAEJIOB MO3Ta W YCTAaHOBJIEHHE MEXIy HUMU
HOPMaJIbHBIX B3aMMOOTHOIIEHUW, YTO B CBOIO
oyepeab MOXET SBUTbCS MNPUYMHOU pPa3BUTUSI
MCUXUATPUYECKUX HAPYILIEHUA.

MuHpanuHa sSIBASIETCS KJIIOUEBOM 00J1aCThlIO,
BBIMOJIHSIONIECH EPBOCTENEHHYIO POJb B 00pa-
0OTKe dMOLIMOHAJIbHBIX peakIlnii, a TpeBora, Jie-
npeccusi, crpecc U (oOMU CBSI3aHBI C HEHOP-
MaJlbHbIM (PYHKIIMOHMPOBAHUEM 3TOI CTPYKTY-
pul mo3ra (Cullen et al., 2014). Hanpumep, Ha
rphI3yHaX ObLIO II0KA3aHO, YTO TAKOE CTPECCOp-
HO€ BO3JEiCTBUE KaK coLMajibHas W30JISILIUS
yXe B IOBEHWJIbHOM IEepUOAE COMPOBOXIACTCS
MOBLILICHHON TPEBOXHOCTBIO, OOYCIIOBJIECHHOI
0oJiee BBICOKOU BO30YIMMOCTBIO IMHMPaMUIHBIX
HelipornoB BLA (Lin et al., 2018). MUmMenHoO 3TOT
KOMILIEKC SAep MMHAAJMHBI IMOJydaeT OCHOB-
HOM MOTOK CEHCOpHOII MHpopMalluu U najee,
MO0 aKCOHaM JIOKaJIM30BaHHBLIX B HEM TIJlyTaMa-
TePruuyecKux HEMPOHOB, IPOCLUUPYET MHOTOKU
WMILYJIbCOB K LICHTPaJIbHOMY SIAPY MMHAAJIMHBI
IJISI OpTaHM3allMM BETeTaTUBHBIX U MOBEACHYE-
CKUX peaKiuii, BbI3bIBAEMbIX COCTOSIHUEM CTpa-
xa. IlomaraloT, 4To yBeJIMYEHHAs aKTUBALIMS
MUHJIAJIWHBLI Ha YIpoXalollre pa3apaxkuTeIun
JIEXUT B OCHOBE TPEBOXHbBIX PACCTPOICTB YeJIo-
Beka (Etkin, Wager, 2007). Ha nepuon akTuBHO-
ro CTPYKTYPHOT'O CO3PEBaHUsI MUHIAIUHBI B TO-
IIbl 3aBEPIIIEHUS IeTCTBA U TIepexo/1a B MOIAPOCT-
KOBBIII BO3pacT IIPUXOAUTCS MUK Haydana
OPOSIBJICHUsSI MHOTUX TPEBOXHBIX PAaCCTPOICTB
(Zimmermann et al., 2019), npuyem getu ¢ 60-
JiIee BBICOKMM YPOBHEM TPEBOXHOCTU HMEIOT
CHIDXEHHBIN 00beM MuHaanuHbl (Warnell et al.,
2018).
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Pa3znooG6pa3Hbie OpMBI paHHUX HeOIaro-
NPUSITHBIX BO3ICHCTBUI BIUSIIOT Ha (DYHKIIMO-
HaJIbHOE CO3peBaHME B3aMMOCBSI31 MUHAAIVHBI
¢ PFC u, xak 1mokas3pIBalOT KJIMHUYECKHUE Ha-
OJloaeHMsI, TIPOSIBIISIIOTCS HapYILIEHUSIMU PEry-
Jauuu aMouMii M ncuxuku. HMcciaenoBaHue
dyHKUMOHaNbHOM ¢BsI3M Mexny mPFC u muH-
JAJIMHOM C TOMOIIbIO MATrHUTOPE30HAHCHOM TO-
Morpaduu y 1eTeit BhIIBIUIO U3BMEHEHUE KOppe-
JISIUMU MEXIY aKTUBHOCTSIMM 3THUX ABYX O0Jja-
CTell B mepuoid OT AETCKOIo A0 MOAPOCTKOBOTO
po3pacta (Gee et al., 2013). HacnencrBeHHas
NpPeapacnoiOXKEHHOCTh K IICUXO3MOLIMOHAIb-
HBIM 3200JI€BaHUSIM U CTPECC OCAA0JISIIN Y NeTei
KOHHEKTUBHOCTh MUHIAJIUHBI C JOOHBIMU 1 Ma-
parurnnoxkamIiaJbHOi M3BWIMHAMU, U JIMLA KaK
C HACJIeACTBEHHBIMU HApyLICHUSIMU, TaK U Me-
peHeclire B paHHEM BO3pacTe IOBBILICHHOE
JIeHCTBrE HeOJaroNnpUsITHBIX CPEIOBbIX (PaKTO-
pPOB, B HajibHENIIEM ITPOSIBISIA CUMIOTOMBI TPE-
BOXHOCTA W HapPYIIEHUS PEryJsuuyd SMOLUit
(Pagliaccio et al., 2015).

DneKTpoPr3U0JOTUYECKUMIU UCCIeAOBaHU -
SIMU Ha )KMBOTHBIX ObLIO YCTAHOBJIEHO, UTO CyM-
MmupoBaHue curHajioB PFC, uaymux B BLA, B
MeHbllIel ctenieHu peryaupyercs TAMK-epru-
YEeCKUM MHTMOMPOBAHUEM Y KPbIC-TIOAPOCTKOB,
YeM y B3POCJIbIX XKUBOTHBIX, UYTO MOXKET OIpe/ie-
JISITb  OCOOEHHOCTM KOTHUTHUBHOW pEryJsiliiu
aMoLMI B moapocTKoBoM Bo3pacte (Selleck et al.,
2018). ITo cpaBHEHMIO CO B3POCJILIMU KMBOTHBI-
MM, IOBEHWIbHbIE 0COOU MPOSIBIISIM HEYpaBHO-
BEllIECHHOE€ M “OpUEeHTHMPOBAHHOE Ha KpalHO-
CTU” MOBEIEHUE, COCTOSIIIEE B YCUISHUU TTOKC-
Ka HOBHU3HBI. DTO TMPOUCXOAWIO Hapsay C
YMEHBIIIEHUEM BBI3BAHHOTO HOBH3HOM cTpecca
Y TPEBOTU U TTOBBILIEHHBIM PUCKOBAHHBIM ITO-
BeJICHUEM B IIPUIIOIHSITOM KPEeCTOOOPa3HOM Jia-
OUpUHTE, TaKKe C TTOBBIIICHWEM YpPOBHS WM-
nmyJabcuBHOCTU U OecnokoiictBa (Laviola et al.,
2003).

MmMeromumecs: naHHbIE YKa3blBalOT Ha HaJIU-
Yyure BO3PAaCTHBIX OCOOEHHOCTEN OTBETa MUHAA-
JIMHBI HA CTPECCOPHI, IPOBOLIMPYIOILINE TPEBOX-
Hoe cocTtosinue. Hanmpumep, MoBTOpHbIE CTpec-
Chl CHIXKAIOT II0Ka3aTeJiM IpecUHaINTUYeCKOMH
dyHkiu '’AMK M akKTUBHOCTM MHTEPHENHpPO-
HOB Y KpPBIC-TIOJPOCTKOB, B TO BpeMs KaK Yy
B3POCJbIX KPBIC CTPECC, HAMPOTUB, YCUJIMBAJ
DIyTaMaTEPTUUECKUNA JpaliB  MPOEKIIMOHHBIX
HevipoHoB BLA (Zhang et al., 2016). CBeneHus
00 a(pdekrax cTpecca B paHHEM OHTOIEHE3e,
o0001IeHHbIe B HegaBHeM o03ope (Gee et al.,
2018), cBUAETENbCTBYIOT, YTO UHAYLIMPOBAHHEIE
CTPECCOPHBIMU  BO3AEUCTBUSIMU  U3MEHEHUS
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oobemoB PFC, runmokaMmna 1 MUHIAJIUHBI CO-
MMPOBOXIAIOTCSI CUMIITOMAaMM JICTIPECCUM U TPe-
Boru. CTpecc B paHHEM BO3pacTe MOXKET ITPUBO-
IUTh BMECTE CO CTPYKTYPHBIMU HapyIICHUSIMU K
M3MEHEHMIO MaTTepHa aKTUBALlMM MO3ra, Ha-
npumep, K runoaktuBatyu PFC u rummmokamiia,
Hapsioy C TUIlepaKTUBaluvein MuHIanuHb! (Van-
Tieghem et al., 2018). BmecTe ¢ TeM mpoliecchl,
MPUBOASAIINE K 3TUM M3MEHEHUSIM, OCTalOTCS
HESICHBIMMU.

Kak yxe o0Ocyxpajioch, B Ilepuod paHHETO
OHTOTeHe3a B KOpe, TUIINoKaMIe 1 MUHIATNHE
YBEJIMYMBAIOTCS YPOBHM MHOXECTBa HEUpPO-
TPAaHCMUTTEPOB U HEMPOMOIYISITOPOB, a TAKXKe
¢daKTOpOB pocTa, BKIOYAsT HEHPOTpOoPUIECKUIA
daxkTop ronoBHoro mosra (Brain-Derived Neu-
rotrophic Factor; BDNF), npusnekaromuii 1mo-
BBIIIIEHHOE BHHUMAaHMWE B CBSI3U C €ro POJIbI0 B
¢opMupoBaHUM HOPMAIBLHOTO M JAEBUAHTHOTO
noseneHus (Casey et al., 2015).

BDNF

BDNF sgBnsieTcst oOlIenpru3HaHHBIM BaX-
HBIM peryysitopom nuddepeHInpoBKU U pOcTa
HEpOHOB, GOPMUPOBAHUS U MJIACTUYHOCTU CU-
HarcoB, a TakxXe pa3BUTUS U (PYHKLIMOHUPOBA-
HUsI HeAPOHHBIX aHcaMOJieit, OCYIIECTBIISTIONINX
BBICIIME TICUXOOMOLIMOHAJIbHBIE W KOTHUTUB-
Hble (yHKIMM Mo3ra mjekonutaroiux (Park,
Poo, 2013). BDNF skcrnipeccupyercss B 00Jib-
LIIMHCTBE CTPYKTYpP MO3ra, B TOM YMCJIe Ha BbICO-
KOM yYpOBHE, NPEUMYILIECTBEHHO TJIyTaMaTepru-
yecKUMU HelipoHamu B MuHaaiauHe (Edelmann
et al., 2014). O600I111IeHHbIE PE3YJbTaThl HCCIIE-
MIOBaHUI OOJBIION BBIOOPKM (OO0s€e THICSUM)
Jofieli CBUAETEJIbCTBYIOT O CHUXXEHUU Y JIUILL C
TPEBOXHBIMU paccTpoiicTBamu ypoBHeit BDNF
B IJla3dMe KpPOBWU, YTO, IO MHEHMIO aBTOPOB, B
onpeneIeHHON CTeNeHU OTpaXaeT coaepKaHue
HelpoTrpoduHa B mo3re (Suliman et al., 2013).
Heiliporpodunsl, npexae Bcero BDNF, obecne-
YUBaIOT MOCTOSTHHYIO TPO(UUECKYIO MTOAIEPKKY
3pesoro moara. Ilom BozaeiicTBUEM (HakTOpOB
OKpyxXarleii cpedbl U (PU3MOJIOTMYESCKUX
CTPECCOB 3KCHpeccus HeHPOTPOPUHOB U3MEHSI-
ercs (Berezova et al., 2011; Gray et al., 2013;
Shishkina et al., 2010; 2012), yTo HapylIaeT Hei-
poIuIacTUYEeCKUE IMPOLECChl B y4aCTBYIOIIUX B
peakiuusax TPeBOTM U cTpaxa o0JacTdx Mo3ra,
BKJtovaromux runnokamn, PFC u Munganuny.
BakHO OTMETUTH, UTO CTPECC OKA3bIBAET IMPOTU-
BOIOJIOXKHOE BJIMSIHUE Ha akcrnipeccruio BDNF B
MUHIQJIWHE W TUIIIIOKaMIIe, YBEJMYMBasl €€ B
nepBoii u cHUXasi Bo BTopoii cTpykrype (Gray
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et al., 2013). MoneKkyasipHble MEXaHU3MBbI U T10-
TeHLMaJIbHAs POJib MHAYLIUPOBAHHOI'O CTPECCOM
yBenmueHus: skcrpeccun BDNF, Bemyiiero k
peMOAEIMPOBAHUIO CUHAIICOB B MUHAJIMHE, 10
CHX IIOP HESICHBI U TPEOYIOT NadbHEHIIINX UCCIIe-
JIOBAaHUIA.

VYposuu BDNF B oTaenax Mo3ra pe3ko BO3-
pacTaioT B paHHEM IMOCTHATAJILHOM OHTOTeHe3e
(Menshanov et al., 2015), nocTurass MaKkcuMaJb-
HOTO COJep>KaHUS B TIEPUO Mepexona OT oBe-
HWJIBHBIX K ITOAPOCTKOBBIM (hOpMaM ITOJIydeHU S
1 MCMHOJIb30BaHUSI MH(OpMaIUu 00 yrpoxaro-
IIUX CUTHajax. Y MbIIIe Takoe IOBBIIIEHUE,
HauunHamwlleecss ¢ 10-ro aHS XU3HU, JOCTUTAET
IMAKOBBIX 3HaueHuit Mexay 20—30-mMu THSIMU
(Casey et al., 2015; Schipper et al., 2019). ¥ mo-
JIOJBIX W B3POCHBIX XKUBOTHBIX BBISIBJIEHBI OCO-
OeHHoCTHU 3Kcnpeccuu Hezpesoi popmbl BDNF
Ecnu B 0BEeHUJIbHOM MEepUOoae UMMYHOPEAKTUB-
HocTh proBDNF nHaGmomaerca auddgy3Ho BoO
BCEM pPa3BUBAIOIIEMCS TUMIIOKAMIIE, TO Y B3pOC-
JIBIX pacnpocTpaHeHUE WMMYHOPEaKTUBHOCTHU
proBDNF B 3HauuTebHOI CTENIEHU OrpaHuye-
HO MILIMCTHIMU BOJIOKHAMM T'PaHYJISIPHBIX Heil-
poHoB 3yb6uaTtoit usBuaMHbL (Greenberg et al.,
2009).

CunerenbctBa ¢Bsi3u BDNF ¢ TpeBOXHBIM
MOBEICHUEM B MOJIEJISIX Ha XKMBOTHBIX OrpaHU-
yeHbl U mpoTtuBopeuuBbl. Hampumep, crtpecc,
BbI3BAHHBIN 3JIEKTPOIIIOKOM, CHMXKaJl YPOBEHb
MPHK BDNF B runmokamriie 1 IOBHIIIAJI Tpe-
BOXXHOCTb >KMBOTHBIX, YTO yKa3blBaeT Ha BO3-
MOXXHOCTb HaJIU4usl B OTUX YCJOBUSIX MPUINH-
HO-CJIEICTBEHHBIX B3aMMOOTHOIIEHUN MEXIy
HEHPOTPO(UHOM U TPEBOXHBIM COCTOSIHUEM
(Rasmusson et al., 2002). IToaTBepxneHue Ha-
JINUMS TAKOU CBSI3U OBIJIO TTOJIyY€HO C TIOMOIIIBIO
KOHAULIMOHHOTO HoKayTa BDNF B nmocTHaTaib-
HOM MO3T€, UTO MPUBOIUJIO TTOC/E BO3AEHCTBUS
CTPECCOPOB K TMMEPAKTUBHOCTU XKUBOTHBIX U
YBEJIMYEHUIO MPOSIBJICHUI TPEBOXKHOCTHU B TECTE
“cBeTio-TeMHass Kamepa” (Rios et al., 2001).
Kpome Toro, MbIlIM, Hecyllre B reHe bdnf-myTa-
LIMIO, TOMOJIOTMYHYIO 3aMeHe Val66Met B Heii-
poTpodurHe YeloBeKa, BOCOPOU3BOAUIN “Tpe-
BOXHBIN” (EHOTUII JIoAeii ¢ MoJUMOP(PU3IMOM
Val66Met, 4TO TOATBEPKIAIOCh MOBBIIIICHHBIM
TPEBOXHBIM TOBeAeHUEM B TecTax “OTKpbITOE
nojsie” u “ITpurnoaHsThiii KpecTooOpa3HbIii Jia-
o6upuHt” (Chen et al., 2006). MyTaHThI ¢ aee-
el bdnf xapaKTepusoBaJlUCh B CTPECCOPHBIX
YCJIOBUSIX TUIEPAKTUBHOCTBIO TMITOTaJaMO-TH-
rnodu3apHO-aIpeHOKOPTUKATBbHOW CUCTEMbl U
MOBBILIEHHBIM JIETIPECCUBHO- U TPEBOXHO-TIO-
no6HbIM noBeneHueM (Yu et al., 2012). OnHako 'y
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TeHETUYECKM MOAU(MUIIMPOBAHHBIX MBIIICH CO
cBepxakcnpeccueil bdnf B BO30yXKaaloIIMX Heli-
poOHaXx TIepeaHero Mo3ra, BKJII0Yasl TUMIITOKAMII,
KOpY ¥ MUHIAJIMHY, B TecTtax “OTKpbITOE MoJje”
n “IlpurmomHATHIIA KpecTOOOpa3HbIN JIAOMPUHT”
Takke OBLJIO OOHAPYXKEHO MOBBIIIIEHNUE TPEBOXK-
HOCTH, KOTOPOM COITyTCTBOBAJI yBEIMYECHHBIN
CUMHAITOreHe3 B 0a3ojlaTepajbHO MUHIATMHE
(Govindarajan et al., 2006). Dt pe3yabTaThbl
nogyepKuBaloT Beaynryio poiib BDNF-o06ycnoB-
JICHHBIX TIPOIIECCOB B MUHIAJIWHE IJISI OMpee-
JICHUSI TICUXO03MOLIMOHaIbHOTO (peHoTUMa. [lo-
BBIIIICHUE TPEBOXHOCTU COITPOBOXIAETCS I10-
BeimeHneM 3kcnpeccnn BDNF B Munnanune, a
ee ocaabIeHNe aCCOLIMMPYETCSI C POCTOM YPOBHS
HeliporpoduHa B Kope mian runmokamrire (Gray
et al., 2013). IIpomoknTeIbHOE BO3IEICTBHE
TOPMOHOM CTpecca KOPTHMKOCTEPOHOM TaKXe
yBemmauBaio yposHn MPHK n 6enka BDNF B
BLA wMpbImeit m mogkperuisio 3aliloMUHaHWE
nMu ycrpamaromero crumyna (Inagaki et al.,
2018). PesynpTathl MOJOOHBIX MCCICIOBAHUIA,
MMPOBEACHHBIX BOCHOBHOM Ha B3POCJIBIX OCO0SIX,
CYMMUPOBaHBI B OOJILIIIOM YHCJie 0030pOB (Ha-
npuMep, Duman, Monteggia, 2006; Castrén,
Kojima, 2017; Kowianski et al., 2018). BmecTte ¢
TeM MaJio U3BECTHO O TOM, KaK HelpoTpoduye-
ckue (aKTOphl yUYaCTBYIOT B 3aBUCMMOM OT aK-
TUBHOCTU HEMPOHOB OHTOTE€HE3€ CUCTEMbI BOC-
MIPUSTHUS U TIepepabOTKK yrpoxKaromieii mHpop-
MalluM, OCOOCHHO B TIEPUON  Pa3BUTHS,
COOTBETCTBYIOIINI ITMKY BOSHUKHOBEHUS U T10-
SIBJICHUS TICUXO3MOIIMOHAJIBHBIX PACCTPOICTB B
IEeTCKO-TIOAPOCTKOBOM BO3pacTe.

Okcnpeccusi BDNF B HelipoHax peryaupyeT-
csl pa3HOOOPA3HBIMU MOJIEKYJISIPHO-KJIETOUYHBI-
MU MeXaHW3MaMu, MOJAPOOHO pa30OpaHHbBIMU B
psne o63opos (Hanpumep, Lu, 2003; Greenberg
et al., 2009; Zheng et al., 2012). BaxkHo, 4yTO
BDNF He TonbKO HEOOXOMUM OJIsI MHOTUX ac-
MEKTOB IUIACTUYHOCTU MO3Ta, 3aBUCUMOI OT aK-
TUBHOCTH KJIETOK, HO €r0 3KCIIPECCUs TaKKe 3a-
IIYCKAETCH, KaK YCTAHOBJIEHO ONBITAMU in Vitro,
aKTUBHOCTBIO HelipoHOB (Hanpumep, Gorba et al.,
1999; Lu, 2003; Greenberg et al., 2009). Ycra-
HOBJIEHO, YTO HEelipOHaJIbHAsl aKTUBHOCTb PETy-
nupyeT pyHkuuio BDNF, Bkirtouast TpaHCKpUII-
uuio bdnf, Hanpasienue U goctaBky MPHK u
oenka BDNF B neHIpuThl, a TAaKXKe CEKPELIUIO U
BHEKJIETOUHYI0 KoHBepcuio proBDNF B 3penblit
BDNF. Bkcnpeccust MPHK bdnf B xiieTkax op-
TaHOTUITUYECKOUN KYJIbTYpPbl KOPHI i Vitro 3aBU-
ceJia OT CTIOHTaHHOM 6M03JIEKTPUYECKO aKTUB-
HOCTWM MNUpaMUAHBbIX HeiipoHoB. M3HayajibHO
HU3Kasl, OHa HapacTajia Mo Mepe IOBbILIECHUS
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pa3psAAHOM aKTUBHOCTU HEMPOHOB U IO CPOKaAM
corjacoBajach C IMHAMUKONI HapacTaHUsI YPOB-
HS TOr0 TPAHCKPUIITA B KOPE in Vivo. HU3KOTO
B TeUYEHUE MEePBbIX ABYX HEAEIb XXU3HU KPbIC C
nukoM Ha 40-if JeHb XXM3HU M TOCISIYIOIINM
CHUXKEHUEM JI0 YPOBHS Y B3POCJIbIX XKMBOTHbBIX
(Gorba et al., 1999). HapyiieHust 3Tux MexaHU3-
MOB CIIOCOOCTBYIOT HNPOSIBJICHUIO KOTHUTUBHOM
IMCHYHKIM 1 TpeBOXHOMY noeaeHuIo (Green-
berg et al., 2009).

[1pu 3HaYMTEILHOM MHTEpece K MCCaeaoBa-
Huio BDNF B nuteparype mMeercs JUIIb He-
OOJIBIIIOE YMCIIO ITyOInKaLnii, KacaroIInxcs po-
M HelpoTpodMHA B Pa3BUTUM MUHIAJIMHBI.
Crnemyer OTMETUTH, YTO OCHOBHBIC PE3YJIbTAThI
MMOJIyYEHBI Ha B3POCJIBbIX XXUBOTHBIX U MCCIIEIO-
BaHUSX MTPpePPOHTAILHOI KOPBI M TUIIIIOKAMIIA.
B TO ke BpeMsi UMEIOTCS OYeBUIHBIE BO3PaCT-
Hble 0COOEHHOCTHU U ellie 60J1ee SIBHbIE Pa3InYusl
MOHWKEHUSI aKTUBHOCTU HEMPOIUIACTUYECKUX
MPOLIECCOB B KOPE M TUIIIIOKAMIIE W, HAIIPOTHUB,
WX aKTUBAllUM B MWHIAJIMHE TONI BIUSHUEM
aHKCHMOTeHHBIX cTumynoB (Gray et al., 2013).
HMmerommmecss naHHbBIC, HECMOTPST HAa UX OrpPaHU-
YEeHHOCTb, ITO3BOJISIOT MPEAIOJOXUTh, YTO 3a-
BUCHMasi OT aKTUBHOCTH HEMPOHOB MPOLYKIIMS
BDNF B pa3BuBaromnieMcst MO3re B paHHEM 1011 -
POCTKOBOM BO3pacTe CIIOCOOHA peryJmpoBaThb
IUTACTUYHOCTh MWHIAJIWHBI, 00eCIeYnBaIONIeii
OTBET Ha yIrpoXarolue CTUMYJIbl, 1 TEM CaMbIM
OKa3bIBaTh JUIUTEIILHOE BIMSIHUE Ha TPEBOXHOE
MOBEIEHNE U CBSI3aHHBIE C TPEBOTOI pacCTPOii-
ctBa. OmHAKO 3Ta TUIOTE3a HYXIaeTCsl B 9KCIIe-
PUMEHTAJIbHOM TOAKPETIICHUN.

Heiiponwt, “eévixarouarouwjue cmpax”

DKcrnepuMeHTalbHbIE BO3MOXHOCTH TTOCTIe-
HOMHOI1 HEMpOOMOJIOrMHM, TaKue, KaK OITO- U
XEMOTE€HETHKA, ITI03BOJISIIOT NOJONTHU K IPSIMOMY
9KCIIEpUMEHTAJILHOMY aHajiu3y BIUSHUS aK-
TUBHOCTU HEWPOHOB MUHIAJIUHBI HA MPOSIBIE-
HUE TPEeBOXXHOCTU U 3kcnipeccrio BDNF B atom
OTJIeJIe TOJJOBHOTO MO3Ta Y MOJIOJIBIX 1 B3POCIIbIX
XKUBOTHBIX in vivo. Kak onto- (Fenno et al.,
2011), Tak u xemoreHeTuka (Sternson, Roth,
2014) mo3BOJISIIOT CEIEKTUBHO U3MEHSITh aKTUB-
HOCTbh KOHKPETHBIX HEMPOHOB M UX aHCaMOJIEH.
O06a noaxona 6a3UpPyIOTCSI HA SKCIIPECCUU B Ke-
JIJaéMOM THIIE€ KJIETOK, B TOM YUCJI€ U HEPBHbIX,
HOBBIX JUIsSI OpraHu3Ma OeJIKOB-pelenTOpPOB,
BOCIIPMHUMAIOIINUX B TIEPBOM CJIydae CBET OIpe-
JIEJIEHHOW AJIWHBI BOJHBI, a BO BTOPOM — He-
OOBIYHYIO IS OpraHU3Ma XUMUYECKYIO MOJIEKY-
JIy IUTaHJa, CBI3bIBAIOLILYIOCS C 3TUM PeLeNTO-
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pom. Ilpu mocrtymjieHMn K KIETKE CHUTHaja,
BOCIIPUHMMAaEMOTO €€ HOBBIM PELIEeTOPOM, B 3a-
BUCUMOCTH OT MOJICKYJISIPHBIX OCOOCHHOCTEM
pelernTopa, MHOXECTBO TUIIOB KOTOPBIX YK€ CO-
3IaHO, aKTUBHOCTb KJIETKH, HAIIpUMEpP, 4acTOTa
pa3psinoB HeiipoHa, TOBBIIIASTCS WJIM, HA000-
pOT, CHMXKAETCSI. DTU TIOAXOIbI TTO3BOJISIIOT BbI-
SICHSITh POJIb OTIpeIeJICHHBIX IPYIIT HEHPOHOB B
MPOSIBJICHUU TOTO WJIM MHOTO TUIIA TTOBEICHMS
(Dygalo et al., 2016), a Takke BIUSHUS Ha HUX
(hapMakoIOTMYECKUX TIPEIapaToB, MHIYIIUPYIO-
IIUX M3MEHEHHE AaKTUBHOCTU OTpaHUYCHHOMN
rpynmnbl HeiipoHosB (Dygalo et al., 2019). Hapsany
C 3TUM MbI OOpaTWJIM BHMMaHWE HAa BO3MOX-
HOCTh mpuMeHeHus1 onto- (Lanshakov et al.,
2017) 1, BOBMOXHO, XeMOT€HETHUKHN IJIST MCCIIe-
TOBAaHMS DKCIIPECCUM OEIIKOB B HeiipOHe B 3aBU-
CUMOCTHU OT €r0 aKTUBHOCTH.

O6a noaxo/a yxe MCHoJIb30BaIUCh B psiie He-
NaBHUX paboOT mis1 HuccaeaoBaHUs (PYHKIUU
MUHOAIWHBI, CBSI3el MEXIy sSapamMMu 3TOK
CTPYKTYpPbI, a TaKXKe ¢ KOpOIi, TUMIIOKAMIIOM U
TajamycoM. Tak, ObIJIO TTOKa3aHO, YTO OIITOTre-
HETUYeCKasi CTUMYJISILMST TIIyTaMaTepruyecKux
nupaMuaHbix HeilipoHoB BLA wuHrubuposana
aKTMBHOCTb HEMPOHOB LIEHTPAILHOIO MeAATb-
HOTo sapa MUHIaIuHbL. HenpoposskuTtenabHas
aKkTUBaLMs 3TUX HEHPOHOB BO BpeMsl BbIpabOT-
KW peaklMu cTpaxa Hapyluaja 3alloMUHaHUe
YIpOXKaIOIIEro CTUMYJia B3POCJbIMU caMllaMUu
Mmblieii (Jasnow et al., 2013). BeicokoyacToTHast
onToreHeThYecKas CTUMYJISIMS npoekumii BLA
B mPFC, BbI3bIBalolllasi CUHAIITUYECKYIO Je-
MPEeCCUI0, MPEeISITCTBOBAa 3alIOMUHAHUIO yTPO-
JKalollel cuTyalu, ociaablisijia BeipaOOTaHHBIE
paHee oTtBeThbl HelipoHoB MPFC, cBsi3aHHbIE C
TaKOM CUTyallMei, 1 COCOOCTBOBAJIA yracaHUIO
namstu o Heit (Klavir et al., 2014). B nanbHeii-
1IeEM OIITOTeHETUYECKass U XeMOreHeThdecKasi
MOMOYJISILUSI aKTUBHOCTU 3TUX HelipoHOB BLA
MO3BOJIMJIa YCTAHOBUTD UX (DYHKIIUIO B KAUECTBE
HEMPOHOB, YrHETAIOIIMUX IMOBEIECHUYECKUE IPO-
SIBJIEHUSI CTpaxa WJIM, MO BbIpaXkeHUIO aBTOPOB,
“peiknovaromiux crpax” (McCullough et al.,
2016). OnTroreHeTMYECKOE MHTMOMPOBAHUE Y-
™ BLA-3HTOpHHAaIbHAs1 KOpa y MBIILIEN BO Bpe-
M1 BBIpaOOTKM CTpaxa B OMpeieJIeHHOM KOHTEK-
CT€ CHMXXAJIO UX peakldio 3aMUpaHUs TIpU MO-
BTOPHOM MpenbsiBIIeHUM KOHTeKcTa (Sparta et al.,
2014). HarmpoTuB, OOTOCTUMYJISILIASI MPOSKILIUIA
BLA B npeauMOMYecKyo KOopy yCuauBaia IIpo-
SIBJIEHUE CTpaxa, B TO BpeMsl KakK XeMOreHeTh4e-
CKOE€ WJIM OIITOreHEeTUYeCKOe€ MHIMOUpOBaHUE
3TUX MpOoeK1Mii ero ymeHnlinaiao (Burgos-Robles
et al., 2017). KpaTkoBpeMeHHO€E ONTOTeHeTHnYe-
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cKoe MHruouposaHue HelipoHoB BLA B nepuo-
Ibl aBEPCUBHOTO MOAKPETIJICHUSI CHUXKAJIO BOC-
MPUSITUE YCIOBHBIX CTUMYJIOB, Jiejiasi UX MeHee
3alIOMMHAEMbIMHU U TTO3BOJISTIOIIIMMU KOHTPOJIM -
poBaTh CTpax WM 0e3onacHoe noseacHue (Sen-
gupta et al., 2018).

XeMoTreHeTU4YeCKoe BO30YXXIeHME IIyTaMa-
Tepruueckux HeiipoHoB BLLA B3pocibIx Mbilliei
HE BJIMSJIO HA OOyyeHue U 3allOMMHaHUE yIpo-
>Kalolllero CTUMyJia, OAHaKO MPEeNsITCTBOBAJIO 3a-
IMOMUWHAHWIO CHUTHajla OTMEHbI YIPOXKaloIero
CTUMYJIa, YTO NPUBOAWIO K 3HAYUTEIbHBIM Ha-
pyLISHUSIM B ITOoAaBJIeHUU cTpaxa (Sengupta et al.,
2016). XeMoOreHeTMYEeCKOE€ MHTMOMpOBaHUE
T'AMK-epruyeckux, HO He NMUPAMUIHBIX Heu-
POHOB 0a3aJIbHOTO Apa MUHAAJIMHBI HAPYIIAJIO
obydyeHue Ha ycTpaluatoiuii ctumyi. Kpome to-
ro, Kak xeMoreHetuueckasi crumyasiiust TAMK-
eprMYecKux, TaK U XeMOIeHETUYEeCKOe UHIMOU-
poBaHUE TNMUPAMUIHBIX HEHPOHOB 3TOro sapa
MUHIAJIMHBI ObLJIO JOCTATOYHBIM A1 POPMUPO-
BaHUS accollMallMM MEXIy IMOBeAeHUEM U Hel-
TpaJIbHBIM 3BYKOBBIM curHajaom (Tipps et al.,
2018). OnrToreHeTUYecKWe MaHUMNYJSIIUMU aK-
TUBHOCTBIO MHTEPHEHPOHOB MWHIAIWHBI TIPU
HccieIOBaHU MEXaHU3MOB BbIpaOOTKU peak-
LIMU1 YCJIOBHOIO CTpaxa BbISIBUJIM MHOTOTPaHHYIO
pOJIb TOPMOXKEHUS, 3(PhEKThl KOTOPOTO 3aBUCE-
JIM KaK OT TUIIa cCTUMyJa (YCJIOBHbI — O€3yCI0B-
HbI1), TAaK U OT TUIIA UHTEpHEpoHa (mapBayib-
OyMHHOBBIN — coMaTocTaTuHOBLIN) (Wolffet al.,
2014). C ucrionb3oBaHMEM OIITOT€HETUYECKOIO
rnoaxoAa ObUIM IOJYYE€HBbI CBUIIETEIbCTBA, YTO
MpyY BbIpabOTKe peakliviu YCJIOBHOIO CTpaxa ak-
TUBUPYIOTCSI COMATOCTaTUH-TIO3UTUBHBIC HEM-
POHBI, KOTOpble WHTUOUPYIOT WMITYJIbCALIAIO
HEMPOHOB JilaTepajbHOTO OTAesa lLIEHTPaJIbHOM’
MUWHIAJIWHBI, CHUMAsi TEM CaMbIM UX UHTUOUPY-
I0lllee BJIMSHUME Ha MeIWalbHBbI OTOEN LeH-
TpajlbHON MUHIAIMHBI, CIIOCOOCTBYS MPOSIBJIE-
Huto ctpaxa (Li et al., 2013).

OnroreHeTuvyeckass mMHakTuBauusi BLA Bo
BpeMsI IPUHSITHUS XKMBOTHBIM pEILEHUSs] IS [TO-
JIydeHUsI MUIIEBOTIO BO3HArpaXKJIeHUST YBEINUM-
BaJla UMIMYJIbCUBHBII BBIOOD Yy B3POCIBIX 6-Me-
CSIYHBIX, HO HE OKa3bIBajla BIUSIHUSI Ha CTaphIX
24-mecsiuHbix Kpbic (Hernandez et al., 2019).
HeiipoHsl naTepaibHOIo oTAesa LEHTPaIbHOIO
siipa MUHOAJWHBI, aKTUBHO OTBEYalollue Ha
ONTOCTUMYJISLIMIO adHepeHTOB U3 MapaBEHTPU-
KYJISIPHOTO siipa Tajlamyca, MOTYT OBITh KJlo4e-
BBIMU PETryIsITOpaMu IIPOSIBJIEHUS 00YCIOBJICH-
Horo ctpaxa (Chen, Bi, 2019). Onrorenetuye-
ckasi axktuBauusg BLA Mbleir cHuxajia
UMITYJIbCUBHOCTh, HO YBE€JIMYMBaJIa KOMITYJIb-
Ne 4
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CUBHOCTb, TPEBOXHO-MOAOOHOE IOBEACHUE U
MPOCTPAHCTBEHHYIO pabouylo NaMsTh, a UHIU-
OupoBaHMEe MMEJIO MPOTUBOMOJIOXHBIE 3 PeK-
Thl (Yin et al., 2019). XemoreHeTuueckas 61o0ka-
a TPOEKIMIN MepeaHEr ITOSCHOW KOpbI WU
BEHTpaJIbHOTO rumiokammna B BLA 3HauutenbHO
CHMKajla MpPOSIBJIEHUSI TPEBOXXHOCTU B HOBOM,
He YrpoxalollleM KOHTEKCTe, HO He Biusijia Ha
TPEBOXHOCTh B 00CTaHOBKE, U3BECTHOI B3pOC-
JIBIM MBIIIAaM Kak yrpoxaromias (Ortiz et al.,
2019). ITocne BbIpabOTKU acCOLMALIMU aBEPCUB-
HOTO CTUMYJIa C ONITOT€HETUYECKOM CTUMYJISLI-
eil CIIyXOBBIX BXOJOB B MUHIAIMHY IOCIEAYIO-
11asi ONTOTeHETUYECKN BbI3BaHHAS IJIMTEJIbHAS
JIeTpeccusi 3TOT0 BXoda AeaKTHMBHpPOBaJa Iia-
MSITh O CTUMYJIE, a ONTOTeHETUYECKask MHAYKIIMS
IJINTEJILHOM MOTEHIIMAlIMKU €€ BOCCTaHaBIMBaJjla
(Nabavi et al., 2014). XemoreHeTn4decKast aKTH-
BalMsl MPOEKIUM MHPPATUMOUYECKON KOPHI B
BLA yBenmuuBana skcrpeccuio c-Fos B 3Tom
otnene PFC n ymensmana ee B BLA. D10 XemMo-
TeHEeTUYECKOE BO3IeiiCTBME BO BpeMsl TECTa CO-
LAAJIbHOTO KOHGIMKTA TOPMO3MIO NpUoOpeTe-
HUE YCJIOBHOM peakliy NopaxKeHus y cyoopau-
HAHTHBIX, HO HE AOMUWHAHTHBIX XOMSUYKOB
(Dulka et al., 2020).

M3 nByX 1oaxonos, o0ecrneynBamIX U30u-
paTesibHOe MO TUITY KJIETOK M aHAaTOMMYECKOM
JIOKaIM3allui U3MEeHEeHUEe aKTUBHOCTU HEMpo-
HOB, MCMOJIb30BaHUE XEMOT€HETUKM, OCOOEHHO
B BapuaHTe DREADDs (Designer Receptors Ex-
clusively Activated by Designer Drugs) (Sternson,
Roth, 2014), sasnsiercsa ©Oosee MNpuBJIEKaTEb-
HbIM, YeM OMNTOreHeTHKa, ISI MCCAeIOBaHUS
GYyHKIMI HEHPOHOB, YUYACTBYIOIIMX B IPOSIBIIC-
HUM, HaTIpUMep, HeHpOIIacTUUECKUX U TICUXO-
MOBEIEHUYECKUX MPOLECCOB. DTOT MOAXO[ CITO-
co0eH 00ecIeuynTh NPOAOLKUTEILHOE U3MEHE-
HY€ aKTMBHOCTU HEMPOHOB 1 HE OrpaHUYMBaeT
JNBVKEHUSI JKMBOTHOTO HEOOXOIMMOCTbIO OCBE-
IIEHUsT HEMPOHOB MO3ra CBETOM HEOOXOIMMOIi
IJIMHBI BoJIHBI. KpoMe Toro, xeMoreHeTuka yxe
paccMmarpuBaeTcsl Kak MepCrneKTUBHbBIN TTOIXO.
JUJTSI TEPATIMU TSIKEJTbIX HEMPOJOTMYEeCKUX U TICH -
XO3MOLIMOHANbHBIX paccTpoiictB (Lieb et al.,
2019). BmecTe ¢ TeM BO3MOXHOCTH 3TOTO IOJIXO-
Jla ISl BBISICHEHUSI BIMSIHUSI aKTUBHOCTU HEli-
POHOB B MO3Tre KMBOTHBIX MTOAPOCTKOBOTO BO3-
pacta Ha UX MCUXOIMOLIMOHAIBLHOE TMOBEASHUE
TOJIBKO HayMHAIOT MCHOJIb30BaThcsl. B Hamiem
HenaBHeM ucciaegoBanuu (Dygalo et al., 2020b)
C TIOMOIIIbIO XeMOTE€HETUYECKOTrO aHajn3a ObLIO
OOHapy>XeHO, YTO aKTWUBALMS IyTamMaTepruye-
ckux HelipoHoB PFC ocnabisier nposiBiieHus
TMCUXO3MOILIMOHAJILHON TPEBOXHOCTH B IOBeE-
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HWIbHBII TI€pUOJ OHTOreHe3a Tak ke, KaK U y
B3pocibiXx XXKMBOTHBIX (Yun et al., 2018). OueBu-
HO, IIPUYMHBI, JIeXaIl[1e B OCHOBE HA0/II01aeMO-
ro B KJIMHUKE HAapyILIEeHUsI B HIOAPOCTKOBOM BO3-
pacTte 4yBCcTBa cTpaxa (Zimmermann et al.,
2019), mmpe mnpeamnojaraeMoro B HacTosliee
BpeMs “HEOOCTATOYHOTO KOHTPOJISI MUHAAJIVMHBI
co cropoHbl Kopbl” (Casey et al., 2019) u emie
OXMOAIOT CBOEIO UCCAeI0BAHMS.

SAKJIIOYEHUE

PazBuTtrie MUHIAIVMHBI U TECHO B3aUMOJEH-
CTBYIOLIMX C HEW B peaqu3alliM OTBETOB Ha
yrpoxaromue ctumyiabl PFC wm rummokamiia
BKJIIOYAET B ce0s KacKaa U3BMEHEHU OObeaHSI-
IOIINX UX HEUPOHHBIX ceTeii. MMeromumecs: naH-
HbI€ CBMAETEIbCTBYIOT, UTO TMATTEPHBI CBS3EM
BHYTPHU U MEXIY 3TUMU CTPYKTypaMu MpeTepIie-
BalOT B OHTOre€HEe3e uepapxuiyeckue u3MeHeHUs
OT TOJKOPKOBO-TIOAKOPKOBBIX K ITOJKOPKOBO-
KOPTUKAJIbHBIM, KOPTUKO-MOAKOPKOBBIM U, Ha-
KOHEIl, K KOPTUKO-KOPTUKAUTbHBIM, UTO MOXET
JiexxaTb B OCHOBE IOCTENEeHHbIX M3MEHEHMIA
SMOLIMOHAILHOI pEaKTUBHOCTH U PETYJISILMU Ha
MPOTSIXKEHUU MO3HET0 AETCKOTO — IMOAPOCT-
KOBOIO MepuoAa M Iajiee MOJOAOrO B3pOCIOro
Bo3pacTa. B kauecTBe oiHOI M3 OCHOBHBIX TIPU-
YUH “TIOAPOCTKOBOI” MpPeapacIioJOXEeHHOCTH K
TMCUXOAMOLIMOHAIbLHBIM PAacCTPOMCTBAM U OCO-
OeHHOCTell pearupoBaHUsI B 3TOM BO3pacTe Ha
YIPOXalouKe CTUMYJIbl pACCMATPUBAETCS HEAO-
CTaTOYHOCTb KOHTPOJISI CO CTOPOHBI KOPbI Haj
akTUBHOCThIO MuUHOannHbl (Casey et al., 2019).
BmecTte ¢ TeM CMOCOOHOCTh XEMOT€HETUYECKOM
aKTUBALlMM KOPbl CHMXXATh TPEBOXHOCTh KaK y
B3pocibix (Yun et al., 2018), TaKk U y 10BEeHUJIb-
HBIX IpbI3yHOB (Dygalo et al., 2020b), yka3bIBaeT
Ha HEOOXOIMMOCTbh PACUIMPEHUs] MOUCKA BO3-
MOXHBIX TPUYMH MOIPOCTKOBBIX OCOOEHHOCTEN
TICUXO3MOLIMOHAJIBHOTO pearupoBaHus. OaHoi
W3 TaKUX MPUYMH, CyIs MO CBEACHUSIM JIUTepa-
TYpbl, MOTYT OKa3aTbCSl OHTOT€HETUUECKUE OCO-
OEHHOCTU BJIUSIHUSI aKTUBHOCTU IJIyTamMaTepru-
yeckux HelipoHOB BLA Ha akcrnipeccuio BDNF B
9TOM OT/EJie MO3ra M IOCJIeaylole nposiBie-
HUSIT TPEBOXHOIO U JENPECCUBHO-TIOJ0OHOIO
MOBeNeHUs y 0cO0€eii OBEHUJIBHOTO U B3pOCIOTO
Bo3pacTa. OJHAKO BO3MOXHOCTh 3aBUCUMOCTU
or BDNF ¢dyHKIMOHUpOBaHUST aMUTHAISIPHOM
CUCTEMBbI BOCTIPUSITHUS U TTepepabOTKU yrpoxKaro-
et nHpopMalnu, a TakXke pearupoBaHus Ha
HE€ B BO3PACTHOW MEPHUOI, COOTBETCTBYIOILLIUMN
MUKy Hayaja IOSBJIEHUSI TICUXO3MOIIMOHAIb-
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HBIX paCCTPOMCTB B KJIMHUKE, €IIe HYXXIaeTCs B
HCCIeIOBaHUM.

PaGora mogmep:kaHa: B 4aCTW aHaAJM3a MUH-
JanuHbl — Poccuiickum ¢doHaoM @yHIamMeH-
TanbHbIX uccaegoBanuii [Ne 20-015-00129],
aHaJIn3a KOpbl M TUMIIOKaMIIa — IpaHToM Poc-
cuiickoro HayyHoro ¢donHma [Ne 19-15-00093],
CpeIHero M 3aaHero Mo3ra — 0a30BbIM (PpMHAH-
cupoBanueMm MIul' CO PAH 0324-2019-0041-
C-01.
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ONTOGENESIS OF THE CORTICO-LIMBIC SYSTEM AND THE RISK
OF ANXIETY DISORDERS DURING ADOLESCENCE
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The interactions of the amygdala, prefrontal cortex, and hippocampus, key structures of the corti-
co-limbic system, play an important role in shaping behavioral responses to threatening stimuli.
The features of the ontogeny of these interactions, both at the level of the neurotransmitter and neu-
rotrophic processes occurring in the structures and the development of afferent and efferent con-
nections between them, may underlie the increased risk of mood disorders during the adolescence
compared to earlier and subsequent periods of life. Critical analysis of literature data presented in
this review is important for understanding possible mechanisms of adolescent psychopathology and
might be useful for future search for the ways to treat it.

Keywords: ontogenesis, amygdala, prefrontal cortex, hippocampus, anxiety, brain neurotrophic
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BospacTHble HapyllIeHUSI CITIOCOOHOCTUA BOCIIPUHMMATD, XpaHUThD U TI0JIb30BaThCSI HOBOM MH(MOp-
MallMeil UTHTEHCUBHO U3YYalOTCsl Y Pa3IMYHbIX BUIOB KMBOTHBIX U Y YejoBeKa. KOrHUTUBHBIM
IeUILNT KaK IIpy HOPMAJIbHOM, TaK M IIPU ITaTOJIOTMYECKOM CTaApEHUM MOXKET OBITh Pe3yJIbTaTOM
HapylIeHHON PEeryyisiiuyd TPaHCKPUIILIMM, TPAHC/ISIIUM, CEKPELUU, PEeUeNud U CUTHAIMHTA
Mo3roBoro Heiliporpoduueckoro ¢akropa (BDNF), spisrolierocs KioueBOil MOJIEKYJION,
y4acTBYIOIIEH B mpolieccax 00ydeHUs U ITaMSITH, T.€. BAXKHBIX KOTHUTUBHBIX KOMIIOHEHTOB, Hau-
OoJiee ySI3BUMBIX IIpU cTapeHUM. B HacTosIeM KpaTkoM 0030pe pacCMaTpUBaIOTCSI COBPEMEH-
HbIe TIpeacTaBlieHust 06 ydactuu cucteMbl BDNF B ¢opMupoBaHMM KOTHUTHUBHOTO CTaTyca
B3POCJIOTrO U CTapeloniero Mo3ra. Takske OIMMCBIBAIOTCS HEKOTOPHIE COBpeMeHHEBIE (DapMaKoJIo-
TMYecKre 1 HeMeIUKaMEeHTO3HbIE MOAXOAbI, CTUMYIMpyloline 3kcrpeccuio BDNF u/unu Bo3-
JIEHACTBYIOIIIME HA COOTBETCTBYIOIIME CUTHAIbHBIE KacKadbl, KOTOPhIEC alipoOMPOBaHbl HA KCIe-
PUMEHTAJIbHBIX MOIACJIAX 1 MOTYT 6bITb HCITOJIb30BaHbI UJIHN YK€ UCITOJIB3YIOTCA B KOTHUTHUBHOM
repuaTpUN.

Knrouesste cnosa: koramtuBHble pyHknn, BDNF, TrkB, crapenue
DOI: 10.31857/S0044467721040079

COKPAILLEHHA
nyvrr — WHTepBajbHAas yMepeHHas Tunobdapuyeckasi TunoKCcust
Akt — protein kinase B
BDNF — brain-derived neurotrophic factor
CaMK — Ca?*/calmodulin-dependent protein kinase
CREB — cAMP response element-binding protein
ERK 1/2 — extracellular signal-regulated kinase 1/2
FUS — (boKycUpOBaHHBIHI YIBTPAa3BYK
MAPK — mitogen-activated protein kinase
mTOR — mechanistic target of rapamycin
PDPK1 — 3-phosphoinositide-dependent protein kinase-1
PI3K — phosphoinositide 3-kinase
PKC — protein kinase C
PRC — perirhinal cortex
p75NTR — p75 neurotrophin receptor
TMS — repetitive transcranial magnetic stimulation
STEP — striatal-enriched phosphatase
tDCS — transcranial direct current stimulation
TrkB — tyrosine receptor kinase B. TK+; TK— isoforms
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ITpouecc crapeHus BKIIIOYAET NPOTrpeccUpy-
I0IIME HapylIeHUS TOMEeOoCTaTUYECKUX MeXa-
HU3MOB B MO3re, KOTOpbI€ COMNPOBOXIAIOTCS
yrHETeHUEeM KOTHUTUBHBIX pyHKIMit. [Tpu HOp-
MaJIbHOM CTapeHUU HauboJjee ysa3BUMOI OKa3bl-
BaeTcsl HEWpOHaIbHAS IUIACTUYHOCTh TMIIIO-
KamIia U HECKOJIbKUX OTIEeJIOB KOphl. [1cuxono-
TMYECKOE TECTUPOBAHUE TIOXWJIIBIX JIOIEH C
MpYMMEeHEHWEM MarHUTHO-PE30HAHCHOI BuU3ya-
JI3alMy1 MOKa3ajio, YTO MPU3HAKU KOTHUTUBHO-
ro ocyiabsieHus (CHUXEHUE XapaKTepUCTUK J0-
TOBPEMEHHOM SMNU30IMYECKO mamsiTh, pabdo-
yell TmaMsaTh, WCIOJHUTEAbHBIX (GYHKUMUNA U
CKOPOCTU pearupoBaHUs) KOPPEJIUPYIOT C
yMEHbIIIEeHUEeM 00beMa TUIlNoKaMIia, pa3BeTB-
JICHHOCTBIO ACHAPUTOB U KOJUYECTBOM IIUIIH-
KOB, UTO HapyllaeTt ero (OyHKILMOHaJbHbIE B3aU-
MOCBSI3U CcO CTpyKTypamu Kophl (O’Shea et al.,
2016; Nyberg, 2017). OgHUM U3 3BEHbEB CUCTE-
MBI PETYJISILIMU PaOOThI MO3Ta B LIEJIOM Y OCOOEH -
HO ero o0JjacTeid, peaan3yrolX KOTHUTUBHbIE
(GYHKIIMU, BBICTYIIAET CEMENCTBO HEMpOoTpopu-
yeckux pakTopos. [Tpoaykiiys HelipoTpodrHOB
U aKTMBHOCTb CUTHAJIbHBIX MYyTei, B KOTOPBIX
OHU 3aleliCTBOBAHbI, B 3HAUYUTEJILHON Mepe
MOJBEP>XKEHbI UBMEHEHUSIM, TPOUCXOISIIIMM KaK
MPU HOPMAJIBHOM CTapE€HUHU, TaK U MPU HEHPO-
JIeTeHEpaTUBHbBIX 3a00JIeBaHUSIX, OOBIYHO CO-
MPOBOXIAIOIIUX cTapeHre. MoeKyasipHble Me-
XaHU3Mbl BO3pACTHBIX UBMEHEHU CUHTE3a, Me-
Tabosim3Ma, CeKpelMu, TpaHCopTa U pelenimumn
HEUPOTPO(UHOB B pa3JIMUHBIX OTAEIaX MO3Ta
noka HemoctaToyHo sicHbl (I'omaszkos, 2011).
OnHuM U3 HanboJiee U3YYEHHBIX YWIEHOB 3TOrO
ceMelicTBa, OTBevyalollero 3a (opMupoBaHue 1
MoJaep>KaHue KOTHUTUBHBLIX (DyHKLMIA Mo3ra,
SIBJISIETCSI MO3TOBOI HelpoTpoduueckuii pak-
top (brain-derived neurotrophic factor — BDNF).
MHOTMMM MCCIIeNOBATENSIMU OTMEYAETCSI KOp-
peJISILUS MEXy CHUXKEHUEM CUHTE3a, CEKPELIUU
u/vnu peuenuuu BDNF B mo3re u pazButuem
psna ncuxuyeckux gucdynkiuii (Baranova et al.,
2015; Cattaneo et al., 2016), B TOM uKcCe cTapye-
CKOro KOTHUTUBHOIo ociabieHus (Barrientos
et al., 2015; Budni, 2016; Miranda et al., 2019).

Ienb HacTosIIEr0 0030pa COCTOUT B COOCTAB-
JileHuu v aHanu3se cBegeHuil o cucteme BDNF u ee
BO3PAaCTHBIX M3MEHEHUIX, COIPOBOXIAEMBIX
HapylIeHUSIMA KOTHUTUBHBIX OYHKIIMI, a Tak-
XK€ B OCBCIICHNM CITOCOOOB CTUMYJISILIMM ITOM
CHUCTEMBbI, UMEIOIIMX MePCIIEKTUBBI repruaTpuye-
CKOTI'O IIPUMEHEHUSI.
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1. TEHbI BDNF U1 TrkB

EnunctBenHbIl reH BDNF yenoBeka pacro-
JoxkeH B 11-i1 xpomocome. OH coaepxkut 9 pyHK-
LIMOHAJIBHBIX IIPOMOTOPOB, KOTOpPLIE crieuu-
YeCKM aKTUBUPYIOTCS B PA3IMYHBIX TKAHSIX U 00-
JIaCTSIX MO3ra C MCIOJb30BaHUEM HECKOJIbKUX
TpaHCKpUITLIMOHHBIX ¢akTopoB (Esvald et al.,
2020). Takasi KOHCTpPYKLMS TeHa cIlocoOHa
TPaHCKPUOUPOBATh HECKOJILKO CILIAkC-BapraH-
TOB, OTJIMYAIOLIMXCS aJlbTEPHATUBHBIMMU, HE
TPpaHCIMPYEMbIMU yYaCTKaMU B 5' KOHIIEBOIi 00-
nactu (Cattaneo et al., 2016). Perynsuust ypoB-
Hell Mmonexkya BDNF, cuHTe3upoBaHHBIX OT pa3-
JIMYHBIX TPAHCKPUNTOB, OCYILIECTBISIETCS pa3-
JIMYHBIMU (PU3NOJIOTUYCCKUMU CTHUMYJIaMU, B
4yuclie KOTOPBIX Haubojee 4acTo O0CyxKIaeTcs
crpecc (Fuchikami et al., 2009), ypoBeHb HelipoO-
HanbHOI akTuBHOCTU (Hong et al., 2008), pusu-
yeckue ynpaxHeHus: (Chieffi et al., 2017), ypo-
BeHb a3cTtporeHoB (Luine, Frankfurt, 2013), Ha-
Juuyue antuaenpeccanToB (Miranda et al., 2019).
OnHu n30(OpMBbI CrieLIM(PUUHBI 1151 KJIETOK Ie-
pudepuyecKoil KpoBH, Apyrue s HEHPOHOB
MO3ra, a 9acth — Uit o0emx TKaHeit (Timmusk
et al., 1993). IlocinenHee OoOCTOSITENBCTBO TIpe/-
CTaB/ISICTCSI MPAKTUYECKU BaXKHBIM, ITOCKOJBKY
NaeHTU(PUKALNUS SKCIIPECCUM TaKuxX “oommx”
n30(opM B KPOBU YeJIOBEKA TEXHUIYSCKM OOJIer-
yaeT JOMArHOCTUKY psijia IMCUXUYECKUX pac-
CTpPOMCTB, cBs3aHHBLIX ¢ aedpunutTomMm BDNF B
KOTHUTHMBHO 3HAYMMBIX obnacTsax moara (Catta-
neo et al., 2016). Jaxxe B npeaejiax OMHOIO HEPB-
HOro 00pa3oBaHUs — IMIIIOKAMIIa MUPaAMUIHEIS
HeiipoHbl oonacteit CAl u CA3 neMOHCTpUPYIOT
pasmmuHoe pacrnpeneiaenue BDNF, rpancimpo-
BAHHOTO pa3JIMYHBLIMM TpaHcKpulitamu. boiee
TOoro, crneuuduKa BKCOPECCUM pa3IUudHbIX
tpanckpuntoB MPHK BDNF o6HapyxeHa u Ha
cyOKkeTogyHOM ypoBHe. Ha n3onmpoBaHHBIX TN -
paMUIHBIX HEMpOHAX TUIIIIOKAaMMa MbIIei 1
B 3KCIIEpUMEHTAaX in vivo ObLIO ITOKa3aHO, YTO
CTUMYJISILMS. (DOPMUPOBAHUS AlMKaJbHBIX WU
0a3aJIbHBIX IEHIPUTOB, Pa3BETBICHHOCTU JSH/I -
PUTHOTO OpeBa WM O00pa3oBaHUS ILIMIITUKOB
ocyuwiectBisercsa o6enkamu BDNF, cunTe3upo-
BaHHBIMU Ha OCHOBE Pa3JIMUYHbIX TPAHCKPUIITOB
(Maynarda et al., 2017). IIpeacraBieHuss o He-
CKOJIbKUX crjiaiic-BapuaHTax BDNF n naHHble,
yKa3bIBawIle Ha KJIETOYHYIO U CyOKIETOUHYIO
cnelduKy JIOKaIM3alMd COOTBETCTBYIOIIUX
TPaHCKPUIITOB, MOAAEPXUBAIOT TUIIOTE3Y “IPO-
CTPAHCTBEHHOIO KoJa”, KOTOpasl yTBEpXKIaeT,
YTO DBKCHOpecCusl pasMYHbIX TPaHCKPUIITOB
MPHK BDNF obGecneuynBaeT nmpocTpaHCTBEH-
Ne 4
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Puc. 1. YrpomieHHasi cxema CUTHaJIbHBIX KacKanoB, MHULIMUPYyeMbix perentopamu BDNF B HelipoHax mo3ra.

VkazaHue BO3MOXHBIX MUILIEHEN CTapEeHMS.
O603HaYeHMS JIMHU:

——> aKTHBaIVs; —{ VHAKTHBAIMsT;, — @ MOTYJISIHIS; - — — — > TPaHCJIOKalUsl.
Fig. 1. Simplified scheme of signal cascades initiated by BDNF receptors in brain neurons. Indication of possible

targets of aging.
Indication of lines:

—— activation; —{ inhibition; —e modulation; -— - —— » translocation.

HYIO, BPEMEHHYI0 U CTUMYJI-CIeIUPUIHYIO
npoaykuuio BDNF (Tongiorgi, 2008).

Bruexnerounsiii BDNF, cBsg3bIBasicb co CBO-
UM ITLJIa3MaJIeMMHBIM BbICOKOA(UHHBIM pelell-
topoM TrkB (tyrosine receptor kinase B), moxeTt
MOIYIUPOBATh 3KcITpeccuio coocTtBeHHoit PHK
yepes akTuBaluio curHanuara MAPK (mitogen-
activated protein kinase), o6pa3ys, Takum obpa-
30M, TPAHCKPUMNLMOHHYIO MOJOXUTEIbHYIO 00-
patHy1o cBa3b (Nakajima et al., 2015). Ha xyib-
TUBUPYEMbIX HEWpPOHAX KOpbI MOKA3aHO, 4YTO
[JIABHBIM PETYISITOPOM MHIYKIIMU BCEX OCHOB-
HbIXx TpaHckpuntoB BDNF, 3aBucgmux ot
TrkB-curHanuHra, siBAsieTCSI CEMEMCTBO TpaH-
ckpununoHHbIX ¢pakTopoB CREB (cAMP re-
sponse element-binding protein) (Esvald et al.,
2020). B Mmo3re rpbl3yHOB U Jl0Aei Hanboaee ak-
TuBHAasA 3kcnpeccuss BDNF ormeuaeTcss B rum-
nokamrie (CUJIbHEe BCEro), aMuraajie, MO3Keuke
u kope (Hofer et al., 1990).

OueHuBasi WHAWBUAYIbHYIO crHeuuduy-
HocTbh posii BDNF B peryasinnyu KOTHUTUBHBIX
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GyHKUUH, cleayeT YYUTbIBaTh IOJMMOPDU3IM
€ro reHa y yeJjioBeKa, KOTOPBI MpPOSIBISIETCS B
IByX BapuaHTax 66-ro kogoHa MPHK, o6Gecne-
YUBAIOIINUX TIPU TPAHCISILIUU aJIbTEPHATUBHBIMN
nondop aMuHOKMCIOT: Jubo Val, nubo Met.
YcraHoBiIeHO, 4TO Hocutenu auiean BDNFMe,
B OTJIMYME OT HOCUTEJIeld TOMO3UTOTHOI ajljieiib-
Hoit mapel BDNFY¥/Val pogBiIstin CyliecTBEH-
HO CHIMXXKEHHYIO0 CUHANTUYECKY1O INIACTUYHOCTb,
3aBucsiryio or NMDA-un TAMK-tpancmuccun
B IpedpoOHTAJILHOI KOpPe, UTO KOPPEJIUPOBaJo C
KOTHUTUBHBIM nedunmtoMm (Pattwell et al.,
2012).

BaxxHy1o poib UrparoT aNUreHeTUYeCKrue Me-
XaHU3MBbI peryJisiunu skcnpeccut BDNF B Mo3-
re 4yejoBeKa, peaju3yeMble 4Yepe3 HEKOTOpbIe
nmpomoTtopsl IyreM meTuaupoBaHus JJTHK v/vim
rMcToHOB. OTMEYEHO, YTO Y MallMeHTOB, XpPOHU-
YEeCKM YIOTpeOISIBIINX aHTUAEHPECCAaHThI, MO-
JIaBisieTcss MeTunpoBaHue ructoHa H3K27, uto
crioco0cTBOBajio MoBbIeHUIO ypoBHI BDNF
(Chen et al., 2011). YcTraHOBJIEHO HEraTUBHOE
BIUsIHME HecKoibkux MUKpoPHK Ha TpaH-
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ckpunouio BDNF, mpuBonsiiee K TopmMoxke-
HUIO HelporeHe3a B 3y04aToii M3BUJIMHE THUIIIIO-
KaMIia ¥ IpOBOLMPYIOIEe HEKOTOPbIE IICUXUYE-
ckue paccrpoiicTa (Ruiz et al., 2014).

I[ToMmuMo yKa3zaHHBIX MCTOYHMKOB Bapua-
oenpHOCcTH B 3kcnpeccun BDNF, onpenensio-
LI1X €r0 YPOBEHb B MO3Ie, CIEAYyeT YUUThIBATh U
BapuabeIbHOCTh €ro pelenrtopa. Y 4ejloBeKa
oenku TrkB kogupyrorcsa renom NTRK2 (neuro-
trophic receptor tyrosine kinase, type 2), 1o0Kaau-
30BaHHOM B 9-11 XxpOMOCOME U TPAHCKPUOUPYIO-
Y™ 3 cIulaiic-BapuaHTa. TpU COOTBETCTBYIO-
mux Buga peuentopa TrkB pacnonararorcss Ha
Iia3MajeMMe HEMPOHOB U INIMAaJAbHBIX KJIETOK
OonbiIMHCTBA MiteKkoruTaronmx. bemok TrkB-TK+
MMeeT MOJHYI0 aMWHOKMCIOTHYIO MOCJIeA0Ba-
TEJILHOCTb U TUPA3UHKMHA3HYIO0 aKTUBHOCTbL C-
koH1eBoro goMeHa (TK+). [IBa npyrux craiic-
BapHaHTa He UMEIOT MOJIHOLIEHHOI'O BHYTPUKIIE-
TouHoro ¢parmeHra (truncated forms, TrkB.T1
n TrkB.T?2), nuieHbl TUPO3UHKWHA3HOM aKTUB-
HocTM W oboszHavatorcd kak TrkB-TK- (Sasi
etal., 2017).

2. BEJIKN 1 CUTHAJIMHI CUCTEMBbI BDNF

Paznuunble TpaHCcKpUunThl reHa BDNF conep-
2KaT OJHY U TY K€ KOAMPYIOLIYIO IOCIe10BaTe/b-
HOCTh, TpaHciupyemylo B ¢opme pro-BDNF
(mpexypcopa BDNF). OTor nonumnentua mocry-
naeT M3 DHIOILIa3MAaTUYECKOIO PETUKYIymMa B
annapat [onbaky 1 4aCTUMYHO CEKPETUPYETCS B
HeusMeHeHHOM Bue. Jpyras yacTb IpeKypcopa
MoABEpraeTcs NpoTeOan3y BHYTPU BE3UKYJI MU
B ceTu anmnapata ['ojabIXu pa3nuyHbIMU IIPOTEe-
azaMy OyTeM OTIIeIIeHUS N-KOHIIEBOIO MpO-
JIoMeHa U obOpaszoBaHuss 3peaoro BDNF
(13 kDa), KoTopHhIit TaKXKe CEKPETHUPYETCS TMOCTe
TPaHCIIOPTUPOBKU B MPECUHANITUYECKUE OKOH-
yaHus. [Tporeonus pro-BDNF no 3peroro BDNF
MOXKET MPOUCXOAUTh W BHEKJIETOYHO C IOMO-
LIbIO MJIa3MMHA WX MAaTPUKCHBIX METALIONPO-
tea3 MMII-2 u MMII-9. (Pang et al., 2004).

ITpekypcop pro-BDNF, kak u npekypcopbl
npyrux HeuporpoduHoB (NGF, NT3, NT4),
CITIOCOOEH COENUHAThCI C pelenTtopoM p75
(p75NTR — p75 neurotrophin receptor). B3au-
mopeicteue p7SNTR ¢ kopeuentopomM copTu-
JIMHOM U iurangom pro-BDNF nipuBonsT K ak-
tuBaumu JNK (c-Jun N-terminal kinase)-ormo-
CPEIOBAaHHOTO CUTHAJIMHTa, 3amlycKalollero
HelipoHanbHBIN antonTo3 (Lee et al., 2001; Fried-
man, 2010; Nykjaer, Willnow, 2012). Takum 06-
pazomMm, nuHamudeckuii 6asanc BDNF u pro-
BDNF, perynupyembiii BHyTpU- U BHEKJIETOY-
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HBIM TIPOTEOJIU30M MTPEKypcopa, MOXKET OIpe/ie-
JISITh CyAb0y HEHpPOHOB 4epes3 IoAAepKaHUe MX
BBDKMBAHUS WIM TMOEaU M obOecrieynBaTh cOa-
JIJAHCUPOBAHHYIO PETYJISLMIO CHUHANITUYECKOMN
ninactTudHocTu myrem obGierdeHuss LTP (long-
term potentiation) nnu LTD (long-term depres-
sion) (Woo et al., 2005). DToT 6ajtaHC 3aBUCUT HE
TOJIBKO OT (DYHKIIMOHAJIbHOTO COCTOSIHUSI Heii-
pOHa, HO 1 OT eT0 TUIa, U OT CTaJAN1 OHTOTeHe3a
(Sasi et al., 2017).

3penbiit aumep BDNF, cBs3biBasich ¢ pelen-
topoM TrkB, nHuluupyer ero nuMepu3anmio 1
ayropochopunupoanue. IlonHoe dochopu-
nqupoBaHue TrkB y demoBeka HpoOUCXOOUT IO
TPEM TUPO3UHOBBLIM ocTtaTkaM: Tyr490, Tyr515 u
Tyr816. B 3aBucuMoOCTHM OT KOMOMHALMKM (POC-
dopuIMpoBaHUs O 3TUM CaiiTaM U aKTUBHOCTU
COOTBETCTBYIOIIMX aAalTEePHbIX OEJIKOB KOM-
mwiekc BDNF/TrkB cnocobeH mHMLIMMPOBATh
HECKOJIbKO CUTHaJIbHBIX KackKaaoB, peryjaupylo-
IIUX U KOOPAWHUPYIOLIMX IMPOLIECChl BbIXKMBA-
HUs, TUPdepeHIMPOBKM, CUHANTUYECKOM TLj1a-
CTUYHOCTU, HEOOXOAUMbBIE [JIS1 peaiu3aluuu U
pa3BUTUS KOTHUTUBHBIX (yHKuui. Haubonee
W3YyYEHHBIMM TIPEACTABJISIIOTCI TpU Kackaja:
PI3K/Akt, RasyMAPK u PLCy (Gupta et al.,
2013; Kowianski et al., 2018).

AxtuBupoBaHHas Trk-peuentopom PI3K
(phosphoinositide 3-kinase) obGecrnieyuBaeT ycio-
BUSI 1J1s1 TpuMeMOpaHHOTo ¢hochopUInpoOBaHUS
Akt (protein kinase B). Akt nu3zBectHa cBoeil aH-
THUAMONTO3HOM (PYHKIIMEN, peau3yemMoii yepes
aKTUBUpYIOlllee WX MHruoupytouiee pochopu-
JIMPOBAHME MHOXECTBa OEJIKOB, BOBJICUEHHBIX B
MeXaHM3MbI TUOeIN U BbKUBaHUs. Akt-curHa-
JIMHT Takke MonyiaupyeT NMDA-3aBucumyio
CUHAINTUYECKYIO MIAaCTUYHOCTh U CTUMYJIMPYET
pa3BUTHE 1IMTOCKEJETa M POCT M BETBJIECHUE
neHaputoB (Ruiz et al., 2014). Oqnum U3 cnen-
ctBuii 3amycka PI3K/Akt -curHajibHOTO Kackanaa
saBisieTcs aktuBauuss mI'OR (mechanistic target
of rapamycine) — KaTaJIMTUYECKOTO LIEHTpa ABYX
CJIOXHBIX U Pa3JIMYHBIX MO COCTaBy KMHA3HBIX
koMmIuiekcoB MT'ORC1 u mTORC2, kxoropsie
PEryupyIOoT pa3JIMuHble KJIETOYHbIE (DYHKIIMU
(Parkhitko et al., 2014; Lipton, Sahin, 2014).
Kommiekc mTORC1 yepe3 MHOXECTBO MeXxa-
HU3MOB M COOTBETCTBYIOIIMX MTOCPETHUKOB aK-
TUBUPYET MPOLIECChl TPAHCISILIUY Y HETaTUBHO
perynupyeT ayrodaruio. B KoHTeKcTe BO3IeiCTBUS
Ha KOTHUTHWBHBIE (DYHKIIMM 0CO00€E 3HAYeHNE Me-
eT komruiekc mMITORC2. On dochopunupyer PKC
n coBmectHo ¢ PDPK1 (3-phosphoinositide-de-
pendent protein kinase-1) oGecrieunBaeT MoJaHOE
dochopunupoBanue Akt. Takum obpazom 3a-
Ne 4
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MBIKAeTCsI TIOJIOKUTEJIbHAsI OoOpaTHasi CBSI3b
mexay Akt 1 mTOR.

Bax#xo orMmetuth, uto PI3K mig aktmBannm
Akt MOXeT MCITOIb30BaTh POCHONMHO3ZUTHUILI HE
TOJIBKO TIJIa3MaTUYECKOM MeMOpaHbl, HO 1 BHYT-
pPEHHUX MeMOpaHHbIX 00pa30BaHUii, B TOM YMCJIe
9HI0COM, U JIOKAJILHO 3aItycKaTb AKt-CUTHaJIMHT
B T€X MeCTax, KyJa OHU TpaHcropTtupyoorcs (Je-
thwa et al., 2015). MexaHu3Mbl 3HIO0COMAIbHOMI
WHTepHAIU3alU1 U BHYTPMHENPOHAIHLHOM TPaHC-
MOPTUPOBKMU aKTUBUPOBaHHBIX Trk-penientopon
WUTPaOT NMPUHUMINAIBHO BaXXKHYIO POJib B pEry-
JISIUMU CUTHAJILHBIX ITyTeii, moBbIIas ee 3 dex-
TUBHOCTb B ONpEACICHHBIX BHYTPUKICTOYHBIX
koMmrraptMeHTax (Bucci et al., 2014). B gactHO-
ctu, B3aumoneiicrsue BDNF ¢ TrkB B nennpmn-
Tax CTUMYJMPYET MHTEPHAIM3ALMIO U SHOAOCO-
MaJIbHbI TPAHCIOPT 3TOrO JWUTAHI-PELenTOp-
HOTro KoMIUIieKca K sapy (Moya-Alvarado et al.,
2018). B 1murane JIOKaNMbHOM  aKTHUBalUU
PI3K/Akt-curHajmHra B HEMipOHAaX TUIIIIOKAM-
na OOJIbILIOK MHTEpeC MPEACTABISIOT HEJaBHUE
WUCCIIeAOBaHMsI, MOKA3aBIIME Y4YacTUE B 3TOM
npouecce p7SNTR, koTopsrit mocne pochopn-
ympoBaHusg TrkB ¢dopMupyeT ¢ HUM KOMILIEKC,
aKTUBUPYIOIIMI CBOIO MHTEPHAIM3AlLMIO Mep-
BUYHOM 5HIOCOMOM, U MOCHEAYIOIINIA BHYTPU-
KJIETOYHBIN TpaHcnopT (Zanin et al., 2019).

BTopoii BaxkHbII CUTHANBHBINA MYTh, 3aITyCKa-
emblit BDNF/TrkB-komiuiekcoM, IpeacTaBiisi-
et coooit nenb kuHasz: MEKK (MAPK/ERK ki-
nase kinase), MEK (MAPK/ERK kinase) u
ERK 1/2 (extracellular signal-regulated kinase
1/2). ®ochopunupoanHass ERK 1/2 nudpdyH-
IUpYyeT B HUTOILIA3MYy, a 3aTeM B SIAPO, IOe OHAa
WHAYLUUPYEeT TPAHCKPUMNLUIO PaHHUX TIE€HOB,
OPOAYKThI KOTOPIX SIBASIOTCS TPAHCKPUITLIMOH-
HBIMHU (paKTOpPaMU MO3THUX T€HOB, a UX IIPOAYK-
ThI, B YACTHOCTH, PEryIUPyIoT AuddepeHINALINIO
MNPOTreHUTOPOB U BBDKMBAHUE HEMPUTOB B 00/1aCTU
3youaroii m3BmmHbL (Wang, Mao, 2019).

CUTHAJIBHBIN ITyTh, OIIOCPEIOBAHHBIN aKTH-
Bauueii PLCy (phospholipase Cy), HaunHaeTcs ¢
rugpoausa PIP2 (phosphatidylinositol 4,5-bis-
phosphate) 1 o6pa3zoBaHNs IBYX BTOPUYHBIX I10-
cpenaukoB: DAG (1,2-diacylglycerol) m IP3
(inositol-3-phosphate). OHU, COOTBETCTBEHHO, aK-
tuBupytoT PKC (protein kinase-C) 1 BEICBOOOX e~
Hue Ca’" U3 BHyTPUKIIETOYHBIX JEII0, YTO COIPO-
Boxknaetcs aktuBarmeit CaMK (Ca?*/calmodulin-
dependent protein kinase). OgHoO u3 clienCTBUA
BTUX JIBYX KMHA3HBIX CUTHAJIOB COCTOUT B (pop-
mupoBaHuu LTP rimyramarepruueckoit Bo30y:xK-
Jaiolreil TpPaHCMUCCUU B TUITIIOKAMIIE, YTO SIB-
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JISIETCSl BaXKHEMIIIMM KJIETOYHBIM 3JIEMEHTOM B
mexanm3max namsaTu (Kowianski et al., 2018).
Crnenyer OTMETUTb, YTO YKa3aHHbIE KacKaibl
MpU OIpPeaeICHHBIX YCIOBUSIX CIIOCOOHBI B3au-
MOJIEMICTBOBATH JIPYT C IPYTOM.

Taxum obpaszom, TrkB-omocpenoBaHHBIE CHUT-
HaJbHbIE IIyTU B KOHEYHOM UTOIe, Yepe3 MOBbI-
LIEHUEe CUHANTUYECKON ILUIACTUYHOCTU, POCT U
BETBJICHUE IEHAPUTOB, pa3BUTUE LIUTOCKEIETA,
aHTHUAIIONTO3HYIO aKTUBHOCTh U IMpouee, IOJ-
JEePKUBAIOT Psil, KOTHUTUBHBIX (DYHKIMIA, BbI-
MOJIHSIEMBIX HEMPOHHBIMU CTPYKTYpPaMU I'AIIIO-
kamma u Kophsl (Tyler et al., 2002). Cuuraercs,
YTO JT100BbIe (haKTOPhl, HAPYIIAIOIINE SKCIPECCUIO
B mo3re BDNF u/umm TrkB, yepe3 HapyiueHue
BHYTPUKJICTOUHOM CHUTHAIU3alUM IIPUBOISAT K
CTPYKTYPHBIM U (PYHKIIMOHAILHBIM ITOBPEXICHM -
sIM HEMPOHHBIX CETei, YTO MHULIMUPYET ICUXYE-
ckue paccrpoiictBa (Hempstead, 2015; Cattaneo
etal., 2016), B TOM 4KCJIe CTapYeCKOe KOTHUTUBHOE
ocnabnmenue (Budni, 2016). Ha koMmuiasiTUBHOM
CXEMe B YIIPOILIECHHOM (popMe IIpeAcTaB/IeHbl yKa-
3aHHbIE CUTHA/IbHbIE KacKaabl, X 3(PMEKTOpHI U
HEKOTOPbI€ M3 W3BECTHBLIX HETATUBHBIX BIMUSTHUIA
CTapeHUsl.

3. UIBMEHEHUA CUCTEMbI BDNF
TP CTAPEHHUHA

B ocHoBe BO3pacTHBIX KOTHUTWUBHBIX IMC-
GYyHKLUI JeKaT HECKOJbKO OOIIEIPU3HAHHBIX
MPOLIECCOB CTAPEHUS: MOBPEXICHNE KOTHUTUB-
HO-3HAYMMBIX OO0JIacTei Mo3ra, 3aMelyIeHHuE
HeliporeHe3a B TUIIIIOKAMIIE M CYOBEHTPUKYJISIP-
HOIi 00JacTu, OKCUAATUBHBIN CTpecc, Helpo-
BOCHAJIMTEIBHEIE IIPOLIECCHI, COKpaIllEHUE TeJIO-
MEPOB, 3KCHPECCHUs TeJIOMepa3HOl oOpaTHOM
TpaHnckpunrTa3bl U ap. (Levada, Troyan, 2020).
BosblIMHCTBO U3 HUX MOTYT OBITH JIMOO CJIel-
CTBUEM, JMOO MPUYMHON HapyLICHUS HEUpO-
Tpodurueckoro obecrieueHus: B mo3re. Bmecre ¢
TEM MOPENCTaBICHUSI O KOHKPETHBIX MEXaHU3-
Max, Hapyllalolux 3TO o0ecIieYeHUEe B CTapO-
CTH, IOKa HE IMOJHBI U MHOTOA IPOTUBOPEYNBHI.
Het enHOro MHeHUsI OTHOCUTEIBHO TOIO, SIB-
nsetcsa au cHuxkeHue ypoBHst BDNF xapakrep-
HBIM IJISI BCeX OOJIaCTeil CTaperollero Mo3ra u
SBJISIETCS I OHO BOOOIIE aTpuOyTOM cTapye-
CKOIr0 KOTHUTUBHOTO OCJIa0IeHUS.

Tvunnokamn mpuBiieKaeT HauOOJIblliee BHU-
MaHMWe uccienoBaTesieii KOTHUTUBHBIX (YHK-
Ui, OCOOEHHO MEXaHW3MOB (POPMUPOBAHMS
paboueil U JOJITOBpEeMEHHOM MHaMsTh, oOecre-
yuBaeMbIX HelipoTpopuHamu. Tem He MeHee B
TAIIIOKaMIIE MOXWJIbIX JitoJeit He oOHapyXeHO
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cammkeHust ypoBHss MPHK BDNF, xors Takoe
CHIDXEHME HAOII0IaIOCh Y HUX B TEMEHHOM KO-
pe. Ilpu 3ToM B 000uMX oTAeIax ObI MOHMXEH
ypoBeHb MPHK penenropa TrkB (Webster et al.,
2000).

B HeiipoHax HMXKHEBUCOUHOI 10U ITpedpoH-
TAJIbHOM KOPbI CTapbIX MaKaK TakxKe IMOKa3aHO
cHmxkeHue ypoBH1 MPHK BDNF, Ho ypoBHM
TrkB n 3penoro BDNF ocraBammch cTaOMILHBIMMU.
IIpyu 5TOM CHIMKEHHBIM OKa3ajCsl YpOBEHb IIpe-
Kypcopa. DTOT CMEILEHHbIN 0ajaHc IByX Gopm
HelpoTpodurHa B YCIOBUSIX CHUXXEHHOM TpaH-
ckpunuuu MPHK BDNF, no MHeH1I0 aBTOPOB,
OTpaxkaeT KOMIICHCATOPHBIN OTBET, IIPEensT-
ctBytouii pro-BDNF-onocpenyemoii nerpana-
uuM akcoHoB u mmnukoB (Robinson et al.,
2018).

Ilepupunansuas kopa (PRC), nepenaromiast
CEHCOPHYI0 MH(pOpMAaLIMIO B TUIIIIOKAMII Yyepes
JlaTepajlbHYyl0 3HTOPMHAIBHYIO KOpY, Ioaaep-
XKHBaeT OOBEKTHYIO (HE IPOCTPaHCTBEHHYIO)
nHpopMauuio (Knierim et al., 2006). Cunraer-
cs, uyto nyth oT PRC k rumnmokammny sBisieTcst
HauOoJiee YSI3BUMBIM IIpU CTapeHUM M3-3a Je-
rpagalyy CUHAIMCOB B Iep(OpaHTHOM IIyTU, CO-
eINHSIoIIEeM SHTOpUHaJILHYIO Kopy ¢ GD n CA3
runnokamia. (Leal, Yassa, 2015). Bocopustue
HOBBIX OOBEKTOB CBSI3aHO C ITOBBLILLIEHUEM 3KC-
npeccun BDNF B PRC (Romero-Granados et
al., 2010). DTo moATBEpKIAETCS TEM, UTO ITOJaB-
aeHue tpaHcasuuym BDNF aHTUCMBICTOBBIMU
onuronykiieornaamMmu B PRC kpbic cHMXaeT ux
CIIOCOOHOCTDH pa3AeisiTh HE YETKO pa3jiMuuMbIe
MIPU3HAKU 3PUTEIbHBIX CTUMYJIOB. OTU U ApyTUe
JaHHbIE MO3BOJISIOT OPEANOI0XUTh, YTO XapaK-
TepHOE IJIS1 TIOXUIIBIX JIIOAE HapylleHue KOH-
CcoJIMAAlM Pa3INYUTEIbHON O0OBbEKTHOM maMsl-
TU MOXET OBITb HCIIPABICHO CTUMYJISALIUCH
BDNF-cucremsr (Miranda et al., 2019).

Ilpy reHOMHOM wucclAenOBaHUU OOJbIIOMN
IpYNIIbl ucObIiTyeMbiX (16—96 yiet) ObLIM MACH-
tuduurpoBaHbl 200 TeHOB, 3KCHpeccusl KOTO-
pbIX B TIpedPOHTAIBLHOU KOpe IOJIOXUTEIbHO
koppenupyeT ¢ BDNF. ¥Yposuu MPHK BDNF,
NTRK2 v reHOB, KoaKcnpeccupyembix ¢ BDNF,
Yy MOXWJIBIX MWCIIBITYEMbIX ObLIM 3HAYUTEIbHO
CHUKEHBI, TPUYEM OKOJIO ITOJOBUHBI 9TUX T€HOB
CBSI3aHBbI C CUHAIITUYEeCKOM pyHKuuei. [Tpomon-
JKEHHE UcCcaeq0BaHMS Ha MbIIIaxX MO3BOJIUIIO aB-
TOopaMm ceJiaTh BbIBOA, UTO BO3PACTHOE CHIKE-
Hue curHaimHra BDNF moxeT HapyimiaTh CHU-
HanTuyeckue GYHKIWUU, TPEeUMyIIeCTBEHHO
yraetass TAMK-epruueckyio cucrtemy (Oh et al.,
2016).

KYPHAJI BEICHIEVM HEPBHOW OEATEJIBHOCTU

CEMEHOB, BEJIIKOB

BaxxHyio poiab B BO3pacTHBIX M3MEHEHUSIX
akcrnipeccun BDNF urpaer snumreHeTndecKuii
daxTop. I[IpnunHy cTapYeCKOTO CHMXKEHMS KOH-
nenrpaumn BDNF B mpedpoHTanmbHOT Kope
JIFOAEH yCMaTpUBAIOT B aKTUBALIMU METUJIMPOBA-
Husg JIHK B onpeneseHHBIX TPOMOTOPHBIX 00-
nactax reHa BDNF (Keleshian et al., 2013).
B runmokammne KpbIC ¢ BO3pPacTOM BO3HUKAET
IePULUT CUHANITUYECKON MIaCTUYHOCTU U T10-
Teps. NEHAPUTHBIX IIMIIMKOB, YTO CBS3aHO CO
CHMDKEHMEM aleTuIupoBaHusi ructoHoB H3 u
H4 B HEeCKOABKMX ITPOMOTOPHBIX O0JIACTSIX TeHA
BDNF, BbI3BaHHBIM MOBBIIIIEHUEM aKTUBHOCTH
TMCTOHAeAlleTUIa3bl 1 CHUXKEHUEM DKCIPECCUU
rucroHaueTuiaTpaHcgepassl. B pesynbrate B
crapom runmokamire skcrpeccust BDNF 6bnra
3HAYUTEJbHO CHUXXEHA U, COOTBETCTBEHHO, Ha-
PYLLIEHBI €T0 CUTHAIbHbBIEC yTU. DTU HAPYLLIEHUS
WCOPAaBJISUIMCh MOAABJICHUEM TMCTOHIealleTrIa-
3bl M akTuBauuen TrkB ¢ momolibio ero aroHucTa
7,8-murunpokcudnaBona (Zeng et al., 2011).

I[IpoTuBOpEUMBOCTE MHEHMIA O HAIlpaBJICH-
HocTu n3MeHeHui yposHsi BDNF B crapetoiem
MO3re, BEpOSITHO, OTpaxaeT cHeuu(GUYHOCTb
KCIOpeccuu HelipoTpoduHa 11l pa3aIndHbIX Pe-
TMOHOB MO3Ta U €¢ CI0XHYIO TUHAMUKY, BKIIIO-
YaIONIyl0 KaK YTHeTeHHE, TaK U KOMIICHCATOP-
HYI0 aKTUBALUIO.

OIHUM U3 BEPOSATHBIX MEXaHU3MOB CTapye-
ckoro cHmxkeHus1 akcrpeccun BDNF BricTyma-
et HakoruieHne STEP (striatal-enriched phos-
phatase), HaOJrOmaeMoe B TUITIIOKAMIIE TPhI3Y-
HOB, IIpUMAaTOB U 4dejoBeka B crapoctu. STEP
criocooHa nedochopuimmpoBate BDNF, caHn-
2Kasi OO YPOBEHb €r0 aKTUBHOCTU. YPOBEHb
aToin (¢ocdarazbl B HOpPME OrpaHUYMBACTCS
YOMKBUTUH-TIPOTEOCOMHOM CUCTEMOI, HO B CTa-
pOCTH 3TOT KOHTpoJIb ocinabeBaer (Castonguay
et al., 2018). M3BecTHOIT MOJENbBIO “yCIIEITHOTO”
CTapeHus SBJISIETCS WMHOpemHas JIMHUSI KPbIC
Lou/C/Jall, koTopas oTaudaercs ot Kpbic Wistar
orcyTcTBUEeM TToBhIeHUs ypoBHSI STEP ¢ Bo3-
pacToM U IIPU 3TOM OEMOHCTPUPYET BBICOKUIA
ypoBeHb BDNF, nonronerue, oTCyTCTBUE OXU-
PEHUS B CTAPOCTU, MOBBIIIEHHYIO YyBCTBUTE/Ib-
HOCTb K MHCYJIMHY U BBICOKYIO aKTHUBHOCTH
PI13K/AkT-curnainbHoro mytu. OTMe4eHO Tak-
2Ke, YTO y 9TUX KMBOTHBIX IIPU CTAPEHUU COXpa-
HSIIOTCSI BBICOKME MOKa3aTeau padbodeii v 10JIro-
BpemeHHoii mamatu (Silhol et al., 2008; Kollen
et al., 2010).

OmnpenesieHHOE 3HAaUYeHME B JUHAMUKE CTap-
YEeCKOro yracaHusi KOTHUTMBHBIX (DYHKUMUA U
pa3Bl/ITI/I${ JEMECHIIMN HNMCIOT I/IHZLI/IBI/IZLya,HbeIG
reHerndeckue ocooeHnoctu. MccinenoBanusa Ha
Ne 4
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JIIOMSIX, MOKa3bIBallllde Bo3pacTHOe ociablie-
HUE NeKJIapaTUBHON IaMsITH, YCTAaHOBWJIMU, YTO
HauboJjiee SIPKO ATOT ACHUILIMT HPOSIBISIETCS Y
MOXWJIbIX HocuTesen autesin BDNFMe o cpas-
HEHHUIO C HOCUTEJISIMM TOMO3UIOTHOI maphl
BDNFYa/Val (Sambataro et al., 2010; Brown et al.,
2020).

MHoruMu uccienoBaTeIsIMU NOAIePXKUBACT-
Csl MHEHUE, YTO €CTeCTBEHHOE CTapeHue MO3ra,
KakK U OOJIbIIIMHCTBO HelpoaereHepaTuBHbIX 3a-
0oJsieBaHMIA, y TPBI3YHOB U Y JTIOJIEH OIpeaessieTcst
HE CTOJIbKO HapylleHusiMu BbipadboTkn BDNEF,
CKOJILKO M3MEHEHUsIMU ero pereniuu. [Tokasa-
HO, 4TO B rumrokammne Kpbic yposeHb TrkB-TK+
3HAYUTEJILHO CHMXaercss ¢ Bo3pacTtoM (Silhol
etal., 2005). ¥ denoBeka OTMEYECHO CHIDKCHUE
ypoBHI MPHK TrkB-TK+, xapakTtepHoe He TOIb-
KO Il TUMIOKaMIIa, HO Y [T psiia IPYTUX KO-
THUTUBHO-3HAYMMBIX CTPYKTYp CTaperolero
moasra (Webster et al., 2006). [1pu aToM 0OHapy-
J)KEHO HEKOTOpPO€ TOMOIeHHOE€ YBEIUYeHUEe C
Bo3pactoM ypoBHs1I MPHK TrkB-TK- B 00Jb-
murHcTBe obiacrteit (Romanczuk et al., 2002).
BeposiTHO, UMEHHO Ae(MULIMT MOTHOMEPHbIX pe-
nentopoB (TK+) u coorBeTcTBylomIas IOHU-
JKeHHasi akKTMBHOCTh TrkB-omocpenoBaHHBIX
CUTHAJIOB pocTa, nuddepeHumnanm, CUHaITO-
reHe3a, pa3BUTHUS LIMTOCKEJIeTa U TIp. TIPUBOAST
K TUIIAYHOM JJIs1 cTaperolero Mo3ra MopgoJsio-
TMYECKOl Aerpagaliu MeXXHEeHpOHHBIX KOMMY-
HUKAaLIMi, BKJII0Yasi HApYIIEHUSI CTPYKTYPbI 1K -
MUKOB, YTO KOPPEJIUPYET CO CHUKEHUEM KOTHU -
TUBHBIX criocobHocTeit (Vecchio et al., 2018).

IToMmumo BapuabeabHOCTU B BKCHPECCUU
crtalic-BapuaHToB Oesika TrkB, BaxkxHyIo pojib B
Pa3BUTUU CTAPUECKUX KOTHUTUBHBIX TUCHYHK-
1 UTpaeT GajlaHC B BKCIPECCUU U aKTUBHOCTH
peuentopoB TrkB-TK+ u p75NTR. HenmaBHo
OBLJTO TIPOBENCHO UCCIIeIOBaHUE TTPEXAECBPEMEH-
HO cTaperomux Kpbic JUHUKU OXYS, KoTopble
TakKXe CYIIECTBEHHO OTIMYAIUCh OT KOHTPOJIb-
HbIX XXUBOTHBIX (Wistar) 1o TpaHCKpPUNTOMY Te-
HOB, BOBJICUEHHBIX B CUTHUIMHT HEHPOTPO(PUHOB
(Pymaunkasa u ap., 2017). beuio ycraHOBJIEHO,
yTo K 18 Mecsiam, HECMOTpSI Ha OJMHAKOBBII
ypoBeHb 6enika TrkB B mpedpoHTanbHOIt Kope y
obeux rpynm, y kpbic OXYS OblI CHUXEH ypO-
BEHb ero (pochopuiupoBaHHOIT HOPMBI IO caii-
ty Tyr817, obecneuuBaromemy 3amnyck PLCy-
OI0Cpea0BaHHOTO cMrHajibHoro kackana (He et al.,
2010). KpoMe TOro, y aTUX XXMBOTHBIX OTMEUYeHa
yCWIeHHas1 MMMYyHopeakTUBHOCTb proBDNF u
p75SNTR u ux kKojiokaau3auus. DTU AJaHHLIE
MO3BOJISIIOT aBTOpaM TIPEAIOJIOKUTb, YTO YCKO-
PEHHOE CTapeHUE U CKIIOHHOCTb K CLIOPaANYeCKOM
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dopme OosiesHu Agblreiimepa Kpbic OXYS sB-
JISIIOTCS Pe3yIbTaTOM YCUJICHUST IIPOAIIONTO3HOTO
curHanuHra proBDNF/p75NTR u ocnabienust
curHanbHoro nytu BDNF/TrkB/PLCy, perynu-
PYIOILIIETO CMHANITUYECKYIO TJIaCTUYHOCTD (Pym-
HULKas u ap., 2017).

Exte onHO# BaxkHOM NPUYMHOIM pPacCTPOMCTB
TUIINOKAMIT-3aBUCUMbIX KOTHUTUBHBIX TIPOLIEC-
COB MOXKET BBICTYIIaTh HapYyllIeHWE HElporeHesa
B 3yOuUaToil U3BWJIMHE, KOTOPHIIi B HOpME I10JI-
nepxuBaetcs cuctemoit BDNF. Y crapbeix Makak
WUMMYHOTMCTOXMMMYECKME METOAbl MOKa3alu
3HAYUTEJbHOE COKpallleHue IeHepaluyd MOJIO-
JIbIX HEMPOHOB B CYyOrpaHy/ISIpHOM 30HE 1 YBEIU-
yeHue repuoaa ux cospeBanusd. [Ipu atom cHu-
JKeHue HeliporeHe3a COBHAJANO C YXYyAILIEHUEM
OCBOEHMSI KOTHUTHUBHBIX 32124 U C OCJIa0JIeHUEM
cucteMbl paboueit mamsatu (Ngwenya et al.,
2015). OneHka ypoBHSI IIPOreHUTOPOB U MOJIO-
JIbIX HEAPOHOB B TMIIIOKAMIIE B3POCJIOTO U, OCO-
OeHHO, MOXWJIOrO YeJioBeKa IoKas3aja KpaiHe
cJ1a0y10 aKTUBHOCTB HeliporeHesa (Sorrells et al.,
2018). B oTymmame ot JaHHBIX O HEUPOTPOPUHO-
BOM CTUMYJISIIMU HEHMpOreHe3a y CTapbiX IPhI3y-
HOB, Mbl HE HAIILJIV OPSIMBIX YKa3aHUI HA TO, YTO
3TOT NyTh 3((PEKTUBEH B OTHOIIEHUM CTapbIX
MNpUMAaTOB 1 YeJIOBEKA.

4. CIIOCOBbbI CTUMVIIALI NN
BDNF/TrkB-CUCTEMbI

4.1. Ilpsmoe esedenue BDNF

BuyrpusenHoe BBeaeHue BDNF He npakTu-
KYyeTCsl U3-3a MU3EPHOTO TPOHUKHOBEHUS Heli-
poTpodrHa yepe3 remaTosHIedainiyeckuii 6a-
pbep, BBICOKOI CKOPOCTU €ro MeTaboJu3nupoBa-
HUSI pas3UYHBIMM KOMIIOHEHTaMU KpOBU U
3HAYUTEbHBIX TMOOOYHBIX BJIUSHUI Ha JbIXa-
TEJIbHYIO U CepIeYHO-COCYIUCTYIO cucTeMy. bo-
Jiee 2(P(HEeKTUBHBIM MyTEM TOCTaBKM DK30TI€H-
HBbIX HEUPOTPO(UHOB B MO3I IMPEACTABISIETCS
WHTpaHa3aJibHOe BBeneHue. [1pu Takom noaxoae
npemnapar IUuPPYHAUPYET BAOJb TPOWHUYHOTO
HepBa, IIOIajaeT B MEepUBACKYJISIpPHBIE IPO-
CTpaHCTBa U MEXaHU3MOM “TIepUBACKYJISIPHOM
HoMITbI” (MyJbCcallMK) MEPEMEIAETCS B pa3iny-
Hble 00JIacCTU MO3Ta BIOJIb cocynoB. OnHa us pa-
0OT MO TEXHOJIOTMM WHTpaHa3aJIbHOM TOCTaBKHU
psaa HeiipoTpoduueckux (HakTOpoB B MO3T
KpbIC MOKa3ajia, 4To Npy TakoM BBeaeHUU 70 MKT
medeHoro BDNF ero koHuieHTpalusi B IapeH-
XUMe Mo3Ta 3a 25 MUH nocturaet 1 HM, yero ObI-
Jio noctatoyHo mis1 aktuBaiu PI3K/Akt-cur-
HajgbHoro mnytu (Alcald-Barraza et al., 2010).
Bwmecte ¢ TeM 3TOT MeToI He Bceraa JaeT JocTa-
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TOYHO Yy3KUIi oxBar oOjactu-mumeHu. “Ilpu-
LeJbHOCTh” MHTpaHa3ajibHOM ngoctaBku BDNF
CYLLIECTBEHHO IIOBBIIIAETCS MPU MCIOJIb30Ba-
HUKU (okycupoBaHHOro yiaesTpasByka (FUS).
bnaromapst pusmueckomy 3cpdpexry FUS Ha ma-
JIOM ydacTKe TKaHU (10 MUJUIMMETpa) yHdaeTCs
co3maTh  MyJbCUPOBAaHUE  MUKPOITY3bIPHKOB
MEXKJIETOYHOI Cpelbl, YTO 00JerdacT MpoOHUK-
HOBEHUE IIperapara B 0OOJydyaeMylO0 OOJIacTh.
Ha mbimax ObLT UCITBITAH BapyMaHT MHTpaHAa3aJIb-
soii noctaBk BDNF ¢ FUS, xotopsrii rmokazan
OoJree JIOKaIbHYIO 00JIaCTh IOCTaBKM M 00Jiee BBI-
COKYIO KOHIICHTPAIIMIO B HEei SHIOT€HHOTO MpeTia-
para 1o CpaBHEHUIO C THTPaHa3aJIbHBIM BBEICHM -
eM 0e3 FUS. Ilpn 3TOM HUKAaK1X ITOOOYHEBIX 3 -
¢exktoB He otrMedyeHo (Chen et al., 2016).
Ha Mmprmax, Mmogenupyromux 60one3ns [lapkiH-
coHa, BBemeHne BDNF stiM MeTOImOM B 00JIaCTh
HUTPO-CTPUATHOTO MYTH CYIIECTBEHHO COKpa-
TWJIO TIPM3HAKKW HelpoaerecHepaluyd B UIICHUIA-
TepaJbHBIX CTPYKTypaxX, B TO BpeMs KaK MHTpa-
HazanbHOe BBeaeHue 60e3 FUS He mano takoro
pe3yiabtaTa (Ji et al., 2019).

Hns pocrtaBku BDNF B moBpexaeHHbIE
Y4aCTKM MO3ra MPUMEHSIIOT B KauyeCTBE TpaHC-
noprepa TUAPOrejab TUAJTypPOHOBOUW KMCJIOTHI.
Ha mpimax u mpumarax ¢ 3KCIepUMEHTaIbHBIM
WHCYJBTOM ObLIO II0KA3aHO, YTO IOCJIe BBEIES-
HUS TpernapaTa B odar IIOpaXXeHUsl B IIEPUMH-
¢dapKTHOI 30HE YCUJIMJICS POCT aKCOHOB U MO-
BBICUJINCh MUTpalvsl U BXUBJICHUE HE3PeJIbIX
HeiipoHoB (Cook et al., 2017).

B nocnenHee Bpemsi pa3BUBaETCsl CIOXHBIN,
HO U 0osee 3((pEeKTUBHBIN MOAXON K TeparieBTU-
YEeCKOMY MOBBILIEHUIO YPOBHS HEMPOTPO(PUHOB,
COCTOSIIIIMIA B BUPYC-BEKTOPHOU MHBEKIIUU TE-
HOB B OIpeleJieHHbIE JJOKYChl MO3ra Mmoja KOH-
TpojieM MPT. B uactHocTH, ObL1a pa3padboTaHa
METOIMKA WHBEKIIMMA pacTBOpa, COIAepXKallero
MeueHblli BeKTop AAV2-BDNF B MeauaibHyIO
SHTOPUHAJIBHYIO KOPY MaKakK Ha IIyOuHy 1 M.
IMocnenyomuii UMMYHOTUCTOXMMUYECKUI aHa-
JIM3 MOoKa3aJl yCIIeITHOE aHTepOoTpagHOe MPOHUK-
HOBEHME 1 paclipelieieHMe BeKTopa B 3y0uaroit
W3BWIMHE TMIIOKaMIIa TaXe TP MUHUMaJIbHOM
nopuuu B 15 mki1 (Nagahara et al., 2018).

4.2. @apmakonoeuueckas cmumyasuus
BDNF/TrkB-cucmemut

B npodunaktuke uiu J€YEHUM KOTHUTHUB-
HBIX pacCTpOUCTB IyTeM akTuBauuu TrkB-3aBu-
CUMBIX CUTHAJIbHBIX ITyTEl CyIIEeCTBYET MHOXKE-
CTBO (hapMaKOJIOTMYECKUX TTOAXOA0B, HE TPEOy-
IOLIMX MPSIMOro BBEAEHUS HeWpoTpoduHa.
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OnuH u3 HUX 6a3upyeTcst Ha IIPUMEHEHU HaTYy-
panbHBIX MM cuHTeTndeckux BDNF-mumern-
KOB, CTUMYJIUpYyIoux 6o npoaykunio BDNF,
00 HemocpencTBEHHO akTuBUpyrommx TrkB-
peuentop (Fletcher, Hughes, 2006; Numakawa,
2014). B gacTtHOCTHM, IEOKCUTEIYHWH — HaTy-
PaNbHBIM TEPHNEHOUI, U30JUPOBAHHBIN M3 WH-
nuiickoit cupedu (Azadirachta indica), sBusieTcs
MOIIIHBIM aroHuctoM TrkB, He BausgIOIIMM Ha
cunre3 BDNEFE. Ilpum mepopanbHOM BBeIeHUU
MbIIIIaM OH ITOKa3aJl CUJIbHBIA HEUPONMPOTEK-
TUBHBIM, aHTUJIECIIPECCUBHBIN U MPOKOTHUTUB-
HbeI 3 dekT (Jang et al., 2010). IIpencraBuTenn
TICUXOTIJIACTOTE€HOB (pJIaBOHOUI CIIOPLIHBU 7,8-
JIUTUAPOKCU(MIABOH M €ro CUHTETUYECKME Jie-
pUBaThI IPOSIBUIN Cce0s1 B MOJAEIbHBIX DKCIIEPU-
MEHTaX KaK MOIIHBbIE MEepOpaibHO BBOAUMBIC
aronuctsl TrkB, obnamarornye OBICTPBIM U CTOM -
KMM aHTUICIIPECCUBHBLIM ACHCTBUEM, HUCOpPaB-
Jisiionye AeUIUT NaMsITU B 3KCIIEPUMEHTAb-
HBIX MOJIeJIsIX 00Je3HU AbLIreiiMepa, CTUMYJIN-
pyoiine HeiporeHe3 B 3yO4aToili M3BMJIIMHE W
obJieryaroliiye CUHANTUYECKYIO IJIACTUYHOCTH
pu cTapeHuu. Bripouem, HECMOTPSI Ha BHYILI-
TeJIbHbIC pe3yJIbTaThl, IOJIYyYE€HHbIE HA MbIIIAX 1
00e3bsiHaX, MOKa HET JaHHBLIX O IPUMEHEHUU
npenaparoB 3Toi rpynnbl Ha Joagx (He et al.,
2016; Benko et al., 2020). Oco0by1o rpyHiy oTeye-
CTBEHHBIX CUHTeTHUYeCKuX JuraHaoB TrkB npen-
CTaBJISIIOT IUMEPHBIE AUIIENTUIHbIE MUMETUKU
BDNF, coxpansionie MUHOPHYIO YaCTh HATUB-
HOM MOJIEKYJbl HelipoTpoduHa, O4eBUIHO HAM-
0oJiee CYILIECTBEHHYIO MJISI B3aUMOICUCTBUSI C
peuenTopoM. [IpernapaTbl MOryT BBOOIUTHCS BHY-
TPUOPIOIIMHHO U IEPOPATILHO U IPOHUKAIOT Ye-
pe3 reMaTo’HIIedhaTnuecKnii 6apbep. YCTaHOB-
JIEHA X BbICOKAsl arOHUCTUYECKAsI aKTUBHOCTh
B otHomieHun TrkB ¢ mocnenyiomieit akTuBa-
nueii PI3K/AKT- u MAPK/ERK-curHanusra.
B skcniepumenTax in vitro ycTaHOBJICHBI X HEHPO-
MNPOTEKTUBHAsI aKTUBHOCTb U CTUMYJSILIMS CHU-
HanToreHesa. B moKIMHMYECKUX UCCAEeI0BaAHM-
dX ToKa3aHa WX aHTUACIpecCUuBHasl, aHTUIMA-
OeTryeckass W aHaJIbIeTUYECKasi AaKTUBHOCTH
(Gudasheva et al., 2017, 2019).

M3BecTHBIN MO3UTUBHBIN 3(P(heKT MHTMOUTO-
POB allETWIXOJWHACTEPas3bl, KaK MPOTEKTOPOB KO-
THUTUMBHBIX (PYHKIWI TIpU CTapeHUU U Helpoae-
reHepaTUBHbBIX 3a00J€BaHUSX, OUYECBUIHO TaKKe
BKJTIouaeT mexaHusm ctumyisiiiuu BDNF/TrkB-
curHajuHra. B 4yacTHocTu, IJId TUIIITIOKammna
MBIILIEN ITOT MEXaHU3M J10Ka3aH B OTHOLIEHUU
JIoHere3nsa U ralaHtamMmuHa (Autio et al., 2011).
Ha noxunbelx manueHTaxX ¢ pa3BUBalOILLECs
CTapyecKoO NeMeHLMEeN ToXe OTMEYEeH I103U-
Ne 4
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TUBHBIA 3Q@deKT IToHerne3mnIa, BepOSITHO, CBSI-
3aHHBIN ¢ akTUBaLue umeHHo TrkB, mockoib-
Ky OH HE COMPOBOXIAJICS TTOBBILIEHUEM YPOBHS
BDNF B nmazme (Diniz et al., 2014).

Psan paGoTr ykaspiBaeT Ha MPOKOTHUTUBHBII
HelipoTpodUH-0oNoCpenOBaHHbIN 3P deKT CUH-
TeTrdecKoro renranentuga Cemakc Kak IJIs MO-
JIOOBIX, TaK 1 MOXWIbIX Joaeit. [Ipemapar ycu-
JIMBaJI CEJEKTUBHOE BHUMAaHME W KOHCOJIMIA-
LIAI0 KpaTKOBpeMeHHOM namMsTth. OgHOKpaTHOe
MHTpaHa3ajibHOoe BBeneHue CemMakca KpbicaM B
no3e 50 MKT/KT ¢ BBICOKOM CKOPOCTBIO U Ha AJIN-
TeJILHBII IIepHUO/I OBHILIAIO SKCIIPECCUIO T€HOB
NGF u BDNF B rummokamrie 1 100HoOi1 Kope
(Agapova et al., 2008).

Oco0boe HarpaBjeHUEe TeparieBTUYECKUX UC-
cliegoBaHuil nmocBsiieHo cucteMe mI'OR, Bxo-
nsiiieir B coctaB curHajabHoro nytu PI3K/Akt.
Ha MHOXecTBe OMOIOrMYeCcKUX Moesieid OT He-
MaTo/Ibl 10 MPUMATOB IMOKa3aHO MOJaBIEHUE aK-
TuBHOCTM KomIiuiekca mIORC1 Genkamu ce-
MeMCcTBa CECTPUHOB WM OaKTepualbHBIM TOK-
CUHOM pallaMULIMHOM, YTO CHOCOOCTBOBAJIO
YBEJIUYEHUIO  TIPOJOJIKUTEIBHOCTU  XXU3HMU.
B coBpeMeHHOI1 1uTepaType 00CyXKIarTcsl BO3-
MOXHOCTA W OTpaHUYEHUs “panaMULIMHOBON
Tepanuu’” IMpyu HOpMaJbHOM CTapeHUU U cTapye-
CKOM HelipoaereHepalu Mo3ra yenoBeka (Bala-
subramanian et al., 2017).

4.3. TpanckpanuanvHas
21eKmMpo(MacHUMO)CMUMYAAUUSL

B KoHTeKcTEe KOppEeKIIMU CTapuYeCKOTo 0cjiad-
JICHUSI MEXaHU3MOB MaMsITU OTIpeAe/IeHHbIA UH-
Tepec BbI3bIBAET HEMHBA3MBHOE BO3IEUCTBUE B
BUJI€ TPaHCKPAaHUAJIbHOW CTUMYJISILMU ITOCTO-
STHHBIM TOKOM (transcranial direct current stimu-
lation — tDCS). B noBeneHYecK1X TecTax Ha I10-
Xkunblx goasx tDCS, HanpaBiaeHHast B 00J1acTh
JIop30-JIaTepaibHOM MNpedPOHTAIbHON KOPBHI,
BPEMEHHO yJlyylllaja PeKOHCOJUAALUIO TOJIr0-
BPEMEHHOM CEMAaHTUYECKOM MMaMsITH B 3a7a4ax C
oa0OpPOM CJIOB JI0 IToKa3aTelieil, CBOCTBEHHBIX
moJionbiM (Meinzer et al., 2013). MexaHU3MBI
MPOKOTHUTUBHBIX 3 dekToB tDCS He BHoiaHe
scHbl. OMHAKO 3KCIEPUMEHTbl Ha >XWBOTHBIX
MO3BOJISIOT TIPEAIIOJOXUTh, YTO OIUH W3 HUX
COCTOMT B CTUMYJISILIUY TpaHCKpUIuuu BDNF u
TrkB (Cocco et al., 2018). IIpuMeHeHE MHOTO-
JTHEBHOM MPOLIEAYPhl BEICOKOYACTOTHOM IpephI-
BUCTOM TPAaHCKPAHUAJIbHOU MarHUTHOU CTUMY-
Jsumu (repetitive transcranial magnate stimula-
tion — rTMS) Ha Kpblcax ¢ HapylIeHHbIMU
KOTHUTHUBHBIMU (PYHKLMSIMU BCJIEACTBUE IIpe-
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HaATaJIbHOTO CTpecca UCIIPaBUIIO Ae(OULIUT MaMsI-
TU W TI0Ka3ajo YJIy4lIeHHe CTPYKTYPHO-(PYyHK-
LIMOHAJIbHBIX U HEUPOXMMUUYECKUX XapaKTepH-
cTuK runmnokammna. CruesiaH BIBOI O BO3MOKHOM
BDNF/TrkB-omnocpenoBaHHoM MexaHuU3Me OJia-
rorBopHoro 3¢ dexra rTMS, mockoJIbKy OH 0J10-
KMpoOBajicsl WHBbeKLMei wuHruouropa TrkB
(Shang et al., 2019).

4.4. HumepeanvHas ymepeHHas
2unobapuyeckas 2UNOKCUs

MHoxecTBO paboT, B OCHOBHOM IOCBSIIIEH-
HBIX TOPHOI1 00JIe3HU, JOKa3bIBaeT MAaTOTeHHbI
3¢ GEeKT NIMTEILHON W/WUIM TSKEJI0M Truiioda-
PUYECKOM TUITOKCUM Ha Psill CUCTEM OpraHu3ma,
BKJIIOYAsl M BbICIIIME (DYHKIIMU Mo3ra. OTMeyaer-
cg v yrHeteHue cucteMbl BDNF. OnHako nians-
asi Mepa 3TOTrO BO3JAEUCTBUS, a UMEHHO Bapu-
aHTbhl UHTEPBAJILHOU yMEpPEHHOU rurodapuye-
ckoii runiokcuu (MYTT), He TOJBKO MPOSIBIASET
aJanTUBHBIN MPOKOTHUTUBHBIN 3D deKT B IKC-
MEPUMEHTEe, HO U TIPUMEHSIETCS B MEIULIMHCKUX
LIEHTpax TUIo6apornpo@UIaKTUKU U TUIO0apo-
tepanuu (FOmatos u np., 2013). B MoaenbHbIX
9KCIIEPMMEHTAaX Ha B3POC/IbIX (KUBOTHBIX UCCJIE-
JIYIOTCS pa3JIMUHbIE YPOBHU HeCceLU(PUIECKOTO
HeliponpoTrekTuBHoro Mmexanusma UVIT (Pbio-
HukoBa, Camoiision, 2016). BmecTte ¢ TeM ulllb
HEeOOJIbIIIOE YUCIIO MCCIEAOBAHUM TOKa3bIBAET
BoByieueHue cucteMbl BDNF B 3TOT MexaHU3M.
Ha rpbidyHax ycrieniHo NMpuMeEHsJlach CTeleHb
OapoKaMepHOU TUMOKCUM, COOTBETCTBYIOIIAS
pa3pexXeHUIo Bo3ayxa Ha BbicoTe okojio 5000 m
HaJl ypOBHEM MOPSI, XOTS B pa3HbIX paboTax Mpu
JMTAHHOW CTEMEHU pa3peKeHUsI CYlLIECTBEHHO Ba-
PBUPYIOT AJIUTEAbHOCTh 3KCIIO3ULUU W YUCIIO
exxenHeBHbIX ceaHcoB MYTT. Ha mbirax 28 ce-
aHcoB UYTIT ¢ 6-4yacoBoii eXXeaTHEBHOI 9KCITO-
3uLyent mopkimanu akcipeccuio BDNF u ypo-
BeHb (ochopunupoBanusi TrkB, ERKI1/2 wu
CREB. D10 BO3neiicTBHE B peKUMe TTPEKOHIU -
LIMOHWPOBAHUS MPEAOTBpallaio TMOeIb HEMpPO-
HOB B CAl-00jacTy rUuIiokamMiia 1 yrHeTeHue
KOTHUTHUBHBIX (PYHKIIMI, YTO pa3BMBaJIOCh ObI B
pesyJibTaTe 3KCIIepUMMEHTAJbHOI UILEeMUU/pe-
nepdysuu 6e3 npekoHauuuoHupywoiiein MYI'T
(Wang et al., 2017). Ho3za “14 ceaHcosB, 4 4, exe-
JTHEBHO” , TIOMUMO M3BECTHOIO aHTUIETTPECCUB-
Horo 3ddekTa, BbI3bIBaja B TUIIIIOKaMIIe KPBIC
aktuBalio BDNF/TrkB-cucremnl u Heiipore-
He3a (Zhu et al., 2010). BepostHo, no3a UVIT,
coxpaHspomas 3Q@OEeKTUBHYIO CTUMYJISLAIO
KOTHUTUBHBIX (YHKIMHA HW KOMIOHEHTOB
BDNF/TrkB-curHanuHra B rurinmokamrie u Heo-
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KOpTeKCce KPbIC, MOXET ObITh CHMXKEHA 0 3 ce-
aHcoB 1o 2 4 (Samoilov et al., 2014; Churilova,
Samoilov, 2015). DTor pexum UYITT, npume-
HEHHBIII B Ka4yeCTBE IPEKOHIUIIMOHUPOBAHUS
3a CYTKHM TIepell TSKeJIOH TMIo0apuyecKoi Irv-
IMOKCHUEN, ITpenoTBpalliajl aHKCUOTEHHBIN U aM-
HecTUYeCKUi 3@deKThl IIOoCIeaHE, NpudeM
HEUPOIPOTEKIINS OblJIa OMOCpenoBaHa aKTUBA-
uueit PI3K/Akt-curnanpHoro mytu (Belyakov,
Semenov, 2017; 2019). CyuiecTBylOoT AJaHHBIE O
0J1aroTBOPHOM ITPOKOTHUTUBHOM BiaustHU UYTT
Ha TOXMWJIBIX IIpuMaToB, XoTd ydactue BDNF
py 3TOM He aHanm3uponaiioch (Belyakov, Se-
menov, 2019). Ham noka He ymanoch obHapy-
XNUTh psAMBIX JaHHBIX 0 BDNF-omocpenoBan-
HeIX 3ddekrax UYIT mMeHHoO B repomporek-
TOPHOM KOTHUTHUBHOM acCIIeKTe.

4.5. Quzuueckue ynpaxcHeHus

CHuXeHHas (pu3nyeckasi aKTMUBHOCTb Xapak-
TepHa 11 00pa3a XU3HU NOXWJIbIX Joaei. On-
HaKO M3BECTHO, YTO JIFOAM CTapiie 65 JeT, Mory-
YJalouue peryjasipHy0 YMEPEHHYIO (DU3UYECKYIO
Harpy3Ky, MOKa3blBaIOT BBICOKWE PE3YJbTaThl
MpU TECTUPOBAHUU MaMSITU U UMEIOT CHUXKEH-
HBbIM PUCK JIEMEHLIMU U CTAPUYECKUX HAPYILLIEHUI
9K3E€KYTUBHbIX (PyHKUUK. [IpOKOrHUTUBHBIE
3(pdeKThl TaKuWX Harpy3oK IpOSBIISIIOTCS He
TOJIbKO Ha OTHOCHUTEIbHO 3IOPOBBIX IMOXKUIbIX
JIIOJISIX, HO U Ha TeX, JJIsl KOTO YK€ TMarHOCTUPO-
BaHbl YMEPEHHbIE KOTHUTUBHBIE PACCTPOICTBA
i nemeHuus (Bherer et al., 2013). B monexky-
JIIPHO-KJIETOYHBIX UCCIIETOBAHUSIX HAa TPhI3yHAX
BEJIETCSI IIOUCK MEeXaHM3MOB 0J1aroTBOPHBIX 3 -
¢dekToB (pu3MyecKux Harpy3ok. B ux uucie —
yKpeInJjieHle reMaToaH1edaindeckoro dapnepa,
caepXWBaHWE HaKOIUIeHMs OeTa-aMuiouaa B
TUAIINOKaMIle U KOpe, aKTUBallMsl CUHTE3a Heli-
POTPAaHCMUTTEPOB, BOBJIECUYEHHBIX B KOTHUTUB-
HYy10 esTebHOCTh. Oco00e BHUMAaHUE yIEIsIeT-
Csl MPOKOTHUTUBHOMY BO3IEHCTBUIO (DU3NYE-
CKHX HAarpy3ok, KOTOpO€ peajlu3yeTcsl uepes
crumyisiuuio cuctembl BDNF/TrkB u cootBer-
CTBYIOIIMX CHUTHaJbHBIX KackanoB (Fletcher,
Hughes, 2006). B runnokamrie Jioaeil ¥ Ipbi3y-
HOB HaOJII0aeTCsl BO3pacTHOE MOAaBJIEHUE Heli-
poreHe3a, KOppeJupylollee co CHUXKEHUEM aK-
tuBHocTM BDNF-curnanunra (Spalding et al.,
2013; Sorrells et al., 2018). Heckojibko uccaeno-
BaHUU Ha KpbIcax yOeoUTeJbHO MOoKa3alu CTU-
MYJIUPYIOLINi 3@ EKT mepruoanieckKux 0eroBbIX
TPEHUPOBOK M MNpeObIBaHUS B OOOTalleHHON
cpene Ha BDNF-onocpenoBaHHbIN HeliporeHe3
B 3yOuaroii uzBuianHe runnokamia (Voss et al.,

KYPHAJI BEICHIEVM HEPBHOW OEATEJIBHOCTU

CEMEHOB, BEJIIKOB

2013). OnuH U3 npenrogaraeMbiX MEeXaHU3MOB
3aK/JI04aeTcsd B CTUMYJISLIUWA TPaHCKPUIILIUU
BDNF muokuHom CTSB (catepsine B), cekpe-
TUPYEMbIM Pa0OTAIOIIMMU CKEJIECTHBIMU MBbIILI-
HaMu. DKCIEPUMEHTHI in Vitro N in vivo yCTaHO-
BUJIM BTY CBSI3b JIJs HEHAPOHOB TUIIIIOKamIia
MBIILIEH U €€ KOPPETSILUIO C YCUIICHUEM HEUPO-
reHesa B 3yOUaToi U3BUJIMHE U YIY4YILIEHUEM MO~
KazaTeJieii mpocTpaHCTBeHHO# mamsatu (Moon
et al., 2016).

4.6. Ozpanuuerus 6 cmpameauu
cmumyasayuu BDNF/Trk B-cucmemuvt

OnucaHHbIe BBIIIE MYTH CTUMYJISALUU
BDNF/TrkB-curHanudra HampaBji€HBl Ha
peaoxXpaHeHre MO3ra MJIIEKONUTAIOLIEro OT KO-
THUTUBHOIO yracaHusl IpU HOPMaJIbHOM WJIMU
NaToJIOrM4yeckoM crapeHuu. OoHaKo Takoe Te-
pamneBTUYECKOE BTOPXKEHHE B CIOXKHEUIIYIO U
TOHKO OTPETYJIMPOBAHHYIO CUCTEMY 3KCIIPECCUU
pasmmuHbIix ¢opM M TpaHckpuntoB BDNF un
TrkB unm sk3oreHHass CTUMYJISILMS TOTO WU
nHoro TrkB-omocpenoBaHHOro KMHA3HOTO Kac-
KaJa OO0J/DKHA MPOBOIUTBLCS C ONpeaceHHO
OCTOPOXKHOCTBIO. MU3BEeCTHO, HAIPUMED, YTO HU3-
obiTouHass TrkB-omocpemoBaHHass akTuBaLus
MAPK- u PI3K/Akt-miyTeii criocoOCTBYeT BhI-
KMBAaHUIO PAKOBBIX KJIETOK IPU MHOXECTBEH-
Hoit muenome (Pearse et al., 2005), HEKOHTpPOI-
pyemas aktuBauus PLCy-curHaimHra npuBo-
IUT K IMMOMYECKOMY SMICOTOreHe3y Y MbIILIECH
(He et al., 2010), HapyimeHns MeXaHU3MOB Hera-
TUBHOM peryisiiuu TrkB BemyT K psiay 1erouHbIX
runiepriasuii (Avcuoglu et al., 2011). Xotsa srta
cropoHa BDNF/TrkB-onocpenoBaHHBIX MpO-
LIECCOB HE SBJSIETCS IIPEAMETOM HACTOSIIETO
o030pa, ciaegyeT OTMETUTb, YTO CYIIECTBYET
MHOXECTBO HCCJIEIOBAaHMIA, HaIlpaBIeHHBIX Ha
noaaepKaHue /Wil CTUMYJISILIUIO UMEHHO He-
ratuBHo# peryiasauun BDNF/TrkB-curnanunra
(Cazorlaetal., 2010; Ho et al., 2011; Gupta et al.,
2013; Meng et al., 2019).

SAKJIIOYEHHME

ITocTosiHHO pacTylee YUCIO IKCNEPUMEHTANIb-
HBIX cTaTeil U 0030poB, nmocssieHHbIXx BDNF, ne-
MOHCTPHUPYET €ro BOBJCUYEHHE BO MHOXECTBO
ncuxodpusumosiorndyeckux Tpoiecco. BDNF
MPU3HAETCS KJTIOUEBBIM PETYJISITOPOM (DYHKIAO-
HaJILHOU U CTPYKTYPHOM TUIACTUYHOCTU B MO3TE,
a Takke BaXHbIM “UTPOKOM” B 3aIlycKe Helipo-
MPOTEKTUBHBIX CUTHAJIbHBIX KacKamoB. Ha xu-
BOTHBIX MOJEJISIX MCCASA0BaHbl HAPYLICHUS OU-
HaMWYHBIX U TOHKO OTPETYJIUPOBAHHBIX ITPOLIEC-
Ne 4
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COB €ro TPaHCKPUILMUU, TPAHCISILMU, TPAHC-
rmopTa, CEeKpeluM, PELeNund 1 JaJTbHEHUIIero
BHYTPUKJIECTOYHOTO CUTHAJIMHTA, BO3HUKAIOIINE
MPY CTapEHUHU U/WUJIN COMYyTCTBYIOIINUX HEMpoe-
reHepaTUBHBIX 3a00JIeBaHUSIX, KOTOpPbIE HEIO-
CPEICTBEHHO BIMSIIOT Ha 3(h(PEeKTUBHOCTh KO-
THUTUBHBIX TIpolieccoB. OmHako B MeaUIIMHE
U3-3a psfga TEXHOJOTMUYECKUX OrpaHUYCHUI
cBs3b HapyleHuit BDNF/TrkB-cucrembl ¢ BO3-
PaCcTHBIMU KOTHUTUBHBIMH TUCHYHKIIUSIMU MO~
Ka OTMeYaeTcs JIMIITb Ha KOPPEISITUBHOM YPOB-
He. BMecTte ¢ TeM BaxHasa ¢usnogorudeckast
ponb cucteMbl BDNF gaBisieTcst o0beKTOM BO3-
pacraoiero BHUMaHUSI pPa3pabOTIYMKOB pas-
JIMYHBIX TepaneBTUUYECKUX CTpaTeTuii, HaIlpaB-
JICHHBIX HA ONTUMAJIbHYIO CTUMYJISILIAIO 3KC-
npeccu BDNF-cucreMbl, CTOCOOHYIO CHU3UTD
WIN TIPEIOTBPATUTh KOTHUTUBHBIE HAPYIICHMS,
BbI3BAHHBIC €CTECTBEHHBIM WJIM TIATOJIOTUYE-
CKMM CTapeHHEeM MO3ra.

PabGoTta BbIMOJHEHA B paMKax MNpOrpaMMbl
ITd®HU T'AH I'TI-4 (HanpasieHue 63).
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BDNF AND SENILE COGNITIVE DECLINE
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Age-related disorders of the ability to perceive, store and use new information are intensively stud-
ied in various animal species and in humans. Cognitive deficits in both normal and pathological ag-
ing can result from downregulation of transcription, translation, secretion, reception and down-
stream signaling of brain derived neurotrophic factor (BDNF), a key molecule involved in learning
and memory processes, which are important cognitive components that are most vulnerable to ag-
ing. This brief review examines current evidences and concepts about the involvement of the BDNF
system in the formation of the cognitive status of the adult and aging brain. It also describes some
modern pharmacological and non-pharmacological approaches that stimulate BDNF expression
and/or affect the corresponding signaling cascades, which have been tested in experimental models
and can be used or are already used in cognitive geriatrics.
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Cpenm ncuxu4eckKux (QYHKIWI IPUHSITO BbI-
IEeJISITh TPYIILy BBICOKOYPOBHEBBIX (OYHKIIMIA,
o0ecCIeurBaloIIMX 1ieJecoo0pa3Hoe MOBeACHUE
Y MBICJIUTEILHYIO IeSITeJIbHOCTh YeJI0BEKa U 110~
JIyYIMBIIMX Ha3BaHUe “yIpaBisiiolmmne ¢GyHK-
nun” (Lezak, 1995; Stuss, Alexander, 2000; Jura-
do, Rosselli, 2007; Miller, Wallis, 2009; Stuss,
2011; Miyake, Friedman, 2012; Diamond, 2013).
Tepmun “ynpapnsiiomue ¢pyakunu” (YP) mpo-
HWCXOIUT OT aHINIMICKOro “executive functions”.
Y® us3BecTHBI TAKXKe KaK “yIIPaBISIOIINI KOH-
Tpoab” (executive control) M “KOTHUTUBHBIA
KOHTpoJb” (cognitive control); pexe MUCIIONb3Y-
eTcs1 TepMHUH “supervisory functions” (Stuss, Al-
exander, 2000).

HecMmoTpst Ha oOmwmpHyo Oubdauorpaduio,
nocesiieHHylo Y®, cpenu ucciaenoBaresieil 10
CHMX MOp HET COIIacUsl B TOM, UTO K€ 3TO TaKOe —
yrpapisgome GyHkuuu (cMm. Barkley, 2012).
Tak, 10 cux Top CyIIeCTBYIOT pa3Hble TOUKHU 3pe-
HUSI Ha BOIIPOC O TOM, CJIEIYET JIU MPOU3BOJIbHOE
BHMMaHMe cuuTaTh yacthio YD (Kaplan, Ber-
man, 2010; Diamond, 2013; Fiske, Holmboe,
2019). Elle onvH HepelIeHHbI BOIIPOC: MOXHO

JIN CYUTATh, UTO MOHATHE YD CBOOUTCS K ITOHSI-
™0 “uHTeiekT”? OgHU McclaeqoBaTeand MOoj-
YyepKUBaIOT CXOACTBO 3Tux noHsatuii (Engelhardt
et al., 2016) u gaxe yrBepxKaaiot, 9yto YD Henb3s
OTJIMYUTH OT oO1Iero nHTeuieKTa (Royall, Palm-
er, 2014), a npyrue ykasbIBalOT Ha TO, YTO HE BCE
acnektol Y® MMEIOT OTHOIIEHHE K OOIIeMy
ypoBHI0o nHTesuiekTa (Friedman et al., 2006; Ju-
rado, Rosselli, 2007).

3HAYUTENbHBIII MHTEPEC IIPEACTABIISIOT KC-
cinenoBanust YO B BocxodsieM oHToreHese. Bo-
MEPBBIX, TAKUE UCCIIENOBAaHUSI BOCTPEOOBAHEI C
YHCTO MPaKTUYECKOI TOUYKM 3pEHUSI: TIOKa3aHo,
HalpuMmep, 4To cTerneHb pa3Butusi Y® y no-
LIIKOJIbHUKOB SIBJISIETCS IIPEAUKTOPOM ITOCIEoY-
IOLIMX IIKOJBHBIX ycriexoB (Bull et al., 2008;
Zelazo, 2016; Cortés Pascual et al., 2019). Bo-
BTOPBIX, M3yYeHUE WHAMBUIAYAIbLHON MCTOPUU
craHoBJieHUs1 Y@ sBIsIeTcsI CPeACTBOM MCCIIe-
JOBaHUS 3TUX QYHKIIMI, MTO3BOJISIOLIAM JIy4llie
MOHSTh MX CTPYKTYpPY U JeXalllie B UX OCHOBE
MO3IrOBbIE ME€XaHU3MHbI (3TO B PaBHOM CTENEeHU
OTHOCUTCS Y K APYTUM (PYHKIIUSIM).
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OLIEHKA YITPABJIAIOIINX ®YHKIIUMN V JETEN 3—6 JIET

B nHacroseit 0630pHOIT paboTe MBI KpaTKO
OCTaHOBMMCSI Ha OCHOBHBIX METOJAX 3KCIepu-
MEHTaJIbHBIX UccaenoBaHuit Y@ y DOIIKOJIbHM-
KOB OT 3 110 6 JIeT — KaK pa3 B TOT BO3paCTHOI1 Ie-
puon, Koraa 3TU (YHKUWU elle IPOAOIKAIOT
OBICTPO Pa3BUBATHCSI, HO YK€ MOTYT OBITh MCCJIE-
JIIOBaHbl B paMKax CTaHAAPTHBIX 3KCIIEPUMEH-
TaJbHbIX MapagurM, Ipeanoaraloinux IOH1Ma-
HHME peYeBOM MHCTPYKIIMU U CITIOCOOHOCTD JIeii-
CTBOBaTh B COOTBETCTBMU C Heli. Mbl HAaYHEM C
00CyXIeH1S OOIIMX MIPEACTABICHUI O CTPYKTY-
pe, HelipoOuronoruu 1 ctaHoBieHUn YO u B CBe-
T€ 3TUX MPENCTaBICHUI MOIMbITAEMCS OLEHUTh
COCTOSIHUE BKCIIEPUMEHTAIbHBIX UCCAEI0BAHUI
YO y 1o1mKoJbHUKOB 3—6 JIeT, a TaKKe OLICHUTD
MEePCIIEKTUBHBIE HANTPAaBJICHUS AJIbHEHUIIINX UC-
CIedOBaHUMN.

YIPABJIAONIME ®YHKIIMHN
1N X HEMPOBUOJIOTUA

XOTS BCe WCCIIeNOBaTeId UCXOOST U3 TOTO,
yTto Y@ obecneynBaloT 1ejecooopa3Hoe noBe-
JIEHWE U MBICTUTEIBHYIO NESITETbHOCTh YeJIOBE-
Ka (Lezak, 1995; Miller, Wallis, 2009; Stuss, 2011;
Miyake, Friedman, 2012; Diamond, 2013), 3a
npenejamMyu 3TOTO YTBEPXKIACHUS HaOI0matoTCs
pa3HoOOpa3Hble MHEHHUS O TOM, KakK oOIlpele-
JINTh, YTO €CThb Y@, U UTO KOHKPETHO ClIeayeT
OTHECTH K HUM.

OnHolt U3 IPUYUH OTCYTCTBUS OOIIETIPUHS -
Toro onpeaeiaeHuss Y@ spisercss paziduue B
noaxodaax K camMoil Mpoleaype onpeaeaeHus.
OnuH 13 cnoco6oB onpeneanTb YO — 310 yKa-
3aThb UX OTJIMUUTENIbHbIC YepThl. MHOTHME nccie-
JloBaTeJIu TaK M MOCTYNaloT, MogYepKuBas, 4To
OTJIMYUTEIbHOM yepToii YD sIBJsIeTCS X BOBJIE-
YeHHe B MPOLIECChI TOCTPOCHMSI/BbIOOpA TUHUU
MOBEICHUS B YCJIOBUSIX HEOIPEICJIEHHOCTH U
HOBU3HbBI, KOTAa MPUBBIYHBIE ITOBEAECHYECKUE
CXEMbI U aBTOMAaTUYECKUE PeaKIIM1 OKa3bIBAIOT-
cs1 Hed((HEeKTUBHBIMM, HEIOCTATOUHBIMU WJIU
Jaxe TMOJHOCThI0 HeBo3MoxHbIMU (Gilbert,
Burgess, 2008; Miller, Wallis, 2009; Diamond,
2013). IlpenaraeTcst TakKe M paauKalbHO APY-
roifi moaxod, a UMEHHO — paccMaTpuBaTb OT-
IEJIbHO “MeTakOoTHUTUBHBIE YD u “sMouuo-
HaJIbHO-MOTHUBalLMOHHbIe Y®” (Ardila, 2008).
K yucity nepBbIX OTHOCUTCSI pellieHUE MBbICIU-
TeJIbHBIX 3ana4 (problem solving), dhopmuposa-
HUe aOCTpaKTHBIX IOHATHUM, TUIAaHUPOBAHUE,
¢dopMurpoBaHUuEe cTpaTeruii u pabodasi mamsiTh
(working memory). 3agadya BTOpHIX — oOecre-
YUTh KOOPAMHALIMIO KOTHUTUBHBIX ITPOLIECCOB U
SMOLMMK. DTO, B YACTHOCTU, O3HAYaeT IIOMCK

XYPHAJI BBICIIIEM HEPBHOWM JEATEIBHOCTU

TOM 71

469

CITOCOOOB YHOBJIETBOPEHMSI OCHOBHBIX ITOOYX-
JIEHU B COLIMAJIbHO IIpUeMJIEMOi popme.

B psine ciiyuaeB Y@ onpenensiioT myTemM He-
MMOCPEACTBEHHOTO MEePEeYNCICHIUSI KOMITOHEHTOB
YO (KOHCTPYKTUBHBII COCOO OIpEacICHUST).
Taxk, HaripuMep, B padoTax (Anderson, 2002; An-
derson, Reidy, 2012) k Y® oTHOCAT 4eThIpE B3a-
MMOJEHCTBYIOIINX MEXAy Cco00i (pyHKIIUO-
HaJIbHBIX OJioKa: (1) OJIOK ymnpaBasSIOIIero BHA-
MmaHus (Attentional control: selective attention,
self-regulation, self-monitoring, inhibition), (2) 610k
uenenoyaranus (Goal setting: initiative, concep-
tual reasoning, planning, strategic organization),
(3) o6mok korHutuBHOU TuOKoctu (Cognitive
flexibility: divided attention, working memory,
conceptual transfer, feedback utilization) wu
(4) 610K 00padboTky MHPpopManmm (Information
processing: efficiency, fluency, speed of process-
ing) .

E1e onHa mpuyrHa OTMEYEHHOTO BBIIIIE pa3-
HOOOpa3us MOAX0I0B K n3ydeHnio YO cBs3aHa ¢
TeM, YTO HaJl 3TOi1 3aJadeii TpyasATCS IIpeacTaBu-
TeJIM pa3HbIX JUCUUIUIMH. HeBpolioru u Helipo-
TICUXOJIOTY OIMMPAIOTCSI IMpeXIe BCEro Ha JaH-
HBbIE O JIOKAJIbHBIX ITOPaXKEHUSIX MO3Tra, KOTOPbIE
€CTECTBEHHO WCIIOJIb30BaTh IS BBISICHEHMS
(byHKIIMOHATLHOM aHaTOMUU — CBsI3U YD 1 ux
KOMITOHEHTOB C Pa3JIMYHLIMU OTAEIaMU TIPEXKIe
Bcero J1o0HOI Kophwl (Stuss, 2011; Szczepanski,
Knight, 2014). Uctopuuecku untepec K YD Bo3-
HUK B HEBPOJIOTMYECKON KIMHHUKE, B KOTOPOIA
“BpIafieHUsI” pas3IMUHBbIX KOMIIOHEHTOB Y@
HaOII0IAIMCh B CBSI3U C JIOKAJIBbHBIMU MOpaXKe-
HUSMU pedPOHTATBHON KOPbI. DTO TTOCTYKH-
JIO OCHOBaHMEM pacCcMaTpuBaTh NpedpPOHTAb-
HYIO KOpY KaK KJIFOUEBYIO MO3TOBYIO CTPYKTYpY,
obecrieunBammyo YO (Jlypus, 1969; 1973;
Miller, Cohen, 2001; Wood, Grafman, 2003; Ma-
yuHcKas, 2015).

HccnenoBaTenu, cTosilye Ha MO3ULIMUSIX KO-
THUTUBHOM HAyKW, CTaBSAT CBOEU LIEJIbIO BbISIC-
HUTbh UHGOPMALIMOHHYIO IIPUPOAY pelpe3eHTa-
U U XapaKTep BO3ICUCTBYIOIIMX Ha 3TU pe-
npe3eHTalluu IpoueccoB. MIcXomqHBIM ITYHKTOM
KOTHUTHUBUCTCKUX Mojieaeii Y® oObIYHO CUMUTA-
IOT KOHLEMLUIO LEHTPAJIbHOM YIPaBISIOLIECIA
cucteMnl (central executive) B Moaenau padboueit
namata A. basgmenu u I. Xurtya (Baddeley,
Hitch, 1974; Baddeley, 1998; 2012). IIpumepoMm
3TOro KJjacca mMojejeil MOXHO CUYMTaTh MOAEb
yIIpaBJeHUs OSUCTBUSIMHU, B KOTOPOU poJib YD
BBITIOJIHSIET YIpaBIsIIoOlIasi CUCTEeMa BHUMAaHUS
(supervisory attentional system — SAS) (Norman,
Shallice, 1986).
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Heiipodmusznonoru, perucTpupyoinie akTuB-
HOCTh OTHEIBHBIX HEHPOHOB M paboTaroliue
IJIaBHBIM 00pa30M Ha XXUBOTHBIX, 3aHSITHI ITOKC-
KaMMi HelpoOMOJIOTMYECKMX MEXaHU3MOB, Jie-
XKamux B ocHoBe Y@ (cM., Hanpumep, (Tanji,
Hoshi, 2008; Goodwin et al., 2012; Roy et al.,
2014; Lara, Wallis, 2015)). Heiipodusuomnoru,
HCITOJIB3YIOIINE HEWPOBU3YAIM3allMOHHBIE Me-
TOOBI, CTPEMSITCS BBISIBUTH “(PYHKIIMOHATBHYIO
aHatoMu1o” Y@ — oOGHapyKUTh OTAEJIbHbIE MO3-
roBele cTpyKTyphI (Collette et al., 2006) u cucre-
Ml (Niendam et al., 2012) Takux CTpyKTYp, 3aneii-
cTBOBaHHBIE B obecnieueHun Y®. MccnemoBare-
JIN, WCIIOJB3YIOIINEe METOAbl BBIYMCIUTEILHOM
HelipoHayku (computational neuroscience),
CTpeMSITCSI BOCCO31aTh KOHKPETHBIE HeWpohu-
3MOJIOTUYECKME MEXaHN3MBI, JIEXKallle B OCHOBE
Y® (Frank et al., 2001; Dayan, 2007; Botvinick,
2008; O’Reilly et al., 2010; Herd et al., 2013).

MHOXECTBEHHOCTh YYaCTBYIOLIMX B HCCIe-
noBaHUsIX Y HayYHBIX AUCLIMIUIMH CKa3ajiach U
Ha pa3HOOOpa3uu TEOPEeTUUYECKUX IMOIXOI0B U
mopeneit (Wood, Grafman, 2003; Chan et al.,
2008). B vacTHOCTH, nOJATOE BpeMsI IIJIU AeOaThl
OTHOCUTEJIbHO TOTO, JIEXKUT JIM B OCHOBe YD
ONIVH OOIIMI MPOLIECC UK Xe HECKOJbKO He3a-
BUCUMBIX IIpoueccoB (Stuss, Alexander, 2000).
OTBeT Ha 3TOT BOIIPOC OBLI MpeIJIOKeH B padboTe
A. Musike u coaBt. (Miyake et al., 2000), xkoTo-
pasi okasaja 3HauYMTeJIbHOE BIWSIHME Ha MOocie-
NyIOII1€ TEOPETUUECKUE U IKCITIEPUMEHTAIbHBIE
ucciaenopanusi Y®. B a1oit paboTe npenyioxxeHa
Monesnb EanHctBa u MHOrooo6pasust Y@ (The
Unity and Diversity Model; no mosoay 3Toit Mo-
nemu cM. takxke (Friedman et al., 2006; Fried-
man, Miyake, 2017)), B COOTBETCTBUU C KOTOPOI1
B ocHOBe Y@ JIexKUT KakK oOIIUii MeXxaHU3M, TaK
1 HECBOAMMBIC K HEMY CIlelIMau3MpOBaHHbIC
MeXaHU3Mbl. DTa MOJE/b, KOTOPYIO IS KPaTKO-
ctu ob6o3HauuMm UD-mozenb, ocHOBaHa Ha
aHajau3e KOPPEISLIMOHHON CTPYKTYpPbl PE3yJib-
TaTOB PEIIeHUS CJIOXKHBIX CHHTETUUECKUX 3a1a4
(B yacTtHocTH, XaHOIWCKOU OamHu U BuckoH-
CUHCKOTO TeCTa COPTUPOBKHU KapT) U pe3yib-
TaTOB TIPOCTBIX 3aja4y, HalpaBJeHHBIX Ha
OLICHKY Tpex Haubosiee 0a30BbIX (QYHKIIWIA:
(1) mepexioueHre MeXay 3agayaMyd WJIM MEH-
TaJbHBIMU YCTAHOBKaMM, (2) OOHOBJIEHHE U MO-
HUTOPMHT peripe3eHTaluii paboyeit mamMsatu u
(3) TopmoxkeHue (IogaBJieHUE) HEITOCPEACTBEH-
HBIX WK MPUBBIYHBIX peakuuii. Huke Ham npu-
NeTCsl HEOMHOKPATHO BO3BpalllaThCcsl K 3TUM
TpeM 0a30BbIM KOMITOHEHTaM, U JIJIs KpaTKOCTU
Mbl Oy/ieM Ha3bIBaTh UX “HepekJiroueHue”, “pa-
Oouas maMsaTh” U “TOpMOXeHUe”.

KYPHAJI BEICHIEVM HEPBHOW OEATEJIBHOCTU

KYPTAHCKUMN

CrenyeT OTMETUTb, YTO TI€peUYrCICHHbIE TPU
daxkTopa, B3IThIe B Ka4eCTBE 0a30BHIX, OBIJIM MC-
XOMHOM TOYKOI, a He pe3yJbTaToM paOoOTHI
A. Musgke u coaBTt. (Miyake et al., 2000), B KoTo-
POl MCIOJIb30BaJIMCh KOH(MUPMATOPHBIN (MOI-
TBEpKIAIONINiA), a HE SKCIIOPATOPHBII (ITOMCKO-
BBIN) (bakTOpHBIN aHanM3, a Takke SEM (struc-
tural equation modeling) — meTonm, KOTOPBIK
TaK>Ke MMeeT KOHPUPMaTOPHYIO TIPUPOY.

Takum oOpa3oM, ecTb BCE OCHOBaHMS pac-
cmaTtpuBaTh Y@ He KaK COBOKYITHOCTb pPaBHO-
3HAYHBIX KOMIIOHEHTOB, a KaK MepapXuyecKu
OpraHu30BaHHYIO CTPYKTYpy. B 3T0li nepapxuu
0a30Bble KOMITOHEHTHI BBIMOJHSIOT POJib YCIO-
BUI JIJ11 OCYIIECTBJIEHUS O0JIee CJIOXKHO OpraHu-
30BaHHBIX QyHKuUuUil. Hampumep, BHUMaHUE
MOXHO paccMaTpuBaTh Kak OOIIUiA pecypc, UC-
MOJIb3YeMBbIii (M MCTOLIAEMbIi1) KaK IpolieccaMu
KOTHUTUBHOTO KOHTPOJISI, TaK W IIpolieccamMu
camoperynsauuu (Kaplan, Berman, 2010; Mc-
Cabe et al., 2010).

Eciu sMnupuyecku TOATBEpPXKIEHHAsT MO-
Nesib uepapxuueckoil cTpykTtypbl Y@ ¢ Tpems
0a30BbIMM KOMMOHEeHTaMu (“TopMoxeHue”,
“paboyas namMITh” U “IiepeKIIoueHre” ) MOSIBU-
Jlach B HayaJie HbIHEIIHEro CTOJIeTUsI, TO B KOH-
LENTyaJbHOM ILJIaHE WEPAPXUUECKYIO0 TPUPOLY
MOBENEHUSI Y BBICIIUX MCUXUYECKUX (DYHKIIMIA
nogyepkuBaiv yxxe naBHo (bepHiureitH, 1947,
Lashley, 1951; Jlypus, 1969). B yacTtHoCcTH, Ha
3ape€ BO3HUKHOBEHWSI KOTHUTWMBHOU HayKu
Jx. Mwumnep u coast. (Miller et al., 1960) ripen-
JIOXXUJIU 000OIIEHHYIO MOJENb LIEJIEHANPaBJIEH-
HOTO MOBEJAEHUsI, OCHOBAHHYIO Ha MPUHIIUIIE
perynssuuu ¢ oopatHoii cBsi3bio TOTE (test-oper-
ate-test-exit), CyIIECTBEHHO TIOBJIMSBIIYIO Ha
NayibHelIe TeopeTudyeckue padbotsl (Botvinick,
2008; Duncan, 2010; Kopp, 2012; Koechlin,
2014). JlornyecKuM MPOJAOKEHUEM 3TOTO IO -
X0Jla MOXXHO CUMTATh pa3dpabaTbiBaeMblii B pabo-
tax K. ®pucToHa enuHbIi TeOPEeTUUSCKUI B3IJISI
Ha MOTMBALlMOHHbIE 1 YIIPaBJISIOIIME MTPOLieC-
Cbl — TEOpUI0 MOTUBUPOBAHHOTO KOHTPOJIS
(Pezzulo, 2012; Pezzulo et al., 2018). DTa moaenb
OCHOBBIBaeTCs Ha OOIIEeM MPUHIIMIIE aKTUBHOTO
CTaTHUCTUYECKOro olleHuBaHus1 (active infer-
ence), B COOTBETCTBMU C KOTOPbIM MO3T CTPOUT
MOJE/b BHEIITHETO MUpPa Ha OCHOBE BOCIIPUSITHUS
CEHCOpHOIT MH(OopMaLIK, TTOPOXKIAEMOIi BHEIII-
HUMMU COOBITUSIMU B MUPE, B TOM UMCJIe e iCTBU-
sSIMU CaMOTO opraHusma. B cooTBeTCTBUU C 3TOM
MOZEJbIO 1 YIIpaBJIEHWE, U MOTUBALIMS OpTaHu-
30BaHbl UEpAPXUUYECKU. YIIpaBJIeHUE BKIIIOYAET
CEHCOMOTOPHbBII KOHTPOJIb — BBIOOp Cpeau Te-
KylIuX Bo3MoxHocTeil (“addopmaHcoB”) — u
Ne 4
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KOTHUTUBHBII KOHTPOJIb — BPEMEHHYIO KOOPIM-
HallMIO CBSI3aHHBIX C BHYTPEHHUMM LICJISIMU
MbICJIEN /UK AercTBuii. MoTUBaLIMs HA HUXK-
HEM YpOBHE BKJIIOUAET BUCLIepaIbHbIC TTOOYXIe-
HUS (Hanmpumep, TIpUeM NUIIN), a Ha 0oJiee BhI-
COKOM — 0Oosiee aOCTpaKTHBIE U JTOJITOBpPEMEH-
HBIE 1IeJIM (HalIpuMep, COOMI0OACHNE TUETHI).

B wuepapxun yrpasieHuss 0Ooyiee BBICOKHE
YPOBHHU OKa3bIBAIOT BIUSIHUE Ha Oojiee HU3KUE
YPOBHU, YCTaHABIMBAs MPEANIOYTUTEIbHbIC WU
oXujaaeMble pe3yabTaThl B KauecTBe 1ieJieil, pea-
JIM3yeMBIX 0osiee HU3KUMU ypoBHSIMU. [1pu aToM
MOTHUBALIMOHHbIE MPOLIECCHI MPUITUCHIBAIOT OIpe-
JIEJICHHYIO LIEHHOCTh KaXXKIOW M3 LEJeH B HX
Wepapxum U TEM CaMbIM PacCTaBISIOT IIPUOPHU-
TETHI.

Takum 0Opa3oM, IPOLIECChl KOHTPOJISI U MO-
TUBALIMU MOTYT ObITb ABYMSI CTOPOHAMU OIHO
Medau U SBJSIOTCS HEOOXOAMMbIMU acTIeKTaMU
aKTUBHOTO BbIBOJA: CJIEAYET PELIUTb, KakK Jd0-
CTUYb MOCTABJIEHHOI 11eJI (KOHTPOJIb), U KaKue
LIeJIU CTOSIT TOro, YTOObI MX MpecaeaoBarhb (Mo-
TUBALYS).

Y® npoyHo acCOLUUPYIOTCS C TOOHBIMU JI0-
JISIMU Mo3ra 1 6oJiee y3Ko — ¢ TpedpOHTAILHOMN
Kopoii. Enie HeCKoJIbKO JecITUIETU Ha3ad Tep-
MUHBI “ynpapiigione yHKUuu” U “Jo0HbIe
GYHKIMU” MCIOJb30BAJIMCh KaK CUHOHUMBI.
HakormuieHue skcrniepuMeHTaIbHbIX JaHHBIX, OCO-
OeHHO OypHOE B MOCJeAHNE NSCATUIETUS B CBSI-
31 C MPOrpeccoM HEMHBA3MBHBIX METOMOB HC-
CJIeTOBaHUSI MO3TOBBIX IIPOLIECCOB, MPUBEJIO K
CyLLIECTBEHHO OoJiee cioxXHOi kapTuHe (Ma-
yuHckas, 2015; Cole et al., 2015; Pezzulo et al.,
2018). B Heil mpuCyTCTBYIOT CIOXHBIE aHCaMOJI1
Pa3JIMYHBIX KOPTUKAITBHBIX (TEMEHHBIX U BUCOY -
HbIX) U CYOKOPTUKAJIBbHBIX (0a3ajibHbIe TaHIJINMU,
tanamyc) otnenoB (Tanji, Hoshi, 2008; Pezzulo
et al., 2018), u cyllleCTBEHHYIO POJIb UTPAIOT CBSI-
31 MexXay oTaebHbIMU cTpykTypamu (Cole et al.,
2015). Tak, MeTaaHaaK13 OOJILILIOIO YKCJIa DKCIIe-
PUMEHTaJIbHBIX MCCJIENOBAHUN MOATBEPIAUII TU-
MOTE3y O TOM, YTO B OCHOBe YD JIeKUT BBICOKO-
ypOBHeBasi (PPOHTO-LIMHTYJIO-TIapueTaIbHasl CeTh
(Niendam et al., 2012).

XOTS 10 CUX MOp CYIIECTBYET HESICHOCTh B
TOM, YTO UMEHHO OTpaxkaeT aKTUBHOCTb HEUpPO-
HOB npedpoHTaibHO Kophl (Roy et al., 2014;
Lara, Wallis, 2015), uccienoBaHusi aKTUBHOCTU
npedpoOHTaJIbHBIX HEHPOHOB M UX MNOIYJSILIUIA
(Tanji, Hoshi, 2008), a Takoke KIMHUYECKHE JaH-
Hble (Tsuchida, Fellows, 2012) cBUAEeTEIbCTBYIOT
0 (YHKIMOHAJIBHOU crieluaiu3ald pas3ind-
HBIX 30H MpedpOHTAILHOK KOopbl (MauuHcKasl,
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2015). B wacTHOCTH, B JOpcoaaTepaabHOM IIpe-
¢GpOoHTaTILHOI KOpe HaOII0gaeTCsl pOCTpaabHbIN
rpagueHT xapakrtepa yrpaniaeHus (Botvinick,
2008; Badre, D’Esposito, 2009; Dixon, 2015), B
COOTBETCTBUM C KOTOPBIM YEM POCTpaibHEE 00-
JIaCThb KOpPBI, TeM 0oJiee aOCTpaKTHBIN XapaKTep
HOCHUT MpOLECC YOpaBJIeHUsI, B oOecneuyeHUuun
KOTOPOIro 3Ta 00JacTh IPMHUMAET ydacTue, u
TeM OoJiee JOJrOBpeMEHHbIE LIeJIU PEeaTnu3yrTCs
yepes Takoe yrnpasieHue. PocTpaabHblil rpaau-
EHT XapakTepa YIpaBJIeHHUsI UTPaAET CylLIeCTBCH-
HYIO POJIb B TeopeTudecKux Momesix YD, moquep-
KMBAIOIIMX HMEePApPXUUECKUI MPUHLMII IIOCTPOE-
HUSI yIpaBJeHUSI U €ro CBA3b C IIpolleccaMu
HayuyeHus (Koechlin, 2014; Pezzulo et al., 2018).
BepositHO, cyliecTByeT CBsI3b MEXIY OTMEYCH-
HBIM (PyHKILMOHAIbHBIM I'PaIUEHTOM B JI0PCO-
JaTepajbHON NMpedpPOHTAIILHOI KOpe U TeTepo-
XpOoHUel co3peBaHUsl pa3IUYHbIX OTIAEIOB Ipe-
(GpOHTAJILHOM KOPHI: paHee BCEro co3peBacT
IpeMOTOpHasl, a MO3Xe BCero — (ppPOHTOOPOU-
TajJbHasl KOpa, B TOM YMCJie U KOopa JIJOOHOIO I10-
moca — nioyae 10 mo bpoamany (Botvinick, 2008;
IlexmucTpeHko u ap., 2019).

BO3HMKHOBEHHWE U PASBUTHUE YO

Oo6nananue Y@ He sBIsIeTCS MPeporaTuBOi
yejioBeKa. Bce mpuMaThl B TOI MIM MHOM CTeIle-
HU AEMOHCTPUPYIOT CIIOCOOHOCTH, KOTOPLIS
00BIYHO OTHOCAT K Y®. Tak, Bce mpuMaThl 00-
JIaAaloT CIOCOOHOCThIO K TOPMO3HOMY KOHTPO-
JIIO — K TOJABJIEHWIO HEIOCPEICTBEHHBIX WU
IPUBBLIYHEIX, HO HEpeJIeBAHTHBIX WU HedhPeK-
TUBHBIX peakuuil. B dacTHOCTH, 4eI0BEKOOO-
pa3HbIe 00e3bsIHBI MPaKTUYECKU Oe301IMO0IHO
peiwialoT 3agauy Iluaxe “A-He-bB” (A-not-B), a
TPYAHOCTU IPU PELLICHUM 3TOI 3a0a4u BO3HUKA-
IOT JIIb Y Oojiee AajleKuX OT 4YeJIOBEKa BUIOB
npumatoB (Rosati, 2017). lonroe BpeMs cunTa-
JIOCh TaK3Ke, YTO CIIOCOOHOCTD MPeABUICHUS Oy-
OYIIMX COOBITUIL U OOCTOSITENILCTB SIBJISICTCS
YHUKAJILHOM 4epToil homo sapiens, B TO BpeMs
KaK Jpyrue BUIbl HAXOASTCS B IUICHY HACTOSIIE-
ro. OgHakKo 3KCIEPUMEHTBI C OTCPOYEHHBIM
noakperuieHueM (delayed gratification) mokasa-
JIM, 9YTO Jaxe JajJieKue OT YeJIOBEKAa B 3BOJIIOLU-
OHHOM OTHOIIIEHUU BUIbI IPUMATOB MPU pellie-
HUM 3aJadyu Ha OTCPOYEHHOE MNOAKpEIUIeHUE
CIIOCOOHBI MpPENIoYecTh OONBIIYIO, HO OTCPO-
YeHHYIO Harpaay Ipu 3aiepKKe, He IPeBbIlIalo-
meit 40 cek, a HEKOTOpbIE OCOOM YeIOBEKOO0-
pa3HBIX 00€3bsTH CITOCOOHEI XXaaTth 10 MUH pagu
Ooubleii HAarpaabl, IpeHeoperas HeMeaJIeHHOMN
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BO3MOXKHOCTBIO MOJy4YuTh MeHbInyio (Rosati,
2017).

INpenmoiaraercs, yro passutue Y@ y npen-
IIIECTBEHHUKOB 10mo sapiens CBSI3aHO C U3TOTOB-
JICHWEeM UMW KaMEeHHBIX MHCTPYMEHTOB — IPO-
1ecca, TpeOYIOIIEeTO CJIOKHBIX ITOCIIeIOBATEIb-
HocTel neiictBuii (Adornetti, 2016).

Cyl1ecTBYIOT JaHHbIE, YKa3bIBaIOIIE HA He-
MPONOPLUMOHAIILHOE pa3MepaM TeJjla pa3BUTUE
npedpoOHTAIbHOII KOPBI Y 4YEI0BEKOOOPa3HBIX
00e3bgH 1 0COOeHHO y JyeaoBeka (Smaers et al.,
2017). I1pu sTOM Ccpeau IMIPUMATOB YeI0BEKa OT-
JIMYAeT He TOJIbKO 0OJIbIlIee YUCIO HEMPOHOB, HO
U1 OoJiblIasl UX CIleLMaNr3alys, a Takxke 0oliee
CJIOXKHAs CTPYKTypa cCBs3eill MmpedpoHTaIbHOI
KOpBI C APYTMUMU KOPKOBBIMU OTACIaMU.

B xone nHauBUAYyaaIbHOTO PAa3BUTUS YEIOBE-
Ka MepBbie TpU3HAKKA HAIMYUS YD MOSIBIISIIOTCS
ele B MJIaJeHYeCTBE U MPOI0JLKAIOT (DOPMUPO-
BaTbCsSl CYLLIECTBEHHO JOJIbIIE, YeM Y APYTUX
npumatoB (Davidson et al., 2006; Anderson,
Reidy, 2012; Cuevas, Bell, 2014; Werchan et al.,
2016; Marcovitch et al., 2016). B BocxonsieMm
OHTOreHese pazButue Y@, Kak U APYTUX ICUXU-
yecKux (GyHKIIMI, TpOUCXOIUT Ha (poHE OBbICT-
PBIX CTPYKTYPHBIX U3MEHEHUI TOJIOBHOTO MO3Ta
(Lenroot, Giedd, 2006; Riccomagno, Kolodkin,
2015). KnroueBBIMU IIPOLIECCAMU 3[IECH SIBJISIIOT-
ca: (1) miacTuyeckre mepecTpoOKu B HEMPOH-
HBIX CETSIX, 00YCIOBJIEHHBIE U30BLITOYHBLIM 00pa-
30BaHMEM CHMHANTUYECKUX KOHTAKTOB, a 3aTeM
UX dIMMUHaLMei (IpyHUHIoMm), (2) dopMupo-
BaHME JEHIPUTHLIX JePEBbEB 1 BETBICHUE aKCO-
HOB U (3) MUETMHU3ALUS.

MuenuHu3alys HauuMHaeTcsl ellle B IpeHa-
TaJIbHBII MEPUOJ U HEe 3aKaHYMBAETCS A0 JOCTU -
JKeHMsI B3pOCJOCTU. B pasHbIX oTaenax Mosra
MUEJIMHU3alMsT TPOUCXOAUT HEPaBHOMEPHO:
CBSI3U MpedPOHTAIbHOU KOPbI C APYTUMU OTAE-
JIJaMM MO3Tra CO3peBaloT JUIMTEJIbHOE BpEMS U He
ogHoBpemeHHO (rereporeHHo) (Lebel et al.,
2008). CunHarntoreHe3 — ObICTpOpACTyIlasi cpaszy
MocJjie poXAEHUS TUIOTHOCTh CUHAMNCOB, JOCTU-
rajoniasi MakCuMyma IMpUMEpHO K 2 rogam —
CMEHSIETCSl BHIOOPOUHBIM YHUUTOXKEHUEM CHUHAII-
COB — CHHAIITUYECKHM TMPYHUHTOM. DTOT MpO-
1IECC MTPOUCXOIUT reTePOXPOHHO B Pa3HbIX OT/E-
JlaXx TOJIOBHOTO MO3ra: TakK, B 3pUTEIbHOI Kope
CUHAITHUYecKasl IMIOTHOCTh JTOCTUraeT MaKCH-
MyMa K 4YeTbIpeM MecsiaM, a B MpedpoHTaIb-
HOU — He paHee nocTuXXeHUs yeTbipex Jet (Hut-
tenlocher, 2004; Lenroot, Giedd, 2006).

OO6cyxast METOAOJOTUUECKNE BBI30BBI, CTO-
sime nepen ucciaenonareysimu Y@ B oHTOreHe-
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KYPTAHCKUMN

3e, 0COOEHHO paHHeM, Korna YO ¢hopMuUpyIoTcs
ocobeHHo OypHo, . bect u I'1. Munnep (Best,
Miller, 2010) mpexxne BCero oTMedyaroT, 4ToO He-
CMOTpPSI Ha 3HAYUTEJIbHOE YUCJIO padoT, MOCBSI-
meHHoe pa3BuTuio Y@, 11eJIbHOII KapTUHBI HE
BO3HUKJIO, TIOCKOJIBKY B 3THUX paboTax paccMar-
pUBAlOTCS Y3KME€ BO3pacTHbIE AMAra3oHbl. DTO
CBS3aHO C OBLICTPLIM pa3ButueM YD y nereii.
ITostomy, naxe eciu Obl ObLT BbIpaOOTaH 0O0I11Ie-
MpU3HAHHBIN KPUTEPU OTHeCeHMST PYHKIINMI K
YMCIIy YIIPaBJSIOIIMX U HA €70 OCHOBE CO3daHbl
CTaHIApTHBIE cpeacTBa TecTupoBaHust Y®, Bce
PaBHO HEBO3MOXHO ObLJIO ObI MCIIOJIL30BATh OJ1-
HU U T€ XK€ 3a1a4M 151 BCEX BO3PaCTOB: TO, UTO 151
JIeTei MJIaIIero BO3pacTa siBJISIeTCs HeIOCUJIbHOM
3agaueit (floor effect), He cocraBiIseT HMKAKOTO
Tpyna mis netei mocrapie (ceiling effect).

Hepenko, 4yToOBI n306eXaTh MOTOJIOYHOTO (-
(exTa, mccaenoBareM MCIOJIb3YIOT CIOXHbBIE
3a/1auu, pelIeHne KOTOPhIX 00ECIIeYBACTCSI KOM-
OMHaLMEll HECKOJIBKMX KOMITOHEHTOB YITPaBJIsIIO-
murx GyHKUIMii. B 3TOM ciyyae BO3HMKAeT MpO-
O7eMa OLIEHKM BKJIaJa KaXkIOoTro KOMIIOHEHTa B
MOJIYYeHHBIN pe3yabTaT. DTa IpodyieMa, MU3BECT-
Has Kak “task impurity”, oocyxnaercs B (Miyake
et al., 2000; Best, Miller, 2010; Miyake, Fried-
man, 2012).

3amaum w1 tectupoBaHusi Y® mpennonara-
IOT U3BECTHBIN YPOBEHDb 3HAHUI O BHEILIHEM MU -
pe, Hajuyve HeoOXOAUMbIX HABBIKOB (HaMpu-
Mep, YTeHUS U cUeTa), a TAaKXKe€ U3BECTHYIO CTe-
MeHb Pa3BUTUSI CAMUX TECTUPYEMBbIX (PYHKIIWIHA,
KOTOPBIE CUJIBHO pa3IMyaloTcs y NeTel pasaind-
Horo Bo3pacTa. [1o3Tomy croxKeTbl, CTUMYJIbHBIM
MaTepuaga U CIOCOObI pPearupoBaHUs, a TaKXKe
OOILLMIT YpOBEHB CJIOKHOCTU B 3a7a4ax Ha OLIEH-
Ky KOMMOHEHTOB Y@ T1oaduparoTcsl OTIEbHO
JUISL KaXKIOW BO3pACTHOM TPYIIIIHI.

CienyeT Tak:Ke IOMHUTD, UYTO caMa CUTYallus
TecTUpOBaHUs (BHE 3aBUCHMOCTU OT TOTO, YTO
MMEHHO TeCTUpYeTCs) SABJIsIeTCs 3a1aueit, Tpeoy-
o1eil yuactust Y@: OT UCHBITYEMOTro TpebyeTcs
MIPUHSTh, B KadyeCcTBe ILIeJU COOCTBEHHON mesi-
TeJIbHOCTH 3aJJaHHYIO U3BHE MHCTPYKIINIO, yIep-
>K1BaTh €€ M CTPOUTH HA €€ OCHOBE CBOIO Aesi-
TeNbHOCTB. B mpoliecce pelieHust TeCTOBOI 3a-
Jayu “yaenabHBIN Bec” 3Toi Hecneunduueckoit
yacTu 3a1a4u (yaep:KaHue MHCTPYKIIMU U CIeI0-
BaHME €ii) y MJAIIIMX JOIIKOJIbHUKOB MOXET
0Ka3aThCs CYIIECTBEHHO 00jiee BEICOKMM, YeM Y
JieTeit 6osee cTapiiero Bo3pacra.

Haxkoneir, uzyyenue Y@ B 3HaUUTEIbHOMN Me-
pe onupaeTcs Ha aHaJIWU3 3JIEKTPO- U MarHUTO-
sHuedanorpammbl (B3I u M3AT'), a Takke me-
Ne 4
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TOJOB HEWUPOKAPTUPOBAHUSA — MO3ZUTPOHHOM
amMuccuoHHoit tomorpaduu (I1OT), dyHKIIMO-
HaJIbHOU SI€PHOM MAarHUTHO-PE30HAHCHOM TO-
morpadum (PMPT) u pyHKIMOHAITEHOM OJIXK-
Hell nHdpakpacHoii criekTpockoru (PbUKC —
fNIRS). Cneuundunyeckue TpeOOBaHUSI YaCTU
3TUX METOAOB (HAIpUMep, COXpaHEeHHUE Hero-
JBUXKHOCTH) HEBBIMTOJHUMbI UJIM TPYIHOBBIITO -
HUMBbI, €CJId OHM TIPEAbSBIISIIOTCS MaJleHbKUM
netsaM (Fiske, Holmboe, 2019). CooTBeTCcTBEH-
HO, HE TOJILKO TECTOBBIE€ 3aa4d, HO 1 METOIbI
OLIEHKM MO3rOBOIi aKTMBHOCTHU B IIPOLIECCE MX
pelleH’sI OKa3bIBAIOTCS Pa3sHBIMU IJISI Pa3HBIX
BO3PACTHBIX TPYIIIT UCTIBITYEMbIX.

Bce nepeunciaeHHbIe BhIIIE TPOOIESMBI Iea-
IOT COIOCTABJICHUWE NaHHBIX, MOJYYEHHBIX IJIsI
HUCHBITYeMbIX Pa3HbIX BO3PACTHBIX FPYII, 1O0CTa-
TOYHO HEIIPOCTOM 3adaUecil.

bonpmmHCcTBO paboOT, B KOTOPBIX JIeIaeTCs
MONBITKA MPEACTaBUTh OOIIYI0 KapTUHY pa3BU-
™M1 YO, mpociexXnBaloT TPAaeKTOPUU Pa3BUTUS
OCHOBHBIX KOMMOHEHTOB Y@, T.e. “TOpMOXe-
HUs”, “paboyeit maMsTU” U “TiepeKaoueHus .

IMoBenenueckue (Davidson et al., 2006; Best,
Miller, 2010; Ackerman, Friedman-Krauss, 2017)
u Hepodusnonornyeckue (Rubia, 2013; Fiske,
Holmboe, 2019) wuccinemoBaHusl ITOKa3bIBalOT
yJIy4llleHWE C BO3pacTOM BCEX TpPeX KOMITOHEH-
TOB YO, XOTSI Tpa€KTOPUU UX Pa3BUTUSI HEOI -
HakoBbl. beIcTpoe ynyuiieHue 3(pheKTUBHOCTHU
TOPMOXEHHUSI B paHHEM IOLIKOJbHOM BO3pacTe
CMeHsleTcsl 0ojiee MeMJIEHHBIM YJIydllleHueM Yy
noapoctkoB (Best, Miller, 2010). TpaekTopus
pazButus paboueit mamsatu (PIT) unas. Peuie-
HME CJIOXHBIX 3ama4 Ha PII, T.e. 3agau, TpeOyo-
11X 0oJiee CI0XKHOKM 00padOTKU U mpeodpas3o-
BaHUs uH@opmauuu B PII, mocreneHHO cTaHO-
BUTCSI Bce Oosice a(p(PEeKTUBHBIM MO KpaiHen
Mepe 10 NOAPOCTKOBOro Bo3pacra. Kak u B ciy-
yae TOPMOXEHMUsI, MaTTepH MO3rOBOIl aKTHUBa-
LIMU U3 reHepaiMu30BaHHOIO CTAaHOBUTCS OoJiee
1301 paTeIbHbIM U CBOIUTCS IMPEUMYIIIECTBEHHO
K aKTUBAlLIMU (DPOHTO-TIApUETATBHOI CETH, UTO
XapaKTepHO A B3pociabix. OnHAKO B OTJIMUUE
OT TPAeKTOPUU PA3BUTHSI TOPMOXKEHUSI, UCITbI-
THIBAIOIIIETO CYIIECTBEHHbIE YIYYIIEHUs B HO-
LIIKOJILHOM BO3pacTe, 32 KOTOPBIMU CJIEAYIOT 60~
Jiee CKpOMHBbIE, JIMHEWHbIC YIy4IlIeHUs] B MOJI-
POCTKOBOM BO3pacTe, OOJBIIMHCTBO JTaHHBIX
CBUJIETEJILCTBYET O TOM, UYTO TPAEKTOPUS pa3BU-
tus PII nuHeiiHa OT JOIIKOJBHOIO J0 CTapIIero
noapoctkoBoro Bo3pacta (Best, Miller, 2010).

CnocoOGHOCTh  YCHELIHO  TepeKIoYaThCs
MEXOY 3adJadaMM pa3BUBACTCA BIIJIOTb OO IIOI-
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POCTKOBOTO Bo3pacTa. JIeTu JOIIKOJILHOTO BO3-
pacTa MOTYT TEePeKII0YaThCs MEXIY IMPOCThIMU
3aJadyamMM, a 10 Mepe B3POCJICHUS HauyMHAIOT
CHIPAaBJIATHCS C MEPEKITIOUEHUSIMU MEXKIY Bce 00-
Jiee caoxXHBIMU 3agadyamMu (Davidson et al., 2006;
Best, Miller, 2010). B cuiy BoBiaeueHUS B IIPO-
1IECC MEPEeKITIOUeHUS] MHOXECTBEHHBIX KOTHM-
TUBHBIX MPOILIECCOB, 3peJiasi CIOCOOHOCTD K Ie-
PEKITIOUEHUIO O00eCIeurMBaeTCsi, CKOpee BCETO,
B3aIMOJEMCTBUEM pa3IUYHBIX OOJacTeil TIpe-
(GPOHTAILHOM KOPHI.

Crenyer OTMETUTb, YTO HE CYIIECTBYET €lIU-
HOTO MHEHWSI OTHOCHUTEJIbHO TOTO, KaKoBa
cTpykTypa Y@ B pasiudHbie Mepuoabl pa3BUTUS
pebeHka. XoTs OOJBIIMHCTBO HCCenoBaTelei
HUCMIOJB3YIOT TPY PACCMOTPEHHBIE BbIIIIE KOMIIO-
HeHTa Y@ (“TopMoxkeHue”, “pabouast nmaMsTh”
U “nepekiiioueHre”), UCNOoJb3yeTCsl TAaKXKe U Ye-
ThIPEXKOMITOHEHTHOE (“yMpaBisiollee BHUMA-
HMUe”, “IelienojlaraHue”, “KOrHUTHUBHAsl TUO-
KOCTh”, “00paboTKa MH(GOpPMaLMK’) OITMCAHUE
Y® (Anderson, 2002; Anderson, Reidy, 2012).
Kpowme Toro, 151 pa3HbIX BO3PAaCTHBIX IEPUOIOB
MOXKET OBbITh XapakKTepHa pa3jiMyHasl CTPyKTypa
YO. Tak, no nanHbiM (Xu et al., 2020) B rpymnrax
neteit 7—9 u 11—12 net omHodakTOpHAast MOJETh
JIy4Ille ONMCHIBAET TAaHHBIE, YEM TPEXKOMITOHEHT-
Hasi MOJIeJIb, CIpaBeIMBas AJ1s1 60Jiee B3POCIbIX
MOAPOCTKOB 1 B3pOCbIX. OTMETUM TakXkKe, 4YTO
UCMOJb30BaHUE PA3TUYHBIX OMMMUCAHUMN CTPYKTY-
pbl YO npuBOIUT K TOMY, UTO B TTOBEIEHUYECKUX
WCCJIEAOBAHUSIX UCMOIb3YIOTCS pa3Hble HA0OPHI
3amady.

IIpu n3ydenun Y® orpoMHYIO pOJIb UTPAIOT
pa3JIMyHbIE METOAbI HEMPOBU3YAJIU3allUU, T103-
BOJISIIONIME OJTYYUTh MHMOPMALIMIO 00 aKTUBa-
LI /IeaKTUBALIMU Pa3JIMYHbIX CTPYKTYp MO3ra,
0 Mopdonorniyeckux U GyHKIIMOHAIBHBIX CBS-
35X MEXIY 9TUMU CTPYKTYypaMHu U O MPUYMHHO-
CJIEACTBEHHON CBSI3M MEXIY IMOBEIECHYECKUMU
MPOSIBJICHUSIMU U U3MEPEHHBIMU HEUpOhU3NO-
JIOTUYECKMMU ToKa3aTeassMu. B cuity kpaliHeit
OrpaHUYEHHOCTH METOAMK B OHTOTEHETUYECKHUX
nccienoBaHusx YO, 0cOOEHHO €CJIM pedb UIIET O
MJIQICHYECTBE, 3TU METOJbl UTPAIOT UCKIIIOUU-
TEJIbHO Ba>KHYIO POJIb.

MHorouuceHHble 3KCNepUMEHTaIbHbIE daH-
HbIE, TToJIyYeHHbIe ¢ ToMollbio MPT, rmokasbi-
BatoT (Rubia, 2013), 4To B BOCXOJSIIIEM OHTOrEe-
HE3€ TMPOUCXOAUT IPOTPECCUBHOE YCUJIEHUE
(YHKIMOHANIBHON aKTUMBAaLlMU B peEJIEeBaHTHBIX
pelaeMbIM 3ajiayaM JaTepajibHbIX U Meauallb-
HBIX OTaeJIaX MpedPOHTAIBHON KOPBI, CTpUaTy-
Me (oJocaToM Tejie 6a3aibHbIX TaHIJIMEB) U Te-
MEHHO-BHUCOYHBIX 00JIACTSIX KOpPbI, KOTOpbIE
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OIOCPEeayIOT ympasisione (yHKIMA MO3Ta.
DTO ycuJIeHUEe COIPOBOXIAECTCS TaKXe POCTOM
CHJIbI PYHKIIMOHAIBHBIX CBsI3eil (ITpY pellieHun
COOTBETCTBYIOIIIMX 3aJad) B Npenesiax JoOHO-
CTPUAPHBIX U TOOHO-TEMEHHO-BHUCOUYHBIX CETEHA.
HamnpoTus, yObIBaHUE CTETIEHN CBSI3HOCTH (OTpU-
HaTeIbHBIE KOPPESLIMU C BO3PacTOM) HaOroma-
€TCsI B paHee Pa3BUBAIOIIMXCS MOCTUEHTPATbHBIX
1 uMomdeckmux obmactsx. Takass pa3HoOHarpaB-
JIeHHasl BO3pacTHasi TMHAMMKA (PYHKIIMOHAIbHBIX
CBSI3CM CBUIETEIIBCTBYET 00 OTHOCHTEIbHOM
YMEHbBIICHUU POJIM 00pabaThIBAIOIINX CEHCOP-
HYyI0 MH(pOpPMAIIUIO CUCTEM ITIOCTLIEHTPATbHBIX
obnacreii, padOTAIOIIMX MO NMPUHIMIY ‘‘CHU3Y
BBepx” M BO3pacTamuieil pojii padoTaroninx 1o
NPpUHONUIY “CBEpXy BHM3” CHCTEM, B KOTOPBIX
KJTIOUYEBYIO pOJIb UTpaeT nmpedpoHTaIbHasT Kopa
U €€ CBSI3U C IPYTMMU KOPKOBBIMM M TTOIKOPKO-
BbIMU CTpYKTypaMu. M3ydeHne HEMpPOHHBIX ce-
Teii mokos (resting state networks — RSN) Taxcke
JIeMOHCTPUPYET BO3pacTHbIC M3MeHeHUs. B yacT-
HOCTH, OHO TTOKa3bIBaeT, YTO MO MEPEe Pa3BUTHUS
(opmupyroTcs Bce 6oJiee CHITbHBIE JaTbHUE CBSI-
31 (HarpuMep, 100HO-TeMEeHHBIE 1 JIOOHO-MO3-
KEYKOBBEIC).

METOIbI OUEHKH Y& YV JOLIKOJIbHUKOB

B oreuecTBeHHOIT 1UTepaType IpeodiagaroT
paboThl, B KOTOPbIX Y® y neTeil uccaeayoTcs u
OLIEHUBAIOTCS IIaBHBIM 00pa30oM B paMKax Heli-
poICcHUXoJoTuUecKoro rnmoaxona (AXyTuHa U Op.,
2016). Jlnst 3TOro WMCIOJIb3YIOTCS 3adadyu, Ha-
npasjieHHbIe Ha olleHKY pyHkuwmii 111 610Kka o
A.P. JTypuu (JIypus, 1973). 3agauu, HanmpaBJieH-
Hble Ha OLIEHKY IPOrpaMMUPOBAHUS U KOHTPO-
JIsI TIPOM3BOJIbHBIX JIEUCTBUI, BKIIOYAIOT: peak-
U0 BeIOopa, Tadauwel Ilynste, cuer, pelieHue
3a/1a4, aCCOLIMAaTUBHBIC PSIAbI, “TSITHIN JIUIITHUAN
packJiaiblBaHUE CEpUM KapTUHOK, a TaKKe 3a1a-
YK, HAIpaBJICHHbIE HA OLIEHKY CEpUITHOM opra-
HM3aLUU ABUKCHUIA U IEUCTBUIA: IMHAMWYECKUIA
MpakCcucC, peLUIIPOKHAas KOOpAWHaLMsI, Ipadu-
yecKasi mpo0Oa, BBIMOJHEHUE PUTMOB IO WH-
CTPYKLIMU, 3aBEPIIEHUE MPEIJTOXKEHU, paccKas
O CEpUM KapTUHOK (CM., HarpuMmep, Tada. 2 B
pabdore (I'opuna, AxyrunHa, 2011)). OTmerum,
YTO HMXKHSISI BO3pacTHasl TpaHULa B TaKUX HC-
cJieIOBaHUSIX COCTaBJseT S jieT. B To ke BpeMs B
MHUPE HAKOIJIEH OMNbIT pabOThI C IETHbMU MOJIOXKE
5 IeT ¥ TIpellJIOXKeH psfl 3a0ay, AOCTYIHbBIX AETSIM
3 net u gaxe pansblie (Espy et al., 2001; Davidson
et al., 2006; Garon et al., 2008).

Hnst oueHky YO y 1OIIKOJIBHUKOB UCITOJIb3Y-
IOTCSl pa3HOOOpa3HbIe 3a/1a4u, U 3TO pa3HOOOpa-
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31€ CBSI3aHO C pa3IMYMEM B MOAXOAAX K OLICHKE
YO, B TOM 4ynCIe ¢ pa3IuunueM TEOPEeTUUECKUX
MpeNCcTaBICHU O pOJIN U CTPYKTYype YD.

OII1H U3 IIOAX0I0B — UCTOPUYECKU HanboJiee
paHHUI — 3TO UCIIOJIb30BAHME CIOXHBIX CUHTE-
TUYECKUX 3a7ad, TaKux Kak “XaHoiickas Oalu-
Hsa” TOH (Tower of Hanoi) unu “BuckoHcuH-
ckuii TecT coptupoBku KapT” WSCS (Wisconsin
Card Sorting Task). Bapuant 3amauu WSCS ais
MaJleHbKMX AeTeii — 3To 3agada The Dimension-
al Change Card Sort (DCCS) (Zelazo, 2006), ko-
TOPYI0O MOXHO Ha3BaTh 3aJayeil “u3MeHeHUe
IpHU3HaAKa COPTUPOBKU KapToyeK”.

B 3agaue TOH naHbl Tpu CTEpXKHS, HA OTHOM
13 KOTOPbIX coOOpaHa NUupaMuaKa U3 HaAeThIX Ha
3TOT CTEP>KEHb YMEHBILAIOLIMXCS B JUaMETpe
KoJiell (camMoe OOJIbIIOE KOJIbLIO JIEXKUT B OCHO-
BaHUU nupamMuaku). Tpebyercss mnepecodbparb
3Ty MMPaMUIKY Ha OTHOM 13 CBOOOIHBIX CTEPK-
HEM, TIepeHOoCs 110 OAHOMY KOJIbILY U UCIIOJIb3Ys
TPETUIA, CBOOOIHBIN CTEp>KEeHb KaK BCIIOMOTa-
TeJbHbIM. [Ipyr 3TOM Heb3sd KjlacTh Oosblliee
KOJIbLIO HAa MEHbIIIEeE.

3agaga WSCS cocTouT B COPTUPOBKE KapTO-
YeK II0 OOHOMY W3 HECKOJIbKHUX IIPU3HAKOB
(uBet, opma, pasmep). IIpu stoMm Tectupye-
MbIIi HE 3HAeT, 10 KaKOMY MMEHHO IIPU3HaKy
clieayeT COPTUPOBATh KAaPTOYKU, U JOJKEH BhI-
SICHUTB 3TO Ha OCHOBE 0OpaTHOI CBSI3U: Ha KaX-
IIOM IIIare MCHOBITYEMOMY TOBOPSIT, IPaBUJIbHO
JI OBLIIO BBIOPAHO OCHOBAHME IUISI COPTUPOBKMU.
BpeMst oT BpeMeHM 3KCIepUMEHTATOP U3MEHSIET
KPUTEPUIA COPTUPOBKU, O YEeM TECTUPYEMBIi
Y3HAET TOJBKO TOCPEICTBOM OOPATHOM CBSI3U.
OtMmerM, uto 3agada DCCS, B KoTOpOii meTn
IOJKHBI OTCOPTUPOBATh CEPUIO TECTOBBIX Kap-
TOYEK IO 3apaHee M3BECTHOMY OCHOBaHUIO (I10-
IpoOHee 3Ta 3a7avya olMcaHa HIKe ), He SIBJISIeT-
Csl CUHTETUYECKOI 1 (haKTUIECKU SIBJISIETCS 3a-
Jadeil Ha IepeKIIoYeHIeE.

Eie omHMM npuMepoM CIIOXKHOM 3amauu siB-
JIsieTcs 3ajada “rojoBa-HOCKU-KOJIEHU-JTOKTU ™
(Head-Toes-Knees-Shoulders task — HTKS)
(McClelland et al., 2014). B aT0ii 3amaye meteit
OPOCST AejaTh IIPOTUBOITOJI0XKHOE TOMY, YTO I'0-
BOPUT BKCHEPUMEHTATOp. ODKCHEPUMEHTATOP
npeajaraeT AeTSIM IMPUKOCHYTHCSI K CBOEH rojio-
Be (WJIM majabliaM HOT), HO BMECTO TOrO, YTOOKI
clieoBaTh KOMaH/Ie, AETU JTOJIKHBI cAejiaTh 00-
paTHOE U KOCHYThCS NajiblieB HOT. ITocie 3aBep-
LIeHUs 3aJaHUs “TOJI0Ba/Maablibl HOT” €T BbI-
MOJHSIIOT paclIMPEHHOE UCIIbITAHUE, B KOTOPOE
JI00aBJISTIIOTCSI KOMaHIbl “KOJIEHU U IJIe4n”.
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OLIEHKA YITPABJIAIOIINX ®YHKIIUMN V JETEN 3—6 JIET

WNHoit moaxon — 0osiee HOBBIN MO UCTOpUYE-
CKMM M€pPKaM — COCTOUT B MCITOJIb30BAaHUM HaM -
Oosiee TIPOCTHIX II0 CBOEM (PYHKIIMOHATBHON
CTPYKType 3amad, T.e. 3amay, 3aIeiiCTBYIOIINX
MPEUMYIIECTBEHHO OAWH 0a30BbIii KOMIIOHEHT
Y®. Kakuie ”MEHHO 3TO OyIyT 3a1a4ll — 3aBUCUT
OT TOTO, MCHOJBb3YeTCS JIM TPEXKOMIIOHEHTHAasI
mogenb (Miyake et al., 2000) niau Moaens ¢ de-
TBIpbMSI OJIOKamMu (IIPOM3BOJIbBHOE BHUMAaHME,
KOTHUTHUBHASI TUOKOCTb, IiejIeroiaranue u 00-
paboTka mH(opMaInn) 1 OOJIBIITNM YUCIOM 00-
Jlee 3JIEMEHTapHBIX KOMMIOHeHTOB (Anderson,
2002; Anderson, Reidy, 2012; Ackerman, Fried-
man-Krauss, 2017).

B 0630pHoit padore (Garon et al., 2008,
Tabs. 3) mpuBeaeH pernpe3eHTaTUBHBIN CIIMCOK
3a/a4, HaIlpPaBJICHHBIX Ha OLEHKY TPEX KOMIIO-
HeHTOB Y®. /11151 Kaxkaoro U3 HUX B TaOJIULIE CO-
OpaHBbI IPOCTHIC U CJIOXHBIC 3amaun. Huke Mbl
NepeYrCInM T€ 3a1a4l, KOTOpPble peKOMEHI0Ba-
HBI U151 IeTeil HauuHasl ¢ 3 JIeT.

IIpocmuie 3a0auu na PII

31ech TpebyeTcs TOJILKO yAepKaHue UHQPOP-
Maluu. TUMWYHBIMY 3a1a4aMU SIBJISTFOTCSI:

Digit/word Span (obsem namamu ua uugh-
pbl/crosa). PebeHka MpoCSIT 3allOMHUTHh U I10-
BTOPUTH CIUCOK LIM(p 1 cjioB. M3mepsieMblii
rnokasaTrejib — HauOoJjiee JIMHHAs MPaBUJIbLHO
BOCIIPOM3BeIeHHAas MOCe10BaTeIbHOCTb.

Corsi block span (o6sem namamu na nocaedoea-
MeAbHOCMb NOAOJNCeHU 6 Nnpocmpancmee). DKC-
TePUMEHTATOP YKa3bIBaeT MajblieM Ha HEKOTO-
pble U3 IeBSITU AEPEBSIHHBIX KyOMKOB B OMpee-
JICHHOM T10CJIeIOBaTEIbHOCTH; peOeHKa MPOCST
MOBTOPUTh 3Ty IIOCJIEIOBATEILHOCTb. 3azava
HAYMHAETCs C NBYX KyOUKOB, U MX YMCJIO TIOCTE-
TIEHHO YBEJIMYMBaeTCs 10 neBaTu. Mamepsiembrit
rokasaTesb — JJIMHA Haubosee NIMHHON Tpa-
BWJIBHO MOBTOPEHHOI MTOCIEI0BaTEIbHOCTH.

Croorcnvie 3a0auu Ha PIT

3agayy 3TOro Buaa Noapa3yMeBaloT He TOJIBLKO
yIIepKaHue, HO 1 OOHOBJIEHHE U IIpeoOpa3oBaHue
nHpopmalmy. TUNMTUYHBIE 3a1a91 TAKOBHI:

Self-ordered pointing (06sem namamu Ha nocae-
dosamenvHOCmb 006eKmoe npu c60000HOM 8blOOpe
nopsoka eocnpouseedenus). PebeHKy moka3bIiBa-
IOT JIUCTOK C JIBYMsI KAPTUHKAMU U MPOCST BbI-
OpaTh OMHY U3 HUX. 3aTeM Ha APYTOM JIMCTKE MO-
Ka3bIBaIOT 3TU K€ IBE KAPTUHKHU B JPYIOM I1O-
psIKe U IIPOCSAT pedeHKa BhIOpaTh Ty, KOTOPYIO
OH ellle He BbIOupai. Yucio KapTUHOK Ha JIMCTE
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yBenmuuBaioT (3, 4, ...) 10 Tex mop, Ioka pebde-
HOK He cejlaeT AByX olIMOOK monpsia. M3mepsi-
eMBbIii TToKa3aTeIb — HauOOoJIbllIee YUCI0 KapTH-
HOK, TIPY KOTOPBIX peOSHOK ellle He AeJ1aeT OIIM -
OOK.

Backward digit span (o6sem namamu na yugpol
npu 80CNPoOU36e0eHUU UX CRUCKA 8 00pAMHOM NO-
padke). PebeHka pocsT 3aIIOMHUTDb U [IOBTOPUTh
B 0OpaTHOM TOpsiiKe CIMCOK 1mdp. M3mepsie-
MBI TIOKa3aTelb — JUIMHA HauboJjiee JUITMHHOM
MPaBUJIBHO TMTOBTOPEHHOM MOCIEA0BATEILHOCTH.

Backward Corsi span (obsem namsamu Ha nociae-
008amenbHOCMb NOAONHCEHUI 8 NPOCMPAaHCMEe NpU
8ocnpoussedeHulU ee 8 0opamuom nopsadke). DKc-
TMepUMEHTATOP YKa3bIBaeT MajblieM Ha HEKOTO-
pble U3 IeBSITU ACPEBSIHHBIX KyOMKOB B OMpee-
JICHHOI TI0C/IeN0BaTeIbHOCTH;, peOeHKa MPOCST
MMOBTOPUTH 3Ty IIOCJIEI0BATEILHOCTh B 00Opar-
HOM TopsiaKe. 3agaya HAYMHAETCS ¢ IBYX KyOu-
KOB M MX YMCJIO TIOCTETIEHHO YBEJIMYNUBACTCS 10
neBsiTh. MU3MepsieMblii moKa3aTenb — IJIMHA Hau -
Oosiee IIMHHOI MPaBWILHO MOBTOPEHHON II0-
CJIeI0BaTEbHOCTH.

Hpocmoe mopmoodiceHue omeema

Tunuunasg 3apaua — 1o Delay of gratification:
choice (8bl60p O0abUIE2O, HO OMICPOHEHHO20 BO3HA-
epaxcoenust). PebeHOK BbIOMpaeT MeX Iy OOJIbIIIMM
OTJIOXKEHHBIM BO3HArpaxkJIeHUeM U MEHBIIIUM He-
MEJICHHBIM BO3HarpaxaeHueM. K3mepsieMblii
ToKazarejib — YHUCJI0 BHIOOPOB OTCPOYEHHOTO BO3-
HarpaxIeHusl.

Cnooxcroe mopmooicenue omeema

B 3amagax sToro Buma TpedyeTcs ynepXuBaTh
MpaBUJIO, (GOPMHUPOBATH OTBET B COOTBETCTBUM C
STUM TIPAaBUJIOM U YMETh MTOIABISATH JOMUHUPY-
1o1nii oTBeT. Huske TIpuBeneHBI HECKOIBKO 3a-
a4 3TOTO TUTIA:

Bear and dragon (konpauxmuas npoba “meo-
6edb u dpakon” ). PebeHOK JOKEH IenaTh TO, YTO
MPOCUT MeIBeIb, U HE AeiaTh TO, YTO IMPOCHUT
npakoH. HM3MmepsieMblii MokasaTelqb — YMCIIO
Mpo0, B KOTOPBIX peOCHOK HE IBUTAETCS B OTBET
Ha MpochOy ApaKoHa.

Grass—snow (KoHgauxkmuas npoba “mpaea—
cHe2”). PebeHOK JOJDKEeH yKa3biBaTh Ha Oesblit
LIBET, KOIJa 3KCIIEPUMEHTATOpP T'OBOPUT “Tpa-
Ba”, U Ha 3€JICHBII1 LIBET, KOIma 9KCIIepUMEHTa-
TOp TOBOpUT “CHer”. MI3mepsieMblil moKa3aTe/lb —
YUCJIO TIPaBUJIbHBIX OTBETOB.

Day—night (kongpaukmnas npoba “Oenvb—
Houb”). PeOEGHOK HOJKEH pearupoBaTb CJIIOBOM
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“Houb” Ha HM300paxkeHWE COJHIA W CJIOBOM
“meHp” Ha m300paxkeHue JyHBIL. W3MepsieMblit
IoKa3arteJib — YKUCJI0 TPaBUJIbHBIX OTBETOB.

Less is more (kongauxkmunas npoba “menviuee —
amo 6oavuiee”). PebeHKy moKas3bIBalOT ABE Ta-
penku ¢ KoHderamMu, mpuueM Ha OTHOI U3 HUX
KOH(eT 6oJiblile, 4yeM Ha npyroii. PedbeHka mnpo-
CAT yKa3aTh, KaKylo TapeIKy OH XO4eT IOJyYUTh,
HO MOJIy4aeT OH He Ty, Ha KOTOPYIO OH yKasal.
M3mepsieMblit ToKa3aTeb — YMCJIO BHIOOPOB Ta-
pPEeJIKMA C MEHBIITUM YMCIIOM KOHMET.

Hand game (kongruxkmnas npoba “kysrak—na-
saey”). Tlociie TIOBTOPEHUS KECTOB 3a KCIEepU-
MEHTaTOPOM B TEUE€HMUE IIECTU IPaBUJIbHBIX
Mpo0 (9KCIEepUMEHTATOp IOKa3biBaeT KyJaK
WJIM yKa3aTeJdbHbIi najen), peoOeHKa MpocsT OT-
BeyaTh KyJaKoOM Ha majell U MajblieM Ha KyJak.
HM3mMepsieMblii ToKa3zaTeb — YUCI0 MPaBUIbHbBIX
npooO.

Hepefc/zfoueﬁue omeema

3aech uMmeeTcsd B BUAY (QOpMUpOBaHUE IPO-
MN3BOJIBHOTO ITpaBnJja, CBA3bIBAIOLLICTO CTUMYJI 1
peaxkiuIo B IepBoii a3e 3a7auu U Iepexol K HO-
BOMY IpaBWJIy BO BTOpoii ee paze. B aToT paznen
BXodAT 3anauu Spatial reversal, Object reversal
task, A-not-B, Multilocation search, kotopbie
JIIOCTYITHBI AETSM C IBYX JieT, a A-not-B — ¢ 1e-
CTU MecsleB. 31ech Mbl He OyleM OCTaHaBJIM-
BaThCs HAa 3TUX 3a1a4ax.

Hepe}cﬂioueﬁue GHUMAHUA

[NepexmioueHre BHUMaHUSI aHAJIOTUIHO TIe-
PEKIIOUEHUIO OTBETA, 3a MCKIIIOYEHUEM TOTO,
YTO B TepBOii (paze 3amaym TpedyeTcss PoKyCcH-
pOBKa BHUMAaHMS Ha OMTHOM ITpU3HAaKe CTUMYJIOB
(uBeT), a BO BTOpOI1 (pa3ze BHUMAHUE TIEPEKITIO-
yaeTcss Ha Apyroid npusHak (¢opma). Hwuxe
MIPUBEICHBI IBE 3a1a4M 3TOTO TUTIA:

DCCS (copmuposxka kapmouek nocie CMeHbl
npusuaxa). PeOeHKyY II0Ka3bIBalOT KapTOYKU C
LBETHBIMU (pUTypaMU, KOTOPLIE MOXHO COPTHU-
poBaTh Mo UBeTy uau gopMme. PebeHOK J0omKeH
OTCOPTUPOBATh MO OMHOMY IIPU3HAKY, a 3aTeM
MNepeETH K COPTUPOBKE 110 APYroMy IPU3HAKY.
M3mepsieMblil moKa3areib — YKUCJIO IIPaBUIbHbBIX
OTBETOB MOCJIE MEPEKIIIOUEHNSI HA BTOPOI IIpU-
3HaK.

Teddy bear task (npoba “naoweenstit muwka™).
3amava aHamornyHa DCCS, 3a uckioyeHUeM
TOI0, UTO peOEHKY HE COOOIIAI0T MPaBUIO, U OH
JIOJDKEH caM y3HaTh €Tro U3 00paTHOM CBSI3U (eMy
COOOIIAIOT, IPaBUJIBHO JIA OH OCYILIECTBUJI O4Ye-
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peaHyio copTupoBKy). B ¢aze mocie mepekiro-
yeHUs TIpaBuiio MeHsieTcsl. Mi3MepsieMblii TToKa-
3aTejib — YKCJIO MPaBUILHBIX OTBETOB B 20 rmpobax.

I[Ipu uccnemoBanun Y® y OOMIKOJIHLHUKOB
Bce 0oJiee CyIIECTBEHHYIO POJIb UTPAIOT KOM-
MMBIOTEPHBIE METOONUKM. Tak, HarpuMep, paspa-
0oTaHa M MCHOIb3yeTcsl OaTapesi KOMIIbIOTEPH -
3UPOBAHHBLIX TECTOB, B KOTOPYI BKIIIOYCHBI
CUHTETUYECKME TeCThI, HalIpaBJICHHbIC HAa OLICH-
Ky YO: “Touku”, nByx1uBeTHbIe Ta0muibl Hlynb-
te—IlopboBa, “KoppekrypHas mpoba”, “Pykmn—
Horu—royuoBa” (AxyruHa u ap., 2017).

HoctynHa ajis CKauyMBaHUSI U YCTAHOBKM Ha
mnaHmere Oarapes EYT (http://www.eytool-
box.com.au/). B Hee BxoadT npeacTaBicHHELIC B
UIPOBOI (hbopMe 3a1auu HA OLIEHKY 3PUTEIbHO-
OpoCcTpaHCTBeHHOI (“Mr. Ant” task) u GpoHOJI0-
ruueckoii (“Not this” task) PII, olieHKy “TOpMO-
XKeHus” (g0/no-go task) u oLICeHKY “IepeKiioue-
Hus” (DCCS task (Zelazo, 2006). Bxonsiue B
Hee TecCTbl ObLIM anpoOupoBaHbl Ha OOJIBIIOI
OonyJasiuuy HoIKoJabHUKoB (1700 geteii) B pa-
oore (Howard, Melhuish, 2017). [1o nanHBIM pa-
ootnl (Berg et al., 2020), netam (5—8 jnet) Hpa-
BUTCS OPOXOAUTH MHpoueaypy olLeHKu YD B
UrpoBoit popme Ha iPad, 4To TTOBBIIIIaET HaIEX-
HOCTb JUATrHOCTUYECKOM IIPOLICAYPHI, U, KPOME
TOTO, Pe3yAbTaThl TECTUPOBaHUSI 00JIaAal0T IPO-
THOCTUYECKOM CUJIOM B OTHOLIEHUHU IIKOJbHBIX
YCIIEXOB: HaIpUMeEp, OLICHKA paboyeil mamMsTu B
oarapeu EYT moka3ana 3HaUUTENbHYIO ITOJOXU -
TeJIbHYIO KOPPEJISIUIO C HECKOJIbKMMHU TUIIAaMU
OLIEHOK (HaIlpuMmep, IO aHIJIMICKOMY SI3BIKY U
MaTeMaTUKe) Y y4alluXcsl Ha4yaabHOM IIKOJIHI.

HernocpencTtBeHHOE OTHOILIIEHHWE K OLIEHKE
Y® y 101IKOJIEHUKOB UMEIOT TaKKe pa3padarhl-
BaeMbie B pamkax Teopuu (Theory of Construc-
tive Operators, TCO) MeTOIMKHU OLIECHKU 0ObeMa
MeHTaibHOro BHUMaHus (Arsalidou et al., 2019).
B yacTHOCTH, MCONB3YIOTCI ABa BapuaHTa 3a-
Jlayy Ha cCOOTBEeTCTBUE LIBETOB: “Mrpa c mapuka-
mu” u “Urpa c kiioyHamu”. B 3Toit 3amade pe-
OeHKy MocJiefoBaTe/IbHO Ha KOPOTKOE BpeMs
OPEabIBIASIIOT KapTUHKU HECKOJIbKMX pPa3HO-
LIBETHBIX LIAPUKOB WM KJIOYHOB B Pa3HOILIBET-
HBIX KOcTioMax. TpeOyeTcsi cpaBHUTh TEKYIILYIO
KapTUHKY C Mpeablayleil u peinTb, COBIaaaloT
JIM 1BeTa (IIapuKOB WJIM KOCTIOMOB KJIOYHa) B
3TUX ABYX KapTUHKaX, IPU 3TOM PaACIIOJIOXKEHUE
LIBETOB B MPOCTPAHCTBE HE UrpaeT poJiu. Jlomo-
HUTEIBbHO TPeOyeTCsI UTHOPUPOBATh 3€JIEHbIN U
CUHMIA 1IBeTa, oOpaillas BHMMaHWE TOJIbKO Ha
npyrue npera. O6e uUrpbl peajr3oBaHbl B BUIE
KOMITIBIOTEpPHBIX METOJIMK, B TOM 4KcCJie B online-
Ne 4
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BapuaHTe, paboTaroiieM B Opay3epe (https://so-
cial.hse.ru/neuropsy/cognitivegames).

OTMCTI/IM, 4YTO C TOYKMH 3PpCHUA TPECXKOMIIO-
HeHTHOU UD-Mopenu 3agaya Ha COOTBETCTBUE
IBETOB ABJACTCA CI/IHTGTI/I‘{eCKOﬁ, ITOCKOJIbKY
OHa OII€CHMUBAacT OOJHOBPEMCEHHO 00BbeEM pa6oqel71
NaMsITU U CITOCOOHOCTh K TOPMOXKCHHNIO, a TAKXKE
CYLLIECTBCHHO OIIMUPACTCA Ha 3pHTeHbeIfI ITOUCK.

HEKOTOPBIE [TPOBJIEMbI
M INEPCITEKTUBDI

INpencraBieHHBle B JUTEpaType SKCIIEpU-
MEHTaJIbHBIe McciaenoBaHus Y@ B 3HAYUTEIb-
HOII Mepe MOCBSIIEHBI TpeM 0a30BbIM KOMIIO-
HeHTaM: “TOpMOXeHUI0”, “padboueii mamMaT” n
“mepexinodeHnio”. B ocobeHHOCTH 3TO OTHO-
CcUTCS He K (byHIaMEHTaAIbHBIM UCCIIeIOBAaHUSIM
Y® kak TakoBbIM, a K HCCIEOOBaHUSIM OoJiee
MMPUKJIAIHOTO XapakKTepa W, B YaCTHOCTH, K HC-
CJIeIOBAHUSIM, TTOCBSIIIEHHBIM BO3PACTHBIM W3-
MeHeHUsIM Y@. B ¢Bs131 ¢ TOOOOHBIM OrpaHU4e-
HUeM (oKyca MCCIIeIOBaTeIbCKOTO BHUMAHMS
MIPY U3YyYeHU U BO3PACTHBIX M3MeHeHU YD B03-
HUKAaeT psia MpoOieM, KOTopble YOIOOHO 00Cy-
JIVTH HA IpMMepe KOMIIOHEHTA “TOpMOXKeHUe”.

XoTs “TopMOXXeHHe” Ha3bIBalOT OJHUM M3
Tpex 0a30BBLIX KOMIOHEHTOB Y®d, OHO OTHIONb
He anemeHTapHo (Diamond, 2013; Tiego et al.,
2018). PaznuyaloT, KaKk MMHMMYM, JBa BUIA
“Topmoxkenus1” (Tiego et al., 2018). IlepBrlit BUI
TOPMOXEHUSI — 3TO TOPMOXKEHUE IBUTATETbHOMN
peakuuu (response inhibition). CriocoOHOCTh K
TaKOMYy TOPMOXeHUI0 (M ero 3(¢p@EeKTUBHOCTD)
OOBIYHO OILIEHMBAIOT C MOMOIIBIO TaKMX 3amay
Kak “cror-curHan” (stop signal task), “mau-croit”
(go/no-go task) m “anTrcakkanbl” (antisaccade
task). Bce aTu 3agaun TpeOYIOT OT UCIIOJIHUTEIEH
MONABJICHUS 33JaHHOU IBUTATEJIbHOM peakluU
Opu TIPEIbSIBICHUM OIPEIEIEHHOIO CUTHaJIA.
DTOT BUJ TOPMOXKXEHUSI Ha3bIBAIOT TAKXKE IOBE-
neHdyeckuM TopMoxkeHueMm (behavioral inhibi-
tion), nBUTaTEIbHBIM TOPMOXKXEHUEM (motor in-
hibition), momaBieHNEM JOMUHAHTHOM peaKIIuU
(prepotent response inhibition). Btopoii Bun
TOPMOXEHUSI — 3TO TOPMOXEHHUE, CBSI3aHHOE C
BHMMAaHUEM WM, MHAa4Y€, TOPMO3HBI KOHTPOJIb
BHMMaHus (attentional inhibition; inhibitory
control of attention). Takoe TopMOKeHUE OTHO-
CUTCSI K CIIOCOOHOCTU TIPOTUBOCTOSITb CTUMY-
JlaM-TioMexaM (IuCTpakTopaM). DKCIIepUMEH-
TaJIbHO €ro UCCJEAYIOT, HAIIPUMEP, C TTOMOIIBIO
napagurmel same-different, B KOTOpoi1 OT UCTIBI-
TyeMOro TpedyeTcs yKa3aTh, SIBJISIIOTCS JIU CpaB-
HYBaeMble CTUMYJIbl OIMHAKOBbIMU, UTHOPUPYS
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IpU 3TOM HpPpeeBaHTHBIE OTBJIEKAIOIINE CTH-
Myiabl. CBsI3aHHOE C BHMMaHUEM TOPMOXKEHUE
Ha3bIBAIOT TaK>Ke MOAABICHUEM WJIM KOHTPOJIEM
nHTepdepeHann (interference control, interfer-
ence suppression).

TopMmoxkeHne TTOHUMAaETCsI U 0oJiee IINMPOKO
(Diamond, 2013). B 3ToM cirydyae, moMHUMO TOP-
MO3HOTO KOHTPOJISI BHUMaHUs B BBIIICyKa3aH-
HOM CMBbIcCJIe (TTogaBIeHNEe MEPLENTUBHBIX CTH-
MYJIOB-IUCTPAKTOPOB), pacCMaTpUBAIOTCS ellle
JMOMOJTHUTENIbHBIE TIPOSIBJICHUSI TOPMOXKECHUSI.
OnHO U3 TaKMX MPOSIBJICHU — MOAaBIEHUE 0~
MUWHAHTHBIX MEHTAJbHBIX MpencTaBieHuit (Imo-
CTOPOHHMX WUJIM HeXelaTeIbHBIX MBICJIEH 1 BOC-
MOMMHAaHUI). DTa CIOCOOHOCTH 0003HAYAETCS
TEPMUHOM “KOTHUTHMBHOE TOpPMOXKeHue” (cog-
nitive inhibition). Eine omHo mposiBIeHHE TOP-
MO3HOTO KOHTpPOJISI — 3TO CaMOKOHTpPOJb, T.C.
KOHTPOJIb HaJ CBOUM MOBEACHWEM M CBOUMHU
amonusiMu. CaMOKOHTPOJIb 3aKJTIOUAETCS B TOM,
YTOOBI MIPOTUBOCTOSITh UCKYIIICHUSIM U HE Jeii-
CTBOBATh UMITYJILCUBHO. B yacTHOCTH, K caMoO-
KOHTPOJIIO OTHOCUTCS U TUCLIATIIMHA, TIO3BOJISI -
Io111as1 TIPOIOJIKATh paboTaTh, HECMOTPS Ha OT-
BieKamomue (akTopbl U Ha cOOJIa3H caenaTh
YTO-HUOYIb MHTEPECHOE WM IPOCTO XOPOIIO
IMPOBECTU BpeMsI.

PaccmoTrpenHass Beilie  (GYyHKIIMOHAJIbHAS
CTPYKTypa “TOPMOXEHUS” yKa3blBaeT Ha OAHY
13 NpoOdJieM, BOZHUKAIOIIMX MPU 3KCIEePUMEH-
TaalbHOM HucciaenoBanuu Y®. Dra mpobiaema
CBsI3aHa C TEM, KaK CIIpaBeIJIMBO OTMEUEHO B pa-
oore (Miyake et al., 2000), 4To Mo cBO€ii MPUPO-
Ie YO He MOTYT IpOSIBIISITH ceOsl Hemocpend-
CTBEHHO, a MPOSIBJISIOT ce0sl TOJIBKO Yepe3 BO3-
JIEICTBME Ha KakKWe-JIMO0O MHbIE MPOLECCHI,
KOTOPLIMU OHU YHOPAaBJISIOT (BOCIpUSITUE, OBU-
KEeHHE, SMOLIMU U MPpod.). DTO, B CBOIO o4yepeb,
OPUBOAUT K TOMY, YTO M3y4aeMblii KOMIIOHEHT
YO okasbiBaeTcsl 3aBUCUMBIM OT TOTO, KaKUM
MMEHHO MPOLIECCOM OH yIpaBiser. Tak, 1o gaH-
HbeiM (Tiego et al., 2018) TopMokeHUe ABUTA-
TeJILHOM peakliii U TOPMO3HBIN KOHTPOJIb BHU-
MaHMUsI SIBJISIIOTCS ABYMSI OTIECIbHBIMU, SMITUPU-
YeCKM He3aBUCHUMbIMU  (PYHKIMOHAJIbHBIMU
KOMIIOHEHTaMU, YMEPEHHAasI KOPPEISLIUS MEX-
Iy KOTOPBIMU BO3HHMKAET B CUJIY TOTO, YTO KazK-
OB U3 HUX 3aBUCUT OT oobeMa PII. Pa3Hrbie
KOMIIOHEHThI TOPMO3HOTO KOHTPOJISI OLICHUBA-
IOTCSI C TIOMOILBIO PA3HbIX 9KCIIEPUMEHTAIbHBIX
napagurm, 1 3a HUMU MOTYT CTOSITh pa3HbIe Me-
XaHU3MBbI, ONUpAalOIIMecsl Ha creuuuiecKkue
JIJISI HUX MO3roBbie cucTeMbl (Aron, 2011; Meyer,
Bucci, 2016; Tiego et al., 2018). Jaxe npu uc-
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MOJAb30BAaHUM OTHOCHUTEJBHO IIPOCTOM CTaH-
JapTHOW 3alayM BO3HUKAIOT aHAJIOTUYHBIC
TpynHoctu. Hanpumep, B 3agaue Ctpyrma, Tpa-
JULMOHHO UCIIOJIb3YeMOii IS OLICHKU TOPMO3-
HOrO KOHTPOJISI BHUMaHMUSI, OTpaxKaloliuii 3¢-
(GEKTUBHOCTh TOPMOXEHUS CTPYN-3PPeKT MO-
JKET TMPOMCXOIUTh Ha pa3HbIX 3Tamax Kackana
YIIPaBJISIIOIIMNX ITPOLIECCOB OT CEHCOPHOT'O BXo/a
IO TOATOTOBKM MoOTOpHoro otBera (Banich,
2019).

HaxoHen, ¢ KOCBEHHBIM xapakTepoM Y@
CBsi3aHa ellle oHa MpobJjieMa: mokKazaresau, Xa-
paKkTepU3yIollre YCOSIIHOCTD PellleHUs 3a1a4uu,
pa3paboTaHHOI Ijis1 olleHKu Y®, MoryT oTpa-
KaTh He camu Y@, a Te mpouecchl, KOTOPIMU
Y® ynpapnsior. Tak, ecii pedbeHOK He CIIOCO-
O€eH 3aTOpPMO3UTh JOMUHUPYIOLIUN OTBET (MO-
TOPHBII, pe4eBoIi), TO 3TO MOXET IPOUCXOOUTD,
HampuMmep, MoToMy 4uto yaepxuBaemoe B PII
OpPaBUJIO O TOM, UTO HY>KHO TOPMO3UThH OIIPeIe-
JIEHHOE Ie{iCTBHE, BBIILIO U3 (OKyca HeIlepLieI-
TUBHOIO BHUMAaHMS, HAalIpaBJIEHHOTO HAa MHGOP-
manuio B PIT (Oberauer, 2013; 2019).

OO0paTtMcst BHOBb K ONIpeNEIEHUIO “TOPMO-
XeHus”, naHHoMmy B pab6ore (Diamond, 2013).
B Heit A. JlaliMOHI OTMeYaeT, YTO TOPMO3HBIM
KOHTpPOJIb BKJIIOYAET B ce0sl CIOCOOHOCTb KOH-
TPOJIUPOBATh CBOE€ BHUMAHUE, IOBEACHNUE, MbIC-
JIM 1 ODMOLIMU. DTa CIIOCOOHOCThL TPeOyeTCs s
TOTO, YTOOBI IIPEOI0JIETh CUIbHYIO BHYTPEHHIOIO
MpeapacnoioXKEHHOCTb WM BHEIIHUN cO0JIa3H
M BMECTO 3TOrO OCYILIECTBJISITb TO, UTO OoJjiee
YMECTHO MJIU HEOOXOIUMO.

M3 sToro ompeneneHuss HEMOCPEACTBEHHO
CJIeIyeT, YTO TOPMO3HBI KOHTPOJb OCYIIECTB-
JISIETCSl ¢ ONpeNeIeHHOM 1IeJIbl0 — YTOOBI “OcCy-
LIECTBJISITh TO, YTO OOJIee YMECTHO MJIM HEOOXO-
aumMo”. OH OCYILECTBIISIETCSI B COOTBETCTBUU C
TeKYIEeH 1IeJIbI0 B KOHTEKCTe TIJIaHa, BEAYIIEro K
ATOM 1IeIN, U HETIOCPEACTBEHHO B MpoIecce JIe-
SITeJIbHOCTH, peaiu3yloleit 3ToT miaH. CaM akT
TOPMOXEHUSI BHYTPEHHETO ITOOYKICHUS WU
CHPOBOLIMPOBAHHOTO BHEIIHUMU OOCTOSITEIIb-
CTBAMHU PYTUHHOTO OTBETA OITUPAETCS HAa OLICHKY
3TOTO MOOYKACHUS WJI OTBETa KaK MPPEJIeBAHT -
Horo. OTMeTHM, YTO NpUBBIYHEIN oTBeT (habitu-
al response) BoBce He 00s13aTeIbHO TPOTUBOPE-
YUT MPOTEKAHUIO 11eJIECO00Pa3HOro N1eCTBUS: B
3aBUCUMOCTUA OT KOHTEKCTa OH MOXET ObITh
HEUTpaJbHBIM M MOJIC3HBIM, KaK U HeaaeKBaT-
HbIM. CllenoBaTeIbHO, TOPMOXEHUIO IIpE/Iie-
CTBYeT OCHOBAaHHOE Ha aHaJin3e KOHTEKCTa pe-
IIIEHUE O HEXKeJaTeJIbHOCTA HEKOTOPOTO MOOYXK-
neHusi. MOXHO cKa3aTb, YTO aKT TOPMOXKEHMUSI
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KYPTAHCKUMN

MpeICcTaBIsIeT COOOM pellleHre 00 0TKa3e OT He-
aJleKBaTHOI MJjaHy peakliyi U BbIOOP B IOJIb3Y
COOTBETCTBYIOILIETO IJIAHY ACHCTBUS.

Takum o6pa3om, TOpMOXEHME OKa3bIBACTCS
CBSI3aHHBIM C 1IeJieTiojlaraHueM, TIJIAHUPOBAHM -
€M, HaydYeHUEeM U IIPUHSITUEM pelieHus. B coot-
BETCTBMM C COBPEMEHHBLIMU TEOPETUYCCKUMMU
OpeACTaBICHUSAMMN pelleHre MPUHMMAaeTCcsd Ha
OCHOBe OanaHca BbIron u 3atpart. Ilpu aTom cam
MpolLecC pelieHus] — 3TO PEeCypCOEeMKMM IMpo-
11eCC, KOTOPBIM JOKEH YUUTHIBATHCS B 9TOM 0a-
JlaHce Ha cTopoHe 3aTpart (Dayan, 2014; Boureau
etal., 2015). IIpuBbIYKaA CYUTATH HECIOCOOHOCTD
NOAAaBUTh UMIYJIbCUBHYIO PEAKILIMIO YEM-TO UP-
palyoOHaJbHbIM, HEKUM OTKJIOHEHUEM OT HOP-
Mbl, TIPOMCTEKAeT U3 PaCCMOTPEHUs Ipoliecca
MIPUHATHUS PellIeHUs] TOJBKO CO CTOPOHBI BBITOJ,
npu urHopupoBaHuu 3arpar (Dayan, 2014).
Mexay TeM, IpUHSITUE pellleHUsI Ha OCHOBe 0a-
JIaHCa BBITO/I U 3aTpar IIpeArioaaraeT BhIsICHEHIE
TOTO, CTOSIT JIA BBITOABI OT IIPOLIECCa MPUHSTUS
MPaBUILHOTO PEllIeHNs CBSI3aHHBIX C HAM 3aTpaT
pecypcoB. MlHauye roBopsi, HOI pa3 MpaBUJIbHOE
NEeCTBUE MOXET CTOUTh IOPOXKE, YeM OIMOKa,
BbI3BaHHAs1 HeaJleKBaTHBIM JCHCTBUEM.

ITpuMeHUuTeNBHO K OLIeHKe (DYHKIIMU TOPMO-
JKeHUsI B BOCXO[ISIIIIEM OHTOreHe3e CKa3zaHHOe
BBIILIE O3HAYaeT, YTO HaOJogaeMasi B 9KCICPU-
MEHTE HECIOCOOHOCTh peOeHKAa MOJAaBUTh “He-
JKeIaTeabHYI0 peaklnio” MOXKET ObITh pe3y/ibTa-
ToM: (1) OTCYTCTBUS pernpe3eHTalnn “KeaTeab-
HOM peakuuu”, MHa4Ye TOBOPSI, HEPa3BUTOCTHIO
GYHKIMY MIaHUPOBaHUS AefcTBUiA; (2) cauli-
KOM OOJIBLIONM LIEHOM OCYILIECTBICHUSI KOHTPO-
JIs1, B pe3yJIbTaTe 4eTo OCYIIEeCTBISIETCS IPUBbLIY-
Hasl, XOTb 1 He 3(pdeKTuBHAs peakius, (3) more-
peii pernpe3eHTaluu LeJiu (OKOHYATEJILHOM WIn
BpEeMEHHOI — oTBJleueHUe BHUMaHUs1). Hecro-
COOHOCTb K TOPMOKEHUIO MOXKET ObITh BbI3BaHA
U COYETAaHHBLIM BJIMSIHUEM YKa3aHHBIX (PakTo-
pOB, MpUYEM IOMOJHUTEIbHAsI CIOXHOCTbL 3a-
KJIIOYAETCS B TOM, YTO OTHOCHUTEJIbHBINM BKJal
KaXaoro u3 (pakTopoB MOXKET 3HAYMTEIbHO 13-
MEHSIThCSI Ha pa3HbIX 3TallaxX pa3BUTUSI peOeHKa.
Bce aTo TpebyeT pa3paboTKU CUCTEMBI 3KCIIEPU -
MCHTAaIILHBIX ITapaJurM, KOTOpasl BbIXoAuIa Obl
3a mpenensl UD-momenu Y@ (Miyake et al.,
2000; 2017 Friedman, Miyake, 2017).

CoBeplIeHHO HEeIOCTaTOYHO MCCJIeI0BaHbl
IpoLEeCcChl MOCTAHOBKMU Lieau (LiejerojiaraHue)
1 GyHKUMS IUIaHUpOBaHUs AciicTBuii. Tak, B
pabote (Anderson, Reidy, 2012) nisg nccnemoBa-
HUS 1ieJ0ro QYHKIMOHAJILHOIO OJ10Ka “1IeJierno-
JnaraHue” (goal setting), Kyna BXOAUT IIaHUPO-
Ne 4
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BaHUE, UCTIOJIb30BAIUCH (PAKTUYECKU BCETO BE
3amayu: “XaHoicKas 6amHs” (a TakKe BapuaH-
Thl “JIOHIOHCKON OalllHK”) U COPTUPOBKA O0b-
€KTOB MO OAMHOYHBIM WM COMPSIKEHHBIM MPU-
3HakaMm. [Ipu peleHuM CI0XHBIX 3a7a4 TaKOro
polla BO3HMKAET Mpoobsema, CBI3aHHas C cylle-
CTBOBAaHWEM MHOXKECTBEHHBIX CTPATETUA pellle-
HUsI, YTO TTPUBOJIUT KaK K HU3KOM BOCITIPOU3BO-
JTUMOCTHU Pe3yJIbTaTOB IPU MOBTOPHOM TECTUPO-
BaHUM, TaK W K HU3KUM KOPPEJSILUSIM C
JIPYTUMM 3aa4yaMu.

Boo0O1e, miaHMpoBaHUIO NEUCTBUN MOCBS-
LIeHbI JuiIb HemMHorue padotsl (Hudson et al.,
1995; Jurado, Rosselli, 2007; Anderson, Reidy,
2012; Herd et al., 2013; Miyata et al., 2014). Co-
OTBETCTBEHHO, HEe pa3paboTaHbl IKCIEPUMEH-
TaJlbHBIE TTapaauTMBbl, IIPUTOAHBIE IJIsSI CUCTeMa-
TUYECKOIO U3YYEHUS TUIAHUPOBAHUS JCHACTBUNA.
Mexay TeM, ecliM HUCXOIUTh U3 OIpeAcieHUs
YO kak ¢pyHKUMIA, JIeXKaIIUX B OCHOBE 1IeJIECO-
00pa3HOro mMoBeNeHUsI, TO CTAHOBUTCS SICHBIM,
HACKOJIbKO MNpUHLMUIMAIbHA 3Ta (QYHKLIUS B
cTpykType Y@®. DaKTUYECKU 3TO CTAIO SICHO
yXe B cepelMHe MPOILJIOTO CTOJIETUS, Ha 3ape
BO3HUMKHOBEHUSI KOTHUTHMBHOM HayKu, Koraa
J>x. Munnep, E. I'anantep u K. IIpubpam npen-
Jnoxunu paccmarpuBath npuHuui TOTE (test-
operate-test-exit) B Ka4ecTBe 2JIeMEHTA TICUXU-
YeCcKOTo Mpoliecca BMECTO ITpUHILUIIA “CTUMYII-
peakuus” (Miller et al., 1960) (cm. Takke (Kopp,
2012).

IInaHupoBaHMe — 3TO CJOXHBINM Mpolecce,
O3Havarllrii MOUCK U BbICTpAauBAaHUE TAKOM Lie-
Ho4yku (M/uau mapajjefibHOIO II0OTOKA) Oeii-
CTBUIi, KOTOpasl HpUBOIMUT K pealu3aliy LeIu.
DTOT ONPOLECC UMEET UePapXUIeCKylO CTPYKTY-
py. Lens MBI hopMympyeM B aOCTpaKTHOM BH-
Jie: HalpuMepP, Mbl XOTUM CXOOUTb B KUHO, ITPU-
TOTOBUTH €1y WJIM MOCeTUTh My3eit. ITpouecc
nAaHUpoBanus (KOCHUMUBHO20 UAU YNPABASIOWe-
20) MEPEBOAUT BCE 3TO B LIETIOUKY/Mapasjieiib-
HBII IOTOK MEHEE aOCTPAKTHHIX, T.€. 60JIee KOH-
KpEeTHBIX neicTBuii. B cBoIO ouepens, oTH neit-
CTBUSI 3aMEHSIIOTCS arperauusMu eiie Ooliee
KOHKPETHBIX JCHCTBUIA U Tak najiee, BILUIOTh [0
KOHKPETHBIX ABUXKEHUI (3TO MOTYT ObITh XOIb-
0a, oTnMpaHue IBepU KIIOUYOM, YTeHUE (IBUKE-
HUE I7a3) 3alMcKy, HacTaBjleHue (IBUKEHUS
apTUKYJISITOPHBIX OPraHoB) peOEeHKY, KOTOPOTO
Bbl OCTaBJIsIETe JOMa) — M Tak Jajiee BILUIOTh A0
(GUHAILHON CTaIuN MOMOPHOEO NAAHUPOBAHUSL.

HetpynHo BUIeTh, UTO KJlacCuYecKasi CUHTE-
TUYECKas 3a1a4a sl OUeHUBAHUS CIIOCOOHOCTU
K KOTHUTMBHOMY IJIAHUPOBaHUIO — “XaHOIi-
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ckas (JlonmoHckas) 0alrHs” — XxapaKTepu3yeTcst
TEM, 4YTO BJIEMEHTBI-TIPEAMETHl 3[eCh 3aJaHbl
(KOoneuKy UM LITBIPU), U 3aJaHbl TAKXKE DJIEMEH-
ThI-IEMCTBUS — NEePEKIIaAbIBAHUE KOJISL] IPU Ta-
KMX-TO OrpaHUYEHUSIX. DTU 3JIEMEHThI 3aJdaHbl
MHCTPYKLIMEX W CBOMCTBAMM NMUPAMHUIKU, W3-
BECTHBIMU C MJIafieHUecTBa. MeXX 1y TeEM B peajib-
HOM XU3HU TUIAaHUPOBAHME PEIKO IIPOTEKaeT B
CTOJIb CTePWJILHOM OOCTaHOBKE; OOBIYHO OHO
OPOUCXOAUT B CUTyallud OOJbIIE WU MEHb-
el HeoNpeaeJIeHHOCTU, B KOTOPOU TpedyeTcs
(1) mouck ageKBaTHBIX COCTABJSIONIMX TJIaHA —
peaeBaHTHBIX IpeIMEeTOB (MaTepraaoB) U COOT-
BETCTBYIOILLIMX AeiCTBUI1, a TakKe (2) BBICTpaun-
BaHME MPaBUJbHOI MOCIEAOBATEJIbHOCTHA Hali-
JIEHHBIX OEUCTBUM, IOPSIOK KOTOPBIX MOXKET
0Ka3aTbCs KPUTUYHBLIM (HenepecTaHOBOYHBIE,
HEKOMMYTAaTUBHEIE AciicTBUs). TakuMm o6pa3oM,
CIIOCOOHOCTH IUIAHUPOBATh NEUCTBUS ONUPACT-
CSl HAa HaJIW4re JOCTAaTOYHO MOJHOM U ageKBaT-
HOI MOJIeJIM BHEIIIHETO MUPa, B KOTOPYIO BKJIIO-
YeHbI CBeICHUS O (PYHKILIMU IIPSAMETOB, a TAKXKe
npeacraBiacHUs (He 00s13aTeIbHO OCO3HABAEMbIe
1 BepOanu3yemble) 0 GU3NYSCKOM IMPUUUMHHO-
ctu (0 MPUYMHHO-CJIEACTBEHHbBIX OTHOIIEHUSIX),
B YaCTHOCTU OO OTHOILIEHUU “MHCTPYMEHT-Ma-
Tepuaa”. DTa KapTUHA MUpa OOJKHA COIepKaTh
CBeICHUS O IIEPeCTaHOBOYHOCTU (KOMMYTaTUB-
HOCTb/HEKOMMYTAaTUBHOCTD) AeCTBUIA.

B Tex HemHorux pab®orax, IIe MCCICOyeTCs
IUIaHUPOBaHUE, pedb UACT 00 OpraHMU3aLy MO-
ciegoBatenbHOCTH AeiicTBuii (Herd et al., 2013).
Opranuzanus 1ocjiefoBaTeIbHOCTe (sequenc-
ing) — 3TO, 6€3yCIOBHO, BaXKHbII aCTIEKT IJTAHU-
pOBaHMsI, HO OTHIONb HE eIMHCTBeHHBIN. He Me-
Hee BaxKHa KOOpAMHALMS IBYX WJIM HECKOJbKMX
napajjieJibHO TMPOTEKAIOLIMX TMPOLIECCOB. DTOT
acIieKT YyYUThIBAETCS M pa3paboTaH Ipu U3yde-
HUM MOTOPHOIO IIJIaHMpoOBaHMs (motor plan-
ning) B CcUTyalUMsX KOOPAMHALUW JIBUKEHUIA
pa3HbIX 3(HEKTOPOB UM CEHCOMOTOPHOM KO-
OpAMHALMKU, HO HE MPUMEHUTEJIbHO K KOTHU-
TUBHOMY IJIaHMpPOBaHMIO (cognitive planning),
KOTOpOE SIBJISICTCS OMHUM U3 KOMIIOHEHTOB YD,
Uckmouenmem saBnsgercsa Cooking Task — 3amaua
Ha nipurotosiieHue eabl (Craik, Bialystok, 2006).
Dra 3amada padpaboTaHa 1 MpeajaraeTcst B3poc-
JIBIM UCTIBITYEMbIM; IETCKOTO €€ BapruaHTa He Cy-
miecTByeT. B 3T0i1 3a1a4e UCHBITYyEeMbIE TOJKHBI
HayaThb 1 3aBEPIIUThH IIPUTOTOBJICHUE IISATU OJIIO
(TpedyIolIrX pa3HOro BpEMEHM) ¢ TAKUM pacue-
TOM, YTOOBI OHM OKa3aJIMCh TOTOBbI K OTHOMY U
ToMy Xe BpeMmeHU. [lapainenbHO UCHbBITYyeMble
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MOJKHBI ObUTM BBITIOJNHSTH JIOIOJHUTEIBHYIO
3amauy (concurrent task) — cepBupoBaTh CTOJ.

Bce ckazanHoe 1o IMOBOIY OLIeHKHW (PYHKIIAHN
IUIAaHUPOBAHMWS CTaBUT Ha IOBECTKY JIHS pa3pa-
OOTKY COOTBETCTBYIOLIUX 3KCIIEPUMEHTAIbHBIX
napagurMm, agalTUPOBAaHHBIX K JIOIIKOJLHOMY
BO3pacTy, HAaUMHasl ¢ JOIIKOJIbHUKOB 3 JIeT.

Crenyetr ydecTb, YTO W ILieJieTiolaraHue, |
TJIAHUPOBAHUE SIBJISTIOTCS YACTUYHO WJIW TTOJTHO-
CTBIO CKPBITOIf M HEMOCPEACTBEHHO HE HAOJIIO-
JlaeMOI yMCTBEHHOM aKTUBHOCTBIO. 71 nccie-
IOBAaHUSI TAaKOW AKTUBHOCTM BAaXHO COYETaTh
IMOBEICHYECKME OLECHKU ACHUCTBUI, B KOTOPBIX
peanusyeTcs MmiIaH (MMEHHO XapaKTep caMoil pe-
aJin3aliuu, a He TOJIbKO €€ pe3ysbTaT), C HEMpOo-
duzuonornueckumu (B3I /MIBI'/NIRS/OMPT)
METOJIAMU WCCJIEAOBAHUS MO3TOBOW AKTUBHO-
ctu. [Ipu 3TOM He Begkas 3amadya MOAXOIUT st
3JIEKTPO(PU3NOJIIOTUYECKOTO UCCIENOBAHUS, B
KOTOPOM HEOOXOAMMO MWHWUMU3UPOBATH IBU-
JKEHUS 143, TOJTOBBI 1 MUMWYECKWX MBIIIIII.

B 3TOM OTHOIIEHUM NCTOYHUKOM HOBBIX 9KC-
NEePUMEHTAIbHBIX JaHHBIX OPU U3YYCHUU CBSI-
3aHHBIX C pa3BUTUEM U3MEHEHU MO3TOBBIX ME-
XaHN3MOB Y@ y IOIIKOJILHUKOB MOXET OBbITh
¢GYHKIIMOHAJIbHASL CIIEKTPOCKONUS B OJIMKHEM
nHdpakpacHoM auanaszoHe (functional near-in-
frared spectroscopy). Ilo cpaBHeHUIo ¢ GMPT
3TOT METOJl HeMpPOBU3yaTU3aLIMU TTO3BOJISIET Cy-
LIECTBEHHO Jerye paboTaTb ¢ MaJeHbKUMMU
JIeTbMU, OCOOCHHO C MJaaeHLaMu (He Hado Jie-
KaTh B Karcyje ckaHepa U He TpeOyeTcs Hello-
JIBVXKHOCTH), €0 MPOCTPAaHCTBEHHOE pa3pellie-
HUE CYIIECTBEHHO BBIIIE, YEM Yy 3JEKTPOIHIIE-
danorpacduu, 1 OH MeHee MOABEPKEH BIUSIHUIO
CBsI3aHHBIX ¢ ABMKeHusAMU apTedakToB (Fiske,
Holmboe, 2019).

3AKJIIOYEHHME

HUccnenpoBanng (GpopMUpPOBaAHUS YIIPABIISIO-
myx QYHKLIWI B BOCXOASIIIEM OHTOTeHEe3¢e, 0CO-
OeHHO B €ro paHHMM IIEpUOI, ITO3BOJSICT HE
TOJIBKO TJIyOK€ TIOHSITh CTPYKTYPY 3TUX (PYHK-
LW, HO U IPEICTABISICT 3HAYUTEJIbHbBINA ITPaKTU-
YeCKMI MHTepeC, MOCKOJIbKY CTEIEeHb pa3BUTUS
3TUX (PYHKLIUI Y JOLIKOJBHUKOB SIBJISICTCS Mpe-
JVKTOPOM MOCAEAYIOLINX IIKOJbHBIX YCIIEXOB.

IIpoBeneHue 3KCOepUMEHTAIbHBIX UCCIEA0-
BaHuii Y@, a Takke pa3pabOTKa METOIOB MX
olieHKN Y@ y IOIIKOJIbHUKOB, CTAJIKUBAIOTCS C
PSIOM TPYIAHOCTE, OMHA U3 KOTOPBIX COCTOUT B
OTCYTCTBUM OOILLIEIIPUHATOTO oIpeneyicHus: YO
U CBSI3aHHBIX C 3TUM OOCTOSITEILCTBOM MHOXE-
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CTBEHHOCTM TMOJIXOJIOB K 9KCIEPUMEHTAUILHOMY
VICCIEA0BAHUIO 3TUX (DYHKIIMI M COOTBETCTBYIO-
UM TPYIHOCTSIM TIPU COIMOCTaBICHUU TIOJY-
YEeHHBIX Pe3yJIbTaTOB.

Crioco6 0060iTH 3Ty TPYAHOCTh ObLI HAMICH B
HUCIOJb30BAaHUU B KQYECTBE TEOPETUYECKOI OC-
HoBBI UD-Mozenn Y®, B COOTBETCTBHUM C KOTO-
poii B ocHOBe Y@ jtexxaT Tpu 0a30BbIX (DYHKIIM-
OHAaJIbHBIX KOMIIOHEHTA: “TOpMOXeHMe”, “IIe-
pexmodyenre” 1 “padbodas mamMsaTh”. B pamkax
MMEHHO 3TOI MOJE/IM BBIIOJHSIETCS OOJIbIINH-
CTBO BKCIIEPUMEHTAILHBIX UccieoBaHul YD, B
TOM YHCJIe U UcciiefoBaHus popMupoBaHus YO
Y JOIIKOJILHUKOB 3—6 JIEeT.

OnHako mogoOHasi COCPeNOTOYEHHOCTh Ha
0a30BbIX (PYHKIMOHAJIBHBIX KOMITOHEeHTax Y®d
(TIpu Bcex DOCTOMHCTBAX TAaKOIo MOAX0Aa) MpU-
BeJia K TOMY, UTO Ipyrue acnekThl Y® usydyeHsbl ¢
ropasao MeHbIIei oaHoTol. B yacTHOCTH, 3TO
OTHOCUTCSI K MCCJeIOoBaHUIO (HOPMHUPOBAHUS
CIIOCOOHOCTH K IJIAHMPOBAHUIO NEUCTBUI, XOTSI
MMEHHO IUIaHUPOBaHUE ACUCTBUIA JIEKUT B OC-
HOBE 1IeJiecoo0pa3Hoil AesdTeIbHOCTU, obecrme-
YUTh KOTOPYIO 1 ITpU3BaHbl YO.

I[lepcnekTUBHBIM MOAXOAOM K M3YYCHUIO
IIaHUPOBAHUS NIEUCTBUI Y TOIIKOJbHUKOB, MO~
MHUMO CUHTETUYECKMX TECTOB BpoIe “XaHOui-
CKOI1 OallTHU”, MOXKET 0Ka3aThbCs MCCIeTOBaHUE
OTIENbHBIX AaCIEKTOB IJIAHWPOBAHUA. DTUMU
acIeKTaMU SBJISIIOTCS BIOOD peeBaHTHBIX LN
JEeMCTBUS IIPEAMETOB U CIIOCOOOB BO3ACUCTBUSI
Ha HUX U MMOHUMaHME Pa3IUYHbBIX CYILIECTBECH-
HBIX OTHOILIEHUIi: TPUUYUHHO-CJEeICTBEHHBIX,
OTHOUICHUI “MHCTPYMEHT—MaTepuan/o0obeKT”,
MOHWMAaHWE HETepecTaHOBOYHOCTU (HEKOMMY-
TaTUBHOCTU) ACUCTBUIA.
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In this paper, the development of executive functions (EF) in ascending ontogenesis is discussed in
view of the most popular theoretical concepts of these functions as well as of their neurobiological
foundations. The behavioral methods for assessing EF in preschoolers of 3—6 years old and the re-
lationship of these methods with various theoretical approaches are considered. It is emphasized
that among the existing methods for assessing EF, the methods for assessing the formation and re-
tention of action goals and plans that realize these goals are underrepresented or altogether missing.
Discussed are those behavioral tasks that can be used to assess goal-setting and planning using a
combination of behavioral, neuroimaging and electrophysiological methods.

Keywords: executive functions, preschoolers, action goals, action plans
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Functional near-infrared spectroscopy (fNIRS) is known as a versatile and much promising non-
invasive neuroimaging method extensively used nowadays in developmental cognitive neuroscience
for measuring neural substrates underlying mental activity and processes involved in cognition, so-
cial interaction, and learning over the life span. This paper focuses on a summary of the basic prin-
ciples of fNIRS technique concerning its design, implementation, and measurements. A detailed
review of fNIRS strengths and benefits over other neuroimaging modalities is provided. One of the
aims is to illustrate the fNIRS advantages by findings of recent studies from the wide variety of
fNIRS applications: language, numerical cognition, executive functions, emotions, memory, mo-
tor functions, with a particular focus on neuroimaging in naturalistic environments. Moreover, the
overview of recent implementations as well as future perspectives of fNIRS application in accor-
dance with current trends in developmental sciences domain is considered: hyperscanning (simul-
taneous multi-subject measurements); multimodal measurements (combining several neuroimag-
ing modalities in one research); neurofeedback trainings for enhancing cognitive functions in chil-
dren and adults; use of interactive immersive stimuli and virtual reality (VR) in developmental
cognitive neuroscience. Important limitations and challenges of fNIRS within healthy individuals
in daily life settings are highlighted, as well as possible technical solutions and methodological pro-
cedures of their overcoming are discussed.

Keywords: development, developmental cognitive neuroscience, functional near-infrared spectros-
copy, neuroimaging
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INTRODUCTION

The insight in many developmental questions
covering maturation of perceptual, cognitive and
motor functions from birth to adulthood, age-re-
lated differences in behavior and social interac-
tion, trajectories of typical and atypical develop-
ment, and mechanisms that facilitate and en-
hance learning during certain periods in
development can be expanded significantly by
up-to-date neuroimaging findings available in
neuroscience. Developmental cognitive neuro-
science (Munakata et al., 2004) can be considered
a prominent multidisciplinary research field in-
volving neuroscience, developmental and cogni-
tive psychology, social and educational science.

The main research questions of developmental
cognitive neuroscience are to understand the un-
derlying mechanisms of cognition in the brain
over the life span or age-related changes in behav-
ior; to trace how these cognitive functions change
throughout development and learning, on the one
hand; what are new beneficial perspectives for ed-
ucation and how to maximize human potential in
learning and knowledge acquisition applying
neuroscience evidence, on the other hand.

There can be great developmental changes on
the neural level in comparison to changes at the
behavioral level (Morita et al., 2016) proving that
similarity in behavior can be the result of activa-
tion of different neural networks in processing the
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cognitive or social information. With the intro-
duction of neuroimaging methods into cognitive
neuroscience practice and the rapid advancement
of functional brain imaging techniques, scientists
were given an opportunity to identify the neural
correlates of a wide variety of cognitive functions,
from perception to higher-order mental activities
(Cutini et al., 2012). Recently appeared social
neuroscience as well as “real-world neurosci-
ence” (Matusz et al., 2019) or “interactive social
neuroscience” (Minagawa et al., 2018) have en-
abled developmental cognitive neuroscience
move further towards the experiments in natural-
istic environment to focus on how brain reflects
and mediates interactions in real-life situations
with two or more participants, their social rela-
tions, social cognition. Therefore, nowadays
brain regions activated while people at different
age stages acquire competencies and perform
simple or complex mental tasks can be investigat-
ed within classic laboratory research, “naturalis-
tic” laboratory research and emerging recently a
“fully naturalistic” real-world research (Matusz
et al., 2019).

Over the last 30 years, the emerging of new and
promising neuroimaging techniques has been
used to unveil the structure and functions in the
human brain and to shed light on the relationship
between activity in certain areas of working brain
and mental activity in humans (Lauritzen, Gold,
2003). The most prominent and widely used
functional neuroimaging modalities are function-
al magnetic resonance imaging (fMRI), electro-
encephalography (EEG), magnetoencephalogra-
phy (MEG), positron emission tomography
(PET), and functional near-infrared spectrosco-
py (fNIRS). Each of them has its advantages and
limitations in various domains of developmental
cognitive neuroscience. In this paper, we’ll dis-
cuss in detail technical and methodological as-
pects, as well as current perspectives of applica-
tions of functional near-infrared spectroscopy
(fNIRS) in cognitive science, developmental psy-
chology, education, social relations, and interac-
tion.

FNIRS as a valuable, versatile and non-inva-
sive vascular-based neuroimaging technique for
measuring brain hemodynamic was introduced
around 40 years ago. For functional brain map-
ping it’s been applied since the early 1990s (Cutini
et al., 2012; for pioneering works see Villringer et
al., 1993; Chance et al., 1993; Hoshi, Tamura,
1993). For more than 25 years the number of
fNIRS publications has increased tremendously
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and nowadays continues to grow rapidly due to
technological developments, data analysis ad-
vances, and novel areas of application covering a
wide range of topics in developmental, education-
al and social neuroscience domains (Fantini
et al., 2018; Blasi et al., 2019). fNIRS has been
stated as a feasible and much promising technique
for the exploration of the neural substrates under-
lying cognitive functions, mental activity and pro-
cesses involved in educational interaction and
learning: language acquisition, reading, numeri-
cal cognition, calculation, math development,
sensory and motor functions, emotions, memory,
executive functions, attention.

As powerful tools, neuroimaging techniques,
in particular functional near-infrared spectrosco-
py (fNIRS), has complemented traditional be-
havioral paradigms and assessment methods
available in psychological and pedagogical ap-
proaches (Howard Jones et al., 2016) and provid-
ed reliable measures to understand on the neural
level the typical and atypical trajectories of devel-
opment, and the effects of educational interven-
tions on them (Ansari et al., 2012; Vanderwert,
Nelson, 2014) with consideration of both person-
dependent and situation-dependent social factors
(Shamay-Tsoory, Mendelsohn, 2019).

BASIC PRINCIPLES OF FUNCTIONAL
NEAR-INFRARED SPECTROSCOPY

Functional near-infrared spectroscopy
(fNIRS), diffuse optical imaging (DOI), diffuse
optical tomography (DOT), optical topography,
NIR imaging are the synonymous names for the
neuroimaging technique where changes in rela-
tive concentrations of oxygenated and deoxygen-
ated hemoglobin are measured in brain cortex by
using near-infrared light. The main principles of
this technique are based on (1) neurovascular
coupling, (2) near-infrared light propagation in
the brain, and (3) absorption of the light by the
main chromophores (HbO and HbR) (for more
in-depth reviews see (Cutini et al., 2012; Scholk-
mann et al., 2014; Pinti et al., 2020; Curtin, Ayaz,
2018; Quaresima, Ferrari, 2019a, 2019b)).

fNIRS doesn’t reflect neuronal activity direct-
ly, it’s an indirect method that monitors changes
in tissue hemodynamics (blood perfusion) in re-
sponse to brain activation, on the basis that neural
activation in a distinct brain area and vascular re-
sponse are tightly coupled (Leén-Carrion, Ledén-
Dominguez, 2012; Scholkmann et al., 2014).
A typical activation revealed by fNIRS in a cere-
Ne 4
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Fig. 1. The increase in HbO and the concomitant
relatively smaller decrease in HbR reflect changes in
brain hemodynamics in response to neural activity.

Puc. 1. YBenmmueHne HACHIIICHHOIO KHMCJIOPOIOM
remornnoouHa (HbO) u omHOBpeMeHHOE OTHOCHU-
TEJIbHO HEOOJIbIIOE CHUXXEHUE 00eIHEHHOIOo KKC-
noponoMm remornioouHa (HbR) orpaxaror nsmeHe-
HUSI TeMOJMHAMUKY MO3Ta B OTBET Ha HEHPOHHYIO
aKTUBHOCTb.

bral cortex area is sketched in Fig. 1. An increase
in neural activity is accompanied by an increase in
regional cerebral blood flow (CBF), providing
glucose and oxygen that are not present in neu-
rons, but important for metabolism, to the area of
active neurons. Thus, neurovascular coupling as-
sures an increase in CBF in a temporally and spa-
tially coordinated manner in response to changes
in neural activity through a complex sequence of
coordinated events involving neurons, glia, and
vascular cells, and signaling molecules (Quaresi-
ma, Ferrari, 2019a).

Optical imaging has been successfully used to
create human brain maps to visualize the stimu-
lated areas in task-related brain activation studies
within cognitive, social and educational neurosci-
ence. A brain function can be determined by mea-
suring the difference in oxygenated (HbO) and
deoxygenated (HbR) hemoglobin concentrations
at a baseline and at task performance that displays
an increase or decrease in CBF in response to
brain activity in the corresponding cortical region.
This states for the specific spatial correlation be-
tween CBF and any cognitive or motor task per-
formed (Ledén-Carridon, Leon-Dominguez, 2012).
As for the temporal correlation, there is a tempo-
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Fig. 2. Absorption spectra for HbO and HbR for
near-infrared wavelengths of 650—900 nm. Repro-
duced from nirx.net.

Puc. 2. Crnexrpsl noromenuss HbO u HbR mis
BOJIH JuIMHOM 650—900 HM B Oy1zkHEM MH@pakpac-
HoM muarmazoHe (BUK-mnuama3zone). Bocripousse-
JIEHO C caiiTa nirx.net.

ral delay of 1—2 seconds in hemodynamic re-
sponse to neural activation, with peaks at around
4—6 seconds after the neural response. It can be
considered one of the most severe scientific lim-
itations of this technique imposed by neurovascu-
lar coupling.

Light from the near-infrared range has the
ability to penetrate biological tissue (e.g., skin,
skull, brain) and is mainly absorbed by oxygenat-
ed and deoxygenated hemoglobin. Typically, for
studying cognitive functions two specific wave-
lengths are chosen within the light spectrum
range of 650—900 nm — the so-called biological
“optical window” (Fig. 2), when light-absorbing
molecules (chromophores) HbR and HbO are
mobilized and their concentration changes can be
easily detected (Jobsis, 1977, Delpy et al., 1988).

The current standard technology is represent-
ed by multichannel fNIRS devices composed of
multiple optodes placed on the scalp: light-emit-
ting diodes (LEDs) or laser sensors, that send
NIR light, and photodetectors, that capture light
waves after they have traveled through the brain
tissue. Locations of emitters/detectors can be
chosen using neuronavigation systems. A pair of
emitter-detector optodes forms a measuring
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channel. The trajectory of photons traveling from
the emitter to the detector is represented by a “ba-
nana-shaped” form so that the emerging light in
part pervades cortical tissue from 1.5to 2.5 cm. In
general, NIR light penetration depth depends on
(1) the light scattering tissues, and (2) absorption
qualities of chromophores (HbO and HbR) at dif-
ferent wavelengths, and on (3) the separation dis-
tance between the light emitter and detector (the
depth is around half of the emitter-detector phys-
ical distance) (Quaresima, Ferrari, 2019a). Most
commonly used in cognitive neuroscience a
source-detector separation distance is 25—30 mm
(in adults) and 40—50 mm (in infants) to achieve
a balance between signal-to-noise ratio and to
provide enough depth to reach the most superfi-
cial layers of the cerebral cortex (Strangman et al.,
2013; Brockington et al., 2018). fNIRS allows si-
multaneously measure oxygenated, deoxygenated
and total hemoglobin (the sum of HbO and HbR)
concentration changes with high temporal resolu-
tion from 1 to 100 Hz (typically > 10 Hz), calcu-
lated by using the modified Lambert-Beer law.

Mostly used nowadays fNIRS systems are con-
tinuous-wave (CW), where near-infrared light is
continuously sent from emitting optodes through
brain tissue to detecting optodes. fNIRS devices
are available in different modifications and speci-
fications: from high-density multi-channel sys-
tems to portable, ultra-light, freely configurable
and battery-operated fNIRS instruments com-
prising of a small number of illumination sources
and detection sensors. The choice of the configu-
ration of the instrumentations depends on the
aims of the research. To get a clear understanding
of perspectives and potential pitfalls of fNIRS ap-
plications in cognitive and social neuroscience,
and neuroeducation, fNIRS advantages over oth-
er methods as well as limitations will be highlight-
ed in the next section.

ADVANTAGES AND LIMITATIONS
OF FNIRS TECHNIQUE

fNIRS has been often considered as a comple-
mentary technique that can offer some important,
but additional knowledge to the one received by
well-known and often used methods such as EEG
and fMRI.When comparing and contrasting
fNIRS with other neuroimaging modalities, one
should pay attention to such criteria as temporal
resolution, spatial resolution, and the degree of
immobility.
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First, we would like to point out at important
advantages of fNIRS:

— relatively high temporal resolution (Pinti et
al., 2020; Quaresima, Ferrari, 2019b). FNIRS is a
little slower than EEG, but much faster than fM-
RI and PET;

— acquiring data about relative concentration
changes in HbO and HbR. Both fNIRS and fM-
RI are functional neuroimaging techniques based
on the neurovascular coupling. However, fMRI
captures only based on the blood-oxygen-level-
dependent (BOLD) signal that relates to HbR
changes. In fNIRS HbO can be additionally mea-
sured “providing a more complete evaluation of
the cortical hemodynamic response” (Quaresi-
ma, Ferrari, 2019b);

— a relatively low-cost technique;

— whole brain coverage with high-density de-
vices. Nowadays high-density diffuse optical to-
mography (HD-DOT) technological solutions
enables to get up to 128 measurement channels
and tremendously upgrade spatial resolution and
diminish the influence of contaminations (Egge-
brecht et al., 2014);

— the user-friendly technique, safe (no harm-
ful radiation because of NIR light) and easily ap-
plicable in studies with newborns (Liao, Culver,
2014), infants (Urakawa et al., 2015; Aslin et al.,
2015; Wilcox, Biondi, 2015), children (Nagamitsu
et al., 2012). Participants can move comfortably
during an experiment, and no gel or other liquid
needs to be added to their head to improve op-
tode-scalp contact, as in EEG. No substance is
necessary to inject, and no safety concerns such
as gamma radiation in PET;

— no severe motion restrictions and body
movements — subjects can be measured in natural
upright and sitting position (Balardin et al., 2017).
In developmental cognitive neuroscience, the
natural sitting position is preferable to concen-
trate on solving mental tasks, especially if measur-
ing brain activation in school children of different
age ranges. Moreover, low sensitivity to motion
artifacts allows investigating embodied cognitions
(Bahnmueller et al., 2014). In fMRI and PET, on
the contrary, a subject is in a supine position and
therefore hemodynamic changes differ from
those in sitting or standing positions (Quaresima,
Ferrari, 2019b);

— freely moving during the fNIRS measure-
ments with wireless and wearable devices. It en-
ables application during an outdoor activity in re-
al-life situations like walking paradigm, for exam-
Ne 4
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ple (Pinti et al., 2015; Schneider et al., 2014;
Herold et al., 2017). Mobile fNIRS devices, as
well as mobile EEG systems, both used for real-
time monitoring of brain activity, have become
popular and well-established in applied neurosci-
ence nowadays (Pinti et al., 2015; Bleichner et al.,
2015). “Their miniaturization does not interfere
with capturing active behavior in social environ-
ments” (Quaresima, Ferrari, 2019b);

— transportability/portability that provides ap-
plicability of fNIRS in natural settings. Scientists
can bring “the lab” and neuroscientific research
to schools, kindergarten, offices, hospitals, shop-
ping malls and so on. Emerging of wearable
fNIRS devices, on the one hand, and fNIRS par-
adigms derived from real-world educational set-
tings or social interactive environment, on the
other hand, have opened a new trend in develop-
mental cognitive neuroscience research of assess-
ing neural correlates of cognitive function and
dysfunction in realistic scenarios, that are objec-
tively more accurate in than lab-based research
(Pinti et al., 2015; Brockington et al., 2018).
Moreover, skepticism amongst researchers about
the feasibility of using laboratory results obtained
from the use of neuroimaging techniques, such as
fMRI, PET, MEG or non-portable EEG to ped-
agogy and social science is preserved;

— high experimental flexibility if compare to
the other neuroimaging methods combined with
a silent measurement procedure. FNIRS ensures
comfortable environment with no noise interfer-
ence and much variety of possible responses (for
example, by pressing a button, by writing an an-
swer, by using an overt speech) in solving educa-
tional and social tasks to effectively study emo-
tions and different cognitive functions: memory
attention, language, and arithmetic (Suda et al.,
2010; Soltanlou et al., 2018b). Subjects may play
games or be occupied in social activities on the
computer or with an experimenter (Brockington
et al., 2018; Quaresima, Ferrari, 2019b). Other
neuroimaging modalities can’t offer such a great
variety of research paradigms because of some
important restrictions: for example, overt speech
production and its neural correlates cannot be in-
vestigated by EEG, PET or fMRI due to their
high sensitivity to movement artifacts, or a loud
noise inside the MRI scanner may lead to such
problems as math anxiety, cognitive load, and
sensory input interference, especially with audito-
ry stimuli;

— measurements of large samples of partici-
pants, using repeatedly or in a continuous manner
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for long-term monitoring purposes, for example,
a long-term 7-day continuous monitoring of the
neonatal brain (Galderisi et al., 2016), or 4-hour
monitoring of an adult while carrying out his daily
activities (Balardin et al., 2017). In general, an
fNIRS measurement lasts from 30 to 60 minutes,
with a possibility of a short rest between tasks;

— feasibility of hyperscanning (multi-subject
measurements) to provide neural underpinning of
cognitive and emotional processes in realistic so-
cial interactions (Cui 2012; Babiloni, Astolfi,
2014; Cheng et al., 2015; for reviews, see Koike et
al., 2015; Scholkmann et al., 2013). Such neuro-
imaging methods, like fMRI, MEG, PET can be
potentially used in hyperscanning research in lab-
based experiments only, no real social interaction
experiments with two or more simultaneously ap-
plied brain imaging devices are possible. By con-
trast, the hyperscanning approach in fNIRS stud-
ies seizes moment-to-moment interactions in a
natural context, for example during natural verbal
communication between storytellers and listeners
(Liu et al., 2017), face to face perception (Suda
et al., 2010);

— multimodal measurements combining
fNIRS with such neuroimaging modalities as
fMRI (Funane et al., 2015; Scarapicchia et al.,
2017), MEG, EEG (Chen et al., 2016), eye-track-
ing (Urakawa et al., 2015), tDCS, TMS (Curtin
et al., 2019) for investigating the brain at multiple
spatial and temporal scales simultaneously;

— neurofeedback (Kohl et al., 2019) applica-
tions to facilitate human communication and in-
teraction with the environment by directly mea-
suring and self-regulating the hemodynamic ac-
tivity in the brain.

Among the most important and pronounced
limitations of fNIRS for human brain studies are:

— a limited penetration depth (only upper cor-
tical regions within 1—1.5 cm). Mostly only corti-
cal regions beneath the scalp can be reliably mea-
sured by fNIRS (Patil et al., 2011). Subcortical
and deeper cortical regions, such as basal ganglia
and amygdala cannot be investigated by fNIRS;

— a relatively low spatial resolution (around
1 cm). In fNIRS technique, there is no apparent
single “spatial resolution”, as light absorption de-
pends on the geometry of the sources-detectors
array and the separation distance between them,
where individual photon’s paths are integrated
according to “banana shape” (Almajidy et al.,
2020). One of the possible solutions to enhance
spatial resolution is to enlarge the number of op-
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Fig. 3. Multiple source-detector distances within the
“banana-shaped” form of fNIRS signal. Repro-
duced from (Rupawala et al., 2018).

Puc. 3. Heckonbko BapraHTOB PacIlOIOXKEHUS MC-
TOYHUKOB U JETEKTOPOB Ha Pa3HOM pPaCCTOSIHUM
JIPYT OT Apyra B COOTBETCTBUM CO CXeMOI CUTHaja

fNIRS “6ananoBumHoit” ¢opmbel. Bocripoussene-

Ho u3 (Rupawala et al., 2018).

todes on the scalp with various source-detector
separation distances “providing overlapping sen-
sitivity volumes” (Yiicel et al., 2017). This ap-
proach is generally referred to as Diffuse Optical
Tomography (DOT).Therefore, high density
(HD) DOT has demonstrated accurate mapping
of brain function with fNIRS, making its spatial
resolution close to that of fMRI (Chitnis et al.,
2016) for cortical regions close to the skull;

— fNIRS doesn’t provide anatomical informa-
tion and structural images that can be used to in-
terpret the activation patterns. To settle the spatial
localization of the cortical hemodynamic re-
sponse and brain areas beneath the fNIRS probes
it’s necessary to use either three-dimensional
computerized MRI atlases or Montreal Neuro-
logical Institute (MNI) stereotactic coordinates
of fNIRS measurements (Pinti et al., 2018);

— a strong sensitivity to extracerebral contami-
nations (for more in-depth information see Leff
etal.,, 2011; Tachtsidi, Scholkmann, 2016;
Scholkmann et al., 2014). The task-evoked he-
modynamic response includes not only systemic
blood flow changes due to neurovascular cou-
pling, but also perfusion due to extracerebral
(scalp) blood flow, blood pressure, sympathetic
activation or psychophysiological influences
(Pfeifer et al., 2018) that interferes with an accu-
rate estimation of the stimulus-evoked responses
in the brain (Yiicel et al., 2017). One of the best
possible solutions to eliminate the signal contam-
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ination by task-evoked hemodynamics, not due to
neurovascular coupling is short-distance/multi-
distance measurements (Brigadoi, Cooper, 2015).
Such measurements allow separating signals
coming from extracerebral layers of the head (via
applying short distance detectors, with 5—10 mm
source-detector separation) from the desired neu-
rovascular coupling-related signals coming from
the brain (via long source-detector separation
channels, with 30—40 mm separation) (Fig. 3);

— response delay to the stimuli. The typical he-
modynamic response function is characterized by
a slower profile in comparison to that of neural
activity: usually, hemodynamic activity begins to
increase after about 1 s following changes in neu-
ral activity, it reaches its peak in around 5—7 s af-
ter neural activity, and it slowly returns to baseline
activity after 12—15s;

— susceptibility to ambient light (Almajidy
et al., 2020) in a real-life environment. Due to the
characteristics of the optodes placed into a cap,
there is a minimal gap between emitter and skin,
therefore some precautions are necessary to avoid
ambient light influencing measurements (Orihue-
la-Espina et al., 2010), such as the proper emitter
placement, spring holders for optodes to fix them
tightly to the skin or additional external cap for
outdoor studies.

fNIRS has firmly established its role as a neu-
roimaging tool especially under circumstances in
which other methods fail. Specifically, fNIRS en-
ables fully naturalistic experiments.

FNIRS APPLICATIONS
IN DEVELOPMENTAL SCIENCES DOMAIN

FNIRS is nowadays a popular technique in the
brain development domain by virtue of its easy,
safe and user-friendly applicability for neuroim-
aging in newborns, infants, toddlers, children,
and adolescents. The main characteristics that
made fNIRS a key tool in infant and children
neuroimaging research are no severe motion re-
strictions, no noise interference in combination
with thinner scalp and skull in young children
compared to adults (Boas et al., 2014; Vanderw-
ert, Nelson, 2014; Wilcox, Biondi, 2015; Azhari
et al., 2020). The most studied cognitive func-
tions assessed by fNIRS are language acquisition,
numerical cognition, spatial associations, execu-
tive functions, facial processing. In some studies,
a pre-recorded social stimuli (stimuli that are rel-
evant to real-life social interaction) are used,
whereas some studies investigate infant brain re-
Ne 4
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sponses to live social stimuli (a real actor talking
to or playing with infants and young children)
(Mcdonald, Perdue, 2018). The comprehensive
reviews of various aspects of cognitive develop-
ment in infants, preschoolers and children one
can get in (Azhari et al., 2020; Fiske, Holmboe,
2019; Aslin et al., 2015; Nagamitsu et al., 2012;
Lloyd-Fox et al., 2010). We provide several exam-
ples to illustrate the fNIRS applications in devel-
opmental neuroscience.

FNIRS has been successfully applied to assess
brain neural networks for executive functions. In-
hibitory control (IC) refers to the process of pre-
venting an automatic or prepotent response to
achieve a goal. Mehnert and colleagues (Mehnert
et al., 2012) employed fNIRS to measure the neu-
ral substrates of IC in children aged 4—6 years
compared to adult participants, using the
Go/No-Go task. It was found that whilst the right
frontal and parietal regions were activated in
adults during No-Go (inhibition) trials, children
maintained a high level of right frontal and pari-
etal activation in both Go and No-Go trials, indi-
cating the high inhibitory demand of the task. An-
other recent fNIRS study by Moriguchi and Shi-
nohara (Moriguchi, Shinohara, 2019) used a
more emotionally charged inhibitory control task,
the “Less Is More” (LIM) task, with 34-year-
olds. Stronger right inferior frontal cortex (rIFC)
activation was found when children were able to
inhibit pointing to the larger reward.

Another complex cognitive ability to under-
stand or to interpret other people’ beliefs, intents,
desires, emotions, knowledge and to predict their
behavior, known as the theory of mind (ToM),
has been recently examined with fNIRS in infants
(Hyde et al., 2018). 7-months-old infants showed
significant activation in temporal-parietal junc-
tion (TPJ), but not in other temporal and frontal
regions, while they viewed video scenarios of a
person searching for a hidden object when this
person’s belief about the location of the object
was false. The results illustrated the involvement
of TPJ in high-level social cognition already by
around 7 months of age.

The robustness of fNIRS to muscle and head
movements in case of reading and speaking is
considered a significant advantage in neuroimag-
ing studies of language development of children
(Soltanlou et al., 2018b). Thus, the results of brain
activation during three different reading tasks (si-
lent reading, reading out loud, and free speech) in
children and adults showed that the highest acti-
vation could be seen during a free speech in bilat-
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eral frontal regions (Tellis, Tellis, 2016). The sen-
sitivity of newborns and infants to native and non-
native languages was investigated by (Pena at al.,
2003; Arimitsu et al., 2011; Vannasing et al.,
2016). Full-term newborns showed larger neural
activation in the left temporal area in response to
native language compared to non-native language
and non-linguistic stimuli (backward speech) or
silence (Pena at al., 2003; Vannasing et al., 2016).

A series of studies was conducted by the Lloyd-
Fox and her colleagues (2013, 2014, 2016). They
found localized brain activation patterns in re-
gions of the posterior superior temporal, anterior
temporal and inferior frontal cortex in response to
dynamic social cues (human-generated visual or
auditory stimuli) in the UK and then in a Gambi-
an cohort of infants in more naturalistic settings
(not in a neurocognitive laboratory specially
equipped for neuroimaging). These studies
proved fNIRS to be a portable, suitable in the
field technology within the developmental cogni-
tive neuroscience domain.

FNIRS APPLICATIONS IN INTERACTIVE
SETTINGS AND REAL-WORLD
SOCIAL NEUROSCIENCE

fNIRS has been extensively and successfully
used in laboratory settings within educational, de-
velopmental (Lloyd-Fox et al., 2010), and cogni-
tive neuroscience (Cutini et al., 2012; Pinti et al.,
2020) studies. Advantages of this technique en-
able to trace changes in brain morphology, long-
range connectivity and activity as people learn
and interact, to track safely and map in detail
changes in cortical activation following extensive
learning in the same individual, and to compare
such changes with those observed in younger ver-
sus older children, or children versus adults.
However, testing social perception and interac-
tion in a realistic environment with fNIRS is only
gaining popularity (Pinti et al., 2020; Brockington
et al., 2018; Reindl et al., 2018; Liu et al., 2017). It
can shed light on brain-to-brain coupling during
interaction in a natural communicative context,
on the one hand, or the process of acquiring
knowledge, on the other hand, that are relevant in
the real world.

In their research, Brockington and his col-
leagues (Brockington et al., 2018) presented some
paradigms to explore real classroom activities
combined with multi-subject measurements. In
the teacher-student interaction experiment, both
subjects underwent fNIRS hyper scanning whilst

Ne 4 2021



492

playing an educational board game in which the
teacher aimed to explain the addition of two nat-
ural numbers to a child. Hemodynamics within
the prefrontal cortex (PFC) in a child (involved in
decision making and processes of high order cog-
nition (calculating)), and temporo-parietal junc-
tion (TPJ) in a teacher (involved in social func-
tions such as empathy and mentalizing) were
studied during the experiment. The activation
pattern in PFC of a child was positively correlated
with the teacher’s anterior TPJ activation proving
the alignment of neural activity between child and
teacher during a naturalistic educational interac-
tion. In another paradigm, a group activity of four
students listening to a lecture was studied (Brock-
ington et al., 2018). Sustained attention is known
to be an important component of scholastic
achievement (Steinmayr et al., 2010) and PFC
plays a crucial role in mediating it on the neural
level. Therefore, hemodynamic signals of four
subjects were simultaneously monitoring during a
lecture to measure the synchronicity of their brain
activity. The findings showed an increase in acti-
vation in bilateral PFC in all subjects only during
the first out of four lecture blocks indicating inter-
brain coupling related to students' broader atten-
tion span at the beginning of the lecture. These re-
sults can be helpful to improve teaching practices
so that sustain attention is used for a more extend-
ed period during the classroom activities (Brock-
ington et al., 2018).

The social interaction of two adults while play-
ing a computer-based game was studied in (Cui
etal., 2012). The coupling in brain activation
measured in superior frontal cortices increased
significantly during cooperation, but not during
competition. Another example of investigating
brain-to-brain coupling with fNIRS is the study
of the social brain during verbal communication
in natural settings between storytellers telling an
unrehearsed real-life story and a group of listeners
(Liu et al., 2017). This multi subjects’ study en-
abled two lines of analysis of neuroimaging data:
listener-listener and speaker-listener neural cou-
pling. A significant speaker-listener temporal
coupling (with 5-s delay) was observed only
during successful verbal communication (native
language for listeners). During listening to a for-
eign language, communication was blocked, there
was no neural synchronization detected. PFC ac-
tivation in the speaker was significantly correlated
with parietal areas in the listeners. The inter-sub-
ject activity evoked by the same story was reliable
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across the listeners (listener-to-listener cou-
pling).

One of the recently available fNIRS applica-
tions is experiments with freely moving partici-
pants. Due to wearable and wireless configura-
tions of fNIRS devices, the feasibility of measur-
ing brain hemodynamics in response to cognitive
tasks performed while subjects walking, doing
sports, playing musical instruments outside the
laboratory and in everyday life situations has been
demonstrated (Balardin et al., 2017; Pinti et al.,
2015). Here we provide several examples to illus-
trate this novel fNIRS advantage. Pinti and her
colleagues (Pinti et al., 2015) explored the use of
fNIRS to monitor brain activity during a memory
task, counting objects in real-life situations, for
example, doorbells, or perform a mental arithme-
tic task while walking around the city. Worth not-
ing that the fNIRS system in this experiment
proved to be robust against sunlight and motion
artifacts, for example, extensive head or body
movements.

In other experiments, cognitive processes to-
gether with a relatively moderate physical activity
of one person (playing table tennis, or playing pi-
ano) (Balardin et al., 2017), or two people inter-
acting (playing violin) (Vanzella et al., 2019) were
studied. Playing music, or doing sports are highly
sophisticated activity involving complex motor,
cognitive, and social processes. The investigation
of the brain underpinnings of joint musical ac-
tions revealed leader-follower relationships in
musical ensemble performance in a naturalistic
paradigm: greater activation in sensorimotor and
temporo-parietal areas during the duo condition
in comparison to solo in a musician with a follow-
er role in duet (Vanzella et al., 2019).These studies
illustrated a successful application of fNIRS in
scenarios assessing synchronization during social
interactions and daily activities where people were
moving freely.

FNIRS APPLICATIONS
IN MULTIMODAL MEASUREMENTS

Multimodal measurements have been gaining
popularity nowadays for its potential to apply the
advantages of two or more techniques to get evi-
dence-based findings. Multi-modal integration is
based on combining multiple neurophysiological
signals: local hemodynamics due to neurovascu-
lar coupling (fNIRS, fMRI, PET), electromag-
netic fields due to neural currents (MEG, EEG),
Ne 4
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eye movements (saccades) together with pupil
size or blink rate (eye-tracking).

For example, integrating fNIRS and EEG pro-
vides monitoring of different events related to the
same neural activity to examine cortical activity
more comprehensively: EEG has a high temporal
resolution, fNIRS measures changes in local ce-
rebral blood flow that follow neural activation
with a relatively high spatial resolution. There-
fore, concurrent fNIRS and EEG measurements
supply the research with a beneficial answer from
the information content viewpoint about a corti-
cal response to a given stimulus. Moreover, EEG
and fNIRS are technologically easily attachable
with one another to organize a combined mea-
surement. The same is with combining fNIRS
and eye-tracking modalities, they are not interfer-
ing with one another. Eye-tracking doesn’t pro-
vide any information about neural activation, but
it’s closely connected with what is happening in
human brain: intentions, expectations, beliefs,
motives, and needs are connected with human
brain functioning and can be detected by process-
ing resources on what people are looking at.

To illustrate the feasibility of multimodal mea-
surements, we provide the results from recent
cognitive and development neuroscience studies.
Children of the 5th grade underwent one-digit
and two-digit multiplication tasks with simulta-
neous recordings of their fNIRS and EEG data
(Soltanlou et al., 2018a). An increase in mathe-
matics complexity while doing multiplication on
the neural level is specified by activation in frontal
areas (middle frontal gyrus) and theta increase to-
gether with alpha decrease, which is associated
with additional demands in cognitive control,
sustained attention and planning. Urakawa and
colleagues (Urakawa et al., 2015) applied concur-
rent fNIRS and eye-tracking to investigate the in-
fants’ neural activation together with their gaze
direction during the social interactive “peek-a-
boo” play with a young partner that closely re-
sembled real-life settings. The medial prefrontal
cortex (mPFC) that may play a significant role in
social cognition during early infant development
the same as in adults, was studied in the experi-
ment. The results showed that hemodynamic re-
sponses significantly increased in mPFC in re-
sponse to social play with a partner’s direct gaze
compared to an averted gaze (Urakawa et al.,
2015). The eye-tracking data revealed that the in-
fants fixated on the partner’s eye region for a lon-
ger duration when a partner presented a direct
gaze, rather than an averted gaze was, proving that

XYPHAJI BBICIIIEM HEPBHOWM JEATEIBHOCTU

TOM 71

493

looking into the eyes is a key component in social
communication that forms on an early stage of
human development. In general, fNIRS is stated
to be well compatible with EEG, fMRI, eye-
tracking, TMS, tDCS, EMG, pulse oximetry,
and other modalities for concurrent measure-
ments.

NEUROFEEDBACK TRAINING WITH FNIRS

fNIRS is considered to be a new and promising
tool in neurofeedback (NF) (for a comprehensive
review see Kohl et al., 2019) research. Neurofeed-
back is a specific type of biofeedback that pro-
vides information about certain aspects of the
subjects’ brain activity (Paret et al., 2019). In
fNIRS neurofeedback changes in oxy-, deoxy-,
and total hemoglobin are assessed in a real-time
mode and participants are given feedback in the
form of visual representations (thermometer,
moving scale, sound/music, jingle, moving ob-
jects, virtual fire (Kohl et al., 2019). Through
multiple trainings, participants learn to regulate
and enhance their behavior and cognitive func-
tions or normalize emotional states by changing
the pathological brain activation patterns. fNIRS
neurofeedback has been successfully applied to
improve inhibitory control and attention, and de-
crease ADHD symptoms through training to con-
trol prefrontal brain functions in children (Marx
et al., 2015) and adults (Hudak et al., 2017). An-
other potential application of fNIRS neurofeed-
back is the treatment of social anxiety (Kimmig
et al., 2019), and cognitive flexibility (Li et al.,
2019), motor rehabilitation (Kober et al., 2014;
Fujimoto et al., 2017) in healthy populations and
patients.

Various approaches are applied nowadays to
facilitate significant results in the NF domain.
One is an application of a special software Turbo-
satori, developed by Brain Innovation, exclusively
for NIRx fNIRS instruments, that provides real-
time assessment of brain function in the human
cerebral cortex applicable both in a lab-based as
well as in open environments. Another is combin-
ing fNIRS NF training with virtual reality para-
digms that allows creating a more realistic envi-
ronment to provide potentially more efficient
treatments (Ehlis et al., 2018). In most neurosci-
ence experiments participants are fully aware they
are watching/listening to an artificially created
and prerecorded stimuli with no possibility of real
interaction. In studies, that implemented immer-
sive VR, they can interact in a created reality that
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much resembles natural social settings where they
can influence events. Animmersive virtual reality
classroom paradigm with animated students and a
teacher embedded in fNIRS NF was used in re-
cent studies (Blume et al., 2017; Hudak et al.,
2017). Participants aimed to learn to control light-
ing in the classroom employing their dorsolateral
prefrontal brain activation. This paradigm can be
used for intervention studies in schoolchildren
with  attention-deficit/hyperactivity  disorder
(ADHD) (Blume et al., 2017), or healthy children
displaying traits of motor hyperactivity and im-
pulsive behavior.

Thus, virtual reality interfaces were proved to
increase training efficiency by keeping subjects
motivated. Virtual reality NF can become a useful
tool for treating subjects with social phobias (per-
formance situations: giving a speech or oral pre-
sentation, and/or situations involving social inter-
action both in the lead-up and during the event)
when virtual reality can be used to create a realis-
tic and potentially stressful social situation that
can be easily controlled by an experimenter.
There are studies implemented immersive VR in
desktop settings to study neural correlates of
flight- or drive-simulators (Takeuchi, 2000; Li
et al., 2009), or game-like simulations (Izzetoglu
et al., 2003). In general, NF technique with virtu-
al reality is stated to be well accepted in both chil-
dren and adult samples (Ehlis et al., 2018).

Taking into consideration fNIRS sustainability
to muscle movements, combined with its porta-
bility, and ease of application, it has been proved
to be a reliable neuroimaging modality for NF.

CONCLUSION

The introduction of fNIRS technique in neu-
roscience has considerably expanded our under-
standing of the neural basis of cognitive processes
contributing to developmental changes, educa-
tional practice, and social cognition and interac-
tion. A growing number of studies with the live so-
cial interaction of multiple subjects unveil brain
coupling mechanisms and provide confirming ev-
idence to neural correlates of cognition, emotion-
al communication, perception and motor devel-
opment interrelated as a complementation to
well-established behavioral research. Cognitive
developmental neuroscience by applying an
fNIRS as a perspective tool has an opportunity
now to answer important developmental ques-
tions and shed light on the neural basis of cogni-
tive and social processes in newborns, infants and
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toddlers, both in a lab-based and naturalistic set-
tings, when some other neuroimaging techniques
fail to investigate them because of their limita-
tions. Moreover, fNIRS technique continues to
evolve fast and supports an evidence-based devel-
opmental and educational sciences to provide da-
ta for best practices in learning and communicat-
ing, best teaching strategies and remediation pro-
grams for mastering and improving reading,
language, mathematics competences, and other
cognitive skills.

Despite the current restrictions of fNIRS, such
as limited penetration depth, a temporal delay in
response, and strong extra-cerebral interference,
the feasibility of applying fNIRS in freely moving
people within relatively unrestricted and natural
environments, in neurofeedback trainings for en-
hancing cognitive functions in a healthy popula-
tion of different age groups and for rehabilitation
in patients has been proved. Nowadays fNIRS
measurements can be organized both with prere-
corded non-live stimuli in lab settings, as well as
live stimuli and outside the laboratories due to the
rapid advancement of hardware and successful
developments in signal quality. The availability of
fNIRS portable and wearable devices that are re-
sistant to external light and anybody movements
(head and hand movements, posture changing,
walking, running) may lead to exponential growth
in neuroimaging domain over the next years, par-
ticularly in the domains of real-world cognition,
social interaction, and educational and develop-
mental neuroscience (Pinti et al., 2020). To sum
everything up fNIRS can be regarded as a versa-
tile and promising instrument to investigate the
neural correlates of cognitive and social develop-
ment from birth and over the life span within de-
velopmental cognitive neuroscience.
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DyHKIIMOHANIbHASL CIIEKTPOCKOIUs B OmxkHeM uHdpakpacHoMm nuana3oHe (fNIRS) uzBecTHa
KaK MHOTOTpaHHbI 1 MHOTOOOEIIaloIINii HEMHBA3MBHBIN MEeTOJ HEMPOBU3YyaJIM3allU, IIUPOKO
KCIIOJIb3yeMbIi B HACTOsIIIee BpeMSI B KOTHUTUBHOI HEelpOHayKe pa3BUTUS 11 U3yUYeHUs Hell-
POHAJIbHBIX MEXaHU3MOB, JIEXalllMX B OCHOBE YMCTBEHHOU aKTUBHOCTH U MPOILIECCOB IMO3HAHUS,
COLIMJILHOTO B3aUMOIEICTBUSI U OOyUYEeHUSI Ha TIPOTSKEHUN Beell )ku3Hu. B aToit cTaThe OCHOB-
Hoe BHHMMAaHUE yIessieTcsl OCHOBHBIM NpuHIMIIaM TexHosioruu fNIRS, B ToM uuciie nusaitHa u
peain3aiuu UCCaefOBaHUI U TEXHUKU TTPOBEAeHUs u3MepeHuid. [1pencrapiieH noapooOHblit 06-
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30p CUJIBHBIX cTOpOH U npeumytectB fNIRS mo cpaBHeHUIO € ipyrumMu MeTogaMu HelipoBU3ya-
mas3anyn. OgHa U3 mejieii — nmpomnunocTpupoBath nmpenmyirectsa fNIRS ¢ momotipio pe3ynbra-
TOB HEJJaBHUX UCCIIEOBAHWI B 001aCTU U3YUYEHUS I3bIKOBBIX KOMITETEHIIU, YU CIOBOTO MO3HAa-
HUS, UCIIOJHUTENbHBIX (DYHKIIMMI, SMOUUNA, MaMITU, C OCOOBIM aKIIEHTOM Ha BO3MOXHOCTU
MPOBENECHUS HEIpOBU3yaIM3alluu B €CTECTBEHHBIX yCa0BUsX. Kpome Toro, nipeajaraercs 0030p
HeIaBHUX UCCIeI0BaHN, a TaKxKe o0cykaeHue repcrekTus npuMmeHeHust NIRS ¢ yueTom akTty-
aJIbHBIX TCHASHLIUI B 00JIaCTU HAyK O Pa3BUTUU: TUIIEpCKaHUPOBaHUe (OMHOBPpEMEHHBIE HCCle-
JIOBaHUSI HECKOJILKUX CYOBEKTOB); MYJbTUMOIAJIbHbIC MCCAeA0BaHUs (TPUMEHEeHe HECKOIbKMX
METONOB HelpOBU3yalu3alluid B OMHOM UCCJIEIOBaHUMN); TPEHUHTY HEMPOOUOYIIpaBJIeHUS sl
VJIy4IIeHUS KOTHUTMBHBIX (PYHKIIMI Y IeTeid U B3POCIIbIX; UCITOJIb30BaHUE MHTEPAKTUBHBIX UM-
MEPCUBHBIX CTUMYJIOB U BUPTYyalibHO peaibHOCTU (VR) B KOTHUTUBHOI HelfipoHayKe pa3BUTHSI.
B cTaTtbhe 006cyXnaroTcs HeTOCTaTK! U CYIIeCTBEHHbIE orpaHndeHus B npuMeHeHur fNIRS y 3mo-
POBBIX JIIOJIEH, a TAKXKE BO3MOXHbBIE TEXHUYECKUE PELLICHUSI U METOIOJIOTUUECKHUE MTPOLIETYPhI UX
MPEOA0JICHUS.

Knwouegvie croea: pa3BuTHe, KOTHUTUBHASI HEMpOHayKa pa3BUTUSI, (PYHKIIMOHAJIbHASI CIIEKTPO-
CKOITHSI B OJIMKHEM WHOpPaKpacHOM Auana3oHe, HelipOoBU3yaTu3aius
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M3BecTHO, 4TO pa3andus IpU YTEHUM IOBTOPSIOIINXCS/HOBBIX CJIOB Y B3POCIBIX OTPAXKaIOTCS B
KOMITOHEHTaxX CBg3aHHBIX ¢ cobbiTeM noTeHuuanoB (CCIT) N400 u P600, onHako Bonpoc o
(GYHKIMOHAILHOM 3HAaUYEHUU 3TUX KOMITOHEHTOB M BO3PACTHOM TPAacKTOPUM MX Pa3BUTHUS Bce
eIlle OCTaeTCsI OTKPHITHIM. Lleabio Halllero ucciienoBaHus ObLIO OLICHUTh aMIUIMTYAY Y JaTeHT -
HocTh KoMIToHeHTOB N400 1 P600 B 0TBET Ha ITOBTOPSIOLIMECS M HOBBIE CJIOBA B TPEX BO3PACTHBIX
rpyrmnax: y aeTeid nmpeamnoapocTkoBoro Bospacta (N = 25, 9—11 nert), noapoctkoB (N = 17, 12—
14 ntet) m B3pocabix (N = 22, 18—36 neT). Bo3pacTHble pa3auuus aMIUITUTYIbl ObLUIA BBISIBJICHBI
s komnoHeHTa N400, ycpenHeHHoro no orsenenusim F;, Fz, F,, C;, Cz, C4, 1 KOMIIOHEHTA
P600, ycpemneHHOTO 110 OTBeneHUsIM P5, Pz, P4, pa3uauii 1Mo JJaTeHTHOCTY BBISIBJICHO HE OBUIO.
CpaBHenue amiumutyabl ycpeaHeHHBIX CCII Ha moBTOpSIOIIMECS 1 HOBBIE CJI0BA BBISIBUJIO Pa3-
JIMYMS Y BCEX BO3PACTHBIX TPYMII: v IeTeil BO BpeMeHHOM MHTepBaie 750—850 Mc, y TOapOCTKOB
BO BpeMeHHOM MHTepBajie 650—750 Mc, a y B3pociabix — B mHTepBaje 600—800 mc. I1pu 3ToM Bo
BCEX BO3PACTHBIX IpyInax aMiiutyaa P600 Ha moBTopsiolieecst CJI0BO BhIIIIE, YeM Ha HoBoe. st
N400 pasnuuus B OTBET Ha MOBTOPSIOIIEECS 1 HOBOE CJIOBA BBISIBJICHBI TOJBKO B TPYIIIE B3pPOC-
JIBIX: JIATEHTHOCTh Ha HOBOE CJIOBO MEHBbIIIE, YeM Ha moBTopsoleecs. [1o-BummMoMy, mpoiecc
COIIOCTaBJICHMSI HOBOI 1 paHee MPeIbsIBICHHOI BepOaIbHOM 3pUTEIbHOM MHMOpMAIIM MHOIO-
CTagUHBIN. DTU cTanuKu (POPMUPYIOTCS Ha pa3HbIX ATallaX OHTOIreHe3a U OTPaXKaloTCs B pa3HbIX
kommoHeHTax CCII. CHavana nposIBISIOTCS pa3Indrs MEXIY IIOBTOPSIOIINMCS M HOBBIM CJIO-
BOM 1o KomrnoHeHTy P600: B 12—14 jieT nmaTTepH pasjinyuii aHAJIOTMYEH TAKOBOMY Y B3POCIIBIX.
B 1o Bpems kak paznnuns mo komrnoHeHTY N400 B 1eTCKOM 1 TOAPOCTKOBOM BO3pacTe HE BhISIB-
JISTIOTCSI M TIPUCYTCTBYIOT TOJILKO Y B3POCIIBIX.

Karoueswie crosa: CCII1, netn, monpoctku, yreHue, N400, P600, ciioBa
DOI: 10.31857/S0044467721040031

BBEJEHUWE

MHorouucaeHHbIEe UCCIeI0BaHUS MOKa3alu,
YTO OBJIAJICHUE DJIEMEHTApPHBIMU HaBbIKAMU
yTeHUs1 (OEeKOAUPOBAHMEM) TIPOMCXOAWT Ha
MPOTSLKEHUU TepBbIX 3—4 JieT oOyuyeHus
(Maionchi-Pino et al., 2009; be3pykux, Kpe-
meHko, 2011; KopueB u ap., 2019). IIpumepHo
HauyuHas ¢ 4—5-1o roga o0yyeHus y AeTeil oco-
OE€HHO aKTUBHO (POPMUPYIOTCS HABBIKM CMbIC-
JIOBOI 00pabOTKM TEKCTA, YTO MPOIOJIKAETCS 10
KOHIIA MOAPOCTKOBOIO BO3pacTa, a BO MHOTUX
cliyyasix U B roHoiueckoM Bospacte (KopHes,

500

2006). OgHOBpPEMEHHO B MPOLIECCE CO3PEBAHUS
MO3ra IMPOUCXOIUT M3MEHEHHEe oO0beMa U TOJ-
IIWHBI CEPOTro BEIIECTBA, IJIOMIAAN TTOBEPXHO-
CTHU KOphbl OOJNbIIMX mojymapuii mo3ra (Giedd
et al., 1999, 2006, Wierenga et al., 2014; Ducha-
rme et al., 2015; Mills et al., 2016; Vijayakumar
et al., 2016), cunanTuyeckmii npynuHr (Hutten-
locher et al., 1982), a Takke ycujaeHue CUHAIITH -
yeckoii mepenaum (Singh, Su, 2013; Toffoletto,
et al., 2014; Rossetti, et al., 2016). IIpoucxons-
1I1Me U3MEHEHUS BIUSAIOT Ha HEMPO(PU3UOJIOTU -
yeckoe obecredyeHrue KOrHUTUBHBIX IPOLISCCOB,
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OTpaxKasiCh B UBMEHEHMSIX aMILIMTYAbl, JJATEHT-
HOCTU Y JJIMTEIbHOCTM MHOTIMX KOMIIOHEHTOB
BbI3BaHHBIX MoTeHLManoB (BIT) 1 cBsI3aHHBIX C
coonitueM mnoteHuuagoB (CCII) (Holcomb,
et al., 1992; Atchley et al., 2006; McNealy et al.,
2009; Benau, 2011; Maurer et al., 2006; Copoko
n ap., 2018; IloptHoBa m ap., 2014). Ilpoiecc
B3pOCJIEHUS, TAKMM 00pa3oM, IPEACTaBIISIET CO-
00Ii, C OMHOI CTOPOHHI, CO3JaH1E HOBBIX CBSI3EH
Y1 HOBBIX (PYHKIIMOHAJIBHBIX CUCTEM, a, C APYToii
CTOPOHBI, HEKOTOPYIO PEOPraHU3aLUIO YKE Cy-
mectBytomux cucreM. CyllIecTBYIOT CBUIETEIb-
CTBAa U3MEHEHMS CTPATEI1ii BHITTOJIHEHUS OJHUX
1 TeX K€ KOTHUTUBHBIX 3a1a4 ¢ Bo3pacTom (Cas-
tel et al., 2011; Seassau, Bucci, 2013). BaxxHo 110-
HUMAaTh, YTO BHEUIHSSI CXOXECTb NEsTeIbHOCTU
y OdeTeid U B3POCJbIX MOXET UMETh HECKOJIbKO
OTJIMYAIOIIYIOCS CUCTEMHYI0 opranu3anuio. Ha-
OpuMep, IMpPU YTEHUU TEeKCTa YBEJIMYMBAETCS
BKJIaJ MPOIECCOB aHTULMITALIUM U CEJIECKTUB-
HOCTU Y B3pPOCJBIX MO CPaBHEHUIO C AETbMU
(Federmeier, 2007). B Haieil pabote Mbl cpaB-
HUBaJIU HENPODU3NOJIOTUYECKNE MeXaHU3MBbI
YTEHUSI U OUCKPUMUHALIMU OTIAEJbHBIX CJIOB Yy
JeTeil MJIaallero IIKOJbHOIO BoO3pacTa, MOd-
pocTkoB u B3pocibix o gaHHbIM CCII. B akcne-
pUMEHTE MOJIeJIMpoBaJlach CHUTYyallusl, BecbMa
011M3Kasl K TOI, 4YTO MPOUCXOAUT B MMPOLIECCEe UTe-
HUSI TEKCTa: YTEHUE CJIOB U COIIOCTaBJIEHUE UX C
OpeablIYyIIUMU IIPOYNUTAHHBIMY CJIOBAMMU C OIO-
poii Ha padbouyio namMaTb. UcribiTyeMbIM B IPO-
LlecC yTeHus Oblla MOCTaBjJ€Ha 3adaya COIMOo-
CTaBJICHUSI BOCIIPMHUMAEMOTO CJIOBA C JIBYMS
TOJIBKO 4YTO MPOYUTAHHBIMU cjioBamMu. CoOTBET-
CTBEHHO CJIOXKMBIIMMCSI IPEICTABICHUSIM 00 ore-
palMOHAJILHOM 00€CIIEYeHUU YTEHUS CJIOB, 3TOT
MpOoLECC BKIIOYAET 3pUTEIbHOE paclio3HaBaHUE
CJIOB, aKTyalau3aluio (POHOJOTMYECKON CTPYK-
TYpPbI CJIOBa 1 BO3MOXKHOE (HE00s13aTeJIbHOE) CO-
OTHECEHME C MEHTAJIbHBIM JIeKCUKOHOM (Frost,
1998; Fiebach et al., 2002). Takxke B cOOTBET-
CTBUU C IU3AMfHOM BKCIIEPMMEHTA OT UCHBITYEe-
MOTI0 TpeOOBaJIOCh CPAaBHEHUE OTAEABHO IIPEab-
SIBIEHHOTO CJIOBa C JIByMsl paHee IMPOYUTaHHbI-
MU CJIOBaMU W TIPUHSATUSL PEIIEHUS O TOM,
MPUCYTCTBOBAJIO JIM TaHHOE CJIOBO Cpeau Iep-
BBIX IBYX.

Panee Ob110 MoKazaHo, 4TO aHaIM3 (HOPMBbI
clioBa HauyMHaeTcsa Ha 250-i1 Mc OT Hayaja
npeabsBiaeHus ciaoBa (Tarkiainen et al., 2002), a
oOpalleHre K MEHTAJIbHOMY JIEKCMKOHY IPOMC-
xognt mo3xe. Kommonent CCIT N400 (250—
500 mc) oTpakaeT MAaHUITYJISILIUU C JIEKCUYECKHU-
MU NEePEMEHHBIMU, TAKUMU KaK CEMaHTUYECKasI
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BEPOSITHOCTD, JIEKCUYECKasl YACTOTHOCTb U JIEK-
cuyeckast OJIM30CTh, W HaOMOmaeTcss Kak y
B3pOCJIbIX, TaK U y aeteii (Friederici, 2004, Cran-
dall, 2010; Kutas, Federmeier, 2011). Kommo-
HeHT N400 MoXeT oTpaxkaTb OOILIMII Ipolecc,
BBI3BaHHBII MMOTEHLUAIbHO 3HAYMMBIM CTUMY-
oM. BucouHrble, npedpoHTaNbHBIE 00JaCTH U
TiepeaHsisl MosICHAas U3BWJIMHA MHTETPUPOBAaHEI B
pacnpeneseHHY0 KOPTUKAJIbHYIO CeTh U MOTYT
obecrneunBaTh CIIELMAIM3UPOBAaHHBIE BKJIAAbl
pa3auYHBIX (PaKTOPOB, B TOM UYMCJIE TAKUX KaK
4acToTa, IIOBTOPEHUE UM CEMAaHTUYECKUE aCCO-
a1, KOHTEKCT U 0ojiee IMPOKUIA TUCKYPC
(Kutas, Federmeier, 2011). DTu npoliecchl B X0O1e
KOHCTPYUPOBaHMS 3HAYEHUSI, KOTOPOE HAMITyd-
LM 00pa30M COOTBETCTBYET JAHHOMY KOHTEK-
CTYy, MOTYT IIPOUCXOIUTD KaK MapajyieabHO, TaK
U 3aMycKaThb IpYyT ApyTa, T.€. ObITh B3aUMO3aBU-
CUMBIMMU.

DyHKIIMOHAIBHOE 3HaYeH1e KoMIToHeHTa P600
BeChbMa Pa3HOOOpPa3HO, IOSBJICHME 3TOrO MUKa
MOKAa3aHO MpPM BKJIIOYEHUM B CHMHTAKCUYECKUE
KOHCTPYKIIMHU PA3IAYHOTO POAA OLIMOOK, BKIIIO-
yas OIIMOKM cyOKaTeropm3anuu, 4Mcia, BpeMe-
HU, TI0JIa, MaAeXHOI COITaCOBAaHHOCTU U [Ip.
(cMm. 0030p Gouvea et al., 2010). Kpome Toro,
KOMITOHEeHT P600 cBSI3bIBAIOT C TAKMM IIPOLIEC-
coM 00paboTku, Kak peananus (Friederici, 1995;
Canseco-Gonzalez, 2000), a Tak:ke TOBBIIICH-
HbIEe TOTPEOHOCTU paboueit maMsaTu pu obpa-
OOTKE CJIOXHBIX IIPEIIOKEHMIM, a aMIUIMTyda
P600 orpaxkaer “ClI0XHOCTh CHMHTAKCUYECKOI
uHterpauun” (Kaan et al., 2000). Kpome Toro,
P600 cBg3BIBAIOT ¢ IOOAJIBHBIMU IIPOLIECCAMU
MOBTOPHOM 00paboTKM MHpopMalMu, KOoraa
OXMAaHMsI, OCHOBAHHbIE Ha MpaBuax, HE CO-
omonarorcs (Schmidt-Kassow, Kotz, 2009).

B xoHTekcTe comocTaBiieHMsI CJIOB C paHee
MpOYUTAaHHBIM, 3HaYyeHe KOMITOHeHTOB N400 1
P600 oTHOCAT K TAaKKM IIpoLeccaM IaMsITh, KaK
y3HaBaHUe U BcriomuHaHue (familiarity and
recollection) (Mandler et al., 2010). Y3HaBaHueMm
CUMTAETCSI CyOBEKTHUBHOE IEPEeXUBAHUE TOTO,
YTO CTUMYJ BCTpEYajicsl paHblle, MPU HEBO3-
MOXXHOCTU BCIIOMHUTbH KaKylO-JTUOO KOHTEKCT-
HYI0 MTH(QOPMAIINIO OTHOCUTEIbHO JAHHOTO CTH -
Myaa. BcrnoMuHaHuWe, HANpOTUB, TO3BOJISIET
BOCCTAaHOBUTbh Kauye€CTBEHHYIO MH}OpMaIuio o
MPOUCXOASIIEM COObITUM, HATIPUMED, IIEe U KO-
raa oHo npousouuio (Yonelinas, 2010). Y3HaBa-
HIE aCCOLIMMPYIOT C HEraTUBHOM BOJHOI, MMe-
IOIIIeit MAaKCUMYM BO (DPOHTATBbHBIX OTBEICHMSIX,
KOTOpasi HauuHaeTcsl IpuMepHo dyepe3 300 mc
rnocJjie MpeabsBACHUSI CTUMYJIa, a BCIIOMUHA-
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HUE — C INO3UTUBHOM BOJIHOM, MMEIOLIECH MaK-
CUMYM B MapueTAIbHBIX OTBEACHUSIX U HAaUMHA-
olieiicsa npumepHo yepe3 500 Mc nmocie npeab-
apieHust ctumyia (Woodruff et al., 2006).
Takum o6pa3oM, eciy OpoLEeCChl BOCOPUSITUS U
CIIMYEHMSI TOJBKO YTO IIPOYUTAHHOIO M paHee
MNPeIbsBIEHHOTO CJI0BA OTJIMYAIOTCS Y AeTe, IO~
POCTKOB M B3pPOCJIbIX, TO 3TU OTJIUYUSI BEPOSITHEE
BCEro HallyT cCBO€ OTpa’keHHE B U3MEHEHMSIX
napameTpoB KoMrmoHeHToB N400 ¢ (poHTO-11eH-
TpajabHOM JJoKanu3auueii 1 P600 — ¢ meHTpoO-
napueTaabHOU. [IprMedaTenbHO, YTO JOCTOBEP-
HBIX pa3inyuii B TornorpauyeckoM pacrnpeacse-
HUM, aMIUIMTyae U JlaTeHTHocTu P600 mpwu
comocTaBjieHUM JeTeit 8—15 JeT u B3pocCbIX He
BhIsIBJICHO (Atchley et al., 2006), Torma Kak OHU
ormcanbl 11 KomnoHeHTa N400 (Holcomb et al.,
1992; Friederici, 2006). Jlokanu3auus N400 y
JIeTeil He OrpaHUYMBAETCS 3aThIOYHBIMU U 1IEH-
TpO-NapueTaIbHBIM OTBEACHUSIMU, KaK Y B3pOC-
abix (Holcomb et al., 1992), a 3axBatbiBaeT J100-
Hble obnactu (Friederici, Hahne, 2001, Atchley
etal., 2006). DTi TaHHbBIC TTO3BOJIVIIN MPEAIIOIO-
KUTb, 4TO paznnuus komnoHeHToB N400 u P600,
CBSI3aHHbBIE C IMCKPUMUHALIUEH CTUMYIa, (DOPMU-
pYIOTCSI BOHTOreHe3e He omHoBpeMeHHo. Llenb pa-
OOTbI — MPOBEPUTD ITY TUITOTE3Y 1 OLIEHUTh OHTO-
reHeTUYEeCKUE W3MEHEHUS pa3Iuyuii KOMIIO-
HeHTOB N400 u P600 CCII npu 3puUTEIbHOM
MNpeabsBACHUN HOBBIX M ITOBTOPSIOLIMXCS CJIOB
y IeTei, MOAPOCTKOB 1 B3POCJIbIX.

METOJUWKA
Hcnvimyemvie

B uccnemoBaHuM NpUHSUIA yyacThe AETU 9—
11 netr (cpemnuii Bo3pact = 9.9 £ 0.7, N = 25,
10 ManpuuKOB), TOAPOCTKHU 12—14 neT (cpemHuii
Bo3pact = 12.9 =+ 0.8, N = 17, § MaAbuUuKOB) U
B3pocible (cpemHuii Bo3pact 23.5 + 5.7, N=22,
7 MyX4WH). JleTu ¥ MoaApOCTKU 00y4aaucCh B ro-
CyIapCTBEHHbBIX 00IIe00pa3oBaTeNbHbIX IIIKO-
JIaX, B3pOCJIble UMEJIN BhICIIIee 0Opa30BaHUE WU
obydannch B BY3ax. PomHBIM SI3bIKOM IJ1 BCeX
HUCOBITYeMbIX ObL1 pycckuii. Poogurenu (3akoH-
Hble TIPEICTaBUTENIM) HECOBEPIICHHOJIETHUX
YYaCTHUKOB MCCJIEIOBaHUSI TMPEICTaBUIN H00-
pOBOJIbBHOE TMNHUCbMEHHOE WHMOOPMUPOBAHHOE
coriacue, IMOANKUCAHHOE MMM MOCJIE Pa3bsICHE-
HUSI UM IOTEHIMAJbHBIX PUCKOB M IIPEUMY-
LIECTB, a TaKXKe XapakTepa IPeACTOSIIETO MC-
cilenoBaHusi. Bce mcIbITyeMble y4acTBOBaIU B
nccienoBaHusIX 1oOpoBoabHO. Bee uccienona-
HUSI IPOBEICHBI B COOTBETCTBUU C MPUHLIMIIAMU

KYPHAJI BEICHIEVM HEPBHOW OEATEJIBHOCTU

OMOMEIUILIMHCKOM 3TUKM, CHOPMYINPOBAHHBI-
MU B XeJIbCUMHKCKOM nekJiapauuu 1964 r. u ee
MoCJIeAyIOIMX OOHOBIEHUSIX, U of00peHbl Ko-
MHUCCHUEl O 3TUKEe OMOMEIULIMHCKUX UCCICA0-
BaHuit UD®B PAH.

Ilcuxonoeuueckoe mecmupoearue

OneHKa HeBepOaJIbHOIO MHTEJIJIEKTA IIPO3-
BOIMJIACH C VCITOJIb30BAaHMEM METOOUKU TecTa
Kerrenna (Cattell, 1973).

OueHka nokasatelieili paboueil mamMsTH IIPo-
M3BOAMJIACh HA OCHOBE CyOTeCcTa Ha ITIOBTOPEHUE
o@POBBIX PSIAOB (B MPSIMOM M OOPaTHOM IIO-
panke) metoguku [I. Bekciaepa — tect WISC
(Wechsler Intelligence Scale for Children) B
aJanTUPOBAHHOI U CTAaHIAPTU3UPOBAHHOM BEp-
cuu (PunumoHeHKo, Tumodees, 1994). B kaue-
CTBE MHTETrPaIbHOM OLIEHKU MPUBEAECH CyMMap-
HBII TT0Ka3aTesb pe3yJbTaTOB ABYX TECTOB.

CKOpOCTb UTEHHUSI M KavyeCTBO ITOHMMAHMUS
TEKCTa OLIEHUBAJIM TOJBKO Yy AeTeid 1 MOAPOCT-
koB 110 Mmetonuke CMUWHY (Kophes, Uimmo-
Ba, 2010). Metonuka CMHWHY Bxittouaet 2 Tek-
CTa, pa3nyalouIuxcs Mo YPOBHIO CJIOXKHOCTU, U
MO3BOJISIET OLEHUTh CJEAYIOIIMe IlapamMeTphl:
CKOPOCTb YTCHUSI, YMCIO OLIMOOYHO IIPOYUTAH-
HBIX CJIOB, KAY€CTBO TIOHMMAaHMUSI TEKCTa, KO3(h-
dunreHT TexHUKU yTeHus (KTH). O6bem Kax-
noro Tekcra okosio 200 cios. [ToHrnMaHue olie-
HUBAJOCh II0 KOJMYECTBY BEpPHBLIX OTBETOB Ha
10 craHAapTHBIX BOIIPOCOB K (pparMeHTy TEKCTa
obbemoM B 95—110 cioB. B cooTBeTCTBUM C Me-
TOIMKOM MJIs1 yyalnuuxcsl 3-ro Kjacca HOpMaJib-
Hasl CKOPOCTb YTCHMsI [OOJ/DKHA IIPEeBbIIIATH
54 cnosa B MuH, KTY 601b111e 85; 4-ro kjiacca —
74 cnosa B MuH, KTY 6ompine 87, 5-ro Kiracca —
80 cioB B MuH, KTY 6o0:b111e 88, 6-ro Kjiacca —
84 cnosa B MuH, KTY 6osbie 90.

Bce BrlI€OnIMCaHHBIE TECTHI BRINOJHSUINCH C
LIEJIbIO YCTAaHOBUTh COOTBETCTBUE PA3BUTHS IE-
TEW 1 TMMOAPOCTKOB BO3PACTHOM HOPME.

CmumynsHotit mamepuan

TecT yTeHUs CIOB B ITapaaurMe IMCKpruMuHa-
LIMOHHOTO BbIOOpA CoAepKayl TPU TUIMA CTUMY-
JIOB: TIEPBbIIA CTUMYJI colepxKaJll 2 cjoBa (Cylle-
CTBUTEJILHLIX B UMEHUTEJILHOM Majexe, u3 2—
3 CcJIOroB, YaCTOTHOCTh B KOPILyCe IIMCbMEHHOTO
pycckoro sa3bika (https://ruscorpora.ru/new/)
He MeHee 10 ipm, HampuMep, “KpoKoaui Oere-
MOT”), BTOPO CTUMYJ — CYyIIECTBUTEIbHOE B
WMEHUTEIbHOM TTajieXe, KOTOPOEe MOTJIO MOBTO-
Ne 4
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oereMoT

xupad

KPOKOIUJI
0ereMoT

OTBET

.

Puc. 1. CtpykTypa npo0Obl 1 BpeMeHHasi TOoCcIeno-
BaTeJIbHOCTb COOBITUII B TecTe OUCKPUMUHALIMU
CJIOB.

Fig. 1. Structure and timing in a discrimination task.

4000 mc

2000 mc
0 Mc

pATh JIt0O60€ U3 TIepBOIA Mapbl (HampuMep, “Kpo-
Koaun”), 100 ObITh HOBBIM (HAIIpUMEpP, “Bep-
0101”), TPETUI CTUMYJI — 3HaK BOIpoca, Iocie
MOSIBJIEHUSI KOTOPOTO UCITBITYEMBbII JOJKEH ObLIT
JIaThb OTBET, HAXKaB Ha COOTBETCTBYIOLILYIO KHOII-
Ky (puc. 1). JIauTesbHOCTh KaXX/I0TO CTUMYJIa CO-
crapisuia 2000 Mc, MHTEpBaJI MEXIY 1-M U 2-M,
2-M 1 3-M ctumyiiaMu BapbrupoBai ot 0 1o 300 mc,
TakKMM 00pa3oM, JIUTEJIbHOCTh MPOObl COCTaB-
Jsuta ot 6000 mo 6600 Mc. laHHasg mapagurma muc-
CJIEOBaHUS MTO3BOJISIET aHAJIU3UPOBATh OTAEIIb-
HO KaXAblii 3Tam 4yTeHus: 1) 4yTeHWe MNepBbIX
JIBYX CJIOB; 2) YTeHUE MOBTOPSIOIIETOCS CJIoBa U
3) uTeHME HOBOI'O CJIOBA.

IIpouedypa uccnaedosanus

B xonme mpenBapuTeabHOro o0CIeIOBaHUS Y
WCIBITYEMbIX OLICHUBAJIM ITOKa3aTeJIM YTCHUS,
paboueli maMsaTU U UHTEeIeKTa. B ciydae, ecnu
9TU I10Ka3aTeJu COOTBETCTBOBAJIM BO3PACTHOIL
HOpME, WCHOBITYeMblii OpMHUMAN y4acTue B
D3I -uccnemoBaHum, B X0lIe KOTOPOIO OH BBI-
TTOJTHSUI TECT IMCKPUMUHALIMU CTUMYJIOB. B xone
TPEHUPOBOYHOI CepuM, LIEJbI0 KOTOPOUl ObLIO
YCBOE€HME UHCTPYKLIMU, UCIILITYEMBIM IIPEabsIB-
JISLJIOCH 110 5 TIp00 Kaxaoro Tuiia. DKCIIepUMEH-
TajabHas cepusl coaepxaia 1mo 70 mpob Kaxmoro
TUMA, KOJIUYECTBO MPOO JIMMUTUPOBAHO IOITY-
CTUMOM I NETEH IPOTOJIKUTEIILHOCTBIO HC-
clieoBaHUsI, KOTopasi He IOOJKHa IpeBbIIIATh
25 MUH, BKJII0Yasi TPEHUPOBOYHYIO CECCUIO U 3a-
nuchk poHoBoit DDI. CTUMyNBI TPEIbSBISUINCH
Ha s3kpaHe MoHutopa (Dell P2213, pazmep Buau-
MO o0JTacT! o muaroHanu — 55.88 cMm), pacrio-
JIO)KEHHOTO Ha PaCCTOSIHUM 1 M OT IJ1a3 UCIIBITY-
emoro. [lpudt — 36, Arial, yepHbIit IIpUdT Ha

XYPHAJI BBICIIIEM HEPBHOWM JEATEIBHOCTU
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6esioM ¢oHe, KOHTpacT wuzodbpaxkeHus 50%.
Yroj1 0630pa cCOOTBETCTBOBAJ ONTUMAaJIbHBIM YT-
Jam ot —15° mo 15° (Yynkos, 2011). ITapHbie
CTUMYJIBI pacroJjiaraJiiCch II0 IIEHTPY 3KpaHa
OIIVH TIOA APYTMM, ONMHOYHBIC pacroyarajnch
T10 LIEHTPY 9KpaHa. YPOBEHb OCBEIIEHHOCTH T10-
mereHust — 200—300 JIk.

Bo BpeMms BbIIIOJIHEHUS TeCcTa IIPOBOAUIACH
perucTtpauus MoHonoJisipHoit DBI" ot 19 anek-
TPOAOB, pacIOJIOXXEHHBIX II0 cucreme 10/20
(Fp,, Fpy, Fs, FZ, Fy, Fy, Fy, Cs, Cz, Cy, T, T, T,
T, P;, Pz, P,, O,, O0,), c uctiojib30BaHueM OOI11e-
ro ycpeaHeHHOTo pedepeHTHOr0o MOHTaXa, 3a-
3eMJISIIOLLUI 37EKTPO/, PACIOarajicsi Ha rojioBe
HCIIBITYEMOTO B 001acTy Beprekca. st peructpa-
oy DOI mcrmonb3oBaH 3eKTpodHIIedamorpad
Heiiposuzop BMM NVX 52 ¢dupmbr Neurobot-
ics (3enenoropck, Poccus). ComnporupieHue
9eKTpoaoB He npeBbiano 10 KOM. D3I peru-
crtpupoBaiiach B mojioce 0.53—50 I1i, gacrtora
auckperuszauun cocrasistia 500 I, cereBoit
duieTp 45—55 1. nsg peructpainy IBU-KEHUA
[Jla3 1 MOPraHuil MCHOJb30BaId OUITOJISIpHOE
OTBEJICHHE C PACIOJOXEHMEM DJICKTPOAOB B
paiioHe BMCOYHOTO yIJjla IIa3a U BepXHEro Kpas
rjiasa.

AHnanuz noeedenveckux OaHHbIX

I1o pesyabTaraM BBLITOJIHEHUSI UCIBITYEMbBIM
TeCTa UTEHUS CJIIOB PACCUYUTHIBAIM CJICAYIOIINUE
MOKa3aTeu: a) IPOLEHT IPaBUJIbHBIX OTBETOB —
KOJIMYECTBO BEPHO MPUHSTHIX PEIISHUIA, BKIIIO-
yaeT IpexXaeBpeMeHHbIe HaXaTus; 0) IPOLEHT
MPEXIEBPEMEHHBIX HaXaTuil — KOJIMYECTBO
MpaBUJIbHBLIX OTBETOB MPU HAaXKaTUU HA KHOIIKY
JIO MOSIBJICHMSI 3HaKa BOIIPOCA; B) IIPOLICHT Hpa-
BUJILHBIX HAXKATU — KOJIUYECTBO BEPHO IIPUHSI-
ThIX PELICHUI, B KOTOPBIX MCHBITYEMBIA CBOE-
BpeMeHHO (Iocjie 3Haka BOMNpoca) Haxaja Ha
KHOIIKY; 1) BpeMsl peaKlMd — BpeMsl, IIPOLLIE/I-
lee MeXIy MOSBISHMEM 3HaKa BOIIpoca M Ha-
>KaTMeM Ha KHOIIKY (PacCYMThIBAIOCH HA OCHOBE
MpaBUJIbHBIX HAXKATUIA).

CrarucTuyecKuii aHaJaIu3 IMPOU3BOINIIN B Ta-
kete mporpammM IBM SPSS Statistics, Bepcus 26.
CoOTBETCTBUE pacrpelnesieHuss HOpMajlbHOMY
ornpenessuii ¢ nomolbio kputepusi lanmupo—
VYunka. ITockonbKy He Bce UccCielOBaHHbIE Ma-
paMeTpbl ITOOYUHSIIUCHh 3aKOHY HOPMAaJbHOTO
pacnpeneyneHns, TO JTOCTOBEPHOCTh pPa3Indmnii
TepeYnCIICHHBIX BBIIIIE TT0OKa3aTeeiil B TpeX BO3-
pPaCTHBIX TpyTIax OLEHUBAIU C ITOMOIIbIO Hera-
pamerpuueckoro H-xputepusi Kpackena—Yoi-
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Juca. AmnocTepuopHble CpaBHEHMsI IIPOBOIU-
JIMCh ¢ TIoMolblo U-kputepusi MaHHa—YUTHU,
npuMeHs1ach nonpaska boHdeppoHU Ha Kou-
YeCTBO CpaBHEHMI (TpU BO3pacTa MexXIy CO-
0oit). B TekcTte mpuBeneHbl cpeqHUe 3HAYCHUS
rmokazareneili 1 95%-it moBepUTEIbHBIN MHTEP-
BaJI [UISI CPEIIHETO.

Anaausz DI dannbix

Oo6padoTtky DBI" n pacuer CCII mpousBonu-
m B iporpamme “WIinEEG” (Bepcus 2.140.113).
st ynaneHus 11a30ABUraTeIbHBIX apTe(akToB
1 MUOI'PaMMBbI ObLIT UCIIOJIb30BAH METO HE3aBH1 -
cuMmblXx KoMImioHeHT (Chaumon et al., 2015).
®DparMeHThbI 3alMCH, ColiepXKalllue APYrre BUIb
apTedakToB, yIAJISIIUCh U3 00pa0OOTKU Ha OCHO-
Be BU3yaJbHOTO aHaimn3a. I3 ycpenHeHus Takske
NCKITIOYaINCh IIPOOBI, OIIMOOYHO OUCKPUMMU-
HUPOBAHHbBIE UCIILITYEMbIM, U IIPOOLI C TIPEXKIe-
BpeMEHHBIM HaxkaTueM. PacueT BbI3BaHHBIX T10-
TEHLIMAJOB TTPOU3BOAMIIU 11 BTOPOIO CTUMYJIa
npoObl (ITOBTOPSIONIEECS/HOBOE CJIOBO) JJIst
Kaxaoro u3 19 orBeneHuit (1151 HOCTPOSHUSI TO-
orpaMM pacopenejaeHuss aMIUIUTyIbl ITMKOB
BBI3BAaHHOTO OoTBeTa). J1sT Kaxkmoii mpoObl Mpo-
M3BOAMJIACH KOPPEKIIUS U30JuHUMU. Pacuer BbI-
3BaHHBIX NOTEHIIMAJIOB IIPOU3BOAMIIM HA UHTEP-
Basie oT 300 MC HO TIpeIbsIBJIEHUS CTUMYJa IO
1000 Mc mocne mpeabsBiAcHUS CTUMYJa (BCEero
1300 mc). Ha aToM mHTEpBaJjie BEIACISIIN IJIS 10 -
cJIeIyIollIero aHajau3a ABa MUKa Mnocje MpeabsiB-
neHust ctumyia: N400 u P600. MHTepBabl 11st
pacueTta koMmnoHeHTOB N400 1 P600 6panu B co-
OTBETCTBUU C IUTepaTypHbIMU faHHBIMU (Hoeks
et al., 2004; Kim, Osterhout, 2005; Nieuwland,
van Berkum, 2005; Kutas, Federmeier, 2011;
Delogu et al., 2019) 1 Ha OCHOBE BU3yaJbHOI1
OLIEHKU: cooTBeTcTBeHHO, 350—550 m 550—
900 Mc mocJie TIpenbsBICHUS CTUMYJIA.

Hus cratuctudeckoro aHanusa CCIT komrio-
HeHT N400 ycpenHsuii o 6 orBeneHUsIM DD
(F;, Fz, F,, C,, Cz, C,), aP600 — 110 3 OTBeAeHUSIM
(P;, Pz, P,). BbiOOp KaHaIOB i1 yCpEeOAHEHUS
MMPOU3BOIMIN Ha OCHOBE JIOKAJIU3alluM MaKCH-
MyMa OTBETa B COOTBETCTBYIOIIEM BpPEMEHHOM
okHe. [IukoBBIE aMIUIMTYAbl BBIYMCIISUINA IS
KaXXA0ro MCIBITYeMOTo OTAeabHO: it N400 —
9TO MaKCUMaJIbHOE 3HAaUY€HUEe aMIUIUTYIbl CUT-
Hajla BO BpeMeHHOM okHe 350—550 mc, a mis
P600 — 550—900 mc. Kpome Toro, mist Kaskaoro
3HAYCHUSI MUKOBOI aMIUIMTYABI OIIpeaeisuiach
JIATEHTHOCTb. B TekcTe mnpuBeneHbI CcpenHue
3HAUYCHUSI ToKaszaresieil u 95%-ii moBepUTEIIb-

KYPHAJI BEICHIEVM HEPBHOW OEATEJIBHOCTU

HbIM1 uHTepBand mjs cpeaHero. CooTBEeTCTBUE
pacripefe/ieHus] HOpMaJbHOMY OMNpEAesiIu C
nomoltpio Kputepus Illanupo—Yunka. Ilo-
CKOJILKY HE BCE€ MCCICAOBAHHbIC ITapaMeTphl
MOIYMHSUIMCH 3aKOHY HOPMAaJILHOTO pacrpeesie-
HHUS, TO JOCTOBEPHOCTh MEXIPYMNIIOBBIX Pa3jiu-
YUl aMIUIMTYI U JJATEHTHOCTEN ITMKOB, BBIYMC-
JIEHHBIX JJI1 KaXJ0ro HCIIbLITYeMOIo OTIEIbHO,
OLIEHMBAJIM C MOMOIIBIO HENapaMeTPUIEeCKOTO
H-xputepusi Kpackena—Yosnuca. Arnoctepuop-
HbIE CpaBHEHYSI IPOBOAWIMCH C IOMOILBIO U-Kpu-
Tepusi MaHHa—YUTHU, TIpUMEHsUIaCh MOIPaBKa
bondepponn Ha KOIMIeCcTBO CpaBHEHWIA. AMILIN -
TY/bl 11 JIJATEHTHOCTY ITMKOB Ha TTOBTOPSIOLLIMECS U
HOBBIE CJIOBA CPAaBHUBAJIM MOIMAPHO BHYTPU KaxK-
JIO¥f BO3pAaCTHOM IpyMNIibl C UCTTOJIb30BAHUEM He-
napamerpudeckoro 7T-kputepusi BuiakokcoHa
IJISL CBSI3aHHBIX BHIOOPOK C MOCJIEAYIOLICH KOp-
PEKTUPOBKOIM YpPOBHSI 3HAYMMOCTHU Ha KOJIMYE-
CTBO BO3paCTHLIX Ipymnil (3) U KOJIUYECTBO CpaB-
HMBaeMBbIX IToKa3zaTejieid (2, aMIUIMTyda W Ja-
TEHTHOCTD).

IToMuMo cpaBHEHUSI TUKOBBIX aMILIUATY
BHYTPU KaXKI10i1 TPYTIIbI COMOCTAaBJISUIN CPEIHUE
amMruTyabl KoMrmoHeHToB CCIT Ha moBTOpsIIO-
leecss U1 HOBOE CJIOBO Ha IOCJIeI0BaTEIbHBIX
WHTEpBalIax AJIUTEIbHOCTBIO 50 MC ¢ MOMOIIBIO
T-xputepusi BuikokcoHa mjisi CBSI3aHHBIX BbI-
oopoxk. s muka N400 ObL1 ncciaenoBaH MHTEP-
Bas oT 350 mo 550 Mc, Ha KOTOpOM pacriojara-
Jiock yeThipe “sroxu” 1mo 50 mc (350—400, 400—
450, 450—500, 500—550 mc). st muka P600 6611
n3ydeH uHTepBai oT 600 mo 900 Mc, Ha KOTOpOM
pacrojarajioch mecTh “31mox” 1mo 50 mc. ITpnme-
HSIJIM ToTpaBKy boHdeppoHM 1T KOppeKTH-
POBKM YPOBHSI 3HAUMMOCTHU TMIOTE3bl HA KOJIM-
yecTBO cpaBHeHUii. CTaTUCTUYECKUII aHaIU3
Npou3BOAWIN B maketre mporpamMMm IBM SPSS
Statistics, Bepcus 26.

PE3VJIBTATHI UCCJIEAOBAHUN
Tlosedenueckue darnmbie

AHanu3 4YTeHUs TEKCTOB II0 METOAUKE
CMMWMHUY BBISIBUII, YTO XOTS CKOPOCTh YTEHUS Y
neteit 9—11 net ObUIa HUKE, YeM Y MOAPOCTKOB
12—14 et (87.98 & 29.04 1 133.07 £ 24.32 cioB B
MHH COOTBeTCTBeHHO, H = 15.560, p < 0.001),
OQHAKO XapaKTepPUCTUKU ITOHMMAHUS MPOYM-
TaHHBIX TEKCTOB B 3TUX IpyIllaxX He pasjinya-
JIMCh, KO(POULMEHT TEXHUKU YTCHUSI, YIUThI-
BaloOIIUi KaK CKOPOCTh YT€HMsI, TaK U TTOHUMa-
HUe TIpounTaHHoro, cocrtasisui 100.8 u 103.6
COOTBETCTBEHHO. TakuM 00pa3oM, MO BCEM MC-
Ne 4
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Ta6mmma 1. TTpoleHT MpaBUJIBHBIX OTBETOB, KOPPEKTHBIX HAXKaTUI U MIPEXKIEeBPEMEHHBIX peaKIIUii y IeTei, TTOAPOCTKOB
U B3POCJIbIX IIPU BIOOPE MOBTOPSIIOIIETOCs] UM HOBOTO CJIOBA
Table 1. Percentage of correct answers, correct clicks and advanced reactions in children, adolescents and adults during dis-
crimination of old/new word

% TIpaBUIBHBIX

% TIpeXIeBpeMEeHHBIX

% TIpaBUIbHBIX

BpeMsA p€akKlM1 OTBETa

OTBETOB OTBETOB HaxKaTui Ha CTUMYJ (MC)

IToBTOpsIIOLIEECS CTOBO
netu 9—10 ner 90.745 £ 3.799 6.014 + 2.295 84.731 +£4.752 675.948 + 63.229
noapocTtku 12—14 et 96.322 +2.236 2.001 £ 1.234 94.322 + 2,511 674.235 + 82.628
B3pOCJIble 97.515 £ 1.466 1.223 £ 0.761 96.292 + 1.617 618.730 + 62.248

net 9—10 ner

nonpoctku 12—14 et

B3pPOCJIbIC

90.243 + 3.836
95.248 +2.805
97.440 £ 1.662

Hosoe cnoso
3.915 £ 1.874
1.746 £+ 0.983
0.376 £ 0.221

86.329 + 4.331
93.502 £+ 3.305
97.065 £ 1.661

742.430 £ 71.810
745.525 £ 96.083
664.239 £ 73.346

Ilpumeuanue: IpuBENCHBI CPEAHUE 3HAYCHUS U 95%-11 MOBEPUTETBHBIN MHTEPBAI IIJISI CPEMHETO.
Note: the average values and the 95% confidence interval for the mean are given.

CJIeMOBAaHHBIM ITOKA3aTEe/ISIM JETU U MOAPOCTKHI
COOTBETCTBOBAJIM BO3PACTHOI HOpMe.

CpenHue mmokasaTeau WHTEIeKTa, OlieHUBa-
emoro 110 metoauke Kerremnia, B rpynmnax getei,
MOAPOCTKOB U B3POCJIbIX TAKXE COOTBETCTBOBA-
JIM BO3PAaCTHOI HOPME U COCTaBUJIM COOTBETCTBEH-
Ho 115.889 =+ 11.14; 106.929 + 13.58; 117.3 + 13.3.
O061bem paboueii maMsITH y IeTel, TOAPOCTKOB U
B3POCJIbIX OLIEHUBAJICSI HA OCHOBE cyOTecTa Me-
tonuku Bekciiepa “noBTropeHre HU(MPOBBIX psi-
noB” (B MpsAMoOM M obparHoM nopsake). MHrte-
rpaJibHbI MOKa3aTesib BBIMOJHEHUSI CyOTecTa
COCTaBUJI COOTBETCTBEHHO 8.3 + 1.3;9.9 = 2.1 u
12.1 £ 4.5. C ucnonbzoBanueMm kputepus Kpac-
KeJia—YoJuiuca BbISIBJIEHbl 3HAUMMBbIE Pa3Indus

MEXIY BO3PACTHBIMU TpYIIIIaMU (X(22> = 30.341,
ckoppekTupoBaHHbIi p = 0.001), mpu 3TOM HeET
JNOCTOBEPHBIX OTJIMYUI MeEXAy NeTbMU W MOI-
pOCTKaMu, OJHAKO 00e rpymIibl AeTeil oTauya-
1oTcs oT B3pocablx (U =40.50, p =0.000 u U=
= 83.50, p = 0.000 COOTBETCTBEHHO).

HcnbiTyeMble BceX BO3pPAaCTHBIX  IPyI
YCIIEIIHO CIIPaBUJIMCH ¢ nuddepeHanmneii mo-
BTOPSIIOLLIETOCs] WJIM HOBOro cjoBa (Tadi. 1).
IIpouieHT OLIMOOYHBLIX OTBETOB HE IMpPEBHIIIAI
2.5% y B3pociibix, 4% y 11oapocTKoB 1 9.5% vy ne-
teii 9—11 net. I1pu aHanIM3e pe3yabTaTOB BhIIOJ-
HEHMsI TecTa C MCIIOJIb30BAaHUEM KpUTEPUS
Kpackena—Yonnuca BbISIBJI€Hbl 3HAUMMBIE pa3-
JIMUMST MEXIY BO3PACTHBIMU IpyIlliaMu B IOKa-
3aTesIsIX peakKluy Ha IIpeabsBICHUE TTOBTOPSIO-

XYPHAJI BBICIIIEM HEPBHOWM JEATEIBHOCTU

IIIErOCsl CJIOBA MO MPOLIEHTY MPaBUJIbHBIX OTBE-
TOB (X(zz) = 13.889, ckoppektupoBaHHbIii p = 0.003)

1 KOPPEKTHBIX HAXKaTUI (xfz) =16.338, p = 0.001),
a TaK:Ke Ha MpeabsiBCHUE HOBOTO CJIOBA I10 ITPO-

LEHTY IPaBUJILHBIX OTBETOB (x(zz) = 13.334, p =
=0.003), KOPPEKTHBIX (X(zz) = 20.597, p = 0.001)

U IpeXIeBpeMEHHBIX (sz) = 19.813, p = 0.001)
HaxaTuii. IIpolieHT IpaBUIbHBIX OTBETOB Ha
MoBTOpsiolIeecs: cjioBo y aeteid 9—11 jeT ObLn
JOCTOBEPHO HIKe, 4yeM Y noapocTtkoB (U = 115.00,
ckoppekTupoBaHHbIii p = 0.03) u B3pocabix (U=
= 110.50, p = 0.000), KaK M IPOLEHT KOPPEKT-
HbIx Haxkatuii (U= 105.00, p =0.01 u U= 96.50,
p =0.000 cOOTBETCTBEHHO), 110 IIPOLICHTY MPEX-
JIEBPEMEHHBIX HAXXKATHUM JOCTOBEPHBIX PA3INYMNI
BbIsIBJIEHO He ObL10. [Tpu BeIOOpE HOBOTO ClloBa
IPOLEHT NMPaBUIbHBIX OTBETOB U KOPPEKTHBIX
HaxaTuii y neteit 9—11 net Ob11 JOCTOBEPHO HU-
ke, ueM y B3pocibix (U= 106.50, p = 0.001; U=
=70.00, p = 0.001 cooTBercTBeHHO). Kpome TO-
ro, IIpu BEIOOPE HOBOTO CJIOBA AE€TU U MOAPOCTKU
JIOCTOBEPHO OTJMYAJIMCH IO TPOLICHTY MpeXIe-
BpPEMEHHbBIX HaxkaTuii ot B3pocibix (U = 86.50,
p=0.001u U=94.00, p=0.01 cCOOTBETCTBEHHO),
YTO MOXET CBUACTEJILCTBOBATh O HE3PEJIOH CU-
cTeMe ynpapsiioluux QYHKLIUNA y aeTeit v moji-
pocTKoB. He BBHISIBI€HO JOCTOBEPHBIX BO3PACT-
HBIX OTJIMYMI 1O BpPEeMEHM peaklyuu HU Ha
MpeabsBACHUE ITOBTOPSIOLIEIOoCcs, HU HOBOTO
cyioBa. ITOoCKOIBKY y UCTIBITYEMOTO He OBLIO 3a-
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a4y HakKMMaTh KaK MOXHO OBbICTpee, CTPOTo I'o-
BOpSsI, OTOT TMOKa3aTeIb Helb3sl CYUTATh HATIPSI-
MYIO CBSI3aHHBIM CO CKOPOCTBIO MPUHSITUSI pe-
IICHMSI.

Mexay nBymMs TUIIaMuy NIpo6 (IMMoBToOpsIolIee-
Csi/HOBOE CJIOBO) IOCTOBEPHbBIE OTJIUYMSI BbISIB-
JIEHBI TOJIBKO TT0 BpEMEHU peakliMm: y B3POCIbIX
(KkpuTepuii 3HAKOBBIX PaHTOB YMJIKOKCOHA Z =
= —3.425, ckoppektupoBaHHbIi p = 0.004),
noapocTkoB (Z=—3.148, p = 0.008) u nereii (£ =
= —3.350, p = 0.004) BpemMs peakLi1d Ha HOBOE
CJIOBO MEHBIIIE.

AHanu3 c6a3aHHbBIX ¢ COObIMUEM nomeryuanoe

AHaJ13 TOIOTpaMM BbI3BaHHBIX OTBETOB I10-
KazaJ, 4To Jokanu3aius KomrmoHeHTa N400 nmeet
CXOIHBII XapakKTep BO BCEX BO3PACTHBIX T'PYM-
ax, 3aXBaTbIBasi JOOHBIE OTIEJIbI C MAKCUMYMOM
B [z st moBTOpSstIolerocs ciosa (puc. 2 (a), I), u
cjierka cMmeniaeTcs B cTopoHy CzZ y MOIPOCTKOB U
B3POCJIBIX B CUTyalluU TPEIbsIBICHUSI HOBOTO
cioBa (puc. 2 (6), I). ITosTomMy mns aHanusa
koMmrioHeHTa N400 mpousBoguan ycpegHeHHe
o orseaenusm ks, £, F,, C;, C,, C.. Makcumym
amrutyasl P600 HaGomancss BO BpeMEHHOM
uHTepBane 700—800 mc B Pz 'y aeTeil 1 moapOCT-
KOB IpPY MPENbsIBICHUU TTOBTOPSIOIIETOCs CJI0-
Ba (puc. 2 (a), IIT) u 6bL1 cMelIeH BIpaBO NMpu
NpeabsIBICHUN HOBOTO cjioBa (puc. 2 (0), 11I).
Y B3pociibIx HEOOJIbIIAs TPABOCTOPOHHSIS JlaTe-
panM3auusi HaGaoaalach B 000MX Ciydyasix Ha
unrepBane 600—700 mc (puc. 2, II). I[TosTomy
11 aHaim3a KomIoHeHTa P600 mpousBoauiv
yCpenHeHue 110 oTBefeHusM Ps, P, P,.

Bospacmusie pazauuus

MeXrpynroBoii aHaau3 3HaA4YeHUd MaKCH-
MaJIbHOM amruiuTyabel mukoB N400 u P600,
onpeneaeHHbIX WHINBUAYAJILHO Y KaXIOTO MC-
OBITYeMOTO, IT0Ka3aj, YTO ¢ BO3PACTOM aMILIU-
Tyma obomx mcciaenyeMbix KomrnoHeHToB CCII
YMEHBIIAETCSI. ODTO CIpaBedIUBO KakK s
OpeIbsBICHUS IOBTOPSIOLIETOCS, TAK 1 HOBOTO
cnosa (ta6:. 2). 3nauenus x? (npu p < 0.001 Ha

nosropsioneecst oo N400 — yi, = 26.084,

P600 — sz) = 30.354) u pe3yJIbTaThl alIOCTEPUOP-
HBIX CpaBHEHUM IMOKa3aJiu, YTO MaKCUMaJlbHasI
amrumtyaa komroHeHToB N400 u P600 B orBeT
Ha MpeabsBIECHUE TMOBTOPSIOIIETOCs CJloBa He
pasauyajiach IOCTOBEPHO MEXAYy J€TbMU U MOA-
pOCTKaMM, B TO Xe BpeMsl ObLIN BbISIBJICHBI 10-
croBepHbIe (p < 0.001) oTAnYMsI MEXAY IETbMU U

KYPHAJI BEICHIEVM HEPBHOW OEATEJIBHOCTU
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Puc. 2. Tonnorpaduyeckoe pacrnpeneiaeHue 3hdex-
ToB N400 (ycpenneno no orsenenusm Fi, Fy, F,, C;,
C4, C, Ha unreppane 400—500 mc (I)) u P600
(ycpenneHo no orsenenusam P, P,, P, Ha nHTepBa-
smax 600—700 (II) u 700—800 (III) mc) mpu uTeHUU
noBTOpsitolerocs (a) 1 HoBoro (6) CJI0B B IpyIIax
NeTel, TOIPOCTKOB U B3POCIIBIX.

Fig. 2. Topographic distribution of N400 (averaged
F, Fy, F, C;3, C4, C, at the interval 400—500 ms (1))
and P600 (averaged P;, P, P, at intervals 600—
700 (I1I) and 700—800 (I1I) ms) during reading repet-
itive (a) and new (6) words in children, adolescents
and adults.

B3pocibiMu (N400 — U = 53.000; P600 — U =
=44.000), a TakxKe MeXAy IOAPOCTKAMU MU
B3pociabiMu (U = 48.000, U = 34.000 cooTBeT-
Ne 4
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Ta6mmna 2. 3HaueHuss aMITUTY a6l (MKB) 1 matreHTHOCTH (MC) TTMKOB N400 1 P600 y meteii, TOIpOCTKOB U B3POCIIBIX
Table 2. Values of amplitude (V) and latency (ms) of N400 and P600 peaks in children, adolescents and adults

N400 P600
Amruiuryna, MkB JlaTeHTHOCTb, MC Amiuiutyna, MkB JlaTeHTHOCTb, MC
OTBeT Ha MOBTOPSIIOLLEECS CIIOBO
Hetn —2.439 £ 0.337 474.080 + 25.077 4.060 = 0.709 748.000 £ 43.887
IMonpocrtku —2.312£0.472 470.118 £ 30.087 3.281 £ 0.579 731.765 £ 42.501
B3apociible —1.130 = 0.266 486.909 + 33.193 1.643 £ 0.260 688.000 + 32,527
OTBET HAa HOBOE CJIOBO
Hetu —2.931 £ 0.431 470.720 £ 23.767 3.691 £ 0.771 736.160 £ 43.026
IMonpoctku —2.198 £0.343 462.588 + 30.703 2.409 £+ 0.629 686.353 = 55.619
Bspocirbie —1.420 £ 0.204 441.091 £ 25.600 1.328 + 0.266 674.546 + 47.432

Ipumeuanue: IpuBENCHBI CPEAHUE 3HAYCHUS U 95%-11 MOBEPUTENBHBIN MHTEPBAI IIJISI CPEMHETO.
Note: the average values and the 95% confidence interval for the mean are given.

CTBEHHO). YTO KacaeTcsi HOBOTro CJIoBa, TO aM-
matyaa nuka N400 mocToBepHO pasivyaiach

MEXIYy BCEMU TIpynIaMy MCHBITYEMbIX (X(zz) =
= 31.866, p < 0.001), Torma kak amruTyaa P600

(X(zz) = 24.777, p < 0.001) paznuyagach TOJbKO
Mexay aeTbMu U B3pociabiMu (U = 59.500, p <
<0.001) 1 mMexay B3pOCILIMUA U MOAPOCTKAMU
(U= 74.500, p = 0.004), ognako HabjmogajIach
TeHISHLIUS K OTJIUYUSIM MEXIY MOIPOCTKAMU 1
netbMmu (ckoppektupoBaHHLI p = 0.08). locTto-
BEPHBIX MEXKBO3PACTHBIX Pa3INYUiil JIATEHTHOCTH
nukoB N400 u P600 misa xaxmoro TUIla CTUMY-
JIOB BBISIBJICHO HE OBILJIO.

Omauuus, céA3aHHblE C 3A0AHUEM

BHyTpurpynnoBbie cCpaBHEHUSI MaKCHUMalb-
Holi aMmmuTyabl uka N400 He BbISIBUIN JOCTO-
BEPHBIX pa3JIMUMii OTBETA HA MOBTOPSIIOLIEECS U
HOBOE CJIOBO HU B OJHOI M3 BO3PACTHBIX I'PYIIIL
(puc. 3, I). CpenHue 3HaYe€HUSI aMILUIATYIbI OT-
BeTOoB Ha mHTepBanax 350—400, 400—450, 450—
500 u 450—550 Mc He pa3nUYaAIMCh y OETel U
noapocTKoB. OMHAKO B TPyIINe B3pOCIbIX ObUIH
BBISIBJIEHBI pa3inuus Ha uHrepBanax 350—400 mc
(Z=—-2.549, ckoppektupoBaHHbIii p = 0.044) n
400—450 mc (Z = —2.906, cKoppeKTUPOBAHHBII
p =0.016). Paznuumsa B mateHTHOCTH nuka N400
MEXIy OBYMS TUIAMMU CTUMYJIOB HE IIPOSIBIISI-
JINCh y IeTeii 1 MOAPOCTKOB, a ObLIM OOHapyXe-
Hbl TOJILKO B TPYINE B3POCJBIX: JIATEHTHOCTh

XYPHAJI BBICIIIEM HEPBHOWM JEATEIBHOCTU
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nrka N400 B oTBET Ha HOBOE CJIOBO JJOCTOBEPHO
MeHBbIIIe, YeM Ha MoBTopgmwolieecs, Z = —2.640,
cKoppeKTupoBaHHbI p = 0.048.

BHyTpurpynmoBble MeKCTUMYJIbHbBIC Pa3 YU
amruutyasl P600 Bo Bcex BO3paCTHBIX TIpyIlnax
OLICHUBA/IM JIBYMS CIIOCOOAMMU: O MHAUBUIYaIb-
HBIM aMIUIMTYIaM M1Ka, a TAKXKE 110 CPEIHNM 3Ha-
YEeHUSIM aMIUIMTYIbl B MOCAEAOBATEIbHBIX OKHAX
1o 50 mc. ITo aMImIuTyaam nuka pa3andus Mex-
Iy CTUMYJIaMU OBLJIM BBISIBJICHBI B IPyIINax Mo -
POCTKOB U B3POCJBIX, 110 CPSAHUM 3HAYCHUSIM —
BO BCeX Ipynnax UCIbITyeMbIX. [1pu 3ToM nuko-
Basl aMIUIATy1a OTBETA, BLI3BAHHOIO ITOBTOPSIIO-
LIMMCS CJIOBOM, ObLa JOCTOBEPHO BHBIIIE, YEM
aMILIUTYy1a OTBETA, BHI3BAHHOTO HOBBIM CJIOBOM
(Taba. 2). JJocTOBEpHOCTh OTJIMYMII OlLIEHMBA-
Jachk T-kputepueMm BuiikokcoHa ajisi CBSI3aHHBIX
BBIOOPOK, IS TTIOOPOCTKOB Z = —2.911, ckoppek-
tupoBaHHbIN p = 0.024, ny1s1 B3pocnbix Z = —2.841,
ckoppektupoBaHHbIit p = 0.030. B rpynme nereit
JOCTOBEPHBIX OTJIMYMIA MaKCUMaJIbHOM aMILIn-
Tynbl muka P600 Mexmay AByMsI TUIIAMU CTUMY-
JIOB BBISIBJICHO He ObLI10. Jl0CTOBEpPHBIX OTIMYMIA
JaTeHTHOCTU IMKa P600 B oTBeT Ha MOBTOPSIO-
1eecsl 1 HOBOE CJIOBO HE ObLIO BBISIBJICHO HU B
OIHOM 13 BO3PACTHBIX I'PYIIIL.

IIpy comocraBieHUM CpemaHeil aMILTUTYIbI
P600 Ha moBTOpSItOIIEECS M HOBOE CJIOBO Ha TO-
cenoBaTebHbIX BpEMEHHBIX MHTepBajiax ot 600
110 900 mc ¢ marom 50 Mc BbISIBJIEHBI UHTEPBaJIbl
OTJIMYMI [JIsT  pa3HbIX BO3PACTHBIX TPYMII

Ne 4 2021
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Puc. 3. Paznuuus BeizsanHoro orsera (I) — N400 (ycpennennoro no orsenenusam Fs, Fy, F,, C;, Cy, C,), (II) —
P600 (ycpenHeHHoro no orseaeHusm Ps;, P, P,) Ha npenbsaBiieHre MOBTOPAIOLIErocs (4€pHbIi LIBET) U HOBOTO
(cepblii LIBET) CIOB B rpyImax aeteii (a), moapocTtkoB (6) 1 B3pocibiX (B). BeineneHbl HHTEpBaIbl JOCTOBEPHBIX
paznuumii. [To ocu abcrmce Bpemst OT Havyasia MpeabsiBICHUSI CTUMYJIa (MC), IO OCU OpAMHAT — aMIUTUTYIa OTBEeTa
(MxB).

Fig. 3. (I) — N400 (averaged over leads F3, Fy, F,, C;, Cy, C,), (II) — P600 (averaged over leads P;, P, P,) differences
to repeated (black) or new (grey) words in children (a), adolescents (6) and adults (B). Intervals of significant differ-
ences are marked. The abscissa is the time from the beginning of the stimulus presentation (ms), the ordinate is the
response amplitude (LLV).

(tabu. 3, puc. 3, 11). Tak, y gereii ¢ ucronb3oBa- pasnuuus (rpu p < 0.01) Ha nuHTepBanax ot 750
HUEM HemnapameTrpudeckoro 7-kpurepusi Buin- 1o 850 mc, y mompoctkoB — 650—750 mc, a 'y
KOKCOHA JUISI CBSI3aHHBIX BBIOOPOK BBISIBICHBI  B3pocibix — 600—800 mc.

Tabauna 3. Pasnmuuus BeizBanHOro oTBeTa P600 (yepenHeHHoro no orsefeHuaM P, P,, Py) Ha NoBTOpsIOLIeecss U HOBOE
CJIOBO B IpyIIIax AeTei, MOAPOCTKOB M B3POCIIbIX
Table 3. P600 differences (averaged over leads P;, P,, P,) to repeated and new words in children, adolescents and adults

600—650 Mc 650—700 mc 700—750 mc 750—800 Mc 800—850 mc
9—11 ster Z=10.444 Z=1224 Z=1.682 Z=2.597 Z=3.216
p=1314 p=10.442 »=0.186 p=10.014 p=0.002
12—14 net Z=1.302 Z=3.243 Z=3.337 Z=2249 Z=2.438
p=0.386 p=0.002 p=0.002 p=10.050 p=0.030
B3pOCIIbIE Z=3.263 Z=3.685 Z=3.230 Z=2.873 Z=2224
p=0.002 p=0.000 p=0.002 p=0.008 »=0.052
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OBCYXJIEHHWE PE3YJIbTATOB
Bospacmnute pazauvus

Pesynbrarbl IpOBEAEHHOTO MCCACAOBAHUS
MoKa3aju, YTO C BO3PACTOM IIPOMUCXOAUT, C OJI-
HOM CTOPOHBI, yIpOUYEHNE HaBbIKa YTEHUS CJIOB,
KOTOPOE BBIPAXKAETCSI B CHMKEHUU OIIMOOYHBIX
U TIPeKICBPEMEHHBIX HaXaTuii, yBeJIMYEHUU
CKOPOCTHU YTEHMUSI, 4, C APYTOil CTOPOHBI, IPOKC-
XOIUT CO3pEeBaHUE HEMPOPU3UOJIOTUYECKUX ME-
XaHU3MOB, OO0ecneynBalolMX 3STOT MPOLIECC,
BbIpaxkaloleecss B MU3BMEHEHUU XapaKTePUCTUK
BbI3BAHHOIO OTBeTa. Tak, IpU NpeIbsBICHUU
KaK ITOBTOPSIOLIMXCS, TAK U HOBBIX CJIOB, IIPO-
WCXOOUT CHUKEHME aMIUIATyIbl KOMIIOHEHTOB
N400 u P600 ¢ Bo3pacTtoM (Tadi. 2). DTO COOT-
HOCUTCS C IMTEPATyPHBIMU JaHHBIMA 00 YMEHb-
meHun BenmuuHbl Kak 3Tnx (Holcomb et al.,
1992, Hahne et al., 2004; Atchley et al., 2006;
McNealy et al., 2009; Benau, 2011), Tak u 6osee
pannux (Maurer et al., 2006; Copoxko u ap., 2018;
IloptHoBa u np., 2014) KOMIIOHEHTOB BBI3BaH-
HOTO OTBETa C BO3PAcTOM IIpuU 00pabOTKe Bep-
OanpHON 1 HeBepOanbHOI MHMpopMauu. CHU-
KeHME aMIIMTYObl MOXET OTpakaTh CHUKCHUE
MOTEeHIIMAJIa TTOCTCUHAIITUYECKUX HEeHpOHOB,
aKTUBALIMIO MEHBIIEro 4yucjia HepPOHOB MOMY-
JISIUMU, a TaKKe CHUKeHUE BPEMEHHOI CHH-
XPOHHOCTHU T'eHepalliy B NONYJISIIUY HEIPOHOB
(Kutas, Federmeier, 2011). 3To 00ycioBlIeHO, C
OIHOI CTOPOHHI, “O0LIMMHU” MIpolieccaMu, CBSI-
3aHHBIMM C Pa3sBUTUEM MO3Ta KaK TaKOBBIM.
K HUM MOXHO OTHECTH, HAIIpUMeEP, U3MEHECHUS
obbeMa ceporo BemrectBa Mo3ra (Whitford et al.,
2007) 1 u3MeHeHMe TOJIIMHBI KOCTEeH deperia,
KOTOpbIE IIPUBOAST K CHMKEHUIO aMILIMTYObI
(CraBuesB u ap., 2007) u momHocTu DBI'-curHa-
na (Papbep u coanrt., 1990). C apyroit cTopoHsl,
10 Mepe CTAaHOBJICHUS HaBBIKA ITPOUCXOOST
CYLIECTBEHHbIE CTPYKTYPHO-(YHKIMOHAJIbHBIS
MEPECTPOUKN HEMPOHHOM OpraHM3alMu MO3Ta,
dopMupoBaHe HEMPOHHBIX aHCaMOJIei 1 CBSI-
3eil BHyTpu M Mexay Humu (Papbep u ap.,
1990), npuBoadIIe K BO3paCTHO MUHUMU3A-
uu ¢pyakuuit (IllernmoBanbHUKOB U ap., 1991).

B xoHTekcTe maHHOTO McclieqoBaHUsI oOpa-
1IaeT Ha ce0sl BHUMaHue TOT (GaKT, YTO BO3pacT-
HBIC pa3jIndusl MEXIY IeTbMM UM MOAPOCTKAMU
MCHEE BbIPAXXEHBI, YeM pa3IUudyusl MEXIY I10JI-
pocTKamu 1 B3pocibiMu. Ha Hain B3misin, otya-
CTHU 3TO MOXKET ObITH O0YCIOBJICHO TpaeKTopueit
pa3BUTHUS CEPOro BellecTBa KOPhl JIOOHOM U Te-
MeHHoI1 nmoneii moara. IlokasaHo, 4yro ¢ 9 1o
13 1eT 0OBEM CEpPOro BellleCTBAa U3MEHSIETCSI He-
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3HAYMTEJIbHO, a MOCJIe 3TOr0 BO3pacTa HauMHaeT
ymeHbinarbes (Giedd et al., 1999), B ocHoBHOM
3a cYET U3MEHEHUST 00beMa HeMPOITMJIISL U KOJIM-
YeCcTBa CMHANTUYECKNX KOHTAKTOB, UTO IIPUBO-
IUT K CHIDKEHHUIO CUHXPOHM3aIINU pabOThHI Heli-
pPOHOB, YyYaCTBYIOIIUX B BbI3BAHHOM OTBETE
(Whitford et al., 2007). C npyroii CTOpPOHBI, CHU-
>K€HME aMIUTUTYIbI MOXET ObITh CBSI3aHO C YIIPO-
YyeHWEM HaBbIKa UTEHUS U POCTOM SI3BIKOBOIA
KOMITeTeHIIMU. Tak, yMeHbIIEHHE aMIUIMTYIbI
N400 HabaromaeTcs y JeTei U B3pOCbIX, MMEIO-
X OoJiee BBICOKME ITOKA3aTeNIM SI3bIKOBBIX
criocoonocteit (Neville et al., 1993; Weber-Fox
et al., 2003; Hampton, Weber-Fox, 2013).

Pa3/ZLlltLlﬂ, c8s13aHHble ¢ 3a0aHUueM

B Hamiem uccienoBaHUM UCHBITYEMbIi 1OJI-
JKeH ObLI YMTaTh CJIOBO, a 3aTEM COIOCTaBJISIThH
ero ¢ paHee MPOYUTAHHBLIMY CIoBaMU. JlaHHBIC O
BpEeMEHHOM Xxone 00padoTku ciioB (Marinkovié,
2004) moka3pIBaIOT, YTO Y B3POCIBIX IIOHUMaHME
CJIOBA ITPOMCXOIMUT ITpuMepHo depe3 400 Mmc 1mo-
cJie HavaJsla ero InpenbsiBieHus. Takum o6pasom,
MBI HUCXOAUM M3 TOro, 4yro KommnoHeHT N400
JOJDKEH OTpaXaThb JIEKCUKO-CEMaHTUYECKYIO
00paboTKy CJIOB KaK Y B3pOCJbIX, TAK U y AeTeit
(Friederici, 2004; Crandall, 2010; Kutas, Feder-
meier, 2011). Kpome Toro, mpuMepHO B 3TOM Ke
BpeMeHHOM nHTepBaie (300—500 McC) BBIASISIOT
¢GpoHTaNIbHBIIA HEraTUBHBIA KOMIIOHEHT, CBSI-
3aHHBIA C y3HaBaHueM (IIPM HEBO3MOXHOCTU
JeTaausupoBaTh BocnoMuHanue) (Woodruff
et al., 2006). B ucronn3yeMoii HaMu TTapagurme
M13-3a TOTO, YTO MEXIY 3allOMMHAHNEM UHPOP-
MalUy U U3BJICYEHUEM €€ U3 MTaMsTU IMPOUCXO-
JIUT CIUIIKOM Majioe BpeMmsl, OTIeIbHO y3HaBa-
HUE BBIICINTD CJIOXHO. bonee mo3agHue KoMmno-
HeHThI, Takue kKak P600 u LPC (later positive
component), TOJLKHBI OTpaXKaTb IIPOLECCHI, IIPO-
WUCXOMSIIME YK€ II0CIAe BOCHPMSATUS CJIOBa, B
TOM YMCJIE BOCHOMUHAHUE paHee MPOYMTaHHbIX
ciioB (Friedman, Johnson, 2000) 1 moBTOpHBbIH
aHajIu3 JaHHOTO cjoBa. B To e BpeMst KOMITO-
HeHT P600 cBSI3BIBAIOT C CUHTAKCUYECKUM U Ce-
MaHTUYECKMM MOBTOPHBIM aHalIu30M (reanaly-
sis) (Friederici, 1997; Canseco-Gonzalez, 2000).

B inwurepatype omnucaH TaK Ha3bIBaeMblii
“old/new effect”, KOTOpbIii 3aKTI0YAETCSI B TOM,
YTO OTBET HAa HOBOE CJIOBO XapaKTEepM3YeTCs y
B3pOCJIBIX OOJIbIIEH aMIUIMTYIOW HETaTMBHOIO
KOMITOHEHTa BO BpeMeHHoM uHTepBaie 400—
500 Mc ¥ MeHbIlei aMIUIUTYI0i MO3UTUBHOTO
otBeTa B uHTepBasie 600—800 mc (Rugg, Curran,
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2007). ITomoO6HBII 3¢ (deKT B HAILIEM MCCIIeI0Ba-
HUM OBbLJT MOKAa3aH y B3POCJIbIX, HO HE y JIeTeil 1
noapocTkoB. Takum oOpa3oM, paziuuus Mo
komnoHeHTaM N400 u P600, cBsA3aHHBIE C OIIpe-
JIeJICHUEM HOBU3HBI CJIOBA, BBHISIBJISIIOTCS. B pa3-
HbIE IIeproabl OHTOreHe3a. CHavaia IposiBIISIIOTCS
pas3auyusl BbI3BAHHOTO OTBETA MEXIY ITOBTOPSI-
IOIIUMCSI M HOBBIM CJIOBOM II0 KOMIIOHEHTY
P600: cpaBHeHMe Ha MHTEpBajax IO CPEIHUM
3HAYEHMUSIM MMOKA3bIBAET PA3IMYKS MEXITY CTUMY-
JIaMM BO Bcex 00CJIeIOBAHHBIX BO3PACTHBIX IPYII-
nax (tabim. 3). AMIUIMTyJa BBI3BAHHOTO OTBETa
BBILIE HA TTIOBTOPSIONIEECS CI0BO, YEM Ha HOBOE,
y BCEX UCITBITYEMbIX, CPAaBHEHMSI T10 TTMKaM TT0Ka-
3aJli JTOCTOBEPHBbIE OTJIMYHUSL Y B3POCIBIX U Y
MOJPOCTKOB. DTO COOTHOCUTCS C JTUTEPATYPHBI-
mu ganHbiMu (Wilding, 2000; Tsivilis et al., 2015)
U1 MOXKET OBITb OOBSICHEHO T€M, UTO IIPU aHAINU3E
MOBTOPSIIOLIIETOCs CJIOBAa BCOOMUHaHUeE (recol-
lection) BbI3BIBAET MOIOJHUTEJbLHbIM HEUpPOH-
HbI OTBET.

Pazmumunsa mo kommoHeHTty N400 mpmcyT-
CTBYIOT TOJIBKO Y B3POCJbIX, IIPU 3TOM Ha MOBTO-
psrolieecss CI0BO aMILIUTyna Obljia MEHbIIE, a
JIATEHTHOCTbD M1Ka OoJibliie, YeM Ha HoBoe. Bo3-
MOXHO, pellleHUue OTHOCUTEJIbHO HOBOIO CJIOBa
MPUHUMACTCSI B3POC/ILIMU paHbllle, 110 NEePBbIM
cJIOTaM WJIM OTIOPHBIM OyKBaM, 10 ITOJIHOIO IIPO-
YTEHUS CJI0BA, TOrAa Kak MOBTOPSIOIIEeCs CIOBO
TpeOyeT IOBBILICHHBIX PECYpPCOB BHUMaHUS U
repernpoBepku. BaxHo, 4To B JETCKOM M IIOI-
POCTKOBOM BO3pPacTe MEXCTUMYJIbHBIX pa3jiu-
ynii 1o N400 He BBISIBISIETCS. DTO COOTHOCUTCS
C JaHHBIMU, TOJIyYEeHHBIMM HOPU BOCIIPUATUU
npeIoKeHI Ha ciayX: pa3nnuns 1mo N400 BbI-
SIBJISIIOTCS B TpyIIe B3POCbIX, HO He aeTeit 8—9
nu 12—13 (Schneider et al., 2019), mosTomy
IHeitgep U coaBT. moJiaraloT, YTO KOMIIOHEHT
N400 “cimmkoM rpy0” 1 OLieHKM ceMaHTH4e-
CKHX TIpOIIeCcCOB y naeTeil. B gpyrux mnccienoBa-
HUSX ITOKa3aHa HeuyBCTBUTEIbHOCTh N400 y ne-
Teli K CTeIeHU HEKOHIPYIHTHOCTU CJIOBa, IpU
TOM, YTO Y B3POCJIbIX 3Ta 3aBUCUMOCTbh BbIpaxKe-
Ha gBHO (Benau, 2011). Takum oOpa3om, XOTs
N400 peructpupyercs y AeTeil B pa3HBIX 9KCIIe-
PUMEHTAJIbHBIX CUTYalLUSIX, OH IIPOSIBJISIET IPU-
3HAKM “He3pesocTn” M “co3peBaeT’’ JOCTaTOUHO
MO3IHO B OHTOIeHe3eE.

M3meHeHre YyBCTBUTEILHOCTH KOMITOHEHTA
N400 x Ty cCTUMYJTa MOXKET OBITH CBSI3aHO C pe-
opraHusalueii ceTeil, OTBeTCTBEHHbIX 3a YIIPaB-
Jsmoinre GyHKkIur Mo3ra (Moisala et al., 2018),
ycuJieHUeM KOTHUTUBHOro KoHtpoJisa (Taylor et
al., 2015; Best, Miller, 2010) u top-down-peryJisi-
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o pyukumii (Vettera et al., 2015), xoTtopsie
MPOMCXOAST B MO3AHEM MOAPOCTKOBOM M paH-
HEM B3pOCJIOM Bo3pacTe. Y TIOAPOCTKOB IO
CPaBHEHMUIO C AEThbMU CYILLIECTBEHHO IIOBbIIIACT -
cs1 3P eKTUBHOCTL BHUMAHUS U paboydeil mamsi-
™ (Crone, Dahl, 2012; Crone, Konijn, 2018),
BO3pacTaeT KOTHMTHBHas TMOKOCTh (Steinbeis,
Crone, 2016). Bce 310 mo3BoJisieT oopabaTbiBaTh
nHpopManuio 6osee nzdbupareabHo (Castel et al.,
2011) 1, Bo3MOXHO, KaK Obl “3apaHee”, ellle 10
OpeabsBASHUS HOBOIO CJIOBA, BBIACISATH IIPU-
3HAKH, IO KOTOPBIM OHO OYyIET COIMOCTABJISATHCS
C paHee IpoYMTaHHBIMHU. Takas u30MpaTeab-
HOCTb, B CBOIO OYepellb, MOXET OTPa3sUTbCs Ha
BpPEMEHHOM XOoJAe 00pabOoTKu BepOaJbHOM MH-
dopmanuu. AHaIM3 cI0Ba B KOHTEKCTE 3aJaHUs
C OIIOpPOIl Ha 3apaHee BbIACICHHbIC MPU3HAKU
MOKET IIPOMCXOAUTD YK€ Ha 3Tarle €ro BOCIIPHUsI-
TUsl, TIApaJUIeIbHO 3TOMY IIpOLieCCY, U IIPUBO-
IUTh K pasauuusiM komnoHeHTa N400 mexmy
MOBTOPSIIOLIMMCSI 1 HOBBIM CJIOBOM. Torma Kak
MPOU3BOJbHOE COIOCTaBJIEHUE BOCHPUHSITOTO
cJIOBa C paHee NPOYMTAaHHBIMU IIPOUCXOIUT MO~
cJie ero pacIro3HaBaHUS U OTPaAXKAETCSI B KOMIIO-
HeHTe P600.

Takum o00Opa3oM, MBI HOpeAriojiaraeM, 4TO
koMnoHeHTBI N400 1 P600 Moryt oTpaxath pas-
HbIE CTaIUM U MEXaHU3MBI 00pabOTKM MH(pOpMa-
LIU1, KOTOPBIe (P)OPMUPYIOTCSI B OHTOTEHE3¢ He Ofl-
HOBpeMeHHO. OnHako AeTajau3alus 3TUX Mexa-
HU3MOB TpeOyeT JalbHENIIETr0o NcCaeq0BaHMsI.

SAKJIIOYEHHME

Hamu mipoBeneHbl McCliegoBaHUS BO3pPacT-
HbIx n3MeHeHnit CCII, Bo3HUKAONINX B OTBET
Ha TIpenbsiBJIEHVE MOBTOPSIOLIETOCSI U HOBOTO
cJIOBa B ITpoLecce YTCHUS Y IeTei MPeanoapOCT-
KOBOT'0O, MOAPOCTKOBOIO BO3pacTa U B3POCJIbIX.
IToka3aHo, 4YTO C BO3pPacTOM IIPOMCXOAUT Kak
yIIpoYeHMEe HaBbIKa YTEHUS CJIOB, KOTOPOE BbI-
paxkaeTcs B CHU:KEHUM OIIMOOYHBIX U MpeXIe-
BpPEMEHHBIX HaXaTWil, YBEJIMYEHUU CKOPOCTHU
YTEeHUS, TaK ¥ CO3peBaHUEe HEMPOPU3NOJIOTUYC-
CK1X MEXaHU3MOB, 00€CIICYMBAIOIIUX 3TOT IIPO-
LIeCC, BhIpaxKkarollleecsl B UBMEHEHUU XapaKTepy-
CTHUK BbI3BaHHOro otBeta. C BO3pacToM IpOUC-
XOIOUT CHMWKEHME aMIUIUTYObl KOMIIOHEHTOB
N400 1 P600 ripu npeabsiBieHUN KaK ITOBTOPSI-
IOIIMXCSI, TAaK 1 HOBBIX CJIOB.

OT1an4rs KOMIOHEHTOB, BO3HUKAIOIINE B OT-
BET Ha HOBOE W MOBTOPSIIOLIIEECS CIIOBO, MOSIBIIS -
I0TCSl B OHTOTeHe3e He ofHOBpeMeHHo. CHavasa
BBISIBJISIIOTCSI pa3Inyusl B aMIuintyae nuka P600,
Ne 4
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oTpaxkalolllre, Ha Halll B3IJISII, TTOC/IeIoBaTeb-
Hy10 00paboTky uHpopmauuu. OHU MOPUCYT-
CTBYIOT KaK y JIETei, TaK U Y B3pOCJIbIX, IIPY 3TOM
aMILUIMTya Ha ITIOBTOPSIOIIEECs CJIOBO BBIIIIE,
yeM Ha HoBoe. Pazmiaus mo komrmoHeHTy N400,
KOTOPBIM MOXKET OTpaxKaThb IPOIeCcChl 00padoT-
KW CJIOBa, MPOMCXOASIINE MapajieJIbHO C pac-
ITO3HAaBAHUEM €TI0 3HAYCHMS, BBISIBJISIOTCS TOJIb-
KO Y B3POCIBIX, TOKAa3bIBasi MEHbIIINE 3HAYCHUS
JIATEHTHOCTU U OOJIbIINE 3HAYECHUST aMILIUTYIbI
MIpU OpeAbsSIBICHU HOBOIO CJIOBa IO CpaBHE-
HUIO C TIOBTOPSIIOIIMMCSI.
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LATE ERP COMPONENTS ELICITED BY WRITTEN WORDS PROCESSING
IN CHILDREN, ADOLESCENTS AND ADULTS

E. 1. Galperina®~*#, O. V. Kruchinina®?, E. P. Stankova®, and A. N. Kornev*
% Saint- Petersburg State Pediatric Medical University, St. Petersburg, Russia
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It is known that N400 and P600 ERP components are sensitive to old/new words processing, how-
ever, the question of its functional implication and the developmental trajectory is still open. The
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study aimed to assess amplitude and latency of ERP N400/P600 components elicited by repeated
and new words processing in three age groups: children (N = 25, aged 9—11), adolescents (N = 17,
aged 12—14) and adults (N = 22, age 18—36). The age effect was revealed for the amplitude of P600
and N400 but not latencies both for new and repeated words in averaged P;, Pz, P, (P600) and F;,
Fz, F,, C;, Cz, C, (N400) sites. Comparison at intervals according to mean values show differences
between stimuli in all age groups (in children, in the interval 750—850 ms, in adolescents — 650—
750 ms, and in adults — 600—800 ms), in all groups the P600 amplitude is higher for a repeated word
than for a new one. N400 effect was shown only in adults: repeated word latency was increased in
comparison to the new word. The process of comparing new and previously presented verbal visual
information is multi-stage. These stages are formed at different stages of ontogenesis and are re-
flected in different components of the ERP. First, differences appear between the repeated and the
new word in the P600 component: at 12—14 years old, the pattern of differences is similar to that in
adults. At the same time, differences in the N400 component in childhood and adolescence are not
revealed and are present only in adults.

Keywords: ERP, N400, P600, new word, reading, children, adolescents
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This study aimed to reveal and describe the typical and specific longitudinal dynamics of functional
and effective connectivity by means of electroencephalogram (EEG) in normal children living in
the European North of Russia, boys and girls. The eyes-closed resting state EEGs were recorded in
15 children at a yearly basis during the developmental period from 8 to 16—17 years. Age-related
changes in EEG connectivity were explored by coherence (functional connectivity) and Granger
causality (GC, considered as effective connectivity) analyses in frequency and time domains, which
were carried out in delta (1.6—4 Hz), theta (4—7.5 Hz), alphal (7.5—9.5 Hz), alpha2 (9.5—12.5 Hz),
betal (12.5—18 Hz), beta2 (18—30 Hz), and common (1.6—30 Hz) frequency bands. The coherence
analysis revealed maturation effects reflected in an increased connectivity in all frequency bands.
Most pronounced changes of EEG coherence were revealed in alpha2, betal, and common fre-
quency bands. The interhemispheric frontal-parietal functional connectivity increased both in boys
and girls. Additionally, in boys, interhemispheric functional connectivity increased between the
central and temporal areas in alpha2 and common bands. In girls, there was observed an increase
in intrahemispheric anterior-posterior functional connectivity in the alpha2 frequency band. The
changes in effective connectivity in boys indicate an increased bidirectional information flow (re-
vealed by the GC analysis) from the default mode network (DMN) to the frontoparietal network
(FPN) and vice versa. By contrast, in girls, the information flow increases from the frontal to pari-
etal areas (FPN), and decreasing between the central and frontal areas (sensorimotor network). The
data suggest different age-related trends in the maturation of connectivity between the brain net-
works and different role of top-down and bottom-up regulation processes in boys compared to girls.

Keywords: EEG, spatial synchronization, functional connectivity, effective connectivity, coher-
ence, Granger causality, longitudinal study, children, adolescents, North
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Studies of brain electric activity showed their
informativeness for the assessment of the normal
and pathological human brain development (Far-
ber et al., 1990, Segalowitz et al., 2010). Across
childhood and adolescence, the brain undergoes
massive morphological changes, such as cortical
refinement, synaptic growth and pruning, my-
elination (Casey et al., 2000, Segalowitz, 2010,
Kurth et al., 2013). Influenced both by genetic
and environmental factors, these processes result
in the maturation of neuronal networks, simple
and complex brain functions. However, it is poor-
ly understood how functional brain connectivity
develops and what factors moderate it (Tsitsero-
shin et al., 2003, Chorlian et al., 2007). Neuronal

oscillations are considered as the basic parameter
that defines functioning and interacting between
and within the modules of the brain networks and
thereby the basic mechanism of development and
cognitive processing (Buzsaki, 2006; Buzsaki,
Draguhn, 2004; Singer, 1999).

In terms of networks, functional activity of the
human brain could be described as organized into
independently active but interconnected brain re-
gions, networks. Among the best explored are the
default mode network (DMN), frontoparietal
network (FPN) and salience network (SN). The
first of them strongly dominates during the rest
state, the next two are engaged in the tasks’ de-
mand (Raichle et al., 2001; Greicius, Menon,
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2004; Briley et al., 2018). The dorsal and ventral
attention networks, as well as the visual and lim-
bic networks, are also under investigation now
(Ryali et al., 2016).

Magnetic resonance imaging (fMRI) data sup-
ported the viewpoint that sensory systems (e.g.,
the visual system) mature by the end of the child-
hood, while the integrity of the high-order net-
works (e.g., the FPN and SN) develops through-
out adolescence (Briley et al., 2018). A MEG
study by the Schafers (2014) group addressed the
development of resting-state networks (including
FPN and DMN) between the ages of 6 and
34 years and reported a linear age-related increase
in the connectivity in alpha and beta bands within
these networks (Schafer et al., 2014). Quite a rep-
licative effect of increasing connectivity was ob-
tained in a study by Briley et al. (Briley et al.,
2018). The authors suggested that the develop-
ment of coordinated beta-band oscillations with-
in and between the higher-order cognitive net-
works through adolescence might contribute to
the developing abilities of adolescents to focus
their attention and coordinate diverse aspects of
mental activity (Briley et al., 2018).

EEG coherence is primarily a statistical mea-
sure of the consistency of phase differences be-
tween two signals from different locations, and
therefore it allows the examination of linear cou-
pling or synchronization between brain regions as
a function of frequency. Coherence values range
from 0 to 1, with 1 meaning a perfect agreement
between phase differences and 0 meaning com-
pletely random phase differences (Chorlian et al.,
2007). A high coherence between two electrodes
is expected to indicate functional integration be-
tween neuronal populations (Nunez, Srinivasan,
2000).

If two cortical areas show very similar electric
activities one can deduce that these two brain ar-
eas are somehow functionally interrelated as they
do the same thing at the same time. The phase co-
herence is then a measure to quantify the similar-
ity between two signals in the brain (Kurth et al.,
2013).

A systematic description of EEG coherence
patterns was provided by Thatcher et al. (1986) in
a two-compartment model (TCM) of cortico-
cortical associations, in which short and long
neuronal fibers contribute differentially to EEG
coherence as a function of the inter-electrode dis-
tance. It is suggested that coherence between
proximate electrodes mainly reflects short white
matter fibers (1—3 cm), whereas moderate to high
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coherence at long distances is supposed to reflect
long-distance white matter fasciculi (up to 25 cm).
The TCM appears to accommodate much of the
existing coherence data (van Beijsterveldt et al.,
1998, van Baal et al., 2001, Barry et al., 2005).

In addition to the assessment of functional
connectivity, methods for estimating effective
connectivity have recently been widely used (As-
tolfi et al., 2005). Granger causality (GC) is a sta-
tistical hypothesis that gives an opportunity to test
the causal influence of one-time series to another
(Wiener, 1956; Granger, 1969). In neuroscience,
GC has been used to detect directed functional
(i.e. causal) connectivity for various brain data
(Malekpour et al., 2012; Dhamala et al., 2008;
Zhou et al., 2009; Liao et al., 2010) to study the
connectivity and information flow between dif-
ferent brain regions (Friston, 1994) or to find out
how one brain area influences the other (see
Pereda et al., 2005, Gourevitch et al., 2006,
Bressler, Seth 2011). The spectral measures of
causality could be used to explore the role of dif-
ferent rhythms in causal connectivity between
brain regions during maturation.

In this study, we used two linear methods: co-
herence as the index of functional connectivity
and Granger causality (GC) as the index of effec-
tive connectivity. Both coherence and GC can be
informative for exploring developmental changes
in children’s resting-state EEGs.

We hypothesized that different parameters of
connectivity in a longitudinal study can provide
additional and complementary information about
the EEG genesis and developmental trends.

The aim of this study was to investigate longi-
tudinal maturational changes and the effect of age
and gender on EEG in normal children living in
the north region of Russia. In this study the mat-
uration of brain connectivity was explored via the
EEG spectral coherence and Granger causality
analyses. As the number of longitudinal studies is
not that large, the data on spatial cortex electrical
attitudes development can expand our under-
standing of the maturational processes in boys
and girls.

METHODS

Subjects. A longitudinal EEG study was carried
out during 8 years (2005—2013) with the partici-
pation of school children aged 8 to 16—17 years
born from 1993 to 1998. Children and adolescents
were recruited from a rural secondary school in
the Northern region of Russia (60°58” N, 40°14" E)
and took part in the study voluntarily. EEG exam-
Ne 4
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inations were conducted once or twice a year. The
group for longitudinal data analysis included only
those children (9 girls, 6 boys) who had missing
data for no more than two years of during the en-
tire period of observation. There were made over
146 EEG recordings from 15 right-handed (Old-
field, 1971) children taken into account for the
longitudinal assessment (Soroko et al., 2014).

None of the participants showed neurological
or psychiatric diseases and took any drugs affect-
ing the CNS. All procedures were carried out in
accordance with the Helsinki Declaration (1974)
and its updates. The study was approved by the
Ethics Committee at the Sechenov Institute of
Evolutionary Physiology and Biochemistry of the
Russian Academy of Sciences (IEPhB RAS).

Procedure. EEGs in the eyes-closed resting
state were recorded for 3 minutes using a 21-
channel EEG system Encephalan-131-03 (Medi-
com-MTD, Taganrog, Russia, http://www.med-
icom-mtd.com). We used sixteen silver chloride
cup EEG electrodes that were positioned accord-
ing to the 10—20 international system at sites Fp1,
Fp2, F7, F3, F4, F8, T3, C3, C4, T4, TS5, P3, P4,
T6, O1, O2 referenced to the linked ears and fixed
on the head surface by the cap. The ground elec-
trode was placed on the right cheek. Electrode
impedances were constantly kept below 10 kOhm,
the input signals were digitized at a rate of 250 Hz,
amplifier’s bandpass 0.5—70 Hz, notch filter 45—
55 Hz; analyzed EEGs bandpass 1.6—30 Hz.
Electrooculogram artifacts were extracted using
the ICA procedure (as in Kozhushko et al., 2018).
For the analysis, there were used 30000 artifact-
free time points (120 sec) in each record for both
types of analysis, coherence and GC.

As connectivity measurements are influenced
by the volume conductance, we used the average
referenced montage that could reduce the com-
mon reference effect (Nunez et al., 1999, Gud-
mundsson et al., 2007, Hu et al., 2019). For GC
estimation, we also transform data to the average
reference. Coherence and causality measure-
ments show differential resistance to the presence
of signals from a common source affecting both
channels: GC is adversely affected by common
signals, while coherence increases in the presence
of common signals (Cohen et al., 2018). There-
fore, the causality estimation provides additional
data not only on the direction of the information
flow but most probably on direct connectivity be-
tween two channels (not affected by common sig-
nals).
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EEG coherence data analysis. The data were ana-
lyzed using the WinEEG software (© V.A. Pono-
marev, Ju.D. Kropotov). The register for the
computer programs of RF Ne 2001610516,
08.05.2001). EEG coherence calculations were
performed using the standard approach Cxy( f) =
= (Sxy(f))*/(Sxx(f) % Syy(f)) (Bendat, Piersol,
1986), where C%xy( ) — normal coherence between
x and y sites for the frequency (), (Sxy(f))? — cross
spectrum, Sxx(f) and Syy(f) — autospectra. We
applied 2 s epochs, 50% overlap, and Hanning
time-window. EEG coherence values were aver-
aged in seven frequency bands: delta (1.6—4 Hz),
theta (4—7 Hz), alphal (7—9.5 Hz), alpha2 (9.5—
12.5 Hz), betal (12.5—18 Hz), beta2 (18—30 Hz),
broadband/common (1.6—30 Hz).

The arrays of EEG coherence estimations av-
eraged for each subject were then normalized us-
ing the transformations Y = log(X?/(1 — X?))
(Gevins, Remond 1987).

EEG Granger casual connectivity analysis. All
estimations of GC were carried out in the Matlab
using Multivariate Granger Causality (MVGC)
Toolbox (Barnett, Seth, 2014) with the multivari-
ate autoregressive (MVAR) model, and its order
was 20. In 1969, Granger introduced the idea of
G-causality as a formalization, in terms of linear
regression modeling, of Wiener’s (and Akaike’s)
intuition that X2 ‘causes’ X1 if knowing X2 helps
predict the future of X1 (Granger, 1969; Seth,
Edelman, 2007). According to G-causality, X2
causes X1 if the inclusion of past observations of
X2 reduces the prediction error of X1 in a linear
regression model of X1 and X2 as compared to a
model that includes only previous observations of
X1 (Seth, 2010). A frequency-domain (spectral)
interpretation of G-causality was derived by ex-
amining the Fourier components of an MVAR
model estimated in the time-domain (Geweke,
1982). A spectral G-causality indexes were esti-
mated in delta (1.6—4 Hz), theta (4—7 Hz), al-
phal (7—9.5 Hz), alpha2 (9.5—12.5 Hz), betal
(12.5—18 Hz), beta2 (18—30 Hz) and broadband
(1.6—30 Hz) (Barnett, Seth, 2014).

Statistical data analysis. Linear regression
analysis of coherence and GC indexes was per-
formed for each pair of electrodes across every as-
sessment of all children (146 EEG records) for
girls and boys separately with the “age” as a con-
tinuous predictor. P levels below 0.01 and 0.001
(» <0.01, p <0.001) were considered as a signifi-
cant estimation of linear regression (Statistica’10
software package). When analyzing patterns of
the coherence and causality changes, we used the
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Fig. 1. Longitudinal EEG coherence changes (as obtained by linear regression analysis) in groups of girls and boys
aged 8 to 16—17 years. Nofes: Red lines show age-related increases in EEG coherence values between the marked
electrode locations. Differences were considered significant at p < 0.001 in regression analysis. EEG frequency bands:
Delta (1.6—4 Hz), Theta (4—7 Hz), Alphal (7—9.5 Hz), Alpha2 (9.5—12.5 Hz), Betal (12.5—18 Hz), Beta2 (18—

30 Hz), broadband (1.6—30 Hz).

Puc. 1. Bo3pacTHble uaMeHeHUs1 KorepeHTHOcTH DDI (ompeneneHHbIE METOIOM JIMHEMHOIO perpecCMOHHOTO
aHaiM3a) B TPyIIax MaJbYMKOB U IeBoYeK. [Ipumenanue: KpacHast TMHUS — YBeJIMYEHUE KOTePEHTHOCTH MEXIY
COOTBETCTBYIOIIMMU 3JIEKTPOIAMU C BO3pacTOM. B KadecTBe 3HAUYMMBIX paccMaTpUBAIM pa3iuuusl Ha YpOBHeE
(p <0.001). Auanazonvr DOI': nenvta (1.6—4 I'x), Teta (4—7.5 T'n), anbdal (7.5-9.5 I'n), anbda2 (9.5—12.5 I'u), Ge-
tal (12.5—18 I'x), 6eta2 (18—30 I'ir) u o61eM quamnaszone yactoT DT (1.6—30 I'i).

principle of finding “foci” of interaction, i.e. such
electrodes (brain regions) that showed the con-
nection with a large number of other zones (more
than 3—5 connections) (Ivanitsky, 1997; Shemya-
kina, Danko, 2007). These regions could be con-
sidered as functional nodes of interactions.

RESULTS
Longitudinal EEG coherence changes

Regression analyses of EEG spectral coher-
ence revealed a significant effect of the age factor
in all frequency bands for separate analysis carried
out in groupd of girls and boys. Due to the large
number of statistical tests (120 electrode pairs for
coherence and 240 for causality estimations), the
significant level with the Bonferronni correction
could be set as 0.0004 and 0.0002 for coherence
and causality, respectively. This type of correc-
tions could lead to type II errors, so we used a
thresholding technique for correction. For the co-
herence estimation, the threshold was set at
p <0.001. This threshold reduced the number of
electrode pairs for which changes were considered
as significant from 100% to 33% in boys and 31%
in girls. For those electrode pairs F, s;, — criteria
values varied from 12 to 65, and betas varied from
|0.41] to [0.73| in boys group; and F g, values var-
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ied from 11.7 to 34, betas values varied from |0.35]
to |0.54 in girls group.

As seen in Fig. 1, the level of distant synchro-
nization increased with age. Our results confirm
the data that the strength of interregional syn-
chronization is age-dependent (Schifer et al.,
2014). In the MEG study exploring the develop-
ment of resting-state networks (including the
FPN and DMN) between the ages of 6 and
34 years, there was reported a linear increase in
connectivity in alpha and beta bands within these
networks (Schafer et al., 2014).

In our study, children and adolescences (girls
and boys) demonstrated both age-related specific
and common coherence maturation changes.
Here we present first common and then specific
changes in EEG coherence.

Age-related changes in coherence that are
common for both genders were obtained mostly
in alpha2 and broad bands. In alpha2 frequency
band, coherence increased in the occipital region
and in long-distance connections of the temporal
and parietal areas of the left and right hemi-
spheres with frontal areas of the contralateral
hemisphere both in girls and boys. In broad and
betal bands, common gender patterns were re-
vealed between the left temporo-occipital areas
and right frontal and central cortical areas.
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Fig. 2. Longitudinal changes in Granger causality indices (as obtained by linear regression analysis) in groups of girls
and boys (8 and 16—17 years old). Red arrow indicates an increase in directed influence from one electrode location
to another. Blue arrow indicates an age-related decrease in the influence of one zone on the other. EEG frequency
bands: Delta (1.6—4 Hz), Theta (4—7 Hz), Alphal (7—9.5 Hz), Alpha2 (9.5—12.5 Hz), Betal (12.5—18 Hz), Beta2
(18—30 Hz) and broadband (1.6—30 Hz).

Puc. 2. Bo3pacTtHble U3BMeHEeHUS IPUIMHHOCTH 110 [peiiHmkepy (onpeneseHHbIe METOIOM JIMHEIHHOTO perpeccu-
OHHOTO aHAJIM3a) B TPYIIIax MAIBYUKOB U NeBoueK. [Ipumeuanue: KpacHast TMHUSA — yBeTWYEHUE TPUIYUHHOCTH
(HampaBJieHUe CBSI31) MEXY COOTBETCTBYIOIIMMMU JIEKTPOJAMU C BO3PACTOM, CUHSISI IUHUSI — yMEHbIIIEHUE MTPU -
YUHHOCTU (HaIlpaBJieHNE CBSI3M) MEXIY COOTBETCTBYIOIIUMU 3JIEKTPOAAMU C BO3pacToM. B KauecTBe 3HAUMMBIX
paccMmaTtpuBaiu pasinuus Ha ypoBHe (p < 0.01). Auanazonvr D3I nenvra (1.6—4 I'n), Tera (4—7.5 T), anbdal
(7.5-9.5 T'n), anbda? (9.5—12.5 I'), Geral (12.5—18 I'x), 6era2 (18—30 I'x) u oOmMit AuanazoH yactot DT (1.6—
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30 T).

Gender-specific age coherence changes
demonstrated noticeable increases in connections
of the right frontal and temporal areas with the
left parieto-temporal and temporal areas (in del-
ta, theta, alphal, betal, and broadband) in boys
and between right occipital areas and left frontal,
temporal areas (in alphal and betal frequency
bands) in girls.

According to Fig. 1, there were a larger number
of interhemispheric connections (especially in al-
pha2 and broad bands) in boys, while girls had a
larger number of intrahemispheric long-distance
connections between frontal and occipital areas
with a noticeable age-related increase in alpha2
and broadband.

Longitudinal GC-indexes changes

Age-related changes in GC indices that could
be considered as those of the information flow be-
tween the cortical areas were estimated by the lin-
ear regression analysis. For causality estimations,
the threshold for the significant effect was set at
p < 0.01. This threshold reduced the number of
electrode pairs for which changes were considered
as significant — from 100% to 36% in boys and to
34% in girls. With this p level in the boys group,
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F .55, values varied from 7.2 to 31 and betas varied
from |0.34| to |0.6]; in the girls group, F,, values
varied from 7.2 to 18 and betas varied from |0.28| to
|0.42|. Connections, for which there were obtained
significant regression estimations with p < 0.01, are
shown in Fig. 2.

In both gender groups, there were observed in-
creases in information flows from the right tem-
poro-occipital area (T6) to the parietal and cen-
tral areas of the left hemisphere. In broadband,
changes in the causality indices were mostly sym-
metrical and related with the increases in the in-
formation flow from the right and left temporal-
occipital areas toward the parietal and central ar-
eas of the contralateral hemispheres.

Age-related changes in the causality indices in
boys included the bidirectional increase in the in-
formation flow between the occipital-parietal and
frontal areas in the right hemisphere (in theta,
aphal, and alpha2 bands), as well as from the oc-
cipital-parietal areas to the frontal areas in the left
hemisphere (in alphal, alpha2, betal, and beta2
bands).

A distinctive feature of the boy group consisted
in increases in information flows from the right
hemisphere to the left temporal area (T3) in al-
pha, beta, and common bands. In the girl group,
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there was revealed a less number of causal direct-
ed flows from the posterior (parietal and occipital
areas) to anterior (frontal area) brain sides. It
demonstrates less influence of posterior brain
cortex areas on frontal cortex areas with the age.

Information flows from the frontal to parietal
and occipital areas, instead, increased in the the-
ta, alphal, beta2 and broad-frequency bands. The
revealed decreases in the causality index in the
central and frontal areas of both hemispheres (in
beta2 and broadband) were a distinctive feature of
the girls’ longitudinal development. In the alphal
and alpha2 frequency bands, the hub gathering
influences from the areas of the left hemisphere
was situated in the left frontal region (F3).

Thus, the main feature distinguishing gender
groups includes increases in the bidirectional in-
formation flow between the parietal and frontal
regions in the boys group (mainly from the pari-
etal to frontal areas) and increases in the informa-
tion flow from the frontal to parietal areas in the
girls group. The total number of connections
changing with age in the girls group was smaller
than in the boys group.

DISCUSSION

The developmental changes in EEG were ana-
lysed using longitudinal data of children living in
the European North of Russia. We focused on
age-related changes in the EEG coherence and
causality indices. The longitudinal analysis sug-
gests a reduction in the data variance, so that we
could evaluate the changes in connectivity more
clearly.

Spatial synchronization effects reflected by co-
herence. The obtained EEG coherence data
demonstrated a well-pronounced age-related in-
crease in the number of long-distance connec-
tions both in girls and boys, which is in agreement
with the data on the interregional synchronization
with age (Schafer et al., 2014). Since we used an
average montage (Rios-Herrera et al., 2019), it
was expected that the reduction in volume con-
ductance could diminish the most number of
short connections and coherence in low-frequen-
cy bands. At the same time, it was shown that
long-distance synchronization increases during
development, probably due to maturation and
myelinization of long-distance association path-
ways (Barry et al., 2004; Gmehlin et al., 2011;
Thatcher et al., 2008). Thatcher et al. (1986) pro-
posed a two-compartmental model of cortico-
cortical associations, in which short and long
neuronal fibers contribute differentially to EEG
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coherence as a function of the inter-electrode dis-
tance. It was suggested that coherence between
proximate electrodes mainly reflects the short
white matter fibers (1—3 cm), whereas moderate
to high coherence at long distances is supposed to
reflect the long-distance white matter fasciculi
(up to 25 cm). Human brain imaging studies re-
vealed that the white matter increases through ad-
olescence in cortical and subcortical fiber tracts
(Benes et al., 1994; Paus et al., 1999, 2001; Asato
et al., 2010), connected with increased myelin-
ation, axon caliber (Paus, 2010). The mostly lin-
ear increase in EEG coherence is in agreement
with data on the morphofunctional brain devel-
opment. As has been shown in contrast to the gray
matter, the white matter volume increases in a
roughly linear manner throughout the develop-
ment till adulthood (Gogtay et al., 2004). These
changes presumably reflect ongoing myelination
of axons by oligodendrocytes that enhances neu-
ronal conduction and communication (Casey
etal., 2008). In our previous cross-sectional
study, it was shown more prominent increases in
coherence between old (14—17.9 y.o.) and medi-
um (11-13.9 y.0.) age groups than between medi-
um and young (7—10.9 y.o.) children groups (So-
roko et al., 2015), indicating that functional con-
nectivity formed continuously throughout the
entire adolescence period (Tarokh et al., 2010).
Thatcher et al. (Thatcher et al., 2008) described
decreases in long-distance coherence and in-
creases in short-distance coherence in a cross-
sectional study of children and adolescents
(0.44—16.22 y.0.). However, we considered a
more focused time period of a longitudinal study
(8—17 y.0.) and observed increases in short- and
long-distance coherence probably related to the
increase in connections through axons and fas-
ciculi of the deep cerebral white matter (Schuz,
Braitenberg, 2002).

In our study, coherence values increased in al-
pha2 and betal frequency bands, corresponding
to common maturational trends, namely increas-
ing the high-frequency EEG activity with the age
(Farber et al., 1990, Segalowitz et al., 2010, So-
roko et al., 2015b). On the other hand, a decrease
in coherence during brain maturation could be as-
sociated with the differentiation of the activity of
brain networks and the formation of the distribut-
ed system of autonomous and interconnected
hubs (Fair et al., 2009).

The coherence alterations in alpha, as well as
delta and theta, frequency bands were demon-
strated in various developmental disorders, such
as attention deficit/hyperactivity and autism
Ne 4
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(Barry et al., 2009; Coben et al., 2008), and could
be indicators of the regulatory system maturity
(Machinskaya et al., 2007).

An increase in functional coupling corre-
sponds to the maturation of regulatory brain sys-
tems (Machinskaya, 2015) and their connectivity
that ensures the development of cognitive abilities
(Whedon et al., 2016; Machinskaya et al., 2019).

In our study, the common pattern of coher-
ence increasement in the alpha-2 frequency band
in boys and girls involved the lateral frontal areas
(F7/F3, F8/F4) and temporo-parietal-occipital
areas (T5/P3/01, T6/P4/02) of the contralateral
hemisphere, which could be considered as local
foci of interaction (Ivanitsky, 1997, Shemyakina,
Danko, 2007). In terms of the networks it could
be attributed to increase in functional connec-
tions between the left and right lateral frontopari-
etal networks (control network, includes dorso-
lateral prefrontal cortex and the anterior inferior
parietal lobule), medial frontoparietal network
(default network, includes temporoparietal junc-
tion) and occipital network (visual network, in-
cludes primary and secondary visual cortex) (Ud-
din et al., 2019).

In a fMRI study carried out by (Liet al., 2019),
there were observed increased activation and con-
nections of the dorsal attention network, default
mode network, left frontoparietal network, and
right frontoparietal network in “older” children
group of early childhood (5-year-olds vs. 3-year-
olds). It was suggested (Cui et al., 2020) that the
energy required to activate the frontoparietal sys-
tem declines with the age (across 8—23 y.o0.), ex-
pecting executive functions and cognitive control
enhancement.

The development of long-distance and inter-
hemispheric connections through spectral coher-
ence predominated in comparison with short dis-
tance connections in both genders (longitudinal
study). The main gender-specific difference in
EEG was attributed to an increase in the inter-
hemispheric coherence in the alpha-2 frequency
band in boys and an increase in alpha-2 frequency
long-range anterior-posterior coherence in girls.
From one point of view, the gender-specific dif-
ferences in long-distant functional coupling
could be associated with the variety in white mat-
ter maturation, which continues throughout the
adolescent period (Kim et al., 2007, Herting et al.,
2017; Vannucci et al., 2017) and might be influ-
enced by endocrine changes in puberty (Herting
et al., 2017), differently in boys and girls. Howev-
er, there are also data showing no gender-specific
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effect on the maturation of white matter tracts
(Genc et al., 2018). Different developmental
trends in functional connectivity (coherence) are
described in males and females (Barry, 2004),
suggesting the developmental lag in the male
group (Gmehlin et al., 2011, Campbell et al.,
2012). In the case of northern conditions, gender-
specific electrophysiological developmental dif-
ferences might be more stressed/pronounced.
The data on the pubertal (Tanner) stage in chil-
dren demonstrated that northerner children (from
the Arkhangelsk Region) had a 1—2-year lag in
maturation and prolonged puberty compared to
children living in more southern regions (Moscow
Region) (Kubasov et al., 2004, Soroko et al.,
2008). Since the pubertal lag was observed both in
northerner boys and girls, the pubertal stage could
be an important point for consideration in EEG
maturation analysis in children from different re-
gions. EEG spontaneous alpha activity was shown
to be influenced by the pubertal stage and gender-
specific (-related) differences (Howsley et al.,
2018). The more advanced pubertal stage (late ad-
olescence) predicted reduced EEG alpha power
in males, but not females, that authors considered
as the influence of testosterone on the cortical
gray matter in males. In the other study (Feinberg
et al., 2006), delta power decreases were age- and
gender-modulated but not at the puberty stage.
Since in our study we consider longitudinal
changes for all adolescence period (4—5 Tanner
stages in both — boys and girls) we use the age fac-
tor as a predictor for regression analysis. In our
case, the fact that in boys during the considered
period of observations (8—17 years) interhemi-
spheric connections are intensely developing
while in girls the same is true for anterior-posteri-
or interrelations is debatable.

Longitudinal changes in GC-indices. Estimation
of causality indices provides new information
about directed functional (“causal”) interactions
between cortical areas (Seth et al., 2015). The ef-
fective (directed) connectivity could be estimated
in various data types (EEG, MEG, fMRI) by dif-
ferent methods, such as directed transfer function
(DTF) (Kaminski et al., 2001, Baccala et al.,
2016), partial directed coherence (PDC) (Baccala
et al., 2001), transfer entropy methods (Barnett et
al., 2009), and so on. We used a multivariate au-
toregression model based on GC (Barnett, Seth,
2014) to estimate linear causality in time series
between electrodes.

We considered only those directed connec-
tions of longitudinal age-related changes, for
which estimations were significant. The direction
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of connections was considered as the direction of
the “information flow” from one cortical area to
another (influence of one zone to another during
development).

There were revealed the following several types
of age-related changes: (1) A unidirectional age-
related increase in the information flow, e.g.,
from temporo-occipital area of the right hemi-
sphere to parietal and central areas of the left
hemisphere in boys and girls in alpha2, betal,2,
and common-frequency bands. (2) A bidirection-
al age-related increase in the information flow
between two regions, e.g., from the frontal to pa-
rietal areas of the right hemisphere (F3 — P3) and
vice versa (P3 — F3) in alphal,2 and beta2 fre-
quency bands in boys. (3) A unidirectional age-
related decrease in the information flow, e.g from
frontal areas of the left and right hemispheres to
the contralateral temporo-frontal areas (F3 — F8,
F4 — F7) in beta2 and common frequency bands
in girls. Thus, when considering GC index, it is
possible to analyze changes in information flows
in the large-scale brain systems during their de-
velopment.

For example, the revealed common feature, an
increase in the interhemispheric information flow
from the temporo-occipital to parietal and central
zones both in boys and girls, could be attributed to
the maturation of the visual attention system (Ud-
din et al., 2019) and multimodal association brain
areas.

The main differences observed between boys
and girls related to the direction of the informa-
tion flow between the anterior and posterior brain
sides. In boys, the causal connections increased
both from the frontal areas to the parietal and
temporo-occipital areas of the right hemisphere
(in theta, alphal,2, beta2, and common frequen-
cy bands), and from the parietal, occipital and
temporal areas of the left and right hemispheres to
the frontal zones. By contrast, in girls, most caus-
al connections demonstrated an increase in the
information flow from the frontal to parietal ar-
eas. There was only one frontal zone (with the po-
sition at the F3 site) that was influenced by an in-
crease in the information flow from other left-
hemispheric areas in alphal and alpha2 frequency
bands. The issue of whether all the observed gen-
der-related differences were specific for northern-
ers needs to be explored further.

GC indices support the relevance of the ob-
served coherence changes for the development of
fronto-parietal networks and highlight the matu-
ration of the attention systems, reveal the direc-
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tions of information flow increases during matu-
ration.

Different directions of information flows in
boys and girls during development might be pre-
tended by different maturation rates of the regula-
tory systems, as well as bottom-up and top-down
regulatory processes. As an example of visual at-
tention processes by means of partial directed co-
herence, it was shown that the frontal regions can
serve as influencing other areas sources in re-
sponse to stimuli targets (top-down regulatory
process), while the parietal regions serve as the
main source of influence under non-target condi-
tions (bottom-up processes) (Zhao, Wang, 2019).

Thus, we can suggest that the influence of the
attention control system increases in the female
group, while in males both processes developed
with an increase in the influence of the posterior
default mode network on the attention control
system. From this point of view, it would make
sense to consider individual characteristics of the
participants, such as risk-taking and impulsivity
that could differ between genders (Xu et al.,
2020).

A combined consideration of data on function-
al and effective connectivity data may bring new
information to understand the mechanisms of
cognitive activity, development, and neurodegen-
eration (Anderson et al., 2010; Babiloni et al.,
2016). For example, in a research by Anderson et
al. (Anderson et al., 2010), an increase in func-
tional connectivity (coherence) of cortical electri-
cal activity between the prefrontal cortex and me-
dial temporal lobe was revealed during recall from
memory. In addition, GC demonstrated that the
increased coherence referred to the higher bidi-
rectional information flow between these regions
(prefrontal and medial cortex), with a generally
greater driving from the medial temporal lobe to
the prefrontal cortex.

We can suggest an increase in information
flows between cortical areas as the interaction in-
dex between and within the large-scale brain net-
works. According to our data was revealed an in-
crease in interhemispheric coherence in boys and
using causality analysis we can conclude that
these coherent connections were mostly based on
information flows from the right hemisphere to
temporal zones of the left hemisphere. In girls,
the long-distant anterior-posterior connections
(by coherence analysis) referred to increases of in-
formation flows from frontal to parietal areas.

Thus, functional and effective connectivity,
when studied as the complementary data, allowed
Ne 4
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tracking of the brain systems development during
adolescence.

Study limitations. Longitudinal changes in
functional and effective connectivity were esti-
mated in populations living in the Russia’s north-
ern regions. We assume that main patterns of chil-
dren’s development are rather the same, regard-
less of the region of residence, while northern
conditions can affect such parameters as the age
of the formation of certain characteristic features.
For example, when comparing the stages of the
EEG structure formation, there were demon-
strated the differences between the newcomer and
indigenous populations of Northeast Russia (So-
roko et al., 2012). There were no direct compara-
tive longitudinal studies of children from the
northern and more southern regions, but we can
expect specificity of explored samples.

CONCLUSION

Brain maturation was accompanied by in-
creases in functional and effective connectivity.
Coherence (as functional coupling indices) in-
creased mostly in alpha2, betal, and broadband
in interhemispheric anterior-posterior connec-
tions in both genders, corresponding, as we sup-
posed, with interconnections between the fronto-
parietal and visual attention systems and the de-
velopment of information processes. The changes
in causality suggest different trends of informa-
tion flows changes with the age both in boys and
girls. The bidirectional information flow in-
creased between the posterior default mode net-
work and the right fronto-parietal network in the
boy group. By contrast, in girls, the information
flow increased from the frontal to parietal areas in
the central executive network (parietal network),
suggesting the development of cognitive control.
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JIOHT'TIOAHOE NCCIIEAOBAHUE BO3PACTHOTI'O PABBUTUA
ITPOCTPAHCTBEHHO¥ CUHXPOHU3AIIUU D3I Y JETEN
N IIOJAPOCTKOB-CEBEPAH OT 8 10 16/17 JIET

H. B. Illemakuna'** K. B. Haropuosa!, C. 1. Copoko!

! Huemumym s6oarouuontoii usuonoeuu u 6uoxumuu um. H.M. Cevenosa Poccuiickoii akademuu Hayk,
Cankm-Ilemepbype, Poccus
*e-mail: shemyakina_n@mail.ru

#* e-mail: natalia.shemyakina @iephb.ru

Llenps uccnenoBaHus 3aKI0YAIACh B BBISIBJIEHUUW OOIIMX U CIIeM(PUIYECKUX TIOHTUTIONHBIX U3Me-
HEHU MPOCTPAaHCTBEHHOUN CUHXpOHM3ALMU DDy HopMalbHO pa3BUBAIOIIUXCS AETEM, TIPOXKU-
Baroiux B CeBepHoM peruoHe Poccuu. [1IpoBeneH cpaBHUTENbHBIN aHAIU3 MoKa3areaeit (hyHK-
LIMOHAJIbHOM U 3¢h(heKTUBHOI KOHHEKTUBHOCTH Y IeTeii 1 MOAPOCTKOB 060ero mnosyia. 331 peru-
CTPUPOBAJIU B COCTOSIHUM CHOKOMHOTO GOAPCTBOBAHUS C 3aKPBHITHIMU IJ1a3aMu Yy 15 310pOBbIX
nereit exxeromHo ¢ 8 mo 16/17 net. Bo3pacTHble naMeHeHuss DOI olLieHUBAIM TIpU aHAJIU3€e KOTe-
PEHTHOCTH U MPUYMHHOCTH 110 I peHIKepy — B YaCTOTHOI M BpeMeHHOI obnacTsax. ITpuunH-
HOCTb 1o I'peifHIKepy M KOrepeHTHOCTD BBIYKMCIISIIUCH B YACTOTHBIX AUara3oHax: Aeibra (1.6—
4 Tn), teta (4—7.5 '), anpdal (7.5-9.5 T'a), anbda?2 (9.5—12.5 In), 6eral (12.5—18 I'x), 6eta2
(18—30 I'r) u o61eM/cymMmmMapHoM auarazoHe yactor DDI (1.6—30 I'x). Bo3pacTHble MI3MEHEHUS
M0 JAHHBIM KOT€PEHTHOCTU OTpaXajluCh B YBEJIMUEHUU CUHXpoHU3auu DD Bo Bcex yacToT-
HbIX JUarna3oHax. Hauboree cyliiecTBeHHblE U3MEHEHM S KOT€PEHTHOCTH ObLIM 3apeTUCTPUPOBaA-
Ne 4
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HBI B anb(da2, 6eral 1 cyMmmapHoM amarrazore DOI. HabGmonamock yBermdeHNE MEKITOTyIIap-
HBIX KOT€PEHTHBIX CBSI3€i MEXKIy JIOOHBIMU Y TEMEHHBIMU 00J1aCTSIMU KOPBI — 1 Y MaJIbUYMKOB, U
y aeBoyek. IToMuMo 3TOro, y MajJbuMKOB yBEJIMYMBajlach MEXIIOaylapHas (yHKIIMOHaJbHAas
CUHXPOHU3aIUs B aibda2 v oblIeM quanazoHe D[ 4acTOT MeXIy HEHTPATbHBIMU U BUCOUYHBI-
MU 00JIaCTSIMU KOPEL. Y IeBOYeK HaOII0AaI0Ch YBEINYCHUE BHYTPUIIOIYIIAPHON CMHXPOHM3a-
LAY MEXIYy JJOOHBIMU M TEMEHHBIMU 001acTIMM Kopbl. M3MeHeHMsT 3D eKTUBHOI KOHHEKTUB-
HoCTHU (IIpUYMHHOCTH 110 ['peitHmKepy) B IPyMIle MaJbYMKOB CBUIACTEIBCTBYIOT 00 YBEINYCHUN
JIByHAIIPABJICHHOIO BIMSHMS MEXIY CETSIMU MHAacCUBHOTO pexuma padborsl mModra (DMN) u
¢dponTo-ntapuetanibHOi cetu (FPN). B rpynne neBodek ke HabJmogaeTcs yBeandeHue addex-
TUBHOM KOHHEKTUBHOCTU MPEUMYIIECTBEHHO OT JJOOHBIX K TEMEHHBIM OTaeaaM (ppoHTO-TIapue-
TaJIbHOM CHUCTEMBI, a TakKe HaOMomaeTcsl CHIKeHne 3(@EeKTUBHON KOHHEKTUBHOCTU B LICH-
TpaJbHbBIX M JIOOHBIX 001aCTSIX KOPHI (CEHCOMOTOpHAsI ceTh). [loydeHHbIe JTaHHbIC MOTYT CBUIE-
TEJILCTBOBATh O PAa3JIMYMSIX B BO3PACTHOM pPa3BUTUM BOCXOOSAINEH M HUCXOOSAIIEH CUCTEM
PETYJISILIMN COCTOSHUS ONIePAaTUBHOTO ITOKOS Y MaJIbYMKOB U JI€BOYEK.

Karouesvle cnosa: DDI, mpoCcTpaHCTBEHHAs] CUHXpOHU3alusl, (PyHKIMOHAIbHAs KOHHEKTUB-
HOCTb, 3¢ eKTUBHAsA KOHHEKTUBHOCTh, KOTEPEHTHOCTD, IIPUYMHHOCTD IT0 [ peitHIKepy, TOHTH-
TIOMHOE UCCIIeNOBaHNe, IeTH, TOAPOCTKH, CeBep
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[IpencraBiaeHbl pe3yabTaThl aHanM3a (GOPMUPOBAHUS OMO3NECKTPUUECKON aKTUBHOCTH MO3Ta y
JIeTe 1 MOAPOCTKOB, IIPOXMBAIOIINX B CeBEPHOM pernoHe Poccum, Ha OCHOBE OIIEHKU MHTE-
rpajdbHBIX TapaMeTPOB MHOTOKaHaJIbHOU DI, B nccienoBaHMsSIX NPpUHSIIIM ydacTie 33 Majapuu-
Ka 1 32 IeBOYKM B Bo3pacTte oT 7 mo 18 jeT, yuyalmxcsl celabCcKoit Kojbl. PaboTa mpoBeneHa B
2 3Tana, KaxXXIblii U3 KOTOPBIX COCTOSII U3 OCEHHEN M BeceHHel ceccun. Peructpuposanu B3I,
10 KOTOPOI CTPOMIM CTPYKTYPHYIO (PYHKIIVIO M PACCUYUTHIBAIM OOOOIIEHHEBIN CIIEKTP, a TAKXKe
MHTErpaJibHbIe IapaMeTphl, XapaKTepu3ayloline Mepy BpeMeHHOit (0 < P < 1) 1 IpoCTpaHCTBEH-
Hoit (0 < Ps< 1) cBa3HocTu D3I -ipouieccos. [1penensHbie 3HadeHus mapameTpoB (0, 1) cooTBer-
CTBYIOT CJIy4aro JIMOO IMOJTHOCTBHIO YIOPSIIOYSHHOM, IMOO COBEPIICHHO CIIyJYalfHOM MpOCTpaH-
CTBEHHOI WJIM BpeMeHHOI opranuzanuu D91, BrIsgBlIeHO yMEeHbIIIEHE ¢ BO3PACTOM 3HAaYE€HUS
napamMmeTpa Ps, CBUIETEIbCTBYIONIEE O MOBBIIICHUM IIPOCTPAHCTBEHHOI CBsI3HOCTU DDI-mpo-
LICCCOB Yy YYaIlIMXCsl OT MJIAAIIMX K CTapIIMM Kiaccam. Hanporus, BeanuuHa Pt ¢ BO3pacToOM yBe-
JIMYMBAJIACh, YTO XapaKTEpU30BaJIO YMEHBIIICHNE BpEeMEHHOI0 MaciTada CBI3HOCTU, MHEPLIMOH-
HocTu DBI-Ipo11eccoB U MOIJIO OTPaXaTh IMOBBIIIEHNE YPOBHS (PYHKIIMOHAIBHOM MOABMKHO-
ctu (madunbHocTr) ITHC mo mepe B3pocneHus. [lokazaHa 3aBUCMMOCTDH OILIEHOK BO3PaCTHOI
JVMHAMMKU UHTETPpaIbHBIX MapaMeTpoB DI y IKOJIbHUKOB-CEBEPSIH OT Ce30Ha (OCEHb-BECHA) U

BBIOOPOYHOIO KOHTUHIEHTa 00CIeIyeMbIX.

Knroueenie cnosa: neTH N TIOAPOCTKHU, Pa3BUTHE, MO3T, CTpYKTypHas ¢yHKIng DI, CeBep

DOI: 10.31857/S0044467721040067

Baxxnoit 3agageit mpuMenenust 991 B Mmenu-
LIMHCKOM U UCCeI0BATEIbCKON NPAKTUKE SIBJISI-
eTCs WHIMBUAYaJIbHAsl OMArHOCTUKA YPOBHS
3penoctu Mo3ra. I[lepuon xxu3Hu ot 6—7 mo 17—
18 et (“IKOJBbHBINM BO3pACT”) XapaKTepu3yeTcs
WHTEHCUBHBIM (U3UYECKUM, IICUXUYSCKUM U
couMaJibHBIM pa3BuTueM pederka. I[Ipoucxonsar
CYLLIECTBEHHbIE M3MEHEHUSI KOTHUTUBHBIX (DYHK-
LMl C COBEPLISHCTBOBAaHMEM IIPOLIECCOB BOC-
npusaTusl, BHUManus, namsatu (be3pykux u ap.,
2009; Anderson, Perone, 2018). IIpouecchl Ko-
THUTUBHOTIO Pa3BUTUSI, C OOHOM CTOPOHBI, CBSI-
3aHbl ¢ MOPGOPYHKIMOHAIBHBIM CO3pPEBAHUEM
LIHC, ¢ apyroii — camu sBJISIIOTCS ApaiiBepoM
TaKOIr'o CO3pEeBaHUsI.

Joka3aTenbcTBa CTPYKTYPHOIO M (PYHKIIUO-
HaJIbHOT'O CO3PEBaHMS MO3ra Ha POTSDKEHUU He
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TOJILKO AETCKOIO, HO U BCEro IIOAPOCTKOBOIO
BO3pAaCTHOTO Ieproa MoJydyeHbl B HEpoaHaTo-
MHUYEeCKMX U PYHKIUOHAIBLHBIX MPT- n O3TI-
ucciaenoBaHusx. Ha mpotsskeHuu BTOpOro aecs-
TUJICTUSI XKU3HU 3HAYUTEJIbHO MEHSIIOTCSI COOT-
HOIIIEHUSI 00BEMOB CEpPOTo M OeJIoro BellecTBa
ronoBHoro mo3sra (Gedd, 2004). O6bem Gejioro
BellleCTBa HEMPEPBIBHO, XOTS U C 3aMelJIEHUEM,
YBEJIUYUBACTCSI Ha MPOTSLKEHUU BO3PACTHOTO
nepuoga ot 10 mo 30 netr (Whitford et al., 2007).
B dyHmamenTanbHbix Tpymax C.b. [3yraeBoii
(3yraesa, 1975) comepxkaTcsi CBEeAeHMsS O IIO-
CJIeI0BaTeIbHOCTH POCTA U CO3PEBaHUS MPOEK-
LIMOHHBIX M aCCOLUALIMOHHBIX MyTEM TOJIOBHOTO
mo3zra. K uucny Haubosee 1mo3mHo nudgepeH-
HUpyooLuxcs (BILUIOTh 10 3pea0ro Bo3pacTa) OT-
HOCSITCSI CTPYKTYPbl BEPXHEro Mpoa0JbHOIO
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Mny4yKa, COeAUHSIONIEro KOpy JOOHOM MT0JIu C 3a-
TBUIOYHOM U PSJIOM IIOJIE TEMEHHOM M BUCOY-
HOI moseii. 3aMeTHO yBEJIMYMBAETCSI B 0ObeMe
B Bo3pacTe 7 JIeT U MOo30Hee BaXKHEHIINIT KOM-
IJIEKC KOMUCCYPaJIbHBIX CBSI3€Ml — MO30JMCTOE
TeJo, OOecIeuyrBalollIee COIPSIKEHHYIO Jesi-
TEJILHOCTb 000MX ITOJIYILapUii.

VYpoBeHb (YHKIIMOHAJIBHON 3peIOCTU MO3Ta
oTpaxaetcs B xapakrepe DI 1mokos, peructpu-
pyeMoIi B COCTOSIHUM CITOKOMHOTO OOApCTBOBA-
Hus. IlokazaHo, YTO C BO3pacTOM OTHOCHUTEJIb-
Hasl MOIITHOCTb BICOKOYACTOTHBIX COCTABJISTFOLLINX
anbda-puTMa pacTeT, a OTHOCUTEIbLHAS MOLLIHOCTh
HU3KOYACTOTHBIX COCTap/siomux OOI mamaer
(Gasser et al., 1988; Andeposa, ®apoep, 1990;
T'op6aueBckas, Koxymiko, 1990). ITo nzmeHe-
HUSIM COOTHOIICHMWI aKTUBHOCTU B OCHOBHBIX
Irana3zoHax 4acToT OOI' yCcTaHOBJIEH IPUHIIUII
reTepOXPOHHOTO (QYHKIMOHAIBHOIO CO3peBa-
HMSI pa3/IMYHbIX 00acTeil KOpbl TOJJOBHOI'O MO3-
ra (AndepoBa, Papodep, 1990; I'opbGaueBckas,
Koxyiiko, 1990, Vijayakumar et al., 2018). Bax-
HbIe CBEIEHMSI O HAIPaBJIECHHOCTU BO3PAaCTHBIX
W3MEHEHUIi, CBUIETEIbCTBYIOIIMX O CO3pEBA-
Huu IHTHC, moyydeHbI ¢ UCIOJIL30BAaHUEM Olie-
HOK CTaTUCTUYECKOM CBSI3U MEXY JIOKATbHBIMU
KoJIeOaHUSIMU TIOTEHLIMAJIOB B Pa3/JIMUYHbIX 0012~
CTSIX MO3ra MeToJaM1 KPOCC-KOPPEISIIMOHHOIO
(B IIMPOKOM Auamna3oHe 4acTOT) U KOT€pEHTHO-
ro (B psay TapMOHUYECKUX COCTaBIISIIOIINX)
aHanu3a. HecMoTpss Ha cepbe3Hble 3aMeYyaHUs
OTHOCUTEIBHO KOPPEKTHOCTU MCIIOJIbL30BaHUS
aHanu3a KorepeHTHocTu B OOI (Kymauues,
2009), mosryyeHbl BOCIIPOM3BOIMMBIE pa3InNy-
HBIMU MCCJIeIOBATEIbCKUMU TPYIIIIaMU PE3Yiib-
TaThbl, CBUIETEJIbCTBYIOIYE O IIOBBLILICHUU C
BO3pacTOM y JIeTeii U MOAPOCTKOB KOTepEHTHO-
CTHU OTAENbHBIX TAPMOHMNYECKUX COCTABJISIIOIINX
B OOI' (Barry et al., 2004; MauuHcKass 1 1p.,
2007; Thatcher et al., 2008; Gmehlin et al., 2011).

OnucaHbl BO3pacTHasi IMHAMMWKA 1 TOIIMYE-
CKMe OCOOEHHOCTH (hOPMUPOBAHUS MEXITOIIY-
IIAPHBIX W MEXPETMOHAJIBbHBIX B3aMMOCBSI3C
DOTI-1IpolieccoB B JIEBOM U ITPaBOM MOIYILIaApH-
ax wMosra (Luuepommu, IllermoBaJbHUKOB,
2009; Gmehlin et al., 2011), KoTopble B LIeJIOM
YKa3bIBaIOT Ha TeHepaJbHYIO TEHACHIINIO K IT0-
BBIIIICHUIO “(YHKIIMOHAIILHOM CBI3HOCTH WIN
YPOBHS MPOCTPAHCTBEHHOM (AMCTAaHTHOI) CUH-
XpPOHM3AIIMK OMOITOTeHIIAaJIOB Mo3Tra DO -11po-
LIECCOB.

PazBuTHEe KOJIMUECTBEHHOTO MOAX0/1a K OTpe-
JIeJIEHUI0 BO3pacTHbIX DDI-HOpPMaTUBOB WUIET
I10 ITYTU YTOYHCHU S XapaKTEpa 3aBUCUMMOCTHU OT-
JeJIbHBIX MTOKA3aTesei OT BO3pacTa, a TaKXke 1Mo-
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MCKa MHTErpaibHbIX DOI-KpureprueB co3pena-
Hug LTHC ¢ yuetom retepoxpoHum ¢opMUpo-
BaHUsI pa3IMYHBIX KOPKOBBIX PpETMOHOB U
BOJIOKOHHBIX CTPYKTYp CBSI3€ii MEXIy HUMM.
31ech peub UIeT KakK 0 BEBIOOpe 0000IIIeHHBIX Xa-
PaKTepUCTUK MHOTOKaHajapHOU DI, Tak n 00
orpeneaeHUM Habopa IoKa3arelieit, IToJTHOMep-
HO OTpaXamwIiuux Ipouecc (OpMUPOBAHUS
IHHC B 3amanHOM BpeMeHHOM Ttepuoge. K uuc-
JIy TaKMX TMOKa3aTeJeii MOTYT OBITb OTHECEHBI
0000IIIeHHBIE  XapaKTEePUMCTUKM  YaCTOTHOMM,
MMPOCTPAaHCTBEHHOI U BpeMeHHOI opraHu3alumu
BIIEKTPUUECKOM aKTMBHOCTH MO3Tra, OLICHUBAac-
MBI€ TI0 BCeii COBOKYNTHOCTH DD I-miporieccos.

ITpuMepamMy WMHTETpabHBIX XapaKTEPUCTUK
MPOCTPAHCTBEHHOI CBA3HOCTH DD -poiieccon
MOTYT CJIY>KUTh OLIEHKA KOPOTKO-AMCTAHTHBIX U
JUIMHHO-AUCTaHTHBIX (Barry et al., 2004;
Thatcher et al., 2008), “aokanbHBIX” M “IJIO-
o0anpHbIx” (Gmehlin et al., 2011), B 3aBUCUMOCTU
OT MEXDJIEKTPOIHbBIX PACCTOSIHUIA, YPOBHEM KO-
TrepeHTHOCTH, a Takke nmapamerp VOL, xapakrte-
pusytomuii 0600IIEeHHBIH YpOBEHb MPOCTpPaH-
CTBEHHOW CHUHXPOHU3allMM OWOMOTEHIUAIOB
mosra. ITapamerp VOL paccuMThIBaeTCsl Ha OC-
HOBE MaTpullbl KOA(PGUIIMEHTOB KpOCC-Koppe-
Jsauuu D991 (bapBuHok, PoxkoB, 1992), korto-
pasi B CBO€i T€OMETPUYECKOI WHTEpHpeTalun
MO3BOJISIET TIPEACTABUTh COBOKYMHOCTH DDI-
MPOLECCOB KaK My4YOK BEKTOPOB, 3aHUMAIOIINIA
onpeneaeHHbIl “00beM” B MHOTOMEPHOM IMpPO-
CTPaHCTBE.

ITokazaHo, 4TO MpU Mepexole ydalluxcs OT
MJIAIIEro IIKOJBHOIO BO3pacTa K CTaplieMy
MPOUCXOAUT TTOCTEIIEHHOE YBEJIMUYECHME KaK Be-
JIMIUH “JIOKANBbHBIX” W “TII00AIbHBIX” YPOBHEH
korepeHTHocTH (Gmehlin et al., 2011; Snyder
etal., 2015), BeaIWYMH KOPOTKO-IMCTAHTHBIX
(Thatcher et al., 2008), IJIWHHO-IUCTAHTHBIX
(Barry et al., 2004) korepeHTHBIX CBsI3€ii, TaK 1
00OOIIIEHHBIX YPOBHEN MPOCTPAHCTBEHHOI
cunxpoHmzaumn DD (Copoko m gp., 2012;
Kpyunnuna u op., 2020).

DTU MoKaszaTejau XapaKTepu3yloT MPOCTpaH-
CTBEHHYIO CTPYKTYypy DI, 6e3 yueTa ee BpeMeH-
HOI opraHu3anyu. Mexay TeM IIPOoLecC Co3pe-
BaHus LHHC sipko mposiBisieTcss B UBMEHEHMSIX
BpeMeHHOI opraHuzaluu narrepHa 9391, cTpyk-
TYpbl B3aUMOAEMCTBYSI BOJTHOBbIX KOMITOHEHTOB
oCHOBHbBIX putMoB DBI" (Copoko u ap., 2012).
AHaJI3 BEpPOSITHOCTHBIX I1€peXoaoB BOJH DII
U3 OAHUX YACTOTHBIX OUAMA30HOB K IPYTUM M
KCITOJIb30BaHWE TIOAXOM0B, pa3pabOTaHHBLIX B
paMKax Teopuu rpacoB 1 MMOTOKOB B CETSIX, T103-
BOJIUJI BBISIBUTb MapKephbl U OINPEAETUTh “Kpu-
Ne 4
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TUYEeCKUe” BO3pPaCThl, KOIJa MEHSeTCS “anro-
pUTM” B3aMMOJEHMCTBUS BOJIHOBBIX KOMIIO-
HeHToB DI (Copoko u ap., 2012, Copoko u ap.,
2015). OpHako B OOJILIIMHCTBE CIIyYyaeB aHaINU3
BO BpeMeHHOIT obnactu (time domain) nepeBo-
IUTCS B TIJIOCKOCTb M3yYeHUs] BPEMEHHBIX WU
¢da30BBIX OTHOLICHUI KOJIeOaHWT MTOTEHIINAIOB
B pa3anuyHbIX oTBeneHusax DO (Jiruska, 2005).
HMcnonb3yioT Takke 1 MyJIbTUBaprUaTUBHBIE CTa-
TUCTUYECKIME METOIbI, OCHOBAHHBIC Ha aHAJIN3e
npuunHHOCTH I'peitnmkepa (Granger causality)
(Cekic et al., 2015; Stokes, Purdon, 2017) nimu Ha
IMOCTPOCHUHN aBTOPETPECCUOHHOI MOJIENIN TIPO-
THO3MPOBAHMSI, YTO IO3BOJISICT BBHISIBISTH Ha-
npaBJieHHbIe (PYHKIMOHAIBHBIE (“TIpUYMHHBIC”)
B3aMOJENCTBUSI aKTUBHOCTU B Pa3JIMYHBIX OT-
BeneHusx DI (Seth, 2015; MauuHcKkag 1 1ap.,
2019).

B HameMm ucciienoBaHUM ObLIM UCIIOJIb30Ba-
HbI OLIEHKN MHTETPaJbHBIX ITPOCTPAHCTBEHHBIX
1 BPEMEHHBIX ITapaMeTpOB, KOTOPbIC ObUIN I10-
JIydeHbl Ha OCHOBE IOCTPOCHUSI M aHaJn3a
ctpykrypHoit ¢pyHkuuu (Cd,) MHOrokaHajab-
Hoit DDI. CrpykrypHast QYHKIIMS, XapaKTepH-
3yI0IlIasi MHOTOKAHAJIbHBIE ITPOLIECCHI, TIO3BOJIS -
€T KOJWYECTBEHHO OIIEHMBATh MAaCIITAOBl MX
BpPEMEHHOI M IIPOCTPAHCTBEHHOI CBSI3HOCTH
(Trifonov, 2016; Rozhkov et al., 2018) 1 onmchI-
BaTh OOIIME, CHCTEMHBIE peaKII1 Mo3Ta 6e3 I10-
IPpOOHOTO OIMMCAHUSI JOKAJIbHBIX M3MEHEHUIA.
[Tpu 5TOM MHTErpaJIbHBII BpeMEeHHOM MapamMeTp
MOXET XapaKTepr30BaTh U3MEHEHUST (DU3UOJIO-
rudeckoii madbminbHoctu ITHC (1o A.A. YxToMm-
ckoMmy, 1951), a uHTEerpanbHbIil MPOCTPAHCTBECH-
HBIII — 0000OIIEHHBIN YPOBEHb IIPOCTPAHCTBEH-
HOIl CHMHXPOHM3ALIMM OMOITIOTECHIIMAJIOB MO3Ta
(mo M.H. JluBanosy, 1972).

ITpumeHeHue 0000ILEHHBIX (MHTETPaIbHBIX)
nokasaTeyieil oOJierdyaeT pelleHue CJIOXKHOMN
npo0JieMbl MEXXUHAUBUIYATbHO BapradeIbHO-
CTU (PU3UOJOTUUECKUX peaKLUii U MPOLIECCOB,
obecrneuynBaloMX IesITEIbHOCTh YEJIOBEKA U €T0
amanTanuio K cpeae. OueHka UHAUBUIYaIbHBIX
WA UHIAVMBUAYAJIBHO-TUITOJIOTUYECKHUX OCOOEH-
HOCTE (YHKIIMOHUPOBAHUS HEHPOGU3UOIO-
TMYECKMX MEXaHU3MOB SIBJISIETCS OAHWUM U3 BE-
IYyLUIMX TPEHJOB COBPEMEHHBIX WCCJIEAOBAHMIA
OopraHu3allMi HEepBHBIX ceTeil Tokos (resting-
state networks) (I'aBpoH u ap., 2019), kotopbie
MOTYT OIPEAEIISITh CIIeIN(PUKY IMOLIMOHAIIBHO-
ro 1 MOTMBALIMOHHOTO KOHTPOJIS 1 peajiu3aliiu
ucnodHuTenbHbIX PyHKuM (Kurgansky et al.,
2020), a TakKe U3y4YeHUS TUHAMUYECKUX Mepe-
CTPOEK BJIEKTPUUYECKOU aKTUBHOCTU MO3Ta IpuU
BO3AeCcTBUU (hAaKTOPOB BHEIIHEN cpenbl (Pox-
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KOB U 11p., 2019) u B nipoliecce pelieHusI KOrHu-
TUBHBIX 3agaHuil (Seghier, Price, 2018; JIeOene-
Ba, Kapumosa, 2020).

dopmupoBaHue (HU3UOJIOTMYSCKUX (DYHKIIMIA
U pa3sBUTHUE OpraHM3Ma IIPOUCXOOAT Ha (OHE
ajanTaluy K yCJIOBUSIM BHelllHeu cpenbl. HeGna-
TONPUSTHLIC TPUPOIHO-KIMMATUIECKUE, CIIOX-
HbIE COLIMAJIbHO-OBITOBBIE YCJIOBUS >KM3HM Ha
CeBepe OpenbsBSIOT IOBBIIIEHHbIE TpeboBa-
HUSI K (PU3UOJIOTUYECKUM CUCTEMaM pacTyIIero
opranusma (I'pubanoB u ap., 2016a). B TeueHue
roga OpraHu3M IIPOXOAUT €CTECTBEHHbBIC LUK
CE30HHOM aKK/JIMMAaTHU3allMd K XOJIOMHOMY U
TEeILUIOMY IEPUOIY C KOHTPACTHLIMU U3MEHEHU -
savu poronepronmsma (EBnokumos u np., 2007).

DTHU Ce30HHbIC ITepecTpoiiku y xkuteneil Ce-
Bepa 00HapYyXMBAIOTCS HA ypOBHE MeTa0O0InYe-
ckux npoueccoB (boiiko, 2005), BBISIBISIIOTCS B
LUPKAHHYaJbHBIX PUTMAaX HEHPOSHIOKPUHHBIX
¢dyukuuii (Kybacos u np., 2006). M3MeHeHne
MPOIOJIKUTEIbHOCTU CBETOBOIO OHS SIBJISICTCS
OOHUM U3 HauboJiee 3HAaYUMBIX (pPaKTOPOB, BIIM-
A0IKUX Ha GOpMUPOBAHUE OMOBJIEKTPUIECKOM
aKTMBHOCTU TOJIOBHOTO MO3ra y IITKOJbHUKOB-
cesepsiH (I'pmbanoB u ap., 20160). Ilpouecc
ajanranuuy onpenessiercs (pyHKIMOHAIbHBIMU
BO3MOXKHOCTSIMU OpraHu3Ma, ee “lLieHOi” Mo-
JKET ObITh UCTOLLIEHUE (PU3UOJIOTUUECKUX pe3ep-
BOB, UTO IIPOSIBISIETCS B 3aMEIJICHUN TEMIIOB CO-
3peBaHUs1 opraHusma u gopmuponBaHusi IITHC
(Copoko u ap., 2005).

Ilesibio paboOTHI SBJISLIOCH UBYYEHME BO3PACT-
HOI TMHAMUKU (DOPMUPOBAHUS OMO3JIEKTpUYIE-
CKOI1 aKTMBHOCTH MO3ra y JIeTei U IIOAPOCTKOB-
CeBepsiH 1IKOJbHOIO BO3pacTa Ha OCHOBE aHa-
JI3a MHTETPaIbHBIX ITapaMeTPOB MHOTOKaHaJb-
Hoit D3I, xapakrepu3ylomnx BpeMeHHOI u
MPOCTPAHCTBEHHbIIA MaclITaObl CBSI3HOCTU KO-
Jebanuit ODI-mipolieccoB, a Takxke 0000IIeH-
HBIX IO COBOKYMHOCTU oTBeacHuii 301 neBoro
U IIpaBOTO MOJIylIapusl IoKasaTesieidi 4acTOThbl
OCHOBHOTO pUTMa U “TJIO00QJIbHON MOIIHOCTH
nojs” (MHOTOMEPHOTIO aHalora JIUCIEePCUU KO-
JIe0aHU MOTeHIMAJIOB). B urciie oTae/IbHbBIX 3a-
a4 ObLIO COMOCTaBJIEHME OLIEHOK BO3PaCTHOM
JIVUHAMMKM TI0Ka3aTesield Ipu o0caeI0BaHUM Ofl -
HOTO 1 TOT'O XK€ KOHTUHI€HTA yJallluXCsl B OCeH-
HUI1 1 BECEHHUI TIEprUOM, a TAKXKE ABYX pa3jinya-
IOLLKUXCS TI0 CIIMCOYHOMY COCTaBy I'pYMIl yda-
LIMXCS, B pa3HOE BpeMs IIPOXKMBAIOIIUX Ha
OIIHOW U TOMU K€ TEPPUTOPUU.

Ne 4 2021
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Ta6muna 1. KonmmyecTBo MaJIbYMKOB U IeBOYEK B TPpEX BO3PACTHLIX I'pyIIIax, 00cIeq0BaHHEBIX HAa KaXKIOM M3 3TaIloB

Table 1. Number of males and females in three age groups surveyed at each of the four sessions

BospacTHasi Arar 1, ceccus 1 Oran 1, ceccus 2 Drar 2, ceccus 3 Drar 2, ceccus 4
rpynna MaJIBYUKU | JEBOYKU | MaJbYMKW | JNEBOYKM | MaJIBYUKMU | HEBOYKU | MaJbYUKU | JIEBOYKH
Mitaniast 8 7 9 7 6 4 6 6
Cpenuss 8 10 8 10 6 3 7 4
Crapias 9 8 9 8 5 7 5 3
Hroro 25 25 26 25 17 14 18 13
METOAWKA Fp2, F7, F3, F4, F8, T3, C3, C4, T4, T5, P3, P4,

B nccnenoBanusax npuHsIM ygactue 33 Majib-
yuka 1 32 AeBOYKM B Bo3pacrte OT 7.6 roma 1o
18 jieT, y4Jaimxcsli CeJIbCKOM IIKOJIbl ApXaHTellb-
CKoi1 0011. (61° c.11., 41° B.1.). PaboTa mpoBeneHa
B JBa 3Tala, KaXIblii M3 KOTOPBIX BKIIOYAJ
OCEHHIOIO M BeCeHHIOI0 ceccun. Ha mepBoM aTa-
ne B xone ceccuu 1 (oktsa6pb 2008 1.) 00ciiemoBaHbI
50 mKoabHUKOB, ceccuu 2 (ampenb 2009 r.) —
51 LIKOJABHUK, HAa BTOPOM 3TaIle B XOA€ CECCUU 3
(okTs16pp 2012 1.) — 31 IIKOJBHUK, ceccuu 4
(mapt 2013 r.) — 31 mkoapHUK. CBeASHUS O KO-
JIMUECTBE MaJjlbuMKOB U JE€BOYEK, pa30UTHIX Ha
3 Bo3pacTHble TpyImbl (MJaaias, CpemHss,
crapiiasi) JJisl KaXJIoro cezoHa obcienoBaHusl,
JaHbl B Ta0. 1. Miaauryio TpyIily COCTaBIsLIA
INKOJILHUKM 7—11.5 JIeT, cpemHIo0 — IIKOJIbLHU-
Kk 11.6—14.5 jger u crapmyi — IIKOJbHUKUA
14.6—18 net. Bce 50 MIKOJIBHUKOB, y4aCTBOBAaB-
IIMX B 00CIeaOBaHUSIX Ha 1-M 3Tane, IpUHSIN
ydacTue B padboTe Ha BTOpOM 3Ttarie. B yncie 06-
cliedyeMBIX Ha 2-M 3Tarie ObUIM 23 IMIKOJIBHUKA,
y4aCcTBOBaBIIIMX B pabOTe U B OCEHHIOIO, U B Be-
CEeHHIOI0 ceccuu. Bcero B TeueHue OByX 3TarioB
paboThl U 4 ceccuii BBITIOJHEHO 163 perucrpa-
nun D3I Bce mccnegoBaHusl IIPOBOAWIMCH C
cobOmoneHneM TpeboBanmit XerbcMHKCKOM [e-
kiaapauuu. IIpoTokon ucciienoBaHUil yTBEp-
xkneH Komuccueil mo stuke YueHoro coseTa
NODPb PAH. Ponutenu ydammxcsi ObUIA WH-
¢opMUpOBaHbI O LiEJAIX OOCIACAOBAHUS U AU
coriacue Ha ero npoBeaeHue. Bece ucnbityeMble
y4aCTBOBAaJIM B UCCIEAOBAHUSIX JOOPOBOJIBHO.

BBTI perucTpupoBaiv Ha 31EKTPOIHIIEedano-
rpadpe DOBIA-21/26 “Dunedanan-131—-03”
(bupmbr “Menukom MT/1”, Poccust) B 21 orBe-
JIEHUM 1o MexXayHapoaHoi cucteme “10—20” B
nojioce 0.5—70 Iy ¢ yacToTOl AMCKpETU3alun
250 I'u. Mcrmonp3oBanm MOHONOJISIPHBIE OTBEIE-
HUSI C 0ObEIMHEHHBIMU YIIHBIMU PePepeHTHbI-
MU ajiekTpoaamu. IlpeacraBieHHbIE B CTaTbe pe-
3y/JIbTaThl OTHOCSTCSI K 16 orBemeHusim: Fpl,
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Te6, O1, O2.

Peructpanio D31 mpoBOaAWIM MO CXeME CTaH-
JTAPTHOTO KJIMHUKO-AMArHOCTUYECKOTO 00CIeno-
BaHUs € 3anUchio DD B COCTOSTHUM CIIOKOWHOTO
0ONPCTBOBAHMS C 3aKPBITBIMUA U OTKPBHITBIMU TJ1a-
3aMU C MpMMEHEHUEM (PYHKIIMOHAIbHBIX Harpy-
30K (poToCTUMYJISILIMS, TUNiepBeHTWIsIIMS). M-
MbITYEMBIE pacIiojlaralich B YIOOHOM KpecJe ¢
nomtokoTHUKaMu. IlpenacrtaBieHHbIE pe3yabTaThl
XapaKTepU3yIOT COCTOSTHUE CHOKOWHOro 6omp-
CTBOBAaHUSI C 3aKPbITBIMU TJ1a3aMU. YUacTKU 3a-
nuceu, coaepxaliue ABUTATEIbHbIE, IJIEKTPO-
oKyJorpaduyeckue, 3JeKTPOaHbIe apTedaKThl,
UCKIIoYaIu U3 o0padboTku. sl majabHEeHIIero
aHaJIM3a YaCTOTHBIN nuarna3oH DDI orpaHuYun-
Basiu nipeaesamu ot 1.6 mo 30 .

CornacHo NnpeaIoKeHHOMY HaMU paHee Me-
tony aHaimza ODDI-manubix (Trifonov, 2016;
PoxxoB u gp., 2019), kaxnmasa 3amnuch, DOI,
OpeICTaBACHHAsI B BUIE BEKTOPHOIO BpEMEH-
HOro psina IOCACAOBATEAbHBIX 3HAYCHUI aM-
IUIATYO B 7 OTBeAcHUsIX (n = 8 [ OTBEAEeHUIA
JIEBOTO WJIM MpaBoOro Iojyuapus, n = 16 mis
Bceli COBOKYNHOCTM OTBEICHMI1), HOpeaBapu-
TEJILHO LIEHTPUPOBAIACh ITyTEM BbIUMTAHUS CO-
OTBETCTBYIOILIIETO CPEIHETO B KaxKIOM OTBEe-
HUJ U HOPMUPOBAJIACh HA BEJIMYMHY OIPEIC/Iv-
TeJisI BLIOOPOYHOI KOBapMAallMOHHOI MaTpULIbI B
crenieHu 1/(2n). B pe3ynbTaTe mojiy4aau HOBBIA
BEKTOPHBIN BpeMeHHOIT psili, KOTOPBII ABJISJICS
0e3pa3MepHbIM U XapaKTepU30BaJicsl OOUHAKO-
BOI1 BLIOOPOYHOI 0000I1LIeHHOM’ aucnepcueii st
Bcex McObITyeMbIX. IloydeHHBII1 BEKTOPHBIi
BpeMeHHOI psaa aHanu3upoBaiu Ha ocHoBe CD,
(Trifonov, 2016), omnpeneasseMoil KaK CpeIHee
MpupalleHne aMIJIUTYIbl BeKTopa B 8- wiau 16-
MepHOM (1o yuciy oTBeaeHuit DBI') mpocTpaH-
CTBE Ha MHTepBajax, KpaTHbIX UHTEPBAIy IMUC-
kpetuzauuu D3I (4 mc).

OmnpenenenHast Boiie Cd, xapakTepusyeT
BBI-3anuch B LEJIOM, YUYUThIBASI CUTHAJIBI OT
Bcex 16 (vuin 8) oTBeCHUIA, U TIPEICTABISIET CO-
Ne 4
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001 KpUBYIO, UMEIOLILYIO HAYaJIbHYIO0 BOCXOS-
ILIIYIO BETBb, IIEPEXOISIIYIO UM CTPEMSIIIYIOCS B
rnpenesie K TOpU30HTaJbHOM aCUMIITOTE A, Kak
roka3zaHo Ha puc. 1.

OuenuBanu 3HadyeHue CD (Af) npu MUHU-
MaJIbHOM BpEMEHHOM MaciuTabe Az, BEMUUHY Ay,
a TaK>Ke 3HaUYeHMEe TOPU3OHTAJIbHON aCUMITTOTHI
C®,,, 1151 TMTIOTETUYECKOM Cay4yaitHOM (“IrymMo-
BOii”) OOI,. [lna noiyyeHus: OLEHKU Ay MPOU3-
BoauJiics pacuer CD,, myreM CiIy4ailHOTO mepe-
MEIIMBaHUS TIOpsiIKa CJeAOBaHMs 3HAYeHU
aMIUIMTYO peanbHoil DBI ogHOBpEMEHHO IIO
BCEM OTBeJeHUSIM. Takoe repeMelmBaHue mpo-
n3Boauiiock B cpene MATLAB ¢ ncnosin3oBaHM-
eM (QYHKIUU randperm U MPUBOAWIIO K pa3pylie-
HUIO KOPPEISILIMOHHBIX CBSI3€ii MeXXy 3HaUCH -
SIMM aMILUIMTYO BHYTPU KaXXAOTO OTBEACHUSI, HO
COXPAaHSJIO HEM3MEHHOI BBIOOPOUYHYIO KOppe-
JISUoHHYI0 MaTpuily. 3HadyeHne C®d,, BbIYMC-
JISJIOCh MO aHanuTUudeckoir gopmyne (Ban3uH-
ckuii, 2001). Ha ocnose C®, (A7), A, u CO,,
paccyuThiBanu BeIn4uHbl Ps = CD,, /A4, (0 <
SPs<1)un Pt=CD(A)/A;(0< Pt<1).

BaxxHo momuepKHyTb, UTO BpeMEHHAs yropsi-
JIOYEHHOCTb OTHOCUTCS 3[1€Ch K MUHUMAaJIbHOMY
BpeMeHHOMY MaciuTtady Ar. KpailiHue 3HaueHus
(0 u 1) mapameTpoB Ps 1 Pf COOTBETCTBYIOT ITOJI-
HOCTBIO JNETEPMUHUPOBAHHOW W “cilydyaiiHOI”
MPOCTPAHCTBEHHOI M, COOTBETCTBEHHO, Bpe-
MeHHOI opranuzauuu 991 B ueaoM. OTMETUM,
YTO MapameTp Pt Cy>XUT ISl OLIEHKU MaciiuTabda
WHTETpaJIbHOI BpeMEHHOI KOPPEJsSILIMM MHOTO-
KaHajnbHOU DI, Torma Kak 3HauyeHue Ps xa-
paKTepu3yeT ypoBEeHb IPOCTPAHCTBEHHOI B3a-
UMOCBsI3U DOl MexXay BCeMM OTBEIEHUSIMU,
IIOCKOJIbKY BEJIMYMHA A CBA3aHA C ONPENe/In-
TeJIEeM BEIOOPOYHOM KOPPEISILIMOHHOM MaTPULIbI
DT (Trifonov, 2016).

Ouenku Ps, Pt OblIn moJIydeHbI Kak 1T 4-ce-
KYHIHBIX, TaK W U151 60s1ee JUITMTEIbHBIX (TTOpSia-
Ka 30—60 ¢) yucThIX OT apTedaKTOB 310X aHAIM-
3a O9I. Pacuer CD,, onpeneacHUe mapaMeTpOB
Ps, Pt, a takxe criekTpaibHbIii aHaau3 CP, mpo-
Boawiics B cpene MATLAB, mpuyem a1 OLleHKU
CHEKTPaIbHOM IJIOTHOCTU MOILIIHOCTH (CITEKTpa)
C®, wucnonwn3oBanach ¢yHkuusa fit. Ilpsmoe
THUCKpeTHOoe TpeobpazoBaHne Dypbe BHITTOTHS -
Jjocb Ha uHTepBajie 8.192 ¢ (2048 orcueToB) 3a
rpenesiaMmy HadyaJibHOM Bocxonsiieit BeTBu CD,.

K uucnay aHanu3upyeMbIX MHTETpaJlbHBIX I10-
KasaTejieill ObLIO TakKxKe J00aBJIeHO 3HadyeHUue
000011eHHOI (reHepaiibHOIl) mucnepcun GV,
paccUuMTBIBAEMOM 110 MaTpUlie KoBapuauuu 16-
KaHajbpHOI DI, a TakKe 1Mo 8 OTBEICHUSIM OT-
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Puc. 1. CrpykrypHast ¢yHKIMSI MHOTOKaHAaJIbHOMI
O80T (CD,) u xapaKTepUCTUKHU, UCITOJIb3YeMbIe IS
pacyeTta MHTeTrpaJibHbIX MapamerpoB DI Ilo ro-
PU3OHTAILHOI ocu (Af) — BpeMEHHOII MHTEpBal,
Mc, Mo BepTUKajibHOU ocu (C®D;) — 3HaueHue
CTPYKTYpHOII (YHKLMU B OTH. €. A, — TOPU3OH-
TaxbHas acuMinroTa peanbHoit CD,, CD,  — ropu-
30HTAJIbHAsA ACUMMTOTA ISl TUTIOTETUYECKOM CITy-

2299

yaitHoii (“mymoBoit”) B3I, CPD,(Ar) — 3HayeHUe
C®,; mpy MUHUMAIBPHOM BpPEeMEHHOM WHTepBaJie
(nare) At =4 mc.

Fig. 1. Structure function of multichannel EEG
(SF;) and features used to calculate integral EEG
parameters. Along the horizontal axis (Af) — time
lag, ms, along the vertical axis (SF;) — the value of
the structure function in rel. units. 4, — horizontal
asymptote of real SF;, SF;y, — horizontal asymptote
for a hypothetical random (“noise”) EEGy,, SF,
(A?) — value of SF; at the minimal time lag A =4 ms.

nenbHo ojist nesoro (Fpl, F7, F3, T3, C3, T3, P3,
O1) unpasoro (Fp2, F4, F8, C4, T4, P4, T6, 0O2)
nmonyiapust mo3ra. OOoOOIIeHHasT AMCIIEPCUS
SIBJISIETCSI MHOTOMEPHBIM aHAJIOTOM OIHOMEPHOI
JUCIIEPCHM, KOTOpasi XapaKTepu3yeT Auarna3oH
KoJeOaHUI CIIydaifHOW BEJIWYMHBI, U SIBJSIETCS
OLICHKOM aOCOJIOTHBIX pa3MEpPOB Bapualdu am-
wTyasl DOI'-curHaJIoOB B COBOKYITHOCTH OTBE-
JIICHUIA.

CTaTUCTUYECKYIO CBS3b MEXIY BO3pPacTOM
IIKOJIbHUKOB M BeJnunHoit mapamerpoB CD, u
GV ouneHuBanum Ha OCHOBe KO3((PUINESHTOB
koppeJsisiuu 1o I[Mupcony. C Heabio u3ydyeHus
BiusiHus (akTtopoB “Ceccuss” (4 rpamauun),
“IMTon” (2 rpaganuu) u “Bospact” (3 rpaganuu:
7—11.5 ner, 11.6—14.5 ner n 14.5—18 net) Ha 110-
kazarenmm DOI ucnonp3oBanu TpexdaKTOPHBIN
nucriepcuoHHbI aHanu3 (ANOVA). ITpumeHsi-
JIV TIPOLIEAYPY allOCTEPUOPHBIX CPABHEHUI C HC-
MoJib30oBaHeM KputepueB @uitepa n ThloKu.
KoadduiimeHTsl Koppelsuuu, a TakKe pasiu-
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Puc. 2. OnieHka BO3pacTHON AMHAMMKM YaCTOTHI
ocHoBHOro put™Ma D3I no 4 BEIGOPKaM IITKOJIbHU -
KOB B 4 ceccusx ucciaenoBaHus. [1o ropu3oHTaIb-
HOI OCU — BO3PacT B rojax, Mo BEPTUKAJILHOM OCU —
YacToTa OCHOBHOTO puTMa, B 1. Kaxxablii cumBos
COOTBETCTBYET ONHOMY pEOCHKY; IIKOJIbHUKMU,
Y4aCTBOBABILME B UCCIENOBAHUSIX B OOHOM U TOU
XK€ ceccruM, 0003HaUYeHbI OMMHAKOBBIMU CUMBOJIA-
MU. CIUIONIHBIC W IITPUXOBbIE JIMHUU alllIPOKCH-
MUPYIOT U3MEHEHUsI TTapaMeTpa ¢ BO3pacTOM METO-
JIOM HaMMEHBIIIMX KBAaIPaTOB.

Fig. 2. Assessment of age-related dynamics of the
frequency of the main EEG rhythm based on 4 sam-
ples of the schoolchildren at 4 sessions of the study.
The horizontal axis is an age, in years, the vertical
axis is the frequency of the main rhythm, in Hz.
Each symbol corresponds to one child; the school-
children who participated in the research at the same
session are marked with the same symbols. Solid and
dashed lines approximate changes in parameter with
age using the least squares method.

YUS MEXIY CPEIHUMU BETMUYNHAMU MTApaAMETPOB
cuntanu 3HauuMbIMU 11pu p < 0.05. Cratuctuye-
cKast 06paboTKa NoJy4eHHbIX JaHHBIX [TPOU3BO-
IMJIach MPU MOMOIIM IMaKeTa mporpaMM Statisti-
ca-10.

PE3YJIbLTATbHI UCCIEJOBAHUN

JaHHbIe DUCIEPCUOHHOIO aHajlnu3a, B KOTO-
POM B KayeCTBE 3aBUCUMOM IIEPEMEHHOM B34Ta
BO3pacTHAas rpyimna, a IpeauKTopaMU CIy>KWJIU
oJ pebeHKa U CecCHUsl, TT0Ka3bIBalOT, YTO BO3-
pacTHbIE TPYINbl ObLIM OTHOCUTEILHO cOaJlaH-
CUPOBAaHBI 10 YMUCJIy MAJIbYUKOB M JIEBOYEK Ha
KaxkJIoM 3Tarie ucciaegoBanuii. O0 3ToM cBUE-
TEJILCTBYET TO, YTO INIaBHbIE 3(PPEKThl B3aMO-
neiicTBus “Bo3pacTHag rpyrma — 1moir”’: F(1, 155) =
=0.23, p = 0.64 u “Bo3pacTHas rpymnra — cec-

KYPHAJI BEICHIEVM HEPBHOW OEATEJIBHOCTU

POXKOB u np.

cusa”: F(3, 155) = 0.40, p = 0.75 — cratucruue-
CKM HE3HAYMMBI.

Yacrory noMmuHUpyoiero purma DI uaan-
BUAYaJIbHO JJII KaXKI0T0 IIKOJbHUKA OIpPeaesi-
JIN MO MOJIOKEHUI0 MaKCMMyMa aMIUITUTYIHOTO
cnekrpa CP,, paccuuTaHHOI 110 16 OTBEIEHUSIM
DIT. IMockonbky CP, pacCUMTHIBAIM HA OCHO-
B€ MHOTOKaHaIbHOI DI, 3TOT IMoka3arenb CiIy-
XK1 0O0OOIIEHHON XapaKTepUCTUKON WHIWBU-
IyaJbHOM YaCTOTHI JOMMHUPYIOIIETO pUTMa IS
D3I B nenmoMm. Kak mokazan tpexdaKTOPHBIN
IUCTIEPCUOHHBIN aHaJIU3, Ha YUCJIEHHOEe 3Havye-
HHE YacTOThl JOMUHMPYIOIIETO pUTMa HE OKa-
3bIBaJIM 3HAYMMOTO BIUSHUS (pakTopbl Ceccust
u ITon (F(3, 139) = 0.64, p = 0.59; F(1, 139) =
= (0.71, p=0.39 cooTBETCTBEHHO), cj1abasi CTaTUu-
cTUYecKasi CBsI3b OOHapy:Kmjiach ¢ (aKTOpOM
Bospacrt (F(2, 139) = 3.14, p = 0.046). Bo3pacrt-
Hasl TMHaAMUKa ToKa3aTeJisl YaCTOThI C aIlIpoK-
cuMalMeil MeTOIOM HaMMEHBIIMX KBaJpaTOB
MoKa3aHa Ha puc. 2.

KoadduiimeHTE Koppenasiuuy MexXay 4acTo-
TOIl JOMMHUPYIOIIETO pPUTMAa M BO3pPacTOM
LIIKOJILHUKOB cocTaBuM Ha 1-ii ceccum r = (.09,
Ha 2-it ceccuu r = 0.07, Ha 3-it ceccuu r = 0.36
(p = 0.046), Ha 4-ii ceccuu r = —0.001, 110 cOBO-
KynHocTH HaomoneHnit r = 0.13. To ecTh TONBKO
JIJIST OMHOM (TpeTheil) ceccuu 00CaeI0BAHMS BbI-
sIBJICHA 3HAYMMasl CTaTUCTUYECKasl CBSI3b MEXIY
epeMEHHBIMU, XapaKTepU3yIolliasi ciabo BbIpa-
XKEHHYIO0 TEHACHLUIO K YBEJIMYEHMUIO YaCTOTHI
JoMuHUpylomero putma 931 ¢ Bo3pacTom y
LIIKOJIbHUKOB.

C y4eToM OTCYTCTBUSI 3HAUMMOTO BJIMSIHUS Ha
BEJIMYMHY JAaHHOTO nokasatens ¢pakropoB Cec-
cus u [1Ton 1 MUHUMAJILHOTO BIIMSTHUA (paKkTOpa
BospacT MOXHO JaTh COBOKYITHYIO OLIEHKY pac-
npenenreHus [oMmuHupyrouieit yactorel CO; 33T
10 BCEMY KOHTUHIEHTY IIKOJIbHUKOB: pa3Max OT
6.3 no 12.2 I'u, cpennee 9.2 = 1.18 I'u (m =* sd),
menuana 9.3 T, 1-s kBaptuib 8.8 I, 3-s kBap-
™™k 9.9 T Ilpu 3TOM y 8 IKOJIBHUKOB JOMU-
Hupymoliasg yactora 391 Ha TOM UM UHOM 3Ta-
ne odcyienoBaHus Ob1a MeHee 7 1.

3HauyeHUs1 TPeX NPYTUX MHTETPAJIbHBIX Iapa-
METPOB OLICHMBAJIM OTHCIBLHO IUISI OTBEICHUIA
JIEBOTO U TIPABOTO MOIYLIaApUsT MO3Ta.

B Tabmn. 2 npuBeneHbl JaHHbIE TUCTIEPCUOH-
HOrO aHa/IM3a, XapaKTepu3yllue 3aBUCUMOCTh
BEJIMYMH TpeX MHTErpajbHbIX ITOKa3aTeJieit MHO-
rokaHanbHoll D3I Pt, Ps u GV — oT BAUSIHUS
Tpex pakTopoB: Bo3pacTa u Ilojia IKOTbHUKOB,
atakxkxe Ceccuu o6clienoBaHus. BennunHa Kax-
JIOTO 13 TPeX aHAJIU3UPYyeMbIX IToKa3aTeseit 3a-
Ne 4
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Taomuna 2. OueHka BiussHus akTopoB “Ceccus”, “Bospact” u “Ilon” Ha 3HaUeHUS TpeX MHTErPATbHBIX TTOKa3areieit
DOT 17151 1€BOTO U MPABOTO MOJYIIapUst MO3Ta (IaHHbIE TUCIIEPCUOHHOTO aHaau3a, n = 163)

Table 2. Estimates of the influence of the factors “Session”, “Age” and “Sex” on the values of three integral EEG param-
eters for the left and right hemispheres of the brain (analysis of variance, n = 163)

Mokasares, JleBoe monymapue [IpaBoe monymapue
daxrop Pt Ps GV Pt Ps GV
Ceccusi 23.05%* 6.35%* 9.76%* 28.68** 3.31* 7.70%*
Mon 2.31 0.01 0.02 1.14 1.16 0.01
Bospact 16.02%* 10.70%* 24.07%* 14.55%* 12.75%* 21.74%*

Ilpumeuanue. * p < 0.025, ** p < 0.001.
Note. * p < 0.025, ** p <0.001.

Taomua 3. KoahduLmeHTh KOppesLy MeXI1y U3MEHEHUSIMU MHTErPpabHbIX NapaMeTpoB DD 1 BO3pacTOM ILIKOJIb-

’}II‘;II;(QBS. Correlation coefficients between changes in the integral parameters of the EEG and the age of schoolchildren
JleBoe nonyiapue [MpaBoe nmomnymapue
ITapamerp n
Pt Ps GV Pt Ps GV
Ceccus 1 0.34* —0.60%** —0.50%** 0.29* —0.62%** —0.45%** 50
Ceccus 2 0.43%* —0.47%** —0.51%** 0.42%* —0.51%** —0.48%** 51
Ceccus 3 0.61*** —0.12 —0.62%** 0.69%** —0.08 —0.61%%* 31
Ceccus 4 0.58%** —0.12 —0.66%** 0.52%* —0.20 —0.66%** 31
Ceccust 1—4 0.38%** —0.36%** —0.52%** 0.35%** —0.41%** —0.51%** 163

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

BHUCeJia OT BIussHuUS (pakTopoB Ceccust ucciueao-
BaHus 1 Bospact um He 3aBucena oT ¢akrTopa
[Ton. [NpyHMas Bo BHUMaHWE OTCYTCTBHE 3HA-
YUMBIX Pa3 YNl Y MATbYUKOB M JEBOYEK B Be-
nquuuHax Pt, Ps u GV B Kax1Ioii U3 Tpex Bo3pacT-
HBIX TpyHI BO BCEX CECCHUSIX HCCJIeIOBaHUS,
JallbHEMIIiT aHaIu3 OBLI MpoBeneH Oe3 ydeTa
roJia IeTeil U MOAPOCTKOB (IaHHbIE MAJIbUYMKOB
M IEBOYEK OBbIIM OOBbEANMHEHBI).

HuarpamMmbl paccessHUSI Ha pUc. 3 oToOpaxa-
IOT 3aBUCUMOCTb napameTpa Pf oT Bo3pacra yda-
merocst. Jlorapudmuyeckasi arpoKCUMAalIUS
JIVHAMUKU Pf moKa3bIBaeT TCHACHIIMIO K YBEJIU-
YEeHMIO C BO3PACTOM Y LLIKOJbHUKOB 3HaYeHUs1 Pf,
paccuntanHoro o C®, Kak It JI€BOTro, TaK U
JIJISI IpaBOTO MOJIyILIapys Mo3ra. OTa TeHASHLIUS
Oouiee BeIpaxkeHa i 3-eif 1 4-0i1 ceccuit ucclie-
IOBaHU, YeM I 1-0i1 1 2-011. DTO HAXOIUT OT-
paxeHUe B BeJIMYMHaX KO3 PUIIMEHTOB KOppe-
JISIIUM MeXKIy 3HaueHueM P 11 Bo3pactoM (Tao. 3).
3HayMMBbIe pa3audus B BeIUYMHaAX Ko3pdUli-
€HTOB KOppEeJISILMU BBISIBJIEHHI B ceccusix 1 u 3
IJIS ipaBoro nosyiapus moara (p = 0.024). Bos-
pacTHas AMHaMKKa IapameTpa Pt xapakrepusy-
eT TeHIEHLUIO K YMEHBIIeHNIO MacllTaba Bpe-
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MEHHOI CBS3HOCTM B OpraHu3aluyd OMOdJIeK-
TPUYECKOU aKTUBHOCTU MO3ra y IKOJbHUKOB OT
MJIQIIIKX K CTapLIMM KjiaccaM. YrceHHbIe 3Ha-
yeHud napametpa Pt aing D31 neBoro 1 mpaBoro
MoJyluapus Mo3ra 3HaUMMO HeE pasnvyajiuch B
Kaxaou u3 4 ceccuit ncciienoBaHus (BeIUYUHA
t-xpurepusi BapbupoBaia ot 0.41 no 1.02, p > 0.05).

M3MeHeHrs1 B 3aBUCMMOCTM OT BO3pacTta y
yyaluxcs napaMmerpa Ps mokazaHbl Ha puc. 4.
ATrimpoxcumanusl iuHaMuku Ps norapudmude-
CKOH (pyHKIIMEN NEMOHCTPUPYET TEHAECHLIMUIO K
YMEHBIIIEHUIO C BO3PACTOM Y IIIKOJbHUKOB 3Ha-
yeHus1 Ps, 6ojiee BrIpaxkeHHYIO B ceccusix 1 u 2,
yeM B ceccusixX 3 U 4, 4TO IMOATBEPKIACTCS OLICH -
KaMU K03(hPULIMEHTOB KOppeasILuu Mexay Ps u
Bo3pacToM (Tabi. 3). DTU U3MEHEHUs XapaKTe-
pU3YIOT TIOBBILIEHWE YPOBHS MNPOCTPAHCTBEH-
HOM cBsI3HOCTU B DD y yyalumxcs oT Maaaiero
K cTaplieMy Bo3pacTy. Bo3pacTHasi quHaMmuka
napaMmeTpa Ps B KaxXIoOl cecCUur UCCIeI0BaHMS
JUTSL JIEBOTO TIOJTYILIapUs MO3Ta COOTBETCTBYET Ta-
KOBOI JJIS1 TIPaBOTO TTOJIyLLAPUSI.

YucneHHble 3Ha4YeHUs TapaMeTpa Ps mis
OBTI" nieBoro v MpaBoro MoJiyliapust Mo3ra 3Ha-
YUMO HE pasjiMyajuch B IEPBONA U YETBEPTOU
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ceccuu ucciaegoBaHuii. Bo BTOpOfI CECCHUU BEJIN -

qn

cpenHeM ObUla 3HAYUMMO MEHbIIE, YeM IS TIpa-
Boro (t(50) = —6.82, p < 0.001), B TpeTbeii, Ha-

mp

Jyliapusi B cpeaHeM OblIa 3HAYMMO OOJbIlIe,

POXKOB u np.
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Puc. 3. Ouenka Bo3pacTHOM TUHAMUKY ImapameTpa Pr, paccantanHoro 1o CP; D3I miis teBoro (a) u mpaBoro (6)
nojaylapusi Mo3ra no 4 BbBiIoopkaM IIKOJbHUKOB B 4 ceccusix ucciaenoBanusi. I1o ropu3oHTanbHO OCU — BO3pacT
B rofiax, 1Mo BepTUKaJIbHON Oocu — 3HayeHue Pr B oTH. en. Kaxaplii CUMBOJI COOTBETCTBYET OJHOMY DEOEHKY;
IIKOJIbHUKM, YIaCTBOBABIIIE B MCCIICTOBAHMSIX B OMHOM U TO XKe ceccur, 0603HAYeHbl ONMHAKOBBIMU CUMBOJIA-
MU. YepHble TMHUU: TOJICTast — ceccusl 1, TOHKast — ceccus 2; cepble IMHUU: TOJICTast — ceccusl 3, TOHKasl — ceccus 4.
Anrpokcumalysi ITMHAMUKHU JlorapuMuuecKoit QyHKIIME.

Fig. 3. Assessment of the age dynamics of the Pf parameter, calculated from the EEG SF, for the left (a) and the right (6)
cerebral hemispheres, based on 4 samples of the schoolchildren at 4 sessions of the study. The horizontal axis is the
age, in years, the vertical axis is the Pt value in relative units. Each symbol corresponds to one child, the schoolchil-
dren who participated in the research at the same session are marked with the same symbols. Black lines: thick —
session 1, thin — session 2; gray lines: thick — session 3, thin — session 4. Approximation of the dynamics is done by
a logarithmic function.
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Puc. 4. Ouenka Bo3pacTHOU TMHAMUKY ITapaMeTpa Ps, paccautandoro o C®; O3T wrs neBoro (a) u mpaBoro (6)
noylapusi Mo3ra 1o 4 BbIOopKaM IKOJbHUKOB B 4 ceccusix ucciaenoBanus. [1o BepTukanbHOIt ocu — 3HaUeHUE
Ps B oTH. en. O603HaUeHUS KaK Ha puc. 3.

Fig. 4. Evaluation of the age dynamics of the Ps parameter, calculated by the EEG SF;, for the left (a) and the right (6)
hemispheres of the brain according to 4 samples of the schoolchildren at 4 sessions stages of the study. Vertical axis —
Ps value in relative units. Designations are the same as for fig. 3.

Ha mapamerpa Ps IS JIeBOro mojyliapusi B

yeM 1Jis1 mpaBoro (t(30) = 2.55, p < 0.02). ciegoBaHus (Taba. 3).
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Bemmunna mnokaszatenss GV Takke IeMOH-
CTpUpPOBAJIa TEHACHIINIO K YMEHBIIICHUIO C BO3-
pactoM y ydamuxcs. Cyns Mo YMcJIeHHBIM 3Ha-
YeHUSIM KO3(pOUIIMEHTOB KOPPEISIIIMU, TaKoe
OTUB, BeJIMUMHA ITapaMeTpa Ps 171 JIEBOTO IT0-  CHUXKEHUE ObLJIO OTHOCUTENILHO 00Jiee BhIpaxke-
HoO 17151 3 1 4 ceccuit, yeM 111 1 1 2 ceccuii mc-
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Tabomuna 4. 3HaueHue f-KpuTepusi (3aBUCUMbIe BBIOOPKU) M OLIEHKW 3HAYMMOCTHU pa3Inyuii Ipyu CpaBHEHUU MHTETPaslb-
HBIX TTapamMeTpoB DI, paccunTaHHBIX IS JIEBOTO M IIPaBOro MOJylapusi Mo3ra, B oceHHeM (ceccus 1, 3) 1 BeceHHeM
(ceccus 2, 4) cezoHax
Table 4. The value of the t-test (dependent samples) and the assessment of the significance of differences when comparing
the integral EEG parameters calculated for the left and the right hemispheres of the brain in the autumn (session 1, 3) and

spring (session 2, 4) seasons

JleBoe monymapue, mapaMeTp [IpaBoe nmonymapue, mapaMeTp
Ceccun n
Pt Ps GV Pt Ps GV
1u?2 —5.43* 7.11* 11.05* —6.38%* 0.58 7.77* 50
3u4d —0.54 1.98 1.17 0.39 0.22 0.98 23

Ipumeuanue.* p < 0.001.
Note. * p < 0.001.

YucneHHble 3HaueHUs nokasatesisa GV B rep-
BOi1 M BTOpOI1 ceccum ucciaenoBaHus misg DD
JIEBOTO MOJTYIIIApMsI MO3ra ObUIM MEHBbIIIE, YeM ISt
npaBoro (t(49) = —2.62, p = 0.012; t(50) = —9.19,
p < 0.001) coorBeTcTBEeHHO). B TpeTheil ceccun
pesmuHa GV mig DOI B 1eBoM Tonyiiapun
Mo3ra Obli1a BhIllIe, 4yeM B IpaBom (t(30) = —2.55,
p =0.019), Torna kak B yeTBepTOIi ceccuu ouia-
TepaJibHbIe pa3Indus BeaundrHbl GV ObUIH cTa-
TUCTUYEeCKU He3HaunuMbl (t(30) = 1.90).

IMockonbky mccinenoBaHus B ceccusix 1 u 3
MIPOBEIEHBI B OKTSAOpEe Mecslle, a B CeCCUsIX 2 U
4 — B anpeJjie 1 MapTe COOTBETCTBEHHO, 1 IIpaK-
TUYECKM HA OMHOM 1 TOM K€ KOHTUHIE€HTE C pa3-
Huleit B 6 (ceccun 1 u2) u 5 (ceccuu 3 u 4) me-
cs1eB, Mbl OLeHWIN 3(deKT BIMSIHUSI Cce30Ha
(oceHb-BecHa) Ha 4 aHAIM3UPYEMbIX UHTErpaJib-
HBIX TTapaMeTpax. DdEPeKT oeHNBaIN METOIOM
CpaBHEHMS 3aBUCUMBIX IEPEMEHHBIX, T.€. COMO-
CTaBJISUIY 3HAYEHUSI UHTETPabHBIX IapaMETPOB
IJIST TeX IIKOJbHUKOB, KOTOpbIE IPUHSIIM y4a-
CTHE U B OCEHHEM, U B BECEHHEM UCCASIOBAHNN.
Ha stame 1 takoe comocraBieHHe ObLIO HpPO-
BedeHo y 50 IDKOJIHLHMKOB, Ha 3Tane 2 — y
23 LIKOJIbHUKOB.

B 1ieiom mo Bceii rpyrne ydaluuxcsl 3Ha4u-
MBIX CE30HHBIX UBMEHEHUI YaCTOThl OCHOBHOTO
putMa D3I, olleHMBaeMOM II0 JaHHBIM CIIEK-
TpanbHOro aHanm3a C®, He BbISIBICHO: t(49) =
= 1.07, p = 0.29 nng ceccuii 1 u 2; t(22) = —0.39,
p =0.69 nns ceccuit 3 u 4.

B 1abmn. 4 naHbl OLIEHKU CE30HHBIX U3MEHE-
HUIA TpeX IPYruxX WMHTETpajibHBLIX ITapaMeTpOB
OB9I. BeanuuHa napaMmerpa Pt B 1LI€JIOM T10 TpyM-
e yJaliuxcs B ceccur 1 Oblla MeHBbIIE, YeEM B
CecCUU 2, YTO XapaKTepu30BaJIo 00Jiee BEICOKUIA
ypOBeHb BpeMeHHOIi cBsi3HocTH DIDI-mpouec-
COB BO BpeMsl OCEHHEro ce30Ha B CpaBHEHMU C
MOCJIEAYIOLIMM BECEHHMM, KaK JJIsl JIEBOTO, TaK
U JUISI IpaBOro MmoJjiyliapusi Mo3ra. BenuuyuHa
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napamerpa GV, HampotuB, B ceccuu 1 Oblra
Ooutblle, 4eM B ceccru 2 11t DD B 060UMX MoJry-
LIapUsIX MO3ra, 4YTo OTpaxajo 0ojice BBICOKME
3HAYEeHUSI MHTErpajbHON aMiuutyiabl DDI Bo
BpeMsI OCEHHETO Ce€30Ha B CPAaBHEHUMU C I1OCTIC-
JIYIOIIMM BECEHHMM, KaK MJIsI I€BOro, TaK U OJIs
OpaBoro IoJjyliapus Mo3ra. BeawmumHa mapa-
MeTpa Ps mist 391 -1IpolieccoB B IIpaBoOM MOIY-
LIapuy MO3Ta B 00EMX CECCUSIX MCCICAOBAHUS
3HAYMMO He pasznauuaiack. ns D3I -npoueccos
B OTBEICHUSIX JICBOTO IOJIyLIapUs BeJIMUYMHA Ma-
paMeTpa Ps Obljia Bbillie B cecCUM 1 B CpaBHEHUU
C ceccueil 2, 4To XapaKTepu30Bajo OOJILIIMI
YPOBEHb IIPOCTPAHCTBEHHOM CBSI3HOCTU KOJIE-
0aHUI1 MOTEHIMAJIOB MO3Ta B IIEpUOI BECEHHETO
Ce30Ha B CPaBHEHUU C OCEHHUM CE30HOM.

ComnocTaBjieHMe 3HAY€HUM UWHTETpajbHbIX
napameTpoB DOI' y 23 MIKOJLHUKOB, KOTOPHIE
y4aCTBOBaJIM B MCCJIEJOBAHUSIX B ceccusix 3 u 4
Ha 2Tare 2, He BBISIBUIO 3HAYMMBIX pa3Iuduii B
BEJIMYMHAX MMapaMeTPOB IpH IMepBoii (OCEHHE)
U BTOpoii (BeceHHeit) peructpauu DT Kak mis
JIEBOTO, TaK 1 AJIs TIPaBOro IoJylapus Mo3ra.

OBCYXIEHMWE PE3VJIIbTATOB

MBI XOTUM OTMETUTH JIBE BasKHbIE OCOOEHHO-
CTM HaIIIeTO TToAXoAa K aHAIM3y OMO2JIEKTpUYe-
CKOM akTMBHOCTHU Mo3ra. [lepBast 3 HUX cOCTO-
WUT B UCIIOJIb30BAaHUM MHTETPAIbHBIX IMOKa3aTe-
Jieit, pacuyeT KOTOPBhIX OCHOBAH Ha MOCTPOCHUU
C®, mHorokaHanmbHOIT DOI' M KOTOphIe TIpen-
CTaBJISIIOT CO00IT 0000IIEHHBIE OLIEHKH I10 BCEt
COBOKYMNHOCTH DIOI'-mpoleccoB, perucTpupye-
MbIX B pa3/IMYHbIX OTBCACHUAX. BTO ITO3BOJIAIIO
OLIEHUBATh IWHAMUKY (PYHKIIMOHAIBHOIO CO-
3peBaHUsI MO3Ta Kak 1eJioro, 0e3 IMoapoOHOTo
OIm1McCaHusd JIOKaJbHBIX M3M€H€HMI>1, KOTOPbIC
MOI'yT MIpOTE€KaTb ICTCPOXPOHHO B PaA3JINYHbIX
o01acTsIX MO3Ta.
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Bropass ocoGeHHOCTh HaIllero IT0aXoJa CO-
CTOsJIa B OMHOBPEMEHHON pPa3le/IbHOM OLICHKE
MPOCTPAHCTBEHHOTO U BPEMEHHOTIO MapaMeTpa,
pacyeT KOTOPhIX 0a3MpoBajIiCs Ha OMHOM M TOM
ke ocHoBe — CdD, MHOTOKaHaAIBLHOI DT

Iupoxo ucnojyib3yemble B OHTOT€HETUYECKUX
uccaenoBanusx cospeBanusi LIHC u cranoBieHust
KOTHUTHUBHBIX (DYHKIIMI OILIEHKM 3HAYeHWII B3a-
WMHOI KOT€PEHTHOCTU WiIM KO3(P(OUIIMEeHTOB
KPOCC-KOPpeJslnY, XapakKTepu3yIoliue OIpeae-
JIEHHbIE CTOPOHBI IIPOCTPAHCTBEHHOM OpraHu-
3auum OB, He comepxat MHMOPMaAIIMKA O Bpe-
MEHHBIX TTapaMeTpax opraHusauuu DI -1po-
LECCOB, KPOMeE CCBhIJIKM Ha JJIMTEIbHOCTb 3IOXU
aHanu3a. BpeMeHHAs cocTaBJstonas HOosIBAsSIeT -
CSl TOIBKO IIPY COMNOCTABJICHUM 3TUX OLICHOK B
nocJie1oBaTebHbIX 3TT0XaX aHAJIU3a.

OTtyacTu 1e(PULIAT MOAXOA0B K M3YYSHUIO Op-
raHu3aluy BpeMeHHOH yropsigoueHHOCTH DOT
BOCIMOJIHSIETCSI METOJAaMU aHalnu3a BepOSITHO-
cTeil Iepexoa0B BOJTHOBBIX KOMITOHEHTOB OTHUX
Irana3oHoB 4JacToT ODI' B Te XKe uiu Ipyrue
Iuana3oHbl  (“aJropuTMOB B3aMMOJECHCTBUS”
MexXIy ocHOBHBIMM “putMamu” D3I) (Copoxko
n ap., 2012; Soroko et al., 2015) nau aHanmusa
IJIUTEIBHOCTM W BEPOSITHOCTA  M3MEHEHUS
“MUKPOCOCTOSTHUI MO3Ta”, XapaKTepU3YyIOIINX-
Ccsl ompenesIeHHBbIM MaTTePHOM TOMMUYECKOTO
pacnpeneneHuss  KojJebaHMid  TTOTEHIIMAJIOB
(Khanna et al., 2015; Michel, Koenig, 2018).

MBI nipeajiaraeM mmapamMeTp Pt B KayecTBe Me-
pbl OLIEHKM BpeMeHHOro maciitada ymnopsiao-
yeHHoctu DOI-npoueccos. Eciu cornmacutbesi ¢
MHEHUEM, YTO JIS1 OIMCAHUS HEMPOIUHAMUKU
TpedyeTcs Lieablii Habop XapaKTEPUCTUYECKUX
BpeMeHHI)'IX HIKaJI, OT MUJJIMCEKYH 10 CYTOK U
oonee (Koenig et al., 2005; Harris, Gordon, 2015;
Khambhatiab et al., 2018), To Pt Oynmet nipuHazie-
>KaTh MacITady MUJUIMCEKYHIHOIO TMaITa30Ha.

[MonydyeHHBIe HAMU PE3YIbTAThl I€MOHCTPU-
PYIOT TEHICHIIMIO K YBEIUYCHUIO 3HAYCHMS T1a-
pameTpa Pty yJalluxcsl B 3aBUCMMOCTH OT BO3-
pacta. C y4eToM 3aIaHHOM IIKaJIbl N3MEHEHUIA
Pt (0, 1) Takoit poCT 0O3HAYaeT, YTO YEM CTapile
pebeHOK, TeM MeHee IeTepPMUHUPOBAHHBIMU BO
BpeMeHU cTaHoBATC Ol -mpouecchl. Mim,
WHBIMM CJIOBaMH, C BO3PACTOM Yy IIKOJILHUKOB
yYMEHbIIIaeTCss BpeMeHHOI MacIuTab CBI3HOCTH,
MHEPLUMOHHOCTh DD -TIpo1ieccoB.

Hamu (Rozhkov et al., 2018; PoxkoB u ap.,
2019) ObLTO BBICKA3aHO IIPEANOJIOXKEHHE, YTO
UMeeTCs cofiepKaTebHasl CBSI3b MEXIy OlIeHKa-
MU MHEPLUMOHHOCTU — (PU3UOJIOTrMYECKO ja-
OMJILHOCTU B CMBICJIE KJIACCUUYECKOI (pU3MO0JIO-
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TMA — W MEpoM BpeMeHHOI cBs3HOCTU DI -
npoiieccoB. MHTepBaa BpeMeHM 10 TOCTVKEHUS
C®, cBoeli TOPU30OHTAIBLHON aCUMIITOTHI, YTOJI
noabemMa HavajabHoOro cerMmeHta Cd,, BeanyrnHa
cmenmieHuss CD, Ha 3amaHHOM (MUHUMAJIbLHOM)
WHTepBasie (MCIToab3yeMas B pacuere Pf) MOTyT
XapakTepru30BaTh, KaK JOJITO CUCTEMa yIep>Ku-
BaeT CJIe ITaMSITU O CBOEM IIPEIbIIYIIEeM COCTO-
STHUY, a CJICA0BaTEIbHO, TIO3BOJISIOT OLICHUBATD,
HACKOJIBKO CMCTeMa MHEPLIMOHHA.

A.A. YxToMcKMii omnpenensi 1a0MIBbHOCTD
KaK “CKOpPOCTb, C KOTOPOU TaHHBINA (PU3MOIOTH -
YyeCcKMil cyOCcTpaT yclieBaeT IIepeXOoauThb OT CO-
CTOSIHUSL TTOKOSI K COCTOSIHUIO BO3OYXKIECHUS U
obparHo K COCTOSIHUIO (PU3MOJIOIrMYECKOTO
IOKOSI C TOTOBHOCTHIO K HOBOM peakuuu”. [Ipu
3TOM “MHTepBaa BO30yXAeHUS (IIPOIOIKUTEIb-
HOCTb COCTOSIHUSI BO3OYKIEHMS) XapaKTepru3yeT
CTeneHb MHEPLUMOHHOCTU cyoctpara” (YXTOM-
ckuii, 1951). Yem 3HaueHue napamerpa Pt 00Jib-
11Ie, TeM BbllIe (DYHKLIMOHAIbHAS IOABKHOCTD
(puzuonornyueckast 1a0MIBHOCTH) HEPBHBIX IIPO-
LIECCOB, M HAOOOPOT, YeM OHO MEHbIIE, TEM
MEHBbIIIE U YPOBEeHb (DU3UOJIOTUYECKON J1aOWJIb-
HocTu. [loaTBepkaeHrue 060CHOBAHHOCTU Mpe/-
MOJIOXKEHMS O IIPAaBOMEPHOCTHU pacCMOTpeHus1 Pt
KaK KOCBEHHOM OLIEHKM ITapaMeTpa (pU3noa0ru-
YeCKOM J1IaOMJILHOCTU IIOJIydeHO IIpU aHaju3e
IVHAMUKKU Pf Iipy uccliefoBaHUU BO3ICHCTBUSI
Ha IHHC octpoit runokcum (PoxxkoB u np.,
2019). Taxk, g Ul C MOBBILIEHHON YyBCTBHU-
TEJILHOCTBIO K AehULUTY KMCI0poaa, IIpy mpe-
OBIBAaHMU B YCJIOBUSIX OCTPOM TMIOKCHM, Ha (PO-
HE CHIKEHHUS (YHKIIMOHAJIBHOIO COCTOSIHUS
MO3ra, ObLIO XapaKTEpHO PE3KOe YMEHBIICHUE
BeJIMYUHEBI P, CBUIETEIbCTBYIOIIEE O CHIKEHUU
YPOBHSI (PYHKIIMOHAJILHOM MOABUXXKHOCTU HEPB-
HBIX mpoueccoB. [lomo6Hoe cCHUXEeHWEe YPOBHSI
dumsmonornyeckoit maouapHocTn 1THC, moBBI-
LIeHWEe WHEPLMOHHOCTU HEPBHBIX IIPOLISCCOB,
MOIJIO CJIY>KMTh OCHOBOI 3aMejIeHUs (BIOCIIE/ -
CTBUU W HapylIEeHUs) MPOLECCOB BOCHPUSITHUS,
KOTHUTHUBHBIX (PYHKLMI U LieJeHaIpaBIeHHOM!
JIeSITeIbHOCTU.

COOTBETCTBEHHO, MbI IT0JlaraeéM, YTO YMEHb-
IIEHWE BPEMEHHBIX MAaclITadOB BHYTpPEHHeEN
cBsI3HOCTH DI -TIpolieccoB (YMEHbIIEHUE Be-
JIMYMHbI UHTETPAJTbHOTO BPEMEHHOTO TTapaMeT-
pa Pf) oTpaxaeT noBbllleHHe GYHKIIMOHAILHOM!
MOABMXKHOCTU HEMPOIMHAMMNYECKUX MTPOLIECCOB
y ydalumxcs OT MJaIIIKUX K CTaplIMM KJlaccam,
obecrieynBasl YCKOpeHME MpPOILECCOB BOCIIPUSI-
TUS U nepepaboTKy MHPOPMaLIMU, TTIOBbIIIICHUE
CKOPOCTH U TOYHOCTH YMCTBEHHOU pabOTHhI.
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N3meneHus1 mHTErpajbHOro rapamerpa Ps,
SBJISIIOILETOCS MEPOM MPOCTPAHCTBEHHOM CBS3-
HocTH DDI-mporeccoB, UMEJIM ITPOTUBOITOJIOXK-
HYIO HaIlpaBJIeHHOCTh, C BO3PACTOM BEJIMUMHA T1a-
pameTpa yMeHblajgachk. ComiacHO CBoeMy OIlpe-
NeJCHUIO, TIapaMeTp Ps MOXET XapaKTepru30BaTh
00001116 HHBII YPOBEHB ITPOCTPAHCTBEHHOM (IM-
CTAHTHOM) CMHXPOHM3ALINN KOJIeOaHU MOTEeH-
UaJIOB MHOroKaHaibHOI ODI, ypoBeHb NpO-
CTPaHCTBEHHOI B3aMOCBI3M DI Mexkny BceMu
OTBEIEHUAMM, TIOCKOJIbKY BeJIMYMHA Ay (3HaUe-
Hue acumntotsl CD,) cBsg3aHa C onpenenuTeaeM
BBIOOPOYHOI KOPPEISILMOHHON MaTpulibl DD
(Trifonov, 2016). IIpenenbHble 3HAYEHUS I1apa-
Mmetpa Ps (0, 1) coOTBETCTBYIOT aOCOJIOTHOI
MMPOCTPAHCTBEHHOI CHMHXpOHM3aluu (cyryoo
JIEeTePMUHUPOBAHHOMY IIPOLIECCY) U IIOJTHOMY
OTCYTCTBUIO ITPOCTPAHCTBEHHON CUHXPOHMU3a-
mun (“4ncTo” ciy4ailHBIM IIpolieccaM BO BcCeX
otBeaeHUsIX). CaM TepMUH “TIPOCTpaHCTBEHHAsI
cunxponuzauus” BBenx M.H. JIuBanos (JIuBa-
HOB, 1972). B 3apy0ekHoii tuTepaType B HACTO-
siIee BpeMs UCIONbL3YIOT MOHATHE “(PYHKIINO-
HajlbHasi CcBsAI3HOCThL” (functional connectivity)
(Babiloni et al., 2020). Bo3pacTtaHue nokazareist
MMPOCTPAHCTBEHHOI CMHXpOHM3AIUMN ((PyHKIIM-
OHAJILHOM CBSI3HOCTU) MexXay DDI-nipoueccamu
B pa3IMYHLIX OTBeneHusIX DD MoXeT oTpaxkaTh
MMOBBIIIICHNE CONNIACOBAHHOCTHU B pabOTe OTHEIIb-
HBIX KOPKOBbIX 30H (JIuBaHOB, 1972; Iluuepo-
mH, IllenoBanbHukos, 2009; O’Neill et al.,
2018).

Pesynbrarhl Hallleil paboThbl AEMOHCTPUPYIOT
TEHAECHIMIO K CHUXXEHUIO BEJIMUMHBI MapaMeT-
pa Ps ¢c Bo3pacTom, 4YTo XapaKTepUu3yeT MOBbIIIIE-
HUE YPOBHSI MPOCTPAHCTBEHHON CUHXPOHU3A-
muy DI, GyHKIMOHAIBHONI CBsI3HOCTU DI -
MPOLECCOB Y yUallluXcs OT MJIaAIIMX KJIAaCCOB K
crapmiuM. [TonydeHHBbIE JTaHHBIE O MMOBBIILIEHUY
YPOBHS TPOCTPAHCTBEHHOW CUHXPOHU3AIIUU
OBI'-npoleccoB y IeTeil 1 NOAPOCTKOB Comiacy-
IOTCSI C pe3yJibTaTaMu KPOCC-KOPPEISILIMOHHOTO
aHamza 93D (HunepomuH, IllernoBalbHUKOB,
2009) u olleHKaMM WHTErpajibHBIX TOKa3aTeaei
(VOL), xapakTepusymooluX OOOOIIEHHBIN ypoO-
BEHb JUHEWHOI B3aUMOCBSI3U MEXIY KOJeOaH -
SIMU TTOTEHLIMAJIOB B OTBEIIEHUSIX JIEBOTO, ITPaBO-
ro noJjiyuapusi Mo3ra, u B LIeJIOM B COBOKYITHO-
ctu Bcex orBeaeHuit DI (Copoko u ap., 2012).
ITokazaHo, 4TO 3Ta TEHAECHIIMS MOXET COXpa-
HSATBCS U B TE€PUOJ IOHOIIECTBA BIJIOTh A0 J0-
CTHXKEeHUS 3pesioro Bo3pacrta (KpyyrHuHa u ap.,
2020). JJaHHble aHaKM3a YPOBHEN KOrepeHTHO-
CTHU OTHEJIbHBIX TAPMOHUYECKUX COCTABJISTIOINX
B O9TI, UCHOAb3yEMBbIX MPU U3YYEHUU TOIMYE-
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CKMX 0COOEHHOCTEH (DOPMUPOBAHUS MEXIIOJY-
LIAPHBIX U MEXPEerMOHaJIbHBIX B3aUMOCBsS3eit
D3I B 1eBOM U IIpaBOM ITOAyIIAPUSIX MO3Ta,
TaK>Ke MOKa3bIBaIOT TeHEPaJIbHYIO TEHICHIINIO K
MOBBILIEHUIO YPOBHS (DYHKIIMOHAJBHON CBSI3-
HoCcTH Mexny DOI-npoleccamMu ¢ BO3pacToM y
JIeTeli 1 IMOAPOCTKOB, IO KpaiiHeil Mepe B o0a-
CTHU 4YacTOThl CIIEKTPAJIbHOTO MaKCHUMyMa OC-
HoBHOTO put™Ma D3I (Mauunckas u ap., 2007;
Gmehlin et al., 2011).

Tonuyecku-uzbuparesbHOE BO3pacTaHUE MPO-
CTPaHCTBEHHOI CMHXpPOHU3ALMU ((PyHKIIMOHATb-
HOI1 cBSI3HOCTH) Mexay DDI-npolieccamu B pa3-
JIMYHBIX OTBeIeHUSIX DDI" MOXET oTpakaThb [OBbI-
IIIEHWE COIJIAaCOBAaHHOCTU B PpabOTe OTIEIbHBIX
KOPKOBBIX 30H, OOecreuMBarolmx (GpopMupoBa-
HYEe QYHKIMOHAJIBHOM CUCTEMBI J1JIS1 OCYILECTBIIC-
HYSI KOTHUTUBHOU WJIM MOTOPHOM JI€ATEIbHOCTU
(JIuBanoB, 1972; HuuepoimunH, IlenoBaabHu-
koB, 2009; Stevens, 2016). Bo3pactanue ypoBHS
MPOCTPAHCTBEHHON CHUHXpoHM3aluu BDII-
MPOLIECCOB B LIEJIOM MOXET ObITh CBSI3aHO C
¢dopMUpPOBAHUEM COCTOSIHUS “OIlepaTHMBHOTO
nmokos1” (Yxromckuii, 1951), MOOMIM3aLIMOHHOM
FOTOBHOCTM K OTBETHOI peakuuu, ACHCTBUIO
WJIN AeSITeJIbHOCTH.

CrabuibHYI0O U OTHO3HAYHO BOCTIPOU3BOIU-
MYIO Ha 00OMX 3Tanax MccleIoBaHUsI BO3pacT-
HYI0 TMHAMUKY IMOKa3blBaJ MToKa3aTeiab “0000-
meHHoit nucniepcun’” GV, nU3MeHEeHUsI KOTOPOIo
roBopuid o0 yMEHbIIEHUHW C BO3PACTOM Yy
IIKOJILHUKOB 00IIeil “MOILIHOCTU” KojaebaHUM
norteHuMasoB. O600IEHHAs! TUCTIEPCUS SIBJISI-
€TCsl MHOTOMEPHBIM aHaJIOTOM AUCIIEPCUU, KO-
Topas XapaKTepu3yeT Irara3oH KoJiebaHU ciy-
yaifHOi BeJauuuHbl. OHa XapakTepusyeT MOIII-
HOCTb IIEPEMEHHOM COCTABJISIOIIENA CITy4YaliHOTO
npoliecca u siBJisieTcsl 0000111ato1Iei xapakTepu-
CTUKOI aOCOJIOTHBIX Pa3MepoOB BapualliM aM-
IUTYyAbl DD I-CUTHAJIOB B COBOKYIIHOCTU OTBE-
neHuii. Kak M3BeCTHO Mo JaHHBIM BU3YaJIbHOTO
Y YMCJICHHOTO aHa/lM3a, B paHHEM OHTOTeHe3e B
HeJioM ammiutyga D3I pacrteT, mocTurasi B
cpenHeM HauOOoJIbIIMX 3HAYEHUN y IeTeit nmpen-
JIOIIKOJILHOTO BO3pacTa, MOcJie Yero CHUXKaeTCs
(Andepona, Mapbep, 1990). Takoe cHUXeHUE,
OT MJIAJILIIETO IKOJbHOTO BO3pacTa K cTaplieMy,
OTpaxkaeTcsl B CyMMapHbIX MTOKa3aTesIsIX CIIeKTpa
MOIIIHOCTU KoJjiebaHuii moreHLuanoB ((Gasser
et al., 1988), GoJiee BhIpaxkeHHOM [JIsl HU3KOYa-
CTOTHOTO (amenbTa u Teta) DI -guamazona (A-
deposa, Dapbep, 1990; demun u ap. 2013). Do
CHIXXEHME MOIIHOCTU DDI-IpolieccoB MOXKET
OBbITH CBSI3aHO C YMEHbIIEHUEM 00beMa Ceporo
BelllecTBa Mo3ra, BheIsIBiasieMoro B MPT-uccie-
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JIOBaHUSIX y AeTeil HauumHasg ¢ 10-JeTHero BO3-
pacta (Giedd, 2004). YMeHbIIeHE MacChl HEPB-
HBIX 2JIEMEHTOB M COKpallleHUe CUHANTUYECKOMN
0as3bl TIPOLIECCOB JIOKAJTbHOW CUHXPOHU3AILIMU B
D3I MoxeT 00yCI0BIMBATh CHUKEHIE MOIITHO-
CTHM 3JICKTpOTeHe3a KOpHI, a MPUXOsIieecs Ha
ABTOT K€ BO3PACTHOM TIEPUOJ TTOCTEIIEHHOE
YMEHBIIIEHWE BEJIMYUHBI TeMOIMHAMUYECKOMN
peakuuu (BOLD-curnana Ha @MPT) (Murphy
et al., 1996) MoxeT oTpaxkaTb TEHICHIIUIO K OII-
TUMU3ALUNA YPOBHS MeTabOJIMYECKUX 3aTpaT U
CHIDKEHMIO 3HEpreThudeckoro “sampoca” st
obecnieuenus nesrenbHocT LIHC (Liichinger
et al., 2012).

OnmHuM n3 HamboJee SIpKUX IToKa3aTeseil co-
3peBaHUsI MO3ra B JIETCKOM BO3pacTe SIBJISIETCS
yBEJIMUEHWE 4YacTOThl OCHOBHOTO putMma D3I
IMonaraiot, 4yTo 1J1si onpeneaeHUss COOTBETCTBUS
ypoBHA 3penoctu DOI Bo3pacTy Jydllle BCEro
MOOXOOSAT OLIEHKW OCHOBHOTO putMa D3OI B 3a-
ThUIOYHBIX 30Hax (Gasser et al., 1988; Takagaki
et al., 2015), omHaKO P 3TOM NPUXOAUTCS TTPU-
HUMaTh BO BHUMaHUE TAaKXKE IreTepPOXPOHHOCTH
(popmupoBanua ODOI B Ipyrux OTaesax KOpbl
mosra (Andgeposa, Papoep, 1990; lopbOaueB-
ckas, Koxymiko, 1990; Vijayakumar et al., 2018).
B Hamrem uccieqoBaHUM KCIIOAb30BaHa 0000-
IIeHHAas OLIEHKA YaCTOThl OCHOBHOIO pUTMa, KO-
TOpYIO Jieajd Ha OCHOBe pacueTa criektpa CD,.
CrpykTypHas (PyHKIMS B HallleM cy4dae Xapak-
TepU3yeT MHOroKaHajibHyl0 D3OI, 1 MBI HE MO-
KEM NPUBECTU aHAJIUTUYECKOI (POPMYJIbI, CBSI-
3bIBalolIeit 3Ty 0000I1LIEHHYIO OLIEHKY C OlleHKAa-
MU YaCTOThI B KaXKJJOM KOHKPETHOM OTBEICHUM.
KBaptunbHble (25—75%) rpanuubl ot 8.8 1o
9.9 I'1 BoJIHE COOTBETCTBOBAJIM HOPMAaTHUBHBIM
OlLICHKaM 4aCTOThl OCHOBHOTO pUTMA y JeTeil 1
MOJAPOCTKOB IIIKOJIBHOTO BO3pacTa, XOTs Yy
8 IIIKOJIBHUKOB JTOMMHUpYIOIIas 4yactota O3
Ha TOM WJIM WHOM 3Tarie obciaenoBaHus Oblia
MeHee 7 T11. Ilo pesynbraTamM NpoBeIEeHHOIO UC-
clielloBaHUsI Ha OgHOM (3-ii) ceccum OOHapyXKU-
Jlach cjabasi cTaTUCTUYECKasl CBSI3b MEXIy 4a-
CTOTOIl OCHOBHOTO pUTMa M BO3pacTOM, sl
OCTaJIbHBIX TPEX CECCUIM TAKOU CBSI3U BBISIBICHO
He ObU1o. MMeroTcsl cBeaeHUsT O TeHIASHLUU K
YBEJIMYEHUIO YaCTOThl OCHOBHOIO putMa D391y
neTeii M MOAPOCTKOB B IIKOJbHOM BO3pacTe
(Gasser et al., 1988), MbI TakKe oTMedaIu JaH-
HYIO0 TEHIECHIIMIO TpU oOCIeN0oBaHUM JeTeil Ha
ceBepe MaragaHckoii obimactu (Copoko u ap.,
2012). Mexny Tem, mo naHHbBIM (AJdepona,
®dapoep, 1990; I'opdbauesckas, Koxymiko, 1990),
yacToTa OCHOBHOTO PUTMAa B LIEJIOM JIOCTHTraeT
WHIVBUAYANbHBIX Ne(UHUTUBHBLIX 3HAYCHUI Y
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nmereil B Bo3pacte 11—13 jeT, mmociie yero amoo
CTAaOMJIM3UPYETCS Ha JOCTUTHYTOM yYpPOBHE, JIM-
00 MOXKET Jake CHUXKATbCS B cepeauHe Iyoep-
TaTHOTO TIepHO/ia, BHOBb BO3pacTasli K €ro OKOH-
yanwuio (Komkosa, 2018).

ITpu nzyyeHun pusnoaorndeckKux (pyHKIIUi
opraHv3ma u MoBeJAeHUsI YeJI0BEKa HEBO3MOXHO
00OUTH BHMMaHUEM BOIPOC IOJOBOIO TUMOP-
dusma (Etchell et al., 2019). Otnuuus B Mopdo-
JIOTUM TOJIOBHOTO MO3Ta y JIUIl Pa3HOro mnoJja
(Murphy et al., 1996) HaxomsIT oTpaxkeHUE U B
OpraHu3aluu OMOBJIEKTPUUECKON aKTUBHOCTU
moara (Clarke et al., 2004, Komkosa, 2018, Kur-
gansky et al., 2020). Ha ocHoBaHWU pe3yJIbTaTOB
MeTaaHaiu3a padoT pa3JIMYHbIX HAayYHBIX KOJ-
JIEKTUBOB 3a mnocienHue 40 jet, B KOTOPbIX CO-
MOCTaBJISUIMCh JaHHbIE HEUPOBU3yaTU3allMOH-
HBbIX METOHOB MCCJIEIOBAHUSI MEXITOJyIIapHOK
aCUMMETPUU U OLIEHKM MOJOBBIX pa3IMUUi KO-
THUTUBHBIX MPOLIECCOB, ObLIT ClieJIaH BbIBOI, YTO
MOJIOBbIE pa3jINyMsi HECOMHEHHO OOHapyXkuBa-
I0TCSI, OHU YCTONYMBbBI, HO CPAaBHUTEILHO HEBE-
JIMKU TI0 YUCJIEHHBIM 3HAYE€HUSIM OLIEHUBAEMbIX
napameTpoB (Hirnstein et al., 2019).

Ham He ymanoch BBISIBUTH CTaTMCTUUYECKU
3Ha4YMMOro BausHus gaxkropa Ilon Ha Beauuun-
HBI MHTETPAILHBIX ITapameTpoB Pt, Ps m GV.
Bripouyem, okoHYATEAbHO HE PEIIEH U BOIIPOC O
BO3pacTe, B KOTOPOM MPOSIBISIIOTCS Pa3inyums
MEXIy MaJIbYMKaMU U A€BOYKAMU KakK IIPU OCy-
IIECTBJIEHMUHY TOW WJIM MHOU KOTHUTWUBHOM nes-
TEJILHOCTH, TaK 1 B OKAa3aTesIX HEMpOaAMHAMU -
yecKuXx npoiieccoB. MIMeroTcst ocHOBaHUS moJia-
ratb, 4TO KPUTUYECKUM IJis1 (OPMUPOBAHUS
TaKMX PA3IMYMIA SIBISIETCS TI€PUOI ITOJIOBOTO CO-
speBanus (be3pykux u ap., 2009; Komkosa,
2018; Kpyunanna u ap., 2020). B mompocTkoBOM
Bo3pacTe, mo mgaHHBIM MPT-nccaemoBanmii,
BpeMsI CO3peBaHUs Pa3IMYHbIX MO3TOBBIX CTPYK-
TYp y IEByIIEK oIlepexaeT B cpeaHeM Ha 1 rom
(Gedd, 2004), dopmmpoBaHMEe OpraHMU3ALNN
D3I -ipouieccoB — Ha 1-2 roma (Andeposa,
®dap6ep, 1990; I'opdaueBckast, Koxymiko, 1990).
B mccnenoBaHuM, oxBaThIBAIOIIEM BO3PAaCTHOM
nuarnasoH ot 8 1o 30 JieT, moKa3aHo, YTO B COCTO-
STHUM CIIOKOMHOTO 00IPCTBOBAHMS CBI3aHHBIE C
IOJIOM pa3inyuvsl B M3MEHEHUSIX YPOBHS IIPO-
CTPaHCTBEHHOM cuHXxpoHu3auuu DI cpaBHU-
TEJIbHO HeBEJIMKW, HO HAYMHAIOT 3HAYMMO MpPO-
SABJISITBCS NPU AEITEIbHOCTU, MPUYEM TeTepO-
XPOHHO, HAIIpUMep, IIPU BOCIIPUATUM TEKCTa HA
clyx ¢ 12 net, a mpM YTeHUU TeKcTta — ¢ 15 ner
(Kpyunnuna u ap., 2020).

Ha xonwuyecTBeHHBIE OLICHKM JIWMHAMMKU
dyHKIMOHanbHOTO co3peBaHusi IITHC, Bbipa-
Ne 4
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KEHHOCTHM MOJIOBBIX paznnunii B DOl B KOH-
KpPETHOI TpyIe o0CIeayeMbIX CyIIeCTBEHHOE
BJIIMSIHME OKAa3bIBACT MEXWHIMBUIyaJdbHas Ba-
prabeTbHOCTh M3y4YaeMBIX ITapaMeTpoB. Tak,
YUCJIEHHbIE 3HAYEHUSI CTaTUCTUYECKOW CBSI3U
napameTpoB Pt, Ps u GV ¢ Bo3pacTom (cMm. Tab:m. 3)
OTJIMYAlOTCA JIsl 1-TO U 2-T0 3TAIloB UCCIea0Ba-
Husl. [1o cyiiecTBy Ha 3TUX IBYX 3TaIlaX Mbl UMe-
JIN JIEJIO C IBYMSI pa3IMYHBIMU, XOTSI U YACTUYHO
TepeceKalolMNCS BBIOOpKAMU AeTeit U TIOMI-
pocTtkoB. [IpuMeHeHne mpoleaypbl HOpMUPOBA-
HUsI, OpUEHTALIMSI Ha WHTETpajIbHbIE, OLICHUBae-
MBI€ TTO BCeii COBOKYITHOCTH DI -Tiporieccos, ma-
paMeTpbl B M3BECTHOM CTENEHU ITO3BOJISIIOT
YMEHBIINTHh BHIOOPOYHYIO TUCIIEPCHUIO OLICHOK.
OnHako TpUYMHA BapuaOeIbHOCTU 3ajloKeHa
yXe M3HavYaJbHO B TEHETUYECKOM KOJIe, OIpee-
JISTIOIIEM WHIMBUAYaJdbHBIE ocobeHHOCcTHn DDI
U 3ajamplleM IporpamMmy ee¢ (hOpMHPOBAHUSI
(be3pykux u ap., 2009).

Peanuzaius aToii mporpaMmsl, (popMupoBa-
HUe (GU3MOJIOrUYecKUX (YHKIUNA U pa3sBUTUE
OpraHM3Ma B ILIEJIOM IPOUCXOIUT MPU TECHOM
B3aMMOJIEUCTBUU OpraHu3Ma u cpeabl. ITpouecc
pasBUTUS Ha BCEX 3Tanax OHTOreHe3a HOCUT
aJalTABHBI MNPUCIOCOOUTENbHBIN XapakTep,
KOTOPbIii ONpenessieTcss ABYMS BaKHEWIIMMU
dakTopamu: MopdoPYHKIIMOHAILHON 3peJio-
CTbIO (PU3MOJIOTMUYECKUX CUCTEM M aleKBaTHO-
CTbIO (PYHKIIMOHAJIBbHBIX BO3MOXHOCTEM opra-
HU3Ma yCJIOBUSIM BHEIIIHEH CPEbL.

CoueTaHHOE BO3JeCTBUE OJIU3KUX K 9KCTpE-
MaJIbHBIM TIPUPOIHBIX, COLIMATbHO-3KOHOMUYE-
CKHUX U OBITOBBIX YCJI0BUiA XX13HU Ha CeBepe BbI-
3bIBa€T HE TOJBbKO (DYHKIIMOHAJbHbIE OTKJIOHE-
HUSsI, CBSI3aHHbIE C HAMPSIKEHUEM PETYJISITOPHBIX
MPOLIECCOB, HO MOXET TakKXKe U OOYCJIOBJIMBATh
3aMeJieHrMe TeMIIOB “co3peBaHus”’ 2JeKTpore-
He3a Mosra. HMcciaemoBaHusi, MpoBeleHHbIE B
ApxaHTeJIbCKOI 00J1acTH, ToKa3aju, 4To y 53%
JeTeil U MOAPOCTKOB IIKOJbHOTO BO3pacTa Bbl-
SIBJISIFOTCSI TPU3HAKU HE3PEIOCTHU (B CpaBHEHUM
C BO3pPACTHBIMY HOPMAaTUBaMU) DJIEKTPUUECKOM
aKTMBHOCTU MO3Ta B BUJI€ HEYCTOMYMBOCTU OC-
HOBHOIO pUTMa, MOBBILIEHHOIO COlepXaHUs
MEJJIEHHOBOJIHOBBIX (Te€Ta- U AejbTa-) COCTaB-
Jsomux DI, 3MU30[0B MapOKCU3MAIbHbBIX
MPOSIBICHU (PU3MOJIOTMUECKON aKTUBHOCTU.
ITpu aTom y 29% yuaiuxcs HabJIrogaeTCs OTCTa-
BaHUE B TeMIlaXx (OpMUPOBAHUSI YACTOTHOIO
criektpa OOI Ha 1.5—2 roma no cpaBHEHUIO CO
CBEpCTHUKAMM W3 cpeaHeili mojockl Poccuu
(Copoko u ap., 2005). OTmeuyeH cBoeoOpa3HbIii
“IIMpPOTHBIN” 3(PGhEKT B CTENEHU BbIPAKEHHO-
ctu nipu3HakoB He3pesoctu ITHC: mo onieHkam
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TOM 71

aMIUIMTYIbl U MHIEKCA aKTUBHOCTU B OCHOBHBIX
IUarna3oHax 4YacToT, IO TeMIlaM CO3peBaHUs
D3I mogpocTky 3a1oaspbsi OTCTAIOT OT CBEPCT-
HUKOB u3 [IpunonsgpHoro paiioHa, 4YTO MOXKET
OBITH OOYCJIOBJICHO 00JIee CYpPOBBIMU YCIOBUSIMU
Xwn3Hu B 3anonsipbe (demuH u ap., 2013).

HenocpenctBeHHbIN 3¢ deKT BAUSHUS (hak-
TOPOB cpelibl (TOUHEE, MX KOMIIJIEKCHbBIX Ce30H-
HBIX TIePeCTPOeK) Ha (PYHKIIMOHATbHOE COCTOSI -
Hue [IHC y mKoJbHUKOB-CEBEPSIH B HAIlIEM KC-
cJieIOBaHUY MPOSIBUJICS B IMHAMUKE 3HAaYEHUM
nmapameTpoB Pt, Ps u GV rmpu ux comnocrasjieHUU
B OCEHHel U BeceHHel ceccusiX. 3HaUeHMUs Ta-
pameTpa Pt ObUIM BhILIE, a mapaMeTpoB GV u Ps
OBbLIM HUKE B BECEHHUI IepUol B CpAaBHEHUU C
oceHHUM. /111 napametpoB Pt u GV 31u usMeHe-
HUS1 ObUIM BhIpaXkeHbl B CPaBHUTEIbHO paBHOM
CTEIEHU JIJIs1 IEBOTO U IPaBOTo NOJIylIapusi MO3-
ra. B amHamuke nmapameTpa Ps BbisiBiieH 3P eKT
ounarepaibHOM acMMMETpPUU. YMEHbIIIEHUE B
BECEHHEM MepuroJie BeJIMUYMHbI Ps, XapaKTepusy-
I011e€ MOBbILLIEHKE TTPOCTPAHCTBEHHOM CBI3HO-
CTU IMPOLIECCOB, YPOBHS TMCTAHTHON CUHXPOHU-
3auu DI, BBISIBJIEHO B JIEBOM U HE BBISIBJIEHO
B IIpaBoOM Iojyiiapuu Mmo3ra. B padote B.B. Ap-
IIaBCKOro M coaBT. (ApmaBckuii u ap., 1989)
OBLJIO TTOKa3aHO 3HAaYMMOE BJIMSIHME IIpoliecca
ajanTaiuy K CJIOXHBIM MPUPOIHBIM YCIOBUSIM
CeBepa Ha XapaKTep U BbIPakKeHHOCTb (DYHKIIU -
OHaJILHOM aCUMMETPUU MO3Ta, YTO HAIILJIO OTpa-
>K€HHE B OlLIEHKaX MPOCTPAaHCTBEHHON CUHXPO-
HU3alM1M OMOIOTEHIIMAIOB B MOKOE U IpY Ha-
rpy3Kax, aJApecOBaHHBIX IPEUMYIIECTBEHHO
IIpaBoOi I JIEBOI remucdepe.

MN3menenus napamerpa GV — 00600111eHHOMN
IUCIIEPCUU, XapaKTepMu3ylolllel abCcoIOTHbIE
pa3Mepbl Bapualldyi aMIUJIMTYAbl CUTHAJOB B
MHOrokaHanbHOIl DO, cBUAETEIbCTBOBAIN OO0
YMEHbIIIEHUW B BECEHHUI TepUo B CpaBHEHU U
C MpPEeabIIYIIUM OCEHHUM I€PUOJAOM BEJIUYUHBI
WHTErpaJibHOM aMIuiuTyabl D3OI, bosee Bbico-
Kue 3HayeHUus napamerpa GV oObsICHUMBI 3HA-
YUMO OOJIbIIEH MPeaCcCTaBIeHHOCTbIO B OCEHHUM
nepuosn B cinekrpax DI yacToT MeaIeHHOBOJI-
HOBOIO — JieJibTa- U TeTa-Auana3oHa, 4YTo OTMe-
YeHO TaK:Ke B McciaeaoBaHusIX [ prbaHoBa 1 COaBT.
(I'pubaHoB u ap., 20166). ABTOpHI 3TOi pabOTHI
oOpalllaloT BHUMaH1e Ha B3aUMOCBSI3b TUHAMU-
KU CIIEKTPaIbHBIX XapakTepucTuk DI ¢ nepu-
OJlaMM €CTECTBEHHOI OCBEIIEHHOCTU U ToJja-
raroT, YTO U3BMEHEHUE TIPOAOTKUTETBHOCTU CBE-
TOBOTO [HS SIBJISIETCSI OOHUM U3 Haubosee
3HAYUMBIX (PAKTOPOB, BIMSIOIIMX HA (POPMUPO-
BaHUE OMOBRJIEKTPUUYECKON aKTUBHOCTU MO3ra y
LIKOJIbHUKOB-CEBEPSTH.
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JlelicTBUTEIILHO, IBa ce30HaA MCCIIETOBAaHUIA
pa3anyvaloTcsa MPOTUBOMNOJOXHBIM XapakKTepoM
doTornepuoansmMa, B KOHIIE OKTSIOPS 3HAUUTEIIb-
HO 0OJIbllIe MPOJOKUTEIBHOCTh TEMHOIO Bpe-
MEHM CYTOK, B Hayaje ampejis — CBETJIOro, u
MMEEeTCSI B3auMMOCBSI3b MEXIy IOKa3aTelsaMu
TOPMOHAJILHOTO CTaTyca YeJIoBeKa C JIUTUTEIbHO-
ctbio cBeToBoro nHs (Kybacos u nip., 2006). [Tpu
3TOM M3MEHSIOIINIACSI TOPMOHAJIbHBIN (POH CO-
3[aeT NPEAIOChUIKY IJIS1 Pa3BUTHUS IIPOLIECcCa aK-
KJIMMaTU3al1 K U3MEHEHUSIM TeMIIEpaTypHOIO
pexuma (Esmokumos u ap., 2007). B BeceHHUIt
eproa Mo CPaBHEHUIO C OCEHHUM Y IIKOJbHM-
KOB-CEBEPSIH B 3HAYMMO OOJIbILIEM YHCIIE CIy4acB
BBISIBJISIIOTCS OTKJIOHEHUS B OBOI, CBUIIETEIbCTBY-
o1re o aucbajiaHce MOIKOPKOBO-KOPKOBBIX pe-
TYJISITOPHBIX BJIMSIHUM, TIPEATIONOXUTEILHO BCIC-
CTBUE UPE3MEPHOIo HaIpsLkeHUsl (QYHKIMOHAIbL-
HBIX CMCTEM OpraHu3Ma B Ipoliecce ananTaliuu
K yciaoBusiM ceBepHoil 3uMbl (Rozhkov et al.,
2018).

BosHukaer ciioxHasi mpobjemMa B3aMOCBSI3U
He TOJIbKO (haKTOPOB TeMIIEPaTypPhl U €CTECTBECH-
HOM OCBELIEHHOCTH, HO TaKXKe€ U IMOTOMHbBIX
YCJIOBUIA, COCTOSIHUSI T€OMAarHUTHOIO MOJIs,
OLIEHKM UX Pa3fejibHOIO U COYETAHHOIO BIIMSI-
Hus Ha passutue LIHC y nereit 1 moapocTKoB,
MOAXOAbI K PEILLIEHUIO KOTOPOIi ellle TOJbKO pa3-
pabaThIBalOTCH.

3AKIIIOYEHUE

st olleHKM TMHAMUWKM BO3PACTHBIX U3MEHEe-
HUii OMO03IEKTPUIECKON aKTUBHOCTU MO3Ta IIpU
nzyyeHun popmupoBanusa LIHC y gereit u moa-
POCTKOB MBI OPUEHTUPOBAJIMCh Ha IIPUMEHE-
HME MHTErpajibHbIX II0Ka3aTeJieid, SIBJISIOLIXCS
000OIIIEHHBIMHM XapaKTeprucTUKaMu DI -mpo-
1IECCOB B COBOKYITHOCTU OTBEICHMIA KaK JIEBOTO,
TaK ¥ OPaBOro IMOJYyIIapuii, a TAK:Ke KOHBEKCHU -
TaJbHOII IIOBEPXHOCTU MO3ra B LIeJIOM. DTH Ia-
paMeTpbl paCCUYUTHIBAJIUCh HA OCHOBE CTPYKTYP-
HOWM (YHKUIMMU MHOTOKaHanbpHOI OBI Tak,
YyTOObI €IWHBII IIPOCTPAHCTBEHHO-BPEeMEHHOM
MpoLEeCcC pa3ae/iuTh Ha 2 COCTaBISIIOIINE, SIBJISI-
IollMecs OTAeAbHOM Mepoil MaciuTaba BpeMeH-
HOI (Pf) 1 Mepoii IpocTpaHCTBEHHOI (Ps) cBsI3-
Hoctn OBl -mipouieccoB. B kadyecTBe mOIMOTHM-
TeJIbHBIX apaMeTPOB MCHOJb30Bajach 4acTOTa
OCHOBHOTO pUTMa, pacCUMThiBaeMasl 1o MaKCH-
MYMY CIIEKTpa MOIIHOCTU CTPYKTYPHOU (DyHK-
U1, U nokasareib GV (general variability) kak
MHOIOMEpHBIIA aHajor aucrepcuu DDI-mpo-
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ecca, OLEHUBAEMBbI IO COBOKYITHOCTU DI -
MIPOLIECCOB.

[MonyyeHHble HAMU pe3yabTaThl JEMOHCTPU-
PYIOT TEHACHLMIO K YBEJIMYCHUIO 3HAUCHUSI T1a-
pamMeTtpa Pty ydalmiuxcs B 3aBUCMOCTU OT BO3-
pacta. C y4eToM 3aJaHHOI IIKaJIbl U3MEHEHUM
Pt (0, 1) Takoi1 poCT 03HAYaeT, UYTO YEM CTapilie
pebeHOK, TeM MeHee JIETEPMUHUPOBAHHBIMU BO
BpeMEHM CTaHOBATCS DOI-1Ipoliecchl, TeM MEHb-
111 Bp€eMEHHOI MacllITad CBSI3HOCTU U, COOTBET -
CTBEHHO, MHEepLMOHHOCTh DB -npoueccos. 1o
HallleMy MHEHUIO, YMEHbIIeHNE BEJIMUMHBI NH-
TerpajbHOIO mapamerpa Pf, yMeHbllIeHUE Bpe-
MEHHBIX MaclITadOB BHYTPEHHEHN CBSI3HOCTU
D3I -npoiieccoB oTpaxkaeT MOBBIIIEHNE (PYHK-
LHMOHAJIBHOU MOIBUXHOCTU HEWUPOAUHAMUYE-
CKHX MPOLIECCOB Yy YYallMXCs OT MJIQAIIMX K
CTaplIMM KJjaccaM, oOeclieuuBasi YCKOPEHUE
MPOLECCOB BOCIIPUATHUS U ITepepadoTKu MHMOP-
MalWu, IIOBBIIIEHNE CKOPOCTU U TOYHOCTU YM-
CTBEHHOI paboThl. YHCIeHHbIC 3HAYCHUS Mapa-
MeTpa Pt nis JIeBOTO U MPaBOTO IOJyIIapus
MO3Ta 3HAYMMO HE pa3iruyajiuch BO BCEX BO3-
PaCTHBIX IPyIIIaXx IIKOJIBHUKOB, YTO OOBSICHSIET -
Cd CTPOroii COHACTPOCHHOCTBIO BPEMEHHbIX
MacIuTaboB CBI3HOCTU DDI-mpolieccoB 0b6oux
MOoJIyIIaprii Mo3ra JIJISI COBMECTHOI padOTHI.

N3meHeHus1 uHTerpajibHOro mapamerpa Fs,
SIBJISIIOLLIETOCSI MEPOM MPOCTPAHCTBEHHOI CBS3-
HocTu OI-mpoleccoB, UMEIOT IIPOTUBOMO-
JIOXHYIO HalpaBJI€eHHOCTb, C BO3PacTOM BeJIM-
yyHa IapameTpa yMeHbluaercs. llpenenbHblie
3HaueHus napamerpa Ps (0, 1) COOTBETCTBYIOT
abCOIIOTHOM TPOCTPaHCTBEHHOM CUHXPOHM3a-
ouu (Cyryoo JeTepMUHMPOBAHHOMY IPOLIECCY)
W TOJHOMY OTCYTCTBUIO IPOCTPAHCTBEHHOI
CUHXpOHM3AMM (“94nCTO” CIIydailHBIM ITpOIeC-
caM BO Bcex oTBeAeHMsIx). Bo3pacTtanue ypoBHs
NPOCTPAHCTBEHHOM CUHXpOoHM3auuu DII-mpo-
LIECCOB B 1I€JIOM OTPakaeT MOBBIIIEHNE COIJIACO-
BAaHHOCTU B pabOTe OTACAbHBIX KOPKOBBIX 30H,
ycujieHue (PYHKILMOHAJIBHOTO B3aMMOIEHCTBUS
MEXIY HUMU U MOXET OBITh CBSI3aHO C (OpPMU-
pPOBaHUEM COCTOSIHUSI “OIepaTuBHOIO ITOKOs”
(mo A.A. YXTOMCKOMY) KaK MOOMJIM3aLIMOHHOM
FOTOBHOCTM K OTBETHOI peakluu, AEHCTBUIO
WU JeSTEIbHOCTU.

N3menenus napamerpa GV — 0600I1IeHHOM
JUCIIEPCUU, XapaKTepU3yIolleil aOCOIOTHbIE
pasMepbl Bapualliyd aMIUIMTYAbl CUTHAJOB B
MHOroKaHajabHOI DI, cBUAETEIbCTBOBAIN OO
YMEHBIIIEHUM C BO3PacTOM Yy IIKOJIbHUKOB 0O0-
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el COBOKYMHOM “momiHocTn” DII-mporec-
COB B pa3JIMuHbIX OTBeeHUsAX. COIMoCTaBlIeHUE C
HEUPOMOPdOTOrnYeCKUMU JaHHBIMU TTO3BOJIS-
€T MPEeIIOoJIOXUTh, YTO TAKOE€ CHUXEHUE MOIII-
HocTU DDI-mpoleccoB, 3JEKTporeHe3a Kophl,
MOXET ObITh CBSI3aHO C YMEHbIIEHUEM OObeMa
Ceporo BelIecCTBa MO3ra, BBISIBISIEMOTO TIPU
MPT-uccnenoBanusx y aeteii HaunHas ¢ 10-yer-
HEro Bo3pacrTa.

BoisgBiieHbl Bapualuy MHTErpaJibHBIX MHapa-
MeTpoB OII, oTpaxaloliiye BIMSIHIAE CE30HHBIX
W3MEHEHU NPUPOTHO-KIMMaTUIeCKUX (paKkTo-
POB U CBsI3aHHBIE C MpPOLeCCaMU aKKJIMMaTh3a-
LIAN y AeTeM U MOIPOCTKOB-CEeBEPSIH. 3HAUCHUS
WHTErpaJibHOro BpeMeHHOoro IapameTpa Pt yBe-
JIMYUBAJINCh, Torna Kak 3HadeHusT GV — 0606-
IEHHOM XapaKTEepUCTUKM MOIIHOCTH ODI-
npoiecca — M MHTeTpaabHOTO MPOCTPAHCTBEH-
Horo mapamerpa Ps yMeHbIIAIMCh B BECEHHUIA
nepuod B CcpaBHEHUY C OCEHHUM. B KauecTBe of1-
HOro u3 (PaKTOpOB, BHLI3LIBAIOIIMX BTU IIepe-
ctpoiiku B D3OI, MOXHO paccMaTpUBaThb KOH-
TpacTHLIC U3MeHEeHUS (poToIepruoan3Ma B OCEH-
Hee U BeceHHee BpeMs. IIpu 3ToM BO3HHKaeT
CJIOXXHAasI MpoOJjieMa B3aMMOCBSI3U 1IeJIOTO psiaa
¢$aKTOpOB — OCBEILIEHHOCTH, XOJIONOBOIoO (pak-
TOpa, C KOTOPbIM CBsI3aHbI IPOLIECChl aKKJIMMa-
TU3ALMU K CYPOBBIM YCIIOBUSIM CEBEPHOI 3UMBI,
U IpYyrux, Tpeoymolas pa3paboTKu MOAX0I0B K
OLIEHKE Pa3leJbHOI0 U COYETAaHHOIO BIMSHUS
aTux ¢akropoB Ha paszsutue LIHC y nmereit u
MOAPOCTKOB-CEBEPSIH.

Pa6ora momnepxana l'oczamanuem No Toc.
per. UCI'3 AAAA-A18-118012290142-9.
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CNS DEVELOPMENT IN CHILDREN AND ADOLESCENTS OF THE RUSSIAN
FEDERATION NORTHERN REGION AND ITS REFLECTION
IN THE DYNAMICS OF INTEGRAL EEG PARAMETERS

V. P. Rozhkov#~*, M. 1. Trifonov?, and S. 1. Soroko*

¢ Sechenov Institute of Evolutionary Physiology and Biochemistry of the Russian Academy of Sciences, Saint- Petersburg, Russia
*e-mail: virozhkov@mail.ru

The results of the analysis of the brain bioelectrical activity formation in children and adolescents
living in the northern region of Russia, based on the assessment of the integral parameters of a mul-
tichannel EEG, are presented. The research involved 33 boys and 32 girls aged 7 to 18, rural school
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students. The work was carried out in two stages, each of which consisted of an autumn and spring
session. The EEG was recorded, which was used to construct the structure function and calculate
the generalized spectrum, as well as integral parameters characterizing the measure of temporal (0 <
< Pt<1) and spatial (0 £ Ps < 1) connectivity of EEG processes. The limiting values of the param-
eters (0, 1) correspond to the case of either a completely ordered or a completely random spatial or
temporal organization of the EEG. A decrease with age in the value of the Ps parameter was re-
vealed, indicating an increase in the spatial connectivity of EEG processes in schoolchildren from
younger to older grades. On the contrary, the Pt value increased with age, which characterized a de-
crease in the time scale of connectivity and inertia of EEG processes and could reflect an increase
in the level of functional mobility (lability) of the central nervous system, as they grow older. The
dependence of assessments of the age dynamics of the integral parameters of the EEG in school-
children-northerners on the season (autumn-spring) and the sample contingent of the surveyed is
shown.

Keywords: children and adolescents, development, brain, EEG structure function, North
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ALPHA-BAND FUNCTIONAL CONNECTIVITY DURING
MODALITY-SPECIFIC ANTICIPATORY ATTENTION IN CHILDREN
AGED 9-10 YEARS: EEG-SOURCE COHERENCE ANALYSIS
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Functional connectivity was studied in a group of 17 right-handed children aged 9.789 + 0.447 years
during the deployment of cued anticipatory attention. Participants performed visual and auditory
versions of the temporal order judgment task. Prestimulus functional links were assessed via alpha-
band coherence computed in the source space for preselected regions of interest. As compared with
the baseline condition, an increase of local functional links between the primary visual cortex and
the intraparietal cortex was observed in both hemispheres during the anticipation of visual and au-
ditory stimuli. An increase of functional interaction between the intraparietal cortex and the ventral
premotor cortex was observed only in the left hemisphere during auditory anticipatory attention.
Unlike our previous research on anticipatory attention in adults, the analysis of functional connec-
tivity in children showed no frontoparietal functional links in the right hemisphere and no modali-
ty-specific cortical links. The results of the study suggest that the brain’s top-down modulatory sys-
tems of the right hemisphere are still immature in children aged 9—10 years.

Keywords: alpha rhythm, children aged 9—10 years, functional connectivity, cued anticipatory at-

tention, EEG
DOI: 10.31857/S0044467721040110

INTRODUCTION

The anticipation of different events is incorpo-
rated into the lives of all people. It seems that all
fields of human activities rest on the faculty of an-
ticipating the future at the level of both simple ac-
tions and complex behaviors. In cognitive neuro-
science, this faculty is usually called anticipatory
attention (see, e.g., Naatanen, 1992; Bastiaansen,
Brunia, 2001; Brunia, van Boxtel, 2004; Brunia
et al., 2011; Klimesch, 2012). Anticipatory atten-
tion is directed by explicit (see, e.g., Spence,
Driver, 1997; Brunia, van Boxtel, 2004; Mozolic
et al., 2008; Posner, Fan, 2008; Rohenkohl et al.,
2014; Talalay et al., 2018) or implicit (Cleeremans
et al., 1998; Turk-Browne et al., 2010; Dale et al.,
2012; Zhao et al., 2013; Altamura et al., 2014; Ta-
lalay et al., 2018) experience towards an upcoming
stimulus in order to facilitate its processing (Bas-
tiaansen, Brunia, 2001). Taking into consider-
ation an important role anticipation plays in any
goal-directed behavior, researchers try to reveal
neurophysiological bases and behavioral out-
comes of this cognitive function.

Basically, psychological and psychophysiolog-
ical studies of anticipatory attention are conduct-
ed with the help of the Posner paradigm (Posner
et al., 1980). In this paradigm, there is either cen-
tral, symbolic (also referred to as “endogenous”)
or peripheral (also referred to as “exogenous”)
cue-stimulus, which informs participants about
certain characteristics of an upcoming trial. Fur-
thermore, the cues can contain true information
(valid cueing), no information (neutral cueing) or
false information (invalid cueing) about the target
stimulus. This experimental model has different
modifications and is mainly used to study cued
endogenous (voluntary) (Folk, Hoyer, 1992;
Langley et al., 2011) or exogenous (involuntary)
(Akhtar, Enns, 1989; Folk, Hoyer, 1992; Perchet,
Garcia-Larrea, 2000; Langley et al., 2011) atten-
tion orienting. The Posner cueing task has been
embedded by J. Fan and colleagues (Fan et al.,
2002) in the Attention Network Task (ANT),
which is designed to measure the efficiency of the
alerting, orienting and executive attention net-
works (Posner, Petersen, 1990; revised by Peters-
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en, Posner, 2012; Posner, Fan, 2008). This task
includes two types of cues. The first type provides
information on the time of target occurrence, thus
underlying the development of phasic alertness in
participants. The second type is exogenous and
provides information on the place of target occur-
rence, thus leading to changes in the orienting
network. If the cue is found invalid, the disen-
gagement and reorienting of attention take place.
In the ANT, cueing is combined with the flanker
task (Eriksen, Eriksen, 1974), which serves as the
measure of executive attention. According to the
definition of anticipatory attention given at the
beginning of this article, we consider that cue-in-
duced alerting and orienting should be regarded
as anticipation-related processes.

Both the Posner cueing task (Akhtar, Enns,
1989; Folk, Hoyer, 1992; Perchet, Garcia-Larrea,
2000; Langley et al., 2011) and the ANT (Mez-
zacappa, 2004; Rueda et al., 2004; Konrad et al.,
2005; Jennings et al., 2007; Hahn et al., 2011;
Zhou et al., 2011; Williams et al., 2016; Santhana
Gopalan et al., 2019) are commonly used to study
age-related difference in cued attention. Data
generally show a positive influence of valid cueing
on the efficiency of task performance in children
(Swanson et al., 1991; Mezzacappa, 2004; Rueda
et al., 2004; Santhana Gopalan et al., 2019) and
adults (Akhtar, Enns, 1989; Folk, Hoyer, 1992;
Langley et al., 2011; Rueda et al., 2004).

A review of multiple studies on age-related
changes in attention (Posner et al., 2013) suggests
that there is no age difference in the orienting
benefit effect (i.e., the difference in reaction time
(RT) between neutral vs. valid trials) among chil-
dren aged 5—6, 8—10 years and adults (Enns, Bro-
deur, 1989). At the same time, the speed (i.e., the
difference in performance on valid trials with
short vs. long cue-to-target intervals) of orienting,
the ability to disengage and reorient attention vol-
untarily improve with age (Schul et al., 2003). In
addition, there seems to be an age-related de-
crease in the orienting cost (i.e., the difference in
RT between invalid vs. neutral trials) (Enns, Bro-
deur, 1989; Wainwright, Bryson, 2002; Schul
etal., 2003). According to M. Corbetta and
G.L. Shulman (2002), it seems that endogenous
orientation (or reorientation) of attention is relat-
ed to the activity of the superior parietal lobule
(SPL) and the frontal eye fields (FEF), whereas
exogenous orienting is linked to the activity of the
temporoparietal junction (TPJ) and the ventral
frontal cortex (VFC), largely lateralized to the
right hemisphere. A large number of studies em-
phasize the role of the dorsal frontoparietal net-

KYPHAJI BEICHIEVM HEPBHOW OEATEJIBHOCTU

work (including the intraparietal sulcus [IPS] and
the FEF) in the mediation of top-down control of
spatial cued attention (Capotosto et al., 2009,
2012; Simpson et al., 2011; Shomstein, 2012; Liu
et al., 2016).

Concerning the alerting network, the presen-
tation of a warning cue develops the state of alert-
ness in participants, thus making them anticipate
an upcoming trial and respond faster (Posner
et al., 2013, review). However, short cue-to-target
intervals may also cause declines in performance
accuracy (Posner, 1978). The efficiency of task
performance was found to improve with age
(Rueda et al., 2004; Mezzacappa, 2004; Morri-
son, 1982). The developmental changes in alert-
ness during childhood might be related to contin-
uous maturation of frontal systems during this pe-
riod (Posner et al., 2013, review). In (Santhana
Gopalan et al., 2019), the analysis of brain event-
related potentials (ERP) and their source local-
ization showed that both the alerting and orient-
ing networks were associated with a low level of
frontal and parietal activation in children aged
12—13 years. At the same time, the adult attention
network seems to bear on frontal and parietal ar-
eas to maintain alertness (Fan et al., 2005; Périn
et al., 2010). P. Santhana Gopalan and colleagues
suggest that this maintenance of alertness and
readiness matures only in late childhood (after
12 years of age). According to the authors, fronto-
parietal activity in adults might reflect more top-
down control of attention that is not utilized by
children during the performance of the ANT (Ca-
sey et al., 2004).

Many studies of the brain’s mechanisms un-
derlying alertness are based on the analysis of the
contingent negative variation (CNV) (Walter,
1964). The CNV is a slow negative wave observed
at central and frontocentral sites along the mid-
line in the interval between a warning signal and
an upcoming target (Williams et al., 2016). This
pattern of brain-generated electrical activity ap-
pears to index anticipatory attention, motivation,
and motor preparation (Tecce, 1972; Ulrich et al.,
1998; Leuthold, Jentzsch, 2001; Guo et al., 2019).
It has been identified that the prefrontal cortex
(PFC; Rosahl, Knight, 1995), the anterior cingu-
late cortex (ACC) (Gomez et al., 2003; Segalow-
itz, Davies, 2004; Fan et al., 2007), the basal gan-
glia (BG) (Bares, Rektor, 2001), and the supple-
mentary motor area (SMA) (Gémez et al., 2003)
are involved in the generation of the CNV. The
frontal early CNV component is considered to re-
flect an orienting response and the central late
CNYV component is described as a motor prepara-
Ne 4
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tion (see, e.g., Goémez et al., 2003). The ampli-
tude of the CNV was shown to increase with age,
especially during middle childhood (Jonkman,
2006). In comparison with adults, children dis-
play smaller early CNV amplitudes at frontocen-
tral locations (Jonkman et al., 2003), suggesting a
role of frontal lobe maturation in the alerting net-
work.

Other popular electrophysiological indices of
anticipatory processes in the brain are the stimu-
lus-preceding negativity (SPN) (see, e.g., Brunia,
van Boxtel, 2004) and the Bereitschaftspotential
(BP) (see, e.g., Shibasaki, Hallett, 2006; Di Rus-
so et al., 2017; Bianco et al., 2020). Both indices
are commonly used to study the selectivity of an-
ticipatory processes in the brain. The BP is a mea-
sure of activity in the motor cortex and the sup-
plementary motor area that precedes any volun-
tary motor act. The SPN is observed over frontal
areas and reflects perceptual anticipation.
C.H.M. Brunia and G.J.M. van Boxtel (2004)
used this index to study anticipatory attention to
verbal and non-verbal stimuli. They employed the
time estimation paradigm along with a block ex-
perimental design (Brunia, Damen, 1988;
Damen, Brunia, 1987). Adult participants were
asked to respond within a certain time window af-
ter the presentation of an imperative signal. After
that, auditory and visual stimuli (referred to as
“knowledge-of-results” [KR] stimuli) were pre-
sented in verbal and nonverbal modes informing
participants about the correctness of their re-
sponse. The order of KR stimuli within a block
was set for the cause of modality-specific antici-
pation of these stimuli. The analysis of ERP pa-
rameters showed that anticipatory attention to vi-
sual and auditory KR stimuli was accompanied by
an increase of local activity in modality-specific
cortical areas as reflected in the SPN and event-
related desynchronization of alpha-band oscilla-
tions (Bastiaansen et al., 2001). These data are
concordant with the results of some studies indi-
cating modality specificity of anticipatory atten-
tion (Spence, Driver, 1997; Machinskaya, 1998;
Mozolic et al., 2008). C. Spence and J. Driver
(1997) showed that the presentation of a symbolic
visual cue predicting the likely target modality
(visual or auditory) improved performance accu-
racy and reduced RT in the case of expected vs.
unexpected stimulus modality. J.L.. Mozolic and
colleagues (Mozolic et al., 2008) conducted an
fMRI study of cued modality-specific attention.
According to that study, the activity of visual cor-
tices in the prestimulus period is higher for visual
selective attention than for auditory selective at-
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tention, and vice versa. Furthermore, the results
of an EEG study of functional connectivity during
selective anticipatory attention (Machinskaya,
1998) showed modality-specific functional corti-
cal links during the anticipation of auditory and
tactile stimuli. S.M. Weiss and colleagues (Weiss
et al., 2018) studied tactile anticipatory attention
in children aged 6—8 years. They measured elec-
troencephalographic activity over the sensorimo-
tor cortex after the presentation of a visual cue,
which directed children’s attention towards their
right or left hand, thus developing the anticipa-
tion of tactile stimulation. A regionally-specific
prestimulus desynchronization of the alpha-range
mu rhythm was observed over central electrode
sites (C3/C4) contralateral to the cued direction.
The authors suggested that anticipatory mu de-
synchronization might be regarded as a specific
neural marker of attention focusing in young chil-
dren. Our previous study (Talalay et al., 2018) was
dedicated to the analysis of alpha-band functional
connectivity during cued vs. implicit anticipation
of visual and auditory stimuli. For cued anticipa-
tory attention, an increase of functional links was
observed between the intraparietal and prefrontal
cortical areas (as compared with both the baseline
and implicit learning sessions), and it was more
prominent in the right hemisphere. It was discov-
ered that cued anticipatory attention was under-
lain by functional modality-specific cortical links
in accordance with the modality of anticipated
stimuli.

Despite a large number of behavioral studies on
the development of spatial cued attention, there is
little information on the brain’s functional orga-
nization during selective anticipatory attention in
children. The functional organization of the cor-
tex is usually studied by means of functional con-
nectivity analysis — i.e., the analysis of “statistical
dependencies among remote neurophysiological
events” (Friston, 2011, p. 14).

In this regard, the goal of the present study was
to explore modality-specific cued attention in 9-
to 10-year-old children in terms of both prestim-
ulus functional connectivity and poststimulus
task performance.

METHODS

The present study is based on our previous re-
search and shares common or analogous methods
and types of analysis with (Talalay, Machinskaya,
2014) and (Talalay et al., 2018).
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Fig. 1. Experimental material and procedures. (a) All four variants of the visual stimulus pairs used in the order judg-
ment task. In each pair, the first stimulus is obscured by the second one. (b) Symbolic images of an ear and an eye
are used to cue the modality of the upcoming stimulus pair. (¢) Sequence of events in a typical trial of the cued at-
tention session. (d) Sequence of events in a typical trial of the baseline session. Timing of all events is shown along

the horizontal time axis.

Puc. 1. CtumynbHBIN MaTepHall U IpOLeaypa SKCISPUMEHTAIbHOTO UCCIIENOBaHMS: (a) — BCEe BApUAHTHI 3pUTEIb-
HBIX 1IeJICBBIX ITap CTUMYJIOB (TIepBbIii CTUMYJI B ape MoKa3aH Ha 3aaHeM IuiaHe); (b) — cxemaTuyeckue u3obpa-
JKEeHUs IJ1a3a U yxa, KOTOpbIe UCITOIb30BaNCh TSI (POPMUPOBAHUS Y UCITBITYEMBIX IPEIBOCXUIIICHUSI CEHCOPHOI
MOJAJIbHOCTH LEeJIeBBIX CUTHAJIOB; (C) — ITOCIEA0BaTeIbHOCTh COOBITUI B OmHOM ITpobe ceccun “Cued attention”
(IpousBoJIbHOE MpeaBocxuilieHue); (d) — rmocaenoBaTeIbHOCTb COOBITHIA B OHOM npobe ceccuu “Baseline” (pe-
dbepeHTHOE ycnoBue). BpeMeHHbIE MHTEPBAIBI MEXITy COOBITUSIMU 0O03HAUYCHBI HA TOPU30HTAILHOM OCH 7.

2.1. Participants

A total of 17 right-handed, healthy children
(11 male, 6 female) aged 9.789 + 0.447 years par-
ticipated in the study. They had normal or cor-
rected-to-normal vision, and reported no history
of neurological disorders. All participants’ par-
ents gave written informed consent after the task
was explained. All experimental methods had eth-
ical approval from the Ethics Committee of the
Institute of Developmental Physiology.

2.2. Stimuli

Visual stimuli were light gray and dark gray
elongated hexagons with 2.5° x 2.5° angular size
presented one at a time with a stimulus onset
asynchrony (SOA) of 90 ms at the center of a
black display screen; the angle between hexagons
was 90° (see Fig. 1 (a)). Each stimulus within the
pair was presented for 15 ms.

Participants performed the temporal order
judgment task. The task was to decide which stim-
ulus from the pair occurred first and then respond
manually by pressing one of three buttons corre-
sponding to the three possible alternatives: (a) a
light gray hexagon occurred first, (b) a dark gray
hexagon occurred first, or (¢) I cannot give an an-
swer. Participants had to respond within a 2-s re-
sponse window. Auditory stimuli were short
sounds of two different frequencies (300 and
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3000 Hz) presented binaurally, one by one, at
50-ms intervals. Every stimulus from the pair was
presented for 25 ms. The task was the same as for
the visual stimuli. The interstimulus intervals and
the duration of the target stimuli were defined af-
ter a preliminary experiment involving 15 children
(9—10 years old). Participants performed both the
visual and auditory tasks with an accuracy of
60%—70% correct when the described SOAs were
applied.

2.3. Procedure

There were two successive experimental ses-
sions that represented the cued attention and
baseline conditions. The order of the two sessions
was counterbalanced across participants. Fur-
thermore, there was a short training session,
which preceded the whole experiment.

In the cued attention session, the presentation
of the target stimuli was preceded by a cue with a
schematic image of an ear or an eye, which in-
formed participants about the upcoming stimulus
modality (see Fig. 1 (b)). Every experimental trial
began with the presentation of a fixation cross at
the center of the display. After that, one of the
modality-specific cues was presented at 1000—
1500 ms for 80 ms at the center of the computer
display. Visual or auditory targets appeared at
3500—4000 ms after cueing. The sequence of au-
ditory and visual stimuli was pseudorandom; a
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participant had 2 s to give a response. All partici-
pants responded with the index, middle or ring
finger of the right (preferred) hand. The number
of visual and auditory stimuli was equal (40 pre-
sentations); the session consisted of 80 trials. The
order of events in one experimental trial is illus-
trated in Fig. 1 (c). The same target stimuli were
used in both sessions.

The baseline session was designed so that par-
ticipants could not anticipate the modality of an
upcoming trial. The sequence of auditory and vi-
sual stimuli in this session was also pseudoran-
dom. The number of visual and auditory stimuli
was equal (40 presentations); the session included
80 trials. Unlike the cued attention session, the
baseline session implied no cueing. The order of
events in one experimental trial is illustrated in
Fig. 1 (d).

2.4. Equipment and recording

The experiment was conducted in a darkened,
soundproof room. Participants were seated in a
comfortable chair 1 m in front of a computer
monitor. Every stimulus was presented on a black
display screen with a 60 Hz refresh rate. Two com-
puters were connected over the TCP/IP protocol.
One computer was used to manage the experi-
mental procedure; the other one was a part of a
128-channel EEG system—EGI 300 (FElectrical
Geodesics, Inc., USA). The experiment was con-
ducted with the help of custom software. This
software allowed for the design of an experimental
model and the control of an experimental process.
Stimuli were presented via a computer display
with a resolution of 800 x 600 pixels. Participants
used a game pad (Genius.Usb-07) as a response
device. The EEG was recorded from 128 elec-
trodes (HydroCel GSN) referenced to the vertex
at a sampling rate of 250 Hz with a passband be-
tween 0.5 and 70 Hz. All impedances were kept
below 50 k€2 due to the specifications of the EGI’s
amplifier (input impedance > 200 MQ).

2.5. Primary EEG analysis

EEG traces were recorded during 3 s before the
presentation of the first target stimulus from the
pair. We analyzed only those prestimulus EEG
segments that corresponded to correct-response
trials with excluded artifacts and power line
(50 Hz) noise. Artifact EEG segments were de-
tected visually and marked using graphical user
interface software designed in GNU Octave. Arti-
fact-free EEG segments were converted to the
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signals of separate cortical volume elements (vox-
els). For this, the EEG reference had been con-
verted to the average of all channels. The signals
from voxels were computed using minimum norm
estimates. We used the functionality of the SPM8
software (Litvak et al., 2011). It is worth noting
that we did not know either the skull and brain
shape or exact electrode positions for each partic-
ipant. That is why we used the ICBM-152 brain
template from SPMS8 and the average electrode
positions for the 128-channel HydroCel GSN
(www.egi.com). The inverse problem was solved
in low resolution (cortical tissue was divided in
5124 voxels). Thus, the initial 128-channel re-
cording (sensor space) was transformed into a
5124-channel recording (source space). From all
5124 voxel signals, we selected only those signals
that corresponded to the regions of interest
(ROI). ROI centers were defined with the help of
SPM Anatomy toolbox v1.8 (https://www.nc-
bi.nlm.nih.gov/pubmed/15850749). The set of
ROIs (see Table 1) was formed in accordance with
our previous study (Talalay et al., 2018). The ab-
breviations of all ROIs presented in Table 1 are
used throughout the rest of the text. We applied
EEG-source alpha-band (7.5—12.5 Hz) coher-
ence analysis to the pairs of the selected ROIs.
The choice of this frequency band was underlain
by the results of different EEG studies (Bas-
tiaansen et al., 2001; Doesburg et al., 2009;
Machinskaya et al., 1992; Rohenkohl, Nobre,
2011) indicating an important role of alpha-band
oscillations in the neural mechanisms of anticipa-
tory attention. All voxels that were located within
a 10-mm radius sphere centered at a ROI center
were regarded as referring to this ROI (see Table 1).
We supposed that the total activity of these voxels
(usually from 5 to 12 voxels) reflected the ROI-re-
lated processes. For the assessment of functional
connectivity, each ROI was represented by its sin-
gle characteristic signal. It was the first (with the
highest eigenvalue) principal component com-
puted using principal component analysis (PCA).
All these characteristic signals formed a multi-
channel recording (the number of channels was
equal to the number of ROIs) in EEG-source
space.

2.6. EEG-source coherence analysis

In order to avoid biased estimates, we used the
following procedure (Kurgansky, 2010). All
14-channel recordings (according to the number
of ROIs) that consisted of different-sized seg-
ments (see Section 2.6) were subdivided into ad-
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Table 1. MNI coordinates of the regions of interest
Taomuua 1. MNI-koopauHaThl 00J1acTeil MHTEpeca

Left hemisphere Right hemisphere
ROI

X y z X y z
V1 — primary visual cortex (Brodmann area (BA) 17) -9.8 —88.2 —8.1 9.8 —88.2 —8.1
Al — primary auditory cortex (BA 41/42) —40 —32.8 14.6 40 —32.8 14.6
PSMA — presupplementary motor area (BA 6a) —6 6 70 9 6 70
VPC — ventral premotor cortex (ventral part of BA 6a) | —28 -2 50 32 -2 50
IPC — intraparietal cortex (part of BA 40) —51.6 —-55.9 44.9 51.6 —55.9 44.9
LPFC — lateral prefrontal cortex (BA 9/46) —44 40 20 44 40 20
FEF — frontal eye field (BA 8) =30 —4 60 30 —4 60

Note. MNI — Montreal Neurological Institute; BA — Brodmann area.
Ilpumeuanue. MNI — MoHpealbCKMii HEBPOJOTrMUeCKUiA MHCTUTYT; BA — HoMep 1oJis 1o kinaccudukauuu bpoamaHa.

Table 2. Mean RT values and accuracy scores with standard deviations for each cross-condition
Taomuua 2. CpenHee BP 1 ycpeaHeHHEBIE TIPOLIEHTHI IPAaBUJIBHBIX OTBETOB CO CTAHIAPTHBIMU OTKJIOHEHUSIMU TIPEICTaB-

JICHBI IJI Ka>X10T0 YCJIOBUA U CeHCOpHOﬁ MOIJAJIbHOCTHU

Condition Visual modality Auditory modality
RT (ms) Accuracy (percentage RT (ms) Accuracy (percentage
of correct responses) of correct responses)
Baseline 1361 £ 214 477+ 13 1397 + 274 50.4 +£23.7
Cued attention 1297 + 283 51.4 +12.9 1300 + 301 56.3 £ 21.5
jacent (and nonoverlapping) 200-ms intervals. RESULTS

Thus, we derived a certain number of 200-ms seg-
ments that was different for each participant and
experimental condition. This difference depend-
ed on the number and length of artifact segments.
We chose a standard total length of artifact-free
EEG for each participant that equaled 2 s (ten
200-ms segments). For each 2-s epoch, we esti-
mated the coefficients of a vector autoregression
(VAR) model of order 14 using the method de-
scribed in (Cui et al., 2008). The estimated VAR
coefficients were used to measure coherence
(COH) functions (Kurgansky, 2010). For each
participant in each experimental condition, we
obtained as many coherence values for as many
2-s epochs that were formed. These values were
averaged so that each participant in each experi-
mental condition was characterized by a single set
of coherence functions. Further statistical testing
was performed on alpha-band (7.5—12.5 Hz) co-
herence values using the general linear model
(GLM). The multivariate criteria of statistical sig-
nificance (Wilks’s lambda) were used. Individual
alpha-band limits were determined using the pro-
cedure described in (Machinskaya, Kurgansky,
2012).
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3.1. Task performance

Unfortunately, two participants failed to re-
spond in a designated time during the baseline
and cued attention sessions, which is why it was
impossible to identify their RT values and accura-
cy scores. The data obtained from those subjects
were excluded from further analysis. Thus, the
data for 15 participants were studied.

To analyze the influence of valid cueing on
task performance, we tested RT values and accu-
racy scores (the percentage of correct responses)
using a GLM with modality (visual, auditory) and
experimental condition (baseline condition, cued
anticipation) as the within-subject factors.

3.1.1. Accuracy

The statistical analysis showed no main effects
and no significant interaction of the factors. In
Fig. 2 (b), accuracy is shown separately for each
cross-condition.

3.1.2. Reaction time

The analysis of variance revealed a main effect

of condition, F(1, 14) = 4.660, p = 0.049, ni =
= (.250 and no significant interaction of condi-
Ne 4
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Fig. 2. (a) Averaged RT in milliseconds and (b) accuracy (percentage of correct responses) for visual and auditory
modalities are shown for two experimental conditions. Error bars correspond to the standard error of mean (SEM).
Puc. 2. CpenHee Bpemst peakuuu (BP) B MuimucekyHaax (a) u ycpeTHeHHbIE IPOLIEHThI TPaBUILHBIX OTBETOB (b)
MpEeNCTaBIeHBI TSI KaXI0T0 YCJIIOBUSI U CEHCOPHOM MOAAJILHOCTH. [1J1aHKM ITOrpelIHOCTH COOTBETCTBYIOT BEJIM -

YWHe CTaHIapTHOI ommoKu cpemHero (SEM).

tion and modality. In Fig. 2 (a), RT is shown sep-
arately for each cross-condition. Mean RT values
and mean accuracy scores for each cross-condi-
tion are shown in Table 2.

3.2. Functional connectivity

The data belonging to one participant were of
poor quality and were excluded from the analysis
of functional connectivity. The data for two other
subjects had been excluded during the analysis of
task performance. Thus, the data for 14 partici-
pants were analyzed.

Considering that we studied only interhemi-
spheric functional links between the cortices,
there were 21 pairs of ROIs in each hemisphere. A
total of 42 pairs were grouped in five subsets for
further analysis in accordance with our previous
study (Talalay et al., 2018), because the size of the
sample was insufficient to test all 42 pairs using
the same GLM procedure. The five subsets are
described below:

» Subset I represents functional links between
the primary visual, primary auditory, parietal,
and central cortices: V1I—-IPC, VI—-Al, VI—-pSMA,
V1-VPC;

» Subset 2 represents functional links between
the primary auditory, parietal, frontal, and cen-
tral cortices: Al—-pSMA, A1-VPC, A1-LPFC,
A1-FEF, A1-1PC;

» Subset 3 represents functional links between
the primary visual, parietal, and prefrontal corti-
ces: VI-LPFC, VI-FEF, IPC-LPFC, IPC—
FEF;
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* Subset 4 represents centroparietal functional
links: IPC—pSMA, IPC—VPC, pSMA—-VPC;

* Subset 5 represents frontocentral functional
links: pSMA—LPFC, pSMA— FEF, VPC—LPFC,
VPC—-FEF, LPFC—FEF.

For each subset, we used a GLM with experi-
mental condition (cued attention, baseline),
hemisphere (left, right), modality (visual, audito-
ry), and localization (all pairs of ROIs included in
a subset) as the within-subject factors. In case of a
significant interaction of condition and localiza-
tion alone or in combination with modality and
hemisphere, the effect of condition for each pair
of ROI was analyzed with a probability criterion
p < 0.0167 (0.05/3; for Subset 4), p < 0.0125
(0.05/4; for Subsets 1, 3) or p < 0.0100 (0.05/5; for
Subset 2, 5) depending on the number of ROI
pairs in each subset to provide multiple testing
correction.

The results of the GLM analysis for each sub-
set are presented in Table 3 and described in detail
below. Coherence values for each cross-condition
are shown in Fig. 3 separately for each ROI pairin
each subset.

3.2.1. Subset I: links between the primary visual,
primary auditory, parietal, and central cortices

The analysis of variance revealed a nearly sig-
nificant effect of condition (Table 3). It was
shown that COH values during cued attention
(M = 0.659, SD = 0.160) were higher than those
during the baseline condition (M = 0.602, SD =
= 0.186). Furthermore, the analysis showed a sig-
nificant interaction of condition and localization,
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Table 3. GLM results for alpha-band coherence values. Significant and nearly significant effects and interactions
Taomuua 3. Pesynbpratel GLM-aHanu3a korepeHTHOCTH anbda-purma (anbha-KOT'). 3HaunMbie (M 3HaYMMBble Ha yPOB-

He TeHAeHIMN) 3P eKTH 1 B3aNMOICHCTBUS

Factors Subset 1 Subset 2 Subset 3 Subset 4 Subset 5
Condition F(1, 13) = 4.241, — — F(1,13)=6.467, —
p=0.060, p=0.025,
n, = 0.246 n, =0.332
Condition X Hemisphere F(1, 13) = 4.154, — — — —
p=10.062,
n, =0.242

Condition X Modality —
F(3,11)=38.751,
p=10.003,

n, = 0.705
Condition X Localization X Modality —
F(1,13) = 3.457,
p=0.086,

n, =0.210

Condition X Hemisphere X —
X Localization

Condition X Localization

Condition X Hemisphere X Modality

Condition X Hemisphere X Modality X —
%X Localization

- F(1, 13) = 6.434, - -
»=0.025,

n, =0.331

F(4,10) = 2.702, - - -
p=0.092,

n, =0.519

a nearly significant interaction of condition and
hemisphere, and a nearly significant interaction
of hemisphere, condition and modality (Table 3).
Then we performed statistical tests with condi-
tion, modality, and localization as the within-
subject factors separately for the left and right
hemispheres.

Left hemisphere

The GLM analysis showed a significant effect

of condition, F(1, 13) =7.732, p =0.016, nf, =0.373.
COH values during cued attention (M = 0.667,
SD = 0.165) were higher than those during the
baseline condition (M = 0.575, SD = 0.199).
Furthermore, the GLM analysis showed a signif-
icant interaction of condition and localization,
F(@3, 11) =4.795, p = 0.023, nf, = 0.567. Then we
tested the condition factor separately for each
ROI pair in both modalities.

For V1-IPC (Fig. 3), a significant effect of
condition was found both in the auditory, F(1, 13) =

= 21.306, p < 0.0001, nf, = 0.621, and in the visual
modalities, F(1, 13) = 16.641, p = 0.001, ni =
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= 0.561. For the auditory modality, COH values
during cued attention (M = 0.776, SD = 0.129)
were higher than those during the baseline condi-
tion (M = 0.572, SD = 0.219). For the visual mo-
dality, COH values during cued attention (M =
=0.754, SD = 0.115) were also higher than COH
values during the baseline condition (M = 0.568,
SD = 0.227).

Right hemisphere

The GLM analysis showed a significant inter-
action of condition and localization, F(3, 11) =

=6.131, p = 0.010, nf, = (0.626. Then we tested the
condition factor separately for each ROI pair in
both modalities.

For V1-IPC (Fig. 3), a significant effect of
condition was found both in the auditory, F(1, 13) =

= 8.427, p = 0.012, ni = 0.393, and in the visual

modalities, F(1, 13) = 10.976, p = 0.006, nf, =
= (0.458. For the auditory modality, COH values
during cued attention (M = 0.781, SD = 0.091)
were higher than those during the baseline condi-
tion (M = 0.680, SD = 0.161). For the visual mo-
dality, COH values during cued attention (M =
Ne 4
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Fig. 3. Average COH values are shown for each subset and each cross-condition. Error bars represent the standard

error of mean (SEM). Significant differences (p, < 0.0167,

0.0125, or 0.0100) are marked with stars.

Puc. 3. Cpennue 3HaueHus anbda-KOTI B mapax obacTeit ”HTEpeca MpeacTaBiIeHbl Jj1s1 KaXKI0To IMTOAMHOXECTBA,
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cpenHero (SEM). 3naunMsblie pasnuuus (ipu p < 0.0167, 0.0125 wiu 0.0100) o603HaueHbI 3Be3104KamMu (F).

=0.775, $D = 0.079) were also higher than COH
values during the baseline condition (M = 0.632,
SD =0.182).

3.2.2. Subset 2: links between the primary auditory,
parietal, frontal, and central cortices

For this subset, a nearly significant interaction
of condition, localization and hemisphere was
found (Table 3). Because of that, we performed
the GLM analysis separately for each hemisphere.
The analysis showed no effect of condition and no
significant interactions of condition and the other
within-subject factors in both hemispheres.

3.2.3. Subset 3: links between the primary visual,
parietal, and prefrontal cortices

The analysis of variance revealed a significant
interaction of condition, hemisphere and modal-
ity (Table 3). Then we performed statistical tests
with condition, modality, and localization as the
within-subject factors separately for the left and
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right hemispheres. In the right hemisphere, no
significant effects and interactions were found. In
the left hemisphere, a nearly significant effect of
condition was observed, F(1, 13) =4.615, p=0.051,

nf, = 0.262. COH values during cued attention
(M = 0.631, SD = 0.194) were higher than those
during the baseline condition (M = 0.557, SD =
=0.189). For the cued attention condition, we
used a GLM with hemisphere, modality, and lo-
calization as the within-subject factors. The sta-
tistical analysis showed a significant interaction of
modality and hemisphere, F(1, 13) = 5.055, p =

=0.043, nf, = (.280. For each sensory modality,
the analysis of variance with hemisphere and lo-
calization as the within-subject factors showed no
effect of hemisphere and no interaction of hemi-
sphere and localization during cued attention.
According to Fig. 3, the effect of condition in the
left hemisphere might be more pronounced
during auditory cued attention. To check this as-
sumption, we used a GLM with condition and lo-
calization as the within-subject factors separately
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for each sensory modality. For the visual modali-
ty, no main effect of condition and no significant
interaction of condition and localization were
found. For the auditory modality, the statistical
analysis showed a significant effect of condition,

F(1, 13) =9.283, p = 0.009, 0, = 0.417. COH val-
ues during auditory cued attention (M = 0.659,
SD = 0.198) were higher than those during the
baseline condition (M = 0.553, SD = 0.194). Al-
though no significant interaction of condition
and localization was found, we performed post
hoc analyses in order to determine the magnitude
of the condition effect at the level of separate ROI
pairs. The correction of multiple testing (nonsig-
nificant: p = 0.05/4) was applied to reduce the
probability of false positive results. For each pair
of ROIs in the left hemisphere, no significant ef-
fect of condition was observed for the auditory
modality.

3.2.4. Subset 4: centroparietal links

For this subset, the statistical analysis revealed
a main effect of condition (Table 3). COH values
during cued attention (M = 0.600, SD = 0.182)
were higher than those during the baseline condi-
tion (M =0.527, SD=0.162). Despite the absence
of any interactions of condition and the other
within-subject factors, we performed post hoc
analyses in order to determine the magnitude of
the condition effect at the level of separate ROI
pairs. The correction of multiple testing (nonsig-
nificant: p > 0.05/3) was applied to reduce the
probability of false positive results. Thus, we per-
formed the GLM analysis separately for the left
and right hemispheres. In the right hemisphere,
no significant effects and interactions were ob-
served. In the left hemisphere, a main effect of
condition was found, F(1, 13) =5.729, p =0.032,

nf, =0.306. As expected, COH values during cued
attention (M = 0.619, SD = 0.186) were higher
than those during the baseline condition (M =
=0.532, SD = 0.167). Then we tested the condi-
tion factor in both modalities separately for each
ROI pair in the left hemisphere. For IPC—VPC
(Fig. 3), a significant effect of condition, £(1, 13) =
= 10.480, p = 0.006, nf, = (0.446, was observed in
the auditory modality. COH values during cued
attention (M = 0.784, SD = 0.133) were higher

than those during the baseline condition (M =
= 0.654, SD = 0.169).
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3.2.5. Subset 5: frontocentral links

The GLM analysis (Table 3) showed no effect
of condition and no significant interactions of
condition and the other within-subject factors.

DISCUSSION

The behavioral data analysis showed a positive
influence of valid cueing on task performance: a
significant decrease of RT was observed in the
cued attention condition. This finding is concor-
dant with the results of numerous studies (Mez-
zacappa, 2004; Rueda et al., 2004; Santhana Go-
palan et al., 2019; Swanson et al., 1991). Fig. 2 (a)
shows that the improvement of RT values was
more pronounced for the auditory modality. This
might be linked to the difference in the selection
of visual and auditory information described in
(Neumann et al., 1986). According to O. Neu-
mann and colleagues, an auditory selection sys-
tem has limited capacity and is restricted to one
auditory event at a time. Auditory events are usu-
ally isolated, simple and clear-cut patterns, which
include interwoven pieces of relevant information
and irrelevant noise. At the same time, a visual se-
lection system usually deals with multiple spatial-
ly separated stimuli, which are continuously
available from all visible surfaces. In vision, the
main task of the selection mechanisms is to decide
which of the many alternative objects of attention
should be selected (the problem of choice). In
audition, the main task of the selection mecha-
nisms is to decide whether or not an event in the
environment should be selected (the problem of
signal-noise separation). Thus, auditory attention
might be more suited (in comparison with visual
attention) to select signals from the noise and to
detect the order of successively presented stimuli.

In comparison with the present study, our pre-
vious research on anticipatory attention in adults
(Talalay, Machinskaya, 2014; Talalay et al., 2018)
showed no significant impact of cueing on either
performance accuracy or response rate. It seems
that adults rely on external conditioning less than
children do during the deployment of cued atten-
tion. Indeed, the adults showed better task perfor-
mance in both the baseline and cued attention
conditions; however, the children’s cue-related
improvement in task performance was more pro-
nounced. Nevertheless, this assumption requires
additional research to be done.

Concerning alpha-band functional connectiv-
ity, the results of the present study indicate the
strengthening of functional links between the pri-
mary visual and intraparietal cortices. These
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auditory modality

557

visual modality

Fig. 4. A significant increase of COH values in the prestimulus period during cued attention, as compared with the
baseline condition. Black lines show functional links between the cortical areas.
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10 CPaBHEHUIO C peepPEeHTHBIM yCIOoBHEeM. YepHble TMHUY OTPaXKaroT (YHKIUOHAJIbHBIE CBSI3U MEXIY 001acTsI-

MM MHTepeca.

functional links were observed in both hemi-
spheres during the anticipation of visual and audi-
tory stimuli (Fig. 4). Furthermore, an increase of
functional interaction between the intraparietal
cortex and the ventral premotor cortex was ob-
served only in the left hemisphere during auditory
anticipatory attention.

In comparison with adults (Talalay et al.,
2018), the analysis of functional connectivity
during cued attention in children showed no in-
volvement of the frontoparietal network in the
right hemisphere. The analysis of variance
showed even no effect of condition and no inter-
action of condition and the other within-subject
factors in the right hemisphere for the subset
consisting of distant frontocaudal ROI pairs:
V1-LPFC, V1-FEF, IPC—LPFC, and IPC—FEF.
This finding is concordant with the results of var-
ious studies suggesting that the development of
exogenous cued attention is related to the matura-
tion (Santhana Gopalan et al., 2019) of the frontal
and parietal areas (Capotosto et al., 2009, 2012;
Liu et al., 2016; Shomstein, 2012; Simpson et al.,
2011) of the right hemisphere (Corbetta, Shul-
man, 2002; Talalay et al., 2018). According to
T. Zanto and colleagues (Zanto et al., 2011), the
dorsolateral prefrontal cortex of the right hemi-
sphere mediates top-down control of anticipatory
processes and subsequent retention of informa-
tion in working memory. The authors found that
the activation of the inferior frontal junction of
the right hemisphere was linked to the strengthen-
ing of alpha-band (7—14 Hz) functional links be-
tween the prefrontal and parietal cortices. Fur-
thermore, P. Santhana Gopalan and colleagues
(2019) suggested that the maintenance of alert-
ness and readiness matures only in late childhood
(after 12 years of age). According to the authors,
frontoparietal activity in adults might reflect
more top-down control of attention that is not
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utilized by children (Casey et al., 2004). A devel-
opmental EEG study on intrahemispheric func-
tional connectivity during tactile and auditory an-
ticipatory attention (Dubrovinskaya et al., 2000)
corroborates the idea that the “regulatory” speci-
ficity of the right hemisphere is still immature in
children aged 9 years. As mentioned above, the
present study revealed that the strengthening of
functional interaction between the intraparietal
cortex and the ventral premotor cortex was only in
the left hemisphere. This finding as well as the ab-
sence of frontoparietal interactions in the right
hemisphere is concordant with an EEG (Thatch-
er, 1994) and an fMRI (Sherman et al., 2014)
study indicating prolonged (up to adolescence)
development of frontoparietal resting-state func-
tional links in the right hemisphere.

In our previous study (Talalay et al., 2018), the
analysis of functional connectivity in adults re-
vealed modality-specific interactions of cortical
areas during cued attention. The anticipation of
auditory stimuli was reflected in functional links
between the right LPFC and primary auditory
cortex; the anticipation of visual stimuli was ac-
companied by the strengthening of functional
links between the primary visual cortex and either
the right LPFC or the left FEF. At the same time,
no modality-specific functional links were found
in the current study. The results support the no-
tion that the deployment of modality-specific an-
ticipatory attention in adults is determined by
top-down modulatory influences of the frontal
and parietal cortices on sensory cortical activity
(Bressler et al., 2008; Simpson et al., 2011).

CONCLUSION

The present study revealed alpha-band func-
tional connectivity during modality-specific an-
ticipatory attention in children aged 9—10 years.
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As compared with the baseline condition, an in-
crease of local functional links between the pri-
mary visual and intraparietal cortices was observed
in both hemispheres during the anticipation of vi-
sual and auditory stimuli. The strengthening of
functional interaction between the intraparietal
cortex and the ventral premotor cortex was ob-
served only in the left hemisphere during auditory
anticipatory attention. Unlike our previous re-
search on anticipatory attention in adults, the
analysis of functional connectivity in children
showed no frontoparietal functional links in the
right hemisphere and no modality-specific corti-
cal links. The results of the present study suggest
that the brain’s top-down modulatory systems of
the right hemisphere are still immature in chil-
dren aged 9—10 years.
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OYHKIINMOHAJIbBHAA OPTAHU3AIIUA KOPBI 'TOJIOBHOI'O MO3TI'A
Y JETEHN 9-10 JIET IIPU ITPOMU3BOJHLHOM
MOJAJIBHO-CIIEHN®UNYECKOM ITPEABOCXUINIAIOIINEM BHUMAHUMN.
AHAJIN3 KOT'EPEHTHOCTU AJIb®A-PUTMA
B ITPOCTPAHCTBE NCTOYHUNKOB

N. B. Tananaii'*, A. B. Kyprauckuii!, P. 1. Mauunckas!'
L@®IBEHY “Hucmumym éo3pacmmoii pusuonoeuu PAO”, PAO, Mockea, Poccus
*e-mail: etalalay.et@gmail.com

Bru1o ipoBeneHo ucciemoBanne GyHKIMOHATBHOM OpraHn3allii KOPbl TOJIOBHOTO MO3Ta y Jie-
teit 9—10 net (N = 17; 11 MmanpunkoB, 6 TeBoUYeK; cpenHuii Bo3pacT 9.789 * 0.447 net) nipu dop-
MUPOBaHUM TTIPOU3BOJILHOTO MOJAJIBHO-CIIENU(PUUECKOTO TTPEABOCXUINAIONIEr0 BHuMaHus. Mc-
MIBITYEMBIE BBITIONHSUIM 3a4ady Ha pa3jindeHue MOpsaKa CIeqOBAHNS 3PUTEIBHBIX M CIIYXOBBIX
CTUMYJIOB B MOHOMOJAJIBHOM Mape ¢ KOPOTKUM MEXCTUMYIbHBIM MHTepBasioM. [IpenBocxuiie-
HUE CEHCOPHOM MOJAIbHOCTH LIEJIEBBIX CUTHAIIOB UCIBITYEMbIMU (DOPMUPOBATIOCH C TTOMOILBIO
CTUMYJIOB-TIOACKA30K. CTUMYJIbI-MIOACKA3KU TPEACTABIIsUIM CO0OI cXeMaThUUecKrue M300paxke-
HUs TJIa3a WIK yXa 1 THGOPMUPOBAIN UCIIBLITYEMBIX O 3pUTEILHON WIN CIIyXOBOM MOIAJIBHOCTH
LIEJIEBBIX CUTHAJIOB COOTBETCTBEHHO. B mpemcTuMynbHBIN mepron B ajibda-arana3oHe 9acToT
OLIEHMBAJIACH KOT€PEHTHOCTH KOPKOBBIX MCTOYHUKOB, COOTBETCTBYIOIINX 3apaHee BHIOPAHHBIM
KOPKOBBIM 00J1aCTIM MHTepeca. AHaIM3 (PyHKIIMOHAJIBbHOM OpraHU3aluy BBISIBUJI JIOKAJIbHbIE
(YHKUMOHABHBIE CBSI3M MEXIY 3PUTEIBHON MPOEKIIMOHHOM 061aCThI0 M MHTpanaprueTabHOM
KOpPOil B 000MX MOJYIIAPUSX TIPY PEIICHNH 3pUTEIBHBIX U CIIYXOBBIX 3amad. K Tomy ke HabJTI0-
TATACh (YHKIIMOHAIBHBIE CBSI3M MEXITy MHTparaprueTaJTbHOM KOPOi M BEHTPaJIbHOM ITPEeMOTOP-
HOi1 KOpOii JIEBOTO MOMyIIApUs IIPU PELIEHNH CIYyXOBOM 3amaun. B oTiimyie oT aHaI0OrMYHOTO KC-
ciaenoBaHUs (PYHKIIMOHAIBHON OpraHM3ay KOPBI y B3POCIBIX UCITBITYEMBIX, V JeTell He Ha-
Omromanochk (PYHKIMOHAJTBHOTO B3aMMOIEMCTBUS JOOHBIX M TEMEHHBIX oOOjacTeil IIpaBoro
MTOJTyLIApHSI, a TAaKXKe (PYHKIIMOHATBHOTO B3aMMOIEUCTBUS C BOBJICYEHUEM CEHCOPHO-CIIeLIn(pU-
YeCKMX 00J1acTeil Kopbl. Pe3yabTaTel ucciaeoBaHUS MOTYT CBUAETEIBCTBOBATh 00 OTHOCUTEb-
HO# Hec(HOPMUPOBAHHOCTU MO3TOBBIX CUCTEM HHUCXOISIIEro YITPABISAIONIETO KOHTPOJISA Y JIeTei
9—10 ner.

Karoueswie crosa: anbda-putMm, et 9—10 jiet, GyHKIIMOHAILHASI OpraHU3alsI KOPEI TOJTOBHOTO
MO3ra, MpoUu3BOJIbHOE MpenBocxXulliawllee BHUMaHue, D9I
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MexaHn3MBI MO3Ta 4ejIoBeKa, HallpaBJIeHHbBIE HA IEKOOIMPOBAHME 3BYKOB PEUHU, IIPEACTABIISIIOT
Kak ¢pyHIAMEHTAIBHBIN, TaK Y MPaKTUISCKUUN MHTEpeC IJIsT MHOTUX obyiacTeit HelfipoHayku. Ha-
cTosiIast paboTa MOCBsIIeHA POJIU IMTEPUOINYHOCTH U peueBOi Mpupoabl ((puKCUpoBaHHOI (pop-
MaHTHOM CTPYKTYpPhI) TJTACHBIX 3BYKOB B MOIYJISIIMUA aKTUBHOCTH CIIYXOBOI KOPBI MO3Ta y TUITUY-
HO pa3BUBAIOIIMXCS AeTeii. MBI IIpEennoIoXMIn, YTO, XOTs 00€ 3TUX XapaKTePUCTUKU CBOM-
CTBEHHBI IJTACHBIM 3ByKaM pedr, MX 00pabdoTKa OCYIIECTBIISIETCS Pa3HBIMM HEPOHHBIMU CETSIMU
CIIyXOBOM KOpPBI. 1711 poBepKU 3TOI T'MIOTE3bI Mbl CKOHCTPYHNPOBAIU HA0OP aKyCTUYECKMNX CTH-
MYJIOB, MAaHUITYJIUPYS UX MEPUOAUYHOCTHIO U INIACHOCTHIO IO OTAEIbHOCTU, U MCIOJIb30BAIN
MarHuTosH1edaaorpaduio B COYETaHUM C MHAMBUAYATIbHBIMU MOAEISIMU TTOBEPXHOCTU KOPHI
Mo3ra JUIs1 OLIEHKW KOPTUKaJIBbHOU Tonmorpadruu UCTOYHUKOB M CUJIBI OTBETOB CITYXOBOU KOPBI
Mo3ra. BeIOOpKY cocTaBWIM AOEBITh TUIIMYHO pPa3BHBAIOIIMXCS JeTeil B Bo3pacTe 7—12 JeT.
MBI 00HAPYKWIN BEICOKYIO YYBCTBUTEIBHOCTh PAHHUX OTBETOB CIIyXOBO KOpHI (50—150 Mc mo-
cJie Havayia CTUMYJla) KaK K IepUOAMIHOCTH, TaK M K ITIACHOCTH 3ByKa, IIpY HE3aBUCUMOM Ha-
CTpOIiKe HEMPOHHBIX ceTell Ha KaxKI0e M3 3TUX CBOMCTB 3ByKOB peuM. Pa3muus B JIOKaIU3alnH,
BPEMEHHOU TMHAMUKE W MOJYyIIapHO aCUMMETpUM 3TUX AuddepeHIInaTIbHbIX OTBETOB YKa3bl-
BaJIM Ha TO, YTO “30HBI NIACHOCTU 3ByKa” B BUCOUHOIT KOpE SIBJISIIOTCSI Hanbojiee paHHUM YPOB-
HEM B uepapxuu 00paboTKU pedeBoil MHPOpMaU, Ha KOTOPOM 00padoTKa COOCTBEHHO aKyCTH -
YeCKMX CBOMCTB IePUOIMYECKOIrO 3ByKa TpaHC(hOPMHUPYETCS B IEKOAMPOBAaHMUE 3BYKOB PEYU.
[MonyyeHHBIE pe3yJIbTaThI IIO3BOJISIT OLIEHUTH CIIELIM(UKY M POJIb BO3MOXKHBIX HapyIIeHUI 00pa-
OOTKM HU3KOYPOBHEBBIX CBOMCTB PEUEBBIX 3BYKOB B TPYAHOCTSIX BOCIIPUSITUSI PEUU Y AETEM € EP-
Ba3WBHBIMU PACCTPOMCTBAMU Pa3BUTHSI.

Knroueswte crosa: marautHas sH1epanorpadus (MBOI), BeI3BaHHBIE CIIYXOBbIE OTBEThI, YCTONYM -
BOE MarHMTHOE T10JIe, IIEPUOANIHOCTD U TJIACHOCTh 3ByKa, NeTH

DOI: 10.31857/S0044467721040109

VYcrHasi peuyb mpencTaBisieT OCOOYIO 1IeH-
HOCTb I BUIIOBOM KOMMYHMKAIlUM, W Ha-
CTpOMKa CITyXOBOU cHCTeMbl Ha 00pabOTKY 3BY-
KOB POIHOI1 peuMn — OfHa U3 OCHOBHBIX YEPT 00-
paboOTKMU CIyXOBOW uWHpoOpMaluu B MO3re
yenoBeka (Fitch, 2000). IIpeanosnaraioT, 4To Cy-
IIIECTBOBAHME BbIIEJIEHHBIX 30H BUCOUHOI KOPbI
MoO3ra, KOgUpYIoII1X 3ByKH “cBoeit” peun (Belin
u ap., 2004), cBs13aHO UMEHHO C OMOJIOTMYECKOM
Ba>KHOCTbIO pPeYeBBIX 3BYKOB. McciemoBaHus
MOKa3bIBalOT, YTO HACTPOIIKA HA ONpeieJICHHbIE
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3BYKHM, a TakKxke MX 00paboTKa creuraaiu3upo-
BaHHBIMU HEUPOHHBIMU CETSIMU HE SIBJISIIOTCS
BPOXIEHHBIMU. MIlaieHIIbl MOCTENEHHO TpU-
o0OpeTaloT ee B TeueHUe MepBOro roja >KU3HMU,
HauyMHas TOYHee pas3janyaTh IJIACHbIE U COrJlac-
Hble 3ByKM, KOTOpbI€ MPEACTaBIeHbl B UX peye-
BOM cpelie, yeM 3BYKHU “4ykmx’ si3bIKOB ((Maur-
er, Werker, 2014); nmns o63opa cMm. Narayan,
2019). ¥V B3pocCIIbIX JI0AEH HAaCTpOIiKa Ha 3BYKM
POIHOIi peuu BbI3bIBAET CEPbE3HbIC MTPOOIEMbI B
pa3uyeHur psiaa 3BYKOB peurd MHOCTPAHHOI
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(Strange, Shafer, 2008). CpaBHUTETbHO HETABHO
OBUIM OTKPBITHI BbICOKOCHELMATIU3UPOBAHHbBIC
30Hbl BUCOUHOI KOPBI, OCYIIIECTBJISIONIUE aKy-
CTUYECKMI aHamu3 3ByKOB rosioca (Belin u np.,
2004; Pernet u ap., 2015) u BEICOTBI OCHOBHOI'O
TOHA MEePUOJNYECKUX, CIOXKHBIX MO CHEKTPaJib-
HOMY COCTaBY 3BYKOB, TAKMX KaK peub 1 My3bIKa
(Patterson et al., 2002). 3t paboThI, UCTTIOJIL3Y-
ol1re MeToll (YHKIMOHAJIbHONH MarHUTHO-pe-
3oHaHCcHOM ToMorpadum (PMPT), cozmann oc-
HOBY HOBBIX HallpaBJIECHWI B U3y4€HNU HEMPOH-
HBIX OCHOB 0a30BBbIX IIPOLIECCOB 00pabOTKMU
peYeBbIX CUTHAJIOB B HOPME 1 MHpU IaTOJIOTUU
Mo3ra. TpymHOCTU BOCIIPUSATHSI PeYMd Ha CIyX,
XapaKTepHble [JIsI TMEPpBa3MBHBIX HapylIeHUMA
pa3BUTUS M, B YAaCTHOCTHU, IJis JETeil ¢ pac-
CTpOMICTBAMHU ayTHUCTHUUYECKOTO crekrpa (Sche-
linski, von Kriegstein, 2020), MoTyT OBITH CBSI3a-
HBI C aHOMAJIMSIMU B GOPMHUPOBAHNM 30H “00pa-
OOTKM 3BYKOB peyn”’ B paHHEM OHTOreHese, a
TakKKe C JaJbHEHIIMM CHUXEHUEM (PyHKIIMO-
HaJIbHOM 3(hPEKTUBHOCTHA M CKOPOCTH 00paboT-
K1 peun. OgHAKO OMpoOrpecc B 3TOM HallpaBJjie-
HUU CIEPKMBACTCS MaJOYMCIEHHOCTbIO HEMPO-
GU3NOTOTUYECKUX UCCIEAOBAaHUN creunUuKu
JIEeKOAMPOBaHMS 3BYKOB peYd B MO3re HEHPOTU-
TMIMYHBIX JETEM.

Hacrosiiast padboTta mocpsillieHa poJju IIepuo-
JIUYHOCTU W TJIACHOCTU 3BYKOB B MOAYJISILIMU
CYMMapHOU HEUPOHHON AaKTUBHOCTU pPa3any-
HBIX 30H CJIyXOBOI KOpPbl MO3Ta y TUITMYHO pa3-
BUBAlOIIMXCS JeTeil B Bo3pacte 7—12 jer. Mbl
NPEANOJOXUIIN, YTO, XOTI 00€ 3TU XapaKTepu-
CTUKU CBOWCTBEHHBI IJTACHBIM 3ByKaM peuyu, UX
obpaboTka y OeTeil, Kak U y B3POCJBIX, OCYy-
LIECTBJSIETCS] pPa3HbIMM HEWPOHHBIMU CETSIMU
CJIyXxOBOU Kopbl. s mpoBEpKU TUIIOTE3bI MBI
CKOHCTPYMPOBAJIM HAOOp aKyCTUYECKUX CTUMY-
JIOB, MAHUNYJIMPYSI UX IEPUOAUYHOCTBIO U TJ1ac-
HOCTBIO MO OTAEJIbHOCTU, U UCTIOJIL30BAJIM Mar-
HuTtosHuUedanorpadpuio (MII) B coueTaHUU C
WHAVBUAYAUTbHBIMU MOJEISIMU TMOBEPXHOCTHU
KOpbl MO3ra IJjisi OLIEHKM Tonorpaduu v CUJIbI
HEHWPOHHBIX OTBETOB CJIYXOBOM KOpBI MO3Ta.
DTOT MeTolI, HEMipOBU3YyaAJIM3allMU, B OTJIMYKE OT
GMPT, no3BoJisieT He TOJBKO JOKAIU30BaTh UC-
TOYHMK HEMPOHHOI aKTUBHOCTU, XapaKTEpU3y-
olleit nuddepeHInaIbHyI0 00padOTKy Hepro-
JUYECKUX 3BYKOB M/WJIM TJIACHBIX 3ByKOB peUH,
HO Y OLIEHUTb CKOPOCTb, C KOTOPO MO3T AEKO-
IUPYET COOTBETCTBYIOIIYIO YEePTy aKyCTUUECKO-
ro ctumysia. BpeMeHHbIe ITapamMeTpbl 00paboTKU
aKyCTUUYEeCKON MH(MOpMaLlM OCOOEHHO BaKHBI
JUTSL pEYEBOTO TOTOKA, B KOTOPOM IJIUTEIbHOCTh
OIHOIO IJIACHOTrO 3ByKa BapbupyeT Mexay 70 u
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250 Mc, B 3aBUCUMOCTH OT MHOTUX COOCTBEHHO
JIMHTBUCTUYECKUX (PaKTOPOB, a TAKXKE OT UHOAU-
BUIyaJIbHBIX OocoOeHHocTeit roBopsiero (Hil-
lenbrand et al., 2000). 3a 3To BpeMs1 3ByK JOJLKEH
pacIio3HaBaTbCsS MO3TOM CJIyLIATesIsl, HECMOTPS
Ha BapMaluM B aOCOJIOTHBIX XapaKTepUCTUKAX
¢opMaHT, XapaKTepU3YIOILIMX pedb Pa3HbIX JIIO-
Jeli, HaKJIaJbIBAIOLIMIACS IIIYM U APYTHUE TIOMEXMU.
I[ToaTOMYy MBI OXXKMAAIM, YTO JATEHTHBIN MEPUOL,
nuddepeHIIMaIbHOTO HEUPOHHOIO OTBETa Ha
“IIacHOCTb” U/UJU TIEPUOJUYHOCTb aKyCTUYe-
CKOTO cTuMyJia He OyaeT npeBbiiiath 100 Mc ripu
HOpMaJiIbHOI paboTe Mo3ra y HeHpOTUITMUYHBIX
neteil. Mcxonst u3 pe3yabTaTOB MpPedblAyLIMX
MBTI-uccnenoBanmii (Gutschalk et al., 2004;
Gutschalk, Uppenkamp, 2011), MbI cdOKycupo-
BaJli BHMMaHHE HAa OCOOOM KOMIIOHEHTE BbI-
3BaHHOTIO CJIyXOBOI'O OTBETa — MEIJIECHHOM Hera-
TUBHOM CABUTIC CUJIbI TOKA UCTOUYHUKOB CIIyXO-
BOM KOpBI, MOPOXIAIOIIeM TaK Ha3bIBaeMoe
“ycroiiunBoe noJjie” (sustained field, SF). B or-
JIM4ME OT OOBIYHBIX TPAH3UTOPHBIX CIIYXOBBIX
KoMIioHeHTOoB MBI-038I (P50, P100, N100),
KOTOpbIe BO3HUKAIOT B OTBET Ha JIO0OM CITyXO-
BOM CTUMYJA U MOAOYJUPYIOTCSI MHOXECTBOM
dakTopoB, SF He BbI3bIBACTCSI KOPOTKUMU CTU-
MyJlaMH, YYBCTBUTEJEH K MNEPUOJUYHOCTU U
mIacHoCTHU ciioxHoro 3ByKa (Gutschalk, Uppen-
kamp, 2011) m, TIpeanoIoXNTEIILHO, OTpaXkaeT
paboTy HECHMHXPOHU3UPOBAHHBIX HEHPOHHBIX
MOMYJISLUN 3a IpeacaaMy IIEPBUYHON CIyXOBOM
Kopsl (Steinmann, Gutschalk, 2011).

METOJMKA

B uccnenoBanuu yyactTBoBaiau 9 MaJbuMKOB B
Bospacre 7—12 net (Cp. = 9.6; CO = 1.2). Co-
JIACHO MEIULIMHCKOU NOKYMEHTAllMMU, Y OETEH
He ObLIO B aHaMHe3¢ HEBPOJIOTMYECKUX WU
HEPBHO-TICUXWYECKMX HapyllIeHUii (B TOM 4uCIe
HapylIeHU ciyxa). YpOBeHb MX WHTEJJIEKTa
(6atapess tectoB KaydmaHoB BTOpOro mepe-
cMmoTtpa; Kaufman, 2004) Haxomuiics B mmpeaenax
HOpPMAaTUBHBIX 3HaUYeHul. Bce netu nanm yctHoe
coriacye Ha IIpOBEASHME MCCAEAOBAHUS I10Ce
TOI0, KaK €ro LieJI 1 IpoLeaypa ObLIY UM OAPO0-
HO 00OBsICHeHBbL. PonuTtenn Bcex AeTeii moamnucaiu
nH(POpPMUpPOBaHHOE cornacue. IIporokon muccie-
JOBaHUsI ObLUI OZOOpEH 3TUYECKMM KOMUTECTOM
MOCKOBCKOIO TOCyJapCTBEHHOTIO TICUXOJIOTO-TIe-
JIarOrMYeCcKoro yHuBepcureTa.
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Puc. 1. CinyxoBble CTUMYJIBL. (a) — EPUOAUYECKUIT peueBoii (IacHBI) 3BYK; (0) — HeNMepuoOaMYeCKUil peuyeBoit
(mTacHEI) 3BYK; (B) — Hepe4YeBO 3BYK C IEepUOAUIECKOM ornbaroleii; (T) — HellepuoandecKuii HepeueBoil 3BYK.
Ha kaxnoii U3 yeThIpex MaHesei MoKa3aHbl CIIEKTPOrpaMMbI IiepBbIX 40 MC 3Byd4aHUsI COOTBETCTBYIOIIUX CTUMY -
JIOB: TOPU3OHTAJIbHASI OCh — BPEMSI OT HavaJjia 3By4aHust (MC), BEpTUKaJIbHAsI OCh — YACTOTHI CIIEKTPAJIbHBIX TMKOB
(xTx). dyHgaMeHTaIbHAS YACTOTA MEPUOANYECKUX 3BYKOB — 83 I'ir (1tepuon 12 Mc). OObSICHEHUS B TEKCTE.

Fig. 1. Four types of stimuli used in the experiment. (a) — periodic speech (vowel) sound; (6) — non-periodic speech
(vowel) sound; (B) — non-speech sound with periodic envelope; (r) — non-periodic non-speech sound. Each of the
four panels shows a spectrogram of the respective sounds during the first 40 ms after the stimulus onset. Horizontal
axis — time in milliseconds, vertical axis — frequency in kHz. Fundamental frequency of periodic sounds in the two
left panels is 83 Hz (12 ms period). See text for more detailed explanation.

Cnyxoebie cmumynvl

MBI npenbsBiasiiu 4 TUMA CTUMYJIOB, CKOH-
CTPYUPOBAHHBIX M3 HAaOOpa 3aTyXallluX CUHY-
COUJI C DKCIIOHEHUMAIbHBIM TTOHUXEHHEM aM-
IUIATYObI, YTOOBI UMUTUPOBATh IIyJIbCalluM Pe-
yeBoro tpakrta. [loMumo Tpex meproamyecKux
[JIACHBIX CO 3By4aHMEM KakK B yIapHBIX CJIOrax
WIX B HayaJjie CJI0Ba, ObLIM CTEHEPUPOBAHbI TPU
KJlacca KOHTPOJIbHBIX CTUMYJIOB, IIJISI KOTOPBIX
Mbl Hapyllaiayd JMOO IepUOAUYHOCTh IJIaCHOM,
00 HEM3MEHHOCTh e¢ (POPMAHTHOTIO COCTaBa,
Jn60 TO U Apyroe BmecTe (puc. 1). Bce ctumybl
OBITM OTUIIBTPOBAHBI PUITBTPOM HU3KMX YaCTOT
¢ nonocoii nponyckanus 100 kIt u 12 1b/okT, 4yTo
COOTBETCTBYET HAKJIOHY CIEKTPaIbHOM OTMbaio-
e yejoBeyeckoil peun. MHTEHCUMBHOCTB BCex
CTUMYJIOB OblJla YpaBHEHa 10 HOPMUPOBAHHBIM
oleHKaM ux oOmeit wmomHocTu. CTUMYbI
MIPEIbSBIISIA OMHAYpaIbHO ¢ TPOMKOCThIO 60 n1b
OTHOCHUTEIbHO CTAaHAAPTHOTO IIOPOra CHbILIM-
moctu. CriaaxuBaHue MIPOBOAWIN C MOMOIIBIO
10 Mc okHa (KOcUHYC). JIIUTETbHOCTh KaXKI0TO
ctumyia cocrapisiaa 800 mc. IlonpobHoe onm-
caHue CTUMYJIOB naHo B padote (Uppenkamp et
al., 2006). B kpaTkoM M3JT0KEHUU: B COCTaB CTH-
MYJBHOTO MaTepuaja BXOIWJIM YeThIpe TUIIA
CJIYXOBBIX pa3apaxKUTesieil, MogaBaeMbIX B ICEB-
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nmociydyaitHoM nopsiake. (1) Tpu nepmonmaeckme
JIacHbIe ¢ (PUKCUPOBAHHOM 4YaCTOTOI (DOPMaHT
(dponetnueckast TpaHckpunuus: [a], [u], [o]).
st Hux 3aTyXxaiolue CUHYCOUAbI IIOBTOPSUIUCH
¢ nepuogom 12 mc (83 I). Hecyiuue 4acToThl
CHUHTE3WPOBAHHBIX TTTACHBIX OBIIIM (PUKCHUPOBa-
HBI Ha YPOBHE 4acTOT 4 HUXKHUX (POPMAHT U CO-
OTBETCTBOBAJIA X TUITMYHOMY AMAra30Hy B TOJI0-
ce B3pocioro MyxxumHbl. (2) Hemepuonnueckme
IJIACHBIC C TeMU Xe (PMKCUPOBAaHHBIMU Y4aCTOTa-
MU (pOPMaAHT, B KOTOPBIX IIEPUOAUIHOCTD ITOSIB-
JIEHUS 3aTyXalolluX CUHYCOWJ ObLa HapylleHa
CMEIIEHUSIMHU B OKHE £6 MC. DTU CTUMYJIbI BOC-
OPUHUMAINCh KaK IJIaCHBbIE 3BYKM peYUd C He-
OIIpENeIECHHOM YacTOTO OCHOBHOIO TOHA.
(3) Ilepyonnueckne HemacHbIE 3BYKH, B KOTO-
pbIX HecyllMe 4acTOThl 4 HIKHUX (POpMaHT
IJIACHBIX 3BYKOB BapbHMPOBAJIUCh 11O OTIEIHHO-
CTU ClIy4yaiilHBIM 00pa3oM B Mpeenax OKTaBbl. B
OTJINYME OT IJIACHBIX 3BYKOB, 3TU CTUMYJIbI BOC-
NPUHUMAINCh KaK “My3BIKaJIbHBIA JTOXIH .
(4) Henepuonudyeckue HerjaacHbBIC 3ByKH, B KO-
TOPBIX Hapyllajiach U MEPUOAUYHOCTb, U KOH-
CTaHTHOCTH (popmaHT. Takue CTUMYIBI BOCIIPU-
HUMAaJIUCh KakK “OyJibKaromuii” 3ByK.
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Pecucmpayus MII'

Ilepen HayanoM BKcCIEpUMEHTa C IIOMOIIIBIO
ycTpolicTBa TpexMepHoit oindpoBku “FASTRAK”
(Polhemus, CIIIA) ompeaensiii KOOPAUHATHI
aHATOMUYECKUX PEIePHBIX TOYEK, a TAKKe UHIM-
KaTOPHBIX KaTylIeK MHAYKTUBHOCTU. MarHuro-
sHIedaTorpaMMy PErucTpUPOBAIM C ITOMOLIBIO
306-kaHaJILHOTO aIapaTHO-TIPOrPAMMHOIO KOM-
mwiekca “VectorView” (Elekta Neuromag Oy,
DuunsHaus). 3anuch MarHUuTo3HIIedanorpam-
MbL (M3BI), anekrpomuorpammbl (OMI') u anek-
Tpokapauorpammsl (DKI) mpousBogunu ¢ 4a-
croroii guckperm3auun 1000 I mpm 1onoce
nporryckanust 0.1—330 It I[TonoxkeHne rojioBb
OTHOCHUTEIBHO MAaCCUBA CEHCOPOB B XOJI¢ DKCIIC-
pUMEHTA OTCJICKMBAJIOCh B peaJibHOM BpEeMEHU
C IIOMOIIBIO MHAMKATOPHBIX KaTYIIEK WHOYK-
TUBHOCTU. JIJINTEIbHOCTh 3KCIEPUMEHTAIbHOM
ceccuu cocTablisiiia okoJio 25 muH. I1ocie 3aBep-
meHus ceccuu npopoauiit MOI-MPT kopern-
CTpauMio (HaJIOXKEeHUE CUCTEMbl KoopauHat MBI
Ha MHAWBUAYaJlIbHble MPT-1300pakeHus Mo3ra).

Obpabomka dannvix MPT

C momonipio nakera “FreeSurfer” (Dale et al.,
1999) u3 nHAMBUAYATBbHBIX CHUMKOB CTPYKTYP-
Hoit MPT pekoHCTpynpOBaJii MOBEPXHOCTH KO-
PBI TOJIOBHOTO MO3ra C MHAVMBUIYaJIbHBIM pac-
MoJIOXKEHNeM 00opo3d 1 U3BWIMH. B pesynbrare
TonorpauIecK KOppeKTHast TOBEPXHOCTh KO-
pbpl ObUTa TIpeAcCTaBiIeHA B BUIE OOOJOYKU
(mesh), onmMceIBaeMoi KoOpIMHATaAaMU Y3JI0B 1
CHCTEMOM TPEXTOYSCYHBIX CUMILIEKCOB, (hOpPMHU-
pyeMBIX 3TUMHU y3JdamMu. TunmmdyHas o0o0JIouKa
comepxaia okojio 7500 cMMIIJIEKCOB B KaxKIOM
nonymapuu. Ilpn Bu3yann3auum mjis oojerde-
HUSI BOCIIPUSITHUS MOTyYeHHast ITOBEPXHOCTD ObI-
na “pasBepHyTra” (“pasmyra’) mias Oonee ymoo-
Horo npocMmoTpa (Fischl et al., 1999). 3atem no-
JIydeHHbIE WHIWBUAYAJIbHbIE PEKOHCTPYKIIUU
IMMOBEPXHOCTU MO3Ta OBLIN MPUBEICHBI K CTaH-
maptHoMy Mo3ry (Colin 27) ¢ moMoIlIbio ITaKkeTa
“FreeSurfer”. Ilonydennass Mmonenp “o000IICH-
HOI1” TI0 BCeM UCITBITYeMbIM TOBEPXHOCTHU KOPHI
MoO3ra OblJIa CITOJIb30BaHa IIPY aHAJIN3e JaHHBIX
MOI.

Obpabomka dannwix MII

VnaneHue aptedakToB 3alMCU U KOPPEKIINIO
MOJIOXKEHUSI TOJIOBbI TMPOBOAWIM C ITIOMOIIIBIO
METOAAa MPOCTPAHCTBEHHO-BPEMEHHOTO pasie-
JieHus1 curHajioB (mporpamma “MaxFilter”;
Elekta Neuromag Oy, ®@unnsinaust). s ynane-
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HUSI Kapauorpaguieckux 1 3JIeKTPOOKYJIOoTpa-
duuecknx apTedakToB HCIIOJL30BaJIM aHaINU3
He3aBUCHMMBIX KOMIIOHEHT (independent compo-
nent analysis, ICA), BcTpoeHHBII B MaKeT MPO-
rpamM “BrainStorm” (Tadel et al., 2011). Dmoxa
aHaiu3a cocraisiia oT —200 mo 800 Mc oTHOCHU-
TeJIbHO Hayaja Mojadyu CTUMYyJa, YUCIO “Yu-
CThIX” 310X B cpenHeM coctaBuio (Cp. = 73.7;
CO = 10.1) Ha Kaxmplii TWAI 3ByKa (HAIp.,
NepuomUIeCKU TnacHbIi “a”). [ag Kaxmoro
HCITBITYEMOTO BBI3BAaHHBIE MATHUTHBIC TIOJIS
rpageHTOMETPOB YCPEAHSJIM OTHOCUTEIBLHO
MOMEHTa Haydajla MoJa4 CJIyXOBOTO CTUMYJIa U
HOPMUMPOBAJIM Ha TIPEACTUMYJIbHBIII WHTEpBa
(ot —200 go 0 Mc). YcpenHeHne IIPOBOIMIN OT-
IEeJIbHO IJIST KaXKI0TO U3 YeThIPEX TUIIOB CTUMY-
JIOB.

Ha cnenyroliieM 1iare peKOHCTPYUPOBaIU JIO-
KaJIM3al1Mio U CUJIY TOKA UCTOYHMKOB, JIeXKallluX
B KOpe MO3ra 1 reHepupyIolIX COOTBETCTBYIO-
U MarHUTHBIMA OTBeT. Tak Kak KOMITOHEHT SF
MpeAcTaBIIsieT COO0M MeAJIeHHO pa3BUBAIOIIMI-
Cs1 OTBET MO3ra, BEI3BaHHBIE MOJIS1 ObLIIN OTUIIb-
TPOBaHBI C BEPXHUM Cpe30M (PUIIBTPaA, PaBHBIM
20 I't. PEKOHCTPYKILIMIO OCYIIECTBIISIM C TTIOMO-
1IbIO PEATM30BAHHOTO B MPOrPaMMHOM MaKeTe
“MNE” meTona pacrnpeaeaeHHOIO MOISIUPO-
BaHus “sLORETA” (standardized low-resolution
brain electromagnetic tomography, Pascual-
Marqui, 2002). Ha noBepXHOCTb KOPbI KaxK10To
roJiyliapusi HakJaablBajlach C€Tb U3 MPUOIN3U-
tesibHO 7500 nunoJieii (MCTOYHUKOB), UMeloIas
¢opMy peKypCHUBHO pas3lelIeHHOIO OKTaspa.
Bo3MoxxHble HanpaB/ieHUST BceX AUMoJeit ObLIu
¢GUKCUPOBaHEI IT0 HOPMaJIU K ITOBEPXHOCTU KO-
pbl +20 rpaa. AHaaU3MpOBaIu 3HAYEHUS MJIOT-
HOCTU CHWJIbI TOKA B MCTOUYHMKAaX. anbHeNIIuii
aHaJIu3 CJIYXOBBIX BBI3BAHHBIX MAarHUTHBIX I10-
Jield NpOBOAMJIM, OTpaHUYMBasI 30HYy MOKUCKA MC-
TOYHUKOB B COOTBETCTBUU C MPEIbIAYyIIMMU
JIaHHBIMM 00 MCTOYHMKAX MX reHepauuu. B Hee
BXOAWJIM 30HbI KOPbI B JIEBOM U IIPABOM IT0JIyllIa-
pusSIX MO3ra, BKJIIOYAIOIIME CIYXOBYIO KOpy U
rpaHuyaInive ¢ Heto ob6iactu Kopbl (“Destrieux
cortical atlas”, (Destrieux et al., 2010)): Bucou-
Hasl TUJIOCKOCTb BEPXHEBUCOYHOM W3BUJIMHBI,
roriepevyHasl BUCoyHasi u3BWinMHa lepis, 1mo-
repevyHasi BUCOUHasi 0opo3aa, MoJirocHasl Iioc-
KOCTh BEPXHEBHUCOYHOM W3BUJIMHBI, BHYTPEH-
HUMA CErMEHT KPYroBOM WM3BUJIMHBI OCTPOBKA,
JlaTepajibHasi IOBEPXHOCTb BEPXHEBUCOYHOM U3-
BUJIMHBI U BOCXOJSIIIasl 4acTh JiaTepajlbHOI 60-
pPO3IbI.

Ha NNEPBOM IOTall€ aHaJIn3a Mbl OIIPCACIIAIN
MMPOCTPAHCTBEHHBIE KOOPAMWHATBI MaKCHUMyMa
Ne 4
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SF B neBoM 1 nipaBoM nojymapusax. C 3Toit 1e-
JIBIO JUTST KaXKIIOTO MCTIBITYEMOTO MbI BBIYMCIIIN
koopauHaTel MNI (cuctema koopaumHat MoH-
peanbckoro Hesponormueckoro WMucTuTyTa)
MaKCUMaJbHO aKTMBUPOBAHHOTIO MCTOYHUKA B
CpeIHEeM II0 BCEM YEThIpeM THUIIaM CTUMYJIOB U
no nHTepBary 200—800 Mc 1mociie Havaia ux Io-
nayr. Ha ocHoOBaHMY 3TUX JaHHBIX ObLIU OLICHE-
Hbl CpEIHErpynIioBble 3HAYCHUs KOOpAWHAT
MaKCUMyMa aKTUBAllMU U CTaTUCTUYECKHE pa3-
JINYUSI B KOOpAWHATAaX MaKCUMyMa HEMPOHHOTO
OTBETA B 3aBUCUMOCTH OT TUTIA CTUMYJISILIUN. 3a-
TeM, YTOOBI HaliT 30Hy mHTepeca (3M1) nist cra-
TUCTUYECKOTO aHaJin3a BPEeMEHHOM AWHAMWKU
SF B 3aBMCMMOCTH OT TMIIa CTUMYJIa, MBI 110 a0-
COJIFOTHBIM 3HaUYCHUSIM ToKa onpenemmy 30 Mak-
CUMaJIbHO aKTUBUPOBAHHBIX UICTOYHUKOB B TOM
Ke MHTepBaJie aHanu3a. UHauBuyaabHbIe TaH-
HbIe, YYUTHIBAIOIIIME HAIIpaBJIC€HNE TOKA UCTOY-
HHMKOB B cooTBeTcTBYIOIMX 3M1, paccmaTpuBanm
KaK 3aBUCHUMYIO TIEpEMEHHYIO TIPU CTaTUCTUYE-
CKOM aHaJIn3e 3aBUCUMOCTH aMIUIUTYII CUTHAJIa
MBI (kak MTHOBEHHBIX, TaK 1 MTHTETPUPOBAH-
HBIX TI0 KOPOTKMM BPeMEHHBIM MHTEepBaJIaM) OT
OCHOBHBIX 3KCIHEPUMEHTAIbHBIX (DAKTOPOB —
TIEPUOINIHOCTH M TJIACHOCTHU 3BYKa.

Cmamucmuueckuil aHaiu3

s cTaTUCTUYECKOTro aHaJiM3a MCHOoJIb30Ba-
g mnaxker “Statistica” (TIBCO Software Inc,
CIIIA). s ucclienoBaHUsI pa3aiuduii B He HOP-
MaJIbHO pachnpeesIeHHbIX 3HAUEHUSIX MPOCTPpaH-
CTBEHHBIX KOOpAWHAT MaKCUMyMOB SF 11151 ueThI-
peX TUIIOB CTUMYJIOB UCHIOJIb30BAIU HEMapameT-
puyeckuit gucriepcoHHbIt aHaiu3 (ANOVA)
®puamana. 1 moToyeyHOro cpaBHEHUSI Bpe-
MEHHbBIX Pa3IMYUii B aMIUIUTYE CUJIbl TOKA HC-
TOYHUKOB SF B OpTOroOHajbHBIX IMapHBLIX KOH-
TpacTax (IJIACHbII/HEIaCHBIN 3ByK WIN MEPUO-
NUYECKUI/HeNepuoauIYecKrii 3ByK) TIPUMEHSUTU
kputepuii BuikokcoHa—MaHHa—YutHu. s
MOMpaBKM Ha MHOXECTBEHHbIE CPAaBHEHUSI MC-
MOJb30BaJIM METOJ KOHTPOJISI JTOXHBIX 3(hdeK-
toB (false discovery rate, FDR). [IpuHsTHI1 ypo-
BeHb 3HauMMoctTu — p < 0.05 (c mompaBKoit
FDR). Ins nccinenoBaHusl pa3jinduii B paHHEM
BpeMeHHOM nauara3oHe SF B 3aBUCMMOCTU OT
HoJaylapus U BpeMeHU, MPOIIEAIIero C MOMEH-
Ta HavaJia mofgayu CTUuMyJia, IpOBOAWIIN IUCTIEP-
CUOHHBIN aHaAJIM3 ¢ (paKTOpaMU ITOBTOPHBIX W3-
MmepeHuii: Ilepuonnunoctb, ImacHocTh, ITomy-
mapue u Bpems. 3aBucuMoii nepeMeHHOM Oblia
aMIUIUTy1a CUJbl TOKAa MCTOYHUKOB CIIYXOBOI
KOpbI, UHTEeTpUpoBaHHas 1Mo 50 Mc MHTepBajiam
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BpeMeHU oT 0 1o 250 MC OTHOCUTEIIBHO MOMEHTA
nogadyu crumydia. Ilpy HeoOxXoaguMOCTH nesanu
nonpaBky Ipunxay3za—Ieiiccepa mist KoppeKLIU
HapylmieHus1 cPepuIHOCTH. 3HAYMMOCThL Iap-
HBIX CPaBHEHMIA TPOBEPSIIU post hoc, NCTIONb3Ys
meton Trioku (Tukey honest difference test).

PE3VJIbLTATbBI UCCIEJOBAHUN

Pacnonoocenue maxcumyma SF 6 cayxoeoii kope
U e20 3a8UCUMOCTb OM MUNA CIMUMYAQ

Ha puc. 2 npencrasieH npocTpaHCTBEHHBI
MaTTepH aKTUBAlLIMM B KOpPE JIEBOTO U MPaBOro
MOJylIapuii B CPEAHEM 1O BceM 4 TUTIaM CTUMY-
JioB 1 o uHrepsaiy 200—800 Mc nmociyie Havyana
WX TIOaYU. YCPEIHEHHbIN MO BCEM TUIIaM CTHU-
MyJioB MakcumMyM SF B jieBoMm (x = —55.1; y =
= —22.0; z = 6.0) 1 mpaBOoM MoJyImapusx (X =
= 57.8; y =—15.1; z = 4.4) pacnonarajicid Ha Me-
IuoJlaTepalbHON TTOBEPXHOCTU BEPXHEBUCOY-
HOU 60po31bl B 00JaCTW MOMNEPEYHOU OO0po3-
nbl/u3BWianHbl Tepuuiss. Hemapamerpuueckuit
JMUCTIEPCUOHHBIN aHaJIM3 MOKa3ajl, YTO B JIEBOM
MOJyIIApPUU TUIT CTUMYJIA BJIMSIET HA CMEIEHUE
MakCcHMyMa B MeAUOJaTepaibHOM HallpaBJIeHUUW
(Friedman ANOVA Chi Sqr. (N =9, df = 3) =
= 11.52; p = 0.009). Henepuoanuyeckue Heraac-
HbI€ 3BYKM aKTUBUPOBAJIM HANOO0JIee MeTUIbHO
pacrioJIOXXEHHYI0 4acThb BEPXHEBUCOYHON 00-
po3Ibl, TOraa Kak u nmepuoandyHocts (M-U: He-
Mepuoanuyeckue MPOTUB MNEPUOANYECKUX He-
rmacHbix z = 1.85; p = 0.06), 1 1aCHOCTH 3ByKa
(M-U rnacHble NpOTHUB HETJIACHBIX HETIEPUOAU -
yeckux: z = 2.37; p = 0.018) cMmemanu HelipoH-
HBIII OTBET K JIaTepaJIbHOU €€ TOBEPXHOCTH.
B poctpokaynaibHOM HalpaBiIeHUMW OOIIMIA 3 -
(bexT Tumna cTumyJia He JOCTUTaJl YPOBHSI 3HAUU -
MocTu (ANOVA Chi Sqr. (N =9, df =3) =4.29;
p = 0.23). OmHako mepuoguyecKue IIacHBIE,
MaKCUMaJbHO OJIM3KKE K eCTECTBEHHbBIM 3ByKaM
peyu, SIBHO COIPOBOXAAIMCH OoJiee Kaydalb-
HBIM PacCIIOJIOKEHUEM MaKCUMyMa OTBeTa CIy-
XOBOM KOpBbI, MO CPAaBHEHUIO KaK C “UCTIOpUYECH-
HbBIMU~ HENEPUOAUYECKUMU TJIACHBIMU (Z =
=2.02; p=10.04), Tak 1 ¢ HETJTACHBIMU MIEPUOIU -
yeckumu ctumynamu (z = 1.75; p = 0.08). B npa-
BOM TIOJIYIIIAPUM TUIT CTUMYJIa 3HAUYUMO HE W3-
MEHSIJT KOOpAMHAThl MakcuMyMma SF 1o Kakoli-
JIMOO MPOCTPAHCTBEHHOI OCH.

JIvHaMuKa BbI3BAHHOTO HEHPOHHOIO OTBETa
CJIyXOBOM KOpbl B 30HaX MHTepeca B JIEBOM U
IIpaBOM noJjgymapudax n €€ 3aBUCUMOCTDb OT II€-
PUOIUYHOCTU U IJIACHOCTHU 3BYKOB IIpelICcTaBie-
HbI Ha puc. 3. OOLIMI HaTTePH CIyXOBOIO OTBETa
B 000MX MOJIyLIAPUSIX OBLI CXOX JIJISI BCEX IIPeIb-
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Puc. 2. Jlokanu3zauust iCTOUHUKOB SF B ci1yx0Boii Kope Mo3ra. (a) — ycpemaHeHHasl I10 IPYIIe UCITBITYeMbIX II0T-
HOCTb TOKa UICTOYHUKOB SF B 00111eM MakcuMyMe oTBeTa (Bce 4 TUIIa CTUMYJIOB OObeIHEeHbI) B TpaBoM (1) u Je-
BoM (2) mosytmapusix. O6acTi 3aTeMHEHMST COOTBETCTBYIOT HEFAaTUBHOM OpUEeHTAlIM UCTOYHUKOB TOKa, MHTEH -
CUBHOCTb 3aT€MHEHMSI — aMILUIMTYyAa ToKa UCTOYHUKOB B 1iKajae SLORETA. O6muii 1jist BceX CTUMYJI0OB MaKCH-

MYM aKTHUBallMM PpPacCIlOJOXECH Ha Me/:monaTepaanoﬁ ITIOBEPXHOCTU BerHeBHCO‘IHOﬁ 60p03£[]>1.

©) —

oTHOCcHTeNIbHBIe cMellieHrst MNI-KooparmHaT UICTOYHUKOB MakcuMyMa SF B 3aBUCHMOCTH OT ThMa ctumyJa. I[lo
TOPU30HTAJIbHON 1 BepTUKaIbHOM ocsiM — MNI-KoopnuHaTel B MUWIIUMETpax 1o ocu x (medial—lateral) u ocu y
(posterior—anterior). MajieHbKHe He3alloJJHEHHbIe (DUTYpBl — JIOKIM3ALMsl WHIAWMBUAYATIbHBIX MAaKCUMYMOB,
GoJIbIIIME 3aMOJITHEHHBIE — JIOKAJIM3AIIMST CPETHETPYIITOBBIX MAKCMMYMOB. Kpyr — HepedyeBble HEITepHOIUIECKIE
3BYKM, KBaIpaT — peueBble (IJIaCHbIE) HEMleproanIecKre, poMO — HepeueBble MepruoaUuIeCKUe, TPEYTOJbHUK —

PEUYEBBLIC IEPUOINIECCKHUE.

Fig. 2. Cortical localization of the sustained field (SF) in the right (1) and left (2) auditory cortex. (a) — grand average
of the SF source current density in the response maximum (responses to all stimuli are pooled together). Shaded ar-
eas marks negative direction of the current, shade intensity corresponds to the source current amplitude in the
sLORETA unites. The SF maximum is both hemispheres localized to medial-lateral surface of the superior temporal
gyrus. (0) — stimulus-related shift in the position of the SF maxima. MNI coordinates of the sources (in mm) are
given in the horizontal plane: x axis — medial—lateral, y axis — posterior—anterior. Small open figures correspond to
individual coordinates; big filled shapes show the group means. Circle — nonvowels/nonperiodic, square — vow-
els/nonperiodic, rhomb — nonvowels/periodic, triangle — vowels/periodic. Please, note the lateral shift of the max-

imal activation for both periodic and speech-like stimuli.

SABJICHHBIX CTUMYJIOB. IlepBbIM mocijie Hayaja
nogayM CcTUMYyJda TOSBISIICS 00s3aTelbHbIi
“neTcKkuii” MO3UTUBHBIA KOMITIOHEHT P100m
(Orekhova et al., 2013), 3a KOTOpPBIM Ha IIPOTSI-
JKEHUH BCETO BPEMEHM I10Ja4u CTUMYJa CIeI0-
BaJl UIMTEIbHBII OTBET KOPKOBBIX MCTOUHUKOB
TOKa HeratuBHOM HampasieHHocTu (SF). He-
CMOTPSI Ha pa3inyus B HAIpaBJICHUM TOKA UC-
TOYHUKOB 0053aTeIbHbIX KOMIIOHEHTOB BbI-
3BaHHBIX CIIYXOBBIX OTBETOB y JETEU U y B3pOC-
abix (Edgar et al., 2015; Orekhova et al, 2013),
koMmnoHeHT SF y nmeteil B Haleil BBIOOpKe ObLT
CXOX C TaKOBBIM Y B3POCJIBIX JIIOAE TpU IJIU-
TE€JIbHOM TIPEIbSIBJICHUM CIYXOBbIX CTUMYJIOB
(cm., HanpuMep, Gutschalk, Uppenkamp, 2011).

KYPHAJI BEICHIEVM HEPBHOW OEATEJIBHOCTU

st Toro 4ToObl OLIEHUTH BJIMSIHUE TepUO-
JUYHOCTHU U TJIACHOCTH 3BYKOB Ha SF He3aBucCHU-
MO APYT OT Apyra, Mbl pacCMaTpyUBaJIu ABa OPTO-
TOHAJIBHBIX (ITOJTHOCTBIO HE3aBMCHUMBIX) KOH-
TpacTa: 1) meprondeckne 1 HellepuoIndecKre
HEeIMacHbIC 3ByKU (TEM CaMbIM IIOJIHOCTBIO MBI
WCKJTIOUMWJIM BIUSIHUE IJIACHOCTU Ha CUTHAJI MO3-
ra ¥ OCTaBWJIU JUIb 3(PpPEKT IepUOTUIHOCTH) U
2) racHbIe U HEeIJIaCHbIe HENEePpUOANYECKUE 3BY-
KU (B 9TOM CJly4ae Mbl OCTaBWIM UCKIIOUYUTEIb-
HO 3ddekT “rnacHocTu” 3ByKa). Kak BugHo u3
puc. 3 (a), IepMOIUYHOCTb 3ByKa YyCUJIMBAJIA HE-
raTUBHBIN KOMIIOHEHT SF B CIyXOoBoOil Kope Kak
JIEBOT'O, TaK 1 IIPaBOTro NOJylIapuii Ha MPOTSKE-
HUU BCEro BpEMEHHOro MHTepBaia rnogaun. M3-
Ne 4
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Puc. 3. HezaBucuMoe BIMsIHUE pedeBOii IPUPOABI U IIEPUOINIHOCTH 3ByKOB Ha BpeMeHHYyIo nuHaMuKky SF. (a) —
KOHTPACT MEXIY MTepUOANYESCKUMMU (CIIJIONIHAS IMHUS) U HETIEPUOANYECKUMU (TTPEePhIBUCTAsI JIMHYS) HEPEUCBbI-
MU 3ByKaMU B JIEBOM (cJIeBa) 1 IIpaBOM (CIIpaBa) NOJIyIIapUsIX MO3Ta. (0) — KOHTPACT MEXIY INIACHBIMU (CILIOII-
Hasl JIMHMSI) U HEPEeUEeBBIMM HEIIepUOINYSCKUMHU (IIpephIBUCTAas JIMHMS) 3ByKaMHU B JIEBOM (ClieBa) U IIpaBOM
(cpaBa) moayiapusix Mo3ra. 1 — oO1uit maTTepH OTBETOB CIIYXOBOM KOpHI (rpynnoBoe ycpeaHeHue). [1o ropu-
30HTAJILHOM OCH BpeMsI B MIJLTMCEKYHIaX, 0 MC COOTBETCTBYET Hayay Imogadu 3Byka, 800 Mc — 3aBepIIIeHUIO CTH -
mysssuun. I1o BepTukanbHOil ocu — yciaoBHbIe 3HaueHMs (equHUIBI SLORETA) cuiibl ToKa KOPKOBBIX NCTOYHM -
KOB B MAaKCMMyMe€ aKTUBALIMU. 2 — Pa3HOCTHbIC BOJIHOBbIE (DOPMBbI OTBETOB CIIYXOBOI KOPBI JJISI COOTBETCTBYIO-
IMUX KOHTpacToB. O6GJIaCT BOKPYT KaXIOW KPUBOI COOTBETCTBYIOT OUANa30Hy OIIMOKU CPETHEeTO 3HAaYeHUs
CWJIBI TOKA UCTOYHUKA.

Fig. 3. Independent modulation of the SF source current timecourse by sounds’ periodicity and vowelness. (a) —
sound’s periodicity: contrast between periodic (solid line) and nonperiodic (dashed line) nonvowels in left and right
hemisphere. (0) — sound’s vowelness: contrast between nonvowels (solid line) and nonperiodic vowels (dashed line)
in left and right hemisphere. 1 — the grand average waveforms of the auditory evoked response at the source level.
Horizontal axis — time in milliseconds, 0 and 800 ms correspond to onset and offset of the stimulus respectively.
2 — the grand average subtraction waveforms for the sound’s periodicity and vowelness. Shaded areas around the

curves designate standard error of means.

BECTHO, 4TO B niepBhie 100—200 Mmc mociie mogayu
3ByKa 00s13aTeIbHbIC TPAH3UTOPHBIC KOMITOHEH-
Thl CJIyXOBOTO HEMPOHHOIO OTBETA y B3POCIBIX
(N100m, P200m) u y nereii (P100m, P200m) Ha-
KJIaJbIBAIOTCS Ha MOCTEIIEHHO pa3BUBAIOILINIICS
KoMnoHeHT SF, mpensTcTBysl aHaJIM3y €ro paH-
Heit nuHamuku (Gutschalk et al., 2004). Tem He
MEHee KOHTPACT MEXKIY MepPUOINIECKUMU 1 HE-
NEePpUOANYECKUMU 3ByKaMU, JE€MOHCTPUPYS HEe-
IIPEePBIBHOCTD YBEJIMUEHUSI “HEraTUBHOI” CUJIBI
TOKA KOPKOBBLIX MCTOYHUKOB [UJISI IIepUOAUYE-
CKUX 3BYKOB, IIO3BOJISIET BBISIBUTH OCOOEHHOCTU
KoMIloHeHTa SF B paHHeM HHTepBaje ero
BO3HUKHOBeHUsI (CM. puc. 3). JleiicTBUTENBHO,
MNEePUOANYECKNE CTUMYJIbI YCUJIMBAIOT OTBET HE-
raTUBHBIX MICTOYHUKOB, CHavyaJia yMeHbIIasl MO~
sutuBHOCTh P100m, a 3areM yBeauuuBasi Hera-
TuBHOCTBL SF (cM. puc. 3 (a)). B pesynbrare 3¢-
¢GeKT NepruoaANYHOCTU BIUSAET Ha KOMIOHEHT SF

XYPHAJI BBICIIIEM HEPBHOWM JEATEIBHOCTU

TOM 71

HaunHag ¢ 50 Mc mociie Havaja nogadyu 3ByKa B
npasoMm mnoayiapuu u co 100 mc B 1eBom. Imac-
HOCTbh HENEepUOAMYECKUX 3BYKOB (CM. puc. 3
(6)) TakKe ycunMBaeT HEraTUBHBI KOMITOHEHT
SF B 06oux moJiylmapusix, Ha4MHasi mpuoIn3u-
tesbHO co 100 Mc rocyie MOMeHTa Moaayu Iiac-
HOTO 3ByKa. B cpaBHEHMU C MEpUOAUYHOCTHIO
3¢ deKT rImacHoCTH B KOoMIToHeHTe SF Ob11 Oonee
KOPOTKUM U jjdiics mpuMepHo 300—500 mc B 3a-
BUCUMOCTHU OT MOJyIIapUsI.

YuuThiBask BLICOKYIO CKOPOCTh KOAMPOBAHUS
3BYKOB P€UYM B CJIYXOBOM KOpe, OCOObI MHTEpEC
BBI3bIBAE€T CPABHUTEIBHO paHHU MHTepBaJ SF,
COBNATAIONINI ¢ PPOHTOM €ro HapacTaHUS B Ie-
puon BpeMeHu ot 50 mo 250 Mc 1ocie Havana
3ByKa. I1oaTOMy MBI pOBEIN TUCHEPCUOHHBINA
aHaJIM3 HEMPOHHBIX OTBETOB CIYXOBOM KOpPHI B
3TOM BPEMEHHOM JIMAIla30HE, IPU 3TOM 3aBUCH -
MO MepeMEHHOM Oblla aMIJIMTYAA CUJIbl TOKa

Ne 4 2021
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Taomuna 1. Pe3yabrarel nucnepcuoHHoro aHanu3a SF B nmepBoie 250 Mc nociie Havyaja rmogayu ctumyJia. Dddexkrsl riac-
HOCTHU, IEPUOIUYHOCTHU 1 UX B3aUMOIEUCTBUS C MOJIyIIaprueM U BpeMEeHEeM HeiipOHHOTO OTBeTa.
Table 1. ANOVA results for the SF in the first 250 ms after stimulus onset: effects of ‘Vowelness’, Periodicity and their in-

teraction with Hemisphere and Time.

Adj.p G-G epsilon ni
ITlepuoduunocmo 61.56 <0.0001 0.88
Thacnocmo 114.9 <0.0001 0.93
Ilepuoduunocmo* acnocmeo 7.95 0.022 0.70
[lepuoduunocmo* llonywapue 5.98 0.040 0.57
[lepuoduunocmu* Bpems 40.33 <0.0001 0.50 1.00
Thacnocmo* Bpems 42.29 <0.0001 0.52 1.00
Ilepuoduunocms* [acnocmov* [oaywapue 10.99 0.01 0.83
[lepuoduunocmo* Iacnocms* Bpems 20.46 <0.0001 0.53 1.00
[lepuoduunocmo* Iacnocmo* [onywapue™* Bpems 10.92 0.00026 0.65 0.99

Ilpumeuanue: TlpuBeneHbl 3HaYnMBble 3D deKTh (PakKTOpOoB NOBTOPHBIX U3dMepeHuit [nmacHocth (Iac), IMepuoauunocts (Ilepuomn),
TMonymapue (IToayir) u Bpemsi, a Takke ux B3aumoneiictsus. F — BennunHa F-3HaueHust, adj.p — BEpOSITHOCTh OLIMOKHU 1 pona, CKop-
pEKTUpOBaHHAasI Ha HapylIeHne cHEpUIHOCTU TUCTepCcuii o ypoBHsIM dakTtopoB, G-G epsilon — nmomnpaska [punxay3a—Ieiiccepa,

2
N, — Mepa BeJIMYMHBI COOTBETCTBYIOLIETO 3P deKTa.

Note: F-values and adj.p (probability of error of the 1st type corrected for violation of sphericity — homogeneity of variance at the factor's

levels), G-G epsilon is the Greenhouse—Geisser estimate of sphericity, nf, is a measure of the value of the corresponding effect size.

UCTOUYHUKOB SF CiyxoBOii KOpBI, MHTErpupoO-
BaHHasl 110 MHTepBajiam BpemeHu B 50 mc. lucmep-

CHMOHHBIN aHAJIN3 BBISIBUJI CHJIbHBIE (nf, >08)mn
Beicoko3HauuMbIe (p < 0.0001) adpdexTh nepu-
OIMYHOCTH U TJIACHOCTHU 3BYyKa, a TAaKXKe UX 3Ha-
YUMYIO 3aBUCHMOCTb OT ITOJTIyIIapysi U BPEMEHMU,
MpOLIEAIIEro ¢ MOMEHTA Hayajla MoJauyu CTUMY-
na (taod. 1).

Kak nneprogu4HoOCTb, TaK U IJIACHOCThH 3ByKa
pe3ko ycuiauBaiu SF B o0oux moayiuapusx Ha
BCEM BPEMEHHOM MHTEpBajie aHajlu3a, Ipudyem
3¢ deKT NepuoanIHOCTH, HO He IJTACHOCTU, ObLT
CUJIbHEE B IIPaBOI CIIYXOBOM KOPE, YEM B JIECBOU
(ITepuomnunoctr*[onymapue F(1.8) = 5.98;
adj.p = 0.04). 3raunMmas 3aBUCUMOCTb 3¢ deKTa
MNEePUOINYHOCTU OT BpeMEHU OOBSICHSIACH TEM,
yTO OH Bo3HMKaJ Mexay 50 u 100 Mc, 3aTeM ycu-
JuBaiicd K 150 Mc 1 ocTaBajics IIOCTOSIHHBIM 10
250 Mc (151 BCcex MapHbIX CPaBHEHUI CKOppPEK-
THpOBaHHas Ha 4yucyio cpaBHeHuit Tukey HSD
3HauuMocThb p < (0.001). B orimume ot nepuo-
JTUYHOCTHU, INIACHOCTh 3ByKa HauMHaJla 3HAYMMO
BanATh Ha SF ciryxoBoit KopbI ToJIbKO Mexkmy 100
u 150 mc (Tukey HSD: p < 0.001), xots 3ateM ee
addexT ObIT OombIe, YeM 3PPEKT nepruognd-
HOCTHY, BIUIOTH JO KOHIIA MHTEpBaja aHaiu3a.
bonee mo3gHuit 1 6onee cuIbHBIN 3P dEKT miac-
HOCTH (O CpaBHEHUIO ¢ 3P (HeKTOM Iepruoay-
HOCTH) MOATBEPXKAAETCSI 3HAUMMOCTbIO TPOMHO-

KYPHAJI BEICHIEVM HEPBHOW OEATEJIBHOCTU

ro B3amMmonenictBust  Ilepmon*Imac*Bpems
(F(4.32) =20.46; adj. p < 0.0001; cMm. TakKe puc. 4).
MHTepecHO, UTO HECKOJBbKO 3HAUYUMbIX B3aUMO-
nmevictBuii (tabn. 1: IlepmomuuHocTb*IMacHOCTD;
Iepuon*Inac*onynr; Ilepmon*nac*ITomymr*Bpe-
MsT) YKa3bIBalOT Ha TO, YTO COENMHEHUE B 3BYKE
[JIACHOCTU U TIEPUOAUYHOCTU MMEET CHUJIbHOE
aJaUTUBHOE BIMsSHUE HA KOMITIOHEHT SF ciyxo-
BOM Kophl. Post hoc aHaInU3 CITOXKHOTO YEThIPEX-
dakropHoro B3aumoneictsusd Ilepuon*Inac*I1o-
nyur*Bpewms (F(4.32) == 10.42; adj. p = 0.00026)
oKa3ajl, YTO Ha HUCXOMSIIEeM nepenHeM (ppoH-
Te KOMIIOHeHTa SF MnepuoauyHOCTh MIACHOTO
3ByKa ycKopsiia auddepeHInaabHbIil OTBET Ha
HEro B IpaBOM ITOJIyLIapuu (CM. pUC. 5) U pe3KOo
yCUJIMBajla HeraTUBHOCTh KopkoBoro SF B Tom
ke nonymapuu (ITepuon*Imac* oy ojst Bpe-
MmeHHoro mHTepBama 100—150 mc : F(1, 8) =
= 34.972, p = 0.00036).

Takum obGpazom, pesyabTatel ANOVA noa-
TBEPIAWJIN U PACIIUPUIIU BBIBOJIbI, CAETAHHBIE IO
pe3yJibTaTaM OPTOTOHAJIbHBIX KOHTPAcTOB 3(-
(¢$EeKTOB MEPUOJIUYHOCTU Y TJTACHOCTHU 3ByKa Ha
KOMINOHEHT SF clIyxoBOi1 KOpHI, yKa3aB Ha 0CO-
Oy10 pOJIb COYETAHUS CIIEKTPATbHOU CTPYKTYPBI
1 NEPUOANYHOCTU B IJTACHBIX 3ByKaX €CTECTBEH-
HOMI peyu.
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Puc. 4. Paznuuus Bo BpeMeHHOM guHaMuKe nuddepeHIInaJIbHbIX OTBETOB UCTOUHUKOB SF B ciyxoBoii Kope Ha
MEPUOANYHOCTD 1 INIACHOCTH 3BYKOB — pe3ysibTaThl ANOVA. CiieBa — KOHTpACT “nepuoaudeckue — HeIepruoam-
yeckue”, cripaBa — KOHTpAcT “peydeBbie (IJ1acHbIe) — HepeueBbie” 3ByKU. CIUIONIHAS JIMHUSI — HETIEpUOINYECKUE
(cimeBa) Wi HepedeBbIe (CIIpaBa) CTUMYJIBL; IPEPBIBUCTAS IMHUS — IIEpUOANIeCKHe (CIeBa) WIM peueBhie (crpa-
Ba) ctuMyJbl. [1o ropuzoHTanbHO ocu — 50 MC MHTEpBaJbl BpeMEHU OT Havajla mogayu ctumyJia: 50 MC COOTBeT-
cTByeT nepBomy S0 MC MHTepBaJTy TI0CJie Havasia rmojgadyu ctumya, 250 mc — uatepBaiy ot 200 mo 250 mc. 1o Bep-
TUKAJIBbHOM ocu — yciaoBHBIe 3HaYeHUs (eqHuIbl SLORETA) cpenHero 1mo mHTepBally 3HaUYCeHMsI CHJIBI TOKa KOP-
KOBBIX UCTOYHMKOB B MakKCUMyMe aKTHMBalUU. BepTUKaJIbHBIMM JIMHUSAMU 000O3HAUYe€HA CTaHAApTHas OIIMOKa
cpenHero 3HaueHusi. CkoppektupoBaHHbie (Tukey HSD) p-3HaueHus B mapHbIX cpaBHeHUsx: * — p < 0.05;
*rx — p <0.0005; ¥*** — p <0.0001.

Fig. 4. Stimulus-related difference in temporal dynamics of the SF — ANOVA effects of periodicity and vowelness
of the complex sound. Left panel — periodicity of the sound. Right panel — vowelness of the sound. Solid and dashed
lines mark non-periodic and periodic stimuli in the left panel and non-speech stimuli and vowels in the right panel.
Horizontal axis represents the successive 50 ms time intervals after the stimulus onset: 50 ms corresponds to the first
post-onset interval, 250 ms — to the post onset time interval from 200 ms up to 250 ms. Vertical axis — source current
density averaged across the 50 ms intervals in arbitrary SLORETA units. Vertical lines designate a standard error of
mean. Asterisks denote significant differences (Tukey HSD) for the respective comparisons: * — p < 0.05; *** — p <
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< 0.0005; **** — p < 0.0001.

OBCYXIEHME PE3VJIIbTATOB

B nanHoit padote, nucnonbs3yss MOI' u meton
pacripee/IeHHOTO MOJEJIMPOBAHUSI aKTUBHOCTH
KOPKOBBIX UICTOUHUKOB, Mbl MCCJIENOBaIUA AUQ-
depeHIMAIbHYI0O YYBCTBUTEIbHOCTh CIIYXOBOM
KOPBI MO3ra AeTeil K IJTaCHBIM 3ByKaM peuu U K
MNEepUOINYECKUM HepeueBbIM 3ByKaM. Ha ocHO-
BaHUM npenbiayiiux ¢MPT-ucciegoBaHuii Mbl
npeanoarajim, 4To ciayxoBasi Kopa JoJKHa 00-
JlagaTh HE3aBUCHUMOI YYBCTBUTEIBHOCTBIO K
000MM CBOIMCTBaM INIACHBIX 3BYKOB peuu — Iie-
PUOOUYHOCTU (pEeryJisipHO ITOBTOPSIEMOCTU
CJIOXKHOTO CIIeKTpa CUTHajJla BO BPEMEHHU) U
IJIACHOCTU (YETKOU (OpPMaHTHON CTpPyKType
criekTpa). 11 npoBepKU 3TOii TUITOTE3bI MBI HC-
KazkaJau B KOHTPOJIbHBIX CTUMYJIaX OO Mepuro-
JIUYHOCTh HepedyeBOoro 3Byka (3(deKkT mepuo-
JTUYHOCTH), TMOO0 (hOpMaHTHBIN COCTaB HETIEPU-
OJMYECKOIo, HO BCE €Ile peyeBOro 3ByKa
(3 dexT rmacHoCT), MO0 TO U APYroe BMECTE B
HepeyeBbIX HEMEPUOINUYECKUX 3BYKax M OTCIIe-
XMBaAJIU BJAUSHUE 3TUX MAHUITYJSLMNA HA HEM-
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POHHBIMA OTBET CIIyXOBOM KOPHI JIEBOTO U ITPABO-
ro mnoJjiyuiapuii Mosra. Bropoii MeTomosoruye-
CKOM OCOOEHHOCTBIO HAIIETO WCCIECIOBAHUS
ObLI aHaAJIU3 0CO00I (POPMBI CYMMapHOTO Heli-
POHHOTO OTBETa CJIYXOBOI KOpPbI, TaK Ha3blBa-
€MOro yCTOM4YMBOro MarHuTHoro mojis (SF), or-
paXaUIEro TOCTEINEHHOE HapacTaHue OOLIEro
JETIONSIPU3ALIMOHHOTO CIBUTA ASHAPUTHBIX I10-
TEHLIMAJIOB OOJIBIIMX I'PYMIT HEMPOHOB IO/ BIU-
SITHUEM JJIMTeJbHOTO 3BYKOBOIo curHania (Stein-
mann, Gutschalk, 2011).

B nonreepxaeHue MCXOMHOW TMMIOTE3bl Mbl
OOHapyXWJIM U30UpaTEeIbHYIO YYBCTBUTEIb-
HOCTb KOPKOBbBIX UCTOUHUKOB SF K IJTacCHOCTU U
MNEPUOANYHOCTHU 3ByKa. B cOOTBETCTBUU C naH-
HeiMu GMPT (Patterson et al., 2002; Pernet
et al., 2015) mokanuzaumss KOPKOBbIX MCTOUHU-
KOB 00oux nuddepeHraaibHbIX OTBETOB ObLIa
CABUHYTA K JlaTepaJIbHOU MOBEPXHOCTU BEPXHE-
BHCOYHOI W3BUJIMHBI, 110 CpaBHEHUIO C OoJiee
MeIUabHbIM WX PACHOJOXEeHUEM JJIsT “Ucrop-
YEeHHBIX” HEMEPUOINYECKUX HETJIACHBIX 3BYKOB.
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Puc. 5. IMoayuapHast acuiMMeTpUsT pa3IMuMii BO BpeMEeHHOM nuHaMuKe nuddepeHIInaIbHbIX OTBETOB UCTOYHM -
KoB SF ciryxoBoli KOpEI Ha IJTACHOCTD 3ByKa B 3aBUCHUMOCTH OT €ro IepruoagnIHoCcT! — pe3yabTathl ANOVA. JleBas
CTOpOHAa — KOHTPACT “pedeBbie — HepedyeBble” ISl HEMMEPUOANIECKUX CTUMYJIOB B JieBoM (1) u ripaBoM (2) mmory-
LIapusix; IpaBasi CTOPOHA — TOT e KOHTPACT JJIsI TIepUOANYECKUX CTUMYJI0B. CIUIOLIHbIE IMHUU — HepeyeBbIe
3BYKHU, IIPEPHIBUCTHIC IMHUU — pedeBhble. OcTanbHbIe 0003HaYeHUST KaK Ha puc. 4. Post-hoc cpaBueHus (Tukey
HSD test) mokasanu, 4To B IpaBOM IIOJIyILLIAPUH Pa3IUIMsI MEXIY IJTACHBIMU 1 HEPEUEBBIMU 3ByKaMM BO3HUKAIOT
paHbllle U TIPOSIBJISIIOTCS CUJIbHEE, €CJIM 00a TUIA 3BYyKOB — MEPUOIUYECKHUE.

Fig. 5. Hemispheric differences in the cumulative effect of periodicity and vowelness on the SF temporal dynamics —
ANOVA results. Left-side panels — contrast vowels/nonvowels for nonperiodic stimuli. Right-side panels — the
same contrast for periodic stimuli. In each panel: 1 — left hemisphere, 2 — right hemisphere. Solid and dashed lines
designate non-vowels and vowels respectively. All other designation as in Fig. 4. Post-hoc comparisons (Tukey HSD
test) show that the SF response in the right hemisphere appears faster and has a greater strength for the periodic vow-

els than for any other type of presented sounds.

I1pyHLIIMITMaIPHO HOBBIM PE3YJIbTaTOM PabOTHI
ObUT (bakT 4ype3BblYaiiHO paHHero (yepe3 50—
100 Mc 1Tocite Havaia Imogayu 3ByKa) BO3HUKHO-
BeHUs1 auddepeHMaabHbIX HEMPOHHBIX OTBE-
ToB SF Ha mepenHeM ¢GpoOHTE BOJHBLI YCTONYU-
BOI HeraTMBHOCTM (pucC. 3), IIpUYeM OTBET Ha
MEPUOINYHOCTD 3ByKa ollepekal OTBET Ha Iiac-
HocTbh. Ellle omHO pasznuume MexXay OTBeTaMu
MPOSIBUJIOCh B MEXITOJYILIADHON aCMMMETPUU:
OTBET Ha IIepUOAUYHOCTD OBLI JIaTepaaIn30BaH K
mpaBoMy nojyiuapuio (rae OH BO3HUKAJ paHblile
" ObUI CUJIbHEE, YEM B JIEBOM), TOIJAa KaK OTBET
Ha IJIACHOCTb U 110 JIATEHTHOCTH, 1 10 BEJIMYMHE
ObLI OMMHAKOB B 000uX mnoyiuapusix. boyiee To-
ro, 0Ka3ajaocCh, YTO KOMOUHALIUS NEPUOINYHO-
CTU U INIACHOCTM B 3BYyKax €CTECTBEHHOU peuu
CITOCOOCTBYET OCOOEHHO OBICTPOMY Pa3BUTHIO
mddepeHINAIILHOTO OTBETA Ha “eCTeCTBEHHBIS
IJlacHble” B CJIYXOBOM KOpE€ MpaBoro IoJiyllia-
pust. Hy>kHO MOI4epKHYTh, YTO IIPU MajIOM O0b-
eMe BbIOOPKM 300POBBIX AeTeli (9 NCIBITYeMBbIX)
Mbl BBISIBUIM CUJIbHBIE CTaTUCTUYECKU 3HAYM-
Mble 23(G@dEeKThl BIUSHUS MNEPUOAUYHOCTU U
[JIACHOCTY Ha CUJTY M AMHAMUKY KOMITOHeHTa SF
(Tabi. 1). MoxXHO NpeAnonaoKuTh, YTO B OCHOBE
paHHEell WM30MpaTeNbHON  YYBCTBUTEILHOCTH
KoMMoHeHTa SF K 3TMM yepTaM 3BYKOBBIX CUT-
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HaJIOB JIE2KAT aBTOMAaTUYCCKUE ITPOLECCHI UX KO-
JUPOBaHMA B CIICHUAJIM3UPOBAHHDBLIX 30HaX CJIIy-
XOBOM KOpPbI MO3ra, XapaKTE€pHbIC OJIsd BCEX TU-
IINYHO pa3BUBAIOIIMNXCsI JIETEH.

[Ipy wuHTepmpeTauuu MOAYJISILMA KOMIIO-
HeHTa SF MBI onupaiich Ha TMIIOTE3Yy O HEMPOH-
HbIX MexaHu3Max SF, cBSI3bIBaIOIIYI0 UCTOYHU-
KM €0 FreHepallii ¢ aKTUBHOCTbBIO HECUHXPOHU -
3UPOBAHHBIX HEWPOHHBIX TMOMNYJSALMA B 30HaAX
CJIyXOBOU KOpBI, JE€KOAUPYIOLIMX IepUOarNY-
HOCTb WJIM [TIACHOCTbD 3ByKa U PACIIOJIOXKEHHBIX Y
YeJIOBEKa Ha MeIUaJlbHOU M JlaTepaJibHOM I10-
BEPXHOCTH BEPXHEBUCOUYHOI M3BMIMHBI (Ben-
dor, Wang, 2006; Steinmann, Gutschalk, 2011).
HaubGonee ybemuTenbHbIe CBUACTEILCTBA B €€
MOJb3y OTHOCSTCS K KOAUPOBAHUIO MEPUOINY-
HocTU. JlekoaupoBaHue BHICOTHI OCHOBHOTO TO-
Ha MEepUOANYECKUX CIIYXOBBIX CUTHAJIOB IMPOKUC-
XOJIUT 3a CYET HapacTalolleil YaCTOThl pPa3psiioB
HEUPOHHLIX IMOMY/JSILIMK B TaK Ha3bIBA€MOM
“mieHTpe 00paboTKM TiepruoguvHocTu” (pitch
processing center). OH HaxXOOUTCSI B aHTepoJIaTe-
pajbHOI YaCcTU N3BWIMHLI ['epliist, HApy>KHO 110
OTHOIIIEHUIO K 0oJiee MeaUalbHO PACIOI0XKEH-
HOI TiepBMYHOI ciryxoBoit kope Al (Bendor,
Wang, 2006). HeiipoHHbIe HCCIIEHOBAHUS PO-
CTPaJIBHOTO T10JIS SI7Ipa CIIyXOBOI KOpbI 00€3bsIH —
Ne 4
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roMoJiora aHTepoJjaTrepajibHOM 00JacTh y Yesio-
BeKa — MMoKa3aJiu, YTO YeM BBhIIIIE YaCTOTa OCHOB-
HOTO TOHA B CIIEKTpe MeprUOINUECKOro CUrHaa,
TE€M BBIIIIE YaCTOTa pa3psiA0B HEMPOHOB B LIEHTPE
00paboTKM BBICOTHI clIOXXKHOTO 3ByKa (Bendor,
Wang, 2008). bosnee Toro, yactb HEHHPOHOB 3TOM
30HbI UMEIOT CJIOKHbIE PELICNITUBHbIC MOJIsI, OT-
Bevalollue Ha rapMOHMYECKUe KoJjiebaHUs Ya-
CTOTBl OCHOBHOIO TOHa B CHEKTPE CJOXHOTO
curHaja, HO He B YMCTOM TOHe. B cymmapHoii
HEMPOHHOM aKTMBHOCTU, PETUCTPUPYEMOI Me-
Tonamu MBI 1 BDBT, ycTOMYMUBEIN CABUT BO30Y-
JIUMOCTH HEHUPOHHBIX MOMYJISIIUIA TPOSBIISICTCS
B BEJIMYMHE CyMMapHOTO “HeraTMBHOIo” ToOKa
UCTOUYHUKOB SF, KOTOpBIit, KaK U 4acToTa Heli-
POHHBIX Pa3psIOB B LIECHTpe 00pabOTKU Mepro-
JIUYHOCTU, YCUJIMBAETCS IIPU yBEIUYECHUU 4Ya-
CTOTBHI OCHOBHOTO TOHA (Steinmann, Gutschalk,
2011). Cyuraror, 9TO Ha 3TOM YPOBHE 00pabOTKN
MIPOUCXOAUT PEKOHCTPYKIIMSI BpEMEHHOM AMHA-
MHUKU CIIEKTpa 3ByKa, MHTEerpupyloias nHdop-
Maluio O BO3OYKIEHUU OTACIbHBIX YaCTOTHBIX
KaHaJIOB, MPUXOASIIYI0 M3 IIEPBUYHON CIIyXO-
Boil kKopnl (Bendor, Wang, 2006). KoMnoHeHT
SF, BeI3BaHHBIN 3ByKaMM IOJIOCa, TAKXKE MOXET
OTpakaThb HECUHXPOHU3UPOBAHHYIO aKTUBHOCTD
HEeHWPOHHBIX MOIYJISIIHUHN B “BUCOYHBIX 001aCTIX
obpaboTkm ronoca” (temporal voice areas, TVA;
Pernet et al., 2015), nu3dbupareabHO YyBCTBUTEb-
HBIX K COOTBETCTBUIO OOIEil CTPYKTyphl (hop-
MaHT IJTACHBIM 3ByKaMm pedu. DTU 30HBI Pacmo-
JIOXXEHBI BOOJb MEAuoJaTepaJbHON IMOBEPXHO-
CTU BEPXHEBUCOYHOUN U3BUJIMHBI, B TOM YUCJIE B
3agHeit ee gactu. ComtacHo manHeIM GMPT,
“30HBI TOJIOCA” CHJIbHEE aKTUBHUPYIOTCS 3ByKa-
MU TOJIOCa, YEM CPEeAOBBIMU 3BYKaMU WU ApPY-
TMMU aKyCTUYECKHMMM KOHTPOJBbHBIMM CTUMY-
JlJaMy, HO MaJIO0 YyBCTBUTEIbHBI K HAJICETMEH-
TapHBIM aclieKTaM (DOHETUKHU pedyu, TAaKUM KaK
CJIOTOBasl CTPYKTypa, pUTM M T.O. PesynbraThbl
GMPT ykaswIBaioT Ha OmaTepaibHOE Pacioiio-
XXeHMe “30H rojioca” 06e€3 KaKoro-imbdo nmpenmy-
IIECTBA OMHOTO M3 MoJiylnapuii B cuie nudde-
PEHLIMAJIbHOTO OTBETAa Ha INIACHbIE 3BYKU pedyu
(Pernet et al., 2015).

Takum oOpa3oM, IMoJTydYeHHbIE HAMU JaHHbIE,
B LI€JIOM, COIJIACYIOTCS C JaHHBIMU JIUTEPATYpPhI
O KOPTUKaJIbHOM Tororpaduu M IMoayliapHOM
aCMMMETpPUU “30H rojoca” U “30H BHICOTHI OC-
HOBHOTO TOHA” B MO3Ire B3pOCJIOIO 4ejoBeKa.
JlaTepanbHOE cMellleHe KOPKOBBIX UICTOYHUKOB
SF, BbI3BaHHOI 1 MEPUOINYECKUMU, U IJIACHbBI-
MU 3ByKamM, BTOPUT AaHHbIM MBI u GMPT
(Pernet et al., 2015; Ritter et al., 2005) o pacno-
JIOXKEHUU LIEHTPOB 00pabOTKU IEPUOANYHOCTHU
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Y OAHOIO U3 LIEHTPOB IJIACHOCTU Ha CThIKE U3BU-
JHEBI [epiiist ¢ 061acThIO JIaTepaIbHOTO BUCOY-
Horo nogsica. [TonaraioT, 4T0 06€ KOPKOBBIX 00-
JlacTu o0ecrneuyunBaloT BXOJ B BEHTPaJIbHbIN I10-
TOK 00pa0OTKM CIIyXOBOI MH(pOpPMAIIMKU B KOpE,
BOBJICYEHHBIM B JAJIbHEHWIIIYIO MHTETPALIMIO AKy-
CTUUYECKOUN MHMOpMaLIMM Ha HaJCEeIrMEeHTapHOM
YPOBHE U €€ MYJIbTUMOIAJIbHYIO peIipe3eHTaLUIO
(B TOM 4YHMCIEe CEMaHTUYSCKHME acCOLMaIINN)
(Ries et al., 2019). TenneHuus K 6oJiee Kaydaib-
HOM JIoOKaJn3aluy KOPKOBBIX UCTOYHMKOB SF Ha
MEePUOANYECKIUE TJIACHBIC 3BYyKM B CPABHEHUHU CO
3BYKOBBIMM CTUMYJTAMH OCTATLHBIX TUTIOB (pHC. 2)
MoATBEPKIaeTCsa JaHHbIMU [laTTepcoHa u coaB-
TOPOB, MOJy4eHHbIMU T1pu aHaiau3e SF y B3poc-
Jbeix moaeit (Patterson et al., 2016). Kpome Toro,
9Ta TEHACHLIMS COOTBETCTBYET CBEACHMSIM O pac-
MOJIOXKEHNM OCHOBHOIO “IIeHTpa IJTaCHOCTH B
cpenHe-3aaHell 4acTu BEPXHEBUCOYHOU WM3BU-
muHbl (g o63opa cMm. DeWitt, Rauschecker,
2012). m “ueHTpa MEPUOTUIHOCTA’ B CpeIHe-
nepegHeit oonacty Toi xe n3BmnuHb (Griffiths,
2003). Paznmume B TonynrapHOil acMMMETPUN
otBeTa SF Ha MepuOIMYHOCTD U IJIACHOCTD 3BY-
KOB TakxKe XOPOIIO YKJIAAbIBAETCSI B U3BECTHBIES
npeacraBiacHUs. BeipaxkeHHas1 IpaBOCTOPOHHSIS
acUMMETpUsSI B YyBCTBUTEJIbHOCTU KOMITOHEHTA
SF K mepuoauMyHOCTU PEYEBbIX U HEpPeYeBBIX
3BYKOB (puc. 3, 5) Bocripon3BoguT naHHbie MOT
(Ross 1 np., 2005) y B3pocnbix mdoneit. UaTep-
MIpPeTUPYIOT TaKMe NaHHbIE OOBIYHO KaK Pe3y/ib-
TaT IperMMyllecTBa IIPaBoro NoJjyuapus B oopa-
0OTKe HU3KOYAaCTOTHOI COCTABIISIIONIEH CIIEKTpa
rapMOHMYECKOIO 3ByKa, KOTOPOE CIIYy>KMT OCHO-
BOM J1J1s1 IaTepain3allui BOCIIPUSITUS MY3bIK1 U
SMOLMOHATBHONM MHTOHamuM pedn. C apyroit
CTOPOHBI, OTCYTCTBME TaKOTO MPaBOIIOJYIIAp-
HOT'O JOMWHUPOBAHMSI B CUJIE U CKOPOCTHU OTBETA
SF Ha 3ByK rojioca y getei (puc. 3) monrBepxkaa-
eT aHajdoruyHole naHHble SF, moaydyeHHbIE Yy
B3pocibix moaeit (Fan u op., 2017), a Takxke pe-
3yJAbTaThl MHOTOYMCJIECHHBIX APYTUX HEUpopu-
3noJjiormyecknx (cM. MeTa-o030p Manca,
Grimaldi, 2016) 1 @MPT-pabot (Pernet et al.,
2015), ykasnIBalolIre Ha OmiaTepaabHyIO aKTH-
BallMIO 1LICHTPOB IIACHOCTU B OTBET HAa COOTBET-
CTByIOIIME CTUMYJbl. Bo3aMoxkHOEe OOBSICHEHUE
3TOro ¢pakTa — paBHOLIEHHOE, XOTSI U B3aUMOJ0-
MOJIHUTEIbHOE yYacTHe 0O0UX IOMYILIAPUIA B e~
TeKLM (HOPMAHTHOM CTPYKTYPBI aKyCTUYECKO-
ro CUTHajla M OIpeIeicHUE €ro COOTBETCTBUS
OOHOMY M3 3TaJIOHOB HEMPOHHBIX pEIpe3eHTa-
LU TJIACHBIX 3BYKOB B “IIeHTpax rojoca”.

B otiinuue ot komnoneHrta SF, oOHapyXuBa-
emoro B 1aHHbIXx MBI, BOLD-curnan @MPT (B
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CUJIYy U3BECTHOM OCOOEHHOCTH METOJa) HEe MpPOo-
SICHSIET, C KaKOM CKOPOCTBIO CPaBHUTEIBHO
HU3KOYPOBHEBbBIC CIIELIMAIM3MPOBAHHBIC 30HBI
CJIyXOBO#M KOpBI 00padaTeiBaloT MHGOPMALIMIO O
MEPUOINYHOCTY UM TIJIACHOCTU 3BYKOB pEYU.
HanbGonee mHTEpeCcCHO 1 HOBOI HAaXOIKOM Ha-
1Ieit paboThI CTAIM JaHHBIE O PA3JIMYUSIX B CKO-
poctu paboThl CHeIUATM3UPOBAHHBIX OOacTei
CITyXOBOI KOPBI, BBIACIISIIOIINX 3TU TEPLEITUBHO
3HAYMMBbIE IPU3HAKN aKyCTUYECKOTO CUTHAJIA.

3Haunmblit nuddepeHanbHbIl oTBeT SF Ha
MEPUOANYHOCTb HEPEUEBOTO 3ByKa BO3HUKAJ B
npaBoM moJjiylapuu yxe yepe3 50 Mc mocie Ha-
yajia ero nojgayu W JOCTUTAJT ITMKa B UHTEpBaje
100—150 mc (puc. 3, 5). K coxaneHu1o, OLleHKU
CBSI3U JIATEHTHOCTU M BPEMEHHOW AWHAMMKU
paHHero otBeTa SF y B3pOCHbIX JITOJIEH ¢ Mepuo-
JTUYHOCTBIO Y TJIACHOCTBHIO 3ByKa B JIMTEPAType
OTCYTCTBYIOT (CcM., HanpuMep, Gutschalk et al.,
2004). OnHako HaIlX pe3yJIbTaTbl CO3BYYHBI HE-
MHOT'OUYMCJIEHHBIM JaHHBIM MBI B3pOCIIbIX JT10-
neli, moaydeHHbIM B TTapagurme POR (pitch on-
set response), B paMKax KOTOPOUM McClenyeTcs
OTBET MO3ra Ha BO3HWUKHOBEHHWE MEPUOIUYHO-
CTH B HEMIPEPBHIBHOM LIIYMOBOM CUTHAaJIE TPU MO-
SIBJICHUM (parMeHTOB PETyJISIpHO MOAYJUpye-
moro iyMma (regular interval noise). Purtep
u coaBT. (Ritter et al., 2005) ucciengoBajin Bo3-
MOXHOCTHM MO3Ta JUCKPUMUHUPOBATb YACTOTY
OCHOBHOTO TOHA TIpU €€ U3BMEHEHUU B PETYJIsIp-
HO MopayJimpyeMoM liyme. OHM MokKasajiu, 4To,
MpU YCIOBUU OTYETIIMBOTO BOCHPUSITUSI UCHbI-
TYeMbIMU OCHOBHOT'O TOHA B aKyCTUYECKOM CUT-
HaJie, MMKOBas JIAaTEHTHOCTh nuddepeHIaab-
HOTO OTBeTa “HeraTMBHBIX” KOPKOBBIX MCTOY-
HMKOB curHaja MO3OI cocraBisieT B CpedHEM
okoio 100 mc u BapbupyeT ot 50 1o 140 mc B 3a-
BHCUMOCTU OT YaCTOThl MOIYJISILUM IIymMa (CM.
puc. 7 B Ritter et al., 2005). Bojiee Toro, 1aTeHT-
HocTbh POR npu cMeHe BBICOTHI TOHA Obljia 00-
paTHO TpOIOpPLIMOHAJbHA BBICOTE TOHAa B
“HOBOM” CTHUMYJI€ 1 BBICOKO KOppeaupoBaja C
CYOBEKTUBHBIM BOCHPUSITUEM MCIBITYEMbIMU
OTHOCUTEIBHOM BBICOTHI TOHA. TakuMm oOpa3om,
OLIEHKU JIJAaTEHTHOCTU peaKiii MO3Ta Ha MepUo-
JIUYHOCTh HEPEUYEBOro CUTHaJIa, MOJyYEeHHbIE B
JIIBYX UCCJIENOBAHUSX C McHoJab30BaHUeM MOT,
YIMBUTEIBHO COBMNANAOT, HECMOTpPS Ha pasiu-
4yusi B BO3pACTe MCIIBITYEMbIX, TU3aliHEe SKCIe-
pUMEHTa, METOJaX MOJEJIMPOBAHUS KOPKOBBIX
UCTOYHUKOB U T.A. CyJs 1o ucciienoBaHuio Put-
Tepa U COAaBTOPOB, MO3I HE TOJBKO pPaclo3HaeT
NEPUOINYHOCTDb CIEKTPAIBbHO CJIOXKHOTO CUTHA-
ja yepe3d 50—100 Mc mocie BOBHUKHOBEHMUSI, HO
U IEKOAUPYET BBICOTY €0 OCHOBHOTI'O TOHA.

KYPHAJI BEICHIEVM HEPBHOW OEATEJIBHOCTU

B cpaBHeHum ¢ mepuomuaHOCTbIO audde-
peHLManbHbI 0TBeT SF cllyxoBoii KOopbl 000MX
MoJyluapuii Ha pedyeByl0 MPUPONY 3ByKa HUMEN
OoJiee IJIUTEIbHYIO JJATCHTHOCTb, HAYMHASCh CO
100 Mc mocie MOMEHTa Hadajla moJadyy CTUMYJIa,
HO yxXe yepe3 40—50 Mc gocTuraj MakCuMyMma 1
yracan (puc. 3). BpemeHHas1 3amepxka B BO3-
HUKHOBeHUM auddepeHuranbHoro orsera SF
Ha IJIJaCHOCTb 3BYyKa I10 CpaBHEHMIO C IePpUOINY--
HOCTBIO (CpemHsIsa JaTECHTHOCTh 0KoJIo 50 Mc aJ1st
MEPUOINYECKUX HEPEUYEBbIX CTUMYIOB U 110 Mc
IJIST HEMNEPpUOAMYECKUX IJIaCHBIX) IO3BOJISIET
MpPEeaNoJ0XUTh, YTO paclio3HAaBaHUE MO3TOM
UICHTUYHOCTU INIACHBIX 3BYKOB TpeOyeT Ooliee
JJIMHHOTO OKHAa BPEMEHHOM MHTErpaluu, 4eM
KOIMPOBAHME YaCTOThl OCHOBHOI'O TOHA aKyCTHU-
YyeCKUX CUTHAJIOB. KOCBEHHBIM CBUAETEILCTBOM
TOMY SIBJISIIOTCSI TaK:Ke IICUXO(PU3NYECKME TaH-
HBI€ O BJIMSIHUU YKOPOUEHUS/YIJIMHEHUS 3ByYa-
HUSI TJIACHBIX HAa HAIEXHOCTb UX PACIIO3HABAHMSI
B peueBom 1oToke (Ferguson, Kewley-Port,
2007; Hillenbrand et al., 2000). JnuTeabHOCTh
[JIACHBIX 3BYKOB B pedyu Bapbupyer oT 70 mo
250 Mc, B 3aBUCMMOCTH OT COOCTBEHHO (DOHETHU -
YeCKUX CBOMCTB ONpENeIEHHOM TJIaCHOM, yaap-
HOCTU, KOAPTUKY/ISILUOHHBIX U3BMEHEHUI 1 MHO-
rux apyrux ¢akropoB (cM. meta-aHanu3 Hillen-
brand et al., 2000). HecMoTpst Ha 3HaYUTENbHBIE
BapualuM, YKOpoYeHUe CpeaHel JINTeIbHOCTU
miacHbIx 1o 100 Mc cHUXKaeT Mx paclio3HaBae-
MOCTb B CjIorax TUIla “corjlacHasi — riacHas —
cornacHag” (Stevens, 1959), npuyeM HeoObIU-
HO€ YKOPOYEHME INIACHBIX B TAKWX CJIOTAaX B~
€T Ha BOCIIPUSTHUE OOJIbIIIe, YeM UX HEOObIYHOE
yanuHenue (Hillenbrand et al., 2000). MuTtepec-
HO, 4YTO yIJIMHEHME 3By4aHUSs IJIACHBIX B CpeEll-
HeM B 1.3—2 pa3za yJIyymiaeT pacrio3HaBaeMOCThb
peyu B 1LIEJIOM U SIBJISIETCSI CYILLIECTBEHHOM OCO-
OEHHOCTBIO TaK Ha3bIBaeMOM “SCHOM” peuw,
YIIOTpeOIsIEMOIA, HAIIpUMeEP, B pa3roBope ¢ UHO-
crpanuamu (Behrman et al., 2019). Takum obpa-
30M, MCCJEIOBAHUS BOCIIPUATHUSI MOKA3LIBAIOT,
YTO JeKOAMPOBaHUE MIACHOIO 3ByKa B CJIyXOBOM
KOope 3aHMMaeT B cpeaHem He MeHee 100 mc,
MpUYEM HEKOTOPOE YIJIMHEHUE BPEMEHU, OTBE-
JEHHOTO MO3Ty Ha aHAJIM3 UJEHTUYHOCTU IJIac-
HBIX, YIydlllaeT BOCIPUSITUE PEYEBOTO ITOTOKA.
XpoHOMETpaX paclo3HaBaHUsI IJIACHBIX B peue-
BOM ITOTOKE TTOJIHOCTBIO COIJIACYETCS C HAILIMMU
JaHHBIMU O TIOSIBJIeHUM AuddepeHInaILHOIO
HEMPOHHOTO OTBETa Ha MIACHOCTh MHPUMEPHO
yepe3 110 Mc mociie Hayaja IpeabsBIeHUS 3ByKa
1 JOCTVDKEHUU UM MakKcuMymMma elle crycts 40—
50 mc. Paznmumsa B ckopoctn orBeTtoB SF Ha
[JIACHOCTh Y TI€PUOAUYHOCTh 3ByKa YKa3bIBalOT
Ne 4
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Ha TO, 4TO 00paboOTKa IITaCHOCTH 3ByKa IPOMC-
XOIUT Ha 0o0Jiee BBICOKOM YpPOBHE CIYyXOBOTO
BEHTPAJIbHOTO TTOTOKA, KOTOPHIiA, TIPEIOI0KM -
TeJIbHO, MHTETrpupyeT MHGOPMAIIMIO O YacTOTe
OCHOBHOTO TOHA IJIaCHOTO 3ByKa ¢ ero (hOpMaHT-
HbIM cocTaBoM. O0 3TOM TakxkKe CBUAETEJILCTBY-
eT aIAUTUBHOCTh BJIUSHUS TEPUOAUYHOCTU U
IJTACHOCTU HAa IMHAMUKY Pa3BUTUS U CUITY (-
depennmnansHoro orseta SF (puc. 5). Couera-
HHUE IBYX XapaKTepUCTUK, MAaKCMMaJbHO TIpU-
OmKaroliee 3ByK K IJTaCHOMY 3BYKY €CTECTBEH-
HOl pedn, pe3ko ycwmBaio otBeT SF,
TeHEpUPYMBI “30HaAaMM TJIACHOCTU IIPaBOIO
nonymapust depe3 100—150 mc mocie Hadgaima
npenbsiBiacHUs. Takoe yCuJIeHue MOATBePKIacT,
YTO Ha 3TOM, OoJjiee MO3AHEM 3Talle 00paboTKU
“30HBI TJTACHOCTH B CIIYXOBOI KOp€ ITOJIy4aroT
BOCXOMISIIINI CUTHAJ O TIEPUOIUIHOCTH U BBICO-
T€ OCHOBHOT'O TOHA I1acHOro 3ByKa. [Ipenmona-
raloT, 4To 0oJjiee HU3KOYpPOBHEBasi MH(MOpMaIIs
0 9aCTOT€ OCHOBHOTO TOHA MCITOJIb3YETCSI 000U -
MU TIOJyIIapusMM MoO3ra IJjIs HOopMalu3alluu
IJTAaCHOI TIpu aHanm3e (OpMAaHTHOIO COCTaBa,
YTOOBI OTHEIUTH MEPLENTUBHO 3HAUMMYIO WH-
(bopmanuio o COOTHOLIEHNH YacTOT (POPMAHT OT
U3MEHYMBOCTU UX aOCOMIOTHBIX 3HaUeHU (An-
dermann et al., 2017; Patterson, Irino, 2014). JIa-
Tepaau3alus alaIuTUBHOTO 3 deKTa K IIPaBOMY
MTOJIYLIAPUIO MOXKET OBITh (DYHKIIMOHAJIBHO pe-
JIeBaHTHA €T0 POJIM B OIIPENEICHUM IT0JIOBOIt
MMPUHAIJICKHOCTH, TeHAepa WM JaXe dMOINO-
HAJIbHOTO COCTOSIHUSI TOBOPSIIIETO, KOTOpOe B
3HAYUTEJIbHON CTeleHW OCHOBBIBACTCSI Ha Ya-
crote ocHoBHOTrO ToHa (Belin et al., 2004).

B uestom maTTepH JIoKanM3alunuyu UICTOYHUKOB
1 BpEMEHHbIC apaMeTphl AuddepeHIInaaTbHbIX
OTBETOB CIIYXOBOM KOPbI HA INIACHOCTH U TIEPUO-
IUIHOCTH B HAIlleM UCCISA0BAaHUM COTIIACYIOTCS
C TEOPEeTUYECKUMHU TIPEACTABICHUSIMU O TOM,
YTO “30HBI IJTACHOCTH 3BYKa” B BMCOYHOI KOpe
SIBJISTIOTCST HanboJiee paHHMUM YPOBHEM B Mepap-
XU 00pabOTKM pedeBoi mHPOpMALIUM, Ha KO-
TOpOM 00paboTKa COOCTBEHHO aKyCTHUECKNX
CBOMCTB CTUMYJIa TpaHC(HOPMUPYETCS B IEKOIM -
poBaHMe 3ByKOB PEUU.

SAKJIIOYEHHME

CoueraHue TPOCTPAHCTBEHHON JIOKaluU3a-
LIMM U BPEMEHHbBIX CBOMCTB CyMMapHOTI'O YCTOM-
YUBOTO T10JIs1 HEUPOHOB CJIYXOBOU KOPbI YKa3bI-
BaeT Ha BBICOKYIO YYBCTBUTEJIBHOCTb OTHOCHU-
TeJIbLHO pPaHHUX OTBETOB CJIIYXOBOf KOpbI B
uHTepBaie 50—150 Mmc mocne Hayajia mojadu
CTHUMYJIa KaK K TePUOIUYHOCTHU, TaK U K peUeBOI
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NPUPOJIE 3ByKa MPU HE3aBUCUMOM HACTPOMKE
HEWPOHHBIX ceTeil 00ouX Moaylapuii Mo3ra Ha
KaXKIIbIA M3 3TUX IIPU3HAKOB INIACHBIX 3BYKOB pe-
yn. JlareHTHOCTH InpdepeHIINATEHOIO HEHPOH-
HOTO OTBETa Ha PEYEBYIO MPUPOIY 3ByKa Cylle-
CTBEHHO 3a/icpXXaHa, 0 CPAaBHEHUIO C OTBETOM Ha
ero NMepyuoJMYHOCTb, IIPU ITOM COYEeTaHUE 000-
WX TIPU3HAKOB B INIACHOM 3BYKE €CTECTBECHHOM
peYM YCUJIIMBAET U YCKOPSAET HEMPOHHBINA OTBET.
IMonydyeHHbIe pe3yabTaThl COOTBETCTBYIOT COBpE-
MEHHBIM TEOPETUYECKUM MOAEISIM (DOPMUPOBaA-
HUSI HEMPOHHBIX PENPE3CHTALINI MEPUOONIECCKIX
M IJTACHBIX 3BYKOB B CJIIyXOBOM KOpP€ MO3ra 4eJI0BE-
Ka. Bpicokas HameXXHOCTb 3aKOHOMEPHOCTEH,
BBISIBJICHHBIX Y TUIIMYHO PAa3BUBAIOILINXCS [IE-
Teli, MO3BOJISIET HANEAThCsI, YTO pa3padaThiBae-
MBIl TTOAXOJ, ITO3BOJIMT OLIEHUTh creuu@uKky u
pOJIb BO3MOXHBIX HApYILIEHU 00pabOTKN HU3-
KOYPOBHEBBIX CBOMCTB PEUYEBBIX 3BYKOB B TPYI-
HOCTSIX BOCHPMUSITHS peYr y AeTell ¢ mepBa3uB-
HBIMH pacCCTPOCTBAMU pa3BUTHS.
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THE EFFECT OF PERIODICITY AND “VOWELNESS”
OF A SOUND ON CORTICAL AUDITORY RESPONSES IN CHILDREN

T. A. Stroganova®, K. S. Komarov*, D. E. Goiaeva‘, T. S. Obukhova?, T. M. Ovsiannikova?,
A. O. Prokofyev* , and E. V. Orekhova**#

¢ Center for Neurocognitive Research (M EG-Center) Moscow State University of Psychology and Education, Moscow, Russia
b MedTech West and the Institute of Neuroscience and Physiology, Sahlgrenska Academy, the University of Gothenburg,
Gothenburg, Sweden
# e-mail: orekhova.elena.v@gmail.com

The neural basis of speech decoding is of both fundamental and practical interest for many areas of
neuroscience. The discovery of highly specialized areas of the temporal cortex, which perform
acoustic analysis of vowels and the pitch of spectrally complex periodic sounds, opens the way for
new directions in research on speech signal processing in healthy and diseased brain. Here, we
sought to dissect the effects of periodicity and “vowelness” of a sound on the neural response of the
auditory cortex in typically developing children aged 7—12 years. We hypothesized that although
both of these properties are pertinent to speech vowels, their processing occurs at different levels of
cortical ventral auditory stream. To test this hypothesis, we constructed a set of acoustic stimuli,
manipulating their periodicity and ‘vowelness’ separately, and used magnetoencephalography in
combination with individual brain models to assess the cortical topography and temporal dynamic
of cortical sources, which respond selectively to either sounds’ periodicity or to their ‘vowelness’.
We found that the early auditory responses (50—150 ms) were highly sensitive to both periodicity
and ‘vowelness’ of a sound, although they were separable from each other in terms of response tim-
ing, source localization and hemispheric asymmetry. Our findings suggest that the separate neural
networks are independently tuned for each of these properties of the speech sound, and that trans-
formation of the respective acoustic properties into a speech feature take place at these earliest stag-
es in the speech processing hierarchy. Our results may help to evaluate the role of specific neural
deficits in the processing of low-level properties of speech sounds in language disorders.

Keywords: MEG, auditory evoked responses, sustained field, periodicity and voweless of sounds,
children
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NHPOPMALINA

ITPABWIA JIJI1 ABTOPOB

“ZKypHan BbICIIEeii HEpPBHOW [esTEIbHOCTU
nMm. W.T1. TTaBaoBa” myOJMKYeT 3KCHEPUMEH-
TaJbHbIE, TEOPETUYECKUE U OO30PHBIE CTATHU TTO
Helpodr3nosorum U NaTo(pru3noJIOTUN BhICIIEH
HEPBHOM NESITEJIbHOCTU YEJIOBEKA U XXKUBOTHBIX
Ha PyCCKOM UM aHIJIMMCKOM SI3bIKaX, paHee HUTAE
He onyOJIMKOBaHHBIE.

B pybpuke xypHana “KpaTkue cooOmeHus”
nyonInKyoTcsa KopoTkue (do 10 cmpanuy, exaro-
Yas CNUCOK Aumepamypbvl U pUCYHKU) CTaTbU Npu-
opumemHo20 xapakmepa; ocje MOJTOKUTEIbHOMN
OLICHKU IBYMSI pElLIEH3eHTaMU W YTBEPXKICHUS
[JIABHBIM PeIaKTOPOM M PEIKOJIIerheil XXypHalia
3TU CTAThU OYAYT UMETh IIPEUMYIIECTBO 10 CPO-
KaM OITyOJIMKOBaHMSI.

B xxypHaie uMeroTcs pa3ielibl: KpaTKue coo0-
LIeHUsI; 0030PhI, TEOpEeTUUYECKIE U TUCKYCCUOH-
Hble CTaTbu; (PU3MOJIOIUs BBICIICH HEPBHOM
(KOTHUTUBHOM) IeSITeJIbHOCTU 4YeloBeKa; (u-
3MOJIOTUYECKNE MEXaHU3MbI [IOBEICHUS KUBOT-
HBIX (BOCHPUSITME BHEIIHUX CTUMYJIOB, IBHUTa-
TeJIbHAsI AKTUBHOCTh, OOYYEHUE U MaMSITh); 9KC-
MepUMEHTaIbHAsI TTATOJIOTUs BBICIIE HEPBHOM
IesITeJIbHOCTU; HelipoOmo(hOTOHMKA U Helipore-
HETHKa; KJIeTOYHAas1 HelipodU3noaorus; Heiipo-
dunocodus; MmeTonuka.

ITo pemieHUIO peaKOUICTUM XKypHAJIa CTaThH,
HE UMeIoIIie IMTUPOBaHUS (M3 UCTOPUU HAYKM;
XpPOHMKA; peleH3nn; MHGOpMaIINs), pa3Mela-
IOTCSI TOJIBKO Ha caiiTe XypHaa.

MMPENCTABJEHUE PYKOIIUCEN

CraTby NpUMHUMAIOTCS B pelaKIUM XKypHaa:
117485 Mocksa, ya. bytineposa 5a, komH. 320,
Ten. (495)334-84-19, e-mail: zhvnd@ya-
hoo.com, zhvndpavlov@gmail.com

I[Ipu nmepBUYHOM IIpEACTaBJICHUN PYKOIUCU
clienyeT IpedoCTaBUTh OyMaXXHBIM BapHUaHT
(2 ak3eMIuIsIpa TEKCTa CTaThU U WLTIOCTpAaLIUii),
2JIGKTPOHHYIO BEPCHUIO Ha JIIOOOM HOCUTee (CM.
paznen “DraeKTpoHHasl Bepcusi”), HaIllpaBIeHUE
OT MHCTUTYTA U 3aK/II0OYCHHE SKCIIEPTHOM KO-
MUCCHU, TOTOBOP O Tiepeaaye aBTOPCKOro mpasa
(http://www.sciencejournals.ru/journal /jourvnd/)
(Tak>ke MOXHO IIPUCHUIATD B DJIEKTPOHHOM BUJIE
¢ 00513aTeIbHOIM JIEKTPOHHOM MOAIMUCHIO, MOXK-
HO CKaHUpoOBaTh NOKyMeHT). IlepBblii 3K3eM-

TUISIp PYKOIMWCHU JOJKEH ObITh 3aBU3UPOBAH PY-
KOBOJMTEJIEM JJabopaTopuu, OTAeTa UIU Kade-
pbl YUpEXIEeHWsI, B KOTOPOM Obljia BBIIIOJTHEHA
pabora.

OTKJIOHEHHBbIE CTaTh1 aBTOpaM He BO3Bpallla-
FOTCS.

ABTOpPBI MOTYT Ha3BaTh YeThIpeX ITOTECHIIM-
aJIbHBIX pelieH3eHToB ctaTthu (PO, mecTo pa-
OOTHI, KOHTAaKTHBIN TejaedoH u e-mail). Penak-
LIS OCTAaBJISIET 3a COOOI IpaBO OOpaTUThCS K
yKa3aHHBIM WIU MHBIM pelieH3eHTaM.

O®OPMJIEHUE PYKOITUCEN

1. Obsem pyxonuceii

° Kpatkue cooOmeHust — He JTOJDKHBI IIPEBHI-
mathb 10 cTpaHull, BKJIoYyass pUCyHKHA WJINA Ta0-
Juibl (He 60bllie Tpex), pe3toMe Ha PyCCKOM U
AHIJIMKCKOM SI3bIKaX M CIHCOK JIMTepaTyphl.

° DKcnepuMeHTAJIbHBIE padoThl — 10 30 cTpa-
HUII TEKCTa, BKJIIOYAsk pe3loMe Ha pyCCKOM 1 aH-
IJIMIICKOM $SI3bIKaX, CIIMCOK JIUTEPATyPhl, a TAKXKE
10 6 pUCYHKOB WJIY TaOJIHII.

° O030pHBIE M TEOpPETHYECKHE CTATbH — 0
60 cTpaHuI] TeKCTa BKJIIOYasi pe3loMe Ha pyc-
CKOM M aHIJIMCKOM $I3bIKaX, CIIUCOK JINTEPATY-
pbI, 3 pUCYHKA U TaOJIULIBI.

2. Texem

TexcT neyaTaeTcs uepez noamopa uHmMepeald;
8epxHee, HUJICHEE U 1e80e NO0Asl Q0ANCHbL ObiMb He
MeHee 2.5 cM; npasoe nojae MmeKcma MOICHO He Gbl-
pasnusams. Illlpucpm Times New Roman 14, nyme-
paLus CTpaHuIl JaeTcs BBepXy, B LeHTpe. Haua-
JI0 cTaThi opopmisieTcs 1o oopasiy: YK B ne-
BOM BE€PXHEM YIJIy CTPaHMIIbI, HA3BaHUE CTaTbU,
aBTOPBI (MHULIMAJLI TIeped aMUineii), ITOJIHOe
Ha3BaHUE YYPEXIEHUI, B KOTOPbIX BbIIIOJIHSI-
Jlach paboTa, agpec 3JeKTPOHHOI ITOYTHI, AaTa
MNOCTYIUJICHUS 1 AaTa MPUHSTUS B I1e4aTh (IIpu-
BOOUTCSI IOCJIE OKOHYATEILHOTO IIPUHSATHUS CTa-
to1). Hammpumep:

VK 612.821.6
HA3BAHWE CTATbU
© 2021 1. A. A. UBaHoB, A. b. TleTpoB
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Kaghedpa usuonoeuu, Mockoesckuii eocydap-
cmeeHHbLil YHugepcumem um. M.B. Jlomonocoea,

IToctynumna B pegakuuio (gara)
ITocne nopaboTkm (mara)
I1punsara B neyats (Hara)

Haree ciaenmyeT KpaTkasa aHHoTanus (He OoJjee
1/2 cTpaHulibl) U KJIIOYEBbIE ciioBa (He 6osiee 10)
AHHOTaIUS M KJIIOYEBbIE CJIOBA HAa aAHIIMIACKOM
si3pIK€ CTaBSTCS B KOHIIE TEKCTa, TOCJIe CITMcKa
Jurteparypsl. He pexomendyemcs 6600ums 6 aHHO-
mayuro HecmaHoapmHbsle abOpeaUamypbl U CCoLIKU
Ha aumepamypy.

B nHavasie craTbu cienyeT IpuUBECTA 0OOCHO-
BaHUE U 9eTKO C(hOopMYIMpPOBATH 3a7a49y padoThI,
3aTeM BBIICJIUTh pa3/ie/ibl: METOAUKA (TIIe CIIeIy-
€T yKa3aTh, KTO I pyKOBOACTBYSICb KAKMH TIpa-
BUJIAMU YTBEPAMJI TIPOTOKOJIBI paOOTHI C XKUBOT-
HBIMU, HAJIMYME OCHOBAHU IS paOOTHI HA Ye-
JIOBEKE), pe3yJIbTAThI HCCJIEIOBAHMIA, 00CYKIeHIe
Pe3yJIbTATOB U 3aK/II0YEHNE VTV BbIBOIBI.

B crareax, nmyonukyempix KBHJI, o06s3a-
TeJIbHA CTATHCTHYECKAs 00pad0TKA MOJy4eHHBIX
pesynbsraToB. B paznenre METOJIUMKA nomkHO
MMPUCYTCTBOBATh OMMCAHNUE CTATUCTUIECKUX ME-
TOIOB, a TAKXKe JOJDKEH OBITh YKa3aH CTaTUCTH-
YeCKUI MaKeT, IPUMEHSIBIIUICS TP 00padboTKe
pe3yJIbTaTOB, U HOMEP €ro BEPCHUM.

Ecnu paGora monaep:xaHa rpaHTaMH, IOCTE
3aKJIIOYEHUSI CJIeyeT MPUBECTU paciindpoBaH-
Hoe Ha3BaHue poHga u Ne mpoexTa.

3. Cnucok aumepamypbol

Cnucok auTepaTypbl JOJDKEH HAYUHAMbCS C
HOB0U CMpAaHUybl N BKIIIOYATh MOALKO ONYOAUKO-
8aHHble pabomul, TIPOLIMTUPOBAHHBIE B TEKCTE.
CchUIKY Ha pabOThI B TEKCTE B COOTBETCTBUU CO
criuckoM, HaymHasg c¢ 2021 roma, mgaloTcsl B
KpymDibiX ckooOkax (®amunus, ron). Harpumep,
(MBanos, 1987), (MUBaHoB, IleTpos, 1993), Tpu u
oonee Tpex aBTopoB (MBaHoB 1 11p., 1995), (Rog-
er et al., 1985).

B cniicok iutepatypsl cienyeTr BKJII0YaTh pa-
00ThI B ayihaBUTHOM TIOpPSIIKE, cCHaYyasa Ha pyc-
CKOM S$I3bIKE, 3aTeM Ha MHOCTpaHHbIX. Cienyer
NpUBECTU (aMUIUU cex asmopog, Ha3BaHUE
CTaTbM, Ha3BaHUE XKypHala, rol, TOM, IEPBYIO U
IMMOCJIEAHIOI0 CTPAHUIIbl, WU Ha3BaHUE KHUIHU,
ropo[, U3AaTeabCTBO, IO, YACIO CTPAHULL.

Crnucok uaet 6e3 Hymepalu. Pamuius nep-
BOTO aBTOpA JOJIXKHA ObITh pacrojoXeHa clieBa
0e3 oTCTyIa, a BTOpbIE U CIAEAYIONIE CTPOKY BbI-
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POBHEHBHI II0 MepBOi OyKBe (paMUINU MEPBOrO
aBTOpa.

Hanpuwmep:
Heanoe U.M., Ilempoes I1.1I. BekTopHOE KO-

OUPOBaHKME U HEMPOHHBIE KapThl. 2KypH. BBICIII.
HepB. aeat. 1993. 43 (5): 102—110.

Cumonoe I1.B. MoTtuBUpOBaHHBIN MO3T. M.:
Hayxka, 1987. 269 c.

Olds J. Mechanisms of instrumental condi-
tioning. EEG a. Clin. Neurophysiol. 1963. 24:
219-225.

Roger D. Operant control of evoked potentials.
Self-regulation of the Brain and Behavior. Ed. El-
bert T.H. Berlin: Springer-Verlag, 1984. 180—
195 pp.

Ecnu cratbsa ObLta OmyOJIMKOBaHA B HaIlleM
KypHaJje, a 3aTeM IlepeBeeHa U Omy0JIMKOBaHa
B “Neuroscience and Behavioral Physiology”,
LIMTUPOBATh €€ CJIEAYET 110 MepBOM MyOIMKaLINKI
B “ZKypHase BBICIIIEIT HEPBHOM IeITETLHOCTH .

HuTtupoBath ZKypHan BbICILIEl HEPBHOM JesI-
TEJILHOCTM B CTaTbsSIX Ha AHIIMHACKOM SI3bIKE
HY>KHO CISAYIOIINM 00pa3oM:

Zh. Vyssh. Nerv. Deiat. 2000. V. 50. Ne 3.
P. 25-30.

Baocnvie mpebosanus

1) He meHee 50% UMTUPYEMOIi B CTAThE JINTE-
paTypbl JOJIKHO OBITh HOBOM, TO €CTh OITyOJIMKO-
BaHHOM 3a 5 mocnegHue JeT (3a UCKITI0YeHUEM
0COOBIX CITyJaeB, COIJIACOBAaHHBIX C peIaKIIneit);

2) caMoMTUpOBaHMe (CChUIKM Ha paOOTHI aB-
TOPOB M COABTOPOB CTaThM) HE JOJKHO MPEBbI-
math 15%.

Tabauuybt

Tabnauibl 1aI0TCA Kaxcoas Ha 0mOeabHOM AU-
cme. 3ae040680K mabAuybl 0aemcs Ha pyCcCKom U
AHAUUCKOM A3bIKAX.

Hanrocmpayuu

Pucynku nawotcs ma omoeavHbvix aucmax. B
TEKCTE CTaTbU, Ha MOJISIX JOJXKHO OBbITh YKa3aHo,
rI1e MMEHHO cliedyeT MOMecTUTh pucyHok. Ha
pucyHKax pazMep OyKB 1 LGP AOJXKEH OBITh
He MeHbuie 3 MM, wpudT Arial. Iloanucu
(MakcUMaIbHO KpaTKKe) Nal0TCS Ha PyCCKOM U
aHNIMHACKOM $I13bIKaxX Ha OTAEIbHBIX JIMCTaX.

Ecnu pucyHoOK ObL1 OIyOJIMKOBAH paHee, He-
00XOJIMMO NUCbMEHHOE paspeuleHue om e1adeavya
npaea Ha e2o nyoauUKayuio.

Ne 4 2021
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I[Ipy TIepBUYHOM TIIpEOCTABIIEHUM CTaTbU
BJIEKTPOHHAsI BEPCHSI MOXET OBITh IIPeICTaBICHA
Ha J1I000M 3JIEKTPOHHOM HOCUTEJIe WK TIpHCIaHa
Mo 3JIEKTpOHHON mouTe (zhvnd@yahoo.com,
zhvndpavlov@gmail.com).

OkoHuamenbHas Gepcusi NPUHAMOL 6 Neuamsbp
pabombl NOJIXKHA OBITH ITOJaHAa Ha JIIOOOM 3JIeK-
tpoHHOM Hocutene (CD, DVD, USB, flash card,
dopmar rtf, Word, IBM) unu npuciaHa mno 3ieK-
TPOHHOM ITOYTE OJHOBPEMEHHO C MICHTUYHOM
OymaxkHoi Konuei (1 5K3. TeKcTa M pUCYHKOB).
B cocraB a51eKTpOHHOI BepCUM JOKHbBI BXOAUTD:

KYPHAJI BEICHIEVM HEPBHOW OEATEJIBHOCTU

° (baiin, comepxkaiuii TEKCT cTaThby (B popMa-
Te Microsoft Word for Windows, wpugpm Times
New Roman, pazmep wpugpma — 14,

° (paitn(nl), cogepKalire WIUIIOCTPALMU 8 00-
HOM u3 caedyrowux gopmamos: MS Excel, MS
Word, PowerPoint, jpg, tif, bmp.

B ciiyyae He00X0AMMOCTY BHECTH M3MEHEHMS
B CTaTbl0 B COOTBETCTBUM C 3aMEYaHUSIMHU pe-
LIEH3€HTOB M TPeOOBaHUIMMU pEeHAKIIMU aBTOP
IOJKEH BEPHYTh CTATBIO 6 meueHue 08yX Mecsi-
yeg, MHaye CTaTbgd CYUTAETCS IOCTYNUBIIEH
BHOBb.

Crarpu, odopMiieHHbIEe He MO MPABWJIAM, He
paccMaTpUBalOTCH.

TOM 71 Ne 4 2021



