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OTKpbITUE HEeMipOreHe3a BO B3POCIOM COCTOSIHUM, BhIIEJIEHUE U KyJIbTUBUPOBAaHUE HEMPaTbHBIX CTBOJIO-
BbIX KJ1eToK (NSC) B3pocioro Mo3ra u nocjenyloliiee nojaydeHue U3 HUX ayTOJOTUYHbIX HEHPOHOB in Vitro
HAITOJIHUJIM YYE€HbBIX HAAEXKIO! Ha TO, YTO BCKOpe OyIyT CO3MaHbl HOBbIE pereHepaTuBHbBIE TEXHOJIOTUM,
MO3BOJISIIONIME BOCCTaHABIMBATh YTpauyeHHbIe BeieacTBue 6onesHeil 1 tTpaBM ¢pyHkuuu LITHC. OgHako B
TeUeHHUeE ITOCIEAYIOIINX TPUALIATHY JIET aXKUOTaXK M OYapOBaHUE HOBBIM OTKPBLITUEM CMEHUIUCH OCMBICIC-
HueM yHkimit NSC u ux kputuueckoii oneHkoi. HoBeiiie naHHbie M0 ¢GyHKIMOHUPOBAHUIO CTBOJIO-
BBIX HUIII BO B3pOCJIOM MO3T€e U KJIOHAJIbHBIE UCCAEA0BaHMS AepuBaTOB B3pOCiabiX NSC MO3BOJISIIOT 3aKJTI0-
YUTh, YTO MX (YHKIIMU BO B3POCIOM MO3re CKOpee BCEro He CBSI3aHbI C perapaTUBHOI pereHepaunueii
crpykryp LIHC. Mosonple HelipoHEBI, 00pa3ylomuecs B CyOBEHTPUKYISIPHOM 1 CyOrpaHyIsIpHOM 30HaX
B3pOCJIOr0 MO3ra, BCTpauBasiCh B HEHPOHHBIE CETU, BHIMOJIHSIOT BIIOJIHE KOHKPETHBIC (DYHKIIMNA — MOJIY-
JISILIAS pacIO3HAaBaHMS 3aM1ax0oB U (GYHKLIMOHUPOBAHUE OOYYEHUSI U AMSITU, COOTBETCTBEHHO. Y BBICILINX
MPUMAaTOB U YeJIOBeKa HeiiporeHe3 B CyOBEHTPUKYJISIPHOI 30HE He ONpeaesieTcs], a YDOBEHb HeliporeHes3a
B 3yOUYaTOil U3BUJIMHE COMIOCTABUM C YPOBHEM Y MBIILIE JIUIIIL B pAHHEM OCTHATAJIbHOM MEPUOJIE, KOIIa
oOpa3zyrolirecst MOJIOJble HEMPOHBI IPUHUMAIOT y4yacTHe B KOTHUTUBHOM INIACTUYMHOCTU, MOAYJIMPOBAHUU
MaMSTH U APYrux GyHKILMIX pa3BUBaOILIErocs rTuinokamia. Hannuue HelfiporeHesa y B3pOCJIOro 4ejioBeka
B HOBEHIIIMX UCCIEIOBAHUSX HE MOATBEpKAaeTCs. B yCI0BMSIX MATOIOTMY B CTBOJIOBBIX HUILIAX B3POCJIOTO
MO3ra [IPOUCXOIIT II00AIbHbIE U3MEHEHUSI TOMEOCTa3a, COIPOBOXAAIOIIecs akTuBalueil cosiux NSC,
ycuieHrueM Tpoardepanuu BeRKUBIINX NSC 1 Bcex MOCIeyIOIIMX KJIOHOB IPOre€HUTOPOB, OAHAKO, B
cilyyae BhIpAXKEHHOU IMOeIN KJIETOK Aaxke OIM3JIeKallUX CTPYKTYp MO3ra, SIU(MOPMHOI pereHepaLuu ¢
y4acTheM BHOBb 00pa30BaHHBIX HEMPOOIAaCTOB HE TPOUCXOAUT JaxKe Y HU3IINUX MJIEKOITUTAOIINX. Y Yeso-
BEKa, C YYETOM BbIPAXKEHHOM BO3PACTHOI MHBOJIIOLIMY HEMPOTEeHEe3a B 3y0UaToil M3BUIMHE, BOCCTAHOBIIE-
HUeE LepeOpabHbIX QYHKILMIA OCYIIECTBIISICTCS JIUIIb [TOCPEACTBOM HEMPOHAIbHOM MJIaCTUYHOCTH. [ToHU-
MaHue 6uojioruueckoit poyu B3pociibix NSC I03BOJISIET cieIaTh BEIBOI O TOM, YTO CO3JaHME TEXHOIOTIUIA
KJIETOUHOI pereHepauuu 3adoneBanuii u TpaBM LIHC yenoBeka, eciiv 1 BO3MOXKHO, TO BO3MOXKHO TOJILKO
IIyTEM perporpaMMUPOBAHUS B3POCIbIX COMATUYECKUX KIETOK.

Kaurouesbie croea: HeliporeHes, HeifipaabHbIE CTBOJIOBBIE KJIIETKH, HUIIN CTBOJIOBBIX KJIETOK, CYOBEHTPUKY-
JIsIpHast 30Ha, cyGrpaHyiisipHast 30Ha, pereHepauus LIHC
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BBEAEHHUE

OOHapyXeHHe HelpaJbHBIX CTBOJIOBBIX KIIETOK
(NSC) B3pocioro Mo3ra 1 [oka3aTejbCTBa Helpore-
He3a BO B3POCJIOM COCTOSTHUH TTOPOIMIIM HOBOE Ha-
YYHOE HallpaBJieHUE — UCCIIEA0BaHMS COBOKYITHOCTH
KJIETOYHBIX Cy6l'lOl'[y.HHLlVll7[ N BHEKJIETOYHOI'O MHK-
POOKpPYKeHMsI, 00Pa3yIOIINX HUAIIIN CTBOJIOBBIX KJIe-
TOK B3pPOCJIOTO MO3Ta.

I/IHTepCC K O9THUM UCCICOJOBAHUAM ITOOOTPEBAJICA U
mogorpeBacTCd IpEXKAEC BCETO IMPEAITIOJOKCHUEM O
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TOM, YTO MMOHMMAaHNE MEXaHU3MOB (DYHKIIMOHUPOBA-
HUs B3pocabiX NSC OTKpoOeT ITyTh IJIsI CO30aHUST HO-
BbIX pEreHEpPaTHUBHBIX TEXHOJIOTMII BOCCTAHOBJICHUS
¢dyskuuit [ITHC, yTpauyeHHBIX BCenCcTBUE 3a00jieBa-
HUii 1M TpaBM. O6G0CHOBaHMEM BO3MOXHOCTH CO3a-
HUSI TaKMX TEXHOJIOTUI CIIY>KWIN JAaHHBIE O BO3MOX-
HocTsx pereHepauuu ITHC y 6oJiee n1peBHUX XXUBOT-
HBIX. HanmpnMep, HM3IIMEe MMO3BOHOYHBIE — PHIOBI M
amMpuOMM IIPOIOLKAIOT PACTU HA BCEM MIPOTSLKECHUU
KW3HU U coXpaHsIOT akTuBHbIe NSC BO MHOTMX OT-
nenax ITHC (Urbén et al., 2019). 9t XuBOTHBIE BO
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B3POCJIOM COCTOSIHUM 00JIagaloT CIIOCOOHOCTBIO K pe-
reHepaluy CTPYKTYp HepBHOM cUcTeMbl. Tak, KOCTH-
CTBbI€ PBIOBI, HatpuMep, Darnio rerio CTIOCOOHBI TTOJTHO-
CTBIO BOCCTAaHOBUTH MOBPEXICHHYIO CETYaTKy Ivia3a
(Goldman, 2014) u ctpyktypbsl LIHC nocne Tsokeabix
MOBPEXICHUIA, JaKe TaKMX, KaK IOJIHBI aHATOMMUYE-
cKuii TiepepbIB ciuHHOTO Mo3ra (Mokalled et al., 2016).
I1pu 3TOM MMIUANBHBIN pyOell, KOTOPBINA Y MJIEKOII-
TaIOILIUX SIBJISICTCS MaTOJOTUYECKMM OJIOKOM, IIpe-
IISITCTBYIOIMAM TIPOPACTAHUIO PEreHEePUPYIOIINX
HelipoHOB, Y Danio rerio He ¢dopmupyetcsa. Haob6o-
pOT, IIMaldbHbIe KJIETKM B 00JIaCTH od4ara TpaBMbI
aKTUBHUPYIOTCS 3KCIPECCUPYIOIIMMCS TaM cligfa u
GOpMUPYIOT MOCTHK, 1O KOTOPOMY B 00JIaCTh TpaB-
MBI IIpOPAacCTaloT pereHepupylolre akcoHbl (Moka-
lled et al., 2016).

“YeMnMOHOM pereHepauuu”, 6e3yCI0BHO, SIBISI-
eTcs 10BeHWJIbHas1 (popma cajamMaHIpbl — MEKCUKAH-
CKUI aKCOJIOT/Ib, KOTOPBIA MOXET pEreHepupoBaTh
de novo He TOJIbKO KOHEUHOCTH, HO U TeJieHLehaloH
(Maden et al., 2013), a3 (Suetsugu-Maki et al., 2012)
1 aHaTOMUYECKU MPEPBaHHbIN CITMHHOI Mo3T (Demir-
can, 2020). B pereHepamum TejieHIedalToHa y aKCO-
notnsa ygactByloT NSC cyOBEeHTPUKYISIPHOII 30HBI,
MUTpUpYIOIMe B 30HY noBpexaeHus (Maden et al.,
2013). I1pu pereHepaluy ceTYATKM y PHIO 1 aMpuouii
MPOMCXOAUT OUYeHb UHTEPECHBIN (heHOMEH — IUD-
depeHLIMpPOBaHHBIC TIUaJbHbIE KJIETKM Miojiepa
pernporpaMMHUpyIOTCsl U TOABEPraroTCsl aCUMMET-
PUYHOMY JIeJIEHUIO, B pe3yJibTaTe KOTOPOro obpasy-
I0OTCSI CTBOJIOBBIC KJIETKM, JalOlUe Hayajlo Helpo-
HaMm cetyaTKu (Goldman, 2014). I1pu pereHepauuun
yaajaeHHOro (pparMeHTa CIIMHHOTO MO3Ta y aKCOJIOT-
JIsSl TIpoliecc pereHepaly HaYMHAeTCsI ¢ MACCUBHOTO
peMOoJeIMpPOBaHUs BHEKJIETOUHOIO MaTpUKca, IMyTeM
MPEeUMYIIECTBEHHON NayH-peryisiius 3KCIIpecCcuu
reHOB, 00ECIIeUNBaIOIINX MEKKIICTOUHYIO are3ulo, a
TaKKe JayH-perysiueil TeHOB, CBSI3aHHbBIX C BOCIIa-
JICHUEM W UMMYHHBIM OTBETOM, B YAaCTHOCTU CHUT-
HanbHBIX TTyTelt IL-17, TNF, NF-kappa B, a Takke
peLernToOpoB, 00ecreyrnBaoIINX HUTOKUH-IIUTOKU-
HoBoe B3auMmoaeicTsue (Demircan, 2020). Pemone-
JIMpOoBaHUE MaTpUKCa U JIOKaJbHas UMMYHOCYIIpecC-
cusi, Cylisl TI0 BCeMy, TIPUBOJIST K pPerporpaMMupo-
BaHMUIO KJIETOK B 30HEe POpMUPOBaHUS OIacTEMbl U
BOCCTAaHOBJICHUIO CTPYKTYP CIIMHHOTO Mo3ra — 0e3
Y4acTusl pe3uIeHTHBIX CTBOJOBBIX KJIETOK.

B mporecce aBooLIMKM BUABI, HAYMHAsA OT HU3-
X MJICKONUTAOIINX, 3HAYUTEIBHO YTPauyMBaiOT
CITOCOOHOCTH K KieTodHou pereHepanuu [THC ny
MJIEKOTIMTAIOIINX MOCTHATAIBHBINA TyJ CTBOJIOBBIX
KJIETOK COXpaHSETCS JIMIIb B HEOOIBIINX 30HAX BO-
KpPYT OOKOBBIX 3KEJIyJJOUKOB MO3Tra 1 B 00J1acTH 3y0OUa-
Tolt U3BWIMHBI (gyrus dentatus, GD). Ilpu atom y
T'PBI3YHOB HanboJlee MHTEHCUBHBINM HeliporeHe3 Ha-
OJrromaeTcsl B CyOBEHTPUKYJIISIpPHOM 30HE, TIe o0pasy-
ercs no 10000 HeitpobnacToB B cyTku (Obernier, Al-
varez-Buylla, 2019). ¥ yenoBeka Haquuue B3pOCIOTo
HeliporeHe3a MOXXHO MCCIIEA0BATh TOJIBKO ITOCTMOP-

TaJIbHO, HA MOMEHT CMEPTU — MO KOJIWYECTBY KJie-
TOK, 3KCITPECCUPYIOIIMX MapKephbl HEMPOOJIacTOB, a HA
MPOTSKEHUU KWU3HU — TOJIBKO C TOMOIIBIO Paauo-
ymiepogHoro aHanusza. OrnpeneneHue Bo3pacTa Ofib-
(baxTOpHBIX HElipoHOB no BrodeHno “C B ux JHK
rokasajio, 4to 6ojee 99% 3THUX KIETOK MMEIOT TaKOM
JKe BO3pAacCT, KaK M caM UCCIIeayeMblii TTallMeHT Ha MO-
MEHT CMEPTHU, T.€. YDOBEHb HeliporeHe3a B CyOBEHTpU-
KYJISIDHOI 30HE Y B3POCJIOTO YeJIOBEKa COBEPILIEHHO
HE3HAuMTeJeH, €clu BooOIlIe npucyrctByeT (Berg-
mann et al., 2012). Paguousoronuslii anamms “C B
JHK neitiponoB GD mo3Bommil 3aperucTpupoBaTh
HeWporeHe3 M Jaxe OINPeNeJuTh NMPUOIU3UTETBLHOE
KOJIMYECTBO HOBOOOPA30BaHHBIX B TEUCHUE KU3HU
HEWPOHOB, KOTOPOE 151 YeJIOBEKa CpeTHEro Bo3pac-
Ta coctaBwio okojio 700 B cytku (Spalding et al.,
2013). CornacHo ApyruM JaHHBIM, OCHOBAaHHBIM Ha
WUMMYHOTUCTOXUMMYECKOM aHajiu3e, TMposubepupy-
JOIIIME TIPOTeHUTOPHBIE KIIeTKN B GD 0O0Hapy:knBaroT-
Cs1 JIMIIIb y IETei B Bo3pacTe 10 3 JIeT, IIpU 3TOM Haubo-
Jiee akTUBEH HeliporeHe3 B IepBbIil Tof XWU3HU, U 3a-
TeM WHTEHCUBHOCTb €ro PEe3KO ManaeTr, BIUIOTh MO
rcue3HoBeHMsI. HekoTopoe KOJUYEeCTBO MOJOIBIX
HEMPOHOB OBbUIO BEISIBIIEHO Y AeTeii ot 7 mo 13 jtet, a y
B3pOCJIBIX aneHToB (18—77 j1eT), KaK y 300pPOBHIX,
TaK y O0JIbHBIX 3NIWJIeTIcueit IoHble HelipoHbl B GD He
obOHapyxeHbl (Sorrells et al., 2018). Hpyras rpyrima
uccaeaoBaTeseil, Hao0opoT, oOHapyXujia 0OJbIlIoe
KOJIMYECTBO MOJIOABIX HEWPOHOB B TUIIIIOKAMIIE Y
B3pocibix manueHToB (Boldrini et al., 2018), omHako
0oJiee TMO3AHUE UCCIENOBaHUS C TIOMOIIbIO TpaH-
CKPUIITOMHOIO aHa/ln3a He MOATBEpAWJIM HaIudue
HeliporeHesa B Mo3re y B3pocJioro uesioBeka (Franjic
et al., 2021). B3sareie BMecTe 3TU JaHHBIE CTaBST 1O,
COMHEHME HAJIMUME aKTUBHOTO HeliporeHes3a B cyorpa-
HysspHo 30He (SGZ) GD rumnmoxkammna y B3pOCIbIX.
IMonTBepxxaaloT pyaAMMeHTapHbBIN XapakTep Heitpore-
He3a y MPUMAaToB U UCClIeIoBaHKE Ha MaKaKax pe3ycax,
MO3BOJIMBIIEEe OOHAPYXUTh Tpoudepalno Helpo-
HAJBHBIX TIPOTeHUTOPOB B SGZ TONBKO B paHHEM
rnocTHatabHOM nepuope (Sorrells et al., 2018).

IIporpeccuBHOe CHUXXEHUE YPOBHSI B3pPOCJIOIO
HeliporeHe3a OT pbl0 M amMmpUOUIi K IpbI3yHaM U OT
TPBHIZYHOB K IIPMMAaTaM U Y€JIOBEKY, IIPSIMO KOPPEJIM-
pylollee co cnocoOHOCThIO K BoccTaHoBIeHUIo LTHC,
TOBOPHUT O BO3MOXHOI B3aIMOCBSI31 B3POCJIOTrO HEli-
poreHesa ¢ pereHepaTUBHBIM IOTEHIINAJIOM HEPBHOM
TKaHu. B 3Toi1 CBSI3U, CTAHOBUTCSI OYEBUIHBIM, UTO
PYIMMEHTapHEIN XapaKTep B3POCJIOTo HeiiporeHe3ay
BBICIIINX IIPMMATOB U Y€JIOBEKa HE MOXKET CaMOCTOSI-
TeabHO obecrieunTsh pereHepauuio LIHC. Cnycts 60-
nee yeM 30 JreT ucciienoBaHuii B3pociabix NSC y na-
OOpaTOPHBIX XMBOTHHIX M Ye€JIOBEKa, HECMOTPS Ha
CyIIECTBEHHbIE YCIIEXU B MOHMMAaHUU OpraHU3aluu
CTBOJIOBBIX HUIII, PETYJISIIUA ITOKOS, IIpoaudepanun
n ouddepeHurnpoBkn NSC, pereHepaTUBHBIC TEX-
Hosoruu BocctaHoBlieHUus IIHC moka He co3maHBblI.
Llenp maHHOrO 0630pa — HA OCHOBAHMU COBPEMEHHBIX
npeacTasieHnit o omoyiornu B3pociabix NSC 060cHO-

OHTOTEHE3 Ne 3

TOM 53 2022



PE3UJIEHTHBIE HUILIM HEMPAJIbHBIX CTBOJIOBBIX KJIETOK 175

BaThb TOYKY 3PEHUS O TOM, IT04eMY (PYHKIIMOHUPOBA-
HY€ HUIIl CTBOJIOBBIX KJIETOK B3POCJIOr0 MO3ra Mjie-
KOMUTAIOLINX HE MOXKET caMo Mo cebe 00ecIeuynTh
a¢dexTnBHYyIO pereHepaiio LTHC.

OHTOTEHE3 HEMPAJIbHbIX
CTBOJIOBBIX KJIETOK

NSC B3pociioro Mo3ra — caMOOOHOBJISIIOIINIICS
MyJ1 TIOKOSIIIMXCSL U/UIW TIpOoJndepupyommnx Kie-
TOK, 00pa3yolrX HEIIPEPHIBHBIN KOHTUHYYMOM II€-
PEXOISIIMX APYT B Apyra (opM, O0ObEIMHEHHBIX IO
00IIMM TEPMUHOM ““panualibHasi IJIns” 1 o0ecIiedr-
Barolux HeliporeHe3 B SGZ U BEHTPUKYJISIPHO-CYO-
BeHTpuKyasipHoii (V-SVZ) 30Hax roJIoOBHOro Mo3ra
Ha IIPOTSDKEHMU BCEH KM3HU MJICKOIUTAIOLINX,
Bkitogas yeaoBeka (Gross, 2000). B mocinenHue ne-
CSITUJIETUSI HEMipOoreHe3 OOHapyXeH U B IPYTUX OTIE-
JIaX TOJIOBHOTO MO3ra, B YaCTHOCTHU B TUITOTajIaMyce,
sIIpax HUTPOCTPUAPHOIT CUCTEMBbI, aMUTIaJIE U HEKO-
TOPBIX OTIEaxX KOpPbl, OMHAKO, J0KAa3aTeJbCTB TOTO,
YTO TaM CYHIECTBYIOT ¢cBOM pe3uneHTHBIe NSC, a He
NSC, murpupytouiue u3 V-SVZ u SGZ noka Hefo-
craToyHo (m1s1 0630pa cm. — Li et al., 2018; Obernier,
Alvarez-Buylla, 2019; Jurkowski et al., 2020). Tpems
OCHOBHBIMM XxapakTtepuctukamMmm NSC B3pociaoro
MO3Ta SIBJISIETCSI BO3MOXKHOCTD UIMTEJILHOIO IIPEObI-
BaHMSI B COCTOSIHMM HpoJudepaTUBHOIO II0KOS,
CITIOCOOHOCTD K CaMOTIOAAeP>KaHUIO MTyJia CTBOJIOBBIX
KJIETOK Ha IIPOTSKeHUU BCEM KM3HU, a TaAKXKe CIIO-
COOHOCTh T€HEPHUPOBATh MOMYJISIUN ITPOMEXYTOU-
HBIX IPOTEHUTOPOB, 13 KOTOPBIX 3aTeM 00pa3yloTcs
MOJIOAbIC HEMPOHBI U ITINAJIbHbIE KIIETKU.

ITepBoOoTKpBIBaTEIEM HEMporeHe3a BO B3pOCIOM
MO3Te MOXHO cuuTaTh Joseph Altman, KOTOpBIii e1ie
B 1962-M roay Ha OCHOBaHUHY JAHHBIX PaINON30TOIT-
HBIX UCCJIEIOBAaHU TIPEAITOJIOXIII, UTO B TUIIIIOKAM-
ne M OOOHSITEIbHON JIYKOBUIIE TOJOBHOIO MO3Ta
MJICKONUTAIOIINX BO B3POCIOM COCTOSIHUM O0Opasy-
I0TCS HOBBIE HelipoHbI (Altman, 1962). JIuiub nBa ae-
carunetud ciyctsa Gail D. Burd m Fernando Notte-
bohm B ucciaemoBaHUSIX Ha KaHapeMKax JT0Ka3aiu,
YTO BHOBb 0Opa30BaHHbIE B SIApe, KOHTPOIUPYIOIIEM
MeHue, KJIETKU (pOPMUPYIOT CUHATICHI M TEHEPUPYIOT
HEMPOHAIBbHYIO 3JEKTPO(PU3NOIOTUYECKYIO aKTUB-
HOCTb, T.€. IEUCTBUTEIBHO SIBJISIIOTCS BO3ZHUKIINMU
de novo HelipoHamu (Burd et al., 1985). OxoHuaTeab-
HBIC 1OKA3aTeIbCTBA CyIIeCTBOBaHMS B3pociabix NSC
obL1u nosrydeHb! Brent Reynolds u Samuel Weiss B Ha-
yajie 90-X IT. MpOoILIUIOro BeKa, Koraa uX yaajioch Bble-
JIUTh U3 CTpUaTyMa B3POCIOI MBIIIIY U B OKCTIEPUMEH -
Tax in vitro Beipactuth EGF-mHmynnpoBanHbIe Heil-
pocdephl U IIPOAEMOHCTPUPOBATH UX CITOCOOHOCTD K
I depeHIMPOBKE B HEHPOHAJIbHOM U acTPOIJIM-
abHOM HanpapieHuu (Reynolds et al., 1992).
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IMPONCXOXIEHUE NSC

B3pocibie NSC win K1eTKu paauajibHON MUK U3
V-SVZ u SGZ B3pociioro Mo3ra UMeoT MHOTO 00-
X YePT KaK ¢ nuddepeHIMpoBaHHBIMHA aCTPOILIN -
TaMu — aKkcnpeccus HectuHa U GFAP, Tak u ¢ npe-
HaTaJlbHBIMU KJIETKAaMM pagudaibHOW IJIMU — 3KC-
npeccust CD133, Sox2, BLBP, GLAST wu np., a Takke
anuko-06a3ajibHasl ANUTEIUaIbHAsT CTpyKTypa (puc. 1)
(Fuentealba et al., 2015). MccnenoBanusi ¢ npuMeHe-
aueMm cekBeHnpoBaHuss PHK B pexume single-cell
rmokasajii, 4to B3pociable NSC npoucxonsiT u3 3M-
OpUOHAJILHBIX PaAUATbHBIX MPENIIECTBEHHUKOB (pa-
IMabHas Iusl), KOTOPbIE, B CBOIO OYEPEIb SBISIOT-
csl MIOTOMKaMM HEeNpPOSMUTEIUATBHBIX CTBOJIOBBIX
kireTok (Yuzwa et al., 2017). DMOpHOHaJIbHBIE pagv-
aJibHbI€ MPENIIECTBEHHUKHN BIEPBBIE MOSBISIOTCS B
Mosre y Mbiieii B cpok E11.5, a B mepuon ¢ E13.5 no
E15.5 dopMmupoBaHue X NOIYJISIIAN 3aKaHIMBACT-
cs (Fuentealba et al., 2015). K KoHI1y mpeHaTaJbHOTO
Mepuoaa 4acTh 3TUX KJIETOK MEePEXOAST B MOKOSIIIICe-
Csl COCTOSIHME, B KOTOPOM MOTYT MPeObIBaTh 10BOJIb-
HO JOJrO, BIUIOTH /0 aKTUBAllMM HeWporeHe3a B
V-SVZ u SGZ B noctHatanbHOM Ttepuone (Obernier
et al., 2019). Otu KieTKU (KOTOpbIe B EPEIHEM MO3-
re ellle Ha3bIBaloT IIpe-B1) akcnpeccupyioT HeraTuB-
HBIA PETYJIATOP KJIETOYHOro nukia p574r? (Cdknlc)
(Fuentealba et al., 2015). IIpodunps TpaHCKPUIILIUU
aTux Tokosuxcsts GFAP-TI03UTUBHBIX KJIETOK CO-
OTBETCTBYET TPAHCKPUIITOMY MOKOSIIIUXCI B3pOC-
aeix NSC (gNSC, ot anri. quiescence Neural Stem
Cells), 4To TIO3BOJISIET MPEAIOJaraTh, YTO 3TO OHA U
ta ke cyonomyssiamst NSC (Yuzwaet al., 2017). Bmoct-
HaTtambHOM Tiepuoge qNSC akTUBUPYIOTCS 1, BEPO-
SITHO, TIPOXOJISIT HECKOJBKO MPOMEXKYTOUHBIX JieJie-
HUi, ripexae 4eM B V-SVZ npeBpaTUThCS B KIETKU
B1, niu B ux anaimoru B SGZ — KjieTKaM pagraabHOU
ruu (PI') mepBoro tuna, KoTopbie (GOPMUPYIOT HU-
111y CTBOJIOBBIX KJIETOK B3POCJIOTO MO3ra.

IT'ETEPOI'EHHOCTbB NSC B3POCJIOI'O MO3TA

NSC B3p0oc0ro Mo3ra mpoUCXoIsIT U3 KJIETOK M-
OpMOHAJILHOI paguaJlbHON ININK, KOTOPhIE B paHHEM
SMOPUOHAILHOM IIEpUOE T€HEPHUPYIOT BCE Pa3HO-
obpasue HelipoHOB IepeaHero mo3ra. NSC mnposiB-
JISTIOT T€TEPOT€HHOCTh B 3aBUCUMOCTH OT JIOKAaIU3a-
M1 B POCTPO-KaydaJbHOM U OOPCO-BEHTPaAJIbHOM
HampapJICHUSX, YTO, BEPOSITHO, OOYCJIOBJIEHO KOH-
KPETHBIMU IIOATUIAMU POOUTEIBCKONM paguaibHOM
nu (Chaker et al., 2016; Obernier et al., 2019). Kio-
HaJIbHBIN TPeKUHT moaTBepAnI, uyTo NSC u3 paznuu-
HBIX OTHENOB HUIIM V-SVZ IIpOU3BOILT pa3IMIHbIC
TUIIBI OJIb(baKTOPHBIX HelipoHoB (Merkle et al., 2014).
B poctpanbHbix otaenax V-SVZ reHepupyroTcs Kajlb-
petuHuH 1mo3utuBHBIE (CalR+) rpanyisipHBIe HEli-
ponnl (granule cells, GCs) nu CalR+ mepuriomepy-
JISIpHbIE HEUPOHBI. TaM Ke, HO BEHTPaJIbHO MPOU3-
BOOUTCS HECKOJBKO MOATUIIOB MHTEPHEWpPOHOB. B
JaTepaJbHBIX oTaesiaXx V-SVZ Ha BceM NpOTSLKEHUN B



176 BAKJIAYIIEB u ap.

SGZ
RG1

_ OO
S SIS
 SESe eSS
Q_’/‘,tﬁb \ \f?.gﬁ GCL RGl1 \
SGZ

AP ~@XR
Yex G3

RG2a RG2b

TTokoit _ ACHMMCT])H‘-ICCKOE JeJICHUe

2 = NP o aa 4 A o
/B R\ L VA A A\ V4 — % y
As \\v‘\ s Gﬁ 5{%& " ML ~ @@ /;d
@ Zo g

RG2b RG3
4 -

AP

TTocTmuToTHYECKOR Cco3peBaHue

Puc. 1. CxeMatuueckasi CTpyKTypa OpTaHU3allMKi HUII CTBOJIOBBIX KJIETOK B TOJIOBHOM Mo3re. B3pocibie HelipajibHbIE CTBO-
soBele Ki1eTkKU (NSC) pacrnonaraioTcs B IByX HUIIAX TOJIOBHOTO MO3ra — CyOrpaHyJisipHOi 30He 3youaToii u3BmiInHbI (SGZ)
U KeJyT0YKOBO-CyOBeHTpUKYIIsipHOM 30He (V-SVZ). NSC (kinetku Bl) B V-SVZ HanpsiMy10 KOHTaKTUPYIOT PECHUYKOM C
nepebpocnmHanbHOM )unkoctroio (CSF) yepe3 creHKy 60koBbIX kenynodkoB (LV). Kinetku B2 pacnonaratorcst 6osee 6a-
3aJIbHO U MOJy4YaloT BHELIHUE CUTHAJIBI TOJIbKO OT MUKpococynoB (BV). Heiipo6aacTtel u Monioasie HeitpoHbl V-SVZ (kieT-
K1 A), 006pasysiCh U3 IIPOMEXYTOUHBIX TPOreHUuTopoB (C), MUTPUPYIOT MO POCTPpAIbLHOMY MHUIpalimoHHOMY iyt (RMS) B
oboHsTenpHYI0 TykoBuUILly (OB), rme mpoucxonut nx noctmurorndeckoe cospeBanue. B SGZ NSC (knetku RG1) nmonyyaror
CHCTEMHbIE CUTHAJIbI TOJILKO Yepe3 KpoBeHOCHBIe cocynbl (BV). Bech myTh oT NSC, uepe3 mpoMeXyToOUHbI€ TPOT€HUTOPHI,
umMeloue ranaibHbiii (RG2a) u npoHeiipoHanbHblil (RG2b) deHotun no Heiipobnacta (RG3), mononoro HeiipoHa (IN) u
MOCTMUTOTUYECKOTO HelipoHa (IN) mpoxonuT B Tipenesiax Hullv. B mpoiiecce mocTMuTOoTHYECKOTO co3peBaHms kKieTku RG3
u3 SGZ nepeMelaloTcs B clioii rpaHyisipHbIX kKi1eToK GCL 1 BBIITYCKaIOT OTPOCTKU B MOJIEKYJIsIpHBIi cinoit (ML) u 3atem,
B IIpoliecce nocTMutToTndeckoro codpeBanust — B CA3 u CA2 3oHbI runmokamna. B V-SVZ u SGZ takke Bcerma npucyT-
CTBYIOT aCTPOIIUTAPHBIE TPOTEHUTOPHI (Ap) U aCTPOLIUTHI (AS).

pOCTpOKayIaaIbHOM HaIlpaBJICHUM TEHEPUPYIOTCS Ipa-
HYJISIpHBIE KJIETKM IIyOOKMX c10eB. B KaymaabHBIX OT-
nenax V-SVZ BeHTpaiibHO pacmoiioxeHHbie NSC mpo-
U3BOIAT KampOMHIMH-no3uTuBHEIe (CalB+) mepur-
JIOMEepYJISIpHbIE HEMPOHBI, a gopcojiarepaibHble NSC
reHepupytoT gnodpamuHeprudeckue (TH+) nHeitpoHbl
U TIOBEPXHOCTHBIE TpaHyJIsIipHbIe Heliponbl (Fuen-
tealba et al., 2015; Chaker et al., 2016; Obernier et al.,
2019). BaxxHo OTMETUTH, YTO 3Ta T€TEPOTCHHOCTh
NSC o0ycnoBieHa UX KJIOHATIBHBIMUA OCOOCHHOCTSI-
MU, a HE CUTHAJIAaMM JIOKAJIbHOTO MUKPOOKPYKEHUST —
nepecagka NSC B apyrue 30Hbl V-SVZ He MeHseT
¢eHoTUIIa TeHepupyeMblx MU HelipoHoB (Merkle
et al., 2007).

I'eHeTHUYecKkuii TPEKMHT KJIOHOB CTBOJIOBBIX KJle-
ToK ¢ nomolibio Cre-pekomobuHasbl (CreERT) mos-
BOJIMJI OOHAPYXUTh (PYHKIIMOHAJIbHYIO FeTepOreH-
HocTb NSC B V-SVZ 1 SGZ. Hekotopsie ki1oHEI NSC
B SGZ oxa3ainch aKTUBHO IPOandhepUpyIOIIUMUA 1
KOPOTKO XXUBYILLIMMU, APYTre HAOOOPOT — UIMTEIbHO
COXPaHSIOT MYJIbTUIIOTEHTHOCTb, TIEPUOANYECKU YXO-
ISl B COCTOSTHUE TIOKOSI, U OOHOBJISIIOT CBOIO MOIYJIsI-
oo B TedeHue ponroro BpemeHu (Ibrayeva et al.,
2021). Ecnu miepBblil TUIT — KOPOTKOXUBYIIIUE KJIO-
Hbl NSC onHaxabl aKTUBHPOBABIINCh, HUKOTAA HE
BO3BpAlllalOTCSl B COCTOSIHME MOKOSI, TO BTOpble —
IauTenbHO cyliectBywolie NSC, cyns mo Bcemy,
CIOCOOHBI HEOMHOKPATHO MEPEKJIIYAThCSI MEXIy
noxkoeMm u npoaundepanueii (Urbdn et al., 2019).

OHTOTEHE3 Ne 3
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OBIIME MEXAHU3MBbI PETVJIALNN
B HUIITAX CTBOJIOBBIX KJIIETOK
B3POCJIOI'O MO3TA

B MexaHu3amax peryisinuu I10Kos/mponudepa-
uun/auddepeHIpoBKU NSC B CTBOJIOBBIX HMIIIAX
MOXHO BBIIECIWTh BHEIIHWE CUTHaIbl ((hakTopbl U3
KpPOBOTOKA 1 1epedpocnuHanbHou xkunkoctu (CSF),
nMIysbchl BHeIHNX TAMK-, cepoToHUH-, nodamMu-
HEepruyeckux W Jp. HEMPOHOB M BHYTpPEHHUE/JO-
KaJIbHbIE CUTHAJIbl — TPOJAYKIIKSI OEJIKOB BHEKJIETOU -
HOTro MaTpHuKca, JIoOKaJbHasl dKCIpeccusi (pakTopoB
pocTa U Ip. JJOKaJIbHBIN CUTHAJIMHT B HUILIE CTBOJIO-
BbIx KJeToK (Kjell et al., 2020).

HecomMHeHHYy10 poJib B aKTUBHOCTU HelporeHe3a
WUTPaIOT MHTETrpaibHEBIC (pU3moioTndecKue GaKTOPhI,
Takye KakK obuiasg ¢pusndeckas M KOTHUTUBHAS aK-
TUBHOCTU, CTPECC, TOJIOA, MOMCKOBOE ITOBCIACHUE,
TpeHUpoBKa U 11p. OgHAKO UCCIIeIoOBaHNE TAKUX MH-
TerpaJibHbIX (DAKTOPOB COIPSKEHO C METOAUYECKHU-
MU TPYAHOCTSIMM, TaK KaK UX peajiu3alivs OCyllecTB-
JISIETCSI Yepe3 KOHKPETHbIE CUCTEMHBIE 1 JIOKAJIbHbIE
mexanusmbl (Urbén et al., 2019). Hanpumep, nokasa-
HO, 4TO TIpOM3BOJIbHASI (pU3NYECKasi aKTUBHOCTh, B
YaCTHOCTH, PEryJIsipHbIE 3aHSITHE OETOM, aKTUBUPYET
HeliporeHe3 B CyOrpaHyJISIpHOM 30HE. DTOT 3(hdEKT,
CyIsI TIO BCEMY, SIBJISIETCS pE3Y/IbTUPYIOLIUM OTBETOM
Ha MYJIbTUMOJAJIbHbIE W3MEHEeHUsI, 0O0YCIOBJICH-
HBIEe KaK BHEITHUMU (aKTopaMu (M3MEHEHMUS TIep-
dy3un/oKcureHaMu, MeTaboJIMUYecKrue H3MeHe-
HUSI, MOIYJISILIUS aKTUBHOCTU TUMOTaJaMUUYEeCKUX
HENpOHOB U Mp.), TaK BHYTPEeHHUMU (aKTopaMH,
BKJIIoyaromumu nosbiiieHust yposHs IGF1, VEGF
(Kjell et al., 2020), a TakKe psiga HEAPOTPaHCMUTTE -
pOB, B YACTHOCTU — CEPOTOHMHA B TUIIOKAMIIE B OT-
BeT Ha (pm3nyeckyto aktuBHOcTh (Han et al., 2015).

CucTeMHbIE CUTHAJIbI, PETYJIUPYIOLIE HEMPOTreHe3
MOJBEPKEHBI BJIMSIHUSIM BO3pacTa, 1ojia, MeTadbomye-
CKOTO cTaTyca, [IMPKaAHbIX PUTMOB U TIp. (DAKTOPOB,
KOTOPbIE HEBO3MOXHO TOJTHOCTBIO YYECTh U CTaHAap-
TU30BaTh MIPU Pa3INYHBIX UccaenoBaHusIx. Pusromo-
TMYECKU CTaTyC MOXET BJIMSITh Ha HEMporeHe3 omno-
CpPEIOBaHHO 4Yepe3 aKTUBHOCTbh TMMOTaIaAMUYECKUX
HEUpPOHOB, MTHHEPBUPYIOIIUX HAIIIU CTBOJIOBBIX KJI€-
TOK. B yacTHOCTM, 4yBCTBO roJjiofa/HaCHIIIEHUS CO-
OTBETCTBEHHO CTUMYJMPYET WJM yTHETaeT aKTUB-
HOCTB proopiomelanocortin-no3uTUBHBIX HEMPOHOB,
KOTOPBIE CEJIEKTUBHO MHHEPBUPYIOT V-SVZ 1 aKkTu-
BUPYIOT IIpoJIMepannio onpeaeIeHHBIX CyOITOTyIs -
nuii NSC (Klempin et al., 2013).

CrnenyeT mOHWMaTh, YTO BCE OMyOJIMKOBAHHbBIE
WCCJIEOBAHUS MO PETYJISIIMKA HUII CTBOJIOBBIX KJIe-
TOK M3y4yaloT oTaesibHble curHaibl (IAMKepruae-
ckas ctumyisiuusi, ACSL1, Notch, BMP, Wnt, EGF,
LRIG1 u nop.). B peanbHOCTH XKe IIPOUCXOIUT OJHO-
BPE€MEHHBII MyJTbTUMOAAIbHBINA CUTHAJIMHT, IIPUYEM
KaK CUHEPIrUYeCKUX, TaK U aHTAaTOHUCTUYECKUX CUT-
HaJIOB 1 KaXk/masi KOHKPETHasI KJIETKa, BEpOSITHO, pea-
JIM3YeT HEKUI pe3yAbTUPYIOLLUI PEryIsITOPHbBII M-
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nysbe (Urban et al., 2019). O cuHeprusme/aHTaroHms3-
M€ pPa3JIUYHBIX CUTHAJbHBIX KacKaJoB W3BECTHO
MHoro, Ho nmaigeko He Bce. Tak curHanel EGF m
PEDF (pigmented epithelium-derived factor) cuHep-
rngHbl Tyt Notch 1 WNT B aktuBaniuu npoaude-
paunu NSCs B V-SVZ (Paul et al., 2017). Cunepruue-
ckyio aktuBHOCThL Notch 1 WNT nmaxke octpoymMHO
Hazpau “WNTCH” (Aguirre et al., 2010). IIpakTu-
YeCKHM BCE JIOKAJIbHbIC CUTHAIBI B HUIIIAX CTBOJIOBBIX
KJIETOK MMEIOT OTHOIIIEHHE JIN0O K aKTUBALIMH IIPO-
madepau NSC, 1160 K apecTy KJIETOYHOTO IIMKJIa U
Mepexoiy B COCTOSTHUE TI0Kos (Tabi. 1), mosaToMy mo-
IpoOHee OyayT pacCMOTPEHBI B CIICMYIOIIEM pa3elie.

COCTOAHUME ITOKOA NSC — KITFOYEBAA
TOYKA PEI'YJIAAILMHN
B3POCJIOTO HEMPOI'EHE3A

CocTostHHE TIOKOSI — OTHO U3 BaKHEUIIIX CBOICTB
B3pOCIBIX pe3nneHTHRIX NSC, obecrreunBaloIee co-
XpaHHOCTh “HamBHOro” myna NSC Ha NpOTsSLKeHUU
Bceit xku3Hu. Honss qNSC B HUIIaX CTBOJIOBBIX KJle-
TOK B3pPOCJIOTO MO3ra OOBOJIBHO BBICOKA Ha BCEM
MPOTSKEHUN OHTOTeHe3a; eCThb JaHHBbIE O TOM, YTO
00bLIMHCTBO B3pocbix NSC 06JbIIIyI0 YacTb Bpe-
MEHU HaXOISTCS B COCTOSHHUM OOpPaTMMOIO apecTa
kjeToyHoro uukia B pasze GO wiu G2 (Otsuki et al.,
2018). B aT0i1 CBSI3U, OAHOIT U3 KITIOYEBBIX TOUYEK pe-
TYJISIHUA B3POCJIOr0 HeiporeHe3a SBIISIETCS BBIXOIH
gqNSC u3 cocTosTHUSI TOKOSI, KOTOPBIit 00ecIieynBacT-
Csl pa3IMYHBIMU CUTHAJIAMU MUKPOOKPYKEHUST HUIIINA
CTBOJIOBBIX KJIETOK (1151 0630pa cMm. Urbdn et al., 2019)
(ta6i. 1). CocTosiHME TTOKOSI CONIPOBOXKIAETCS TIOHU -
KEHHOM MeTabOJMYeCKOM aKTUBHOCTBIO U YMEHBb-
meHueM cuHTe3a PHK n 6enka. Bmecrte ¢ Tem, mo-
cJIeMHUE MCCJIeNOBaHMUs MTOKa3ajln, YTO COCTOSIHUE
IMOKOSI — OMHAMWYECKM PeTyJIMPYyeMEBIil IIpollecc,
BKJIIOYAIOIINI T€eHETUIECKYIO IIPOTpaMMYy, IIPEIOT-
Bpamamwiyo 1nddepeHINPOBKY U 00ecIIieunBalo-
IIYI0 00paTUMOCTb apecTa KiaeTouyHoro nukia (Co-
dega et al., 2014; Otsuki et al., 2018; Basak et al.,
2018; Ibrayeva et al., 2021).

gNSC B V-SVZ u SGZ skcnpeccupyior GFAP u
CD133/mpoMUHMH U UASHTU(DUIUPYIOTCS I10 OTCYT-
cTBUI0 MapkKepoB mnpoiudepanun (Ki67, MCM?2);
aktuBupoBaHHbie NSC coxpansioT GFAP u crano-
BaTcst EGFR mo3uTtuBHBIMU, T.€. TJIaBHBIM MHTOTIC-
HOM, 3amycKaroluum npoiaudepanuio NSC, sBiser-
cst EGF (Pastrana et al., 2009). DTu ki1eTku, BcTynas
B KJICTOUHBIN IIMKJI, TEHEPUPYIOT OBICTPO mpoande-
pUpyIOlIMEe TIPOMEXYTOUHbIE TMPOTEHUTOPHI WU
TPaH3UTOPHO aMILIU(PULIMPYIOIINECS IPOTCHUTOPHI
(TAPs, transit-amplifying progenitors) — C K1eTKu B
V-SVZ umu knetrku 3 tuna B SGZ. OHU TepsiioT
GFAP u mapkepbl CTBOJIOBOCTU Y MOT'YT OBITh UIECH-
tudunupoBaHsl 1Mo BkIwouyeHuo BrdU/EdU, skc-
npeccun Ki67 1 MCM2, a Takke IO BBICOKOMY
ypoBHIO 3kcripeccun EGFR (Codega et al., 2014;
Marqués-Torrejon et al., 2021) (ta6n. 2). CpaBHeHUs
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Ta6mmma 1. daxTopsl, perymupylomue nepexon NSCs B COCTOSHHE TOKOS

AxTuBauusi NSC (BbIBOJ U3 MOKOSIIIETOCSI COCTOSIHUS )

IlepeBon B mokosiiieecst
COCTOSIHME/apecT KJIETOUHOTO LIUKJIa

BuyTtpenHue ¢

WTHaJIbl HUIIN

LRIG1 (Marqués-Torrején et al., 2021)

Itgbl (uaTeTpHMH b1)
(Shen et al., 2008; Tavazoie et al., 2008)

FGFR3 (Basak et al., 2018)

MFGES (Brooker et al., 2016; Zhou et al., 2018)

FGF 2
(Douet et al., 2012; Douet et al., 2013; Mercier et al., 2014)

PTEN (Brooker et al., 2016; Zhou et al., 2018)

EGFR (Artegiani et al., 2017)

1D2,3,4
(Bai et al., 2007; Brooker et al., 2016; Zhou et al., 2018)

PEDF (Andreu-Agullé et al., 2009)

Aqp4 (Marqués-Torrején et al., 2021)

ACSLI (Urbén et al., 2016; Pilz et al., 2018)

E3 youksutuH quraza HUWET1 (Urban et al., 2016)

Sox?2 (Baser et al., 2019)

ApoE3 (Marqués-Torrején et al., 2021)

Pax6 (Baser et al., 2019)

Aldoc (Marqués-Torrejon et al., 2021)

Notchl-curnamunr (Deltal uinm Jagged1)
(Ottone et al., 2014)

Notch2 u Notch3-curHaavHr
(Basak et al., 2012; Kawai et al., 2017; Zhang et al., 2019)

RBPJK (Urban et al., 2019; Obernier et al., 2019)

Sox9 (Llorens-Bobadilla et al., 2015)

DII1, 3 (Llorens-Bobadilla et al., 2015)

Hesl1, 5 (Urbén et al., 2019; Obernier et al., 2019)

WNT (Lie et al., 2005; Bowman et al., 2013)

FoxO3 (Schaffner et al., 2018)

Noggin (Lim et al., 2000) (uaru6upyer BMP)

BMP1I, 6, 4/7 (Llorens-Bobadilla et al., 2015; Basak et al.,
2018; Marqués-Torrején et al., 2021)

SHH (Zappaterra et al., 2012)

REST (Mukherijee et al., 2016)

CD9 (Urban et al., 2019; Obernier et al., 2019)

NT-3 (Delgado et al., 2014)

TLX (Zhao et al., 2009)

EFNB2 (EPHRIN B2) (Ottone et al., 2014)

CDK4 (Chirivella et al., 2017)

SFRP3 (Jang et al., 2013; Seib et al., 2013)

Huxoua D1 (Cend1) (Artegiani et al., 2011)

DKKI1 (Jang et al., 2013; Seib et al., 2013)

AKT-mTORI1-curnamunr (Bonaguidi et al., 2011)

p27 (Andreu et al., 2015)

BMP5 (Silva-Vargas et al., 2016)

p57 (Furutachi et al., 2013)

IGF (Lehtinen et al., 2011; Silva-Vargas et al., 2016)

p21 (Marqués-Torrején et al., 2013)

LIF (Bauer et al., 2006)

IL1 beta (Kokovay et al., 2010)

GDF11/BMP11 (Katsimpardi et al., 2014)

Cowunrosun-1-pocdar
(Sato et al., 2007; Kondabolu et al., 2011; Codega et al., 2014)

Beranemnonun (BTC) (Gomez-Gaviro et al., 2012)

IMocrarmanaux D2 (Urbén et al., 2019; Obernier et al., 2019)

Mki67 (Llorens-Bobadilla et al., 2015)

Hurerpun-cBsizanHas kuHasza (I1k) (Porcheri et al., 2014)

Myc (Leeman et al., 2018)

BMPRI1b (Llorens-Bobadilla et al., 2015)

Bueninue curHansl (HEHPOTPAHCMUTTEPHI 1 TOPMOHBI)

Diazepam binding inhibitor (DBI) (rmomasisier oTBeT Ha
I'AMK) (Alfonso et al., 2012)

TAMK (Song et al., 2012)

Hodammuu (Baker et al., 2004; Hoglinger et al., 2004;
Lennington et al., 2011)

KaunHoBast kuciaoTa (arOHUCT DIyTaMaTHbBIX PELEITOPOB)
(Urban et al., 2019; Obernier et al., 2019)

CeporonuH (Tong et al., 2014a)

Hodammn (Kippin et al., 2005)

Imyramar (Song et al., 2017)

AnerunxommH (Paez-Gonzalez et al., 2014)

[MponpuomenanokoptuH (POMC) (Paul et al., 2017)

[Mponaktun (Shingo et al., 2003)

CucreMHbIe TTIOKOKOPpTUKOUAKI (Anacker et al., 2017)

OHTOI'EHE3 tom 53 Ne 3 2022
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tpanckpurniroMa NSC u ipomdepupyronimx mpo-
TeHUTOPOB BBISIBUJIO OTJIWYMS, 3aTparuBalollie He
TOJILKO T€HBI, aCCOLIMUPOBAHHBIC C pa3HBIMHU (pazamMu
KJIeTOUHOro nukia. ¥ mnpoaudepupyommx NSC ak-
THUBHO 3KCIIPECCUPYIOTCS I'eHbI, CBSI3aHHbIE C TpaH-
cKpuroueid, Tpancisaueit u perapanueii JJHK, B To
BpeMs Kak y NSC B TpaHCKpUNTOME MPEeBATUPYIOT
T€HbI, IIPOIYKThl KOTOPHIX BOBJIEYEHBI B MEXKKIIETOY-
HbIIi CUTHAJIMHT, KJIETOYHYIO aAre3uto u (yHKIIMOHM-
poBaHue MexkiaeTouHoro marpukca (Codega et al.,
2014; Basak et al., 2018; Urban et al., 2019). Ot naH-
HbIE CBUIETEILCTBYIOT O TOM, UTO COCTOSIHUE TTPOJIH -
¢deparuBHOro nokos mist NSC He SBIsIETCSI HEKUM
aHabMO30M, HO XapaKTepu3yeTcsl aKTUBHBIM y4acTH-
€M B MEXKJIETOYHOM B3aMMOJACUCTBUU B IIpeaesiax
CTBOJIOBOI HMIIIN.

Briiiie Mbl y2ke yHOMUHaIW, YTO OAHUM U3 UHTE-
rpajbHBIX PETYJISITOPOB HEMporeHe3a sIBJISICTCSI MEX-
KJIeTOYHbIA MaTpukc. bosbilioe 3HaueHue OesKu
BHEKJICTOYHOTO MaTpuKca HMMEIOT M B PEryJsuU
npoiaudeparuBHoii aktuBHOCTH NSC. B yactHOCTH,
CUTHaJIbI, Tiepefaolecss Yyepe3 MHTErPUHOBBIN pe-
enTop bl coco6ctBytoT nepexony NSC B cocTosiHUE
nokos (Tadia. 1). C apyroii ctoponsl, JNSC SIBIISIIOTCS
OCHOBHBIMHU TIPOAYLIECHTAMU OEJIKOB BHEKJIETOYHOTO
matpukca (ECM) u peryisitopaMu €ro peMOIeInpo-
BaHMsI, KOTOPOE, B YACTHOCTHU, OCYIIECTBJISIETCS TO-
cpenctBoM akcnpeccur qNSC MylTbTUDYHKIIMOHAIb-
Horo (pepMeHTa TpaHCIITyTaMUHA3bI 2, TAKKE y4acTBY-
rouiero B peryasiuuu HeiiporeHesa (Kjell et al., 2020).
Orta aktTuBHOCTH qNSC M aKTUBHPYEMBIX UMM JIO-
KaJIbHBIX KJIETOK, OOECIIeUMBaET CYIlIECTBEHHbIE OT-
Juunst ECM B HuIIIaX CTBOJIOBBIX KJIETOK MO3ra 0
CPaBHEHUIO C IPYTMMU CTPYKTYpaMU MO3ra.

Ilepexon 13 cOCTOSTHUS TTOKOSI B IIPOJIM(EePpUPYIO-
11Iee COCTOSIHUE COMTPOBOXKIAETCS MEPECTPOIKOIT Me-
TaboaM3Ma KJIIETKM, B YACTHOCTHU MEPEKIIOYSHUEM C
IIMKOJIM3a Ha OKMCIUTEIbHOE (pochopuinpoBaHue
B Ka4eCTBE OCHOBHOTO ICTOYHUKA SHEPTUH, aKTUBa-
el 3KCIIpeccur pruOOCOMAaJIbHBIX I'€HOB, T€HOB
KJIETOYHOTO LIMKJIa, TPAHCKPUIIIIMOHHBIX (haKTOPOB,
yBenmdeHneM cuHte3a PHK (Merkle et al., 2014; Ba-
sak et al., 2018). 3mech caenyeT OTMETUTD, UTO B IO/ -
IepxXaHUM cocTossHMs mokoss NSC BaxXHYIO poOJb
UrpaeT TpaHCKpUIIIIMOHHEBIN penpeccop REST
(RE1-Silencing Transcription factor), HampsiMyio
MOIABJISIONINI 3KCIPECCUI0 pUOOCOMAIbHEBIX Te-
HOB, T€HOB KJIETOYHOIO LMKJIAa W HEUpPOHAJTbHON
mnddepenampobku (Mukherjee et al., 2016). Hokayt
reHa REST npuBomuT K nmpexneBpeMeHHOI aKTHUBa-
1 qNSC u noclieaytoieMy UCTOIIEHUIO Helipore-
He3a. Okcrpeccus reHa REST B NSC nipengrcTByeT
X Mepexoay B nmpoaudepupyloliee coctossHue. Ha-
oboport, oBepakcipeccust muiieHeit REST, Heo6xo-
IUMBIX JIs1 OMoreHe3a puOOCOM M aKTMBAaIlUU KJe-
TOYHOTO LIMKJIA BEIBOOUT KJIETKY U3 COCTOSIHUS I10-
kos1 (Mukherjee et al., 2016).
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Baxnyio posnb B mogaepXaHUN COCTOSTHUSI IIOKOSI
NSC Tak ke, Kak ¥ B aKTUBaLlM1 HEUPOHaAIbHOM T -
¢depeHIIMPOBKY, UTPACT PETYJISALIMS TpaHCIIIUY dhakK-
TOPOB NOOIEPKAHUS MYJIBTUIIOTEHTHOCTH U IIPOHEii-
poHanbHOM TuddepeHINPOoBKU. Tak, B TTOKOSIIINXCS
gqNSC MHaKTUBMPOBaH TPAHCKPUITIMOHHLINA (DakTop
HelipoHanbHOU nuddepenimpoBku ASCLI (achaete-
scute family bHLH transcription factor 1) ¢ momo-
IIBIO TTOCTTPAHCISIIMOHHBIX MEXaHU3MOB C y4aCcTU-
eM E3 yomksutun murazst HUWEI] u perrpeccopHoro
oenka ID4 (Urban et al., 2016). Penpeccust moct-
TpaHcasnuoHHoi aktuBanuu ASCL1 Bo3Bpalaer
NSC B mokoseecss COCTOSIHME, a €e BKIIIOYESHUE,
Hao00poT, COCOOCTBYET Npojudepalu U Helpo-
HaJbHOU nuddepeHupoBke. TpaHCaIUs TpaH-
CKPMINTOB OBYX IPYrnx BaxkHeHIMX B cynbdbe NSC
reHoB — SOX2 u PAX6 Takxke penpeccupoBaHa B I10-
KOSIIIIEMCSI COCTOSTHUU U JIEPEIIPECCUPYETCS IPU aK-
THUBaLMU nIpoaudepanuu 1 guddepeHInpoBKu (Baser
et al., 2019). Takum 00Opa3oM, MOCTTPAHCKPUIILIMOH-
Hast MoO(PUKALUS KITIOYEeBBIX (haKTOPOB HeliporeHe3a
SBJISIETCSL €llle OOHOM BaXKHOUW MeTJE peryssiuuu,
y4acTBYIOLIIEH B MOAIepXKaHUM TUHAMUYECKOIO paB-
HOBecHUsI MexXay mokoeM 1 npoymdepanueit NSC.

OtcnexxuBanue cynbonl Ki1oHOB NSC, skcrpec-
cupytomux Ascl/l 8 SGZ B3pocyioro Mo3ra rokasaio,
YTO OHU IIPOXOIST HEKOE OrpaHNYCHHOE KOJIMYECTBO
CUMMETPUYHBIX 1 aCCUMETPUYHBIX IeICHUI, BBI3bI-
Basl BCILJIECK HeliporeHe3a, Mocjie KOTOPOro Ucue3aroT,
BEPOSITHO, IIpeTepIieBas NIHMaabHYI0 auddepeHIIn-
poBky (Pilz et al., 2018). 3To HamOMUHAET IPOLIECCHI,
MPOXOASIIe TIPU 3MOPHOHATIBHOM Pa3BUTUU TOJIOB-
HOTI'O MO3ra, KOIJa aKTUBHO MPOIudepUpyIOIre IIPO-
TEHUTOPHI IIPOIPECCUBHO TEPSIIOT CBOIO CITIOCOOHOCTh
K CaMOOOHOBJICHUIO U MOJIHOCTBIO YXOIST B nudde-
peHuupoBKy (Urban et al., 2019). BoikiitoueHue reHa
Ascll octaHaBnmMBaeT mnporecc ucromieHus mysia NSC.
Hao6opoT, BbIKIIOUeHUE MOAAEPKUBAIOIINX COCTO-
sIHUE TIOKOSI T€HOB, Takux Kak [lighl (integrin BI),
Pten, unu MfgeS§, Tax ke, KaKk BBeIEHIME arOHKUCTA pe-
LIETITOPOB IJlyTaMaTa — KaWHOBOW KHUCJIOTHI WJIU
nHaktuBauusa E3 youksutun nurazst HUWEL, mipu-
Bomsiasa K aktuBauuu ASCLI, yckopsieT ucroiie-
Hue myna NSC u ux actTpoluTapHyo n1uddepeHIu-
poBKy (Brooker et al., 2016; Zhou et al., 2018). Takum
obpaszom, ASCL1, gpasgeTcss OMHMM U3 OCHOBHBIX aK-
THUBATOPOB HeliporeHe3a B SGZ, B pe3ynbTare Aeii-
ctBUsI KoToporo NSC, BeposITHO, yKe He BO3Bpala-
IOTCSI B COCTOSIHUE TIOKOS$I, @ TIOJTHOCThIO UCHOJIb3YIOT
CBOIA HEMPOTEHHBIN MMOTEHLIA.

KJIETOYHBI KOHTUHYYM B HUILIIAX
CTBOJIOBBIX KIIETOK B3POCJIIOI'O MO3TA

TpaHCKPUOTOMHBIN aHAJIN3 OTHEIbHBLIX KIIETOK
MMO3BOJIWII CAENIATh 3aKII0OUEHHUE O TOM, YTO B CTBOJIO-
BBIX HUIIIAX B3POCIOr0 MO3ra CYILIECTBYET IIOUYTH He-
MPEPBIBHBIII KOHTUHYYM TIIE€PEXOOHBIX COCTOSHUIA
NSC — ot myboKoT0 IMOKOsI 10 aKTUBHOM TTponde-
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pamun (Llorens-Bobadilla et al., 2015; Urban et al.,
2019; Marqués-Torrejon et al., 2021). I[lmrybuHa noxkost
gNSC xapakTepusyeTcsl, B YaCTHOCTHU, 00Jice BBICO-
KM ypOoBHeM akcnpeccun ApoE3 (ApoE), Aldoc, nnn
1d1—1d3 B 6071€e TIIyOOKO MMOKOSIIMXCS KiieTKax. Pe-
ryJsiuust nokosi/akTuBHOCTU NSC ocyllecTBsieTcs
TpeMsI OCHOBHBIMM CUTHaJIBHBIMU myTaMnu: BMP,
FGF u EGFE. AxtuBauus curdaiapHoro mytu BMP-4
OMNOCPEAOBAHHO 4Yepe3 BSKCIPECCUI0 HETraTMBHOTIO
addexropa Id1, 3anyckaeTt Bbixon NSC u3 KieTod-
HOTO IIMKJIa U 00pa3oBaHUE TOMYISIIUUA “CIISIINX”’
d-gNSC (ot anmi. dormant non-cycling quiescent
state, d-qNSCs) (Marqués-Torrejon et al., 2021). [1pu
YMEHBIIEHUN “TIYOWHBI TTOKOSI” M TIepexojie B IPo-
mmdepupyronyio ctaguio B NSC mocTerieHHO Ha-
pacTraeT 3KcIpeccus TeHOB curHainbHOTO Iyt FGF,
B yacTtHocTH, Fgfr3 (Basak et al., 2018) u nytu EGF
(Artegiani et al., 2017). KoMOMHUpOBaHHBIN CUTHA-
muar BMP-4/FGF-2 unnynvpyer o6pa3oBaHHe OCO-
ooit cyornomnynsiunu qNSC, TOTOBOI [IJ1s BXOAA B KJle-
TOYHBII LMKJT, HA3BAaHHOM “TIpaliMpOBaHHbBIE TTOKOSI -
muecsa kinetkn” miau p-qNSC (ot aHmi. primed
quiescent neural stem cells) (Basak et al., 2018; Marqués-
Torrejon et al., 2021).

Hogeiimmue nccinenoBaHus ToKa3aiu, YTO HaMbo-
Jiee BaxKHasl ISl BO3BpAIlEHUS B KJIETOUHBIA IIUKII
cyononynsiust p-qNSC xapakTepn3yeTcsl BRICOKUM
YPOBHEM 3KCIIPECCUU HeraTUuBHOTO peryasitopa RTK
curHamHra LRIG1 u CD9. Ina cyonomyasiyu
p-gNSC 6BIJIO TTOKAa3aHO, YTO MeUeHHBIe TeHOM e G-
FP 3Tn kj1eTK MOTYT OBITh YCIIEIITHO TPAHCIUTAHTH-
pOBaHBbI B CyOBEHPUKYJIIPHYIO 30HY CUHTE€HHBIM MbI-
11aM, TJ€ OHU aKTUBHO BKJIIOUYAIOTCS B HEWpOreHes
(Marqués-Torrejon et al., 2021).

BoikmioueHue reHa Lrigl B npenenax SVZ in vivo
MPUBOAUT K YBEJUYEHUIO YPOBHS Mposubepaiu
NSC B aToit Humie. Takum ob6pazom, LRIG1 gBaser-
¢Sl BAKHEUImM peryJisitopoM Bbixoaa p-qNSC u3 co-
CTOSIHUSI IIOKOSI, “TIPUBPATHUKOM”, OT KOTOPOIO 3aBH-
CUT YyBCTBUTEJIBHOCTh KJIeTKM K curHasiaM EGFR n
BO3BpalllcHUE B MpoJiidepupyloliiee COCTOSTHUE.

CITOCOBbBI AEJTEHUA NSC —
CUMMETPUYHOE U ACUMMETPHNYHOE

Boixonst u3 cocrossHust mokosi, NSC MOT'yT BCTy-
MUTh B aCCUMETPUYHOE JIEJIEHUE, TIPU KOTOPOM 0bOpa-
3yeTcsl CTBOJIOBas KJIeTKa U HeMpoHaIbHasl TIPOreHU-
TOpHas KJIeTKa MO0 acCTPOLUT WU B CUMMETPUYHOE
JleJIEHUE, B pe3y/IbTaTe KOTOPOTro MOTYT 00pa30BaThCs
JIBE CTBOJIOBBIX KJIETKM (AYIIJIMKATUBHOE WJIM aMILIU-
duLmpylolee neleHne) uin ase quddepeHIpoBaH-
HbIX KeTku (nuddepeHurpoBounoe neneHue) (Pilz
etal., 2018). KimonanbeHb1il TpekrHT NSC ¢ moMonibio
PETPOBUPYCHOM TpaHCAYKIIUU PEeTIOPTEPHBIX T€HOB
noka3ain, 9to B SGZ 3y0duaToii M3BUJIMHBI IIPEUMY-
ILIECTBEHHO HA0I101aeTCsI aCUMMETPUYHOE AejIeHNE,
B TO BpeMs Kak B V-SVZ mipeBampyeT CUMMETPUYI-
Hoe neneHue (Basak et al., 2018; Obernier et al., 2019).

I[Ipy sTOM, B OOJIBIIMHCTBE CJIy4aeB IIPOMCXOIUT
I depeHIIMPOBOYHOE CUMMETPUYHOE NeJIeHUE U
Juib Hebonbias yactb NSC B V-SVZ (20—-30%)
MMOBEPraloTCs OYIUIMKATUBHOMY JIEJICHUIO, BOCIIOJ-
HsIsI IMyJ1 CTBOJIOBBIX KieToK (Obernier et al., 2019).
Takum 006pa3zoM, CUMMETPUIHOE JAeJICHIE II03BOJISICT
HEe3aBUCUMO PEeTyJIUpOBaTh IBa Ipoliecca — CaMo-
nogaepxanue monyiagnuu NSC, a takke mudde-
PEHLIMPOBKY U CO3IaHMeE ITyJIa MOJIOIbIX HEMPOHOB.

Bb160p pexuma fesieHust orpeaesisieTcsl CurTHajlaMu
CTBOJIOBOII HUIIM, B 4yacTHocTu TAMKepruueckoii
nMmIyibcanueil. Berkmouenue Tonndyeckux TAMKep-
TMYEeCKMX CUTHAJIOB B 3y0UYaTOi M3BUJIMHE ITyTEM Jeie-
1 gamma? cyobenuHuinbl GABAA pelienitopa co-
MPOBOXIAeTcsl MpexaeBpeMeHHbIM BbixogoM NSC
U3 COCTOSTHUS TIOKOSI U YBEJIMUEHUEM JIOJIU CUMMET-
puyHoro neneHus (Urban et al., 2019).

CTPYKTYPA HUIII CTBOJIOBbIX KJIETOK
B I'OJIOBHOM MO3TI'E

Humu cTBOJIOBBIX KJIETOK B3pOCJOrO MO3ra —
V-SVZ u SGZ opraHu3oBaHEBI IIOX0Xe 1 COCTOSIT U3
COOCTBEHHO CTBOJIOBBIX KJIETOK (ITOKOSIIIIMXCS U/WIU
MpoJIM(ePUPYIOIINX), UMEIOLINX (DEHOTUII paarajb-
"o rmuu (GFAP+, Nestin+) 1 ipu3Haky CTBOJIOBO-
ctu (Sox2+, CD133+), HECKOJIBKMX MHOTOYMCIICH-
HBIX CyOIONyJISILIUN MPOMEXYTOUYHBIX MPOreHUTOP-
HBIX KJIETOK (0003HauaeMbIX B pa3HbIX UCTOYHUKAX
TAP unu IPC), KoTopkle B IIpoliecce AeIeHMs IOCTe-
MEHHO TEPSIOT MYJbTUIOTEHTHOCTh U MOCJeA0Ba-
TeJIbHO CTAaHOBSITCSI HelipaJbHBIMU MTPOTeHUTOPAMU,
HelipobyiacTaMU Y MOJIOABIMM HEWpOHaMU, WU
IJIMaJIbHBIMU TTporeHuTopamMu u acrporuramu (Ur-
ban et al., 2019; Obernier et al., 2019) (Ta6u. 2).

HecmoTps Ha oOliiMe NpUHLMITBI OpraHru3aluu,
HUILIM CTBOJOBBIX KIeTOK B V-SVZ 1 SGZ uMeloT u
NpUHUIMINAIbHBIE pasnudusa. B V-SVZ nHeiipob6ia-
CThl M MOJIO/Ibl€ HEMPOHBI MTOKUAAIOT HUIILY, MUTPU-
pys B OOOHSITENIbHYIO JYKOBUILY, B TO BpeMs KakK B
SGZ monozaple HeIPOHbBI pacrojiaraloTcs B Hermocpe/-
CTBEHHOI 0JIM30CTH OT HUILIU — 3aHUMasi CBO€ MECTO B
CJIOSIX TPaHYJISIPHBIX HEMPOHOB 3y0YaToil U3BUJIUMHHEI.
OTO OTAWYME MO3BOJISIET TIpeArnoiaraTb pasIMUHbINA
YPOBEHb TMPOHEUPOHATBHBIX JIOKATBbHBIX (PAKTOPOB.
Kpowme Toro, npuHUMITUMAIBHBIM OT/InYUeM V-SVZ sB-
JIsieTcsl HenmocpeacTBeHHbIN KOHTakT NSC ¢ aneHau-
Mot 1 yepe3 Hee — ¢ CSF, aTo obecrieunBaeT OTBETHI
V-SVZ Ha n3MeHeHus B TMKBOPHOI CUICTEME 1 CEKpe-
TOPHOI aKTUBHOCTH xopuoungHoro crutereHus (Urban
et al., 2019; Obernier et al., 2019).

V-SvZ

PacnionoxxeHHas1 TEPUBEHTPUKYISIDHO U CYyO-
SIIEHANMAJIBHO BOKPYT OOKOBBIX KEJyIOYKOB 30HA
V-SVZ conepxut 6oabioe koandectBo NSC, Ha3bI-
BaeMBbIX KJIETKAMU paauaibHOM miuu tuma Bl, xo-
TOpblie MOPMOJIOTUYECKN U MMMYHO(PECHOTUITNUEC-
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Ta6mmma 2. XapaKTepUCTUKAa OCHOBHBIX KJIETOYHBIX CYOITOITYJISILINI B 1IepeOpaTbHbIX HUIIAX CTBOJOBBIX KJIIETOK

HaszBaHue
Tun kneTok Mapkepbl Ddynkunn
V-SvzZ SGZ

IMoxkosmumecs NSC gqNSC |gNSC Nestin, GFAP, CD133, Vimentin, | CoxpaneHnue nyia NSC Ha nIpoTsixe-
Itgbl, Pten, Mfge8, Aqp4, 1d3, HUU XU3HU
Aldoc, ApoE3, FoxO3, Hesl,
Spotl14, Ik

[Mpomdepupyroiiue B1 RG1 Nestin, GFAP, CD133, Vimentin, | Camonognep:kanue myia NSC;

NSC (turt 1) | Sox2, Pax6, Ascll, BLBP, CO3[aHMe ITyJia MPOMEKYTOUHBIX Heli-
GLAST, CD133, LewisX POHAJBHBIX W IJIMAJbHBIX TIPeIIe-
(Lex)/CD15/SSEA-1, Egfr, Fgfr, | cTBeHHUKOB 1 Helipo06i1acTOB
LRIGI1, VCAMI, Ki67, MCM?2

NSC/rnmuanbhbie mpo- | B2 RG2 Nestin, GFAP, Vimentin, Ascll, |He u3BectHa, BO3MOXHO — IreHepa-

TCHUTOPEI (tux 2a) | Sox2, BLBP, Shh, IGF1, TIx 1S ACTPOIIUTOB U OJIUTOACHAPO-

JIMOLIMTOB

IIpomexyrounsie mpo- | C, RG2 Nestin, Sox2, Pax6, BLBP, IMonnep:xaHue mysia HeMpOHAIBLHBIX

TEHUTOPHI TAPs (tux 2b) | EGFR, Dcx, Dlx, GLAST, NT-3, | npeniiecTBeHHUKOB, (GOpMUpPOBaHUE
Tbr2, Ascll, NeuroD1, Proxl, myJia Heiipo61acToB
Wnt, Shh, Igfl, Fgf2

Heitpobnactel A Tun 3 NeuroD1, Prox1, Dcx, NCAM, |V-SVZ: Murpaiusi 1o pocTpaJibHOMY
BIII-tubulin, Prox-1, NeuN, MUTPALIMOHHOMY ITyTH, ITIOCTMUTOTU -
CRMP-4, GD3, BDNF, CREB, |u4eckoe co3peBanue u GopMHUpoOBaHie
Dix1, DIx2, MAP2, Wnt, Notch, |myJja 3peibix HeiipOHOB OOOHSTEIb-
AP-1 HOI JIYKOBULIbI.

Mononbie HEMPOHEL NCAM, BIII-tubulin, NeuN, SGZ: [lepemelieHne B rpaHyIIpPHOM
GD3. BDNE. CREB. MAP2 clioe, opranm3anusi cega3eii ¢ CA3
AP- 1’ CalR éalB G;AB A ’ u CA2 B ¢a3e NOCTMUTOTUYECKOTO
D2/D’3 S_I_’IT ’ ’ CO3pE€BaHUA

KieTtku aneHAMMBL Elu E2 — S100B, CD133, a-tubulin INonnepxxuBaromas GyHKIus, pop-
(C3B9), CD24, GLAST, mCD24, | MupoBaH1€ HUILIM CTBOJOBBIX KJIETOK
Sox2, Nestin, FoxJ1

ACTpPOLIUTHI GFAP, Vimentin, BLBP, s1003 [TonnepxxuBaromas pyHKuus, dhop-

MUPOBAaHUE HUIIY CTBOJIOBBIX KJIETOK

CKHY HallOMUHAIOT B3pOCJble paaualbHble aCTPOILIM -
Tol (puc. 1, Tabn. 2). AHaJOTMYHO acTpPOLUTaM,
kietku B1 okpyxatoT cBouMM 6a3aibHbIMU OTPOCT-
KaMM KallUISIPbl, C [IOMOIIBIO alTMKAJIbHbBIX OTPOCT-
KOB KOHTaKTUPYIOT C JIUKBOpHOI1 cuctemoit (Mich
et al., 2014; Obernier et al., 2019; Jurkowski et al.,
2020). B pe3ynbraTe acCUMMETPUIHOTO IEJICHUS KIIET-
k1 Bl Bocmpou3BomsT cedsi, obpasyloT KieTku B2,
TaKXe MMEIOIIME aCTPONIMAIbHbBIN (heHOTHUIT, HO JIU-
ILIEHHbIE alTUKAJIbHBIX KOHTAKTOB, a TAKXKe TPOMEXY-
TOYHBIC IporeHnTOopHbIe KieTky Tuna C (1 TAPs),
KOTOpbIE HAYMHAIOT aKTUBHO TMpoJu(epupoBarth,
HakarjauBasi SKCIPeccUuto MpoHeipoHalbHbBIX TEHOB
Asclln Dix. ITocne 3—4 nenennit knetku tura C rmpu-
00OpeTaroT NOCTATOYHBIN MPOHEUPOHATBHBIN MOTEH-
IMaJI, 9TOOBI B PEe3yAbTaTe CIACAYIOLICTO NeJICHUS 00-
pazoBaTh HelipoOnacTsl (KineTku Tuna A). [MocienHue
00pasyroT pOCTPaTLHBIN MUTPALIMOHHBIN ITyTh, TT0 KO-
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TOPOMY OHU MHUTPHUPYIOT B OOOHSITEILHBIE TYKOBHIIBI,
e B JaJIbHENIIeM MTOABEPraloTcss TOCTMUTOTUYECKO-
My co3peBaHuio (Mich et al., 2014; Obernier et al., 2019;
Jurkowski et al., 2020). [l veitpo6aacroB V-SVZ xa-
paKTepHa 3KCIIpeccusi MPOHEUPOHAIBHBIX TeHOB, Ta-
kux Kak Dcx, collapsin-response mediator protein-4
(CRMP-4), ranrmuosun 9-O-anetun GD3, NCAM
U JpYTYX O€JIKOB KJIETOYHOI aare3uu U UHTETPUHOB,
obecneuynBaoIrX 3PPEeKTUBHYIO MUTPALIAIO KJIETOK
B 0OOHATENBbHYIO JyKoBuLly (OB), KoTopas morosn-
HUTEJIbHO perynupyetrcs oenkamu ECM, TakumMu Kak
TeHacuMH-2 1 npokuHetunnH-2 (Jurkowski et al.,
2020).

MHTEeHCUBHOCTH TPOAYKIINU HEMPOOIACTOB pery-
JIUPYeTCsl BHEITHUMU U BHYTPEHHUMU CTUMYJIaMHU,
3aBHCUT OT Bo3pacTa, (U3NIECKOIl aKTUBHOCTHU, TO-
JIOJAHUS U Op. (GaKTOPOB. Y MOJIOABIX MBIIIEH TIPO-
nynupyetrcsa no 10000 Murpupyroninx HeMpooIacToB
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(KJ1eTOK THMa A) B CYTKH; TIPU TOM, UTO 00I1Iee KO-
yecTBO KJ1eToK B1 B V-SVZ y HUX cocTaBiisieT 0KOJIo
7000 (Obernier et al., 2019), 3T0 HaMHOro OOJIbIIIE,
yeM KoiamuecTBO NSC B SGZ, T.e. V-SVZ gaBasgercsa
caMOM KpPYNHOM T€pMHMHATHBHOI 30HOI B3pOCIOTO
MO3Ta.

SGZ

MynbsrunoreHTHble NSC B SGZ 3y6uaToii u3Bu-
JIMHBI HAa3bIBAIOT KJIeTKaMu paguaabHoil K (RG)
I Tuma. DTy KJIETKN NMEIOT acTpOITIMaIbHBIN PeHO-
tun (GFAP+, HecTuH+) 1 3KcpeccupyoT MapKephl
cTBOJI0BOCTU S0x2+ 1 CD133+ (Tabs. 2). AHanoruy-
HO (UOPWUIIPHBIM acTpoluTaM M KieTkaM Bl,
KJIeTKM | TUIIa OTJIeTaloT CBOUMM OTPOCTKAMU MUK-
pococyabl, YTO JieJlaeT UX YyBCTBUTEJbHBIMU K CHUT-
HajaM U3 MUKPOLMPKYJISITOPHOTO pycia U OT Liepe-
OpaIbHBIX YHIOTEIUOLMUTOB, B YacTHOCTU, K VEGF,
KOTOPBII CUMTAETCSd OJHUM W3 MHIAYKTOPOB HEMpO-
reHe3a B SGZ (Kempermann et al., 2015). ITonyuas
aKTUBUpPYIOILLIME CUTHAJbI, KJIeTKU | Tuma mensitcst
MPEUMYIIECTBEHHO aCCUMETPUYHO U JAlT Havajao
NporeHUTOpHBIM Kietkam Il Tuma, KoTopbele B CBOIO
oyepenb MoapasaessiioTcsl Ha IPOreHUTOPhI 2a, UMEI0-
e acCTPOIIMAIBHBIN (DEHOTUII W IIPOreHUTOPHI 2b,
KOTOPBIE JAaI0T HAYaJl0 MOJIOABIM IPaHyJISIpHBIM HEel-
poHaMm (Kempermann et al., 2015; Ampuero et al.,
2017). IlporeHUTOpHBIE KJIETKM 2 TUIIA SKCIIPECCHU-
pytot Sox2, Shh, Wnts, IGF1, FGF2 u anepHbIii 0e-
Jnok TIx (Abbott et al., 2020). AKTUBaLUsI CUTHAJIb-
HeIX myTeit Shh, Wnt, IGF1 u FGF2 cnocob6cTByet
X JanbHele nuddepeHIIMPOBKe, B TO BpeMsI Kak
rpaagueHT KoHueHtpanuu IGF1 onpenensier HanmpaB-
nenue ux murpaunu (Nieto-Estevez et al., 2016).

HeiipanbHble IIpOreHUTOPHI TUIIA 2b 3aIyCKaroT
9KCHPECCUI0 TEHOB MMPOHEHPOHATbHBIX TPAHCKPUII-
HUoHHBIX (hakTopoB Ascll Dcx, Nt-3, Tbr2, NeuroD1
u Prox 1 (Abbott et al., 2020) u B nanpHeIIeM aud-
depeHIUpPYyIOTCSI B KJIETKM 3 Tuiia (HeipoOJacThl),
KOTOpbIE 3aTEM OCTaHABJIMBAIOT KJIETOYHBIN LIUKI U
IIOABEPraloTCsl MOCTMUTOTUYECKOMY CO3pPE€BaHUIO
(Kempermann et al., 2015). B mporiecce mocTMuToTH-
YecKoro co3peBaHMsl Helipobactel (kinetku [11 tuma)
MIPUOOpPETaIOT MOJIIPHYIO (OPMY, BHIITYCKast ASHIPU-
THI B MOJICKYISIpHBIH cioif GD, a akcoHBI — K He-
poHaMm CA3 30HBI TUIIIIOKaMIIa U MEHSIOT CBOIO
IIPOCTPAHCTBEHHYIO OPUEHTAIINIO, PACIIOJIarasich 60-
Jiee BEPTUKAJILHO B TPaHy/ISIPHOM CJIO€ 3y0UaToit n3-
BuiuHbI (Danzer et al., 2008). ITpu nanpHeiem co-
3peBaHUM 3TH KJIETKU () OPMUPYIOT JEHAPUTHBIC 11T~
MUKW B MOJIEKYISIPHOM CJI0€ 3y04aToii MU3BMJIMHEI, 1
VIUIMHSIIOT aKCOHAJIbHBIE TTpoeK1InU B 30HY CA2 (Ab-
bott et al., 2020).

B mipoliecce MOCTMUTOTIYECKOTO CO3PEBAHMS, IKC-
IIpeccHsl paHHUX ITPOHENPOHATTLHBIX TEHOB, XapaKTep-
HbIX 11 KiaeTok 3 tuna (Dex, Wat, Notch, NeuroD1 v
Prox 1) 3ameHsIeTCsI IKCIIpecCUeil TeHOB 00Jiee 3pebIX
HelpoHoB, Takux Kak MAP2, BDNF, pummnx, CREB,

NeuN, KanbpeTHHNUH, aKTUBUpYoinii 6emok 1 (AP-1)
(tabn. 2) (Gongalves et al., 2016). [lmukonporenH
BHEKJICTOUHOTO MaTPUKCa PUJIMH BaxKeH IJIst hOpMU-
pOBaHMs IEHAPUTHBIX IIIMITMKOB, a TAK3Ke IS MUTPa-
LM U TTO3ULIMOHMPOBAHMSI MOJIOJBIX HEMPOHOB B I'pa-
HYJISIDHOM cJioe 3yOuaToii u3BWiInHbI (Ampuero et al.,
2017). ®ochopumupobanre CREB akTuBnpyet TpaH-
cKpunuuio reHoB c-Fos, Jun-B, Bcl-2, GDNF, 3kc-
Mpeccusi KOTOPBIX BaXKHa JIJIs1 BETBJICHUS ACHIPUTOB 1
IaJIbHEUIIIeTo BbhDKMBAaHMS HEeHpoHOB (Zhang et al.,
2016). benku c-Fos u ¢c-Jun reteponumMepu3sysich, 00-
pas3yoT AP-1, aKTUBUPYIOIIUICS CUTHATBHBIM Kac-
KamoM Wnt 1 B CBOIO O4E€peb, PETYIUPYIOLINii IIPO-
Judepannio, 1MhhepeHIUIIUPOBKY U allONTO3 Heii-
POHOB 3y0UaToil U3BWJIMHBI ruMokamMmna (Salvi et al.,
2016).

B perynsumnu HefiporeHe3a B GD 6ouiblioe 3Haue-
HME UMEET HEMPOTPAHCMUTTEPHBII BXOO U COCTOSTHUE
MeMOpaHbI co3peBarloliiero HelipoHa. HaunHas ¢ kie-
TOK pavaJIbHOM IJTMU 2 TUTIA, BCE MOCIEayIolIe Cyo-
MOIYJISILIMKU TIPOreHUTOPOB U HelipoHoB SGZ oBep-
9KCIIpeccupytoT reHsl perentopoB TAMK, uyTto ompe-
nensieT nx peakuuio Ha TAMKepruueckue cUrHamibl,
reHepupyeMble JJOKaJIbHBIMU UHTepHeipoHamMu GD
U IpYTUMM CTPYKTYpamu rurinokammna (Kempermann
et al., 2015). ITomumo 'TAMK, mponudepanuio u
noctMuToTndeckoe co3peBanue NSC II tuma perymnu-
PYIOT CEPOTOHUH M A0(aMUH OMOCPEIOBAaHHO Yepes
BKCIIpecCUpyeMble UMY T'eHbI 1oaMruHOBBIX (D2/D3)
u cepotoHuHOBBIX (5-HT) penenropon (Salvi et al.,
2016; Kohl et al., 2016). SGZ moiay4acT MHOXECTBO
HEWPOTPAHCMUTTEPHBIX CUTHAJIOB: 1Oo(haMUHEPTU -
yeckue n3 VTA (ventral tegmental area), cepoTo-
HUHeprudeckue us siaep mna (raphe nuclei), a Takske
alleTUIXOJIMHEPTUUECKE U3 SIAEP TIePErOPOIKHU.

B pesynbraTte B3pocioro HeliporeHe3a B SGZ y
IPBI3YHOB T€HEPUPYETCS TOJIBKO OJUH TUIl HEHPO-
HOB — BO30yXIalollye TpaHyJIsipHble HEMPOHBI 3y0-
4yaToil M3BUJIMHbBI, KOTOPBIE TOJyYalOT CUTHAJIbBI U3
SHTOPUHAJIBHON KOPBI U TIepeaatloT BO30yKIaloliue
nMITysibehbl HelipoHaMm B CA3 u CA2 30HbBI TUIIIIOKAM-
na (Kempermann et al., 2015). AKTUBUpPYSI TOPMO3-
Hble MHTEPHENPOHBI, BHOBb OOpa30BaHHbIE TPaHy-
JIIpHBIE HEPOHBI UHTUOUPYIOT OOIIYI0 aKTUBHOCTh
GD, uTo UMeeT 3HaUeHUE B KOTHUTHMBHOM TJ1acTUY-
HOCTHU, B YACTHOCTH B YJIyUIIEHUU PA3TIUYeHUs OIn3-
Kux natrepHoB (Anacker et al., 2017) (moagpoOHee cM.
B pazneie “®Dyukiuu NSC B3pocaoro Mmosra”).

. KIIIOYEBBIE OCOBEHHOCTH
HEMNPOI'EHE3A BO B3POCJIIOM MO3TE

Heiiporene3s Bo B3poCJiOM MO3T€ HE SIBISIETCS
YMEHBIIIEHHOU KOTuei 3MOpUOHATBHOTO HEWpo-
reHe3a, HO UMEET CBOM OCOOEHHOCTU U OrpaHUYe-
Hus. HecMoTps Ha TO, YTO 1 B TIO3THEM 3MOPHOHATb-
HOM Mepuoae W BO B3POCIOM COCTOSIHUM MOJIONbIC
HEMPOHBI 00Pa3yIOTCs M3 HEMPOIIMAIBHEBIX paguaib-
HbIX npemninectBeHHUKOB (Ponti et al., 2017), B3poc-
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JIBI HeWporeHe3 MPUHIMITHAIBFHO OTIMYAeTCsT Kak
MHUKPOOKPYKEHUEM HUII CTBOJIOBBIX KJIETOK, TaK U
MOJIEKYJIIPHBIMU MexXaHu3MaMu perymsauu (Lugert
et al., 2012).

TpaHCKpUIITOMHBIE HUCCIENOBAaHUS MOKa3aaud, YTO
MaTTEePH 9KCIIPECCUN HEUPOIMUTETUAIBHBIX Paaralb-
HBIX IIPEAIIeCTBEHHMKOB B 3MOPMOHAILHOM IIEpHOIe
HanboJiee OJIM30K K MaTTEPHY IIPOMEKYTOYHBIX Heli-
poHanbHbIX MporeHuTopoB (IPC unu TAPs), B TO
BpeMsI KaK TPaHCKPUIITOM KIJIETOK paauajabHOMI
mn V-SVZ u SGZ B3pociIoro Mo3ra 6J1mxKe BCero K
TpaHCKPUNTOMY AuUhdepeHIIMPOBAHHBIX aCTPOLIU-
TOB U 3NeHIMMAaNbHBIX KIeToK (Gouti et al., 2015).
Actpormmst m srieHoMMa B V-SVZ 1 acTporims B
SGZ urpaioT BaxHY10 pojb B (PyHKIIMOHUPOBAHUU
B3POCJIBIX HUII CTBOJIOBBIX KJIETOK, OIIPEIEIISISl e
MIperMYIIEeCTBeHHYIO “ImmoreHHocTh” (Paez-Gonza-
lez et al., 2011; Taverna et al., 2014). BTa 0COOEHHOCTh
B3POCJIOIO MUKPOOKPYXKEHUS IIPUBOAUT K TOMY, UTO
B oTJIMUMe OoT 3MOpuoHaabHBEIX NSC, KoTophie mrud-
depeHIMPYIOTCS TIPEUMYILIECTBEHHO B HeHpOHallb-
HOM HampapieHnu, B3pocibie NSC HUKorga He aud-
¢epeHIINPYIOTCS B HEMPOHBI HAIIPSIMYIO M JOCTAaTOYHO
Jerko auddepeHUUpyoTcs: B actpoumThl (Taverna
etal., 2014; Gotz et al., 2016).

I[IpumeuaTtenbHO, YTO IIPU KYyJIbTUBUPOBAHUU
in vitro, B IpUCYTCTBUM NMPOHEHPOHAIBLHBIX (PaKTO-
POB, KaK dSMOpUOHaIbHBIC, TaK U B3pocabie NSC go-
CTaTOYHO JIETKO nuddepeHIUPYIOTCS B HelipOHaIb-
HOM HampanieHuu. OmHako, Ipu TpaHCIUIAaHTAIlUU
NSC B napeHXUMY I'oJIOBHOI'O MO3Ta B3POCJIOIO KM~
BOTHOTIO KaK 3MOpHOHaJIbHEIE, TaK 1 B3pocibie NSC
MPEeUMYIIECTBEHHO IN((EPEHIUPYIOTCS B IIUAIb-
HoM HarnpasiieHuu (Gotz et al., 2016; Samoilova et al.,
2021). UckioyeHne COCTaBIISIET TpaHCIJIAaHTAIMs
NSC B 3y0uaryio U3BMIMHY, B pe3yJIbTaTe KOTOPOI Ha-
OmomaeTcsl HelipoHanbHast TuddepeHIIMpoBKa TIepe-
caxeHHBIX KieTok (Lugert et al., 2012; Fuentealba
et al., 2012). TpancrutaHTausT HePOHATBLHBIX ITPOTe-
HUTOPOB B IPYyrye CTPYKTYPHhl B3pPOCJIOTr0 MO3ra, B KO-
TOPBIX €CTECTBEHHbII HEMPOTeHe3 OTCYTCTBYET, IIPUBO-
JINT K TOPMOXKEHUIO HEMpOHAIbHOM T depeHIINPOB-
KU, BCJIEACTBUE YETrO MPOTeHUTOPhI JTMOO COXPaHSIOT
CBOI1 UICXOIMHBIN (peHOTHII, TNO0 IrddepeHIIPYIOTCSI B
MajibHOM HarpasiaeHuu (Mira et al., 2010). I1pu atom
BKCIIpecCUsi MPOHENUPOHAJbHBIX T€HOB, TaKUX Kak
Pax6, Ascll v Ngn2, KoTopasi aKkTUBHO OCYIIIECTBIISI-
erca y NSC in vitro, Tociie TpaHCIUIAaHTAIUN PE3KO
CHUXXAETCsI, YTO U OOYCJIOBJIMBAET IMOTEPIO HEMpo-
HaJbHON nubbhepeHIIMPOBKU in Vivo BO B3POCIOM
mosre (Barnabé-Heider et al., 2010; Torper et al.,
2013).

IIpuBeneHHbIe BBHIIIE PE3yJbTaThl U ITOHUMaHUE
OpraHM3aliy HUII CTBOJIOBBIX KJIETOK BO B3POCIOM
MO3Ie MO3BOJISIET CleaTh 3aKJIIOYEHUE, YTO B3pOC-
able NSC ucxomnHo “rimoreHHbl” U CIIOCOOHBI K HE-
poreHe3y TOJNLKO 4Yepe3 MPOMEXYTOUHbIE (DOPMBI C
NOCTENEeHHOI aKTUBallMeii TpOHEMPOHAaIbHbBIX TPAH-
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CKPUITLIMOHHBIX (haKTOPOB U 6e3 3TOil TpaHCKPUII-
LIMOHHOM MTOAAEPXKKU MOTYT JIETKO CMEHUTh HaTlpaBJie-
Hue nuddepeHIUpoBKU Ha mvoreHe3 (Grande et al.,
2013). TpaHcKpUNIIUOHHAsI IPOHEepOHaIbHAS IO -
JIep>KKa TIpY B3pOCJIOM HEMpOreHe3e OCyIIeCTBISICT-
cd TeMHU Xe (akTopaMu, YTO U B dMOpUTeHe3e —
Pax6, Gsx2, DIx, Ascll, Ngn2 u NeuroD1 (Lugert et al.,
2012; Ninkovic et al., 2013). OgHako, eciau 3MOpHro-
HaJIbHAsI paavaibHasT MM UCXOMTHO MYJILTUIIOTEHTHA
M CTTOCOOHA K ITPSIMO IIPOHENPOHAITBbHO mnddepeH-
oupoBKe, TO B3pociabiM NSC HeobxonuMa cepust IIpo-
MEXYTOYHBIX JIeJICHUI 11T HapaOOTKKU HEOOXOIMMOTO
YPOBHSI ITPOHEHPOHANBHBIX TPAHCKPUITLIMOHHBIX (DaK-
TopoB (Haubst et al., 2004; Costa et al., 2011; Grande
et al., 2013; Lopez-Juarez et al., 2013).

E1ie onHOi1 BaxkHOI1 0cOOEHHOCTBIO B3pocibix NSC
SIBIISIETCSI TIPOHOJDKUTENIbHBIN KIIETOYHBIN ITUKII. DOM-
opuoHanbHble NSC 10 1Mo3gHero HeoHaTaIbHOTO TIe-
pHoIa He TIepeX0oIsT B COCTOSIHUE TIOKOSI U X KJIETOY -
HbIi 1Mk gutes 10—18 4, B To BpeMsi Kak B3pocible
NSC, nepuoanyecku Iepexoasl B TTOKOSIIIEeCs Co-
CTOSTHUE, MOTYT UMETh ITPOAOIKUTEIBHOCTh KJIETOU-
HOTO IUKJIA OT HECKOJBKUX CYTOK J0 IBYX HeOeldb U
oonee (Arai et al., 2011; Bonaguidi et al., 2011; Sohn
et al., 2015).

Takum obpazom, B3pociibie NSC — crenualib-
HBII1, 000Cca0IMBaIOIINIICS ellle B IIPEHATaIbHOM ITe-
puone pa3BUTUS TyJl KJIETOK, UMEIOIINIA CBOU OCO-
Oble GYHKIIMY 1 MEXaHU3MBbI PETYJISILIUU ITOKOS, IIPO-
Jmdepaunu 1 guddepeHIMpoBKU. B mopepiieHnn K
yKe TIepeuyrciIeHHBIM cBoiicTBaM B3pocibix NSC (1ipe-
ObIBaHUE B COCTOSIHUM ITOKOS$I, CITOCOOHOCTb K CaMO-
MOAAEPXKAHUIO, CTIOCOOGHOCTh FTeHEPUPOBATh IPOMEXKY-
TOYHBIE TIPOTEHUTOPHBIE (DOPMBI U3 KOTOPBIX pPa3BU-
BalOTCSI HEMPOHBI 1 V1K), MOXKHO JOOABUTH €IIe OHY
KJTIOUEBYIO XapaKTEPUCTUKY — 3TO HECITOCOOHOCTh K
npsiMoit HelipoHanbHOM nuddepeHuuponke (Lugert
etal.,2012; Gotzet al., 2016), koTopasi, BEepOsITHEE BCE-
ro OOYCIIOBIIMBAETCS IIMOTEHHBIM BIMSTHUEM MUKPO-
OKPYXEHUSI. DTy UCXOOHYIO “TJIMOreHHOCTh” MUKPO-
OKPYXEeHHUSI B3pOCJIOro MO3ra HEOOXOAUMO YUUTHIBATh
MpU pa3paboTKe BCEX HeMpopereHepaTUBHBIX TEXHO-
JIOTUIA, BKJTIOYAIOIINX HEHMPOHABHYIO ITUddepeHIIN-
DOBKY.

OYHKUHWH NSC B3POCJIIOI'O MO3TA

B Huille cTBONOBBIX KJIETOK B V-SVZ B TeueHUe
KM3HU MEJIKMX MJICKOIIMTAIONINX 00pa3yIOTCsI COTHU
MWLIMOHOB MOJOOBIX OJIb(paKTOPHBIX HEWPOHOB,
KOTOpBbIE 3aTEM MUTPUPYIOT OTTYyJA B OOOHSITEIbHYIO
JIYKOBUILy, (OpPMUPYSI POCTpalIbHBIiI MUTPALIMOH-
aeIA yTh (Jurkowski et al., 2020). JdecsaTtkm ThICSY
MOJIOBIX HEMPOHOB, oOpasyrwiuxcsa B SGZ, 3aHU-
MAaloT CBO€ MECTO B I'PaHYJISIPHOM CJIoe 3y04aToii 13-
BWJIMHEL. JIOTUIHO MPEIIToNoXuTh, 9To U B V-SVZ n
B SGZ HOBbIE HEWPOHBI 3aMelaloT QYHKIIUH 10 TEM
WJIA WHBIM IIPUYMHAM JerpagvpylolX HEMpPOHOB,
OIHAKO 3TO HE COBCeM Tak. B mociemHue nBagliaTh
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JIET, C pa3BUTUEM T'€HETUYECKUX TEXHOJOTHM IIO-
SIBUJIMCh HOBBIE MHCTPYMEHTBI JJIsl UCCACeIOBAHUS
GYHKIIMIT HOBOOOPA30BAaHHBIX HEWpOHOB. bbuin,
HaIpuMep, II0JIyYeHBI TPAHCTEHHBIE MBIIIN, Y KOTO-
PBIX MOXHO TMPOM3BECTU CyOTOTAJbHYIO AETUICIIUIO
npoaudepupyrommx NSC. Tak, y TpaHCT€HHBIX Mbl-
meii Gfap-tk B TeHOM BCTPOEH I'eH TUMUINHKWHA3EI
BHpYycCa IIPOCTOTO reprieca moj KOHTPOJIeM ITPOMOTO-
pa GFAP, BciencTtBue 4ero Bce Iposepupyrolme
B3pociibie NSC cTaHOBITCS YyBCTBUTEIBHEI K ITPOTH-
BoBHpycHoMY npernapaty Valganciclovir (VGCC). Ec-
JI1 BO B3POCJIOM COCTOSIHUM TPaHCT€HHBIM MBIIIAM
Gfap-tk BBeCcTH 3TOT IIpemapar, Bce Ipondepupyro-
mue NSC nmoaBepraroTcss MaCCUPOBAaHHOMY arioITo-
3y 1 HeliporeHes B LiepeOpaIbHbIX HUIIIAX CTBOJIOBBIX
KJIETOK ITOJIHOCTBHIO ocTaHaBnuBaeTcs (Snyder et al.,
2011).

B V-SVZ oxono 95% HoBBIX HelipoHOB nudde-
peHuupyoTcs B rpanHysipHbie KiaeTku (GCs). ITo-
IaBJsolIee OOJNBITWMHCTBO M3 oOcCTaBIIUXCI 5%
KJIETOK CTAHOBSTCS TEPUITIOMEPYISIPHBIMU KJIET-
kamu (Lledo et al., 2006). U Te, u npyrue saBasioTCs
ITAMKepruuyeckumMy HMHTAOUTOPHBIMM HepOHAMMU.
IMocpenctBoM AeHAPUT-IEHAPUTHBIX PELUITPOKHBIX
cBs3eit GCs MHrMOMPYIOT MUTpPaJIbHbIE KJIETKU, I1aB-
HbIe HeipoHBI 00OHSTeabHOM aykoBuibl (Li et al.,
2018). DKCrepMMEHTHI ¢ BBIKIIFOUYSCHIEM HeporeHes3a
BO B3pOCJIOM COCTOSIHUM Y TPAHCTEHHBIX MBbIIIEi MOo-
Ka3aJiu, 4YTO XKMBOTHbBIE, Y KOTOPBIX HapyIIeHO oOpa-
30BaHUE MOJIONIBIX OJTb(PAKTOPHBIX HEMPOHOB, B 1IEJIOM
HE OTJIMYAIOTCSI OT 3IOPOBBIX MBbIIIEH, HO TIepecTaloT
pa3uyarh MOXOXKHWE 3araxu BCJEICTBUE OOEMHEHMSI
MaTTEPHOB PACMO3HABaHWS B MUTPAJIbHBIX KJIETKaX
OB, 00yC/IOBIEHHOTO, BEPOSITHO, YMEHBILIEHUEM CY-
MPECCUBHOTO BO3JEUCTBUSI HA HUX MHTMOMTOPHBIX
TPaHYJISIPHBIX W TiepuriaoMepysipHbeix TAMKeprn-
YeCKUX HEHPOHOB, TTOMYJISILIUS KOTOPBIX OOHOBJISIET-
cs 3a cueT MoJionbix HetipoHoB (Li et al., 2018).

O06pa3oBaHHbBIE B pe3yJIbTaTe B3POCIOro Helpore-
He3a B SGZ Moonbie HelipoHBI AuddepeHIUPYIOT-
csl B BO30YKJal01IMe HEMPOHBI M 3aHUMAIOT MECTO B
rpaHyJISIpHOM cjoe 3y04yaToil M3BUJIMHE. AKCOHBI
3TUX KJIETOK 00pa3yloT MOXOBMUIHbIE BOJIOKHA, UIY-
mue B CA3 u CA2 30HBI TUNIIIOKAMIIa, 7€ OHM 3a-
KaHYMBAIOTCS B BUIE “CHMHANTUYECKUX OJISIIIEK” B
30Hax, OoraTblx MHTepHelipoHaMu. B TeyeHue He-
CKOJIBKMX HeJeb Mocjie 00pa3oBaHUsl 3TU HEUPOHBI
MOXHO OOHAPYKUTh IO YCUJIEHHOMY CUHAIITOTEHE3Y
U HEMPOHAJIbHON IUIACTUYHOCTU, 3aTeM, MPUMEPHO
rnocje 8§ Hemeau OHW CTAaHOBSITCI HEOTIUYUMBI OT
B3POCJIBIX HEMPOHOB IrpanyJisipHoro ciost GD (Sailor
etal., 2016). OcHoBHasI (PYyHKIIUS HEMPOHOB IPaHy-
JIIPHOTO CJIosl — Tiepefaya UMITYJbCOB B MUPaMU/I-
Hble KIeTKu CA3 30HBI TUITIIOKaMIa. DTU HEUPOHBI
rnepeaalT UMMIYIbChl TOBOJIBHO PEAKO U UX aKTUB-
HOCTb PELMIIPOKHO MOAYJIMPYETCS OOJBIINM KOJIU-
YeCTBOM HWHTEpHepoHoB runmnokamia (Kemper-
mann et al., 2015). Pe3ynbTupyroluM BIMSTHUEM HO-
BOOOpa30BaHHbBIX HEHPOHOB, BCJIENCTBUE aKTHUBALIMU

JIOKQJIbHBIX TOPMO3HBIX WHTEPHEHMPOHOB SIBJISICTCS
TopMoOxXeHue obuIeit aktuBHocTH GD (Anacker et al.,
2017). KoHconuaaluo HOBOOOpa30BaHHbBIX HEITPOHOB
GD B (pyHKIIMM TUIIIOKAMIIA, CBSI3BIBAIOT C OOIICH
HEWpOHANbHOI IJIACTUYHOCTBIO B IPOLIECCE KOTHU-
TUBHOI IeSTeJIbHOCTA, UMEIONIE BakKHOE 3HAYCHUE
MPY Pacro3HaBaHUM ONM3KUX MNAaTTEPHOB B IPOIIECCE
o0OyueHus, GyHKIIMOHMPOBAHUY MaMSITH, a TAKXKe TIpU
aganTUBHOM Pery/Isiuy SMOLMOHaIbHOM cdepnl (Lle-
do et al., 2006; Snyder et al., 2011; Sailor et al., 2016;
Liet al., 2018; Anacker et al., 2017; Ruddy et al., 2018;
Fares et al., 2019; Toda et al., 2019; Jurkowski et al.,
2020).

DKCIIEpUMEHTHI C BEIKJIIOYEHNEM B3POCJIOTO Heli-
poreHesa y TPaHCT€HHBIX MBIIIE OOHAPYXWUIN, YTO
HOBOOOpPa30BaHHbBIC HEMPOHBI UTPAIOT BAXKHYIO POJIb
He TOJIbKO B pellIeHN KOTHUTUBHLIX 3a4a4, HO U B pe-
LIMIIPOKHOI MHAKTUBAIUM TUIOTajJaMO-rumnodusap-
HO-HAAIIOYEYHUKOBOU CUCTEMBI, aKTUBUPYIOLLICHACS B
OTBET Ha cTpecc. Tak, y TpaHCT€HHbBIX MBIIIIEH ¢ aerie-
el HeliporeHe3a OOHAPY:KWIU 0oJjiee IIPOIOJIKM-
TeJIbHOE TOBBIILICHUE YPOBHSI KOPTUKOCTEPOHA — OC-
HOBHOTO INTIOKOKOPTUKOMIHOIO TOPMOHA Y TPhI3yHOB —
B OTBET Ha OCTPHBIi CTpecC. DTU MBIIIH ITOKAa3aJIH I10-
BBILIICHHOE MUILIEBOE M30eraHue B HOBOM OKPYXKe-
HMU, NOBBIIIEHHOE MCTOILICHME B TECTE IMPUHYIU-
TEJIBHOTIO IUIAaBAHUS U IPYTUe SKBUBAJIEHTHI AETIPEC-
CUBHOTIO MOBEJACHUSI. DTO MO3BOJIMJIO CAeIaTh BHIBOI
0 TOM, YTO HOBOOOpa3oBaHHbI¢ HelipoHbsl GD urpa-
IOT BaXXHYIO pOJIb B aHTUCTPECCOPHOM amarnTaluu Op-
ranusma (Snyder et al., 2011). BaxkHo oTMETUTH, YTO B
TOM K€ UCCIeI0BaHUN ObLUIO MOKAa3aHO, YTO HU LUP-
KaIHbIE KOJIEOaHUSI YPOBHSI KOPTUKOCTEPOHA, HU MC-
XOIHBII MAKCUMYM €TI0 MOBHILIIEHUS B OTBET HA CTPECC
Y MBILIEH C AETUICLIMEA HEUPOTEHE3A U TUKUX MbILLIECH
HE OTJIMYAIOTCS, YTO €€ Pa3 CBUAETEIBCTBYET O TOM,
YTO B3pPOCJIblii HEUPOTEHE3 HE SBJISIETCS XKU3HEHHO
HEOOXOMUMMBIM, 2 OTHOCUTCS K MeXaHU3MaM “TOH-
KOl HACTpOWKM” HENPOIHITOKPUHHON CHCTEMBI K
OKpYy:Kallllel cpene. AnanTallMoOHHas poJjb B3pOC-
JIOro HeliporeHes3a nmoa4epKuBaeTCs ITIOBEAeHYSCKM -
MM 1 SMOLMOHAJIBHBIMU HapyLIEHUSIMHA, BO3HUKAIO-
IIMMU NpU ero HapylieHusx (Anacker et al., 2017).

Kaxk MBI y>ke oTMeJatn BhIIIe, pamruoyTaepOTHBII
aHaJIM3 Mokaszajl Hajiuuue HeliporeHe3a B SGZ GD
rUImoKaMiia B3pociioro uvenoBeka (Spalding et al.,
2013), ogHaKO, UMMYHOTHCTOXMMUYECKHE UCCIEI0-
BaHMSI He MOATBEPAUIN HAJIMYKUE CKOJIb-IMOO 3aMeT-
HOTO HeliporeHesa y neteii crapiie 13 JileT 1 aHaIormd-
HBIX TI0 BO3pacTy HEUYEJIOBEKOOOPA3HBIX ITPHUMATOB
(Sorrells et al., 2018). B npyroii paboTe ¢ UMMyHOTH-
CTOXUMHUYECKUM WCCIIeIOBAaHMEM IIpeIrapaToB MoO3ra
YeJioBeKa IoKa3aHo, YTO MOJIOIbIe HEPOHBI 0OHAapy-
JKMBAIOTCS B TUMIIOKAMIIe TOJIbKO Yy AETei M0 Tpex
JeT, B ganpHelimeMm B SGZ npoiandepupyeT TOJIbKO
Mmukporus (Dennis et al., 2016). B aToii cBSI31, TOBO-
pUTh 0 GYHKIIUU HEMporeHe3a y NpUMaToB U YeJIoBe-
Ka CIIPpaBeINBO, 0 KpaitHeil Mepe MPUMEeHUTETBHO
K paHHEMY JeTCKOMY Bo3pacTy. B aToMm Bo3pacTte ak-
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TUBHBIM HEHPOTeHE3 CBI3BIBAIOT C PA3BUTUEM KOTHH-
TUBHBIX (PYHKIIWIA, CITOCOOHOCTEM OOydYeHUsT U TaMsi-
TU. B TO XXe BpeMsl, 10 cux Mop Bcepbe3 00CyKaaeTcs
pPOJIb TIOCTHATAILHOTO HEMporeHe3a B pa3BUTUM Heii-
polereHepaTUBHBIX U TICMXWYECKMX HapylIeHU y
B3pOCJbIX, BKIIOYasl Aerpeccuto, W aaxe OOJe3Hb
Aunprreiimepa (Anacker et al., 2017; Berger et al., 2020).

PesroMupyst maHHBIE MCCIIEIOBaHUI Y JabopaTop-
HBIX JKHWBOTHBIX, MOXKHO 3aKJTFOUNTh, YTO (DYHKITUST HO-
BBIX HEIPOHOB, 0OPa3YIOIIMXCS B POIIECCE B3POCIOTO
HeliporeHe3a — yJacTHie B MPOIECCMHIE HOBOM WH-
dbopmartm, TTocTyIaroIeit B Te9eHIE KU3HU, 0OecTe-
yyBalollee KOTHUTUBHYIO TUIACTUYHOCTh M TOHKYIO
afarTalnio K yCIIOBUSM OKPYXKAIOIIEH Cpelbl.

MO)KHO NMpEAIIoJ0KNTb, YTO UMEHHO C BBIIIOJIHE-
HUEM CIELMATM3MPOBAHHBIX (DYHKIINIA, XapaKTePHBIX
JIJIST ONIpeIeJICHHBIX HEIMPOHHBIX CUCTEM MO3Ta CBSI3aHa
MaioaddekTuBHas peakiys B3pocbix NSC B ycI10BHU-
SIX TTATOJIOT .

POJIb PESUJIEHTHBIX NSC
ITPU ITATOJIOTUHN

Ponb B3pocabix NSC nipu natosioruu LIHC B no-
JaBISIOIIEM OOJBIIMHCTBE OIyOJMKOBAHHBIX pabOT
HCCJIENOBaJach Ha MOIEJSX MATOJOTMM TOJIOBHOIO
MO3ra y MeJIKUX JJaOopaTOPHBIX IPhI3yHOB. Hanbomnee
W3Y4YeHBI B 3TOM OTHOIIIEHUHU YeThIpEe MOJIEIIM CaMbIX
JacThIX LIepeOpabHBIX KaTtacTpod: 1) Monens HeoHa-
TaJIbHOM TUIIOKCUM, BOCIIPOM3BOLSIICH TMITIOKCHUKO-
HWIIEMUYECKYI0 BHIIe(dalonaTUio HOBOPOXKICHHBIX;
2) pa3MUYHbICE BapUaHThl TPaBMAaTUYECKOIO IIOBpE-
JKIIEHMSI TOJIOBHOTO MO3ra (MexaHW4ecKasi TpaBMa, Xy-
MU4ecKasl Oerielys, JIydeBOoe MOopaXeHMe) U pas-
JIMYHBIE MOAEIU MIIEMHUHM BO B3POCIOM COCTOSIHUU
(dpoToTpoM0OO3, OKKIIO3USI CpEeIHEN MO3rOBOI apTe-
pUM U IIp.), BOCIPOU3BOISIINX MUIIEMUYCCKUA MH-
cynsT y B3pocabix (Ruddy et al., 2018).

I1pu 3a6oneBanmsax u tpasmax LIHC npoucxonst
mI00aTbHBIE U3MEHEHUS 1IepeOpaIbHOTO TOMEOoCTa-
3a, 3aTparuBalollye B TOM YKCJIe U HUIIIY CTBOJIOBBIX
KJIeTOK Mo3ra. CuCTEMHBIC BOCITAINTEILHEIC CUTHA-
ae1 1ipy matosorun LIHC nocturaror V-SVZ 1 SGZ
yepe3 MUKPOCOCYAUCTOE PYCJIO, WIN BBIACTSIIOTCS B
HUIIIe peaKTUBHOM MMKPOITINEN 1 MHPWILTPUPYIO-
IIMMU MMMYHHBIMM KJIeTKamMu. Psg mpoBocmanm-
TEJbHBIX LIMTOKMHOB, B YACTHOCTU UHTEPIEMKINH-6
HanpsMmyio BosuaelictByeT Ha NSC yepe3 COOTBET-
cTByIomIue peuentopsl (Storer et al., 2018). YHuBep-
CaJIbHOM peakliyeiil CTBOJIOBOM HUILIM B OTBET Ha JIIO-
OBIe IIAaTOJIOTUYECKNEC WU3MEHEHUS SIBIISICTCS aKTHBa-
s HelporeHe3a. Takas akTuBalLlMsI BO B3POCIOM
MO3Ie MBIIICH MoKa3aHa B OTBET HAa MAaCCHUBHYIO TM-
0eIb HEMPOHOB IIPM MHCYJIBTaX, YepPEeTHO-MO3TOBBIX
TpaBMax, HelipoJereHepaTUBHBIX 3a00JIeBAHUSIX, IITH -
nericun u 1ip. (Lledo et al., 2006; Snyder et al., 2011;
Sailor et al., 2016; Ruddy et al., 2018; Fares et al., 2019;
Toda et al., 2019; Jurkowski et al., 2020). O61ydyeHue
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CTBOJIOBBIX HUIII, XUPYypTrUUecKasi pe3eKIus WIN X1-
MUYecKasl JerJielisl HeliporeHe3a LIMTO3MH-apadu-
HO3UIOM WX S5-(GTOpypalMiOM Takke HEen30esKHO
NPUBOIAT K akTuBaumu yieneBmmux qNSC, ycuire-
HUIO TTpoydepanm aktuBupoBaHHbIX NSC, a Tak-
Ke BCeX IPOMEXYTOUHBIX MporeHutopoB (Urban
et al., 2019).

Tumoxkcuko-memmyeckast sHuedanonarust (I'MD)
Y HOBOPOXKAEHHBIX MBIIIIEH XapaKTepu3yeTcs MacCUpo-
BaHHBIM MOBPEXISHUEM B 00JIACTU CTpUaTyMa, pac-
HIUPEHUEM OOKOBBIX XKeJTyTOYKOB, HAPYILIEHUSIMU CEK-
pPETOPHOI DYHKITMU XOPUOIHOTO CIUJIETEHUS, MACCUB-
HBIM aIlOIITO30M HeipoOJIacTOB B IpeieJiax CTBOJIOBOi
aumu (Ruddy et al., 2018). Bmecte ¢ TeM, yxke 4epe3
HeIeJTIo ocye sKkcnepuMeHTanbHoun ' 1D Habmomaer-
csl 3HAYUTEJIbHOE yBeJqnmdeHue Koamdectsa BrdU+ u
Dcx+ mojioXuTenbHBIX Opoaudepupyommx Heii-
pobsactoB — Kak B V-SVZ Ha ctopone M9, Tak 1 B
V-SVZ Ha xoHTpanaTepajibHoit cTopoHe (Ong et al.,
2005). B aktuBauum nponangepanun Heiipoo61acToB
B otBeT Ha ' 1D onpeneieHHyI0 pOJIb UTPacT OBEPIKC-
nipeccusi Notchl, Delta-like 1, v Jaggedl (Felling et al.,
2016). [IprnMedaTeIbHO, YTO AKTUBALINIO CUTHAJIIH -
ra Notchl MoxeT 3amyckarh (paKTOp, MTHTHOMPYIO-
muii aeiikemuto (LIF, leukemia-inhibitory factor),
KOTOPBIf aKTUBUPYETCSI B pE€aKTUBHBIX aCTPOILIUTAX B
pesyJsibTaTe TpaBMbl. MBI ellle OyieM yIIOMUHATh 3TOT
dakTop HUXE, TIPU PACCMOTPEHUU MTPOTOKOJIOB pe-
MpOrpaMMUPOBaHUS.

TpaHCKpUTITOMHBII aHAIM3 TTOKa3aji, YTO B OTBET
Ha TUINOKCUKO-UIleMrudeckoe ItoBpexxaeHue qNSC
KapIWHAJIbHO MEHSTIOT METAa00JIM3M, YCUINBAIOT CUH-
Te3 0eIKa U MHIYLIUPYIOT SKCIPECCUIO TPAHCKPUTILIM -
oHHbIX (pakTOopoB (Llorens-Bobadilla et al., 2015).
ITpumeuarenpHO, yTO MaTTepH 3KcTpeccun NSC B oT-
BET Ha MILIEMUIO OYEHB ITOXOX Ha MaTTepH 3KCIIPecCUun
CaTeJJINTHBIX CTBOJIOBBIX KJIETOK MBIIIEYHOI TKAHU,
YTO CBUAETEIBCTBYET O TOM, 4TO B NSC, BeposSITHO,
BKJIIOUAETCs YHHUBepcajbHasl mporpaMmMa reHeTuue-
CKOI1 BKCIIpeCcCHU, ONMHAKOBAsI IUISI Pa3IMYHbBIX TKA-
Hel B ycJioBUsIX TKaHeBoli rurokcuu (Llorens-Boba-
dilla et al., 2015). OyeBuAHO, YTO JaHHAS IporpaMma
MMeEET HEITOCPEICTBEHHOE OTHOIIICHUE K perapaTuB-
HOI1 KJIETOYHOM pereHepaln, OfHaKoO, HE MEHee oue-
BUIHO, 4TO 3(P(PEeKTUBHOCTD €€ peaaTu3alii IMpU IaTo-
JIOTUM TOJIOBHOTO MO3ra MJIEKOIUTAIOIINX HM3Ka.
Bonbiioe KoIMYecTBO MCCIEIOBAaHUI ITOCBSIIIEHO
pa3JIMYHBIM TIOAXOAaM TI0 YIYYIISHUIO pernapaTuB-
Hoitl pereHepauuu 3a cueT NSC IIyTeM IOIIOJIHU-
TEJIbHOM aKTUBAIIMY UX BEDKUBAHMS, Ipoardepaluu
1 MUTPALIUU C TIOMOIIbIO Pa3INYHbIX OMOJIOTMYECKU
aKTUBHBIX (PAKTOpPOB, TaKUX, KaK YK€ YIOMSHYTHII
LIF, manbix mMojekyn (MeT(OpMUH, WMOHBI JIATHSA),
KJIeTouHoM Tepanuu u 11p. (Dadwal et al., 2015; Felling
et al., 2016; Ruddy et al., 2018). ¥ MeIKUX rphI3yHOB
MOOOOHBIC TOIXOIbl IMOmJac CIOCOOCTBYIOT 3 deK-
TUBHOMY BOCCTAaHOBJICHUIO YTpayeHHBIX (DYHKLIMIA,
OIIHAKO BEPOSTHOCTb MX YCIICIIHOW TPaHCISILIMU Ha
MaTOJIOTUIO YeJI0BEeKa MUHUMAJIbHA.
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OO6cyxmas pereHepannio y peio m amMmuoOnii, MBI
VIIOMUMHAJIM O penporpaMMupoBaHuUM ¢ Aeaudde-
PEHLIMPOBKOI M IIPUOOPETEHNEM CTBOJIOBOCTH, KO-
TOPOMY TIOOBEPraloTCs Pe3UICHTHBIC KJIETKH B o4are
MaToJIOTUM, YTO BMecTe ¢ peMonaennpoBaHueM ECM
co3macT YHUKaJIbHBIE YCJIOBUS IJISI BOCCTAHOBJICHMS
crpykryp LIHC de novo (Maden et al., 2013; Goldman
et al., 2014). IlpumeyareabHO, YTO B CTPUATYME U ME-
JIVAJIbHOM KOpe Y MBbIIIei TakxKe HaOmomanu ¢peHo-
MeH nennddepeHINPOBKA acCTPOIIUTOB ¢ 0Opa3oBa-
HueM Ascll-TI03UTUBHBIX HEMPOHAJILHBIX IPOTeHU-
TOPOB, CITOCOOHBIX K TeHEpallM MOJIOABIX HEMPOHOB
(Nato et al., 2015; Magnusson et al., 2020). O6s3a-
TEJIbHBIM YCJIOBMEM TaKOM TpaHC(hOPMALIMU SIBJISICTCS
cynpeccusi curHajibHoro Iyt Notch, 4To CBUAECTENIb-
CTBYET O TOM, UYTO AaKTUBHOCTh 3TOTO ITyTH HE TOJIBKO
obecnieunBaeT coctosiHue ToKost NSC, HO U mpemnsT-
ctByeT AemuddepeHIpoBKe acTpormuu (Magnusson
et al., 2020).

CTAPEHUE NSC — OCOBEHHOCTH
MUKPOOKPYXEHUA?

CrapeHue — mpoliecc, XapakKTepu3yIoLIuics mo-
CTEIIEHHO HapacTaloIIMMU HapyLIeHUSIMH TOMEO-
cTaza, 3aTpardBalollMMM BCE HUIIU PE3UICHTHBIX
CTBOJIOBBIX KJIETOK, B TOM YKCJIE U B TOJIOBHOM MO3Te
(Samoilova et al., 2021). BmecTe ¢ TeMm, cTapeHUe
NSC umeer cBOM YHHMKaiabHBIe ocobeHHOCTH. He-
CMOTpS Ha TO, UTO HEMPOTeHE3 COXPaHsETCsS] B MO3Tre
Ha IIPOTSKeHWU BCeil XM3HU, MTHTEHCUBHOCTD €T0 B
Impolecce CTapeHMsT Mo3ra 3aMETHO CHIKAETCS
BCJIENCTBUE YMEHbBIIECHUS IyJa MPOoJUdepupyoImnx
NSCs (Basak et al., 2018). Hoseiimue ucciaegoBaHus
MoKa3aju, 94To B IIpoliecce crapeHus Mo3ra, B V-SVZ
u SGZ npoucxodsT ABa Mapajljie/IbHbIX IIpolecca —
yYMEHbIIIeHne 001ero konmdectsa Nestin+ Mcm2+
NSC u yBenumuenue gomm qNSC (Nestin+ Mcm2—)
(Ibrayeva et al., 2021). To ecTb, CHUKEHHE Helpore-
He3a ¢ BO3pacTOM MOXET OBITh OOYCIOBJICHO MEPEX0-
oM 6ompinoii moau NSC B rmokosiieecss COCTOSTHUE,
BCJIENCTBUE CHUXXEHUSI C BO3PACTOM aKTUBUPYIOIINX
curHayioB (Urbén et al., 2019). Beuio obHapyxeHo,
yto NSC B V-SVZ cTapbIx MBIIIIeii CTAHOBITCS MEHEe
YyBCTBUTEJIbHBI K CUTHAJIaM aKTUBALIMU TIPU TPaBMe
MO3Ta, OOHAKO, aKTUBUpPOBaBIIUCH cTapble NSC He
OTJIMYAIOTCS OT IOHBIX I10 YPOBHIO IIpojndepanuu 1
muddepenuupoBku (Kalamakis et al., 2019); Bo3-
pacTHbIC U3BMEHEHUSI TPAHCKPUIITOMA aKTUBUPOBaH-
HBIX cTapbix NSC Takke He ObUIN OOHAPYKEHBI, UYTO
MO3BOJISIET MPEATOJ0XKUTh, YTO CTapeHNE HUILI CTBO-
JIOBBIX KJIETOK B MEHBIIICH CTETIICHU 3aTparuBacT II0KO-
smrecs Ha mpoTsokeHUH skn3Hr NSC 1o cpaBHEHUTIO C
ux okpyxeHueM. CTapeHre MUKPOOKPYKEHUST HUIIIU
CTBOJIOBBIX KJIETOK ITPOSIBJISIETCSI CHIDKEHUEM CHIBOPO-
TOYHOTO YPOBHSI BaXKHBIX CUTHAILHBIX MOJIEKYJT, TAKHX
Kak uHcyuH 1 IGF, cHXeHneM ceKpeTopHOI akTUB-
HOCTU XOPHUOMAHOTIO CIUICTEHMUS, JOKAJIbHBIM H3Me-
HEHMEM aKTUBHOCTM CUTHAIBHBIX MyTE, B YaCTHO-

CTM, MHaKTUBalMel mytu Wnt ero aHTaroHMCTOM
sFRP5 (Kalamakis et al., 2019), usmeHeHueM COOT-
HomeHust IGF-1/BMP5 u ap., 4To cymMMapHO Tpu-
BOOUT K yBenudeHu1o goiau noxkosmmxcs NSC (Ur-
ban et al., 2019; Kalamakis et al., 2019; Ibrayeva et al.,
2021).

B omuuue ot Opyrux pe3uAEHTHBIX CTBOJIOBBIX
KIIeTOK, GYHKIMH “cTtapbix”’ NSCs MOTYT OBITH OBICT-
PO HOPMAaJM30BaHBI 10 COCTOSIHUSI “MOJIONBIX” TIPU
CTUMYJISILVU in vitro. Tak, KOHAULIMOHUPOBAHHAS Cpe-
Jla OT KJIETOK XOPUOUAHOIO CIUIETEHUSI MOJIOABIX MbI-
mieit crumynupyet nposudepanuio crapbix NSC 1 Ha-
000pOT — cpefa OT KJIETOK XOPUOUTHOTO CIUIETCHMS
CTapbIX MblllIeii UYHAKTUBUPYET MPOordepalnio IOHbIX
NSC, BcrnencTBue n3MeHeHUsT cooTHolTeHust BMP5
u IGF1 (Smith et al., 2015). OKcriepuMeHTHI C TeTe-
POXPOHHBLIM Napaduo3oM (0O0bENMHEHUEM KpOBe-
HOCHBIX CUCTEM MOJIOJIBIX M CTapbIX MbIIIIE ) IToKa3a-
JIU, 4TO nepdy3ust MO3ra CTapbIX MblIIei KPOBbIO MO-
JIONBIX MPUBOIUT K BOCCcTaHOBIeHUIO ypoBHeit IGF-1,
GH, Wnt3, TGF-B uiu GDF11 y crapbix Mbliei 10
“MOJIOIOTO” YPOBHSI, YTO CYIIECTBEHHO aKTUBUPYET
HelporeHe3 M KorHUTUBHBIE (yHKIMU (Okamoto
et al., 2011; Pineda et al., 2013; Katsimpardi et al.,
2014; Villeda et al., 2014). IHTepecHO, 4TO psija acco-
LIMUPOBAHHBIX C BO3pacToM (haKTOPOB TaK WA MHA-
Yye CBSI3aHbl C UMMYHHBIM OTBETOM U BOCHAJIEHUEM.
IMomumo yxke yromsinyroro TGF-[3, kotopbie Hapsi-
Iy C BIUSIHAEM Ha HeMporeHes SIBJISIETCSI UHAYKTOPOM
T-KJI€TOK, OTMedaeTcsi posib [J2-MUKPOIIOOyIMHA B
crapeHruM Hull NSC 1 BO3pacTHOM YXyIILIEHUU KO-
THUTUBHBIX (pyHK1M (Smith et al., 2015). MuTepec-
HBIE pe3yJIbTaThl ObUTM OOHapyKeHbl Dulken 1 coaBT.,
KOTOpBIE TIPOBEJIN CeKBeHUpOoBaHUe 14685 OTIeIbHBIX
KJIETOK B CTBOJIOBBIX HUIIIAX MOJIOABIX U CTAPbIX MBbI-
meid (Dulken et al., 2019). DTo npelnM3UOHHOE UC-
cliefoBaHve TOATBEPAMIIO TIPEIIOJOXEHUE O TOM,
YTO C BO3paCTOM YMEHbIIIAETCSI KOJTUYECTBO aKTUBU-
poBaHHBIX NSC. brumn Takske oOHapy>KeHBI BO3PACT -
Hble U3MEHEHUSI TPAHCKPUIITOMA SHIOTETUATbHBIX
KJI€TOK M MUKPOIJIMU, a TaKXkKe, UTO MHTEPECHO —
yBequueHue T-KiieTouHol MHUIBTpALIMU B CTape-
IOLLIMX HUIIAX CTBOJIOBBIX KJIeTOK. OOHapyKeHHbIE B
Mosre T-kjeTKu 1o perepTyapy T-KJIETOUHBIX pe-
LENTOPOB OTJIMYAIUCh OT T-KJIETOK B Iepudepurye-
CKOM KpPOBHU TE€X XK€ CTapbIX MBIIIEH, UTO TTO3BOJIMIIO
aBTOpaM MPENnoa0XUThb, YTO BOBMOXHO, OHU aKTH-
BUPOBAHbI KAKUMU-TO 1LIepeOpasibHbIMUA AHTUTEHAMU
(Dulken et al., 2019). T-kneTku B cTapoM MO3Ie 9KC-
MpeccupoBanu Y-uHTepdepoH, Mpu 3TOM cyodmory-
Jsiumy NSC, oTBevarolie Ha UHTepedepoH, XapaKkTe-
PU30BAIMCh CHWXXKEHHBIM YpPOBHEM mposudepalunu
in vivo. DKCIEpUMEHTHI in Vitro TakKe MoKa3aliv, 4To
T-xneTkn MoryT MHruoupoBaTh npoaudepaimo NSC
MPU KOKYJBTUBUPOBAHUU, B T.4. TIOCPEACTBOM CEKpe-
1y uHTepdepoHa. Takum o6pa3oM, UMMYHHBIE MeXa-
HU3MBbI MOTYT UTPaTh CBOK OCOOYIO POJIb B CTapeHUU
1iepeOpaTbHbIX HUIII CTBOJIOBBIX KJIETOK U B BO3pPACT-
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HOM CHIDKEHMH KOTHUTUBHBIX pyHKImii (Dulken et al.,
2019).

HecMoTpst Ha TO, YTO TPAaHCKPUIITOMHbIE UCCJIEN0-
BaHUsI He OOHAPYXKUJIK 00YCJIOBJICHHBIX BO3PACTOM M3-
MEHEHMI TeHEeTUYECKOM BKcIpeccuu B cTapbix NSC,
cTapeHHne 3aTparmBaeT M HenocpeactBeHHo NSC, uto
MPOSIBJISIETCSI OMOXMMUYECKUMU HApyILIeHUSIMHU, B
YaCTHOCTU, TUC(HYHKLIMEN TU30COM, TIPOSIBIISTIOLIEICS
HapyllleHMeM Jierpafaiiuy OeJIKOB M BHYTPUKIIETOU-
HOIT akkyMmyJsiiMeii 6enkoBbix arperatoB (Kalamakis
et al., 2019). Paznuunbie cyonomnyisiiiu NSC B V-SVZ
WMEIOT KapIMHaJIbHbIE PA3INYUs B OEJIKOBOM TOMEO-
craze. Tak, aktuBupoBaHHble NSC xapakTepu3yloT-
Csl HAJIMYMEM aKTUBHBIX TPOTEacoM, B TO BpeMs Kak
N SC akKyMyIMpyIOT OCJIKOBBIC arperatbl B KPYITHBIX
JuzocoMax. JImzocomanbHasi akTUBHOCTh NSC cHU-
JKaeTcsl ¢ BO3pacTOM, YTO MPUBOIUT K aKKyMYJISILIUU
OEJIKOBBIX arperaToB U MOTEPU CIIOCOOHOCTU K aKTUBA-
. CTuMynsiiyst GyHKUMUA JIM3COCOM MpPEeaoTBpa-
111aeT 3TO CBSI3aHHOE CO CTapeHUEM CHIKEHUE aKTHB-
Hoctu (Leeman et al., 2018).

Ibrayeva et al., mpogeMOHCTpUpPOBaBIINE, YTO I1O-
YIS aKTUBUPOBAHHBIX THITOKaMIAITBHBIX NSCy
MBIIIIEH 3HAYUTEIbHO YMEHBIIIAeTCsl C BO3PAaCTOM,
OOHApY:KWJIN OIpeIe/IcHHbIE MOJICKYJISIpHBIE IIPU-
3HAKW CTapeHUS, B YMCJIE KOTOPBIX OBLIO yBEJIMYe-
Hue 3Kcnpeccuun Abll (Ibrayeva et al., 2021). Muru-
ouTop Abl UMaTUHMO MOXKET, IO MHEHUIO aBTOPOB,
YaCTUYHO BOCCTAHABIMBATH (PYHKIIMIO CTapPEIOIINX
NSC u 3amenIuTh MpoIecC UX CTapeHUsl.

Ni3menenus B Humiax NSC 1mpu cTapeHUN Yeno-
BeKa ropasno MeHee U3yYeHbl, BMECTE C TEM, ITOJaB-
JISTIONIEe OOJIBIIMHCTBO WCCIIENOBATENIEN CUYUTAIOT,
4TO B3POCJbIA HEliporeHe3 ApaMaTU4eCcKy CHUXKAET-
Csl ¢ BO3pacToOM, HauMHasl OT II€PBOIo rojaa IMoCTHa-
tanbHOM Xu3Hu (Spalding et al., 2013; Dennis et al.,
2016; Sorrells et al., 2018). Takum o6pazom, 1 6€3 TO-
IO HU3KUN PEereHEPATUBHBINA MOTEHIMAJ TOJIOBHOIO
W CHUHHOTO MO3Ta YEJIOBEKa C BO3PAacTOM, Ha KOTO-
DBt MPUXOAUTCS 1EOIOT MOAABISIONIETO OOIBIIMHCTBA
HelipoaereHepaTuBHBIX 3a00I€BaHUIA, CTAHOBUTCS €111e
MEHbIIIE. DTO 0OOCTOSATETLCTBO MOOYXKIAET YYEHbIX UC-
KaTh aJTbTEPHATUBHBIE UCTOYHUKNA HEMPATBHBIX CTBO-
JIOBBIX KJIETOK JIJIsSI pereHepaTUBHOM Teparmu.

AJIbTEPHATUBHbBIE NICTOYHHUKH
HEHNPAJIbHBIX CTBOJIOBBIX KJIETOK
JJI1 PETEHEPATUBHOUN
TEPAIIUU TTOPAXXEHUW LIHC

Cpenu ajabTepHATUBHBIX ITOIXOIOB K IMOJIYYCHUIO
ayTOJIOTMYHBIX HEeHpabHbIX CTBOJIOBBIX U IPOreHU-
TOPHBIX KJIETOK, OOJamaloluX OOJBIINM pereHepa-
TOPHBIM IIOTEHLIMAIOM, YeM peaunecHTHbie NSC, oco-
060e MeCTO 3aHMMAaET MPSIMOE PErporpaMMUpPOBaHUE
COMATHUYECKMX KJIETOK B MPOHEHPOHATLHOM HaIlpaB-
JeHuu (Ahlfors et al., 2019). Mnes npsimoro pemnpo-
rpaMMUpoBaHUsI TUddepeHINPOBAHHBIX ayTOJIOTY-
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HBIX COMAaTHMYECKNX KJIETOK IO YPOBHSI CTBOJIOBBIX U
MIPOTreHUTOPHBIX KJIETOK C LIEJIbIO CO3MaHUsI pereHe-
paTUBHBIX TEXHOJIOTUII TaKKe 3aMMCTBOBaHA y MpU-
ponsl. I1pu n3ydyeHnn pereHepauy y JaHUO PepUo U
aKCOJIOT/ISI ObLI OOHApykeH (PeHOMEH perporpamMMim-
poBaHUs U aeaud@epeHIIMPOBKA KIETOK B 30HE IO-
BPEXIEHMS C 00pa30BaHNEM MYJIbTUIIOTEHTHBIX CTBO-
JIOBBIX KJIeTOK. ITprmMepoM st pereHepan HepBHOM
CHUCTEMBI SIBJISIIOTCS YK€ YIIOMSIHYThIC KJIeTKI Miojuie-
pa, KOTOPBIE IIPY MOBPEXKICHU CETIATKI PEIIPOrpaM-
MUPYIOTCS B HEHipOHaJIbHbIE TTPOr€HUTOPhI U BOCCTa-
HaBJIMBAIOT TaKUM 00pa3oM HelpoHbl ceTyaTku (Gold-
man et al., 2014). V¥ muekonmramomux ms Mioioiepa
TepsieT CIIOCOOHOCTh K perporpaMMUpoOBaHue in vivo,
OIIHAKO, B 3KCIIEPUMEHTAX in Vitro MOXHO CO30aTh Ta-
KW€ YCJIOBUSI, TIPA KOTOPBIX IIMAJIBHBIE KJIETKU 00pa-
3yIOT HEMPOHA/IbHbIE TPOT€HUTOPBI U 3aT€EM — HENPO-
Hbl (Goldman et al., 2014).

Droxa KJIeTOYHOTO perporpaMMUpPOBaHMS Hada-
nmack B 2006 romy, xorma Yamanaka u Takahashi
(Takahashi et al., 2006) BriepBbI€ TIPOIEMOHCTPUPO-
BaJI TEXHOJIOTUIO CO3IAaHUS TTIOPUITIOTEHTHBIX Kile-
TOK 13 (p1OP0061aCTOB MBIIIH IIOCPEACTBOM PETPOBU -
PYCHOM TpaHCAYKIIMK T€HOB YeThIpEeX TPAaHCKPUIIIIH -
oHHBIX ¢dakTopoB: Oct4, Sox2, KlIf4 u c-Myc. Dtn
YeThIpEe TPAHCKPUIILIMOHHBIX (paKTopa ¢ TeX MOop U3-
BECTHBI KakK “dakxropsl AMaHakn” MM (pakKTOpHI
OSKM. BmecTe ¢ TeM, periporpaMMHUpOBaHUE 10 CO-
CTOSTHMSI IUTIOPUIIOTEHTHOI CTBOJIOBOIM KJIETKM COIIPO-
BOXIaeTcs “o0HyJIeHeM’ SIMUTEHETUYECKOTO cTaTyca
KJIETKU, BOBHUKHOBEHMEM I'€e HOMHOM HeCTaOMILHOCTH
1 TEeppaTOreHHOCTU. TeXHOJOTHsI IIPSIMOIO pernpo-
rpaMMHPOBAHUS OO YPOBHS HEUPaAIBHBIX CTBOJIO-
BBIX/TIPOTEHUTOPHBIX KJIETOK JMIIEHA 3TUX HEHO-
cratkoB (W1 o63opa cMm. Samoylova et al., 2020;
Samoilova et al., 2021). C moOMOIIBIO IIPSIMOTO PEIIPO-
rpaMMUPOBaHUsl HelipajabHble NMPOTE€HUTOPHI, CIIO-
COOHBIEC TaTh HAYAJIO CIIELIMAJIM3UPOBAHHBIM HEMPO-
HaM, MOTYT OBITh HOJYYEHBI U3 JIETKO HOCTYIHBIX
ayTOJIOTMYHBIX coMaThdeckKux kiieTok (Mall et al.,
2017; Tanabe et al., 2018; Ahlfors et al., 2019). I1pg-
MO€ pEemporpaMMHpOBAHME, MO3BOJISIONIEE MUHO-
BaThb MOTEHIMAJIbHO HEOE30IMacHYI0 CTaauI0 WHAY-
LPOBAHHON IIIOPUIIOTEHTHOCTH, COXPAaHSIET SITH-
reHeTu4YeCcKuil “noprpeTr”’ mcxomHoii kietku (Victor
etal., 2018). CoxpaHeHue BO3pacTa pernporpaMMHupo-
BaHHBIX KJIETOK OOYCJIOBJIMBAET ITPEAIIOYTUTEILHOE
MPUMEHEHNE TIPSIMOTO PEeIpOrpaMMUPOBaHUS TSI CO-
3MaHUsI Mojeeil BO3pacTHBIX HelpoaereHepaTUBHBIX
3a00JIeBaHUi, TaKMX KakK 0o0Je3HU AnblreiiMmepa u
I'entuarrona (Victor et al., 2018).

IIpsimoe perporpaMMupoOBaHKE B HEiipOHAIbHOM
HamnpaBJIECHUU TMPOBOIST C ITOMOIIBIO TPAaHCIYKIIUN
reHaMU MEPBUYHBIX U BTOPUYHBIX TPAHCKPUIILIMOH-
HEBIX (DaKTOpPOB, OIIOCPENYIOIINX 3MOPHOHAJIBHBINA
W/WIM B3POCIHbIA HelporeHe3 (Samoilova et al.,
2021). D10 Takue dakrophl, Kak Sox2, Pax6, Msil,
Ascll, Brn2, Neurogenins, NeuroD1, Myt1l, Gsx2, DIx.
I1pu 5TOM B pe3ynbTaTe IPSIMOTO PEPOrpaMMUPOBa-
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HUSI MOTYT OBITh MOJIyYeHbI JIOObIe KIIETOYHBIE TUITBI
13 OHTOTEHETUYECKOTo psiia OT MYJIbTUIIOTEHTHBIX
HEeMpaJbHBIX CTBOJIOBBIX KJIETOK ¥ KOMUTUPOBAHHBIX
HeHpOHAIIBHBIX Y TJIMAJIbHBIX TPOTeHUTOPHBIX KIIETOK
JI0 HEMPOOJIACTOB U “MOJOABIX” HEMPOHOB, SKCIIPEC-
cupylonux 0a30Bble HelpOHa/IbHbIE MapKephbl. Baxk-
HBIM aCIEKTOM IPSIMOTO PENPOrpaMMHUPOBAHUST SIB-
JISIeTCSl MHAKTUBALIUS CYIIpecCMU HelpoH-crenndu-
YEeCKMX T€HOB Y MCXOMHBIX COMAaTUYECKMX KJIETOK, a
TaKzKe TIPeonoIeHNE NCXOIHON “TIMOTeHHOCTH MUK-
POOKpYKEeHHMsT B3pocioro Mosra (Samoilova et al.,
2021). IMonydyeHHbIEe B pe3yjbTaTe peIporpaMMUpPO-
BaHUS KJIICTKU CITOCOOHBI K HelipoHaIbHOU mudde-
pPEHIIMPOBKE.

HanbHeiiliee pa3BUTHUE TEXHOJIOTUU PEIpoTrpam-
MUPOBaHMUSI, BO3MOXKHO, TTO3BOJIMT CO3AaTh YHUBEP-
CcaJIbHBIN TIPOTOKOJI, OOBEIMHSIONINKI B ceOe IToJIo-
JKUTEJIbHbIE YepThl KaK pernporpaMMHUpOBaHUs yepe3
CTaguIoO MHAYIUPOBaHHON IumopunoTeHTHOCTH (IPS)
(“o0OHyneHne” CBSI3aHHOIO C BO3pacTOM MaTTepHa
JHK-MeTnnnpoBaHusi, BBICOKUIA pereHepaTOPHBIA
MOTEHIIMAI) TaK U TPSIMOTO perporpaMMUpPOBaHMUS
(OTCYTCTBME T€HETUYECKO HECTAOMJIBHOCTU U MOBBI-
ILIEHHOTO PHCKa XpOMOCOMHBIX abeppaliuii, ObICTpOTa,
MpueMiIeMasi CTOMMOCTbD). YKe ceifuac ornvcaHo noiry-
YyeHre WHIYLMPOBAHHBIX HelipoHOB 0e3 ctaguu [PS
(T.e. IO CyTH — METOJIOM TIPSIMOTO PeNpOrpaMMHUpPOBa-
Hust) 6e3 akcnpeccun OCT-4 IpUBOASIIETO K IIPOME-
KYTOUHOM cTaguu IuTropuitoreHTHOCTH (Sheng et al.,
2018). PemporpamMMupoBaHuEe KIETOK Iiepupepuyde-
CKOI KpOBU (3pUTPOOJIACThI) BHIITIOIHSUIN C IIOMOIIBIO
HEUMHTETPUPYIOLIUXCSI BEKTOPOB Ha OCHOBE BHpYca
Cenpaii ¢ reHamu SOX2 u c-MYC. st obieryeHust
penporpaMMuUpOBaHUs B Cpeay 100aBIsIM UHTUOU-
top GSK3 — CHIR99021, aktuBatop mytu SHH —
purmorphamine, naruoutop ALK-5 — A83-01, pe-
komoOuHaHTHEINA LIF u tranylcypromine. ITomydyeHHbBIE
B pe3yJIbTaTe 3TOro MpoTOKOJIa UHAYLIMPOBaHHbIE HEM-
POHBI B TeUeHME ABYX Helle/Ib OT HayaJla perporpaMMu-
pOBaHUSI OBEPIKCITPECCUPOBAIM TMPOHEHPOHATIbHbBIE
re’bl SOX2, NES, PAX6 u CDH2, npu 3TOM 3KCIIpec-
CHsl TJIaBHOTO TeHa IUTIopUIoTeHTHOCTH — OCT4 oT-
CyTCTBOBaJIa, UYTO CBUIETEJHLCTBOBAJIO O TOM, UTO pe-
MpOrpaMMUPOBaHNE U3 TEMOIIO3TUYECKON KIIETKU B
HelpalibHY10 poIio 6e3 mpomMexyTtouyHoit IPS-mo-
nobHoI ctaguu. Yepe3 Tpu Heoenu CIIOHTAHHOM
TddepeHIMPOBKI MOJIYdeHHBIC MOJIOABIE HEHpOo-
HbI 9KcTipeccupoBaau TUJ 1+, uepes 6 Heneab MAP2
u NeuN, 3areM ObL1a MoKaszaHa MX BO3MOXHOCTb
mddepeHIUPOBaTECI B IIIyTaMaTeprUUecKue,
T'AMKepruueckue u CepOTOHUHEPTUIECKUE HEMPO-
HbI ¢ GOPMUPOBAHUEM COOTBETCTBYIOIIUX JIEKTPO-
GU3UOIOTUIECKHX ITATTEPHOB. YHUKAITBHOCTDH 3TOTO
KCCeA0BaHUS 3aK/II0YaeTCsI B TOM, YTO aBTOPHI MO~
Kazajiv, 4YTO UX MPOTOKOJ COMPOBOXIAETCsl “CTUpa-
HHEeM” BO3pacT-3aBUCUMOTO ITPOPMIIST METHIINPOBA-
Hus JJTHK 1 oMooXeHHeM KIJIETOK IPU OLIEHKU C
MMOMOIIBIO 3nUreHeTndYeckux yacoB Horvath (Sheng
et al., 2018). ITocaenamit pakT HeMaTOBaXXeH IJIST CO-

3MaHUSl pEereHepaTUuBHBIX TEXHOJIOTUIA, MOCKOJIbKY
MpUOIUKAET pEPOrpaMMUPOBaHHbBIE KJIIETKHU K (he-
TaibHbIM HCK, cmocoOHBIM K aKTUBHOMY Helpore-
He3y.

MHorouncieHHbIE 3KCIePUMEHTAIbHBIE HCCIIE-
JOBaHUS TIPSIMO PENMpoOrpaMMUPOBAHHBIX HEUpO-
JIMaJbHBIX IIPOTeHUTOPHBIX KiaeToK (drNPC) Ha
MEJIKMX J1a0OpaTOPHBIX XMBOTHBIX IOKa3ajlH, 4TO
1X TPaHCIJIAaHTalMsI MOXET ObITh 3(h(HEeKTUBHA B Te-
panuu B3KcIlepuMeHTaabHOro uHcynbra (Vonder-
walde et al., 2019; Namestnikova et al., 2021) u cou-
HanbHOU TpaBmbl (Nagoshi et al., 2018; Nori et al.,
2018). ITpu a3Trom drNPC crioco6¢cTBOBaIM CHHAIITOTE -
He3y, peMUeINHU3AINN 1 PYHKIMOHAILHOMY BOCCTa-
HOBJICHUMIO HeBposornueckoro aepunuta. [TockonbKy
Ha MEJIKIX JIAOOPaTOPHBIX XKUBOTHBIX IIPUMEHSLIACH
KceHorenHast TpaHciuiantauusg drNPC gemoseka,
¢dakT HelipoHanbHOI ITUPdEepPEeHIIMPOBKU Tepeca-
KEHHBIX KJIETOK 3aperuCcTpUpoOBaH He Obu1. YacThu-
Hasl HelipoHaJIbHAsI muddepeHINpoBKa ObIIa ITOKa-
3aHa B 9KCIEPUMEHTaX Ha KPYITHBIX JJAOOPaTOPHBIX
XKMBOTHBIX — HEYEJIOBEKOOOPA3HBIX IIpHUMAaTax MpU
tpancrinanTanny drNPC B cocTaBe TKaHEMHKEHEp-
HBIX KOHCTPYKTOB (Baklaushev et al., 2019). Dddek-
TUBHOCTb TpaHcIaHTUpoBaHHBIX drNPC ObL1a TakKe
MOATBEPKIeHA B BKCIEPMMEHTAX Ha HEYEIIOBEKOOO-
Pa3HbIX IpUMAaTaxX C SKCIEPUMEHTAIbHOMN CITMHAIbHOMI
TpaBMOI1, Y KOTOPBIX TakKKe OBLIO MOKa3aHO BOCCTa-
HOBJICHNE COMAaTOCEHCOPHBIX M IBUTAaTEJIbHBIX BBI-
3BaHHBIX MOTEHLIMAJIOB, XOTsI HelipoHanbHast audde-
peHIpoBKa nepecaxkeHHbIX drNPC B 3TOM Hcciieno-
BaHMU U1 He oOHapyxuBajack (Baklaushev et al., 2021).

HoBoi1 3m1oxo0ii B pereHepaTUBHOM Teparmu 3a00-
JIEeBaHUI U TpaBM HEPBHOI CUCTEMbI MOXET CTaTh
perporpaMMHUpoOBaHue in Situ, KOrma, ¢ IIOMOIIBIO
Pa3IMYHBIX TTIOAXON0B, MOXKET OBITh 3amylleHa TPaHC-
nnddepeHIMpoBKa B HEMpPOHAJIBLHOM HaIlpaBJIeHUU
PE3UICHTHBIX INMHAJIbHBIX /WM Me3eHXMMAaJIbHBIX
KJIETOK HEMOCPEACTBEHHO B CTPYKTYpax TIOJIOBHOIO
Mo3ra. Yxxe ceifuac IOJIydyeHbl MepBble T0Ka3aTelb-
CTBa TOTO, YTO TAKOM ITOIXO/, B IPUHIINIIEC BO3MOXKEH.
ByactHOCTH, TOKa3aHo, uTo geruiennss PHK-cBg3bI-
Barolero 6eika PTB, yepe3 KoTophlit peaniusyeTcsi
onokupylomee aciictBue REST Ha HelipoHalbHEIE
TPaHCKPUIIIUOHHBIE (paKTOPHI 3aITyCKaeT IMpoTrpaM-
MYy HelipoHaJIbHOI T dEPEHIIMPOBKU aCTPOILIUTOB Y
Kphbic ¢ 6-OHDA remunapkunconusmoM (Qian et al.,
2020). B Oynymmem TeXHOJIOTUs IIPSIMOTO perporpaM-
MUPOBAHUS in Situ 10 TepMUHAIBbHO TUdGEepeHIUPO-
BaHHBIX HEMPOHOB (HopaMUHEPTUYECKUX, AlleTHII-
XOJIMHEPITUYECKNX, CEPOTOHMHEPIrUYECKUX MU TIp.)
MOKET IMMO3BOJIUTH PELIUTH IpoodeMy 6ose3Hu Ilap-
KWHCOHA U JIPYTUX HEeWpOIEereHEpaTUBHBIX 3a00JIe-
BaHM, XapaKTepU3YIOILIUXCSI MPOrpPECCUBHONM HeEli-
poHabHOI1 rnoensio (Arenas, 2020).

TakuMm obOpa3oM, B AOIOJIHEHUE K TEXHOJOTUU
MOJYYEHUS KIETOK C MHAYLIMPOBAHHON MIIOPUIIO-
TEHTHOCTBIO, IPSIMOE peENPOrpaMMUPOBaHKE COMa-
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TUYECKUX KJIETOK B HEUPOIMMAIIBHOM HAaIlpaBICHUN
OTKPBIBAET HOBbIE BO3MOXHOCTH JIJIs Pa3BUTHSI IIEPCO-
HAJIM3MPOBAHHOUW MENULIMHBI, OT pa3pabOTKU in Vitro
MOJIEJIEN HACIIEICTBEHHBIX U AETEHEPATUBHBIX HEBPO-
JIOTUYECKHUX 3a00JI€BaHUM B cilyyae pernporpaMmmu-
POBaHMSI C COXpAaHEHNEM SITUTEHETUYECKOTO BO3pacTa,
IO CO3MAHWUSI HEUPOPETCHEPATUBHBIX TEXHOJIOTUA —
MpU PEerporpaMMHUPOBAHUM C “OMOJIOKEHWEM TaT-
tepHa MeTrimpoBanus [JTHK.

3AKJIIOYEHHME

Y maekonuratoiux B3pociibie NSC BBITTOJHSIOT
creuraan3upoBaHHble GyHKLIUU: B V-SVZ 3T0 reHe-
pauus orpeneseHHbIX TUMIOB OJIb(PaKTOPHBIX HEHPO-
HOB, HEOOXOMMMBIX JIJISI Pa3IMUEHUS] TTOXOXKUX 3ara-
XOB, B 3yO0UaTOii U3BUJIMHE — 3TO Te€Hepalus rpaHy-
JISPHBIX HEWPOHOB AJIS1 BKIIOUYEHUSI B HEeWpalibHbIE
LIEM1, OCYILIECTBIISIIONIME 3allOMUHaHEe 00pa30B U
oOyuyeHHe Ha TPOTSXKEHUU BCEH KU3HU. Y METKUX
JJabopaTopHBIX MeKomuTaromux B3pociabie NSC He
MpUCIOCcOobJieHbl oOecrneynBaTh pereHepamuio 3a
npeaesiaMu 30H UX KOMITIETEHIIUU, HECMOTPS Ha BbI-
paX€HHYI0 aKTUBAlMIO UX MpoJudepanuu B yciao-
BUSIX MATOJOTUU. Y BBICIIUX MPUMATOB U YeJloBeKa
MHOTUMU HMCCeI0BaTe MU CTaBUTCS MOA COMHE-
HHE BO3MOXHOCTb CKOJIb-JIMOO 3aMETHOTO Helpo-
reHe3a BO B3POCJIOM COCTOSTHUM. OTCyTCTBUE aK-
TUBHOTO HeliporeHe3a BO B3pOCJIOM MO3TIe YyeJloBeKa
nenaet 6ecriepcneKTUBHBIMU BCE MOMBITKYA aKTUBA-
LIMM KJIETOYHOM pereHepamuu 3a cYeT pe3ruaeHTHBIX
NSC, B Toil mim uHOI crerieHu 3(p(PEKTUBHBIE Yy
KpBIC M MBbIlIei. AnpTepHaTuBOI B3pocabiM NSC
MOTYT OBbITb TpaHCIUIAaHTaTbl penporpaMMHUpPOBaH-
HBIX HEMPATbHBIX TPOT€HUTOPHBIX KJIETOK, KOTOPHIE,
B OTJIMYME OT MEPBbIX, XapaKTePU3YIOTCS TOBBIIIEH-
HOI CITOCOOHOCTBIO K HelipoHaIbHOI auddepeHu-
DPOBKe, HECMOTPSI Ha BOCHAIUTETbHOE MUKPOOKPYXKe-
HUE B3POCJIOr0 MO3ra, U MOTEHILMAJbHO CIOCOOHBI
BOCCTAaHOBMUTbH yTpadyeHHbIE B pe3yiabTaTe 3aboseBa-
Huii u TpaBM LIHC nonynsinyy HeiipoHOB.
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CITMCOK COKPALLIEHU M

ACSL1 Acyl-CoA Synthetase Long Chain Family
Member 1

BLBP Brain lipid-binding protein

BMP Bone morphogenetic protein

BrdU Bromodeoxyuridine

CalB Calbindin

CalR Calreticulin

CD Claster of Differentiation

CSF Cerebrospinal fluid

CRMP-4 Collapsin-response mediator protein-4

ctgf Connective tissue growth factor

drNPC Directly reprogrammed neural precursor cell

ECM Extracellular matrix

EGF Epidermal growth factor

EGFR Epidermal growth factor receptor

FGF Fibroblast growth factor

FGFR Fibroblast growth factor receptor

GC Granule cell

GD Gyrus dentatus

GFAP Gliofibrillar acidic protein

GLAST  GLutamate ASpartate Transporter

GSK3p Glycogen synthase kinase 3 beta

IGF1 Insulin like growth factor 1

1L Interleukin

IPC Intermediate progenitor cells

IPS Induced pluripotent stem cell

LIF Leukemia-inhibitory factor

LRIG1 Leucine Rich Repeats and Immunoglobulin
Like Domains 1

LV Lateral ventricle

MCM Mini-chromosome maintenance proteins

NCAM Neural cell adhesion molecule

NSC Neural stem cell

OB Olfactory bulb

p-gNSC  Primed quiescent neural stem cells

PTB Polypyrimidine-tract-binding protein

PTEN Phosphatase and tensin homolog deleted on
chromosome 10

gNSC Quiescence Neural Stem Cells

REST REI1-Silencing Transcription factor
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sFRP5 Secreted Frizzled Related Protein 5
SGZ Subgranular zone

SHH Sonic hedgehog

TAP Transit-amplifying progenitor
TGF- Transforming growth factor beta
TNF Tumor necrosis factor

VEGF Vascular endothelial growth factor
V-SvzZ Ventricular-subventricular zone
TAMK l'aMma aMmmuHOMAacCsTHAsT KUCJIOTa
ros [unokcuko-uimemMuyeckas sH1edantonaTus
Pr PanuanbHas mus
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Resident Neural Stem Cell Niches and Regeneration:
The Shine and Poverty of Adult Neurogenesis
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The discovery of postnatal neurogenesis, the isolation and cultivation of neural stem cells (NSCs) of the adult
brain and the subsequent production of autologous neurons from them in vitro have filled scientists with the
hope that new regenerative technologies will soon be created in order to restore the central nervous system
(CNYS) functions lost due to diseases and injuries. However, over the next thirty years, the excitement and
charm of the new discovery gave way to understanding the functions of NSC and their critical assessment.
Why did nature make it so that cellular regeneration in mammals was preserved only in the olfactory bulb,
and not in the retina and organ of Corti, despite the fact that sight and hearing are no less important for the
survival of mammalian species than smell? Why is cellular regeneration present in the ancient cortex, but ab-
sent in the neocortex? Why are there niches of resident stem cells in the brain, but absent in the spinal cord?
Finding answers to these questions is forcing scientists to rethink the biological role of adult NSCs. Clonal
studies of derivatives of adult NSCs allow us to conclude that their functions in the adult brain are most likely
not associated with reparative regeneration and are definitely not associated with epimorphic regeneration of
CNS structures. Young neurons formed in the subventricular and subgranular zones of the adult brain, inte-
grating into neural networks, perform very specific functions — modulation of smell recognition and the func-
tioning of learning and memory, respectively. In an adult, the level of neurogenesis in the subventricular zone
is vanishingly small, and the level of neurogenesis in the dentate gyrus is comparable to the level in mice at
least in the postnatal period. It allows us to conclude that the function of neurogenesis in higher primates is
reduced to participation in cognitive plasticity, memory modulation and other functions of the hippocampus.
Under pathological conditions, global changes in homeostasis occur in the stem niches of the adult brain, ac-
companied by activation of dormant NSCs, increased proliferation of surviving NSCs and all subsequent
clones of progenitors. However, in the case of severe cell death, an epiform regeneration with the participation
of newly formed neuroblasts does not even occur in lower mammals. In humans, taking into account the pro-
nounced age-related involution of neurogenesis in the dentate gyrus, the restoration of cerebral functions is
carried out only through neuronal plasticity. Understanding the biological role of adult NSCs allows us to
draw a disappointing conclusion that the creation of regenerative technologies for diseases and injuries of the
CNS in humans, if possible, is possible only by adult cells reprogramming and giving them and their micro-
environment the properties of juvenile nervous tissue.

Keywords: neurogenesis, neural stem cells, stem cell niches, subventricular zone, subgranular zone, CNS re-
generation
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