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Perynsiiivst MUrpanni MoJIOAbIX HEHPOHOB B KOpEe MOJIOBHOTO MO3ra B Ipoliecce SMOPUOHAIBHOTO pa3BU-
TUST — OMH U3 CAMBIX BaXKHBIX, HO MAJIOU3yYEHHBIX MPOIIECCOB, OT KOTOPOTO 3aBUCHUT MpaBUIbHOE (HOp-
MUpOBaHUE HEMPOHHBIX CeTeil M pa3BUTHUE KOTHUTUBHBIX (DyHKIMI. MyTaliu reHa pelientTopa ypoK1uHa3bl
(uPAR) y MBIIIei IIpUBOASAT K CHIOHTAHHBIM CyIOpoTaM, a y 4yenoBeka noauMopdusmel reHa PLAUR, xo-
nupytonero uPAR, accouimmpoBaHbl ¢ paccTpoiicTBaMM ayTUCTUUYECKOro cnekrpa. Hamu 6b110 nccneno-
BaHO BJIMSIHYE TUTepaKcnpeccun reHa uPAR Ha cTUMynsnuio panvaJibHOW MUTpAllMU HEMPOHOB B KOpe
TOJIOBHOTO MO3ra B 9MOpuoreHese Mbiliieii. bplia mpoBeaeHa olieHKa YKcia HEHPOHOB, MUTPUPYIOIIUX U3
BEHTPUKYJISIPHON 30HBI TPOIMMEPUPYIONINX MPEAIIECTBEHHMKOB B HapyXKHBIE CJIOM KOPHI TOJIOBHOTO
mosra. O6HapyxXeHo, uTo rurnepakcnpeccust UPAR cylliecTBEeHHO CTUMYIUPYET paauajbHYI0 MUTPALIUIO
HelipoHOB B AuddepeHIIMPYIOIIyoCcsl KOpy. DTU JaHHbBIE BepBbie MToKa3biBaloT UPAR-3aBrucumyto pery-
JISILIAIO MUTPALMY HEMPOHOB B SMOPHOHAILHOM Pa3BUTHUU KOPHI TOJIOBHOTO Mo3ra. JlajabHeiillee u3ydeHue
ponu uPAR B perynsiiiuy TpaeKTOpUM MUTPAIIUKA HEWPOHATBHBIX TTPEAIIECTBEHHUKOB TTO3BOJIMT TTPOJIBY -
HYTb Hallle TOHUMaHUEe MeXaHU3MOB (hOPMUPOBAHUSI TOJIOBHOTO MO3ra B HOpME U TIPU MaTOJOTUH.

Kaurouesbie croéa: ypoKMHa3Hasl CUCTeMa, YPOKUHA3HBIM PelenTOp, MUTpaIvsi HePOHOB, SMOPHOTeHEe3 TO-

JIOBHOTO MO3Ta, in utero 1eKTponopanus
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BBEAJEHUWE

Heiiporenes siBisteTcsi MHOTOCTYIIEHYATBIM IIPO-
1IeCCOM, KOTOpPBIM HauyMHaeTcsi ¢ oOpa3oBaHUsSI Heli-
PaJIbHBIX IIPOT€HUTOPHBIX KJIETOK (HEeMpaIbHbIX CTBO-
JIOBBIX KJIETOK), Y, IIPOXOS CTaauy Ipoardepalini,
HarpaBJIeHHOM Murpauuu, Indd@epeHInpOBKU, 3a-
KaHYMBaeTCcs (QopMHpPOBaHMEM 3peJIor0 HelpoHa
(Sauvageot, Stiles, 2002; Stiles, Jernigan, 2010). Ha Ha-
CTOSIIIIMIT MOMEHT BBIAEJISIETCSI IBa OCHOBHBIX Ha-
MpaBieHUST MWUIPallMM HEWPOHAJbHBLIX IIpedlle-
CTBEHHMKOB IIPU Pa3BUTHUM KOPHI TOJIOBHOIO MO3ra:
panuaibHas MUTpalus U3 CYOBEHTPUKYJISIPHOI 30-
HBI HApYKy K KOPTHUKAJILHOM IUTACTUHKE MO KapKacy
pamvanbHBIX TJIMAJIBHBIX KJIETOK W TaHTeHIIMAJbHAas
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murpauus, xapakrepHas mist TAMK-unHTepHeiipo-
HOB, IPOXOIAINAs MPEUMYIIECTBEHHO M3 TaHIINO-
HapHOTO Oyropka TaHTE€HIIMAJIbHO K KOPTUKAIbHOM
rtactuake (Miyazaki et al., 2016). Perynsauus mu-
rpaluy HEMPOHOB U UX MPEAIIIECTBEHHUKOB B pa3BU-
BalOIEeMCsI TOJIOBHOM MO3Te — OJMH U3 CAMBIX CJIOX-
HBIX MOJIEKYJISIDHBIX TIPOLIECCOB, OT TOUHOCTU U KO-
OPOVHUPOBAHUSI KOTOPOTO 3aBUCUT JOalibHellee
GYHKIIMOHUPOBAaHNE HEPBHOM CUCTEMBI U OpPraHU3-
ma B neiaom (Huang, 2009; Valiente, Marin, 2010;
Miyazaki et al., 2016).

YpokuHa3Has cUCTeMa SIBJISIETCS] BaXKHBIM PeTyJIsi-
TOPOM HaIIpaBJIEHHO KJIeTOYHOI MuTpaiuv. MHOTO-
YUCJICHHBIMU WCCIIEHOBAHUSIMU TIOATBEPXXOACTCSI W
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MPOAOJIKAET M3y4yaThCsl BakHasi poJib YPOKWHA3HOM
CUCTEMBI B HEPBHOM TKaHU B MEPUOJIbI €€ Pa3BUTHS,
pereHepaluu u Taroygorndyeckoi negopmanuun (Ce-
MuHa 1 Ap., 2016; IlImakosa u 1p., 2019). YpokuHas-
Has cUCTeMa COCTOMT U3 aKTUBaTopa IJIa3MUHOTeHa
ypOKMHa3HoTo TuIa (ypoknHasa, UPA) u ee penern-
topa (UPAR). uPA saBisieTcss cepHOBOI IIpOTEa30ii,
KOTOpasi pacliervisieT IMJIa3MUHOTEH A0 aKTUBHOTO
IUTa3MUHA, YTO CTUMYJIMPYET MPOTEOIN3 BHEKIIETOU -
HOro MaTpukca, a B3aumozpeiictsue uPA ¢ peuenro-
poM UPAR yBenmmuuBaeT ee KaTaJIUTUUECKYIO aKTHUB-
HOCTb, JIOKAJU3YeT TIPOTEOJU3 HEINOCPEICTBEHHO
pPSIIOM C KJIETKOI, B TOM YMCJIe TIPU €€ MUTPaLiU T10
rPaueHTy XEMOATTPAKTAHTOB, OJHWUM U3 KOTOPBIX
aBasercsa auradna uPAR ypoknHaza, a Takke MOXKET
3almycKaTh mepenayy BHYTPMKJIETOYHOTO CHUTHaja
(Blasi, Carmeliet, 2002; Smith, Marshall, 2010). Ak~
TUBAlLIMs BHYTPUKJIETOYHON CUTHAIW3allMU MOXKET
OCYIIECTBJISAATLCS 3a CUET JlaTepajbHOTO B3auMOJeii-
ctBust UPAR ¢ MeMOpaHHBIMU penienTopaMu: MHTE-
rpuHaMu, 6eJIKaMU SHI0LIUTO3a, PELIEITOPHBIMU TH -
po3unkuHa3amu u ap. (Eden et al., 2011). Kpome To-
ro, pacrsopuMas popma uPAR cama 1o cebe MoxkeT
OBbITb XeMOKMHOM, PETYJIUPYIOIIUM KJIETOUHBIN CUT-
HayuHT 1 Murpaumio (Klimovich, Semina, 2020).

BoBiieueHue ypoKMHA3HOUM CUCTEMBI B pa3InyHbIC
MaTOJOTUYECKE M (PU3MOJIOTMYECKHE IIPOLIECCHl B
HEPBHOM CHCTeMe MOATBEPXKIAETCI U3BMEHEHUEM DKC-
MPEeCCU ¥ aKTUBHOCTHU €€ KOMIIOHEHTOB IIPY TpaBMax
¥ 3a001eBaHMSIX HEpBHOM cucteMbl (Bruneau, Szepe-
towski, 2011; Merino et al., 2017; Pitkanen et al., 2014;
Semina et al., 2016); u3ydeHrEM POJIM HOKAyTa, OJIOKK -
pOBaHMUSI WIM 3K30T€HHOIO BBEIEHUSI KOMIIOHEHTOB
YPOKMHA3HOI CUCTeMBI Ha XKUBOTHBIX Y M30JIMPOBaH-
HbeIX TKaHsx (Powell et al., 2001, 2003; Levitt, 2005;
Semina et al., 2016; Klimovich et al., 2020; Klimovich,
Semina, 2020); oOHapy>XeHUEM B3aMMOCBSI3U MEXITY
MoJIMMOp(dU3MaMU FeHOB KOMITOHEHTOB YPOKMHA3HOM
CHCTEMBI 1 Pa3IMYHBIMUA HEBPOJIOTMYECKUMU I1aTOJIO-
ruamu y mozaeir (Roll et al., 2006; Campbell et al.,
2008; Zandifar et al., 2014). OgHaKO BO MHOT'OM POJIb
1 MEeXaHU3Mbl AEHCTBUS YPOKMHA3HOM CHUCTEMBI B
Pa3BUBAIOLIEUCSI U 3PEJIOM HEPBHOM CHUCTEME OCTa-
I0TCSI MaJIOU3YYEHHBIMU.

Bo3MmoxxHo, BBUIY 00jIee IIIMPOKOTO CIIEKTPA JlaTe-
PaJIbHBIX TTAPTHEPOB 1 pa3HOOOPa3usi MEXaHU3MOB pe-
anu3alun curHayibHbiX 3¢ dekToB (LlImakosa u mp.,
2020), umenHo peuentop uPAR, a He ypokuHa3za, ur-
paeT OCHOBHYIO POJib B YPOKMHA3HOM cCUCTeME KakK
PEeTyJISITOP KPUTUUECKHUX TTPOLIECCOB B HEPBHOM TKa-
HU. DTOMY CYLIECTBYET HECKOJIBKO MOJITBEPKAEHUA.
Ha monenu tpaBMbI nepudepruyeckKoro HepBa y Mbl-
meii orcyrcTBue reHa Plaur (kogupyeT uPAR), Ho He
Plau (xogupyet uPA), cyllieCTBEHHO 3aMeIJIsSIeT pere-
Hepal1io HepBa, UTO TOBOPUT O TOM, UTO OoJiee Kpr-
TUYHBIM JJISI POCTa M pereHepalvy HEPBOB CIIYXUT
crrocobHocTh UPAR maTepanpHO B3aMOneiiCcTBOBATh
¢ MmemOpaHHbiMM Jurangamu (Klimovich et al.,
2020). Ha Mmomenu ocTpbIX reHepaIn30BaHHBIX CYI0-
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pory Mblleit Hamu ObLJIO OOHApyXKeHo, 4YTo uPAR, HO
He uPA, IBIISIETCS HEITOCPEACTBEHHO PAHHMNM T€HOM,
WHAYLAPYEMBIM B KOPOTKHME CPOKU MPU aKTUBALIUU
HEMPOHOB B pa3HBIX 00JIACTSIX T'OJIOBHOTO MO3Ta, U
9TO HE 3aBHUCUT OT JOITOJTHUTEIbHOIO CUHTEe3a OeaKa
de novo (Shmakova et al., 2019). Takoii ObICTpPBII U
YHUBEPCAJIbHBINA OTBET IOATBEPXKAACT BaxKHYIO POJIb
uPAR B perynsauum HelipoHaIBbHOIO OTBETa HA BO3-
OyxxneHue u/Wiu ToBpexaecHue. HakoHell, HOKayT
o reny Plaur (Powell et al., 2001, 2003; Levitt, 2005;
Ndode-Ekane, Pitkdnen, 2013; Bolkvadze et al.,
2016), Ho He mo reHy Plau (Lahtinen et al., 2010;
Bolkvadze et al., 2015), BbI3bIBaeT y 3KMBOTHBIX IO/~
BEPKEHHOCTh Cydoporam, OoJjiee TSDKEI0e TeUueHUE
WHAYLMPOBAHHBIX CYIOPOT U yCUJICHUE Helipoaere-
HEpaTUBHBIX IIPOIIECCOB.

WN3yaenune dpeHoTrma Hokayra reHa Plaur y MbITIei
yKazajo Ha €ro BaXHYIO pOJib B pa3BUTUU T'OJJOBHOTO
Mo3sra. beuto oOHapyXeHo, UTo HOKayT Plaury Mbllneii
MPUBOAUT K MOTEPE MTOYTU MOJIOBUHbI TTAapBAILOYMUH-
conepxaiux 'TAMK-uHTepHEeipOHOB B KOpE T'OJIOB-
Horo mo3ra (Powell et al., 2003; Eagleson et al., 2005).
BepogarHo, onHoit 13 MHOXecTBa GyHKMT uPAR sB-
JISIETCSl PEeryjJiMpoBaHUE HaIlpaBJICHHOM MUTpalliu
HEWPOHOB B Mpoliecce SMOPUOHAIBHOTO Pa3BUTHSI.
Onmnako, Eagleson et al. BeIcKa3anu IpearnooxXeHne
0 TOM, YTO MOCKOJIbKY HEMPOHBI YTpauMBaJIUCh ITOCT-
HataibHO, UPAR cKkopee BOBJIEYEH B PETYJISILIUIO UX
co3peBaHus U BepkuBaeMocTu (Eagleson et al., 2005,
2011). B cBs13u ¢ TeM, 4TO MOAEIb TPAAUILIMOHHOTO
HOKayTa reHa MMeeT OrpaHWYeHUs] U He BCceraa yKa-
3bIBa€T Ha MPSMOE JIEMCTBUE OMpPEAEIEHHOTO OeKa
(Eisener-Dorman et al., 2009), MBI pellIviInu UCCISI0-
BaTh HaMpsIMylo, Kak skcrnpeccusi uPAR B aM0Opuo-
HaJIbHOM TepUOJE BIMSIET Ha MUTPALIMIO HEMPOHOB.
JIast u3ydeHUs 3TO poau ObLI UCIOJB30BaH METO/I
in utero 3JIEKTPOTIOPALINU TUIA3MUIOU TSI TUTIEPIKC-
npeccur uPAR.

MATEPHAJIBI U METO/1bl
Paboma c aabopamopubimu HUGOMHIMU

J1st momy4yeHust 00pa31oB MOPHOHAIILHOIO MO3-
ra MBI MCIIONb30Baau Mbieit JuHuun NMRI.
MBI JaHHOM JIMHUU OTJIMYAIOTCS CPaBHUTEIHLHO
O0ospIIMM (B cpenHeM 18) yncioM 3MOPHOHOB IIpU
OepeMeHHOCTH, 4YTO AeJIaeT MX YIOOHBIM OOBEKTOM
JIJIST ICCITeTOBAHMIA ITPOIIECCOB, CBSI3aHHBIX C OMOpU-
OHAJILHBIM M PpaHHUM IIOCTHATAJIbHBIM Pa3BUTHEM
(Rose et al., 2012). DkcriepuMeHTBI 110 MOIYYCHUIO
JTaTUPOBAaHHOM OEpeMEHHOCTM M BHYTPUMATOYHOM
3JIEKTpOIIopaliy npoBomwin B kinmHuke Illapure,
r. bepnun, I'epmanus (Institute of Cell Biology and
Neurobiology, Charité, Universititsmedizin Berlin),
KOH(OKAJIbHYIO (PIIyOpPECHeHTHYI0O MUKPOCKOITUIO 1
aHanmu3 u3o0paxeHui mnpoBomwin B MI'Y mmenm
M.B. JlomonocoBa 1 ®I'bY HMMUII Kapauonoruu,
r. Mocksa, Poccusi. MaHUITy IS C KMBOTHBIMU
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pCAGIG

pCAGIG-uPAR

3000 m.o. »
1000 1.0. B . .

Ucxonnas [lna3muma mocie
PECTPUKILINU
BamHI

Ia3Muaa
Apal

Ucxomnasa Ilnazmupa mocie
IuIa3Muaa PECTPUKILINK
Apal BamHI

Puc. 1. Pectpukuuonnsbiit aHanu3 miasmuasl pCAGIG-uPAR u konTposbHoit miasmunbl pCAGIG. Pectpukraza Apal pac-
LIETUISIET KOHTPOJIbHYIO T1a3Muny Ha pparmeHThI ~5000 1 ~1000 11.0. 1 ru1a3Muay co BctaBkoit UPAR Ha ¢pparmenTsr ~5000 u
~2400 1.0.; pectpuktaza BamHI paciieruisier KOHTpobHYIO tasMuay Ha ¢gpparmMeHTsl ~5600 1 ~400 11.0. ¥ TJIa3MUAY CO

BcTaBKoii UPAR Ha dparmenTsr ~7000 u ~400 m.0.

MPOBOAUIIN B COOTBeTCTBUU C JupektuBoit EBpo-
netickoro nmapiaameHTa u CoBeta EBpomneiickoro Co-
103a 2010/63/EC ot 22.09.2010 . 0 3ammTe XXUBOT-
HBIX, UCITOJIB3YIOLIVXCS IJIST HAyYHBIX Liesieii. Bcero B
SKCIIEpUMEHTE OBIJIO MCITONIb30BaHO 8 caMok 1 100
SMOPHMOHOB, y KaXXI0¥M CaMKN 3MOPUOHEI IPUMEPHO
IMOPOBHY pAaCIpPeNessINCh Ha SKCITEPUMEHT U KOH-
TpoJib (46 KOHTPOIb, 53 aKcniepuMeHT). 1 HapKo3a
KCITOJIb30BAJIM MHTAJISILIMOHHBII HAapKO3 U30daypaH
(isoflurane IsoFlo®, USP, 0.1 mr/kr).

Paboma ¢ kyavmypoii auneiinovix knemox Neuro2A

B paGorte 6b11a ucTiob30BaHa JTMHUS Helipoobiia-
croMbl Mbl  Neuro2A (ATCC® CCL-131™).
Kierku xynsruBupoBaiu B cpeie DMEM (Hyclone),
10% deranbHOI ObIYEit cIBOpOTKH, 1 X MEM pacTtBop
He3aMEHMMBIX aMTHOKWCIIOT, 1X pacTBOp aHTUOMOTH-
Ka-aHTUMUKOTHKa (Bce or Gibco), 5% CO,, 37°C.

KJtetku BoIceBanm B KOHLEHTpaumu 1 X 10° Ki1eTok/MiL.
Tpancoekuuo kiaetok Neuro2A mniazMugaMu Mpo-
Bomwin II0o Iipotokoiy Lipofectamine2000 (Life
Technologies).

Coszdanue naazmudel o5 eunepakcnpeccuu uPAR

Jnst mzyaenust poau UPAR B Murpaiimmu HeiipoHOB
ObLIa co3aaHa IuIa3MuaHasE KOHCTPYKIIUS, TTO3BOJISI-
[olIas co3aaTh rurepakcipeccuto UPAR B Helipalib-
HBIX CTBOJIOBBIX KJIETKaX, KOTOpbIE Aajiee nuddepeH-
LAPYIOTCSI B HEMPOHBI 1 MUTPUPYIOT B pasjIMuHbIC
CJIOM KOPBI TOJIOBHOTO Mo3ra. {JIsI 3TOro MCHOJIb30-
Baym tmocienoBatenbHOcTh KJIHK uPAR  wmpmmm
(NM_011113.4), kotopas ObuIa TI0JIydeHa U3 KJIETOK
Neuro2A (ATCC®CCL-131™) nyTteM BblaeJeHUS
toranbHoit PHK (RNeasy® Mini Kit, Qiagen, I'ep-
MaHus), oopaTHoi Tpanckpuninu (RevertAid H Mi-
nus First Strand cDNA Synthesis Kit, Fermentas) u
aMIInuKanuyd ¢ KCHOJIb30BaHMEM CcIlenunduye-

ckux npaiimepoB 5'-ACCATGGGACTCCCAAGG-
CGGC-3' (mpamoit) u 5'-TCAGGTCCAGAGGAG-
GACGCCCCATAG-3" (oOpatHsiii). Ilociaemosa-
teapHOCTh KJIHK OBLIa KiIOHMpOBaHaA B IJIa3MUIY
phCMVI1 mno caiitam pecrpukuun HindIII-HF n
EcoRI. TTociengoBarenpHOCTh BcTaBk KJIHK uPAR
U opueHTalusl Oblla TOATBEpXKIeHa CEeKBEHUPOBa-
HueMm (EBporeH) ¢ ucmoibp3oBaHMEM IIpaliMEpOB

5'-GAGTGACGTAAGTACCGCCT-3" (mpsamoii),
5'-AACACTGGAAGCCATTCGGT-3" (oOpatHslit),
5'-TCCAGAGCACAGAAAGGAGC-3" (mpamoii)

(EBporen). lanee nocnemoBarenpHocTh KJIHK uPAR
ObUIa nepekioHupoBaHa B masmuny pCAGIG (Ad-
dgene) mo caittam Xbal u Notl. JlanHas ruiazmMuma
taxcke conepxkxut redH GFP (Matsuda, Cepko, 2004) B
Ka4eCTBE PEIOPTEPHOTO reHa ISl 3KCIIPECCUM OUIIN-
crponHoit MPHK, xomgnpyromieit uPAR u GFP. I1pn
xioHnposanuu B iasmuny pCAGIG k k IHK uPAR
ObUT TOOABIIEHBI CAWTHI PECTPUKIINU, IO KOTOPHIM
TpeOOBaAJIOCh MPOBECTH KJIOHUPOBAaHUE (PECTPUKTA3bI
Xbal u Notl), a Takke nocienoBareabHOCTh Ko3ak
i yBeaudeHus: ctabuinbHoctu MPHK u skcnpec-
cuu 6enka uPAR. TTocinenoBateibHOCTH MPaiMEpPOB,
WCIOJb30BaHHBIX JJIs1 mnepekaoHupoBaHus KIHK
uPAR u3 ncxonnoii mnazmunbl — 5'-GAATTCACCAT-
GGGACTCCCAAGGCGGCTGCT-3" (nmpsimoit) u
5'-GCGGCCGCTCAGGTCCAGAGGAGGACG-
CCC-3' (obpatHblit). AHAIU3 MOJIYYEHHOI I1a3MUIbI
pCAGIG-uPAR mipoBommin METOIOM PECTPUKIIMOH-
HOIO aHaJIu3a C MCIOJIb30BaHMEM pecTpuKTa3 Apal,
BamHI, a Tak:xe METOIOM CEKBEHMPOBAHMSI C UCTIOJIb-
30BaHMEM MpaiiMEpoB C IIOCJIEAOBATEIBHOCTSIMU
5'-GCCTCTGCTAACCATGTTCAT-3' (npssmoii) u
5'-GCTTCGGCCAGTAACGTTAG-3' (oOpaTHHIi1).
B kayecTBe KOHTpPOJISI MCIIOJb30BAIM ILJIA3MUIY
pCAGIG, xomupytomyio toapko GFP. Ha puc. 1
MpEeACTaBICH PECTPUKIIMOHHBIN aHAIM3 MOJYYeHHOMN
Iu1a3Muabl co BctaBKoit UPAR 1 KOHTpoOJIBHOIM 1143~
MUIBI.
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W3BneueHue pora MaTKn

et e e e (815150 Baenenue miaazmuaHoit JHK

BblIesnieHe roJIOBHOTO MO3ra
3M6puoHoB (E17.5) u ummyHoO-
dbyopeclieHTHas MUKPOCKOITUST

TpaHcdekins HeiTPOHOB KOPbI
3MOPUOHOB (3JIEKTPOITOPALIMST)

A

Puc. 2. In utero TpaHcheKLMST HEUPOHATBHBIX MTPEIIIECTBEHHUKOB SMOPUOHA MBILIH. JJaTrpyemMyto 6epeMeHHOCTb 3aImyCKaIu
ccakMBaHHMEM CaMOK C caMIIOM Ha Tpoe cyToK. Ha cpoke E15.5 GepeMeHHBIX caMOK aHECTe3UPOBAIN, B aCENTUYECKUX YCIIO-
BUSIX IIPOBOIVIIN U3BJIEUEHUE pOora MaTKH, BU3yaJIM3UPOBaii SMOPUOHBI B MaTke. [lanee crepribHyto tuiasmuaHyto JIHK BBo-
IIJTA B OOKOBBIE KeJTYI0YKH SMOPHOHAIBHOTO MO3Ta, TPOBOIUIIY JIEKTPOIIOPALIMIO, ITOCTIE Yero paHy 3alllMBaIM M1 SMOPHOHbI
MPOJOJIKAIN CBOE pa3BUTHE B ycinoBuUsx in vivo. Ha cpoke E17.5 caMmok JieTaqlbHO aHECTE3UPOBAIIH, BBIIACISIIA SMOPUOHBI 1
M30JIUPOBAJIM TOJIOBHOM MO3T. JIJIsT BU3yaln3aluu KJIETOK, KcIpeccupyoomux miasmuny ¢ GFP, mpoBogunmu nmmyHobiryo-
PECLIEHTHYIO CheMKY 00pa310B € MOMOILBIO IIIMPOKOITOJILHOIO MUKPOCKOIIA C MocIeAyIolleil KOH(MOKaTbHOH MUKPOCKOITHEIA.

Brympumamounas snexmponopayus HeilpoHog
20/108H020 M032a IMOPUOHOE in ViIVo nAa3MUOO
ons eunepakcnpeccuu UPAR u ummyHnogayo-
pecuenmHas MUKpocKonus

MeToa BHYTpUMATOUYHOM 3/1eKTpoIiopaluu (in utero
electroporation) — MeTon M3MEHEHMSI 3KCIPECCUU
T€HOB MyTeM BBEACHUS IJIa3MUJl B pa3BUBAIOLIUICS
MO3T 3M0OpuoHa in vivo (dal Maschio et al., 2012). Ha-
TUPYEMYIO OCpPEMEHHOCTDH ITONYYalll CCaXXMBaHUEM
2—3 caMOK ¢ OJHHMM caMIIOM Ha Tpoe€ CYTOK; majiee
caMOK, MMEIOIIMX BarnHaJIbHbIE TPOOKU, OTCaXKBa-
m. Jdenp crtapuBanus onpeneisuii Kak E0.5. O Ha-
JIAIUM OEpeMEHHOCTH CYIMJIM IO TTpruOaBKe B Bece B
TedeHue TmepBbix 10 qHEi.

B nanHOM 3KcHepUMEHTe UCIOb30BaJIM CAMOK
IaTupoBaHHOM 6epeMeHHOCTH cpokoM E15.5, Ha ko-
TOPOM YacTh KJIETOK MpPEeAIIeCTBEeHHUKOB HEIIPOHOB
TOJIOBHOTO MO3Ta BBIXOIST M3 MUTOTUUYECKOTO LIMKJIA
1 HAYMHAIOT MUTPUPOBATh U3 CYOBEHTPUKYJISIPHOI
30HBI B CTOPOHY KOPTHKAJIbHOU ItacTUHKM (Dwyer
etal., 2016). Ha aToM cpoke BeHTPUKYJSIpHas 30Ha
KOPBI TOJIOBHOTO MO3Ta COACPKUT MPEUMYIIIECTBEHHO
MPEAIISCTBEHHUKN HEMPOHOB BEPXHMX CJIOEB KOPBI
rooBHoro mosra (II—IV), Takum oOpa3zoM, HaHHBII
MOoaXoHd, TMO3BOJISIET TPaHCHUIIMPOBaThL M30UPATEITEHO
HEMPOHKI 3TUX CJIoeB. bepeMeHHBIX caMOK aHEeCTe3M-
pOBajv, B aCENTUYECKUX YCIIOBUSIX BU3YATU3UPOBAIN
SMOPHMOHBI B MaTKe, Jajiee CTEPWIbHYIO TUIA3MUIHYIO
AHK (pCAGIG-uPAR unu pCAGIG, 0.5 MKr/MKI)
BBOIWJIM B OOKOBBIE XEIYOOYKU 3MOPUOHAIBLHOTO
MO3ra, IPOBOJMIM 3JEKTPONOPALMIO TIJIa3MUIAMU,
IOCJIe Yero paHy 3alllBaJIi 1 SMOPUOHBI IIPOIO/IKA-
JIM CBOE pa3BUTHE B YCIOBUSIX in vivo (puc. 2). Diek-
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TpoOIopanus 3-MM 3JIEKTPOIOM COCTOSIIa U3 6 UM-
nyabcoB 1o 50 V B reuenme 40 Mc ¢ mMpoMeKyTKaMH
Mexay uMmityiabcamu 950 mc.

Ha cpoke E17.5 camku ObLIH JIeTaJIbHO aHECTE3H-
pOBaHBI, SMOPHOHBI BBIIEIECHBI, TOJIOBHOM MO3T M30-
gupoBaH (puc. 2). Jlanee o0Opa3lbl MHKYOUpPOBAJIN
npu 4°C B 4% pactBope napadopMalibiernaa B Teue-
HUEe HOYH, 3aTeM B 15% pacTtBope caxapo3bl B Tede-
Hue 6—8 4, mocie yero B 30% pacTBOpe caxapo3bl B
TedyeHue Hoyu. IIpuroroBsieHHEe CPe30B TOJIIMHOM
50 MkM ocymiecTBassan Ha KpunoroMme Leica CM 1850
UYV. Cpe3bl MOHTHPOBAJIN Ha TIpeAMETHBIE CTEKIIa 1
okpaivBanu antutenamu kpoauka GFP u Bropuu-
HBIMU aHTUTEeJIaMU, MedeHbIMU Alexa Fluor 488, a Tak-
Xe ssmepHbIM KpacuteraemM DRAQS. UmmyHodmyopec-
IIEHTHYIO CHEMKY OOpa3lioB OCYIIECTBISUIM C TTOMO-
b0 KOH(oKabHOro Mukpockomna (Leica SP5) npu
B030yxkaeHuu 488 uMm s nerekuud GFP v npu Bo3-
oyxnennu 647 um s gerekiunn DRAQS. TTonyuen-
HbIe HM300paXEeHUS aHAIW3UPOBAIM C TIOMOIIBIO
nporpammbl Imagel (CIIIA) u anroputMma Ha si3bIKe
nporpammupoBaHus R-3.6.0, pa3paboTtaHHOro Ha-
MM, ITO3BOJISIIONIETO B aBTOMAaTUYECKUM pPEXUME
OTIPENEeISATh YMCIIO 3eJIEHBIX KJIETOK B BBIOpPaHHBIX
obnactax mnons 3peHusi (RStudio 1.2.1335, CIIIA).
st ananu3a 66T OTOOpaHbI 00pa3libl C BhIPAXKEH-
HOI pasznnumMoin ¢ayopecueHumeir GFP: 15 sm-
OPMOHOB OT TPeX Pa3HBIX caMOK (9 SMOPUOHOB IJIsI
pCAGIG-uPAR u 6 sm6puronHoB wist pCAGIG), Bce-
ro MpoaHaJu3MPOBaHO 82 U300paKeHUsT CPE30B ro-
noBHoro mo3sra (44 nns pCAGIG-uPAR u 38 misa
KOHTPOJIS).
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HUmmynoghayopecuenmmoe okpamusarue
Neuro2A kaemoxk

Kinerkm Neuro2A BbeIceBaiu B JYHKU CHUCTEMBI
Nunc® Lab-Tek® Chamber Slide™ B HU3KOI KOH-
ueHTpaumu (2 X 10*/Mi1) B IOJIHOM POCTOBOIA cpene.
24 4 cITycTsl KJIETKU TI0C/IeIoBaTe/IbHO (PUKCUPOBATIN
B 4% pacTtBope (opManbieruga m obdbpabdaThIBaIn
10% pacTBOPOM CBIBOPOTKH JOHOPA BTOPBIX AaHTUTE
JUJIsT OJTOKMPOBAHUSI HEeCTIeIIU(PUUECKOTO OKpallliBa-
Hus. Jlanee oOpa3Lbl MOCIea0BaTeIbHO MHKYOUPO-
BaJIM C IEPBUYHBIMU aHTUTeIaMU aHTU-UPAR Mbl1n
(1:100, MAB531, RD Systems) uiau ¢ HEUMMYHHBI-
mu IgG B KadyecTBe KOHTPOJISI CHEHM(PUIHOCTA OKpa-
IIMBaHUS, 3aTeM CO BTOpMYHBIMU aHTUTeIaMH (1 : 500,
AlexaFluor®594, Invitrogen), mpoMBIBast paCTBOPOM
XsHkca. fAnpa okpamensr DAPI. UmmyHopnyopec-
LIEHTHYIO CheMKY 00pa310B OCYIIECTBIISIIM C TIOMO-
b0 KoHoKkaabHOoro Mukpockomna (Leica SPS) nipu
Bo30yxmenun 405 uM mrsg gerekuuu DAPI, 488 uMm
st nerekuun GFP u 594 um s nerexkuuu uPAR.

Cmamucmuueckas 06pabomxa 0aHHbIX

JaHHBIe aHAJTU3UPOBAIM C MCHOJIb30BAaHUEM
nporpamMmMmHoro obtecreueHust GraphPad Prism 8
(GraphPad software Inc., CIIIA). HemapHsiii 7-Tect
Student uconb30BajCs IJISI CpaBHEHUS MEXKIY IBY-
MsI TpyrinaMu. Paznuanst MexXny HeCKOJIbKUMU TPYII-
naMy OIIPeAcsUINCh ¢ Iomolnbio 2-way ANOVA,
MoTapHble CPaBHEHUST TPOBOIWIN C UCTIOJIb30BaHU-
eM post hoc tecrta Sidak. JlaHHEIE ITpeACTaBIIEHBI KaK
cpenHee t craHmapTHas ommoOKa cpegHero (SEM).
Kputnueckuii ypoBeHb 3HAYMMOCTU IPUHUMATIHA
paBHbIM p < 0.05.

PE3VIJIBTATDHI

Tloomeepicoenue eunepsxcnpeccuu uPAR
Ha nOBEPXHOCMU KAeMOK NPU UCHOAb308AHUU
naazmudot pCAGIG-uPAR

Jnsa mokasaTtenbcTBa Turiepakcripeccun uPAR Ha
MOBEPXHOCTH KJIETOK MPU TpaHCHEKIIMU UX TIJIa3MU-
noit pCAGIG-uPAR, ObUIM HCITOJIB30BaHbBI KIIETKH
MBIIIIMHON HelipobiractoMbl Neuro2A, KOTOphIE TIpe/I-
CTaBJISIIOT COOOM JIMHUIO OITyXOJIEBBIX KJIETOK Helipaib-
HOTO TPOMCXOXAEHUS (CUMITaTOaApeHATIOBBIM Mpe-
IIECTBEHHUK CUMITIaTUYECKUX HEMPOHOB). M crionb3ys
UMMYHODITyOpPECLICHTHOE OKpalllMBaHUE, Mbl TTOKa3a-
mm, 4gro TtpaHchekumsa 1wiasmunoir pCAGIG-uPAR
kieTok Neuro2A yxe depe3 24 yaca 3HAYUTEIBHO
yBEeJIMUYUBaET aKcnpeccuto benka uPAR Ha memOpaHe
GFP-nonoxurenbHbIX KJIETOK (puc. 2a). [Ipu aToMm,
B KJIETKaX, TPAaHCHUIIMPOBAHHBIX KOHTPOJIBHOM IJ1a3-
munoii pCAGIG, Takke 0OHapyKMBajIaCh SKCIIPECCUST
uPAR, Ho Ha 6osee HU3KOM ypoBHe (puc. 3a). Cnenu-
(GUIHOCTH OKpaIIMBaHMS ObITa TTOATBEPXKASHA C MC-
noJjib3oBaHUeM HeMMMYHHBIX IgG aHTUTEN (pUC. 30).
CoBMeIIIEHHOE TpeXMEpPHOE U300pa’keHUe KIIETOK

Neuro2A ¢ runepakcrnpeccueii UPAR moarBepamio
MeMOpaHHOE PacMoJIOKEHUE PELIEITOPA, B TOM YUCTIE
€ro KJIaCTEpU3alIMIO MO KPato JIAaMEJIONOIUM, UYTO yKa-
3bIBaeT Ha €ro (PyHKIMOHAILHOCTb U TOATBEPXKIAET
€ro BaXKHYIO POJib B aire3UBHBIX KOHTAKTaX U MUTpa-
1 (puc. 3B).

TakuMm o06pa3oMm, TpaHcpeKUIUsI TLJIa3MUIOMN
pCAGIG-uPAR nio3BossieT MaeHTU(UIIMPOBATH KJIET-
KU, TUrepakcipeccupyromue uPAR mo skcrpeccun
GFP, uTo ObLJIO MCIIOJB30BAHO HAMU B JaJIbHENIIIEM
i1 ouieHKU Murpannn GFP-mooxkutenbHbIX Heli-
POHOB, ruriepakcnpeccupymoimx uPAR, B rotoBHOM
MO3Te in vivo.

I100x00 K cozdanuro areopumma
015 usmepernus Koauvecmea muepupyrouux GFP-
N0A0HCUMENbHBIX HEeLPOHOB

[ aHanm3a W CpaBHEHUSI CTEIIEHM MUTPalluU
GFP+ HeiipoHOB B 3MOpPUOHAJIBLHOM IIEPUOIE MBI
pelInIv OLIEHUTH KOJIMYECTBO HEMPOHOB B TPEX CJIO-
SIX TOJIOBHOTO MO3Ta: XKeJIyIOYKOBOM, WJIM BHYTPEH-
HEM CJIo€, IMPOMEXYTOYHOM CJIO€ U KOPTUKAJIbHOM
MJIACTUHKE, WX Hapy>KHOM cjioe. Murpaiiysi Heiipo-
HOB IIPOMCXOJINJIA U3 3KEJTyJTOYKOBOIO CJI0sI, Te MPo-
BOIMJIACH BJIEKTPOIIOpALIMSI, B 0071aCTh KOPTUKAIbHOM
MJIACTUHKMU U, JUISI TIPaBUJIBHOI OLIEHKHW U CPaBHEHMUSI
MUTpaALlIM, pacCTosSHUEe (IIMHA TIyTA) MMTpaInu,
JIOJDKHA OBITh OMMHAKOBOI B KaXKIOM 13 CJIOEB 110 BBI-
OpaHHOMY HAIIPaBJICHUIO OT 3KEJIyJOoYKa OO0 T'PaHULIBI
KOpBI ToloBHOTo Mo3ra. IToaToMy HamMu OBLT pa3pa-
0OTaH alTOPUTM Ha S3bIKEe IMporpaMMUpoOBaHUS R,
OonpeeIsTIoNIUiA TpaHULIbBI PaBHOIIMPUHHBIX CJIOEB
TOJIOBHOTO MO3ra, OTpaXkalolInX paBHbIE IJIUHBI My-
TU MUTPUPYIOLINX HEHPOHOB, U KOJIMUYECTBO HEMPO-
HOB B KaXXIIOM M3 3TUX cjioeB (puc. 4). st aToro Ha
M300pakeHUSIX TOJIOBHOTO MO3ra Bpy4HYIO 000O3HAa-
YaJiu TpaHUIbl KOPKOBOTO U XXeJIyIOYKOBOTO CJIOEB,
BeIOMpass MUHUMYM 100 TO4eK ¢ ITOMOIIIBIO MHCTPY-
MeHTa multi-point selection Image), u nmoaydanu
IaHHbIe 00 XY-KoopAWHAaTax 3TUX TOUYeK. AHAJIOTUY -
HBIM 00Opa3oM omnpeneisin nmojoxenue GFP+ Heit-
poHOB. C MOMOIIBIO aJITOPUTMAa IPOBOAWIIN ITOJINHO-
MUAJIbHYIO amIMpoKCUMAIIUIO, Moaydyash ypaBHEHUE
KPUBBIX I'PaHULL KOPKOBOT'O U XKEJIyI0UYKOBOTO CJIOEB.
Janee BBIYUCIISIIN ypaBHEHUSI TPaHUIL TPeX paBHO-
IIMPUHHEBIX CJIOEB F'OJIOBHOI'O MO3ra, IIyTeM ITOJIMHO-
MUAaJIbHON almpoKCUMAlIMU TOUYEK, IEJISAIINX Ha TPU
paBHBIC YACTH JIMHUU, COCIUHSIONINE MEXIY COO0M
rpaHUIILI KOPKOBOTO U KEIYIOYKOBOTO CJIOEB, IIO-
ctpoeHHble 13 1000 aBTOMaTUYECKN pacCUYUTAHHBIX
paBHOYIAJICHHBIX MEXKIY COO0I TOUeK Ha KaxKIoi u3
KpuBEIX. Mciofib3ysl IorydeHHBIe XY-KOOPIMHATHI
GFP+ HelipoHOB, pacCcUMTHIBAJIM OOIee KOJu4e-
CTBO HEMPOHOB B KaXKJIOM U3 TPEX CJIOEB FOJIOBHOTO
MoO3ra.
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Puc. 3. T'unepakcnpeccust uPAR Ha rmoBepxHocTH KiieTok Neuro2A mipu tpancdekunu miazmMunoin pCAGIG-uPAR uiu KoH-
tposibHOIT pCAGIG. a, 6 — uMMyHOMDIyOpeCLIeHTHOE OKpalllMBaHue KIeToK Neuro2A, TpaHC(hUIIMPOBAaHHBIX IUIa3MUAAMU
pCAGIG (xontponn) u pCAGIG-uPAR. fAnpa okpatrensr DAPI (cunuit kanan). O6e tasmuast sxcrpeccupytotr GFP (3ene-
HbIl KaHai), B crydae pCAGIG-uPAR HaGmonaeTcst cuiibHast runepakcnpeccust UPAR (kpacHblil KaHair). MaciTaGHbI OT-
pe3ok 20 MKM. 6 — HemMMyHHBIe IgG (KpacHBIit KaHal) MCIIOJIb30BaIl B KAY€CTBE KOHTPOJIS CIeIUMDUUHOCTU OKpalllMBaHUSI.
B — COBMEIIICHHOE TPpeXMepHOe U300pakeHue, MOJyIeHHOe Ha KOH(MOKaTbHOM MUKPOCKOTIE, KiIeTOK Neuro2A ¢ rurepakc-
npeccueii UPAR noarsepauiao MeMOpaHHOE pacIioyioKeHUe pelientopa. beabiMu cTpefikamu o6o3HayeHa Kiaactepusanust uPAR

B MeMOpaHe KJIETKHU I10 Kpalo JaMeJUTOMOANA.

Tunepakcnpeccusi uPAR cumyaupyem muepayuro
HelpoHO8 6 KOpY 20106H020 M0O32a

M1 uzyvanm murpanuio GFP+ HelipoHOB B HOp-
Me ¥ TIpH Tute pakcripeccnn UPAR 11pu pa3Butim Ko-
PBI TOJIOBHOTO MO3Ta y MBIIIE Ha 3SMOPHOHATBLHOM
cpoke E15.5—E17.5 (puc. 5a). Ha mpencraBieHHBIX
penpe3eHTaTUBHBIX MUKpodoTorpadusax 3aMeTHO,
yTto runepakcmnpeccus UPAR cmocobcTBYeT pagnaiib-

OHTOIEHE3 Ttom 52 Nel 2021

HOI MUTpallMM HEMPOHOB B CTOPOHY KOPTUKAJIbHOM
IUIACTUHKU. MopdoJIOTHS MUTPUPYIOIINX HEMPOHOB
HE OTJIMYaJiach B KOHTPOJIE U IIPU TUITEPIKCIIPECCUUN
uPAR (puc. 50).

O1ieHUBaTh A0COIIOTHOE KOJINYSCTBO MPOMUTPH -
pOBaBIINX HEWPOHOB OKa3ajoch Hellelecoodpas-
HBIM, TaK KaK B KaxKJIOM CJIydae YpOBEeHb TpaHC(peK-
onu 1 obmee KonmyectBo GFP+ HelipoHOB, TTOMIaB-
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O0603HaYeHNe TPaHULL KOPbI U XKEJIyTOUYKOB

O6o03HaueHue mnoyoxenuss GFP+ HeiipoHoB

ABTOMAaTHNYECKOE BBIYMCIICHUE KoopauHart
rpaHuil cioeB (n = 3)

ABTOMaTUYECKUI pacyeT KOJIUYecTBa
HEUPOHOB B KaXJIOM CJIO€

Puc. 4. Anroput™m pacuera kosuuectBa Murpupymoimmx GFP-nojoxurenbHbIX HEHPOHOB IO CJI0SIM rojloBHOro mosra. Ha
M300pakeHUSIX BPYYHYI0 0003HaYaIM TPAaHULIBI KOPKOBOTO U XEJTYI0YKOBOTO CJI0eB, omnpenesiau nonoxenne GFP+ Heiipo-
HOB U MOJIy4ayIu JaHHble 00 XY-KOoopArHaTax 3TUX Touek. Jlajiee ¢ MOMOIIbIO aJIrOpUTMa MPOBOAMIN MTOJIMHOMUAIBHYIO all-
MPOKCHUMALIMIO, TTOJIyyasi ypaBHEHUE KPUBBIX I'PAHULL KOPKOBOTO U XKETYIOYKOBOTO CJIOEB, U BBIUUCIISIM YPAaBHEHUSI TPaHUILL
TpeX paBHOIIMPHUHHBIX CJIOEB TOJIOBHOTO Mo3ra. Mcrnonb3yst nosydeHHble XY-koopauHatbl GFP+ HelipoHOB, paccunThIBaIN
00IIee KOTMIECTBO HEMPOHOB B KAXIIOM U3 TPEX CJIOEB TOJIOBHOTO MO3Ta.

IIUX Ha cpe3 U300pakeHUsI TOJIOBHOTO MO3Ta, MOTJIU
BapbupoBatbcs. [I03ToMy MBI pacCUUTaIM MPOLEHT
HEMPOHOB B KaXJI0M U3 TPEeX CJI0EB rOJIOBHOTO MO3Ta
10 OTHOIIIEHMIO K 001IeMy KoandectBy GFP+ Heii-
pOHOB Ha uzoobpaxeHuu (puc. SB). Ilpu onieHke ot-
HOCUTEJILHOTO KOJIMYeCTBa HEMPOHOB B TPEX CIOSX
TFOJIOBHOTO MO3Ta Mbl OOHApPYXXWJIY, YTO MIPU TUTIEP-
skcnpeccun UPAR cHuzkaeTcst oTHOCUTEIbHOE KO-
JIMYECTBO HEWPOHOB B ITIEPBOM (3KEIyIOYKOBOM)
CJIO€ TOJIOBHOTO MO3ra IO OTHOIIEHWIO K KOHTPOJIIO
(2-way ANOVA, **** p < (0.0001). OgHaKO OTHOCH-
TeJIbHOE KOJMYECTBO HEMPOHOB BO BTOPOM (ITpOMeE-
XKYTOUYHOM) U TpeTheM (KOPKOBOM) CJIOSIX, HAIIpoO-
THUB, BBILIIE ITpU TUTIepaKcIipeccun UPAR mo cpaBHe-
HUIO ¢ KOHTposeM (2-way ANOVA, ** p < 0.01, * p <
< 0.05 cooTBeTCTBEHHO). DTO O3HAYaeT, YTO TUIICP-
akcrpeccus UPAR crmoco6¢cTByeT MUTpaliu HeHpo-
HOB B CTOPOHY KOPKOBOTO CJIOSI.

B cBs3u ¢ TEM, YTO JJICKTpOIIOpallusda IIJIa3SMU
IIpoBOANJIACh B obJactu KECIIYOAOYKOB, MHOTAA OLIC-

HUTH TOYHOE KOJIMYECTBO OKpaIllICHHBIX HEMPOHOB B
MepBOM (BHYTpPEHHEM, KEIYyOOYKOBOM) CJIOE IIpE-
CTaBIISIOCH 3aTPYIHUTEIBHBIM 13-3a CHIIBHOM (PI1yo-
pecueHmuu (cM. puc. 4). IlosTomy ms monrBepxe-
HUSI TOJYYEHHBIX PE3yJIbTAaTOB Mbl TaKXKe OLICHWIIN
Takoi mapaMeTp, Kak OTHOLIEHHWE KOJUYECTBA HEM-
POHOB B TpeTheM (Hapy>kKHOM, KOPKOBOM) CJIO€ K KO-
JINYECTBY HEHUPOHOB BO BTOPOM (IIPOMEXKYTOUYHOM)
CJ10€, KOTOPBI OTpa>kaeT OTHOCUTENbHBII YPOBEHDb
MUTpaluU HeipOHOB B KOpPY (pUC. 5T). DTO OTHOILIIEe-
HUE TaK>Ke ObLIIO 3HAYMMO BBIIIIE ITPU TUTICPIKCIIPEC-
cum uPAR (#-tect Student, * p < 0.05), To ecTh Heli-
pPOHBI, B KOTOPBIX aKcmnpeccuss UPAR moBelllieHa, B
OoJIbllIeii CTeeH MUTPUPYIOT OO HAPYKHOTO CJIOS
KOPBI TOJIOBHOTO MO3Ta 110 CPAaBHEHUIO ¢ KOHTPOJIb-
HBIMU HEMpOHAMHU. DTU JaHHBIE TOBOPST O TOM, UTO
skcrpeccust UPAR crmoco6CTByeT MUTpallid HEHpo-
HOB B KOpY IIpY 3MOPHOHAJIBHOM Pa3BUTUU T'OJIOB-
HOT'O MO3Ta.

OHTOT'EHE3 Ne 1
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Puc. 5. T'unepakcnpeccust uPAR ctuMympyeT MUTpaIio HEifPOHOB KOPBI TOJIOBHOTO Mo3ra. (a) CiieBa IpecTaBJIeHbI perpe-
3€HTaTUBHBIE 4/0 MUKpodoTorpacun cpe3oB roIOBHOT0 MO3ra, MOJyYeHHbIE Ha IIUPOKOTIOJIbBHOM MUKPOCKOIIE; B LIEHTPE —
yBeJIMUYEHHBbIC U300pakeHUsT cpe3a roJIOBHOTO MO3ra, MOoJydeHHbIe Ha KOHGOKAJIbHOM MUKPOCKOTIE IMPU BO30OYXKACHUM
488 HM; cripaBa — 0003HaYeHUE TPAHUIL PABHOLIMPUHHBIX CJI0€B TOJIOBHOTO MO3Ta JIJIsT aHaiu3a, 1 — JKeaylToYKOBbBIM, BHYT-
PEHHUI CJ10i1, 2 — MPOMEXYTOUHBIN €0, 3 — KOPKOBBI, HAPYXHBII ciioii. (6) Mopdoaorusi MUrpUpyoIIMX HEHPOHOB B
KOHTpoJIe (cBepXy) U npu runepakcmnpeccur UPAR (cHusy). (B) OTHocuTeabHoe KoandecTBo GFP+ HeiipoHOB Ha pa3IMYHbBIX
CJIOSIX TOJIOBHOTO MO3Ta B KOHTpoJIe U ripu rutiepakcnpeccun UPAR. 2-way ANOVA, post hoc tect Sidak, * p < 0.05, ** p < 0.01,
*k p <0.0001. (r) OtHOoweHue yuciaa GFP+ HeitpoHOB B 3 1 2 ¢JIOSIX TOJIOBHOTO MO3Ta B KOHTPOJIE U MPU TMIEPIKCIIPECCUU
uPAR. HenapHhuiit 7-Tect Student, * p < 0.05. KoHTposib — in utero anexrponopaius razmuaoit pCAGIG, skcnpeccupytolieit
Toimbko GFP, uPAR — in utero s3nexrponopanus 1iasmunoit pCAGIG-uPAR, askcnpeccupytomeit uPAR u GFP. JlanHbie
MpeICTaBIeHBI Kak cpenHee T craHmapTHas omrbka cpeqHero (SEM).

OBCYXJIEHHME HaJIbHOM IIepHOJIe 1 OITOCPEaOBaTh MOP(OreHe3 Ko-

Haim naHHble HOKA3bIBAIOT MOJTYYEeHHBIE paHee pbI TOJIOBHOTO MO3ra. B HECKOJIBKMX OrpaHUYE€HHBIX
pPe3yJabTaThl O TOM, YTO YPOKUHA3HBINA PELIENITOP MO- WCCJIEOBAaHUSIX OBIJIO MOKa3aHO, 4TO HOKayT uPAR
JKET peryJMpoBaTb MUTPALIUIO HEMPOHOB B SMOPMO-  CHMXKAET MUTpAlIMIO MapBaJIbOYMUH-3KCIIPECCUPY-
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omux FTAMK-uHTepHEeipOHOB B KOpPY T'OJIOBHOTO
mo3sra (Powell et al., 2003), KoTopble B HOpME 3KC-
npeccupyioT UPAR, U B 3peJoM TOJJOBHOM MO3re
COCTaBJISIIOT OCHOBHYIO YaCThb HEMPOHAJIBLHOM 3KC-
npeccun uPAR (Lahtinen et al., 2009). ¥V mblieit,
HOKayTHBIX No reHy Plaur, HaGa0maeTCS IIOBbI-
IIEeHHas TPEeBOXHOCTh, HApylLIEHHOE COIllhajibHOE
noseJeHue, 60JbIast MOABEPKEHHOCTh UHAYIIUPO-
BaHHBIM CyJOpOTraM MO CPAaBHEHUIO C MbIIIIaMU IU-
koro tuna (Powell et al., 2001, 2003). Hecmotps Ha
TO, YTo TAMK-UHTEepHENPOHBI TTPEUMYIIIECTBEHHO
MUTPUPYIOT TaHTeHIInanbHO (Miyazaki et al., 2016),
MOJIydeHHbIE HAaMM PE3YJIbTaThl TOBOPSIT O TOM, UTO
uPAR MoKeT OBITh TAaK3KE BOBJICUEH B PETYIISIIINIO pa-
JIUAJIbHOM MUTpallMy HEMPOHOB B KOpe, T.K. TIPU TU-
nepa3kcnpeccud UPAR MBI HaOMomaau yBeJIudeHUE
MUTpaLlMM W3 KEJTyJIOYKOBOTO CJIOSI B KOPKOBBIH
cyioii. OMHaKO OO0 CUX MOP OCTAETCS HESICHBIM, KakK
skcrnpeccust UPAR crmoco6CcTByeT KOPKOBOMY Ha-
MPaBJIEHUI0O MUTPALIMd HEHPOHOB U TIO TPaaUEHTY
kakoro juranga uPAR nBukeTcst HEMpOH BO Bpemsi
CO3peBaHUs KOPbI TOJJOBHOTO MO3ra.

TouHbIi1 MexaHU3M, C TTOMOIIbI0 KoToporo uUPAR
peryaupyeT MUTPaLuio HEMPOHOB B SMOPUOHAIILHOM
rnepuojae, elle MPeACTOUT BBIICHUTh. CBs3bIBaHUE
uPA ¢ peuenropom uPAR akTuBUpyeT psig BHYTpU-
KJIETOYHBIX CUTHAJIBHBIX KaCKagoB, YTO MPUBOIMUT K
MepeCTPOKaM LIMTOCKEIETa M 0OeceYnBaeT HallpaB-
JICHHYIO MUTPALIMIO PA3IMYHBIX KJIIETOK, B YACTHOCTU
HelipoHoB (D’Alessio, Blasi, 2009; Lino et al., 2014;
Semina et al., 2016). Takke cyIlIecTByeT IPEAITOI0-
XeHue, uto aeiictBue uPAR B aMOproHaIbHOM Iie-
puone CBsI3aHO C (haKTOPOM pPOCTa TeNaTOLUTOB
(HGF), tak kak ntotepst uPAR B aMOpuroreHese acco-
LUMpoBaHa co CHIKeHHBIM ypoBHeM HGF u ero pe-
nentopa Met B ronosHoMm Mmo3are (Powell et al., 2001).
B 3penom Mo3re Takxke obOHapyXeHa KOppessius
mexny HGF u uPA/uPAR (Campbell et al., 2007;
Russo, Pietsch, 2013). HGF u ero peuentop Met s18-
JITIOTCS  BaXXHBIMHU  PEryJIITOPOM IpoJUdepanuu,
InddepeHIUPOBKY U MUTPALIAN HEUPOHOB B AMOPU-
OHAJILHOM pa3BUTHM ToyoBHOTO Mo3ra (Powell et al.,
2001; Wang et al., 2011). CurnansHsiii mytb HGF/Met
OKa3bIBAETCSI KPUTUYHBIM IJISI HOPMAJIbHOIO Pa3BU-
THS TOJIOBHOTO MO3Ta, T. K. HOKayT 110 reHy HGF ninn
ero peuentopy Met oka3blBaeTcsl JieTalbHbIM, B TO
BpeMsI KaK HOKayT mo reHy Plaur cBSI3aH Wb C
yMmeHbiieHrueM aktuBHoctu iyt HGF/Met (Levitt,
2005). Cuuranoch, YTO IpU MUTPALIMY UHTEPHEHpo-
HOB UPAR yuacTtByert B perynsinuu akcupeccud HGF
U/WIN ero mporeonauTudeckoit akruBauuu (Powell
et al., 2001; Levitt, 2005), omHaKo OpyTrue UcciaeaoBa-
HUS He NOATBEepAIN yuacTus uPA B mpoTeonuTuye-
ckoii aktuBauu HGF (Owen et al., 2010) u mpucyt-
cTBUsI Met perienitopa Ha nHTepHeiipoHax (Eagleson
et al., 2011). B sMOpuoHanbHOM IIEpHOAE PELETITOP
Met B OCHOBHOM 3KCIIpeCCUpPYETCSl Ha IIyTaMaTep-
ruyeckux HeipoHax (Eagleson et al., 2011). Hecmor-
psg Ha 3TO, MOCTHATAJIbHOE 3K30T€HHOE BBEACHUE

HGF HuBeaupyeT norepio MHTEpHEMPOHOB U HEBPO-
norngeckuit xepuont y uPAR - ne UM THEIX MBI
(Bae et al., 2010; Bissonette et al., 2010). DTu naHHbBIe
MOTYT OTpaxaTb 0oJjiee CIOXHbIE MEXaHU3MBbl B3au-
moneiicreus B cucteMe HGF/Met. [deiicTBUTENIBHO,
OBLJIO MOKAa3aHO, UTO B HOPME B 3pEJIOM MO3TE CyllIe-
CTBYeT MOJIOXKUTEJIbHASI CBSI3b MEXIy 3KcIpeccueit
HGF n Met, B TO BpeMsI KakK IIpM PaccTpoOcTBax
ayTUCTUYECKOIo CHEKTpa 3Ta CBSI3b CTAHOBUTCS OT-
puuatenabHoii (Campbell et al., 2007). Kpome Toro,
Halllu TpeABapUTEbHbIE TaHHbBIE TOBOPST O TOM, UTO
cBs13b Mexnay cucremoit HGF/Met u uPAR moxet
cyliecTBoBaTh Ha ypoBHe MUKpoPHK, T.K. mpu HoO-
Kayte Plaur oBbpIIaeTcs1 comepxkaHme mmu-miR-
34c-5p (maHHBIE TOTOBATCS K ITyOJIMKaLIUM), CYIe-
CTBEHHO MOAABJISIIONIEH 3Kcnpeccrio Met.

SAKITIOYEHHME

Takum oOpa3zoM, BeicoKas akcrnpeccuss uPAR B
SMOPUOHAILHOM TE€pUOJE Y MbIIIEH CTUMYIUPYET
paauaibHYI0 MUTPALIMIO HEUPOHOB B KOPTUKAJIBHYIO
TUIACTUHKY. DTO TIOATBEPXKAAET BaXXHYIO POJIb ypO-
KMHa3HOU CUCTEMBI U, B YACTHOCTU, YPOKUHA3ZHOTO
peuenTopa, B SMOPHOHAJILHOM Pa3BUTUU FOJIOBHOTO
moasra. JlanpHeiimme ndydyeHre uPAR 1 ero Bo3aMox-
HBIX JIMTAHJOB, BOBJEUYEHHBIX B PETYJSLIUIO0 MUTpa-
1IMU, OMIPENESIEHUE TPACKTOPUM HEMPOHOB U UX TIpE-
IIECTBEHHUKOB, TTO3BOJIUT PACIIIPUTH HAIllEe TOHUMA-
HUE pa3BUTUs TOJOBHOIO MO3ra B HOpME U TIpHU
HEBPOJIOTUYECKMX MATOJIOTUSIX, MHOTME U3 KOTOPBIX
aCCOLIMUPOBAHBI C HAPYIIIEHUEM MUTPALIMA HEHPOHOB
B ASMOpHOTeHe3e.
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TMITEPSKCITIPECCHA TEHA PELHEITTOPA YPOKMHA3BI uPAR

The regulation of neuronal migration in the cerebral cortex during embryonic development is one of the most
important, but underinvestigated processes, which determines the correct formation of neural networks and
the development of cognitive functions. Mutations of the urokinase receptor (UPAR) gene in mice lead to
spontaneous seizures; polymorphisms of the PLAUR gene encoding uPAR in humans are associated with
autism spectrum disorders. We have investigated the effect of uPAR overexpression on the radial migration
of neurons in the cerebral cortex during mouse embryogenesis. The number of neurons migrating from the
ventricular zone of proliferating progenitors to the outer layers of the cerebral cortex was evaluated. We found
that uPAR overexpression significantly stimulates radial neuronal migration to the outer layers of differenti-
ating cortex. These data for the first time show uPAR-dependent regulation of neuronal migration in the em-
bryonic period of the cerebral cortex development. Further study of uPAR role in regulating the migration
trajectory of neuronal precursors will advance our understanding of the mechanisms of brain formation in
health and disease.

Keywords: urokinase system, urokinase receptor, neuronal migration, embryogenesis of the brain, in utero
electroporation
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