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ITporpamMmMmupyeMast KiieTouHasi THOeb BOBJIeUeHa B pean3alivio IporpaMMbl OHTOTEHe3a JTII000To pacTe-
Hus. [Tpu popMupoBaHUY 1 cO3peBaHUY TKAHEW CeMEHU TporpaMMuUpyeMast KJIeTouHast TMOesb SIBISIeTCS
KJTIOYEBBIM (DaKTOPOM TMMMHAIIMK KJIETOK, TTO3BOJISIIONINM Pa3BUBAaThCSI HOBBIM CTPYKTypaMm. B o63ope
00CYXIaloTCsl JaHHBIE O MOP(MOIOTUYECKUX Y OMOXUMUUECKHUX OCOOEHHOCTSIX MPOrpaMMUPYEeMOi Kiie-
TOYHOM I'MOEIN B XOJie OHTOTEHE3a 3apOIbIIIIEBOIO MEIIIKa U CEMEHU.
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BBEAEHUE

Baxnyio posib B mpolieccax ¢opMUPOBaHUS U 00-
HOBJIEHUsI TKaHEt MHOTOKJIETOUYHBIX OPTaHU3MOB, OT-
BeTe Ha MPOHUWKHOBEHUE MMAaTOT€HOB U CTPECCOPHBIE
BO3JEHCTBUS U T.I1. UTPAIOT TIPOLIECCHI TPOTpaMMUpPY-
emoii kietouHoit rudemm (ITKI). ITKI', obecrieunBas
3JIMMUHALUIO KJIETOK U TKaHEH, BHITTOJTHUBIINX CBOIO
GYHKIIMIO, IBISETCS KJIIOYEBBIM UHCTPYMEHTOM MHO-
rux MopdoreHe3oB. Y pacTeHMil 3HAUMMYIO DPOJib
IIKI' wurpaer npu (GopMUpPOBAaHUM 3aPOJBIIIEBOTO
MellKa U ceMeHU. B xone pa3BuTust ceMeHu Mporcxo-
AT OOJIbIIIOE KOJUUYECTBO TMEPEeCTpPoeK TKaHei, Mmpu
9TOM YacThb KJIETOK JIMMUHUPYETCSI, UTO obecrneyur-
Baetrcs ITKT. ITorubaet yactb 00pa30BaBIIUXCS TTPU
Melio3e meracmnop, Mpu OIJIOAOTBOPEHUU TTPOUCXO-
JIUT rubesib CHHEePTU, A0 UJIU BCKOPE TOcJIe OTI0N0-
TBOPEHUSI MOrudaloT aHTUMNOAAJbHBbIE KIIETKU. B
Mpoliecce pa3BUTUSI CEMEHU MOTrMbaeT 4acTb KJIETOK
rnojBecka, HylleJutyca, SHAoCIepMa U UHTETYMEHTOB
(Van Hautegem et al., 2015; Hunt, McCabe, 2017).
be3 ITKI HeBO3MOXHO npaBMIbHOE (hOPMUPOBAHIE
TKaHel MOJHOLEHHOTO 3apObIIIEBOr0 MelIKa 1 ce-
MEHHU y BceX 0e3 MCKIIOYEHUSI MOKPBITOCEMEHHBIX
pacteHuit. CemMss HEOOXOAMMO JIIOOOMY PACTEHMIO

IMpunsiteie cokpateHust: AOK — aktrBHbIE (DOPMBI KUCIOPO/A;
IIKI — mporpammupyemast KiaetouHast Tubenb; DIIP — sHmo-
TUIa3MaTUYECKU PETUKYIIYM.
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IJTIST pa3MHOXEHMUSsI, pacceeHUsI, a, ClIeIOBaTebHO,
U JJIs1 COXpaHEHUSI OMOJIOrMYECKUX BUIOB PACTEHUIA.

V pacteHuii, Kak ¥ y XKMBOTHBIX, BBISIBJICHEI pa3-
muunable Tunbl [1IKI (Van Doorn et al., 2011), omHako
OMOXMMUYECKIE MEXaHU3MBI, JIEXKalllle B UX OCHOBE,
M CBSI3aHHbIE C HUMU MOP(OIOrndecKre N3MeHEHUS
KJIETOK 1 TKaHell n3y4eHsnl ¢jiabo. B oTianaume ot aHa-
JormyHbIX 0030poB (Van Hautegem et al., 2015), roe
clejaH aKlLeHT Ha MoJeKyJsIpHbIX acrekTtax ITKI,
IaHHBIA 0030p SIBJISIETCSI MOMNBITKOM CHCTeMAaTHU3M-
poBaTh U MOPGOJOTNYESCKNE OCOOCHHOCTH THUOEIHN
KJIETOK TKaHEM 3KEeHCKOro ramerodura (3apobIlie-
BOI'O MeIIKa) 1 (hOPMUPYIOIIETOCS CEMEHM, I MOJIe-
KYJSIpHbIE MEXaHU3MBbI PETYJISIIMU 3TUX ITPOLIECCOB.

KJIACCUDPUKALUA KT PACTEHUN

Ecmm xnaccudukanms KTy XXKMBOTHBIX TTOCTOSIH-
HO TepecMarpuBaeTcs U ytouHsietcs: (Galluzzi et al.,
2018), TOo oOmenpuHsaToN Kiaccupukanuu I[TKI
pacTeHuil B HacTosilliee BpeMs He cylllecTByeT. Bapu-
anTol [1KT'y pacteHunit MOTyT OBITh KiTacCU(ULIUPOBA-
Hbl HA OCHOBaHWU MPUYMH, KOTOPbIE MX BbI3bIBAIOT.
Ilepsriii Bapuant — IIKI npu muddepeHnmponke
TKaHeit u rmpouecce ctapeHus (developmental-induced
programmed cell death (dPCD)) IIKI' Heobxommma
JUI. TIpaBWIbHOTO (hOPMUPOBAHUSI TOJIOBUHBI BaXK-
HEHIIMX TKaHEeN pacTeHUI — KCUJIeMbI, (heJiJIeMbl, OT-
yactu (JI03MBbl, CKIIEPEHXUMBI, HyLIEJUTyCa, TareTyma,
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nojaBecKa, MHTeryMeHToB u Ap. (Daneva et al., 2016).
Bropoii BapuanT — I1KI', uHIynmupyemast neiictBueM
pPa3IMYHBIX CTPECCOBBIX (haKTOpPOB (environmental-
induced programmed cell death (ePCD)) (Maizel,
2015). B pe3ynbraTte aHaamM3a TPaHCKPUIITOMOB pac-
TeHMI OBLTO MToKa3aHo, YTo B ciydae dPCD wnu ePCD
aKcIpeccupyroTes pasHbie reHbl (Olvera-Carrillo et al.,
2015), cnemoBaTtenpHO, 3T BapuaHThl [IKI mmeror
CYLIECTBEHHbIE Pa3IuuMvs B MOJIEKYJSIPHBIX MeXa-
HU3Max MPOTeKaHUsI.

B 2011 romy O6b110 MpeaTOKEHO BBIAEISATH 1Ba Ba-
puanra I1KI y pacteHuii — “BakyoJISIpHYIO KJIETOY-
HYIO THOENB” U “IporpaMMupyeMblii Hekpo3” (Van
Doorn et al., 2011). 9T BUIBI KJIETOYHOI CMEPTU
OB BbIAEIEHBI HA OCHOBAHUU UX MOPGOJIOTUH, B
OTJINYME OT BBIIICONMMCAaHHON (QYHKIIMOHAIBHOMN
KJlaccupukanuu. B mepByio rpyIiy Ioraiu Bapu-
aHThl I1KI', mpu KoTOphIX HabIIOOAICS TU3UC KIET-
KM BCJIEICTBUE pa3pbiBa TOHOILIACTA, BO BTOPYIO
TPYyIIIly — BapWaHThI, TJ€ JIU3KWCa He HaOJIIOJaIOCh
(puc. 1). ITozogHee Van Doorn Ha3Baj 3Tu BapuaHTHI
“aBTOJIUTUUYECKON” U “HEaBTOIUTUYECKOI” TUbE-
Jbio (Van Doorn, 2011). HekoTopble BapraHThI coye-
TalOT B ce0e YepTHI “aBTOIUTUYECKOI” 1 “HeaBTOJIN-

tnueckoi” rudenu (Van Doorn et al., 2011).

YacThio (pU3N0T0TMISCKUX TPOLIECCOB 3I0POBOTO
opraHu3May pacTeHUI1, KaK U Y (KUBOTHBIX, SIBJISICTCS
dopMupoBaHue ayTodarocoM Iyl CEICKTUBHOM Je-
rpaganyy opraHesul. AyrogarocoMsl (GOpMUPYIOTCS
M B XOJIe BaKyOJISIPHOM KJIETOUHOI TMOEIN y pacTe-
Huit (Ustiin et al., 2017; Wang et al., 2018). Bpuia onu-
caHa MuTodarust — Aerpagalus MUTOXOHAPUIA; XJI0-
podaruss — merpagauusl XJIOpOIUIACTOB WM 4JacTeid
xsioporiactoB (PYBUCKO — pubynoszobucdocdart-
KapOoOKCIIa3a-comepxXallux Tejlel); nekcodarus —
Jerpamaius IepoKCHUCOM; peTUKYIodarus — aerpaaa-
11sI (PparMeHTOB SHAOIIa3MaTUYECKOTO PETUKYJIyMa
(BI1P); mporeadarust — aerpamanusl IIPOTEacoOM,
arpedaruss — gerpamanns yOMKBUTUHUPOBAHHEBIX ar-
peraToB OEJIKOB U KCeHOodarus — aerpagalus BUpyC-
nbix yactull (Ustiin et al., 2017). [Ipu makpoayToda-
TUM ITPOUCXOOUT (POpMUPOBAHUE MEMOpPAHBI ayToda-
TOCOMBI, KOTOpasi OKpY:KaeT KJIETOYHBIM MaTepual,
o6pedeHHBIA Ha merpagaumio. [Ipennonaraercs, vc-
TOYHMKOM MeMOpaH 11t ayrodarocom sisisiercss DI1P
(Zhuang et al., 2017). Ayrodarocoma TpacnopTupy-
eTcsl K JIMTUYECKON BaKyoJIM U CIUBAeTCS C HEMl, u
TaM MPOMCXOOWUT OKOHYATENIbHAsI JeTrpajanust Kiie-
touHoro Marepuaiyia (Hofius et al., 2011). Kak u y xu-
BOTHBIX, Y PACTEHMI B pETYJISLIMIO ayTodaruu BoBJie-
yeHbl ATG-reHnl (autophagy-related genes) (Hofius
et al., 2011). Ilpu MHAYKIUU BaKyoOJSIpPHOI KJI€TOY-
HOI TMOEIU TIPOUCXOIUT (POPMUPOBAHUE GOIBIIOTO
KOJIM4ecTBa ayTodarocoM, BOOCIEACTBUU CINBAIO-
uxcs ¢ BakyoJsibio (Minina et al., 2013). Ha ¢puHasb-
HBIX 3Talax MPOUCXOAUT pa3pblB TOHOIIACTA U Je-
rpajalus BCero MpoToIiacTa ¢ OpraHeulaMu, a UHO-
rma u kiaetoyHoit creHku (Van Doorn et al., 2011).
Heo6xoonuMo OoTMETHUTh, YTO Y SKMBOTHBIX ayTodarus

BBIZIE/IEHA B OTIEJIbHBII BU KJIeTouHOoM rndenu (Gal-
luzzi et al., 2018). HekoTopble aBTOpHI HAa3bIBAIOT Ba-
KYOJISIDHYIO KJIETOYHYIO TUOEJIb Y pacTeHUi ayToda-
rudeckoit. TepMuH “BakyoJisipHas KIeTOYHAsI TH-
Oenp” ymoTpeOdnseTcss 3HAYUTEIBHO dYamie, YeM
“aytodarnyeckasi TMoesb’, OMHAKO HEIb3sl MCKIIIO-
YUTh, YTO 3TOT BapMaHT ruben (MIM KaKasi-TO 4acTh
clIyyaeB, OTHOCUMBIX ceityac K atoMy BapruaHTy [1KI)
SIBJISIFOTCSI aHAJIOTOM ayTo(haruyeckoi Tuoeau y Ku-
BOTHBIX.

Ilpyn HeaBTOJIMTUYECKON KIIETOYHON TUOeIHn
(“mmporpaMMupyeMoM HeKpo3e” mo Kiaccudukalumu
Van Doorn (Van Doorn et al., 2011)) mrazmaTtude-
cKasi MeMOpaHa pa3pblBaeTCs U OTXOUT OT KJIETOYHOM
CTeHKH, mpoToruiacT cxumaercs:i (Reape, McCabe,
2008; Kacprzyk et al., 2011). IIpu 3ToM OpOUCXOTUT
3Ha4YUTeJIbHAsl KOHAEHCAIMsl XpoMaThuHa, (pparMeH-
tauus JAHK, pacimmpenue uucrepH DIIP u Bbixon
muToxpoma ¢ m3 muroxoHapuii (Reape, McCabe,
2008). Reape u McCabe BBICTYIIMIM C KPUTUKOM
npeaioxeHHoro Van Doorn TepMuHa “riporpaMMu-
pyeMblit Hekpo3”. Ilo ux MHEHUIO, HEKPO3 KpoMe
pa3pbiBa MeMOpaH COINpPOBOXAAETCS HaOyXaHUeM
OpraHeJUl M KJIETKU, BaKyOoJIU3alluel IIUTOTIIa3Mbl, a
BapuaHT rubenu, onrucaHHbli Van Doorn, xapakre-
pusyeTrcsi, HallpOTUB, CXAaTUEM IPOTOIIACTa U €ro
OTXOXJIEHHUEM OT KJICTOYHOM CTeHKH, a TaKXKe BbI-
XOJOM LIMTOXPOMA C U3 MUTOXOHIPUI, YTO POTHUT
9TOT TUM TUOENU C anornTto3oM. [ToaToMy MU ObLIT
MpeaaoXeH TEPMUH “alonTo3-moJo0Hasi Tuoennb”
BMECTO TepMHMHA “IIpOrpaMMHUpyeMBIii HeKpo3”
(Reape, McCabe, 2013).

O6bmenpunHsToi knaccudukauuu ITKI pacteHuni
B HacToslllee BpeMsl He co3naHo. B aToit cutyaumnu
MHOTHE aBTOPbI JaXe HE MbITAIOTCSI OTHECTU KOHKPET-
Hble BapuaHThI K onpeaeneHHomy Tumy IIKI, orpa-
HUYMBAsICh OMMCAaHUEM W aHAJIU30M TTPOUCXOMSIIINX
MOP@POIOTUIECKUX 1 OMOXUMIUECKUX COOBITHIA.

OOPMHUPOBAHMUE 3APOIBILLIEBOI'O
MEIIKA 1 CEMEHH

Mopdomorus KieToK npu popMUPOBAHNH 3apO-
JIBIIIIEBOrO MeIKa U3ydyeHa o4eHb noapooHo (Johri
et al., 2013). OnucaHbl HECKOJIBKO TUITOB Pa3BUTHS
3apOobIIIeBOr0 MelllKa, Hanbojee pacnpoCcTpaHeHO
pazButue no tuny Polygonum (puc. 2a). Tak pa3BuBa-
IOTCsI, HalpUMep, 3apOMbIIIEeBble MEIIKU 3JIaKOB U
Arabidopsis. B pe3yibTate MEOTUYECKOIO JIEICHUS
MeracrnopouuTa (opMupyIoTcsl YeTbIpE MEracrophl,
TPU U3 KOTOPBIX TTIOTUOAIOT, a OCTaBIIASICSI METacIo-
pa JeJIUTCSI MUTOTUYECKU, (OPMUDPYS LIEHOLIUT 3a-
POIBIIIEBOr0 MeIlKa, CoAepXKalllMii BOoCeMb SIaep.
IMocne nennwoaspuszanu GOPMUPYIOTCS CEMb Kile-
TOK: sI1IeKJIeTKA U IBE CUHEPTUIbI, COCTaBJISIIOIINE
AiLIeBOI ammaparT, Tpyd aHTUIIOAAJIbHbIE KJIETKU U
IBysiAepHasi 1LeHTpalibHast kieTka (Yadegaria,
Drews, 2004).

OHTOT'EHE3 Ne 3
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(a) (6)
AyTodarocomsl
Bakyonu Ha6yxme
MUTOXOHIPUU
. [IpoTtsixkeHHBIE
MyYKU aKTUHA
Anpoc
dparmeH- AyTtodarocomsl,
THpOBaHHOﬁ —  CJIMBILUMECH
JHK C BaKyoJblO Paspnis
MJ1a3MaTUYECKOM
OtcyTCcTBHE MeMOpaHbl
AKTUHOBBIX MMotepst
GuIaMeHTOB U Typropa
MUKPOTPYyOOUEK KJIIETKNA
dparMeHTUPO-
Jerpaaupyromiue ; BaHHBIN Cxatue
OprateuIbt t TOHOIUIACT | pororutacra
| BaKyoJIn
Herpanupyromue |
OpraHeJuIbl
‘m
e

Puc. 1. CtpoeHMe KJIETOK pacCTeHU B IIpollecce MPOorpaMMUPYEMO KIIETOUHOI ri6es. (a) — BaKyoJIsipHas KJIETOYHasi THOeTb
(Van Doorn et al., 2011) uiu aBToauTudeckast KietouHas ruoens (Van Doorn, 2011). B kiierkax HabJ1101aeTcsi MUHTEHCUBHAS
BaKyOJIM3allusl IUTOIIa3Mbl, (hOPMUPOBaHUE ayToharocoM, CIMBAIOIIUXCS C IMTUUECKOI BaKyoJIblo, (hopMUpOBaHUE IV H-
HBIX TSIXKell aKTHHOBBIX (UIaMEHTOB. 3aTeM MUKPOTPYOOUKH M aKTUHOBBIE (DMJIAMEHTBI I€TTOJIMMEPU3YIOTCSI, IPOUCXOIUT
dparmenranus JJHK, pa3pbiB ToHOIUIacTa BaKyoJIM IMIPUBOAMT K JIerpaaalliv opraHesul. (6) — nporpaMMUpyeMblii HEKPO3
(Van Doorn et al., 2011), unu HeaBTONMMTUYECKasA KieTtouHas Tubens (Van Doorn, 2011), wim anonto3-nomoOHast TMOETh
(Reape, McCabe, 2013). B ki1eTKax mMpoucXoauT HabyxaHWe MUTOXOHIPUiA, pa3phIB IJIa3MaTUYeCKO MeMOpaHbI, (hparMeHTa-
uust JJHK. KneTtka tepsiet Typrop, NpoToIiacT OTXOIUT OT KJIETOYHON CTEHKU U CXXUMAETCs, OpraHesUIbl IerpaupyloT.
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B xome omnomoTBOpeHMsI COOEPXKMUMOE IThUIbIE-
BOI TPyOKM, BHYTPU KOTOPOII HAXOMUTCS JBa CIep-
MUsl, MIOTaIaeT B 3apoabiieBbiii Mentok (Hamamura
et al., 2012). OnuH U3 CIIEpMHUEB CIMBAETCS C SIIPOM
SHALIEKIIETKU, PYTOi — C SIAPOM LIEHTPAJIBLHOMN KJIET-
Kku. B pesynbrare aeneHuii 3Urotel (popMupyeTcs 3a-
pOIBIII, B pe3yabTaTe ACJACHUS OILUIONOTBOPEHHOM
LIEHTPaAJIbHOM KJIETKM — 3Hpocrnepm (puc. 260). Ta-
KUM 00pa3oM, IocJie OIIOA0TBOPEHUSI ceMsI3a4aToK
COJIEPKUT TKAaHU Pa3IuIHON IUIOMTHOCTUA — OUILIO-
WIHBINA 3aPOABII, MHTETYMEHTHI, HYLIEJTyC, TPUILIO-
WIHBIM BHOOCHIEPM U MHOTAA (HAlpuMep, Y 371aKOB)
raruIoUaHbIC aHTUIIOAAIbHbBIE KJIECTKU (pHC. 2B).

Xopo1io U3y4eHO CTPOEHUE TKAHEH CEMSIIOUKU Y
Arabidopsis u 3n1akoB (puc. 3). IIpu neeHnun 3UuroTsl Of1-
Ha U3 KJIETOK JaeT Hayajao 3apoiblllly, Apyras — IOa-
BecKy. IlomBecOK BBITIOMHSET TPO(MUUECKYIO (DYyHK-
LINI0, Y CBSI3BIBACT 3apOMBIII C TKAHSIMU (HOPMUPYIO-
merocst cemeHn (Peng, Sun, 2018). 3aponmenu B
Pa3BUTUM TIPOXOOUT HECKOJBKO cTamuii. JlaHHBIE O
I depeHIPOBKe LIEHOLIMTA SHAOCIIEPMA Y 371aKOB U
Arabidopsis 0600111eHbI B 0030pe Olsen (Olsen, 2004).
IMocne IBOHOTO OILIONOTBOPEHMS SIAPO TIEPBUYHOMN
KJIETKU DHIOCIIEpMa Sapa 371aKoB (puc. 30) aeamnTcs
0e3 LIMTOKMHEe3a, 3aTeM HauMHAeTCsl MPOolecC lIeli-
monsgpusanuu. [lo3gHee B 4acTU KJIETOK MHOTO-
CIIOMHOTO SHAOCIEpMa HAKAIUITMBAIOTCS Kpaxmallb-
Hble 3epHa, Ipyrue KiaeTKu auddepeHIIupyoTcs B
aJlelipoHOBLII clioit. ¥ Arabidopsis (puc. 3a) 1eHo-
LIUTHBIM 3HAOCIIEPM TaKXe IIpeTeprieBaeT Mpoliecc
LeJUTIOJISIPU3allii, BIOCACACTBUM OOJIbIIAsl 4acTb
SHAoCHepMa abcopOoupyeTCcst PaCcTyIIUM 3apObIIIEM
U COXpaHsieTCs TPU 00JaCTH — OTHOCIOMHAS TIepu-
depuyeckast o0JiacTb, 00JIaCTh, OKpYKalolliasi 3apo-
IIBIII, 1 XajlazanabHast 0o61acth (Olsen, 2004; Locascio
et al., 2014).

T'MBEJIb MET'ACIIOP

[1pu pa3BUTHH BOCBMUSIIEPHOTO IBYXIIOTIOCHOTO
3apOAbIIIEBOr0 MeIIKa B MUKPOITWJISIPHOM 06J1acTu
HyILIeJUTyca BbIIEISIeTCS MEracropoluT, U3 KOTOPOTO
B pe3ysibTaTe Meiio3a (OpPMUPYIOTCS YeThbIpe Mera-
criopbl. Tpu U3 4eThIpeX MeTacIop MorudaroT, OCTaB-
IIasicsl TaeT Havajo KJIeTKaM 3apOJbIIIeBOro MellKa
(Yadegaria, Drews, 2004).

[NKI' HedyHKIMOHAJIBHBIX METracIiiop Zea mays
COMPOBOXIIAETCS arperalueil rerepoxpoMaruHa Ha
nepudepruu sapa, OTXOXKICHUEM IJ1a3MaieMMBbl OT
KJIETOYHOI CTEHKH, 00pa3oBaHMEM BaKyoJieil, ciu-
Baroruxcs ¢ rasmainemmoit (Russell, 1979). I1ozn-
Hee paspyliaercs Tia3mMajieMMma, siaepHasi 000104Ka
u ToHoruiacT. [lepen okoHUaTeIbHOM Aerpaaalueit B
LIMTOTIa3M€ BBISIBJISIIOTCS JIMIIMIHBIE TE€JIa U OCMUO-
¢unbHbIe Maccol (Russell, 1979). [Tpu rubenu mera-
cuiop Tillandsia aeranthos wn Tillandsia meridionalis
MPOUCXOIUT (popMHUpOBaHUE ayTodarocoM M 3HaAYM -
TeJIbHAsl BaKyoJIM3allusl LIMTOIIa3Mbl, B SIAPE BBISIB-
JISIIOTCSI MHOTOYMCJIEHHBIE OJIOKU TeTepoXpoMaThHa,

JOPOHUHA wu np.

npoucxonut dparmeHTanusa JJHK, BoisiBisiemast me-
togoM TUNEL, BITP nabyxaer, B IMTOILIa3Me TTPH-
cyTcTBYIOT JIunuaHbie Tena (Papini et al., 2011). ITo
MHEHUIO aBTOPOB, KJIeTOUHasl Tubesib Meracrnop y
Tillandsia codeTaeT B cebe IpU3HAKM ayTodarude-
cKoii (hopMUpOBaHUE OOJIBIIOTO KOJTUYECTBA BAKYO-
el m ayroarocom), HeKpOTHMYECKOM (HaOyxaHUe
9HJ0IIa3MaTUYECKOTO PETUKYJyMa) U anonToTuuye-
ckoii (bparmentauusa AHK) (Papini et al., 2011).

MaJo u3y4yeHbl IPUYKUHBI, OMPEACISIONINe CYIb-
Oy Meracrnop. MIMetoTcsi KOCBEHHbIE TUCTOXMMUYE-
ckue gaHHbie 00 yyactuu Ca’* B peryasiuuu rudeinu
He(YHKIIMOHAJIbHBIX Meractiop Lactuca sativa (Qiu
et al., 2008). B KJIeTOYHBIX CTEHKaX TMOHYIIIMX MeTa-
criop Zea mays, Tillandsia, Arabidopsis ipu BeIOGOpE
(GYHKIIMOHAJIFHOM MeTacIiopbl KaJUIO3HAasT 000JI0UKa
BOKPYT Hee pacTBOPSIETCS B MIEPBYIO oYepeb U J0Jb-
e coxpaHsieTcs y He(hyHKIMOHAIbLHBIX Meracrop
(Russell, 1979; Papini et al., 2011; Demesa-Arevalo,
Vielle-Calzada, 2013). Ilpeamoyiaraercsi, 4To apadbu-
HorajlakTaHHBI 0e10k AGP18 (arabinogalactan pro-
tein) Arabidopsis MOXET ompenesaTh CyapOy Mera-
CIIop, T.K. TOBBIIIEHUE 3Kcripeccuu reHa AGPIS B
TpaHCHOPMUPOBAHHBIX PACTEHUSIX BEAET K BbIKMBaA-
HUIO Bcex yeThipex meraciop (Cao et al., 2018). Kpo-
Me Toro, Ha 3kcnpeccupytomux ICK4-YFP pacreHu-
sIX Arabidopsis Ob110 TOKa3aHO, YTO B JeTeHEPUPYIO-
LIUX Meracnopax BbISIBISIETCS UHTUOUTOP LIMKJIMH-
3aBucuMbiXx kuHaz ICK4/KRP (inhibitor of cyclin
kinases/Kip-related proteins), KOTOPBIZ OTCYTCTBY-
eT B (OyHKIMOHAJIbHOI MeTracriope, JaBas el pa3Bu-
BaThcsl ganbine (Demesa-Arevalo, Vielle-Calzada,
2013). B HacTos1Iee BpeMsl He IIOJIyYeHO JaHHBIX 00
y4yacTtum 1mpoteas u ropmoHoB B [1KI meracmop.

ITKI m306BITOYHBIX METacIiop ITO3BOJISICT HalIpa-
BUTb BCE PECYpPCHl pacTeHUSI Ha MOIAepKaHUE XKU3-
HeAesITEIbHOCTH OJHOM Meracmopbl, KOTopasl BITO-
clieacTBUM ¢chOpMUPYET 3apOIBIIIEBbIil MEIIIOK.

I'MBEJIb CUHEPT U/

CuHepruasl MOrubaioT B XOJ€ TBOMHOTO OILIOI0-
TBOpPeHUs. MexXy CHHEepTUIaMU U TTbLIbLIEBOI TPYO-
KOI CYIIECTBYIOT CJIOKHBIE MOJIEKYJIIPHBIC B3aUMO-
neiictBus. CUHEPTUABI BRIASISIOT aTTPAKTAHThI JJIST
MbUTBLIEBOU TPYOKU U OTpeIeISIIOT HEOOX0AMMOe Ha-
MpaBJeHHe pocTa IIbUIbleBoi Tpyoku (Higashiyama,
Takeuchi 2015; Dresselhaus et al., 2016). B cBoto oue-
pelb, HaJlu4ue MbLUIbLEBOI TPYOKU BbI3bIBAE€T TMOEIb
CHHeprua. Y pa3HbIX BUIOB pacTeHMI rOeiTb perer-
TUBHON CHHEpPruabl HACTymaeT B pasHoe Bpems. Y
MHOTUX BUJIOB PACTEHUI TMOEIb CUHEPTUIbI HACTY-
maeT 0e3 KOHTaKTa ¢ IbUIbLieBOM TpyOkKoil (Chris-
tensen et al., 1997). VY Arabidopsis thaliana rubenn cu-
HEPruabl MIPOUCXOIUT MOCE TOTO, KakK IbLIblieBast
TpyOKa JOCTHUTIIA 3apOABIIIIEBOTO MEITKA M BCTYIHJIA
B KOHTaKT ¢ cuHepruaout (Leydon et al., 2015). I1pu
OTCYTCTBUM TIbLIbLIEBOM TPYOKM TMOEIb CUHEPTHUI
Arabidopsis ne nactymaet (Christensen et al., 1997).
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(a) (©)
I1butBLIEBAS
- TpyOKa
CuHepruabl CriepmMun
difererka BereratuBHOE
1 SIPO
4-X anepHbli Homspreie
3apO/IbILLIEBbINA Anpa
MEIIOK
LlenTpanbHas
KJIeTKa
SiinexiieTka CrHepruel
Cnepmunu
[TonsipHbIe
——  sapa
LleHTpanbHas
8-MU simepHBI KJIeTKa
3apO/bILLIEBbINA
MEIIOK
CuHepruma
Anpa
HIOCIeEpMa
(B)
- CuHepruabl
> ;% Aiiuexnerka
@ LlenTpanbHas
KJIETKA
Neog Hyuemryc
T
-
S :"I!/i' ITpoBonsammii
; IIy40K
2-X SIIepHBII AHTHUITONBL
3apOAbIIIEBbIT
MEILIIOK 3apoabIlIeBbIit
MEIIOK

Puc. 2. HavanbHbIe 3Taltbl 9SMOproreHe3a ceMeHu y Arabidopsis thaliana v 31akoB. (a) — 3Tanbl GOpMUPOBAHUS 3aPOIBIIIIEBOTO
MelKa. MeracnopoluT AeTUTCsS MeMOTUYECKH, U3 00Pa30BaBILMXCSI YeThIPeX Meracrop Tpu ruoHyT. OcTaBiiasicst Meracropa
B pe3yJibTaTe MUTOTUYECKMX JeJIeHUI JaeT Hayajlo BOCbMU siipaM 3apOojbIIIeBOro Melka. B xone uetonsipuzanuu ¢hpopmMu-
pyeTcsi ceMb KJIETOK — SIALIEKIIETKA, IBE CHHEPIUIIbI, LIEHTPaJIbHAs KJIeTKa C ABYMSI TTOJISIPHBIMU SIAPAMU Y TPU AHTUTIONATTbHbIE
KJIeTKU. (0) — nBoitHoe orutogoTBopeHue. [1buiblieBas TpyOKa IMOAXOAUT K cuHepruae. OQuH U3 CIIepMUEB CIIMBAETCS C STiLie-
KJIETKOM, TaBasi Hauajio 3UroTe, a IPYroi — ¢ LIEeHTPaJIbHOM KJIETKO 3apOIBIIIIEBOrO Melllka, (GOpMUPYst SHIOCIIEPM. (B) — cxe-

Ma CTPOCHUS CEMAIIOYKMU.
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(a) (6)
LleHTpaibHas
Henomur BaKyoJIb
BHIOCTIEpMA —— W HTeTryMeHTHI
MHTerymMeHThI LleHomuT Hywenye
SHOOCIEpMa
3apoapIin XanazanbpHas 3apomsI
qaCTh SHIOCIIEpMa
TTonsecok MukponunsipHas
4acTb 9HJI0CTIepMa l
Kierounas
nepudepuyeckas
4acTh SHAOCIIEPMA Henount
HAOCIIEpMa -
LleHouuTt ynenyc
LentpanbHas SHIOCIIEpMa
3apombIit BaKYOIb
XanazaibHas 3apoaplin
MoxBecok YacThb 3HIO0CIIepMa
MukponuisipHast
4acTh SHIOCIEpMa
Ilepudepuyeckas
Kiterounsrii

4acTb SHOOCIIEpMa

. . 3apoaplin
BHyTpeHHUI cinoit
MHOT'OCJIOMTHOTO
aruocriepma XaJazajbHast
MukponuisipHast 4acTh SHIOCIEPMA

4yacTb OHOOCIIEpMa

IMepudepnyeckas
4acTh 9HIOCTIEpMaA

MukponuisipHast
4acTh HAOCTIEpMA

3apompliin

XasazajibHas
JacThb 9HI0CIIepMa

OHIOCIICPpM

9HAOCTIEpMA,
MpUMBIKaloIIas K

AneiipoHOBBIi1

SHIOCIIepMa

3apomplin

DHOocIepM
C KpaxMaJIbHbIMU
3epHaMU

3apoapli

O06macTtb

HIOCIIEpMa,

pUMBIKAIOIIast K
3apObILIy

Puc. 3. PazButue cemenu Arabidopsis thaliana v Zea mays. Ha cxeme rpecTaBiieHbl TTOC/IeI0BaTeIbHbIE CTanuu IUdbepeHIm -
POBKU TKaHel (hopMUpyIOIIerocsi ceMeHU. (a) — hopMupoBaHue ceMeHu Arabidopsis thaliana. T1o Mepe pocTa 3apofbiiia 60b-
mas yactb aHaocrepma noxasepraetcst [IKI™ u abcopbupyercst, ocTaroTcst Tpu oosacti — nepudepudeckasi, MUKpOITWISIpHast
U xanazaibHasi. (0) — dopMmupoBaHue ceMeHUu Zea mays. B mpoliecce pa3BUTUSI CEMEHU SHIOCTIEPM pa3pactaetcs u audde-
peHLMpPYEeTCsl Ha LIEHTPAJIbHYIO 00J1IacTh U ajleiipoHOBbIit cioit. [To3nHee, Mpu mpopacTaHUU, KJIETKU aleiipOHOBOTO CJIOSI OH-
JoCTiepMa BBIICJISIIOT TMAPOIa3bl, KOTOPbIE NEIaloT BellleCTBA KPaXMaJlbHOTO SHI0CIIepMa IOCTYITHBIMU ST 3apOJIbILIa.
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IMocne cnustHUs cnepMus U TALIEKJIETKU HAYWHAETCS
JiereHepanus BTOpOi CUHEPTUIbI.

OmnucaHbl pa3inyHble MOP(HOJIOTUYECKUE KapTU-
HbI, corpoBoxnatomme [1KI' y cuHeprun: Bakyonm-
3anusl HUTOIUIa3Mbl Y Nicotiana tabacum (Tian, Rus-
sell, 1997), pa3psIB Bakyosu y Proboscidea louisianica
(Mogensenl, 1978), Penniseturn glaueum (Chaubal,
Reger, 1993), Nicotiana tabacum (Huang, Russell,
1994), Helleborus bocconei (Bartoli et al., 2017), ne-
dopmalus siapa, KOHAeHcalusl XxpomMaTtuHa y Triti-
cum aestivum (An, You, 2004), dparmenranus JHK
(TUNEL-ntosutuBHast peakuust smaep) Helleborus
bocconei (Bartoli et al., 2017). B xone IIKI cuneprum
Torenia fournieri u Nicotiana tabacum arperatbl aKTH-
Ha BBISIBJISLINCH B BUJIE 3JIEKTPOHHO-TUJIOTHBIX KOM-
MJIEKCOB, Ha3bIBaeMbIX “KOpoHaMM”’, B 00JIacTH Je-
rpagupyiomeit cuaepruasl (Huang, Russell, 1994; Fu
etal., 2000). OguH U3 arperaToB aKTHHA ObLI JIOKAJIU -
30BaH CO CTOPOHHI SIMIIEKIIETKU, IPYTOii pacmojarai-
Csl Ha XaJla3aJIbHOM KOHIIE IeHeTepupyolleil CHHep-
TUABI. ABTOPHI IIPEIITOIATaroT, YTO aKTUHOBBIC “KO-
POHEI” OIIPEIEISIIOT MECTO BXOXIASHUS CIEPMIEB B
saitnexnerky (Huang, Russell, 1994).

B uuroriasme rubHymmx cuaeprun, Triticum aes-
tivum n Penniseturn glaueum (Chaubal, Reger, 1992a,
1992b; Chaubal, Reger, 1993), Nicotiana tabacum
(Tian, Russell, 1997), Arabidopsis (Ngo et al., 2014)
BBISIBJIEHO NOBbILIEHUE cofepxkaHusa Ca2t. OcTaHOB-
Ka pocTa MbUIbLIEBOM TPYOKHU U pa3pblB €€ KOHUUKA Y
Arabidopsis peryaupyeTcsl KaJbLMIi-OIIOCpPEIOBaH-
HbIM CUTHAJIbHBIM MyTeM, KOHTPOJUPYEMbIM KHWHa-
30ii FERONIA, uto 6bL10 MOKa3aHO Ha MyTaHTHBIX
pactenusix 1o reny FER (Kessler et al., 2010). I1pen-
nonaraercss, uto FERONIA u TtpancmMeMOpaHHBII
6esiok NORTIA kpoMe MpOHUKHOBEHMUS MbLUIbLIEBOM
TPYOKY KOHTPOJUPYIOT U KJIETOUHYIO TMOEb CUHED-
run (Kessler et al., 2010). ApabuHoragakTaHHbI Oe-
ok 4 AGP4 (arabinogalactan protein), JAGGER,
MpeaoTBpAIllaeT MpopacTaHUe MHOXECTBEHHBIX TTbLTb-
1IEBbIX TPYOOK Yy Arabidopsis thaliana 1 MOXeT OBITb
BOBJICUEH B PETYJISLIUIO TMOEIM CUHEPTUI, T.K. Y HOKa-
YTHBIX MYTAHTOB 10 TeHy AGP4, koaupytoleMy oe-
1ok JAGGER cuneprunsl BepkuBaior (Pereira et al.,
2016). I1KT cuneprun Arabidopsis corpoBoxXaaeTcst
akTuBauueit Oenka J-domain-containing protein
GFA2, BEIMOJHSIONIETO POJIh IITaTIepoOHa B MaTpUKCe
mutoxoHapuii (Christensen, 2002). IlokazaHo, 4TO
MocJjie OIUIONOTBOPEHMS 3amycKaeTcsl STUJIeH-3aBU-
CHMbIA CUTHAJbHBIA TyTh, PETYJIUPYEMbIA TpaH-
ckpunuuoHHbIMU hakTopamu EIN3 u EIN2 (ethylene
insensitive) m HeooOxommMmbiii mist [IKI cuHeprunm y
Arabidopsis. IHbeK11YsI SHAOTEHHOTO TPeAIIeCTBEeH-
anka stmwieHa (ACC, l-aminocyclopropane-1-car-
boxylic acid) BBI3BIBaeT HpeKACBPEMEHHYIO THOEIb
cuneprun (Volz et al., 2013). JaHHBIX 00 y4acTUM
npoteas B IIKI cuHeprua HeT.
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I'MBEJIb AHTUIIO

V GONBIIMHCTBA BUIOB pacTeHUI aHTUIIOIBI CY-
ILIECTBYIOT HEIOJITO U JereHEePUPYIOT BCKOpE Mocie
OIUIOIOTBOPEHUS. [10 OTIJIOAOTBOPEHUSI IETeHEPUPY-
IOT BCe TpU aHTUNOHAJbHbIE KIETKU y Arabidopsis
thaliana (Yadegaria, Drews, 2004). AHTUITOma/ILHEIC
KJIETKU 3JIaKOB MHOTOKPATHO OESITCI U 0OpasylorT
MHOTOKJIETOYHYIO 3¢heMEPHYIO TKaHb 10 OIJIONOTBO-
peHus. 11 HEKOTOPhIX BUIOB PAaCcTEHUI, OCOOEHHO
3JIaKOB, XapaKTepHO (PopMUPOBAHUE TOJIUTEHHBIX
XPOMOCOM B siipax aHTUIIOAAIBbHBIX KJIETOK (Zhimu-
lev, 1996). TouHble (PYHKIIMU aHTHUIION HE SICHHI, HO,
MOCKOJIbKY ITPY HAPYIIIEHUY Pa3BUTUS aHTUIION SHI0-
crepM (bopMUpyeTcsl HepaBWILHO, TIPEAIIojiaracTcs,
YTO y 3]JaAKOB OHU MOTYT BEITIOJTHSTH TPOMDUISCKYIO 1
3alIMTHYIO (PYHKIUIO, 0OecTieunBast SHIOCIIEPM He-
00XOIMMBIMHU BellleCTBAMU Ha HEKJIETOYHOM CTaguun
paszButusa (Engell, 1994; Chaban et al., 2011; Jopo-
HuHa, 2019).

Mopdonorust aHTUIIOJAILHEIX KJIETOK 3JIaKOB
npu IIKI mano usyuena. Tak, y Hordeum vulgare n
Orysa sativa ipy Tubenu ssaepHast MeMopaHa (hopmMu-
pyeT mHBarmHauuu, xpoMaTtuH arperupyet (Engell,
1994; Maeda, Miyake, 1996). ¥ ruOHyIIX aHTUIION,
MIIeHUIBI HAOMI0MaeTCsl YIUIOTHEHUE XpoMaTWHa,
yIuiouieHue saep, paspbiBel B JIHK, BbIsIBasseMbie
metogoM TUNEL (Chaban et al., 2011). IIpennona-
raetrcs, yTo uHaykropom ITKI aHTMNOmaNbHBIX KJIe-
TOK 3J1aKOB SIBJISIETCSI LIEJUTIONSIpU3alMSl 1IEHOLIUTA
sHnocnepma (Chaban et al., 2011). OgHako B coBpe-
MEHHOM TuTepaType OTCYTCTBYIOT KaKue-11ubo 61o-
xumMudeckue xapakrepuctuku ITKI aHTMnogaabHBIX
KJIETOK 3J1aKOB.

BrIsicHeHBI HEKOTOpPBIE aCMEKThI PETYJISINUA TH-
0OeJIn aHTUIOJAIBHBIX KJIEeTOK Arabidopsis, KOTOpbIe
norubarT no onbuieHus (Heydlauff, Grof-Hardt,
2014). ITokazaHo, 9YTO y HOKAyTHBIX MyTaHTOB IIO Te-
HaM ¢akTopoB ¢dakTopoB cruraiicuira M-PHK
LACHESIS, CLOTHO u ATROPOS aHTumonamb-
HBIe KIeTKU Arabidopsis TOKanu30BaHBI B IIEHTpPE
3apOJIBIIIEBOTO MEIIKa, X MeMOpaHbI U sapa 00b-
eIMHEeHbI, 00pa3oBaBllasicsl KJIeTKa CXOIHa C IeH-
tpanbHOM Kiuetkoi (Heydlauff, Grof-Hardt, 2014).
IMpeamnonaraercs, yto 6en1ok GCD1 (GAMETE CELL
DEFECTIVE 1) u TPHK-cunTaza SYCO ARATH (xo-
nupyemasi reHoM FIONA) MUTOXOHIPUIT HEeHTPaIb-
HOI KJIETKU CITOCOOCTBYIOT CO3pPEBAHUIO STMIICKIIET-
KM U TUOEIU aHTHUIION, T.K. Y MYTaHTOB ITO reHaM
FIONA n GCD1 autunonanbHbIE KJIETKU BEDKUBAIOT
(Kagi et al., 2010). Dxcrnpeccust MUTOXOHIPUATIBLHOTO
benka aac2A199D B giilieKIeTKe BBLI3BIBAaC€T TMOCIb
AHTUIIOM, a €T0 DKCIIPECCHST B LIEHTPAJIBHOMN KIIETKE
npenoTBpaiaeT ux rmoens (Wu et al., 2012). ITokaza-
HO, UTO Y TpaCreHHbIX pacTeHUlt Arabidopsis ¢ TOBBI-
IIIEHHOM 3Kcrpeccueil reHa OMOCHMHTE3a ayKCUHA
YUC TIKI' anTtumomaibHBIX KJIETOK HE HACTyIIaeT.
[TosToMy mpeamosiaraeTcsl, 4TO CHHTE3 ayKCUHOB
MPETSITCTBYET TMOEIN aHTUTIONATBLHBIX KIIETOK Y Ara-
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bidopsis (Pagnussat et al., 2009). J/To cux mop He moka-
3aHo y4Jactue 1rmporeas B [1KI anTumon.

T'MBEJIb ITOABECKA

INomBecok — crenmaanu3mpoBaHHAas CTPYKTYpa,
yIEPXKUBAIOIIAS 3aPOJIBIIT B CEMEHU M YJacTBYIOIIAsI B
TTOAIEPsKaHNM €T0 XKXKU3HEACeSITeIbHOCTH, O0eCIieunBast
MMMTATEIFHBIMU M POCTOBBIMU BeriecTBaMm (Kawashi-
ma, Goldberg, 2010). B ssapax kieTok nonecka Phaseo-
lus GoOpMUPYIOTCST TOTMTEHHBIE XPOMOCOMBI, YTO CBH-
TMETEITLCTBYET 00 X BBICOKOM YPOBHE META0OIMIECKOM
aktuBHOcTH (D’Amato, 2011).

I'uGenb KJIETOK IMoIBeCKa Y TOJIOCEMEHHBIX pacTe-
HUit usyvanach y Picea abies (Filonova et al., 2000;
Smertenko et al., 2003; Bozhkov et al., 2005; Minina
et al., 2013). IToka3zaHO, YTO OHA COIIPOBOKIACTCS
¢dparmenranueit JIHK (Filonova et al., 2000; Bozh-
kov et al., 2005). B xome I1KI' B muTomiazMe BBISIBIISI -
IOTCS KOPOTKME ITy4KU MUKPOTPYOOUEK M arperaThbl
TyOyJIMHA, KOTOpbIE BIIOCJIECICTBUM JerpaaupyloT,
MUKpPOGUIaAMEHTHI (POPMUPYIOT TOJICTHIE IPOTSKEH-
Hble myyku (Smertenko et al., 2003), ObLIO MOKa3aHO
¢dopmupoBaHue aytodarocom (Mininaet al., 2013). B
npoiiecc TIKI monBecka y Picea abies BOBIIedeHa
MpoTeasa, aKTUBHOCTh KOTOPOii BBISIBJISIETCS IO pac-
meIUIeHuI0 MonenbHoro nentuaa Val-Glu-Ile-Asp
(VEIDase activity), a Takke Merakacmaza mcll-Pa,
KOTOpasi BbISIBJIeHA B [IUTOTJIa3Me U s1Ipax, copepka-
mux paspbiBbel JIHK (Bozhkov et al., 2005). IIpenmno-
JjaraeTcs, 4To NIpW TmOemu TonBecka Picea abies
mclI-Pa TpaHcriopTupyeTcs B SIIpo 1 y4acTBYET B Je-
rpagauuu JJHK. AktuBauust metakacnassl mcll-Pa
Picea abies BeneT x aktuBauum ayrodparuu u ATG-re-
HOB, IIpU 3TOM (POPMUPYIOTCSI MHOTOYMCJIEHHbIE
ayTo¢arocoMbl, BIOCJIEACTBUM CIMBAIOIINECS C Ba-
Kyoibio. B TpacpopMupoBaHHBIX pacTeHUSIX C IIO-
naBiaeHHbIMU reHaMu mcll-Pa viin ATGS n ATGO,
rubeb IPOUCXOIUT TTI0 MexaHU3MYy Hekpo3sa (Minina
et al., 2013).

B xome IIKI' xpoMaTiH sgmep KJIIeTOK IMOIBEeCKa y
Phaseolus n Tropaeolum nuxHotuszupyetcs (Nagl,
1974), sinpo TepsieT oKpyTiyto GopMy, MOXKET IMpouc-
XOIUTbH pa3pylieHue siaepHoit 00o10ukm (Zhao et al.,
2013). C ucnonnzoBanueM metona TUNEL ObLia ne-
tekTupoBaHa parmeHTanus JJHK mpu rubenu kie-
TOK moaBecka Zea mays (Giuliani et al., 2002), Vicia
Jfaba (Wredle et al., 2001), Phaseolus coccineus (Lom-
bardi et al., 2007), Nicotiana tabacum (Zhao et al.,
2013), Chenopodium quinoa (Lopez-Fernandez, Mal-
donado, 2013). VY Chenopodium quinoa B xone rubdenu
KJIETOK TMOJIBeCcKa MPUHUMAIOT ydyacThe PULIMHOCO-
Mbl — crnieliiudecKkue MUKpOTeJiblia, KOTOpbIE MPO-
ncxondar ot DIIP u comepxkar mpoteasy CysEP
(Greenwood et al., 2005; Lépez-Ferniandez, Maldo-
nado, 2013). B knerkax rmonBecka Phaseolus u Tropae-
olum (Nagl, 1977; Gartner, Nagl, 1980), Vicia faba
(Giuliani et al., 2002), Nicotiana tabacum (Zhao et al.,
2013) B xome IIKI dopmupyroTcss ayToarocoMsl,

cIMBalolyecst ¢ Bakyosiablo. Ha ¢puHaabHBIX 3Tammax
IIPOUCXOAUT pa3pblB TOHOILJIACTA BaKyOJU U Jerpa-
Jalivst opraHesl.

B xone rubenu nonsecka Nicotiana tabacum akTui-
BUPYIOTCSI KATeTICUH-TIOAO0OHBIE TIpOTeashl, a TaAKXKe
poTeaskl ¢ CyOCTpaTHOM cHenU(pUIHOCTHIO KacIias
1, 3 1 6, 4TO OBLUIO MOKA3aHO HAa OCHOBAHUM PACILIEII-
JICHUSI UMW CUHTETUYCCKUX MENTUIHBIX CyOCTpaToOB
(Zhao et al., 2013). IIKI mogBecka Tabaka Nicotiana
tabacum 3aBUCUT OT B3aUMOJIEMCTBUS ABYX O€JIKOB —
nuctatuHa NtCYS, saBisionierocsi MHTHOUTOPOM
mporea3 M ero MHUIIeHHM, KarericuH H-momoOHOoIt
npoteassl NtCP14. NtCYS skcripeccupyercs B IO -
BECKe BILJIOTHb J0 NOCTVIKEHUS 3apOIbIIIeM CTaJauu
32 KJIeTOK, II0CJIe YeTrO ITPOMCXOMIUT aKTHUBALUS Ka-
terncuH H-nmomo6Hoi# mpoTeas3sr NtCP14 i HacTyna-
et I1KI (Zhao et al., 2013). IIpenmnonaraercs, 4To UH-
aykrtopoM IIKI' kjieTok moaBecKa CIIy:KaT KIJIETKA
pactyiero 3aponbiia. [TokazaHo, 4ToO y MyTaHTOB
10 TeHaM, PeTyJIMPYIOLINM pa3BUTUE Zea mays C He-
Pa3BUTHIM 3apOIbIIIIeM, HO HOPMaJIbHBIM 3HIOCIIEP-
MOM Trubenb KJIETOK ImoaBecka He HactymaeT (Con-
sonni et al., 2003). B moyib3y r'uroTe3sl 0 TOM, UYTO UH-
nyktopoM IIKI monBecka sIBISIETCS 3apOABIIIL, TAKXKeE
CBUIIETEJILCTBYIOT HAOMIOMEHUS O TOM, 4TO y Phaseolus
u Tropaeolum nepBbIMU TOTUOAIOT KJIETKU Oa3ayib-
HOM 9aCTH ITOJIBECKa, KOTOPHBIE pacIIoIararoTcsl B He-
ocpencTBeHHoM 0am3ocTy K 3aponpity (Nagl, 1974).
IMpenmonaraercs, 4YTOo JU3UPOBAHHBIN MaTepUal
MOoABECKA MOXKET HCIIOJIb30BaThCs KJIETKAMM 3apO-
npima (Nagl, 1974).

I'nGenb KIETOK MOABecKa HACTYMHAaeT IMOCje BbI-
MOJTHEHUSI UM CBOUX (DYHKIIMIA, KOTIa pa3poCIuiics
3apObILI YK€ 3asIKOPEH B CeMSITIOUKe.

I'MBEJIb KIIETOK HYIEJLTYCA

Hyuemnyc — 310 MeracnopaHIHii CEeMEHHBIX pacTe-
HUIA, TJIABHAS 3a/a4a KOTOPOTro — 00pa3oBaHUe Mera-
crnop. Y HEKOTOPBIX pacTeHUIA, HATIpUMED, Y 3JIaKOB U
KMHOAQ, OH OIOCPENOBAHHO BBIMOJIHSIET HOKPOBHYIO U
3alIUTHYIO (yHKIMU. He y Bcex pacTeHU HYLELTyC
paspyiiaeTcs: 1LIeJIMKOM, HallpuMep, Y KYBIIMHKU U
IrpevYrxu U3 Hero (POpMHUPYETCs IIEPUCIIEPM, 3aItacaro-
IIask TKaHb, KOTOPasi KOMIIEHCUPYET cl1aboe pa3BUTHE
sHpocriepMa (Lu, Magnani, 2018).

Kierounast rm6esp OOJIBIIMHCTBA KIETOK HYIIE-
nyca 'y Pinus densiflora conpoBoxnaeTcsi KOHIeHCa-
el xpomatuHa, ¢parmentamuein JIHK, cxatuem
MPOTOIJIACTa, OTOILIEAIIETO OT KJIETOYHOI CTEHKH,
OCTaBIIIMECS KJIETKM O0pa3yloT HYLEJUISIPHBINA KOJI-
navok (Hiratsuka et al., 2002).

V Arabidopsis TubHy1IME AUCTaTbHbIE KJIETKU HY-
LieJuUTyca UMEIOT pa3pylleHHYI0 MeMOpaHy U cxXKaTble
MIPOTOIUIACTHI, B KJIETKAaX IMPOKCUMAIIBHOM 00JTacTh
HaOmogaeTcsT HaKormeHrue ayrogarocom (Xu et al.,
2016). IMpu KT nyuemtyca mueHusr Triticum aes-
tivum (Dominguez et al., 2001) mmpoucxomut ¢par-
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meHTauus JHK, BeisgsBasemassi metrogom TUNEL.
ITpu aTOM yBeIMUUBAETCS CONEpPXKAHUE TeTEPOXPO-
MaTWHa B SIipe, BHEIIHSS siiepHasi MeMOpaHa ¢par-
MeHTUupyeTcs. B nuToriazme BBISIBASIIOTCSI MHOTO-
YUCJIEHHbIE BAKYOJIM C HAPYIIEHHBIM TOHOILJIACTOM.
IImoTHOCTh MaTpyUKca MUTOXOHIPUMN yBEIUYUBAET-
csl, B MaTpUKCe HaOIIOIAI0TCsl arperarhbl 3JIeKTPOHHO-
IUIOTHOTO Marepuasa, KOTOpble, IO MHEHMIO aBTOPOB
SIBJISTIOTCSI PE3YbTAaTOM Aerpafgaliiyi JIMITUAOB BHYT-
peHHeit mMemOpaHbl. Llucrepasr DIIP pacumpens,
JNUKTUOCOMBI armapara [oJIbIKuU JOJIT0O COXPAHSIIOT
CBOIO MHTaKTHYIO cTpyKTypy (Dominguez et al., 2001).

Lombardi ¢ coaBTOpaMu BBIACISIIM TPU OOJIACTH
acCUMETPUYHOTO Hyllesutyca y Sechium edule — Tpok-
CUMAJIbHYIO 9aCTh, HEIIOCPEACTBEHHO OKPYKAIOIIYIO
9HJIOCIIEPM, CYONUCTAIbHYIO U AUCTAJIbHYIO, PacIio-
Jlararolimecsl HajJl Xaja3ajJbHOM 00JacThi0 MPOKCH-
MaJIbHOTO pailoHa M He I'paHMUYAIFe C 3HOOCIIEp-
MoM. IlepBBIMM TMOHYT KJIETKU IPOKCUMAJIBHOTO
paiioHa HylLeJLTyca, HEMOCPEACTBEHHO OKPYKAIOIINX
SHJIOCIIEPM, YTO MO3BOIMIIO IPEAIOI0KUTh, UYTO MH-
JIYKTOPOM KJIETOYHOI TMOEIM KIETOK HYyLIeJUTyca SIB-
nsetcsa sHaocriepMm (Lombardi et al., 2012). DHuo-
criepM BoiaeasgeT NO ¥ MHIOMMIYKCYCHYIO KHCIOTY
(IAA), KOoTOpbIE YCUIUBAIOT CUHTE3 3TUJIEHA, BbI3bI-
BaloIlero rTudesb KJIeToK Hyueanyca. [Ipu ynaneHuun
sHaocrepma u3 cems3avarka I1KI Hynennyca He Ha-
crymaet. [1pyu 1o0aBiIeHNN 3K30T€HHOrO 3THJIEHA K
TKaHU HyleJUTyca OJIOK THOeI YaCTUYHO CHUMAETCS
(Lombardi et al., 2012). Hapsany ¢ BaussHrueM ropmMo-
HOB ObLIa MOKa3aHa aKTUBHOCTH Kacmasa-1- u Kac-
nas3a-3-TogOOHBIX MpOTea3, BBISIBJIEHHBIX C ITOMO-
IIbIO cIeIM(pUIECKUX CYOCTPAaTOB B IIPOKCUMAJIbHOM
¥ CyOIIPOKCUMAJILHOM 00J1acTH HyIIe/UTyca U Kaclia-
3a-6-1TOHO0OHOI TIpOTea3bl B MPOKCUMAILHOM paiio-
He Hyneryca (Lombardi et al., 2007). B pe3ynbraTte
MPOTEOMHOTO aHajim3a TKaHel Hyueryca Ricinus
communis BBISIBICHbl MHOTOYHCJIEHHbIE TIPOTEa3bl,
MpUHAIJIeXKaIINe K KaccaM IUCTEMHOBBIX, CEpUHO-
BBIX, aclapTaTHBIX M MeTajitorpoTteas (Nogueira et al.,
2012). Cpenu HUX CTOUT OCOOO OTMETUTH MpOTeazy
XSP I (xylem serine protease), IIPMHUMAOIIYIO yda-
cTre B TmOenu KiieTok KemiaeMsl (Buhtz et al., 2004) i
VPE (vacuolar processing enzyme), TpUHUMAIOIIUIA
yuyactue B IIKI pa3zHOOOpasHBIX TKaHeil pacTeHMIA
(Hatsugai et al., 2015). I1pu IIKI Hynemtyca ObL10
MOKa3aHO TOBBIIIEHWE 3KCIPECCUU TeHOB HEKOTO-
PBIX TUAPOIUTUIECKUX (PepMEHTOB: HAIIlpUMEpP, ac-
napratHoii Tpotea3sl HyueuimHa (Chen, Foolad,
1997), a-amunazel AMY 4 (Radchuk et al., 2009), Ba-
KyossipHoro (pepmenTa HyueutanuHa (Linnestad et al.,
2009) y sumeHsi, katenncuH-B-mogo0HoOIT TIpoTeassl
(Dominguez, Cejudo, 1998) y mimeHUIIbI.

B IIKTI nyuemryca Ricinus communis KJIIIOUEBYIO
pOJIb UTPAIOT PULIMHOCOMBEI, COAepKalllnue IIpoTeasy
CysEP, umeroniyio tepmuHaibHblii KDEL MoTuB
(Yang et al., 2012). Conepxumoe pUILIMHOCOM BBI-
OpachIBaeTCs B LIUTOIJIa3MYy, Ille aKTMBHAasI IIpOTe-
asza CysEP yyacTByeT B pa3pylmieHUM COIEePKUMOTO
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KineTku. B TedyeHue rubenu HaOI0gaeTCs UHTEH-
CUBHAas BaKyoJM3allMsd LMTOIMJa3Mbl, hparMeHTa-
st JHK. Ha ¢duHanbHBIX cTagusx THOEIN Ipouc-
XOOWUT pa3pbIB TOHOIUIACTA BaKyOJIud, MUTOXOHIPUU
W TUIACTUABI HA0YXaloT, IPOTOIIJIACT OTXOIMUT OT KJIe-
TouyHoI1 cteHKH (Greenwood et al., 2005).

Ha Arabidopsis 06bL10 moKazaHO, YTO TUOEIb Kie-
TOK HyleJTyca CBsI3aHAa C OIUIOJOTBOPEHUEM IIEH-
TpalibHO# KileTKM (Xu et al., 2016). Y MyTaHTOB MO Te-
Hy KPL, comepxXamux TOJIbKO 3HOOCIIEPM, KJIETKH
HylleJutyca Torudaiu, B OTJIMYME OT MyTaHTOB, CO-
JiepKalluX TOJIbKO 3apojbliil. B HeomnomoTBOpeH-
HBIX ceMSTNOoYKax JereHepaiuys Hyletyca 3a0J10K1-
poBaHa Polycomb Genkamu. Ilpu omniaogoTBOpeHUN
aKTUBUPYETCS TPAaHCKPUIILIMOHHEIN dakTop AGL62
(AGAMOUS-LIKE62), KOTOpbIii CHHUMAaeT 3TOT
670K 1 akTuBupyet 6enku TT16 (TRANSPARENT
TESTA 16) u GOA (GORDITA), KoTopbI€ BBEI3LIBAIOT
rubesb Hynetyca (Xu et al., 2016). bemok MADS29
WHOYLUPYET T'MOeIb KJIETOK Hylienyca y Oryza sativa
(Wan et al., 2002).

IIKI myuennyca HeoGxoauMa 11l OCBOOOXKICHUS
MecTa IS pa3BuBaloiierocs sHnocnepma (Lu, Mag-
nani, 2018).

KT TP ®OPMHWPOBAHNUA
CEMEHHOMUN KOXYPbI

B xneroyHyio rubenb BHYTPEHHETO MHTETYMEHTA
ceMeHU y Brassica napus (Wan et al., 2002), u Jatropha
curcas (Rocha et al., 2013; Shah et al., 2016; Rocha
et al., 2018) u uHTerymeHTOB Arabidopsis (Ondzighi
et al., 2008) BoBJIeUeHBI LIMCTEMHOBBIE TTpoTea3bl. PDIS
(protein disulfide isomerase), HaxomsICh B BaKyOJIsIX
KJIETOK 3HAoTenus Arabidopsis, THTUOUPYET aKTUB-
HOCTb LIMCTeMHOBOM MpoTtea3bl RD21. Co BpeMeHeM
comepxxanue PDI5 cHmkaeTcst, 4To COCOOCTBYyeT
BBICBOOOXICHMIO TIpoTea3 M WHIAYKIMU THUOeIn
(Ondzighi et al., 2008).

V Arabidopsis TiepBbIMU AETpagiupylOT ABa CJOS
BHYTPEHHETO MHTEeTyMeHTa, UX TUOEIb COMTPOBOXIA-
eTcsl TUIa3MOJIM30M W aKTuBallMell 1MCTEeMHOBOM
npotea3bl VPE (Nakaune et al., 2005). IToka 3apoasbiiin
HaXOAUTCSl Ha PaHHUX CTaausIX Pa3BUTHUsS OOJIBIIIYIO
4acTh KJIETOK BHYTPEHHETO 3MUIepMUCa BHYTPEHHETO
nHTerymMmeHTa Arabidopsis 3aHUMAIOT BaKyOJIu ¢ 6€JIKO-
BBIM COIEPXXUMBIM, B KOTOPBIX COIEPXKATCS LIMCTEU-
HOBbIE TIpoTea3bl. KieTouHasi rubesib CompoBOXIaeT-
Csl pa3pbIBOM OEJIKOBBIX BaKyoJieil, BBIXOIOM M aKTH-
BauMeil TpoTea3 M Aerpamanueid kiaetku (Ondzighi
et al., 2008). 'mGenp KJIETOK BHYTPEHHETO CJIOST MH-
TeryMeHTa Brassica napus corpoBoxpaeTrcs ¢par-
meHtanueit JHK, Bakyonuszanueil LUATOIIa3MbI
(Bethke, Jones, 2001).

I'MBEJIb SHAOCIIEPMA

TpUTUTOMAHBIN 3HOOCTEPM, KaK W 3apOIBIII,
dopmupyeTcsa B pe3ysibTaTe TBOWHOTO OIJIOZOTBO-
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peHusd. DHOOoCIIepM — IJIaBHAasl 3aracalolasi TKaHb
ceMeHM, HaKallJIMBalolllast Kpaxmall, Macjia u 6eJIKu
JUTSL MATAaHUS 3apoAbllia. DHAOCTIEPM PaCXOdyeTcCs
y BCEX paCTeHUIi1, HO B CEMEHAX C 3alacarlliM SH-
JIOCTIEPMOM 3TO IIPOMCXOIUT MPU MPOPACTAHUHU Ce-
MEHHM, a B CEMEHax C 3aracalllUuM 3apojblllieM —
npu GOpMUPOBAHUU CEMEHMU.

B kauecTBe MOJEIbHBIX OOBEKTOB IS UBYYEHUS
ITKT sHmocnepMa, mATaTeIbHBIC BEIllECTBa KOTOPO-
ro MOOMWJIU3YIOTCSI TIPU TIPOpACTaHUM, M3Y4aloTCs
KJIETKU 9HJI0CTIEpMa KJIeIeBUHbBI Ricinus communis A
3J71aKOB.

VY Ricinus communis B THOEIN KJIETOK SHAOCIIEpMa
yyacTBy10T pulirHocoMmbl (Gietl et al., 2001; Schmid
etal., 2001). B xone rubenu KJI€TOK SHAOCIIEpMA IIPO-
ncxomut dpparmeHraums JJHK, pa3peiB ToHOILIaCcTa
BaKyoJIU, Aerpaganus MUTOXOHIpUM u tutactun. Ha
GUHAJIBLHOI cTaguM TUOeau U3 PUIIMHOCOM BBICBO-
ooxmaeTcs uucrenHoBast mporeasza CysEP, u, B 3a-
KHCJIEHHOM 3a CYeT COAEPKMMOIrO BaKyOJIEM LIUTO-
niaa3Me npoucxogut co3peBaHue CysEP. AkTuBHast
nporeaza CysEP BbI3bIBaeT OKOHYATEIBHYIO IeTpa-
nmanuio kiaetku (Greenwood et al., 2005).

PazBuTue sHAocnepMa B ceMeHax 3/1aKOB BKIIIO-
yaeT 3Tarnbl Ipojudepanu, HaKOTUICHUS TUTaTeIb-
HBIX BellleCTB (Mpekae Bcero, Kpaxmalia) U mporpam-
MUPYEMOI KIJIETOYHOIM TMOeNM, IPOMCXOIIIIeid Ha
MO3AHUX 3Tanax (gopMupoBaHus cemMeHu (Domin-
guez, Cejudo, 2014). IIKI kireTok »Hmocrepma c
Kpaxmajiom y Triticum aestivum u Oryza sativa COTIpo-
BoXHaeTcs AedopMaliueit siapa, KoHAeHcalei Xpo-
MaTHHa, pacliajJioM sIIepHOi 000JI0UKHU 1 BaKyoI13a-
mueii muroruiadmMel (Chen et al., 2012). OmHOBpeMeH-
HO B KJIETKaX MOBBIIIACTCSI KOJIMYECTBO aKTUBHBIX
dopm kucnopona (APK), 1 aKTUBUPYIOTCS aHTUOK-
CuIaHTHbIe (PepMEHTHI (KaTaja3a, CYIIEpPOOKCHUIIO-
JIMCMYTa3a, MepoKCHrIa3a), KOTOpbIe He B COCTOSTHUM
COpaBUThCA C HapacTawliuM kKojudectBoM ADK
(Young et al., 2002; Cheng et al., 2016). I1ocne nere-
Hepauuu siapa U dparmeHtauuu JHK B kierkax
npogoskaioT padboratsh pepmeHTEI AGPP (ADP-glu-
cose pyrophosphorylase), SSS (soluble starch syn-
thase), GBSS (granule-bound starch synthase), SBE
(Starch branching enzyme), oTBe4aroIe 3a CUHTE3
zanacampomux BemiecTB (Chen et al., 2012).

[Ipennonaraercst, YT0 UHAYKTOPOM KJIETOYHOM TU-
Oenmm sHIocriepMa  sBisieTcs: 3TuieH. MHATHonTOpHI
cuHTe3a aTuieHa (2-aminoethoxyvinyl glycine 1-meth-
ylcyclopropene) IIpersiTCTBYIOT THOEIN KIIETOK SHIO-
criepMa. AOCIIM30Basl KUCJIOTa, TIpedoTBpaliaeT Ha-
CTyIUIEHME KJIETOUYHOIM Trubenu sHIocrnepMa, Koraa
BCTyMHaeT B aHTarOHUCTUIECKIE OTHOIICHUS C 3TUIIE-
HoM (Young et al., 2002). I'mbG6epenrHOBasi KMCI0Ta
YBEJIMYUBAET YUCJIO TMOHYIIMX KJIETOK 3HIOoCIepMa
mmeHunsl (Kuo, 1996). PerynaropaMu KiIeTOUHOM
rubenu sHaocriepma Arabidopsis thaliana BricTyna-
10T ¢aktopst ZOU/RGE1 (bHLH TFs ZHOUPI/
RETARDED GROWTHOF EMBRYO 1) u ICEl

(INDUCER OF CBP EXPRESSION 1) (Denay
etal., 2014).

B oTnuume oT sHmocriepMa, KOTOPbBIA MOABEpra-
ercg nipoueccy I1KI Ha mo3mHWX cTamusIX pa3sBUTHS
CEMEHM, AJIEMPOHOBBIA CJIIOM BMECTE C 3apOJbllIeM
OCTaeTCs KMBBIM B 3pesioM ceMeHU. [locie mmpopac-
TaHUs aJIEMPOHOBBIN CJIOM y4acTBYeT B CUHTE3€ T~
poauTHYeCKUX (hepMEHTOB, HEOOXOIUMBIX IJISI MO-
OMIM3aliMy MUTATEJIbHBIX BEIIECTB M3 DHIOCIIEpMa.
ITocime BBIMOJMIHEHUS 3TOM (YHKIIMM 3aITyCKaeTCs
npouecc [TKI aneiipoHoBoro ciost (Dominguez, Ce-
judo, 2014). I'mbenb KIIETOK aJIclipOHOBOIO CJIOSI 9H-
nmocriepma  Hordeum vulgare (Wang et al., 1996;
Bethke, Jones, 2001; Bethke et al., 2007) u Triticum
aestivum (Dominguez et al., 2001) compoBoxXmaeTcs
dparmenranneit JHK. MHIyKTOpOM KJIIETOUHOM TH-
6enu aneiipoHoBoro ciost Triticum aestivum (Domin-
guez et al., 2001) BeicTyImaeT TubOepeaInH, KISTOK
KynbTypbl Hordeum vulgare — rub0epeanHoBast K1C-
nota (Bethke, Jones, 2001). AbGcuu3oBasi KHUCJIOTa
MIPENsITCTBYET T'MOENM KIIETOK aJIeipOHOBOTO CJIOSI
SHAOCIIEpMA SYMEHSI, YTO OBIJIO ITOKa3aHOo IIPH o0pa-
00TKe abCLIM30BOI KUCIOTOM MPOTOIIACTOB, U301~
POBaHHBIX U3 MHTAKTHOTO 3epHa (Wang et al., 1996).

PaspyiieHne KIIETOK KpaXMaJIbHOTO SHIOCIEpMa
3aBepllacT MPOLECC HAKOIUIEHUsI ITUTATEIbHBIX Be-
IIECTB 3€pHA, K 00ECIeUNBACT UX MOCIEIYIOIIYIO 10~
CTYIHOCTh B MIPOPACTAIOLIEM CEMEHMU.

SAKIIIOYEHHME

Kaxnplii aTan cropMupoBaHUs TKaHE 3apoibliiie-
BOTO MelllKa U CEMEHU COTMPOBOXKIAETCS MpolleccaMmu
IIKT 1 umeeT cBoM CTPYKTYpPHO-(bYHKIIMOHATbHBIE
ocobeHHocTU. [IpuurHBI pa3HOOOpa3usi BapHMaHTOB
ITKT »Tux TKaHe# 10 KOHIIa He BBISICHEHBI. BeposT-
Ho, mytu [IKI cBsizaHbl ¢ MopdoreHesamu TKaHEN
dopMmupyoiierocsi ceMeHu. [Ipoiiecchl KiaeTouHoO
ruoenn TKaHeud Ipu MopdoreHe3e ceMeHU UMEIOT
o0l11I1e YepThl JIMOO C BaKyOJSIPHOM KJIETOYHOM TU-
Oenpio (BaKyoau3anus LIMTOILIA3MbI, (POPMUPOBa-
HHue ayTodarocom, pa3pbIB TOHOIIJIAcTa BaKyOJIN),
MO0 ¢ HEKPOTUYECKOM (amonToTuuyeckoii) (¢par-
meHTanus JJHK, Beixom nmuToxpoma ¢ M3 MUTOXOH-
npuii) (Van Doorn et al., 2011; Van Doorn, 2011;
Reape, McCabe, 2013), 11060 UM IPUCYILIU OCOOEH-
HOCTH O0OMX ITyTEH.

B mnpouecce ¢dopmupoBaHUSI CEMEHM KIETKU,
CTPYKTYPBI U TKAaHU MOCIEA0BATETbHO CMEHSIOT IPYT
JIpyra, IIpU 3TOM OIHM obOecrieuynBaloT GPYHKIMOHM-
poBaHue apyrux. Hampumep, y pacTeHHIi ¢ XOPOIIIO
Pa3BUTBLIM MOABECKOM OH OCYIIECTBISIET MOAAEPKKY
U TIUTAaHWE 3apoJiblilia, AHTUIIOJAJIbHbIE KJIETKH 371a-
KOB 00eCcneynBamT CYIIeCTBOBaHUE U TMpPaBUJIbHOE
¢dopMupoBaHUe BHAOCIEPMa, KOTOPbI aKKyMyJu-
pyeT NUTaTeJbHBIE BEIIECTBA IS TOCIEAYIOLIETO
paszButTus 3aponsbiina. [1pu cozpeBanuu cemenu [TKT
SIBJISIETCSI UHCTPYMEHTOM yIaJIeHUsI HEHYKHBIX KJle-
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TOK ¥ TKaHeil, 0cCBOOOXIast IPOCTPAHCTBO U, BEPOSIT-
HO, obecrieunBasi TOCTYITHOCTb MUTATSIbHBIX Bellle-
cTBa Iis1 (pOpMUPOBAHUSI HOBBIX TKaHei. bruoxumu-
yecKUe XapaKTepUCTUKU TUOENIr aHTUIMOAATbHBIX
KJIETOK KYJBTYPHBIX 3JIaKOB, OABECKA U SHIOCIIEP-
Ma OOJBIIMHCTBA ITOKPBITOCEMEHHBIX paCTeHUI He-
00XOIUMBI IJIsI TOHUMAaHUS MEXaHU3MOB (hOPMUPO-
BaHUS CEMEHMU.

K coxanenuio, MmHorue acriektol IIKI' knerou-
HBIX TUIIOB 3apOABIIIEBOrO MEIIKA M CEMEHM IO CUX
Mop ocTaioTcsl Henm3ydeHHBIMU. HemocraTouHo m3y-
yeHbl MoJieKyasipHble MexaHu3Mbl [TKI'. BeisiBiieHbI
OTIeNIbHBIE OeIKU-peryisTopsl mpoueccos [IKT, ox-
HaKO CUTHAJIbHBIC KACKadbl, YYaCTHUKAMM KOTOPBIX
SIBJISTIIOTCSI 3TU O€JIKU, OCTal0TCSI HEU3BECTHBIMMU.

OTpBLIBOYHEI JaHHbBIE O (PYHKIIMOHUPOBAHUH IIPO-
teas, perynupytomux I1KI'. He n3BectHO, y4acTByIOT
i mpoteassl B ITIKI' Meracmop, CMHeprua U aHTUIION.
CurHajibHbIE KacKaabl, MPUBOISIINE K aKTUBALIAN
M3yYeHHBIX TIPOTea3, 10 CUX He BhIICHeHbI. M3BecTHA
cyOcTpaTHasl CrieHM(UIHOCTh IIpoTeas, MPUHUMAKO-
mux ygactue B [1KI', TeM He MeHee B OOJILIIMHCTBE
cllydaeB AerpamoMbl (IpUPOIHBIE CyOCTpaThl) MeTa-
Kacnas, ¢uracnasz M Opyrux mnporeas3 pacTeHUN MO
CHUX HE OIIpelIeICHEL.

Uccnenosanus, nocesmeHHbpie TTKIT pacrenwmii,
He MO3BOJISIIOT COCTaBUTh MOJHYIO KapTUHY IPOLeC-
coB, conpoBoxaarwiux I[1KI'. B ¢Bs3u ¢ nosiBneHu-
€M JIaHHBIX O CEKBEHMPOBAaHUU FT€ HOMOB MHOTHUX I10-
KPBITOCEMEHHbBIX PACTeHUII WM BHEApPEHUEM OMOXM-
MUYECKMX METOIOB B pYTUHHYIO IPAKTUKY U3YICHUS
pPacTUTEJILHBIX OOBEKTOB, B TOM YHCJIE TaKUX CJIOX-
HBIX, KaK 3apOAbIIIEBLIM MEIIIOK, BO3MOXEH IIPOPHLIB
MMEHHO B 001aCTU M3YYCeHMsI MOJIEKYJISIPHBIX MeXa-
HM3MOB TIpoTtekaHus u peryiasaun [TKT .

COBJIIIOAEHHUE OTUYECKNX CTAHIAPTOB

Hacrosiiaa cratbst He COOCPKUT OIIMCAaHMUsA BBIITOJI-
HCHHBIX aBTOpaMMn UCCJIETOBAHUM C ydyaCTuem JIO0E UIu
HMCHOJIb30BAaHUEM XXMBOTHBIX B KaUeCTBE OOBEKTOB.

KOH®JIMKT MHTEPECOB

ABTOpBI 3asIBJISIIOT, YTO KaKOi-I1100 KOHMJIUKT UHTE-
pPECOB OTCYTCTBYET.
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The process of programmed cell death is essential for plant ontogenesis. Seed development reveals the key
role of programmed cell death in cell elimination and formation of new structures. Morphological data and
biochemical regulators of programmed cell death during the embryo sac and seed formation are discussed in

the review.
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HenaBHue paboThl MoKa3aau, YTO, HECMOTPSI Ha CTEPEOTUITHOE MPOOJIeHNEe, aHHEIUIbl IEMOHCTPUPYIOT
CMOCOOHOCTH K SMOPHOHAIBHBIM PETYIISILIMSAM, B TOM YUCIe PU (GOPMUPOBAHUY JTUHUHU TTOJTOBBIX KIETOK.
BMmecTe ¢ Tem Hanbosiee IIMPOKO MPOLIECChl PETYJISIIUM MPEACTaBIeHbI B X0/ TTOCTIapBAILHOTO Pa3BUTHUS
a"HHenua. CITocoGHOCTh K pereHepalni, SIBIISIIoIeics, BEepOSITHO, aHIIECTPATbHBIM MTPU3HAKOM, ITPOSIBIISI-
€TCsl MO-Pa3HOMY CPelM STUX KUBOTHBIX. HeKOoTOpbie BUIBI HE CITIOCOOHBI pEreHepUPOBaTh YTpaueHHbIE
cerMeHThI. OTHAKO GOJBITMHCTBO BUIOB BOCCTAHABIMBAIOT 3aIHIE YaCTHU Tejla, MHOTHE CITOCOOHBI BOC-
CTaHaBJIMBATh FOJIOBHBIE CETMEHTBI M CTPYKTYPhI, @ HEKOTOPbIE Pa3BUBAIOT BCE TEJIO de novo Naxke Ha OCHO-
BE OIHOTO-IBYX CETMEHTOB. BoJibllasi yacTh BOCCTaHABIMBAEMBIX CTPYKTYp (popMUpyeTCs 3a c4eT Habopa
HeaudepeHIIMPOBAaHHbBIX KJIETOK, BOZHUKAIOIIUX TIpU AeJeHUU aeauddepeHIIUpOBAaHHBIX U/UIU CTBO-
JIOBBIX KJIETOK. [Ipu 2TOM TIpoliecc pereHepaly 4acTo IPUBOIUT K TTepecTPOiiKe CTapbIX (pparMeHTOB Te-
Jia, U MOXKET, TAKUM 00pa3oM, ObITh CBSI3aHHBIM HE TOJILKO C IOKATbHBIMU U3BMEHEHUSIMU, HO U TpeOOBaTh
peakIMy Ha ypOBHE BceTo opraHu3ma. B aTom 0630pe MbI 0606111aeM MHOTHE COBPeMEHHBIE MCCIIeTOBAHUS
OTHOCHUTEJIbHO MOJIEKYJISIDHBIX M KJIETOYHBIX MEXaHU3MOB pereHepanuu y aHHenaun. Ocoboe BHMMaHUE
yIeJIeHO BOCCTAHOBJICHUIO TTUIIIEBAPUTEIBHON M HEPBHOM CHUCTEM, IIOKPOBOB, a TAKXKE YUYACTHIO CTBOJIO-
BBIX U HenuGdEepeHIIMPOBAHHBIX KJIETOK B pa3BUTUM OJacTeMbl M B BOCCTaHOBJIIEeHUU ToHan. HakomnieHue
U aHaJIM3 COBPEMEHHBIX 3HAHWI O Pa3HOOOPA3UM KIIETOYHBIX UCTOYHWKOB U MEXaHU3MOB pereHeparuu
aHHeIUJ MOTYT MPOJIUThH CBET Ha HanboJiee BOJIOLIMOHHO KOHCEPBAaTUBHBIE MPOTrpaMMBbl MTOAAEPKAHUS
CMOCOOHOCTH K pereHepalliy M Ha MPOoILIeCChl, BeAyIue K ImoTepe (OrpaHUYeHUI0) OHOTO M3 aHIIeCTPpab-
HBIX CBOCTB KMBOTHBIX.

Karouesoie crosa: perenepanusi, neaddepeHanus, MyJbTUTTOTEHTHBIE KJIETKU, CTBOJIOBBIE KJIETKH, TT0-
JIOBBIE KJIETKU, 9KCIPECCUsI TeHOB, MUIIeBapUTEIbHAS CUCTEMA, HEPBHAsI CICTeMa, IEPEeCTPOiiKa TKaHE,

aHHEeJINIbI
DOI: 10.31857/50475145020030040

BBEAEHWE

Perenepaiiisg — mpoiiecc BOCCTAHOBIIEHUSI yTpa-
YEHHBIX KJIETOK, TKaHEM, OpraHOB U YacTeM Tejla U UX
GyHKUMI — gBiasgeTcsd (yHIaAMEHTaJIbHBIM CBOM-
CTBOM KMBBIX cHCTeM. Jlaxke XXMBOTHBIE, JJISI KOTO-
PBIX XapaKTEPHO TTOCTOSTHCTBO KJIETOYHOI'O COCTaBa
(ayTenust), CIIOCOOHBI K OrpaHMYEeHHON (DU3MOJIOTH -
yeckoil pereHepauumn (Kopotkosa, 1997; Stocum,
2012). BMecTe ¢ TeM, BOIIPOC O TOM, OYEMY Y OTHUX
BUJIOB HaOIIONAIOTCS IOYTH Oe3rpaHUYHbIC BO3MOXK-
HOCTH K BOCCTAHOBJIEHMIO YTpadyeHHBIX YacTeii, a y
UX OMVKaMIIUX POOCTBEHHMKOB — HET, OCTaeTCsd
HanboJiee MHTPUTYIOLIUM U JAJIEKUM OT PEIIeHUS.

CyirecTByeT HeMaIo MOJEIbHBIX OOBEKTOB, C IC-
MTOJIb30BaHNEM KOTOPHIX aKTUBHO BEIETCS ITIOMCK pe-
IIeHWs TIpo0JIeM pereHepaui. DTo TaKue MPOCThIe
JKUBOTHBIEC KaK TUAPHI M TUTAHAPWUH, WY O0JIee CITOXK-

HO YCTPOCHHbLIC aHHC/INAbI, UTJIOKOXHNE, aCHUINN U
MO3BOHOYHBIE, BKITtoYas yesioBeka (Kopotkona, 1997;
Stocum, 2012; Koctiouenko, Kosun, 2020). CoBpe-
MEHHBIE TEXHOJIOTUM TI03BOJISTIOT IIPOBOAUTE UCCIIEIO-
BaHUS Ha KIJIETOUYHBIX KYJIbTYpaxX, YTO 3HAYMTEIHLHO 00-
JIerJaeT co3IaHue KOHTPOIUPYEMBIX YCIOBHiA. OIHAKO
OYEBHIHO, UYTO ITOJHOLIEHHOE pelleHue (pyHIaMeH-
TAJbHBIX Y MTPAKTUYECKUX ITPODJIEM pereHepaiii Bo3-
MOXHO TOJIBKO Ha OpraHM3MeHHOM ypoBHe (Stocum,
2012; HoBukosa u mp., 2020).

HecMoTps Ha mpucTtajabHOe BHUMaHUE UCCISIO0-
BaTeJieli K (beHOMEHY pereHepalu, MHOTHME MeXa-
HU3MBI 3TOTO Ipollecca I0 CHX IOp He PAaCKPBITHI.
Cpenyt HUX — TIpUpoAa KJICTOYHBIX UCTOYHUKOB,
BHOCSINIMX BKJam B (opMHpoBaHUE pereHepara.
OCHOBBIBasICh Ha JTAHHBIX 10 pereHepaliii MHOTUX
MOIEJIbHBIX OO0BEKTOB, MOKHO MPEAITONOXKHUTDb, YTO
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Hanbojiee 4acTO BCTPEYAIOTCS YeThIpe MeXaHU3Ma
BOCCTAHOBJICHUSI TKaHEW: IOBTOPHBII POCT KJIETOY-
HBIX YacTel, TaKNX KaK HepBHbIE aKCOHBI; IIpoJmde-
pauus nuddepeHIMPOBAHHBIX KJIETOK, IIpeTepIieBa-
IOIIMX WIM He MpeTepIieBaiIInX aeaudhepeHITInpOB-
Ky; TpaHcauddepeHIIMPOBKA 1 aKTUBALIUST B3POCIIBIX
CTBOJIOBBIX KJIETOK. BMecTe ¢ TeM snmuMopdHast pere-
Hepauusi, 11 KOTOPOM XapaKTepHa BbICOKAsl TIPOJIU-
¢depaTuBHAasl aKTUBHOCTb Pa3IWYHBIX KJIETOK, COMpPO-
BOXKIAeTcsl MpU3HaKaMu Mopdauiakcuca. Mopdaii-
JIAKCHUC, TIPOLIECC BOCCTAHOBIICHMSI YTEPSTHHBIX YacTeil
3a CYET TEePEeCTPONKM CTapbhIX TKaHEW 0e3 aKTUBHOI
npoandepaliy KJIETOK, MOXET ObITh BEIPAXKEH B pa3-
HOI CTeTIeHW. B HEKOTOPHBIX CITydasix pereHepamyst Mo-
XKET OCYIIECTBIISITHCS UCKIIOUUTEIBLHO II0 TUITY MOpP-
damiakcuca (Stocum, 2012; Koctiouenko, Kozum,
2020). OueBuOHO, YTO coueTaHMue AearnhdepeHIIIPOB-
KM, aKTUBALIMK CTBOJIOBBIX KJIETOK, IIpoJudepaliny u
peopraHu3alu ocTaTka (TKaHU, opraHa 1 T.11.) CyIIe-
CTBEHHO YBCJIMYUBACT CJIOKHOCTb MEXaHM3MOB NHU -
LIMAIU U PETYJISILAM MTPOIIECCOB pereHepalu. BHe
BCSIKOTO COMHEHMUSI, MCITOJIb30BaHME Pa3INnUYHbIX MO-
JIeJIei JKUBOTHBIX ITO3BOJIUT ITOJIYYUTh MaKCUMAJIbHO
MOJIHOE TIPEeACTaBJIEHME O IIpolieccax pereHepalu U
HMCIOJIb30BaTh 3TU 3HAHUS B IIPAKTUYECKUX LIETISIX.

B Hacrosiiem 0630pe Mbl 0000111aéM MHOTME JaH-
HBIE O MOJIEKY/ISIPHBIX M KJIETOYHBIX MEXaHU3MaX pere-
Hepalry y aHHEIN, OMHOM 13 KJITIOUEBBIX JIJISI 9BOJIIO-
LIMOHHOIT OMOJI0TMY pa3BUTHSI TPYIIIT OMjIaTepaIbHBIX
XKMBOTHBIX. AHHENIUAbI, KaK W IOpyryue CIHpaabHbIC
XKMBOTHBIE, TEMOHCTPUPYIOT CTEPEOTUITHOE 3MOPHO-
HaJIbHOE Pa3BUTHE, XOTS U C 3JIEMEHTaAMM PeTYJISILNI
(Koctiouenko, Jdonmya, 2006, 2017; Nakamoto et al.,
2010; Ko3uH u ap., 2013; Wanninger, 2015; Kozin et al.,
2016; Lanza, Seaver, 2018). OgHako B3pOCbIe KUBOT-
HbIe, 3aMETHO Pa3JIMYalolIiecs 110 CTPOEHUIO, K13~
HEHHOMY LIMKJTY Y 9KOJIOTMYECKUM YCJIOBUSIM OOMTa-
HUSI, KaK IIpaBWJIO, BOCCTAHABIMBAIOT yTpayeHHEIC
TKaHU M 9aCTU Tejla, JeMOHCTPUPYS B psiAe ClIydacB
IIOYTH HEOrpaHWYEHHBIE CIIOCOOHOCTH K pereHepa-
UM, B TOM YKCJIe U IpHU OECHOJIOM pa3MHOXCHUU
(KopoTtkosa, 1997; Xapun u np., 2006; Bely, Sikes,
2010; Zattara, Bely, 2011; KocTtioueHko u ap., 2016;
de Jong, Seaver, 2018; Koctouenko, Kozun, 2020).
Bce 310 menmaer aHHenUI MEePCHEKTUBHOKM MOIEIbIO
JUIST U3YYEeHUSI KaK MOJIEKYJISIPHBIX M KJIETOUHBIX Me-
XaHU3MOB pereHepaluu U 0eCII0J10ro pa3MHOXKEHUS,
TaK 1 BOJIIOLIMU ITPOTPpaMM Pa3BUTHSI.

BIIACTEMA: KIIETOYHbBIE NCTOYHUKHA
N CIIEULUDPUYHAA SKCITPECCHA TEHOB

IMoctTpaBMaTUueckast pereHepalusi OOJBIIUH-
CTBa aHHEJU MPOUCXOIUT MO TUITY AMMMOpdo3a, TO
eCcTh ¢ (OPMHPOBAHUEM pereHepallMOHHOM ITOYKH,
COCTOSIIIEN U3 AaKTUBHO MNpOIUMEepUpYIONINX, He-
nuddepeHIMPOBaHHBIX KIIeTOK. OOIIEIPUHATO, YTO

KJIETKU, BXOISIINE B COCTAB BCEX TPEX 3aPOABIIIECBBIX
JIMCTKOB, YY4aCTBYIOT B BOCCTAHOBJICHUH yTPauyeHHbBIX
yaacTkoB Tejia (Paulus, Miiller, 2006; Bely, 2014; Ko-
CTIOUEHKO U Ap., 2016). BoablIMHCTBO paboT IOMI-
TBEPKIAET UICI0 O HE3aBUCUMBIX KJIIETOUHBIX MCTOY-
HUKaX 3KTO-, ME30- 1 SHTOAEPMAIbHBIX CTPYKTYP BO
BpeMsl pereHepalyu, MO3TOMY HMMEET CMBICJI pac-
CMOTpPETh UX O OTAeAbHOCTU. BoccTaHOBIIEHUE MTPO-
M3BOAHBIX Me30J1epMbl (LISIOMUYECKUN DITUTEINIA,
roHaabl, KPOBEHOCHBIE COCYIBI, MeTaHepUINU) U
9KTOAEepPMbI (HEpBHAsI CUCTEMa, IIOKPOBHI Tejla) TeC-
HBIM 00pa30M CBsI3aHO ¢ (hOPMUPOBAHUEM pereHepa-
LIMOHHOM MOYKU.

B cocTaB pereHepallMOHHOI TTOYKM BXOAUT GJ1ac-
TeMma (Macca BHYTpeHHUX HeauddepeHIUPOBaHHbBIX
KJIETOK) ¥ TIOKpbIBawIuii ee anutenuit. HeomHo-
KpaTHO OBLJIO MOKAa3aHO, YTO PaHEBOM 3SMUTEIMNIA
dopMupyeTcs 3a CUET peapaHKMPOBKU KIJIETOK I10-
KPOBHOTIO 3ITUTENNS, a HE 3a CUET UX NpoJirdepalin.
BTOoT (haKkT OBLT NOATBEPKICH KaK C MCIIOJb30BaAHM-
eM rucrojiormdeckux MetomoB (Turner, 1934; Fontés
etal., 1983; Dupin et al., 1991), Tak 1 METOTOM BKJTIO-
yenust BrdU u EdU (Zattara, Bely, 2011; Planques
et al., 2019). Kpome Toro, uHrubupoBaHue npoude-
pauMy UTOCTATUYECKUM MpernapaTtoM THAPOKCH-
KapbaMuIoM He MPUBOAMIIO K HapylIeHUIO (hOpMU-
poBaHus paHeBoro snutenus (Planques et al., 2019).
Tem He MeHee, mposudepalysi KJIETOK MTOKPOBHOTO
SIIUTENINS MOXET IMPOMCXOAUTH Ha 0ojiee ITO3THUX
CTagusIX.

Hanpotus, KjieTKu 6jacTeMbl aKTUBHO ACJISITCS.
IIponudepannsi BHYTPEHHUX KJIETOK pereHepaly-
OHHOI MOYKY MOATBEPKIAeTCs BKIIOUEHUEM TIpeli-
mectBeHHUKOB JHK: EdU wunu BrdU (Zattara,
Bely, 2011; Sugio et al., 2012; Kozin, Kostyuchenko,
2015; de Jong, Seaver, 2018; Planques et al., 2019). B
HeJaBHEM HCCJIEIOBAHNM aKTUBHOE JeJIeHNE KJIETOK
0J1acTeMBI OBLIO II0KA3aHO C MCITOJIb30BaHUEM MOJIe-
KynsipHbIx MapkepoB. CyclinB1, cyclinB3 v pcha — te-
HBI, 0EJIKOBBIE IPOAYKTHI KOTOPHIX yYaCTBYIOT B IIPO-
necce permmkanu JHK, m MoryT ciry>kuth Hamex-
HBIMM MapKepaMHu TIpoandepupyolmx KiIeTok. B
JIOTIOJIHEHME K 3TOMY ObLI MpOBeAeH U (PYyHKIIMO-
HaJIbHBIM aHAJIM3: MHKYOalMs YepBeil B MTHTUOUTOpE
npojaudepaly ruapoKcuKkapoaMuae npuseiia K Ha-
pyuieHuo (GOpMUPOBAHUS 3adHE 30HBI pOCTa U
BOCCTaHOBJICHMIO yTpauyeHHBIX cerMeHTOB (Planques
etal., 2019). Takum o6pazom, nposindepanus KIeToK
OJ1acTeMBl SIBJISICTCS HEOOXOOUMBIM COOBITUEM JISI
pereHepanuu.

BoisicHeHUE TIPOUCXOXKISHMS KIIETOK, (DOPMUPYIO-
X 61acTeMy, HEOOXOAUMO UIsI TIOHUMAaHMSI UCTOY-
HUKOB BOCCTAHOBJICHUSI CTPYKTYP ME30- U IKTOAECP-
MaJibHOM Tpupoabl. C 0IHOI CTOPOHBI, OOIBIITNHCTBO
KCCIIEIOBaHUI TTONNEePKUBAET Uaeo o aeauddepeH-
LIMPOBKE KJIETOK C TTocenyoleii penuddepeHINPOB-
Koii. C Ipyroit CTOPOHBI, MHOTHE aBTOPHI IIPEIIOoJiara-
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IOT HAJIM4Me CIIeNaIN3UPOBAHHOM JIMHUM COMaTUYE-
CKMX CTBOJIOBBIX KJIETOK. V1 B TOM 1 B IpyroM clIydae
KJIETKW MOTYT JINOO MUTPUPOBATh U3 OTHAJICHHBIX CET-
MEHTOB, J'[I/[60 N3HAYaJIbHO HAaXOOUTHCS B CEIMEHTE
psimoM ¢ paHoi. TakuM o6pa3oM, eCTh BCETO YEThIpe
TUITIOTETUYECKNE BO3MOXHOCTU THPOUCXOXICHUSI
KJIETOK OJacTeMbl: MUTPalMs yOadeHHBIX CTBOJIO-
BBIX 3JIEMEHTOB, MUTrpauus aeauddepeHunpoBaH-
HBIX KJIETOK, JIOKaJibHas aeauddepeHInpoBKa, JIo-
KaJIbHOE MPOUCXOXIEHME CTBOJIOBBIX Ki1eToK (Plan-
ques et al., 2019). OgHako UX KOMOMHUPOBAHUE B
Pa3IMYHBIX COYETAHUSIX MOXET 3HAYMTEIILHO MEHSITh
YCJIOBUSI B3aUMOJECMCTBUS MEXKIY KIIeTKaMU, B TOM
4ucJie Ha YPOBHE HUIIM CTBOJIOBBIX KJIETOK. OTIMYM-
TEJILHOM 0COOEHHOCTHIO CTBOJIOBBIX KJIETOK SIBJISIET-
cs1 X npoyurdepanus 10 Hadyajla pereHepaluu, B TO
BpeMs Kak aennddepeHInpoBKa KIJIIETOK ITPOUCXO-
IUT B OTBET Ha amnyTtauuio. Kak m3BecTHO, HamexK-
HBIMA MapkepaMu HeauddepeHIIMPOBaHHOIO CO-
CTOSTHUSI KJIETOK Y O€CITO3BOHOYHEBIX SIBJISIFOTCSI IIPO-
JIYKTBI TEHOB IPOTrpaMMEI ITOIePXXaHMsS MOJOBBIX U
MYJbTUITOTEHTHBIX KjeToK (Germline/Multipotency
Program genes) (Juliano et al., 2010). Dkcrnpeccust
de novo 3THX TEHOB B COCTaBe pereHeparlOHHOI
0J1acTeMbI OyIET TOBOPUTH O JIOKAJIbHOM ITPOMCXOXK-
JIEHNM KJIETOK OJlacTeMbl, TOraa Kak oOHapyKeHHe
KJIETOK C IOJOOHBIM IIPO(MIeM 3KCIPECCUN B UH-
TaKTHBIX CErMEHTax MOXET CBUIECTEJILCTBOBAaTh B
MOJb3y MUTpaluu. TakuM oOpa3zoM, N3y4yeHHE IPo-
JudepaTuBHONM aKTUBHOCTHY 1 aHAJIM3 ITaTTEpHA 3KC-
npeccur reHoB GMP no3BonstT otimmunTh nenmudde-
PEHIIUPOBKY OT YIaCTHSI CTBOJIOBBIX KJIETOK Y MUTpa-
IO OT JIOKAJbHOM aKTUBALMU MpoardepaTUBHON
aKTUBHOCTHU.

Hcrnonb3oBaHUE 3TUX ABYX METOIOB ITO3BOJUIIO
YTBEPKIATh O TIPeBaIUPYIOLIEi POJIY MPOILIECCOB JIie-
I OEpeHIMPOBKY KJIETOK, PACHOJOXEHHBIX pSI-
JIOM C paHOI B Xofe 3amHeit pereHepanuu Platynereis
dumerilii (Planques et al., 2019). ABTOpbl UHKYOUPO-
Banu yepBeli B pactBope EAU o nmposeneHust onepa-
I TI0 yOAJICHUIO CETMEHTOB, C 1IEJIbIO BbISIBJICHUS
CTBOJIOBBIX KJIETOK, ITOCTOSIHHO HaXOJSIIIMXCS B KJIe-
touHoM 1ukie. [TogaBnsroliee OONMBIIMHCTBO KJIETOK
01acTeMbl OBLIO CBOOOAHO OT METKM, YTO TOBOPUT O
HEe3HAYUTEeJIbHOM BKJIa[e MUTPaLlI B (hopMUpOBaHUE
61acreMbl. OgHAKO, CXeMa 3TOr0 3KCIIEpUMEHTa HeE
MO3BOJISIET BBISIBUTH CTBOJIOBBIE KJIETKHW, HAXOMSIIIHAEC-
cs B (paze 1okos1 10 MoMeHTa ammyTraiuu. [TpoBene-
HUE 9KCIEPUMEHTA 110 MOAM(UILIMPOBAHHOI cxeMe (C
npeaBapuTeIbHOM aMITyTallMeil, IPU3BaHHOI CTUMY-
JIMPOBATh ITOKOSIIIIUECS CTBOJIOBBIE 3JIEMEHTHI K JeJIe-
HUIO) MO3BOJIWIO HNOATBEPAUTH, YTO OjlacteMa op-
MUpPYETCS] B OCHOBHOM M3 KJIETOK ITPWJIETaloIIero K
paHe cerMeHTa, 0e3 MUIpalluK OTIAJIEHHBIX JIEMEH-
toB (Planques et al., 2019). B nmonb3y aenuddepeHiim-
POBKM KJICTOK CBUIETEIILCTBYET OOHApYy:KeHHE de novo
askcnpeccuu reHoB GMP (Pdum-piwiA, Pdum-piwiB,
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Pdum-vasa, Pdum-nanos, Pdum-pl10, Pdum-myc) BO
BHYTpeHHUX KjieTKax omacteMnl (Planques et al., 2019)

(puc. 1).

11 GONMBIMMHCTBA IPYTUX MOJIUXET TaKKe ObLIa
MoKa3aHa IJIaBeHCTBYIOILAsl POJIb IIPOLIECCOB Ieanud-
(depeHIMPOBKY KJIETOK, PACIIOJIOXEHHEIX PSIAOM C
panoii (Paulus, Miiller, 2006; Kozin, Kostyuchenko,
2015). HenaBHsia pabora Ha nonuxete Alitta virens
yOenuTeIbHO TIPOAEMOHCTPUPOBAJIa, YTO B XOMAE 3all-
HEl pereHepaly IPOMCXOIUT de novo SKCIIPECCHsI Te-
HOB-MapKepOB CTBOJIOBBIX M MYJIBTMIIOTEHTHBIX KJIe-
TOK vasa, piwi u pl10, accolimrupoBaHHasI C TIOKPOBHBIM
SIUTEJIMEM U BHYTPEHHMMM KJIETKAMM percHepara.
ABTOpPBI yKa3bIBalOT HAa OTCYTCTBUE MUTPALIUU KJIETOK C
MogO0OHBIM IpOoGUIeM SKCIIPECCUM, YTO COINIACYETCS
c uneeit o nennddepeHrpoBke. ConocTanisisl JaH-
HBIe TUOPUIM3ALNU N Situ 1 KapTUHBI BKIIOYCHUS
kietkamu BrdU, aBTopbl 0TMEUYaroT HEKOTOPOE HECOB-
najeHue MeToK. B yacTHOCTH, B a1MTe MM OOHAPYKM-
BalOTCsI NEJISIIMEeCs KIETKU, He SKCITPeCCUpYyIoIne re-
eI GMP, a B 61acTeMe HanpoTUB — OOHapPYyKEHBI
GMP-1n103uTHBHEIE KJIETKM, HE HaXoAsIIrecs B pa-
3¢ MUTO3a. TakuM oOpa3oM, aKTUBALIMSI IKCIIPEC-
CUM M3y4YeHHBIX TeHOB 13 uynciaa GMP He gBisgeTcs
HEOOXOAUMOM I MoAAepKaHUs TposndepaTUuB-
Hoit aktmBHOCTU KieTokK (Kozin, Kostyuchenko,
2015). CnenyeT, oIHAKO, OTMETUTb, UTO METOIbI
aHanu3a (pyHKIUN pa3InIHbIX TEHOB Y aHHEIMI Ha-
Yajy pa3BUBaThCs JIMIIB B mocaeaHee BpeMsi. OOHa-
PYXeHHBbII y E. japonensis TeH grimp sIBASIETCS €IUH-
CTBEHHBIM, Ybsl POJIb B (pOpMHUPOBAaHUU OJIACTEMBI
NOoATBepXKIAeHa (QYHKIIMOHAIBHO: MCII0JIb30BaHUE
nByuenodyeyHoii PHK storo rena B xone PHK-uH-
TepdepeHIMU MPUBEIO K IOAABJICHUIO Ipoliecca
dopmupoBanus oiactemsul (Takeo et al., 2010).

Ha Gosiee mo3mHMX cTagusix pereHepalyu 3KC-
npeccust reHoB GMP HabmonaeTcs B KJIeTKax BHOBb
00pa3oBaHHOI 3aMHEei 30HBI pocTa. MOJIEKYISIPHBIIA
npoduib 3aHE 30HBI POCTAa BapbUPYET Y Pa3HbBIX
BunoB aHHeaun. s momuxetol Capitella feleta moka-
3aHa 9KCIpeccusi TOMOJIOTOB piwi, vasa U nanos B 3ajl-
Hell 30He pocTa 1oBeHWIbHBIX yepBeit (Dill, Seaver,
2008). B xone pereHepalu KJIETKHU 3aIHEI 30HbI PO-
CTa HaKaIUIMBalOT TpaHCKpunThl piwi (Giani et al.,
2011). Platynereis dumerilii neMOHCTPHUPYET 3KC-
Mpecculio TOMOJIOTOB piwi, vasa, pl10 v nanos B 3a1-
Hell 30He pocTa IOBEHWJIbHBIX U PeTeHEPUPYIOIINX
yepseit (Planques et al., 2019). KineTku 3agHei 30-
Hbl poCTa OJUroxetwl E. japonensis HaKamnjiuBaloOT
TPAHCKPUIITHI vasa B XOAe HOPMaJbHOTO pocTa U
pereHepauuu (Tadokoro et al., 2006). Hampotus,
9KCIIpEeCcCHsl vasa OTCYTCTBYET B 3alHell 30He pocTa
oyiuroxeTsl Tubifex tubifex (Oyama, Shimizu, 2007).
BeposTHO, pyHKIMIO OTCYTCTBYIOIIEro 6eaka Vasa
BBINOJIHSAET poacTBeHHast eit PHK-xenwnkasza p68
(Oyama et al., 2008).
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HepCI[HHH PETrCHEpallMOHHAaA ITo4YKa

SagHss pEereHEpallMOHHAadA Io4YKa

piwi, vasa, nanos, engrailed, Ej-grimp, Otx-2

piwi, vasa, nanos, pl10, pufA/B, Hox, SmB,
myc, runx, cdx, tdrd1/2/3, hunchback, twist,
prdm3/ 16, Hox

Ej-tuba, Ej-mina, Ej-horu, Otx-2

Ej-tuba, Ej-mina, Ej-horu, WNTs, foxA

piwi, vasa, nanos, pl10, foxA, Hox, myc, gsm,
evx, cdx, en, WNT5s, sfipl1/2/5, brachyury, dix,
¢s1, pax6, neurogenin, slit, elav, prdm 3/ 16

4 N
BOkronepMma (6e3 30HbI POCTa)
bnacrema (Me3omepma)

Kuiika (3HTONEpMA)
- 3amHsst 30Ha pocTa
o %

Puc. 1. IuddepeHnnanbHast 3KCOpeccusi TeHOB B X0JlIe pereHepaliy aHHEeIUI Ha OCHOBE TaHHbBIX TMOpUan3anuu in situ. Ha
cxeMe TiepeHU I KOHEIl Tejla HalpaBJIeH HaJIeBO, 3aHUI — HalipaBo. CxeMa cocTaBjieHa Ha OCHOBE CJICIYIOIINX UCTOYHUKOB:
Bely, Wray, 2001; de Rosa et al., 2005; Tadokoro et al., 2006; Paulus, Miiller, 2006; Dill, Seaver, 2008; Takeo et al., 2008, 2010;
Giani et al., 2011; Pfeifer et al., 2012; Novikova et al., 2013; Gazave et al., 2013; Kozin, Kostyuchenko, 2015; Ozpolat, Bely, 2015;
de Jong, Seaver, 2016, 2018; Planques et al., 2019; Kostyuchenko et al., 2019. HeGoJib110it HA60p reHOB, SKCIIEPCCUPYIOILIUXCS
MPU 3aMEeILIEHUU HEOCTAIOIIEro roJIOBHOTO KOHIIA, OTPaXKaeT JIUIIb c1adyio MU3y4eHHOCTb MOJIeJiel C MepeHelt pereHepauuein
METOIOM THOpUAN3aLNU in situ. JIOTIOJHUTEIbHYIO MH(MOPMAILINIO cM. B pasaeie “IlepCcrieKTUBBI: MOJIEKYJISIPHBIE TTOIXOMbI”.

B reHomax OOJBIIMHCTBA U3YYEHHBIX aHHEIWI
0OHapyXeHO IT0 IBa TOMOoJIoTra reHa piwi. @uitoreHe-
TUYECKUId aHalu3 MOKa3bIBaeT, YTO OHU O0Opa3oBa-
JIUCh B pe3yJibTaTe AYIUIMKAIlMM Ha 3ape 3BOJIOLUU
ounarepuii (Giani et al., 2011). dyrmkaiys reHa u
rnocjeayoas IMBEPreHIus KOuii OObIYHO CBsI3a-
HbI ¢ pasnesieHueM pyHkui. JeficTBUTENbHO, NaT-
TepH 3KCIPECCUM MapaoroB piwil v piwi2 pa3nuJa-
eTCsl B pereHepallMoHHON nouke A. virens. Avi-piwil
9KCIIPECCUPYETCsl Ha paHHUX CTaAusIX B KJIeTKaxX pa-
HEBOTO 3MUTENS U BO BHYTPEHHUX KJIeTKax OJacre-
MbI, a TakKXe€ MapKUpyeT BHOBb C(HPOPMUPOBAHHYIO

3aJHI0I0 30HY pocTa. TpaHCKpUNITHI Avi-piwi2 oOHa-
PYXEHbl UCKIIOUUTEILHO BO BHYTPEHHUX KIIETKAX
6j1acTeMBl, HO HEe B KJIETKaxX 3adHEW 30HBI POCTa
(Kozin, Kostyuchenko, 2015). C npyroii CTOpOHBHI,
HECMOTPsI Ha TaBHIOIO TUBEPreHIINIO, Mapajioru piwil
u piwi2 'y C. teleta TpaHCKpUOUPYIOTCS B OTHUX U TEX
K€ CTPYKTYypax B XOAe BCEro KM3HEHHOTro LYKJIa U
pereHepanuu (Giani et al., 2011). Takum obpa3om,
HECMOTpPSI Ha BBICOKMIA YPOBEHb FOMOJIOTUM MEXIY
OpPTOJIOTAaMU piwi, OHU MOTYT CIEUUATIU3ZUPOBATHCH
Ha BBITTOJIHEHUU pa3HBIX (DYHKIIMIA Y pa3HBIX BUIOB.
B uienom, Bapuanuu B Habope reHoB GMP, BoBie-
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PETEHEPALIMA Y AHHEJINA:

YCHHLIX B ITPOLIECC BOCCTAHOBJICHUA 3a0HEN 30HBI
pocTa 1 YyTpad€HHbIX CCTMECHTOB Y pa3HbIX aHHCJIN,
MOTIYT T'OBOPUTH O TOHKHMX PA3/IMYMAX B PCTYIALINN
BO3MCIHICHUA YTPAYCHHBIX 3aJHNX CTPYKTYP.

E1re mo o6oco0iieHnsI 30HbI pOCTa KJISTKY 3agHel
qyacTth OyacteMbl P dumerilii sKCcTIpecCHpyIOT TKaHe-
crrenmUIHBIE TeHBI, HanpuMep Pdum-twist, oTBeT-
CTBEHHBIH 3a TP epeHIIMPOBKY B MBIIIICYHBIE KIIET-
ku (Planques et al., 2019). ITocie hopmupoBaHus 30-
HBI pocTa twist+ KJIeTKA oOHapyKXeHBlI B TiepeaHeit
YacTU OJIaCTEMBI, UTO TOBOPUT O Oynylieil nux nudde-
PEHIIUPOBKE B MBIIIIEYHbIE 3JIEMEHTEI HOBOT'O CETMEH -
Ta. Okcnpeccust Pdum-prdm3/ 16 B KileTKax 61acTeMbl
MO3BOJISICT MPEAIIONIOXUTh MX KOMMUTHpPOBaHUE B
CTOPOHY IIPEAIIECTBEHHUKOB KPOBEHOCHBIX COCYIOB.
Havano 3akmamku crenraam3vpoOBaHHBIX KOHEYHO-
CTel MONINXET — Mapanoauii — 3HaMeHYeTCsI 9KCITpec-
cueit Pdum-dix. Hakonel, o popMupoBaHUM HOBBIX
SJIEMEHTOB HEPBHOI CUCTEMBI MOXKHO CYIUTh IO DKC-
npeccu TeHoB Pdum-pax6 n Pdum-neurogenin. Ta-
KMM 00pa3oM, KJIETKM OJacTeMbl KOMMUTHUPOBAHEI K
MPUOOPETEHUIO OIIPeNeICHHON KIIETOYHOM CYIbhOBI
ellle Ha caMbIX paHHUX cTaausx pereHepauuu. CTojb
paHHsIS crneluduKanus KISTOK OJjlacTeMbl MOXKET
CBUJIETEJILCTBOBATH B TOJIb3Y COXpaHeHUs nenudde-
PEHILIMPOBAHHBIMM KJIETKAMM OJacTeMbl HpHUHAI-
JIEXXHOCTHU K OIIPEeAcICHHOMY 3apOAbIIICBOMY JIUCT-
Ky. DTO TaKXe MOXET CBUAETEILCTBOBATH O MYJIbTH-
MOTEHTHOM, a He IUTIOPUIIOTEHTHOM CTaTyce KJIETOK
0J1aCTEMEL.

Wnest o TpaHc- wim neanddepeHIUPOBKE JT0KAIb-
HBIX KJIETOYHBIX 3JIEMEHTOB ObLIa He pa3 ITOATBEp-
XKIIeHa U C TIOMOIIBIO KJIACCUYECKUX METOIOB OMOJIO-
ruu pa3Buthsl. BoccTaHOBIEHME MBIIIEYHBIX KJIETOK
MPOUCXOINUT, COMIACHO THCTOJIOTMYECKOMY UCCIIEH0-
BaHMIO 3aHEll pereHepaluu noauxetbl Owenia fusi-
Jformis, 6naronapsi nenuddepeHIMPOBKE, aKTUBHOMY
JIeJICHUIO U TTocieytolieit penuddepeHIIMPOBKE MUO-
uutoB (Dupin et al., 1991). OnurenouunTsH HA BEH-
TpaJbHOM CTOpOHe Onactembl y Limnodrilus hoffineis-
teri, Ophidonais serpentina n Lumbriculus inconstans
CHOCOOGHBI MUTPUPOBATh BHYTPh U Y4aCTBOBATh B 3a-
Kianke HepBHBIX raHriaweB (Turner, 1934; Bilello,
Potswald, 1974; Cornec et al., 1987). Bonee Toro, B
psiae paHHUX paboT omvucaHo GOpMUPOBAHUE ME30-
JIepMaJIbHBIX TTPOU3BOIHBIX UCKITIOUMTEIBHO 34 CUET
CTPYKTYp 2KToaepmasibHol nipupoasl (Hepke, 1897;
Michel, 1898; Abel, 1902; Wagner, 1906, nutupoBaHO
no Bilello, Potswald, 1974). Ha ocHOBe JaHHBIX, I10-
JIyYEHHBIX B Hallleil JlJabopaTopuu, ObLIO MPEAToo-
KEHO BEpPOSITHOE BBICEJICHHE KJIETOK AenuddepeH-
LIMPOBAHHOTO MOKPOBHOIO AMUTENMS U 00pa3oBaHUe
MMM MaTepuajia 0jacTteMbl B Xoae Oecrojioro pas-
MHOXeHUs y onuroxeT Pristina longiseta u Nais com-
munis (XapuH u ap., 2006). KieTku ITOKpPOBHOIO
SIIUTEINUS HE TOJIbBKO MMEIOT CXOOHOE C KJIETKAaMU
61acTeMBl TOHKOE CTPOEHHME, HO, KaK W MOCJeIHYE,
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9KCIIPECCUPYIOT TeHbl vasa, pl10wn piwi. Takum obpa-
30M, Oj1acTeMa TIpu 6eCIToJI0M pa3MHOXEHHWH Y O~
TOXET, MOXET OBITh chopMUpOBaHA, KaK MUHUMYM
YacTUYHO, 3a cueT neanddepeHIIMPOBAHHBIX KIIETOK
nokposHoro snurenus (KocrioueHnko u ap., 2016).

HecmoTpst Ha TO, 4TO IJISI TIOJIMXET B OCHOBHOM
okKa3aHo ydactue neanddepeHIIMPOBAaHHBIX KJIETOK
CTapbIX TKaHell B (popMHMpOBaHUHU pereHepara, UC-
clienoBaHue, TNpoBeneHHoe Ha Capitella teleta c wvc-
MMOJIb30BAHUEM [IBYX pa3HbIX IPEIIIeCTBEHHUKOB
JAHK (EdU u BrdU), neMoHCTpUpyeT aKTUBHYIO MU~
rpaliMio  KJIETOK B XOjAe 3aJHell pereHepailuu
(de Jong, Seaver, 2018). ABTOpBI II0Ka3aJii, YTO BO3-
MOXXHBIM MCTOYHUKOM MUTPUPYIOIINX Vasa-To31-
TUBHBIX KJIETOK SIBJISIETCSI KJIAaCTep MYJIbTUIIOTEHT-
HBIX cTBOJIOBBIX Ki1eToK (MPC), pacrionoxkeHHbI B
nsaToM cerMeHTe 4epBsa. C MCIOJIb30BAHUEM TOIIOJ-
HUTEJIBHBIX MOJIEKYJISIPHBIX MapKepOB Oblla IToKa3a-
Ha reteporeHHocTb Kiactepa MPC. Bce ero xkinerkmn
3KCIPECCUPYIOT TOMOJIOTHU vasa, piwi, nanos, OOHaKO
JIMIIb HEeOObIIask CyOnomyJIsiiusl KJIeTOK OKa3blBa-
€TCsI myc-TIO3UTUBHOMN. ABTOPBI XapaKTepU3yIOT KJia-
CTep KaK reTepOreHHYIO MOMYJISIIINI0 MYJIBTUIIOTEHT-
HBIX CTBOJIOBBIX KJIETOK, KOTOpas MOXET BHOCUTH
BKJIad B (popMUpOBaHMUE 3aJHEH pereHepalvoOHHOMN
omactemsl. [1py oTpe3aHuM OITU TIEPEIHUX CErMeH-
ToB (TO ecTb, BKIo4yass MPC) yepBu yTrpauuBaiu
CIIOCOOHOCTb BOCCTAHOBUTH 3aHUE CErMeHTHI. I1pu
OTCEUYEHMHU YEThIpeX ITePeIHUX CETMEHTOB TaK, UTO
MPC ocraBaincs B cocTaBe pereHepupylomiero ¢gpar-
MEHTa, 0CO0M BOCCTAHABIMBAJIMU OT OTHOIO JIO0 TPEX
yTpauyeHHBIX CerMeHTOB. KOHTpOJIIbHBIE XWUBOTHHIE,
MMEIOIINE BCE TOJIOBHBIE CETMEHTHI, pereHeprupoBa-
a1 go 12-tu 3agHMX cerMeHTOB. B obenx skcnepu-
MEHTAJbHBIX TPYIIax He HabII01aI0Ch BOCCTAHOBJIES-
HUE 3aJHEH 30HBI POCTA, YTO aBTOPHI OOBSICHSIIOT He-
CMOCOOHOCTBIO YepBell MUTAThCSA. AHAIM3UPYS ITU
pe3yJIbTaThl, aBTOPHI AEIal0T BEIBOA O TOM, YTO COXpa-
HeHre MPC cnocoGCTBYeT BOCCTaHOBJICHUIO HEKOTO-
pOro KOJMYECTBa 3aJHUX CETMEHTOB, KOMIICHCUPYS
orcyrcTBue 30HHEI pocta (de Jong, Seaver, 2018). Tak
KakK IIpolecC 3amHeil pereHepaliiy ObUT HapyllIeH B
000oMX CiTydasix aMITyTalluM IIePeIHMX CeTMEHTOB (C
nnn 6e3 xinactepa MPC), BctaeT BOIIpoc 0 pojiv ro-
JIOBHBIX CTPYKTYP B BOCCTAHOBJICHMHU 3adHEil 30HBI
pocta. M3BecTHO, YTO pa3BUTHUE 3aHETO pereHepara
y niosiuxetsl Alitta virens n onuroxethbl Tubifex tubifex
HE TIPOMCXOIUT B OTCYTCTBUE TroloBHOTO Mo3ra (Ko-
potkoBa, 1997; Bely, 2014). Bo3amoxHO, u B ciyyae
C. teleta KXpUTHUYECKYIO POJIb B 00ECIIEYEHUHU TTOTHO-
LICHHOM pereHepanyy urpaeT He oOHapy>KeHHBII aB-
TOpaMU KJIaCTep, a HEKWi1 HEU3BECTHBI CUTHAJI, MIC-
TOYHUKOM KOTOPOTO SIBJISIIOTCSI TOJIOBHBIE CETMEHTHI.

B otyinuyure oT noauxer, AJisl MOSICKOBBIX aHHEWT
(Clitellata) HEOTHOKpPATHO ObUIM OMMUCAHBI KIJIETKU
Me30IepPMaJTbHON TPUPOIBI, aCCOIMMPOBAHHBIE C
cenTaMM, KOTOpble MUTPUPYIOT K paHEBOM IOBEpPX-
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HOCTH U BHOCHAT BKJajd B (pOpMUpPOBAaHUE BHYTPEH-
Helt yactu 6macteMmbl (Randolph, 1892; Turner, 1934;
Bilello, Potswald, 1974; Cornec et al., 1987; Sugio et al.,
2012). Xsppuet Parmonbsd, aBTOp IIepBOTO OIIMCAHUS
TaKuX KiaeTok y Lumbriculus, Ha3Bama nx “Heobia-
cTamMmu”, TIoApa3syMeBasi MPUCYIINE UM CTBOJIOBBIC
noteHuu (Randolph, 1892). B HacTosiiee BpeMs
STOT TEPMUH IMPUMEHSIETCSI, TJIABHBIM 00pa30M, B OT-
HOILIEHMM JIMHUY TTIOPUTTIOTEHTHBIX CTBOJIOBBIX KJI€-
ToK y tutaHapuii (Newmark, Alvarado, 2001). Tem He
MeHee, MHOTHE aBTOPhI COXPAHSIIOT UCXOIHOE 3HaUe-
HUE JAHHOTO TEPMUHA U aKTUBHO MPOABUTAIOT UIECIO
HaJIA4Usl y OJUTOXET CHELUAIU3NPOBAHHON JIMHUU
AKTUBHO MPOIUMEPUPYIOIINX Y MUTPUPYIOLINX KIIe-
ToK (KocTioueHnko u np., 2016).

CnycTd MoYTH BEK MOCJe OTKPBITUS “Heobia-
ctoB” y Lumbriculus, y onuroxetsl Limnodrilus hoff-
meisteri GbLIa TAKKE OIMCaHa MUTPAIIs KIIETOK, acCO-
[IMMPOBAHHBIX C CENTaMU, M3 TIPEIIICCTBYIOIINX paHe
cermeHTOB (Cornec et al., 1987). Cyns no rucrosornye-
CKOMY OITMICAHWIO 3THX KJIETOK, OHU UMEOT ITPU3HAKI
HemmddepeHIIMPOBAHHBIX KIICTOYHBIX 3JIEMEHTOB: Be-
pPETEeHOBUIHYIO (DOPMY, BBICOKOE SIEPHO-IIUTOILIA3-
MaTIeCKOE COOTHOIIIEHHE, KPYITHOE SIIPO, MHTEHCHUB-
HO OKpallvBalollylocsl LIuToriasmMy. MHoOrue aBTophbl
TMPEeANoJIaraloT, YTO MUTPaLIMS KJIETOK JIMHUM HeoOIa-
CTOB TPOUCXOAUT TIO0 OPIOLIHOKM HEPBHOI I1IETOYKE
(Bilello, Potswald, 1974; Cornec et al., 1987).

WNurnbupoBanue KIETOYHONH MUTpPAlUA MMETIO
pa3Hble TOCAEACTBUSA MJIS TIEpeaHEN U 3aaHEU pere-
Hepauuu Lumbriculus variegatus. OKa3ajioch, 4YTO He-
OouiblIast G1acTeMa OPMUPYETCS Ha MepedHeit pa-
HEBOIi TOBEPXHOCTH, TOTJA KaK 3aIHsIsI pereHeparust
MOJIHOCTBIO TIofaBsieTcsl. Takum oOpa3oM, aBTOPHI
JIeJIaloT BEIBOM O TOM, YTO B IIpOLecCe MepeaHeil pe-
TeHepaluy IIPOMCXOIUT KaK MUIpaALUs KJIIETOK, TaK
U JIoKaibHas nenuddepeHiMpoBka, Toraa Kak 3aj-
HsIsl pereHepalys IOJIHOCThbIO 00eCIIeYnBaeTCs MU-
rpanueii (Tweeten, Anderson, 2008).

HenaBHue paboThl SIMOHCKWX HCCIenoBaTeaei
JIEeMOHCTPUPYIOT HAIMYUE Y OJIUTOXEThl E. japonensis
“HeobsiacToB”, BKCIIpeccupyomx vasa (Sugio et al.,
2008; Sugio et al., 2012). C ncnoiab30BaHNEM THUCTO-
JIOTUYECKUX METOJAOB COBMECTHO C METOJIOM BKJIIO-
yeHns BrdU, aBTopnl yOemamTenbHO MOKa3ald, 4TO
9TU KJIETKU pacliojiaratoTcsl Ha 3aHeil ToOBEPXHOCTU
CETIThI OPIOIIIHBIX CETMEHTOB, AKTUBHO JEISTCS B OT-
BET HAa aMIyTallMIO U MUTPUPYIOT BHYTPU LIEJIOMUYE-
CKOI1 MOJIOCTU K MECTY paHeHUs1, GOpMUPYs 3HAYU-
TeJbHYI0 4yacTh OnacteMbl (Tadokoro et al., 2006;
Yoshida-noro, Tochinai, 2010). Murpauusi, oqHaKo,
MMPOUCXOAUT HE MO OPIOIIHONM HEPBHOM lieToYkKe, a
BHYTPH LIEJIOMUYECKOM TOJIOCTU, YTO NMPOTUBOPEUYUT
paHHUM paboTtam. bosee Toro, KJIEeTKA JUHUU “He-
obJjracToB” pacrioyiaralorcs y E. japonensis He TOJIBKO
Ha BEHTPaJbHOW CTOPOHE, HO W Ha JiaTepajbHbIX U
JIopcaIbHOI 4YacTsix cenTbl. KpoMe o4eBHMIHOIO 10

MHEHUIO aBTOPOB BKJIana “Heo0J1acToOB”, OHU OTMeE-
YaloT, YTO B pEereHepalMOHHOM IMOYKe MPOVCXOIUT
JIeJIeHWe KJIETOK B TOKPOBHOM 3IIUTEINM, a TAKXKe B
CTeHKe KUIIKU. M3 3TOro oHM 3aK/II04YaroT, 4TO BOC-
CTaHOBJICHUE YTPAYeHHbBIX YACTCH TeJla IPOUCXOAUT
3a CUeT KJIETOK, BXOASIINX B COCTAB ITPOM3BOIHBIX BCEX
TPeX 3apOJIBILICBBIX JJUCTKOB, TIPU 3TOM Me301epMalb-
HbI€ ITPOM3BOIHbIE BOCCTAHABJIMBAIOTCSI TOJIBKO 33 CUET
“HeobsiacToB”. HecMOTpst Ha CTOIb MPO3pavyHbIii BbI-
BOJI, HE3aMeHIMMasl poJjib “He00J1acTOB” ObljIa HEIABHO
OIPOBEPIrHYTA Y POACTBEHHOIO BUJIA.

BbL10 TpOM3BeIcHO CpaBHEHUE pereHepaTUBHBIX
criocobHocteil E. japonensis, pa3sMHOXKAIOIIErocs
¢dparmeHTauueii u E. buchholzi, npakTUKYIOIIETO TTO-
JIOBOE Pa3BUTHE U HE UMEIOLLIETO KJIETOK TUIMA “HE00-
nmactoB” (Myohara, 2012). Oka3anock, 4To 0ocoou BUaa
E. buchholzi criocoOHBI K BOCCTaHOBJIEHUIO IIOJIHO-
LIEHHOTO 3aJHETO KOHIIA TeJla M TUIIOMOP(MHOro Iie-
penHero KoHIa. BeIto yctaHoBIeHO, 4TO 3(hPEKTUB-
HOCTb MepeIHel pereHepalii 3aBUCUT OT MeCTa MPO-
BeJIeHUsI aMITyTalluW: KOJIMYECTBO BOCCTAHOBJICHHBIX
CerMEHTOB yMEHbIIaeTcsl MO0 Mepe MPOABUKEHUS
BIIOJIb TIepenHe3anHeit ocu. Y E. japonensis, Hanipo-
TUB, MPU OTPE3aHUU JIIOOOTO KOJIMYECTBA OPIOLIHBIX
CerMEHTOB BCeTJa IMPOUCXOIUT BOCCTAHOBJIEHUE Ce-
MU TOJIOBHBIX cerMeHTOB. OQHaKO MpU paspe3aHuu
yepBsl Ha YpOBHE TOJIOBHBIX CETMEHTOB, B COCTaBe
KOTOPBIX HEeT “Heo01acToB”, Ha MepelHell paHeBOM
MMOBEPXHOCTH BOCCTAHABIMUBAIOTCS JIUIIb yTpadyeH-
HBbIe TIepeTHUEe CEeTMEHThI. B TO ke BpeMsl, Ha 3agHeil
paHeBO ITOBEPXHOCTU IMMPOMCXOAUT BOCCTAHOBJICHIE
0O XBOCTOBBIX CETMEHTOB, MO0 HECKOJBKUX TO-
JIOBHBIX, UTO MPUBOIUT K (POPMUPOBAHUIO IBYXTOJIO-
BOif ocoou. TakuM oOpa3oM, Jaxe He comepxKallue
“Heo0J1acTOB” TOJIOBHBIE CerMEHTHI E. japonensis crio-
COOHBI BOCCTAHOBUTH yTpauyeHHbIC MEPEAHUI U 3a/-
HUI KOHIIBI T€J1a, a 3HAYUT, UCTIONb3YIOT Ipyrue Kie-
TOYHbIC UICTOYHUKU. AHAJIM3UPYSI Pe3yIbTaThl, aBTO-
pbI TIPUXOIST K BBIBOAY, YTO “HE00JaCThbl” HYXKHBI
CKopee IUIS TOHKOM HAaCTPOMKU Mpolecca pereHepa-
o1y, obycioBiuBas GOPMHUPOBAHUE BCEX CEMU TO-
JIOBHBIX CerMeHTOB. Takast HacTpoiiKa MPOMCXOINT,
IO MHEHMIO aBTOPOB, TTOCPEICTBOM TOTO, 9TO “HE00-
JIacThl” TIPUAAIOT CETMEHTaM TeJjla ITIO3UILIMOHHOE 3Ha-
YyeH1e BOCbMOTO cerMeHTa. COOTBETCTBEHHO, IIPH aM-
MyTallMy Ha YPOBHE JIIOOOTO TYJOBUIIIHOTO CerMEHTa,
COTJIaCHO TIOJIyYEHHOM MO3UILIMOHHOI MHGbOpMaIK,
OsacTema Bceraa oyneT opMUpPOBaTh CEMb I'OJIOBHBIX
cerMeHTOB. OcTaeTcsl HETIOHATHBIM B TaKOM cJlyyae,
yeM oOyCJIOBJIEHA pa3HUIIA MEXAY TepeaHei 1 3ai-
Hel paHEBOI MOBEPXHOCTHIO, KOTOPAast 00eCIIeunBaeT
COXpaHeHUe TepeaHe3aaHeil OCU B XOle pereHepa-
uunu (Koporkosa, 1997).

JIis1 BBIICHEHUSI BO3MOXHOM NPUYUHBI, IIOYEMY
ocobu E. buchholzi crtocOOHBI BOCCTAHOBUTD JUIID
TUNOMOP(MHBII TOJTOBHOM KOHEL, aBTOPBI CPaBHWIIN
npoandepaTUBHYIO aKTUBHOCTb KJIETOK B XOJIe Ie-
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penHeii pereHepauun y E. buchholzi n E. japonensis
(Myohara, 2012). Ucrions3ys BrdU, aBrops! 1mokasa-
JIM, 9TO JENSIINECS KJISTKH IOSBIISIIOTCS B OOJIBIIIOM
KOJIMYECTBE JIMIIIb Ha 4-11 IeHb pereHepanuu y E. bu-
chholzi, Torna xak FE. japonensis dopMupyetr KpyIi-
HYyIO OJlacTeMy YK€ Ha MepBbIi IeHb. B pesynbrarte
OBIJIO BBICKA3aHO TIPEATIOIOXEHNUE O BIUSIHUU “He-
oby1acToB” Ha IpoarudepaTUBHYIO aKTUBHOCTD KJIE-
ToK OsacteMmbl. UTak, 0OHapy>XK1B HOBbIE BO3MOX-
Hble (YHKIMU “HE0O0JacTOB”, aBTOPbI OCTaBIISIIOT
OTKPBITHIM BOIIPOC O KJICTOYHBIX MICTOYHHMKAX, (DOp-
MUPYIOIINX BHYTPEHHIOIO YaCTh OJIAaCTEMEL.

Takum o6pa3zoM, HECMOTpPS Ha OOJIbIIIOE KOJIUYE-
CTBO TIOAPOOHBIX MCCJIEIOBAaHUI ITpoliecca pereHe-
palyu, BOIPOC O KJIETOYHBIX MCTOYHUKAX BOCCTa-
HOBJICHUST Me30JIepMaJIbHBIX TPOU3BOIHBIX OCTAETCS
OTKPBLITEIM. MHOTrMe aBTOPhI IIPUMIKUCHIBAIOT OCHOB-
HYIO POJIb KJIETKaM JIMHUY aHHEJIMIHBIX HE00JIaCTOB,
OIHAKO, HEKOTOPBIE 13 HUX OMUCHIBAIOT 3TU KJIETKU B
accouuanuy ¢ OpIoIIHOM HepBHOI 1enodykoi (Ran-
dolph, 1892; Turner, 1934; Bilello, Potswald, 1974), To-
raa Kak apyrue HaOJromaloT UX MUTPALIMIO B LICJIOMM-
YecKoit moysocTu. BriojHe BO3MOXKHO, UTO, MCHOIb3YSI
OIIH U TOT XK€ TePMMH “Heo0J1acT”, aBTOPHI OITUChIBA-
IOT pa3HbIe KJIETOUHBIE TTOMYJISIIIUN.

BOCCTAHOBJIEHHME KHIIIKN
B XOAE PETEHEPALIUN Y AHHEJIN

Kuiika Konb4aThIX YepBeil COCTOUT U3 MEPETHETO,
cpenHero u 3amgHero otaesioB. IlepenHsiss u 3amHsIsT
KUIIKa (OPMUPYIOTCSI B OMOPUOTEHE3E U3 SKTOJIEPMBI,
TOTJa KaK CPEeIHSISl YaCTh KMIIKYA UMEET SHTOAePMalb-
HOE MPOUCXOXICHNE. DMOPUOHAIBHOE MTPOUCXOKIIE-
HUE OTAC/IOB KUIICYHMKA OIpenelisieT YPOBEeHb IUIa-
CTUYHOCTHU KUIIKHK B XOIe pereHepalny aHHema. B
LIEJIOM, JIJISI TIOJIMXET MOKa3aHO BOCCTAHOBJICHUE SH-
TOJIepMaIbHOI KUIIKY 32 CYET MHTAKTHOM YaCTU KM -
IIeYHNKA, a SKToAepMalbHasl IJI0TKa BOCCTaHABIM-
BaeTCsd OOBIYHO IOCPEACTBOM WHBAarMHAIIMU IIO-
KpoBHOTrO 3nuTesvs B 6i1actemy (Berrill, 1952).

Bo Bpems 3amHeill pereHepalliil TepMUHATBHBI
YYaCTOK KHMIITKH OOBITYHO BXOIUT B COCTaB pereHepa-
IMOHHOM TToYKr. Cpasy Iocjie aMITyTallii ITPOUCXO-
AT pe3Koe COKpallleHWe MBIIIIL B MpuiexkalieM K
paHe CerMeHTe, YTO 00ecCIeunBaeT 3aKPhITUE PaHBI.
V nonmxeTsl A. virens HEMOCPEIACTBEHHO IIOCJE CO-
KpaIleHWsI MBIIIIEYHBIX BOJIOKOH ITPOMCXOIUT HEKO-
TOpOe BBITIaZieHWEe KUIIKU. [lepepe3aHHble Kpas Ku-
IIEYHOTO U TIOKPOBHOTO SIUTEINEB CMBIKAIOTCSI IPYT C
JIPYrOM, TaKUM 00pa3oM, 4TO LeJIOMUYECKasl TTOJIOCTh
MPEIIIEeCTBYIOIIECTO PaHe CETMEeHTa OKa3bIBAETCSI U30-
JIMPOBAHHOIT OT BHEIIIHEH cpebl. B To ske BpeMs CBSI3b
KWIIIEYHWKA ¢ BHEIITHe# cpemoii He yrpaunBaetcst (Ko-
3uH " ap., 2017). 1o TakoMy ke MeXaHU3My IIPOHCXO-
JIUT 3aKPBITHE PaHbI HA 3aHEM KOHIIE Tejla y OJINTOXe-
THI E. japonensis (Myohara et al., 1999). Takoii Turm 3a-
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JKMBJICHUSI paHBI HA3bIBAIOT “OTKPHITHIM” . 3aKPbIThIi
THII SIBJISIETCS O0Jiee pacIpOCTPaHEHHBIM U TIPEACTAB-
JIIeT co0oii onocpeaIoBaHHOE MBIIIEYHBIM COKpallle-
HUEM CTSITUBAaHUE KpaeB paHbl K LICHTPY, YTO TIPUBO-
JINT K CMBIKQHUIO OTIEJIBHO MTOKPOBHOTO U KUIIIEYHOTO
srmTeNMs. B pe3ynbprare KuieuyHast TpyoKa oKa3bIBa-
ercsa cieno 3aMkHyToi (Kopotkosa, 1997). Hekuii
MPOMEXXYTOUHBIM BapuaHT C BBIMMaJACHUEM YacTH
KUIIIKW, HO TTOCJICAYIOIIMM €€ BTAITUBAHUEM U CMBbI-
KaHMEM KpaeB IMTOKPOBHOIO 3MUTENIMS Hall Heil onu-
caH mia Dorvillea bermudensis (Paulus, Miiller, 2006).

ITpoliecc 3aKpbITHS paHbl MOXET ObITh ACCOLIUMPO-
BaH ¢ MOp(daNTaAKTUIECKUMMU MePEeCTPOiKaMM, KaK 3TO
ObLIO TI0Ka3aHO Wisl nonuxeT P dumerilii n A. virens.
TpaHckpuntbl foxA (TeHa, KOAZUPYIOIIETO CIICLU-
GUYHBII IS pa3BUTUS KUMIIKY TPAHCKPUILIMOHHBIMA
¢akTop) OBLUIM ITOKA3aHbI HA CTAAVM 3aKPbITUSI PAHBI
B KJIETKAaX TePMUHAILHOTO, CJErKa BhbINAJaloIIero
ydacTKa KHUIIeuyHoro snuteanst. CToab paHHSIS 3KC-
Mpeccusi B MHTAKTHBIX TKAHSIX CBHUIETEILCTBYET O
MopdaIaKTUYeCKUX TMepecTpoitkax. OCHOBBIBAsICh
Ha pe3ysIbTaTax UCCIIeIOBaHMS, aBTOPHI PpeAIioiara-
IOT BO3MOXHYIO CUTHAJIbHYIO POJIb TEPMUHAIBLHOTO
yJacTKa KUIIKHU. B manbHelileM skcropeccust foxA
COIIPOBOXJIAET BOCCTAHOBJIEHUE IUILEBAPUTEIbHOM
CHUCTEeMBI y 00oux uccienoBaHHbIX BUIOB (Kostyu-
chenko et al., 2019).

IMocnenyroniee BoCCTaHOBIIEHME KMIIIKA B COCTa-
BE 3aJlHETO pereHepara CBsI3aHO B IIEPBYIO OYEPEIb C
npoJindepanueii CTBOJOBBIX 3JICMEHTOB KUILIEUHOTO
snuteausi. C Leblo BbISIBJCHUS KJIETOK CTBOJIOBOI
JIMHUM, ObLJIa MIPOBelicHA MpeaBapuTeIbHasI MHKYOa-
st yepBeit P. dumerilii B pactBope EAU. BoisiBiieHue
CUTHaJIa Ha MSITBIA IeHb pereHepaluy MPUBEIo K He-
OXUIAHHBIM pesyiabraTaM. (OKa3ajaoch, YTO IIOYTU
BCE KJIETKA BHOBb C(OPMHUPOBAHHOTO KHIIEYHOTO
srmtenus cogepxanu Metky EdU. DTu pesyiabTarhl
MOATBEPKIAIOT UASIO O TOM, YTO B KUIIIEYHOM SIIUTE-
JIMM UMEIOTCSI CTBOJIOBBIE KJIETKM, B HOPME HEO0XO0-
MBI U1 PU3MOJIOTUIECKOM pereHepaliy KUIey-
Horo anutenus (Planques et al., 2019). BepositHo,
9TU KJIETKM MOTYT y4acTBOBAaTh B IIOCTTpaBMaTuye-
CKOI pereHepalyyd KMIIKKA B OTBET Ha aMITyTal[UIO
YacTU CErMEHTOB. AKTUBHOE pa3MHOXEHUE KJIETOK
MHTAKTHOI'O KUIIIEYUHUKA B OTBET Ha aMITyTaLIAIO ObI-
JIO HEOJTHOKPATHO J0Ka3aHO MEeTOdaMu aBTOPAIUO-
rpaduu u ructonoruu (Hill, 1970).

Hamraue omnpenesieHHOTO OTesa KUIITKA B COCTa-
BE PereHeprpyoIeil 0COOM MOXET UMETh KpUTUIEe-
CKOe 3HaYeHUe JJISI TIpoliecca 3aaHel pereHepalyu.
Hanpumep, 11 Takux BUIOB MOJUXET, Kak Autolitus
pictus, Procerastea halleziana v Syllis sp. nokazaHa He-
00XOIMMOCTh IPUCYTCTBUS B COCTaBE pEreHEePUPYIO-
1ero oparMeHTa SHTOIepMaJIbHOM (CpelHei) KUIll-
Kku. ['0JI0BHBIE CEerMEHTHI, ComepKallie TOJIBKO III0T-
Ky, UMEIOIIYIO 9KTOIepPMaJIbHOE IMIPOMCXOXKICHHE, HE
MOTYT pereHepupoBaTh 3aTHUE CETMEHTHI, B COCTaB
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KOTOPBIX BXOAUT KUIIKA SHTOAEPMAJIbHOMI IIPUPOIBI
(Berrill, 1952).

BoccraHoBieHMe KUIITKY BO BpeMS MiepeIHel pere-
Hepalu UMEET psii OCOOEHHOCTE!, CBI3aHHbBIX C TEM,
YTO 3aXMBJIEHWE PaHbl B OOJIBIIMHCTBE CIYy4YaeB Mpo-
HWCXOIIUT TI0 “3aKpBITOMY” THITY, TO €CTh OOpe3aHHBII
Kpaidi KUIIIKM CTAaHOBUTCS CJIENO 3aMKHYTbIM. boiee
TOT0, aKTUBHO TPOoJI(epUpyrolIne KJISTKN 0JIaCTEMBbI
3aHMMAIOT BCE MPOCTPAHCTBO MEXKIY MHTAKTHOM KUIII-
KOI U TMTOKPOBHBIM 3IUTEIUEM, TTIO3TOMY POTOBOE OT-
Bepctue opmupyetcst de novo (Hill, 1970). ITonuxetsl
Syllis gracilis v Procerastea halleziana BocctaHaBIVBaIOT
pPOTOBOE OTBEPCTHE, TJIOTKY U TpeKeNyI0K ToCpeI-
CTBOM WHBarvHaiuu MOKPOBHOTO 3MUTENUs] BHYTPb
61actembl. PacTy1init BHyTpb 3a4aTOK HOBOM KUILIKU
BCKOpE COEAMHSETCS C MHTAKTHBIM KUIIEYHUKOM
(Berrill, 1952). O6a Buaa cnocoOHbI K TTOJHOLIEHHOM
rnepeaHei pereHepalu: OHU BOCCTAHABJIMBAIOT BCE
yTpayeHHbIE MEPEIHUE CETMEHTHI JaxXe U3 HeOOJIb-
1moro parMeHTa Tejia. BONBIIMHCTBO XXe MOJIUXET
0o0J1alaeT OrpaHUYEHHOI CITOCOOHOCTHIO K MepeTHe
pereHepainiuu. MHOTOYUCIEHHbIE MOJUXETHI CeMeli-
ctBa Syllidae BoccTaHaBIMBaIOT He O0Jiee YeThIpeX ro-
JIOBHBIX CeTMEeHTOB. IIpu 3TOM He TIPOUCXOIUT MHBA-
TMHAllUM CTOMOJEYMa M BOCCTAHOBJIEHMSI TJIOTKM, a
poToBOe OoTBepcTUe (hOPMUPYETCS 3a CUET CIAUSTHUS
CTapoii KMIIKU C MOKPOBHBIM 3MUTENEM, JIMOO KUIII-
Ka He BOCCTaHaB/IuBaeTcsl BoBce. Tem He MeHee, (hop-
MUpOBaHUE KUIIKHU IaXe B Mpejeaax BCero Julllb ye-
TBIPEX CETMEHTOB TIPEANOaraeT yBeJuueHue Koamye-
CTBa KJETOK. JIeCTBUTENbHO, KJIETKM WHTAKTHOIO
KUIIEYHOTO anuTenus Sabella melanostigma BKto4aoT
panMoaKTUBHYIO MeTKy H3-TMuanHa, 4to roBopuT 06
nx nponudepatnBHoit aktuBHocTH (Hill, 1970). ®op-
MUpOBaHWE TJOTKMU TIOCPEACTBOM WHBarvHauuu
STUTEINS MOXET NPOUCXOJUTDH B COOTBETCTBUU C TTE-
peNHEe3aHUM TpaiueHTOM Tena. HekoTopble BUABI,
HanpuMmep Autolytus pictus, 0Ka3bIBalOTCSI CITOCOOHBI
K BOCCTAHOBJICHMIO TOJIBKO MPU aMITyTallu HEOOIb-
IIIOTO YKCJIa TIEpeIHUX CETMEHTOB. TakuMm obpas3om,
¢opMuUpoBaHUE TJIOTKU MyTeM WHBarvHauu sIBJIsi-
€TCsl KpUTUUECKM MOMEHTOM MepeaHell pereHepa-
LIMU TIOJIUXET U MOXKET OINpPeNeisiTh KOJUYECTBO BOC-
cTaHOBJIEHHBIX cerMeHTOB (Okada, 1929).

Ha ocHoBanum stux manubix beppmmr (Berrill,
1952) nenaet ciaenyroliye BIBOALI O BOCCTAHOBICHUN
KMIIKHU B XOJI¢ pereHepaiy IToJimxeT. Bo-TiepBhIX, 9K-
ToAepMaIbHAs TIEpemHsIsl KUIIKa (pOTOBasI IIOJIOCTh U
IJIOTKA) MOXET ObITh BOCCTAHOBJIEHA TOJIbKO ITyTEM
WHBarvHalMU TIOKPOBHOTO SIIUTEINS BHYTPh Oj1acTe-
Mbl. MHTaKTHasE KUIIKA 3HTOIEPMAabHOM ITPUPOIbI
HEe MOXeT obecneunuTh popMupoBaHue TIIoTKU. Bo-
BTOPBIX, B XOJI¢ 3adHEI pereHepald SHTOACPMallb-
Hasl KAIIIKAa He MOXET OBITh BOCCTAHOBJIEHA 3a CUET
KJIETOK 3KTOIEePMAalIbHBIX CTPYKTYpP (B T.4. IJIOTKH).
CorylacHO aBTOpPY, SHTOIEPMAaJIbHASI KMIIKA CIO-
COOHA YyIIMHSITBCS TOJBKO B 3aJHEM HaIIpaBJIeHUU
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(Berrill, 1952). OTuMm, Mo-BUANMOMY, OTYACTU OOb-
SICHSTIOTCSI pa3iIJus TepeaHeit 1 3amHell pereHepa-
ITUY TIOJTUXET.

Ilo cpaBHEHMIO C TTOIMXETaAMU, KMIITKA OJINTOXET
o0GyramaeT GOMBIIEH TIACTUYHOCTBIO B XOIIE percHe-
pauuu (Kopotkosa, 1997). B uactHoctH, nis Eisenia
Jfoetida, Tubifex rivulorum, Lumbriculus variegatus n He-
KOTOPBIX IPYTUX MpeAcTaBUTeNel ceMmeiictBa Lumbri-
cidae TToKa3aHO BOCCTaHOBJICHVE TJIOTKH 3a CUET CTa-
po¥ KUIIKKM SHTOoAepMalibHOM Tipuponbl. Ilpm sTom
POTOBOE OTBEPCTHE M POTOBASI ITOJIOCTH (hOPMUPYIOTCS
3a cueT nokpoBHoro anutenus (Berrill, 1952). Cxon-
HBIM 00pPa30M ITPOUCXOANT BOCCTAHOBJICHUE KUIITKU U
y TIouBeHHOI onuroxetol E. japonensis (Takeo et al.,
2008).

YV Lumbriculus inconstans nepeaqHne OTHEIbI KU-
IIEYHOM TPYOKM BOCCTAaHABIMBAIOTCS 3a CYET MHBA-
TMHAlLIMM TTOKPOBOB, OJHAKO, WHTAKTHBIM KUIIEY-
HBIA STIUMTEIUNA pacTeT B MEpeAHEM HAIlPaBJICHUU —
HaBCTpeuy 3a4aTKy IJIOTKU. TIIaTeJbHbINA TMCTOJIO-
TMYECKWI aHAIM3 TTOKa3all, YTO YIUIMHEHUE KUILIKYU B
repeaHeM HaIlpaBJICHUM IIPOMCXOAUT 3a CUET IIPOJI-
depanmu riiaBHbIX KJIeTOK Kuiliky (principal cells). B
X0/ HOPMAaJIbHOM XU3HEAESATEIbHOCTA 3TU KIICTKU
o0ecreynBaloT BHEKJIETOYHOE MUIlleBapeHNUE 1 BCa-
ChIBaHUE IMUTAaTEJILHBIX BelllecTB. B oTBeT Ha amITyTa-
IO OHU YTPAauYMBaIOT PECHUYIHBIN amIiapar, TepsIoT
KOHTAKT ¢ 0a3aJbHON MeMOpaHOIl M IPUCTYITAIOT K
aKTUBHBIM MUTOTUYECKUM ASJICHUSIM. ABTOP CIIEIN-
aJIbHO TOJYEepKUBAET, YTO Oa3aibHble KiieTku (basal
cells), oTBeuaroiye 3a GU3NOJIOTNIECKYIO pereHepa-
LU0 KJIETOK KUILEYHOro SIUTEIUS, He TPUHUMAIOT
y4acTusl B X0OJe¢ MOCTTpaBMaTUUYECKOI pereHepaluun
(Turner, 1934). Takum obGpa3oM, B XoJie pereHepaluu
Lumbriculus inconstans tipoucxomuT neauddepeH-
POBKa KJIETOK KMIIIEYHOTO SIUTEIINS, UX AKTUBHOE pa3-
MHOXeHHUE 1 Ttocienyolas peaiddepeHIIMpoBKa.

UccnenoBanue Oau3kopoacTBeHHoro Lumbricu-
lus variegatus moka3ajo, 4YTO OCHOBHYIO POJIb B pereHe-
pauyy IepeaHUX OTIEJIOB KMIIKM WUTpacT MUTPALIMS
InddepeHIUPOBAaHHBIX KJIETOK KUIIKU. [lpuskus-
HEHHOEe HaOII0NeHME 3a IIepeMelleHUEM BSHTOAEp-
MaJIbHBIX KJIETOK B XOJE¢ pereHepanuu ObUIO OCY-
LIECTBIIEHO C MCIOJb30BaHUEM (DIyOpeCeHTHOM
METKHU K CEpUHOBBIM MpoTeaszaM. OKa3ajaoch, YTO 3TU
KJIETKHM ocTaloTcst nuddepeHIIMPpOBaHHBIMM, TIPON3-
BOJISIT CEPMHOBBIE ITPOTEa3bl B MEMOpPaHO-CBI3aHHOM
dopme, TIepeMeIIaloTcsl B COCTaBe ANMHOTO KJIETOU-
HOTO IuTacTa U (pOpMUPYIOT IIIOTKY. Mcroib3oBaHue
MHTUOMTOpPA CEPUHOBBIX MPOTEa3 MPUBEJIO K TOJTHOMY
YTHETEHMIO TIepeHell U 3aaHell pereHepalu. ABTOPbI
MPEIoJIaraloT, YTO CEPUHOBBIE IIPOTea3bl MOTYT OCY-
LIECTBJISATh TIEPECTPOIKY M JIOKAJIBHOE pa3pylIeHUE
BHEKJIETOYHOTO MaTpUKCa, 4TO 00eCreunBaeT MUTPa-
LIMIO KJIETOK B OJacTeMy, a TaKKe MPopacTaHue HEPB-
HBIX OKOHUaHW. CyMMUPYS IOJTyYeHHbIE PE3Y/IbTATHI,
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Ilepennssa
pereHepallMOHHasT TToYKa

Syllis gracilis

Pristina leidyi

Lumbriculus inconstans
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I:I [ToKpOBHBII 3TTUTENNIA (IKTOIEPMA)
I:l bracrema (Me3omepma)

Kwumika (aHTOmEpMa)

Puc. 2. Crioco6bl BOCCTAaHOBJICHUSI KUILIKU B X0l TIepeIHel pereHepaly aHHeaun. Ha cxeme rnepeaHuil KoHell Tejia Harpas-
JieH HasieBo. [1o BepTUKaiu cxeMaTUYHO U300pakKeHbl 3Tallbl BOCCTAHOBJIEHUS KUILKU B Xone pereHepaiuu Syllis gracilis (Er-
rantia), Pristina leidyi (Sedentaria, Clitellata), Lumbriculus inconstans (Sedentaria, Clitellata). 1751 Bcex aHHeIUI OOIINM TTPU-
3HAKOM SIBJISIETCSI BOCCTAHOBJIEHUE POTOBOTO OTBEPCTUSI TOCPEACTBOM MHBAarMHALIMU nUTeNus. Y nonuxer (S. gracilis) riioTka
Tak>Ke BOCCTAaHABIMBACTCS 3a CUET MHBAarMHALIMY 3KTOJAEPMAJIbHOTO MOKPOBHOTO 3NUTe M. J1Jist GOIBIIMHCTBA OJIMTOXET Xa-
pPaKTEpHO BOCCTAHOBJICHUE TJIOTKH 3a CYET SHTONEPMAIbHOU cpenHent kumku (L. inconstans). Ans P. leidyi onucano BoccTa-
HOBJICHUE IJIOTKU 32 CUET KJIETOK OJ1acTeMbl, 6€3 yTOUHEHUS UX ITpoucxoxaeHusi. CxeMa cocTaBjieHa Ha OCHOBe 1aHHbIX Berrill
(1952) (S. gracilis); Bely, Wray (2001) u Zattara, Bely (2011) (P. leidyi); u Turner (1934) (L. inconstans).

aBTOPBI OITUCHIBAIOT BOCCTAHOBJICHUE TJIOTKU KaK MOP-
damnaktrueckuii mpouecc (Tweeten, Reiner, 2012).

V Pristina leidyi opMupoBaHUe KUIIIKU HAYMHA-
€TCSI C TIOSIBJICHUSI TIEPEAHUX €€ OTIIEJIOB B LIeHTpaJlb-
HoIi yacTu 6;1actemMbl. [1pu 3TOM poTOBOE OTBEpCTUE
dopMupyeTcss TIyTeM WHBarvHAIIMA TTOKPOBHOTO
srmrtenus (Zattara, Bely, 2011). He3aBucumoe Boc-
CTaHOBJICHUE TJIOTKH M POTOBOIA ITOJIOCTH B XOMIE pe-
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reHepaluy ObUIO TTIOATBEPXKIEHO C UCITOJb30BaHEM
MoJiekyasipHoro mapkepa Orx (Bely, Wray, 2001).

Takum 06pa3oM, BOCCTAHOBJIEHUE KUIIIKU B XOJI€
3a7Hell pereHepaluy MPOUCXOAUT B LIEJIOM CXOTHBIM
00pa3oM y pa3HbIX IIpeACTaBUTENIEH aHHEIUI U 00ec-
MeYNBAETCS KIIETKAMU MHTAKTHOTO KUIIIEYHOTO 31U~
tenus. [lepenHsss pereHepanusi, HaIIPOTUB, OTINYA-
eTcs1 00JIBII0M BapradeabHOCTEIO (puc. 2). I1pu aToMm
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OYEBHMIHO, UYTO IIPOM3BOAHEIC 3SHTOAEPMBI MOTYT
BOCCTAaHABJIMBAThCS 3a CYET Pa3HBIX KJIETOYHBIX MC-
TOYHMKOB JIaXe B Mpeaeaax oJHoi ocobu, obagaro-
e CITOCOOHOCTHIO U K MepeaHeld, U K 3aIHell pere-
Hepauuu. Tak, HarpuMep, B XoAe IepeaHeit pereHe-
pauumn P. leidyi kuilika BOoCCTaHABJIMBAETCS 3a CUET
KJIETOK OJIaCTEMBI, a B XOJI€ 3aIHell — 3a CUET PO~
depalnm KJIETOK MHTAaKTHOM KMIIKM (Zattara, Bely,
2011). OT1o yka3bpiBaeT Ha (hyHIaMEHTaJbHbIE pa3iv-
yusl B MEXaHU3Max IepeaHell 1 3aJHel pereHepauumn
aHHenua. Takuwe pasiuuusl OEUCTBUTEIbHO ObLIU
BBISIBJIEHBI ¢ McIioab3oBaHueM PHK-cekBeHupoBa-
HUS 1 ITOCJIeayIolIero aHaau3a nuddepeHIInaaIbHOM
skcrnpeccuu reHoB (Ribeiro et al., 2019).

BOCCTAHOBJIEHUE
IMTPON3BOIHBIX D9KTOIEPMBbI
(HEPBHOHM CHUCTEMBI 1 TTOKPOBOB)

AKTUBHO mpojudepupylonie KIeTKU TTOKPOB-
HOTO 3MUTEUST OKOJIO PaHbI SIBISIIOTCS UCTOYHUKOM
dopmMupoBaHus HOBBIX ITOKpoBOB (Bely, 2014; Ko-
CTIOUeHKO U np., 2016). HepBHast cuctema BoccTa-
HaBJIMBAETCS Kak 3a CYET KIETOK ITOKPOBHOTO SITUTE-
JINST, TaK M 3a CYET KJIIETOK MHTAKTHOM HEpBHOM CH-
CTEMHBI.

B xone pereHepaliuu onuroxetsl P. leidyi anemeH-
Thl HEPBHOI CHUCTEMBbI pereHepaTa MMEIOT pa3HOe
MPOMCXOXAEHNE: HEPBHbIE TaHIIUU (POPMUPYIOTCS
U3 KJIETOK OJlacTeMbl, TOTJa KaK HEpBHbIE BOJOKHA
¢dbopMUpYyIOTCST 13 BBIPOCTOB MHTAKTHOW HEPBHOI
nenoukwu (Zattara, Bely, 2011). B xone perenepanmu y
onuroxeTsl E. japonensis ObIJI0 OKa3aHO, YTO el111e 10
MPOSIBJIEHNS BCEX OCTAJIbHbIX peTeHepaTUBHbBIX MPO-
1IECCOB, OJlacTEMY OXBAaTbhIBAE€T CETh HEPBHBIX BOJIO-
koH (Yoshida-noro et al., 2000). ABTOpbI COOTHOCSIT
9TU JAHHBIE C VK€ CYILIIECTBYIOIIEH TUIOTe301 00 aKTH-
BUPYIOIIEM BIMSIHUM HEPOHOB Ha mpolecc neaudde-
PEHILIMPOBKU KJIETOK, KOTOpbIE, pa3MHOXasich, (op-
mupytoT omactemy (Thouveny, 1998). ITogobHoe siBIE-
HUE OTMEUYEHO M B XONl¢ pereHepalyu y OJUTOXEThl
Stylaria lacustris 1 monuxetbl A. virens (Miiller, 2004;
Kosun u mp., 2017). IlpsiMast 3aBUCUMOCTh MEXIY
HaJlM4yueM aKCOHAJIbHBIX BBIPOCTOB U TIpoJudepa-
TUBHOM aKTMBHOCTBIO KJIETOK 0J1aCTeMBbI ObLJIa OTME-
YyeHa Mpy U3YYEeHUU 3aHel pereHepaluu y nojuxe-
Thl C. teleta (de Jong, Seaver, 2018). ABTOpBI OTMeEYa-
IOT JIBE€ BEPOSITHblE (DYHKIIMM HEPBHBIX BOJOKOH B
omacteme. Bo-11epBBIX, HEHPOHBI MOTYT BBIACISITh HE-
Kue Tpodudeckue pakTopbl, CTUMYIUPYIOIINE KIIET-
KU K JeJeHUsIM. BO-BTOPBIX, TT0 aKCOHAM MOXET ITpO-
HUCXOAUTb MUTpalUsl KJIETOK, (hOpMUPYIOIIUX Ojac-
TeMHble Macchl. O (hopMUPOBaAaHUN HOBBIX 2JIEMEHTOB
HEPBHOI CUCTEMBI U3 KJIETOK 0acTeMbl MOXHO Cy-
JIIUTh MO 3KCIIPECCUU TeHOB pax6 u neurogenin (Plan-
ques et al., 2019). TTosiBieHue HEPBHBIX OKOHYAHU
Ha MOBEPXHOCTU PaHbI y A. Virens MOXeT ObITh CBUIE-

TEJILCTBOM TOTO, UTO B OPIOIIHOII HEPBHOI LIETIOUKE
HOBBIE TPaHUIIBI TeJIa YCTAHABIMBAIOTCS yXKe Ha Iep-
BBI 1eHb pereHepannu (Ko3un u ap., 2017). Takum
00pa3zoM, poIb HEPBHOI CUCTEMBI MOXET COCTOSITh U
B o00ecIleYeHMM TJIOOAJLHOTO ITATTEPHUPOBAHUS
BIOJIb MEpEeAHE3aIHEN OCH.

B MHOTrOuMCIeHHBIX UCCIETOBAHUSIX OTMEYEHA pe-
TYJITABHAsSI pOJIb MTHTAaKTHOM OPIOIIHOM HEPBHOI 11e-
MOYKHM B Xoie pereHepaiiuu. M3BecTHO, 4TO OproliHas
HEpBHas LIEM0YKa MOXET OMPENEJISITh MECTO 3aKJIaAKH
pereHepanroHHoi 61actembl (Bely, 2014). brimo mo-
Ka3aHo, YTO MPU OTBEIEHUU HEPBHOIO TsKa K JlaTe-
paJIbHOI CTOpPOHE TeJjia IOJUXEThl Spirographis spallan-
zanii, TPOUCXOIUT (POPMUPOBAHUE SKTOIMNYECKOTO Io-
JIOBHOTO WJM XBOCTOBOTO OTAENa, C COXpPaHEHUEM
nonsipHoctu (KopotkoBa, 1997). IlarrepHupoBaHue
Os1acTeMbl BIIOJIb JOPCOBEHTPAIbHOI OCU MOXKET ObITh
obecrneyeHo curHajlaMu OpIOITHON HEPBHOM 1ierou-
KM, TaK KakK IMpU HapylleHUM KOHTaKTa HEPBHOTO
TSIKa C MECTOM paHeHMUsI, OJacTeMa COCTOUT U3 A0P-
canbHBIX TKaHeit (Boilly et al., 2017).

KJIIETOYHBIE UCTOYHUKHA
OOPMHUPOBAHUA TOHAL
B XOAE PETEHEPALIUU
N BECITOJIOT'O PASMHOXEHUWA

HexkoTtopsie aHHEIUABI CITOCOOHBI BOCCTAHOBUTH
TOHaJbl B XOJI€ pPEreHepaliui U OECIoJIOTO pa3MHO-
xenwusi. st E. japonensis, pa3MHOXaro1ierocs gppar-
MEHTalMel, MoKa3aHo, YTO 3TOT HpOoLecC 00yClI0oB-
JIEeH MUTpalMeil Mo OpIOIIHOW HEpBHOI IeIrouYKe
KJIETOK, 3KCIIpeccupyoomux romoJior piwi (Tadokoro
et al., 2006). DTH KIETKU UMEIOT MOP(MOIOTUIO HEe-
I depeHIIMPOBAaHHBIX KJIETOYHBIX 3JIEMEHTOB M
BHEIIIHE TTOXOXM Ha HeobOysacTel. B MHTaKTHOM X1-
BOTHOM OHU pacIiojlararoTcsl Ha BEHTPaIbLHOI CTOPO-
HE TeJia BIOJIb HEPBHOTO Tsi>ka. ABTOPBI paOOThI MOKa-
3aJI1, YTO PiWi-TIO3UTUBHbIE KJIETKUA HE BHOCST BKJIa/l B
dhopmupoBaHUe OJIacTeMbl, a MUTPUPYIOT B COCTaB Tie-
penHero pereHepara Ha Oosiee mo3nHel ctaauu. [lo-
rnagasi B HOBOOOpa3oBaHHBIE 6-if U 7-11 cerMEHT, OHU
JIensaTcss U oOpa3yloT 3a4aTKu roHan. HegaBHO ObLIO
MOKAa3aHO, YTO JUHUU HeOOJIACTOB, piwi-TIO3UTUBHBIX
MPEAIIeCTBEeHHUKOB IIEPBUYHO IIOJIOBBIX KJIIETOK U
KJIETOK, BXOJISIIIIMX B COCTaB 30HBI POCTa, Pa3aeiIsioT-
¢S cpagdy mocjie SMOpPHUOHAJIBHOTO pa3Butus E. japon-
ensis (Sugio et al., 2008).

BoccranoBieHre TOHaAA GBUIO TTOKa3aHO TaKKe B
XoJie OGECITONIOr0 pa3MHOXKEHUs OJIMTOXEThI Pristina
leidyi (Ozpolat, Bely, 2015). MexaHU3M 3TOro Mpo-
Iecca CXOIeH C TaKOBBIM Y FE. japonensis M TaK Xe
00YCJIOBJIEH MUTPAIINEit piwi-TIO3UTUBHBIX KIIETOK.

Kpome Toro, popmMupoBaHue roHaa B HOBOoOpa-
30BaHHBIX 3aJHUX CETMEHTaX MOKa3aHO Yy MOJUXEThI
Capitella teleta, xoTopasi pa3MHOXKAETCSI MCKITIOYM-
TeabHO NoaoBEIM ItyTeM (Giani et al., 2011). B otim-
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uue oT E. japonensis, y Capitella teleta piwi-T103UTUB-
HBIE KJIETKH B OOJTBIITOM KOJIMYIECTBE MIPUCYTCTBYIOT B
OracteMe, HaYMHAs C CAaMBIX paHHUX CTaadil ee 3a-
KJIaIKMH.

CTOUT OTMETHTD, YTO U3 IPUBEICHHBIX IIPUMEPOB
ToJIbKO ¥ E. japonensis 6bl1a mokazaHa BO3MOXKHOCTh
CTAHOBJICHUsI TOHAIl de nOVO B pereHepupylolemM
¢dparMeHTe, He coAepKalleM CEMEHHUKOB U STMYHU-
KoB. B ciyuyae P. leidyi ojioBble OpraHbl BXOAWJIU B
COCTaB MaTepUHCKOM ocobu, a y C. feleta aMIyTUpO-
BaJIM HE BCE CETMEHTHI, HECYIIIEe TOHAIBI.

HHTepecHO, 4TO, HECMOTPS Ha CTEPEOTUITHBIM Xa-
paKkTep 3MOPUOHATIEHOTO Pa3BUTHS, IIJIsI HEKOTOPBIX
MOJINXET ITOKA3aHa CITOCOOHOCTb K SMOPUOHATBHOM
peryisinun. B HemaBHeM nccnenoBannu (Dannenberg,
Seaver, 2018) mporeMOHCTPUPOBAHO BOCCTAHOBJICHUE
JIMHUU TIOJIOBBIX KJIETOK MOCJIE YIaJeHUS X TIpele-
CTBEHHMKOB Ha CTaauu paHHUX 3aponsieit C. teleta.
HeoxunanHo, ynajieHHMe COOTBETCTBYIOIIUX KJIETOK
KBagpaHTa D mpuUBOAMIIO K 9KTOIMMYECKON 3KCIIpec-
cuu reHoB Capl-vasa u Capl-nanos B ApyTux TKaHSIX
JIMYMHOK. boiee Toro, yepe3 aBe Heaen IIOCIe MeTa-
Mopdo3a Bce XKMBOTHBIC, pPA3BUBIIHECS U3 IIPOOIICPH-
pPOBaHHBIX 3apONBIIIEi, MMeIu CHOPMUPOBAHHBIE
KJIacTepbl MYJBTUIIOTEHTHBIX KJIETOK, W ITOUTH BCE,
JOCTUTHYB B3POCJIOrO COCTOSIHUS, TIPUCTYITAIU K I10-
JIOBOMY pa3MHOXeHUI0. TakuM o6pa3oM, KOMITEHCa-
WS TIPEIIISCTBEHHUKOB TaKOM OCOOOM KJIETOUHOM
MONYJISILUN KaK TEPBUYHO TTOJIOBBIC KIETKH BO3MOX-
Ha B pe3yJibTaTe SMOPHUOHAIBHOM PETyISILIMU — Ppa3HO-
BUIHOCTH pereHeparuu.

MOP®DAJIVIAKCUC KAK BJIEMEHT
PETEHEPATUBHOTO ITPOLECCA

HecMoTps Ha 3HAYMTENBHYIO poOab Ipoandepa-
LIMM KJIETOK B XOJI€ pereHepaui aHHEeJINa1, MHOTUMU
aBTOpaMM OITHCaH IIpolecc Mopdaiiakcuca. B xome
MopdalIaKCHca aKTUBHBIX KJIETOYHBIX ACJICHUN HE
MMPOUCXOIUT, OJacTeMa He oOpasyeTcsi, a BOCCTAaHOB-
JIEHUE YTPaYeHHBIX Y4aCTKOB Tejla IIPOUCXOIUT IyTeM
peopraHmuzaium yxe nMmewimxcs ctpykryp (Kopot-
KoBa, 1997). B GonblIMHCTBE ciiyyaeB HabJtomaercs
couyeTaHue sruMopdo3a U MopdaUIaKTUIECKUX TIe-
pecTpoeK, IMO3TOMY HEKOTOpHIE aBTOPHI OTMEYalOT
YCIIOBHOCTh TAKOTO pa3lejieHUs] BOCCTAHOBUTEIbHBIX
npoiieccoB (Koporkosa, 1997). Mopdaurakcuc Mo-
KET MPOUCXOAUTh Ha Pa3HBIX YPOBHSIX (MOJIEKYJISIP-
HOM, TKaHEBOM, OPraHHOM WJIM Ha yYPOBHE LIEJIBIX
YYaCTKOB TeJia) M, BEPOSITHO, SIBJISIETCS HEOOXOIM-
MBIM YCJIOBHMEM IOJIHOLIEHHOU pereHepauuun (Ko-
cTioueHko, Kosun, 2020).

Mopdatakcuc Ha MOJIEKYJIIPHOM YPOBHE 00ec-
TIeYNBACT IBa BaXKHBIX COOBITHSI: BOCCTAHOBJICHUE IO~
3ULIMOHHON MHGOPMAIIMH TTOCIE TTPOBEACHUS aMITy-
TallU W, COOTBETCTBEHHO, 3aITyCK aIeKBaTHOTO ITO-
BPEXKICHUIO PEreHEepallMOHHOIO OTBETa; MHTeTpallys
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cOpMUIPOBAHHOTO pereHepaTa B CYIIECTBYIOIIYIO CH-
CcTeMy KOOpIMHAT.

BeposiTHBIMU ydacTHMKaMU Mpollecca Moaaepxa-
HUSI MU BOCCTAaHOBJIEHUS MO3ULIMOHHOM MH(MOpMAIIUN
nocjae amnytauuu sBisitotrcss Hox-reHbsl (Novikova
et al., 2013). Bo Bpems pocTa IOBEeHWIbHBIX YepBeil
A. virens KOOpAMHUPOBAHHBIN MAaTTEPH SKCIIPECCUU
Hox-reHoB He MPUBOAUT K crieUdrKalUU CeTMEH-
TOB (TaK Kak Telo A. virens He IMEET TarM), a obecre-
YUBAET MO3ULIMOHHYIO MHDOPMALIUIO BAOJIb TIepeaHe-
3agHeit ocu (Kulakova et al., 2007). Bo BpeMs1 3amHeit
pereHepanuy TpaHcKpuniusi Hox-reHoB MPOUCXOIUT
B IIBa aTana. Bo Bpems1 paHHeli a3bl (HaunHas ¢ 48-mu
4yacoB 10 ctaauu auddepeHLIMPOBKHY 01aCTEMbI) TIPO-
WCXOIUT peopraHu3aius cylecTBytonero Hox-xona B
COOTBETCTBUU C HOBOM 3amHell rpaHulieil Tena. Bro-
pasi (paza aKCIpeccuu cBsi3aHa ¢ MaTTepHUPOBAHUEM
OacteMbl U (DOPMUPYIOLIUXCS CETMEHTOB. ABTOPBI
TakXe MpeaiaraloT MeXaHu3M 3allycka MOJIeKYJIsIp-
HO-KJIETOYHBIX COOBITMII B OTBET Ha amIlyTalluio.
TxaHeBbIM COOBITUEM, UTHULIMUPYIOILLIUM TIPOLIECC pe-
reHepanyu, Mo UX MPEeArnojoXKEeHUIO SBJISeTCS KOH-
TaKT KUIIEYHOTO (3HTOAEPMAILHOTO) M TIOKPOBHOTO
(3KTOMEPMAJIbHOIO) 3MUTEIMEB, MPOUCXOISIINI BO
BpeMsl 3aKMBJICHUS paHbl. MeCcTo KOHTaKTa ABYX KJie-
TOUYHBIX TJIACTOB CTAHOBUTCSI CBOETO poOjJia OpraHu3a-
TOPOM, TTOCBhUIAIOIIUM MOPGhOTeHETUYECKU CUTHAI.
OTOT curHal UHAYLUUPYET peOopraHU3alUIO TTO3UIIU-
OHHOM MH(pOPMalIUK, YTO 3aMyCKaeT KJIETOUHBINA OT-
BeT pereHepanmu (aenuddepeHIMPOBKa KIIETOK, UX
npoaudepanusi, BOCCTAHOBJIEHHWE 30Hbl pOCTa U He-
JIOCTAIOIINX CErMEHTOB). ABTOPBI MpearoJaraior,
YTO TOMOJIOT TeHa caudal SABASIETCS MO3ULIMOHHBIM
MapKepoM, YyBCTBUTEIbHBIM K CUTHAJTy OpraH13aTo-
pa U UHULMUPYIOIIMM TIEpECTPOMKY pa3MeTKH Tesa
Bnoab nepenHesamHeir ocu (Novikova et al., 2013).
Taxkoii cuieHapuii corjacyercs ¢ JaHHBIMU O BaXKHO-
CTU B3aUMOJIEMCTBUSI KHUIIEYHOTO U TTOKPOBHOTO
SIUTENMEB IJIsl penaTTepHUPOBaHUS Tejla B XOJe pe-
reHepaluu, MOJy4eHHbIMY B 3KCIIEpUMEHTaX Ha aH-
HeJmaax u apyrux XknBoTHbIX (Koporkosa, 1997).

Pesynpratel, momyuennnsie E.JI. HoBukoBoit u
koJuteramu (Novikova et al., 2013), oTyacTu moarsep-
JKIAIOTCS aHAJIOTUYHBIM UCCIIeIOBAaHUEM, TIPOBEACH-
HOM Ha pojacTBeHHOM Tonuxete P. dumerilii (Pfeifer
et al., 2012). ABTOpbI 3TOIi pabOTHI MpOaHATU3UPOBA-
JIV IaTTepH 3Kcnpeccuu Hox-TeHOB TOJbKO BO BHOBb
chopMUpoBaHHBIX TKaHSIX. OHU MpPeAroaaramT, YTO
aHcaM0J1b reHOB Hox-KiacTepa B TKaHsIX pereHepara
P. dumerilii obecnieunBaeT IMaTTepHUPOBAHUE HEPB-
HOIi CUCTeMbI HOBBIX CETMEHTOB.

TeM He MeHee, MEXaHN3M BOCCTAHOBJICHUS TTO3W -
LIMOHHOM WHMOPMAaLMU MOCPEACTBOM reHoB Hox-
KJlacTepa He SBIISIETCS] YHUBEPCATbHBIM. AMITYTALINS
3aHUX CErMEHTOB TTonuxeThl C. feleta He TIPUBOIUT K
CIOBUTY TPAHUIIL SKCIIPECCUM GONbITUHCTBA Hox-TeHOB
B MHTAKTHBIX cerMeHTax. IlepemHue TpaHUILI KC-
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peccuu ToJIbKo Tpex reHoB (Capl-lox2, Capl-lox4 n
Capl-Post2) coBuraiorcsl Ha OOWH CETMEHT BIIEpen.
IMTo-Bunumomy, pasmeTka tena C. telefa octaercs cra-
OuIbHOI1 B Xo1e 3aaHei pereHepanuu (de Jong, Seaver,
2016).

3HayuTeIbHbIe MOP(MAILUIAKTUISCKHE IIEPECTPONKI
KMIIIKH B XOJIe TIepeIHel 1 3aaHell pereHepaliy oOHa-
pyXeHbl y onuroxethl E. japonensis. C UCIIOJb30BaHM -
€M MOJIEKYJISIPHBIX MApKEPOB fuba, mino u horu aBTOPbI
MOKa3aJii, 4YTO MOCJe pereHepalui yTpauyeHHBIX cer-
MEHTOB II0 TUITy 3IMMOp@03a, MPOMCXOIUT BOCCTa-
HOBJIEHHWE MCXOIHBIX MPONOPLMIA KUIIIEYHOTO TpaKTa
BCEro XXWBOTHOTO, TO €CTh Mopdautakcuc. TakuMm 00-
pa3oM, pereHepaT OKa3bIBaeTCsl MHTETPUPOBAH B €M~
Hyio cuctemy opranu3ma (Takeo et al., 2008). B Toxe
BpeMsI, y OJIMTOXeT M3 poja Pristina TOJbKO 4YacTh
KMIIKY, PaCIOI0XKEeHHAasI B IBYX OKAMIINX K paHe
CTaphIX CEerMEHTaX, IpeTepIieBacT TpaHCHOPMAaIIIO
B HOBBI XEJIYyJIOK B XOlIE€ IEepEeaHE pereHepaluu
(Zattara, Bely, 2011; Koctiouenko u ap., 2016).

Mopdaniakcuc MOXKET 3aTparuBaTb HE TOJBKO
CUCTEMBI, HO M OTACJbHBIE MeTaMepHbIE OpraHbl B
xolle pereHepanuu. Hampumep, B IBYX WHTAKTHBIX
CerMeHTax Teja OJUroxeThl P. leidyi, mpunexaimx K
BOCCTAHOBJICHHBIM I'OJIOBHBIM CETMEHTAaM, ITPOUCXO-
IUT Aerpagauus MeTaHedpumueB. BeposiTHO, 3To
CBSI3aHO C MIPUOOPETEeHUEM STUMU CETMEHTAMU HO-
BOI'O MO3MIIMOHHOTO 3HaueHus (Zattara, Bely, 2011).

CyIecTBYIOT, OTHAKO, U TIPUMEPhl 3HAYNTETHHBIX
IepecTpoeK CErMEHTOB B Xofe pereHepanu. Boccra-
HOBJICHUE TIEpeIHUX CETMeHTOB Sabella melanostigma
MIpOTeKaeT ¢ 00pa3oBaHMEM pereHepaIlMoOHHON O1ac-
TEMBI, N3 KOTOPOit (GOPMUPYIOTCS IIPOCTOMUYM, TIEPU-
CTOMMYM U JIBa TIEPEIHUX IPYAHBIX cerMeHTa. OcTalb-
HbIE TPYIHBIE CETMEHTHI BOCCTAHABIMBAIOTCS 3a CYET
MepecTPOMKN OPIOIIHBIX cerMeHTOB. [Ipormecc mMop-
danmakcuca B JaHHOM cllydae MOXHO OITMCaTh Kak
CMEHY JOPCOBEHTPAJIbHOMN TOJSIPHOCTH CETMEHTOB.
Dra TpaHchOopMaIIrs 3aTparuBacT IPOU3BOIHBIE BCEX
TpeX 3apONBIIIEBHIX JIUCTKOB: KUIIIEYHUK TpaHCHOP-
MUpYETCSl B XKEJIYIOK, TapanoavabHbIe CTPYKTYPbI
TepecTparuBalOTCsI B COOTBETCTBUM CO CMEHOIT TOpCOo-
BEHTPAJILHOM OCH, a KpOME TOTO, TTOSIBIISIIOTCS] CBOM-
CTBEHHBIE TPYAHBIM cermMeHTaM MeTaHedpuauu. [Tpu
5TOM BOCCTaHOBJICHHUE CETMEHTOB B XOJI¢ 3aHei1 pere-
Hepaluy ITPONCXOINT TI0 TUITY SrmmMopdo3a, 6e3 sSIB-
HBIX TIpU3HAKOB Mopdamakcuca. [locne ammyrammm
Ha ypOBHE TPYIHBIX CETMEHTOB CHaYaJla BOCCTAHABIIM-
BalOTCSI HEJOCTAIOILIME TPYIHbIE CETMEHTHI, a 3aTeM —
OpIOITHBIC. YUMTBIBAsI aHTUIIAPAJUICIIBHOCTh TOPCO-
BEHTPAJIbHON OCU TPYJHBIX U OPIOIIHBIX CETMEHTOB,
€CTECTBEHHO MPEANOJIOXUTb YHUKAIbHbIN IJIs1 cabet-
JINI MEXaHU3M WHBEPCHUU 3aJIHEI 30HBI POCTa B XOIE
pereHepanuu (Berrill, 1978).

IEPCITEKTHBDI:
MOJIEKVIIAPHBIE ITOAXOAbI

HecMoTps Ha 3HaUNTEIBHBIN IPOTrpecc B OOHApY-
KEHUU MOJIEKYJISIPHBIX YYACTHUKOB, ITOMCK MOCTIEI-
HUX TIPOU3BOJIUTCS, KaK MPaBUIO, METOAAMU UMMY-
HOLIMTOXUMUWW WIW TUOPUOW3ALVU in Situ, 4TO HE
MO3BOJISIET TTOJTyYaTh MACCUBHEIE JaHHbIe. OgHOIT U3
caMbIX paHHUX pabOT, UMEBILIUX LIEJIbIO MOJIyYeHME
nHGOPMAIIMU O OOJILIIIOM KOJIMYECTBE T€HOB, 3KC-
MIPECCUPYIOLINXCS B Xole pereHepauun y E. japonen-
sis, OBIJIO ucclieqoBaHMe Mwuoxapa ¢ KoJjjeraMu
(Myohara et al., 2006). Ha ocHoBe kJIHK nmu 66110
KJIOHMPOBAHO OOJIbILIOE KOJMYeCTBO TeHoB. Cpenu
3TuX 165 reHoOB OKa3aJloch HEMAJIO (PePMEHTOB, OJI-
HAKO MOYTH JIJISI ITIOJIOBUHBI TEHOB He OBLIIM Haliie HbI
OpTOJIOTH.

OueBUIHO, MEPEXO] K HOBBIM TEXHOJIOTUSIM, Ha-
MPUMED, K CPABHUTEJbHOU TPAHCPUIITOMUKE, MOXKET
CYLIECTBEHHO YCKOPUTD Hallle TOHMMaH1e OCHOB pe-
reHepaluu. Tak B HeTaBHO OITyOJIMKOBaHHOI paboTe
(Ribeiro et al., 2019) noka3zana nuddepeHInaIbLHas
9KCITPEeCCUs] TEHOB TIPU pereHepalvy ABYX BIOB aH-
Henuna: Sphaerosyllis hystrix (4771 reHoB) u Syllis
gracilis (1997), cnocoOHBIX K OrpaHUUYEHHOMN U TMOJI-
HOLIEHHOM TepenHeil pereHepaliu, COOTBETCTBEH-
Ho. /111 o6oux BUIOB CPaBHUTENbHbBIM TPAHCKPUII-
TOMHBI aHaJIU3 TOKa3aJl CXOACTBO 3KCIPECCUM Te-
HOB BO BpeM$ 3aJHEll pereHepaluvu U perysipHOro
pocTa, Torna Kak nepeHsisl pereHepalus xapakTepu-
30BajJlaCh aKTUBAlUeil HECKOJIBKUX WMHBIX T€HOB.
ITpuiienbHBINA MOUCK OBLT ITPOBEIeH Mo 71 TeHy, 9KC-
Mpeccust KOTOPhIX Oblla paHee MoKa3aHa Mpu pere-
Hepaluu Apyrux aHHeaun (cM. BhIle). BojabInnH-
CTBO U3 3TUX T€HOB ObLUIM WAEHTUDUIIUPOBAHBI B
TpaHckpunToMax (57 mis S. hystrix v 54 nna S. graci-
lis). KpomMe Toro, Obut oOHapy>KeHbI MHOXECTBEH-
Hble 130(hOpMbI T€HOB, Hampumep, paics v slit pis
S. hystrix nim even-skipped, FGFR, gcsla, glutamine
synthetase, hedgehog, JNK, Msx, piwil, sfipl/2/5 n
Wht nns S. gracilis, 9T0 MOXET CBUAETEIHLCTBOBATD O
HaJIMYUM HECKOJIbKUX ToMOoJIOTOB. JNK, rup2 n paics
y S. hystrix, a Takxe B-catenin, cycB3, glutamine syn-
thetase, paics, pll0, brat, elav, FGFR, gcsla, slit,
Hox7, Lox2 y S. gracilis oxa3aiucb cpeayd T€HOB,
InddepeHIaIBHO SKCIPECCUPYIOLIUXCS B Xo#Ae
nepenHeil pereHepauuu. Takum oOpa3oM, B Xolne
rnepenHell pereHepalMv y [ABYX IpeacTaBUTeNei
Syllidae iokazaHO yJacTue 1I€JI0T0 Habopa reHoB, OT-
BETCTBEHHBIX 3a KJIETOUHYIO Tposudepaliyio, Momi-
JIep>XKaHUe CTBOJIOBOTO U MYJIbTUMIOTEHTHOTO CTaTy-
ca KJIeTOK, pa3BUTHE HEPBHON cucteMbl U op-
MUpOBaHUE MO3UIITUOHHOM MHMOpMAIINH.

WHTepecHo, 9TO B 000MX TPaHCKPUNITOMAX OBLIN
uaeHTUGUIMpoBaHbl ToMonoru Ej-rup I—5 (TeHsl,
peryaupymoliue pereHepauuio E. japonensis (Myoha-
ra et al., 2006)). OmHaKO TOJILKO Y S. Aystrix OOVUH U3
HUXx (Shy-rup2) skcnpeccupoBajcs Ha 0ojiee BbICO-
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KOM YPOBHE B XOJIe IepeaHell pereHepauuu (B cpaB-
HEHUU ¢ HOPMAJILHBIM pocTOM). DYHKIMS 3TOrO reHa
He sICHa, HO Fj-rup2 0bu1 0OOHApy>KeH B SIIUIePMAaTbHBIX
KJIETKAax 6JTacTeMBI BO BpeMsl iepeaHeN pereHepaluy U
MOXKET OBbITh TEHOM, CITeLU(UIHBIM JIJII pereHepaLyn
(Myohara et al., 2006; Ribeiro et al., 2019).

B npyroii pabote Ha onuroxete Eisenia fetida Ob110
MOKa3aHo, YTO MEHee YeM CTO Te€HOB JEMOHCTPUPO-
BaJIY CYIIIECTBEHHYIO U hepeHIINaTbHYIO 9KCITpeC-
CHIO B XOJIe BCETO Nepuoia 3aiHei pereHepauu. Of-
HaKo TPU 3TOM, B CPABHEHUU C UHTAKTHBIMU TKaHSI -
MU, B TKaHSIX pereHepara 3HaYuTeJTbHOE KOJITMUYECTBO
TeHOB TIpeKpallajiu 3KchpeccupoBaTbesi. [1o MHe-
HUIO aBTOPOB, TAKOE COKpallleHUE Habopa aKTUBHBIX
TeHOB CBSI3aHO C HeauddepeHINMPOBAHHBIM COCTOSI-
HUEM OOJIBIIMHCTBA KJIETOK PEreHEepallMOHHON MOYKHU
(Bhambri et al., 2018). TpaHCKpUTITOMHBII aHAJIU3 ITO-
KazaJl He TOJIbKO CYIIIECTBEHHBI YPOBEHb TPAHCKPHUII-
ToB, komupywimux SOX4, Brachyury, Even-skipped,
y4acTHUKOB curHaibHbIX IyTeit (FGF, BMP2, WNT),
daxkTopbl LMIMOreHe3a, pa3BUTHSI HEPBHOM CUCTEMBbI
M pOCTa aKCOHOB, HO K Hekoaupyromx PHK, Bkiro-
yast MukpoPHK (Bhambri et al., 2018).

Hrak, corlacHO mMpUBeIeHHBIM U3 JUTEPaTyphl
CBEIIEHUSIM, aHHEIUIbI B OOJBIIMHCTBE CBOEM 00JIa-
JaroT BbIpa’>kKCHHBIMU PETCHEPAaTUBHBIMU CHOCO6HO-
ctamMu. OJHAKO MeXaHU3Mbl BOCCTAHOBJICHUS yTpa-
YEeHHBIX YacTell Tejla MOTYT CYILIECTBEHHO OTIMYAThCS
Jaxe y OJM3KOpPOACTBEHHBIX BuAoB. HecmoTpss Ha
OOJIbIIIOE KOJIMYECTBO MOAPOOHBIX WCCIIeTOBaAHUIA
Mpoliecca pereHeparny, BOMPOC O KIIETOYHBIX UCTOU-
HUKAaX BOCCTAHOBJICHUSI ME30€PMAaTbHBIX IIPOU3BO/I-
HBIX OCTAeTCS OTKPBITHIM. OUEeBUIHO, UTO JJIsT TIOJTHO-
IO PacKpbITUS MEXaHU3MOB pereHepalyuud C y4eTOM
BCETrO pa3HoOOpa3uss OWOJIOTMYECKMNX ITPOIIECCOB,
CIHOCOOCTBYIOIINX KaK COXPAHEHUIO, TaK U OrpaHUYe-
HUIO CIIOCOOHOCTEM pereHepupoBaTh pa3INnYHbIC TKA-
HU, OpraHbl U YacTU Teja, TPEOYIOTCS KOMIUIEKCHbBIE
ucciaeaoBaHus. TexHuyeckue ycaoBuUs 1151 peain3a-
UM TaKMX IPOEKTOB YyXKe co3maHbl. [IpuBiaecueHue
COBPEMEHHBIX METOJI0B MOP(OJIOrMYECKOro aHaIu-
3a, B TOM YKCJIe Ha OCHOBE TPAHCT€HHBIX MOZEICH,
METONOB T€HOMUKM, TPAHCKPUNTOMUKHU, CEKBEHU-
POBaHUS OTACABHBIX KJIETOK M Pa3IMYHBIX CIIOCOOOB
(GYHKIIMOHAILHOTO aHAJIM3a MOTYT MO3BOJIUTh yKE B
GmKaiileM OyaylIeM OTBETUTh HA MHOTHE BOIIPOCHI
OTHOCHUTEILHO pereHepalnu.

HccnenoBanusi mpoBelneHbl Mpu (UHAHCOBOI
nonaepxke rpaHToB POPU 19-04-01111-a u 18-34-
00962-moi1-a.

COBJIIOAEHUE STUYECKHUX CTAHIAPTOB

HacTtostiiast cratest He COAEPKUT OIMUCAHUST BbI-
MOJIHEHHBIX aBTOpPAaMM HCCIAEHOBAHUN C ydacTUEM
JIIONEN WJIM MCIIOJIL30BAHUEM KMBOTHBIX B KAUECTBE
OOBEKTOB.
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Regeneration in Annelids: Cellular Sources, Tissue Remodeling,
and Differential Gene Expression
D. D. Nikanorova!, E. E. Kupriashova'!, and R. P. Kostyuchenko!- *

ISt. Petersburg State University, Universitetskaya nab. 7/9, St. Petersburg, 199034 Russia
*e-mail: r.kostyuchenko@spbu.ru

Recent studies have shown that, despite stereotypical cleavage, annelids demonstrate the ability to embryonic
regulation, including the formation of germline cells. However, the widest variety of regulative processes is
presented in the post-larval development of annelids. The ability to regenerate, which is probably an ancestral
feature, manifests itself differently among these animals. Some species are unable to regenerate lost segments.
However, most species replace lost posterior body parts, many are able to re-establish missing head segments
and structures, and some develop the entire body de novo even on the basis of one or two segments. Most of
the regenerated structures are formed due to a set of undifferentiated cells arising from the division of dedif-
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ferentiated and/or stem cells. Moreover, the regeneration process often involves remodeling of surviving body
fragments, and may thus be associated not only with local changes, but also require a reaction at the level of
the whole organism. In this review, we summarize many recent studies on the molecular and cellular mech-
anisms of regeneration in annelids. A special attention is paid to the regeneration of the digestive and nervous
systems, integuments, the participation of stem and undifferentiated cells in the development of blastema and
in replacing of the lost gonads. Accumulation and analysis of recent findings about the diversity of cellular
sources and mechanisms of annelid regeneration can shed light on the most evolutionarily conserved pro-
grams for maintaining regeneration ability and processes leading to the loss (limitation) of one of the ancestral
features of animals.

Keywords: regeneration, dedifferentiation, multipotent cells, stem cells, germ cells, gene expression, digestive
system, nervous system, tissue remodeling, annelids
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OnHMM U3 BaXXKHEUTITNX apoMOP(hO30B B 3BOJIIOLIMU TTO3BOHOYHBIX CTAJIO MTOSIBIECHUE CJIOKHOCTPYKTYPUPO-
BaHHOTO KOHEYHOI'O MO3Ta WM TeJleHledaaoHa — oTaesna nepeaHero Mo3ra, KOTopblii, pa3BUBasiCh U CO-
BEPIIEHCTBYSCh, 00€CTieur BO3MOXHOCTh pean3alliu BbICIITNX (pOpM HEPBHOM IESATEIbHOCTH, HabI01a-
€MBbIX Y JKUBOTHBIX U YeJloBeKa. 3aKJiaJlka KOHEYHOTO MO3ra IMPOUCXOIUT Ha CaMbIX paHHUX 3Tarnax OHTO-
reHe3a MO3BOHOYHBIX, KOTAAa MEepeaHss 4acTh HEpBHOI TpyOku muddepeHIIupyeTcss Ha TPU MO3TOBBIX
My3bIpsi: MPO3eHLedanoH, Kak 3a4aToK OyayllIero nepeaHero Mo3ra, MeseHuedanoH — Oynymuii cpegHuii
MO3T 1 poMO3HIIedaoH — Oymymuii 3agauii Mo3r. [lepenHuii Mo3r B manbHeieM nruddepeHIIpyeTcs,
dopMuUpyst KOHEUHBIiT MO3T (TeaeHehaIOH) U TPOMEXYTOYHbIN MO3T (nusHLedanoH). PazButue cTpyk-
TYp U OTAEJI0B MO3Tra MOAYJIMPYETCSI DKCIIPECCUei COOTBETCTBYIOIIMX PETYISITOPHBIX T€HOB, KOIUPYIOIINX
TPaHCKPUITIMOHHBIE (haKTOPhI M CUTHAJIbHBIE MOJIEKYJIbl. BOIIpOCHI MOSIBJICHUS B 3BOIIOLIUM U OHTOTeHE3a
KOHEYHOTO MO3Ta, SIBJISISICh Ha CEeTOAHSIIHUIN IeHb OMHUMM U3 LIEHTPAJIbHBIX B COBPEMEHHOI 61oI0Tun
pa3BUTHSI, HA MOJIEKYJISIPHOM YPOBHE OCTAIOTCS 4O CUX MOP caadbo u3ydyeHHbIMU. B mocienHee Bpems mpu
U3Y4EHUN IBOJIIOLIMOHHBIX MEXaHU3MOB, O0ECTIEYMBIIMNX TMOSIBJIEHUE Yy TTO3BOHOYHBIX KOHEUHOTO MO3Ta
0oJIbllIoe BHUMaHUE yAeasieTcss HanboJjiee 3BOJIOLIMOHHO IPEBHUM TpyIaM ITO3BOHOYHBIX, TAKMM KakK
KPYTJI0pOThie (MUHOTU U MUKCUHBI) M OJIMDKANTITMM POJACTBEHHMKAM MTO3BOHOYHBIX — 000JIOYHUKAM U Oecue-
pernHbIM (1aHLieTHUKaM). OCcoObIii MHTEPeC B 3TUX MCCIISIOBAHUSX TIPEICTABIISIIOT KPYIJIOPOThIE, MOCKOIBKY
WIMEHHO y TIpe/ICTaBUTEJIei1 3TOM IPyMITbl KOHEYHBII MO3T BIIEPBbHIE B 9BOJIIOLIUU TIOSIBIISIETCS B BUE OTAETbHOMN
MOP(}OJIOrMUECcKOit CTPYKTYPBI U €CTh OCHOBAHUSI T10J1araTh, YTO Y HUX MOIJIM COXPAHUTLCSI ATTEPHBI 3KCITpeC-
CHUM U PETYJISITOPHBbIE MEXaHU3MbI, XapaKTEPHBIE [JIS1 TIPEIKOB MTO3BOHOYHBIX. B maHHOIT 0030pHOI1 CTaThe MBI
CYMMUpYEM U aHAJIM3UPYEeM HAKOIJICHHbIE B MOCJIEAHWE TObI JAHHBIE UCCIEIOBAaHUI TeHETUYECKUX MEXaHU3-
MOB PaHHETO Pa3BUTHSI KOHEYHOTO MO3Ta Y TIO3BOHOYHBIX U Pe3y/IbTaThl [TOMCKA TOMOJIOTOB 3TOI CTPYKTYPhI Y
POICTBEHHBIX MTO3BOHOYHBIM I'PYITI XOPAOBBIX — GeCUYepeITHbIX U 000JIOYHUKOB.

Kurouesvie cro6a: KOHeUHbIl MO3T, TesleHIehaloH, NMpo3eHledaloH, HeilpalbHas WHAYKIIUS, OecuepernHbie,
KPYIJIOPOThIe, MUHOTH, TIO3BOHOYHBIC, PAa3BUTHE KOHEYHOTO MO3Ta, PaHHSIS 3apobliieBast uddepeHIIMPoBKa

DOI: 10.31857/S0475145020030052

BBEJEHUWE

PaGoThI, MOCBSIIIEHHBIE UCCACAOBAHUIO KOHEU-
HOT'O MO3ra IT03BOHOYHBIX, KaK MPaBUJIO, 3aTparuBa-
IOT OJIVH U3 CIIEAYIOIINX ACIIEKTOB 3TOM MPOOIEMBI:

1. VccnemoBaHue nerajieil CTpOeHMST U MOJIEKYJISIp-
HBIX MEXaHU3MOB Pa3BUTHsI KOHEYHOTO MO3ra, Y Hau-
6oJiee 3BOMIOLIMOHHO TIPOIBUHYTHIX TPYIII ITO3BOHOY-
HBIX, TAKUX KaK MJIEKOIUTAIOIINE U, B TIEPBYIO OYe-
penb, YenoBeK.

2. UccnenoBanue MHAYKIMOHHBIX MEXaHU3MOB,

JIeXalmx B oCHOBe TU(depeHITMPOBKI KOHETHOTO
MO3ra B OHTOTeHE3¢ TTO3BOHOYHBIX.
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3. HccnenoBaHne 3BOJIIOLMOHHBIX ITPEIITOCHITOK
MOSIBJIEHUST KOHEYHOI'O MO3ra, KakK YHUKaJIbHOM CTPYK-
TYpbl TTO3BOHOYHBIX M MPOCJIEXMBaHUE MyTeil pa3BU-
TUS 3TOM CTPYKTYPHI Y Pa3HbIX IPYIIT IO3BOHOYHBIX.

be3ycnoBHO, uccienoBaHUs MEXaHU3MOB Pa3BU-
TUS 1 1 GepeHIMPOBKM KOHEYHOTO MO3Ta MJIEKO-
MUTAIOIMNX MMEIOT OYEBUIHYIO BaXXHOCTh KaK C
dyHIAMEHTAJILHOI, TaK U C IIPAKTUYECKON TOYEK
3peHUsI, U 3TO HallpaBJIieHUE HaXoauTcs B (poKyce
BHUMAaHMS MHOTHX McCcliefoBaTeaIbCKuX rpymm. Co-
BpEeMEHHOE IIOJIOXKEHME Al II0 ITOl TeMe O4YeHb
HOAPOOHO M OOCTOSITEJIFHO OCBEIIECHO B psilie 0030-
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poB — Nord et al., 2015; Nomura et al., 2014; Medi-
na, Abellan, 2009; Takahashi, Liu, 2006.

He meITasich 0OBSAATH HEOOBSITHOE, B HACTOSIIEM
0030pe, MbI, KpaTKO pacCMOTPEB aKTyaJlbHbIE TaH-
HBIE O MOJICKYJISIPHBIX MeXaHU3MaX MepPBUUYHOM -
depeHIIMPOBKM 3a4aTKa KOHEYHOro Mo3ra, Kak 4Ja-
CcTU HeHTpaibHOU HepBHOI cuctembl (LIHC) mo3Bo-
HOYHEBIX, CKOHLICHTpUPYEMCS IIPEUMYIIECTBEHHO Ha
BOIIpOCAaX ITOSIBJICHUS W Pa3BUTHUSI KOHEYHOTO MO3ra
IMO3BOHOYHBIX HA paHHUX 3Tallax UX 3BOJIOLOHHO-
ro myty. OIUH 13 BOIIPOCOB, HEN30EKHO BO3HUKAIO-
III1X B 3TOM KOHTEKCTE COCTOUT B TOM, YTOOBI ITIOHSITh
Ha KaKOM 3Tarle 3BOJIIOLMY KOHEYHBIN MO3T BIIEPBEIC
nosBisieTcs. ECTeCTBEHHBIM ITyTEM B peIIEHUH 3TO-
ro BOIIPOCa BUAUTCS MCCIEAOBAaHUE OCOOCHHOCTEM
CTPOEHUSI KOHEYHOTO MO3Ta Y COBPEMEHHbIX IIpe/-
CTaBUTeJIeH HanboJIee SBOTIOLIMOHHO IPEBHUX I'PYTIN
MMO3BOHOYHBIX, TAKMX KaK OECUEJIIOCTHBIE, a TaKKe
MOMCK roMoJjioruit B ctpoeHuu otaeos LIHC y pon-
CTBEHHBIX IO3BOHOYHLIM ITPEACTaBUTEIICIA TUITIA XOP-
JIOBBIX — OecyepemHbIX M O0OJOYHUKOB. MHorue
JIaHHbIE 10 3TUM I'pYMIIaM MOJIyYeHbl B OYyKBaJILHOM
CMBICJIE B IIOCJIETHME TOMIBI, YTO AeJIacT aKTyaJlbHOM
MOITBITKY MX CYMMUPOBAHUS U aHAIM3a HAaKOIUICH-
HBIX pe3yJIbTaTOB.

JANOOPEPEHLIMPOBKA 3AYATKA
KOHEYHOI'O MO3T'A B PAHHEM
OHTOT'EHE3E ITO3BOHOYHBbIX

ITo xomy 3BOMIOLIMOHHOIO Pa3BUTUS Pa3HBIX TPYIIII
MO3BOHOYHBIX, CTPOSHUE KX TOJOBHOIO MO3ra MEHSI-
JIOCh IOJI, BO3AEUCTBHEM (haKTOPOB OKPYKAIOIICI cpe-
IIbI, o0ecIieunBasl MPUCIIOCOOJIEHHOCTb XMBOTHBIX K
MEHSIIOIIMMCSI 9KOJIOTMYECKUM OOCTOSITENbCTBaM. B
pe3yJibTaTe, KOHEUYHBIM MO3T CTajJ LEHTPOM MYJIbTH-
MOJAJIBHOM CEHCOPHOI OpraHn3ay, KOHTPOJIMPYIO-
LM OOTaThIi TTOBEICHYCCKUI perepTyap KMBOTHBIX
U yeJioBeKa.

Huddepenumponka 3ayatka [IITHC y mo3BoHOU-
HBIX HAUMHAETCsI Ha paHHUX 3TallaX OHTOTeHe3a B X0-
Jle HelipaJlbHOM MHAYKUMK. MccinenoBaHus ITOKa3bl-
BaIOT, YTO HEMPOIKTOAEpMAaIbHAS IUIACTUHKA, TIPE/I-
CTaBJISTIONIAST COOOM MEpPBUYHBINM 3a4aToOK Oymyleid
HHC yxe crpatmduinmpoBaHa Ha MOJCKYIIPHOM
YPOBHE IO MepenHe-3amHeil ocu. CorjlacHO Ipoco-
MepPUIECKOM MOAESIIN, OITMCHIBaIoNIe nuddepeHIIn-
POBKY F'OJIOBHOTO OTAeJIa HEPBHOM TPYOKHU MO Mepe-
He-3agHeil ocHu, MepBUYHBLIN IJIaH Mopdoyornde-
CKOTO CTPOEHUSI BKJIIOYAET IoApasjicjicHue 3adyaTka
Oyayliero Mo3ra Ha IepeIHuil, CpemTHU U 3aTHUMN
OTZAEJbI, C MPUMBIKAIOIIUM K HUM KayaaJabHO CIIUH-
HbIM oTnenoM (Puelles, Rubenstein, 2015). B manb-
HEMNIIeM 3T OTAEJIbI TTOApa3AeIsIoTCs Ha 6oJiee MeJl-
KM€ TTOJOTIEIIbI IT0I BO3IEICTBUEM CUTHAJIOB TaK Ha-
3BIBaEMBIX “BTOPUYHBIX OpraHm3aTopoB”’. B KauecTBe
TaKMX OPraHM3aTOPOB BHICTYMHAIOT PACHOJIOKEHHBIE

BEHTpaJIbHEl HEPBHOI IUIACTUHKU Me30IepMabHbIe
HOTOXOPI U MpeXopHajibHasl IUIACTMHKA, IIepeIHMNIA
Kpail HepBHOM IUIACTUHKM, OrpaHUYCHHAsT BHyTpUTa-
JTamMudecKast 30Ha (zona limitans intrathalamica, Z11),
paCIIOI0KEHHAS MEXIY TAJIaMyCOM U IIpeTalaMyCoM
M MepelieeK UJIu uCTMyc-opranm3aTtop (isthmic orga-
nizer, IsO), Ha rpaHuIle CpeIHErO U 3aJHEr0 OTIEJIOB
Mosra (mid-hindbrain border, MHB) (puc. 1). B pe-
3yJIbTATE MEPBUYHBIN 3aqHUI OTAE MTOAPA3AESACT-
csl Ha MeT3HIledalloH, BKJIIOYAIOIINN MO3XEY0K U
MoOCT U MmueneHuedanoH (medulla oblongata), cpen-
HUI OTHEJI OCTAaeTCsl €AUHBIM, a IIepEeIHUIl JOMEH
pasgelisieTcs Ha IPOMEXXYTOUHBIN M KOHEYHBINA OT-
neabl Mo3ra. JJopco-BeHTpaabHO ITPOMEKYTOUHBIN
MO3T B CBOIO OUYepeab MOoApa3aeisieTCsI Ha TalaMyC 1
TUIIOTAIaMyC, & KOHEYHBIA MO3T — Ha KOPY U MO~
KopKoByIo 30HY (Yamamoto et al., 2017).

B kauectBe MOp(hOreHoB BTOPMYHBIX OPraHM3aTO-
POB BBICTYITAaIOT Takue akTophl Kak Shh u Fgf8/Wntl,
BOBJICUCHHBIE B TUMOEPEeHINPOBKY IIEPEIHETO, IIPO-
MEXYTOYHOIO, CPEIHETO 1 YaCTU HeiipOMepOB 3aHETO
otnenoB (Viera et al., 2010; Danesin, Houart, 2012). B
MOIIePEeYHOM CEYEHUN B HEPBHOM TPYOKe KaK IPaBUJIO
BBIICJISIIOT YeThIpe cerMeHTa — Kphliia (roof plate),
JopcajibHbIii cerMeHT (alar plate), BeHTpabHbIIA cer-
MeHT (basal plate) u gHo (floor plate) (puc. 1). Jopco-
BeHTpaJibHas1 U depeHINPOBKA 3ayaTKa HEPBHOI
CHUCTEeMbl IPOUCXOIUT PaHO, YK€ Ha CTaAUU HEPBHOM
IUTACTUHKU, Y1 IO €T0 CBOPAYMBAHUS B HEPBHYIO TPYOKY
BBITJISIIUT KaK CTpaTU(OUKAIUS IIIACTUHKY B MEAMOJIa-
TepaJIbHOM TTOCKOCTH.

KoHeuHbIli MO3r MopdoJIorTuYecKu BIEpBbIE
000c00JIs1eTCsl B KaueCTBE BhIPOCTa Mpo3eHledalio-
Ha (3a4aTKa repeJHero Mo3ra IT03BOHOYHBIX) Ha Me-
peaHeM KOHIle HepBHOM Tpyoku. Ha 3ToT MOMeEHT,
MOp@dOJOTUYECKHN OYIYILINii KOHEYHBIII MO3T IIpe/-
CcTaBNIsIeT cOOOI TOHKUI, IO BCE BUIUMOCTH, €I -
HOOOpPAa3HbBIN TIACT HEHPOSIIUTEINAIBHBIX CTBOJIO-
BBIX KJI€TOK, KOTOPBII, B XOI¢ MOC/ICHYIOIINX aejie-
HUI TaeT Havajao HeiipoHaM U TJIMAJIbHBIM 3JIeMEeHTaM
Kopbl Oonbiiux Tonyinapuii (Taverna et al., 2014).
CTpoeHue KOHEYHOI'O MO3ra Y TIO3BOHOYHBIX KOHCEP-
BaTUBHO U Y IPEICTaBUTENIEH BCEX KJIaCCOB OH BKJIIO-
yaeT B ce0s 1Ba OTAesa: JopcajlbHbIi (Kopa Uiu naji-
JINYM) ¥ BEHTPAJIbHBIN (ITOIKOPKOBasi 30HA WU Cy0-
nauinym). Kopa cocTouT M3 4eThIpex OTIeJIOB:
MeIuaJibHbII NaaauyM (OyaylIrii TUTIIIOKAMIT), TOp-
CallbHBII najummyM (00pa3ylolInii Kopy), JaTepajib-
HEBI najummyM (Oyayiiasi o0OHsITeJIbHasI Kopa U 4acTh
MUHIQIMHBI) WM BEHTPAIbHBIN mayumyMm (Oymymias
orpaga mMo3ra M 4acTb MUHAAJUHEI). IlogkopkoBas
30Ha cocTtouT 13 telencephalic stalk, maTepaipHOTO M
MeIMaIbHOTO Oyropka, KOTOpbIEe AT Haydajgo Oa-
3aJIbHBIM TaHTJIUSIM CcTpUaTtyMmy 1 nmamnnaymy (Bachy
etal., 2002).

bazanpHble raHMyU, OPOAYLIMPYIOLIME WHIUOU-
topHble [AMK-3prudeckue HEMpOHBI — 3TO BBICOKO-

OHTOI'EHE3 TtoM 51 Ne 3 2020
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Puc. 1. (a) — HelipaibHass MHIYKIIWSI HEPBHOW TUTACTUHKU, €€ ToCJIeyIolliee CBOpaunBaHe B HEPBHYIO TPYOKY U JOPCO-BEH-
TpajibHas auddepeHIMPoBKa (MoIepeyoe CeYeHre). H — HOTOXOP/I, HIT — HepBHasl IJIaCTMHKA. (6) — cxeMa pacroJIOKeHUS
OpraHMU3allMOHHBIX LIEHTPOB (“BTOPUYHBIX OPraHM3aTOPOB”’) B 3a4aTKe IOJIOBHOTO MO3ra Mo3BOHOUYHBIX. ANR — mepenHuii
Kpaii HelipasibHOTO 3a4yaTtka (anterior neural ridge), ZLI — zona limitans interthalamica, I1sO — isthmus organizer Tiepeleex win
WCTMYCOBBIIf OpraHu3aTop, OHIT — 6a3ajbHasi YaCTh HEPBHOM IUIACTUHKM, KHII — KPbIIIa HEPBHOM I1acTUHKHU (roof plate),
H — HOTOXOp/, MIT — MpexopaajibHas IUIaCTUHKA. (B) — pacIOJ0XeHHWEe OTIeJI0B MO3ra Ha CarMTTAJIbHOM CPe3e TOJIOBHOTO
OTIeJIa 3apoJIbIia eBporieiickoil peaHoit MuHoru (Lampetra fluviatilis) na cramnu 27 (1o Tahara, 1988), KM — KOHEYHBII MO3T,

M — TIPOMEXYTOUYHbIA MO3T, CM — CPEIHUI MO3T.

KOHCEpPBAaTUBHbIC CTPYKTYpbI, KOTOpbIE IO JaHHBIM
KOMIUIEKCHBIX MCCIIEMOBAaHWM, BKITIOYAIOIIMX aHAIN3
KJIETOYHOUM MOP(DOIOTHN M KCIIPECCUM HeiipoTpaHC-
MHTTEPOB TeHOB PaHHETO Pa3BUTHS, OBUIM OITMCAHBI Y
BCEX HbIHE KMBYIIMX MO3BOHOYHBIX. KileTKy 3ayaTka
JIOPCATTLHOTO OTAEJIa — KOPBI — SIBJISIIOTCSI KCTOYHUKOM
aKTUBATOPHBIX TIyTAMaTIPIUIeCKNX HelipoHOB. [Ipu
5TOM, B OTJIMYME OT KOHCEPBATMBHBIX CTpUATyMa W
MajutuayMa, CTPYKTYpbl KOpbI 3HAUMTEJIbHO Oosee
SBOJIIOIIMOHHO JIAOWJIBHBI y Pa3HBIX TPYI ITO3BO-
HouHbIX (Briscoe, Ragsdale, 2019).

IMpocTpaHcTBeHHas AuddepeHInpoBKa KOHEY-
HOTO MO3ra peryjJupyeTcss OpraHU3allMOHHBIMU
LICHTpaMX W TPAHCKPUIILMOHHBIMU (aKTOopaMHu,
KOTOphIe HanboJjiee TOJTHO MCCIEIOBAHBI Y MIIEKO-
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nutatomux (Hebert, Fishell, 2008; Kiecker, Lums-
dem, 2012).

MOJIEKVYIJIAPHBIE OCHOBBI
ANODEPEHUMPOBKHM KOHEYHOI'O MO3TA

IMpuHsaTast Ha CETOMHALIHUI TeHh MOJIETh MHIAYK-
LIMM KOHEYHOTO MO3ra BKIIIOUAET B ce0s CIeayIoLIe
MOCTYJIAThI:

— HepBHas mnacTuHKa GOpMUPYETCS U3 HAUBHOM
SKTOIEPMBI yTeM UHIYKIINHU, IJ1sI KOTOPOIi TpeOyeT-
csa marnonposane BMP 1 TGF-beta curHambHBIX
KacKaJoB.

— WMunynmpoBaHHas HepBHAsl TKaHb U3HAYATBLHO
OpHEeHTHpOBaHa Ha b GepeHIIMPOBKY IT0 TIepeaHe-
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My (aHTepHOpHOMY) TIyTH (TaK Ha3bIBaeMasi MOIETb
WHIYKOIUY “TI0 YMOJTYaHUIO ).

— IlongmepxaHue BO3MOXHOCTU IUMPdHEpeHII-
POBKHU KJIETOK MO aHTEPUOPHOMY THUIIY 3aBUCHUT OT
AKTUBHOCTU aHTAarOHWCTOB 3aJHUX CUTHAJIOB, KOTO-
pble, B CBOIO Oodepedb, HAMPaBISIOT auddepeHIIn-
POBKY o noctepruopHomy tuity (Andoniadou, Mar-
tinez-Barbera, 2013).

Kiaccuueckas mopenp HelpallbHONM WHIYKIIWUU,
BKJTIOUAs TIOHSATHE “opraHm3aropa” OepeT cBoe Ha-
gango ¢ skcniepumenToB I. Illmemanna n X. MaH-
rOJbJ 110 MHAYKIIMU TOTOJHUTEILHOIO KOMILIeKCca
OCEBBIX CTPYKTYp MpPU MepecanKke T0pCaTbHOI TyObl
GJacTonopa OJHOTO 3apojiblilia B BEHTPAJIbHYIO 00-
JacTh Apyroro 3aponbilia amuodbuii (Spemann,
Mangold, 1924). OpraHuzaTop 31ech NMpeacTaBiseT
CcO00I1 TPyIIy KJIETOK, CIIOCOOHYIO MHIYIIUPOBATh Y
peluMIIMeHTa pa3BUTHE MOJIHOII OCH Tejla, BKJIIOYast
HEPBHYIO IUIACTUHKY, a TaKXKe CTUMY/IMPOBATh KOH-
BEPreHIINI0O W BBITSTUBAHME IIPWICTAIOIINX TPYIIIT
kinerok (Harland, Gerhard, 1997; Ariaz, Stevenson,
2018). MonexkynsgpabIil aHanu3 LImemMmanHOBCKOTO Op-
raHuzaTopa (IopcajlbHOI I'yObI OJIacTOnOpa) y 3apObl-
LIEH IIMOPLEBOM JIATYIIKY TT0Ka3aJl, YTO OH BbICTYIIAET
B KaueCTBe MCTOYHMKA CUTHAJIbHBIX (haKTOPOB U €ro
VHIYKTUBHBIN TTOTEHILIMAN OTpaXkaeT aKTUBHOCTh 3TUX
(aKTOpOB. DTUMU CUTHATBHBIMU (haKTOPAMU SIBIISTIOT-
cst unruontopel BMP, Nodal 1 Wnt curHaibHBIX Kac-
kanoB (De Robertis et al., 2001). CtpykTypbl, o01ana-
OIIYe WHAYKTUBHBIM IMOTEHIIMAJIOM, HAIlOMMHAlO-
IIMM OpraHu3aTop am¢uouii ObUTM 0OHAPYKEHBI U Y
JIPYTUX II03BOHOYHBIX — TIE€H3EHOBCKUI Y3€I0K Y
MTULL, SMOPUOHAJIBHBII IIIUTOK Y PHIO, Y3€JO0K y MJle-
konuTtaomux. OMHAKO B XOAE SKCIIEPUMEHTOB, OKa-
3aJI0Ch, YTO HE BCE OPraHM3aTophbl 00JIamaloT II0JI-
HBIM CHEKTPOM MHIYKIIMOHHBIX aKTUBHOCTEI, KaK B
clydae opraHuzaropa y am@uooii. Tak, nepecagka
3apOIbIIICBOIO y3eJIKa Y MbIILIeit MOXeT MHIYLUPO-
BaTb JIMIIb Pa3BUTUE HEMOJHON OCH, 6€3 KOHEUHOTO
mosra (Beddington, 1994). Beuio BbISICHEHO, YTO IIsI
WHIYKIMYA TOJHOLEHHONM OCU TpeOyeTcsl IIPUCYT-
CTBUE IIepemHeil BuclepanbHOil sHmoaepmbl (ITBD)
(Thomas, Beddington, 1996). Oxa3sanock, uro I1BD
COIEPKUT TPYMILy KJIETOK, mruddepeHUINPYIOIINXCS
emie 10 ¢OpMUPOBAHUS IEPBUYHOM MOJOCKU M 3KC-
MIPECCUPYIOIIMX TeHbI, HEOOXOMUMbIC TSI MHIYKIINNA
TEepeTHETOJIOBHBIX CTPYKTYp, Takne Kak Otx2, Lhxl,
Foxa2, Cerl, Leftyl, Dkkl (Andoniadou, Martinez-
Barbera, 2013). Ananorom I1B3D y nTtui ssBisieTcst TM-
MoGJacT, y pbl0 — JOpCaJIbHbIM CUHUMTUAIbHBIN
cJIol, y aM(puOUii — 3KeJITOYHbIE KJIETKU BereTaTUBHO-
'O MOJIFOCA, YTO YKa3bIBaeT Ha BEPOSITHYIO KOHCEepBa-
TUBHOCTb POJIM 3TUX CTPYKTYp B 3apoasbiirax. Ha ce-
TOAHSIIIHUIA AeHb TOYKA 3PEHMsI O BaxKHOI PO
I[1BD B muddepeHIUpPOBKe IIEpeaHeil YacTU HEepPB-
HOM IUIAaCTUHKU siBJIsieTcs obimenpuHsaTon (Wilson,
Houart, 2004; Andoniadou, Martinez-Barbera, 2013).

I1pu sTom, curHanel I1BD B3auMoneiiCTBYIOT C Apy-
TAMU CUTHAITBHBIMU LIEHTPAMU, TAKAMU KaK BBIIIE-
OMUCAHHBIE TACTPYJSIIMOHHBIE OPTaHU3ATOPHl U
oceBass Me30[IepMa, BEHTPAIBLHO ITPUMBIKAIOMIAS K
HepBHOM m1acTuHke. COBOKYIHAasi aKTUBHOCTb 3TUX
CUTHAJIbHBIX LEHTPOB 3allMIIAET MEePEeIHION YacTh
HEPBHOM IJIACTUHKHW OT BO3AEUCTBUS MOCTEPUOPU-
3YI0IIMX (paKTOPOB.

[MokazaHo, yTo mns1 HelipaabHOU AUddepeHLI-
POBKM TIO TIepeaHeMy THUITy TpebGyeTcs ImomaBiieHUe
BMP, TGF-beta Wnt/beta-catenin curHaaIbHBIX Kac-
kanos (Watanabe et al., 2005). DTa Touka 3peHNs HaIIa
CBOE MOATBEPKIEHNE B UCCIIEIOBAHMSIX OCOOEHHOCTEM
BSKCIPECCUU TeHOB U 3KCIIEPUMEHTAX 110 MOIYJISILIUA
MX aKTUBHOCTH TTOJTyY€HHBIX Ha TIPeICTaBUTEISIX PbIO,
MTUL], MJIEKOMUTAIOLIUX U, B TIEPBYIO O4Yepelb, aM-
¢ubwmii. BpTO MOKa3aHO, YTO KJIETKA aHUMaJIbHOM
9KTONEepPMbl aM(pUOUil, B OTCYTCTBHE BHELIHUX CUT-
HaJIOB UM dEepeHIIUPYIOTCS B MIEPSIHION Helpallb-
Hyio 3kTonepMmy (Grunz, Tacke, 1989), uro u GbLIO
Ha3BaHO “MHAYyKIUEH mo-ymMonyaHuio”. OmHako, Ipu
00paboTKe TakMX KJIeToK (pakropamu BMP, ripoucxo-
nmia ux auddepeHIIMpoBKa 1o SIUACPMATBHOMY TTy-
™ (Wilson, Hemmati-Brivanlou, 1995), yro moarsep-
KIajao BaXXHOCTh nonasieHuss BMP anraronucramm,
SKCITPECCUPYIOIIMMUCS B IINEMaHHOBCKOM OpraHU-
3arope (pakropsl Noggin 1 Chordin), mis Helipaab-
Holt nHaykuuu. OTKkpbiTHe 0enka Cerberus, obi1ana-
IOIIIETO CITOCOOHOCTBIO C OJIHOM CTOPOHBI MHTMOUPO-
BaTb curHajibHble myTu BMP, TGF-beta Wnt/beta-
catenin, a ¢ APyro — WHAYLIMPOBATH MOJTHOLICHHBIE
oceBble cTpyKTyphl (Piccolo et al., 1999) mokasano,
YTO MHTUOMPOBAaHUE 3TUX TPEX CUTHAIBHBIX ITyTeil
BaXXHO JUIST HOPMAJIBHOM TTepeaTHeTOI0BHOM nudde-
PEHIITMPOBKMU.

Bri10 mokazaHo, 4To MOJeKyabl Wnt OKasbIBalOT
MOCTepUOPU3YIOLLIEe BIUSIHUE HAa HEMPAJIbHYIO TKaHb.
Tak, y ampubuii HabII0maeTCs rPagueHT YPOBHS aK-
TUBHOCTU Wnt Kackaia ¢ MUHUMYMOM B TOJIOBHOI1 ya-
ctu 3apoabia (Kiecker, Niehrs, 2001), uro cornacyer-
csl C JAaHHBIMU Ha MJIEKOMUTAIOIINX, I1Ie TAaKWUe MUILIe-
Hu Wnt/beta catenin Kackaga, Kak reHbl Axin2 u SpJ5,
9KCIIPECCUUPYIOTCS B 3aJIHEM U OTCYTCTBYIOT B Tiepe/-
Hel Jyacth HepBHOM TutactiHKU (Andoniadou et al.,
2007). Y puIO MTOBBIIIEHHBIN YPOBEHb aKTUBHOCTU
Wnt kackaga mpuMBOAUT K AuddepeHIMpoBKe 3a-
yaTka Oyayllero KOHe4YyHOro Mo3ra M TKaHei riia3a
Mo TyTU TIPOMEXYTOUHOro otaesia Mosra (Heisen-
berg et al., 2001).

B xadectBe aHTaroHmcroB Wnt Kackama OBLIM
OINMMCaHbl JIBA PAHHUX IIePEIHETrOJIOBHBIX IeHa —
Anf/ Hesx 1 n Six3, nogaBlieHUe 3KCITPECCUN KOTOPBIX
MMPUBOAUT K PEIYKLIMU CTPYKTYp KOHEYHOTO MO3ra
(Zaraisky et al., 1992; Dattani et al., 1998; Lagutin
et al., 2003).

Hpyrumu pakTopamMu, 06J1agaloIMMHI ITOCTEPHO-
pU3YIOIIEe aKTUBHOCTBIO SIBIISTIOTCS PEeTUHOEBAs
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kuciota (Maden 1999) u ¢akropsl cemeiictBa FGF
(Mason, 2007).

[Ipu 3TOM BaxXHO OTMETHUTh, YTO PSII UCCIEIOBA-
HUii yka3beiBaeT Ha HeooxonuMocTth FGF u Wnt cur-
HaJIOB IJIS CaMbIX paHHUX 3TAIlOB HEWpaJIbHOM WH-
OYKIIUM €Ille Ha CTaIuM TacTpyJbl, a IOCJIeIyIoIIee
nHTONpoBanne BMP curuama 3akperuiser yxe
COCTOSBIIYIOCS HelipanbHYI0 ITHU(PEepeHIUPOBKY
(Streit et al., 2000; Linker, Stern, 2004; Wilson
et al., 2001; Wilson, Houart, 2004).

Paznuunst ”THOIYKTUBHBIX MEXaHU3MOB Y IIPEACTa-
BUTeJIeil pa3HBIX KJIACCOB TTO3BOHOYHBIX BCTPEUYAIOTCS
U B OTIEJBHBIX acleKTaxX HerpasibHO# auddepeHim-
poBku. Tak, cormacHO TpaaULIMOHHONW MOAEJIN, HOTO-
XOpI, B KayeCcTBe IIEPBMYHOrO WHAYKTOpPA, MOCPE-
CTBOM aKTUBHOCTH CEKPETUPYEMOTO TPAHCKPUITIITUOH-
Horo dakrtopa Shh, 3amyckaetr (popMupoBaHHE THA
Oynyleil HepBHOM TPYOKU a 3aTeM U €€ JOPCO-BEH-
TpaibHYIO cTpaTHUdUKanoo. OQHAKO ObLIO ITOKa3a-
HO, YTO Yy IITHUII 9KCIIpeccus Shh B 3a9aTKe JTHA HEPB-
HOIM TpyOKe OGHApYKUBAETCS paHbIIIEe, YeM B HOTO-
XopAe, 4YTO TpeOyeT YTOYHEHUS U, BO3MOXHO,
nepecMoTpa CylleCTBYIOlIEH MHAYKIIMOHHOM MoJe-
g1 (Kremnyov et al., 2018).

ITomoOHBIC pa3anuns GyHIAMEHTATbHBIX OHTOTEe-
HETNYCCKUX ITPOLIECCOB Y HpC[[CTaBI/ITeHeﬁ Pa3HbIX
KJIaCCOB MO3BOHOYHBIX AEJAlOT aKTyaJlbHBIMM TIO-
MBITKY UCCJIEA0BaHMI 0a30BBIX PETYISITOPHBIX MeXa-
HU3MOB Yy TIpECTaBUTEJICH SBOJIOLIMOHHO JAPEBHUX
TPYII, ¥ KOTOPBIX C OOJIBIIOMA HOJE BEPOSTHOCTU
MO3IJIA COXPAHUThCSI MATTEPHBI, IPUCYIINE TTPEIKO-
BBIM (pOopMaM.

noaxXoAbl K BOCCTAHOBJIEHHIO
OBOJIOIITMOHHOUN NCTOPUHN
KOHEYHOI'O MO3TA

DBOJIIOIIMOHHOE TIPOUCXOXIEHUE CTPYKTYp KO-
HEYHOTO MO3Ta MO3BOHOYHBIX TOJITOE BpEMS OCTaBa-
Jochk HesicHbIM (Pani et al., 2012).

Mopdonorndyeckue OTIAYUS ITO3BOHOYHBIX OT
0ECITO3BOHOYHBIX BEJIMKM, 1 y MOCJIETHUX HEe OOHA-
PYXEHO CTPYKTYP, OUEBUIHO TOMOJIOTUYHBIX T'OJIOB-
HoMy Mo3ry TTo3BoHOUHbIX (Briscoe, Ragsdale, 2019).
YV MHOTHX 0€CITO3BOHOYHBIX HET IEHTPAIIM30BaHHOMN
HEPBHOM CHCTEMBI, a IPOBEIEHHBIN IMPOKOPOp-
MaTHBIM CpaBHUTEIbHBIN aHAJINW3 MOKa3all, YTO LIEH-
TpajJu3alys HEPBHOW CUCTEMBI Y KOJIbYAThIX YEPBEH
1 YJIEHUCTOHOTUX C OJHOM CTOPOHBI Y [TIO3BOHOYHBIX
¢ Apyroii mpoucxonuin He3aBucuMo (Martin-Duran
et al., 2018).

Hcropudecku, OCHOBHBIM METOIOM PEKOHCTPYK-
LIMY MPEIKOBBIX (DOPM TPaIMLIMOHHO SIBJISLIACH CPaB-
HuTenbHass Mopgdosiorusi. OHa JOMOJHWIACH CpaBHE-
HHEM OCOOCHHOCTE M SKCITPECCHH PETYIIITOPHBIX TEHOB
M MEXaHU3MOB pa3BuTUs (evo-devo), a Takke TaKIMU
YCOBEPIIICHCTBOBAHHBIMA MOPMOOIOTUIECKUMU  TIOM -
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XOJAaMHU, KaK aHAJIU3 CEpUil CPe30B Ha 3JICKTPOHHOM
MUKpocKore (serial transmission electron microscopy,
TEM) ¢ mociemyiolmmM BOCCTAaHOBICHUEM OOBEMHOM
CTPYKTYPBI U KOH(OKATIbHAS MUKPOCKOITASI MEUEHBIX
criennpUIeCKNMM aHTHUTEJIaMH 00pa3IIoB.

Eme ongyH 13 MOSIBUBIIMXCS B TOCJIEIHEE BpeMs
noaxomoB — uiocTpaTurpadusi, Mucciaemyolas
9BOJIIOIIMOHHOE IIPOUCXOXICHNE T€HOB, SKCIIPECCH-
PYIOIIMXCS B TOI WJIM MHOM CTPYKType MO3Ta IO3BO-
HouHbIX (Domazet-Loso, et al., 2007; Sestak et al.,
2015). IToxyyeHHBIE METOJAMU CPABHUTEILHOI T€HO-
MUKHU JaHHbIE MO3BOJISIIOT OLIEHUTh Ha KaKOM 3Talle
BOJTIOLINU ObLJI ChOPMUPOBAHBI TEHETUYECKasT TTPE/I-
TOCBUIKY JIJIsI TIOSIBJICHUSI ONPEIeICHHON CTPYKTYPHI.
B yacTtHOCTHM, KOIa Takoi MOAXoM ObLI MpEeMEHEH K
aHaJIM3y TEHOB, 3KCIPECCUPYIOIIUXCSI B OTOEJaX U
CTPYKTYpax MO3ra IO3BOHOYHBIX, ObLIO YCTAHOBJIEHO,
YTO MUK MOSBJIEHUSI HOBBIX T€HOB IJISI MO3Ta B 1IEJIOM
(BKTIO9asI mepeTHUI CpeaHUI U 3a0HUI OTACIIBI) Ha-
OrogaeTcs y JIaHLIeTHUKA. B To Xe BpeMs, eciin AeTa-
JIM3MPOBATh aHAJIM3 TEHOB KOHEYHOTO MO3ra, pa3ie-
JIMB ¥IX Ha OOpCaJIbHBIA Y BEHTPAJIbHBII OTHEIBI, TO
T€Hbl BEHTPAJIbHOIO TeJIeHIle(daloHa B OCHOBHOM
MOSBUWJIMCH Y JIAHLIETHUKA, XOTS IOIIOJHUTEIbHBIC
MUKW HAOIIOMAIOTCS U MO3Xe — Y OECUETIOCTHBIX U
KOCTHBIX pbI0. '€eHbI TOopcaqbHOTO OTAEa KOHEUYHO-
ro MO3ra aKTUBHO TOSIBUJINCH YXe Y TTO3BOHOUHBIX.
Ha ocHOBaHUM Takoro aHaJin3a MOXHO CJieaTh BbI-
BOJI, YTO OOJIBIIMHCTBO T€HOB, BOBJICUEHHbBIX B pa3-
BUTHE MO3Ta ITI03BOHOYHBIX MHOSBWJIMCH y OOIIETO
npeaka becuepennHbBIX U II03BOHOYHBIX. M cKITIoueHne
COCTaBJISIOT JIMIIIb TeHbI TOPCAILHOIO OTAeIa KOHEeY-
HOTrO MO3Ta, MHOTHE U3 KOTOPBIX MOSBUINCH yKE Y
no3BoHouHbIX (Holland, 2015).

IlepenHe-3agHsIs1 1 DOPCO-BEeHTpaabHAast MOpPdO-
Jnorudeckast nuddepeHuunponka [LIHC y kaxnoro us
MOMEIBbHBIX O0BEKTOB YK€ Ha paHHMX 3TallaX pa3Bu-
THSI XapaKTepU3yeTCss OCOOCHHOCTSIMHU SKCIIPECCUU
crieunpuIeCKNX ITeHOB-MapKepoB, UTO IIPUBEIO K
MOSIBJICHUIO KOHILIEIIINY reHoapxuTeKTyphl (Puelles,
Ferran, 2012). Dta pa3sMeTrka Ha MOJIEKYJSIPHOM
YPOBHE OTMeYaeT I'paHUIIbl HeiipOMepOB, YaCTO COB-
najgarmolyMe ¢ CerMeHTalueili Ha aHaTOMUYECKOM
ypoBHe. Bricokasi creneHb KOHCEpBaTU3Ma CerMEeH-
TallMy TOJIOBHOTO MO3ra y pa3HbIX I'PYIIN MO3BOHOY-
HBbIX KaK Ha MOP(OJOrMYecKOM U MOJIEKYJISPHOM
YPOBHE YKa3bIBaeT Ha TO, UTO IJIAH CTPOCHUSI U €ro
TeHeTUYeCcKasi OCHOBAa 3TOM CTPYKTYPBI C(POPMUPO-
BaJIMCh Y OOIIIETO MpeaKa TPYIHIbI.

OmHUM 13 OCHOBHBIX ITyTeii MpU PEKOHCTPYKLINHU
3BOJIIOLIMOHHO 0a30BOro IJjaHa CTPOEHUS OTIEC/Ib-
HOI1 CTPYKTYPHI SIBJISICTCSI UCCJIEJOBaHUE OCOOEHHO-
CTell BKCIPECCUU OPTOJIOTOB KIIIOYEBBIX TEHOB Map-
KEPOB 3TOil CTPYKTYphl Y pa3HbIX IPYII IIO3BOHOY-
HBIX M WX OnmXaimmx poacTBeHHMKOB. Hawnbosee
OJIM3KUMM IpyNIIaMU K TO3BOHOYHEIM SIBJISIIOTCSI Ta-
K1e IIPEACTAaBUTENIM XOPHAOBBIX KaK OecuepemnHble
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(TJaHLIETHUKK) U OOOJIOUHMKU. B mociegHue romsl
MOSIBMJIOCh MHOTO HOBBIX JAHHBIX 00 OCOOEHHOCTSIX
SKCIPECCUU PETYIITOPHBIX T€EHOB B PAaHHEM pa3BU-
TUU 3TUX TPYIII, KOTOPbIE Mbl 1 pACCMOTPUM HITXKE.

[TOMCK I'OMOJIOI'OB KOHEYHOI'O MO3T'A
Y BECYHEPEITHBIX 1 OBOJIOYHHNKOB

Ty XopmoBBEIX BKITIOYAET B ce0sI TPU IMOATUIIA —
oecuepenHbix (Cephalochordata), 060109HUKOB (Tu-
nicata) u no3BOHOYHbIX (Vertebrata).

Bcex mpencraBuTesieil TUIIA XOPIOBbIX OObEIUHSIET
HaJIMuMe Me30JIepPMaJIbHOTO TsKa — HOTOXOpIa, XBO-
CTOBOTO (IMOCTAaHAJIBHOTO) OTHEeNa Telda W JTOPCATbHO
paCITOJIOXKEHHOM HEpPBHOM TPYOKW. DBOJIOLIMOHHAS
IUBEPTEeHITNS TPeX TPYIII XOPOIOBBIX POM30IIIIa OKO-
710 550 MutH et Hazan (Putnam et al., 2008).

IMoaTun GecyepenHBIX WM JIAHLIETHUKOB BKJITIO-
yaeT 23 BUAa MOPCKHUX XKUBOTHBIX. BHellIHe aH1eT-
HUKM TTOXOXM Ha PbIO, HO HE UMEIOT KOHEUHOCTEMH,
YeII0CTel 1 MapHbIX CEHCOPHBIX OPraHoOB, XapaKTep-
HBIX JJIsI TIO3BOHOYHEBIX, 110 TUIY OUTaHUSI — (PUIb-
TPaTOpPHI.

CexkBeHUpOBaHME TeHOMa (PIOPUACKOTO JaHIIET-
HuKa Branchiostoma floridae moxa3ajno BBICOKHIA ypO-
BEHb €r0 CUHTEHUM C TeHOMaMU IT03BOHOYHBIX. [1po-
BEISHHOE CpaBHEHME TakKe MOATBEPAWIO HICIO,
BIIEpBbIE BhIicKazaHHY10 B 1970 r. Ohno o nByx payH-
JIaX TIOJTHOTEHOMHOM AyTUIMKALMU, ITPOU30LIEIIICH
Yy MMO3BOHOYHBIX. YacTh TOMOJIHUTEIBHBIX KOTUIA Te-
HOB, MOSIBUBLLIUXCS TIPU TOM OYTUIMKALIMU ObLIU BITO-
CJISICTBUM yTpayeHEI, HO TeHbI, y4aCTBYIOIIME B pa3-
BUTUU W KOOUPYIOIINE CUTHAJIbHbIE OEIKU B Macce
CBOEI COXPaHWJIUCH, 1, BIIOJIHE BEPOSITHO, TTIOCITYKI-
JIM TeHeTUYeCKMM (PyHIAMEHTOM O0SCIIEYMNBIIIMM I10-
SIBJICHUE W TIOCJICOYIOIee pa3BUTHE CIIOXKHOCTPYKTY-
PUPOBAaHHOTO MO3Ta O3BOHOYHBIX.

OTcyTcTBME T€HOMHOWM NYIJIMKAIlMUM U MEMJIeH-
Hast CKOPOCTb 3BOJIIOLIUHU TTO3BOJISIIOT pacCCMaTpUBaTh
OecuepernHbIX KaK IpyIIny, OJU3KYIO IO CTPOSHUIO K
npeakoBsIM popmam xopaoBbix (Holland, 2015). Ho-
MOJTHUTEbHOM TTOAAEPXKKOM TaKOTO B3IJISIAA BBICTY-
MaroT UcKoraeMbie (popMbl, Takue Kak Haikouella, B
3HAYUTEJIbHOW Mepe CXOMHbIe C JIAHLIETHUKOM, HO
o0J1anaBliive MapHbIMU [J1a3aMU M CPAaBHUTEIBHO OOJTb-
mmMHu pa3Mmepamu moara (Morris, Caron, 2014).

Ha nepennem Kpae HepBHOM TPyOKM JIAaHIICTHUKA
pacnoJjiaraeTcs yToJleHue — MO3TOBOM ITy3bIpb, KO-
TOPBIA MOP(POJIOrMYECKM MUMEET He TaK MHOIo 00-
IIUX YePT ¢ OTAeJIaMU FOJOBHOIO MO3Ta MO3BOHOY-
HbIX. OmHAKO IIpU aHaJIMU3e MAaTTEPHOB BKCIIPECCUU
KOHCEPBATUBHBIX PETYISITOPHBIX I'eHOB OBLJIO ITOKa-
3aHO, YTO OMNpEIeJICHHbIC TOMOJIOTUYHEIE YEPThI C
MO3TOM MO3BOHOYHBIX UMEIOTCS. DTO 3aJHUIT OTHE,
MIPOMEXYTOYHbBIIA MO3T C TOMOJIOIOM MUHEATIbHOTO
opraHa, 1, BO3MOXHO, MaJIEHbKHUIA ITO pa3Mepy Cpeli-

HUIA MO3I, KOTOPbII MOJYy4aeT CUTHAJbI OT (DPOH-
TanbHOTO T71a3a (Toresson et al., 1998).

Anatomunyecku [THC naHlieTHUKA HE UMeET BbIpa-
>KeHHOM CerMeHTalluy, 3a UCKJIIOYeHUeM 3aJHeil rpa-
HUIIEI MO3TOBOIO ITy3bIpS M IIepeaHe-3aaHsIsT MapKu-
POBKa OOBIYHO MPOM3BOAUTCS IO COMUTaM, KOTOPBIE
TSIHYTCSI IO CaMOro IepeIHero Kpas teja. Jlokazareinb-
CTBOM HAJIM4MS Y JJAaHIIETHMKA TOMOJIOTa 3aIHETO OTIe-
JIa MO3Ta SIBJIsIeTCST OOHapykKeHHast aKcrpeccust Hox re-
HoB (Shubert et al., 2006). AHAIM3 TTATTEPHOB SKCITPEC-
CHU PETYJIITOPHBIX T€HOB MOKa3aJl, YTO Y JaHIIETHUKA
MPUCYTCTBYIOT, 10 KPaHEN MEPE YACTUYHO, TEHETUYE-
CKME MEXaHU3MbI, IETEPMUHUPYIOIIE TP OCHOBHBIX
OpraHU3allMOHHBIX LIEHTpa (BTOPUYHBIX OPraHU3aTo-
pa) Mo3ra MOo3BOHOYHBIX — MepeAHUI HEPBHBIN BAJIUK
(anterior neural ridge, ANR), zona limitans intrathalami-
ca (ZLI) u rpaHuviia MeXIy 3aIHUM U CPETHUM MO3TOM
(MHB). INepenumnii kpait IIHC y maHueTHNKA, KaK 1y
MO3BOHOYHBIX, 3KcmnpeccupyeT DIx5, FoxGl, Fgf§
(Holland et al., 1996; Bertrand et al., 2011).

Ha ocHoBe npoBeIeHHOTO UcClIeI0BaHUST OCOOEH-
HOCTe 3KcIpeccuu 48 MapKepHbIX T€HOB JIAHLIETHU -
Ka, TOMOJIOTUYHBIX OMMCAaHHBIM PETYJISITOpaM pa3BU-
THSI TOJIOBHBIX CTPYKTYP IO3BOHOYHBIX ObLIA IIPEIJIO-
XKeHa cxeMa pasfelieHUsI 3adaTka €ero HEpBHOM
CHCTEeMBI Ha 2 pernoHa — nepeaHnii Ofx-1oNI0XNUTEIIb-
vb1ii (ARCH, archencephalic prototagma) u 3agHuii,
askcnpecupyrommii Gbx (DUE, deuteroencephalic pro-
totagma). Y 103BOHOYHBIX IpaHUIIA MEXIY 00JacTsI-
MM 3KCIPECCUU ITUX T€HOB OTMEYaeT OAUH U3 BaXK-
HBIX BTOPUYHBIX OPTaHU3aTOPOB — I'PAHUILY CPEIHETO
u 3agHero otaenos Mo3ra (MHB). Ilepennuit (Otx+)
JIOMEH IIPpU 3TOM MOKET OBITh B CBOIO OYepeab ITO/I-
pasaesieH Ha OCHOBE 3Kchpeccuu reHoB Fezf u Irx.
Kak 1 y TO3BOHOYHEIX, Y JIAHIIETHUKA 3KCIIPECCUs
Fezf obOHapyxXuBaeTcs B caMoOil IIepeaHeil 4acTu
HEpBHOM TpyOKM HAa paHHUX CTagUsIX ee (hOpMUPOBa-
Hus. C3aau K 3TOMY TOMEHY, IIPUMEPHO II0CEepeINHE
MO3TOBOTO ITy3bIpsI IIpUJIETaeT 00JIaCTh SKCIPECCUU
Irx. WccnenoBaHusi, IMpoBeACHHBIE HA IO3BOHOY-
HBIX, TTOKa3aJjii, YTO rpaHMIla 00JacTeil SKCIIpeccuu
Fezfu Irx maet Havya10 BAXKHOMY OpraHU3allMOHHOMY
LEeHTPY Ha TpaHUIIe TIpeTajamyca U Tajamyca — ZLI
(Scholpp et al., 2007; Rodriguez-Seguel et al., 2009).
ITpu 3TOM TrOMOJIOTHST 3TOM OOJIACTU Y JIAHLIETHUKA U
MO3BOHOYHBIX HE SIBJISIETCSI ITOJTHOM, MOCKOJIBKY 3KC-
MPECCUPYIOLINIACS B 3TOI O0JIACTH Y JIAHLIETHUKA TeH
engrailed y mO3BOHOYHBIX OOHAPYKMBAETCsI Ha TPaHULIE
cpenHero u 3agHero otaenon (Castro et al., 2006).

ITo pesynbTataM aHajauW3a T€HOAPXUTEKTYPHI Me-
penHeil yacTM MO3TOBOIO ITy3bIpsl JaHIIETHMKA Ha
ctagumn Helipysbsl (7 comutoB) Albuixech-Crespo u
COaBTOPBI Ha3bIBAIOT Fezf MONOXUTEIbHYIO 00JIaCTh
runotajgamo-TpetaiaMmuyeckuM 3auatkoM (HyPTh),
a mpujerapllnuii K Heit c3any Irx-IoJd0XKUTEIbHBIA
IIoMeH — AusHIledano-mMe3eHledaTnyeckuM 3a4aT-
koM (DiMes). B cBoio ouepensp, IepeqHUiA U3 TOMe-
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HoB (HyPTh) momonmHuTenbHO moppasnesisieTcss Ha
TPM 30HBI 1O TIepeiHe-3aaHell OCU. ABTOPbBI MMPUXO-
JISIT K BBIBOAY, YTO HauOoJiee MepeaIHU 13 OTACIOB
MO3TOBOI0 My3bIPs1 JIAHILIETHUKA COOTBETCTBYET 3a-
yaTKy MNepeaHero OoTAejda MPOMEXYTOUYHOIO0 MO3ra
nmo3BoHOYHBIX (Albuixech-Crespo et al., 2017). Otot
BBIBOJI, COTJIACyeTCsl C JOMUHUPYIOIIEN Ha CETOMHSIIII-
HUI N€Hb TOYKOM 3pEHUS, COTJIACHO KOTOPOH, y CO-
BPEMEHHBIX OecUyepemnHbIX (U, C OOJBIION noJeil Be-
POSITHOCTU Yy MPEIKOBBIX (DOPM XOPAOBBIX) B Kaye-
ctBe TiepenHero otmena ILIHC BpicTymaeTr romosor
MPOMEXYTOYHOTO OT/e/la MO3ra TO3BOHOYHbIX, a KO-
HEYHbBI OTIeJ MO3ra MOSIBISETCS B 9BOJIOLIUU 03~
JKe, TOJIbKO Y TIO3BOHOUYHBIX. Takke oTMeuaeTcs, 4To
IMPOMEXXYTOUYHbIN M CpEIHUI OTAEIbl MO3TOBOTO My-
3bIpsl JIAaHLETHUKA, TOMOJIOTUYHBIE COOTBETCTBYIO-
IIIUM OTAEJaM MO3Ta MO3BOHOYHBIX pa3BUTHI cyiabo,
COCTOSIT JIUIIb U3 IBYX PSIJIOB KJIETOK, 9KCIIPECCUDPY-
omnx Pax4/6. DToO MOXET CBUICTEIBCTBOBATH 00
9BOJIIOIMOHHOM €IMHCTBE T'OMOJIOTUYHBIX 3TOMY
CEerMEHTY OTIEJIOB MO3Ta MO3BOHOYHBIX — TajaMyca,
nperektyma U cpenHero mosra (Albuixech-Crespo
etal., 2017).

ITockonpky muddepeHIIMpoBKa HEPBHOM CUCTE-
MBI y JIJAHIIETHUKA, KaK M Y TI03BOHOYHBIX, TIPOMCXO-
AT Ha paHHUX 3TallaX OHTOTeHe3a, B KaueCTBe OObEK-
TOB UCCAEAOBAaHUII TIpU HU3YYEHUU OCOOECHHOCTEM
CTPOEHMUSI OTIAEIBbHBIX CTPYKTYP U ITOMCKAX TOMOJIOTUIA
C IpyTMMM TPYyMIaMy XUBOTHBIX BbICTYNAIOT OOBIYHO
paHHUE CTamuM pa3BUTHs. B To ke BpeMsi, TIpoBeneH-
HBI aHaM3 SKCIPECCUM TIePeIHETOIOBHBIX TEHOB-
MapKepOB Y B3POCIBIX OCOOEi JIaHIIETHUKA TIPUHEC
HeoxXumaHHble pesyabrathl. [locie mMeramopcdosa B
MO3TOBOM ITy3bIp€ B3pOCJIOro JaHIIETHUKA ObLT OOHA-
PYXXEH TOMEH, OJU3KUI MO CBOeit TeHOapXUTEKType
HENPOSMUTENINIO Pa3BUBAIOIITUXCS] KOPBI M TOTKOPKO-
Boii obnactu mo3BoHOYHBIX (Benito Gutierrez et al.,
2018). B HeM oOHapyKMBajlach OOIIMPHAsI 00JIaCTh
SKCIIpeccud reHa FoxG 1, TipocTuparomiasics ot Iiasa,
o mepenHero Kpast uHQyHIUOyIsipHOro opraHa. Ha
JIMYMHOYHOM cTaguu 3Kcripeccust FoxG 1 oOHapyKuBa-
JIach TOJIKO B OTIETBHBIX KJIETKaX ITepeTHE 9acTh Te-
na. Kpome FoxG1 B nopcajibHOIT YaCTU MO3TOBOTO ITy-
3BIps ObIJTa OOHApYXKEHA 3KCIpeccust TeHOB EmxA n
FEmxB, He onicaHHBIE paHee Ha TUIMHOYHOM CTaIuu
u reHbl Lhx2 u Lhx9. [lopco-BeHTpabHasi KOMIapT-
MEHTaIM3a11sl KOHEYHOTO MO3Ta MO3BOHOYHbBIX, CO-
CTOSIILIETO M3 KOPbI U TMOAKOPKOBBIN 30HBI, MOXKET
OBITH OXapaKTepu30BaHa 00JIACTIMU SKCITPECCUU T'e-
HOB Pax6 n Nkx2.1 (Hebert, Fishell, 2009). Okasa-
JIOCh, YTO MATTEPH 3Kcnpeccuu reHa Pax4/6'y B3poc-
JIOTO JIAHIIETHUKA CHJIBHO OTIWYAETCS OT JMYMHOY-
HOIi cTaauu, 60JIbllle HAITOMUHAs TaTTepPH OPTOJIora
Pax6 no3BoHouHBbIX. Tak, y B3poCJbIX 0cobeit reH
Pax4/6 obHapyxXuBaeTcsl TOJBKO B JTOpPCAIBHOI Ya-
CTH MO3TOBOTO ITy3bIPsI, YACTUYHO ITePEKPHIBASICH C
nomeHamu skcnpecuu Emx v Lhx2/9. TlattepH aKc-
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npeccun NkxZ2.1, HaGaomaeMblii Ha JTMYMHOYHOM
CTaguM B 3aIHE-BEHTPAJIbHOII YaCTH MO3TOBOIO ITy-
3bIpsi, Ha B3POCJION CTaAuM HOIIOIHSIETCSI JOMEHOM,
JIOCTUTAIOIIMM TIepeTHE YaCTU MO3TOBOTO ITy3bIPS,
YaCTUYHO MEPEeKPHIBAIOIIETOCS ¢ 001aCThIO 9KCIIPEC-
cum FoxGl. JloMeH 3KCIpecCUy B MO3TOBOM ITy3bIpe
ObLI OOHapyKEeH Ha B3pOCJIoii cTanuu 1y reHa Hedge-
hog (Shh, Hh), akTHUBHOCTb KOTOPOTO B IepeHei ya-
CTU HEePBHOI TUIACTUHKU Y TTO3BHOYHBIX HEOOXOM M-
Ma sl popMHUpOBaHUs KoHedyHoro moara (Retaux,
Kano, 2010). ITo3gHss aktuBamus sKcrpeccun Hh B
MO3TOBOM MY3bIpe MHIyHUpyeT AuddepeHLIMPOBKY
0o0IIMpPHOI 00J1acTy, aKcnpeccupylomeit FoxG 1, Koto-
past B JajdbHEHIIeM IToapa3aeiisaeTcsl Ha HOpCaIbHBIN
Emx-Lhx2/9- Pax4/6 NoN0XWUTeNbHBIN U BEHTPATbHbII
Hh-Nkx2. [-10JT0OXUTENbHBIN JTOMEHDI.

B coBoKynmHOCTU C TaHHBIMU 00 OOHAPYKEHUU Y
JIAaHLIETHUKA OOPCAJIbHON IIOIY/ISIIMKA TJIyTaMaTap-
TMYECKUX U XOJIMHAPTUYECKNX HEMPOHOB 3TO HCCIIC-
JIOBaHME IOKa3bIBaeT, YTO Yy JIAHIETHMKA, IO BCEM
BEpPOSITHOCTU, IU(PEepeHINPOBKA CTPYKTYp MO3Ta
MPOMCXONUT B ABa 3Tamna: Ha JUYMHOYHOI CTaguu
¢GopMUpPYIOTCS BEHTpPaJbHbIE CTPYKTYpPhI, a IIOCJIE
MmeTamopdosa — nopcanbHbie (Benito Gutierrez et al.,
2018). Ha Ha1 B3rJisia, 3TU HOBbIE JaHHbBIE UHTEPEC-
HBI TAKXKE C TOUKHU 3peHUsI OOIIEro ITOHMMAaHUST MeXa-
HU3MOB MOSIBJICHUSI HOBBIX CTPYKTyp. Habmomaemas y
JIaHLIETHMKA BbIPaXKEHHAas1 TeTEPOXPOHUS SKCIIPECCUU
TEHOB-MAapKEePOB KOHEYHOI'O MO3ra SIpKO WJUTIOCTPU-
pyeT TIPEeanoYTUTEIbHYIO BEPOSITHOCTh ITOSIBICHUS
SBOJIIOIIMOHHO HOBOM CTPYKTYpPBEI Ha CpPaBHUTEIBLHO
MO3MHUX CTAINSIX OHTOTeHEe3a.

YV 0007109YHUKOB, B OTJIMYME OT JIAHLIETHUKOB, Ha
MMO3BOHOYHBIX BHEIITHE TTOX0XAa JIUIITb CBOOOIHO T1j1a-
Batoliasi JIMYMHKA, KOTOpas mocjie meTramopdo3sa
MpeBpaniaeTcss BO B3pOCIYI0 0CO0b, BEIYIIYIO MPHU-
KpemeHHbI 00pa3 xu3Hu. Hanbosee n3ydeHHBIM
MpeacTaBuTesieM 3TO TPYMIbl SBASETCS acLUAWS
Ciona intestinalis, B3pociiag 0COOb KOOPOM HMeEeT
MEIIKOBUIHOE TEJIO U JBa OTBEPCTUS — BBONSIIWMN U
BeIBoIAIIMIA cuoHbI (Nieuwenhuys, 2002). ITpu 3ToMm,
aHaJIM3 TEHOMHBIX JaHHBIX TTOKa3aJl, YTO, HECMOTPS Ha
OombiIre MOpPGOJOrMIeCKre pasndusi, 00O0TOIYHUKHN
SIBJISTIOTCST O0jiee OIM3KMMU POACTBEHHUKAMU TTO3BO-
HOYHBIX, yeM GecuepernHble (Delsuc et al., 2006). B to
>Ke BpeMsl, OTMeYaeTCs, YTO 000TOUYHUKHU 3BOTIOINO-
HUPOBAJIU CPAaBHUTEIBHO OBICTPO U UX TEHOM CUJIBHO
peayuupoBaJiCcsl, yTpaTUB MHOTHUE PETYISITOPHbIE Te-
HbI. JINUMHKA XK€ COCTOUT U3 CPaBHUTEIBHO HEOOJIb-
IIOTO YMCJia KJIETOK. DTU OOCTOSITENIbCTBA CUJIBHO
OCJIOXXHSIIOT TTOTIBITKM BOCCO3JaHUsI OOIIEro mpeaka
M03BOHOYHBIX 1 06onouyHrKoB (Holland, 2015).

XapakTepHble MPU3HAKU XOPIOBbIX — HOTOXOPI U
JIOPCAJILHO PACIOJIOKEHHAsI LIEHTpalbHasl LiepBHAs
cuctemMa oOHapyXMBaKOTCS y aCLUINUM TOJbKO Ha JIU-
YUHOYHOM CTaIuM U IPU MeTaMopd03e 3TU CTPYKTYPbI
pecopoupyorcsd. ITHC nmmumBKM BKIIOYAeT pacliy-
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PEHHYIO TOHKOCTEHHYIO MEPEIHION0 YacTh, BEPETEHO-
00pa3HbIil TIPOMEXYTOUYHBIM W IJIMHHBIA XBOCTOBOM
otnenbl. [lepenHuii oTae OObIYHO HAa3bIBAIOT CEHCOP-
HBIM ITy3bIPEM U BKITIOUYAIOIILYO BEHTPAJIBbHBIN OTOJIUT,
TPYIIITy BEHTPO-KAyJAJBHBIX KIIETOK, ITPEITOIOXU-
TEJIBHO BBIMOJHSIOIINX POJIb CEHCOpA HABJICHUSI U
JIBUXKEHUSI U OTHOCUTEJIBHO KPYITHBIN (hoTOpeLienTop-
HBbII1 OpraH.

B ceHcopHOM my3bIpe JTUYMHKU acUMAUM ObLia
oOHapy:KeHa 3Kcrpeccust reHa Hroth — eTUHCTBEH-
HoOro romoJjora reHa Ofx ITO3BOHOYHEIX. XapaKTep
9KcrIpeccun obHapyxXeHHoro reHa HrPax2/5/8 ot-
JIMYAJICS OT TOMOJIOTUYHBIX eMy reHoB Pax2, Pax5 n
Pax§ mo3zBoHOUHBIX. bbin Takke 0OHApYKEHBI TPU
Hox rena, romonornunsie reHam Hoxb 1, Hox3, Hox5
(Wada et al., 1998).

IMonyyeHHbIe JaHHBIE TTOKA3bIBAIOT, UTO CETMEH-
Talust HepBHOM CUCTEMbI HA OCHOBHBIE OTHEbI — T1e-
pemHuii (Tmpo3eHIedalIoH + CpemTHU MO3T), Cpel-
HUil (TTpodoATOBaTHIi MO3T) W 3aAHUil (CTIMHHON
MO3T) OTHEJIbl HAOJIOMAaOTCs Y BCeX XOPHOBBIX UTO,
IT0 BCEi BUOMMOCTH, SIBJISIETCST OTpaskeHUEM TTOSIBIIE-
HUS TaKoit mruddepeHITMPOBKY €Ile 10 SBOIOIINOH-
HOTO pasnesieHrs 6ecuepeITHbIX, 000JIOYHUKOB U TTO-
3BOHOYHBIX.

KOHEYHBbIN MO3I' ¥ BECHEJIIOCTHBIX,
KAK APEBHEMIIUNX IMPEACTABUTEJIEN
ITO3BOHOYHBIX

B KoHTeKCTe M3yyeHUs] MEXaHU3MOB PaHHETO pa3-
BUTHSI HEPBHOI CUCTEMbI TIO3BOHOYHBIX, O€CUETIOCT-
HbIe (KPYIJIOPOTHIE) SIBIIIOTCS YHUKAJIBHOM TPYITITONM
KUBOTHBIX. [10CKOJIBKY VX TIPEIKI OTACIMINCH OT 00-
IIIETO CTBOJIA TTO3BOHOYHBIX Ha CaMbIX paHHUX 3TaItax
WX 3BOJTIOINH, Y TEHOB 3TOM TPYIIITHI, ¢ GOJIBIIOI Bepo-
SITHOCTBIO, MOT COXPaHUTHCS IPEBHUI TUIT SKCITPECCH -
OHHBIX TTATTEPHOB, XapaKTepHBII T TIPEIKOB MTO3BO-
HOYHBIX.

CoryacHO JuTepaTypHBIM JaHHBIM, paslelieHUe
BeTBeil GECUCIOCTHBIX U UYEJIIOCTHOPOTBIX MPOU30-
1IJTO HA CaMbIX paHHUX ATallaxX 3BOJIOLMU TTO3BOHOY-
HEIX B najieo3oe. 1o psaoy olleHOK, 3TO pas3ieiieHue
MOTJIO TIPOU30MTH ellle B KEMOPUIICKOM ITepuoe, TO
eCcTb 0K0JI0 535—462 maH neT Ha3zan (Janvier, 2006;
Kuraki, Kuratani, 2006; Feinberg, Mallatt, 2013).
HauGonee npeBHMM U3 OOHApPYXEHHBIX Ha CEro-
IHSIIHWUN IeHb BUIOB MUHOT sSIBIIsIeTcsT Priscomyzon
riniensis, ormucaHHblii B 2006 r. (Gess et al., 2006).
ABTOpPBI OTMEYAIOT, UTO Y 3TOTrO JAEBOHCKOTO Tpe-
CTaBUTEJISI MUHOT YXe IIPUCYTCTBOBAJd XapaKTep-
Hble MOpdoJornyeckKrue MPU3HAKKU TPYMIIbI, TaKue
Kak, Kpyrjasi BOpOHKaA ¢ 3y0aMu U xKabepHbIii anmna-
pat. Bo3pacrt atoro nckomnaemoro u3 FOxHoit Agppu-
KU COCTaBJISIET OKOJIO 360 MJIH JIeT.

CoBpeMeHHbIe OeCUeMIOCTHRIE BKIIOYAIOT B Ce0sl
MpeacTaBUTENIeil IBYX KJIACCOB — MUHOT M MUKCHH.

BAMPAMOB u np.

BonbimmHcTBO MccnenoBarelieii Ha CETOOHSIIITHUII
JIeHb CXOISITCS BO MHEHUM, UYTO KPYTJIOPOTHIE SIBIISI-
IOTCSI MOHO(UIIETUYECKOI TPYIIIION W pasaelicHue
MWHOT 1 MUKCUH OpUEHTUPOBOYHO JaTupyetcs 470—
390 maH ner (Kuraki, Kuratani, 2006; Osorio, Re-
taux, 2007).

ITo cpaBHEHMIO ¢ MUKCMHAMM, MUHOTY O0Jiee 10~
CTYITHBI B KaU4eCTBe J1abOpaTOPHOro 00bEKTa, IOITO-
MY UICTOPUYECKU OCHOBHAS YacTh PabOT ObLjla MMOCBSI-
IIeHa MCCIIEMOBAaHUIO UMEHHO 3TOM rpyribl. MHTe-
pec K MUHOTaM, KaK K He BIIOJIHE TPaAULIOHHOMY,
HO TIEePCIEKTUBHOMY OOBEKTY ST JIaDOpPaTOPHBIX
HMCCIIeIOBaHMM, HEYKJIIOHHO Bo3pacTaeT (Green et al.,
2014; McCauley et al., 2015; Yang et al., 2016).

Ha ceroasiminuii neHb onvcaHo okosio 40 BUIOB
MUWHOT, XHUBYIIMX B YMEPEHHBIX IIUPOTaAX O0OOUX TTO-
nymapuii (Renaud, 2011). IlpeacraButenu Bcex BU-
JIOB MUHOT Pa3MHOXaIOTCS JIMIIb OJIMH Pa3 B XNU3HU.
MHukybanus UKpbl B eCTECTBEHHBIX YCIOBUSIX TTPOUC-
XOJIUT Ha TaJIEYHUKOBBIX IPYHTaX MpU TeMIiepaType
Boabl 11—18°C. ITpomo/KUTeIbHOCTh MHKYOAIMU U
CKOPOCTh 3MOPHUOHAJIILHOTO Pa3BUTUSI 3aBUCSIT OT
TeMIiepaTypbl BoJbl. Uepe3 HECKOJIbKO JHE Mmociie
BBUIYTUICHMS] IMYMHKU MUHOT — MECKOPONHKU MOKMU-
JalOT THE3[a U PACCENSIOTCS MO PEUYHON CUCTEMeE
(ITaBnoB u ap., 2014), roe IIPOBOISIT IO pa3HbLIM JaH-
HBIM OT TpeX J0 MSATH JeT.

C TOUKMU 3peHUSI CTPOEHUSI TeJla MUHOTH UMEIOT PSIJT
O0IIMX C YEJTIOCTHOPOTHIMU TIPU3HAKOB, TAKUE KaK Io-
JIOBHOW Y CIIMHHOI MO3T, XOp/1y, YepeTl, INIOTOYHbIE ap-
KU, TIPOU3BOJIHbIE COMUTOB. B TO e BpeMs y HUX €CTh
PSIA CYIIECTBEHHBIX OTIWYUN — pOT-IIprcOocKa, hop-
MUPYIOIIUIACS B Xolie MeTaMopd03a, OTPBIThIA MUHE-
aJTbHBIN OpTaH, 1Ba MOJTYKPY>KHBIX KaHAJIa BO BHYTPEH-
HEM yX€, NHOE CTPOCHUE MIOTKU, OTCYTCTBYIOT YEIIIO-
ctu 1 mapHble KoHeuHoctu (Kuratani et al., 2001;
Osorio, Retaux, 2007).

I'eHeTnyeckoii ocHOBOII psina apomMopdo30B U
BO3HMKHOBEHMSI HOBBIX CTPYKTYpP MO3BOHOYHBIX
MOTJIU CTaTh OYIJIMKALIMU TeHOMOB. Borpoc o ToMm, B
KaKoif MOMEHT B DBOJIIOLIMM OHU MPOUCXOAWUIIU aK-
TUBHO OOCYXZIAJICSI B MOCJIEMHES BpeMs U BaXKHYIO
pOJIb TYT UTpajl aHAJIM3 KJIacTepoB Hox-TeHOB y pa3-
HBIX TPYMII XKMBOTHBIX. BOJIBIIMHCTBO 4€1I0CTHOPO-
TBIX comepkaT 4eThipe JJokyca Hox m Para Hox reHOB,
TOTroa KakK JaHIOEeTHWK, HauOoyiee NPUMUTHUBHBINA
MPEICTaBUTEIb XOPAOBBIX, COIEPXKUT BCETO 110 OTHO-
My JOKyCy 3TuX reHoB. IIpomcxoxneHne deThIpex
JIOKYCOB y YEJIIOCTHOPOTHIX OOBSICHSJIOCH IBYMSI pa-
YHIAMU TIOJTHOTEHOMOI IyIJIUKAllMM Ha pPaHHUX
sTamnax 3oouuu (Putnam et al., 2008). Kak 0bL10
MoKa3aHo, B TeHOME MUHOT, B OTJIMYUE OT YETIOCTHO-
POTHBIX, COOEPXKUTCS, IO MEHBIIIEH Mepe, IIECTh JIO-
KycoB reHa Hox (Mehta et al., 2013), 4yTo MOXeT yKa-
3bIBaTh Ha JOIOJHUTENILHBIA payHn IyIUIMKAIUu
3TUX TeHOB Y MuHOr. OOHAKO, IIPU 3TOM, Y MUHOT
OBLIO OOHAPYXEHO TOJILKO ABa JoKyca ParaHox re-
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HOB (Gsx, Pdx, nu Cdx). DT jaHHBIE, B CBOIO OUYepellb,
TOBOPST O TOM, UTO OyIIuKauus Hox TeHOB y MUHOT,
BEPOSITHO, SIBIISLIACH PE3Y/ITATOM He MOJTHOTEHOMHOI
IYIUIMKAIAM, a CKOpee YaCTUYHOM, IMPOM30IIlIa YXKe
Tocjie pa3ae/ieHrs] SBOTIOLMOHHBIX JIMHUI MUHOT U
YeTIOCTHOPOTHIX (Zhang et al., 2017). TakuM obGpazom,
COTJIACHO 3TOM TOYKE 3pEeHUSI, OOIINM y O€CUETIOCTHBIX
W YEJTIOCTHOPOTHIX ObUI OOWH payH, ITOJTHOTeHOMHOM
IYIUIMKALAM, a B JaJTbHEHIIEM OYTUIMKALIMUA ITPOMCX0-
JIVIM B 9TUX TPyIIIaxX HE3aBUCHMO.

INocKojbKy MOsIBieHUE KOHEYHOI0 MO3ra CTajio
OIHUM U3 BaXXHEHIINX apoMOpdh030B IMTO3BOHOYHBIX,
GoJibllIoe BHUMaHHWE MCCJenoBaresieii IpUBJIeKaeT
CTPOEHYE TOJIOBHOTO MO3ra MUHOT, U OCOOEHHO KO-
HEYHOTO MO3ra, KOTOPBIA MOP(MOJOrMYECKH BIIEp-
BbI€ TTOSIBJISIETCSI UMEHHO Y 3TOM TPYIIITBI JKUBOTHBIX
(puc. 1B).

MopdosIorudeckKy roJIoBHOM MO3T MUHOT TTOXO03K
Ha MO3T KOCTHCTBIX PbIO, 32 UCKIIIOUEHUEM Psiia OCO-
OEHHOCTEM, TaKMX KaK XOPOIIO Pa3BUTHINA 3nudu3,
pACIIOJIOKEHHBIM TIOJ Ha3aJIbHBIM OTBEPCTHEM, U
OueHb cjlabo pa3BUTHIA Mo3xXKedyokK (Sugahara et al.,
2017). I1pu uccnenoBaHUY T€HOAPXUTEKTYPbl KOHEU -
HOT'O MO3ra MUHOT, B €ro JOpCcajlbHOM YyacTu Obuia 00-
HapyeHa 2KcIipeccust reHoB Pax6 (Murakami et al.,
2001) u Emx (Tank et al., 2009), a B BeHTpaJIbHOI — Te-
HOB DI/x (Miojin et al., 2001; Murakami et al., 2001;
Neidert et al., 2002). O6HapyXeHre 30H SKCIIPECCUU
Pax6 v Dix 1 ctajio Ha paHHMX 3Tallax MCCIeIOBaHMA
OCHOBHBIM CBUJIETEILCTBOM HAJIMYMSL Y MUHOT CTPYK-
Typ, TOMOJIOTUYHBIX KOHEYHOMY MO3Ty YeJIIOCTHOPO-
ThIX. [Ipy 3TOM OTMEUAI0Ch, YTO KOpa 1 TUIIOTaIaMyC y
MUHOT pa3BUTHI elle ciaado (Murakami et al., 2005).
Honroe BpeMsi Y MUHOT CYUTAJIMCh OTCYTCTBYIOILIUMM
CTPYKTYpbl MEAWAIbHOIO TaHTJIMOHApPHOIo Oyropka
(KOMITOHEeHTa 0a3aJIbHBIX siiep KOHEUYHOro Mo3ra) u
poMOHYeCcKOil ryobl — 3a4yaTKa Oyayliero Mo3xedka,
YTO CKJIOHSLIO HccieaoBaTesieii KO MHEHUIO O BO3-
HUKHOBEHUM BTUX CTPYKTYP Y YETIOCTHOPOTHIX YXkKe
MOCJIe UX OTAEJIEHUS B 9BOJIIOLIMU OT OECUETIOCTHBIX
(Sugahara et al., 2017).

ITouck KOHCepBaTUBHEIX OIS ITO3BOHOYHEIX IIe-
PEIHETOJIOBHBIX T€HOB Y MUHOT, B COYETAHUM C YC-
cJIefOBaHUSIMY HAa MUKCHUHAX, IPUBEIX K TOMY, UTO B
MOCJIeIHNE TOAbl Y MUHOT OBbLI OOHApPYXEH Psia HO-
BBIX IUISI HUX T€HOB, YTO BHECJIO KOPPEKTUBEI B CJIO-
XKUBIIYIOCSI paHee KapTUHY T'€HOApXUTEKTYphl Ie-
peIHMX OTIAEJIOB Mo3ra. bbuin HaliieHbI 1Ba OPTOJIO-
ra reHa Nkx2.1 — renbl Nkx2.1/2.4Bw Nkx2.1/2.4C,
BKCIIPECCUs] KOTOPBIX HAOJI0AaeTCsl B BEHTPAJIbHOM
30HE MOJKOPKOBOM 00J1acT KOHeYHOro mo3sra. ITo-
CKOJIBKY Y TIO3BOHOYHBIX TeH Nkx2. ] onrcaH B Kaye-
CTBE MapKepa MeAuaaIbHOTO FaHIJIMOHAPHOTO Oyrop-
ka (Sussell et al., 1999), 3Ta HaxonKa yka3bIBaeT Ha
HaJIMYMEe Y MUHOT CTPYKTYpP, TOMOJIOTMYHBIX MEO-
aJIbHOMY TaHIIMOHAPHOMY OYIOpKYy YeIIOCTHOPO-
TBIX, 13 KOTOPOI0, KaK YK€ OTMe4ajloCh, pa3BUBACT-
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Csl IBUTATEJIbHBIN HEHTP HaJUIMAyM, paHee CUMTaB-
LIUICS OTCYTCTBYIOIIMM Yy OecuesitocTHbIX (Sugahara
et al., 2016). Takxke y MUHOT GBI OOHAPYKEHBI TPU
optoJiora reHa Pax6. Bce oHU 3KCHIpeccHpyIOTCs B
dopMupyIOmMXCs TIa3HBIX CTPYKTYpax U MO3Te, YTO
COOTBETCTBYET 3KCIPECCUM TeHa Pax6 y 4elmtoCcTHO-
POTBIX, Y KOTOPBIX 3TOT T'€H SIBJISIETCS] KIIOUEBBIM pe-
ryjasitopoM pa3Butus a3 u [THC (Osumi et al.,
2008; Klimova, Kozmik, 2014). ITpu sToM naTTepH
9KCIpeccur TeHOB Pax6 MUHOT B IPYTUX CTPYKTypax
paznuuaercs. Dkcnpeccusi Pax6a oOHapyXuBaeTcsl B
TeYeHU, yKa3bIBast Ha TO, YTO Y IMPEIKOB MO3BOHOYHBIX
reH Pax6, o Bceit BUMMMOCTH, YJ4acTBOBAII B (popMHM-
poBanuM 3toro oprana (Ravi et al., 2019).

B obyiactu 3agHero Mo3ra y MUHOT ObLTA OOHapy-
>KeHbI TOMOJIOTU T€HOB, yYacTBYIOIIUX B Pa3BUTUU
poMOHUYecKoii TyObl M1 MO3euKa YeTIOCTHOPOTBIX —
reHbl Atohl, Wntl n Ptfla (Wullimann et al., 2011).
DTO yKa3blBaeT Ha TO, YTO TeHETHMYECKIE OCHOBBI
dopMHUpOBaHUS 3TOM CTPYKTYpHI Mo3ra, Mopdoro-
TUYECKA OTCYTCTBYIOIIEH y OeCUeTIOCTHBIX, MOTJIN
chopMHUPOBATHCS €IIIe IO IBOJIOIIMOHHOTO pa3ielie-
HUsI 6ECUYETIOCTHBIX U YeJIIOCTHOPOTHIX. B HOTOXOpIE
HabJrogaeTcs aKcnpeccus reHa Shh (puc. 2).

DKcnpeccus paHHETO PETYIISITOPa Pa3BUTHS MO3-
ra — reda Ofx y MUHOT, HAUMHAETCSI HA CaMbIX paH-
HUX 3TalaX OHTOreHe3a, B paiioHe CIIMHHON TIyObl
Oiacromnopa, a y JUYMHKM HAOMI0maeTcs B 00J1acT
MepeIHEero U CpeIHero OTIAEJIOB MO3ra, A0 I'PaHULIbI
MEXIy cpeaHUM U 3agHuM Mo3roM (Tomsa, Lange-
land, 1999; Suda et al., 2009).

Nurunduropom skcnpeccun reHa Ofx y II03BOHOY-
HBIX M OJHMM M3 KJIIOYEBBIX PETYISITOOPB paHHE
I depeHIMPOBKY IIEPEIHET0 MO3Ta IT03BOHOYHBIX
SIBJISIIOTCSI TOMEOOOKCHBIe TeHbl Kiacca Anf/Hesxl1
(nanee Anf) (Zaraisky et al., 1992). B cepuu paboT Ha
aMduoMsIX OBLIIO IMOKA3aHO, YTO B KJIETKAaX 3a4aTKa I1e-
peaHero Moara 6e10K Anf urpaet posb crienduIecko-
ro pernpeccopa TPaHCKPUITLUU, TTOAABJSISI SKCIIPeC-
CUI0 TEHOB, WHAYLUpPYIOIIUX AUPDEPEHLIUPOBKY
3agHuX oTaenoB Mo3ra (Ermakova et al., 1999, 2007;
Eroshkin et al., 2002; Martynova et al., 2004; Bayramov
et al., 2004). Mcxons u3 3Toro, OblIa BEIABUHYTA T~
IoTe3a O TOM, YTO PEIpPeCcCOpHasi aKTUBHOCTH Anf B
nepenHei 4yacTu 3a4aTKa LeHTpaJIbHOM HEPBHOM CU-
CTEMBI y IIPEeIKOB II0O3BOHOYHBIX OOecIiedmia oopa-
30BaHUE B 3TOM PETrMOHE 0CO0O0iT 30HBI, KJIETKU KO-
TOPOIi OKa3aJIUCh CBOOOIHBI OT MHCTPYKTUPYIOIIETO
BIUSIHUSI TEHOB, OIpPEIESIONINX Cyap0y 0osee 3am-
HUX PETMOHOB HEPBHOII cucteMbl. B pesyibrare, aTta
MepeIHsIs 30Ha HelpaJbHOTO 3a4aTKa, 3KCIIPEeCCUpy-
o1ast Anf, noaydusia cBOOOLY SBOJIOIIUOHUPOBATH B
HOBOM HaIIpaBJICHUHU, YTO U IIPUBEJIO, B KOHIIE KOH-
1I0B, K 00pa30BaHUIO MEPEAHETO MO3Ta. DTa TUIoTe-
3a IOJIy9/JIa BaxkKHOE IIOATBEpPXKICHHUE IIOCIe TOrO,
KaK y TpeX BUIOB MUHOT Lethenteron camtschaticum,
Lampetra fluviatilis u Petromyzon marinus 6611 0OHa-
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BAMPAMOB u 1p.

ZLI

(Che, 25

Puc. 2. OGacTi 5KCIPECCUU PETYISITOPHBIX TEeHOB Ha paHHUX CTaausIX Pa3BUTHUSI eBPOIeiicKoi peuHoit MuHoru (Lampetra
Sfluviatilis) nokazaHHbIe METOIOM TMOPUAM3ALINY ik Situ. a, 6 — naTTepH 3Kkcnpeccuu reHa Hedhehog (Hh). ZL1 — zona limitans
interthalamica. B—3 — 9KCIIpeccysi TeHOB 3a4aTka KOHEYHOT'0 MO3ra. B, I' — 9Kcrpeccusi reHa Lanf. 1, € — akcnpeccusi reHa NogginB.
XK, 3 — 9Kcnpeccust reHa FoxG 1. KM — KOHEUHBII MO3T, YIT — YIITHOM ITy3BIPEK.

pyxeH reH Anf (Bayramov et al., 2016, Baiipamos
u 1p., 2017, puc. 2).

DyHKIMOHATbHBIE UCCIEA0BAHUS TTOKA3aJI1, YTO
reH Anf MIHOT MO CBOMM CBO#CTBaM CXOAEH C TeHAMU
Anf4eoCcTHOPOTHIX, 001agaeT MHI'MOUTOPHOM aK-
TUBHOCTBIO, TOHABJsIA 3KcIpeccuio reHa Ofx u
YCUIUBAST SKCITPECCHUIO KITFOYEBOTO PETYyIsATOpa pas-
BUTHUSI KOHEYHOTO Mo3ra — reHa FoxG 1. DTo yKa3biBaeT
Ha TO, YTO TOSIBJIEHUE F'eHOB Kjacca Anf ObLI0 Cyliie-
CTBEHHBIM, €CJIM HE KJIIOYeBBIM, (DaKTOPOM B BO3-
HUKHOBEHUM Y TIO3BOHOYHBIX CTPYKTYP KOHEYHOTO
mo3sra (Bayramov et al., 2016).

benok, Koagupyemblii HEOMHOKPATHO YITOMUWHAaB-
1umiics Boile reHoM FoxG 1, OTHOCUTCS K ceMeliCcTBy
Forkhead-cBs3pIBarommx TpaHCKPUNIIMOHHBIX (pak-

TOPOB 1 UTPAET KJIIOUEBYIO POJIb B MHIYKIIMU U TIPO-
CTPaHCTBEHHOM OpraHMU3alluy Pa3BUTUS KOHECYHOTO
MO3ra y ITI03BOHOYHBIX. DKcrpeccust FoxG1 B miepen-
HEM OTJIeJIe MO3Tra JOCTATOYHO KOHCEPBATUBHA Y pa3-
HBIX TPYIII NO3BOHOYHBIX U, TIO3TOMY 3TOT F'e¢H 4acTo
MpUMEHSIETCS B KadecTBe MapKepa TaHHOTO OTIelia
mo3sra (Kumamoto, Hanashima, 2017). ¥ Bcex uccie-
JIOBAaHHBIX MO3BOHOYHBIX FoxG1l (paHee Takxke W3-
BECTHBIM Kak BF-1), siBlsieTcsl OAHUM U3 TIEPBBIX
TPAaHCKPUMNILIMOHHBLIX (AKTOPOB, 3KCIIPECCUPYIO-
IIUXCS B TIepeIHeil YacT HepBHOM TUIaCTUHKU — 00-
JIaCTH OyAyllero KOHeYHOro MO3Tra M B TaJIbHEHIIIeM
€ro BKCIIPECCHUST COXPAaHSETCS OO 3PEeNIbIX CTamuid
(Danesin, Houart, 2012). Beto 1mokasaHo, 4To IeH
FoxG1 nMeeT BaxkHO€ 3HaY€HUE IJIsI MHOTUX acIlleK-
TOB Pa3BUTHUSI KOHEYHOTO MO3Ta U BBKUBAHUS Heli-
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POHOB B KOpP€e r0JIOBHOTO MO3Ta y B3pOC/IbIX OPraHU3-
MoB. biokupoBanue Tpancsiunu FoxG1y puid 1 MbI-
1e#f MPUBOIUT K PENyKLIMU BEHTpaIbHON 0O0JacTh
KOHEYHOTO0 MO3ra, YTO OTpaXaeTcsl B BEHTPaIbHOM
9KCIMAaHCUU MapKepoB JOPCATbHON YaCTU KOHEYHOTO
moara (Martynoga et al., 2005; Danesin et al., 2009).
V yenoBeka Mmytauuu reHa FOXG 1 npuBoIsT K Hapy-
IIEHUSIM Pa3BUTUSI, TAKMM KaK CUHApoM PeTTa, anu-
JIETICUSI, MOCTHaTaJibHasi MUKpoledanns, TsKeaas
YMCTBEHHasl OTCTaJlOCTb, HAPYIIICHUSI PEYU, TUCKU-
He3Us U runoreHes3 Mmo3onmctoro Tena (Kortum et al.,
2011; Danesin, Houart, 2012).

IIpocTpaHCTBEeHHBII MaTTepH 3Kcnpeccuu FoxGl
Yy MHUHOT B LIEJIOM COOTBETCTBYET HATTepHAM 3KC-
npeccuu FoxG 1y Ipyrux mo3BOHOYHEIX, B TOM YKCJIC
y mmopuesoii isarymku (Ermakova et al., 2019). B To-
Ke BpeMsI UMeeTCs U psin oTiinamii. Tak, akcrpeccus
FoxG' 1y MuHOTH BIIEPBBIE B PA3BUTUU IETEKTUPYETCST
B (hOPMUPYIOIINXCS YITHBIX TUIAKOAAaX U BEHTapajlb-
HOM yacTu TeseHuedanona (puc. 2). I1Ipu atom y mu-
Horu FoxG1 coBceM He DKCIIpecCUpyeTcsl B Hopcaib-
HOIM YacTu TejieHledaloHa, Torna Kak y Ipyrux Io-
3BOHOUYHBIX 9KCITPECCHS 3TOTO reHa B TeJleHIedanoHe
HOCUT TpageHTHbII XapaKTep, C BO3pacTaHUEMU UH-
TEHCUBHOCTU OT JOPCAJbHOI YacTu K BEHTPAJbHOI
(Danesin, Houart, 2012). Takke y MUHOTY B OTJIMYME
OT IPYTruX MO3BOHOYHLIX 3Kcmpeccus FoxGl He oOHa-
pyXuBaeTrcsi B (hOPMUPYIOIINXCS TJIA3HBIX CTPYKTY-
pax, YTO MOXET OOBSICHATHCS OCOOEHHOCTBIO Pa3BU-
THSI 9TUX CTPYKTYP Y MUHOT. B oT/IM41ie OT 4eIrocTHO-
pOTBIX Y MHMHOI HaOJIOgaeTcsl IBYXCTYIIEHYATOE
pa3BUTHE TJ1a3a U 3puTeibHOTO HepBa. Ha amMOpmo-
HaJbHOI CTaauM rjia3 NOKPHIT TOJCTOM HeIpo3pay-
HOIM KOXE€W, XpyCTaJIUK HE3PEJblii 4YTO, BO3MOXKHO,
YKa3bIBA€T HA IPUMHUTHUBHOEC COCTOSAHUE 3p14Tean0171
cucteMbl mo3BoHOYHBIX (Melendez-Ferro et al.,
2002; Suzuki et al., 2015). B aToT nepuon odbpaszyercst
HeOOJIbIIOE KOJIMYECTBO BOJIOKOH 3pUTEILHOIO HEPBA.
ITo3xe B oHTOreHe3e (hOPMUMPYIOTCSI HOBBIC OINTUYEC-
CKME BOJIOKHA, 1 IT0CjIe MeTaMopd0o3a y B3pOCIIbIX MU~
HOT Pa3BUBAIOTCS ITOJTHOLIEHHBIE IJIa3HbIE KAMEPHI.

ITpu aHanM3e 0COGEHHOCTEM TMHAMHUKI KCITPEC-
cun reHoB Anfu FoxG 1y MuHOT ObLUIO ITOKa3aHO, YTO
y 3TUX T€HOB MMHOT HaOJIomaeTcsl TeTepPOXPOHUS
SKCIIPECCUU TI0 CPAaBHEHUIO C MX TOMOJIOTaMHu y 60-
Jiee DBOJIIOIIMOHHO IIPOABUHYTHIX ITO3BOHOYHBIX —
amouownii (Epmakona u ap., 2020). V nimmopiieBoii Jisi-
TYIIKKW BO3pacTaHue KCcIpeccumn Anf HaOmomaeTcs
ellle 40 Havyaja HEMpYJISaL1r, Ha CTaAUU NO3IHel ra-
CTPYJIbI, B TO BpeMsI KaK Y MUHOTH 3TOT I'e¢H HaUuMHAaeT
aKTUBHO DBKCIIPECCUPOBAThCS TOJBKO HAYMHASI CO
cranuu nmo3aHei Helpyssl (cT. 20 mo Tahara, 1988).
I'en FoxG1 y mmopleBoil JSTYIIKY HAYMHAET 3KC-
MIPEeCCUPOBAThCS YKe B KOHIIE TACTPYJISIIIUK — Hadajie
HEHPYJIAIINN B KJIeTKaX 3a9aTKa KOHEYHOTO MO3Ta, B
TO BpeMs KaK Y MUHOT 3Kcrpeccusi FoxG1 obHapy-
JKUBaeTCs B 00JJACTU KOHEYHOTO MO3Ta Ha CTalN U TO-
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JIOBHOTO BBIPOCTA, T.€. VK€ I0CJIE OKOHYaHUS HENPY-
nsuu (ctagust 22 o Tahara, 1988).

Takast TeTepOXpOHUST SKCIIPECCUN T'eHOB KOHEY-
HOI'0 MO3Ta COOTBETCTBYET IMIOTE3€ O TOM, UTO 3TOT
OTZEJl MO3Ta, SIBJISISICh HauboJiee dBOJIIOLIMOHHO MO-
JIOABIM OTIEJOM LIEHTPaJIbHOW HEPBHOM CUCTEMBI,
MOT TTOSIBUTBCS Y TTPEAKOB TTO3BOHOYHBIX B KAUEeCTBE
HAJICTPOMKN Ha MO3MHUX CTAIMSIX WX dMOPHOHAIb-
Horo pa3Butus (Epmakosa u np., 2020).

Eme omHuUM peryisiTopoM paHHEro pa3BUTHUS
CTPYKTYp MEPEAHETO MO3Ta TTO3BOHOUYHBIX SIBJISTFOTCS
reHbl cemelictBa Noggin. OTkpbiTue reHa Noggin
MOXHO MO TIpaBy OTHECTU K OMHUM M3 BaKHEUIINX
COOBITUIT B UCTOPUU MOJIEKYJISIPHON OMOJI0TUU pa3-
BuTHsi. Noggin cTaj mepBbIM U3BECTHBIM (DAKTOPOM,
B HOpME CeKpeTUpyIoImMcs B ooactu 1llmemMaHHOB-
CKOTO OpraHu3aTopa, IJis KOTOpOro ObuUla ITOKa3aHa
CMOCOOHOCTh BBI3BIBATH (DOPMHUPOBAHUE JTOMTOTHU-
TEJILHBIX OCEM TeJIa B CIyJasix ero 9KCIIepUMEHTATbHOM
9KTOIMUYECKOMN IKCIPECCUU Ha BEHTPAJIBLHOM CTOPOHE
3aponbima amguouii (Dale, Slack, 1987; Smith, Har-
land, 1992; Lamb et al, 1993; Smith et al., 1993; Slack,
Tannahill, 1993). BriocneactBum Obl1a Takxke MOKa-
3aHa KJItoueBas pojib reHa Noggin B IIIMPOKOM CHEK-
Tpe OHTOTEHETUYECKUX TPOILIECCOB, B YACTHOCTH, B
IuddepeHIIUPOBKE U YCTAHOBJIIEHUU ITaTTEpHA 3a-
yaTKa HEPBHOM CHCTEMBI U Me304epPMbl COMUTOB
(Knecht, Harland, 1997; McMahon et al., 1998), B
pPa3BUTHUM CYCTaBOB M 4epelHbix mBoB (Brunet et al.,
1998; Warren et al., 2003), nuddepeHLMPOBKE BOJIO-
caHbIx ykoBuil (Botchkarev et al., 1999). Takxke 1o-
KazaHo, 4yro Noggin MOXKET IOAAaBIISITH pa3BUTHC
KpoBeHOCHBIX cocynoB (Reese et al., 2004).

B nocneactBuu GbUTH OMMCAHBI JBAa TOMOJIOra re-
Ha Noggin — Noggin2 n Noggin4 (Fletcher et al., 2004;
Eroshkin et al., 2006). Ha Moaenu mmopueBoii Jisi-
TYLIKH OBLJIO MOKA3aHO, YTO MaTTePH SKCITPECCUU Ie-
Ha Noggin2 B 1IeIOM HalIOMUHAET OMMMCAHHBIN paHee
naTTepH 3Kcrpeccuu reHa Noggin 1. B yactHOCTH, Ha-
yaJio aKcnpeccuu reHa Noggin2 HabmogaeTcs Ha cTa-
MU HENPYJIBl B 00J1aCTU MepeaHET0 HEPBHOTO BaJIU-
Ka, a UMEHHO — BO BHYTPEeHHEM (CEHCOPHOM) CJIOe
HEPBHOM TIJIACTUHKM, a Ha OoJiee MO3MIHUX CTATUSIX
9KCIIpeccusi oOHapyXuBaeTcsi B IopcaabHON 00Ja-
cTu hopMUpYyIOLIerocs MepeaHero Mo3ra, u, Ha 60-
Jlee HU3KOM YpPOBHE — B palioHE 3aJHEero MO3Ta,
CIUHHBIX Y4aCTKaX COMUTOB U B (pOPMUPYIOLIEMCS
cepmire (Eroshkin et al., 2006).

Jlonroe BpeMsI CUMTAIOCh, YTO OCHOBHOM (I10 Cy-
TH — €AUHCTBEHHOIi ormMcaHHOM) MyHK1me Noggin 1
B Pa3BUTUM TIO3BOHOYHBIX SIBJISICTCS TOMABJICHUE
curHaiapHoro kackaga BMP (bone morphogenetic
proteins) — rpynIbl pOCTOBEIX (haKTOPOB U3 CyIIepce-
meiictBa TGF-beta. Monynsauust akruBHoctu BMP
KacKaja sSIBJIsieTCSI HeOOXOAMMEIM YCJIOBUEM ISE (hop-
MHUPOBAaHUSI HEPBHOM TKaHW M AUddEpeHIIMPOBKU
nopcaiabHOI Me3omepMbl (Xanthos et al., 2002;
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Moreau, Leclerc, 2004). Takum o0pa3oMm, BEICTYyIIast
B KauecTBe aHTaroHucta BMP curHana u obnanas
CIIOCOOHOCTBIO CBSI3BIBAaTh MOJIEKYJIbl BMP, Noggin
UTpaeT NPUHIMIUAIBHYIO POJb B ABYX BaXKHEMIIINX
OHTOT€HETUUYECKMX TMpolieccax: nopcajlu3alud |
Helpanuzanuu. Hopcanusaiusi NpeacTaBisieT co-
00Ii mpoliecc pa3BUTHS 3aPOIBIIIESBOI Me30JePMBI B
CKEJICTHYIO MYCKYJaTypy, a Helipaiusauust — aud-
¢dhepeHIMPOBKY 3MOPUOHABHON 3KTOAEPMBI IIO
HelpaJlbHOMY TIyTHU. AKTHUBHOUW CEeKpeTHUpyeMOM
dopmoii pakTopa Noggin SBISIETCSI TOMOIUMED TH-
Ma LMCTUHOBOTO y3/ia, B KOTOPOM JBE€ MOJEKYJIbI
CBSI3aHBbI MEXIY COOON MUCYIb(MUIHBIM MOCTUKOM
(Smith et al., 1993).

ITpu nccneqgoBanuu reHa Noggin2 ObUIO TTOKa3a-
HO, UTO OH O0JIaaeT CITOCOOHOCTHIO TOJAABISATL HE
tospko BMP, Ho Takxke u Nodal/Activin u Wnt/beta-
cathenin curHaJIbHbIE KACKAbl, UTPAIOLINX KITIOUEBhIE
PO B KJIETOUHOM TrddepeHIMPOBKE U pa3BUTHUHU TO-
JIOBHBIX CTPYKTYp ITO3BOHOYHBIX. OBEpaKCIIpeccust
MPHK Noggin2 B 3aponpiiiax X. laevis mpuBomuT K
GOpPMUPOBAHUIO TOITOTHUTEIIBHOTO KOMILIEKCAa OCe-
BBIX CTPYKTYP B KOTODPBIX HAOMIOHACTCS DKCITPECCUS
nepeaHeroaoBHbIX TeHoB (Bayramov et al., 2011).

Optonor reHa NogginZ2, ren NogginB, sxcripeccu-
pyloiuiicss B 00J1aCTH 3a4aTKa KOHEYHOTO MO3Ta Ha
paHHUX CTagusgx ero muddepeHIINPOBKHA OBIIT OOHA-
pyXeH y MUHOT (puc. 2).

B 1ie;toM, mpu COMOCTaBIEHUH T€HOAPXUTEKTYPHI
MO3Tra MUHOT M YEeJIOCTHOPOTHIX OOHAPYKUBAETCS
MHOTO T'OMOJIOTH, CBUIETELCTBYIOIINX O TOM, UTO
CerMEHTAlIMs OTIEJIOB MO3ra MOSBUJIACH Y TIPEIKO-
BBIX TTO3BOHOYHBIX A0 pa3desIeHUsT SBOJIOLIMOHHOTO
IYTU 3TUX TPYMIT SKUBOTHBIX.

2KuBBIX 3aponblleii Ipyroil rpymnIbl 0ecYeTrocT-
HBIX — MMUKCUH, BBUIY 3KOJOTMUYECKUX OCOOEHHO-
CTEI DTUX XKUBOTHBIX, BEAYIINX INTYOOKOBOIHBIN 00-
pa3 XW3HM, HE YIAaBalIOCh IOJyIUTh OYEHb HOJTOE
BpeMsl. CucreMaTnyecKoe U3ydeHue pa3BUTUS MUK-
CHH B JJabopaTopuy OBLIO HAYATO JIMIITH B ITOCIIETHUC
10—15 et rpyIIoii AIMOHCKUX UCCaea0oBaTeIei o
pykoBoactBoM mnpod. Kyparanu (Ota et al., 2007;
Oisi et al., 2013; Sugahara et al., 2016).

AHanu3 HelipoMepOB rOJIOBHOTO MO3Ta Ha paHHUX
CTaIMsIX pa3BUTHS MUKCUHBI Eptatretus burgeri noka-
3aJ1 HAJIMYKe B 00JJaCTM KOHEYHOr0 MO3ra 3KCIpec-
CUM OpTOJIOoroB reHoB FoxG1, EmxB n Pax6. 'unora-
JlaMyc, OOHapy>KMBaeTCsl CIIepeau OT MPOMEXYTOY-
HOTO MO3ra Kak o0jacTu 3Kcrpeccuu reHa Hh2
(Bcero y MUKCHHBI HaliiecHO Tpu opToroya reHa Hh)
u reHa Nkx2.1/2.4, oprosioruuHoro reHam Nkx2.1 n
Nkx2.4 no3BoHouHbIX. Kak 1 y MUHOT, 00J1aCTb 3KC-
npeccun Hh otmedaer ZLI Mexny IpeTajaMycoM U
TaJlaMycoOM B MPOMEXYTOUYHOI oTaese Mo3ra (Suga-
hara et al., 2016).

BAMPAMOB u np.

TakuMm obpa3oMm, IO KOIUYECTBY OOHAPYKEHHBIX
TOMOJIOTHI, B T€HOAPXUTEKTYype MoO3ra 0ecuesrocT-
HBIX U YEJIIOCTHOPOTBIX, MOXXHO 3aKJIIOUYUTh, UTO KO-
HEYHbI MO3T, BIIEPBbIE MOSIBUJICS Ha CaMbIX pAaHHUX
3Tarax 3BOJIIOIIUYU TTO3BOHOYHBIX U OCHOBHBIE MOJIe-
KYJSIDHBbIE MEXaHU3MBI, JIEXAIE B OCHOBE €ro 3a-
KJIaaKU U (pOpMUPOBAHUS MPUCYTCTBOBAIU Y TIPEJ-
KOB MTO3BOHOYHBIX.

OBOJIIOLIMOHHBIE BEKTOPHI PA3BUTHA
KOHEYHOT'O MO3TA V YEJIIOCTHOPOTBIX

DBOIIOLIMOHHBII paclBET KOHEYHOTO Mo3ra, 6e3-
YCJIOBHO, IIPUXOIUTCSI Ha YEIIOCTHOPOTHIX. B xome
9BOJIIOLIMOHHOIO ITyTU 3TOI I'PYMIIbI, OOTHUM U3 OC-
HOBHBIX BEKTOPOB Pa3BUTHUSI KOHEUHOTO MO3Ta SIBJISI-
JIOCh YBEJIMYCHUE Ppa3MepPOB M CTPYKTYPHMPOBAHHO-
CTH BTOTO OTHella, OOecIleYMBalOlIde pa3BUTUE U
YCJIOXKHEHHME ITIOBEICHYECKOIo pemnepryapa >KMBOT-
HBIX 1 BBICIIMX (pOpM HEPBHOM AEITEIHLHOCTU YEJIO-
BeKka. B kauecTBe OJHOro M3 BO3MOXKHBIX MEXaHU3-
MOB TaKOM 9KCITAaHCUHX pacCMaTpUBaETCs U3MEHEHME
BpeMeHU 3aKJIaJK1 OpraHU3allMOHHBIX LIEHTPOB, MO-
IyJIUPYIOLIMX TKaHeBY0 nuddepeHunpoBKy. ITo ne-
penHe-3aJdHell Ocu Teja, KakK yXe OTMeJaoch TaKu-
MU LEHTPaAMU SBJSIOTCH MEPEAHUN Kpail HEPBHOM
IUIACTUHKM, ITyTeM cekpeumnu Fgf crumynmpytommii
aKcnpeccuio reHoB FoxG1 u Emx1, y9acTBYIOIIUX B
pa3BUTHU 3a9aTKa MEepPEeTHMX OTIEJI0B MO3ra, W Ipa-
HULIA MEXIYy CPeOHUM U 3aIHUM OTIeIaMU MO3Ta
(MHB), cekpeTtupymoolias HOCTEpUOPUIYIOLINI CUT-
Has Wnt (Bielen et al., 2017). IIpu atoMm, ecinu y pbIO
aKTUBAlMs 3TUX CUTHAJBHBIX LIEHTPOB HMPOMCXOAUT
OIHOBPEMEHHO, Ha CTaauu CPeAHEN racTpyJibl, TO y
MJIEKOMUTAIOIIMX BKJIIOUEHUE 3aIHETO LIEHTpa Mpo-
HWCXOIUT Ha 0oJiee TTO3MHUX CTaaUsIX. 3a CUET 3TOro
BPEMEHHOTO CABUIa aKTUBHOCTH 3aIHETO OpraHu3a-
TOpa, 3a4aTOK HEPBHOU TUIACTUHKU AOJbIIE HAXO-
JIUTCSI TIOJ BO3IEMCTBUEM CUTHAJIOB, CTUMYJIUPYIO-
mux 1uepeHIUPOBKY MO IIEpeIHEMY THUITY.

B 3akimoueHre MOKHO OTMETUTh, YTO, KaK MOKa3bl-
BacT MPUBCACHHBINA aHAIN3 JIUTEPATyPHBIX TaHHBIX, B
MOCJIeIHIE TOAbI MOJIy4eHO MHOTO HOBOII MH(pOpMa-
1 00 OCOOEHHOCTSIX CTPOCHUSI Y T€HOAPXUTEKTYPhI
3ayaTKa KOHEYHOI'O MO3ra y HU3IINX IT03BOHOYHBIX U
MX OMDKANIINMX PONCTBEHHUKOB — OeCuepenHbIX U
000109HIKOB. Bo3pacTaiomiass cKoOpocTh MHOSIBICHUS
9TOI MH(pOPMALIMY 1 €€ BHYLIUTEIbHbIE 00heMBI BCE-
JISIIOT HaAeX Iy Ha Ka4eCTBEHHBIN ITPOIrpecc B IOHUMAa-
HUM TIPEATNOCHIIOK M TEHETUYECKMX MEXaHU3MOB,
00€eCIeuYnBIIIMX MTOSIBJIEHUE W MOC/IEIYIOIIEe SBOJIIOLIM -
OHHOE Pa3BUTHE KOHEYHOTO MO3Ta Y TO3BOHOUHBIX.

OUHAHCHUPOBAHUE PABOTHI

HccnenoBaHue BBIMOJHEHO U IIyOJMKALIUS IIOMI-
rotroBjieHa mpu GpuHaHCOBOI momnepxke PODU B
paMKax Hay4gHoro Ipoekta Ne 19-14-50215.

OHTOT'EHE3 Ne 3

TOM 51 2020



IT'’EHETUYECKHWE MEXAHW3MbI PAHHETO PA3BUTUA

DKCIIEpUMEHTHI 110 KUCCIIENOBaHUIO TeHOB FoxG I n
Noggin MUHOT TIpOBeAeHBI 3a cueT rpaHTa PODOU
Ne 18-04-00015. Ananm3 skcripeccnn TeHa Hh BBI-
MOJIHEH 3a cueT rpaHTa Poccuiickoro HayyHoro hoH-
na (mpoekT Ne 19-14-00098). DkcnepuMeHTHI 0
GYHKIIMOHAILHOMY HMCCJIEIOBAHUIO TIEPEIHEr0JI0B-
HbIX TE€HOB IIIOPILIEBOM JISATYIIKM BbIMOJHEHBI 3a
cueT rpaHTa PO®U Ne 18-29-07014. UccaemgoBaHue
reHa Anf BBITIOJIHEHO 3a CYET rpaHTa I10 IMporpamMMe
PAH “®yHnamMeHTallbHbIE UCCASAOBAHUS IS OUO-
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MCOMIMHCKHUX TEXHOJIOTUMN .

COBJIIOAEHUE STUYECKMNX CTAHIAPTOB

HacTostimast ctathst He COOEPKUT OIMMUCAHUST BbI-
MOJITHEHHBIX aBTOpaMU MWCCIAEHOBAHUI C ydacTUeM
JIoIeil MJIN UCITOJIb30BaHMEM XKUBOTHBIX B KaYECTBE
OOBEKTOB.

KOH®JIUKT MHTEPECOB

ABTOpBI 3asIBIISIIOT, YTO KaKOi-I1100 KOHMJIMKT UHTE-
DPECcoOB OTCYTCTBYET.

CITMCOK JIMTEPATYPbI

Batipamos A.B., Epmaxosa I'.B., Epowxun @. M. u dp. To-
MEOOOKCHEIN TeH cemeiicTBa Anf, oOHapy:KeHHBII1 y
TUXOOKEaHCKOW MuHoOru Lethenteron camtschaticum,
MOATBEPXKIAET TUIOTE3Y O BaXKHOCTU TIOSIBJICHUS Te-
HOB Anf 1711 BOSHUKHOBEHUsI KOHEYHOT'O MO3Ta B 9BO-
JIIOLIMK TTO3BOHOYHBIX // OHTOreHes. 2017. T. 48. Ne 4.
C. 241-251.

Epmakoea I'.B., Kyuepsewviii A.B., 3apaiickuii A.T. u dp. T'e-
TepoxpoHust akcnpeccuu reHoB Lanfu FoxG1y muHo-
M TIOATBEPXKIAeT TMOSBICHWE KOHEYHOIO MO3ra
KaK 9BOJIIOIIMOHHO MOJIOAOW HAICTPOWKN B IICH-
TpaJIbHOM HEPBHOI CHUCTEME MO3BOHOUYHBIX // OHTO-
reHe3. 2020 (MpUHSTO B MeYarh).

Ilasnos JI.C., Hazapos JI.10., 3ee30un A.O., Kyuepsaulii A.B.
u dp. TlokaTHast MUTpaLIMSI PaHUX JIMYMHOK €BpOTIeii-
ckoii peuyHoit muHoru Lampetra fluviatilis // Joxi.
akan. Hayk. 2014. Ne 459(2). C. 248—-251.

Andoniadou C.L., Signore M., Sajedi F. et al. Lack of the
murine homeobox gene Hesx 1 leads to a posterior trans-

formation of the anterior forebrain // Development.
2007. V. 134(8). P. 1499—1508.

Bachy 1., Berthon J., Retaux S., Defining pallial and
subpal-lial divisions in the developing Xenopus
forebrain // Mechanisms of Development. 2002. V.
117. P. 163—172.

Bayramov A.V., Ermakova G.V., Eroshkin FEM. et al. The
presence of the Anf/ Hesx 1 homeobox in lampreys indi-
cates that it may play important role in telencephalon
emergence // Sci. Rep. 2016. V. 6. P. 39849.

Bayramov A.V., Martynova N.Yu., Eroshkin FEM. et al. The
homeodomain-containing transcription factor X-nkx-5.1
inhibits expression of the homeobox gene Xanf-1
during the Xenopus laevis forebrain development //

Mechanism of Development. 2004. V. 121. P.
1425—1441.
OHTOTEHE3  ToMm 51 Ne 3 2020

205

Bayramov A.V., Eroshkin EM., Martynova N.Y. et al. Novel
functions of Noggin proteins: inhibition of Activin/
Nodal and Wnt signaling // Development. 2011. V. 138.
P. 5345—-5356.

Benito Gutierrez E., Stemmer M., Rohr S.D. et al. Patterning
of a elencephalon-like region in the adult brain of am-
phioxus // bioRxiv. 2018. V. 307629.

Bertrand S., Camasses A., Somorjai 1. et al. Amphioxus FGF
signaling predicts the acquisition of vertebrate morpho-
logical traits // Proc. Natl. Acad. Sci. USA. 2011. V. 108.
P. 9160—9165.

Bielen H., Pal S., Tole S. et al. Temporal variations in early
developmental decisions: an engine of forebrain evolu-
tion // Curr. Opin. Neurobiol. 2017. V. 42. P. 152—159.

Botchkarev V.A., Botchkareva N.V., Roth W. et al. Noggin is
a mesenchymally derived stimulator of hair-follicle in-
duction // Nat. Cell. Biol. 1999. V. 1. P. 158—164.

Brunet L.J., McMahon J.A., McMahon et al. Noggin, carti-
lage morphogenesis, and joint formation in the mam-
malian skeleton // Science. 1998. V. 280. P.
1455—1457.

Castro L.EC., Rasmussen S.L.K., Holland PW.H. et al. A
Gbx homeobox gene in amphioxus: insights into ances-
try of the ANTP class and evolution of the mid-
brain/hindbrain boundary // Dev. Biol. 2006. V. 295.
P. 40-51.

Dale L., Slack J.M.W. Regional specification within the
mesoderm of early embryos of Xenopus laevis // Deve-
lopment. 1987. V. 100. P. 279—295.

Danesin C., Houart C. A Fox stops the Wnt: implications for
forebrain development and diseases // Curr. Opin. Genet.
Dev. 2012. V. 22. Ne 4. P. 323—330.

Danesin C., Houart C. A Fox stops the Wnt: implications
for forebrain development and diseases // Curr. Opin.
Genet. Dev. 2012. V. 22. P. 1-8.

Danesin C., Peres J.N., Johansson M. et al. Integration of tel-
encephalic Wnt and hedgehog signaling center activities
by Foxgl // Dev. Cell. 2009. V. 16. Ne 4. P. 576—587.

Dattani M.T., Martinez-Barbera J.P., Thomas P.Q. et al.
Mutations in the homeobox gene HESX1/Hesx1 associ-
ated with septo-optic dysplasia in human and mouse //
Nat. Genet. 1998. V. 19(2). P. 125—133.
https://doi.org/10.1038 /477

Delsuc F.,, Brinkmann H., Chourrout D. et al. Tunicates and
not cephalochordates are the closest living relatives of
vertebrates // Nature. 2006. V. 439. P. 965—968.

Domazet-Loso T., Brajkovic J., Tautz D. A phylostratigraphy
approach to uncover the genomic history of major adap-
tations in metazoan lineages // Trends Genet. 2007.
V.23. P.533-539.

Ermakova G.V., Alexandrova E.M., Kazanskaya O.V. et al.
The homeobox gene, Xanf-1, can control both neural
differentiation and patterning in the presumptive anteri-
or neurectoderm of the Xenopus laevis embryo // Devel-
opment. 1999. V. 126. P. 4513—4523.

Ermakova G.V., Solovieva E.A., Martynova N.Y. et al. The
homeodomain factor Xanf represses expression of genes
in the presumptive rostral forebrain that specify more
caudal brain regions // Developmental Biology. 2007.
V. 307. P. 483—497.



206

Ermakova G.V.,, Kucheryavyy A.V., Zaraisky A.G.,
Bayramov A.V. The expression of FoxG1 in the early
development of the European river lamprey Lampetra
fluviatilis demonstrates significant heterochrony with
that in other vertebrates // Gene Expr Patterns. 2019.
V. 34. P. 119073.
https://doi.org/10.1016/j.gep.2019.119073

Eroshkin EM., Ermakova G.V., Bayramov A.V. et al. Multiple
noggins in vertebrate genome: cloning and expression
of noggin2 and noggind in Xenopus laevis // Gene
Expr Patterns. 2006. V. 6. P. 180—186.

Eroshkin F, Kazanskaya O., Martynova N. et al
Character-ization of cis-regulatory elements of the
homeobox gene Xanf-1 // Gene. 2002. V. 285. P.
279—-286.

Feinberg TE., Mallatt J. The evolutionary and genetic ori-
gins of consciousness in the Cambrian Period over 500
million years ago // Front. Psychol. 2013. V. 4. P. 667.
https://doi.org/10.3389/fpsyg.2013.00667

Fletcher R.B., Watson A.L., Harland R.M. Expression of
Xenopus tropicalis nogginl and noggin2 in early devel-
opment: two noggin genes in a tetrapod // Gene Expr
Patterns. 2004. V. 5. P. 225-230.

Gess RW., Coates M.I., Rubidge B.S. A lamprey from the
Devonian period of South Africa // Nature. 2006.
V. 443(7114). P. 981-984.

Green S.A., Bronner M.E. The Lamprey: A jawless verte-
brate model system for examining origin of the neural
crest and other vertebrate traits // Differentiation. 2014.
V. 87. P. 44-51.

Grunz H., Tacke L. Neural differentiation of Xenopus laevis
ectoderm takes place after disaggregation and delayed
reaggregation without inducer // Cell Differ. Dev. 1989.
V. 28(3). P. 211-217.

Hebert J.M., Fishell G. The genetics of early telencephalon
patterning: some assembly required // Nat. Rev. Neuro-
sci. 2008. V. 9. P. 678—685.

Heisenberg C.P., Houart C., Take-Uchi M. et al. A mutation
in the Gsk3-binding domain of zebrafish Master-
blind/Axin1 leads to a fate transformation of telenceph-
alon and eyes to diencephalons // Genes Dev. 2001.
V. 15(11). P. 1427—1434.

Holland N.D., Panganiban G., Henyey E.L. et al. Sequence
and developmental expression of AmphiDIl, an amphi-
oxus Distal-less gene transcribed in the ectoderm, epi-
dermis and nervous system: insights into evolution of
craniate forebrain and neural crest // Development.
1996. V. 122. P. 2911-2920.

Holland PW.H., Garcia-Fernandez J., Williams N.A. et al.
Gene duplications and the origins of vertebrate develop-
ment // Development. 1994 (suppl.). P. 125—133.

Janvier P Modern look for ancient lamprey // Nature.
2006. V. 433. P. 921-924.

Kiecker C., Lumsden A. The role of organizers in patterning
the nervous system // Annu. Rev. Neurosci. 2012. V. 35.
P. 347-367.

Kiecker C., Niehrs C. A morphogen gradient of Wnt/beta-
catenin signalling regulates anteroposterior neural pat-
terning in Xenopus // Development. 2001. V. 128(21).
P. 4189—-4201.

BAMPAMOB u np.

Klimova L., Kozmik Z. Stage-dependent requirement of
neuroretinal Pax6 for lens and retina development //
Development. 2014. V. 141. P. 1292—1302.

Kortiim F, Das S., Flindt M. et al. The core FOXG1 syn-
drome phenotype consists of postnatal microcephaly,
severe mental retardation, absent language, dyskinesia,
and corpus callosum hypogenesis // J. Med. Genet.
2011. V. 8. Ne 6. P. 396—406.

Kremnyov S., Henningfeld K., Viebahn C. et al. Divergent ax-
ial morphogenesis and early shh expression in vertebrate
prospective floor plate // EvoDevo. 2018. V. 9. P. 4.

Kumamoto T., Hanashima C. Evolutionary conservation and
conversion of Foxg1 function in brain development // Dev.
Growth Differ. 2017. V. 59. Ne 4. P. 258—-269.

Kuraku S., Kuratani S. Time scale for cyclostome evolution
inferred with a phylogenetic diagnosis of hagfish and
lamprey ¢cDNA sequences // Zoolog. Sci. 2006. V.
23(12). P. 1053—1064.

Kuratani S., Nobusada Y., Horigome N. et al. Embryology of
the lamprey and evolution of the vertebrate jaws: insights
from molecular and developmental perspectives // Philos.
Trans. R. Soc. Lond. B. Biol. Sci. 2001. V. 356(1414). P.
1615—1632.

Lagutin O.V., Zhu C.C., Kobayashi D. et al. Six3 repression
of Wnt signaling in the anterior neuroectoderm is essen-
tial for vertebrate forebrain development // Genes Dev.
2003. V. 17(3). P. 368—379.

Lamb T:M., Knecht A.K., Smith W.C. et al. Neural induction
by secreted polypeptide noggin // Science. 1993. V. 262.
P. 713-718.

Linker C., Stern C.D. Neural induction requires BMP inhi-
bition only as a late step, and involves signals other than
FGF and Wnt antagonists // Development. 2004.
V. 131(22). P. 5671—5681.

Maden M. Heads or tails? Retinoic acid will decide // Bio-
essays. 1999. V. 21(10). P. 809—812.

Martin-Duran J.M., Pang K., Borve A. et al. Convergent
evolution of bilaterian nerve cords // Nature. 2018.
V. 553. P. 45-50.

Martynoga B., Morrison H., Price D.J. et al. Foxgl is re-
quired for specification of ventral telencephalon and re-
gion-specific regulation of dorsal telencephalic precursor
proliferation and apoptosis // Dev. Biol. 2005. V. 283(1).
P. 113—127.

Martynova N.Yu., Eroshkin EM., Ermakova G.V. et al. Pat-
terning the forebrain: FoxA4a/Pintallavis and Xvent-2
determine the posterior limit of the Xanf- I expression in
the neural plate // Development. 2004. V. 131. P. 2329—
2338.

Mason I. Initiation to end point: the multiple roles of fibro-
blast growth factors in neural development // Nat. Rev.
Neurosci. 2007. V. 8(8). P. 583—596.

McCauley D.W., Docker M.F., Whyard S. et al. Lampreys as
Diverse Model Organisms in the Genomics Era // Bio-
science. 2015. V. 65(11). P. 1046—1056.

McMahon J.A., Takada S., Zimmerman L.B. et al. Noggin-
mediated antagonism of BMP signaling is required for
growth and patterning of the neural tube and somite //
Genes. Dev. 1998. V. 12. P. 1438—1452.

OHTOI'EHE3 TtoM 51 Ne 3 2020



IT'’EHETUYECKHWE MEXAHW3MbI PAHHETO PA3BUTUA

Medina L. Evolution and Embryological Development of
Forebrain // Encyclopedia of Neuroscience / Eds.
Binder M.D., Hirokawa N., Windhorst U. Berlin,
Heidelberg: Springer, 2009.

Medina L., Abellan A. Development and evolution of the
pallium // Semin. Cell Dev. Biol. 2009. V. 20(6). P.
698— 711.

Mehta T.K., Ravi V., Yamasaki S. et al. Evidence for at least
six Hox clusters in the Japanese lamprey (Lethenteron
Jjaponicum) // Proc. Natl. Acad. Sci. USA. 2013. V. 110.
P. 16044—16049.

Meléndez-Ferro M., Villar-Cheda B., Abalo X.M. et al.
Early development of the retina and pineal complex in
the sea lamprey: comparative immunocytochemical
study // J. Comp. Neurol. 2002. V. 442. Ne 3. P.
250—265.

Moreau M., Leclerc C. The choice between epidermal and
neural fate: a matter of calcium // Int. J. Dev. Biol.
2004. V. 48(2-3). P. 75—84.

Murakami Y., Uchida K., Rijli EM. et al. Evolution of the
brain developmental plan: Insights from agnathans //
Dev. Biol. 2005. V. 280(2). P. 249—259.

Murakami Y., Ogasawara M., Sugahara F. et al. 1dentifica-
tion and expression of the lamprey Pax6 gene: evolu-
tionary origin of the segmented brain of vertebrates //
Development. 2001. V. 128(18). P. 3521—-3531.

Mpyojin M., Ueki T., Sugahara F et al. Isolation of Dlx and
Emx gene cognates in an agnathan species, Lampetra
japonica, and their expression patterns during
embryonic and larval development: conserved and
diversified regulatory patterns of homeobox genes in
vertebrate head evolution // J. Exp. Zool. 2001. V.
291(1). P. 68—84.

Neidert A.H., Virupannavar V., Hooker G.W. et al. Lamprey
DIx genes and early vertebrate evolution // Proc. Natl.
Acad. Sci. USA. 2001. V. 98(4). P. 1665—1670.

Nomura T., Murakami Y., Gotoh H. et al. Reconstruction
of ancestral brains: exploring the evolutionary process
of encephalization in amniotes // Neurosci. Res. 2014.
V. 86. P. 25—36.

Nord A.S., Pattabiraman K., Visel A. et al. Genomic per-
spectives of transcriptional regulation in forebrain de-
velopment // Neuron. 2015. V. 85(1). P. 27—47.

Ohno S. Evolution by Gene Duplication. Berlin, Germany:
Springer, 1970.
Oisi Y., Ota K.G., Kuraku S. et al. Craniofacial development

of hagfishes and the evolution of vertebrates // Nature.
2013. V. 493(7431). P. 175—180.

Osdrio J., Rétaux S. The lamprey in evolutionary studies //
Dev. Genes Evol. 2008. V. 218(5). P. 221-235.

Osumi N., Shinohara H., Numayama-Tsuruta K. et al. Con-
cise review: Pax6 transcription factor contributes to
both embryonic and adult neurogenesis as a
multifunctional regulator // Stem Cells. 2008. V. 26. P.
1663—1672.

Ota, K.G., Kuraku, S., Kuratani S., Hagfish embryology
with reference to the evolution of the neural crest // Na-
ture. 2007. V. 446. P. 672—675.

Pani A.M., Mullarkey E.E., Aronowicz J. et al. Ancient deu-
terostome origins of vertebrate brain signalling centres //
Nature. 2012. V. 483. P. 289—294.

OHTOI'EHE3 tom 51 Ne 3 2020

207

Piccolo S., Agius E., Leyns L. et al. The head inducer
Cerberus is a multifunctional antagonist of nodal,
BMP and Wnt signals // Nature. 1999. V. 397(6721). P.
707—710.

Puelles L., Rubenstein J.L.R. A new scenario of hypotha-
lamic organization: rationale of new hypotheses intro-
duced in the updated prosomeric model // Front.
Neuroanat. 2015. V. 9. P. 27.

Puelles L., Ferran J.L. Concept of neural
genoarchitecture and its genomic fundament // Front.
Neuroanat. 2012. V. 6. P. 47.

Putnam N.H., Butts T. Ferrier D.E.K. et al. The amphioxus
genome and the evolution of the chordate karyotype //
Nature. 2008. V. 453. P. 1064—1071.

Reese D.E., Hall C.E., Mikawa T. Negative regulation of
midline vascular development by the notochord //
Dev. Cell. 2004. V. 6. P. 699—708.

Renaud C.B. Lampreys of the world. An annotated and il-
lustrated catalogue of lamprey species known to date //
FAO Species Catalogue for Fishery Purposes. 2011. V.
5. P. 109.

Retaux S., Kano S. Midline signaling and evolution of the
forebrain in chordates: A focus on the lamprey hedge-
hog case // Integrative and Comparative Biology. 2010.
V. 50. P. 98—109.

Rodriguez-Seguel E., Alarcon P., Gomez-Skarmeta J.L. The
Xenopus Irx genes are essential for neural patterning and
define the border between prethalamus and thalamus
through mutual antagonism with the anterior repressors
Fezf and Arx // Dev. Biol. 2009. V. 329. P. 258—268.

Scholpp S., Foucher 1., Staudt N. et al. Otx1 1, Otx2 and Irx1b
establish and position the ZLI in the diencephalons // De-
velopment. 2007. V. 134. P. 3167—3176.

Schubert M., Holland N.D., Laudet V. et al. A retinoic acid-
Hox hierarchy controls both anterior/posterior pattern-
ing and neuronal specification in the developing
central nervous system of the cephalochordate
amphioxus // Dev. Biol. 2006. V. 296. P. 190—202.

Sestak M.S., Domazet-Loso T. Phylostratigraphic profiles in
zebrafish uncover chordate origins of the vertebrate
brain // Mol. Biol. Evol. V. 201532. P. 299—312.

Slack J.M., Tannahill D. Noggin the dorsalizer // Nature.
1993. V. 361. P. 498—499.

Smith W.C., Knecht A.K., Wu M. et al. Secreted noggin pro-
tein mimics the Spemann organizer in dorsalizing Xen-
opus mesoderm // Nature. 1993. V. 361. P. 547—549.

Smith W.C., Harland R.M. Expression cloning of noggin, a
new dorsalizing factor localized to the Spemann
orginizer in Xenopus embryos // Cell. 1992. V. 70. P.
829—840.

Streit A., Berliner A.J., Papanayotou C. et al. Initiation of neural
induction by FGF signalling before gastrulation // Nature.
2000. V. 406(6791). P. 74—78.

Suda Y., Kurokawa D., Takeuchi M. et al. Evolution of Otx
paralogue usages in early patterning of the vertebrate
head // Dev. Biol. 2009. V. 325(1). P. 282—295.

Sugahara F., Pascual-Anaya J., Oisi Y. et al. Evidence from
cyclostomes for complex regionalization of the ancestral
vertebrate brain // Nature. 2016. V. 531. P. 97—100.



208

Sugahara F, Murakami Y., Pascual-Anaya J. et al.
Recon-structing the ancestral vertebrate brain // Dev.
Growth Differ. 2017. V. 59(4). P. 163—174.

Sussel L., Marin O., Kimura S. et al. Loss of Nkx2.1
homeo-box gene function results in a ventral to dorsal
molecular  respecification  within  the  basal
telencephalon: evidence for a transformation of the
pallidum into the striatum // Development. 1999. V.
126. P. 3359—-3370.

Suzuki D.G., Murakami Y., Escriva H. et al. A comparative
examination of neural circuit and brain patterning be-
tween the lamprey and amphioxus reveals the
evolutionary origin of the vertebrate visual center // J.
Comp. Neurol. 2015. V. 523. Ne 2. P. 251-261.

Tahara Y. Normal stages of development in the lamprey,
Lampetra reissneri (Dybowski) // Zoological Science.
1988. V. 5. P. 109—118.

Takahashi H., Liu F.C. Genetic patterning of the mamma-
lian telencephalon by morphogenetic molecules and
transcription factors // Birth. Defects. Res. C. Embryo.
Today. 2006. V. 78(3). P. 256—266.

Tank E.M., Dekker R.G., Beauchamp K. et al. Patterns and
consequences of vertebrate Emx gene duplications //
Evol. Dev. 2009. V. 11(4). P. 343—-353.

Taverna E., Gotz M., Huttner W.B. The cell biology of neu-
rogenesis: toward an understanding of the development
and evolution of the neocortex // Annu. Rev. Cell.
Dev. Biol. 2014. V. 30. P. 465—502.

Thomas P., Beddington R. Anterior primitive endoderm may
be responsible for patterning the anterior neural plate in
the mouse embryo // Curr. Biol. 1996. V. 6(11).
P. 1487—1496.

Tomsa J.M., Langeland J.A. Otx expression during lamprey
embryogenesis provides insights into the evolution of
the vertebrate head and jaw // Dev. Biol. 1999. V. 1;
207(1). P. 26—37.

Toresson H., Maritnez-Barbera J.P., Beardsley A. et al.
Conservation of BF-1 expression in amphioxus and
zebrafish suggests evolutionary ancestry of anterior cell
types that contribute to the vertebrate telencephalon //
Dev. Genes Evol. 1998. V. 208. P. 431—439.

BAMPAMOB u np.

Vieira C., Pombero A., Garcia-Lopez R. et al. Molecular
mechanisms controlling brain development: An over-
view of neuroepithelial secondary organizers // Int.
J. Dev. Biol. 2010. V. 54. P. 7-20.

Wada H., Saiga H. Satoh N. et al. Tripartite organization of
the ancestral chordate brain and the antiquity of the
placodes: Insights from ascidian Pax-2/5/8, Hox, and
Otx genes // Development. 1998. V. 125. P. 1113—1122.

Warren S.M., Brunet L.J., Harland R.M. et al. The BMP an-
tagonist noggin regulates cranial suture fusion // Na-
ture. 2003. V. 422. P. 625—629.

Watanabe K., Kamiya D., Nishiyama A. et al. Direct differ-
entiation of telencephalic precursors from embryonic
§t9eén cells // Nature Neuroscience. 2005. V. 8. P. 288—

Wilson P.A., Hemmati-Brivanlou A. Induction of epidermis
and inhibition of neural fate by Bmp-4 // Nature. 1995.
V. 376(6538). P. 331—333.

Wilson S.1., Rydstrom A., Trimborn T. et al. The status of Wnt
signalling regulates neural and epidermal fates in the chick
embryo // Nature. 2001. V. 411(6835). P. 325—330.

Wilson S.W., Houart C. Early steps in the development of
the forebrain // Dev. Cell. 2004. V. 6(2). P. 167—181.

Wullimann M.F., Mueller T., Distel M. et al. The long adven-
turous journey of rhombic lip cells in jawed vertebrates:
a comparative developmental analysis // Front. Neuro-
anat. 2011. V. 5. P. 27.

Xanthos J.B., Kofron M., Tao Q. et al. The roles of three sig-
naling pathways in the formation and function of the
Spemann Organizer // Development. 2002. V. 129(17).
P. 4027—-4043.

Yang X. U., Si-Wei Z.H.U., Qing-Wei L.1I. Lamprey: a model
for vertebrate evolutionary research // Dongwuxue Yan-
jiu. 2016. V. 37(5). P. 263—269.

Zaraisky A.G., Lukyanov S.A., Vasiliev O.L. et al. A novel
homeobox gene expressed in the anterior neural plate of
the Xenopus embryo // Dev. Biol. 1992. V. 152. P.
373—-382.

Zhang H., Ravi V., Tay B.H. et al. Lampreys, the jawless
vertebrates, contain only two ParaHox gene clusters //
Proc. Natl. Acad. Sci. USA. 2017. V. 114(34). P.
9146—9151.

Genetic Mechanisms of the Early Development of the Telencephalon as a Reflection
of the History of the Appearance and Evolution of This Unique Department
of the Central Nervous System of Vertebrates
A. V. Bayramov! *, G. V. Ermakova!, and A. G. Zaraisky'

IShemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Moscow, 117997 Russia
*e-mail: andrbayr@gmail.com

One of the most important aromorphoses in the evolution of vertebrates was the emergence of a complex
structured telencephalon — a rostral part of the forebrain, which, developing and improving in evolution, pro-
vided the possibility of realizing higher forms of nervous activity observed in animals and humans. The laying
of the telencephalon occurs at the earliest stages of vertebrate ontogenesis, when the anterior part of the neu-
ral tube differentiates into three cerebral vesicles: prozencephalon, as an embryo of the future forebrain, mes-
encephalon — the future midbrain and rhombencephalon — the future hindbrain. The forebrain further dif-
ferentiates, forming the terminal brain (telencephalon) and the diencephalon (diencephalon). The develop-
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ment of brain structures and regions is modulated by the expression of appropriate regulatory genes encoding
transcription factors and signaling molecules. Issues of the appearance in the evolution and ontogenesis of
the telencephalon, being today one of the central in modern developmental biology, at the molecular level
remain still poorly studied. Recently, when studying the evolutionary mechanisms that ensure the appearance
of the telencephalon in vertebrates, much attention is paid to the most evolutionarily ancient groups of verte-
brates, such as cyclostomes (lampreys and myxines) and the closest relatives of vertebrates — Tunicata (ascid-
ians) and Cephalochordata (lancelets). Of particular interest in these studies are cyclostomes, since it is the
representatives of vertebrates in which telencephalon appears for the first time in evolution as a separate mor-
phological structure, and there is reason to believe that they could retain expression patterns and regulatory
mechanisms characteristic of vertebrate ancestors. In this review we summarize and analyze the data accu-
mulated in recent years on studies of the genetic mechanisms of the early development of the telencephalon
in lower vertebrates and the results of the search for homologues of this structure in vertebrate-related chor-
date groups — skulls and membranes.

Keywords: telencephalon, prosencephalon, neural induction, cranial, cyclostomes, lampreys, vertebrates, de-
velopment of the telencephalon, early embryonic differentiation
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I'eHOM 3MTOTHI Cpa3y IIOC/E OIUIOAOTBOPEHMS HE TPAaHCKpUOUpYyeTcsa. B aTOT meprom mponcxXoauT ero Iie-
perporpaMMHIpOBaHUE, KOTOpOe obecIiednBaeT nepexon AuddepeHIIMpoBaHHON MOJI0BOM KJIETKU B TOTH-
noTeHTHOe cocTostHre U 3aBUcUT oT PHK 1 6e1koB, HaKOIUIEHHBIX B 0OLIMTE. 3a IepenporpaMMIpPOBaHI -
eM clleAyeT aKTuBanus 3urormdeckoro reHoma (A3IN). OnuH 13 KimodeBbIX peryasitopoB A3I y yemoBeka —
reH DUX4, xonupyoluii TpaHCKPUIILIMOHHBIN (hakTop ¢ NByMs1 romeobokcamu. Ero akcrnpeccust Heo6xo-
JIMMa JIJTSE pa3BUTHSI SMOPUOHA, TTIOMJIEKUT TOYHOM BpEMEHHOM PeryJIsIui 1 OOBIYHO HaOJI0AaeTCsI TOJIBKO
Ha paHHUX CTanusx ApooiaeHus1. B 6onbmmHcTBe coMmaTtuueckux TkaHeil DUX4 ahdpekTUBHO pernpeccupy-
eTcs 3a cYeT paboThl MHOXECTBA SITMTeHETUYECKNX MeXaHU3MOB. AbeppaHTHasl aKkcripeccust DUX4 B cke-
JIETHBIX MBIIIIIAX BBI3BIBAET JIMIIE-JI0IIATOYHO-IUIEYEBYIO MBIIIEUHYIO AUcTpoduio. Dkcnpeccus DUX4,
CBsI3aHHAsI C XPOMOCOMHBIMH IIEPECTPOMKAMHU, TPUBOJIUT K ITOJIaBJICHUIO IIPOTUBOOITYX0JIEBOM UMMYHHO
aKTUBHOCTH, M HAOIIOMAeTCS MPU JIEHKEeMUSIX U cCapKoMaXx.

Karoueeswvie crosa: DUX4, akTuBaliMs 3MTOTUYECKOTO FTeHOMa, OHKOTeHe3, MbIIIeuHast AUCTPOohus
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BBEAEHWE

HoBooOpa3oBaHHBI TeHOM I'eHOM 3UTOTHI COCTO-
UT U3 MaTepPUHCKOTO U OTIIOBCKOTO T€HETUYECKOTO
MaTepuaa, KaXIbIii 13 KOTOPBIX UMEeT CBOIO XpoMa-
TUHOBYIO OPTaHU3AIIMIO U HY>KITAETCS B pEMOJIETUPO-
BaHUM J10 OTKPBITOTO COCTOSIHUSI, TIPEXIe YeM ero
MOXKHO OymeT TpaHcKpuoumpoBath. [leperrporpamMmmm-
poOBaHME 3UTOTHl MPOUCXOAUT Cpa3y MOCJE OIUIONO-
TBOPEHUSI, TI0Ka € TeHOM TPaHCKPUIILIMOHHO HeakK-
tuBeH. OHO ocyuiecTBisiercs 3a cueT PHK u 6enkos,
HaAKOIUIEHHBIX B SIMIIEKJIETKE 10 OIJIOAOTBOPEHUS U
obecrieynBaeT Tiepexol TEeHOMOB SMIEKIETKU U
criepMaTo3onaa, cGopMUPOBABIINX 3UTOTY, B TOTH-
noteHTHoe coctosiHue (Newport, Kirschner, 1982;
Tadros, Lipshitz, 2009). BoociiencTBum 3T0 IpUBO-
JINT K 00pa30BaHUIO PA3IMYHBIX TUIIOB KJIETOK 1 TKa-
Heil. 3a mepenporpaMMHUpoOBaHUEM CJEeIyeT IIpO-
1IeCC, U3BECTHBII KaK Mepexol OT MaTePUHCKOTO TH-
ma 3KCIPecCUM TeHOB K 3urotudyeckomy (M3II)
(Tadros, Lipshitz, 2009). M3I1 BkJrouaeT B cebs1 ak-
TUBaLMIO 3uroTuyeckoro reHoma (A3I') u mocreneH-
HYIO JIeTpafaliio IIPOIYKTOB MAaTepUHCKOTO IIPONC-

xoxaeHus. ITociie M3I1 HoBoOOpa3oBaHHEBINM TEHOM
3UTOTHI OepeT Ha ceOsT MOJTHBIN KOHTPOJIbL Hal TPaH-
CKpUIIILINEN B pa3BUBaoOIIeMcsI SMOpHUOHE.

MexaHusmsbl, onpenensione Hadano A3D, uzy-
YyeHBI He MoJIHOCThIO. M3BecTHO, uTo A3 yacTU9HO
pETyaupyeTcss U3MEHEHNUEM SIAepHO-IIUTOILIa3MaTH -
yeckoro orHoureHus (Newport, Kirschner, 1982): ero
MOBBIIIIEHNE CIIOCOOCTBYET TUTPOBAHUIO M3HAYaJlb-
HO MMEIOIIMXCS B SIMIIEKIIETKE HeCIeln(pUIeCcKIX
pEIIpecCcopoB, MHIUOMPYIONIUX  TPAHCKPUIILIHNIO
JHK (Amodeo et al., 2015; Jevti¢, Levy, 2015, 2017,
Joseph et al., 2017). BbicTpble KJI€TOUHBIE LIMKIIBI,
MIpUCYIIFe MHOTUM BHAAM HAa pPaHHUX 3Tarax M-
OpuoreHes3a, MpaKTUUYECKU HE OCTaBISIOT BpeMEeHU
IS TpaHCKpUIILIMKU Mexny aeaeHusMu (Rothe et al.,
1992; Shermoen, O’Farrell, 1991). Hagano A3I cra-
HOBUTCSI BO3MOXHBIM IO Me€pe 3aMeIJICHUS 1eJCHUS
U yoiarHeHus KietoyHoro uukia (Kimelman et al.,
1987). B 3nauutenpHoli cteneHu A3l cBsizaHa c pe-
MoIenupoBaHrMeM xpomaTuHa. Kpome Toro, Tpedy-
eTCs BpeMsl ISl MOIUaAeHIMPOBAaHUS, TPAHCIIS LN
¥ HAaKOIUIEHHS B KJIETKE OCHOBHBIX TPAaHCKPUIILIOH-
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HBIX (haKTOPOB, YHACIIEMOBAHHBLIX B BUAE MATEPUH-
ckoii MPHK u nHeoOxommmbix mist A3D (Veenstra
et al., 1999; Guven-Ozkan et al., 2008). B taHHOM 00-
30pe MBI PACCMOTPUM CEMEMUCTBO TPAHCKPUITIIUOH-
HBIX pakTopoB DUX, yyactBytomux B A3IT Miaeko-
nutaromux (De Iaco et al., 2017).

ITPONCXOXIEHHUE
N 5BOJIIOLIUA TEHA DUX

CemeiictBo reHoB DUX mnpencraBieHO O€3WH-
TpoHHbIMU DUX4 y nmpumaToB 1 adporepuii (CJIOHBHI,
JlaMaHbl, TEHpeKW) U Dux y MbIIIIel U KpbIC, a TaKxkKe
UHTpOH-conepxKamMn Duxa, Duxb i Duxc y apyrux
miekonuraromux (Leidenroth et al., 2012). Eme onun
MHTpOH-conepxaiuii BapuaHt, Duxbl (DUXB-like),
BCTpEYaeTCsl TOJBKO Y MBIIIEH W KPbIC, XOTSI €To
TceBnoreHHbie (OpMbI ObLITU HaliIEHBI U Y TTPUMATOB
(Leidenroth, Hewitt, 2010). DUX4 1pCyTCTBYET B re-
HOMe€ 4eJI0BeKa BO MHOXECTBE KOIHWI, KOTOPbIE Op-
raHW30BaHbI B KpymnHbIe (3.3 KO) MakpocaTeIJIUTHbIE
TaHJIeMHble MOBTOpbl — D474, pacnonoXeHHbIe B
cyoTesioMepHBIX obJacTsax xpomocoMm 4q u 10q (Ga-
briéls et al., 1999). ITosTopsl D474 niprCyTCTBYIOT U
B JPYTUX ydyacTKax 4YeJOBEYEeCKOro reHoMa B BUJE
OTIEeJIbHBIX Konuii. B reHoMe Mbliiy reH Dux Takxe
MpeacTaBIieH MHOXKECTBOM KOIIM M OpraHU30BaH B
aHaJoOTM4YHBIE MOBTOPHI pazMepoMm 4.9 k6 (Clapp
etal., 2007).

Bce 6enxu DUX o6maparor nyms JJHK-cBs3bI-
Baoiumu romeonomeHamu (11 u I'/12), pasneneH-
HBIMU JIMHKEPOM. XOTSI TOMEOJIOMEHBI OOBIYHO CBSI-
3piBatoT JIHK B Buae numepa, mprucyTcTBUE Cpa3y He-
CKOJIBKMX TOMEOJIOMEHOB B OJHOM O€JiIKe JOBOJBHO
HEOOBIYHO M He HaOJIIoJaeTcsl BHE TPYINbI IJIalleH-
TapHbIX MileKormTaromux (Eutheria). IToMmumo rome-
onomeHoB psig 6enkoB DUX (Duxc, Dux nu DUX4)
UMEIOT KOHCepBaTUBHBIN C-KOHIIEBOM TpaHCAKTUBU-
pyrommii nomeH (Leidenroth, Hewitt, 2010; Mitsu-
hashi et al., 2018).

CornacHO COBPEMEHHOM 3BOTIOIMOHHON MOJIe-
i, cemeiictBo DUX mosiBUIOCH Mocie OyTInKalin
YacTU TeHa, COAepXKalllero ¢OUWHCTBEHHEIN TOMEO-
ookc (Leidenroth, Hewitt, 2010). B pe3ynbraTe 110-
SIBUJICSI HOBBII T€H C IBYMS TAHAEMHO PaCIIOJIOXKEH -
HbIMU ToMeobOokcamu (Lee et al., 2018). ITocneagHuit
o0IIMii MpemoK BCeX IUIAlleHTapHBIX MJIEKOIIMTAIO-
11X, BEPOSITHO, UMEJI TeH C IBYMsI TOMEOOOKCcCaMu —
Duxc. T'ensl DUX4 n Dux BO3HUKJIU TIO3IHEE B pe-
3yJIbTaT€ MHOXECTBEHHBIX HE3aBUCHUMBIX PETpPO-
tpaHcno3uluii (Leidenroth et al., 2012).

JIBa romeogomeHa DUX mpuHamiexxaTr K BETBU
ceMeiictBa romeogomeHoB PAX (Paired-homeobox),
HO UX CXOACTBO APYT C APYTOM Topa3ao CUJIbHEe, YeM
¢ 1100bIM u3 npyrux PAX-romeomomMeHOB. DTO IOI-
TBEp:KIaeT TUITOTe3y O TOoM, 4To cemeiictBo DUX,
CKopee BCero, BBIASINIOCHh UMEHHO B Pe3yJIbTaTe 1y-
IUIMKAIIUY B IIOCJIeIOBATEIBHOCTY IeHa, IIPEeIKOBOTO
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st Becex ayrepuii (Leidenroth et al., 2012; Lee et al.,
2018). CoBpeMeHHBIM TOMOJIOTOM 3TOTO MPEIKOBOTO
reHa, BepOsITHO, SIBJISIETCS COAEPIKAILMii OMUH TOMEO-
0okc reH sDUX, obHapyKeHHBbII1 y HeMJIalleHTapHbBIX
miekonuTaronux (Leidenroth, Hewitt, 2010).

DUX4 gBnsgercd TpaHCKPUNINOHHBIM (PaKTO-
poM. OH CBSI3BIBAETCSI C ONpeaeIeHHOI MocienoBa-
TeapHOCcThi0 JITHK mocpeacTBoM roMeogoMEHOB M
Oaromapsl TpaHCAKTUBUPYIOIIEMY TOMEHY aKTUBHU-
pyeT aKcrpeccuio psina reHoB. KoHceHcycHasi Tmo-
CJIeNoBaTeIbHOCTh, KOTOpYIo y3HaeT DUX4 B reHoMe
yenoBeka — 5'-TAATCTAATCA-3' (Geng et al., 2012;
Yu Zhang et al., 2016). ITockonsky I'/11 u I'JI2 DUX4
MMEIOT BBICOKUII YPOBEHB CXOJICTBa, M3HAYaJIbHO
MPEeaIoarajoch, YTO0 OHU CBSI3BIBAIOT IBA OJMHAKO-
BbIX MOoTUBa — TAAT, pacrionarasicb OTHOCUTEJIbHO
JIPYT Apyra B OpueHTaluu “rojoBa K xBocty” (Dong
et al., 2018), omHaKo HegaBHSISA pacIIU(pPOBKA KPHU-
CTaJIMYEeCKOM CTPYKTYpbl N-KOHIIEBOI YacTu OeKa
DUX4 (ocratku 15—155, BkiIoyamplnre oba rome-
onmomeHa DUX4) B kommiekce co ceoum JIHK-koH-
ceHcycoM mokasaina, yro I'JI1 u I'JI2 cBsa3bIBaIoOT pas-
Hble MOTUBHL — 5'-TAAT-3' u 5'-TGAT-3' coorBeT-
CTBEHHO, 1 OPUEHTHUPYIOTCS IIPU 3TOM “TOjioBa K
ronoBe” (Lee et al., 2018).

I'EHbBI DUX U A3T

bynyun TpaHcKpunimoHHbIM (hakTopom, DUX4
aKTUBUPYET SKCIIPECCUIO0 HECKOJILKUX COTEH T'€HOB.
I'enbi-mumenn DUX (genoBedeckoro DUX4 n MbI-
1MHOTo Dux) aKkcnpeccupyloTcst 10 akTUBaLlUU 31~
roThl B cOCTaBe MepBOii (MUHOPHOI) BOJHBI A3I.
IIpennonaraercsi, 4Tto aKTOpbl TPAHCKPUITLIUU
DUX sBasiiorcsl Kito4eBBIMU UHIOAYKTopamMu A3l y
miaekonutatomux (De Iaco et al., 2017; Hendrickson
et al., 2017). PHK DUX4 6r11a oO0Hapy>keHa HA9MHAs
CO CTaJ1¥ OOLIMTA U BIJIOTH 10 CTaIMU YETHIPEX KJIe-
ToK (4C). Dkcnpeccus mpearojiaraeMblXx MUILIEHE
DUX4 (manpumep, ZSCAN4, ZFP352, sHIOT€HHBIX
peTpoBUPYCHEIX 3neMeHTOB — MERVL y Muimieit u
HERVL y uyenoBeka) IeTeKTUPYIOTCSI HayMHasi C
nByxkietrogHoii craguu (2C), a K cTaguu BOCBMH
kieTok (8C), COOTBETCTBYIOIEl OCHOBHOII BOJIHE
A3I yuenoseka (Vassena et al., 2011), mocturaet nu-
ka (De Iaco et al., 2017).

DKTomuUyecKas 3Kcrpeccus Dux B dMOpUOHAIb-
HBIX CTBOJIOBBIX KJIeTKax Mblliu (mESCs) mepeBoaut
WX B COCTOSIHHE, XapaKTepHOe IJisi 3MOPUOHOB Ha
cragun nByx OmactomepoB (2C). Kierkm mESCs,
aKcrpeccupytomme Dux, peaKTUBUPYIOT IKCIIpec-
CUIO T€HOB JBYXKJIETOUYHOI CTaauU, TEPSIOT aCCOLIM-
MPOBaHHEBIN C INTIOPUIIOTEeHTHOCTHIO 0e10K POUSF1
1 XPOMOIIEHTPHI, a TAKKe TPUOOPETAIOT XpPOMATUHO-
BBII JIaHAIIAdT, XapaKTepHbIil IJ1s ABYXKJIETOYHBIX
smbpuroHoB (Hendrickson et al., 2017). C npyroii cTo-
POHBI, OBIJIO MOKa3aHO, YTO HOKAyT reHa Dux B 3UTO-
Tax MBIIIEN ex vivo “3aMopakuBaeT” 3UroThl Ha CTa-
qun 2C: TaKkue 3UToThl HE MPOSIBISUIA cHenuduie-
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ckux st A3IT TpaHCKPUIILIMOHHBIX U3MEHEHUIA U He
Mo ¢opMupoBaTh Mopyay/o6macrouucty (De Iaco
et al., 2017).

Tem He MeHee, OoJiee MO3MHUE MCCIICIOBAHUS
MOKa3bIBaIOT, UTO Aeruielius Dux in vivo ropasmno
MeHee daTajibHa, U JaKe rmoHast motepst Dux He SIB-
JIIETCSl MPensiTCTBUEM I Pa3sBUTUSI SMOPUOHOB
meimu (Chen, Zhang, 2019; Guo et al., 2019). 'omo-
3UTOTHBIE Dux™/~ MBIIIKA XOTb U POXAAIOTCS C ya-
CTOTO HECKOJIBKO MEHbIIIE 0KMAAeMOM Mo MeHAe-
JIEBCKOMY pacIpeaeeHUI0, TOKUBAIOT 10 B3POCJIO-
ro BO3pacTa, IeMOHCTPUPYS JIUIITb HE3HAUYUTEIbHOE
CHUXXE€HUE PEenpoJyKTMBHOTO TOTeHLMaia. TpaH-
ckpunToMbl Dux~/~ 5MOproHOB B KoHLE cTanuii 1C n
2C cylIeCTBEHHO HE OTJMYAIOTCSd OT TPAHCKPUIITO-
MOB 3MOpHOHOB MbIIIeit nukoro Tuma (Chen, Zhang,
2019). AHanu3 TpaHCKpUMLMOHHOTO TTpoduist 2C-3M-
OpMOHOB Ha paHHel, cpenHeid 1 nmo3mHei 2C cramgmsx
MoKa3bIBaeT, UTO XOTs Ha paHHel 2C MOAMHOXKECTBO
A3I-reHOB AEHCTBUTEIbHO HMEIOT TTOHUXEHHYIO
sKcrpeccuto B Dux—/~ sMOproHax (110 CpaBHEHUIO C
panHeii 2C B 5MOprOHAX TUKOTO TUIIA), SKCIPECCUS
9THUX TE€HOB Pe3KO MOoBhIIIaeTcs K KoHIty 2C ctaguu
(o cpaBHeHUIO ¢ paHHel 2C cTtagueil B HOKayTHBIX
9MOpHUOHAX), YTO yKa3bIBaeT Ha TO, YTO WUX TpaH-
CKPUITLIHS XOTh M OTJIOXKEHHO, HO aKTUBUPYETCS Ja-
xe B orcyrctBue Dux (Guo et al., 2019). DT naHHbIe
MO3BOJISIOT MPEATOJOXUTh, YTO Dux — BaXKHBIH, HO
He HeoOxonumblit (pakTop A3T, U sIBIsSIeTCSI, BEPOSIT-
HO, HE MHULIMATOPOM, a KO-aKTMBaTOPOM 3KCIpec-
cur. B IBYXKJIETOYHBIX SMOPUOHAX MBIILIU TTOMUMO
Dux uMeeTcs psn Apyrux TpaHCKPUITIIMOHHBIX (paK-
TOPOB U/WUJIU MOIYJSITOPOB XpOMaTUHA, CIIOCOOHBIX
obecrieunTh ycnemrHoe nporekanue A31, a Mmonesnb-
Hasl CHCTeMa Ha OCHOBE 3MOPUOHAJBbHBIX KJIETOK
ex vivo, No-BUIUMOMY, HE ONITUMaJIbHA IJIsl UCCIIeIO-
BaHUM TOTUMOTEHTHBIX cTaauii. KpoMe Toro, TpaH-
ckpunusi Dux He oOHapyXuUBaeTcsl Yy 3MOPHOHOB
MbI1ei mocie mo3aHei craguu 2C (Deng et al., 2014;
Guo et al., 2019). Unbvexkuust MPHK Dux B 61actome-
pbl MbIlIeit B KoHie ctaguu 2C MprocTaHaBIMBaeT
WX pa3BUTHUE, IJTaBHBIM 00pa30oM, Ha CTaAWU YEThIpeX
kietok (Guo et al., 2019). OcraHoBuBIIIMECS] B pa3-
BUTHUU SMOPUOHBI UMEIOT BEICOKME YPOBHM 3KCITpEC-
cun Zscan4 1 MERVL, udto sBisgeTcss mpu3HaKoOM
2C-crammu. Takum o6pa3oM, sxkcrpeccust DUX4 xa-
pakTepHa JJisl SMOpHUOHA Ha CTaAWU JIBYX KJIETOK M,
BEPOSITHO, ycKopsieT HacTyrieHue A3l, omHako mist
MPaBUJIbHOIO Pa3BUTUSI 3MOPUOHA HEOOXoauMa ee
TOYHAasi BpeMeHHas peTyJIsiLivs.

MMOCT-3UTOTUYECKASA PEI'YJIAUUA DUX4
N EI'O IMATOJIOITMYECKAA SKCITPECCHUA
B COMATHUYECKHUX KIJIETKAX

MexanmsMebl, obecriedmBarolye rmogasnenne DUX
B OITpeJIeICHHBIIA MOMEHT 3MOpHOTreHe3a 1 ero Jajib-
Helillee moaaBJeHMe B TKaHSIX B3POCIOro OpraHu3Ma
M3y4YeHbI HE MO KOHIIA, XOTS BaXXHOCTh PEIPECCUU

KAPITIYXWHA, BACELUKWUH

DUX4 B coMaTHYeCKUX TKAHSIX HE BBI3BIBAET COMHE-
HU. Y B3pocabix moneit DUX4 oObIYHO 3KCIIPEeCCH-
pyeTcs ToJibKO B ssuukax (Snider et al., 2010) u, nmpen-
noysioxurelbHo, TUMyce (Das, Chadwick, 2016), a ero
MaToJIOTUYecKasl dKCIpPeCcCUsi B APYTUX TKAHSIX CBSI-
3aHa C JIULIE-JIONIATOYHO-TUIEYEBOM MBIIIEYHOM OUC-
tpocpueit (JIJITIM/I), B-xknerounsim neiiko3oMm (Dib
et al., 2019), nogaBiaeHUEM MPOTUBOOIIYXOJIEBOM MM-
MYHHOM aKTMBHOCTM W PE3MCTEHTHOCTBHIO K IIPOTHU-
BooIyxoseBoit tepanuu (Chew et al., 2019).

Cuuraetcsi, uTo 3Kcrnpeccuss DUX4 y yenoBeka
peripeccupyetcs anmreHetTndecku. I'en DUX4 BcTpo-
€H B MacCHMB M3 MakpocareanutoB D474, pacroso-
JKEHHBIN B CyOTEJIOMEepHOU 00J1acTu 4-i1 XPOMOCOMBI
(4935). DTOT MaccuB UMeEET IMOMMMOPMHBINA pa3Mep:
oH comepxuT oT 11 mo 200 eauHul moBropa D474
nnuHoit 3.3 k6. Kaxaplil TOBTOP CONEPXKUT OTKPHI-
TYIO paMKy cunThiBaHMs reHa DUX4. Pempeccust ocy-
IIECTBISIETCS mocpencTBoM MeTwinpoBanus JHK
D474, monuduKkauy TUCTOHOB U CBSI3bIBAHUS pe-
MPECCUBHBIX OEJIKOB XpOMaTMHA. AKTMBHOCTb TaH-
JIEMHBIX TTOBTOPOB B TEHOME TIIIATEJIbHO KOHTPOJIUPY-
eTCsI, ¥ €CIM MX KOJIMYESCTBO IIPEBHIIIAET OIpeaeIeH-
HBII TTOpor, oHu perpeccupyiorcs (Mitsuda, Shimizu,
2016). ITosTomy GomblION pasmMep MaccuBa D474 He-
oboxomuM st 3OEKTUBHOIO MOAABICHUSI KCIIPEC-
cun DUX4 B coMmaTnyecKux KIeTKax.

YMeHbIlIeHe KoamdecTBa noBTopoB D474 B mac-
cuBe Ha 4-11 XpOMOCOME BBI3BIBAET ayTOCOMHO-IOMM-
HAaHTHOE TeHeTUYecKoe 3abojieBaHME — JIWIIEe-JIO-
MaTOYHO-IIJIEYEBYIO MBIIICYHYIO AucTpoduio 1 Tu-
na (JITITMIMI1). UaauBunyymser ¢ JUITIMI1 umerot
MEHBbIIIee KoandecTBo 1moBTopoB D474 (ot 1 no 10), uro
obecrieunBaeT 00Jiee OTKPBITOE COCTOSIHIE XpOMAaTHHA.
Taxcke myist HUX XapaKTepeH aieib 4gA, B KOTOPOM CO-
JEepXUTCsT (DYHKIIMOHATBHBIA CUTHAT TTOJWaACHWIN-
poBaHusl, crabuwinsupyrommiit MPHK DUX4.

[Maumentsr ¢ JUIIIMIO2, dopmoii 3aboneBaHUS,
He 3aBHCSIICH OT KoJimdecTBa MOBTOpoB D474 u co-
craBisiolneit ~5% ot obiero uncia ciaydaes JIJITIM/
(de Greef et al., 2010), obiaamal0oT HOpMaJILHBIM KO-
JIMYeCTBOM ITI0BTOpOB D474, HO HecyT MyTalluu B Te-
He SMCHD]I. ITponyKT 3TOro reHa BOBJIEYeH B METHU-
nupoBanue JIHK, 1 ero MmyTauusi npuBOIUT K HEITOJ-
HOMY MeTwinpoBaHuio MaccuBa D474 (Dion et al.,
2019) u penakcalium XxpoMaTlHa, MO3BOJSIONIEH 9KC-
npeccupoBaTb DUX4.

I[MpuMeuaTebHO, YTO OTHOU peakcalluu XpoMa-
THUHA 1 Hadaja skcipeccun DUX4 HegocTaTOYHO IJIsI
pa3BuTus 6oje3Hu, mockoidbky MPHK DUX4 monsep-
raercsl ajbTepHaTUBHOMY cruialicuHry. WMcxomHast
MPHK DUX4 umeer 2 yuyactka craiicura B 3' UTR,
reHepupylomux 2 tpanckpunra DUX4f], komupyio-
IIUX TMoJHOpa3MepHbIii 6enok DUX4 (Dixit et al.,
2007; Snider et al., 2009), HO 3TM TPaHCKPUIITHI
KpaiiHe HeCTaOMJIbHBI M TTOABEPraloTcs HaJibHei1e-
My cIUlaiicuHry. B pesynbrare Tosydaercsl TOTOJTHU-
TeJIbHBINA TpaHcKpulit — DUX4s, Komupyronimii 6e10K,
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coxpassomyii  JIHK-cBs3bIBaromyie roMeoaoMeHbI,
HO He umeronrii C-KOHIIEBOTro JOMeHa TpaHCaKTHBa-
LI1M, TJIABHBIM 00pa30M OTBEYAIOIIIETO 32 LIUTOTOKCUY-
HocTb (Snider et al., 2010). TpaHcKpuUnTHl 1 OEIOK
DUX4s npucyrcTByioT Kak y manueHtoB ¢ JIJITIM/I,
TaK U Yy 3[0POBBIX JIIOAEI, 1 HEe BBI3BIBAIOT MbIIIEY-
Hoit maronorum. larmorun 4qA, accouuupoBaH-
HBIU Cc 3a0oJieBaHMEeM, co3maeT (PYHKIIMOHAJTLHBIN
y4acTOK MOJMAASHUJIUPOBAHUS B TIOCIACTHEM OU-
ctaibHOM noBTope D474 1 HeoOXonuM IJIsT pa3BU-
tis kak JIJITIM/I1, Tak n JIJITIM/12. ITomanenunm-
poBaHue ctabunusupyeT DUX4f1, uro mo3BossieT mpo-
HW3BOJIUTH IOJIHOPa3MEPHbBIIA IIUTOTOKCUIECKII OEIOK.

HuTepecHo, 4TO MacCuB MTOBTOPOB, Ha 99% ro-
MoyiornyHbIi D474, ectb m Ha 10-i XxpoMocoMme.
I1pu 3TOM Ha ero AUCTaJIbHOM I'paHuUIle HE OOHApPY-
KEeHO KaHOHMYECKOTO CUTHAJIa MOoJIMadeHUJIMpOBa-
HUS. YMeHbIIeHne KoanuecTBa moBTOopoB D474 Ha
10-i1 xpoMocoMe He MPUBOAMUT K MATOJOTUU, UYTO
MOJUYEPKHUBAET BAXXKHOCTh XPOMOCOMHOTIO OKPYXKe-
aus B nmatoreHese JIJIIIM/I. HemaBHee ncciemoBa-
HUE T[OoKa3aJlo, 4YTO OOMEH CcyOTeJlOMEepHBIMHU
yyacTkaMu XxpoMocoMm 4q u 10q, *HAyLIMPOBaHHBIA
CRISPR-Cas, mpuBOANT K YaCTUIHON KOPPEKIINH
MaTOJOTUYECKUX M3MEHEHUM B MBIIIEYHBIX KJIET-
kax oonpHbIX JIJITIMJI (Ma et al., personal com-
munication).

ITpu HeKOTOpBIX MATOJOTHSX, BKJIOYas Jieike-
MU0, capkomy FOuHra u pabapoMuocapkomy, TpaHC-
JIOKAllUU C ydacTheM 4-ii XpOMOCOMBI TIPUBOJIST K
MOsIBJIEHNWI0 MoAudUIIMpoBaHHBIX (opM Oeska
DUX4 unu ero cnusiHuio ¢ Apyrumu 6enkamu. [1pu
ocTpoMm JimMdobiacTHOM Jjeiikoze (ALL) mepeHoc
reHa DUX4 B TOKycC TsIKeJIOi 1IeIT UMMYHOTJIO0Y I -
Ha (IGH) Ha 14-it xpomocome (Lilljebjorn et al., 2016;
Yasuda et al., 2016) mpuBoaut K ob6pasoBanmio DUX4
¢ ykopodeHHBIM C-koniioM. Ilepenoc DUX4 B nH-
TpoH oHKoreHa FRG npuBOAUT K 00pa30BaHUIO XU-
MmepHoro 6enka ERG-DUX4 (Sirvent et al., 2009). B
OITYXOJIEBbIX KJIETKaX capkoMmbl FOuHra xpoMocom-
Hast TpaHciaokauus t(4;19)(q35;q13) npuBoauT K
ciusinuto C-koHueBoit obnactu DUX4 ¢ reHom CIC
" BeIpaboTKe xuMepHoro oenka CIC-DUX4. Tpanc-
nokauus t(4;22)(q35;q12), cBsi3aHHasgs ¢ 3MOpUO-
HajbHOUW PMC, mpuBOAUT K BbIPAaOOTKE XUMEPHOTO
o6enka EWSR1-DUX4 (Sirvent et al., 2009). Dkc-
npeccust DUX4 1mociie XpOMOCOMHBIX NEpPecTpoeK,
BEPOSITHO, OOYCJIOBJIeHA TIPUCYTCTBUEM KOHTPOJIb-
HBIX 2JIEMEHTOB B JIOKYCaX, B KOTOpbI€ OH BCTPOUJICS.
OTU NOKYChI TAKXKe COIAEPKAT CUTHAJIBI TTOJIUaAeHM -
JIUpOBaHUsI, HEOOXOAWMMBbIE [Jis CTaOUIU3alUn
MPHK DUX4.

ITATOJIOTUYECKHUE ITOCIEACTBHUA
OKCITPECCUU DUX4 I1PU JUUITIM/,
M OHKOJIOTUYECKHX 3ABOJIEBAHUAX

DUX4 sapnsiercsi TpaHCKPUITIMOHHBIM (paKTo-
pPOM, TIO3TOMY €ro abeppaHTHas KCIIPECCUsT B MUO-
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onacrax (Dixit et al., 2007; Kowaljow et al., 2007;
Snider et al., 2010), 6uoncusx maimeHToB ¢ JIJTTIM I
(Snider et al., 2010) u Bo BpeMs1 SMOPUOHATBLHOTO
pazButusa y 6oxabHbIX JUJIIIMI (Ferreboeuf et al.,
2014) MoxeT MMeTb cepbe3HbIe ITOCICICTBUS IS
KJIeTOK. JleiiCTBUTEIIbHO, MOBBILIEHHAsI SKCIIPECCHUS
DUX4 Bo13bIBaeT cienymoinye 3Q@eKThl: YBeINUSHNE
YyBCTBUTEIBLHOCTH KJIETOK K OKUCIUTEILHOMY CTpeC-
cy (Winokur et al., 2003; Bosnakovski et al., 2008;
Barro et al., 2010; Bou Saada et al., 2016); arpoduio
MUOCHMILIACTOB, OIIOCPEIOBAHHYIO WHIYKIIAEH
ATROGINI n MURFI (Vanderplanck et al., 2011);
arronTo3 3a CYET aKTUBALIUM ITyTei Kacmnasbi-3 (Kow-
aljow et al., 2007) 1 TpaHCKPUIIIIMOHHOIO (haKTOpa
p53 (Wallace et al., 2011). DUX4 TakXe BBbI3bIBAcT
aHoMamy MuoreHHou muddepeHmupoBku (Dmi-
triev et al., 2013) co cHMKeHUEM YPOBHSI 3KCITPECCUU
MYOD (Winokur et al., 2003; Celegato et al., 2006).
Kpome Toro, DUX4 mHIymupyeT 3KCIIPECCUIO DM-
opuoHanbHBIX TeHOoB (Geng et al., 2012). OnuH u3
aux — PITX1, reH bakTopa TpaHCKPUTIIINHA TOMEOI0-
MeHoB TapHoro tumna (Dixit et al., 2007). DToT ren
y4acTBYeT B CErMEHTAllUM SMOpPHOHA W Pa3BUTUU
3aJHUX KOHeuHocTe (Szeto et al., 1999), KoHTponu-
pys1 MOpGhOJIOTHUIO MX MBI, CYXOXUIUN U KOCTei
(DeLaurier et al., 2006). IToBBIIIEHHAsT KCITPECCUS
PITX] Bb13bIBAaET aTpO(UIO CKEJIETHBIX MBI Y MbI-
meii (Pandey et al., 2012).

B nacrosmiee Bpems poiis DUX4 B pa3zButum Jeii-
KEMUMU 10 KOHIIa He BbIICHEHA. TeM He MeHee, ObLITO
nokaszaHo, uyto DUX4 nuHrubupyer akcnpeccuto reHa
ERG nuxoro Tura mmyTeM aKTUBalluM HETaTUBHO-10-
MuHaHTHOI n3odopmbl ERGalt, koTopasi HeoO6xo-
IuMa JJI JielikeMoreHe3a M yBeJM4YuBaeT TpaH-
CKPUIIIMOHHYIO aKTUBHOCTb B PETrUOHE, Nieyas ero
OoJjiee YyBCTBUTENILHBIM K MyTauusM (Zhang et al.,
2016). Dxcrnpeccust DUX4 BbI3BIBAET MOBPEXICHUS
AHK (Dmitriev et al., 2016), 4To TaK3Ke MOXKET TIPH-
BOINTH K genennu ERG ipn neiikemnn. bosee Toro,
akcnpeccus reHa IGH-DUX4 (Ho He reHa DUX4) B
MpeaiecTBeHHUKaxX B Ki1eTok MMMyHOAE(UIIMTHBIX
MBbIlIEN NpuBoaUiIa K B-KieTouHOMY Jieiiko3y. OTo
nokasbiBaeT, utTo DUX4 nipuo6GpeTaeT OHKOTeHHbBIH
MOTEHIIMA TIOC/ie XPOMOCOMHOI TepecTpoiKu
(Yasuda et al., 2016).

ITpu capkome IOunra DUX4 cnuBaeTcsi ¢ TeHOM
CIC, xomupylollluM TPaHCKPUIILIMOHHBIN perpec-
COp, YYACTBYIOIIWI B PETYJSIIMU CUTHAIBLHOTO TTyTH
RTK/ERK (Tseng et al., 2007; Jin et al., 2015). Xu-
MmepHBIT O6em0oKk CIC-DUX4 1posiBiIIEeT CHIBHYIO
TPAHCKPUITIMOHHYIO aKTUBHOCTh U MHIYLIUPYET IKC-
MPECCUIO0 TEHOB TPYIMITHl TPAHCKPHUITIUOHHBIX (PpaKTO-
poB PEA3 (Kawamura-Saito et al., 2006). benku PEA3
PEeTyIMpYIOT HECKOJIBKO T€HOB, BOBJIEUEHHBIX B TPO-
LIeCC OITyX0JiIe0Opa30BaHUsl, HanmpuMep, MaTpUUHbIE
METaJIJIONPOTeMHA3bl, KOTOPhIE UTPAIOT BaXKHYIO POJIb
B MeTactasupoBanuu (de Launoit et al., 2006).
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I1pu smOpuoHaIbHON pabaoMuocapKoMe TpaHC-
JIoKanus npuBoauT K ciusauio DUX4 ¢ EWSRI (Sir-
vent et al., 2009). D10 HarmoMUHaeT CUTyallMlO, Ha-
OrogaemMylo mpu capkoMe FOuHTra, Korma reH Ipyro-
To TpaHCKPUITIIMOHHOTO pakTopa, FRG, cnuBaeTcs
reHoM EWSRI (1da et al., 1995). OmmacHOCTb TaKOTO
TUIA TPAHCIOKAIIMK 3aKII09YaeTCs B BHIPAOOTKE XM-
MEPHOTO OeJIka ¢ abeppaHTHBIMUA CBOMCTBAMM.

I[ToMuMO XpOMOCOMHBIX MEPECTPOEK C ydacTUEeM
reHa DUX4, oGHapy>keHHBIX MTPU pa3IUIHbIX (PopMax
CapKOMBI M JIEMK03a, SIMMICHETUYECKIE N3MEHEHUS
nokyca 4q35, B KoTropoM Haxomutcs reH DUX4, 6plmn
OIMMCaHbl U MIPU APYTUX BUAAX OHKOJOTUUYECKUX 3a-
ooneBanmii (Tsumagari et al., 2008; Katargin et al.,
2009). UccnegoBaHue, cpaBHUBAIOIIIEE SKCIIPECCUIO
reHoB 1ipu JIJITIM/I ¢ nmpoduyisiMu 3Kcnpeccuu mpu
35 pasnmMYHBIX BUIAaX OITYXOJIEl, II0KAa3aJio, 4YTO IIpu
JUITIMJI aKTUBHO 3KCHPECCUPYIOTCI T€HBI, XapakK-
TepHbIE TSI OHKOJOTMYecKux 3abojieBaHuil (Dmi-
triev et al., 2014). MHTEepecHO, YTO TPAHCKPUIITOM
JUITIM]I HanGosee CMIIBHO HATTOMWHAET TPAHCKPHII-
TOM KJIETOK capkoMbl FOuHra. HYacto HabmonaemMbie y
naumeHToB ¢ JIUITIM/I BocnaneHnue, ¢pudpo3, OKUCIN-
TepbHBIN cTpecc n nioBpexneHne JJHK (Arahata et al.,
1995; Barro et al., 2010; Dmitriev al., 2016; Dmitriev
et al., 2016) MOTYT OOBSICHSITH CXOACTBO MEXIY IIPO-
dumissmu skcripeccun JIJITIM /I 1 pakoBBIX KJIETOK.

DUX4 MoxkeT crtocoOCTBOBAaTh OHKOIeHE3y Uuepes
MHOTOYHMCJICHHbIE MMIIEHH, MHOTHME U3 KOTOPBIX,
Kak 1 caM DUX4, npyHUMAIOT ydyacTue B IIporpaMme
paHHero pa3BUTUSI, U, TAKUM OOpa30M, UX IKCIIpec-
CUs XapakTepHa I TOTUIOTEHTHBIX KieTok. Ha-
npumep, ZSCAN4, 6e10K HEOOXOIMMBII IJIsI YOI~
HEHUS TeJOMepP B SMOPUOHATIbHBIX CTBOJIOBBIX KJIET-
Kax (Zalzman et al., 2010), akTMBEeH BO MHOTMX
OMyXOJIsIX, KcIpeccupyomux DUX4, 4To, BO3MOXK-
HO, CIOCOOCTBYeT UX nmpoaudepanuu. Jpyras Mu-
meHb DUX4 — CCNA (uukiauH A), KOTOPbIX y4acT-
ByeT B criepmatoreHe3e (Liu et al., 1998). CCNA
aHOMAJILHO PKCITPECCUPYETCI B MUETIOUAHBIX U HE-
nuddepeHIMPOBAHHBIX TEMATOJIOTUYECKUX 3J10Ka-
yecTBeHHBIX omyxoysix (Kramer et al., 1998). Ilpu
€TI0 MOBBILIEHHOMN 3KCIPECCUU Y MbILLIEN HApYILIAET-
CS1 MUEJIOTIOE3 U PA3BUBACTCS OCTPBIA MUEIOUIHBIN
neiiko3 (Liao et al., 2001).

Hakoneur, DUX4 cBsizaH ¢ mmogaBiaeHUEM MIpPO-
TUBOOITYXOJIEBOM MMMYHHOI akTUBHOCTU. OTyX0-
M, 3kcnpeccupywiaue DUX4, xapakTepusyloTcs
HU3KOI ayTOLUMTOJUTUUYECKON aKTUBHOCTBIO, KO-
TOopasi cBSi3aHa C pacrno3HaBaHUEM LIMTOTOKCUYE-
ckuMu T-KJIeTKaMu aHTUTEHOB B COCTaBe KOM-
miaekca rucrocoBmectumoctu (MHC) 1 kiracca.
Oxkcnpeccust DUX4 uarnbupyet skcrpeccuio MHCI,
YTO MPUBOAUT K TOAABICHUIO NIpe3eHTALlU aHTHU-
reHOB Ha IMOBEPXHOCTH PakKoOBbIX KiIeToK (Chew
et al., 2019). TpaHCKpUIITOMHBIC MaHHbIE, IMOJY-
YeHHbIE OT OOJIbHBIX C METacCTaTUYeCKO MeJlaHO-
MO, TIOJyYaBUIMX MPOTUBOOIIYXOJIEBYIO Tepanuio

KAPITIYXWHA, BACELUKWUH

antutenamu mpotuB CTLA-4 (Van Allen et al., 2015),
BBISTBUJIM MTOBBIIIIEHHYIO 3Kcnpeccuio DUX4 y manm-
€HTOB, HE pearupymrollux Ha Ipernapar, 1o cpaBHEe-
HUIO C OTBEYAIOIIMMU Ha TepaIuIo MallieHTaMu.

SAKJITFIOYEHUE

DUX4 — dakTtop 3MOpUOHAIILHOM TpaHCKPUII-
muur, ydactBytonuii B A3I0 miekonuratomux. OH
9KCIIPECCUPYETCS Ha paHHUX CTaIMsIX SMOpHOreHe3a
U JOKE€H OBbITh penpeccCUpoBaH B COMAaTUYECKUX
TKaHSIX B3pOCJIOr0o OpraHn3Ma. AHOMaJIbHasl IOCTHA-
tanbHas 9kcrpeccus DUX4 akTtuBusmpyer IIpo-
rpaMMy paHHETro pPa3BUTUSI, XapaKTEPHYIO Al TOTH-
MOTEHTHBIX KJIETOK M BBI3bIBACT HAPYIICHUS pEry-
JISILIAM 9KCIIPECCUM MHOXKECTBA T€HOB 1 KJICTOYHOM
nuddepeHIUPOBKU. DTO MNPUBOAUT K Pa3BUTUIO
JUITIM/I v psiia OHKOJIOTMYECKHMX 3a00JIeBaHUIA.
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DUX4, a Zygotic Genome Activator, Is Involved in Oncogenesis and Genetic Diseases
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After fertilization, the genome is transcriptionally quiescent to allow zygote reprogramming that relies on the
RNA and proteins accumulated in the oocyte and ensures the transition from the differentiated germ cells to
a totipotent state. Reprogramming is followed by zygotic genome activation (ZGA). DUX4 gene encoding for
a double homeobox transcription factor is one of the key ZGA drivers in humans. Its expression, essential for
embryo development, is subject to precise temporal regulation and is normally observed only at early cleavage
stages. DUX4 is efficiently silenced in most somatic tissues via numerous epigenetic mechanisms, while its ab-
errant expression in skeletal muscle causes facioscapulohumeral muscular dystrophy (FSHD). DUX4 expres-
sion following chromosomal rearrangements is also observed in a subset of leukemias and sarcomas; it leads

to anti-cancer immune activity suppression.

Keywords: DUX4, zygotic genome activation (ZGA), oncogenesis, muscular dystrophy
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BJIMSHUE DTUJIMETWITUAPOKCUTTUPUINH CYKLIMHATA
(“MEKCHUI0J1”) HA MEMOTUYECKOE CO3PEBAHUE OOIIMTOB,
WHTETPAJIBHYIO IIEJJOCTHOCTb TEHOMA,

A TAKXE U3BMEHEHUE DKCOPECCUM TEHOB B KYMYJIIOCHBIX
KJIETKAX MBIIIIEN B YCJIOBUAX CUCTEMHOTO
UMMYHOKOMILUIEKCHOTO MMOBPEXIEHUS
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Ha monenu akcrepuMeHTaIbHOTO CUCTEMHOTO MMMYHOKOMITJIEKCHOTO TTOBPEXACHUS (MHIYIIMPOBAHHOTO
JUIMTENIbHOM MMMyHU3alueit mpimeid tuHuu CBA Ob1ybuM CBIBOPOTOUYHBIM aiboymMuHOM (BCA)) Hamu
WCCIIEA0BAHO BIUSTHUE STUIMETWITUIpOoKcunupunuH cykuuHara (I'C, npenapar “Mekcunon’) Ha Meio-
TUYECKOE CO3peBaHUE OOLIUTOB, cTerieHb noBpexneHus JJHK, a Takxke akcrpeccrio B KyMYJTIOCHBIX KJIET-
Kax reHoB rpeminHa 1 (Grem1), ruanypoHancuHTasbl 2 (HAS2) u nuknookcureHassl 2 (COX2), KoTophie,
COIJIACHO COBPEMEHHBIM JaHHBIM, UTPAIOT KPUTUIECKN BaXKHYIO POJIb B OOTeHE3e U MOTYT XapaKTepr30-
BaTh KayecTBO oonutoB. Mcnonb3oBanue I'C okas3biBasio MpOTeKTUBHBIN 3 dekT Ha Mopdo-dyHKIIMO-
HaJIbHOE COCTOSIHME KJIEeTOK SMYHUKOB. BBenenue I'C ocnabiisiyio reHOTOKCUYECKMIA CTpecC, MHAYLIUPO-
BaHHBIN BCA, 4TO MPOSIBASIOCH B YMEHBIIIEHUN YMCIIa KyMYJIOCHBIX KJIETOK C CUJIBHBIM TTOBPEXICHUEM
JHK. OtmeueHo ycuieHre SKCIPEeCCUU UCCIIeIOBAaHHbBIX Te€HOB: yBeaudeHue KoandyectBa MPHK COX2 —
B 1.61 pa3 u Greml1 — B 1.47 pa3. BeIsgBIeHO TakKe yBeIMIeHUE COMepKaHUsI TpaHCKpUTIToB reHa HAS2 B
1.38 pa3, ogHaKo 3TU 3HAYEHUS HE ObLIM CTATUCTUYECKU JOCTOBEPHBIMU. JJaHHbBIE U3MEHEHUS TTOJIOXKU-
TeJIbHO CKa3bIBaJIMCh HA MEMOTUYECKOM CO3PEBAHUHN OOIIMTOB: HAOJIOIAIOCH CYIIIECTBEHHOE YBEIUUCHUE
X Kojau4decTBa Ha ctanusax Metadassl I u I1. Takum o6pazom, Mbl rtojiaraeM, 4To I'C MoXeT ObITh UCITOIb-
30BaH C TepareBTUYECKOM 1Ie/IbI0 MTPU 3a00JIeBAHUSIX UMMYHOKOMIUJIEKCHOTO TeHe3a.

Karouesvie crosa: NMMYHU3aluud BCA, MENOTUYECKOE CO3p€BaHUEC OOLIMTOB, MHTECIrpaJibHadA LIEJIOCTHOCTb

reHOMa, 9KCIIPECCUS T€HOB, KyMYJIIOCHBIE KJIIETKU
DOI: 10.31857/S0475145020030039

BBEAEHUE

IMoBpexneHUsT, oMOCpenOBaHHBIE UMMYHHBIMHI
koMIuiekcamu (MK) sBIISIIOTCST BaXXHOM COCTaBHOM
4acTbl0 MHOTOKOMITOHEHTHOTO T1aTOJIOTUYECKOTO
mmpoliecca P ayTOMMMYHHBIX, aJlJIepTUYEeCKUX,
BOCIAJIUTENBHBIX U UH(PEKIIMOHHBIX 3a00JI€BAHU-
sax. Hamu mokaszano (Shepel et al., 2016), yTo WH-
TEHCUBHOE BO3IEHCTBE AaHTUTEHHOTO CTUMYJa
MMpYU UMMYHU3AIUU MbIlIeit OBIYbUM CHIBOPOTOY-
HbIM anbbymuHoM (BCA) BbI3bIBaeT B OpraHu3Me
CUCTEMHBII TTaTOJIOTMIECKUIT TTPOIIeCC MMMYHOKOM-
TJIEKCHOTO TeHe3a, KOTOPBIN COMMPOBOXKIACTCS aKTHBA-
LIMei KJIETOYHOTO M TyMOPAJIbHOTO 3BEHbeB UMMYHHOI
CHCTeMBI, yBeamaeHneM ypoBHsI MK B CBIBOpOTKe Kpo-
BM M YCWJICHUEM MX (DUKCAIIMK B TIOBPEXICHHBIX TKA-
Hsix. Ilpu 3TOM BBISIBJIEHO PacCTPOMCTBO (DYHKIIMIA
SIMYHUKOB, TIOBpeXIeHre Mopdo-OYHKIIMOHATEHOTO

COCTOSTHUSI OBapHaJIbHBIX KJIeTOK (Shepel et al., 2016).
M3BectHO, uTo UK SBISIIOTCS CUIBHBIMU aKTUBATO-
paMH KIIETOK 3(P(PeKTOpOB, KOTOPEIE BhIpaObaTHIBAIOT
6OJIBIIIOE KOJIMYECTBO IMTPOBOCTIAIMTEIBHBIX (PaKTO-
POB, B TOM YMCJie U aKTUBHBIX (DOPM a30Ta U KUCJIO-
pona (ADK) (Llmarens, Yepemruen, 2009; Bosques,
Manning, 2016; Mahajan et al., 2016). Hamu ycraHoB-
JIEHO, YTO B YCJIOBHUSIX UMMYHOKOMILJIEKCHOI maTo-
Jiornu ycunusaiach reHepanuss ADK, Takux Kak cy-
nepokcua pagukan (Sribna et al., 2016). UpeamepHast
aKTUBALMS KIIETOK-3(h(dEeKTOPOB BOCHAJICHUS, YBEIN-
YeHUe MPOAYKIIMU OMOJIOTMYECKN aKTUBHBIX BEIIECTB
(Bxmouast ADK) Ha ¢poHE HENOCTATOYHOIT aHTHOKCH-
JTAHTHOM 3aIlIUTHI KIIETOK SIBJIIETCS OMHUM M3 BasKHBIX
MaTOreHETUYECKMUX MEXaHU3MOB MOBPEXICHUS TKa-
Heit (Jancar, 2005; IIImarens, Yepemses, 2009;
Bosques, Manning, 2016; Mahajan et al., 2016), koTo-
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pBIil TaKKe MOXET OBITh 3aJeCTBOBAH B Pa3BUTHE
OBapUaIbHON NUCHYHKIUU B YCIOBHUSIX UMMYHO-
KOMIIJIEKCHOM IaTOJIOTUM.

PaHee 1okazaHoO, 4TO WCITOJIb30BaHUE Tpernapa-
TOB, MPOSIBJISIIONIMX aHTUOKCUAAHTHBIE CBOMCTBA, K
KOTOPBIM OTHOCUTCS “MeKkcumon” (3TUIMETUITHUI-
poKcunupuanH cykiHat, I'C), oka3bpIBaeT MOJI0XKM -
TeJIbHbIN 2(DdeKT Ha (PYHKIIMOHAIBHOE COCTOSIHUE
MUOMETPUSI MAaTKU Mblllieid Ha (hpoHE MMMYHU3aIUU
BCA (Lytvynenko et al., 2014). YuurtbiBast BbllliecKa-
3aHHOE, SIBJISIETCSl aKTyaJlbHbIM HajibHeillee rccie-
noBanue BmssHUS I'C B yCIIOBUSIX CUCTEMHOM MaTOJIO-
M UMMYHOKOMIIJIEKCHOTO TeHe3a IIJisi BO3MOXKHOM
KOPpEeKIUU oBapuaibHON IMCGhYHKIIUU, COTTPOBOX-
Jatolieiicsl HapylleHUEM OoreHe3a 1, Kak CJeICTBUE,
yXyIlLIeHUEM KadyecTBa OOLUTOB. B cBsA3M ¢ 3TUM 1ie-
JIbIO Halllel pabOThI ObLIO: UCTIONb3YSI MOAEb IKCIIe-
PUMEHTAILHOTO CUCTEMHOTO UMMYHOKOMIIJIEKCHOTO
TOBpeXIeHUs1, u3yduTh neiictBue I'C Ha melioTrnue-
CKO€ CO3peBaHUE OOLIMTOB MbIIIEl, OLIEHUTD 1IEJI0CT-
HocTh reHoMma (creneHb noBpexaenus [JJHK), a takke
U3MEHeHUe 3Kcrpeccun reHoB rpemimHa 1 (Greml),
ruanypoHaHcuHTasbl 2 (HAS2) um muximookcureHasbl
(COX?2) B KyMy/TIOCHBIX KJIeTKax. COIjIacHO COBpeMEH-
HbIM JTaHHBIM MCCJIEAyeMble T€HBbl WUTIPAIOT BaXKHYIO
pPOJIb BO BpeMsI OOTeHe3a U MOTYT XapaKTepu30BaTh Ka-
yectBo oonutoB (McKenzie et al., 2004; Shepel et al.,
2016; Scarica et al., 2019).

MATEPHAJIBI U METO/JbI

HccnenoBaHust mpoBOAMIINA Ha TOJIOBO3PEIbIX CaM-
Kax Mbiteit uan CBA (6—8 Henenb, Maccoit 18—20T)
puBapust Mucturyra ousmnonorn um. A.A. boromoJb-
ma HAH Yxpaunsl. Mogeib CUCTEMHOIO XpOHUYE-
CKOI'0 IaTOJIOTMYECKOro Mpolecca MMMYHOKOM-
IUIEKCHOTO Te€HE3a BOCIIPOM3BOAWIIM C [IOMOIIBIO M-
myHuzauuu Mbleit BCA (“Sigma-Aldrich”, CIIIA) B
TedeHue 6 Heaellb BHYTPUBEHHO pa3 B HEIEIIO 10
cxeme: 1-a Henens BBeneHus 150 mr BCA/kT; 2-9 —
175 mr/kr; 3-s9 — 200 Mr/Kr; 4-5 — 225 Mr/KT; 5-9 —
250 Mr/KT; 6-9 — 275 MT/KT Macchl MBITITHA. BBeneHme
I'C (mmpemapar “Mekcunon”, “@Dapmacodt”, Poccus)
MMMYHU3UPOBAHHBIM MbIIIaM B 103e 100 Mr/KT 11po-
BOMWJIM BHYTPUOPIOIIMHHO pa3 B HEIEIIO COIVIACHO
cxeMbl UMMyHHM3anu. KoHTpOIbHBIM MBIIIIAM BBO-
oM pusnosiorndyeckuii pactsop. Ha 7-e cyr mocie
nocJjiefHeld MMMYHM3alMU KMBOTHBIX IIOABEpPTaIn
3(pupHOMY HApKO3Y U BBIICIISUIN SAIHUKN IS AaJTb-
HEUIIMX UCCIIENOBAaHUMA.

HJ1s1 OlIeHKH MEeMOTUYECKOTO CO3PEBAHUS OOLIM-
TOB U3 IMYHUKOB CTEPUJIBHO BBIAEISIIN 3pesible (posi-
JIUKYJIbI ¥ IOICYMTHIBAIU UX KonuyecTBO. Kymyrtoc-
HO-OOIMUTAPHBIE KJIETOUHbIE KOMIUJIEKCHI KYJIbTUBU-
poBanu B Tepmoctare mpu 37°C B TeueHue 20 4 B
cpene AME c no6aBnernneMm 5% 3MOpUOHATBLHOMN Te-
Is19beil chIBOpPOTKM. Ilocie 4 4 KyJabTUBUPOBAHUS
MMOJCYNTHIBAIN KOJTMYECTBO OOLIMTOB (B % OT 00IIIeTro
4yuciia), KOTOpble IIpeObIBaIn Ha cTaguu MeTadassr 1
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(pacTBOpeHME 3apOIBIIIEBOr0 My3bIPhbKa), a Mocie
20 9y — Ha ctanum metada3ssl 11 (bopMmupoBanue nep-
BOTO ITOJISIPHOTO TEJIbLIA).

Crenenp moBpexaeHus JHK B KymymrocHBIX
KJIETKaX MBIIIC ONMpeaessyii METOIOM IIEeJIOYHOTO
rejib-3JeKTpodopesa M30JIMPOBAHHBIX KIIETOK (Me-
ton JHK-komeT — “DNA comet assay”) Kak ormca-
Ho paHee (Shepel et al., 2018). CyTh MeTO1a 3aKJII04Ya-
€TCS B TOM, YTO IpH 3JIeKTpodope3e KIETOK B ara-
pO3HOM TeJie MeTJX M (pparMeHTHI ITOBPEXICHHON
JHK B 2/1eKTpUUe€CKOM MOJie BBITSITMBAIOTCS 110 Ha-
MpaBJICHUIO K aHOAYy, YTO IPUIACT UM BHI KOMET.
Pa3smepnr xBocTta JIHK-KoMeTHI TO10KUTEITHHO KOP-
penupyltoT co crerneHblo mospexaeHus JIHK (Heaton
et al., 2002; Sorochinska, Mikhailenko, 2008; Collins
et al., 2014). Daexrpodopes mpernapaTtoB (IIOCae UX
cTabunu3auuu B TedeHue 20 MUH B IIEJIOYHOM 3JIeK-
TpodopeTnueckoM oydepe) MPOBOANUIIU C TIOMOIIILIO
npubopa Multiphor II (“LKB”, IlIBenus) npu Ha-
npsokeHnn 24 B m cune toka 100 MA B TeueHuUe
30 muH. AHanu3 JIHK-koMmet Ha anekTpodoperpam-
Max, OKpallleHHBIX (QIyOpeCHeHTHBIM KpacHuTeJleM
DAPI (4',6-mmamuouH-2  deHwMHIon; “Sigma-Al-
drich”, CIIIA) ocyliecTBIsUIn BU3YyaJIbHO, MCITOJIBb3YS
JoMUHeCcHeHTHBIM Mukpockon JIIOMAM H-1 (Poc-
cusI) U BHICOCHCTEMY IIepelayd M300pakeHUsT Ha
KOMMBIOTEP IIPU MCIIOJIb30BaHUU BOTHO-UMMEPCHU-
oHHOTro 00beKTHBa (X 85). [IpuMeHsIIN ITOTyKOImYe-
CTBEHHBIIA METOJ OLIECHKM MHTEHCUBHOCTU OKpacKu
W UIMHBI XBOCTOB KOMET, Ha KaXXJIOM MHUKpOIpera-
paTte aHaymM3upoBaan He MeHee 100 oToerbHO pacmo-
noxeHHbIx JJHK-komer. X pasmensiin mo oOiie-
MPpU3HAHHOM Kjaccu(pUKaIMKU Ha 5 KJIaCCOB C COOT-
BETCTBYIOIIIMM YUCIOBBIM 3HaYeHHEM oT 0 mo 4, B
3aBUcUMOCTH OT cooTtHolneHus JJHK B “rosose” mn
“xBocte” koMeThl (Collins, 2004). CteneHb MOBpe-
xaenusa JJHK mpu sToM ompenmensin Kak WHICKC
“ITHK-xomer” (/), KOTOPBII BEIYUCIAIN 11O GOp-
myne: L, = (0ny+ 1n; + 2n, + 3n; + 4n,) /Y, toe ng—ny —
yucio JIHK-komeT kaxgoro tuna, £ — cymMMma MO~
cuutanHbix JIHK-xomer (Sorochinska, Mikhai-
lenko, 2008).

Ompenenenue skcnpeccut MPHK tpoBommm me-
TOJIOM TTIOJIMMEPA3HOM IEMHON peaklIMu ¢ OOpaTHOM
tpaHckpurnuueit (OT-TTLP). ToransHyto MPHK mo-
JIy4JaJii U3 KyMYJIIOCHBIX KJIETOK C IIOMOIIbIO Habopa
Trizol RNA-prep (“Isogen”, Poccus). [1s1 oOpaTHOI
TpaHCKpuniun wucnooib3oBamm FirstStrand cDNA
Synthesis Kit (“Fermentas”, JIutsa). IloaydeHHy10
oJHoIlIenToYeyHyIo Koaupyrouryio JJHK kyMmymocHBIX
KJIETOK MUCTTOb30Banu st mposeaeHus [P ¢ mpu-
MEHEeHHeM crieunduyecKnx mnpaiimepoB (taba. 1).
ITLIP nmpoBOIMIM ¢ MCMTOJIE30BAHMEM TEPMOIIMKIIECpa
GeneAmp PCR Systems 2700 (“Applied Biosystems”,
CIIA). Iomyuennsie I1LP-miponykThl 3aTteM OBLIN
OlLIeHEeHbI C MOMOIIbI0 3JIeKkTpodopesa B 2.5% ara-
PO3HOM rejie, cogepxkalieM 3TuauyM opomun. Busy-
alm3anus U OLCHKA SIPKOCTU OBUIM BBIIIOJHEHBI C
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KOHIOPALIKAA wu np.

Ta6muna 1. Crnivcok npaiiMepoB, UCTIOIBb30BaHHBIX Wist TTpoBeneHust [P, u pasmep ammndukara

I'en ITocnemoBaTeIbHOCTH MpaliMepOB (IIPSIMOI, OOPATHBIA) Pasmep ammummdpukara, bp

Greml Tpsmoit 5'-AAGGCACTTCCTGTTACTCTGC-3' 256
O6patHbIii 5'-TACGACTGAGATGTCAGGGAGA-3'

HAS2 Ipsamoii 5'-CCTCCAGTTAGTGTCTGGGTTC-3' 409
O6patHblii 5'-CTGTGCAGCTATTCCTGTGTTC-3'

CcOXx2 [Mpsimoii 5'-GAAGGAACTCAGCACTGCATC-3' 213
O6patHblii 5'-CAGTCCGGGTACAGTCACACT-3'

GAPDH Ipsamoit 5'-GGGTGTGAACCACGAGAAATATGA-3' 240
O6paTtHbIii 5'-AGCACCAGTGGATGCAGGGATGAT-3'

MpUMEHEHEeM TpaHCUJUTIOMUHATOpa U TIporpaMmM-
Horo obecrieueHus1 ViTran (“buokom”, Poccust).

ISt cTaTUCTUYECKOTO aHajiu3a WCIOJIb30BaIu
nporpammy GraphPad Prism version 5.0 for Windows
(GraphPad Software, San Diego, California, USA).
IMocne mpoBepKu pacnpeneieHus: MOJyYeHHBIX pe-
3yJbTaTOB Ha HOPMaJILHOCTb Mo TecTy Konamoropo-
Ba—CMHpPHOBA OCYHISCTBISIN  OTHOMAKTOPHBIN
JIUCTIEPCUOHHBII aHAJIU3 TPeX TPYIIN JaHHbBIX (HE Me-
Hee 6 MBIIIE B KaxO0i1), UCIoab3ysa one-way ANOVA
TECT C NAIbHENUIIINM MHOXECTBEHHBIM CPABHEHUEM C
nmomol1ibio kputepust Hetomena Keiinca. Pe3ynbraTh
BhIpaxanu Kak M * m (cpegHee * cTaHOapTHas
omuo6ka). OTIUYMS CUNTAIM CTATUCTUIYECKHU TOCTO-
BepHbIMU 11pH p < 0.05.

PE3VJIBTATHI

PaHee HaMu ToKa3aHO, YTO UMMYHM3AlIUsI MbI-
meii BCA BhI3BIBasa ITOBpexXaeHNe ooreHe3a (She-
pel et al., 2016). HaGatomanoch yMeHBIIEHUE TIPO-
LIEHTa OOLIMTOB BO30OHOBUBIINX Melio3 (MeTacda3za I)
1 cOPMHUPOBABIINX TIEPBOE MOJISIPHOE TebIle (Me-
tacpaza II). Beemenne I'C Ha ¢oHEe MMMyHM3ALIMU
BCA nonoXutenbHO BAUSUIO HA MEMOTUYECKOE CO-
3peBaHHe oolUTOB (puc. 1). KoamdyecTBO KIIETOK Ha
craguu Metadassel | yBenmuuBanoch ot 72.0 £ 2.5%
(ummynuzainust BCA) mo 82.7 = 1.6% (Beenenue I'C)
o cpaBHeHUIO ¢ 86.9 + 3.2% B KoHTpose. [IporeHT
oouToB Ha ctanuu Metacdassl 11 Bo3pacran ot 31.9 +
+ 2.6% (B rpyrmme xuBoTHbIX ¢ BCA) o 47.0 + 3.8%
(ipu peiictBum I'C) o cpaBHeHUIo ¢ 49.2 + 3.9% B
KOHTpOJIE.

Xopo1ro U3BECTHO, YTO Pa3BUTUE OOIIMTOB TECHO
CBSI3aHO C (DYHKIMOHAJIbHBIM COCTOSTHUMEM UX (DOJI-
JIMKYJIIPHOTO OKPY>XE€HUS, TI0O3TOMY MbI MCCJIeIOBa-
qm renoctHocTh JIHK B KyMyJTIOCHBIX KIeTKax sTud-
HUKOB MblllIeit, UMMYHU3upoBaHHBIX BCA, a Takxke
JKUBOTHBIX, Y KOTOPBIX UMMYHU3aIIMsI COITPOBOXKAA-
snack BBeneHueM I['C. CorjlacHO HaHHBIM MeTona
JHK-xoMeT B KyMyJIOCHBIX KJIETKaX (hOJUIMKYJIOB
yBeamuuBayiachk crerieHb mospexkneHus JJHK. Brene-
HUE YY>XKEepOTHOTO OejiKa MPUBOAWIIO K YBEIUUECHUIO
KoJIM4ecTBa pa3pbiBoB MoJieKyiabl JITHK, ¢dopmupyio-

II1X B 3JIEKTPUYCCKOM IOJIe “XBOCT KOMEThI”. BoJb-
IIMHCTBO KOMET OTHOCUJIACH K 4-MY KJ1acCy, KOTOPBIiA
XapakTepusyeT MakcumasibHoe ToBpexaeHue JIHK.
IIpu sTOM HMTOTOKCHYECKUIT MHAEKC ([, — oblue-
MIPUHSTHIA WHTETPAJIbHBIN ITOKA3aTeNlb, YYUTHIBAIO-
LMW M3MEHEHUs] KOJUYECTBA BCEX TUIIOB KOMET C
pa3HOM MHTEHCUBHOCTBIO CBEUEHMUSI, TO €CTh CTelle-
Hbio noBpexnenus JIHK) yBenuuuBaicsa B 4.8 pa3,
YTO CBUACTEIBCTBYET O PA3BUTUM CUJIBHOTO TE€HO-
ToKcu4yeckoro crpecca. Beenenue I'C uMMyHU3UpO-
BaHHBIM MBIIIIAM 3HAYUTEJIBHO CHIKAJIO TEHOTOKCY -
YeCKUi CTpecc, CIOCOOCTBYSI YMEHbBIIIEHUIO KOJTUYE-
cTBa (QOJUTMKYJISIPHBIX KJIETOK C BHICOKMM YPOBHEM
noBpexnenust JJHK (ot 55.9 + 1.2% B rpynmme BCA
1o 21.4 = 1.4% npu BBenenuu I'C, B KOHTpoJIe OBbLIO
5.4 £ 1.4%; p < 0.001), yTo MOATBEPKAATOCH CHUKE-
HueMm [, B 1.75 pa3 (puc. 2).

Kak mokazaHo B TIpeObIOyIIUX HCCICAOBAHUSX
(Shepel et al., 2016), BBenenue mbiiam BCA npuso-
JINJI0 K CHUZKEHUIO B KYMYJTIOCHBIX KJIETKaX 3KCIpec-
cum reHoB Grem1, HAS2 n COX2. Ilo cpaBHEHMIO C

100 - Mertadgaza I
90 + #
80
70 -
60 -
50+
40 -
30+
20 -
10 -

Meradasza I1

0 |
Kontpoins BCA BCA + I'C Kontpons BCA BCA + I'C

Puc. 1. Meiiotndeckoe co3peBaHUE OOLIMTOB, BBIIEICH-
HBIX U3 IMYHUKOB: 1) KOHTPOJBHBIX MBIILIECii; 2) MBIIIIEH,
nMmmyHu3upoBaHHBIX BCA u 3) npu BBegeHuu I'C ummy-
HU3UPOBAaHHBIM XMUBOTHBIM. [10 ocu opamHaT — Kojide-
CTBO 00OLIMTOB Ha ctanuu Metadassl I u I1 (B % ot oG1iiero
KOJIMYECTBA KyJBTUBUPOBAHHBIX 0OIIUTOB). * — p < 0.05
M0 OTHOIIEHUIO K KOoHTpoo; © — p < 0.05 1o oTHOIIE-
HUIO K uMMyHM3aiuu BCA.
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(a)

Puc. 2. Mukpodotorpaduu JIHK-komer, BEITOTHEH-
Hble C TOMOIIbIO JIOMUHECUEHTHOTO MUKpOCKOTa
JIIOMAM H-1 (Poccusi) U BUACOCHUCTEMBI Iepeaaynd
M300paXeHUsT Ha KOMITbIOTEP TIPU MCIIOJIb30BAaHUM BOMI-
HO-UMMEPCUOHHOTO 00ObekTuBa (%85). OkpammBaHue
kpacuteieM DAPI. (a) KOHTpoJIb: KyMyTIOCHBIE KJIETKU
mbitreit ¢ HertoBpexkneHHoi JIHK (kraccer 0—1). (0) BBe-
neune BCA: xietku ¢ cuiibHbIM noBpexnaeHueMm JHK
(knaccel 3—4). (B) BBeneHue I'C XMBOTHBIM, UMMYHU3H -
poBanubiM BCA (JIHK-xomeTs! kitacca 0—1).

KOHTPOJBHBIMUA KMBOTHBEIMU KoJimdyectBo MPHK
HAS2 y mMMyHU3MpOBAaHHBIX OBLIO YMEHBIIECHO B
2.21 pa3, COX2 — B 1.76 1 Grem1 — B 1.41 pa3. B nan-
HOM paboTe ycTaHOBIIEHO, 4TO mociie BBeneHus I'C
Habmonanoch yBermmyeHue ypoBHsa MPHK COX2 — B
1.61 paz u Grem1 — B 1.47 pa3 (puc. 3, 4). OTmMeueHo
takke ycwienue oskcrnpeccunm MPHK HAS2 B
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m KoHTpOIb

1LO0r  apcA
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0

OTHOCUTEIbHBIIA YPOBEHD
akcnpeccun MPHK

HAS2 COX2

Greml

Puc. 3. Dxcnpeccus reHoB Greml, HAS2 u COX2 B ky-
MYJTIOCHBIX KJIETKax: 1) KOHTPOJIbHBIX MBIIIIEit; 2) MBIIIEH,
nmmyHnsnpoBaHHeIX BCA u 3) npu BBeneHun ['C nmmy-
HU3UPOBAHHBIM XUBOTHBIM. ** — p < 0.01, *** — p < 0.001
M0 OTHOIIIEHMIO K KOHTPOJIIO; # —p<0.05, ## —p<0.01
1o OTHOIIIeHUWI0 K nMMyHU3aun bCA.

1.38 pa3a, ogHAaKO 3TW 3HaYeHMsI He ObLIU CTAaTUCTU-
YECKU TOCTOBEPHBIMU.

OBCYXIEHUE

Hamu ycranoieHo, uro umMmyHu3aiuss bCA BbI-
3pIBajia TIOBPEXIEHUE OOTeHe3a, O YeM CBUIETENb-
CTBOBAJIO YMEHBIIIEHNE KOJIMYECTBA OOLIMTOB, TOCTH-
raromux craguu Metadassel I n I1. OmgHoit 13 mpuumH
YTHETeHUSI MEMOTUYECKOTO CO3pEeBaHMS SIBJISUIOCH Ha-
pyieHre Mop¢ho-(pyHKIIMOHATBHOIO COCTOSHUS (DOJI-
JIMKYJISIPHOTO arlfnapara, KOTOpoe XapaKTepHu30BaIoCh
3HauuTENbHBIM moBpexaeHneM JIHK kymMmymrocHBIX
KJIETOK, Pa3BUTHEM B HUX CHUIBHOTO T€HOTOKCHIECKO-
ro crpecca. Kak M3BeCTHO, CHUJIbHOE MOBPEXIECHUE
JHK npuBoauT K rubdenn KJIETOK, BKIIIoUasi HEKPO3,
KOTOPBIi, B CBOIO O4Yepelb, MOXET YCHUIMBATh BOCIIA-
JINTEJIbHBIN OTBET U MoBpeKaeHue opraHa. Kpome to-
ro, nox BiaussaueM BCA (Shepel et al., 2016) mpoucxo-
IWJI0 3HAYMTeJIbHOE CHIDKeHrue ypoBHeir MPHK
Greml, HAS2 u COX2. UccnenyemMplie TeHBI UTPAIOT
KPUTUYECKHU BaXKHYIO POJIb B (DOJITUKYJIO- U OOTeHE3E,
B YaCTHOCTH, YY9aCTBYIOT B MeXaHU3Me (DOpMHpOBa-
HUSI BHEKJIETOYHOIO MaTpuKCa, HEOOXOAMMOIO IS
Mpoliecca KyMyJIFOCHOTO paclIMPeHsl, U, TAKUM 00-
pa3oM, cnocoOCTBYIOT co3peBaHuio oonuta (McKenzie
et al., 2004; Assou et al., 2010). M3BecTtHO, yTO HAS2
MpeacTaBisieT coboit (epMEeHT, OTBETCTBEHHBIN 3a
CHHTE3 THAIypOHOBOM KMCJIOTHI, KOTOpasl SIBISIETCS
IJ1aBHOM CTPYKTYPHOM OCHOBOI KyMYJIIOCHOTO BHE-
KJIeTouyHOro Marpukca (Assou et al., 2010). COX2 crio-
COOCTBYET KyMYJIFOCHOMY PaCIIMPEeHUIO Yepe3 MHIYK-
o npoaykuuu npocrarnavauHa E2 (PGE2). Mbi-
1M, JUllleHHble pyHKUnoHanbHOit COX2, uMeoT
nedeKThl B OBYJISIIUM, OIUIOAOTBOPEHNM, MMILJIaH-
tauuu 1 geuunyanuzauuu (McKenzie et al., 2004).
GREMI1 cenekTMBHO WHIMOMpPYET CUTHAIU3ALUIO0
KOCTHOTro MopdgoreHeTndeckoro 6enka 15 (BMP 15) u
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— BCA —— —BCA+TC —

250 bp

— BCA —— —BCA+TC —

250 bp

— BCA —— —BCA+TIC —

400 bp

— BCA —— —BCA+TC —

200 bp
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GADPH

Konrponb

Greml

Konrtponb

HAS2

KonTponb

COX2

Konrpons

Puc. 4. ®operpamma pesyabratoB aMmruingukanu reHoB GADPH, Grem1, HAS2, COX2 B KyMyJIFOCHBIX KJIETKaX IIPY BBEIIe-

Huu ['C mplmamM, uMMyHu3upoBaHHbIM BCA.

TMpeaoTBpaIIacT MPEKACBPEMEHHYIO JIIOTCMHU3AITIIO
MYPaJIbHBIX TPaHYJISIPHBIX KJIIETOK, CITOCOOCTBYS Ky-
myJitocHomy paciupeHuto (Pangas et al., 2004).
KpomMme Toro, akcripeccust uccieayeMbiX TeHOB Ha-
XOIIMTCS TIOJl KOHTPOJIEM MapaKpUHHOTO POCTOBOTO
dakrTopa nuddepenuuposku 9 (GDF9), koTopslit
CEKPETUPYETCS OOIIUTOM M UTPaeT MHOTO(DYHKITNO-
HaJILHYIO POJIb B KOMMYHUKALIMSX MEXAY KJIeTKaMu
rpanyJiessl 1 oouutamu (Kim et al., 2019), B perynsi-
mn uddepeHIMPOBKY U QYHKIIUU (POJITUKYIISIP-
HBIX KJIeTOK. TakuM 006pa3oM, ypOBeHb TPAaHCKPUII-
TOB JaHHBIX TeHOB-MUlIeHeit GDF9 B KyMyTIOCHBIX
KJIeTKaX MOXeT oTpaxarb akTuBHOCT, GDF9 u, Kak
WUTOT, TIPOTHO3MPOBaTh coctosiHue oonuTa (McKenzie
et al., 2004).

Hcnons3yemsrii B manHoii padote I'C oxkasbiBai
MPOTEKTUBHOE BIMSIHUE Ha KIIETKK (POJUIMKYISIPHO-
ro OKPYXEHUSI OOLIUTOB MMMYHM3MPOBAHHBIX MBbI-
meii. Beenenune I'C 3HaYUTEIbHO CHUKAJIO CTEIEHb
noBpexxneHus JITHK KyMymoCHBIX KJIETOK, Ha 4YTO
YKa3bIBaJIO YMEHBIIEHNE /;, ¥ KOJIMYECTBA KIIETOK C
cuibHO noBpexaeHHou JIHK. AHanu3 ypoBHSI 3KC-
MpeccCUur TeHOB IIOKa3aJl YBEeJIWYEHUE KOJIUYeCcTBa
MPHK HAS2, COX2 u Greml B Ki1eTKax KyMyJioca.
I[MomoOHBIE M3MEHEHUSI COIIPOBOXIAINCH YIydIlle-

HUEM MENOTHUYECKOro CO3peBaHMsI OOLIMTOB, KaK Ha
ctaguu Metadassl I, Tak u metadassr I1.

[Monoxurenpusrit 3ddexr 'C Ha Mopdo-hyHK-
LIMOHAJIBHOE COCTOSTHUE KJIETOK SIMYHUKOB MBIIIE
MOKET OBITh CBSI3aH C €T0 CTUMYJIMPYIOIIUM BIUSHU -
€M Ha DHEePTrOCUHTE3UPYIOIIYIO (DYHKIIUIO MUTOXOH-
npuii. CorjlacHO JUTEpaTypHBIM TaHHBIM CYIIIECTBY-
€T TIOJIOXUTEIbHAST KOPPEISLUs MEXIY YpPOBHEM
AT® B xjeTKax KyMyjiioca U YUCIOM OOLIUTOB, HO-
crurmmx Mmetadassl I (Hsu et al., 2015). Hanuuue
TaKOM KOpPPEJISIIUU ITO3BOJISIET MPEANOI0XUTh, YTO
ypoBeHb AT® B KyMyTIOCHBIX KJIETKaX MOXET OBITh
WHINKATOPOM OOILETO COCTOSTHUSI 3T0POBbSI CBSI3aH-
HBIX C HUMU OOLIMTOB. B 1cciienoBaHMSIX C MCIIOJIB30-
BaHUEeM (PapMaKOJIOTMIEeCKUX MHTMOMTOPOB MOKAa3a-
HO BJIUSIHUE COOTBETCTBYIOIIETO YPOBHSI META00INU3-
Ma XKUPHBIX KUCI0T U AT®D B KileTKax KyMyiaioca Ha
KauyeCTBO OOLIMTA U MOCJEAYIollee pa3BUTUE 3I0PO-
BOro sMoOpuoHa. JIMMMUIHBIN 0oOMeH oOecrieuynBaeT
MOIIIHBIA MCTOYHMK BHEPIUM, U €T0 BaxKHOCTb BO
BpeMsI CO3peBaHMsSI OOLIMTOB CTAHOBUTCSI BCce Golee
oueBuaHoi (Dunning et al., 2014).

[IporextuBHbii 3¢dexkT 'C MoXeT OBITh TaKKe
OOYyCJIOBJICH €r0 aHTMOKCUJIAHTHBIM 1 MEMOpaHoCTa-
ovnmsupytomyuM aeiictBussMu. BCA BBI3BIBaeT aKTH-
BAalIMIO KJIETOK BPOXIEHHOI0 MMMYHUTETA, ITPOIYK-
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IO MU IIPOBOCITAIMTEIbHBIX IUTOKMHOB, a TAKXKe
PEaKTUBHBIX MOJICKYJ, KOTOphIe BEOyT K Pa3BUTHUIO
OKCHUIATUBHOTO CTpecca, HapyLIeHUIO OUOoJIoThYe-
CKHUX CBOIMCTB MeMOpaH, noBpexneHuto JJTHK u kie-
ToyHOM (pyHkunu. I'C mHrMOMpPyeT CBOOOIHOPAIM-
KaJbHbIE TIPOLIECChI, aKTUBUPOBAHHbBIE B YCJIOBUSIX
MMMYHOKOMIUIEKCHOM IMaTOJIOTMU, HOPMAaIn3ysl, Ta-
KMM 00pa3oM, 0ajaHC MeXOy ITPOOyKIINei cBOOOI -
HBIX paguKaJOB M CHUCTEMOI UX 00e3BpeKMBaHUS.
OnmHako Il ITOATBEPXKICHUS TaHHBIX IIPEAII0IoXKe-
HUU HEOOXOIMMBI JaJlbHENIIINE UCCIENOBAHNUI.

Takum 06pa3oM, MoJTydeHHBIC TaHHBIE CBUICTEITb-
CTBYIOT 0 TOM, 4TO I'C B MCIIo1h30BaHHOI HAMU CXeMe
1 03¢ BBEIECHUSI OKa3bIBAeT 3HAYUTEbHBIIN MPOTEK-
TUBHBII 3¢ deKT Ha MOphO-(YHKIIMOHATEHOE COCTO-
STHUE OBapHMAJIBHBIX KJIIETOK U SIBJISIETCS TIePCIIEKTUB-
HbBIM U151 TEPANeBTUYECKOTO UCTIOIb30BaHUSI TIPU M-
MYHOKOMITIEKCHBIX 3a00JICBAHUSIX.

OUNHAHCHUPOBAHUWE PABOTDI

JlaHHOEe uCccllemoBaHMe OBUIO moaaepkaHo Hammo-
HaJbHOI Akanemueit Hayk YkpauHbl.

COBJIIOAEHHUE OTUYECKNX CTAHOIAPTOB

[1py BBITTOJTHEHUN SKCIIEPUMEHTAIBHBIX paboT OBLIN
COOJIIONEHBI MEXIYHApOIHblE NTPUHIMITEI EBponeiickoit
KOHBEHLMU O 3allMTe MO3BOHOYHBIX XKMBOTHBIX CoBera
Espornbl (Ctpacoypr, 1986).

KOH®JIMKT MHTEPECOB

ABTOpBI 3asIBIISIIOT, YTO KaKOii-T100 KOHMJIMKT UHTE-
pecoB OTCyTCTBYeT. Bce aBTOpBI NpounTaIv U OO00pMIN
OKOHYAaTeIbHBIN BAPUAHT PYKOITUCH.

NHOOPMALIUA O BKIIAJE ABTOPOB

E.A. Kongpankast, H.I'. I'pymika u T.}O. Bo3neceH-
cKasl: IM3aiftH uccaenoBaHusl, cOOp, aHAJIU3 U MHTepIpeTa-
LIUST JAHHBIX, TTIOMCK JIMTePaTyphl, COCTABJICHUE PYKOITUCH;
P.N. fdaumit: qu3aifH rcciieqoBaHMsI, MTHTSPIIPETALS Oy~
YeHHBIX TaHHBIX, KPUTUIECKHE KOMMEHTApUM K PYKOITHCH.
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The Effect of Ethylmethylhydroxypyridine Succinate (“Mexidol”) on Oocyte Meiotic
Maturation, Genome Integrity, as Well as the Change in Gene Expression in Mouse
Cumulus Cells under the Conditions of Systemic Immune Complex Damage

E. A. Kondratskaya® *, N. G. Grushka!, T. Yu. Voznesenskaya!, and R. 1. Yanchii!
! Bogomoletz Institute of Physiology, NAS of Ukraine, Bogomoletz ul. 4, Kyiv, 01024 Ukraine
*e-mail: elena-shepel@ukr.net

Using a model of experimental systemic immune complex damage (induced by long-term immunization of
CBA mice with bovine serum albumin (BSA)), we studied the effect of ethylmethylhydroxypyridine succi-
nate (HS, “Mexidol”) on oocyte meiotic maturation, the degree of DNA damage to follicular cells, as well as
gene expression of gremlin 1 (Greml), hyaluronan synthase 2 (HAS2) and cyclooxygenase 2 (COX2) in cu-
mulus cells. According to modern data these genes play a critical role in oogenesis and can characterize oo-
cyte quality. HS administration had a protective effect on the morphological and functional state of ovarian
cells. The introduction of HS weakened the genotoxic stress induced by BSA, which was manifested in a de-
crease in the number of cumulus cells with severe DNA damage. The study revealed gene expression changes:
the number of COX2 mRNA was increased 1.61-fold and Grem1 mRNA — 1.47-fold. An increase in the con-
tent of HAS2 gene transcripts was also detected — 1.38-fold; however, this value was not statistically signifi-
cant. These changes had a positive effect on the meiotic maturation of oocytes: there was a significant in-
crease in their number at metaphase I and 11 stages. We believe that HS can be used for therapeutic purposes
in immune complex diseases.

Keywords: BSA immunization, oocyte meiotic maturation, genome integrity, gene expression, cumulus cells
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Lenb paboThI cocTOsIa B U3YUYEHUU CTPYKTYPhI M MPOCTPAHCTBEHHBIX B3aMMOOTHOIIIEHUI MUKPOTJIMU U
TaHUIIUTOB B MeIraba3aibHOM TUITOTaJlaMyce B paHHEM MOCTHATaTbHOM OHTOTeHe3e M Mpu cTapeHuu. C
MPpUMEHEHUEM UMMYHOTMCTOXVUMUYECKHX METOIOB ObLITU UCCIIEIOBAHbBI CPE3bl FTOJJOBHOTO MO3Ta KPbIC JIM-
Hru Bucrap Ha ciaenyromux cpokax: moctHataiabHbIe 7, 14 1 30 CyTKM pa3BUTHSsI, B3pocibie (4—5 Mec.) u
crapblie (20 Mec.) XXUBOTHBIE (7 = 3 UIs1 KaXKA0ro cpoka). bbuin BelAeaeHbI pa3IMYHble TUITHI MUKPOTJINY,
KOTOPBIE OTJINYATUCH JIOKATU3alMeil B 061acT MHMYHINOYISIPHOTO YITyoaeHUs, MOpdOo-(hyHKITMOHATb-
HBIMU MTPU3HAKaMU, a TaKKe MPOCTPAHCTBEHHBIMU B3aMMOOTHOIIIEHUSIMU C TAaHMLIMTaMU. Bbuta mokazaHa
BO3pacTHasl TMHaAMWKAa aKTUBHOCTA MUKPOTJIMU B M3ydaeMoit obnactu. [TonydeHHbIe pe3yabTaThl OYIyT
CMOCOOCTBOBATh YCTAHOBJIEHUIO POJIM MUKPOTJIUU U TAHUIIUTOB B GOPMUPOBAHUU OAPbEPHBIX CTPYKTYD B
Mennaba3aJIbHOM YIIYyOJIEHUM M BO3PACTHBIX OCOOEHHOCTEM IEHTPaIbHOM HEMPOMMMYHOSHIOKPUHHOM
peryJsiLuu.

Knarouesole caroea: MUKPOTINSI, TAHULIUTBI, MHPYHAUOYISIpHOE yriybjaeHUe, Menuaba3aabHblii rUmoTaaa-

MYC, pa3BUTHE, CTApEHNE, UMMYHOTICTOXUMMSI
DOI: 10.31857/S047514502003009X

BBEAEHUE

O6nacts MHGYHIUOYISIPHOTO yriayomenus: (00-
JIaCTh BOPOHKM rUmodu3a) pacrmoiaraercs B HIDKHEH
JaCTH TPETHETO Xeya09IKa Mo3ra (IeTaTbHYIO0 CXeMy
CTpoeHUsT MHPYHOAMOYIISIPHOTO YIIyOJIEHMSI CM. Ha
puc. 40). DTa 061aCTh OTHOCUTCS K Mearaba3aibHO-
My TUTIOTaJIaMyCy M BKJTIOYaeT B ceOsT BEHTPOMEIH-
aJbHOE W apKyaTHOe sapa TUIoTajamMyca, a TakKxkKe
CpeIMHHOE BO3BHIIIIEHNUE, KOTOPOE SIBIISIETCS OMHUM
W3 TUPKYMBEHTPUKYIIpHBIX opraHoB (IIBO) ronos-
Horo Mo3ra. 1IBO xapakTepmn3yioTcsl HaJIMdIrueM Ka-
MAUISIPOB (heHECTPUPOBAHHOTO THMA (TO €CTh, OHU
JIMIIEHBI TeMaTo3HIIedanmmyeckoro 6apbepa (I'Db))
(Schulz, Engelhardt, 2005; Joly et al., 2007). BercTui-
Ka obJyractTy MTHPYHAUOYIISIPHOTO YIIyoJeHus cgop-
MUpOBaHA TAHUIIUTAMU, BEICOKOCTIEIINATN3UPOBaH-
HBIMU OUTIOJISIPHBIMU KJIETKaMH C INTMHHBIM 0a3aJTb-
HBIM OTPOCTKOM. DTH KJIIETKW OIUIETAIOT KOHIIaMU
CBOMX OTPOCTKOB KPOBEHOCHBIE COCYIBI ITOIIEXKa-
et HepBHOM TKaHU, B TOM YHcIie (heHeCTPUPOBaH-
HbIe KanWIISIPBI TTIOPTaIbHOM CUCTeMbl TUodu3a B

CpeaHHOM BO3BbIIeHUU. OHU MOTYT TPaHCIIOPTH-
poBaTh pa3IMYHbEIE MOJIEKYIHI U3 KPOBU K HelipoHaM
sIep TUIlOTajaMyca, a TakKKe PEeryJIdpYyIOT BBICBO-
OoXHeHne PUIN3UHT-(PaKTOPOB HEHPOCEKPETOPHBI-
MU KJIeTKaMU TUIloTajlaMyca B KPOBEHOCHOE PYCJIO.
Takum 006pa3oM, TAHULIUTHI SBIISIIOTCS OTHUMM W3
KJIIOUEBBIX WUTPOKOB B PETrYJASITOPHONM HEWPO3IHIO-
KPUHHOU cHUcTeMe Meauaba3ajbHOrO TUIlOTajJlaMyca
(Gao et al., 2014; Prevot et al., 2018; Rodriguez et al.,
2019). CeronHs B IMTEepaTypHBIX UCTOYHUKAX TTOSIB-
JIsieTcsl Bce 0OJibllie JaHHBIX O POJIM MUKPOIJIMU Ha-
psSIIy C TAHULIATAMU B PETYJIMPOBAHUM dHEpreThdIe-
ckoro OamaHca B opraHuzme (Bobbo et al., 2019).
KrneTku MUKpOTIMM MpecTaBIIsIIOT COO0M pe3nuaeHT-
Hbele Makpodaru ITHC u ¢hpopMupyoT coOOCTBEHHYIO
MMMYHHYIO CUCTeMY T'OJIOBHOTO 1 CIIMHHOI'O MO3ra.
MUKpOTITUOLUTHI BBIITIOJHSIOT PSJI BaXXHBIX (DYHK-
LUIi: B OTBET HA MH(EKIINIO UM ITOBPEXACHNE MUK~
pPOIJIusI MEePEXOIUT B aKTUBUPOBAHHOE COCTOSIHUE U
HayMHaeT CEKPEeTUPOBaTh MPO- WIK MPOTUBOBOCTIA-
JINTENbHBIE LIMTOKUHBI, (harOLUTUPYET IMOBPEKICH-
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HbIe KJIETKW, Y9aCTBYET B PEMOACIMPOBAHIM CUHATTI-
coB (Lannes et al., 2017). bemo moka3aHo, 4YTO B TH-
rmoTajlaMyce WX W30BITOYHAsT IIPOBOCITATATEIbHAS
aKTUBAIIMsI MOXET MPUBECTU K HapyIIeHUIo oOMeHa
BEIIeCTB B OpraHU3Me, B YaCTHOCTH, K OKHPEHUIO
(Valdearcos et al., 2017; Mendes et al., 2018). Muk-
porIvs ¥ TAHUILIUTH (POPMUPYIOT TTEPBYIO JTUHUIO
3aIIMTHl B CPEIMHHOM BO3BHIIIICHUH, B CBSI3HU C YEM
W3ydeHNe TIPOCTPAHCTBEHHBIX B3aMMOOTHOIICHUM
STUX ABYX KJICTOYHBIX MOMYJISAIINIA B Meauaba3aib-
HOM THIIOTaJIaMyce TIpeCTaBIIsIeT 0COOBIN MHTEpecC.
Lleaplo maHHOTO WCCICHOBAHMS OBLUIO W3YIUTh
CTPYKTYPHO-(PYHKIIMOHATbHBIC B3AMMOOTHOIIICHUS
MEXIy MUKPOTJIMEH W TAaHUIIMTAMU B 00JIAaCTU WH-
byHaIUOYISIpHOTO YrayGiaeHUS B paHHEM ITOCTHAa-
TaJIbHOM OHTOTeHe3¢ U TIPU CTapEeHUMU.

MATEPHAJIBI U METOJ bl

MarepuaiaoM IST WCCIETOBAaHUS TOCTYXKUI TO-
JIOBHOM MO3T KpBIC-caMIIOB JIWHUKM BucTap Ha pas-
JIMIHBIX CPOKAX MTOCTHATATLHOTO OHTOTeHe3a: TIOCT-
HaranbHBIe 7 (P7), 14 (P14) n 30 (P30) cyTku pa3Bu-
Tusi, B3pocibie (4—5 mec.) u crapeie (20 Mec.)
XUBOTHBIE (n = 3 Wit Kaxmoro cpoka). Ilpu comep-
KaHUU W YMEPIIBICHWH >XWUBOTHBIX COOJIOMAN
MEXIyHAapOIHBIe TIpaBuia XeJIbCUHKCKOM meKiiapa-
L1 O TYMaHHOM OO0 paIieHnH ¢ XkuBoTHbIMU U “IIpa-
BUWJIa TIPOBEICHUST PabOT C MCITOTb30BaHUEM DKCITe-
PUMEHTAIbHBIX XUBOTHBIX (IMPHIOXKEHME K IIPUKa-
3y M3 CCCP Ne 755 ot 12.08.1977 r.). I'onoBHoOi1
MO3T (PUKCUPOBAIN B IIMHK-3TaHOJI-(hOPMaTbIETHIC
(Korzhevskii et al., 2015). O6e3BoXeHHBIE O0BEKTHI
3aJIMBAJIM B TTapahWH 110 OOIIETIPUHITON METONUKE.
HM3zrotaBmmBanm QpoHTaTbHBIE CPEe3bl TOJIIMHOMN
5 MKM Ha ypoBHE oT —3.24 1o —4.44 MM 110 OTHOIIIe-
Huto K operme (Paxinos, Watson, 2007). MccnenoBanu
dpoHTATEHBIE Cpe3bl TTPOMEXYTOUYHOTO MO3ra Ha
YPOBHE apKyaTHOTO siipa Tumnotajiamyca. [locie cran-
MapTHO TIpolleaypsl AenapaddTHUPOBAHUS U PETHI-
paTaItiy cpe3bl MOIBEPTaIN TETUIOBOMY JeMacKUpOBa-
HUI0O B MOIUGUIIMPOBAHHOM IIMTPAaTHOM Oydepe
S1700 (Agilent, CIIIA) ¢ moceayommuM OJIOKMpPOBa-
HUEM BHIOTeHHO# Tepokcumasbl. JIa BBISIBICHUS
KJIETOK MUKPOTJIMHM WCITOIb30BAIN TTOJIMKIIOHATEHEBIS
KpoanubM anTurela K Iba-1 (Biocare medical, CIIIA)
B pa3BeneHuu 1 : 900. B kauecTBe BTOpMYHOTO pea-
reHTa ObLT Mcrojib3oBaH Habop Reveal Rabbit Specif-
ic HRP-DAB Detection System (Spring Bioscience,
CIIA). dis BU3yaau3aluy IIPOAYyKTa Peakiuy IIpr-
MEHSLIIA XpoMoOreH 3'3-1uaMrHOOEH3MONH 13 Habopa
DAB+ (Agilent, CIIIA). ITocne mpoBeneHusT peak-
IIMH 9aCTh CPE30B MOAKPAIITBAIN KBACIIOBBIM reMa-
TOKCHIIMHOM. [loydeHHBIe TIperapaTsl aHATU3NPO-
BaJIM C TIOMOIIBIO CBETOBOTO MUKpocKolmta Leica

CY®UEBA u 1p.

DM750 (I'epmanus) u ¢otorpadupoBain ¢ ITOMO-
mbio porokameper ICC50 (Leica, I'epmanust). [Inst
00paboOTKM M300paKeHU MCHOJb30BAJIM MpOTrpaM-
my LAS EZ (Leica, I'epmanust).

s uzydeHus TIPOCTPaHCTBEHHON OpraHu3aluu
TaHUIIMTOB 1 MUKPOIJIMU ObUIa MOCTaB/IeHa NBOiTHAs
WMMYHOTMCTOXMMUYECKasl peaKiysl Ha OeJIoK MpomMe-
XKyTouyHbIX (prmameHToB I1I ThIta — BUMEHTHH, KOTO-
pBIii SIBJISIETCSI MApKepOM TaHULIUTOB, U Iba-1, KoTo-
pblii BJISIETCSI MapKepoM MUKporiuu. B kauyecTse
MEePBUYHbBIX PEAT€HTOB MCMOJIb30BAJI MOHOKJIOHAIb-
Hble MBIIIWHbIE aHTUTeNa K BUMEHTUHY (KJIOH V-9,
Agilent, CIIIA, B pa3Benexuu 1 : 100) 1 ITOIUKIOHATb-
Hble Kpoimubu aHTUTena K Iba-1 (Biocare medical,
CIIIA, B pazBenenuu 1 : 500). B kauecTBe BTOPUYHBIX
peareHToB NprMMeHsuUTu Fab-¢hparMeHT aHTUMBIIIIMHO-
ro UMMYHOTJIO0YJIMHA Ocjila, MEeYeHHbIi1 OMOTUHOM-
SP (Jackson ImmunoResearch, CIIIA) u MoHOBaneT-
Hblii Fab-dparMeHT aHTUKPOJIUYLETO MUMMYHOTJIO-
OyJMHa ocjla, KOHBIOTUPOBAHHBIN ¢ (hJIyOpOXpOMOM
Rhodamine Red™-X (RRX, Jackson ImmunoReas-
erch, CIIIA), a Takke KOHBIOTaT CTPENTaBUIMHA C
dmyopoxpomom Cy2 (Jackson ImmunoResearch,
CIIA). ITonyyeHHbIe ITpeIrapaThl UCCIACOOBAIN IIPU
noMoIiy KOH(pOKaILHOTO JIa3epHOr0 MMKpPOCKOTa
Zeiss LSM 800 (Zeiss, I'epmanms). [1ns Bo3Oykae-
Hus payopecueHuny Cy2 IpUMEeHSUIN JIa3ep C IIH-
HOI BOTHBI 488 HM, 1151 RRX — 561 HM. AHanus noiry-
YEHHBIX HW300paXeHUil TPOBOAMINW TIPU TIOMOIIH
KOMITBIOTEpHBIX ITporpamMM Zen-2012 m LSM Image
Browser (Zeiss, I'epmanust). [11st oLieHKI BO3pacTHBIX
U3MEHEHUI B KOJIMYECTBE MUKPOTJIUOIIMTOB BO BCeit
n3ydaeMoii 061acTy MH(PYHIUOYISIPHOTO YITyOJICHUS
MOJCYET MPOU3BOAMIICS MO TpeM TMOJSIM 3peHUs (B
KaXX7I0M MO0JIe UCII0JIb30Bajach paMKa pasMepom 175 %
% 198 MKM) Ha yBerueHUU %40 1 KaxkKa0To cryJas.
KonunyecTBO MUKPOTIUUM OTpenessiii Ha €IUHUILY
rutowmaay (1 Mm?). JlaHHbIE TIPEICTABIEHBI B BUIE CPE/I-
Helt + ook cpenHeii. CTaTucTUYeCKuii aHaJIU3 ObLT
npou3sBeneH B rporpammMe Prism GraphPad 8. TTpume-
HSUTM OAHO(MAKTOPHBIM IMCHEPCUOHHBINA aHau3
(one-way ANOVA), ¢ mocjienyioinuuM CpaBHEHUEM
TPYIII C TOMOIIIbIO post-hoc-kputepust ThIOKU.

PE3VJIBTATHI

[1pn *MMYHOTHCTOXMMIYECKOM BBISIBIIeHUH Iba-1
OBLIO yCTaHOBJIEHO, YTO Ha P7 1 P14 cytku pa3sutus
MUKPOTJIUOUUTHI B UHPYHAUOYJISIPHOM yIayOaeHUn
XapaKTepusyeTcsl OKpyrJjioit (hopMoii, KOpOTKUMHU U
YTOJIIIIEHHBIMM OTPOCTKaMM, UTO YKa3bIBaeT Ha aK-
TUBUPOBAaHHOE COCTOSIHHE 3THX KJIETOK (pmc. la).
[Ipu aHanu3e MPOCTPaAaHCTBEHHOIO B3aMMOOTHOIIIE-
HUSl MUKPOTIJIMOLIMTOB C KJIETKAMM BBICTUJIKU (TaHU-
LIMTaMM) MOXHO BBIIEJIUTh HECKOJIBKO TUTIOB MUKPO-
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Puc. 1. UndpyHnubynsipHoe yriybaeHue JHAa TPEThero Xelaynouka. MMMyHorucroxumMuueckast peakius Ha Iba-1, mogkpacka
si7iep KBACIOBBIM T€MAaTOKCUJIMHOM. a — 7 CYTKW MOCTHATAIBHOTO Pa3BUTHS, 00J1acTh 0.1 TAHUITUTOB. 6 — CTapoe XMUBOTHOE,
cyOaneHAMMHAast MUKPOTLJIUS, KOHTakTUpytolasi ¢ CM2K; B — B3pociioe XKMBOTHOE, EPUBACKYIISIPHBIE MUKPOTJIMOLIMTHI B Cpe-
IUHHOM Bo3BbIlIeHUU. CTpesiKa yKa3bIBaeT Ha CyOarenuMHbie (a, 0) U IepuBacKyasapHbIe (B) MUKPOIJIMOLIUTHI, TBOMHAS
CTpeJiKa — CYIMpasneHINMHbBIE MUKPOTJIUOLIUTHI.

VMU B 3aBUCUMOCTH OT WX JIOKAJTU3AITUH, KOTOPBIE OT-
JIMYAIOTCSA TI0 PSITy MOPMOJOTUYECKUX TPU3HAKOB.
HermocpeacTBeHHO Mo TeJlaMu KJIETOK, KOTOpble (hop-
MUPYIOT BBICTWJIKY UH(MYHAUOYISIPHOTO YIJIyOJIeHMSsI,
JIOKAJTU3YIOTCA CYORMEHINMHBIE MUKPOTIMOIINTEI
(puc. la, 10). D10 BepeTeHOBUAHbIE, KaK ITPaBUIIO,
oumnosipHbIe KJIETKH. [JTaBHBIE MX OTPOCTKU OTXOMST
OT pa3HbIX TOJIOCOB KJIETKW M HaIlpaBJeHbl BIOJb
SMEeHAMMHOTIO TLIacTa, KOTOpbIe 3aTéM MOTYT BeT-
BUTBHCS Ha OTPOCTKHU GoJree MeJTKoTo mmopsinka. Heko-
TOpPbIe U3 HUX TIPOHUKAIOT Yepe3 AIMeHAMMHBIH T1J1acT
u KoHTakTupytoT ¢ CMXK (puc. 16). B o6nactu nepe-
X0Jla BMEHIMMOLIMTOB B TAHULIUTHI BBICTUJIKA (DOp-
MUpPYeT OBYPSIHYIO CTPYKTYpPY, M KOTAa TaHWUIIUTHI
TMOJTHOCTBIO 3aMeIlaloT 3MEHIUMOIINTEI, BBICTHJIKA
CHOBAa CTAaHOBMTCSI OTHOpPsIIHONW. MHTEepecHOo, 4To B
00J1acTu mepexona MUKPOTJIMOIIMTRI BCeTna JTOKaIr-
3YIOTCSI MEXIY ABYMSI PsiIaMU KJIETOK BBICTWJIOK U
Mop(doIornyecku HamOMUWHAIOT CyO3MeHIUMHbIE
MUKporianouutsl (puc. 2a). [Tomumo cyGameHIuM-
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HBIX MUKPOITIMOLUTOB BCTPEYAIOTCS M CYIpasIieH-
IUMHBIe MaKpodaru, KOTOphIe JIOKAITU3YIOTCS HETIO-
CPEACTBEHHO B MOJIOCTH XKeJTyIoUYKa Ha alluKaJIbHOM
MOBEPXHOCTHU KJIETOK BBEICTWIIKY (pHC. 1a). DTH Kiet-
KM MMEIOT OKPYIIYIO WIM OBaJIbHYIO (OpMy M He
MMEIOT OTPOCTKOB. MHOTHA BCTpevaloTcst KJIETKH Be-
pEeTEeHOBUIHOM (POPMBI C ABYMSI TIOJISIPHO OTXOASIIIM -
MU HEBETBSIIMMUCS OTPOCTKaMU. B HEpBHOIT TKaHU
MUKPOTJINS Ha 3TUX CPOKAX Pa3BUTHUS XapaKTepU3yeT-
Cd MepeXOAHBbIM COCTOSSTHUEM MEXIy aMeOOMTHOM U
paMuduLImpoBaHHOK (OTpocTyaToii) hopMamMu. DTO
KJIETKHU C OKPYIJIOM COMOM U KOPOTKUMU YTOJLLIEHHbI-
MU C1a00BETBIIIIMMUCS OTpocTKamMu (puc. 1a). B cpe-
JIWHHOM BO3BBHIIICHUHU JIOKAJIU3YIOTCSI aMeOOUITHbIE
MUKPOTIUOLUTEI — KJIETKU C OKPYIJION COMOI 6o
0e3 OTPOCTKOB, JINOO C OYeHb KOPOTKUMMU HEBETBSI -
IIUMUCS OTpOoCTKaMu. Pssmom ¢ (peHecTprupoOBaHHEBI-
MU cocyldaMu HaOMIOJaloTCs MUKPOIVIMOLMTHL C
OKPYIVIO COMOM, OTPOCTKM KOTOPBIX HAXOMSATCS B
TECHOM KOHTAKTe ¢ KPOBEHOCHBIMH COCYIAMU.
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Puc. 2. Muxkporius JHa TpEeTheTo Xenynouka. UMMyHorrcroxuMmdeckasl peakius Ha Iba-1, mogkpacka KBaCIIOBBIM reMaTOK-
CHIIMHOM. a — 30 CyTKM MOCTHATAJILHOTO Pa3BUTHsI, 00JaCTh 0.1 TAHUIIMTOB; 6 — CTApOe JKUBOTHOE, 00JIACTh apKYaTHOTO SIApa
TUIoTajgamyca; B — B3pOCJIoe XXMBOTHOE, Zoha externa CpeIMHHOTO BO3BBIIICHHSI; T — CTapoe XXMBOTHOE, Zona interna CpeauH-
Horo Bo3BbIIeHUs. CTpeika yKa3blBaeT Ha MUKPOTJIUIO, IBOIHAS CTpeJIKa — CYMpasTieHANMHAs MUKPOTJIUSI, TOJIOBKA CTPE-
KU — TIepeXOIHast 30Ha, 3Be3109Ka — MOJIOCTh TPEThETO KETyI0UYKa.
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Ha 30 cyTku TocTHaTanbHOTrO pa3BUTHUS B MH(PYH-
TUOYIISIPHOM YTITyOJIeHUW MUKPOTJIHS IIpeIcTaBIcHa
paMuuIIMpoBaHHOM (opMoit. OHU XapaKTepH3y-
IOTCST HeOOJIBIOM COMOiT U IITMHHBIMU TOHKUMU BET-
BAIINMICS OTPOCTKAMHM, OTHAKO BCTPEYAIOTCST OT-
MeJbHbIE MUWKPOTJIMOIUTEI  TIePEeXOMHON  (DOpMBI
(puc. 2a). Inst P30 cyTok pa3BUTHS XapaKTepHO TP~
CYTCTBUE CYOSITEHIMMHOM MUKPOTIIUH, HO MX YMCIIO
3HAYNTEILHO MEHBIIIe IO CPaBHEHUIO ¢ Oojiee paH-
HUMH cpoKaMH pa3Butusa. Kpome Toro, Habmroma-
JINCh ENWHUYHBIC CYyNpasleHIUMHBIE MaKpodaru
(puc. 2a). B obacT cpeIMHHOTO BO3BBILLIEHUST MUK~
pOLIHSI, TaKXKe KaK M Y MOJIOABIX XMBOTHBIX, ObIIa
TIpeacTaBlIeHa aMeOOUIHBIM, JIMOO peXXe Tepexol-
HBIM TUITaMU. Takke OTYETIMBO MOXHO BEIICINTH
ellle OMWH THIT MUKPOTJIUH — TUITMYHBIC TIEPUBACKY-
JIIpHBbIE MUKPOTJIMOIIMTEI, KOTOPBIE PacCIIojlarainich
BIOJb (DEeHECTPMPOBAHHBIX KAaNMWJUISIPOB MOPTallb-
HOM cucTeMbl riItodu3a (zona externa). To MeJIKHe
KJIETKY, pacIUlacTaHHBIE BIOJb 6a3abHOIT MeMOpa-
HBI cocyna. OHM, KaK TIPaBUJI0, He UMEIOT OTPOCTKOB
(puc. 1B).

71T B3pOCIIBIX MHTAKTHBIX JKUBOTHBIX XapaKTepHa
oTpocTyaTasi MUKPOTJTIHS, KoTopas muddy3HO pac-
TpenesiecHa B HEepBHOI TKaHW. Bmonb smeHaIMMHOTO
ITacTa CympasIeHIMMHBIE MaKpodard y B3pOCIIBIX
JKMBOTHBIX He HAOJIIOMaIach, BCTPEYATNCH JIUIID €IV -
HUYHBIE CYyOSTNEHIMMHBIE MUKPOIMOIUTEL. B cpe-
MTWHHOM BO3BBIIICHUY MUKPOTJIVS TIpeACTaBIeHa aK-
THUBHBIMA (popMaMU — aMeOOMITHOM M TIepeXOTHOM
dopmamu, 1 TTepUBACKYISIPHBIMA MUKPOTITMOIIMTAMM
B zona externa (puc. 2B).

VY crapbIXx KpbIC B HEpBHOI TKaHW HabJomanzach
aKTUBUPOBaHHAsI MUKPOTJINS — aMeOOMITHOTO U TIepe-
XOIHOro TUNOB (puc. 20). [IpucyTcTBOBaIN BCE TUIIHI
MUKPOTJINM OIMCAHHBIC IS MOJIONBIX SKUBOTHBIX, a
MMEHHO, CyOsneHaMMHasi MUKporms (puc. 16) u cy-
MpasTeHAMMHBIe Makpodarn. B cpemnHHOM BO3BBI-
IIEHUM JIOKAJIM30Balach aMeOONIHAs MUKPOTJINS 1
MIepUBACKYISIPHBIE MUKPOTJIMOIIMTEI, TIPU  3TOM
MUKPOTJIUOLUTHI TepeXoqHOH (DOPMbI MPaKTUIECKU
OTCYTCTBOBaIM (pHC. 2T).

KonmnyecTBo KI1eTOK MUKPOTJIIMHM B O0JIACTH WH-
byHIMOYISIpHOTO YIIYOJIeHWST M3MEHSUIOCh B TIPO-
Iecce MOCTHATAILHOTO Pa3BUTHUS U TIPM CTapeHUM.
Yucmo KIIeToK HapacTajao M JOCTUTAIO CBOETO MaK-
cuMyMa Ha 14-if IeHb ITOCTHATAJTEHOTO OHTOTeHe3a.
B manmpHelIeM nX KOJIMIeCTBO YMEHBIIAIOCh M CHO-
Ba yBEJIMYMBAJIOCH (ITOYTU B 4 pas3a) Ipu CTapeHUU
(puc. 3). IIpu mogcyeTe KOJIMYECTBA CYIpasIIeHIIM-
HBIX ¥ CyO3TIeHIMMHBIX MUKPOTIMOIIMTOB B MH(PYH-
TUOYIISIPHOM YTIYOJIEHWM OBLIO YCTAHOBJIEHO, YTO
YUCIIO CYIPasTeHINMHBIX MaKpodaroB MaKCUMallb-
Ho Ha P7 u P14 cyrku passutus (p < 0.01). C pa3Bu-
THEM 3TO YMCJIO CHUXKAJIOCh, 1 Y OMHOMECSIYHBIX U
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Puc. 3. JIlunamMuKa U3MeHEHUST YKCIa MUKPOTIUOLIMTOB
ob6acti MTHGYHIUOYJISIPHOTO YITyOJIeHUs B XOIe ITOCT-
HaTaJbHOTO OHTOIeHe3a U npu ctapenuu. P7, P14, P30 —
7, 14, 30 cyTKM mOCTHATaJIbHOTO PAa3BUTHSI COOTBETCTBEH-
Ho; Adult — B3pociioe xuBoTHoe (4—6 MecsieB), Aged —
crapble XuBoTHbIe (20 Mec.). P-value: * — <0.05; ** —
<0.01; *** — <0.001.

CTapbIX KPBIC BCTPEUAIMCH JIUIIb e TUHUYHBIC CyITpa-
STIeHAUMHBIE Makpodaru, B To BpeMsl KakK Y B3poC-
JIBIX MHTAKTHBIX KPBIC 3TOT TUM KJIETOK B UCCIIEmye-
MO 00JlacTi OTCYTCTBOBAJI. B mmpoiiecce oHTOreHE3a
TaKXXe MU3MEHSUIOCh M YUCIIO CYO3ITeHANMHBIX MUK-
pOIIMOIUTOB. BBUTO yCTAHOBIEHO, UYTO TIOMYJISILIMST
CyO3MIeHIMMHOM MUKPOTJINY MaKCUMaJIbHA Ha 7 CYyTKH
MOCTHATAJIBHOIO PA3BUTHUS My CTAPBIX KpbIC (15 + 4.2 1
14 £ 0.0 cooTBeTcTBeHHO). Ha mpyrux mccienoBaH-
HBIX CPOKaX CpeIHee YMCIIO CYORNEeHINMHBIX MUKPO-
TJTMOIMTOB BapbhbHUPOBAJIO B mpedeiax oT 5 = 1.2 Ha
P14 cytkn no 5.8 = 2 y 30-mHEBHBIX U B3POCIIBIX XK1~
BOTHBIX. OTHAKO TIPU MPOBEICHUU OTHO(MAKTOPHOTO
IUCTIEPCUOHHOTO aHajii3a CTATUCTUYECKHU 3HAUYM-
MBIX Pa3IuuMii MeXIy UCCIeIOBAaHHBIMU TPYIIIaMu
He 0OHaApPYKUJIOCh.

OBCYXIEHUNE

Ha ceromusgmmamii TeHb OMHUM 13 TIPHOPUTETHBIX
HanpasieHwnit B usydennu LIHC sBnsercs nccnenoBa-
HUS KIIETOK MUKPOTJINH, WX IPOCTPAHCTBEHHBIX B3a-
WMOOTHOIIIEHWI ¢ IPYTMMHU KJIETKaMU HEpPBHOM TKa-
HH, KJIETOYHBIX CHUTHAJIBHBIX IMyTe#l, 3ameiicTBOBaH-
HBIX B UMMYHHOM OTBeTe, (PYHKIIMOHAIBHOMN PO B
HOpMe U TIPH TTATOJIOTUHA. MUKPOTIIVS IIPOVCXOIUT U3
SPUTPOMHUETIONHBIX MPEIIIECTBEHHUKOB KEJITOTHOTO
MeIIIKa, 3acessiss MO3T B paHHEM 3MOpHoreHese (Ha
E10—12 nens y Kpric) etie 10 GOpMUPOBAHUS TeMAaTO-
sHIIeaTNIeCKOro Gapbepa, W IMPEICTABISIIOT CO0Oit
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Puc. 4. PaznnuHble TUIIBI MUKPOIJIMK B UHDYHAUOYISIPHOM YIyOaeHUHU. (a) — ABOMHAS UMMYHOTMCTOXUMUYECKAsT peaKIns
Ha BUMEHTUH (MapKep TAHUIIMTOB, KpacHBI 11BeT) U Iba-1 (Mapkep Mukporiuu, 3ejeHbiii 1BeT). KoHdbokanbHas 1azepHast
MUWKPOCKONMS, EIUHUIHBIN ONTUYECKUIT cpe3. (0) — cXxemMa pa3IMYHBIX TUIIOB MUKPOTJIMK B MHGYHINOYIIPHOM yIITyOJIeHUN.
ME — cpenunHoe Bo3BbIieHUe; ARC — apkyatHoe sinpo, VMH — BeHTpoMenuaabHOE SIpo rurnoTajgaMyca. 3Be31ouKka — Mo-

JIOCTDb TPETHETO KEITyJOUYKa.

CaMOTIOIIEP>KUBAIOIIYIOCS W TOJTOXUBYIIYIO Kile-
TOYHYIO TIOMYJISIIINIO. B OTBeT Ha pa3janJHbIe TTOBpe-
Kaarommue (GpakTopbl MUKPOTJTUOIMUTHI TIEPEXOIAT U3
paMuUIIMPOBaHHOM (MJIM ITOKOsIIEcs) B aMme00-
UaHyo (aKTUBHpoOBaHHYIO) popmy (Alekseeva et al.,
2019). B nocnenHee BpeMsi MOMUMO M3YYEHUST POJIU
MUKPOTJINM KaK MeIuaTopa BOCTIAJICHUSI Y OMHOTO 13
KJIIOYEBBIX UTPOKOB MPU MOBPEXICHUU U Helpoe-
reHepaluu, Bce OObIIe UCCIeTOBAHUI MMOCBSIICHBI
U3yYEeHUIO MUKPODTUU B HOpMe. CeromHsI cpenu uc-
ciempoBaTesieif He BBI3BIBAET COMHEHUSI, YTO MUKPO-
TSI HE SBJISIeTCS eAMHOO0Pa3HOM MONyJISIIIEH Kile-
TOK, a TIpeICTaBIeHa pa3HBIMU e¢ TIOATUTIaMH B pa3-
JIMIHBIX CTPYKTYpax TOJOBHOTO MO3Tra, a Takke Ha

pa3HbIX 3Tanax oHToreHesa (Stratoulias et al., 2019;
Tan et al., 2019).

B HacrosiieM ncciaenoBaHUM MpU U3yYeHUU MUK-
POTJIMM B XOJIe TOCTHATAJIBHOTO OHTOTeHE3a 1 MPU CTa-
PEeHUU HaMU TaKxKe ObLIU OTpeaeieHbl pa3TuyHbIC TH-
bl MUKPOIJINU, KOTOPBIE OTJINYAIMCH JIOKaI3alueil B
obnacti WHGYHAUOYISIPHOTO VYIJIYOJIeHUSI W TIpO-
CTPaHCTBEHHBIMHU B3aMIMOOTHOILICHUSIMU C TAHULIUTA-
MU, a Takxke MOpGOJOTUUYSCKUMU U (DYHKIIMOHAJb-
HBIMU Ipu3HaKaMu (puc. 4).

briio YCTAHOBJICHO, YTO B II€PBLIC IBE HCIACIN
pPa3sBUTUA MUKPOIJIUA B 3TOU obnactu AKTUBUPOBa-
Ha, a YUCJIO 3TUX KJICTOK BO3pacTacT. Ilocne akTuB-
HOCTb U KOJIMYECTBO MUKPOTJIMOIIMTOB MICT HA CITald,
OHTOI'EHE3 Ne 3
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W K TIEPBOMY MeCSIly MOCTHATAJILHOTO pa3BUTHUS
MUKPOTJINS XapaKTepU3yeTcsl, KaK 1 'y B3pOCIBIX, OT-
poctyaToit ¢opMmoii. IlomydeHHBIE PE3yIBTaTBI CO-
[JIACYIOTCS U MOTIOJTHSIOT JIMTe paTypHbIe TaHHBIC, T
OBLTO ITOKAa3aHO, YTO Y KPBIC YUCJIO MUKPOTJIMOIIUTOB
BO3pacTaeT B TeUeHUE SMOPHOreHe3a M TIePBBIX IBYX
HelleJTb TIOCTHATATBHOTO Pa3BUTHS, M KIETKH TIepe-
XOIAT U3 aKTUBUPOBAaHHOM (DOPMBI B paMUGHIIPO-
BaHHYy10 (Lenz, Nelson, 2018). BeicoKyio aKTMBHOCTh
MUKPOTJIUM B 3TOT IEPUOI CBS3BIBAIOT C OTHOU W3
BaXKHBIX (DYHKIIMI MUKPOTJINN, 3 TMEHHO B CO3peBa-
HUY U peMOIEIMPOBAHUHN CHATICOB, a TAKKe 3JTUMH-
HaIlMM HEHYXHBIX CHHANTHYECKUX CBsI3eil. MHUKpo-
TJIAST MOXKET PETyJIMPOBaTh KOJWYECTBO HEHPOHOB B
pa3BUBAOIIIEMCST TOJIOBHOM MO3Te TTyTeM (haroIrmrosa
MEPTBBIX WM YMHUPAIOIINX KJIETOK U OOECITeYnBaTh
TPOGHUUIECKYIO MOMIEePKKY HEPBHBIX KIICTOK-TIPEIIIIe-
CTBEHHUKOB UIS WX TIpoJMdepallii M CO3PEBaHMSI.
Bruto TakKe MpemToXeHO, YTO MMKPOTIATbLHEBIE
KJIeTKH B pazBuBamonieiicsa LIHC perympyroT BacKy-
JIIPU3aLINIO U BIUSIOT Ha MuemHM3anmio (Kaur et al.,
2017; Lenz, Nelson, 2018).

Harre uccnenoBaHue Tokasaio, 4TO y B3POCIbIX
JKMBOTHBIX TOMUMO TUITMYHBIX OTPOCTYATBIX MUKPO-
JIMOLIUTOB, JIOKAJIU30BABIIUXCS B HEPBHOI TKaHU B
00J1acCTU apKyaTHOTO M BEHTPOMEIUAIILHOTO siiep TU-
rnorajaMmyca, ObUla BblIeJieHa TOIMYJsSUUsl CyOameH-
JIUMHBIX MUKporymmounToB (Kupuk u op., 2014), Koto-
pble JIOKaJIM30BaJIMCh HEMOCPEICTBEHHO IO/ TeJaMu
TaHUIUMTOB. MIX OTpOCTKM OBUIM BCerna HarmpaBJieHbI
BIIOJIb BBICTWIKM, @ Y HEKOTOPBIX U3 3TUX KJIETOK OT-
POCTKH MPOHUKAIN Yepe3 SMeHANMHBIN M1acT U KOH-
takTupoBaym ¢ CMZK. Takoit TeCHbIII KOHTAaKT MUK-
porniun ¢ CM2K MoeT yKa3bIiBaTb Ha KOHTPOJIb 3TU-
MU KietkaMu coctaBa CMZK M Ha BO3MOXHOCTb
CEKpelry aKTUBHBIX MOJIEKYN (IMTOKMHOB) B CM2K
JUTSl TapaKpUHHOM perysiiiuu pyHKIIMOHATBHOM aK-
TUBHOCTU TaHULMUTOB. Tak ObLIO YCTAHOBJIEHO, UTO
Ha TaHUIMTaX (B OCHOBHOM [3 TaHUIIMTAaX) MPUCYT-
CTBYIOT pellenTopbl nHTepieiikiaa-60. (IL-6Ro). Bei-
JIO TMOKAa3aHo, YTO MHTpallepeOpOBEHTPUKYJISIPHOE BBE-
nmenue 1L-6 mocpencTBoM cBsizbiBaHus ¢ IL-6Ro., pac-
TOJIOXKEHHOM Ha TeJIaX TAHULIUTOB, 3a1€1ICTBOBAHO B
peryJisiliuM MeTaboJIMYecKuX MpOolIeCCOB, YCUIUBas
pacxon 3Hepruu u TepmoreHes (Anesten et al., 2017).
CrnenoBaTeibHO, MUKPOIJIUSI, CUHTE3UPYS LIUTOKU-
HbI (HanpuMep, 1L-6) B CM2K, onocpenoBaHo yepes
TaHULIMTBI MOXET OBITh 3aJECTBOBAaHA B PETYISILIUU
9HEePreTMYecKoro roMeocTasa opraHm3ma.

B oTmenbHBII TUIT CTOUT BBIAEIUTH MUKPOTIIHIO
CPEeIMHHOTO BO3BBINICHMS. B maHHOI pabote OBIIO
YCTAaHOBJICHO, YTO Ha BCEX MCCIEIOBAHHBIX CPOKaxX
MUWKPOTJINS B CPEIMHHOM BO3BBIIIICHUN Ype3BhIYaii-
HO aKTWBHa. Ha ceromHstrHmii meHb B JIUTepaType
CYIIECTBYIOT eMMHUYHBIE TaHHBIC O pacTpeneIeHUN
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U (PYHKIIMOHAJIBHOM CTaTyce MUKPOTJIUU B JaHHOM
obacTu, a MUKPOTJIUSI CPEIMHHOTO BO3BBILLICHUS B
BO3pPACTHOM acleKTe paHee He usydyanach. Hamu Obi-
JIO TIOKa3aHO, YTO Y B3POCJIbIX JKUBOTHBIX B CPEIUH-
HOM BO3BBIIIEHUW MUKPOTJUSI aKTUBUPOBaHa, He-
CMOTpsI Ha oTcyTcTBUe TMaTtosoruu. [lonydyeHHBbIe
JIaHHbIE coTJIacyloTcs ¢ ucciaenoBaHueM Takagi et al.
(Takagi et al., 2019). ABTOpHBI TTOKa3aJIM, YTO MUKPO-
IJIMsl y KOHTPOJIbHBIX XXKMBOTHBIX B LI BO xapakTepuzo-
BaJlach aMeborIHOM hopMoil 1 HaxoAUIaCh B TECHOM
KOHTaKTe C (peHeCTpUPOBAaHHBIMU KaNWJUISIpaMHu.
Kpome Toro, skcnpeccust MapKepoB XapaKTepHbIX Kak
o M1 (CD16/32 u CD86), tak u yist M2 (CD206 n
Ym1) tunoB B mukporiuu LIBO ObUta 3HaUMTEIHLHO
BbILIIE, YEM B IPYTMX 00JIACTSIX MO3Tra. ABTOPBI ITPENTo-
Jlaralot, YTo aMe0ouIHasI MUKPOTJIMSI B 3TUX OpraHax
BOBJIEUEHA B PETYJISLIUIO TIPOHUIIAEMOCTH KPOBEHOC-
HBIX COCYJIOB M/Wu aHTHoreHe3a. Kpome Toro, akTu-
BUPOBAHHOE COCTOSTHME MUKPOTJUU MOXET YKa3bl-
BaTh Ha (HaroUTO3 3TUMHM KJIETKaMU HEHPOTOKCHUY-
HBIX MOJIEKYJI UM KJIETOK, KOTOpbie IMOCTYMaloT C
KpOoBOTOKOM. Takum obpa3zom, MUKPOIJIUS 3adeil-
CTBOBaHa B TMOJAJAEPXXKaHWU ToOMeocTa3a HEepBHO
tkaHu (Takagi et al., 2019). B npyroit pabote ¢ mo-
MOIIIBIO METOJIa 3JIEKTPOHHON MUKPOCKOMUHN OBLIO
YCTAaHOBJIEHO, YTO B CPEAWHHOM BO3BBIIIEHUU Y
KOHTPOJbHBIX XMBOTHBIX MUKPOTJUS XapaKTepu-
3yeTcsi (DEHOTUIOM, KOTOPBI aBTOPbl Ha3BaJu
“remHass mukpornusa”’ (“dark microglia”). Takoe
Ha3BaHue OOYCJIOBJIEHO TEM, UTO Ha YJbTPacTPyK-
TYPHOM YPOBHE 3TU KJIETKM BBITJISAAT TEMHBIMHU 3a
CUeT KOHJIEHCAllMU B HUX LIMTOTLJIa3Mbl, a TAKXKe Xa-
paKTepU3ylTCsl MpU3HAKAMU  OKMCIUTEIbHOTO
cTpecca. brlio mokasaHo, UTO 3TOT TUIT MUKPOTJIUU
XapaKTepu3yeTcsl BLICOKON aKTUBHOCTBIO U B IPY-
rux 00JIaCcTSIX MO3Ta XapaKTepeH IUISl maToJoruye-
CKHX COCTOSTHUI, TAKUX KaK XpOHUUYECKUil cTpecc,
crapeHue, 60je3Hb AnblireiiMepa. BTo yKa3blBaeT
Ha BBICOKYIO aKTUBHOCTb MUKPOTJUOIIUTOB B 00J1a-
CTU CPENWHHOTO BO3BBIIIEHUs], HECMOTpPS Ha OT-
CYTCTBUE marojorudyeckoro coctossHusi (Bisht
et al., 2016). Takum o6Gpa3oM, HaMU BIIEpPBEIE ObLIa
U3ydyeHa MUKPOTJIUSI CPEIUHHOrO BO3BBIIIEHUS B
MOCTHATAJILHOM OHTOTE€HE3e M IMpPU CTapeHUU, U
OBLJIO YCTAaHOBJIEHO, YTO Ha BCEX MCCIEIOBaHHbBIX
CpOKax MUKPOTJIUS B 3TOI 0071aCTU XapaKTepU3yeT-
csl aMeOOUIHBIM TUIIOM W HaXOJUTCS B TECHOM
KOHTakKTe ¢ (eHeCTpUPOBAaHHBIMU KalWJUISIpaMU,
U, BEPOSITHO, SIBJISIETCS YPE3BBIYAMHO aKTUBUPO-
BaHHOM Ha TIPOTSIKEHUU BCEro MOCTHATAJIbHOTO
OHTOTeHe3a.

MBI TTOKa3aj11, YTO Ha OTIPeIeICHHBIX 3Tallax OH-
TOTeHe3a, a UMEHHO B TIEPBBI MeCHII ITOCTHATATbHO-
TO Pa3BUTHUS M Y CTAPBIX KUBOTHBIX, B 0OJIACTH MH-
byHIMOYIISIpHOTO YIIIyOJIeHUST BCTPEYAINCh CyIIpa-
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SMIeHANMHBIe Makpodaru. PaHee cyrpasneHInMMHEBIe
KJIETKH JTHA TPETHETO KETyI0UYKa OBUTH OITICAHBI C FC-
MTOJTb30BaHUEM METOMA JIEKTPOHHOM MUKPOCKOITH Y
mbiiieit (Bleier, 1977) u kpoic (Mestres, Breipohl,
1976; Mestres, 1976). Bbl1o IToKa3aHO, YTO 3TU KJIET-
KU JIOKQJIN3YIOTCS B MHOYHIUOYIISIPHOM YTITyOJIeHUN
Ha alTMKaJIbHOM IMMTOBEPXHOCTH KJIETOK BBICTHIIKH, JIVI-
MIEHHBIX peCHYEK — TaHUIINTaX, M UX YUCIIO Bapby-
pyeT B 3aBUCUMOCTH OT (ha3bl 3CTpyca y CaMOK, B TO
BpeMsI KaK y CaMIIOB 3TO YHCJIO OCTAeTCs ITOCTOSTH-
HBIM. ABTOPBI TIPEIITOJIaraloT, YTo 3T KIETKU 00J1a-
JatoT parouTapHO aKTUBHOCTBIO, TO €CTh SIBJISIFOT-
¢l MakpodaraMu, W BBEITIOJHSIOT Te Xe (hYHKIIUH,
YTO U KJIETKN KojMepa B COCYyTMCTOM CITIETCHUH, a
WMEHHO YTUJIVM3UPYIOT KIETOYHBIN IeOprc, Helpo-
TOKCHYHEBIE BelllecTBa 1 maToreHHBI CM2K, sSBISISICH
BaXXHBIMM KOMITOHEHTaMHU JIMKBOPO-3HIIE(haTnde-
ckoro 6apbepa (Lu et al., 1993). Kpome Toro, BeposiT-
HO, 3TH KJIETKN MOTYT (harolMTUPOBaTh (hparMeHTHI
IIUTOTIIIa3MBI STEHANMHBIX KJIETOK, B KOTOPBIX Ha-
KaIUTMBAIOTCs TIOBPEXKIeHHBIC OpTaHeTbL. Y BeJe-
HUE WJIM YMEHBIIeHHWEe YHCIa CYNpasIeHINMHBIX
MakpodaroB y caMOK aBTOPHI CBS3BIBAIOT C BO3-
MOXHO# POJIbIO 3TUX KJIETOK B PEeTYJIMPOBAHUU Ha
MMOBEPXHOCTH STIEHINMHBIX KJIETOK YHCJIa U pa3Me-
pPOB MUKPOBOPCUHOK, KOTOPHIE, KaK MOKa3aJIl aB-
TOPBI, pa3IMYAIOTCS Y CAaMOK B pa3HbIe (a3bl 3CTPY-
ca (Bleier, 1977). B HacTosmeM ncclieIOBAHUM Ha-
MU He ObUIM OOHApyXeHBI CYyIpasNeHINMHBIC
Makpodar y B3POCHBIX XHBOTHBIX. B03MOXHO,
YTO-JTUO0 Y CAaMIIOB 3TH KJIIETKH SIBJISTIOTCS € TUHUY-
HBIMH U TIpHM UCCIeAOBaHUM He TTOMNaJu Ha U3yJac-
MBIC CPe3bl, TUOO0 ¥ B3POCITBIX KPBIC 3TU KIIETKH STB-
nstioTest Iba-1 mMMyHOHeraTUBHEIMU. TeM He Me-
Hee, CylpasneHINMHBIE MaKpodaru BCTpevdaanuch y
MOJIOIBIX M CTaphIX XKUBOTHBIX. BeposTHO, yBenm-
YeHHOE KOJIMYECTBO 3TUX KIETOK B MTOJIOCTH XKeJTy-
MOYKa YKa3blBaeT Ha BBICOKYIO AKTUBHOCTH 3THUX
KJIETOK Ha JaHHBIX dTallaX OHTOTeHe3a, YTO HeoO-
XOIIMMO JIJISI aKTUBHOTO YIAJIeHUS JTUIITHUX KJIETOY-
HBIX 31eMeHTOB n3 CM2K.

B nanHOM uccnenoBaHuM ObLIO MOKa3aHO, YTO B
X0Jle HOPMaJIbHOTO CTapeHus B 00JacTu MHGYHIU-
OyJSIpHOTO YTAYOJeHUSI YMCIO MUKPOTJIMOLUTOB
pPEe3KO BO3pacTaeT Mo CPAaBHEHUIO CO B3POCIBbIMU KU -
BOTHBIMU U TEPEXOIUT B aMeOOMIHOM TUII, YTO YKa-
3bIBaET Ha YPE3BbIYAiHO aKTUBHOE COCTOSIHUE DTUX
KJIeTOK. YCcTaHOBJIEHO, 4To ctapeHue B LIHC xapak-
Tepu3yeTcsl BBICOKUM YPOBHEM OKMCIUTEIBHOIO
cTpecca U NepeKMCcHOro OKMciaeHust aunuaoB. [1pen-
roJiaraeTcsi, YTO0 HaKOIUIEHUE C BO3PacCTOM CBOOOII-
HBIX paIuKaJIOB MPUBOAUT K Pa3BUTUIO HelipoBOcCHa-
nenust (Norden, Godbout, 2013). bruio TakKe 1ToKa-
3aHO, YTO C BO3pPacTOM MPOUCXOAUT HapylleHUe
MPOHUIIAEMOCTHU reMaTo3HI1IeHaTuIyecKoro U JUKBO-
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posHuedanuueckoro 0OapbepoB (Erickson, Banks,
2019), a B TaHUIUTaX, popMUPYIOILIUX OapbepHbIe
CTPYKTYPBI, TTPOUCXOMUT Oe30pTaHU3aUs OTPOCT-
KOB, YTO IPUBOIUT K HEBO3MOXHOCTH HOPMaJTLHOTO
dyHKUIMOHMpOoBaHUS 3THX KiIeToK (Koopman et al.,
2017; Cyduena u ap., 2019). Kpome Toro, c Bo3pac-
TOM YMEHBIIIAETCS YPOBEHB ITOJIOBBIX TOPMOHOB U
IGF-1 (uacynuHomomoOHbIN (akTop pocta 1) (B
TPAHCITOPT KOTOPBIX TAKKE BOBJICYCHBI TAHUIIUTHI),
KOTOpBIE B TUIIOTAJIAMYyCE aKTUBHPYIOT HEWpPOMpPO-
TEKTOPHBIEC Y TIPOTUBOBOCITAINTEILHBIE CUTHAIBHEIC
OyTHU, B 4acTHOCTH, monaaBiasss NFKB-curHaabHbII
myTh. [lamerne ypoBHS 3TUX TOPMOHOB M POCTOBBIX
$aKTOpOB CITOCOOCTBYET pa3BUTHUIO CHUCTEMHOTO
HelfpoBocTaJeHUs M TUCHYHKIINN Mearnaba3aabHO-
ro TumoTajamyca. 9To, B YaCTHOCTH, OTpaXkaeTcsT B
pa3BuUTHUH auabdeta 2-TO TUMA, TUTIEPIIMKEMUN, MH-
CYJIMHOPE3VCTETHOCTH, CEPACYHO-COCYIHMCTHIX 3a-
6oneBanuii (Chowen, Garcia-Segura, 2019).

Takum oOpa3oM, B XOJie HACTOSIIIIETO MCCIeI0-
BaHUS ObLIa ITOKa3aHa Bo3pacTHass AWMHaMUKa
aKTUBHOCTU MUKPOTJUOILIUTOB, BIEpPBbIE OBLIU
oTnpeqiesieHbl pa3Hble WX TUITbI B 00J1acTU MHMYH-
IUOYISIpHOro YriayOJeHMsT Ha pa3HbIX 23Tamnax
MOCTHATAJbHOIO OHTOTEHE3a, ObLIU MPOaHaTU3U-
pPOBaHbI MPOCTPAHCTBEHHbIE U (DYHKIIMOHAIbHBIC
B3aMMOOTHOIIIEHUSI MUKPOTJIMU U TAHUIIUMTOB. I1o-
JIydeHHbIE JaHHbIE OYIyT CIIOCOOCTBOBATbH Hajlb-
HelileMy TTOHUMaHUIO POJIM 3TUX KJIETOK B (op-
MUPOBAaHUM U BO3PACTHON NMHAMUKE COCTOSIHUS
OapbepHBIX CTPYKTYP MHOYHAUOYISIPHOTO YIIyO-
JIEHUSI ¥ BO3PACTHBIX OCOOEHHOCTEH 1IEHTPAJIbHOM
HEMUPOUMMYHOIHIOKPUHHOM PETYIISAIIUU.
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Microglia and Tanycytes of the Rat Brain Infundibular Region
in Early Postnatal Development and Aging

D. A. Sufieva®-*, V. A. Razenkova!, M. V. Antipova'-2, and D. E. Korzheyvskii'
Institute of Experimental Medicine, ul. Akad. Paviova 12, St. Petersburg, 197376 Russia
2Saint Petersburg State University, Universitetskaya nab. 7-9, St. Petersburg, 199034 Russia
*e-mail: dinobrione@gmail.com

This research was aimed at studying the structure and spatial relationships of microglia and tanycytes in the
mediabasal hypothalamus in postnatal development and aging. Brain sections of Wistar rats were analyzed
using immunohistochemical methods at each of the following postnatal ages: day 7, day 14, day 30, 4 to
6 months, 20 months (n = 3 for each term). Different types of microglia were defined according to localiza-
tion, morphological and functional features, and spatial relationships with tanycytes. In the infundibular re-
gion age-related changes in microglia activity were shown. The results will contribute to the establishment of
microglia and tanycytes role in formation of barrier structures in the mediabasal hypothalamus and age-re-
lated peculiarities of central neuroimmunoendocrine regulation.

Keywords: microglia, tanycytes, infundibular regions, mediabasal hypothalamus, development, aging, immu-
nohistochemistry
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Jlensimuecst KJIETKU HaKarnjauBaloT OOJIbIIYIO YacTh MyTaluii nipu perukanuu JJHK, cBszanHoit ¢ muto-
3aMu. Kak M3BecTHO, 0OpaTHBIM CYETUMKOM BO3pAcTa 3yKapMOTHYECKOTO OpraHW3Ma, M MOTEHIIMAIbHO
HaKOTUIEHHBIX MyTallUil €ro KJIeTKaMU SIBJISIETCS AJTMHA TeJoMep. [€eHOM HeiipoHOB, TO €CTh HEAESIIIUXCS
KJIETOK, MOJIBepraeTcsi HanboJIbIIIeMy MYTHPOBaHUIO YK€ TTOCe 3aBepIieHUs nuddepeHIIUPOBKH, TIPU UX
BO30YXXIIEHUU 1 STTUTEHETUYECKUX MIEPECTPOIKaX aKTUBHOCTU TreHoMa. [1pu 3ToM HeiipOHbI HAKaIUIMBalOT
Ha TTOPSITOK GOJIbIIIe MYTAIIWiA, YeM OeAIInecs KIeTKu. EcTh i B HelipoHax CBOM CYETUYMK MOTEHIINATBHO
HaKOTUIEHHBIX MyTallUil, HE3aBUCUMO ONPEESIONINI MPOAOKUTETbHOCTD XKU3HU?

Karouesuwie cnosa: IIPOAOKUTCIbHOCTD 2XKM3HU, MyTalIMU T€CHOMA HeﬁpOHOB, SIINUTICHCTUKA, TCIIOMEPDBI

DOI: 10.31857/S0475145020030064

Uccnenosanne bproca SHKHepa ¢ coaBTOpaMu,
OITyOJIMKOBaHHOE B OKTSIOphCKOM HOMepe Nature 3a
npouubiii roa (Zullo et al., 2019), cBuaeTEeILCTBYET O
TOM, UYTO aKTUBHOCTb T€HOB, CBSI3aHHBIX C PETYJISILICH
HepOHAILHOTO BO30YXXIEHNSI, KOPPEIUPYET Y UeI0BE-
Ka C TIPOIOJIKUTEIBHOCTBIO SKU3HU. Y HEMATOIBI OPTO-
JIOTU 3TUX T€HOB U HEMPOHAIIbHOE BO30YXICHME OIpe-
JIETISTIOT TIPOIO/KUTENIBHOCTD XXM3HU. CBSA3b OKa3anach
00paTHOI1: BO3OY:KIEHHUE COKpaIllaeT KU3Hb.

ABTOpPBI CPaBHUJIM TPAHCKPUITOMbI (PPOHTATIBHOM
KOPbl KOTHUTUBHO-3OPOBBIX JIIOAEH, YIIEAIINX W3
>ku3HM B Bozpacte 70—80 set 1 85—100 net (N = 155u
117 cooTBETCTBEHHO). I TaBHBIM OTJIMYMEM JOITOXM -
TeJieit 0Ka3aja0oCh CHUXKEHUE 3KCITPECCHUU T€HOB, CBSI-
3aHHBIX C PETYJISIIei BO30YXKIEHWS 1 BO30YKAAIOIIEi
MEXHENPOHAIbHOW CUTHAIM3AIMU. AKTUBHOCTb Te-
HOB, CBSI3aHHBIX C TOPMO3HOW CUTHaJIM3alMel (Ha-
npumep, 'TAMK), cyliecTBeHHO He pazindaiach, a
psiia TEHOB, PEryJIupYIOIIMX UMMYHHBI OTBET, Ha-
MPOTUB, OKa3ajachb MOBBIIIEHHONH. B MpOoMOTOpHBIX
00JIACTSIX MHOTMX T€HOB, aKTUBHOCTb KOTOPBIX OblIa
CHIXEHA y JOJITOXKUTeNei, ObLT OOHapyKeH CailT CBSI-
3pIBaHNs Oestka-perrpeccopa REST. Panee Ta xe rpyrr-
Ma uccienoBaTesieil Mmokasajga yBeJIUuUeHUe 3KCIIpec-
cuu reHa REST ¢ Bo3pactom y moneii (Lu et al., 2014).
B HOBOIT paboTe oOHapy:keHa oOpaTHast KOPPESTLIMs
Mexy KomrmdectBoM MatpuuHoil PHK 6enka REST u
PHK reHoB HeiipoHaAJIbHOTO BO30YXXKIECHMSI, XapaKTe-
p130BaBallMXCS MOHUXKEHHOM 3KCcIpeccueil y 10Jro-
KUTEJIEH.

Ha wmpbliiax, HokayTUpoBaHHBIX MO reHy REST,
Obl1a MpoBepeHa CBSI3b 3TOT0 FreHa HETOCPEACTBEHHO

C aKTMBHOCTBIO HelpoHOB. Hakomienue diyopec-
LIEHTHOM IIIOKO3bI, 3aXBaT KOTOPOI HEMpOHAMU YCU-
JIMBaeTCs IIPU BO30OYKICHUHU, IEHCTBUTEILHO, OKa3all-
¢S BBIIIIE Y TEHHO-MOIU(MDUIIMPOBAHHBIX MBIIIE C BbI-
KJIToueHHBIM reHoM REST. Ctapbie HOKayTUpOBaHHbBIC
MBIIIH Yallle, Y4eM KOHTPOJIbHbIE, TTPOSIBIISUIN SIJICTI-
TU(HhOPMHYIO aKTMBHOCTH, J€MOHCTPHpOBAIM OoJee
BBICOKYIO YYBCTBUTEIBLHOCTD K aHTaronnuctam TAMK,
BBI3BIBAIOIINM IEPEBO30YKIeHIE HEPBHOI CUCTEMBI.
[IponomKnTeIbHOCTh XKM3HM HOKAYTUPOBAHHBIX U
KOHTPOJILHBIX MBI He ObUla COMOCTaBjieHa, UYTO
BBI3BIBA€T HEKOTOpOE yAuBJIeHrEe. MOXHO IIpeaIio-
JIaraTh, 9YTO 3TO CBSI3aHO C HEOOJIBIIMM KOJIUIECTBOM
>KMBOTHBIX, U3 KOTOPHIX ITPAKTUYECKHU BCE OBLIN HC-
MOJIb30BaHbI B TUCTOJIOTMYECKHX U (DapMaKOJIOTYe-
CKHUX 3KCIIEpUMEHTAaX.

HWrak, monydyeHHble pe3yabTaThl HaMeKajaud Ha
BO3MOXHYIO CBSI3b MEXKIY BO30YKIEHNEM U IIPOJIOJI-
KUTEIbHOCTBIO XU3HU, HO HE JOKa3bIBalu ee. JJoka-
3aTeJIbHYI0 0a3y aBTOPHI IMOMPOOOBAJIM ITOTYJUTh,
WCIIO/IB3YS NaJeK1ii OT MJIEKONUTAIOLIMX U YeJIOBeKa
00bekT — Hemartony Caenorhabditis elegans.

B mrepByto o4yepenb, TPOBEPIIIN BIUSHIE Ha TIPO-
TMOJDKUTETBHOCTD XKU3HM HEMATOl TUKOTO THUTIA IBYX
BEIECTB, CHUXXAIOIINX HEpOHAIbHOE BO30YXIIeHUE
yepe3 pasHble MeXaHU3MBI. HemMamumuH, GokaTtop
KaJIbIIMEeBBIX KaHAJIOB L-TuIa, 1 MBepMEKTUH, aro-
HUCT TOPMO3HBIX IIIyTaMaTHBIX PELIENITOPOB GecIto-
3BOHOYHBIX, CHIDKAJIM CBEYCHHE KaTbIIMEBBIX (DIIyo-
DECIIEHTHBIX 30HIOB, CBUIETEJILCTBYIOIINX O BO3-
OyXKIeHN HEHPOHOB, M ITOCTOBEPHO YBEIMINBAIIN
MIPOIOJDKUTETLHOCTE XKU3HU HeMaTo. [1pn aToM Be-
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11IeCTBA He TOBJIUSIN Ha MUILIEBOEe U MOTOPHOE MOBe-
neHue yepBeil. B cienymoleil cepry 3KCIEpUMEHTOB
reH Apo30duiibl, KOAUPYIOIIUNA PELIENITOP K TUCTa-
MUHY, OTCYTCTBYIOLIIMIA B HOPME Y HEMAaTO, BCTPOU -
JI1 B reHOM HelpoHOB C. elegans. DTOT pelienTop Co-
MPSKEH C XJIOPHBIM KaHaJIOM, a BXOXIEHUE XJIopa B
KJIETKY MpU aKTUBALIMM pelieTiTopa MPUBOAUT K ee
TOPMOXEHUI0. BBeaeHWe 3K30reHHOro TMucTaMuHa
MPUBOAMNIIO K CHUXKEHUIO BO30YXIEeHUSI HEHPOHOB Y
FeHHO-MOIUGUIIMPOBAHHBIX YepBeil U yBeJIMYNBAIO
MPOJIOJIKUTEIbHOCTh MX XU3HU. 3aTeM ObLIN TOJy-
YeHBI JKMBOTHBIE C U30MpaTeTbHOI 9KCITpeccueii Tu-
CTaMUH-YYyBCTBUTEJLHOTO XJIOPHOTO KaHaja B cy0-
MOTIOJISILIUSIX HEMPOHOB, CUHTE3UPYIOLIUX MPEUMy-
IIECTBEHHO BO30Y>KIaloII1e WU IMTPEUMYILIECTBEHHO
TOPMO3HbIe HelpoTpaHcMuTTepbl. [lokazaHo BbIpa-
JKEHHOE yBeJIMYeHUE MPOAOJIKUTETbHOCTY KU3HU TTPU
TOPMOXEHUM BO30YXKIAIOIIMX HEUPOHOB THUCTaMU-
HoM. CHMXeHUe BKCIPECCMM TeHa Be3UKYJSIPHOTO
tpancnoprepa T'AMK (mpeuMyllieCTBEHHO TOPMO3-
HbIIf HEMPOTPAHCMUTTEP Y HEMATOM), HAIIPOTUB, I1O-
BbILIIAJIO BO30YKJIEHUE B HEPBHOI CUCTEME U CHUXKAJIO
MPOIOJIKUTESIBHOCTU KU3HU. BbIIO MpoBeaeHo ellie
HECKOJIBKO TTOJJOOHBIX 3KCTIEPUMEHTOB B CEPUU C U3-
MEHEHUEM COOTHOILLIEHUS BO30YKAEHUSI-TOPMOXKEHUS
B HEpBHOIM cuctemMe HeMaroa. Mx pe3yabTaThl yKas3bl-
BaJIM Ha TO, YTO MTPOAOJLKUTETbHOCTD XKU3HU YBETAUM -
BaeTcs IpU MOAABJIEHUN BO30YXIEHUS, U CHUXKAETCs
MPU ero MOBBbIIEHUU. A BOT CITIOCOOHOCTb K OOyde-
HUIO, HAITPOTHUB, TOBBILIAIACH TIPU YBEJIWYEHUM BO3-
OyXKIeHH1S B HEpBHOI cUCTeMe, BEI3BAHHOM CITeLI (P~
YeCKUM U3MEHEHUEM MUILIEBOTO palluoHa 1 IilyTamar-
HbIX MeTaboImueckux myteit (Vohra et al., 2017).

YV HeMaTon eCTh TeH Spr-4, KOTOPbIil MOXHO CYM-
TaTh opTojoroM reHa REST maexkonuraromunx. Panee
0 HeM OBIJIO MU3BECTHO, UTO €ro IMPOIYKT 3allUIIaeT
KJIETKU OT ITOBPEXAAIOIINX BO3ACHCTBUM aKTUBHBIX
¢dopM Kucopoaa U HEKOTOPBIX IPYyTUX HeOJIaronpu-
STHBIX Bo3aelicTBuii. Crnemyloliast cepust SKCIepu-
MEHTOB ObLIa IOCBSIIIEHA MAHUITYJISILIASIM C 3TUM T'e-
HOM M aHAJIM30M TPOIOJIKUTEIbHOCTH KU3HU HEMa-
ton. Mcnonb3oBaiu HEJABHO BOIICHIINIA B OOUXOM
reHHEBIX nHXeHepoB MeTol (RNA-guided endonucle-
ase Cas9), mo3BoJISTIONINI YBEJIMYNBATDH DKCIIPECCUIO
omnpenaeneHHoro reHa. [1oBbIlIeHWE KCITPECCUN TeHA
Spr-4 CHU3WIIO BO30YXIeHNE HEMPOHOB U YBEJTUIUIIO
MPOJIOJIKUTEILHOCTh XKU3HU. HarpoTtuB, HoOKayTu-
poOBaHUE TeHa N30MpaTelIbHO B HEMPOHAX TIPUBEJIO K
COKpaIlleHHWIO XW3HU Hemarond. DToT 3P deKT oka-
3ajicsi oOpaTUM MpU BBEASHUU WBEPMEKTUHA, CHU-
JKaro1rero Bo30y:kaeHue. bpr mpoBeneH TpaHCKPHUII-
TOMHBII aHAJIN3 MOAU(MULIMPOBAHHBIX HEMATOI, KO-
TOPBI MOATBEPANUSI UBMEHEHUE DKCIIPECCUU TEHOB,
CBSI3aHHBIX C HEMPOHAJIbHBIM BO3OYXIEHUEM, Y XK1~
BOTHBIX C UBMEHEHHOM 3KCIpeccueit spr-4. ABTOpHI
3aKJIovaloT, YTo REST 1 ero opTOI0rY BBITTOJIHSIIOT
9BOJIIOIIMOHHO KOHCEPBAaTUBHYIO (DYHKIIUIO, CBSI3aH-
HYIO C peryjsiueil Bo30y:KIeH!US B HEPBHOM CUCTe-
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Me. DTa peryjianmsia, B CBOIO OYEPE€Ib, OKAa3bIBACT BJIN -
AHUE HA IPOOOJKUTCIBbHOCTD 2KMU3HU.

OueBusieH BOIPOC, MoYyeMy 1 KaKuM ob6pa3oM BO3-
OyXIeHre HEWpPOHOB MOXKET PEeryJIMpoBaTh MPOHOT-
KUTENbHOCTD >KU3HU? [ToKa B KauecTBe OTBETa Ha 3TOT
BOITPOC aBTOPBI MPEJIOXKWIN TEHBl — BO3MOXHbIE MU-
IIEHU NEUCTBUS HEHPOHATBbHOIO BO3OYXKIEHMSI. DTO
reHbl (pakTopoB TpaHcKUMmu: FOXO1 y MaekonuTa-
IOIIMX, 9KCIIPECCUsI KOTOPOTO MOJABJISIETCS MIPU BO3-
Oy>XJIeHUU, Y €TO BO3MOXXHBII OpTOJIOT daf- 16 y HeMa-
Tox. IIpearnonaraercsi, YTo 3TU TeHbI MOTYT CBSI3bIBATh
HEWPOHAJIBHYIO aKTUBHOCTH ¢ MeTabom3moM. FOXO1
y4acTBYeT B MeTa0OJM3Me TJIIOKO3bI M MHCYJIMHOBBIX
MeTabOIMYECKHX MYTSIX B KJIETKaX MO3Tra, BbI3bIBAaeT
aronTo3 U TOPMO3UT KJIETOUHbIE JEJIEHUSI Y HEHEPB-
HBIX KJIETOK.

HecmoTpst Ha oueBUAHBIE BBIBOABI U3 PE3yJibTa-
TOB PabOTHI HA HEMATOJAX, UX MTPUMEHUMOCTb K MJIe-
KOIIMTAIONIUM oOcTaeTcs Ion comHeHueMm. CoBep-
IIIEHHO HE UCKJIIOUEHO, YTO CHIKEHUE BO30YKACHUS
HEMPOHOB U MOBHIIICHUE 3Kcnpeccuu REST y yelio-
BEKa SIBJISIETCSI €CTECTBEHHBIM pE3yJbTaTOM CTape-
HUs. [IprUYnMHHO-CJIeNCTBEHHbIE CBSI3U MEXIY IpO-
JIOJDKUTEIbHOCTBIO XKU3HU U 3Kcrpeccueit REST y
MJICKOIIMTAIONINX He ObLIM BBISIBJICHBI: XOTSI MBIIIIH,
HokayTupoBaHHBIe o O0enky REST, Obln mmomyde-
HbI, TIOYEMY-TO HE ObLIa MCCIeaOoBaHa IPOIOJIKU-
TEJIBHOCTD UX KM3HU. B TO ke BpeMs1, eCTb TOTIOJIHU -
TEJIbHBIE TEOPETUUECKME OCHOBAHUS Mpearnojararh,
4YTO HalAeHHOE SIBJIEHWE MOXET OBbITh pacIpocTpa-
HEHO Y Ha IPYTUX XKMBOTHBIX, 00JIaHal0IINX HEPBHOM
CUCTEMOI.

Brixon a10if paboTtsl bproca SIHKepa oXXnBMII 1aB-
HIOIO TeMy “TuiaThl 3a yM”. Jlaxe Oerjiblii MpoCMOTp
pe3yJIbTATOB 3aCTaBIISIET BCIIOMHUTD O MOBBIIIIEHHOI
BO30YIMMOCTHU U TPEBOXKHOCTHU KPBIC, MBILIIEI 1 IPO-
301 TIpU 0OTOOpPE HAa KOTHUTHUBHBIE CITOCOOHOCTHU U
PO UHTPUTYIONIYIO OOPATHYIO CBSI3b MEXIY CITOCO0-
HOCTBIO K OOYUYEHHIO U MPOIOJIKUTEIBHOCTBIO XKI3-
HU apo3odui (0630p AbsikoHosa, 2015). OTtdbop Ha
CIOCOOHOCTh K OOYYEHUIO MPUBOAUI K CHUKEHUIO
MPOIOJIKUTEIBHOCTU XU3HU Ha 15%, a otbop Ha
MPOAOIKUTEIBbHOCTD KM3HU — K YXYAILIEHWIO CIIO-
COOHOCTU 00y4aThbcsI B MOJoAOM Bo3pacTe Ha 40%
(Burger et al., 2008).

H3BecTHO, 4TO BO30OYKIEeHNE HEMPOHA MOBBIIIAET
BBIPAOOTKY CBOOOIHBIX paguKaloB, TO €CTh ITOTEH-
LIMaJIbHBIX MyTareHoB. HenaBHO y MJIEKOTIMTAIOIINX
(MBIIIM) OBLIO IOKA3aHO IIMPOKOE AeMETUIMPOBa-
HUE TeHOMa KJIETOK TUIIITOKaMIa Py BO30YKIeHUN
(Grassi et al., 2017), 4To, KaK U3BECTHO, CHIKACT 3a-
IIUIIEHHOCTh TeHOMA OT MyTareHoB. M3 ThICSTU TeHOB,
W3MEHUBIIIMX CBOIO aKTUBHOCTD IOCJIE BBEACHMUSI XJI0-
puIa Kajivsi, BbI3bIBAIOILIETO Hecrelnduieckoe mo-
BBIIIIEHUE 3JIEKTPUYECKON aKTUBHOCTH HEMPOHOB, Y
npuMepHo 90% HabGMOAANIOCh aKTUBHOE TEMETUIIN-
poBaHUe, 1 TOJBKO y 10% — obpatHbiil a3ddekT. Uc-
MOJIB3ys MOJEIb BBI3BAHHOI CTPECCOM IEMPECCUH,
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HEWMPOHAJIbHBIM CYETYUK MPOAOJIKUTEIBHOCTHU XKU3HU?

CHIXAIOIIEeN aKTMBHOCTb TMITIIOKaMIa, aBTOpbI TO-
Kazam oOpaTtHbIi 3(PdeKT — momaBiIeHNe IKCIpec-
CUU TeTepOXPOMATUHOBOIO pejlakcepa — JeMeTusa-
361 GADD 45. He ToapKo HecnemudUIecKoe BO3-
OyXJeHUEe, OMIOCPEIOBAHHOE XJIOPUIOM Kasusi, HO U
KJlacCUYecKoe TIyTaMaTHOe BO30YyXKIeHUe aKTUBU-
pyeT MmyTu, Bedyllue K aktuBauuu GADD45 v neme-
tunupoBaHuio (Sultan, Sweatt 2013). DTtu naHHBIE
CBUJIETEJILCTBYIOT O TOM, YTO TP BO3OYXXIEHUU HEli-
pOHa MOXET OAHOBPEMEHHO YBEJIMYMBATHCS BHIOPOC
MOTEHIIMATIbHBIX MyTareHOB U CHUXKAThCS 3allUIIIEeH-
HOCTb T€HOMa OT HMX, 3a CUeT JIEKOHIEHCAaHIIM XPO-
MaTtuHa u neMetuimpoBanus JHK.

C 5TUM IIPEaIIOJIOKEHUEM COTJIACYIOTCS JaHHbIE 10
W3Y4EHUIO T€HOMOB HEMPOHOB YeIOBeKa W MBIIIN, B
KOTOPBIX MOKa3aHO HAKOIJIEHWEe MYyTallvii, TIpeBbIIIa-
folllee HOPMBI IJIs1 HeHepBHBIX KiieToK (Evrony et al.,
2012; Hazen et al., 2016). BaxkHO, 4TO GOJIBIIIYIO YacTh
MyTalii HEPOHBI MPUOOPETAIN YK€ BO BPEMSI B3pOC-
JIOi XXM3HM, a He B IIpoliecce HeliporeHe3a, BKIII09alo-
IIIETO JeJIEHUE KIETOK-TIPEAIIeCTBEHHUKOB U PEILUIM-
kauuu JIHK. Kpome Toro, Myranym HakaruiuBaJuch B
9YXPOMATHHOBBIX CMBICJIOBBIX O0JIACTSX T€HOMa, U
OoJTbIIIe BCETO MX OBIIIO B TEX TeHaX, KOTOpble Hanbo-
Jiee aKTUBHO B3KCIIPECCUPOBAIUCH. DTUM HEUPOHBI
TaK:Ke OTJIMYAIMCh OT HEHEPBHBIX KJIETOK, KOTOPHIE,
HAIIPOTHMB, “YMEIOT 3allIMIIaTh OT MyTalluii” MMEH-
HO Te TeHbI, KOTOpble OHU Yallle Uchoab3ytoT. I1o-
BUOVMOMY, HEMPOHBI IO KaKOM-TO IpPUYMHE HE
MPUMEHSIOT TaKyIO 3alIUTy, JM00 OHA OKa3bIBaeTCS
HeI0CTaTOYHO 3PMOEKTUBHOM MPU UX CKOPOCTU MY-
TareHesa. BrIcKasbIBaauCh IIPEANONOXEHUS, UYTO
CHIDKEHME 3alllMThl MOXET OBITh CBS3aHO C ILjIa-
CTUYHOCTBIO HEPBHOI CHCTEMBbI, HAIPSIMYIO 3aBU-
cAIIeil OT INIAaCTUIHOCTU TeHoMa. JeliCcTBUTENbHO,
3aBUCHUMOCTb KOTHUTUBHBIX (PYHKIIMHA OT SITUTEHEe-
TUYECKUX MEePeCcTPOeK aKTUBHOCTU FeHOMa KJIETOK
HEPBHOI CUCTeMbI ITOKa3aHa y>Ke BO MHOTHUX UCCIe-
moBaHusx (cMm. o630p Sweatt, 2016). T'mmote3a
A.JI. KpylIMHCKOro o TOM, 4TO 3a NpUOOpeTeHUe
nHGOpPMaIA MO3T IJIATUT HE TOJIBLKO SHEepreThde-
CKyl0, HO M uH@opManmoHHyoo I1ieHy (KpymmH-
ckuit, 2013, 2014), monyuusaa BOoJHE KOHKPETHOE
9KCIIEpUMEHTaJIbHOE OCHOBAHUE.

CokpallleHre TTPOIOJIKUTEIBHOCTH XU3HU Heil-
POHOB TMpPU TOBBIIIEHUW MX YPOBHSI BO30OYXIECHUS
MOXKET OBITh 3allIUTOM OT HealeKBAaTHOr'O IMOBEICHUS
HUCIIOPYEHHBIX KJIeTOK. HO B KOHeUHOM cueTe ob1iee
COKpallleHWEe XXU3HU HEPBHOM CHUCTEMbI MPUBEIET K
YMEHBIIEHUIO NPOJOJLKUTEILHOCTH KU3HU Opra-
HU3Ma. Bo3MoxXHO, UMeHHO 3TH 3(¢eKThl HabII0-
nman SIHKep B cBoeif pabore.

C GOJBIION BEpOSITHOCTHIO MOXKHO OXUIATh, YTO
3aBUCUMOCTb MPOIOKUTEIbHOCTU XXU3HU OT HeEli-
POHATLHOTO BO30YXKIEHMS MIPOSIBUTCS Hamboee siB-
HO Ha HEOOJIBIIIOM ITO0 KOJIMYECTBY HEMPOHOB MO3Te,
TakoM Kak mMo3r C. elegans ¢ 300-mu HelipoHamu. U,
Hao00poT, 4eM 0oJbIle OydeT HelipoHaabHAsI U30bI-

OHTOTEHE3 Ne 3

TOM 51 2020

237

TOYHOCTbH WJIX IOIIPOCTY KOJIUIECTBO HEMPOHOB, TEM
crnabee OydeT Takasl 3aBUCUMOCTD. YBEeJIUYSHUE YC-
Jla HEMIPOHOB MOXKET CIIY>KUTb HE TOJBKO YCJIOXHE-
HUIO CUCTEMBI, HO 1 €€ 3aIlIUTe IIPU CIAydaiiHOM My-
TareHese. Ciy4ailHBIA MyTareHe3, COIIPOBOXIAIO-
i1 aKTUBHOCTDb KJIETKW MpPEANojaraeT, u TO, YTO
YBEJIMYECHUE YMCJIa HEMPOHOB CTAHET 3aLLUTOM TOJIb-
KO B TOM, CJIy4ae, eCJIM aKTUBHOCTb OyZIeT pacopee-
JIeHa MeXny KieTKamu. Eciu TonbKo JacTh Helpo-
HOB OyJIIeT IMTOCTOSIHHO y4acTBOBATh B IJIACTUYECKUX
IepecTpoKax, OHM TaKxKe HAKOIISIT MyTalliM, KaK 1
B MaJIOM MO YMCJIy HEMPOHOB MO3Te.

IIpocMmaTpuBaeTcs MHTEpeCcHas mapayuieb ¢ GyHK-
L1eil TeJIoMep, BEIyIINX OTCUET KJICTOUHBIX ACICHUIA
U OIPEHEsISIIONIMX CTapeHrMe HEHEPBHBIX KIIETOK
(Olovnikov 1971, 1973). Perukauusi y HEHEPBHBIX
KJIETOK — IIpOIiecC, HanboJiee OTATOIIEHHBII MyTare-
He3oM. HemaBHsis pabora Tokaszajia, YTO OOJBIIMH-
CTBO KaHILIEPOT€HHBIX MyTallii OpraHN3M HaKaIrlInBa-
eT UMeHHO Bo BpeMs perumkanuii JIHK npu nenenun
KJIETOK, U B TOpa3/lo MeHbIle CTeNIeHU B pe3ysbTare
Bo3neicTBUs BHemIHUX (akTopoB (Tomasetti et al.,
2017). TakuM oO6pa3om, JJIMHA TEJIOMEpP, ONpeaeIIsTIo-
mast IIPOAOJLKUTEIBHOCTD XKM3HU KJIETKU, 1 B KOHEY-
HO cyeTe opraHu3Ma, AeMCTBUTEIbHO MOXKET ObITh HE
CTOJIbKO UHAMKATOPOM BO3pacTa, CKOJIbKO CYETUYMKOM
MOTEHIIMAJIbHO-HAKOIUIEHHBIX “3aKOHOMEPHBIX My-
TauMii Wi “ucropyeHHOCTH” TeHoMma. McKyccTBeH-
Hasl aKTUBAalIKs TeJIOMepas, JOCTPANBAIOIINX TEJIOME-
PBI OCJIE PETIMKAIIM, YBEJITUMUUBAET ITPOIOJKUTEb-
HOCTb XU3HU KJIETOK, HO MPUBOIUT K YBEJIUYEHUIO
KOJIMYeCTBa MyTaluii. BbICOKMM ypoBHEM TejioMe-
pa3HOM aKTUBHOCTU OTJIMYAIOTCSI PAKOBBIE KIIETKU.
Ecnu To, 3a yemM opraHU3My BaxKHO CJIEIUTh, 3TO He
BO3pAacT KaK TaKOBOM, a MOTEHIIMAJIbHOE KOJINYECTBO
HAKOIUICHHBIX MOBPEXICHNI TeHOMa, TO B KJIETKaX
HEPBHOM CHUCTEeMBbI, HAKAIJIMBAIOIIMX OOJILIINHCTBO
MyTaluii He MpU IeJIeHUU, a TIpU aKTUBHOI1 padorTe,
MOXKHO OXMOATh CYIIECTBOBAHMS MHOTO CUETIMKA.

[To xonu4ecTBY peruIMKanuii MOXHO OLICHUBATh
BEpOSITHOE HAKOIUIEHWE MyTalluii B HEHEpPBHBIX
KJIETKaX, Y HeIIpOHOB TaKMM KOCBEHHBIM IIPU3HAKOM
MOXKeT OBITh MHTEHCUBHOCTh U UIUTEJIBHOCTh BO3-
OyXIeHHOTo cocTostHUs. ECThb JTu Takoii Ke yHUBep-
CaJIbHBIM CYETIYNK BO30YKIECHHOTO COCTOSTHUS Heil-
pOHa, KaK CYETUYMK KJIIETOYHBIX IEJICHUI MO JIMHE
TEJIOMEPHBIX YYaCTKOB B JIE/SIINXCS KIeTKaxX, II0Ka
HeusBecTHO. FOXOI1, oTHOCIImMiicI K CeMEHCTBY
forkhead box — copepKalux TpaHCKPIIIMOHHBIX
daxTopoB, O6bUT TIpemnoxeH bpiocom SHkepom B
Ka4yecTBE 3BOJIIOIIMOHHO-KOHCEPBATUBHON MMUIIIE-
HU HelfipoHaJIbHOTO BO30yXmeHus1. OQHAKO OH, CKO-
pee Bcero, SIBJSIETCS JUIIb OJHUM M3 YYaCTHUKOB
CJIOXKHOTO KacKana. Eciii c4eT4rK CcylecTByeT, TO OH
JIOJDKEH YIIOBJIETBOPSTH 00S13aT€JIbHOMY YCIOBHUIO —
HeoOpaTUMO MEHSITh CBO€ COCTOSTHWE MpPU MpoIlec-
cax, CBSI3aHHBIX C BO30OYKIEHUEM.
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COBJIIOJEHUE OTUYECKUX CTAHIAPTOB

Hacrosiasa cratbst He COOCPKUT OIIMCAaHUSA BBIITOJI-
HCHHBIX aBTOpaMUn UCCJIEIOBAaHUM C ydJyacTuem Jonen uiu
HMCHOJIb30BaHUEM XXMNBOTHEIX B KaUeCTBE OOBEKTOB.

KOH®JIIMKT MHTEPECOB

ABTOpBI 3asIBIISIIOT, YTO KaKOii-T100 KOHMJIMKT UHTE-
DPECOB OTCYTCTBYET.
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Neuronal Counter of the Life Span: Does It Exist?

V. E. Dyakonova*
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Dividing cells accumulate most of the mutations during DNA replication associated with mitosis. The telo-
mere length is a well known countdown counter of the age of an eukaryotic organism and of mutations po-
tentially accumulated by its cells. The genome of neurons, i.e. non-dividing cells, accumulates the greatest
number of mutations after the completion of cell differentiation, upon neuron excitations and epigenetic
modifications of its genome activity. At the same time, neurons accumulate much more mutations than di-
viding cells. Do neurons have their own counter of potentially accumulated mutations that independently de-

termines the life span expectancy?

Keywords: life span, neuronal genome mutations, epigenetics, telomeres
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IIOTEPU HAYKHA

ITAMATHU IOPUA CEPTEEBUYA YEHIIOBA (1930—-2019)

18 nexabpst 2019-ro rona yiiena U3 XKU3HU JOKTOP
OMoJOrnYecKux Hayk, mnpodeccop, 3aciay>KeHHBIA
npodeccop MOCKOBCKOTO TOCYyIapCTBEHHOIO YHU-
BepcuteTa uM. M.B. Jlomonocosa FOpuii Cepreesny
YeH1I0B — BBIIAIOIIUIACST POCCUNACKUIA YUEHBIH, Tie-
JIaror, IIPU3HAHHBINA CIIELUAINCT B 00J1aCTU MOpP(dOo-
JIOTUU 1 (PU3UOJOTUU KIIETKU.

I0.C. YeH1IOB 3aKOHYMJ OUOJIOTO-TIOUBEHHbBIN
daxkynsrer MI'Y B 1954-M roamy, nocie 4ero mnocry-
MM B aCOUPaHTypy Kadeapbl TMCTOJIOTUU, KOTOPYIO
yCIenHo 3aBepiii B 1957-m rony. B TeueHun He-
ckonbkux JieT FOpmuit Cepreesny padoran B MHCTH-
TyTe Mopdosiorun kuBoTHeIX M. A.H. CesepiioBa
AH CCCP, a B 1962—1965-M rogax — B paguoJIOTU-
yeckKoM otaene MHcTtutyra atoMHON 3Hepruu. B
1965-m romy Opuit CepreeBud 3aHsJI JOJKHOCTH
3aBENyYIOIIEero OTAejoM B HOBOU MexdaKynbTeT-
CKoIi n1abopaTopuu bMoopraHndeckoit xumuu MI'Y
M. M.B. JlomoHocoBa, (popMupyrolieiics nmoa py-
koBoacTtBoM A.H. benosepckoro. B 1970-m roay, ripo-
JoJkast padotath B MexaKyIbTeTCKOM JIA0OpaTOpUM,
1O.C. YenioB Bo3riaBuiI Kadeapy LIATOJIOTAN U TUCTO-
Jorunu Ouosormyeckoro gakyiasrera MI'Y, koTopoit
oeccmenHo pykoBomwit 40 ner. C 2010-ro roma 1 oo
KoH1a cBoux gHeit FOpuit CepreeBuy octaBajcs Ipo-
deccopoM Kadeaphbl KJIIETOUHOM OMOJIOTUA U TUCTO-
JIOTUH.

1O.C. YeHLIOB SIpKO ITPOSIBUJI CBOM Tap UCCIEI0-
BaTeJIsI B pab0Tax, OTHOCSIIIMXCS K pa3HLIM 00J1aCTsIM
KJIETOYHOI GUOJIOTUN — U3YyYEeHUE CTPYKTYPhI MUTO-
TUYECKUX XPOMOCOM U SIIPBIIIKA, MHWTOXOHAPUIA,
LATOCKEJIETa. YCIexXy 3TUX MCCIIeNOBaHUil CIoco0-
CTBOBAJIO UCMOJIb30BaHME PEBOTIOIIMOHHOTO TS Ce-
pennHbl XX-Tro BeKa MeTola 3JIEKTPOHHON MUKPO-
ckormuu. FOpuit CepreeBud OgHUM M3 NEPBBIX B Ha-
IIeil cTpaHe OLIEHMJT BO3MOXHOCTU JAaHHOTO METOAA
U CTaJl aAKTUBHO MCIOJIb30BaTh 3JICKTPOHHYIO MUKPO-
CKOITH1IO TSI pELIEHUS 3a0a4 B 001acT MOp(doIorun
¥ (GU3UOJIOTUM KIETKH.

HanGospliyio M3BECTHOCTH ITOJYYMJIA pPabOTHI
FO.C. YeHnoBa B 00/1aCTH U3YYEHMSI KJIETOYHOTO ST~
pa. OpurnHaabHON MOEE ATUX MCCIEeIOBAHUMA SIB-
JISLIOCH TIPEANOJIOXEHUE O TOM, YTO XpOMaTUH (hop-
MUPYETCSI B pe3yJibTaTe MoCcIea0BaTeIbHOM (Mepap-
XU4eCcKOoit) ynmakoBky MoaeKyJbl JJHK B pubpuiint
Bce Oosbnrero quamerpa. IlepBeie nccieqoBaHus B
5TOM HamNpaBJIeHUH, IIPOBeIAeHHbIE ellle B 60-¢ romabl
XX-ro Beka, ObUIM MOCBSIIECHH MOP(OJIOrMIeCKO
XapaKTEPUCTUKE TOJICTBIX XPOMAaTUHOBBIX (OUOPUILT —
XpOMOHEM. Pe3ynbTaThl 3THX WCCIeOOBaHUII OBLIU
000011IeHBI B MOHOTpadu, u3naHHou B 1974-Mm romy

(Yenuos 1O.C., IMomgkos B.}O. “VYaprpactpykTypa
KJleToyHoro simpa”, M.: Hayka, 1974 r.). U3yyeHue
CTPYKTYPBI XpOMaTWUHA U XPOMOCOM OBLIIO HPOMOJI-
JKEHO C MCITOJIb30BaHUEM Pa3/IMYHbIX SKCIIEPUMEH-
TaJIbHBIX CUCTEM, B pe3yjIbTare 4ero Oblia MokKa3aHa
nuckpeTHast opranu3anus 30 HM GUOPUILIBL U XPO-
MOHEMBI. DTU JaHHbIC COXPAHSIOT aKTyaJIbHOCTb IO
HaCTOSIIIIETO BPEMEHM.

Eire onyH muki paboT ObLI CBSI3aH C U3yYECHUEM
MopdoJiorndyeckKnx M (PU3HMOJIOTUISCKUX PeaKIInit
KJIETOK Ha ITOBpeXaalinre (aKTophl, IIIaBHLIM 00-
pa3oM WHTHUOUTOPHI Pa3IUIHBIX METa0OIMIECKUX
MPOIIECCOB, a TAKXKe MHIYKTOPhI CTPECCOBBIX peaKk-
muii. bplta IpeanpuHSITA IMOITLITKA BHISIBUTH CIICLIV-
duyeckue peaknuM KJIETOK Ha pa3HbIe BO3deii-
CTBUSI, M 9TO HAIIpaBJIeHNE CTaI0 I Kadeaphl o~
HUM M3 OCHOBHBIX. 3HAUMTEJIIbHOE YHCJIO padoT
IOpus CepreeBuya 1 ero COTpYODHUKOB CBSI3aHO C
M3yYeHUEeM LUTOcKeaeTa. B 3Tux mccieqoBaHUSIX
OCHOBHOE BHUMaHMUE YAESISII0Ch HEHTPUOJISIM — Op-
raHejiaM, UTPaOIINM KJIIOUEeBYIO POJIb B OpraHM3a-
UM IIATOCKEJIETa, a 3HAYUT TPEXMEPHOIM OpraHm3a-
LY HUTOIUIa3Mbl. B xone 3Tux padoT ObLUIM ASTATBHO
ONMCaHbl yJIBTPACTPYKTYPHBIE N3MEHEHUS LIEHTPHUO-
JIel B XoAe KJIETOYHOTO 1IMKJIa, a TAKXKEe B Pa3HBIX TH-
mnax KJIETOK.

Bupryo3Hoe BnameHne MeTomaMu BJIEKTPOHHOM
MUKpocKoruu mno3pomiio HOpuro CepreeBuuy B co-
tpynHudectBe ¢ [.I1. T'eoprueBbiM uccnenoBaTb W
BIICPBBIC OIMCATh YJILTPACTPYKTYPY “OCTaTOUYHBIX
CTPYKTYp” KJIeTouHoro simpa. B 1988-M romy pabora
FO.C. Yenuona ¢ komieramu “CBOMCTBO HETMCTOHO-
BBIX O€JIKOB KJIETOUYHOTO siapa (h)opMUpPOBaTh HEXpoMa-
TUHOBBIM CTPYKTYPHBIM OCTOB (SIIEPHBINA MaTpUKC)”,
ObLI1a 3aperucrpupoBaHa ['ocynmapcTBEeHHBIM KOMUTE-
TOM TI0 AenaM m3obpereHuit n otkpbeituit CCCP kak
otkpbeiTue (JIumaom Ne 348). B pesynbraTe mcciaeno-
BaHUI1, mpoBoauBIIMXCs coBMecTHO ¢ B.I1. Ckymaue-
BbIM, ObLIa BBISIBJIEHAa HOBasl ¢popMa OpraHu3aluii
CUCTEMBbI MUTOXOHIPUIA B 3pEJIbIX KAPAUOMUOLIUTAX —
MUTOXOHAPUAIBHBINA PETUKYIYM, BBISIBJICHBI HOBBIS
KJIETOUHBIE CYyOCTPYKTYPHl — MEXMUTOXOHIPHUATIb-
HbI€ KOHTAKThI, TIOCPEICTBOM KOTOPBIX OCYIIECTBIISIET-
CSI CONPSDKEHNE MUTOXOHIPUIA B KApIUOMMOLIMTAX.

Ha nporsckennn muorux necarwietnii FO.C. Yen-
LIOB YCIICIIIHO MpernoaaBaJ Ha Kadenpe KIeTOUYHOM
OMOJIOrY 1 TUCTOJIOTMU OMOJIOTMYECKOTro (haKyJIbTe-
ta MIY. Ero aBropckue Kypcol “lLlutomorms”,
“HepBHas, snuTenuaabHass W MBIIIEYHAsI TKaHbL”,
“Metonbl Mukpockormu”, “lluToreHernka” 3a 3TO
BpeMsI IIPOCHYIIAJIM THICSYU CTYIEHTOB-OMOJIOTOB.
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IMponymaHHas, yeTKast, pa3MepeHHasl MaHepa U3J10-
KEHUS MaTepyaia, MHOTOYMCIIEHHBIE WJLTIOCTPALIUK
MMOMOTaJId CTyIeHTaM MOHUMATh MPUHILIUIILI OTHOM
U3 LEHTPaIbHBIX JUCIUIUINH COBPEMEHHOI GHOJIO-
MU, IPUBJICKAIN B KIIETOUHYIO GMOJIOTUIO MOJIOABIX
uccaeaoBaTese.

3HaunmbiM BkiIagoMm FO.C. YeHiioBa B pa3BUTHE
ouonoruu B Poccuu ctain nzgaHHbelii uM B 1978-M ro-
Iy yaeOHUK “O01mast TUToJ0rus1”. Y4eOHUK HEOTHO-
KpaTHO mepeusmaBancs, a B 2004-m romy nepepabo-
TaHHOE M JOIIOJTHEHHOE M3JaHNe y4eOHMKa BHIIILIO
oI Ha3BaHUEM “BBeneHne B KIIETOUHYIO OMOIOTHIO” .
Haxkonen, B 2010-M Beien yyeoHuk “Llutomorus c
9JIeMEHTaMM LEJUTIOISIDHOM TMaTOJIOTUM”, KOTOPBIA
OBII amanTUPOBaH IS CTYACHTOB MEOUIIMHCKUX BY-
30B. BBIXOn ydyeOHMKa, B KOTOPOM M3JIarajuich aKTy-
aJIbHBIC 3HAHUS O OMOJIOTMM KJIETKW, OKa3aj CYIIe-
CTBEHHOE BJIMSIHAE Ha METOIMKY IPEIoaaBaHus OMo-
JIOTUYECKMX OUCUMIUIMH B By3ax Poccmu. YueOHMK
TaKXKe MCITOJIb30BAJICS B KAUECTBE CIIPAaBOYHMKA 110 Oa-
30BBIM BOIIPOCaM OHOJIOTUM KJIETKM, B TOM 4HUCJIE U
HayYHBIMM COTPYJIHMKaMU. MHOTroJeTHUE YCUIUS
FOpus CepreeBuua, ero Kojjler 1 YYeHUKOB CITIOCO0-
CTBOBAJIM IIPEeBpaIlcHIIO Kadeaphl KJIETOYHOI 01010~
TMU Y TUCTOJIOrMY O1oa0orn4eckoro dakyiabsrera MI'Y
M. M.B. JlomoHOCOBa B BeAyllMii HAy4HO-II€IarOTv-
YEeCKMIA IEHTP CTPAHBbI.

HayuHblit 1 memarormyecKuii TajJaHT, JIMAESPCKUE
KayecTBa, MPUHIIMITHAIIBHOCTD M IOOpOE OTHOIIIEHUE
K moasam npunekanu K FOpuio CepreeBuuy ydeHU-
KOB U mocJlienoBateieit. UM co3maHa KpyItHast Hay4d-
Has IIKOJIa, N3 KOTOPOM BBIIIJIO MHOXKECTBO CaMO-
CTOSITEIbHBIX YYEHBIX, MPOJOJIKAIOIIUX U3YydYeHUE
pa3IMYHBIX aCIIEKTOB OMOJIOTUHU KJIETK!, KaK B Poc-
CHUM, TaK U1 3a e IpeaeaaMu.

Hayynas u mnemarorudueckas IesiTeJIbHOCTD
IOpusa Cepreesnua Yeniona Ow1a otmeueHa Ilo-
YeTHBIM 3BaHMEeM 3aciay>XKeHHbI paOOTHUK BrIciei
mkoibl Poccuiickoit @enepauuu, [Ipemueii ume-
o1 M.B. JloMoHOCOBa 3a Hay4dyHble pabOTHI IIPO-
deccopos, npenoaaBaTeaeii U HAyYHBIX COTPYIHU -
koB | crennienu (JlJomoHocoBcKkast mpemus), IIpemueii
nM. M.B. JlomoHOCOBa 3a IIeJarormyeckyio nes-
TEJILHOCTB IpodeccopoB U MNpernoagaBaTeyicit Moc-
KOBCKOTO YHUBEpPCHUTETA.

OT Hac yuIes 00JbIION YUYeHbI 1 HEOpAUHAPHBIN
YeJIOBEK, ONPEACTUBILIUNA LIETYIO 3MT0XY POCCUNCKOMN
KJIETOUHOI Omosornu. MBI Bcerma OyaeM NMOMHMTH
IOpus CepreeBuya Kak IMPUHIUIIMAIBLHOIO, MYIPO-
ro, 10OpOTo U OT3LIBUMBOIO YEIOBEKA.

CaeTJiasi eMy namsiTh!
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