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B ocHOBe n3ameHeHUs OpMBI SMOPHOHA JieXKaT KaK JIOKaJbHbIE, TaK U TJTo0aTbHbBIe NehopMalluy TKaHeil.
CornacHO 3aKOHaM KJIACCUYECKOI MeXaHUKHU, UCTOUHUKOM Je(opMalii MOXKET SIBISITbCS TOJbKO Mexa-
HUYecKast cuiia. JIoKaan3oBaTh MEXaHUYECKHE CHITBI M KAaUeCTBEHHO OLIEHUTh UX BEJIMUMHY MOXKHO Ha OC-
HOBE AMHAMUMKM Aedopmanuii TKaHeil 3MOproHa, 00YCJIOBIEHHBIX 3TUMU cujiaMu. OIMH M3 OCHOBHBIX
WCTOYHUKOB TaKUX AehopMaIvii — pa3andusi CKOPOCTU M HaIIpaBJIeHUST IBUKEHU M COCETHUX KIIETOK. MbI
JIeTajJbHO OMMUCaIM ABUXKEHUE KJIETOK B AIMKTOAepMe cylpadiaacTornopaibHoit oonactu (CbO) cpenHeit
racTpyibl Xenopus laevis. Bpina BbIsIBJIeHAa MPOCTPAHCTBEHHAs! HEOTHOPOIHOCTD NBMXeHUsT KieTok CBhO;
BIIOJIb MEIMOJIATEPATTLHOM OCH SMOPUOHA OOHAPYKEeHbI PETMOHbI, pa3IMyarolIrecs Mo cpeaHeit CKopocTr
JIBUXXEHMST KJIETOK. B yacTHOCTH, HauboOJIbIIIasi CKOPOCTh M COHAIPaBICHHOCTh ABMKEHUM KJIETOK 4Jalle
Bcero Haboaanuch B MenuaibHoii 30He CBO. AHanu3 ¢popMbl KJIETOK IT0Ka3ajl, YTO MMEHHO B MeaUajlb-
HoM perroHe CBO, KOTOpHIii EpPBbIM BOBJIEKAETCS B MHBOJTIOIIUIO, TIPOUCXOISIT Haubojiee akTUBHBIC Te-
PEerpynmupoBKY KJIETOK, CBI3aHHbIe ¢ (hopMUpOBaHUEM PO3eTOK. MBI MpeArnosaraeM, 4To Takue repe-
IPYNITMPOBKU MO3BOJISIET KOMIIEHCUPOBATh pacTsKeHUe MaTepralia MenraabHou 30HbI CBO B Xome MHBO-
JIIOLINH.

Karoueswie croea: racTpyssiiys, 61acTorop, MopgoreHes, MeXaHU4eCKre CUIIbI, IBVXKEHUS KJIETOK, Xeno-

pus laevis
DOI: 10.31857/S0475145021050025

BBEAEHHE

IIpoueccry MopdoreHesa B SMOPMOHATBHOM pa3-
BUTUH COMPOBOXIAIOTCS 3HAYNTEIIBHBIMU Oedopma-
musaMu TKaHei. McrounmkoMm nedopmamum 6moro-
TMYECKUX TKaHeil sBIsIeTCS MeXaHWdyecKas cuia
(Murray, 2003; Davidson, 2011), moatoMy mjs ne-
TATBHOTO M3YUYEeHUS MeXaHM3MOB MopdoreHe3a He-
00X0OIMMO JIOKJIM30BaTh CUJIBI, TIPUBOISIINE K Ha-
GogaeMBIM B MopdoreHe3e nehopMallisM, 1 BbI-
SIBUTh MEXaHW3MBbI X BOSHUKHOBEHHSI.

HanGonee paHHeil METOAMKOM JTOKAIU3aIIIN MEXa-
HUYECKUX CUJI SIBJIIETCSI aHAJIU3 CKOPOCTU 1 aMILIATY-
JIbI paCXOXIEHMSI KpacB TKAHW B 00JIACTH JIOKAJILHOTO
Hazapesa (T.e. nebopMay TKaHU I10CIE pelaKcalliu
CYILIECTBYIOILIIETO HampstokeHus). Ecim BenuumHa me-
dopMalMy MIPOIOPLIMOHAIbHA AEHCTBYIOLIECH B 3TOM
objacTy cuiie, BO3MOXHO KayeCTBEHHOE OIIMCaHUe
pacripeneeHUsI CUJI B SMOPHUOHATBLHBIX TKaHsIX. Takoe
OIMCaHNEe MOXHO OCYIIECTBUTH, CPAaBHUB BEJIMYMHY
nedopManum II0cjie Haape3a B pas3IMIHbIX Y4acTKax
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SMOpHMOHA Ha pa3HbIX cTaausax passutus. Mcciemo-
BaHMS C IPUMEHEHNEM 3TOTO METOAA MTOKa3ajIl, YTO
B O9MOpPHOHE MexaHW4JecKasl Crujia UMeeT HeOTHOPOI-
HO€E TIPOCTPAHCTBEHHOE pacripeieieHne (Ha3bIiBae-
MOE€ TaKXe ITaTTEPHOM ), KAYECTBEHHO N3MEHSIOLIIEE -
cs B xone pas3Butus (Beloussov et al., 1975). Dkcrne-
pUMEHTAIbHAS pejlaKcalsl 3TUX HaIPsDKEHUNA WITN
X UMHUTALMS B SKTOMMYECKNX YIaCTKaX OKa3bIBAET
BJIUSTHUE Ha XOI MOP(MOTreHeTUYECKHX MTPOLIECCOB B
SMOpPHOHE WM 3KCIJIaHTaTaX SMOPUOHAIBLHON TKa-
Hu (Beloussov et al., 1990, 2000; Chien et al., 2015).

MeTon Hagpe30B COXPaHW aKTyaJlbHOCTb IS 3a-
a4, TpeOYIOIIUX KAYECTBEHHOMN OLEHKN MexaHude-
ckux cui B TKaHsIx (Ma et al., 2009; Campinho et al.,
2013; Hara et al., 2013). B Hacrosee Bpems sl pe-
FUCTPALIMA U WCCIIEIOBAaHUS MEXaHUYECKUX CUJT B
OUOJIOTMYECKHUX TKAHSIX CTaj OOCTYIIeH IIMPOKUiA
criekTp MeTonuK. OMHUMHU U3 HanboJee pacIpocTpa-
HEHHBIX SIBJISIIOTCS METOAUKU, OCHOBAaHHBIE HA TIPU-
meHeHuu FRET-30H10B. 910 (hayopecieHTHbIE MUK-
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PO30H/IbI, KOTOPHIE MO3BOJISIIOT OLIEHUTh CYOKJIETOY-
Hble AedopMallMM II0 TaJeHUI0 WHTEHCUBHOCTHU
¢dayopeclieHIIUM, BBI3BAHHOM PACXOXIEHUEM IBYX
CBsI3aHHBIX MOJIeKyJ (haryopodopa (Gayrard, Borghi,
2016; Eroshkin et al., 2018). ®@iyopodopsl B cocTaBe
TaKOTO 30HJAa CBSI3aHBI MEXIY COOOI MOJIEKYJION C
U3BECTHOM XECTKOCTBIO, UTO MO3BOJISIET IO 3aperu-
CTPUPOBAHHOM JedopMalii 30HIA PAcCUUTATh T1O-
JIeficTBOBABIIIYI0 Ha Hero cuiy. KoanyecTBeHHYIO
OLIEHKY MEXaHUUYECKUX CUJI TAKXKE ITO3BOJISIOT IPO-
U3BECTU DJIACTUYHBIE WM 3MYJbCUOHHBIC 30HBI.
3Hasi MexaHU4YeCcKue CBOiicTBa Marepualia, U3 KOTo-
pOro U3rOTOBJIEH TaKOIl 30HM, MOXHO II0 AedopMa-
LIVM 30H1a BBIYMCIIUTH CUITY, KOTOpast K Hell mpuBesa
(Campas et al., 2014; Mohagheghian et al., 2018).

KadecTBeHHO MHOIT TOIXOM OBUT TIPEeIOKeH Stre-
ichan ¢ coaBTOpamMu, KapTUpPOBaBIIMMU MeXaHWIe-
CKUe HaIIPSDKEeHWST B TKAHSIX racTpyJibl Drosophila mela-
nogaster Ha OCHOBaHWM TIPOCTPAHCTBEHHOIM aHU30TPO-
MM pacnpeneneHus Muo3nHa (Streichan et al., 2018).
Tak kKak aKTOMHUO3WHOBBIN KOMIIJIEKC SIBISIETCSI OC-
HOBHBIM MCTOYHMKOM MEXaHWYECKO CWJIBI B XOIe
IBIDKEHUN U TTeperpyImMpPOBOK KJIETOK, HEOMHOPOI -
HOCTb €O pacIipelieJIeHUsT OIpenesisieT MpOoCTpaH-
CTBEHHBIN TMATTEPH MEXaHWYECKUX HaIpsLKeHW B
TKaHu. M3MepuB KOHIIEHTpallMi0 MMO3WHA B pas-
JIMIHBIX peTUOHAaX YMOPHUOHA, aBTOPhI OOHAPYKWIIN,
YTO ero MPOCTPAHCTBEHHOE pacIipee/ieHNe OMUChI-
BaeTCsI TpeMsI XapaKTepHBIMHU TTaTTepHAMM, CMEHSIIO-
IIMMU JpyT Apyra B xoje ractpyiasiunu. Ha ocHose
STHX M3MEPEHUI MCCIIenoBaTeId CMOIEINPOBAIIN
KapTy MeXaHMYeCKUX HaIPSDKeHWH, IUTST KaskaoTo 13
TpeX NPOCTPAHCTBEHHBIX MAaTTEPHOB MUO3MHa (Stre-
ichan et al., 2018). TakuM obOpa3oM, gaHHasI paboTa
KOCBEHHO TTOKa3bIBAeT, UTO Ha KaXKIOW CTaINU pas-
Butust D. melanogaster ¢opmupyercst crienubpuye-
CKMII MaTTepH MEXaHWYeCKMX HaIpsDKeHUiA. DTOT
pe3yabTaT MIPUHIMITHATBHO CXOX C Pe3yJIbTaTOM pa-
OoThI Tpynnbl beoycoBa, KapTUpoBaBIIeit MEXaHM -
YeCcKHe HaIpsKeHUsI MeTomoM Haape3oB (Beloussov
et al., 1975). KaptupoBaHue MeXaHUUYECKWUX HaIlpsi-
XKeHUI, TIpom3BedeHHOEe Streichan ¢ coaBTopamMu
(Streichan et al., 2018), HeceT He TOJILKO ONMucaTeb-
Hy1o QyHKIIMI0. Ha ocHOBaHUM 3TOTO KapTHPOBaHUS
aBTOPBI PACCUNUTAIIM JBUKEHMS KJIETOK ITOBEPXHOCT-
HOTO CJI051, KOTOPbl€ JOJKHBI BOBHUKHYTD MO Neii-
CTBHUEM CMOIEJMPOBAHHBIX MEXaHWYECKUX HaIps-
xkeHuit. [IpenckazaHHbIE TAKUM METOIOM IBVDKCHMST
KJIETOK COBMNAJIU C peajbHO 3aperuCcTpUPOBAaHHBIMU.
OHN, KaK W TPOCTPAaHCTBEHHOE pacIipeicicHne
MMO3HMHA, XapaKTePU3YIOTCS TPEMS XpPOHOJIOTUIECKHI
rnocjenoBaTeJibHBIMM naTTepHamu (Streichan et al.,
2018). IlaTTepH IBYXXEHMI KJIETOK IIPEICTaBIISIET CO-
00if BEKTOpPHOE II0JIe — COBOKYITHOCTH BEKTOPOB,
KaXIbI1 U3 KOTOPBIX OMMCBHIBAET TOK MaTepuasa Jye-
pe3 BBIOpAHHYIO TOUYKY MCCIIEIyeMOM OOJacTH dM-
opuoHa (Zamir et al., 2008; Tambe et al., 2011; Brunet
et al., 2013). Takum obpa3om, cTaguecneurduye-
CKHMe IIaTTepHBl MEXaHWYeCKUX HamNpsKeHU C

0OJIBIION BEPOSITHOCTBIO ITO3BOJISIIOT MpeacKasaTh
MopdoreHeTUUeCKre OBVMXKEHUSI B HOPMaJbHOM
pa3BUTUMU.

OnmHako, ecay MPOIOJLKUTEIbHOCTD TacTPY/ISLIN
MPEBHIIIAET XapaKTepHOe BpeMsl KJICTOUYHBIX Hepe-
TPYIIIMPOBOK, TO MOCJIEAHUE TOJKHBI IMMPUBECTU K
M3MEHEHUIO CYIIECTBYIOIIETO ITaTTepHa MeXaHu4e-
ckux cuia (Mongera et al., 2018). st peieHus Io-
JOOHOI 3a1auyu HEOOXOIMMO CBSI3aTh JAHHBIC O KJIe-
TOYHBIX NBIZKEHMSIX C HU3MEHEHHEM JIOKaIM3alluu
W/WIN BEJIUIMHBI MEXaHUYECKUX CHJI B OMpeaeieH-
HBII [IEprod pa3BUTUS.

KonmyecTBeHHBIN TTOIX0N K OMUCAHUIO JTBIDKE-
HWM KJIETOK Ha3bIBaeTCSI KMHEMaTUIeCKUM. JlaHHBIN
MOJX0/l OCHOBAH Ha perucTpaliii KOOPAUHAT KJIETOK
1 TOCJIEMYIONIEeM pacdyeTe MPOM3BOTHBIX OT HUX Be-
JIMIUH (CKOPOCTEM CMEIeHsI, OpUESHTAIIMY CMeTIe-
Huit 1 ap.). (Davidson, 2011). B atom ciy4dae, nox
“KoopauHaTaMM KJIeTKHA OOBIYHO ITOHMMAIOT KOOp-
IMHATHI TEOMETPUIECKOTO IIEHTPa KIIETKY VTN €€ ST -
pa (Diz-Muiioz et al., 2010; Heller et al., 2016). Ku-
HeMaTHYeCKoe ONCaHue TTO03BOJISIET OIIEHUTh TaAKHe
ImapaMeTphl, Kak TPOCTPAaHCTBEHHOE pacIipefeicHIe
1 BpeMeHHasi [MHaMHWKa CKOPOCTEeit KIIETOUHBIX CMe-
IIEHWH, X OpUEHTAIINSI, TMHAMUKA CMEHBI COCEIei.
DTH mapaMeTpsl TTO3BOJISTIOT YCTAaHOBUTH, HACKOJIBKO
aKTUBHO TIePEeMEIINBAIOTCS KJIETKA BHYTPU TKAaHU U,
cJiemoBaTeIbHO, HACKOJBKO BEIpAsKEHHO peTaKCUpy-
I0TCS B Hell HanpsDkeHWsI. B crily HeMHBa3MBHOCTH,
KUHEMaTUYECKU MOAXOMA TMO3BOJISIET YCIEIIHO MC-
cliemoBaTh pa3Butue in vivo (Blanchard et al., 2009; Bi
et al., 2016; Mongera et al., 2018; Schaumann et al.,
2018).

OmHaKO CTaTUCTUYECKUI aHATTN3 TOJTBKO KOOPIH-
HaT IIEHTPOB KJIETOK He ITO3BOJISIET CBSI3aTh U3MEHEe-
HUEe (DOPMBI KJIETOK C TIepeMellleHUEeM LIEHTPOB KJle-
ToK. [l7151 6GoJiee comepKaTeIbHOTO OIMcaHus aedop-
Malli¥ B TKAHW HYXXHO YY4eCTb M3MEHEHMST (POpMBbI
caMoOi KJIETKU. DTO TMO3BOJUT KayeCTBEHHee Olle-
HUTB ITPOCTPAHCTBEHHOE paclipee/ieHne MexaHnde-
CKMX CWJI B TKAaHU B X01i¢ MOP(OTEHETUIECKUX TBU-
SKeHU.

JaHHBI TTOaX01 OBLIO ObI OCOOEHHO MHTEPECHO
MMPUMEHUTh K MOAEIBbHBIM CUCTEMAM, B KOTOPBIX M€~
XaHUYeCKUe CUJIbl yKe ObUIM KapTUpOBaHbI MHBIMU
MmeTomamMu. OmHOII u3 Hamboliee MOIXOMSAIINX IO
JaHHYIO 3aJady MOIEIBHBIX CUCTEM SIBJISETCS Tra-
crpyna X. laevis. [Inst ractpynbl X. laevis ObLIN KapTU-
pOBaHBI MeXaHUYECKUe CUJIBI M OTTHCaHa 00IIast Kap-
TUHA KJIeTouHbIX ABMkeHui (Keller, 1978).

JBUXKEeHUS KJIETOK HAUMHAKOTCSl Ha CTaauM TT03/1-
He 61acTymbl (CT. 8) ¢ paguaabHON MHTEpKasILei
B KphbIle 6mactouens (Szabd et al., 2016). Tak kak
panmnanabHasi UHTEPKaJISILIMs COMTPOBOXIAETCS yBEIU-
YeHUEM TUTOIIAAM TOBEPXHOCTU TKAHEBOTIO TIJIacTa, B
KpBIIIIe 61acTOIIe T BO3HUKAET U30BITOK KIIETOYHOTO
MaTepuasa, KOTOpblii HauMHaeT CMellaThCsl B BEH-
TpaJbHOM HaIpaBJICHUM B Xoxae 3muooanu. OmHO-
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MOP®OMETPUYECKOE UCCIENJOBAHUE MPOCTPAHCTBEHHO-BPEMEHHOWM

BpPEMEHHO, Ha JOpCajibHOI CTOpOHE 3MOpUOHA Ha-
ynHaeT popMupoBaThcs Omacrorop. Ha cramum 10
HauyulHaeTCsl KIIIOYeBOM s racTpyassuuu X. laevis
TUIT KJIETOYHBIX IBUXXEHUI — WHBOJIOLUSI MaTepua-
Jia Me30JiepMajibHOM 3akjaaku. MHBoMOLMS, HAYU-
Harolasicsl Ha A0pcajabHOI CTOpOHE SMOpPUOHA, TPU-
BOOUT K yriyoneHuto Oiacronopa. K cramum 10.5
OJ1acTOnOp HAUMHAET PaCpPOCTPAHSTHLCS B JIaTepasib-
HBIX HarpaBieHUsX (K ctaguu 11.5 oH COMKHeTCST Ha
BEHTPAJILHOI CTOPOHE 3apojblllia), a MPOrPecCUupy-
fol1asi UHTEpHAIM3allMsl MaTepuasia Ha JOpCabHOMN
CTOpoHe (hopMUpPYeT AJOpCAIbHYIO I'y0y OJacToropa.
Yepes Hee MpoucXOAUT HauboJjiee aKTUBHAsI MUTpa-
1S KJIETOK BHYTPh dMOpHOHA. 30HY, PaCITOJI0XKEH -
HYI0 HEIOCPEJACTBEHHO aHUMaJIbHee JOPCaAIbHOM Iy-
Obl OacTomopa, Ha3bIBAIOT CylpabdiaacTonopaaibHOMN
obmacteio (CBO, B aHTJIOSA3BIYHOM BapuaHTe — dor-
sal marginal zone, DMZ). boJjee riiyookue KieTKU
CBO cocTaBisIIOT MaTepuaa XOpAOMe30JepMbI, TO-
BEPXHOCTHbIE — MaTepuall HepaabHO SKTOAEPMBI.
HMHBostonpoBaBIilve KJIETKH XOPAOME30JepMbl BO-
BJIEKAIOTCSI B JBWXKEHUSI MeauojaTepaibHON, WU
KOHBEPIreHTHOW, UHTepKaisauuu. B xone atux nBu-
KeHMI Kaxaast u3 KJIETOK YIJTUHSIETCS BIOJIb MEIUO-
JlaTepajibHOM ocHu U (hopMUpPYeT Ha KOHIIAX HaIpaB-
JICHHBIE BBIPOCTBI, KOTOpHEIe 00pa3yioT C-Kaarepu-
HOBBIC KOHTAKThI C T€JJAMU COCETHUX KJIETOK. 3aTeM,
3a CUeT COKpaTUTEIbHOI aKTUBHOCTU MUO3MHA KJIEeT-
KW BCTPauBAIOTCA APYT MEXIY APYTrOM BIIOJIb MEINO-
JnatepanibHoM ocu. Kietku sakronepmbl CBbO X. laevis
K 3TOMY MOMEHTY OKa3bIBalOTCSl BOBJIEUEHBI B IBUXKE-
HUS 31Mbonnu (KOTOophle 3aBepiiarcs K cranuu 11.5),
HO TaKXKe OCYIIECTBJISIIOT U KOHBEPIeHTHYIO MHTEP-
kamsiuuio (Keller, 1978; Keller et al., 2000; Keller,
Sutherland, 2020). OHU OCYIIECTBISIOT IBHIKECHUS
MHTEPKAISILM TIyTeM COKpAIlleHUSI KJIETOYHBIX T'pa-
HU1l, OPUEHTUPOBAHHBLIX B MeauoJaTepaIbHOM Ha-
MpaBJIeHUHU C MOCeNYOUM (POPMUPOBAHUEM B 30HE
KOHTAaKTa HOBOW I'paHULIbl, ODUEHTUPOBAHHOI B aH-
Tepuo-IIocTepruopHOM HampaBieHuu (Butler, Walling-
ford, 2018). UHTEepecHO, YTO ABUKEHMSI KOHBEPTEHT-
HOIl MHTEPKaJSILMU OCYIIECTBIISIIOT HE TOJIBKO TTy-
0OKMe KJIETKU DKTOIEPMBbI, HO 1 €€ MOBEPXHOCTHbIN
CJIOI — ANIUBKTOJAEPMA, KOTOPBIH SIBJISIETCS SMUTEIH -
ajibHOM TKaHblo. [TocaenHee o3HAYaeT, UTO KOHBEP-
TeHTHAasl UHTEPKAJISILIUS MPOUCXOAUT B TLIACTe KJle-
TOK, ME€XaHWYECKW CBS3aHHBIX allMKaJIbHBIM KOM-
IJICKCOM KJIETOYHBIX KOHTaKTOB, BKJIIOYAIOIIEM
aJare3MOHHbIE U TJIOTHBIE KOHTakThl (Higashi et al.,
2016).

OcoOeHHBIIT MHTEpPEC IIPEACTABIISIET MCCIIeIOBa-
HUE KJIETOYHOM ITOIBUKHOCTYA MMEHHO B SITUTEIM-
aJIbHBIX TKaHSIX. DOUTeINaIbHble TKAaHU HaubOoiee
JIOCTYIHBI IS HaOJIOOCHUSI, B OCOOCHHOCTH B WH-
TaKTHBIX 3apojblllIax, Ojlaromaps 4emMy depe3 u3Me-
peHre MOp(OMETPUIECKHUX ITapaMETPOB UX KJIETOK
BO3MOXHO 3aperucTpupoBaTh ASMCTBUE CUJI, CO31a-
BaeMBbIX ITOJIEXKAIIUMU TKaHIMU 3MOproHa (Morita
et al., 2012). CocenHue KJIeTKA BHYTPU SMUTEIAATb-
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HOTo IlIacTa MOTYT OTJIMYATbCSI CKOPOCTbIO M Ha-
MpaBJIECHUEM NBUXEHUS. DTU pa3iUuus MOTYT SIB-
JISIThCSI OMHUM M3 UCTOYHUKOB AcdopMaliiii TKaHU
(Vasilyev et al., 2012), npuBoasieil K U3MEHEHUIO
rnaTTepHa MEXaHUYECKUX CUJI. XOTSI ONMCAaHUE TBUXKE-
HUM KjIeToK MoBepxHOocTHOro cijoss ChbO yxe ObLIO
npousBeaeHo paHee (Keller, 1978), oHo He BKJIIOYasio
MOJOOHbBIN KUHEMATUUECKUI aHAIU3 IBUKEHUN Kile-
ToK. M3-3a 3TOro okasbiBaeTCcsl HEBO3MOXHBIM CBSI-
3aTh KJIETOUHbIE JBUXKEHUSI C BOBHUKAIOIIUMU B TKa-
Hu nedopmanusamu. K tomy ke, ormucanme (Keller,
1978) He yyuThIBaeT JaHHbBIE O MAaTTEpPHAX MEXaHUYe-
CKMX HaIpsiKeHUI TIpy ractpyissuuu ampuoduii (Bel-
oussov et al., 1975), a Takke onmmcaHUs KJIETOYHBIX
nepeynakoBok (Solnica-Krezel, 2005; Blankenship
et al., 2006).

Henpio maHHo#i pabOThl OBLJIO KapTUPOBATh OC-
dopmarium sanukToaepmbl CBO ractpyiibl X. laevis Ha
OCHOBaHUM HaOJI0JaeMbIX B 3TOI 00JIaCTH KJIETOU-
HBIX IBUXKEHUMN.

g mOCTVKeHMsT 3TOM e OBIII0 HEOOXOIUMO
W3MEPUTHh CKOPOCTHU MBUKEHUs KJIETOK, HaIlpaBlie-
HUE UX CMEIICHUSI, a TAKXKe OXapaKTepu30BaTh AUHA-
MUKY UX (pOPMBEL.

MbI npou3Beu KWHEMATUYECKOE OTTMCaHUE IBU-
xeHuii ki1etok B CbO cpenneii ractpynsl X. laevis,
0XapaKTepU30BaB IJI KaXION KIETKH BEJIMIUHY U
HallpaBJieHWE CMEIIEHUST HAa KaXKIOM U3 MHTEPBAJIOB
neiitpadepHoit cheMKU. MBI OOHAPYKWIH, YTO pe-
TUOHBI, PACITOJIOXKEHHBIE BIOJIb MEAMOJIaTepaTbHOM
OCH, pa3INYaIOTCS M0 3HAYEHUSIM CpeHE CKOPOCTHU
U COHAMNpaBJIECHHOCTU IBWXEHUI KJIETOK. AHaIu3
(GOPMBI KJIETOK BBISIBHII, UTO 00JIACTh C HanbOIee BhI-
COKMMU 3HAYeHUSIMU CpeIHeil CKOPOCTU U COHa-
MPaBJICHHOCTU XapaKTepu3yeTcsl Hauboliee aKTUB-
HBIMU TIEPETPYIITMPOBKAMU KJIETOK. MBI IIPEnIoo-
>KWJIW, 4TO HabI01aeMble eperpyniupoBKU KJIESTOK
MOTYT CJIYXXUTh CITOCOOOM KOMIEHCAIUU PacTsKe-
HUsI TKaHU B XOJ€ TaCTPYJISIIIMOHHBIX TBUKEHUA.

MATEPHAJIBI U METO/1bl
Iloayuenue u kyavmusuposarue sIM6pUOHO8

Uxpy X. laevis nmomy4aiu corjlacHO CTaHIAPTHOMY
npotokoiy (Sive et al., 2000), OIUIOTOTBOPSLIN in Vitro
n kynprtuBupoBaim B 0.1 Marc’s Modified Ringer
(MMR) (Sive et al., 2000) mpu KOMHaTHOM TeMIIepa-
Type. CTaguio pa3BUTHSI SMOPUOHOB ONPEIEIISIIN CO-
racHo TabimiaM HopMaibHOro passutus (Nieu-
wkoop, Faber, 1967).

Hneexyus PHK

s BU3yanuzalny KJIETOUHBIX TPaHUIL] OCYIIEeCTB-
Jisin uabekinio MPHK mem6panHoro (GAP43-GFP)
u saepHoro (H2B-mCherry) mapkepos. MPHK cunTe-
3UPOBAIM C WMEIOLIMXCS B JIAOOpaTOpyM TLIa3MU/L
pCS2+/GAP43-GFP u pCS2+/H,B-mCherry, Ko-
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TOpHIe JTI00e3HO npemocTaBl okTop Dietmar Gradl
(Karlsruhe Institute of Technology, Karlsruhe). Bbi-
JIeJIeHWEe 1IeJeBbIX IIa3MUJ TToce aMIIU(pUKauu
OCYIIECTBJISLIA C IToMOoIIbio Habopa Plasmid Mini-
prep (Evrogen), cunte3 PHK — ¢ momoiibio Habopa
mMESSAGE mMACHINE™ SP6 Transcription (In-
vitrogen), coriiacHO MpeaoCcTaBIeHHOMY IMTPOU3BOIM -
TeaeM mpotokomy. O0a Habopa OBUIM JIOOE3HO
npenoctabiaeHbl C.B. KpemHéBBIM (Kad. 3MOpHroI0-
run MI'Y um. M.B. JlomoHOCOBa).

3aponpllleit Ha CTaausIX OT 2-X 10 4-X Gj1acTome-
pos rtepeHocun u3 0.1 MMR B pacTBop ¢puKoia Ha
0.3 MMR. 3areM OCYWIECTBISIN MHBEKIIAIO MEM-
opanHoro (PHK GAP43-GFP) u saepnoro (PHK
H2B-mCherry) MmapkepoB o61mm KonmdecTBoM 230 nr
B ciydyae GAP43-GFP u 230 or B ciaygae H2B-
mCherry. UHBEKIINIO MPOU3BOMMIN B KaXKIbI U3
JIByX aHUMAaJIbHBIX 0JIaCTOMEPOB, CYMMAapHEI1 00beM
WHBEKIINU cOCTaBIsLT 4.6 v 9.2 Hi. [Tociie nHBbEK-
LI 3apOBIIIEe OCTaBJISIIU B pacTBOpe hUKojIa Ha
0.3 MMR u momemiaam B TEpPMOCTAT C TeMITepaTypoii
14—15°C mnsa npenoTBpallieHUs1 oOpa3oBaHUS IIPO-
Tpy3Ui B MecTaXx MHbeKIMM. Yepe3 7—8 4 pacTBop
¢ukoiuta mexsyii Ha 0.1 MMR, nociie yero mmpomoii-
Kanv KyJbTUBUpPOBaHUeE TIpu Temneparype 14—15°C
o mocTmKeHus1 3apoabimamu cragumn 10—10.5 co-
IJIaCHO Ta0JIMIIaM HOPMaJIbHOTO pa3BUTHSI.

Ceemka Ha KOHd)OKCl/leOM MUKDPOCKOne

Ha cramum 10.5 3aponpnieii nepeHocw B 1 X MMR,
CHUMAJIU KeJITOUHble OOOJIOUKM C MOMOIIBIO JIBYX
METa/UIMYECKUX MUHIIETOB U OCTaBJsIM Ha 5 MUH
JUJTSl KOMIIEHCAllUU cTpecca OT CHATUsS obojiouek. I1o
MPOLISCTBUU 5 MUH 3apOIBIIIN IEPEHOCUIN B 35 MM
yaiiku [TeTpu ¢ THOM U3 MOKPOBHOTO CTEKJIA, 3aM0JI-
HeHHBIe 1% arapo30ii ¢ HU3KOi TeMIiepaTypoii riaB-
neHus Ha 1X MMR. 3aponbiiim opueHTUPOBaJIN 3a-
NassTHHOM CTeKJISTHHOM TmmrieTkoi Ilactepa BHyTpHM
cleJJaHHBIX B arapose JIyHOK TakK, YTOObl Meauasib-
Hbl1 ygactok CBO kaxmoro sMOpuoHa oKazajcs
BOM3M MOKPOBHOro crekia. Ilocie 3Toro ygamky
yCTaHABJIMBAJIU B JJa3€pHbI CKAHUPYIOLIMNIA KOH(DO-
KanbHBIM MuKpockon Olympus FV-10i u ocymecTs-
s HenTpadepHyo MUKpodoToCheMKY. B cBsI3M ¢
HaJu4yueM OOJIbIIOrO0 KOJUYECTBA XKeJTKa B KJIeTKax
X. laevis, Buzyanuzanus GJIyopeclieHLIMY BOIM3U 6a-
3aJIBHOTO OT/esa KJIETOK 3aTpyqHeHa. [Toatomy B xo-
JIe CheMKU PETMCTPUPOBAIM €IMHUYHBINA OINTHYE-
CKMIi cpe3 BOJIM3UY alMKaJIbHOM MOBEPXHOCTHU KJIETOK
SIMMA3KONEePMBI. B mampHeieM, moa GpopMoit KISTKA
MbI Oy/ieM TOHUMAaTh (DOPMY CeUEHMS KIETKU, 3aperu-
CTPUPOBAHHOTO Ha TaKOM OITUYecKoM cpese. s
cbeMKU ucnosb3oBaiu 10% 0.4 NA oobektiB UPLSAP
u uugpoBoe yBeaudeHue X 1.8 (cymmapHoe yBeanue-
HUE T. 0. cocTaBmwio X 18). CheMKy IIPOU3BOIWIN B
Te4YeHHeE Yaca ¢ 4aCToTol 1 Kanp/MUH, BpeMs CbeMKU
eIMHUYHOTO Kajpa — 8 ¢, ”THTEHCUBHOCTb 000UX Jia-
3epoB 30%. J1ist 06pabOTKM MCTIOIb30BAIN TaHHBIE

BPEJIOB u ap.

0 3MOPHOHAM, OOXKUBIIMM 0 CTaAUU XBOCTOBOIt
MOYKU.

Mopgpomempuueckuii ananru3

PacriosHaBaHue KJIETOYHBIX TpaHUI] Ha Kaapax
HeTpadepHOil CheMKU OCYIIECTBISIN C TTOMOIIBIO
CBOOOIHO paCHpOCTPAHSIEMOTO ITPOrPaMMHOIO 0bec-
reyeHust EpiTools 2.1.6 (Heller et al., 2016). I1pu HeoO-
XOOUMOCTH, Tepen MOpPGOMETPUIESCKUM aHaJIM30M
pe3ynbTaThl PACTIO3HABAHMS KJIIETOYHBIX TPaHUIL
KOPPEKTUPOBAIM BPYYHYIO C IOMOIIBIO TUIarMHAa
CellEditor B coctaBe EpiTools 2.1.6. JlanHbIe MOpdhO-
METPHYECKOTO aHan3a 3KCIOPTUPOBAIIN Yepe3 CO-
oTBeTcTBYMIOILIYIO oniuio TiaruHa CellOverlay, u 3a-
TEM OCYIIECTBIISIIA CTAaTHCTUYECKYI0 00paboOTKy
maHHBIX B mporpammax ICY, Microsoft Excel 365,
RStudio 1.4.1106 u STATISTICA 10.0.

CMelleHns KJIETOK OLIEHUBAIN C TOMOIIBIO MO-
nynss CELL OUTLINE B cocraBe ITO EpiTools
2.1.6. C noMoI1bl0 JAaHHOTO MOAYJS Ha KaXXIOM U3
KaapoB LielTpadepHOM CheMKH BEIYMCIISIIIN KOOPIU-
HaThl TEOMETPUYECKOIrO LIEHTpa KaxXJIOoi M3 KJIETOK
Ha ONTUYECKOM Cpe3e M 3KCIIOPTUPOBAIU MOTyUECH-
Hble 3HaueHUa B Microsoft Excel 365. 3arem mis
Kaxaoi kineTku B Microsoft Excel 365 paccunThiBan
BEJIMYMHY CMEIICHUSI M YIOJl MEXKIy HaIlpaBJICHEM
CMENIEeHMS KJIEeTK M aHTepUO-IIOCTEPUOPHOM OCHIO
3a BpeMsI MEXIy IBYMS KaJpaMu.

1) CMmelneHre pacCUMTBIBAIM, KaK KpaTdaiiiiee
paccTosiHre MeXy TeOMEeTPUUYECKUM LIEHTPOM KJIEeT-
KM Ha ABYX TocJieoBaTebHbIX Kanpax. /st aToro
BBIUMCIISITIA OTAEJbHO pa3HOCTh KoopauHat X (AX) u
pa3HOCTh KoopauHaT Y (AY) 1LieHTpa MaccC KJIETKHU
MeXIy ABYyMsl MOCea0BaTeIbHBIMU KaapaMu, Mocye
Yyero HaxoIwiu cMenieHue D Kak KOpeHb U3 CYyMMBbI
kBanpaToB AX u AY (T. K. cMelieHre D 1 ero KkoMro-
HeHTbl AX u AY 0o0pa3yioT OpsMOYTOJbHBIN Tpe-
VIOJIbHUK, Tre D — runoreHy3a, a AX u AY — KaTeTHI)
(puc. 1). Tak BpeMeHHOI MTPOMEXYTOK MEXITy Kaapa-
MM COCTaBJIsIeT 1 MUH, pacCUYMTaHHOE MepemenieHue D
hakTUUECKU MPECTABIIET COOOI CPeNHIO CKOPOCTh
CMENIEHUS KJIETKU C Pa3MEPHOCTBIO MKM/MUH.

2) JIns BbIUMCIEHUS yria o (MpUHUMAET 3Haue-
Hus ot 0° 1o 360°) MexXay BEKTOPOM CMEIIEHUS KITe-
TOK U aHTEepPUO-TIOCTEPUOPHOM OCBIO (COBITamaeT C
ocbio 0°—180°, rme 0° cOOTBETCTBYET IMMOCTEPUOPHO-
My ToJitocy, a 180° — aHTepropHOMY) CHadajla Haxo-
WY TaHTEHC yIla cMellleHus tg(o) = AX/AY, ocie
yero ¢ nomombio pyHkumn apkranreHc (ATAN) Ha-
XOIUJIM BEJIMIMHY yTJla CMEIICHUS B Tpaaycax.

3) CoHarpaBiIeHHOCTh CMEIIEHNI KJIETOK OIIeH!-
BaJIM C MOMOIIIBIO TTapaMeTpa Topsiaka 5 = {(cos(o)),
IJIe O, — YroJ MEeXIy HampaBJI€eHUEM CMEIIEHUST OT-
JIeIbHON KIIETKM M aHTePUO-TIOCTEPUOPHOMN OChIO
sMbpuoHa (o0 mpuHUMaeT 3HayeHus ot 0° go 360°), a
CKOOKM { ) 03HAYalOT yCpeAHEHUE IO HECKOJIbKUM
3HaueHUsIM. Mcnonb3oBaHne MYHKIIMKA COS BMECTO
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HETMOCPEACTBEHHOrO 3HAYEHUS YIJIa MO3BOJISIET Of-
HOBPEMEHHO OLIEHUTh KaK TapajlieIbHOCTb TpacK-
TOPUM CMEIIEHUS KIIETKH aHTePUO-ITTOCTEPUOPHOM
ocu (T10 MOAY/II0 3HAUEHUS COS), TaK U HallpaBJIeHUE
CMeIIeHMs KJIeTKU (IT0 3HaKy BEJIMYMHBI COS): €CIU
TPAaeKTOPHUS CMEIEHNST Y aHTEPONOCTEPUOPHAsT OCh
napajjiebHbl U COHAMpPABJIEHBI, YTOJ MEXIy HUMU
paBeH 0°, 1 .S ipuHUMaeT 3HayeHue paBHoe cos(0°) =1,
€CJIA Xe OHW TapaJijIeIbHbI, HO UMEIOT IMTPOTUBOITO-
JIOXKHBIE HATIPABJIEHUSI, YIOJl MEXIy HUMU paBeH
180°, a S mpuHMMaeT 3HauyeHue paBHoe cos(180°) = —1
(Kemkemer et al., 2006; Reffay et al., 2011).

4) MopMy KJIETOK OLIEHUBAIU Yepe3 IKCIEHTPU-
CUTET — YMCJIOBYIO XapaKTepPUCTUKY KOHUYECKOTO
CEYCHUSI, MOKA3BIBAIOIIYIO CTETICHb €TI0 OTKJIOHEHUS
OT OKpy>XHOCTHU. BbIOOp 3KCLIEHTpUCUTETA I JaH-
HOM 3agaur OOBSICHSIETCS TeM, YTO (POPMY KIIETOK
yOOOHO OIMCHIBaTh C MOMOIIBIO ANIIPOKCUMAIIUU
DJUTUNICOM (MJIU OKPY>KHOCTBIO), KOTOPBIN SIBIASIETCS
YAaCTHBIM CJIydaeM KOHMYECKOro cedeHus. Takxke,
OKCIEHTPUCUTET SBIISIETCS YIOOHOI OLIEHKOM (hop-
MBI KJIETOK, TaK KaK OTpaxkaeT U3MEHEHNE COOTHO-
IIEHUS JUTUHBI O0IBITON 1 MaJION Ooceil KIIeTKHN. DKC-

2

LIEHTPUCUTET PacCUMThIBAJIM Kak £ = |1 — b—z, roe a —
a
JUTMHA OONBIIION OcH, b — IMHA Majioi ocH. JIanHy

OOJIBIIION U MaJIOK OCH IS KaXKIOM KJIETKM Ha KaJpe
BeIuKCisuiu ¢ momouibio Monyiass ELLIPSE FIT.

PE3VJIBTATBI 1 OBCYXIEHHWE

AHaauz npocmpanHcmeeHHO-8peMeHHOU OUHAMUKY
cKopocmell cMeujeHUil KAemok

st Koau4decTBEHHOIo omnmucaHusl AedopMaluii
stmmaKkroaepmbl ChO B xome ractpynsiuuu X. laevis,
MbI TIPOBEJIM aHAJIM3 MPOCTPAHCTBEHHOTO pacripeie-
JIEHUSI CKOPOCTEM CMEIIIEHU KJIETOK B UCCIIEYEMOT
o0JjiacTH, BKiIodamleil 88 kieTok (puc. 2a). Ha mo-
MEHT HadaJla CbeMKH 3MOpHoH moctur craguu 10.5.
Ha panHOIi cTaguu HayuMHaeTCsd WHTEepHaTU3aLUs
KOJIOOBUIHBIX KJIETOK Ha JOPCAJIbHOI CTOPOHE 3M-
6puoHa (puc. 2a' u 2a", IIyHKTUpPHAas CTpeJika), a 6J1a-
CTOIOp HAYMHAET PACIpPOCTPAHSTHLCS B JIaTepaibHbIX
HaIpaBiIeHUsIX, (hOpMUPYs JIaTepaJibHBIE TYOHRI (puc. 2a’
M 22", CIUTOIIHBIE CTPEJIKM).

KonuuectBeHHOe uccienoBaHUE MPOCTPAHCTBEH-
HOM aHWU3O0TPOITMU TKAHEBBIX JIedopMaluii JOKHO
OMUpPAThCSl HA AITOPUTM, KOTOPBIN MO3BOJIST ObI BbI-
SIBJIATH BHYTPU MCCJelyeMOii 00J1acTh 3apojibliia pe-
TUOHBI ¢ HamboJjiee BBIpAXXEHHBIMU Ae(OpMaLIUSIMU.
BrisiBUB Takvie pernoHbl, MOXXHO ITPOBECTU OoJIee ae-
TaJIbHBIU, CDABHUTEJIbHBIM aHAJIN3 XapaKTepPHOM 115
KaXJ0Tro U3 HUX MPOCTPAHCTBEHHO-BPEMEHHOMW AU~
Hamuku nedopmannii. HanGonee ynooHoit pyHKIIMEH
IUJTS 9TOM 3aa4y SIBJsIETCS TTapaMeTp nopsiaka S, T.K.
OH TIO3BOJISIET BBISIBUTb PETMOHBI 1 BDEMEHHBIE WH-
TepBaJIbl C HAUMEHEE COHAMPABIEHHBIMUA CMEIIEHU-
SIMU KJIETOK, U TIOTOMY MOTeHIIMAJIbHO HauboJiee Bbl-
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Puc. 1. Onmucanue cMelieHUs] MHIUBUIYATLHON KIETKH.
AX: U3MeHeHUe KOOpAMHATHI TEOMETPUUECKOTO IIEHTpa
Macc (KpacHasi Touka) o ocu X, AY: usMeHeHue KOopau-
HaThl FEOMETPUYECKOTO LIEHTPa KJIETKU 1Mo ocH Y; D — pe-
3yJIBTUPYIOIICE CMelleHre; BEKTOP D 1 ero KOMITOHEHTBI
AX n AY 006pa3yioT NpsSIMOYTOJIbHBII TPEYroJbHUK, D =

=J(AX)? + (AY)%.

paxeHHbIMU AedopManusamu. [lapamerp Topsaka
pPaCCUUTBHIBAJIM KaK KOCUHYC YIJIa MEXIy BEKTOPOM
CMEILIEHUsI OTAEIBHOM KIIETKU U aHTEPOIIOCTEPUOP-
HOIT OoChl0 ®MOpHOHA (KOTOpasl coBHaAajla C OChIO
0°—180°, rme 0° COOTBETCTBYET BEre€TaTMBHOMY I10-
Jrocy, a 180° — aHumanbHOMy). OgHAKO BBbIpaXkKeH-
HOCTbH Ae¢OopMalliy 3aBUCUT HE TOJBKO OT HaIlpaB-
JICHUsI JBUKEHUSI KJIETOK, HO U OT TOTO, Ha KakKoe
paccTOsIHUEe OHM PACXOISITCS MpU cMelleHuu. JIas
3TOTO HEOOXOAUMO COOTHECTU 3HAYeHUE CKOPOCTU
CMellleHUs KJIETOK CO 3HAaUCHMEM TTapaMeTpa Hopsii-
Ka. CkopocTh V paccunThIBaIu KaK YaCTHOE CMEIIe-
HUSI OTAEIBHOI KJIeTKM D 3a MPOMEXYTOK BpeMEeHU
MEXKIY ABYMS KaapaMU U MPOIOJKUTETLHOCTH 3TOTO

MMpOMeXyTKa (V = 2). Tak KaKk MHTEepBall MEXIY
1

KagpaMu 1eidTpadepHOil CbeMKHM COCTaBIsI 1 MUH,
CMellleHMe KJIETKU 3a MPOMEXYTOK BPEMEHU MEXIY
IBYMSI KaApaMu MNpeACTaBIsIET COOO ee CpPemHIoN0
CKOPOCTb B MKM/MUH.

Mg kaxxmoro Kanpa leiiTpadepHOil CbeMKU MbI
VIIOPSIIOYMJIM MHIWBUIYaJIbHBIE HOMEpa pacrHo-
3HAHHBIX Ha HEM KJIETOK COIJIACHO MX MOJIOXEHUIO
BIOJIb MeAUOJIaTepaabHOM ocu 3MOpUoHa (T.e. cOo-
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[JIACHO 3HAYEHUIO0 KOOPAWHATHI COOTBETCTBYIOIIEH  IUHAT — CKOPOCTb CMEIICHHS KaXKIOM KIIETKH (puc. 20).
KJIETKU IO ocH abciucce). 3ateM rmoctpounu rpadpuk, Ha monydeHHOM rpaduke BUAHO, YTO M3HAYAJIBLHO
Ha KOTOPOM I10 OCH aOCIUCC OTKJIAAbIBAIM KOOPAW-  CKOPOCTHU CMEIEHUSI KJIETOK ObLIM paBHOMEPHO pac-
HaThl TEOMETPUUYECKUX LIEHTPOB KJIETOK OTHOCUTEIb-  TIpe/ie/ieHbl BIOJIb MeAuoaTepaibHoii ocu (puc. 20,
HO MeIHojaTepalibHOI OCH SMOPUOHA, a TI0 OCU Op-  cepasl JUHMsA). B TeueHMe HAOMIOZEHUS CKOPOCTU
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Puc. 2. (a) O6mmit Bua gopcaibHoOM obiacty aMopuoHa X. laevis Ha cramuu 10—10.5 ¢ pacnmo3HaHHBIMU KJIETOYHBIMY TPaHU-
Hamu (a, JMHelika coorBeTcTByeT 100 MKM, AeneHre — 20 MKM) 1 MOJIOXKEHKE UCCIeAyeMOoii obnactu B aMOpuoHe (a', a"). s
KaXkIIoii M3 paclio3HaHHBIX KJIETOK (a) ObLIa MpoCieskeHa TPaeKTOPUsI ee CMellleHUs B TedeHue vaca (a™'). s kaxmoit Tpaek-
TOPUU IIBETOBBIM KOIOM 0003HaUEHBI €€ HaYaIbHBIN (3KeJITO-3eJIeHbIit MHTEpBaJ), IIPOMEXYTOYHBIN (CMHEe-(hHUOJIETOBBII NH-
TepBaJI) U KOHEUHbI (OpaHKeBO-KpAaCHBII MHTEpBaJI) ydacTKu. (0) OleHKa MPOCTPaHCTBEHHOM OTHOPOTHOCTU CMEIICHUSI
KJIETOK BIOJIb MEAMOJIaTepaIbHOM ocu. B TeueHue HaGIOneHUST paciipeie/ieHue BeJIMYMHbBI CMEIIEHU OTKJIOHSIETCST OT paB-
HoMepHoro (1 MUH HaOIIOAeHMS, cepasi CIUIOLIHASI JIMHWS), M1 HAaUOOJIbIITE 3HAYEHUs CMEIIICHUN TTPEBAIMPYIOT B MEIAb-
Hoit (10 MUH HaOMIOAEHUS, OpaHXKeBasl CIUJIOIIHAS JIMHUS) WU JaTepaabHOU (59 MUH HAaOTIONEHUSI, CUHSIS CIUJIOLIHAS JIMHUS)
obusacTsax ryosl 6gacronopa. [1o ocu abcuuce: KoopauHaTa TeOMEeTPUIECKOTO HieHTpa KiaeTKu. [1o ocu oparHaT: BeTUdnHa
CMeEIIeHUS 32 THTEPBAJI MEXKIY TEKYIIIUM U CIIeAYIOIIMM Kanpamu. [TyHKTupHasi TMHUS — TUHEWHBIM TpeHa. Ha rpaduke mpu-
BeACHBI TaHHbIE IJIs Havaja (cMeleHus 3a 1-10 u 10-10 MuHyTy HabJIoAeHUs) M KOHLIA (59-51 MUHYTa HaOIIOIeHMSI) CheMKMU.
(B) 7151 OLleHKM AMHAMUKY TTPOCTPAHCTBEHHOMN OTHOPOIHOCTH CMEIIEHMS KJIETOK BIOJIb MEAMOJIaTepaIbHON OCU BCST UCCIIe-
nmyemasi obJlacTh OblJla pa3douTa Ha Tpu perroHa 1o 29—30 kietok (uHelika coorBeTcTBYeT 100 MKM, meneHue — 20 MKM).
(r) UTOOBI CTATUCTUYECKU OLIEHUTh PETMOHATBHbBIE PA3IMUMSI CKOPOCTE CMEILeHUS, TSI KaXKI0TO U3 PeTUOHOB Oblj1a paccyu-
TaHa CpeIHsIsi CKOPOCTh CMEIIeHUsT KJIeTOK. LIeHTpabHast IMHUSI — CPEIHSISI CKOPOCTh CMEIIEHMS B peTMOHE, 3aJITMBKa — CTaH-
nmapTHas ommbka cpemgHero. () st 6ojiee ymoOHOTO aHaIMU3a Il KakKJA0TO U3 PETMOHOB OBUIM PacCUMTaHbl KYMYJISITUBHOE
cpenHee CKOpOCTeil CMEIIeHUs KIETOK U CpelHee mapaMeTpa Mopsiika Iisk KaXIoro U3 KaapoB ¢cbeMKU. CIUIOLIHbIC JUHUYU
(OoCbh OpIVHAT clieBa): KyMYJISITUBHOE CpeHee CMeIlleHUe KJIETOK (CpeIHre CKOPOCTel CMEIIEHUST KJIETOK ObUIM TTOC/IenoBa-
TEJIbHO CyMMUPOBAaHbI B TEUEHUE BCETO BpeMeHU HabuoneHus ). [1omyyeHHbI rpadhMK 1EMOHCTPUPYET, YTO HAMOOJIbIIINE 3HA-
YeHMUSI CMEIIeHU KJIeTOK B HauaJjie HaOII0IeHUsI OOHApYXKMBaAeTCsI B peTMoHe 3. 3aTeM JMHAMUKa CKOPOCTeil ypaBHUBAETCS BO
BCEX TPeX perMoHax, HO K KOHILYy HaOJIIOIeHUST TOCTUTaeT HauOOIbIIMX 3HaUeHUi B peruoHe 1. [lyHKTHpHbIE IMHUU: CpenHee
3HAYEHMe MapaMeTpa nmopsiaka S = (cos(0)) VTS KaKI0Tro U3 perMoHOB. (€) JIJIst BRISIBICHUS K TIOKATbHBIX nedopMalivii BHyTpr
pPErMoHOB OLIEHWIM TUHAMUKY 9KCIEHTPUCUTETA KJIeTOK. HaM He ynanoch BBISIBUTb CTATUCTUYECKU TOCTOBEPHBIX Pa3INUMi
MEXIy 9KCIIEHTPUCUTETOM KJIETOK B HayaJsie U B KOHIIe HaOJIOISHUS BO BCEX TPEX perMoHaxX, POBHO KaK M B CPeIHEM IO BCeM
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KJIETKaM UCCIienyeMoi obacTu.

CMENIICHU NpUHUMAIM HaWOOJbIINE 3HAYEHUS B
MeauaabHOI (puc. 26, opaHxkeBast JIMHUS ) WINM Hav-
OoJiee aTepajabHBIX 00JaCTsIX TyObl (pUC. 20, CUHSIS
JIMHUS), (OPMUpPYS TpaIuEHT BIOJb MeauoJiaTe-
panbHOI ocH. UTOOHBI CTAaTUCTUIECKU OLIEHUTH IIPO-
CTPAaHCTBEHHYI0O HEOTHOPOMTHOCTh CKOPOCTEIl IBH-
JKEHUSI KJIETOK, MBI ITOAPa3ACIIN UCCIIEAYyeMYIO 00-
JIaCTh Ha OTHEeJIbHbIE PETUOHbI, TaK, YTOObI KaxKAbIii
cocrosin u3 29—30 kierok (puc. 2B). B pesynabrarte
ucciaenyemMasi ooJacTb okKazajach mojpasiejieHa Ha
3 pernoHa.

J1s1 KaxXkmoro M3 Tpex IMOIYyYMBIIMXCS PETMOHOB
MpOCIIENMJIN IMHAMUKY CpelHeil CKOpOCTH cMelle-
HUI KJIETOK U CpeIHEeTo IapaMeTrpa Iopsaka S. A0-
COJIIOTHBIC 3HAYCHMS CPEAHEN CKOPOCTU ABVKECHUS
KJIETOK B PETMOHE 3 IIPEBBIIIAIOT TAKOBHIE B PErro-
Hax 1 u 2, ¥ B TeueHue NepBhIX 15—18 MUH cheMKHU Je-
MOHCTPUPYIOT TEHACHIIUIO K BO3pacTaHMIO (puc. 2T,
3ejieHast TuHusA). OQHAKO, B CUJTY BBEIPaXXKEHHEBIX KO-
JnebaHuli cpegHeil CKOPOCTU CMEIICHUM OTOEIbHBIX
KJIETOK JOCTOBEPHO BBISIBUTH TPEHJ IPU IIOJOOHOM
MpeaCcTaBIeHUM JaHHbBIX 3aTPYIHUTEIbHO. J1J1s1 3TOTO
ynoOHee BhIBOJUTH Ha rpaduK KyMyJISITUBHOE Cpel-
Hee CKOPOCTeil CMeIIeHMs KJIETOK, T.€. He a0COJIIOT-
HBIE 3HAYCHUSI CpeTHEeil CKOPOCTH, a IOCJIeI0BaTEIb-
HOCTb CYMM CPEIHUX CKOPOCTEi 3a BCe IIPEAIIECTBY-
[ollIMe JaHHOMY MHTEpBaJIbl HaOMoaeHus (puc. 21,
CIUIONLIIHBIC IMHUU, OCh OpAMHAT ciaeBa). Torma rpa-
¢uK OymeT MMeThb OoJsiee JMHEWHYIO (hopMy, UTO
VIIPOCTUT CpaBHEHME PETrMOHOB MexXmy coboil. Ta-
Koii rpachuk 0osice OTYETIMBO IEMOHCTPUPYET, UTO,
XOTsI M3HAYaJIbHO CpeIHNE CKOPOCTH KJIETOK MpakK-
TUYECKU WUJICHTUYHBI JIJISI BCEX PETMOHOB, B IIePBbIE
15—18 MuH HaOMIOACHUS CPEeTHSISI CKOPOCTD KJIETOK B
peruoHe 3 (puc. 21, CIUIOLIHAS 3eJIeHasl JUHUsI) pac-
TET ObICTPee TAKOBBIX B pernoHax 1 u 2 (puc. 21, cu-
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HSISI M KpacHas CIUIOIIHbIC IMHUM COOTBETCTBEHHO),
U B CpedHEM IO BCEeM KJIeTKaM UcciienyeMoii o61acTu
3apoibia (puc. 21, yepHasi CIUIOIIHAS JIMHUS). DTO
MOXKHO OIIpeAeSIUTh Mo 0oJiee TToaoroi opme rpa-
¢uka Ha 3TOM MHTepBaje. OMHOBPEMEHHO C 3TUM,
MbI CPAaBHUJIU CpeAHee 3HaUYeHUe apaMeTpa Hopsii-
Ka .S UIs1 KaXXIoro perMoHa CO CpeIHUM IJIST Bcex 88
KJIETOK oOpaslia, YTO MO3BOJMIO BBISIBUTH PErvo-
HaJIbHBIC Pa3jIduMsi B COHAIIPABJICHHOCTU KJIETOU-
HBIX IBMIKeHMI (pucC. 21, MyHKTUPHBIC JIMHUM, OCh
opavHAaT cipaBa). Tak, 3HaUeHNUE TapaMeTpa MoPsII-
Ka B peruoHe 3 (puc. 21, 3ejeHass NyHKTAPHAsT JIU-
HUS) CUCTEMATUUYECKU MPEBBIIIAET CPeAHEE TI0 BCEM
KJIeTKaM o0Opaslia B TeYeHUe MePBBIX 6 MUH HaOJII0-
JneHus (puc. 21, YepHasi MyHKTUPHAs JIUHUS). DTOT
BBIBOJI, ITOJITBEPKAAETCS CTATUCTUYECKHU C TIOMOIIBIO
KpuTepusi MaHHa—YWUTHU: IJis TEPBBIX 6 KaapoB
ChEMKH 3HaUeHHE ImapaMeTpa IopsaKa B pernoHe 3
CTAaTUCTUYECKU JOCTOBEPHO OTJIUYAETCS OT CPETHETO
JUTS BCEX KJIETOK IMOpUOHa (3HaYeHue p-value MeHb-
mre 0.01), B oTinyue oT peruoHoB 1 u 2 (puc. 21, cu-
HSISI M KpacHas IyHKTUPHBIE IMHUY COOTBETCTBEHHO).

Ha unrepBane 6—24 MyuH HaOIIOAEHUS ITapaMeTP
nopsiaKa S Bo3pacTaeT BO BCEX peTMOHAX, a ero KoJie-
OaHus yMeHbIIaoTcsa. OMHOBPEMEHHO C 3TUM BO3-
pacTaioT U CKOPOCTU ABIKCHUS KJIETOK: B 00JIaCTU
19 MuH ny1s1 peruoHoB 1 u 2 u B obnactu 17 MuH st
pernoHa 3 Ha rpaduKkax cpeaHeil CKOpPOCTH SIBHO
MPUCYTCTBYIOT TOUKM TTepernda. B ooiaactu 31-if mu-
HYTHI HAOMIOOeHWS 3HAYCHUST MapaMeTpa IopsiaKa B
pernoHax 1 1 2 HaYMHAIOT IPEBHIIIATh TAKOBLIE B pe-
ruoHe 3. C 47-i1 MUH HaOIIOJEeHUs cpeqHee 3HaJve-
HUSI TTapaMeTpa IopsiJiKa B permoHe 3 HaUMHaeT cTa-
TUCTUYECKH JOCTOBESPHO OTIMYATHLCS OT CPEAHETO 110
3apoAbITy B MEHBIIIYIO CTOPOHY. OITHOBpPEMEHHO C
STHUM B peTHOHE 3 3aMeIJIIeTCST POCT CpeTHEN CKOPO-
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CTU CMEIIEHUSI KJIIETOK, YTO MOXHO OMNPEAECIUTh 110
BO3HMKHOBEHMUIO BTOPOTO Mepernda Ha COOTBETCTBY-
fo1eM rpaduke (puc. 21, CIUIONIHAS 3eJIcHas IMHUS,
HauuHag ¢ 27-i MuH). OMHOBpEeMEHHO, B peruoHax 1
M 2 POCT CpedHeil CKOPOCTH IIPOAOJIKAETCS. DTO
MPUBOAUT K TOMY, YTO K KOHILYy HaOJIOACHUS OTJIU-
YUsl B 3HAYEHUSIX CPEIHUX CKOPOCTEil 3HAUUTEIHLHO
YMEHBIIIAIOTCS UIST BCEX TPeX 30H, a TpaUKU KyMy-
JISTUBHBIX CPEIHUI CMEIIeHUs KJIETOK BO BCEX TPEX
PETUOHOB OTKJIOHSIIOTCSI OT IUHENHOM 3aBUCUMOCTH.
HawnbGosnee HarIssmHO 3TO OTKJIOHEHUE BU3YaTIU3UPY-
eTcsl MpU CpaBHEHUU TpaUKOB KYMYISITUBHOTO
CpeIHEro CMeIeHU KJIETOK JIJisl PETMOHOB ¢ Tpadu-
KOM JJ11 BceX 88 KIIeTOK, KOTOPHIi C BRLICOKOM CTeTle-
HBIO JTOCTOBEPHOCTU amnMpPOKCUMUPYETCS TUHEHNHOM
3aBucuMocTblo (R? = 0.9953).

Takum 00pa3oM, CKOPOCTU U COHAIIPABJIEHHOCTh
JIBVKEHUI KJIETOK B peTMOHE 3 CUCTEMATUYECKU OT-
JIA9aeTcs OT PETUOHOB 1 1 2.

AHanu3z npocmpancmeenHo-8peMeHHol OUHAMUKU
hopmul Knemok

YT00KI HAITU IPUYMHY BBISIBJICHHOI HEOTHOPOI -
HOCTU ABWDKEHUI KJIETOK, MBI IIpOaHAJIM3MPOBAIA
¢dhopMy IpaHUIL KJIETOK Ha MOJYYEeHHOI cepuu U300-
paxkeHUii B KaxXIOM M3 TpeX perMoHoB. BaxkHo yTou-
HUTh, YTO B XOI€ ChEMKH! PETUCTPUPOBATINA COMHNY-
HBII ONTUYECKUI cpe3 BOJM3U allKaJbHOW MOBEPX-
HOCTHU KJIETOK 3MU3KOAepMbI. B cBSI3U ¢ 3TUM, 0011
rpaHULIEH I TTapbl COCETHUX KIIETOK MBI OyneM Ha-
3bIBaTh 30HY KOHTaKTa MeMOpaH 3TUX KJIETOK, ITOTaB-
1IIYO Ha ONTUYECKUI cpe3, a OpMOit KIIeTKU — (popmy
CEYCHUS KJIETKM, 3apEeTUCTPUPOBAHHOTO HA OIITHUYE-
CKOM cpe3e.

YT100BI OLIEHUTH JIOKAJIbHBIE IeopMallii BHYTPU
OTHEJIbHBIX PETMOHOB, MBI ITPOAHAIM3UPOBAIN THA-
MUKY 9KCIIEHTPUCUTETA (MEPHI OTKIIOHEHUS (POPMBI
KJIETKY OT OKPY>KHOCTH) OTIAEIbHBIX KJIETOK B UCCIIe-
IyeMbIX permoHax. HaM He ymanoch BBISBUTBH CTaTH-
CTUYECKHU 3HAUMMBIX PA3TUINI MEXITy CPEITHUM 3Ha-
YeHUEM DKCIIEHTPUCUTETA KJIETOK B Hayaje U B KOH-
1Ie HaOMIOACHMSI, KaK B IIeJIOM II0 3MOPHOHY, TaK 1
BHYTPH OTIEJIbHBIX PeTMOHOB (puc. 2¢). OnHaKo aHa-
Jn3 ¢OPMBI KJIETOK MO3BOJIMII BBISIBUTH MHOKECTBO
KJIETOYHBIX CTPYKTYpP, Ha3bIBaeMbIX po3eTKaMmu. I1o-
MOOHBIEC CTPYKTYPHI SIBJISTFOTCST TIPOMEXKYTOUYHBIM 3Ta-
IOM crielMpuIecKux, MPOCTPAaHCTBEHHO OPUEHTH-
POBaHHBIX IEPEYINaKOBOK KJIeTOK (puc. 3a—3a""). Po-
3eTKa (opMUpYeTCS 3a CUeT COKpAIICHMS OOIIMX
TPaHUIL BHYTPH TPYIIIHI KJIETOK, BHICTPOSHHBIX B IBA
mapaUTeIbHBIX TsoKa (puc. 3a). Kaxkmast KiieTka BHYT-
pM MaHHOM TIapbl KJIETOYHBIX TSDKEM CcOKpalaer
CBOIO I'PaHUILY, KOTOPOA OHAa KOHTAKTUPYET C KIIET-
KaMM 13 COCEIHETO TsDKa Tak (puc. 3a'), 9To Ha OITU-
YeCKOM cpe3e TpaHMIIa KOHTAKTa MEXIY KIIeTKaMu
IBYX TSDKEM cxonsTcss B TOUuKy (puc. 3a"). Ha kanpe
CHEMKU TaKasl TOYKa BOZHUKAET M3-3a IPOXOXKICHUS
OIITHMYECKOTO cpe3a Yepe3 OOIIMyIo TpaHuILy T BCeX

BPEJIOB u ap.

KJIETOK PO3eTKN (COHAmpaBleHHYIO aIlTmKo0a3aib-
HOMI ocu). 3aTeM KJIETKU PO3ETKU TPYIITUPYIOTCS B
JIBa HOBBIX TsIKa, MEPNeHANKYISIPHBIX OpUEHTAIIUN
epBOHAYaIbHBIX TsiKell (puc. 3a''). Takue kireTou-
HbIE TIePEeYIMaKOBKM MOTYT UMETh MOpdoreHeTnYe-
cKoe 3HauyeHWe. B 4YacTHOCTM, B TacTpyJsSLIUU
D. melanogaster Takue TeperpyIIIMPOBKU OMOCpe-
IyIOT aKcuajbHOE yIJIUHEHUE SMOPUOHA, IPUBOIS
K pEOpMEHTallMU TSI>Ke it KJIeTOK B aHTepUOTIOCTEPU -
opHoM Hampasienuu (Blankenship et al., 2006). YUto-
OBl OLIEHUTH, KaK MEePEYNaKOBKM KJIETOK Yepe3 po3eT-
KU COOTHOCSITCSI C KapTOii MeXaHUYECKMX HaIlpsiKe-
HUit B racTpyiasuuu X. laevis, Mbl TPOCIETUIN
TepeyIakoBKHU KJIETOK PO3ETOK, MOIABIINX B UCCIIe-
JyeMylo 00JIacTb.

Ha kanpax cbeMKU ynajioch UIeHTU(PUIIMPOBATH
9 po3eTOK, 13 HUX 7 ObUIM JIOKAJIM30BaHbI B pETMOHE 3,
1 — B peruone 2, u 1 — B peruone 1. Pacrmio3nars Bce
COCTaBJISIIOIINE UX KJIETKU yAAJIOCh TOJIBKO JJis1 5 13 9
NACHTUOUIMPOBAHHBIX po3eToK. M3 3Tnx 5 po3eTok
4 OBLIM JIOKAJIU30BaHbI B pernoHe 3, 1 — B peruoHe 2.
MHuTepecHO, 4TO (hOpMUPOBAHUE PO3ETKU B pETUOHE 2
MOCJIeIOBAJIO 3a AeJIEHNEeM OTHOM M3 KJIETOK.

Panee, ¢ momMoipio aHanM3a KJIeTOYHOIT Mopdo-
JIorny Ha GUKCUPOBAHHBIX SMOpPHOHAX OBLIO TIPOL-
MOHCTPUPOBAHO, YTO PO3ETKU IPEUMYILIECTBEHHO
Jokanm3yiorcs B MeauanbHou odmactu ChO (Evsti-
feeva et al., 2010). DT gaHHBIE MO3BOJISIIOT HAaM 00-
Jiee TOYHO WAEHTUMUIIUPOBATH MOJOXEHUE MEIU-
aJlbHOU JTMHUU 3MOproHa. OKa3ajiock, YTO OHA JIO-
KaJM30BaHa B perMoHe 3, KOTOPKIM, TAKMM 00pa3oM,
cooTBeTCcTBYeT MeauanbHoli 30He CBO. Takum 06-
pazoM, menuanbHas JuHUSI CBO He cOOTBETCTBYyeT
CPEIVHHON JIMHUM MCCIIEAyEMOM 00JIaCTU U CMeEIIe-
Ha BJIEBO OTHOCUTEJbHO Hee. Torma peruoHsl 1 u 2
SIBJISTIOTCSI YJ4acTKaMM OMHOM M3 JIaTepaJibHBIX 30H
CBO. Mcxoas n3 3Toro, MOKHO TIPEIAMNOJIOXUTh, UTO
perMoH 3 COOTBETCTBYET OOJIACTU 3apojbIllia, IIe
HanOoJIee aKTUBHO IIPOTEKAET MPOIIECC MHBOIIOLIIMN.

BriOpanHoe BpeMs1 HaOJIOOEHUS HE MO3BOJIUIO
3aperucTPUPOBATh MPOLECC BOSBHUKHOBEHMS U pac-
rnajga pO3ETKU IOJHOCTHIO, OIHAKO WHUIIMAIIUIO
pacmama Tpex pO3eTOK yIalnoch 3a(pUKCUpPOBATH
(puc. 36—36""). B xone pacrama po3eTKu U3MEHSIET-
Cd HampaBJIEHUE HauOOJbIIell MPOTIKEHHOCTU 00-
pasymwoiero ee goMeHa kietok (Blankenship et al.,
2006). TMosToMy opueHTalMsI KJIECTOUYHBIX TI'PaHUI]
MeXIY GOPMUPYIOIIUXCS IPU paciiajgie PO3ETKU TsI-
KaMM, MOXET CIIYXKUTh OLIEHKON BHYTPUTKAaHEBOM
nedopmanuu. B cBsI3u ¢ 3TMM, MBI TIpOaHaIN3UPOBA-
JIU MPOTSKEHHOCTh U OPUEHTALIMIO TPaHUIL] KIIETOK
MpU pacrage pPo3eToK. 3a IMPOTSIKEHHOCTh T'PAaHUIL
MPUHUMAJIA JJIMHY TpaHULBl MeXAYy (POPMUPYIOII-
MUCSI TSDKAaMU Ha MOMEHT OKOHYAHUSI CheMKU. Dop-
MUpYIOIIMEeCs] TPAaHUIIBI OKAa3aJluCh COHAIIPaBJICHBI
aHTEePUITIOCTEPUOPHOIN OCH, OTKJIOHSSICH OT Hee Ha
5.1°, 6.7° u 8.6°. Takum obpa3oM, IIpU pacrnanie po-
3€TKH1 HOBBIE TPaHUIIBI (DOPMUPYIOTCS MPAKTUUECKU
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(a)

@) @")

Puc. 3. (a—a"") CxeMa chopMupoBaHMs U pacriaja KJICTOUHON PO3ETKU B XO/Ie YJIMHEHMS 3apObIlIeBoil mosiocku Drosophila
melanogaster (Ha OCHOBe TaHHBIX, MpeacTaBIeHHBIX B Blankenship et al., 2006). (a) JIBa Tsika KJ1€eTOK, KOTOPbIE BITOCJIEICTBUU
chopMupyIoT po3eTky. (a') [1pu mHUIIManu (opMUPOBaHUS PO3ETKM Kaxkaasl KJIETKa BHYTPU KJIETOYHOTO TsKa COKpallaeT
CBOIO TPaHUIly, KOTOPOil OHa KOHTaKTUPYET C KJIeTKaMM U3 cocenHero Tsoka. (') dopMupoBaHue po3eTKU 3aKaHUMBAETCsI,
KOT/a rpaHuIIa KOHTAaKTa MEXIy KJIEeTKaMU IBYX TSDKEH CXOASTCS B TOUKY (KpacHast Touka). (a™') B xome pacrama po3eTku 06-
pa3yoluii TOMEH KJIETOK TPYIIUPYETCS B IBa HOBBIX TSKa, MEPICHAMKYJISIPHBIX OPUEHTALIMK TIEPBOHAYAIBHBIX TSXKEH.
KpacHasi 1MHUSI — rpaHU1Ia KOHTAKTa MEXAY KJIETKaMU IBYX TsIKeil, TyHKTUPHBbIE KpaCHbIE CTPEJIKA — HaIlpaBJeHUe COKpa-
eHus1/(opMUpOBaHMS TPAHULIBI MEXIY KJIETKAMU IBYX TsDKEU, KpacHasi ToOYKa — HeHTp po3eTku. (6—6"") INocienoBaTesib-
HBIE 3TAITBI pacliaja KJIETOYHOU po3eTKu y X. laevis. (0) KoHGUTYpalnst po3eTKM B MOMEHT Havyajla CbeMKH. (6'—6"") KoHbury-
pauus po3eTku Ha 20-ii, 40-it u 60-it MuHyTe chemku (6', 6", 1 6" cooTBeTcTBeHHO). Ha (6', 6"') MOXXHO HabJI0IaTh pacIia
M3HAYaJIbHOI PO3ETKHU Ha JIBE HOBBIX, ITOCJIE Yero Ha 6" LeHTPhI po3eTOK Mcue3arT. Yucia B KieTkax (6enbiii mpudT) 060-
3HAYalOT MOPSIKOBBI HOMED KJIETKH, KpacHasi TOYKa — IIEHTP PO3eTKU, KpacHasl ITyHKTUPHAasl TUHUS — (popMUpyIomasicss Ho-

Basi rpaHMILIa KOHTAKTa MEXKXAY KJICTKaMU PO3CTKU.

napajjieJIbHO aHTepUIlocTepruopHoit ocu. CorjiacHO
PEKOHCTPYKIIUY KapT MeXaHUYECKUX HaMPsIKEeHUI,
n3noxeHHoii B (Beloussov, 2015), dopMmupyromuecs
IPaHUIIBI TAKXKE OKa3bIBAIOTCS TTapajuIeTbHbI JIMHU -
aMm HanpsckeHus BHyTpu CBO. DTo mmo3BosieTr HaMm
MIPENTOJIOXNUTh, YTO HaOomaeMble IIePECTPONKHI
KOMITEHCUPYIOT YCWJIEHHOE PaCTsSLKeHUE MTOBEPXHOCT-
HOTO CJIOS KJIETOK B XOJIe UHBOJIIOLIMU. B moJib3y aToro
MPEANoJIOKeHNST KOCBEHHO CBUIETEILCTBYET Hau-
OoJsplllee 3HAYEHWE CpENHE CKOPOCTU JBWKEHMIA
KJIETOK B peTMOHe 3 B IIEPBYIO TPETh HAOIIONEHNS.

B manpHeiilleM MBI TDTAHUPYEM TIOMYYUTH TIPSI-
MBbI€ TOKA3aTeILCTBA TOTO, YTO PO3ETKU BBITIOHSIIOT
BaXXHYIO POJIb B PETYJIMPOBAHUM MEXaHWIECKO Ie-
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dopmaiium TkaHu. B mepByto ouepenpb, Hallo yCTaHO-
BUTbD, IIPUBOOUT JIA MHBOJIIOLYS K YCUJICHHOMY pac-
TsokeHnio marepuana CBO. s 3Toro HeoOXoaInMo
n3Meputh gepopManuu Tkanu CBO. 3aTem, MbI T1a-
HUpYEeM MpOBeCTU 0ojiee IMPOIOJLKUTEIBbHYIO LiCii-
TpadepHYI0 ChEMKY, UTOOBI 3aperiCTPUPOBATh IO~
HBI LIMKJI (POPMUPOBAHMS M pacliama PO3eTOK, a
TaKKe IpOoaHaJIU3MPOBaTh MPOTSIKEHHOCTh JOMEHa
00pa3yolInX pPO3eTKY KJIETOK M0 M TIOoCje pacrnanga
po3etku. ki ¢oopMupoBaHUsI pO3eTOK HEOOXOIM -
MO OmucaTtb KMHeMmMatudecku. Kpome Toro, Hy>KHO
U3Y4UTh JIEXAIIUA B €T0 OCHOBE KJIETOYHBIN Mexa-
HU3M, TaK KaK ero IIOHMMaHUe ITO3BOJIMT KOCBEHHO
OLIEHUTH pacIipeAceHs CUI B Xoae (hOpMUPOBaHUS
PO3ETKH.
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OmumcaHbl KaK MMHUMYM JIBa OCHOBHBLIX THIIA
¢dhopMUpOBaHUS PO3ETOK, OTJIMYAIOIIUXCS 1O XapaK-
Tepy pacmpeieieH!sI CUTHAJIbHBIX KOMITJIEKCOB U CO-
KpatuteabHoro arapara kierku (Harding et al.,
2014). B mepBowMm ciydae, F-aktuH, muosuH 11 u psig
0eJIKOB, (KJIIOYEBBIMU CpEIU KOTOPBIX SIBJISIFOTCS
Par-6enku u 6eJIK1 KJIeTOYHBIX KOHTAaKTOB) KOJIOKA-
JIU3YIOTCS B allMKAJILHOM JIOMEHE KJIETKU, a IIPOLIECC
dopMUPOBaHUS PO3ETKU CBOIUTCS K allMKAJILHOMY
COKpallleHHIO 00pa3ylollux ee KiIeToK. Bo BTropoM
cllydae aKTOMMO3UHOBBIN KOMILUIEKC M CUTHAJIbHBIC
MOJIEKYJIbl OKa3bIBAaIOTCS pacIipeieieHbl BIOJb B3an-
MOIepHeHAUKYISIpHBIX oceil. Kak mpasmno, F-ak-
TUH U MUo3uH 11 ToKkaan30BaHbI HA METUATBHBIX ITO-
BEPXHOCTSIX KJIETOK, BHOJb AHTEPOIIOCTEPHUOPHOM
ocu 3MOpHOHa, B TO BpeMs Kak Par-0ejku u 0enku
KJIETOYHBIX KOHTAaKTOB JIOKJIM3YIOTCS HAa aHTepPUOP-
HOM WJIM TOCTePUOPHOI IMOBEPXHOCTSIX KJIETOK,
BIOJIb MeOMoJjaTepajbHOll ocu 3MOpuoHa. Kpome
Toro, F-aktun 1 Muo3uH 11 He KOHLIEHTPUPYIOTCS B
anmMKaJIbHOM JOMEHE, a paCcIIpeIeISTIOTCS BIOJb alli-
Ko0a3aJbHOI OCHU. DTH IBa TUIMA PO3ETOK TAKXKE OT-
JIMYaloTCs BpeMEHEM cylllecTBoBaHUsl. Po3eTku nep-
BOTO TUIA MOTYT CYIIECTBOBATh MPOIOJLKUTEIBHOE
BpeMsI, B TO BpeMsI KaK pO3eTKH BTOPOTO TUIIA OBICTPO
nepecrpauBaroTcs. Kak mpaBuiio, mpolecchl, CBSI3aH-
HbIE C BBITSDKEHUEM TKAHU COIIPOBOXIAIOTCS Iiepe-
CTpPOSHUEM UMEHHO po3eTOK Broporo tumna. [Toatomy,
YTOOBI JOKa3aTh BHICKA3aHHOE HaMU IPEAIIOI0XKeH e
0 PO OOHAPY>KEHHBIX HAMU PO3ETOK B AedhopMaliiu
tKaHu CBO, MBI IIaHUPYEM YCTaHOBUTD, K KAKOMY U3
TUIIOB MIPUHAJIEXKAT 3TU PO3ETKU.

SAKJTIOYEHUE

B nipencraBiaeHHOI 31eCch paboTe MBI OCYILIECTBH-
I JeTaJlbHOE KOJIMYECTBEHHOE ONMCaHUE IBMXKE-
HUii K1eToK B armmakroaepme CBO ractpynsl X. lae-
vis. MBI OOHApPYXWJIN, YTO HMU3Kasl CKOPOCThb CMeEllIe-
HUSI KJIETOK HaOJII0HaeTCsd OMHOBPEMEHHO ¢ HU3KOM
COHAIIPABJICHHOCTBIO IBMXKCHUM M, HA00OpOT, IIpU
BBICOKOI CKOPOCTM IBMKEHUI KJIETOK HaOJIIomaIu
BBICOKYIO COHAIIPaBJICHHOCTb MX cMmelleHuil. [Ipu
9TOM, pacIpeleieHIe CKOpPOCTel W HampaBIICHUIA
CMEILIEHMS KJIETOK BHYTPU HCCIIEIyeMOM 001acTH OKa-
3aJI0Ch IPOCTPAHCTBEHHO HEOMHOPOAHBIM. DTa HEOM-
HOPOIHOCTh IIPUBOIUT K PETMOHAIBHBIM Pa3IMINsSIM
CcpeaHell CKOPOCTM M COHAINpPAaBJIE€HHOCTU IBWXKEHUI
KJIETOK BIOJIb MeauojaTepaabHoi och. YToOkI ycTa-
HOBUTb, COIPOBOXAAIOTCS I OOHAPYKEHHBIC PETHO-
HaJIbHbIE pa3Inyusl BHYTPUTKAHEBbIMU JdechopMaliusi-
MU, MBI IIPOAHATIU3UPOBAIN JUHAMUKY (POPMBI KJIe-
TOK B BBIIEJIEHHBIX pernoHax. Ham He ymamoch
BBISIBUTh CTaTUCTUYECKU 3HAUYMMbBIX Pa3INUUi MeXK-
Iy (bopMoOii KJIETOK B HayaJie M B KOHIIE HAaOJIOACHUS
KakK B 1I€JIOM I10 SMOPHOHY, TaK ¥ BHYTPU OTIAEIBHBIX
pernoHoB. OmHaKo aHaan3 GOPMBI KJIETOK ITO3BOJIUIT
3a()MKCUpPOBaTh PETUOHAJIbHBIC Pa3ndus B aKTUB-
HOCTH UX IIeperpynmpoBoK. B yacTHOCTH, B Meau-

BPEJIOB u ap.

anpHOI 30He CBO OBUIM CKOHIEHTPUPOBAHBI KJIE-
TOYHBIE CTPYKTYPhI, Ha3bIBa€MbI€ po3eTKaMu. AHa-
JIU3 pacriajia po3eTOK IMO3BOJIWJI YCTAHOBUTH, UTO B
XOJIe 3TOTO Mpolecca JOMEH KJIETOK, 0Opa3yIolInx
pPO3eTKYy, HaUMHaEeT yIJIMHSATHCS B HallpaBJICHUU aH-
TEPUONOCTepPUOPHOIT ocu. MBI TpeamnojiaraéM, 4To
MOAOOHEIC IIEPECTPOMKN KOMIIEHCUPYIOT pPaCTSIKe-
Hue matepuana CbO B xome nmpoiiecca MHBOTIOLUN.
HMeHHO II03TOMY PO3eTKHU IIPEBAJIUPYIOT B MEIM-
anmbHOM perroHe ChO, KoTopbiii ITepBBIM BOBJIEKA-
€TCs B IIPOLIECC UHBOIIOLIUH.

Takum o6pa3oM, B JaHHOU pabOTe BIIEPBLIE OMNU-
caHa NPOCTPAaHCTBEHHAas] HEOTHOPOIHOCTb IBUKE-
HUI KJIETOK, KOTOPAast MOXKET CIIYKUTh MOTEHIINATb-
HBIM MCTOYHMKOM T100anbHBIX nedopmarniit B CBO
OecxBoCThIX ampuouii. JanpHeillee MccaeToBaHue
3TOTO MPOIIecca MO3BOJUT U3YUYUTh MEXAHU3M IO/~
JIepXaHUsl cTaauecrelinruuecKX maTTepHOB MeXa-
HUYECKMX CHJI B SMOpUOTreHese.
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Spatio-Temporal Dynamics of Embryonic Tissue Deformations
during Gastrulation in Xenopus laevis: Morphometric Analysis

D. V. Bredov! % *, 1. V. Volodyaev!, and N. N. Luchinskaya'

! Department of Embryology, Faculty of Biology, Lomonosov Moscow State University,
Leninskie Gory 1/12, Moscow, 119934 Russia

2Koltzov Institute of Developmental Biology of the Russian Academy of Sciences, ul. Vavilova 26, Moscow, 119334 Russia
*e-mail: d2707bredov@yandex.ru

Embryo shape changes are underlied by both local and global tissue deformations. According to the laws of
classical mechanics, deformation results only from mechanical force. Thus, localization and qualitative esti-
mation of mechanical forces can be inferred from the dynamics of strain they cause. The main cellular basis
of such deformations is differences in cell migration rates. We provide a detailed description of epiectodermal
cells’ displacements within the dorsal marginal zone (DMZ) of the middle gastrula of Xenopus laevis. We de-
tected spatial anisotropy of cell displacement rates along the mediolateral axis of the embryo and report re-
gions within DMZ that differ in mean displacement rate. The highest means of displacement rate and co-di-
rectionality were predominantly detected in the medial region of DMZ. Cell shape analysis revealed that the
medial region of DMZ is characterized by more pronounced cell rosette formation. We suggest that rosette
formation acts as a mechanism that compensates stretching of the medial region of DMZ during involution.

Keywords: gastrulation, blastopore, morphogenesis, mechanical forces, cell movements, Xenopus laevis
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KpBbICHI SIBISIIOTCSI CAaMBIMM PaCPOCTPAHEHHBIMU JIA00PATOPHBIMU XXKUBOTHBIMU, KOTOPbIE UCIOJIb3YIOTCS B
SKCITEPUMEHTAX TT0 OLIEHKE KapIMOTOKCUYECKUX, B TOM YUCIIe TepaTOreHHBIX, 3((MEKTOB TepareBTHIECKUX
areHToB. [l KOPPEKTHOW MHTEPIPETAllMM PE3YJITATOB SKCIIEPUMEHTABHBIX UCCIENOBaHUIT HEOOXOAMMO
HMMeTb JIeTaJIbHOE TIPeICTaBlIeHNe 00 OCOOEHHOCTSIX Pa3BUTHSI M CTPOSHMSI Cep/Ilia Tab0paTOPHBIX JKUBOTHBIX.
KapnuromopdoreHes KpbiC, B CpaBHEHUM C TAKOBBIM Y YeJIOBeKa, MMeeT cieaylolnie ocodeHHocTu: (1) muk
posepaTUBHOM aKTUBHOCTU KapAMOMUOILIMTOB MPUXOMUTCST Ha TMO3MHUE STAITbl PeHATAILHOTO TIeproaa
OHTOreHe3a; (2) mepexon MUoKapaa OT TUIePIUIacCTUYECKOro TUIIA POCTa K TMIIEPTPOPHUIECKOMY IIPOUCXOIUT B
paHHEM ITOCTHATAJIbBHOM Tieprojie OHTOTeHe3a; (3) ThrnepTpodUUECKUil TUIT pOCTa MUOKApa 3aKJII0YaeTcsl B
00pazoBaHUM KapAMOMUOLIMTOB C HECKOJILKMMU TUTTIOUTHBIMU SIIPAMU — MHOTOSIIEPHBIX KAPIUOMUOLIUTOB.
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BBEIAEHUE

KpbIChl SBISIIOTCST CaMbIM  pacIpOCTPaHEHHBIM
BUIOM J1a00PATOPHBIX JKUBOTHBIX, KOTOPBIX UCITOJIb-
3YIOT B BKCIIEPUMEHTAX 110 OlLIeHKE KapAUOTOKCUYC-
CKUX, B TOM 4YUCJIe TepaTOTeHHKIX, 3(PPEKTOB Tepa-
neBTudeckux areHToB (Jacob, 1999; Corstius et al.,
2005; Rodriguez-Rodriguez et al., 2017; Chen et al.,
2019; Nefodova et al., 2019; Cohen et al., 2021). KpbI-
Cbl, 10 CPAaBHEHUIO C APYTMMU BUAAMU J1a00PATOPHBIX
KMBOTHBIX, UMEIOT CJICAYIOLIME MPEUMYIIECTBa: KO-
pOTKas IIPOAOJIKUTEIbHOCTD XKU3HHU,, BLICOKASI TIOI0-
BUTOCTb, OTHOCUTEJIbBHO KPYMIHBIM pa3Mmep, HU3Kas
yacToTa BPOXKIEHHbIX aHOMasuii cepaua (Bradley et al.,
2018). Oco60 CTOUT OTMETUTH IIPUHIIUITHAIBEHYIO CXO-
XKECTb CTPOCHUS M (PYHKUIMOHMPOBAHUS cepiala y
KphIC 1 YeJIOBeKa: OTHOCHUTENIbHAs Macca cepila, a
TakKe OTHOCUTENIbHAsI TONIUHA CTEHKU ITPaBoOro u
JIEBOTO KEJTYIOYKOB Y KPbIC COOTBETCTBYIOT aHAJIO-
IT'MYHBIM IIapaMeTpam cepaua yegoseka (Bryda, 2013;
Buetow, Laflamme, 2018). CtpoeHue cepaiia mojo-
BO3PENBIX KPBIC MOAPOOHO OMMCAaHO, TOra KaK CBe-
JIEHUs O MpeHAaTaJbHOM U MOCTHATAJBHOM Kapauo-
MopdoreHese KphIC pa3pO3HEHHBI U TPOTUBOPEYMBEIL.
IMokazano, 4To pe3yabTaThl TOILKO 37 % GUOMETNIIH-
CKUX WCCIICAIOBAHUI Ha JIabOpaTOPHBIX KMBOTHBIX
TpaHcaupyloT Ha 4yeioBeka (Hackam, Redelmeier,
2006; Ferreira et al., 2020). /Iis nosbieHus 3hdeK-

TUBHOCTH WICCJIEMOBAHUU Ha KMBOTHBIX HEOOXOIMO
rpaMOTHOE TIAHUPOBAHUE SKCIIEPMMEHTA U KOPPEKT-
Hasl MHTEPIIpEeTalisl Pe3yJbTaTOB, YTO HEBO3MOXKHO
0e3 OeTaIbHOTO MpPEeACTaBICHUsST 00 OCOOEHHOCTSIX
CTPOEHUSI OPraHoB JIAOOPATOPHBIX XKMBOTHBIX Ha pa3-
JIMYHBIX 3Tarax oHToreHesa. llemsio maHHOTrO 0030pa
SABJSIETCS CUCTEMATU3allisl U aHAJIN3 OCOOEHHOCTEM
KaparoMopdgoreHesa KpbIC.

B manHoOM 0030pe akIIeHT caejlaH Ha KapaAuOMOp-
¢orenes kpoic TuHU Bucrap, Crper-Jloynu, a Tak-
Ke 6eCTOPOAHBIX KPBIC — HabOoJIee 9acTO UCIIOIb3Y-
€MBbIX B 9KCIEPUMEHTaX 110 OLIEHKE KapAUOTOKCHUY-
HocTu. PasButue cepaua y OeCrOpOIHBIX KpBIC, a
Takske Kpbic muHuit Bucrap u Crper-Jloynu He nme-
eT paznmnuuii. [1pomoKUTeNbHOCTh TTPEeHATAIbHOTO
MEepUOJa OHTOTEHE3a KPhIC STUX TUHUM OMMHAKOBA U
cocrasisieT 22—23 mHa (AbpamoBa u ap., 2013), uto
MMO3BOJISIET COTTOCTABJISITh CBEICHUS O TTPEHATAIbHOM
KaparnoMopdoreHe3e KPbIC 3TUX JTUHUIA.

PA3BUTUE CEPIIA KPBLICBI
B NTPEHATAJIbHOM
IMTEPUOAE OHTOTEHE3A

Cepuaiie SBasIeTCs epPBbIM OpraHoM, (hopMUpPYIO-
IIUMCSI B Xoe dMOpHoreHes3a. 3akjiaaky cepana oo-
pa3yIoT KIJIETKHU 3apOAbIIIeBOM Me30AepMbI (TIEpBUY-
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MBAHOBA u 1p.

Ta6uuna 1. TToTeHIIMM KapAMOTEHHBIX SMOPUOHAIBHBIX MCTOYHMKOB B pa3BUTHHU KJIETOK cepatia Kpbic (Nakagawa et al.,
1993; Hildreth et al., 2008; Wessels et al., 2012; Liang et al., 2013; YymacoB u np., 2017)

DMOpHOHATBHbII
WCTOYHUK

YuacTtue B KaparnoMopdoreHese

[TpousBonHbIE

[ToreHman nuddepennpoBKU

IMepBuuHOE cepaey-
Hoe ToJie

Ha 9 cyTku npeHatajibHOTO
nepuona oHToreHe3a hbopMu-
pyeT TIpSIMYIO CepAeIHYI0
TPYyOKY

3akianka SHAOKapaa

* @ubpoOIACTHI KJIAMIAaHOB cepalia
* DHAOTEJMOLIMTHI HAOKapAa
* DHIOTEJIUOLUTHI COCYAOB cepla

3akiagka MUoKapaa

* COKpaTI/ITeJ'[I)HI)IC, CEKPETOPHLIC
U IIPOBOIAIINE KapANOMUOILINTEI

BropuyHoe cepaedHoe

I1oJie

Ha 9.5 cyTku npeHarajibHOro
neproaa OHTOreHe3a npeoopa-
3yeT MPSIMYIO CEPIEUHYIO
TpyOKy B C-00pa3Hylo cepled-
HYI0 TPyOKY

3akianka SHOOKapaa

* DHIOTEJIMOIUTHI SHIOKApIa
* OubpoOIACThI KJIAMIAHOB cepalia
* DHIOTEIUOIUTHI COCYIOB Ceplia

3akiagKa MUOKapaa

» CokpaTuTeibHble, CEKPETOPHbBIC

M TIPOBOJSIINE KAPIUOMUOLIUTHI

* ®ubpoOLaaCThI ITeperoHYaTO YacTh
MEeperopoyiKu cepaia

3akiamka SIMKapaa

» Me3sorenuii anukapaa

* @ubpobIacThl MUOKAPIA

* OubpPOOIACTHI KJIAAHOB cepaLia
* ['Magkve MUOLIMTHI U BHAOTEINO-
LIMTHI COCYIIOB cepliia

HepsHEIi1 rpebeHb

Ha 11 cyrku ripeHaTaabHOTO
nepuoa OHTOTeHe3a 3acesisaeT
BBIXOJIHOI TPaKT S-00pa3Hoit
cepaedyHoi TpyOKMn

3akjagkKa apTepu-
aJIbHBIX KJIaITaHOB
cepaa, HepBHBIX
V3JI0B

* TIpoBoxsime KapaAMOMUOIIUTHI

* OubpOOIACTHI KJIAMIAHOB cepalia
* DHIOTEIMOLNTHI 1 TJIaIK1E MUO-
LIUTHI COCYIOB CepIa

* HelipoHbl 1 IIMaIbHBIE KIIETKA

BETCTAaTUBHBLIX Y3JIOB CEpALIa

HOE ¥ BTOPUYHOE CEPIICUHOE TT0JIe) U HEMPOIKTOIEP-
Mbl (HEpBHBI TpeOeHb), KOTOPbIE B pa3IMYHBIC
BpEMEHHBIC MEepUOIbl BHOCIT BKIad B (hOpMUPOBaA-
HUe cepAlia. Bkiaa BeIIEYTTOMSHYTBIX SMOpUOHAJb-
HBIX ICTOYHUKOB B pa3BUTHE KIIETOK cepalia 0000-
1ieH B Tabyuiie (Tabi. 1).

Dopmuposarue npsamoii cepdeuroii mpyoKu

INepBuuHOE cepaedHOE TOJIe Y 3apOAbIIa KPBICH
BBISIBJISIETCSI HA 9 CYTKU MpeHaTaJIbHOTO Meproaa OH-
TOTeHe3a B COCTaBe BUCLIEPAJIbHOTO JIMCTKA CTUIAaHXHO-
Toma. JleTepMuHaLMs 1 ocaenyomas nugdepeHIm-
POBKa KJIETOK BUCLIEPAJIbHOTO JIMCTKA CIJTAHXHOTOMA B
HAIpaBJIEHUN KapOIMOTEeHHBIX KIIETOK-MIPEIIICCTBEH-
HUKOB TIPOMCXOOUT B pe3yiabTare WHAYKIMOHHOTO
BJIMSIHUS KJIETOK SHTOJIEPMBI OCPEACTBOM (haKTOpa
pocta (uOpPoO6IACTOB, KOCTHBIX MOpPQOTeHETHYEC-
ckux 6enkoB, Shh, Wntll u op. (Paige et al., 2015) u
peryampyercsi TPaHCKPUIILIMOHHBIMU  (aKTopaMu
Nkx2.5, Tbx5, Handl, Hand2 u GATA4 (Takeuchi,
Bruneau, 2009).

IlepBuuHOE CcepaeYHOE ITOJE — ITO CKOIIEHUE
KJIETOK B (DOpMe TTOAKOBBI, PA30MKHYTOM 4aCcThIO 00-
pallleHHOI KayJaJdbHO, PacCIlOJIOKEHHOE B KpaHU-
aJIbHOM YacTu 3apojpliia Kpeic (Baldwin et al., 1991;

Suzuki et al., 1995). KiieTku mepBUUYHOTO CEPASYHOTO
TOJIsI, OOpalllecHHBIE B IICJIOM, SIBJISTIOTCS TIpemIie-
CTBEHHUKAaMM KapIMOMUOIIUTOB, TOTMA KaK KIIETKH,
MIpUJIeKaIine K SHTOIepMe, SIBJISTIOTCS TIPEIIIeCTBEH-
HUKaMu sHpotearonuToB (Manner, Yelbuz, 2019).
KpaHuanbHas 9acTh 1ieJioMa SIBJISIeTCs TIperepuKap-
ITUATBHOM TTOJIOCThIO. B TedeHme CyTOK mpekap-
IHWaTbHas Me30AepMa TIePBUYHOTO CEPIEUHOTO TTOJIST
MpeTeprieBaeT 3HAYUTEJbHbIE W3MEHEHUS: KIIETKHU
GOKOBBIX OTIEIOB IIEPBUIHOTO CEPACTHOTO ITOJIS TIe-
peMeIIaloTCsa K CPeIMHHOM JTUHUH TeJla 3apOIbIIia 1
bopMUpyIOT HETTapHOE MPOIOILHOE CKOIUIEHUE, KO-
TOpOe MpeodpasyeTcs B MPSIMYIO CEpACIHYIO TPYOKY
(puc. 1) (DeRuiter et al., 1992). Knetku nepBuyHoro
CepIevYHOro TOoJISI BHOCAT BKJIAI B (hopMUpOBaHME
MUOKapaa U SHIOKapa JIEBOTO KeTyoodyKa 1 000MX
npencepauii (Liang et al., 2013). CTouT OTMETUTB,
YTO YK€ Ha CTaIuM TPSIMOM CepAeUHOM TPYOKM 3a-
KJIagKa cepara objlagaeT COKpaTUTEIbHON aKTUBHO-
ctbio (Chacko, 1976).

Dopmuposarue C-06pasHoii cepoeunoii mpyoKu

MyIbTUIIOTEeHTHBIE KJIETKH-TIPEIIIIeCTBEHHUKH B
cocTaBe (bapMHTEaTbHON Me30IepMBl (POPMUPYIOT
ImapHOe BTOPUYHOE CepAeIHOE ITOJe, PACITOIOXKEH-

OHTOT'EHE3 Ne 5

TOM 52 2021



CEPALE KPBLICHI B TPEHATAJIbBHOM U ITOCTHATAJIbHOM TTEPMOAE OHTOI'EHE3A 331

€)%

)3

Puc. 1. ®opmupoBaHue 3aKJIaK1 CEPILia KPbIChI KIIETKAMU BUCLIEPAJILHOTO JIMCTKA CIJITAaHXHOTOMA. 3apo/ibIleBast 9KTOAep-
Mma (D), 3aponsbiiieBast SHTonepma (DH), 3apoasiiiesslil iesiom (L), xopaa (X), comut (C), 3aponsieBas kuinka (Ku), Heps-
Has Tpyoka (H). INpemmectBeHHuKkrM KapauomuonuToB (K), TpeniecTBeHHMKN 3HIOTEIMOLUMTOB (D), cepredHast TpyoKa
(CT), mopcanbHblii Me3okapad (JIM). PucyHOK BBITIOJIHEH Ha OCHOBE aHaJIM3a CHUMKOB TMCTOJIOTMYECKUX MperapaToB 3apo-

neireit Kpeic TuHUM Buctap (Suzuki et al., 1995).

HOe MeIuaJibHee W JopcallbHee JIaTepaTbHBIX yJacT-
KOB IepBUYHOTO cepaeuHoro 1o (Ivanovitch et al.,
2017). InddepeHIPOBKA KJIETOK BTOPUIHOTO CEp-
MIEIHOTO TIOJS PETYIUPYETCS TPAHCKPUIIIMOHHBIM
dakropowm Isl1 (Moretti et al., 2006).

KiteTki BTOpMYHOTO CepIedyHOoro Iojis IepemMe-
LIAIOTCSI K KpaHUAJTbHOMY M KayldaJbHOMY KOHIIAM
MPSIMOIA CEPIEeYHOM TPyOKM U BHOCST BKJIAd B ¢op-
MUpOBaHUE 3aKJIadoK MUOKapaa Ipelcepaunii, mpa-
BOTO XEJyI04YKa U BBIHOCSIIIIETO TPAKTa, a TAKXKe 00-
pa3yIoT 3aKJIaJKy 3MUKapaa B KaylaJabHOM YacTy 3a-
knanku cepaua (Dodou et al., 2004). He uckintouen
TakxXXe BKJIaJ HEM3BECTHOIO, OTJIMYHOTO OT BTOPUY-
HOT'O CEepIEYHOrO IMOJIsI, UCTOYHUKA (POPMUPOBAHUS
3aKJIagKM dNUKapaa. 3akjaagka SIIMKapaa ImpeacTaB-
JneHa ckomeHneM Wtl u ScX-TTO3MTUBHBIX KJIETOK,
KOTOpBIE ABJISIIOTCS TPENIIeCTBEHHUKAMU Me30Te-
JIMOLIUTOB, (DOPOO6IACTOB, TJIAAKUX MUOLIMTOB 1 9H-
JIOTEJIMOLIMTOB Cep/La.

B pesynbrare nprcoeIMHEHUS KJIETOK BTOPUIHO-
ro cepAcyHOTO IIOJsI, TpsiMasl cepAcyHas TpyoOKa
TpaHchopMmupyercsi B C-00pa3Hyl0 CeplIedHYIo
TpyoKy (Van Vliet et al., 2012). Ha 3akmagke cepmelr
Kkpeic muHun Crper-Joyan mpoaeMOHCTPpUPOBaHO,
yro C-obOpa3Hasl cepieuyHasl TpyOKa MMeeT cIipaBa
BBIITYKJIYIO OOJIbIIYI0 KPUBHU3HY, CJieBa — BOTHYTYIO
MEHBIIYIO KPpUBU3HY, 1 60p031aMu pa3iesieHa Ha OT-
nensl (puc. 2a). KaymanbHoe II0JIOXEHHE 3aHMMAaeT
3aKJIajKa Ipeacepanii, B KOTOPYIO BIIaJarOT MpaBbIid
U JIEBBII pora BEeHO3HOIro cuHyca. KpaHuanbHee 3a-
KJIAgKW TIpeacepauii mocieJoBaTeIbHO PaCoIoXKe-
HBI aTPUO-BEHTPUKYJISIPHbII OTHEN, 3aKJIaIKa JIEBOTO
KeJlyaodKa M 3aKjiaaka IpaBoro xeirymouka. Camoe
KpaHHaJbHOe MojioxXeHue B C-00pa3Hoii cepaecyHOit
TpyOKe 3aHMMAaeT apTepuaibHbIi KoHyc (Marcela et al.,
2012). 3akiagka cepilia COXpaHseT CBSI3b C BHUCILIE-
PAJIbHBIM JIMCTKOM CITJIAHXHOTOMA MOCPEICTBOM IOP-
caJbHOrO Me3okKapaa. Mexny 3akiankoi Muokapaa u
3aKJIAIKOIM PHIOKapaa B cocTaBe mpsiMoit 1 C-o0pa3-
HOI1 cepIeuHOiT TPYOKM OIpeaelIsieTCsT CepAeYHOE XKe-
ne (KosnoB u ap., 1995; Sedmera, McQuinn, 2008) —
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OECKJICTOUHBIN TejieoOpa3HBIA CITOi, comep>Kaminit
TOHKHE TMepervieTalolIecs paauaibHO HaIlpaBIeH-
HBIe (pryIaMeHTBI, IPUKpPETUIsSolIecs K 0a3aJlbHbIM
MeMOpaHaM 3aKJIagKy MUOKapAa U 3aKJIagKu dHIO-
Kapna. CepredHoe Kejle ooecrieumBacT OJHOHAIIPaB-
JIEHHBI TOK KpOoBU B TpyOuaToMm cepane (Manner,
Yelbuz, 2019).

Dopmuposanue S-obpaznoil cepoeunoit mpyoxu

Ha 10 cyt mpeHaTaabHOroO mepHroma OHTOreHe3a
KpBIC TIPOUCXOIUT (DOPMHUPOBAHME METIN 3aKJIaIKU
cepilia, B pe3ybTaTe Yero OoHa IMIPMHUMAaET BUd S-00-
pa3Hoi TpyOKM. 3aKIIagKU MPpeacepanii CMEIIalTCs
JOpcalbHO U KpaHUAIbHO, MCYE3aeT MOpCaIbHBIN
Me30Kap/, Ha BEHTPaJIbHOI CTEHKE POrOB BEHO3HOTO
CUHYCa ONpeAesIOTCs IIPOSNUKAPINATIbHBIE BBITISI-
yuBaHus (Marcela et al., 2012). Hokayt reHOB TpaH-
ckpunimoHHbIX pakTopoB Nkx2.5, MEF-2, Hand-1
n Hand-2 6iaokupyeT pa3BuUTHE cepilla Ha CTaauu
dopmupoBanusa neriu (Van Vliet et al., 2012). Be-
HO3HBIM CUHYC U 3aKJIagKa Npeacepanii y KpbIC B Me-
puon (dopMHUpOBaHUS TIETIIM OOpa30BaHbI CJIOEM
MUOKapa U SHAOKApAa, MeXIy KOTOPBIMU TIPaKTU-
YECKM OTCYTCTBYET CepAeUYHOe XeJie. 3aKIaaKu MUO-
KapJa U 3HAO0KAapJa aTpPUO-BEHTPUKYISIPHOIO OTIAE-
JIa, 3aKJIaJIOK XXeJIyOOYKOB U apTepraIbHOIO KOHyca
pasaeeHbl BhIPAXXEHHBIM CJIOEM CEPIEYHOTro Kejie
(Manner, Yelbuz, 2019). O6pa3oBaHue MeT/iv cepalia
COMpPOBOXKAAETCI YBEINMYSHUEM YaCTOThI COKpallle-
Huii 3akiaaku cepaua (Chacko, 1976). Hauunas c
11 cyT peHaTaabLHOIO ITepUOAa OHTOreHe3a, COKpa-
LIEHUS 3aKJIaJKH Cepala SBISIOTCS PUTMUYHBIMU U
3¢ PEKTUBHBIMU.

Ilosenenue nepeeopodok 6 3akaadke cepouya
u mpabekyaayus muokapoa

Ha 11 cyTt nipeHaTajibHOTO TIEproO/ia OHTOTeHEe3a B
TpyOuaToil 3akjiagke cepaua y Kpbic (hOpMUPYIOTCS
MEPBUYHOE MEXIIPEACEPIHOE OTBEPCTHE, TIEPBUUHOE
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Puc. 2. ®opmupoBaHue netiu (a) U meperoponok (6) B
3akyagke cepana Kpeickl. BeHo3HbIM cunyc (C), 3akian-
ka npencepauit (IT), 3akiragka neBoro xemymouka (JI2K),
3akJjaaKa rnpasoro xenynouka (I12K), aprepuanbHbiil KO-
Hyc (AK), aprepuanbnbiii ctBon (AC). 3akiagka MUO-
kapna (M), 3akianka sHmokKapnaa (), cepmeunoe xene (2K).
ATPUO-BEHTPUKYJISIDHbIE SHIOKapIWaIbHbIEe TMOLYIIKU
(BI1), sHIoKapauaJbHbIE TPEOHM AOPTAIHLHOTO KOHYyCa
(OT'), nepBuuHas npencepaHas reperoponka (II1), Tpa-
OeKyJIbl 3aKJIanku Muokapaa xeiynoukos (T). Pucynok
BBITIOJTHEH Ha OCHOBE aHajn3a CKaHUPYIOIINUX 3JeKTPO-
HOrpaMM U THCTOJOTMYECKUX TIperapaToB 3aKJaIKu
cepata kpeic tuHum Crper-Jloyiau (Marcela et al., 2012).

MEXCKETyIOUKOBOE OTBEPCTUE U 3aKJIaIKa aTpUO-BEH-
TPUKYJIPSIPHBIX K1aniaHoB (puc. 20). Kpaii miepBuaHoit
MpeJICepaHON TIeperopoakKu M aTPUO-BEHTPUKYJISIP-
Hble SHIOKApAWAJIbHbIE TIOAYIIKM OrpaHUYMBAIOT
MepBUYHOE MexXIpeacepaHoe otBepctue (Rogers,
Morse, 1986). [lepBruuHOE MEXKKETYIOUYKOBOE OTBEP-
CTHE y KPbIC OTpaHUYEHO aTPUO-BEHTPUKYISIPHBIMU
SHAOKAPAVATIBHBIMU ITOAYIIKAMU Y HEKOTOPLIMU Tpa-
OeKyJiaMM 3aKJIaJIOK MUOKap/a xKeayaoukoB (Marce-
laetal., 2012).

INlepBuuHast mpeacepaHasi Meperopoaka ciaemayeT
OT IOPCO-KPaHUAJIBHOM CTEHKU 3aKJIaaKU Mpeacep-
nuit BeHTpo-KaynanbHo (Rogers, Morse, 1986). 3a-
KJ1aJKa NepBUYHOM TTpeACepIHON TTeperopoaKu MosiB-
JISeTCS B BUAE MBIIIEYHOTO TpeOHS CTEHKU 3aKJIaIKU
npeacepaunii, B 00JaCTU pacTyLIETo Kpask KOTOPOTO
MO3Hee MOSBISICTCS ME3EHXUMHBINM KOJINavyoK (An-
derson et al., 2002). B ¢opMupoBaHNM ME3eHXUMHO-
ro KoJImayka NpUHUMAIOT Y4acTUe SHAOTEIUOLUTHI,
KOTOpBIE MPOAYLUMPYIOT KOMITOHEHTHI MEXKJIETOU-
HOTO BelIeCTBa U, IIpeTeplieBasl SMUTEINO-Me3eH-
XUMHBIH Tepexo, (GOPMUPYIOT ME3EHXUMHbIEC KJIET-
KU1 pacTyllei NMepBUYHON MpeacEpIHON NMeperopo-
ku (Deepe et al., 2020).

DHAOTEIUOLUThI aTPUO-BEHTPUKY/ISIPHOTO OTAE/1a
TaKKe MPETepIIeBaloT SMUTEIMO-ME3eHXMMHBI Mepe-
XOII M MUTPUPYIOT B MOMJIEXAIEe CEPACYHOE XKejle, B
pesyibTaTe 4ero (OpMUPYIOTCs OOpCalbHAs U BEH-
TpajibHasI aTPUO-BEHTPUKYJ/ISIPHbIC SHIOKApAUATbHbIC
nonyuiku (Manner, Yelbuz, 2019), koTopble SIBISIOT-
Csl IEPBUYHBIMU KJIallaHAMU 3aKJIaaKU cepana. Diu-

MBAHOBA u 1p.

TEeJINO-ME3eHXMMHOMY TIEPEXOay SHIAOTEIUOLNTOB
CrocoOCTBYIOT TpaHchopmupyoimii hakrop pocra 3,
Notchl u Wnt/B-karernun (Combs, Yutzey, 2009).

Ha 11 cyt npeHaTaJibHOro Nepuoaa OHTOTeHe3a Y
KpBIC HaOII0JaeTCsl TpaOeKyIsIKsI MUOKapaa Kejy-
nmoukoB (Marcela et al., 2012). MHBarmHaLmu 3aKJIaaKu
SHAOKApIA TTOTPYXKAIOTCSA B CEPACUHOE XKeJIe Y IOCTU-
raloT 3aKJIagKA MUOKAapAa, MOCJIE Yero oA MHAYKIIA-
OHHBIM BJIMSIHMEM KJICTOK 3aKJIaJKW 3HIOKapaa, Ha-
YMHAETCS epeMelleHHUE TTPEAIIECTBEHHUKOB KapIro-
MUOLIMTOB B cepaeuHoe keje (Manner, Yelbuz, 2019).
B pesynbTaTte B 3aKiIagKax >KeayIOuKOB Cepaia KPbICHI
MOSIBJISTIOTCSI PHIXJIO PACIIONIOXEHHbIE MUOKAPINATIb-
HbIe TpaGeKyJIbl, BLICTIIAHHbBIE 3aKJIANKON SHO0KAp-
Jla, a cepIeYyHOe KeJle HauMHAaeT PedyLpOBaThCS.
IMoka3aHo, 4TO B3aMMOACUCTBUE TIPEIIICCTBEHHM-
KOB JHIOTEJIMOLMTOB U TIPEIIIECTBEHHUKOB Kap-
JTUOMHOLIMTOB B XOJ€ TPaOEKyJISILUU OMOCPELYETCS
Notch (Grego-Bessa et al., 2007). lerpagauus cep-
JIEYHOTO XeJjle PEeryaupyeTcs MeTajuIoNpOTenHA30M
Adamts1, skcrpeccust KOTOpOii KJIETKaMU SHIOKap-
Jla HaxoauTcs moa KoHTpoJjieM Brgl (Stankunas et al.,
2008).

Ha 12 cyt npeHatajibHOro nepuoaa OHTOreHesa
3aKJlaika CepALa CHapyXu IOKpBITA 3aKJIagKOn
snukapaa. Kierku 3aknaaku snukapaa HauuHaloT
MOrpyXaThCsl B 3aKJIaJKy MHOKapjaa U CTpOMY aT-
PUO-BEHTPUKYJISIPHBIX 9HIOKAPAUATIbHBIX MOAYIIIEK
(AMIUTENNO-MEX3EHXMMHBIN TIepeXo/), TIPUYEM BKJIAJ
KJIETOK 3MUKapAUaTbHOTO MPOUCXOXIECHUS B (hOPMU-
pOBaHMe pa3HbIX CTBOPOK KJIalaHOB cep/lia pasiniyeH
(Wessels et al., 2012).

Ha 13 cyT npeHatajibHOTO TIleproia OHTOTreHe3a y
3apoiblllla KPBICHI B BEHTPO-KpaHUAIbHON 4YacTu
TIePBUYHON MpencepaHoil MeperopoaKH TTOSIBIISIETCS
BTOPMYHOE MEXIIPENCEPIHOE OTBEPCTHE B BUIEC MHO-
>KeCTBEHHBIX Tlepdopalinii, KOTOpbIe 3aTeM 00beaN-
HstioTcst (Morse et al., 1984). MesxckenynoukoBasl Te-
peroponka o0beTUHSIETCS C aTPUO-BEHTPUKYIISIPHBIMU
SHAOKAPAVAIbHBIMU MOAYIIIKAMU, 00a 3KeTyI04YKa Co-
00IIIaroTCs C apTepUaTbHBIM KOHYCOM TTEpBUYHBIM Me-
JOKeTyITouYKOBEIM oTBepcTreM (Marcela et al., 2012).

Ilosenrenue apmepuaabHoco cmeoaa 6 3aKknadke cepaua

HN3yuyenne xapamomopdoreHe3a KphIC JHMHUU
Coper-/loynu mokasano, 4TO B 3aKJIagKe cepila Ha
11 cyT nmpeHaTaJIbHOTO TIEpHUOIa OHTOTEHE3a MOSIBJISI-
€TCsI MUCTAJIbHBIN OTAEI BEIHOCSIIETO TpaKTa — apTe-
pYaTbHBIN CTBOJI, 00pa30BaHHBIN ME3eHXNMOI, BBI-
CTJIAHHOW TIpeAIIeCTBEHHUKAMM 3SHIOTEIUOILIMTOB
(Marcela et al., 2012).

B obnacTi aopTabHOTO KOHYyCa B CEpACYHOE JKele
TTOTPY>KAIOTCS ME3CHXMMHBIC KJIETKU 3HIOKapIUaTh-
HOTO TTPOMCXOXIEHUST — (OPMUPYIOTCS CUHUCTPO-
BEHTPAJILHBI M IEKCTpa-TOPCATBHBIN 3HIOKApINATh-
HBIE TPEOHU a0PTATLHOTO KOHYCA, CITYKAIIKe 3aKJTa-

OHTOT'EHE3 Ne 5

TOM 52 2021



CEPALE KPBLICHI B TPEHATAJIbBHOM U ITOCTHATAJIbHOM TTEPMOAE OHTOI'EHE3A 333

KaMU apTepUaIbHbIX KjlanaHoB cepaua (Manner, Yel-
buz, 2019).

Me3eHxrMa HEPBHOTO TpeOHS y4acTByeT B 0Opa-
30BaHUU TIEPETOPOJIKH BBIHOCSIIETO TpaKTa Cepala,
a TakKe JaeT Hadajo KJIETKAM BEereTaTUBHBIX Y3JIOB
cepaua (Hildreth et al., 2008). Kierku HepBHOTO
rpeOHsI, KOTOpbIe BHOCST BKJIaa B (hopMHpPOBaHUE 3a-
KJIaIKU cepala, akcapeccupyior Wntl, Pax3 u Sox10
(Witman et al., 2020). Me3enxuma apTeprUaIbHOTO
CTBOJIA 1 HEPBHOTO T'PeOHS BHOCST BKJIad B (POPMU-
pOBaHUE CTEHKU KPYIHbBIX apTepuii, apTepUallbHbIX
KJ1armaHoB 1 (puGposHoro ckelrera cepaua (Chan et al.,
2004).

Ha 13 cyt nnpeHaTaibHOTO Meproaa OHTOIeHE3a Y
3apoJIbIlIa KPBICHl apTepUajibHbINA CTBOJI TpaHCHOp-
MUpPYETCSI B 3aCIOHKM apTepUalbHBLIX KIIAllaHOB
(Marcela et al., 2012).

Komnaxmuzayus muokapoa

B 3aknankax keyno4ykoB cepala KpbIChl Ha 13 cyT
IIpeHaTaJIbHOTO IIeproIa OHTOTeHEe3a IPOrPECCUBHO
CHMKAETCSI 00BEM CEPACYHOrO KeJie, MPeIIeCTBeH-
HUKJA KapAMOMMOLIUTOB YCTAaHABJIMBAIOT KOHTAKThI
JIPYT C IPYTOM U CO CTPYKTypaMU 3aKJIagK/ SHIOKap-
na. IToMuMo BHYTpPEHHETO TPaOEKyJISIPHOTO CJIOS
MUOKapla, B 3aKJIagKe ceplla IMOSIBIAECTCS HapyxX-
HBII KOMITaKTHBIN cioit Muokapaa (KoziaoB m mp.,
1995). ns obecrieyeHUsT JOCTATOYHOTO MUTAHUS B
YTOJIIIAIOIIEMCSI MUOKAP/IE 3KEJIYTOYKOB 3apOAbILICii
KPBIC B pe3yJIbTaTe BaCKYJIO- M aHTMOTeHEe3a MOSIBIISI-
10TCs1 KpoBeHOCHBIe cocynbl (Ratajska et al., 2003). B
dopMUpPOBAaHUM COCYIOB cepAlia IPUHUMAIOT y4a-
CTHE KJIETKH SIMMKAapAUaJIbHOTO, SHIOKAPAUAIbHOTO
U HelipoakTonepMaiabHoro reHesa (Chan et al., 2004;
Yymacos u ap., 2017).

3aesepuiernue GopmuposaHus nepecopooox
6 3akaadke cepoya

Ha 14 cyT npeHaTajabHOrO Iepuoaa OHToreHes3a B
CEpIIe 3apOabIllia KPBICH B pe3yJIbTaTe OObEeIMHEHMS
JOpPCaIbHOM U BEHTPAIbHOI aTpUO-BEHTPUKYJISIPHBIX
SHIO0KAPAVAIBHBIX MOMYIIEK MOSIBISIETCSI aTPUO-BEH-
TPUKYJISIPHAS IIeperopoaka. ¥ 3apoablliieii KpbIc M-
Huii Bucrap (Wenink et al., 1996) u Cnper-oymu
(Marcela et al., 2012) B 3aki1agke cepana Ha 14 cyT ripe-
HaTaJIbHOTO MEepHOoJa OHTOIeHe3a HauMHAIOT (DopMM-
pOBaThCsSl CTBOPKW aTPHO-BEHTPUKYJISIPHBIX Kiara-
HOB, CYXOXWJIbHbIE HUTA U COCOYKOBBIC MBIIILIBI.
BropuuHoe MeXCcKeTyoqouKOBOE OTBEPCTHE OTpaHUYe-
HO MEXCKETyIOUYKOBOM TePEeropoKoii, MpaBeIMU OY-
TOpKaMM aTpUO-BEHTPUKYJISIPHBIX 3HAOKAPANATbHBIX
MOIYIIEK ¥ CHHUCTPO-BEHTPaJIbHLIM IrpeOHEM apTepy -
aJIbHOTO KOHYyca.

Ha 15 cyr npeHaTtaibHOro nepuoaa OHTOreHe3a y
3apoIbIlIa KPHICHI CIIpaBa OT MEPBUYHON MEXIIpe-
CepaHOM Teperoponku (GoOpMHUPYeTCs BTOPHIHAS
MEXIIpencepaHas Meperopoaka M OBaIbHOE OTBep-
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ctue (Rogers, Morse, 1986). IIporcxonnuT oKoHYa-
TeJITbHOE pa3fiesieHre BBIHOCSIIEro TpakTa cepara,
BTOPUYHOE MEXKEJTYIOUKOBOE OTBEPCTUE YMEHbIIIA-
eTcsI, HO coxpaHseTcsa. MeXKellymouYKoBOe OTBep-
CTHe 3aKpbIBaeTCs Ha 16 CyT peHaTaIbHOIO Meproaa
OHTOTEeHEe3a KPHIC.

SakaouumenvHble SManst NPEHAMAAbHO20
Mmopghoeenesa cepouya

Ha 16 cyr mpeHaTaJbHOIO IIEpMOIAa OHTOTeHE3a
cepalle 3apobliia KpbIChl aHATOMUYECKHU C(DOPMUPO-
BaHO. MexXKeTyIouKOBasI IIeperopoIKa mpeacraBlieHa
anuKaJabHOM (TpabeKyJIsSIpHOI, MBIIIIEYHOIT), CpeTHEN
U 06azajgbHOM (TJaJgKue M KOMITaKTHbIC, TeperoHYa-
TBIE) 30HaMMU. Y TIJI0IOB KphIc JIMHUM BucTap onpene-
JISIIOTCSI BCE CTPYKTYPBI MPOBOISIIEH CUCTEMBI Cep/Lia
(van Kempen et al., 1991). ToJmuHa CTeHKHU XKeJTya04-
KOB 3aKJIaJIKV cepAlia KpbIChl Ha 18 CyT npeHaTaJIbHOTO
Meproila OHTOTeHe3a B HECKOJBKO pa3 MpeBHIIIACT
TOJIUMHY CTeHKU npenacepauii (puc. 3a). Ilponomxka-
eTCsl YTOJIIEHUE CTEHKM KEIYIOYKOB, IPEUMYILe-
CTBEHHO, 3a CYET KOMITAKTHOTO cyiosg Muokapaa (Kosz-
JIoB U Ap., 1995). ToalirHa cCOCyauCTOrO CILJICTCHMS,
MOKPHBIBAIOIIIETO 3aKJaAKy MMOKapaa, BO3pacTaeT,
KPYITHBIE BeHbI ¥ apTepUM Cepilia MOCTEITeHHO YT~
HSIIOTCSI, BETBU KPOBEHOCHBIX COCYIOB MPOHUKAIOT
Briryob Muokapaa (Ratajska et al., 2003). ¥ xpbIc Ha
20—21 cyT mpeHaTaIbHOIO Meproaa OHTOTeHe3a JIO-
KaJIu3alus apTepuil U BEH cep/ilia aHAJIOTUYHA TaKO-
Boli y mojtoBo3pelbix KpbIc (Ratajska et al., 2003).

I[Muk mponudepaTMBHON aKTUBHOCTH Kapauo-
MUOIIUTOB KPBIC TIPUXOIUTCI Ha 18 cyT mpeHaTaib-
HOro nepuona oHtoreHesa (3aropyiiko u ap., 2019).
M3yuyeHne mpeHaTaTLHOTO Pa3BUTHS CepAlla y TUIO-
noB kpbic quHuii Croper-Joynu (Bishop et al., 1990)
u Bucrap (3aropyiiko u ap., 2019) cBUaETe1bCTBYET O
TOM, 4TO Ha 17—20 cyT mpeHaTaabHOrO Nepruoaa OH-
TOreHe3a HaOJomaeTcsl 3HAYMTEIbHOEe YBETWYEeHUE
pa3MmepoB cepaua (tada. 2). O6umii oobeM cepaLa
kpbic iuHuu Crper-Jloyau yBennuusaercs ¢ 2.9 Mm3
Ha 15 cyT IpeHaTaJbHOTO IIepHOIa OHTOreHe3a IO
33.2 MM> Ha 22 CYT IIPEHATAJILHOTO TIEPUOAA OHTOTE-
He3a (Markel et al., 2020). CTouT OTMETUTH, YTO aB-
TOPHI 3aYaCTYIO HE NAIOT IMTOAPOOHOTO OIMMCAHUS Me-
TOOUKY MTPENapOBKU CEPALIA TTIEPEl UBMEPEHUEM, UTO
MOXeT OBITh MPUIMHON pazmmynii MopdomMeTprude-
CKMX IOKasareJell cepaua KpbIC, MOJYYEHHBIX pas3-
HBIMU UCCIIEIOBATEILCKUMU TPYIITaAMHU.

Ilpeobpa3zoeanue s3ndokapda 3akaadku cepoya Kpbic

3akilagKa SHAOKApIA OTJIMYMMAa OT 3aKJIaJKu
MUOKapja yXe Ha CTaguu MpsIMOil cepaecuyHoOi Tpyo-
KM KaK IT0 JIOKAJIM3alMU, TaK 1 110 SKCIIPECCUU KJIeT-
KaMU crenm@uaecKnx MapkepoB, Takux Kak CD31,
VE-kanrepun, VEGFR2 (Drake, Fleming, 2000).
HccnenoBanue 3akilalok cepAua 3apoAbllIcii KpbIC
JMHUM BucTap mmokasaio, 4To 3akiaaka sHaoKapaa y
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(a) (6)

MBAHOBA u 1p.

Puc. 3. CpaBHuTeIbHAST MOPMOIIOTHS Cep/iiia KPhICH B pa3IMIHbIE MIepUObl OHTOreHe3a. Cepiile KpbIChl Ha 19 cyTKu nipeHa-
TaJIbHOTO TIeprOo/ia OHTOreHe3a (a), 1 CyT MOCTHATAIbHOTO Meproia OHTOreHe3a (0) 1 7 cyT MOCTHATAJIbHOTO MeproJa OHTOTe-
He3a (B). PUCYHOK BBINOJIHEH Ha OCHOBE Pe3yJIbTaTOB U3YUEHUSI TUCTOJIOTMYECKMX MpernapaToB cepla MIoI0B KPbIC, HOBO-
POXIEHHBIX KPBIC M KPBIC-COCYHOB JTMHUM BucTtap (cOGCTBEeHHBIC HAOTIOICHUS aBTOPOB).

KpPBICHI BO BeceX oTaenax npsimoit u C-obpas3Hoii cep-
JIeYHOI TpyOKM MMeeT ofuHaKoBoe cTtpoeHure. Kier-
KM 3aKJIaIKu 3HAOKapAa IJIOTHO TMpUIeXaT ApYyr K
JIpYTy, BOAIOTCSI B IPOCBET CEPACUYHOM TPYOKU, TIpU-
JIaBasi PHIOKapAy BUd OyJIbIKHOM MOocTOBOM. KiieTku
3aKJIaJKU dHA0KApJa coaepxaT chepruieckoe Kpyr-
HOE SIIpOo ¢ IpeodiagaHreM syxpoMaTuHa u 1—2 sia-
pBIIIKAMU, a TaKXe BBIPAXXCHHBIM OEJTOK-CUHTETH-
yeckuit arnapar (Markwald et al., 1975).

Paznmuust B cTpoeHUM KITETOK 3aKJIAAKK SHIOKapaa
MOSBIISIIOTCS C HAYAJIOM CETTALUU 3aKJIaIKU Cepala U
3aBHUCSIT OT JIOKAJIM3alM KJeToK. KileTku 3akimagku
SHIOKapaa TIPeNCceparii U XeIyIO4YKOB MOCTEIIEHHO
YIDIOIIAIOTCS, B AATbHEHUIIIEM X CTPYKTYpa IMpaKThJe-
CKU He U3MEHSETCS. YIUIONIEHHBIE KIETKU, BbICTHIA-
TOILIVE TTOJIOCTH TIPEACEPANIA U KETyIOUYKOB, SIBJISTIOTCS
MpealIeCTBEe HHUKAMMY SHIOTEIMOLIUTOB 3HAOKAapAa.

HanpoTus, KJIeTKM 3aKjIaaKyd 9HA0Kapaa, BHICTHU-
JIaIoIINEe aTPUO-BEHTPUKYISIPHBIA OTIENI WM apTepu-
ATbHBIN KOHYC, TPUOOPETAIOT OBOMIHYIO (POpPMY, HE-
KOTOpBIC U3 HUX UMEIOT HallpaBJICHHbIE B cepAeUHOe
XeJse prionoanuu, a B X IUTOILIa3Me pa3BUT I'PaHy-
JISPHBIM 3HOOMJIAa3MAaTUYECKUIM PETUKYIYM U IJIa-
cTuHYaThIif komIutekc (Markwald et al., 1975). YacTb
KJIETOK 3aKJIaJK1 SHIOKapAa, BEICTIAIOIINX apTHO-

BEHTPUKYJISIDHBI OTAEA W apTepUalbHbIA KOHYC,
MOTPYXXaeTCsl B CepIeUHOE XKeJle U YJacTByeT B op-
MHUPOBAaHUM CTPOMBI aTPUO-BEHTPUKYJISIPHBIX SHJIO-
KapauaJdbHBIX MOAYIIEK W SHIOKApANAIbHBIX Tpeb-
Hel aptepuanabHoro KoHyca (Manner, Yelbuz, 2019).
He morpyxaroliiyecss B cepIeuHOe XeJle KJISTKU 3a-
KJIagKW 3HOOKapIa aTpHO-BEHTPUKYISIPHBIX 3HIO-
KapauaJdbHBIX MOAYIIEK U dHAOKApAUAIbHBIX Tped-
Heil a0pTaJIbHOTO KOHYCA MOCTENEHHO YILIONIAIOTCS,
U, HaUMHas ¢ 13 cyT MpeHaTaJbHOIO MePUoaa OHTO-
reHesa, He OTJIMYAIOTCSI OT SHIOTEIMOLIUTOB 3HJIO-
Kapja npeacepauii u xeaynoukoB (Markwald et al.,
1975). YIuromeHHBIE KJIETKM, BBICTUJIAIOIINE aTPHO-
BEHTPUKYJISIPHBIC SHAOKApAUAIbHBIC MOMYIIIKN U 9H-
JIoOKapaIuajabHble TPEOHU aopTaJIbHOIO KOHYCA, SIBJISI-
IOTCSI MPEIIIeCTBEHHUKAMU SHAOTEIUOLUTOB KJilara-
HOB cepalia.

IIpeobpazoeanue muokapda 3akaadku cepoya Kpbic

[MpenmecTBeHHMKY KAapAUOMUOLIMTOB B 3aKJIaIKe
cepaLa uaAeHTUGUIUMPYIOTCS, HaYrHasg ¢ 9.5 cyT npe-
HaTaJbHOrO IepHuofa OHTOreHe3a, MO 3KCIPECCHU
0-SMA, o u B Tsekenbix teneit Mmuosuna (Ya et al.,
1997). Ha 9.5 cyT npeHaTajibHOIO Nepuoaa OHTOTe-

Tab6muma 2. JuHamMuka MopdoMETpUMYECKMX MoKa3zaTejeil cepilla IUIONOB KPhIC Ha MpUMeEpe Kpbic JUHUU Bucrtap

(Clark, 1973; Tto et al., 1998, 2001)

CpokK npeHaTaJabHOro ITnomanp
TonmuHa cTeHKU I1momrans aopTaaTbHOTO
rneproaa OHTOreHe3a, Macca cepaua, mMr MUTPAJIBHOTO 5
JIEBOTO XeJIyo104YKa, MM 2 KJ1araHa, MM
CYTKU KJlaraHa, MM

16 2.7 - -

18 4.0 0.35 0.26 0.05

20 11.7 0.45 0.28 0.12

22 25.9 0.50 0.50 0.26
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He3a B 3aKjajgkKe Muokapaa Kpbic suHun Crper-Io-
YU BIEPBBIC BBISBISIOTCS TU(PGY3HO PaCIIOIOXKEH-
Hble HNK-1-1103uTUBHBIE KJIETKU, IIPEACTABJISIIOIINE
c0060ii TIpeAIIeCTBEHHUKY MPOBOASIINX KapIUOMUO-
urtoB (Nakagawa et al., 1993). Ha 12 cyt npeHaTtajib-
HOTO Meproja OHTOTeHe3a B 3aKJIadKe ceplla KpbIC
BBISIBIISIIOTCS TU(@PY3HO pPacHoIOXEHHBIE CEKPETOP-
HbI€ KapIMOMMUOLIMTHI, COAepXKalllie IPeacepaHbIA
Hatpuilypetndeckuii mentun (Navaratnam et al.,
1989).

Ha cramum npsgmoit m C-o0Opas3Hoii cepaeyHoit
TPYOKM 3aKJIaJKyW MHUOKapaa Ipeacepauit u Kely-
JIOYKOB KPbIC MOPGOJIOTUYECKU HEOTIUYMMBI U CO-
CTOSIT U3 1—2 CI0eB PBIXJIO PACHOJOXEHHBIX IIPe.I-
IIIECTBEHHUKOB KapAMOMMOILIUTOB. DTO OIHOSIIEP-
Hble KJIETKM, obecIieurBalole cepaluedueHue: B ux
UTOIUIa3Me OOHAPYXKMBAIOTCS OTIEJIbHBIE KOPOT-
KHe HeyIopsimoyeHHble MUOGUOPMILIBEI. MUTOXOH-
JIpUM B NpeIlIeCTBEeHHMKAX KapAUOMUOILIUTOB UMe-
IOT HE3HAYUTEIbHOE KOJIMYECTBO KPHUCT, KaHAIbIIbI
arpaHyJsspHOro 3HAOILIa3MaTUYECKOIO PEeTUKYIyMa
npakTudecku He BoIsBIsSoTCs (Ko3inoB u ap., 1995).
Hauunas ¢ 10 cyT npeHaTaJIbHOTO IEpHUOIa OHTOTeHEe-
3a, Ha MNpeAIIeCTBEeHHUKaX KapIUOMHUOLIUTOB KPbIC
Jquauu Crper-Jloyay BBISIBASIETCSI KOHHEKCUH 43.
Konnekcunbl nndp@y3HO pacrnpeneieHbl B IIa3MO-
JIeMMe€ KapIMOMMOLIMTOB, UX KOJUYECTBO IIpOrpec-
CUBHO YBEJIMYMBACTCS B XOJI¢ MPeHATaJIbHOTO MePUo-
nma ontoreHesa (Gourdie et al., 1992).

Jakinagky MHUoOKapia IMpeacepauii U1 MuoKapaa
XKEJyIOYKOB Y 3MOPMOHOB KPbIC HAUMHAIOT OTJIM-
yaTbcs Ha 11 cyT mpeHaTtajabHOTO Meproia OHTOTeHE-
3a, C HAaYaJIOM TPaOEeKy/SILMM MUOKapaa XKeayaod-
KOB. Slapa npeainecTBeHHUKOB KapIMOMUOLIMTOB Ha
9TOi CTaINU CBETJIbIE, C KPYTTHBIM SIIPBIIIIKOM, a B UX
LUATOIUIa3ME OIIPENEISIOTCS IIOJIMCOMBI U Tpodude-
CKHe BKIIIOUeHUsI. MUopuOpMUIB YBEIUIUBAIOTCS B
JIUTMHY U OPUEHTUPOBAHBI IO/ YIJIOM IPYT K APYTy Ha
nepudeprun nuToILIa3Mbl KapauomuonuTa (Bishop
et al., 1990; Koznos u np., 1995). IIpeniiecTtBeHHUKHU
MPOBOASIINX KapAUOMHOLIMTOB TpeaCcepIHO-XKeTy-
JIOYKOBOTO ITy4Ka OMNPEIOEISIIOTCS BIOJIb BEHTPUKY-
JIIPHBIX MUOKApAUAJIILHBIX TpaOeKyJs, (GOpMUPYIO-
WX TIEPBUYHYIO MEXKEJyIOUKOBYIO MEPEeropoaKky
(Nakagawa et al., 1993; Liang et al., 2013).

IMToxkazaHo, 4TO 3aKjagKa MUOKapAa Ipeacepauia
y KpbIc TMHUM Bucrap Ha 12 cyT nmpeHaTajJbHOTIO Te-
puoJa OHTOTeHe3a COCTOUT U3 4—8 CJI0eB PHIXJIO pac-
MOJOXEHHBIX C(pepruyecKnx IpeaieCTBEHHUKOB
KapIMOMMOIIUTOB, TOTJa KakK 3akKjagka MHOKapaa
XKEJYIOUYKOB cOCTOUT U3 8—10 cJI0eB OKPYIJIBIX WU
OBAJIBHBIX IIPEAIIIECTBEHHUKOB KapAWOMUOIIUTOB,
dopMupylommux TpabekynasipHylo ceTb (Seki et al.,
2003). BriepBbie B HEKOTOPBIX IIpEIIIECTBEHHUKAX
KapAMOMMOIIUTOB MOSIBIISTIOTCS CEKPETOPHBIE BE3U-
KyJIbl, COAepXKallre MpeacepaHblii HATpUilypeTude-
ckuit mentua. CeKpeTopHbIe KapaAUOMUOLUTHI I1d-
¢y3HO pacHoI0KeHbl B MUOKApAE 3aKJIaaKu Cepaia
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(Navaratnam et al., 1989). B 3aknaake cepaua y 3apo-
neimeint Kpoic JuHuM Crper-loynu Ha 12.5 cyT nipeHa-
TaJIbHOTO TIeproAa OHTOTeHe3a OTPEALISIIOTCS MpaBast
1 JieBas HOXKM TPeACepIHO-KETyTOYKOBOTO MyJKa.
KineTkn HepBHOTO rpeOHSI 00pa3yIoT 3aKIagKy CUHYC-
Ho-TipeacepaHoro y3na (Nakagawa et al., 1993).

Ha 13 cyt nnpeHaTaJibHOro MepuoJa OHTOTeHE3a B
3aKyIafKe MUOKaplaa XEIyJOUYKOB pa3IndaioT TeM-
HBI€ M CBETJIbIe MPEAIIeCTBEHHNKN KapIOMUOIIUTOB
(KoznoB m ap., 1995). Ceemible TpeniecCTBEHHUKA
KapIMOMMOLIMTOB aKTUBHO COKPAIIAIOTCsI Y IIPOJIMde-
pupytot (3aropyiiko, 3aropyiiko, 2017). TemHbie mipe-
ILIECTBEHHUKU KapAXOMUOIIUTOB SIBJISIIOTCS] (DYHKIIMO-
HaJIbHBIM PE3€pPBOM, aKTUBUPYIOIINMCS K POXICHUIO
KpbIcbl. M3yyeHue nonyssiuuii NpealecTBEHHUKOB
KapJIMOMUOILIMTOB Y 3apojibliiieii Kpbic Bucrap moka-
3aJI0, YTO TEMHbBIC U CBETJIbIC IIPEAIIeCTBEHHUKU
KapAMOMMOIIUTOB CIIOCOOHBI K B3aUMHOMY IpeBpa-
meHuto (3aropyiiko, 3aropyiiko, 2018). CeetTibie u
TEMHBIE TIPeaIIeCTBEHHUKN KapAMOMMUOIIUTOB 00JIa-
JIal0T Pa3IMIHONM YyBCTBUTEJIBHOCTBIO K IEHCTBHIO
noBpexnaronux pakropon (Amiukona, 2004).

Ha 14 cyt npeHaTajJpHOro mepuoga OHTOreHe3a
MPEeAIeCTBEHHUKU CEKPETOPHBIX KapAUOMUOIIUTOB
OIPENENSIIOTCS B TIPENCePAUIX U B XKeIyoouKax, UxX
VILTPACTPYKTYpa CBUIETEILCTBYET O BBICOKOI CHH-
TeTrudeckoii aktuBHocTU (Shevchenko, 2019). B co-
eIUHUTEIIbHOM TKAHU 3aKJIaIKW MUOKapaa oIpeae-
JSTI0TCST  HU3KoauddepeHIIMpoBaHHbBIe (proOpobdIa-
CThl U MYYKU KOJIJIAr€eHOBBIX BOJIOKOH (3aropyiiko,
3aropyiiko, 2018).

Ha 18 cyr nmpeHaranpHOro nmepuoaa OHTOreHesa
MUOKapP/, IIpeacepanii II0I0B KpbIic 00pa3oBaH 2—3
CJIOSIMU KapAUOMMOLMTOB. B X uTOILIa3Me orpe-
JIEJISTIOTCS ITyYKA MUO(DUOPUILI, MUTOXOHIPUM, CUH-
TETUYECKUI annapar.

Muwuokap XKeJlyToIKOB KPBIC TIPEICTABICH TPEMST
pa3sHOHAMPABIEHHBIMU CJIOSIMM KapAWOMUOLIMTOB
(KoznoB u ap., 1995). KapaoMUOLUTHI KeTyT0UYKOB
KpbIC Ha TaHHOM CPOKE MMEIOT BBITSHYTYIO (DOpMy
(Seki et al., 2003) u TUIOTHO TpMJIEXKaT APYT K APYTY,
MUOMUOPIIITBEI B HUX 3aHUMAIOT 3HAYUTEITBHBIN 00b-
€M IIUTOIIa3Mbl, OTHAKO PACITOJIOXEHBI HEYITOPSIO-
YEeHHO, CapKOMepPbl UMEIOT TUITMYHYIO YJIBTPACTPYK-
Typy (Wenink et al., 1996). MUTOXOHIPUH B TIpEIIIIe-
CTBEHHHMKAaX KapIMOMHUOILIMTOB TPENMYIIECTBEHHO
Jokanmm3oBaHbl TiepuHykiaeapHo (KosmoB m g1p.,
1995). ¥V mionoB kpbic auHuu Criper-Jloyiau HaKor-
JICHWE CEKPETOPHBIX BE3WKYJI B CEKPETOPHBIX Kap-
JTUOMUOIIMTAX KEJTYIOYKOB KPBIC TPOUCXOIUT O
KOHIIA MPeHaTaJIbHOTO Tepruoia OHTOTeHe3a, OmHa-
KO, MX KOJIMIECTBO TOPA3I0 MEHBIIIE, YeM B Kaparo-
muonuTax npeacepauii (Lam et al., 2002). Haubons-
IIee KOJIMYECTBO CEKPETOPHBIX BE3UKYII C TIPEeIcep-
HBIM HaTPpUIYypEeTUIECKUM TIETITUIOM TOKa3aHO B
KapIMOMUOIIMTAaX BHYTPEHHETO CJIOSI MMOKapa yIeK
peacepanii. B Xerymodkax ceKpeTOPHBIC BE3UKYJTBI C
MIpeACEPIHBIM HATPUITyPETUIECKIM TIETITUIOM OTIpe-
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JIEJISIIOTCST B CYORHIOKAPAMAJIBHO PaCOJIOXEHHBIX
KapIMOMUOILIMTAX MEXKETYTOUKOBOM MEPETOPOIKY 1
B OCHOBaHUM COCOYKOBBIX MbIlIL (Thompson et al.,
1989).

Hauunas ¢ 20 cyT nmpeHaTajJbHOIO Iepruoaa OHTO-
reHe3a, B MUOKapiAe KPbIC OINPENeSIOTCS eqUHUY-
HBIE IBYsIICPHBIE KapIMOMUOLIUTHI (3aropyiiko, 3a-
ropyiiko, 2017).

TaknMm o6pasoM, muddepeHIIMpoBKa MpemIle-
CTBEHHUKOB KapJIMOMHUOLIMTOB B X0OJI¢ IpeHaTaJIbHO-
ro Iepuoaa OHTOreHe3a 3aK/II0UaeTCs B YBEIMYEHUN
B HUX KOJIMUYECTBA OpraHellI, yMEHBIIIEHUU YIETbHO-
ro oobeMa Tpo(pUISCKUX BKIIIOUYCHUN U YCIIOXKHEHUN
OpraHU3alUM KJIETOYHBIX KOHTAKTOB.

KaparnoMmounTel KpbIC B IIpeHATaJIbHOM IIEPHO-
Jle OHTOreHe3a MMEIOT MEeTabOoIUYeCKre OCOOEHHO-
CTU: OCHOBHBIM 3HEPreTUYeCKUM CyOCTpaToM Kap-
JIUOMHOLIUTOB SIBJISIETCS TJIIOKO3a, YTO OOBSICHSIET
BBICOKYIO aKTUBHOCTb INTIMKOJUTUYECKUX (hepPMEHTOB
B HUX B 3TOT nepuoa. K MOMEHTY pOXIeHUs] aKTUB-
HOCTb T€KCOKIMHA3hl B KAapAUOMMOLIUTAX CHIKAETCS,
Torma KakK aKTUBHOCTBL O-TiniepodocdaTiernapo-
reHasbl, AT®a3pl, TUTpAaTCUHTA3bl, CYKIIMHATACT I~
poreHasbl, MUTOXOHIPUAIbHOM W LIMTOILIa3MaThde-
CKOIf KpeaTUHKMHAa3bl, HAIIPOTUB, Bo3pacTaeT. [Toka-
3aHO, 4YTO y IIogoB Kpbic JuHMU Chper-Jloyiun u
Bucrap B nipenniecTBeHHMKAaX KapaAUOMUOLIMTOB 9KC-
npeccupyitorest B-MHC (B-myosin heavy chain — 3-1s1-
>keJasi uenb Muo3uHa) u ssinl (slow skeletal muscle
troponin I — TpomoHMH | MeIJIEHHBIX CKEJIETHBIX
mbii) (Andrés et al., 1984; Lam et al., 2002). Boi-
paXeHHOe M3MEHEHHE 3JeKTPO(PU3NOIOTUUESCKUX
CBOICTB KapJIMOMUOLMTOB IIPEACEPANIA U XKeJIyo04Y-
KOB KpbIC HabIoaaeTcs nocie 19 cyTok mpeHaTaib-
Horo nepuonaa ontoreHesa (Couch et al., 1969). Dkc-
npeccuss Na' ,Ca?'-00MeHHUKA BO3pacTaeT B XOIE
sMOpHroreHe3a, JOCTUTasI MAaKCUMAaJIbHBIX 3HAYCHUIA
Ha 18 cyT mpeHaTaJbHOTO IIepHOoaa OHTOTeHe3a KPhIC
(Koban et al., 1998). Hanporus, skcnpeccus Ca’*-
AT®a3pl MeMOpaHbl capKoIlJIa3MaTUYECKOTO peTH-
KyJiyMa y TIOJOB KPBIC CHUXKEHA, MO0 CPAaBHEHUIO C
HOBOPOXIEHHBIMM ¥ IIOJOBO3PEIBIMH KphICaMU
(Ribadeau-Dumas et al., 1999).

CTpyKTypHbIE U MeTaboJimyeckue TMpeodpa3oBa-
HUS KapINOMUOIIUTOB B XOJI€ MPEHATAIIBHOTO MePy-
oa OHTOTeHEe3a MPUBOIAT K YIYJIIIEHUIO COKpaTH-
TeJIbHOU (DYHKIIMM MUOKapaa.

IIpeobpazoearnue snuxapoa 3axknsadku cepoua Kpbic

HM3yueHue cepaelr 3MOPUOHOB KpbIC JIMHUMU
Coper-/loynu mmokasano, 4ro K 13.5 cyt nmpeHaraib-
HOTO Meproa pa3BUTUS 3aKJIajiKa 3MUKapaa MoJHO-
CThIO TIOKPbIBAeT 3aKJIaAKy cepila. 3akjajaka 3Iu-
Kapjia obpa3oBaHa 3MUTEJUATbHBIMU KJIETKaMU M
MoJIeXalllUM CJI0EM MEXKJIETOUHOro Beuiectsa. Ha
13.5 cyT mpeHaTaJbHOTO IIEpHOAa OHTOreHe3a 0O0JIb-
IIMHCTBO SMUTEJMOLIMTOB, OOpa3ylolllve 3aKIaaKy

MBAHOBA u 1p.

SMUKapAa, UMEIOT YIUIOIIEHHYIO GopMy ¢ HeOOJb-
LIUM KOJIMYECTBOM MUKPOBOPCUHOK Ha alTMKAIIbHOM
nostoce. Takxke B cocTaBe 3aKJIaIKu 3MMKap/a, riiaB-
HBIM 00pa3oM, B 0O0JIaCTH aTpUO-BEHTPUKYJISIPHOM
MEPErOpPOIKU, OTIPEALISIIOTCS ChepruIecKre KIEeTKU.
B o0Gsact aTpuo-BEHTPUKYJISIDHOW TI€pEeropoaKu
cepilia KIIETKM 3aKJIaJKW BSMOUKapaa IIpeTepIieBaloT
SMUTETNO-ME3EHXUMHBIN Mepexon U MUTUPUPYIOT B
cyosnukapavanbHbIii cinoi (Nesbitt et al., 2006). U3y-
yeHUe MPEeHATATbHOTO KapauoMopdoreHesa KphIC -
HuU Bucrap nokasaso, 4To KJIETKHU 3aKJIaAKK1 SITUKapaa
JaloT Hadano pubpobdiactaM COeAUHUTEIBHON TKaHU
cepala M riaaakuM MMOLMTaM CTEHKM KPOBEHOCHBIX
cocynoB cepatia (YymacoB u ap., 2017). Knetku 3a-
KJIaJKW 3MMKap/ia, TOKPbIBAIOIINE CEPALIe CHAPYXKU,
ABJISIIOTCI  MpPEAIIeCTBEHHUKAMU ME30TETUOLNTOB
SMUKapaa.

PA3BUTHUE CEPAUA KPbICbI
B ITOCTHATAJIbHOM
ITEPUOJE OHTOT'EHE3A

Ilepexon oT MpeHaTaaIbHOIO Pa3BUTHUSI K XKU3HU
BHE YyTPOOBI MaTepu COITPOBOXKAAETCS CMEHOM Iia-
LICHTApPHOTO ra3000MeHa JierouHbIM. DYHKIIMOHAIb-
HOe 3aKpBITHE apTePUaTbHOTO IMTPOTOKA Y KPBIC MPO-
HWCXOIUT B TIEPBBIC Yachl, BEHO3HOIO MPOTOKA — Ha
2 IeHb, OBAJIBbHOIO OTBEPCTUS — HA 3 IEHb ITOCTHA-
TajnbHOro TIiepuoga oHToreHesa (Greeley, White-
Hunt, 2016). CtpyKkTypHOE U (hyHKIMOHAILHOE CO-
3peBaHue cep/lia MPOoI0KaOTCS Y KPbIC 10 TIepuoja
noyioBoii 3pesioctu. CTPYKTYpHBIE TE€pecTPOKHU
cepara MoJI0BO3PEJIBIX KPHIC CBSI3aHbBI, B OCHOBHOM,
C MPOAOJIKAIOIINMCS POCTOM XUBOTHBIX M YBEJIUYEC-
HUEM TIeMOAWHAMWYECKOl Harpy3kKu Ha cepiale.
Kpome Toro, nzBecteH Momyaupymomuii 3pdexT mo-
JIOBBIX TOPMOHOB Ha MOpdho-OYyHKIIMOHAIILHOE CO-
crosinue cepaua (Forman et al., 1997).

Cmpoenue cepoua Henoa0803penbix Kpbic

K poxxaeHuio KpbIChl TOJIIIMHA CTEHKU TIpencep-
MWl 3HAYUTEILHO MEHBIIIE, YeM KeTyTIoIKoB. ToI-
IIIIMHA CTEHOK JIEBOTO XeJIyIoYKa, TTPaBOTO XKeTyI0U-
Ka M MEXCKETyIOYKOBON TMEeperopoaku IMPUMepHO
onnHakoBa (puc. 30). C uaMeHeHEM reMOIuHaAMU -
YeCKMX YCJIIOBUM TIOCTe POKACHMS, Harpy3ska Ha
cep/ille BO3pacTaeT, YTO MPUBOAUT K UHTEHCUBHOMY
pocTy Muokapaa (tab. 3), IIaBHBEIM 00pa3oM, JIEBOIO
xesynouka (puc. 3B) (Anversa et al., 1980). OnHako, B
TepBbIe CYTKM MOCTHATAIBHOTO TIEpUOoia OHTOTreHe3a
Macca KpbIC U MX CEpALIa HE TOJIBKO HE BO3PAacTaeT, HO
1 MOXET HECKOJIbKO CHIKATheA. [1pencocHbIit mepu-
Ol 'y KpBbIC, COOTBETCTBYIOIIUI TEPBBIM 6 4 TOCHe
POXIEeHUs, XapaKTePU3yeTCs amalTaneii JKUBOTHOTO
K HOBBIM YCJIOBUSIM CYIIIECTBOBaHUs (IIpeKpalieHne
TUTAIIEHTApHOTO TUTaHWS, BBICOKOE IIapluajbHOe
JMaBJICHHE KMCIOPOa BO BABIXaeMOM BO3IyXe, HETIO-
CTOSTHHasI TeMIlepaTypa OKpyXKalollleil cpenbl) u
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Taommma 3. JTuHaMuka MOppoMeTpUYSCKUX ITOKa3aTesiei cepila KphIC B IOCTHATAJIbHOM IEpUOAE pa3BUTUS Ha TIPHUMeE-
pe xpoic tuHuu Crper Joyau (Harmon et al., 1986; Jurado et al., 2013; Piao et al., 2013; Gear et al., 2017: Xue et al., 2019)

Cpok OTHoIIIeHWE MacChl cepaiia TonmuHa CTeHKY JI€BOTO
Macca cepaua, mr
MOCTHATaJIbHOTO K Macce Teja, Mr/T KeJlyao4yka, MM
nepuoja OHTOTeHe3a,
CYTKH CaMIIbI caMKU CaMIIbI caMKu CaMIIbI caMKu
2 7.1 61 —
7 6.0 71.2 —
15 5.7 135.0 —
21 4.8 300 1.85
90 3.3 3.6 1440 990 2.57 2.50
180 2.8 3.1 1620 1100 2.60 2.30

JUTUTCSI 10 Havyajia MUTaHUsI MAaTEPUHCKUM MOJIOKOM.
Takum 006pa3oM, KpBICEI B TIepBbIe Yachl MOCTHA-
TAJTBHOTO TIEpUOIa OHTOTeHe3a He ITOyJaloT MHUTa-
TEJIbHBIX BEILIECTB, C UYeM CBSI3bIBAIOT HAOIIOAAEMYIO,
B TOM 4YHCJIe B KapIMOMMOIINTAaX, aKTUBAIIUIO TIPO-
neccoB ayrodaruu (Ost'adalova, Babicky, 2012).

C MoOMeHTa pOXICHUS A0 8 CYT IMOCTHATATHEHOTO
Ieproaa OHTOTeHe3a Macca MPaBoOro XKeaydodKa 1o
OTHOILLIEHHIO K Macce TeJjla IMMPaKTUYeCKU He N3MEHS -
eTcsl, TOTAa KaK Macca JIeBOro KeJIydouKa IO OTHO-
IIEHWIO K MAcCe TeJla MOCJIe POXKIEHUS ITPOrPeCCUB-
HO yBeanunBaeTcs. K KOHIy mepBoii HeAeIu IOCT-
HaTaJIbHOTO Tepuoia OHTOreHe3a Yy KpbIC JWHUIM
Bucrap (Anversa et al., 1980) u Cniper-Zoynu (Gree-
ley, White-Hunt, 2016) ToinHa CTeHKH! JIEBOTO Xe-
JIyIo4Ka cep/ia y KpbIC MPEBHIIAET TONIINHY CTEHKH
MPaBOTro XeNyI0YKa B TpU pasa. [1momans cTBOpoK 1
3aCJIOHOK KJIallaHOB YBEJIMYMBACTCS COOTBETCTBEHHO
pocty cepaua (Greeley, White-Hunt, 2016).

Ilpeobpaszosanue sndokapoa
HENnoA0603pensix Kpbic

Kitamanbl cepaiia HOBOPOXIEHHBIX KPbIC 00pa30-
BaHbI TOHKUM CJIOeM 0a30(UJIBHOTO MEXKJIETOUHOTO
MAaTpHKCa, B KOTOPHIA MOrPy>KeHO MHOXECTBO HU3KO-
mddepeHINPOBaHHBIX KJIeTOK. KitarmaHbl BHICTIIAHBI
OIHUM CJIOEM SHIOTEJIIMOLUTOB. DHAOTCIUOLUTHI,
BBICTWJIAIOLLME KaMephI CepAla, SIBISOTC (PyHKLIMO-
HaJIbHO He3peabiMu KitleTKamu (Yymacos u np., 2018).

C 14 cyT nocTHaATaJIbHOTO IIEPUOAA OHTOIeHE3a Y
KPBIC KJIETOTYHOCTD COCTMHUTEIFHOTKAHHON OCHOBBI
KJIallaHOB cepAlla MPOrPecCMBHO YMEHbBIIIAETCs, a
TUTOTHOCTb KOJUTAar€HOBBIX U 3JIACTUYECKUX BOJIOKOH —
yBenmuuBaetcs (Greeley, White-Hunt, 2016). CTtpyk-
TYpPHOE pa3BUTHE KJIalaHOB CEP/lia y KPbIC 3aBepllia-
eTcsl K 35 THIO ITOCTHATAILHOIO TIep1OoIa OHTOTeHe3a.

IIpeobpazosarnue muokapoa Henoa0803penslx Kpbic

B MUoOKapac KpbIC Ha 1 CyT IIOCTHaATaJIbHOIO IIC-
puruoga OHTOI¢He3a 4YMCJICHHO npeo6naﬂalomeﬁ I10-
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MyJISILUEN KJIETOK SIBJISTIOTCST KapIUOMUOIUTHI (62%
oT Bcex kiretok) (Banerjee et al., 2007). Cpenu HUX
TOJIST TEMHBIX KapIUOMHMOIIUTOB cocTtapiser 41%,
OIHAKO B TeUeHUE MepBOi HeAe U MOCTHATAILHOTO
Teproma OHTOTeHe3a MX KOJMYECTBO CTPEMMTEIHLHO
YMEHBIIIAeTCs 3a CUET Iepexo1a OT (DU3MOJIOTTIECKOTO
MOKOSI K COKPaTUTEIbHOW aKTUBHOCTU (3aropyiiko,
3aropyiiko, 2017). OtmenbHBIE KapAUOMUOLIUTHI 3Ke-
JIyIOYKOB KPBIC B IPEHATATLHOM M HEOHATAJTGHOM TTe-
puoaax OHTOreHe3a UMEIOT MEPBUUHYIO peCHUUKY. Be-
POSITHO, TIEpBUYHAST peCHUYKA UMEeT 3HAUCHHE B PETy-
JISIIIAA  KaJIBIIMEBOTO TOMEOCTa3a KaparOMMOIIMTOB
UCKJIIOYUTENIbHO Ha aTane pa3Butusi cepaua (Kaur
et al., 2018). Ha 11 cyr mocTHaTajJbHOro MepUoIa OH-
TOTeHe3a KapIMOMHOIIUTHI TIPAaBOTO M JIEBOTO KEIy-
JIOYKOB y KpbIC TMHUM Bucrap Mmopdonorniyecku He-
pPa3IMYNMBI, TAKXKE OTCYTCTBYIOT Pa3INIMs B OpTaHK-
31Uy CyOIHIOKAPINATBLHBIX U CYOSITMKApANATbHBIX
y4aCTKOB MHUOKapjaa xkejymodykoB (Olivetti et al.,
1980). B Mmuokapzae npencepanii U Keayao4ykoB HO-
BOPOKIEHHBIX KPBIC AKTUBHO TTPOTEKAET aHTUOTeHE3
(YymacoB u ap., 2018).

BricTpoe yBenmmueHWe MacChl MHOKapla y KpBIC
HabmogaeTcs ¢ 1 mo 14 cyT mocTHaTaaIbHOIO Ieproaa
OHTOTEHEe3a, II0CJIe Yero IPOIecC IPOMOJIKAeTCs
MmemieHHee 10 42 cyt (Greeley, White-Hunt, 2016). B
IOCTHATAJTbHOM TIepUOIe OHTOTeHe3a YBEJIMICHHE
Macchl MUOKap/a y KPbIC TIPOUCXOIUT MO TUTIepILia-
ctTudeckomy U runeprpoduaeckomy tunam (Clubb,
Bishop, 1984; Li et al., 1996).

luneprutacTuyeckuit TUIT pocTa MUOKapaa y
KphIC HabomaeTcs Ha 1—3 CyT ITOCTHATaJIbHOTO TTe-
pHoOIa OHTOTeHE3a U 3aKITI0YaeTCs B YBETMICHUH KO-
JIMYECTBA KApAMOMUOLIUTOB B Pe3y/IbTaTe X JCICHUS.
KonmmaecTBo KapmIMOMHOIIMTOB B TEUYEHME ITEPBBIX
TpeX MHEW IOCTHATAJIGHOTO TIieproda OHTOTeHe3a y
kpsoic uHUU Crper-Jloyau yBeauuusaercd Ha 68% u
nocJje ocraercst moctogHHbIM (Li et al., 1996). Muo-
Kapz B 3TOT Iepro 0Opa3oBaH OMHOSIEPHBIMH Kap-
JTUOMMOITUTAMU C LIEHTPATBHBIM PACTIONIOXKEHUEM ST~
pa, NepUHYKJIEApHOM JIOKAIM3AaLUEe MUTOXOHAPUIA U
CyOI1a3MOJIEMMANIbHBIM  PACIIOJIOXEHEM MUO(puo-
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pwin (Bishop et al., 1990; MBanueHko, TBepnoxieo,
2014). Pa3amep KapaIuOMMUOLIMTOB, a TaKXKe YACIbHbBIN
00BbEM MUTOXOHIIPUIA 1 MUOGUOPUIIIT B MX LIUTOILIA3-
M€ TIpEBHIIIACT aHAJIOTUYHEIE I10Ka3aTead Kapauo-
MUOILIUTOB TIOJ0B Kpbic. MModuOpULIBI pacIioio-
KEeHBbI OoJiee YIMOPSIAOYEHHO BIOJb IJMHHON OCHU
kapauomMuonuToB. C 1 1o 3 cyT MOCTHATAILHOTIO I1e-
puoJa OHTOIeHe3a Y KPbIC 3HAYUTEIbHO YBEJIMYMBa-
€TCsl KOJIMYECTBO HEKCYCOB U IECMOCOM MEXIY Kap-
muomuonutamu (Kosmos u ap., 1995). Hekcycol He
MMEIOT YeTKOM JJoKanu3auuu, a inp@y3Ho pacIiono-
KEHBI B IutazMmosieMMe KapauomuonuToB (Gourdie
etal., 1992). B xkapnuomuonuTax npeacepauit Koau-
YeCTBO CEKPETOPHBIX BE3UKYJ C IPEeACcepIHbIM Ha-
TPUYPETUUYECKUM MENTUIOM HUXKE, YeM B MO3IHUI
IUIOAHBIN IIEpUO, B KAPAMOMHOLIUTAX XKEIYIOUYKOB
oHu He ompenensiorcs (Navaratnam et al., 1989).
ITokazaHo yBeanMueHMUE coaepxKaHUs TPeacepIHOro
HAaTPUIypPETUIECKOIO MEeNTUAa B CEKPETOPHBIX Kap-
IUOMMOLITAX npeacepauii kKpbic auHuu Crper-/o-
yiiu ¢ 3 o 21 cyT MOCTHATaJIbHOTO MepHOoaa OHTOTEeHEe-
3a (Wei et al., 1987).

T'unepTtpoduueckuii TMN pocTa MUOKapAa Y KpbIC
HaGII0JaeTCs, HAUYMHas ¢ 4 CyT IIOCTHATAIBLHOTO Te-
puona oHToreHe3a. KapamoMUOLUTBI KPBIC TEPSIOT
CMOCOOHOCTh 3aBeplliaTh IUTOKMHE3 Ha 3—4 CyT Io-
clie pOXICHUS KUBOTHOIO: ITOJHOLIEHHBIE MUTO3BI
CMEHSIIOTCSI SHIOMUTO30M, B pe3yJibTaTe KOTOPOTO
oOpasyroTcs aBysaepHbie KapauomuonuThl (Clubb,
Bishop, 1984; Liet al., 1997). Iloka3aHo, 4To K 12 cyT
IMOCTHATAJIbHOTO MEPHOa OHTOTeHe3a Y KPhIC JIMHUU
Chper-Jloyau A0jsi ABYSIIEPHBIX KapAHMOMUOLIMTOB
mocturaet 90% (Li et al., 1996). ITocne 15 cyT mocT-
HaTaJIbHOTO MepHroIa OHTOTeHE3a Y KpbIC TMHUU Bu-
cTrap oOlllee KOJUYECTBO KapAMOMUOLMTOB U IOJISI
IBYSIEPHBIX KapAUOMUOILIUTOB OCTAIOTCS MOCTOSIH-
HbIMU (3aropyiiko u ap., 2019).

KapanoMuonuTsl XKenygoukoB KpbIc Ha 6—12 cyT
IMOCTHATAJIbHOTO MEepUOia OHTOreHe3a IpencTaBlis-
IOT CODOOI KIIETKHM BBITSIHYTOM (POPMBI, ComepKaliue
OIHO WJIX JIBA LICHTPAJIbHO PAaCHOJI0XEHHbBIX s1ipa. B
LIMTOIUIa3Me KapAMOMUOLUTOB KpbIC JuHUU Criper-
Joynu MuouOpHLILI 3aHUMAIOT TTepudepudecKoe
MOJIOXKEHNE, MHOTOYKUCICHHBIE MUTOXOHIPUU —
neHTpaibHoe (Bishop et al., 1990). Ha kapauomMuo-
LIUTaX OECIOPOIHBIX KPBIC IMOKA3aHO ITOCTEITIEHHOE
yBeJIMYEHUE KOJIMYECTBA MEXMUOMDUOPUILISPHBIX
mutoxoHapuii (MBanuenko, TBepooxiieo, 2014). Ha
6—9 cyT ITOCTHATAJILHOTO IIEPUOIa OHTOTeHE3a B Kap-
JTUOMMOLIMTAX KPBIC BIIEPBBIE BU3YaTU3UPYIOTCS KO-
potkue T-tpyoouku. K 14—15 cyT mocTHaTajabHOIoO
MeprUoJa OHTOreHe3a B KapAUOMMUOLIUTAX KPbIC U~
HUM Bucrap 3HAYNTETBLHO YCIIOXHSETCS CHCTEMa
T-TpyOouek, KOTOpBIE IPOHUKAIOT BIIyOb ITMTO-
mia3Mel (Seki et al., 2003). [TommepeyHast ucyepueH-
HOCTB CapKOIUIa3Mbl KapAUOMUOIIUTOB KPbIC TTOJTHO-
cThio ¢opmupyetTcst K 21 cyrt mocie poxaeHus. K
3TOMY K€ BpeMEHHU yIeNIbHbIII 00beM MUTOXOHIPUIA
JOCTUTAET BEIWYMHBI, XapaKTEePHOI IS Kapauo-

MUOLIMTOB B3pocibix Kpbic (Ko3moB u gp., 1995).
N30dopMbl hepMEHTOB U UX aKTUBHOCTH B KapIro-
MUOILIMTaX Kpbic TuHUM Buctap u Cnoper-Zloynu Ha
21 cyT mociie pOXICHMS aHAJIOTMYHBI TaKOBBIM Y
B3pocbIX Kpbic (Andrés et al., 1984; L’Ecuyer et al.,
1991; Lam et al., 2002). Dkcrpeccust KOHHeKCHHa 43
COKpPAaTUTEILHBIMUA KapaANOMUOLIMTAMM KPBIC IMHUU
Crper-/loynu nocTuraeT MakcumMyMa K 21 cyT rocTHa-
TaJIbHOTO TIepHoja OHTOTeHe3a, TTocyie Yero Haboaa-
€TCSI TPeXKpaTHOE CHIDKEHME JAaHHOIO IToKa3aTelis K
45 cyT TocTHaTaJIbHOrO Ieprona oHToreHesa (Gourdie
et al., 1992). M3mMeHeHUe 3KCOpecCur KOHHEKCUHA
43 comnpskeHO C mepepacrpeicicHIeM HEKCYCOB B
IUTa3MOJIEMME COKPaTUTEIbHBIX KapaIMOMMOLIMTOB U
¢dopMUpPOBaHMEM BCTABOYHBIX AUCKOB B MOCTHATANIb-
HOM Iiepuofe oHToreHesa (van Kempen et al., 1991;
Gourdie et al., 1992).

UccnenoBanus cepaua Kpbic guHuit Criper-Jlo-
yiu 1 BucTap mokasaiu, 4to Ha 28 CyT MOCTHATAIBHO-
ro TIepHOJIa OHTOTeHe3a KapAMOMUOLIMTHI OTJINYAIOT-
Csl OT TaKOBBIX Y MOJIOBO3PEJIBIX KPBIC TOJBKO MEHb-
UMK pa3MepaMu. Sapa KapoIMOMUOLUTOB B 3TOT
CPOK 3aHMMAIOT LICHTpaAJIbHOE TTOJIOXKEHUE, MUOPUO-
PWLIBI PaBHOMEPHO pacrpeiesieHbl B LIMTOIIa3Me,
MUTOXOHJIPUM PACHONATaloTCsl BAOJHL CAapKOMEPOB,
T-TpyOouky mpeacTaBiasiioT cO00M CIOXKHYIO pa3BH-
Tyto cuctemy (Bishop et al., 1990; Seki et al., 2003).
Tuneprpodust KapaAMOMMOLIMTOB Y KPEIC C 28 110 42 cyT
IMOCTHATAJIbHOTO TIepUOAa OHTOTEeHEe3a 3aKJII04acTCs
B yBeaM4YeHUN padMmepoB kietok (Iliev et al., 2018),
TOrga Kak WX YABTPACTPYKTYpHAs OpraHU3alus
npaktudecku He usmeHsercs (Greeley, White- Hunt,
2016). Pa3amep KapAMOMHUOLIMTOB U UX SIAEP MPOTpec-
CUBHO YBEJIMUUBAIOTCS, YTO OOBSICHSIETCS TIOJIUTLIO-
nan3anueii 6e3 KapruoKnHe3a, U CTAOMIIN3UPYETCS K
45 cyt (3aropyiiko, 3aropyiiko, 2017).

IIpeobpazosanue snukapoda Henoa0803penbix Kpbic

DnuKapa cepalia KpbIchl Ha 1 cyT IMOCTHAaTaIbHO-
ro mMepuoja OHTOreHe3a oOpa3oBaH CJIIOEM TeTepo-
TeHHBIX 110 (hOopMe U pa3Mepy Me30TeJIMOLIMTOB, JIeXKa-
X Ha cyomesorenuanbHoOM ciioe (YymacoB u np.,
2017). Inst HOBOPOXKIEHHBIX KPBIC XapaKTepHa Cy0-
SIMKapAraIbHAS JOKAIN3als BeTeTaTUBHBIX HEPB-
HBIX Y3JI0B U CILIETEHUU B IMIPEACEPAUSIX U XKETy10u-
Kax, TOrjJa Kak MHHepBalusl MUOKapaa pa3BUTa He-
3HauuTesbHO (Hymacos u ap., 2009).

CTPOEHHME CEPALIA
ITOJIOBO3PEJIBIX KPBIC

KpbIcH mocTturaroT moJioBoit 3pernoct K 60 cyT
IMOCTHATAJbHOTO TIepUOJa Pa3BUTHSI, OJHAKO POCT
KUBOTHBIX M YBEJTMUCHUE pa3MepOB cepalia IPoIoI-
XaeTcs 1 B mybdepraTtHbiid nepuon (tadii. 3). Ctpoe-
HUE cep/lla KpbIC aHAJIOTUYHO TAKOBOMY y UEJIOBEKA
(Buetow, Laflamme, 2018), omHakKo MMeeT HEKOTO-
pBle BUITOBBIE OCOOEHHOCTH.
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B wacTHOCTH, y KpBIC TIpaBBIil M JIEBBIM aTpHO-
BEHTPUKYJISIPHBIE KJIAITaHbl HE UMEIOT YETKOTO pa3-
nejieHus1 CTBOpoK. CyXOXXUJIbHbIE HUTU, TPUKPETLIIS -
foIIecs K CTBOPKaM aTPUO-BEHTPUKYJISIPHBIX KJTa-
ITAHOB, CJIEAYIOT OT CBOOOIHOTO KOHIIA COCOYKOBBIX
MBIIIL U HEMOCPEACTBEHHO OT CTEHKM XKeTya04yKa
(Buetow, Laflamme, 2018).

ITpoBongiias cucremMa cepiiia Kpbic MOaApoOHO
oInucaHa y IMOJIOBO3PEbIX KpbIC JMHUM Bucrap u
Coper-Jloynmu. CuHyCHO-TIIpeICEPAHBIN y3€e]I Y KPBIC
JIOKAJIM30BaH B CTEHKE IIPABOI0 Mpeacepausi, BIOJb
apTepuur CUHYCHO-TIpeacepaHoro y3na (Buetow, La-
flamme, 2018), mpencepaHO-KeJIyTO0YKOBEII y3€lI —
B HWXHEM YacTUM MEXIIPEACEPAHOMN IEpEeropoaku
(Mochet et al., 1975). IIpencepaHO-KeayI0YKOBBII
IMyYOK 1 HOXKH IIPEACEPIHO-XKETYTOUKOBOTO IIydKa
CJIEIYIOT B MEXCKEJIyI0UYKOBOM neperopoake. TepMmu-
HaJIbHBIM KOMIIOHEHTOM HpPOBOASIIEHA CUCTEMBbI
cepala SBIISIIOTCS CyORHIOKapAuajabHAasi IIPOBOISI-
11asi CeTh, JJOKAJM30BaHHAasI MO 9HI0KaPIOM XKey-
JIO4YKOB. Muokapn mpeacepauii B o0JlacTU aTpuO-
BEHTPUKYJISIPHOTO COEIMHEHMS IIPEACTABIISICT COO0M
IpaBoe 1 JIEBOE KOJIblla ITPOBOISIIEH CUCTEMBbI CePII-
ma kpoeic. Ha ocHoBaHuM cepAalia B OOJJaCTU MeEX-
MpeacepaHO MeperopoaKU PaCIOI0KeH peTpoaop-
TaJIbHBIN y3ea. He mokasaH BKJIal peTpoaopTaJbHOTO
y371a, JIEBOTO M TIPAaBOTr0 KOJiell MPOBOISIIEH CUCTEMbI
cepalia B HOpMaJIbHOe (DYHKIIMOHMPOBAHUE CEpalia
KpbIc (Atkinson et al., 2013).

CmpoeHnue 3H00Kapoa noao8o3pensix Kpbvic

YV monoBO3penbIx KPhIC dHIOKApH IIPeacTaBieH
OIHUM CJIOE€M DHIOTEJIMOLMTOB U TOHKUM COEINHU-
TeJIbHOTKAHHBIM CyO3HIIOTEIUAIBHBIM CJIoeM, OoJiee
BBIpa>K€HHBIM B IIPEICEPAMSIX, HEXKEIN B XKEIyT0IKax
(Buetow, Laflamme, 2018). ¥V moJjioBo3penbIx KpbIC
9HIOTETMOLIMTHI, BHICTWJIAIOINIME TIOJIOCTH Tpeacep-
IV 1 XEITYO0YKOB, SIBJISIIOTCS YIUIOIIEHHBIMU KJIET-
KaMM C TJIaIKOM JIOMUHAIBHOM IMTOBEPXHOCTHIO. B 3H-
JOTEJMOLIUTAX, BBICTUJIAIOIIMX KJjallaHbl cepala,
HaOJI0OMAOTCS IIPU3HAKM BBICOKOW CEKpPeTOPHOI
akTuBHocTu (YymacoB u np., 2019). B ocHoBaHuu
KJIallaHa CTpoMa TMpeAcTaBjieHa IJIOTHOU odopM-
JICHHOI COeIMHUTENbHOM TKAHbBIO, TOrIa KaK CTPO-
Ma anMKaJbHOM YacTH KJiariaHa cpopMupoBaHa Me-
Hee YIOpsIOYEeHHOI, 00oraToil OCHOBHBIM aMopd-
HBIM BEIIECTBOM COCAMHUTEIbHOI TKAaHBIO.

CmpoeHue Muokapoa noao8o3penvix Kpbic

B Muoxkapzae monoBo3peabix Kpbic TMHUM BrcTtap
10 96% KapIMOMHUOLIUTOB — ABYSIEPHBIE KIETKU
(Bensley et al., 2016; 3aropyiiko u ap., 2019). Muto-
XOHIPUU 3peJIoro KapIMOMHUOLIMTA 3aHUMAaT 30—
40% obbema KJIeTKU U (GOPMUPYIOT KIIACTEPhI, 00b-
eIMHEHHbIE MEXMUTOXOHAPUATBLHBIMIA KOHTAKTAMU
(UBanuenko, Teepooxieo, 2014). CekpeTopHbie Kap-
JTVOMUOLIMTHI Y TIOJIOBO3PEJIBIX KPHIC JOKAIN3YIOTCS
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HUCKITIOUUTEILHO B MPEACEPOMSIX, TTPOLIECChl CUHTE3A,
HaAKOIUICHUSI Y BBICBOOOXKIECHUSI CEKPETOPHBIX BE3U-
KyJI B HUX cbanaHcupoBaHsbl (Shevchenko, 2019).

B MuoKkapae y mojioBo3pesbiX KpbIC KapauOMKUO-
LIMTHI TIpe00JIafatoT 1o 00beMy, HO HE 110 YUCIEHHO-
ctH, coctaBiss 30% kieTok Muokapaa. Cpeny Ipyrix
TUTIOB KJIETOK BEISIBIISTIOTCSI SHIOTETMOIUTHI (64%),
dudpobmacte (27%) n neiikorutsl (9%) (Guo, Pu,
2020). DHmomMm3uii MUOKapaa MpeacTaBIeH KoJljlare-
HOBBIMM BOJIOKHaMM, OKPYXXaIOIIMMU OTIETbHBIE
KapJIMOMUOLIMTHI, TIEPUMU3UI MUOKapaa TMpeacTaB-
JIIeT coboit 6ojiee BBIPaKEHHYIO CeTh KOJIar€HOBBIX
BOJIOKOH, OKPY>KaIOIIIyIO TPYITITHI KapIUOMUOLINTOB. Y
0eCITOPOIHBIX KPBIC YIETbHBIN 00beM KIIETOK W BOJIO-
KOH COeAMHMTETbHOM TKAaHU B IPEACEepAUsIX ITpeoda-
JlaeT Had TakoBbIM B enymoukax (IlaBmoBuu u mp.,
2007). CoemuHuTenbHasi TKaHb MUOKapaa oOorata
KpoBeHOCHBIMU Kamwursipamu (Buetow, Laflamme,
2018).

ITpoBopsias cucteMa cepaua Kpbic oOpa3oBaHa
HONAJIBbHBIMU MPOBOASIIUMU KapJAUOMMUOLIMTAMU,
MEePEXOJHBIMU NPOBOASIIMMU KapAUOMUOLIUTAMU U
muonutamMu IlypkuHbe. HomanbHble mpoBoasiive
KapJIMOMMOLUTHI — 3TO MEJIKHE OAHOSIICPHBIC BEpeTe-
HOBUJHbIE KJIETKU, B LIUTOIJIa3Me KOTOPbIX OMpeessi-
IOTCSl HEYMNOPSIAOUEHHO PAaCIONOXEHHbIe MUOMUO-
PWLIbl, MUTOXOHAPUHU, BbIPAXXEHHBIN IJIaCTUHYATBIA
KOMIUIEKC, CapKOIUIa3MaTUYECKUI PETUKYIYyM. Y
KpbIc TuHUU Buctap T-TpyObouku y HONAJIBHBIX Kap-
JIMOMMOLIMTOB OTCYTCTBYIOT (Bonkosa m np., 2011).
INepexonHble TMpPOBOASIIME KApAUOMUOLIMTHI — 3TO
0ojiee KpYIHbIE KJIETKM TIOJMTOHAJIBHOM (OpPMBI,
UMEIOIIME OJHO KPYITHOE LIEHTPAJIbHO PACHOJIOXEH-
HOE SIIPO 1 HEMHOTOYMCIEHHbIE MUOpUOpuuIbL. Cap-
KoJIeMMa MePEXOIHBIX ITPOBOASIIMX KapIMOMUOILIMTOB
obpazyer mmpoxkue uHBarmHanum (Mochet et al.,
1975). Muouutsl IlypkuHbe — 3T0 KpyIIHBIE OBaJIbHbBIC
KJIETKU, KOTOpbIE MO pa3Mepy MPEBOCXOIAT MEPEXO-
HBIC MTPOBOASIINE KAPAUOMUOLIMTHI. Y OECITOPOTHBIX
KpbIC MUOLIMTHI TlypKMHBE XapakTepu3yloTcsl LIeH-
TpaJbHbIM PACIIOJIOXKEHUEM siApa U 203UHOMUINEH
LUMTOIUIa3Mbl  0€3 TMOIepeyHoOr HCUYepUYEeHHOCTHU
(ITaBmoBuu, 2007).

HomnanpHbIe 1 TTIepeXoaHbIe TIPOBOISIIE KapIO-
MMOILIMTHI PACTIONaraloTcs B y3j1axX MPOBOISIICH CH-
CTEMBbl CepAlLa KpPbICHl HEOOJBIIMMHU IPYNIIAMU,
OKPYXEHHBIMU COeAWHUTEIbHOI TKaHblo (BoskoBa
u ap., 2011). I1pencepaHo-Kenyaq04KOBBIil ITy40K 00-
pa3oBaH TEPEXOMHBIMU TTPOBOMSIIMMU KapIHMOMMNO-
MTaMu 1 MuonuTamu [1ypKuHbe, pacItooskeHHBIMHU
NapajyieIbHO €ro TTPO0JIbHOM ocu. CoeAMHUTETbHAS
TKaHb JIOKATM30BaHa Ha nepudepuu MpencepaHo-xe-
nymoukoBoro mydka (Buetow, Laflamme, 2018). Cy6-
SHAOKapIWaIbHAs TPOBOAMIIASA CETh C(hOPMHUPOBa-
Ha MuouuTamu ITypkuHbe.
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BrnuKap/ y ToJ0BO3PeIbIX KpbIC 00pa30BaH CI0eM
ME30TEIUSI U HE3HAYUTEIbHBIM KOJIMYECTBOM ITOJIE-
Xaren coequmHuTeabHoM TKaHu (Buetow, Laflamme,
2018).

YV 110JI0BO3pEIbIX KPBIC OTIPEAeIsSIOTCS SHA0KAP-
IUadbHOE, MHOKapauajlbHOe M SIIMKapaualbHOE
HepBHBIC criieTeHus . ApdepeHTHBIE HEPBHBIE BO-
JIOKHa OOHapyXXHUBaIOTCSI BO BCeX 000J0UKaX Cepi-
na. TepmuHam 3pdepeHTHBIX HEPBHBIX BOJIOKOH
JIOKQJIM30BaHbl, IIPEUMYIIIECTBEHHO, B MeCTaX BIla-
JIEHUsI B MpeIcepaus WIA BbIXOAA W3 XKEJyIOYKOB
KPOBEHOCHBIX COCYIOB, a TaKxKe B MUOKapHe IIpell-
cepauii, MUoKapae epeaHen U 3aAHEN CTEHOK XKey-
JIo4KoB. B 006JacTu BepXyLIKM cepilla B MHUOKapae
IUIOTHOCTH TepMUHaJIEH 3P (PEeKTOPHBIX HEPBHBIX BO-
JJokoH Hu3Kas (Yymacos u ap., 2009).

3AKJIFOYEHUE

Takum oOGpa3zom, pa3BUTHE Cepilla y KPbIC B lie-
JIOM aHaJIOTUYHO TaKOBOMY y uesioBeka (Buetow, La-
flamme, 2018), omHako, MMeeT pPsid OCOOEHHOCTEMH,
KOTOpBIC CJIeAyeT YYUTHIBATh IMPU WMHTEpPHpETallun
pe3yJIbTaTOB KCIEPUMEHTAbHBIX UCCCIOBAaHUIA.

1. ¥V xpbic UK TiposndepaTuBHON aKTUBHOCTHU
KapAMOMMOIIUTOB MPUXOIUTCS HA MO3MHUE 3TaIlbl
MpeHaTaJbHOro II€pHOoJa OHTOTeHe3a, Toraa Kak y
YyeJIoBeKa KapAMOMUOLIMTHI MPeKpalialoT AeIUThCS K
KOHILy IIpeHaTaJIbHOIO IIepuoma pa3BuTtus (Xavier-
Vidal et al., 1995).

2. Tlepexon ¢ rureprjiacTUYeCcKoro TUIIA pocTa
MUOKap/a Ha TUnepTpodUIecKuii TUIT y KpbIC Ha-
6omaeTcs Ha 4 CyTKU TIOCTHATAIBHOTO TIEPUOIa OH-
TOreHe3a, TOTJa KaK y 4eJOBeKa MPOUCXOIUT Clle
BHYTpUyTpoOHO (Xavier-Vidal et al., 1995).

3. B otimure oT MrUoOKapaa yejaoBeka, B KOTOPOM
OTPENENSIIOTCS OTHOSIAEPHBIE TOJIUILUIOUAHBIE Kap-
nuomuolthl (Bergmann et al., 2015), B Mmuokapme
KpbIC TUIIEPTPOGUYECKUIA TUIT pOCTa MUOKapAa 3a-
KJTIIOYaeTCS B MOSIBJICHUUW IBYSAEPHBIX KapIUOMUO-
LIUTOB.

4. B cocTaBe s1rMKapa KpbIC, B OTJNYHUE OT TaKO-
BOTI'0 y YEJIOBEKA, OTCYTCTBYIOT MJIM HEMHOTOUYMCIICH-
HBI aIUTIOLUTHI. DTO MOXKET OBITh CBSI3aHO C TEM, UTO
BEHEYHBIEC aPTEPUU B CEPALIE KPBIC JIOKATUZYIOTCS HE
B TOJILIIE SITMKapAa, KaK y 4eJIoBeKa, a MHTpaMHUOKap-
JIHUAJBHO.

5. CybsHookapauaabHasi OCHOBA Y KPBIC MMEET
HE3HAYUTEJILHYIO TOJIIMHY, B CPABHEHUU C TAKOBOI
B DHIOKAap/Ie YeJIOBeKa.

6. ATpHO-BEeHTPUKYJISIPHBIC KJTallaHBI Y KPBIC HE
MMEIOT YETKOTO pa3aesicHUsT Ha CTBOPKH, a Y YeJIoBeKa
YEeTKO OIPENEeNSIOTCS IBE CTBOPKM B COCTaBE JIEBOTO
aTpUO-BEHTPUKYJISIPHOTO KjlallaHa W TP CTBOPKH B
COCTaBe MPABOTO aTPHO-BEHTPHUKYJISIPHOTO KITaraHa.

MBAHOBA u 1p.

CTpyKTypHO-(OYHKIMOHATbHEIE OCOOEHHOCTH
cepala KpbiC B pas3jiMYHbIE TEPUOIBI OHTOTEHEe3a
HEeOOXOAMMO YYUTBIBATb MPU WHTEPIIPETALNU Pe-
3yJIBTATOB 3KCIEPUMEHTATBHBIX NCCIICIOBAHMUIA.

COBIIOAEHWUE 9TUYECKMNX CTAHIAPTOB

Hacrosiiias cratbst He COOCPKUT OIIMCaHMA BBIITOJI-
HCHHBIX aBTOpaMM UCCJIEIOBAHU C yyactuem Jaonei unu
HMCIOJIb30BAHUEM XXMBOTHHIX B KAUeCTBE OOBEKTOB.

KOH®JIMKT MHTEPECOB

ABTODBI 3asIBJISIIOT, YTO KAKOW-TMO0 KOH(MIMKT UHTE-
DPECOB OTCYTCTBYET.

NHDOOPMAILIUA O BKIIAJE ABTOPOB

N.B. MuibTo paspaboTan KOHIIEMNIIMIO, a TAKXKE OCy-
LIECTBWI KPUTUYECKUI aHAJIU3 COAEPXKaHUS JTUTepaTyp-
Horo o63opa. O.H CepebpsikoBa yyacTBoBaJla B Hamuca-
HUM pasnena “Pa3BuTue cepiiia KpbIChl B IIpeHATAIbHOM
nepuoae oHToreHe3a”. B.B. BaHoBa ydyacTBoBajia B Ha-
nyucaHuu paznena “Pa3Butue cepiiia KpbIChl B ITOCTHa-
TaJIbHOM TepHoJe OHTOreHe3a”, MOATOTOBKE PYKOITUCH K
MyOoJIMKAIUK, a TAKXKE SIBJISIETCSI aBTOPOM WMJLTIOCTPALIUA.
M.B. Cyxomoyio yTBep:xKIajla OKOHYATEJIbHBIM BapUaHT
CTaThU IS TyOJUKALIUH.
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Rat Heart in the Prenatal and Postnatal Period of Ontogenesis

V. V. Ivanoval- *, 1. V. Milto" 2, O. N. Serebrjakova', and I. V. Sukhodolo!
ISiberian State Medical University, Moskovsky trakt 2, Tomsk, 634055 Russia
2Seversk Biophysical Research Centre, P.O. Box 130, Seversk-13, 636013 Russia
*e-mail: ivvera92@rambler.ru

Rats are the most common laboratory animals used in experiments to evaluate the cardiotoxic, including
teratogenic, effects of therapeutic agents. It is necessary to have a detailed understanding of the developmen-
tal and structural features of the heart of model animals for a correct interpretation of experimental studies
results. Cardiomorphogenesis in rats, in comparison with that in humans, has the following features: (1) the
peak of the proliferative activity of cardiomyocytes decreases on the late stages of the prenatal period of on-
togenesis; (2) the transition of the myocardium from the hyperplastic to the hypertrophic growth type occurs
in the early postnatal period of ontogenesis; (3) hypertrophic type of myocardial growth consists in the for-
mation of cardiomyocytes with several diploid nuclei — multinucleated cardiomyocytes.

Keywords: cardiomorphogenesis, ontogenesis, rat

OHTOI'EHE3 ToM 52 Ne5 2021



OHTOTEHES3, 2021, mom 52, Ne 5, c. 345366

YIK 574/577,576.37,591.16,57.085.23

OB30PbI

INPUMEHEHUWE KOHIEIIIINN KPUOBAHKA ITO OTHOIIIEHNIO
K INKNM N NCHE3SAIOIIINM BUJIAM OTPAIA XUIITHBIX (CARNIVORA)

© 2021r. C. d. Amcrucaasckmii> *, B. 1. Mokpoycosa“, C. B. Okorpyo*?,
E. 10. bpycennes?, B. A. Hanpumepos* ¢
4@Pedepanvroe 2ocydapcmeennoe 6r00xucemuoe Hayuroe yupexcoerue “Dedepanvrulil uccaedosamenvckuii yeHmp

Hucmumym yumonoeuu u eenemurku Cubupcxoeo omodenenus: Poccuiickoii akademuu Hayk”,
np. Ax. Jlagpenmoesa, 10, Hosocubupck, 630090 Poccus
b@raoy BO “Hosocubupckuii nayuonanshuiii uccaedogamensckuii eocydapcmeennniii yuugepcumem” (HT'Y),
ya. Ilupoeosa, 2, Hosocubupck, 630090 Poccus
“PIrAO0Y BO “Hoesocubupckuii cocydapcmeennniit acpapubiii ynusepcumem” (HIAY),
ya. Hobponrbosa, 160, Hosocubupck, 630037 Poccus
*e-mail: amstis@yandex.ru

IMoctynuna B pemakiuio 13.12.2020 r.
IMocne nopa6otku 24.03.2021 r.
[Mpunsra k nyoankamum 28.03.2021 1.

B cTtaThe onucaHbl OCHOBHBIC JOCTHXKEHUSI B 00JIACTU KPUOKOHCEpPBALIMU TaMeT M PaHHUX SMOPHOHOB
MJICKOTIMTAIOIIMX OTPsiAa XUIIHBIX. OOCYXIAI0TCS TaKXKe MPoOJeMbl IPUMEHEHUSI COBPEMEHHBIX Perpo-
MYKTUBHBIX TEXHOJIOTU MO OTHOLLIEHMIO K YSI3BUMBIM M MCUE3aI0IIMM BUAaM 3TOro orpsaa. B yactHocTH,
KPUOKOHCEpBAIUsI OOLUTOB U SMOPUOHOB Y MCCJIENOBaHHBIX BUIOB Carnivora ocjioXHeHa OOMINEM B HUX
JIMIUAHBIX TpaHy. O630p chOKYyCHpPOBaH Ha ceMeiicTBaX KOLIaubMX, IICOBBIX, KYHBUX U MEABEXbHUX, IO~
CKOJIBKY UMEHHO JIJISI 3TUX CEMENCTB HAKOILIEH LIEHHbBII OIBIT MIPUMEHEHMsI COBPEMEHHBIX JOCTHXKEHWI
pPenpoOAYKTUBHOI GUOJIOTUH B OTHOLLIEHUM HEAOMECTULIMPOBAHHbBIX BUIOB, B TOM YKCJIE Mcue3atoimux. s
CpaBHEHUs ITPpUBEIEHEI 0a30BbIe UCCIIENOBAHMS Ha JOMECTULIUPOBAHHBIX IPEICTABUTEIISIX OTPSIIAa — KO-
Ke, cobake U JoMallrHeM XopbKe. [1py 3TOM yUYUTHIBAIOTCS OCOOEHHOCTHU PEIIPOAYKTUBHOM OMOJIOTUM, Xa-

PaAKTCPHbIC IJIsd HpeZ[CTaBHTeHCﬁ 3TUX CEMEMCTB.

Karuesbie croea: vicuesalonye BUIBI, KOIAYbU, TICOBbIe, KYHbHM, MEIBEXbU, CIIEPMATO30UIbI, OOIIUTHI,
MPEeUMIUIaHTAalMOHHbIE SMOPUOHBI, TEHETUYECKHE PECYPChI, KPUOKOHCEPBAIIUS

DOI: 10.31857/S0475145021040029

BBEAEHWE

B Hacrosiee BpeMsi, okojio 1200 BUIOB, TO €CTh
MPUMEPHO YeTBepTast YaCTh BCEX CYIIECTBYIOIINX BH-
OB MJICKOITMTAIOIINX, HAXOOATCSI TION YIpO30il nc-
Ye3HOBEHMUS, SIBJISTIOTCS] PEIKUMHU WA BBIMUPAFOIITH-
MU. BoJiblire Bcero Takvx BUIOB CPEIN TPBI3YHOB, Py-
KOKPBUIBIX, IIPUMATOB, KHUTOMAPHOKOITBITHBIX W
xuinHbIX (International Union for the Conservation of
Nature (IUCN), https://www.iucn.org). Ha cero-
IHSIITHUN AeHb oTpsa xulliHbie (Carnivora) BKJIto4a-
eT B cebs 15 cemeiicTB (mo manHbIM NCBI taxonomy
browser; https://www.ncbi.nlm.nih.gov/Taxonomy/
Browser/wwwtax.cgi). HaubGosnee usydyeHHbIMU U3
HUX B IJIaHEe PEINpPOAyKTUBHOI OMOJIOTUM SIBISIIOTCS
ncosble (Canidae), kyneu (Mustelidae), MenBexxbUu
(Ursidae) 1 xomrausu (Felidae) (Amstislavsky et al.,
2012). B Kaxx10oM 13 3THX YeThIPEX CEMECTB €CTh BUIIBI
C pa3HBIM OXpaHHBIM cTtatycoMm (https://www.iucn.org).
JocTaToOYHO OCTPO CTOUT IpobIeMa MCUE3HOBEHUS
BUIOB B ceMeiicTBe Komaubux (Lamberski, 2015). ITo
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KpaitHeit Mepe, 16 u3 36 TMKUX NpeACcTaBUTENE 3TO-
ro ceMeiicTBa SIBJSIOTCS UCUYE3AIOIIUMU WU YSI3BU-
MmbiMu (uMmeroT ctatyc endangered — EN maum vulne-
rable — VU) (Lamberski, 2015). Cpenu cemeiicTBa
Canidae yuciaeHHOCTp 5 U3 38 BUIAOB CHUXKAETCS
(https://www.iucn.org). B cemeiictBe KyHbux 14 mipen-
craBuTesieil 3 64 uMeroT cratychl critically endangered
(CR), EN u VU (https://www.iucnredlist.org). Hau6o-
Jiee OCTPO CTOUT TpodJieMa MCYE3HOBEHMS BUJIOB B ce-
MeicTBe MeaBeIeii: 11eCTh U3 BOCbMU BUIIOB ceMeiicTBa
SBIISTIOTCA ys13BUMbIMH (https://www.iucnredlist.org).

TpaguIIMOHHEBIN CITOCOO MOAACPKAHUS YUCIICH-
HOCTU UCYE3AIOIIMX U PENKUX KUBOTHBIX X Situ — 3TO
CO3[TaHNE OXPaHSIEMbIX TEPPUTOPUIA C MAKCUMATIBHO
OaronpusATHBIMU yCIOBUSIMM TSt ku3Hu (Gundu,
Adia, 2014). [ToMuMO KpYHHBIX 3aIIOBEIHUKOB CO-
3Mal0T TakxXKe HeOOoJblllMe MUTOMHUKHU, (epMbl U
300MapKu JIs1 pa3BeAeHWs] HEOObIINUX MOIYISIN
ex situ. Mexay TeM, Tpu pa3BeAeHUU AUKUX BUIOB
XUIIIHBIX B HEBOJIE BOZHUKAET MHOTO MpobJieM, B TOM
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YuCIIe TTpobiieMa amanTalli K HeBOJIE, YTO TIPeTIsT-
cTByeT ux peuHTpomykuumu (Amstislavsky et al.,
2008). BBumy HeOOJIBIIO YMCIEHHOCTH MpeaCTaBr-
TeJle pedKNX BUIOB XUIIMHBIX, SKUBYIINX B 300I1ap-
Kax, TpeOyeTcss OOHOBJICHHE UX TEHETUYECKOIO MaTe-
puama Il CMSITYEeHUS] TIOCIEACTBUN WHOPUIMHTA
(Swanson et al., 2007).

BaxxneimmM 1momxogoM K COXpaHEHUIO TeHEeTH-
YeCKOT0 pa3HOoOoOpa3usl pa3IUdHBbIX TAKCOHOB MIIE-
KOIIMTAIONINX SIBISETCS CO3daHMe KPUOOAHKOB Ta-
MeT u 3MOpuoHOB (Agca, 2012; Comizzoli, Holt,
2014). DToT mogxon, OCHOBAaHHBIN HA COYETAaHUU Me-
TOHOB PEIIPOAYKTUBHOM OMOJIOTMY Y KPUOOMOJIOTUH,
KOTOPBIH BIIEpBbIe ObLT MpeaioxeH 0ojiee 40 1eT Ha-
3anq b.H. BenpunuessiMm 1 H.H. PotT, cTaHoBuUTCS
Bce OoJjiee BaKHBIM M 3HAYMMBIM IS COXpaHEHUs
OnopasHooOpa3usl DUKUX BUIOOB OTPsIIa XWIITHBIX
(Amstislavsky et al., 2012).

VYcoBepilleHCTBOBaHUE METOAOB pabOTHI C rame-
TaMU ¥ SMOpHMOHAMU MJIEKOIIMTAIOIIMNX, a TAKXKEe CO-
3MaHue KpUOOAHKOB MTOMOXET MOAAePKUBATh TEHETH -
Yyeckoe pa3HooOpa3re XXUBOTHBIX B 300MapKax 0e3 Te-
pPeMEIIEeHNSI UX M3 €CTECTBEHHOI Cpelbl OOMTAaHUSI, C
KCIIOJIb30BAHEM TPaHCIIOPTUPOBKU KPUOKOHCEPBU-
POBaHHEBIX CIIEpMaTO30MIOB MEXIy TOpodaMH U CTpa-
HaMM, B COYETAaHUM C MCKYCCTBEHHBIM OCEeMEHEHHEM
WIN 9KCTPAKOPIIOPaJIbHBIM OIUIONOTBOPEHHUEM in Vitro
U IIepeHoCcoM 3MOproHOB (Swanson et al., 2007). Takoit
MOIXoM yXe ObLT IPOAEMOHCTPMPOBAH Ha rermapaax
(Acinonyx jubatus) ¢ MUCIIOJb30BaHUEM 3aMOPOXKEHHO-
OTTasiHBIX CIIEPMATO30MI0B, COOPAHHBIX OT JUKHUX
camuoB B HamuGuu, 4TO mpHBENO K TMOJYYSHUIO
MOTOMCTBA B 3001apKax CeBepHOii AMEpUKHU B Pe3yJib-
TaTe MCKyccTBeHHoro ocemeHeHuss (Wildt, Roth,
1997). Hapsiny ¢ aTuM, ObUIO MOJTYyY€HO TTOTOMCTBO B
XOJIe TIPOrpaMMBEI COXPaHEHUSI W BOCCTAaHOBJICHUS
KCYe3alolIero Bujaa KyHbUX — YepHOHOIOTO XOPbKa,
npennpuHsaTon B CIIA, 61aromaps KpoKoHCcepBa-
M CEMEHM, €r0 COXpPaHEeHMs B TeUCHUE IJIUTEIIHBHO-
ro BpeMEHU B KpHUOOaHKE B COYETAHUU C MCKYC-
cTBeHHBIM oceMeHeHreM (Howard et al., 2015). Kpo-
M€ KPMOKOHCEPBUPOBAHHBIX CIIEPMATO30MOOB, IJISI
MOBBIIIIEHUSI TEHETUYECKOTO pa3HO0Opa3nsl BEIOOD-
KM TIPOU3BOIUTENIEH, ColepKaIIUXCS B 300IapKax 1
crhelyabHBIX LIEHTPaX, MOXET OBbITh NCITOJb30BaH U
TPaHCIIOPT 3aMOPOXEHHBIX 3MOPHUOHOB. B yacTHO-
CTH, SMOPUOHBI OLI€10Ta OBUIA TPAHCIIOPTUPOBAHLI B
KPHUOKOHCepBUpoBaHHOM Bue u3 bpasuwmu B CILIA,
¥ MOJIy4EHO XKMBOE IOTOMCTBO, YTO SIBJISIETCSI ajlb-
TEePHATUBOI TPAHCIIOPTUPOBKM KUBBIX IIPEICTAaBU-
teneii Buna (Conforti et al., 2008).

B nanHOM 0030pe OyaeT pacCMOTPEHO IpUMEHe-
HUE COBPEMEHHBIX PENPONYKTUBHBIX TEXHOJIOTUIA,
MpeXae BCero KPMOKOHCEPBAallUM raMeT U 3MOpPHUO-
HOB, B OTHOIIIEHUM YEThIPEX CEMENCTB OTpsIAa XUII-
HBIX: KOIIAYbUX, TICOBBIX, KYHbUX U MEeIBEXbUX. By-
YT U3JI0KEHBI OCHOBHBIE TOCTUKEHUST U TPOOIEMBI

AMCTUCJIABCKHWMH u 1p.

IIPUMEHCHUA 3TUX IMOAXOA0B IO OTHOIICHUIO K ON-
KM MIpEeACTAaBUTEIIAM 3TUX CEMEICTB.

KPMOKOHCEPBALIUA CITEPMATO30MI0OB
IMPEACTABUTEJIEN OTPAOA XMIIHBIX

HUcmounuk cnepmamo3oudos 015 KpuobaHka
CcemMenU XUUHbIX

H3BreueHne cnepMaTo30MI0B U3 STUIUINMIICOB
SIBIISIETCSI TOCTATOYHO PaCIpPOCTPAHEHHBIM CITOCO-
OOM X MOJIyYeHUS Y IpeacTaBuTesieil XumHbix (Lu-
voni, 2006). BTOT METOI MPAKTUKYIOT 1 B HACTOSIIIEE
BpeMsl, OCOOEHHO TI0 OTHOIIIEHHUIO K JOMAITHUM KO-
TaM, MMOCKOJIBKY 3MUAUINMYCHI B3POCIIBIX KOTOB 10-
CTYITHBI B BeTepUHAPHBIX KIIMHUKAX I10CJIEe IIPOLICAYP
niaaHoBoil crepunus3auuun (Brusentsev et al., 2018).
DNUANINMAIBEHOE CEMST TAKXKE MOXKET OBITh MOIyYe-
HO U y OIWKUX BUIOB XMUIIHBIX, KaK IPaBUJIO, POSt-
mortem WJIN Nocjie CTEPUIN3ALUN 110 MEAUIIMHCKAM
nokazaHusgM. Tak, GbUIO YCITEITHO KPUOKOHCEPBU-
POBaHO SNUINANMATIBHOE ceMsl OEHTaIbCKOTO TUTPA
(Cocchia et al., 2009).

Mexny TeM, “30J0ThIM CTaHAAPTOM”~ MOJTYyYEeHUS
CeMEHHU T10 OTHOIIEHUIO K MpeACTaBUTENSIM OTpsiAa
Carnivora SIBASIETCSI 3JEKTPOISIKYISIIUSI, KOTOPYIO
YCIENTHO MPUMEHSIIOT IO OTHOIIEHUIO K KOIIaUybUM
(Donoghue et al., 1992; Amstislavsky et al., 2018),
ncoBbIM (Johnson et al., 2014; Van den Berghe et al.,
2018; Yatu et al., 2018), kyasuMm (Van der Horst et al.,
2006) n mensexbuM (Anel-Lopez et al., 2017; Cai et al.,
2018). B 6onblIMHCTBE paccMaTpUBaeMbIX HAMU pa-
00T Ha AUKUX MPEACTABUTEIISIX OTPsIIa XUIITHbIX UC-
cliefoBaTeId WCIIOJNB3YIOT MMEHHO 3SKYJISITOpHOE
cems (Taba. 1, 2).

BecbMa mepCneKTUBHBIM SIBIISIETCSI TaKKe WC-
MOJIb30BaHHE YPETPAJIbHON KaTeTepu3aluy I TT0-
JIy9YEeHUS CEMEHM Y Pa3IUYHBIX TUKHUX TTpeaCTaBUTE-
neir orpsma xuimmHbIx (Lueders et al., 2012, 2014;
Kheirkhah et al., 2017; Jeong et al., 2018; Franklin et al.,
2018). Mexmy TeM, B MCCIeOBaHUU Ha PbIXKEM BOJIKE
OBLIIO MPOAEMOHCTPUPOBAHO, UTO CEMSsI, B3ITOE C UC-
MOJIb30BAaHUEM ypeTpabHOI KaTreTepu3aluu, obdja-
JIaJIo XyJAIIMMU XapaKTepUCTUKAMU MOABUXKHOCTU U
MEHBIIUM 00BEMOM IO CPABHEHUIO C ISIKYJIITOPHBIM
(Franklin et al., 2018). O6pa31bl ypeTpaabHOTO CeMe-
HU, TIOJIyYEHHOTO Y a3UaTCKOI 30J10TOIM KOIIKH, 00-
JIamaJay MEHBIIMM 00beMOM, HO OObIIeil KOHIIEH-
Tpaleil CnepMaToO30MI0B IMPU CXOIHBIX TTPOLIEHTAX
MOIBMXKHOCTY ITO0 CPABHEHMIO C BJIEKTPOISIKYISITOP-
HbeIM ceMeHeM (Lueders et al., 2014). [Toxoxue pe-
3yJbTaThl ObUTY MOJYYeHBl MPU NMTPUMEHEHUU YpeT-
pajibHOM KaTeTepu3alunu K appruKaHCKOMY JIbBY, Ka-
MBIIIIOBOMY W JaJIbHEBOCTOUHOMY JIECHOMY KOTY
(Lueders et al., 2012; Kheirkhah et al., 2017; Jeong et al.,
2018).

Taxxke YCIICIIHO MCITIOJB3YCTCA Ha KOoIladYbuX M
MaHyaJIBHLIfI METOO, XOTA ITPOUTIPLIBACT I3JICKTPO-
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Ta6:mua 1. KprokoHcepBalys CIIepMaToO30MI0B INKUX IPEICTaBUTeNell oTpsina XuInHbIX (Carnivora)

ITokazaTenu 1mocie oTTanBaHUS

Kpuorporekrop (3KM3HECTTOCOOHOCTD,
Bun/nonsun anﬁaiﬁil,{::m MMOIBWXXHOCTD, (hepTUIBLHOCTD), % CchUIKa
HET CHOCKH) X [ryrimymnc (;I;OTZZI:;&‘OZI;
CewmeiictBo Komaubyx (Felidae)
JleB (Panthera leo) 4.7% rnuuepuH - 31/15/— — Luther et al., 2017
Aryap (Panthera onca) 6% ruuepuH 46 46/—/— — Silva et al., 2019
CymaTpaHCKUIi TUTP 3% rnunepuH 85 30—/— + Karjaet al., 2016
(Panthera tigris sumatrae)
benranbsckuit Turp (Panthera tigris tigris) 4% rauuepuH* — 73/—/79 + Donoghue et al., 1992
Awmypckuii Turp (Panthera tigris altaica) 4% rnanepuH* 58/—/74
Jleomtapn (Panthera pardus) 4% TnvLepuH — 32/—/— + Jayaprakash et al.,
2001
Wunokuraiickuii teorap, 5% rnunepuH 42 37/—/— + Thuwanut et al., 2017
(Panthera pardus delacouri)
JpiMuarstii aeonapn ( Neofelis nebulosa) 5% rauuepuH 28 27/2/28 + Tipkantha et al., 2016
Kort-pe160mnoB (Prionailurus viverrinus) 4% TaviepuH — —/38/— + Vansandt et al., 2016
CyMaTpaHcKasi KOIIKa 5% rnunepuH 34 21/1/— + Thuwanut et al., 2011
(Prionailurus planiceps)
[Mupenetickast puich (Lynx pardinus) 4% TavuepuH - 34/—/43 + Ganan et al., 2009a
Porkast peick (Lynx rufiss) 4% riuiepuH - —/—/49 + Ganan et al., 2009b
Ouenot (Leopardus pardalis) 4% TnuuepuH* 55 51/—/— + Stoops et al., 2007
Ouuwina (Leopardus tigrinus) 4% tauuepuH* — —/—/51 + Baudi et al., 2008
Kot XKoddpya (Leopardus geoffroyi) 4% TavuepuH — —/—/46 + Sestelo et al., 2018
Mamnyn (Felis manul) 4% ranepuH - —/37/— + Vansandt et al., 2016
YepHoHoras koltka (Felis nigripes) 4% TavepuH — —/44/— + Vansandt et al., 2018
Bbapxannwiit kot (Felis margarita) 4% TavLepuH — —/46/— + Vansandt et al., 2018
CewmeiictBo cobaubux (Canidae)
Iecer (Alopex lagopus) 6% tviepuH 45 45/—/— - Stasiak et al., 2014
I'puBucTsIit Bosk (Chrysocyon brachyurus) | 7% (1 M) AMCO| 51 20/—/— — Johnson et al., 2014
Pwoxuii Bosik (Canis rufus) 4% TnuuepuH* — 11/—/— — Franklin et al., 2018
Oo6bIkHOBeHHas1 Jiicunia (Vulpes vulpes) 6% rnuuepuH - —/—/47 + Yatu et al., 2018
I'venoBuaHas cobaka (Lycaon pictus) 2.5% raviepuH 58 33/—/59 — Van den Berghe et al.,
2018
Mexkcukanckuii Bosik (Canis lupus baileyi) | 4% rnuuepun* 79 —/—/— — Zindl et al., 2006
Koiior (Canis latrans) 5% rauuepun” 24 20/—/— — Minter, DeLiberto,
2005
CewmeiictBo MmenBexbux (Ursidae)
Bypsiit Mmensens (Ursus arctos) 6% romuepun” 47 68/37/— — Anel-Lopez et al., 2017
I'mmanaiickuit mensens (Ursus thibetanus 8% rmunepuH 58 26/—/— — Okano et al., 2006
Japanicus)
CemeiictBo KyHbuxX (Mustelidae)
Kananckas Bbinpa (Lontra canadensis) 4% rnuanepuH* - —/59/— — Bateman, Swanson,
2017
CrerHoit xopek (Mustela eversmanni) 4% TavLepuH 60 —/—/— — Van der Horst et al.,
2009
YepHoHoruii xopek (Mustela nigripes) 4% ravuepuH* — 45/3/— + Howard et al., 2015

K — xxu3HecrocoobHocTh, I1 — moaBuxkHoCTb, I1I1 — nmporpeccuBHast moaBukHOCTh, MITC — nHAEKC MOABUXXHOCTU CIEPMATO30UIOB;

MO — uckyccTBeHHass ”HCEMUHAIIMS, * — OXJIaXKIeHWE Ha CyXOM JIbIY, #

HCCIE€A0BaHUAX, IPUBEACHHBIX B Tabau1e, UCTTOIb30BAIN AKYJIATOPHOE CEM.
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AMCTUCJIABCKHWMH u 1p.

Tab6auma 2. KpruokoHcepBalysi CriepMaTO30MA0B MpeacTaBuTeseil orpsiaa xuiiHbiX (Carnivora) ¢ MCIOJIb30BaHUEM
(GHUpPMEHHBIX KPUOIIPOTEKTUBHbBIX cMeceit

IMokazaTenu mociae oTTauBaHUs

(>kM3HECTOCOOHOCTD, MOABMXKHOCTD,

Kpuonporekrop dbepTunbHOCTD), %
Bun/monsun (oxnaxneHue B napax LN,, (D5 /911 P e CchliKa
€CJI HeT CHOCKM)
X |n/mnmnc MpoBepKa Ha
GepTUILHOCTD
CewmeiicTBo komaubux (Felidae)
Jomamrnss komka | CaniPlus Freeze (Mini- BI1 51 31/7/— + Amstislavsky et al.,
(Felis silvestris catus) |tube, Germany) 2018; Brusentsev et al.,
2018

SpermFreeze (FertiPro, Cl1| 54 27/15/— + Brusentsev et al., 2018

Belgium)

BotuCrio (Botupharma, ClI| 39 16/3/— — Macente et al., 2018

USA)
Benranbckas kouika | Freezing Medium TYB 251 22 —/—/— — Haet al., 2011
(Prionailurus bengal- | (FUJIFILM Irvine
ensis) Scientific, Japan)
HanwHeBoctouHblii | CaniPlus Freeze (Mini- )| 38 34/—/— + Amstislavsky et al.,
JiecHoit KoT (Prionai-| tube, Germany) 2018
lurus bengalensis eup-
tilurus)
T'enapn (Acinonyx Freezing Medium TYB )| — —/—/62 — Terrell et al., 2012
Jubatus) (FUJIFILM Irvine

Scientific, Japan)
Mapraii (Leopardus | Freezing Medium TYB )| — —/—/30 — Erdmann et al., 2019
wiedii) (FUJIFILM Irvine

Scientific, Japan)*
Iupeneiickas peick | Biladyl (Minitub, )| — 8/—/11 + Ganan et al., 2009a
(Lynx pardinus) Germany)
Pbxas peich Biladyl (Minitub, 251 - —/—/41 + Ganan et al., 2009b
(Lynx rufus) Germany)

JlomanrHsIst cobaka
(Canis lupus familiaris)

Preoxuit Bosik (Canis
lupus rufus)

bonbinas maHma
(Ailuropoda melano-
leuca)

CewmeiicTBo 1nicoBbix (Canidae)

CaniPlus Freeze (Mini-
tube, Germany)

CaniPlus Freeze (Mini-
tube, Germany)

24

o4

CeMeiCcTBO MeIBEXKbU

Freezing Medium TYB
(FUJIFILM Irvine Scien-
tific, Japan)

24

36

—/65/—

7/=/—

x (Ursidae)

25/24/—

Sichtar et al., 2015

Franklin et al., 2018

Cai et al., 2018

#_ OXJIAKICHUE HAa MPOTpaMMHOM 3aMOpaXKuBaTejie, 24 — AKYJIATOPHOE CEMHI, BI1 — smmunuMabHOe cems4, XK — xu3Hecnocob-
HoOCTb, Il — monBuxHocTs, ITI1 — nporpeccruBHasd NMNOABUXKHOCTD, WIIC — uHaeKc NoaABUXXHOCTU CIIEPMATO30MI0B.
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SIKYJISILUY TI0 00bEMY MOJTYYEHHOTO 3SIKYJISITa, Mpe-
BOCXOIIMT €€ MO KOJUYECTBY U IMOIBUKHOCTH CITep-
mato3ounoB (Buranaamnuay, 2017). OmHako, maH-
HBIIT MeTOH TIONYYSHMST ISKYJISITa Ioapa3yMeBaeT
HCIIOJIb30BaHNE MCKYCCTBEHHOI BarmHbI M TPeOyeT
OTpeNie]IeHHON TPEeHUPOBKU KakK IepcoHaia, Tak 1
CaMOro >XXWBOTHOTO, YTO MOXKET OBITh ITPOOJIEMOI
npu pabote ¢ IMKUMU ocobsimu (Zambelli, Cunto,
2006). CienyeT OTMETUTD, YTO JJIs1 JOMAIIHUX IICOB
HauboJiee MPeANnOYTUTETbHBIM METOIOM MOJTYYEHUS
CeMEHM SBJISIETCS MMEHHO MaHYaJbHBIN CcIioco0
(Nunez-Martinez et al., 2006).

AHanu3 JIUTepaTyphbl MO3BOJISIET CleaaTh 3aKJIIO-
YEeHUE O TOM, YTO CITOCOO TOJIydeHUsI CEMEHHU BIUSIET
Ha HEKOTOphIe Mopdoorndyeckrie u (YHKIIMOHAJIb-
HEBIE ITOKa3aTeJIM CEMEHU, KaK 10, TaK 1 II0CJIe KPUOo-
KOHCepBallu1. B 4acTHOCTH, 1IEIOCTHOCTH aKpOCO-
MBI B SIIMANIMMAILHOM CEMEHU KaK A0, TaK U IIOCTIe
KPUOKOHCEpBallM, HIDKE MO CPaBHEHUIO C TaKO-
BBIM, TTIOJIyY€HHBIM B PE3yIbTaTe JIEKTPOISTKYJISIIINN
(Luvoni, 2006). TakxKe 1IeJIOCTHOCTb aKPOCOM HUXKE
U B CIIEpMATO30M11aX, MOJYyYEHHBIX C TTIOMOIIBIO YPET-
paJIbHOM KaTeTepu3alliu, 0 CPAaBHEHUIO C TAKOBbBI-
MU, OJYYEHHBIMU B PE3yJIbTaTe SJIEKTPORSIKYISILIUN
(Franklin et al., 2018). IT1rocoM npuMeHeHUsI 31eK-
TPOISIKYJISILIMU TI0 CPABHEHUIO C YpETpalbHOM KaTe-
Tepu3aluei IBIsIeTCs: 00BN 00BEM OIyYaeMOIO
cemenu (Lueders et al., 2014; Franklin et al., 2018).
OnHako Mo MMEIOLIMMCS JUTepaTypHbIM JTaHHbBIM
MOXHO CHeJaTh BBIBOI, YTO MAaHYaJIbHBIM METOH C
HMCIOJIb30BaHNEM MCKYCCTBEHHOM BaruHbI, a TakKKe
MpUMEHEHNE ypPEeTPaIbHOM KaTeTepu3aluyd HNMEIOT
JIy4llIre MoKa3aTeIu Mo YMCIy CIIEpMaTO30MI0B U UX
MOIBIKHOCTU, TI0 CPABHEHUIO C JIEKTPOISIKYJISILIMEN
(Lueders et al., 2014; Buranaamnuay, 2017).

CITOCOBbl KPUOKOHCEPBALIMM
CEMEHMU XUIIHBIX U I[TPOBEPKU
EI'O KUSHECITOCOBHOCTHU

BDmanvt KpuokoHcepeauuu cnepmamo3oudos
U no06op KpUONpomeKopos

JaHHBIE IO KPMOKOHCEPBAIIMU CIIEPMAaTO30UIOB
IUKUX IIPEICTaBUTEIIEH OTPsIIa XUIITHBIX C UCITOTb30-
BaHWEM CTAaHIAPTHBIX IIPOTOKOJIOB TIPEICTABIICHHI B
Ta6n. 1. [IpuBeneHHbie B TabOJI. 1 pe3ysIbTaThl CBUIIE-
TEJIBCTBYIOT 00 3(p(PEKTUBHOCTH KPUOKOHCEPBUPO-
BaHMSI CEMEHU Pa3HBIX BUIOB CEMEMCTBa KOIAYbUX,
TICOBBIX, KYHBMX W MeBeeH. 3a NCKITIOUeHUEM MEIBE-
JIeii, Yy KOTOPBIX OTCYTCTBYIOT JOMECTULIMPOBAaHHbBIC BU -
b1, TIeped MPpMMEeHEHUEM B OTHOILIEHUH MpeaCTaBUTe-
JIleil nuKoit dayHbl, XxapaKTepHble IS pa3HbIX ce-
MEHCTB XUIIMHBIX OCOOEHHOCTH KPUOKOHCEPBAIIUN
CEMEHM M3y4JaloT Ha TOMAITHUX BUIAX, 8 UMEHHO —
momamrHux Kotax (Cheuqueman et al., 2018), mo-
MamHuX Tcax (Qamar et al., 2019) ¥ moMalIHKUX
xopbkax (van der Horst et al., 2009).
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KpuokoHcepBaliss ~ criepMaTO30MAOB  CcTajia
YCHEIIHOM TOCJIE OTKPBITHS KPHUOIIPOTEKTUBHBIX
csoiictB riuuepuHa (Polge et al., 1949). B nacros-
Imee BpeMs CIOHCOK KPUOIIPOTEKTOPOB, KOTOPEIE
YCHEIIHO IMMPUMEHSIIOT IS KpUOKOHCEpBAallMU raMeT
1 3MOPMOHOB, JOCTATOYHO BEJIUK (AMCTUCIABCKUI
n np., 2015; Elliott et al., 2017; Rajan, Matsumura,
2018). KprnonpoTeKTophbl pa3neisiioT Ha MPOHUKaK0-
Iy¥e M He IpoHuKawlire B KjiaeTku (Shaw, Jones,
2003). Mansie (mos. macca <100) runpoduyibHbIE,
MIPOHUKAIOIIE B MeMOpaHy COeIUHEHUS, CIIOCO0-
HEBIE CO3lIaBaTh BOAOPOIOHYIO CBSI3b C MOJICKYJIaMU
BOIBLI M1 0Opa30BBIBATh BOOOPOIHEIC CBSI3U, HAIIPU-
Mep, ¢ OenKOM (BMECTO MOJIEKY/Ibl BOIBI), OCOOCHHO
3(pPeKTUBHBI B KayeCcTBE KPUOIIPOTeKTOpoB. Hammme
TaKUX COSMMHEHNI B BOTHBIX PACTBOPAX CHIDKAET TEM-
nepaTypy oopazoBaHusl Jibaa (Shaw, Jones, 2003).

st ceMeHM Beex TepevyrclIeHHBIX BUIOB cCHavana
MPOBOASAT IIPOOOMOATOTOBKY, COCTOSIIYIO W3 He-
CKOJIbKMX cTanuii. Ha mepBoM aTamne oObIYHO ITPOU3-
BOJISIT CMEIIMBaHWE oOpa3lia CEMEHU C pa3daBUTE-
JieM, 100 He coaepKalluM OCHOBHOM IMPOHMKAO-
U KPUOIIPOTEKTOpP, JUOO colaepxKalluili 3TOT
KPUONPOTEKTOP B KOHLEHTPALIMU HIKe (DUHAIBHOM,
MocJjie 4Yero cMech oxyaxaaror 10 4—5°C ¢ moclienyro-
UM BbIIEPXXUBAHUEM MPU 3aJaHHON TeMIIepaType B
teuenue 1—3 u (Van der Horst et al., 2009; Bateman,
Swanson, 2017; Franklin et al., 2018; Yatu et al., 2018).
B HeKOTOpEHIX clTydasiX, OMHAKO, 3TOT 3Tall SKBUINO-
palliy OCYILIECTBIISIIOT 0e3 mo0aBlIeHUSI B pa30aBH-
TEJIb IIPOHUKAIOIIETO KPUOIIPOTEKTOPA, 3aMEHSISI €To
Ha HeNpOHMKAaloIIWe, B YaCTHOCTM, Ha TJIIOKO3Y,
nakro3y uau tperamosy (Karja et al., 2016). Muorma
Ha TIEpBOM 3Tare MPOHUKAKIIINK KPUOIPOTEKTOP
JI00ABJISTIOT YK€ B (prHaIbHOI KoHLIeHTpauu (John-
son et al., 2014; Erdmann et al., 2019). Ha Bropom
3Tame IIOJIYYEHHYIO CYCHEH3UIO CIIEpMaTO30UI0B
CMEIIIMBAIOT CO BTOPBIM pa3baBUTENIEM, COACPKa-
UM OCHOBHOI IMPOHUKAIOIIUIT KPUOMPOTEKTOP B
JIOCTATOYHO BBICOKOI KOHILIeHTpaunu (6—16%), Tak,
4TOOBI (hMHAIbHASI KOHILIEHTPAIs OCHOBHOTO KPHO-
MIPOTEKTOpa B cMecu coctaBuiia 3—8%.

Kak mokazaHo, B mopaBisionieM OOJBIINHCTBE
paboT IT0 KpMOKOHCEPBAIIMU CIIePMaTO30UI0B IIPe -
CTaBUTEJEH OTpsiAa XUIIHBIX B KAYECTBE OCHOBHOTO
KPUOMNPOTEKTOPA MCIOJB3YIOT TJMILEPHH, PeXe —
numetuiacyiabdokeun (IAMCO) (tabi. 1). ITpu aTom
MPaKTUYECKU BCErna B KayeCTBE JOMOJHUTEIBHOTO
KOMIIOHEHTa KPUOMPOTEKTUBHOI CMeCH HCITOIb3Y-
JOT SIMYHBIHM KeJITOK B KOHLeHTpauu 20%, 3aMeHsIsT
€ro MHOTJA Ha COeBbIi IeUTUH. Bo MHOIrMX 13 ITpu-
BeJIeHHBIX B Ta0j. 1 paboTax, HapsiIy ¢ OCHOBHBIM
MIPOHUKAIOIIM KPUOIIPOTEKTOPOM U IMIHBIM 3KEJIT-
KOM, B KPMONPOTEKTUBHYIO CMeCh HOOaBIISIIOT HE-
MIPOHMKAIOIIE KPUOIIPOTEKTOPHI, TaK1e KaK ITI0KO3a
(Franklin et al., 2018), ¢dpykro3a (Anel-Lopez et al.,
2017; Franklin et al., 2018; Van den Berghe et al.,



350 AMCTUCJIABCKHHA u np.

2018), nakrosza (Karja et al., 2016) u paddunHo3za
(Yatu et al., 2018).

Kpome TOro, MCIIONb3yI0T TOTOBBIE (PUPMEHHBIC
pa30aBUTEIN CEMEHM IJIsi KPMOKOHCEePBAllUM CIIep-
MaTO30UA0B XUIIHEIX (Ta0i. 2). Mcnonb3oBaHue Ta-
KX KPHUOIIPOTEKTOPHBIX CMeCeii MMeeT OIHO CyIle-
CTBEHHOE JIOCTOMHCTBO — CTaHAAPTU3AIIUIO IIPOTOKO-
JIOB KpHOKOHcepBaumu. Ha pbeiHKe ecTh (hpupMeHHBIE
pa3daBUTENM CEMEHU IS KPMOKOHCEPBAIIUM Pa3INd-
HBIX BHUIOB MJIEKOIIMTAIOIIMNX, MPEUMYIIECTBEHHO
yeJIoBeKa M JOMAIITHUX WIN CEJIbCKOXO03SCTBEHHBIX
XKUBOTHBIX. J1s TpeacTtaBuTeNeid OTpsiia XMIHBIX
xopolo 3apekomeHaoBaiu cebss CaniPlus Freeze ot
HeMelkoit komnaHnuu Minitube (Sichtar et al., 2015;
Amstislavsky et al., 2018; Brusentsev et al., 2018;
Franklin et al., 2018), Freezing Medium TYB ot
AnoHcko-AmepukaHckoi komnanuu FUJIFILM
Irvine Scientific (Ha et al., 2011; Terrell et al., 2012;
Cai et al., 2018; Erdmann et al., 2019) u Sperm-
Freeze ot Oenbruiickoii kKommnanum FertiPro
(Brusentsev et al., 2018).

IMocme ypaBHOBEIIMBAHUSI CEMEHU C KPUOIIPO-
TEKTOPaMM €ro JOCTATOYHO OLICTPO OXJIAXKIAIOT B I1a-
pax xxunkoro azora (LN,) mo temnepatypsl ~—120°C
(Van der Horst et al., 2009; Stasiak et al., 2014; John-
son et al., 2014; Bateman, Swanson, 2017; Cai et al.,
2018; Van den Berghe et al., 2018; Yatu et al., 2018)
WJIN OXJIAXIAIOT C UCIIOJb30BAaHUEM MPOTPAMMHOTO
3amopaxusateias 1o —100°C ¢ mociaeayiommM I1o-
rpy>XeHueM B xkuakuii a3ot (Anel-Lopez et al., 2017).
B HEKOTOpBIX cCiIyyasiX WCIIOJb3YIOT CYyXOW Jied W
oxnaxpnatot 10 ~—80°C (Donoghue et al., 1992; Stoops
et al., 2007; Baudi et al., 2008; Howard et al., 2015;
Franklin et al., 2018). B HeKOTOpBIX Ciaydasix cems
cpa3y IIOMEIIAOT B TPAHCIOPTUPOBOYHBINA COCYI
(dry shipper), roe OHO MOCTEIEHHO OXJIAXOAeTCsT J0
temrepatypsl ~—120°C (Stoops et al., 2007; Johnson
et al., 2014). Ha mociemHeM aTarie KOHTEIHEPHI C 3a-
MOPOXEHHON CyCleH3Uell CrepMaTo30UAa0B IOoMe-
IIAIOT B KPUOXPAHWJIUINIE, TAe WX COXPAHSIOT IpU
temreparype —196°C.

st mpeacraBUTee ceMeicTBa KOIIAaYybuX IIpU
KPMOKOHCEPBALIMM CEMEHU KCITOJIb3YIOT B KAUeCTBe
KOHTeIHepa MJIaCTUKOBBIC COJIOMUHBI, KOTOPKIC BHI-
nepxuBatoT B napax LN, (Amstislavsky et al., 2018;
Brusentsev et al., 2018), mHorma B KauecTBe KOHTEI-
Hepa UCITOJIb3YIOT KpUOIIPOOUPKH, a ISl 3aMOPaXK-
BaHUs cyxoii jien (Donoghue et al., 1992; Baudi et al.,
2008) nnu dry shipper (Stoops et al., 2007). 115 3amo-
paXXuBaHUSI CEMEHU Pa3JIMYHBIX BUAOB ceMeiicTBa
TCOBBIX MPUMEHSIIOT JINOO MIACTUKOBBIE COJIOMUHBI,
KOTOpbIe BblAepxkuBatoT B napax LN, (Stasiak et al.,
2014; Van den Berghe et al., 2018; Yatu et al., 2018)
win dry shipper (Johnson et al., 2014), 1u60o Kpuo-
npobupku u cyxoii nen (Franklin et al., 2018). Ins
KPMOKOHCEpBAlLIMM CEMEHU TIpeICcTaBUTeNeit ceMeii-
CTBa KYHBUX UCHOJIB3YIOT INIACTUKOBBIE COJTOMUHEI B

KauyecTBe KOHTeTHepa, KOTOphIEe BBIAECPKUBAIOT B Ia-
pax LN, (Van der Horst et al., 2009), 1160 kpuornpo-
oupku u cyxoit gen (Howard et al., 2015; Bateman,
Swanson, 2017). Jlna mpencraBuTeneil cemeiicTBa
MEIBEKbUX IIPY KPMOKOHCEPBALIMY CEMEHU MCIIOJIb-
3YIOT TJTACTUKOBBIE COJIOMUHBI B KQUECTBE HOCUTEJISI
u, 1160 BbIAepxuBatoT B napax LN, (Cai et al., 2018),
NGO MPUMEHSIOT TIPOrPaMMHOE 3aMOpakKMBaHUeE
(Anel-Lopez et al., 2017).

Kak BUOHO W3 JaHHBIX, IPUBEACHHBIX B Tabd. 1,
MMOoKa3aTeJIN JKM3HECTIOCOOHOCTHU Y IOABMKHOCTH Ce-
MEHU TIOCJIE KPUOKOHCEPBALIUM Y WCCIIETOBAHHBIX
BUIOB XUIITHBIX HE CHJIBHO 3aBMCEIM OT KOHIICHTpa-
UM OPUMEHSIEMOro KpMOIpOTeKTopa (IperuMylle-
CTBEHHO TJIMIIEpUMHA B KayeCTBE OCHOBHOIO KpHO-
nporekTopa). CoryacHO JIUTEpPaTypHBIM JTaHHBIM,
CI1oco0 oxJaxkaAeHUsI 00pa3lioB CeMeHU (B Mmapax a3o-
Ta, IIPOrpaMMHOE 3aMOpaXKMBaHUE, HAa CYXOM JIbIY, B
JIpaiilIuriepe), Takke He OKa3blBaJl KPUTHMYECKOIO
BIMSIHUSI Ha pe3yabTaT KpUOKOHCcepBaluu. Mexmy
TeM, Halll COOCTBEHHBII1 OIIBIT PadOTHI C CEMEHEM KO-
IIaYbUX CBUIETEIBCTBYET O TOM, YTO CIIOCOO OXJIa-
XKIeHUsT 00pa3loB CEMEHU B Mapax a30Ta SIBJISICTCS
OoNTUMAaJIbHBIM, II0 KpaliHell Mepe, IIpu padoTe B
YCJIOBUSIX, NPUOIVKEHHBIM K II0JIEBBIM, 1 O0JIee Ha-
JIEXKHBIM 10 CPaBHEHUIO C OXJIAXKIEHUEM B IpamIim-
nepe. Kak BUIHO 13 MpUBEASHHBIX B Ta0J1. 2 TaHHBIX,
nokazaresn 3pHEeKTUBHOCTA KPUOKOHCEPBAIIMU Ce-
MEHU MpeACTaBUTEIC XUIIHBIX C IIPUMEHEHUEM
(GUPMEeHHBIX KPUOIIPOTEKTUBHBIX CMeceil He CUIBHO
OTJIMYAIOTCSI OT TAKOBBIX ITPU IIPUMEHEHNU CAMOCTO-
SITEJIbHO M3TOTOBJIEHHBIX CMECeil Ha OCHOBE TJIMIIC-
pWHA, UCIIOJIb3yeMBbIX JIJISI TEX 3K€ CEMEIMCTB XUIITHBIX.
Hckmouennem, noxanyii, sasisietcs Biladyl (Mini-
tub, Germany), KOTOpBIif MOKa3al 3aMETHOE CHILKE-
HUE TIOIBMZKHOCTHU U OIUIOIOTBOPSIONIEH CITIOCOOHO-
CTU CIIEpPMaTO30UA0B MUPEHENCKOM U PbIKEN phICU
10 CPaBHEHUIO C KPUOIPOTEKTOPHBLIMU CMECSIMU,
MIPUTOTOBJICHHBIMU 3KCIIEPUMEHTATOPaMM Ha OCHO-
Be mmiepuHa (Ganan et al., 2009a, 2009b).

Cnocobul ouenku sgpgpexmusrocmu
KPUOKOHCep8ayuu cnepmamo3oudos

Jlasg mombopa Hamboee 3PPEeKTUBHOTO IIPOTOKO-

JIa KpMOKOHCEPBAIMK CEMSI 10 1 TI0CTIe 3aMOpaK1Ba-
HUSI OLICHUBAIOT T10 Pa3/IMYHbIM ITOKa3aTesIsIM, TAKUM
KaK XXW3HECITOCOOHOCTh, MTOABUKHOCTh, MOP(OIOTHS
CIIEPMAaTO30MI0B, a TAKXKE UX OILJIOIOTBOPSIIOINIASI CITO-
coOHOCTb. B citydae pa®oThl ¢ IMKUMU BUIAMU XXUBOT-
HBIX BaXKHO ITOJOMPATh METOIbI OLICHKM, B TOM YHCJIC
W IS TIPOBEICHUS B “TIOJNIEBBIX” YCJIOBUSIX, TAE HET
JIOCTyIIa K IIOJIHOLIEHHOI 1abopaTopun. Mcronb3o-
BaHME TaKMX METOAOB BO3MOXHO, €CJIM B HaJIMIUU
MMeeTCsI, KaK MUHUMYM, CBETOBOIT MUKpOCKOII. JIist
KOoM}OpTHOI padOTHI CO CIIEPMATO30MIAMMN OOJTh-
IIMHCTBA BUIOB MJIEKOIIMTAIOIINX XKeJIaTeJIbHO yBe-
OHTOTI'EHE3 Ne 5

TOM 52 2021



NMPUMEHEHMWE KOHUOEITINN KPUOBAHKA T10 OTHOIIEHWIO K IMKUM 351

mmuenne 200X wim Oonee. st xapaKTepUCTHUKH
MOpGhOTOTHIECKI aHOMAJIUI CTIEpMaTO30MI0B He-
obxomumo 6oJee cubHOe yBenmueHue (1000x).

KM3HecrocoOHOCTh CHEPMATO30MI0B pa3INy-
HBIX BUIOB MJICKOMUTAIOLIVX, B TOM YMCIIe MpeACcTa-
BUTEJIEl OTpsiia XUIIHBIX, OOBIYHO OLIEHUBAIOT IO
COCTOSTHUIO UX MIa3MaTUIeCKOl MeMOpaHbl, HATIPU-
Mep, C ITOMOIIBIO OKpalllMBaHUs 00pa3lla CMECHIO
KpacuTelieili 03MHAa W HUTPO3WMHA, MPU KOTOPOM
MEePBbIii KpacUTeIb MPOHUKAET B CIIEPMATO30UIbI,
HO TOJIBKO B T€, Y KOTOPBIX ITOBpEXIeHa MeMOpaHa, a
BTOPOM cO30aeT TeMHBIN (POH, HA KOTOPOM JIyUIIIe BUJI-
HO OKpallleHHbIe criepmaTo3ounbl (Bjorndahl et al.,
2003; Tipkantha et al., 2016). AJTbTEpHATUBHO XU3-
HECMOCOOHOCTh CIIEPMATO30UI0B MOKHO OLIEHUTh C
MOMOIIIBIO TUITOOCMOTHYECKOoro Tecta (Ramu, Jey-
endran, 2012), ipy1 KOTOpOM OlleHUBAaETCS (PYHKIINO-
HaJIbHas CITOCOOHOCTh MEMOpPaHBI JKMUBBIX CITEPMATO-
30MJI0B MOIAEPKUBATH OCMOTUUECKOE paBHOBECHE B
KJeTKe. JIaHHBII TecT, B YaCTHOCTH, YCITEIITHO TIpU-
MEHsIeTCSI Ha criepMaro3ouaax XxuiHbIx (Silva et al.,
2019). ITomMmuMoO 3TOrO, MPUMEHSIIOT METOH, OLIEHKU C
HCIIONIB30BaHuEM (pryopeclieHTHBIX KpacuTesaeii SYBR
Green I u itonucroro npormmaus (LIVE/DEAD TecT),
MO3BOJISIONIVI TTOJYyYUTh WHGpOpPMALMIO TI0 TIPO-
LIECHTHOMY COOTHOIIIEHUIO XWBBIX U MEPTBBIX CIIep-
MaTo301I0B. B HallIX COGCTBEHHBIX UCCIEIOBAHUSIX
MBI C YCIIEXOM MPUMEHSUIN 3T METOBI JJIsl OLICHKU
KMU3HECOCOOHOCTH CIIEPMATO30MI0B KOIIIAYbUX KaK
Ha noMaitHeM Kote (Brusentsev et al., 2018), Tak 1 Ha
JTAJIbHEBOCTOYHOM JIeCHOM KoTe (Amstislavsky et al.,
2018), a Takke Ha IIpeacTaBUTEsIX pona Lynx (puc. 1).

OueHb BaxXHBIM MapaMeTpoOM KadecTBa CEMEHU
SIBJISIETCSI TTIOABUKHOCTH criepMato3ouioB. C moMo-
IO KaMepbl MaKJjiepa MOXKHO KaK B 1JaDOpaTOPHBIX,
TaK ¥ B MOJIEBBIX YCIIOBUSIX OLIEHUTH KOHLIEHTPALINIO
CIepMaTo30MI0B B 00Opa3sle, UX OOINyI0, Iporpec-
CUBHYIO W HETPOrPECCUBHYIO MOMBMXHOCTb (Ams-
tislavsky et al., 2018); B HEKOTOPBIX CITydastX MCIIOJIb-
3yIOT couyeTaHWe TremorutomeTrpa Heiibayspa (mist
oIpeneeHUs] KOHIEHTpALMM) U onpeAeeHUs TIpo-
LICHTA MOJBVKHBIX CIIEPMATO30UI0B HA TTPEAMETHOM
crekie (Ganan et al., 2009a, 2009b). Muorna mnpo-
IPECCUBHO MOABMXKHBIE CIIEPMATO30UIbI KJaccupu-
LIMPYIOT 110 1miKaje ot 0 10 5 U pacCYUTHIBAIOT UHIEKC
noaBuzkHocTU criepmaTo3ounnos (UITC) (Baudiet al.,
2008).

Bonpnioe 3HaueHne nMeeT 1 MOP(QOJIOTHS CIiep-
MaTO30MJ0B, KOTOpass MOXET ObITh OlleHEeHa OKpa-
IIIMBAaHUEM CYXOTro Ma3Ka C TOCJEaYIONIeil CBETOBOI
MUKPOCKOITMEH TIpy OOJBIIOM yBeJIWYeHUU (Ams-
tislavsky et al., 2018; Franklin et al., 2018) wiu 6e3
OKpalllMBaHUs Ma3ka, C TIpUMeHeHueM (a3zoBoro
koHTpacra (Tipkantha et al., 2016). B HeKOTOpBIX HC-
CJIeIOBaHUSIX JTOTOJHUTEbHO OLIEHUBAIOT LEJIOCT-
HOCTb aKpOCOMblI OKpalllMBaHUEM CIIEPMAaTO30UI0B
KpacuTeljieM KyMaccu OpUUTMaHTOBbIM CUHUM C TO-

OHTOT'EHE3 Ne 5
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Puc. 1. Cnepmarosous eBpa3uiickoii peicu (Lynx lynx) mo-
cJie KpMOKOHCepBally, OKPAIlIEHHBI CMECBIO KpacuTesei
so3uHa u HurposmHa (Vital Screen, FertiPro, benbrus).
KpacHast okpacka CBUAETESILCTBYET O TOM, YTO CIiepMaTo-
3011 MEPTBBI. MacirabHas rmonocka: 20 MKMm.

ciaenymoleii Mmukpockonueit (Larson, Miller, 1999;
Ganan et al., 2009b).

Bce BhlIETIEpevrclIiEeHHBIC MOKa3aTeM MOXHO
OLICHUTH 00JIee TIIATEIbHO B YCIOBUSIX XOPOIIIO 000-
pyaoBaHHOI 1abopaTopun. Hampumep, st olieHKU
MOABIZKHOCTY YacTO MCIIOJB3YIOT aBTOMAaTUYECKUE
KOMMBIOTEpPHEIE CUCTEMBI (computer-assisted sperm
analysis, CASA), KOTOpbI€ paCCYMUTHIBAIOT HE TOJIHKO
MPOLIEHT IMOABWKHBIX CIIEPMATO30MI0B, HO M CKO-
pocTh U Tpaekrtopum ux asrkeHus (Luther et al.,
2017). Taxske CylIeCTBYIOT aBTOMAaTU3UPOBAHHBIE CH-
CTeMBbI JJ1s1 MOopdoMeTpuu criepMaTo3onnoB (Anel-Lo-
pez et al., 2017). OuLeHKY >XKU3HECIIOCOOHOCTH CIep-
MaTO30UI0B U 1IEJIOCTHOCTHU MX aKpOCOM B Jiabopa-
TOPHBIX YCJIOBUSIX MOXHO IMPOBOAUTH METOIOM MX
OKpalllMBaHUsl (PJIyopoxpoMaMu ¢ TOCIEAYIONIUM
WUCITOJIb30BaHUEM (DJIyOPECLIEHTHON WU KOH(O-
KanbHOU MuKpockonuu (Amstislavsky et al., 2018;
Van den Berghe et al., 2018). C nomo1isio ¢ayopo-
xpomoB, HampuMmep, JC-1 assay kit Tak:ke MOXKHO
OLIEHUTH TaKWE ITapaMeTphl, KaK aKTUBHOCTb MUTO-
xoHapuii B criepMmaTo3onaax (Thuwanut et al., 2011).

HMTOroBoii 11eJ1p10 OIIEHKN MapaMeTpOB KadyecTBa
CEMEHMU SIBJISIETCS OIpeAesIeHUE ero CIIOCOOHOCTH K
OIIOAOTBOPEHUIO (hepTWIbHOCTE). CaMbIM TTpO-
CTBIM CIIOCOOOM HUCMOJIb30BaHUSI CEMEHU JUISI OTLIO-
JIOTBOPEHUSI SIBJISIETCS UICKYCCTBEHHOE OCEMEHEHUe
(10O), omHako Takoii cmocod BechbMa TpeboBaTeJIeH K
YUCITy TIOABIDKHBIX CIIEPMAaTO30MAOB B oOpasile
(Swanson et al., 2007). B cirygae paGOTBI C peIKUMU U
IIECHHBIMA BUIAMM XUIIHBIX 0oJiee SKOHOMWYIHBIM
BBIOOPOM SIBJISIETCSI SKCTPAKOPIIOPATHLHOE OIIIONO-
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tBopeHue (DKO) (Swanson et al., 2007). st nome-
CTULMPOBAaHHBIX BUIOB XMWIIHBIX, B YACTHOCTU JIJISI
JIOMalllHe# KOIIKH, MPOIIe BCEro MCIIOJIb30BaTh Io-
moJiormdeckoe DKO, Korma st MpoBepKU OTLIONO-
TBOPSIIOIIEH CITOCOOHOCTHU CIIEPMAaTO30MI0B JOMAIII-
HEro KoTa MU 3KCTPaKOPIIOPaIbHO OILUIOTOTBOPSIIOT
oonuThl noMainHei komku (Brusentsev et al., 2018).
Yo KacaeTcss IMKMX BUAOB XUIITHBIX, TO IJISI IIPOBEP-
KM OIUIOJOTBOPSIIONIEH CIIOCOOHOCTHU CIIEPMATO30M-
JIOB TOCJIE KPMOKOHCEPBAIlUM, TEXHUYECKH ITPOIIE
HMCIOJIB30BaTh reTeposiorndeckoe DKO. Mexmy tem,
BO3MOXHOCTb ITOJIyYEeHMsI pa3BUBAIOIINXCS SMOPHO-
HOB IIyTeM reTeposiorndeckoro DKO mpomeMoH-
CTpUpPOBaHa TOJBKO I OMHOIO CeMEenCcTBa OTpsiaa
XUIHBIX — Kolllauybux. B 4YacTHOCTHU, IJisI OLIEHKU
OILIOAOTBOPSIONIEH CIIOCOOHOCTU CIIEPMaTO30UIO0B
KpacHoi peicu (Ganan et al., 2009b), nmupeHelicKoi
poicu (Ganan et al., 2009a) 1 1aTbHEBOCTOYHOTIO JIEC-
Horo KoTta (Amstislavsky et al., 2018) ObLIM MCTTIOJIB30-
BaHbl OOLIMTHI JOMalllHel KOIKU. ITocKombKy mis
HEKOTOPBIX JUKHNX BUAOB KOIIAYbMX XapaKTePeH BbI-
COKMI MPOLIEHT TepaTo300CHEPMUM, 3TO MOXKET
OrpaHUYMBATh BO3MOXKHOCThH IpuMeHeHus1 DKO; B
TaKoM ciiyvae JJj1s1 OlleHKU (epTUIbHOCTU CEMEHU U
MOJIyYeHUsI SMOPHOHOB MOXKET UCITOJIb30BaThCs TO-
Mojorudeckoe mim rereponorndeckoe MKCHU (uH-
TpalUTOIJIa3MaTUYecKasi UHbEKIUSI CIIepMaTO30U-
na). st mpruMeHeHUsT 3TOTO MeToAa TpeOyIoTCs enr-
HUYHbIE HOpMAaJIbHBIE TTOJIBVXKHEIE CIIEPMATO30UIbI.
Meton MKCH 6bL1, B YaCTHOCTHU, YCIELIHO IIPUME-
HEH Ha remnapje, Jieonapje 1 JbBe C 1IeJIbI0 IIPOBEPKU
OILIOAOTBOPSIONIE CIIOCOOHOCTH CIIEPMAaTO30UIO0B
9TUX BHUAOB KOIIAYbMUX IIOCIAE KPHOKOHCEpPBAIIUU
(Moro et al., 2014; Fernandez-Gonzalez et al., 2015).

Hair cobcTBEHHBIN ONBIT padOTHI C TUKUM Mpe-
CTaBUTEJIEM CEMEMCTBa KOILIAubUX — JaIbHEBOCTOY-
HBIM JIECCHBIM KOTOM ITOKa3aJI, 4YTO B YCJIOBUSIX, MPU-
OVKEHHBIX K TMOJIEBBIM, 3KCIIPECC METOMA OLICHKU
>KM3HECITOCOOHOCTH MpPU MOMOIIA CMECU KpacuTe-
Jielt 203UHa U HUTPO3WHA U OLIEHKW WX KOHIIEHTpa-
LIMU U TIOJBUKHOCTU TTPU MTOMOIIA KaMepbl MakKjepa
OKa3bIBaeTCs BITOJIHE TOCTATOYHO, 10 KpaitHel Mepe
JUTSI TOTO, YTOOBI OCYILIECTBUTH KPHUOKOHCEPBAIIUIO
CeMEeHHU ¢ Toclieaytoliieii 6osiee TIIATEIbHON OLIEH-
KOM 1 U3y4yeHUEM, B TOM YKCJIE U OTJIONOTBOPSIIOLIE I
CMOCOOHOCTU CMEPMaTO30UA0B TOCe UX OTTarBa-
HUS B JIaAOOpAaTOPHEBIX yciaoBuUsIX (Amstislavsky et al.,
2018). Mexny TeM, KpaiiHe XejlaTelbHa IIpeaBapu-
TeJibHasl anmpoOalivs MPOTOKOJIOB KPMOKOHCepBalluu
U OLIEHKU CEMEHU Ha TIOMEeCTULIMPOBAHHOM MpeAcTa-
BUTeJIe ceMelicTBa, B JaHHOM cilyyae — Ha JoMalll-
HeM kKoTe (Brusentsev et al., 2018).

Tlokazamenu xcuznecnocobHocmu cnepmamo3oudos
nocne ux KpUOKOHCEpEayuu y pasiuHuix
npedcmagumeneii ompaoa XUmgHvIxX

AHanu3 3¢HEKTUBHOCTU MPOLEAYPhl KPUOKOH-
cepBaliu criepMaTo3ouaosB (Tad. 1, 2) mocie ux or-
TanBaHUS/OTOTPEBA BHISIBIII, YTO JXKMU3HECTIOCOOHOCTh
00pa3IoB ISKYIATOPHOTO CEMEHHU TUKNX BUIOB KOIIla-
YBUX, 32 UICKITIOYCHIEM OITHOTO MCCIICIIOBAHMS COCTaB-
nset 22—55% (43.75 £ 6.92% B cpenHem). Y nomarirHe-
TO KOTa XKN3HECTIOCOOHOCTh CITepMaTO30MUI0B TTOCTe
KPUOKOHCEPBALIMU OOBIYHO HECKOJIBKO BBIIIE U CO-
craBisieT 47—65% (Chatdarong et al., 2017; Cheuque-
man et al., 2018; Jara et al., 2019). Mexny TeMm, B O]~
HOM MCCJIEIOBAHWM Ha CIiepMaTo301aaX cymMaTpaH-
CKOTO TWUTpa ObUla OTMeYeHa WCKIIOUUTEIbHO
BBICOKAsI >KM3HECITOCOOHOCTb CIEPMaTO30MI0B T10-
cie ottauBanus — 85% (Karja et al., 2016). B tanHOM
WCCIIeNOBaHUM, HapsiLy C DIMILEPUHOM W STUYHBIM
JKEJITKOM, B KPUOIIPOTEKTUBHYIO CMeCh OBLT T00aB-
JIEH MOTIOJTHUTEIbHBII MHTPEeANeHT, a tMeHHO Orvus
ES paste, a B ripoliecce aKBIIMOpai 00pa3iioB ce-
MEHH UCITOJIb30BAJIM TITIOKO3Y, TAKTO3Y Mir paddu-
HO3Yy.

KM3HECTTOCOOHOCTh BSIKYISITOPHOIO CEMEHU ¥
JIUKKX TICOBBIX coctaBmia 24—79% (51.4 =+ 8.9% B
CpemHeM); Mpu4eM JIJisi TPUBUCTOTO BoJika (Chrysocyon
brachyurus) 6bl1a o6HapykeHa OoJibIast 3PHeKTUB-
HOCTb ucroab3oBaHus JIMCO 1o cpaBHEHUIO C TN~
eprHoM (Johnson et al., 2014), KoTopblii sABAsSIETCS
OCHOBHBIM KPHUOIIPOTEKTOPOM IIPU 3aMOpPaKMBaHUU
CIIepMAaTO30MIOB IPYIMX IIpelcTaBUTelIeii oTpsima
XUITHEIX (Tab6. 1). Mexmy Tem, cpaBHenue JIMCO u
IJIMIIEPUHA, B KA4€CTBE OCHOBHOTO KPMOIIPOTEKTOpA
IIp1 KPUOKOHCEPBAIlMU CIIEPMAaTO30UIOB DPBIKETO
BOJIKA, MOKAa3ajo CYIIECTBEHHO 0ojiee BHICOKME Xa-
PaKTEPUCTUKU MOABUXKHOCTU MPU IIPUMEHEHUHU TJTH -
nepuHa (Franklin et al., 2018). st HEKOTOPBIX OpY-
TUX AUKUX TIPeICTaBUTEIC OTpsia TICOBBIX, a UMEH-
HO meclia, pblKeil JIMCULIbI, TMEHOBUIHON cO0aKu 1
MEKCHKAHCKOTO BOJIKA, TJIUILIEPUH B KOHIEHTpAIIUN
2.5—6.0% oxasbiBajl JOCTATOYHO XOPOIIUIl KpUO-
MPOTEKTUBHBII 3(P@EKT M IT0Ka3aTeand KU3HECIIO-
COOHOCTH 1 (MJIM) TIOABUKHOCTHU IJISI Pa3MOPOKEH-
HOTO CeMeHM ObLIM He HUXe 45%. DT mokasatenun
HaXOmsITCS B XOPOIIEM COOTBETCTBUM C TaKOBBIMU
IJIST TOMAITHUX TICOB: 45% KM3HECITOCOOHOCTHU Ce-
MEHU TIpU NMpUMeHeHuM 6% TavlieprHa B KayecTBe
OCHOBHOro kpuormnpotrekropa (Qamar et al., 2019).
Mexny TeM, IJ1sl KOoTa 1 pbIXKEro BoJIKa MmoKa3aTe-
JIV >KM3HECTTOCOOHOCTU U (MJIN) TIOABMXXHOCTU CEMe-
HU TIpU WCIIOJb30BAHUM TJIMIIEpPUHA B KayeCTBe
KPHUOIPOTEKTOPa OKa3aJICh BeChMa HU3KMMMU (TaoJI. 1).
JlocTaToYHO NEepCIIEKTUBHBLIM, Ha HAIIl B3TJISIA, SIBJISI-
eTCs IIpUMeHeHre (PUPMEHHON KPUOIIPOTEKTUBHOM
CMeCH Ha OCHOBE IVIUIIEpUHA, CO3NAaHHON crielaab-
HO IJIsi KPMOKOHCEPBAllMM CIIEPMAaTO30UIOB IIPE-
craButeneil cemeiictBa ncoBbelix — CaniPlus Freeze
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(Minitube, TI'epmanust). IlokasareabHO, 4YTO 3Ta
CMeCh, KOTOpasl Co3IaBaliach IJjisl pabOTHI ¢ ceMEHEeM
MIOMAIITHUX TICOB, OKa3arach 3((eKTUBHA ITPU KPHO-
KOHCEPBaIlMM CEMEHM IWUKOTO TIPEACTaBUTENS Ce-
MeEMCTBaA MCOBBIX — PbIXKEro BoJika (Tabir. 2).

Cpenn TUKUX BUOOB KYHBUX KM3HECITOCOOHOCTD
CepMaTo30MI0B OblIa oOIlpelnesieHa TOJbKO Yy 10-
MAallIHETo U CTeITHOro XopbKa (Mustela eversmanni), n
coctaBigia 60% (Van der Horst et al., 2009). Y apy-
MMX OUKUX BUIOB KYHBUX, a UMEHHO — KaHaJICKOil
BBIIPLI U YEPHOHOTOrO XOpbKa, ObLIa OmpenecicHa
TOJIBKO ITOABUIKHOCTH CIIEPMATO30UIOB IOC/E MPO-
LIeAyp KPUOKOHCEPBALIM, KOTOpasl TAKXKE OKa3aJlach
JIOCTaTOYHO BBICOKOiI, COOTBETCTBEHHO 59 m 45%
(Tadm. 1).

V MenBexXbUX pa3dpoc B XXKU3HECIIOCOOHOCTU OT-
TassHHBIX CIIEPMATO30MIO0B COCTaBJIsIET 36—58%
(47 £ 6.4% B cpearem). BeL10 MpoIEMOHCTPUPOBA-
HO, YTO y OOJIBIIION MaHIbl U OYypPOTOo MeABENst 3TU TO-
Kas3aTeJiM MOTYT OBITh YIYUILIEHBI C TOMOIIBIO CeIeK-
LIMM CIIePMAaTO30MI0B IyTeM HEHTPUPYTUPOBaAHUS
yepe3 KOJUIOMIHEIN pacTBOp (Anel-Lopez et al., 2017,
Cai et al., 2018).

OnogoTBOPSIONIAsS CIIOCOOHOCTh OTTAssHHOTO
CeMEHU IUKUX KOIIAYbUX B OOJBIIMHCTBE CIy4aeB
onpeaesiach ¢ IOMOIIBIO rerepojorndeckoro 9KO
OOIIMTOB JOMAalIHell KomKu (Tadj. 1, 2); mMpoleHT
IpOOJIEHUS TIPU 3TOM cocTaBwmi 11—61%, B cpenHeM
41.0 £ 5.3% B 3aBUCMMOCTU OT BMJA: TIMPEHEMCKast
peick — 11% (Ganan et al., 2009a), pbikast peIiCh —
24% (Ganan et al., 2009b), ouenot — 29% (Stoops et al.,
2007), 1aabHEBOCTOYHBIN JecHOI KOT — 36% (Ams-
tislavsky et al., 2018), 6apxaHHbIit KOT — 41% (Van-
sandt et al., 2018), namokuTaicKuii Jeorapn — 46%
(Thuwanut et al., 2017), kot )Koddppya — 46% (Ses-
telo et al., 2018), yepHoHoras komka — 59% (Van-
sandt et al., 2018), kor-peioonoB — 60% (Vansandt et al.,
2016) m maHyn1 — 61% (Vansandt et al., 2016). Taxxke
MIPOBOIUIIN OLICHKY Ha (DEPTUIIBHOCTB I10 JI0JIE OTLIO-
JIOTBOPUBILIMXCSI OOLIUTOB IIJISI CyMaTpaHCKOTO TUTpa
(Karja et al., 2016) u 111 ABIMYATOTO JieoTapaa, KOTO-
pas cocrasisia 46 u 16% coorserctBenHo (Tipkan-
tha et al., 2016). Jlump B ciydyae OEHrajabCKoOro u
aMypCKOIO THIpa IPOBOAMIOCH TOMOJIOTMYECKOE
DKO 00LMTOB TUTPULBI, KOTOpoe mnokaszaio 70%
npoobnenust (Donoghue et al., 1992). /1151 HEKOTOPBIX
BUIOB cO0AaUbMX ¥ KyHbUX MpoBoai MO, ipu aTom
YacTOTa HACTYIJICHUS OEpEMEHHOCTU Y OOBIKHOBEH-
Hoit ymcuitel nocturana 81% (Yatu et al., 2018), a 'y
yepHOHOTOoro XopbKa — 28% (Howard et al., 2015).

Locmudicenus u npobaemsl KpUOKOHCEpB8auUU
cnepmamo3oudoe npedcmasumeneit ompsa0a XuugHbix

B oTpsime XWIIHBIX HaCUMTHIBaeTcs 15 ceMeicTB
(mo manubeiM NCBI taxonomy browser; https://www.
ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi).
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OO6uieit mpobiieMoii st oTpabOTKM Haubosiee 3¢h-
(EeKTUBHBIX PEIPOAYKTUBHBIX TEXHOJIOTUI II0 OTHO-
IIEHUIO K OOJIBIIMHCTBY 3TUX CEMEICTB, SIBJISCTCS
OTCYTCTBUE JOMECTULIMPOBAHHBIX BUIOB. JIMIIIb 11
KOIIIauybHX, TICOBBIX U KYHbUX UMEIOTCSI TOMECTULIN-
pOBaHHBIC MPEACTABUTENN, 3 UMEHHO — JOMAIIHSIS
KOIIIKa, cobaKa 1 XopeK (Pypo, KOTOPHhIE MMO3BOJISTIOT
0TpabOTaTh COOTBETCTBYIOLIME TEXHOJIOTUY OTyYECHUS
¥ KpMOKOHCepBalnu raMmet u amopuoHoB (Wildt et al.,
1992), B 4aCTHOCTH, CIIEpPMATO30MUI0B, KOTOPhIC IIOTOM
JIerdye agarnTUupoBaTh K IUKUM TIPEACTaBUTEIISIM 3TUX
ceMeiicTB. UMeHHO 1o 3TOoi NpUYUHE, JIUIIb IS T~
KMX IIpeACTaBUTEIIed TaHHBIX TPEX CEMEICTB, a TaK-
Ke MeIBeAeil, UMEIOTCs yCIIeITHbIe PabOThI C JOCTa-
TOYHO BBICOKMMM IIOKA3aTeISIMU KM3HECIIOCOOHO-
CTM CEMEHM IIocjie KPUOKOHCEpBallMM, 4YTO U
oTpaxeHo B Taba. 1 u 2. OTOeabHO ClaenyeT YIIoMsi-
HYTb MenBenei. [Iiss aToro ceMeicTBa XUIIHBIX HET
JIOMECTULIMPOBAHHBIX BUIOB, KOTOPHIE MOTJIM OBI
OBITh UCHIOJIB30BaHbI B KAYECTBE “MoAeIn” Oy OTpa-
OOTKM TEXHOJIOTUI, HAIIpaBJICHHBIX Ha U3y4YeHUE A1~
KMX BUIOB. MexXny TeM, KaK TOBOPWJIOCH BHIIIE,
LIECTh U3 BOCbMU BUIOB CEMEICTBA SIBJISTIOTCS YSI3BU -
MbIMH. COOTBETCTBEHHO, Ha 3TO CEMENCTBO OB
HampaBJieHbl OOJIbIIINE YCUJIMS HCCIemoBaTeneii, u
UMEIOTCS paboThl 10 KPMOKOHCEpPBALlUM CEMEHU
MenBexkbux (Tadi. 1, 2). 1o ocTanbHBIM BUIAM XUIII-
HBIX, HEe TIPUHAIJIeXAIIUX K 3TUM YEThIpEM CeMeii-
CTBaM, UMEIOTCS JIUIb ¢AUHUYHBIE PaOOThI, B KOTO-
pBIX 00cyKnaeTcsi KpuoKoHcepBauus cemeHu (Ro-
drigues da Paz, dos Santos Avila, 2015; Komatsu et al.,
2021).

Cepbe3Hoil IIpo0IEeMOIi, 0 KpailHeill Mepe, IJIst
KOIIIAYbUX, SIBJISIETCSI TEPATOCIIEPMMUSI, TO €CTh MPHU-
CYTCTBUE CIIEpMATO30UJIOB C MOP(OIOrMYEeCKUMU
HapylIeHUSIMU, XapaKTepHasl 1JIsI HEKOTOPBIX TIpe/I-
craButeneil maHHoro cemeiictBa (Pukazhenti et al.,
2006; Howard, Wildt, 2009). Huskwuii mpoLieHT HOp-
MaJIbHBIX criepMaTo3ouaoB (MeHee 40%) xapakTepeH
JUISL JIbBOB, SITyapyYHOU, T€XaCCKOTO IIOIBMAA ITyMBI;
emre 6oyiee HU3KUI mpoueHT (20% u HIKe) XapaKTe-
pEeH IS remapa, AbIMYaToro Jieonapaa, u ¢gaopumi-
CKOTO TIOABHMIA ITyM, U3BECTHOIO OOJIbIIIE KaK “TIaH-
tepsl @nopune” (Pukazhenti et al., 2006). Mexny
TeM, KaK M0 JaHHBIM 3THUX aBTOPOB, TaK 1 110 HAIIIUM
COOCTBEHHBLIM HaOJIOJEHUSIM, [Js1 OEHraJIbCKOM
KOIIIKY, B YaCTHOCTU JJIs1 MOABUAA 3TOM KOIIKU —
JaJIbHEBOCTOUYHOTO JIECHOTO KOTa, a TAKXKe JJ1s1 HEKO-
TOPBIX IPYTUX IPEACTABUTENIE KOIIIAaYbUX, HE XapaK-
TepHa TepaTtocnepmus (Pukazhenti et al., 2006). AB-
TOPBI JAHHOTO MCCIEA0OBAaHMUS CUMTAIOT, YTO TEPATO-
cIiepMusl XapakTepHa, B HauOOJIbIIE Mepe, IJIsl TeX
BUIOB KOIIAYbMX, Y KOTOPBIX, B CUIIy TeX WA WHBIX
MPUYMH, CHWXXEH YPOBEHb IeTepO3UTOTHOCTU U IS
KOTOPBIX YPOBEHb MHOPUAMHIA I0CTATOYHO BBICOK; Xa-
PaKTEepHBIM ITIPUMEPOM TAKUX KOIIAYbUX SIBJISTIOTCS Te-
mapael U “nantepbl @mopuawpl” (Pukazhenti et al.,
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2006). CnegyeT OTMETUThL, YTO IIpobjeMa TepaTo-
CIIepMMHU XapaKTepHA He TOJIBKO IS KoIIauybuX. BeI-
COKUI1 YPOBEHBb TEPATOCIEPMUN OTMEYEH JJIsl YePHO-
Horo xopbka (Howard, Wildt, 2009), Buga KyHbUX,
KOTOpPBI ObLI HAa IpaHU ITOJHOTO MCUE€3HOBEHMS U
OBbLJI BOCCTAHOBJIEH M3 MOMYJISIIIUN, KOTOPasi COCTOSI-
Ja u3 18 ocobeii, mpuyeM JIMIIIb CeMb U3 HUX (TpU
caMmlia 1 4eThIpe caMKU) ObLIM OTOOpaHBI IJIST TIPO-
rpaMMBbl BOCCTAaHOBJIEHUS 3TOro Buaa KyHbux (How-
ard et al., 2015).

Kaxk yxe Obl10 CKa3aHo BbIIIE, OCHOBHBIM CITOCO-
OOM B3STUSI CEMEHU Y XKUBBIX TTPEACTaBUTEIICH TUKUX
BUIOB XUIIHbBIX SIBJISIETCS DJICKTPOISIKYJISILIUS, KOTO-
PYIO OCYLIECTBIISIIOT 110 HapKo3oM (Swanson, 2003).
HMMeroTcs TN OTASIbHBIC UCKITIOYEHMSI, B YaCTHO-
CTH, OOBLIKHOBEHHA JIMCULIA U TIecell, ¥ KOTOPHIX, B
YCIOBUSIX pa3BeleHUs1 Ha hepMe, yAaBaloCh CUCTE-
MaTUYECKU MOJIYYaTh ISKYISIT MAHYaIbLHBIM CIIOCO-
oom (Jalkanen, 1993; Andraszek et al., 2020). He-
CMOTPSI Ha TO, YTO J03bI ¥ TUII HAPKO3a JOCTATOUYHO
XOPOIIO OTpabOTaHbI IJisl MPEACTAaBUTENIeil pa3sHBIX
CEMEICTB OTpsIaa XUIIHBIX, TEM He MEHEE, 3TO SIBJISI-
€TCSI CEpbEe3HBIM BO3JEMCTBMEM Ha XKMBOTHOE, U CO-
MPSDKEHO € OMpPeAeICeHHBIM PUCKOM IS €T0 3I0pO-
Bbs1. Mcxonst 13 Halllero onsita padoThl ¢ KYHBUMU U
KOIIAaYbUMM, TTPOOJIEMOI SIBJISIETCSI TAKXKE TO, YTO Y
HEKOTOpBIX 0cobeil BooOIllle He yaaeTcsl IMOJy4YUThb
KYJISIIUAIO TP IIPUMEHEHUHU 3TOT0 CIIoco0a.

ITpoBeneHHbIN aHaIU3 JUTEPaTypbl MO3BOJISIET
clefaTh BBIBOA O TOM, YTO B KayeCTBE OCHOBHOTO
KPUOIIPOTEKTOpA IS 3aMOpPaXKMBAHUS CEMEHU pa3-
JIMYHBIX TIPEACTaBUTEJIEH XUIIHBIX Yallle BCEro HC-
MOJIL3YeT MIMLEpUH. UMEHHO 3TOT KPUOMPOTEKTOP
ObLT BIEpBbIE KCITOJb30BaH JIsI 3aMOpaKMBaHUS
cniepmaTo3onnoB 6ojiee 70 net Hazan (Polge et al.,
1949) u 10 cux Nop SBJSETCS KPUOTIPOTEKTOPOM BbIOO-
pa Mpu KPUOKOHCEPBALIMMA CEMEHM XUIIHBIX (Tabu. 1).
HMcnonb3oBaHue JaHHOTO KPUOIIPOTEKTOpa B HEKO-
TOPBIX CJy4yasix MO3BOJISIET MOJYYUTh ITOCTATOYHO
BBICOKME TIOKa3aTean >KM3HECIIOCOOHOCTM U TIO-
JIBUDKHOCTH CIIEPMATO30UJIOB Pa3UYHBIX TIpe/cTa-
BUTEJIEH CEMEICTBA KOLIAUbUX, TICOBBIX, MEABEXKbUX
n KyHbpuX. [IpuMeHeHne (pUpMEHHBIX KPUOIIPOTEK-
TOPHBIX cMeceit (Tabi. 2), B 1ieJIoM, HE JaeT OLIYTH-
MOTO TIpUpOCTa TIoKazaTeleil KU3HEeCITOCOOHOCTU
MocJje KpMOKOHCepBalluu CIepMaToO30UA0B pa3iny-
HBIX BUJOB JUKHWX XUIIIHBIX IO CpaBHEHUIO C CaMO-
CTOSITEJIbHO MPUTOTOBJIEHHBIMU KPUOTIPOTEKTOPHbI-
MU CMECSIMM Ha OCHOBe IInnepuHa (Tadi. 1). Mexny
TeM, UCTOJb30BaHUE (DUPMEHHBIX KPUOTIPOTEKTOP-
HBIX CMeCel Co3AaeT onpeaeeHHbIe MPEeuMyIIecTBa
Mpu paboTe B yCIOBUSX MPUOJUKEHHBIM K TTOJIEBBIM,
O YEM CBUJIETEJILCTBYET W Halll COOCTBEHHBI OIBIT
(Amstislavsky et al., 2018).

ﬂ,aHHbIe M0 KU3HECIIOCOOHOCTU CIIepMaToO301a10B
TI0CJIC KPMOKOHCEPBAlIMM, ITOJTYYCHHBIC HAa ITPEACTaBU-
TEJIAX PAa3HbIX CEMEICTB XUIITHBIX, TSAXKEIO IMOAIAIOTCA

AMCTUCJIABCKHWMH u 1p.

CpaBHEHMIO, TaK KaK MCCJIEAOBATEId pacCMaTpUBaIA
pa3an4YHbIe MHOINKATOPHI, TAKME KaK XXU3HECII0CO0-
HOCTb, ITOABMXXHOCTD, OIUIOAOTBOPSIOIIAsI CIIOCO0-
HOCTBH CIIEpMAaTO30MIOB C NCIIOJIb30BAHUEM Pa3HBIX
MeTonoB. B uwacTtHocTu, (hbepTUIBHOCTH (OIIOIO-
TBOPSIIOIIYIO CIIOCOOHOCTB) CHEPMaTO30UJIOB UC-
CJIeIOBaJIM JIMOO ITyTeM TOMOJIOTMYECKOTO, JIM0O ITy-
TeM rereposiorndyeckoro KO, muoo nyrem NO. Co-
3MaeT OIpelesIeHHbIe CJIOXHOCTU U SIBJISIETCS
JIOCTAaTOYHO CEpbe3HO MpoOJIeMOil TakxKe MaJlbli
00BeM BSIKYJISITa IpU paboTe ¢ HEKOTOPBIMU TUKUMU
Bugamu xuinHbIX (Luvoni, 2006; Franklin et al.,
2018). MMeHHO Malblii 00beM 3SKYJISITAa U OTHOCH-
TENBHBIN I1e(PUIINT CEMEHU SIBJISICTCS BaXKHBIM apry-
MEHTOM B IT0JIb3Y BIOOpa nMeHHO DK O, 11pm padote ¢
KPHOKOHCEPBHUPOBAHHBIM CEMEHEM TUKWX BUAOB XUIII-
HBIX CEeMEMCTBa KOIIaybuX, IJISI 3TOTO cIiocoba Tpedy-
€TCsl B COTHM pa3 MEHbIIIe MOABIKHBIX XKU3HECIIOCO0-
HBIX criepMaTo3ounoB, yeMm a1 MO (Swanson et al.,
2007).

Mexnay TeM, BEIOOp TOTO WJIM MHOTO CIiocoba pa-
OOTEI C cCeMEeHEM, HaXOISIIMMCS B KpOOaHKe, OTIpe-
JIeJIsieTCsI KOHKPETHBIM BUIOM XMIITHBIX U OCYIIECTB-
JISIETCS JIMOO C 3KCIIEpUMEHTAIbHBIMU LIEJISIMU,, TUO0
B KOHTEKCTE IIpOTpaMMbl COXpaHEHMsSI 3TOTO BMA.
IToka3zaTeTbHBIM PUMEPOM, KOTOPbIiA, 0€3 COMHe-
HUS SIBJISIETCS CEPbE3HBIM TOCTUKEHUEM B JAHHOI
006J1acTu, SIBIIETCS IMIpUMEHEHNE KPUOOaHKa B KOH-
TEKCTE YCUJINHA MO COXPAaHEHUIO BUIA YEPHOHOTOIO
xopbKa (Mustela nigripes) B CeBepHOU AMepuKe
(Howard et al., 2015). Boinee 130 moToMKOB OBLIO IO~
JydaeHo nytreM MO B Xolle MHOTOJIETHEN TIPOTrpaMMBbI
BOCCTAHOBJICHUSI YMCIIEHHOCTU 3TOT0 BUAA KYHBUX
(Howard, Wildt, 2009; Howard et al., 2015). Cnenyet
OTMETHUTbh, YTO, HECMOTPS Ha TO, UTO B OOJIBIIIMHCTBE
cJlydaeB JJIsi 3TOTO MCIIOJIb30BaJIM CIIEPMATO30MIbI
He TToaBeprasliieecss KPMOKOHCEpPBallii, TOTOMCTBO
ObLTO TToTydeHo Takke 1 rociie MO cnepmaro3ounaa-
MU, B3ITHIMU U3 KpHMOOaHKa, MPpUYEM B HEKOTOPBIX
cITydasix, 3T CIIEPMATO30UIbI COXPAHSUTUCH B KPUO-
bOaHKe B TedeHUe nByX accatuieruit (Howard et al.,
2015). D10 MOXET paccMaTpUBaThCsI KaK HECOMHEH-
HOe JOCTIKEHHE, ITOCKONbKY KPUOKOHCEpPBALIVS
MYKCKHMX TaMeT B COUYETaHUU C APYTUMHU METOHAMU,
OblJ1a YCMEIIHO MCITOJb30BaHa JJisi BOCCTAHOBJICHUS
BUJA XWIIHBIX, HAXOAMBIIETOCSI HAa TPaHU MOJIHOTO
WCUYE3HOBEHUSI.

KPMOKOHCEPBALIMA OOLITUTOB
N ITPEUMITVIAHTAHMOHHBIX DMBPMOHOB
NMPEACTABUTEJNEN OTPAOA XWIIHBIX

Hcmounuk ooyumoe u sm0puoHoe 041 Kpuobanka
npedcmagumeneii omps0a XuujHvix

CI10CcOGHI TTOJTyYeHUSI OOLIMTOB M 3MOPHOHOB pa3-
JIMYAIOTCS B 3aBUCUMOCTH OT BHUIA JKMBOTHOTO U TIe-
JIN MaJTbHEHIIIeTo NCIoib30BaHms. B cirydae mabopa-
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Tadomuua 3. KpruokoHcepBalusi 0OIMTOB IUKKUX MpeAcTaBUTeeil oTpsiaa xulHbix (Carnivora)

Bun xxuBoTHOTO Kpuomnporekropsr

Xapakrep
KPUOKOHCEPBAIIUH,
THIT HOCHUTEJISI

Cchlika

Jlydmmii pe3ynbrar
i pesy Ha UCCJIENOBaHME

Cryotech Vitrification
kit (Cryotech, Japan)

Cepsan (Leptailurus
serval)MII

Manyn

(Otocolobus manul)M!!

O6bikHOBeHHas iucuia | 15% BT, 15% AMCO

MekcukaHckuii Boak | 15% BT, 15% AMCO,

(Canis lupus baileyi)© | 0.5 M caxapossi

CewmeiictBo Komaubux (Felidae)
Butpudukaius

c ucrnoygb3oBaHrueM Rapid-I
(Vitrolife, Sweden)

CewmeiictBo ncoBbix (Canidae)

Butpudukanmus ¢ uCIonn-
(Vulpes vulpes)SY 30BaHUEM KPUOMETIN
(cryoloop)

Burpudukanus ¢ UCIoIb-
3oBaHueM Cryotop
(Kitazato, Japan)

70% xuBbix oouutoB | Nowak et al., 2019

IT0CJIC OKpalllMBaHU S

60% >KUBBIX OOLIUTOB
ITOCJIC OKpalllMBaHUA

42% oouutoB Bo306- | Cao et al., 2017
HOBUBILNX M€EI03,

5% no3peBIIUX 10 CTa-
muu MII mocie IVM
41% XVBBIX OOLIUTOB

ITOCJIC OKpallIMBaHUA

Boutelle et al.,
2011

MIT _ KPUOKOHCEPBALIUSI 3pEJIbIX OOLUTOB, GV

TOPHBIX MOJIEJIbHBIX BUAOB (HapuMeEp, JOMAalIHSs
KOIIIKa) yaille BCero MCHOJb3YIOT SUUYHUKU, U3BJIE-
YEHHbIE MOCJIe PYTUHHOMN OIepalui OBapuOTUCTED-
9KTOMMU B BETEpUHAPHBIX KIIMHUKaX. V3 Takux siuu-
HUKOB BBIIEISIOT KYMYJIIOC-OOLUTHbIE KOMILIEKCHI
(KOK) nyrem m3menbueHMUsI TKAHU KOpPTEeKca U ac-
nupanuu oouToB U3 dhonukyaos. [Tocie npoueny-
pol coopa KOK-cbl moaBepraroTcst CEIeKIIMU Mo Ka-
YEeCTBY Ha OCHOBE MOPGOJOTrMYECKUX KPUTEPHUEB.
Hanpumep, cpenu xomaubux KOK-coB Hauboinee
MPUTOAHBIMU JJIS NaJIbHEHI1IETO Pa3BUTUSI CUMTAIOT-
csl TaKMe, KOTOpble MMEIOT MpaBUJIbHYIO chepuye-
CKylo (opMy, TEMHYIO OJHOPOIHYIO OOIJIa3My U
OKPYXEHbl HE MEHEE YEM MSATHIO CIOSIMU KyMYJIIOC-
HbIx kietok (Wood, Wildt, 1997). Oouutsl B TaKUX
KOMILIeKCax, KakK TpaBWJIO, HAXOASTCS Ha CTaauu
repMUHaJIbHOIO Be3WKya (T.e. He3peJibie); UX JIMbo
cpa3y KpPMOKOHCEpPBHUPYIOT, JMOO BHayajle oOcCy-
LLIECTBJISIIOT T103pEeBaHUE in Vitro C LeJIbIO TTOCIenyo-
el KPUOKOHCEpPBALMM WK OILJIONOTBOPEHUS in Vi-
tro. I1pu paboTe ¢ peAKMMU AUKUMU BUIAMU XUIII-
HbIX TakKas METOIMKAa MCMOJb3yeTCsl TOJIbKO IpU
HaJU4YUU MEAUIIMHCKUX MOKa3aHW IJIs1 omnepaluun
(Boutelle et al., 2011) wnu post mortem: B Caydasix Tu-
Oenu ocobeit, comepxKalluxcs B 300MapKax, YTOOBI
COXpaHUTb 1IEHHbII TeHeTudyeckuii Matepuan (Ko-
chan et al., 2019). MHorna mist MOMydYeHUsI OOLIUTOB
OT IUKUX BUJOB XUIITHBIX TIPUMEHSIOT TOPMOHAJIBHO
WHIYLIUPOBAHHYIO CTUMYJISILUIO CYTIEPOBYJISIIIAU C
MOCJIEAYIOIIEH JIarapOCKOIIMYECKOM MyHKIIMEN aH-
TpanbHbIX posukynos (Pope et al., 2006, 2012; Mas-
tromonaco, Songsasen, 2020).

OCOOEeHHOCThIO HpeﬂCTaBHTCJ’Ieﬁ CeMelicTBa ICo-
BBIX ABJACTCA TO, YTO Y HUX OBYJIALMA ITPOUCXOIUT

OHTOIEHE3 TtomM 52 Ne 5 2021

— KPHUOKOHCEPBALIUsI HE3pEJIbIX OOLIMTOB.

He Ha ctanuu MII, a Ha OoJiee paHHEeH cTaguu Meio-
3a; IMIpX 3TOM OOLIMTHI MOCJIE OBYJISILIUU T03PEBAIOT B
gitneBonax (Chastant-Maillard et al., 2011). C atum
CBsI3aHbBI TPOOJIEMBI CO3IaHUSI YCIOBUI JJ1s1 1O3peBa-
HMS in Vitro oOLIUTOB OJUKUX IPeACTaBUTENIE 3TOro
ceMmeiictBa (Amstislavsky et al., 2012). Mexny Tem,
OBUIM MPEOIPUHATHI BIIOJIHE YCIEIIHBIC ITONBITKU
KPUOKOHCEPBAallM OOLIUTOB JUKUX IIPEACTaBUTEICH
ceMelicTBa IcoBbIX (Tabi. 3) EcTh HECKOJBKO padoT,
MOCBSILIEHHBIX in Vitro TO3peBaHUIO OOLIUTOB IIPE-
CTaBUTEJICH OTpsIa MEIBEXKbUX, HAIIpuMep, dapudaia
(Johnston et al., 1994) u 6yporo mensens (Yin et al.,
2007). Yto KacaeTcsl KpUOKOHCEpPBallMU OOIIMTOB
MENBEXbUX U KYHbUX, B HACTOSIIIIEE BpeMs IMOKa He
OIyO0JIMKOBaHO paboT Ha 3Ty TEMY.

DOMOpPHMOHBI IJIsI KPMOKOHCEPBALIMM MOTYT OBIThH
MOJyYeHbI in vitro wiau in vivo. B 1mepBoM citydae
OIIONOTBOPEHUE OOLIMTOB MOXHO MPOU3BECTU ITy-
TeM TpagunnoHHoro DKO uan ¢ momomesio MKCHU
(Pope, 2012, 2014). DMOpuOHBI TNpeacTaBUTEEH
XUILHBbIX, Pa3BUBILIWECS M ViVo Yallle BCETO MOJIy4yaroT
MyTeM XMPYPTUYECKOrOo M3BJICUEHUSI UX U3 PEIpo-
NYKTUBHBIX MyTeH CITyCTSI HECKOJbKO ITHEH mocie
OILIOOOTBOPEHMUS in vivo (IlyTeM CIIapUBaHUS C caM-
oM Jmbo nociie MO) y HapKOTU3MPOBAHHBIX XHU-
BOTHEBIX C COXpaHEHMEM UX PEeIIPOAYKTUBHOI (PyHK-
muu (Lindeberg et al., 2003; Piltti et al., 2004; Guai-
tolini et al., 2012).

Cnocobul KpuoKoHcepeauuu 00yUmMo8 U SMOPUOHO8
npedcmagumeneii omps0a XuujHslx

CyliecTByIOT ABa cHocoba 3aMOpakUBaHUS
OOLIUTOB U 3MOPUOHOB MJIEKOIMUTAIOIINX — IIPO-
rpaMMHOe 3aMopaxuBaHnue 1 Burpudukamus (Whit-
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tingham et al., 1972; Rall, Fahy, 1985; Saragusty, Arav,
2011). IlporpamMmHOe 3aMOpakKMBaHHUE SIBISCTCS
PaBHOBECHBIM ITPOLIECCOM, KOTOPBIN XapaKTepu3y-
eTCSI HU3KUMM CKOPOCTSIMU OXJIAXKIEHUS IJIsl TIOM-
JIep>XKaHUsl BHYTPUKJIETOUYHONM BOABI B TlepeoxJa-
XKIEHHOM COCTOSTHUH, YTO CITOCOOCTBYET ITepeMeliie-
HUIO BOABI U3 BHYTPUKIETOYHBIX KOMIIAPTMEHTOB BO
BHEKJICTOYHbIC, B KOHIIE KOHILIOB, II0 OKOHYaHUU
Mpoliecca BHYTPUKIIETOYHbIE KPUCTAJLIBI Jibaa 00pa-
3yIOTCSI, HO OHU MEJIKME€ M, COOTBETCTBEHHO, HE
CIIMIIIKOM BpelIOHOCHEIe Mg KieTok (Mazur, 1990).
B npuHIMIIManbHy0 cXeMy IporpaMMbl BXOAUT Mep-
BBIM 3Tal OXJIaXKIEHMsI CO CKOpocThio 1—2°C/MuUH 10
TeMIlepaTypbl OKOJIO —5...—7°C, TIpu KOTOPOIi Mpo-
BOIST MPUHYIUTEIbHYIO HYKJICAlUIo JbIa BO 136e-
KaHWE CHOHTAHHON KpUCTAa/UIM3alUM, W BTOPOM
aTan 0oJiee MEIJIEHHOTO OXJIaXKACHUS (IeCSAThIC 10U
rpaayca B MUHYTY) 10 TeMmIiepatypbl Huke —30°C,
Npy KOTOPOI MOXHO MOMEIIATh HOCUTEb B XXUIAKUIA
asor. 11 npegoTBpalieHus MMOBPEXXASHUS 1 THOe I
KJIETOK B IIpOlieCCE 3aMOpaXXUBaHUS IPUMEHSIIOT
pa3IYHbIe KPUOIIPOTEKTOPHI, KaK OIMCAHO BhIIIIE.

Butpudukaius (cTekioBaHWEe) OCHOBBIBAETCSI Ha
MPEANOoJ0XKEHUN O TOM, UTO TPU BBICOKMX KOHIIEH-
TpalMsIX KPpUOMIPOTEKTOPA Y OYEHB OBICTPOM CHIKE-
HUW TeMITepaTyphl KJIETKU MEPEXOAAT B CTEKIOBHI-
HOE COCTOSIHME (BUTpU(MULMPYIOTCS), MUHYS CTa-
oo kpuctaummsanuu  (Mazur, 1990). Tlepexon
pactBopa B amopdHy0 a3y IIPOUCXOIUT OOBLITHO
IPY BBICOKMX CKOPOCTAX OXJaXIeHWsT — Ooiee
500°C/MuH; TIipu MpoOBeIeHWU BUTPUGUKAIIUN WC-
MTOJIb3YIOT KPUOTIPOTEKTOPHl B KOHIICHTpAIlMKU OT 4
o 7 MoJieit, To ecTh BbIlIe, YeM IPU ITPOrpaMMHOM
3amopaxuBaHum (Saragusty, Arav, 2011). B 0601b-
IIIMHCTBE COBPEMEHHBIX METOMOB TaKME CKOPOCTHU
OXJIAXKJICHUST JOCTUTAIOTCS TTIOTPYKEeHUEM MaTepuaa
HEITOCPEACTBEHHO B XUAKW a30T (—196°C) wim B
TepeoXJIaXKIeHHBIM BO3MyX — HaAIpUMep, 3aKPBIThIE
cuctembl Rapid-1 (Nowak et al., 2019). 3akphIThie
CHCTEMBI OTJIMYAIOTCS OT OTKPBITHIX OTCYTCTBHEM
MIPSIMOTO KOHTAaKTa MaTepHaia ¢ KUIKUM a30TOM,
KOTOPBIiT MOKET TIPMBECTH K KOHTAMUHAIINI 06pa3-
I1a; OMHAKO TIPW 3TOM OHM MOTYT IIPOUTPBIBATH IO
CKOpPOCTH OXJIAXKIEHUSI U, CJeIoBaTeJabHO, 3P deK-
tuBHOCTH (Vajta et al., 2015). Haubonee nmonyisipHbI-
MU SIBJISTIOTCSI OTKPBITBIE CUCTEMBI, Takue Kak OPS —
open pulled straw (Luciano et al., 2009), Cryotop u
Cryoloop (Mikolajewska et al., 2012). [TomuMo cko-
pPOCTU OXJIAXKICHUSI, BaXXKHYIO POJIb TaKKe MIparoT
00BEM U BSI3KOCTD Cpelibl, B KOTOPOit KPMOKOHCEPBU-
pytoT o6pa3nsl (Saragusty, Arav, 2011).

O6a MeTona KpMOKOHCEpBallMi UMEIOT CBOM TIpe-
UMYIECTBA U HemocTaTKu. [IpenMyIiecTBo MeaIeH-
HOTO 3aMOpaXMBAaHUS 3aKJIIOYAETCsI B UCIIOJb30Ba-
HUM HU3KUX KOHLIEHTPALUi KPUOIIPOTEKTOPOB, TO-
rma Kak Uit BUTPUGUKAIIUM TPeOYIOTCS BHICOKME
KOHILIEHTPAlIUU, KOTOPHBIE CBS3aHbI C XMMUYECKO

TOKCUYHOCTBIO M OCMOTHMYECKHMM IITOKOM (Shaw,
Jones, 2003). Opmnako BuUTpU(pUKALMS SIBJISIETCSI
OBICTPBIM METOIOM, ITIO3BOJISIIOIIMM M30eXXaTh 3Tara
JUINTEILHOTO OXJIAXIEHUSI, YTO CHMKAET KPHOIIO-
BPEXIEeHMsI, BOSHUKAIOIIME B KJIETKaX MPU UX OXJIa-
XKIEHUU 10 OKOJIOHYJIEBBIX TEMIIEPATYp U IIPU 3aMO-
paXkrBaHUM KJIETOK B pe3yjbTaTe KpHUCTaJIM3aluu
BHyTpuKJIeTouyHOI Boabl (Kim, 2013). 3to nmpeumy-
IIECTBO OCOOEHHO CYIIECTBEHHO TMPU KPUOKOHCEP-
BallM1 OOLIMTOB U SMOPHUOHOB T€X BUIOB, Y KOTOPBIX
BBICOKOE COMepKaHME JIMIIUIOB B UX PEIIPOIYKTUB-
HBIX KJIeTKax (Amstislavsky et al., 2019).

Cnocobbt oueHKU HCUZHECNOCOOHOCMU 00UUMO8
U SIMOPUOHO8 8 npouecce U Nocie KPUOKOHCEP8ayuu

Cyl111eCTBYIOT MHOTOUYMCJIEHHbBIE CITOCOOBI OLIEHKU
JKU3HECTIOCOOHOCTU OOILIMTOB TIOC]e TMPOUEaypPbI
KpuokoHcepBaluu. B pabore HoBak ¢ coaBropamu
(2019), st oLIeHKY BBDKMBAEMOCTH OOILIUTOB CEpBa-
na (Leptailurus serval) n manyna (Otocolobus manul) 110-
cjie BUTpUGDUKALIUM, UX OKpalIUBIU (PIyOpeClIeHT-
HBbIMM KpacuTeasiMu: opomucteiM atuaneM (ETBr) B
couyeTaHuu c auaneratoM dayopecienHa (FDA).
KvBble OOLIUTHEI C HEIOBPEXKICHHON KIETOYHOMN
MeMOpaHOIl CBETATCS B 3€JIEHOM Mana3oHe JJIUH
BOJIH, B TO BpeMsI KaK MePTBbI€ OOIIUTHI CBETSITCS SIp-
Ko-opaHxeBbIM (Nowak et al., 2019). ITomumo 3Toro,
ncnoab3ytoT nponuaus oaun (PI), koTopslit okpa-
IIMBAET TOJIbKO MEPTBbIE OOLMTHI C TTOBPEXIEHHOM
MeMOpaHOI; UMEHHO 3TOT METOMA TPUMEHUIU IS
OLIEHKY BBbDXKMBAHUSI OOLIMTOB MEKCUKAHCKOTO BOJI-
Ka mociie KpuokoHcepBaumuu (Canis lupus baileyi)
(Boutelle et al., 2011). Takxke TpUMEHSIIOT METOLbI
CBETOBOI1, (hIyopeceHTHOM U KOH(POKATbHON MUK-
POCKOIUM, KPOME TOTO, WCIOJb3YIOT 3JEKTPOHHYIO
MUKPOCKOITMIO JIJIS1 OLIEHKU U3MEHEHUI B 0OIIATaX MO-
cJle KpMOKOHCEpBalluM, B TOM YMCII€ U Ha CyOKJIeTOY-
HoM ypoBHe (Turathum et al., 2010; Apparicio et al.,
2013; Cao et al., 2017). a5 oueHKU 3P PEKTUBHOCTU
KPMOKOHCEPBALIMU UCCAEAYIOT TAKXKE MUTOXOHIPUU
rocJie oKpalmBaHus nx MutoTpakepoM (Cao et al.,
2017). ITocne BuTprpuKaIMy OOIUTOB OOBIKHOBEH-
Hoii mucuiibl (Vulpes vulpes) olieHUBaIU coaepKaHue
JIyTaTUOHA — TUOJIOBOTO COENMHEHUSI, HEOOXOmu-
MOTO J1s1 TipoJudepalu KJIeToK, TpaHCIopTa aMu-
HOKHUCIOT, cuHTe3a 6enkoB 1 JHK, mommepxkanns
OKUCJIUTEIbHO-BOCCTAHOBUTEIBHOTO OanaHca. bbi-
JIO TI0Ka3aHO, YTO KOHIIEHTPAaIUs TaHHOTO BEIIECTBA
3HAUYUTEJIbHO CHMWXAETCd B BUTPUDUIIMPOBAHHBIX
OOLIMTAX MOCJIE UX OTTauBaHUSI 1O CPaBHEHUIO C KOH-
tposieM (Cao et al., 2017). BaxkHbIM METOIOM OLIEHKU
>KM3HECITOCOOHOCTH OOLIMTOB XUIIHBIX TTOCJIe KPUO-
KOHCepBalliU SIBJISIETCS UX CITIOCOOHOCTh K OIUIONO-
TBOPEHUIO U JajibHEWllIeMy pa3BUTHUIO 3MOpMOHA,
Kak ObLIO TToKa3aHo B padote JIroBoHu u Ilemmuiia-
pu (2000) Ha oouMTax HoManIHe Kok (Felis silves-
tris catus) (Luvoni, Pellizzari, 2000).
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Puc. 2. DMOpHOHBI JOMAaITHEH KOUIKU, KYJIbTUBUPOBAHHBIE in Vitro B cpejie ¢ J00aBJIeHUEeM JIMHOJIEBOM KUCIOThI. CreBa aM-
OpUOH NIPU KOMHATHOI TeMIlepaType, clipaBa — B IPOLIeCCe 3aMOpakMBaHMs Ha KprocTate. MaciiTabHast rojocka: 50 MKM.

DDPeKTUBHOCTh KPUOKOHCEPBALIUA SMOPUOHOB
OLICHUBAIOT MO X CITIOCOOHOCTU K Pa3BUTHIO B KYJIb-
Type in vitro TIOCJIe LINKJIa 3aMOPaXKUBaHUsI/OTTanuBa-
Hus (Crichton et al., 2003; Mokrousova et al., 2020b).
HaubGonee ydoenuTeabHBII CIOCOO MPOBEPKU KU3HE-
CIIOCOOHOCTU ASMOPUOHOB T10CJIE€ KPMOKOHCEePBAlIUUA —
9TO TPaHCIUIAHTALIMSl UX COOTBETCTBYIOIIEMY Pellv-
nueHTy. Takue paboThl Ha MPEACTaBUTENSIX OTpsiaa
XUIIHBIX TTPOBENEHBI MPEMMYIIECTBEHHO Ha JoMalll-
Hux komikax (Dresser et al., 1988; Pope, 2000, 2014), co-
6akax (Nagashima et al., 2015; Hori et al., 2016) 1 Xopb-
Kax (Lindeberg et al., 2003; Piltti et al., 2004; Sun et al.,
2008), a Tak:ke Ha HECKOJbKUX TUKUX BUAAX KOIla-
ypnx (Pope et al., 2006; Conforti et al., 2008; Pope et al.,
2012).

Cnoco60B OLIEHUTh TIPOUCXOISIIUE B XKUBBIX
KJIeTKaX MPOLIECChl, HEMOCPEACTBEHHO B XOJ¢ OXJla-
KIEHUS U 3aMOpaXkBaHUSI SMOPUOHOB U OOILIUTOB,
He MHoro. KitaccuyeckKuM MeTOJIOM SIBJISIETCSI KPUO-
MUKPOCKOITHSI, B XO/Ie KOTOPOTO MOXHO CJEIUTh 3a
XOIOM KPUCTAIU3alMU B OXJIaXJaeMbIX obpasiax
(Mazur, 1990). Ha puc. 2 npeacraBieH sMOpUOH J0-
MallIHe i KOIIKHY A0 Havalla OXJIaXKIESHUS U B TIPOIIeC-
ce OXJIaXIeHUSs, JaHHbIE MOJIYYeHBI C UCITOJIb30Ba-
HUEeM KpuoMuKpockKora. CyllIecTBYIOT U Apyrrie Me-
TOOBI, KOTOpBIE TIO3BOJSIOT “3arjsiHyTh BHYTPbH~
oOpa3sia npu ero oxJiaxkaeHuu. B yactHocTH, MeTon
CMEKTPOCKOIMY KOMOMHAIIMOHHOTO PacCesTHUSI CBe-
ta (KPC) no3BosisieT moay4uTh MHGOPMAIIUIO O XOJIe
KpUCTAJIIU3allMd B oOpaslie B Mpoliecce ero oxja-
XKIEHUS U OLIEHUTb COOTHOIIIEHUE XUAKONH U TBEP-
nmoit ¢assel Boawl (Karpegina et al., 2016). B xone Ha-
IIUX UCCIIEAOBAHUI C TPUMEHEHUEM 3TON METOIUKH
0 OTHOIIIEHUIO K SMOPUOHAM U OOILIMTAM JOMAIITHE
KOIIIK! YAAJIOCh OLIEHUTH TeMIepaTtypy (ha3oBOro Ie-
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pexona B mpoliecce ux oxnaxnaeHus (Okotrub et al.,
2018; Mokrousova et al., 2020b). [laHHass MeToaMKa
MO3BOJISIET TIOAyYaTh MHMOPMAILIUIO 00 OTHSIHHBIX
KJIeTKaX B peaJbHOM BPEMEHU B TIpOIeCcCce UX OXJia-
XKIEHUS, He BBOAS B KJICTKU KaKMX-JI100 MeToK. Ha-
psiny co criekrpockonueit KPC, njis HemHBa3MBHOIO
MOHUTOPHHTA KMBBIX KJIETOK ITIPUMEHSIIOT TAKXKe MH-
dpakpachyo (MK) criekrpockonuio (Ishigaki et al.,
2016).

Cospemennbie docmuiceHus U npodaembl
KPUOKOHCep8ayuu ooyumos npedcmasumenei
omps0a XUuuHblx

OouuThl W TPEUMITJIAHTALIMOHHBIE 3MOPHUOHBI
BCeX MpeAcTaBUTelNIeil OTpsila XUIHBIX, HAlpUMep,
JIoOMalllHe i KOIIKU, coepxKaT 00JIbIIIOe YUCI0 BHYT-
PUKJIETOYHBIX JUOUAHbIX rpanyal — JII' (Guraya,
1965; Amstislavsky et al., 2019). ConepxxaHue 6OIb-
moro yucia JIT' B penpoayKTUBHBIX KJIeTKaX MJIEKO-
MUTAIOIMX MOXET OKa3bIBaTh BIAMSHUE Ha 3(hdheK-
TUBHOCTh X KpuokoHcepBauum (Hwang, Hochi,
2014; Amstislavsky et al., 2019). ITpu 3TOM, KaK Mbl
nojaraeM, OOJIbIIYIO POJIb MOXKET UTPaTh HE TOJBKO
KOJIMYECTBEHHBIN, HO M KadecTBeHHBIN cocTtaB JIT,
HalpuMep, CTENeHb HEHACHIIIEHHOCTH CcoAepKa-
muxcsl B HUX unuaoB. CyllecTByeT MPeAItonoKeHue,
YTO YyeM OOJIbllIe HEHACHIIIIEHHBIX JKUPHBIX KHCJIOT CO-
nepxwutcst B JIT', Tem Hibke Touka (pa3oBoro Iepexoaa
JIMTTUAOB TIpU oxJaxaeHuu kiaetok (Okotrub et al.,
2018) u TeM BbIlIe MOXET OBITh 3((HEKTUBHOCTb UX
KpuokoHcepBaluu (Amstislavsky et al., 2019). On-
HUM U3 CNTOCOOOB MoAUMUKALIMU JTUTTUAHOTO COCTa-
Ba OOLIUTOB U SMOPHOHOB MJICKOITUTAIOIINX SIBJISIETCSI
BBeICHUE XXKUPHBIX HACBHIEHHBIX U HEHACBIIIEHHBIX
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XupHbIX KuciaoT (Aardema et al., 2017; BpyceHleB
u 1p., 2020; Ranneva et al., 2020). ITockonbKy cieKTphI
KPC 4yBCTBUTENBHBI K CTPYKType MOJEKYI U HUX
okpyxeHnmnwo, usmepsisi KPC MoxHO ompenesnsTh
KOHIIEHTPALIMIO BEIIECTB, UX (a30BO€ COCTOSHUE U
dazoBbie Tiepexoanpl (Mokrousova et al., 2020a, 2020b;
Ranneva et al., 2020). C nmoMoIipio CrieKTpOCKOITUU
KPC 6bU10 MOKa3aHO, YTO KJICTOUYHBIE JIUITUIBI IIpe-
TepreBaloT pa3MbIThIi (ha30BbIii ITepPeXo, TPU KOTO-
poM HaOmonaeTcs pasaeneHue das (Mokrousova et al.,
2020b). Hamu ObL10 M3y4eHO paclipeicaeHUe cTea-
PYHOBOI KMCJIOTbI, MEUEHHOM AEUTEPUEM, B JINITU -
HBIX TpaHyJaX OOLUTOB IOMAIIHE KOIIKM II0CTIe
KynbTUBUpOBaHUs in vitro (Ranneva et al., 2020). Mc-
clIeIOBaHME I10KA3aJ0, YTO BCTpauMBaHUE >XUPHOM
KHMCJIOTHI IIPOMCXOIUT BO BCE JIMIIUIHBIE T'PaHYJIbI
oonuta. Kpome Toro, pasjnyHble TpaHyJIbl OJHOTO
OOIlUTa MMeeT pa3Hyl0 KOHIIEHTPAllMIO BBEICHHOM
KMCJIOTBI B 3aBUCUMOCTH OT BpEMEHU KYJIbTUBUPOBA-
Hust (Ranneva et al., 2020). B Hacrosiee Bpems,
JlaHHasi paboTa MPOA0JIKAETCSl HAMU B TIJIaHe U3y4de-
HUSl BJIUSIHUSI KYJbTUBUPOBAHUSI 3MOPUOHOB [O-
MalllHEW KOIIKMU C JIMHOJIEBOM KUCJIOTOU Ha UX CIIO-
COOHOCTD ITepeKMBaTh OXJIAXICHUE U KPUOKOHCEP-
BaLuio (puc. 2).

OouumTHI TIpeACTaBUTENEi OTpsiAa XUIITHBIX MHOTAA,
XOTS ¥ PeNKO, KPMOKOHCEPBUPYIOT ITyTEM IIPOrpaMM-
Horo 3amopaxkuBaHus (Luvoni, Pellizzari, 2000), game
HUCIIob3yloT BuTpudmkanuioo (Boutelle et al., 2011;
Galiguis et al., 2014; Cao et al., 2017; Turathum et al.,
2018; Nowak et al., 2019). Pe3yabraThl 3TUX padoT
npenacTaBieHbl B Ta0a. 3. Mcxons M3 TEOpEeTUYECKUX
MPEANOChUIOK, B Ka4eCTBE HanbosIee MpeariouTUTE Ib-
HOT'O KPMOIIPOTEKTOpa IS KPUMOKOHCEPBALIMU OOLIM-
TOB XMIIHBIX MJICKOIUTAIONINX MOXET BBICTYIIATh
JAMCO, 1ocKoabKy UMEHHO OH 00JadaeT JIUTTOMPUIIb-
HBIMU CBOMCTBAMU M MOXET JIETKO TMTPOXOIUTH Yepes
LUTOIUIA3MAaTUIECKIIE MEMOpPaHbI KJIETOK, 1, BO3MOX-
HO, Jaxke IMpoHMKaTh HerocpeactBeHHO B JIIT (Kyie-
moBa u ap., 2014). JIeiicTBUTEIBHO, Yallle BCETO, IPo-
TOKOJI, TIpeAHAa3HAYEHHBI IsI KPUOKOHCEPBALIU
OOLIMTOB TIPEAICTAaBUTEIICI CEMEICTB OTPsIIa XUIITHBIX,
BKJII0YAeT B Ka4eCTBE OTHOIO M3 KPUOIIPOTEKTOPOB
umMmeHHo JIMCO (Boutelle et al., 2011; Galiguis et al.,
2014; Cao et al., 2017; Turathum et al., 2018). B yacrt-
HOCTHU, C NMPUMEHEHUEM CMEeCH KPHUOIIPOTEKTOPOB,
uMmermux B cBoeM cocraBe JIMCO, ycrenrHo ynaa-
JIOCh BUTPpUDUIIMPOBATH OOLIMTHI JOMAIITHEH cobaKu
(Turathum et al., 2010), xomku (Galiguis et al., 2014),
obbikHOBeHHOM aucuibl (Cao et al., 2017) 1 Mmekcu-
KaHckoro Boska (Boutelle et al., 2011).

Mexnay Tem, IJisl 3TUX XKe lieJieil MHOTIa UCTIOb-
3YIOT CTaHIapTHBIE KOMMEpUYeCKIe HaOOPBI TS BUT-
pudukanumn. B yactHocTH, B paboTe Anmapuyno c
coaBTopamu (Apparicio et al., 2013) KOK-cb1 mo-
MallTHe#l KOIIKW ObUTM BUTPUMUIIMPOBAHBI C WC-
TTOJIb30BaHNEM (PUPMEHHOI CMECH KPHUOIIPOTEKTO-

PpOB IIpeTHa3HAYSHHOM IS OOIIMTOB KPYITHOTO pora-
Toro ckota (Apparicio et al., 2013). OTHOCUTEIBHO
HeJIaBHO, oOLUTHI cepBana (Leptailurus serval) n ma-
HyJa (Otocolobus manul) KpuOKOHCEPBUPOBAIM C MC-
MOJIb30BAaHUEM CIIEIIUAIBHOIO HAabopa IJIsk BUTpU(U-
Kalluu, ucroJjb3yemoro B menuiinHe: Cryotech Vitrifi-
cation kit (Cryotech, Japan) (Nowak et al., 2019).

Locmuxcenus u npobaemovl KpUOKOHCep8auuU
aMOpUoH06 npedcmasumeneii omps0a XuulHsix

Ha nomanramx Komkax, codakax M XOpbKax OBLIHN
OTpabOTaHBI IIPOTOKOJIBI, KaK MPOrPaMMHOTO 3aMO-
paxuBaHus (Dresser et al., 1988; Gomez et al., 2003;
Lindeberg et al., 2003; Tsujioka et al., 2008; Pope et al.,
2011), Tak n Burpudukauum (Piltti et al., 2004;
Hori et al., 2016). DTu IpOTOKOJIBI OBIIIN TIPUMEHE-
HBI K JUKWUM BUaaM XUIIHBIX. [Tpy 3TOM Hanbo blIee
YUCJIO paboT 10 KPMOKOHCEPBALlMU SMOPUOHOB Cpe-
Iy npeactaButeneii otpsaaa Carnivora GbLUTO BEITIOTHE-
Ho Ha komaubux (Pope et al., 2012; Amstislavsky et al.,
2012).

Kak mpaBuio, mporpamMMHOe 3aMOpakKuBaHUE
IIpU KPUOKOHCEpPBALIMM 3MOPUOHOB KOIIAYbUX MC-
MOJBL3YIOT Yalnle, dyeM BuTpuduxkauuo. HMmeercs
JIMIIIb HECKOJIbKO MCCIEA0BAaHUI 110 BUTpUMDUKALIUU
SMOPHOHOB KOIIAYbUX, IPUYEM BCE OHU IPOBEICHBI
Ha JoMalliHeli Kolike. B oqHOM U3 HegaBHUX UCCie-
JIOBaHUI ObLI BBISIBJIEH BHICOKMI YPOBEHD aIloITo3a
nocjie BUTPU(PUKALIUN SMOPHMOHOB AOMAIITHUX KO-
mek (Ochota, Nizanski, 2018). ITporpamMmHoe 3amMo-
paxuBaHUe oKazajloch 0oJjiee MIAASIIMM CIIOCOOOM
110 OTHOIIEHMIO K KOIIIaYbUM 3MOpUOHAM, YEM BUT-
puduKalus, eCIM CyIUTh KaK 110 Pa3BUTUIO SMOPU-
OHOB B KyJbType in vitro (Pederson et al., 2009), Tak u
o IojydyeHuto xuBoro moromcTtBa (Pope et al.,
2012). Pe3ynbTat noaydyeHus XKMBOTO IIOTOMCTBA MO~
clie BUTpU(UKALIN SMOPHMOHOB HOMAIIHEH KOIIKU
OOBIYHO XYK€, YEM T10CJIe TIPOrpaMMHOTO 3aMOPaXKH -
BaHUs. B ncciaenoBanuu, B KOTOPOM 3MOPUOHBI HO-
MaIllHel KOIIKM IOCJe BUTpU(DUKAIINUA U OTTaruBa-
HUSI ObUIM IIE€pecaKeHbl pPELUIIMEHTaM, POIMJIOCH
JINIIB TIATh KOTAT: 6% 0T 00IIero 4mciia moacaskeH-
HBIX 3MOpHuoHOB. IIpu 3TOM HabIIOTANTNUCH OCIIOXK-
HEHHBIE POIBI, BCEM KOIIKaM IPUXOIUJIOCH IeIaTh
KecapeBO ceueHue; 0oJjiee TOro, BBLKWJII JIMIIb OOUH
KOTEHOK U3 ISTH poxaeHHbIX (Pope et al., 2012). B
HalleM HeJaBHEM MCCJIeOBAaHUM He ObLIIO OOHapy-
KEHO CTaTUCTUYECKMX Pa3IN4uii 10 9aCTOTE pa3BU-
TUS in vitro 1 (pparMeHTaluu siaep SMOPUOHOB HO-
MalllHUX KOIIIEK ITOCJIe 3aMOpPaXkBaHUs1/OTTauBaHUSI
n Burpupukanmu/ororpeBa (Mokrousova et al.,
2020b). Ilpu cpaBHEeHUM Ke IIPOTPAMMHOIO 3aMOpa-
KUBaHUS Y BUTpU(DUKALIMU O OTHOIIEHUIO K 3M-
OproHaM co0aKM, BBISICHUIOCH, YTO, HAIIPOTUB, BUT-
puduKalursd oKa3ajaach NpeanoYTUTE/IbHEE, B CBI3U
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Taomuma 4. KprokoHcepBalus NMperMIUIaHTallMOHHBIX 9MOPUOHOB JUKUX MPeACTaBUTeNei oTpsina XulHbIX (Carnivora)

Kpno- Tun xpuo- % % % CchulKa Ha

Bun xxuBoTHOTO Cramust || 6epeMeEHHBIX )

TPOTEKTOPHI KOHCEpBAaLUU | pa3BUTUS CAMOK poxaeHus? | uccienoBaHue

CemeiictBo Komaubux (Felidae)

Adpukanckas | 10% IITI' n JpobGie- [MporpammHoe — 14.3 (1/7) 1.8 (1/55)° | Pope, 2000
JTMKasl KOIIKa 0.125 M caxa- HUS 3aMOpakuBaHue’
(Felis silvestris | po3bl
Iybica)
Amypckuii Turp | 16.5% 9T, 2-KIT 1 Burpudurarmsi* |46 (32/70) — — Crichtonetal.,
(Panthera tigris  116.5% IMCO u | 4-ki 2003
altaica) 0.5 M caxaposbl
Kapaxkan (Cara- | 10% III' n Mopynsr | [IporpammHoe — 33.3(3/9) |2.8(3/109)° | Pope et al.,
cal caracal) 0.125 M caxapo3bl 3aMopakuBaHue’ 2006
Ouenot (Leopar-| 10% BT’ bnacrouu- | [IporpammHoe - 33.3(3/9) |[12.5(3/24)° | Conforti et al.,
dus pardalis CThI 3aMOpaXMBaHHe: 2008
mitis)
YepHoHOTasK 10% TIT" n 2-K11 ITporpammHoe — 50 (1/2) 14.3 (2/14)° | Pope et al.,
komka (Felis 0.125 M caxapo3bl 3aMopauBaHue’ 2012
nigripes)

! Mocre otorpesa 1 KyJITUBIPOBAHNS in Vifro (4MCIIO PAa3BHBAIOIIMXCS SMOPHOHOB/OBLICE YHCIIO SMOPHOHOB B 3KCIIEPUMEHTE IO

KyJIbTUBUPOBAHUIO);
MOJIb30BAHUEM KJIACCUYECKOM CXeMbl ¢ MOaUGbUKAIIUEH;

JIOJISI KOTSIT OT OOILIEro YMcJia TpaHCIUIAHTUPOBAHHBIX SMOPUOHOB (YMCJIO KOTST/YKUCIO0 SMOPHUOHOB);
¢ uctnioinb3oBanueM OPS (open pulled straw) B kauecTBe MeTOa BUTPUDU-

C uc-

Kall1u, 3 NpeUMILUIaHTALLMUOHHBIE 3M6pI/IOHbI TPAHCIUIAHTUPOBAJIU KUBOTHBIM PELIMIIMEHTAM IOCJIE OTOTPEBA U KYJIbTUBUPOBAHUS in

vitro;
WX KYJbTUBUPOBAHUS in Vitro.

C TeM, YTO TOJBKO TOCJe BUTPUMDUKAIINN YIAIOCH
MOJIYYUTh XKuBoe motoMcTBo (Hori et al., 2016).

ITo orHOmEeHMIO K KyHbMM (Mustelidae) mipsimoro
CpaBHEHMST BUTPUGMUKAIIUM U ITPOTPAMMHOIO 3aMO-
paxkMBaHUS B paMKax OTHOTO MCCJICAOBAHMS HE TIPO-
BOJWJIOCh. MeXy TeM, yAaJIoCh YCIIEIIHO KPUOKOH-
CepBUPOBaTh SMOPHOHBI JOMAIIHETr0 XopbKa (Mustela
putorius furo) Tpu TPUMEHEHUN OOOUX 3TUX CIOCO-
0OB M TOJYYUTH KMBOE MMOTOMCTBO Kak IOcje Mpo-
rpamMHoro 3amopaxusanus (Lindeberg et al., 2003),
tak 1 1nocie Butpudukauuu (Piltti et al., 2004; Sun
et al., 2008).

Jo HacTosiIero BpeMeHH! BCe CIy4au YCIEIIHOTO
MPUMEHEHUS KPUOKOHCEPBALlM SMOPUOHOB TUKUX
npexacrtaButelieit orpsima Carnivora OBIJIM OTMEUYEHBI
HWCKITIOUMTENIbHO Ha Komaubux (Tadu. 4). Tak ¢ uc-
MOJIb30BAHUEM CMECH TIPOTNUICHIIUKOJISI U caXapo-
3bI B KAUECTBE KPUOIIPOTEKTOPOB yIAJIOCH KPUOKOH-
CepBUPOBATh ApoOsIIMecs SMOPUOHBI aDPUKAHCKOM
nukoi kowku (Felis silvestris lybica), a mocie oTTamn-
BaHUSI U SMOpHOTpaHcdepa OT OMTHOM U3 KOIIIEK-pe-
LUITUEHTOB MOJIYy4YUTh XXHUBOro KoteHka (Pope, 2000).
Ta Xe camasg cMeChb KPUOIPOTEKTOPOB M CXOMHBIM
IIPOTOKOJI 3aMOPaKMBAaHUS OBIJIA VICITOJIb30BAHBI IJIST
KpUOKOHCepBallMu Mopysi Kapakana (Caracal cara-
cal); mocie aMOopuoTpaHcdepa B3SATHIX U3 KpoOaHKaA
SMOPHUOHOB POIWIUCH TPU HOPMAIbHBIX KOTCHKA
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(Pope et al., 2006). AHAIOTUYHBIM CITOCOOOM OBLITHA
VCIIEIITHO 3aMOPOXEHBI NBYXKJIETOYHBIE dMOPHOHBI
yepHoOHoOToU Kouku (Felis nigripes), mpu 3TOM yaa-
JIOCh TIOJIYYUTDH OT OTHOM KOIIKU-PEIUITUEeHTa IBYX
*kuBbIX KOTAT (Pope et al., 2012). JIns KppoKoHCcepBa-
uu 6aactouuct ouesiora (Leopardus pardalis mitis) B
KauyecTBe KPUOIPOTEKTOpPa MCIOJb30BaJIM ITUJICH-
IJIMKOJIb; TIOCJIe OTTauBaHUSI U 3MOpuoTpaHcdepa
6pUT0 moTyueHo Tpu KoTeHka (Conforti et al., 2008).

Takum o6pa3oM, MPaKTUYECKH BCE YCHEIIHBIE
KUCCIEOBAaHUS MO KPUOKOHCEpPBALlUM SMOpPHOHOB
IUKAX BUOOB KOIIAYBMX BBIMTOJHEHBI ITyTEM IIPO-
rpaMMHOTO 3aMOpaXuBaHUs. VICKIoUeHne cocTaB-
JISIET TOJIBKO amypckuii Turp (Panthera tigris altaica);
B JAHHOM cirydae 3((GeKTUBHOM IPOLICTYPO KPUO-
KOHCepBalluM oOKa3ajach BUTpUUKALUS, a IIpo-
rpaMMHOE 3aMOpaXWBaHWE OKa3aloch He 3(ddek-
TuBHBIM (Crichton et al., 2003). OgHako >XuBOe
MMOTOMCTBO ITOCJIE 3TUX MPOLEAYP MOJYyIEHO HE ObI-
JIO, YTO HE MO3BOJISIET MOJTHOCTHIO OLIEHUTh MOTEH-
LAl IPUMEHEHUS BUTPUMUKALIMKA MO OTHOIIECHUIO
K BMOPHUOHAM KOIIauybHX.

SAKIIIOYEHHME

PaznuuHbie IIpEACTABUTCIIN OTpAda XUIIHBIX Ha-
XOOATCA IO yrp030171 NCYC3HOBCHMUA NN ABJIIAIOTCA
YA3BUMBIMMU. PCH])O,I[YKTI/IBHBIG TCXHOJIOTMM, Ha-



360 AMCTHUCIIABCKHMMH u 1p.

MpaBJIEHHBIE Ha COXpPaHEHWE T€HETUYECKOTO pa3HO-
0o6pa3ust IMKUX BUAOB 3TOTO OTPSIIAa, IIPUMEHSIINC,
yalie BCero, Mo OTHOIIECHUIO K KOIIaYbUM, TICOBBIM,
KYHBUM U MeIBeKbUM. JIVIIIb HAa KOIIAYbMX YCITEI-
HO TIPUMEHSUIM KPMOKOHCEPBALIMIO B OTHOIIEHUU
KaKk 3MOpPMOHOB, TaK CIEPMaTO30MIOB M OOLIUTOB
JIUKUX BUIOB 3TOTO ceMelicTBa. B OTHOIIEHUM TUKUX
MpeacTaBuTeleil ceMeiicTBa IMCOBbIX KPUMOKOHCEpBa-
LIMIO YCIIEIHO MPUMEHSUIN 110 OTHOIIEHUIO K CIiep-
MaTo3ouaaM 1 ooliutaMm. YTo KacaeTcs IMKUX BUIOB
MEIBEXbUX M KYHbUX, TO B OTHOIIEHUU 3TUX CE-
MEMCTB KPHOKOHCEPBALIMIO IIPUMEHSIN JIUIIbL Ha
cnepmaTto3ougax. B 1ienom, 3¢ heKTUBHOCTE KPUO-
KOHCepBallM TaMeT U 3MOPHOHOB XMIIHBIX HILKE,
yeM JUIST OOJIBIIIMHCTBA J1JA00PAaTOPHBIX U CETbCKOX0-
3ICTBEHHBIX BUJIOB KMBOTHBIX. JIJISI MHOTUX BUIOB
XUIIHBIX TTPOTOKOJIBI KPMOKOHCEPBALIMU PETIPOIYK-
TUBHBIX KJIETOK, HAa CETOAHSIIHUI IeHb, BOOOIIIE OT-
CYTCTBYIOT.

DNEeKTPOISKYISALMS, Ha CETOAHSIIHUMN JeHb, SIB-
Jisiercst HauboJiee YHUBEPCAIbHBIM MPUEMOM IOJTy-
YEeHUsI CEMEHU Yy AUKUX NpeicTaBUTeNeil oTpsia
XUIIHBIX. MeXIy TeM 00beM DSIKYJIsATa, KOHIIEHTpa-
LIMM CTIEpMATO30M/I0B, TIPOLIEHT TEPATOCIIEPMUU MO-
JKET CYILLIECTBEHHO OTJIMYAThCS Y Pa3HbIX BUJOB JaXe
B mpenenax oaHoro cemeiictBa. COOTBETCTBEHHO,
WICTIOJIB3YIOT pa3Hble MOAXOIbI, B CIyYae €Ciau ceMe-
HU JOCTaTOYHO MHoro, npuMeHsitor MO, ecnu nme-
€TCsl OTPaHUYEHHOE YMCJIO CIIEPMATO30UI0B, TO UC-
MoJIL3YIOT Kjlaccuueckoe DKO, 11bo ocyiiecTBIsIOT
MNKCH, ecim KauyecTBO MYKCKHX raMeT ILUIOX0€ WJIN
CepMaToO301I0B OUEHb MaJIo.

B HacTos111e€ BpeMst He CYIIeCTBYET €AMHOTO TPO-
TOKOJIa KPMOKOHCEpBALlUM WJIM YHUBEPCAILHOM
KPHUOIIPOTEKTOPHOI CMeCH, KOTOpasi MOIJia Obl TT03-
BOJIMTH OJIMHAKOBO YCIIEIIHO 3aMOPaXXUBaTh PeIpo-
JYKTUBHbBIE KJIETKU BCEX BUIOB XUIIHBIX BHE 3aBUCH-
MOCTHU OT TIPUHAJIEIKHOCTU K TOMY WJIN HTHOMY CEMEi-
CTBYy. AHalN3 OMNYyOJIIMKOBAaHHBIX pPabOT MO3BOJISIET
ceNaTh 3aKJIF0YEHUE O TOM, YTO BHYTPU OTPSIIA XMIII-
HBIX CYIIECTBYIOT MEXBUIOBBIC Pa3IUUMsI, KOTOPHIE
MOTYT MOBJIUATH Ha 3P (HEKTUBHOCTh KPUOKOHCEPBa-
LIMM TaMeT U TPEUMIUIAaHTAIMOHHBIX 3MOPUOHOB.
Hanuuue noMecTUIIMPOBAaHHBIX BUIOB, KaK B ciydae
KOIIaYbUX, TICOBBIX M KYHBMX CYILIECTBEHHO OOJIET-
yaeT noadop Haubojiee 3(P(HEKTUBHBIX PEHPOIYK-
TUBHBIX TEXHOJIOTWI U CO3aH1e KPUOOAHKA TeHETH -
YEeCKUX PeCYpPCOB JIJisl IMKUX BUIOB 3TUX CEMEUCTB.

HanGonpimuii mporpecc cpeau IWUKWUX BHUIOB
XUIIHBIX JTOCTUTHYT B 00JIaCTM KPUOKOHCEpPBallUU
CepMaTO301J0B, O YeM CBUIIETEILCTBYET OOJIbIIIOE
YMCJIO OIMYOJMKOBAaHHBIX cTaTeil. 'opa3mo MeHblle
YCIEIIHBIX paboT II0 KPUOKOHCEPBALIMM ITPEUM-
IUTAHTALIMOHHBIX SMOPHUOHOB IUKUX BUIOB XUIIIHBIX,
MpuYeM, Iaxe B clydae ycmexa, 3TU paboThl, Kak
MPaBUJIO, OBIJIM BHITIOJHEHBI JTUIIb eAUHOXIBL. YTO
KacaeTcsl OOIUTOB, TO, Ha CETONHSIIHWI [eHb,

VCITEITHBIX PaboT IO UX KPUOKOHCEPBAIIUU Y XUIII-
HBIX JWITh eTWHUIBL. OTHON M3 BaXHBIX MPUINH
5TOTO COCTOUT B TOM, YTO KJIETKM ITPEeUMIUIaHTAII-
OHHBIX 5MOPMOHOB U OOLUTOB BCEX BUAOB OTpsAa
XUIITHBIX UMEIOT TTOBBIIEHHOE CoMep>kaHne BHYTPU-
KJIETOYHBIX JIMTIUIOB, YTO YCJIOXHSET TPOIecC MX
YCIELIHOM KPUOKOHCEPBALMU. POJIb BHYTPUKIIETOU-
HBIX JIMTIUAOB B pa3BUTUU OOLIMTOB U SMOPHUOHOB aK-
TUBHO M3YYalOT Ha pasHbIX MoAeasix. MexXay Tem,
HEOOXOMUMBI JOMOJHUTEIbHbIE 3KCIIEPUMEHTHI IS
TIOHNMAaHWS POJIM BHYTPUKIICTOYHBIX JIATTUIOB B XOIIE
KPUOKOHCEPBAIIUH OOLIMTOB M SMOPMOHOB XHIITHBIX.

B niesioM, MOXXHO 3aKIJTIOUHTh, UTO Oj1arogaps Ipo-
rpeccy penpoOayKTUBHBIX TEXHOJIOTHUIA, X IPUMEHE-
HUE SIBJISIETCS TIEPCIIEKTUBHBIM MOAXOAOM K COXpa-
HEHUIO TEHETUYECKUX PECYPCOB U PEIIeHUsI PeIpo-
TYKTUBHBIX IIPOOJIEM HEKOTOPBIX MpeACcTaBUTENEH
otpsina Carnivora. KpuokoHcepBalysi criepMaTo30-
WUJIOB YXe Ha CETONHSIIHUI eHb MPUMEHSETCS B
IMporpamMMax, HampaBJIEeHHbIX Ha COXpaHEHUE HEKO-
TOPBIX YSI3BUMBIX U MCYE3aIOIIUX BUJIOB XUIIHBIX U
BOCITOJIHEHWE TeHETMYECKOro pa3zHooOpasusl cylle-
CTBYIOIIMX MOMYJISIIUI ex situ. MeXay TeM, TpeOyIoT-
Cd IOIOJTHUTENIbHbIE SKCIIEPUMEHTBI Ha JOCTYIHBIX
SKCIEPUMEHTAIBHBIX MOAESX, B YACTHOCTH, Ha JI0-
MalllHEM KOIIKe, cobake M XOpbKe, HaIllpaBlIEHHEIE
Ha pa3paboTKy 3(p@EKTUBHBIX IIPOTOKOJIOB KPHO-
KOHCEepBallUM OOLIMTOB W MNPEeUMILIAHTALIMOHHBIX
SMOPUOHOB IUKNX BUIOB XUITHBIX.
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Application of the Cryobank Concept to Wild and Endangered Carnivora Species
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The main achievements and problems of gametes and preimplantation embryos cryobanking for vulnerable
and endangered Carnivora species are described. In particular, cryopreservation of Carnivora species oocytes
and embryos is complicated by the abundance of lipid droplets. The review focuses on Felidae, Canidae,
Mustelidae and Ursidae because valuable experience has been gained in the application of modern achieve-
ments in reproductive biology for these families aiming to preserve the genetic resources of nondomesticated
species, including endangered ones. For comparison, basic studies are presented on domesticated members
of these families: the cat, the dog and the domestic ferret. The specific reproductive biological features, which
characterize these families, were taken into account.

Keywords: endangered species, felids, canids, mustelids, ursids, spermatozoa, oocytes, preimplantation em-
bryos, genetic resources, cryopreservation
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OnHoit n3 HanboJiee PacIpOCTPAaHEHHBIX SITUTEHETUYECKUX MOI(UKAIIUI OEJIKOB Y 3YKapUOT SBJISIETCS
alleTUJIMpOBaHMe/nealieTuiaMpoBaHue au3uHa. ['ucroHoBblie Acanetuiiasbl (HDACS) cHUXalOT ypoBeHb
alleTWJIMPOBAaHUs TUCTOHOB, YTO TIPUBOIMT K TTOAABICHUIO TPAHCKPUIILIMU. Y TTO3BOHOYHBIX XXMBOTHBIX
XOPOIIIO 3aJOKyMEHTUPOBAHO y4yacTHUE I'MCTOHOBBIX JealleTuyia3 B peryiasiuuu npojudepaunu u nudde-
PEHIIMPOBKU KJIETOK, 9MOPUOHAJIBHOM Pa3BUTUN, BOSHUKHOBEHUH U IMPOTPECCUN 3JTOKAYECTBEHHBIX OITY-
xoJieii. Y 6a3abHbIX MHOTOKJIETOYHBIX JKUBOTHBIX MEXaHU3MbI PETYJISIIIMU SKCIIPECCUU T€HOB, CBSI3aHHbIE
C aKTMBHOCTBIO THCTOHOBBIX TUAIleTUIa3, He U3y4eHbl. OTHAKO U3BECTHO, YTO MPOIIECC pearperaiu Kie-
TOK T'yOOK CONpOBOXAaeTCs UX AeanddepeHIIMpoBKaMU U TpaHCcAUPGepeHIMPOBKAMU, YTO MOXET yKa-
3bIBaTh HAa BOBJICYHHOCTb TMAIIETHIIAa3 B PETYJISLIMIO 3TOTO Mpoliecca. Llenbio Halleil paGoThl ObLTO U3yde-
HUE 9KCIIPEeCCUU TMCTOHOBBIX nualetunas y ryoku Halisarca dujardinii (Demospongia). Ha ocHoBe aHanu-
3a TpaHCKpPUNTOMOB ryoku H. dujardinii v reHoma ryoku Amphymedon queenslandica (Demospongia) Mbl
MIeHTUDULMPOBAIN TIPEACTABUTENEl Beex KinaccoB Zn2t-3aBucumbix HDACSs ryGok. Buit npoBeneH aHa-
3 nuddeperumanbHoi akcnpeccun HDAC B cycrieH3uu kiietok 1yoku H. dujardinii nocne nuccouua-
1IMY ee TeJla U B arperarax rnocie 24 4 pearperaiiuu. beuio ncciaenoBaHo 10303aBUCUMOE BIVSTHUE IBYX CEleK-
tuBHBIX THIIOUTOpoB HDAC xitacca I (6yrupara HaTpusi ¥ BaJIbIIpOEBOI KMCJIOTHI) Ha IIPOIIECC pearperalmmu
kietok. ITokazaHo, uro nodaBiaeHue ceneKTuBHbIX MHIMOMTOpoB HDAC Kitacca 1 B MHKyOallMOHHYIO Cpery
TIpY pearperanyy MPUBOAUT K U3MEHEHHIO MOPMOTOTMIECKHMX XapaKTEPUCTUK KJIETOYHBIX arperatoB TYOKH.
MOXHO MPeAnoNIOXKNUTb, YTO YYacTHE TMCTOHOBBIX JiealleTHIa3 B pery/siiiuu TpaHcaubbepeHIIMPOBKY Kiie-
TOK SIBJISIETCSI 9BOJIIOLIMOHHO IPEBHUM MEXaHU3MOM, MCITOTb30BaBIIMMCS MHOTOKJIETOYHBIMM XM BOTHBI -
MM ellie 10 CTAHOBJIEHUSI TKAaHEBOM OpraHU3allnu.

Karoueswie cnosa: Halisarca dujardinii, Porifera, Demospongia, TpaHcauddepeHInpoBKa KJIETOK, TUCCOLIM-
alms KJIeTOK, pearperamus KJIeTOK, TMCTOHOBBIE AcalleTHIa3bl, TPAaHCKPUTITOM

DOI: 10.31857/S0475145021050050

BBEJIEHUE CUM T€HOB XOPOIIIO U3YYE€HbI Y MOACIbHBIX BUIOB U3

CucTeMa peryJisiiuy TeHHOIN dKCIpeccuy umeer — TPYIIIBI ounaTepaabHO-CUMMETPUYHBIX XUBOTHBIX,
KJII0YEeBOE 3HaueHue LIS mpouecca auddepeHnn- HO HEIOCTATOYHO Y HU3LIMX MHOTOKJIETOUHBIX. ['y6-
POBKM KJIeTOK. MexaHu3Mbl akTuBanuu u penpec- Ku (Porifera), omHM M3 caMbIxX 3BOJIIOLIMOHHO IpPEB-
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HUX HBIHE CYIIECTBYIOIINX MHOTOKJIETOUYHBIX XXITBOT-
HbIX. Teso rydok 00pa3oBaHO HECKOJIBLKMMHU TUTIAMU
KJieToK. [11acTUYHOCTh KJIE€TOK — TJlaBHAasi OCOOEH-
HOCTb TYOOK. B oTmumm ot apyrmx MHOTIOKJIETOY-
HBIX JKMBOTHBIX, KJIETKH Tejla T'yOOK B TeUeHUE BCei
>KM3HU HaXOHSATCS B IIPOLIECCE TIOCTOSIHHOTO ABUKE-
HUgd U TpaHcAubbEepeHUUPOBKY, CBSI3aHHBIMU, B
YaCTHOCTH, C HEIIPEPbIBHOM peopraHu3alueit Boao-
HocHoit cucteMbl (Ereskovsky et al., 2013; Lavrov,
Kosevich, 2014; Sogabe et al., 2019).

OnHoit 13 (popM IIPOSIBICHUS MJIACTUYHOCTH SIB-
JISIETCSI CIIOCOOHOCTH KJIETOK T'yOOK K (hbopMUpOBa-
HUIO MHOTOKJIETOUHBIX arperaToB I10cCje AUCColira-
nuu tena ryoku (Ereskovsky et al., 2021). B Havasib-
HOM CTaIMM pearperauryu OTIOeJIbHbIE KJIIETKU T'YOOK
npuoOpeTaloT OKpyTIyio ¢hopMy. Jlajiee KISTKA CIIU-
MaroTcsi U 00pa3yloT MHOTOKJIETOUHBIE arperarhl, He
UMeloIIne IpaBwiIbHOM ¢dopMmbl (Sipkema et al.,
2003). 13 arperatoB HellpaBUJIbHOI (hopMbI 0Opa3y-
IOTCSI TIPUMMOP(MBI — KJIETOYHbIE arperatbl OKpyr-
JIOH, TTouTH chepruIeCcKOil (hOpMBI, IIOKPHITHIE MMHA-
KOLIMTaMM — YIUIOIIEHHBIMU KJI€TKaMU, CXOIHBIMU C
sturenmanbHbiMu (Lavrov, Kosevich, 2014). Cko-
POCTBh pearperalmy OTIMYaeTCs Y Pa3HBIX BUIOB Ty-
00K, HO y BCEX BUJIIOB arperatbl UMeIOT BHavYaje He-
MpaBWIbHYIO (h)OpMY M HEOOIBIINE pa3Mephl U Mpa-
BIWJIbHYIO (opMy M OOJIbIIIME pa3Mephbl Ha OoJjee
no3nHux ee artamnax (Lavrov, Kosevich, 2014; Ere-
skovsky et al., 2021). Tak, y ryook kimacca Demo-
spongiae arperaTtbl u3 15—30 KjIeTOK (POPMUPYIOTCS
yepe3 15—40 MuH 1mocie Auccouuralim Teaa ryoku, a
yepes3 2—4 4 nocjie IUCCOLMALIMM arperaTbl JOCTUTA-
0T pa3MepoB coTeH MuKpomeTpoB (Lavrov, Kose-
vich, 2014). Pearperauus compoBOXHaeTCs aKTUB-
HOM MUTpalyeil KJIeTOK, MHOTIOYMCJICHHBIMU KJle-
TOYHBIMU neanddepeHInpoBKaMn 1 TpaHcandde-
penupoBkamu (Lavrov, Kosevich, 2014; Ereskovsky
etal., 2016). HecMoTpst Ha TO, 4TO TIpOLIeCC pearpera-
muu onucad B 1907 r. (Wilson, 1907), mo cux mop
oCTaeTcs HEeSICHBIM, KaK IIPOUCXOIUT TpaHcaudde-
PEHIIMPOBKA KJIETOK T'YOOK BO BpeMsI 3TOTO IMpoliecca
(Adamska, 2018). MoxXHO IPeaIoNI0XUTh, YTO OIIpe-
JIEJICHHYIO POJIb B PETYJISILIUM KJIETOYHBIX TpaHCAUG-
¢depeHIMPOBOK B XOMIE pearperaiyu y TyooK UrparoT
SIUTeHETUYECKIE MOTM(UKAIINN OSIIKOB.

H3BecTHO, 4TO TIpU (POPMUPOBAHUU PAZTIUIHBIX
KJIETOYHBIX JIMHUI W3 IUIIOPUIIOTEHTHBIX KIJIETOK
IMPOMCXOAUT aKTUBALIUSI OMHUX TE€HOB U perpeccust
JIPYTUX C IIOMOIIBIO 3MUTE€HETUICCKIX METOK. Alle-
TUIVPOBAaHUE JTU3WHA SIBIISIETCS OTHOM U3 HauboJee
pACIIPOCTPAaHEHHBIX BMUTCHETUYECKUX MoAu(pUKa-
LIV 6EJIKOB B 3YKaPUOTUYECKUX KIeTKaX. ALCTHIN-
pOBaHUE U JealleTUJINPOBAHUE HAXOIUTCS MO KOH-
TpoJieM THMCTOHOBBIX aneTmiaTpaHcdepas3 (histone
acetyltransferases, HATS) 1 THICTOHOBBIX AcaneTniias3
(histone deacetylases, HDACs). AnerunmpoBaHue
JIU3MHA B TUCTOHAX MPUBOAUT K CO3AAHUIO YyYaCTKOB
OTKPBITOTO XpOMaTHUHA U, CJIEA0BATEILHO, MTOBBIIIE-
Huto TpaHckpunuuu reHoB. HDACs cHikaioT ypo-

BEHbB alleTWJIMPOBAHUS TUCTOHOB U TEM CAMBIM IIPU-
BOMSIT K KOMMAKTU3AlIMU XpOMaTUHA U TTOIaBJICHUIO
tpaHckpunuuu (Pazin, Kadonaga, 1997). [Tomumo
an3nHoB ructoHoB HDACS crmocoOHBI ealleTHiIn-
pOBaTh JIM3UHBI B APYTUX OeKax (B YaCTHOCTH, KOM-
MMOHEHTAaX TPAaHCKPUINILIUOHHBIX KOMIUIEKCOB), U3Me-
HsIsI pa3JIMYHBIe OMOJIOrMYeCKMe IIPOIIECChI B KIIETKE.
Takum obpasom, Bzaumoneiictsue HATs 1 HDACs
obecrieynBaeT IUHAMWYECKUI TOMEOCTa3 KJIeTOU-
HBIX O0eakoB. Ilokazano yuactue HDACs B peryinsi-
oy mposimdepani 1 1udoepeHIINPOBKHA, SMOPHUO-
HaJIbLHOM pa3BUTUM, BOBHUKHOBECHUU U IIPOrPeCcCUu
310KadYecTBeHHBIX omyxoneit (Choi et al., 2001; Lag-
ger, 2002; Sjoblom et al., 2006; Wilson et al., 2006;
Montgomery et al., 2007; Bhaskara et al., 2008;
Marks, 2010). Paznuunsie HDACs B kj1eTkax syKa-
PUMOT pa3AessioT Ha 4 OCHOBHBIX KJlacca: TPU U3 HUX —
Zn*"-3asucumeie (I, I, IV) u onun — NAD++ 3aBu-
cumbiil (IIT). OmHuM U3 3pHEeKTUBHBIX METOIOB HC-
cienoBanus dynkunn HDACs B KieTKax SIBIsSIETCS
HWCIOJb30BaHUE CIeIM(PUIESCKNX WHTUOUTOpPOB. B
HacTosIIllee BPeMsl M3BECTHO OOJIBIIIOE KOJMYECTBO
(dapMaKOJIOTMYECKUX MHTUOUTOPOB, IEiICTBYIOIINX
00 Ha oripenesieHHbBIe, oo Ha Bce HDACs. Onna
n3 rpymn uaruouropos HDACSs, co3manHas Ha oc-
HOBE COJICH XU PHBIX KCIOT, OJIOKMPYET B OCHOBHOM
neanerunasbl Kiacca I (Silva et al., 2018) u mupoko
NPUMEHSIIOTCS JUII M3ydeHUsT PYHKIMHU 3TUX dep-
MEHTOB y M03BOHOYHLIX. bytupart Hatpus (NaBu) u
BajipIipoeBas kuciora (VPA) — conu XUpPHBIX KUC-
JIOT, PEMOACIUPYIOIINE CTPYKTYpPY XpOMaTuHa, Bbl-
3BIBAIONINE TUTEPALCTWIMPOBAHNE THUCTOHOB, BIIMSI-
IOIIMEe HA 3KCIIPECCUIO OOJIBIITIOrO KOJINYECTBA T€HOB,
B TOM 4YHCJI€, TeHOB IUTIOPUIIOTCHIIUM: S0x2, oct4, kif4,
c-myc, DPPA2, DPPA3, DPPA4, DPPA5, NANOG,
KJIeTOYHBIM LIMKI U IugGepeHIIIPOBKY KIETOK
(tabn. 1). Marubutopst HDACs NaBu u VPA mipu-
MEHSIIOTCS TIPY TTOJIYYeHUN MHAYIWPOBAaHHBIX ILTIO-
punoTeHTHBIX K1eToK (D’Anna et al., 1980; Huangfu
et al., 2008; Liang et al., 2010; Mali et al., 2010; Chen
et al., 2013; Zhang, Wu, 2013; Mahapatra et al., 2017),
a TaxoKe IIpH JICYeHNN HEeKOTOPBIX TUMOB paka (Louis
et al., 2004; Wang et al., 2006; Michaelis et al., 2007;
Marks, 2010; Tang et al., 2011; Terranova-Barberio
et al., 2017; McClure et al., 2018; Tran et al., 2019;
Heers et al., 2018). MHorouucjieHHbIE UCCIeI0OBaHUS
¢ ucnoinb3oBanreM NaBu n VPA 6bu1 mpoBeaeHbI HA
KJIETKaX MO3BOHOYHBIX, KOTOPBIE SIBIISIIOTCSI CJIOKHBI-
MU MHOTOKJIETOYHBIMU OpraHU3MaMU C BBICOKUM
ypoBHeM anddepeHIMPOBKHU KIIETOK.

Hackonbko apeBHeit 1 3BOJIOLMOHHO KOHCEpBa-
TUBHOM SIBISIETCS Peryasiuust AuddepeHLINPOBKI
KJIETOK C TIOMOIIbIO TUCTOHOBHKIX AealieTiiasz? OTBer
Ha 3TOT BOIPOC MOXKET OBITh MTOJyUeH IIPU U3yYeHU !
KUBOTHBIX, (PUJIOTEHETUYECKU NalIeKUX OT IO3BO-
HOYHBIX 1 HE MMEIOIIMX HACTOSIIINX TKaHEe. YUIUTHI-
Basl, YTO B XOJI€ pearperalii KJIeTOK I'yOOK Halroma-
0Tcs  TpaHcauddepeHIIMpoBKM KileToK (Lavrov
2016, 2020; Ereskovsky 2018, 2021), MbI pacCUUTHIBA-
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Kneroynas ntmans,
OpraHu3M

Konuenrpamus

Ha6monaembie 3¢ deKTh

JlutepaTypHBbIit
WCTOYHUK

NaBu

CHO, kJieTku SM9YH1KA
KMTACKOIO XOMSTUKa

1 MM u BhllLIE, CUIA
3¢ dexTa 3aBUCUT OT

IunepaneTmimpoBaHue TUCTOHOB
H2B, H3, H4. CHuxaeTcst criocob-

D’Anna et al., 1980

KOHILIEHTpALUU HOCTb KJIETOK nepexoautsb u3 Gl
B S azy
MCF7 u MCF7-A (ycroii- |1 MM OcTaHOBKa KJIETOYHOTO LIUKJIa Fagot et al., 1994
yMBasi K aipuaMuIIMHY), B G1 ¢aze
WHBa3WBHas alcHOKapI1-
HOMBI IPOTOKOB MOJIOY-
HOIA keJie3bl yesloBeKa
KB-3-1 u KB-A (ycroituu- | 2 MM OcraHoBka kietouHoro nukiaa B G1 u | Fagot et al., 1994
Bas K afpuaMMLINHY), paKk |3 MM G2/M dasze
aMUTaNeaaIbHON TKaHU BpeMmeHHOe CHUXXKEeHUE 3KCITPEeCCUn
YyeJIoBeKa reHa c-myc
IMR90, dbubpobdmacTs 0.5 MM INunepanernnupoanue H3K9 Mali et al., 2010
4eJI0BeKa rucroHa H3, ycunenue JITHK nemern-
nupoBaHus. [ToBbliieHne aphekTrB-
HOCTH TMOJIyYeHUsI THIYITUPOBAHHBIX
TUTIOPUITOTEHTHBIX KJIETOK C UCITOJIb-
3oBaHueM TP Oct4, Sox2, Kif4, u
c-Myc, noBblllIeHUE 3KCITPECCUU
TE€HOB, CBSI3aHHBIX C TTIOPUTIOTEH-
et (DPPA2, DPPA3, DPPA4,
DPPAS5, u NANOG)
MEF, sm0OpuoHanbHbIe 0.25—-1 MM [MoBriene a¢pdexTBHOCTH oy~ | Liang et al., 2010
MBIITUHBIE (UOPOOIACTHI YeHUST UHAYIIUPOBAHHBIX TUTIOPUITO-
TEHTHBIX KJIETOK C MCITOJIb30BaHUEM
T® Oct4, Sox2, Kif4, u c-Myc
HFF, u6pobaacte ueno- |0.5 MM [NoBrimene a¢pdexkTBHOCTH TToNy- | Zhang, Wu, 2013
BeKa YeHUST UHAYIIMPOBAHHBIX TUTIOPUITO-
TEHTHBIX KJIETOK C MCITOJIb30BaHUEM
T® Oct4, Sox2, Kif4, u c-Myc.
[ToBblllIEeHUE CTAOUIBHOCTH U TTIOBBI-
IeHue 3Kkcrpeccu Mukpo-PHK
miR302/367 knactepa
MEF, smOpuoHaabHbIe 1 MM CnioHTaHHas1 KoHBepcus npenHaylu- | Kang et al., 2014
MBIIIMHBIE (PUOPOOIACTHI POBaHHBIX CTBOJIOBBIX IJIIOPUIIOTEHT-
HbIX KJIeTOK (pre-iPSCs) B iPSCs,
NoBBIIIeHKE 3Kcrpeccuu B pre-iPSCs
kietkax pl5, p21, p53, Nanog, Sox2,
Oct4, Kif4, c-Myc
MAC-T, 6b1uby sniutenu- | Ot 0 go 5 MM TunepauerunupoBanue H3K9/14, Silva et al., 2018
aJIbHbIE KJIETKM MOJIOYHOM H3K18 u H3K27 rucrona H3; cenek-
XKeJie3bl TUBHOe nHruobuponsanue HDAC?2, 3
U 8 (Mpu KOHLEHTpalMU Bbiie 1 MM)
OHTOTEHE3  Tom 52 Ne 5 2021
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Taoiuma 1. OxoHuaHue

Kneroynas nimHns, JIuTepaTypHBbIit
Konuenrparmst Ha6monaemsbie 3¢ deKThI patTyp
OpTaHU3M WCTOYHUK
VPA IMR90, pubpobnactsl 1 MM INoBbiienue addexkTuBHOCTH TIONy- | Mali et al., 2010
YyesoBeKa YeHUs MHAYLIMPOBAaHHBIX TUTIOPUTIO-

TEHTHBIX KJIETOK C MCITOJTb30BaHUEM
T® Oct4, Sox2, Kif4, u c-Myc. [ToBbI-
IIIeHWEe 9KCIIPECCUM TeHOB, CBSI3aHHBIX
¢ wmopunoreHuneit (DPPA2, DPPA3,
DPPA4, DPPAS5, u NANOG). Dddext
crabee, yeM B cirydae NaBu

MEF, sm6puoHaabHbIe 2 MM
MBIIIMHbIE PHUOPOOGIACTHI

IMoBsiieHue a3 dexTuBHOCTU TT0Jy- | Huangfu et al.,
YeHMsI MHAYLIUPOBAHHLIX ILTIopuno- | 2008

TEHTHBIX KJIETOK C MCITOJIb30BAaHUEM
4 T® (Oct4, Sox2, Klf4, c-Myc)
wi 3 T® (Oct4, Sox2, Klif4)

Hela, pakoBast onyxojb Ot 0 no 5 MM
LIEeMKM MaTK1 YeJIOBEKa

OMOPHOHHI LLITTOPLICBOM 5 MM
JISITYLIKM

Neuro2A, MBIIIMHAS 0,2, 5MM
HelipobJjacToMa

293T, sMOpuroOHaJIbHBIE Ot 0 1o 20 MM
MOYEeYHbIE KIETKU
YyeJjoBeKa

MHruéupoBaHue nealeTuaasbl Phiel et al., 2001
HDACI (cuna acddexra 3aBUCUT OT
KOHILIEHTpAaIUM)

TeparoreHHsiii a3pdhexT (yMeHbIIe-
HHE pa3MEpOB U HapyllleHUe pa3BUTHUS
9MOpPUOHA)

AKTUBUpPYET TPAHCKPUIILIUIO C pa3-
JIMYHBIX IPOMOTOPOB MPU KOHIIEHTPa-
Uu BeIlre 2 MM

AKTMBUpPYET TPAHCKPUIILIUIO C pa3-
JIMYHBIX TPOMOTOPOB MPU KOHIIEHTpa-
WU BbIlIe 2MM

P19, smbpuoHanbHas 0.1-1 MM
KapUMHOMA MBIIIEH

Wunykuusa nnpdpepennuanum wio- | Chen et al., 2013
PUIIOTEHTHBIX KJIETOK SMOPUOHAb-
HOU MBIIIIMHOW KapIIMHOMEI B
CKEeJICTHbIE MUOLIMTHI. AKTUBAIIUS
TPAHCKPUITINY, CTIeIU(DUIHOI TSI
meiir (Pax3, MYOG u MyoD).

FNS (xynbrypa 328), mo3r |1 MM
9-HeneabpHOro 3MOpHOHA
yeJoBeKa

IMoBbiieHue 3¢ hekTuBHOCTY Noay- | Medvedev et al.,
YeHMsI MHAYLUPOBAHHLIX TLTIopumno- | 2011

TEHTHBIX KJIETOK C MCITOJIb30BaHUEM
T® Oct4, Sox2, Kif4, u c-Myc

WunyuvpoBaHHble riopu- | 1| MM
MOTEHTHBIE KJIETKU YeJI0-
Beka (hiPS)

bFFs, dperanbHbie puobpo06- | 1.5 MM
JlacThl OyiiBona (Bubalus
bubalis)

[MosbiieHue ahdekruBHocTy - | Kondo et al., 2014
depenumanyu hiPS B rermaTolyThl

INoBbiieHue 3¢hhekTUBHOCTU Noay- | Mahapatra et al.,
YeHMsI UHAYLIUPOBAHHLIX ILTIopuno- | 2017

TEHTHBIX KJIETOK C MCITOJIb30BaHUEM
T® Oct4, Sox2, Kif4, u c-Myc

JI1 NpUOJIM3UTHCS K OTBETY Ha JAHHBIA BOIIPOC 3a
CYET IKCIIEPMMEHTOB Ha pearperupyronmx KieTkax
H. dujardinii.

Lenbio HacTosIIel pabOTHI OBLIO ONMCAHME Iealie-
TWJIa3 THCTOHOB MOpPCKoii Tyoku H. dujardinii n3 xiacca

Demospongiae 1 rcciiefoBaHie UX SKCIPECCUU B X0
pearperanym JUCCOLMUPOBAHHbBIX KIJIETOK. OCHOBHBIM
SKCHEPUMEHTAIIBHBIM TIOAXOIOM SIBISTIOCH V3Y4eHUe
pearperaliy KJIeTOK TyOOK B YCJIOBUSIX MOIABJICHMS
aktuBHOocTH HDACSs narnouropamm NaBu n VPA.

OHTOI'EHE3 TomM 52 Ne 5 2021
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MATEPUHAJIBI 1 METObI
Obpas3zupbt 2y60K

Oo6pa3iibl 1y6ok H. dujardinii 66111 coOpaHbl B
cyonuropanbpHoii 30He (0—2 M) B paiioHe bemomop-
cKkoii omonorndeckoii craHuuy MI'Y. Coopbl Ty60oK
OCYIIECTBJISIIUCh B sTHBape M Hosiope. PaHee ycra-
HOBJICHO, UTO Ha pa3HbIX CTAIUSIX >KU3HEHHOTO 1K~
JIa TIpoliecC pearperaluu KieTok ryoku H. dujardinii
MMeEEeT CXOOHBIN ITaTTepH, HO OTJIMYAETCS 110 TEMIIaM
pearperanuu (Lavrov et al., 2020). TemriepaTtypa Bo-
bl B paiioHe cbopa B sHBape coctaBisia 0—2°C, a B
Hostope 5—6°C. I'ybok cobupanu ¢ cybeTpaTom (BO-
JIOPOCIISIMU) IS COXPAHEHUSI MUKPOOKPYKEHUSI 10
7—8 ocobeii B 5 1 akBapuyMax ¢ IIPUPOTHOM MOpP-
CKOI1 BOJOI, KOTOPhIE ITOMEIIAIN B TEPMOOOKCHI C
KOHTpoJieM TeMmnepatypbl 1—4°C 3umoit u 5—8°C
ocenblo 1 TpancnioptupoBasi B MBP PAH. Jlo skcrre-
PUMEHTOB T'yOKU coIepxKajluch Ha cyocTparte B 5 11
aKkBapuyMax C MNPUPOAHOM MOPCKOW BOAOW Npu
temriepatype 4—5°C 3umoii u 8—10°C ocennbio. [lepu-
O ajanTaly COCTaBJIsUI He OoJee S5 mHeil mo Havaja
skcnepumMenTa (Finoshin et al., 2020). Ilepen axcne-
PUMEHTOM Y T'yOOK BBISIBISUIN (hyHKIIMOHATBHYIO 11€-
JIOCTHOCTb BOJOHOCHOIH CHCTEMBbI TIO0 HaJIUYUIO
¢dbunbTpaliiy BOAbI Yepe3 OCKYIIOMbI M OUYMIIAIU OT
COITYTCTBYIOIINX OECIIO3BOHOYHBIX.

Drcnepumenm no ouccoyuayuy u peazpeeayuu eyoxu

['y6ok cHMManu ¢ cyocTpaTta MHIMBUIYAJIbHO, U3-
Melb4yaad C TIOMOIIbIO CTEPUJIbHBIX OIHOPA30BbIX
MUKpOCKaJbMeaell Ha NpUOJU3UTEBHO OIWHAKO-
BBIE YaCTU pa3zMepoM 2 X 2 X 2 MM B CTEpUJIbHOM
yaiike [Terpu B Mopckoii Bosie, (pUIbTpOBaHHOM Ue-
pe3 dunbtp 0.22 Mmxkm (Merck Millipore, CIIIA), u
JUCCOLMUPOBAIU C TIOMOIIBIO MMUTIETKU CO CTEPUITb-
HBIM HakKoHeYyHHKOM Ha 1000 MKJI, Kak OBbLIIO onuca-
Ho paHee (Finoshin et al., 2020). I[TomyyeHHas cyc-
neH3us Oblja MPoUIbTPOBaHA Yepe3 CTePUTIbHOE
cuto ¢ auamerpom mopel 40 mMxm (Life Sciences,
CIIIA). KiieTouHyt0 CyCHeH3UI0 LIEHTPpU(hYTUPOBATIU
5 muH 1ipu 300 g. Kinetku aHanu3npoBain cpasy mo-
clie IuccolMaliu. bouiu moacYuTaHbl KOJTUYECTBO U
MIPOIICHT XUBBIX KJIETOK (00BIYHO Gosee 96—98%) B
10 MxJ1 cycnieH3uu, cMemanHoi ¢ 10 mxi 0.4% tpu-
MaHOBOTO CUHETO C MOMOIIBIO CTAHAAPTHOTO TeMO-
nutoMeTpa. M3 yactu KJeTOYHOI CyCrieH3UU WH-
TakTHOU ryoku Boiaensiiu PHK (cm Huxke). dpyryio
YacTh KJIETOUHOM CYCIIEH3UMU B KOHLEHTpauu 1 X
x 107 KJ1/MJI BBICEBAJIM 110 2 MJI B JIYHKHU 6-JTyHOUHOTO
IUIaHIIIETa U UHKYOMpOBaiu 24 4 TpU TeMIlepaType
5°C 3umoii u 10°C oceHblo 151 MOJIYYEeHUST arpera-
TOB, TTOCJIE YEeTO UX COOMPAJIN B IPOOMPKHU U BBIICIISI-
mu PHK (Finoshin et al., 2020).
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Peaepeecayus 6 ycaosusx 6o3odeticmeus
uneubumopos HDACs

DKCNEpUMEHThI 110 BJIMSHUIO WHIMOWTOPOB Ha
MpollecC pearperauyy IIPOBOOWIM C TyOKamMu, CO-
OpaHHBIMM OCeHblo. MccienoBany HadalbHYIO CTa-
JIUIO pearperaiyu U CTaauio o0opa3oBaHusI TIEPBUYHbBIX
npumMopdoB. IlosBaeHMEe NEePBUYHBIX KIIETOYHBIX
arperaToB HeENpaBWIBHON (OPMBI PETUCTPUPOBATIU
yepe3 1 4, a MHOTOKJIETOUHBIX arperaToB 4yepe3 5—7 4
ocJje AUCCOLMAlIMU TYOOK B COOTBETCTBMU C paHee
onyomukoBaHHBIMUA maHHBIMU (Lavrov, Kosevich,
2014; Lavrov et al., 2020). s peructpauyiyi nepBuY-
HEBIX arperatoB ()OTOCHEMKY IIPOBOMAMIIN Yepe3 2 4, a
IS TIEPBUYIHBIX TIpUMMOp@doB — depe3 20 u 24 9 110-
cJie Juccoluanum KiaeTok Tena ryoku. Ipolecc pea-
rperayy IIPOBOIWIIN B KYJIBTYPAJIbHBIX 4-IYyHOYHBIX
¢makonax (SPL LifeSciences, Kopes). B kieTounyio
cycneH3uio (00beM 2 M) mo0aBisiu OyTHpaT Ha-
tpust, NaBu (mo xkonuenrpauuu 0.5 u 2.5 MmM) uin
HaTPUEBYIO COJIb BaJILIIPOEBOM KuUCIOTHI, VPA (mo
KOHIeHTpaluu 2 U 8§ MM). B KOHTPOJIbHYIO JTYHKY
JIO0ABISUIM COOTBETCTBYIOIIEE KOJIMYECTBO (PHIb-
TPOBAaHHOII MOpPcKOM Bonbl. KiteTkn MHKyOMpoBaau
npu Temiieparype 5—7°C. OueHky Mopdosoruye-
CKHX MapaMETPOB OTIEIbHBIX KJIETOK M KJIECTOUYHBIX
arperaTos IIPOBOAMJIN B yKa3aHHBIE CPOKM C IIOMOIIIBIO
CBETOBOI MUKPOCKOIUY C UCTIOIb30BAaHUEM UHBEPTH -
poBaHHOTro MUKpockora Olympus IX51, cHaGxkeHHOTro
14-outHoit CCD-kamepoit Olympus XM10 mnog
yIIpaBJI€HUEM JIMLIEH3MOHHOIO IPOrpaMMHOIO o0ec-
nevyeHus CellSense, 1 martrepom UniBlitz model D122
oA yHOpaBlIeHHMEM IIporpamMmbl Micro-manager.
CycrieH3un KJIeToK ToMemanu B siueiiku SPL Life
Sciences 30104. IIpu cheMKe IIpUMEHSIIN CyXO0ii (a-
30BOKOHTpacTHEIN 00bekTnB LUCPlanFLN 40X,
J1st momepkaHus TEMIIEpaTypHOIO pexkKrMa BO Bpe-
MsI CbeMKU MPeIMETHBII CTOJIMK MUKPOCKOIIA OXJIa-
XKIaayu XJIagoreHTaMU U IOIIOJIHUTEILHO HCIIOIb30-
Bayn cucteMy OkoLab Uno, momemniast eMKOCTb OJIst
YBIIAXKHEHMS ITOJaBacMOT0 K KJIETKaM BO3yXa B JIEI.
Pasmep u bopmy arperaToB aHAIM3UPOBAIIM B TPEX
BpeMEeHHBIX Toukax — yepe3 2, 20 u 24 4y mocie nuc-
coumManuy ryOOK M MHKYOalluM KJIETOK B IIPUCYT-
ctBur NaBu 0.5 MM, NaBu 2.5 MM, VPA 2 MM, VPA
8 MM u B oTCyTCTBME MHTMOUTOPOB (KOHTPOB). AT-
peraThl U3 3—5 KJIeTOK He YYUThIBaINCh. K Menkum
OTHOCWJIM arperaTbl, XOTs Obl OAWH JIMHEWHBIN ITPO-
Mep KOoTophIx cocTasiisul oT 20 1o 40 MKM, K KpyI-
HBIM — 0T 40 1o 70 MxM. CaMbIM OOJIBIINM OBLI arpe-
rat pa3zmepoM 70 Mmxm. Pazmep u popmy arperatoB aHa-
JIM3UPOBAJIM B TPEX BPEMEHHBIX TOUKax — yepes 2, 20 u
24 4 moce TMCCOLMAN I'YOOK M MHKYOAll KJIETOK B
npucyrctBur NaBu 0.5 MM, NaBu 2.5 MM, VPA 2 MM,
VPA 8§ MM u B oTCyTCTBHE MHTUOUTOPOB (KOHTPOJIB).
Jast Kaxxaoit u3 15 akcnepruMeHTaIbHBIX TOUYEK ObLIN
craenansl o 10 poTorpaduit mpon3BOIBEHO BEIOpaH-
HBIX ITIOJIE 3peHMsI, Ha KOTOPBIX CGHOPMUPOBAHBI
4 Tpyrbl (KpYITHBIE IIIApOBUAHBIC arperaThl, MEJIKIE
IIapOBUIHBIE arperaThl, KpyIIHbIE arperaTbl Hempa-
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BWJILHOM (pOPMBI, MEJIKME arperaTbl HeIIPaBUJIbLHOM
GOpMBI) M MOACYUTAHO KOJMYECTBO arperaTtoB B
rpymre. g Kaxmoit U3 4eTbipex BBIOOPOK 4Yucell,
COOTBETCTBYIOIINX KOJIMYECTBY KJICTOYHBIX arpera-
TOB pa3HOit MOPGOJIOTUU OIPEAESIIN OTHOCUTEIb-
Hble 3HaUeHUs, BbIpaXkKeHHbIE B TIpoleHTax (abco-
JIIOTHBIE 3HAYEHUSI MEHSUIMCH B XOJIe 9KCIIepUMEHTAa
B CTOpPOHY YMEHbIIEHMs OJiaromapsi MOCTEIEHHOM
cOOpKe U3 MEJIKUX arperaToB MEHbIIIEr0 KOJIMYeCTBa
0oJtee KpynHbIX). CTaTUCTUYECKYIO 00pabOTKY pe3yilb-
TaTOB KCIIEPUMEHTOB IIPOBOIMJIM MPU ITOMOIIU JIU-
LIEH3MOHHOTO IporpaMMHoro obecriedenust Origin 6.1.
CyMMapHOe KOJIMYECTBO BCEX NpOaHAIU3UPOBAH-
HBIX KJIETOYHBIX arperatoB coctaBwiao 1517 eguHull.
JducnepcuoHHsblil aHanu3 (One-way ANOVA) ¢ no-
BepUTEJIbHBIM MHTepBajoM p = 0.05 1oxasai, 4To
IS KaXJI0M 3KCIEPUMEHTAJIbHOM TOYKW CpEeIHUE
3HAYEHUSI BLIOOPOK SIBJISIIOTCSI TOCTOBEPHO Pas3iny-
HBIMU.

Boidenenue PHK, koncmpyupoeanue bubauomex kJIHK
U CeKBeHUPOBaHUe

PHK 6vw1a BeineneHa ¢ ucnonb3oBanveM TRI Re-
agent (Molecular Research Center, Inc.), o6paboTana
DNase I (Ambion) 1 ouuiieHa ¢ moMolikio Ribo-zero
rRNA Removal Kit (Human/Mouse/Rat) (Illumina).
JIass ogHO-KOHLIEBBIX IIpouTeHuil ainuHoit 50 mo
MPHK Onima BoigesieHa ¢ moMouiblo NEBNext®
Poly(A) mRNA Magnetic Isolation Module (New
England Biolabs) u3 300 ur totansHoit PHK. ®par-
MeHThl KIIHK m1s1 61baroTeK mosydaiu ¢ UCIOJIb30-
BanneM NEBNext® Ultra™ II Directional RNA Li-
brary Prep Kit mis [llumina® (“New England Bio-
labs”, CIIIA), mpoBepsiin, ucrojib3ys Agilent 2100
DNA High Sensitivity Kit, u cekBeHnpoBaiu Ha IIPU-
oope Illumina Hiseq2500.

Tpanckpunmomunas coopka
u anaau3 ouggepeHyuarbHoI IKCnpeccuu

Ha ocHoOBe TpaHCKPUIITOMHOM COOPKHU, TTOJTyISH-
HOIl paHee Ha 0a3e MApHO-KOHILEBBIX ITPOYTECHUIR
(Finoshin et al., 2020), mpou3BeneHo MpeacKa3aHUe
OeNnKOBBIX TIPOAYKTOB C ToMolubio TransDecoder
v. 5.5 (Haaset al., 2013). 'omonoru HDACSs HalimeHbI
¢ TTIOMOIIBLIO porpaMmel blastp (Altschul, 1997). On-
HO-KOHIIEBbIE TIPOYTCHUST IJIsI MHTAKTHON TyOKH,
JIUCCOLMUPOBAHHBIX KJIETOK M arperatoB ObUIU Kap-
TUPOBaHbI Ha TPAHCKPUIITOMHYIO COOpPKY C IOMO-
mpio bowtie 2 v. 2.4.1 (Langmead, Salzberg, 2012).
YPOBHU BKCITPECCUU TPAHCKPUTITOB OBLTA PACCUNTA-
HbI ¢ moMo1pio RSEM v. 1.3.3 (Li, Dewey, 2011), mo-
cJie (puIbTpalluy HU3KOIKCIIPECCUPYIOIINXCS TpaH-
CKPUIITOB OHM OBbUIM HOPMAJIM30BaHbBI METOIOM
TMM (trimmed mean of M-values, ycedeHHOE Cpe-
Hee M-3HaueHUN — JorapdMHUPOBAHHBIX YPOBHEH
U3MEHEHUSI 9KCIPECCUN) U MepeBeACHbI B 3HAUCHUS
CPM (counts per million, 91cjio IIpoOYTeHUIA, OTHE-

KPABYYK u gp.

CEHHBIX K JaHHOMY TPAaHCKPUIITY, HAa MUJUTMOH IIPO-
yTeHuit) ¢ moMomibio mmakera edgeR v. 3.32 (McCarthy
et al., 2012). brutn BBIMMCIIEHBI JIOTApU(PMUPOBAH-
HbIE YPOBHU U3MEHEHUSI 9KCITPECCUU B TUCCOLINUPO-
BaHHBIX M pearperupoBaBIINX KJIETKaX IO OTHOIIES-
HMIO K MHTAKTHOM TKaHU Tejla TYOKH, U3 KOTOPOM
OHM OBUIM moJiydyeHBI. JIsT Kaxkmoro TpaHCKpHUIITa
ObLT BBIYMCIIEH YPOBEHb 3HAUMMOCTU TIPU MOJEIU
OTPULIATEILHO-OMHOMMAJIBHOTO paclipefe/ieHus ¢
¢dakTOpaMu ce30Ha U CTaANU pearperalu, CKOppeK-
TUPOBAHHBIN 3aTreM MeTomoM benmkaMuHU—XO0X-
oepra. B xauectBe moporoBoro ypoBHs FDR (false
discovery rate, JOJIN JIOXXHOITOJOXUTETbHBIX PE3yiIb-
TaTOB) Mcnojib3oBaH ypoBeHb 0.01. I'en cumrancsa
InddepeHIUaTbEHO SKCIIPECCUPYIOLINUMCS, €CIU Ha-
G101aJICsT XOTS ObI OWH CIIy4ail JOCTOBEPHO M3Me-
HSTIOLLIEICST DKCIIPECCUU B MpOLIECCe pearperanum.
IMonyyeHHBIE JTaHHBIE BU3YaTU3UPOBAHBI C TIOMOIIBIO
makera ComplexHeatmap v. 2.6.2 (Gu et al., 2016).

DunoeceHemuueckuii aHaiu3 0eauemunas
eucmoroe kaaccoe I u 11

T'omonoru HDAC njist BBIOOpKM B3yKapuoOTUYe-
CKUMX OPTaHU3MOB OIpeIeJIsiId IPU MOMOIIY KJIacTe-
pu3aluu TpoTeoMoB ¢ mporpammoit OrthoFinder
(Emms, Kelly, 2015). JIns1 k1acTepu3aniy UCIIOIb30-
BaJlu TE€HOMHBIE OaHHBIe U3 0a3 maHHbIx NCBI
(https://www.ncbi.nlm.nih.gov), UniProt (https://
www.uniprot.org/), a Takxke Mnemiopsis Genome
Project Portal (https://research.nhgri.nih.gov/mne-
miopsis/) u Multicellgenome Lab (https://multi-
cellgenome.com). 'omosoru HDAC B reHOMHBIX 1
TPaHCKPUIITOMHBIX JaHHBIX TYOOK Oscarella pearsei
(https://figshare.com/articles/dataset/Oscarel-
la_pearsei_assemblies/7107638/1) u Sycon ciliatum
(http://www.compagen.org/datasets.html)  nckanu
nporpammoiit BLASTp (Altschul, 1997). ITocnenosa-
TEJIbHOCTU U3 OPTOTPYIII, COOTBETCTBYIOIIUX Jiealie-
Ti1a3aM KjaccoB 1 u 11, BeIpaBHUBaIM MpOrpaMMoit
MAFFT (Katoh, Standley, 2013) B pexxume L-INS-i.
ITpu noaroroBKe BbIpaBHUBAHUIM [J1s1 (DUIOreHETUYE-
CKOTO aHajan3a, UX MHCIEKTUPOBaIU BPYUYHYIO U 00-
pabaThIBali METOOOM gappyout mporpaMmbl trimAl
(Capella-Gutierrez et al., 2009), ¢ uenblo ynaaeHus
COMHMUTEJIbHBIX U Pa3pO3HEHHbIX YYaCTKOB BbIPABHU-
BaHUs. PUITOTEHETUYECKUIT aHAIM3 TIPOBOMWIM Me-
TOAOM MAaKCHUMAaJbHOTO MPaBAONOAOOUsl, Peaan30-
BaHHoro B riporpamMme IQ-TREE (Minh et al., 2020).
Monenu 3BOJIOLMU IS PeKOHCTPYKILIMU AEPEBbEB
ObLIM BBIOpaHBI HA OCHOBE aBTOMATUYECKOTO MoK CKa
¢ ModelFinder (Kalyaanamoorthy et al., 2017). Cra-
TUCTUYECKas TIoJAepKKa Y3JI0B JiepeBbeB Oblila pac-
cuntaHa MeTogoM OytcTparna ¢ 1000 peruuk. Busya-
JIN3ALIMI0 KOHCEHCYCHBIX JepeBbeB MPOBOIWIN MPU
nomoinu rmporpamMmbl MEGA (Kumar et al., 2018).
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Ta6:mua 2. Zn>*-3aBucumble riucroHosble neaneriassl (HDACSs) ry6ox H. dujardinii v A. queenslandica. Yxa3aHsl
nneHTruduKammoHHbie Homepa B 6a3ze NCBI (https://www.ncbi.nlm.nih.gov)

A. queenslandica H. sapiens
TToKATH3aALS (MIEHTUYIHOCTD (MIEHTUYHOCTD
Kiracc HazBanue 1 H. dujardinii B % c a.x. B % c a.x.
y 4eJoBeKa
MOCJIEIOBATEILHOCTBIO | TOC/IEIOBATETLHOCTHIO
H. dujardinii) H. dujardinii)
I HDACI Slnpo BankIt2388591 XP_003385311.1 (76%) |NP_004955.2 (78%)
(romosnoru RPD3 Seql MW057352
APOXOKeiA) HDAC2 |fapo NP_001518.3 (75%)
HDAC3 Anpo BankIt2388591 XP_019850949.1 (81%) | NP_003874.2 (71%)
Seq5 MW057356
HDACS Anpo BankIt2388591 XP_003384638.1 (46%) | NP_060956.1 (48%)
Seq6 MW057357
Ila HDAC4 Anpo/ BankIt2388591 XP_011403467.2 (58%) | AAD29046.1 (53%)
(romosrorn HDA1 HUTOIIa3Ma Seq4 MW057355
IUTOoIIa3Ma
HDAC7 Anpo/ AAF63491.1 (51%)
LUTOITIa3Ma
HDAC9 Anpo/ AAO27363.1 (51%)
UTOoIIa3Ma
IIb HDAC6 Huronnasma | BankIt2388591 XP_003382755.1 (45%) | AAH13737.1 (49%)
(HecyT J1Ba KaTaju- Seq2 MW057353
TUECKNX caiiTa) HDAC10 |Lluroruiazma AAS48345.1 (38%)
v HDACI11 | Anpo/ BankIt2388591 XP_003389345.2 (67%) | NP_079103.2 (60%)
(MMEIOT y4acTKU UATOIUIa3Ma Seq3 MW057354
TOMOJIOTMH C KJIac-
camu [ u II)
PE3VIJIBTATHI TakKe HaiineH y ryook Amphimedon queenslandica n

Annomayus Zn’"-3aeucumoix HDACs 2yoku
H. dujardinii

Ha ocHoBe TpaHCKpUTITOMHBIX COOPOK st H. dujar-
dinii, ormcanabix Hamu pa"ee (NCBI, PRINAS594150),
ObUTM WIEHTU(UIIMPOBAHBI TIPEACTaBUTEIIEN BCexX
iaccoB Zn?*-3aBucumbix HDACS xapaKTepHBIX LTS
KMBOTHBIX (TaGia. 2). T'MCTOHOBBIE AealeTUIa3bl
kiacca I ipencrasnensl y H. dujardinii TpeMst reHa-
MU, KOTOPBIe COOTBEeTCTBYIOT opTonoram HDAC1/2,
HDACS3 u, npeanonoxurenbHo, HDACS yenoBeka
(puc. 1). Jdeauermnasnl kiacca Il mpencraBiieHbl y
H. dujardinii nBymMs1 TeHaMu, TPYNHUPYIOLIMMUCS C
HDAC6/10 u HDAC4/5/7/9 xuBoTHBIX (puc. 2).
CocraB Zn>"-3aBucumblx neauetvwnas y H. dujardinii
COOTBETCTBYET OXUIAEMOMY MPEIKOBOMY COCTOSI-
HUIO JUISl XKMBOTHBIX — CXONIHBIN COCTaB JiealleTuias
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Sycon ciliatum n nipenctaBUTeNeil Ipyroii GazalbHOI
BETBM XXUBOTHBIX, TpeOHeBUKa Mnemiopsis leidyi. [1y-
IUIMKALWUK, TpuBeAine K obocobneHuio HDAC6 u
HDACI10, a Takke IIOSIBICHHWIO HOMOJHUTEIBHBIX
npencrasureneit rpynnel HDAC4/5/7/9, Bo3HuKa-
0T MO3Xe B 3BOJIIOLIMU XKUBOTHBIX. Tak, 000CcO0JIeH-
Hele HDAC6 u HDAC10 BcTpeyarorcst TOJIbKO y O1-
JlaTepajJbHO-CUMMETPUYHBIX KMBOTHBIX. JlomomHM-
TEJIbHBIN KaTaJIUTUYECKUI TOMEH, XapaKTePHbIM 115
nmeanermninas HDAC6 u HDAC10 6unarepuii, oTCcyT-
ctByeTy H. dujardinii u npyrux paHHUX IIpeICTaBU-
TeJiel XKUBOTHBIX (puc. 3a), 4YTO yKa3bIBaeT Ha 0O-
Jiee To3AHee BO3HUKHOBEHHE BTOPOro JOMeEHa y
HDAC6/10 nyrem aymiukauuu. Takke, KaK U Y
MJIEKOIMUTAIoNX, Y ryook Ha C konue HDAC6 npu-
CYTCTBYeT YOMKBUTHUH-CBSI3bIBAIOLLIMI JOMEH (puc. 30).
Takum 06pa3oM, Kak ¥ OXKUIAJI0Ch, MBI OOHApPYKI-
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Homo sapiens Q13547 HDAC1
57Hmrm sapiens Q92769 HDAC2
Oscarella pearsei m.219094
Sycon ciliatum scpid36973
Mnemiopsis leidyi M1.00527a

Aplysia californica XP_005100474.1
Drosophila melanogaster NP_647918.2
Hydra vulgaris XP_012557525.1, XP_012560010.1

HDAC 1/2

Amphimedon queenslandica XP_003385311.1
Halisarca dujardini MW057352
Capsaspora owczarzaki XP_004346729.1

Creolimax fragrantissima CFRG2342T1

Arabidonsis thali

Creolimax fi

CFRGS8140T1
195526.1 HDA1

90

Dict lium discoide XP_646719.1
Salpii rosetta XP_004989662.1
Capsaspora owczarzaki XP_004343197.1
Creolimax fragrantissima CFRG6046T1
Mnemiopsis leidyi M1.003214a
Oscarella pearsei Osc

Sycon cili scpid60943

bidonsis thali

NP_198410.1 HDA7

Arabidopsis thaliana NP_201116.1 HDA6
Salpi; rosetta XP_004997885.1
|'|”_'——Spizel/0m iyces punctatus KND04954.1
95 Spizellomyces punctatus KIND02578.1
Dictyostelium discoideum XP_647498.1
Thecamonas trahens XP_013758604.1
Saccharomyces cerevisiae NP_014069.1 RPD3
idopsis thali NP _190054.2 HDA9
Thecamonas trahens XP_013753511.1

-2 Amphimedon queenslandica XP_019850949.1
13 dujardini MW057356 HDAC 3
Homo sapiens 015379 HDAC3
100 Hydra vulgaris XP_002162003.2
Aplysia californica XP_005091875.1
53 Drosophilc ! NP_651978.2
Saccharomyces cerevisiae NP _011321.1 Hos2
Spizellomyces punctatus KNDO1146.1
2! Amphimed: landica XP_003384638.1
Hydra vulgaris XP_002164615.1
36 Homo sapiens Q9BY41 HDACS8
6 35 Capsaspora owczarzaki XP_004348213.1
Aplysia californica XP_005095559.1
16 Creolimax fragrantissima CFRG6284T1
24 Sycon ciliatum scpid65704
16 Spizellomyces punctatus KNC96647.1
0.5 49 Saccharomyces cerevisiae NP_015393.1 Hos1

Puc. 1. ®uioreHeTnyeckoe AepeBo AealleTuiaa3 TMCTOHOB Kiacca . JlepeBo peKOHCTpYyMPOBAaHO METOIOM MaKCHUMAaJIbHOTO
npaBaoriogo6us ¢ mporpammoit IQ-TREE; mist pekoHCTpyKIMK ObIIa UCITOJIb30BaHa Moelb dBoaouun LG + I + G4, BeI-
o6panHag 1pu oMot ModelFinder kak HanboJee moaxomsiast; IMMpPbI Ha BETBSIX IepeBa COOTBETCTBYIOT 3HAYEHUSIM MO~
JIEPXKKU B MPOLIEHTaX, pACCYUTAaHHBIM MeToioM OyTcTpana ¢ 1000 perutuk. Ha nepese BoiaeseHbl nocienoBaTesibHocTt HDAC
u3 H. dujardinii, a Takxxe ormedeHbl 1 Ha3BaHbI TpynTiel HDAC XMBOTHBIX, COOTBETCTBYIOINIME OpTOojioram u3 Homo sapiens.
[MocnenoBarensHocTb H. dujardinii MWO057357 rpynmnupyeTrcst BMECTe ¢ IMBEPTreHTHBIMU MPEICTaBUTENISIMU JlealleThia3 Kiiac-
cal, B uucie kotopeix HDACS8 uz H. sapiens, i, BeposATHO, siByisieTcst optosiorom HDACS, ogHako naHHasi rpyIina He oTMedeHa
Ha JiepeBe, TaK KaK MoC/IeI0BaTeIbHOCTHU U3 SKUBOTHBIX He 00pa3yloT MOHOMWIETUYECKYIO TPYIIITY, KIacTepU3ysICh C AealleTh -

Jla3amMu U3 TpuboB, Bkiouast Hosl aposckeit.

gim y H. dujardinii HDAC1/2 (HDAC1), HDAC3,
HDAC8 (xmacc 1); HDAC4/5/7/9 (HDAC4),
HDAC6/10 (HDACS6) (xmacc 11); HDACII (knacc IV).
N3 Bcex HDACs H. dujardinii, npenctaBuTenu nep-
poro kiacca, HDACI1 n HDAC3, umeroT HanGoJIb-
Iee CXOACTBO ¢ OeJiIkaMu YenoBeka (Tabm. 2), a
HDAC6 u 8§ — HauMeHbIIIee CXOICTBO.

Hughgpepenyuanvras sxcnpeccus eenoe HDACs
8 npouyecce peazpeeayuu

J171s1 TOTO, YTOOBI OXapaKTepPHU30BaTh YKCIIPECCUIO
HDAC:Ss B xo11€e pearperaliivi, Mbl CPaBHUJIA METOJIOM
RNA-seq ypoBeHb X 9KCIIPECCUH B MHTAKTHBIX T'y0-

Kax, KJIETOYHOM CYCITEH3UM M arperaTtax. DKCIepu-
MEHT MO pearperaluu ObLT MPOBEACH B Ja00PaTOPHBIX
YCIOBUSIX, KaK oMrcaHo B MaTepuanax 1 Metonax. B
XOJle arperalyu HaOJOAaACs JTOCTaTOYHO BBICOKMIA
YPOBEeHb OKCIIPECCMM BceX JealleTuiaa3, KpoMe
HDACS (taba. 3, puc. 4), camblii BBICOKHI1 YPOBEHb
askcnipeccun o0bu1 Yy HDACI. Dkenpeccust HDAC4 B
XOJIe arperaly He U3MEHSIACh, BCE OCTaJbHbIE TH-
CTOHOBBIE JealleTUIa3bl IKCIPECCUPOBATIUCH UG-
depenmansHo. Tak, oOpa3oBaHME arperatoB Co-
npoBoXAaJIoch yBeanueHneM akcrpeccun HDACI n
6 1 ymeHbIeHneM skcnpeccun HDAC3, 8 u 11. He-
CMOTpPsI Ha HEKOTOPbIE pa3inuus B CPeIHEM YPOBHE
SKCIIPECCUN B MHTAKTHBIX TYOKaxX, COOpaHHBIX OCe-
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JEALETHUIIA3SBI TMCTOHOB B ITPOLECCE PEATPETALIMUN KIIETOK

Homo sapiens Q9UQL6 HDACS
Homo sapiens Q9UKV0 HDAC9
Homo sapiens P56524 HDAC4
Homo sapiens Q8WUI4 HDAC7
Aplysia californica XP_012935632.1
Drosophil. I NP_001259507.1
Hydra vulgaris XP_012563530.1

Sycon cili scpid73915

M iopsis leidyi M1.02442a

Oscarella pearsei m.25134
A

HDAC 4/5/7/9

85

bimod, Iondie

XP_019851050.1
Halisarca dujardini MWO057355
83 Salpingoeca rosetta XP_004987917.1

Creolimax fra, CFRG5072T1

ipsaspora owczarzaki XP_004347039.1
_WL‘: Creolimax fragrantissima CFRG1953T1
31 Creolimax fragrantissima CFRG3468T1
Arabidoy NP_850609.2 HDA15
Spizellomyces punctatus KNDO01266.1
Saccharomyces cerevisiae NP_(014377.1 HDA1
100 Arabidopsis thaliana NP_200914.2 HDAS
L Arabidopsis thaliana NP 200915.2 HDA18
Th trahens XP 0137600131
Th trahens XP_013761868.1

PPN

23 Th trahens XP_013753622.1
Halisarca dujardini MW057353
M; iopsis leidyi M1.078942a
Oscarella pearsei Osc_g5639.t1
Amphimedon queenslandica XP_003382755.1
Aplysia californica XP_005098693.2 C-term
Hydra vulgaris XP_002164574.2
Sycon cili scpid48891

Drosophil I NP_001259569.1 C-term

Homo sapiens Q9UBN7 HDAC6 C-term

ﬁfHoma sapiens Q9UBN7 HDAC6 N-term
29 Homo sapiens Q96958 HDAC10 N-term

HDAC 6/10

375

98 Aplysia californica XP_005097878.1 N-term

hil, 7

Hydra vulgaris XP_002162568.2
Arabid

N

NP_001259569.1 N-term

100 2
78 Aplysia californica XP_005098693.2 N-term

NP_567921.1 HDA14

87 Dict

86 Dict

discoideum XP_641298.1

discoid XP_641762.1
Spizell

yces punctatus KINC96405.1
Thec

Arerhid,

1s trahens XP_013758153.1

Creolimax fragrantissima CFRG6649T1

NP 563817.1 HDA8

PN

51 T

Salpii a rosetta XP_004994549.1

C spora owczarzaki XP_011270701.1
Spizellomyces punctatus KINC96500.1

1p

Puc. 2. ®uoreHeTnyeckoe AepeBo ealleTuyia3 rucToHOB Kiacca 11, JlepeBo peKOHCTpyMPOBaHO METOIOM MaKCUMAaJIbHOTO
npasaomnonaodus ¢ mporpammoii IQ-TREE; s pekoHcTpyKiinmu 6b11a MCITOJIB30BaHa Moie)ib 3Booiuu LG + RS, BeiOpaHHas
npu nomoinu ModelFinder kak HaunboJee roaxonsinasi; HU@pPbl Ha BETBSIX AepeBa COOTBETCTBYIOT 3HAYEHUSIM ITOIIECPXKKHU B
MIpoLIEHTaX, pacCYNTaHHBIM MeTomoM OyTcTpata ¢ 1000 permuk. Ha nepese BoineneHsl mocaenoBaresbHoct HDAC us H. du-
Jardinii, a Takke oTMeueHbl M Ha3zBaHbI TpyIibl HDAC XXUBOTHBIX, COOTBETCTBYIOLIME OpTosioraM u3 Homo sapiens. Jeaueru-
s1a3bl XuBOoTHBIX HDAC 6/10 ¢ AByMsI KaTaTUTUUECKUMU IOMEHaMU ObLTH pasaesieHbl Ha N-TepMuHaibHbIi (N-term) u C-tep-
MUHaIbHBIN (C-term) TOMeHBI; BBICOKO quBepreHTHBI C-tepmuHanbHbiit tomeH HDAC10 w3 H. sapiens v Aplysia californica

ObUT UCKJTIOYEH U3 aHAIU3a.

HbIO U 3UMOM, IUISI 3TUX JealleThaa3 HaGII0maInCh
CXOAHblEe U3MEHEHMS B Ipolecce pearperaiuu. Ms3-
MEHEHMe DKCIIPECCUHM JealleTuiia3 B X0Jle pearpera-
LA CBUACTEIBCTBYET O BO3MOXKXHOM MX YYacTUU B
peTyJISILIM 3TOTrO Mpoliecca.

Bausnue uneubumopoe HDACs NaBu u VPA
Ha npoyecc peazpezayuu

Hamu GbIiM poBeieHBI OIBITHI MO pearperanun
KJIETOK TyOKM IOCJe MEXaHWMYECKOU MVCCOLMaIun
ee Tella Ha OTJAeNIbHbIE KJIIETKU B IIPUCYTCTBUY WHTY-
outopoB HDACs — NaBu n VPA. Uarnoutopsr NaBu i

OHTOTEHE3 Ne 5

TOM 52 2021

VPA cenextuBHo neiictByror Ha HDACs kitacca I, mo-
5TOMY M3 ABYX JIealleTHIa3 3TOro Kjacca, II0Ka3bIBalo-
IIMX BBICOKYIO 3Kcrpeccuto B arperatax (HDAC1 u 6,
puc. 4), oHu MOTYyT MHIHOupoBath Tojibko HDAC1
(Matsuyama, 2002). Be160p KOHIIEHTpalluii UHIMOW-
TOPOB OCYILLIECTBJISIIM HA OCHOBE JAHHBIX JIMTEPATY-
pol (Taba. 1) u mpeaBapUTEIbHBIX 3KCIIEPUMEHTOB.
M3BectHO, 9To 0.5 MM NaB 11 2 MM VPA He okasbi-
BalOT BBIPAXXEHHOIO TOKCcHUYecKoro 3d¢d@ekra Ha
KJIETKW. DTU KOHLIEHTpallMd MHTUOUTOPOB OBLIN MC-
MOJIb30BaHbl KaK HadajbHble. ' yOKM MeXaHUYECKU
IuccouupoBaiv (pUc. 5a) 1 UHKyOUpPOBaIu B IIpU-
CYTCTBMM MHTUOUTOPOB MM 0e3 TaKOBBIX (puc. 6).
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(a)
HDAC-doml1 HDAC-dom2 ZnF-UBP
AAD29048.1 ——[HHGY DH D G———HHGF DH D G} T +— H. sapiens
Mw057353

XP_003382755.1

AAD29048.1
Mw057353

PEGD@G T I Ofsial
PlEK E@GH Y Gliak
XP_003382755.1 L[&E Tl@< TP RIAM

—|HH GF DH D G
—'HHGF DH D G

[ V— H. duardini
{— +— A. queenslandica

H. sapiens
H. dujardini
A. queenslandica

Puc. 3. (a) Crpykrypa 6eika HDAC6 y ry6ok (H. dujardinii u A. queenslandica) n uenoseka. [TokazaHbl KOHCEpPBATUBHbBIE aMU-
HokucyoTel 111 HDAC6-dom1 n HDAC6-dom?2 nomeHoB. (6) YOouKBUTHH-CBsi3bIBatonii fomeH (ZnF-UBP). YepHbiM 11Be-

TOM ITOKa3aHbl KOHCEPBATUBHbBIC aMWUHOKMUCJIOTHI.

Yepes 2 4 11ocie NoydeHusI CyCIIeH3UM BO BCeX 00-
pasiax HaOJIoJaIu CIMIMaHue KJIETOK U oOpa3oBaHue
MPEMMYIIECTBEHHO MenkKux arperaroB (20—40 Mxm),
HenpaBWIbHOI (pOpMEI (pHC. 5B) 1 HEKOTOPOIO KO-
JIMYEeCTBA MEJIKWX arperatoB IPaBUIbHON (OPMBI
(puc. 56), 4TO COOTBETCTBYET HaYaIbHOI CTAIUN pe-
arperaliui. B panpHeiillieM MNOSBISIIUCH KPYIHBIE
arperatsl (40—70 MKM) HempaBWIBbHOI (puc. 51) u
MIpaBWILHON IIapoBUOHON ¢opMbl (puc. 51). Yepes
20 4y mocJjie AMccolUaliuy CTajiu OYEBUIHBI Pa3Inuus
MEXITy KOHTPOJBHBIMU W OITBITHEIMM OOpa3llaMi B
KOJIMYECTBE KPYITHBIX arperaToB 11apoBUAHON ¢op-
MBI — B OIBITHBIX 0Opa3liax B mpucyTcTBUU 2.5 MM
NaBu u § MM VPA ux oTHOCHUTETbHOE KOJIUYECTBO
ObUTO 3HAYMTEILHO CHUKEHO T10 CPaBHEHMIO C KOH-
TPOJBHBIMU o6pasuamMu (puc. 6). DToT 3deKT ObLI
OoJiee BBIpaXKeH mocie 24 4 MHKyOalMu — IIPOOkI C
WHTUONUTOPAMHU OTJINYAJINCh OT KOHTPOJBHBIX HU3-

KM OTHOCHUTEJIbHBIM KOJIWYECTBOM arperaTtoB IIpa-
BWIbHOM 11apoo0pa3Hoit ¢hopMel (puc. 6). I[1pu sTom
uHruoutop VPA B KoHLieHTpauuu 8 MM oKa3biBall
0oJiee CHUIbHOE MHTUOMPYIOIee NeMICTBUE HA IIPOIYK-
LIUI0 KPYITHBIX MPaBUJIBHBIX arperatoB, yeM NaBu B
KoHLeHTpauuu 2.5 MM (puc. 6). Takum oGpaszoMm,
3(pheKT MHrMOUTOPOB 3aKII0YAJICSI B YMEHBIICHUN
3¢ PEeKTUBHOCTH 0OOpa30BaHMSI KPYNHBIX arperaTtoB
npaBuibHON popmbl. O6a nHruomropa HDACs 3a-
MEIUISUIA Y, OYEBUIHO, HapyIIaJIM IIPOLIECC pearpe-
ramuu.

OBCYXIEHUNE

IMpoBeneHHOE MccaeqOBaHME TTOKA3aJI0, YTO Y Ty-
0ok H. dujardinii, A. quuenslandica v Sycon ciliatum
CHCTeMa JealleTUIMPOBAHMS OEJIKOB CIIOKHO YCTPO-
€Ha: y HUX MMEIOTCS TIPEeICTaBUTEIN BCEX KIIaCCOB

Ta6auma 3. YpoBeHb 9KCIPECCUU B MHTAKTHBIX I'yOKax (TK), KJIETOYHOI cycrnieH3uu (KJI) 1 arperaTtax (ar), pacCyMTaH-
HbIi B CPM (41cio mpouTeHn i, OTHECEHHBIX K JTaHHOMY TPAaHCKPUIITY, Ha MUJUTMOH MTPOUYTEHUIA) TTOC/Ie HOpMaTU3alnuy
meTonoM TMM (yceyeHHOe cpeaHee M-3HauyeHMIT); JorapudMupoBaHHbIe YPOBHU M3MeHeHus 3kcnpeccuu (log fold
change) B TMCCOMMPOBAHHBIX KJIETKAX U arperarax o OTHOIIEHWIO K MHTAKTHOM TKaHU (KJI-TK U ar-TK); ypoBeHb 3Ha-
yuMocTU P; ckopekTupoBaHHble ypoBHU 3HaunMocTu FDR (false discovery rate, qosist JIOKHOITOJOKUTEIbHBIX PE3Yib-

TaTOB)
log fold log fold
VPpOoBEHb IKCIIPECCUM, 3UMA VpOBEHb IKCIPECCUM, OCEHB change, change,
Hasz-
3uMa OCeHb P FDR
BaHUe
Tkl T2 TK3 kial wi2 ki3 arl ar2 ar3 |1kl Tk2 wiul k12 arl  ar2 |KJI-TK ar-TK|KJ-TK ar-TK
HDACI [40.42 38.43 39.91 49.09 49.97 49.73 144.72 87.82 106.26 [72.92 72.20 47.20 45.03 104.63 103.57| 0.32 1.51{—0.65 0.52(0.00010 | 0.00113
HDACS3 [ 17.33 15.44 15.79 15.68 17.61 16.32 499 7.12 4.57|31.44 28.94 27.96 2824 1572 16.22| 0.03 —1.52{ —0.10 —0.91{0.00002 | 0.00033
HDAC4 | 11.13 12.51 12.24 22.43 23.53 24.07 8.02 991  7.90(25.44 26.84 27.20 26.36 39.87 36.32| 0.96 —0.47| 0.03 0.54|0.05862 | 0.13030
HDACS6 |[33.18 26.61 31.62 24.50 25.63 25.00 46.93 56.49 65.50(35.90 41.92 24.59 24.33 128.15 125.83|—0.28 0.88(—0.67 1.70(0.00001 | 0.00015
HDACS | 4.92 471 499 4.09 341 372 240 121 198 589 494 726 7.68 121 1.23|-0.37 —1.34| 0.46 —2.07|0.00029 | 0.00257
HDACI1{24.96 18.71 21.86 16.81 18.13 21.68 8.10 9.37 10.07[30.61 31.70 17.41 17.84 19.23 18.38|—0.21 —1.24{—0.82 —0.73[0.00119 | 0.00731
OHTOTI'EHE3 TOM 52 Ne 5 2021
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3uma OceHb 3umMa OceHb
Knerku Arperatbl Kinerku ArperaThbl

HDACI *
HDAC3 x*
HDAC4
HDAC6 *
HDAC8 *
HDACII x

0 2I5 SIO 7I5 l(I)O

Cpennss akcrpeccust (CPM),

WHTaKTHasl IyOKa log, (fold change) FDR
—3_ -1 0 1 3 1 0.1 0.01 0.001 0.0001

Puc. 4. AHaim3 nuddepeHInanbHOM 9KCITpeccun rTMcToHOBBIX AcatieTunas (HDACs) Bo BpeMst nMcCOIMAIM U pearperaiumn
ryoxku H. dujardinii. CneBa rnokasaH cpeHUIl YPOBEHb 9KCIIPECCUU B UHTAKTHBIX T'yOKaXx /UIsl 3MMHUX U OCEHHUX 00pa3lioB,
paccuntaHHblii B CPM (4mciio mpoyTeHUii, OTHECEHHBIX K JaHHOMY TPAaHCKPUIITY, HA MUJUTMOH IMPOYTEHUI) TTOC/Ie HOpMaIn-
3aruy MetooM TMM (ycedyeHHoe cpenHee M-3HadeHmit). Ha TerutoBoiit Kapte cripaBa IToKa3aHbl JIOrap®MUPOBaHHBIE YPOBHU U3-
MeHeHust aKerpeccut (log fold change) B mrccolMmpoBaHHbBIX KJIETKAX U arperarax ro OTHOIIEHMIO K MHTAaKTHOM TKaHU U CKOPPEK-
THpoBaHHbIe ypoBHU 3HaunMocTu FDR (false discovery rate, m0Jist JTIOXKHOITOJIOXKUTEIbHBIX pe3y/ibTatoB). ¥ FDR < 0.01.

Zn*"-3aBucuMsbix geauerwias rucroHos (HDACS),
XapaKTEePHBIX JJISI XXUBOTHBIX (Taba. 2, puc. 1, 2).
HauGonbiinit ypoBeHb 3KCIIPECCUU B TeJIe TYOKH 00-
HapyXeH y NpuHajexaiiei K kiaccy I neanerunase
HDACI. eanermma3sl kimacca I mmpoko pacmnpo-
CTpaHEeHBbI Y pa3HbIX XUBOTHBIX. OHU 3KCIIPECCUPY-
IOTCSI B TKQHSIX BCEX TUIIOB U UMEIOT OOJIblliee 3Have-
HUe€ JUTS BBDKMBAHUS KJIETOK U Mpojaudepalu, yem
HDACs npyrux xmnaccoB (Marks, 2010). HDACs
kjnacca | yyacTBytoT B peryisiuuu npoiavdepalnuu u
InddepeHIIMPOBKU KJIETOK B SMOPHMOHATBLHOM pas-
Butuu (Choi et al., 2001; Lagger, 2002; Sjoblom et al.,
2006; Wilson et al., 2006; Montgomery et al., 2007;
Bhaskara et al., 2008). MMeHHO neanieTriasbl Kiiacca |
ryooxk, HDACI u 3, uMmeroT HanboJibllIee CXOICTBO B
AMUHOKMCJIOTHOW TOCJIENOBAaTEIbHOCTU C TOMOJIO-
TMYHBIMU OeJIKaMu YesioBeKa, YTO TOBOPUT 00 3BOJTIO-
LIMOHHOM KOHCEPBAaTUBHOCTU UX CTPYKTYPhI U, BEPO-
ATHO, PyHKIMK. Momudukanus “ruCToHOro koma”
3a CUeT aKTMBHOCTH AealleTuias3 sIBJISIeTCsT KJIOUeBbIM
3BEHOM B 3TIUT€HETUYECKOM peryisiiiuu OyHKIIMOHU-
poBanus reHoma (Wang et al., 2008).

OpnHa u3 yIoOHBIX MOJIEIbHBIX CUCTEM, TTO3BOJISI-
Io11as UCCIIENOBATh ITOBEACHYE U ITPOLECChI Ae/nud-
depeHIMPOBKY U TpaHCAUDHEPEHLIMPOBKU KIIETOK
y Porifera — ¢popmupoBaHue arperatoB U3 JUCCOLIM-
WPOBAHHBIX KJIETOK TYOOK. MBI MCHOIB30BAIN 3TY

OHTOIEHE3 TtomM 52 Ne 5 2021

MOJeab IJIsT OLIeHKU JuddepeHInaIbHON 3Kcnpec-
CUM JealleTiia3 TMCTOHOB B KJIETKaX I'yOOK B IIPO-
1eccax AUCColMaly U pearperaiuu. beuio ooHapy-
KEHO, YTO IKCIIPECCUS IealleTIIa3 pa3HbIX KIaCCOB
U3MEHsIETCS B XoJe pearperaiiuu kinetok H. dujardinii
muddepennansHo — 3kcrpeccusas HDACI u 6 yse-
JmuuBaetcs, a 3kcnpeccust HDAC3, 8 u 11 yMeHb-
1IaeTcsi. OTU pe3yabTaThl MTO3BOJUIN CAEIATh Mpe/i-
MOJI0KEHIE O TOM, UTO JIealleTUIa3bl TUCTOHOB MOTYT
OBbITH BOBJIEUCHBI B PETYJISILIUIO Mpoliecca pearpera-
ouu. s TIpoBEepKU 3TOTO MPEHIIONOXEHUS OBIIU
MIPOBEASHBI 3KCIIEPUMEHTHI IO pearperaiuy C McC-
MOJIb30BaHMEM CeJIEKTUBHBIX nHruontopos HDACSs
I xmacca.

MBI 0OHApYXWJIM, YTO CEJIeKTUBHBIE MHTUOUTO-
pel HDACs I kitacca HapyliaioT mpoliecc pearpera-
mun Kietok H. dujardinii — 1100 MX BO3OEMCTBUEM
YMEHBIIIAeTCsl J0/s1 KpyHHbBIX arperatoB (40—70 MxMm)
M arperaToB mapoBuaHoOU popmel. [TpuueM 3ToT 3h-
¢eKT 3aBUCUT OT JO3bl MHTUOUTOpPA — C YBEJIMUECHU-
€M ero KOHLIEHTpalluy HabioaaeMblil 3(h¢heKT ycu-
JmBaics (puc. 5u 6). ONBITHI C CEICKTUBHBIMUA UHTU -
OuTOopaMu oKasbiBaroT BaxkHYyI0 pojib HDACs I k1acca
JIJIS1 HOPMAJIbHOTO IMPOTEKAHYSI IPOLIecca pearperarym.
IMockonbKy HayaabHBIE 3TAIBl pearperalu KJIeTOK
KOHTPOJbHONW W OMBITHON TPyIN HE OTJINYAIOTCS
(puc. 50, 5B), O4YEBUIOHO, YTO YMEHBIIEHHE TOJII
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Puc. 5. (a) OnuHOYHBIE KJIETKU, (0—1) — arperatbl: MeJl-
KHe 1apoBuIHbIe (0), MeJKUe HerpaBWIbHON HopMbI (B),
KpYITHBbIE IIapOBUAHBIE (T) W KPYITHbIE HENpaBWJIbHOMN
dopMsl (1). MaciTabHBI 0Tpe30K 20 MKM.

KPYIIHBIX arperaToB IMPOUCXOAUT WJU BCJEACTBUE
HapyleHUs CIUSIHUSI MEJIKUX KJIETOYHBIX arperaTos,
WIM 3a cueT HapylleHUs BKJIIOYEHHUS CBOOOIHBIX
KJIETOK M3 cyclieH3nu. Takke BO3MOXKHO, UTO MEJ-
Kue KJIETOUYHbIE arperaTbl B OMBITHONH M KOHTPOJIb-
HOM TpyIlle pasjudHBl MO cOCTaBy MopdoJiornde-
CKUX TUITOB KJIETOK. PeryJIsiiyst 3KCIIpecCcuu TeHOB B
mpoliecce KieTouHout aenuchepeHIUPOBKU OCY-
IIECTBIISIETCSI C TIOMOIIBIO PAa3JIMYHBIX MEXaHU3MOB,
CpeIM KOTOPBIX OOJIbIIIOe 3HAYEHUE UMEET BIUTCHEe-
tyeckas peryisaius (Wang et al., 2008; Smith, Meis-
sner, 2013). deauddepeHumanms mporucxoauT BCKO-
pe TocJie TMccolMallu Tejla TyOKU U BO BpeMsl Hee,
Korga OOJIBIIMHCTBO KJIETOK TEPSIIOT CBOM MOP(OJIO-
rudecKye Npu3HaKy, IpruoopeTast aMeOOMIHbII (heHO-
tun (Lavrov, Kosevich, 2016), a riepBUYHbIE MEJIKIE
arperaTbl IIPEACTABISIIOT COO0I COBOKYITHOCTb KJIETOK,
UMEIOIIUX aMEOOBUIHYIO WU IIAPOBUAHYIO (DOPMbBI
(Lavrov, Kosevich, 2016; Ereskovsky et al., 2021). Mox-
HO TIPEATOJI0XUTh, YTO CHUKEHUE aKTUBHOCTH Jiealle-
TWIa3 MOXET BIIVATh Ha AennddepeHIIMPOBKY KIETOK
B CYCIIEH3UU WJIV CHUKATh MOJBUXKHOCTD U aATre3UB-
HbIE€ CBOMCTBa KJIETOK aMeOOUIHOIo TUMa, He0OX0-
JUMBIX JIJISI YCTAHOBJICHUSI MEXKKJIETOUHBIX KOHTaK-
ToB (Inoue et al., 2006; Sacks et al., 2018).

HuddepeHumanbHasi 3KCIpeccus aealieTunas u
HapylieHus, HabJoaaeMble TPy BO3NEUCTBUN UHTU-
OUTOPOB, MOTYT TaKXKe YKa3blBaTh Ha BaXKHYIO POJIb
IIMKIJIOB alleTUIMPOBAHUS/IealleTUIINPOBAHNUS HETH-
CTOHOBBIX OEJIKOB B PETYJISILIMUA pearperaiyu KJIeToK
ryook. Takoe npearnoiaoxeHue MoATBEPXKIACTCS UMe-
foreiics nHdopMaleil o poau JaealeTniia3 B MO~
duKau TpaHCKPUMNLIMOHHBIX akTopoB (Marks,
2010).

V nnrakTHBEIX Ty00K H. dujardinii ren HDAC6 1o-
KazaJl JOBOJIbHO BBICOKMIA YPOBEHBb BKCIIPECCUU, U
€ro 9KCIIPeCCHs TTOBBIIIANACh B KJIETOYHBIX arpera-
Tax (puc. 3). BoaMoXXHO, UTO yyacTue UMEHHO 3TOI
nmeanetunasbl — HDACG6 (kiacc 11b) — B perynsuuun
pearperaniuu sIBJISIeTCSI BaXKHBIM. MBI TTOKa3aJIn, 4TO
HDACG6 ryook H. dujardinii n A. queenslandica nmeet
neanetunasHbiii nomeH dom2 u Ha C-KOHIE calT
CBSI3bIBaHMS YOMKBUTHHA. JlaHHBIC TUTEpaTyphbl TOBO-
PSIT O TOM, YTO JiealleTUIa3HbIi fToMeH dom?2 yJacTByeT
B IealeTwiMpoBanuu TyOymmHa (Matsuyama, 2002;
Haggarty et al., 2003) u HSP90 (Marks, 2010). CHuxe-
Hue skcnpeccun HDAC6 nmpuBoanT K HAKOTUIEHHIO
3TUX OSJIKOB B alICTUJIMPOBAHHOM BHUIE. ALICTUINPO-
BaHHBIIT 0e10Kk HSP90 TepsieT pyHKIMM 11ariepoHa,
a ero napTHepbl YOMKBUTUHUPYIOTCS U ACTPagupyIOT
(Kawaguchi et al., 2003; Boyault et al., 2006). He BEI-
3pIBaeT COMHeHUs BaxXHast posib HSP90 B mopdore-
HETHMYECKMX Ipolleccax y 0eCIO3BOHOYHBIX, O YeM
CBUICTEILCTBYIOT TaHHBIE JINTEPATyphl, ITOKa3bIBa-
[OllIMe, UTO €ro 3KCIIPeCCHUsT MEHSIETCS B Mpoliecce
paszButusa (Giudice et al., 1999; Bishop et al., 2001;
Bishop, Brandhorst, 2001; Gunter, Degnan, 2007).

OHTOI'EHE3 TomM 52 Ne 5 2021
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Puc. 6. O6pa3zoBaHMe KJIETOYHBIX arperaToB I'yOKM B NpucyTcTBUU MHTMOoUTOopoB HDACSs.

IMpoBeneHHOe nccenoBaHye MTOKa3aio, YTO CUCTe-
Ma IealleTWIMPOBAHMS JIM3MHA B MOJIEKYJIaX Oellka y
ryoku H. dujardinii imeer o61ue (pyHKIIMOHAIbHbBIC
XapaKTEPUCTUKU C TAKOBOU Y TTO3BOHOYHBIX KUBOTHBIX
(B T.4. 4eJ0BeKa). DTO IBOTIOIMOHHO IPEBHUIT Mexa-
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HU3M Peryjsiliui akTUBHOCTU TeHoMma. Borpoc o Bo3-
MOKHOM y4aCcTHH JeatieTiinas, u ocobeanno HDAC6, B
peTyJISILIMA KJIIETOYHBIX MPOLIECCOB, HEOOXOAMMBIX
IUTsl pearperaliiy KJIETOK TyOOK, 3aciay>KMBaeT I0-
MOJTHUTENIBHOTrO M3ydyeHus. [dalbHelilee M3ydeHUe
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JearieTia3 M UX 6eTKOB-MHUIIeHeH y TYOOK 1 IPYTUX
0ECIMO3BOHOYHBIX TTO3BOJIUT BBISICHUTH 3aKOHOMEP-
HOCTHU 3BOJIIOLIUM MOJIEKYJISIPHBIX MEXaHU3MOB, pe-
TYJIMPYIOIIVX TIPOLIECCH pa3BUTHUSI MHOTOKJIETOUHBIX
SKUBOTHBIX.
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Epigenetic modification of proteins by the lysine acetylation/deacetylation is widely used in eukaryotes. His-
tone deacetylases decrease the acetylation level of chromatin that results in inhibition of gene transcription.
Involvement of the histone deacetylases in regulation of cell proliferation and differentiation, embryogenesis,
tumor induction and progression is well confirmed in the vertebrate species. However, the regulation mech-
anisms associated with the histone deacetylases remain largely unknown in basal Metazoan species. The de-
differentiation and transdifferentiation of sponge cells that accompanied their reaggregation suggests partici-
pation of the histone deacetylases in regulation of the reaggregation process. In this report, we investigated
expression of the histone deacetylases in the sea sponge Halisarca dujardini (Demospongia). All known mem-
bers of the Zn?*-dependent HDACs were identified under analysis of the H. dujardini transcriptomic and
Amphymedon queenslandica (Demospongia) genomic data. The differentiational expression of HDACs was
analyzed in the cell suspension after dissociation of the sponge H. dujardini body and in the cellular aggregates
after reaggregation for 24 hours. The dose-dependent effect of two specific inhibitors of the class I HDACs
(sodium butyrate and valproic acid) on the reaggregation process was determined. The addition of each spe-
cific inhibitor of the class I HDAC:s into the reaggregation media was resulted in a change of morphology of
cellular aggregates. These data suggest that the involvement of histone deacetylases in regulation of cell trans-
differentiation has been emerged as an evolutionarily ancient mechanism prior the tissue specification pat-
terning.

Keywords: Halisarca dujardinii, Porifera, Demospongia, cell transdifferentiation, cell dissociation, cell reag-
gregation, histone deacetylases, transcriptome
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dopmupoBaHUe TIyTaMaTepruieckoit CucCTeMbl CITMHHOTO MO3Ta IIMPOKO U3YYaeTcsl, OMHAKO UCCIenoBa-
HUs, TTOCBSIIIEHHbIE N3YYeHUIO TUHAMUKU (DOPMUPOBAHUS TJTyTAMUHCUHTETa3a-COAEePKAIINX CTPYKTYD,
00eCIeunBaloIINX 3alIUTY HEPBHBIX KJIETOK SMOPUOHAIBHOTO CITMHHOTO MO3Tra OT TOKCUYECKOTO BO3E -
CTBUSI INIyTaMaTa, IpaKTUYECKH OTCYTCTBYIOT. B HacTosieil paboTe U3ydeHbl JTOKAIU3allusl, pacrpeaesie-
HUEe U MOPdOIOrnyeckrue 0COOEeHHOCTHU KJIETOK CITMHHOIO Mo3ra (CM) KphbIc, 2KCIPECCUPYIOIIUX TIyTa-
MmuHcuHTeTasy (I'C), B SMOpHOHAIBLHOM M B paHHEM MMOCTHATAJILHOM MepUoIe ¢ MpUMEHEHUEM UMMYHO-
TMCTOXMMUYECKUX METOJOB. YCTaHOBJIEHO, UTO MEPBLIe KIeTKU, coaepxaiuue I'C, uneHTuduumpyorcs B
BEHTPaAJIbHOM YaCTU SMEHANMHOTO cJIos hhopMupytoierocst CM B TTleproj Havyaia IIMoreHe3a — Ha 15 ¢yt
SMOPUOHAJILHOIO pa3BUTHUs. Yepe3 CyTKM KJIETKM, dKCIIpeccupyloliue GepMeHT, IIPUCYTCTBYIOT TakKXe B
MaHTUiTHOM cjioe CM. B HacTosIIeM MccienoBaHUM BITEpBbIE ITOKA3aHO, YTO YaCTh KJIETOK MOTPaHUYHOM
mannoyku (boundary cap cells), pacnoyiarajomuxcsi B nepexofgHoit 3one mexay CM u nepudepudeckoit
HEPBHOM CHCTEeMOil, CUHTEe3UpyeT IIIyTaMUHCHHTeTady. Hacrosiiiee mcciieqoBaHue MO3BOJUIIO OIpere-
JIMTh NTUHAMUKY opmupoBaHus ['C-coaepxxallinx riavaabHBIX KJIETOK SMOPHOHAIbHOIO CIMHHOTO MO3Tra
U TIPEIITOJIOXUTD (DYHKIIMOHATbHOE 3HaYeHNE TaKNX KJIETOK B 9MOpUOTeHe3e.

Karoueeswie crosa: TJTYTaMMHCHUHTETA34a, CIIMHHOM MOa3r, 3M6pI/IOF€HC3, KIJIICTKHA HOFpaHPI‘{HOfI Iarmo4kKku,

aCTPOLIVTHI
DOI: 10.31857/S0475145021050049

BBEAJEHUWE

B crmmHHOM MO3ré OCHOBHBIM BO30YXTAIOIINM
HelipomenuartopoM sieisieTcss mryramaT (Todd et al.,
2003; Todd, 2010). Mi3BecTHO, YTO MOBBIILICHHAS] KOH-
LIEHTpalMs BHEKJIETOYHOIO TJlyTaMaTa MOXET IIpUBe-
CTM K 39KCAaTOTOKCUYHOCTM U THOEIM HEHPOHOB
(Choi et al., 1987; Danbolt, 2001). Tokcuueckoe BO3-
JIeificTBHE TTyTaMaTa OTMEUEHO KaK BaKHBIM ITaTore-
HEeTUYECKMI (paKTOp Mpu OOJIBIITIOM KOJIMYECTBE HEli-
ponereHepatuBHEIX 3aboieBaHmii (Miguel-Hidalgo
et al., 2010; Bame et al., 2012; Kulijewicz-Nawrot et al.,
2013; Lewerenz, Maher, 2015). ITogaep>xaHue KOH-
LEHTpallM BHEKJIETOYHOIO IIyTaMaTa Ha (pU310JI0-
TMYECKOM YPOBHE PETyJIMPYeTCs KJIeTKaMU Heipo-
rn. [TokasaHo, 4To 0koJio 80% BHICBOGOXIEHHOTO
W13 MPEeCUHAINITUYECKOTO HEPBHOIO OKOHYAHMUS TJIy-
TaMaTa MOIJIOIIAETCS TTIMAIBHBIMU KJIIETKAMH U TIpe-
BpaIlIaeTCsl B HETOKCUYHYIO JIJIs1 HEPOHOB aMUHOKHC-
JIOTY TiIyTaMuH. [JIST OCyIIeCTBIACHUS 3TOTO Mpoliecca
HeoOxomuM (pepMmeHT mryramuHcuHTeTasa (I'C), nme-
IOILIMI BaxkHOEe (DYHKIIMOHAJIbHOE 3HAYCHUE B I1OJ-
nepxanuu romeocrtasa ITHC. YuacTtBys He TOJIBKO B
YTWIM3ALWY TJIyTamaTa, HO U B IpoIeccax JeTOKCH-

Kamu ammuaka, I'C mpemoTBpalliaeT ype3MepHoe
HAKOIUIEHWE 3TUX BEIIEeCTB B CMHANTUYECKUX O0JIa-
CTSIX U TEeM CaMbIM OJIOKMPYET HEHPOTOKCUYHOCTD.
CHmxeHne akTMBHOCTU M ypoBHS I'C BBISIBIIEHO ITpH
PA3IMYHBIX MTATOJIOTUMYECKUX U3MEHEHUSIX B TOJIOBHOM
u ciiuHHOM Mo3re (Jayakumar, Norenberg, 2016).

B coBpeMeHHBIX MCCIeAOBAHUSX, MOCBSIIIECHHBIX
¢bopMUPOBAHUIO TIIyTaMaTepruiecKoil HEpBHOM Tie-
penayu B Iiepuoid SMOpUOreHe3a, yCTaHOBJIEHO, YTO
peuenTophl IiayTamMara HPUCYTCTBYIOT B CIIMHHOM
MO3Te MBIIIei Ha JOCTATOYHO PAHHUX CPOKaX ITpeHa-
TanbHOro passutus (B412.5) (Myers et al., 2005),
YTO COOTBETCTBYET IPUMEPHO 14 CyT pas3BUTHUS Y
kpeic (Ross et al., 2015). [Toka3zaHO, 4TO B 3TOT Ke
CpPOK TJyTaMaTepruueckasi CMHanTH4YecKash CHUCTeMa
HaunHaeT (pyHKInoHupoBath (Czarnecki et al., 2014).
Yrto kacaercsa mosBiaeHus B amopmoreHe3e I'C-co-
JepKalluX KJIETOK, KOTOPbIE JOJKHBI 00eCIIeUYBaTh
YTUJIN3AlUI0 BHEKJIETOYHOTO TJlyTamMara, B JIMTepa-
Type BCTPedaloTcsl JIUIIb OTASAbHBIE PabOThI, KOTO-
pble He Kacarorcst cooctBeHHO CM (Caldani et al.,
1982; Mearow et al., 1989; Tokunaga et al., 2004; Ko-
los, Korzhevskii, 2018). O pacripeaeieHNA 1 JIOKAJIH -
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saumu I'C-comepxXaliux KJIeTOK B SMOPHUOHATBLHOM
HEPBHOIT crCTeMe MJIEKOTIUTAIOIINX Ha pa3HbIX dTa-
Max pa3BUTHS MOYTU HUYETO He U3BeCTHO. [1pu aToM
OYEBUNIHO, YTO (DYHKLIMOHAJIBHOE 3HAYEHUE CUCTEMBI
JIETOKCUKALIMU IJIyTaMaTa B SMOpPHOHAIBLHON HEPBHOM
cUCTeMe OYEHb BEJIMKO. YCTaHOBJIEHO, YTO HOKAYTHBIC
1o reHy I'C MBIIM ITOrnOaT Ha paHHUX CPOKaX dM-
opuoHanbHoro passutus (BJ13,5) (He et al., 2007), a
TreTePO3UTOTHI MPOSIBJISIIOT MOBBIIIEHHYIO BOCHPUNM-
YMBOCTH K (beOpIbHEIM cymoporaMm (van Gassen et al.,
2009).

Llenp HacTostEel paGoOTHl — U3YYUThH JIOKAIN3a-
1M U MopdoJIoTUYeCKhe OCOOEHHOCTU KJIETOK
COMHHOIO MO3ra KpPhIC, 3KCIIPECCUPYIOIIUX IIyTa-
MUHCHUHTETA3y, B SMOPUOHAJIBHOM U B paHHEM MOCT-
HaTaJbHOM IepUoe C IPUMEHEHEM UMMYHOTUCTO-
XUMUYECKUX METOIOB.

MATEPUAJIBI U METOJbI

B pabote ncnonb3oBaiich SMOPUOHBI KpbIC Bu-
crap 12—19 cyr pazsutust (B412—5/119, n = 25), Ho-
BopoxkaeHHbIe KpbIChl (IT[11, » = 5). ZKKuBoTHbIX C na-
TUPOBAHHBIM CPOKOM OEpEeMEHHOCTU TIOJydasiu ITI0
obmenpuHsaToMy Metony (dpidan u np., 1975). Bee
MaHUMYJISIUUU C XXKUBOTHBIMU TIPOBOAUJIUCH B COOT-
BeTcTBUU C¢ “IIpaBuiaMu mpoBedeHUsI padOT C HC-
MOJIb30BAHUEM KCTIEPUMEHTATBLHBIX SKUBOTHBIX” U C
coomoneHnueM EBporieiickoii KOHBEHILIMM O 3alluTe
TMO3BOHOYHBIX KUBOTHBIX, UCTIOJIb3YEMBbIX JIJIsI 9KCIIe-
PUMEHTOB WM B UHBIX HAy4YHBIX Hesax (1986 r.). Ha-
CToslllee MccliefoBaHe OA0OPEHO 3TUYECKUM KO-
mutetom @TBHY “UDM” (mmpotokon Ne 3/19 or
25 anpenst 2019). Y HOBOPOXAEHHBIX XKUBOTHBIX U
9MOPUOHOB BBIIEISIN (PparMeHThI IIEMHOTO OTAea
CM (C;;;—C,y). [TonyuenHsiit MaTepral GukcupoBa-
JIU B pacTBOpe LIMHK-3TaHoIA-popMmanbaeruaa (Kor-
zhevskii et al., 2015) B TedeHME CYTOK, 00E3BOXMBAIA
B CIIMpTax U KCUoJjie, 3aauBajiu B napacduH. Ha po-
taumoHHoM mukporome (Rotary 3003 PFM, I'epma-
HUS) U3TOTAaBIMBAIN CPe3bl TOMIINHON 5 MKM. [lo-
ciie nenapadMHUPOBAHUS U pEruipaTaluy MojaydeH-
HBIX CPE30B TPOBOAMIU MMMYHOLIMTOXMMUYECKOE
BBISIBJIEHME MIyTaMUHCUHTETa3bl. B HacTosiem uc-
cJIeOBaHUU ObUIY UCTIOJIb30BaHbl MOHOKJIOHAIbHBIE
antuTena Meimm (kKiioH GS-6, passenenue 1 : 400,
Merck Millipore (panee Chemicon), CIIIA) u BTO-
puuYHBIe peareHThI 13 Habopa EnVision+ System La-
belled Polymer-HRP Anti-Mouse (Dako, Haxus).
Busyanuzanuio npopearupoBaBIIUX aHTUTEN IMPOBO-
JIUJIM ¢ TIpUMEeHeHueM nuamMuHoOeH3uauHa (DAB+
Dako, Hanus). [Ipenapars 3akmodanu B cpeny Cy-
toseal 60 (Thermo Scientifice, l'epmanus). Uccnemo-
BaHMeE MOJIYYSHHBIX ITpeIrapaToB U UX poTorpadmpo-
BaHUeE MPOU3BOJMIIMN ITPU MOMOIIM MUKpocKomna Lei-
caDM750 u dorokamepsr ICC50 (Leica, I'epmanmust).
AHanmu3 M 00paboOTKy ITOJy4YeHHBIX W300pakeHUi
MPOBOAWJIM C MCHOJb30BAHUEM MPOrPAMMHOTO
obecnieuenmsa LAS EZ (Leica, I'epmanust).
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st IryopeclieHTHOII MUKPOCKOIIMM C IIEJIbIO
BeIsiBIeHUSI ['C-comepxkammx KJIETOK Tiepend ITocTa-
HOBKOM MMMYHOTMCTOXUMUUYECKOI peakiy MpoUu3-
BOJIWJIY TEILJIOBOE IeMACKUPOBAHNE aHTUTEHA B Tede-
Hue 25 MuH (99.5°C, B mapoBapKe) B IIpeaBapUTEILHO
pasorperoMm 10 60°C memackupyrolieM pacTtBope. B
KadyecTBe BTOPUYHOIO peareHTa IPpUMEHSIIM OMOTH-
HWJIMPOBAHHbIE aHTUTEJIA TIPOTUB MBIIIMHBIX UMMY-
HornoOyJInHoB u3 Habopa R&D Systems (CTS002,
Cell & Tissue staining kit, R&D Systems, CIIIA), a
TaK>Ke€ KOHBIOraT CTperTaBUAMHA C (DIYOPOXPOMOM
Rhodamine Red-X, (RRX, Jackson ImmunoReas-
erch, CILIA). /st BU3yanm3anuu siaep KJIETOK UCTIONb-
3oBaiu snepHbiii kpacuteslb SYTOX Green (1 : 100)
(Invitrogen, CIIA). ITonydyeHHble TpenapaTbl WUC-
cJIeTOBaIU IIPY IIOMOIIY KOH(OKAJIILHOIO JI1a3ePHOTO
mukpockorna Zeiss LSM 800 (Zeiss, I'epmanust). s
BO30ykaeHus1 uyopecueHIMM RRX wmcnonbs3oBaimn
Jazep ¢ wHHOMN 561 HM, 1151 SYTOX Green — 488 HM.
ITonydyeHHBIE M300pakKeHMST aHAJIM3UPOBAJIN C TIPU-
MeHeHueM mnporpamMm Zen-2012 m LSM Image
Browser (Zeiss, 'epmanust).

C menpio OIEHKU CIeINOUIHOCTH WMMYHOTH-
CTOXMMHYECKO M MMMYHOMITYOPECIIEHTHOM peak-
LIMM Ha TJyTaMUHCUHTETa3y IPOBOAWJIMN OTpHUIIA-
TEJBHBIN U MOJIOXUTEIBHBIN KOHTPOIIb. [1pu mccite-
JIOBAaHWM Ha YacTb cpe30B 3MOpuoHaibHoro CM
BMECTO MEPBUYHBIX aHTUTE HAHOCUJIU pa30aBUTEb
st antuten (S0809) (Dako, Hanus). B kauectBe no-
JIOKUTEITBHOTO KOHTPOJISI OB MCTIOJIb30BaHbBI acT-
POLIUTHI TOJIOBHOTO W CIIMHHOTO MO3Ta B3POCJBIX
KUBOTHBIX, (PUKCUPOBAHHBIX M 0OpabOTaHHBIX Ta-
KM Xe 00pa3oM, KaK 1 McclieayeMblit MaTteprai. B
KauyeCcTBe TMCTOJIOTUYECKOTO KOHTPOJISI UCITOJIb30Ba-
JIMCH mperapaThl aMoproHaabHOro CM 12—19-x cyT
pa3BUTHS, a TaKXKe CIIMHHOTO MO3Ta HOBOPOXKICH-
HBIX XKUBOTHBIX, OKpallleHHbIE KBACLIOBBIM T€MaTOK-
CHJIMHOM U TOJTYUIMHOBBIM CHHUM.

PE3VJIbTATHI

I1pu mpoBeaeHUM OTPULIATETBHOTO KOHTPOJIST IJIST
UMMYHOTUCTOXUMHUYECKOM 1 MMMYHOMITYOpECILIEHT-
HOIi peaklIMY Ha TJIyTAMUHCUHTETa3y OTMEUEHO, UYTO
Ha cpe3ax dMOpuoHanbHOTo CM OTCYTCTBYIOT KJIET-
KW U APYTUE CTPYKTYPHI, TPOSBIISIONINE UMMYHOITO-
3uTUBHOCTh. Hecnienmmouueckoe ¢poHOBOE OKpaIin-
BaHMe U aBTO(IIYOPECLICHIINSI TKAHEl OTCYyTCTBOBA-
mm. [lpu TpoBeaeHUM ITOJOXKUTEILHOIO KOHTPOJIS
WMMYHOITO3UTUBHAS peaklus OTMeYeHa B OTPOCTYA-
TBIX KJIETKaX, UMEIOIINX TUMUYHBIE MOp(OJIornde-
CKMe TIpU3HaKu acTpouuToB. [Ipu 3TOM HEHpOHBI
CIIUHHOTO M TOJIOBHOTO MO3Ta B3POC/bIX XMBOTHBIX
He colepXalu MPOAYKT UMMYHOTHCTOXUMUYECKOM
peaxkiny, 4TO MOATBEPKIAeT BBICOKYIO CIielnGra-
HOCTh MeTona BeIssBIeHUs pepmeHTa. Hecrrenmmpu-
LIECKOE OKpalllMBaH1e 1 aBTO(MITYOPECLIEHIINS OTCYT-
CTBOBAJIN.
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Puc. 1. ITonepeuHsblil cpe3 1ICHHOro OTAeNIa CIMHHOTO Mo3ra SMOpHUOHAa KPbICHl Ha 14 CyT pa3BUTHSI C COOTBETCTBYIOLIMMU
CIIMHHOMO3TOBBIMU TaHTIUSMU (a) U TIIYTAMUHCUHTETA3a-CollepKallre KIEeTKA MOorpaHndHoi “mramoyku” (boundary cap
cells) dopmupyromerocst nop3aibHoro kKopemnka CM (6). CTpesiku — KJIeTKU TorpaHndHoi “marmoukn” (boundary cap cells);
CMTI — cnuHHOMO3roBo# raHnii. UMMyHOrucToXuMuYecKasl peakiivs Ha IIyTaMMHCUHTeTa3y (a, 0); Mmoakpacka ToJyuav-
HOBBIM cHUM (0). Macmta6: (a) — 200 MM, (6) — 20 MKM.

B xome Hacrosiero ucciiegoBaHus IMPU TUCTOJIO-
TMYeCKOM aHajin3e (GOPMUPYIOLIETOCS CIUHHOTO
MO3Ta KpbIChI Ha pa3HbBIX 3Tanax aMOpHoreHes3a usy-
YyaJIl YeThIpe aHATOMUYECKHNE 30HbI: KPHUIOBUIHYIO
(aJsIpHy10) ¥ 6a3aJIbHYIO TUNIACTUHKM, TOTOJIOUHYIO U
JIOHHYIO IJIACTUHKU.

YcraHoBaeHO, yTo Ha D12 B hopmMupyloiemMcs
cnuHHOM Mo3re I'C-MMMYHOITO3UTHUBHbBIE KJIETKU
orcyrcTByIoT. Haumnast ¢ B/113, B BeHTpaJIbHOI 4a-
ctu CM 3MOPUOHOB KPbIC MACHTUGDULIMPYETCS TOH-
KU1 CJIOM OKPYTJIbIX HEMPOOIaCTOB, JAIOIIMX HAYAJIO
CcepoMy BellleCTBY BeHTpaJbHbIX poroB CM. Ha atom
CpOKe TakxKe He ObUI0 BbisiBIeHO ['C-MMMyHOMNO31-
TUBHBIX KJIETOK.

Ha B5]114 B sm6puonanbHoM CM 4eTKO UACHTH-
GUIUPYIOTCS TpU KOHLEHTPUYECKUX 30HBI. DITCH-
IUMHasi, MaHTUITHasg WM MapruHajbHasi. B obmactm
aJIIpHOM MIacTUHKU opMupytoiierocss CM unmeH-
TUGUIUPYETCsT TOHKUI CJIOM OKPYIVIBIX HeiipoOiia-
CTOB, BIOCJIEACTBUM OOpa3yIOIIMX CEPOE BEIISCTBO
3agHux poroB CM. Taxke B nop3anbpHoil yactu CM
HauyrHaeT (pOopMUPOBAThCS 30HA BXOHa 3adHEro KO-
peiika. B BeHTpo-1aTepaibHOM YacTM MaHTUMHOIO
cliosi 0a3ajbHOM INIACTUHKM WICHTU(UIIMPYIOTCS
OKpYIJIbIe HEMpOOJIaCThl, HEKOTOpPbIE M3 KOTOPBIX
MMEIOT OTPOCTKHU, (pOpMUPYIOIIME IIPE3yMIITUBHEIC
nepegHue Kopemiku CM. KiieTku sMOpruoHaIbHOTO
CM B at1O0T cpoK He akcmpeccupyior I'C. B Heno-
CPEeACTBEHHOI OJIM30CTH K 30HE BXOAa JOPCAIILHOTO
KOopelllka U B TOYKaxX BbIXOJa BEHTPAJbHBIX IBUTa-
TEeJIbHBIX HEPBOB, opmupyiomerocs CM uaeHTH-
GUIMPYIOTCS CKOIJICHUST OKPYTJIBIX KIETOK — KJIe-

TOK TTorpaHnyHoi “mamouku” (boundary cap cells,
KIIII). Yacte 3THX KJIeToK 3Kcrpeccupyer I'C

(puc. 1).

Ha 15 cyT pa3BuTHs a1IEeHAWMMHBIN CJTON C TJIOTHO
PacCHoOJIOXKEHHBIMI KJIETKAMM paCIIMPSIETCS B IOP-
3anpHOM yactTh CM m cokpalaercsl B 0a3ajbHBIX
IUIaCTUHKAaX. MaHTUMHBIN CIoii (hOpMUPYIOIIEToCs
CIIMHHOI'O MO3ra Haubojiee pa3BUT B BEHTpaJbHOM
yactu. MapruHanpHas 3oHa CM mipencraBiaeHa TOH-
KUM cioeM 1o nepudepun popmupytoiierocss CM.
B MmaHTHITHOM Cc10€ 6a3albHOM IUIACTUHKM UICHTU-
GUIUPYIOTCS KJIacTepbl MOJOIBIX MOTOHEHPOHOB U
OKpYKaloIIre NX BCTaBOYHbIE HelipoOaacThl. Book-
Ha KJIETOK JTOHHOW MJIacTUHKW, JOCTUrarolde Oa-
3abHOI MeMOpaHbl CM, GopMUPYIOT PE3yMITTUB-
HYI0 BEHTPaJIbHYIO CpeIuHHYI0 Oopo3ny. Takxke B
MaHTUWHOM ci1oe CM MoSBIISIIOTCS JOP30-BEHTPaJlb-
HO OPMEHTHUPOBAHHbIC KOMUCCYpalbHbIE HelipoOJia-
ctel. Hamu otmedeHo, uyto Ha 15 cyt paszButusa I'C
HayuHaeT 3KCIPECCUPOBATHCS B TE1aX OOJIBIIIOrO KO-
JIMYeCTBa HEMPOSIUTEINATbHBIX KJIETOK BEHTPaIb-
HOM 4YacTW 3MEeHAWUMHOIO CJIOsl, MIpUYEM B 00JacTH
JIOHHOII TMJIACTUHKU TaKWe KIETKM OTCYTCTBYIOT.
M MMyHOITO3UTUBHBIEC KJIETKU JIOKAJIM3YIOTCS B 0012~
CTH BEHTpPAJIbHBIX JOMEHOB IpeaniecTBeHHUKoB CM
(pV0—pV3, pMN) (puc. 2). B xone HacTos111ero uc-
cJIeIoOBaHUSI UMMYHOPEAKTUBHOCTL OblIa OTMEYEeHa
B OTPOCTKAaX KJIETOK ATMEHANMHOI 30HbI, TPOXOASIIINX
4yepe3 MAHTUMAHBIA 1 MApTUHAJILHBIN CJIOM U TOCTUTA-
IOIIMX ITUAJIBLHOI ITOBEPXHOCTH B BEHTPAJIbHOM 4acTu
¢dopmupytomerocss CM. MMMyHOpeaKTUBHOCTh IIPO-
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(@)

pV0 ———> UH+A
pVl ——— UH+A

pV2i—> UH+A |
pMN{——> MH+OII ;
PV3i ——> UH+A /

Puc. 2. [myraMMHCUHTETa3a-UMMYHOITO3UTUBHBIE KJIETKH (DOPMUPYIOIIETOCS LIEHHOrO OTAesIa CIMHHOIO Mo3ra aMOproHa
KpbICHI 15 cyT pa3Butus (a) u cxema monepedHoro cpeza CM c o603HaueHNEM OOIIETTPUHSATOTO PACTIONIOKEHUSI JOMEHOB
MpenIecTBeHHUKOB gop3aibHoit (pd1—pd6) u BeHTpaibHOM (pVO—pV3, pMN) YacTu 3aMeHAUMHOTO CJIOSI CTUHHOTO MO3Ta
3MOpUOHA KphICH (0), TeHepUpYIOIINX ABUTaTebHbie Heliponbl (MH), onuronenaponutsl (OJI), acTponuThl (A) U pa3aud-
Hble TpyTel nHTepHeipoHoB (MH). 1 — ieHTpanbHbIi KaHAT, 2 — STIEHAWMHBIN 10, 3 — MAHTUITHBIN CJIOM, 4 — MapTUHAb-
HBII CJIOM, 5 — TOHHAs TUTACTUHKA, 6 — TIOTOJIOYHAS TTACTUHKA, 7 — 30Ha BXOJIa 33IHETO Kopelnka. UMMyHOTUCTOXMMUYECKast

peakius Ha IyTaMMHCUHTeTasy (a). Macirab 200 MKM.

ABJIAIOT TaKXKe CY61'[I/IEUII)HI)I€ HOXKKHMN paL[Haanoﬁ
TJINH.

Ha 15 cyT pa3BuTus B HEIIOCPEACTBEHHOM 01130~
CTM K 30HE BXO/ia JOPCAJIbHOTO KOpelllKa U B TOUKax
BBIXOJIa BEHTPAJIbHBIX JBUTATEJIbHBIX HEPBOB (hop-
mupytoiierocss CM uaeHTUDULIMPYIOTCS CKOTUIEHUS
OKPYTJIbIX UMMYHOMO3UTBHBIX KJIETOK — KJIETOK T10-
TPAaHUYHOM IIAaMTOYKHU.

Dopmupyronmiics CM 3MOpHOHOB KpbIc 16—
17-X CyTOK pa3BUTUS IIpeTepIlieBacT M3MEHEHUSI:
LeHTPpaJIbHBIA KaHAJI CyXXaeTCs, MAHTUMHBIA CIIOM1
aJIIPHOM IMJIACTUHKU YBEJIUYMBAETCsS B 00bEME, pac-
IIUPSETCS MAPTUHAJIbHBIA CJIOUN, 3TIEHIVUMHBINA CJIOMU
aJISIpPHO IUIAaCTMHKM CyxXaeTcs. B aToT mepuon pas-
BUTHUSI KOJIMYECTBO MMMYHOIIO3UTUBHBIX KJIETOK B
SIIEHIMMHOM CJIO€ YBeJIM4YUBaeTCsI. MHOTrOYMCIIeH-
Hele ['C-conmepxaliye KIeTKH UAEeHTU(DUIUPYIOTCS
B BEHTPAJbHOI YaCTU 3MEHAMMHOIO CJIOSI, OTIAEIb-
HBIE KJIETKM 3IICHOAVUMHOM 30HBI B OJOP3aJIbHOM Ya-
ctn CM Tak:ke HAUMHAIOT CUHTE3MPOBaTh GEPMEHT.
Ha 5/116—35/117 B MaHTUITHOM cj10€ 6a3aIbHOI 111a-
ctuHku ¢opmupytomerocss CM mpuCyTCTBYIOT He-
MHOT'OYMCJICHHbIE MMMYHONO3UTHUBHBIE OBaJIbHEIC
WIA BEpPETEHOBUIHBIE KJIETKHU, oOOJiafgalolirie He-
CKOJIBKMMHM OTPOCTKAMM C MHTEHCHBHO OKpallleH-
HOM muTorura3Moii. OTPOCTKM TaKMX KIIETOK TaKKe
coaepxart pepmeHT. Hamu Takke oTMedeHa BHYTpU -
siIepHast JOKaIU3alusl TITyTaMIHCUHTETAa3bl B UMMY -
HOMO3UTUBHBIX KJIETKAX SMEHINMHOIO 1 MAaHTUITHOTO
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cios1. B xozne uccnenoBaHysi OTMEUE€HbBI MHOTOUMCIIEH-
HbIE UMMYHOITIO3UTUBHbBIE OTPOCTKHU, IIPOXOISIIIIE pPa-
NWaNbHO YE€pPe3 MAHTUIHBIA U MapruHaJIbHBIK CI0U
6azanibHOU iacTuHKM CM. MMyHOpPEeaKTUBHOCTD
MIPOSIBJISTIOT TAKXKE CTPYKTYPhI, pACHIOJIOXKEHHbBIC HEe-
MOCPEICTBEHHO 1o obooukamMmu CM — cyonuaib-
Hbl€ HOXXKHU KJIETOK paauajbHON IJuu (puc. 3a).

B 5TOT cpoK B HenmocpeICTBEHHOM OJIM30CTH K 30-
He BXOJa 3aJHEro Kopelika U 30He BbIXOJa aKCOHOB
JIBUTATEJIbHBIX HEWpoHOB ¢opmupylomerocss CM
naeHTuguuupytoTcs ckorieHus I'C-uMMyHOIo31-
TUBHBIX OKPYIJIBIX KJIETOK (pHcC. 30).

K 18 cyT pazBuTus ieHTpaIbHBII KaHal (hopMUpY-
JOIIETOCS CITMHHOTO MO3Ta COKpAIllaeTCsl, SIEHINM-
HBIII CJIOM CTAHOBUTCS Y3KMM. MaHTMIHBIN CJIOM
npuobpeTaeT KOHMUTrypauuio ceporo Belectea CM
B3POCIIBIX JKUBOTHBIX. LleHTpallbHbBII KaHAI CyXKaeT-
cs1, pacimpsieTcss oosacTb GopMUPYIOIIETOCS CEPOro
BellecTBa 1 Genoro BellectBa CM, BeHTpajbHas U
JIop3ajibHast OOpPO3AbI, KOTOPBIE AENSAT Oeyioe Belle-
CTBO, YITyOIsSII0TCSI. MapTuHaNbHBIN CJION pacIIupsi-
€TCsI KaK B BEHTPAJIbHOM, TaK U B JOP3aJIbHOI YacTu
n ero (popMa mpuobdpeTaeT CXOACTBO ¢ OCIIHLIM BeEIIe-
ctBoM CM B3pocibiX Kpbic. UMMyHOpPEaKTUBHOCTD
Ha0II0maeTCs B KJIETKaX SIMEHIUMHOrO Cjosl Kak
BEHTpPAJILHOM, TaK 1 nop3anbHoi yact CM. OgHako
OTAEAbHBIE KJIIETKW TaHHOM 30HbI HE 9KCIPECCUPYIOT
I'C (puc. 46). B MmanTuiitHoM cjioe, IpeuMYyIIeCTBEH-
HO B BEHTPAJIbHOM YaCTH, BHISIBIISIETCS OOJIBIIIOE KO-
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Puc. 3. ITonepeuHslii cpe3 IIeifHOro oTaea CITMHHOTO MO3ra 9MOpMOHa KPBICHI Ha 16 CyTKU pa3BUTHS. (a) — IyTAMUHCUHTE-
Ta3a-UMMYHOTIO3UTUBHBIE KJIETKH (POPMUPYIOIIETOCS CTUHHOTO MO3ra; (0) — KJIETKM TorpaHnYHOoM “mamoukn” (boundary
cap cells) hopMupyroIIeTOCs 3aTHETO KOPEIIIKa CTMHHOTO Mo3ra. MiIMMyHOTHCTOXMMIWYECKas peakIlysl Ha TJIyTaMUHCUHTETasy (a);
“UMMYHobJIyopeclieHTHasl peakiys Ha rryraMuHcuHTeTasy (Rhodamine Red-X — kpacHoe okpalMBaHUe) ¢ OKPacKoit siaep
kietok kpacuteiaeM SYTOX Green (3eneHoe okpammBanue) (6). Macimra6: (a) — 200 mxwm, (6) — 20 MKM.

Puc. 4. ITonepeuHblii cpe3 1IeTHOrO OTaeIa CITMHHOIO MO3ra 9MOpHOHA KPBICHI Ha 18 cyTku pa3Butusi. UMMyHOTMCTOXUMU-
yeckasl peaklysi Ha yTaMUHCUHTeTa3y. Maciurta6: (a) — 200 Mmxwm, (6) — 50 MKM.

JIMYECTBO MMMYHOIIO3UTUBHBIX KJIETOK (puc. 4a).
DTO KJIETKU HEMTPaBUIILHOM (pOpMBI ¢ IBYMSI MU 00-
Jiee oTpocTKamMu. B hopMupyrommxcs rmepeasHux po-
rax CM BBIgIBIISIeTCSI GOIBIIOE KOJIMYECTBO paaraib-
HO OPMEHTUPOBAHHBIX UMMYHOIIO3UTUBHBIX OTPOCT-
KOB, MPOXOJSIIMNX Yepe3 cepoe U 0esloe BeIIECTBO U
JTOCTUTAIOIINX THAIBHOM MOBepxXHOCTU. B obiactu
30HBI BXOJAa 3adHEr0 KOpellKa, (hOpMUPYIOIIETOCs
CM uneHTUPULUMPYIOTCS Hebombine rpynnbl 'C-
WMMYHOITO3UTUBHBIX OKPYTJIbIX KJIETOK.

Ha 5119 sxcnipeccus I'C HabrogaeTcs B KJIeTKax
STIEHAVMHOTO CJIOSI BEHTPAJIBHOM U TOP3aJIbHOM Ya-

ctu CM. OTaenbHbIe KJIETKU JAaHHOMN 30HBI HE 9KC-
npeccupyiot I'C. B MaHTHITHOM cJioe BEHTPaJIbHOM U
nopaanbHoit yactu CM IIpUCYTCTBYET OOJIBIIIOE KO-
JIMIECTBO OTPOCTYATHIX MMMYHOIIO3UTUBHBIX KJIIETOK
HemnpaBuIbHOI dopMbl (puc. 5a). Takxke B ¢opMu-
pyromiemcss CM BBISBIIsIeTCSI 0OJbIIIOE KOJIUMYECTBO
pamraibHO OPMEHTUPOBAHHBIX MMMYHOTIO3UTUBHBIX
OTPOCTKOB, TIPOXOISIINX Yepe3 cepoe U Oesroe Bele-
CTBO ¥ JOCTUTAIONINX MTHabHO ToBepxHOCTH. Cy0-
MuaJibHble HOXKHU acTPOLMTOB Takxke comepkar I'C
(puc. 56). B obGnacTu 30HBI BXOAa 3aJHET0 KOpelKa
dopmupytonierocst CM uneHTUDULIMPYIOTCSI He-
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Puc. 5. [yraMuHCHHTETa3a-UMMYHOITO3UTUBHBIE KJIETKU B (hopmupytoieMcss CM kpbichl Ha 19 cyTku pa3Butusi: (a) — 00-
mwuii Bumd, (0) — dparmMeHT ceporo u 6eioro BemiecTBa nepexrHux poros CM. MMmyHodryopeciieHTHAasT peakiius Ha TIIyTaMUH-
cunretasy (Rhodamine Red-X — kpacHoe okpalmBaHue) ¢ OKpacKoii simep kietok kpacutesem SYTOX Green (3e1eHoe oKpa-
mmBaHue). KoHdokanbHas 1azepHast MUKpockorusi. Macira6: (a) — 200 Mk, (6) — 20 MKM.

6osbiue Trpynmnbl ['C-UMMYHOTIO3UTUBHBIX OKpPYT-
JIBIX KJIETOK.

IMocne poxmenus (I111) xoundurypamusas CM
npuoodpetaeT Bua CM B3pOCHIbIX JKUBOTHBIX. OTUeT-
JINBO MACHTU(MDUIIMPYIOTCS CIIOM STIEHINMEI, Cepoe U
OeJ1oe BeIleCcTBO, BEeHTpaIbHAsI U Jop3ajibHas 60po3-
JIbI, KOTOpHBIE OeasT 0esoe BellecTBo. I1pu npoBene-
HUM UMMYHOTHCTOXUMHUYeCKOM peakumu Ha ['C B
cepom BemectBe CM HOBOPOXIEHHBIX XMBOTHBIX
BBISIBJISIETCSI OOJIBIIIOE KOJMYECTBO 3Be3MYaThIX M-
MYHOIO3UTUBHBIX KJIETOK (puc. 6a). OTMe4eHO, 4TO
MIPOIYKT MMMYHOTMCTOXMMHWYECKOIN peaKIIny JIoKa-
JIN3yeTcsl TIPEUMYILIECTBEHHO B MepUHYKJIeapHOM 111-
TOITIa3Me, YacTO MacKupys sapo. B 6eioMm BelecTBe
UICHTUGUINPYETCS OGOJBITOe KOTMISCTBO MMMYHO-
MO3UTUBHBIX PaauaTbHO MPOXOISIINX OTPOCTKOB,
a TaKxKe HEMHOTOYHCIIEHHBIE MMMYHOITO3UTHBHBIC
OBaJIbHBIC I BEpETCHOBUIHBIE TEJIa MMMYHOTIO3UTHB-
HBIX KJIETOK C ABYMSI, peXe HECKOJIBKUMU OTPOCTKAMU
(puc. 60). ImyraMrUHCUHTETE3Y COmEpKaT TaAKXKe CyO-
MMMaTbHBIE HOXKW aCTPOITUTOB TI0 TIeprdeprun CITMH-
Horo Mmosra. B smenaumHoM cioe I'C-conepxatiue
KJIETKU OTCYTCTBYIOT. B 00J1acTi 30HBI BXOIa 3aTHETO
Kopelika, ¢opmupytomierocss CM uneHTUDUIINPY-
[0TCsl HeOobiMne cKoruieHusT ['C-uMMyHOTTIO3UTUB-
HBIX OKPYIJIBIX KJIETOK.

OBCYXIEHMNE

CornacHo pe3ybTaTaM OOJIBIIIOrO YK Cjia UCCIIEIO-
BaHMIT U3BECTHO, UYTO Y B3POCIIBIX SKMBOTHBIX BLICOKIE
YPOBHU NIIyTaMHUHCUHTETA3bI, MPEeBpaIlaoIIeii 60Ib-
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IIYIO YacTh IIyTaMaTa BHEKJIETOUHOTI'O IPOCTPAHCTBA
B IJIyTaMUWH, 3KCIIPECCUPYIOT acTPOLMTLI. B cBsI3m ¢
™M T1pu uccienosanuu LIHC B3pocabix 1adopaTop-
HBIX XXMBOTHBIX U YeJIOBeKa IIIyTAMUHCHUHTETa3a 4Ja-
CTO WCITOJIb3YeTCsl KaK MapKep, CHeUM(MUUHBINA IS
kietok actporiuu (Anlauf, Derouiche, 2013). B Ha-
CTOsIIIee BpeMsl aCTPOLIMThI CUMTAIOTCS OCHOBHBIMU
MIMAJIbHBIMU KJIeTKaMu B3pociioit LIHC, BeImoaHSI-
IOIIMMM  WHAKTUBALIMIO CBOOOJHOIO TIJIyTamara,
npenoTBpamast skcaiitorokcmdHocTs (Anlauf, Der-
ouiche, 2013; Xin et al., 2019). Hecmotpst Ha TO, 4TO
MPUCYTCTBUE (PepMeHTa B KJIETKaX, OTJIMYHBIX OT
aCTPOLIUTOB, BHI3BIBACT CIIOPHI, HEAABHME MCCIIEIO-
BaHug skcrpeccun ['C BO B3pOCIOM TOJIOBHOM U
CIIUHHOM MO3T€ MOKa3ajik, YTO OTIEJbHBIC OJUTO-
JIEHIPOLIMTBI, HEAPOHBI 1 MUKPOTJIMOLIUTEI CITOCO0-
HBI cMHTe3upoBaTh I'C B HOpME U MPpU MOBPEXICHUN
(Liu et al., 2013; Bernstein et al., 2014, 2015; Xin et al.,
2019). Bommpoc BO3MOXXHOCTU YYacTHsI pa3TAdHbBIX
MOMYJISIHUIT TNHAIbHBIX KJIETOK 3MOPUOHAILHOMN
IHHC B meTokcukanuy BHEKJIETOYHOTO TIyTamara 1
aMMMaKa OCTAEeTCs JO HACTOSIIEr0 BpeMEeH! He U3Y-
YEeHHBIM.

B HacTosIIeM HMccaenoBaHUU YCTAHOBJIEHO, YTO
I'C raumHaeT sKcnpeccupoBaThes Kiretkamuu CM Ha
15 cyT pa3Butus. B 3ToT cpoK (pepMeHT 0OHaApyXKMBa-
eTCsl JIUIIb B TejdaxX KJIEeTOK B BEHTPaJIbHOI YacTh
STIIEHINMHON 30HBI M WX JJIMHHBIX OTPOCTKAaX, JO-
CTHUTAOIINX TTHATBLHON MOBEepXHOCTU. Takmm obpa-
30M, UMMMYHOTIO3UTUBHBIEC KJIETKU UMEIOT TUTTMIHYIO
MOpdOJIOTHIO KJIETOK paguainbHOi rimu. [lpucyr-
crBue I'C B KjIeTKax paguaabHON TJIMU TTO3BOJISIET
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Puc. 6. [myraMrMHCHHTETa3a-UMMYHOITO3UTUBHbBIEC KJIIETKH CITMHHOTO MO3ra HOBOPOXIEHHO KPBICHL: (a) — 001uit Bua, (6) —
dbparmMeHT ceporo BelecTBa nepeqHux poroB CM. UMMyHorucroxumMudeckasi peakiiyst Ha TIyTaMMHCUHTeTa3y. Maciirab:

(a) — 200 MM, (6) — 50 MKM.

MPEATONOXUTb, UTO B EPUO MUTPpaLIUM Helipobia-
CTOB, JI0 TIOSIBJIEHUSI aCTPOLIMTAPHOM TJINU, paauaib-
Hasl TSl OCYIIECTBIISIET 3alUTY KJIETOK OT 9KcaiiTo-
TOKCHYECKUX YPOBHe riryTamara. [TosiBiieHHEe B 3TOT
nepuon (BJ15) MMMYHONO3UTUBHBIX CTPYKTYp B
CyOImManbHOM 00J1aCTU — HOXEK paauaibHOM TJINU,
CBHUCTEJILCTBYET O Hadaje (opMHUpPOBaHUs Oapbepa
CM. TlpucytctBue I'C B iepuBacKyJIsIpHbIX U CYOITU -
aJIbHBIX OTPOCTKAaX paJaualibHON TJIUU U acTPOLIUTOB
obecnieunBaeT 3a1iuTy CM 1 yMeHbIIaeT HelipOTOK-
CUYHOCTh aMMMaKa, CITOCOOHOT0 CBOOOIHO TIPOHU-
KaTh 4yepe3 reMarodHIiedaindeckuii M remMaroMe-
HUHTUAIbHBIN 0apbep (Suarez et al., 2002; Castegna,
Menga, 2018). MI3BecTHO, YTO MOHBI aMMOHMUS, 1IUP-
KyJIMpYIOIlI1e MO KPOBEHOCHBIM COCYJaM T'OJIOBHOTO
U COMHHOIO MO3Ta, a TakKXkKe B CIIMHHOMO3TOBOit
SKUIKOCTH, TOTJIOIIAIOTCS acTPOIIMTAMM M BKJTIOYA-
JOTCS B aMUIHYIO Tpynmy riyramMuHa. VI30BITOK BhI-
IMEJIEHHOTO aCTPOIIMTaMU TIIyTaMWHA MOXeT Iud-
¢byHIMpPOBaTh N3 HEPBHOM TKAHU B KPOBb U LIepeOpo-
cnuHalibHY0 XuakocTh (Ott, Larsen 2004; Cooper,
2012; Hawkins, Vina, 2016; Devriendt et al., 2019).
Takum obpazom I'C-conepxkallime HOXKH paavalib-
HO# TJINM M aCTPOIIUTOB, KaK 2JIEMEHT IIIyTaMMH-
rIIyTaMaTHOM TPaHCIIOPTHOM cucTeMbl 6apbepa CM,
YJaCTBYIOT B METa0OJIM3MeE a30Ta, 3alIUIIAIOT OT pa3-

BUTHA HCﬁpOTOKCH‘-IHOCTPI, IIpeaoTrBpamiasd HaKoOII-
JICHUEC TIi1yraMara 1 aMMuaka.

Ha panHumx sTamax sMOpuMoreHe3a B HEPBHOM
TPyOKe IPOMCXOOUT CETMEHTAUsI HEepO3MUTEIUS
Ha JUCKPETHBbIE JOMEHBLI MPEAIIeCTBEHHUKOB pa3-
JIMYHBIX TPYIIT HEUPOHOB U KIJIETOK INnu. MneHTu-
¢dukalys TOMEHOB OCHOBaHa Ha 3KCIPEeCCUU oTpe-
JIeJICHHOTo Habopa TPaHCKPUMNILIMOHHBIX (DAaKTOPOB,
KOTOPBIN OIpeneseT TaJbHEUIIIYIO Cyap0y Ipeaine-
crBeHHUKOB (Lai et al., 2016; Danesin, Soula, 2017,
Prochazka et al., 2017). B mpoiiecce amOpuoreHesa
MEePBBIMU TEHEPUPYIOTCS MPEAIIECTBEHHUKN HEHPO-
HOB BeHTpaJibHOU yactu CM. B Gojiee mo3agHeM 3M-
OpmoHaIbHOM Itepuoe (mpuMepHo D15 y KprIc) 3T
JIOMEHBI TTpeamecTBeHHNKOB CM TiepeKITIouaroTcst Ha
moreHe3. Hamu oTMeueHo, 4To KJIeTKU BEHTPaJIbHOM
4acTu sneHauMHOro ciost CM HauMHAIOT 3KCIIPeCCH-
posatb I'C ¢ 15 cyr passutus. MccineqoBanus mokasa-
JIM, YTO TeHepalus MepBbIX MPeaecCTBEeHHUKOB acT-
POLIMTOB B 3TOT IIEPUOL, TPOUCXOAUT B MpeAeiaX BeH-
TpanbHbIX fomMeHoB pV0, pV1, pV2 u pV3 (Hochstim
etal., 2008; Tien et al., 2012). IIpennrecTBeHHUKU
OJIUTOACHAPOLIMTOB TAK3KE HAYMHAIOT (DOPMUPOBATHCS
B OTOT CPOK M3 KJE€TOK BEHTpaJlbHOI 3MEeHAMMHOMN
30HBI (IoMeH MoToHeiipoHOB pMN) (Sunet al., 1998;
Lu et al., 2000). Ha ciemyiomme CyTKM pa3BUTHS
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(B]116), T.e., K KOHILy HEMPOHOTEeHEe3a B TOP3aJIbHOMI
yactu CM, HEKOTOpbIE KJIECTKU HOP3aJIbHOIO IIEH-
JIUMHOrO cjosi B o6i1actu pdl—pd6 1oOMeEHOB TakKe
HaunHawoT cuHTe3uposathb I'C. Takum o6pa3om, 1mo-
siBJIeHUe (hepMeHTa B KJIeTKax BEHTPaJIbHOU U IOp-
3aJIbHOM YacTU BIMEHAUMHOIO CJIOSI KOppeaupyeT ¢
IepexoaoM OT HelipoHoreHe3a K riroreHesy. OmHa-
KO IIepUod, Koraa IpealliecTBEHHMKN acTOLIMTOB U
OJIUTOACHAPOLUTOB TOKUAAIOT 3MEHAMMHYIO 30HY
HE BIIOJIHE McciienoBaH U He onpenesieH (Ohayon et al.,
2016). HamMmu oTMe4yeHO MOSIBIEHME HEMHOTOYMCIICH-
HbIX ['C-3KcnpeccupyIolmx KJIeTOK BHE STTeHAUMHOMN
30HBI, HaunHag ¢ DJ116. MoXHO NpPeanoioXnuTh, 4YTO
Ha OTUX CTaausIX TIPEIIIECTBEHHUKU acCTPOLIMTOB
U/WJIH OJINTOACHAPOLIMTOB HAUMHAIOT MUTPHUPOBATh U3
SIIEHAMMHOI 30HbI U 3aCeITIOT (POPMUPYIOIIEeCcs Cce-
poe BemiectBo CM. Tlpu 3ToM y UMMYHOIIO3UTHUBHBIX
KJIETOK MAHTUIAHOTO CJIOSI HE ITPOCJIEKUBACTCSI CBSI3b
C LICHTPAJIbHBIM KaHAJIOM U MSTKOM MO3roBOii 000-
noukoii. TakuM obpa3zoM, B 3TOT cpok I'C cuHTE3U-
PYIOT KaK pagudajbHble IJIUOLUTHI, TaK U HETOCPE-
CTBEHHBIC IIPEIIIECTBEHHUKN OJUTONEHIPOLIMTOB U
acTpOIJIUU.

B HemaBHUX MCCeIOBaHUSIX BHICKA3bIBACTCSI ITPE.I-
noJjioxkeHue o BaIusHUM I'C Ha cMHANTOreHe3, B 0CO-
OEHHOCTM Ha (POPMUPOBAHUM TIIyTAMaTePTAYECKIX
CUHAIICOB pa3BUBAIOIIErOCs TOJOBHOTO Mo3ra (Son
et al., 2019). Be1o MoKa3aHO, YTO I10CJIE TTIOAABJICHUS
aktuBHocTH I'C B mepron cMHANTOTeHe3a, Y B3POCIbIX
JKMBOTHBIX CHMXKAETCS IIyTaMaTeprudeckasi Helpo-
TpaHCMUCCHUS B 00JIaCTH TUITIIOKAMIIa U OTMEYaeTCs
HapyllleHre IIPpOCTpaHCTBeHHOI mamMaTu (Son et al.,
2019). BepositHo, I'C-conmepxkaiiue MHpeaiecTBeH-
HUKU aCTPOLIMTOB CIIMHHOTO MO3ra PeryJupyioT CU-
HanToreHe3 B IEepUOJ 3MOPHOHAJIBHOTO Pa3BUTHSL.
JlaHHOE TIPeaIToNoKEeHNEe TPeOyeT NOMOJTHUTEIbHBIX
WUCCJIEAOBAHUIA.

Honroe BpeMst I'C cuntanachk HIUTO30JbHBIM (ep-
MEHTOM, OJHAKO HeIaBHHE MCCICOOBAHUS IIPOIC-
MOHCTPUPOBAJIN Be3UKyIsIpHoe pacionoxeHue 'C B
actpouutax (Anlauf, Derouiche, 2013). B HacTos1I€ei
paboTe HaMU ObLJIO OTMEYEHO, YTO, HaYMHas1 ¢ DJ116,
B UMMYHOITO3MMBHBIX KJIE€TKaX TIEHIMMHOIO U MaH-
tuiiHoro cjosi CM, TiayTaMMHCUHTETa3a IIPUCYT-
CTBYET KaK B LIMTOIIa3Me, TaK U B SIIPe KIETKU, YTO
SIBJISIETCSI HEU3BECTHOI paHee 0COOEHHOCTHIO.

B HacrosieM ucciaenoBaHUM OTMEUEHO MPUCYT-
CTBUE IrPyIN UMMYHOIIO3UTUBHBIX KJIETOK B 00J1aCTSIX,
MpujieXalinx K 30He BX0/1a 33JHETO KOPEIIKAa U K 30He
BBIXOJIa BEHTPAJIbHOTO KOPEIIKa, HaYlHasi C paHHETO
sMOpHOHaIbHOIrO mepuoma pasputusa (D/114). Dtu
00J1aCcTU TIPEACTAaBISIOT cO00it 0cOObIe MEPEXOIHbIe
30HbI, OOpa3yloliire ycaoBHyo rpaHulty Mmexay [HTHC
u [THC. Dta norpannyHasi 30Ha oOpa3oBaHa HOXKa-
MU pagvalibHO# TJUU M acTpOLUTOB (0Opa3yronx
ITAAJIBHYIO TIOTPaHWYHYI0 MeMOpaHy), MO3TOBBIMU
000JI04KaM1 U CHelUaIM3UPOBaHHBIM BHEKJIETOU-
HbIM MaTtpukcoMm. [lepexonHbie 30HbI U30UPaATETbHO
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IIPOHUIIAEMEI IUISI aKCOHOB, UTO 00ECIIEUYNBAECT CBSI3b
mexny LIHC u ITHC (Suter, Jaworski, 2019). 30HbI
BXOJla ¥ BBIXOJIa HEPBHBIX KOPEIIKOB MPEACTABIISIOT
c000ii 00JIacTh HepBHOIT cucTteMbl, Tae kKieTku ITHC
u ITHC HaxonsiTcs B HENOCPEACTBEHHOM KOHTAKTE.
B nepuon sMOpUOHATBHOTO PAa3BUTUS IIJIs TIEPEXO/I -
HBIX 30H B 00JIacT! HEepBHBIX KopellkoB CM xapak-
TepHO JIOKAJIbHOE€ U3MEHEHME HEKOTOPBIX KOMIIO-
HEHTOB Oapbepa U HaJIMuMe CIelMaJIu3UPOBAHHBIX
KJIETOK — KJIETOK IorpaHuuHo# “manoyku” (bound-
ary cap cells). KITI saBnstroTcst BpeMeHHOI MOITyJIsi-
Uei KJIETOK, HO IIPOAOKUTEILHOCTD X CYIIIECTBO-
BaHUS B o0JlacTy KopemkoB CM ocTaeTcss Heu3BeCT-
HOM. AHaJIM3 3KCIIPECCUM CIIEHMU(PUIESCKUX IS
KITI mapkepos (Krox20, Prss56, Hey2 u Wifl) no-
KajzaJjl, 4YTO 3TU KJIETK! BIEpBbIe UICHTU(DUIINPYIOT-
csl B IopcajibHOM U BeHTpayibHOI yacTu CM Mblleit
B IIEpMO/ HayaJia BXOXIEHMUS EPBBIX CEHCOPHBIX aK-
COHOB cmMHHOMO3roBoro ranrus (CMI') u Bbixona
JIBUTATeJIbHbIX aKCOHOB. DKCIPeCcCHUsi 3TUX MapKe-
poB coxpanserca B KIIII wmeimm go DJ16.5
(Coulpier et al., 2009; Radomska, Topilko, 2017).
OnmHako paHHWE WCCIEIOBaHWSI, MPOBEAECHHBIE C
MpUMEHEHUEM 3JIeKTPOHHOM MUMKPOCKOMNUU, Oe-
MOHCTPUPYIOT, 9YTO pasMmep kinactepos KITII
yMmeHb1aiorcs ¢ 3017 u nanee, a MOJTHOCTBIO CUYe3a-
10T oHu ik K [1J16 (Golding, Cohen, 1997; Altman,
Bayer, 2001). B HacTosmeM mccaeaIoBaHUU ITOKa3a-
Ho, uro KIIII, comepxamue I'C, mpuCyTCTBYIOT B
HEMOoCPEeACTBEHHOM OJIM30CTH K 30HE BXO/a 3aTHETO
KOpellIKa M 30HE BHIXOJa aKCOHOB JIBHUTaTEIbHBIX
HEPOHOB, HAYMHAsI C paHHETO SMOPHOHAJILHOTO I1e-
puona (B14) no poxnenwus. Ilo-Buagumomy, I'C-co-
nepxamme KITII coBmectHo ¢ I'C-MMMYHOIIO3UTUB-
HBIMU OTPOCTKAMM PaIMAIbHON TJIUM U aCTPOLIUTOB
(morpaHMYHOI TJIMAJbHOM MeMOpaHoii) 00pa3yloT
IByXCTOpoHHUI Oapbep Ha rpanune [THC-ITHC,
MPENSITCTBYIOINI MUIpALUM IIMAJIBHBIX IIpeale-
CTBEHHMKOB IT0 KopemkaM B CM, a Takxke rianaib-
HBIX MMPEIIECTBEHHUKOB U HEHip00J1aCTOB CIMHHOTO
mo3sra Ha nepudeputo. To ectb, KITII nmpenorspa-
IIAIOT TIPEXIeBPEMEHHOE BTOPXKEHUE aCTPOLIMTOB B
30HY BXOJIa 3aTHETO KOPEIIIKa, a aCTPOLIUTHI IIPEIOT-
BpamamT Bxon ImBaHHOBCKUX KieTokK B [IITHC (Fon-
tenas, Kucenas, 2017). @yHKIIMOHAILHOE 3HAYCHUE
9KCIPECCUN TIIyTAMUHCUHTETAa3bl KJIETKaMM IToTpa-
HUYHOM IIaIIOYKU, 00pa3ylolluMu 0apbep B IIOrpa-
HUYHOI 30HE, TpeOyeT JONOJHUTEIBHOIO UCCICI0-
BaHus. MOXHO mpearonaoxurb, yto ['C-comepxa-
IIMe KJEeTKU IIOTPAaHMYHBIX 30H IIPEICTaBJISIOT
co00ii 0COOYyI0 MOIYJISILUIO TJIMAJbHBIX KJIETOK,
obecreyrBalouX KOHTPOJIb MOTPAHUYHON 30HHBI,
aHajnornyHo I'C-comepxkamieid mOrpaHUYHOM TJIM-
anbHOM MeMOpaHe. HekoTophle ncciaenoBaHUs, BbI-
MOJHEHHbIC Ha KyJAbTypax, IIPeArnojaralT, 4TO BO
BpeMsl sMOpuoreHesa IIyramMaT BIMSET Ha pOCT,
BETBJICHUE U IIOABMXXHOCTH PACTYIIMX aKCOHOB, a
TakKKe Ha CHHAIITOTeHE3, KOIJa aKCOHBI JOCTUTAIOT
cBoux HejeBbix obnacreii (Kreibich et al., 2004). AB-
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TOPBI BBIIBUTAIOT TUIOTE3y 00 yJyacTWUM riyTamara B
MOJlYJIMPOBAaHWU YYBCTBUTEJIBLHOCTA KOHYCa pPOCTa
aKCOHOB K pa3/IMYHbIM MOJIEKYJIaM, OTBETCTBEHHBIM
3a OTTAJIKMBaHMe pacTymux akcoHoB (Kreibich et al.,
2004). CTouT OTMETUTh, YTO CEHCOPHbIE HEMPOHBI
CIIMHHOMO3TOBOTO TaHTJIUSI SIBJISIIOTCSI TJIyTamaTep-
TMYECKMMU KJIETKaMU 1 IBUTaTe/ibHble HEPOHBI Me-
penHux poroB CM TakxKe CITOCOOHBI CUHTE3UPOBATH
ryramaT (Colombo, Francolini, 2019). B mepuon
B113—3114 pactymme akCcOHbI (POPMUPYIOLIMXCS
rayTamaTepruiyeckux HeiipoHoB CMI HampaBiIsTioT-
Ccsl K JopcoJiaTepaIbHOM 4YacTW CIOMHHOTO MO3Ta U
BXOJSIT B MApTUHaIbHBIN cioii CM uepes 30HY BXxoja
3a7Hero kopeuika. JIuiib yepe3 HeCKOIbKO JTHEH ak-
COHBI MMPOHUKAIOT B MAHTUITHBIN CJIOit. DTOT “TIepu-
Ol OXXMAaHUsI” Peryaupyercsl peresieHTHbIMU MO-
sgekynamu (Masuda et al., 2009). BoicBoOOXAEHME
mIyTamMaTta U3 pactymmx akcoHoB CMI', BeposiTHO,
CHUXXAEeT UX OTBET Ha MOJIEKYJIbl OTTAJIKUBaHUsl. Pe-
TYJISLUMIO KOHLEHTpAllMW TJyTamMara, BbIAEISEMOTO
pacTylIMMU aKCOHaMM B TepexoAHbIX 30Hax CM,
moryT ocyiiecTBasATh KITIII coBMeCTHO ¢ morpaHuy-
HOI1 ruaibHOM MeMOpaHoii. B 3ToT XXe nmepuon pac-
TyILIME€ aKCOHBbI (DOPMUPYIOIIUXCSI MOTOHEHPOHOB,
CMOCOOHBIX CUHTE3UPOBaTh IIyTamar, (popMUPYIOT
nepeqHUil KOpPEeLoK W MOKMIAAIT CIIMHHOM MO3T.
Hexotopsie u3 BeHTpanbHbix KITII o6pa3ytoT mimH-
Hble TOHKHE LIMTOIIa3MaTUUeCKue BbIPOCTHI, KOTO-
pble MPOHMKAIOT B @9MOpHoHanbHbIN CM, 1, OXBaThI-
Basi aKCOHbI MOTOHEHpPOHOB, HampasisiioT ux (Ra-
domska, Topilko, 2017). KoHlieHTpa1Ims Xe riiyramMaTta
BO BHEKJIETOUHOM IPOCTPAHCTBE B OOJACTU BXOJa
3aHEro Kopelika M B 00JacTU BbIXOJA OTPOCTKOB
JIBUTATeJIbHbIX HEMPOHOB MPU MPOXOXKIASHUU aKCO-
HaMu TJyTamaTepruiyeckux HeupobsacToB TIorpa-
HUYHOM 30HBI PETyJupyeTcsl IIyTaMUHCUHTETa3a-
copepxammmu KITII u HoXXkKaMu aCTpOLIMTOB.

SAKJIFIOYEHUE

TakuM 06pa3oM, B X0le HACTOSIIETO NCCIIen0Ba-
HUsI TIOJIyYeHBI JaHHBIC 110 pacCIIpeleIeHUIO TIyTa-
MUHCHUHTETAa3bl B KJIeTKaX CIMHHOTO MO3Ta KpbIC Ha
pPa3HBIX CPOKaX 3MOPUOHAIIBHOTO M pAaHHETO ITOCTHA-
TaJbHOTO Pa3BUTHs. Y CTAaHOBJIEHO, YTO TIEPBHIC TITy-
TaMUHCHUHTETa3a-coepxXKallue KJIeTKU MOSIBISIOTCS
B BEHTPAJBbHOI 9acTH STIEHINMHOTO CJI0ST CHUHHOTO
MO3ra KpbICHI Ha 15 CyT aMOpPMOHAITBHOTO PAa3BUTHS,
B MepMoOJI HavaJla TaMoreHes3a. Ha ciaenyroniue cyTku
sMbpuorenesa (DJ116) ryraMUHCUHTETa3a-Coaep-
Kaliue KIEeTKW WISHTUDUIIMPYIOTCS TakkKe B MaH-
TUHHOM cJioe. B 3Tux KjieTkax ¢ MOMOIIbIO ABOMHOTO
dyopeclieHTHOTO MapKHpPOBaHUSA M KOH(POKATBHOMN
MMKPOCKOITMH BBISIBJIEHA SIACPHAsT JIOKAIM3aus (ep-
MEHTA.

BriepBrie ycTaHOBIEHO, YTO YaCTh KJIETOK IIOrpa-
HuuHO# manoyku (boundary cap cells), pacnosara-
fomieiics B kopemkax CM Ha rpanuue ¢ [THC, cun-
Te3upyeT IyraMuHcruHTeTa3y. OTMEYEHO, YTO TaK1e

KOJIOC, KOPXXEBCKUN

KJIETKU MPUCYTCTBYIOT B 06jacTu KopemkoB CM B
nepuon ¢ 14-x cyT 3MOpUMOHAJIBHOTO Pa3BUTHUS IO
poxneHus. JlaJbHelIme UCCaeI0BaHsl pOJIM IIyTa-
MUWHCHUHTETA3bI B KJIETKAX MEPEXOIHBIX 30H CITMHHO-
ro MoO3Ta MOTYT BHECTHM BKJIaJ B MOHUMaHUE WX
GYHKIMOHMPOBAHUS B TIEPUOM YCTAHOBJICHUS CBSI-
3eit mexny LIHC u ITHC.

OUNHAHCHUPOBAHUWE PABOTHI

Pabora BbITIOJTHEHA B paMKax roCcyIapCTBEHHOTO 3aia-
Hust DenepasTbHOro TOCYyIapCTBEHHOTO OI0IKETHOTO Hay4-
HOTro yupexneHus “MHCTUTYT 3KCHepUMEHTATbHON MeIu-
HUAHBI".

COBJIIOAEHHUE 9TUYECKMNX CTAHIAPTOB

[1pu BBITIOTHEHW Y TAHHOTO UCCIICTOBAHMS MaHUITYJISI-
IIUY C JJaGOPATOPHBIMU XUBOTHBIMU TTPOBOIMIINCH B COOT-
BeTcTBUU ¢ “IIpaBuamu rmpoBeaeHus padboT C UCIOIb30Ba-
HHMEM 3KCIIEPUMEHTAIBHBIX XHUBOTHBIX” W EBpomeiickoit
KOHBEHIIMEH O 3aIlMTe MTO3BOHOYHBIX KUBOTHBIX, UCITOJIb-
3yeMBbIX ISl 9KCTIEPUMEHTOB WJIM B MHBIX HAYYHBIX LEJISIX
(1986 1.). UccnenoBaHue oM0OPEHO 3TUYECKUM KOMUTETOM
DI'BHY “UBM” (mpotokon Ne 3/19 ot 25 amnpenst 2019).
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ABTOpBI 3aSIBIISIIOT 00 OTCYTCTBUM KOH(MPIMKTA NHTE-
pecos.
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Glutamine Synthetase in the Cells of the Developing Rat Spinal Cord
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The formation of the glutamatergic system of the spinal cord is widely studied. However, there are few studies
on the formation of glutamine synthetase-containing structures in the developing spinal cord that protect the
nerve cells from the toxic effects of glutamate. In this work, the localization, distribution and morphology of
the rat spinal cord (SC) cells expressing glutamine synthetase (GS) were studied in the embryonic and early
postnatal periods using immunohistochemical methods. The first cells containing GS were identified in the
ventral part of embryonic spinal cord ependymal layer at the onset of gliogenesis — at day 15 (E15). One day
later (E16), cells expressing this enzyme are also present in the mantle layer of the embryonic SC. This study
shows for the first time that some of the boundary cap cells, located in the transition zone between the SC
and the peripheral nervous system, contain glutamine synthetase. The present study made it possible to de-
termine the dynamics of the embryonic spinal cord GS-containing cells formation and to suggest the func-

tional significance of such cells in embryogenesis.
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