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W nest MaTpUYHOTO MTPUHIIMITA BOCIPOU3BEIEHMST HACISICTBEHHBIX MOJIEKY/T “Omnis molecula ex molecula” —
“Kaxmass MoyieKyJia OT MOJIEKYJIbI” — OMHO 13 HanmboJjiee 3HAaUYNMBbIX HaydHbIX ITpeackazanuii H.K. Kojb-
1oBa. DTa uies MpakTUIeCKU He Halllla MTOAAEePXKKYU U TTOHUMAaHWs Y COBPEMEHHUKOB, YTO CBSI3aHO, BEPO-
SITHO, C OBITOBABIIIMM TOTMA MPEICTaBICHUEM O OEIKOBOM NMPUpPOoAe HACIeACTBEHHBIX MosieKy. [Tocmeny-
folllee pa3BUTHE MOJIEKYIApHOIM reHeTuKU, oTKpbiTe JJHK M mocTpoeHne Momenau TBOMHON crivpaiu
JAHK moarsepaniao MaTpUYHBIN TPUHLIMIT BOCIIPOU3BEACHUST HACIEACTBEHHBIX MOJIEKYJI.

Karoueesobie croea: MaTpUUHbBIN IIPUHIIUIL, peIUIMKalus, HaciaeactBeHHOCcTh, JJIHK, KonbiioB
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Briparomuiicss 611010r, OCHOBOIIOJIOXKHUK 3KCIIe-
puMeHTaIbHOU Ouosiorum B Poccum — Hukonaii
KoHcTrantuHoBUY Kosb110B 6611 aBTOPOM MIei U Ha-
VUHBIX TIpeacKa3aHuii, MpeoOpasuBIIMX BHOCIEN-
CTBUU OOJIMK MUPOBOM Hayku. EMy mpuHamiexar, B
YaCTHOCTH, UJIEW 3KCIEPUMEHTAILHOTO MOJIYyYeHUs
MyTaluii (paiuallMOHHOIO U XMMUYECKOTO MyTare-
He3a) W MOJUIUTOUIHBIX OPraHU3MOB, MCKYCCTBEH-
HOTO TapTeHOTeHe3a U DKCIIEPUMEHTAIbHOIO BO3-
JIeicTBUs Ha Apyrue GyHIaMeHTalbHbIE IPOLIECCHI.

Cpemnn uneit n npenckazanmii H.K. Komnbiiosa
MaTpu4yHasl TUIIOTe3a BOCIIPOM3BEICHUSI HacCe-
CTBEHHBIX MOJIEKYJI 3aHUMaeT ocoboe mecto. IIpo-
OJIeMBbI MACHTU(PUKAIINN, CTPOSHUS M (PYHKIIMOHU -
pOBaHUSI MOJIEKYJI — HOCHUTEJICH HaCIeICTBEHHOCTU
Bceraa ObUIN LIEHTPATbHBIMU 1151 6uojtornu. OmHaKo B
Havyasrle XX BeKa 00 3THUX MOJIEKYJIax OBIJIO M3BECTHO
HUUYTOXHO Majlo. YKe WCIOJIb30BAJICS TePMUH “TeH”,
HO HEM3BECTHBIM OCTaBaJICS TUIT MAKPOMOJIEKYJI — HO-
cuTesie HaciencTtBeHHon wHdopManyn. KoiblioB
MEPBBLIM B LIMKJIE padOT MPEIJIOXKMII OpUTHUHAIBHYIO
HICI0 BOCIIPOM3BEIECHUSI MOJIEKYJ HACICICTBEHHO-
CTHU, B OCHOBE KOTOPOIi JiexKaja MaTpUUHbII IPUHILIUAIT
(KonbioB, 1928a, 19286, 1929, 1935; Koltsoff, 1928,
1935, 1939). OueBugHO 3Ta Mues olepeduyia CBOE
BpeMsl M He HalllJla TIOHMMaHUs Yy COBPEMEHHUKOB,
OJHAKO MOCJIeaylolliee pa3BUTUE MHUPOBOM HayKu
MOATBEPAMWIO IIPAaBUJILHOCTb 3TOTO IIpEICKa3aHUS
(cM. IMonbiHMH, 1969; Bunbepr, 1972; Pamomnopt, 1972;
ActaypoB, Poxkuukuii, 1975; Portugal, Cohen, 1977;
Tumodeen-Pecosckuii, 1993, 2009; Babkov, 2002;
Mennuxkos, 2005; OzepHiok, 2006, 2007, 2012; Mor-

ange, 2011, 2020; Pamenckuit, 2012; Shestakov, Oz-
ernyuk, 2013; Timofeeff-Ressovsky, 2016; Inge-Vech-
tomov, 2016).

B ocHOBe MaTpu4HOI1 TUITOTE3bI JIEXUT chOpMy-
mupoBaHHBIT H.K. KonbIloBBIM HOBBINM ITPWHIIAIL:
“Kaxpgast MojieKyJjia oT MoJIeKyJbl” — “Omnis molec-
ula ex molecula”, JOMOJHUBIINI YXe CYyIIECTBYIO-
e o61meomonorndeckme IMpuHIUITH “Omnis cellu-
la ex cellula” u “Omnis nucleus ex nucleo”, KoTopbie
BCKPBIBAIOT CYIIITHOCTh IMPOLIECCOB KU3HEACATECIbHO-
CTH Ha pa3HBIX YPOBHAX opranm3anmu. Unes Koib-
1I0BA CYILIECTBEHHO pacilupuia NaauTpy hyHIamMeH-
TaJIbHBIX 3aKOHOMEPHOCTEN TPOLECCOB XKU3HEIEsI -
TEJTHLHOCTH.

BnepBble MaTpuuHbIiA OPUHIIMIT BOCIIPOU3BEIE-
HUS MOJIEKYJ HACJEACTBEHHOCTU ObLT U3JIOXEH
H.K. KonbsuoseiM B 1927 1. Ha III-M BcecorozHom
COBEIIIaHUU 300JI0TOB, aHATOMOB U TMCTONOTOB B Jle-
HUHIpane B Jokjaane “PU3NKO-XUMMUYECKUE OCHOBBI
Mopdosiorun”. bl choOpMyTMpOBaHbBI JBa Kpae-
YTOJIbHBIX MOJIOXXeHUsI: 1) B KauecTBe MaTPUIIbI, Ha
KOTOpPOI CTpOUTCS TeH Oyayllero MOKOJIEHUS, UC-
MOJIb3YeTCsl TeH TIPEAbIAYIIEro MOKOJeHUs, 2) s
Havajla MaTpUYHOI'O CUHTe3a HeoOxonuma 3aTpaB-
Ka. YIUBUTENbHO, HO UMEHHO BTU WJEU BHOCIE-
CTBUM MOJYYWIN MOATBEPKAeHUE. B 3TOI 3Xe pabo-
te H.K. KoJb110B BiepBhIie paccMaTpUBaeT XpOMO-
COMY, COCTOSIIIYI0 M3 TeHOB. OmHaKO THUMOTE3Y
KonbioBa yuactHuku CoBellianus B JIeHUHrpaae He
CMOTJIU TIOHSITh, TTIO-BUAUMOMY, B CUJTy €€ CJIIOXXKHO-
ctu. bonee toro, . W. I1pe3ent, copatuux T.M. JInI-
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CEHKO, OOBMHUJI JOKJIagYMKa B MUCTHUKE U yBJeUe-
HUM aOCTpaKLUSIMU.

B 1928 rony asror moknam H.K. KomnbiioBa ObL1
OIMyOJIMKOBAaH HA PYCCKOM SI3bIKE B BUIE KPaTKOrO,
dakTMUeCcCKu TE3MCHOIO, aBTopedepaTa moKiana u
ctatbu B JKypHajie 3KCIIepUMEHTAJIbHOM OMOJIOTUH
(Konb1ioB, 1928a, 192806), a Takke Ha HEMELIKOM SI3bIKE
B XypHaie “Biologische Zentralblatt” (Koltsoff, 1928),
B 1929 1. momHBINA BapraHT TEKCTa OOKJIaaa BHIIIE B
oTedyecTBeHHOI cepum “HoBelilive TeyeHUsl Hay4-
Hoii Mbicin” (Komblos, 1929). B coorBercTBUU C
MaTpUYHOI TUIIOTE30M MOJIEKYJIbI HACIEACTBEHHO-
CTHU UMeloT 6es1KoBylo mpupoay. B 20-e romsr XX Beka
3TO OBLIO €CTECTBEHHOE IIPEIITOJIOXKEHNE, IIOCKOIb-
Ky O HYKJIEMHOBBIX KHCJIOTaX TOrma ObLIO M3BECTHO
HeMmHoro. K 1910 rony B cocTaBe HyKJIEMHOBBIX KMC-
JIOT OBUIM OIIMCaHEI ABa IIYpUHOBBLIX OCHOBaHUS (TY-
aHWH Y aJicHUH) U JBa MUPUMHUINHOBBIX (LIUTO3UH U
TUMUH), HO onucaHue cTpyKTypsl JJHK npowuzonuio
necarmnetussMu mmosxe (Watson, Crick, 1953; Portu-
gal, Cohen, 1977). B 1920 rony 0bL1a chopMyIMpOBa-
Ha HOBasl TEOPHsI MOJMMEPOB, 32 KOTOPYIO BITOCJIEI -
ctBuM, B 1953 rony, I'. lllTaynunrep noayunn HoGe-
neBckyio mpemmio (Staudinger, 1920). Orta Teopusa
obuta aktuBHO BocrpuHsaTa H.K. KosmbiosbiM. Ilo
MHeHuto D. Maiipa (Mayr, 1982), iMeHHO ITOHUMaHe
TOrO, 4YTO HACJEICTBEHHAs MOJIEKYJIa IO/DKHA MMETh
MOJIMMEPHYIO CTPYKTYPY, 0Ka3aJloCh PEILIAIOIIAM sl
nJanbpHelmero pa3sutusl KoHuenuun H.K. Konblosa.
IMormMast cnoXHOCTH TAaHHOW IIpobiieMbl, KoibIioB
TMcal, YTo MpeajiaraeMasl UM TUIoTe3a B CBOS XUMU-
YeCcKOM 4acTU Jajieka OT 3aBepllIeHUsI, 0ojee TOro —
ele BecbMa criopHa (Kombnos, 1936). Maes o 6enko-
BOI MpUpoe TeHa Ha MPOTSLKeHUU ITpuMepHo 20 et
OCTaBaJlach JOMUHHUpYIOIICH. B ynciae npuBepkeH-
neB 3toif maen H.K. KonbiioB ymoMmHaeT aBTOpOB
KHUTU “CTpoeHue BBICOKOMOJEKYISIPHBIX OpraHu-
YeCKMX €CTeCTBEHHEIX coemuHeHuit” K. Maiiepa u
I. Mapka (Meyer, Mark, 1930), a Tak:ke ©3BECTHOTO
aHruiickoro xumMuka B. Actbepu (Astbury, 1933).
DTU aBTOPHI CChUIAIOTCA Ha padoThl KoiblioBa, mo-
CBSIIIIEHHBIE MAaTPUYHOI TUITOTE3€ 1 OCIKOBOM TP~
polie HacJIeACTBEHHBIX MoJieKyl. CaeayeT OTMETUTD,
YTO M3BECTHBI aMepUKaHCKUl reHeTuk M. [leme-
peu (Demerec, 1933, 1938) cumnTasn, 4ToO poab HACIEA-
CTBEHHbIX MoJjieKya BoinosHseT JJHK. OgHako B Ty
MOpY TaKUeE CYXKIeHUS He ObUIA JOMUHUPYIOIIVMU.

B 1934 1. ctarbg H.K. KosblioBa, mocBsiieHHasI
MaTpUYHOMY NPUHIUITY Ha Monaenu Drosophila, B co-
KpanieHHOM BHUIE Oblia OITyOJIMKOBaHa B KypHaJe
Science (Koltzoff, 1934). B 3To0i1 cTaThe OH NUILET:
“Kaxngasg xpoMocoMa TMpeacTaBIIsIeT CI0XHOe obpa-
30BaHUe, HauboJee CyIIeCTBEHHOI YacThi0 KOTOPO-
To SIBJISIETCSI MMPOAOJIbHASI HUTh, COCTOSIIIAsA U3 psiaa
TeHOB. Sl Ha3BaJl ee MO3TOMY TeHOHEMOI1” (IIepeBo,
aBtopa). Jlanmee KonpiioB oTMe4aeT, 4YTO B XpOMOCO-
Me HaXOAUTCS MHOXECTBO T€HOB, U OHU, OyIy4u
CLEIUIEHBI MEXIY COOO0I, ITepenaroTCs U3 MOKOJICHUS
B IIOKOJICHUE.

IMouemy unmes H.K. KomapioBa o maTpmyHOM
TIPUHIIUIIE He OblJIa U3BECTHA 3a rpeaesaMmu Poccun?
M. Mopanx (Morange, 2011) — dpaHIy3cKuit uc-
clieoBaTeNb, CIIeIUAIMCT B 00J1aCTH MOJIEKYJISIPHOM
OUOJIOTUU U UCTOPUM HAYKU CUMTAET OCHOBHOM Mpu-
YUHOUW OTCYTCTBUE NyONWKaIUii B aHIIOS3BIYHOU
Hay4yHOI JIuTeparype.

M3BecTHO, 4TO TITOCIe MyOonuKanuii tokiaga “Pdu-
3UKO-XUMWYECKNE OCHOBBI MOpQOJOoTMM” Ha He-
MenikoM (Koltsoff, 1928) u pycckom sizbikax (KomblioB,
1928, 1929), ocHOBHbIE UIeU MATPUYHOTO MPUHILIUIIA B
pa3BepHyTOM BHrae Hukomnait KoHcTaHTMHOBMY OITy0-
JINKOBAJI BITOCJICACTBUM B ABYX CTaTbsSX Ha PYCCKOM
s3pike:  “HacnemcrBeHHble Mosekyiabl”  (KoJblios,
1935) u “Ponp reHa B (U3MOJIOTUM Pa3BUTHUSL”
(Konbuos, 1935). OTu aBe paboThl OBLIM U3JAHBI HA
(dpaHIy3CKOM SI3BIKE B IIPECTIKHOM cepru DpMaHHA
(Hermann), B KOTopoii my0IMKOBaIUCh TPYIbl AJlb-
oepra DitHmTeitHa, Hopoepra Bunepa, I1Tbepa Kio-
pu, JIyu ne bpoiinsa, 2Kaka MoHO 1 ApyTuX aBTOPOB.
B mannoii cepum nmox o61mmM Ha3zBaHueM “I'eHeTnka
1 1poGaembl 3Boson” padotel H.K. KonblioBa
OBLIM U30aHBI B BUIIE ABYX HEOOIBIINX KHUT: “Physi-
ologie du de’velopment et genetique”, Paris, 1935; u
“Les mole’cules hereditaires”, Paris, 1939 (Koltzoff,
1935, 1939). OgHaKO 3TU KHUTH OCTAJIMCh He3ame-
yeHHBIMHU. [IpmumHOiT TOMY OBLIO, KaK cuynTaeT Mo-
paHX, OTCYTCTBUE aHIVIOSI3BIYHOM BEpPCUU 3THUX pa-
6ot (“These two books... were published in French,
and not translated into English”) (Morange, 2011). Mo-
parx ruieT: “O6e kauru [H.K. KonbloBa] conepxat
KJTIOUM K TIpeAcTaBJIeHUsIM 01o10roB B 1930-¢ ronbl, a
TaK>Ke TUIOTe3aM, MOJIEJISIM 1 HaOJTIOAeHUSIM, 13 KO-
TOPBIX B TIOCJIEAYIOIIEM BBIPACTET MOJICKY/SIpHAs
ouonorusi. OHU HOAalOT MOpPEICTaBICHHE O CaMOM
Konbsmose, o ero naesx u BKjaae B HayKy, a TaKXKe
MOKa3bIBAIOT MOJUTUYECKYI0O 0OCTAaHOBKY, B KOTO-
poii o padoran” (Morange, 2011). K aTomy Bpeme-
HU HCCICOOBAHUS XMMUKOB-OPTraHMKOB ITOATBEP-
IUIA BO3MOXHOCTh CYIIECTBOBAHMSI TUTAaHTCKUX
MoJIeKyJ, 4To yKpenuio runote3dy H.K. Konbsnosa o
remoHeMe (Kombios, 1935, 1936; Koltsoff, 1939). B
padote 1935 roga KoaploB moapoOHO paccKa3biBacT
0 TOM, YTO OH IIoJpa3yMeBaeT Mo MPUHIIMIIOM MO-
JIEKyJIa OT MOJIEKYJIBI, T.€. TEM IIPUHIIMIIOM, KOTOPHI
MOJIy4YUJI Ha3BaHWE MAaTPUYHOTO, OITUChIBAET €ro Kak
IIPOLECC POCTa KPUCTAJIJIOB IIPY HAJTUYNK KPUCTAJI-
JImueckoi pemreTk. M 3mech ke OH yKa3bIBaeT Ha TO,
YTO eMy ... ObUIO OYEHb IPUSITHO IIECTh JIET CITYCTSI
II0CJIE TOr0, KaK 3Ta ITMII0Te3a Obljla MHOM OIyO/IMKOBa-
Ha B HEMEIIKOM OMOJIOTUYECKOM KypHaJle, HalTU B pa-
o0ore Hemeukoro xumuka IltaynuHrepa Ty ke uaclo,
TMOBTOPEHHYIO B TeX e BbIpaxkeHusx” (LMT. mo: Huko-
nmait KoncrantuHosmd Kosbiios..., 2021, ctp. 140).

Bce xe Helb3sT yTBepKaaTh, 4TO paboThl Kobiio-

Ba He ObUIM U3BECTHHI, CKOpEe, OHU MaJIo LIMTUPOBa-
Jmck B 1920—40-e ronsl. Ho To, Kak 1 KeM OHU LIUTU -
pOBallUCh, CBUIETEIBCTBYET O CUJILHOM 3(ddeKTe
naert H.K. Komsmosa. Hampumep, .M. Punu B
OHTOTEHE3 Ne 1
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cHocke (Wrinch, 1936, p. 560) K cBOUM paccyKIeHU-
sIM O MOJIEKYJISIpDHOM TTpupoae (HyKJIEMHOBbIE KUCIIO-
ThI WJIX O€JIK1) MULIEJUISIPHOTO CTPOCHUSI XPOMOCOM,
IMUIIET, YTO ObLUTO ObI MHTEPECHO CPAaBHUTH ITOJIyUCH-
HBIE €10 3aKJIIOUeHUSI ¢ TeMM, uTo BhicKasan H. K. Koib-
noB (Koltsoff, 1928), (cMm. Wrinch, 1936, p. 560: “Itis in-
teresting to compare our conclusions with those ex-
pressed by N. Koltzoff in his paper Biologisches
Zentralblatt, 1928, 48, 345—369”]. [1o3xe YonauHr-
toH (Waddington, 1969) B 0630pHoii cTaTthe B Nature,
MOCBSIIEHHOI MccienoBaTesisiM 13 EBporbl, BHeC-
IIIMM BKJIaJ B IIPEILICTOPUIO MOJICKYJISIPHON OMOJI0-
Ty, TUIIET O KOHLEHIMM TeMOHEMBI, CCBUIASICh
nMeHHo Ha H.K. Konsosa (Koltzoff, 1939) u Punu
(Wrinch, 1936) (Waddington, 1969). Dpuct Maiip B
kaure “Poct omonormyeckoit meicim” (The growth
of biological thought: Diversity, evolution, and inher-
itance) (Mayr, 1982) nonpo6Ho paccMaTpuBasi UCTO-
PUIO pa3BUTHUS TEOPUHU I'eHA Y XMMUYECKOI IIPUPOIBI
HaCJIENCTBEHHOCTHU, JeJlaeT aKIEHT Ha TUII0Te3e
H.K. KonblioBa. 3. Malip oTnaeT naHb yBaXKeHUS U
pOCCHUIICKOI IIIKOJIE TE€HETMKM B IeJIOoM, KakK U
P. lonpaimmMuaT, W3BECTHEUINMI SBOJIOIMOHHBINA
ouoior XX Beka, apyxkuBiuuii ¢ H.K. KojabloBbIM CO
cryneHyeckux et (cM. Tompommmunr, 2021). Kpyr-
HeHIllMe 93BOJIOLIMOHHBIE OWOJIOIM, TaKue Kak
P. lonpmmvunar  (Goldschmidt, 1938, 1958) wu
C. Paiit (Wright, 1938) HeoqHOKpaTHO LIMTUPYIOT pa-
6otsl H.K. Konbliosa.

Hwuxonait Bragumuposny TumodeeB-PecoBckuit
ObLT TIOC/IeNOBaTe/IbHBIM MMPOBOAHUKOM WU MaT-
puyHoro nipuHuMia Koneiosa. C 1925 no 1945 r.
H.B. TumodeeB-PecoBckuii OB TPpUKOMaHIUPO-
BaH 110 pekomeHagauuu H. K. Konpuosa, B bepauH-
byx B UHcTuTyT nccnenoBanuii Mo3ra npu OO1e-
CTBe comeiicTBMsI HaykaMm mM. Kaiizepa Buibrensma,
KOTOPbIM PYKOBOAWJ U3BECTHBIN Bpay U HEHpOoaHATOM
Orro DorT, yyactBoBaBiwmii B iedeHuu B.W. JlenuHa,
a II03IHee B MCCISIOBAHMM €T0 MO3ra. DTa KOMaHI-
poBKa KpyTo u3MeHusa cyapoy TumodeeBa-PecoB-
ckoro. I1IpuexaB B ['epmaHuio B Bo3pacte 25 JIeT, OH
CTajJl BOOCJIEACTBUM IIPU3HAHHBIM CIHEIUAINCTOM B
obJiacTu TeHeTUKU U paguoobuonorum (Rokityanskij,
2005; Levit, Hossfeld, 2009; Rajewsky et al., 2016).
HccnepoBaHust mpupoabl MyTallnii, B TOM YHMCJIE pa-
JUALIMOHHOrO MyTareHe3a, IpoBoawInch TuMmodee-
BBIM-PeCcOBCKUM B CO3MaHHOM MM OTHEJIE TeHETUKU
n oumopm3nku B MHCTUTYTE MCCaemOBaHWIT MoO3ra.
OTU paboThl ObLUIM B ONpPEAEJIEHHON CTEIeHU Mpo-
JIoJpkeHreM uneu KoblioBa 0 MaTpuYHOM IIPUHIIM -
e, KOTOPBIM CTaju Ha3bIBaTh “KOHBAapMAHTHOI pe-
OyIJIMKalde HacaeacTBeHHbIX Moyekyn” (Timo-
feeff-Ressovsky, 2016; Inge-Vechtomov, 2016).

9. lIpenuHrep, aBTOP HEBEPOSITHO MOMYJISIPHOM
KHUTY “YTO TaKOE KM3Hb C TOUKU 3peHus pu3nkm?”’
(Schrodinger, 1944, nepeson: lpemunrep, 1947),
CBSI3BIBAJI MOSIBJICHUE TIOHSITUSI “HACJIeNCTBEHHBIX
MoseKyn” ¢ uMmeHeM Makca Jlenpoproka. M3BecTHO,
4yto B 1930-¢ rogsl JeapOpioK yacTo 00CyKmana CTpo-
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eHre reHoB m xpomocoM ¢ H.B. TumodeeBpM-Pe-
coBckuM (Tumodeen-Pecosckuii, 2009; Rajewsky
et al., 2016; Timofeeff-Ressovsky, 2016). B mepuon
pabotel B bepmuua-byxe Hukomait Bmagumuposny
Bomiesl B 3HaMeHUTHIN “Kpyr bopa” — HeOombIyIO
TPYNIIy M3BECTHBIX YYEHBIX, KOTOpPbIE COOMpaIUCh
oonryHo B Komrenrarene y Hunbca bopa nBa-Tpu paza
B TOI IJIsI OOCYXXIeHUs (pU3NMYECKUX M OMoJIorhde-
cKkux Tpob6ieM. Hukomalh BaaguMupoBUY akKTUBHO
COTPYIHWYAJI C KPYITHBIMU YY€HBIMU BCETO MUpa 10
npo0OJjieMaM reHeTUKH U paaguoouonoruu. B 1935 . B
“BectHuke I'eTTMHIreHCKOM AKageMuu HayK’ ObLIa
onyoJMKoBaHa 3HaMeHnTass padora H.B. Tumodee-
Ba-PecoBckoro, K.I'. lummepa u M. Jlenp6proka “O
MIpUPOAE TEHHBIX MyTallUii Y CTPYKTypa IreHa” , KOTO-
PYIO BIOCJCACTBUM CTaM HA3bIBaTh “3eJIEHOMN TeT-
panpio” (110 uBeTy 0010XK1) miu TZD (1o pamuiu-
sam aBTopoB) (Timofeeff-Ressovsky et al., 1935; Timo-
feeff-Ressovsky, 2016). B ar1o0if paboTe MyTarcHes,
BBI3BAHHBIN X-JIydaMu, OOCYXKIaJicsl, B YJACTHOCTH, B
KOHTEKCTe “reHHbIX MoJieKyJ1”. B yBieuenuu Tumode-
eBa-PecoBckoro 3Toii mpo0yieMoil 1 MCITOJIb30BaHUU
pagualiMOHHOTO MyTareHe3a B KaueCTBE METO/a IPo-
caexuBaroTcsa uaen H.K. KomnbunoBa. MHTepecHO,
YTO B OTOM CTaThe TPU ITOApasaeia, KaxKIblii U3 HUX
HamucaH OIHUM aBTOPOM, U B TPEThEM paszelie, Ha-
nucaHHoM M. JlenbOpioKoM, MToJIMMEpPHas Mpupoaa
TEHOB ellle IOABEPraeTcs COMHEHMIO: “ MBI OCTaBIISI-
€M OTKPBITBIM BOIIPOC O TOM, SIBJISIETCS JIM MHAWUBUIY-
AJTbHBIN T€H MOJIMMEPHOI CTPYKTYPOil, 00pa3oBaHHOMI
MMOBTOPEHUEM WIECHTUYHBIX aTOMHBIX CTPYKTYp, WA
Ke OH He MpogBIIsieT Takoi nepuomuyHoctu” (Timo-
feeff-Ressovsky et al., 1935, p. 226, nmepeBom aBTopa).

ITocne Beixona B cBeT “3esieHOM TeTpagu” ObLIN Op-
raHM30BaHBI MEXKITyHAPOIHBIE CEMUHAPHI 10 TEHETHKE,
KOTOphIe moauepuBanuch PokdemrepoBckum PoH-
JIoM. YyacTHUMKaMM 3TUX ceMuHapoB Oblu I. Meep,
Hx. Xonnmeitn, M. Jenpopiok, C.JI. JapauHITOH,
P. ®uiep, H.B. Tumodees-Pecosckuii, b. Ddpyc-
cu (onuH u3 yueHukoB H.K. KoiblioBa, yexaBuiux Bo
®dpanuuio) (Timofeeff-Ressovsky, 2016). B 1938 1. Ha
OOHOM U3 TaKMX CEMUHApPOB, KOTOPBIA IIPOXOOWUI B
r. Cna (benbrusi), BCTynmuTeAbHbIE JOKJIAAbI CACTATIN
I. Memnep nu H.B. TumodeeB-PecoBckuii. OcHOB-
HOIT TeMOIT 3TOI BCTpeUYM OBIIIO OOCYKIESHME CTPOE-
HUS TeHa U KOHBapUaHTHAas peayruiiKaiusl Hacjiea-
CTBEHHBLIX MOJIeKyl. TpymHO TIIpenaCcTaBUThb, 4YTO
YYaCTHUKHU 3TOrO0 CeMUHapa He ciblmain oT Huko-
nasg BunagumupoBudya TumodeeBa-PecoBckoro o
matpuyHoit runore3e H.K. KojbloBa, cTonb 61m3-
KOif K 00Cy:XmaeMoit TeMaTHhKe.

K nauvany 1940-x rogoB Bce ocTpee BCTaBall BO-
MPOC O NMIPUPOE MOJIEKYJT HACJIeACTBEHHOCTHU. B cBsi-
31 C BO3pACTAIOIIMM UHTEPECOM K 3TOI Tpobieme
MHOTHE UCCea0oBaTe/M CTAIUM U3y4aTh MEXaHU3Mbl
pa3MHOXeHUs 0akTeprnodaros. Psg yaeHbIX 00BbeIn-
HWIKCh B TaK Ha3blBaeMylo “aroByro rpynmy”’, KO-
topyto Bosrassuiu C. Jlypua u M. JleapOpiok. B
1944 r. B 3TOI 061acTU OBLIO CAETAHO BbIAAIOIIEECS
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otkpeiTre. 1. OBepn, O. MakJleon m M. MakKaprtu,
U3y4yaBIllIne pa3MHOXeHUE 0aKkTepruodaroB u IIpupo-
Iy TpaHchopMmupyloero ¢gakropa, mokas3ajiv, 4To
IIpu TpaHC(hOPMALIIU POJIb TEHETUISCKOTO MaTepura-
na BeinosiHsgeT JJHK (Avery et al., 1944). 3apaxeHue
OakTepuM IIPOUCXOIUT 3a CUET IIPOHUKHOBEHUS (Pa-
roBoii JIHK. D10 oTKpBITHE MPUHIINITMAIIFHO M3MEHU -
JIO B3IJISIIbl HA MIPUPOY T€HETUYECKOro MaTepuaa; y
HCceIoBaTeIeii MOSIBUJIACH 10KA3aTeIbCTBO TOTO, YTO
MOJIEKyJToi HacnencTBeHHocTH sBistercst JITHK.

Nzyuenmem crpykrypsl JHK 3amHTepecoBanmch
bu3uKu, XUMUKU, Kpuctasuiorpadsl. JIBa roga nH-
TEHCUBHBIX PEHTTCeHOCTPYKTYPHBIX WCCIIeIOBaHMIA
JHK B AHTIIMM 1 HEOTHOKPATHBIX ITOITBITOK ITOCTPO-
WUTh IPOCTPAHCTBEHHYIO MOMACIb 3TON MOJEKYJIbI
npuBern . Kprka K mmee caMOpeIuIMKaluy TeHOB.
OTa umess — MOATBEPXIeHNE MaTPUIHOM THITOTE3bI
H.K. Koabnosa. JIx. Yorcon B 1968 r. mucan: “B
Kpyrax T€HETUKOB TEOPETMYECKOTO CKiama, 3amH-
TPUTOBAHHBIX TTPOOIEMOI YIBOCHUS TeHa, OHa [TH-
roTe3a caMOpeTIMKallMK]| LUPKYJIUpOBaja yxe JeT
TpunanaTh. CyTh €€ COCTOsUIa B TOM, UTO IJIST YIBOE-
HUs TeHa TpebyeTcsl 00pa3oBaHre KOMILIEMEHTapHOM
(HeraTuBHOIT) KOIMuU, hopMa KOTOPOit COOTHOCUTCS C
WCXOTHOM (ITO3UTUBHOI) MOBEPXHOCTHIO, KaK KITIOU C
3aMKoM. KoMrmuiemeHTapHast (HeraTuBHas1) KOs Oy-
JIET CIIY>KUTh B KAUeCTBE MaTPULIbI JUIS CHHTE3a HOBOM
(rmo3utuBHOIT) Koruu” (Watson, 1968).

B utore ®pencuc Kpuk, /Ixeitmc YorcoH, Poza-
smHa @pankiauH, Mopuc YwikuHc, Paiimonn TIo-
ciuHr v Jlaitnyc IToauHr (mocTpouBIIUit TpOMEXY-
TOUHBIII BapuaHT TpouHoi crnupamm JIHK), mpu
nonnepxke JloypeHca bpera, DpBuna Yapradda n
Makca Ilepytua B TedyeHHue TpeX JieT (HEBEPOSITHO
KOPOTKHUI CPOK) CMOTJIM IIPOMTU TOT OYCHb ITUH-
HBI MyTh, KOTOPBI YCIOBHO MOXHO pa3de/iuTh Ha
Heckoiibko 3tanoB (cMm. Fuller, 2003; Klug, 2004):
a) MoJIy4deHue IepBhIX AudpakiinoHHbIX KaptuH JHK,
KOTOPbIE€ YKa3bIBaJIM HA KPUCTAJUIMYECKOE COCTOSTHHE
atux Mojekyn (1950 r., P. Tociuar u M. YunkuHc);
0) mepBHIi PEHTTeHOCTPYKTYpHBEI aHamm3 JHK,
CBUETEIbCTBYIOLINI O CIIUPAIbHON CTPYKTYpPE 3TUX
MOJICKYJI, KOTOpbIe (POPMUPYIOT CHUPAIb: JBOMHYIO
uiu TpoiiHyto (1951 r., P. @paHKIUH); B) TOCTPOESHNE
nepBoit monemu JIHK — TpoiitHoii crimpamu (1952 r.,
JI. IlonuHr); T) JoKa3aTeJdbCTBAa KOMILJIEMEHTapHO-
CTH IIyPUHOBBLIX U IIMPUMUIVMHOBEIX OCHOBAaHUII B
crmmpayi JIHK Ha ocHOBe M3BECTHBIX paHee IpaBUl
B. Yaprappa (1952 r., 3. Yaprapdp, ®. Kpuk u
. YorcoHn); o) nonydyeHue 1udpakiMOHHON KapTu-
HbI ogHOoM 13 hopm IHK (B-dopmbr), KoTopas geria
B OCHOBY OKOHYATEIBHON MOMEINU B3TOH MOJIEKYJIbI
(1952, 1953 1., P. ®paHKiIMH); €) MOCTpOeHUE OKOHYA-
TEJIPHOTO BapWaHTa Mouein aBoifHoi crmpamm JHK
(beBpansb 1953 1., [. Yorcon, ®@. Kpuk).

KoHeuHo, ImyTh OT BbICKAa3aHHOI BIIEpBbLIE UACHU
matpuuHoro npuHuuna H.K. KonblioBa 1o moctpoe-
HUS Moaeau aporiHoit cimpanm JIHK mmHoit 25 net He

OBLI IIPOCTHIM, HO 3aXBaThIBalOIe MHTePeCHBIM. I10-
cJie OTKPBITUS ABOMHOI ciupanu B 1953 1., B obnactu
n3yyenus JJHK miporicxonuino MHOTO COOBITUI, pa-
JIVKAJIbHO MEHSIOIINX HAIIM IIPEICTaBICHUS O Ipa-
HUIIaX BO3BMOXKHOTI'O WJIY IOMYCTHMOI'O BMeIIaTe/IbCTBa
B T€HOM. DTO, B YaCTHOCTH, OOHApYyKeHIIe MOOMIHLHBIX
BJIEMEHTOB B T€HOME, CalT-CIen(pUIeCKil MyTare-
He3, CCKBEeHUPOBaHME TeHOMOB COTEH OPraHU3MOB, pe-
JAaKTUPOBAaHWE T'eHOMA, MEPCIIEKTUBBI TeHOTEpaiy 1
MHoroe apyroe. CylecTBeHHO, YTO “KapTUHa Mupa”,
MoJyYeHHas MpU U3y4YeHUM T€HOMa, NOIIOJHSIETCS U
YCIIOXKHSIETCS SIUTeHETUYECKIMI MEXaHN3MaMU Pery-
JISILIMA OHTOT€HE3a U IIPOIIECCOB XKU3HENESITETbHOCTH.
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From N.K. Koltzov’s Principle of the Template to the Double Helix of DNA

N. D. Ozernyuk*
Koltzov Institute of Developmental Biology, ul. Vavilova 26, Moscow, 119334 Russia
*e-mail: ozernyuk@mail.ru

The idea of the template principle for the hereditary molecules replication “Omnis molecula ex molecula”, is
one of the most significant predictions of N.K. Koltzov. This idea was practically not supported and under-
stood by his contemporaries, probably due to an idea about the protein nature of hereditary molecules that
existed at the time. The development of molecular genetics, discovery of DNA, and construction of the DNA
double helix model confirmed the template principle of hereditary molecules replication.

Keywords: template replication, heredity, DNA, Koltzov
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B cTatbe paccMOTpeHBI ITyOJIMKALUY HOCAEIHUX JIET M0 (OPMUPOBAHUIO TAJIJIOB HA JIMCTHSIX LIBETKOBBIX
pacTeHuii, 3apaxkeHHbIX YeThipexHorumu Kieiamu (Acariformes, Eriophyoidea). Micrioab3oBaHbl 1uTepa-
TypHBbIE TaHHBIE 10 HECKOJILKUM ITapaM ITapa3uT—XO03sIMH, IOCKOJILKY HET YHUBEPCAJIbHOM MOIEIBLHON! CH -
CTEMBI [UISI 9KCIIEPUMMEHTAJbHOTO aHa/IM3a 3TOU MpoobaeMbl. [ajutoreHes mpeacTaBiisieT COO0M CI0XHYIO
POCTOBYIO peaklinio, KOTOpask MIPOUCXOAUT B TKAHSIX JIMCTA IO/ BO3AEUCTBUEM CIIOHBI Kiela. PaccMmoTpe-
HBbI JaHHbIE O BO3MOXHOCTH Mepeaadyr GUTOrOPMOHOB U CUMOMOTUYECKUX MUKPOOPIaHU3MOB OT Mapas3u-
TOB K TaJJIOO0OpAa3yIOLIUM PACTEHUSIM, OMHAKO BaXKHbII BOIIPOC O IMIPUPOE aT€HTOB, MHIYLIUPYIOIIUX KJIe-
LLIeBbIE rajulbl, IOKA OCTAeTCsS OTKPHITHIM. B mocienHue roabl JOCTUTHYTHI YCIIEXU B U3yUYEHU U SKCIIPECCU U
TEHOB B XOJI¢ Pa3BUTUSI TAJJIOB Ha JIMCThIX 3eMJISTHUKU. /11 KJIeleBbIX FaJJIOB XapaKTEPHO MPUCYTCTBUE
MUTATEJbHOM TKAHU, U MPEACTABISIIOT MHTEPEC CPABHUTEIbHO-IIUTOJIOTUYECKUE U MOJICKYJISIPHO-TEHETH -
yecKue UCCIeqoBaHus ee pa3BUTUsI U auddepeHIMpoBKU. HeoOXoouM TakKe aHaIU3 PO U TUHAMUKU
M3MEHEHUI KIJIETOYHOI mposrdepalluy B XOJA€ TajjloreHe3a, IMOCKOJbKY IIMPOKO PacIpOCTpPaHEHHBIC
MpeacTaBieHUsI 00 aKTUBAIIMM KJIETOYHBIX ASJICHUI HAa pAaHHUX 3Tanax (OpMUPOBaHUs rajUIOB 6a3UpPyIOT-
Csl JIMIIIb HA KAYECTBEHHOM OlIeHKe, 0e3 KOJIMUYECTBEHHOTO yueTa ACISIIMXCS KIETOK.

Kuiouesbvie crosa: rannoreres, muddepeHIMPOBKA KIETOK, MHAYLIMPYIOLIUIA CTUMYJI, ITMTATeIbHAsI TKAHb,

npoaudepanus KJIeToK, apasuTu3M
DOI: 10.31857/S0475145022010037

BBEAJEHUWE

PactutenbHbIe TAIBl — 3TO CHELMATM3UPOBAH-
HbIE CTPYKTYPbI, HOSBIISIIONINECS HA pACTCHUSIX B OT-
BET Ha BO3ACUCTBUSI pa3IUYHBIX ITapa3vUTOB, TaKUX
KaK pacTUTEJIbHOSIAHbIE HACEKOMBIE, KJIEIIN U HeMa-
TOIBI, BUPYCHI, OakTepnu, rpudbl (Sinnott, 1960; Ra-
man, 2011; Chetverikov et al., 2015; de Lillo et al.,
2018; Ferreira et al., 2019; Harris, Pitzschke, 2020 u op.).
AHaJIN30M TaJJIOB 3aHUMAIOTCS MHOTHE MCCieIoBaTe-
JIW, HO Yalle BCcero 60TaHWKU, 300J10TH, S3HTOMOJIOTH,
MapasuToIor 1 3Kojioru. HecMotpst Ha Hamnure 06-
IIUPHOI JIUTEpaTyphl IO TIpOLiecCy TallIoreHe3a, OH
penKo mpuBJieKaeT BHUMaHUE CHEIUAIUCTOB MO OMO-
JIOTUM pasBUTUSI. MexXny TeM MHOYLUPOBAHHBIE KV-
BOTHBIMU rajutbl (CMHOHMM: 300LELMANN) “UMEIOT IO~
CTOSIHHYIO U XapaKTepHY0 (hopMy, pa3Mep 1 CTPOCHHE
Y VIM TIPYCYILA JOBOJIBHO 3HAYUTEIbHAS TUCTOIOTYE-
ckast muddepeHIInpoBKa... B GonbIMHCTBE CiydacB
JIJISI HUX XapaKTepeH KaKOM-TO OIpeaeIeHHbIN Mepuoz
PAa3BUTUSI, WM KU3HEHHBIN LUK, CBI3aHHBINA C IIUK-
JIoM pa3BuTus mapasuta” (Sinnott, 1960, p. 283).

B HacrostieMm o0630pe TIpeanpuHSTa ITOITBITKA
paccMOTpeTh MHOYKIWIO KJIEIIEBOro TajuloreHe3a
Kak TIpo0JieMy OMoiornu pa3BuTHs. 1 3TOro Mel, B
YAaCTHOCTU, IIPUBJIEKAEM HEKOTOpPbhIE KJIAaCCUUYCCKUE
MyOJIMKAIIM T10 UCCIEIOBAHUIO MEXKIETOUHBIX B3aM-
MOJIEICTBMIA B OHTOTeHe3e XXUBOTHEIX (Toivonen et al.,
1976; De Robertis, Kuroda, 2004), mocKoJbKy Hau-
OOJIbIIINE YCIIEXW B U3YUYEHUM MHIYKIIMOHHBIX ITIPO-
LIECCOB OBLIM TOCTUTHYTHI UMEHHO B 00JIAaCTH 3KCIIE-
PUMEHTaILHOM SMOPUOJIOrMM XUBOTHBIX. DTO Kaca-
€TCsI TaKMX aCIeKTOB, KaK F€HETUYECKUII KOHTPOJIb
SMOPUOHANIBLHON MHAYKIINU, MASHTU(MUKALINS UHIY-
LIPYIOIIMX MOJIEKYJI U CIIOCOOBI Iepeaadyr MHAYII-
pyoolux cTtuMyjoB. Pa3zymeercst, mpolecChl Kje-
TOYHOM MTndPepeHINPOBKU U MOopdoreHe3a y BbIC-
IIMX pacTeHU MMEIOT CBOW crenuduky. Tem He
MeHee, MPU B3aMMOJEMCTBUU PACTEHU U Mapas3u-
TUUYECKUX YWICHUCTOHOTUX CTUMYJIbI, MOOTU(ULINPY-
IollIMe TIPOrpaMMy pa3BUTHUSI PpaCTCHUSI—XO3sIMHA U
VHAYLUMPYIOIINE TajyIoreHe3, UCXOISIT OT OpraHu3-
Ma XXMBOTHOTO.



10 JECHUIIKWU, YETBEPUKOB

Puc. 1. CrpoenHue rajutoBbix Kiienieit Ha mpuMepe camku Phyllocoptes bilobospinosus (KoH(MOKaIbHas Ta3epHasi CKAHUPYIOIIAS
Mukpockonusi). O6o3HaueHus: AJl — aHaybHas jomnacTh, [ — rHaTocoMa (MIIOBUIHBIE XEIUIIEPhl BBIBEPHYTH BBepX), 'K —
reHuTajbHast Kpbiika, 11 — nop3anbHblii 1iuToK, OIT — onucrocoma, MOKPHITast KOJIbLEBUIAHBIMU KYTUKYISIPHBIMU CKJIa/1-

kamu (mo: Chetverikov et al., 2019).

T'ayutel MOTYT OOpPa30BBIBAThCS HAa CAMBIX Pa3HBIX
YacTsSIX pacTeHUsl, OJHAKO Mbl OrpaHUYMBAEMCS B
STOM CTaThe PacCMOTPEHHUEM ITyOJIMKAIIUIA IT0 KJTe-
IEeBBIM TaJJTaM, WHIYIIMPOBAHHBIM TOJBKO Ha JIM-
CThsiX. TpaAUIIMOHHO Yallle U3yJYalu JIMCTOBbIC Tall-
JIBI, pa3BUBAOIIMECS Ha PAaCTeHMSX, 3apaskeHHBIX
HaceKOMBIMU. OIHAKO HEPEIKO B 0030PHBIX CTATHIX
mo atoii TeMe (Hanpumep, Raman, 2011, 2021; Fer-
nandes et al., 2012; Gétjens-Boniche, 2019; Miller,
Raman, 2019) aBTopsl paccMaTpuBalOT B OAHOM KOH-
TEeKCTe AaHHBbIE IO TajjaM, WHIYLIUPOBAaHHBIM HeE
TOJBKO HACEKOMBIMU, HO 1 YETHIPEXHOTUMU KJIeIa-
MU (BpeIOHOCHBIMH BUIIAMY C BEICOKOI 9KOHOMMYE-
CKOIi 3HAYMMOCThI0). [103TOMY B OTJIMUME OT YIIOMSI-
HYTBIX 0030pOB, B KOTOPBIX KJICIIEBbIM TajljlaM yjie-
JISUIOCh MUHMMAJIbHOE BHUMAaHHWE, MBI OOCyKIaeM
MPEUMYIIECTBEHHO JIUTEpaTypy IO TajUIoTeHe3y Ha
JIMCTBSIX, 3apa’K€HHBIX YETBIPEXHOTMMM KJIeIllaMMu,
HO TIPY 5TOM TaK3Ke MCITOIb3yeM HEKOTOPBIC BaXKHBIS
JNaHHbIE TIOCJIEIHUX JIET MO Pa3BUTUIO FAULJIOB, UHIY-
UPOBAaHHBIX HaceKOMbIMU. C Npyroil CTOpOHHI, B
0030pax Mo B3aMMOAEHCTBUSIM PACTECHUI C YEThIPEX-
Horumu kiemamu (Petanovié, Kielkiewicz, 2010a,
2010b; Chetverikov et al., 2015; de Lillo et al., 2018)
aBTOPHI CTPEMIUTMCHh OXBATUTDh BCE aCTEKTHI KJIeIe-
BOTO raJlyIoreHe3a U BO3MOXKHO I10 3TOU MPUYKMHE TT0-
YTU HE WCIIOJb30BAJIM JIUTEPATYPY IO TaJlTooOpasy-
FOITTTM HACEKOMBIM.

KPATKAA XAPAKTEPUCTHUKA
YETBIPEXHOI'MX KJIELLIEN

lannoBbie kjemu, win spuoduounaeu (Acari-
formes: Eriophyoidea) — abeppaHTHas rpyIina MUK-

pPOCKONMYECKUX aKaprupOpMHBIX Kieleir (puc. 1).
OHU MMEIOT BBITSHYTOE YepBeoOpasHoe TeJslo, MOo-
KPBITOE KOJBIIEBBIMHM CKJIAIKaMHM, KOJIOIIE-COCYy-
WA POTOBOM amIapaT W TOJBKO IBE Iapbl XOAWIb-
HBIX KOHEYHOCTEH, IMOITOMY MX YacTO Ha3bIBAIOT
“yerpipxHoruMu” (four-legged mites). DT ocobGeH-
HOCTHU CTpOEHUs 3puodronIeit CBI3bIBAIOT C agall-
Taluyei K ¢puronapasuTUMy U MUHMUATIOpU3alUeit
(Nuzzaci, Alberti, 1996). Pasmepsl aproduonneit B
cpemHeM Haxomsatcs B npenenax ot 200 mo 300 Mmxm, a
MeJTbuaiiiiiie MpeacTaBUTE N He MpeBbIaoT 90 MKM B
nnuny (Polilov, 2015). HecMoTpst Ha CBOM MUKPOCKO-
MYeCKNe pasMephl YETHIPEXHOTHE KIIEITW WTPaioT
BaXXKHYIO POJIb B 9KOCUCTEMAaX, BHOCS CYILIECTBEHHBIM
BKJaJd B PEryjsiiui0 KOJMYECTBEHHOIO M Kaye-
CTBEHHOTO (CTPYKTYpPHOIO) cocTaBa (pUTOLIEHO30B
OJlarogapsl ClOoCOOHOCTU 3pUOodUOUIE BBI3ZLIBATH
YIrHETEHUE pOCTa PACTEHU, a TAKXKe MHAYLIMPOBATh
rajuioreHes (Cyxapesa, 1992; de Lillo et al., 2018).
IMocnennue paboThl mo ¢duiaorenun Acariformes
(Bolton et al., 2017, 2018; Klimov et al., 2018), rmoka-
311, 4TO 3pUo(pHONIeH MMEIOT OOIIMX MPEIKOB C
JIpeBHE rPyINoil MOUBEHHBIX YePBEOOPA3HbBIX Kie-
meii-Hematanuuua (Nematalycidae) u, BeposiTHO,
nepenumim K durodarun depe3 IIPOMEXYTOUHYIO
CBSI3b C MUKOPHU30 BBICIIUX PACTECHUIA.

B Hacrosiee Bpemst u3BectHo nopsigka 5000 Bu-
JIOB TaJUIOBBIX KJICIIIC, HO TIPEIoIaraloT, 4YTo 60Ib-
1asi 4aCTh MUPOBOI'O pa3HooOpa3us apudououaeci
JIO CUX ITOp He OMHUCaHa, a o0llee YMCIO BUIOB OLle-
HuBaetcsd npumepHo B 50000 (Amrine et al., 2003).
Opgnako Juib npuMepHo 500 BugoB (okoso 10% ot
O01IEro YKciia) UHAYLIMPYIOT (pOopMUpOBaHUE TaLIOB,
TOIIa KaK JApyrue BUABLI 3pMOMHUONACH TaAKOM CIToco0-

OHTOI'EHE3 Ne 1

TOM 53 2022
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HOCTBIO He 00J1aJal0T 1 YaCTO KUBYT Ha PACTEHUSIX OT-
kpbITo (Michalska et al., 2010; Chetverikov et al., 2015;
de Lillo et al., 2018). Kiemu cnocobHbl 006pa30BbI-
BaTh TaJJTBI Ha BCEX HA3€MHBIX HE TMMOKPBITHIX KOPOit
JacTsSIX pacTeHUI, HO HAanboJIee YacTo ITOpaXkatoT JIv-
CTbsl. XOTS TOIBITKM KJIaCCU(PULIMPOBATh pa3idd-
Hble TWITBI JINCTOBBLIX Ta/UIOB HPEAITPUHUMAINUCH
MmHorokpartHo (Nalepa, 1929; Keifer, 1975; Westphal,
1992; Westphal, Manson, 1996; Chetverikov et al.,
2015), Ha maHHBIIT MOMEHT HET €OVMHOM MPUHSATOMN
BCEMMU CIlelIMaJIncTaMu Kiaaccugukanuu. B kadectse
OCHOBHBIX KJIaCcCU(PUKALIMOHHBIX KPUTEPUEB OOBIU-
HO paccMaTpUBaIOT TaKue MPU3HAKU rajuloB KaK UX
BHEITHUM BUA 1 (popMa, LIBET U JIOKAIU3alMsI Ha pac-
TeHUU. [10CKOIBKY 11 MHOTHUX TaJllIOB 3pUO(MUONI -
HBIX KJIelleil XapaKTepHO HaJImyre pa3HOOOpPa3HBIX
TPUXOM, (DOPMUPYIOIITUXCS IO BO3AECHCTBUEM CITIO-
HEBI KJICIIEi B Tajie, TO YacTO JJISI pa3jIndeHUs TUIIOB
raJuIOB UCHOIBL3YIOT (pOPMY TPUXOM (BOJIOCOBUIHBIE,
rojioByaThbie, OyJ1aBOBUIHbBIEC U 1p.). Ha TuCThsIx npe-
BECHBIX paCTEHUI KJICIIIY BEI3BIBAIOT CJICAYIOIINE OC-
HOBHbIE TUNBI TA/UIOB (puUC. 2): MELIKOBUIHBLIE U
POXKOBUIHBIE TaJUTbl, BOMJIOUKH (He3aMKHYThIE Tal-
JIBI, XapakKTepu3ymolnrecs (POpMUPOBaHUEM 00JIaCTU
JINCTA, TJIOTHO MOKPBITOM TpHMXOMaMM, CBOeOoOpas-
HBI “TPUXOMHBI KOBPMK™), 3aKpyuyMBaHUsI Kpas
JIMCTA, XWIKOBBIE TaJUlbl, a TaKXe MapeHXMMAaTO3-
HbIe TAIBI (B 3TOM cllydae KJIEIIW BHEIPSIOTCS MO
BIUIEPMY U BbI3BIBAIOT HEKPOTUYECKME U3MEHEHUS
MapeHXUMBbI).

YMEeCTHO OTMETHUTh, YTO BO BKJIIOUAIOIIIEM CBBIIIIE
MUWJIJIMOHA BUIOB Kilacce HaceKombix (Insecta) Ha-
CUNTHIBACTCS 110 JAHHBIM pPa3HBIX aBTOPOB OT 13 1o
211 ThIcsY rannoobpasytoiux BuaoB (Stone, Schon-
rogge, 2003; Hardy, Cook, 2010; Takeda et al., 2021).
Takue HacekOMble BCTpPEYaAIOTCSd B LIECTU OTpsiax,
MpuyYeM vaile Bcero B orpsine Diptera (B ceMeiicTBe
Cecidomyiidae) u B orpsime Hymenoptera (B cemeii-
ctBe Cynipidae). CnocoOHOCTh MHAYLIMPOBATh raji-
JIOreHe3 BO3HMKajla B KJacce HACEKOMBIX MHOTO-
kpatHO 1 He3zaBucuMo (Hardy, Cook, 2010; Miller,
Raman, 2019; de Araujo et al., 2019; Takeda et al.,
2021), Tak Xe, KaK U B pa3HbIX (PUITOTeHETUYECKUX
JuHusx rauioBbix kieiieit (Chetverikov et al., 2021).

KPATOE OIITMCAHUWE I'AJIJIOTEHES3A,
NMHAYINUPOBAHHOI'O YETBIPEXHOI'MMHA
KJIEINAMHW HA JIMCTBAX
IBETKOBBIX PACTEHUUA

Het yHuBepcanbHOIl MOOETBLHON CUCTEMbBI IS
aHaJIM3a KJIEIIEeBOTO TaJUIOreHe3a Ha JIMCThsx. Pa3-
HBIE aBTOPHI M3Y4YaJIi pa3HbIe aphl ITapa3uT—XO03sIUMH
M3 Pa3HbIX KJIMMATUYECKHUX 30H 3€MHOTIO IlIapa: yMe-
pennbiit kumat (Kendall, 1930; Kane et al., 1997), cy6-
tporuku (de Lillo et al., 2020), Tponiuku (Moura et al.,
2009).

OTHOCUTEIBHO IIOAPOOHO OMNMCAH TaJlJIOTeHE3,
WHOYLIMPOBaHHBIN KiemoM FEriophyes laevis Nalepa

OHTOI'EHE3 Ttom 53 Nel 2022

Ha IBYX BHUIAX eBpoIleiickoil onbxu Alnus glutinosa
(L.) Gaertn. u Alnus incana (L.) Moench. (Betulaceae)
(Kane et al., 1997), a Takke kiewiom Aceria lantanae
Cook Ha HEOTPOIMMYECKOM BEUHO3EJIEHOM KYCTapHUKE
Lantana camara L. (Verbenaceae) (Moura et al., 2009).
B 000ux cityyasix HadaJbHEIC 3Tallbl TAJJIOTeHEe3a CO-
MPSDKEHBI ¢ aKTUBHBIMU KJIETOYHBIMU JISJICHUSIMU B
SIMIepMe U mapeHxuMe Jmcta. Ha abakcmanpHOM
CTOPOHE JIMCTOBOM IMJIACTUHKU IIPOUCXOIUT MHBAT M-
Halls U B pe3yjbTaTe (opMUPYETCS MEITKOBUIHbBII
raian (Kane et al., 1997). I'annoBas kamepa, B KOTO-
pOIii IPOMCXOOUT pa3MHOXEHNE M pa3BUTHUE KIICIICH,
BBICTJIAHA MUTATEJIBHOM TKAHBIO, CITyXKallleil TIpSIMbIM
WCTOYHMKOM NUIM misi napasutoB (Moura et al.,
2009). OgHako HEOOXOIMMO OTMETUTD, YTO B YITOMSI-
HYTBIX CTaThsIX (KaK, BIIPpOYeM, U B paboTax Mo aHa-
JIN3Y rajuioreHe3a, MHIyLIMPOBAHHOTO HACEKOMBIMU)
He IIPOU3BOIMIIN KOJIMYECTBEHHOTO y4YeTa JIe/IsIInX-
cd KJIeTOK npu (POPMUPOBAHUM JIUCTOBBIX TaJLJIOB.
ITosTOMy, K COXaJleHUIO, B HACTOsIee BpeMs elle
HUYETO HENb3sl CKa3aTh O IMPOAOKUTEIBHOCTU KJTe-
TOYHBIX LIMKJIOB (2 BO3MOXHO TaKKe U O JUHAMUKE
WX U3MEHEHMIA) B XO[I¢ PA3BUTHS JINCTOBBIX TajljioOB,
WHIYLPOBAHHBIX 3pMO(GUONIHBIMU KJICITAMMU.

OkoJo 50 et ToMy Hazall Ha HECKOJbKMX CUCTe-
Max JJIs U3yYeHUsI KJIEIEeBOro TaJJIoreHe3a Obljia mo-
Ka3aHa MOJUIIOUIU3ALUS sSIep KIETOK ITUTATEIb-
HOI1 TKaHU B JIMCTOBBIX rajijlax pacTeHUii-X03s1eB (pac-
TeHust ponoB Alnus, Campanula, Prunus, Ulmus n np.;
KJeuu ponos Aceria, Eriophyes, Phytoptus) (Hesse,
1968, 1971a; Westphal, 1974). OnHOBpEMEHHO C 3TUM
MOJIMIUIOMAHBIE SApa ObUIM OOHApYy:KEHBI TaKXkKe B
KJIeTKaX MUTATeIbHO TKaHU JINCTOBBIX TajIOB, UH-
nyuupoBaHHBIX HacekombiMu (Hesse, 1968, 1971b,
1972). OmHako u3 60 n3ydeHHBIX B padbotax M. I'ecce
nap “LBETKOBOE pacTeHUEe—ITapa3sUTUIECKOE YWICHU-
CTOHOTOE” TIOJUILJIOUAHBIE siApa B KJIETKax TajlioB
OBLIM YETKO BBISIBJIEHBLI TOJILKO B ciaydae 26 map. B
25 mapax pe3ynabTaT OBIT OMHO3HAYHO OTPHUIIATEIIh-
HbIM, a B 9 mapax — MpeanoaoXuTeIbHO OTpULIATEIb-
HbeIM (Hesse, 1968). K coxkaneHunto, B MOCIeIyIOIINE
roJbl TIEPCIIEKTUBA AaJbHENIIIEero N3y4eHus IOJIUII-
JIOUAVU Y KJIETOK TAJIJIOB, UHAYLIMPYEMBIX KJCIIaMU
WJIM HACEKOMBIMU, He IIPUBJIeKajla BHUMAaHUE UCCIIe-
JIoBaTeeit.

Hawnb6Goiee 06CTOSATEIbHBIM aHAJIM30M KJICILIEBOTO
rajuioreHes3a 0 CUX IMOop OCTAETCS MHOTOJIETHSISI ce-
pMsi ucclieloBaHUii, TpoBedeHHbIX Bo MOpaHUMU
E. Bectdans u ee xoiuteramu (Westphal et al., 1981,
1990; Westphal, 1982, 1983, 1992; Bronner et al.,
1989; Westphal, Manson, 1996 u ap.). DTu aBTOPBI
KyJbTUBUPOBAJIM MHOTOJIETHUI  TTOJYKYCTapHUK
nacjeH cjlaaKo-ropbKuii Solanum dulcamara L. (So-
lanaceae) B yCITOBUSIX JIJAOOpATOPUU WV OpaHXepeu
U 3apaxkayiu paCTeHUs1 3pUODUOUTHBIM KJIEIIOM Ace-
ria cladophthirus Nalepa. DKcnepuMeHTaILHOE HC-
cliegoBaHue ¢ ucnoib3oBaHueM 240 MOJIOABIX pacTe-
HUI nacjieHa, KaX10e U3 KOTOPbIX ObLIO B BO3pacTe
3—4 genens 3apaxkeHo 20—50 rayutoBEIMU KJIEIIIAMH,
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Puc. 2. HekoTophble pacripocTpaHEeHHbIE TUTTbI TMCTOBBIX TaJUIOB, BbI3bIBa€Mble 3pMOMDUOMIHBIMY KJIeIaMU. (2) — 3aKpyuuBa-
HUe Kpasi iucta Ha Oyke Fagus sylvatica, Bbi3biBaeMoe KielioM Acalitus stenaspis Nalepa; (0) — MEIIIKOBUIHbBIE Ta/UIbI HA OJIbXE
Alnus incana, BI3pIBaeMbIe KitellioM Eriophyes laevis Nalepa; (B) — XXUJIKOBBIe TajuTbl Ha tucte rpaba Carpinus orientalis, BbI3bI-
BaeMble KieoM Aculops macrotricus Nalepa; (r) — mapeHXrMMaTo3HbIe (OJISIIKOBUIHBIC) TaJlUIbl Ha psioviHe Sorbus torminalis,
BbI3bIBaeMble Kiieiiom Eriophyes sorbi Canestrini; (1) — poXKOBUIHBIE rajuibl Ha qurie 7Tilia cordata, BbI3bIBaeMbIE KJIEIIIOM
Eriophyes tiliae Pagenstecher; (e) — cxemMaTnueckoe CTpOeHNE MEIITKOBUIHOTO rajuia. (a—1a) — Opur. maHHkbie. (e) — no: Ferreira
et al., 2019, ¢ usmenenusimu. O603HauyeHust: BO — BxonmHoe otBepctue, 'K — rayutoBas kamepa, JITT — nucroBast IitacTuHKa,

IIT — nuraTenbHast TKaHb, [111 — IpoBoOASIINIA TyYOK.

00GHapyXXUJIO IBa COBEPIIEHHO Pa3HbIX OTBETa Opra-
HHM3Ma XO3sgMHa Ha BosmeiicTBue mapa3uToB (West-
phal et al., 1981). BocrnpuuMYMBBIMHU K TAJLIOTEHHO-
MY BO3IENUCTBUIO YKYCOB KJIELEil ObUIN TOILKO 36%

pacTeHuii, y KOTOPBIX B pe3yJibTaTe 00pa30BhIBAINCH
JINCTOBBIE TAJUTBL. YK€ B TEUEHHE TTEPBOTO Yaca IocCJIe
TOro, Kak KJIEIl IPOKAJBbIBAJI XeIULEPAMU CTEHKY
SIUAECPMATIBHON KIIETKU JIMCTA TTacieHa, BO3Jle MeCcTa

OHTOI'EHE3 tom 53 Nel 2022
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MPOKOJIA HAYMHAJIACh AKKyMYJISILIMSI PAaCTUTEILHOIO
ToJIicaxapyia Kajulo3bl. Sapa u sapbIIKA KJIETOK
SMUAEPMbI BOKPYT MECTa ITPOKOJa YBEJIUYUBAIUCH B
pasMepax M IIPOMCXOAWIa OUCIEepCUst XpoMaTuHa. B
MOCJICIYIOIINE YaChl OTMEUAIN ACICHUS 3TUX KJIETOK 1
HAuYMHAJIOCh TOCTENeHHOe (OPMUPOBAHME Tallia.
[NoBpexxneHHas1 KJIEIIOM KJIETKa 3IUIePMBI IIOruda-
Ja. OOHAKO OKpYKaIIUe SIUIepMalbHbIe KIICTKU,
MO-BUAMMOMY, KAKUM-TO 00pa30M MOJydalIu OT Hee
curHal K 1uddepeHIUPOBKE B TIUTATSIbLHYIO TKaHb
rajijia, KJIeTKU KOTOPOi1 XapaKTepu30BaJICh HECKOJIb-
KO YBEJIMYEHHBIMU pasMepaMM U Oojiee KPYIMHBIMU
SIApaMu U SAPBIIIKAMU, XOTs aHAJIN3 TUIOMIHOCTHA B
ITaHHOM ciydae He mpousBomuau (Westphal et al.,
1981; Westphal, 1982; Westphal, Manson, 1996). Ta-
KM 00pa3oM, B 3TOI ceprnr paboT OBLIO MTOKa3aHoO,
YTO KJISII BO3ACHCTBYEeT Ha €IMHUYHYIO KJIETKY pac-
TeHUs1 (BIPBICKUBAsI CIIIOHY), a rajui000pa3yroInii
a(ddeKT 3axBaThIBAET LEBIM YIaCTOK JIMCTA.

C npyroit CTOpoHbl, TTOUYTH 2/3 3apakeHHbBIX KJie-
IaMu pacteHuit macineHa (64%) He oOpa30BBIBAIN
rayuibl (Westphal et al., 1981; Westphal, 1982). Tem He
MeHee, Ha 9TUX paCTeHUSIX KIS B CA4UTAHHEIC YaChl
VHIYLIPOBAJIN PEeaKIUIO TUIIEPYYBCTBUTEIBHOCTH B
sMnuIepMe JIMCTheB. BOKpYT MecT ITpOKOJIOB y3Ke B Te-
YyeHue IIEPBOro Yaca HaunHajaach Tuoelib KJIETOK, OT-
JIOXEHHUE KaJuI03bl He IIPOMCXOAMIIO, a uepe3 4 yaca B
HEKPOTHUUYECKUX 00J1aCTSIX, KOTOPhIE OBLIIM YETKO OT-
rpaHUYeHbl OT HOPMAaJIbHON (HEIOBPEXKICHHOM)
TKaHU, OOHAPYKMBaJIM IIOJU(MEHOIbHBIE COEHHE-
Hus. [IpumepHo yepes 3 Heleau IsITHA HEKPOTUYe-
CKUX ITOpaxKeHMW Ha cjierka 1eopMUpOBaHHBIX JIM-
CTBSIX YCTOMUYMBBIX pacTeHnit mmenn nguametrp 300—
400 mxM. Bpems1 BbDKMBaHUS KIICIIEH HA 3TUX YCTOM-
YMBBIX PACTCHUSIX HE MPEBBIIANIO 2—3 HEAe/Ib OT MO-
MeHTa 3apaxeHus naciieHa (Westphal et al., 1990). Co-
macHo pa6otam mociaenHux JjeT (Golan et al., 2017;
Wallis, Galarneau, 2020; Singh et al., 2021), nonude-
HOJIBI, IIMPOKO pacOpOCTpaHEHHBIE METaO0OJUTHI
LIBETKOBBIX PacTeHMIi, o0ecreuynBalOT UX XUMUYe-
CKYIO 3allIUTy OT Pa3HOOOPA3HBIX BpEAUTENICH, B TOM
YHCJIe OT Napa3uTUIECKUX WIEHNCTOHOIUX.

OcoOBIif MHTEepeC TPEACTaBIIAIOT JaHHBIE Bect-
danp (Westphal, 1992), mojsydeHHbIE B MCCIEO0OBa-
HUUW APYTOM CUCTEMBbI Mapa3suT—XO3SIMH: 3puUopUrO0-
unHbI Kiuewn Eriophyes eupadi Newkirk u yepemyxa
oObikHOBeHHas1 Prunus padus L. (Rosaceae). Bpun
MPOBENCH aHAJIM3 3aBUCUMOCTH 3aITyCKa rajyloTeHe-
3a OT TMPOTOKUTEILHOCTH TMTaHUs Kiemna. JIis
3TOTO KJIeHIEeH yIaJsUIi ¢ TUCThEB Yepe3 pa3IndHbIe
MPOMEXYTKM BpeMEHU Mocje Hadaja OIlbiTa, Mpo-
nmorkasirerocs 10 mHeit. Ha KOHTPpOTBHBIX JIMCTHSIX K
KOHITYy IeCATUAHEBHOIO CpoKa CHOPMUPOBATNCH
MOJHOLIEHHBIE MOJIOJbIe TaJulbl ¢ AuddepeHIUupOo-
BaHHOM MUTATEIbHOI TKaHbI0. MUHUMATIBLHOE BpEeMSI
KOHTaKTa TapasvTa ¢ pacTeHUEM, HeoOXommMoe JUTS
BO3HUKHOBEHUS TOJIbKO HEOOJBIINX MEPBUYHBIX BbI-
ISTYMBAHUI y9acTKa JIMCTOBOM IJIaCTUHKY (“abopTUB-
HBbIE TAJUTBI), COCTABJISLIO OT 8 10 24 4acoB, IIpUYeM
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IadbHEHUINNIA TaJUIOT€HE3 IOC/e yOaJleHUS Kielleh
He npopoJsrKaics. st Toro, 4Toobl chopMUpoBajcs
MaJIEHbKMII MEIIKOBUIHBIN raj, elle He UMEIOIINIA
MUTaTeIbHOM TKaHM (“HENOJIHOLEeHHBIN raai’), Tpe-
OOBaJIOCh MIPUCYTCTBUE MMUTAIOILIETOCS KJIellla Ha J1-
CTe YepeMyxu B TeueHue 48 4.

TakuMm 06pa3oM, SKCIIEPUMEHTHI, TPOBEACHHbLIE B
nmaboparopuu Becrtdanb, 1mokaspiBaioT, 4ro 1) cTe-
MEeHb Pa3BUTHUSI Tajljla 3aBUCUT OT MPOAOJLKUTEIBHO-
CTH BO3ACUCTBUSI KJIEIIA; BO3MOXHO, OIpPEIEIsIO-
LIUM SIBJISIETCS MUHUMAaIbHOE KPUTUUYECKOE KOTUYEe-
CTBO CJIIOHBI, KOTOpO€ KJIeI JOJDKeH BBECTU B
pacTUTENIbLHYIO KJIETKY, YTOOBI 3aIlyCTUTh TaJIore-
He3; 2) pacTeHMsI MOTYT pa3IM4aTbCs IO CTEIEHU
YCTOMYMBOCTHU K BO3JIEUCTBUIO KJIEIIEeH 1 CITOCOOHBI
Ha OAWH U3 IBYX TUIIOB peaKluii: 1100 (popMupoBa-
HUE TaJlJIOB, IN0O peaKlns CBEPXUyBCTBUTEILHOCTH,
COTIPOBOXKIAIOIIASICS HEKPO30M TKaHEI.

KPATKWHU OB30P UCCJIEJOBAHUU
MOCJHEAHUX JET MO KJIELIEBOMY
TAJUTOTEHE3Y

MOXHO BBIAEINTh HECKOJBKO HaIpaBJIeHU HC-
clielloBaHUi, Kacaloluxcsl MHAYKIIMU TajloreHes3a.
Bo-niepBbIX, B crieliMaibHbIX aKcriepuMeHTax (de Lil-
lo, Monfreda, 2004) 6bU10 OOGHAPYXXEHO, YTO CJIIOHA
YEThIPEXHOIUX KJIEILIEN BO3AEMCTBYET HA KOJEONTHU-
JIV TILIEHUIIBI CXOIHO C TeM, KaK AeMCTBYIOT Ha KO-
JleonTunin (yCUIUBasi X POCT) ayKCHMHBI U IIUTOKM-
HUHBI. OTU (PUTOTOPMOHBI UTPAIOT BAXKHYIO POJIb B
Mpoliecce HOPMaJILHOTO Pa3BUTUS paCTeHU, yyacT-
BYS B KOHTPOJIe KJIETOYHBIX AeIeHM, n1uddepeHIn-
poBKHM 1 MopdoreHesa (cMm., HarmpuMep: Fambrini,
Pugliesi, 2013; van Berkel et al., 2013). Briocieactsumn
JIaHHbIE O HAJIMYMY ayKCUHOB M LIUTOKWMHHWHOB (IIpe-
WMYIIIECTBEHHO B CIFOHHBIX KeJie3aX) ObUIM ITOTyYEHBI
B UIMMYHOXMMMYECKOM aHaJIu3¢ OOJIbIIIOrO YMCIa BU-
noB HacekoMbIx (Yamaguchi et al., 2012; Andreas et al.,
2020; Ponce et al., 2021). Takum o6pa3om, BO3HUKIIA
TUIOTE3a O TOM, UTO 3TU (PUTOTOPMOHBI (MJIM UX aHaA-
JIOTW) CHHTE3UPYIOTCS B CJIIOHHBIX XeJle3aX TaJIo00-
pa3yIolIuX YWICHUCTOHOTUX M, IOoNanasl B TKAHU pac-
TeHUSI—XO35IMHA, MOAU(MULIMPYIOT IIPOTPpaMMy €ro
HOPMAaJIbHOTO Pa3BUTHSI.

Bo-BTOpEIX, XOPOIIIO U3BECTHO, YTO MHOTHE BUIIBI
YJICHMCTOHOTUX (KaK KJIEIei, TaK 1 HACEKOMbBIX) 4aCTO
HaXOOSITCS B CUMOMOTUYECKMX OTHOLLICHUSIX C Pa3ind-
HBIMU GakTepusiMu (CM., HanpuMep: Zhang et al., 2016;
Gatjens-Boniche, 2019; Hammer, Moran, 2019),
npuyeM Takue OakTepuaibHble CUMOMOHTHI OBIBAIOT
KaK BHYTPUKJICTOUHBIMM, TaK U BHYTPUIIOJIOCTHBIMU.
Ha sTtoM ocHOBaHMM MOXHO OBLIO OBI IIPEAITOJIAraTh,
YTO BMECTE CO CIOHOM Iapa3sUTUYECKOIO XKMBOTHOIO
pacTeHre—XO035IMH MOJIydaeT TakKe M OaKTeprH, KOTO-
pBIe CTUMYJIMPYIOT (DOPMHPOBAHME TAJIJIOB. TeM He Me-
Hee, HelaBHee UCCieJoBaHue, IpoBeaeHHOe Ha 12 BU-
JIaX HACEKOMBIX (CpeIr KOTOPBIX ObLUIM KaK MHIYLIPY-
IOIIIME TaJUIbl BUBI, TaK M OJIM3KO POACTBEHHBIE BUIBI,
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HE WMHIYLMPYIOIIUE TaJlIbl), HE TIOAAEPXKAI0 AAHHYIO
rurioredy. Kak ykazanu aBropel (Hammer et al., 2021,
p. 1), “He OBLTIO HUKAKUX cHelM(UIEeCKUX OaKTepr-
aJIbHBIX TAKCOHOB, KOTOPbI€ MOCTOSIHHO CBSI3aHbI C
WHAYKIWEH rajmnoB”. OIHaKO YMCIO BUIOB, U3yYeH-
HBIX B 9TOl paboTe, ObLUIO HEBEIMKO. KpoMe Toro, He
ObLT aHAJTM3UPOBAH PsI/l XapaKTEPHBIX rajiooopasy-
IOLIMX MPEICTABUTEIEN HACEKOMBIX U3 CEMEHCTB
Cynipidae u Cecidomyiidae. MccnenoBaiyu B OCHOB-
HOM IipeacrtaButeleil cemeiictB Aphididae (Hemip-
tera), Gelechiidae (Lepidoptera) u Tephritidae (Dip-
tera). [1pu 3TOM KJjeln He ObLIM BKJIIOYEHBI B aHA-
Ju3. HakoHel, HekoTopbie BUIbl 3PHUOMDUOUIHBIX
KJIeIeit MOTYT ObITh MepeHOCUMKaMU (PUTONATOTECH-
HbIX BuUpycoB (de Lillo et al., 2018; Mansouri et al.,
2021; Trzmiel et al., 2021 u gp.), ogHAKO U B 3TOM
cllydyae HUYEro He U3BECTHO O TOM, MOTYT JIM BUDY-
ChI—CUMOWOHTHI KJEIIE ObITh MPUIUHON (hOpMU-
poBaHus TajuioB. TakuM 06pa3oM, TOBOPUTH O BOZHUK-
HOBEHUM 4YeTKO chOPMYJIMPOBAHHON “CHMOMOTHYEC-
ckoit” (u “uH(MEKIIMOHHO ) TUMOTe3bl UHIYKIIUU
rajijloreHe3a npeacTaBisieTcs MPeKAeBPEMEHHbBIM.

B nocneaHue roapl B YMCIO TTEPCIIEKTUBHBIX MO-
nejieit Ui aHajiu3a JMCTOBOrO rajjoreHe3a BOIILIA
cucTeMa, cocTosias u3 3pUOPUOMIHOTO Kilella
Fragariocoptes setiger Nalepa u 3eMJISTHUKU 3eJI€HOM
(moxyumunl) Fragaria viridis Weston (Rosaceae) (I1a-
yTOB U Ap., 2016; Paponova et al., 2018). IIpenmomna-
raercsi, 4To “mMop@OJOrn4ecKu rauiooOpa3oBaHUe
MpencTapiisieT coboil M3rndbaHue KIETOYHBIX Ila-
CTOB, CJlarallux IJIACTUHKY JIUCTa, COMPOBOXKAAe-
MO€ M3MEHEHUEeM HampaBjieHus nuddepeHuuanuu
nx kietok” (ITayroB u ap., 2016, c. 1406). O6¢cyknast
TUIIOTETUUECKYIO CXeMy (POpPMUPOBAHUS JIUCTOBBIX
rajuioB, 3TU aBTOPbI MbITAIOTCS TIPUBJIEYb UIEU U3
9KCIIEPUMEHTAIBHON AMOPHOJIOTUM MHOTOKJIETOY-
HbIX XMBOTHBIX (bemoycos, 2005), cormacHo KoTo-
DPBIM BaxkHYIO pOJib B MOp(OTreHe3e KJIETOUHbIX Tl1a-
CTOB UIPalOT MexaHuyeckue HarpsikeHus. OnHako
MPEICTABISIETCS], UTO TakKas IIOMNbITKA He BIIOJHE
KOPpPEKTHA T10 MPUYUHE XOPOIIIO U3BECTHBIX pa3Jiu-
Yyuit MOp(POreHeTUYEeCKUX MEXaHU3MOB Y MHOTOKJIE-
TOYHBIX XXUBOTHBIX U BbICIIUX pacTeHUii (MIBaHOB,
2011). B yacTHOCTH, 13-3a HAJIMYMS B PACTUTEIIHHOM
OpraHu3Me KJIETOUHBIX CTEHOK B IPOLIECCe ero pas-
BUTHUSI HET HU MUTPALMA MHANBUAYAJTBHBIX KJIETOK,
HU TIlepeMelleHU# KJIeTOUHBbIX IacToB. Kak Obl TO
HU ObUIO, eTAJIbHBIN aHAIU3 BO3MOXHOM pOJIM Me-
XaHWYECKUX HaIPSKeHU 11st MopdoreHe3a Kielle-
BBIX TJJIOB HA JIMCTBSIX 3EMJISTHUKU (MU KaKUX-JIU -
00 Opyrux pacTeHMil) IMoKa He OMyOJIMKOBAH.

Bniocnencteuu Ta ke rpyrma aBTopoB (Paponova
et al., 2018) BbIITOJHMIA KOMILUIEKCHBIA MOP(HOIOTrU-
YeCKUI (TUCTOJOTMYECKUI) U MOJEKYJISIpHO-TeHe-
THYECKUI aHaJIN3 TaJUIOB Ha 3eMJITHUKe. BbIIo BhIme-
JIEHO 4 CTalM pOCTA TAJIIOB: TIepBast CTaIsI IPUMEPHO
COOTBETCTBYET “abopTuBHOMY Tayuty” Bectdans (West-
phal, 1992), Bropas ctaausi IpMMepHO COOTBETCTBYET
“HenosHOILIEHHOMY Taimny” Becrdanp, Torma Kak

TPEThSI U YETBEPTasl CTaIUU COOTBETCTBYIOT ITOJHO-
LIEHHBIM MOJIOABLIM M 3peabiM rajuiamMm Bectdanb. OH-
TOTE€HE3 rajla HauyMHaeTCsl aKTUBalUel aHTUKIIM-
HaJIbHBIX KJIETOUYHBIX JIeJICHUIT B Me30(MWIIIe U 3111~
mepme (Ha craguu 1). Ilo3gHee mpoTEeKalOT Kak
AHTUKJIMHAJIbHBIE, TaK U TIEpUKINHAIbHBIE NEICHUS;
npoiudepanms KJIETOK Tajlia IpOoI0JDKAeTCs Ha CTa-
nusix pa3Butus 2 1 3. BecbMa mHTEepecHOI HaXOOKOM
aBTOPOB MOXHO CUHMTaTh OOHapyXeHUE HHBEPCUU
alakCUaJIbHO-a0aKCUAJIbHOM IIOJISIPHOCTH SITUAEP-
MEI B X07i¢ pocTa rajioB. HakoHell, otMeTHM, 4TO B
aToli ke myonukamuu (Paponova et al., 2018) mpuBe-
JIEHbI NOAPOOHbBIE JaHHBIE O TOM, KaK B ITPOLIECCE raJl-
JIoreHe3a M3MEHSIETCSI IKCIIPECCUSI TEHOB KJIETOYHOTO
mukia CYCD3u CYCBI, a Takke TeHOB, KOIMPYIOIIX
TOMEOIOMEHHBIE TPAHCKPUIIIIMOHHBIE (DAKTOPHI U3
cemeiictB KNOX u WOX. UHTeHCUBHOCTB 3KCITpec-
CHUHM BCEX YIIOMSIHYTHIX TEHOB YCUJIMBAJIaCh B TCUCHME
CTaguu 2, oCTaBaaCh Ha BEICOKOM YPOBHE Ha CTauuu 3
M pe3Ko nagana K craguu 4. U3 nurepaTypbl U3BECT -
HO, 4TO ToMe00OKcHbIe TeHbI KNOX 11 WOX aBis10T-
Csl YHUBEPCAILHBEIMUA PEryIsITOpaMU HOPMAaJIbHOTO
pasBuTus 1 pasHooOpasus pactennii (Hake et al., 2004;
Hay, Tsiantis, 2010; Gao et al., 2015; Radoeva et al.,
2019; Conklin et al., 2020).

Takum o6pa3oM, B pacCCMOTPEHHOM HaMU IIPUMeE -
pe kJjelieBoro rajanoreHesa (Paponova et al., 2018)
MMEET MECTO u3MeHeHHne (MoauduKaims) HopMajb-
HOM reHeTUYECKOUN MporpaMMbl pa3BUTUS MOJIOIOTO
JIMCTa pacTeHusI—xo3sauHa. CXomHbIe TaHHbIE 00 13-
MEHEHHMHU TeHETUYECKOI IIPOrpaMMBbl pa3BUTHUS pac-
TEHUS—XO03sIMHA ObLIM COBCEM HEIAaBHO IOJIYyYEeHBI
MPU U3Y4EHUHU JIMCTOBOTO TaJlJIoreHe3a, MHIYLIUpYye-
moro HacekoMbiMu (Hirano et al., 2020). Cucrema
napasuT—Xo3sIMH BKodaja Ttiueit Schlechtendalia
chinensis Bell (Aphididae, Hemiptera, Insecta) u cy-
Max siBaHCKUi1 Rhus javanica L. (Anacardiaceae). Ha
paHHUX 3TallaxX pa3BUTHsI Tajlia ObLIO ITOKA3aHO YCH-
JIeHne 3Kcnpeccu reHoB KNOX n mogaBlieHUEe 9KC-
MPECCUU TEHOB, CBA3aHHBIX C PeryJsiueit GOTOCUH-
te3a. [logaBneHue (poTOoCHMHTE3a B X0OJIe TaJUIOreHEe3a
oA, BIMSHUEM HaCEeKOMBIX M KJIeIIeil ObLIO IToKa3a-
HO Bo MHOrux padorax (Patankar et al., 2011; Carnei-
ro et al., 2014; Kmie¢ et al., 2018; Takeda et al., 2019;
Pestov, Ogorodnikova, 2020; Shih et al., 2020).

B HoBeilimreit mmTepaType TOSIBIUIMCH TaHHBIE 00
YJaCTUM BJIEMEHTOB TMPOTPAaMM PEMpPOIYyKTUBHOTO
pa3BUTHUS B peaju3allMy TaJIoreHe3a: oOHapykeHa
aKTUBAalIMsl TeHOB, obecledynBamIInX GOPMUPOBa-
HHe penpoayKTUBHBIX opraHoB (Schultz et al., 2019;
Takeda et al., 2019). Iloka3zaTeneH IpuMep BUHO-
rpagHoit dunnokcepsl Daktulosphaira vitifoliae Fitch
(Phylloxeridae, Hemiptera, Insecta) m BuHOTpaga
npubpexHoro Vitis riparia Michx (Vitaceae) (Schultz
et al., 2019). HekoTopsie 1MCTOBBIE rajlibl BUHOIpaaa
M0 BHEIIHEMY BUAY HAITOMUHAIOT LIBETKU U TLIOJBI.
Ilo ramroobpasyoimM 3proGUONTHBEIM KJIeIaM
aHAJIOTUYHBIE TaHHBIE TTOKA OTCYTCTBYIOT.

OHTOI'EHE3 tom 53 Nel 2022
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Bectdans (Westphal, 1983) yrBepxxmana, 4TO BbI-
CTUJIAIONIAST TAJJIOBbIE KaMephl MUTATebHAsl TKaHb
(C KpyIIHBIMM KJIETKAMM U ITOJIMIUIOUIHBIMU SIIpa-
MU) UMEETCS TOJIBKO B KJIEIIEBBIX rajljlax, a B rajuax,
WHIYLIMPOBAaHHBIX HACEKOMBIMU €€ HeT. Takas Touka
3peHUS OKa3aJlach OIIMOOYHOM ¥ HEAABHO OBLIO IT0-
Ka3aHO HaJIW4YWe TUIIMYHOM IIMTATeIbHOIl TKaHU
TaKKe M B rajjax, MHIyLIUPOBaHHbBIX MPEACTaBUTE-
JIIMHW HAaCeKOMBIX U3 oTpsinoB Diptera, Hymenoptera
n Lepidoptera (Ferreira et al., 2017, 2019). OgHako
9TU aBTOPBI MPEAIoJaralT, YTO MUTaTe/IbHasI TKaHb
OTCYTCTBYET B TaJUlaX, UHAYLIPOBAHHBIX HACEKOMBI-
mu u3 orpsga Hemiptera (mampumep, Tisimu). Ilo-
cJIeMHUE MMUTAIOTCS, TTI0-BUIMMOMY, HETIOCPEIACTBEH-
HO (bJIOSMHBIM COKOM, BhICACHIBASI TUTATEILHEIC BE-
IIECTBA U3 IIPOBOASIINX IMyYKOB.

B nyomukanusx mad6oparopuu Bectdams (West-
phal et al., 1981; Westphal, 1982, 1992) noguepkusau,
YTO KJIETKW TUTATENbHON TKAHU B WHIYLMPOBAHHbBIX
KJIeIIaM JIMCTOBBIX Tayutax muddepeHIIpyIoTcs W3
KJIeToK snuaepMbl. CoBpeMeHHbIE HCCenoBaTen
(Ferreira et al., 2017, 2019, 2020) yTBepKIaroT, 4TO IMUTA-
TeJTbHAsA TKaHb B KJIEIIEBBIX TajlTaX MOXXeT muddepeH-
IIMPOBAThCS HE TOJBKO M3 SMUIEPMBI JIUCTa, HO TaK-
Ke U M3 KJIETOK MmapeHxuMbl. [oBopst 06 3TUX Tpe-
BpallleHUX KJIETOYHBIX TUIIOB B XOIIe¢ TaJuIOTeHe3a,
aBTopnl (Ferreira et al., 2019) ucnonap3yloT TepMUH
“penuddepeHunpoBka”. OgHako B OUOJOTUU pa3-
BUTHS M OMOJIOTMY KJIETKH TSI 0003HAYCHUS U3Me-
HeHui B nuddepeHINPOBKEe Ha KJIETOUYHOM YPOBHE
OOBIYHO MPEANOYUTAIOT UCMOJAb30BaTh TEPMUH
“rpaHcauddepeHMpoBka” (Hampumep, Eguchi,
Kodama, 1993). Hu cpaBHUTeIbHOE MCCIeI0OBaHUE
MUTATeJIbHOI TKaHU KJIEIEBbIX TaJIOB, HU MOJIEKY-
JIIpHO-TEHETUYECKUI aHaJIN3 €€ Pa3BUTHS MOKa He
MTPOBOIMIIN.

SAKIIIOYEHHME

®dopMupoBaHUe JIMCTOBOIO rajja IIpeacTaBlisieT
Cc000Ii CII0XHYIO POCTOBYIO PeaKlInio, KOTopasl Ipo-
HMCXOIUT B TKAHSIX JINCTA PACTEHUS B OTBET HAa MHBEK-
LIMIO CJIIOHBI YETBIPEXHOTUX KIIEIlei. AHAIU3UPYS
rajjloreHes, MCCcaeaoBaTe N CTATKUBAIOTCS C LIEJIbIM
PSIIOM SIBJIIEHUIT M IIPOLIECCOB, TPAAUIIMOHHO HAXO-
ISIIUMUCS B cpepe MHTEPECOB OMOJIOTUN PA3BUTHS:
M3MEHEHUSI SKCIPECCUU I'eHOB 1 aKTUBHOCTHU KJIe-
TOYHOI1 ITpoanudepanuu, IIOUCK (pakTOpoB, UHAYIIN-
pyrommx GopmMoodpa3oBaHue, TpaHcAUpDepeHIN-
POBKa KJIETOK U TKAHEW.

K HacTosiieMy BpeMeHU HauOOJIbIIME YCIIEXU
JIOCTUTHYTHL B OTHOIICHWU M3YYECHMUsS W3MEHEHUI
TEHHOI 9KCIPECCUM B XOe TaJUIOreHe3a, UHAYLINPY-
eMOro KijelllaMyd Ha JUCThbsIX (Te€Hbl U3 ceMeiicTB
KNOX n WOX, a TakXe TeHBI KJIETOYHOTO IIMKJIa
CYCD3wu CYCBI). Ognako aHaimm3 IIpojmdepanny B
paborax 1o TajuIoreHe3y 0a3upyeTcs JIMIIb Ha Kade-
CTBEHHOI OIlIeHKE, 0€3 KOJIMYECTBEHHOIO ydeTa JIe-
JISIIITUXCS KJIETOK.
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I[Ipupoma areHTOB, MHAYLUMPYIONIUX KJICIIEBOI
rajuloreHe3, 1 KOHKpPETHbIE MEXaHM3MBI UX ITepeaadyn
K PacTEeHMIO IO KOHIIA HE BBHIICHEHBI HECMOTpPS Ha
WHTECHCUBHBIE UCCICIOBAHMS B 9TOM HaIlpaBJICHUMN.
He uckiodyeHo, 4TO B pa3HbIX B3aMOJIE€ACTBYIOIINX
cucTeMax IMapasuT—XO035IMH AeTald “KJIETOYHOIO U
MOJIEKYJISIPHOIO Aranora” 3TUX AByX yYaCTHUKOB OT-
Juyarorcs. Takast uaes IepeKIiMmKaeTcsl ¢ IpencTaB-
JICHUSIMM KJIACCMYECKOM SKCIEPUMEHTAILHOM 3M-
OpPMOJIOTNM XUBOTHBIX, COIJIACHO KOTOPBHIM pa3ind-
HbI€ B3aMMOJEKCTBYIOIIME CUCTEMbI MMEIOT PsiI
O0IIMX OCOOEHHOCTEH, OgHAKO cmoco0 Iepenayu
VHIYLPYIOIIETO CTUMYJIA HE SIBJISIeTCSI YHUBEPCaJlb-
HbiM (Toivonen et al., 1976). Kpome Toro, Moiexyibl,
vHaynupylomue nuddepeHIMpOBKY OTHOI M TOM
XK€ CTPYKTYPBI B paHHEM Pa3BUTUM XKUBOTHOTO, MO-
I'yT OBITh BeCbMa pa3HooOpa3Hbl (cM., HanpuMep: De
Robertis, Kuroda, 2004).

Oco06oro BHMMaHUS 3aCIy:KMBacT CPaBHUTEIHLHO-
LIMTOJIOTUYECKUI 1 MOJICKYJISIPHO-T€HETUYECKII1 aHAa-
JIN3 pa3BUTUSI TIUTATEIbLHOM TKAHU KIICILIEBBIX TAJUIOB,
ITOCKOJIBKY TTOKa OMHO3HAYHO He SICHO, M3 KaKOro MC-
TOYHMKA (KJIETKHU ITapESHXUMbI WJIU SITUACPMBbI JIMCTA)
OHA TIPOUCXOINT.

Takum o6pa3zoM, HECMOTPSI Ha 3HAUYUTEIbHOE KO-
JIMYECTBO ITyOJIMKALMKA MO WHAYKIWHN JIMCTOBOTO
rajjioreHe3a 4eThIPpeXHOTMMU KJIeIaMy, IIPOTPecC B
pa3paboTKe 3Toit MpoOIEeMbl C TOYKU 3pEHUST OMOI0-
ra pa3BUTHS K HACTOSIIIEMY BpeMEHU CPaBHUTEIBHO
HeBeJMK. Ha Hamn B3misgno B OymyineM HEOOXOOUMO
HCITOJIb30BaTh HECKOJIbKO (KaK MUHUMYM 2 Wiu 3)
MOJEIBHBIX CUCTEM ITapa3UT—XO3SUH, IIPUIeM Ke-
JIaTeJIbHO, YTOOBI HA KaXXI0M 13 3TUX CUCTEM MHapaj-
JIEAbHO paboTajM HECKOJIbKO TPYII HCcleaoBaTe-
neii. [7maBHBIE OTKPBHITUSI B 00JIACTH M3YyYeHUsI OMO-
JIOTUM Pa3BUTHS KJIEIIEBhIX rajljIOB €1le He CASIaHbI.
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Induction of Leaf Galls by Four-Legged Mites (Eriophyoidea)
as a Problem of Developmental Biology
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The article deals with the publications of recent years on the formation of galls on the leaves of flowering
plants infected with four-legged mites (Acariformes, Eriophyoidea). The literature data on several parasite—
host pairs were used, since there is no universal model system for the experimental analysis of this problem.
The gallogenesis is a complex growth reaction that occurs in the leaf tissues under the influence of mite saliva.
Data on the possibility of transmission of phytohormones and symbiotic microorganisms from parasites to
gall-forming plants are considered, but an important question about the nature of agents inducing mite galls
remains open. In recent years, progress has been made in the study of gene expression during the development
of galls on strawberry leaves. The mite galls are characterized by the presence of nutritive tissue, and compar-
ative cytological and molecular genetic studies of its development and differentiation are of interest. It is also
necessary to analyze the role and dynamics of changes in cell proliferation during gallogenesis, since the
widespread ideas about the activation of cell divisions in the early stages of gall formation are based only on a
qualitative evaluation, without quantitatively taking into account dividing cells.

Keywords: cell differentiation, cell proliferation, gallogenesis, inducing stimulus, nutritive tissue, parasitism
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BBEAJEHUWE

laHTIMO3MAB — OGBIYHBIE KOMIIOHEHTHI TITa3Ma-
TUYECKOM MeMOpaHBI OaKTepHit, KJIETOK pacTeHWI 1
KMBOTHBIX, BKJIIo4ast yejaoBeka (mut. Hakomori, 1981;
Ledeen, Yu, 1982; Tettamanti, Riboni, 1994; Kong
et al., 1998; Proia, 2003; Schengrund, 2015). Bnep-
Bbl€ TaHIJIMO3UAbI UACHTU(MUILIMPOBAHBI B Hayaje
1940-x rr. B MO3re (OTCIOIa Ha3BaHKE), 3aTeM OHU 00-
Hapy>XeHbI BO BCEX OpraHax, BO BceX KJIeTKaX. Y XKMBOT-
HbBIX TAaHIJIMO3UIBI — TIOCTOSTHHBII KOMITOHEHT HE TOJIb-
KO TIJIa3MaTUYECKOM MEMOpPaHbI, HO TAKXKe M KPOBU.

B ocHoBe raHIMO3UIOB HAXOOWTCS LEpAMUI —
C(OUHTOIUTIN, COCTOSIINI M3 COUHTO3MHA U SKUPHOMN
KucJoThl. LlepaMun cuHTe3upyeTcsl B SHAOILIa3MaTH-
YeCKOM PETUKYIyMe IT0M AeICTBUEM LIEpaMUICUHTA3hI
M 3aTeM Iiepemeniaercs B armrapar [ompmxu. TaMm K 11e-
paMuaIy IPUCOSAUHSIIOTCS YIJIEBOJBI U CUajoBast KHC-
JIOTa IIpU ACUCTBUY CUHTA3 U TpaHcdepas. I1o uncity
OCTaTKOB CHAJIOBOI KMCJIOThI Pa3/IM4YaroT pa3HbIC TH-
bl TaHDIMO3UAOB — MoHO- (GM), mu- (GD) unu
tpucuanosble (GT). BHyTpu TrIIa pa3nmyaioT BapruaH-
™o — GD1, GD2 ... n nx nonpasznenenust — GDla,
GDI1b... . BapuaHTbl rTaHIMO3UI0OB 00JIaal0T Pa3HbI-
MU (pU3HOIOTUYECKMU CBOMCTBaMHU. BrineneHo oko-
10 200 TaHIIMO3WOOB, HO B OIIPEACICHHOM OpraHe B
3aMETHOM KOJIMYECTBE BCETo 3—3.

M3 anmapata [oabmKu TaHIMO3UIBI TepeMeliia-
FOTCSI HA MOBEPXHOCTb KJIETKH, INe BXOOSAT B COCTaB
Tia3MaThdecko MemOpanbl. llepammn gBnsteTcs
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KOMITOHEHTOM BHEIIHE MeMOpaHbl KJIETOUHOM 000-
JIOUKH, a yIJIEeBOOHASI YacTh HaIlpaBjieHa B MEXKJIE-
TOUHYIO CpeAy Y CIOCOOHA COEAUHSIThCS C pa3HbIMU
JuraHaaMu. [aHIIMO3UAbBI KOXM MOTYT CJIIYXHUTh
0apbepOM OT NPOHMKHOBEHUS B OPraHM3M BHEIII-
Heil BOIbI U, C APYTOil CTOPOHEI, 3allIMIIAIOT OT I10-
Tepb BOAbI, OT 00€3BOXMBAaHUS opraHuzMa. dacrte
TaHIIMO3UAOB MCHOJb3YEeTCS U B TMAJIOILIa3Me IJIsT
TPaHCIIOPTa PAa3JIMYHBLIX BEIIEeCTB, B YaCTHOCTU
¢depMeHTOB, K opraHe/ulaM. YTUJIM3UPYIOTCS TaH-
[JIMO3UIBI B IM30COMAaX.

laHTmmo3uabl MOTYT OBITH peleNTOpaMU TOKCH-
HOB, HaIlpumep, xouepHoro. OHU U3MEHSIOT aKTUB-
HOCTbB psiia pelenTopoB — (paKTOPOB POCTa, CEPOTO-
HUHA, WHCYJWHA. [aHIIMO3uAbl BIUSIOT Ha CHUHTE3
OeJIKa ¥ aKTUBHOCTh MHOTMX (DEPMEHTOB, a TAKXKe Ha
TpaHCOOPT MOHOB. OHM YYaCTBYIOT B aAre3UM KJICTOK.
JledekThl MeTaboM3Ma raHIIMO3UIOB — OTHA U3 IIPU-
YWH HapylIeHui (pyHKiuit opraHoB. OnucaHbl 60J1e3-
HU, COBIIAAIOIINE C HEJOCTAaTOYHOCTHIO TaHITIMO3U-
noB. I1pu HeKOTOPBIX 00JIE3HSIX, HAIIPOTUB, HAOIIOIA-
FOT M30BITOK TAaHIJIMO3UIOB.

B skcneprMeHTax WMCIOJIB3YIOT WM TIperapar
MOJIHOM CMECU TaHIJIMO3UAOB M3 MO3ra KPYIMHOTO
poratoro ckota (BBG, bovine brain gangliosides)
WJIN OOWH ONpeaeeHHbI TaHTTTUO3UI.
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Taomna 1. MismeHeHnue konueHtparmu GM 1 (mM/ 10° kre-
ToK/1 4) yepe3 cytku aeiictBust 1 MkM PPPP Ha miotHbie
KyJIBTYpHI rermaronutoB (11o: Brodsky et al., 2003)

OOBeKT Kontpomnb PPPP
IenatouuTtsl 53 29
Cpena 2 0.2

TAHIJIMO3 U/ bI

B MEXKJIETOYHBIX KOMMYHUKALIUAX

B xoniie 1990-x IT. BBISICHUJIOCH, UTO OAaKTEpUU U
IIPOTUCTHI He OeCOPSIAOYHbIE CKOIUIEHUS KJIETOK, a
Hekue nx coodmiecTBa. CTajio MOHSITHO, YTO IIPSIMEIC
MEXKJIETOUHbIE B3aMMOAEMCTBUS — MEPBbIC PEryIsi-
LUK B 3BoToLIMKU. HepBHasI cucTeMa — II03IHee IIpr-
obOpereHue. McciienoBaHne MEXKIETOUYHBIX B3aIMO-
IEUCTBUM Y MJIEKOIIMTAIOIIMX HAYAJIOCh 3a00JT0 10
OakTepuii. B Takux paboTax UCIIOAb3YIOT KJI€TOYHbIE
KyJIbTYyphl. OUeBUIHO, YTO MPSIMBIC B3aUMOICICTBUSI
KJIETOK B KyIbType — €IMHCTBEHHBIN CITOCOO MX 00-
LIEHUSI.

MapkepoM MPsSIMBIX MEXKJIETOUHBIX B3aUMOICH-
CTBUIA CTaI OKOJIOYACOBBIE (YJIBTpaauaHHbIe) KIeTOY-
Hble pUTMBL. OTKPBITHIE CITydaifHO B KOHIIe 1950-X IT.
OKOJIOYACOBbIE PUTMBI MPUCYLIU OCHOBHBIM CBOW-
CTBaM KJIETOK: CUHTe3y OeJiKa, akTUBHOCTU (hepMEH-
TOB, ObIXaHMIO (TTIOCIenHMIT 0030p: Brodsky, 2014).

OkoJiouacoBble (yAbTpaauaHHbIE) PUTMBI UCCTIe-
IYIOT B TUIOTHBIX WJIM PENKMX KyIbTypax; MEepPBBIM
MapKepoM ObLT pUTM cuHTe3a 0enka (Brodsky et al.,
2000). B mIOTHBIX KyJbTypax ¢ GJIM3KOPACHONIOXKEH-
HBIMU KJIETKAaMU PUTM OOHapyXWBaeTcs depe3 He-
CKOJIBKO MUHYT ITOCJIe TIepeHEeCeHUsT KYJIbTyp B CBe-
Kyto cpeny. B penkux KyabTypax ¢ 1ajJeKo OTCTOSIIIM -
MM KJIETKaMU PUTM HAXOHST JIMIITh Yepe3 HECKOIbKO
yacoB. /lobaBieHre B Cpely C OTMBITBIMU PEIKAMU
KyJIbTypaMu HEKOTOPbIX BEILIECTB MPUBOIUT K BBISIB-
JIEHWIO pUTMa CHTe3a 6ejTka 9yepe3 HECKOJIBKO MUHYT.
IlepBbIM BBISIBIEHHBIM BEIIECTBOM-CUHXPOHM3ATO-
pOM OBIIM TaHDIMO3WABL. [1oTOM HaIIM W Opyrue
CHMHXPOHU3ATOPHI, HATTPUMEDP TPAHCMUTTEPHI KPOBM.

CHauana amnpoOMpOBaIM CMECh TaHITIMO3UIOB
BBG, xak usBectHO, comepxaiiyio 20% GM1, 40%
GDla, 16% GDIb, 20% GT1b u ente 4% ranrninosu-
OB B MUHOpPHBIX KOHIeHTpauusx. McciaegoBaHue
BAUSHUM pa3HbBIX 103 BBG Ha penkne KyabTyphI Te-
MaTOLMTOB BBISIBUJIO PUTM CUHTE3a OeIKa B KOHIIEH-
tpauusix BBG 0.2—0.4 mxM (Brodsky et al., 2000).
ITosxe Takoit apdpext BBG Hammm Takske 11t Kepa-
TUHOLIUTOB, U IJISI ME3EHXMMHBIX CTPOMAaJIbHbBIX KJIE-
toK (Brodsky et al., 2011, 2012).

B medyeHu B 3aMETHBIX KOHLEHTpALUSIX COAEP-
XKUTCSA MAITh pa3HbIX raHmmo3unoB (Senn, Sellin,
1992). M=1 ucciaenoBaimu Bce — GM3, GM1, GDla,
GD1b, GT1b B pa3nnbix no3ax (Brodsky et al., 2000).
DPPeKTUBHBIMM B OpraHU3aluy IIPSIMBIX MEXKJIIe-
TOYHBIX B3aUMOAEUCTBUI OKA3aJINCh 1BA TAHTJIMO3U -

na — GM1 u GD1a (puc. 1). OcranbHble N3y4eHHbIE
TraHIIMO3UIbl HE BIMSUIM Ha KMHETUKY CUHTEe3a OejiKa
B penkux Kyiabrypax. Cpeau He 3(h¢eKTUBHBIX ObLT
GM 3, ogyH 13 OCHOBHBIX TAHTIIMO3WIOB B TICUCHU.

st onpeneneHust [MHAMUKA HakorwieHuss GM 1
B KJIETKaX U B MEXKJIETOYHOI cpene (hIyopecleHT-
HbIM UMMYHOLIMTOXMMUYECKIM METOJOM Ompeaese-
HO HaKOIUIEHME 3TOr0 TaHIVIMO3KAa B KYJIbTypax Ie-
natouuToB (3Be3nmHa u ap., 2000; Brodsky et al.,
2000). B mnoTHBIX rpymniax rermatouutoB GM1 sipko
cBeTmiIcs dyepe3 60 MUH ITOC]Ie OTMBIBAHUS KYJIbTY-
pBl. PUTM crHTEe3a Oerka Mbl HAXOOWJIN U paHbIlIe, TO
€CTb KpUTUYHAsI KOHIIEHTpaILWs TaHIJIMO3UAa B Cpe-
Iie obpasyercs ObicTpee, 4yeM 3a yac. AHanu3 GM1 B
cpene OOHapyXKWUJI TAaHTIIMO3MUI yke yepe3 5 MmuH. Cy-
IIECTBEHHA HE CPedHsIsI KOHLUEHTpalUs CUHXPOHU-
3aTopa B cpele, a JIOKaJlbHas BOJIMU3U KIIETKU, YTO
obwut0 TToKa3aHo H. /. 3se3nunoii u ap. (2000) B onbI-
TaxX ¢ MEXaHUYEeCKOI Kavyajakoii. B HopMme B IJIOTHBIX
KyJIbTypaxX pPUTM CHHTe3a Oelka OOHapyXMBalOT
MpaKTUYECKU Cpasy Iocjie CMEeHHBI cpenbl. Ho ecnu
CBEXYIO Cpelly B Yalllke ¢ KyJbTypaMM MepeMeln-
BaTh, pUTM He BUIICH JaXke Yepes Jac.

3areM ObLJIO UCCIEI0BAHO BJIUSHUE TOPMOXEHUS
CUHTE3a TaHIJIMO3WJOB Ha TPSIMblE MEXKJIETOUHbIE
B3auMogeiicteusi. PPPP (1-phenyl-2-hexadecanoyl-
amino-3-pyrrolidino-1-propanol) TopMO31JI CUHTE3
JIMKO3UJILIEpaMUICUHTAa3bl, KJI0YeBOTro (epmeHTa
cuHTte3a ranrmuo3uaoB (Inokuchi, Radin, 1987; Abe
et al., 1995).

B mukpomonsgpHeix mo3zax PPPP 3nHauutensHO
TOPMO3MUT, 110 JaHHBIM JIauIa U COTPYAHUKOB, KakK
CUHTE3 TaHIJIMO3U/IOB, TaK U UX OTAEJIEHUE OT KJIETOK
(wreqmuar) B cpeny (Li, Ladisch, 1996; Olshefski, La-
disch, 1998; Kong et al., 1998). C nomomsio ELISA
MBI OlLIEeHUBaJu AeiicTBUe pa3Hbix 103 PPPP (ot 0.5
no 10 MkM) Ha coiepkaHue TaHIIMO3U1a-OpraHu3a-
Topa GM1 B KyabTypax renaTolMTOB 1 HAILIA 3¢-
dexTuBHBIM yke 1 MKM PPPP (Brodsky et al., 2003).
ITocne PPPP B kiieTkax ocTaBaioCh MPUMEPHO MOJIO-
BuHa GM1, a B cpene mumb 10% (ta6a. 1). B moror-
HBIX KyJabTypax, obOpadotaHHbsix PPPP, He Hamm
puUTM cuHTe3a Oenka (puc. 2). HeiictBue 1 MKM
PPPP o6Gpatumo. MHIrubuTop He moBpeXmaeT KIeT-
Ku. Yepes CyTKr B HOpMaIbHOI cpefie B KyJIbTypax re-
MaTOLMTOB, TTpenoopabotaHHbix PPPP, o6Hapyxuin
DUTM CUHTe3a OesKa.

O06 opranmzynomeil (GyHKIMY TaHIIMO3UI0B Io-
BOPMJIM M HAIlIM OIBITHI C AEMCTBUEM CPEIbl, KOHIM-
LIMOHUPOBAHHOMU IJIOTHBIMU KYJIbTYpaMU, Ha peIKUE
KyJIbTyphl. Cpeny penkux KyJbTyp 3aMeHsIJIM Ha KOH-
IUIIMOHMPOBAHHYIO IUIOTHBIMMU KYJIbTypaMu, HOpP-
MaJbHBIMU WM npenodbpadotanHbiMu PPPP. Putm
CuHTe3a OelIKa OpraHu30Baja TOJIHLKO HOpMabHas
cpena. O6 opraHMU3yIONIEH POJIM TAaHTIIMO3MI0B TOBO-
pwio M OBICTPOE BOCCTAaHOBJIEHHE pUTMa CUHTE3a
IOCJIe BBEASHMS B Cpeay C INIOTHBIMU KYJIbTYpPaMH,
npenoopadoranubiMu PPPP, ranrmio3nnos.

OHTOTEHE3 Ne 1

TOM 53 2022
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Puc. 1. BiusiHve raHIIMO3MI0B Ha KUHETUKY CUHTe3a 6ejika B KyJIbTypax TermaTouuToB. [IBa onbiTa, KaXKIblit Ha OMHOM KphICe.
(a) 1 (B) — OTMBITBIE TTOTHBIE KYJIBTYPBI B HOpMaJIbHOM cpefie (becchiBOopoTOoYHas cpena 199 ¢ mobaBiieHreM ajlbOyMUHA U MH-
cynuHa; (0) u (r) — peakue KyJabTypbl T€X XK€ KPbIC B TaKOi cpelie; ClipaBa BBEPXY B CpeAy TaKUX PENKUX KyJIbTyp BBEJIU
0.06 MkM GMI1 Ha 30 MUH 10 MCCIEOOBAHMS CMHTE3a OejKa; CIipaBa BHU3Y B Cpeay KyJbTYp 3TOro ombita BBenu 0.15 MkM
GDla na 30 muH. [1poO#l 110 3 KyJbTYphI KaxKnasi Opaim Kaxknsie 10 MuH B TedeHue 2 4. [1o ocu aberce — Bpemst (MUH); TIO
OoCH OpIMHAT BKIItoueHue ~H-JeilmHa ¢ monpaBkoii Ha myJ1 jeiiinHa Icorr. I1psimast Ha Kaxknmom rpadurke — cpeaHee 111 JaH-
HOTO BapuaHTa OMbITA; IyHKTUPHBIE TIpsiMbIe Tommbka 3Toro cpeaHero (mo: Brodsky et al., 2000, ¢ usmeHeHusiMu).

BBICOKyI0O aKTUBHOCTH B HAIIIMX OITBITAX TIPOSBU-
Jm unocombl ¢ GM1 (puc. 3). PutMm cuHTe3a 6eka
B PEIKUX KYJIBTYpax ObLI BBISIBJICH IIPU KOHIICHTpA-
mnn GM1 B cycniensum nunocom 0.0003 MKM, Torna
Kak MUHUMaJTbHAs 3G eKTUBHASA KOHIIEHTPAIINS CBO-
6omHoro 3sk3oreHHoro GM1 0.06 MkM (Bponckuii
u ap., 2003).

Kak pmonro coxpaHsieTcsl CHHXPOHU3UPYIOIIWiA
3¢ dexT raHmo3nua0B? M3 OImbITOB Ha pPEIKUX KYJTh-
Typax MOJIOAOI KPBICHI CIEAYyeT, YTO TaHIIIMO3UIbI
pab6otalot, kak Tpurrep (Brodsky et al., 2005). ITocie
OMHOKPATHOTO MX CUTHa/la, KOIJa B Cpele JaBHO
(4 nus) HeT BBG, Ki1eTKu Bee e11ie OpraHu3yloT puTM
cuHTe3a Oenka. Ocoboe BHMMaHUE YOCIWIN peak-
UM CTApbIX KPBIC. B IIOTHBIX KYJIbTYypaX TenaTonu-
TOB CTapbIX KPBIC pUTM CUHTE3a OejIKa ompeaesisier-
csl, HO aMIUIUTYAbl pUTMA B KJIETKAX CTapbIX KPhIC
BIBOE HIXE, YeM y MOJIOABIX. TO Xe IMoKa3aHo U Ha
puc. 4. BBG 3HauuTeNbHO YBEIWYMI aMIUTATYIbI
putMa — ¢ 34 go 63%. CpenHuii ypoBeHb CUHTE3a
OeJjiKa B KaXIOM BapuaHTe omnbiTa npuHAT 3a 100%.
Takoit BBICOKOAMITJIMTYOIHBIA PUTM COXpaHSJICSI W
mocie conepxKaHus KyabTyp, oopadoraHHbeIXx BBG,

OHTOI'EHE3 Ttom 53 Nel 2022

ellle CyTKU B CBeXeil HopMaJibHOM cpefe. To ecTh U B
3TOM CJIy4ae CUTHAJI JeiCTBOBaJ KaK TPUITED.

C BO3pacTOM CHUXKAETCSl KOHLIEHTpAllUsl TaHTJIv-
osunoB-opranun3atopoB GM1 u GDla (puc. 5). Bei-
1IIe OTMEUYEHO CHIDKEHUE MEXKJIETOUHBIX B3anMMO-
NeCTBUI y cTapblX XUBOTHBIX. BBenmeHue raHmimno-
3UIOB B CPENy C KIIETKAMHU CTapbIX JKUBOTHBIX VTN M
caMuMM in Vivo HOPMaJM3yeT B3auMOAECHCTBUS
(Brodsky, 2020).

K mpenmnosoxeHuo 06 y4acTUM FaHIJIMO3UIOB B
MEXKJIETOYHBIX B3aUMOMACHCTBUSIX MPUIIUIM GoJiee
Tpuauaru jeT Ha3aja (0630p Hakomori, 1981). Tumno-
Te3y OOOCHOBBIBAJIM BCeoOllee paclpOCTpaHEHUE
TaHIJIMO3UAOB, UX CIIOCOOHOCTb OTIESATHCS OT Of-
HUX KJIETOK U BCTpanBaThCs B Apyrue KieTku. [To3xke
BBIBOI, ObLI Iajice ITOATBEPKIEH YOEAUTEIbHBIMU,
XOTSI MU KOCBEHHBIMM JAHHBIMU O IOCTOSIHHOM ITPU-
CYTCTBUU TaHIIMO3WIOB B MEXKIICTOYHOM cCpele, WX
BJIMSIHUEM Ha TPAHCIIOPT MOHOB M aKTUBHOCTH psida
(bepMeHTOB, 1 BO3IEICTBUEM Ha COCTOSIHME HEKOTO-
pBIX pelenTopoB. MBI 0G0CHOBAJIM BBIBO, MIPSIMBIMU
9KCIEpUMEHTaMU. BhlneneHbl KOHKPETHBIE TaHIINO-
3UIbl XU TPAHCMUTTEPbl OPraHU3aTOphI, OIpeac/ieHa
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Puc. 2. KuHetuka cuHTe3a Geka B IUTOTHBIX KYJIbTypax
TeNaTOLUTOB; IEMCTBUE UHTUOUTOPA CUHTE3Aa U IEATNH-
ra ranmuno3nnos PPPP. KonTponb — cyrouHble KyabTy-
Pbl OTMBITBI, IEPEHECEHBI B CBEXYIO CPENy, U Uepes3 CYTKU
B HUX olpesiesieH cuHTe3 Oenka. CripaBa — Takue Xe OT-
MBITbIE KYJIBTYpPHI NepeHecau B cpeay ¢ 1 MmkM PPPP u
yepe3 CYTKM B HMX OIpeNeJWId CUHTe3 Oenka (Io:
Brodsky et al., 2003, ¢ uBMEHEHUSIMU).

1IeTIh IIPOIIECCOB, BKJIIOUAIOIIINX CHUHXPOHU3AITUIO KJIe-
TouHOI monyssaiuu (0630p Brodsky, 2018). O6ocHO-
BaHO COXpaHeHHe KaKoe-To BpeMs 3¢ eKTa CHHXPO-
HU3AIMU B TIAaMSTHU KJIETOK.

TAHITIMO3NbI 1 PASBBUTUE

BnusiHMEe TaHTIIMO3UIOB Ha pa3BUTHE OpraHU3Ma,
0COOEHHO HEPBHOI CHCTEMBI, MTOKa3aHO B T€HHO-
MHXEeHepHbIX ucciaenoBaHusx (Sheikh et al., 1999;
Proia, 2003; Furukawa et al., 2004; Ohmi et al., 2012).

IlepBas cTyreHb OMOCHMHTE3a TITMKOC(UHTOJIUIIN -
JIOB, BKJIIOYasl TAHIIMO3UIbI, KaTAIU3UPYETCs TIIUKO-
HepaMHUICUHTA30M; K 1lIepaMUAy HPUCOCTUHSICTCS
rmoko3a. @epmeHT Komupyetcst reHoM Ugeg. T1oBpe-
XKIIeHHE TeHa IIPUBOINT K T0eI SMOPUOHOB; OHU HE
CIIOCOOHBI TPOMTH TacTPyISLunil0. MyTaHTBl IO TeHY
GalNAcT, xonupyoniero (pepMeHT CMHTE3a TaHTJINO-
3UA0B U3 JaKTaTliepaMuaa, CJIEOYIOIIero aepuBaTa

520{- @ 2
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BPOJCKUM

HepaMuIa, SKUBYT MEHbIIIE HOPMAaJTbHBIX MBIIIIEH, X0O-
TS M CTAHOBSITCS B3pOCabIMU. CaMIIbl TAKUX MBILIEH
CTEpPWILHEI, B CEMEHHMKAaX OJIOKMPOBaH ME103 U He
o0Opa3yroTcss cruepMuu. Y MYTAaHTOB IMpeoOIagaioT
npocteie ranrmno3uasl — GM3 u GD3. IlpakTuue-
CKM HET TraHDIMO3MIOB, OCHOBHBEIX B HOPMAaJbHOM
mo3sre, Taknx Kak GM1, GDla, GDIb u GT1b.

Tlanrmuosunpl GD1a u GT1b aBasiioTcs: 1uraHaa-
MU IJIs TIUKOIIPOTENHA, CBSI3AaHHOTO C MUEIIMHOM,
HazBaHHOTO MAG. DTOT 0€J0K CHHTE3UpyeTcs B
[JIVE U SIBJISIETCS OMHUM M3 Benylnux (aKToOpOB B3au-
MopeicTBus HelipoHoB U . MAG y4yacTByeT B
MUEIMHN3aINN aKCOHOB, Y MAG -1e QUIIMTHBIX MBI-
1Ieii ¢ BO3pacToM JeMUEIMHU3UPYIOTCSI HEKOTOPhIE
HepBbl (Sheikh et al., 1999). Takoit achdexT HabIIO-
nanu v ripu aepunute GD1a u GT1b B HepBHOII cu-
creMe nocijie Mmytauuu reHa GalNAcT. Y Takux my-
TaHTOB HApYIIEHO MOBeAeHNEe U UMMYHUTET. [lepu-
depudeckre HEPBBI 3TUX MBINICt HE CITOCOOHBI K
pereHepaluu.

MyTaHTBL ¢ mOpaxkeHHMeM MHOTMX TaHIIMO3UII-
HBIX TEHOB, HO COXpaHUBIIINE HOpMaJIbHOE CoJlepKa-
HHUE M aKTUBHOCTh raHmmo3uaoB GM1 u GDl1a, no
KM3HECITOCOOHOCTH M TOBEICHUIO MaJlo OTIIMYAIOT-
cs1 OT HOpMBI. BHOBE OTMeUy, YTO 3TH ABa TaHIJIAO-
3UJia YYACTBYIOT B PETYISLUN IIPSIMBIX MEXKIICTOU-
HBIX B3aMOJEIICTBUI (CM. BBIIIIE).

Cpeny MHOTUX UCCJIeIOBAaHW TaHITTMO3MI0B IIPU
pAa3HBIX ITATOJIOTUSIX OTMEUY, ITPEXIe BCETO, IBA [IUK-
J1a pabor. OHM oOpalarT BHUMaHWE Ha BO3MOXK-
HOCTb CTUMYJISIIMU aKTUBHOCTY TaHITIMO3UIOB UJIH,
HA000pPOT, HA HEOOXOAUMOCTb TOPMOXKEHHUST UX CUH-
Te3a U eAanHTA (CeKPELINH) IS YAYYIIeHUS COCTO-
sSTHUSI OOJILHOTO YeJIoBeKa.

TAHITIMO3W bl 1 HEBPOITATOJIOT' M.
APYTUE ITATOJIOTUN

B psime paboTr orMedaeTcst AeUIUT TaHIIMO3M-
noB GM1 1 GDla mpu HEKOTOPBIX HEBPOMIATOIOTUSIX
U, TIpexae Bcero, rpu 6ose3nu IlapkunHcoHa (puc. 6).
OCHOBHBIE CBEICHUSI OIyOJIMKOBAHBI rpymmoil Le-

320

120
0

60 120

Bpewmst, MuH

Puc. 3. Kunetuka cuHTe3a 6e1Ka B peIKUX KYJIbTypax TemaTOLMTOB: (a) — B HopMaJbHOI cpene; (6) — B cpene ¢ 0.01 MkM cBo-
6omHoro sk3oreHHoro GM 1 wim (B) — B cpene ¢ 0.0003 MkM GM 1 B stuniocomax (no: bponckuii u np., 2003, ¢ uBMEHEHUSIMH).

OHTOI'EHE3 tom 53 Nel 2022
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Puc. 4. CoxpaHeHue BiausiHUs raHrno3uaos (BBG) Ha KMHETUKY cMHTe3a Oeika B IUIOTHBIX KYJIbTYpax CTapoii KpbIChI: (a) —
KOHTPOJIb, CYyTOUHbIE KYJIbTYpbl B HOPMaJIbHOI cpene; (6) — Takue KyabTyphl B cpene ¢ 0.3 BBG 30 MuH, OTMBITHI M IepeHeCe-
Hbl B HOPMaJIBHYIO Cpely, U UCCIIeOBaH CUHTE3 Oeska; (B) — KYJIbTYphl, penoopadoranHbie BBG, oTMBITHI, 1 Yepes3 CyTKU B
HOPMaJIbHOI cpefie B TAKUX KYJIbTypax MCCieIoBaH cuHTe3 Oelika (1mo: Brodsky et al., 2005, ¢ usMeHeHUSIMI).

deen et al. (Wu et al., 2012, 2020; Hadaczek et al.,
2015; Ledeen, Wu, 2015, 2017). HanomHIO e1re pa3,
YTO MO HAIIUM JAHHBIM UMEHHO 3TH JBa TAaHIJIMO3U1a
W3 U3YYCHHBIX HAMU IISITU Ma>KOPHBIX JIJISI TIEYEHU U
HEPBHOM CHUCTEMBbI PETYIUPYIOT IIPSIMBIE MEXKKIIETOU-
HbIE B3aUMOJICHCTBUSI, OPTaHU3YIOIINE PUTM CUHTE3a
Oenka.

GMI1 ogmH M3 TIAaBHBIX TAaHIJIMO3MIOB padToOB,
JIaOMJIBHBIX CTPYKTYp IJIa3MaTHU4YecKoili MeMOpaHHI.
PadThI c1rtoco6CTBYIOT ITepeMelIeHUIO OSJIKOB B MEM-
OpaHe, B YaCTHOCTH, HEKOTOPBIX MMMYHOTJTIOOYJIMHOB
1 pelentopoB. Tenepb MoKa3aHO, YTO TaHIJIMO3UIbI
perynupyioT GyHKUIMU padToB. Y MBIIIE MyTaHTOB
0 IIMKO3UATpaHcdepase U CUHTa3aM TaHIJIMO3MI0B
MoKa3zaHbl JpaMaTUYecKue W3MEeHeHUs1 padToB B
KJIeTKax in vitro 1 in vivo (Furukawa et al., 2004; Ohmi
et al., 2012).

CBsI3bIBasiCh C IIMKOIIPOTEMHAMU U IPOTEOLIN -
KaHaMmu cpenbl, GM1 o6pa3yeT BOJIM3M KICTOK THI-
pOGUMIILHBIN CIOM, BIMSSA Ha aIre3uio KJIeTOK, CUT-
HaJIbHble (PYHKIMM U MEXKKIJIIETOYHEIC B3aMMOJCH-
ctBust. GM1 BIMsieT Ha TPAHCHOPT MOHOB KalbLIVS
yepes3 MmaasMaTUIeCcKylo MeMOpaHy U MTOTOKM KaJlb-
st BHYTpH KieTKu (Sano et al., 2009). I1oka3aHo
pmusgHe GM1 Ha aKTUBHOCTb afeHWIATUNKIA3EI B
Ma3MaTH4YecKoit MeMOpaHe. DTo OOUH M3 MyTei pe-
rynssuun cogepxaHust AT® n tAM®. [1o Hammm
JaHHBIM MIPU 3TOM aKTUBUPYIOTCS POTEMHKWHA3EI,
KJII0UEBOI MPOLECC MEXKIIETOYHOI KOOTepalu.

HexoTopble uccieqoBaHus OTHOCSITCS K TeHETH-
YeCKUM WHXXEHEPHBIM MonaeiasaMm oose3nn IlapkuH-
coHa (Wuet al., 2012; Hadaczek et al., 2015). B oqHoi1
MYTaHTHOM MBIIIIMHOM JMHUM pa3pylleHbl 00a ajlie-
JIs1 reHa B4galnt 1, n Takyie MBIIIU ITOJTHOCTBIO JIMIIIE-
Hbl GM1. B npyroii reTepo3UroTHoOlt TUHUU pa3py-
IIIeH JINIIb OOWH ajuiellb (pUc. 6). Y TaKUX MyTaHTOB
koHueHtpauusga GM1 cHrxena Ha 45—60%. He me-

OHTOI'EHE3 Ttom 53 Nel 2022

Hee cHIKeHa KoHIeHTpauuss GDla, torma xak
GDI1b u GT1b mu3mMeHeHBI Majl0o CPaBHUTEIBHO C
HOPMAaJIbHBIMU MBIIIAMU. Y MBIIIEH 00X MyTaHT-
HBIX IMHU TIPOSIBJSIIOTCS] pa3Hble CUMIITOMBI 00J1€3-
Hu [TapkuHCOHA: HapyILIeHUsI MOTOPUKU U KOOPIH-
HallMM OBVKEHU, THOETh 1o(haMIHOBBIX HEHPOHOB
U T.I.

Heiiporpodnueckas ponab TaHIIMO3WUIOB TIPEI-
nosaraiach emre Xakomopu (Hakomori, Igarashi,
1993). Bckope skcnepuMeHTaIbHO ObLIIO TTOKa3aHo,
yro GM 1 ycunmmBaeT aKTMBHOCTE (paKTopa pocTa Hep-
BoB (Rabin, Mocchetti, 1995). IToka3zaHo, 4TO 3KCITO-
HUpOBaHUe KJIeToK oMbl ¢ HOP 3HauuTeIbHO Mo-
BbilIaeT dochopwmpoBanue peuentopos HOP. K
TakoMmy 3(@dEKTy MPUBOAUT M IKCIIOHMPOBaHUE KJie-
ToK ¢ GM1, T.e. HeiipoTpoduueckuii 3 HEKT 3TOro
TaHTJIMO3U/Ia MOXKET ObITh CBSI3aH C BOCIIPOU3BEIEHU -
eM uM aeiictBust HOP, akTBUpys ero pelenTophl.

ITo3xe TTOKa3aHbI U Ipyrue 3HaYnMble poan GM 1
B HepBHOIi cucteme (Ledeen et al., 1998; Ledeen, Wu,
2010). GM1 MoayaupyeT akTUBHOCTb HEKOTOPBIX pe-
HenTopos, Bkodast Na/K-AT®-a3b1 1 oTMOUIHEIE.
BnusieT Ha KasbliMeBble KaHAJIbl U TEM CaMbIM Ha BCE
¢GyHKIIMM HelipoHa. DTOT TaHIJIMO3UI PEryaupyer
neiictBue Helporpodmuyeckoro ¢akropa (GDNF),
BBIIEIsIeMOTO TIMadbHbIMU KiaeTkamu (Hadaczek
et al., 2015). CurHajibHbIi (hakTOp HEOOXOAUM IS
BBDKMBAHMSI KaTeXOJIaMUHAIPTUYECKUX HEHPOHOB.
Ipu nedpunure GM 1 n aktuBHoctn pakropa GDNF
B 00se3Hu [lapkrHCcOHa TIPOUCXOOUT TUOENb noda-
MUHOBBIX HEMPOHOB.

IMoBbimenne koHueHTpauun GM1 HeobOxomumo
TSI pereHepanuu repudepudeckux HepBoB (Kappa-
gantula et al., 2014). B omnpiTax Ha KpbIicax MOKa3aHoO,
YTO TOCJIe MTePePEe3KU CeTUTUIITHOTO HEPpBA IMPOUCXO-
mut kouBepcust GDla u GT1b B GM1 ¢ noMouibio
Neu3-cuammnassl. [Tociae nepepe3ku HepBa KOHIICH-



24 BPOJCKUM

GMI1
6000
4000 -
2000
& WT
LI HT
L L L
0 200 400 600
4000 -
2000 F
0 200 400 600

6000
GDla
4000 -
2000
*
| | |

0 200 400 600
4000 -
2000 -

0 200 400 600

Bospact, nHu

Puc. 5. U3aMeHeHMs ¢ BO3pacTOM MBIIIIei YeTbIpex TaHIno3unoB. WT — HopMmaibHbie Mbliii, HT — reTepo3urorHbie MyTaHThI
o reHy cuHTe3da GM1 (cMm. B Tekcte). Och abcumce — BO3pacT MbIIIeH (IHU), OCh OPAMHAT — KOHIIEHTPAIUS TAHTJIMO3UIOB,

nMoub/Mmr 6eiika (1mo: Wu et al., 2012, ¢ ”BMeHeHUsIMU ).

tpanust GM1 Bo3pacTaeT B HECKOJIBKO pa3 B TeUEHUE
6 4 1 ocTaeTcs BBICOKOM 12 4. Y MyTaHTOB C MHAKTH-
BUPOBAHHOI CHAJINAA301 pereHepanms He IIPOUCXO-
auT. MHBeKIIMS cuajinaa3bl Kpbice CTUMYJIMPYET pe-
reHepaluio.

VYyactue GM1 B atnosioruu 6oae3nu IlapkuHco-
Ha 00OCHOBAHO ITOJIOXKUTEIbHBIM BiausiHuemM GMI1
Ha CUMIITOMBI 3Toi 60iie3Hu. IlepBhie HaOmMoOneHNS
Ha XMBOTHBIX MOJAEISIX OTHOCATCA K 1980-M romam.
M3BecTHEI COBpeMEHHEIE TaHHBIE O ITOJIOXKUTEIBHOM
acddexre GM1 Ha moneit ¢ 6ose3Hblo [TapkuHCoHa.
bonbHbM MoasiM exxenHeBHO BBoawin GM 1 (Schnei-
der et al., 2010, 2015). Ilocie 16-HemeabHOro Kypca
3HAYUTEJIbHO CHU3WINCh MOTOPHBIE U APYTUE CUMII-
TOMBI 60JIe3HU. 26 MALIMEHTOB HaOI0AaIN 5 JIET 10~

cite kypca GM1. CuMmnitoMbl 0OJIE3HU OCTaBaIUCh
CHUXXEHHBIMU.

®dapmakonoruyeckuii aHasior GM1, Ha3BaHHBIN
LIGA20 (Kharlamov et al., 1993), 3HauuTeJILHO (-
dextuBHee GM1 B mogaBieHUM CUMIITOMOB 00J1€3-
Hu ITapkuHcoHa. B oTin4ue oT caMoro raHIrjIno3u-
nma, LIGA20 mpoHuKaeT 4yepe3 reMaTosHIedarade-
CKUIl Oapbep U 3aTeM uepe3 IUIa3MaTUYECKYIO
MeMOpaHy HelipoHOB. ETo BHYTpHOpPIOIIMHHOE BBE-
JIeHUEe MbIIIaM-MOJEJISIM 3HAYUTEJIbHO OO0Jeryaio
HUX COCTOSIHME U TTpoijieBajio XXu3Hb. K coxaneHuto,
B KiIMHM4ecKoit mpakTuke LIGA20 He MoxkeT uc-
MOJIb30BAThCSl M3-32 TOKCUYECKOTO €ro AeiCTBUS
MpU AJIMTEJIbHOM NPUMEHEHUN (JIMUHOE COO0lIeHUE
npodeccopa Ledeen; IpoBOIMTCS IIOMCK IPYrux
OHTOTEHE3 Ne 1
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Puc. 6. KoHueHTpalys raHIMO3UI0B B 3aTbUIOYHOI Kope Mo3ra Mblleii B HopMme (Ctl, 6eJible Kpy>KKU) U Y MbIILIeii-MyTaHTOB
¢ cumniromamu 6ose3Hu [apkuHcona (PD, yepHble Kpyxxku). OCb OpAMHAT — KOHLIEHTpAaIUs B HMOJIb/MT Genka (mo: Had-

aczek et al., 2015, c UBMEHEHUSIMU ).

aHanoroB GM1). OgHa u3 BO3MOXHOCTEM UCITOIb30-
Banust LIGA20 — BBecTH ero B JIUITIOCOMBI; 3 dek-
TUBHAsI KOHLIEHTPALIUSI MOXET ObITh CHUKEHA B COT-
HHU pa3 (puc. 3). CTpaHHO, YTO 3TU JaHHEIE U Pe3YJIb-
taThl llIHelinepoB He TIPUBIIEKJIM BHUMAaHUS Bpadeii-
npakTukoB. bone3ns INapkuHCoOHa ITOKa He JICUUTCS.
JIro6asg MonbITKA CHU3UTH XOTS Obl CUMIITOMBI 3TOM
0O0JIC3HU MHTEpECHA.

Jle®ULUT TaHIVIMO3UJIOB CBONCTBEHEH UM TaKOM
HeiipomereHepaTUBHOI OOJIE3HM KaK XpOHUYecKas
xopest, wian 0osie3Hb XaHTuHrroHa (Desplats et al.,
2007). bone3Hp xapakTepu3yeTcsi MOTOPHBIMU, TICH-
XUATPUICCKUMHU U KOTHUTUBHBLIMM HapyIICHUSIMMU.
IToxazaHo HapymeHHe MeTaboIM3Ma TAaHITIMO3UI0B
MpU 3TOI 60JIe3HN, HEHOPMaJTbHAasI SKCIIPECCUs TIIH-
Ko3uaTpaHcdepas. CHKeHa KOHLIEHTpalus TaH-
rmmo3nngoB GD1la, GD1b, GT1b n 6oiee Bcero KOH-
neHtpauuss GMI1.

HenaBHo BbIIeeH OCOOBIN KJIacC HEPBHBIX 00-
JIE3HEN — TaHIJIMO3UA03bI, OOYCIOBIEHHbLIE HEHOP-
MaJIbHBIM KaTa0OoJIM3MOM TaHIJIMO3UAOB, M30BITOY-
HBIM X HakoIruieHueM B KiieTkax (Sandhoff, Harzer,
2013). Boine3nu oOyCIOBIEHEI BPOXICHHBIMU -
deKTaMu TUIpOoJIa3 1 HEKOTOPHIX OeaKoB. aHTIMO-
3UI03bI BEIYT K CACHOTE U UANOTU3MY MOJIOJIBIX JIIO-
nmeit. Tloka neueHust HeT. Hamexxny BHyIIaeT co3ma-
HUE MBILIMHBIX MOJEIICA.

B nocnenHee BpeMs omnpeaeaviv W3MEHEHUS
C(UHTOJUIIUAOB TIPU CEePACUHO-COCYAUCTHIX 3a00-
JneBaHUsSIX (0030p: AneceHko u ap., 2019). MHCYIbTHI
U MH(APKTbl — OCHOBHAsl MpUYMHA CMEPTH JIIONIEH.
HapyiieHust ntunmmuaHoro oOMeHa 1aBHO CUMTAIOT Ofl-
HUMM 13 OCHOBHBIX PUCKOB BOZHUKHOBEHUSI TaKUX
oonesneit. Terrepb, KpoMe M3MEHEHMIT XOJIeCTEpUHA
U TPUIMLEPUIOB, OTMETWIN HapyllleHUs MeTabo-
JiudMa U C(UHTOJUIIMAOB, BKJIOYash TaHTJIMO3UIbI,
MprUYeM BaXKHYIO POJib UMEET 0a30BbIid UX KOMIIO-

OHTOTEHE3 Ne 1
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HEHT — lepaMul. YpOBeHb COUHTOIUITNIOB MEHSIET-
csI TIpU UIIIEMUU, TUTIEPTOHUY, MH(bAPKTe MUOKap/a.
IIpemnaraeTcst U3MeEPSITh YPOBEHb COMHTOIUIINAOB B
TUTa3Me KpOBU, KaK TOTIOTHUTEILHBIM TECT B MMarHO-
CTHUKE U IPOTHO3€ CEPIEeUYHO-COCYIUCTRIX 3a00JIeBa-
HUI1 U TIpeXIe Bcero MH(apKTa.

M3MEHEHHWA TAHITIMO3N OB
B KAHIHEPOT'EHESE

JaBHO M3BECTHO yBEJIWYEHUE COACPKAHMSI TaH-
IJIMO3UAOB B 3JI0KAYECTBEHHBIX oITyxoJisix (Mora
et al., 1969). lanpHeiine UccaeqOBaHUs TOATBEP-
VIV TIEpBble HAOIOACHMS, U TIPU 3TOM ObLIa ITOKa-
3aHa KOPPEJSLMs MEXIY colepXKaHUEeM TaHTJIMO31-
JIOB M 4acTOoToi MeTacTa3oB omyxoiu (Itaya et al.,
1976; Skipski et al., 1981). KpoMme pa3mnuHbIX Kjie-
TOYHBIX JIMHUM, TaKasi KOPPEISIIUs OTMeYeHa U IJIsT
HEKOTOPEIX oIryxoJjieii. IToka3aTeabHble IIPUMEPhI —
KJIETOYHBIE JINHUY MBIIITMHON MeTaHOMBI U TUMGO-
MBI YeJIoBeKa. B ommyxossix HauboJjiee pacipocTpaHe-
HBI TIpocThie TaHMo3uabl — GD3 u GM3, ucxon-
HBIE B ABYX JIMHUSIX NpeBpalieHuii (puc. 7). Beicokas
koHleHTpauuss GD3 u akTUBHOCTH (hpepMeHTa €ro
CUHTE3a 0COOEHHO XapaKTepHa JJIsl HEMpoOJIaCTOMBI
KpPBICHI M paKa IIpSIMOM KAIIKY YyenoBeka, a st GM3
TraHIJIMO3UIa TUIIMYHO TTOBBIIICHUE KOHIIEHTpALUU
B MEJIAaHOME U B paKe MOYEBOTO ITy3hIpsI, II¢ MHOTO U
GD2. HekoTtoprble raHTIIMO3UIbBI, MUHOPHBIC B HOP-
MaJIbHBIX KJIETKaX, HAUMHAIOT SKCIIPECCUPOBATHCS B
omnyxoisx (Fredman, 1994). B 6bicTpo pacTyiux me-
TacTasaX TaHIJIMO3UAOB OONbIIe, YeM B MEIJICHHO
pacTymumx MeTactazax. MOHOKJIOHAJIbHbBIE aHTUTE A
K “OITyXOJIEBBIM ’ TAHIJIMO3UIaM TOPMO3ST POCT OILy-
xonu (0030p 110 3TOMY LIMKIIY paboTt cM. Segui et al.,
2006).

Breimenenue (LIEOAWHT) TAaHITIMO3UIOB OIYyXOJie-
BBIMU KJIETKAMU B Cpeay — BaXKHbII MapKep Iporpec-
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Opranu3anus KJIeTOYHbIX MOMYJISAIHiA
HEPAMMW/I ocHoBubie GM1 1 GDla
PPPP uepamun-riawokosa Passurue
nakrtaT-1uepamua ocHoBHble GM1 n GDla
Onyxomn boae3ns Ilapkuncona CrapeHue
n30bIToK neduuutr GM1 u GDla

GM3,GD3 GMI1 GM1
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|
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LepamMu ¢

TaHIJIMO3U b
GT3 ... GT2 ... GTlc

Puc. 7. I'aHmIMo3uabl B pa3HbIX COCTOSIHUSIX OpraHu3Ma
(cuHUM). OmieIT HOpManu3auu (KpacHsiM). PPPP — un-
FMOUTOP CUHTE3a FraHIJIMO3UIOB.

cun orryxomu. Cpeny MHOTHUX pabOT 3TOro Harpasiie-
HUS OTMedy wuccienoBanust rpymmbsl C. Jlaguina
(Stephan Ladisch); onHO M3 IepBbIX OMyOJMKOBAHO
yxe B 1983 romy (Ladisch et al., 1983). bbLio rmokaszaHo,
YTO KOHLIEHTpALUsI TAHTJIMO3UAOB B BEICOKOTYMOPO-
TeHHOI JIMHUU KJIETOK JIMM(OMBI MBIIIN O0JIee YeM B
100 pa3 BblllIe, YeM B JIMHUU, KJIETKU KOTOPO cjiabo
npuBuBaiorcd (Ladisch et al., 1987). Kitetku BTOpoOit
JIMHUU BBIACISIIOT B 90 pa3 MeHbllle TaHIJIMO3UIOB,
YyeM BBICOKOTYMOpOIreHHbIe. KieTKr 3TOi JIMHUU
MPUBUBAIOTCSI HAMHOTO XyX€, YeM KJIETKM C BBICO-
KUM COIEpKaHWEM TaHINIMO3UIOB U BBLICOKUM IIIE/-
nuHrom; Tpedyetcs B 1000 pas 6oJibliiee YMCIIO0 KIIETOK.
HHTepecHO: KIIETKM HU3KOTYMOPOTEHHOM JIMHUU
MOXKHO TpeoOpa3oBaTh B BEHICOKOTYMOPOTEHHEBIE, 10-
0aBUB B UX Cpeay TaHIIMO3UIBI, BBIACIEHHBIE U3 BbI-
COKOTYMOPOT€HHOTO KJIoHAa. HabGmomeHus maleHTOB
C HelpoOIacToMOI TToKa3ajau OTPUIIATENILHYIO KOppe-
JISILIMIO BBDKMBAHUS JIOAEH C ypOBHEM TaHIIMO3UIa
GD2 B onryxonu (Valentino et al., 1990).

ITokazaHo BIUsSTHUE TAHIIMO3MI0B HAa UMMYHHYIO
cucteMmy (Ladisch et al., 1983; Gonwa et al., 1984,
Shaposhnikova et al., 1989; Bergelson et al., 1995;

Taomna 2. MI3MeHeHUsI MHTEHCUBHOCTH CUHTE3a M 1/ -
IVHTA TAaHIJIMO3UIOB 10 JaHHBIM PagMOaKTUBHOCTU Me-
YeHbIX TaHIIMO3UIOB IOCcje 3-THEBHON 00pabOTKMU JIM-
HUM KJIETOK HEMpoOIacTOMbI 4YeJIOBEKA WHIMOUTOPOM
PPPP; pacuet Ha yamky ¢ kietkamu (Li, Ladisch, 1996)

PPPP, MvnM

CuHte3, dpm lemmuar, dpm

0 KOHTPOJIb 61152 1454
10 3308 208
20 2700 120

Bergelson, 1995; Li et al., 1996a, 1996b). Tak, raH-
IJIMO3UIbI, BhIJEIeHHBIC U3 IMHUU KJIETOK HeitpobJia-
CTOMBbI, CWJIBHO IIOJABJISIIOT UMMYHHBIIA OTBET aJljIo-
TeHHBIX HOPMAJIbHBIX KJIETOK MbIu in vivo (Li et al.,
1995). 3areM 3To OBUIO TMOKa3aHO OIS OCHOBHOIO
raHmiMosuna Heipobiaactombl — GD2 (Li et al.,
1996). BoccraHoB/IeHE UMMYHHBIX KJIETOK M HEKO-
TOPBIX APYTUX CBOMCTB HOPMaJIbHBIX TKAHEU JOCTU-
rajoch II0JIaBJICHEM KJIIOUEeBOTO (pepMeHTa CHHTE3a
BCeX TAaHIIMO3UIOB TIINKO3MILEPaMUACUHTA3HI IIPe-
napatoM PPPP (cwm. Beimie). Ilo nannsiM P. JIu u
C. Jagumra (Li, Ladisch, 1996) cuHTe3 raHIJIMO3UIOB
Topmo3ntTcst PPPP B pa3HBIX oITyXoJIsIX IppMEpHO B
20 pa3 u miepauHT — 7—20 pa3. B Hammx paborax npu
00paboTKe KYJILTYp HOPMAJIbHBLIX TIeMaTOLUTOB
PPPP ux menauur nnomasisiicst Ha 90% nipu ucnosb-
3oBaHuu B 10 pa3 meHb11eit 10361 PPPP (Ta6. 2).

[lexnuHTr TaHIIMO3UIOB PAaKOBBIMU KJIETKAMU U
YCBOEHME 3TUX FaHIJIMO3UAO0B HOPMaJIbHBIMU KJIET-
KaMM HM3SIIHO II0Ka3aHbl B OITbITaX Ha IBOMHBIX
kynbsTypax (Olshefski, Ladish, 1998). MeueHble raH-
IJIMO3MABI KJIETOK MEAY/IJI00JIaCTOMBI ObLIM OOHAPY-
XKEHbl B HOpMaJIbHBbIX (pHUOpoOIacTax, OTHCICHHBIX
OT PaKOBOM KyJIbTYPBI MEMOpaHHBIM (pUIbTpOM. [To-
clie 00pabOTKM pPaKOBBIX KJIETOK WHTUOUTOPOM
PPPP mnepexonm raHrino3uaoB ITIOJIHOCTBIO MOIaB-
nsuicd. Ipu aToMm cTpykTypa pnbpoo1acToB He cTpa-
Jlajia, U B 3TOM KY/JIbTYpe HaXOAWIN MUTO3HI.

Bblllie oTMe4eHO TyMOpPOreHHOe IeMCTBUE TaH-
IJIMO3UIOB, BbIAEJIEHHBIX U3 JUMGOMBI, Ha KJIETKU
Hu3kopakoBoil 1uHum (Ladisch et al., 1987). 3atem
roKaszaJjy MoJaBJIeHUe IISIINHTa KJIETOK SMUAESPMO-
uaHOM KapuuHoMbl (Barbour et al., 1992) u Heiipo-
6aactomsl (Li, Ladisch, 1996, 1997), a Tak:ke KJIeTOK
MeJlaHOMBI nociie 00padotku ux PPPP. B nocienHem
cilydyae CMHTE3 TaHIIIMO3UA0B CHIKaICcs Ha 86—90%.
Henenus numdoIUTOB B OpraHax UMMYHMTETa He
crpaganu. UHnykrop nuddepeHIIMpOBKYA — PETUHO-
eBasi KUCJI0Ta CTUMYJIUPOBaJia pOCT HEUPUTOB B KJIET-
Kax HelipoOiractoMbl. Eciim 06padboTaTh KyIbTypHI XO-
JIEpPHBIM TOKCMHOM, OJIOKMPYIOIIIUM PELeNTOPhI T'aH-
mmo3uga GM 1, wiu BBecTu B cpeny aHtuTela K GM1,
pETUHOEBasi KUCJIOTa HE CTUMYJIMPYET POCT HEMPUTOB.
BHoBb oTMeuy yHUBepcalibHYI0 poiib GM1 B pasHbIX
(GYHKIMSX U B TATOJIOTHMU.

MpbIl1aM BBOAWJIM TTOAKOXHO KJIETKU MEJaHOMBI
(Wen Denget al., 2000). ¥ Bcex 06pa3oBanucCh OIIyXo-
JIU ¢ MeTacTta3aMu. Jpyrue Mbliiiv TOi Xe JTUHUU M0~
JIydanu KieTku, oopaboranHsie PPPP B ycrnoBusx,
HE TOPMO3SIIUX NMpoJudepaluio KIeTokK. ¥ TaKux
MBIIEN OIYXOJIU BOZHUKIIU JUIlb Y 40% >KUBOTHBIX,
W MeTacTas3bl ObUTH JUIIb ¥ 25%. Cpenr MHOTHX VC-
cJIeOBaHM, TTOKa3aBIINX MMOJIOXKUTEIbHOE BIUSTHUE
PPPP g nmpodunakTuku 1 Tepanuu oImyxoJjei, oT-
Meuy emie asa (Inokuchi et al., 1990; Kyogashima
et al., 1996).

PaGoThl pa3HBIX aBTOPOB ITO3BOJMIN KJIACCUKY
uccienoBaHus ranmmmo3naoB M. Xakomopu (Hako-
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mori, 1991) paccMOTpeTh HOBYIO CTpaTETHUIO TePau
onyxosieil. [TonoOHbIE OTHOIIIEHUSI PACCMOTPEHBI 1 B
npyrom o63ope (Radin, 1994).

3AKJIIOYEHHME

Kazanock GBI, BEIBOI O 3HAYMMOCTH TaHTJINO3U-
JOB B 2)KM3HHM OpraHM3Ma TpuBHaJICH: KaK 4acCTb ILJ1a3-
MaTUYECKO MeMOpPaHbl, TAHIJIMO3MIBI y4aCTBYIOT BO
BceX (PYHKIIMSIX U B TIPOSIBIICHUSIX TTaToornu. OmHa-
KO, COBPEMECHHBIC JaHHBIC OIIPCACINIIN CHGL[VI(I)VI‘{G—
CKO€, XOTS U He YHUKAJIbHOE Yy4acTue UMEHHO TaH-
[IJIMO3UIOB B pa3HbIX )KM3HEHHO BaXXHBIX Mpoleccax.
Puc. 7 o600611aeT 3tn cBeneHuss. KpacHbIM Bhifesie-
HbI (paKTOpHI YIYYIIEHUSI COCTOSTHUI CTApOro WU
OOJIBHOTO Y€EJI0BEKA.

OTMe4eHBl CBOICTBa TaHINIMO3UOOB, HEU3BECT-
Hble maxe B 1980-e roapl, a HeKoTophie U B 2010-¢.
Taxk BBISICHUIOCH YY4acTHE HEKOTOPBIX TaHITIMO3UI0B
B OpraHMU3al1 IPSIMBIX MEXKKJICTOYHBIX B3aMOIeii-
crBuit. GM1 1 GD1a n3 ngati n3ydeHHBIX, OCHOBHBIX
B [IEYCHU U B MO3Ie, OPraHU3yIOT pUTM CUHTEe3a OeI-
Ka B pa3HbIX KJIETKAX in Vitro v in vivo. [aHIJIMO3UIbI
HE €IWHCTBEHHBIN (paKTOp-opraHu3aTop. TakoB ke
3¢ deKT TpaHCMUTTEPOB KPOBU — HOpaJApeHaIHA U
CEepOTOHMHA, a TAKXKE MEJIAaTOHNHA U HEKOTOPBIX JIe-
KapCTB MOOYJISITOpOB Kamblusa. Ho opraHusyloias
GYHKIIMS TaHIIIMO3MI0B 0OOCHOBaHA 3KCIIEPUMEH-
TaMU BIIEPBBIC, XOTSI TUIIOTE3 00 3TOM XBaTajlo, Ha-
YyMHas ¢ Kj1accuyeckux pador 1980-x rr.

HccnenpoBaHne reHHOMHKEHEPHBIX MyTaHTOB I10-
Ka3aj10 HEOOXOAMMOCTh FaHIJIMO3UAOB JIJIST PA3BUTHSL.
IToBpexaeHue reHa MepBOro Ipolecca MmpeBpalle-
HUS LIepaMIIa B TAaHIIMO3UIbI IIPUBOIUT K OCTAHOBKE
racTpy/ISiLiMM MPY HEHApYIIeHHON ITPOHMIIAEMOCTU
MeMOpaH 6;J1aCTOMEPOB 1 HE OCTAHOBJICHHBIX ASJICHU-
X IpoOjeHus. MyTanuy IMO3OHUX B CTAHOBJICHUU
TaHIJIMO3UI0B T'€HOB BeIyT K HApyIIICHUSIM HEPBHOM
CHCTEMBI, COKpAIIEHUIO MPOJOIKUTEIBHOCTU KU3-
HU U U3MEHCHUSIM ITOBeIeHUS XUBOTHHIX. HekoTo-
pble HApYyIICHMs yaaeTCsl UCTIPAaBUTh, BBEISI TaHIJIM-
o3uabl. OTMEYEHO, YTO MYTAHThl C HEHApyILIEHHbIM
comepxanneM GM1 1 GDla mo KOrTHUTUBHBIM T10O-
KazaTteJasM M HEKOTOPbIM JPYTMMHM IlapaMeTpam
HEPBHOM CHCTEMbl HE OTJIMYAIOTCS OT HOPMaJIbHBIX
KHUBOTHBIX.

Cpenu MHOTUX U3MEHEHUI CBOMCTB OpraHru3Ma u
KJIETOK IIPY CTAPEHUH HAIIUIA 1 HAPYIIEHUS IPSIMBIX
MEXKJIETOUYHBIX B3anMoIeicTBUi. MapKep Tipoiiec-
ca — aMIUIUTyJa puUTMa CUHTe3a Oelka — BABOE
YMEHBIIIAeTCs Y CTaphbIX XKMBOTHEIX. [1pu cTapeHn B
opraHu3Me HaO g eUIINT TAaHTIIMO3MI0B-0P-
raHuzatopoB GM1 u GDla, Torna Kkak apyrue raH-
JIMO3UbI, OOBIYHEIE B HEPBHOI CHCTEME U B IeUe-
HU, He U3MeHsuUIMch. CuTyallMio ¢ opraHu3aluei
MPSIMBIX MEXKJIETOYHBIX B3aUMOIECHCTBUIT MOXHO
HWCIpPaBUTh, JO0ABJISIS B Cpeny C KyJIbTypaMU KJIIETOK
CTapbIX KPBIC WM MHBELUPYS CTapbhIM >KMBOTHBIM

OHTOTEHE3 Ne 1
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raHTIno3nabl. TakoB ke 3P deKT 00oraneHs ChIBO-
POTKM KPOBU CTapbIX KPHIC TAHIIMO3UIOM-OpraHu-
3atopoM GM.

Heduuutr GM1 u GD1a, raHImmo3uaoB-opraHu-
3aTOPOB MPSIMBIX MEXKISTOUHBIX B3aMMOACHCTBUIA
Habomoganmu npu 0oae3nn Ilapkuncona. ITokaszaHo
MOJIOXUTEJIbHOE BaussHUE ranriuo3duga GM1 Ha
cuMIITOMEI 60Jie3HU. Ellte adppekTrBHEE NeiicTBOBAI
dapmakosornueckuii aHajgor GM 1. Mubekmm iio-
IsM raHmmo3uaa GM1 cHUXKalu TsKeJIble CUMIITO-
MBI 00JIE3HM — HapYILIEHUSI MOTOPUKK M KOOPIMHA-
LU IBUKEHUM, TpeMopa, KOTHUTUBHEBIX cOoeB. [1o-
CKOJIbKY 2(P(EeKTUBHBIX METOAOB JeUueHUsT O0JIe3HU
ITapkuHCOHA TOKa HET, YIMBUTEIBHO, YTO pabOThI C
TaHIJIMO3UAaMU He IIPUBJIEKIIM IIMPOKOTO BHUMa-
HUS Bpayeu.

ITpoTuBOTIONIOXHBIA (DeHOMEH — M30BITOK TaH-
[JIMO3UIOB — COIIPOBOXIAET KaHIeporene3. BiusaHust
Ha TaHIJIMO3UIbI MOTYT 00JIer4aTh TeUeHUE 3JI0Kaue-
CTBEHHbIX OITyXOJjieii. B 3J10KaueCTBEHHBIX OITyXOJISIX
colepXaHWe TaHITIMO3UIOB U ocobeHHo GM3 u
GD2 moxeT OBITh HAMHOTO OOJIBIIE, YeM B aHaJlO-
TMYHBIX HOPMaJIbHBIX TKaHsX. IToka3aHO TyMoOpo-
TeHHOE NEMCTBUE TAaHIJIMO3UOAOB, TOPMOXEHNE UMU
MMMYHHUTETa OpraHn3Ma xo3ssmHa. B omyxossix gacto
HEHOPMaJIbHO BhICOKAsI aKTUBHOCTh (pepMeHTa CUH-
Te3a TaHIJIMO3UI0B ITIMKO3WILepaMUICUHTa3bl. YH-
ruonTop 3toro pepMmernTa — PPPP — topmosut npo-
IPECCUIO OMYXOJIN.

B mocnenHee BpeMst omnpenenivi U3BMEHEHUSI CO-
JIep>KaHus1 C(OMHTOJIUITUIOB B IIPOLIECCE CepaedHO-COo-
CYIUCTBIX 3200J1€BaHMii, OCHOBHOI IIPUYMHBI CMEPTU
moneit. Ilpennaraercss u3MepsiTb YypoBeHb COMHTOIN -
MMIOB B IJIa3Me KPOBH, KaK JIOMOJIHUTEILHBIIA TECT B
JUATHOCTUKE U IIPOTHO3€ CepHeYHO-COCYIUCTBIX 3a-
OoJIeBaHMI1 1 TIpEXKIe BCero nHpapkTa.

HWTtax, raHmmmo3nabsl — BaXXKHBINA (aKTOP Pa3BUTHS
U (QYHKLIMOHUPOBAHUSI OpraHU3Ma, BIUSIOIIUN Ha
OCHOBOIIOJIATal0IINe TeHETUYSCKIE U SIIMTeHEeTUYe-
CKH€ MEXaHU3MBbI B T€UeHHE BCEero oHtoreHesa. Kak
MOXHO TMpeAcTaBUTh 3 dekThl ranmmo3unaos? Kak
KOMITOHEHTHI IJIa3MaTU4eCKOii MeMOpaHbl, TaHIJIM-
O3UJIbI MOTYT BJIMSTh HA aKTUBHOCTh MHOTHX PELIEII-
TOPOB: (PAaKTOPOB POCTa, MHCYJIMHA, CEPOTOHMHA, HEl-
poTpodryecKux 1 Apyrux. [aHIMO3uAbl U caMHU MO-
TYT OBITH PELENITOPAMHU, U MX HEIOCTATOK MJI M30BITOK
MOXET CKa3bIBaThCsl Ha OUoJornu KieTok. Kak cur-
HaJbHBIE MOJIEKYJIbI, TAHINIMO3UALI MOTYT BJIMSTHL Ha
MHOTHE ITPOLIECCHI B KJIETKaX, TaK1e KaK CUHTE3 OelKa,
aKTUBHOCTh (DEPMEHTOB, MOHHBIN TpaHCHOPT. OHU
MOTYT MOOY/IMPOBaTh MOEHCTBUE APYTMX CHUTHAJIOB.
3HAYMMOCTh TaHIJIMO3MAOB OTMeYajach JAaBHO, HO
00OCHOBBIBAJIACH JIMIIIb BCEOOIIIMM UX pacIpoCTpaHe-
HHEM B KJIETKaX 1 CIIOCOOHOCTBIO OTACISITLCS OT KJIe-
TOK ¥ BCTpanBaThCsI B MEMOpaHy IPYyrux KiieTok. Pe-
3yabTat nocieqHux 20 jJeT — JaoKa3aTeIbCTBO POJIU
TaHIJIMO3UAOB IIPSIMBIMU (DPU3UOJIOTMYECKUMU 3KC-
MEepMMEHTaMHM, a B IIOCIAEAHME TOIbl 1 TEHHOUHKE-
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HEePHBIMHA MeTonaMu. JJ1s1 MeAUIIMHEI CyIlIeCTBEHHBI
BCce 0oJiee MMPOKUE JaHHbIE O BOBJIEUEHHOCTU TaH-
IIMO3UI0OB B 3THUOJOTUI0 HEKOTOPBIX HEPBHBIX 00-
JIe3Hell, W mpexnae Bcero OoisiesHu IlapkuHcoHa, a
Tak>Ke B MPOTPECCUIO OMYXOJEH.

BJIIATOJAPHOCTHU

IIpexne Bcero, 6marogapro H.JI. 3Be3nuHy, OCHOBHOTO
coaBTOpa paboT IO TIPSIMBIM MEXKKJIETOUYHBIM B3aMOICTi -
CcTBUSIM. BoJbloil BKJIaAg B 3TU UCCIEIOBaHUSI BHECIU
JI.LA. Manbuenko u B.M. @areeBa, a TakKe COTPYIHUKU
Kapmnouenrpa H.B. IlpokaszoBa u E.B. I'paueBa. Ilpu-
3HaTeJieH M.B. YrpioMoBy, KOTOpbIii TTO3HAKOMMJI MEHSI C
Hp. P. Jlennusim (R. Ledeen, USA), omfHUM 13 OCHOBHBIX
nccienoBaresyieil raHIMO3UIOB IIpy 6ose3Hu [TapkuHco-
Ha. bnaronapio nokropa C. JIaguia (S. Ladisch, USA) 3a
nonydyenue PPPP. bnaromapro npodeccopa B.B. Tepckux
3a 3aMeYaHUs 10 TEKCTY CTaTbU U CaMOM TeMe.

OUNHAHCHUPOBAHUME PALOTbI

PaGora BeIOTHEHA B paMKax paszneiia [ocynapcTBeH-
Horo 3amanust UBP PAH 2021 r. Ne 0088-2021-0016.

COBJIIOAEHUE 5TUYECKHUX CTAHOAPTOB

Hacrosmas cratest He COOCPKUT OIIMCAaHMUA BBIIIOJI-
HCHHBIX aBTOpaMMn UCCJIEIOBAHUM C ydyacTuem Jroneu uin
HMCHOJIb30BAaHNEM XHUBOTHBIX B KAYECTBE OOBEKTOB.
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Gangliosides in Orchestration of Cell-Cell Communication,
Development, Neuronal Pathology and Carcinogenesis
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Glycosphingolipids — gangliosides — are one of the essential factors of direct cell-cell communication and the
development of organisms. They are involved in the pathogenesis of a number of diseases, such as Parkinson’s
disease and malignant tumors, manifesting themselves as a deficiency or surplus of the ganglioside content in
comparison with normal tissues. It is possible to correct such disorders affecting the synthesis or secretion
(shedding) of gangliosides. In terms of future clinical application: when the gangliosides are corrected, the

symptoms of diseases may be alleviated.
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BNOJIOTUA PA3BUTUA XKNBOTHBIX

(BECITIO3BOHOYHBbBIX 1 ITO3BOHOYHDbIX)
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MN3IMEHEHUNA OKPACKHA PEJAKOI'O INTYBOKOBO/JIHOI'O CKATA
PNUYAPACOHA BATHYRAJA RICHARDSONI (ARHYNCHOBATIDAE,
RAJIFORMES, CHONDRICHTHYES) B OHTOI'EHE3E
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HccnenoBaHbl 0COOEHHOCTU OKPACKU TOPCaAIbHOM U BEHTPAJIbHO# CTOPOH PENKOTO ITyOOKOBOIHOTO CKa-
ta Puuapncona Bathyraja richardsoni (Arhynchobatidae) B nuarmasoHe m;iH ot 14 10 146 cM 1 TpoCiIeXXeHbI
ee OHToreHeThuyeckue n3MeHeHus. [IpeacrapieHbl HOBbIE JaHHbIE 0 OKPAacKe SMOPUOHOB, HEMTOJIOBO3pe-
JIBIX, CO3PEBAIOIINX U TTOJIOBO3PENIbIX ocobeit. [TokazaHo, UTO Baprallii OKPacKU OOPCATbHONM CTOPOHBI
HE3HAUYUTENbHBI, B TO BpeMsl KaK OKpacka BEHTPaJIbHON CTOPOHBI MOXET 3HAUMTENIbHO BapbUupoBaTh. [1o-
JIydeHHBIEe TaHHbIE MOTYT OBbITh MCIOJIb30BaHbl B TAKCOHOMMWYECKUX U TIOIMYJISIIMOHHBIX UCCIETOBAHUSIX,
MpU pa3paboTKe KIroueit Wit onpeaeseHrs] BUIOB, MOATOTOBKE (hayHUCTUYECKUX CBOAOK U OTNpeAeInTe-
JIeit, 06JIerYnTh MTOHUMaHUe OCOOEHHOCTEN OKPACKU U €€ M3MEHEHU Y TITyOOKOBOMHBIX SKUBOTHBIX, 001~
TaIOUIMX B YCJIOBUSIX TOCTOSTHHOM TEMHOTHI, a TAKXKe PaCIIUPUTh 3HAHUST 00 OTAEbHBIX aCMeKTaX MaKpo-
1 MUKPO3BOJTIOIINH IJTyGOKOBOIHBIX CKATOB.

Karouesnie cnosa: ckat Puaapncona Bathjyraja richardsoni, okpacka, OHTOTeHETUISCKIE U3MCHEHMSI, TTy-

6okoBonHBIE cKaThl, CeBepHast ATJIaHTUKA
DOI: 10.31857/S0475145022010050

BBEJEHUWE

MdayHa IIyOOKOBOOHEIX CKATOB Jaxke HaubOoee
M3y4eHHOM CeBEpHOM YacTh ATIIAHTUUYECKOTO OKea-
Ha UcciieJoBaHa HeJOCTaTOYHO XOpoliio. MHorue ce-
BEpO-aTJIaHTUYECKNE BUIbI OITMCAHBI OTHOCHUTEIBHO
HeJIaBHO (BO BTOPOI1 IIOJIOBMHE IIPOIILIOTO CTOJIETHS)
U U3BECTHBI O CUX MOP 10 HEOOJIBIIIOMY YK CITY HAX0O-
nok (Orlov et al., 2006; Porteiro et al., 2017). K Takum
BUIaM OTHOCUTCS 1 cKaT Puuapncona Bathyraja rich-
ardsoni, BIlepBble OIMMCaHHBIN 13 Boa HoBoii 3emaH-
muu (Garrick, 1961; Garrick, Paul, 1974). Apean naH-
HOTO BUJA PaCIOJ0XEH B CEBEPHOM 1 LIEHTPAJIbHOM
AtnmaHTuKe (OT ceBepo-BocTouHOI KaHanbl u 1oro-
3armagHoii I'pennanaum 10 A30pcKuX 0-BOB U MaB-
putaHuM) U B 1oro-3amamHoii Ilanumduke B Bomax
Tacmanuu u Hosoii 3enanauu (Ebert, Stehmann,
2013; Kulka et al., 2015; Porteiro et al., 2017), toe oH
W3BECTEH IO pa3po3HEHHBIM IouMkaM. Ckar

31

Praapncona — ooy 13 HanboJtee KpyImHBIX BUIOB TITy-
OOKOBOIHBIX CKATOB, AOCTUTalOlIUii IJIUHBI 175 cMm
(Sulak et al., 2009; Ebert, Stehmann, 2013). Hau-
OOJIBIIICH YMCIEHHOCTH OH JOCTHTaeT B paiioHe Cpe-
JuHHO-ATinaHTU4eckoro xpeora (CAX) (Fossen et al.,
2008) u sBNsIeTCS OMHUM 13 Hanboiee IITyOOKOBOTHBIX
CEeBEPO-aTJIAaHTUYECKMX CKATOB, IIOMMKH KOTOPOTIO
U3BeCTHBI ¢ IyouH 501—3055 M ¢ Auana3zoHoOM Mak-
cuMaJibHOII BcTpedaemoctu Mexay 2100 m 2400 M
(Orlov et al., 2006; Porteiro et al., 2017).

CKaThl SBJISIIOTCS OOQHOM 13 Haubosee ySI3BUMbBIX
TPYIII MOPCKMX PBIO IO OTHOIIIEHUIO K aHTPOITOT€H-
HoMy BosznelictBuio (Dulvy, Reinolds, 2002), u oT-
JIeJIbHbIE CTPaHbl U IIPUPOIOO0XPAHHBIC OpTaHU3ALINU
VIEJISIIOT ITOBBIIIIEHHOE€ BHUMaHME BOIIPOCAaM OXPaHbI
U COXpaHEHMsI KaK XpSILEeBbIX PbIO B 1I€JIOM, TakK U
ckaToB B yactHocTu (Opios, 2005, 2008; Cavanagh,
Gibson, 2007; Opnos, IllleBepuunkuii, 2008; OpnoBs,
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JInutBunoB, 2010; Goodwin, 2012). ITo Bepcuu Mex-
JyHapogHoro coio3a oxpaHbl Ipuponsl (MCOIT)
ckat PuuapncoHa otHeceH K kareropuu “Least Con-
cern” (Kulka et al., 2015), T.e. B HacTosllee BpeMsI
YIPO3bl aHTPOIIOTEHHOTO XapaKTepa JJIisl HEro OTCyT-
CTBYIOT.

HecMoTps Ha TO, 4YTO mAHHBIN BU SBISETCS HO-
BOJIBHO MHOTOYMCJIEHHBIM B CPaBHEHUHM C APYTUMU
IIYyOOKOBOIHBIMM CKAaTaMHM CEBEpPHOIN ATIIAHTUKM,
JIO CUIX TIOp €r0 OMOJIOTUSI OCTAeTCs U3yYeHHOM Hel0-
cratouHo (Tempelman, 1973b; Orlov et al., 2006), a B
OOJIBIIIMHCTBE OITYyOJIMKOBAHHBIX PA0OT ONMMCHIBAIOT -
csl TIPEUMYILECTBEHHO OCOOEHHOCTU MOp(dOIoruu
maaHoro Buaa (Garrick, 1961; Forster, 1965; Tempel-
man, 1973a, 1973b; Garrick, Paul, 1974; Stehmann,
Merrett, 2001; Orlov et al., 2006, 2010; Orlov, 2011;
Orlov, Cotton, 2011). Mexny TeM, oIyOJIMKOBaHHbBIC
cBedeHUs 00 oKpacke ckara PrmyapmcoHa pa3po3He-
HbI 1 orpaHndeHHbI. [lITemanH u MeppetT (Stehmann,
Merrett, 2001) ommcam oKpacKy IISITA U3BJICYEHHBIX U3
SHIEBBIX Karicynm »MOpmoHOB. PaHee cBemeHuss o0
OKpacKe HEeCKOJIbKUX KPYITHBIX MOJIOBO3PEJIbIX CKATOB
Puyapncona ObUIM OycaHbI 4JIsSI 9K3eMILISIPOB U3 BOJL,
HoBoii 3emanmuu (Garrick, 1961), ceBepo-BoCTOU-
Hoit (CBA) (Forster, 1965) u ceBepo-3amamgHoii
(C3A) Armantuku (Tempelman, 1973b), mo3mHee
0000IIIeHHbIE B PErMOHANIbHBIX (DayHUCTUUECKUX
cBonkax (Sulak et al., 2009; Ebert, Stehmann, 2013).
B mesom, B yKazaHHBIX paboTax I OKpacKM B3pOC-
JIBIX 0CO0€l yKa3bIBAJIMCh TaKWe OOIINe MPU3HAKU:
JopcajbHasl CTOpOHaA Tejla OMHOTOHHAS, OT MeMelb-
HOM 0 KOPUIHEBOI, C HEOOIBIIMMHU CBETIBIMU TOU-
KaMU WM IIITHAMU U TEMHOM KaliMOIi Ha KPbUIbSIX U
HIDKHMX JIONACTSIX OPIOIIHBIX TUIaBHUKOB (V); BeH-
TpajibHasi CTOpOHA Tejla 3aMETHO TeMHee T0pPCallb-
HOIi, ¢ TeMHOI1 KaiiMO¥i Ha KPbUIbSIX U HUXKHUX JIoNa-
cTax V u Haaumumem OebIX YY4acTKOB BOKpPYI pTa,
HO3Ipeil M KJI0OAaKM, Ha XBOCTE U y €r0 OCHOBAHUSI,
Mexay rpyaHbeiMu (P) u V, Ha HKHUX noractax Vu
BepIIMHAX IITEPUTOINOINEB.

OTcyTCcTBHE OITYyOJIMKOBAHHBIX JAHHBIX ITO OKpac-
Ke cpemHepa3MepHbIX ckaToB PruapacoHa He Mo3Bo-
JISLJIO MCCJIEA0BATh 3aKOHOMEPHOCTH U3MEHEHUI €ro
OKpacKU Ha MPOTSKEHUN BCETO XKM3HEHHOTO LIMKJIa
U BBISIBUTD €€ BHYTPUBUIOBYIO U OHTOTEHETUYECKYIO
M3MEeHYMBOCTD. [1ogo0OHbBIE CBeAeHUS UMEIOT BaXKHOE
3HAYCHME IS TAKCOHOMUYECKMX Y MOMYJISIITMOHHBIX
HUCCeA0BaHUM, a TakxKe MpU pa3paboTKe Kitoueit
JIJIST OIIpeesIeHUsI BUIOB U IIOATOTOBKE (payHUCTUYE-
CKUX CBOOOK M omnpenenureneii. Kpome Toro, pazpa-
0o0TKa JaHHOW MPOOJIEMbBI MOXET MPEACTABISITh 00-
Jiee IMPOKUil pyHIaMEeHTAJIbHBII MHTEpEC B IJIaHE
OCMBICJIEHHUSI 0COOEHHOCTEII OKpPacKu U €€ U3MEeHe-
HUIl y [JIyOOKOBOOHBIX YKWBOTHBIX, OOMTAIOIIUX B
YCJIOBUSIX TOCTOSTHHOI TEMHOTBI, a TAK3Ke CIIOCOOCTBO-
BaTh JIy4llIleMy ITOHMMAaHH1IO OTAEIbHBIX aCIIEKTOB MaK-
pO- M MUKPO3BOIOLMU (MPOUCXOXKACHUE, paccesie-
HUe, popMHUPOBaHME ITOMY/ISIIIMOHHBIX CTPYKTYP U AP.)
IITyOOKOBOITHBIX CKATOB.

Ilenp paboThl — aHaIM3 BCEX MOCTYITHBIX (COO-
CTBEHHBIX M JIMTEPATYpPHBIX) JaHHBIX IO OKpackKe
ckata PuyapmcoHa, MO3BOJSIONIMX IPOCIEIUTH €e
OHTOT€HETUYECKME UBMEHEHHUSI B IpeAesiaX BCETO BU-
JIOBOTO apeaja.

MATEPHAJIBI U METOJbI

MarepuanaoM s aHaauW3a Bapualldii OKpacKu
ckara Pnuapnacona nocinyxmiu 20 3K3eMILISIpOB 000-
HX I10JIOB O01LEN ITMHOM OT 14 10 146 cM, ucciaenoBaH-
HBIX ITepBBIM aBTOpOoM B TeueHue 2005—2010 1T. B pas3-
JIMYHBIX My3esXx (Taod. 1):

3ooJiornueckuii My3eii yHuBepcurera I. bepreH,
Hopgerus: ZMUB 19528 (7L 142 cm, camka, 2534 M),
ZMUB 17600 (TL 29 cm, camka, 2534 m), ZMUB
19514-3 (TL 78 cm, camenr, 1911 m), ZMUB 19514-4
(TL 63 cMm, camka, 1911 m), ZMUB 19522-3 (TL 45 cwm,
camka, 2364 m), ZMUB 19522-1 (TL 55 cM, camelr,
2364 m), ZMUB 19522-2 (TL 53 cm, camka, 2364 m),
ZMUB 19535 (TL 53 cm, camen, 2534 m), ZMUB
19514-1 (TL 69 cm, camka, 2280 m), ZMUB 19514-2
(TL 84 cm, camelr, 1911 m), ZMUB 19476 (T'L 106 cM,
camka, 2288 M), ZMUB 19448 (TL 101 cm, camka,
2534 m), ZMUB 19364 (TL 85 cm, camka, 2951 M) —
Bce 13 Box CAX;

HauyoHanbHbIA My3€id €CTECTBEHHOI HMCTOPHUU,
r. [Tapmx, ®pannus: MNHN 1999-1156 (TL 35 cm,
camel, 1975 m, CBA, BocTouHee [MOpuaCKux 0-BOB);

bputaHckuii My3eil eCTeCTBEHHOM WCTOpHUU,
r. JlJonnoH, Benukoopuranus: BMNH 1999.10.1.1
(TL 52 cMm, camenr, 2441 M, TiyOMHA U MECTO ITOMMKU
HeusBecTHB), BMNH 1999.10.1.2 (7L 69 cM, camell,
2441 M, mryOMHA M MECTO ITOMMKU HEU3BECTHHI),
BMNH 1999.2.2.1 (TL 22 cMm, camen, 1541 m, CBA
BoctouHee Mpnanaun), BMNH 1999.2.2.2 (TL 25 cm,
camell, 1541 m, CBA Boctounee Mpnanaun), BMNH
1999.2.2.3 (TL 24 cm, camka, 1541 m, CBA BocTouHee
HWpnanmun), BMNH 1999.2.2.4 (18 cMm, camka, 1541 m,
CBA BocTouHee Upnanmum).

Kpowme Toro, a1 cpaBHeHUsI MpUBJIEYEHBI JINTE-
paTtypHbIe TaHHBIE 00 oKpacke, (poTorpacduy Wid pu-
CYHKH 9K3eMILTIIpoB 13 Box HoBoii 3enannuu (Garrick,
1961), CBA (Forster, 1965) u C3A (Tempelman, 1973a),
a Takke A3opckux o-BoB (¢poto I'vm Menesec (Gui
Menezes)).

AHayin3 Bapuanuii OKpacKu NpOBOIUIN HA OCHO-
BaHMM M3YyYECHMUsI CBEXEBBUIOBJIEHHBIX OCO0e
(CAX), ux onucaHuii U3 OIyO0JIMKOBAaHHOM JIMTepa-
TYpbl, pucCyYHKOB (Boabl HoBoii 3emannun) uim ¢o-
torpaduii (Bompl KaHapckmx M A30pCKHUX O-BOB,
CBA u C3A) 1 (puUKCHUPOBAHHBIX 3K3EMIUISIPOB U3
My3eiHbIX Kojuiekuuii (CBA).

OCOOGEHHOCTH TIOJIOBOTO  CO3peBaHMUsI cKaTa
Puuapncona He M3ydeHBI, a O pa3Mepax, IMpu KOTO-
PBIX OH CO3peBaeT, HU4YEero He n3BecTHo. OCHOBBIBA-
SICh Ha OITyOJIMKOBAHHBIX CBEICHUSIX, a TaKKe HaH-
HBIX O COOTHOIIIEHUY IJIMHBI IITEPUTOITOANEB 1 HIK-
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Puc. 1. Panuuii sM6puon ckara Puuapncona Bathyraja richardsoni nnmunoit 14 cm (BMNH 1999.2.2.4): a — nopcaibHast CTOPO-

Ha, 0 — BEeHTpaJIbHAasi CTOPOHA.

Heit nomactu V (Opnos, 2006) y mccliemoBaHHBIX
CaMIIOB, MOXHO 3aKJIIOUUTh, YTO JUTMHA SMOPUOHOB
cocraBisieT 14—25 cM, HEeMOJIOBO3peIbIX — 35—69 cM,
co3peBarommx — 78—85 ¢M M ITOJIOBO3PETBIX — CBBI-
e 113 cm. I1pm aTOM mImHa, TIpU KOTOPOI co3peBa-
JOT caMIIbl U CaMKHM KPYITHBIX CEBEPO-TUXOOKEaH-
CKHX M IOXHO-a(PUKAHCKUX CKATOB, MPaKTUYECKH
He pa3nJaeTrcs, a IoJoBasi 3peJIoCThb HACTYITaeT Mpu
moctkeHUn 60% MakcuMalibHOM IiuHBL (OpIioB,
2006; Ebert et al., 2007; OpnoB, CmupHoB, 2015). B
CBSI3U C OTMM, B JAJbHEHIIIeM MPU O0OCYXKIECHUHU T10-
JIy4eHHBIX PE3yJIbTAaTOB IS 0003HAYEHUS CTETIEHU
MOJIOBOI 3peIocTH ocobeil ckara PuaapmcoHa B mc-
CJIEIOBAaHHOM Pa3MEPHOM DPSITy MBI YCJIOBHO BBIIEIISIEM
CJIeAyIOIIe TPYIIIbL: SMOPUOHBI — 18—25 cM, Hemoo-
Bo3pelbie — 29—69 cM, co3peBalolIe U IMOJI0BO3pe-
aeie — 78—105 cMm, mosoBo3pensie — BbiIe 105 cm
(mocnemHsist coctapnsieT 60% OT MaKCUMaJbHO W3-
BECTHOM JIJIMHEL).

PE3YJIBTATbI

Pesynmerarel aHanm3a mpencTaBieHBI B TaOm. 1,
BKMogaronieidr 13 mpu3HAKOB — OCOOEHHOCTEH
OKpacku. B aHaim3 He BKJIIOYEH paHHUIT SMOPUOH
nnuHoit 142 Mmm BMNH 1999.2.2.4 (puc. 1), KoTopbIii
ObLI OKpaIlleH OMHOIBETHO M HE MMEJI XapaKTEePHbIX

IJIsl BUJAa OCOOEHHOCTE OKpacKuM KaK B CBeXeM
(Stehmann, Merrett, 2001), Tak 1 (pUKCUPOBAaHHOM
cocTossHUM (HaluM OaHHbIe). OnucaHue OKpacKu
IPOWIIIOCTPUPOBaHO poTOrpadUsIMU CKATOB, IIPE/-
CTaBJIONINX pa3MepHBId pan 14, 18, 25, 35, 52, 69,
84, 106 u 127 cm (puc. 1-9).

Jopcanvras cmopona meaa

Bapmaumy oKpacku IOpCajlbHOM IMOBEPXHOCTHU
ckata PuyapmcoHa B CpaBHEHMM C TaKOBBIMU BEH-
TPAJIBHOM MOXHO paccMaTpuBaTh KaK HE3HAYUTEITh-
Hble. {715 Bcex hcciemoBaHHbIX 0cO0ei JTaHHOTO BUaa
(6e3 y4yeTa SK3eMIUISIPOB, Y KOTOPBIX IT0 OTICTHHBIM
TMpU3HaKaM TaHHbIC OTCYTCBOBAJIN) HE3aBUCHUMO OT WX
pa3mMepa, MoJjia U COCTOSIHUSI TTOJIOBOM 3pesiocTH Oblia
XapaKTepHa OMHOTOHHAsI OKpacKa JOpCaIbHOM CTOPO-
HBI OT IIETNeIbHOM 10 KopuyHeBoit (cM. Tadi. 1). I1o-
JIapjsiollee OOJBIIMHCTBO ocobOeil Ha JopcajbHOM
TMOBEPXHOCTU OMCKAa MMENIO Gojiee TEMHYIO KaiiMy TI0
€ro Kpaio M Ha HWKHUX Jonactsx V (96.4%), a Takxke
HeOOJIbIIE CBET/IbIE TOUKM WK MsATHA (96.4%) (puc. 2).
WckiaoyeHre B 3TOM OTHOIIEHHWHU TpeACcTaBIIsIa
camka mmHo# 110 cM (Ne 22 B Tabi. 1) u3 Bon Ka-
Hapckux o-BoB (Brito et al., 1998), y kotopoii (cyas
no ¢oro) oba paccMaTpUBaeMbIX MPU3HaKa OTCYT-
CTBOBAJIH.

OHTOI'EHE3 tom 53 Nel 2022
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BeHmpa./leaﬂ CmopoHa meaa

Bapuanmm okpacku BeHTpaIbHOI CTOPOHBI cKaTa
Puyapncona Ob11n 6oJiee pa3HOOOpa3HbI. Y BCEX MC-
CJIeTOBAHHBIX CKAaTOB 06€3 UCKITI0YEeHUs] HE3aBUCUMO
OT IUTMHBI, TT0JIa M TI0JIOBOM 3pEIOCTH BEHTpaJIbHAST
CTOpOHA B 11eJI0M ObLIa MeTnebHO-KOpUaHeBoii. [Tpu
5TOM OHa ObLIa OOBIYHO TeMHeEe TOpcajbHOi, a Ha
Kpasix KPbUTbEB M HIDKHUX JIOTIacTei V mMesnach TeM-
Has KaitmMa. Takxke Bce McCClelOBaHHbIE OCOOU Xa-
paxTepU30BAINCH HATMIMEM OEJIBIX YIaCTKOB BOKPYT
pTa, HO3Opei 1 OT HO3Ipel 10 yriaoB pra (puc. 3). ¥
MOJABJISIONIETO GONBIIMHCTBA ocobeit (92.3%) or-
BepCTHE KJIOAKH OBLJI0 O0eIbIM (CM. puc. 3), 32 UCKITIO-
YeHWeM IBYX SMOPHOHOB TnHOM 18 m 22 cM (Ne 1 n
2, BTabn. 1 u puc. 46, 66). HuxHsist cTopoHa XBocTa
Oblj1a TTOJTHOCTBIO 6es10ii y 2 9MOPUOHOB — caMKu 1L
18 em 1 cammra 7L 35 cm (Ne 1 m 6 COOTBETCTBEHHO).
Y npouunx ocobeit HU3 XBOCTa B Pa3HOI CTEIeHU THT-
MEHTUPOBaH (10 MOJHOCTbIO TEMHOTO — puc. 3 U 5);
MpUYeM Y HEKOTOPBIX M3 HUX Y €T0 OCHOBaHUS UMEI-
cs1 6etblii yaacTok (puc. 46, 6). OKoJI0 TpeTH ucciie-
MOBaHHBIX 3K3eMIUIIpoB (35.7%) xapakTepu3oBa-
JIMCh HAJIMYKMEM CBETJIBIX ISITEH Ha XBOcTe (pHc. 80),
3a UCKJIIOUEHUEM YK€ YITOMUHABIIMXCS BBIIIE JABYX
oco0eit, y KOTOPbIX XBOCT C BEHTPaJbHON CTOPOHBI
OBLI ITOJTHOCTBIO O€JIBIIA.

VY 73.1% ocobeii Gesblii y4aCTOK OTMEYEH B MECTE
coeauHenust Pu V nnaBHukos (puc. 3, 46, 66, 70, 806,
96), 32 UCKJIIOUEHUEM CEMU CaMOK 1 CaMI1IOB JIJIMHOM
oT 29 mo 146 cm (puc. 50). Y HEeCKOJBKO OOJIBIIETO
qrcia ocobeit (76.9%) Genbie y9acTKI OTMEUEeHBI Ha
HUXXHUX Jonactax V (puc. 40, 96), 3a uCKJItoUeHUEM
IIECTH CAMLIOB U cCaMOK JUTMHO# oT 69 1o 113 cM (puc.
56, 80). YyTh OoJibllle TPETHU UCCEIOBAHHBIX 9K3EM-
IUISIPOB UTMHO# Mo 69 ¢cM mMenu Oelible IIsITHa Ha
oproxe (puc. 86), dopma, pacriosokeHUe U pa3MephI
KOTOPBIX BapbUpOBaiu. ¥ SMOPUOHOB IJIMHOI 18, 22
1 24 cM COXpaHWINCH CBETJIO OKpallleHHbIC YIACTKU
Ha MecCTe 3KeJITOUHOro Memka (puc. 46, 90), a Takxke
VIMEIINCh OTIOTHUTEIBHBIE CBETIIBIE YJACTKU BOKPYT
KabepHbIx 1eneid (puc. 96). ¥ sMOpuoHa IIUHOM
24cm (Ne 3) mMelMCh HOIOJHUTEIbHBIC CBETJIbIC
YYacTKU, 006pazyroIme (GUTypy CTpeIOBUIHOM (POPMBI,
C BEpIIMHOM y MecTa NPUKPEIUICHUs KEITOYHOTO
MeIlIKa U OCHOBAaHUEM y HUKHUX Jioniacteid V (puc. 96).
Y camua gmHoi 35 M (Ne 6) Getoe MSATHO OTMEYEHO
MEXIY TITBIMU KabepHBIMU IIeNsIMU (puc. 66). Y
camiia uiMHou 69 cM (Ne 14) Genoe MSITHO HAaXOIU-
JIOCh Ha YPOBHE MEXIY BTOPbIMU U MATHIMU XKabep-
HBIMU 1esisiMu (puc. 76). Kpome toro, y 80.0% cam-
1IOB MMEJUCh Oejible yYyacTKM Ha NTEePUTOIOAUSIX
(puc. 3, 46, 56, 66, 70), 3a UCKITIOUEHHUEM IK3EMILIS -
poB manHoi 53, 69 u 78 cm (Ne 10, 14, 16).

Ocobernocmu OKpacKu pasiu4HuIX Pa3mMepHuIX epynn

B 1iesioM, He3aBUCUMO OT pa3Mepa U moJja (3a uc-
KimouyeHueM sMmopuoHa 1L 14 cM) Bce uccienoBaH-

OHTOI'EHE3 Ttom 53 Nel 2022

Puc. 2. JlopcanbHasi CTOpOHa KpPYITHOM CaMKHU cKaTa
Puuapncona Bathyraja richardsoni mmHO 106 cMm
(ZMUB 19476): 1 — rpynHble TIaBHUKU (KPBUTbST), 2 —
HWDKHME JlonacTy V.

HBbIe 0COOM MMeEJM OMHOTOHHYIO OT IIeIIeJIbHOM IO
KOPUYHEBOM OKpacKy OOpCalbHOU CTOPOHBI C He-
3HAYUTEJbHBIMY BapuallMsIMU B BUIe HAJIMIUS Y He-
KOTOPBIX DK3EMIUISIPOB 0OoJiee TEeMHOM KalMBI I10
KpassM Pu V, a Takke MeJIKMX TOUeK U ISITeH Ha I1C-
Ke. Bapuanum okpacku BEHTPaJIbHOI CTOPOHKI Teia
ObUIM OOJice 3HAYMTEIILHBIMU, XOTs BCEe M3yYCHHEIC
9K3EeMIUISIPHl XapaKTepU30BaINUCh €e 0oJiee TEMHOI
OKpacKoli B CpaBHEHUM C JOPCAJIbHOM CTOPOHOU U
HaJIMYMEM TEMHOM KaiiMbl Ha KPbUIbSIX U HUXKHUX
Jonactsx V.

OMOpuonbl. Haiu netajibHble MCCIeTOBaHUS
n3ydyeHHbIX paHee Illtemanom u MepperroMm (Steh-
mann, Merrett, 2001) >MOp1OHOB B (pMKCPOBAaHHOM
cocrostHuM (No 1—4 1abn. 1) BHISIBUIM HEKOTOpPHIE
JIOTIOJIHUTEJIbHbIE OCOOEHHOCTU MX OKPAaCKU. DM-
OpMOH UIMHOI 14 cM MMeN OMHOLBETHYIO OJIETHYIO
OKpacKy Kak B (QMKCUPOBAHHOM, TaK 1 CBEKEBBIJIOB-
JeHHoM cocTostHuM (Stehmann, Merrett, 2001). ¥V nByx
npyrux sMopuoHoB 7L 18 cm (Ne 1) u 22 cM (Ne 2) oT-
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Puc. 3. BenTpanbHast CTOpOHa ITOJIOBO3PEJIOro camMila ckata Puaapncona Bathyraja richardsoni mymiHoit 127 cM 13 Bo A30pCKIX 0-BOB
(doto 'y Menesec): 1 — port, 2— HO30pH, 3 — KPbUIbsI (IPYAHbIE TUITABHUKK), 4 — HUXKHUE JIOTIAacTy V, 5 — Ki1oaka, 6 — NTepuIionum).

CYTCTBOBaJIO OeJjioe IISITHO Y BXOAa B KJIOAKy. Y Iiep-
BOTO U3 yKa3aHHBIX 3K3eMIUISIPOB, KpOME TOTO, BCSI
HMKHSISI TIOBEPXHOCTh XBOCTa ObLIa O€lIoii, B OTJIM-
Yue OT OOJIBIIIMHCTBA 3K3EMILISIPOB, Y KOTOPBIX CBET-
JIBII1 y4aCTOK OTMEUYEH TOJIbKO Y OCHOBAHMUS XBOCTA.
V 4eTeIpex U3 paccMaTpUBaEMbIX 3K3EMILISIPOB M€ -
JIMCH OeJIble MSITHA Ha Oploxe pa3IndHoOM KOHPUrypa-
UM U MECTOTOJIOXKEHUSI, KOTOpbIe OTCYTCTBOBAJIU Y
CKaToB IIMHOI cBhImIe 85 cM. Cpeny SMOPUOHOB Y
BCEX CaMIIOB AOopcajbHasl IMTOBEPXHOCTDb IMTEPUIOIIO-
IeB ObIIa CBETJION.

HemnousoBo3peabie 3k3eMiuigpol. CoIIacHO MOIY-
YeHHbIM HaMM AaHHBIM, Y BCEX HEIOJOBO3PEJIbIX
ocobeit OTMeUeHO HalnuMue OesTbIX Y4aCTKOB BOKPYT
pTa, HO3Ipei, Y BXxoaa B KJIOAKy M Y OCHOBAaHUSI XBO-
cra. B To Xe BpeMsi, HEKOTOpble OCOOEHHOCTU UX
OKpAaCKU 3aMETHO OTJIMYAJIMCh OT TaAKOBOI CO3peBa-
FOIITNX U TTOJIOBO3PEJIBIX 9K3eMILISIpOB. Tak, y HEKO-

Topoii yacti ocobeit TL 29—69 cm (4 u3 11 9K3.) oTCyT-
CTBOBAJI O€JIBII y4acTOK Mexy Pu V' Tipu HATW4nuu ero
Y BceX 0co0eil MeHbIIIe IIMHBI 1 OOJIBIIIMHCTBA OoJjIee
KPYITHBIX 3K3eMITISIPOB. Y IBYX CKATOB [UTMHOI 69 cM
(Ne 14 1 15) He oTMe4deHO OeJIbIX y4aCTKOB Ha HYDKHUX
Joractsx V.Y uetbipex ocobeit 7L 52—55 cm (Ne 8—11)
1 69 cM (Ne 14) oTcyTcTBOBaIM G€Jible IISITHA Ha OPIO-
Xe, MPUCYTCTBYSl y OOJBIIMHCTBA CO3PEBAIOIINX U
MOJIOBO3PEIbIX 3K3eMIUISIPOB. Y ckatoB 1L 55 cm
(Ne 11) 1 69 cM (Ne 14) He oTMeueHO GellbIX ISITeH Ha
xBocte. Y nByx cammoB 7L 53 (Ne 10) u 69 cm (Ne 14)
OTCYTCTBOBAJIM OeJIble YIaCTKM Ha BepIITHAX IITEPUTO-
noaueB, TIPUCYTCTBYS y Bcex Oosiee MEJIKMX M OOJIb-
IIIMHCTBA 00Jiee KPYIMHBIX 3K3EMILISIPOB.

CospeBawmue 3K3eMILIApbl. {11 OoKpacku BeH-
TpaJibHOI CTOPOHBI TeJla BCEX CO3PEeBaIOIINX 0COOei
ObLIIO XapaKTepHO HaJduuMe OesbIX y4aCTKOB BOKPYT
pTa, HO3Ipei M BXoJa B KJI0aKy. ¥ OMHOTO U3 IISITH

OHTOI'EHE3 tom 53 Nel 2022
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Puc. 4. ODm0Opuon ckara Puuapncona Bathyraja richard-
soni nuHoit 18 cm (BMNH 1999.2.2.4): a — nopcanbHast
CTOpOHA, 0 — BEHTpaJibHasl CTOpOHA: / — OCTaTKU XKeJl-
TOYHOTO MelliKa, 2 — Oejible y4aCTKM Ha HUXKHUX JIOTa-
cTsx V, 3 — cBeTias HUXKHsISI TOBEPXHOCTh XBOCTa, 4 — Oe-
JIble YYaCTKH Ha MITEPUTOIOAMSIX.

HCCIIeNOBaHHBIX 9K3eMILISIpoB (Ne 16) oTcyTrcTBOBa-
Jio 6ertoe TiITHO Mexny Pu V. Y Tpex u3 nsitu ocobeit
(Ne 16—17 u 19) He oTMeUYeHO OeNbIX YJaCTKOB Ha
HIWKHUX JIomacTax V. ¥V Bcex co3peBamomInx 3K3eM-
MJISIPOB OTCYTCTBOBAJIM Oejible MsTHA Ha Oploxe, 3a
uckmoyeHuem camua 7L 84 cm (Ne 17). Y Bcex cka-
TOB paccMaTpUBAeMOM TPYIIIIBI OTCYTCTBOBAIU Oe-

OHTOTEHE3 Ne 1

TOM 53 2022

Puc. 5. CospeBaromuit camern ckara Puuapncona Bathy-
raja richardsoni pyiunoit 84 cm (ZMUB 19514-2): a — nop-
cajlbHasl CTOpOHa, 6 — BeHTpajibHasl CTOPOHa.

JIble MSITHA Ha XBocTe. M3 IByX M3YYeHHBIX CO3peBa-
forux camIioB (Ne 16 1 17) JIMIITb y OMHOTO BEPIITMHEI
MTEPUTONIONNEB OBUIM OKPAIIIEHBI CBETIIO.

IToaoBo3peJbie 3k3eMILIsipl. Kak 11 rmomasiisironiee
OOJIBLIIMHCTBO 0coOeii NPyruX pa3MepHBIX TPYyIIM, Y
MOJIOBO3PENIbIX JK3EMIUISIPOB OTMEYeHbl Oesble
YY9aCTKU BOKPYT PTa M HO3IpEW M y BXOAA B KJIOAKY.



38 OPJIOB u np.

Puc. 6. HemonoBospenblit camer; ckara PuuapmconHa
Bathyraja richardsoni nniunoit 35 cm (MNHN 1999-1156):
a — JmopcajibHasi CTOpOHa, 6 — BEHTpaJibHAsl CTOPOHA.

Benbie yuacTKu y OCHOBaHMS XBOCTa UMEJIUCH Y TPEX
u3 cemu (Ne 21, 23—24) uzyyeHHbIX ckaToB. Hanuuue
OeJIbIX y4acTKOB Mexay Pu V ormedeHo y nByx (Ne 23
u 28) 13 ceMu 3K3eMIUIsIpoB. HikHMe 1onactu V Obi-
JIM OKpalleHbl CBETJIO TOJBKO y OIHOiT ocodm (Ne 23).
benble msiTHA Ha Oproxe M HUZKHE MOBEPXHOCTH XBO-
CTa HU Y OMHOTO TMOJIOBO3PEJIOro cKaTa HEe OTMEUYEHHBI.
I1pu 3TOM Yy BCeX M3yUYeHHBIX CAMIIOB TaHHOM TpyII-

Puc. 7. HemomnoBo3penblii camenr ckara PuyapmcoHa
Bathyraja richardsoni nnmunoii 69 cv (BMNH 1999.10.1.2):
a — mopcajibHasi CTOPOHa, 6 — BEHTpaJIbHasl CTOPOHA.

bl BEPIIMHBI MITEPUTONOINEB OBUIM CBETJIIO OKpa-
IIEHHBIMU.

Bapuauuu OKpacKu 6 sasucumocmu om noaa

AHan3 Bapualuii OKpacKu BEHTPaJIbHOM CTOPO-
HBI TeJla 14 camok 1 12 caMIIOB e€ IIPUHIUIINAILHBIX
pa3auumnii y ocobeil pa3HbIX MOJIOB He BbIsIBUI. OT-

OHTOTI'EHE3 2022

TOM 53 Ne 1



N3MEHEHUA OKPACKH PEAKOI'O ITTYBOKOBOAHOI'O CKATA

Puc. 8. HenosnoBospenass camka ckata PuuapmcoHa
Bathyraja richardsoni ymnoit 53 cm (ZMUB 19522-2): a —
JlopcasibHasi CTOpOHa, 6 — BEHTpaJlbHasl CTOPOHA: [ — MSITHO
Ha Oproxe, 2 — OeJIblii y9acCTOK Y OCHOBAHUSI XBOCTA.

OHTOI'EHE3 Ttom 53 Nel 2022

Puc. 9. ODMb6puon ckara Puwapncona Bathyraja richard-
soni nvHoit 24 cm (BMNH 1999.2.2.3): a — nopcanbHast
CTOpOHAa, 0 — BeHTpaJibHasI CTOpOHAa: I — OejIble y4acTKH
B paiioHe XaOepHbIX 11eJieii, 2 — CBETJIbIil y4acTOK CcTpe-
JIOBUIHO (DOPMBIL.

CyTCTBUE O€JIOro yyacTKa y BXolia B KJI0aKy OTMEUEHO
y IBYyX HauboJjiee MEJKUX Pa3HOIOJbIX SMOPUOHOB
(Ne 1 u 2). Benble y4acTKM y OCHOBAaHUS XBOCTA OT-
CYTCTBOBaJIM y ONHOM KpyrnHo#t camku (Ne 21) u ue-
ThIpex cammoB TL 78—127 cm (Ne 16, 17, 23—24). He
OBLTO OeJibIX ydyacTKoB Mexny P u V'y Tpex camok
TL29,45u 146 cm (Ne 5, 7, 28) m 4 camuos TL 55, 69,
78, 113 cm (Ne 11, 14, 16, 23). benble y9acTKM Ha HYXK-
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HUX JIOTTACcTSIX V He oTMedeHBI Y IByX caMoK 7L 69 n
101 ecm (Ne 15 u 19) u yeThipex camioB 7L 69—113 cm
(Ne 14, 16—17, 23). beable TIsiTHa Ha GPIOXE OTCYT-
CTBOBaJI y BocbMu caMok 1L 53 m >85 cM, B TO Bpe-
M KaK Cpely caMIIOB MaHHBIN MTPpU3HAK He ObLT BbI-
paxeH y ak3eMIuisipoB TL 52—78 cm n 113—130 cm.
Benbie TIITHA Ha XBOCTE OTCYTCTBOBAJIM Y CEMHU Ca-
MoK 7L > 85 cM u cemu cam110B >55 cM.

Bapuauuu OKpAdcCKU 6 3asucumocmu om 2/zy6quz

VY ocobeii ckata Puyaprmcona, moMaHHBIX Ha
pa3IMYHBIX INIyOMHaX B nuarna3oHe 1541—2951 m, oT-
MeueHbl HEKOTOPbI€ pa3inyusi 0COOEHHOCTEl oKpac-
KW BEHTpaJibHOU cTopoHbl Tena. Ilpu mx aHanuze
yKa3aHHBI T1ana3oH ObUT pa3aesieH Ha TPU OTpe3Ka:
1541—1975 m (8 ocobeit), 2125—2441 m (13 ocobeit) u
2534—2951 M (5 ocobeii). Ckarbl, Y KOTOPBIX OTCYT-
CTBOBaJIU OeJible yIaCTKM Y BXOJIa B KJIOaKy, OOHapy-
KeHBI TOJIbKO Ha mryouHax <2000. benble yyacTku y
OCHOBAHUS XBOCTa OTCYTCTBOBAJIM Y JBYX 3K3EMILIS -
poB ¢ myouH <2000 M 1 y Tpex — ¢ mryoun 2000—
2500 M, HO HEe OTMEYEHEI Y ocobeii ¢ mryouH >2500 M.
benpre yaactkn mexny P 1 V OTCYyTCTBOBAJIM y IBYX
CKaToB, IToiiMaHHBIX Ha n1yorHe <2000 M, yeTbIpex —
¢ youn 2000—2500 M 1 omHOTO ¢ mIyouH >2500 M.
Ha mmxnux momactsax V 6eple y9acTK He 0OHapy-
JKEeHBI y Tpex ocobeit ¢ mryouH <2000 M, I1ByX — ¢ DJTy-
ouH 2000—2500 M 1 omHoi1 ¢ — mryouH >2500 M. be-
JIBIX TISITEH Ha Oproxe He ObLIO y IBYX 2K3eMILISIPOB,
IOOBITHIX Ha TyouHax <2000 M, y necsaTu — Ha DIy-
ounax 2000—2500 M U y 4YeThIpeX — Ha IIyOMHaxX
>2500 M. benple mgaTHa HAa XBOCTE OTCYTCTBOBAIN Y
Tpex ocodeii ¢ mmyouH <2000 M, y BOCbMU — € INIYOUH
2000—2500 M 1 y Tpex — ¢ ryomHbI >2500 M. OTcyT-
CTBUE OEJIbIX BEPIIMH MNTEPUTONOAUEB OOHAPYXKEHO
TOJIBKO y IBYX caMIIoB ¢ 1youH mMeHee 2000 M 1 ox-
HOTO ¢ T1youH cBhIie 2500 M.

Bapuauuu OKpacKu 6 3asucumocmu om paﬁoua

Heb6onbiioii o0beM MaTtepuanoB u3 Bom Hosoit
3emanaun (1 3x3.) mu C3A (2 9K3.) He TO3BOISIOT X
HCIIOB30BaTh B CpaBHUTEIbHOM aHammie. Bbonee
ob6beMHbIe BbIOOpKM 13 Bomg CBA (9 3k3.), CAX u
A3opckux 0-BOB (14 3K3.) mpeaocTaBiIsSiOT BO3MOXK-
HOCTb CpaBHEHUSI OKPAacKW BEHTPAIHHOW CTOPOHBI
TeJla pacCMaTPpUBaeMOro BU/a B yKa3aHHbBIX pailoHaX.
OcobHn, y KOTOPBIX OTCYTCTBOBAJI OCJNIBIM y4acTOK Y
BXOJIa B KJI0aKy (2 3K3.), oTMeueHbI ToJIbkO B CBA.
OTtcyTcTBHE O€J10ro yyacTKa y OCHOBAHUSI XBOCTA ObI-
Jo Gojee XapakrepHo miIsd ckatoB u3 Bom CAX
(4 3x3.), Hexxenmu CBA (1 2k3.). Takke y ocobeit u3 Box
CAX yaiiie oTCyTCTBOBaIU O€Jible Y9aCTKU Mexny Pu V'
(4 3k3.) B cpaBHeHun ¢ CBA (2 3K3.), a Takke — Ha
HVDKHUX Jonactsax ¥V — 5 u 1 3K3. COOTBETCTBEHHO.
benbix nsaTeH Ha 6proxe He oTMedyeHo y 10 ckaToB U3
Bon CAX u tpex u3 CBA. OrcyrcTBUe OelbIX IISITeH
Ha XBOCTE OTMEUEHO Yy JIeBITH ocobeii 13 Bom CAX n

nByx — n3 CBA. ITormyTHO OTMETHM, 9TO Y BCEX M3Y-
YeHHBIX HaMU ckKaToB u3 Box Hosoii 3emaHnuu u
C3A Takxe He ObLIO OebIX MATeH Ha Oproxe 1 XBO-
cre. Hammume GerbiX BEpIIMH OTEPUTOIIOAEB OTME-
YeHO TOJIbKO y Tpex camioB u3 Bom CAX.

OBCYXJIEHHME

HMmeronuecs B 1uTepaType cBeleHUs1 00 OKpacke
ckata PuuapacoHa orpaHU4MBalOTCI ONMCaHUEM Ta-
KoBoit aMOpuoHoB (Stehmann, Merrett, 2001) u
B3POCJBIX MOJ0BO3peNbiXx ocobeit (Garrick, 1961;
Forster, 1965; Tempelman, 1973a; Sulak et al., 2009;
Ebert, Stehmann, 2013). JlaHHbIE 00 0COOEHHOCTSIX
OKpAaCKM HETIOJIOBO3PEJbIX U CO3PEBAIOIINX 0cobeit
JIAaHHOTO BUIa B OIYyOJIMKOBaHHBIX MCTOYHMKAX MO
CHUX TIOp OTCYTCTBOBAJIM 32 UCKJIIOUCHUEM CaMKU U3
paiiona CAX (Orlov, 2011), nMeronieii HEKOTOpbIE
aHOMaJIMM BO BHEIITHEM CTPOEHUU U OKpacke. Takum
00pa3oM, UMeIINeCs A0 CUX MOP B JIUTEepaType CBe-
JIeHUsT He JaBajli BO3MOXHOCTHU OIMUCaTh OHTOTeHe-
TUYECKUE U3MEHEHMsI OKpacku ckata PuyapncoHa B
MOJTHOM 0OBbeMe, XOTSI YIIOMUHAHUSI O HAaJIUYUU Ta-
KOBBIX B OyOJIMKOBAaHHOM paHee JIMTepaType BCTpe-
yanuchk (Orlov, Cotton, 2011).

OmumchiBasi OKpacKy M3BIIEYCHHBIX U3 SIMIIEBBIX
Karicysn asmMopuonoB 7L 14—25 cm, Illteman u Mep-
perT (Stehmann, Merrett, 2001) oTmeuyanu, 4To OHa B
LI€JIOM COOTBETCTBYET TAKOBOM B3pOCIBIX OCOOEI, HO
y IepBBIX OKpacKa JOPCaJTbHOM U BEHTPAJIbHOM CTO-
POH OTJIMYAIOTCS CUJIbHEE B CPAaBHEHUU C MOCJICTHU -
Mmu. IIpn 3ToOM y SMOPHUOHOB HWKHSISI IIOBEPXHOCTh
OKpallleHa 3aMETHO TeMHEE, B TO BpeMsI KaK y B3pOC-
JIBIX Pa3/IMuUs OKPACKU JOPCATbHOM U BEHTPAJIbHOMN
CTOPOH BbIpaXXHbI HE CTOJIb OTYEeTIMBO. Hammm uc-
cJIeOBaHUS OKPACKM (PMKCHUPOBAHHBIX SMOPHOHOB
He OOHapyXWJIM 3aMETHBIX pa3Iuduil MEXIy I0p-
CaJlbHOM U BEHTpaJbHOM CTOPpOHAMM, OMHAKO OOHa-
PYXWIY TOIIOJIHUTEIbHBIE OCOOCHHOCTH MOCJICIHEH,
Ha KOTOpbIE He ObLJIO 00pallleHO BHUMaHUSI paHee U
KOTOPBIEC OTCYTCTBYIOT Y B3POCJIBIX OCOOEI1.

OO0 0COOEHHOCTSIX OKpacKM CpemHepa3MepHbBIX
ckaToB PuuapncoHa (HEIoJIOBO3pENbIX U CO3peBalo-
IMX) OO CUX Mop cBeaeHUS oTcyrcTBoBanu. Ilomy-
YeHHbIE HAaMU JAaHHBIE IO OKpacKe cpelHepasMep-
HBIX CKaToB PuuapmcoHa 3HAYUTENBHO MOIOJIHSIIOT
UMEIOILIMEeCs] CBEACHUS W ITO3BOJISIIOT TPOCIIEIUTH
OHTOI'€HETUYECCKMEC NBMEHCHUA OKpaCKHU paccMaTpu-
BaeMOro BHa B IIOJIHOM 00ObeME.

CaeneHUil 06 OKpacKe B3POCJIbIX MOJOBO3PEbIX
ocoOeili ckata PuyapacoHa B omyOIMKOBaAaHHOM JIMTE-
parype nocratouHo (Garrick, 1961; Forster, 1965;
Tempelman, 1973a; Sulak et al., 2009; Ebert, Steh-
mann, 2013). OcHoBHast OKpacKa JopcajabHOil CTOPO-
HBI, CONJIACHO HAIIIMM JIaHHBIM, HPUHIMUIIAAIBHO
HMYEM He oTJIMJajiach OoT onmrcaHHoi paHee (Garrick,
1961; Forster, 1965; Tempelman, 1973a; Sulak et al.,
2009; Ebert, Stehmann, 2013). Hanunuue Ha nopcaib-
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HOIi CTOpOHE HEOOJIBIIINX CBETIIBIX TOYEK WJIH MSITEH,
a TakKe TEeMHOI KalMbl Ha KpasiX AMCKa U HUXKHUX
JIonacTsax V oTMedeHbl U HaMU Y OONIBIIMHCTBA MPO-
aHAJIM3UPOBAHHEBIX 0COOEi, 32 UICKITIOUEHUEM CAMKU
amuHoit 110 cm (Ne 22) m3 Box Kanapckmx o-BoB
(Brito et al., 1998). O Hanuuuu GEIbIX YYACTKOB BO-
KpYT pTa U Ho3apeit coob1anu MHOrMe aBTophl (Gar-
rick, 1961; Forster, 1965; Tempelman, 1973b). Hamm
JaHHBIE B OTHOILLIEHWY KPYITHBIX CKATOB IMOJIHOCTHIO
COOTBETCTBYIOT YKAa3aHHBIM HAOTIONEHUSIM.

PesynbTaThl IIpoBeAeHHOIO HAMM aHAIM3a O3B0~
JISIIOT CYIIIECTBEHHO YTOUHUTh OTAEIbHbIE OCOOEHHO-
CTH OKPACKU BETPAILHOM ITOBEPXHOCTU KPYITHBIX 9K~
3eMIUISIpOB ckKara Puuapncona. Haawmuwme OGenoro
y4yacTKa y OCHOBaHMSI XBOCTa OTMEUEHO 1IeJIbIM PsI-
nom aBTropoB (Garrick, 1961; Forster, 1965; Tempel-
man, 1973b; Sulak et al., 2009; Ebert, Stehmann,
2013). OgHako mpu 3TOM OJHU aBTOPbI YKa3bIBaIOT HA
HaJimure 0ejI0ro yyacTka y OCHOBaHUS XBOCTa, APY-
rve — Ha Hajqu4due OeJIbIX MOJIoC (IISITeH) Ha XBOCTE.
ITo HammM maHHBIM, 00a yKa3aHHBIX ITPHU3HAaKa clie-
JIyeT paccMaTpMBaTh KakK He3aBUCHMble. Hannuue
0eJIoTo y4acTKa Y OCHOBaHHUS XBOCTa XapaKTEPHO HE
JUUISI BCEX KPYITHBIX CKaTOB, ITOCKOJIBKY OH HE OOHapy-
XKeH y ocobeit mmuHoit 106—127 cm (Ne 21, 23—24), a
OeJIbie MsITHA HAa XBOCTE 3apeTrUCTPUPOBAHBI IPEUMY-
IIECTBEHHO Y MOJIOJBIX 3K3EMILISIPOB.

Hanuuwne nsaTHa y BXoma B KJIOAKy paHee OTMeda-
sock psagoM aBtopoB (Garrick, 1961; Forster, 1965;
Tempelman, 1973b). CornacHo HalIUM JaHHBIM,
MAHHBIN TPU3HAK XapaKTepeH I OKPacKW BCEX
KPYMHBIX CKATOB pacCMaTPUBaeMOro BUA.

Eiie onuH mpu3HaK, KOTOPHIM XapaKTepeH st
OKpAaCKHM B3POCIIbIX CKaToB Puuapncona — Haauuue
6esoro yuactka mexny Pu V (Garrick, 1961; Tempel-
man, 1973b). ITo HamMM JaHHBIM, JAHHBIN TPU3HAK
OTCyTCTBOBaJ y camia minHoi 113 cm (Ne 23) u cam-
KU auHoi 146 cM (Ne 28).

Hekoropeie aBTopnl (Sulak et al., 2009; Ebert,
Stehmann, 2013) oGpalaror BHUMaHUE Ha HaIU4UE
OeJIbIX YYacTKOB Ha HIDKHHMX jonactsax V. Cpenu
KPYIHBIX 0CcO0eii, N3ydeHHBIX HAMU, TaHHBIM MIpU-
3HAaK OTYTCTBOBaJI TOJBKO y caMKM utnHOM 101 cm
(Ne 19) u camua anuHoit 113 cm (Ne 23).

Ha Hanuyue GenbiX y4acTKOB BOKPYT >KaOEepHBIX
1iesieit, KOTopble Ha MPUBEIEHHBIX U300paKeHUSX
MPaKTUYECKU HE BUIHBI, YKa3bIBaJIU HEMHOT'ME aBTO-
poel (Garrick, 1961; Tempelman, 1973b). Tonbpko Ha
pucyHke roygorumna (Garrick, 1961) oT4eTTUBO BUITHBI
y3KHe OeJible Y4aCTKM BOKPYT XKaOCPHBIX OTBEPCTHIA.
Hammimu ucciaenoBaHUSIMU Hajluuue OEJIbIX y4dacT-
KOB BOKPYT >KaOEpHBIX IIENEH Yy MCCIeNOBaHHBIX
KPYIHBIX K3€MIUISIPOB HE BBISIBJICHO.

Eme omHUM TIpU3HAKOM, XapaKTepHBIM JUIS
KpPYMHBIX caMlIOB ckaTa PuuapacoHa, saBisitoTcst Oe-
JIbie BeplunHbl nTepuromnonues (Tempelman, 1973b).
Harmmm mccnenoBanus moKa3aiu, YTO MaHHBIN TTPU-
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3HAK XOPOIIO BHIpAXXeH Y KPYIHBIX (IUIMHOI CBBIIIIE
84 cMm) caM1IOB.

IMocnenHuii mpu3HaK OKpacKM KPYITHBIX OCOOEH,
KOTOPBI YIIOMUHAETCs B ONMyOJIMKOBAaHHOI TUTepa-
Type, — 93TO CBETJIble YYacTKW, PAaCMOJIOXEHHbIE
BIOJIb cCpenuHHOM nuHuM Teaa (Sulak et al., 2009;
Ebert, Stehmann, 2013). Yto u3 ce0s1 IIpencTaBiIsiioT
JIaHHbIE YYaCTKU, B YKa3aHHbBIX UCTOUHUKAX HE 00b-
sicHsieTcss. MBI MpezdrosiaraeM, 4To pedb B JTaHHOM
cliyyae MOXeT UITU O OeJIbIX TSITHaX Ha OproXe B LIeH-
TPpaJILHON 4acTU JUCKa, KOTOpble, 1O HAIIUM JaH-
HBIM, Y 0cO0eii pa3IMyHOi JJIMHBI MOTYT UMETh pa3-
HbIE MECTOIIOJIOKeHUE U KOH(dUTrypauum (CM. Bbl-
1Ie), a TaK>Ke O OEeJIbIX yJyacTKax y OCHOBaHMS XBOCTa
1 BIOJIb HETO.

Takum obGpa3zom, aHaIW3 JUTEPATypPHBIX U COO-
CTBEHHBIX JaHHBIX IOKA3BIBAET, UTO OTHACIbHBIC ITPH-
3HaKM OKpacKu cKara PuuyapmcoHa coxpaHSIOTCS y
HEro Ha MpPOTSKEHUM BCEro XXU3HEHHOIo LMKJIa U
MMpakKTUYECKN HE 3aBUCAT OT pa3Mepa, I1ojia, ITyour-
HBI 1 paitoHa. K HUM oTHOCSTCS IIBET 00eX CTOPOH
Teja, HaJIM4Me CBETJIbIX TOUYEK MJIM ISITeH Ha OOp-
CaJIbHOM MOBEPXHOCTHU JIMCKa, HAJIMYME TEMHOM Kai-
MBI Ha KPBUIbSIX M HUZKHUX JonacTsax V' ¢ o6eux cro-
POH TeJia, 0eJible y4aCTKM BOKPYT pTa M HO3IPEit.

IMpakTuuecku y Bcex ocobeit (7L > 24 cMm) uMeeT-
csi OeJiblii y4acTOK Yy BXoAa B KJIOAKy, OTCYTCTBYS Y
JIMIIb CAMBIX METKUX 3MOpUOHOB (Ne 1-2). ¥V 60oib-
et yactTu ocobeit uMeeTcsl GeIblii Y4aCTOK Y OCHO-
BaHUS XBOCTa, OTCYTCTBYSI Y HECKOJILKUX CO3peBato-
mux (NeNe 16—17) u monoBo3penbix (Ne 21, 23—24).
Cpenu HemoJOBO3PEbIX CKAaTOB, B OTJIUYUE OT dM-
OpPHMOHOB, ITOSIBIISIIOTCS 3K3eMIULIpHL (Ne 5, 7, 11, 14),
Y KOTOPBIX OTCYTCTBYET OCJIBIN yJ4acTOK MexXny Pu V),
YTO M3pelKa OTMEUaeTCs TaKXe y CO3PEeBarolINX
(Ne 16) m momoBo3pensix (Ne 23, 28) ckatoB. bembie
Y4aCTKM Ha HUXKHUX JIOTIACTSX V 1Mcue3aloT y HeIoJio-
BoO3pebix ocobeit TL > 69 cm (Ne 14—15), yTo oTMEUEHO
TakKe y Ooblieit yactu co3peBarommx (Ne 16—17, 19) u
OIIHOTO TOJIOBO3pelioro sk3eMIusapa (Ne 23). bembie
MSITHA Ha OploXe Mcue3aloT y HEMOJOBO3PEbIX 0CO-
6eit TL > 52 cm (uckmoueHre Ne 13 TL 63 cM) u He
0OHapyXMBAIOTCA KakK cpean cospeBatomux (Ne 17
TL 84 cMm), TaK 1 IOJIOBO3PEJILIX CKATOB. beJble msT-
Ha Ha XBOCTE XapaKTePHbI TOJIBKO 11 MOJIOJBIX K-
3eMILIIPOB, OHM Mcue3arotT npu 7L > 55 cM u He oT-
Me4JaloTCsl Y CO3peBalOIIMX U MOJIOBO3pEJIbIX 0cobeit
(ucximouenne Ne 14 TL 69 cm). Hammaume 6embIx
Y4aCTKOB Ha NTEPUTONOAMSIX XapaKTePHBbI 151 00Jb-
IIMHCTBA U3YUYEHHBIX CAMIIOB 32 UCKJIIOUCHUEM JIBYX
HermnoJsioBo3penbix (Ne 10, 14) u onHoro co3peBatolie-
ro (Ne 16) sk3emIuisspoB. Ha mpoTsokeHUM KM3HEH-
HOTO 1MKJa JAaHHBIA TPU3HAK TOIBEPXEH Cylle-
CTBEHHBIM U3MEHEHUSIM: €CJIM Y SMOPUOHOB U HEeTlO-
JIOBO3pEJIbIX CaMIIOB BEHTpajibHasi MOBEPXHOCTh
MTEPUTOIOANEB 1IEIUKOM CBETJIasi, TO Yy CO3peBalo-
IIUX U MTOJIOBO3PEJIbIi 9K3EMIJIIPOB OKpallleHHbIMU
CBETJIO OCTAIOTCS TOJILKO BEPIIIMHBI ITEPUTOTIONUEB.
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B uemoMm, 1Mo okpacke camIibl U CaMKM cKaTa
Puuapacona nmpuHUMOUAIBLHO APYT OT Apyra He OT-
Jmyanuch. OMHAKO MOXKXHO BBIIEIUTH YETHIpE IPU-
3HaKa, [0 KOTOPEIM OKpacKa 0co0eil pa3HbIX MOJIOB
nMeJia 3aMeTHBIC pas3Indusl: GeJIblil y4acTOK Y OCHO-
BaHuA xBocTta (92.9% y camox ripotuB 66.7% y cam-
1oB), OenbIii ygactok mexny P u V (78.6% nporus
66.7%), Oenblii yd4acTOK Ha HWXHHUX JIOMacTsax V
(85.8% nipotuB 66.7) 1 6estoe sITHO Ha Oproxe (42.9%
npotuB 33.3%). CinenyeT OTMETUTh, YTO paccMaTpu-
BaeMble YeThIpe MpU3HAaKa y 0COOCi pa3HBIX MOJIOB
MIPOSIBJISUIMCH Mo-pa3Homy. Eciu Oenblif y4acToK y
OCHOBAHUS XBOCTA UMeEJICS Y BCeX CaMOK (MCKITIOUe-
Hue Ne 21 TL 106 cm), TO OH HE OTMEUYEH Y BCeX KPYII-
HbIX cam1ioB TL > 78 cm (uckmouernue Ne 25 TL 130 cm).
IIpakTnmuecku y Bce KpynHble camMku 7L > 103 cm
MMeJIM Oeble YJYacTKU Ha HYKHUX JioracTsx V (0e3
UCKIoueHus ) u Mmexny Pu V (uckmoueHue Ne 28 TL
146 cM), B TO BpeMs KaK y 00Jiee OJIOBUHBI KPYITHBIX
camuoB TL > 55 cm (57.1%) oTv ipu3HaKU HE ObLIU
BbIpaxkeHbl. Hannune OelbIx MsTeH Ha Oploxe OTMe-
JaJioCh MPEUMYIIECTBEHHO CPEAd MOJOABIX 3K3EM-
MJISIpOB 000MX MOJIOB. MOXHO TIPEAITOI0XUTh, YTO
OOHapyXeHHBIE pa3IMUUs B OKpacKe KPYITHBIX caM-
LIOB ¥ CAMOK, TIPU3BaHbl 0OJIETYUTh HOUCK MOJIOBOTO
MmapTHeEpa B YCIOBUSX HU3KOM UYMCIIEHHOCTU BUIIA B
YCJIOBUSIX TIOJIHOTO OTCYTCTBUSI CBETA.

IMpyHUMNIMAIBHBIX ~ Pa3JIMUMl  OCOOEHHOCTEM
okpacku ckata PuuapacoHa B 3aBUCMMOCTU OT TTy-
OWHBI BBISIBUTH HE yIAJIOCh. MOXHO JIUIIb OTMETUTD,
YTO 3MOPHUOHBI, Y KOTOPHIX OTCYTCTBOBAJIU Oecjble
YYacTKM y BXO/la B KJI0aKy, OTMeUeHbI JIIIIb Ha [IIy-
omnaax <2000 M. BepossTHO, 3TO CBSI3aHO C TEM, YTO
MOJOOHBIX HAXONOK Ha APYTMX ITTyOMHaxX MOKa HeET.
Cpenu ckaToB, MOMMaHHEIX HA nryonHe >2500 M, He
OTMEYEHO 0CO0EM, Y KOTOPBhIX OTCYTCTBOBAJI OeJiblit
y4acTOK Y OCHOBaHMsI XBocTa. beyble ydyacTku Ha
BEpLIMHAX NTEPUTOINOIUEB UMEINChH Y BCEX CKATOB,
noMaHHBIX Ha rmyomHax 2000—2500 M, B oT/imaue
OT DK3EMILISIPOB C OOJIBIIMX Y MEHbIIUX TTyouH. Ha-
JINYME WM OTCYTCTBUE OCTaJIbHBIX U3yUYEHHBIX TIPU-
3HAKOB OTMEUYEHO y 0cO0€eil He 3aBUCHUMO OT INIyOMHbI
nmoumMku. CKopee Bcero, oOHapy>KeHHbIE pa3iudusl
OKpAaCKU Ha pa3HbIX INTyOMHaxX HOCST CIyYaliHbIi Xa-
paKkTep, MOCKOJILKY Y paccMaTpuMBaeMoOro Buia, B OT-
JINYMe OT APYruX IIyOOKOBOOHBIX CKATOB, HAIIpU-
Mep, ceBepo-TuxookeaHckmx (Orlov et al., 2006b),
OHTOTeHeTUYeCK1Ee BEPTUKAJIbHbIE MUTPALIUU HE Bbl-
paxeHbl, 1 pa3Mepbl 0cobeit ¢ TITyOMHOI He CBSI3aHBI
(Orlov et al., 2006a).

I[MpuHLUIIMAIbHEIE pa3MyKsi B OKpacKe cKaTa
Puuapncona B pasHBIX paifoHax He OOHapYKCHHI.
TeMm He MeHee, MO HEKOTOPBIM IIPHU3HAKaM 0COOM 13
Bon CAX u CBA paznuyanuck. Tak yactora BcTpeya-
€MOCTU COCTaBMJIa, COOTBETCTBEHHO, 71.4 u 88.9%
1T OesIbIX yY4acTKOB y OCHOBaHUSI XBocTa, 64.3 u
77.8% — nmist 6eNbIX ydacTKoB Mexny P u V, 64.3 n
88.9% — st GeIbIX yYaCTKOB Ha HYDKHUX JIONACTIX V,
28.6 1 66.7% — mis GenbIx IMATeH Ha Opioxe, 28.6 u

77.8% — nns GenbIx TaTeH Ha xBocTe, 50 u 100% —
Ui O6enbIX BeplUMH mnTepuronoareB. OObSICHUTH
MIPUYMHBI OOHAPYXXKEHHBIX reorpauuecKux pasiv-
YMii B OKpackKe ocobeil ckata PuyapacoHa Imoka He
MpeACTaBIsIeTCST BO3MOXHBIM. OmHAKO HMEITCH
cBeneHUsI o crienuduke okpacku B Bogax CAX u
CBA u_npyrux nrybOKOBOIHBIX CKaTOB, HAaIlpUMep,
ckata MeHceHa Amblyraja jenseni, 6aegHOro ckara
Bathyraja pallida n ckara Kykyesa Rajella kukujevi
(Orlov, Cotton, 2013, 2015; Orlov, 2014).

Oxpacka CBexXKeBbUIOBJICHHBIX U (DUKCUPOBAHHBIX
B (pbopmanumHe ocobeii ckata PuyapacoHa HeCKOIBKO
paziamJaeTcs, XOTs U He3HauuTeabpHo. [appuk (Gar-
rick, 1961) ykaseIBa, 4To nocie ¢pukcauuu B popma-
JIMHE OKpacKa 0co0ell CTAaHOBUTCSI HECKOJIBKO TeM-
Hee. TemmimaH (Tempelman, 1973b) mosaran, 4yrto
rnoce (puKcaluuy MoJIOBUHA 0cO0eit He MEHSIET CBOIO
OKpacKy, a y HOJIOBUHBI CTAaHOBUTCS TeMHEE BEH-
TpajibHasl IIOBEPXHOCTb, OCOOEHHO MO KpasiM A1CKa.
Haium pesyabTarsl mokasaiu, 4To rnocjie ukcaluu
MHTECHCUBHOCTb OKPACKM TOPCAJIbHOM M BEHTpPaJlb-
HOM CTOPOH 3MOPMOHOB IPAKTUYECKM HE pasjimya-
ercs. Haim uccnenoBaHust ITyOOKOBOIHBIX CEBEPO-
atmanTudeckux ckaros (Orlov, Cotton, 2013, 2015;
Orlov, 2014; HacTOsIIee COOOIIEHNE), OCHOBAaHHbBIE
Ha M3YyYeHUM KaK CBEXKEBBbUIOBJICHHBIX, TaK U (PUK-
CHUPOBaHHLIX 00pa3loB, MOKA3bIBAIOT, YTO U TE, U
JIpyrye BIIOJIHE MPUTOOHBI IJISI aHajJu3a OCOOEHHO-
CTEN UX OKPACKMU.

SAKJIIOYEHHME

IIpuBeneHHbIC B JAHHOI CTaThe U paHee OIyOar-
KOBaHHBIE CBEIECHUSI O HaJIW4YUU BUAOCIIeLrpude-
CKOM OKPAaCKH BEHTPATBLHOI CTOPOHBI Y TNIYOOKOBOJI -
HBIX CEBEPO-aTJIaHTUUYECKUX CKATOB CTaBST 3aKOHO-
MEPHEBIII BOIIPOC O €€ OMOJIOTMYECKOM CMBICIE Y
BUIOB, OOUTAIOIIMX B YCIOBUSIX IIEPMAaHEHTHOTIO OT-
cyTcTBUs cBeTa. I1o HallleMy MHEHUIO, JTaHHBIN (e-
HOMEH SIBJISIETCSI BOJIIOLIMOHHBIM TTPUOOPETEHUEM,
HampaBJIECHHbIM Ha OOJIeryeHHe IMOMCKa II0JIOBOTO
MmapTHepa B YCJIOBUSIX HU3KOM YUCIEHHOCTU. M3-
BECTHO, YTO CIAPMBAHUIO Y PA3JIMYHBIX BUIOB HaJl-
otpsina Batoidea mpenimecTByeT HaIUIBIBAHWE OTHOTO
MapTHepa HaJl IPYTUM C MOCEIYIOIINM 3aXBaTOM CaM-
LIOM YeJTFOCTSIMM Kpasi Kpblia camku (Tricas, 1980; Luer,
Gilbert, 1985; Yano et al., 1999; Chapman et al., 2003).
Kak mpoucxoauT mpoliiecc cnapuBaHUs y TIyOOKO-
BOIHBIX CKAaTOB, HEM3BECTHO, HO BPSII JIU OH IIPUH-
LUINKUAJIBHO OTJAMYAeTCsI OT ONMCAHHOIO BbIe. B
YCJIOBUSIX MMOJIHOM TEMHOTBI M HU3KOI YUCIEHHOCTHU
YCHENIIHOCTh KaXIIOil MOIBLITKY CHAapUBaHUS UMEET
BBICOKOE 3HaueHUe IS BbkuBaHUs Buaa. [losaTomy
PENPOAYKTUBHBIN yCIIeX BO MHOTOM 3aBUCHUT OT KOP-
PEKTHOI BHMAOBOM WACHTU(PUKALINUA MIapTHEpaMU
npyr apyra. BeposTHo, BUIocnelM(UISCKHE OCO-
OEHHOCTU OKPACKM BEHTPAJIbHOU CTOPOHBI TeJ1a Ty~
OOKOBOIHEIX CKATOB CJIyXKaT CBO€OOpa3HBIM MapKe-
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MO3BOJIIET TIOJIOBBIM TNapTHepaM Ge30IMO0YHO
OIpeAcsiTh He TOJbKO MPUHAIJIEKHOCTh K OTHOMY
BUIY, HO Y TOTOBHOCTh K ClapuBaHUIO. JlaHHAasI TH-
MOTe3a BhI3BIBAET 3aKOHOMEPHBIIT BOIIPOC O TOM, Ka-
KUM 00pa3oM IOJIOBbIE TAPTHEPHI pa3INyalOT PUCYHOK
Ha BEHTPAJIbHOM ITOBepXHOCTH Tena? M3BecTHO, 4To
pasmuuHble BUOBI cKatooOpasHbiX (Rajiformes) cmo-
COOHBI M3IaBaTh CIA0ORJIEKTpUUYecKe curHaib! (Bar-
onetal., 1992; bapoH, 1994; New, 1994; Sinceros et al.,
1998; Sinceros, Tricas, 2002), ncoyb3ys NX B TOM YHC-
Je u s momcka monoBoro maptHepa (Tricas et al.,
1995). MoXHO TpeanoaoXuTh, YTO U TIIYOOKOBO/I-
HBIE CKATHI B IIOMCKaX MOXOASIIEro 00 beKTa IS CIla-
PUBaHUS UCITOJIB3YIOT aHAJIOTUYHBIM MEXaHU3M, KO-
TOPBII MO3BOJISIET UM pa3jindaTh OCOOEHHOCTU PHU-
CyHKa Ha BEHTpPaJbHON cTOpoHe Tesla. OOHAKO He
clieyeT UCKIII0YaTh U POJIb 3PSHUS B 3TOM Mpoliecce,
MOCKOJILKY HaJIMYKE 3pUTEIBbHOTO MUTMEHTA B INIa3ax
NIyOOKOBOIHBIX BUAOB, BKIII0Uas ckata PuuapacoHa
(Douglas et al., 1995; Lisney et al., 2012), cBune-
TEJIETCBYIOT O TOM, YTO OHO B 3KM3HU paccMaTpuBae-
MOTO BUA UTPAET He TTOCIIETHION POJIb.

BJIIATOJAPHOCTHU

ABTOpBI MCKPEHHE MpU3HATEIbHBI CBOUM KOJljIeraM
HWursapy bupuenany (Ingvar Byrkjedal, Zoological Muse-
um, University of Bergen, Bergen, Norway), IlaTpuky
Koamn6enny u Po6epro Muryec (Patrick Campbell and
Roberto Miguez, British Museum of Natural History, Lon-
don, Great Britain), bepnapy Cepe u Pomany Kocce (Ber-
nard Séret and Romain Causse, Museum National d’His-
toire Naturelle, Paris, France), KoTopble caeaain BO3MOX-
HBIM HCCJIeJOBaHWE KOJUIEKIIMOHHBIX MAaTepuajoB |
MPENOCTaBWIN [IJIsI 3TOTO MOMEIIeH!sI 1 000pyIoBaHMUE.
Yapns3 KorroH (Charles Cotton, Savannah State Universi-
ty, Savannah, USA) oka3aji ITOMOIIb B U3BMEPEHUSIX 9K3EM-
wisipoB ZMUB. I'yu Menesec (Gui Menezes, Departa-
mento de Oceanografia e Pescas, Universidade dos Acores,
Horta, Portugal) npenocraBuit oTorpadum 3K3eMILISIpOB
13 BoJ A30pCKUX 0-BOB. BceM nepeynciieHHbIM Kojuieram
aBTOPHI BIpaXKaloT NIyOOKYI0 6J1arogapHOCTh. Takke OHM
GyraromapHbl aHOHMMHBIM PelieH3eHTaM 3a IIeHHbIE 3aMe-
YaHWUS U TIPEIIOXKEHUSI, KOTOPhIE TTO3BOJIMIIN CYIIECTBEH-
HO YJIYYIITUTh Ka4eCTBO CTaTbU.

OPNHAHCHUPOBAHUE PABOThI
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Ontogenetic Changes in Coloration of Rare Deepwater Richardson’s Ray
Bathyraja richardsoni (Arhynchobatidae, Rajiformes, Chondrichthyes)

A. M. Orlov'-% *, N. I. Rabazanov* 5, and A. 1. Nikiforov’
! Shirshov Institute of Oceanology, Russian Academy of Sciences (10 RAS), Moscow, Russia
2Russian Federal Research Institute of Fisheries and Oceanography (VNIRO), Moscow, Russia
3Severtsov Institute of Problems of Ecology and Evolution, Russian Academy of Sciences (IPEE RAS), Moscow, Russia
YDagestan State University (DGU), Makhachkala, Russia
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Makhachkala, Russia
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*e-mail: orlov@vniro.ru

The coloration features of the dorsal and ventral surfaces of the rare deep-sea Richardson’s ray Bathyraja
richardsoni (Arhynchobatidae) within the length range from 14 to 146 cm are studied and its ontogenetic
changes are described. New data on the coloration of embryos, immature, maturing and sexually mature in-
dividuals are presented. It is shown that the coloration variations of the dorsal surface are insignificant, while
the coloration of the ventral surface can vary significantly. The obtained data can be used in taxonomic and
population studies, in the development of identification of species, in the preparation of faunistic overviews
and regional guides, to facilitate the understanding of the features of coloration and its changes in deep-sea
animals living in permanent darkness, as well as to expand knowledge about certain aspects of macro-and mi-
croevolution of deep-water skates.

Keywords: Richardson’s ray Bathjyraja richardsoni, coloration, ontogenetic changes, deep-water skates,
North Atlantic
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MOJIEKVJIAPHAA BUOJIOT'UA PASBUTUA

VIK 577.152.34

KAKUM OBPA3OM PA3BUTUE TOHKOI'O KNIITEYHUKA KPbICbI
CBA3AHO C USMEHEHUAMMNA B IIVJIE IITIPOTEACOM?

© 2022 r. H. C. Kapnos?, I1. A. Epoxos’, H. II. IIlaposa® *, T. M. AcraxoBa“*

‘PIbYH Hucmumym 6uonoeuu pazeumus um. H K. Koavyosa PAH, ya. Basunosa, 26, Mockea, 119334 Poccus
*e-mail: npsharova@bk.ru
IMocrynuna B pegakuuio 19.07.2021 r.

ITocne mopa6otku 04.08.2021 1.
IMpuHsaTa x nyoaukauuu 11.08.2021 r.

Llens HacTosIIEl pabOTHI — MCCIIEA0BaTh, KAKUM 00pa30oM pa3iMyHbIe TIEPUOIbl pAHHETO PA3BUTHS TOH-
KOTO KMILIEUHUKA KPBICHI CBSI3aHbI ¢ UBMEHEHUSIMU B ITyjie mpoTeacoM. [TokazaHo, 4to K 21-mMy 3MGpHo-
HajgpHOMY AHIO (D21) 1 1o 30-ro mHs rmoctHaTtanbHOro passutust (I130) Ha hoHe MOCTOSTHHOTO KOJIMYecTBa
MMPOTEacoOM U3MEHSICTCSI MX XMMOTPUIICMHITOMOOHAS U Kacrna3anono0Hast aKTUBHOCTb, TPOsIBJIsieMast CyOb-
enmauamu 35 + LMP7 u 31 + LMP2 cooTBeTCTBEHHO, a TaK:Ke MHANBUIYATbHAS aKTUBHOCTb MMMYHHBIX
cyobenunuil LMP7 u LMP2. TTpuueM BBISIBJIEHBI KaK CXOIHBIE XapaKTePUCTUKU, TaK U pa3IU4us B JUHA-
MUKE 3TUX TUIOB aKTUBHOCTU. CXONCTBO TIPOSIBIISIETCS B clenyoiieM. Bo-TiepBbIx, BCs ucciieqoBaHHas
aKTMBHOCTb 3HAYUTEIbHO MOBbIIIaeTcs mocie D18 u gocturaer Makcumyma Ha [15—I115. Btu usmeHeHust
COOTBETCTBYIOT TIEPUOAY YCKOPEHHOTO POCTa KUIIIEYHUKA, 3aCeJICHUsI €r0 MUKPOOUOTOM, pa3BUTHS afari-
TallMOHHBIX TTPOLIECCOB U MUIIIEBAPUTEIbHON U UMMYHHOM (yHKIINI. BO-BTOPBIX, CXOACTBO 3aKJIIOUYaECTCS
B YMEHBIIIEHUU BCEX MCCIIeNOBaHHBIX TUTIOB akTUBHOCTH K [122. PazHuna kacaetcs ciaenytoiiero. Bo-mep-
BBIX, XUMOTpUNIcMHNIOA00Hasi 1 LMP7 aktuBHoCTb nagaeT K [122 B cyllIeCTBEHHO MEHBIIIEH CTeTIeHU T10
CpaBHEHUIO ¢ Kacmna3anonooHoii 1 LMP2 aktuBHocThIO. Bo-BTOphIX, K [130 (ITepuon u3onsaiimu oT MaTe-
pH) TOJIBKO XMMOTPUIICMHITON00Hass 1 LMP7 akTHBHOCTh BHOBb BO3pacTaeT 10 MAaKCUMaJIbHBIX YPOBHEH,
YTO YKa3bIBa€T Ha BO3MOXHYIO €€ POJIb B afalTallMy K BHEIIHEMY TUTaHuio. [lepron moBwIlIeHUS] aKTUB-
HOCTH COTIPOBOXIAJICS yBEIMYEHUEM I0JI1 aKTHBaTopa PA2803 1 MMYHHBIX IPOTEACOM C CYObeIMHUIIA-
mu LMP7 n/umm LMP2 B o0miem nporeacomHoM Iryie. Hamboitee 3Ha9MMEBI “CKav40K” B COOep-KaHUM
WMMYHHBIX CyObeIUHMIL B TOHKOM KUIlIeYHUKe BbisiBJieH Ha D21 u [10 (neHb poxkaeHus, UBMEHEHUE yCIIO-
BUI1 nuTtaHus). Takum obpa3om, JOTOJTHUTEIbHAS HApaOOTKAa UMMYHHBIX IIPOTEACOM MOXET ObITh OMHUM
u3 $HakTOpOB, CIIOCOOCTBYIOIINX CYIIECTBEHHOMY IOBBIIIIEHNIO aKTUBHOCTH B MEPUHATAIBHBIN TTEPUOI.
HanbHeiiee pa3putre TOHKOTO KuieuyHuka ¢ [11 mo 130 conpoBoxnanock MeHee 3HaUUTETbHBIM YBEIU-
YeHUEeM ColepKaHUsI UMMYHHBIX cyObenuHuIl. Bce mcciiemoBaHHbIE TUIThI aKTUBHOCTU M KOJIMYECTBO
CyOBeIMHUII TIPOTEAacOM M aKTMBAaTOPOB B mepeiaoMHbIe Iepuonasl (D21, 110, I130) He 3aBucenu ot 1mona
KpbIC. AKTUBHOCTh MMMYHHBIX CYOBETUHHUILL JeTEKTUPOBaHa B HECKOJILKMX ¢opMax rmporeacoMm, 20S-19S,
20S-PA280p n 20S, pasnuyaromxcss HATMIMEM WJIM OTCYTCTBHEM TOTO MJIM MHOTO aKTMBaropa. MOXHO
roJiaraTh, YTO MHOXECTBEHHbIE (POPMbI MMMYHHBIX ITPOTEACOM 00Pa3yloT OMOJIOTMYECKY aKTUBHbBIC MET-
TUABI B HECKOJILKO 3TaroB. [lo-Buaumomy, riporeacomsl 20S-19S, cogepxkaliiyie UMMYHHBIE CYObEIUHM -
1IbI, HA TIEPBOM 3Talle MPOAYLIMPYIOT U3 MOJTHOPA3MEPHBIX YOMKBUTUHUPOBAHHBIX OCIKOB MOJIMITCTITUIbI
MEHBIIIETO pa3Mepa CO CITenMUIECKON CTPYKTYpOii, KOTOphle ciyxkar cyocrparamu mist 20S-PA28a
u/wu 20S mporeacoM. [TociienHue Ha 3aKJTIOYMTEILHOM 3Talle, BEpOSTHO, 00pa3yloT MeNTUIbI, HEMOCPe/ -
CTBEHHO YYaCTBYIOIIME B MEXKJIETOUHBIX B3AUMOAEHUCTBUSIX M PAa3BUTUM UMMYHHOU (DYHKIIMY, a TAKXKE B
ajanTaluy K MUKpOOMOTE U U3MEHSIIOIIUMCS YCIIOBUSIM TTMTAHUSI.

Kntouegule cnro6a: ak THBHOCTD TTPOTEACOM, UMMYHHBIE TTPOTEACOMBI, aKTUBATOPHI ITPOTEACOM, TOHKUI KU-
IIEYHUK, paHHWI OHTOTeHe3, Kpbica
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BBEAEHHWE

HccnepoBaHue MOJIEKYJISIPHBIX MEXaHU3MOB pa3-
BUTHSI OPTAHOB MJIEKOMUTAIOIIUX SIBJISIETCSI AKTYaJlb-
HOI 3amaueii coBpeMeHHOM Omomormm. Penrenue
STOM 3aJayM NEpPCIIEKTUBHO HE TOJBKO IS (pyHOa-
MEHTaJIbHOM HAyKU, HO W IJIs1 BBLISIBJCHUS IIPUYUH
BO3HMKHOBEHUSI pPa3IMYHBIX mnarojoruii (Sassin,
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2018, 2020). B cBs13u ¢ 3TUM Bce 00jiee BaXKHBIM CTa-
HOBUTCSI M3yYEHUE TOHKUX MEXaHU3MOB (DYHKIINO-
HUPOBaHUSI TIPOTEACOM, MYJIbTUCYOBEIMHUIHBIX MPO-
Teas, YJacTBYIOIIMX B MOIAEP:KaHUU ToMeocTas3a OeJ-
KOB U PETYJIUPYIOIIUX MHOTOUYMCIIEHHbIE KJIETOUHbIE
npolecchl. ITpoTeacoMbl 00pa3yloT OMOJIOTMYECKH aK-
TUBHBIE TIENTUIBI, TUAPOIM3YIOT (DAKTOPKI pOCTa, pe-
LIENTOPHI, TPAHCKPUIILIMOHHEIE (DAKTOPhI, KOMITOHEH-
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TBI CUTHAJIbHBIX ITyTeli 1 Apyrue 0eaku (Abramova et al.,
2002; Spirina et al., 2013; Kondakova et al., 2020).
MHoroo0pa3ue (GpyHKIIMA TpoTeacoM obecredynBa-
€TCSI MHOXKECTBEHHOCTBIO UX (DOpM, OCHOBAaHHOIT Ha
CTPYKTYPHBIX pa3iu4usIX M CIIoco0ax TUAPOJIM3a
OEJIKOB.

Haumensbiireit pyHKIIMOHAIBLHOMN CTPYKTYPOIL SIB-
nsietcst 20S KopoBasg cybyacTUIa IpoTeacoM, TOCTYIT
B KOTOPYIO JIJIsl OEIKOBBIX CyOCTPaTOB, KaK MPaBUIIO,
3abnokupoBaH. Tem He meHee, 20S cyOuacTuiia cama
o cebe CIocoOHAa YTMIM3HPOBATL OEJIKM, IOBpE-
XKIEHHBbIE OKUCIUTEJIbHBIM CTPECCOM, M PSI MHBIX
6enkoB (Davies, Shringarpure, 2006; Voigt et al.,
2007; Raynes et al., 2016). [IpoHnkHOBeHUE GOIb-
IIMHCTBA OEJIKOB B MPOTEOJUTUUECKYIO KaMepy Mpo-
TeacoM obecrnieunBaioT aktuBaTopsl 19S (PA700), 11S
(PA2803, PA28y), PA200, oGpasyioine KpyIHbIE
KOMIUIEKChl Tpu coenuHeHuu ¢ 20S cybuactuieit
(Tanaka, 2009; Stadtmueller, Hill, 2011; Kish-Trier,
Hill, 2013). AktuBatop 19S crmocoGeH pacio3HaBaTh,
3axBaTbiBaTh U IIPOITYCKATh B MPOTECOJUTUYECKYIO
KaMepy OelIKM, MeYeHHbIe YOMKBUTUHOBOM 1IEII0Y-
KOif, 3a cueT cBoeil MHOTO(MYHKIMOHAITBHOM MYJTh-
TUCYOBEAMHUYHON CTPYKTYpHl. B oTinuue ot akTu-
Batopa 195, perynsitopsl 11S u PA200, kak npaBuio,
He IIPOMYCKAIOT B MPOTEOJUTUIECKYIO KaMepy II0JI-
HOpa3MepHbIe YOUKBUTUHUPOBAHHbBIE OCJIKU, HO OT-
KPBIBAIOT BXO, 151 IOJIUIICIITUIOB CPEAHETO U MaJIO-
ro pa3MepoB 0e3 MpeaBapuTEIbHOIO UX YOMKBUTH-
HUPOBAHMUSI.

ITo HabGopy MpPOTECONUTUYECKU AKTUBHBIX CYyObh-
eOUHUI Iy IIPpOTeacoM MOXHO pa3IeUTh Ha KOH-
CTUTYTUBHBIC TIPOTEACOMBI WM IIPOTEACOMBI “IIO-
MalllHETO XO3sIicTBa”, comepkallue CyObeTMHUIIbI
B1, B2 u B3, v HECKOJIBKO CYOTHUITOB UMMYHHBIX ITPO-
TeacoM, BCTpPauBaIOIINX MMMYHHBIE CYyOBEIUHUIIBI
LMP2 (Bli), LMP10 (MECLI1, B2i) u LMP7 (B5i)
BMECTO KOHCTUTYTUBHBIX CYOBEAMHUII IMOO ITOJTHO-
CTBIO, JIMOO B Pa3IUYHBIX coueTaHusx ¢ Humu (Gro-
ettrup et al., 1997; Griffin et al., 1998; Guillaume et al.,
2010; Dahlmann, 2016). KOHCTUTYTUBHEIE CyObEIM-
Hutibl B1, B2 1 B5 NpOSIBISIIOT COOTBETCTBEHHO Kac-
nazanono6Hyto (KIT), TpMIICMHITIONOOHYIO U XMMOT-
puncuanono6nyio (XTII) akTMBHOCTB, IIpU 3aMeHEe
KOHCTUTYTUBHBIX CYObeIMHUIL HA UMMYHHBIC YBEJIV-
yupaeTcsl XTII u TpuncuHmonooOHass aKkTUBHOCTh U
ymenbinaetrcsas KII aktuBHocTh. Ecam ocHoBHas
(GYHKIMS KOHCTUTYTUBHBIX IIPOTEACOM 3aKJIIOUACTCS
B BBIMIOJITHEHUM PYTMHHOTO 6E€JIKOBOro 0OMeHa U ycTpa-
HEHUU TTIOBPEXIEHHBIX OEJIKOB, TO UMMYHHBIC IIpOTea-
COMBI, 00Opa3ys CrielnUIECKre NETUIbI, PETYIMPY-
10T pa3BUTHE U TTOAABJIEHE UMMYHHBIX peaKLuii, Kiie-
TOYHYIO TIpojepalio, amanTUBHBIE IIPOLIECCHI
(Caudill et al., 2006; Sharova, 2006; Tanaka, 2009;
Lyupina et al., 2013; Erokhov et al., 2017; Astakhova
et al., 2019).

MMMyHHBIE TTpOTeacoOMbl HACTOILKO BAXKHbBI JIJIS
pPa3BUTUS OpraHU3Ma, YTO 0Opa3oBaHNe X HAYMHA-
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€TCsI yKe B SMOPMOHAJILHBIN IIepUOI B TUMYCE, CeJle-
3eHKe, meyeHu (Melnikova et al., 2008; Sharova et al.,
2009; Melnikova et al., 2010; Karpova et al., 2013).
JwuHaMuKa 3KCIpecCMd HMMMYHHBIX IIPOT€acoM B
Pa3BUTUM 3TUX OPTAaHOB pa3jIMyHa, YTO OOYCIOBJIEHO
pa3HUIIEH B X KJIETOYHOM COCTaBe 1 (PyHKLMSIX. B TH-
MYyCe KPBICHI 9KCIIPECCHSI UMMYHHBIX IIPOTEAacOM BbI-
XOJIMT Ha MAaKCHMMAaJIbHBIN YPOBEHB y:Ke Ha 21-i1 sMOpu-
OHAaJILHBII IEHb B CBSI3U C 0OecIIeueHeM MMM HauHA -
IOIIIETOCSI B 3TOT MEPMO IMpolecca OTpULaTeIbHOK
cenexkuun TumounToB (Melnikova et al., 2008, 2010).
B pa3zBuBamoIuxcs cejie3eHKe 1 IIeYeHU KPBIChI yPO-
BE€Hb UIMMYHHBIX IIPOTEACOM YBEJIMYMBACTCS B TEUE-
HUE TpeX MOCTHATAIbHBIX Heleb. B celle3eHKe 3ToT
IIPOLIECC OCYIIECTBIISIETCS MOCJIEIOBATEIBHO B TEC-
HOM CBSI3U C TTOCTEHNEeHHBIM (DOPMUPOBAHUEM OEJION
MMyJIbIbl. B meyeHu HapacTaHue 3KCIIPECCU UMMYH-
HBIX IIPOTEACOM HOCHUT BOJIHOOOpAa3HBIN XapakTep:
IepBasi BOJIHA COBIIaAaeT ¢ (pyHKIMOHMPOBAHUEM
MEeYeHU KaK IMEePBUYHOIro JUMMOMIHOIO OpraHa, a
BTOpasi — C 9KCOpeccueil MMMYHHBIX IIPOTEacoM B
renatoumuTax (Sharova et al., 2009; Karpova et al.,
2013). OyeBUAHO, YTO HU3KOE KOJMYECTBO UMMYH-
HBIX IIPOTEACOM B TeIIaTOLUTaX B MEpBbIC ABE ITOCT-
HaTaJbHBIE HEIENIM HEeCIIOCOOHO obOecneuuTh 3¢-
¢eKkTUBHOE OOpa3zoBaHME AHTUTEHHBIX SITUTONOB
JIIST MOJIEKYJI TJIAaBHOIO KOMILIEKCA TUCTOCOBMECTH-
MocTu kiacca I B ciryyae nHOUUMPOBAHUS U UHULIMU-
poBaTh TIOJIHOLICHHBIN MMMYyHHBII OTBeT. CornacHo
IOJIy4eHHBIM JTAHHBIM, TaKOil OTBET BO3MOXEH Ha Tpe-
Theil ITOCTHATAJILHOI Helesle, KOraa, BO-IIEPBhIX, Tella-
TOLIUTHI Y>Ke 00J1amaroT 6a30BbIM YPOBHEM MMMYHHBIX
IIPOTeacoM U, BO-BTOPLIX, c(hopMUpoBaHa OeJiast Imyib-
ra cejie3eHK! KJIeTKaMU MMMYHHOM CHCTEMbI, 0Oora-
IIEHHBIMU MMMYHHBIMU TIpoTeacoMaMu. HauumHast ¢
3TOTO IIEPUOIA KIIETKU ITIEYeHN CITOCOOHBI CUTHATN31~
poBaTh UMMYHHOM CUCTEME O CUHTE3€ UMM YyXKEePOII -
HBIX OENKOB, a KJIETKM O€JIoi IIyJbITbl CEJIC3eHKU
CITOCOOHEI pearnpoBaTh HAa 3TU CUTHAJIbI.

HecMoTpst Ha HOCTUTHYTBIC YCIIEXU B BBISIBJICHUN
IMpoT€aCOMHbBIX MEXaHM3MOB pa3BUTUA pdaa opra-
HOB, He M3Y4YeH ITyJI ITPOTeacoM, BKJIIOUAIOIINIA pas-
JIMIHBIC CTPYKTYPHBIE (DOPMBI, B SMOPHMOHAILHOM U
PaHHEM IIOCTHaTaJIlbHOM OHTOI€HE€3€ KHIICYHMKA,
BBITTOJTHSTIONIETO BakKHeNIe (PYHKIIMU He TOJIBKO B
MUIleBapeHU, HO 1 B UMMYHHBIX TTpolieccax. Lleab
HacTos1Iei paboThl — UCCIeI0BaTh, KAKUM 00pa3oM
pa3IuyHbIE MEPUOObl PAHHErO0 Pa3BUTHUS TOHKOIO
KUIIIEYHUKA KPBICHI CBSI3aHBI C UBMEHEHUSIMU B ITyJIe
IIPOTEACOM.

MATEPHAJIBI 1 METObI

2KupotHble. PaOOTY BBINOJIHSIIM Ha KpbIcaX MTOPO-
nbel Buctap B cooTrBeTcTBMM C TTooXeHMsiMu Komuc-
cuu o 6uostuke ®I'BYH MHcTuTyTa 6Moorum pas-
Butus uM. H.K. Konsosa PAH. [Insa uccienoBaHust
WCITOJIb30BAaJIM LIEJIbI KUIIICYHHK IUIOOOB Ha 18-11 neHb
aMOpuroHanbHOro pa3sutus (D18), TOHKMIT KUIIed-
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HUK caMOK Ha D21 u nmoctHaTanbHbie 1HU 110 (1eHb
poxnenust), I11, IT5, T18, 1112, IT15, I118, 1122, I130,
a TakKe TOHKUI KUIIeYHuK caMioB Ha D21, T10, I130.

AHTHTEIa U OCHOBHBbIe peakTuBbl. /111 BectepH-
OJIOTTMHTA MCIOJIb30Ball MOHOKJIOHAJIbHbIE aHTU-
Tella MbIIIK K cyobenumHunaMm ol,2,3,5,6,7 npotea-
COM, UMMYHHBIM cyObeauHuiiam LMP2 u LMP7
mpoteacoM, cyowenmuuile Rpt6 akruBaTopa PA700
MPOTEACcCOM, MOJUKIIOHAJIbHbIE aHTUTEIA KPOJUKa K
cyobenunuiie PA280 aktuBaropa PA28cf3 mpotea-
coMm (Enzo Life Sciences, CIIIA), MOHOKJIOHaJIbHbIE
aHTUTeN a MbIKM K [-aktuHy (Santa Cruz Biotech-
nology, CIIIA), anTuTena Ko3bl K 1gG MBI U KpO-
JINKa, KOHbIOTMPOBaHHBIE ¢ MepoKcraa3oit (Amersh-
am Biosciences, Beankoopurtanms).

Hns onpeneneHust XTII akTMHBHOCTU ITpOTEacoM
ucrionb3oBaii cyoctpar N-succinyl-leu-leu-val-tyr-
7-amido-4-methyl coumarin (Suc-LLVY-AMC), KIT
akTUBHOCTU — cyoctpar Z-Leu-Leu-Glu-7-amido-
4-methyl coumarin (Z-LLE-AMC) (Sigma-Aldrich,
CIIA), LMP2 u LMP7 akTuBHOCTU — CyOCTpaThl
Ac-Pro-Ala-Leu-AMC (Ac-PAL-AMC) u Ac-Ala-
Asn-Trp-AMC (Ac-ANW-AMC) (Boston Biochem,
CIIA) cooTBeTcTBeHHO. Hanmune npuMecHBIX ITpo-
Teas BBISIBJISIIA C TTOMOIIbIO MHTMOUTOPA MpOTeacoM
Z-leucyl-leucyl-leucinal (MG132) (Sigma-Aldrich,
CHLIA).

IlpenapupoBaHne KMIIEYHHMKA M IPUTOTOBJICHHE
OCBeTJIEHHBIX TOMOTreHaToB. BrineneHHbIN opraH (1ie-
JIBIIA KAITEYHUK WY TOHKUI KUIIIEYHNK) TTOTPpyKaau
B pocdarHslii coneBoit 0ydep (PBS, pH 7.4), conep-
)amuii 1 MM deHunMeTuncynbhoHmwI  GTopua
(PMSF) nnst nHrmbupoBaHusI aKTUBHOCTH IIpOTeas
BHYTPUKUIIIEYHOM ITOJ0CTU. Bece mampHeime mpo-
LIeIyphl, CBSI3aHHBIE C OYMCTKOM KUIIIEYHUKA OT CO-
eIUMHUTEIbHOTKAHHBIX IJICHOK X BHYTPUIIOJIOCTHOTO
conepxumoro, rmpopoauii B PBS ¢ 1 MM PMSF. O6-
pa3lbl OYMILIEHHOIO KHUIIIEYHUKA OOCYIIMBaJM Ha
(GunbTpPOBaAIBLHOI OyMare, B3BEIIMBAJIM U 3aMOPaXKI-
Bayin ipu temrneparype —70°C.

st oripeielieHrs aKTUBHOCTH IIPOTEACOM in Vitro
u BecTepH-0610TTHHTA 3a1maceHHbBIe 00pa3Ibl pa3Mo-
paxXuBajiu, TOMOTeHU3UPOBAJIM B Oydepe, coaepxa-
meMm 50 MM Tpuc-HCI, pH 7.5, 100 MM NaCl, 1 MM
DJTA, 1 MM mutuotpeuroin, 1 MM AT®, 1 MM PMSF,
JevinenTuH (0.5 MxT/MiT), menctatvH (1 MKT/MiT), arpo-
TiHUH (1 MKT/MIT), B cOOTHOIIEHU! 1 : 6 (Bec : 00beM)
npu 0°C U ocBeTISJIM LEHTPpUAYrupoOBaHUEM MPU
15400 g u 4°C B Teuenue 30 muH. HamocamouHyro
XKUIKOCTh (OCBETJIECHHbIE TOMOT€HATHl) UCITOJIb30Ba-
JIV TS JaJTbHEUIIINX UCCIIEIOBAaHWIA.

g HatuBHOTO 3JIeKTpodope3a 0Opas3Ibl TOMO-
TeHu3upoBan B Oydepe, comepzkaimeM 50 MM Na-
HEPES, pH 7.5, 200 MM NaClu 10 MM D/1TA, B co-
oTtHomeHMU 1 : 3 (Bec : 00ObeM).

OnpeneieHne aKTUBHOCTH NPOTEACOM in vitro. Pe-
aKkmuio TpoBoamuii B 100 MKJT peakIIMOHHO# CMecH,
conepxameit 20 MM Tpuc-HCI, pH 7.5, 1 MM on-

trnotrpenton, S MM MgCl,, 1 MM AT®, 30 MKM co-
OTBETCTBYIOIIETO (PITyOPOTEHHOTO CyOcTpaTa M 2 MK
OCBETJIEHHOro roMoreHara, npu 37°C B TeuyeHUe
20 muH 1 octaHaBiauBaiu 1%-ueiM SDS. B manHbIX
YCJIOBUSIX 3aBUCUMOCTb KOJIMYECTBA 00pa3yIoIIerocs
MPOAYKTa OT BPEMEHM COOTBETCTBOBaJIa IPSIMOJIM-
HeilHoMy y4yacTky rpaduka (Erokhov et al., 2017).
MHTEeHCUBHOCTh (hIyOpeCleHIMN PErUCTPUPOBAIIN
Ha ¢ayopumetpe (Bio-Rad, CIIIA) npu aivHe BoJi-
HBI Bo30ykneHus 380 HM 1 IyIMHE BOJHBI UCITyCKa-
Husa 440 aMm. [ OLIeHKM aKTUBHOCTU IIPUMECHBIX
IIpoTea3 MWCHOIb30BaId WHTUOUTOP aKTUBHOCTU
nporeacoM M G132 B KonueHTpanuu 5—10 MxM.

OnpeneneHne aKTUBHOCTH NMPOTEACOM B HEJAEHATY-
pupyoiiemM rejie. AKTUBHOCTbh MPOTE€AcOM B Ipajau-
eHTHOM 4—10% mnonuakpuiaMugHOM reie (5 MK
ocBeTJIeHHOro romoreHara uiaun 70—90 Mxr 6enka Ha
JIOPOKKY) B HAaTUBHBIX YCJIOBUSIX OMpPENEsiii C UC-
nosibzoBaHueM 300 MKM ¢ryoporeHHOro cyocrpara
B 200 MM Na-HEPES 6ydepe, pH 7.5 (1/20 oT 00b-
eMa rejist) mmociie ajekTpodopesa npu 60 B B TeueHue
14 4, 140 B B Teyenue 10 4 u 260 B B Teuenue 20 4
(Erokhov et al., 2017). CinenyeT OTMETUTh, YTO OITH-
CaHHbIE B JIMTEpAType MPOTOKOJIb HATUBHOTO DJIEK-
Tpodope3a MPUMEHSIOTCS, KaK MpaBuIo, IJs OYU-
IIEHHBIX (PpakuMii MpOTeacoOM WM ISl pa3ieieHus
IMpoTeacoM KJieTouHbIX TMHUM (Lyupina et al., 2013).
ITpu ucrnosb3oBaHUU TPyOBIX (DpaKIIUil, MOTYyUYEeH-
HBIX U3 LeJIbIX OPTaHOB, CoAepXKallecs] B HUX HyKJIe-
WHOBbBIE KMCJIOTbI, MUKPOCOMBI, MeJIKKe (DparMeHThI
COENUHUTEILHOM TKaHU MPENsITCTBYIOT TPOHUKHOBE-
HUIO OEJIKOB C BEICOKOI MOJIEKYJISIPHOM MacCOi B TeJlb
U MPEICTaBISIOT cO00li OCHOBHYIO MPOOJEMY 3JIeK-
Tpodope3a. B ycnoBusix cTaHIapTHOTO Ha4YaJibHOTO
Hanpsokenus 140 B mporeacombl, HecrieumpuIecKn
CBSI3aHHbBIE C HYKJIEMHOBBIMU KUCIOTaMU WM MUK-
pocoMaMU, “pa3MbIBAIOTCS” IO Tej0, HAYMHasI CO
CTapTOBOU TMO3ULIMU. MBI pelIuad 3Ty OpoOaeMy
[JIABHBIM 00pa3oM ITyTeM CHUKEHUST HAUaJIbHOTO Ha-
psikeHust 10 60 B 1 TTosTarrHBIM eTo yBeTUdeHEeM
1o 260 B (Erokhov et al., 2017).

@dyopeclieHTHBIE IOJI0CHI B rejie (potorpadupo-
BaJIM TIpM 365 HM. AHaJIM3 aKTUBHOCTH ITPOTEAaCOM B
reJie OCYIIECTBIISIIN C TIOMOIIBIO CTAHTAPTHOM TTPO-
rpammbl Imagel.

Bectepu-omorTunr. Ilocne snektpodopesa B ne-
HATypUPYIOLIUX YCIOBUSIX B 13% mnonmakpuiaMu-
HoM rejie (10 MKJI OCBETJIEHHOrO roMoreHaTa Wiu
60—78 MKr GejiKa Ha JOPOXKKY), ITOJUIETITUIBI ITepe-
HOCWJIM M3 TeJIs HA HUTPOLEJTIONIO3HYI0 MEMOpaHy C
MOMOIIBIO TTOJIyCyX0oro oioTTuHTra. O6paboTKY MEM-
OpaHbl OCYILIECTBJISIIA CTAaHAAPTHBIM METOJIOM C UC-
MOJIb30BAHMEM TIEPBBIX AHTUTEN K CYObEeIUHUIIAM
«l1,2,3,5,6,7, LMP7, LMP2, B-actin (1 : 1000), Rpt6
uiu PA28a (1 : 1500) 1 cOOTBETCTBYIOIIMX BTOPHIX aH-
THUTEJI, KOHBIOTMPOBAaHHBIX ¢ mepokcuma3oit (1 : 2000).
N300paxkenne aHAJIM3WPOBAIM C ITOMOIIBIO CTaH-
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JapTHoU mporpamMmbl Imagel, Kak omuMcaHo paHee
(Astakhova et al., 2018).

PesysbTaThl HOpMaAIM30BAIN Ha comepkaHue [3-ak-
tMHa. HecMoTpst Ha nobaBiieHre KOKTEAIsI MHTMOUTO-
POB TIpOTea3 B TOMOreHU3UpYoLuii Oydep, B-akTuH
He JETEKTUPOBAJICS BO (hpaKIIMsIX TOHKOTO KMIIIEYHUKA
Ha [13—I18, HO B HUX BBISIBJISIJICS TTIOJUTIENTUI MEHb-
LIEN MOJIEKYJIIPHOM MaccChl, KOTOPBIA B3aUMOIC-
CTBOBAJI C aHTUTEIaMU K B-akTUHYy. DTOT pe3ysbTaT
YKa3bIBaJl Ha OTHIETIJICHHE YACTH MOJIEKYJIbI [3-aKTH-
Ha B IPUTOTOBJIEHHBIX 00pa3lax. JlobaBieHe UHTU -
onTtopa nmporeacoM MG 132 B KoHIIeHTpaum 5 MKM K
TOMOTeHM3HMpYyolleMy Oydepy Momapisuio paclierie-
Hue -aktrHa. O4eBUIHO, PH TIPUTOTOBIEHUH O0Opa3-
OB TOHKOTO KnmeyHnnka Ha [13—I18 mmea mecto Mo-
mdyKaIMs MOJIEKYbl J-aKTHHA, KOTopast Jeaia ee
JIOCTYIHOM IJTs TIpoTeacoM. I1oaToMy IIpoTOKOIT orpe-
JeJIEHUs KOJIMYeCcTBa B-akTvHa MpemycMaTprBal BBe-
JIEHVI€ B TOMOT€HM3UpYIoLIuii Oydep nHruouropa rnpo-
teacoM MG 132 B KoHLIeHTpalnu 5 MKM.

Cratucrnyeckuii aHamm3. CtaTUCTUYECKUN aHa-
M3 TpoBomwiicss B makere mporpamm GraphPad
Prism 8.0 ¢ ucrmonb3oBaHUEM CTATUCTUYECKIIX METO-
noB: Brown-Forsythe ANOVA, Welch ANOVA, Kru-
skal-Wallis Tect u two-way ANOVA.

PE3YJIBTATbBI U OBCYXIEHHUE

AKTHBHOCTb NIPOTEACOM B PAHHEM OHTOTreHe3€e TOH-
Koro kumeyHuka Kpoic. Mccnegosana XTII u KIT ak-
TUBHOCTB IIPOTEACOM, MPOSIBJIsIeMasi B COBOKYITHO-
CTU KOHCTUTYTUBHBIMU Y1 UMMYHHBIMU CYObEOIUHI-
uamu B5 + LMP7 u B1 + LMP2 cooTBeTCTBEHHO, a
TakKKe WHOMBUOyajbHasi aKTUBHOCTb WMMYHHBIX
cyopemuuni; LMP7 1 LMP2 B paHHeM OHTOTreHe3e
TOHKOTO KullledHuKa. [TpoBeaeHo aeTajibHOE ucciie-
JIOBaHME 3TUX TUIIOB aKTUBHOCTU Yy CAMOK KpBIC B
SMOpPUOHAIBHBIN TIepuon (Ha D21) U B IIEPBBIA Me-
cs1l TIocTHarajabHOoro pasputusi. Ha D18 mosioByto
MIPUHAIJIEKHOCTD Y IUIOA0B UICHTU(DUINPOBATH HE-
BO3MOXKHO, TaK XK€ KaK 1 BEIYJICHUTh TOHKUIA KAIIIEeU-
HUK. [ToaTtomy Ha D18 aHanM3MpOBaIU aKTUBHOCTb
IIPOTEeacoM 1IeJIOr0 KMIIEYHUKA TUIOIOB KPbIC 0€30T-
HOCUTEJILHO I10JIa.

BrisiBieHO, 4TO BCe McciienyeMble TUTIbl aKTUBHO-
CTM NPOTEacoM M3MEHSIOTCSI B PaHHEM pa3BUTUMU,
MpU 3TOM OOHAPYKMBAIOTCS KaK CXOAHbBIE XapaKTe-
PUCTUKU, TaK 1 pa3nuuus (puc. 1). CXoacTBo IposiB-
Jisiercd B cienyiolieM. Bo-niepBoiX, Bcs uccienyemas
aKTUBHOCTH TOBBIIIAJIMCH Mocyie D18 u mocturana
makcumyMma Ha I15—I115. Takasg nuHaMuKa JIOTUYHa,
TaK KakK Mepexoj OpraHru3Ma oT in utero K ex-utero co-
MMPOBOXIACTCSI 3HAYUTEbHBIMU MEPECTPOMKAMU B KU~
ILIEYHUKE: U3BMEHEHUEM KPOBOTOKA 1 POCTa, Pa3BUTU-
€M TUIIEBAPUTEIbHON U UMMYHHOM (DyHKIIUI, KOO~
HU3alLMeil MUKpOOpraHu3MaMu U afgalTallMOHHBIMU
npoueccamu (Nanthakumar et al., 2000; Claud et al.,
2003). Bo-BTOpBIX, CXOOCTBO 3aKJIIOUYAETCS B YMEHb-
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IIEHWH BCeM McclienyeMoi akTuBHOCTH K 1122, Ouge-
BUIHO, B 3TOT IIEPUOJL HET ITOTPEOHOCTU KUILIEYHUKA
B BBICOKOAKTUBHEIX IIpoTeacomMax. PasHuila Kkacaer-
ca caenyromero. Bo-mrepBreix, XTIT 1 LMP7 aktus-
HoCTh Magaja K [122 B cylecTBeHHO MeHbIIeH cTe-
neHu no cpaBHeHuo ¢ KIT u LMP2 akTuBHOCTHIO.
Bo-BTopnix, Kk [130 Tomsko XTI m LMP7 aktuBHOCTB
BHOBb BO3pacTajia 10 MaKCUMaJIbHBIX ypoBHei. OT-
MeTHUM, 4TO K I130 XX1BOTHBIE ObUIM N30JIMPOBAHEL OT
MaTepy 1 aJallTUPOBANIMCh K BHEIIHEMY ITMTAHUIO.
OueBuaHO, 3Ta aganTtanus TpeodyeT BeicoKoi XTI n
LMP7 akTUBHOCTH.

Oco0Bblit BOIPOC B UCCIIEAOBAaHNY KUIIIEYHNKA Ka -
caeTcs BKJIaJa B AETEKTUPYEMYIO aKTUBHOCTh IIpoTea-
COM aKTMBHOCTH OaKTepUaJIbHBIX ITpoTeacoM. Hecmot-
psl Ha IIPOBOAMMYIO HaMM OO0SI3aTe/IbHYIO IIPOLCAYPY
OTMBIBAHUSI BHYTPEHHEH MOJIOCTY KUIIIEYHUKA, CIICHY-
€T YYUThIBaTh HAJIMYME B HE HECMbIBAEMOI1 YacTu OaK-
TepuanbHOI (IIOpEL. B oTi4Me OT KJIETOK 3yKapuoT
MIPOKAPUOTHI IIPOSBIISIIOT BCETO JIMIIb OMWH TUII aK-
TUBHOCTU IIpoTeacoM, OOpTe30MUO-UYyBCTBUTEIb-
Hy1o akTuBHOCTb (Risa et al., 2020). ITockoibKy 60p-
Te3oMmn0 — mHTrnouTOp XTII akTUBHOCTH ITpOTEACOM
BYKApUOT, HEJIb3sI MOJTHOCTHIO UCKIIOUUTD, YTO OaK-
TepUM MOTYT BHOCUTH BKJIaJ B 3Ty aKTUBHOCTb, XOTS
WMCITONIB3YEMEBIN B TaHHOI padoTe cyOcTpaTr IJIsT HUX
He onTuMajieH. TeM He MeHee, eCiM 3TOT BKJIAA U
MMEET MECTO, OH HEe3HAYUTEJICH U He MOXET Cylle-
CTBEHHO MCKa3UTh BBISIBJIICHHYIO IMHAMUKY, IIOJI-
TBEPKISHUEM YeMYy CIIYXKUT CXOACTBO IpadUKOB s
XTIT u LMP7 aktuBHocTU (puc. 1), mociaemnHsist U3
KOTOPBIX IIPUCYIIA TOJIBKO MJICKOIUTAIOIIM.

Takum o06pa3omM, BBISBJICHBI IIEPEIOMHBIC Bpe-
MEHHBIC TOYKM B IMHAMUKE aKTUBHOCTHU TIPOTEACOM
TOHKOTO KMIIIEYHMKAa caMOK KpbIC. [I1s1 Becex mccie-
JMIOBAaHHBIX TUIIOB aKTUBHOCTHU 3TO II€pUHATAIbLHBIN
nepuon, 921 u/umm I10. Kpome toro, niasa XTII u
LMP7 akTUBHOCTM AETEKTHMpPOBaHA OOIOJIHUTEIbHAS
nepenomHast Touka, I130 (puc. 1). K I130 y camok KprbIc
U3MEHSIeTCS TOpMOHaJIbHBIN (PoH, 1 K T132—I133 Ha-
cTymaeT ctagusi mepBoro Ipoactpyca (Vidal, 2017).
Jlasg oneHKM BIUSTHUS (pakTopa I1ojia Ha oOpa3oBa-
HUE TIEPEJIOMHBIX TOUYEK IMPOBEACHO CPAaBHUTEIBHOE
HCCJIefOBaHUE aKTUBHOCTHU IIPOTEACOM TOHKOTO KH-
IMEeYHWKAa CaMOK M caMIIoB Kpbic Ha D21, 10 i I130.
Okaszajioch, uTo aKTOp MoJjia He OKa3bIBaeT BIIMSTHUS
Ha aKTUBHOCTH IIPOTEacOM B YKa3aHHEIE IIEpPeIOM-
HbIe Iepuonbl (puc. 2).

YTo B TaKOM ciIydae oOecIiednBaeT BBISIBJICHHYIO
HaMU CJIOXKHYIO TUHAMMKY ITPOTEaCOMHOI aKTUBHO-
CTU B pa3BUBAIOLIEMCSI KUIIIEYHUKE KphIchl? PaHee
OBLIO MMOKA3aHO, YTO AKTUBHOCTb IPOTEACOM MOXKET
OINpEIENSATLCS Pas3sIMYHBIMUA (pakTopaMu, K YUCITY
KOTOPBIX OTHOCITCS 0O0Iliee KOJIUUECTBO ITPOTEACOM,
coyeTaHue TIPOTCONUTUYCCKUX CYOBeIUMHULI, HAIU-
yye TOTO WJIM MHOTO PEryjsiTopa, OKUCIMTEIbLHBIN
crpecc u ap. (Tanaka, 2009; Astakhova et al., 2018;
Erokhov et al., 2021). B HacTos1eii paboTe MBI MC-
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Puc. 1. luHaMuUKa aKTUBHOCTH MPOTEACOM B pAHHEM OHTOTeHEe3€ TOHKOTO KUIIIEYHUKA CAMOK KpPbIC. AKTUBHOCTb IpYBEICHA
115t 100 MKJT OCBET/IEHHBIX TOMOT€HATOB U MTPEICTaB/IeHa KakK cpeHee T cTaHaapTHOe OTKJIIOHeHue, n = 6, * p < 0.05, ** p < 0.01,
% p <0.001, **** p <0.0001. XTII aKTUBHOCTb — XUMOTPUIICMHIIOTO0OHAsI aKTUBHOCTb, KI1 akTHBHOCTB — KacIiazanomooHast
aKTUBHOCTb, D — 9MOpUOHAJIbHBIN IeHb, [1 — mocTHaTadbHbIM AeHb. Ha D18 ncnoab3oBaiu 1eiblii KUIIEUYHUK IIJI0A0B KPbIC

06€30THOCUTEIBHO I10JIA.

CIIEOBAJIA YPOBEHB TOTAJIBHOTO ITIyJia MPOTEACOM U
IVUHAMUKY CONlepXKaHUs B HEM UMMYHHBIX CyObeIU -
HUII U aKTUBATOPOB B CPABHEHUU C TUHAMUKON aK-
TUBHOCTH TIPOTEACOM.

ConepkaHue CyObeIUHHIL POTEACOM M AKTHBATO-
POB B pPaHHEM OHTOreHe3e TOHKOI0 KHIIEYHHKA KPBbIC.
VYpoBeHb TOTAJBHOIO MyJjia MPOTEacOM OLIeHUBaIU
o coaepxaHuioo cyobemuHun, ol,2,3,5,6,7, Bxomsi-
X B COCTaB BCEX CyOTHIIOB IIpoTeacoM. M3meHe-
HUE KoJIMUecTBa akTuBartopa 19S mu3yyanu mo coaep-
JKAHUWIO BXOIMIIEN B €r0 COCTaB CyObeIMHUIILI Rpt6,
a aktuBaropa PA280f3 — mo comepxaHuio cyobenu-
Huubl PA280. M3MeHeHHe KOMM4ecTBa MMMYHHBIX
IpOTEacoOM MCCIASOOBAIM MO COMEPKAHUIO MMMYH-
HBIX cyobequHun LMP7 u LMP2. UmMyHHas1 cyOb-
equHuna LMP10 BcTpauBaeTcsl B IIpOT€acoOMBbI, Kak
MIpaBUJIO, COBMECTHO ¢ cyobenunuieit LMP2 (Gro-
ettrup et al., 1997; Griffin et al., 1998), moaTomy OT-
nesbHo ypoBeHb LMP10 cyObearHUIIBI HE U3yYaiu.

YpoBeHb TOTAJBHOIO MyJia IIPOTEACOM TOHKOTIO
KMIIIEYHKA CaMOK KPbIC JOCTOBEPHO HE U3MEHSIJICS
B IepUHATaIbHBIN MEPUO U HA TIPOTSIKEHUHU TIEPBO-
ro Mecs11a IIOCTHATaJIbHOTO pa3BUTHs (puc. 3, 4) 1 He

MOT HOBJIMSATH Ha aKTUBHOCTH IIpoTeacoM. BmecTte ¢
TeM, Ha ()OHE MOCTOSTHHOIO KOJUYECTBa MPOTEacoOM
MPOU3OILINA IIEPECTPOMKM B UX CTPYKTYypEe 3a CUYET
YBEJIMYEHUSI CONEPKAHUS IIPOTECOJIMTUYECKUX HM-
MYHHBbIX cyobenuHul, LMP7 u LMP2 (puc. 3, 4) u,
cienoBaTeabHo, LMPI10, 3aMemamInmux IIpOTeoan-
TUYECKNE KOHCTUTYTUBHBIE CyObennHUIIbL. [1prmaem
HanOoJiee 3HAUYMMBIN “CKa4oK” B CONEepXKaHUU UM-
MYHHBIX CyOBEOIUHUII, II0TO0OHO IPOTEaCOMHOI aK-
TUBHOCTH, BBIsIBIICH Ha D21 u I10. Takum obpazomM,
JIOTIOJIHUTEIbHASI HapaOoTKa UMMYHHBIX TIPOTE€acoOM
MOXKET OBITh OMHUM 13 (paKTOPOB, CIIOCOOCTBYIOLINX
CYIIIECTBEHHOMY ITOBBIIIEHUIO aKTUBHOCTU B II€pHU-
HaTaJbHBIN niepuon. JdanbHelillee pa3BUTHE KUIIIEY -
Huka c I11 mo I130 conpoBoxknajiock 60Jjee MIaBHBEIM
MOBHIIIEHUEM KOJINIECTBA UMMYHHBIX CYObeIMHUILL C
JIOCTOBEepHBIM “mpoBanioM” Ha [122 B rpaduke s
LMP7 (puc. 4). OTa tMHaMUKa MOX0Xa Ha TUHAMUKY
XTIl m LMP7 akTMBHOCTM M MOXET CIIyXUTb €€
000CHOBaHUEM.

OTMeTHM, YTO 3aMeHa KOHCTUTYTUBHBIX IIPOTEO-
JIUTUYECKUX CYObEIUHUL, UMMYHHBIMU CYyObEIUHU-
aMy OpUBOAUT K yBenrudeHUI0 XTII akTUBHOCTH U
ymeHbiieHnto KIT aktuBHoctu (Tanaka, 2009). Bos-
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Puc. 2. AKTUBHOCTb ITPOTEACOM TOHKOTO KMIIIEYHHKA CAMIIOB M CAMOK KPBIC B pa3Hble MEPUOIbl pAHHETO OHTOTEHEe3a. AKTUB-
HOCTb npuBeneHa st 100 MK OCBETJICHHBIX TOMOT€HATOB M MpeACTaBIeHa Kak cpefaHee + cTaHIapTHOE OTKJIOHEHUE, 1 = 5.
XTTI akTUBHOCTh — XMMOTPUTICUHTIONOOHAsT akTUBHOCTh, KIT akTUBHOCTh — Kacmasarnoao0Hasi akTUBHOCTh, O — 3MOpHO-
HaJIbHBIA IeHb, [1 — nmocTHaTaNbHbI IeHb.

CaMkun Camku CaM1s
I15 118 I112 I115 D18 D21 T10 1130 D18 D21 I10 I130

01,2,3,5,6,7
LMP7

LMP2
Rpt6

PA28a

B-akTiH

Puc. 3. BectepH-06,10Thl CyObEAMHUIL TPOTEACOM M aKTUBATOPOB B pa3HbIe MEPUOAbI PAHHETO Pa3BUTHSI TOHKOTO KUILIEYHUKA
CaMOK U CaMIIOB KPBIC C UCTIOJIb30BAHMEM COOTBETCTBYIOLIUX aHTUTEN. YKa3aHa JIOKaJIU3alus B Tejie MapKepoB MOJIEKYJISIp-
HOIi Macchl. B KauecTBe BHYTPEHHETO KOHTPOJIS UCIIOIBb30BaH B-aKTHH. D — 3MOPUOHAIBHBINA 1eHb, [1 — MmocTHATATBHbII
neHb. Ha D18 ucnonb3oBaiu Leblii KMIISYHUK IJI0I0B KPBIC 6€30THOCUTEIBHO MOJIa.
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Puc. 4. lunamuka cofepxaHusi CyObeAMHULL TPOTEaCOM M aKTUBATOPOB B TOHKOM KMIIIEYHUKE CAMOK KPbIC B pAHHEM pa3Bu-
T, 3a 100% npuHuMany 3HaveHust Ha [130. JlaHHbIe HOpMATM30BaHbI Ha CoepkaHue 3-aKTHHA U TIPENCTaBIEHbI KaK CPell-
Hee * cTaHgapTHOE OTKJIOHeHue, n =5, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. D — sMOpUOHAJILHBII AcHb, [1 —
MOCTHAaTaJbHBIN NeHb. Ha D18 ncnonb3oBaiy Heblii KUIIIEYHUK IJI010B KPhIC 0€30THOCUTEIBbHO IT10JIa.

MOXHO, KOJIM4ecTBO cyobenuHuiibl LMP2 Ha T118—
I130 cTajio JOCTAaTOYHO BBHICOKMM IJISI TOTO, YTOOBI
00bsicHUTH NTaneHre KI1 akTHBHOCTHY B 3TOT ITePHUO/I.
Henp3st uckiaioynTh B JaHHOM Cliydae M HaJIudue
WHBIX peryiasaTopoB. BMecTe ¢ TeM, ocTaeTrcss HEo-
HATHBIM nageHre LMP2 aktusHoctu Ha I118—I130
o cpaBHeHMIO ¢ I115, mmAaMITKa KOTOpOif UMEHHO B
9TU OHU HE COOTBETCTBYET OMHAMUKE KOJIMYECTBA
camoit cyobenuHuLbl. OUeBUIHO, B KUILIEYHUKE CYy-
IIECTBYIOT IOIIOJHUTEIbHbIC (haKTOPhlI, MOAABIISIO-
mme LMP2 aktuBHOCTh. MBI TTO/1aTaeM, 9TO K HUM
MOXHO MPUYUCIUTD BBISIBICHHOE B JaHHOU paboTe
yMeHbIIIEHUE cofepxKaHus akTuBatopa PA28af mo-
cie I118 (puc. 3, 4).

JluHamuKa comepxanusi aktuatopa PA28o3 (Ho
He akTuBaTopa 19S) B paHHeM pa3BUTHUU TOHKOTO K1~

IIeYHMKa KPBICHI OKa3ajlach pa3HoHanpasjieHHO. C
918 no IT15 KoJIMYeCcTBO 3TOr0 aKTUBATOPA YEThIpEX-
KPaTHO YBEJIMYMIOCH, YTO MOXKET OBITh CBSI3aHO C €TI0
y4acTHeM B pPa3BUTUM aJallTUBHBIX IPOIIECCOB 1 00-
pa3oBaHUU PETYISATOPHBIX nenTuaoB. ComepxaHue
aktuBaTopa 19S, HanpoTuB, He MeHsiach (puc. 3, 4).
OueBUIHO, NCXOMHBIN YpOBEeHb 19S akTBaTOpa, CBOM-
CTBEHHBIM BMOpPUOHAIILHOMY II€PUOMAY, IOCTAaTOYEH
JIJISI OCYILIECTBJICHMSI OCHOBHBIX ero (OyHKLMIA — obec-
ne4YeHsl yCTpaHeHYs IOBPEXKICHHBIX YOUKBUTUHUPO-
BaHHBIX OEJIKOB M YOMKBUTHMH3aBUCHUMOTO PYTMHHOTIO
0eKoro ooMeHa B TOHKOM KMIIIEYHUKE B T€YSHUE TIep-
BOT'O Mecsilia TOCTHATAIbLHOTO Pa3BUTHSI.

KommyecTBO Bcex WHcCleayeMbIX CYObEIMHUIL
MpoTeacoM M aKTUBATOPOB B ITepEIOMHBIE BPEMEH-
HbIe Toukn, D21, I10 1 130, BEIIBIIeHHBIC OIS aKTUB-
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AXKTUBHOCTH

LMP7 KII

XTII

ZOS—PAZSt ‘
20s 1 S

I3 I115

I13 I115

I3 1115 I3 I115

Puc. 5. PacnipeneneHue akTHUBHOCTH IPOTEACOM TOHKOTO
KUIIIEYHNKA CaMOK KPBIC B HeJleHATypUPYIOIIIeM Tejie Ha
T13 u I115. TupornooynuH (670 xk/1a), MEeYEHHBII Kpacu-
teneM Cy-3.5, ucnonb3oBaH Kak Mapkep (M) Moieky-
snsipHOit Macchl. XTIl aKTUBHOCTD — XMMOTPUIICUHIIO-
no0Hast akTuBHOCTbh, KIT akTMBHOCTh — Kacna3anomgo0-
Hasl aKTUBHOCTb, I1 — mMOCTHATAJIbHBII I€Hb.

HOCTH, OBLIIO OIMHAKOBO Y CAaMOK M caM1IoB (puc. 3),
YTO yKa3biBaeT Ha HE3aBUCUMOCTb IIPOTEaCOMHOI
CHUCTEMBI B 1IeJIOM OT ITOJIOBBIX pa3INyuii, 1Mo Kpaii-
Heli Mepe, B YKa3aHHBIC TTEPUOIbI.

CrenmyeT OTMETUTD, YTO paHee ObLIM OOHAPYXXEHEI
WUMMYHHBIE CYObeINHULBI IIPOTEACOM B KUIIICYHUKE
KPBICHI, HAYMHAs ¢ 3-ii HeIeJW MOCTHATAJIbHOTO pa3-
Butus (Claud et al., 2014). Ham xXe ymanoch JeTeKTH-
poOBaTh WX, HaYMHAsi ¢ SMOPMOHAIBLHOIO IEepHOA.
Takasi pazHMlIa B pe3yjbTaTax CBs3aHa, Ha Halll
B3IVISIO, C aHAJIW30M DPa3HbIX (ppakiuii IpOTEeacoM.
ABTOpPBI TIPUBEACHHON PadOThI MCCIEHOBAINA OYM-
IIEeHHYI0 (pakuuio 26S mporeacoM. MblI U3ydanu
rpyoyio ¢ppakiinio MPOTEacOM — OCBETIEHHbBII TOMO-
reHar, o0oralleHHbII IUTOIIa3MaTuIeCKUMu ¢Gop-
MaMU IpoTeacoM, B TOM Yucje ¢hopMaMu, BKIOYAIO-
IIMMU UMMYHHBIE cyObemuHUIbl. Ha ciemyromem
aTare padboOTBl MBI pasgemiind (GOPMBI IIPOTEACOM
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PasBUBAOMICTOCA KMIICYHMKA WU ITPOAHAJIM3UPOBaJIN
AKTUBHOCTb, C HUMHU CBA3aHHYIO.

Pacnpenesienue aKTMBHOCTH TPOTEACOM TOHKOIO
KHUIIEYHUKA KPbIC B HeJleHaTypupylomieMm reje. [Ipore-
acombl pa3leisiid C MOMOIIBI0O METOJla HaTUBHOTO
aeKTpodopesa, pa3paboTaHHOTO HAMU ISl TPYOBIX
dpakuwmii (Erokhov et al., 2017). [Ing uccienoBaHus
BbIOpanu ABa nepuona: [13 — oguH U3 nepBbIX AHEN
pa3BUTHUS XXUBOTHBIX BHE MAaTEPUHCKOTO OpraHmn3ma
u I115 — mepron BEICOKOI aKTUBHOCTH TIPOTEACOM U
colepKaHUsI UMMYHHBIX CyObEeIMHUIL U aKTUBaTOpa
PA28af3. ®opmbl mpoTeacoM HAeHTUGMULIMPOBAIH
MO UX JIOKAJIM3aluu B Tejie B COOTBETCTBUM C OITyO-
JIMKOBaHHBIMU paHee pe3ynbTratamu (Erokhov et al.,
2017).

Kak na I13, Tak u Ha I115 B KullIeYHUKE BBISIBIIC-
HbI Tpu opMBbI ITpoTeacoM, 20S-19S, 20S-PA28of u
20S, KoTOpBIC MPOSIBIISIIIN BCE YEThIPE UCCIICIyEeMbIe
TUIA aKTUBHOCTHU, HO B pa3HOil cTeneHu (puc. 5).
XTII akTUBHOCTH B OOJIbIIIE MEpe ObLITa CBsI3aHA CO
crpykrypamu 20S-19S u 20S-PA280f3, akTHBHOCTh
cyopenuuuubsl LMP7 Obuta pacripeneneHa MeEXKIy
BCEMM CTPYKTYpaMu IPOTE€acOM paBHOMEPHO (puc. 5,
Tta6a. 1). Bmecre ¢ tem, KI1 u LMP2 akTuBHOCTS ne-
TeKTHpOBaJIaCh, B OCHOBHOM, BO pakiuu 208 (puc. 5,
Tabj. 1). MoxXHO IojaraTh, YTO TaKoe paclipeaeie-
HHe aKTUBHOCTHU BaXKHO IJIsI 00pa30BaHUSI OMOJIOTH -
YeCKM aKTHUBHBIX MENTUIOB B HECKOJLKO 3TallOB.
ITo-Bugumomy, niporeacomnl 20S-19S, conepxkaiiue
MMMYHHBIE CyObeIMHUIIBI, Ha IIEPBOM 3TaIle 00pa3yioT
M3 TMOJTHOPa3MEPHBIX YOMKBUTUHHNPOBAHHBIX OEJIKOB
MOJUMIENTUAB MEHBIIIETO pa3Mepa co crielmduieckoit
CTPYKTYpPOIi, KOTOPHBIC CIIyKaT cyocTpaTamu st 20S-
PA280f3 u/unu 20S npoteacom. IlocienHue Ha 3a-
KJIIOUMTEJIbHOM 3Tarle, BEpOSITHO, 00pa3yroT NenTu-
IIbI, HEIIOCPEICTBEHHO YYaCTBYIOIINE B MEXKKIECTOU-
HBIX B3aMMOJEUCTBUSIX U Pa3BUTUU adalTallMOHHBIX
MpOLIECCOB U MMMYHHOI (yHKuuu. Ocobasi pojib
IpHU 3TOM, OYEBUOIHO, IIPUHAIJIEXNUT HauOOJIee BhI-
paxenHou KITu LMP2 aktuBHocTu 20S rpoteacom.

3AKJIIOYEHHME

Hrak, B HacTosmieil padoTe BIEpBbIE MOKA3aHO,
YTO B KOHIIE AMOPUOHATBHOIO Pa3BUTHUSI U Ha TIPOTSI-
JKeHUH TIEPBOTO Mecslia MOCTHATAILHOIO pa3BUTUS B
MyJie MPOTeacoM TOHKOIO KMIIIEYHUKA KPbICHI MPOKC-
XOIUT CMellieHUe OalaHCca B CTOPOHY YBEJTMUYEHUST JOJIU
UMMYHHBIX TIpoTeacoM. Eciu cpaBHUTb IUHAMUKY
YPOBHSI UMMYHHBIX IIPOTEACOM B pa3BUBAIOLLIEMCS KU~
IIEYHUKE C OITyOJMKOBAHHBIMU paHee NaHHBIMU IO
pa3BuBaloIIMCcs TUMYCY U cene3eHke (Melnikova et al.,
2008; Karpova et al., 2013), TO MOXHO 3aKJIIOUUTb,
YTO KUILIEYHUK 3aHUMAET MPOMEXYTOYHOE MOJIOXKE-
HUE MeXIy 3TUMU opraHaMu. B Tumyce, nepBuyHOM
JUMOOUITHOM OpraHe, coiep>KaHUe UMMYHHBIX ITPO-
TeacoM JOCTUTaeT MaKCUMyMa yxe Ha D21, 4To CBU-
JeTeJIbCTBYeT O Haualjie Ipoliecca OTpulaTeIbHON
ceJIeKIIMM TUMOLIUTOB C yYaCTUEM UMMYHHBIX MPO-
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Ta6mmma 1. AKTMBHOCTB MPOTEACOM TOHKOTO KUIIIEYHHKA CaMOK KPBIC BO (hpaKIUsIX, pa3aejeHHBIX B HeIeHATypHUPYIO-

LIeM reJje
AKTUBHOCTb TTpoTeacoM, % (%)
AKTHUBHOCTb ®pakums 20S-PA28 ®paxums 20S
I3 15 I3 115
XTI 127 + 14 122+8 65 £ 7* 55 £ 9*
LMP7 96 £ 11 90 + 12 97 £ 15 77 £21
KI1 69+ 10 51+8 522 & 49 498 £ 65***
LMP2 125+ 10 136 £ 19 288 £ 22%* 212 £ 27**

(*) 3a 100% npuHsATa aKTUBHOCTE BO (pakumu 20S-19S. AKTUBHOCTB NPENCTABIEHA KaK CpeaHee + CTaHIAPTHOE OTKJIIOHEHNE, 1 = 5.
JlocToBepHOE OTIIMYME OT COOTBETCTBYIOIINX 3HaYeHN I Bo dpakimsx 20S-19S u 20S-PA28 ipu * p < 0.05, ** p < 0.01 u *** p < 0.001.
XTTI akTMBHOCTh — XUMOTPUIICUHIIONOOHAsT akTUBHOCTB, KIT akTMBHOCTB — Kacrazanono0Hast akTUBHOCTb, [1 — ITOCTHATaIBHBIN ICHb.

TeacoM B ®MOPUOHAILHOM pa3BUTHU. B ceneseHke,
BTOPUYHOM JIMM(MOUIHOM OpraHe, OCHOBHOM IIPUPOCT
KOJINYECTBA MMMYHHBIX IPOTEACOM ITPUXOAUTCS Ha
TPETHIO MIOCTHATAIBHYIO HEIETIO ¥ COBMANAET C 3aBep-
meHreM (opMHUPOBaHUS 0enoif mynbIbl T-mmMddon-
TaMH, OOOTrallleHHbIMU MMMYHHBIMU TIPOTEACOMaMHM.
Kuineynuk siBsieTcst He TOJIBKO OpPraHOM ITUIleBape-
HYSI, HO Y BBINOJIHSIET UMMYHHYIO (PYHKIIMIO 3a CYET
JMMGOUIHON TKAaHU CIM3UCTOM 000J0uku. DyHK-
LU0 MUIEBapeHUsT KUIIEYHUK ITpUoOpeTaeT cpasy
IOCJIe POKICHMSI, YTO COIIPOBOXOACTCS €ro agamnTa-
el K MUINEeBbIM aHTUTEHAM W 3aceldIolleil ero
MUKpobuote. K ToMy ke, B 3TOT IEpUOI HAUMHAETCS
dopmupoBaHne MMMYHHOI ¢yHKIUK. HeymuBu-
TEJIbHO, UYTO PE3KUIi MOIbeM KOINIECTBA UMMYHHBIX
MMPOTEACOM, YYACTBYIOIIUX B aAalITUBHBIX IpoLieccax
1 MMMYHHBIX peaklMsiX, OOHapyXeH IIpU Tepexoie
oT in utero X ex-utero, Ha D21 u I10 (puc. 3, 4). 3a
S5TUM TIOABEMOM CJIEAYyeT MeHee 3HAUYMTEIbHOE yBe-
JIMYeHUE COJIePKaHUsI UMMYHHBIX IIPOTEACOM B IIep-
BBIM IIOCTHATAJbHBIIA MECSII, YTO OTJIMYAET KUIIed-
HUK 1 OT TUMYCA, U OT CEIe3CHKMU.

B Hactosmieii pabote oOHapyXeHbl pa3IudHbIE
dopmbr miporeacom, 20S-19S, 20S-PA28afy u 20S,
MPOSIBJISIONIE AKTUBHOCTh WMMYHHBIX CYObeau-
HUII, B Pa3BMBAIOIIEMCSl TOHKOM KUIIIEYHUKE KPBICHI
(puc. 5). He uckiatoyeHo, 4To Kaxmas u3 3Tux popm
00BeaNHSIET CYOTHUITHI UMMYHHBIX ITPOTEacoOM C pa3-
HbIM COYETAHUEM MPOTEOJUTUYECKU AKTUBHBIX UM-
MYHHBIX U KOHCTUTYTUBHBIX cyObeauHul. MMmyH-
HbIE TIPOTEaCOMBbI, TO-BUAMMOMY, IKCITPECCUPYIOTCS
B pa3JIMYHBIX KJI€TKaX TOHKOTO KUIIIEYHUKA, BKIIIO-
yasi KJIETKU SMUTEINS U KJIETKU TUM(MOUIHBIX CKOIT-
JIEHWI1, YTO OOYCJIOBJIEHO pa3HOOOpa3ueM (PyHKIINIA
MHOXECTBEHHBIX CyOTUIIOB UMMYHHBIX MPOTEacoOM.
Tak, mpoTeacombl, coaepxXallMe BCE€ WMMYHHBbIE
CyOBbEeIMHUIIBI, 00Pa3y0T aHTUTEHHbBIE SMUTOMbI IS
MOJIEKYJT TJIaBHOTO KOMIUIEKCa TMCTOCOBMECTMMOCTHU
kiacca . Cyopenmuuner LMP7 n LMP10 BaxabI 1151

KOHTpOJI KiieTouHoi mpoymdpepanuu (Caudill et al.,
2006). I[Tporeacomsl ¢ cyobennuuamu LM P2 u/unm
LMP7 urpatoT posb B MEXKJIETOUHBIX B3aMOJEii-
CTBUSIX 1 aallTallMOHHBIX Mpolieccax (Lyupina et al.,
2013; Erokhov et al., 2017).

CrnenyeT OQYEepPKHYTh, YTO OajaHC B KJIETOUHOM
ITyJie IIPOTeacoM CMEIIAETCS B CTOPOHY YBEIUICHUS
KOJIMYECTBAa UMMYHHBIX IIPOTEACOM U B OITYyXOJIEBOM
npoiecce, B TOM YMCJIE B Pa3BUTUM OMYXOJIEU K-
mevyHuka (Astakhova et al., 2017, 2020; Erokhov et al.,
2021). OmHaKo TIpU OMYXOJIEBOM POCTE DKCIIPECCHS
LMP2-conepxamumx cyOTUIIOB BO3pacTaeT ropasio
OoJiee 3HAUUTEIbHO, YeM 3Kcrpeccust LM P7-conep-
Xammx cyoTturnioB. B pasBuBaromieMcs KUIIIEYHUKE
nuHamuka skcrpeccu LMP2 u LMP7 cyobenuHuIl,
BBISIBJIICHHAsT B HACTOsIIEd paboTe, B OCHOBHOM,
cxonHa (puc. 4), 4To SIBJISIETCS TIPU3HAKOM HOPMaJib-
HOTO Tpoliecca.

Takum 00pa3oM, MOXHO 3aKJIOUUTh, YTO Pa3INy-
HbI€ CTPYKTYPBI IIPOTEACOM C UMMYHHBIMU CYObEIU-
HULIaMU, (hOPMUPYIOLLIHECS] B pAHHEM OHTOT'€HE3€e TOH-
KOTO KMUIIIEUHMKAa, UTPAIOT BAXKHYIO POJIb B aIalTalluU K
MUKPOOHOTE Y U3MEHSIIOIIMMCS YCIOBUSIM U paliuio-
HY TIUTAHUS, a TAKXKE B 00€CIEYEHUN HOPMaJTbHOM
KJIETOYHOI nposrdepanuu U CTAHOBJIEHU UMMYH-
HOM (DyHKIIWH.
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How Is the Development of the Rat Small Intestine Related to Changes
in the Proteasome Pool?

N. S. Karpov!, P. A. Erokhov!, N. P. Sharoval: *, and T. M. Astakhova'

Koltzov Institute of Developmental Biology of Russian Academy of Sciences,
ul. Vavilova 26, Moscow, 119334 Russia

*e-mail: npsharova@bk.ru

The purpose of this work is to investigate how different periods of early development of the rat small intestine
are associated with changes in the proteasome pool. It is shown that by the 21st embryonic day (E21) and up
to the 30th day of postnatal development (P30), against the background of a constant number of proteasomes,
their chymotrypsin-like and caspase-like activity, as well as the activity of the immune subunits LMP7 and
LMP2, change. Both similar characteristics and differences in the dynamics of these activities were revealed.
The similarity is shown in the following. First, all activities increase after E18 and reach their maximum values
at P5—P15. These changes correspond to the period of accelerated intestinal growth, colonization with mi-
crobiota, development of adaptive processes and digestive and immune functions. Second, the similarity lies
in the reduction of all activities to P22. The difference in the dynamics of activities concerns the following.
First, chymotrypsin-like and LMP7 activities fall to P22 significantly to a lesser extent compared to caspase-
like and LMP?2 activities. Second, by P30 (the period of isolation from the mother), only chymotrypsin-like
and LMP7 activities again increase to maximum levels, which indicates their possible role in adaptation to
external nutrition. The period of increased activities was accompanied by an increase in the portion of the ac-
tivator PA280/3 and immune proteasomes with LMP7 and/or LMP2 subunits in the total proteasome pool.
The most significant “jump” in the content of immune subunits in the small intestine was detected at E21
and PO (birthday, change in nutritional conditions). Thus, the additional formation of immune proteasomes
may be one of the factors contributing to a significant increase in activities in the perinatal period. Further
development of the small intestine from P1 to P30 was accompanied by a less significant increase in the ex-
pression of immune subunits. All the studied activities and the number of proteasome subunits and activators
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in small intestine did not depend on the sex of the rats. The activities of immune subunits were detected in
several forms of proteasomes, 20S-19S, 20S-PA28a and 208, differing in the presence or absence of one or
another activator. It can be assumed that multiple forms of immune proteasomes form biologically active pep-
tides in several stages. Apparently, 20S-19S proteasomes containing immune subunits at the first stage pro-
duce smaller polypeptides with a specific structure from full-size ubiquitinated proteins, and these polypep-
tides serve as substrates for 20S-PA28c/3 and/or 20S proteasomes. The latter at the final stage probably form
peptides that are directly involved in intercellular interactions and development of immune function, as well
as in adaptation to the microbiota and changing nutritional conditions.

Keywords: proteasome activities, immune proteasomes, proteasome activators, small intestine, early ontogenesis, rat
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KPATKHUE COOBILIEHUA

BJIMSAHUE JUHOJIEBOM KMCJIOTbI HA DOP®EKTUBHOCTD
BUTPUOUKAIIUN DMBEPUOHOB MBIIIEN
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B uccnenoBaHuM paccMaTpyuBaeTCs BAUSIHUE KyJIbTUBUPOBAHUS in Vitro SMOPpUOHOB MbIIU ¢ 200 MKM Ju-
HosieBoit Kuciiotel (JIK) B reyeHue 48 4 Ha UX XKM3HECITOCOOHOCTD Mociie BUTpudukanuu. OayopecleHT-
Hasi MUKPOCKOITHST SMOPUOHOB, oKpalneHHbIXx DAPI, moka3ana ycuiieHue (pparMeHTaluu saep B rpymie
noce BosneiictBus JIK 6e3 KprokoHcepBaluu, U 3HAYMUTEIbHOE YMEHBIIIEHWE YMCTIa KIETOK Y BUTPUGDU-
POBaHHBIX YMOPMOHOB Yepe3 24 4 ITocIe UX oTorpeBa. TakuM o0pa3oM, KyJIbTUBUPOBaHUE in vitro ¢ JIK
CHMKAET XKMN3HECIIOCOOHOCTh 3SMOPHOHOB MBIIIH ITOCIE€ BUTPU(PUKALINH.

Knroueswie crosa: MBIIIH, MTPEUMITJIAHTALITMOHHLIC 3M6pI/IOHBI, BHYTPUKJICTOYHBIC JIMITINABbI, KYJIbTUBUPOBA-

HUE in Vitro, TMHOJEBask KUCIOTa, BUTPUGDUKALINS
DOI: 10.31857/50475145022010025

BBEIAEHME

Jlunumueie rpanyisl (JIT) SBasSi0TCS BHYTPUKIIE-
TOYHBIMM XpaHWIUIIAMU XUPHBIX KucaoT (2KK),
TPUALIVJINIMLEPUHOB, U APYTUX COSAMHEHMI, HEO0XO0-
IUMBIX U1 MeTabonmm3Ma, cuHTe3a MmeMopaH (Walther,
Farese, 2012; Welte, Gould, 2017), a Takke HOpMaJIbHO-
IO pa3BUTHS IIPEUMITUIAHTAIIMOHHBIX 3apOIBIIIeii MbI-
mreit (Tatsumi et al., 2018). OTu KJIeTOYHBIE BKIIIOYEHMST
YYBCTBUTEJbHBI K OXJIKACHUIO Y MOTYT BIUSITh Ha 3(h-
(EeKTUBHOCTh KPMOKOHCEPBALIMA SMOPUOHOB Yy He-
KOTOPBIX BUI0B MiieKoruTarommx (Pereira, Marques,
2008; Amstislavsky et al., 2019). Mpiib, Hapsiay C
JIPYTUMH MJICKONUTAIONIMMM, UCIIOIb3YETCS B Kade-
CTBE€ MO IJIs1 TIOHMMAaHMSI POJIU BHYTPUKIIETOU-
HBIX JUMUIOB B CO3pEBaHUU OOLIUTOB U Pa3BUTUU
MIpeuMILIaHTallMOHHEBIX 3apoabiieii (Dunning et al.,
2014; Arena et al., 2021).

Panee 051710 TTOKa3aHO, YTO YCIOBUS KYTbTUBUPO-
BaHUS in Vitro MPEeUMITJIAaHTALIMOHHBIX MOPHOHOB
MOTYT BJIMSITh Ha KOJIMYECTBEHHBIN 1 KAY€CTBEHHBIN
CcOoCTaB UX BHYTpHUKIIeTOUHBIX JTMnnaoB (Lapa et al.,
2011). B yactHocTH, pazauuyHble KK, 1o6aBieHHbIC
B IUTATEJIbHYIO CpPEay, MOTYT IIPUBOIUTH K U3MEHE-
HUIo cocTtasa JII' aMOpMOHOB MJIEKOTIMTAIOIINX, YTO
BJIMSIET Ha MX pa3Butue in vitro (Nonogaki et al., 1994,
Hochi et al., 1999). Takoii achdexT okasbiBaeT, Ha-
npuMep, auHoiieBas kuciaota (JIK), koropas moxer
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MPUBECTU K UBMEHEHUIO BHYTPUKIIETOUHOTO TIpOodu-
s KK oonutoB kpyrnHoro poraroro ckora (KPC)
npu ux cozpeBaHuu in vitro (Lapa et al., 2011). Tak-
Ke, KyJbTUBUpOBaHUuE in vitro smM6puoHoB KPC B
cpelie, NOMOJHEHHOU KOHBIOTMPOBAHHBIM H30Me-
pom JIK, tpaHc-10, muc-12 okTageKagueHOBOM KUC-
Joroit (KJIK), ynydiaer ux BoccTaHOBJIEHUE TTOCTIe
putpudukanuu (Pereira, Marques, 2008). briio 110-
Ka3aHO, YTO BO BpeMsl KyJbTUBUPOBAHUS in Vitro
KJIK mpoHMKaeT B KJISTKH IIPEUMITJIAHTAIIMOHHBIX
aMbpuroHoB KPC, BbI3bIBaeT MOBBILIEHHYIO TEKY-
JecTh X MeMOpaH, a Takxke nomagaet B JII' (Pereira,
Marques, 2008). Haire npensiayliiee uccienoBaHue
MoKazajo, YTO KyJbTUBUPOBAHUE N Vitro SMOPUOHOB
mbieii ¢ JIK BeI3BIBaeT yBeIMueHME OOIIETo KO-
YyecTBa BHYTPUKIIETOUHBIX JIMIWUAOB U CTEIIEHU MX
HEHACBHIIIIEHHOCTH, a TakKXe BbI3bIBAET CHUXKEHUE
TeMmIiepaTtypbl Hayanaa ¢a30BOTo nepexoja JUIMUI0B
(®ILJI), HO He BIMSIET HA UX XU3HECIIOCOOHOCTh M0~
cJie MpOoUEenyp MEIJICHHOTO MPOrpaMMHOIO 3aMopa-
XKWBaHUS W Tocienytoniero orrauBaHus (Igonina
et al., 2021). Llenpio gaHHOI paOOTHI SIBISLIOCH U3Y-
yeHue BaustHus JIK Ha ahheKTUBHOCTh BUTpU(DUKa-
LIMM BMOPUOHOB MbIIIEN U UX TTOCeaytollee pa3Bu-
THUE in vitro.
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MATEPHAJIBI U METOJbI

B skcriepuMmenTe OBIIO MCITOIB30BaHO 17 TT0M0-
BO3pEJIbIX CAMOK U IIECTh CAMILIOB MBbIIIENH JIMHUMN
CDI1 B Bo3pacTe OT AByX 0 Tpex MecsieB. 2KBoT-
HBIX COAEpXKaad B CTAHIAPTHHIX YCIOBUSIX KOHBEH-
LMOHaJIbHOro BuBapusi MHCTUTYTa LIMTOJIOTUU U Te-
Hetuku (HoBocubupck, Poccust).

Camok Mmbiment muaun CD1 Ha ctagum 1poacT-
pYC-3CTpyC CcCaXuBaJli Ha HOYb C (hepTUIIbHBIMU
caMIlaMU 3TOM Xe TUHUU. JleHb 0GHapyKeHUST Baru-
HaJILHOM TMPOOKU CUMTAJIM MEePBBIM THEM OepeMeH-
HocTU. Takux caMOK TOABEprajii 3BTaHa3UU MyTeM
JUCITIOKAIIUYM IIEHHBIX ITO3BOHKOB HA BTOPOM NIeHb
oepeMeHHOCTH, B 14 4. SiinieBoabl 1 MaTKy U3BJICKa-
gu v nipombiBasiu cpenoit Flushing Solution (Ferti-
Pro, benvrus), kak omucano panee (Igonina et al.,
2021).

Ilepen Butpudukaiyeit sSMOpUOHBI ObLIN TTONE-
JIeHbl Ha JBE TPYIIbl, KOTOpbE KYJIbTUBUPOBAIU
in vitro: 1) xoHTpOJb (n = 82), 6e3 mobasiaeHus JIK
(Merck, I'epmanust) B cpeny KSOM (Merck, I'epma-
Hus); 2) ¢ modasneHueMm 200 mxM JIK (n = 107).
JaHHast 1o31poBKa BBIOpaHa HAMU UCXOs U3 HAIIIUX
MpenBapuTeIbHbIX UcciaeqoBaHuii. CornacHo Halei
npeaplaylieii paboTel, 3Ta NO3UPOBKaA Oblla ONTHU-
MaJbHOU IJIsI pa3BUTUSI SMOPMOHOB MbIlIeil 0e3
kpuokoHcepBauuu (Igonina et al., 2021). INepen no-
oasneamneM JIK B cpeny KSOM ero nipenBapuTeIbHO
CMEIIUBAaJIU ¢ ObIYbUM CBIBOPOTOYHBIM aJIbOYyMUHOM
B cooTHoIlleHnU 3 : 1. KyabTuBUpOBaHUe in vitro mpo-
n3Boamian Ha 35 mir wamkax Iletpu (Corning, CILIA)
B 20 Mk karmisix KSOM B rpynmax mo 3—5 amM0puo-
HOB ITol MUHepaJibHbIM MacyioM (Merck, Germany) B
teueHue 48 9 ipu 37°C, 5% CO, u BnaxxHoctn 90% B
CO,-unkybarope New Brunswick™ Galaxy 48R
(Eppendorf, I'epmanust). DMOpruoHaIbHOE pPa3BUTHUE
KOHTPOJIMPOBAIX BU3YaJIbHO IMOJI MUKPOCKOIIOM S8
APO (Leica Microsystems, I'epmanust). ITocne Kynb-
TUBUPOBAHUSI SMOPUOHBI U3 KaXAOH TrpynIibl GUK-
cupoBain B 4% mapadopmanbieruae (XumMern,
Poccust) Ha PBS u okpammBanm 2 MKr/MIT 4,6-mma-
munnHo-2-dpennnunnona — DAPI (Merck, I'epma-
HUS): KOHTPOJb (1 = 35), rpynma mnocie JIK (n = 39);
oCTaBIllMeCcs] SMOPUOHBI  KPUOKOHCEPBUPOBAJIHU:
KOHTpoJb (n = 41), rpynna nocie JIK (n = 64).

st Butpudukanmu 2—3 aMOproHa TToOMeIaJIvu B
cpeny FertiCult Flushing (FertiPro, benbrust), mocie
Yero IePeHOCIIIM B yPaBHOBEIIMBAIOIILYIO CPeIy, CO-
nepxaunyio 20% detarbHON TeaIYbeil CBIBOPOTKH —
OTC (XumMen, Poccus), 7.5% mponmieHIIUKONS —
[T (XumMen, Poccus) u 7.5% numeTniicyibpokcu-
na—JIMCO (XumMen, Poccust), Ha 3 MUHYTEIL, a 3aTeM
B cpeoy Mg BuTpudukauumu, comepxamywo 20%
DTC, 16.5% I1TI, 16.5% AMCO u 0.5 M caxapo3bl
(XumMen, Poccust) Ha 25 ceKyHAO IIpU KOMHATHOM
temreparype. Ha mociaenHeM srare >MOPUOHBI IIe-
peHocwiu Ha Cryotop (Kitazato, SlmoHus) ¢ MUHI-
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MaJIbHbIM KOJIMYECTBOM CpeIbl U CPa3y xKe Morpyxa-
Jm B xxunkuit azot (LN,) st xpaHeHus.

st ororpesa Cryotop noctaBaiu u3 LN, u nome-
meH B cpeny FertiCult Flushing ¢ mo0aBiieHueM
0.25 M caxapossl nipu 37°C Ha ogHy MuHyTy. [locie
4Yero, IMOPUOHBI IEPEHOCUIIU B CPELY, COIEPXKAILYIO
0.15 M caxaposbl, Ha IISITh MUHYT, a 3aTeM ITIPOMBbIBa-
JIu cpenoil 6e3 KpUOINPOTEKTOPOB M CTaBWJIM Ha
KyAbTypy in vitro B 20 Mxn karmio cpeasl KSOM B
CO,-uHky6atop Galaxy 48R Ha 24 yaca, npu Tex xe
YCJI0BUSIX, KOTOpble ObLIM omnucaHbl Bbiiie. [locie
KyJbTUBUPOBAHUSI 3MOPUOHBI U3 KaXIOW TpyIIbl
duxkcupoBanu B 4% mapadopmanpiaeruae Ha PBS u
okpamuBan DAPI (koHutpons: n = 39, rpyIiia mocie
JIK: n = 54).

OxkpamuBanue 3MoproHoB DAPI no u mocne But-
puduUKaLMK IIPOBOAWIN 10 IIPOTOKOJY, OIMUCAHHO-
My Hamu paHee (Igonina et al., 2021). [Togcuer uncia
nHTepda3HBIX saep U UX GPparMeHTOB B pa3BUBAIO-
IIMXCS MOpyJIaX M 0JacTOLMCTAaX IIPOU3BOMAMIIN IIy-
TeM BU3YaJIbHOM OLICHKU IIPEIapaToB ¢ HpUMeHEHU-
eM (ayopecleHTHOro Mukpockora Axiolmager Al
(Carl Zeiss, I'epmanust), UMeOLIEeTocs B pacropsixke-
Huu LHKIT MABO CO PAH, c cooTBeTCTBYyIOIIUM
KyomyecKnM GUILTpoM i okpamuBanust DAPI.

CraTtucTuyeckylo o0padboTKy pe3yJIbTaTOB UCCe-
JIOBAHUSI IIPOBOIIIM C TTIOMOIIBIO CTAHAAPTHOIO ITaKe-
Ta TiporpammHoro obecrieueHnss STATISTICA V 8.0
(StatSoft, Inc.). Joyim 3apoaplllieii, pa3BUBaIOLIUXCS
JI0 CTaIuM MOPYJIbI U OJaCTOLMCTHI CPaBHUBAIU C
IMIOMOIIBIO TeCTa Xu-KBanapart. s cpaBHEHUs OaH-
HBIX 1O YUCJTY KJICTOK B 3MOpHOHAX U MHIEKCY (ppar-
MEHTAIlMK MCIIONIb30BaJM f-KpuTepuit CTbIOIEHTA.
PesynbpTaThl cUMTANIM CTAaTUCTUYECKM 3HAYMMBIMU
ipu p < 0.05.

PE3VYJIBTATDI

B xone mpoBeneHHOro McciaeaoBaHUsS HE ObLIO
BBISIBJIEHO JOocTOBepHOTO BiausHus JIK Ha nomto pas-
BUBAIOIIUXCSI MOPYJI 1 BJIACTOLIUCT, a TAKXKE CpeaHee
YUCJIO KJIETOK Ha 3MOpHOH (Tabu. 1). OnHaKo B rpyIi-
ne, nocie BosnevictBug JIK, Habmromanock 3HAUYM-
tesabHOe yBeaundyeHue (p < 0.05) nunaekca pparmeHTa-
LIMU s1Iep TI0 CpaBHEHUIO ¢ KOHTpoJeM (13.2 = 2.3 u
7.6 & 1.2 COOTBETCTBEHHO).

ITocne mpouenyp BuTpudUKallMM/OTOrpeBa HE
OBLIO BBISIBJIEHO JOCTOBEPHBIX PA3IMUMU IO J0JIe
pa3BuBalomuxcsa Onacrouuct Mmexay JIK u koH-
TpoabHOM rpymamu (taba. 1). Tem He MeHee, 3Ha-
yutenbHoe cHuxeHue (p < 0.05) cpemHero ywmcia
KJIETOK Ha SMOPUOH ObLIO 0OHapy:keHo B rpymnie JIK
0 cpaBHEHUIO ¢ KOHTpoJieM (50.1 = 3.9 1 65.0 4.7
COOTBETCTBEHHO). Hallim pe3ynbTaThl TaKKe IMOKa-
3BIBAIOT, YTO BUTPU(UKALMS He ITOBIMsIA Ha ¢par-
MeHTauuio saep (tadi. 1).
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Tab6muna 1. Pa3Butre sMOpUOHOB MBIl B KyJIbTYPE in Vitro 10 U MOcje BUTpUGUKALIUUA

KynbruBupoBanue in vitro sM06puoHoB ¢ 200 MKM nuHosneBoii kucaoToii (JIK) no Butpudukanum

Yuiciio pa3BuBaloIUXcs SMOPUOHOB, % Oxkpaunanue DAPT?
Yucno
1
I'pymmst SMGPHOHOB - P MOBPEXIEHHbIE | YyiCII0 KIeTOK | pparMeHTalus
SMOPUOHBI Ha SMOpPUOH snep, %
KounTpoins 82 22 (26.8) 60 (73.2) 4(4.9) 289 £2.6 7.6x1.2
JIK 107 27 (25.2) 80 (74.8) 12 (11.2) 28.3+2.5 13.2 £ 2.3%
PazButre sSMOPUOHOB B KYJILTYPE in Vitro ocjae BUTpUGUKALIAN
Yucio pa3BUBaIOIIMXCs 9MOPUOHOB, % Oxpamusanue DAPI®
Yucno
I'pynmsl
9MOpHOHOB 0J1aCTOLIMCTHI MOBPEXIEHHbIE SMOGPUOHBI* 4MCIO0 KICTOK | hparMeHTais
Ha SMOPUOH sanep, %
KoHTtponb 41 31 (75.6) 10 (24.4) 65.0 £4.7 13.7+2.5
JIK 64 38 (59.4) 26 (40.6) 50.1 £ 3.9*% 16.5+29

* p < 0.05 1Mo cpaBHEHMIO C KOHTPOJIEM.

OMOPHOHBI OT KaxKI0M CaMKU ObLIM CIy4YaliHBIM 00pa3oM pachpenaeaeHbl MeXIy IBYyMsSI TPYIIIIaMU.

Yuciio sMOpUOHOB, KOTOpbie UMeIOT 20% Wi GoJIbllie MEPTBBIX KJIETOK (10JIsI OT OOIIEro YKCia Pa3BUBAIOIINXCSI SMOPUOHOB).
Yucao aMOpHOHOB, B3SITHIX it okpammBanust DAPI, coctaisiio 39 B rpymirte, mocie BosneiicTust JIK, 1 35 B KoHTpoUte.
Yucio sMOPHUOHOB, KOTOpbie UMeIOT 40% witn 60JIbIie MEPTBBIX KJIETOK (J0JIs1 OT OOILEro YMcia pa3BUBAIOIIMXCS 9MOPUOHOB).
Yucmo aMOprOHOB, B3ATHIX WIst okpammBaHust DAPI, coctasisuio 54 B rpynme, nocie Bo3aeiicteust JIK, 1 39 B koHTpoJTE.

OBCYXIEHUE

Hacrosiiiee vcciaenoBaHue Mmokasajno, YTO BO3-
neiicreue JIK npu KynbTUBUPOBAHUM in Vitro HE BIIU-
SI7I0 HA 4YacTOTy MPEUMIUIAHTAllMOHHOIO pPa3BUTUS
Mbleit. OnqHako HaOMJaloCch yBeaudeHue dpar-
MEHTAIMU saep B rpyIe, Imociie BosaeicTeus JIK,
M0 CpaBHEHUIO ¢ KOHTpoJjieM. CKopee BCEero, 3TOT
a(dekT MoxXeT ObITh CBsI3aH ¢ BiaustHueM JIK, mo-
CKOJIbKY Hallla TIpeablayiias padora MoATBEpAuWa,
yTto Ta e no3a JIK, no6aBieHHas K SMOpHUOHAM MBbI-
IIEH NpU KyJIbTUBUPOBAHUU in Vitro, BbI3BaJIa BO3-
pacTtaHue OOIlEero KOJMYECTBA BHYTPUKIIETOYHBIX
JUnuaoB B aMOpuoHax Mbimu (Igonina et al., 2021).
B Gonee paHHeM wuccienoBaHWM ObLIO TTOKa3aHO
yraetatomee nevictere JIK Ha passutne sMOpHOHOB
Mbleil B mo3zax 223—319 mxM (Nonogaki et al.,
1994). Omnako y KPC Haba0manoch IMOJI0XKUTEIb-
Hoe BiusgHHUe JIK B KynbType in vitro Ha pa3BUTHE M-
opuonHoB (Hochi et al., 1999). DTtu uccienoBaHus Mo-
KazaJjiu, 4To Mprpoaa 3Tux 3(h(eKToB MOXET 3aBHUCETh
OT BUIOBOI MPUHAJIEKHOCTU MCCIETYEMBIX KUBOT-
HbIX 1 go3bl JIK (Nonogaki et al., 1994; Hochi et al.,
1999). B yactHOCTH, Ha KPYITHOM POTAaTOM CKOTE MO-
Ka3aHo, YTO C yBeJIMYEHUEM A03bl 10JIsI pa3BUBalO-
IIUXCSI BMOPUOHOB CHavajla YBeJIUUMBAETCs, a 3aTeM
yMmeHblnaercst (Hochi et al., 1999). B npyroii pa6ote,
TakKXe BBIMIOJIHEHHOW Ha KPYMHOM POTaTOM CKOTE,
naydanu BnusHue KJIK Ha asMOpUOHBI; ObLITO TTOKa-
3aHO TPAH3UTOPHOE YTHETEHVE UX Pa3BUTHS TIPU CO-
MOCTaBMMBbIX /103aX W TIOCEIyIOolleM OcaalbIeHuu
aToro 3@deKkra co BpeMeHeM KYJbTUBUPOBAHMUS
(Dias et al., 2020). B meimom, Halllm pe3yabTaThl Je-
MoHcTpupyIoT, uTo JIK B mo3e 200 MkM oxaswIBaeT

JINIIb He3HAYUTEIIbHOE, XOTS U JOCTOBEPHOE, ITOBHI-
IIIeHWEe YPOBHS (parMeHTaLUM Saep B KIJIETKAX dM-
OpPHMOHOB, HO OTCYTCTBUE BIIMSIHUSI HA Pa3BUTHE M-
OpPMOHOB MBITIIECH.

Mexny TeM, Hallli pe3yabTaThl AEMOHCTPUPYIOT,
yto Bo3aelicTBue JIK mpu KynlbTUBUPOBAHUMU in Vitro
COMPOBOX/IAETCS YTHETEHUEM PAa3BUTUSI SMOPUOHOB
rnocJjie uX BUTpUGUKALIUU U MOCTAEAYIOLIEeTro OTorpe-
Ba. HecMmoTpss Ha TO, 4TO monsg GaacTOUMCT ObLIa
CXOIHOI MeXIy TrpyIIiamMu, CPEAHEE YMCIO KIIETOK
Ha ®MOPHOH ObLIIO HUXKE B IPYIIIe, KOTOPYIO 10 BUT-
pudukalmm KyabtusupoBaiu ¢ JIK. Otu pe3ynbrarsl
OTJIMYAIOTCS OT JAHHBIX Halllel mpenbiaynieii pado-
Thl, e JIK B TO# ke 103MpOBKe HE BbI3bIBAJI U3MEHE-
HUS KauyecTBa 9MOPUOHOB MblIlIeii IMoCjie MENJIEHHO-
ro samopaxuBaHusi/oTTanBaHus (Igonina et al.,
2021). D1oT 3hdeKT, BEpOSITHO, CBSI3aH C TEM, UTO
MpU MeIJIEHHOM 3aMOpaKMBaHUM TeMIlepaTrypa Ha-
yayia @I1JI 6pu1a HKe nociie oopadoTku JIK (Igoni-
na et al., 2021), omHako BO BpeMs BUTpUDUKAIIUN
DI1JI mponcXoauT MOMEHTAILHO.

Hamie ncciienoBaHue moka3ajio, 4YTO IperMMILIaH-
TallMOHHBIE 3aPOABIIIN MBIIIE, ITOCIe BO3AeiiCTBUS
JIK, mMeIoT CHIKEHHYIO KPUOTOJIEPAHTHOCTD, 3THU
BBIBOJBI Pa3HSTCS C pe3yJibTaTaMU SKCIIEPUMEHTOB,
MPOBENEHHBIX PaHEe Ha Pa3IUYHBIX BUJAX CEILCKO-
xo3s1iicTBeHHbIX XUBOTHBIX (Hochi et al., 1999;
Pereira, Marques, 2008; Dias et al., 2020), 4TO MOKHO
OOBSICHUTDL CYIIECTBEHHO MEHBIIUM COAEPKAaHUEM
BHYTPUKJIETOYHBIX JUNMUAOB y MbIK (Amstislavsky
et al., 2019). PacxoxneHue MexXay IpencTaBIeHHbI-
MU HaMM JaHHBIMU 1 IPEObIIYyIINMUI pe3yIbTaTaMu,
MOJIYy4YeHHBIMM Ha 3MOpPHOHAX KPYITHOTO POTaToro

OHTOI'EHE3 tom 53 Nel 2022



BIVAHUE JIMHOJIEBOWU KUCIOTHI HA D®OEKTUBHOCTH BUTPUDOUKALIUU 61

CKOTa ¥ CBUHEN MOXHO OOBSICHUTH BUIIOBOIT CITEIIN -
¢uKoii, a TaKKe pa3IndrsIMUA BO BDEMEHU KYJIbTUBM-
poBaHUs U UcNoab3yeMbix fo3ax JIK. MbI moJiaraeM,
YTO yBEJINMYECHNE YPOBHSI HEHACHIIIICHHOCTH BHYTPH-
KJIETOYHBIX JIUTTUAOB MOXET ITOJOXUTEIBHO MOBJIU-
STh Ha 3 OEKTUBHOCTH KpUOKOHCEPBALX SMOPHO-
HoB KPC m cBuHei; mpu 3TOM 00IIee KOJIMIECTBO
BHYTPUKJIETOYHBIX JUIMUIOB Yy 3THUX BHUIOB CyIlE-
CTBEHHO He MeHseTcsl. C Apyroif CTOpOHBI, OTHOCH-
TeTbHOE BO3pacTaHWe OOIIEro KOJaMdecTBa BHYTPH-
KJIETOUHBIX JIUMTUAOB ObLIO 3HAYUTEIBHBIM Y DMOpPHU -
OHOB MBIIIN, KYJIbTUBUPOBAHHBIX C TOI1 3ke 103011 JIK
(Igonina et al., 2021), 9To MOXeT OBITb IIPUINHONI
CHIDXXEHMUS Pe3yJIbTaTOB KPMOKOHCEPBAIIMM B TPYIIIIC
JIK, Hab1rogaeMoii B 1TaHHOM pabdorTe.

BJIIATOOJAPHOCTH

ABTOpPBHI BeIpazkaloT ogarogapHocts LIKIT “I'eHeTnye-
CKMX pecypcoB JlabopaTopHbIX KUBOTHBIX (http://spf.bi-
onet.nsc.ru) u HKII “Mukpockonmyeckoro aHajamn3a omo-
noruueckux oobekToB” MIul' CO PAH (http://www.bio-
net.nsc.ru/microscopy).

OUNHAHCHUPOBAHUME PAGOTbI

PaGora BeITIONTHEeHa Tipy TToanepskke PODU Ne 19-016-
00025, oromxetHoro mpoekrta No 0259-2021-0015 ¢ wuc-
nonb3oBaHueM obopynoBaHus LIKII “LleHTp reHeTMYecKux
pecypcoB yaboparopHbix XuBOTHEIX® DOUILL WULulT CO
PAH, nonnepxxanHoro MuHoOpHayku Poccun (YHUKaIb-
HbIi naeHTudukarop npoekra RFMEFI62119X0023).

KOH®JIMKT MHTEPECOB

ABTOpBI 3aIBJISIIOT, YTO KaKOM-I1100 KOHMIUKT UHTE-
pPECOB OTCYTCTBYET.

COBJIIOAEHUE 5TUYECKHUX CTAHOAPTOB

I1pu BBIMONTHEHMM JAHHOTO MCCJIENOBAHMS BCE MaHU-
MYJISILAY, TIPOBOAMBIIMECS C SKCITEPUMEHTAIbHBIMU X1~
BOTHBIMU, METOIBI 00€300JIMBaHMsI, 9BTAHA3MU U yX01a 3a
KUBOTHBIMU O M TOCJE DKCIIEPUMEHTAJIbHBIX BMEIla-
TEJILCTB COOTBETCTBOBAJIM MEXIYHAPOIHBIM HOpPMaM II0
OMO3THKE.

MHD®OPMAILINA O BKIIALE ABTOPOB

Astopsl E.1O. bpycennes, T.H. Uronnna u C.4. AMctu-
CJIaBCKUil MpUAyMald U pa3padoTaiu Iu3ailH 3KCIIepu-
meHta. ABtopsl E.}O. Bpycenue, T.H. Hronuna wu
C.B. OxoTtpy0 nmoxy4yaiy npeuMILUIaHTAlMOHHbBIE SMOPHO-
HbI, MPOBOIWJIM UX BUTPUGDUKALIMIO U OTOTPEB, a TAKXKE UX
KyJIbTUBUpOBaHue in vitro. ABTop D.A. Uyiiko TIpoBoIvI
okpammBaHue DAPI, moncyeT yncia mHTEepda3HBIX SIAEp, X
¢dparMeHTOB 1 MeTada3HbIX IUIACTUHOK B Pa3BUBAIOLINXCS
onacrouucrax. ABropsl E.}O. Bpycenues, T.H. Uronuna,
C.B. Oxotpy06 u C.51. AMCTHCIAaBCKMIA y9aCTBOBAJIU B 00-
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pabotke maHHbIX. ABTOpHsI E.1O. Bpycenuies, T.H. Mronuna
u C.4. AMcTHUCIaBCKUI y4aCTBOBAIM B HAIIMCAHUU TEKCTa
cratbi. Bce aBTOpBI y4acTBOBaU B OOCYKICHUM PE3yJib-
TaToB.

CIIMCOK JIMTEPATYPbI

Amstislavsky S., Mokrousova V., Brusentsev E., Okotrub K.,
Comizzoli P. Influence of cellular lipids on cryopreserva-
tion of mammalian oocytes and preimplantation embryos:
areview // Biopreserv. Biobanking. 2019. V. 17. P. 76—83.
https://doi.org/10.1089,/bi0.2018.0039

Arena R., Bisogno S., Gasior L., et al. Lipid droplets in mam-
malian eggs are utilized during embryonic diapause //
Proc. Natl. Acad. Sci. USA. 2021. V. 118. €2018362118.
https://doi.org/10.1073/pnas.2018362118

Dias L., Leme L., Spricigo J., Pivato I., Dode M. Effect of
delipidant agents during in vitro culture on the develop-
ment, lipid content, gene expression and cryotolerance
of bovine embryos // Reprod. Domest. Anim. 2020.
V. 55. P. 11-20.
https://doi.org/10.1111 /rda.13579

Dunning K., Russell D., Robker R. Lipids and oocyte devel-
opmental competence: The role of fatty acids and b-ox-
idation // Reproduction. 2014. V. 148. P. 15-27.
https://doi.org/10.1530/REP-13-0251

Hochi S., Kimura K., Hanada A. Effect of linoleic acid-al-
bumin in the culture medium on freezing sensitivity of in
vitro-produced bovine morulae // Theriogenology.
1999. V. 52. P. 497—-504.
https://doi.org/10.1016/S0093-691X(99)00146-6

Igonina T'N., Okotrub K. A., Brusentsev E.Yu. et al. Alter-
ation of the lipid phase transition during mouse embryos
freezing after in vitro culture with linoleic acid // Cryo-
biology. 2021. V. 99. P. 55—63.
https://doi.org/10.1016/j.cryobiol.2021.01.014

Lapa M., Marques C., Alves S. et al. Effect of trans-10 cis-12
conjugated linoleic acid on bovine oocyte competence
and fatty acid composition // Reprod. Dom. Anim.
2011. P. 46. P. 904—-910.
https://doi.org/10.1111/j.1439-0531.2011.01762.x

Nonogaki T., Noda Y., Goto Y., Kishi J., Mori T. Develop-
mental blockage of mouse embryos caused by fatty acids //
J. Assist. Reprod. Genet. 1994. V. 11. P. 482—488.
https://doi.org/10.1007/BF02215713

Pereira R., Marques C. Animal oocyte and embryo cryo-
preservation // Cell. Tissue. Bank. 2008. V. 9. P. 267—
277.
https://doi.org/10.1007/s10561-008-9075-2

Tatsumi T., Takayama K., Ishii S. et al. Forced lipophagy re-
veals that lipid droplets are required for early embryonic
development in mouse // Development. 2018. V. 145.
dev161893.
https://doi.org/10.1242/dev.161893

Walther T., Farese R. Lipid droplets and cellular lipid me-
tabolism // Annu. Rev. Biochem. 2012. V. 81. P. 687—
714.
https://doi.org/10.1146 /annurev-biochem-061009-102430

Welte M., Gould A. Lipid droplet functions beyond energy
storage // Biochim. Biophys. Acta. 2017. V. 1862. P. 1260—
1272.
https://doi.org/10.1016/j.bbalip.2017.07.006



62

BPYCEHLEB u ap.

Linoleic Acid Exposure in vitro Affects Vitrification of Mouse Embryos
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The study addresses the effect of in vitro culture (IVC) of mouse embryos with 200 uM linoleic acid (LA),
48 h, on their viability after vitrification. Fluorescence microscopy of DAPI stained embryos showed an in-
crease of nuclear fragmentation in the non-vitrified LA-treated group, and a significant decrease in the num-

ber of cells in vitrified embryos 24 h after their warming. Thus, IVC with LA reduces the viability of mouse
embryos after vitrification.
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s aBomMOLIMOHHON Helipoouosioruu 2021 rox cBs3aH ¢ OOJBIIMMU JOCTUKEHUSIMU B UCCIEIOBAHUSIX,
OIMMPAIOLIMXCI HA METOIbI [IOJIHOT€ HOMHOTO KJIETOYHOTO CEKBEHUPOBAHUS. DTU UCCIIETOBAHUS ITO3BOJIH -
JIU CYLIECTBEHHO MPOIBUHYTHCS B TIOHUMAHUU 1IEJIOTO psiia (pyHIaMeHTaabHBIX BonpocoB. Kak u korna
MOSIBUJIMCH ITEPBbIC HEMPOHBI B 3BOJIIOLIMY XKUBOTHBIX? KakuMu ObLIM IepBbIe HEPBHbIE CUCTEMBI 6a3allb-
HbIX Metazoa, ¥ YTO MOIJIO OBITh YHACJIEAOBAHO COBPEMEHHBIM MO3IOM ITO3BOHOYHBIX OT UX APEBHEM Op-
ranuzanuu? ITouemy miyramaT cTajl JOMUHUPYIOIIMM HEMPOTPAHCMUTTEPOM B MO3Te MJIEKOMUTAIOLINX?
Kakwue reHbl 1 KaKiM 00pa3oM onpenesisiioT OTJIMYKSI MO3ra YyeJIoBeKa OT IPpyIrux o3BoHOYHbIXx? Kak yacto
B HEPBHOM CUCTEME PA3HBIX TUIIOB MHOTOKJIETOUHBIX XXMBOTHBIX HAOIIOAAETCS KO-TPaHCMUCCHS (MCIIOJIb-
30BaHME OJHUM HEIIPOHOM HECKOJBbKUX KJIACCUUYECKUX HEHPOTPAaHCMUTTEPOB)? AHAIN3Y UBMEHEHUI TeO-
PETUYECKUX ITOJIOKEHII 9BOJIOLIMOHHON HEMPOOMOIOrMU, KOTOPHIE CBI3aHbI C 0000IIEHUSIMU pe3yJibTa-
TOB MOCJICAHUX JIET, TIOCBSIIEH TaHHBIA 0630D.

Knouesuie crosa: npoucxoxneHue HEMPOHOB, HEMPOTPAHCMUTTEPHI, ITTyTaMaT, KO-TPaHCMUCCHSI, DBOJIIO-

oA HCpBHOfI CUCTEMBI, COMAaTUYECKUE MyTallu1 T€HOMA HeﬁpOHOB, TJIyTaMaTHBIC PEIECIITOPLI

DOI: 10.31857/S0475145022010086

BBEAEHWE

2021 rom MOXHO MO TIpaBy CYMUTATh MEPETOMHBIM B
W3y4eHNH SBOJIOLMN HEpBHOM cuctembl. Cpa3y He-
CKOJIbKO BaXKHBIX BOIIPOCOB OBLIM MCCIIEIOBAaHBI C HE-
BUIAHHBIM paHee BKCIEPUMEHTAIbHBIM Pa3MaxoM.
Kak 1 xorma nossBWIMCh NepBbie HEMPOHBI B 3BOJIIO-
LIMM >KMBOTHBIX (OIMH WJIM HECKOJIbKO pa3)? Kakumu
ObUIM TIepBbIC HEPBHBIC CUCTEMBbI, U YTO MOIJIO OBITh
YHACJIEIOBAHO COBPEMEHHBIM MO3IOM IT03BOHOYHBIX
OT uX IpeBHeit opranm3annu? Yo OBITO paHbIIe, Heli-
poH wiM HeliporpaHcmurtep? IloyemMy miyTamar,
OIWH 13 CaMbIX pacIpOCTPaHEHHBIX BHYTPHUKIIETOU-
HBIX METa0OJIUTOB, CTaJl TOMWHUPYIOIINM BO30YXK-
JalOIIMM HEMPOTPAHCMUTTEPOM B MO3TEe MJICKOITM-
tatomux? HackonbKo BaxKHO TPaHCMUTTEPHOE pa3HO-
obpasue 111 QYHKIIMOHUPOBAaHWSI HEPBHOI CUCTEMBI M
KaK OHO MEHSIJIOCH B BOJIFOLIMM MHOTOKJIETOYHBIX KM~
BOTHBIX? MIHTepecHelIIe nccaen0BaHus BEIyTCs M Ha
BEPIIMHE SBOJIOIMOHHON IIIKaJbl ITO3BOHOYHBIX, Ha
YyeJIoBeKe U IpUMaTax: ¢ Le/bIo MOHSITh, KAKKWE TeHbI 1
KaKM 00pa30oM OIIpeAeIIN OTIMYNE MO3Ta YeJIOBe-
Ka OT APYruX MNO3BOHOYHBIX. CyIllIeCTBEHHO MPOJBU-
HYTBhCS B IOMCKE OTBETOB Ha BCE 3TU BOMPOCHI Y1aJI0Ch
Giaromapsi BBIXOLY B CBET ITyOJIMKALIWil, pe3yJIbTaThbl
KOTOPBIX OIMMPAIOTCS HAa OTHOCUTEJIBHO HETAaBHO I10-
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SIBUBILLIMECS METOIIbI TIOJITHOTEHOMHOTO Y TPAHCKPUII-
TOMHOTIO CEKBEHUPOBAHNS, B TOM YMCJIE EAMHUYHBIX
KieToK. CpaBHUTEIbHbIE WCCIEOOBAHUSI, BBIMOJ-
HEHHbIE Ha IIPeICTaBUTESIX OOJIBIIOro Y1CiIa Jaae-
KUX OPYT OT Ipyra TaKCOHOB, BCeraa BbI3bIBAJIU UH-
Tepec, OAHAKO OHU OBLJIM TPYIHO peaju3yeMbIMU 10
MOSIBJIEHUSI HOBBIX METOHOB, CYyILLIECTBEHHO CHU3MB-
INX TPYZIOEMKOCTD M 3aTPATHOCTb CEKBEHUPOBAHUA.

IMPOMCXOXIEHHNE HEWNPOHOB,
HEWMPOHAJIbHOW CEKPELIMU
N HEMPOTPAHCMUTTEPOB

HacTtosiiium mpopbsIiBoM cTaii paboThbI, aBTOPHI
KOTOPBIX 00J1aJal0T IUPOKOI 3pynulinueit, U ycrel-
HO UCIOJIb3YIOT HOBbIE METOIMYECKUE BO3ZMOXKHOCTH
IJIsl perieHus1 pyHIaMEeHTaIbHBIX BOIIPOCOB OMOJIO-
ruu. K ynciy takux paGoT OTHOCATCS MyOJuKauu
rpyniisl npodeccopa Jleonnaa Mopo3sa (Leonid Mo-
roz) u3 YHusepcutera ®uopuasl (CIIHA), KoTopblit
CBOI MHTEpEC K BOIPOCAM MPOUCXOXKICHUSI HEMPO-
HOB U XMMUWYECKOI CUTHAIMU3alIMU CBSI3bIBAET C pa-
O0oTtamu BeIgarolierocst Helipoouosora I.A. Caxapo-
Ba (paboTaroiiero B MOCKOBCKoM MHCTUTYTE OMOJI0-
run pazButuss PAH), koropbie BBHIIUIM €IllI€ B



64 JbAKOHOBA

CEMUIECATBIX—BOCBMUIECATHIX TOAAX MPOIIIJIOrO Be-
ka. MmenHo JI.A. CaxapoBy NOCBSIII€HA OTHA U3 CTa-
teit JI. Moposa (Moroz et al., 2021), B KoTopoii T10-
cJie0BaTeIbHO MPOBOAUTCS BepU(UKAIUS MHOTUX
pannux uaeii J1.A. Caxapona: “This manuscript is dedi-
cated to the 90th anniversary of Prof. D.A. Sakharov,
whose ideas and the book ‘Genealogy of Neurons’
were the driving forces beyond of this manuscript”.
ITepeynciM OCHOBHEBIE U3 HUX.

1. IToaureHus WJIM MHOKECTBEHHOE MPOMCXOXKIEHUE
HEHPOHOB B 3BOJIIONUU. [TOJTHOr€eHOMHOE CEKBEHU-
poOBaHUeE TpencTaBUTeNeil NaTU 0a3abHbIX TAKCO-
HOB MHOTOKJIETOUHBIX OpPTraHU3MOB: IpeOHEBUKOB
(Ctenophora), ryoox (Porifera), rutactuHyatsix (Pla-
cozoa), crpekatoniux (Cnidaria) 1 IByCTOpOHHECHUM-
MeTpudHbIX (Bilateria), nago HoBbIE (haKThI B ITOJIb3Y
9TOTO MpennojoxeHus. Hamuuue HelipoHOB mMom-
TBEPKJAEHO TOJBKO y TPEX U3 DTUX TAKCOHOB, OHU 00-
Hapy>XeHbI Y CTpeKarolluX, ouiarepuit U rpeoHeBU-
koB. [lociaenHue npu 3ToM (hUIOTEeHETUYECKHU HaXO-
JISTCS Jajiblile OT CTPEKAIIMX U Ownatepuil, yem
TaKCOHBI, HE UMEIOIIe HelipOHbI, a UMeHHO Porifera
u Placozoa. IlepBoe cBUAETENHLCTBO HE3aBUCUMOTO
MPOUCXOXIEHUU HEUPOHOB y TI'PEOHEBUKOB OBLIO
nogyyeHo emie B 2013 1.; Ha TEHOMHOM YPOBHE BbI-
SIBUBWJINCH CYIIIECTBEHHbIE OTJIMYUSI HEPBHOM CUCTe-
MbI TpeOHEBMKOB OT CTpeKaromux 1 omnarepuii (Ryan
et al., 2013). HeiipoHbl rpeOHEBUKOB, PaCITOJI0XKEH -
Hble B Me30IJIee U BKTOoIepMe, OTJIMYAIOTCS APYT OT
JipyTra Mo TPACKPUIITOMY U MOP(POIOTMYECKUM OCO-
OEeHHOCTSIM (POPMUPOBAHUS CETU, ITO3TOMY HEKOTO-
pble uccaeaoBaTe I NPearoYnTaloT TOBOPUTD O IBYX
HEPBHBIX CHUCTEMax I'PEOHEBUKOB C TIPEINOJIOXKM-
TeJIbHO HE3aBUCUMBIM MPOUCXOXKICHUEM M3 Pa3HBIX
KJIeTOK-TIpealnecTBeHHUKoB (Moroz et al., 2021).
CxofHble MPUYUHbBI MO3BOJWJIM TOBOPUTH U O JIBYX
HEPBHBIX CUCTEMax CTPEKAIOIINX, PACITOJIOXEHHBIX,
B OTJIMYME OT I'PEOHEBUKOB, B 93KTOAEPME U SHTOJEP-
Mme (Moroz et al., 2021). HepBHas cucteMa OuiaTe-
puii, B CBOIO ouyepeab, Ha YPOBHE TPAaHCKPUIITOMA U
MOP(dOJIOTUU OTJIMYAETCSI OT HEPBHBIX CUCTEM I'pel-
HEBUKOB U CTPEKAIOIIUX, YTO MO3BOJIMJIO Mpeamnoa-
raTb HE3aBUCUMOCTb MPOUCXOXKIACHUS U SBOJIIOLIUU
HEWPOHOB B 3TUX I'pyrnnax. PeHOTUTMYECKOE CXOI-
CTBO HEMPOHOB y pa3HbIX TPYyIII IIPU 3TOM paccMar-
puBaeTcs Kak MpuUMep KOHBEPreHIMU; OHO MOIJIO
pa3BUTBCS MO AEMCTBMEM ABUXKYIIEro oTOOpa mpu
CXOIHbBIX YCJIOBUSIX OKpY>Karollleit cpeibl.

Ha ocHOBaHMM MOJHOTeHOMHOIO CEKBEHUPOBA-
HUST Mopo3 ¢ coaBTOpaMM IIOJYYUIU IJAHHBIE O
TPAaHCMUTTEPHBIX CHUCTEMax, MCIIOJb3YEMBIX IIpei-
CTaBUTEJISIMU 0a3ajbHBIX (PUIOTEeHETUYECKUX TPYITIT
(Moroz et al., 2021). UccaenoBanochk Haauuue dep-
MEHTOB CUHTE3a, Be3UKYJISIPHOTO MepeHoca 1 pelier-
TOPOB, BOJIIOLIMOHHAS AUCTAHLIUS MEXAY HEKOTO-
PBIMM TeHaMU pelEeNTOPHBIX O0enkoB. IloaydeHHBIC
JIaHHbIE CBUIETEIbCTBOBAJIM O CYIIIECTBEHHOM pas-
JINYUM XVUMUYECKOM CUTHAJIU3ALIMA B HEPBHBIX CH-
cTeMax T'peOHEBUKOB, CTPEKAOMINX W OMIaTepuii,

YTO XOPOIIIO COTJIacyeTcs ¢ Maeeil 0 He3aBHMCHMOM
MOSIBJIECHUM HEHPOHOB B Tpex rpymiax mMerazoa. K
yucay HauboJjiee KOHCEPBAaTUBHBIX TPAaHCMUTTEPOB
otHocsrca riyramat, NO, AT® u nentuasl. OgHa-
KO, y KHUIApUii IIyTaMaTHBIE PEIeNITOPHI BHISIBICHBI
Y HEHeHpOHAJIbHBIX KJIETOK, YTO OTJIUYAET UX OT OU-
JlaTepuii M TPeOHEBUKOB, MCITOJB3YIOIINX TIyTaMaT
yKe B KaduecTBe HelpoTpaHcMuTTepa. MOHOAMUHBI
OKa3aInCh XapaKTEepHbI TOJBKO IS OunaTepuii u
KHUOApWii, HO He BBISIBJICHBI Y TPEOHEBHKOB 10 TaH-
HbIM (Moroz et al., 2021b). Bopouem, TpaHCKpHUII-
TOMHBII KJIETOUHBII aHAJI3 HEPBHOM CUCTEMBbI TUAPbI
(Hydra vulgaris) He moaTBepaWI HAJIMYKME B HEM MO-
HoaMuHepruyeckmx cucrteM (Brunet, Sprecher,
2021). IMoaToMy Ha CEromHSILIHUIA JeHb HEeUPOHBI
MOHOAMUHEepPTuYecKoro ¢heHoTHuIa ¢ 60IbIION Be-
POSITHOCTBIO SIBJISIIOTCSI M300peTeHHWeM MCKITIOUn-
TeJIbHO OuJIaTepagIbHO CUMMETPUYHBIX )KMBOTHBIX.

2. HeiipoTpancMuTepbl ObLIM YHACJIEAOBAHDI OT J10-
HEPBHBIX (POPM MEKKJIETOYHON CHTHAIM3AIMH. DTO
MpencTaBleHUE, BBICKAa3aHHOE B CEpeNMHE MPONLIO-
ro Beka X.C. KomTostHIIeM 1 aKTUBHO pa3BUBacMOE
H.A. CaxapoBeiM, I'A. By3nukoBeiM, B.fA1. Bpon-
ckuMm (Hanpumep, Caxapos, 1974; IpsikoHoBa u Caxa-
pos, 2019; bponckuii, 2021; Sakharov, 1974; Buznikov,
2007; Brodsky, 2009) y:xe MOXHO CUMTaTb OYEBMII-
BBIM. Jleonunm Mopo3 mpemiaraeT 0ojiee CHIIBHOE
yTBEpXKIEHUE: “TpaHCMUTTEPHI CleJalud HEPBHYIO
cucteMmy” (Moroz et al., 2021). Ecau GBI 10 11051BJIE-
HUSl HEMPOHOB HE CYyIIIECTBOBAJIO XOPOIIIO Pa3BUTOM
CUCTEMbl XMMMYECKON MEXKJIETOUHON CUTHaIu3a-
LIMU, C TOTOBBIMM CHCTEMaMU peLeTNIUU 1 KaJblIUi-
3aBUCUMOM CeKpelr, He OBIITO Obl HEOOXOIMMOTO
npeaganTUBHOTO 6a3uca JJis BOSHUKHOBEHUST HEPB-
Hoii cuctembl. CyllleCTBOBaHUE TAKOTO MpeatanTiB-
HoOro 0asuca y JOHEPHBIX MHOTOKJIETOUHBIX TaKXkKe
MO0Ka3aHo B MCCIeTOoBaHUX IpyIIibl Moposa (Moroz
et al., 2021b), cBUAETEIBCTBYIOIINX O HATUIUM Pa3-
BUTOM CHCTEMbl MEXKJIETOYHON CUTHAIMU3ALUU U
MHTEerpanuu MoBeJAeHUS 32 CUeT XMMUYeCKOI CUTHA-
Jm3auuu y mactuH4daTeix (Placozoa). Ora cepust mc-
clleJOBaHWI cTajla TakKXe BEeCOMBIM J0Ka3aTeslb-
CTBOM elile ogHoit rumnote3sl J.A. CaxapoBa.

3. Bo3MOXKHOCTh HECHHANITHYECKOI reHepanuu 1mo-
BeJIeHHs IPYNINOii KJIETOK ¢ pPa3HOil XUMHY€ECKOI CUTHA-
Ju3anueid. VMicxonHo ata runore3a obla chopmyiu-
poOBaHa JJisl TPyNIibl, WK TOYHEE aHCcaMOJIsl, Hepo-
HOB, OTBEYAIOIIMX 3a TeHepaluio OMNpeaeIeHHOTo
MOTOPHOTO IIOBeAcHUS (HaIIpuMep, 6era, XXeBaHMs).
Emre B 70-X IT. TIpO1II0TO BEKa CTAJIO M3BECTHO, UYTO
Takoe IOBEACHUE He SIBISIETCS MPOU3BOIHBIM pe-
¢nexTopHbBIX AyT, a hopMUpyeTcs Oaromapsi CKOop-
JIUHUPOBAHHON padoTe aHcaMOJIsT LIEHTPaTbHBIX HEli-
poHoB. Takue aHcaMOJIM TOJYYWIM Ha3BaHUE LICH-
TpabHBIX TeHepatopoB IarrepHa (LII'TI). Ho kak
OpraHM3oBaHa CKOOPAMHMpPOBaHHasi paboTa HEWpo-
HoB B LIT'TI? 1 xkakuM 06pa3oM MpOUCXOIUT KOOPIU-
Hauus pasHbeix LITI? JI.A. CaxapoB OpenmonaoxXu,
YTO KOOPIMHAIINS aKTUBHOCTU HelipoHoB B LIT'TI Mo-
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JKET TPOMCXOIUTh 3a CYET CEKPEeLIMU Pa3HbIX TpaHC-
MUTTEPOB HEMPOHAMM Pa3HbIX (pa3 U HATMYUS pa3HO-
ro Habopa pelenTopoB K TpaHCMUTTEpaM APYrAM
HelipoHoB. [To3xXe MosIBUINCH NaHHbIE, CBUAETEb-
CTBYIOIIIME€ O TOM, YTO U3MEHEHHE KOHIIEHTpalluu
OIHOI0 HEMPOTPAHCMUTTEPA MOXET KOOPAMHUPO-
BaTh U 0o0Jiee CI0XHOE MoBeleHe, OCHOBAaHHOE Ha
cornacoBaHHoi pabote pasHbix LII'TI. ITompobOHee
000 BCEM BTOM MOXHO MOCMOTPEThb, HaINpUMEDP
(OpsikoHoBa, Caxapos, 2019).

MN3yyeHure ocobeHHOCTE OMOJIOTUM, TIOBSICHUS,
duznonoruy U reHeTUKU npeacraButeieit Placozoa
(Trichoplax, Hoilungia hongkongensis) TpyIoi
JI. Mopo3a u, TIaBHBIM OO0Opa3oM, €ro YyJ4eHMIIBI
Hapbu PoMaHOBOI1 cTajio BECOMBIM MOATBEPKICHU -
em atoii uneu (Moroz et al., 2021b; Romanova et al.,
2020, 2021). Placozoa oTHOCIT K JOHEPBHLIM MHOTO-
KJIETOYHBIM opraHu3mMaM. OHU cIOCOOHBI K HaIlpaB-
JIEHHOM JIOKOMOIIUM, JOCTATOYHO CJIOKHO OpraHu30-
BaHHOMY IIMIIIEBOMY ITOBeIeHUIO, M30eranmio. [eHom-
HBI aHAIM3 BBISIBUI AECITKU CUCTEM MEXKIIETOUHOMN
CUTHAJIM3allM U MX KOMITOHEHTOB, BKJIIOYAIOLIMX U
¢depMEeHTHI CUHTE3a CUTHAILHBIX MOJIEKYJI, 1 pellell-
TOphl K HUM. Cpeny HuX 0OHapyKeHBI KI1aCCUIeCKIE
HeliporpaHcMuTTepsbl (myramat, TAMK), Gosbliiioe
YMCJIO MENTUAOB, OKCUI a30Ta. TpaHCKPUIITOMHKA
eIUHUYHBIX KJIETOK II0Ka3aja, YTO pPa3HbIe TUIIBI
KJIETOK MCITOJIB3YIOT IJIsl CUTHAJIM3AIIMK pa3HbIe CEK-
pETOPHBIE MOJIEKY/IbI U UMEIOT pa3HbIii CIIEKTP pe-
LEeNTOpHOII 4yBcTBUTEAbHOCTU. dapmakonormude-
CKH€ DKCIEPMMEHTHI T0Ka3aIi KOOPAWMHUPYIOIIYIO
POJIb HEKOTOPBIX U3 3TUX CUTHAJIbHBIX MOJIEKYJI B Op-
raHu3aluy IoBeAecHUs Tpuxoiiakca. Koporkuii 00-
30p 3TUX pe3yIbTaTOB NIPUBOAUTCS B cTaThe JI. Mo-
po3a ¢ coaBropamu (Moroz et al., 2021b). Ha Hux oc-
HOBBIBAETCSI TPEANOJIOKEHUE O HECHHANTUYECKO
OpraHM3alliy TIePBLIX HEPBHBIX CUCTEM B 3BOJIIOLIMU U
0oJ1ee MO3MHEM MOSIBIICHUM CUHATICOB, IPUYEM TaKKe
MHOXECTBEHHOM M HE3aBHUCUMOM ITOSIBJICHUU B pa3-
HBIX TAKCOHAX.

4. Unesa o NpouCX0oXKIeHNH HEHPOHOB U3 CeKpeTop-
HbIX KJIETOK OOCyXHaeTcsl cpa3dy B IBYX CTaThSIX TOM
Ke TPYIBI, OIyOJIMKOBAaHHBIX XypHaioM Frontiers
in Molecular Neuroscience B TeMaTU4eCKOM BBIITYCKE,
MOCBSIILICHHOM HEKaHOHUYECKUM 3 deKTaM Helpo-
tpaHcmutrTepoB (Moroz, 2021; Romanova, Moroz,
2021). K uncny Taknx HEKAaHOHUYECKUX (C TOUKM 3pe-
HHUS KJTACCUYECKMX HelpopU3nOoJIoroB) PyHKIIMI OT-
HOCSIT CUTHAJIU3alliI0 B HEHEPBHBIX TKAHSX, MPSIMbIC
MoauduKauy 0EIKOB ¥ TUCTOHOB (HallpuMep, aMU-
HUPOBaHUE), TOpMOHaJIbHbIE 3(hdekThl. OTHAKO ITPU
PacCMOTPEHUU B 3BOJIIOLMOHHON TEepCIeKTUBE 3TU
SIBJIEHUSI, HATIPOTUB, MPUOOPETAIOT KAHOHUYHOCTb,
CTaHOBUTCSI OYEBUIHBIM, YTO OHU CYIIIECTBOBAIU 3a-
JIOJITO 0 TOSIBJIEHUSI HEMPOHOB U HEPBHOI CUCTEMBbI
B 3BOJIIOLIMU. BoJiee TOro OHU MOTJIM OTIPEAEIUTD Bbl-
6GOp TOrO WJIM MHOTO TPAHCMUTTEPA JIJ1sI BBITTOJTHEHUS
pa3HBIX (GYHKIIUU B MO3TE.
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Hanuuue maHHEKCMHOB B TeHOME JOHEPBHEIX Op-
TAaHW3MOB ITO3BOJISIET IIPEAIOJIOXUTH, YTO CEKPETOP-
Hbl€ KJIETKM Hay4YWJIMCh UCHOJb30BaTh X HE TOJbKO
B Ka4eCTBe I11IeJIEBbIX KOHTAKTOB, HO U JJIsI aKTUBHOM
HECUHAIITUYECKOM CeKpeluy TaKMX BEIIeCTB KakK
AT®, rnyraMaT U JIp. B MEXKJIETOUHOE IIPOCTPaH-
CTBO IJIs1 yCKOpeHMsI oOMeHa curHajamMu. To ecThb oc-
HOBa OyIyIINX 3JIeKTPUIECKMUX CUHAIICOB TaKXKe MOT-
Jla ObITh YHacJieloBaHA HeHWpoHaMU OT UX aKTUBHO
CEKPETUPYIOLIMX TIpeallecTBeHHUKOB. HMHTepecHo,
YTO 3TO OTHOCUTEJIbHO HEAABHO OTKpPhITask HeCHHAIl-
THYeCcKasl ceKpeTopHast (pPyHKILIMS NaHHEKCUHOB/KOH-
HEKCHMHOB TaKXXe COXpaHWIach U Y COBPEMEHHBIX I10-
3BOHOYHBIX (Moroz et al., 2021b).

DdopMupoBaHUe HEHPOHOB U3 CEKPETOPHBIX KJIe-
TOK 00cyxknaeTcs u B pabore “The chemical brain hy-
pothesis for the origin of nervous systems” (Jékely,
2021). C HeoOXOOMMOCTBIO CUHXPOHU3ALMU, KOOP-
JUHALMU Y NOBbIIEeHUS 3¢ (HEKTUBHOCTU CEKPELIUU
CEHCOpPHO-HelpoceKpeTopHbIMU KiaeTkamu JIx. 2Ke-
KEJIV CBSI3BIBACT MOSIBJICHUE MEPBbIX CUHANTUYECKUX
KOHTAaKTOB, ITO3BOJISIIOLIUX OOBEAWHUTH KJIETKU B
eIUHYI0 cekpeTupymollyto cetb. [Ipu 3tom Kekenu
paccMmaTpMBaeT He TIPOCTO CEKPETOPHBIE, a CeHcop-
Hble CEKPETOPHBIE KJIETKH, UTO COTJIACyeTCs C AaHHbI-
MU HEUPOOUOJIOTUY PA3BUTUS: B OHTOTeHE3€e TTepBUY-
HOPOTHIX CaMble MepBbie HEIfPOHbI, Ha3bIBacMble MTHUO-
HepHbIMU (pioneer neurons), MpeACTaBICHbl UMEHHO
CEHCOPHBIMU KJIETKAMW C HECHMHAIITUYeCKOl ceKpe-
uueii (Nezlin, Voronezhskaya, 2017). Takumu xapakre-
pUcCTUKaMu 00J1afaroT TMMMOHEPHbIE HEMPOHBI y Mpe/-
cTaBuTeJiell pa3HbIX TAKCOHOMWYECKHWX TPYII, TOraa
Kak WX TpPaHCMUTTEpHasl CIeUU(PUUHOCTh MOXKET
obITh pa3Hoii (Nezlin, Voronezhskaya, 2017).

Borpoc o ToMm, Kakre UMEHHO OCOOEHHOCTHU CEK-
PETOPHBIX KJIETOK CTaIM HEOOXOMMMBIM YCIIOBUEM JIJISI
MOSIBJICHUSI HACTOSILIMX HEMPOHOB U CUHAIITUYECKOM
CeKpelLMU, paccMaTpuBaeTCs B HelaBHell ctatbe Po-
MaHoBo 1 Mopo3a (Romanova, Moroz, 2021). ABTo-
pbl NPEANojaraioT, YTo creluaan3anus SHI0IUIa3-
MaTUYECKOro peTukyiyMa (DP) B HampaBieHUM yBe-
JIMYEHUSI CEeKPETOPHOM CIOCOOHOCTH KJIETKA MU
CBSI3aHHOE C 3TUM yBeJIMYE€HME BHYTPUKIIETOYHBIX
MEMOpaHHBIX CTPYKTYP MOT'YT OBbITh TeMU (PaKTopa-
MU, KOTOPHBIE 3aITyCTUIN U C(DOPMUPOBAJIM PaHHIOIO
HEWPOHAJIbHYIO M CMHANITUYECKYIO 3BOoLMI0. MH-
TEPECHO, YTO IIpU HeliporeHe3e MeMOpaHHbIE CHATI -
TUYECKHE ITy3bIPbKU IIPUCYTCTBYIOT B pacTYIMX aK-
COHAaX U X OKOHYAHMSIX €ellle IO TOro, Kak cpopMu-
pyloTcsa Hacrtosiuue cuHanckl (Sukhinich et al.,
2021). MoXHO NpeanooXnTh, YTO pa3BUTHE HEMPO-
Ha BOCIIPOM3BOIMT ITOCIEI0BATEILHOCTD 3TUX COObI-
TU B 3BOJIIOLIUU.

Cratblo Mopo3a 0 MpOUCXOXIEHUU HEMPOHOB 13
CEKPETOPHBIX KJIETOK Pa3HOTO XMMH3Ma B XypHase
Frontiers (Moroz, 2021) cMeio MOXXHO Ha3BaTh MPO-
rpaMMHoOI. B Heit MHOro BHUMaHMS yaensieTcst Tep-

CITEKTHUBAM Pa3BUTHUS “HOBOII” HEMPOOMOIOTHH, OC-
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HOBaHHOU Ha TIPEICTAaBJIEHUSIX O MHOXECTBEHHOM
TMIPOUCXOXIEHNU HEUPOHOB U U3YYEHUU SBOJIOLIU
“XMMHUYECKOTO $I3blKa” HEPBHOW CHUCTEMBbI. ABTOD
MpennosjaraeT, 4ro CpaBHUTENbHAs TPAHCKPHUIITO-
MUKa HEAPOHOB Y MaJIOM3yYE€HHBIX TAKCOHOB MHOTO-
KJIETOYHBIX XKUBOTHBIX TTO3BOJIUT TTOCTPOUTH CBOETO
pojia MeEpUOIMYECKYIO CUCTEMY, B KOTOPOI CBOMCTBA
HelipoHa OyayT MpPencKa3blBaThbCsl €ro reHeajaoruye-
ckuM nojoxeHueMm. O TOM, YTO ceilyac Mbl Haxo-
IMMCSI B CaMOM Havajie 3TOro IyTHU, TOBOPUT TOT
daxT, 4To U3 36 COBpEMEHHBIX TUIIOB MHOT'OKJIETOY -
HBIX XKUBOTHBIX HeipOHAJIbHbIE CUTHAJIbHBIE CUCTe-
Mbl OTHOCUTEIbHO XOPOIIIO UCCEI0BAaHbI TOJIBKO Y 5
(Chordata, Arthropoda, Nematoda, Mollusca, An-
nelida). Bo3aMoXHOCTH, KOTOpbIE OTKPBIBAET 3TO Ha-
MpaBJieHNEe UCCIIEAOBAHUI, XOPOIIO WLUTIOCTPUPYIOTCS
CJIENYIOLIE CTaTheil TOM K€ TpyIbl, MOCBIILIEHHOMN
SBOJIIOLIMU CAMOT'0 PacIpOCTPaHEHHOTO HEeMpOTpaHC-
MUTTepa — IIyTamara.

KAK TNIYTAMAT CTAJI
HEMPOTPAHCMHUTTEPOM?

InmyramaT 3aHMMaeT 0coboe TIOJIOKEHUE Cpeau
JIPYTUX CUTHAJBHBIX MOJICKY/ Cpa3y I10 HECKOJIbLKUM
npuurHaMm (Moroz et al., 2021a). Bo-niepBbIX, 6071b-
IIIMHCTBO HEIAPOHOB rOJIOBHOTO MO3Ta MJICKOITUTAIO-
X MCHOOJB3YyeT B KadeCTBe HEWpOTpaHCMUTTEpPA
mIyTaMart, XOTs cyllecTByeT 6osee 20 Ipyrux HeMpo-
TPAaHCMUTTEPOB C HU3KUM MOJIEKYJISIDHBIM BECOM.
He ynuBuTEIbHO, YTO OKOJIO MOJOBUHBLI COBPEMEH-
HBIX HEMPOOMOJIOrOB M3y4aloT Pa3IMYHbIE aCII€KThI
mIyTamMaTepruuyeckoil nmepegadyv. Bo-BTOpBIX, CpaB-
HUTEIbHBIE UCCIIENOBAaHUS YKA3bIBAIOT HA ITyTaMaTr
KaK Ha OOMH U3 CAMbIX paHHUX TPAHCMUTTEPOB: TJIy-
TaMaTHEBIE peLIeNTOPbI BBISIBICHBI rpyInoii Mopo3a u
JIPYTMMH aBTOpaMM IIPaKTUYECKU y BCEX MCCIEHO-
BaHHBIX Ha CErOAHSIIHUI JAE€Hb MHOTOKJIETOYHBIX
OpraHM3MOB, BKJII0Yasli BOIOPOCIMW W pacTeHus, a
TakKKe€ y OTHOKJIETOUHBIX 3yKapmoT (Moroz et al.,
2021a). B-TpeTbux, Te 3Ke CpaBHUTEIbHBIC MCCIIEIO-
BaHMSs IMOKA3bIBAIOT, YTO INIyTaMaT, 3aHSIB JIUIUPYIO-
Iee MOJOXEHNE B MO3Te MJICKOIUTAIOIINX, TO-BU-
IMMOMY, YTPATUJI Y HUX Psia (PyHKIIMI U peLIeNTOPOB,
pa3HooOpa3ue KOTOPBIX, HAIpUMEpP, ¥ MHOTUX IIep-
BUYHOPOTHIX OECIIO3BOHOYHEIX >KMBOTHBIX BBHIIIIE.
Tax, y MOJUTIOCKOB, HEMATOH, HACEKOMBIX IJTyTaMaTr
OKa3bIBaeT He TOJILKO BO30YXKaatollee, HO U TOPMO3-
HOE ICUCTBUE, CBSI3BIBAsICh C IIEHTAMEPHBIMHU PELICII-
TOPHBIMU KaHaJlaMU C cyS-NeTIsIMU. L-Tayramar siB-
JIsIeTcsl nepugepuieckum HEPBHO-MBIIICUHBIM He-
POTPAaHCMUTTEPOM Y OOJILIIMHCTBA KMBOTHBIX Ha
IUIaHeTe, HO He Yy MJIeKONUTarImuX (Y KOTOPBIX 3Ty
(GYHKIIMIO BBITIOIHSIET, KaK U3BECTHO, alleTUJIXOJIMH,
a IyTaMaT CTaHOBUTCSI OCHOBHBIM TPaHCMUTTEPOM
ueHmpaavbHoil HepBHOM cucteMbl). HakoHell, B oT/iv-
yye OT MOHOAMWHOB U alleTUJIXOJMHA, OTKPBITHIX B
Ka4ecTBe HEMPOTPAaHCMUTTEPOB CYIIIECTBEHHO PaHb-
IIIe, IIyTaMaT HAaCTOJBbKO PacIIPOCTPAaHEHHBIN KJie-

TOYHBIIA METAOOJIUT, UTO UCCIEA0BATENN JOJITO CTa-
BUJIM 1101 COMHEHME caMy BO3MOXHOCTb BBITIOJIHE-
HUST UMM TpaHCMUTTepHOU ¢yHKuuu. I[Ipobrema
3aKJII0YaeTcs B €ro HU3Koi crneumUuyHOCTU U OT-
CYTCTBUU CIIELIMAIU3UPOBAHHOI CUCTEMbl CUHTE3a,
XapakTepPHOU I OPYTUX TPAHCMUTTEPHBIX CUCTEM.
ImyramaTepruyeckuii HEMpoH oOJlamaeT 3PTUYHO-
CTbIO, TO €CTh TPAHCMUTTEPHOM CelIM(UYHOCTHIO, B
HECKOJIbKO MHOM CMBICJIE, YeM, HalpuMep, MOHO-
aMUHOBbBIE, TTENTUIEPTUYECKUE WIIU alleTUIXOJIUHO-
Bble HelpoHbl. Eciau mwis mociegHux XxapakTepHa
crnenvaJIu3MpoBaHHas cucteMa (hepMeHTOB CUHTE3a,
BE3MKYJISIPHOTO 3axBaTa M BbIOpoca, crienuduyuHas
TOJIBKO JIJISI OMIHOTO THIIA KJIETOK, TO IIyTaMaTHBIN
HEWPOH CTAaHOBUTCSI TAKOBBIM TOJILKO 32 CUET DKC-
MPECCUU reHa yTaMaTHOTO TpaHCIopTepa, 3aKauu-
BaIOIIErO TyTaMaT B BE3UKYJIbl — CHUHAINTHUYECKUE
my3bIpbku. He 31ech 1M HUTOUKA, TTOTSIHYB 32 KOTO-
PYI0, MOXKHO pacIlyTaTh OOJIBIIION KIIyOOK BOIIPOCOB?
ABTOPBI 00CYKIa€MOI CTaTbU CYMTAIOT, UYTO Jaa. YTo
pasrajplBaTh UHTEPECHYIO 3aJa4Ky O MPOUCXOXKIe-
HUU TPAaHCMUTTEPHON (YHKUUU TiayTamMara U ee
NajibHellleid 3BOIIOIIMM HYXKHO HauyuHaTh C pac-
CMOTpPEHUST POJU 3TOM aMUHOKUCIIOThI BO BHYTPHU-
KJleTouHOM MeTaboauzMme (Moroz et al., 2021a).

bruto mpoBeneHo cpaBHEHME META00IOMOB IIPO-
KapuoTtruueckoi KineTku (E. coli) 1 KNeTKU MJIEKOITN -
Taroiiero (KyJbTypa KjieToK Mbiiu iBMK — Immor-
talized Baby Mouse Kidney Epithelial Cells). Oxka3za-
JIOCh, YTO B O0OOMX ciyyasXx TIJyTaMmaTr SIBJIsSeTCS
OCHOBHBIM BHYTPHMKJIETOYHBIM META0OJUTOM, €TO
KOHIIEHTpall1sl B KJI€TKEe IIPeBbIIIAeT KOHIIEHTpa-
LIMIO APYTUX MOJIEKYJ. AOCONIOTHbIE BHYTPUKIIETOU-
Hble KOHIICHTPALIMY IJTyTaMaTa JOCTUTaoT 96 MM st
GakTepuu 1 64 MM Il KJIETKUA MJIEKOITUTAIOIIIETO, YTO
cocrasigeT 37 u 35% Bcex MeTabonuToB. C OOJBIITNM
OTpPBIBOM cjieayer miayraMuH (9%), omepexast Tpu
atoM AT®D (3%). HTepecHO, YTO TIOJIOBUHY BCETO
MeTab0JI0Ma COCTABIISIIOT 3BOTIOLIMOHHO KOHCEpPBa-
THUBHBIE “NaH-CUTHaJIbHBIE” MojaeKyJbl (Moroz et al.,
2021a).

[myramat ygacTByeT cpa3y B HECKOJBKHUX OCHOB-
HBIX METAa0OJIMYECKUX MYyTSIX KIeTKU. OH SIBJseTCS
KPUTHYECKU BaXKHBIM METa0OJIUTOM IPH ITOJIyICHUN
sHepruu (nukia Kpedca), acCuMUISIMM a30Ta M CUH-
Te3e aMUHOKHUCIOT. M TiyTramar, U TJIyTaMUH SIBJISI-
FOTCSI IOHOPaMU a30Ta [IJIsI aMUHOKHUCIIOT, Y9aCTBYIOT
B MeXaHu3MaxX TpaHcaMUHMpoBaHus. Bce dhepMeHThI
MePEYMCIICHHBIX BBIIIEe META0OIMISCKMX ITyTell BBICO-
KO KoHcepBaTUMBHbI. CHHTE3 HU3KOMOJIEKYISIPHBIX
curHasbHbIX BeliecTB (TAMK, acmaprara, N-ateTui-
1-acmaprara, nmimHa 1 NO) Takke Hepa3pbIBHO CBSI-
3aH ¢ MeTabOIM3MOM TJIyTamMaTa U KJIeTOYHOU O1o-
DHEPreTUKOM. DTU CHUTHaJIbHBIE BEIeCTBa MOTYT
CUHTE3UPOBATHCS KaK IPOMEXYTOUHbIE MPOAYKTHI
MeTaboIM3Ma IMMOYTHU KaxKI0H MpOKapUOTUIECKON 1
3YKApUOTUYECKOM KIIETKOM.
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Mnes o Tom, 9TO IIIyTaMaTt MOT OBITh IIEPBBIM TPAHC-
MUTTEPOM, ITIOBBIIIEHNE KOHIEHTpalMHd KOTOPOIO B
MEXKIIETOYHOM Cpelie CUTHAIM3UPOBAJIO O IIOBPEXIe-
HMU KJIETKM, OblJIa o3BydeHa JleoHuamomM Mopo3om
yxe 6ojtee 10 jrer Ha3an. Torma oHa Ka3ajach MHTE-
pEeCcHOI, HO TPYIHO JOKa3yeMou, MHTYUTHUBHOI. O~
HaKO HOBbIC JaHHBIE O METa00JIOME KJIETOK JaJIEKUX
B DBOJIIOIIMOHHOM OTHOIIIEHUM OPTaHM3MOB CYIIe-
CTBEHHO U3MEHWIU 3Ty CUTYAILIMIO.

O4eBUAHO, YTO HAapyIIEHUE LEJIOCTHOCTH JTI000i
KJIETKU TIPUBOIUT K TMOSIBJICHUIO B MEXKJICTOYHOM
MIPOCTPAHCTBE CaMBIX pa3HbIX META0OIUTOB, HO APY-
UM KJIeTKaM JJis BBISIBJICHUSI TAKOTO COOBITHUS MTPO-
IIle HACTPOUTHCS Ha CaMbIii CMJIbHBINM U YHUBEPCaIb-
HbIM curHai. ImyramMat MOXeT cMeJio MMPeTeHI0BaTh
Ha poOJIb TAKOTO CUTHaja. B Mupe OmHOKIIETOYHBIX
OPTaHNU3MOB CHIEIIM(PUICCKUIN XMMUUECKUI CUTHAI,
WHGOPMUPYIONIUI O MOrudarIeil KJIETKE, MOXKET
OBITh BaXXHBIM ITMIIEBHIM CTUMYJIOM. Y MHOTOKJIE-
TOYHBIX ITOBBIIICHHWEC KOHLCHTpalMM IjJIyTaMaTra B
MEXKJIETOYHOM ITPOCTPAHCTBE CTAHOBUTCS YK€ CHUT-
HaJIOM, YKa3bIBaIOILIMM Ha HeOJIarorpusTHbIE COObI-
TUs B opranusMme. buonorndeckast 3HaYMMOCTb 3TOM
nH(MOPMAIIUM O9eHb BBICOKA. [103TOMY HEyIMBUTEIb-
HO, YTO y2K€ Ha CaMbIX paHHHX 9TallaX 3BOJJIIOLINHA (HO
oueHkaMm JI. Mopo3a ¢ coaBropamu, 3.5 MWUIAapaa
JIET Ha3an), MOSIBJISIOTCS CUCTEMBI PAcIlO3HABaHUS
SKCTPAKJIETOUHOTO IJIyTAMAaTHOTO CUTHAJjIa, a UMEH-
HO IJIyTaMaTHBIE PELENTOPHl. 31eCh TPYOHO yIep-
KaTbCsl U HE HANIOMHUTbH, YTO 00€ aHLeCTpajbHbIC
¢GYHKIIMKM TIIyTamMaTa, BBISIBJICHHBIE €IIE y ITOHEPB-
HBIX MHOTOKJICTOUHBIX opraHnmn3mMoB Placozoa, coxpa-
HUWINCHh Y MIJIEKOIIMTAIOIINX HECMOTPS Ha MTOJTYIO
MOJIHYIO COOBITHII ®BOMIOINIO. JJocTaTOYHO BCITOM-
HUTb PO XOPOIIIO U3BECTHBIN YCUIIUTEIb BKyCa, TTy-
TaMaT HaTpHs, B3aUMOACUCTBYIOIINI CO CIeAAIN-
SUPOBaHHBIMMU TIJIyTaMaTHBIMU pELi€nITopaMu, OTBC-
YalOIIMMM 32 BKYCOBBIE OIINYIIEHMS, Ha3bIBacMbIC
“ymamu’”.

AHanu3y 3BOJIOLNY T€HOB IIyTaMaTHBIX peler-
TOPOB TIOCBSIIIIEHA 3HAYUTENbHAs 4YacThb padOThI
JI. Mopoa3a ¢ xomneramu. IIpenmomaraercs, 9To pas-
JIMYHBIE TUIMHI aHLIECTPAJbHBIX IIyTaAMaTHBIX pellern-
TOPOB Yy OOIleTo TpeaKa MHOTOKJIETOYHBIX XKUBOT-
HbIx (Urmetazoa) MoOriv akTUBUPOBATHCSI pa3HbIMU
JUTaHOaMW, BKJIIOYasd DIWULOWH, DIyrTaMarT U Jpyrue
aMUHOKMCJIOTBI, KaK 3TO TOKa3aHO, HalpuMep, y co-
BPEMEHHBIX PacTeHUI U MpoKapuoT. Jpyrumu cioBa-
MM, 3TU PELETITOPbI UCXOTHO MOTJIU ObITh YHUBEPCATb-
HBbIMU aMUHOKMCJIOTHBIMU CEHCOPaMU, U OTYACTH 3Ta
X OYHKIMST COXPAHUIACh U Y MHOTOKJIETOUHBIX XK1~
BOTHBIX. OJHAKO, OTHOCUTEIBHO BBICOKME KOHIIEH-
Tpalliy BICBOOOXKIEHHOTO BHEKJIETOYHOTO ITyTamMa-
Ta (110 CpaBHEHUIO C IPYTUMY aMUHOKUCIOTaMU ) MOTJIA
CIIeNIaTh 5T PELENITOPhI (DYHKIIMOHAIBHBIMU PELIENTO-
paMmu iyTamara — aHajlornuHo petientopy iGluR, oru-
CaHHOMY Y PACTE€HMUIA.
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INomydeHHbIe MaHHBIE TTO0 (GIIIOTEHUN TIIyTaMart-
HBIX PEIENITOPOB 3YKApUOT IPEAIoIaraioT, 4To On-
HUMM U3 CTApEHUIINX MOTYT OBITh JISTMOIa-pereTTo-
pul. IIprmMedaTerbHO, YTO OHW OBUTA MACHTU(UIIN-
poBaHbI ToIbKO Yy Ty00K (Porifera). Iloka Hem3BeCcTHO,
SIBJISTFOTCSI JTX 3TH PELIENTOPHI SBOJTIOIMOHHON MHHO-
BaIvei TyOOK WITH TTOTEPSUTHCH CO BpeMEHEM B IPYTHX
TaKCOHaX XNMBOTHBIX. Pertenropel NM DA-TH11a, 06ec-
TIeYMBAalOIIe TaKWe SBICHUs KaK TOJITOBpeMeHHast
norteHnuanusa (LTP) m oOyyeHue y IMO3BOHOYHBIX,
BBISIBJICHBI I Y MHOTHUX OECITO3BOHOYHBIX C TTOXOXKM-
mu (Rosenegger, Lukowiak, 2010) u HoBeiMu (Dya-
konova, 2003; D’iakonova T.L., D’iakonova V.E., 2010)
dyukumsamu. 3a npeaenamu Metazoa NM DA peteri-
TOPHI He OOHApYXeHBI, a cpenn Metazoa, nX He Ha-
LUK y TpeOHEeBUKOB 1 ryook (Moroz et al., 2021a).
Bcero y sykaproTr ObLIM MACHTU(MUIIMPOBAHBI ITBa-
IIaTh ABE pa3IMIHbIe DUICTUIECKUE JTUHUM TITyTa-
MAaTHBIX PELIETITOPOB.

Ecnu peuientopsl IyTaMara HaiieHbl y BCEX U3y~
YEHHBIX OPraHU3MOB, TO BE3UKY/ISIPHBIE TPAHCIIOP-
Tepbl, KaK U CJIeayeT OXUIaTh, — He y Bcex. OHU He
BBISIBJICHBI Y TYOOK, TpeOHEBUKOB U XOaHOMare-
J9T. Yuceao pasHbIX pelenTopoB M TPAHCIIOPTEPOB
mIyraMaTa, Kak oKa3ajaoch, HE KOPpEJIUpyeT C 3BO-
JIIOLIMOHHOM MPOABUHYTOCTBIO 1 CJIOXXHOCTBHIO HEPB-
HBIX cucteM Metazoa. Tak, y kHumapuii (cTpekaio-
IIMX) HalAeHO 15 reHOB pa3HBbIX INIyTaMaTHBIX pe-
nentopoB U 10—17 reHOB pa3HBIX BE3UKYISIPHBIX
TPaHCIIOPTEPOB NIyTaMaTa, IMpU4YeM OOJIbLIIUHCTBO
U3 HUX 9KCIIPECCUPYIOTCS He B HelipoHax. HanGomb-
1Iee pasHooOpasue IITyTaMaTHBIX pelenTopoB (26)
OOHapy:KeHO Y OPIOXOHOTUX MOJIITIOCKOB. [T cpaB-
HEHUS: Yy MIIEKOTIUTAIOIINX HaiaeHo 18 pelienTopos
n 3 tpaHcnoprtepa. Haxke MOBEpXHOCTHBIN 0030p
GyHKIUI HEMPOHAIBLHOTO TTyTaMaTa TaKXKe BBISIB-
JIIET CYILIECTBEHHBIC Pa3IUUMUsST MEXIY KPYITHBIMU
TaKCOHAMM, TaKMMHM KaK MOJUIIOCKU, HACEKOMBIE,
XOpJIOBBIE, CTpeKalole. DTO MOXET yKa3blBaTb Ha
MapajjieIbHYI0 9BOIIOLUIO TITyTaMaTe pruyecKoi cr-
CTeMBI WJIN, TIpaBUJIbHEEe, CUCTEM B DTUX JIMHUSX. Y
YJIEHUCTOHOTUX IJIyTaMaT — OCHOBHOI HEWpPOMBI-
LIEYHBIM TPAHCMUTTEP, ¥ MOJUTIOCKOB OH TIPEICTaB-
JIEH BO BCeX TUIIaX HEHPOHOB (CEHCOPHBIX, MHTEP-
HeipoHaX M MOTOHEHpOHAX), y MJIEKOITMTAIOIINX
IyTaMaT He BCTPEeYaeTcsl B HEPOMBIIIEYHBIX KOH-
TakTax (TOJIbKO B CEHCOPHBIX Y IEHTPAJIbHBIX HeHpO-
Hax), TIe OKa3bIBaeT TOJbKO BO30YyKmaromine 3 dex-
Thl. O QYHKUMSIX ITyTaMaTa y pacTeHU U BOJOPOC-
JIeii (KpaCHBIX M OYpPBIX) M3BECTHO, YTO 3TO YYaCTHE B
OCMOPETYIISILAN, pereHepaLliU, PeaKIUSIX Ha TIOBpe-
KIEHHUE, XeMOCEHCOPUKE.
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[MOYEMY MO3I' MJIEKOITUTAIOLLIMX
HNCITOJIB3VET INTYTAMAT B KAYECTBE
OCHOBHOT'O BO3BYXKJAIOIIEIO
HEMPOTPAHCMHWTTEPA?

CyliecTBeHHBIE OTIWYMS B KOJIMYECTBEHHOM
MPENCTAaBIIEHHOCTU TIyTaMaTepTUYeCKUX HEMPOHOB
BUIHBI B IIpeesiax IPYIbl OujaTepaaibHO-CUMMET-
PWYHBIX XUBOTHBIX. ¥ IIEPBUYHOPOTHIX TOJILKO S5—
10% HelipoHOB HCIIOJB3yeT IIyTaMaT B KadecTBe
HeliporpancMmuTTepa. IIHC 1mo3BoOHOYHBIX YBEIUYU -
BaJlaCh B 3HAYMUTEILHOM CTEIECHU 3a CYET ITOBBIIIEC-
HUS TOJIM TIIyTaMaTHBIX HeiipoHOB. TaK y IpbI3yHOB
aTa JoJIs cocTaBisieT yxe 50%, a y yejaoBeKa OHa J10-
cturaet 80%.

IMTouemy yBenudeHue MO3ra B psily O3BOHOYHBIX
IIPOMCXOAMJIIO Oarogapsi OPMUPOBAHUIO OOJILIIIETO
yHucJia UMEHHO IIIyTaMaTHBIX HelipoHoB? Mopo3 u
coaBTopbl (Moroz et al., 2021) oTBeyarOT Ha 3TOT BO-
npoc Tak. Bo-mepBEIX, OYeHb HU3Kas SHepreTude-
cKasi CTOMMOCTb IIPOM3BOJICTBA. DHEPIUs, pacXomye-
Masl Ha 3aXBaT U CUHTE3 IJIyTamara, Y TpbI3yHOB CO-
cTaBisieT Bcero 2—3% oT oOIIMX 3aTpart, CBI3aHHBIX C
repenaveil CUTHAIIOB, U 5% — y Jlofeit; KpoMe Toro,
mIyrTaMaT caM MOXeT ObITb MCTOUHUKOM SHEPrUM.
Bo-BTOpBIX, 3TO MOXET OOBSICHSATBCS OOJIee IIPO-
CTBIM T€HETUYECKUM U METAa0OJMYECKUM MEXaHU3-
MOM TIOJTyYCHUSI TJIyTaMaTepruyeckoil KJIeTKU: Bce,
YTO TpeOyeTCs IJIsT TOro, YTOOBI HEMPOH CTajl IIyTa-
MaTepPruYeCcKUM, 3TO aKTUBALIMS DKCIIPECCUU BE3U-
KyJISPHOTO IJTyTaMaTHOTrO TpaHCIopTepa.

B nononnenue K uaee JI. Mopo3a MOXXHO IIpeAro-
JIOXHUTH, YTO PACHIPOCTPAHEHHOCTh IIyTaMaTeprude-
CKHUX HEHPOHOB B MO3T€¢ ITO3BOHOYHBLIX OTpaxkaeT
“IIOCIEeIHOCTDh” ero 3BOJIOLN: 00beM HapalluBa-
csl OBICTPO, MMPOCTHIMU U MAKCUMAaJIbHO 3KOHOMHBI-
MHu criocodoamMu. BepossTHO, OBIO HaliieHO YHUBEP-
caJIbHOE pellleHre ISl yBeJIMYSHHUsI pa3MepoB MO3ra
3a CYET YMCJia HEPBHBIX KJIETOK (a He MX pa3Mepa Kak,
HampuMep, Y HEKOTOPBIX MOJUIIOCKOB), 1 MCITOJIb30-
BaHUS JISI 3TOM LI caMOM SHEPreTUYecKu nelle-
BOM M ITPOCTOM INIyTaMaTePruuyeCKoOm CUrHajan3alimu.

Eciu 3T0 neicTBUTENbHO Tak, TO OJHA U3 MPO-
omeM xmMmdeckoil mkoyibl KomrrostHira-CaxapoBa,
KOTOPYIO MOXHO Ha3BaTh “KOIIMapoM” 3TOI IIKO-
JIbI, TIOXOXe, 6JIn3Ka K cBoeMy paspeleHuo. [1oBbI-
IIeHWE XUMMHYECKOW OOHOPOJIHOCTU HEUPOHOB B
MO3re Hanbosiee MPOABUHYTHIX B KOTHUTUBHOM OT-
HOIIIEHUM OPraHU3MOB KazajoCh MNPOTUBOPEUUIIO
OCHOBHOMY TIOCTYJIaTy IIKOJIbI O 3HAYMMOCTHU LISt
paboThl HEPBHOI CUCTEMbI MYJIBTUTPAHCMUTTEPHO-
CTU U XMMUYECKOro pazHoobOpasusi. Ceityac Mbl BU-
JIMM, YTO B 9BOJIIOLIMU MO3Ta O3BOHOYHBIX XUMUYE-
CKOoe paszHooOpa3ue HEMPOHOB HE YMEHBIAIOCh: B
IIHC uenoBeka HaliieHbl IPAKTUUECKU BCE U3BECT-
Hble HelpoTpaHcMUTTEPBl. OQHAKO Ha ONpenesieH-
HBIX 3Tanax pa3BUTHUSI HEpBHasl cUCTeMa, MO-BUIU-
MOMY, ObLJIa “BBIHYXIeHa”’ CTPEMUTEIHLHO YBEIUIM-
BaTh YMCJIO HEHPOHOB, M “Hay4ymjach” 3TO Ae/IaTh

CaMbIM TIPOCTBIM, OBICTPBIM M 3HEPreTUYEeCKU BbI-
TOJHBIM CITOCOOOM. DKOHOMUSI BPEMEHU 1 DHEPIUU
MpuBejia K CyIIeCTBEHHOMY MPeo0IagaHui0 HEMpPO-
HOB OTHOTO TPAHCMUTTEPHOTO (heHOTHUIIA.

Btopoii, He MeHee MHTEepPeCHbIA BOIIPOC O TOM,
Mo4YeMy UMEHHO BO30YKIaIOIINe PELeIITOPhI CoXpa-
HUJIUCh B MO3Te MJICKOTIUTAIOIINX, MaJIO O0CYKIaeT-
cs B cTatbe. B 3TOM KOHTEKCTE MHTEPECHBI CIEIYIO-
mue ¢gaktel. Bo3oyxneHne HelipoHOB Ha (PU3MOJIO-
TMYECKOM YPOBHE CO3MAeT YCJIOBMS IS BbIXOAa U3
YCTOMUYMBEIX COCTOSIHMI, BO3MOXHOCTH OBICTPOIO
dopMHUpPOBAHUS HOBBIX KOHCTEIISIIMI HEWUPOHOB.
Ho emie 66apiiasg IacTUYHOCTh M pa3HooOpasue
MOXKET TIOCTUTAThCS 32 CYET MOBBIIICHMST TUIACTUYHO-
CTU, OTKPBITOCTU T€HOMaA, PETYJISILIMM €T0 DKCIIPECCUU.
HenaBHo ObL1a Moka3zaHa CBSI3b (DU3MOJIOTUYECKOTO
BO30YXI€HUSI C TIOBBIIIICHUEM JIEMETUIMPOBAHUS Te-
HoMa HelpoHoB runmnokamiia (Grassi et al., 2017).
BBeneHue xjaopuaa Kajausi, BbI3bIBAIOIIETO HECITCLIM -
¢uyeckoe MOBBIIICHNE JIEKTPUIECKOM aKTUBHOCTU
HENPOHOB, U3MEHMUJIO 3KCIIPECCUIO0 HECKOJIBKUX ThI-
Cg4 TeHOB, IPY 3TOM NMPUMeEPHO Yy 90% HabII01aJ10Ch
AKTUBHOE IeMETUINPOBaHUE, U TONbKO y 10% — 00-
patHbIN 3dPekT. HecKOMbKO TUTIOB BO30Y:KIAIOIINX
IJTyTaMaTHBIX PELIENTOPOB aKTUBUPYET MMYTU, BEAYILIUE
K MOBBIIIEHUIO SKCIIPECCUM YHUBEPCAJIBHOIO pelakK-
cepa rerepoxpomatnHa GADD45 n nemeTwinpoBa-
Huto (Sultan, Sweatt, 2013). YuutbiBasg BBICOKYIO
KOHCEpPBaTUBHOCTb 3TUX ITyTel 1 (popMUpOBaHUE TTy-
TaMaTHBIX PEeLENTOPOB Ha paHHUX 3Tarax 3BOJIIOLNU,
MOXHO MPEINOJIOXUTh, YTO pUCKOBAHHBIN BHIOOD B
I0JIb3Y BO30YXHAIOIINX IIyTaMaTHEIX PEleIITOPOB
OBIJT CBSI3aH C BO3MOXHOCTBIO “TIepeTpsIXnBaTh”’ HE
TOJIBKO YCTOHYUBBIE (DyHKIIMOHAJIbHBIE aHCaMOIU
KJIETOK, HO M MX TPAHCKPUIITOMBI, co30aBasi 6a3y IIs
BBICOKOI IUTACTUYHOCTHU U IIOMCKA HOBOTO.

ITouemy Takoi1 BEIOOP MOXHO Ha3BaTh PUCKOBAH-
HeIM? Ilpm BO30OYyXIeHMM HeWpoHa aKTUBUPYETCS
MeTabOoJIM3M, TTOBBILIAETCS BBHIOPOC CBOOOMHBIX pa-
JIVKAJIOB, IIOTEHIIMAJIbHBIX MYTareHOB. A eClIyd Ipu
9TOM eIlle ¥ CHMXKAETCs 3allMIIEHHOCTbh TeHOMa 3a
CYeT NeKOHASHCAHIIMU XpOMaTHHA U JeMETUJIMPOBa-
Hus JIHK, To puck mpuobpeTeHUsT MyTalinii BO3pac-
TaeT. DKCAUTOTOKCMYHOCTh IIyTamaTa (IaTOJIOTUU
HEPBHOM CUCTEMBbI, CBSI3aHHBIC C U30BITOYHOI aKTH-
BalMeil BO30Y:KIAIOIINX INIyTaMaTHBIX PELICITOPOB)
JIaBHO M3BEeCTHA Ha (pM3MOJIOTMYECKOM YPOBHE, il
MOCBSIIIIEHO KOJIOCCATbHOE YMCIO HEBPOJIOTUYECKUX
ncciaenoBaHuii. CBsI3b ¢ HAKOIICHUEM MyTaLl1ii ITOKa
MeHblIe u3ydeHa. OmHaKO BBIIAIONIASICS IO CpaBHE-
HUIO C APYTMMM KJIETKaAMU CIIOCOOHOCTb KOPKOBBIX
HEMPOHOB MO3BOHOYHLIX (HAMOMHIO, 4To 50—80% 13
HUX [JIyTamMaTepruyeckue), HakKaruiuBaTh MyTalldud
MoKa3aHa ye B psiic paboT U He BbI3bIBAET COMHE-
Huii (Evrony et al., 2012; Hazen et al., 2016; Wu et al.,
2021). bonee Toro, akTUBHOCTb T€HOB, CBSI3aHHBIX C
peryasuueit HeiipoHaJIbHOTo BO30YKIeHMsI, 00OpaTHO
KOpPEIUPYET C MPOAOKUTEIBHOCTBIO XKU3HU Y Ye-
JoBeka u Hematonasl (Zullo et al., 2019). bruio BeicKa-
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3aHO MPEANOJI0XEHNE, YTO MMEHHO HAKOIUICHUE MY-
TallMii U1 X KOCBEHHBIN “TioacyeTr” JIEKUT B OCHOBE
STOr0 OTPMILIATEJIBHOIO BIMSHUS BO30OYXICHUS Ha
pomo/KUTeIbHOCTD >ku3HM (Dyakonova et al., 2020).

Hraxk, yBenuueHue yncia HEpOHOB U UCIOIb30-
BaHUE MPEUMYILIECTBEHHO IJTyTaMaTa B Ka4eCTBE pe-
TyJISITOpa KakK BO30YyIMMOCTH HEHPOHOB, TaK U Ae-
METHJIOBAaHMWSI UX T€HOMa MOIJIO CIOCOOCTBOBATH
MOBBIIIIEHUIO Y BBIYUCIUTEBHON MOIITHOCTH, U TIja-
CTUYHOCTHU HEpPBHOI1 cucTeMHl. [1naToit oka3ajcs mo-
BBIIIEHHBII PUCK HAKOIUICHUS MyTauuii. [IpoTuBo-
JIEMICTBOBATh 3TOMY HeOJIaronpusITHOMY (aKkTopy, B
CBOIO ouepedb, MOXHO YBEJIMYMBAsI M30BITOYHOCTh
KJIETOK, TOBBIIIAS “KOIMUITHOCTL” TeHOMA. YBeJInJe-
HUE 4YuCia HEMPOHOB MOXKET CIYXKUTh HE TOJBKO
YCJIOKHEHMIO CUCTEMBI, HO 1 €€ 3alllUTe IIPU CIIydaii-
HOM MyTareHe3e. Mcrionb3oBaHHMe BO30YXKIarolieit
IyTaMaTHON CHUTHAJM3allMM TOTda MOIJIO TaKKe
MOICTETHYTh OBICTPOE YBEJIMUYCHUE pa3MEpPOB MO3Ta B
SBOJIIOLIMU TTO3BOHOYHBIX. CXOOHBIE PACCYXICHUS,
elle 6e3 KOHKPETHOU aTpuOyIUY K IIyTaMaTy U €ro
BJIMSIHUIO Ha T€HOM, OBLIM BBICKa3aHEI B paboTe O
BO3MOXHOIT 3BOIIOIIUM MO3Ta B YCITIOBUSX MH(GOpMAa-
LIMOHHOM TIaThl 32 KOTHUTUBHBIN ycniex (KpyimH-
ckuii, 2014).

KAKHME YHACTKHW TEHOMA
1 KAK OITPEAEJIWIIN OTIINYUNA
MO3TA YEJIOBEKA

Bormpoc, 1aBHO MHTEpeCOBaBIIMI HE TOJbKO 3BO-
JIIOLIMOHHBIX HEUpOOMOJIOTOoB, HO Tropa3go Ooiee
IIPOKME CJIOU YeTOBEUYECKOM ITOITYJISILINK: UTO AejIa-
€T MO3T YeJI0BeKa YeJIOBEYECKIM, OTJIMYHBIM OT APY-
rMX MNO03BOHOYHBIX. CpaBHUTENbHAsT TEHOMHUKA U
TpaHCKpUIITOMHKA nociienHux jet (2018 —2021) Tak-
K€ TTO3BOJINJIN COBEPIINThH 3HAYUTEIbHBIC OTKPBITUS
B oTOIt obnactTu. HauHeM ¢ Toro, 4To MOUCK peryisi-
TOPHBIX (PYHKIIMI y9aCTKOB T'eHOMa, CIIeIM(pUIHBIX
IJIST 4eloBeKa U 00J1amalolInX BhICOKOM CKOPOCTBIO
9BOJIIOLIVU, TPUBEJ K 0XX1IaeMOMY pe3ybTaTy — Mo-
JaBJIsIIoNIee OOJIBIIMHCTBO M3 HUX PETYIUPYIOT pas3-
BuUTHE HepBHOI cucteMbl (Girskis et al., 2021). Dtu
JaHHbIE MO3BOJISIIOT ceaTh JOBOJbHO BaXKHbIi BbI-
BOI: UMEHHO U3MEHEHMsI B HEPBHOM CUCTEMeE Cleia-
JIM 4yejoBeKa 4eaoBeKoM. O4eBUIHO, YTO MOHMMA-
HUE KOHKPETHOM pOJIM pa3HbIX OTIEJIOB TeHOMa,
CBSI3aHHBIX C PEryJISIIUeil pa3BUTUSI HEPBHOIM CHUCTeE-
MBI, TIpUIeT HaMHOTO TTo3:xe. [loka yganoch HEeMHOTo
pa3o0dparhcs ¢ TeEM, ITOYeMy B OHTOT€He3€ KOPhI TOJIOB-
HOT'O MO3ra 4eJIoBeKa I10JIydaeTcsl OOJIbllle HEMPOHOB,
YeM y IpYIuX MO3BOHOUYHBIX, M KaKue (haKTOphI OIpe-
JIEJISIIOT OTJINYHYS B (DOPMUPOBAHUM TTPe(POHTATIBHOM
KOpHBI 4ejloBeKa, 06J1acTu Mo3ra ¢ Haubosee ObICT-
PBIM 3BOJIIOLIMOHHBIM Pa3BUTUEM.

IToka3aHo, YTO OTHUM M3 MEXaHU3MOB yBeJIMYe-
HUS yucia HepOHOB OKa3bIBaeTCsl 3aMelJIeHUE Te-
pexona HeMpOHAIbHBIX IIPOTEHUTOPHBIX KJIETOK K
muddepeHIUPOBKE, TO3BOJISIONIEe MM COBEpIIaTh
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JIOTIOJTHUTEIbHBIE 1IUKJIBI MUTO3a nepen nuddepeH-
uuposkoit (Fiddles et al., 2018). YBenuueHue miomia-
I KOPHI TOJIOBHOTO MO3ra COBpPEMEHHOTO YeI0BeKa
MOIJIO OBITh OOECIeYeHO YaCTUYHOM MyIUIMKAalIueid
reHa nofch2, CyliecTBYIOIIETO y APYTUMX IPUMATOB.
Drta ApeBHsIs HENOJHAas OyIUIMKALIUS C U3MEHEHUEM
MOCJICIOBATEIbHOCTA T'eHa MNpHUBEIa K IIOSBICHUIO
reHa notch2nl, IPpOIYKT KOTOPOTO BJIMSIET HA pa3BU-
THE HEWPOHAILHBIX MPOreHUTOPHBIX KJIIETOK KOPBI.
DTOT reH IpeTepIre elle ABe TyIUIMKAIIM, U COBpe-
MEHHBIN YeJIOBEK B pe3yJibTaTe UMEET TPU KOITUU ITO-
ro reHa. Pe3yibTar B ouepenHoii pa3 IoaTBepaI pojib
IYIUIMKALMI B 3BOJIIOINUM MO3BOHOUYHBIX (Bayramov
et al., 2021). IloBbIIeHNe 3KCcIpeccuu notchZnl Beger
K 3aMeajicHrIo TuddepeHIUPOBKU ITPOreHUTOPHBIX
KJIETOK 1 YBEJIMYCHMIO YKClIa HEIPOHOB, KaK ITOKa-
3aHO B 3KCIIEpPUMEHTaX Ha KyJIbTYpe KJIETOK U MO3TO-
Boix opraHouaax (Fiddles et al., 2018). MHTepecHoO,
YTO 3Ta 00JaCTh FTeHOMa OTJIMYAETCSI HECTaOMIbHO-
CTBbIO M Y COBPEMEHHBIX JIIOJeii, BCTpEUYaroTCsI reHO-
MBI C UUCJIOM KOIUii notch2nl nBe 1 4eThipe, B IEPBOM
cyyae pa3BUBaeTCs MUKpoledaius, BO BTOPOM —
makpouedanus (Fiddles et al., 2018). EcTb emie onnH
ICH, CYIIECTBEHHO M3MEHMBIIMI KJIETOYHBII IIaT-
TEpH U YPOBEHb 3KCIIPECCUU 3a CUET M3MEHEHUI B
MOCJIeIOBATEAbHOCTH PETYISITOPHBIX y4aCTKOB IreHO-
Ma, CIeHU(UUHBIX IS 4YejoBeKa. DTO T'eH Oenka
PPP1R17, BhI3BIBalOLIETO 3aMedjieHUE KJIETOYHOIO
LIMKJIa HeHipOHAJIbHBIX ITPEAIIeCTBEHHUKOB, Ha0II0-
JlacMO€ B OHTOIcHe3¢ IPUMATOB U B ellle OOIbIICi
CTEIIEHU YeJIOBeKa, CYLIECTBEHHO M3MEHMJI KJIIeTOY-
HBI MaTTepH U YPOBEHb 3KCIIPECCUM Y UeioBeKa 3a
CUET U3MEHEHMI1 B IIOCIEIOBATEILHOCTH PETYINPY-
IOIIMX YYaCTKOB reHoMa, CIieIM(pUYHBIX IS YEJIOBEe-
Ka (Girskis et al., 2021).

HenaBHUM OTKpBITHEM CTajla TaKXkKe I€MOHCTpaLIMS
aKcnpeccun cepotoHrMHoBoro penentopa HTR2A 6a-
3aJIbHBIMU TIPEIIIECTBEHHUKAMU HEWPOHOB paau-
aJIbHOM MMM y YesoBeKa KakK OIHOro u3 (pakTopoB
3aMenieHus nuddepeHIMPOoBKM 0a3albHBIX Ipe-
IIECTBEHHUKOB W YyBEJMYEHHUS] Yucja HEWpPOHOB
(Xing et al., 2020). OmHaKO 3TH pa3aIndnsI OIpPeaeI-
JI OTJINYME He TOJBKO YeJI0BeKa, HO U APYTUX MTO3BO-
HOYHBIX, 00J1a1al0IMX BIPaK€HHOM CKJIaA4aTOCThIO
KODBI 110 CPaBHEHUIO C TEMU, Y KOTOPBIX Kopa 0oJiee
riaaakasi (4To oTpaxaeT MeHbIlIee YUCI0 HEITPOHOB U
MEHbIIYIO TUIOLIAAb KOPbl). DKCIpeccusl 3TOro pe-
LIETITOpa OINpeAeisieT 3aBUCUMOCTb YK CJIa HEUPOHOB
OT KOHILIEHTpAallMM CEpOTOHUHA B OHTOreHe3e, U
y4yacTByeT B MexaHu3Me (POpMUPOBAHUS KOHTEKCT-
3aBUCHUMbIX UHAUBUAYAJbHBIX PA3TIUYMA.

I'poMKkuM mociaenHUM COOBITMEM B 3TOI O0JIACTH,
MOXKHO CUUTaTh JABE CTaTbU, BBHIIIEAIINE B OKTSIOpPE B
Nature (Shibata et al., 2021a, 2021b), coobmuBIINEe 00
OIpEeAeIISTIONIeM YIYaCTUM PETUHOEBOM KMCIIOTHI (IIpO-
W3BOMHOIO BUTAaMUHA A) B HelporeHese npedpoH-
tasibHOi1 Kophbl (ITMPK) yestoBeka. ABTOpbI 3aHUMAIUCH
IMOMCKOM 3BOIIOLMOHHBIX MEXaHU3MOB PaCIIMpPEHUS
I1®DK u ee cBs3eil ¢ MEAUO-TOPCATILHBIM TAJIAMYCOM Y
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npuMaToB U denoBeka. Cuuraercs, yro [1PK orse-
YyaeT 3a MO3HABaTEJIbHYIO JeITeIbHOCTh, KOTHUTUB-
HYIO IUIACTUYHOCTb, CAMOKOHTpPOJIb, pabouyio ma-
MSITh, COLIMAJIbHBIE B3auMoneiicTusi. Mopdoaoru-
yeckuMu Mapkepamu ITDPK mpumMaToB M yesioBEKa
SIBJISICTCS JIaTepajlbHOE pacllMpeHre U yBeJIUYeHUE
YeTBEPTOro 3epHUCTOro (rpaHyisspHoro) cios. OH-
TOT€HETUYECKUE MEXaHM3MBI, OIpeAc/ISIolIne 3TU
OCOOEHHOCTU OCTaBaJIMCh OO IIOCIASHHETO BPEMEHU
HEU3BECTHBIMH.

HUcnonb3yss npaHHble cekBeHupoBaHusi PHK
BrainSpan demnoBeka (RNA-seq), aBTOpbl IIpoBeIU
CKPUHUMHT T€HOB, KOTopble nuddepeHInaIbHO aK-
TUBUPYIOTCS B CpenHeit yacTu JOOHOI 10U TI10[a Ha
16—22 wHen. mocne 3ayatust. MccnenoBaHHble 0bJa-
CTU BKJIIOYAJIW 4YEThIpe IIpeAriojiaraéMblXx 00JIacTH
I[NPK (MemmnanbHasi, opOoUTaabHAsI, JOpPCoIaTepaab-
Hasl, BEHTpoJiaTepaJibHasl) U NMEPBUYHYIO MOTOPHYIO
KOpYy. DKCIpPECCUs TEHOB B 3TUX JOOHBIX 00JaCTSIX
CpaBHUBaJIaCh C 0OJACTIMU TEMEHHOI (TepBUYHAs
ceHcopHast kKopa, S1C; HMKHSS TeMEHHas Kopa,
IPC), 3arbulouHOl (MepBUYHAasl 3pUTEIbHaAsl Kopa,
V1C) 1 BUCOYHBIX Aojeil (IIepBUYHASI CIIyXOBasi KO-
pa, A1C). Ananu3 rennoit onrojoruu (GO) reHos,
nuddepeHIMaTIbHO aKTUBUPOBAHHBIX BO (DPOHTATb-
HBIX 00JIACTSIX, BBISIBWI ClEAylOllue KaTeropuu re-
HOB: “YyBCTBUTEJIbHBIE K PETHMHOEBOM KHUCIIOTE”,
“cBsi3aHHBIE ¢ 00pa30BaHMEM CMHAIICOB” 1 “OTBeyYa-
IolIMe 32 pa3BUTUE aKCOHOB”. Mcnonb3yss UMMYHO-
¢depmenTHoiii aHamm3 (ELISA), aBTOphl oLeHWIN
KOHILIEHTpalMI0 PETUHOEBOI KUCJIOTHI B pa3BUBaIO-
1eMcsl Mo3re, 1 OOHApPYXWIM BbIpaxKeHHbIN Ipaau-
€HT B TMepenHe-3aJHeM HallpaBJIeHUN ¢ MaKCUMaJslb-
HBbIMU 3HAYEHUSIMU B JIOOHBIX OTIEIaX. DKCIpeccust
(¢epMEeHTOB CHHTE3a PETUHOEBON KHUCJIOThI ObLia
TakxXe BblllIe B JIOOHBIX OTAEaX, U 3HAYUMO OT/IMva-
Jlach y TIpMMAaToB (YeJI0BEK 1 MaKaKa) OT YPOBHSI 9KC-
MPECCUM B JIOOHBIX OTHeJlaX TPbI3YHOB (MBbIIIEH).
KoHlieHTpaliys peTHHOEBO KUCIOThI PETYIUPYETCS
takxke ¢pepmenToM CYP26B1, kaTaboau3upyonmnm
PETUHOEBYIO KUCJIOTY U TeM CaMbIM OIpaHUYMBalO-
IIUM €€ CUTHAJIM3ALIMI0. DKCIpeccusi 3Toro hepMeH-
Ta, HAIPOTUB, BHIIIE B KayJaJlbHBIX OOJACTSIX IIO
CpaBHEHUIO C TIpedPOHTATbHBIMU, YTO TAKKE MOXKET
CITY>XKUTb (DOPMUPOBAHUIO TIepeNHe-3aJHErO Ipaiu-
€HTa pETUHOEBOU KUCJIOTHI. JIakTO3a-3aBUCUMOE HO-
KayTMpOBaHUE COOTBETCTBYIOIIETO T'eHa B TepuHa-
TaJIbHOM JTOOHOII KOope y MbllIel MPUBEIo K POCTY
KOHILIEHTpallMX PETUHOEBOM KMCJIOThI, YMEPEHHOMY
YBEJIMUCHUIO MEPEAHUX OTAEIOB, IMTOBLIILIEHHON 9KC-
MPEeCCUU TreHa rorb, XapakKTepHOTro Uil YeTBEPTOTO
rpanyiasipHoro ciaos INPK aHTpormougHbIX MpUMa-
TOB, HO DKCIIPECCUPYIOLIETOCS B HOPME y MblllIeit, 1
paclIMPeHUI0 MeAUaTbHON TanaMOKOPTUKaIbHOM
VHHEpBaLIUH.

brut0 M3ydyeHO pa3sBUTHE MO3Ta Y MbIIIEI TIMHUY,
Hecyuiei neneunio reda pepmenta CYP26B1, yuact-
BYIOILIETO B JIieTpagallii peTUHOEBOM KMCIOTEL. OKa-
3aJ10Ch, UTO CUTHAJIbHBIM KacKajll peTUHOEBOI KHC-

JoThl (pabortaroimii yepe3 peuentopbl RXRG m
RARB) HeoO6xonuM 111 KOPpEKTHOM npeapa3MeTKu
npedpOHTAUTEHOU M MOTOPHOW oOJacTeit Mosra, a
TaKkKe Wit popmupoBaHus cBsi3u Mmexny ITPK u me-
IMOI0pCabHBIM TaJaMyCOM. DTU JaHHbIE BIIEPBbIE
CBHUCTEIBCTBYIOT O TOM, YTO KacKaj PeTUHOEBOM
KHMCJIOTBI UTPaeT KPUTHMYECKYIO POJIb B Pa3BUTUU
I1PK u B ee pacliMpeHUU B XOJI€ DBOJIIOLIUU T'OJIOB-
HOT'O MO3ra ITO3BOHOYHBIX.

HMHTepecHO, YTO TpamgMeHT KOHIIEHTPAIIUKU PEeTH-
HOEBOM KHMCJIOTHI CXOIEH C TPaIMeHTOM IIOTHOCTH
JIEHIPUTHBIX ITUTTMKOB, KOTOPAas TakKe YMEHbBIIaeT-
csl B MepeaHe-3aIHEM HalpaBJIeHUU, U OCOOEHHO BbI-
COKa B TIpe(PpOHTATLHOI KOope YelloBeKa I0 CpaBHe-
HUIO C APYTUMU MiieKonuTamoluMu. CpaBHUB TpaH-
CKPHUITOMBI YeJIOBEKa U MaKakKyd Ha CTallM CPEIHETO
TIONa, COBIAmaloNIeii ¢ HaYaJloM CMHANTOIeHe3a, aB-
TOPBI OOHAPYKWIJIN TOCTOBEPHOE YBEIMUEHME DKCITPEC-
cuu uepedennuna 2 (CBLNZ2), HeiipekcuHa (NRXN) u
OeTKa-CHHANTUYEeCKOTO OPraHM3aTopa, CBSI3aHHOTO C
GRID/GluD-peuentopom miyramata (Shibata et al.,
2021b). BunoBbie pa3nuuusi B YypoBHE 3KCIIPECCUU U
pacripeneJieHUd B Kope Iiepebe/uTnHa, 1o KpaitHeit
Mepe YacTUYHO, OKa3aJaucCh OOYCIOBIEHHBIMU Neje-
LIMSIMU, CONEpKallMMU CalThl CBsA3bIBaHUSI SOXS B
SHXaHcepe chln2, pearnpylolieM Ha peTUHOEBYIO KIC-
Jgoty. “I'eHeTnyeckoe odeloBeYMBaHME” 3HXaHCEpa
MBILLIMHOTO chln2 in situ (T.e. €ro 3aMeHa Ha 4yeJioBeue-
CKMIi) BBI3BIBAET MOBBIIICHHYIO 3KCIpeccuto chin2 u
CITOCOOCTBYET 00pa30BaHUIO JEHAPUTHBIX IIIUITUKOB
B [TOK.

Takum 06pa3oM, BBISICHUIIOCH, YTO UBMEHEHUE HE
TOJIBKO KOHIIEHTPAllMK PETUMHOEBOM KMCIOThI, HO U
YyBCTBUTEJBHOCTU K Hell sHXaHcepa liepedesiiHa,
MOXET OTBeuarh 3a creurduuHoe pazsutue [TOK
yeJloBeKa U BbIPAXKEHHbINM MepeaHe-3adHuid rpaau-
€HT IUIOTHOCTH IEHAPUTHBIX IIUTNTUMKOB. Bornpoc xe o
MpUYMHAX PA3IMYUiA B KOHLIEHTPALUU U paclipeae-
JIEHUW PETUHOEBOU KMCJIOTHI ¥ TIPUMATOB OCTaeTCsl
OTKPBITHIM.

KO-TPAHCMHUCCHUA — ITPABHUIIO
NI NCKIIOYEHUE?

Ellie omHUM XOpOIIIUM MPUMEPOM BO3BpAaILICHUS K
CcTapbIM BOIIpOCaM Ha HOBOM YPOBHE Pa3BUTHS Hay-
K1 SBIISIeTcsT paboTa, OIyOJMKOBAaHHAs KypPHAJIOM
Frontiers in Molecular Neuroscience B peBpaie 2021 1.
(Brunet, Sprecher, 2021). CtaTbsl HOJTHOCTBIO JIHIIIE-
Ha 3KCHEePUMEHTAIbHOI COCTaBJISIONIEH, OHA BBIIOJI-
HeHa Ha OCHOBE JaHHbIX, OMYOJIMKOBAaHHBIX IPYTUMU
HCCeIoBaTeIsIMU. brIcTpo HabMpalolee CKOPOCTh Ce-
KBEHUPOBAaHNE TPAHCKPUIITOMOB €IMHMYHBIX KJIE-
TOK MPHUBEJIO K TOMY, YTO B CBOOOTHOM JOCTYIIE HAX0-
JISITCSl TaHHBIE O IOHEHMPOHHO OTCEKBEHMPOBAaHHBIM
HEPBHBIM CHCTEMaM YK€ MHOTMX BHUIOB >KMBOTHBIX.
OTHUMU TaHHBIMU BOCIIOIb30BAJIMCh IIBEMIIAPCKUE UC-
clieqoBaTe/M, YTOOBI OKOHYATEIBLHO pa3o0paThbes C
TeM, KaK 4acTO B HEPBHOM CHCTEMe HaOII0OaeTCs KO-
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TpaHcMHUCCHS (MCIONIB30BaHNE OMHUM HEMPOHOM He-
CKOJIBKMX HEUpPOTPaHCMUTTEPOB) Ha IIMPOKON 3BO-
JIOLMOHHOM mKkajie. KpomMe Toro, Ha HEKOTOPBIX BU-
IaX WM YyOajaoCh IIPOBEPUTh, MOXET JMU B XOIe
OHTOreHe3a U3MEHSIThCS YMCI0 HEMPOHOB C KOJIOKa-
JIM3almeit HeCKOJIbKMX HEMPOTpaHCMUTTEPOB. bhuin
HMICIOJIb30BaHbI JaHHBIE IO TPAHCKPUIITOMaM HEMpO-
HOB runpsl (Hydra vulgaris), TOJIOBHOTO raHIJIMS IJ1a-
Hapuu (Schmidtea mediterranea), HEpBHOII CUCTEMBbI
Hemartonsl (Caenorhabditis elegance), TOJIOBHOTO MO3-
ra JMYMHKU U B3pociioit myxu (Drosophila melanogas-
ter), TOJIOBHOT'O MO3Ta MpeACTaBUTEsI TYHUKAT (HUA3-
1€ XOPAOBBIE, C MOABVKHON JTUIMHKON U CUISTINM
00pa3oM KM3HU Y B3pOCIBIX ocobeit) acuumun (Cio-
na intestinalis), KocTucToii pbiobl (Darnio rerio), KOHEY-
HOTO Mo3ra pentwiuii (depenaxu Trachemys scripta
sepulibl  Pogona vitticeps) M, HaKOHEll, T'OJJOBHOTO
MO3Ta IIPEACTABUTENISI MJICKOIUTAIOIINX Mbiu (Mus
musculus). 3ydanu ciy9and KOJIOKAJIM3AaLMKM TOJIBKO
KJIaCCUYECKMX HEMPOTPaHCMUTTEPOB (IIyTamart, alie-
TuaxoanH, TAMK, mIMLyH, MOHOAMMHBI), UCITOJIB3YsI
Haymuure B TpaHcKpuIiromax HelipoHoB MPHK renos —
MapKepoB OIIPeNeICHHOIO TPaHCMUTTEPHOIo (heHO-
tura. [IpoayKThl 3TUX TeHOB-MapKepOB, KaK IIPaBUIIO,
OTBEYAIOT 3a CUHTE3 M/WJIN BE3UKY/ISIPHBIN IIEPEHOC
COOTBETCTBYIOIIIMX CUTHAJIbHBIX MOJICKYJI.

YacTo Ko-TpaHCMUCCUIO paccMaTpUBAIOT KaK Ha-
pyuieHue npuHimna eiina, chopmMyarMpoBaHHOIO B
MSATUIECSIThIE TOJbI MPOILIOro Beka. Torma oHo nMmeso
3HaYeHUe, CXOIHOE 10 3HAYMMOCTU C BbIBOIOM Pamo-
Ha Kaxang o TOM, HEpBHas CUCTEMA — OTO HE CUHLIN-
TUI, a COBOKYITHOCTb OTAEJbHBIX HEPBHBIX KJIETOK.
IMpunuun Jeitna ycunuBai ripeAacTaBieHUE O HE3aBU -
CUMOI1 CYIIIHOCTU HeipoHa. OgHaKoO y caMoro MpuH-
1una Jeiisia cyiecTByeT 1Ba pa3HbIX mpouteHus. Co-
IJIACHO YIPOIIEHHOMY BapMaHTy 3TOTO TPUHIIMIIA,
OVH HCI‘/JIpOH MOXET WUCIIOJIb30BaThb TOJIBKO OIWH
HEUPOTPaHCMUTTEDP, KOTOPBI CEKPETUPYETCSI BCEMU
ero okoHuyaHussMu. YacTb uccienoBateyneili MHTEP-
MPETUPYET OBTOT IPUHLMUII MHa4de: Habop Heupo-
TPAaHCMUTTEPOB [IJISI BCEX CEKPETUPYIOLIUX 00J1acTei
OIHOTrO HelipoHa MocTosiHeH. O TOM, YTO MPUHIIUT
Heiina B ynpolleHHOM BapuaHTe HapylllaeTcs, ObLIO
M3BECTHO NaBHO. CylIeCcTBYIOT MPUMEPHI KOJTOKaIN-
3allMU KJIaCCUYECKUX HEHPOTPAHCMUTTEPOB C HEMPO-
NnernTnaamMu, FaSOOGPaBHbIMI/I CUTHAJIbHBIMU MOJIEKY-
JIaMU 1 y TIepBUYHO-, U Y BTOPUYHOPOTHIX JKUBOTHBIX.
DyHKIMOHAIBHOE 3HAYeHWE TAKOW KOJOKATU3alNMN
TaKzKe U3yJyajioch ¥ oocyxkaainock. Ho BoT To, HACKOJIb-
KO 3TO SIBJIEHUE XapaKTepHO ISl KJTACCMYECKUX Heli-
pPOTPAHCMUTTEPOB, OCTABAJIIOCH HE COBCEM SICHBIM.
KO—TpaHCMI/ICCI/IH— OTO 3K30THKa WJIN IIpaBUJIO AJId
HEPBHOU CUCTEMBI?

CTOpPOHHUMKN XUMMWYECKOM OpraHM3aliyd MO3ra
paccMaTpUBalIv KOJOKAJM3ALUI0 HEAPOTPAHCMUT-
TEepOB, CKOpee, KaK UCKITIoUeHre u3 npasuia. [1pen-
MoJIarajoch, YTO OHA JIMOO HY>KHA B PEIKUX CIIydyasix
JJIs1 CTIELMANIbHBIX 1IeJieii, 100 OoTpaxaeT ciaydaitHoe
“HemodopMupoBaHre” TPAHCMUTTEPHON crien@a-
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HOCTH. DTa TOYKa 3pEHUS BIIOJHE MOHSTHA, €CIU UC-
XOIUTb U3 TOTO, YTO pa3Hble HEUPOTPAHCMUTTEPbI
MMeEIOT pa3Hble QYHKIIMU, HECYT Pa3HYIO CMBICJIOBYIO
Harpy3ky. B aTom ciiydyae Kojokajiu3aiuys He MOXET
OBITH MPaBUJIOM J1JI1 HEPBHOI CUCTEMBI.

HTax, 4T0 ke BBISICHWIOCH G1arogapst KIeTOYHOMI
TpaHckpurnromuke? IlepedncinM KOpPOTKO OCHOB-
HEBIC pe3yJIbTaThl 3TOil paOOTEHL.

BonbIMHCTBO HEMPOHOB y BCEX UCCIIETOBAHHBIX
BUIOB BKCITPECCUPYET MapKephl TOJIBKO OTHOTO Heli-
pOTpaHCMUTTEpPA.

HeiipoTpaHcMuUTTEpHBIA NpodUib HEPBHOI CU-
CTEMBI CYIIECTBEHHO OTJIWYAETCS Y PA3HBIX BUIOB.
Hanpumep, y ruapbl KjiaccuueckKue HeWpoTpaHc-
MUTTEPHI MpeAcTaBiAeHbl alueTuixoanHoM u TAMK;
Y PENITWINI OCHOBHBIM HEMPOTPAHCMUTTEPOM SIBITSI-
eTcd TiyTamart, W, B MeHblnei crerieHn, TAMK; y
MBIIIE 3TO COOTHOIIIEHWE MEHSETCSI Ha OoOpaTHOE
(FTAMK 1peo0Oitagaet HaJI IIyTaMaToM), M K TOMY Xe
CYILIECTBEHHO BO3PACTACT HOJS MOHOAMWHEPTrUYe-
CKWX HEPBHBIX KJIETOK.

J1st Bcex MCcaenoBaHHBIX BUIOB KOJIOKAJIM3AIIUs
KJIACCUYECKUX HEMPOTPAHCMUTTEPOB HEU3MEHHO BbI-
siBIIsteTcst mpuMepHo y 10—25% wHelipoHoB. [1pu aTOM B
50% cay4aes (1 60JIbIlIe) MUHOPHBIE HEMPOTPAHCMUT-
TepHbIe (heHOTUTIBI (00JIee peaKre) MOTYT OBbITh ITPe/I-
CTaBJICHBI HEMPOHAMM, CUHTE3UPYIOIIUMU €Ille OIUH
WIN JaXe HEeCKOJIbKO KJIAaCCUYECKMX HEeHpOTpaHC-
MUTTEPOB.

3aBUCHUMOCTD YaCTOTHI KOJIOKa/IM3alunuu OT (1)I/UIO—
IF€HECTUYECKOI'O paCCTOAHNA MEXIY OpraHnu3MaMuM HE
BbBIAABJICHA.

B oHTOreHese 4uciao MyJbTUTPAHCMUTTEPHBIX
HEUpPOHOB MOXET MeHsIThcsI. HanmpuMep, B HEpBHOM
cUCTeMe B3POCJbIX Ip0o30(ui 3HAUMMO CHUXKAETCS
JIOJISI MYJIBTUTPAHCMUTTEPHBIX KIIETOK TI0 CpaBHE-
HUIO C HEPBHOI cUcTeMOl IMYMHKU. C IpyToii CTO-
POHBI, Y CTapbIX MBILIEH OHA CYLLIECTBEHHO HE MEHSI-
€TCsI 10 CPABHEHUIO C MOJIOABIMU.

KnacrepHbIit aHaNmM3 TPaHCKPUIITOMOB OTHEITb-
HbIX HelipoHOoB (MeTogoM Uniform manifold approx-
imation and projection, UMAP) He BbIESIET KIETKA
¢ KOJIOKaJIM3aluneil HelipoTpaHCMUTTEPOB B OTAEITb-
HbIE TPYMIIBI, KaK MPaBUJIO, OHU BXOOST B KIaCTEPhI
HEWPOHOB, CEKPETUPYIOLIUX OAUH U3 KO-TPAHCMUT-
TepoB. C Ipyroit CTOPOHBI, HE Y BCEX BUIOB ITPOSTBIISI-
eTcsd M 4YeTKas KJlacTepu3aliisi MOHOTPAHCMUTTEP-
HBIX KJIETOK.

Takmm o6pa3om, 0Ka3anoch, YTO C OTHOM CTOPO-
HbI, 0OJIBIIMHCTBO HEMPOHOB Y BCEX UCCICAOBAHHBIX
BUIOB HUCIIOJIb3yeT TOJIBKO ONWH KJIACCUYECKMI Heli-
POTPAHCMUTTEP, a HEMPOHBI C KO-TPAaHCMUCCUEN
MPUHAIJIEXKUT K KJIacTepaM HelipOHOB, BEIpadaThIBa-
IOIMX OIWH U3 KO-TPAaHCMUTTEPOB, YTO COIIACYETCS
CKOpee CO CIydyallHBbIM MOSIBICHHEM 3THX KJIETOK.
VYMeHbllIeHUe O0JM KOJOoKalu3aluid Ipu Iepexonae
OT JIMYMHOYHOTO K B3POCIOMY MO3TY TaK:Ke COIIacy-
€TCs C MPEACTABJICHUSIMU O KO-TPAHCMUCCHUU KJ1ac-
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CHMYECKMX MEONATOPOB KaK O CIIydaiilHOM Hemodop-
MUPOBAaHUM TpaHCMUTTEepHOIt crneuududHoctu. C
JIPYroil CTOPOHBI, OOJISI HEMPOHOB C KOJIOKAJIM3aly-
€l BCe-TakKM BeJIMKa IS CIIy4YalHOM, M 0Ka3aJloCh,
yT0 gaxe 30% Takux HEPOHOB y IMUYUHKH IPO30(hu-
JIBI HEe MelllaeT paboTe HEPBHOI CUCTEMBI.

B 3aximroueHune moaBeaeM OCHOBHBIE UTOTH 3TOTO
HACKILLIEHHOTO HOBBIMU pe3ybTaTaMU U UAESIMU TO-
Ia 3BOJIIOIIMOHHOM Hewpoobmosorun. HelipoHBI ¢
OOJIBIIIOIT BEPOSITHOCTBIO MOSIBISUIMCH B 3BOJIIOLUN
HeCKoJIbKO pa3. HeoOxoanMoit mpeaganTauymeil K ux
MOSIBJICHUIO OBLIIO HAIMYKME PA3BUTOM CUCTEMBI MEX-
KJIETOYHOIM XMMMWYECKOI CUTHajaM3alluy, BKJIIOYaro-
et 3JIeMEHThI Be3UKY/ISIPHOM CEKPEIN, PeLeTOPhI
1 MeMOpaHHbIe KaHaJIbl, 00pa30BaHHbIC TAHHEKCHHA-
Mmu. TpaHCMHUTTEpHAsI T€TEPOreHHOCTh CEKPETUPYIO-
II1X KJIETOK 1 IIEPBBIX HEPBHBIX CUCTEM ObLIa HEO0XO0-
JIVMBIM YCJIOBMEM KOOPIMHAILIMMU IMOBEAEHUSI Opra-
HU3Ma HAa OCHOBE OOBEMHOW HECHMHANTHYECKOM
CeKpelMU TpaHCMUTTEpoB (volume transmission).
OTU IpeBHUE YEePThl COXPAaHWINCH 1 B HEPBHOM CHU-
CTEME COBPEMEHHBIX MJICKONUTAIOIINX, XapaKTepu-
3ylolIeiics OOJBIIMM pa3HOOOpa3reM XUMWYECKOMN
MEXHEUPOHAILHON cUrHajau3anuu. BoJbImHCTBO
HEMPOHOB y BCEX UCCJIETOBAHHBIX XKUBOTHBIX, TIPE/I-
CTaBUTEJCH TUMNOB KHUIAPUM, XOPIOBBIC, HACEKO-
MbI€, MOJUIIOCKM, aHHEJIMABI, MCIIOJb3yeT TOJIBKO
OIWH M3 KJIaCCUYECKUX HeMpOTpaHCMUTTEPOB. OI-
HAKO HEMPOHEHI C KO-TPAaHCMUCCHUEI TaKKe HEM3MEH-
HO BBISIBJISIIOTCSI Y BCEX MCCJIEIOBAHHBIX BUIOB U CO-
cTaBJISTIOT puMepHO 10—25% oT Bcex HeMpOHOB opra-
Hu3Ma. [Jyramar, Oynydu caMbIM pacIpoOCTpaHEHHBIM
KJIETOYHBIM METa0OJIMTOM, ITO-BHUAMMOMY, SIBJISIETCS
OIHMM M3 MEPBBIX CUTHAJIBLHBIX (DaKTOPOB ITOBPEXKIE-
HUS WY TMOeNM KieTku. i1 y3HaBaHUS 3TOTro OMO-
JIOTMYECKHN-3HAYMMOTO CHTHaja MOIJIM chOpPMUPO-
BaThCsl MEPBbIE IJTyTaMaTHbIe pelenTophl. ITpocToTa
Y HepreTudeckas aenieBru3Ha (OpMUpPOBAHUS TIIy-
TaMaTEpPruuyeCcKoil CUrHajJluM3aluuu, I[0-BUIMMOMY,
oIpeIennia NCIOJIb30BaHNE ITyTaMaTa Kak OCHOBHO-
ro TPaHCMUTTEpa IIpM OBICTPOM YBEJIMYECHUU 4YMCIIA
HEMPOHOB B 3BOIIOIIM MO3ra IO3BOHOYHBIX. JloHEepB-
Hble WIM HeKaHOHMYeCKHe (YHKIIMM HEUPOTpaHC-
MUTTEPOB MOIJIA OIIPEIE/INTh MX pa3HOOOpa3HbIe
¢GyHKIIMM B HEPBHOI cucTeMe. Tak, IpsMOe WIX OI0-
CcpedoBaHHOE BJIMSIHME BO30YXKOAIOLIMX PELENTOPOB
mIyTamarta Ha COCTOSIHUE XpOMaTHHA, IT0-BUINMOMY,
OBLIIO UCIIOJIb30BAHO JJIs [IOBLILLIEHUSI HE TOJIBKO (D1~
3UOJIOTUYECKOM, HO U TEHETUYECKOMN TIIaCTUYHOCTU
MO3Ta IT03BOHOYHEIX.

Cyns 1o TeMnam TeKyIIux ucciienoBanuii, 2022 r.
IIpUHECEeT He MeHee 3HAauyMMble M MHTEpPECHBIE pe-
3yJbTaThl B 00JIACTU 3BOJIOLIMOHHOI HEWPOOMOJIO-
ry. AHOHCHI HEKOTOPBIX M3 HUX yXKe IIPO3ByYail B
JIMIHBIX COOOIIIEHUSIX.
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In the very recent years, comparative studies, based on genome and transcriptome sequencing techniques,
have made great advances in evolutionary neuroscience. Several intriguing questions were addressed in these
investigations with combination of field observations, laboratoty experiments and genomics approaches. How
and when could the first neurons have appeared in animal evolution? What could the first nervous systems of
basal metazoans looked like, and what could have been adopted by the modern vertebrate brain from an an-
cient organization? Why has glutamate become a neurotransmitter, and why does glutamate excitatory sig-
nalization dominate in the mammalian brain now? How often does co-transmission occur in the neurons of
different metazoans? What are the genes that make us human and control development of the human brain?
This review considers recent insights in evolutionary neurobiology, which are associated with comparative
whole-genome and whole-transcriptome sequences studies on a large evolutionary scale.

Keywords: origin of neurons, neurotransmitters, glutamate, cotransmission, evolution of the nervous system,
somatic mutations of the neuron genome, glutamate receptors
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