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LN oLeHKN BANSHUS OHU3MPYIOLLETO U3MyYEHUsT HA 300POBbE HYEN0BEKA, & TAKKe HA COCTOAHME NPUPOLHbBIX
9KOCMCTEM B 30HAX MOBLILLIEHHOO PAANALIMIOHHOMO 3arpsA3HEHNST HEOOXOAMMbI YHUBEPCASIbHbIE METOAbI OMOWH-
Jukaumm n 6uoposnmetpun. Lienb 063opa — nogpobHOE OCBELLEHNE N3BECTHBIX SAEPHbIX aHOMaNNin coMmaTnye-
CKUMX KNETOK PassiyHbIX OPraHM3MOB Kak YHMBEPCa/bHbIX pagnocneumdunyecknx b1uomMmapkepoB. PaccMoTpeHsl
COBPEMEHHbIE 1 NCTOPUYECKUE, MHOCTPAHHbIE N OTEYECTBEHHbIE NINTEPATYPHbIE AAHHbIE, MOCBSLLEHHbIE U3YyYe-
HUIO S10EPHbBIX aHOMANIA, BO3HUKAIOLLMX B CBSA3U C BO3OENCTBMEM FEHOTOKCUYECKNX areHToB. Crneumonyiecknm
3P DEKTOM MOHUSMPYIOLLETO U3NYHEHNS, MPOABASIOLLMMCS B COMaTUYECKUX KNEeTKax pasfnyHbiX OpraHn3mMoB, siB-
naoTCs aByHUTEBble pa3pbiBbl JHK ¢ nocnenyiowmm gpopmrpoBaHMeM XpOMOCOMHbIX abeppaunii HecTabusbHO-
ro Tuna. 9tr abeppauum nexat B OCHOBE NOSIBIEHNSI HECKOJIbKMX TUMOB SAEPHbIX aHOMaNnii B UHTEP@a3e KNeTku.
Cpeou Takmx aHoManuin BbAENSIOT MUKPOsiapa, «XBOCTaTble» s4pa, XPOMATMHOBLIE MOCThLI, @ TakKe raHTene-
BUAHblE 9apa. ObHapyXeHne SAepHbIX aHOMaNM B COMaTUYECKUX KIEeTKax He TOMbKO YENI0BEKa, HO U PACTEHUI,
1 XMBOTHbIX MO3BONSIET CAENATh BbIBOA, O TOM, YTO AAHHbIE USMEHEHWST CTPYKTYPbI 1Apa ABASIOTCS YHMBEPCaslb-
HbIMW MapKepamMu BO3AENCTBUS NOHN3MPYIOLLEro nanydeHuns. icnonb3oBaHmMe COBOKYMHOCTU AAHHbIX BUAOB Ka-
puonaTonornm B ka4ecTse paguocneunduyeckx GMoOHAMKATOPOB NPeaCcTaBNseTCs NePCNeKTUBHbLIM 418 CO34a-
HWS1 YHMBEPCaJIbHOrO NPOTOKOsa GMOA03MMETPUYECKOr O TeCTa AJ151 KOMIMIEKCHOM OLLEHKN COCTOSIHMS MPUPOAHbIX
3KOCUCTEM U 30,0PO0BbS HYEJI0BEKA B YCJIOBUSIX PAAMALMOHHOIO 3arpa3HeHns.

KnioueBble cnoea: paamMobuonorus, pagnaums, MOHN3VPYIOLLLEE U3NyYeHne, SAepHble aHOManmMm, comaTmye-
CKVe KNeTku, nHtepdasHblie 9apa.

Relevance. To estimate the influence of ionizing radiation on human health, as well as on the state of natural ecosystems in
areas of increased radiation contamination, universal methods of bioindication and biodosimetry are needed.

Intention. The goal of this article is to provide detailed review of known nuclear anomalies of various organisms somatic cells
as universal radio-specific biomarkers.

Methods. Recent and historical, foreign and Russian literature data on the study of nuclear anomalies appearing after the
genotoxic agents influence were reviewed.
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Results and Discussion. The specific effect of ionizing radiation, observed in somatic cells of different organisms, is
double-strand DNA breaks with the subsequent formation of chromosomal aberrations of unstable type. These aberrations are
followed be the appearance of several types of nuclear anomalies in the interphase of the cell cycle. Among such anomalies, mi-
cronuclei, «tailed» nuclei, nucleoplasmic bridges, and also dumbbell-formed nuclei are distinguished. In the review, these types
of karyopathology and the underlying molecular mechanisms are described in detail, and literature data describing these anoma-
lies in different organisms are given. The detection of nuclear anomalies in somatic cells not only of humans, but also of plants and
animals, allows us to conclude that these changes in the structure of the nucleus are universal markers of ionizing radiation effect.

Conclusion. The use of a set of these types of karyopathology as radio-specific biomarkers seems promising for the creation
of a universal protocol of a biodosimetric test for a comprehensive assessment of the state of natural ecosystems and human

health in conditions of radiation contamination.

Keywords: Radiobiology, radiation, ionizing radiation, nuclear anomalies, somatic cells, interphase nuclei.

BseneHue

KnBble opraHn3mbl Ha NPOTSXEHNN CBOEN XN3-
HW Hen3BexHOo noaBepralTcs BO3AENCTBUIO NOHUN-
3upytoLlero nanyyveHus. CpegHas nHanemuayanbHas
rogoeas no3a obslydeHus YesioBeka B HacTosLlee
BpEMS COCTaBASET 0kono 2,2 M3B. [Mpun 3TOM 0KOO
10 % 3TOM CyMMbI NPUXOANTCA HA COSTHEYHYIO paavi-
auuio 1 BO3LENCTBME KOCMUYECKUX JTy4en, OKOJI0
14 % — Ha NPUPOAHbLIE UCTOYHUKN YPaHa; U3nyyeHune,
MOJTly4EHHOE B XOAE PEHTIEHOAMArHOCTUKM, COCTaB-
naet 12%; BbIOPOCHI ATOMHbIX 3NEKTPOCTaHLMMA
1 90epHbIX ncnbiTaHni B atmocdepy — okono 0,5 %.
Bce Gosnbluee 3HavyeHMe npuobpeTaeT M3fyveHue
3aXOPOHEHHbIX PAAVIOAKTUBHBIX OTXOOO0B, B TO Bpe-
Msi Kak JONs U3Jy4eHust, BolpabaTbiBaeMOro B xoae
VICMbITAHUS SAEPHOM0 OPYXKMS, FOfA, OT rofa CHMXa-
etcs. Kpome T0ro, B psiae pasBMBAIOLLNXCS CTPaH,
B KOTOPbIX HE B MOJIHOM Mepe pa3padoTaHbl 6e3-
ornacHble TEXHOOMMN, CYLLLECTBYET HEOOXOANMOCTb
MCMOMb30BaHNA SOEPHON SHEprum B KayecTBe
VMCTOYHMKA N5 NPOU3BOACTBA 3NEKTPOIHEPTIUN.

OCHOBHbIE MpOrpamMMbl N0 3alUMTE 4YenoBeka oT
VIOHU3MPYIOLLErOo U3NydeHns Obinv  pa3padoTaHbl
MexayHapoaoHOWM KOMUCCUEN MO Paguosiorm4eckom
3awute (MKP3) [29, 40]. OHu, npexae Bcero, permna-
MeHTMpoBasn 6e3omnacHble 403kl paauaLMoHHOro 00-
Jly4eHus1, Nosly4aemoro 4esioBekoM Ha paboyeM me-
CTe U B XOO€e PEHTreHoamarHoCcTuku. Bnocneactamm
B MporpamMmbl Obin BKJIKOYEHBI MeEpPbI )15 3aluThl
HaceneHns OT U3NY4EeHUsT PaaMOAKTMBHBIX OTXOO0B,
NMOSIBUBLLMXCS B CBA3W C pas3paboTKoil aTOMHOro
OpyXus 1 pas3ButremM saepHor sHepretukn [33]. Ta-
KM 06pa3om, Mepbl PaaMaUMOHHON 3amnTbl 40Nroe
BpeMsi pa3pabaTbiBasiMCh TOSbKO AJ18 YenoBeka, B TO
BpeMsi kak npobnema BANSHUS MOHU3MPYIOLLErO U3-
Ny4eHnss Ha oObLEKTbI OUKOW MpUpoAbl OcTaBasnacb
HeOooueHeHHo. B TeueHne nocnegHnx 20 net aTomy
BOMpOCy 6bI10 yaeNeHo 3HauUTENbHO 6osbLLEe BHMA-
Hus. Tak, MKP3 3anycTtuna maclTabHbIi NPOoeKT s
OLLEHKV BO3AENCTBUSI MIOHU3UPYIOLLErO N3Ny4EeHNs Ha
pa3nuyHble 6uonorndeckne sugpl [44]. B 2002 . npu
copencTeun MexayHapoOHOro areHTCTBa Mo aroMm-
Hom aHeprum (MATAT3, aHrn. — International Atomic
Energy Agency, IAEA) 6biln opraHvM3oBaH MexayHa-
POOHBIA CUMIMO3UYM MO 3alMTe OKPYXaloLlen cpe-
Opbl OT BO3AENCTBUSI MOHN3UPYIOLLX N3NyYeHnin [46].

Introduction

Living organisms experience ionizing radi-
ation from natural sources in a continuing and
inescapable manner. At the present time, the
average total radiation dose that most people
are exposed to is around 2.2 millisievert per
year. Of this about 10% comes from cosmic
radiation from space and around 14 % from
ground uranium; medical X-rays account ap-
proximately 12%; nuclear plant emissions
and atmospheric bomb testing now only ac-
count to about 0.5%.The release of nuclear
radiation through radioactive waste dispos-
al is another product of modern civilization.
Large-scale releases of radioactivity resulting
from the testing of nuclear bombs are no lon-
ger considered to be a significant problem.
However, there is a growing dependence in
a number of developing countries on nuclear
fission as a source of power for the genera-
tion of electricity.

A framework for protecting humans from
ionizing radiation has been developed by the
International Commission on Radiological
Protection (ICRP) [29, 40]. This system arose
initially from the need to control radiation ex-
posure in the workplace and in medical prac-
tice, subsequently expanding to protect the
general public from radioactive waste associ-
ated with atomic weapons production and nu-
clear power generation [33]. An unintended
consequence of this human focus has been
an inattention to a parallel framework for eval-
uating the effects of ionizing radiation to non-
human biota. Only recently efforts have been
directed to address this deficiency. In particu-
lar, an ICRP Task Group publishes a framework
for assessing the impact of ionizing radiation
on nonhuman species [44]. In addition, inter-
national symposia on this subject have been
organized recently [46]. Finally, ICRP has es-
tablished a new committee (Committee 5 for
the Protection of the Environment) to conduct
future work in this area [10, 43, 45].

Environmental exposures are likely to oc-
cur at low dose rate associated with mining,
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B pamkax MKP3 6b11 06pa3osaH KomuTeT no oxpaHe
OKpY>XaloLLen cpenbl a1 NPOBEAEHUS JalbHENLIEN
paboTbl B aTOM 06nactn [10, 43, 45].

BaxHenwen 3agadent 0519 OUEHKN COCTOSHUS
3[,0POBbsi YENOBEKA U APYrnX BUONOrMYeCcKnX BUOOB,
oOuTaloWMX B 30HE MOBbLILEHHOW paamnaLMoHHOM
OMacHoCTU, sBfsieTcs pa3paboTka MeToamk ornpe-
OeneHns 0o3bl NMoSly4eHHOro MOHMU3MPYIOLLEro 00ny-
YyeHus. lNoaoxon, OCHOBaHHbLIN Ha NCCeN0BaHUN YHU-
BepcasibHbIX pagmocneumdpunyeckx OrMomapkepoB
DJ151 BCEX 9YKapPUOTUHECKMX KNIETOK, MO3BOMUA Obl HE
TONbKO CYOUTb O BO3AENCTBUM Pa3/INYHbIX TUMOB 00-
JIy4EHMS U KCEHOOBNOTUKOB Ha COCTOSIHME 340P0BbS
HaceNeHsi, HO U BbISBNATb CTEMNeHb PafnoakTUBHO-
ro 3arpsi3HeHust NPUPOLHbLIX 3KOCUCTEM OJ19 NpUMe-
HEHNS COOTBETCTBYIOLLMX MEP 3aLLUNTHI.

Takumn  GromapkepamMn  SBNSIKOTCS  pPasfinNyHble
U3MEHEHNSA B CTPOEHUN U XU3HEOEATENIbHOCTU UH-
Tep®da3HOM KNeTKMN, BO3HMKAIOLLME NPU BO3LENCTBUMN
VIOHU3MPYIOLLLErO U3NyYeHNs. 3TN U3MEHEHUs Kaca-
I0TCS, NPeXae BCero, KNeTo4HOro a4pa B CBA3U C TEM,
4YTO pagvaumsa NMHOyUMpYeT pPasinyHble XPOMOCOM-
Hble abeppauyu, U3MEHSIS TOMOJIOMI0 XPOMOCOMHbIX
TepputTopun B nHtepdasHom aape. Cpean aaepHbIX
aHOManNui, BO3HUKAIOLLMX B CBSI3W C BO3OENCTBUEM
VIOHN3VPYIOLLLErO U3JNTYYEeHUs U APYrnx reHOToKcu4ye-
CKVX areHTOB, BblAENAT MUKPOSAPA, XPOMaTUHOBbIE
MeXbSAEepPHbIE MOCTbI, SAEPHbIE MOYKU, «XBOCTATbIE»
anpa v gp. OgHako HEKOTOPbIE aHOMAaNNKU KacaroTCs
Takke UMTonnadmbl, KOTopasd UCMbITbiBaeT adphekT
006ny4eHnst paHbLle KNeToYHOro sigpa. MexaHuambl
bOPMUPOBAHNSA MHOIMMX KJIETOYHBIX aHOMaJIMIA HE 00
KOHUA M3Yy4eHbl, OAHAKO A OONbLUMHCTBA U3 HUX
NPOAEMOHCTPUPOBAHA KOPPENSaUNA MexXay yBenuye-
HMEM 4acTOTbl OOHAPYXXEHUsI 3TUX KNIETOYHbIX NaTo-
MOP®O30B 1 0301 BO3OENCTBYIOLLENO NOHU3NPYIO-
LLEero U3ny4yeHuns, 4To Nno3BOJISIET paccMaTpusaTb NX
KaK KJIeTO4YHble MapKepbl BO3LENCTBUSA pagnaLmn.

KnetouHbie aHOMaNnuwu, UHAYLUUPOBAHHbIE
WOHU3UPYIOLWKUM U3NTy4eHnemMm

Hanbonee wn3ayyeHHoOW @OPMONM KapuonaTosio-
rn, BO3HUKAIOLLEN B CBA3W C BO3OENCTBMEM WOHU-
3UPYIOLLErO M3Ny4eHus, aenatoTcs Mukposapa. OHn
npeacTaBnsioT coboli pparmMeHTbl KINeTOYHOro sapa,
HecyLle HenoJsHylo YacTb reHomMa. Mukposiapa mo-
ryT cogepxartb MO0 aueHTPUHECKUIA Yy4acTOK Xpo-
MOCOMbI, MO0 LENYI0 XPOMOCOMY, KOTopas He Gblna
pacnpegeneHa K OgHOMY M3 OMMnO3UTHBIX MOJIIOCOB
B xof4e aHadasdbl MuTo3a. dDparmMeHTbl unu uenble
XPOMOCOMEI B UTOre NMOKPbIBAOTCS A0epHO 060104-
KO 1 MOPGOJIOrMYECKN 0Ka3blBAIOTCH CXOLHbI C KIe-
TOYHBIMW SApPaMu, He NpeBbiwas % ero gnameTpa [16].

AueHTpuyeckne dparmeHtsl OHK moryt 06-
pa3oBbIBaTLCA B pe3yfbTaTe HEeBOCCTaHOBIEHUSA
OBYHMUTEBbLIX pPa3pbiBOB CUCTEMaMK penapaumn

nuclear weapons production and medical use
of radionuclides, whereas accidental releas-
es emanates radiation at high dose rate like
Chernobyl and Fukushima disasters. More-
over, urbanization makes nuclear fission a
source of indispensable power generation,
which carries a great deal of disposal at low
dose-rate with a severe effect on ecosystem
maintenance and human health. Thus, it is im-
perative to ascertain the health status of hu-
mans and other organisms inhabiting the con-
taminated area. Biomarkers based approach
after xenobiotic exposure not only indicates
the health profile, but also pave way for a sus-
tainable growth of pristine ecosystem and si-
multaneous benefit of humankind.

Various anomalies in cell structure and
functioning are formed under ionizing radia-
tion. These are, first of all, nuclei anomalies,
since radiation inducts different chromosom-
al aberrations with altering the chromosom-
al territories topology in interphase nuclei.
Among these genetic biomarkers micronuclei,
nucleoplasmic bridges, “tailed” nuclei are fre-
quently used as indicators of genotoxicity in-
duced by numerous xenobiotics and ionizing
radiation. Some anomalies are concerned to
cytoplasm which first suffers from radiation
influence. Molecular mechanisms of some of
these anomalies are still not clear, but, how-
ever, there were obtained correlations be-
tween the frequency of these types of path-
omorphosis and the radiation dose. Thus, the
concept of predictive biomarkers in radiation
toxicology provides a mechanistic picture of
organisms under xenobiotic influence and
their biological response at different levels of
organization.

Cytological anomalies after ionizing
radiation exposure

Micronuclei are the most described type
of caryopathology, forming after the ionizing
radiation exposure. Micronuclei contain frag-
ments of cell nuclei with a small genome part.
Mechanism of ionizing radiation-induced
micronuclei is a well-known phenomenon.
They can contain an acentric chromosome
fragment or the whole chromosome which
was not oriented to one of the opposite poles
during anaphase. Fragmented or whole chro-
mosomes are covered by nuclear envelope
and look similar to cell nuclei with a size up to
% of the latter [16].

Acentric DNA fragments can be formed as
a result of non-repaired double-strand breaks
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b0 B pesynbrate HapyLLueHns paboTbl 3TON CUCTe-
Mbl. Tak, B cllydae noBpexneHns 6enkoB CUCTeMbI
penapauun ATM, BRCA1, BRCA2, RAD54 moxeTt
NPONCXOANTb CIUSIHME OBYX Y4aCTKOB XPOMOCOM,
HEeCyLIMX LEeHTpOMepbl, C 000cobneHnem naByx
aueHTpuyecknx @parMeHToB. [pyron mMexaHu3m
MOSIBNIEHUS aALEHTPUYECKUX (parmMeHTOB CBS3aH
C HapyLeHMeM CUCTEMbl 3KCLM3MOHHOW penapa-
unn OHK, yoangaiouwein noBpexaeHHble a3oTUCTble
OCHOBaHMsi U UCMNPaBSOLLLEN OLWMOOYHbIE NMapbl HY-
KneotTnaoB. B aTom cnydae Takke MOryT nosiBNsiThb-
cs AByHuTEBbIE paspbiebl JHK [36, 37].

MpuynHOM NOsSIBNEHUSA LEesIo XPOMOCOMbI B CO-
CTaBe MUKPOSiApPA IBAFETCS HAPYLLUEHNE ee NpuKpen-
NEHNS K BEPETEHY AefIeHUs B XO4E KapUOKMHEe3a.
OTO MOXET MPOUCXOAUTb M3-3a FTMNOMETUNMPOBA-
HUS LEHTPOMEPHBLIX M MEpPULEHTPOMEPHbLIX obna-
CTEN XPOMOCOMBI, HapyLleHns cObopku Komrnekca
KMHETOXOPHbLIX 6eflkoB, rMNOMEeTUINPOBAHUSA TU-
CTOHOB 1 AEKOHAEHCALMU LLEHTPOMEPHOIO y4acTka
XPOMOCOMbI, HapyLleHns c6opkn U ANHAMUKA MU-
KpoTpyboyek BepeTeHa aeneHus, gedekra CMeHb
da3 MnTo3a, HapyLleHus aMmnandukaumm LeHTPO-
MEPHbIX y4aCTKOB. Hallle BCero B 3TMx Cny4vyasix B CO-
CTaBe MUKPOSiAEP OKa3biBaeTCs X-xpoMocoma.

CooTHOLEHNE 4aCTOTbl ABYX MEXaHU3MOB MO-
ABMIEHUS MUKPOSAEP B nuMmdoumMTax Yyenoseka noj,
BO3OENCTBMEM TEHOTOKCUYECKMX areHTOB oOue-
HuBaetcsa ot 70: 30 go 30: 70 B 3aBUCMMOCTM OT
Bo3pacTta u nona [16]. [na BbIICHEHUS NPUPOAbI
MUKPOSAEP, COAEPXKALLMX ALEHTPUYECKMIA Y4aCTOK
MbO LLenyo XpOMOCOMY, UCMOJIb3YETCH NaHLUEHPO-
MepHas npoba OHK [17].

Mwukposapa, U3BECTHble Takke Kak Tesfbua Xoy-
anna—xxonnn, nepeoHayanbHO Obinn 0OHAPYXEHbI
B apuUTpoumTax, rae ux nosiefieHne Obl1o MHOYLMPO-
BaHO geduumToM BuTamuHa B,,. YBenuieHvie konm-
4yecTBa MUKPOSIAEP MNPV BO3AENCTBUM VOHU3UPYIO-
LLEro n3nyyeHus Ob110 Brnepsble NokasaHo B KeTkax
BEPXYLLKM KOPHS 606a cagosoro [22]. B panbHenwem
ObII0 NPOAEMOHCTPMPOBAHO YBEINYEHME 4aCTOThI
NOSIBJIEHNST MUKPOSiAEP B KJETKax KPOBETBOPHOM
TK@HU, CBSAI3AHHOE C KJIACTOrEHHbIM N AQHEYreHHbIM
BO3LENCTBMEM U3NYYEHUST HA KIIETKM OpPraHoB KpPO-
BETBOPEHUS BO Bpems AnddepeHUMpoBKU. Bbiio
3aMeyeHo, YTO 4YacToTa BbIIBNIEHNS MUKPOSAEP KOpP-
pPEeNVPyeT C 4YaCTOTOW MOSIBNEHUS OBYHUTEBbLIX Pa3-
pbiBoB JHK 1 pekombuHauumm OHK [26].

OnpeneneHne 4acToTbl BCTPEYAEMOCTU KIIETOK
C MUKPOSIAPaMU, Kak MHOMKATOPA FeHOTOKCUYHOCTU
XUMUYECKUX COEONHEHWI, NErno B OCHOBY LUMPO-
KO PacnpOCTPaHEeHHOro MuKposioepHoro Tecta [2].
B panbHelem npoTokos Tecta Obll pacLUMPEH U, Ha-
psay C onpefeneHnemM mukposiaep B numadoumTax
YENoBEKA, Y4UTbIBAIM MEXbAAEPHbIE MOCTbI U SAep-
Hble MPOTPY3uK (No4dkn) [24]. CerogHs HET yKa3aHui

after DNA reparation system damage. Thus,
after the damage of ATM, BRCA1, BRCA2,
RAD 54 reparation system, two chromosome
fragments are fused with an isolation of two
acentric fragments. Another way for acentric
fragments to form is a damage of excision
reparation system which corrects the mis-
matched nucleotide pairs. In this case DNA
double-strand breaks can also be formed
[36, 37].

A reason of the whole chromosome isola-
tion inside the micronucleus might be its mis-
connection with spindle microtubules during
the karyokinesis. Among possible mecha-
nisms are hypomethylation of centromeric
and pericentromeric sites, kinetochore pro-
teins damage, histones hypomethylation with
the following decondensation of centromeric
region, spindle microtubules defect, defect
of mitosis phases checkpoint proteins and
the failure of the amplification in centromeric
regions. Among other chromosomes, X-chro-
mosome is included in micronuclei more often.

Micronuclei, also known as Howell-Jolly
bodies, were first observed in erythrocytes,
under the folic acid starvation. Increased fre-
quency of micronuclei appearance after the
radiation exposure was shown in Vicia faba
root tip cells [22]. After that, micronuclei ap-
pearance as an aneugenic and/or clastogen-
ic effect of gamma radiation in the erythro-
poietic organ during cell differentiation was
demonstrated. It has been observed that the
frequency of micronuclei is correlated with
DNA double-strand breaks and DNA recom-
bination events in hematopoietic tissues [26].

Frequency of micronuclei appearance is
used as an indicator of genotoxicity in a widely
used micronucleus test [2]. The test protocol
was expanded, and along with the micronu-
clei in human lymphocytes, nucleoplasmic
bridges and nuclear protrusions (buds) were
detected [24]. Today, there is no indication
that genotoxicity tests of this kind should
determine any other forms of nuclear anom-
alies, along with micronuclei, bridges and
protrusions. However, other types of karyop-
athology found in cells with micronuclei also
arise due to chromosomal aberrations as a
manifestation of their pleiotropic effect. Such
cells should be included in the micronuclear
test and, moreover, be considered as multia-
berrant. This results in rechristening the exist-
ing erythrocyte micronucleus assay (EMNA)
to erythrocyte micronucleus cytome assay
(EMNCA) in the field of aquatic toxicology, an
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Ha TO, YTO B NOAOBHOro poaa Tectax Ha reHOTOKCUY-
HOCTb ClefyeT onpeaensTb Kakne-nmbo nHsle GopMbl
aHoOMaNMin aaep Hapsay ¢ MUKposapamu, MOCTamim
v npoTtpy3usamun. OgHako apyrve Buabl Kapuonaroso-
ru, BCTPeYaroLLMecs B KieTkax ¢ MMKposiapamu, Tak-
e BO3HMKAIOT MO NPUYMHE XPOMOCOMHbIX abeppaunii
KaK NposiBNeHne nx NAenoTponHoro adoekTa. Takme
KNeTKU CreayeT yynTblBaTb B MUKPOSOEPHOM TecTe
1, 6onee Toro, paccMaTpmBaTb Kak MyssTUabeppaHT-
Hble. Takum 00pa3oM, COBPEMEHHbIE MPOTOKOSbI
apuTpouuTapHoro mukposaepHoro tecta (EMNA),
aHanM3a MUKPOSIAEP B 3puUTpouMTax METOOOM MNpPo-
TouHOM uutomeTpum (EMNCA), a Taioke aHanmsa Mmu-
KpPOsifep B KyNbType TMMOOLMTOB YesloBeka C npume-
HeHnem uuToxanasmHoBoro 6noka (CBMN) TpebyioT
CYLLIECTBEHHOIO NEPecMoTpa B CBA3U C y4eTOM Opy-
X SO PHbIX aHOMaINM, ABSIOLLMXCA UHAMKATOPaMM
reHOTOKCUYHOCTW.

MoMmnumo mMukposiaep, B KeTkax, noasepriimx-
cs paguaumMoHHOMy 00y4eHuto, 0OHapPYXMBaKOTCS
MeXbaepHble XPOMaTUHOBbIE MOCTbI. Takue Mo-
CTbl BO3HMKAIOT, KOrga LEeHTPOMEPbl AULEHTpuYe-
CKMX XPOMOCOM PACXOOATCH K MPOTUMBOMOIOXHbBIM
nosncam kneTkn Bo Bpems aHadasbl [23]. B xoae
bOPMMPOBaHUS OBYX HOBbIX 4P OAO4EPHUX KIETOK
B Tenodase 06pa3oBaBLLMINCA XPOMATUHOBLIA MOCT
Takxe MokpbIBaeTcs saepHoi obonodkon. O6bly-
HO OH rnpeTeprneBaeT pas3pbiB B XO4e LUUTOKMHE3A,
B pesynbrate 4Yero obpasytoTcs Tak HasblBaemble
«xBocTaTble» aapa. B aTolh cBA3n Habnopgatb Mexnb-
AepHblIe MOCTbl MOXHO MNPV UCCNeL0BaHNN KINETOK
B LMTOXanasnHOBOM OJIOKe, rae JanbHenero ae-
NEHVS UMTONMNa3mbl He npoucxoamt. OgHom n3 npu-
YMH MOSIBIEHUSI MEXbSOEPHOro MOCTa MOryT ObITb
HapyLleHne penapaumm ByHUTEBbIX pa3pbiBoB JJHK
1 coefuHeHne OByx 00pa30BaBLUMXCS YHaCTKOB XPO-
MOCOM, Kax[bli1 U3 KOTOPbIX COAEPXUT LEHTPOMeE-
py. B aTOM cnyyae B kneTke 4acTo 06HapyXmnBatoTcs
1 MUKposSiApa, KOTopble GOPMUPYIOTCH U3 aueHTpu-
4YeCKMX pparMeHTOB XPOMOCOM, OCTaIOLLMXCS Nocne
«ClUmMBaHUS». pyruMm MexaHn3mMomMm MOsB/IEHUNSA XPO-
MaTUHOBbIX MOCTOB SBJISETCS C/IMSIHUE OBYX XPOMO-
com B obnacTtu Tenomep [17]. Takoe cnvsiHne MOXeT
NpoV30TK B Cllydae HapyLLleHns 0bpa3oBaHNs KOM-
njekca TenoMepHbIX OenKkoB, 3alMLLAOLWLMX KOHLE-
Bbl€ Y4aCTKM XPOMOCOM. B 3TOM cnyvyae pepmMeHThI
penapauum pacno3HatoT TeJIOMepHble Yy4aCTKM Kak
OBYHUTEBbIE PA3PbIBbI 1 «CLUNBAIOT» UX.

Y pa3Hbix BUOoB pblb [7, 34] n yenoseka [25] Ha-
Onopannch «xBocTaTtble» sapa B KIeTkax nocne Bo3-
nencrtena  pagmaumun. lpocnexuvsaeTrcs cTporad
Koppenaumnsa Mexzay 4acTOTOM BCTPEYaeMOCTU MeXb-
A0ePHbIX XPOMATUHOBbLIX MOCTOB U «XBOCTaTbIX» S4ep
[5], 4TO roBOPUT O TOM, 4TO NOcNeaHne GoOPMUPYIOTCS
nyTemM paspbiBa MOCTOB B XO4e LUMTOKMHe3a. KneTka,
noaBep>XKeHHas MOHMU3MpYyoLeMy 00y4eHIO, B XO4e

analogue to cytokinesis block micronucleus
cytome assay (CBMN) in humans [17]. Mod-
ern test protocols require significant modifi-
cation in connection with the account of oth-
er nuclear anomalies, which are indicators of
genotoxicity.

In addition to micronuclei, nucleoplasmic
bridges are found in cells, exposed to radia-
tion. Nucleoplasmic bridges will occur when
centromeres of dicentric chromosomes are
pulled to opposite poles of the cell during
the anaphase [23]. During the formation of
two new nuclei of daughter cells in the telo-
phase, the formed nucleoplasmic bridge also
becomes covered with a nuclear envelope. It
usually undergoes a rupture during cytoki-
nesis, resulting in the formation of so-called
«tailed» nuclei. In this connection, it is only
possible to observe nucleoplasmic bridges
when studying cells in the cytochalasin block,
where further division of the cytoplasm does
not occur. One of the reasons for the appear-
ance of the nucleoplasmic bridge might be
a disruption in the repair of double-strand-
ed DNA breaks and the fusion of two formed
chromosome regions, each containing a cen-
tromere. In this case, micronuclei that are
formed from the acentric fragments of chro-
mosomes that remain after the fusion are of-
ten found in the cell. Another mechanism for
the appearance of nucleoplasmic bridges is
the fusion of two chromosomes in the telo-
mere region [17]. Such a fusion can occur in
the case of damage of a complex of telomer-
ic proteins protecting the terminal regions of
chromosomes. In this case, reparation sys-
tem enzymes recognize telomeric regions as
double-strand breaks and «sew» them.

So-called «tailed» nuclei were observed in
cells of different fish species [7, 34] and hu-
man [25] after exposure to radiation. There is
a strong correlation between the frequency
of occurrence of nucleoplasmic bridges and
«tailed» nuclei [5], which indicates that the
latter are formed by rupture of bridges during
cytokinesis. A cell exposed to ionizing irradi-
ation undergoes «breakage-fusion-bridge»
cycles during repeating mitotic divisions. The
resulting nucleoplasmic bridges break during
cytokinesis with the formation of «tailed» nu-
clei. The end sections of such broken chro-
mosomes are recognized by the reparation
system as double-strand breaks and cross-
linked to form dicentric chromosomes. As a
result, after anaphase, nucleoplasmic bridg-
es are newly formed [8].
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MOBTOPHbIX MUTOTMYECKUX OENEeHUn npeTepreBaeT
LMKIbl - «pa3pbiB—CrvsiHie—MocT». ObpasytoLumecs
XPOMATMHOBbLIE MOCTbI Pa3pbIBAOTCS B XO4E€ LUTOKN-
He3a ¢ 0bpa3oBaHMEM «XBOCTaThbIx» saep. KoHueBble
YHaCTKN TaKMX Pa30pBaHHbIX XPOMOCOM PACMO3HAK0T-
CS1 CUCTEMOI penapaumn Kak OBYHUTEBbLIE Pa3pbiBbl
1 CLUMBAIOTCS C 06pa3oBaHMeM OULEHTPUYECKMX XPO-
MocoM. B pesynsrate nocne aHadasbl BHOBb 00pady-
I0TCS1 MEXbSAEPHbIE XPOMATMHOBbBIE MOCThI [8].

«XBOCTaTble» f4pa U MexXbaOepHble MOCTbl sB-
naTCcA Hanbonee cneumpuyHbIMMU MHAOMKATOPAMM
pagmaumn, No3Bongs OTINYNTL €€ BO3OENCTBUE OT
3hPEKTOB APYrMX rEHOTOKCUYHbIX areHTOoB. Tak, npu
OJHOBPEMEHHOM BO34ENCTBUM raMMa-usnyyeHus
MU arpoxMmukaToB y pbid opmMmupoBannchb cnemy-
IOLMe aHoManuu: MUKpOosiapa, «xBocTaTble» a4pa,
nedopmMmpoBaHHbIe aapa v gapa ¢ Bakyonsamu. Oa-
HaKO KOMOUHaAUMS «XBOCTaTbIX» A4ep U MeXbsaaep-
HbIX MOCTOB MNOSIBNSINIAChb TOJIbKO NOC/E BO3AENCTBUS
MOHN3NPYOLWEro nanyyenmns [7, 8, 16, 25, 41]. MNoa-
TBEPXAEHNEM 3TOMY OblNN Takke WCCNenoBaHus,
B KOTOPbIX MOSIBNIEHME «XBOCTATbIX» S4Ep U MEeXb-
A0EepPHbIX XPOMATUHOBBLIX MOCTOB Habl04a0Chb B TU-
peoumTax MNekonuTalLWmMxX, Pa3INYHbIX KITETOYHbIX
NMHNAX 1N nMmounTax B nepudepuyeckon Kposu
JNIMKBMAATOPOB aBapun Ha YepHoObiibckoli ASC
[15, 30, 41]. OogHOBPEMEHHOE MOSsIBNIEHME B KJ1IeTKaxX
MeXbAOepPHbIX MOCTOB 1 «XBOCTaTbIX» a4ep Npu BO3-
OEenCcTBMM pagnaumn Takxke sBNSeTcsa CneacTBueM
njaenoTponMamMa XPOMOCOMHbIX abeppaunii, BO3HU-
KaloLLMX B pesynbraTe ABYHUTEBLIX pa3pbios JHK.

Ewe ogH1M cneundunyeckmm BUOON3MEHEHNEM
CTPYKTYPbl MHTEPdA3HOro 9apa ABASTCA A0ePHbIE
noyku. OHM npencTaBnaoT cobon 060COoONEHHbIE
Ha nepudepun ggpa y4actkm amnanduumpoBaH-
Hon [HK [38]. AnepHble NOYKM HAMOMUHAIOT MUKPO-
a4pa, O4HaKo B OENCTBUTENBHOCTU OHU SBNSIIOTCS
4acTbl0 OCHOBHOrO kneTo4Horo aapa [28]. Nokasa-
HO, 4YTO 4YACTO N3 TaKMX SAEPHbIX MOYEK NPW BO3AEN-
CTBUM Ha KNETKY raMmma-um3any4yeHnst GopmMmpytoTcs
Mukposiapa [38]. Ho B To Bpems kak MMKpOsiApa Mo-
ryT cogepxartb aueHTpUyeckme y4acTkm XpOMOCOM
OO Lenble XPOMOCOMbI, SAAEPHbIE MOYKM MOryT
HECTUN TaKXe BHYTPEHHME y4aCcTKM XPOMOCOM, HO
HUKOrga He cofepXxar uesble XpoMocoMsl. [NMpeano-
naraembln MexaHu3m, no Lindbergh, 3aknoyaetcs
B CMNOCOOHOCTU A4epHON 000M0YKM «yNaBInBaTb»
OHK, okazaBluyocs B umtonaa3mMe nocnie Kapuokm-
He3a, Ha nepudepun BHOBL 0OpasytoLlerocs sapa
019 HeJonyLeHna aHeynnonanm [27].

[pyrne apepHole aHoManuu, Takme kak nepop-
MMPOBaHHbIE H4pa, BakKyoJM3NPOBaHHbIE S4pa
M OBysiEPHble KNeTK1, HabnoaaBLLIMEeCs B 3pUTPO-
umMTax, Takke MOXHO cuYuTaTb MHOMKATOpaMu re-
HOTOKCUYHOCTU. OTU aHOMasIMKN BbISIBNIEHbI B XO4€
MHOIrmMx mnccnegosanun [12, 21, 31], ogHaKO KOH-

«Tailed» nuclei and nucleoplasmic bridges
are the most specific indicators of ionizing ra-
diation, allowing one to distinguish its effects
from the effects of other genotoxic agents.
Thus, with simultaneous exposure to gamma
radiation and agrochemicals, the following
anomalies were formed in somatic cells of
fish: micronuclei, «tailed» nuclei, deformed
nuclei and vacuolated nuclei. However, a com-
bination of «tailed» nuclei and nucleoplasmic
bridges appeared only after exposure to ion-
izing radiation [7, 8, 16, 25, 41]. This was also
confirmed by studies in which the appearance
of «tailed» nuclei and nucleoplasmic bridges
was observed in the thyroid cells of mammals,
in various cell lines and in peripheral blood
lymphocytes of liquidators of the Chernobyl
disaster [15, 30, 41]. Simultaneous occur-
rence of nucleoplasmic bridges and «tailed»
nuclei under the influence of radiationis also a
consequence of pleiotropism of chromosom-
al aberrations following double-stranded DNA
breaks.

Another specific anomaly of the structure
of the interphase nucleus is the nuclear buds.
They appear to be isolated regions of the
amplified DNA at the periphery of the nucle-
us [38]. Nuclear buds resemble micronuclei,
but occasionally they are part of the main cell
nucleus [28]. It is shown that micronuclei are
often formed from such nuclear buds after ex-
posure to gamma radiation [38]. But while mi-
cronuclei can contain acentric chromosome
regions or whole chromosomes, nuclear buds
can also carry internal chromosome regions,
but they never contain whole chromosomes.

The proposed mechanism, according to
Lindbergh, is the ability of the nuclear enve-
lope to «catch» DNA that appeared in the cy-
toplasm after karyokinesis, on the periphery
of the newly formed nucleus to prevent aneu-
ploidy [27].

Erythrocyte nuclear abnormalities such as
deformed nuclei, vacuolated nuclei, and binu-
cleated cells are considered to be indicators
of genotoxicity. This is in accordance with sev-
eral other studies [12, 21, 31]; however, the
specific mechanisms of these effects remain
unclear. It is proposed that anomalies such as
notched or deformed and vacuolated nuclei
are associated with aneuploidy leading to mi-
cronuclei [20, 42]. It has also been proposed
that mutations in the nuclear lamina, an es-
sential structural element of nuclear envelope,
might result in nuclear abnormalities of fish
peripheral erythrocytes [39].
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KPEeTHble MexaHU3Mbl X BO3HUKHOBEHUSA OCTalOTCH
HEBbIACHEHHbIMM. [pegnonaraeTcs, 4To nedpopmMmu-
pOBaHHbIE N BaKyONMU3MPOBaHHbIE S4pa BO3HMKAIOT
B aHeyrnJIoOugHbIX KNeTkax, U UxX MNosiBieHNne paHo
WAV NO3OHO NPUBOAUT K 06pa3oBaHMio MUKPOSioEpP
[20, 42]. Kpome TOro, 6b1710 BbiICKa3aHO Npenmnosno-
XEHMe, 4To gedopmaums 90epHON aMuHbl, Npu-
HYMalOLLEN y4acTue B KOMMakTn3aumm xpomaTuHa,
Takxke MOXET MPUBOAUTbL K AO0EPHLIM aHOMaSINAM
3pUTPOLMTOB B Nepudepunyeckoin kposu pbid [39].
HanmeHee wn3yyeHHbIMM Mapkepamy paguauy-
OHHOr0 BO3OENCTBUA ABNAIOTCHA FMMAHTCKME W raH-
TenesuaHble gapa. OgHako 9Tm GopMbl NaTonorum
KJIETOYHOTO SiApa HEOA4HOKPATHO OOHapPyXMBaNMChb
B numooumTax B nepudeprnyeckon KpoBu y JNKBU-
[aTopoB NMOCNeacTBMiA aBapumn Ha YepHOObIIbLCKOM
ASC [4]. Takke raHTeneBuaHble siapa BO3HUKANU
cpeau nNpoymnx AOepHbIX aHOManur B KIeTKax MeTa-
KCUNEMbI KOPHEN MNieHuLbl No4 BO3OENCTBUEM HU-
kens [1]. Takyto e popMy saep MOXHO HabnoaaTb
B rpaHyfioumtax B nepndepmnyeckomn KpoBm nauneH-
TOB C retepo3unrotHomn ¢opmon aHomanuu lenbre-
pa—-XbioaTa [3]. [lBa sapa oka3biBanVCb CNUTbl BME-
CTe, HanoMuvHas rno GopmMe raHTesb UM BOCbMEPKY.
Mopdonornyeckn ata ¢popma agep oTrMyaeTcs oT
anep, 00beAMHEHHbIX XPOMaTMHOBLIM MOCTOM. Bo3-
HWKHOBEHWE raHTeNneBnaHbIX SAep CBSA3bIBalOT C 00-
pas3oBaHVEM OULEHTPUKOB U KOJbLEBbLIX XPOMOCOM
[6]. Kpome Toro, nosiBneHve raHTeneBuaHbIX nepe-
TSHKeK aapa Takke OTHOCUIM K MOP®ONOrmyecknum
npu3Hakam ammTo3a — NPsIMOMY Crnocoby AeneHus
KJIETOK, NPU KOTOPOM KOMIOHEHTHI S4pa pacnpene-
NFI0TCA MeXAy O0YEePHUMU a4paMn HEPaBHOMEPHO
[19, 35]. OpgHako no3gHee ObIIO MPOAEMOHCTPU-
pPOBaHO, 4YTO raHTeNeBUAHbIE fapa MOryt Gopmu-
pOBaTbCs B UHTEHCUBHO AENALUMXCH KIeTkax npu
HU3KOM TeMrnepaType OKpyXaloLLen cpeapl 1 B YCI1o-
BUSAIX HeQOCTaTKa nuTaTenbHbix BewecTs [13]. Takum
06pa3om, MexaHM3M BO3HUKHOBEHUS Takoi hopMbl
agpa HaxoamTcs nog Bonpocom. OgHako raHTene-
BUAHbIE 94pa MOXHO CYUTATb MapKepoOM reHOMHOM
HecTabuIbHOCTN B CBA3M C TEM, 4YTO OTMeyvaeTcs
KOpPPEenaunsa 4acToTbl UX BO3HUKHOBEHUS C BO3OEN-
CTBUEM pagmaumm N Apyrux reHOTOKCUYHbIX areHTOB.
MoMMMO s0€epHbIX aHOMannii, non OENCTBUEM
ramMmma-o06ny4eHnss B apuUTpoumTax Takke Habnopa-
IOTCA U3MEHEHUs B CTPYKType umtonnasmbl. bonee
TOro, Npu BO3OENCTBUN WNOHU3UPYIOLLErO U3Nyye-
HMA ero agpdeKTbl B NEPBYIO o4Yepedb 3arparmBatoT
VMEHHO UuMTOMIasmy; MNpPeasyioKEHHbI MexaHU3M
CBSI3aH C M3MEHEHUSIMU B 9pUTPOLMUTAX MeMOpaH-
Horo noteHumana. Cpeay onucaHHbIX U3MEHEHWUN
CTPYKTYPbI LMTOMNAa3Mbl: BaKyosIM3MpoOBaHHasa LNTO-
nnasma, aHn30xpomus, oTcyTcTeue aapa [11, 18].
Hanbonee yacto B kayecTBe WMHAMKATOPOB MO-
BpexaeHna [OHK BbigBASIOT MUKposapa, OAHaKO

The less studied markers of radiation ex-
posure are giant and dumbbell-shaped nuclei.
However, these forms of pathology of the cell
nucleus were repeatedly detected in periph-
eral blood lymphocytes in the liquidators of
the consequences of the Chernobyl disas-
ter [4]. Also, dumbbell nuclei arose among
other nuclear anomalies in the cells of the
metaxylem of the roots of wheat under the in-
fluence of nickel [1]. The same form of nuclei
can be observed in granulocytes of peripheral
blood of patients with a heterozygous form of
the Pelger-Huet anomaly [3]. The two nuclei
are fused together, resembling a dumbbell or
an “eight” figure. Morphologically this form
of nuclei differs from the nuclei united by a
nucleoplasmic bridge. The appearance of
dumbbell nuclei is associated with the forma-
tion of dicentrics and ring chromosomes [6].
In addition, the appearance of dumbbell-like
nuclei was also attributed to the morphologi-
cal features of amitosis, the direct method of
cell division, in which the components of the
nucleus are distributed unevenly between
the daughter nuclei [19, 35]. However, later it
was demonstrated that dumbbell nuclei can
be formed in intensively dividing cells at low
temperature and in conditions of nutrients
starvation [13]. Thus, the mechanism for the
appearance of such a form of the nucleus is
not clear. However, dumbbell nuclei can be
considered as a marker of genomic instability
due to the fact that the frequency of their oc-
currence correlates with the effects of radia-
tion and other genotoxic agents.

Cytoplasm abnormalities like vacuolated
cytoplasm, anisochromasia, microcyte, and
nucleus deficiency were also noted upon
gamma radiation exposure. Once the cells are
exposed to radiation, cytoplasm is the first to
suffer, and the suggested mechanism is relat-
ed to the changes in erythrocyte membrane
potential [11, 18].

Micronuclei are most often used as in-
dicators of DNA damage, but there is also a
positive correlation with the effect of ionizing
radiation in other cellular anomalies [5, 32].
In recent years, huge attention has been fo-
cused on cases of simultaneous detection of
morphological nuclear anomalies and micro-
nuclei [9, 14, 32]. Thus, with the formation of
the nucleoplasmic bridge due to the non-di-
vergence of the dicentric chromosome to
the opposite poles during the anaphase, mi-
cronuclei containing the acentric fragments
of the corresponding chromosomes are also
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MONIOXMTESNIbHAA KOpPPensaums ¢ BO3OENCTBUEM MOHN-
3MPYIOLLEr0 U3NYy4eHUS CYLLECTBYET Takke U 'y AOpy-
rmMx KNeTo4vHblx aHoManui [5, 32]. B nocnegHue roabi
3HAYMTENIbHOE BHUMAHWE aKUEHTUPOBAIOCh Ha Chy-
yasix 0AHOBPEMEHHOI O BbISBIEHNS MOPQPONOrM4YeCKNX
agepHbIX aHoManuin u mukposgep [9, 14, 32]. Tak, npu
GOPMUPOBAHNN MEXBALEPHOTO MOCTa MO MNPUYMHE
HEPACXOXOEHUA OVLEHTPUYECKON XPOMOCOMBI K On-
MO3MTHbLIM MOJIK0CaM B xo4e aHadasbl Halle Bcero oop-
MUPYIOTCS Takxke U MUKpOosiapa, coaepxaluve aueH-
Tpuyeckne pparmMeHTbl COOTBETCTBYIOLLMX XPOMOCOM
[17]. 3TO roBOPUT O TOM, 4YTO Pa3Hble TUMbI KAPUONaTo-
norvm Moryt GopmMnpoBaTbCA OAHOBPEMEHHO B OAHOMN
M TON Xe KJIeTKe KaK NienoTponHble ah@eKTbl XPOMO-
COMHbIX abeppaLmii, BO3HUKLLMX N0, BIUSHUEM paau-
auuun. Taknm 06pa3om, OONbLUMHCTBO NMOBPEXOEHHbIX
nojA, BO34ENCTBMEM VOHU3UPYIOLLENO U3JTyY4EeHUs Kile-
TOK crnielyeT paccMaTpmBaTh Kak MyJibTabeppaHTHbIE.
[MepcnekTnBHOM NPenCcTaBAsSeTcd BO3MOXHOCTb MO-
[epHN30BaTh CYLLECTBYIOLLME MEeTOLbl OLEHKU A03bl
rnostlydeHHoOro obJlydeHusl, paccmaTpuBasl Kak MHAOMKA-
TOP paamaumMoHHOro BO3OENCTBUS HACTOTY NOSIB/IEHNS
HE TOJIbKO MUKPOSOEP U MeXbaOepHbIX MOCTOB, HO
1 OPYyrux, MeHee MU3y4YeHHbIX BUOOB Kapnonatosormu,
Taknx Kak raHTeNneBuaHbIE U FTMraHTCKME aapa.

3aknioueHue

VoHnaunpyiolliee many4eHne BHOCUT OBYHUTEBbIE
paspbiebl B AHK aykapnoTnyeckonm KneTku, 4To Ble-
yeT 3a coboi MnosiBNeHne pPasNYHbIX XPOMOCOM-
HbiX MepecTtpoek. Knetkn ¢ TakuMu U3MEHEeHUAMMU
CTPYKTYPbl XPOMOCOM OTAMYatoTCsa GOPMUPOBAHU-
€M pPasfINyHbIX BUOOB Kapmnonatonorum: MMKposaep,
«XBOCTaTbIX» 90ep, MeXbAAEePHbIX MOCTOB 1 Ap. ITn
afepHble aHoManum  ABNAIOTCA  YHUBEpPCasibHbIMU
paguocneunduyecknMmn MapkepamMmu, NOoCKOSbKY KX
BO3HVKHOBEHWE MpY BO3AENCTBUN pagnaumv npoae-
MOHCTPUPOBAHO, Hapsaay C KleTkaMu 4yesioBeka, Tak-
)K€ Y PACTEHMNIN U XUBOTHbIX.

most often formed [17]. This suggests the
fact that different types of karyopathology
can be formed simultaneously in the same
cell as pleiotropic effects of chromosomal
aberrations that have arisen under the in-
fluence of radiation. Thus, the majority of
cells damaged by ionizing radiation should
be considered as multiaberrant cells. It is
promising to modernize existing methods
of bioindication, considering as an indica-
tor of radiation effects the frequency of the
appearance not only of micronuclei and
internuclear bridges, but also of other less
studied types of karyopathology, such as
dumbbell and giant nuclei.

Conclusion

Literature clearly demonstrates that ion-
izing radiation exposure triggers subtle per-
turbations and induces specific cytological
anomalies in the somatic cells of humans
and non-human species. ‘Cytogenetic sig-
natures’ like micronuclei, nucleoplasmic
bridges and “tailed” nuclei are considered
to be specific for environmental risk analy-
sis in organisms including humans exposed
to ionizing radiation intentionally or uninten-
tionally.

These nuclear anomalies can be con-
sidered as universal radio-specific markers,
since their appearance under the influence
of radiation is demonstrated along with hu-
man cells also in plants and animals.
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