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3AJIEXKHICTD 103A-E®EKT B PATIAIIMAHIN HUTOTEHETULII
JIOANHNA

MeTa: BMBYMTYM YacTOTY i cnekTp abepallil Xxpomocom B niMcbouuTax nepudepuyHoi KpoBi NIOAUHM 3aNEXKHO Bif 103K
ONpPOMiHEHHS, CTaAii MiTOTUYHOTO LMKAY i TEPMiHiB diKcauii KynbTypu KNiTuH.
Marepianu i metopu. TecT-cuctema nimdouuTie KpoBi AOHOpPiB, MeTadasHuMit aHani3 abepauil Xxpomocom
(piBHOMipHe hapbyBaHHs npenapatiB). [aMMa-onpoMiHeHHs BbIMMKOHAHO Ha ycTaHoBLi 3 mxepenom *°Co 3a noTyx-
HocTi go3un 0,5 p/xB, aianazoH fo3 cknagas 0,25-4,0 Ip. Kynetypy nimdountie onpomiHioBanu yepes 0, 24, 40 i 48
roa Bif novarky iHky6auii, wo Bignosigae Go-, Gi-, S-, Gz-cTagiam mutoTMYHOrO UMKNy. Dikcauito KNiTUH NpoBoAMAY
yepes 52 roa i 62 rog Bifi NoyaTky iHKybaLii.
Pe3ynbratu. BuknaseHo ekcnepumeHTanbHi faHi aBTopa o0 3aKOHOMipHOCTEN YTBOPEHHSA abepauiit XpoMocoM npu
ONPOMiHEHH] B Pi3Hi nepioan MiTOTUYHOTO LMKNY KyNbTypK NimdouuTie ntoguHu. NpoaHanizoBaHO XapaKTep A030BUX
3aN1eXHOCTEN CTPYKTYPHUX MOLWKOLKEHb XPOMOCOM MPOTATOM MiTOTUYHOTO LMKJY i3 3aCTOCYBAHHAM JiHilHOT,
NiHiHO-KBaApaTMYHOT i napaboniyHoi mogeneit. Hainbinblimnii Buxig abepadiit 06MiHHOMO TMNY PEECTPYETLCA NpK On-
poMiHeHHi B Go- 1 Gi-cTafii MiTOTUYHOrO LMKNY, AKUIA NiANOPAAKOBYETLCA NiHINHO-KBAAPATUYHI 3aNeXHOCTI Bif A0-
31 onpoMiHeHHs. Mpu onpoMiHeHHi KNiTuH B S- i Go-CTaAii 0OCHOBHUI BHECOK Yy CNEKTp pafialiiHo-iHayKOBaHMX abe-
pauiii XpoMoCcoM BHOCATb fiesielii, piBeHb AKMUX 3POCTAE NiHiIAHO 3 fo30t0. [1po Le cBifYaTh HeraTUBHI 3HAYEHHS KBaA-
paTMYHOrO YNeHa B perpecinHmx piBHAHHAX ANS Lux cTafiin. AHani3 KpUBMX 3 BUKOPUCTAHHAM napaboniyHoi Moaeni
Y =k - Dn nokasas, wo npu onpomiHeHHi nimdpouuTiB B Go- i G1-CTaaii 4030Bi 3aneKHOCTI HAbNMKAOTLCA [0 KBAApa-
TUYHMX, WO NiATBEPAKYE NPABOMOYHICTb iHTEpNpeTaLii OTPMMAHNX LUTOTeHETUYHNX AAHUX 3 NO3ULiT «KNACUYHOT» Te-
opii yTBOpeHHs pagiauiiiHo-iHAYKOBaHMX abepaLiit xpomocoMm. OfHAK TOYHiWA anpoOKCUMaLis 3aNeXHOCTeN yuTore-
HETUYHMX edeKTiB B 0611aCTi Mannx 103 ONPOMIHEHHS [OCAraEThbCA 3 BUKOPUCTAHHAM MOAENi cnnaitHoBoi perpecii.
BuCHOBKM. Pe3ynbtati, OTPMMAHi Npu ONpPOMiHEHHT KyNbTypu NiMOUMTIB NIOAMHK B Pi3Hi cTafii MiTOTUYHOIO LUKAY,
CBifYaTh NPO Te, WO OAHA i Ta X [03a PaAiauii iHAYKYE Pi3HMIA AKICHWUI 1 KiNbKICHWI LUTOreHETUYHNI eeKT 3anex-
HO Big (hi310/10TYHOTO CTAHY KTITUHWN B MOMEHT ONpoMiHeHHs. [0€AHAHHSA TakuX GaKTOPiB, AK BEINYMHA [O3M pagia-
Lii, cTafia MIiTOTMYHOTrO LMKNY, NOCTNPOMEHEBI YMOBM, iHAMBIAYyaNbHA PaflioYyTIMBICTb, Bi0OPaXKa€ETbCA HA Kiflb-
KiCHIN 1 AKiCHi/ BapiaLiax pagiouyTNMBOCTI KNiTUH.
KntouoBi cnosa: nimdoumnty, abepaii XpoMoCoM, ONPOMiHEHHS, MITOTUYHMIA LIMKA, O30Bi 3a1€KHOCTI, MaTEMATUYHI
moJjeni.
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THE DEPENDENCE OF DOSE-EFFECTS IN HUMAN RADIATION
CYTOGENETICS

Objective. To study the frequency and spectrum of chromosome aberrations in human peripheral blood lymphocytes
depending on the radiation dose, the stage of the mitotic cycle and the periods of fixation of the cell culture.
Materials and methods. The test system of blood lymphocytes of donors, the metaphase analysis of chromosome
aberrations (a uniform staining of the drugs). The gamma-irradiation was performed on the device with the source
5Co at the dose rate of 0.5 Gy/min, the dose range was 0.25-4.0 Gy. The lymphocyte culture was irradiated after
0, 24, 40 and 48 hours from the beginning of the incubation, which corresponds to Go-, Gi1-, S-, Gz-stages of the mitot-
ic cycle. The cells were fixed after 52 hours and 62 hours from the beginning of the incubation.
Results. The author’s experimental data on the regularities of chromosome aberrations formation during irradiation
at the different periods of the mitotic cycle of human lymphocyte culture are presented. The character of the dose
dependences of structural damages of chromosomes during the mitotic cycle with an application of the linear, lin-
ear-square and parabolic models is analyzed. The greatest yield of exchange-type aberrations is registered at the
irradiation in Go- and G:-stages of the mitotic cycle, which submits to the linear-square dependence on an irradia-
tion dose. When irradiating cells in the S- and G.-stages, the main contribution to the spectrum of radiation-induced
chromosome aberrations is made by deletions, the level of which increases linearly with the dose. This is evidenced
by the negative values of the quadratic term in the regression equations for these stages. The analysis of the curves
using the parabolic model Y =k - Dn has shown that, at the irradiation of lymphocytes in Go- and Gi-stages, the dose
dependences approach the quadratic ones, which confirms the reasonableness of the interpretation of the obtained
cytogenetic data from the point of view of the «classical» theory of the radiation-induced chromosome aberrations
formation. However, the model of the spline regression is more accurate at the approximation of the dependences
of the cytogenetic effects in the region of low doses of irradiation.
Conclusions. The results obtained by the irradiation of human lymphocyte culture at different stages of the mitot-
ic cycle indicate that the same radiation dose induces different qualitative and quantitative cytogenetic effects
depending on the physiological state of the cell at the time of irradiation. The combination of such factors as a radi-
ation dose rate, a mitotic cycle stage, the post-irradiation conditions, and an individual radiosensitivity are reflect-
ed in quantitative and qualitative variations of the cellular radiosensitivity.
Key words: lymphocytes, chromosome aberrations, irradiation, mitotic cycle, dose dependencies, mathematical
models.
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BCTYII

DyHgaMeHTaIbHI TOCHIIKEHHST B rajiysi pamiobiosorii
CJIy’kaTh KOHIIETITyaJlbHOIO OCHOBOIO Ul TIOJAJIBIIOTO
mporpecy NpoMeHeBO1 Teparlii OHKOJIOMYHUX XBopux. Bo-
HU JTO3BOJIIIOTH 3’SICYBaTH 3aKOHOMIPHOCTI i MeXaHi3MHu,
1110 JIEXKATh B OCHOBI ITPOMEHEBUX peakliiii 3 00Ky SIK IyX-
JIMHHMUX, TaK i 3MI0POBMX TKAHWH, SIKi TTOTPAILISIIOTh B 30HY
TEPareBTUIHOTO OIpoMiHeHHs. OmHIE0 3 KIIIOYOBUX 3a-
JIESXKHOCTE B pamio0iosorii, 30KkpeMa B pafialliitHiil IIMTO-
TeHETULi, € 3B’ 130K BEJIMYMHU iHIYKOBAHOTO e(heKTy 3 10-
3010 i0Hi3yto4yoro BunpomiHoBaHHs (IB). Ll pobora min-
CYMOBYE pe3yJIbTaTU HallMX 0araTopiyHUX OOCIIiIKEHb,
CIIPSIMOBAHMX Ha 3’SICYBaHHSI 3aKOHOMipHOCTel (hopMy-

0« Emilia A. Djomina, e-mail: edjomina@ukr.net

INTRODUCTION

A fundamental research in the field of radiobiolo-
gy serves as a conceptual basis for further progress
in radiotherapy of cancer patients. It makes it pos-
sible to find out the regularities and mechanisms
underlying the radiation reactions of both tumor
and healthy tissues, which fall into the zone of
therapeutic irradiation. One of the key dependen-
cies in radiobiology, including radiation cytoge-
netics, is the relationship between the value of the
induced effect and the dose of ionizing radiation
(IR). The present work briefly summarizes the
results of our long-term research aimed at evaluat-
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BaHHSI LIMTOTEHETUYHUX €(heKTiB Yy COMATUUHUX KIiTU-
Hax JIIOAWHU 3aJIe3KHO BiJl 1031 OMPOMiHEHHS, a TAKOX
BiJ cTajii MITOTUYHOIO LIMKJTY, TOOTO BiJl CTYMEHS IXHbOI
pamiouytauBocti. Halikpaloloo pamio0ionoriyHow oc-
HOBOIO JIJIS1 IPOBEIEHHS TAaKUX JOCTIIKEHb € TECT-CUC-
Tema JiMm@ounTiB nepudepuuHoi Kposi (JITTK) monrnHu
3 TIOJANBITMM MeTadasHUM aHaJIi30M abeparliii XxpoMo-
coM. IcHye psn KpuTepiiB, 1110 00YMOBITIOIOTH BUKOPUC-
taHHs JITTK K Momesi Maaux J03UMETPiB 3 BUITAIKO-
BUM PO3MNOAIJIOM IO BChOMY Tiy OIPOMiHEHOIO
iHguBinyyMa. KopoTko, Li KpuTepii 3BOASIThCS IO TaKO-
ro: Bucoka pagiouymiuBicth JIIIK, Hu3bkuit piBeHb
CIIOHTAHHUX abepaliii XpOMOCOM; MPUPOAHA CUHX-
pOHi3allis MOMyJsLil JiMGMOLMTIB; iX LUPKYJILiS MO
BCHOMY OpraHi3My; YHi(piKaIlisl IUTOreHeTUIHUX ITPOTO-
KoJIiB; crneludivHicTh pafiaiiitHoro edekry; 10303a-
JIe>KHe TTOLLIKOMXKEHHSI XpOMOCOM 1, HapellTi, OJu3bKa
KiJIbKiCHA BiAITOBiAHICTH XPOMOCOMHMX abepaliil rmpu
iIEHTUYHOMY ONPOMiHEHHI KJIITUH in Vitro Ta in vivo [1].
ITo cyTi, nBi ocranHix nepeBaru Kynasrypu JIITK cramm
MiACTaBOIO IS BUKOPUCTAHHS LIi€I TECT-CUCTEMMU B
0i0I03MMETPUYHMX AOCTIIKEHHSIX MPU HEKOHTPOJIbO-
BaHUX OINPOMiHIOBaHHSX JoauHu. KpiMm Toro, uurore-
HetnyHi gociimkenHs Ha JITTIK mokazanu, 110 cTymniHb
YpaXeHHSI IMX KJTUH KOPEJIIOE 3 BUPA3HICTIO Mi3HiX
edeKTiB ompoMiHEeHHSI Ha piBHi opraHizmy [2].

META
BuBuuTH 4acToTy i crekTp abOepalliii XpoMOCOM Y
JITIK nroavHM 3a/1eXXHO Bil 403M ONPOMiIHEHHS, CTadil
MITOTUYHOTO LMKy i TepMiHiB (ikcallil KyabTypn
KJIITHH.

MATEPIAJIN I METOJIN

HocnigxeHo $SIKiCHI Ta KiJIbKiCHi 3aKOHOMIpPHOCTI
(opMyBaHHsI abepaliii XpoMocoM IIpU raMma-oOIl-
poMiHeHHi KyabTypu JITTIK moHopiB y pi3Hi nepioau
MIiTOTUYHOIO LUKIY. B po0OoTi KepyBaaucs moaoxXeH-
HsaM TenbciHchbKol aekiapalii BcecBiTHOI MeaUUHOT
acouianii (2008), sika nmependavae iHpOpMOBaHY 3roay
JIOHOPIB Ha y4acTh y AOCTiAXKeHHi. [aMMa-onpoMiHeH-
HSI BAKOHAHO Ha yCTaHOBLI 3 mxepeiaoM “Co npu mo-
Ty>kHOCTi mo3u 0,5 Ip/xB. [JdochimKyBaHUil miana3oH
103 craHoBuB 0,25—4,0 Ip. Kynsrypy aiMpounTiB or-
pomiHtoBanu uepes 0, 24, 40 i 48 roguH BiI MOYaTKy
iHkyOauii, mo Bignosigae Go-, Gi-, S-, Gy-cTagism
MITOTUYHOIO UMKIY. KyJabTMBYBaHHSI KJIITUH 3Miil-
CHIOBAJIM BilIIIOBIIHO 10 CTAaHAAPTHOIO MPOTOKOIY [3]
3 nesdakuMu Moaudikaiisimu. dikcallito KIiTUH, OI-
POMiHEHUX MPOTSITOM MITOTUYHOTO IIUKJITY, IIPOBOIM-
JIM 9epe3 52 ronuHM Bim modaTky iHKyoOartii. [1pm orm-

ing the regularities of formation of cytogenetic
effects in human somatic cells depending on the
dose of radiation and the stage of mitotic cycle. The
best radiobiological basis for such studies is the test
system of human peripheral blood lymphocytes
(PBL) with subsequent metaphase analysis of chro-
mosome aberrations. There is a number of criteria
governing the use of PBL as a model of small
dosimeters randomly distributed throughout the
body of an irradiated individual. These criteria are
summarized as follows: a high radiosensitivity of
PBL, a low level of spontaneous chromosome aber-
rations, a natural synchronization of lymphocyte
population, their circulation throughout the body, a
unification of cytogenetic protocols, a specificity of
radiation effect, a dose-dependent chromosome
damage, and, finally, a close quantitative correspon-
dence of chromosome aberrations at identical cell
irradiation in vitro and in vivo [1]. In fact, the last two
advantages of PBL culture became the basis for
using this test-system in biodosimetric studies in
uncontrolled human exposure. In addition, the
cytogenetic studies on PBL showed that the degree
of the damage to these cells correlates with theinten-
sity of the late radiation effects at the level of the
body [2].

OBJECTIVE

To study the frequency and the spectrum of chromo-
some aberrations in human PBL, depending on the
dose of radiation, the stage of mitotic cycle and the
timing of fixation of the cell culture.

MATERIALS AND METHODS

Qualitative and quantitative regularities of chromo-
some aberrations formation at gamma-irradiation of
PBL culture of donors during different periods of mi-
totic cycle were investigated. The work was guided by
the provision of the Helsinki Declaration of the World
Medical Association (2008), which provides for the
informed consent of donors to participate in the study.
Gamma-irradiation was performed at the equipment
with the source of “’Co at the dose rate of 0.5 Gy/min.
The investigated dose range was 0.25— 4.0 Gy. The
lymphocyte culture was irradiated after 0, 24, 40 and
48 hours from the beginning of incubation, which
corresponds to Go-, G-, S-, G,-stages of the mitotic
cycle. The cultivation of the cells was performed
according to the standard protocol [3] with some
modifications. The cells irradiated during the mitotic
cycle were fixated 52 hours after the start of incuba-
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POMiHEHHI KJITUH y ApPYTiii TTOJOBUHI MITOTMYHOTO
LMKy TOAATKOBO MPOBOAWIM (hiKcallilo KJIITUH 4yepe3
62 roa. MetadasHuit aHani3 abepaliiii XxpoOMOCOM TIpo-
BOAMJIM Ha PiBHOMIpHO TModapOOBaHUX ITUTOTEHETUY-
HUX TIperaparax.

JI71s1 cTaTUCTUYHOTO OTpPAIfOBaHHSI OTPUMAHUX JaHUX
BUKOPUCTOBYBAJIM JIiHiliHY, JIiHIHHO-KBagpaTU4yHy, Ia-
paboJliyHy Ta CIJIaifHOBY MOJIEITI.

PE3VYIJIBTATU 1 OBI'OBOPEHHA

Kinbkicni Bapianii panmiouymimsocti xpomocom. Kpugi
cmadia—egexm. Tlpu onpomineHHi Kyasrypu JIITK B
no3i 1,0 Ip dikcyeTbecss ABa MiKM paguodyTIUBOCTI
xpoMocoM: Ha mi3Hiit G- i Gy-cTamisx; S-cranmig €
HaoimeII pagiope3ncTeHTHO. OpHaK nipu 103i 2,0 Ip
pamiouyTIuBicTh XpoMocoM B G-CcTafii pi3ko 3pocTae,
TOJi SIK BiIMIHHOCTI B pamiouyTAUBOCTI MixX S- i G»-
cTafgiaMu 3rjamkyloTbesa. Ilpu mizHilloMy TepMiHi
¢ikcaii KynsTypu Buxing adbepaitiit B G,-cTafii 3pocTtae
BJBiYi, 1110 BKa3y€ Ha padiallifHO-iHAYKOBaHY 3aTPUM-
Ky MiTo3y. 3i 30i7blIeHHSIM 103U TaMMa-BUIIPOMiHIO-
BaHHS pagiouyTJIUBicTb XpoMocoM Yy KyabsTypi JITTK 3a
CTamiIMM WMWKy cTa€ Oinplr audepeHifoBaHOIO
(puc. 1).

TakvM YMHOM, TIPY MPOXOIKEHHI KJIITUH IO IIUKITY iX
pamiovyyTIuBICTh 3MiHIOEThCS. KiitmuHuM B S-cramii —
HaMOINBII pamiope3ncTeHTHi, a B mi3Hilt Gy-cramii —
MaKCUMaJbHO paniouyTauBi. Pamiope3ucTeHTHICTh S-
KJIITUH TMOSICHIOETHCSI €(EKTUBHIILIOK TOMOJOIIYHOIO
peKoMOiHalli€l0, OLIbIIOI AOCTYIHICTIO HEITOLIKO/IXE-
HUX MaTpullb, a TaKOX KOH(OpMaliiHUMMU 3MiHAMU
JAHK B 11boMy Tiepioni, ki 3a0e31euyoTh J0CTYIT peria-
pPaTUBHUX KOMILJIEKCIB O MOIIKOMXEHD [4].
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tion. When irradiating the cells in the second half of
the mitotic cycle, an additional fixation of cells was
performed — after 62 hours. The metaphase analy-
sis of chromosome aberrations was performed on
uniformly colored cytogenetic preparations.

The linear, linear-square, parabolic, and spline
models were used for the statistical processing of
the obtained data.

RESULTS AND DISCUSSION
Quantitative variations in chromosome radiation
sensitivity. Curved stage effect. When irradiating a
culture of PBL at a dose of 1.0 Gy, two peaks of chro-
mosome sensitivity are recorded: at the late G- and
G,-stage; S-stage is the most radioresistant. How-
ever, at a dose of 2.0 Gy the radiosensitivity of chro-
mosomes in Gi-stage increases sharply, while the dif-
ferences in radiosensitivity between S- and G,-stage
are smoothed. At a later fixation period of the cultu-
re, the aberration yield of G,-stage aberrations dou-
bled, which indicates a radiation-induced mitosis re-
tention. As the dose of the gamma radiation increa-
ses, a chromosome radiosensitivity in PBL culture
becomes more differentiated by cycle stages (Fig. 1).
Thus, when the cells pass through the cycle, their
radiosensitivity changes. The cells in the S-stage are
the most radioresistant, and in the late G,-stage —
the most radiosensitive. The radioresistance of
S-cells is explained by more effective homologous
recombination, a greater availability of intact matri-
ces, as well as the conformational changes in the
DNA during this period, which ensures an access of
repair complexes to damages [4].

PucyHoK 1. KineTuka 3aranbHoi 4acTotTu abepauiin xpomocom
Y KynbTypi Nim¢ouuTiB NIOAMHU NPOTATOM MITOTUYHOIO LUKNY

npu raMma-onpoMiHeHHi.
CyuinbHi niHii — dikcauia yepes 52 roa; NyHKTUpHA — Yyepes 62 roa.

Figure 1. Kinetics of total chromosome aberration frequen-
cy in human lymphocyte culture during the mitotic cycle

under gamma-irradiation.
Solid lines - fixation after 52 h; dotted lines — after 62 h.
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3aTpyUMKa KJIiTUH TPy MpoXomxeHHi yepe3 Gi-, S- i
Gj-cranii BigOyBa€eThCS BHACHIIOK aKTHUBallil KOHT-
POJILHUX TOYOK, KOTpi PO3IMi3HAIOTh MOILIKOMKEHHS
OHK [5, 6]. KoHTpOoJIbHI TOYKYM — 1ie IIEBHI TUMYACOBI
MO3MIIii B KJIITAHHOMY IIMKJIi, aKTUBYIOUM SIKi MOXHa
0JIOKYBaTH/CMOBIIBHIOBATU BXOXKEHHS KJIITUH y HAaC-
TymnHY cramgifo. CrroyaTKy MM BBaXKaJid, 110 TaKi TOYKKA
3aTPUMKM 3a0e3MeUyIoTh KIiTHUHAM OiNblle Jacy s
penapauii ymkomkeHb JJHK. OngHak Ha CbOroHi Take
CYJDKEHHSI CITpaBeUIMBE JIMIIE YaCTKOBO. BiamnoBiaHo 10
CydaCHUX YSIBJIE€Hb, MMPOCYBAHHSI KJIITUH MO LIMKIY Bifl-
OyBa€ThCS 3a PaxXyHOK Jii HUKJTiH3aJAeXKHUX KiHa3 [7].
Bonu ochopunioroTs pi3Hi OiIKM i 3aITycKalOTh Me-
XaHi3M, HeoOXigHU 151 JTOTiYHOTO 3aBEePILICHHS IPO-
Hecy MiTosy. BBaxaroTh, 1110 10JaTKOBUI yac JJisl pe-
napatlii — 1ue (axktop, SKUR OUTbII BaxKJIUBUI IJIs il
SIKOCTi, a He I 00csry mpolecy [7].

Axicui Bapianii pagiouymmBocti xpomocom. Kpusi
cmadis—epexm. Hamu moxazano, mo mis1 Go- i G-
CTaJiil XxapakTepHe iHAYKyBaHHS abepalliii XpOMOCOM-
Horo Ttuiy, G,-cTafii — XpOMaTUIHOIO TUITY, a IS S-
cTamii — obuaBa TMnM abdepalliii. TakKMM YMHOM, IO
Mipi IpOCYBaHHSI KJIITUH I10 LMKJY CIIOCTEpPIira€Thcsl
3aKOHOMIipHa 3MiHa abepalliif XxpOMOCOMHOIO TUITY Ha
XpoMaTuaHui (puc. 2).

Kinbkichi Bapianii pamiouyTimBoCTi XpoMocoMm Yy
Pi3HUX CTAMIIX MITOTHYHOTO HMKIY JiMpouuTiB. Kpuei
dosa— egexm. Tlpu TOPIBHSUILHOMY aHali3i 1030BUX
KpUBUMX ISl 3arajbHOro 4ucia abdepalliii XpoMOCOM
OpU raMma-oINpoOMiHEHHi KyJbTYpU JiM(MOLUTIB Yy
Pi3HMX CTadisIX MiTOTUYHOTO LIUKJIY BCTAHOBJIEHO Ta-
ke. Xin KpUBHUX, sIKi BimoOpaxkaloThb CyMapHe YMCIIO
abepaliit xpomocoM mpu omnpomiHeHHi B GO- i G1-
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The cells are delayed when passing through G-, S-
, and G-stages due to the activation of control points
that recognize a DNA damage [5, 6]. The control
points are defined time positions in the cell cycle,
which can be activated to block / slow down the entry
of the cells into the next stage. Initially, we thought
that such delay points provided more time for the
cells to repair the DNA damage. However, today this
conclusion is only partially true. According to the
modern notions [7], the cyclin-dependent kinases
are responsible for the cell advancement in the cycle.
They phosphorylate various proteins and trigger the
mechanism, which are necessary to complete the
mitosis process logically. According to these authors,
an additional time for reparation is a factor that is
more important for its quality than for the volume of
the process.

Qualitative variations in chromosome radiosensitiv-
ity. Curved stage effect. We have shown that Go- and
G -stages are characterized by inducing chromoso-
mal type aberrations, the G-stage — by chromatid
type, and for S-stage — by both types of aberrations.
Thus, as the cells move along the cycle, there is a
natural change of chromosomal type aberrations to
chromatid type ones (Fig. 2).

Quantitative variations of chromosome radiosensitiv-
ity in different stages of the mitotic cycle of lympho-
cytes. The dose-effect curves. A comparative analysis of
the curves for the total number of chromosome aber-
rations during the gamma-irradiation of lymphocyte
culture in different stages of the mitotic cycle reveals
the following The course of the curves reflecting the
total number of chromosome aberrations in GO- and

PucyHoK 2. KineTuka ab6epauin xpoMocomHoro i xpomarua-
2 HOro TUNY B KyNbTypi nimcouunTtie nogUHU NPOTArOM MUTOTU-

40 YeCKOro LMKNY Npu raMmma-onpoMiHeHHi.
1, 2 — abepadii xpomaTtuagHoro Tuny; 3, 4 — abepau,ii XPOMOCOMHOr0
Tuny; 1,3 - posa 1p; 2,4 - po3a?2p.

Figure 2. Kinetics of chromosomal and chromatid type aber-
rations in human lymphocyte culture during the mitotic cycle

under gamma-irradiation.
1, 2 — chromatid type aberrations; 3, 4 — chromosomal type aberra-
tions; 1,3 - 1 Gy dose; 2, 4 — 2 Gy dose
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cTafii, MOAIOHMI i aMPOKCUMYETHCS JiHIAHO-KBaapa-
TUYHOIO 3ajieXHicTio Big mo3u (puc. 3). Ilpu on-
pOMiHEeHHI B S-cTamii cyMapHe 4ncio adepalriit 3poc-
Ta€ JdiHiitHO 3 J03010. Y G)-cTafii Ha MovyaTKy Mpuo-
Jm3HO 1o no3u 1 Ip crmoctepiraeThbes diHiliHa 3a1ex-
HiCTb e(heKTY BiJl 103U, ITiCJIsI YOIO KpHBa BUXOAUTh HA
IIaTo.

OuiHioUYM pagioyyTJMBICTh KIHNTUH Yy PIi3HUX
nepiogax MiTOTUYHOTO LMKIY KYJIbTYPH JiM@OLNTIB,
HEOOXiTHO BPaXOBYBaTH, K 3a3HAYEHO BUIIIE, YACTKO-
BUIi BIUIMB COPUYMHEHOI pajiallield MITOTUYHOI 3aT-
PUMKHU, BHACIIOK SKOI KJIITMHU B PamiouyTIUBOMY
nepioAi 3 OUIbIIMM YUCJIOM TOIIKOMXKEHb TUMYACOBO
010Ky10ThCs. Taki KIIITMHU MOTPAIISIOTh Y MeTadas-
HUI aHaJji3 TITBKK TPpU Mi3HIMNMX TepMiHax (ikcarrii.
[To-npyre, cnin BpaxoBYyBaTM ACMHXPOHHICTb TOITY-
JISIii 1iMOLIUTIB pY ONMPOMiHEHHI B S- i Ga-cTamisix
oKy [8].

3 ooy Ha BUKJIAAeHE BUILE, MU IIPOBEJIU €KCIIe-
PUMEHTU 3 IIOPiBHSUILHOI'O BMBYEHHSI BUXOIY Ta
CreKTpy abepalliii XxpoMOCOM MpPU ONMPOMiHEHHI B S-
i Ga-cTamigx LUKy i ABOX TepMiHax (ikcallii KJIiTUH:
52 rox i 62 ron BiJ MOYaTKy KyJAbTUBYBaHHS. AHai3
JaHUX TI0Ka3aB, 10 Yy pa3i ONPOMiHEHHS KJIiTUH B
S-cramii i ABOX TepMiHax (pikcallii XiJl T030BUX KPU-
BUX TOTOXHHUI i BiAMiHHOCTell y 4yacTOTi abGepaliiii
MiX IBOMa TepMiHaMM He Bim3HayaeTbcs (puc. 3).
OnHaxk Tpu Mi3HIIOMY TepMiHi ¢ikcallii KJIiTUH, OTl-
poMmiHeHuX B Gi-cTafii, JiHifiHA 3aJ€XHICTh YuCTa
abepalliii XpOMOCOM CIIOCTEPIra€Thcsl y BCbOMY JI0-
CIiAKEHOMY Jiala3oHi A03, Ha BiAMiHY BiJ Mmepiuoi
¢ikcanii, mpu gKiit GopMyeThCS MIATO Ha O30Bil
kpuBiii. el dakT miaTBEpIXKYyE YaCTKOBY pOJb

Go
G1
200

160

120

KinbkicTtb abepauiin Ha 100 KniTuH
Number of aberrations per 100 cells

1.0 20
[o3a, I'p / Dose, Gy

hours.

G1l-stage irradiation is similar and approximated by
the linear-square dose dependence (Fig. 3). At irradi-
ation in the S-stage the total number of aberrations
increases linearly with the dose. In the G»-stage, in the
beginning approximately up to the dose of 1 Gy a lin-
ear dependence of the effect on the dose is observed,
after which the curve comes out on the plateau.

When assessing the radiosensitivity of the cells at
different periods of the mitotic cycle of lymphocyte
culture, it is necessary to take into account, as indi-
cated above, the partial effect of radiation mitotic
delay, due to which the cells are temporarily blocked
during the radiosensitive period with a greater num-
ber of lesions. These cells come to the metaphase
analysis only at later fixation periods. In addition, it
is necessary to take into account the asynchronous
nature of the lymphocyte population when irradiat-
ing in the S- and G,-stages of the cycle [8].

In view of the above, we carried out experiments on
the comparative study of the yield and spectrum of
chromosome aberrations during the irradiation in the
S- and G;-stages of the cycle and two fixation periods:
52 hours and 62 hours from the beginning of the cul-
turing. The analysis of the data showed that the course
of the dose curves is identical at the cell irradiation in
the S-stage and the two terms of fixation, as well as that
there is no difference in the frequency of aberrations
between the two terms (Fig. 3). However, at a later date
of fixation of the cells that were irradiated in the G»-
stage, the linear dependence of the number of chro-
mosome aberrations is observed in the entire range of
the doses studied, in contrast to the first fixation, at
which the plateau is formed on the dose curve. This

PucyHok 3. [1o30Ba 3anexHicTb cymapHoro 4ucna abepauyuin
XPOMOCOM Y KynbTypi nimpoumntie npu ramma-onpomiHeHHi B
pi3Hi cTapii MiToTMYHOrO LUKAY.

CyuinbHi niHii — gikcauis KynsTypu KNiTuH Yepes 52 ron,; NyHKTUPHI —
yepes 62 rog.

Figure 3. The dose dependence of the total number of chro-
mosome aberrations in the lymphocyte culture during gamma-

30 20 irradiation at different stages of the mitotic cycle.
Full lines — a fixation after 52 hours; dotted lines — a fixation after 62
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pafialiiHOI 3aTPUMKU MiTO3Y IIPU OLIHIII XapaKTepy
JI030BUX KPUBUX.

3 MeTOoI0 00’ €KTUBHIIIIOI OI[IHKM XapaKTepy JO30BUX
KpUBUX OYJ10 BAKOHAHO perpeciiHuil aHali3 eKcrepu-
MEHTaJIbHUX AAaHUX 3 BUKOPUCTAHHSIM PiBHSHHSI:

fact confirms the partial role of radiation delay of
mitosis in assessing the nature of dose curves.

In order to make a more objective assessment of the
nature of the dose curves, a regression analysis of the
experimental data was performed using an equation:

Y=aD + pD’+ ¢

Je Y — KinabkicTb abepauiit Ha 100 KJTiTUH, ¢ — KOHT-
POJBHMI piBeHb, O i B — JiHIWHWI i KBaZpaTUIHUI
koediuienTn perpeciiinoro piBHaHHS, D i D’ — nosa
ramMma-oIrpoMiHEeHHS.

3HaueHHs KoedillieHTiB ¢, i B, OTpUMaHUX y HAILIOMY
JOCJiI>KeHHi, TMTOKa3yloTh, 1110 X04Ya MPU OMPOMiHEHHi
B Go- 1 G-cTamigx BOHU MO3UTUBHI, 110 BilIlOBigae
JIiHIMHO-KBaApaTUYHiin MOJENi, OMHAK JIiHIMHI YJIeHU
He Bipi3HSAIOTHCS NOCTOBIpHO Bif HYJS i A030Ba 3a-
JIEXKHICTh MOXe OyTH OrnucaHa TaKoX KBaApaTUYHOIO
KpuBoio (tabu. 1). I1pu ompomMineHHi B S- i G,-cTamisgx
i ¢pikcariii yepe3 52 roa KBaapaTU4YHi WIEHU HeraTUBHI
i TOCTOBIPHO BiIPi3HSIOTHCS BiJl HYJS, 11O CYNIEPEYUTh
KJIaCUYHUM MojesaM. PazoM 3 Tum, nipu dikcartii Kii-
TUH 4Yepe3 62 roj M030Bi 3a7eXHOCTI 3aI0BiJIbHO
Y3TOJIKYIOThCS 3 JIiHiliHOI Moaemo (Tabm. 1).

Kpuei doza-eghexm oas abepauiii XxpomocomHo2o muny.
ITpu onpomiHeHHi kiTUH B Go- i Gj-cTamisgx BuUXia
abepalliii XpOMOCOMHOI'O TUIIY BiAIOBiJa€ JiHiIMHO-
KBagpaTU4Hiil 3amexHocTi Bim mo3u. Ilpu om-
pOMiHEeHHi B S-cTajii BUXil XpOMOCOMHUX abeparliii
He3HayHUM i 3pocTae JiHiltHO 3 go03010 (puc. 4). On-
Hak MOpU TpuBadilWiii iHkyOawuii kjaiTuH (62 rox)
CIEKTP TOIIKOIKEHb XPOMOCOM B S-CTaii 3MiHIOETh-
csl B 0iK 3pOCTaHHSI XPOMOCOMHMUX 1 3HVMKEHHST 4nciia
XpoMaTuaHUX abepaliii. I B LiboMy BUIIaAKy A030Ba
KpuBa JJisi XpOMOCOMHUX a0epalliii Ma€ JIiHiliHY 3a-

Taonauusa 1

where Y is the number of aberrations per 100 cells, ¢
is the control level, oo and P are the respective linear
and quadratic coefficients of the regression equa-
tion, and D and D? are the gamma ray dose.

The values of the o and B coefficients obtained in
our study show that although they are positive for
irradiation in Go- and G-stages, which corresponds
to the linear-square model, the linear terms do not
differ reliably from zero and the dose dependence
can also be described by the quadratic curve (Table
1). At irradiation in S- and G»-stages and a fixation
through 52 hours the quadratic terms are negative
and reliably differ from zero that contradicts classi-
cal models. At the same time, at a fixation of the
cells after 62 hours the dose dependences agree sa-
tisfactorily with the linear model (Table 1).

Dose-effect curves for chromosomal aberrations. When
irradiating cells in Go- and G-stage, the yield of chro-
mosomal type aberrations corresponds to the linear-
square dependence on the dose. During the irradiation
in the S-stage the yield of chromosomal aberrations is
insignificant and increases linearly with the dose (Fig.
4). However, the spectrum of chromosomal damage in
the S-stage changes towards the increase of chromoso-
mal and the decrease in the number of chromosomal
aberrations at a longer cell incubation (62 hours). In
this case the dose curve for chromosomal aberrations

KoediuieHTn perpeciitHoro piBHAHHA Y = oD + BD? + ¢ AnA cymapHoOi 4acToTu abepauyit XxpoMoCcoM y KynbTypi
nimouuTie Nnpu ramma-onpomiHeHHi B pasHi cTagii MiToTUYHOrO UUKNY

Table 1

The coefficients of the regression equation Y = oD + BD? + ¢ for the total frequency of chromosome aberra-
tions in the lymphocyte culture during the gamma-irradiation at different stages of the mitotic cycle

Crapii umkny

TpuBanictb onpoMiHeHHS, rog,

The stage of the cycle The radiation time, h Y=oD+BD*+c
Go 0 Y = 2,28(2,39)D + 13,75(£0,97)D? + 2,2
Gy 24 Y = 12,75(+13,47)D + 20,15(6,24)D? + 2,2
S 40 Y = 16,35(x0,22)D — 0,25(0,08)D? + 2,2
S 40 Y = 14,09(+1,39)D + 0,28(£0,45)D? + 2,2
Go 48 Y = 38,82(+4,83)D — 8,44(+4,19)D? + 2,2
Go* 48 Y = 33,79(%3,19)D + 2,14(2,77)D? + 2,2

Mpumitka. * — dikcauisn kniTuH yepes 62 rog.
Note. * — the cell fixation in 62 hours.
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JIeXXHicTh. PiBeHb XpoMOCOMHUX abepalliii, iHIyKOBa-
Hux B Gy-cTanii, He3HauyHui. OgHaK TpU OiJIbIT TPU-
BaTiil iHKyOauii KiaiTuH (62 rox) BiH 3pocTae, MPpUYIOo-
My JIiHiiTHO 3 1o3010. [TopiBHAHHS KoedilieHTiB o i B
perpeciiiHuX piBHSIHb, OOYMCIEHMX s abepaliit
XPOMOCOMHOTO THUITY, MiATBEPIXYE Ii 3aKOHOMip-
HOCTi (Tab. 2).

YV Go- i G-cTagisx, ae XpOMOCOMHUI TN abepaliit
€ OCHOBHHUM Yy CHEKTPi IOIIKOIXEHb XPOMOCOM,
BUXil Takux aOepalliil MiAmopsaAKOBYETbCS JiHIMHO-
KBaJpaTUYHOMY 3aKOHY, MPO 110 CBig4yaTh OiNbLIi
3Ha4YeHHS B mopiBHSAHO 3 o. Y S- i G,-cTamisix, 1e oc-
HOBHMU TuN abepaliii — abepallii XpoMaTUIHOIO THU-
My, BUXiJl XpOMOCOMHUX abepalliil miamnopsaKoByETh-
csl JIiHIMAHIA 3a7eXKHOCTI Bif A03U, MPO IO CBigyaTh
OM3bKi 10 HyJs 3HAYEHHs KBaApaTUYHOIO 4YjeHa
pPiBHSIHHSI.

Ta6nauusa 2

PucyHoOK 4. [lo3oBa 3anexHictb BUxoay abepauiit xpomocom-
HOro TUNy B KynbTypi nimgoyuTiB Nnpum ramma-onpomiHeHHi B
pi3Hi cTapii MiToTUYHOrO UMKAY.

MosHakun amB. puc. 3.

Figure 4. The dose dependence of the yield of chromosomal
w type aberrations in the lymphocyte culture at the gamma-irra-

diation in different stages of the mitotic cycle.
See Fig. 3 for designations.

also has a linear dependence. The level of chromoso-
mal aberrations induced in the G»-stage is insignifi-
cant. However, when cells are incubated for longer
periods of time (62 hours), it increases linearly with the
dose. A comparison of the o and 3 coefficients of the
regression equations calculated for chromosomal aber-
rations confirms these regularities (Table 2).

In the Go- and G-stages, where the chromosomal
type of aberrations is the main type of chromosomal
aberrations in the spectrum of chromosomal damage,
the yield of such aberrations is subject to the linear-
square rule, as evidenced by the higher values of 3
compared to o. In the S- and G»-stages, where the
main type of aberration is a chromatid type aberration,
the yield of chromosomal aberrations is subordinated
to the linear dose dependence, as evidenced by the
close to zero values of the square term of the equation.

KoediuieHTu perpeciittoro pisHaHHA Y = oD + BD? + ¢ ansa abepauin XpOMOCOMHOr0 TUNY NpU raMMma-onpomi-

HeHHi nimdouuTie y pisHi cTaaii mitoTMuHOrO LUUMKNY
Table 2

The coefficients of the regression equation Y = aD + 3D? + ¢ for the chromosomal type aberrations at gamma-
irradiation of lymphocytes in the different stages of the mitotic cycle

Y=oD +BD? +c

Crapii umkny TpuBanictb onNpomiHeHHs, rop,
The stage of the cycle The radiation time, h

Go 0

Gy 24

S 40

S* 40

Go 48
Go* 43

Y =3,34D + 13,17D? + 0,8
Y =8,77D + 18,02D% + 0,8
Y =8,55D — 1,32D% + 0,8
Y =14,74D - 1,77D?+ 0,8
Y=2,69D - 0,11D2+ 0,8
Y =20,90D — 4,78D% + 0,8

IMpumiTka. * — dikcauis KniTuH yepes 62 rog,.
Note. * — the cell fixation in 62 hours.
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Kpusi noza-edext misa abepaliii XpoMaTUIHOIO
tuny. HaliMeHIIui Buxig XpomaTUIHUX adepalliil
Big3HavaeThCcs Tpu onpoMiHeHHi B Go-cramii (puc. 5).
ITpu onpomineHHi B Gj-cTamii 4ucaIo XpoMaTUIHUX
abepaliifi 3HaYHO BUIIE i 3pPOCTA€E 3 J030I0 He-
JIIHIHO, TOAI K IIPpX OMPOMiHEHHI KJIiTUH B S-CcTail
YUMCJI0 XpOMaTUIHUX abepalliii 3pocTae€ JIiHiiiHO 3 10-
3010. OmHaK Mpu OiNbII TPUBAJIOMY KYJbTUBYBaHHI
KJIITUH CHOCTEPIira€ThCcs J030Ba 3aJIEKHICTh, IO-
JIi0Ha 10 OTpMMAaHOI Npu onpoMiHeHHi B G-cTanii.
B G»-cTanii 1o30Ba KprBa BUXOIY XpOMaTUIHNUX abe-
paliii TOBTOPIOE Xid JO30BOi KPUBOI AJIsI 3arajlbHOTO
yuciia abepaliii: croyaTky CrocTepiraeTbes JiHiliHA
3aJIeXXHICTh eeKTy Bia A03M, a MOTIM KpUBa BUXO-
INTh Ha Trato (muB. puc. 3). [1pu GinbIn TpuBamiin
iHKyOalil KJIiTUH JIiHiliHa 1030Ba 3aJI€3KHICTh BUXOY
XpoMaTUIHUX abepaliii mpu ompomiHeHHI B G-
cTajii 30epira€TbCsl y BCbOMY JOCJiIKEHOMY Jiara-
30Hi 103.

IMopiBHsIHHS KoeillieHTIB MiHiTHO-KBaaApaTUYHO-
TO PiBHSIHHS JUISI XpOMaTUIHUX abepalliil, iHIyKoBa-
HUX B Pi3HUX CTadisIX MITOTMYHOTO LIMKIY, JO3BOJISIE
JIiATH BUCHOBKY TIpo Take. Buxin abeparriit B Go-cTa-
Jii HACTIJIbKY Mauii, 1110 00MaBa KoeillieHTH JIiHii-
HO-KBagpaTuyHoro piBHsHHA Y = -1,07 (+ 0,79)D +
+ 0,57 (£ 0,32)D? + 1,4 cyTT€BO He BiAPi3HIIOTHCS Bif
Hynd (Tadm. 3). [1pu ompoMiHeHHi B S-cTamii i (pikcarrii
yepe3 52 ron Big3HAYAEThCA JiHiliHA 3aleXXHICTb, ITPU
dikcarii yepe3 62 ron — miHiiHO-KBagpatuyHa. [1pu
ornpoMiHeHHi B Gy-cTafdii mpu 060X TepMiHax ikcarii
yuciio abepalliil 3pocTa€ MOBiJIbHIiIIE, HiX 3a JIiHii-
HUM 3aKOHOM, Xo4a NpU Mi3Himii ¢ikcawii (62 rom)
BiIXWUJIEHHS BiJ JiHIAHOCTI € HECYTTEBUM. XapakTe-

KinbkicTtb a6epauin Ha 100 KniTuH
Number of aberrations per 100 cells

10 20 30 40
Ao3a, I'p / Dose, Gy

Dose-effect curves for chromatid type aberrations.
The lowest yield of chromatic aberrations is observed
at irradiation in the Gy-stage (Fig. 5). At irradiation
in the G)-stage the number of chromatic aberrations
is much higher and does not increase with the dose
linearly, whereas at irradiation of the cells in the S-
stage the number of chromatic aberrations increases
linearly with the dose. However, in case of a longer
cell cultivation, a dose dependence similar to that
obtained during the irradiation in the Gj-stage is
observed. In the G;-stage, the dose curve of the yield
of chromatic aberrations repeats the course of the
dose curve for the total number of aberrations: first, a
linear dependence of the effect on the dose is
observed, and then the curve comes out on the
plateau (see Fig. 3). In case of a longer cell incuba-
tion, the linear dose dependence of the yield of chro-
matic aberrations at the irradiation in the Gj-stage
remains in the whole investigated dose range.

The comparison of the linear-square equation coef-
ficients for chromatic aberrations, which are induced
in the different stages of the mitotic cycle, allows us to
conclude the following. The output of the aberra-
tions in the Gy-stage is so small that both coefficients
of the linear-square equation Y = -1.07(+0.79)D +
+0.57(%£0.32)D* + 1.4 do not differ significantly from
zero (Table 3). The irradiation in the S-stage and a
fixation after 52 hours is marked by the linear depend-
ence, while a fixation after 62 hours is marked by a
linear-square dependence. During the irradiation in
the G,-stage at both fixation terms, the number of
aberrations increases slower than in accordance with
the linear rule, although the deviation from linearity is

PucyHok 5. lo3oBa 3anexHicTb BUxoay abepauiin xpomatua-
HOro Tuny B Kynbtypi nimouuntie npu ramma-onpomiHeHHi B
pi3Hi cTapii miToTUYHOrO LUKAY.

Mo3Ha4yeHHsa AnB. pUcC. 3.

Figure 5. The dose dependence of the yield of the chromatid
w type aberrations in the lymphocyte culture at gamma-irradia-

tion in different stages of the mitotic cycle.
See Fig. 3 for designations.
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Ta6auusa 3

KoediuieHTn perpeciiitoro pisHaHHA Y = oD + BD? + ¢ ansA abepauin XxpoMaTMAHOro TUNy Npu ramMma-onpomi-

HeHHi nimpouuTie y pi3Hi cTapii MUTOTUYHOrO LUMKNY
Table 3

The coefficients of the regression equation Y = oD + BD? + ¢ for chromatid type aberrations at gamma-irradi-
ation of lymphocytes in different stages of the mitotic cycle

Crapii umkny TpuBanictb ONPoOMiHEHHS, ropg, _
The stage of the cycle The radiation time, h Y=oD+pD*+c

Go 0 Y=-1,01D+0,57D? + 1,4
Gy 24 Y =3,97D +2,13D% + 1 4
S 40 Y =7,80D +1,06D% + 1,4
S* 40 Y =-0,07D + 2,05D% + 1,4
Go 43 Y =36,12D — 8.33D% + 1,4
Go* 43 Y=12,89D — 2,64D% + 1,4

IMpumitka. * — dikcauis kniTuH yepes 62 rog.
Note. * — the cell fixation in 62 hours.

prcTUKa Takux (GOpM J030BUX 3aJIEKHOCTEN TTPUBe-
JIleHa HIDKYe.

Kpuei doza-egpexm oas abepayiii 0OMinHO20 muny.
IIpu ompominenHi B Go-, G-, S-crazii (dpikcaiis
yepe3 52 ron) BUXig OOMiHHUMX abOepalliii 3pocTae
JIHIMHO-KBaIpaTuIHO 3 m03010. Y Ga-cramii (¢ik-
callisg yepe3 52 roa) Buxin oOMiHiB He3HauHuMit. [1pu
ornpoMiHeHHi B S-, Gy-crazmii (¢ikcauisg yepes 62
roia) 4Yuciao oOMiHHUX abepaliil 30iTbIIYETHCS
JiHifiHO 3 mo3ow (puc. 6). 1li 3akoHOMipHOCTI
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insignificant at a later fixation (62 hours). These forms
of dose dependencies are described below.

Dose-effect curves for exchange-type aberrations. At
the irradiation in the Go-, G-, S-stages (a fixation
after 52 hours) the yield of exchange aberrations
increases linearly-squarely with the dose. In the G»-
stage (a fixation after 52 hours) the exchange yield is
insignificant. When irradiated in the S-, G,-stages (a
fixation after 62 hours), the number of exchange aber-
rations increases linearly with the dose (Fig. 6). These

PUCYHOK 6. l030Ba 3anexHicTb Buxoay abepauin o06miHHoOro
TUNY Npu ramma-onpomiHeHHi nimpouutie y pisHi craaii mito-
TUYHOTO LMKNY.

Mo3Ha4yeHHsa AnB. pUcC. 3.

Figure 6. The dose dependence of the yield of exchange-type
: aberrations at gamma-irradiation of lymphocytes in different

stages of the mitotic cycle.
See Fig. 3 for designations.
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MiATBEPKYIOThCSI MapaMeTpaMu JiHiliHO-KBaapa-
TUYHOTO PiBHSIHHS, OOYMCIIEHOro A abepaliiil
OOMIHHOTO TUTTY B Pi3HUX CTamisIX UKy (Tabm. 4). Y
PIBHSIHHSIX JJIS1 Pi3HUX CTaliil MiTOTUYHOIO IIUKIY i
(ixcanii yepe3 52 roxa (kpim Gr-cramii, 1€ BUXIia
OOMiHiB He3HauYHMIi) AOCUTb BUpPaKEHUIA KBaapa-
TUYHUI WieH, 0 OOYMOBIIIOE JiHiHO-KBaapaTUy-
HY 3alexHicTb edekrty Bim mo3u. Ilpm ¢ikcamii
KJITUH 4epe3 62 roa OCHOBHMI BIUTUB Mae€ JTiHIMHUA
YJIeH PiBHSIHHSI.

Ta6nuus 4

regularities are confirmed by the parameters of the lin-
ear-square equation, which is calculated for the
exchange-type aberrations in the different stages of the
cycle (Table 4). In the equations for different stages of
the mitotic cycle and a fixation after 52 hours (except
for the G»-stage, where the yield of exchanges is
insignificant) a square term is significantly important,
which determines the linear-square dependence of the
effect on the dose. When fixing the cells after 62 hours,
the main effect is on the linear term of the equation.

KoediuieHTu perpeciitHoro piBHAHHA Y = oD + BD? + ¢ pna abepauiit 06MiHHOro TMNY Npu raMma-onpomiHeHHi

nimcouuTiB y pisHi cTapii MiTOTUYHOrO LUMKNY
Table 4

The coefficients of the regression equation Y = oD + BD? + ¢ for the exchange-type aberrations during gamma-
irradiation of lymphocytes at different stages of the mitotic cycle

Crapii umkny TpuBanictb ONpoMiHeHHs, rop, _
The stage of the cycle The radiation time, h Y=oD+pD* +ec

Go 0 Y = 3,05D + 10,40D% + 0,1
Gi 24 Y =14,41D + 6,70D% + 0,1
S 40 Y =-0,09D + 2,03D? + 0,1
S* 40 Y = 5,39D + 0,58D% + 0,1
G2 43 Y =4,23D - 0,86D? + 0,1
Go* 43 Y =6,58D + 2,42D% + 0,1

Mpumitka. * — dikcauis kniTuH yepes 62 rog,
Note. * — the cell fixation in 62 hours.

Kpusi noza-edexkt mas geneuiii. PiBeHb ¢par-
MEHTIB ITpu onipoMiHeHHi B Go- Ta Gi-CcTaisgx mpem-
CTaBJICHUU JIiHIHHO-KBAaIPAaTUYHOIO JTO30BOIO0 KPH-
BOIO, B S- i G,-CcTamisIx — CIOYaTKy 3pOcTae JiHilfHO,
a notTiM ¢dopmyetbes 11ato (puc. 7). [lpu TpuBaniii
iHKyOauii KIiTHH B S- i Gy-cTaail JiHiliHAa 3a71eKHICTh

100

KinbkicTtb a6epauinn Ha 100 KniTuH
Number of aberrations per 100 cells
3 3 S
1 1 1

N
o
1

10 20 30 40
[osa, I'p / Dose, Gy

Dose-effect curves for deletions. The level of frag-
ments at irradiation in the Go- and G-stages is pre-
sented by the linear-square dose curve, in the S- and
G,-stages it increases linearly first, and then the
plateau is formed (Fig. 7). In case of the prolonged
cell incubation in the S- and G;-stages, the linear

PUCYHOK 7. [lo30Ba 3anexHicTb BUXOAY Aenewin npu ramma-
onpomiHeHHi nimgouuTiB y pisHi cTapii MiTOTUYHOrO LUUKAY.
Mo3HayeHHs amB. puc. 3.

Figure 7. The dose dependence of the deletion yield at the
w gamma-irradiation of lymphocytes at the different stages of

the mitotic cycle.
See Fig. 3 for designations.
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yycia (pparMeHTiB Bil 103U 30€pira€TbCsl y BCbOMY
JocaigkeHoMy niana3oHi. OOuMciieHi mapaMeTpu
JIIHIAHO-KBaIpaTUYHOTO PiBHSIHHS MJISI LIbOIO BUAY
abepalliil MiaTBepKYIOTh I'pacdidHe 300paxkKeHHsI aa-
HUX (Tabm. 5).

KnacuuHa iHTepnperaliss yTBOpeHHs abepalliil
XpOMOCOM MpHU BIUIMBI PiIKOIOHI3YyIOUOTO BMII-
POMiHIOBAHHS BKJIIOUAE JiHIHY 3aJIeXXHICTb edek-
Ty Bil A034U JJisI OAHOPO3PMBHUX abepaliii (me-
Jieli) 1 KBagpaTU4yHY — JJIS1 JABOPO3PUBHUX
(oowminiB). Lle oOymoBiaeHO TUM, 110 abepailii 00-
MiHHOTO TUITY — pe3yJbTaT B3aEMO/il IBOX MEPBUH-
HUX VYIIKOIXEHb i piBeHb iX IMOBUHEH 3pPOCTaTHU
MPOIIOPIIiiTHO KBaApaTy YKCIa YIIKOIKEHb, a KiJlb-
KiCTh JeJieliii — MpOoHOopLiiiHO YMCIY MNOIIKO-
KeHb. BBaXaroThb, 1110 YacTUHA JBOPO3PUBHUX abe-
paiiif Moxxe OyTH iHIYKOBaHOIO OJHUM iOHi3yIOUUM
TPEKOM i TOMY B J030Bill KPUBili OUiKy€EThHCS JiHiMi-
Ha KoMIioHeHTa. OTXe, YacTHAa Iepe0ya0B XpOMO-
COM BMHUKA€E 3a IBOYAApHUM, a YaCTMHA — 3a OJI-
HOyJapHUM MeXaHi3MOM. 3BilCH, TeTepOreHHUI
CKJaJ nepedygoB XpOMOCOM OMUCYEThCS JiHIMHO-
KBaIpaTUYHUX PiBHSIHHSIM.

Pesynbratu, oTpumaHi HamMM TIpU ONPOMiHEHHI
kiitiH B Go- 1 Gi-cTanisx, y mepiiomMy HaOJIVDKeHHi, He
cynepedaTtb OCHOBHUM IOCTYJIaTaM KJIACUYHOI iHTepI-
petauii. Haiibinbimii Buxin abepalliii 0OMiHHOTO TUITY
peecTpyeThbesl mpu onpomiHeHHI B Go- i Gi-cTamisx
MiTOTUYHOTO LIMKJITY. [Tpn 11bOoMy BUXil OOMiHiB MiaIo-
PSIIKOBYETBCS JIiHIAHO-KBaApaTUYHIi 3aIeXKHOCTI Bif
nmo3u onrpomiHeHHs. [1pu orpomiHeHHi B S-cTazii yac-
TOTa OOMIHHHUX abepalliii XpOMOCOM JOCTaTHS JIJist
aHaJIi3y i 3pocTa€ JiHiHO-KBaaApaTUYHO 3 103010. Of-
Hak B Gy-crazii Buxig oOMiHiB HE3HAYHUI i XapakTe-
PUBYETHCS JTHIAHOIO J030BOIO 3aJIEKHICTIO.

Ta6nuusa 5

dependence of the number of fragments on the dose
remains in the whole investigated range. The calculat-
ed parameters of the linear-square equation for this
type of aberrations confirm the graphical image of the
data (Table 5).

The classical interpretation of the chromosome aber-
ration formation under the influence of the rare-ioniz-
ing radiation includes a linear dependence of the effect
on the dose for single-breaking aberrations (divisions)
and quadratic — for two-breaking (exchanges). This is
due to the fact that the exchange-type aberrations are
the result of the interaction of two primary lesions and
their level should increase proportionally to the square
of the number of lesions, and the number of deletions -
proportionally to the number of the lesions. It is
believed that some of the binary aberrations may be
induced by a single ionizing track and therefore a linear
component is expected in the dose curve. Consequently,
some chromosome rearrangements occur on the basis
of a two-impact mechanism and some on the basis of a
single-impact mechanism. Hence, the heterogeneous
composition of chromosome rearrangements is
described by the linear-square equation.

The results obtained in the first approximation of
Go- and Gj-stage cell irradiation do not contradict the
basic postulates of classical interpretation. The largest
yield of the exchange-type aberrations is registered at the
irradiation in the Go- and G-stages of the mitotic cycle.
In this case, the output of exchanges is subject to the lin-
ear-square dependence on the dose of radiation. During
irradiation in the S-stage the frequency of chromosome
exchange aberrations is sufficient for the analysis and
increases linearly-squarely with the dose. However, in
the G»-stage the exchange rate is insignificant and is
characterized by the linear dose dependence.

KoediuieHTu perpeciitHoro piBHaHHA Y = oD + BD? + ¢ pna peneuiit npu ramma-onpomiHeHHi nimgouuris y pis-

Hi cTagii miToTUYHOrO LUKAY
Table 5

The coefficients of the regression equation Y = oD + 3D? + ¢ for the deletions in the gamma-irradiation of lym-

phocytes at different stages of the mitotic cycle

Crapii umkny TpuBanictb ONPoMiHEHHs, rop, _
The stage of the cycle The radiation time, h Y=oD+pD*+c

Go 0 Y =-0,780 + 3,35D2 + 2,1
Gy 24 Y =-1,66D + 13,45D% + 2,1
S 40 Y =16,44D — 2,28D2? + 2,1
s 40 Y =8,68D - 0,290 + 2,1
G 48 Y = 34,58D — 7,58D2 + 2,1
Go* 43 Y =27,21D - 0,29D? + 2,1

lMpumitka. * — dikcauisn knituH yepes 62 rog.
Note. * — the cell fixation in 62 hours.
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EXPERIMENTAL

RESEARCH

ITpu onmpoMiHEHHI KJIITUH B S- i G,-CTaflisIX OCHOB-
HUI BHECOK y CIEKTpP padialliiiHO-iHAyKOBaHUX abe-
paliit XxpoMOCOM BHOCSITh AeJiellil, piBeHb SIKUX 3POC-
Ta€ JiHiliHO 3 nmo3o1o. Ilpo 1e cBimuaTh HeraTUBHI
3HAYEeHHs KBaJpaTMYHOIO YJieHa B perpeciiHumx
PiBHSIHHSX 171 HUX cTaniit. ¥ Go- i Gi-cTamisix 4yucio
JleNieliid 3pocTae 1Mo KBaJApaTUYHili KOMIIOHEHTI i B
perpeciiHuX piBHAHHAX, OOYMUCICHUX IJIS LIUX
CcTaliil, JiHIMHWI 4leH Mae HEeraTUBHY BEJIWUYMHY.
CnocrepexxyBaHe BiIXWJIEHHSI BiJ JIiHIMHOI 3ajiex-
HOCTI Y BUXO/i JIeJIelliil Moxe OyTH OB’ I3aHO 3 TUM,
1o 1npu ornpomiHeHHi B Go- i G-cTamissx y crekTpi
YIIKOMI>KEHB MepeBakaloTh adepallii OOMiHHOTO TUITY
i, IMOBIpHO, BeJMKa YacTMHA XpOMOCOMHMX (ppar-
MEHTIB € HacCJIiJKOM HEIIOBHUX OOMIiHIB (HECIOoJIy-
YyeHi (pparMeHTH), a MpU OoIpoMiHeHHi B S- i Gj-
CTafisIX iIHAYKYIOThCSI CIIPaBXHi Iesellil.

HomatkoBuit aHaji3 1030BO1 KpUMBOI 3 BUKOPUCTaH-
HIM mapabojiyHoi Mozeni Y = k - Dn mokasas, 110
pu oripoMiHeHHi TiMpouuTiB B Go- i Gi-cTamisx g10-
30Bi 3QJIEXKHOCTI HaOJMKAIOThCS 10 KBaApaTUYHUX.
Y uux cTagisix MiTOTUYHOIO LIMKJY IepeBaxaloTb
abepallii XxpoMOCOMHOro i ooMiHHOro tumiB. Lle Ta-
KOX IITBEPIXKYE MPAaBOMOYHICTh iHTepIIpeTallii oT-
pUMaHUX LMTOTEHETUYHUX IaHMUX 3 TO3MIII «KJa-
CUYHOI»TEOPII.

Jani HamMu OyJlI0 MOKa3aHO, 1110 BUKOPUCTOBYBaHa
KyCOYHO-JIiHiiiHa Mopenb (Tak 3BaHa MOJEIb CILIai-
HOBOI perpecii) [9] € TouHiIIOIO TTPY arpoKcUMallii 3a-
JIEXXHOCTE IUTOT€HETUYHUX e(PEKTiB B 001aCTi MaJTUX
o3 ioHi3yrodyoro ButpomMiHoBanHs [10]. Kpim Toro,
HaMU BCTAHOBJICHO, 1110 Ha XapaKTep 3aJIe>KHOCTI BU-
X0y abepalliii XpoMOCOM MpU TramMMa-OINpPOMiHEHHi
KyJAbTypu JiM(MOLUTIB BIUIMBAE TEHETUYHO Jie-
TepMiHOBaHA iHAMBiAyallbHA PaAiOUyTIMBICTh JIIOAU-
HHU, TIOB’s13aHa 3 e()EeKTUBHICTIO MPOLECiB perapariii
[11]. Tomy mwist mOOYyIOBU TO30BUX KPMBUX HA OCHOBI
HUTOoreHeTUYHUX nokasHukiB JITTK gouiibHO Bpaxo-
ByBaTU iHAMBiIyaJdbHY paliOuyTJIMBICTb JIIOOUHU 3a
pe3yasratamu XxpomocoMHoro Go-tecty [12] i 3acto-
COBYBAaTM MOJIE/Ib CIUIAIfHOBOI perpecii, sika XxapakTe-
PUBYEThCSI HAMOIBIIOW BiAIOBIIHICTIO EKCIIEPUMEH -
TAJTBbHUM JaHUM 1 MiHIMaJTbHOIO TTOMIIIKOIO [13]. Am-
pOKCHUMALIisl CTaHIapTHUX KaJiOpyBaJTbHUX KPUBUX Ha
OCHOBI CIUTalfHOBOI MOJIENi Ja€ MOXJIMBICTh MPOTHO-
3yBaTW BUXiJ KPUBOI HA TJIaTO (AO30HE3AIEXKHY JTiIsTH -
KY), IO OCOOJIMBO BaxKJIMBO IS iHTEpIIpeTaliii epek-
TiB y 00J1aCTi MaJIUX J03 iOHi3yI04O1 pagiallii.

Cnin BU3HATH, 110 aHaJi3 B3a€EMO3B 3Ky MiX ITOT-
JIMHEHOIO 03010 iOHi3yl0UOro BUITPOMiHIOBAaHHS Ta
iHAYKOBaHUM e(PeKTOM, a TAKOXX BUBUYEHHS (DAaKTOPIB,

When irradiating cells in the S- and G»-stage, the
main contribution to the spectrum of the radiation-
induced chromosome aberrations is made by deletions,
the level of which increases linearly with the dose. This
is evidenced by the negative values of the quadratic
term in the regression equations for these stages. In the
Go- and G -stages the number of deletions increases by
the quadratic component and in the regression equa-
tions calculated for these stages, the linear term has a
negative value. The observed deviation from the linear
relationship in the deletion output can be explained by
the fact that during the Go- and G;-stage irradiation,
the damage spectrum is dominated by the aberrations
of exchange type and, probably, most of the chromoso-
mal fragments are the result of the incomplete
exchanges (the unbound fragments), and true deletions
are induced in the S- and G»-stage irradiation.

An additional analysis of the dose curve using the
parabolic model Y = k - Dn has shown that the dose
dependencies in the Go- and G -stage of the lympho-
cyte’s irradiation are close to quadratic. In these
stages of the mitotic cycle, chromosomal and
exchange aberrations predominate. This also con-
firms the validity of the interpretation of the obtained
cytogenetic data from the perspective of the «classi-
cal» theory.

Further we have shown that the used piecewise lin-
ear model (the so-called spline regression model) [9]
is more accurate when approximating the dependen-
cies of the cytogenetic effects in the area of low doses
of IR [10]. Later on, we found out that the depend-
ence of chromosome aberrations yield during a
gamma-irradiation of a lymphocyte culture is influ-
enced by the genetically determined human individ-
ual radiation sensitivity (IRS) associated with the effi-
ciency of the repair processes [11]. Therefore, for the
construction of the dose curves based on the cytoge-
netic parameters of PBL, it is advisable to take into
account the human IRS based on the results of the
chromosomal Gj-test [12] and apply the spline
regression model, which is characterized by the high-
est correspondence to the experimental data and the
minimum error [13]. The approximation of the stan-
dard calibration curves on the basis of the spline
model makes it possible to predict the output of the
curve on the plateau (a dose-dependent area), which
is especially important for the interpretation of the
effects in the field of low doses of ionizing radiation.

It should be noted that the analysis of the rela-
tionship between the absorbed dose of II and the
induced effect, as well as the factors influencing
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SIKi BIJIMBAIOTh Ha LW 3B’SI30K, 3aJUIIAETHCS aKTy-
aJIbHO1O MPOOJIEeMOI0 He TiIbKM paaiobioiorii, a i1 pa-
JialifiHoi oHKoJorii. Tak, HOBMI HampsIMOK pajia-
witiHoi oHkoJorii (conformal radiotherapy) 3acHoBa-
HO Ha (hOpMYyBaHHI MOJIST ONMPOMiHEHHSI, HAOIMKEHO-
ro 10 KOHirypauii myxJaiMHHOro Boruuia. Lle 3Hu-
KY€ JI030B€ HaBaHTaXK€HHSI Ha 3I0pOBi KJITUHU, 110
MOTPAILUISIOTH B 30HY T€ParieBTUYHOIO OIPOMiHEHHSI.
OpHak BUKOPUCTAHHS JIIHIHHUX MPUCKOPIOBAYiB BHU-
COKO1 TOTYXKHOCTi, BEJMKOI KiJbKOCTi IIOJIiB OM-
pOMiHEHHST 30iNbIIyE KoJiMaTopHe i (paHTOMHE
pO3CiloBaHHS, 110 B Till YM iHIIII Mipi BiTOUBAETHCS
Ha pagiouyyTJIMBOCTI 3A0POBUX TKAHUH 3 OTOYEHHS
nyxJavHU. ToMy 00J1iK XapaKTepy J1030BOi 3a1e3KHOCTi
OpU ONPOMiHEHHI HOPMaJIbHUX KIIITUH 3a/IMILIAETHCS
3aTpeOyBaHOIO TEMOIO Paaio0iONOTiYHUX JOCTiIKEHb
IU1s1 00’ EKTMBHOTO MPOTHO3Y PO3BUTKY PaHHIX i Mi3HiX
MOCTIIPOMEHEBUX YCKJIaTHEHbD.

BUCHOBKU

PesynsraTu, oTpuMaHi Ipy raMMa-oIpoOMiHEHHI KyTb-
TypHU JiM(OLUTIB JIOAWHU B Pi3Hi CTadil MITOTUYHOTO
LMKJTY, CBig4aTh PO Te, 1110 OJHA i Ta X [103a paiiallii
IHAYKY€E pi3HUI SKICHUI i KiAbKiCHMI LIUTOreHETHUY-
HU eheKT 3aIeXHO Bill (hi3i0N0TiYHOrO CTaHy KJIITUHU
B MOMEHT onpoMiHeHHs. [ToeqHaHHS Takux (DakTopiB,
SIK BeJIMUMHA A03M pafiallil, cTalis MiTOTUYHOTO LIUK-
JIy, TIOCTIIPOMEHEBi YMOBHM, iHAMBiAyaJlbHa pPagiouyT-
JIUBICTh JIIOMUHU BiIOOpaXKaloTbCs Ha KiIbKICHIM Ta
SIKICHIlt BapiallisiX panioyyTIMBOCTI KJIiTHH.
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this relationship, remains an important problem
not only in a radiobiology, but also in a radiation
oncology. Thus, a new direction of a radiation
oncology — a conformal radiotherapy — is based on
the formation of an irradiation field, close to the
configuration of the tumor location. This reduces
the burden of the dose on the healthy cells in the
zone of the therapeutic radiation. However, the use
of the high power linear accelerators and a large
number of radiation fields increases a collimator
and a phantom scattering, which has some effect on
the radiosensitivity of the healthy tissuesaround a
tumor location. Therefore, taking into account the
nature of the dose dependence in the irradiation of
normal cells remains a popular topic for radiobio-
logical studies to objectively predict the develop-
ment of early and late post-radiation complica-
tions.

CONCLUSIONS

The results obtained during the gamma-irradiation of
the human lymphocyte culture at different stages of
the mitotic cycle indicate that the same radiation dose
induces different qualitative and quantitative cytoge-
netic effects depending on the physiological state of
the cell at the time of irradiation. The combination of
such factors as a radiation dose rate, a stage of the
mitotic cycle, the post-beam conditions, and a
human IRS are reflected in the quantitative and qual-
itative variations of the cellular sensitivity.
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