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AHAJII3 BIINBY ITPOJIOHT'OBAHOI'O OITPOMIHEHHA HA
TEMOIIOETUYHI KJIIITUHU-TTIOITEPEJIHUKHA Y I'EJIEBUX
JTU®Y3INHUX KAMEPAX 3A 1OIIOMOT'OI0 MATEMATUYHOTO
MOJEJIOBAHHA

MeTa: BM3HAYeHHA (DYHKLiOHaNbHOT aKTUBHOCTI reMOMOETUYHUX KNiTUH-NOMNEPEAHUKIB KiCTKOBOTO MO3KYy MuLEN,
KYNbTUBOBAHMX Yy reneBux audysiiHux Kamepax, Ha eTanax BifHOBJIEHHS remMonoesy nicas iX NpoJOHrOBAHOMO On-
POMiHEHHS Y NeTanbHi [031 B NOPiBHANLHOMY acNeKTi 3 METOAOM KOJNIOHIEYTBOPEHHS Yy Cene3iHli 3 BUKOPUCTAHHAM
MatemMaTtuyHoi MoAeni.
Martepianu i meToau. byno BUKOPUCTAHO METOA KyNbTUBYBAHHA KNiTUH Yy reneBux andy3inHux Kamepax, LMTONOriYHi
METOAM, MaTeMATUYHE MOAENIOBAHHS, CTAaTUCTUYHI METOAM BOCNiLXEHb. 3pa3Ku KiICTKOBOIO MO3KY, BUY4Y€eHOrO 3i cTer-
HOBOT KiCTKM MULIei i onpoMiHeHOro y cymapHii fo3i 8 Ip 3 noTyxkHicTio 0,0028 p/xB, KynbTUBYBaNM y ANcY3idHNX
Kamepax i3 HaniBpiAKMM arapom y YepeBHii MOPOXKHUHI MULeli-peymnnieHTiB niHiT CBA.
Pesynbtatu. MpoBeeHo NOPiBHANBHWI aHani3 eeKTUBHOCTI KONOHIEYTBOPEHHA KniTUH-nonepepHukiB (KYO) npu
KYNbTUBYBAHHi y reneBux andy3inHux Kamepax y npoueci BigHOBNeHHs remonoe3y npotarom 30 fi6, a Takox y ce-
ne3iHLi neTanbHO ONPOMiHEHUX TBApWH, Y BiANOBiAHOCTI 1O MaTeMaTUYHOT MOAeNi. AHani3 KiIHETUKM KONOHiEyTBOPEH-
HA Yy reneBux AUQy3iitHNX Kamepax nicnsa NpPoaoHroBaHoOi Aii i0Hi3yl4YOro oNnpoMiHeHHs CBifYMB Npo ABOdA3HMIA Xa-
paKTep BiAHOBNEHHs remonoesy. Tak, y nepwi Kinbka A4ib nicns onpoMiHeHHs cnocTepiraeTbcs nagiHHa Kinbkocti KYO
NOPiBHAHO 3 KOHTPONEM, IKE MPOJOBXYETLCA A0 9-i fobu. [lani BiabyBa€eTbCsA pi3ke 3pocTaHHaA KinbkocTi KYO B Kynb-
TYpi KNiTWH, fIKe NPOJOBXYETLCA A0 NMOBHOIO BiAHOBMEHHA remonoe3y. OTpMMaHi faHi, y nepepaxyHKy Ha CTErHOBY
KiCTKY MMLWi, BiANOBiAaloTh pe3y/ibTaTaM KONOHIEYTBOPEHHS Yy cenesiHli onpomiHeHux TBapuH, onucaHum K. C. Yept-
koBuM (1973, 1977) Ta B3ATUM 3a OCHOBY Npy NoOYAOBI HAMKU MaTEMATUYHOT MOAENI, @ TAKOX i napameTpam, sAKi onu-
CYIOTb NPOLEC BiJHOBNEHHS remMonoesy.
BucHOBKM. BignoBifgHiCTb NOKA3HMKIB, OTPUMAHUX NPU KYNbTUBYBAHHI METOOM refieBux andysinHux kamep KicTko-
BOr0 MO3KY MWLEN, ONPOMiHEHUX NPOJIOHFOBAHO Y cyMapHii fo3i 8 Ip 3 noTyHicTio 0,0028 Ip/xB, pe3ynbTaTam Ko-
NIOHIEYTBOPEHHA Y cenesiHlLi NeTasbHO ONPOMiHEHNX MULIEN, WO OyaM NOKNAAeHi B 0CHOBY NOOYA0BM MaTeMATUYHOT
MOJeNi, CBiAYMTb NPO AOLiNbHICTb BUKOPUCTAHHSA MaTeMaTMYHOT MOfeni Aa OLiHKM npoLecy BiAHOB/IEHHA remMonoe-
3y KNiTUHAMU-NIONepeaHUKaMU Pi3HNUX piBHIB A03piBaHHS, @ eKCnepuMeHTanbHMUIA nigxig BupouyBaHHa KYO y renesux
ANdY3iNHUX KaMepax MOXKe PO3MIAAATUCA K JOLATKOBMIA CNocib LOCNimKeHH: BiHOBNIEHHS reMonoe3y HapiBHi 3 me-
TOLOM Cene3iHKOBUX KOMOHiM.
KniouoBi cnoBa: reMonoeTuyHi KNiTMHU-NoNepeaHUKY, 30BHILLHE NPOJIOHTOBAHE ONPOMIHEHHS, KYNbTYpa KNiTUH y re-
neBux Andy3iiHUX Kamepax, KiHeTUKA BiAHOBNEHHSA reMonoe3y, MaTeMaTUyHe MOAeNOBaHHS.
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ANALYSIS OF THE INFLUENCE OF PROLONGED IRRADIATION
ON HEMATOPOIETIC PROGENITOR CELLS IN GEL DIFFUSION
CHAMBERS USING MATHEMATICAL MODELLING

Objective: determining of the functional activity of mice bone marrow hematopoietic progenitor cells, cultivated in
gel diffusion chambers, on the stages of hematopoiesis recovery after their prolonged irradiation in the lethal dose
in a comparative aspect with the method of colony forming in spleen using mathematical model.
Materials and methods. The method of cell cultivation in gel diffusion chambers, cytological methods, mathemat-
ical modeling, and statistical methods of research were used. Bone marrow samples extracted from the femur of mice
irradiated with a total dose of 8 Gy with a power 0.0028 Gy/min were cultivated in diffusion chambers with semi-
solid agar in the abdominal cavity of CBA recipient mice.
Results. Comparative analysis of the colony-forming efficiency of progenitor cells (CFU) was carried out during cul-
tivation in gel diffusion chambers in the process of hematopoiesis recovery for 30 days, as well as in the spleen of
lethally irradiated animals, in accordance with the mathematical model. Analysis of colony forming kinetics in gel
diffusion chambers after prolonged exposure to ionizing radiation indicated the biphasic nature of hematopoiesis
recovery. Thus, in the first few days after the irradiation a drop in the number of CFU is observed compared to the
control, which continues until the 9" day. Subsequently there is a sharp increase in the number of CFU in cell cul-
ture, which continues until the complete recovery of hematopoiesis. The obtained data, recalculated per mouse
femur, correspond to the results of colony forming in the spleen of irradiated animals, described by K. S. Chertkov
and taken as a basis while developing our mathematical model, as well as to its parameters, which describe the
process of hematopoiesis recovery.
Conclusions. Conformity of the indices obtained during the cultivation using the method of gel diffusion chambers
of mice bone marrow prolongedly irradiated at a total dose of 8 Gy with a power 0.0028 Gy/min, to the results of
colony forming in spleen of lethally irradiated mice, which were the basis for mathematical model development, is
the evidence of the feasibility of using a mathematical model to assess the process of hematopoiesis recovery by
progenitor cells of different maturation levels, and the experimental approach of CFU growing in gel diffusion cham-
bers can be considered as an additional method of researching the hematopoiesis recovery along with the spleen
colony method.
Key words: hematopoietic progenitor cells, external prolonged irradiation, cell culture in gel diffusion chambers,
kinetics of hematopoiesis recovery, mathematical modelling.
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BCTVYII INTRODUCTION

KpoBoTBopHa cucrema @dyHKIlioHye 3a mnpuHuunoM  Hematopoietic system is functioning by the princi-
(izioyoriuHoi pereHepaitii. [apmMoHis nporieciB mpomice-  ple of physiological regeneration. The harmony of
paiiii i mndepeHLioBaHHS 3a0e3Ieuye cTabuIbHY maTpuM-  proliferation and differentiation processes provides
Ky TeMOITOe3y 3a paxyHOK CTOBOYpOBMX KIJIITHH, SIKi acu-  the consistent support of hematopoiesis basing on
METPUUYHUM IIUISIXOM JiISAThCSA JJIS TOro, 1100, 3 ogHoro  stem cells, which divide asymmetrically with the
OOKY, 3aJTUIIATUCh Y KOMITAPTMEHTI CTOBOYPOBMX KJIITUH,  aim, on one side, to remain in stem cells compart-
a 3 iHIIOro — JaTW MOYaTOK TAKMM caMUM AOYipHiM KIiTu-  ment, and on the other side, to give rise to the same
HaM, Ki BCTyNaloTh Ha UTIX aMInTicpikaltii i mo3piBanHsAy  daughter cells, which enter the path of amplifica-
MopdoIoriuyHO ineHTUdIKOBaHi KIIITUHM i, y TTogaibiioMy,  tion and maturation into morphologically identi-
MOMOBHIOIOTh My (PyHKUioHaTbHO 3piiux kimituH [1-3].  fied cells, and further refill the pool of functionally
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3rinHo 3 Teopieto 1. JI. Yeprkosa [4], moTeHwjan reMo-
MOETUYHUX CTOBOYPOBUX KJIITMH HE € HECKiHUEHHMM;
BiH BUCHaXYEThCSI, OCOOJIMBO B pe3yJibTaTi CTpeciB, Ta-
KMX gK fAis ioHizyroudoi pamiauii. CTOBOYpPOBi KIITMHU
3aKJIaJal0ThCsSl B eMOpioreHesi, J03piBaloTh i KOJOHI3Y-
I0Thb «Hillli» B OpraHi3aMi HOBOHAPOXKEHOI IUTUHMU, SIKi
OyayTh KepenaMu TeéMOITIOETUYHUX CTOBOYPOBUX KJTi-
THH TIIPOTSITOM KUTTS [4—6]. ¥ mepiiy yepry, 1ie KiCTKO-
BUI MO30K, aJIe B OpraHi3Mi MUILIEN CTOBOYPOBI KJIITMHU
B HE3HAYHilil KiJbKOCTi 3HAXOOIThCS 1€ U y Tepu-
(epiitHiit KpoBi, MeUiHIli, ceNe3iH1Ii, JiM(PaTUIHIX By3-
JIax i HaBiTh TIEpUTOHEATLHOMY eKcyaaTi [7].
3aKOHOMIPHOCTi ITOBEIiHKM KPOBOTBOPHUX CTOBOY-
POBMX KJIITUH Yy pas3i [ii i0Hi3y104oi pamialiii B pi3HUX 10-
3ax OyJIM TOKJIaJieHi HaMU B OCHOBY MOOY/I0BU MaTeMa-
TUYHOI MOJIEJIi, V SIKilf MOBOIO MaTeMaTUYHUX CUMBOJIIB
300pakeHi eTaru BiZHOBJIEHHSI CUCTEMU KPOBOTBOPEH-
HSI TTic/Is 30yprOIOUOro BIUIMBY 10Hi3yr04ol pamiaiii [8].
MaremaTtryHa MoOjeJib CTBOPEHA Ha OCHOBI CXeMU KpO-
BOTBOpEeHH, 3arporioHosanoi M. JI. Yeptkosum [ 1, 4, 9].
He3spaxkarouu Ha Te, 1110 1ii JaHi OTpUMaHi pagiodioyiora-
mu e y 1970—1980-x pokax, pe3yabTaTH ICKPaBUX €KC-
nepuMeHTaIbHUX AOCTIIXKEeHb TUX POKiB HE BTpavyaloThb
CBOET HAYKOBOI 3HAYYIIOCTI. [ist TOCTPOro i XpOHIYHOTO
iOHi3yI0UOro OMpPOMiHEHHSI Ha OpraHi3M ccaBLiB, i, B
TeplIy Yepry, Ha KpOBOTBOPHY CHCTEMY, IIIMPOKO BUB-
ya€eTbed y BchoMy cBiTi [10, 11]. OcobmmBe Miciie TToMixk
¢dopM ompoMiHeHHsT 3aiiMae TpoJOHToBaHe. Bimomo,
1110 JieTaJbHa A03a ioHi3ytouoi pamiaiii mis muiti (8 Ip)
He 3aJIMIIAE IIaHCiB Ha BokuBaHHS. [IpoTe mponoHro-
BaHE OMNPOMIHEHHS Y CyMapHOMY O0CsI3i Ti€I0 XK 103010
MPU3BOIUTH J0 30BCiM iHIIOro edexry [12, 13].
BuBuaroun pi3Hi acrekTH BiAMOBiAi reMoroesy Mu-
1IIe¥1 Ha TIPOJIOHTOBaHE OIPOMiHEHHSI, aBTOPU 3BEPHY-
JIM yBary Ha HeOUiKyBaHUIA XapakTep il HU3bKUX 103
ioHi3yO0UOi papmialii mpoTAroM MNepBUHHOI (ha3u
BiAMOBiJi, KOJW KIITUHU JEMOHCTPYIOTb BMCOKY
pagiouyTauBicTb. Pazom 3 TuM, apyra ¢asza npeacras-
JISIE aKTUBHUM TIPOLIEC BiIHOBJIEHHSI KPOBOTBOPHOI
(ynkuii. [IBodazHuUii mpoliec BiTHOBIEHHS FeMOII0e3y
Mif yac MPOJIOHTOBAHOIO OMPOMiHEHHS, KOJAW Meplili
JMOOM TIiC/ISI ONPOMiHEHHSI CYNpPOBOIKYIOThCSI 3HAY-
HUM MOPUTHIYEHHSIM KOJIOHIEYTBOPEHHSI Yy CeJe3iHLi
JIETAILHO OMPOMiIHEHMX MMIIEH, AOCTIAHUKU TIOsIC-
HIOIOTh 3aTPUMKOIO BUXOJY CTOBOYPOBUX KJITHUH i3
da3u GO, y sKili BOHM 3HAXOOITHCS B CTAOiIBHOMY
cTaHi. Y Apyriii ¢asi BiTHOBJICHHS TeMOITOe3y BKJII0Ya-
IOThCSI MEXaHi3MU, SKi IIJITXOM aMIuTiiKallii KJiTuH-
TMOTIEPETHNKIB i CKOPOUEHHSI KJIITUHHOIO LMKy 3a-
0e3reuyloTh aKkTHUBaLLil0 npodidepallii paHHiX KpOBOT-
BOPHUX KJITUH; 1I¢ CYIIPOBOIKYETHCS A0303ATEXKHUM

mature cells [1—3]. According to the theory of J. L.
Chertkov [4], stem cell potential is not infinite; it is
being depleted, especially as a result of stress, such as
the action of ionizing radiation. Stem cells are
deposited in embryogenesis, mature and colonize
«niches» in the body of a newborn child, which will
be the sources of hematopoietic stem cells during the
life [4—6]. First of all, it is the bone marrow, but in
the mice organism stem cells are also found in small
quantities in the peripheral blood, liver, spleen,
Iymph nodes, and even in peritoneal exudate [7].

The regularities of hematopoietic stem cells behav-
ior in case of ionizing radiation action in various doses
we put as a basis of mathematical model development
in which, with the aid of mathematical symbols, the
stages of hematopoietic system recovery are represent-
ed after the disturbing influence of ionizing radia-
tion [8]. The mathematical model is established on
the basis of the hematopoiesis scheme proposed by
J. L. Chertkov [1, 4, 9]. Despite the fact that these data
were obtained by radiobiologists back in the 1970s and
1980s, the results of prominent experimental studies of
those years do not lose their scientific significance.
The action of acute and chronic ionizing radiation on
the mammals’ organism, and primarily on the hema-
topoietic system, is widely studied throughout the
world [10, 11]. Prolonged irradiation occupies a special
place among the forms of radiation. It is known that a
lethal dose of ionizing radiation for a mouse (8 Gy)
leaves no chance of survival. However, prolonged irra-
diation in the total amount with the same dose leads to
a completely different effect [12, 13].

Studying the various aspects of mice hemato-
poiesis response to prolonged irradiation, the
authors paid attention to the unexpected nature of
low doses of ionizing radiation action during the ini-
tial phase of the response, when the cells demon-
strate high radiosensitivity. At the same time, the
second phase represents an active process of the
recovery of hematopoietic function. The two-phase
process of hematopoiesis recovery during prolonged
irradiation, when the first days after irradiation are
followed by a significant suppression of colony
forming in the spleen of lethally irradiated mice, the
researchers explain by the delay in the stem cells exit
from GO phase, in which they reside in a steady
state. In the second stage of hematopoiesis recovery,
mechanisms are included which, by amplifying pro-
genitor cells and shortening the cell cycle, provide
the activation of proliferation of early hematopoiet-
ic cells; this is accompanied by a dose-dependent
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eeKTOM, IKUIi He CITIOCTePIira€ThCs Ha MOYaTKOBUX €Ta-
nax Mmicjisl IPOJIOHITOBAHOIO OMpOMiHeHHs [12].

Jloka3zoM peajibHOTO iCHYBaHHSI FeMOITOETUYHUX CTOB-
OypoOBUX KJITUH 1 IXHIX HAMOAMKUYMX HAIIaAKiB —
KJIITUH-TIONEPEeTHUKIB — € KJIOHaJIbHI METOAW IOCIil-
KEHb, 3aBASKU SIKUM 3 OJIHI€l KIITUHU €X VivOo YTBOPIO-
IOThCSI KJIITUHHI arperatu, 10 OpeacTaBIsilOTh KIITUHHI
KioHu [14—16]. Ilepiia o3Haka, sika BiApi3HSIE paHHI
CTalii J03piBaHHS CTOBOYPOBOI KPOBOTBOPHOI KJIITUHMU,
TOJISITAE 'y MOCTYIIOBOMY 3HWXXEHHI MPoJTihepaTUBHOTO
noteHuiany. Ilin yac moganaplIOro n03piBaHHS KJIITUHU
3aJIMIIAI0Th CTaJlil0 CTOBOYPOBUX KJIITUH i TIepeXOasiTh Y
CTaflito KOMiTOBaHUX IonepeaHukiB. [TocTymoBo Komi-
TOBaHi KJIITUHU BTpayaloTh IOJIMOTEHTHICTb i Mepexo-
JSITh Y BiliJ1 Oi- Ta YHINIOTEHTHUX KJIITUH. [cHYe nymKa,
110 0 BUOOPY TOTO UM iHILIOTO HAMpPSIMKY AUpepeH-
IiIOBaHHS MPU3BOAATH BHYTPIllIHi CTOXaCTUYHI 3MiHMU
KJIITUH-MONEPEAHUKIB, sKi iHAYKYIOTb HO3piBaHHS i
KoMmityBaHHS. OcTaHHE MOXe OyTM BU3HAYEHO SIK Pi-
LIEHHS, 110 HOro MpuitMae KIJIiTUHA JIJI MPOAYKYBaHHS
HaIIAJKiB MTEBHOI JIiHiT y MaitOyTHhoMY. KoMiTOBaHi KJTi-
TUHU HaOyBalOTh YYTJIMBOCTI 1O FYMOPAJIbHUX PErysi-
TOpiB KpoBoTBOpeHH: [11, 16]. KyapruByBaHH iX y Ha-
MiBpiIKOMY cepeloBuIlli (arap, METUJILIEIOI03a) Y IIPU-
CYTHOCTi LIMX (DAaKTOPIB JO3BOJISIE OTPUMYBATU KOJIOHi1
nudepeHuiioBaHux KJIiTuH [15, 17].

IcHye iepapxist KPOBOTBOPHUX KJIITUH-NOMNEPEIHUKIB,
dKi 3aMiHIOIOTH OAHA OJHY Ha eTarax JO3piBaHHS.
ITepui 3 HUX Ha3UBAIOTHCS KOJOHIEYTBOPIOIOUNMU OJTH -
Huismu y cenesinii (KYOc), sKi 3’ aBAsI0TbC y BUTISI
OCepeaKiB KPOBOTBOPEHHSI MiCJIsi BBEAEHHSI KiCTKOBO-
MO3KOBUX KJIITUH MUIIEH-TOHOPIB Y XBOCTOBY BEHY Jie-
TaJlbHO omnpoMiHeHoi TBapuHu [14, 17]. HactymHuii
eTan pO3BUTKY MPEACTaBICHUIA KOJOHIEYTBOPIOIOUUMU
ONWHULSIMU, SIKi 30aTHiI yTBOPIOBATU KOJIOHII y HamiB-
pinkomy arapi (KYOK) B pe3ynbrari KyJabTMBYBaHHS
KiCTKOBOMO3KOBUX KIIITUH in vitro. KYOc TicHO mo-
B’s13aHi 3 monyJsuieto Hux KT — KYOK BBaxkatoTbCs
koMiToBaHuMM HamagkamMu KYOc. AHami3 mommymnsiiin
KJIITUH Y KiCTKOBOMY MO3KY 3a JOIOMOIOI0 METO[iB
KJIITUHHOTO (ppakiioHyBaHHS Toka3as, o KYOk mo-
XoIuThb O6e3rnocepeaHbo 3 KYOc [9, 18, 17].

Micue KJIiTUMHU-TIONEpPEeaHMKA, sIKa (DOPMYE KIJIOHU Y
nudysiiiHiil kamepi 3 HaniBpigkuM arapom (KYOxx) B
OpraHi3aMi TBapUHU-PELUIIIEHTA, BBAXAEThCS TaKUM,
110 3HAXOAUTHCS TTOMIiXK LIMMM JBOMA IOIepEeIHNKAMMA.
bepyuu 10 yBaru, 1110 KOJIOHIEYTBOPIOIOYI OAUHULIL Y Ce-
nes3inii (KYOc) i KoJoHil, sIKi yTBOPIOIOTHCS Y Pe3yJib-
TaTi KyJBTUBYBaHHS B Auy3iitHnx kamepax (KYOuk),
BIIHOCSTBCS OO TOrO CaMOro BigAilly CTOBOYpPOBMX
KJIITUH, MU IOCTaBUJIU TIepe cO00I0 3a1auy IepeBipuTu

effect, which is not observed in the initial stages
after prolonged exposure [12].

The evidence of the real existence of hematopoi-
etic stem cells and their closest descendants — pro-
genitor cells — are the clonal research methods,
due to which cell aggregates which represent cell
clones are formed from one cell ex vivo [14—16].
The first characteristic which distinguishes the
early stages of hematopoietic stem cell maturation
consists in a gradual decrease in the proliferative
potential. During further maturation, cells leave
the stage of stem cells and enter the stage of com-
mitted progenitors. Committed cells gradually lose
their polypotency and move into the compartment
of bi- and unipotent cells. There is an opinion that
internal stochastic changes of progenitor cells,
which induce maturation and commitment, lead
to the choice of one or another lineage of differen-
tiation. The latter can be defined as the decision
made by a cell to produce descendants of a partic-
ular lineage in the future. Committed cells acquire
the sensitivity to humoral regulators of hema-
topoiesis [11, 16]. Cultivating them in a semi-solid
medium (agar, methylcellulose) in the presence of
these factors allows obtaining colonies of differen-
tiated cells [15, 17].

There is a hierarchy of hematopoietic progenitor
cells, which replace each other at the maturation
stages. The first of them are called colony-forming
units in the spleen (CFU-S), which appear in the
form of hematopoietic sites after the injection of
bone marrow cells of donor mice into the tail vein of
a lethally irradiated animal [14, 17]. The next stage
of development is represented by the colony-form-
ing units, which are able to form colonies in semi-
solid agar (CFU-C) as a result of in vitro cultivation
of bone marrow cells. CFU-S are closely related to
the population of these cells — CFU-C are consid-
ered to be the committed descendants of CFU-S.
Analysis of cell populations in the bone marrow
using cell fractionation methods has shown that
CFU-C originates directly from CFU-S [9, 18, 17].

The place of the progenitor cell, which forms
clones in a diffusion chamber in semi-solid agar
(CFU-d) in the body of the recipient animal, is
considered to be between these two progenitors.
Taking into account that colony-forming units in
the spleen (CFU-S) and colonies formed as a result
of cultivation in diffusion chambers (CFU-d)
belong to the same compartment of stem cells, we
set ourselves the task to verify the functioning of
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(byHKIIIOHYBaHHSI MaTeMaTUYHOI MOJIeJIi Ha HACTYITHUX
niciasg KYOc kiitnHax-nonepeaHukax. M’sgKa KOHCHUC-
TEHI1Iisl MoJliaKpUIaMiZHOIO KapKacy 3a0e31e4uye aKTHUB-
Hy Tnpodjigepallilo reMONOeTUYHUX KJIITUH-IONepe-
HUKIB y nudy3iiiHnx Kamepax. KimoHanbHUIT XapakTep
KYOnx noBoauThCS HASBHICTIO TPSIMOT 3a1€5KHOCTI MixXK
KIJIBKICTIO €KCIJIAHTOBAHUX KJIITUH i KiJIBKICTIO chop-
MOBaHUX KOJIOHii [19].

META JOCJIIJI2ZKEHHA

Busnauenns ¢pyHKIIIOHATBHOI aKTUBHOCTI TéMOITOeTHY -
HUX KIITUH-TIONEPEIHUKIB KiCTKOBOTO MO3KY MMIIIEH,
KyJIETUBOBAaHUX Y TeJIeBUX TU(PY3iiHIX KaMepax, Ha eTa-
nax BiZHOBJICHHSI TeMOITIOe3Y ITiCIIsI X IIPOJIOHTOBAHOTO
OMNpPOMiHEHHSs Yy JieTaJlbHill 1031 y MOpPiBHSUILHOMY ac-
MEKTi 3 METOJIOM KOJIOHIEYTBOPEHHS y CeJIe3iHIIi 3 BUKO-
PUCTaHHSIM MaTeMaTUYHOI MOJIEJi.

MATEPIAJIN I METOJIN

KynsTHBYBaHHS KJIITHH KiCTKOBOTO MO3KY B OPUTiHAJIbHUX
rejieBux auy3iiiHUX KaMepax y HamiBpiakoMy arapi

in vivo (KYOnK)

BuBuaBcsl BIJIMB MPOJOHTOBAHOIO 10HI3YIOYOI'O OIIPO-
MiHeHHs y 103i (8 Ip) 3 moryxwnicTio 0,0028 Ip/xB Ha
KPOBOTBOPHY cuctemy muiieit JiHii CBA i3 3acTocyBaH-
HSIM KYJBTYPU KJIITUH y rejeBuX IM@y3iiiHUX KaMmepax
npotsiroM 30 mi6 micns 3akiHYeHHS mil pamiatii. Ompo-
MiHEHHS TBapMH MPOBOAMIIOCS HA ycTaHOBLI PYM-17 3
TMPUCTABKOIO JUIST poTallii 00’€KTa, 110 ONTPOMiHIOEThCS,
3i IIBUIKICTIO 00epTaHHS 2 00./XB.

Bci MaHinmysswii 3 TBApuHaAMU 3[iMCHIOBAIMCh BiIO-
BiTHO 1O BUMOT 0iO€TUMKU Ta MixKHAPOTHUX MPUHLIMITIB
€BpoIeiicbkoi KOHBEHIIi1 MPO 3aXUCT TBApUH i HaIlio-
HaJIbHOTO 3aKOHOJABCTBA 3 T'YMaHHOTO ITOBOIXKECHHS 3
TBapyMHAMHU, 110 BUKOPUCTOBYIOTHCS ISl €KCIIEPUMEH-
TaJIbHUX Ta iHIIMX HAaYKOBUX IIiJICH.

Bunineni 31 cTerHoBOI KICTKM KIITMHM KiCTKOBOTO
MO3KY MiIpaXxOByBaJIM Y FreMOLIMTOMETPi Ta B KiJIbKOCTI
1x10° KJIITUH Ha KYJIBTYPY BHOCUJIA B TTIOBHE KYJIBTYpasib-
He cepenoBMIle, sIKe BKIoyanao cepenoBuiie DMEM
(Gibco, Himeuunna), antubiotruku: 50 OJ1/mi neHinm-
niay ta 50 mr/mi crpentominmnay (Gibco, HimeuunHa),
10 % tensuoi emOpioHalbHOI cupoBaTtku (Sigma-Ald-
rich, CIIIA) i 0,33 % arap (Difco, CILIA). qudy3iiini
KaMepu BU3HAYEHOI )KOPCTKOCTi BUTOTOBJISIIU 3 MOJTiaK-
punamigHoro remto [19]. CycrieH3ist KJiTUH Yy HalliB-
piIKOMy arapi BBOAMJIACS IUISIXOM MPOKOJY OOKOBOI
CTiHKM KaMepU TOJIKOIO 3 INMpuLIoM. Mullei-peru-
MiEHTIB KaMep 3a3fajieriab (3a 100y A0 eKCIepUMEHTY)
00poOJIsIM IUTOCTaTUKOM eHaokcaHoM (Baxter, Hi-
MeuyunHa) y mo3i 200 Mr/Kr macu TBapMH 3 METOIO

mathematical model on progenitor cells following
CFU-S. The soft consistency of the polyacry-
lamide carcass ensures the active proliferation of
hematopoietic progenitor cells in the diffusion
chambers. The clonal nature of CFU-d is proven
by the presence of a direct relationship between
the number of explanted cells and the number of
colonies formed [19].

OBJECTIVE

Determining of the functional activity of mice
bone marrow hematopoietic progenitor cells, cul-
tivated in gel diffusion chambers, on the stages of
hematopoiesis recovery after their prolonged irra-
diation in the lethal dose in a comparative aspect
with the method of colony forming in spleen using
mathematical model.

MATERIALS AND METHODS

Cultivation of bone marrow cells in original gel
diffusion chambers in semi-solid agar in vivo
(CFU-d)

The effect of prolonged ionizing radiation in a
lethal dose (8 Gy) on the hematopoietic system of
CBA mice was studied using cell culture in gel dif-
fusion chambers within 30 days after the end of
radiation action. The irradiation of animals was
performed on the RUM-17 unit with an attach-
ment for rotating the irradiated object at a rotation
speed of 2 rpm.

All manipulations with the animals were carried
out in accordance with the requirements of bioethics
and international principles of the European con-
vention on the animals’ protection and national leg-
islation on the humane treatment of animals used
for experimental and other scientific purposes.

Bone marrow cells isolated from the femur were
counted in hemocytometer and in the amount of
1x10° cells per culture were placed in complete cul-
ture medium, which included DMEM medium
(Gibco, Germany), antibiotics: 50 U/ml penicillin
and 50 mg/ml streptomycin (Gibco, Germany),
10 % fetal calf serum (Sigma-Aldrich, USA), and
0.33 % agar (Difco, USA). Diffusion chambers of
defined stiffness were made of the polyacrylamide
gel [19]. Suspension of the cells in semi-solid agar
was injected by puncturing the side wall of the
chamber with a needle and syringe. Mice-recipi-
ents of the chambers were treated in advance (a
day before the experiment) with the cytostatic
endoxan (Baxter, Germany) at a dose of 200
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BUBIJIbHEHHS KOJIOHiECTUMYTIOI0YMX (pakTopiB. Kyib-
TUMBYBaHHSI IPOBOJAMUIIOCS MPOTIATOM 7 110, MiCJsl 4Oro
MHUIIEH BUBOAWIN 3 €KCIIEPUMEHTY LIepBiKaIbHOIO THC-
JIOKAIIi€I0 CIIMHHOTO MO3KY; KaMepu BUMMAaJu i BUB-
yaju MijJ iHBepTOBaHUM MiKpockoIrioM (Zeiss, Himeu-
yuHa) 6e3 nemoHTaxy. ITigpaxoByBanu 3arajbHy Kijlb-
KiCTb KOJIOHIH (arperaTi, 10 CKJIagaloThCS OUTBII, HixK
i3 40 KJ1iTUH), SIKi YTBOPIOBAJIMCH Y TIPOLIECi KYJIbTUBY-
BaHH4A [19].

Ha ertamnax BinHOBieHHS: yncesbHOCTI KYO KicTKoBO-
ro MO3Ky Muieii (Ha 2, 3,4, 7,9, 11, 13, 16, 19, 23-110 i
30-Ty 100y) BU3HAYaJIM KiJIbKiCTh KOJIOHil, BUKOPUCTO-
BYIOUM 3aIIPOIIOHOBAHY HAMU paHillle MaTeMaTUYHY MO-
JIeNb U1 BU3HAUEHHST TTapaMeTpiB KOJIOHIEYTBOPSHHSI,
SIKi MOTBEpIKyBaIN eKCcriepuMeHTanbHO [2]. Excriepu-
MEHTHU TIPOBOAWIIMCS Y 3 TTIOBTOpaX. ¥ KOXXHOMY eKCIe-
PYMEHTI BUKOPUCTOBYBaJIM IO 33 TBapuHU, a came, 3
TBapMHM Ha KOXXHMI1 BKa3aHUI TepMiH JOCIiIKEHb.

Busnavyanu cepenHe 3HaYeHHS OTPUMAaHMX ITOKa3-
HUKIB i CTaHJApTHE BiIXWUJIEHHS, a TAKOX MOPiBHIOBA-
JIM iX 3a JonoMoroto -kputepito CTblogeHTa IJ1s1 He3a-
JIEXKHMX BUOIpOK; BiIMiHHOCTI BBaXKajau CTaTUCTUYHO
sHauymmMu ipu p < 0,05. OTpumaHi JaHi aHami3yBa-
JIM 3a IOTOMOTol0 iHCcTpyMeHTiB Microsoft Excel.

ITpuHnun noOya0BY OPUTIHAILHOT MAaTeMATHIHOT
MoJeJi Bi/IHOBJIEHHSI TeMoMoe3y MicJil ONPOMiHEHHS
MareMaTuyHa MOJEe/b JIJIs OLIHKM BiTHOBJEHHS re-
MOITO€3y Ha MPUKIIaAi MPOJIOHTOBAHOTO OMPOMiHEH-
HS oOmnMcaHa TIPYyIol0 aBTOPiB il KEPiBHULTBOM
npod. P. B. boiika (2010—2022). ITpuHmut ii mo0y-
JOBU TIOJISITAE Y TOMY, 110 3aKOHOMipHOCTI IPOILIECY,
sKi B ekcriepuMeHTi crioctepiranu K. C. YepTkoB 3i
CMiBaBT., 1I0AO0 3MiHM ynceabHOCTI KYOc micis orm-
POMiHEHHSI, BiloOpaXkeHi 3a 10IMOMOIrol MaTeMaTUy-
HUX CUMBOJIiB. PiBHSIHHS, 1110 OMMUCYE 3MiHU YUCEJb-
HocTi KYO micias npunuHeHHs ONPOMiHEHHS, MaTH-
M€ TaK1Ui BUTJISA;

dM(t)  m,
dt 7,Cy
ne M, (t) = NGO _ BinHOCHa yncenbHicTb KYO yepes
K

MPOMIiXKOK Yacy f Micjas IPpUITMHEHHS ONPOMiHEHHS;
N(t) — uucenbHicTe KYO yepe3 mpomMixkok yacy micis
MPUITMHEHHST OIPOMiHEeHHS,;
Ck — uncenbHicTb KYO y KoHTpOi;

m,

7,C

0K
KICTKOBOI'O MO3KY,

— BiIHOCHA IBUAKICTb HagxomkeHHa KYO 1o

mg/kg of animal weight in order to release colony-
stimulating factors. Cultivation was carried out for 7
days, after which the mice were removed from the
experiment by cervical dislocation of the spinal
cord; the cameras were removed and studied under
an inverted microscope (Zeiss, Germany) without
the dismantling. The total number of colonies was
counted (aggregates consisting of more than 40
cells), which were formed during cultivation [19].

At the stages of recovery of CFU number in mice
bone marrow (onthe 2, 3,4,7,9, 11, 13, 16, 19, 23",
and 30™ day) the number of colonies was determined,
using mathematical model previously proposed by us
for determining the parameters of colony forming,
which were confirmed experimentally [2]. Experi-
ments were performed in 3 repetitions. In each
experiment, 33 animals were used, namely, 3 animals
for each specified period of investigation.

The mean of obtained indices and standard devia-
tion were determined and compared using Student’s
t-test for independent samples; differences were
considered statistically significant at p < 0.05. The
obtained data were analyzed using Microsoft Excel
tools.

Principle of original model development of the
hematopoiesis recovery after irradiation

A mathematical model for assessing the recovery of
hematopoiesis based on the example of prolonged irra-
diation was described by a group of authors under the
guidance of Prof. R. V. Boiko (2010—2022). The prin-
ciple of its development consists in the fact that the re-
gularities of the process, observed in the experiment by
K. S. Chertkov et al., concerning the alterations in the
number of CFU-S after irradiation, are displayed with
the help of mathematical symbols. The equation,
which describes alterations in relative number of CFU
after the termination of irradiation, will be written as:

LS, )
T T
where M, (t)= NGO _ relative number of CFU in
K

the interval of time ¢ after the termination of irradiation;
N(t) — number of CFU in the interval of time after
the termination of irradiation;

Cx — number of CFU in control;

My _ relative incoming rate of CFU to bone

7,Cy
marrow;
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Ty — TPUBAJICTb MPOMIXKY Yacy, 4yepe3 SIKUU KIITMHU
HaaxoaaTh A0 nonyssuii KYO;
my — KITBKICTh JKepen, 3 akux Hamxoadatb KYO mo
KiCTKOBOTO MO3KY;
P — BIICOTOK KIIITWH, $IKi MIiCJs MOy MOMOBHIOIOTH
nonysuito KYO;
d — BIiICOTOK KJIITWH, SKi ITiCJIST TOATY TTOTIOBHIOIOTH
MOIyJISALII0 KOMITOBAaHUX TMOIMEPETHUKIB KPOBOTBOPEH-
HS;
T — cepelHsl TPUBAIICTh KJIITMHHOrO Hukiny KYO.
JlocnigHUKaMU TOBEIEHO, 1110 FreMOINOETUYHiI CTOBOY-
POBi KJIITMHU 3HAXOASTHCS Y CTaHi ITOCTIHOI Ta IHTEH-
CUBHOI pernomnyJsiii, ToOTO, BOHU MirpyloTh 3 OJHUX
KPOBOTBOPHHUX OpPraHiB, 1100 NMpuxkuTucs B iHmux. Lle
HE MOXHA HE BpaXOBYBaTH, KOJU HMIOETHCS IPO BILIMB
iOHI3yI0YOi pamiallii, Xo4a OCHOBHMM KPOBOTBOPHUM
OpraHoOM BU3HAHUWI KiCTKOBUI MO30K [7].
Po3B’g30K piBHIHHA (1) Ha mpoMiXKax 4acy, ie mapa-

METpU BigHOBJAeHHs nomnyasalii KYO O | p,d, 1 He-

. 7,Cy
3MiHHi, MaTUMe TaKWii BUTJISIA

M(t)=—"10 4 on
7,Cx (=4)

e =2 —d , M(t,) — BigHOCHa yncenbHicTh KYO KicT-

T
KOBOT'O MO3KY Ha ITOYaTKy CITOCTepeKeHHS f.

m,
7,C (=4)
MEMO BiITHOCHUM piBHeM cTabinizauii KYO kicTkoBoro
MO3KY, KOJIU ) — oo TIPU HE3MiIHHUX MapaMeTpax hyHK-
mionyBaHHs nomysrsiiii KYO kictkoBoro Mo3ky |[2].

PesynbraTtn 3mMinm BimHocHOI uncenbHOCTI KYOc crer-
HOBOI KiCTKM MHUILIEH IicJs MPOJIOHTOBAHOTO OIPOMi-
HeHH# y 103i 8 Ip oTpuMaHi 3 ypaxyBaHHSIM TOro (DakTy,
mo Cx — uncenbHicTh KYOc ¢cTerHOBOI KiCTKM Y HOPMI
CcTaHOBUTh 5616 (5382—5850) xutitnn [1], BMicT KYOc y
CTETHOBII KicTLi mopociyioi Mulli gopiBHIoe 44 400, a B
OIHIill CTErHOBiil KiCTLi 3HAaXOAUThCS 8,5 % 3arajbHOL
MacH KiCTKOBOTO MO3KY [7].

3a ymoBHU A < () BeIMUMHY S = Ha3UBaTU-

PE3VYJIBTATU TA IX OGTOBOPEHHS

V nonepenHiit my6Jikalilii HaMu OyJ10 MPOAEMOHCTPOBA-
HO, SIK pe3yJIbTaTU PO3pO0O0K IrpyMnu AOCTiIHUKIB T Ke-
piBanuTBoM K. C. Ueprtkosa [ 1] Oynu BimoOpaxkeHi 3a 10-
IMOMOTIOI0 MaTeMaTUYHUX CUMBOJIIB Ta BiAMOBITHUX (DOp-
MYJI, SIKi BpaXOBYyBaJid 3aKOHOMIipHOCTi BiJHOBJICHHS
KPOBOTBOPEHHS y 3aJaHMX yMoBaX. ISl minTBepmKeHHs
aJeKBaTHOCTI 3aIllpOIIOHOBAHOI HAMU MaTeMaTU4YHOI MO-
JieJli y JaHiii poOOTi MU MPOBEIN eKCIIEPUMEHTH B TaKHX

Tp — duration of the time interval, in which cells

come to CFU population;

m, — number of sources, from which CFU come to

bone marrow;

p — percent of the cells, which after the division

refill the population of CFU:;

d — percent of the cells, which after the division

refill the population of committed hematopoietic

progenitors;

T — the average duration of CFU cell cycle.
Researchers have proven that hematopoictic

stem cells are in a state of constant and intensive

repopulation, that is, they migrate from some

hematopoietic organs to engraft in the others. This

cannot be ignored when it comes to the influence

of ionizing radiation, although bone marrow is

recognized as the main hematopoietic organ [7].
Solution to equation (1) in the intervals of time,

where parameters of CFU population recovery

My , P, d, T are constant, will be written as:

7,Cy
m,

[M(to) +—} : b)

7,Ci A

where 71— 2= Mt,) — relative number of bone
T

marrow CFU at the beginning of observation #,.
m,
—— We
Ty CK (_/1)
will call the relative level of bone marrow CFU stabi-
lization, when # — oo in case of constant parameters
of bone marrow CFU population functioning [2].
Results of the alterations in relative number of
mice femur CFU-S after prolonged irradiation in
the dose of 8 Gy are obtained taking into account
the fact that Cx — the number of femur CFU-S is
equal to 5616 (5382—5850) cells in normal condi-
tions [1], the CFU-S content in the femur of the
adult mouse is equal to 44 400, and one femur con-
tains 8.5 % of the total bone marrow mass [7].

Upon condition A < 0 the value S =

RESULTS AND DISCUSSION

In previous publication we have demonstrated how
the results of elaborations of the researchers group led
by K. S. Chertkov [1] were reflected using mathemat-
ical symbols and corresponding formulas, which
took into account the regularities of hematopoiesis
recovery under given conditions. In order to confirm
the adequacy of the mathematical model proposed
by us, in this work we conducted experiments under
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K€ YMOBaxX OIPOMiHEHHSI, BUKOPMCTOBYIOUM IHIIIWIA
METO/I OLLiIHKM TPOLIECIB BiTHOBJIEHHSI TeMOMNOE3y IpU
30ypIoouoMy BIUIMBI iOHi3yI0o4oi pamiaiii — a came,
KyJIBTYPY KJIITUH y TeeBUX AuQy3iiiHUX KaMepax, 3aHy-
PEHUX y YepPEBHY MOPOKHUHY JIAOOPAaTOPHUX TBAPUH.

Buxonsuu 3 Toro, 1110 10 BiaiiJTy CTOBOYPOBUX KIIITUH
HajeXaTb T'€MOITOETUYHI KIIITMHM-IOIEPEAHUKU, Ce-
pen SIKUX MONEepPeIHUKH, 1110 BUPOIIYIOThCS Y AUPY-
3iftHux Kamepax (KYOmk), 3aiimatoTs B iepapxii Hailo-
JIMDK4Ye Miclie 10 CTOBOYPOBOI KITITUHU, MU KYJIbTUBYBa-
JIM TEMOIIOETUYHI KJIITUHU Yy KaMepax, TiepepaxoByoun
OTpMMaHi MOKa3HUKM HA CTETHO MMIIIi TaK, SIK 1Ie pOOU-
JIM aBTOpU cTarTi [1]. 3rigHO 3 yMOBaMU, OMMMCAHUMU Y
crarti K. C. YepTkoBUM, BU3HaYaIU €(heKTUBHICTb KO-
JIOHIEYTBOPEHHSI T€MOMNOECTUUYHUX KJITUH-TIOIEepe/-
HUKIB i3 KiCTKOBOT'O MO3KY MMIIIEH, OITPOMiHEHUX TTPO-
JIOHTOBAHO y cyMapHiii 103i 8 Ip, y reieBux 1My3iiitHux
KaMepax, IMIIAHTOBAaHUX MUILIAM-PELMITIEHTaAM JIiHil
CBA. Marepian, oTpuMaHW# y pi3Hi TEPMiHU TTiCIIs OIT-
pPOMiHEHHSI, 3aHYPIOBABCsI Y HaIliBpiIKoOMy arapi y re-
JIeBi nudy3iliHi KaMepH, SIKi yTpUMYBaJIUCS y YEPEBHIA
NopoxXHUHI Muleit. Ha 7-my 100y BUBOAWIU 3 €KCIe-
PUMEHTY M0 3 MUIIIi Ta BUBYAIM KaMepH ITiJI iHBepTOBa-
HUM MiKpPOCKOITOM; paxXyBaJii KiJIbKiCTh KOJIOHIM 3 po3-
paxyHKy 1x10° eKCITaHTOBaHUX KJITHH i ITepepaxoBy-
BajJid 1XHIO KiJIbKiCTh Ha CTETHOBY KiCTKY, Oepyuu 10
yBaru, 110 B HopMi KitbKicth KYO y cTerHoBiit KicTii
MMUILIEeH 3HAXOOUThCS Y Mexax Bim 5382 mo 5850 [1].

AHaJti3 oTpyuMaHMX y TU(y3iiHUX KaMepax TaHuX Mo-
KazaB, 1110 y Meplli KijJibKa ai0 Mmicss OnmpOMiHEHHS Y
MOpPiBHAHHI 3 KoHTpojeM (38,5 konoHir Ha 1x10°
eKCIUIAaHTOBAHUX KJIITUH) CIIOCTEPIira€Thbcsl 3HIMKEeHA
kinbkicte KYO, i e tpusae no 9-i noou. Jlani Bigdy-
Ba€eTHC pi3Ke 3pocTaHHs KiibKocTi KYO y KyabTypi -
dy3iiinnx kamep in vivo. Ilpu MOpiBHIHHI KiJIBKOCTI
KYOnk y po3paxyHKy Ha CTETHOBY KiCTKy Ha 7-My Ta
11-Ty noOy micyisi onpoMiHEeHHSI, BUSBISIETbCS Pi3HULIS
y TIOKa3HUKaX, sIKa csirae § pasiB. BomHovac KiJIbKiCThb
KYO y mudysiitnnx kamepax Ha 19-Ty 100y mmicis orr-
pOMiHEHHS Oiiblla y mopiBHSAHHI 3 11-10 106010 MPU6-
JIU3HO y 4 pa3u, a y MOPiBHSHHI 3 7-10 g06010 — y 30
paziB (Tabz. 1).

3a manmmu K. C. Yeprtkona xinpkicte KYO y cene-
3iHIIi Pi3KO 3pOCTaE, MTOYNHAIOUU 3 7-1 JOOU TiCJIsT OIl-
poMmiHeHHs. EdeKTUBHICTh KOJOHIEYTBOPEHHS Ha
11-1y no6y Ginbliua y npubanM3HO 9 pasiB MOPiBHSIHO 3
noKa3HWKaMu 7-i mobu. [dani, orpumani Ha 19-Ty go-
Oy BiITHOBJIEHHSI TeMOII0€3Y, CBITYMJIN, 1110 KOJOHIEYT-
BOPEHHS Yy ceJie3iHIli 30UTbIINIOCh MOPiBHSHO 3 11-10
Jno0o1o Maiixke y 4 pa3u, a y HOPiBHSIHHI 3 7-10 100010 —
y 33 pa3u.

the same irradiation conditions, using another method
of assessing the processes of hematopoiesis recovery
under ionizing radiation disturbing influence — name-
ly, cell culture in gel diffusion chambers, immersed in
the abdominal cavity of laboratory animals.

Based on the fact that hematopoietic progenitor
cells belong to the stem cell compartment, and
among them progenitors grown in diffusion cham-
bers (CFU-d) possess the closest place to stem cell
in the hierarchy, we have cultivated hematopoietic
cells in chambers, recalculating the obtained values
per mice femur as the authors of the article did [1].
According to the conditions described in the article
by K. S. Chertkov, the colony-forming efficiency of
hematopoietic progenitor cells from the bone mar-
row of the mice prolongedly irradiated with a total
dose of 8 Gy was determined in gel diffusion cham-
bers implanted in recipient CBA mice. Material
obtained at different periods after irradiation,
immersed in semi-solid agar in gel diffusion cham-
bers, which were placed in the abdominal cavity of
mice. On the 7" day, 3 mice were removed from the
experiment and the chambers were studied under
the inverted microscope; the number of colonies was
counted per 1x10° explanted cells, and their number
was recalculated per femur, taking into account that
the normal number of CFU in mice femur is
between 5382 and 5850 [1].

Analysis of the data obtained in diffusion cham-
bers showed that in the first few days after irradia-
tion, a reduced number of CFU was observed com-
pared to the control (38.5 colonies per 1x10° explant-
ed cells), and this continues until the 9th day.
Further there is a sharp increase in CFU number in
the culture of diffusion chambers in vivo. When
comparing the number of CFU-d per femur on the
7™ and 11™" day after the irradiation, a difference in
indices is revealed, which reaches 8 times. At the
same time, the CFU number in the diffusion cham-
bers on the 19th day after irradiation is approximate-
ly 4 times higher than on the 11th day, and 30 times
higher than on the 7* day (Table 1).

According to the data of K. S. Chertkov, the num-
ber of CFU in the spleen increases sharply starting
from the 7" day after irradiation. The colony-form-
ing efficiency on the 11" day is approximately 9
times higher compared to the indices of the 7™ day.
Data obtained on the 19" day of hematopoiesis
recovery showed that colony forming in the spleen
increased almost 4 times compared to the 11" day,
and 33 times compared to the 7 day.
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Taonuusa 1

KiHeTMKa KOJIOHiEyTBOPEHHA KNITUH-NONepefHUKIB KiCTKOBOro MO3KY Mulied MiCAA NPOJIOHTOBAHOIO

onpomiHeHHs B cyMapHin po3i 8 Ip
Table 1

Kinetics of colony forming of mice bone marrow progenitor cells after prolonged irradiation at a total dose of 8 Gy

Jo6a nicna
ONpPOMiHEeHHS

Kinbkicts KYOAK y po3paxyHky
Ha CTErHoBy KiCTKy

Kinbkictb KYOcC y po3paxyHky
Ha CTErHoBy KiCTKY
npoeipuuii intepean K. C. Yeptkos [1]

BigHocHa uucenbHictb KYO
KiCTKOBOr0 MO3KY Y PO3paxyHKy
Ha cTerHosy kictky P. B. Boiiko [2]

Day after The number of CFU-d The number of CFU-S per femur and The relative number of bone marrow
irradiation per femur confidence interval K. S. Chertkov [1] CFU per femur R. V. Boiko [2]

2 1,5+0,2 5,2 1,5-8,9 0,001

3 4,3+0,4 20,1 16,3-23,8 0,004

4 6,5+0,5 30,9 25,8-35,7 0,006

7 30,0+1,8 144,5 117,0-172,0 0,026

9 53,3+2,8 267,0 202,0-332,0 0,048

11 240,0+6,5 1254,0 980,0—-1509,0 0,223

13 380,3+15,2 1889,0 1524,0-2244,0 0,336

16 400,0£21,4 2134,0 1745,0-2530,0 0,380

19 910,5+20,5 4774,0 4400,0-5148,0 0,850

23 920,6+21,8 4749,0 3360,0-6137,0 0,846

30 1055,0+25,5 5507,0 3806,0-7214,0 0,981

AHani3yloun KiHETHMKY BiAIOBili TeMOMOETUYHUX
KJIITMH Ha XpPOHiYHE OMNPOMiHEHHSI 3 HU3bKOIO MO-
TyxHicTiO mo3n, W. Chu-Tse 3i cmiBaBTt. [12] miitmmm
BUCHOBKY, 1110 3aTPUMKa BCTYIY 10 KJITUHHOTO LUAKITY
KJIITUH Yy pa3i Jii TaKOro ONMpoOMiHEHHS BKa3y€e Ha Te,
IO 3HaXoIXeHHd 1ix y ¢azi Gy Moxe OyTu
BIAITOBIZAIbHUM 3a II0YaTKOBY a3y KpUBOI J103a-
eekT, MabyTh, He3aJleXKHY BiJ TOTYXXHOCTI 03U
ioHi3yro4yoro ornpomiHeHHs. Toai Apyruii KOMIIOHEHT
KPMBOI € pe3yjbTaTOM 3HUXKEHOI MoTpedu y aude-
pPEHI1IiIOBaHHI CTOBOYPOBUX KJIITUH 4Yepe3 IiABUILEHY
aMIuTidikalio KIiTUH-IOINEePeIHUKIB, SKi 3MilCHIO-
IOTh TPAH3UT KOMITOBAaHUX KJIiITHH, 110 i1 BpaXOBY€E Ma-
TemaTuuHa Moaenb P. B. boiika ta criBaBbr. [2, §].

Hes3Baxarwouu Ha pi3HULIIO B A0OCOJIOTHUX MOKA3HU-
KaX KOJIOHiEYTBOPEHHS Yy cefie3iHLi i y nudy3iiiHux
Kamepax (y cenesiHui KinbKictb KYO 6inbiia npuo-
JIM3HO Yy 5 pasiB), TeHAEHILii Ha eTanax BiTHOBJIEHHS
TeMOTIOe3y BUSBWJINCS CITiBCTaBHUMU. Buia edex-
TUBHICTh KOJIOHIEYTBOPEHHS y CeNe3iHIli MOXe MOosIC-
HIOBaTUCS TUM, 1O lie BiAKpUTa cUCTeMa, 10 SIKOi IMpU
30ypIOl0OYOMY BIUJIMBi i0Hi3yl0uoi paidialii MOXYThb
MIrpyBaTu CTOBOYPOBIi KJIITUH 3 iHIIMX JKePes; OJHaK
cucrema nudys3iiiHUX KaMep 3aKpUTa i B HUX PO3BUBa-
IOThCS TiIIbKW KJIITUHU, SIKi BHECEHI Y IXHIO BHYTPilll-
HIO TTIOPOXXHUHY. BUsiBUIIOCS, 11O 17151 aHAi3y KiHeTU-
KU BiZHOBJIEHHSI KPOBOTBOPEHHSI HEMA€E HEOOXiJHOCTI
eKCIepUMEeHTalbHO BM3HAYaTU e(PeKTUBHICTh KO-
JIOHIEYTBOPEHHS y AU(QY3iiHUX KaMmepaxX KOXHY 100y,
a MOXKHa CKOPUCTATUCSI MAaTEMaTUYHUMU (POpMyJIaMHU,
sIKi OyJIM MOOyIOBaHi 3 ypaxyBaHHSIM 3aKOHOMipHOC-

Analyzing the kinetics of hematopoietic cells
response to chronic irradiation with low dose rate,
W. Chu-Tse et al. came to the conclusion that delay
in cell entry into the cell cycle in case of such expo-
sure indicates that their residing in the G, phase may
be responsible for the initial phase of the dose-effect
curve, apparently independent of the dose rate of
ionizing radiation. Then the second component of
the curve is the result of a reduced demand for dif-
ferentiation of stem cells due to increased amplifica-
tion of progenitor cells which carry out the transit of
committed cells, which is taken into account by the
mathematical model of R. V. Boiko et al. [2, §].

Despite the difference in the absolute indices of
colony forming in spleen and in diffusion chambers
(in spleen, the CFU number is approximately 5 ti-
mes higher), the trends in the stages of hemato-
poiesis recovery were comparable. Higher colony-
forming efficiency in the spleen can be explained by
the fact that it is an open system, to which stem cells
can migrate from other sources under the disturbing
influence of ionizing radiation; however, the system
of diffusion chambers is closed and only the cells
placed into their internal cavity develop in them. It
turned out that for the analysis of the kinetics of
hematopoiesis recovery it is not necessary to experi-
mentally determine the colony forming efficiency in
diffusion chambers every day, but it is possible to use
mathematical formulas which were developed taking
into account the regularities of this process. So, for
example, the number of CFU-d for the 3*-7" or
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Tell uporo mporecy. Tak, Hanpukiaa, Kiabkicth KYOnk
Ha 3—7-my un 13—16-Ty 0100y MOXHa IigpaxyBaTH 3a
napaMeTpamMu MaTeMaTU4YHOI MOJIeNi, He BIAalUuCh J0
€KCIIEPUMEHTY, B TOH ke 4ac MPUAIUTU yBary OCHOB-
HUM JaTaM, BpaxoByl04r ABO(Ma3HICTh MPOLECY BiTHOB-
JIEHHSI KPOBOTBOpPEHHS (TadJ. 1).

VYV pesynabrati HaMu OTpUMAaHi JaHi, $IKi He TUIbKU
MiATBEPKYIOTh MPaBUJIbHICTh BUCHOBKIB JOCTiZHUKIB,
110 Ha CbOTOAHI BBaXalOTbCsS KIAaCUYHUMM, ajie i
CBiYaTh MPO aeKBATHICTb MATEMATUYHOI MOJIEJTi, a Ta-
KOX HOLUIbHICTh BUKOPUCTAHHSI OPUTIHAJIBHUX M-
(yzifiHMX KaMep Ul BUBUEHHS MPOLECiB YIIKOMXKEHHS
i BiITHOBJIEHHSI T€MOTIOE3Y y BiIOBiAb Ha 30YpIOIOYMIA
BILIMB MPOJIOHIOBAHOTO iOHi3YI0UOT0O OMPOMiHEHHSI.

BpaxoByrouu Toii ¢axT, 1110 mapaMeTpu MaTeMaTUIHOIL
MoJeni IMoOymoBaHi Ha JaHMX CeJIe3iHKOBOIO KO-
JIOHIEYTBOPEHHSI, BUSIBJCHA TEHIEHLIiS CBiAYUTHL IIPO
BiAIOBIAHICTh MiX pe3yJbraTaMu, OTPUMAaHUMU Pi3HU-
MU MeTogaMu. ¥ 3B’SI3KYy 3 LIMM MOXHa IIPUUTH 10 BUC-
HOBKY IIPO IOLIbHICTh BUKOPUCTAHHS MaTeMaTUYHOI
MoJedi A TeMOIMOETUYHUX KJiTUH-TIONEpeaHUKIB
pi3HUX piBHiIB MO3piBaHHS, a eKCHepUMEHTaAbHUN
nigxig BupomryBaHHs KYO B reneBux nugy3iiHNX Ka-
Mepax MOXe BMKOPHUCTOBYBATUCS SIK CIOCIO OLIHKH
BiTHOBJIEHHSI T€eMOII0€3Y HapiBHi 3 METOIOM CEJIe3iHKO-
BUX KOJIOHili, TOOTO MaTeMaTMyHa MOJeJib aAeKBaTHa
IJ1 aHai3y He Titbku KiHeTuku KYOc, ane i KiHeTUKH
KYOuk.

ITokazHuKM e(PEeKTUBHOCTI KOJIOHIEYTBOPEHHS, OTPHU-
MaHi y KyJbTypi rejieBux Au@y3iiHuX Kamep, CBIIUWIN
po Te, 110 IPOJOHTOBaHE OIIPOMiHEHHS y CyMapHiil 103i
8 Ip 3 motyxHictio 0,0028 Ip/XB HE BUKJIMKAE MOIIKOMI-
JKEHHST TeMOMOETUYHUX CTOBOYPOBUX KJIITHH, SIKi B MO-
MEHT OMnpoMiHeHHs 3Haxomuwiucs y daszi Go. IxHs Kinb-
KiCTh TICJIT CYTTEBOI 3aTPUMKM TIpOJTipepaliii TpoTIATOM
KiJIbKOX J1i0 TTOCTYIOBO BiTHOBJTIOETHCS 32 pAXYHOK T'eéMO-
MOETUYHUX KIIITUH-ToNepeTHUKiB i 1o 30-i 1o0u KoM-
MeHCYe BTpadeHuil npodidepatuBHuil noreHuian. Came
MPOJOHTOBAHE 10HI3yH04Ye OIPOMIHEHHS B HU3bKMX 103aX
320€3MeYnI0 TeMOMTOSTUYHY CUCTEMY YacOM JIJIsT BiTHOB-
JleHHs 11 pyHK1ii. [TpocainKkoByeThest 1BO(a3HUM XapaK-
Tep BiTHOBJIEHHSI KPOBOTBOPEHHS B pa3i [Iii TAKOTO TUITY
10HI3yI0UOI0 OINPOMIHEHHSI, Ha SIKMIA BKa3YylOTb psif aB-
topiB [1, 12]. JochnimHuku, sKi aHali3yBaJli TTOKa3HUKU
KOJIOHIEYTBOPEHHSI KiCTKOBOTO MO3KY OINPOMiHEHUX MU-
1LIe, JIALILUTA 10 BUCHOBKY, 1110 BUTpAlll Y Yaci Bifirpa€ oc-
HOBHY POJIb i Yac BiZHOBJIEHHSI reMOIoe3y B pasi Ipo-
JIOHTOBAHOT'O OMNPOMIHEHHS 3 HU3bKOI MOTYXKHICTIO J10-
3u. Leit pakT OyB 1OBeIeHWIT HUMMU ITiBCTOJITTSI TOMY Ha
mogeniJ. E. Till, E. A. McCulloch [12, 14]. Ik Bka3anu aB-
TOPU, TOJJOBHA OCOOJIUBICTh, XapaKTepHa MJIsl TIPOJIOHTO-

13"—16" day can be calculated according to the
parameters of the mathematical model, without
applying the experiment, while at the same time
paying attention to the main dates, taking into
account the two-phase process of hematopoiesis
recovery (Table 1).

As a result, we have obtained data which not only
confirm the accuracy of the researchers’ conclu-
sions, which today are considered classic, but also
testify to the adequacy of the mathematical model,
as well as the expediency of original diffusion cham-
bers usage to study the processes of hematopoiesis
damage and recovery in response to the disturbing
effect of prolonged ionizing radiation.

Taking into account the fact that parameters of
the mathematical model are developed on the data
of colony forming in spleen, the revealed trend
indicates the correspondence between the results
obtained by different methods. In this regard one
can come to the conclusion about the expediency
of using the mathematical model for hematopoiet-
ic progenitor cells of different maturation levels,
and the experimental approach of growing CFU in
gel diffusion chambers can be used as the assessing
method for hematopoiesis recovery along with the
method of splenic colonies, i.e., the mathematical
model is adequate for analyzing not only the kinet-
ics of CFU-S, but also the kinetics of CFU-d.

Indices of colony-forming efficiency obtained in
the culture of gel diffusion chambers have shown
that prolonged irradiation at a total dose of 8 Gy
with a power of 0.0028 Gy/min does not cause the
damage of hematopoietic stem cells, which were in
the Gy phase at the time of irradiation. Their num-
ber after the significant delay in proliferation for
several days is gradually recovered at the expense of
hematopoietic progenitor cells and compensates
for the lost proliferative potential by the 30™ day. It
was the prolonged ionizing radiation in low doses
that provided the hematopoietic system with the
time to restore its functions. The biphasic nature of
hematopoiesis recovery is observed in case of this
type of ionizing radiation action, which is indicat-
ed by several authors [1, 12]. Researchers who
analyzed colony-forming indices of the bone mar-
row of irradiated mice concluded that time gain
plays a major role in the hematopoiesis recovery in
the case of prolonged irradiation with a low dose
rate. This fact was proved by them half a century
ago on the model of J. E. Till, E. A. McCulloch
[12, 14]. As the authors pointed out, the main fea-

) 212



ISSN 2304-8336. pobnemn paniauiiinoi Meouunkm 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2022. Bun. 27.

EXPERIMENTAL

RESEARCH

BAHOTO BITJIMBY i0Hi3YyI0UOI1 pafiallii, OJSITa€ B TOMY, 11O
y pasi He3HayHOI IoTyXHoCTi no3u (Hrkae 0,01 Ip/xB.),
YacTHMHA KJIITUH He BTpayae 3[1aTHOCTI A0 mposidepallii.
BusiBuinocs, 1110 KiTbKiCTb CTOBOYPOBUX KJTITHH, SIKa IMTPU
LIbOMY 3ajIMIIKUIacd HEAOTOPKAHOIO, € TOCTATHHOIO IS
BiITHOBJIEHHS KPOBOTBOPEeHHS [20].

ExcriepumenTanbamii migxing BupoinyBaHHS KYO B
OpUTiHAJIbHUX TeJieBUX AUPY3iHHUX Kamepax Moxe
po3rasgaaTucs SIK J0JAaTKOBUM CIOCiO AOCHiIKEeHHS
BiTHOBJICHHS T€MOII0OE3Y HapiBHi 3 METOIOM CEJIe3iHKO-
BUX KOJIOHIA.

BUCHOBKHA

V pesyabrati NpoBeAeHUX AOCTiIXKeHb HaMU OYyJIO OT-
pUMaHO AaHi, SIKi cBiIYaTh NPO MOXJIMUBICTh BUKOPUC-
TaHHS OPUTIHATIBHUX IUQY3iMHUX KaMmep IJ1sI BUBYSHHS
MNpoLEeCiB YIIKOAXEHHSI i BiIHOBJEHHSI reMoIloe3y
BHACJIiAOK Aii ioHi3ylouol papmiauii. BinmoBigHiCTh Mo-
Ka3HUKIB KyJIFTUBYBaHHSI METOIOM TIeJiIeBUX AUQy3ili-
HUX KaMep KiCTKOBOI'O MO3KY MUIIEH, OMPOMiHEHUX
MPOJIOHIOBaHO Yy cyMapHiii no3i 8 Ip i3 MOTyXHiCTIO
0,0028 Ip/xB., pe3yabraraM KOJIOHIEYTBOPEHHS y Ce-
JIE3iH1Ii JIeTaJbHO OMIPOMIHEHMX MULIEH, 110 OyJIr MOK-
JIaleHi Yy OCHOBY ITOOYI0BY MaTeMaTUYHOI MOJeJTi, CBif-
YUTH MPO aeKBaTHICTb Ta AOUIJIbHICTh BUKOPUCTAHHS
MaTeMaTUYHOI MOl AJIs1 OLIiIHKM MPOLIECY BiTHOBJIECH-
HsI TEMOII0€3Y KJIiTUHAMU-TIONepeJHUKAMU Pi3HUX PiB-
HiB mO3piBaHHS. Y KiIbKiCHOMY 3HayeHHi e(heKTUB-
HICTh KOJIOHIEYTBOPEHHS IUX KJIITUH-TIONEPEIHUKIB
HEOIHAKOBA, ajle 3icTaBHA. [X BU3HAueHHs HeoOXiTHe
JUIST XapakKTepUCTUKM (PYHKIIOHAbHOI aKTUBHOCTI
KiCTKOBOT'O MO3KY, IKMI MMOTPEeOYE OLIiHKU, HATIPUKJIIAI,
B pa3i OMPOMiHEHHS YU SIK MOTEHLIIHHWI TpaHCIIaH-
TaT.

BukopucraHHs 3alIpOIIOHOBAHUX €KCIIEPUMEHTAIb-
HOI i MaTeMaTM4YHOI Mojeleil CIpUITUME [IMOILIOMY
pPO3YyMiHHIO TIpolleciB TpoJicdepalii Ta AudepeHIli-
IOBaHHSI Y KPOBOTBOPHIll TKaHMHi, a TAKOX IIPOTpaM,
o 3a0e3IeuyioTh 30ajJaHcoBaHy Tpodidepallio i au-
¢epeHLitoBaHHSI KPOBOTBOPHUX KJIITUH Y CTA0ITbHOMY
CTaHi Ta TiJ Yyac pereHepallii micjisl BIUIMBY iOHi3y10401
pamiatii.

KoHniKT iHTEepeciB
ABTOpHU 3asBJISIIOTH PO BiICYTHICTh KOHMJIIKTY iHTE-
peciB.

CMUCOK BUKOPUCTAHUX AXEPEN

1. Yeprkos K. C. BausiHue MOLLHOCTM [103bl 00/Ty4€HNst Ha MPOLIECCHI NO-
PaXeHWsi U BOCCTAHOBNIEHWS KONOHMEOOPa3yIoLLMX KIETOK KOCTHOrO
mo3ra. Pagnobuonorus. 1973. T. 13, Bbin. 3. C. 368-372.

ture characteristic for prolonged influence of ioniz-
ing radiation is that in the case of a small dose rate
(below 0.01 Gy/min.), some cells do not lose their
ability to proliferate. It turned out that the amount
of stem cells, which remained intact, is sufficient
for hematopoiesis recovery [20].

The experimental approach of CFU growing in
the original gel diffusion chambers can be consid-
ered as an additional method of investigation of
hematopoiesis recovery along with the method of
spleen colonies.

CONCLUSIONS

As a result of the performed investigations we
obtained the data which testify to the possibility of
using original diffusion chambers to study the
processes of hematopoiesis damage and recovery
due to the action of ionizing radiation. Corres-
pondence of the cultivation indices using the
method of gel diffusion chambers of mice bone
marrow prolongedly irradiated with a total dose of
8 Gy with a power of 0.0028 Gy/min, to the results
of colony forming in the spleen of lethally irradiat-
ed mice, which were the basis for developing the
mathematical model, testifies to the adequacy and
feasibility of applying the mathematical model to
assess the process of hematopoiesis recovery by
progenitor cells of different maturation levels. In
quantitative value the colony forming efficiency of
these progenitor cells is not the same, but it is com-
parable. Their definition is necessary to character-
ize the functional activity of bone marrow, which
needs to be evaluated, for example, in case of irra-
diation or as a potential transplant.

The usage of proposed experimental and mathe-
matical models will contribute to a deeper under-
standing of the processes of proliferation and dif-
ferentiation in hematopoietic tissue, as well as pro-
grams which ensure balanced proliferation and dif-
ferentiation of hematopoietic cells in a steady state
and during regeneration after exposure to ionizing
radiation.
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