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Effect of Rapid Two-Step Freezing on Bone Marrow Cell Integrity

TCOpCTI/I‘IGCKI/I pacCHUTAaHO NCPCOXJIAKACHNE BHYTPUKIIECTOUHOI'O paCTBOPAa KOCTHOI'O MO3T'a MBIIIH ITPU OXJIAKACHUN KJICTOIHOM
CYCIICH3UH C ITOCTOSIHHOM CKOPOCTBIO U IIpHU 6I>ICTp0M JABYXCTYIICHYAaTOM 3aMOpPa)XUBaHUU. Ha ocHOBaHumM MPOBEACHHLIX paCY€TOB U
OKCIICPUMCEHTOB OIIPEACICHBI OITUMAJIBLHBIC YCIIOBHUA KPUOKOHCEPBUPOBAHUA 3TUX KIICTOK IO 3aIHATON III/IMeTI/IHCyHL(i)OKCI/Iﬂa.

Knwueevie cnosa: 6LICTpOC JABYXCTYINI€EHYATOC 3aMOpaXUBaHUEC, MEPCOXJAKIACHNEC, BHYTPUKIICTOYHAA KpHUCTAIIU3al U,

TIMETHICYITB(OKCHI.

TeopeTH4HO PO3pax0BaHO IEPEOXOIOMKEHHS BHY TPIIIHBOKIIITHHHOTO PO3YHHY KiCTKOBOT'O MO3KY MUILII IIPH OXOJIOKEHHI KIIITHHHOT
cycrieH3ii 3 MOCTIHHOK MBUAKICTIO Ta TP MIBHIKOMY JIBOCTYIIIHYACTOMY 3aMOpPOXKyBaHHI. Ha OCHOBI MpoBeIEHNX PO3PaXyHKIB i
eKCIIEPUMEHTIB BU3HAYCHO ONTHMAaJIbHI YMOBH KPiOKOHCEPBYBAHHS LIMX KIIITHH ITiJl 3aXUCTOM JUMETHICYIb(MOKCHILY.

Knwuosi cnosa: mBUaKe ABOCTYNIHYACTE 3aMOPOXKYBaHHS, IEPEOXOIOKCHHS, BHYTPIIIHbOKIITUHHA KpHCTaTi3amis,

JTIMETHICYITB(OKCHI.

Supercooling of murine bone marrow intracellular solution under cell suspension cooling with a constant rate and at a rapid two-
step freezing has been theoretically calculated. The optimal conditions for these cells cryopreservation under dimethyl sulfoxide
protection have been determined, basing on the calculations and experiments performed.

Key-words: rapid two-step freezing, supercooling, intracellular crystallisation, dimethyl sulfoxide.

Kaxk nmpasmiio, camo 1o ce6e oXJIaKIeHHE KIETOK
0 CyOHYNEBBIX TeMIIepaTyp He MPUBOAHUT K UX
noBpexaeHuio 1, 2, 4-6]. OcHOBHas Macca OBPEK-
JIEHUH KJIETOYHBIX CTPYKTYP HEMOCPEACTBEHHO HIIN
KOCBEHHO CBsI3aHa C 00pa30BaHNEM KPUCTAIIIOB JIbJA
BHE ¥ BHYTpH KJeTok [4, 7,9, 11-13, 17]. B 30He xe
(ha30BBIX NpeBpalIeHU, KoTa Boja (10151 KOTOPOH B
OHOJIOTMYECKIX 00BEKTaX COCTABIAET OKOIIO 75-90%)
IpeBpamaercs B jJej, Ha KJIEeTKH MOMHMO TeMIIe-
patypsl geiicTByeT psia (pakTOpoB, CIOCOOHBIX
BBI3BaTh MX OBPEXKCHHUE: KOHLIEHTPUPOBAaHUE BHE- U
BHYTPHUKJIETOYHBIX PACTBOPOB, POCT KPHCTAIJIOB BHE-
Y BHYTPHUKJIETOYHOTO JIbJa, X PEKPUCTAITU3ALNA,
n3MeHeHus pH 1 HOHHO CHITBI Cpelbl, 00pa3oBaHuE
TpemnH B amophHOU TBepaoil daze, usMeHeHHs
JNEKTPUIECKOTO TMOTEHIINAala Ha MeMOpaHe KIIETKH,
3JEKTPUYECKHE TIOJS, BOSHUKAIOIINE TIPHU pacTpec-
KUBaHUM aMop(HO dassl, u Apyrue paxropsi [9, 11-
13, 17]. Cpenu nepeuncieHHbIX GakTopoB Hanbojee
3HaYUMBIM CUMTAIOT 00pa30BaHHE KPHUCTAIJIOB JIbJa
BHYTpH KieTok [14, 16, 19]. [loaTromy nouck ontu-
MaJIBHBIX YCJIOBUH KPHOKOHCEPBHUPOBAHNUS KIETOYHBIX
CYCIICH3UI HalpaBJIeH Ha IPEAOTBPAIICHUE BHYTPH-
KJIETOYHOM KPUCTAIITH3AINH PU UX TITYOOKOM OXJTaX-
JICHUH.
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The cooling down itself of cells to subzero
temperatures does not generally result in their damage
[1,2,4-6]. The bulk of cell structure damages is directly
or indirectly associated to the ice crystal formation both
in cells and beyond them [4, 7, 9, 11-13, 17]. In the
phase transformation area, when water (which part is
about 75-90% in biological objects) is transformed into
ice, cells are affected by some factors besides a
temperature, capable to cause their damage such as:
concentration of extra- and intracellular solutions,
crystal growth of extra- and intracellular ice, their re-
crystallisation, pH and medium ion strength changes,
fracture formation in amorphous solid phase, changes
in electric potential on cell membrane, electric fields,
occurring under amorphous phase fracturing and
another factors [9, 11-13, 17]. Among the mentioned
above factors the ice crystal formation inside cells is
considered to be the most significant one [14, 16, 19].
Therefore the search for optimal conditions of cell
suspension cryopreservation is oriented to prevent an
intracellular crystallisation under its deep cooling down.

Research was aimed to compare the effect of two
cooling regimens (cooling down with a constant rate
and a rapid two-step freezing) on the murine bone
marrow (BM) integrity and morphological composition.

Institute for Problems of Cryobiology and Cryomedicine of the Na-
tional Academy of Sciences of Ukraine, Kharkov, Ukraine

*  Address for correspondence should be addressed: 23,

Pereyaslavskaya str., Kharkov, Ukraine 61015; tel.:+380 57 373
5791, fax: +380 57 373 3084, e-mail: cryo@online.kharkov.ua

PROBLEMS
OF CRYOBIOLOGY
Vol. 17, 2007, N23



Iens paboOTHI — CpaBHUTENBHEIN aHAIN3 BIUSHUS
JIBYX PEKUMOB OXJIQXKICHUS (OXJIKICHHUS C ITOCTOSTH-
HOW CKOPOCTBHIO M OBICTPOTO JBYXCTYIEHYATOTO
3aMOpaXKMBaHW) HA COXPAaHHOCTh M MOP(OIOTH-
YeCcKHUi cocTaB KocTHOro Mosra (KM) mbim.

Matepuarbl n meToAbI

UccnenoBanus ObLIM BBIMOTHEHBI HA MOJIOBO3-
pensix MbIrax-camax duauu CBA maccoit 19-22 1
Bce MaHUTyIsSIIU¥M ¢ )XKUBOTHBIMU BBITTOJTHEHEI
CONNIACHO MOJOXEHUSIM EBpOINENCKON KOHBEHLIMM O
3aIIATE TIO3BOHOYHBIX KUBOTHBIX, HCTIOIB3YEMBIX JITIS
DKCTIEPUMEHTAIBHBIX M APYTUX HAYYHBIX IIeJei
(CtpacOypr, 1985). CycnieH3uo KJISTOK MOIyYaliu U3
OEIPEHHBIX KOCTEH BBIMBIBAHHEM KOCTHOMO3TOBOTO
KaHana cpenoit 199 ¢ nobaBieHneM UTpaTa HATPUS.
KonnyecTBo KIeTok A0 M mocie KpUOKOHCEPBHPO-
BaHMSA mojcuuTeiBanu B kamepe lopsesa [8]. Co-
XPaHHOCThH KJIETOK OIleHHBal B cBeToBOM (JIOMO)
u nromuHectieHTHOM (JIOMAM) Mukpockorie cooT-
BETCTBEHHO IOCJIE OKpaluBanus kiieTok KM BuTanb-
HBIMH KPacUTEISIMU — TPUIIAHOBEIM CHHUM U aKpH-
JUHOBBIM OpaHXeBbIM. KieTouHslil cocTaB omnpene-
JISUIM Ha Ma3Kax, OKpallleHHBIX a3yp-lI-303uHOM 1O
Pomanosckomy [8], mytem momcuera 500 kieTox B
cBeToBOM MHKpockore (JIOMO).

Krnerkun KM oxnaxaanu ¢ HOCTOSHHON CKOPOCTBIO
1 n 10°C/MuH Ha TpOrpaMMHOM 3aMOpa)KuBaTese
YOII-06 mpouszBonctea CKTH ¢ OIl UITKuK HAH
VYkpaunsl. [Ipu ObICTpOM IBYXCTYIIEHYaTOM 3aMOpa-
JKUBAaHUM HCIOJB30BaJIM CHEUUATbHBIA KPUOCTAT,
paspaborannsiii CKTE ¢ OIl UTIKuK HAH Ykpaunst
[10]. B xauecTBe KpuompoTeKkTopa ObLI BHIOpaH
JIMCO B xonnentpauuu 10% c gobasiaenuem 3%
Tenstabeit chiBopoTku U 0,2% muTpara Harpus. Oto-
rpeBaNv KIIeTKH Ha BojisiHOM Oane npu 41°C. Craruc-
THYECKYI0 00pabOTKy MOJYYEHHBIX pPE3yIbTaTOB
npoBoaniy o Metoxy Creronenta-dumepa [3].

Pe3yAbTaThl M 00CyXAeHue

HeoOxonuMmbeiM yciaoBueM aiisi oOpa3oBaHHS
BHYTPUKIIETOYHBIX KPHCTAJJIOB JbJa SIBISETCS
MepeoxIIaXkIeHue BHYTPUKIETOYHOTO pacTBopa. [Ipu
ATOM BEPOSTHOCTHh BHYTPUKIETOYHOW KPHCTAJLIA3a-
LMY SKCIIOHEHITMAILHO PACTET C yBEIMYEHHEM 3TOTO
nepeoxnaxaenus [6]. Kak mpaBuiio, mpu 3aMopaxu-
BAaHHH JIFO00M KIIETOYHOM CYCIICH3UH KPUCTAJLIBI JIbIIA
MepBOHAYAIILHO 00Pa3yIOTCs BO BHEKJIETOYHOM PacT-
Bope. [lo Mepe nanbHe1ero oxaaxx1eHus KOJIU4ecT-
BO BHEKJICTOYHOT'O JIbJIa YBCIIMUMUBACTCA B COOTBETCT-
BUU C HHanaMMOﬁ IIJIABJICHUA BHEKJICTOYHOIO
pPacTBOpa U KIETKU BBITECHSIOTCS B )KUIKHE KaHAIIHI,
PacCIIONOXKEHHBIE MEXKTY KPUCTATIAMU BHEKJIETOYHOTO
npaa. [lockonbKy pacTBOpEeHHBIE BO BHEKIIETOYHOM
pacTBOpE BEIIECTBA HE 3aXBATHIBAIOTCS B KPUCTAILIBI
TIbJTa, MIX KOHIICH-TPAITHS B )KUAKON BHEKIICTOUHOM (haze,
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Materials and methods

Research was carried-out in 19-22 g’ mature CBA
male rats. All manipulations with animals were done
according to the “European Convention for the
Protection of Vertebrate Animals Used for Experi-
mental and Other Scientific Purposes” (Strasbourg,
1985). Cell suspension was derived from thighbones
by washing-out the bone marrow channel using medium
199, supplemented with sodium citrate. Cell number
prior to and after cryopreservation was calculated in
Goryaev’s chamber [8]. Cell integrity was estimated
under light and luminescent (LUMAM) microscopes,
after bone marrow cell staining with trypane blue and
acridine orange vital dyes. Cell composition was
determined on smears, stained with azure-II-eosin by
Romanovsky [8] by means of calculating 500 cells
under light microscope (LOMO), expressed in per-
centage.

BM cells were cooled down with 1 and 10°C/min
constant rate using UOP-06 programmable freezer
produced by the Special Designing & Technical Bureau
with Experimental Unit of the Institute for Problems
of Cryobiology and Cryomedicine of the National
Academy of Sciences of Ukraine. During rapid two-
step freezing we used the cryostat, specially designed
at the Special Designing & Technical Bureau with
Experimental Unit of the Institute for Problems of
Cryobiology and Cryomedicine of the National
Academy of Sciences of Ukraine. As a cryoprotectant
we used 10% DMSO, complemented with 3% calf
serum and 0.2% sodium citrate. Cells were thawed
on water bath at 41°C. The results obtained were
statistically processed by the Student-Fisher’s method [3].

Results and discussion

The supercooling of intracellular solution is a
necessary condition for intracellular ice crystal forma-
tion. At the same time a probability of intracellular
crystallisation augments exponentially with supercooling
increase [6]. As a rule, the ice crystals are initially
formed in an extracellular solution during any cell
suspension freezing. With further cooling down the
number of extracellular ice increases according to the
melting diagram for extracellular solution and cells are
displaced into liquid channels, located between
extracellular ice crystals. Since the substances, dissol-
ved in extracellular solution are not captured into ice
crystals, their concentration in a liquid extracellular
phase, to which cells are in contact, rises according to
the melting diagram for extracellular solution as well.
Concentration growth of extracellular solution results
in appearance of total concentration differential of
solved substances on cell membranes, causing their
osmotic dehydration and transmembrane differential
reduction of solved substance total concentration due
to some water efflux out of cells. Evidently, the more
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C KOTOPOH KOHTaKTHUPYIOT KJIETKH, PACTET TaKXkKe B
COOTBETCTBHH C AMArpaMMOH IITaBJICHUS BHEKJIETOU-
HOTO pacTBopa. POCT KOHIIEHTpali BHEKIETOUHOTO
pacTBOpa NPUBOAUT K MOSIBICHHUIO NTEpeTaa CyMMap-
HOM KOHLEHTpalHUU PaCTBOPEHHBIX BELIECTB Ha
MeMOpaHax KJIE€TOK, KOTOPBIH BBI3BIBAET UX OCMOTH-
yeckoe 00€3BOKMBAHME U YMEHBIIAET TPAHCMEM-
OpaHHBI IIepenaa CyMMapHOH KOHIEHTPALUH PACTBO-
PEHHBIX BEMIECTB 32 CUET OTTOKAa YacTH BOJABI U3
KJIETOK. BrIpaBHUBaHNE yKa3aHHOTO Mepenaaa KOH-
LIEHTpaIHi, O9€BUIHO, IPOUCXOTUT T€M ObICTpEe, 4eEM
Oonpmue 3HaYeHUs UMEIOT K03(p(UIHEHT MPOHU-
[1aeMOCTH KOHCEPBHUPYEMBIX KIETOK JISI MOJEKYII
BOJIBI U MX TOBEPXHOCTHO-00BEMHOE OTHOIICHUE.
Ecnu ckopoCTh OXJ1aXkIeHUS KIETOYHOM CyCIEH3UU
JOCTATOYHO Majla, TO TpaHCMEMOpaHHBIH mepenaj
PacTBOpPEHHBIX BEILECTB B TEUEHUE BCETO Ipolecca
KpHCTaJUIM3alUU OKa3bIBaeTCcsl ONM3KUM K HYIIIO.
[TockonbKy BHEKIIETOUHBIE KPUCTAIIIBI JIb/1a HAXOAT-
Cs B TEPMOJMHAMHUYECKOM PaBHOBECHM C OMBIBAIO-
IIM X PAaCTBOPOM, 3TOT XKe Teperna KOHIEHTpani
SBJISIETCS U IBYDKYILIEH CHIION BHYTPUKIIETOYHOM KpHC-
Tayum3aun. J((EeKTHBHOE ITePEOXIIaKICHUE BHY TPH-
KJIETOYHOro pacTBopa paBHo T(C")- T(C), rme
T(C) — nnaenenne BHexIeTOUHOrO pacTBopa; C U
Cin — KOHIIEHTpAIlMU BHE- U BHYTPUKICTOUHBIX
pacTBopeHHbIX BemiecTB. OueBuano, npu C" - Co
3¢ PEeKTUBHOE MEPEOXTKICHUE BHYTPUKIECTOYHOTO
pacTBopa MajaeT, U, CIEeI0BaTENbHO, BEPOSATHOCTh
BHYTPHUKJIETOYHON KPUCTAIIIN3ALMHA YMEHbBIIAETCS.
Takum 006pazoM, Ipu OXJIaKAECHUN KOHCEPBUPYEMOH
KJIETOYHON CYCHEH3UHU C MOCTOSHHON CKOPOCTBIO
oA00p ONTUMATILHOIM CKOPOCTH OXJIAXKICHHUS 3aKITIO-
YaeTcs B €€ yMEHBIIIEHUH IO TAKOTO 3HAYCHUS, YTOOBI
HCKJTFOYHTD CYIIeCTBEHHOE A PEKTUBHOE MTEPEOXITAXK-
JIEHHEe BHYTPUKJIETOYHOTO pacTBOpa M IMOHU3ZUTH
BEPOSITHOCTh 00Pa30BaHNS BHYTPUKIETOYHBIX KPHC-
TaJJIOB JIb/1a IPAaKTHIECKH A0 HyIs. [Ipu aToM HEoOx0-
MO TIPUHATH BO BHIMaHUE TO OOCTOATEIHCTBO, YTO
CHIDKEHUE CKOPOCTH OXJIaXKJE€HUs, B CBOIO OUEPE.b,
MOBBIIIAET BEPOSATHOCTH MOBPEKIEHHUS KIETOK 3a
cdeT ux OoJyiee AMUTEIHHON HKCHO3ULIUHN B HEOIAro-
NPUATHBIX YCIOBUSX, KOTOPBIE CO3/IAI0TCS B IIpoLiecce
3aMOpaXuBaHUs (TMIIEPTOHUS, OBBIIIEHUE NOHHOM
cuiel, caBur pH u T.11.).

Hamu npoBeneH TeopeTHUYECKUil pacyer TpaHC-
MeMOpaHHOTO TIepenaga CyMMapHOH KOHIIEHTPauu
PACTBOPEHHBIX BEIIECTB B MPOLIECCE KPUCTAIIIH3ANN
KJIETOYHOW CYCHEeH3WH MPH JABYX YKa3aHHBIX BHIIIE
peXUMax OXJIKIACHHUS. 3aBUCUMOCTH KOHIIEHTPALUN
BHEKJIETOYHOTO PacTBOpa OT TeMIepaTypsl OIpe-
JeJIAIach 110 U3BECTHOM IuarpamMme IJIaBJIeHUs A
tpoiitHoro pactBopa JMCO-NaCl-Bona. HTEH-
CHUBHOCTb IIepepacrpeaeeHus] BOAbI MEXIy KJeT-
KaMH U OKPYKAIOIINM UX PAaCTBOPOM PACCUHUTHIBAIIN
o ypasHeHuto Kenem-Kauansckoro.
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rapid levelling of the mentioned concentration diffe-
rential occurs, the higher are the values of permeability
coefficient of cryopreserved cells for water molecules
and their surface-volume ratio. If cooling rate of cell
suspension is quite a low, the transmembrane
differential of solved substances within the whole
crystallisation process is close to zero. Since the extra-
cellular ice crystals are in thermodynamic balance with
flowing them around solution, this concentration
differential is a driving force for intracellular crystal-
lisation as well. Efficient supercooling of intra-cellular
solution equals to T(C™) — T(C*), where T(C) is
melting diagrams for extracellular solution, C** and
Cin are the concentrations of extra- and intracellular
solved substances. Under C" — C°* an efficient super-
cooling of intracellular solution obviously falls, and as
a result, the probability of intracellular crystallisation
reduces. Thus, when cooling down the preserved cell
suspension with a constant rate the selection for
optimal cooling rate consists in its reduction down to
this value, excluding a significant efficient supercooling
of intracellular solution and decreasing almost to zero
the probability of intracellular ice formation. At the
same time the circumstance, that a decrease in cooling
rate, in its turn, increases the probability of cells damage
due to their more prolonged exposure under unfa-
vourable conditions, created under freezing (hypertony,
increased ion strength, pH shift ec.) should be taken
into account.

We have theoretically calculated a transmembrane
differential of total concentration of solved substances
during cell suspension crystallisation with two mentio-
ned above cooling regimens. The dependency of
extracellular solution concentration on temperature was
determined by the known melting diagram for DMSO-
NaCl-water triple solution. The intensity of water
redistribution between cells and surrounding them
solution was calculated using the Kedem-Katchalsky
equation.

Fig. 1 and 2 demonstrate the dependencies of effi-
cient supercooling of intracellular solution on tempe-
rature at a linear and two-step cooling regimens. As
the data suggest, the supercooling and, consequently,
the probability of intracellular crystallisation at two-
step cooling are lower than at cooling with a constant
rate.

As shown in our experiments, the regimen para-
meters of two-step freezing (cooling rate prior to
temperature stop beginning at adaptation temperature
and after it, cell exposure duration) slightly affect the
murine BM cell integrity (Table 1).

Since under rapid two-step freezing the BM cell
exposure in hypertonic media is less prolonged, than
under linear regimen and shorter than characteristic
time for cryoprotectant penetration into cells, the
cryoprotectant amount in cells slightly increases during
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Puc 1. Kunetnka u3MeHEHHs NEPEOXIIAXKICHUS BHYTPH-
KJIETOYHOTO pacTBopa OT™ Ha Tare KpUCTAUTH3AIHH TTPH
OXJIQXKIEHHUH C TOCTOSTHHOM CKOPOCTHIO B pactBope JIMCO -
NaCl - Bona.

Fig. 1. Kinetics of change in intracellular solution overcooling
aT™ at crystallisation stage under cooling with a constant
rate in DMSO-NaCl-water solution.

Ha puc.l u 2 npencraBieHsl 3aBUCUMOCTH
3¢ GEKTUBHOTO MEPEOXITAXKICHHIS BHY TPHKIETOYHOTO
pacTtBopa OT TeMIlepaTyphl IpHU JUHEHHOM U JIBYX-
CTYTIEHYaTOM peXHMax oxJaxaeHus. Kak BUIHO u3
JNAHHBIX, TIEPEOXAXKICHUE U, CIEAOBATEIHHO, BE-
POSITHOCTh BHYTPHUKJIETOYHON KPHCTAUIN3ANAN TIPH
JIBYXCTYyHEHYATOM OXJaXICHHH MEHBIIE, YeM TpPHU
OXJIQXJIEHUHU C TTOCTOSSHHOW CKOPOCTBHIO.

Kax moka3sIBaloT mpoBeeHHBIE HAMH 3KCIepH-
MEHTBI, PSKUMHBIE IMapaMeTphl ABYXCTYIIEHUATOTO
3aMOpaKMBaHUs (CKOPOCTh OXJIAXKIICHHUS IO Havala
TEMIEPATYPHOU OCTaHOBKHU NpHU
TEMIIEpaType aJanTalui 1 Mocie
Hee, IPOIOJDKUTEIBHOCTD IKCITO3H-
LUU KJIETOK MpPU TeMIlepaType
ajanrainuu) ciado BIUSIOT HA CO-
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Puc 2. Kuneruka u3MeHeHUs NEPEOXIIAXKACHUS BHYTPHU-
KJIETOYHOT0 pacTBopa OT™ pH IBYXCTYEHYATOM PEXKUME
oxnaxxaenus. [I[yHKTHpOM noka3aHa 3aBUCHMOCTH CKOPOCTH
MepeoXIIaXICHHS KJIETOYHOH CyCIICH3UN NP OXJIaXKICHUN
C TIOCTOSTHHOH CKOPOCTBIO.

Fig. 2. Kinetics of change in intracellular solution overcooling
T at two-step cooling regimen. Dependency of overcooling
rate of cell suspension under constant rate cooling is dotted.

freezing and following rapid thawing. Therefore cells
are more resistant to hypertonic lysis, occurring when
returning frozen-thawed cells into physiological solution.

The results of experimental data about the number
and integrity of bone marrow cells are presented in
Fig. 3. After rapid two-step freezing the number and
integrity of BM cells reduced only by 6.41+£3.50 and
11.32+1.73%, correspondingly. During cell freezing
with a constant 1°C/min rate the cell number and
integrity decreased by 22.2142.13 and 25.314+2.34%,
correspondingly. Cooling rate increase up to 10°C/min

Ta6auna 1. BausiHre pe)XUMHBIX TapaMeTPOB OBICTPOTO ABYXCTYIIEHIATOTO
3aMOpa)KMBaHUSI Ha COXPAHHOCTH KiieToK KM
Table 1. Effect of regimen parameters of rapid two-step freezing on BM cell

integrity

XxpaHHOCTh KieTok KM wmblmeit
(Tabm. 1).
[TockonbKy npu GBICTPOM BYX-

PeskxuMHEBIN IapaMeTp
KPUOKOHCEPBUPOBAHUSI
Regimen parameter
of cryopreservation

BAusHuMe Ha COXPAaHHOCTH
KAETOK KOCTHOTO M03ra,%
Effecton BM cell integrity,%

O6AacTb BapbUPOBaAHUS
Variation range

CTYIIEHYAaTOM 3aMOPa)XHUBaAHUU
9KCIO3HMINS KIIETOK KOCTHOTO MO3-
ra B FHIEPTOHUYECKHX Cpeaax
MEHEE MIPOJIOJKUTEIIBHA, YEM IIPU
JINHEHOM PEXHUME OXJIAXKICHUS, U
MEHBIIE XapaKTEPHOTO BPEMEHU
IIPOHUKHOBEHUS KPUOIIPOTEKTOPA B
KJIETKHU, B MPOLIECCE 3aMOPAXKU-
BaHUsI U ITOCIIEIYIOLIEr0 OBICTPOTO
OTOTPEBA KOJIMYECTBO KPHUOIPO-
TEKTOpa B KJIETKAX YBEIMUUBACTCS
He3HaunTeNbHO. [lo3ToMy KileTku
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CKOpPOCTE OXAQKAEHUS AO
TeMIeparypsl apantanuu,’C/MUH
Cooling rate before adaptation
temperature,”C/min

1-10

89

Temnepatrypa apanranuu,’C
Adaptation temperature,”C

—22-35

63,4

Bpemst 9KCIO3UITUY IPH
TeMieparype aAalTaiyuu, MUH
Exposure time atadaptation
temperature,min

11,7

CKOpOCTB OXA@KAEHUS TTIOCAE
TeMIeparypsbl apantanuu,’C/MuH
Cooling rate after adaptation
temperature,”C/min

50— 400

286
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Ta6auna 2. Knetounslii coctas koctHOro Mo3ra (%) 10 u nmocie kpuokoHncepsuposanus ¢ 10% JIMCO + 3% tensubeii
ceIBOPOTKH + 0,2% 1utpara HaTpus
Table 2. BM cellular composition (%) prior to and after cryopreservation with 10% DMSO + 3% calf serum + 0.2% sodium

citrate
Bricrpoe TMocTostHHAsT CKOPOCTH OXAKAeHUsT,°C/MUH
THI KAETOK Harusreri KM CTVIIeHUATOR Constantcooling rate,”C/min
Nt ol | oxasene
Rapid two —step cooling 1 10

Ml\jf;egfoﬁb’ig‘;ff 471031 4,920,23 4,640,52 4,210,711
I\&“yi’l‘gg;;‘: 2,13+0,13 2,03+0,32 2,13+0,33 2,320,21
%Aiﬁ?n%ggﬁ? 8,820,32 8,120,32 5,720,14 5.23£0,21
@gxqgg&: 35,12+0,91 33,42+1,41 26,62+2,31 20,71%4,12
32,42%5,02

MHEACHAHBIH POCTOK 01 62 48,43+2,11 35151204—’8'523 P <0,05

Myeloid lineage e P, 005 P'<0.05 P,<0,05

e P, 0,05

Sé’g{ﬁr‘?i’iggs” 3,540,81 3,14%0,72 4,75+0,51 3,30+0,34
Hﬁ’&ﬁ“ﬁ’f&iﬁé’l 23,34+2,33 23,14%2,21 23,52+2,15 29,73+3,12
33,01 £3,32

OPUTPOUAHBIA POCTOK 26,8343 12 26,23+2,91 28P',21E)_F(2)562 P <0,05

Erythroid lineage e P, 0,05 P1 0'05 P,<0,05

2 U P, 0,05

%i‘gﬁggﬁgg 1,82+0,32 1,92+0,24 2,500,41 3,61=1,13
i\;ﬁb&g{; 19,11%0,81 22,23=1,92 21,91=1,33 20,932,23
32,02+3,31

AuMbOUAHEL POCTOK 20,921 31 24,15%2,31 e P <0,05

Lymphoid lineage e P, 0,05 P 005 P,<0,05

> O P.<0,05

rggg‘ﬁi‘ggﬁ e 1,61%0,73 1,320,51 2,43%0,92 2,15%1,01

Ilpumeyanue: — BEPOATHOCTH CIyYalHBIX PACXOXKICHUA ¢ JaHHbIMH: P, — 1o oxnaxnenus, P,— mocie GwicTporo
JBYXCTYTIEHYATOTO 3aMOPaKMBAHHUS; P, — mocIIe OXITaxIeHns € MOCTOAHHOM CKOpoCThIO 1° C/MHuH.

Notes: — the probability of random divergence with the data: P, —prior to cooling; P, — after rapid two-step freezing; P, —

after cooling with 1°C/min constant rate.

SIBIITIOTCS 0OJIee YCTOMYMBBIME K THITEPTOHHYECKOMY
JIU3KCY, KOTOPBI BOSHUKAET MPH BO3BPAIICHUH JCKOH-
CEPBUPOBAHHBIX KJIETOK B (PU3HUOIIOTUUECKHUI paCTBOP.
PesynbraThl SKCIEpUMEHTAIIBHBIX JAHHBIX O KOJIU-
YECTBE M COXPAHHOCTH KJIETOK KOCTHOTO MO3Ta Ipe/I-
ctaBieHsl Ha puc. 3. [locne 6pICTpOro IByXCTyneHYa-
TOTO 3aMOPAKUBAHUS KOJUIECTBO KJIETOK KOCTHOTO
MO3Ta YMEHBITAJIOCh TOIbKO Ha 6,41+3,50%, a cox-
panHocTh — Ha 11,32+1,73%. Ilpu 3amopaxuBaHun
KJICTOK C MOCTOSIHHOM CKOPOCThIO 1°C/MUH KOITHYECT-
BO KJIETOK YMEHbIIAI0ch Ha 22,21+2,13%, a coxpaH-
HOCTb — Ha 25,31%2,34%. YBenuueHue CKOPOCTU OX-
naxaenust 10 10°C/MuH npuBoaAKIIO K 00JIee BEIpakeH-
HOMY CHIDKEHHIO KOJIMYeCTBa KIIeTok (47,34%3,72%)
U K yMEHbUICHHIO coxpaHHOCTH (60,11%3,52%) B
CPaBHEHHHU C MCXOHBIM KOCTHBIM MO3TOM.
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resulted in more manifested reduction in cell number
(47.3443.72%) and integrity (60.1143.52%) compared
to the initial BM.

When studying BM cell composition the method of
rapid two-step freezing was shown as capable for cell
preservation of three hemopoietic lineages (Table 2).
Their structure after cryopreservation and placing into
embryonic calf serum did not differ from initial bone
marrow structure. Changes concern some granulocytes
and are manifested in chromatin condensation and
nuclear pycnosis.

BM cell freezing with 1°C/min constant cooling rate
and its increase up to 10°C/min resulted in a manifested
damage of granulocytes structure, which had the
highest surface-nucleus ratio and comprised a great
number of lysosomes and mitochondria. These orga-
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[Tpu u3y4eHnn KJIETOYHOTO COCTaBa KOCTHOTO MO3-
ra ObUIO TIOKa3aHO, YTO METOJ| OBICTPOrO JIByXCTY-
MEHYAaTOr0 3aMOPaXMBAHMS MO3BOJIIET COXPAaHUTh
KJIETKH TPeX POCTKOB KpoBeTBOpeHus (Tadm. 2). Ux
CTPYKTYypa MOCJIe KPHOKOHCEPBUPOBAHUS U TIOMEILe-
HUS B SMOPUOHAIBHYIO TEJISTYBIO CHIBOPOTKY HE OTJIU-
4aeTcsi OT CTPYKTYPBI HCXOIHOTO KOCTHOTO Mo3ra. 13-
MEHEHHUsl KacaloTcsl OTACNbHBIX I'PaHyJIOLUTOB H
BBIPA)KAIOTCS B KOHJICHCAIIUN XPOMATHHA U ITHKHO3€E
sanep.

3aMopakuBaHHUE KIETOK KOCTHOTO MO3Ta C IIOCTO-
SIHHOW CKOpPOCTBIO oxyaxnaeHus 1°C/MUH U yBenu-
yeHue ckopocty g0 10°C/MUH MPUBOAMIN K BBIPayKEH-
HOMY MOBPEXIACHUIO CTPYKTYpPHl TPaHYJIOIHUTOB,
KOTOpBIE UMEIOT HanOOJIbLIIee HOBEPXHOCTHO-EPHOE
COOTHOLIEHUE U COAEepKaT OoJblIee KOTUIECTBO
JIU30COM U MUTOXOHAPHUI. DTH OpraHeNbl B IEPBYIO
oyepeab pearupyroT Ha 3aMOpPaKMBaHHE C ITOCTOSH-
HOM cKOpOCThI0. OYEBHIHO, IPU 3TOM PEKHME 3aMO-
paXuBaHMS IIEPEOXIIAXKICHUE U 00pa30BaHUE KPUCTAI-
JIOB JIbJIa BHYTPHU KIIETOK OKa3bIBAIOT BIHMSHHUE Ha
MeMOpaHHbIe CTPYKTYPBI KJIETKHA B OOJIbIIEH cTere-
HU. B pe3ynbraTe MeXxaHHYeCKOTO MTOBPEKACHUS MEM-
OpaH JIM30COM CO3JIAIOTCSI YCIOBHS JUISI BBIXOJA
THJIPOJINTHYECKUX U IPOTEOTUTHICCKUX (PEPMEHTOB,
MPHUBOJISIINE K ayTOJIH3Y IPaHyJIONUTOB. B KocTHOM
MO3Te, KPHOKOHCEPBUPOBAHHOM C HCIIOJIb30BaHUEM
JMHEHHON CKOPOCTHU OXJIAXKICHNUS, HaOJonaeTcs 1o c-
TOBEPHOE CHI)KEHHE KOJIMYECTBA I'PaHyaouuToB. [Ipu
3TOM B IIpenapaTax OTMEUaeTcs mepepacipeieieHue
KJIETOYHOT'O COCTaBa B CTOPOHY 3HAYMMOTO yBeJye-
HHS KOJIMYECTBA JTUM(OIUTOB U HOPMOOIACTOB
(Tabm. 2), To ecTh KOMIMYECTBA KIETOK C MaJIBIM YHC-
JIOM OpTaHeJIJT ¥ HeOOJIBIIHNM SJIePHO-IIUTOIIIa3MAaTH-
YECKHM COOTHOIIICHHEM.

BbiBOADI

OmpenesieH ONTUMATBHBINA 71 UCKITIOYCHUSI BHYT-
PUKIIETOYHOM KPUCTAIUIA3AIIUN PEKUM OXJIKICHUS
KJIETOK KOCTHOTO Mo3ra. [TokazaHo, 4To 151 JaHHOTO
BH/JIA KJIETOK OBICTPOE JIByXCTYIIEHYATOE 3aMOPaXKH-
BaHUE ABISETCS 0oJee 3PPEKTUBHBIM, YEM OXJTAXKIC-
HHUE C IOCTOSHHON CKOPOCTHIO.

[Iponemypa OBICTPOro ABYXCTYIIEHYATOrO 3aMOpa-
JKUBaHUS OYEHBb MPOCTa, e¢ peanu3anus He Tpedyer
HCIIOJIB30BAHUS JOPOTOCTOAIIEIO 000PYIOBaHMS U
3aKJTI0YAETCS B ITOTPY>KEHUH KOHCEPBUPYEMOU KIIETOU-
HOM CyCIIEH3UHU B 3apaHee OXJIAKJIEHHYIO J10 3aJJaHHOMN
TEMIIEPaTyphbl CIUPTOBYIO OaHIO Ha ONpPeaAeICHHBIN
MIPOMEKYTOK BPEMEHH C TTOCTIC Y IOIIAM MTOTPY>KEHUEM
KOHTEHHEpa HEMOCPEACTBEHHO B XKUAKUHI a30T.

Teopernueckn 000CHOBAHO U IKCIIEPUMEHTAILHO
JI0OKa3aHO, YTO PEKUM KpuOKoHcepBupoBanus KM
o0ecredrnBaeT BEICOKYIO COXPaHHOCTh TPEX POCTKOB
KPOBETBOPEHUS — 3PUTPOUIHOTO, TPAHYIOLIUTAPHOTO
1 JIMMQOUTHOTO.
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Puc. 3. KomaectBo u coxpanHocTs kietok KM no u mocne
KPUOKOHCEPBUPOBaHHUA. 1— KkosnndyecTBO kieTok KM; 2 —
coxpaHHOCTh KiIeTok KM B cBeToBOM MuKpockome; 3 —
COXpaHHOCTh KJ1eTOK KM B JIFOMHUHECLIEHTHOM MUKPOCKOIIE.
O —HarvBHb KM; [ AByXCTYNIEHYATOE 3aMOPa’KUBAHKE;
—V=1°C/vun; 0- V=10° C/mum.

Fig. 3. BM cell number and integrity prior to and after
cryopreservation. 1 — BM cell number; 2 — BM cell integrity
under light microscope; 3 — BM cell integrity under lumi-

nescent microscope. []—native BM; @ — two-step freezing;
- V=1° C/min; M- V=10° C/min.

nelles are primarily responding to constant rate freez-
ing. Obviously, under this freezing regimen the
supercooling and ice crystal formation inside cells affect
mostly the cell membrane structures. Due to mecha-
nical damage of lysosome membranes the conditions
for hydrolytic and proteolytic enzyme release, resulting
in granulocyte autolysis, are created. In BM cryo-
preserved with linear cooling rate a statistically signifi-
cant decrease in granulocyte number is observed. At
the same time a redistribution of cellular composition
towards significant increase in lymphocyte and
normoblast number (Table 2), i.e. cell amount with low
number of organelles and small nucleus-cytoplasm ratio
is noted in preparations.

Conclusions

There has been determined the BM cell optimal
cooling regimen for excluding an intracellular crys-
tallisation. A rapid two-step freezing was shown as
more efficient for this cell type, than the constant rate
cooling.

The procedure of rapid two-step freezing is very
simple. Its realisation does not require any expensive
equipment and consists in immersing the preserved cell
suspension into an alcohol bath, preliminarily cooled
down to the fixed temperature for the certain time
period with following container immersion directly into
liquid nitrogen.

The designed cryopreservation regimen was theo-
retically substantiated and experimentally proved as
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providing a high integrity for three hemopoietic lineages:
erythroid, granulocyte and lymphoid ones.

The selected regimen of rapid two-step freezing

was cryomicroscopically and cytologically shown as
preserving the structure integrity in bone marrow cells.
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