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Effect of Cryopreservation Regimens
on Behavior of SPEV Cells in Culture

Pedrepat: B pabote npogeMoHCTpMpoBaHa BO3MOXHOCTb MCMNOMNb30BaHUS aare3anpoBaBlUMX Ha noarnoxke knetok CM3OB B
KavyecTBe 06bekTa Ans U3y4YeHUss KNHETUKM OCMOTUYECKMX peakLnii Mpyu SKCNo3nLmum Ux B KpMO3aLLMTHEIX cpedax. beinv onpeaeneHsl
K03 pULMEHTbI NpoHMLaemocT MembpaH knetok CM3B ans monekyn Boabl M gumeTtuncynegokeuga (AMCO). Ha ocHoBe cuaumko-
MaTemaTUyecKol MoAenun 3amMOpaxMBaHUSA KNETOYHbIX CYCMEH3U U pacCYMTaHHbIX KOI(PMULNEHTOB NPOHMLAeMoCcT 6bino
npoBeAeHO TeopeTuyeckoe MPOrHO3MpoBaHME OCMOTMYECKOro nosefeHus knetok CIMNOB npu 3amopaxumBaHUM MX CYCMEH3UMU C
pasnnYHbIMW CKOPOCTSIMWU OXMaxAeHus. OKCnepuMeHTanbHble UccnegoBaHUa Mo 3aMOpaXuBaHuio cycneHsmm knetok CrMN3B
rnokasanu, 4To ckopocTb oxnaxaeHus 1,5 rpag/mMvH moxeT obecnevynTb ONTUMarnbHYO 3aWUTy KNEeTOK OT MOBpexAeHus B
npucytctBun 1 M JMCO. lNMoka3aHo, YTO CKOPOCTU OXMNaXAEHUS HWXEe U Bbllle ONTUManbHOW MOryT MPUBECTU K rMbenun KneTok B
pesynsTaTe BHYTPUKIETOYHON KpUCTannuaauuv unu germgpatauuu.

KnioueBble cnoBa: knetkn CIOB, aaresusi, KpMOKOHCEPBMPOBAHME.

Pecbepat: Y pobGoTi nokasaHa MOXNUBICTb BUKOPUCTaHHSA aare3oBaHUx Ha Hocii knitnH CMNEB y sikocTi o6'ekta ONnsi BUBYEHHS
KIHETUKM OCMOTUYHMUX peakuin KMiTUH Mig Yac iX eKcnosuuii B kpio3axncHux cepegosuLlax. bynu BusHayeHi koedilieHTV MPOHUKHOCTI
MembpaH knitnH CMNEB ans monekyn Boau Ta gumetuncynbdokengy (OMCO). Ha ocHoBi ¢iznko-maTeMaTuyHOro MofentoBaHHs
npouecy 3aMOpPOXYBaHHS KIITUHHUX CYCMEH3IN Ta po3paxoBaHUX koedilieHTiB NPOHUKHOCTI Byno NpoBedeHO TEOPETUYHE MPOrHO3y-
BaHHS OCMOTUYHOI noBediHkn knitnuH CMEB nig yac 3amMopoXyBaHHSA X CYCMeH3ii i3 pisHUMK WBKMAKOCTAMU. EkcnepumeHTanbHi
OOCHIQKEHHS 3 3aMOpOXyBaHHs cycneHsii knituH CMNEB nokasanu, wo wBuakicte oxonoaxeHHs 1,5 rpag/xe Moxe 3abeanevnTu
ONTUMAanbHWUIA 3aXUCT KNITUH Big KpionowkoaxeHb y npucyTHocTi 1 M OMCO. lNMoka3aHo, WO WBNAKOCTI OXOMOAXEHHS HUXYe Ta
BYLLE ONTMMarbHOI MOXYTb MPUBECTU A0 3armbeni KMiTUH yHacnifok BHYTPILWHLOKMITUHHOT KpucTanisauii abo aerigparadii.

KnrouoBi cnoBa: knituHn CIEB, agresis, kpiokoHCepByBaHHS.

Abstract: This work demonstrates the ability of using the substrate-adhered SPEV cells as the object for studying the kinetics
of osmotic reactions when exposing them to cryoprotective media. Permeability coefficients of SPEV cell membranes for the
molecules of water and dimethyl sulfoxide (DMSO) have been determined. Using the physical-mathematical model for cell suspension
freezing and calculated permeability coefficients the osmotic SPEV cell behavior during cryopreservation with different cooling rates
has been simulated. The experiments on freezing the SPEV cell suspension showed that the cooling rate of 1.5 deg/min could ensure
the optimal protection of the cells against damage in 1M DMSO presence. It has been demonstrated that the cooling rate above and
below the optimum may cause a cell death as the result of intracellular crystallization or dehydration.

Key words: SPEV cells, adhesion, cryopreservation.

Yenex KpuOKOHCEpPBUPOBAHUS KJIETOUHBIX CYCIIEH-
3Uil BO MHOTOM 3aBUCHUT OT COIVIACOBAaHHUsS YCJIOBUM

Outcome of cryopreservation of cell suspensions
largely depends on harmonization of freezing conditions

3aMOpa)KMBaHUS (CKOPOCTh OXJIAXKICHHSL, TUIl KPUOTIPO-
TeKTopa u Ap.) [8] ¢ TpaHCHOPTHBIMU XapaKTepuc-
TUKaM# (IPOHHULIAEMOCTH KJIETOYHBIX MEMOpaH yis
KPHOIIPOTEKTOPA U BOJIBI) TUIa3MAaTHUECKUX MEMOpaH
KJIETOK.

Teopernueckne U IKCTIEPUMEHTATBHBIE HCCIIEI0-
BaHMS OCMOTHYECKHX PEAKIMIA, BOSHUKAIOIINX TIPH KOH-

TAaKTe KJIETOK C KPHUOIPOTEKTOPAMHU WM IPYyTHMMU
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(cooling rate, type of cryoprotective agent etc.) [2]
with transport properties (permeability of cell mem-
branes to water and cryoprotective agent) of plasma
membrane cells.

Theoretical and experimental studies of osmotic
reactions occurring when cells contacting the cryo-
protectants or other substances allow estimating the

cell membrane permeability coefficients for water and
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BEIIeCTBAMH, TTO3BOJISFOT OITPEACTUTh KO3 (DUITHEHTHI
MIPOHUIIAEMOCTH KJIETOUYHBIX MeMOpaH Uit BOJBI U
KpuornpoTekTopoB [1]. OCHOBHOM CIOKHOCTBIO MPHU
HaOIIOIEHUH 32 KIIETKAMH 10 MUKPOCKOIIOM OCTaeT-
Csl X CMEIICHHWE TTOTOKOM IIPH 3aMEHEe PacTBOPOB.
MBI TpeIOI0KIITH, YTO KIIETKH, aIT€3UPOBABIIHE Ha
MIpeIMETHOM CTeKIIE [6, 7], MOTYT CITy’KUTh OOBEKTOM
JUTSE BOJIFOMOMETpPHYECKUX uccienoBanmnii. Ompene-
JIEHHBIE KO3 PUITUEHTHI IPOHUTIAEMOCTH KIICTOUHBIX
memOpan mis mosiekyn JIMCO u Bombl MOTYT OBIThH
HCIOJIb30BaHbI IS IPOTHO3UPOBAHUS OCMOTUYECKOTO
MOBENICHUS KJICTOK MPU OXJAXICHUU KICTOYHBIX
CYCHEH3HH ¢ pa3HBIMU CKOPOCTAMHU. OTIEHUTh COXpaH-
HOCTb KJIETOK IOCJIEe Pa3MOPaKUBAHUS BO3MOMKHO
IyTeM HaONIOJICHUS 3a MPOIECCaMH UX aJre3u U
pactuiacteiBadust. COMOCTaBICHHE TAKUX HAOITIONEHUN
C TIPOTHO30M OCMOTHYECKOTO TMOBEIECHHUS KIIETOK
MOJKET ITOMOYh BBEICHUTH NMPUUYUHBI MTOBPEKICHUS
KJIETOK TIPH OTKJIOHEHWH PEKUMOB OXJIKICHHUS OT
ONITHUMAJTHLHBIX.

Iems nanHOM pabOTHI — BBIICHEHUE 0COOCHHOCTEH
ompeneneHuss kKodPPUIUEHTOB TPOHUIIAEMOCTH
MeMOpaH KJIETOK B aJIre3HOHHON KyJIbType U COIOC-
TaBJICHUE JAHHBIX O MPOTHO3UPYEMOM H3MCHEHUU
00beMa KIIETOK MPU 3aMOPAKUBAHUH U UX COXPAHHOC-
TH IIOCJIE OTOIPEBA.

Marepuajibl 1 MeTOAbI

UccnenoBanusa nposenensl Ha KynbTrype CIIOB
(mepeBrBaeMast JTMHUS KJICTOK YMOPHOHAILHON MTOYKH
CBUHBH), TosrydeHHo# n3 koyutekrmu HITO «bromex»
(Yxpauna).

KiieTku Ky I5THBUPOBAIIH B IIACTUKOBBIX (DIIaKOHAX
(«Costar», I'epmanmst) B cpege 199 («Sigmay, CLLHA)
¢ nob6asienueM 10%-ii SMOpHOHATBHON TENTUbCH
ceiBopoTkH («bronoT», Poccust) (mamee — pocroBas
cpena) mpu 37°C B BO3IyIIHOM cpefie, 000TaleHHON
5% CO,. B cycneH3MOHHOE COCTOSIHUE KIIETKH Mepe-
BOJIUIIN IyTeM 00pabOTKH KIETOYHOTO MOHOCIOS
cMechio 0,25%-ro pactBopa Tpurncuna u 0,02%-ro
pactBopa Bepcena B cooTHomeHnn 1:5 ¢ mociemyto-
IIUM OTMBIBAHUEM CYCIIEH3HH KJICTOK C MOMOIIIO
POCTOBOM Cpejibl U IICHTPU(DYTUPOBAHUSI.

[TonydeHHYy0 CYCIICH3HUIO KJIETOK B KOHTPOJIbHBIX
o0pasiax pecycrneHANpOBaId B POCTOBOM cpefe, a
KJIETKHU, TPeIHa3HAaYeHHBIC JIsi KPHOKOHCEPBUPO-
Banus, — B 10%-M pactope JIMCO na sMmOpHroHab-
HOH Testubeil CHIBOPOTKE [5].

[ToAroTOBICHHYIO CYCIICH3UIO Pa3IUBAIN B KPHO-
ripooupku («Costar») 1mo 1,5 M1 1 0XJIXKTaITH 10 PEKU-
mam: 0,3 rpaj/mus 10 —20°C (B TeueHue yaca B ObITOBOM
xonmoawsHEKe), 1,5 rpag/mun 10 —40°C (B mporpamm-
HOM 3aMopakuBareie) u 8 rpan/mus 10 —60°C (B xpa-
aumwe «Xb 0,5» Haa MOBEpXHOCTHIO JKUIKOTO a30Ta)
C MOCJCIYIOIIMM MOTPYKCHUEM B )KHIKHH a30T.
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cryoprotectants [3]. The main difficulty for observation
of the cells under the microscope is the shifting of the
cells by a stream when replacing the liquids. We
hypothesized that the cells fixed on a microscope slide
due to adhesion [1, 7], could serve as a target for
volumetric studies. Determined in such a way per-
meability coefficients of cell membranes for molecules
of DMSO and water could be used to predict the
osmotic behavior of cells during freezing with different
rates. Post-thaw survival of the cells could be estimated
by monitoring their adhesion and spreading. Comparison
of these observations with predicted osmotic behavior
of the cells could enable to suggest the causes of cell
damage in case of deviation of freezing regimens from
optimal ones.

The purpose of this work was to elucidate the
peculiarities of the permeability coefficients of cell
membranes in culture and to compare the data on
supposed cell volume changes during freezing and their
preservation after thawing.

Materials and methods

Investigations were carried out in SPEV culture
(porcine embryo kidney cell line) procured from the
collection of PJSC Pharmstandard-Biolik (Ukraine).

Cells were cultured in plastic flasks (Costar,
Germany) in 199 medium (Sigma, USA) supplemented
with 10% fetal calf serum (BioloT, Russia) at 37°C in
air with 5% CO,. Cell suspension was procured by
treating the cell culture monolayer with the 0.25%
trypsin and 0.02% Versene mixture (in 1:5 ratio)
followed by washing the cell suspension by growth
medium.

The resulted cell suspension was divided to control
samples, which were re-suspended in growth medium,
and the samples supposed for cryopreservation, which
were transfered to 10% DMSO solution in fetal calf
serum [8].

The prepared suspension was placed into 1.5 ml
cryovials (Costar) and cooled according to the proto-
cols: 0.3 deg/min down to —20°C (1 hr in a fridge),
1.5 deg/min down to —40°C (in a programmable
freezer) or 8 deg/min down to —60°C (in KHB-0.5
tank above the surface of liquid nitrogen), in all the
cases the samples were then immersed into liquid
nitrogen.

After storage at —196°C for 5—10 days the samples
were thawed in a water bath at 41°C.

After thawing the cell suspension was transferred
into test tubes, supplemented with a two-fold volume
of growth medium, then centrifuged at 1000g for
10 min, the supernatant was removed. Cells were re-
suspended in growth medium and transferred into Petri
dishes [8] for culturing and following microscope
observation.
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[Tocne xpanenus npu temnepatype —196°C B
teuenue 5—10 cyTok 0Opasibl OTOrpeBaI Ha BOSTHOM
Oane npu 41°C.

[Tocne oTorpesa cycneH3uIo KJIETOK NEPEHOCUIN
B IpOOHPKH, 100ABISUIN IByXKPATHBIN 00BEM POCTO-
BO#1 cpenibl, ieHTpudyruposaiu npu 1000g B TeueHue
10 muH, cyniepHaTaHT yaamsum. KieTku pecycneHam-
poOBaJIM B POCTOBOM Cpelie M MEPEHOCUIIN B YaIlIKH
[leTpu m1g mocneayromero KyIbTHBUPOBAHUS U Ha-
OITFOZICHUST TI0]] MEKPOCKOIIOM [5].

g n3yuenns noseaenus kierok CII9B B kynb-
Type MHTAaKTHBIE M Pa3MOPOKEHHBIE KIETKH B Cpesie
KyJBTUBUPOBAHMUS BHICEBaIH B yawiku [leTpu u Kyinb-
tuBupoBaau B CO,-MHKy0aTOpe Wil TEPMOCTaTHPOBaH-
HOU IpUCTaBKe MUKpOcKora «Axio Observer Z1» («Carl
Zeiss», 'epmanust) npu temneparype 37°C B TeueHue
5 4. B mpucTaBKy MHKPOCKOIIA M3 ra30BOro OayuioHa
4epe3 peayKTop nepuoanyecku nogasamu CO,.

OcMmoTHYecKoe MOBEACHNE KIETOK M3y4daslh B
pactBopax 1 M JIMCO c pa3ubsm conepskananem NaCl
(0,0375; 0,075; 0,15; 0,5 m 1 M) moa MHKpPOCKOIIOM
«Axio Observer Z1» (momyuanu mukpodoTorpadun)
U OLICHWBAIM OTUHAMHUKY M3MEHEHHS KJIETOYHBIX
pasMepoB C MOMOMIbIO mporpaMMmbl «AxioVision
Rel. 4.8» («Carl Zeiss»). MopdomeTpuueckue aaH-
HBIE HCIOJIB30BAIIH /IS OTIpEAEIeHHs KO UIeHToB
MIPOHHULIAEMOCTH KJIETOYHBIX MEMOpaH 1 TeopeTniec-
KOTO MPOTHO3UPOBAHUSA OCMOTHYECKOTO MOBEICHUS
KJIETOK IIPY 3aMOpakuBaHuy [2].

[TomyuenHbIe pe3ynbTaThl CTAaTUCTHYECKN 00pabda-
TBIBAJIM C TOMOIIIBIO Tporpamm «Excel» («Microsofty,
CHIA) u «Past Statistic v/3/01» (IlIBernus). B 3aBu-
CHMOCTH OT XapakTepa paclupeeleHus] TaHHBIX
3HAYMMOCTB Pa3INYMi MKy TOKa3aTeIIMHU OLICHH-
BaJM, UCHOJb3Ys MapaMeTPpUUCCKUM t-KpuTepuit
Crplo/IeHTa WJIM HEMapaMeTPUYEeCKUN KpUTepHil
Manna-Yutau [3]. Paznuuus mexay BHIOOpKaMH
CUMTAJH 3HaYMMBbIMU 1TpH p < 0,05.

Pe3yabTarsl U 00cy:xKaeHHE

Knerku CII9B, oxakIeHHBIC B CHUPTOBOM OaHe
no —28°C ¢ 15-MUHYTHOW OCTaHOBKOW TPHU 3TOU
TeMIepaType 1 MOCIeAYIOUTIM TOTPY>KEHNEM B KU/~
KU a30T, JIEMOHCTPHUPOBATH BBHICOKHE MOKA3aTeNn
COXPaHHOCTH U TIPosn(hepaTUBHBINA MOTSHIIAAI TTOCIIE
otorpesa [1]. B Tekyux uccieaoBaHUsIX Mbl OL[CHUIIN
BO3MOXHOCTb HCIIOJIb30BaHUS A1 KPUOKOHCEPBH-
poBanust kieTok CIIOB npyrux pe:xuMoB 3aMOpaxKH-
BaHUsI, a UMCHHO: 3aMOPYKUBAHUE C KOHTPOJIHPYEMOU
ckopocTthio 1,5 rpag/mun 10 —40°C ¢ mocieayomum
MOTPY’KEHUEM B JKUJKHH a30T; HEKOHTPOIMPYEMOE
3aMopakuBanue B xonoauinbauKe 10 —20°C (paccun-
TaHHast CKOpoCTh oxyaxaeHus 0,3 Tpan/MuH) ¢ morpy-
JKEHHEM B )KMJIKAN a30T U 3aMOPaKMBAHHUE HA OXJIAXK-
JlaeMOi B Mapax a30Ta METAJUIMYECKON MOMJIONKKE
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To study the SPEV behavior in culture the intact
and frozen-thawed cells in culture medium were seeded
into Petri dishes and cultured in a CO, incubator or
thermostatic unit to microscope Axio Observer Z1
(Carl Zeiss, Germany) at 37°C for 5 hrs. CO, was
periodically injected from the gas cylinder into the unit
of the microscope through the reducer.

The osmotic behavior of cells was examined in 1 M
DMSO solutions with different concentrations of NaCl
(0.0375; 0.075; 0.15; 0.5 and 1 M) by means of
microscope Axio Observer Z1 (microscopic images
were recorded) and dynamics of changes in cell
dimensions was assessed using the software Axio-
Vision Rel. 4.8 (Carl Zeiss). Morphometric data were
used to determine the permeability coefficients for cell
membranes and theoretical predicting of cell osmotic
behavior during freezing [4].

The findings were statistically processed using
Excel (Microsoft, USA) and Past Statistic v/3/01
(Sweden). Depending on the distribution character of
the data the significance of differences between the
indices was assessed using a parametric Student's t-
test or non-parametric Mann-Whitney one [5].
Differences between the samples were considered as
significant at p < 0.05.

Results and discussion

The SPEV cells cooled in an alcohol bath down to
—28°C with a 15-min stop at this temperature, followed
by immersion into liquid nitrogen, demonstrate a high
survival and proliferative potential [3]. In the present
studies, we have examined the possibility of using other
freezing regimens to cryopreserve SPEV cells, in parti-
cular, freezing with the controlled rate of 1.5 deg/min
down to —40°C, followed by an immersion into liquid
nitrogen; non-controlled freezing in a fridge down to
—20°C (0.3 deg/min estimated cooling rate) with immer-
sion into liquid nitrogen, and, finally, freezing on cooled
in nitrogen vapors metal base with temperature of
—60°C (8 deg/min estimated cooling rate) and following
immersion into liquid nitrogen. Effect of various freezing
protocols was assessed by observing the behavior of
SPEV cells in culture.

Following incubation of the intact SPEV cells for
15 min they sedimented to the bottom of a plastic Petri
dish, when shaking they easily transited into the
suspension. During following 15 min of incubation the
part of the cells was loosely attached, only some cells
transited to a suspended state when shaking. In the
majority of cells the nucleus with nucleoli was clearly
visible. Some cells showed the first stage of adhesion
(the filopodia appearance). More firm attachment to
the substrate was ensured by lamelopodia which were
formed in the majority of cells after an hour of incu-
bation. This was evidenced by the fact that the transi-
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¢ Temrieparypoit —60°C (paccuuTaHHas CKOPOCTh OX-
JNaXIeHUA 8 Tpaj/MHH) C HOTPYKEHUEM B JKUIKUI
a30T. BiimsiHue pa3HBIX PeKMMOB 3aMOPaKUBAHUS Ha
BBDKMBAEMOCTb OLICHUBAJIN C TOMOLIBIO HAOIIONCHHS
3a moseneHneM kietok CIIDB B xymbType.

[Mpu 15-MuHYTHO# HHKYOAIMHA HHTAKTHBIE KIIETKH
CIIDB kjeTkn ocenany Ha JHO INIACTUKOBOM YaIllKH,
IIPU BCTPSIXUBAHUMU JIETKO IIEPEXOMIIN BO B3BEILLIEHHOE
cocrosiHue. B ocnenyromue 15 MuH HHKYOAIMK 4acTh
KJIETOK HENIPOYHO NPUKPEIJIUIACh; IIPU BCTPSIXUBAHUU
TOJILKO HEKOTOPBIE KIIETKH MEPEXOJUIN BO B3BEIICH-
HOE COCTOSIHUE. Y OONBIIMHCTBA KJIETOK OBLIO XOPOIIO
BUJIHO SIAPO C SAPBIIIKAMH. Y YacTH KJIETOK HaOIO-
JlaJiv TIEPBYIO CTAUIO aare3uu (mosiBieHue (QuiIono-
nuit). bonee mnoTHOe mpukpemsieHue K cyOcTpaTy
o0ecreunBay JIaMeJIOIOINH, KOTOpble POpMUpOBa-
JIUCH Y OOJBITMHCTBA KIIETOK MOCTIE Yaca MHKYOAIIUH,
0 YeM CBHZCTEIBCTBOBAT TOT (haKT, UTO IS Iepexoaa
KJICTOK BO B3BEIIEHHOE COCTOSIHUE JIETKOI'O MEXaHU-
YECKOI0 BCTPSIXUBAHUS OBbUIO HEIOCTATOUHO.

Uepes 1,5-2 4 gacTp kJIeTOK yruromanach. Ha ms-
ThII yac HaOmoneHns okoso 10—15% kieTok mprodpe-
JIN XapaKTepHBIM As KiieTouyHol KynsTypsl CIIOB
Bug (puc. 1).

CpaBHeHHE TOBEIEHHSI KJIETOK B KyJbType TOCIE
KPHOKOHCEPBHUPOBAHUS 10 TPEM PEKUMaM 3aMOPAKH-
BaHUs MOKA3aJ10, YTO 3aMOPAKUBAHUE CO CKOPOCTHIO

tion of cells into a suspended state was not provided
by slight mechanical shaking.

In 1.5-2 hrs the part of cells was getting flattened.
On the fifth hour of observation about 10—15% of the
cells have acquired the structure characteristic for
SPEV cell culture (Fig. 1).

When comparing the behavior of cells in culture
after cryopreservation according three freezing pro-
tocols it has been found that freezing with the rate of
1.5 deg/min down to —40°C, followed by immersion
into liquid nitrogen ensured the maximum preservation
of their adhesive properties. Observing the cells during
adhesion and spreading showed the same dynamics
as in intact cells. After 5 hrs of incubation 10-16% of
cells completed spreading (Fig. 2).

The freezing protocol with a rate of 8 deg/min down
to —60°C, followed by an immersion into liquid nitrogen
was unfavorable for cells (Fig. 3). Within an hour of
incubation no tendency to adhesion and spreading of
SPEV cells was observed. In 2 hrs the bulk of the
cells was easily detached from the substrate when
shaking. Cell cytoplasm was vacuolated, about 20%
of the cells had a protrusion on the membrane (vesic-
les). As reported by Ye.A. Porozhan et al. [6] the
formation of vesicles could result from the disorders
in cytoskeletal systems and appearance of sensitive
sites on a cell surface, that collectively prevented a

Puc. 1. PacnnactbiBaHue knetok CMOB npu kynbtusmposaHuu B CO,-uHKy6aTope (MaclitabHbli 0Tpesok — 20 MKM).
Fig. 1. SPEV cells spreading when cultured in a CO, incubator (scale bar 20 pm).
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1,5 rpag/mun 1o —40°C ¢ nocnenyro-
MM TOTPYKEHUEM B KHUJKHHA a30T
obecnieynBaN0 MaKCUMAaJIbHYIO CO-
XPaHHOCTh WX aJIT€3MBHBIX CBOWCTB.
HaOmonenue 3a kneTkamu B ipoLiecce
a/Ire3uy U PacIUIaCThIBAHUS IOKA3aJI0
TaKy0 K€ IMHAMUKY, KaK ¥ B UHTaKT-
HBIX KJIeTKax. Yepe3 5 u mHKyOauuu
10—-16% K11eTOoK 3aBEepIIMITH TPOIIECC
pacracTeiBaHus (puc. 2).

HeOnaronpusTHBIM JIJIsi KIETOK
OKa3aJICsl PEKUM 3aMOPAKUBAHUS CO
ckopocThio 8 rpaja/mu 10 —60°C ¢ mo-
CIIEYIOIINM TTOTPY)KEHHEM B YKHJIKHH
a3ot (puc. 3). B Teuenue yaca uHKY-
Oanuu TEHACHIUIO K aJre3ud M pac-
acteiBanuio kietok CII9B He Hab-
moaanu. Yepe3 2 4 oCHOBHasi Macca
KJIETOK IIPH BCTPSIXMBAHHH JIETKO OTKPETI-
nsnack oT cybcrpara. LluTomnasma
KJIETOK ObllIa BAKYOJIM3UPOBaHa, OKOJIO
20% KJIETOK MMEJTH BBIISTYNBAHUS Ha
MeMOpaHe (Be3ukyinbl). [To MHEHHIO
E.A. Ilopoxxan u coasr. [4], hopmupo-
BaHUE BE3UKYII SBISIETCS CIIEICTBUEM
HapyIICHUS IIMTOCKENIETHBIX CUCTEM H
BO3HUKHOBEHHS UYBCTBHUTEIbHBIX
YYaCTKOB Ha TOBEPXHOCTH KIIETOK, YTO
Y IIPETSITCTBYET HOPMAJTBHBIM IPOIIeC-
cam aaresuu. Yepes 5 u uHKyOauuu
CIMHUYHBIC KIICTKH MPUKPETIISUTUC U
pacIIacThIBAIIUCH.

[ToagBeprHyTHIE 3aMOpaKHBAHUIO
co ckopocTthio 0,3 rpaa/mun 10 —20°C
C TOCJHEYIONHUM MOTPYKEHHEM B
KUIKUH a30T (puc. 4) KIETKH TOJTHOC-
TBIO TEPSUTH CBOIO (PYHKIIMOHAIBHYFO
aKTUBHOCTb. Ha npoTsixenuu S 4 Ha-
OJIIOJICHUST KJIETKU HE aJIre3UpOBAIH,
OBLTH OKPYIVIBIMH, ITPU JICTKOM BCTPSI-
XUBAHHUHU [TEPEXOJIAIH BO B3BEIIICHHOE
COCTOSIHUE, [TOYTH BCE KIETKH UMEIH
BE3HKYJIbI, IUTOILIa3Ma Obljla BaKyo-
JIU3UPOBAHA.

B nmanpreimieM ObLIO CIIPOTHO-
3UPOBAHO OCMOTHYECKOE IOBEJICHHE
KJIETOK ITPH UCTIONB30BaHHBIX PEXKUMaX
3aMopakuBaHusl. BHauane ObuM O1I-
pelleNieHbI TPaHCIIOPTHBIE XapaKTepHc-
THUKH KJIETOYHBIX MeMOpaH. B cBsi3u ¢
TEM, 4TO B TIPOIECCe KYJIbTUBUPOBA-
HUS IPOMCXO/IUT PACILIACThIBAHHE KITe-
TOK, Ba)KHO OBUIO YIOCTOBEPHUTHCS B
coxpaHeHHH (POPMBI aIre3UPOBABIINX
KJIETOK C MOMEHTA [PUKPETUICHHUSI K [O]1-
JIOXKKE JI0 Havyasla pacIuIacThIBaHHUSA.
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Puc. 2. PacnnacteiBaHve knetok Cl3OB, 3aMOpPOXEHHbIX CO CKOPOCTbIO
1,5 rpag/mMuH, B npouecce KynbtusuposaHus B CO,-nHkybaTope (MacLuTab-
HbI OTpe3ok — 20 MKM).

Fig. 2. SPEV cells spreading when frozen with the rate of 1.5 deg/min
during culturing in a CO, incubator (scale bar 20 um).

Puc. 3. PacnnacteiBaHue knetok CMOB, 3aMOpOXEHHbIX CO CKOPOCTbHO
8 rpad/muH, B npouecce KynbtusuposaHusa B CO,-uHky6aTope (MacluTab-
HbI OTpe3ok — 20 MKM).

Fig. 3. SPEV cells spreading when frozen with the rate of 8 deg/min during
culturing in a CO, incubator (scale bar 20 um).
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Puc. 4. PacnnactbiBaHne knetok CM3OB, 3aMOpOXeHHbIX CO CKOPOCTbIO
0,3 rpap/muH, B npouecce KynsTueuposaHus B CO,-nHkyBaTtope (Maclitab-
HbI 0Tpe3ok — 20 MKM).

Fig. 4. SPEV cells spreading when frozen with the rate of 0.3 deg/min during
culturing in a CO, incubator (scale bar 20 um).

Puc. 5. AgresvposasLune (A) 1 pacnnacteiBatowmecs (S) knetku CMN3B B
KynbType nof, MMKPOCKONoM (MacliTabHbii oTpe3ok — 10 MKm).

Fig. 5. Adhered (A) and spreading (S) SPEV cells in culture under
microscope (scale bar 10 pm).
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normal adhesion. After 5 hrs of incu-
bation only single cells attached and
flattened.

Subjected to freezing with a rate of
0.3 deg/min down to —20°C followed
by an immersion into liquid nitrogen
(Fig. 4) the cells completely lost their
functional activity. Within 5 hrs of ob-
servation the cells did not adhere, were
of round shape, when being gently
shaken easily transited to a suspended
state, almost all the cells had vesicles,
the cytoplasm was vacuolated.

Based on these results, we predic-
ted the osmotic behavior of cells under
the used freezing conditions. Initially
we identified the transport characteris-
tics of cell membranes. During cultu-
ring the cells were spread, therefore it
was important to ensure keeping the
shape of adhered cells from the mo-
ment of attachment to the substrate up
to the spreading start.

As Fig. 5 demonstrates the cultur-
ing under the microscope allowed us
to observe both the changes in the
shape and movement of adherent cells.
It should be noted that even up to the
beginning of spreading the adhered
cells did not change their sizes. This
allowed to suggest the cell shape prior
to the spreading as a spherical one.

Fig. 6 presents data on osmotic
reactions of SPEV cells in 1M DMSO
solutions: in the ones isotonic by NaCl
(0.15 M NacCl) the cells restored
an initial volume after dehydration, in
the hypertonic solutions (0.5 and 1 M
NaCl) they remained dehydrated and
in hypotonic ones (0.075 and 0.0375 M
NaCl) they swell. The calculated using
the mathematical model coefficients
of filtration and permeability for
DMSO molecules are shown in the
Table.

The data of the Table demonstrate
that the permeability of SPEV cell
membranes for DMSO depends on the
medium composition. At the same
time, the calculated permeability
coefficients of adherent cells for
DMSO were of the same order and
close to the values of the permeability
coefficient, determined for cell suspen-
sions, fixed in a collagen matrix [1].
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Puc. 6. OkcnepumeHTanbHble AaHHbIE U TEOPETUYECKME
3aBUCMMOCTU U3MEHEHUs1 obbemMa cepruyecknx KneTok
CIN3B ot BpemeHn B 1 M pactBopax JMCO, cogepxaLymx
1M(1),0,5M(2),0,15M(3),0,075M (4) 10,0375 M (5) NaCl.

Fig. 6. Experimental data and theoretical dependencies
of volume change of spherical SPEV cells vs. time in
1 M DMSO solutions containing 1 M (1),0.5M (2),0.15 M (3),
0.075 M (4) and 0.0375 M (5) of NaCl.

Kak BuziHO U3 puc. 5, KyJbTUBUPOBAaHUE I10]I MUKPO-
CKOTIOM IO3BOJISIET HAOIONATh KaK 32 M3MEHEHHEeM
(hOopMBI, TaK 1 IEpeMeIIeHHEM a/Ire3NPOBABIIIX KIJIETOK.
CrnenyeT OTMETHTb, YTO BIUIOTH /10 Hayaia pacruiac-
THIBaHMSI a/Ir€3MPOBABIINE KIETKH HE N3MEHSIIUCH B
pasMepe. DTO MO3BOJIMIIO CUUTATH (POPMY KIIETOK 710
Hadajia pacIuiacThIBaHUS OM3KOH K cepuieckoil.

Ha puc. 6 npexncrasiieHsl JaHHBIE 00 OCMOTHYEC-
kux peakuusx kiaetok CIIOB B pactBopax 1 M
JIMCO: B pactBOopax m3oroHuveckux no NaCl
(0,15 M NaCl) kieTku mocie Ieruaparaiuy BOccTa-
HABJIMBAJIM UCXOTHBIH 00BEM, B THIEPTOHUYCCKUX
(0,5u 1 M NaCl) ocraBanuce 00€3BOKCHHBIMU, a B
runorormyeckux (0,075 u 0,0375 M NaCl) nabyxanmu.
PaccuntaHHBIE ¢ IOMOIIBIO MATEMAaTUUECKOH MO-
nenu K03 (pumeHTs! GUIBTPaiui U TIPOHUIIAEMOCTH
st Mmostekyn JIMCO mpenctaBieHsl B TaOmuIIe.

W3 npuBeieHHBIX B TaOIHIIE TaHHBIX CIEIYET, YTO
npoHunaeMocts MeMopan kietok CII9B mist IMCO
3aBHCEla OT COCTaBa Cpebl. B To jke Bpems 3HaueHus
paccuyuTaHHBIX KO3(PPULUHUEHTOB MPOHULAEMOCTH
aarezupoBaBmux kietok A AMCO Haxoguiuch B
npenenax oIHOrO MOpsAKa cO 3HAYCHUAMHU K03 du-
LMEHTOB IPOHUIIAEMOCTH, ONPEECIICHHBIM B KJIETKaX,
3aKpEeTICHHBIX B MaTpHIle Kojutarena [7].

B nanpHeilimem aisi MoAeIMpoOBaHMS Tpollecca
00€3BOKMBAHNS KJIETOK B CYCTICH3UU TPHU Pa3HBIX
CKOPOCTSIX OXJIaKICHNA OblIa UCTIONb30BaHa (PU3NKO-
MaTeMaTHYecKas MOJIENb MPoIlecca 3aMOPaKNBaHNUS
KJIETOYHOM cycren3nu B mpucytctBuu IMCO [1].
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In the following studies we simulated the cell
dehydration in a suspension at various cooling rates
using the mathematical model of cell suspension
freezing in DMSO presence [3].

Fig. 7 represents the calculated data of the relative
volume change of SPEV cells during freezing according
three protocols. Analysis of these dependencies
allowed to suggest that during the freezing with optimal
rate (1.5 deg/min) the dehydration protected the cells
against intracellular crystallization, at the rates under
the optimum (0.3 deg/min) the dehydration can cause
the death of the cells, and at those above the optimal
one the cells do not dehydrate and are damaged due
to intracellular crystallization.

Conclusions

Thus, the substrate-adhered cells retaining the shape
close to spherical one are the proper object to study
the kinetics of osmotic cell responses which can be
used to assess cell membrane permeability parameters
for cryoprotectants and water molecules.

The theoretical prediction of osmotic behavior of
SPEV cells showed that the cooling rates of
1.5 deg/min could ensure optimal protection of the cells
in 1 M DMSO presence, and the cooling rates above
and below the optimal one might be detrimental as a
result of intracellular crystallization or dehydration. The
results of the performed experiments on freezing of
SPEV cells using various cooling regimens which
involved the assessment of their preservation rate by
analysis of cells’ behavior in culture confirmed this
assumption.

KoadhdpuumeHTbl NpoHnLaemMocT MembpaH KrieTok
CnN3B gnsa monekyn AMCO

Permeability coefficients of SPEV cell membranes
for DMSO molecules

KoadcuumneHt KoadduumneHt
cunbTpaumm, NpoHUUaemMocTy ansa
CocTaB cpepbl LD x 10" H/m3-c OMCO, K, x 108 m/c
Medium composition Hydraulic DMSO permeability
permeability, coefficient,
Lp x 10" N/m?®s K, x 108 m/s
1 MOMCO + 1 MNaCl
1 MDMSO + 1 M NaCl 0,15 + 0,02 -
1 MAMCO + 0,5 MNaCl
1 MDMSO + 0.5 MNaCl 0,25 + 0,04 -
1M AMCO + 0,15 M NaCl
1 MDMSO + 0.15 M NaCl 8,28 + 2,567 7,36 = 2,07
1M AMCO +
007 M 4,23 + 0,81 3,64 = 0,41
0.075 M NaCl
1M OMCO +
00878 pa dact 4,23 + 0,64 11,1 + 2,52
0.0375 M NaCl
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Ha puc. 7 mpuBeeHbI 1aHHBIE pacyeTa U3MEHEHUS
OTHOCHUTENFHOTO 00Bhema kietok CIIOB mpm Tpex
pexuMax 3aMopakuBaHus. Ha ocHOBe puBeeHHBIX
3aBHCUMOCTEN MOKHO MPEATIONOKUT, YTO IIPU PEKH-
Me 3aMOpaKUBaHMs CO CKOPOCTBIO 1,5 rpan/MuH ne-
TUApaTalnys 3alUIAeT KJIETKH OT BHYTPUKIETOYHON
KpUCTAIUTM3ALH, TPY MeHbIel ckopoctH (0,3 rpan/MuH)
JerHapaTanys MOKET CTaTh IPUUMHOM THOENHN KIETOK,
a mpu OOJIBIIEH — KJIETKH HE NErHIpaTupyioT U To-
BpPEXIAIOTCS BCJIEACTBUE BHYTPHUKIETOUYHON KpHC-
TaJUIU3ALUH.

BoiBoabI

Takum 00pa3oM, aAre3npoBaBIINE Ha TOJIOKKE
KJIIETKH, COXpaHstoimue popmy OIU3KYIO K chepuuec-
KOM, SIBISAIOTCA YHOOHBIM OOBEKTOM JIsi M3YUCHHS
KMHETHKH OCMOTHYECKUX PEAKLUHUI KIETOK, KOTopast
MOJKET OBITh NCTIOIB30BaHa ISl OLEHKH [1apaMeTPOB
MIPOHHUILIAEMOCTH KJIETOYHBIX MEMOpaH AJIsi MOJICKYJI
KpUONPOTEKTOPOB U BOJIBI.

TeopeTnueckoe MPOrHO3UPOBAHHE OCMOTHYECKOTO
noBeneHus kieTok CIIDB mokasano, 9To CKOPOCTh
oxJaxaeHus 1,5 rpaa/MuH MOxeT o0ecreynuBaTh
ONTHMAJIBHYIO 3aIIUTy KJIETOK B MPHUCYTCTBUU 1 M
JAMCO, Torma Kak CKOPOCTH OXJIAKIICHHS HIDKE U
BBIIIIE ONITUMAIILHOM MOTYT OKa3aThCsl I'yOUTEIbHBIMH
B pe3yJbTare BHY TPUKICTOUHON KPUCTAITU3ALNH HITH
Jeruaparanuy. Pe3ynprarel IpOBEJEHHBIX SKCIEPH-
MEHTOB 110 3aMopakuBato kietok CII9B npu pazHbix
PEKUMAaX OXJIaXKICHHS C OLIEHKON MX COXPaHHOCTH I10
MOBEJCHUIO B KYJIBTYPE MOATBEPAMIN JaHHOE Mpe.-
MIOJIO)KEHHE.
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Puc. 7. TeopeTnyeckn paccyuTaHHble 3aBUCUMOCTH,
OEMOHCTPUpYLLME OCMOTUYECKOE MOBEAEHUE KMETOK
Cl3B npu Tpex pexummax 3amopaxmBaHus.

Fig. 7. Theoretically calculated dependencies demon-
strating osmotic behavior of SPEV cells during freezing
according three regimens.
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