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Permeability Coefficients of Murine Enterocyte Membranes
for Water and Cryoprotectants

Pecpepart: Bu3HayeHHss OCMOTUYHOI peakuii KNiTUH | TpaHCMOPTHMX BRNacTUBOCTEN MeMOpaHu € HeobxigHoK naHkow Kpiobio-
NOriYHMX JOCHiaXeHb | po3pobKN ONTUMAarnbHUX YMOB KPiOKOHCEPBYBaHHSI KOHKPETHUX BUAIB KMiTUH. Y po6OTi BOMOMOMETPUYHUM
MEeTOAOM BCTaHOBIEHO KOoediLiEHTU MPOHUKHOCTI eHTepouuTiB MU ANs BOAM Ta KpionpoTekTopis: eTunenrnikonto (EI), rmiuepuny,
1,2-nponangiony (1,2-MA) ta aumeTtuncynbdokenay (AMCO). EkcnepumeHTanbHO BU3HAYEHI YacoBi 3anexHocTi 06'eMy KMiTUH 3a
X KOHTaKTy 3 FiNepTOHIYHUMWN PO3YMHAMMK KPiONPOTEKTOPIB anpoKCMMYyBanu YNCENbHUMW PILLEHHAMWU CUCTEMU HENIHIMHUX PIBHSAHb,
SIKi OMUCYIOTb L0 3anexHiCTb Y HabnukeHHi NiHiiHoI TepMoauHamiku HeobopoTHKX npoleciB. MMokasaHo, Lo koedilieHTn dinsTpauii
BiporiiHO He BiApi3HATLCS Mk coboto B posumHax kpionpotektopis 1,2-M4, AMCO Ta rniuepuny ((1,42; 1,3; 1,24)x10* m%H-c
BiANOBIAHO) Ta € Malke y ABa pasun binblwmmn y posunHi EI (2,4x107'* m%/H-c). MembpaHu eHTEpoOUUTIB MULLI MalTb HaNBINbLIWIA
koediuieHT npoHukHocTi go EIN — 4,79x10~7 m/c, Wwo, NMOBIpHO, NOB’sI3aHO 3 MOro HeraTMBHOMK i€l Ha MembpaHu eHTepouuTi. [ns
1,2-M4, OMCO Ta rniuepuHy koedilieHT NPoHUKHOCTI cTaHoBuTb (0,672; 0,530; 0,134)x10~7 m/c BignosigHo. OTpUMaHi AaHi MOXyTb
O6yTn BuKOpUCTaHi Ans nigbopy onTUManbHOrO PeXMMYy KPiOKOHCEPBYBAHHS LMX KMiTWH.

KnrouyoBi cnoBa: eHTepouuT mMuLli, KoedilieHT dinsTpauii, koedilieHT NPOHUKHOCTI, KPiONPOTEKTOPW.

Pecbepat: OnpegeneHme ocMOTUYECKON peakumu KNEeTOoK M TPaHCMOPTHbIX CBOMCTB MeMbBpaHbl SiBNSieTCsl Heo6xoauMbIM 3Be-
HOM Kpuobuonornyeckux uccnefoBaHuii U paspaboTkM ONTUMAnbHBIX YCNOBUIA KPUOKOHCEPBUPOBAHWUS KOHKPETHbIX BUAOB KMETOK.
B paboTe ¢ nomoLlyblo BOMOMOMETPUYECKOTO MeToAa YyCTaHOBMEHbl KO3(MULMEHTbI NMPOHULAEMOCT IHTEPOLMTOB MbIlWK AN
BOAbl M KPMOMPOTEKTOPOB: aTuneHrnukons (3I), ruuepuHa, 1,2-nponaHavona (1,2-MA4) n gumetuncynsdokenga (AMCO). Skcnepu-
MEHTanbHO MONy4YeHHble BPEMEHHble 3aBUCUMOCTM OBbema KMeToK Npu UX KOHTakTe C rMnepTOHUYECKMMU pacTBopaMu Kpuomnpo-
TEKTOPOB annpoKCMMUPOBAmNM YUCMEHHbIMU PELUEHUSIMU CUCTEMbI HEMUHENHbIX YPaBHEHWUI, ONUCHIBAOWMUX 3Ty 3aBUCUMMOCTbL B
NPUGNMXXEHUN NNHENHOW TEepMOAUHaMUKMN HeobpaTuMbIX npoueccoB. [MokasaHo, YTo KO3PPUUNEHTLI hUnbTpaLMM JOCTOBEPHO HE
oTnuyatTcs Mexay coboi B pactBopax kpuonpotektopos 1,2-M4, OMCO u rnuuepuna ((1,42; 1,3; 1,24)x10-"* m%H-c cooTBeT-
CTBEHHO) U Mo4yTM B ABa pasa Gonblie B pacteope A (2,4x107'* m3/H-c). Hanbonblumin koadpuLneHT npoHMLaeMocT MeMbpaH
3HTEPOLUMTOB MbILKM NonyyeH anst A —4,79x10~" m/c, 4To, BEPOSTHO, CBA3AHO C €ro HEraTuBHbLIM AENCTBMEM HA MEMOpPaHb! S3HTEPOLINTOB.
Ona 1,2-N4, OMCO v rnnuepuHa koadduumeHT npoHuuaemoctu coctasnsieT (0,672; 0,530; 0,134)x10~7 m/c COOTBETCTBEHHO.
MonyyeHHble AaHHble MOryT ObITb MCMOMbL30BaHbI ANs noabdopa ONTUMAarbHOrO PeXxuma KPUOKOHCEPBUPOBAHUS 3TUX KMETOK.

KnrouyeBble cnoBa: aHTEPOUUTHI MbIWK, KOIPMULUMEHT dunsrpaummn, KodIMPULUNEHT NPOHNLAEMOCTHN, KPUONPOTEKTOPbI.

Abstract: Osmotic response of cells and transport properties of membrane are essential for cryobiological research in terms of
choosing the optimal conditions to cryopreserve the specific cell type. In the present study we have found the permeability coefficients
of murine enterocytes to water and such cryoprotectants as: ethylene glycol (EG), glycerol, 1,2-propanediol (1,2-PD) and dimethyl
sulfoxide (DMSO). The experimental time dependencies of cell volume revealed during their contact with hypertonic solutions of
cryoprotectants were fitted with numeric solutions of nonlinear equations describing this dependence in terms of linear thermodynamics
of irreversible processes. The found filtration coefficients had no significant differences in cryoprotectant solutions of 1,2-PD, DMSO
and glycerol ((1.42; 1.3; 1.24)x10~'* m®N-sec, respectively) and were almost twice higher in EG solution (2.4)x10-* m®/N-sec). The
membranes of murine enterocytes showed the highest penetration rate for EG 4.79x10~" m/s which was probably due to its negative
effect on enterocyte membranes. Permeability coefficient for 1,2-PD, DMSO and glycerol was (0.672; 0.530; 0.134)x10~" m/s,
respectively. The obtained data can be used in selection of the most proper regimen of cryopreservation for these cells.

Key words: murine enterocytes, filtration coefficient, permeability coefficient, cryoprotectants.

3aMOpOXKyBaHHSI-BiATaBaHHS 3JIMIIAETHCS OCHOB-
HUM METOJIOM KOHCEpBYBaHHS KIIiTHH. CriocTepeKeHHS
32 OCMOTHYHUMH PEAKI[ISIMH KJIITHH 1 TPAHCTIOPTHUMHU
BIIACTUBOCTAMH MEMOpaHU € HEOOXiHOIO JIAaHKOIO
KPi0010JIOTTYHHX JOCHIPKEHD 1 PO3POOKH ONITUMATBEHHX
YMOB KPiOKOHCEPBYBaHHSI KOHKPETHHUX BU/IIB KIIITHH [ 7].
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Freeze-thawing is the main method for long term
preservation of cells. Studying the osmotic cell
reactions and transport properties of membrane is a
mandatory step of cryobiological research and
choosing of optimal conditions for cryopreservation of
specific cells [2].
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VY mporeci 3aMOpOKyBaHHSI KIITHUHHOI CycHeHs3il
KIIITHHH 3a3HAI0Th TEMIIEPATyPHOTO Ta OCMOTHYHOTO
ctpecy [11, 12]. Konu cycnensist KIITHH 0XO0JO-
IDKY€TBCS 10 TEMIIepaTypH HIK4Ye TOUKHU 3aMep3aHHs,
KIIITHHY Ta HABKOJIMIITHE CEPEIOBHUIIE CIIOUATKY 3aJIH1-
[IAI0ThCS Y HE3aMOPOXKECHOMY TEPEOXOJIOJIKCHOMY
ctani. OCKiUTbKY O1IbII ePEKTUBHI HKEpETa yTBOPEHHS
3apOJIKiB JIbOJY 3HAXO/ISATHCS Y TO3AKITITHHHOMY cepe-
JOBUIII, TO Jif CIOYaTKy (HOpPMY€ETHCS B MO3aKIIi-
TUHHOMY po34mHi Mixk —2 1 —15°C, Toxi sIK BHYTpiII-
HBOKJIITUHHUM PO3YMH 3aJUIIAETHCI MEPEOX0II0-
JoxeHuM [9]. YV manoMy BUIAJKy MEPEOXOT0KEHA
BHYTPINTHEOKJIITHHHA BOJ[a MA€ BUIIUIA XIMIYHUH TOTEH-
mian, HK BoJa B YaCTKOBO 3aMEP3JIOMY MO3aKIITHH-
HOMY PO34HHi, IKAI 3HAXOAUTHCS B PIBHOBA31 3 (pazoro
Jpony. XiMiuHa piBHOBara Moxxke gocsirarucst abo mpo-
HUKHEHHSM BHYTPIIIHBOKIITHHHOI BOJH KPi3b MEM-
OpanHMii 6ap’ep y MO3AKITITHHHUHN PO34rH, 400 YTBO-
pEeHHSAM BHYTPIIIHBOKIITHHHOTO Jboay. Crioci0, 3a
JIOTIOMOTOIO SIKOTO JIOCSITAETHCS PIBHOBAra, 3aJIe)KUTh
BIJT IBHIKOCTI OXOJIOMKEHHS KIIITHH Ta 34aTHOCTI 10
BHXOJIY BOJH 3 KITITHHH Ha30BHI. [le MaconepeneceHns
00MEXKY€eThCS TiIPaBIIYHOI MPOHUKHICTIO (Lp)
Ia3MaTu4HOl MEMOpaHHu KIITHHH Ta IUIOIIEIO 1i
TIOBEPXHI, TOCTYITHOI 715 BUX0y Boaw. KinbKicTh BOIH,
sIKa TIOBUHHA BUMTH JIJIs BiTHOBJICHHS XiIMIYHOI piBHO-
Baru, 3aJIeXHUTh BiJl T0OYaTKOBOI OCMOTHYHOCTI BHYT-
PIIHBOKIITHHHOTO PO3YMHY Ta TEMIIEPATYPH, A0 SKOT
OXOJIOIDKYETHCS CYCITEH31sT KIITHH. SIKIO BUXiTHMIA
MOTIK BOJHU € HEAOCTATHIM JIUISI BCTAHOBJIEHHS XIMIYHOT
piBHOBaru (y BHUITAJIKy BUCOKHX IIBUIKOCTEH 0XO0JIO-
JUKEHHST), TO TEIUIOOOMIH TOMIHYBaTUME HAJl Maco-
obminoMm. Takum 9YMHOM, BHYTPIIIHHOKJIITHHHUN
PO3UMH CTaHE HAIMIPHO NEPEOXOJOKEHUM 1 Oyne
(opMyBaTHCS BHYTPIIIHBOKIIITUHHAH JIiA. Y BUINAJKY,
KOJIM BHIXiJT BOJM € aJcKBaTHHM (3a OUIBII HU3BKHX
LIIBUAKOCTEH OXOJIOJKEHHS), MacOMEepPEHECCHHS
MpeBajJIOBaTUME HaJl TEIJIONEPEHECEHHIM, KIIITHHH
OyAyTb 3HEBOJIHIOBAaTUCH Yy JOCTATHIM Mipi AJs mif-
TPUMKH XIMIYHOI pIBHOBAar#, 1o BiATEPMiHY€ YTBO-
PEeHHS BHYTPIIIHBOKIITHHHOTO J1b0AY. [ IpoTe, 3perroro
3a O17MbII HU3BKHUX TEMIIepaTyp BHYTPIIIHBO- Ta
MTO3AKTITHHHUN PO3YMHH IIJTKOM 3aTBEPAIIOTH YHAC-
JA0K POpMYBaHHS €BTEKTHYHOI CYMIIITi.

Kpim Toro, 11 kpio6iom0rii BaKIHBUM MTapaMeT-
POM KIIITHHHUX MEMOpPaH € X MPOHUKHICTb JAJIs Kpio-
MpOTEeKTOpiB. Bix 3HaYeHHs 1IbOTO MapameTpa 3ale-
KaTh yMOBH €KBUIIOpallii KIIITHH y KPIOIIPOTEKTOPHOMY
CEepEOBHILI JI0 TOYATKy OXOJIOKEHHS, a TAKOXK YMOBH
BiIMHMBAHHS KJIITHH BiJ KPiOMPOTEKTOpa Micis po3-
MOpOKyBaHHS. KpionmpoTeKTOpH NPOHUKAIOTH KPi3bh
KJIITHHHI MeMOpaHu 3a3BUYail UIIXOM MacuBHOI [1]
Ta mosermenoi audy3ii (kpizb crenianbHi KaHan ) abo
3a JIOMOMOTOI0 CIIeIiaTbHIX MEXaHi3MiB TPAHCTIOPTY
[10, 13]. ITacuBHA MPOHUKHICTh MEMOpPaHH I KOH-
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Freezing of cell suspensions is accopmpanied with
thermal and osmotic stresses onto the cells [9, 10].
When a cell suspension temperature during cooling
passes the freezing point, the cells and their environ-
ment remain unfrozen and supercooled. Since more
effective sources of ice nucleation are located in extra-
cellular environment, an ice is formed primarily in extra-
cellular solution in the temperature range of —2 to —
15°C, and the intracellular medium remains super-
cooled [7]. In this case, intracellular supercooled water
has a higher chemical potential than the one in the
partially frozen extracellular solution being in equilibrium
with an ice phase. Chemical equilibrium can be
achieved either by outflux of intracellular water through
amembrane barrier to the extracellular solution, or by
the formation of an intracellular ice. The way by which
the equilibrium could be achieved depends on the cell
suspension cooling rate and ability of water to leave
the cell. The mass transfer is restricted by hydraulic
permeability (Lp) of plasma membrane of cell and
surface area available for water outflow. The amount
of water which should outflow to restore the chemical
equilibrium depends on initial osmolality of intracellular
solution and the final temperature of cell suspension
cooling. If the outflow of water is insufficient for the
chemical equilibrium recovery (i. e. at high cooling
rates), the heat exchange will dominate over the
mass transfer. Thus, intracellular solution will be
excessively supercooled and intracellular ice would be
formed. If the water outflow is sufficient (at lower
cooling rates) a mass transfer would prevail over the
thermal one, and the cells will be dehydrated suf-
ficiently to maintain the chemical equilibrium and the
formation of an intracellular ice will be postponed.
Finally the intra- and extracellular solutions completely
solidify at lower temperatures due to the formation of
eutectic mixture.

In addition, permeability for cryoprotectants is a
peculiarity of cell membranes being very important for
cryobiology. Features of cell equilibration in cryoprotec-
tive medium before cooling or the parameters of cell
washing procedure after freeze-thawing as well depend
on this parameter. Cryoprotectants usually penetrate
through cell membranes by diffusion, either passive
[3] or facilitated (through special channels), as well as
due the special transport mechanisms [8, 13]. Passive
permeability of membrane for a particular substance
is determined by physical and chemical properties of
molecules of the substance contributing to their possible
interaction with membrane macromolecules. For
example it has been shown, that for many substances
the specific values of their permeability and coefficients
of distribution between hydrophobic phase and water
are almost directly proportional. This testifies to
permeation of these substances through the lipid bilayer
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KPETHOT PEUOBUHH BU3HAYAETHCS (PI3UKO-XIMIUHUMHU
BJIACTUBOCTSIMH MOJIEKYJ Li€l PEUOBUHHM, AKi BIUIU-
BaIOTh Ha 1X MOYKJIUBY B3a€MO/IIO 3 MAKPOMOJIEKYJIaMH
MeMOpanu. Hanmpuknaa nokasano, 1o MixK BeTUYH-
HaMH [TPOHUKHOCTI 6ararbox pedoBuH i KoedirieHTaMu
PO3MOILTY MiX I'iipodoOHO0 (ha30r0 Ta BOIOK ICHYE
3aJIeXKHICTh, OM3bKa JI0 IPAMOT IporopiiiHocTi. Le
CBITYMTH PO MPOHMUKAHHS X PEYOBHH KPi3b JITT THAN
Oirrap MeMOpanm. Y TOH ke 9ac BiJOMO, IO TaKi Mai
TiIpodiTbHI MOJIEKYITH, K MOYEBHHA Ta ETHJICHIIIIKOIb
Ha PiBHI 3 BOJIOIO JIETKO MPOHHUKAIOTH KPi3b MEMOpaHH
JesKuX KITHH. [[pOHUKHICTB 1a3MaTHYHUX MEMOpaH
JUISL TIONISIPHUX TiAPOQITBHUX MOJEKYJ Ma€ CHIIbHY
3aJIeKHICTD Bif X po3mipy [8].

MeTtor pobotu Oyno BU3HAYCHHS KOe(DIliEHTIB
MIPOHUKHOCTI €HTEPOLMTIB MUILI JJIs1 MOJICKYJI BOAU Ta
KpI1OTIPOTEKTOPIB, AKi YaCTO BUKOPUCTOBYIOTHCS IT1]T 4ac
KpIOKOHCEPBYBaHHS KINITUHHUX cycrieH3ii. [ mocai-
TUKeHHS OyJ10 BHOPaHO Taki KPiOMPOTEKTOPHI PEYOBUHH,
gk erwnenrnikonb (EI), rminepun, 1,2-mpomanion
(1,2-I111) Ta mumeruncynbpokrcun (AMCO).

Marepianu Ta MeToaHn

ExcriepiMeHTH pOBOIUIIM BiAMIOBITHO /10 «3araib-
HUX NPUHIIHNIIB €KCTIEPUMEHTIB Ha TBAPUHAX», CXBa-
nenux V HauionansHuM KoHrpecoM i3 6ioetrku (Kuis,
2013) 1 y3rompkeHHX i3 MOJI0KEHHAMH «EBpoIechKol
KOHBEHIIii PO 3aXUCT XpeOSTHUX TBAPHH, SIKi BUKOPHC-
TOBYIOTBCSI JUIsl EKCTIEPUMEHTAIBHUX Ta 1HITHX HAYKO-
Bux miieit» (CtpacOypr, 1986).

EHTEponuTH BUIIISUTN 3 TOHKOTO KUIIEYHHKA MHUIIT
3a metogom J.H. Carter [6]. TBapun 3a0uBanu muc-
JIOKAI€r0 MUHHNX XpeOiiB. TOHKY KUIIKY BHIASIIN
Ha 4 CM HIDKYE TJIopyca Ta Ha 5 CM BHILE CIIMOT KUIL-
ku, npomuBaiu po3unHoM 0,15 M NaCl kimHaTtHOT
TEMIIEepaTypH AJisl BUJAJICHHS KHIIKOBOTO BMICTY Ta
Hapizainu Ha cerMeHTH po3mipom 10 cm. CermeHTH
BHBEPTAJIH 3 JOMOMOTOIO MJIACTUKOBOTO CTEPXKHSI Ta
MPOMHUBAJIN B KpPM)KaHOMY cepeioBHINI XeHKca
(«Biowesty, ®panriis). CTepxHi 3 CerMeHTaMH T10-
MIIaan y IIACTUKOBUN (DJIAKOH i3 TIMOTOHIYHUM
pozunHOM Ta iHKyOyBanmu 10 xB mpu 37°C. Pozunn
MictuB 65,7% cepenoBumia [lonp0exo (pocharanii
Oydep 6e3 Mg*" abo Ca**, pH 7,0); 34,25% TpuancTu-
nroBaHol Boau Ta 0,94% mMONIBIHUIMIPOTITOHY
(«Sigmay, CHIA) i3 cepenuboro M. M. 40 000. Ocmo-
JSIPHICTH po3umHy ckiagana 195 mOcmons/n. dani
PO3YMH BUAAIISUIH, 10 CETMEHTIB foAaBaiu 30 MJI TOTO %K
po3unHy KiMHaTHOI Temmepatypu (22...25°C) Ta
1HKyOyBaJIM BIPOJIOBXK roAnHH 3 BiOpatiero 90-100 xB™!
Ha tuargopmi Lyrepa. Ilicas uporo cycrensiro
KJITHH, SKI BUITUTHINCS BiJ KWUIIKOBOI MOBEpPXHI,
MepeMBaiy y MPOOIpKH Ta 0CaKyBallu EHTPHPY-
ryBanHsaM 10 xB mpu 500g. Hamocan cepenoBumia
BUJIAJISUTH, & KIIITHHU PECYCIICH/IyBaIH B KPIKAHOMY
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of membrane. At the same time, it is known that small
hydrophilic molecules such as urea and ethylene glycol
easily penetrate via the membranes of some cells like
water does. The permeability of plasma membrane
for polar hydrophilic molecules strongly depends on
their size [4].

The research aim was to determine the permeability
coefficients of murine enterocytes for molecules of
water and cryoprotectants, which are conventionally
used for cryopreservation of cell suspensions. There
were investigated the following cryoprotective sub-
stances: ethylene glycol (EG), glycerol, 1,2-propanediol
(1,2-PD) and dimethyl sulfoxide (DMSO).

Materials and methods

The experiments in animals were performed accor-
ding to the General Ethical Principles of Experiments
in Animals, approved by the 5" National Congress of
Bioethics (Kyiv, 2013) and agreed with the statements
of the European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other
Scientific Purposes (Strasbourg, 1986).

Enterocytes were isolated from murine small
intestine by the method of J.H. Carter [1]. The animals
were sacrificed by dislocation of the cervical vertebrae.
Small intestine was removed by 4 cm below the pylorus
and 5 cm above the cecum, washed with 0.15 M NaCl
solution of room temperature to remove intestinal
contents and cut into the 10 cm segments. The seg-
ments were turned-out using a plastic rod and washed
with ice-cold Hanks’ medium (Biowest, France). The
rods with segments were placed into a plastic vial with
a hypotonic solution and incubated for 10 min at 37°C.
The solution contained 65.7% Dulbecco’s medium
(phosphate buffer without Mg** and Ca*', pH 7.0);
34.25% tridistillated water and 0.94% polyvinylpyrroli-
done (Sigma, USA) with an average MW of 40,000.
The solution osmolarity was 195 mOsmol/l. Thereafter
the solution was removed, the segments were supple-
mented with 30 ml of the same solution of room
temperature (22...25°C) and incubated for an hour with
90-100 min™! vibration on Shutter platform. Thereafter
the cell suspension detached from the intestinal surface
was poured into test tubes and sedimented for 10 min
at 500g. Supernatant was removed and the cells were
re-suspended in an ice-cold Hanks’ medium and
passed through a double nylon filter.

The coefficients of filtration and permeability for
cryoprotectants of enterocyte membranes were
determined by volumetric method. The cells were
transferred into a binary solution (0.15 M NaCl — 1M
cryoprotectant), which volume significantly exceeded
the initial volume of cell suspension. The kinetics of
cell size changes was studied in the solutions of four
cryoprotectants (EG, glycerol, 1,2-PD and DMSO) at
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cepeloBHIIl XEHKCca Ta MPOIyCKall yepe3 NOABIHHMIMA
HEWUIOHOBHUH (iIBT.

KoedinienTn inbrpanii Ta mpoHUKHOCTI AJIsI Kpio-
MIPOTEKTOPiB MEMOpPaH EHTEPOLIUTIB BU3HAYAIIH BOJIIO-
MOMETPHYHIM MeTo1oM. KITiTiHY niepeHocm y 6iHap-
Huii po3unH (0,15 M NaCl — 1 M kpionpotexTopa),
00’€eM SKOTO Ha TIOPSAAOK MEPEBUIYBaB MMOYATKOBUI
00’eM KIITHHHOI cycnensii. JlocmiKyBanu KiHeTUKY
3MiHU PO3MIpIB KIITHH Y PO3YNHAX YOTHPHOX KPIiOMpo-
tektopiB (EI, rminepun, 1,2-I1]1 ta AMCO) npu
Ttemrieparypi 25°C 3a JOITOMOTOI0 MiKpOCKOTIa « AXio
Observer Z1» («Carl Zeissy», HimeyunHa) (MaciasiHO-
iMepciitanii 00’ ekTHB X63). O0’€M KIIITHH alPOKCUMY-
BasIM 00’ €MOM 3pi3aHoro Konyca. JIiniliHi po3mipu Kii-
TUH (BUCOTA, MAJIMH Ta BEJTUKHUH AiaMeTpH 3pi3aHOro
KOHYCa) BU3HAYaJI1 3a JIOTIOMOTOIO IPOrpaMH «Axio Vision
Rel. 4.6» («Carl Zeiss»). ExcriepumMeHTaIbHO BU3HA-
YeHi 4acOBI 3aJIE)KHOCTI 00’ €My KIIITHH 32 iX KOHTaKTy
3 TIMEPTOHIYHUMH PO3YNHAMH KPIOTIPOTEKTOPiB
aNPOKCUMYBAJIM YUCEIIbHUMH PIICHHSIMU CHCTEMH
HEJTIHIMHUX PIBHSIHB, 10 OTUCYIOTH ITI0 3aJIEXKHICTD Y
HaOJVKEeHH] JiHIHOT TepMOANMHAMIKH HEOOOPOTHHUX
miporecis [3].

Teopemuune oOIpyHMYBAHHA eKCNEPUMEHMANb-
HUX 00cniOdceny. 1 anami3y Ta TpakTyBaHHS Pe3yIib-
TaTiB JOCIIPKEHHS TPOIIECIB MaCOTICPEHECEHHS MiX
CYCHEHJIOBaHUMH y 0araTOKOMIOHEHTHOMY PO3YHHI
KIIITHHAMH Ta HABKOJIMIIHIM CEpPEIOBHUIIEM MH BUKO-
PHUCTOBYBAJIM HEJIHIHHI PIBHSIHHSA, K1 y3araibHIOIOTh
piBusiHHS Kenem-Kaganbcpkoro, Ta IepexoasTh y HUX
Yy TPaHUYHOMY BHIIAJIKY, KOJIH 00’ €MHI YaCTKH PO3UH-
HEHHX PEUOBHH CTAIOTh JIOCTATHHO MATUMH, 10 HUMH
MOYKHA 3HEXTYBaTH. Y BUIIAJKY, KOJIH Yepe3 MeMOpaHy
MPOHUKAIOTHh TUIBKH MOJIEKYJIH PO3YMHHUKA, TOOTO
BOJIM, 1 O7HI€T (5-01) 13 pPO3UHMHEHUX Y #-KOMIIOHEHTHOMY
PO3YMHI pEUOBHH, PIBHSIHHS MatoTh BUIVISIA [2]:

O + K O
oo Lpan+ P08 S ()
dt Tw |:| 1 + Tf k=1{kZw, S) |:|
d.":[iyn _ (1 + T[m )]';[m dy
dt
1 1+ T[lﬂ A in in
s 1 + T[l k=1{k#w _v)
3 . 1+ ) -a)
n = .,':[m ( .S , 3
k k0 1+ ,ﬁlsno _ a) ( )
ne y = V/V,— BinHOCHHMIA 00’ eM KIIITHHH; V — 00’ eM
KIITUHY; V) — TI0YATKOBE 3HAYCHHS 00’ €My KIIITHHH;
R S
T,== L —H, T, =H—k H — BelIuunHH, 10 MAIOTh

w 14

0 . s 0 . . .
PO3MIPHICTE 4HacCy, — IJI0I[a MOBEPXHI KIIITHUHHO1
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25°C using Axio Observer Z1 microscope (Carl Zeiss,
Germany, oil-immersion X63 objective). The volume
of cells was approximated with the truncated cone.
Linear dimensions of cells (height, small and large
diameter of truncated cone) were examined using
AxioVision Rel. 4.6 software (Carl Zeiss, Germany).
The experimentally determined time dependencies of
cell volume during their contact with hypertonic
solutions of cryoprotectants were fitted with numerical
solutions of nonlinear equations describing this depen-
dence in terms of linear thermodynamics of irreversible
processes [6].

Theoretical background of experiments. To ana-
lyze and interpret the research data of a mass transfer
between the environment and the cells suspended in
multicomponent solution we used nonlinear generali-
zations of the Kedem-Katchalsky equations and the
equations per se in terminal cases when the volume
fractions of solutes are so small that could be neglected.
In the case when only solvent molecules penetrate
through the membrane, i. e. water, and one (s-th) of
dissolved in solution of n-component substances,
equations are as follows [5]:

|:| £in n |:|
Do L an +EOAY Sar g ()
dt Tw O 1+ch k=1(FFw,s) [
afe o (1+ o e dy
dt y—a
kY4 SEMJ Mﬂ E @)
Ts y_a T[l k=1{k#w s‘)
1+ 7" J1-a)

, 3

) 3)

where y = V/V, —relative cell volume; V' —cell Volume

V, - initial value of cell volume; T, % TE
-1

S
T, = k — values with time dimensions; S — sur-

face ‘area of cell membrane; L, - cell membrane
filtration coefficient; R — universal gas constant; 7 —
absolute temperature; U_(V,) — partial molar volume
of dissolved substance penetrating (non-penetrating)
through the cell membrane; k — permeability coef-
ficient of the cell membrane relative to penetrating
dissolved substance; 0 _—reflex coefficient of cell mem-
brane, relative to penetrating dissolved substance; AT,
1 ATt — are the transmembrane differentials of norma-
lised osmotic pressure of substances penetrating and
non-penetrating through cell membrane, respectively;
the subscripts s, £ and w denote the values, referred
to dissolved substances (penetrating and non-pene-
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MeMOpaHu; L, - KoedinieHT ¢inpTpamii KIiTHHHOT
MeMOpaHu; R — yHiBepcallbHa ra3oBa KOHCTaHTa; 1 —
abcomoTHa Temneparypa; U_(V,) — mapuiaabHui
MOJISIpHUI 00’ €M IPOHMKAIOUOT (HE TPOHMKAIOYO1 ) KPi3b
MeMOpaHU KITHH PO3YMHEHOI PEYOBUHU; k — KOe-
(hiIieHT TPOHUKHOCTI KIITHHHOI MeMOpaHHU MO0
NPOHUKAKYOT KPi3b HEi PO3YMHEHOT PEUOBUHU; O —
Koe(ilieHT BIAOUTTS KJIITHHHOT MEMOpaHHU I1010
[POHMKAIOYOT KpPi3b Hel po3urHeHoi pedoBuHM; AT, i
ATft, — TpancMeMOpaHHMI Tepenaj IpUBEICHOTO
OCMOTHYHOTO THCKY TPOHHUKAI0UO1 ¥ HE IPOHUKAIOYOT
Kpi3b KIITHHHY MeMOpaHy peYOBHH BiIOB1IHO; HUKHI
IHOEKcH s, k 1 w mo3Ha4Yal0Th BEIUYUHHU, IO BiIHO-
CSITBCS 710 PO3YMHEHUX PEYOBUH (IIPOHUKAIOUHX Ta HE
. . _mu,
[IPOHUKAOYNX ) 1 PO3UMHHUKA BIALIOBIHO; TT, = T

NPUBEJEHUI OCMOTUYHUN TUCK k-0i pO3YMHEHOT
peuounm; T i T’ —0CMOTHYHMIA THCK IPOHUKAKOUOT
Ta HE IPOHUKAIOUO0] KPi3h KIITHHHY MEMOpaHy BHYT-
PilTHBOKIITHHHMX PEYOBUH BiMOBiTHO; TU) i U, —
M0YaTKOBI 3HAYEHHS LMX BENMYHH; ¢ — 4ac; T i
T — 0CMOTHYHHIA THCK POHMKAIOUOT Ta HE MPOHHU-
Kalo4oi Kpi3b KIITHUHHY MeMOpaHy MO3aKIiTHHHUX

n
b
u,N,,— 00’emHa
0 k=l ki,w,s)
YaCTKa HC NPOHUKAOYUX KP13b KINTUHHY MeM6paHy

PEUYOBHH yCcepearHi KIIITHHU 200 OCMOTHYHO HEaKTHB-
HUil 00’eMm xiituHU. g Benmuuna Oyna BU3HaueHa
HaMHu B momnepeaHiil po6oTi [4] i cTaHOBUTH IS
erTeporuTiB mutii 0,51 £ 0,06.

. . 1
pEYOBUH BIJMOBIAHO; Of =—

Pe3yabTatu Ta 00roBOpeHHA

s pospaxyHky koedinienra ¢insrpamii L, Ta
Koe]ilieHTIB MPOHUKHOCTI KIITHHHUX MEMOpaH JUis
KpiONpOTEKTOPiB €KCIIEPUMEHTAIbHO BU3HAYEH] 4aco-
Bi 3aJI&KHOCTI 00’ €My KJIITHH 32 IX KOHTaKTY 3 rinepro-
HIYHUMH PO3UMHAMH KPiONPOTEKTOPIB APOKCHMYBAITH
pitrenasiMu crictemu piBHHB (1)—(3) (puc. 1). 3HaueH-
HsI OTPUMAaHUX KOE(IIiEHTIB MOJaHOo B TabHIli. 3MiHU
KOHIIEHTpAIIil eJIeKTPOJIITIB Y EHTEPOIUTaX MHUIII Ta
JMUHAMIKa HACHUCHHS EHTEPOITUTIB MHUIIT KPIOTIPOTEK-
TOPOM TIPH iX KOHTaKTi 3 1 M po3unHamu BinoOpakeHO
Ha puc. 2, 3. BOoHUM € Ba)XKJTMBUMHU /715l BU3HAUSHHS ITapa-
METPIB PEKUMY KPIOKOHCEPBYBAHHSI JIsl KOYKHOTO THITY
KJTITHH, 30KpeMa Ha eTari iX eKBUTiOpartii i3 KpionmpoTek-
TOPHHUM cepeioBHIleM. [3 puc. 2 BUAHO, IO IMiKK
KOHLICHTpAlii BHY TPIIIHBOKIITHHHOTO €IEKTPOJIITY IS
EI' 3Haxomstbes Ha 16-i cekyHAl ekBimiOpartii, s
L,2-IT Ta AMCO — na 27- ta 32-ii cekyHaax
BIIMOBIAHO, Ut TiinepuHy — Ha 40-ii cexynni. e
rapamMeTp 3aJIeXKHTh BiJl CHIBBIHOLIEHHS KOS(illieHTIB
(hinpTparltii Ta MPOHUKHOCTI Y CEPETOBHIII BiIIIOBIAHOTO
KpiorpoTekTopa. Yac BiTHOBICHHS KOHIIEHTPAIIii eJ1eK-
TPOJITY B KIIITHHI 3aJI€KUThH TUTHKH BiJ] KoedirieHTta
MIPOHUKHOCTI Ta € HAaHOIMBIINM y HAIlIOMY BHITaJIKY
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LY,

trating ones) and a solvent, respectively, TT, =

is a normalised osmotic pressure of k-th solved sub-
stance; T and TT' are osmotic pressures of intra-
cellular substances penetrating and non-penetrating
through cell membrane, respectively; TU, and Tt are
the initial values of these variables; ¢ is time, TC" and
TG are osmotic pressures of extracellular substances

penetrating and non-penetrating through cell membra-

. I ¢ .
ne, respectively; o =— U, N,,— volume fraction
. k=1{k#w,
of non-penetrating through ce f membrane substances

inside a cell or osmotically inactive cell volume. We
determined this value previously [11], for murine
enterocytes it made 0.51 + 0.06.

Results and discussion

To calculate the coefficients of filtration L, and of
cell membrane permeability for cryoprotectants the
experimentally determined time dependencies of cell
volume under their contact with hypertonic solutions
of cryoprotectants were fitted with curves resulting
from the set of equations (1)—(3) (Fig. 1). Values of
the obtained coefficients are presented in the Table.
Changes in electrolyte concentration in murine entero-
cytes and the dynamics of murine enterocyte saturation
with cryoprotectant during their contact with 1 M
solutions are shown in Figs. 2, 3. They are critical in
determining the parameters of cryopreservation
regimen for each cell type, in particular during their
incubation in cryoprotective medium. The Fig. 2 shows
the concentration peaks of intracellular electrolyte for
EG, 1,2-PD and DMSO to be at the 16%, 27" and 32"
seconds of equilibration, respectively, and at the 40®
second for glycerol. This parameter depends on the
ratio of filtration and permeability coefficients in the
medium of corresponding cryoprotectant. The time of
recovery of cell electrolyte concentration depends on
the permeability coefficient only and in our case it is
the highest in the medium with glycerol. The inflection
point on the curves describing cell saturation with
cryoprotectant (Fig. 3) corresponds to the maxima in
Fig. 2. From this point the dynamics of cell saturation
with a cryoprotectant depends on permeability coet-
ficient only. The graphs show that the cell saturation
with glycerol was the slowest as compared to other
studied cryoprotectants.

The Table data show the filtration coefficients to
have no significant differences in solutions of 1,2-PD,
DMSO, glycerol cryoprotectants; moreover they were
close to the indices found in yeast Saccharomyces
cerevisiae cell membranes [12]. At the same time,
the filtration coefficient of murine enterocytes in 1 M
EG solution was almost twice higher than in solutions
of the mentioned cryoprotectants. This may be due to
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B cepenoBuIi 3 minepuHoM. Touka nepe-
TUHY Ha Tpadikax TUHAMIKH HACHYCHHS
KJIITHH KpiONPOTEKTOPOM (puc. 3) BiamOBi-

KoediuieHTV dinbTpauii Ta NPOHUKHOCTI ANA KpionpoTeKTopiB

EHTEepOoLNTIB MULLI

Filtration and permeability coefficients for cryoprotectants

of murine enterocytes

Jla€ MaKCUMyMaM Ha puc. 2. I3 miei Touku

JIMHAMIKa HACHYCHHSI KIIITHH KPiOTIPOTEK- Koegiuient nporukrocti
i i (bl i KoediuieHT dinbTpauif, AnA Kkpfrg?T;r;gopa,
TOPOM 3aJICIKUTh TIIBKHU Bij Koedimienra KpionpoTexTop L x10%, m¥jH-c K0 mlc
MIPOHUKHOCTI. 3 TpadiKiB BUAHO, [0 HACH- Cryoprotectant Filranon cogiticient. permeability for
. . . P ’ cryoprotectant,

YEHHs KIITHH [IIEPHHOM Bl).16y.Ba€TI)C5I k107 s
HANTIOBIIBHIIIE Y MOPIBHAHHI 3 IHITHMHA
TOCITIPKCHUMH KP1OTTPOTEKTOPAMH. E('; 2,4 + 0,32 4,79 + 0,99

I3 maHnX TabMMII BUTHO, O KOeDillieH-
TH (bineTpartii BiporigHO He BUIPI3HAIOTHCA 1211 142 017 0,672 + 0,11
MiX COOOFO B PO3UHMHAX KPIOIIPOTEKTOPIB
1,2-IT]1, AMCO, miiniepuHy Ta € OMu3bKUMA IMCO
1o xoedinienTis pinprpanii MmemOpan DMSO 18013 0630 = 0.1
IP1XKPKOBUX KIITUH Saccharomyces

.. o « . i

cerevisiae [5]. Y Toi xe yac koedimieHt Glyeorol 1,24 + 0,14 0,134 + 0,05
¢inprpanii eareporuTie Mumi y 1 M

po3umHi EI" maiibke y nBa pazu OibInii,

HIX Y pO3UYMHAX HA3BaHUX KPIOTIPOTEKTO-

piB. Lle Moxe OyTH OB’ s13aHO 31 B3a€MO-

niero EI' i3 koMImoHeHTaMu MeMOpaHHU €HTEPOLIUTIB.
Taka qymKa miATBepIKYETbCS Pe3yabTaTaMu CIOCTe-
PEKEHHSI TPUBAJIOCTI BUYKUBAHHS KIIITHH Y PO3YMHAX
JOCITIIPKEHUX KPIOMIPOTEKTOPIB. 3a Li€l0 XapaKkTepuc-
THKOIO KPIOIPOTEKTOPH MO’KHA PO3TAILLYBaTH y HU3LI
1,2-IT1]1 > AMCO, rinepus > EI.

JMCO/DMSO
1,2-Mo/1,2-PD

BigHocHuMi 06'em VIV
Normalized volume V/V,

0,5 T T T
0 200 400 600 800

Yac, c
Time, sec

Puc. 1. Anpokcumauisi ekcnepMMeHTanbHO BU3HAYEeHUX
YaCOBMUX 3amnexHOCTeN 06'eMy eHTepouuTiB MU Npu ix
KOHTaKTi 3 MNepTOHIYHUMWN PO34YMHaMK KpPiOMpPOTEKTOPIB
piBHAHHSAMU (1)—(3) nacnMBHOro mMaconepeHocy Kpisb
nnasMaTuyHy mMembpaHy KniTvHu.

Fig. 1. Fitting of experimental time dependencies of murine
enterocytes volume during their contact with hypertonic
solutions of cryoprotectants and the curves resulting from
equations (1)—(3) describing passive mass transfer
through cell membrane.
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*

EG interaction with enterocyte membrane components.
This supposition was confirmed by the data for cell
survival in the solutions of the studied cryoprotectants.
According to this feature the cryoprotectants could be
arranged in the series of 1,2-PD > DMSO, glycerol >
EG.

kS 3’5
i
I
E @ 3 OMCO/DMSO
~ ©
o
Zc
.= N
8§2°
EE
[N
c O
5 o Elr/EG
X O
T o
S
25 1,2-N/1,2-PD
&5 15
8 )
I _~ [riuepw/Glycerol
<
14
0 200 400 600 800
Yac, c
Time, sec

Puc. 2. 3miHn KOHLEHTpaLii enekTponiTiB B eHTepoumTax
MULLI Npu X KOHTakKTi 3 1 M po3ynmHamu KpionpoTeKTopiIB.

Fig. 2. Changes in electrolytes concentration inside murine
enterocytes during their contact with 1 M solutions of
cryoprotectants.
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MeMOpaHu eHTepOLMTIB MULII MatOTh HAHOLIBIINI
koedimienT nponukHocti 1o EI. Lle moxe OyTu mo-
B’s3aHO 3 HAaUMEHIIMMHU po3MmipamMu Monekynu EI
cepea AOCHIPKEHUX Y 1 poOOTi KPiOMpPOTEKTOPIB.
Ockinbku Mostekyi ET € rigpodinsarmMu (koedirieHt
PO3MOALTY MiXK IiipodoOHO0 (ha30r0 1 BOAOO IOPIBHIOE
0,04), To MOKHA IPUITYCTUTH, 110 HOTO POHUKAHHS
3MIMCHIOETHCS Kpi3b TiapodinbHi KaHaau. Po3Mipn
moniekynu EI' cranoBmaTe 2,6%5,2 A, a 00’eM —
27,6 A3, toni six posmipu monexya 1,2-T1J1, IMCO ta
rinepuny — 3,7x5 A (53,7 A%), 3,2x4,6 A (36,97 A%)
Ta 4,7%5,2 A (90,2 A% BixnosinHo. Koedimient
posmoainy 1,2-11]] € 6au3pkum no takoro juist EI
(Kp =0,076), a koeiLieHT PO3NOALTY AT ITILEPUHY
Ha MOPSIIOK MEHIIUN (Kp =0,005) [8].

3HayHO OimbIIMK KOe(iLi€eHT MPOHUKHOCTI IS
moeky1 EI' Moke OyTH Takosk HACTIIKOM TOKCUIHOT
nii EI" Ha MeMOpaHu eHTeporuTiB. I3 Tabmwuii BUIHO,
o koedimieHT mpoHUKHOCTI Mt Monekyn JIMCO
(Kp= 0,247) € 3HAYHO MEHIITNM, HIXK T MoJieKyl EI”
Ta ONM3BKUM J10 Koe(dillieHTa MPOHUKHOCTI JIIs
monekyn 1,2-I1]]. IIpu meomy monekymu JIMCO €
011 rigpooOHUMH OPIBHIHO 3 MOJIeKyIamu 1,2-
I1]] Ta EI". O1ke, HeMae mifcTaB BBa)KaTH, 11O MOJie-
KYyJIH €THIICHIJIIKOJIIO MOXKYTh BUTbHO IPOHUKATH KPi3b
ninigaui Oiap, He TOPYLIYIOYH HOTO HiTiCHICTb.

Haiimenmmnii koedinieHT TPOHUKHOCTI MalOTh
MeMOpaHu eHTEPOLUTIB IS IIinepuHy. OueBHIHO, 10
HaNOIBII PO3MIPH MOJIEKYJI IIIIEPUHY Cepe TOCITi-
JOKEHUX KPIOMIPOTEKTOPIB € MPUUNHOIO HOTO MOBUTHHI-
II0T0 MPOHUKAHHS, & BUCOKA TiAPO(LIbHICT HE CIIPHSIE
MIPOHUKAHHIO KPi3b JIITIHUH Oimmap.

BucnoBknu

TaxkuM 94MHOM, AJIS1 eHTEPOLMTIB MUILI OTPUMAHO
koe(ilieHTH QiIbTpalii MOJIEKYI BOIM Ta KOS(iLiEHTH
nponukHocTi kpionpotekropis (EIL, 1,2-I11, AMCO,
orinepuH). LI nani MoXyTh OyTH BHKOPUCTaHI IS
miA0opy ONTUMANIBHOTO PEXKUMY KPIOKOHCEPBYBaHHSI
nux kaiThH. Takox mokasano, 1o EI' HeratuBHO
BIJTUBAE HA MEMOpPaHN EHTEPOIHTIB, MOPYIIYIOUH TX
MIPOHHKHI BIACTUBOCTI.
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1,2-Np/M1,2-PD

AMCO/DMSO
EINEG

ImiuepwH/Glycerol

KoHueHTpauia kpionpoTekTopa B KniTuHi 1"
Cryoprotectant concentration in a cell, T[1i”
N

O T T T T
0 200 400 600 800
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Time, sec
Puc. 3. [lnHamika HaCcMYEeHHS EHTEPOLUTIB MULLI Kpionpo-
TEKTOPOM MpK KOHTaKTi 3 ix 1 M po3unHamu.

Fig. 3. Saturation of murine enterocytes with cryoprotectant
during contact with their 1 M solutions.

The membranes of murine enterocytes have the
highest permeability coefficient to EG. This may be
associated to the lowest dimensions of EG molecule
among the studied cryoprotectants. Since the EG mole-
cules are hydrophilic (distribution coefficient between
hydrophobic phase and water is 0.04), we may assume
its penetration to occur through hydrophilic channels.
The EG molecule dimensions are 2.6X5.2 A, and the
volume is 27.6 A3, meanwhile the dimensions of 1,2-PD,
DMSO and glycerol molecules are 3.7x5 A (53.7 A3),
3.2x4.6 A (36.97 A% and 4.7x5.2 A (90.2 A%),
respectively. The distribution coefficient of 1,2-PD is
close to the index of EG (C, = 0.076) and the one for
glycerol is ten times lower (C, = 0.005) [4].

A significantly higher coefficient of permeability
for EG molecules may also result from a toxic effect
of EG on enterocyte membranes. The Table demon-
strates that permeability coefficient for DMSO mole-
cules (C, = 0.247) was much lower comparing to the
index for EG molecules and close to that for 1,2-PD
molecules. In addition, the DMSO molecules are more
hydrophobic as compared to 1,2-PD and EG ones. So,
there is no reason to suggest the ethylene glycol
molecules as capable to freely penetrate through a lipid
bilayer without disrupting it.

The lowest permeability coefficient of the entero-
cyte membranes was found for glycerol. The largest
dimensions of glycerol molecules among the studied
cryoprotectants were obviously the reason of its slower
penetration, and a high hydrophilicity did not allow its
penetration through a lipid bilayer.

227



. OrypuoBa B.B., KosaneHko C.€., KoaneHko |.®., lNopaieH-
ko O.l. BusHa4YyeHHst OCMOTUYHO HEAKTUBHOIO 06'eMy eHTEpO-
uuTiB muwi // Mpo6nembl KPUOGUONOTUN 1 KPUOMEAULMHBI. —
2016. — T. 26, Ne1. — C. 93-97.

. CakyH O.B., KoBaneHko |.®, CipeHko A.FO. Ta iH. KoediuieHTn
NPOHWKHOCTI MembpaH ApixaxiB Saccharomyces cerevisiae
Aans Boau i kpionpoTekTopis // BicHnk XHY im. B.H. KapasiHa.
Cepisi: bionorisi. — 2008. — Bun. 7, Ne814. — C. 140-146.

. Carter J.H., Carter H., Nussbaum J., Eichholz A. Isolation of
hamster intestinal epithelial cells using hypoosmotic media and
PVP // J. Cell Physiol. — 1982. — Vol. 111, Ne1. — P. 55-67.

. Dumont F., Marechal P.A., Gervais P. Influence of cooling rate
on Saccharomyces cerevisiae destruction during freezing:
unexpected viability at ultra-rapid cooling rates // Cryobio-
logy. — 2003. — Vol. 46. — P. 33-42.

. Gordienko O.1., Linnik T.P., Gordienko E.O. Erythrocyte membrane
permeability for a series of diols // Bioelectrochemistry. —
2004. — Vol. 62, Ne2. — P. 115-118.

. Mazur P. Theoretical and experimental effects of cooling and
warming velocity on the survival of frozen and thawed cells //
Cryobiology. — 1966. — Vol. 2. — P. 181-192.

10.Meyrial V., Laize V., Gobin R. et al. Existence of a tightly regu-

lated water channel in Saccharomyces cerevisiae // Eur. J.

Biochem. — 2001. — Vol. 268. — P. 334-343.

11.Morris G.J., Coulson G.E., Clarke K.-J. Freezing injury in

Saccharomyces cerevisiae: the effect of growth conditions //

Cryobiology. — 1988. — Vol. 25. — P. 471-482.

12.Muldrew K., McGann L.E. Mechanisms of intracellular ice

formation // Biophys. J. — 1990. — Vol. 57. — P. 525-532.

13.Tanghe A., Van Dijck P., Colavizza D., Thevelein J.M. Aqua-
porin-mediated improvement of freeze tolerance of Saccha-
romyces cerevisiae is restricted to rapid freezing conditions //
Appl. Environ. Microbiol. —2004. — Vol. 70, Ne6. — P. 3377-3382.

228

Conclusions

Thus, for murine enterocytes we obtained the
coefficients of filtration for water molecules and those
of permeability for cryoprotectants (EG, 1,2-PD,
DMSO, glycerol). These data can be used in selecting
the optimal cryopreservation regimen for these cells.
The EG was also demonstrated to negatively affect
the enterocyte membranes by disrupting their pene-
trating properties.
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