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Penetration Through Plasma Membrane of Murine Enterocytes and
Dynamics of Their Dehydration During Freezing

Pecbepat: Y nepluomy HabnvxeHHi BNMB OXONOMAXKEHHSI HA MPOHUKHICTb KMITUHHUX MeMBpaH i, OTXe, Ha KIHETUKY 3MiHU 06'emy
KMITUHW | KOHLEHTpaUi pO34YMHEHUX BCEPEAMHI HEl pevyOoBMH MOXHAa BpaxyBaTW, BBaXawuu, WO 3MiHEHHS1 koedilieHTiB dinsTpadii
i NPOHUKHOCTI NnasmaTu4YHOi MeMBpaHn ANs PO34YMHEHOT PEYOBUHU MiAKOPSETHCS apeHiycoBill 3anexHocTi. Y poboTi BU3HAYEHI
KoeiLiEHTV NMPOHUKHOCTI MEMOpPaH eHTepoLMTiB MULWLI AN MOMEKyn BOAM Ta KpionpoTekTopis rriuepuHy, 1,2-nponangiony (1,2-M4)
YaCOBY 3aNeXHiCTb 3HEBOAHEHHSI EHTepoLUMTIB Mig 4Yac OXonoaxeHHs 3i weuakoctamm 5, 1, 0,5 ta 0,1 rpaa/xs. OTpumaHi rpadiku
3HEBOAHEHHS EHTEpPOLMTIB BKa3yloTb Ha Te, LU0 HaWKpaliuM PexrMOM 3aMOPOXyBaHHS LMX KNiTUH 3 nornsgy 3anobiraHHs BHY-
TPILWHBbOKMITUHHOT KpUcTanisauii € HU3bKi LWBWAKOCTI oxonomkeHHs, ax 8o 0,1 rpaa/xs, a HavkpallMMm KpionpoTEKTOPOM MOPIBHSAHO 3
rniuepuHom Ta AMCO — 1,2-1[, y cepenoBuLLi 3 SKMM JOCAraeTbCA NPUAHATHUIA piBEHb 3HEBOAHEHHS BXe 3a wsuakocti 0,5 rpaa/xs.
BpaxoBytouun TpuBanicTb BUXKMBAHHSI EHTEPOLIUTIB MULLI, sika € HanBiNbLLOK B PO3YMHI LibOro KpionpoTekTopa NOopiBHSHO 3 MiLepvHOM
Ta AMCO, moxHa NpunTM OO BUCHOBKY, LUO HaWKpawuMm i3 JOCMIAXEHMX KPiONpPOTEKTOPIB ANs 3aMOPOXYBaHHA €HTEepPOoUUTIB MULLI
e 1,2-NA4.

Knro4yoBi cnoBa: eHTepounTn MULLi, KPIONPOTEKTOPU, KoedilieHT dinbTpauii, KoedilieHT NPOHMKHOCTI, LUBUAKICTb OXONOOXKEHHS,
3HEBOAHEHHS.

Pedepat: B nepBom npubnmxeHun BRusiHWe OxnaxaeHWs Ha MPOHULL@EeMOCTb KMeTOYHbIX MeMbpaH 1, crnefoBaTenbHO, Ha
KMHETVKY M3MeHeHnst obbema KneTkn U KOHLIeHTPaLUWii pacTBOPEHHBLIX BHYTPW HEe BELLECTB MOXHO y4YeCTb, CYMTasA, YTO U3MEHEHUs!
KO3(hDULMEHTOB pUNbTPaLMU 1 NPOHMLAEMOCTH NMnasmaTnyeckon membpaHbl Ans pacTBOPEHHOro BellecTBa NoAuYMHSAETCs appe-
HWycoBoW 3aBucumocTu. B paboTte onpepeneHbl KO3dPULNEHTbI NPOHNLAEMOCTU MeMOpaH SHTEPOLIMTOB MbIW ANSt MOMNEKy”
BOAbl U KPMOMPOTEKTOPOB rnnuepuHa, 1,2-nponanguona (1,2-M4) v gumetuncynedokemga (AMCO) npu Temnepatype 12°C u pac-
CUYMTaHbl BENMNYVHBI 3HEPTUM akTMBaLMM UX NPOHWKHOBEHWS. MonyyeHa BpeMeHHas 3aBWCUMMOCTb 06E3BOXMBAHWSA IHTEPOLUTOB
npu oxnaxaeHun co ckopoctamu 5, 1, 0,5 n 0,1 rpag/muH. MonyyeHHble rpadukm 06e3BOXKMBaHNS SHTEPOLMTOB YKa3biBalT Ha TO,
4YTO HaWMyYWMUM PEXVMOM 3aMOPaXMBaHWUA 3TUX KIETOK C TOYKU 3peHus npefoTBpalleHUs BHYTPUKIETOYHON KpucTannmaauum
ABNSAOTCA HU3KME CKOPOCTW oxnaxaeHus, BnnoTtb Ao 0,1 rpag/mMuH, a HaunyylwmnM KpUOnpoTEKTOPOM MO CPaBHEHWIO C FMULEPUHOM
n AMCO - 1,2-M[, B cpefe c KOTOpbIM AOCTUraeTcs npuemnemblii ypoBeHb 06e3BOXMBaHUS yxe npu ckopoctu 0,5 rpag/MuH.
YuntbiBas, 4TO BpeMsi BbDKMBaHUSA IHTEPOLMTOB MbILWW Takke Hambonbluee B pacTBOPE 3TOro KpMOMPOTEKTOpa Mo CPaBHEHWUIO C
rmuuepnHom 1 JMCO, MOXHO MPUATU K BbIBOZY, YTO HAWMYYLWMM M3 UCCRELOBaHHbIX KPUMOMPOTEKTOPOB Afsi 3aMOpaxuBaHus
3HTepouuToB Mblwn asnsetca 1,2-MNA0.

KnioueBble cnoBa: 3HTEPOLMUTbI, Mbillb, KPUONPOTEKTOPbLI, KOIPDUUNEHT hunsTpaumm, KoOIPdOULMEHT NPOHULAEMOCTH,
CKOPOCTb OXNaxAaeHus, obe3BoxuBaHve.

Abstract: In the first approximation one could take into account the effect of cooling on cell membrane permeability and,
consequently, the kinetics of a change in cell volume and concentrations of dissolved substances inside it, if the changes in filtration
and plasma membrane permeability coefficients for the dissolved solution will comply the Arrhenius law. We determined here the
permeability coefficients of murine enterocyte membranes for water molecules and glycerol, 1,2-propanediol (1,2-PD) and dimethyl
sulfoxide (DMSO) cryoprotectants at 12°C and calculated the values of activation energy of their penetration. There was obtained a
time dependence of enterocyte dehydration during cooling with 5, 1, 0.5 and 0.1 deg/min rates. The obtained graphs of enterocyte
dehydration indicated the low cooling rates down to 0.1 deg/min to be the most appropriate for using in freezing regimen for these
cells to prevent intracellular crystallization, and 1,2-PD as the most convenient cryoprotectant as compared with glycerol and DMSO,
allowing to reach an acceptable level of dehydration even at 0.5 deg/min cooling rate. Assuming the fact, that the survival time of
murine enterocytes was also the highest in this cryoprotectant solution unlike glycerol and DMSO, we might conclude 1,2-PD to be the
best cryoprotectant among the studied ones to freeze murine enterocytes.

Key words: enterocytes, mice, cryoprotectants, filtration coefficient, permeability coefficient, cooling rate, dehydration.
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[lopymenns TepMoIMHAMIYHOT PIBHOBAru B CHC-
TEeMi «KJTITHHA — HABKOJIUIITHE CEPEIOBHINE» ITiJT Yac
YTBOPEHHS 1 PO3BUTKY MMO3AKII THHHUX KPUCTANIB JILOLY
MOXE KOMIICHCYBaTHCs ABOMa IUIsIxamu: abo 3a pa-
XyHOK BiITOKY BOAM 3 KIIITHHH, 200 3a PaxyHOK YT-
BOPEHHSI BHYTPIIIHBOKIITHHHAX KPUCTAMIB JIbOAY 3a
3HAYHOTO MEPEOXOJIOKEHHSI LIUTOIMIIa3MH. Y peallb-
HUX CHCTeMax oOuBa MUISIXU NPUCYTHI B Pi3HUX TO-
enHaHHsaX. Jas migBUIEHHS 30€PEKEHOCTI KIITHH
TpaHCMEeMOpaHHUM TIOTIK BOIY IIOBHHEH OYTH TaKUM,
100, 3 OMHOTO OOKY, 3a0€3MEUNTH M’ SIKE 3HEBOTHECH-
HA, @ 3 IHIIOTO — BUKIIOYATH WMOBIPHICTH BHYTpI-
LTHBOKJIITHHHOTO JIH0I0YyTBOPEHHS 200 MaKCUMaIbHO
3MEHIINTH KITbKICTh BHYTPIITHHOKJIITHHHOTO JIHOY.
TpancmemMOpaHHHMIA TOTIK BOJU 3aJICKUTH BiJl IIIBUJI-
KOCT1 OXOJIOZKEHHSI KIIITUHHOT CyCIIeH311 1 TIMITY€ThCSI
TPaHCHOPTHUMH XapaKTEPUCTHKAMHU IIIa3MaTHYHUX
MeMOpaH KIiTHH. OTXe, ONTUMAJIBHOIO IIBUIKICTIO
OXOJIOMKEHHS, CIIeU(IUYHOIO 7151 KOHKPETHOTO TUITY
KIIITHH, € Ta MAKCHMaJIbHa MIBUIKICTb, 32 SIKO1 TPaHC-
MeMOpaHHHI BOJHUHU MOTIK 3a0e3reuye JTOCTaTHE
3HEBOJHCHHS KJIITHH JIJIsl BUKJIFOYEHHS BHYTPIllTHBO-
KJIITHHHOTO JILOJIOY TBOPEHHSI, aJIe HE CIPUUYHMHIOE TIOPY-
meHHs KoHpopmarii 6iomakpomosnekyi. BimminHOCTI
y TPAaHCHOPTHUX XapaKTEPUCTUKAX IUIa3MaTHUYHUX
MeMOpaH Pi3HOTO THITY KITITHH Ta IMOBIPHOCTI BHYTPIIII-
HBOKIIITHHHOTO JIbOJIOY TBOPEHHSI 3yMOBIIOIOTh iCHY-
BaHHS PI3HUX YUCEIbHUX 3HAYEHb ONTUMAIbHHX [IBU/I-
KOCTEW OXOJIODKEHHS. Y TepIoMy HaOlMKeHH1 BIUIUB
OXOJIOIKCHHS Ha MPOHUKHICTh KIIITHHHAX MEMOpaH 1,
OTXKe, Ha IMHAMIKY 3MiHU 00’ €My KJIITUHH 1 KOHIICHT-
pauiii po3unMHEeHUX BCepearHi Hel pedoBUH MOKHA
BpaxyBaTH, BBR)XKaIOUM, 110 3MIHEHHS KOe(iLi€HTIB
(hinpTparii Ta IPOHUKHOCTI MJIa3MaTUYHOI MEMOpaHu
JUTS PO3UMHEHO1 PEYOBHHU IIKOPSIETHCS aPEHIyCOBIN
3asIeKHOCTI [1]:

T,

EAw
L,(T)=L,(To)exp| = 1-—~ (1)

1

TO
]l @

ne L — koedimieHT GinpTpanii KITHHHOT MeMOpaHu;
k, — Koe]ilieHT MPOHMKHOCTI I NPOHUKAKYOT
PO3YHMHEHOI pe4oBHHM; T — TeMIepaTypa KIiTHHHOT
CyCHeH3ii 10 MO4YaTKy OXOJOJUKEHHs; £, Ta E, —
BiJNIOBITHO €HEPTisl aKTUBALii MPOIecy MPOHUKAHHS
Kpi3b [1a3MaTHYHy MEMOpaHy MOJIEKYJI BOIU Ta PO3UH-
HEHOi pe4oBUHH; R — yHiBepcallbHa ra3oBa cTaja.

VY Hamiii nmonepeHii podori [3] Oynu BU3HAUYCHI
koedirieHTH QiIbTpalii Ta MPOHUKHOCTI JUIsl €THIICH-
koo (ET), mminepuny, 1,2-nmpomaniony (1,2-I11)
ta nqumeTtwicynbpokcuay (AMCO) mmazMaTHaHUX
MeMOpaH €HTEPOLUTIB MHIl 3a Temmeparypu 25°C.
[Tokazano, mo xoedimieHT QinbTparii eHTepoIHTIB
Mmuii y pozunsi EI' maiixe y 2 pa3u OLIbIIMiA, HIX y

E
k (T)=k (T,)exp| —2
J(T) =k (T ,)exp RT
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Disorder of thermodynamic equilibrium in the
‘cell — environment’ system during formation and de-
velopment of extracellular ice crystals may be com-
pensated in two ways: either due to water outflow from
acell or via intracellular ice crystal formation following
significant cytoplasmic supercooling. In real systems,
both possibilities exist in various combinations. In or-
der to improve the cell integrity a transmembrane water
should flow in such a way as to provide a mild dehydra-
tion, on the one hand, and to exclude the probability of
intracellular ice formation or minimize the amount of
intracellular ice, on another hand. Transmembrane
water flow depends on cooling rate of cell suspension,
and is limited by transport characteristics of plas-
ma cell membrane. Thus, the optimal cell type-specific
cooling rate is such a maximum rate, when the trans-
membrane water flow provides sufficient cell dehyd-
ration to exclude intracellular ice formation, and in the
same time does not disorder any conformation of bio-
macromolecules. Differences in plasma membrane
transport characteristics of various cell types and the
probability of intracellular ice formation stipulate the
existence of different numerical values for optimal
cooling rates. In the first approximation the impact
of cooling on cell membrane permeability and, con-
sequently, dynamics of a change in cell volume and
concentrations of dissolved substances inside it may
be taken into account, considering the changes of the
filtration and plasma membrane permeability coef-
ficients for a dissolved substance as complying to
Arrhenius law [4]:

E T
L (T)=L (T )exp|—=—2~ -2
p( ) p( 0) p RTI T (1)
E T
k (T)=k (T )exp| —2- L
A( ) ,\( 0) p RT] T , (2)

where Lp is cell membrane filtration coefficient, k_ is
permeability coefficient for penetrating dissolved
substance, T is temperature of cell suspension prior
to cooling, £, and E, are activation energies of wa-
ter molecules and dissolved substance penetration
through plasma membrane, respectively, and R is uni-
versal gas constant.

As previously reported [8] we determined the filt-
ration and permeability coefficients of ethylene glycol
(EQG), glycerol, 1,2-propanediol (1,2-PD) and dimethyl
sulfoxide (DMSO) for murine enterocyte plasma
membranes at 25°C. Filtration coefficient of murine
enterocytes in EG solution was shown to be almost
twice higher than that in 1,2-PD, DMSO and glycerol
solutions, and the permeability coefficient for EG
molecules was 10 times greater than permeability
coefficients for these cryoprotectants. This fact was
suggested as a reason of EG toxic effect on enterocyte
membranes. The supposition was confirmed by the
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pozumnnax 1,2-T11/1, AMCO i rinepuny, a KoeQimieHT
MIPOHUKHOCTI [yt Montekyn EI' Ha mopsaok OimbImid
3a Koe(hiliEHTH TPOHUKHOCTI JUIS LIUX KP1OPOTEKTOPIB.
Byno BucnoBneHe npumyiieHHs, 1O Le MOXe OyTH
npuyrHOI0 TokcuyHoi nii EI' Ha memOpanu entepo-
uutiB. Taka qymMKa miaTBepAKyEThCS JaHUMU CIIOCTe-
PEKEHHSI 32 TPUBAIICTIO BI)KMBAHHS KIIITHH Y PO3-
YMHaX AOCIIHKEHUX KPIOMPOTEKTOPIB. 3a Ii€10 Xapak-
TEPUCTUKOIO KPIOMPOTEKTOPH MOXKHA PO3TAIlyBaTH
y muzi 1,2-111 > AMCO, rninepun > EI.

Mertoto pobotu Oyn0 BU3HAUCHHS €HEPTil aKTH-
Balii IPOIECiB MPOHUKAHHS MOJIEKYJ BOAU Ta Kpio-
nporekTopis (rminepus, 1,2-11/1, IMCO) kpi3b mia3-
MaTH4HI MEMOpaHHU €HTEPOIUTIB MUIIII Ta TUHAMIKA
X 3HEBOJIHEHHS B IIPOLIECi 3aMOpOKyBaHHs. ETumnen-
[JTIKOJb OYB BUKJIIOUEHHUH 3 AOCITIKEHHS Yepes Horo
HEeraTUBHY Jil0 Ha IUIa3MaTHYHI MeMOpaHHu €HTEpo-
L[ATIB MUILII.

Marepianu Ta MeToaHn

ExcnepumeHTH Ha TBapHHAX MPOBOIMIMU BiJIIO-
BITHO 110 «3araJIbHUX MPUHIINIIB €KCIIEPUMEHTIB Ha
TBapHuHax», cxBajeHux VI HamionanbHUM KOHTpecoM
13 6ioetnku (Kuis, 2016) 1 y3ro/pkeHHX 13 IOJIOKESHHSIMHI
«EBpomnenchKoi KOHBEHII MPO 3aXHCT XpeOeTHUX
TBapyuH, SIKi BUKOPUCTOBYIOThCS JIJIsi €KCIIEPUMEH-
TaJIbHUX Ta IHIINX HayKoBUX 11ei» (CtpacOypr, 1986).

EnTepounTy BUIISUIN 3 TOHKOTO KMIIIEYHUKA MHUILIL
3a meronom J.H. Carter 3, 6]. Koediuientu dinsrparnii
Ta IPOHUKHOCTI UL KPi1OIIPOTEKTOPiB MEMOpaH eHTe-
pouuTis 3a 3HMKeHOi Temmnieparypu (12°C) BuzHavanu
3 4acoBOI 3aJIeKHOCTI 00’€My KIIITHH, BMILLCHUX Y
OinapHuit po3unH « 1M kpionpotexrop — 0,9% NaCly.
3MiHy pOo3MipiB KIITHH Y pO3YHHAX KPIOTPOTEKTOPIB
rninepuny, 1,2-IT Ta AMCO Ha ¢dizionorianomy
po34rHI (iKCyBaIH 32 JOTIOMOTOO MIKPOCKOTIa «AXi0
Observer Z1» («Carl Zeiss», Himequnna) (MacistHO-
iMmepciitauii 06’ ekTHB X63). O6’€M KIIITHH alpoKCH-
MyBaJii 00’ €eMOM 3pizaHoro Konyca. JIiHiiHI po3MipH
KITHH (BUCOTY, MAJIM{ Ta BEJMKHUH JiaMeTpH 3pi3a-
HOTO KOHYyCa) BH3HAYajH 3a JOIOMOTOIO IIPOrpamu
«AxioVision Rel. 4.6» («Carl Zeiss», HimeuunHa).
ExcnepuMeHTanbHO BH3HAYEHI YacoBi 3aJIEKHOCTI
00’eMy KIIITHH Ii yac X KOHTAKTY 3 TiEPTOHIYHUMHU
PO3YMHAMH KPIOIIPOTEKTOPIB alPOKCUMYBAJIU UUCEIIb-
HUMU PIIIEHHSAMH CUCTEMH HETIHIMHUX PIBHSAHB, SIKI
OIUCYIOTh IO 3aJICKHICTh Y HAOJIMKEHHI JTiHIHHOT
TEPMOIMHAMIKH HEOOOPOTHUX MPOIIECIB IIISIXOM ITi/I-
0opy ONTUMAILHUX 3HAYEHb IITyKaHUX KoediiieHTis [1].
Benvuunu eneprii akTuBailii nporeciB MPOHUKAHHS
MOJIEKYJI BOJI Ta KPIOMPOTEKTOPiB BU3HAYANH 3 PiB-
HaHb (1) Ta (2).

ANTOpHUTM pO3paxyHKY 3MiHH 00’ €MY KITITHH i KOH-
LEHTpAaIliil pO3YMHEHUX BHYTPIIIHbOKIITHHHUX PEY0-
BHH Y IMpOIIeci KpucTamizamii KIITHHHOI CycreHsii y
MIPUCYTHOCTI MPOHUKAIOYOT0 Kpionporekropa [1] me-
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data for cell survival duration 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.

The research aim was to determine the activation
energy of penetration processes of water molecu-
les and cryoprotectants (glycerol, 1,2-PD, DMSO)
through plasma membranes of murine enterocytes
and dynamics of their dehydration during freezing.
The EG was excluded from the study because of its
negative effect on murine enterocyte plasma memb-
ranes.

Materials and methods

The experiments in animals were performed ac-
cording to the General Ethical Principles of Experi-
ments in Animals, approved by the 6™ National Con-
gress of Bioethics (Kyiv, 2016) and the statements of
the European Convention for the Protection of Verte-
brate Animals Used for Experimental and Other Scien-
tific Purposes (Strasbourg, 1986).

Enterocytes were isolated from murine small in-
testine by the method of J.H. Carter [1, 8]. The filtra-
tion and permeability coefficients for cryoprotectants
of enterocyte membranes at a reduced temperature
(12°C) were determined from volume vs. time de-
pendence of the cells, placed in a binary solution of
1 M cryoprotectant — 0.9% NaCl. Changed cell dimen-
sions in solutions of glycerol, 1,2-PD and DMSO in
physiological saline were recorded with Axio Observer
Z1 microscope (Carl Zeiss, Germany, oil-immersion
%63 objective). The cell volume was approximated
with a truncated cone. Linear dimensions of cells (height,
small and large diameter of truncated cone) were exa-
mined using AxioVision Rel. 4.6 software (Carl Zeiss,
Germany). The experimentally determined time de-
pendencies of cell volume during their contact with
hypertonic solutions of cryoprotectants were fitted with
numerical solutions of nonlinear equations, describing
this dependence in terms of linear thermodynamics
of irreversible processes via selecting the optimal va-
lues of required coefficients [4]. The values of activa-
tion energy of penetration processes of water mole-
cules and cryoprotectants were determined from the
equations (1, 2).

The algorithm for calculating a change in cell vo-
lume and concentrations of dissolved intracellular
substances during cell suspension crystallisation in the
presence of penetrating cryoprotectant [4] assumes
the filtration coefficients of cell membranes L and their
permeability for cryoprotectant k; with a decrease in
temperature of crystallising suspension as subjected
to the Arrhenius dependence, wherein the membrane
remains intact. The system of differential equations,
describing the dynamics of a change in relative cell
volume and concentrations of substances penetrating
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penbauae, mo koedimieHTH (inbTpamii KIITHHHIX
MeMOpaH L, Ta iX TIPOHUKHICTb [JIs KPiOPOTEKTOPa
k, 31 3HMKEHHAM TEMIIEPATYpH CyCIEH31i, gKa KpUc-
TaNi3y€eThCs, MiAIOPIKOBYETHCS apeHiyCOBIN 3aJIexK-
HOCTI, 1 MeMOpaHa npH bOMY 3aJIMIIAETHCS 1HTAKT-
Hoto. CucreMa audepeHiaabHuX PiBHIHD, ILI0 OITUCYE
JIMHAMIKY 3MiHH BiJTHOCHOTO 00’ €MY KJTITUHH 1 KOHIICHT-
pauiii MpoHMKaI040i Ta He MPOHUKAIOUO1 Yepes Iia3ma-
TUYHY MEMOpaHy peYOBHH BCEPEANHI KIIITUHU B IIPO-
11eci Mo3akIIiTHHHOI KPUCTAi3aIlil, Ma€ BUTTISI:

d ) _
_yzpexp[a(T—l)/T]{(mi”+ lmo

dT y—a
_|:1+G7tloc(1 OCgo) Tc (y—OL)go :|T|:;u1 },
T, (1-0g,) - (1-a)g,
dnl =L{[Gnin+l_7a_(1+0 Out)nout]

dar y-o y—ao

x[(1-o)r,, —n"|xexpla(T —1)/T]-qx

x(n - @,,n" ) exp[b(T 1)/ T1}, (3)
_m.(l-oag)-mn(y-a)g,

(S out s

T m U -ag)-(-a)g,

TE;)W _ out /TEZO , Tcgut — Tctzmt /Tcizno_ HpI/IBeZLeHi 3Ha-

YeHHS T03aKIITUHHOIO OCMOTHYHOT'O TUCKY IIPOHU-

out — nloo - gonin (V/VO - (x)

Karo4oi Ta HEMPOHU-
1—gV IV,
-(l-o)g,n2 .
Karogoi Ty = M — )80 PEYOBHH BifIO-
1—g V1V,
BigHO; T, = / 71:20 — MpUBEJIEHE 3HAYCHHS BHY-

TpiH_IHLOKJ'IlTI/IHHOFO OCMOTHYHOT'O THUCKY NPOHH-
Karo4oi uepe3 Iia3MaTHUYHy MeMOpaHy PEYOBHHH;
T) — MOYATKOBE 3HAYCHHS CyMapHOTo OCMOTHYHOTO
TUCKY HEIIPOHHUKAIOUMX PEUOBHH BCEPEIUHI KIIITHHH;
., T, —AaCUMOTOTUYHI 3HAYEHHS OCMOTUYHOIO THCKY
IIPOHUKAIOYOI Ta HE TPOHUKAIOYO] YePE3 IUIa3MaTUUHY
MeMOpaHy pEYOBHH, IO BiAMOBIZaOTH PIBHOMIpP-
HOMY iX PO3MOJILTY Y3/I0BXK CUCTEeMH; R, , T, —IpH-
BEJICHI aCUMIITOTUYHI 3HAYEHHS OCMOTHYHOTO THCKY

NPOHUKAKUOoi (7T, =T T, ) Ta HEMPOHUKAKOYOi
Voo .
PEUOBHUH; y = — —BIIHOCHUII 00’ €M
T 0
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and non-penetrating through plasma membrane inside
a cell during extracellular crystallisation is as follows:

d_y= pexp[a(T—l)/T]{Gch" + 1=

dT y—0o
—[1+o“1°° 1-og)-m (y—oc)go}ngu, ’

T, (1-o0g,) - (-a)g,
P om + % (1400,
dlr  y—-ao y—o
x[(1-o)r,, —n/"]xexpla(T —1)/T]—qx
x(n)' =@, 75" Yexp[b(T - 1)/T1}, A3)

n,_ (1-oag,)-n/"(y-o0)g,
T, (I-oagy)-0-a)g,

=g /7y ; arenormalized val-

where @ =

out

m out

out_ out
T, T/, T

ues of extracellular osmotic pressure of penetrating

out _ Wjew — gon{n /v, -a)

= and non-penetratin
: 1-g, VIV, P g
T _ 1 o in )
o =2 ( )8, % substances, respectively;
1-g,V 1V,

~Ain

fi' =" / i — normalized value of intracellular os-
motic pressure of the substance, penetrating through
plasma membrane; 1) — initial value of total osmotic
pressure of non-penetrating substances inside a cell;
m,.,T,. — asymptotic values of osmotic pressure of
substances, penetrating and non-penetrating through
plasma membrane, corresponding to their uniform dis-
tribution along the system; #,_, %, — norma-
lized asymptotic values of osmotic pressure of pe-

netrating (%, =m,_ /n ,) and non-penetrating

(&, =m,_/m) substances; y = L. relative cell vo-

T 0
lume; 7' = — — relative temperature of suspension;
0
TR 7Y CF ) R R P!
BTO, TI(TO), RTO , RTO
To= ('Y()Lonizl;)yl T = (’Yon)_l Y~
volume ratio of cells; o —reflection coefficient of plasma
membrane for the penetrating substance; g, — initial
value of total cell volume ratio to the total volume of
the system; o.— volume fraction of osmotically inactive
intracellular substances; 3 —rate of suspension cooling.

P

initial surface-

Results and discussion

The experimentally determined time dependencies
of cell volume during contact with hypertonic solutions
of cryoprotectants are shown in Fig. 1 (to compare 2
temperatures are shown: 25°C [8] and 12°C). The
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HEB0-00’€MHE BiIHOIICHHS KIITHHH, O — KOe(Iilli€eHT
BIIOWTTSA IIa3MAaTHYHOI MeMOpaHU sl TIPOHUKAIO-
401 PEUOBUHH; g — MOYATKOBE 3HAYEHHS BiJHOIICH-
Hsl CyMapHOT0 00’ €My KJIITHH JIO 3araJIbHOT'0 00’ €My
CHCTEMH; O — 00’€MHaA YacTKa OCMOTHYHO HEAKTHB-
HUX BHYTPIIIHBOKJIITHHHAX PEYOBHH; [3 — IIBUIKICTH
OXOJIOPKEHHS CHUCTEMH.

Pe3yabTatu Ta 00roBOpeHHA

ExcriepumenTanbHO BU3HAUCH] YaCOBI 3aJI€KHOCTI
00’eMy KIIITHH Mi 4yac X KOHTAKTY 3 TiNEPTOHIYHUMH
pO3UMHAMHU KPIOMPOTEKTOPiB MmojaHi Ha puc. 1 (ams
MopiBHSHHSA 32 BOX Temneparyp —25°C [3] ta 12°C).
OtpuMani 3a anpoKcUMaLisIMU 3Ha4eHHsI Koe(illieHTiB
¢inpTpanii Ta MPOHUKHOCTI, 8 TAKOXK PO3PAXOBaHi 3a
piBHsHHsAMU (1) Ta (2) 3HAYCHHS] €HEPTrii aKTHBAIlil
TIPOIIECIB MTEPEHOCY MOJICKYJI BOIM Ta KPIOTIPOTEKTOPIB
Kpi3b IIa3MaTHYHI MEeMOpaHW €HTEpPOIUTIB MHIII
HaBeJeHO B Tabu. | Ta 2.
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Puc. 1. Anpokcumauia ekcnepMMeHTanbHO BU3HaYeHUX
YacoBUX 3arnexHocTen 06'eMy eHTepouuTIB MU MpK iX
KoHTakTi 3 1 M po3s4mHoM kpionpoTekTopa (A — rmiuepuH,
B - 1,2-N4, C — AMCO) 3a temnepatyp 25°C (—e—) Ta
12°C (—o-).

Fig. 1. Approximation of experimentally determined de-
pendencies of murine enterocytes at their contact with
1 M solution of CPA (A — glycerol, B- 1.2 PD, C — DMSO) at
temperatures of 25°C ( —#and 12°C( —O—

obtained by approximation values of filtration and per-
meability coefficients, as well as those of activation
energies of water and cryoprotectant molecules tran-
sport through murine enterocyte plasma membranes,
calculated according to the equations (1, 2) are given
in the Tables 1, 2.

The values of filtration coefficients we obtained
for murine enterocyte membranes were close to the
indices found in the yeast S. cerevisiae cells, where
as the permeability coefficients of enterocyte mem-
branes for cryoprotectants were almost an order of
magnitude higher [10]. Plasma membranes of murine
enterocytes are characterised by significantly lower
permeability to glycerol if compared with two other
cryoprotectants (1,2-PD and DMSO), whereas for
S. cerevisiae the permeability coefficients of all three
cryoprotectants are almost the same. Glycerol is known
to be the subject of metabolism of yeast cells and
their membranes have specialised transport chan-
nels for this cryoprotectant [6]. This fact is confirmed
by our previously reported values [10] of activation
energy of glycerol molecule penetration, which is
26 kJ/mol (this value is characteristic of the channel
mechanism of penetration [5]). At the same time, for
murine enterocytes the values of activation energies
of cryoprotectant penetration are twice higher than
for S. cerevisiae, thereby indicating the absence of
specified channels of penetration for these substances.
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Otpumani 3Ha49eHHS KOS]II[i€HTIB
¢inprparii MeMOpaH EHTEpPOIHTIB
MUIITI OJIM3BKI 0 BENMYHH JUTS JPIKT-

Tabnuusa 1. KoedilieHT NPOHUKHOCTI EHTEPOLUTIB MULLI

019 KpionpoTeKTopiB

Table 1. Permeability coefficients of murine enterocytes to CPAs

X<0HOI[16HHX KIIITUH SaCCharomyceS KoediLieHT NPOHUKHOCTI ANA KpionpoTeKTopa, .
cerevisiae, TOII K KOe(illieHTH IPO- K107, mfc P ol
N . p KpionpoTekTtop Permeability coefficients to CPAs, E,or klbk/Monb
HUKHOCTI MEMOpaH EHTEPOIIUTIB JUIS CPA K-107, m/s AC"VaI(th‘;” el"ergy'
. . o mo

KPIOMPOTEKTOPIB Maiike Ha MOPSIIOK . 1poc
Bumi [5]. [nazmarnyni memOpanu
EHTEPOITUTIB MUIIIl XapaKTePU3yIOTh- Tniuepon 0134 + 005 0.056£0 002 47.39
CsI CYTTEBO MEHIIIOK0 TIPOHUKHICTIO Glyeerl

JISL TUILEPHUHY ITOPIBHSIHO 3 ABOMA -
A LCPHHY 110p A 115 s 0,672 = 0,11 0,269 +0,087 49,76
iHImME kpionporekropamu (1,2-117] 2
ta JIMCO), Tomi sk misa S. cerevi- [IMCO
siae kKoe(iLliEHTH MPOHUKHOCTI BCiX DMSO 0630 = 0.1 0192008 55,15

TPHOX KPiOMIPOTEKTOPIiB IPAKTUIHO
onHakoBi. Bimomo, mo miinepuH €
cy0’€KTOM MeTadOoIi3My APLKIKO-
BHX KJIITHH Ta IX MEMOpaHH MafOTh CTICIialli30BaHi Ka-
HaJ| TPAHCIIOPTY JaHOTO Kpiomporekropa [10]. e
(baxT MATBEPIKYETHCS 1 OTPIMAaHIMHU HaMU paHinie [5]
3HAUEHHSIMH CHEPTil aKTUBAIlii TIPOHUKAHHS MOJIEKYJ
DTILEPUHY, AKi CTAaHOBUTBH 26 KJ[>K/MOJIb (Taka BeTH4H-
Ha XapaKTepHa Ul KaHAJIbHOTO MEXaHi3My HpPOHH-
kaHHA [9]). VY Toii camuii yac sl eHTEPOIUTIB MUIITL
3HAUYEHHS €Heprii akTuBaLil NPOHMKAaHHS KPiOMpo-
TEKTOPIB € BABIYI OLMBIIUMU, HiX U S. cerevisiae,
110 CBiTYMTH PO BIICYTHICTb CMELiani30BaHNX KaHAIiB
MIPOHHUKAHHS JUIS IIUX pedoBHH. L{e moscHIoe cyTTeBO
MeHIITy (Y 5 pasiB) MPOHUKHICTB JJIST MOJISKYJT TITIIEPUHY
y nopiBasHHI 3 1,2-11]], ockinbkn
PO3MIpH MOJIEKYJI TIILEPUHY OLIbIII
3a posmipu 1,2-TTJ1 (1,2-IT1 — 3,7 X
5A (53,7 A3), rminepun — 4,7 x 5,2 A
(90,2 A%), a xoedimienT posmoxi-

This explains a much lower (5 times) permeability for
glycerol molecules in comparison with 1,2-PD, since
the size of glycerol molecules is larger than that of
1,2-PD (3.7 x5 A (53.7 Ay and 4.7 x 5.2 A (90.2 A%)
for 1,2-PD and glycerol, respectively), and the distri-
bution coefficient between hydrophobic phase and
water is an order of magnitude lower for glycerol
(K, =0.005) than for 1,2-PD (K = 0.076) [3].

We used the filtration and permeability coefticient
values obtained for cryoprotectants to assess the
optimal freezing rate for murine enterocytes. By ap-
plying the system of equations (3), we calculated the

Tabnuusa 2. KoediuieHTn dinbTpavii eHTepounTiB MULL

y MPWUCYTHOCTI KpionpoTeKTOpIB

Table 2. Filtration coefficients of murine enterocytes in CPA presence

JIy Mi rifipodoOHO0 (ha3010 Ta BO-

JIOTO0 JUTS TITIIIEPUHY Ha TIOPSIOK MCH- KoediuieHT npoHukHoCTi AnA

. - . kpionpoTtekTopa, K-10 7, m/c EHeprisa akTuBaduii,
Iy (Kp_ 0,005), mix ms 1,2-T1J1 KpionpoTektop Permeability coefficients to CPAs, E,.. k[/monb
(K = 09076) [8]. CPA K-107, m/s Activation energy,

P .. . . kJ/mol

3HavyeHHs Koe(ilieHTiB (iibT- 250¢ 129¢

partii Ta MPOHUKHOCTI AJIs1 KPiompo-
. . i

TEKTOPiB OyJIi BUKOPUCTAHI HAMH JIJIS &';‘fgg} 1,24 + 0,14 0,558 + 0,092 44,16
OLIIHKH OITUMAJILHOT IIIBUAKOCTI 3a-
MOPO’KYBaHHSI EHTEPOIUTIB MUIIII. 1'%‘_2@ 1,42 + 0,17 0,705 + 0,099 38,03
3a 10TIOMOT 010 CHCTEMH PiBHSHB (3)
OyJ1M pO3pax0oBaHi BEJIMYMHH BiJIHOC- v 1,3 0,13 0,832 + 0,26 24,37
HOTO 00’ €My €HTEPOIIUTIB MUIIIi ITPH

3aMOPOXKYBaHHI 3 KPIOTIPOTEKTOpa-

mu mrinepusaom, 1,2-TT11 1 IMCO 3i

MIBUAKOCTSIMH OXOJIo/pKkeHHs 5, 1, 0,5 ta 0,1 rpan/xs
(puc. 2). 3a pe3yabraraMy aHaJli3y OTPUMaHUX KPUBHX
3HEBOJIHEHHSI EHTEPOIUTIB MOXHa 3pOOUTH BHCHO-
BOK, IO HAMKpaIIuM PeKIMOM 1X 3aMOPOKYBaHHS (3
MIOTIISAY 3a00iranHs BHY TPIITHHOKIIITHHHOI KpHCTa-
JTi3ariii) € 3aCHOBaHWU Ha HU3BKHUX IMIBHIIKOCTSIX OXO-
sokeHHst, ax 10 0,1 rpaa/xs. Lle neBHO OB’ s3aHO 3
BiTHOCHO MaJTUM TIOBEPXHEBO-00’ €MHUM BiTHOIIICHHSIM
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relative volume values for murine enterocytes du-
ring freezing with glycerol, 1,2-PD and DMSO in case
of 5, 1, 0.5 and 0.1 deg/min cooling rates (Fig. 2).
Analysis of the obtained curves for enterocyte dehyd-
ration allowed to choose the freezing regimen, based
on low cooling rates even down to 0.1 deg/min, as the
most convenient for enterocyte freezing (in terms of pre-
venting intracellular crystallisation). This is likely due
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3aMopoxyBaHHi 3 1 M kpionpoTektopom (A — rriuepwH,
B -1,2-1MA, C - OMCO).

Fig. 2. Change in relative volume of murine enterocytes
when freezing with 1 M CPA (A — glycerol, B — 1,2-PD,
C -DMSO).

LIMX KJIITHH, SIKE 32 HAILIMMU JAHUMH CTAHOBUTH ~ 4,6 X
x 10° M, mo maiike y 30 pasiB MeHIIe, HIX Y epUT-
poruTtiB soaunu (~1,33 x 10° m!' [7]). Benuuuna
OCMOTHYHO HEAKTHBHOTO 00’ €My €HTEPOIIMTIB MHUIII]
(0.=10,51 [2]) HE mOCATAETHCS IMiJT Yac OXOJIOHKSHHS
3 IOCHIKEHUMH KPiONIPOTEKTOpaMH, HaBiTh 3a Hali-
MeHIIoi BUAKOCTI oxonomkenns 0,1 rpai/xB, BUKO-
pUCTaHOI A7l PO3PAaxXyHKIB JUHAMIKH 3HEBOAHEHHS
(puc. 2). HalikpammM KpionpoTeKTOPOM 3a [IUM Hapa-
MeTpoM € 1,2-11]1, y cepenoBuILi 3 SIKUM JOCATAETHCS
MPUHHIATHAN PiBeHb 3HEBOJHEHHS BXKE 32 IIBUIKOCTI
0,5 rpan/xs (puc. 2, B). BpaxoByrouw, o TpuBaicTh
BIDKMBAHHS €HTEPOIIMTIB MUIIII OyJIa TaKoK HalO1JTb-
100 B PO3YMHI IIbOTO KPIOTPOTEKTOPA MOPIBHSIHO 3
omineprHoM Ta JIMCO [3], MoXHA TPUITH 10 BUCHOBKY,
10 HaWKpamuM 13 JOCTIIHKEHUX KPIOMPOTEKTOPIB
JUIsL 3aMOPOKYBaHHSI EHTEPOLIUTIB MUILII MOXKE OyTH
1,2-T1 1. I11o 5 cToCyeThCS OCTaTOYHOTO BUOOPY ILIBHI-
KOCTI OXOJIOMKEHHS, TO BiH YCKIIQJHIOETHCS THM, 1110
SHTEPOLUTH AEMOHCTPYIOTh JOCTATHHO Majy TpUBa-
JICTh BUKUBAHHS B TIIEPTOHIYHUX PO3YMHAX Yy TTOPiB-
HSIHHI, HAITPUKJIA], 3 IPIKIPKOTIONIOHIMHE KITITHHAMUA
S. cerevisiae. Tomy T 9ac BUOOPY ONTHMATBHUX pe-
KUMIB 3aMOPOXKYBaHHS 3TiAHO 3 ABOX(AKTOPHOIO
TEOPI€I0 KPIOTIOIIKOKEHHSI CJTiJT BpaXOBYBaTH BILIUB
YHUHHUKIB pO34UHY [4].

BucHoBkH
1. OTpumano KoeilieHTH TPOHUKHOCTI MeMOpaH
SHTEPOLMTIB MUIII JIs MOJIEKYJl BOAM 1 KPiOIIPOTEK-
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to the relatively low surface-to-volume ratio of these
cells, which according to our datais ~4.6 X 10°m™!, being
almost 30 times lower, than in human erythrocytes
(~1.33x10°m™ [2]). The value of osmotically inactive
volume of murine enterocytes (o0 = 0.51 [7]) is not
achieved during cooling with the studied cryopro-
tectants even at the lowest cooling rate of 0.1 deg/min
used to calculate the dehydration dynamics (Fig. 2).
Considering this parameter, 1,2-PD is the most con-
venient cryoprotectant, since in the 1,2-PD-contained
medium the acceptable level of dehydration is achieved
even with 0.5 deg/min rate (Fig. 2B). Taking into ac-
count the fact that the murine enterocyte survival time
was also the highest in this cryoprotectant solution than
in glycerol and DMSO [8], 1,2-PD may be suggested
as the most appropriate cryoprotectant among the
studied ones to freeze murine enterocytes. As for the
final choice of cooling rate, it is complicated by a rather
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topiB (mmiuepun, 1,2-11]1 i IMCO) 3a remneparypu
12°C ta po3paxoBaHi 3HAYEHHS €HEPTii aKTUBAIlii Tpo-
HUKaHHS X PEYOBHUH.

2. Po3paxoBaHo AuHAMIKy 3MiHH BiZIHOCHOTO 00’€-
MY €HTEPOLUTIB MULLIi IPU 3aMOPOXKYBaHHi 3 Kpiompo-
Texropamu rminepurom, 1,2-11J1 1 JIMCO 3i mBuakoc-
TsAMU oxoJno/pkeHHs 5, 1, 0,5 ta 0,1 rpan/xs.

3. IlokasaHo, mo HAHOUIBII TPUHHATHUMU IS
3aMOPOKYBAHHS EHTEPOIIUTIB € HU3bKI IIBUIAKOCTI OXO-
JIOJKEHHS.

4. JIJist moIaibIIIoro JIOCIPKEHHSI ONTUMaIbHHAX
YMOB 3aMOPOKyBaHHSI CHTEPOIIUTIB ePEKTHBHIM MOKE
OyTH MAXi, SIKHA PO3TISIIa€ HMOBIPHICTE TTOIITKOI-
YKEHHS SIK 32 paXyHOK BHYTPIITHBOKIITHHHOT KPUCTAJTi-
3al1ii, TaK 1 MOIIKO/PKYFOUOT il TiePTOHIYHIX PO3YHHIB.
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low survival time of enterocytes in hypertonic solutions,
if compared, for example, with the yeastlike S. cere-
visiae cells. Therefore, the impact of solution factors
should be considered when selecting the optimal
freezing regimens according to the two-factor theory
of cryoinjury [9].

Conclusions

1. There were obtained the permeability coefficients
of murine enterocytes for water and cryoprotectant
molecules (glycerol, 1,2-PD and DMSO) at 12°C and
calculated the activation energy values of penetration
for these substances.

2. The dynamics of changes in the relative volume
of murine enterocytes during freezing with glycerol,
1,2-PD and DMSO using 5, 1, 0.5 and 0.1 deg/min
cooling rates was assessed.

3. The low cooling rates were shown to be the most
convenient for enterocyte freezing.

4. The approach, considering the probability of in-
jury both due to an intracellular crystallisation and
damaging effect of hypertonic solutions, may be effi-
cient for further studying the optimal conditions of
enterocyte freezing.
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