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B pabote npoBeieHa skcriepuMeHTaIbHas MPOBEPKA aJeKBATHOCTH TEOPETUYECKON MOJIENIN, KOTOpask aHAIMTHYESCKU OMHUCHIBACT
HPOLECCHl TPAHCMEMOPAHHOTO MTEPEHOCca BEIIECTB IPH POCTE KPHCTAIUIOB JIbJa B OKPYIKaloLIeH KIeTKU cpene. B paMkax npuHSATBIX
B MOJIEJIH JIOTYIICHUH MOJTYUYEHO YIOBJIETBOPUTEIHLHOE COBIAICHUE TEOPETUYSCKUX U DKCIIEPUMEHTAIBHBIX 3aBUCUMOCTEH H3MEHEHUS
OTHOCHTEJIBHOTO 00beMa KICTOK MOYEK CHPUUCKOTO XOMSYKa MIPU Pa3IMYHbIX YCIOBUAX 3aMOpaKuBaHus. KOJHUECTBEHHO OIICHEHBI
TPaHCIOPTHBIC XapaKTEPUCTUKH IJIa3MaTHUYECKUX MeMOpaH yKa3aHHBIX KJIETOK, IPOaHAIM3UPOBAHbI HAM0O0JIEE BEPOSTHBIE IPUYUHBI
UX 3aBUCUMOCTH OT UCXOAHON KOHLICHTPALMK MPOHUKAIOIIETO B KJIETKH KPUOTPOTEKTOPA U CKOPOCTH OXJIAXKACHHUS.

Knrouesvie cnosa: BHeKIeTOUHAS KPUCTAIUTH3ALHS, IIA3MaTHIECKHE MEMOPaHbI, TPOHUIIAEMOCTb.

B po6orti mpoBeneHa eKCHepUMEHTaNbHA MepeBipKa aJeKBaTHOCTI TEOPETUYHOI MO, sIKa aHAJIITHYHO OIKCYE NMPOLECH
TPaHCMEMOPAaHHOTO [IEPEHOCY PEYOBHH B YMOBAX POCTY KPUCTANIB JbOLY y MO3aKIITHHHOMY CepeloBHIIi. B pamMkax mpuilHATHX y
MOJIeJTi IPHITYIIEHb OAEPKAHO 3a10BITBHHUHN 30ir TEOPETUYHHX Ta EKCIEPUMEHTAIBHUX 3aJISKHOCTEH 3MIHH BiTHOCHOTO 00’ €My KIIITHH
HHUPOK CIpiHCHKOTO XOM’sSYKa B Pi3HHX yMOBaX 3aMOpoXyBaHHs. KiJbKiCHO OLIIHEHO TPAaHCHOPTHI XapaKTePUCTHKHU IIa3MaTHYHUX
MeMOpaH BKa3aHHUX KIIITHH, IPOaHai30BaHO HAWOIIBII IMOBIPHI IPHYMHH X 3aJI©KHOCTI Bi/l HOYaTKOBOT KOHIIEHTpALlii IPOHUKAIOYOT0
B KIIITHHH KPIONIPOTEKTOPA i IIBHKOCTI OXOJIOKEHHS CYCIIeH3I1.

Knirouogi cnosa: nozaxiniTHHHE IbOAOYTBOPEHHS, IJIa3MaTH4YHI MEMOpaHH, TPOHUKHICTb.

Experimental proving of theoretical model adequacy, analytically describing processes of transmembrane substance transfer
during ice crystal growth in extracellular medium was carried-out in the work. Within the frames of model’s assuming there was
obtained a satisfactory fitting of theoretical and experimental dependencies of a change in relative volume of golden hamster kidney
cells under different freezing conditions. Transport characteristics of plasma membranes in mentioned cells were quantitatively
estimated and the most probable reasons of their dependency on initial concentration of cell penetrative cryoprotectant and cooling

rate were analysed.

Key-words: extracellular crystallisation, plasma membrane, permeability.

Hapyuienne TepMoIMHAMUYECKOTO PABHOBECHS B
CHUCTEME ““KJIETKa -OKpy Karomias cpeaa’ mpu odpazo-
BaHMU U POCTEC BHCKJIICTOYHBIX KPUCTAJIJIOB MOXET
KOMIICHCHUPOBATLCA ABYM Y TAMM: 3a CHET HEIIPECPHIB-
HOTO OTTOKAa BOJBI M3 KIETKU HJIU 00pa3OBaHUS
BHYTPHKJICTOYHBIX KPUCTAJUIOB JIbJIa IPU 3HAYNTEITb-
HOM TEePeOXIIKACHUH [IUTOILTa3MbL. B 000mx ciryyasix
IIPH IOCTATOYHO HU3KKX TEMITEPaTypax MOBPEXKICHHE
KJIETOK HEW30€KHO WA BCJIEACTBUE YPE3MEPHOTO
00€3BOXKMBAHUS U CXKATHUS KIETOK, WIH B PE3yJbTaTe
SBJICHUH, Pa3BUBAIOMIUXCS NMPU POPMUPOBAHHU
BHYTPHKJIETOYHBIX KPHUCTAJIOB Jbaa (AeHCTBUA
KPUCTAJIM3AIMOHHOIO aBJACHUS Ha MeMOpaHy,
pexpuctaum3anun). CiaenoBareabHO, TPAHCMEM-
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Disorder of thermodynamic equilibrium in “cell-
environment” system during formation and growth of
extracellular crystal can be compensated by two ways:
due to a continuos water flow out of cells or intracellular
ice crystal formation at a considerable cytoplasm
overcooling. In both cases at quite low temperatures
cell damage is inevitable either due to an over-
dehydration and cell shrinking or as a result of
phenomena, developing during intracellular ice crystal
formation (effect of crystallising pressure to a
membrane, re-crystallisation). Consequently a
transmembrane water flow out of cell should, on one
hand, provide a slight dehydration and, on an other
hand, to exclude the probability of intracellular ice
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OpaHHBIN MMOTOK BOJIBI M3 KICTKH JODKECH, C OJHOMN
CTOPOHBI, 00eCTIeUnTh IasiIIee 00e3B0KUBAHNE, C
JPYTOi — HCKJIIOUUTH BEPOSTHOCTH BHY TPHKIIETOYHOTO
Nb1000pa30BaHUs WJIM YMEHBIIUTH KOJHYECTBO
BHYTPHUKJIETOYHOTO JbAa. ONTHUMalbHasg CKOPOCTb
OXJIXKJCHHSI COOTBETCTBYET HauOOINBIIEH CKOPOCTH,
IIpH KOTOPOH elle He 00pas3yloTcsl KpUCTAILIBI JIbIa
BHYTpHU KJIETOK. POJp NpPOHMKAIOIMIHUX KPUOMPO-
TEKTOPOB, MIPE¥KJIE BCETO, COCTOUT B TOM, YTOOBI MPH
KaXXIO0W 3aJaHHON CyOHYIIEBOH TeMIlepaType yMeHb-
IIUTH KOJMYECTBO 00pasyromerocs Jibaa BHE- U
BHYTPH KIIETOK.

TpancMeMOpaHHBIE TOTOKU BOJIBI M IIPOHHUKAFO-
[IMX KPUOIPOTEKTOPOB JTUMHUTHPYIOTCS 0COOEHHOC-
TAMU CTPOCHHS KIETOYHBIX MEMOpaH pa3IHYHBIX
KJIETOK U XapaKTepHu3yloTcs Kod(hpuIueHTaMu
(unpTpanuy (MpOHUIIAEMOCTH ISl MOJIEKYIT BOJIbI) Ly
U IPOHUIIAEMOCTH AJISl MOJIEKYJT KPHOIPOTEKTOpa K.
OmnpeneneHHoe 3HAY€HHE ONTUMAJILHOW CKOPOCTH
3aMOpaXKWBaHUs [JIs1 JTaHHOTO THIA KIETOK 00yCIIOB-
JIEHO UMEHHO WHIWBUIYATBHOCTHIO TPAaHCIOPTHBIX
XapaKTepPUCTUK UX TUIa3MaTHIeCKUX MeMOpaH.

Taxum 06pazom, BOZMOKHOCTH KOJTMYE€CTBEHHOTO
MIPOTHO3a PEaKIUH KIETOK Ha 3aMOpaXMBaHHE IS
JAHHOTO TEMIIEPATypPHOTO PEeXUMa U OTPEAETIEHHOTO
TUTIA KJIETOK 0a3upyeTcs Ha 3HAHUH a priori TaKuX
Ba)KHBIX OMO(PHU3MIECKUX TapaMeTpoB, Kak Lyu k,, mpu
CyOHYNEBBIX TEMIIEPATypax.

B pa6ote [1] pa3paboTaH anroputm pacuera
HU3MEeHEeHHs1 00beMa M KOHLIEHTPALUH PACTBOPEHHBIX
BHYTPHKJIETOUYHBIX BELIECTB B MPOLECCE KpUCTa-
JMHU3alUU KIETOUYHOW CYCIEH3HHU NPH HAIUYUHU
NPOHUKAIOIIETr0 KPUONPOTEKTOpa. YKa3aHHBIH
aJITOPUTM Ipeoaraet, 4to kodhduiueHTs! L, u K,
C YMEHbBIIIEHHEM TEMITePATyPbl KPHUCTAITU3YOIEeHCs
CYCIICH3UH MOTYMHSIIOTCS apPEHUYCOBBIM 3aBHCH-
MOCTSIM, U MEMOpaHa IPH 3TOM OCTAETCS] HHTaKTHOM

L (T)=L, (T,)exp %ﬁ—%ﬁ;

k,(T) =k, (T,)exp FH TO%
0 0

rae T, — ucxomHas TeMreparypa KJIeTo4HO! CyCreH-
3un (mo Hauana oxnaxaeHus); Up u U, — sHEprun
aKTUBAIlMMU IpoLEecca MEpeHoca yepes3 miaaszma-
THYECKYI0 MEMOpPaHy MOJIEKYJT BOJIBI U PACTBOPEHHOTO
BEIllECTBA COOTBETCTBEHHO; Ry — yHHBepcaiabHas
rasoBasi IOCTOSIHHASL.

Ecnun oxnaxneHue mpou3BOAUTCS CO CKOPOCTHIO

(1

b 4 gl ;
0 dt a1’ @
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formation or reduce intracellular ice amount. Optimal
cooling rate corresponds to the highest rate, when ice
crystals have not formed yet inside cells.

Transmembrane water flows and those for penetra-
tive cryoprotectants are limited by the peculiarities of
cell membrane structure of different cells and are
characterised by filtration coefficients L, (permeability
for water molecules) and k, (that for cryoprotectant
molecules). Certain value of optimal freezing rate for
this type of cells is stipulated namely by distinction
of transport characteristics of their plasma membranes.

Thus, the possibility for quantitative forecasting cell
response to freezing for this temperature regimen and
a certain cell type is based on a priori knowing such
important biophysical parameters as L, and k, at
subzero temperatures.

The algorithm for calculating changes in volume
and concentration of dissolved intracellular substances
during cell suspension crystallisation at the presence
of penetrative cryoprotectant was designed in the paper
[1]. The mentioned algorithm suggests that L and K
coefficients with a decrease in temperature of
crystallising suspension follow Arrhenius dependen-
cies, and membrane remains thereby intact

L,(T)=L, (T,)exp %%@ —%%;

k,(T)=k (To)expgR—H TO%
0 0

where T is initial temperature of cell suspension
(before cooling beginning ); U and U, are the
activation energies of transfer process through plasma
membrane of water molecules and dissolved substan-
ce, correspondingly; R is universal gas constant.

If cooling is realised with rate 3, then
d _, d
0, A
dt dT

(1

2

where T is relative temperature of suspension

Extracellular ice is thought to occur at a zero
overcooling of extracellular medium and to be under
thermodynamic equilibrium with surrounding solution
during freezing. The authors [1] neglect the effect,
related to curvature and sizes of ice crystals and
corresponding Laplace’s effects.

The work was aimed to experimentally verify
proposed in the paper [1] algorithm for calculating
cell volume by comparing experimental data about
change in cell volume during cell suspension
crystallisation and those estimated, obtained using the
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rae T — OTHOCHTENbHAsS TEMIEPaTypa CyCHeH3HH

CunTtaercs, 4TO BHEKJIETOUHBIN Jie]] BOSHUKAET
[IPY HYJIEBOM IIEPEOXIaXICHUN BHEKJIETOUHON CPeIb
U HaxOIUTCs B MpoOILecce 3aMOPaKUBAHHS B TEPMO-
JUHAMHUYECKOM PAaBHOBECHH C OKPYXAIOLUIUM €ro
pacTBopoM. DddekTaMu, CBI3aHHBIMU C KPUBU3HOM
" pasMepaMu KpUCTaJIJIOB JibAa U COOTBETCTBYIOIIINMU
nannaccoBeIMU 3¢ dexTamu, aBTopbl padboTsl [1]
MIPEeHEOPeraror.

Lenp paboThl — SKCTIEPUMEHTANIbHAS TIPOBEPKA
MIpeIoKeHHOTO B pabore [1] anropurma pacdera
o0beMa KJIETOK MyTeM CPaBHEHHS IKCIIEPHUMEH-
TaJbHBIX JAHHBIX 00 M3MEHEHWH 00beMa KIETOK B
MpoLecce KPUCTAJUIM3ALUH KICTOYHOH CyCIIEH3UH
pacueTHBIX JaHHBIX, MOIYYEHHBIX MO YKa3aHHOMY
QITOPUTMY B YCJIOBHSIX, COOTBETCTBYIOIINX MPOBEACH-
HBIM DKCIIEPUMEHTAaM.

Matepunanbl 1 meToAbl

OKCTepUMEHTATBHBIN MaTeprajl UCCIeT0BAHIHT —
nepeBruBaeMas KyJbTypa KIETOK IOYEK CHPUHCKOTO
xomstuka (BHK-21). [IpoBeneHHbIe SKCTIEPHIMEHTHI HE
npotuBopedar “O0ImuM NPUHIUIIAM SKCTIEPUMEHTOB
Ha XXHBOTHHIX”, 0100peHHBIM HanmoHalnbHBIM
koHrpeccom mo 6umostuke (20.09.01 r., Kues,
VYKkparHa) U coracyoTcs ¢ moyoxeHusiMu “Esporeii-
ckoii KoHBeHIIMH 0 3aIMTE TO3BOHOYHBIX )KUBOTHBIX,
UCHOJB3YEMBIX U SKCIEPUMEHTAJIbHBIX U JPYTUX
HayuHbIx nenei (CtpacOypr, 1985).

Kuneruky m3MeHeHHS! KJIETOYHOTO o0beMa B
YCIIOBHSAX BHEKJIETOYHOW KPUCTAJUIN3AIUN H3Y4alIH
CBETOBOM KpHOMHKpOcKonuei [5]. Kietku cycrienau-
posanu B cpene Mrima, cogepxarieit 10% CHIBOPOTKH.
Konmenrparus KJI1eTok cocrasisuia 9,7%10° kjaeTok B
Imn. B xauecTBe KpUONPOTEKTOPA HCIOIb30BAIN
[JIHIEPUH, KOHEYHYI0 KOHIIEHTPAIHIO0 KOTOPOTO
BapbupoBaiu otT 2,5 1o 10% (o0vem/o0bem). s
(hopMHpOBaHUS PA3TUIHON MEPBUYHON MOP(HOIOTHH
KPHCTAJJIOB, XapaKTep KOTOPOH CYIECTBEHHO BIUSET
Ha MaccooOMEH KJIETKH € OKpy»karoiiel cpenoi [3],
CYCIICH3MIO KJIETOK OXJaXKJalu B paboueil kamepe
KPHOMHKPOCKOIIA OJHOITAIHO CO CKOpocThio 1°C/MUH
110 —25°C Wi IByX3TAITHO CO CKOPOCThIO 1°C/MUH 110
TeMIIeparypsl Hadasa (a3oBOro mepexoia u gajiee —
co ckopocThio 5°C/Mun 10 —25°C. JIns UCKIIOUeHUs
MepeoxIaXJeHHUsI B CYCIIEH3UIO JTOMOJTHUTEIHHO
BHOCHJIM 3aTpaBouHble Kpuctamibl AgJ. CkopocTh
ororpesa coctanisiia 3°C/MUH. DKcriepUMEHTaIbHbIC
KpUBBIC M3MEHEHHsI KIETOYHOro oObeMa B 3aBHCH-
MOCTH OT CyOHYNEBOW TeMmIeparypsl B mpolecce
3aMOpaXxuBaHHUs OBUIM MOJy4YeHBl 00pabOTKOi
¢oTtonzoOpakeHU KIETOK METOJOM BOJBIOMO-
METpPUHU. YUHUTHIBAs, YTO KIETKHU MOYEK CUPUHCKOTO
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mentioned algorithm under conditions, corresponding
to performed experiments.

Materials and methods

As experimental material we used golden hamster
kidney cell inoculated culture (BHK-21). The
performed experiments do not contradict the “General
Principles of Experiments in Animals”, approved by
the National Congress on bioethics (20.09.01, Kiev,
Ukraine) and correlate with statements of the
“European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific
Purposes” (Strasbourg, 1985).

Kinetics of cell volume change under conditions of
extracellular crystallisation was studied with light
cryomicroscopy [5]. Cells were suspended in 10%
serum-contained Eagle’s medium. Cell concentration
made 9.7%10%cells in 1 ml. As cryoprotectant we used
glycerol, which final concentration varied from 2.5 to
10% (v/v). In order to form different primary crystal
morphology, which character considerably affects cell
mass exchange with environment [3], cell suspension
was one-step cooled down in operating chamber of
cryomicroscope with 1°C/min rate down to —25°C or
by two-step with 1°C/min rate down to phase transfer
beginning temperature and then with 5°C/min down
to —25°C. Inoculating AgJ crystals were additionally
introduced into suspension to exclude overcooling.
Thawing rate was 3°C/min. Experimental curves of
cell volume change depending on subzero temperature
during freezing were obtained by processing cell photo
images with volumetry method. Taking into account
the fact, that golden hamster kidneys cells are in the
shape close to a sphere (10-12 um big section diameter)
and if knowing a relative change in cell visible section
square S/S, on temperature, a change in relative
volume was determined by the ratio

where S is current square, S is initial square, V and
V are current and initial cell volume, correspondingly.

According to the theoretical approaches [1] during
intracellular crystallisation an osmotic equilibrium in
the system of relatively penetrative T and non-
penetrative Tk through plasma membrane substances
with respect of a volume part of freeze-resistant liquid
X fraction is described with following equations:

ﬁout - (1 - ago)ﬁloo - ﬁi“ (y - G)go .
1 1-g,y = Xx(1-g)

“4)
o = (- ago)ﬁzw - (- G)go ,
2
l-gyy- X - ago)
where ft" =™ /Uy, fiO = 19" /71y, are norma-
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XOMSIYKa UMEIOT OJIM3KYyI0 K chepudeckoid Gopmy
(muameTp OGompmioro ceueHus 10-12 MxMm) u 3Has
OTHOCHUTEJIbHOE M3MEHEHHE IIOIaau BUIUMOTO
ceueHus KIEeTKU S/S¢ OT TeMIeparyphl, H3MEHEHHE
OTHOCHTEJIBHOTO 00beMa OMpPEIEIIsIH 10 COOTHO-

INICHUTIO
12
zigﬂ 3
VO 0 ’

e S — TeKyIas MIomas; So— HCXOAHAS TUIOMIAIb;
V u Vo— TeKylui ¥ UCXOAHBIA 00BbEeM KIIETKHU
COOTBETCTBEHHO .

CormacHo TeopeTuueckuM moxaxoxam [1] mpu
BHEKJICTOYHON KPHUCTAJIM3AIMH OCMOTHYECKOE
PaBHOBECHE B CUCTEME OTHOCUTEIHHO IIPOHUKAIOIIETO
Th ¥ HEIPOHHUKAIOIIEro Tk Yepe3 IIa3MaTHUYECKYHO
MeMOpaHy BEIIECTB C y4eTOM OOBEMHOW JOIHU
He3aMep3arlnei Xuakoi (Gpakiuu X OMUCHIBAeTCS
CJIEYFOIIUMHU PAaBEHCTBAMMU:

ﬁout - (1 - Ggo)ﬁlm - ﬁ:;“ (y - G)go .
: 1-g,y = x(1-g)

4
ﬁ;ut — (1- Ggo)ﬁzm -(d- G)go ,
=gy - X(I-ag,)
roe fi* ="/, o = " /Ty, — npuse-

JCHHBIC 3HA4YCHHUA BHCKICTOYHOT'O OCMOTHYECCKOI'O
AAaBJICHUS BCIICCTB: MPOHUKAIOMICTO

T, =g, (V/V, —a)

T[;)ut - ;
1-g,V/V,
HETPOHUKAIOILETO
T, — (1 - a)g, T
ngut — 2 ( )go 20

1-g,V/V,

fi" — OPHBEJCHHOE 3HAYCHHE BHYTPHUKICTOYHOIO
OCMOTHYECKOTO JaBJICHHUS MPOHMUKAIOLIETO Yepes
IUIa3MaTHYECKYI0 MeMOpaHy BellecTBa
=

T') — 0CMOTHYECKOE JaBICHHUE IPOHUKAIOLIETO Yepe3
MJIa3MaTHYeCKyl0 MeMOpaHy BeIleCTBa BHYTPH
KICTKH; Tl — HAaYajbHOE 3HAYCHHE CyMMapHOIO
OCMOTHYECKOTO JIaBJICHUSI HETPOHHUKAIOIINX BEIICCTB
BHYTPH KIIETKH; T ,TT,, — ACHMITOTHYECKUE 3HAUE-
HUS OCMOTHYECKOTO JABJIEHUS MPOHUKAIOLIETO H
HEMPOHHUKAIOLIETO Yepes3 IIa3MaTHIecKyto MeMOpaHy
BEIIECTB, COOTBETCTBYIOLINE PABHOMEPHOMY UX pac-

MNpEaACIICHUTIO BAOJb CUCTEMBIL; Tt ﬁzw — OPpUBCACH-

loo >
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lised values of extracellular osmotic pressure of
substances: for penetrative

— 1, _goni“ (V/V, _G),

T[;)ut ;
1-g,V/V,

non-penetrative

ot = THhe — (1- a)gOTElZnO
: 1-g,V/V,

ft" is normalised value of intracellular osmotic pressure
of penetrative through plasma membrane substance

in
20 2

Ain

fi" =1 /T

T is osmotic pressure of penetrative through plasma
membrane substance inside a cell; Tr; is initial value
of total osmotic pressure of non-penetrative substances
inside a cell; T, TT,,, are asymptotic values of osmotic
pressure of penetrative and non-penetrative through
plasma membrane substances, corresponding to their
uniform distribution along the system; ft,,ft,, are
normalised asymptotic values of osmotic pressure of
substances : for penetrative

in

M, =T, /Ty
non-penetrative

in .

T, =T, /Ty

y is relative cell volume

g,1s initial value ratio of cell total volume to the whole
volume of cell suspension; O is a volume part of
osmotically inactive intracellular substances.
Differential equation system, describing kinetics
of change in cell relative volume and concentrations
of penetrative and non-penetrative through plasma
membrane substances inside a cell during extracellular
crystallisation is of the following form :

d’f =pexp a(T—l)/T]%Qlﬁ"l“ JLlma
dT 5| y

—-a

4 g, Tin (=080~ 7' (v ~go Bou B (5

-O+o 0
0 | Me(-ag)-(-mg 0 {
dﬁin ~in 1-a
=P yfof + -
dT y-a y—a
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HBIE ACUMIITOTUYECKHAE 3HAYEHUSI OCMOTHYECKOTO
JIABJICHUS BEIIECTB: TPOHUKAIOIIETO

o in

T, =T, /Ty
Her0HI/IKaI-OH.leF0

— in .
T, =T, /Thy;

YV — OTHOCUTENBHBIA 00hEM KIIETKH

g,— Ha4aubHOE 3HAYEHHE OTHOIICHHS CyMMAapHOTO
o0beMa KJIETOK K MOJHOMY O00BeMy KIETOYHOMU
CycmeH3uu; O — o0beMHasl AOJISI OCMOTUUYECKH
HEAKTHUBHBIX BHYTPHUKIJIETOUHBIX BEIIECTB.

Cuctema nuddepeHunanbHbIX ypaBHEHUH, OMU-
CBIBAIOIAsl KWHETUKY M3MEHEHHUS] OTHOCHTEIBHOTO
o0beMa KJIETKM M KOHLEHTPALUUil NMPOHUKAIOIIETO U
HETPOHHUKAIOIETO Yepe3 ITa3MaTHIecKyo MeMOpany
BEIIECTB BHYTPH KIJIETKH B MPOLECCE BHEKIETOYHOM
KpUCTAIIM3AIIMU, UIMEET BH/I;:

d}: =pexp a(T—l)/T]%Qlﬁ"l“ fLlza
dT B y-a

— S +0, ﬁljo(l _Ugo) _ﬁiln(y_a)go DAzut%
O e(l-agy)-(1-0)gy, g~ {H

n  1-a 5
< {lofg" +——~ ©)
dT y-a y—d

-1+ 0,0, 1x[(1-0,)f, — " ]x

dit® _ p

xexp[a(T = 1)/T] - q(ff" — @ o, FO")
xexp[b(T -1)/T1},

rae
— T[loo(l B cxg()) - ﬁn(y - cx)go .
ﬁZoo(l - ago) -1 - G)go

out

pEL.qETO(TO)‘aE UO b= Ul .
BTO ’ TI(TO) R,T, R,T,
TO :(yoLpT[iZHO _I;T] :(yokp)_la

31€Ch Y, — UCXOJHO€ TMOBEPXHOCTHO-00BEMHOE
OTHOIIECHHE KIETKH; O, — KOO(QPUIHMEHT OTpaKeHUs
I1a3MaTH4eCcKO MeMOpaHBl ISl MPOHUKAIOMIETO
yepe3 MeMOpaHy BEIIecTBa.

VYpaBHenus (5) periany YucieHHo MetonoM Pynre-
Kyrra 4-ro nopsaxka.

Kunernky nsmenenust koHueHtpanuu C BHEKIIe-
TOYHOTO PAacTBOpA IPH pacueTax 3aJaBajy aHAJIUTHU-
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~ (14 0, @, )G X[ = 0T, ~ T4 ]x (s

xexp[a(T —1)/T] - q(ff" — @ o, FG") %

out

xexp[b(T —1)/T1},

where
— m, (1 —ag,) _ﬁn(y —0g, .
™ ﬁZoo(l —ag,) —(1 —ag,
pEEqETO(TO) a= UO b= Ul .
BTO ’ T,(T,) R, T, R, T,
To = (VoLpT[izno s (Yokp)_1

here Yo is initial surface-volume cell ratio; O is
coefficient of plasma membrane reflection for
penetrative through membrane substance.

Equation (5) was solved with Runge-Kutta method
of the 4" order. Kinetics of change in extracellular
solution concentration C during calculations was
analytically approximated using melting phase
diagram of glycerol aqueous solution [4]

C=-8,1900*T*+0,58 T>-1,40010%+1,12[10%, (6)

where T is current temperature.

Transport coefficients L, and k, in equations (5)
were chosen as the best matching of estimated data
with experimental dependencies of cell volume change
on temperature during crystallisation.

Results and discussion

Fig. 1 shows an osmotic reaction of golden hamster
kidney cells during formation and develop-ment of
extracellular ice crystals of different morphology.
There is a considerable decrease in cell size with
temperature decrease. During thawing a rehydration
and gradual recovery of initial cell size are observed.

Fig.2 demonstrates the estimated and experimental
kinetic curves of change in relative cell volume under
different conditions of cell suspension freezing,
testifying to their satisfactory coincidence.

Fig. 3 and 4 show the obtained in crystallisation
area of cell suspension dependencies of efficient
coefficients for membrane permeability of golden
hamster kidney cells for glycerol, K and water, L
molecules on the initial cryoprotectant concentration
in the medium, and on cooling rate as well. Permea-
bility coefficients reduce with the augmentation of
cryoprotectant initial concentration in suspension
according to the mentioned below regression
equations: during cooling cell suspension by one-step
program

L,=11.3760 - 1.0741C; k;,=8.9655-0.8467C
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YEeCKM amnnpokcuManued ¢pa3oBOM AuarpaMmbl
IJIABJICHUS BOJHOTO pacTBOpa IuiiepuHa [4]

C=-8,1900*T*+0,58T>-1,40000*+1,12000%, (6)

rae T — Texkymias Temmeparypa.

Tpancnoprasie ko3¢ dunuentsr L, u k, B ypaBHe-
HusAX (5) monOupanu U3 yCIOBUS HAMIYYIIETO
COBHAJICHUS PACYETHBIX NAHHBIX C HKCIEPUMEH-
TaJIbHBIMH 3aBHCUMOCTSAMH M3MEHEHUS KJICTOYHOTO
oObeMa OT TemMmepaTypbl B IpOLEcce KpHCTal-
TM3anuH.

Pe3yAbTatbhl M 00Cy)XAeHHe

OcMoTHueckas peaKknuda KJICTOK IMOYCK CHpI/Iﬁ—
CKOTO XOMSYKa B Iiporiecce (JOPMUPOBAHUS U PA3BUTHS
BHCKJICTOYHBIX KPUCTAJUIOB JIbJa pa3quH0171 MOp(l)O—
JIOTUM IIOKa3aHa Ha pucC. 1. ITo MEpPEC CHUKCHUA
TEMIICPATYPBI pa3MEP KIICTOK 3aMCTHO YMCHBIIIACTCH.
[Ipu otorpese HabmroonalwTCcs peruapatauus H
MOCTENEHHOE BOCCTAaHOBJIEHHE MCXOIHOIO pa3Mepa
KJIETOK.

Ha pwuc.2 mpuBeneHsl pacyeTHBIE U SKCIIEPUMEH-
TAJIbHBIC KWHECTUYCCKNUE KPHUBBIC U3BMCHCHUA OTHOCH-

=24° Tl ¥

T=—10°C

[ |

by two-step one
L,=22.3170-9.02411n(C); k,=17.5720—-7.1053 In(C)

Permeability coefficients L, and k, are inter-
dependent

RT
kp=Lp(1 - G)a g

where U is partial molal volume of dissolved
substance; K is the constant, determined for this
membrane and this dissolved substance [2, 6, 7].
Therefore dependencies of these coefficients on
freezing conditions for cell suspension are similar.

According to theoretical notions of the paper [1]
the coefficient of membrane permeability for
penetrative cryoprotectant k, molecules depends on
temperature (see formula 1) but does not depend on
cooling rate.

By our data the value of efficient permeability
coefficient for glycerol molecules k, reduces with the
augmentation of initial concentration of solution (see
Fig. 3), that can be stipulated by a decrease in
crystallisation temperature of extracellular solution at

-

-

Puc. 1. Kunetunka npoiiecca 3aMOpaXnBaHUS-0TOIPEBa KIIETOK ITOYEK CUPUHCKOTO XOMSTUKa 10 TIPOrpaMMaM: OIHOATAITHON
(a) u xBYx9TanHoi (0) Npu conep kaHUK B CycrieH3MOHHO# cpeze 10%-it KOHIeHTpaliK TIINIepHHA.

Fig. 1. Kinetics of freeze-thawing process of golden hamster kidney cells by the programs: one-step (a) and two-step (b)
at the presence of 10% glycerol concentration in suspension medium.
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Puc. 2. 3aBUCUMOCTh OTHOCUTEIHFHOTO 00BhEMa KJIIETOK ITOYEK CHPUHCKOTO XOMSYKa OT CyOHYJIEBOH TeMIIepaTyphl IpH
3aMOpaKMBAHMU KJIETOYHOW CYCIIEH3HMH 110 IpOrpaMMam: OfHOATanHou (a, 0, B) U AByX3TanHoii (L, 1, e): a, r — 2,5%
ruuepuHa, 6, 1 — 5,0% mmuepuna, B, € — 10% mMieprHa B CycreH3uoHHoM cpene; O — KCIeprMeHTaNbHbIE JaHHbIC,
CILIOIIHAS INHUS — TEOPETHUYESCKHIA pacyerT.

Fig. 2. Dependence of relative volume of golden hamster kidney cells on subzero temperature during freezing cell
suspension by the programs: one-step (a, b, ¢) and two-step (d, e, f): a, d—2.5% glycerol, b, e — 5.0% glycerol, c, e — 10%
glycerol in suspension medium; open circles represent experimental data, solid line represents theoretical calculation.
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TETBHOT0 00beMa KIETOK B PA3NIUYHBIX YCIOBHSIX
3aMOPaKUBaHHsI KJIETOYHOMN CYCIIEH3HH, CBUIETENhCT-
ByIOIIME 00 UX YIOBIETBOPUTEIEHOM COBIAICHHH.

Ha puc.3 u 4 npeacraBieHbl MOJYYEHHBIE B
007acTH KPHUCTAJUIM3aLUH KJIETOYHON CYCIICH3HUH
3aBUCUMOCTH 3P PEKTUBHBIX KO3()(HUIIMEHTOB IPOHU-
aeMOCTH MeMOpaH KJIETOK MOYEK CHUPUMCKOTO
XOMsIUKa Ui MOJIeKyJ IuuepuHa k, m Bogs! L, ot
HCXOJHOW KOHIEHTPAIIMU KPUOMPOTEKTOPa B Cpelle,
a Takxke ckopocTu oxjaxjacHus. KosddumrmenTs
MPOHHUIIAEMOCTH YMEHBIIAIOTCS C yBEIHYCHUEM
HCXO/THOM KOHIIEHTPAIMX KPHOMIPOTEKTOPA B CyCIICH-
3UM COMJIACHO HHMXKENPUBEICHHBIM ypaBHECHUSIM
perpeccuu: pyu OXJIaKACHUHN KIETOYHOW CYCIIEH3UH
10 OJHOSTAIHOM MporpamMme

L,=11,3760-1,0741C; kp=8,9655—0,8467C,
JBYX3TamHOM

L,=22,3170-9,02411n(C); k,=17,5720-7,1053In(C).

Koa¢ durreHTs! npoHUIIaeMOCTH L nk B3amvo-
CBSI3aHBI

k=L (-0
p p KU

rae U — mapumanbHBI MOJSUIBHBIN 00BEM pacTBoO-
peHHoro BemecTBa; K — koHCTaHTa, omnpeneneHHas
I TAHHOW MeMOpaHbl U JJAHHOTO PacTBOPEHHOTO
BemecTBa [2, 6, 7]. [ToaTOMYy 3aBUCHMOCTH 3THUX
KO03(QGHUIMEHTOB OT YCJIOBUHW 3aMOpakuBaHUS
KJICTOYHOW CYCIIeH3UU aHAJIOTHYHBI.

CormacHO TEOPETHUYECKUM MPEACTABICHUSIM
pabotsi [ 1] KO3 PUIHEHT MPOHUIIAEMOCTH MEMOPAHBI
JUTSL MOJIEKYJI TIPOHMKAIONIETO Kpuonpotekropa ki,
3aBUCHUT OT Temmeparypsl (cM. Gopmyny 1) u He
3aBHCHUT OT CKOPOCTH OXJIaXKACHHUS.

[lo nHamuM naHHBIM 3HaueHUE 3P(HEKTUBHOTO
KO3 dHUIIHMEHTa TPOHULAEMOCTH AJS MOJEKYI
mnepuHa k, yMeHbI1aeTcsl C OBBIILICHUEM HCXOJHOM
KOHIIEHTPALMH pacTBOpa (CM. pHc. 3), YTO MOXKET OBITH
00yCIJIOBIICHO MOHMKCHUEM TEMIIEPaTyphl KPHCTa-
JNH3alMi BHEKJIETOYHOTO pacTBOpa MPH pPOCTE
KOHIICHTPAllUU KPUOMPOTEKTOpPA B KPHO3AIIUTHOM
cpene (3akoH AppeHmyca). Jpyrue pacxoxaeHUs
IKCIIEPUMEHTANIbHBIX W PACUETHBIX NAHHBIX OOBsC-
HSIFOTCS HE YYTEHHBIMH B TEOPETHYECKOM JITOPUTME
pacuera 3¢deKTaMu KpUBU3HBI KPUCTAIIIOB JIBIA,
00pasyromuxcs B MpoLecce 3aMOPaKUBAHHS KIETOY-
HOM CYCIIEH3MH, U IEPEOXTaXKACHUS, BOSHUKAIOLIETO
B TOHKOM INIEHKE KPHCTAJITU3YIOLIerocs pacreopa. B
COOTBETCTBHHU C MOJYYEHHBIMU pe3ylbTaTaMHu
CKOPOCTB OXJIXKACHUSI IPH O0JIee HU3KUX KOHLIEHTpa-
[USIX KPUOTIPOTEKTOpA BIUSIET Ha KPUBH3HY 00pa3yro-
IIMXCS KPUCTAIIJIOB JIbJIa 3HAYUTEIbHEH, YeM TpH
BBICOKHX KOHIEHTpamusx. JIpyrumu cloBamu,
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Puc. 3. 3aBucuMocth k03¢ UIMEHTA MPOHUIAEMOCTH
MJa3MaTHYCCKUX MEMOpaH KJICTOK MOYEK CHPUUCKOTrO
XOMSYKa I MOJIEKYIN rihnepuHa k, oT ero ucxomHoi
KOHIICHTPAIIMU B CYCIICH3MOHHON Cpeae IpU 3aMOpPaXKH-
BaHuM 1o nporpammam: O — omnostamHoi; OO — aByx-
3TaIHOM.

Fig. 3. Dependency of permeability coefficient of plasma
membranes of golden hamster kidney cells for glycerol mol-
ecules k_on its initial concentration in suspension medium
during ﬁeezing by the programs: O — one-step; 00 — two-
step.
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Puc. 4. 3aBucumocts kod3dpdunuenra Gpunprpaunn L,
MJIa3MaTHYeCKIX MEMOpaH KJIETOK MOYeK CHPUUCKOTO
XOMSYKAa OT MCXOMHON KOHICHTpPAIMHU TIHICpUHA B
CYCTICH3MOHHOMN cpejie IPU 3aMOPAKMBAHUHU 10 TIPOTpaM-
mam: O — ogHOdTanHoM; OO — JIByX3TallHOM.

Fig. 4. Dependency of filtration coefficient, L, of plasma
membranes of golden hamster kidney cells on initial con-
centration of glycerol in suspension medium during freez-
ing by the programs: O — one-step; [I — two-step.

a growth of cryoprotectant concentration in cryo-
protective medium (Arrhenius law). Other divergence
in experimental and estimated data are explained by
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MOBBIIIEHNE HCXOAHON KOHIEHTPALHH KPHUOIPO-
TEKTOpa BO BHEKJIETOYHOH Cpe/ie BIUSAET Ha KPUBHU3HY
BHEKJIETOYHBIX KPHUCTAJIOB CHJIBHEE, UEM CKOPOCTh
oxnaxaeHus. B pesynsrare 3¢ ekt 3aBHCUMOCTH
KPUBU3HBI KPUCTAJJIOB OT CKOPOCTH OXJIAXKICHUS TIPU
OOJNBIINX NCXOAHBIX KOHLEHTPALMSAX KPHOIIPOTEKTOPa
HuBenupyercs. B mpouecce 3aMopakuBaHUS MEM-
OpaHa KJIETOK MOXKET MPEeTepreBaTh CyIECTBEHHBIE
(pM3HKO-XMMHUYECKIE N3MEHEHUS], HE IPUBOAIINE K €€
OJIHO3HAa4YHOMY HoBpexJeHuto. Iloaromy mpenmno-
JI0’KE€HHE O COXPaHEHNH HHTAaKTHOCTH MEMOpaHbI ITpH
3aMOpaXMBAHNH KJIETOYHOU CYCIIEH3UN TaKKe MOXKET
BHECTH KOPPEKTHUBBI B PACXOXKIACHUE IKCIEPH-
MEHTAJIBHBIX W PACUETHBIX JaHHBIX. BO3MOXHO, 4TO
3HAYEeHUsl TPAHCIIOPTHBIX XapaKTEPUCTHK MeMOpaH
3aBHUCAT OT CKOPOCTH MOTOKOB BOJBI M KPHOIPO-
TEKTOpa 4epe3 Hux. MckaxeHne GpopMbl KIETOUHOM
MeMOpaHBI B ITpoliecce 00e3BOXKUBAHHS TAKKE MOKET
BJIUATH Ha CKOPOCTh MaccooOMeHa KIJIETOK C
OKpYXarollel ux cpenoi BeieacTsrue AupGy3nOHHBIX
OTpaHIYCHNUH B IPUMEMOPAHHBIX CIIOAX JKUAKOCTH [2].

Hecmotps Ha yka3aHHbBIE pacxX0oXKIEHHUS B TeOpe-
TUYECKUX M paCUETHBIX JAHHBIX, CTETIEHb NX COBIIaJIe-
HUS, YIATHIBasl IPUHATHIE B TEOPETUIECKON MOJENH
MIPUOTMKEHHSI, MOYKHO CUUTATh YAOBIETBOPUTEILHOM.

BbiBOADI

OnucaHHYIO TEOPETUUYECKYIO MOJENb MOKHO
NPUMEHHTD ISl pacyeTa BaXXHBIX C TOYKH 3PCHUSA
Kkpuobuosnoruu 3gpQekToB 00e3BOKUBAHUS U Tepe-
OXJIaXKICHUS KJIETOK, & TAKXKE KOHLIEHTPUPOBAHUSI BHE-
1 BHYTPHKJIETOYHBIX BELIECTB. DKCIIEPUMEHTAJIbHbIC
3aBHCUMOCTH KJIETOYHOTO 00beMa OT TEeMIIEpaTyphbl
B MpOIlecce KPUCTATM3ANNN KIETOYHOH CYyCIIeH3UU
MOTYT OBITh MCIIOJB30BAaHBI JJs ONMpPEIeICHUS
TPAHCTIOPTHBIX MapaMeTPOB KIETOYHBIX MeMOpaH —
ko dunmenToB GpribTpanmy L, v poHUTIaeMOCTH IJIsT
kpuonpotekropa k,. Kpome Toro, onrcanHsiii B taHHON
pabore moaxon codeTaHUs IKCIEPUMEHTATbHBIX
HCCIEOBAaHUN M TEOPETUUYECKUX PAacueTOB MOXKET
OBITH IPUMEHEH 151 OLICHKH KOHIIEHTPALUU BHYTPH-
KJIETOYHBIX BEUIECTB U 3(P(PEKTUBHOIO MEPEeoXIaxkK-
JIEHUS LIATOILIA3MBI C HCTIOJIb30BaHHEM TOJIBKO TaHHBIX
0 3aBUCHMOCTH 00beMa KJIETOK OT TEMIIEPaTyPhl IIPH
3aMOpaKUBaHUU.
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unaccounted in theoretical calculation algorithm effects
of curvature in ice crystals, formed during cell
suspension freezing and overcooling, occurring in a thin
film of crystallised solution. According to the results
obtained cooling rate at lower cryoprotectant
concentrations affects the curvature of formed ice
crystals in greater extent than under high concen-
trations. By other words, an increase in initial
concentration of cryoprotectant into extracellular
medium much strongly affects the curvature of
extracellular crystals than cooling rate. As a result,
the effect of crystal curvature dependency on cooling
rate under high initial cryoprotectant concentrations is
levelled. During freezing cell membrane can undergo
significant physical and chemical changes, not leading
to its simple damage. Therefore the suggestion about
preservation of membrane intactness during cell
suspension freezing may also make some corrections
in divergence of experimental and estimated data.
Values of membrane transport characteristics possibly
depend on water and cryoprotectant flow rate through
it. The distortion of cell membrane shape during
dehydration may also affect the rate of mass exchange
with surrounding medium due to diffusive limitations
in membrane-adjacent layers of liquid [2].

In spite of mentioned divergence in theoretical and
estimated data the degree of their coincidence, taking
into account theoretical model approximations
accepted, can be considered as satisfactory.

Conclusions

Described theoretical model can be applied for
calculating important for cryobiology effects of cell
dehydration and overcooling, as well as for concentra-
ting extra- and intracellular substances. Experimental
dependencies of cell volume on temperature during
cell suspension crystallisation can be used to determine
transport parameters of cell membranes: filtration
coefficient, L and the one of permeability for cryopro-
tectant kp. In addition, described in this work approach
of combining experimental investigations and
theoretical calculations can be applied for evaluating
concentrations of intracellular substances and efficient
overcooling of cytoplasm using only the data about
cell volume dependency on temperature during
freezing.
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