Probl Cryobiol Cryomed 2017; 27(1): 19-28
https://doi.org/10.15407/cryo27.01.019

opuriHanbHe AocnigXeHHs research article)

YK 57.043:577.352
O.l. TopaieHko*, |.®. KoBaneHko

BnnuB Temnepatypu Ta iOHHOI CMNU cepeaoBULLIa HA NOBEepPXHEBUN
noTeHuian epuTpouUTIiB NMIOAUHN

UDC 57.043:577.352
O.1. Gordiyenko*, |.F. Kovalenko

Influence of Temperature and lonic Strength of Medium
on Surface Potential of Human Erythrocytes

PedepaT: OgHum i3 Hacnigkis BNAMBY iOHHOT CUAM NO3aKMiTUHHOrO cepefoBuLLa, a, OTXe, i BHYTPILWHbOKNITUHHOIO, Npu
3aMOpOKyBaHHi KNITUHHUX CYCNEH3il € 3MiHa MeMBpaHHOro MoTeHujiany KniTUH, siki 3HaxoAATbCs B LbOMY cepefoBulli. B poboTi
po3paxoBaHi TemnepaTypHi Ta KOHLEHTpaUuiliHi 3anexHOCTi NOBEPXHEBOro MoTeHuiany epuTpoumTiB NIOAMHN B Npoueci 3amMmopo-
XKYBaHHS KMiTUHHOT CyCneHsii B TOYKax, fKi BignoBigalTb 3HAYEHHAM TemnepaTypu Ta KOHUeHTpauii 1:1-enekTponity 3rigHo 3
asoBoto Aiarpamoto GiHapHoi cuctemn Boga-NaCl. BuaHaueHo KOHUEHTpaLii ioHiB HaTpito Ha MOBEPXHi epUTPOLUTIB 3arexHo Bif
KOHLeHTpaUii 06'eMHOro po3umHy Ta TemnepaTypu. [MokasaHo, WO KOHLEeHTpaLlis iOHiB HaTpito Ha NMoBepxHi kNiTuH B 1,5 pasu
nepesuLLye Taky B 06'eMHOMy po3unHi. OcobnvBy yBary npuBepTae nepervH TemnepaTypHoi 3anexHOCTi MOBEPXHEBOro noTeHujiany
epuTpoLmMTIB NIOANHM Anst KoHUeHTpauin 1:1-enekTponity 0,15 ta 0,3 M 3a Temnepatyp 8...12°C. Taka ocobnusicTb TeMnepaTypHoi
3anexHOCTi NOBEPXHEBOro MOTEeHLiany, po3paxoBaHOro A 3apsaXKeHOi NOBEPXHi 3 MEBHO LWiMbHICTIO NOBEPXHEBUX 3apsdiB i3
CcyTO (hi3nyYHMX MipKkyBaHb 6e3 BpaxyBaHHS CTPYKTypW Ta CKNafoBuUX Liei NOBepxHi, Moxe OyTu ofHieto 3 NpuyuH nepebynos y
MembpaHi 3a unx Temnepatyp. MNopylueHHs 6anaHcy enekTpocTaTUYHNX B3aEMOAI Ha NOBEPXHi 30BHILLHLOrO MOHOLLApy MeMGpaHu
yepes 306inbLUeHHs KOHLEHTpaLii NPOTUIOHIB Ha MOBEPXHi KMiTWMH i BiANOBIAHO 3MEHLUEHHSI NMOBEPXHEBOro MoTeHLiany moxe 6yTu
«MYCKOBUM MeXaHi3aMoM» nepebynoB i 3amMiHW B3aemogit Mix GinkoBuMM i NiNiAHMMU KOMMNOHEHTaMU MemMbpaHu.

Knro4oBi cnoBa: epuTpoLnTN, OXONOAXEHHS, NOBEPXHEBUI NOTeHLian, NnoBepxHeBa KOHLEHTpaLis ioHiB.

PedepaT: OgHvm 13 cneacTBuii BAMSHUSA MOHHOW CUMbl BHEKNETOYHOW cpefbl, a, criefoBaTerflbHO, U BHYTPUKNETOYHON Npu
3aMOPaXMBAHUN KINETOYHbIX CYCNEeH3ni SiBNAeTC M3MeHeHne MeMOpaHHOro noTeHumana KneTok, HaxoAsLWmxcsa B aTon cpefe. B
paboTe paccuuTaHbl TeMnepaTypHble W KOHLEHTPaLMOHHbIE 3aBUCHMOCTW MOBEPXHOCTHOrO NMOTEHUMana apuTpoLuToB YernoBeka
B Mpouecce 3aMOPaXVBaHWSA KNETOYHON CYCMeH3uW B TOYKax, COOTBETCTBYILIMX 3HAYEHUSIM TeMnepaTtypbl U KoHUeHTpauun 1:1-
anekTponuTta cornacHo dasoBol Auarpamme 6uHapHow cuctembl Boga-NaCl. OnpegeneHbl KOHLEHTpPaUUM MOHOB HATpuUs Ha
NMOBEPXHOCTU 3PUTPOLIMTOB B 3aBUCUMOCTM OT KOHLEHTpauuv o6beMHOro pacteopa v TemnepaTypbl. [oka3aHo, YTO KOHLEeHTpauus
MOHOB HaTpusi Ha NOBEPXHOCTM kneTok B 1,5 pasa npesbllwaeT TakoBy B obbeMHOM pactBope. ObpaluaeT Ha cebs ocoboe
BHUMaHue nepernb temnepaTypHON 3aBUCMMOCTU NMOBEPXHOCTHOrO MOTEHUMana apuTPOLMUTOB YernoBeka ANns KoHueHTpauui 1:1-
anektponuta 0,15 n 0,3 M B ananasoHe Temnepatyp 8...12°C. Takasi 0COGEHHOCTb TeMnepaTypHOI 3aBMCUMOCTU NOBEPXHOCTHOIO
noTeHymana, paccyMTaHHOro Ans 3apsXKeHHON NMOBEPXHOCTW C onpeaenieHHON NMOTHOCTbIO NMOBEPXHOCTHbLIX 3apsAoB U3 YMCTO
dusnyecknx coobpaxeHuit 6e3 yyeta CTPYKTYpbl U cOCTaBa 3TOW MOBEPXHOCTU, MOXET OblTb OOHOW M3 MPUYUH NEPECTPOEK B
MembpaHe npu aTux TemnepaTypax. HapylweHne 6anaHca aneKkTpocTaTU4eCKnx B3aMMOAENCTBUIA Ha NMOBEPXHOCTU BHELLHEro
MOHOCMOA MeMbOpaHbl BCNEACTBUE YBENUYEHUS KOHLEeHTpauuy npoTUBOMOHOB Ha MOBEPXHOCTU KNETOK U COOTBETCTBEHHO
YMEeHbLUEHUS MOBEPXHOCTHOrO MoTeHuMana MoxeT ObiTb «MyCKOBbIM MEXaHUM3MOM» MepecTpoek W U3MEHEHUI B3avMOLEeNCTBUIA
mMexay 6enkoBbIMU U NUNUAHBIMA KOMMNOHEHTaMU MeMOpaHsbl.

KnioyeBble crnoBa: apUTpouUMTbl, OXNaxaeHue, NOBEPXHOCTHbIM NOTeHuMarn, NoBepXHOCTHas KOHLEHTPaLMs WOHOB.

Abstract: During freezing of cell suspensions the ionic strength of extracellular and, subsequently, intracellular media is
responsible for the changes in membrane potential of cells. In this research we revealed the temperature and concentration
dependencies of the surface potential of human erythrocytes during freezing of the cell suspension at the points corresponding
to the values of temperature and 1:1 concentration of the electrolyte according to the phase diagram of a water-NaCl binary
system. The concentrations of sodium ions on the surface of erythrocytes depending on concentration and temperature of the bulk
solution were determined. It has been shown that the concentration of sodium ions on the surface of cells was 1.5 times higher
than that in the bulk solution. The kink of surface potential temperature dependence for human erythrocytes for 0.15 and 0.3 M
concentrations of 1:1 electrolyte within 8...12°C temperature range was of special interest. This temperature dependence feature
of the surface potential calculated for the charged surface with a particular surface charge density from the purely physical
considerations without taking into account the structure and composition of the surface could be one of the causes of rearrangements
in membrane at these temperatures. Misbalance of electrostatic interactions on the surface of membrane outer monolayer appeared
as a result of an increased concentration of counterions on the surface of cells and correspondingly the reduced surface potential
might trigger the rearrangements and changes in relationships between membrane protein and lipid components.

Key words: erythrocytes, cooling, surface potential, surface concentration of ions.
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Hapasi 3aransHONPUAHATHM € YABIEHHS TPO TE,
10 HAMOLIBII CYTTEBI YNHHHUKH KPiOTIOIIKOPKEHHSI
KIIITHH Oe310CcepeIHO a00 OMOCEPEAKOBAHO OB’ sI3aH1
3 YTBOPEHHSIM 1 POCTOM KPUCTAJIIB JIbOLY Y KIITHHHIH
CYCIHEH3Ii, 10 3aMOPOKYEThCS. [CHYBaHHS ONTUMAIIb-
HOT HIBUAKOCTI OXOJIOKEHHS MOSICHIOETHCS TBOX-
(haxTOpHOIO TEOPi€rO KpiomonikopkeHHss Metizypa [11],
3T1THO 3 IKOIO Ha 30€peKeHICTh KIIITHH Y MPOLIECi KpHC-
Taizamii KIITHHHOI CyCcTeH3ii BINTHBAIOTh JIBA THUITH
KpionomkomkeHb. [ lepmmii BUHMKae Py KprCTasTi3anii
MO3aKJIITHHHOT'O CEPEIOBHIIA 1 CIIPUYNHIOETHCS 3HE-
BOJHEHHSIM KJTITHH, ITiIBUIIICHHSIM KOHIICHTPAIIii Ta 10H-
HOI CHJIH T103a- Ta BHYTPIITHbOKITITHHHUX PO3YUHIB 32
paxyHOK IIepeTBOPEHHS YaCTHHH BOAM y i, Apyruii
THIT KPIOTIOIIKO/DKEHHS KIIITUH 00yMOBJIEHUI YTBOPEH-
HSIM BHYTPIIIHBOKTITHHHUX KPUCTAIIIB JIbOALY, SIKE BUK-
JIMKAE Ti K cami €PeKTH 1 KpiM TOro NPU3BOIUTH J10
MEXaHIYHOTO pyHHYBaHHS MEMOpPaHHUX CTPYKTYD.
[omxomKyo4uHii BIUIMB TEPTOHIYHOTO CEPEIOBUIIA
Mae OararodakTopHuii xapakrep. Lle moxe OyTu 6e3mo-
Cepe/Hii BIUTUB TepTOHIYHUX PO3UMHIB HA MEMOpaHU
KJIITHH (JIIOTPOITHA J1is1) 00 HOIIKOKEHHS, TI0B’ 3aH1
3 OCMOTHYHAMH YAHHUKAMH, 30KPEMa, T1¢ KPUTHIHE 3MEH-
MICHHS KITITHHHOTO 00’ €MYy.

OmHuM 13 HACTIAKIB BIUTUBY 10HHOT CHITH TTO3aKITi-
THHHOTO CEPEIOBUIIA, a, 0T)KE, 1 BHYTPIIITHbOKIIITHH-
HOTO, € 3MiHa MEMOPaHHOTO MOTEHLiAly KJIITHH, Ki
3HAaXOJATHCA B LIbOMY cepenoBHIli. CTaTH4HI eeKT-
pUUHIi 10JIs1 B MeMOpaHax KIITHH XapaKTePHU3YIOThCs
nosepxHeBuM (¢ ), munonsuaum (¢,) i TpancMeMO-
pannum (¢,) motenuianamu [7], AKi BiApi3HAIOTHCS
MOXO/DKEHHSIM 1 JIoKamizamieto. [loBepxHeBuii moTeH-
1iajJ TeHEePYEThCS 3apsIKEHUMHU TPylaMH TOJIiBOK
dbocdominiais i axcopOOBaHUMU I0HAMHU Ha MMOBEPX-
Hi po3aury MemOpaHa-Boja. BiH BUMIPIOEThCS MiXK
MEMOPaHHOIO MTOBEPXHEIO 1 06’ €MHOIO BOJIOIO Ta TICHO
1oB’si3aHmi 3 pH Ha Mexi moiny. JlunonsHui moTeH-
IiaJT TOXOAUTH Bijl YIIOPSIAIKOBAHWUX UTIONIB JIIITITiB
(edbipHuX rpyI i OINOISAPHUX TPYI FONIBOK) Ta YIIOPS/I-
KOBaHUX BOAHMX MOJIEKYJ. BiH JoKamizyeTbcs Mixk
MEMOpPaHHOIO IMOBEPXHEIO 1 IEHTPaIHHO T11podoo-
HOIO YaCTHHOIO MoABiKHOTrO mapy. TpancmMeMOpaHHUit
MOTEHL1aJI TeHEPYETHCS PI3HULICIO KOHLEHTpallii i0HIB
13 IBOX CTOPiH OilIapy i BUMIPIOETHCS Yepes3 yCIo HOro
JIOBXHHY [8].

Mera poboTH — po3paxyHOK IIOBEPXHEBOTO MTOTEH-
Iiary EpUTPOIUTIB Ta KOHIIEHTpaIlii ioHiB Na* 01 ix
noBepxHi y mapi Llltepua-I enbMrompiia 3aaexHO BifT
TEeMIIEpaTypH CePEeIOBHINA Ta KOHIIeHTparTii 1:1-emext-
poJtita B 00’ €MHOMY PO3YHHI.

®diznko-MaTeMaTHYHA MOJeJb

Po3risiHeMO BIUIMB KOHLIEHTPAL] [103aKIiTHHHO-
ro PO3YMHY Ha MOBEPXHEBHH MOTEHLIAN KJIITHH Ha
npukiIani epurpouutis moauay. PiBusuus [lyaccona-
Bonpiimana BU3Hauae eNeKTPOCTATUYHUE MOTEHIIAT
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Nowadays there is a generally accepted conception
that cell cryodamage is a direct or indirect result of
the formation and growth of ice crystals in freezing
cell suspension. The existence of optimal cooling rate
is explained by the two-factor theory of cryodamage
by P. Mazur [10], whereby the cell survival following
crystallization of cell suspension is affected by two
types of cryoinjuries. First one acts during crystalliza-
tion of extracellular medium and is caused by dehyd-
ration of cells, an increase in concentration and ionic
strength of extra- and intracellular solutions through
the transformation of water into ice. The second type
of cryoinjury of cells is stipulated by the formation of
intracellular ice crystals, which causes the same effects
and moreover leads to mechanical destruction of memb-
rane structures. Damaging effect of hypertonic medium
is of a multifactor nature. This may be either a direct
effect of hypertonic solutions on cell membranes (lyo-
tropic action) or a damage caused by osmotic factors,
including the critical reduction of cell volume.

One of'the consequences of ionic strength extracel-
lular medium effect and, consequently, intracellular
one, is a change in membrane potential of cells being
in this environment. Static electric fields in cell memb-
ranes are characterized by surface (¢, ), dipole (¢,)
and transmembrane (¢ ) potentials [1], which differ
in origin and localization. The surface potential is ge-
nerated by charged groups of phospholipid heads
and adsorbed ions at the membrane-water interface.
It is measured between the membrane surface and
bulk water and is closely related with the pH at the in-
terface. The dipole potential is originated from ordered
dipoles of lipids (ether groups and bipolar groups of
heads) and ordered water molecules. It is localized
between the membrane surface and central hydro-
phobic part of bilayer. Transmembrane potential is ge-
nerated by the difference in concentrations of ions
on both sides of bilayer and is measured across its en-
tire length [4].

The research purpose was to calculate the surface
potential of erythrocytes and concentration of Na* ions
near their surface in the Stern-Helmholtz layer depen-
ding on the medium temperature and concentration
of 1:1 electrolyte in bulk solution.

Physical-mathematical model

Let’s consider the effect of concentration of extra-
cellular solution on cell surface potential taking human
erythrocytes as an example. Poisson-Boltzmann equa-
tion determines the electrostatic potential @, the electric
field £ = % and the concentration of counterions

X

p, at any distance x from the surface [8]:

d2¢ _ Zepi - _HZepo %_Z:T(ﬁ (1)

Pl ’
dx EE, &e,
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@, enexrpuuHe nose £ = . 1 KOHIEHTPALIIo Ipo-
X

THIOHIB P, Ha Oyab-sIKii BificTaHi x Bix noBepxHi [10]:

d’¢ _ _zep, - _Hzep, %‘sz , (1)

=
dx e, Hsso

JIe 0 — YHUCIIOBA IMIUIbHICTH 10HIB 13 BAJICHTHICTIO Z Y
TOYMI X; & — MIENEKTPUYHA NPOHUKHICTH BAKyyMY;
£ — BITHOCHA JTi€TIEKTPUYHA TPOHUKHICTH CEPEIOBHIIIA;
k — ctama bormenimana; T — abcoroTHA TeMITepaTypa.

[impHICTH MPOTHIOHIB HA TOBEPXHI BU3ZHAYAETHCS
3a popmysoro [10]:

2

o
=p, +—, 2
Po = Pe 2¢e€ kT @

1€ O, — IUIBHICTB IPOTHIOHIB B 00’ €MHOMY PO3YHHI.
3 hopmynu (2) BUIHO, 1110 KOHIICHTPAIlisI TPOTH-
10HIB Ha MMOBEPXHI 3aJIC)KUTH TITBKHU BiJl TOBEPXHE-
BO1 IIITBHOCTI 3apsAly O 1 KOHIIEHTpAIlil IPOTHIOHIB B
006’ emHOMY po3unHi. OTxKe, IS 130ThbOBAHOT TTOBEPX-
Hi BEJIMHUHA [, HIKOJIM HE MO)Ke OyTH MEHIIOIO 3a
o
2¢eg kT
PosrsinemMo po3noznin ioHiB Mo0IM3y 130160BaHOT
MOBEPXHI B KOHTAKTI 3 PO3YMHOM EJICKTPOJIITY. K10
3amucary NOBHY IIJIbHICTE 3apsiay B Oyab-AKii TOUL

X SIK z z,ep,;, a IOBHY KOHIIEHTPAIIiIO 10HIB (YHUCIOBY
i
IIUTBHICTE ) — SIK z P.;, To po3moain bomeiiMana st
i

10HIB i B TOUIIi X Oyze MaTH BUTIIS
_ziehx
pxi = pooie kT H (3)
a Ha moBepxHi (pu x = () 3HAYEHHS MIUTHHOCTI P 1
MOTEHLIaNy @ 3B’s3aHI BiTHOIICHHAM
ziepo

Poi = Paie “)

Zie O, — KOHLIEHTPALlisl i-X I0HIB B 00’ €Mi pO3uKHY (IpU
x =), 1e ¢_=0.
Hampuknan, mst pozanay Na™Cl- Mo)kHA 3ammucaTa

], =[va] Lo e =[er] e )

ne [Na'], [Cl'],— xoHuEeHTpallis i0HIB HAaTPir/XJI0py Ha
HOBepxHI epurpouutis; [Na*] , [Cl]  — xoHLEeHTpa-
wis i0HIB B 00’ eMHOMY po3uuHi. Benunnm y kBaapart-
HUX JIyKKax, Hanpukiazn [Na'], BupaxkeHi B IesSKUX
3pYYHUX OJIMHHUIISIX KOHIICHTpAIii, Halpukiaag B M
(1 M = 1moms/n), i BignosigaroTs p = 6,022%10% M~
ne 6,022x10% — uucino ABoraapo, a MHOXKHAK 10° —
TUTSE TIEPEXO.Ty Bi KyOiYHMX METPIB A0 JITPIB.
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where p is the numerical density of ions with the
valence z at point x; € denotes dielectric permeability
of vacuum; € is the relative dielectric constant of me-
dium; £ is Boltzmann constant; 7' is an absolute tem-
perature.

Counterions density on the surface is determined
by the next formula [8]: ,

_ o , 2
Po =Pt 2e€ kT @

where p_ is density of counterions in the bulk solution.

The formula (2) shows that the concentration of
counterions on the surface depends only on the surface
charge density 0 and concentration of counterions in
the bulk solution. Thus, for the isolzzited surface the o,

o

value never m.ay be less than 5 g€ kT -

Let’s consider the distribution of ions near the
isolated surface in contact with the electrolyte solu-
tion. If we record the full charge density in any pointx

as Z z,ep,, and full concentration of ions (numerical
1

density) as Z P .;, the Boltzmann distribution for ions

i at point x will look as:
_ziehy
pxi = pooie i ? (3)

and on the surface (at x = 0) the density value p and
potential ¢ will be associated via the ratio

_ziepo

pOi = pooie kT > (4)

where p_is the concentration of i-th ions in the bulk
solution (at x = ), where ¢_= 0.

For example, for the case of Na'Cl™ solution we
can write

], =[ved] e sfer] s =[er] e )

where [Na'], and [Cl], are concentrations of so-
dium/chloride ions on the surface of erythrocytes;
[Na*],, [Cl], are the concentrations of ions in the
bulk solution. Values in square brackets, such as [Na*],
are expressed in some proper concentration units,
such as M (1 M = 1 mol/L), and correspond to the
concentration of p = 6.022x10* m, where 6.022%
x10% denotes Avogadro’s number, and 10° multiplier
is used for the transition from cubic meters to liters.

Full concentration of ions near isolated surface
with charge density 0 according to the formula (2)
equals to

2

(6)
Z P ¥ 2ee kT kT

> Pu =
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IToBHa KoHITEHTpAITisS 10HIB 0115 130JILOBAHOT TOBEPX-
Hi 31 IMITBHICTIO 3apsAay O 3a ¢popmyroro (2)
g
, (6)

me = Zpooi +2££0kT

3BIIKM MO’KHA OTPUMATH CITiBBITHOIIICHHS MIXK TIT1Th-
HICTIO TTIOBEPXHEBOTO 3apsAAy O 1 TOBEPXHEBUM MOTEH-
1ianom ¢,;:

o= 2££°kTEZ Poi = pr,- ? ) (7)

JUis epuUTpOLMTIB MIIIBHICTh MOBEPXHEBOTO 3a-
psny 0 =-1,31x102 Ki/m? [12]. A6o 1,31%102 Knx
xm%/1,602 x 107" Kit=0,82 % 10" 3apsinis/m?> = 0,082 3a-
PsLIiB/HMZ, TOOTO OJTMH eJTeMeHTapHuUI 3apsim Ha 12,2 Hv>.
BpaxoBytoun Te, 110 TUIOIIA TIOBEPXHI EPUTPOIUTA
nopiBaioe ~ 140 x 10> (260 14 x 107 am?), maemo ~107
3aps/iB Ha MOBEPXHI €PUTPOIIUTIB.

CriBBiTHOMIICHHS MiX IIUTEHICTIO TIOBEPXHEBOTO
3apsty O'iOBEPXHEBUM MOTEHIIIAIOM @, U pO3UUHY
NaCl orpumyeMo, miACTaBIsAIOUN piBHIHHSA (4) y (6):

2

? = 2¢&g kT % @Z Poi = Z [ Q: 2¢e€ kT %

«dva] e o] e -] L o] L Be
] [l

_e$o L0
= 2€€ (kT X Na+]w ot # —2%=
_edo. %0
=2£€0kTX§NaC1]X ke KT ZX[NaCl]g ®)

[TincraBnsroun 3HAYESHHS MITHHOCTI TOBEPXHEBO-
T0 3apsiIy VTS EPUTPOIMTIB JroauHu 0=—1,31 X 1072
[12], MaemMO 3a1€XKHICTh TOBEPXHEBOTO MOTEHITIATY BijI
Temreparypu 1 Ta KOHIIEHTpAIIil XJIOPUCTOTO HATPII0

y cepenosuti [NaCl]:
E: )

o’ =2¢e kT[Na ] %

= (1,31 x 10%)? =1,7161 x 10*.

IosnaunBmm nocTiitny Benuuuny 2£€ k(N x10°) =
= 117,8132x107 = a (MHOox)HUK N X10° 3’ aBaseTnCs
JUTSL TIEPEXO0Jly BUPAKECHHS KOHIIEHTPAIIIT y MOJIB/J), &
Benmunny 10°xk/e = 0,0862 = b (MuOXKHUK 103 3’51B-
JSETHCS, OCKUIBKH () BHUPaXKa€EMO y MiNiBOJBTAX),

OTPUMYEMO
N E:
o b

=aT><[NaCl]><% T 4o 0T %MTX[NaCl] . (10)

epo L0
kT+e kT_

TR
02 =1,7161x10™* = (aT)x [NaCl]x%b3+eb3

2

where from one can get the ratio between surface
charge density 0 and surface potential ¢

o’ = 26%”& Poi =Y Pu @ (7)

For erythrocyte the surface charge density makes
o=-1.31x102% C/m? [11]. Or 1.31x102 Cxm™?/
1.602x10C=0.82%10'" charges/m>= 0.082 charges/
nm?, i. e. one elementary charge per 12.2 nm?. Taking
into account that the erythrocyte surface area makes
~140x10"?m? (or 14%10” nm?) we have ~107 charges
on the surface of erythrocytes.

The ratio between the surface charge density o
and surface potential ¢, for NaCl solution could be
obtained after substituting equation (4) to (6):

> =2¢gg kT x @Z Poi ~ z P QZ 2e€ kT x

Hva] e or] e <[va] L o] LB=
] ]

= 2€€ kT % Na+]

_ep e
—ngergzvacz]x [ ZX[NaCI]E (8)

Considering the density of surface charge for human
erythrocytes as 0=—-131 x 102 [11] a dependence of
surface potential on temperature 7 and the concent-
ration of sodium chloride in the medium [NaC/] became

as follows:
E: ©)

o” =26 kT[Na"] . %

=(1.31 x 102)? = 1.7161 x 10,

By marking a constant 2€€kx(N x10%) =
=117,8132x107 = a (a multiplier N x10* appears to
transit to concentration in mol/L), and the value 10°x
Xk/e = 0,0862 = b (10° multiplier appears as we

express ¢ in millivolts), we get
9o o
% bT +e bT _2%

TR
=aTX[NaCl]X% Mg b1 %ZaTX[NaCZ]. (10)

edo a0
kT +e kT_

02 =1,7161x10™ = (aT)x [NaCl] x

Thus we have

0°=1,7161x10 = 2aT[NaCl] x
x cosh(¢ /bT)-2aT[NaCl] (D

or

(G*+ 2aT[NaCl])/2aT[NaCl] = cosh(¢,/bT), (12)
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Puc. 1. TemnepaTtypHa 3anexHiCTb NOBEPXHEBOro NoTeHujiany epuTpoLmnTiB Y po3umHax i3 pisHoto koHueHTpauieto NaCl.
Fig. 1. Temperature dependence of erythrocyte surface potential in solutions of various NaCl concentrations.

3BIIKA MAaEMO
0°=1,7161x10"*= 2aT[NaClI] x
x cosh(¢/bT)-2aT[NaCl]

(11)
abo

(0°+ 2aT[NaCl])/2aT[NaCl] = cosh(¢,/bT), (12)

JIe ONMHUII BUMIPIOBaHHS KoHIIeHTpartii [ NaCl] —moi,
a Temneparypu — rpaaycu Kenbpina.

Temnepatypa, K
Temperature, K
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Surface potential, mV
&
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lMoBepxHeBui noTeHuian, vB
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Puc. 2. TemnepartypHa 3anexHiCTb MOBEPXHEBOrO NOTEH-
uiany eputpouunti 3a koHueHTpauit NaCl y Toukax ¢aso-
BOro nepexoay.

Fig. 2. Temperature dependence of erythrocyte surfa-
ce potential vs. NaCl concentration in phase transition
points.
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where the units to measure concentration [NaCl] are
moles and kelvins are for temperature.

Results and discussion

Based on the formula (12) we performed computer
calculations and obtained the erythrocyte surface po-
tentials at different temperatures and concentrations
of NaCl in extracellular solution (Fig. 1). To determine
the change in surface potential of erythrocytes during
freezing of cell suspension in physiological saline we

KoHueHTpauis NaCl, %
NaCl concentration, %

2,5

0 0,5 1 1,5 2
0 1 1 1 1
S
5¢
55 4
= c
[e3N0)
,gg -6 -
m @O
$E 81
o 3
[0} )]
m
e 10 -
-12

Puc. 3. 3anexHicTb NoBepXxHEBOro MoOTeHLiany eputpo-
umnTiB Big koHUeHTpauii NaCl npu TemnepaTypax paszoBoro
nepexoay.
Fig. 3. Temperature dependence of erythrocyte surface
potential vs. NaCl concentration at temperatures of phase
transition.
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Fig. 4. Phase diagram of NaCl aqueous solution within
temperature range of 273...253 K (0...20°C).

Pe3yabTatu Ta 00roBOpeHHA

Ha mincragi popmynu (12) Gyrnm ipoBeieHi KOMIT 1o-
TepHI OOYMCIICHHS Ta OTPUMaHi TOBEPXHEBI MOTEHITIAIN
EPUTPOIIUTIB 32 PI3HUX TEMIIEPATYp Ta KOHIICHTPAITiif
NaCl y nozakiituaHOMY po3uuHi (puc. 1). s Bu3Ha-
YEHHSI 3MiHM TOBEPXHEBOT'0 MOTEHIIIATy EpUTPOLIUTIB
y Ipolieci 3aMOpOKyBaHHsI KIITHHHOT CyCleH3ii y
¢izionoriyHOMyY po34MHI MU IOOyayBaiu rpadik 3a-
JISKHOCTI MOBEPXHEBOT0 MOTEHLIaldy BiJl TemIepa-
TypH (puc. 2) abo koHIeHTpatii (puc. 3) 3a Toukamu,
110 BiANOBIAAIOTH 3HAYCHHSAM LIMX BEJTUYMH 3T1THO 3
(hazoBoro giarpamoro OiHapHoi cucremu Boja-NaCl
(puc. 4).

Konnentparii o IHIUBITyaTbHUX 10HIB Ha TIO-
BEpPXHI MOXKHa 004YHCIUTH 3a Gopmyoro (5), mif-
CTaBJSIOYM PO3PaxOBaHl 3HAYCHHS MMOBEPXHEBOTO
MTOTEHITIATY JUTS JOCIIHKYBAaHUX PO3UnHiB. OUeBUI-
HO, 10 KOHLEHTpalis 10HiB HaTpito [Na | Ha moBepX-
Hi epUTpOUUTIB Oyne OiNbIIOI0, HIX B 00’ €MHOMY
PO3YMHI, a KOHLIEHTpais ioHiB xopy [C/ | — MeHIIOKO.
3asiexHICTh MOBEPXHEBO1 KOHIEHTpawii ioHiB Na*
BiJl KOHIIEHTpaIlii B 00’€MHOMY PO3YHHI PO3paxo-
BaHa 3a (opmynoro (5) st 1BoxX Temmeparyp (275
ta 255 K), momana Ha puc. 5, 3 IKOTO BUIHO, IO TEM-
neparypa npakTHYHO HE BIIJIMBAE Ha MMOBEPXHEBY
KOHIICHTpAIIiIo MpoTuioHiB. Came X 3HaAYCHHS KOH-
LIEHTpaIlii HaTPil0 Ha TTOBEPXHI EPUTPOIIUTIB 3HAYHO
nepeBuIye Woro B 00’emHomMy po3umHi. Tak, nmpu
KOHIIEHTpalii po3unHy 1 M moBepxHeBa KOHIEHTPALis
cTaHoBUTH 1,5 M, a 3a koHueHTparii 2 M BoHa 30111b-
myeTbest 70 3 M.

[Ipu BuBYECHHI TemmepaTypHOI 3aJeXHOCTI IO-
BEPXHEBOT'0 MOTEHLIATy €PUTPOLMTIB JTIOJUHH 0CO0-
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constructed a graph of the surface potential depen-
dence vs. temperature (Fig. 2) or concentration (Fig. 3)
using the points corresponding to these values accor-
ding to the phase diagram of a water-NaCl binary
system (Fig. 4).

The concentrations o, of individual ions on a surface
can be calculated using the formula (5), substituting
the calculated values of surface potential for the stu-
died solutions. Obviously, the concentration of sodium
[Na*] ions on the surface of erythrocytes will be higher
than in the bulk solution, and the concentration of chlo-
ride ions [C/] will be lower. Dependence of surface
concentration of Na' ions vs. the concentration in the
bulk solution calculated using the formula (5) for two
temperatures (275 and 255 K) is presented in Fig. 5,
showing that the temperature did not virtually affect
the surface concentration of counterions. The value
of sodium concentration on the surface of erythrocytes
per se greatly exceeded the value in the bulk solution.
In particular, at 1 M concentration of solution the
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KoHueHTpauig NaCl y po3uuHi, M
NaCl concentration in solution, M

Puc. 5. KoHueHTpauis ioHiB Na* Ha noBepxHi epuTpoLmTiB
3anexHo Bif KOHLEeHTpauii 06'€eMHOro po3ymnHy: —e—— 275 K;
- — 250 K.

Fig. 5. Concentration of Na* ions on surface of erythrocytes
depending on concentration of bulk solution: —— — 275 K;
- — 250 K.

surface concentration made 1.5 M, and at 2 M concent-
ration it increased up to 3 M.

When studying the temperature dependence of
the surface potential of human erythrocytes of special
attention is the appearing bend of its curve for the
concentrations of 0.15 and 0.3 M within the tempera-
ture range of 8...12°C (see Fig. 1). To understand the
cause of this bend let’s analyze the equation (12),
namely its left member. It contains a description of the
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JIUBY yBary IpUBEpTaE MEPETruH il XONy JJIsI KOH-
nentparniit 0,15 ta 0,3 M y giama3oni Temmepa-
Typ §...12°C (nuB. puc. 1). s Toro, 1100 3po3ymiTu
MPUYUHY LBOTO NEPEruHY, IPOAHAi3yeMO PIBHIHHS
(12), a came ioro iiBui wieH. BiH MiCTUTh Xapak-
TEPUCTUKY MOBEPXHIi, BIACTUBOCTI AKOi aHali-
3YIOTBCS, — IIIJIBHICTh HOBEPXHEBOTO 3apsly EpHUT-
pOLHTIB
(0*+ 2aT[NaCl))/2aT[NaCl] (13)

a60 s 0,15 M po3unHy XJIOPUCTOTO HATPIFO Ta IILTb-
HOCTI IIOBEPXHEBOTO 3apsily epUTPOIIUTIB JIIOAUHN

(1,7161 x 10* + 0,035344 x
x10-4x T)/0,035344 x 10+x 7. (19

Po3paxyHok TemmepaTypHOI 3aJeKHOCTI BHpazy
(13) 3a KOHIIEHTpAIIil XJIOPUCTOTO HATPIKO y Ceperio-
Bui 0,15 Monb/n nonanuii Ha puc. 6. BugHo, 1o s
TEeMITepaTypHa 3aJIeKHICTh Ma€ BIIXMIICHHS B1T JIIHIN-
HOCTI nipu gocsarHeHHi Temneparypu 12°C. 3HaueHHs
TEMIIepaTypu OYEBUJIHO 3aJICKUTH Bijl XapaKTepuc-
TUKH MeMOpaHH, a caMe IIIIFHOCTI OBEPXHEBOTO
3apsany. [lpu 30inbIIeHH] KOHIIEHTpAIlli XJIOPUCTOTO
HaTPIiIO B CEPEAOBHUIII TIEPErnH X0y TeMIIepaTypHOi
3aJIeKHOCTI 3HUKAE.

AHaJti3 1aHUX HayKOBOI JIiITEpaTypH MOKa3ye, 1110
iCHY€ JeKiJIbKa TeMIIepaTypHHUX JAiala3oHiB, B SKUX
CIOCTEPIraroTbCsl aHOMAJIil TEMIEPaTypHUX 3aJIexK-
HOCTEH NPOLECiB, OB’ I3aHUX 13 MEMOpaHaMH €pPUTPO-
outiB: 8...12,18...20, 28...30 Ta>40°C. UiTki Mmexa-
HI3MHU CTPYKTYPHHX 3MiH 3a IUX TeMIepaTyp A0Ci He
BH3HAYCHI Yepe3 CKJIaIHICTh 1 aHI30TPOIIiI0 MEMOPaH.
Y HammX AOCTIIKEHHIX TEMIIEPaTypHOI 3aIeKHOC-
Ti 9acy 0OMiHY MOJIEKYJI BOJI EpUTPOIUTaMH [2] Oyiio
OoKa3aHo, 110 B iara3oHi 8...12°C rpadiku Apeniyca
JUTSL €PUTPOLIMTIB 3a3HAIOTH PO3PUBY 13 CYTTEBUM 301JTh-
LIEHHSIM €Heprii akTUBaIii mpouecy mpu 3HAYSHHIX
temneparypu Huwkde 8°C. Y NPOHUKHOCTI €pHTPO-
LUTIB JIOAMHH JUIS KpionpoTeKkTopiB 1,2-nponanaiony
(1,2-1114) i gumeruncynpdpokcuny (JAMCO) Takox
OyJ10 MOKa3aHo iICHYBaHHS 371aMiB apeHiyCOBHX 3aJICHK-
HocTel 3a temmnepatyp 8...12°C 31 30ibLIEHHAM
eHeprii akTuBauii NPOHUKAHHS LUX PECUYOBHH B 30HI
cyOHYnbOBHUX 3HaueHb Temmeparypu [1, 3]. byno
BUCYHYTO TMPUITYIICHHS, IO pi3Ka 3MiHa €HEeprii
aKTUBAIlli MPOHUKHOCTI 3a Temmepatypu 8...12°C
OB’ s3aHa 31 3MEHIIEHHAM MPOHUKHOCTI O1TKOBHX
KaHaJIiB BHACIIJIOK CTPYKTYPHOTO TIEpeXoy B MeMO-
panax eputporuTis. T. Forte Ta ciiiBaBt. [9] mokazanm,
L0 UTOCKENET-MEeMOPaHHUI KOMITJIEKC, IKMH BKITIO-
qae 610K cMyT 3 Ta 4.1, BiAnoBigae 3a TEPMOTPOITHUIMA
nepexizg y MeMOpaHax epuUTpOLUTIB 3a TEMIIEpaTyp,
omu3pkux 70 8°C. Pe3yabraTy HAIloro monepeaHboro
JOCIHIUKCHHSI TEMIIEPaTypHOI 3aJIe)KHOCTI NPOHUK-
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Puc. 6. TemnepatypHa 3anexHiCTb YNCENbHOro 3HayeH-
HSA NiBOro uyneHy piBHAHHSA (12) 3a koHueHTpauii NaCl
0,15 momb/n Ta WiNbHOCTI MOBEPXHEBOIO 3apsAy, Xapak-
TEPHOro AN epUTPOLUTIB MIOANHMN.

Fig. 6. Temperature dependence of numerical value of the
left member of equation (12) on 0.15 mol/L NaCl concent-
ration and surface charge density for human erythrocytes.

surface properties under analysis, erythrocyte surface
charge density

(0*+ 2aT[NaCl])/2aT[NaCl] (13)
or for 0.15 M sodium chloride solution and surface
charge density of human erythrocytes

(1.7161 x 10 + 0.035344 x
x10-4x T)/0.035344 x 104x 7. (14

The calculation of the temperature dependence
of expression (13) at the 0.15 mol/L concentration of
sodium chloride in the medium is presented in Fig. 6.
The figure shows that the temperature dependence
has a deviation from linearity at a temperature of
12°C. The temperature values obviously depend on
the characteristics of membrane, such as surface char-
ge density. With increasing the concentration of so-
dium chloride in the medium the bend of the tempe-
rature dependence course disappears.

Analysis of the publications demonstrates that
several temperature ranges exist with certain abnor-
malities in the temperature dependences describing
the processes in the erythrocyte membranes, these
are 8...12; 18...20; 28...30 and > 40°C. Distinct
mechanisms of structural changes at these tempe-
ratures are not identified to date because of the comp-
lexity and anisotropy of membranes. Our studies of
the temperature dependence of the duration of water
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HOCTI €pPUTPOIUTIB MOKa3ajM, 1110 00poOKa KIIITHH
6yi0KaTOpOM OITKOBUX KaHAJIIB HE yCyBae€ 3j1amy
apeHiycoBOi 3aJ€KHOCTI B 30HI TEeMIIEpaTyp HIKYE
12°C sk nnst rigpodinbHOTO Kpionporektopa 1,2-11/1,
Tak i as rigpodooHoro [IMCO [3]. Tomy Oymo 3po6-
JICHO BUCHOBOK, 10 301JIbIIICHHS €HEPTii aKTHBALii IpH
oxonomkeHH1 Huk4e 12°C 00yMoBIeHO HailiMOBIpHiLIe
CTaHOM JIiIITHOTO MaTPHUKCY (B’ SI3KICTh, HASIBHICTH Jie-
(heKTHUX T1IPOPUTFHAX TTOP), @ HE 3aKPUTTSIM OLTKOBHX
KaHaJIiB.

JaHi, oTprMaHi METOIOM BU3HAUYCHHS PO3TOILTY
EPUTPOLIUTIB 32 1HAEKCOM C(hepUIHOCTI, TAKOXK ITiJI-
TBEPJUIIN ICHYBaHHS TeMIEPaTypO3aJeKHUX 3MiH
CTaHy MeMOpaH epUTPOIUTIB, SIKi BIUTMBAIOTH Ha X
(hopmy [4]. CyTTeBi 3MiHU CIIOCTEPIraIUCs B Tiania30H1
temneparyp 12...8°C. 3HaqyHO 30UTBIIHIIACS KITBKICTh
KIIITHH 13 MaJMM 1HIEKCOM cPepHUYHOCTI, 1Ie MPU3BO-
JUJIO JI0 TIOSIBM CyONOmyJsiii, miK SKOi mpu TemIie-
parypi 12°C OyB BHILIMM 32 OCHOBHUI K 13 cepenHiM
JUTSL CTAaHIaPTHOTO po3noainy 3a 37°C 3Ha4eHHSIM 1H-
nekcy cdepuanocti. Hamu Ttakok OyB mpoBeneHU
MIKPOCKOITIYHUH aHaji3 3a1exHoCTi GopMu epur-
poumTiB Bix Temnepatypu [4]. EputporuTy, ki 3Ha-
XOJMIIUCS B IJIa3Mi, HAHOCWJIM Ha CKIIO B TEPMO-
CTaTOBaHIN KaMepi, iX 300pakKeHHS pEeeECTpyBalIH B
nianazoni remneparyp 37...3°C i3 kpokom 1 rpangyc.
[licna po3BeneHHS KIITHH IJIa3MOI0 CHOYATKY PO3-
pi3HEH1 epUTPOLUTH B IPOLIEC] CIIOCTEPEKEHHS 1OC-
TYNOBO TPYINYBAIHUCA B «KMOHETHI CTOBIYUKHY, SIKi
30epiranucs go temneparypu 16°C. Ilpu gocsruenni
B Kamepi temnepatypu 15°C kapTuHa B 1o 30py
MIKpOCKOIIa Pi3KO 3MiHIOBaJIacsi: KJIITHHU MOYMHA-
JM pyXaTHUCs, KMOHETHI CTOBITUMKHY» PyHHYBaJIUCS,
JacTWHA KJIITHH BTpadaia auckoigay dopmy. Ilpote
yepe3 neskuil dac (6mm3bko 1 XB) KITITHHH 3HOBY
CKJIAJIAJTACS] B «MOHETHI CTOBITUMKNY, 1 32 TEMIIEepa-
Typu 5°C BUINISA CycTieH31i TPAKTUYHO HE BiPI3HABCS
Bix Takoro 3a 16°C. Pe3ynapratn MiKpOCKOIIYHOTO
JIOCJIIJIDKEHHS IMOBHICTIO Y3TOJKYIOThCS 3 JIAHUMH,
OTPUMaHUMH METOJOM BHU3HAYECHHS PO3MOALITY epHUT-
POLIMTIB 3a iHAEKCOM cepudHocTi. PyiinyBaHHs «MO-
HETHHX CTOBITYUKIB» 1 yTpara AUCKOigHOI (popmu
YaCTHHOIO KJIITHH KOPEJIIOE 31 3011 LICHHSM KUTBKOCTI
KIIITHH, SKi MAalOTh Maluil iHAeKC cepudHOCTi, 3a
temieparypu Huxde 15...12°C. Came B Temmepa-
TypHiii 30H1 HIK4e 12°C crioctepiranucs 301IbIICHHS
eHeprii akTHBallii Ta BETUKUI PO3KU]] 3HAUCHb MPO-
HUKHOCTI SIK JIsl KpionporektopiB [1, 3], Tak 1 mis
MOJICKYJ Boau [2].

J1J1s TOsICHEHHSI TIPOIIECIB, K1 BiI0YBarOTHCS B 30-
Hi CTPYKTYpHO-()a30BOT0 IIepexo/1y pHu TeMIIeparypi
12...8°C, Oyn0 3p0o0i1eHo NPUIyLLEHHS, 10 Y MeMOpaHi
EPUTPOIUTA 3MIHIOETHCS BITHOMICHHS MIXK TUIOIICIO
30BHINIHBOTO T2 BHYTPIMIHHOTO MOHOIIIAPIiB MEMO-
paHM, HaPUKJIAJA, 32 PaXyHOK «3aHypeHHs» OIKiB
KOHIYHOI ¢opmu BrimubO Oimapy [13]. Ilpu nupomy
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molecules exchange with erythrocytes [7] have
shown that within the range of 8...12°C the Arrhe-
nius dependencies for erythrocytes undergo a rupture
with a significant increase in the activation energies
below the temperature of 8°C. Human erythrocytes
permeability for 1,2-propanediol (1,2-PD) and di-
methyl sulfoxide (DMSO) cryoprotectants also has the
kinks in Arrhenius dependencies at the temperature
of 8...12°C with increasing activation energy of penetra-
tion of these substances at the subzero temperature
[2, 6]. It was suggested that a sharp change in the ac-
tivation energy of permeability at the temperature of
8...12°C was associated with a decrease in permeability
of protein channels because of structural transition
in erythrocyte membranes. T. Forte ef al. [5] showed
that cytoskeleton-membrane complex, including the
protein band 3 and 4.1, was responsible for thermo-
tropic transition in erythrocyte membranes at the tempe-
ratures close to 8°C. Our previous study of the tem-
perature dependence in the permeability of erythro-
cytes demonstrated that treatment of cells with the
blocker of protein channels did not eliminate the bend
of Arrhenius dependence at the temperatures below
12°C either for hydrophilic cryoprotectant 1,2-PD or
hydrophobic DMSO [2]. Therefore, the increase in
activation energy appearing during cooling below
12°C was associated by us with the state of lipid mat-
rix (viscosity, presence of effective hydrophilic pores)
but not with closing of protein channels.

The data obtained by means of analysis of the
erythrocytes distribution by sphericity index also con-
firmed the existence of temperature dependent changes
in the state of erythrocyte membranes which affected
their shape [3]. Significant changes were observed in
the temperature range of 12...8°C. There was found
a significant increase in the number of cells with low
sphericity index, that led to the emergence of a subpo-
pulation with the peak at 12°C which was higher than
the main peak with an average for the standard distri-
bution at 37°C sphericity index value. We also perfor-
med a microscopic analysis of erythrocyte shapes
depending on the temperature [3]. Erythrocytes, being
in plasma, were layered on glass in a thermostated
chamber, the images were recorded within the tempe-
rature range of 37...3°C with the 1 degree step. After
dilution of the cell suspension with plasma we obser-
ved that erythrocytes, which were separated until
that moment, started to group gradually into ‘roleaux’
which were kept down to a temperature of 16°C. When
the temperature in the chamber achieved 15°C the
microscopical pattern in the observation field drasti-
cally changed: cells started to move, the ‘rouleaux’
were destroyed, some cells lost a discoid shape. Ho-
wever after a while (about 1 min) the cells evolved
the ‘rouleaux’ again and at the temperature of 5°C
the suspension appeared almost the same as at 16°C.
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BITHOIIICHHSI TIJIOMII TOBEPXHI 30BHINTHLOTO MOHOTIIA-
py J0 TUIOMNII TOBEPXHI BHYTPIIITHBOTO MOHOIIAPY
MeMOpaHu 301nbIIyeTbes. BinnosinHo 1o rimoresn
OimapoBoi nmapu [14] e nmpu3BOIUTH A0 MIBUIKOTO
YTBOPEHHS CTOMATOLUTIB LIJISIXOM J3€PKaJIbHOTO BHU-
MTUHAHHA OJIHI€T 3 TYHOK €pUTPOLMTA BITHOCHO 1OTHY-
HO{ MIOMMHHU 10 OOKOBOI MOBEPXHI epuTponuTa [6].
«MOHETHI CTOBIMUYMKHM» YTBOPIOIOTHCS 32 PaxXyHOK
«MICTKIB» MIK 30BHIIIHIMHA TOBEPXHIMH CYCITHIX
€PUTPOLINTIB, AKi 3B’ A3yI0OTh MEMOPAHU, TPOTHUAIIOUH
CHJIaM EJIEKTPUYHOTO BiJIITOBXYBAaHHS. 3a30p MIXK
MeMOpaHaMH €pUTPOITUTIB y 30HI KOHTAKTY CTAHOBUTH
6mm3bKo 25 M. Crna arperartii, sska 00yMOBJI€Ha yTBO-
PEHHSIM «MICTKIB», Y pO3paxyHKY Ha OIMHUIIIO TUTOII
KOHTaKTYIOUHX MOBEpPXOHb ckinagae 102 H/m?, npu
LBOMY 3B 130K MK KJIITHHAMU JIETKO PO3PHBAETHCS
HaBiTh Y HEBEJIUKHX 3CyBHUX moTokax [5]. Tomy
MOYKHA TMPUITYCTHTH, 110 CHJIM BiJIITOBXYBaHHS, sKi
BUHHUKAIOTH M1/l 4aC MUTTEBOTO MEPEXOAY AHMCKO-
LUT-CTOMATOLHT, AOCTATHI ISl PO3Maay «MOHETHUX
CTOBITYUKIBY.

BuznadeHna 0coOIMBICTh 3aJI€KHOCTI TOBEPXHEBO-
0 MOTEHIIiaTy Bij TeMIiepatypu B fiamasoni 12...8°C
(muB. puc. 1), po3paxoBaHOTO A 3aPSAIKEHOT ITOBEpPX-
Hi 3 ICBHOIO IIITHHICTIO MIOBEPXHEBUX 3aPSIIB 13 Cy-
TO (i3UYHUX MIpKyBaHb 0e3 BpaxyBaHHS CTPYKTypH
Ta CKJIaJOBHX Li€l NOBEPXHi, IMOBIPHO € OAHIEIO 3
MPUYHH 11epeOya0B y MeMOpaHi 3a X TeMIIepaTyp.
[Hopymennst 6anaHcy eNeKTPOCTATUYHHUX B3a€MO-
Iiil Ha MOBEPXHi 30BHIMIHBOI'O MOHOIIAPY MeMOpa-
HU 4Yepe3 301IbIICHHS] KOHIEHTpaLii MpOTHIOHIB Ha
MOBEPXHI KJIITHH 1 BiANOBIJHO 3MEHIIEHHS NOBEPX-
HEBOTO MOTEHLIAITY MOXKe OyTH «ITyCKOBHM MeXaHi3-
MOMY TIepeOyI0B 1 3MiHH B3aEMOJ1# Mi>K O1TKOBUMH 1
JIMTHUME KOMIIOHeHTaMu MeMOpanu. Lle mpumy-
LICHHS Y3TOKY€EThCS 3 Pe3yIbTaTaMy HaIIoOTO TOCTi-
JKEHHSI Ta BUCHOBKaMHU POOOTH [ 3] TTpo IpUIUHY 30116~
LISHHS €Heprii aKTUBaLlli MPOHUKAHHSA MOJIEKYJT BOJH 1
KPI1OIPOTEKTOPIB KPi3b MEMOPAHH EPUTPOLHTIB JIFOTMHN
pu 0xoJ0KeHHI Hikue 12°C.

BucnoBknu

1. BusHaueHa 3MiHa MOBEPXHEBOTO MOTEHLIATY
CPUTPOLMTIB y MPOLECi 3aMOPOKYBAaHHS KIITUHHOT
CycHeH3ii B TOYKax, IO BiJIMOBIJAIOTh 3HAYCHHSIM
TEMIIepaTypy Ta KOHIIEHTpaIlii 1: 1 -eeKkTposniTy 3riTHO
3 (pa30BOIO Jiarpamoro OiHapHoi cuctemu Boga—NaCl.

2. TlokazaHo, 1110 KOHIIGHTpaIlis 10HIB HATPIIO Y Iapi
[rtepna-I'enpmronbua B 1,5 pasu nepeBuIlye Taky B
00’eMHOMY PO3UYHHI.

3. BuzHayeHa 0COOIMBICTH Y XOJIi TEMIIEPaTYPHOT
3aJIeKHOCTI MTOBEPXHEBOTO MOTEHIIATY 3apsaKEeHOT
MOBEPXHI 3 MEBHOIO ILUIBHICTIO TIOBEPXHEBUX 3apsi-
IiB MoKe OyTH OZIHI€IO0 3 TPUYMH 1epeOy10B y MeMO-
paHi epUTPOIUTIB JIIOAWHU B JIialla30HI TeMIieparyp
12...8°C.
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The results of microscopic examination were entirely
consistent with those obtained by determining the
distribution of erythrocyte sphericity index. Destruc-
tion of ‘rouleaux’ and loss of discoid shape by some
cells correlated with the number of cells with low
sphericity index at a temperature below 15...12°C.
Exactly in the temperature zone below 12°C there
were observed an increased activation energy and
large variations in the permeability for both cryopro-
tectants [2, 6] and water molecules [7].

To clear up the processes occurring in the zone of
structure-phase transition at 12...8°C it was assumed
that erythrocyte membrane aquired a changed ratio
between the area of outer and inner membrane mono-
layers, for example, by an ‘immersion’ of proteins with
conical shape deeply into bilayer [13]. Suchwise, the
ratio between external and inner monolayars of memb-
rane increased. According to the bilayer-couple model
[14] this leads to a rapid formation of stomatocytes
by specular protrusion of one of the erythrocyte dep-
ression relative to the tangent plane to lateral surface
of erythrocyte [12]. ‘Roleaux’ are formed by means
of the ‘bridges’ between external surfaces of adjacent
erythrocytes, binding membranes and opposing the
forces of electrical repulsion. The gap between memb-
ranes of erythrocytes in the contact zone makes about
25 nm. The power of aggregation, stipulated by the
formation of ‘bridges’ per unit area of contacting
surfaces is 10.2 N/m?, herewith the bond between the
cells is easily broken even after appearance of small
shear flows [9]. Therefore, we can assume that the
repulsive forces arising at the instant discocyte-to-stoma-
tocyte transition are sufficient to collapse ‘roleaux’.

The found feature of surface potential dependen-
ce vs. temperature within the range of 12...8°C (see
Fig. 1) calculated for the charged surface with a cer-
tain density of surface charges for purely physical
reasons, with no regard to the structure and compo-
nents of surface is probably one of the causes of altera-
tions in membrane at these temperatures. Appearance
of a misbalance in electrostatic interactions on the
surface of membrane outer monolayer due to increased
concentrations of counterions on the cell surface and
therefore the reduced surface potential can trigger
rearrangements and changes in interactions between
the protein and lipid components of membranes. This
assumption is consistent with the results of our research
and conclusions [2] about the reasons for increasing
the activation energy of penetration of water and
cryoprotectants molecules through the membranes of
human erythrocytes when cooled below 12°C.

Conclusions

1. There is a change in surface potential of eryth-
rocytes during freezing of cell suspension in points cor-
responding to the values of temperature and con-
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centrations of 1:1 electrolyte on the phase diagram of
a water-NaCl binary system.

2. The concentration of sodium ions in the Stern-

Helmholtz layer is 1.5 times higher than that in the
bulk solution.

3. There is a feature in the temperature dependence

of the surface potential of the charged surface with
the particular surface charge density and it might be
one of the causes of rearrangements in membrane of
human erythrocytes within the temperature range of
12...8°C.
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