Probl Cryobiol Cryomed 2019; 29(4):317-331
https://doi.org/10.15407/cry029.04.317

YIIK 577.352.052: 576.311.342.2: 57.043
.. AnekcaHgposa, H.I[. 3emnsaHcknx®

BnusiHne NOHHOro coctaBa KPpUONPOTEKTOPHOM cpeabl
M KPMOKOHCEPBUPOBAHUA HA YYBCTBUTENIbHOCTb
3pUTPOLIUTOB YenoBeKa K MEXaHUYECKOMY cTpeccy

UDC 577.352.052: 576.311.342.2: 57.043
D.l. Aleksandrova, N.G. Zemlianskykh*

Impact of lonic Composition of Cryoprotective
Medium and Cryopreservation on Human
Erythrocyte Sensitivity to Mechanical Stress

Pedrepart: VccnegoBaHo BNusiHve anekTponmToB U MoHOB Ca?* Ha pasBuTHe reMONIUTUYECKMX MOBPEXAEHNI 3PUTPOLIMTOB YENoBeKa
npy MexaHW4YeCcKkoM CTpecce B pacTBOPAx KPUOMPOTEKTOPOB, a Takke apdeKT 3aMOpaKMBaAHMA-OTOTPEBA KIETOK B MPUCYTCTBUM Mn-
Lepona u nonuatuneHrnukons (M3I7) Ha X MexaHWYeCKyH YCTOMYNBOCTb. YCTaHOBIIEHO, YTO NPU POCTE KOHLIEHTPALMW COne BO BHEKIe-
TOYHOW cpefe MexaHuvecKkasi CTabunbHOCTb KIETOK CHbKaeTCcs. BmecTe ¢ TeM OTCYTCTBME 3MEKTPONMTOB B paCcTBOPax KPMOMPOTEKTOPOB
TaKKe CHVXAET MX YCTOMYMBOCTb NpU MexaHndeckom ctpecce. [lobaeneHve Ca?* B cpefbl NOBLILLAET reMonn3 KIeToK TONbKO B MPUCYT-
ctBum M3, HO He rmMuuepona, O4eBUAHO, BCIEACTBUE PA3HOTO BIVSIHUS AAHHbLIX BELLECTB HA aKTUBHOCTb CaZ*-perynmpyoLmx CUCTEM.
BBepeHue conu atuneHgnamuHTeTpaykcycHon kucnotbl (OATA) B cocTaB cpef CHWPKAeT YCTOMYMBOCTb 3PUTPOLIMTOB B MPUCYTCTBUM
060MX KPMOMPOTEKTOPOB, YTO MOXET ObITb CBSA3AHO C BNMSIHUEM XenaTtopa Ha MembpaHocBsi3aHHbI Ca?t. KprokoHcepBUpoBaHue apu-
TPOLMTOB MOBBLILLAET MX YYBCTBUTENBHOCTb K MEXaHUYECKOMY CTPECCy, U faxe yaareHne KpMonpoTEKTOPOB HE NO3BOSSIET BOCCTAHOBUTL
CBOWCTBA KMNETOK 10 KOHTPOSIbHbIX NapameTpoB.

KniouyeBble crioBa: 3puTpoLmMT, MEMOpaHa, MexaHnyeckas ycTonumBocTb, Ca?*, MOHHas cuna, KPMOKOHCEPBHPOBaHME.

Pecpepart: [locnimkeHo BNnvB enekTponiTie Ta ioHiB Ca2* Ha po3BUTOK FeMONITUYHUX YLLKOAKEHb EPUTPOLIMTIB NMIOAVHM NPU MEXaHid-
HOMY CTpeci B pO34MHax KpiOMpOTEKTOPIB, a TaKoX eeKT 3aMOpOXyBaHHSA-BIAIrPiBY KNiTWH Y NPUCYTHOCTI MiLEeporny i MoMieTUNeHriko-
o (MENN) Ha ix MexaHivHy CTilkiCTb. BcTaHOBMEHO, WO NpW 3pOCTaHHI KOHLEHTpaLi conew y No3akniTMHHOMY CepefoBuLL MexaHivyHa
CTabinNbHICTb KMITUH 3HWKYETbCA. Pa3om 3 TUM BiACYTHICTb €MeKTpOoniTiB Y PO34MHax KPIONPOTEKTOPIB TAKOX 3HMXKYE iX CTINKICTb npu
MexaHiyHomMy cTpeci. [lonaBaHHs Ca?* B cepefoBuLLa NiABULLYE reMoni3 KNiTUH Tinbkn B npucyTHocTi MEN, ane He rniuepony, o4eBUAHO,
BHaCNIJOK Pi3HOro BNMBY AaHUX PEYOBUH Ha akTMBHICTb CaZ*-peryniotoumx cucteM. BBefeHHs coni eTunenaiamiHTeTpaoLToBOI KUCNOTH
(EATA) po cknagy cepefoBuLL, 3HKYE MEXaHivHy CTilKICTb epUTPOLIMTIB Y MPUCYTHOCTI 060X KPMOMPOTEKTOPIB, LLO MOXe ByTn NoB’A3aHO
3 /i0ro BNIMBOM Ha MeMbpaHo3B’sidaHuii Ca?*. KpiokoHcepBYyBaHHS epUTPOLIMTIB NiABWLLYE iX YyTNUBICTb 4O MEeXaHiYHOro cTpecy i HaBiTb
BVAANEHHS KPiONpOTEKTOPIB He A03BOMSE BIAHOBUTU BNACTMBOCTI KNiTWH A0 KOHTPOSIbHUX MapameTpiB.

KntouoBi cnoBa: eputpouut, MembpaHa, MexaHidHa CTilKiCTb, Ca”, ioHHa cvna, KPIOKOHCEPBYBAHHS.

Abstract: In this research, we have studied the impact of electrolytes and Ca?* ions on the development of hemolytic damages
in human erythrocytes in cryoprotectant solutions under mechanical stress, as well as the effect of freeze-thawing of cells in the presence
of glycerol and polyethylene glycol (PEG) on their mechanical stability. The decrease in mechanical stability of cells was found when
the salt concentration in extracellular medium increased. At the same time, the absence of electrolytes in cryoprotectant solutions
reduced their stability under mechanical stress as well. The Ca?* introduction into the media increased the cell hemolysis only in the
presence of PEG, but not glycerol, apparently due to different effects of these substances on the activity of Ca?*-regulating systems.
The introduction of salt of ethylenediaminetetraacetic acid (EDTA) into the media composition reduced the erythrocyte membrane
mechanical stability in the presence of the both cryoprotectants, which might be due to the chelator effect on membrane-bound Ca?.
Cryopreservation of erythrocytes increased their sensitivity to mechanical stress, and even the cryoprotectant removal could not restore
the cell properties up to the control parameters.

Key words: erythrocyte, membrane, mechanical stability, Ca?*, ionic strength, cryopreservation.

ChBury KOHIIEHTpALlMK COJIEM B Impoliecce Kpu-
CTaJIJIU3aIlMU U OTTauBaHUs BObI [24, 27] uau ocmo-
JIIPHOCTH CPEJIbl TIpH T0OABICHNUN/yIaICHUH THITEP-
TOHUYECKUX PACTBOPOB KPUOTPOTEKTOPHBIX areéHTOB
(KITA) commpoBOXTafOTCS H3MEHEHUSIMH 00beMa KJle-

TOK, a MeM6paHI>I UCIIBITBIBAIOT MEXaHUYCCKUEC Ha-
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Shifts in salt concentration during water crystal-
lization and thawing [17, 20] or the alterations in
medium osmolarity when introducing/removing
the hypertonic solutions of cryoprotective agents
(CPAs) are accompanied by changes in cell volu-
me, while the membranes pass through mechanical
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NpsOKeHUs, TOoABeprasich neopMalusIM CKaTtus U
pacTskeHus. Kpome Toro, CyliecTBEHHOE BIIHSHUE
Ha MeMOpaHbl B NPOLECCe KPHUOKOHCEPBUPOBAHUS
OKa3bIBa€T MEXaHWUYECKHUW CTPEcC, BBI3BAHHBIN JaB-
JIEHNEeM KPHUCTAJIOB JIbJIa WM B3aUMOCHCTBHEM
KJIETOK MEXIy COOOH M CO CTeHKaMH KOHTEHHEpa B
npomnecce comumupuraruu [9, 17, 34, 37]. Ilpotu-
BOCTOSITh pa3pymaronmm dhdekTaM MexaHHnIeCKOTO
cTpecca NMpH KPHOKOHCEPBUPOBAHMM KIIETKAM I10-
moraioT KIIA, xoTopble BIUSAIOT HE TOJBKO Ha Xa-
pakTep KpUCTAJUIM3AlUU KUJKOCTH, HO U Ha CTPYK-
TYpHO-(DyHKIIMOHATBHBIE CBOWCTBA MIa3MaTHYECKUX
MeMOpaH [15, 33].

O¢ddexruBrocTh 3amuTHOTO AevictBus KIIA 3a-
BHCHUT OT THNA KIIETOK W B 3HAYMTEIHHON CTENEHU
orpenensieTcss 0COOSHHOCTIMHI MOTU(DUKAITUHU CTPYK-
TYypHO-()YHKIIHMOHAIEHOTO ~ COCTOSTHUSL ~ OTAEIBHBIX
KJIETOYHBIX KOMITOHEHTOB W M3MEHEHUSIMH BHEITHUX
mapamMeTpoB KieTku [5]. [lpu 3amopaknBaHUN-OTO-
IpeBe SPUTPOIUTOB YEIOBEKA TITUIEPOIT U TIOIHITH-
JIEHTTUKOIL ¢ M. M. 1500 (I13I), oTHOCSIIHECS CO-
OTBETCTBEHHO K JH/I0- U K30LEIITIOIAPHOMY THIIaM
KIIA, oOecrieunBarOT BBICOKYHO COXPAHHOCTh KJIETOK.
Kpome Toro, B psay Apyrux HCCIelIOBaHHBIX coOe-
JUHEHUH (MaHHHUTOJ, caxapo3a, ACKCTpaH) daHHbIC
BEILIECTBA TaKXe IMPOAEMOHCTPUPOBAIN BBICOKYIO
3¢ (EeKTUBHOCTh B 3alllUTE KIETOK MPH MeXaHHYe-
CKOM cTpecce [2]. AHamu3 B3aUMOCBS3U MEXAY U3-
MEHEHHSIMH CBOMCTB PacTBOPOB (BS3KOCTh, OCMOTH-
YEeCKOe JIaBJICHHE) U CTETICHBIO TTOBPEKICHUS KIIETOK
B HCCIIEZIOBAaHHBIX YCIIOBHUSIX MO3BOJHJI 3aKIIOYUTH,
yro 3amuTHbI 3hdext KIIA He cBsi3aH Hemocpe-
CTBEHHO CO CBOWMCTBAaMH PAacTBOPOB, a OMpEAEIIeT-
csl MomMGUKanuel XapaKTepUCTUK TIa3MaTHIeCKON
MeMOpaHsb! [2]. MOXXHO JOMYCTUTH, YTO TIMLEPOIT U
[19T noBeIIAIOT MEXaHUYECKYIO YCTOWYMBOCTD dpH-
TPOLIMTOB B CTPECCOBBIX YCIOBHUSAX IYTEM BIUSHMUS
Ha CTPYKTYpHO-(YHKIHOHAIBEHOE COCTOSIHUE KOMITO-
HEHTOB MEMOPaHO-IIUTOCKEJIETHOTO KOMILIEKCa, I10-
CKOJIBKY KJTFOYEBasi POJIh B OTBETE KIJIETOK Ha MEXaHH-
YECKUE BO3JICHCTBUS MPUHAMICKUT IJIa3MaTHUECKON
MmemOpane [39] n OenmkaM MHUTOCKETETa, COCTUHEH-
HOTO C Helt [26, 35]. Bmecte ¢ Tem nmeiicteue KITA
MOXET 3aBHCETh OT (U3IUKO-XMMUYECKHX IapameT-
POB Cpebl, COIMyTCTBYIOIINX MpOoIleccaM 3aMOpPakh-
BaHUA-OTOTPEBA.

HeiicTBue coneil Ha MeMOPaHO-LIUTOCKEIETHBIH
KOMIUIEKC OOYyCJIOBJIEHO, MO KpaiiHel Mepe, ABYMs
MpUYMHAMU: BIMSIHUEM HMOHHOW CHUJIBI Ha CTPYKTYpPY
OTACIBHBIX KOMIIOHEHTOB ¥ ITOBBIIICHHEM OCMOTH-
YECKOTO JIaBJICHHS, WHAYIUPYIOIIETO TOTOKH BOJIBI
yepe3 MeMOpany. [IpeBbiieHne KpUuTHIEeCKIX 3Hade-
HUH TUIPAcTaTHYECKOTO aBJICHUS IPUBOINUT K 0Opa-
30BaHMIO TTOP B MeMOpaHe u Tu3ucy kietok [28]. ITo-
ckonbKy KITA peanmnsyror cBoe 3alUTHOE JIEHCTBHE
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stresses, in particular the compression-stretch de-
formations. In addition, the mechanical stress,
caused by ice crystal pressure or cell interaction
with one another and with the container walls during
solidification, significantly affects the membranes
during cryopreservation [1, 10, 27, 31]. The CPAs
help to resist the damaging effects of mechanical
stress during cell cryopreservation [7, 26] by affec-
ting not only the nature of liquid crystallization, but
the structural and functional properties of plasma
membranes as well.

The efficiency of a protective action of CPAs
depends on cell type and is largely determined by the
features of modification of structure and function of
individual cell components and changes in external
parameters of a cell [40]. During human erythrocyte
freeze-thawing, the glycerol and polyethylene glycol
with 1500 MW (PEG), corresponding to endo- and
exocellular types of CPAs, respectively, ensure a high
preservation of cells. In addition, among the other
studied compounds (mannitol, sucrose, dextran),
these substances demonstrated a high efficiency in
cell protection under mechanical stress [35]. The
analysis of relationship between the changes in
properties of solutions (viscosity, osmotic pressure)
and a degree of cell damage under the studied
conditions allowed concluding that a protective
effect of CPAs was not directly associated with
the properties of solutions, but determined by mo-
dification of plasma membrane characteristics [35].
The glycerol and PEG may be assumed to increase
the erythrocyte membrane mechanical stability under
stress conditions via affecting the structural and
functional state of membrane-cytoskeleton complex
components, since the plasma membrane [33] and
bound with it cytoskeletal proteins play a key role in
cell response to mechanical effects [19, 29]. At the
same time, the CPAs effect may depend on the me-
dium physical and chemical parameters, accompa-
nying the freeze-thawing.

The effect of salts on membrane-cytoskeleton
complex is stipulated by at least two reasons, i. e.
the impact of ionic strength on structure of indivi-
dual components and an increase in osmotic pressure,
inducing water flows through the membrane. The
exceeding of critical values of hydrostatic pressure
entails the pore formation in membrane and cell
lysis [21]. Since CPAs implement their protective
effect at high concentrations, a decrease in osmotic
pressure by salt elimination from the medium
may be assumed to increase a cell survival. Ho-
wever, the way in which a mechanical stability of
membranes under stress conditions will alter in
the electrolyte-free cryoprotective media, has still
remained unclear.
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MIpU BBICOKHX KOHLIEHTPALHUAX, MOXKHO JIOMYCTHTb,
YTO TPU CHYKEHUHM OCMOTHYECKOTO JIaBIEHUS TyTEM
AIIMMUHAIIMH COJIEH U3 CPEllbl BEDKUBAEMOCTD KIETOK
Oyznet moBbimarbes. OTHAKO OCTAETCsI HEMOHSATHBIM,
KaK MPH OTCYTCTBUHW JJIEKTPOIUTHBIX KOMIIOHEHTOB
B KpPHUOIIPOTEKTOPHBIX Cpelax HM3MEHUTCS MeXaHH-
YecKkasi yCTOMYUBOCTh MEMOpPaH B CTPECCOBBIX YCIIO-
BUSIX.

Bwmecrte ¢ TeM ycTOHUIMBOCTh MEMOPAHO-ITUTOCKE-
JIETHOTO KOMIUIEKCA K CTPECCY B MPUCYTCTBUU KPHO-
MIPOTEKTOPOB MOXET MOAM(DUIMPOBATHCS IMPH yda-
ctrn noHoB Ca?’, BBITIONHAIOIIETO POJIb BTOPUIHOTO
MecceHkepa. Panee ycranoBineHHbIe (aKThl H3Me-
HeHus QyHKIMOHANBHOM akTuBHOCTH Ca*'-ATP-a3bl
[4, 6, 7] 1 NOBBILIEHUS] YPOBHS BHYTPUKIETOUYHOTO
Ca* [18, 19] nmox BiusHuem KITA yka3pIBaloT Ha
BO3MOXKHOCTB BKJIFOUeHUsI HOHOB Ca’*" B peryssiuio
CTPYKTYPHOTO COCTOSHUS W (PYHKIIMOHAJIHHOW aK-
TUBHOCTH KOMITOHEHTOB MEMOpaHBI. Y UUTHIBAsS, UTO
nonbl Ca*', MPUCYTCTBYIOIIHE BO BHEKJICTOYHOMN
cpezne, SBISIOTCS OCHOBHBIM HCTOYHHKOM TIOBBIIIIE-
HUS KOHIEHTpaluy BHyTpHKjIeTodHoro Ca** ([Ca*'], )
B 3pUTPOLMTAX YEJOBEKA, X XeJIaTUPOBAHUE ITy-
TE€M BBEJCHMS COJM ATUJICHIMAMHUHTETPayKCyCHON
kuciotel (DJITA) B KpUONPOTEKTOPHBIE CPEIBI MO-
KET TOBJIUATH Ha U3MeHeHue ypoBHs Ca’’ B KIleTke
Y, CJIEIOBATEIILHO, HA YCTOWYMBOCTh SPUTPOIIMTOB B
CTPECCOBBIX YCIOBHUSX.

B mporiecce 3amopaknBaHUS-OTOTpEBa, HECMOT-
ps Ha npucytcrBue KIIA, yacTh KJIETOK Bce Xe
MTOJIBEPTAETCS JIETAIBHBIM WM CYONETaJbHBIM I10-
BpEXJIEHUSIM. DTO CBS3aHO, BO-TIEPBBIX, C TETEPO-
TeHHOCTBIO KJIETOYHBIX CYCIICH3WH, T. €. HaJIUYheM
KJIETOK C pa3HbIM HCXOAHBIM YPOBHEM >KH3HECIIO-
COOHOCTH, U, BO-BTOPBIX, C TEMJIOBHIM I'DaJAHEHTOM,
OOYCIIOBJICHHBIM Pa3HOH YJaJIEHHOCTBIO KJIETOK OT
HMCTOYHHUKOB XOJIO/Ia WM TeIUla, T.€. HEOAHOPOIHO-
CTBbIO M3MEHEHHH (DU3NKO-XUMHUYECKHX MapaMeTpOB
Cpelpl TpU 3HAYUTEIHHBIX CIBUTAX TEMIIEPATypPhI
(37°C — —-196°C — 37°C). lloaTOMy MEXaHUYECKHE
CBOICTBA MeMOpaH KpPHOKOHCEPBUPOBAHHBIX JPH-
TPOIIMTOB MOTYT OTJIMYATHCS OT CBOMCTB HATHBHBIX
KJIETOK. B CBSI3U ¢ 5TUM Ba)KHO IOHUMATh, HACKOIBKO
MTOJTHOLIEHHBIMU SIBJISIFOTCSI KPHOKOHCEPBUPOBAHHBIE
KIIETKH, MOCKOJBbKY B (PH3HONOTHUYECKUX YCIOBHUSX
IIpH TIPOXOXKJIEHUHU Yepe3 y3KHEe KaluuIApbl dPUT-
POIUTHI MOJIBEPraroTcsi CABUTOBOMY crTpeccy [40].
CrnenoBarenbHO, OIIEHKAa MEXAaHUYECKOH yCTOWYMBO-
CTH KpPHUOKOHCEPBHPOBAHHBIX 3PUTPOLIUTOB BayKHA
JUIs IPOTHO3a 0E30MacHOCTH M 3(PQPEKTUBHOCTH UX
MIPUMEHEHUS B KIIMHUKE.

Lenp paboThl 3aKiirodanach B W3yYEHUH BIIHS-
HUSI MOHHOTO cocTaBa pactBopoB KITA Ha pasButue
TeMOJINTUIECKUX TIOBPEXKICHUI SPUTPOIIUTOB YeEIO-
BeKa IMpH MexaHu4deckoM ctpecce. [Ipu aTom omenky
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At the same time, the stability of membrane-
cytoskeletal complex to stress in the presence of
cryoprotectants may be modified with involvement
of Ca?" ions, acting as secondary messenger. The
previously revealed facts of a change in functional
activity of Ca**-ATPase [37-39] and an increase
in the level of intracellular Ca?* [11, 12] under
CPA effect indicate the opportunity of inclusion of
Ca? ions into regulation of a structural state and
functional activity of membrane components. If
considering the Ca*" ions, presented in extracellular
medium, as the main source of an increase in in-
tracellular Ca*" concentration ([Ca*] ) in human
erythrocytes, their chelation via introducing the
salt of ethylenediaminetetraacetic acid (EDTA)
into cryoprotective media may affect the change in
Ca?" level in cell and consequently, the erythrocyte
stability under stress conditions.

During freeze-thawing, despite the CPAs pre-
sence, some cells still undergo lethal or sublethal
damages. This is firstly associated with the hetero-
geneity of cell suspensions, i. e. the presence of cells
with different initial levels of viability, and, secondly,
with a thermal gradient, stipulated by different
distance of cells from cold or heat sources, i. e.
heterogeneity of changes in physical and chemical
parameters of medium at significant temperature
shifts (37°C— —196°C— 37°C). Therefore, the mecha-
nical properties of cryopreserved erythrocyte memb-
ranes may differ from those of native cells. In this
regard, it is important to understand how integral the
cryopreserved cells are, since under physiological
conditions the erythrocytes undergo a shift stress
when passing through narrow capillaries [34]. There-
fore, the assessment of mechanical stability of cryo-
preserved erythrocytes is important for forecasting
the safety and efficiency of their use in clinic.

The research aim was to study the impact of ionic
composition of CPAs solutions on development of
hemolytic damages in human erythrocytes under
mechanical stress. In this case, the mechanical
stability of cells was assessed in the presence of
physiological concentrations of NaCl and Ca?" and
when removing them from cryoprotective media.
In addition, the effect of cell freeze-thawing under
glycerol and polyethylene glycol protection on their
mechanical stability was studied.

Materials and methods

Here, we used the following reagents: Tris, suc-
rose (Sigma, USA); PEG (MW 1500), dextran (MW
40,000), glucose, CaCl, (Fluka, USA); mannitol,
glycerol, EDTA (Serva, Germany); NaCl, KCI,
MgCl, and HCl (manufactured in Russia and Uk-
raine (chemically pure or extra pure grades)).
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MEXaHWYECKON YCTOMYMBOCTH KJIETOK MPOBOIMIN
B IPHUCYTCTBUM (DPU3MOJOTMYECKUX KOHICHTPALUii
NaCl u Ca?* u npu UX yJaleHHH U3 KPHOMPOTEK-
TOpHBIX cped. Kpome Toro, wccienoBain BiIMsSHUE
3aMOpaKMBaHMSA-OTOIPEeBa KIIETOK 0] 3alIUTON TN~
LepoJia U MOJUITHICHIJIMKOIS HAa UX MEXaHHYECKYIO
YCTOWYUBOCTb.

MarepuaJbl 1 METObI

B pabote ncronb30Baiyu CleAyIONUe PEaKTHBHI:
Tris, caxaposa («Sigmay, CLHA); TI9T" m. m. 1500,
nexcrpan M. M. 40 000, rmoxosa, CaCl, («Flukay,
CIIIA); mannuTon, munepon, JTA («Servay, ['ep-
manus); NaCl, KCl, MgCl, u HCI (nmpousBoxacrsa
Poccun n YipauHs (X.4. WiIH 0C.4.)).

OOBEKTOM HCCIICIOBAHUS CITY>KWJINA SPUTPOLUTHI
KpPOBH JIOHOPOB, 3ar'OTOBJICHHOW C HCIIOJIb30BaHUEM
TIIOKO30-IIUTpaTHOTO pacTtBopa (LleHTp ciy)0bI Kpo-
BH, T. XapbKOB). DPUTPOLHUTH OCAKIATH MEHTPHU-
¢yrupoBanmnem nipu 1200g B Teuenue 10 mMuH mpu
KOMHATHON TeMIepaType, yIalsuld Iia3My U Jiei-
KOLIUTApHBIE KOMITOHEHTHI KPOBH. 3aTeéM K OCaJKy
nobasisuin pacteop 150 MM NaCl, 10 MM Tpuc-
HCI (pH 7,4) B 00beMe, 5—7-KpaTHO MPEBBIIAOIIEM
00bEM KIJIETOUHOW MAacChl, © OTMBIBAIN OT OCTaTKOB
IUTa3MBbl ¥ OEJIBIX KIJIETOK 3-KpaTHBIM LEHTPUPYTHPO-
BaHHEM B aHAJIOTUYHOM PEKHMME.

YCTOWYMBOCTh 3PUTPOLUTOB K MEXaHHYECKOMY
CTpECCy OLICHUBAJIU 110 YPOBHIO IeMOJIN3a B COOTBET-
CTBUU C paHee OMUCAHHBIMHU MeTomaMu [2, 8]. OTMEI-
ThIE SPUTPOIUTHI (1 MIT) COCOUHSIIM C pacTBOpaMH
KPHOTIPOTEKTOPHBIX BEIMIECTB (5 MIT) B TUTACTHKOBBIX
CTaKkaHYMKax (KOHEYHBIH TEeMaTOKPHUT MPHUMEPHO
15%). PacTtBOopsl MaHHHUTONA, TIUIEPOJIA, CaXapO3bl,
19T u nekcrpana B 15%-X KOHIIGHTpALUSX ObLIH
MIPUTOTOBIICHBI Ha ocHOBe pacTtBopa 150 MM NacCl,
10 MM Tpuc-HCI (pH 7,4) unu aucTuinupoBaHHOM
BOJIbI B 3aBUCHMOCTH OT YCJIOBUH JKcliepuMeHTa. B
CTaKaHYMKH OCTOPOXHO BHOCWIM 50 INTYK MJIacTH-
KOBBIX IIAPHUKOB (Tmamerp 5 MM, Macca 1,5 r) u Mar-
HUTHYIO Nanouky. CyCIeH31I0 3pUTPOLIUTOB C ILIapu-
KaMH IepeMELINBAIN B TEUEHHE Yaca Ha MarHUTHOM
Memanke MM-5 (Ykpaunna) mipu ckopoctu 1200 06/
MuH. Jl7s ompeneneHusl TEMOTUTHYECKUX MOBPEXK-
JEHU aluKBOTHI KIJIETOK IEHTPU(PYTHpPOBaIU MpU
1200g u oTrOupanu cynepHarant. [‘emonus onpeaens-
nu Ha cnekrpodoromerpe CD-4A («Jlomoy», Poccust)
C IPOTOYHOM KIOBETOW IpH JJIMHE BOIHBI 543 HM 1O
KOJIMYECTBY BBIMIEANICTO M3 KIETOK T'eMOITIOOMHA.
KonnuecTtBo remornoOnHa BbIpakasld B MPOLEHTAX
o oTHomeHnto Kk 100%-My remMonu3y spUTpPOLUTOB
B mpucytcteun 0,1% nereprenra tpurona X-100.

Biusiaue nonos Ca*" Ha pa3BUTHE TeMOJIUTHYEC-
KHUX TIOBPEXIEHUH SPUTPOLMTOB INPH MEXaHUYeC-
KOM cTpecce nuccienonanu B 15%-x pactBopax 191

The research objects were the donor blood
erythrocytes, prepared with glucose-citrate solution
(Center for Blood Service, Kharkiv). The erythrocytes
were pelleted by centrifugation at 1200g for 10 min
at room temperature and the plasma and leukocyte
blood components were removed. The pelleted cells
were supplemented with a solution of 150 mM NacCl,
10 mM Tris-HCI (pH 7.4) in a volume 5-7 times
exceeding that of cell mass, and washed out of plasma
and white cell residues by a 3-fold centrifugation
using the similar regimen.

The erythrocyte stability to mechanical stress
was assessed by hemolysis level as described
previously [28, 35]. The washed erythrocytes (1 ml)
were combined with the solutions of cryoprotective
substances (5 ml) in plastic cups (final hematocrit
approximately 15%). Mannitol, glycerol, sucrose,
PEG and dextran 15% solutions were prepared
on the basis of the solution, consisting of 150 mm
NaCl, 10 mm Tris-HCI1 (pH 7.4) or distilled water,
depending on the experimental conditions. Fifty
pieces of plastic balls (5 mm diameter, 1.5 g weight)
and a magnetic stick were carefully introduced into
the cups. The erythrocyte suspension with balls
was stirred for 1 hr with MM-5 magnetic stirrer (Uk-
raine) atarate of 1200 rpm. To determine the hemolytic
lesions, the cell aliquots were centrifuged at 1200g
and the supernatant was taken. The hemolysis was
determined with SF-4A spectrophotometer (Lomo,
Russia) with a flow cell at 543 nm wavelength
by the amount of hemoglobin released from cells.
The amount of hemoglobin was expressed as a per-
centage with reference to 100% erythrocyte hemo-
lysis in the presence of 0.1% detergent Triton X-100.

The impact of Ca?' ions on the development of
hemolytic damage in erythrocytes under mechanical
stress was studied in 15% solutions of PEG and
glycerol, containing 150 mM NaCl, 10 mM Tris-HCI
(pH 7.4) with an alternative supplement of CaCl,
(1 mM) or EDTA (2 mM).

To assess the changes in mechanical stability
under cryopreservation effect, the erythrocytes washed
out of plasma and white blood cells were treated
with the glycerol- and PEG-based cryoprotective
solutions and frozen in a liquid nitrogen (—196°C).
The erythrocytes were supplemented with the first
solution (30% glycerol, 4% mannitol, 120 mm NacCl,
10 mm Tris-HCI (pH 7.4)) in an equal volume with
a constant stirring at room temperature. The second
solution (30% PEG, 150 mM NaCl, 10 mM Tris-HCI
(pH 7.4)) was introduced in an equal volume into
cooled erythrocytes at ~5°C. Then the erythrocytes
were transferred into the containers for freezing and
immersed into liquid nitrogen (-196°C). The tha-
wing was done in a water bath at 42—44°C.
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u mnepoina, cogepxkamux 150 MM NaCl, 10 MM
Tris-HCI (pH 7,4) ¢ anbTepHaTHBHBIM 100aBICHUEM
CaCl, (1 MM) i D/ITA (2 MM).

[ns OueHKM HW3MEHEHHM MeXaHU4eCKOW CTa-
OMJIBHOCTH MOJA BJIMSHHUEM KPHOKOHCEPBUPOBAHMS
9PUTPOLUTHI, OTMBITBIE OT IJIa3Mbl U OEJbIX KJIETOK
KpOBH, 00pabaThIBaIM KPHUO3ANUTHBIMH PacTBOpA-
MU Ha ocHOBe mmnepona u I3 u 3amopakuBanu
B xkuakoM azore (—196°C). Ilepssiii pactBop (30%
ruiepoia, 4% mannutona, 120 MM NaCl, 10 MM
Tpuc-HCI (pH 7,4)) noGaBnsiiu B paBHOM 00ObeMe
K OPUTPOLMTAM TPH MOCTOSHHOM MepeMeIINBaHUH
[Ip1 KOMHaTHOM Temmneparype. Bropoii pacteop (30%
12T, 150 MM NaCl, 10 MM Tpuc-HCI (pH 7,4)) no-
0aBJIsUTM B paBHOM 00BbEME K OXJIAXKJICHHBIM 3PUTPO-
uutaMm npu Temneparype ~5°C. 3areM 3pUTPOLUTHI
MIEPEHOCHIIM B KOHTEHHEPHI Ul 3aMOPa’KUBAHUS U
rorpy>kanu B xuakuit a3ot (—196°C). Otorpes mpo-
BOAWJIN B BOIsIHOM Oane mpu 42—44°C.

[Mocne pa3mMopakuBaHWS SPUTPOIUTHI OTMBIBAIH
OT KPHUOTPOTEKTOpOB. [l TIUIlepoI-comepsKaIimx
00pasnoB Mmporeaypa OTMBIBKH BKJIOYAlla OCaXKIe-
Hue ki1eTok nentpudyruposanuem (1200g, 5—7 mun)
W TPH 3Tana OTMBIBKU C HMCIOJBb30BaHHEM CIEAYIO-
mwmx pactBopoB: 600 MM NaCl (nepBast OTMBIBKA) U
150 MM NaCl (Bropas u TpeThbsi OTMBIBKH). J{i1st 00-
pa3noB, KpHOKOHcepBHpoBaHHBIX ¢ [191, mpouenypa
OTMBIBKH BKJIIOYAJIa OCAXKICHHE KIJICTOK LEHTPU]Y-
rupoBarneM (800g, 5—7 MUH) C TIOCIEAYIONINM pa3-
BEACHUEM OCAKACHHBIX KIETOK PaBHBIM 00BEMOM
pactBopa 150 MM NaCl, 10 MM Tpuc-HCI (pH 7,4),
IIPU aHAJIOTHYHOM PEXKHME TIeHTpU(YTHPOBAHHUSL.

CraTtucTu4ecKyto 00padoTKy pe3ylbTaTOB BBIMOJ-
HSUIM C HCIOJIb30BAHUEM TIPOIPAMMHOTO IaKeTa
«Statgraphics plus 2.1» («Manugistic Inc.; STATis-
tical GRAPHICs systemy», CIIIA). Jlanubie mpesc-
TaBJieHbl B BUujae M + SE (cpeanee 3HaueHue + CTaH-
naptHas ommuOka). CTaTUCTHYECKYI0 3HAYUMOCTb
pasnuYui MEXIy SKCIIEPUMEHTAJIbHBIMU TPyIIaMu
OLICHUBAJIH C TIOMOILI0 MHOXKECTBEHHOTO PAHTOBOTO
tecta Puiiepa 1o mnpouexype rpyniuupoBKH BbIOO-
POK ¢ HauMMEHbIIEH 3HAYUNMON pazHuled. B kaxmon
CEpUH DKCIIEPHUMEHTOB MPOBEJICHO 6 OTBITOB.

Pe3yabTarsl u 00cyxkneHue

B xome 3amopakuBaHHs KJIETOYHBIX CYCIICH3HIA
MOBBIIIACTCS KOHIEHTPAIUSl COJIeH BO BHEKJIETOU-
HOU cpefie, BCIACACTBUE YEr0 MOTYT U3MEHATHCS Me-
XaHUYECKHE CBOWCTBA IUIa3MaTHUYECKUX MEMOpaH.
[JelicTBUE BBICOKMX KOHUEHTPALMM 3IIEKTPOIUTOB
Ha MEXaHWYECKYI YCTOWYMBOCTH DPUTPOIUTOB B
mporiecce  KPHOKOHCEPBUPOBAHHSI MOXKHO H3YYHThH
B MOJCIBHBIX JKCIIEPUMEHTAX IPH MEXaHHYECKOM
cTpecce. YCTaHOBJICHO, YTO MPEBEINMICHUE (PU3NOIIO-
rugeckoro nuana3zona NaCl yBenmu4nBaio 4yBCTBH-
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After freeze-thawing, the erythrocytes were wa-
shed from cryoprotectants. For glycerol-containing
samples, the washing procedure included the cell
pelleting by centrifugation (1200g, 5-7 min) and three
washing steps using the following solutions: 600 mM
NaCl (first washing) and 150 mM NaCl (second
and third washing). For the samples, cryopreserved
with PEG, the washing procedure included the cell
pelleting by centrifugation (800g, 5—7 min), followed
by dilution of pelleted cells with an equal volume
of solution of 150 mM NaCl, 10 mM Tris-HCI
(pH 7.4) using the similar centrifugation mode.

The findings were statistically processed using
the Statgraphics plus 2.1 for Windows software
(Manugistics Inc.; STATistical GRAPHICs system,
USA). The data were presented as M + SE (mean =+
standard error). The statistical significance of diffe-
rences between experimental groups was evaluated
using the Fisher’s least significant difference test.
There were performed 6 experiments in each series.

Results and discussion

When freezing the cell suspensions, the concent-
ration of salts in extracellular medium increases,
therefore the mechanical properties of plasma memb-
ranes may change. The effect of high electrolyte
concentrations on erythrocyte membrane mechanical
stability during cryopreservation can be studied
in model experiments with mechanical stress. The
exceeding of NaCl physiological range was found
to increase the membrane sensitivity to stress, and
the hemolytic damages of erythrocytes augmented
with increasing salt concentration and stress exposure
duration (Fig. 1). If assuming that a decrease in
cell stability under these conditions was caused not
only by osmotic effects, but an increase in ionic
strength values as well, one could expect a decrease
in electrolyte content in hypertonic solutions of
CPAs to positively affect the mechanical stability of
membranes. At this research stage, taking into ac-
count the complexity of experiments, we compa-
ratively assessed the membrane mechanical stability
during osmotic shrinkage of cells in the presence
of pure CPAs solutions and the ones, supplemented
with NaCl of physiological level. The cell hemolysis
in the media free of electrolytes was determined
as significantly higher than in similar solutions,
supplemented with electrolyte components (Fig. 2).
Meanwhile, the NaCl removal from PEG solution
had a minimal effect on erythrocyte membrane
mechanical stability as compared with the other stu-
died CPAs. Obviously, the cell membrane stability
under mechanical stress is largely determined by
ion redistribution between intra- and extracellular
media, stipulated by the CPAs effect on various ion-
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TEJILHOCTh MEMOpaH K CTpPECCy, a TeMOJIUTHYECKUE
MOBPEXACHUST IPUTPOLUTOB HApACTaIN C yBEJINYe-
HUEM KOHICHTPALUH COJH U IPONOIKUTECIBHOCTH
cTpeccoBoro BosneicTsus (puc. 1). Jlomyctus, 4o
CHMKCHUE YCTOMYNMBOCTHU KJIETOK B JJAHHBIX YCJIOBH-
SIX BBI3BAHO HE TOJIHKO OCMOTHYCCKUMH dPPEKTaMH,
HO W yBEIMYEHHEM 3HAUYE€HUI MOHHOM CHIIBI, MOXKHO
0XKU/IaTh, YTO YMEHBIIIEHUE COEPKaHUS IIEKTPOIH-
TOB B ruUmeproHudecknx pactBopax KIIA momoxwu-
TEJBbHO TMOBIUSAET HA MEXaHHYECKYI0 YCTOWYMBOCTD
MeMOpaH. Y4HUTbIBasi TPYI0EMKOCTh SKCIIEPUMEHTOB,
Ha JJAaHHOM 3Tarie paboThl ObLIa 1aHa CpaBHUTENbHAS
OLIEHKa MEXaHWYECKOW CTa0MILHOCTH MeMOpaH MpH
OCMOTHYECKOM C)KAaTHM KJIETOK B MPHUCYTCTBUU YH-
cThix pactBopoB KIIA u pacTBOpOB, JOMONTHEHHBIX
¢uznonornyeckum ypoBHeM NaCl. YcraHoBneHo,
YTO I'eéMOJIN3 KJIETOK B Cpesiax, He COAEePIKALIMX JIeK-
TPOJINTOB, ObUI CYILIECTBEHHO BBIIIE, YE€M B aHAJO-
IMYHBIX PACTBOPAX, JOIOJIHEHHBIX 3JIEKTPOIINTHBIMU
kxomrioHeHTaMu (puc. 2). Ilpu stom ynanenne NaCl
u3 pactopa [1291" oka3piBaio MUHUMAITEHBIN AP PEKT
Ha MEXaHWYEeCKyl0 YCTOWYMBOCTb HSPUTPOILUTOB B
cpaBHEHUU C npyrumu ucciegoBanubiMu KITA. Oye-
BUJHO, CTA0OMIILHOCTH MEMOpaHbl KJIETOK MPU MeXa-
HUYECKOM CTpecce B 3HAYMTEIBHON Mepe OIpees-
eTcsl epepacnpeielIeHHeM HOHOB MEKAY BHYTpH- U
BHEKJIETOYHOM cpenoi, OOyCIOBICHHBIM BIMSHUEM
KITA Ha pa3niuyHble HOH-TPAHCIOPTUPYIOIIHUE CHU-
CTEMBI. 3aMOpa)XMBAaHUE 3PUTPOLIUTOB B PacTBOpPax
9K30LEIUIIONIIPHBIX COCIUHEHUH (TIOJIMATUIIEHOKCU
U caxaposa) ¢ Hm3kuM conepkanneM NaCl Taxoke
MTOBBIIIAJIO YPOBEHB TEMOJIH3a ITOCIIe OTOTPEBA OTHO-
CUTENFHO TOKa3aTeNeil, MoyYeHHBIX TPU UCTIONb30-
BaHHMU PacTBOPOB, AononHeHHbIX NaCl 1o ¢pusmono-
rudeckoro yposens [ 1]. [Tonydennsiii apdexr moxer
OBITH CBSI3aH C U3MEHEHHEM MEXaHMUECKUX CBOMCTB
MeMOpaHbl, 0 YeM CBUICTEILCTBYIOT PE3yJIbTaThl Ha-
LIMX 9KCIepuMeHToB. Kpome Toro, ObU10 0OTMEUEHO,
YTO NPU OTHOCHUTENILHO BBICOKOM cozaepskanuu NaCl
(48—150 MM) myumuii kpuo3amuTHBIN hhekT 0de-
CIeYMBaja C€axapo3bl, a IPHU HU3KOM COACP)KAHUU
comu (0—48 MmM) — monmmatunenoken [1]. [pencras-
JIeHHBIE (aKTHI ABISAIOTCS OCHOBAHUEM ]ISl TTPOBEIE-
HUS JaJbHEWIINX MCCIeT0BaHMA, HAIPaBIEHHBIX Ha
orpenieseHne KPUTUYECKOTO YPOBHS KOHLIEHTPALUU
NaCl B pactBopax KITA misi u3MeHEeHWI MeXaHU-
4YECKOM ycToMunBOocTH KieToK. Iloydennsie skcre-
pPUMEHTaJIbHBIE JaHHBIE MOTYT OBITH IOJIE3HBI MPHU
pa3paboTKe KPHOKOHCEPBAHTOB Ha OCHOBE JK30LEN-
JIOJISIPHBIX BELIECTB.

AHanu3upys NPUYUHBI CHIKEHUS! MEXaHHUYECKOM
YCTOWYMBOCTH KJIETOK IPH MOBBIIICHUH KOHLIEHTpA-
mun NaCl Bo BHEKJIETOUHOH cpeze, BaXHO yKa3aTh
Ha €€ OIHOBPEMEHHOE YBEJIMYEHHE BHYTPU KIIETOK
BCJIE/ICTBUE WX OCMOTHYECKOTO CXaTus W Tepepac-
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Puc. 1. FTemonuTnyeckne noBpexaeHnsa 3puTpoLMTOB Mpu
mMexaHuyeckom ctpecce B pactesopax NaCl: (¢ — 150 mM
(koHTpOnb), m — 400 MM, A - 600 mM).

Fig. 1. Hemolytic damages in erythrocytes during mecha-
nical stress in NaCl solutions: (¢ — 150 mM (control), m —
400 mM, A - 600 mM).

transporting systems. The erythrocyte freezing in
solutions of exocellular compounds (polyethylene
oxide and sucrose) with a low NaCl content also
increased the hemolysis level after thawing as
compared with the indices obtained when using the
solutions supplemented with NaCl up to physiolo-
gical level [8]. The resulted effect may be associated
with a change in mechanical properties of the
membrane, as evidenced by our findings. In ad-
dition, it was noted that under a relatively high NaCl
content (48—150 mM), a higher cryoprotective effect
was provided by sucrose, but under low salt content
(048 mM) it was done by polyethylene oxide [8].
The reported facts are the reason for further studies
aimed at determining the critical level of NaCl
concentration in CPAs solutions to change the cell
mechanical stability. These findings may be useful
in designing the exocellular substance-based cryo-
preservatives.

When analyzing the reasons for a decrease in
mechanical stability of cells with an increase in
NaCl concentration in extracellular medium, it is im-
portant to indicate its simultaneous increase inside
the cells due to their osmotic shrinkage and ion
redistribution. Therefore, a negative effect may be
realized via modifying the characteristics of both
outer and inner layers of membrane, and cytoskeletal
proteins as well. Disorders of structural state or
interactions between the components of membrane-
cytoskeleton complex may be associated with
screening of surface charges of macromolecules.
The impact of high ionic strength on protein modifi-
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Puc. 2. lTemonutnyeckne nospexaeHns aputpoumntoB B 15%-x pacteopax KIMA
npu MexaHuyeckom ctpecce B TeveHne 30 MuH: @l — BOOHbIE pacTBOpbl; O —
pactBopbl ¢ BktodeHnem 150 MM NaCl, 10 mM Tpuc-HCI (pH 7,4). Pasnuuus
MeXay BOAHBbIMU 1 3nekTponuT-cogepxawmmy pacteopamu KA cratuctmye-
CKU 3Ha4mmbl, p < 0,01.

Fig. 2. Hemolytic damages of erythrocytes in 15% CPAs solutions under
mechanical stress within 30 min: B - aqueous solutions; @ - solutions
supplemented with 150 mM NaCl, 10 mM Tris-HCI (pH 7.4). Differences

cation is confirmed by a decreased
content of ankyrin, band 3 and
protein 4.2 in the samples of
isolated erythrocyte membrane
skeletons, obtained by means of
Triton X-100, with increasing an
ionic strength of extracting solu-
tion (5-600 mM NacCl) [22]. This
fact indicates a change in the af-
finity between the proteins, media-
ting the connection of cytoskeleton
with transmembrane components
under these conditions. In addition,
an increase in salt concentration
may change the contacts between
the membrane-cytoskeleton comp-
lex components through the li-
pid rafts, enriched with specific
marker proteins, a significant part
of which is attached to cytoskeletal

between aqueous and electrolyte-containing CPAs solutions are statistically

significant, p < 0.01.

npenenennss HoHOB. [losTomy HeratwBHBINA A ekt
MOJKET OBITh pealTi30BaH Yepe3 MOIU(DHUKAITIIO XapaK-
TEPUCTHUK KaK HAPY>KHOTO, TAaK U BHYTPEHHETO CJIOEB
MeMOpaHBI, a TakkKe OeTKoB muTockeneTa. Hapymre-
HHUSl CTPYKTYPHOI'O COCTOSIHUSI WM B3aUMOZECHCTBUI
MEXJy KOMIOHEHTaMH MEMOpPaHO-IIMTOCKEIETHOTO
KOMILJIEKCA MOTYT OBITh CBSI3aHBI C SKPaHUPOBaHUEM
MTOBEPXHOCTHBIX 3apsiI0OB MakpoMoJieKya. Brusaue
BBICOKOM MOHHOW CHJIBI HAa MOAM(UKAIHMIO OEIKOB
MOATBEPKAAECTCS YMEHBIIEHUEM COJEp)KaHUs aH-
KupuHa, OenmkoB mojoc 3 u 4.2 B mpemnaparax M30-
JIMPOBAaHHBIX MEMOPAHHBIX CKEJIETOB 3PUTPOLHUTOB,
MOJIYYEHHBIX € UCMONb30BaHUEM TpuToHa X-100, no
Mepe YBEIMUYCHHUS MOHHOW CHJIBI 3KCTPAarupyIOIIEro
pactBopa (5—600 MM NaCl) [29]. DToT (hakT yka3si-
BaeT Ha M3MEHEHHE CPOACTBA MEXIY OEIKaMH, OIo-
CPEIYIOIIUMH CBSI3b IIUTOCKENIETa C TpaHCMEeMOpaH-
HbIMM KOMITOHEHTaMHU B JaHHBIX ycioBusax. Kpome
TOTO, IMOBBIIIEHHE KOHIIEHTPAIMM COIH MOXKET W3-
MEHSITH CBSI3U MEKIY KOMIIOHEHTaMH MEeMOpaHO-1I1-
TOCKEJIETHOTO KOMIUIEKCA 4yepe3 JUMUIHBIC padThl,
oOoraieHHble creunpuuIecKuMi MapKepHbIMH OelI-
KaMH, 3Ha4MTENIbHAs 4acTh KOTOPBIX NPHKpEIUIeHa
K LUTOCKEJICTHOM CETH 3PUTPOLMTOB MOCPEICTBOM
9JIEKTPOCTATUYECKUX B3aUMOJIEHCTBUM, KOTOPhIE Ha-
PYIIAIOTCS PY YBEIMUESHUH HOHHON CHITHI M/mmu pH
[12, 13]. Takue TpanchopmManuu AETAIOT MEMOpaHy
Oosee YyBCTBHUTEIBHON K CTPECCOBBIM BO3CHCTBH-
SIM M CIIOCOOCTBYIOT J€CTaOWIIN3AIUN SPUTPOIIUTOB
B runepTroHnyeckux pacreopax NaCl mpu mexanude-
CKOM cTpecce.
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network of erythrocytes through
electrostatic interactions, which
are disordered with an increase
in ionic strength and/or pH [4, 5].
These transformations make the membrane more
sensitive to stressful effects and contribute to eryth-
rocyte destabilization in hypertonic NaCl solutions
under mechanical stress.

The change in erythrocyte membrane mechanical
stability with an increase in NaCl concentration
in extracellular medium may be also stipulated by
peculiarities of selective effect of Na® and K* ions
on lipid-ion interactions in membrane. It is known
that at the same concentration of Na" and K*, the Na*
ions are more strongly adsorbed on polar heads of
lipids, and a significant excess of K* concentration
is necessary to overcome the Na™ redundancy on
membrane [32]. This is of especial importance for
intracellular membrane surface, where the nega-
tively charged lipids predominate. Therefore, if a
relative content of Na® in cytoplasm augments, a
redistribution of cations associated with lipid head
groups becomes possible, affecting the electrostatic
potential of inner surface of membrane and disor-
dering the balance of structural characteristics of its
outer and inner layers [32].

A negative effect of electrolyte absence in cryo-
protective media on erythrocyte membrane mecha-
nical stability is obviously associated with the
dynamics of changes in membrane potential. It
is known that when transferring cells into an iso-
tonic medium with low ionic strength (sucrose-
contained), a transmembrane potential sharply in-
creases from —10 to +73 mV [18] as a result of high
membrane permeability for CI™ ions, being 100 times
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M3MeHeHne MEXaHMYECKOW YCTOMYMBOCTU MEM-
OpaH 3pUTPOIMTOB MPH MOBBIIICHHH KOHIICHTPAIIUU
NaCl Bo BHEKJIETOYHOH Cpeie TaKKe MOXKET OBITh
00yCJIOBIEHO OCOOCHHOCTSIMH CEJIEKTHBHOTO BIIHS-
gusa noHoB Na™ u K™ Ha nmunua-noHHBIE B3aUMOIEH-
CTBUS B MeMOpaHe. M3BeCTHO, 4TO TTPH OXMHAKOBOM
rxoHreHTpanmnu Na“ u K™ mons! Na* cuiibHee amcop-
OMpyIOTCA Ha TOJSPHBIX TOJOBKAX JIMIUIOB, W JIJIS
npeooeHus n30brouHocTH Na* Ha MeMOpaHe Heo0-
XOJIMMO 3HAYMTEIFHOE MPEBBILICHNE KOHIIEHTPaIUU
K* [38]. DT0 0COOCHHO BaXHO JJIsl BHY TPUKJICTOUHOU
MMOBEPXHOCTH MeMOpaHbl, Ha KOTOpOW mpeoOdiajaa-
IOT OTPHULATENBHO 3apsbKeHHbIE aunuabl. [losTomy
B CJIy4yae YBEIUUYCHUS] OTHOCUTEIBHOIO COACPKAHUS
Na® B muToruiasMe BO3MOXKHO IepepacrpeieiicHHe
KaTHOHOB, CBSI3aHHBIX C JUMHUIHBIMA TOJOBHBIMHU
rpyTIaMy, KOTOPOE BIHSIET Ha AIIEKTPOCTATHYECKUN
MTOTEHITHANI BHYTPEHHEH MOBEPXHOCTH MeMOpaHbl U
HapymraeT 0alaHC CTPYKTYpPHBIX XapaKTEPUCTHK €e
Hapy>KHOTO 1 BHYTpeHHero cioes [38].

HeraruBHoe BiHsIHME HCKIIOYEHHUS AIIEKTPOIIH-
TOB M3 KPHOIIPOTEKTOPHBIX Cpell Ha MEXaHHYECKYIO
YCTOMYNBOCTh IPUTPOLIUTOB, OYEBHUHO, CBA3AHO C
JIMHAMHUKON W3MEHEHHI MEMOpaHHOTO IMOTCHIMAIA.
W3BecTHO, 4TO MpH MepeHoce KIETOK B M30TOHHYE-
CKYIO CpeAy C HU3KOM MOHHOM cHioi (comeprarieit
caxapo3sy) TpaHCMeMOpaHHBIN MOTEHIINAT PE3KO YBe-
nuuuBaetcs ¢ —10 no +73 MB [25] B pe3ynbrare BbI-
COKOM TIPOHUIIAeMOCTH MeMOpaHsbI st noHoB Cl, B
100 pa3 mpeBbllIaloIIe ee MpOHUIIaeMOCTh JiJist Na*
n K*. Opgnaxo B teuenne 30—60 MuH 3Ha4YEHHE TO-
TEHIMajla CHIKAETCS 10 PaBHOBECHOTO COCTOSHUS
[25] Onaromaps aktuBanuun K'(Na)/H'-oOMenHuKa
1 HECEJIEKTUBHOIO MOTEHIMAN-3aBUCHMOTO KaTHOH-
Horo kanana [11]. Kpome Toro, B MaHHBIX yCIIOBHU-
SIX TPOUCXOAUT TAKKE YBEIMUCHHUE 3HAUCHUS BHY-
Tpukierouynoro pH go 7,7 ¢ mocnenyrommm Oonee
MEJUICHHBIM MOAKUCICHUEM LUTOIIA3Mbl 10 7,2 B
teuenue 30 mMuH [20]. O4eBUIHO, YTO BO3HUKHOBE-
Hue nuddysHoro norernuana Cl- mpu UCKITFOYSHUN
Na" u3 BHEKJIETOUHOH cpeapbl, NOCIeAyIollee nepe-
pacmpeseneHre KaTHOHOB W W3MEHEHHE 3HaYeHHH
BHYTPHUKJIETOYHOTO pH MOTYT MpOMCXOAWTH U B TH-
neproHnyeckux pactopax KIIA, 4yro mpuBomut k
JecTabuIN3ay CTPYKTYPHBIX KOMIIOHEHTOB MEM-
OpaHsbl.

Eme ogHuM MexaHM3MOM JecTaOHMIM3alud MEeM-
OpaH B yCIOBHSIX CTpecca NpU CHUKEHUH HOHHOM
CHJIBl CPEJbl SIBISICTCSI U3MEHEHUE IUIOTHOCTH yIa-
KOBKM JIMNUAHBIX Mojekyn [22]. Ilpu orcyrcrBun
AJIEKTPOJIUTOB B CPEJE YCHIIMBACTCS AIIEKTPOCTATH-
YECKOe OTTAIKHBAHWE TOJISIPHBIX TOIOBHBIX TPYIIII
(hochomunuIoB, UTO YBEIMUNBAET PACCTOSHUE MEK-
Iy HAMH W CHIDKAeT CIOCOOHOCTH 0OOpa30BHIBATH
BOZIOPOJHBIE CBs3W. BcnencTBrue Yero IJIOTHOCTB

higher than its permeability for Na" and K'. Ho-
wever, within 30-60 min, the potential value
decreases down to the equilibrium state [18] due
to the activation of K*(Na")/H™-exchanger and non-
selective potential-dependent cation channels [3]. In
addition, under these conditions, the value of intra-
cellular pH also increases up to 7.7, followed by a
slower acidification of cytoplasm to 7.2 within 30 min
[13]. Obviously, the appearance of diffusion poten-
tial of CI- when excluding Na* from extracellular
medium, and a subsequent cation redistribution and
a change in values of intracellular pH may occur
in hypertonic solutions of CPAs as well, resulting in
destabilization of structural components of memb-
rane.

A change in packing density of lipid molecules is
other mechanism of membrane destabilization under
stress when an ionic strength of the medium decreases
[15]. When there are no electrolytes in the medium,
an electrostatic repulsion of polar head groups of
phospholipids is enhanced, increasing thereby the
distance between them and reducing their capability
to form hydrogen bonds. As a result, the packing
density of tail residues also decreases, by reducing
the favorable van der Waals interactions between
the tail parts of lipid molecules.

The erythrocyte stability under mechanical stress
with a change in Ca*" level within cryoprotective
media was assessed in glycerol and PEG as the
examples. Taking into account the fact, that the source
for an increase in [Ca*"]. may be the trace amounts
of ions in saline solutions, achieving the concen-
tration of 10°-10° M [24], and a random entry of
Ca?" through the channel-like paths in erythrocyte
membranes [2], the assumption arises whether the
Ca?" removal from cryoprotective solutions by che-
lating of divalent cations with EDTA will lead
to changes in erythrocyte membrane mechanical
stability and affect the cell survival during cryo-
preservation. At the same time, an increase in Ca*
concentration (I mM) in cryoprotective media up
to the level of physiological values may promote
elucidating the role of Ca*-regulated processes in
maintaining the erythrocyte membrane mechanical
stability under stress conditions. As experiments
showed, the introduction of Ca?* or EDTA into PEG-
containing media caused an almost twofold increase
in erythrocyte hemolysis under mechanical stress
as compared with cell damage in unmodified so-
lution (Fig. 3). The EDTA caused a similar reac-
tion in a glycerol-containing medium, but Ca*
caused no significantly effect on cell resistance
(Fig. 3). Thus, when including EDTA into glycerol-
and PEG-containing media, the erythrocyte memb-
rane mechanical stability decreases regardless of

npo6nemu Kpiobionorii i kpiomeaULMHN

problems of cryobiology and cryomedicine
Tom/volume 29, Ne/issue 4, 2019



YIaKOBKH XBOCTOBBIX OCTaTKOB TaK)K€ CHUXKAeTcsd,
yMEHbILas OaronpusTHbIC BaH-JEp-BaalbCOBBI B3a-
HUMOACHCTBHUSA MEXIY XBOCTOBBIMHU YACTSAMH JIMIIHI-
HBIX MOJIEKYII.

OneHka CTaOMJIBHOCTH 3PUTPOLIMTOB B YCIOBH-
SIX MEXaHMUYECKOTO CTpecca MPHU U3MEHEHUU YPOBHS
Ca*" B cocTaBe KPHONPOTEKTOPHBIX CPeJl MPOBEICHA
Ha npumepe mmrepoina u [191 [lpuaumas Bo BHU-
MaHMe, 4TO UCTOYHHKOM pocTa [Ca*’]. MoryT ObITh
CJIEJIOBbIE KOJIMUECTBAa HOHOB B COJIEBBIX pacTBOpaXx,
nocruraromue  KoHmeHtparunl0°-10"M [31], u
cinyvaiiHblid Bxonq Ca?’ uepe3 KaHaJIOMOMOOHbIC MyTH
B MeMOpaHax spurpouutoB [10] Bo3HHKaeT mpen-
nonoxenue: ynanenue Ca’" M3 KpHONPOTEKTOPHBIX
pacTBOPOB XENaTOPOM JBYXBAJICHTHBIX KaTHOHOB
OJTA mpuBeAeT K U3MEHEHUSIM MEXaHUYECKOU CTa-
OMIIBHOCTH SPUTPOLIUTOB U NOBJIMSET HA BBKUBAHHE
KJIETOK B IIpoLiecce KPHOKOHCepBUpoBaHus. Bmecte
¢ TeM moBhIeHue KoHnenTparwu Ca?* (1MM) B kpH-
OTIPOTEKTOPHBIX Cpenax /0 YpoBHS (hU3NOIOTHYE-
CKMX 3HAYEHHUH MOXKET CII0COOCTBOBATH BBIICHEHHUIO
ponu Ca*'-perynupyeMbix MPOLECCOB B IMOAICPKA-
HUM MEXaHMYECKOM YCTOMYMBOCTHU SPUTPOLIMTOB B
CTPECcCOBBIX ycnoBHsX. Kak mokasanau sKcrepuMeH-
o1, BBemenre Ca’" wiu DJITA B I13I-comepkarue
CpeIbl BBI3BIBAJIO TIOBBIIIEHHUE TE€MOJU3a IPUTPO-
LUTOB B YCJOBUSIX MEXaHHYECKOIO CTpecca MpaKTu-
YEeCKH B [IBa Pa3a B CPABHEHUHU C TIOBPEKACHUEM KJIe-
TOK B HeMOIU(HUIMpOBaHHOM pactBope (puc. 3). B
murepon-conepxkamei cpene 3 TA BBI3BIBAI CXOII-
HYyI0 peakiuio, oqHako Ca?" He OKa3bIBaJ 3HAYUMOTO
BIHUSHUSI HA yCTOMYUBOCTH KieTok (puc. 3). Takum
obpazom, pu BrurroueHuu JJ[TA B cocTaB ruiiepod-
u [I3I-comepkamux cpel CHIKEHUE MEXaHIMIECKON
YCTONYHMBOCTH 3PUTPOLIUTOB MPOUCXOAUT HE3aBUCH-
Mo ot tuna KITA, B To BpeMs Kak mpu J00aBICHUH
Ca?" HeratuBHBIN 3(PEKT OTMEUACTCS TOJBKO B TIPH-
cyrctBun [13I. OueBuano, OecTaOUIU3UPYIOLIHIA
addexr DATA Ha SpUTPOLUTHI CBSI3aH C BIMSHUEM Ha
MeMOpaHO-cBsizaHHbI Ca’’, a yBelIMYeHHEe KOHIICHT-
parmu Ca?" B pactBopax KITA BbIBISCT pasiudus B
¢byskimonnpoBannn  Ca?*-peryipyommx CUCTEM B
KJIeTKax B pucyTcTBun naHubx KITA [4, 6, 7].

HeoOxoamMo OTMETHTH, YTO MEXaHWYEeCKas CTa-
OMIBHOCTh M Je(OPMHUPYEMOCTh IPUTPOIUTOB H3-
MEHSIOTCS HE3aBHCHMO JAPYT OT JpYyTa, MOCKOJIbKY
KOHTPOJIUPYIOTCSl Pa3IMYHBIMU  OCTIOK-OCIKOBBIMH
B3aumozericteusMu [14]. Tlpu stom mMoaudukanms
KOMIIOHEHTOB MEMOPaHO-LIUTOCKEIETHOTO KOMILIEK-
ca, CONpOBOXJaeMasi M3MEHEHUSIMU CBONCTB MEM-
OpaHbl, MOXKET OBITh CBsI3aHA KaK ¢ (PU3UKO-XUMUYE-
CKUMH (haKTOpamMH Cpefbl, TaK U OMOXUMHUYECKUMHU
TpoLIeCCaMH, KOHTPOIMpyeMbIMU M3MeHenneM [Ca™]. .
Bmustnne Ca?" Ha (usuueckue CBOWCTBA MeMOpaH
IPUTPOLIUTOB NPOSABISIETCS KaK B IOBBIIICHUH, TaK
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the type of CPAs, while introducing Ca*, a nega-
tive effect is only observed in PEG presence. Ob-
viously, a destabilizing activity of EDTA on erythro-
cytes is associated with its effect on membrane-
bound Ca?", and an increase in Ca’>" concentration in
CPAs solutions reveals the differences in functioning
of Ca*-regulating systems in cells in presence of
these CPAs [37-39].

Of note is the fact that the erythrocyte membrane
mechanical stability and deformability change inde-
pendently of each other, since they are control-
led by different protein-protein interactions [6]. Mo-
reover, the modification of components of memb-
rane-cytoskeleton complex, accompanied by changes
in membrane properties, can be operated by both
physicochemical factors of medium and biochemical
processes, controlled by a change in [Ca*] . The
Ca?" effect on physical properties of erythrocyte
membranes is manifested both in increasing and
decreasing the mechanical stability, and implemented
in various ways. In particular, the phosphorylation
of protein 4.1 by Ca**-dependent enzyme of protein-
kinase C significantly reduced a mechanical stability
of membrane due to a decrease in its affinity for
spectrin and actin, as well as protein 4.1-mediated
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Puc. 3. BnusaHne Ca? n OATA Ha remonuTUyeckue no-
BPEXOEHUS IPUTPOLMTOB MPU MEXaHUYEeCKOM CTpecce B
TeyeHne 60 MuH B 15%-x pacTBopax KpMOMPOTEKTOPHbIX
areHToB, gononHeHHbix 150 MM NaCl, 10 mM Tpuc-HCI
(pH 7,4); m - ob6pa3subl, He Bkntovatowme Ca* n SOTA;
O - obpasubl, Bkntovawwme 1 MM Ca?; @ - obpasupl,
Bkntovatowme SOTA.* — 3Ha4MMOEe MOBbILLEHNE reMonun3a
OTHOCUTENbHO pacTBopoB Ge3 BkntodeHuss Ca** n JMOTA,
p <0,05.

Fig. 3. Ca*" effect and EDTA on hemolytic damage of
erythrocytes under mechanical stress within 60 min in
15% CPAs solutions, supplemented with 150 mM NaCl,
10 mM Tris-HCI (pH 7.4); m — samples, not including Ca?
and EDTA; O - samples, including 1 mM Ca?"; @ - samples
including EDTA. * — a significant increase of hemolysis
relative to the solutions without Ca?* and EDTA inclusion,
p < 0.05.
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U CHIDKCHMH MEXaHMYEeCKOM CTaOMIBLHOCTH M pea-
JM3yeTcsl Pa3IMYHBIMU MyTAMHU. B wactHOCTH, doc-
dopunrpoBanue Oenka monocsl 4.1 Ca**-3aBHCHMBIM
(hepmenTOM TpoTenHKIHA30M C 3aMETHO CHIDKAJIO Me-
XaHMYECKYI0 CTaOMIIEHOCTh MeMOpaHBl B pe3yibTare
YMEHBIIIEHHSI €T0 CPOJACTBA K CIIEKTPUHY U aKTHUHY, a
TaK)Ke OTIOCPEIOBAHHON WM JHCCOIHAINHU TIIUKO(O-
puna C ot MmemOpanHoTO cKenera [23]. B Toxxe Bpemst
nosbimenye [Ca*]. B H30TOHUYECKHX YCIIOBUAX MPH
WHKYOHPOBAaHUH dPUTPOIUTOB ¢ HOHOPOpoMm A23187
B mpucytctBun 0,1 MM Ca?’ cyliecTBeHHO CHIKA-
JIO YPOBEHb I'€MOJIN3a, HHAYLIUPOBAHHOTO THAPOCTa-
tuyeckuM naasierueM (200 Mlla), yto cBumerens-
CTBOBAJIO O TOBBIIICHUH CTAOMIBHOCTH MEeMOpaH K
MexaHuueckuM HampspkeHusMm [16]. Kpome Toro, ¢
ITOMOIIIBIO aTOMHO-CHIIOBOM MHUKPOCKOIIMU TIOKa3a-
HO, YTO TOBBINICHUE conepkanus Ca’" yBequdauBaer
JKECTKOCTh ITUTOCKENeTa, ¥ ero Mop¢oJorus B Ha-
THUBHOM KJIETKE CTAHOBUTCSI CXOKEU C LIMTOCKEIIETOM,
(bMKCUPOBAaHHBIM TIIyTAPOBBIM anbaeruaoM [21].

Pesynbrar Biausuus Ca?’ Ha MeXaHHUYECKHE CBOM-
CTBa SPUTPOLIUTOB ONPEAETAETCS, MPEkKIAE BCETO, ET0
KOHIIEHTpalrel B KJIETKe, YTO ObUIO MIPOJIEMOHCTPH-
POBAaHO Ha 3aMKHYTBIX TEHSX JPUTPOLIUTOB, IOJY-
4YeHHbIX B npucyrcTBun Ca*' u kanpmonynuna [36].
B uwactHocTH, koHueHTparmu Ca?' B muamazone 1—
100 MKM CyIIECTBEHHO CHHUXAIH MEXaHUYECKYIO
CTaOMIHLHOCTH MEMOpPAHBI B MPUCYTCTBUH KaITbMOTY-
nuHa, a npu ypoae Ca®’ Boimie 100 MkM ymeHbIma-
nack nehopMUPYyEMOCTh MEMOpaH, MPH 3TOM Kajlb-
MOIYJIWH HE OKa3pBa 3HauuMoro >ddexra. Habd-
JogaeMble U3MEHEHHUST CTAaOMITEHOCTH MeMOpaH [36]
CBSI3aHBI C BIMSIHUEM pa3HbIX KOHIeHTparmi Ca’’ u
KaJbMOJlyJIMHA HAa B3aUMOJECHCTBUE B TPOMHOM KOM-
IJICKCE «CTIEKTPUH-OENOK MONIOCH 4.1-akTuHy», KO-
TOPBII SIBIISICTCSI LIGHTPOM OOBETUHEHUS] COCEAHUX
CIIEKTPUHOBBIX TeTpamepoB. Kpome toro, Ca* u kasb-
MOJIYJIMH WTPAaOT KPUTHUYECKYIO POJIb B PETYISILAU
B3aMMOJICHCTBUI Oenka mojockl 4.1 ¢ pa3nuyHBIMU
TpaHCMEMOpPaHHBIMU TIAPTHEPAMH, BKJIOUAs TIIHKO-
thopun C, 6enok nosnockr 3 u CD44 [30].

OuenuBas Biusinue Ca’>" Ha KJICTKH, BAKHO Y4H-
TBIBaTh, 4T0 Ca’" He TOJIBKO OMOCPENYET PETYIIAIHMIO
0eJI0K-0CITKOBBIX B3aMMOJICHCTBUHN, HO TAK)KE SIBIISICTCS
TPUITEPOM CIIOKHOTO OHMOXMMHYECKOTO Ipolecca
spunrosa. Ysenudenue [Ca*’]. Ha sTame MHKyOUpO-
BaHust >puTporutoB ¢ KIIA mMoxer cmocoOcTBOBAThH
MEXaHHYECKOH CTaOMIBHOCTH MeMOpaH M BBIKHBa-
HUIO KJIETOK B YCIIOBHSIX 3aMOpPaXXMBaHHUA-OTOTPEBA,
OJIHAKO pa3uuus B ypoBHE u3MeHeHuii [Ca*']. 1oz
BiausiHueM ruuepona u 130, BeposTHO, SIBISIOTCS
MIPUYUHON Pa3HON JKM3HECIIOCOOHOCTH KIIETOK MpH
BO3BpallleHnu B (pru3monornyeckue ycioBus. Panee
ObLTO0 ycTaHoBieHo, uyto IIDI m mumepon mo-pas-
HOMY BIHSIIOT Ha akTuBHOCTH Ca’’-ATPassl [4, 6, 7],

glycophorin C dissociation from membrane skeleton
[16]. At the same time, an increase in [Ca*"] under
isotonic conditions during erythrocyte incubation
with A23187 ionophore in the presence of 0.1 mM
Ca?" significantly reduced the level of hemolysis,
induced by hydrostatic pressure (200 MPa), which
indicated an increase in membrane stability to
mechanical stresses [9]. In addition, the using of
atomic force microscopy demonstrated an increase in
Ca?' content to augment the cytoskeleton rigidity, and
its morphology in a native cell became similar to the
cytoskeleton, fixed with glutaraldehyde [14].

The result of Ca?" impact on mechanical proper-
ties of erythrocytes is most notably determined
by its concentration inside cell, that was demons-
trated in sealed erythrocyte ghosts, obtained in pre-
sence of Ca*" and calmodulin [30]. In particular, the
Ca?* concentrations within the range of 1-100 uM
significantly reduced the membrane mechanical
stability in calmodulin presence. Meanwhile, at
the Ca?" level above 100 uM the membrane deforma-
bility decreased, wherein the calmodulin caused no
significant effect. The observed changes in membrane
stability [30] are associated with the impact of dif-
ferent concentrations of Ca?" and calmodulin on the
interaction in the ‘spectrin-protein 4.1-actin’ ternary
complex, which is the center of association of ad-
jacent spectrin tetramers. In addition, Ca’>" and cal-
modulin play a critical role in regulating the inte-
ractions of protein 4.1 with different transmemb-
rane partners, including glycophorin C, band 3 and
CD44 [23].

When assessing the Ca?" effect on cells, it is
important to take into account the fact, that Ca**
not only mediates the regulation of protein-protein
interactions, but triggers the complex biochemical
process of eryptosis as well. An increase in [Ca®']
at the stage of erythrocyte incubation with CPAs
may contribute to mechanical stability of memb-
ranes and cell survival under freeze-thawing, but the
differences in level of the changes in [Ca®"] under
glycerol and PEG impact are probably responsible
for different cell viability when returning to physio-
logical conditions. The PEG and glycerol were
previously found to differently affect the activity of
Ca?"-ATPase [37-39], and the erythrocytes cryopre-
served under their protection demonstrated different
stability when transferred into physiological con-
ditions. In contrast to glycerol, the PEG hypertonic
solutions caused a sharp decrease in Ca?'-ATPase
erythrocyte activity [37, 39], as a result of which a
significant increase in [Ca*]  was possible, since
even an isotonic PEG solution caused a 10-fold
increase in its entry into cells [12]. Meanwhile, by
the data of the Fluo-4 fluorescence intensity, the
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a SPUTPOLMTHI, KPUOKOHCEPBUPOBAHHBIE MO UX 3a-
LIUTOH, TEMOHCTPHUPYIOT Pa3HyIO0 YCTOHYMBOCTD IPH
nepeHoce B GU3HOJIIOTHUECKUE YCJIOBHA. B oTimuue
OT MIULEpOJa, THMIEpTOHUYECKUe pacTtBopsl [IOI
BBI3BIBAJIM pe3Koe CHIKeHHe akTuBHOCTH Ca’’-AT-
pasbl 3pUTPOLUTOB [4, 7], BCIEACTBHE YETO BO3MO-
KeH 3HauuTenbHbId poct [Ca*] , moCKoibKy naxe
n3oToHndeckuii pacteop [13I" Be3piBan 10-kpaTHOE
yBeJIMYeHHE ero Bxona B kietku [19]. Bmecre ¢ Tem
[0 JIaHHBIM HMHTEHCUBHOCTH (uiyopecueHnuu Fluo-4
MHKYOMpOBaHNE SPUTPOLMTOB Ha NMpoTsbKeHuH 30 MUH
B THUIIEPTOHUYECKOM pacTBOPE IIHIEPOJIa BHI3bIBA-
JI0 JIUIIL HeOombInoe yBennuyenue yposus Ca’' [18].
[Tockonbky nosbimenue [Ca*']. B 3puTponUTaX HOK
iausaueM [19I° He Tonmpko MoanpuUIHMPYyET MexaHO-
3NIACTUYECKHE CBOMCTBA MEMOPAHBI, HO TAKKE MOYKET
aKTMBHUPOBATh 3PHIITO3, €CTECTBEHHO OBUIO MPEATIO-
JIO)KUTh, YTO CHMKEHUE €r0 IOCTYIJICHUS B KIIETKY
13 BHEKJIETOUHOH Cpelbl IO3UTHBHO IOBIMSET HA
KU3HECTTOCOOHOCTh KPHOKOHCEPBHUPOBAHHBIX KJle-
TOK ITPH BO3BPAILIEHNH B (PU3NOJIOTHUECKHE YCIOBHUS.
Onnum u3 myteid, npenarcTyrommx pocry [Ca®'], ,
SIBJISIETCSI CBsA3BIBaHME ero xenaropoMm DJ[TA Bo BHe-
KJIETOUHOM cpene. OgHAKO HETaTUBHBIC OCIEACTBUS
BiutoueHus DJITA B KpHOIIPOTEKTOPHBIE CPEbl A
MEXaHUYECKOH YCTOWYMBOCTH DPUTPOLUTOB CBUJIE-
TEJBbCTBYIOT O €€ BIMSIHUM HE TOJNBKO Ha MOHbI Ca’*
B pacTBOpe, HO, OYEBHUIHO, U HA MEMOpaHO-CBS3aH-
ueiil Ca’’.

JleficTBUTENBHO, KaK TIOKA3aJI0 MOJEKYJIIPHO-IH-
Hamu4eckoe Mopeaupoanue [32], nonst Ca?” TecHO
CBSI3aHBI C AHHOHHBIMHU TPYIIAMH JIUITHIHBIX MOJIE-
KyJ M COCTaBJISIFOT HEOTHEMIIEMYIO YacTh UHTEpdei-
ca MeMOpaHkbI, pacrionarasch B y3koit monoce (~10A)
BIOJb (GocdaTHBIX TPYNI, a WX B3aUMOJACHCTBHE C
JIUIHUIHBIMUA MOJIEKYJIaMHU MOBBILIAET MJIOTHOCTh MO-
JEKYyNApHOW ynakoBKU IUNUA0B. [loaToMy ynanenue
noHoB Ca’" u3 mHTepdelica MeMOpaH SPUTPOIUTOB
xenatopom D TA nectaOuim3upyer CTpyKTypy MeM-
OpaHbl M OcCnabiasieT MEXaHWYECKyl0 yCTOWYHMBOCTD
kietok. CrnenoBarenbHo, BkimtoueHue JATA B kpuo-
IIPOTEKTOPHbIE cpenbl Hempuemiemo. [Ipobnemy
MOBBIILIEHHUS CTAOMJIBHOCTU 3PUTPOLIUTOB, KPHOKOH-
cepBHpoOBaHHBIX B npucyTcTBun 1101 cnenyer, ode-
BUJIHO, peliarh Ha OCHOBE crenuduueckux (apma-
LEBTUYECKHX HWHTHOUTOPOB, OJIIOKHPYIONIMX BXOJ
Ca?" B KJICTKH.

AHanM3 MEXaHNYECKON YCTOHYMBOCTH SPUTPOLIH-
TOB ITOCJIE 3aMOPAKUBAHUA-OTOTPEBA B IPUCYTCTBUN
mmuepona u 191 mokazan (puc. 4), 4TO reMOJIUTH-
YECKUE MOBPEXKACHNS KPHOKOHCEPBUPOBAHHBIX dpH-
TPOLMTOB BBILIE B CPAaBHEHHH C COOTBETCTBYIOLIHU-
MU TIOKa3aTelsIMu KJIETOK, HHKyOupyeMbx B 15%-x
pactBopax KIIA wu pomomuennerx 150 MM NaCl,
10 MM Tpuc-HCI (pH 7,4). Ynanenue rurepoia u3
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Puc. 4. FTemonutnyeckmne noBpexaeHns 3puTpoLUTOB, Kpu-
OKOHCEPBUPOBaHHbIX Nog 3awmTton rmuuepona u M3l npu
MexaHu4yeckom ctpecce B TedeHne 30 MyH: Bl — 9pUTPO-
UMTbl, He noABepraBLUMECs 3aMOpaXkuBaHWio; O — pas-
MOPOXEHHbIE 3PUTPOLUTBI; [ — SPUTPOLUTLI, OTMbITbIE OT
Kp1OMpOTEKTOPOB MNOCne pasmopaxusaHus. Bece akcnepu-
MeHTanbHble rpynnbl 3HA4YMMO OTAMYAKTCS OT KOHTPOINS,
p <0,01.

Fig. 4. Hemolytic damage in erythrocytes, cryopreser-
ved with glycerol and PEG under mechanical stress for
30 min: @ - erythrocytes not subjected to freezing; O -
frozen-thawed erythrocytes; m - erythrocytes washed

*

from cryoprotectants after freeze-thawing. *— all the
experimental groups differ significantly from the control,
p <0.01.

erythrocyte incubation for 30 min in hypertonic
glycerol solution caused just a slight increase in Ca**
level [11]. Since an increase in [Ca*'], in erythrocytes
under PEG effect not only modifies the mecha-
noelastic properties of membrane, but may activate
the eryptosis as well, so it was natural to assume that
a decrease in its entry into cell from extracellular
medium would positively affect the viability of
cryopreserved cells when returning to physiological
conditions. One of the pathways, preventing the
[Ca*]. augmentation is its binding by EDTA chelator
in extracellular medium. However, the negative
consequences of EDTA inclusion into cryoprotec-
tive media for erythrocyte membrane mechanical
stability testifies to its impact not only on Ca?* ions
in solution, but, obviously, on membrane-bound Ca?*
as well.

Indeed, as shown by molecular dynamics mo-
deling [25], the Ca*" ions are tightly linked to anio-
nic groups of lipid molecules and constitute an
integral part of membrane interface, by locating in
a narrow band (~ 10A) along the phosphate groups,
and their interaction with lipid molecules increa-
ses the density of molecular packing of lipids.
Therefore, the removal of Ca*" ions from erythro-
cyte membrane interface by EDTA chelator desta-

327

L



KPHUOKOHCEPBUPOBAHHBIX JPUTPOLMTOB MPHOIMKA-
JI0O YpPOBEHb FEMOJIMTUYECKUX MOBPEXKAECHUN KIETOK
B YCIIOBUSIX MEXaHHYECKOIO cTpecca K KOHTPOIb-
HOMY, XOTSl YCTOHYMBOCTh MX OblIa BCE K€ HUIKE,
yeM B KoHTposie. O4YeBHIHO, CEpbE3HBIX HapyIle-
HHUW CBOHCTB MEMOPAHO-ITUTOCKEIIETHOTO KOMILIEKCa
OPUTPOLUTOB, KPHOKOHCEPBUPOBAHHBIX B IPHUCYT-
CTBUH NJINLIEPOJIA, HE IPOUCXOAMT, UTO ITO3BOJISIET UC-
MIOJIb30BATh TaKHUe KIETKH B KIMHHUYECKOW MPAKTHKE,
HECMOTpS Ha TO, YTO CPOK WX KM3HH B pycje KPOBU
MOJKET ObITh MEHbIIIE, YeM HaTHBHBIX. BMecTe ¢ Tem
KpUOKOHCEepBHpOBaHHbIe Toxa 3amuroil [19I0 apu-
TPOLIUTHI, IaXKe MOCIe yAaleHUs] KpHOIPOTEKTOpa U3
KJIETOYHOM CyCHEH3UH, TEMOHCTPUPOBAIU BBICOKUI
YPOBEHb FEMOJIH3a NP MEXAHUYECKOM CTPECCE, KO-
TOPBIA 3HAUUMO OTIIMYAJICA HE TOJIBKO OT KOHTPOJI,
HO U OT ypOBHS I'eéMOJIN3a KPHOKOHCEPBHPOBAHHBIX
IPUTPOLUTOB, OTMBITHIX OT Iuuepoia. CHUKeHHUe
MEXaHUYECKOW yCTOMYMBOCTH KPUOKOHCEPBUPOBAH-
HBIX Tof 3amuToi [191" 3puTponToB MOXKET yKa3bl-
BaTh KaK Ha CyOJieTaJIbHBIC MOBPEKIACHIS MEMOpaH
B IIpoliecce 3aMOpaKuBaHUsA-oTorpena [3], Tak u Ha
HETaTHBHBIC TIOCIEACTBUS Pa3BUTUS OMOXHMHUYEC-
KMX peaklui, aKTMBMPOBAHHBIX BbICOKOH [Ca™] .
CrnenoBarenbHO, NMEPEHOC TaKUX KIETOK B PYCIO
KPOBH pELMIHEHTa MOT Obl MMETh CEphe3HBIC IO-
CJIEZICTBHSI JUIsl €T0 3710pOBbsl. TeM He MeHee, IPUHHU-
Masi BO BHHMaHHE MPEUMyIIecTBa 0€30TMBIBOYHOIO
croco0a KPHOKOHCEPBUPOBAHUS KIJIETOK I10J 3allly-
toit IIOI, 1menecooOpa3HOCTh AANBHEUITHX HCCITe-
JOBaHUH MEXaHW3MOB MOJM(HKALMK KOMIOHEHTOB
MeMOPaHO-ITUTOCKEJIETHOTO KOMITJIEKCA TIO/T BIUSHH-
em KIIA u 3amMopaxuBaHMS IS TOBBIIICHUS YCTON-
YUBOCTH KJIETOK B (PU3UOJOTHYECKHX YCIOBHUSX HE
BbI3bIBACT COMHEHUU. IIpu 3TOM OlleHKA MexaHu4e-
CKOH yCTOMUMBOCTH KPHOKOHCEPBHPOBAHHBIX 3pPHU-
TPOLIUTOB MOXKET MPUMEHSATHCS B KIIMHUYECKOH IpaK-
THKE KaK (YHKIHOHAIBHBIN TECT.

BpiBoABI

1. PocT KOHUEHTpaluu coleil BO BHEKJIECTOYHOU
cpelbl NPUBOAUT K CHUKEHUIO MEXAaHUYECKOH CTa-
OMIIEHOCTH SPUTPOIIUTOB, YKa3bIBas HA BO3MOKHOCTh
MTOBPEXACHUS KIETOK B XOJI€ 3aMOpPaXHMBAHHS-OTO-
rpeBa 3a CUET CHUKEHUS MEXaHUYECKOM YCTOMYMBO-
CTH MEMOpaHBbI.

2. YBenuueHHe TeMOJIMTUYECKUX IOBPEXKACHUN
SPUTPOLIUTOB NMPH MEXAHUUYECKOM CTPECCE B MPUCYT-
cTBUU runepronnyeckux pacrsopos KIIA, ne conep-
JKAIUX AIEKTPOIUTOB, CBUIETEILCTBYET O BAKHOMU
POJIU AIIEKTPOCTATUUECKU KOHTPOJIUPYEMBIX B3aUMO-
neiicTBuii B MeMOpaHe 1Sl UX MOIU(UKAIIUU B IIPH-
cyrcreun KITA.

3. YcTOMYMBOCTH HIPUTPOIMTOB MPU MEXaHU-
YEeCKOM CTpEecCe B MPUCYTCTBUU miuiiepoia u I191°
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bilizes the membrane structure and weakens a me-
chanical stability of cells. Therefore, the introduction
of EDTA into cryoprotective media is unacceptable.
The task of increasing the stability of erythrocytes,
cryopreserved in the PEG presence should obvio-
usly be solved basing on specific pharmaceutical
inhibitors that block Ca*" entry into cells.

Analysis of erythrocyte mechanical stability after
their freeze-thawing in glycerol and PEG presence
showed (Fig. 4) the hemolytic damages in cryo-
preserved erythrocytes to be higher as compared
with the corresponding indices of cells incuba-
ted with 15% CPAs solutions, supplemented with
150 mM NaCl, 10 mM Tris-HCI1 (pH 7.4). The re-
moval of glycerol from cryopreserved erythrocytes
approached the level of hemolytic damages of cells
under mechanical stress to the control, although
their resistance was still lower than in the na-
tive cells. Obviously, no serious disorders of proper-
ties in membrane-cytoskeletal complex of the eryth-
rocytes, cryopreserved in glycerol presence occur,
that allows using these cells in clinical practice,
despite the fact that their life span in bloodstream
may be shorter vs. native ones. At the same time, the
erythrocytes, cryopreserved under PEG protection,
even after cryoprotectant removal from cell sus-
pension, showed a high hemolysis level under
mechanical stress, which significantly differed not
only from the control, but the hemolysis level of
cryopreserved erythrocytes washed free of glycerol
as well. A decrease in mechanical stability of
erythrocytes cryopreserved under PEG protection
may indicate both sublethal membrane damages
during freeze-thawing [36] and negative consequen-
ces of development of biochemical reactions,
activated by high [Ca*"]_. Consequently, the transfer
of these cells into recipient’s bloodstream could have
serious consequences for health. Nevertheless, ta-
king into account the advantages of no-wash me-
thod of cell cryopreservation under PEG protec-
tion, the expediency of further studies of modifi-
cation mechanisms for the membrane-cytoskeletal
complex components under CPAs effect and freezing
to increase the cell stability under physiological
conditions, is beyond doubt. Moreover, the assess-
ment of mechanical stability of cryopreserved ery-
throcytes may be used in clinical practice as a
functional test.

Conclusions

1. An increase in salt concentration in extracellular
medium entails a decrease in erythrocyte membrane
mechanical stability, indicating a possible cell da-
mage during freeze-thawing due to a decrease in
mechanical stability of membrane.
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3aBUCUT OT Hanmnuus noHoB Ca’’ B cpele M MOXKET
OTIPENENATHCS BIMSHUEM 3alIUTHBIX COEAMHEHUN Ha
akTUBHOCTH Ca’'-perynupyromux MeMOpaHHBIX CH-
CTEM.

4. MexaHuyeckass yCTOMYMBOCTb 3PUTPOLUTOB,
KPHUOKOHCEPBHPOBAHHBIX B IPUCYTCTBUU INIMLIEPOIIA,
MIOATBEPKAAECT OTCYTCTBHUE CEPBE3HBIX HAPYLICHHN
MeMOPaHO-IIUTOCKEJIETHOIO KOMILIEKCA, YTO IO3BO-
JIIeT WCIIONB30BaTh TaKWe KIETKH B KIMHHYECKOU
npakTuke. CHUKEHNE MeXaHMYeCKOW yCTOMYMUBOCTU
SPUTPOLIUTOB, KPUOKOHCEPBUPOBAHHBIX IO 3alllH-
to [IDI, MokeT ykaspiBaTh Ha CyOJeTalbHbIC TO-
BpEKACHUS MEMOpaH.
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2. An increase in hemolytic damages of erythro-
cytes under mechanical stress in the presence of
electrolyte-free hypertonic solutions of CPAs tes-
tifies to an important role of electrostatically cont-
rolled interactions in membrane for their modifi-
cation in CPAs presence.

3. The erythrocyte stability under mechanical
stress in glycerol and PEG presence depends on Ca**
ion availability in the medium and may be determi-
ned by the impact of protective compounds on ac-
tivity of Ca*'-regulating membrane systems.

4. The mechanical stability of erythrocytes,
cryopreserved in glycerol presence confirms the
absence of serious disorders of membrane-cytoske-
letal complex, which allows using these cells in
clinical practice. A decrease in mechanical stabi-
lity of erythrocytes, cryopreserved under PEG protec-
tion may indicate the sublethal membrane dama-
ges.
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