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Peculiarities of Modifications in Geometric Parameters
and Changes in Osmotic Fragility of Human Erythrocytes
Following Their Exposure in Sucrose and PEG-1500 Solutions

Pecbepart: B paboTe nsyyanu BnusiHue nonuatuneHrnvmkons ¢ M. m. 1500 (M3r-1500) n caxaposbl Ha U3MEHEHNE FEOMETPUYHECKUX
napamMeTpoB M OCMOTUYECKON XPYMKOCTW 3PUTPOLMUTOB YenoBeka. [pu paBHbIX MaccoBbIX AONSX ABYX BellecTB caxaposa
Bbl3blBana 6ornee BblpaXXeHHblIE U3MEHEHUSI B pacrnpefeneHn 3puTpoLMTOB MO nokasaTensiMm npsimoro ceetopaccemBaHusi (FSC)
B cpaBHeHun ¢ M3l. Tem He meHee, M3l nHayumpoBan caswur pacnpegeneHnss 3pMTPoLUUTOB MO MHAEKCY CHEePUYHOCTM B Ham-
paBneHun cepuyeckmx TUMOB KMeTOK, a Takke NoBbllan OCMOTUYECKYIO XPYMNKOCTb 3PUTPOLIMTOB OTHOCUTENIbHO WMHTaKTHbIX U
VNHKYOUPOBaHHbBIX B NPUCYTCTBMM caxapo3bl kneTok. MNpeBanupytoLliei HanpaBneHHOCTbI0 Moandukaumm opmMbl B NpUCYTCTBUK
M3 66N cTOMaToOLMTO3, B TO BPEMS KaK BIMSIHWE Caxapo3bl NPUBOAMIO K AOMUHMPOBAHWUIO AernapaTvpoBaHHbIX YMMOLWEHHbIX Kre-
TOK. Pasnuunsa BHeLWHNX NposiBNEHWU OTBETa 9pUTPOUMUTOB Ha pacTtBopbl M3l 1 caxaposbl, cONPoOBOXAAEMble HEOANHAKOBLIMU
N3MEHEHUSIMW OCMOTUYECKOM XPYNKOCTU, CBUAETENLCTBYIOT O PONM CTPYKTYPHbIX MOAUMMKaLMA MeMBpaH, MHAYLMPOBaHHbIX KPUO-
npoTekTopamu, B cTabunusaumm KneTok npy nocrneayloweM 3amMmopaxuBaHum.

KnioyeBble crnoBa: apuUTpoLUT, reoMeTpuyeckne napameTpbl, KpUONPOTEKTOPbI, MOMMITUIIEHININKONb, caxapo3a, OCMOoTUYecKas
XPYnKoOCTb.

Pecbepart: Y poboTi BUBYanu Bnnue nonietuneHrnikonst m. M. 1500 (MEM-1500) i caxapo3u Ha 3MiHy reOMeTpUYHUX NapameTpiB
Ta OCMOTUYHOI KPUXKOCTI epuTpoLmnTiB NioanHN. [pu piBHUX MacOBMX YacTkax OBOX PEYOBMH caxapo3a BUKNukana OGinbll BUpaXKeHi
3MiHWM B pO3MoAini epuTpoumMTiB 3a NMoKasHWKamun npsiMoro caitnopo3scitoBaHHs (FSC) B nopieHsAHHI 3 TEI. MNpote MEI iHaQykyBaB 3cyB
po3nodiny epuTpounTiB 3a IHAEKCOM CEPUYHOCTI B HANPSMKY COEPUYHUX TUNIB KMITMH, @ TakoX NiABULLYBaB OCMOTUYHY KPUXKICTb
epuTPOLMTIB OO0 IHTAKTHUX i iHKYGOBaHMX Yy NPUCYTHOCTI caxapo3un KniTuH. MNepeBaxal4yor crpsMoBaHicTio Moaudikauii dpopmm
B npucyTHocTi MEI 6yB cTomaTounTo3, Y TON Yac Sk BMMMB caxapo3u Npu3BoAMB A0 AOMiHYBaHHS AerigpaToBaHMX CHMOLLEHUX
KMiTUH. BiAMIHHOCTI 30BHILUHIX NPOsBIB BigNOBIAi epnTpouunTiB Ha po3yuHu MNEl i caxapo3n cynpoBOOXYOTbCA HEO4HaKOBUMM
3MiHaMM OCMOTMYHOT KPUXKOCTI, CBi4aTb MPO porb CTPYKTYPHUX Moaudikauin MmembpaH, iHOyKOBaHWUX KpionpoTektopamu, y ctabi-
nisauii KNiTMH Npu noganbLIOMy 3aMOPOXYBaHHI.

KnioyoBi cnoBa: eputpouunT, reoMeTpu4Hi napameTpu, KpionpoTekTopu, NonieTuneHokeug, caxaposa, OCMOTUYHA KPUXKICTb.

Abstract: The effect of the polyethylene glycol with a molecular weight of 1500 (PEG-1500) and sucrose on the changes in
geometric parameters and osmotic fragility of human erythrocytes was studied. At equal mass fractions of two substances, sucrose
caused more pronounced changes in the distribution of erythrocytes according to direct light scattering (FSC) in comparison with
PEG. Nevertheless, PEG induced a shift in the distribution of erythrocytes according to the sphericity index in the direction of the
spherical cell types, and also increased the osmotic fragility of the erythrocytes relative to the intact and incubated in the presence
of sucrose cells. Stomatocytosis was the prevailing trend of the shape modification in the PEG presence, while the effect of sucrose
led to the dominance of dehydrated flattened cells. Differences in the external manifestations of the erythrocyte response to PEG and
sucrose solutions, accompanied by unequal changes in osmotic fragility, indicate the role of structural membrane modifications
induced by cryoprotectants in cell stabilization during subsequent freezing.

Key words: erythrocyte, geometric parameters, cryoprotectants, polyethylene glycol, sucrose, osmotic fragility.
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HeOIaronpusTHBIX (PaKTOPOB KPHOKOHCEPBUPOBAHUS
B OOJBLIMHCTBE MPOTOKOJIOB MCIOJIB3YIOT SHAOLE-
JIFOJISIPHBIN KPHOTIPOTEKTOp mHLiepon [21, 27], koTopblid
JIETKO TIPOHUKAET Yepe3 MIa3MaTHIeCKyto MeMOpany
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To protect human erythrocytes against unfavorable
effect of cryopreservation factors, most protocols exploit
the endocellular cryoprotective agent glycerol [17, 23],
which easily penetrates the plasma membrane of these

cells. However, in order to maintain an osmotic stability
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JaHHBIX KieToK. OHako A MOAAEp KaHHUSI OCMO-
THYECKOH CTAaOMIBLHOCTH 3PUTPOLIUTOB B (PU3UOJIOTHU-
YECKHUX yCJIOBUSAX KPUOTIPOTEKTOPHBIN areHT Heo0Xo-
JUMO yHAJIATh U3 Pa3MOPOKEHHBIX KJIETOYHBIX CyC-
MIEH3UM, YTO SABIAETCS JIMTEIBHOU U TPYAOEMKOH
MpOoLEaYypPOr, a TaKKe HNPUBOJAUT K 3HAYUTEIBbHOMI
roTepe KieTok. [103ToMy morCcK HOBBIX KPHOTIPOTEK-
TOPOB JIJIs1 SPUTPOIIMTOB YETIOBEKA BCE €IIIe OCTAETCS
AKTyaJIbHBIM.

B nactosmee Bpems mpu pa3paboTke 6e30TMBI-
BOYHBIX METOJIOB KPHOKOHCEPBUPOBAHUS KJIETOK B
Ka4yeCTBE MOTEHINATbHBIX SK30LEUTIOISPHBIX HU3KO-
TOKCUYHBIX KPHUOIIPOTEKTOPOB, KOTOPBIE MO3BOJISIOT
HCIOJIb30BaTh KPHOKOHCEPBUPOBAHHBIE KIETKH 0€3
yJaleHHs 3allUTHBIX COEAMHEHUH, aKTHBHO HCCIIe-
JYIOTCSI TaKHE BEIECTBA, KaK caxapo3a, MaHHHUTOJI,
TTOJTMA THIICHIITUKOITB, TIOJIMBUHIIIITUPPOITUIOH, THPO-
KCHATHIIKpaxMall u JAekcTpad [9, 16, 28]. Ogaum u3
HanboJjee MepCcrleKTUBHBIX KPUOMPOTEKTOPOB IS
SPUTPOIUTOB YEIOBEKA MOXKET OBITH MOJUITHIICH-
DIIKONTE ¢ M. M. 1500 (I121°-1500), mpumeHeHue KoTo-
poro obecrieunBaeT BHICOKHI YPOBEHb COXPaHHOCTH
KJIETOK TOocJIe pa3MopakuBanus [1].

CrnenyeT OTMETUTB, YTO KPHO3AIUTHBIE CBOMCTBA
KOHKPETHBIX COEMHEHU HE SABJISIOTCS YHUBEPCAb-
HBIMM JJIs1 pa3INyYHbIX KJIETOK. B yacTHOCTH, caxapo-
3a, MCIIONIb3yeMasi B Ka4eCTBE KPHOIMPOTEKTOpa s
HEKOTOPBIX THUIIOB KJIETOK, HE CIOcOOHa 3 PEKTUBHO
3alIUIIATh APUTPOIUTHI YEJIOBEKa MPH HU3KUX TeM-
repatypax B otiugue ot [191-1500. B cBsi3m ¢ aTum
BO3HHKAET BOIIPOC, HACKOJIBKO PA3IMYAETCS JEHCT-
BHE JAHHBIX COCAMHEHUI HA 3PUTPOLUTHI U B KaKOi
Mepe 3TH Pa3InIHsi MOTYT ONPEAEISTh CTAaOMITM3aINI0
MW IECTaOMIIN3AIMIO KJIETOK B CTPECCOBBIX YCIOBHSX
3aMOpaKMBaHUSA-OTOIPEBA.

N3BecTHO, 4TO KPUOTIPOTEKTOPHBIE BEIIECTBA BIUSIOT
Ha aKTUBHOCTB Pa3In4HbIX (epMeHTOB [ 14] u cuctem
MeMmOpanHoro tpancnopra [4, 5, 10], a Taxxke cno-
COOCTBYIOT CTPYKTYPHBIM MOAU(UKALMAM MEMOpaH-
HBIX TunuaoB [ 17, 18] u 6enkoB rutockeneTa [26]. B
pe3ybrare CTpyKTypHO-(yHKIMOHAIIBHBIX EPECTPOECK
OTIENbHBIX CYOKJIETOUYHBIX CHCTEM IOJ BIMSHHUEM
KPHUOTIPOTEKTOPOB MOTYT U3MEHATHCS 00bEM B hopMa
KJICTOK, a Takxke (pU3M4YecKue CBONCTBA IUIa3MaTH-
YeCKUX MEMOpaH, ONPEIeISIOINEe MEXaHUYECKYIO
CTaOMIBHOCTh U 1e(OPMUPYEMOCTb IPUTPOLIUTOB.
CBs3b (U3MUECKUX CBOHCTB MEMOpaH 3pUTPOLH-
TOB C UX TEOMETPUUYECKUMHU TapaMeTpaMH OATBEPK-
JIaeTcsl pe3yabTaTaMu HCCIeI0BaHUH pa3IMyHbIX Ma-
TOJIOTM, BOBHUKIINX BCIIEACTBUE JIe()EKTOB OEIKOB
MEMOPaHO-LIUTOCKEJIETHOIO KOMILJIEKCA, IPH KOTO-
PBIX OTMEYAIOTCS TpaHCHOPMAITHS TUCKOUTHOH hop-
MBI 3pUTPOLUTOB U HapYIICHUE MEXaHO3JIaCTHUYEC-
KuX cBoiicTB MeMmOpansl [19]. Takoro poga m3meHe-
HUSL MOTYT UIPaTh BAKHYIO POJIb U B BBIKHBAHUU
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of erythrocytes under physiological conditions, the
cryoprotective agent must be removed from thawed
cell suspensions, that is a long and time-consuming
procedure, and also leads to a significant loss of cells.
Therefore, the search for new cryoprotectants for human
erythrocytes is still relevant.

Nowadays, development of the wash-free methods
for cell cryopreservation actively involves such substan-
ces as sucrose, mannitol, polyethylene glycol, polyvi-
nylpyrrolidone, hydroxyethyl starch and dextran as
the potential extracellular low-toxic cryoprotectants,
enabling the use of cryopreserved cells without re-
moving protective compounds [5, 12, 24]. One of the
most promising cryoprotectants for human erythrocytes
can be polyethylene glycol with a molecular weight
of 1500 (PEG-1500), the use of which provides a high
level of post-thaw cell survival [1].

It should be noted that cryoprotective properties of
certain compounds are not common for all the cell
types. In particular, sucrose, used as a cryoprotectant
for some types of cells, was not shown to possess any
effect in protection of human erythrocytes at low tem-
peratures, unlike PEG-1500. In this connection, the
question arises, namely what is the difference in the
effects of these compounds on erythrocytes and to
what extent these differences can determine the stabili-
zation or destabilization of cells under stress conditions
of freeze-thawing.

The cryoprotective substances are known to affect
the activity of various enzymes [10] and membrane
transport systems [6, 29, 30], and also to cause structural
modifications of membrane lipids [ 13, 14] and cytoske-
leton proteins [22]. As a result of structural and func-
tional rearrangements of individual subcellular systems
under the influence of cryoprotectants, the volume and
shape of cells, as well as physical properties of plasma
membranes that determine the mechanical stability and
deformability of erythrocytes, can change. The relation-
ship between physical properties of erythrocyte mem-
branes and their geometric parameters is confirmed
by the studies of various pathologies caused by a viola-
ted structure of proteins being the part of membrane-
cytoskeleton complex, in particular the transformation
of the discoid shape of erythrocytes and disorders in
mechanoelastic properties of membrane could be such
an example [15]. These changes can play an important
role in survival of cells during cryopreservation, since
mechanical stress is one of the factors of membrane
damage during freeze-thawing.

Assuming that different cryoprotective efficiency
of PEG-1500 and sucrose in regard to human erythro-
cytes is related to structural and functional modifi-
cations of various membrane components, the expected
effect of these substances could be different in terms
of the changes in external parameters of cells (propor-

297



KJIETOK B IPOLIECCE KPHOKOHCEPBUPOBAHNS, TOCKOJIBKY
MEXaHUYECKUH CTpecC SBISIETCS ONHUM U3 (PakTOpoB
MOBPEXKICHHSI MEMOPaH IPH 3aMOPaKUBAHUU-OTOTPEBE.

Homnyckasi, 4To pazHasi KpuonpoTeKTopHast 3¢ dex-
tuBHOCTH [121'-1500 11 caxapo3bl B OTHOIIICHUN DPUTPO-
LIMTOB YeJIOBEKa CBsI3aHa C 0COOEHHOCTAMH CTPYKTYP-
HBIX U (YHKIIMOHAIBHBIX MOAU(DUKAIIIA pa3IMIHbIX
KOMITOHEHTOB MEMOpaHbI, MOYKHO OXKHATh, YTO BIIHS-
HUE JTAHHBIX BEIECTB MTOPAa3HOMY MPOSBHUTCS B W3-
MEHEHHUAX BHEIIHWX MapaMeTpoB KIETOK (IIPOIop-
1uii, pazmepa u ¢popmsl). Bmecre ¢ Tem, ocoOeHHOCTH
TpaHCHOPMALM TEOMETPHUUYECKUX TTapaMeTpOB Kile-
Tok noj BustHueM [131°-1500 u caxaposbl MOTYT OBIT
00yCIOBIEHBI Pa3TUUYUIMH (PUIUKO-XUMHYECKUX
CBOICTB pacTBOPOB JaHHBIX BellecTB. B TakoMm ciy-
yae y)K€ T€OMETPUS KIETKH «HAKJIaJbIBaeT OTIIE-
YaTOK» Ha CTPYKTYPHOE COCTOSTHUE U (DYHKIIHOHATb-
HYIO aKTHBHOCTh MEMOpPaHHBIX KOMITOHEHTOB, YTO,
B KOHEYHOM HTOTE, MOXET OMPEACNATh MX Pa3HYIO
KPUOTIPOTEKTOPHYIO 3((HEKTUBHOCTH B OTHOIICHUHN
SPUTPOLIUTOB YeJoBeka. HezaBucumo oT ToTO, SBIIS-
I0TCSI JIM U3MEHEHHUSI TeOMETPUUYECKUX MapaMeTpOB
spuTpouuToB oA BiausHueM [131-1500 u caxaposbl
MPUYUHON WIIM CIEJICTBHEM CTPYKTYpPHO-(YHKIIHO-
HaJbHBIX MOAN(UKALMH MEMOpPaHHbBIX KOMIIOHEHTOB,
HMMEHHO OHH B KOHEYHOM CUETE OIpPENessIIoT 0COOCeH-
HOCTH TpaHchopMali (PH3UYECKUX CBOWCTB MEMOpaH,
KOTOPBIE BasKHBI 17151 TOBBIIICHHUS CTAOMIBLHOCTH KJIe-
TOK B TIpoliecce KpuokoHcepBrupoBanus. [lokazarenem
MoauduKai GU3NIECKIX CBONCTB MeMOpaH Kie-
TOK oA BiustHreM [1317-1500 1 caxapo3bl MOXKET OBITS,
B YaCTHOCTH, U3MEHEHHE OCMOTHYECKON XPYIKOCTH
SPUTPOITUTOB.

B c¢Bs131 ¢ 3TUM LIeNTBI0 UCCTIeIOBAaHMS OBLIO H3Y4e-
Hue ocobennoctei BiusHus [131-1500 u caxapossl
Ha MOAM(PUKAIUIO T€OMETPUUYECKUX MMapaMeTPOB
SPUTPOLIUTOB YEIOBEKA U U3MEHEHNE OCMOTHUYECKON
XPYNKOCTH KJIETOK C YYETOM 3K30LETIOIAPHOIO
MeXaHHu3Ma JIEHCTBUSA M Pa3HOM KpHUONPOTEKTOPHOU
3(h(HhEeKTUBHOCTH HCCIIETyEMBIX COSAMHEHHIHA B OTHOIIIC-
HUY IaHHOT'O THUIIA KIIETOK.

MartepuaJjbl 4 MeTOABI

B pabote ncnonp3oBany clieayommye peakTUBbL:
Tris, HEPES, caxapo3a («Sigmay, CIIIA), [12I'-1500
(«Fluka», CIIA), NaCl, KCl1, MgCl,, CaCl,, a Takxe
JIpyTHe PeaKTHBBI IPOU3BOJICTBA YKpauHbl U Poccun
(Xx.4. wm oc.4.).

OOBEKTOM HCCIIEOBAHUS CITYKUIU SPUTPOIUTHI
KPOBH JIOHOPOB, 3arOTOBJICHHOM C MCIOJIb30BaHUEM
[IIOKO30-IIUTPATHOTO pactBopa B LleHTpe ciyxOb
KpPOBH I. XapbKOBa. DPUTPOLIUTHI OCAKIAIN IIEHTPH-
¢yruposanmem nipu 1200g B Teuenune 10 MuH npu
KOMHATHOW TeMIIeparype, YIaJsuId 11a3My U JIHKo-
LUTAPHbIC KOMITOHEHTBI KPOBH. 3aT€M K 0CaXICHHBIM
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tions, size and shape). At the same time, the peculia-
rities of transformation of cell geometric parameters
under the influence of PEG-1500 and sucrose can be
caused by differences existing in physicochemical
properties of solutions of these substances. In this case,
the ‘geometry’ of the cell could affect the structural
state and functional activity of membrane components,
and, finally, can determine a cryoprotective efficiency
of different substances expressed in regard to human
erythrocytes. Whether the changes in geometric para-
meters of erythrocytes under the influence of PEG-
1500 and sucrose are the cause or consequence of
structural and functional modifications of membrane
components, they definitely trigger the changes in phy-
sical properties of membranes, and therefore control
the stability of cells during cryopreservation. Such
an example of altered physical properties of cell mem-
branes due to the effect of PEG-1500 and sucrose
can be, in particular, a change in the osmotic fragility
of erythrocytes.

In this connection, the research aim was to study
the peculiarities of the PEG-1500 and sucrose effect
on changes in geometric parameters of human ery-
throcytes and cell osmotic fragility, considering their
common extracellular type of action and different
cryoprotective effect realized for this cell type.

Materials and methods

The following reagents were used in the research:
Tris, HEPES, sucrose (Sigma, USA), PEG-1500 (Fluka,
USA), NaCl, KCI, MgCl,, CaCl,, and other reagents
produced in Ukraine and Russia (of chemically pure
or high quality grades).

The research object was the erythrocytes of donors'
blood procured using a glucose-citrate solution at the
Blood Service Center of Kharkiv. Erythrocytes were
pelleted by centrifugation at 1200g for 10 min at room
temperature, the plasma and leukocyte components
of'the blood were removed. Then, medium A (150 mM
NaCl, 10 mM Tris-HCI, pH 7.4) was added to the pel-
leted erythrocytes in a volume exceeded in 5—7 times
the volume of the cell mass and washed from the plasma
and white cell residues by 3-fold centrifugation in a
similar mode.

The geometric parameters of cells were examined
by the flow cytometry according to the distribution of
cell subpopulations estimated by direct light scat-
tering (FCS) values at 488 nm wavelength (argon
laser) using FACS Calibur flow cytometer (Becton
Dickinson, USA). Erythrocytes were incubated for
30 min at 37°C in the solutions of PEG-1500 and sucrose,
based on medium A, thereafter the washed erythro-
cytes were diluted to a concentration of approximately
107 cells/ml. Control samples of erythrocytes were incu-
bated in a modified Ringer’s glucose medium: 125 mM
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spurporuram aobdasisum cpeny A (150 MM NaCl;
10 MM Tpuc-HCl, pH 7,4) B 00beme, 5—7-kpaTHo npe-
BBIIIAIOIIEM 00BEM KIETOUHON MaCChl, OTMBIBAJIH OT
OCTAaTKOB IIa3Mbl M OCIIBIX KJIETOK 3-KpPaTHBIM LIEHT-
pudyrupoBaHueM B aHAJIOTHIHOM PEKUME.

['eomeTpuueckne mapamMeTpbl KJIETOK OMPEIEIISITH
METOOM IMPOTOYHON IMTOMETPHH O JAHHBIM pacrpe-
JIETIEHIISI KJIIETOYHBIX CYOTTOMYIISITNI Ha OCHOBE TTOKa3a-
Tenei npsmoro ceetopaccenBanus (FCS) nmpu nmne
BOJIHBI aprOoHHOTO Ja3epa 488 uM Ha ipubdope «FACS
Calibur» («Becton Dickinson», CILIA). DpuTponuTs
nHKyOupoBau B Teuenue 30 mut npu 37°C B pacTBo-
pax II3I'-1500 u caxapo3sl, IPUTOTOBIEHHBIX HA
OCHOBE Cpefibl A, ¢ pa3BeIEHUEM OTMBITBIX IPUTPO-
IIUTOB JI0 KOHIIeHTparmu npumepHo 107 kin/mi. Kont-
POJIbHBIE 00pa3Lbl SPUTPOLIUTOB HHKYOHPOBAIN B MOIH-
(unmpoBanHoi PunHrep-rmmoko3Hoii cpexe: 125 MM
NaCl; 5 MM KCI; 1 MM MgCl; 1 MM CaCl ; 32 MM
HEPES (pH 7,4); 5 MM mimtoxo3sl. [lepen m3mepennem
KJIETOYHBIE CYCTICH3UU PA3BOAMIHN B COOTBETCTBYIO-
IUX pacTBopax M0 KoHmentparuu 10° i/ [pu
KakaoM n3mepernn npocuuTsiBain 20 000 coObITHiA.
DKclepuMeHTaIbHbIE JaHHbIe 00pabaThIBaIM C IO-
Moupio mporpammbsl «WinMDI 2.8» («Scripps Re-
search Institutey», CIIA).

Unnexc chepnyHOCTH OLEHUBAIN C MCIOJIB30-
BAHHEM paHEe OMUCAHHBIX MoAXoAoB [11], koTopbie
0a3upyroTcs Ha PrU3nYeCcKO-MaTeMaTHUeCKON MOIEN
MEMOpPaHHOTO TPAHCIOPTa B THTIOTOHUYECKOM pacT-
Bope NaCl u MeTozie MaIOyTJIOBOTO CBETOpPAcCEHBa-
uust. [TpuHImD onenky nHAEKca chepruIHOCTH OCHOBBI-
BaeTCs Ha OMPECIICHUH OTHOIIEHHS 00bEeMa SpUTPOIIUTA
cheprueckoit GopMBI ¢ KOHKPETHOH IUIOMIAIBIO TT0-
BEPXHOCTH K 00bEMY PEabHOT0 SPUTPOLIUTA C TOH Ke
caMOH II01a b0 moBepxHocTH [11].

Jlis1 onipeiesieHust OCMOTHUYECKOH XPYTIKOCTH METO-
JIOM MaJIOyITIOBOTO CBETOPACCEUBAHUS B U3MEPHUTEIb-
HYIO STUeliky, copepikamryto 3 mi pactBopa NaCl c
koHUeHTpanuei ot 0,05 no 0,15 M, BHOcuUu onpeie-
JIEHHOE KOJIMYECTBO 3PUTPOMACCHI C y4eTOM Tpedo-
BaHUI POBECHNS N3MEPEHUH B JINHEHHOM IMania3oHe
KannOpoBOYHOM KprBoii [ 11]. B omtudne ot ctangapt-
HOTO OTIpeIeNIEHUs] OCMOTHYECKON XPYIIKOCTH, KOT/Ia
KJIETKH CYCTIEHIUPYIOTCS B CEPUU TUITOTOHUYECKUX
pactBopoB NaCl [22], mpuMeHeHHEe MeTOIa MaJIOyTIIO0-
BOTO CBETOpACCEMBAHMS MO3BOJISIET M30€KaTh OIIU-
OOK, CBSI3aHHBIX C JONOJHUTEIHLHBIMH MEXaHHUYeC-
KUMH Harpy3KaMy Ha KJIETKH NP HEHTPU(YTUPOBAHHH,
U CYLIECTBEHHO YCKOPSIET MPOLETYpPYy ONpPENEIICHUs
MPOLIEHTHOTO COJEPKAHUS KIETOK, COXPAHSAIOMINX
LIEIIOCTHOCTH B 33JaHHOM THITOTOHUYECKOM PacTBOPE.
[To maHHBIM MaJOYTIIOBOTO CBETOPACCEUBAHUS U Ka-
JTMOPOBOYHON KPUBOH OMIPEACIISIIN JOITF0 HETEMOJTH-
3WPOBAHHBIX KJIETOK, COXPAHHUBIINX IEJOCTHOCTH B
runotorndecknx pactsopax NaCl, co 3HaueHUAMHU
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NaCl; 5mM KCl; 1 mM MgCl; 1 mM CaCl; 32 mM
HEPES (pH 7.4); 5 mM glucose. Before measurement,
the cell suspensions were diluted in the corresponding
solutions to a concentration of 10° cells/ml. At each
measurement 20,000 events were counted. The experi-
mental data were processed using the WinMDI 2.8
software (Scripps Research Institute, USA).

The sphericity index was estimated using the pre-
viously described approaches [7], which are based on
the physical-mathematical model of membrane trans-
port in hypotonic NaCl solutions and the technique of
smallangle light scattering. The principle of estimating
the sphericity index is based on determining the ratio
of the volume of a spherical shape erythrocyte with a
specific surface area to the volume of a real erythrocyte
with the same surface area [7].

To determine the osmotic fragility by a small-angle
light scattering, a certain amount of erythrocytes was
introduced into a measuring cell filled with 3 ml of
NaCl solution with a concentration ranging from 0.05
to 0.15 M, and considering the calibration curve linear
range [7]. Unlike the standard determination of osmotic
fragility, when cells are introduced into a series of
hypotonic NaCl solutions [ 18], the application of small-
angle light scattering avoids the errors associated
with additional mechanical loads on the cells during
centrifugation and significantly accelerates the pro-
cedure for determining the percentage of cells, survi-
ving in a particular hypotonic solution. Using small-
angle light scattering and the calibration curve we
estimated the share of non-hemolysed cells that retai-
ned their integrity in hypotonic NaCl solutions with
normalized osmotic pressure ranging from 0.3 to 1 (re-
lative to the osmotic pressure of physiological solution).
The index of osmotic fragility of erythrocytes was de-
termined as the concentration of NaCl in a hypotonic
medium, at which the hemolysis level in the suspension
was 50%.

The shape of the erythrocytes was assessed using
an inverted optical microscope Axio Obzerver Z1 (Carl
Zeiss, Germany) with differential interference contrast,
i. e. dividing a polarized light beam into two beams,
which pass through a sample by different optical paths.
The interference of the two light beams after recombi-
nation depends on optical path difference and allows
to get three-dimensional image corresponding to the
variation of optical density of the sample, thereat sharpe-
ning lines and edges. Evaluation of the samples was
carried out in a drop of liquid at a 40-fold magnification.

Different concentrations of sucrose and PEG-1500
were used in the work, depending on the protocols of
the experiments. The correspondences of molar and per-
cent concentrations for PEG-1500 were 0.07 M (10%),
0.13 M (20%); in case of sucrose they were 0.29 M
(10%), 0.5 M (17%), 0.58 M (20%) and 1 M (34%).
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ocMoTHuecKoro AasieHus ot 0,3 1o 1 1 OTHOCUTENbHO
OCMOTHYECKOTO JAaBJICHHS (PU3HOIOTHIECKOTO PacTBOPA.
WHnexe 0cMOTHYECKON XPYTIKOCTH SPUTPOLIUTOB OTIpe-
JesTy Kak KoHIeHTparuio NaCl B rHIOTOHHYECKON
cpeze, IpU KOTOPOW YPOBEHb IeMOJIN3a B CYCIICH3HH
coctasisn 50%.

DopMy SPUTPOIIUTOB OIEHUBAIIH C TIOMOIIHIO WH-
BEPTUPOBAHHOTO ONTUYECKOT0 MUKpOCKoma «Axio Ob-
zerver Z1» («Carl Zeiss», I'epmanust) ¢ nuddepen-
UaTbHO-UHTEP(HEPEHIIMOHHBIM KOHTPACTUPOBAHHEM,
IIpH KOTOPOM HOJISIPU30BAaHHBINA Jy4Y OT HCTOYHHKA
CBeTa pa3zeisieTcs Ha ABa Jyda, MPOXOSIIUX Yepes
o0pasel pa3HbIMHU 110 AJIUHE ONTHUYCCKUMH MYTSIMHU.
Brniocnencteun nyun uaTEp)EpPUPYIOT NP CIHUSIHUH,
KOHTpaCTUPYsI JTIMHUX U TPAHULIBL, YTO MO3BOJISET CO3/1ATH
00beMHOE penbeHOEe N300paxKeHHE, COOTBETCT-
BYIOIIIeE M3MEHEHHUIO ONITUYECKOM TUTOTHOCTH 00pasiia.
OreHKy 00pa3110B BEITIOTHSUIH B KaTlIe XKUAKOCTH TP
40-xpaTHOM yBEITUYCHHUH.

B 3aBHCHMOCTH OT MOCTAHOBKH 3KCIIEPUMEHTOB B
paboTe NCTIONB30BAIIH Pa3HbIC KOHIICHTPAIIUH CaXxapOo3bl
u [I91'-1500. CooTHOIIEHNS MOJSPHBIX ¥ MPOIEHT-
HBIX KOHIIEHTPALUH pacTBOPOB OBLIH CIIETYIOIINMH:
[3r-1500 - 0,07 M (10%) u 0,13 M (20%); caxapo3a —
0,5M (17%) u 1 M (34%) M, a takxe 10% (0,29 M)
u 20% (0,58 M).

Craructudeckyto 00padOTKy pe3yJIbTaToOB BBIIOJ-
HSUTY C MCTI0JIb30BaHMEM IIPOrPaMMHOT0 TTakeTa «Stat-
graphics plus 2.1 for Windows» («Statistical Graphics
Corp.», CIIA). /lanHbie ipeacTaBiIcHBI B Buae M +
SE (cpennee 3HaYeHHE *+ cTaHgapTHas omunoka). Cra-
TUCTHYECKYIO 3HAUUMOCTh Pa3IMYMid MEXIy dKcIie-
PUMEHTAILHBIMU TPYIIIIAMH OIICHUBAIN C TIOMOIIBIO
MHOECTBEHHOT'O paHTOBOT0 TecTa Puiepa 1o mpo-
Lexype rpyniupoBKH BEIOOPOK C HAWMEHBIIIEH 3Ha4H-
Mo pazHuliel. B ka0l cepun mpoBeIeHO MO IECTh
OIIBITOB.

Pe3syabTarsl um o0cyxnenune

W3yuenne Mmonudukanuy reoMeTpUueCKuX napa-
METPOB IPUTPOLIUTOB (pasMep, mporopuus u Gopma)
O] BJIIMSHUEM KPHOIPOTEKTOPOB MOXKET IIPEICTaB-
JISITh 3HAUUTENIbHBIA NHTEPEC AJIS1 IOHUMaHUs MeXa-
HU3MOB CTAOMJIM3AaLUH KJIETOK B CTPECCOBBIX YyCJO-
BHSIX, TOCKOJIBKY U3MEHEHHUE 00heMa 1 POPMBI KIIETOK
BIMsIET HAa (PU3UUECKUE CBOICTBa MEMOpaH SpHUTPO-
uutoB [19]. BBenenue runepToOHMYECKUX pPacTBO-
POB PK30LEIUTIOISIPHBIX KPHOTIPOTEKTOPOB B CYCIICH-
3MI0 SPUTPOLIMTOB BBI3BIBACT BBIXOJ] BOABI M3 KJIETOK
C IOCIIe Iy IOLIUM IepepacipeeICHIEM HOHOB MEXKITY
BHE- M BHYTPHUKIICTOYHOM CPEI0il M COMTPOBOKAACTCSI
HU3MEHEHHEM 00beMa KieTok. M3BecTHo, 4To B HOp-
Me 3PUTPOLUTHI IIPEICTABICHBI Pa3INIHBIMU CYOIIO-
MyJALUASAMH, IEMOHCTPUPYIOLUIMMHI 3HAYUTEIbHYIO
BapuabeIbHOCTh 1I€JIOT0 psiia IapaMeTpoB, B TOM
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The results were statistically processed using the
software Statgraphics plus 2.1 for Windows (Statistical
Graphics Corp., USA). The data were presented as
M + SE (mean + standard error). Statistical signifi-
cance of the differences between experimental groups
was assessed using a multiple Fisher rank test according
to grouping the samples with the least significant diffe-
rence. Six experiments were carried out in each series.

Results and discussion

The study of the modification of geometric parame-
ters of erythrocytes (size, proportions and shape) under
the influence of cryoprotectants can be of strong inte-
rest for understanding the mechanisms of cell stabili-
zation under stressful conditions, since the change in
volume and shape of cells affects physical properties
of erythrocyte membranes [15]. The introduction of
hypertonic solutions of extracellular cryoprotectants
into the suspension of erythrocytes causes water to
escape from the cells, the process is followed by a
redistribution of ions between the external and intracel-
lular media and a change in the cell volume. It is known
that normally erythrocytes are represented by different
subpopulations showing significant variability in a
number of parameters, including volume, surface area
and deformability [3, 9, 19], therefore the same effect
can be differently perceived by cells of different subpo-
pulations. In addition, the cryoprotectants belonging to
different classes of chemical compounds influence the
transport processes in the membrane in different way
[8, 25], which determines the osmotic behavior of the
cells. Therefore, it is impossible to estimate in advance
how much the cell volume will change in the presence
of solutions of extracellular compounds, even if their
osmotic pressure is the same. To evaluate the changes
in characteristics of a large number of cells, the flow
cytometry is the most suitable tool for analyzing the
individual parameters of several thousand cells in a
heterogeneous cell suspension during one measurement
and obtaining an information on the cell size change
due to a direct light scattering signal (in the direction
of the laser beam). It should be taken into account, the
larger is the size of the object, the higher are the light
scattering values. Since the movement of liquid in
the capillary makes the erythrocytes to rotate, and the
detectors fix different projections of the disc [20],
the distribution of erythrocytes in the histograms has
two peaks, i. e. is bimodal. Geometric parameters can
be estimated either in linear or logarithmic forms.
Using the example of distribution of native cells incu-
bated in Ringer’s medium, it can be seen that in the
logarithmic form of the analysis (Fig. 1B), the erythro-
cytes are clearly distributed within the two zones
corresponding to the M1 and M3 markers, which reflect
the transverse and frontal orientation of the discoid
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qucie o0beMa, oL i HOBEPXHOCTH U AehopMH-
pyemoctH [8, 13, 23], m03TOMY OHO U TOXE BO3JEHCT-
BHE MOKET MO-Pa3HOMY BOCIIPHHUMATBCS KIETKAMHU,
OTHOCSILIMMHUCS K pa3HbIM cyOmomymsuusim. Kpome
TOT0, KPHOTIPOTEKTOPHI, TPUHAJIICIKAIINE K PA3HBIM
KJIaccaM XMMHYECKHX COeJIMHEHUI, HEOJUHAKOBO
BIIUSIFOT Ha TPAHCTIOPTHBIE ITPOLIECCHl B MeMOpane [12,
29], uTo onpesenseT 0OCMOTHYECKOE TIOBEJICHUE KIIETOK.
[ToaTomy 3apaHee HEBO3ZMOXKHO OIIEHHUTb, HACKOIBKO
HM3MEHHTCS 00bEM KIIETOK B IPUCYTCTBHH PACTBOPOB
9K30LEJUTIOJIIPHBIX COETUHEHNH, 1aXKe €CIIH HX OCMO-
THUYECKOE JJaBlicHUE OyeT ONMHAKOBBIM. [T OLleHKH
HW3MEHEHHUH XapaKTePUCTHK OOJIBIIOTO YHCIIA KIIETOK
OoJiee Bcero MOAXOAUT METOJ MPOTOYHOW LUTOMET-
PHH, IO3BOJISIFOLMI aHATU3UPOBATh MHIMBU/Ty aTbHbIE
napaMeTpbl HECKOJIBKHUX ThICSY KJIETOK B T€TEPOTeH-
HOH KJIETOYHOM CyCIIEH3UH IIPU OJTHOM U3MEPEHUHU U
0JTy4aTh HHPOpPMAIHIO 00 U3MEHEHHH pa3Mepa Kire-
TOK IT0 CUTHAJTY TIPSIMOTO CBETOPACCENBAHME (B HAIIPaB-
JIeHWH J1azepHoro nyda). [Ipu sToM crnexyeT yuuTsi-
BaTh, 4eM OOJIBIIE pa3Mep 0ObEKTa, TEM BBIIIE 3HA-
yeHus cBeTopaccenBaHud. [[0CKOMbKY JBMKEHUE
KHJIKOCTH B KalTWJUISIPE 3aCTABIISICT S3PUTPOLIUTHI Bpa-
maTbes, U JETEKTOPbl (PUKCUPYIOT pa3HbIe MPOEK-
LMY AHUCKa [24], TO pacnpeiesieHue 3pUTPOIIUTOB Ha
THCTOIpaMMax UMEET JIBa MTUKa, T. €. SIBJISETCS OMMO-
JanbHBIM. ['eoMeTpuyeckie mapamMeTpsl MOTYT Olle-
HUBATHCS B IMHEHHON MM JTorapuMuIeckoi hopmax.
Ha npumepe pacripenieneHns HATUBHBIX KIIETOK, HHKY-
OupoBaHHBIX B cpene PuHrepa, MOXKHO BHAETH, 9TO
ripu jorapudmuyeckoii hopme ananmza (puc. 1, B)
SPUTPOIUTHI YETKO PACTIPEIENISIOTCS B IPEIEIax IByX
30H, COOTBETCTBYIOIINX Mapkepam M1 1 M3, kotopsie
OTPAKAIOT NOMEPEUHYIO U PPOHTATBHYIO OPHEHTALIHIO
JMICKOBHIHBIX KJIETOK B ITIOTOKE, B OTJINYHE OT JIMHEH-
HOTO THUIIA aHAJIN3a JAHHBIX, U1 KOTOPOTO XapaKTEePHO
MEPEeKPBITHE THKOB THcTOrpamm (puc. 1, A). Takum
o0pasom, Jiorapudmudeckas Gpopma rmo3poJsier Oosee
YETKO OLIEHUBATh U3MEHEHUS Pa3MEPOB SPUTPOLIUTOB
B nortepeunoit (M 1) u mpomonpHOH (M3) mpoeKIusX.

Moaupukanus reoMeTpU4eCKUX HapaMeTpOB
apuTporuToB 1o BiusaueM [131-1500 1 caxapo3sr
XapaKTepU3yeTcst IBYMs IIapaMeTPaMu: KOJIMUECTBOM
KJIETOK B Ka)KJJOH 30HE, T'PAHULbl KOTOPBIX YCTAHOB-
JIEHbl HA OCHOBAHUY PacIlpeiesIeHNs] KIIETOK B KOHT-
PONBHOM cperne, ¥ 3HaYeHUEM MEAUAHBI THCTOTPAMMBbI
pacnpezeneHus, NoKa3blBaroIlel BETUYHHY, OTHOCH-
TEJbHO KOTOPOI KJIETKU B BBIJICIIEHHOMN 30HE pasje-
JICHBI Ha JIBE PaBHbIE 110 KOJIMYECTBY YacTu. MennaHa
THCTOTPaMMBI B KaXK/101 30HE 0OBEKTUBHO XapakTe-
pU3yeT U3MEHEHHE pa3Mepa KIETOK, IPEe/ICTaBJICH-
HOTO IIUPOKHUM JHAla30HOM 3HadyeHUH. Vi3MeHeHus,
nHaynupoBadabie [1917-1500 u caxapo30i, SIBIIIOTCS
KOHLIEHTPALMOHHO-3aBUCUMbIMHU U XapaKTePU3yOTCs
YMEHBIIICHUEM KOJTMYeCTBa KIIETOK B 30HaX M1 M3
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Puc. 1. PacnpegeneHnvne nonynsauui apuTpoLMTOB, UHKY-
6upoBaHbIx B cpeae PuHrepa (KOHTponb), Mexay 3oHamu
M1-M3 no paHHbIM npsimoro cBetopaccemBaHus (FSC)
NPOTOYHON LUUTOMETPUU B nuHewnHom (A) n norapud-
Muyeckom Buge (B). Ocb X — nokasaHus npssMoro cBeTo-
pacceuBaHus (ycn. ed.), ocb Y — pe3ynesraTbl NoAcyeTa Kie-
TOK C onpeAeneHHbIMU reoOMeTPpUYECKUMU MPU3HaKaMu.
MpeacTtaBneHbl AaHHbIE TUMWMYHOTO 3KCMEepUMeHTa.

Fig. 1. Distribution of populations of erythrocytes incubated
in Ringer’s medium (control), between M1-M3 zones
according to direct light scattering (FSC) of flow cytometry
in linear (A) and logometric forms (B). The X axis is direct
light scattering readings (arbitrary units), the Y axis —
results of counting cells with certain geometric features.
The data of a typical experiment are presented.

cells in the flow, in contrast to the linear type of data
analysis, which is characterized by overlapping peaks
of histograms (Fig. 1A). Thus, the logarithmic form
makes it possible to more accurately estimate the
changes in the size of erythrocytes in the transverse
(MT1) and longitudinal (M3) projections.

The modification of geometric parameters of
erythrocytes under the influence of PEG-1500 and
sucrose is characterized by two parameters: the number
of cells in each zone whose margins are established
on the basis of the distribution of cells in the control
medium and the median of the distribution histogram
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Puc. 2. VIameHeHne reomeTpuyeckux napameTpoB 3pUTPOLMTOB MO AaHHbIM npsamoro ceetopaccenBaHuns (FSC)
NPOTOYHOW LUUTOMETPUW MNOA BIUAHWEM pacTBopoB caxaposbl (5% (A), 20% (B)) n M3r-1500 (5% (C) n 20% (D)).
PacnpegeneHve nonynsiuMin KOHTPONbHbIX 3PUTPOLMTOB, 3KCMOHUPOBaHHbIE B cpede PuHrepa, npegcraBneHo Ha
puc. 1, B. Ocb X — nokasaHus NpssMoOro ceetopaccemBaHue (ycn. ef.), ocb Y — pe3ynbraTbl NOACYETA KIETOK C Oonpe-
OeneHHbIMU reomeTpudeckuMmn npusHakamu. NpeactaBneHbl AaHHbE TUMWYHOTO 3KCMEpPUMEHTa.

Fig. 2. Change in geometric parameters of erythrocytes according to direct light scattering (FSC) of flow cytometry under
the influence of solutions of sucrose (5% (A) and 20% (B)) and PEG-1500 (5% (C) and 20% (D)). Distribution of control
erythrocyte populations incubated in Ringer's medium is shown in Fig. 1B. Axis X — indications of direct light scattering
(arb. units), axis Y — results of counting cells with certain geometric features. The data of a typical experiment are presented.

C OTHOBPEMEHHBIM yBEIIMYEHUEM X JJOJU B 30HE M2
(Tabm. 1, puc. 2). Takast TeHICHIHS CBUICTEIECTBYET
00 OTKJIOHEHUHW T€OMETPHYECKHUX MPOTIOPIIHIA 3HAYH-
TEJIBHOTO YHCIA KJIETOK OT MCXOJHOW JAMCKOMIHOU
(hopMBI B HaIlpaBJIICHUN YMEHBIICHUS (PPOHTAIBHBIX
pa3mepoB (cIBUT U3 30HBI M3 B 30HY M2), 4T0 CBSI3aHO
C YMEHBIIIEHHUEM 00beMa KIIETOK, a TAK)KE B HAIpaB-
JICHUM YBEJIUYEHHUS MOMEPEUHBIX Pa3MEpoOB AUCKa
(cmBur u3 30861 M1 B 30HY M2), 4TO BO3MOKHO 32 CHET
00pa30BaHMs CTOMATOIUTO- U 3XMHOIIUTOMOJOOHBIX
dhopm wm chepudukanuu. AHAIA3 U3MEHEHHUHA Te0-
METPHUYECKHUX MapaMeTpoOB IO 3HAYCHHUSIM MEANaH B
30He M3 yKa3pIBaeT Ha TO, YTO MPHU PaBHBIX MacCo-
BBIX JIOJSIX ABYX KPHUOTPOTEKTOPHBIX areHTOB caxa-
po3a BBI3BIBACT 0oJiee BHIPAKCHHOE yMEHBIICHHE
(pOHTATILHBIX pa3MEPOB APUTPOLUTOB, yeM [121-1500
(Tabm. 1), 4TO CBUACTENLCTBYET O OOJIBIICH CTEIIEHU
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showing the value relative to which the cells in the
selected zone are divided into two parts equal in number
of objects. The median of the histogram in each zone
objectively characterizes the changes in cell size within
a wide range of values. The alterations induced by
PEG-1500 and sucrose are concentration-dependent
and evidenced by a decrease in the number of cells in
the M1 and M3 zones with a simultaneous increase in
the M2 zone (Table 1, Fig. 2). This trend indicates the
deviance of the geometric proportions of a significant
number of cells from the original discoid shape towards
decreased frontal dimensions (a shift from M3 to M2
zone), which is associated with a decrease in the cell
volume, and also to the increased transverse dimensions
of'the disc (shift from M1 to M2 zone), which is possible
due to the formation of stomatocyte- and echinocyte-
like forms or spherification. Analysis of changes in
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Tabnuua 1. MNepepacnpeneneHne apuTPOLIMTOB No pasmepam nog BnusiHnem M3AM-1500 1 caxapo3bl B COOTBETCTBUM C
nokasatensmu npsimoro csetopacceunsarus (FSC) npotouHon uutometpun (M £ SE)

Table 1. Redistribution of erythrocytes in size under influence of PEG-1500 and sucrose according to direct
light scattering (FSC) of the flow cytometry (M + SE)

KonuuecTBo knetok, % 3HayeHVA MeanaH rucTorpaMm, ycrn. ef.
Cpenbl Cell number, % Values of histogram medians , arb. units
Media
M1 M2 M3 M1 M2 M3
gﬁeg”; Parepa 53,8 + 2,8 2,5 + 0,6 43,8 + 3,1 4105 _ 13235 + 44.4
0y
C;J‘Ci‘c’)‘;za';,f 32,7 + 2,9* 45,2 + 2,3* 22,8 + 2,3* 5,0 + 0,4 63,3 = 4,4 838,0 + 96,6*
0
e 200, 37.3 £2,0% 46,4 £ 1,4% | 17,23 £ 1,47 43+03 81,7 + 3,8 289,8 + 13,1*#
ES&:}ESS' SZ//;’ 36,2 + 2,8% 43,3 + 1,5% 21,1 + 2,1% 4,8 £ 0,1 54,0 = 2,7 977,2 + 65,1*
Do 1900, 20% 41,2 + 3,5 46,0 = 2,1* 13,6 + 2,0 43 +0,2 72,0 + 5,0 365,6 + 46,7

MpumeyaHue: 30Hbl M1-M3 CcOOTBETCTBYIOT Mapkepam rMCTOrpamMm Ha puc. 2; * — OTNNYUSE CTAaTUCTUYECKN 3HAYUMbI OTHOCUTENBHO
KOHTpONs, # — oTNNYMsA cTaTucTUYecku 3HauvMmbl npu cpaBHeHUn 20%-x pacTBopoB caxapo3sbl u M3r-1500; p < 0,05.

Note: Zones M1-M3 correspond to the histogram markers in Fig. 2; * — the differences are statistically significant in regard to control,
#— differences are statistically significant when comparing 20% solutions of sucrose and PEG-1500, p < 0.05.

JEeTUApaTaly KJIETOK MO/ BIMSTHUEM caxaposbl. Oco-
OEHHO YeTKO JaHHBIE PAa3TNYHsI BBIPAKEHBI IPH YBE-
JIMYEHUN KOHIIEHTPAIUU KPHUOTIPOTEKTOPOB 10 20%.
Bo3MmoxHO, 3HaYHTENBHOE 00E3BOKUBAHKUE DPUTPO-
LIUTOB B IPUCYTCTBHUH BBICOKMX KOHLIEHTPALIMH caXxapo3bl
SIBIISICTCS OAHOM U3 IPUYMH MOBBILICHHUS UX YyBCTBU-
TEJILHOCTU K CTPECCOBBIM BO3JEHCTBUSAM, YTO 00yC-
JIOBJIMBAET MEHBIIYIO, M0 cpaBHeHuto ¢ [191-1500,
€€ KpHONPOTEKTOPHYIO 3P PEKTUBHOCTD B OTHOLICHUH
SPUTPOILIUTOB YETOBEKA.

J1J1s1 OLIEHKH PO OCMOTHYECKOTO (PaKTOpa B MOZIH-
(uxarm hopMbI SpUTPOITHTOB McTionb3oBau 0,51 1 M
pacTBopkI caxapo3sl, a Takxke 0,07 1 0,13 M I13I-1500,
ncxoas u3 Toro, 9to pactsopst 0,13 M I19I-1500 u
0,5 M caxapo3bl UMEIOT OTM3KHE 3HAYCHUS OCMOTH-
yeckoro nasnenus [20, 25]. YeTaHOBIEHO, YTO UHKY-
OupoBaHue 3PUTPOLUTOB B mpucytcTBun [121-1500
(puc. 3, B, C) u caxapossl (puc. 3, D, E) xapaxrepu-
3yeTcsi pa3HOM HapaBJIeHHOCTHIO TPaHC(HOPMALIUH UX
(opmbl. OcHOBHAsI TEHACHIIMS MOIU(PHUKALUHN (POPMBI
kneTok B mpucytetBun [131-1500 cBsizana ¢ popmu-
pOBaHHWEM CTOMAaTOLIUTOB, MpeodsajaHue KOTOPHIX
ocobeHHo 3ameTHO B ipucyTcTBuu 0,13 M I191-1500.
WNnky6uposanue spurpountoB ¢ 0,5 M pactBopom
caxapo3bl HE BBI3BIBAET 3HAYMTENBbHBIX M3MEHEHUH
(hopMBI, a TTOBBIIIICHHE €€ KOHIIeHTparmu 10 1 M mpuBo-
JTUT K TOMHUHAPOBAHUIO JIETHIPATUPOBAHHBIX YILIO-
LICHHBIX TUCKOB. [laHHBIN (haKT CBUAETENBCTBYET O
TOM, YTO OCMOTHYECKUH (PaKTOp HE SBISIETCS OCHOB-
HBIM B MOAM(HKALNH (YOPMBI SPUTPOLIUTOB, & 3aBHCUT
0T 0COOCHHOCTEH CTPYKTYPHOTO COCTOSTHUSI MEMOpa-
HBI, KOTOPOE, B CBOIO 0Yepeb, onpeensieTcs Gru3nko-
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geometric parameters based on median values in the
M3 zone indicates that, even at equal mass content of
two cryoprotective agents, sucrose causes a more pro-
nounced decrease in the frontal sizes of erythrocytes
than PEG-1500 (Table 1), which demonstrates a higher
dehydration of cells under the influence of sucrose.
These differences are very clearly expressed when
the concentration of cryoprotectants is increased up
to 20%. Significant dehydration of erythrocytes in the
presence of high sucrose concentrations is appa-
rently one of the reasons for increasing their sensiti-
vity to stress, which results in a lower cryoprotective
efficiency towards human erythrocytes compared to
PEG-1500.

To assess the role of osmotic factor in modification
of erythrocyte shape, we have used 0.5 and 1 M sucrose
solutions, as well as 0.07 and 0.13 M PEG-1500,
considering the fact that solutions of 0.13 M PEG-
1500 and 0.5 M sucrose have similar values of osmo-
larity [16, 21]. It has been established that the incubation
of erythrocytes in the presence of PEG-1500 (Fig. 3B,
C) and sucrose (Fig. 3D, E) is characterized by different
trends in the shape transformation. The main consistent
pattern in modification of the cell shape in the presence
of PEG-1500 is associated with the formation of stoma-
tocytes, predominance of those is particularly noticeable
in the presence of 0.13 M PEG-1500. Incubation of
erythrocytes with 0.5 M sucrose does not lead to
significant changes in the shape, but increasing its
concentration up to 1 M results in the dominance of
dehydrated flattened discs. This fact indicates that the
osmotic factor is not the main one in modification of
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XUMHYECKUMH CBOWCTBAMH PacTBOPOB KPHOIIPO-
TEKTOPHBIX arcHTOB.

W3BecTHO, uTO M3MEHEHUsT (POPMBI SPUTPOIIUTOB
MOTYT OBITh 00YCIIOBIIEHBI MOAU(DHUKAIIMSIMH JTATTU-
HOTO OHMCJIOSI U CTPYKTYPHOTO COCTOSIHUSI OCJIKOB 111~
TOCKEJIETHON CeTH. B 4acTHOCTH, B COOTBETCTBUHU C
TCUIIOTE301 OucoiHO#M mapel [6] TpaHcdopmarius
JUCKOIIMTOB B CTOMATOLIUTHI MOYKET OBITH CBsI3aHA C
pacumpeHreM BHyTPEHHEr 0 MOHOCIIOS! OTHOCHUTENFHO
BHEIITHETO WJIM C YMEHBIIEHNEM IIJIOMAAN TTOBEPX-
HOCTH BHEIIHET0 MEMOPaHHOTO MOHOCIIOSI OTHOCH-
TEJIbHO BHyTpeHHEro. Kpome Toro, 1aHHOM runote3oi
OOBSICHSICTCSI TAKIKE TOSBICHUE CTOMATOIIMTOINO 100~
HBIX ()OPM C JIBYMSI TIOJIOCTSIMH M TPEYTOIBHBIX CTOMA-
TOIUTOB. Poib OeNkOB MeMOpaHO-IIUTOCKEIETHOTO
koMmIuiekca [19] B mponeccax Mmoandukaniuu GopMsl
SPUTPOIIUTOB TOJATBEP)KIACTCS B YACTHOCTH TEM, UTO
JUIsl TpaHc(HOPMAITUK SPUTPOLIUTOB B OXHHOIMTHI HITH
CTOMATOILIUTHl U OOPATUMOCTH JIAHHBIX U3MCHEHHH
HEOOXOIMMO, 9TOOBI IUTOCKEIIET SPUTPOIIUTOB HAXO-
JTUJICS B MIHTAKTHOM cocTosiHIH. Kpome Toro, mosiBie-
HUE HEKOTOPBIX (POPM IPUTPOITUTOB C HEOCEBOH CHUM-
METpPHEH, XapaKTepru3yeMbIX 00pa30BaHUEM OT/ICITLHBIX
BBITISTYMBAHUI U TpeOHEH Ha MOBEPXHOCTH KJIETOK,
MOYeET OBITh 00YCIIOBIICHO JIOKAJTbHBIMHA U3MEHEHUSIMU
OEITKOBOM CETH IUTOCKEIeTa.

Monudukanuu popMbI SPUTPOITUTOB B IPUCYTCT-
BHH HCCIIETyEMbIX KPUOTIPOTEKTOPOB MOTYT CBHUJIC-
TEIBCTBOBATH O PA3HOM XapaKTepe BIUSIHUS CaxapOo3bl
u [I2I'-1500 Ha xneTounyro mMeMOpany. OdYeBHIHO,
gto aeiicteue [131'-1500 Ha SpUTPOIIUTEI CBSA3AHO HE
TOJILKO C OCMOTHYECKUM 3P HEKTOM, HO U C BIUSHHEM
Ha CTPYKTYPHO-(QYHKIIMOHATBHOE COCTOSTHUE OT/IEITb-
HBIX 3JIEMEHTOB MEMOPAaHO-IIUTOCKEIIETHOTO KOMII-
JIEKCa, KOTOPBIC MPSIMO WU OITOCPEOBAHHO BIIHSIOT
Ha tpanchopmarmio popmsl [2, 30]. [Ipexae Bcero
HEOOXOIMMO OTMETHTh, YTO B OTJIMYHUE OT Caxapo3bl
I15T'-1500 Topmosut aktuBHOCTH Ca’ -ATPassl [3, 5]
U CIIOCOOCTBYET POCTY KOHIIEHTPAIIMH BHYTPHKIIC-
touroro Ca*" [15], KOTOpBI y4acTBY€eT B PETYISAIINN
0eJ10K-0eIKOBBIX B3aMMOJICHCTBUN B MEMOpPaHO-1IH-
TOCKEJIETHOM KOMIUIEKCE M, CIIEIOBAaTENbHO, MOXKET
BIIUATH Ha Gopmy KieTok. [Ipeobiaganue croma-
TOIIUTOB B CYCIIEH3UU KJIETOK, MHKyOUPOBaHHBIX B
npucytcTBuH [131, MOXET CBUIETEIHCTBOBATH 00
YMEHBIICHUH TUIOMAJN MOBEPXHOCTH BHEIIHETO
MEMOpPaHHOT'O MOHOCJIOSI OTHOCUTEIILHO BHYTPEHHETO
[I0JT BIUSHUEM CTPYKTYPHBIX U3MEHEHUH MaKpOMO-
JICKYJI B IPUCYTCTBUU BHICOKUX KOHIICHTPAIUH TIOJTH-
Mmepa. Takum 06pazom, Moruukarms GopMbI SPUTPO-
uuToB oz BiussHueM [131-1500 moxkeT ObITH pe3yiib-
TaTOM CIIOXKHBIX ITPOIIECCOB B MEOPAHO-ITUTOCKIETHOM
KOMIIJIEKCE.

JlononHUTEIbHYI0 HHGOPMAIIHI0 00 U3MEHECHUH
TeOMETPUYECKUX MPOTIOPITUI SPUTPOLIUTOB ITO]T BIIHSI-

Puc. 3. Mopdonornyeckme nameHeHnst 3puTpoLMTOB NOA
BnusaHnem MNM3Mr-1500 (B - 0,07 M; C — 0,13 M) n caxapo3sbl
(D-0,5M; E—-1M); A—koHTponb (cpena Puxrepa).

Fig. 3. Morphological changes of erythrocytes under
influence of PEG-1500 (B — 0.07 M; C — 0.13 M) and
sucrose (D - 0.5 M; E —1 M); A — control (Ringer's medium).

erythrocyte shape, but depends on the features of
structural state of membrane, which, in turn, is deter-
mined by physicochemical properties of solutions of
cryoprotective agents.

It is known that changes in the erythrocyte shape
can occur due to modifications of the lipid bilayer and
structural state of proteins of cytoskeleton network.
In particular, according to the hypothesis of the bilayer
couple [2], the transformation of discocytes into stoma-
tocytes can be associated with the expansion of the
inner monolayer while the outer one is not changed, or
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Tabnuua 2. PacnpegeneHne apuTpoLmUToB MO MHAEKCY CPEPUHHOCTY MPU SKCMOHUPOBAHUM B MPUCYTCTBUM
M3r-1500 n caxaposbl

Table 2. Distribution of erythrocytes incubated in the presence of PEG-1500 and sucrose, according to the sphericity index

TeopeTtuyecku onpegenseman popma

[lnana3oH nHpekca
3pUTPOLMTOB

OTHOCUTENBHOE COAEPHaHWe apuTpounToB, %
Relative content of erythrocytes ,%

cd)epqupc_m' Theoretically determined shape
Range of sphericity index of orytrocytes P NaCl 0,150 M nar 20% Caxaposa 0,5 M
0.150 M NacCl 20% PEG 0.5 M Sucrose
1,0-1,3 CdbepounTs! + CTOMATOUNTH! 3,33 = 0,96 4,67 + 0,61 2,36 + 2,36
! ! Spherocytes + stomatocytes ! - ! - ! -
OuckoumnTol "
1,3-1,7 Discocytes 33,43 + 4,42 52,43 + 2,61 37,97 + 9,17
1,7 -2,1 AvnckouwTs! + ynnouwjeHHble KneTku 58,47 + 6,60 39,93 + 2,98* 54,17 + 6,17
Discocytes + flattened cells
lMnockue auckoumTbl
2,1-3,0 Flat discocytes 4,77 + 1,88 3,17 £ 1,17 55 + 1,42
MpumeyaHue: * — pa3nuumsa CTaTUCTUYECKM 3HAYMMbI OTHOCUTENBHO KOHTPOMSA U 3PUTPOLIMTOB, 3KCMOHUPOBAHHLIX B NMPUCYTCTBUM

caxaposbl; p < 0,05.

Note: * — the differences are statistically significant with respect to control and erythrocytes incubated in the presence of sucrose;

p < 0,05.

HUEM TUNepToHnYecKUX pacTBopoB [121-1500 u caxa-
PO3BI MOKHO MOJYYUTH MO MHIACKCY CEPUUHOCTH
KJIeToK (Tabn. 2), ucnonb3ys QpU3HKO-MaTeMaTH-
YeCKYI0 MOJeJib, OMMCHIBAIOIIYI0 OCMOTHYECKOE
MOBEJICHUE SPUTPOIIUTOB Pa3HOI POPMBI B THITOTOHH-
yeckux pactBopax [11]. JlanHbI reoMmeTpudecKkuit
rapaMeTp KOJWYECTBEHHO XapaKTEepHU3yeT OTKIO-
HeHre (POpMBI IPUTPOIHTA OT CHEPUIECKON 1 OTIpeIe-
JISIETCSl TEOPETUUECKH KaK OTHOIIEHHE o0beMa chepu-
YECKOI'0 APUTPOLUTA C MOCTOSIHHOM IUIOIIA/BIO TO-
BEPXHOCTH K 00bEMY KOHKPETHOI'O 3PUTPOLUTA B
cycnensun. Kietku B opme ancka uMeroT o0beM,
MaKCUMaJIbHO OTJIMYaIoOUIHiics OT cdepsl, cleaoBa-
TEIbHO, UHIEKC CHEPUIHOCTH IS TAKHX KIETOK
ABIISIETCS MaKCUMalbHBIM. [0 Mepe Tpanchopmanmu
KJIETOK B C(hepOITUTHI MHACKC CHePUIHOCTH TTPUOITH-
JKaeTcs K eTUHUIIE.

[IpencraBnennsie nanueie (Tabdm. 2, puc. 4) moka-
3BIBAIOT, YTO PEAKIIH IPUTPOIIUTOB, HHKYOMPOBAHHBIX
B pactBopax [191-1500 u caxapo3bl ¢ OJIU3KUMHU 3HA-
YEHUSIMM OCMOTHYECKOTO JIaBIEHHUS, IPU IEPEHOCE B
TMIIOTOHWYECKHE PacTBOPBI, UCTIOIb3YEMBIE JUISl OLIEH-
KU MHJEKCa c(hepUIHOCTH, OTINYaroTCs. B pacTBope
[12T°-1500 mosist KIETOK ¢ MHACKCOM C(HEPUYHOCTH B
nuama3one 1,7-2,1 3HaunMo HUKe, a B Auanasone 1,3—
1,7 3Ha4MMO BBIIIE OTHOCUTENBHO KaK KOHTPOJIS, TaK
1 KIIETOK, MHKYOMPOBAHHBIX B PACTBOpPE CaxXapo3bl.
Taxum 00pazom, MpH HHKYOHMPOBAHUN SPUTPOIUTOB C
II2I'-1500 oTMedaeTcst CABUT TUIOTHOCTH pacipeie-
JIEHUS KJIIETOK B CTOpOHY cepuueckux ¢opm. IToc-
KOJIIbKY JTAaHHBIE TEOPETHUYECKHUE PACUEThI TPOBEICHBI
Ha 0CHOBE ()YHKIIMOHAIBHBIX 0COOEHHOCTEH MoBeIe-
HUS KJIETOK B TMIIOTOHHUYECKOH Cpele, T. €. UMEIOT
MIPOrHOCTHYECKHUH XapaKTep, TO MOKHO TOBOPUTH CKO-
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with a decrease in the surface area of outer membrane
monolayer with constant internal one. In addition, this
hypothesis also explains the appearance of stoma-
tocyte-like forms with two cavities and triangular sto-
matocytes. The role of proteins of the membrane-
cytoskeleton complex [15] in the modification of ery-
throcyte shape is sustained, in particular, by the fact
that for the transformation of erythrocytes into echino-
cytes or stomatocytes and the reversibility of these
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WHaekc cepnyHocTm

Sphericity index
Puc. 4. PacnpegeneHune nonynsumi SpuTPOLNTOB, SKC-
NOHNPOBaHHbIX B pacTeopax M3IM-1500 n caxapo3sbl, N0 UH-
aekcy cpepuuHocTU: A — KoHTponbHas cpeaa; <> —Mar-1500
(0,13 M); © — caxaposa (0,5 M). MNpeacTaeneHbl AaHHbIEe
TUMUYHOTO 3KCNEepUMEHTA.

Fig. 4. Distribution of populations of erythrocytes incubated
in solutions of PEG-1500 and sucrose, according to the
sphericity index: 2 — control medium; <> —PEG-1500 (0.13 M);
O - sucrose (0.5 M). The data of a typical experiment are
presented.

lMnoTHOCTb pacnpefeneHvs apuTpoLuToB
Erythrocyte distribution density
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pee 0 TEHJEHIINH, B COOTBETCTBUHU C KOTOPOU 3pUTPO-
wuthl oz BiaustaueM [1917-1500 mpuoOperaroT cBolicTBa,
XapaKTepHbIEe I KJIETOK C MPU3HAKaMHU 3HAUNUTENb-
HOTO M3MEHEHHS NPONOPLUI TUCKA B HANPaBICHUU
ctepnl. TeM He MeHee pPe3yNbTaThl PACUETOB, XapaK-
TEpHU3YIOIINE N3MEHEHNE IPOTIOPIHIA SPUTPOIUTOB IO
prussareM 11317-1500, cormmacyroTcest ¢ KCIIepuMeH-
TaJIbHO YCTAHOBJICHHBIMHU JAHHBIMH 00 M3MEHEHMSIX
(hopmbl K1eTOK (CM. puc. 3).

N3meneHms reOMEeTpHUECKUX XapaKTEPUCTHK IPU-
TpouuToB B ipucyTcTBru [191'-1500 1 caxapo3s! MoryT
BIIMSTH HA MEXaHOAIACTHUECKUE CBOMCTBAa MeMOpa-
HBI, KOTOPbIE BayKHBI JIJIsl BBKUBAHMSI KJIETOK B CTpEC-
COBBIX YCIIOBUSIX KpHOKOHCEPBUPOBAHHUS, IOCKOJIBKY
MEXaHUYECKUH CTPecc MOXKET CIIOCOOCTBOBATD MOB-
PEXIECHUIO KIIETOK MPH 3aMOPAKNBAHUU-OTOIPEBE.
JI1s O1leHKM W3MEHEHUU CBOWCTB MEMOpaH dpUTPO-
LIUTOB OB HCIIOJTB30BAH TECT OCMOTHYECKON XPYIIKOC-
TH, KOTOPBIH HHTErPajbHO OIIEHNBAET CTAOMIHLHOCTD
KJIETOK Ha OCHOBE OCOOCHHOCTEH JIM3UCa B TUITOTOHH-
YecKuX pacTBopax. Kak BUIHO Ha puc. 5, 5pUTPOLUTSI,
npenBapuTeNnbHo HHKyOonposanusie ¢ [191-1500, xa-
PpaKTepu3yroTCst 00JIbLICH XPYIKOCTHIO IO CPAaBHEHHIO
C KOHTPOJILHBIMH KJIETKAMU U KJIETKaMH, HHKYOUpO-
BaHHBIMH B pacTtBope 0,5 M caxapo3ssl. Paznuuns B
MOJIU(HUKAIIMKA CBOMCTB MEMOpaH 3PUTPOLUTOB 1O
BIIMSIHUEM JAHHBIX SK30LEUTIONSAPHBIX COESAMHEHUN
OoJiee 4eTKO IEMOHCTPUPYET MHJIEKC OCMOTHYECKON
XPYIIKOCTH, TTOKa3bIBaroIuil kKoHIIeHTpamuio NaCl B
THTITOTOHUYECKOH CpeJie, P KOTOPO TeMOJN3 B CyCIIEeH-
3un pocturaet 50 % (puc. 6). Bumao, uto [130-1500

[onsi coxpaHeHHbIX KNeTok
Proportion of preserved cells

04 0,6 0,8 1

lMpuBegeHHOE OCMOTUYECKOE AaBreHune
Relative osmotic pressure

Puc. 5. OcmoTuyeckast XpynkocTb 3pUTPOLIMTOB B pacTBO-
pax KpuMonpoTeKTopHbIX BelwecTB: [0 — koHTponbHas
cpega; A — MN3r-1500 (0,13 M); © — caxaposa (0,5 M).
MpeactaBneHbl AaHHbIE TUMUYHOTO SKCMEPUMEHTA.
Fig. 5.0smotic fragility of erythrocytes in solutions of
cryoprotective substances: 11— control medium;A — PEG-
1500 (0.13 M); O — sucrose (0.5 M). The data of a typical
experiment are presented.

306

changes, the cytoskeleton of erythrocytes should be in
an intact state. In addition, the appearance of some
shapes of erythrocytes with non-axis symmetry,
characterized by the formation of separate protrusions
and crests on the cell surface, may be stipulated by
local changes in the protein network of the cytoskeleton.

Modifications of the shape of erythrocytes in the
presence of the examined cryoprotectants can indicate
different patterns of the effects of sucrose and PEG-
1500 on cell membrane. It is obvious that the effect of
PEG-1500 on erythrocytes is associated not only with
the osmotic effect, but also with the effect on structu-
ral-functional state of individual elements of the
membrane-cytoskeleton complex that either directly
or indirectly influences the transformation of the shape
[26, 27]. First of all, it should be noted that in contrast
to sucrose, PEG-1500 inhibits the activity of Ca*'-
ATPase [28, 30] and promotes an increase in the
intracellular Ca?* concentration [11], which is involved
into regulation of protein-protein interactions within
membrane-cytoskeleton complex and, consequently,
can influence the shape of the cells. The predominance
of stomatocytes in a suspension of cells incubated in
the presence of PEG may indicate a decrease in the
surface area of outer membrane monolayer in regard
to the internal one under the influence of structural
changes in macromolecules in the presence of high
concentrations of the polymer. Thus, the modification
of the shape of erythrocytes under the influence of
PEG-1500 can be the result of complicated processes
in the membrane-cytoskeletal complex.

Additional information on the change in geometric
proportions of erythrocytes under the influence of
hypertonic solutions of PEG-1500 and sucrose can be
obtained from the sphericity index of cells (Table 2),
calculated using physico-mathematical model on the
osmotic behavior of erythrocytes with different shapes
in hypotonic solutions [7]. This geometric parameter
quantitatively characterizes the deviation of the ery-
throcyte shape from the spherical one and is theore-
tically defined as the ratio of the volume of spherical
erythrocyte with the constant surface area to the
volume of specific erythrocyte in the suspension. Disc-
shaped cells have a volume that maximally differs from
the sphere, hence, the sphericity index for these cells
is the biggest. As the cells transform into spherocytes,
the sphericity index approaches 1.

The presented data (Table 2, Fig. 4) show that the
responses of the erythrocytes incubated in solutions
of PEG-1500 and sucrose with similar osmotic pressure
values are different, when transferred to hypotonic
solutions used to estimate the sphericity index. In the
PEG-1500 solution, the proportion of cells with a
sphericity index within the range of 1.7-2.1 is sig-
nificantly lower, and within the range of 1.3—1.7 it is
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0,55
0,54
0,53 -
0,52 -
0,51 1
0,50 -
0,49
0,48
0,47

NaCl, MM
NaCl, mM

1 2 3

PacTteopbl
Solutions

Puc. 6. MlHOoekc ocMOTUYECKOW XPYMNKOCTU 3pUTPOLMTOB,
MHKYBMpoBaHHbIX B pacTtBopax M3M-1500 n caxaposbl: 1 —
0,15 M NaCl; 2 - 0,13 M NM3r-1500; 3 — 0,5 M caxapo3ssl;
* — OTNINYMSA CTATUCTUYECKN 3HAYUMbI OTHOCUTENBHO KOHT-
ponsi U 3pUTPOLUTOB, MHKYOMPOBAHHbLIX B MPUCYTCTBUU
caxapoasbl, p < 0.05.

Fig. 6. Index of osmotic fragility of erythrocytes, incubated
in PEG-1500 and sucrose solutions: 1 — 0.15 M NaCl; 2 —
0.13 M PEG-1500; 3 — 0.5 M sucrose; * — differences are
statistically significant in regard to control and erythrocytes,
incubated in sucrose presence, p < 0.05.

MOBBIIIAET YYBCTBUTEIBLHOCTh IPUTPOLIMTOB K JTU3UCY
B FMIIOTOHMYECKUX pAacTBOpax, B TO BpeMs Kak caxa-
po3a He BJIMSET Ha JaHHBIN MapameTp.
OcMmoTHueckast XpyHnKOCTb IPUTPOLUTOB MOXKET
3aBUCETh OT MEXAHOAIACTUYECKUX U OapbepHO-TpaHC-
MTOPTHBIX CBOMCTB MeMOpaHbl. BakKHO OTMETHTBH, YTO
MEXaHO3JIaCTHUECKUE CBOIMCTBA MeMOpaH, ompeje-
JISTOIIE MEXaHUYECKYI0 CTAOMIBHOCTH U Ae(POpPMH-
PYEMOCTB KJIETOK, MOTYT U3MEHSTHCS HE3aBUCHUMO JIPYT
OT JIpyTa, MOCKOJIBKY KOHTPOIUPYIOTCS Pa3INnIHBIMU
6enok-0enkoBeIMU B3anMoeiicTBusamu [ 7]. [loBpitre-
HUE MEXaHWYECKOM YCTOMYMBOCTH YacTO pean3yeTcs
B BUJIC YBEJINYCHUS JKECTKOCTH MEMOpaHbI, YTO M03-
BOJISIET KJIETKAM BBIJEPKUBATH 3HAUUTEIBHBIE 10
BEJIMYMHE CUJIOBBIC BO3JCHCTBUS O3 MPU3HAKOB Te-
MOJINTUYECKUX MOBPEXKIEHUH SpuTponToB. OTHAKO
MOBBIIEHUE KECTKOCTH MEMOpaHbl HEPEAKO COIpPO-
BOXK/IA€TCsl CHMXKEHUEM ee dnnacTuuHocTu. [lomyc-
Kasl, 9TO CTPYKTYpHO-(YHKIIMOHAIEHAS MO (UKAITHS
MeMOpaHbI 3pUTPOIUTOB 1o BiausHUeM [131'-1500
MPOSIBISAETCS TAKOTO PO/a M3MEHEHHMSIMH MEXaHO-
ATACTUYECKUX CBOMCTB, MOKHO OXHJIATh CHIDKEHUS
CIIOCOOHOCTH MEMOpaH «OMEepaTHBHO» PEearupoBaTh
Ha HEOOXOIUMOCTh AITACTHYECKOTO PACTSIKCHUS MIPH
yBeIMYEHUH 00beMa KIIETOK B THTIOTOHUYECKOM cperie,
YTO YBEIMYHUBAET OCMOTHUYECKYIO XpYNKOCTh. Kpome
toro, [I3I'-1500 MokeT TOPMO3UTh AKTUBHOCTh NOH-
TPAHCHMOPTHBIX cucTeM [3, 5, 10] 1 Tem cambIM BIMATH
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significantly higher relative to both the control and the
cells incubated in sucrose solution. Thus, when the
erythrocytes are incubated with PEG-1500, there is a
shift in the density of cell distribution toward spheri-
cal shapes. Since these theoretical calculations were
performed considering the cell behavior in the hypo-
tonic environment, they are of a prognostic character,
and we can speak rather about the tendency of cells
under the influence of PEG-1500 to acquire the pro-
perties inherent for cells with the signs of a significant
change of the disc toward the sphere. Nevertheless,
the results of calculations characterizing the altera-
tion in the proportions of erythrocytes under the in-
fluence of PEG-1500 are consistent with the experi-
mentally established data on changes in the shape of
cells (see Fig. 3).

Changes in geometric characteristics of erythro-
cytes in the presence of PEG-1500 and sucrose can
affect the mechanoelastic properties of the membrane,
which are important for the survival of cells under con-
ditions of cryopreservation, since mechanical stress
can contribute to cell damage during freeze-thawing.
To assess changes in the properties of erythrocyte
membranes, an osmotic fragility test was used that
gives integrated data on cell stability basing on lysis in
hypotonic solutions. As can be seen in Fig. 5, erythro-
cytes pre-incubated with PEG-1500 are more fragile
than the control cells and cells incubated in 0.5 M
sucrose solution. Differences in the modification of
the properties of erythrocyte membranes under the
influence of these extracellular compounds are more
clearly demonstrated by the osmotic fragility index
showing the concentration of NaCl in the hypotonic
environment, at which hemolysis in the suspension
reaches 50% (Fig. 6). It can be seen that PEG-1500
increases the sensitivity of erythrocytes to lysis in
hypotonic solutions, while sucrose does not affect this
parameter.

The osmotic fragility of erythrocytes may depend
on the mechanoelastic and barrier-transport properties
of membrane. It is important to note that the mechano-
elastic properties of membranes that determine the
mechanical stability and deformability of cells can
vary independently, since they are controlled by various
protein-protein interactions [4]. The increase in mecha-
nical stability is often implemented in an increase in
the rigidity of membrane, which allows the cells to with-
stand significant force exertions without signs of hemo-
lytic damage to erythrocytes. However, the rise in the
rigidity of membrane is often accompanied by a decrease
in its elasticity. Assuming that the structural and func-
tional modification of the erythrocyte membrane under
the influence of PEG-1500 is manifested by these chan-
ges in mechanoelastic properties, one can expect a
decrease in the ability of membranes to ‘promptly’ react
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Ha OCMOTHYECKHE PEaKLUH KIETOK. MI3MeHneHue cro-
coOHOCTH 3puTpoUTOB B iprcyTcTBHU [121-1500 pea-
THPOBaTh Ha OBICTPYIO CMEHY OCMOTHYECKOTO AABICHHS
BHEIIHEH Cpebl OCPEACTBOM «OINEPATUBHOI0)» KOHT-
OIS TPAHCIIOPTHBIX TIOTOKOB HOHOB Y€pe3 MeEMOpaHy
TaK)K€ MOKET OBITh MPUYUHOM MOBBIIMICHHUS OCMO-
TUYECKOU XPYTKOCTH.

Taxkum 00pa3oM, dK30IEIUTIOSIPHBIE BEIIECTBA,
II9I'-1500 u caxapo3sa, OTIUYIAIONTHECS KPHOTIPOTEK-
TOPHBIMH CBOWCTBAMH B OTHOIIEHUH IPUTPOIMTOB
YeJI0BEKa, BBI3bIBAIOT HEOIMHAKOBBIE H3MEHEHHS re0-
METPUYECKUX ITapaMeTPOB KJIETOK (IIPOIIOPIIHH, pa3Mep
u ¢opma), 9TO yKasblBaeT Ha pa3inuyusi B Moauu-
KalluU CTPYKTYpHl U (QYHKIMOHAIBHONH aKTHBHOCTH
OTAENbHBIX KOMIIOHEHTOB MeMOpanbl. HecxoxecTb
BHEIITHUX MMPOSIBIICHUH OTBETA SPUTPOLUTOB HA THIIEP-
ToHUYeckue pacTBopsI [1D1-1500 u caxapo3sl compo-
BOKIAeTCs TakKe pa3Hod moamdukanmeid Guszum-
YeCKUX (MEXaHODJIAaCTHUECKUX B 0aphepHOTPAHCIIOPT-
HBIX) CBOWCTB MeMOpaHbI, 0 YeM CBUICTEILCTBYET
TTOBBITIIEHUE HHIEKCA OCMOTHYECKOM XPYTIKOCTH DPUT-
pormtoB mox BrustaueM [191°-1500. [IpencraBnenasie
JaHHBIE TIOATBEPKIAIOT TOT (aKT, YTO 3allUTHEIE
CBOWCTBA AK30LEIUTIOSIPHBIX BEIIECTB, B YaCTHOCTH
[129T"-1500 u caxapo3sbl, ONPEAEIAIOTCS HE TOIBKO UX
CIOCOOHOCTBIO U3MEHATH XapaKTep KPUCTATU3AIHH
PacTBOPOB B MpOLIECCE 3aMOPaKUBAHUS-OTOIPEBA, HO
1 0COOEHHOCTSIMH MOIU(HUKALIMH CTPYKTYPHO-PYHK-
MOHATHHBIX CBOMCTB MeMOpaHBI, 00YCIOBIEHHBIX
MPUCYTCTBHEM JIaHHBIX BEIIECTB BO BHEKJIETOYHOU
cperne.

BriBoabl

1. MakyOupoBaHue 3pUTPOIUTOB B TUIIEPTOHU-
yeckux pactBopax [13I'-1500 u caxapo3bl BbI3bIBACT
nepepacnpeesiecHue pPUTPOIIUTOB MO MOKa3aTeIsIM
npsimoro ceeropacceuBanus (FSC) mpoToyHoii uTo-
METPUH, YTO CBUJICTEILCTBYET 00 OTKIOHCHUHU (HOPMBI
3HAYUTETHLHOTO KOJIMYECTBA KJIETOK OT UCXOJHOU JAMC-
KOWITHOW (pOpPMBI B HAIPABICHUH YMEHBIIICHUS (hPOH-
TaITBHBIX M YBEINYCHHUS TIOTIEPEYHBIX PAa3MEPOB JHCKA.
JlanHbIc I3MEHEHHSI B OOJIBITICH CTETICHU BBIPA’KECHEI
B MIPUCYTCTBUH Caxapo3bl, YTO YKa3bIBAET Ha OOJBIITYIO
CTETIeHb IETUPATAINN KJIETOK MTPH PABHBIX MACCOBBIX
JIOTISIX IByX KPHOTIPOTEKTOPOB.

2. Mopuduxarust popMbl SPUTPOIUTOB IO BIIUSI-
Huem [19I'-1500 xapakTepusyercs TeHAECHIUEH K
(hopMHUPOBAHUIO CTOMATOIUTOB, B TO BPEMsI KaK UHKY-
OupoBaHHE B pacTBOpax caxapo3bl CIIOCOOCTBYET
00pa30BaHUIO YIUIONMIEHHBIX JETHUIPATUPOBAHHBIX
JIICKOB.

3. 3HaueHne HHAECKCA CPEPUIHOCTH SPUTPOIIUTOB
B M3yYEHHBIX PACTBOpAX yKa3bIBaeT Ha CABUT TUIOT-
HOCTH pacIpeieIeHus KIIETOK B CTOPOHY c(hepuIecKux
THTIOB KJIETOK MpH HWHKyOupoBanuu ¢ [131-1500 B
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to the need for elastic stretching with an increase in
the cell volume in hypotonic medium, i. e. the osmotic
fragility is augmented in this case. In addition, PEG-
1500 can inhibit the activity of ion transport systems
[6,28, 30] and thereby influence the osmotic reactions
of cells. The change in the ability of erythrocytes in
the presence of PEG-1500 to react to a rapid change
in the osmotic pressure of external environment by
means of an appropriate control of the transport flow
of ions through the membrane can also be the cause
of an increase in osmotic fragility.

Thus, extracellular substances, PEG-1500 and suc-
rose, distinguished by cryoprotective properties in regard
to human erythrocytes, cause unequal changes in geo-
metrical parameters of cells (proportions, size and shape),
which indicates differences in modification of the stru-
cture and functional activity of individual membrane
components. The non-similarity of external manifes-
tations in the response of erythrocytes to hypertonic
solutions of PEG-1500 and sucrose is also accompanied
by a different modification of physical (mechanoelastic
and barrier-transport) properties of membrane, as
evidenced by a rise in the osmotic fragility index of
erythrocytes under the influence of PEG-1500. The
presented data substantiate the fact that the protective
properties of extracellular substances, in particular
PEG-1500 and sucrose, are determined not only by
their ability to change the crystallization character of
solutions during the freeze-thawing, but also by the
features of the modification of structural-functional
properties of membrane, due to the presence of these
substances in extracellular environment.

Conclusions

1. Incubation of erythrocytes in hypertonic solutions
of PEG-1500 and sucrose caused a redistribution of
erythrocytes according to direct light scattering (FSC)
parameters of flow cytometry, which indicated the
deviance of a significant amount of cells from the
original discoid shape towards the decrease in frontal
and increase in transverse dimensions of the disc.
These changes were more pronounced in the presence
of sucrose, that indicated a higher dehydration of cells
at equal mass fractions of the two cryoprotectants.

2. Modification of the erythrocyte shape under the
influence of PEG-1500 was characterized by a ten-
dency to the stomatocyte accomplishment, while incu-
bation in the sucrose solutions promoted the formation
of flattened dehydrated discs.

3. The erythrocyte sphericity index in the examined
solutions indicated a shift in the density of cell distribu-
tion toward spherical cell types when incubated with
PEG-1500 in contrast to sucrose, the presence of which
in the medium did not cause significant changes in this
parameter.
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OTJIMYUE OT caxapo3bl, IPUCYTCTBHE KOTOPOI B cpefie
HE BBI3bIBAET 3HAYMMBbIX W3MEHEHUI JaHHOTO Iapa-
MeTpa.

4. VI3smMeHeHns reOMeTpUUYECKON MPOTIOPLIUU SPUT-
poumtoB oA BausHUeM [191-1500 oTpaxkarorcs Ha
(hu3myeckux CBOMCTBAX MeMOpaHbI U XapaKTepH-
3yIOTCSl OOJBIIEH OCMOTHYECKONW XPYMKOCTHIO OTHO-
CUTEIIbHO KOHTPOJIBHBIX KJIETOK M KJIETOK, WHKyOU-
POBaHHBIX B TPUCYTCTBUH CaXxapo3bl.
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4. Changes in geometric proportions of erythrocytes
under the influence of PEG-1500 affected physical
properties of membrane and were manifested in higher
osmotic fragility relative to the control cells and the ones
incubated in the sucrose presence.
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