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On the Mechanism of Osmotic Protection of Erythrocytes.
|. Model of Osmometer

HccnenoBanu cBOWCTBa MPOCTOI MOAEIH OCMOTHYECKOro OajlaHca B APUTPOLMTAX, BKIIOYAIONICH BKIAIbl BHYTPUKIETOUHBIX
JNEKTPOITUTOB U HEUJIeaIbHbIe 0OCMOTHYECKHUE CBOMCTBA reMorio0nHa. Ha ocHOBe aHann3a 3Toi MOJIEH e II0KEHBI 1Ba MEXaHU3Ma,
KOTOPBIE MOT'YT y4acTBOBATh B OBBIIICHUH YCTOMYMBOCTH 3pUTPOLIUTOB K TUIIOTOHUYECKUM CpelaM, UHIYLIUPOBAHHON Pa3InYHbIMU
areHTamu. OIMH MEXaHU3M CBS3aH C IPOTEKTUPYIOIUM COPOCOM BHYTPUKIETOUYHBIX AJIEKTPOJIIUTOB, B YACTHOCTH aHUOHOB XJIOPA,
JPYTOil — C U3MEHEHNUEM BHYTPHKIIETOYHOW OCMOJISIPHOCTH, MPEIIOIOKHUTENBHO, 32 CYET Aerpalallii TeTPaMepoB reMorioonHa B
JMMEpHI C OAHOBPEMEHHBIM IIepepacipeie/ieHHeM BHY TPUKIIETOUHBIX 3J1€KTPONUTOB. [loKa3aHb! Ty TH 3KCIIEPUMEHTAIBHON IPOBEPKU
HPEIUIOKEHHBIX MEXaHH3MOB.

Knrouegvie cnoga: >putponuThl, THIIOTOHUUYECKUI TEMOJIN3, 0CMOTHYECKAsk POTEKLHUS, 0CMOTHYECKOE TOBEACHHE.

VY po6GoTi JOCHIIKEHO BIACTUBOCTI IPOCTOI MOJENI OCMOTHYHOro 0allaHCy B €PUTPOLUTAX, SIKA BKJIIOYA€ BHECKH BHYT-
PILIHBOKIIITHHHUX €JICKTPOIITIB 1 HelleaabHi 0CMOTHYHI BIacTHBOCTI remMornnobiny. Ha ocHOBI aHani3y 11i€i Mozieni 3arponoHoBaHo JBa
MEXaHi3MH, SIKi MOXKYTb OyTH 3a/1isiHi y 30UIbIICHHI CTIHKOCTI @PUTPOLIUTIB [0 FIOTOHIYHUX CEPEIOBHILL, iHIYKOBAHOI Pi3HUMH areHTaMu.
OnuH MexaHi3M OB’ si3aHUH 3 IPOTEKTYIOUUM CKHIAHHSIM BHYTPIIIHbOKIITHHHUX EJIEKTPOJIITIB, 30KpeMa aHiOHIB XJIOPY, APYTHil —3i
3MIHOIO BHYTPIIIHBOKITITHHHOI OCMOJISIPHOCTI, MOXKJIMBO, 32 PaXyHOK Aerpajalii TeTpaMepiB reMorio0iHy B AiMEpH 3 OHOYACHUM
HepepOo3MOIijIoM BHY TPILIHBOKIITHHHUX eJIeKTPoITiTiB. [Toka3aHo HUISIXH eKCTIepHMEHTAIBHOT IePeBipKH 3aIPOIIOHOBAHUX MEXaHi3MiB.

Knrwouoei cnosa: epuTpoIUTH, TIMOTOHIYHHUN TEMOJTi3, 0CMOTHYHA MPOTEKIIisl, OCCMOTUYHA [TOBEIIHKA.

The properties of simple model of osmotic balance in erythrocytes involving the contributions of intracellular electrolytes and
non-ideal osmotic properties of hemoglobin were investigated. Analyzing this model we suggested two mechanisms that may take part
in the rise of erythrocyte resistance to hypotonic media induced by different agents. One mechanism is associated with protecting
release of intracellular electrolytes, in particular, chloride anions, the second one is associated with the change of intracellular osmolarity
presumably due to degradation of hemoglobin tetramers into dimers with a simultaneous redistribution of intracellular electrolytes.

The ways for experimental testing of the suggested mechanisms have been shown.
Key words: erythrocyte, hypotonic hemolysis, osmotic protection, osmotic behavior.

B ycnoBusax KpruOKOHCEPBUPOBAHUS SPUTPOLIUTHI
MOABEPraroTCs 3HAUUTEIbHBIM OCMOTUYECKUM Ha-
rpy3KaM, KOTOPBIE BEAYT K UX MIOBPEIKIACHUIO U JTU3HUCY.
Mexanusm, Jexaniuii B OCHOBE 3TOT0 MTOBPEK/ICHHUS,
HMMEET KOJUIOUAHO-OCMOTHYECKYIO IPUPOAY U HATOMU-
HaeT TMIOTOHUYECKHUM reMou3 3puTpouuToB. M3Bect-
HO, YTO MHOTHE aMbUPUITbHBIC COSAMHECHUS Pa3Iny-
HOW XUMHUYECKON MPUPOIBI UMEIOT MPOTEKTUPYIOIIEE
BJIMSIHAE HAa TUIIOTOHUYECKUM reMONn3, OTHAKO MeXa-
HU3M 3TOTO SIBJICHUS BO MHOTOM OCTa€TCS HESCHBIM
[3]. Panee ycranoBwH [2], 9TO HEKOTOPHIE OTaTEMO-
JIOTHYECKUE TperapaTsl, Oyaydn 3K30T¢HHBIMH areH-
TaMH, BCTPAMBAIOTCS B MEeMOpaHy 3pUTPOIUTOB U
M3MEHSIOT UX (OpPMY, a TAK)KE€ YMEHBIIIAIOT CTEICHb
TUTIOTOHUYECKOTO T€MOJIN3a KIETOK [3]. AHAIU3 BO3-
MOXHBIX MEXaHW3MOB IIOKa3aj, 4TO HabIromaeMas
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During cryopreservation the erythrocytes are expo-
sed to significant osmotic loads which cause their da-
mage and lysis. The mechanism being the basis of this
damage is of colloidal osmotic nature and resembles
erythrocyte hypotonic hemolysis. It is known that many
amphiphilic compounds of various chemical origin have
a protective effect in relation to hypotonic hemolysis
but the mechanism of this phenomenon has mainly re-
mained unclear [3]. Previously we established [2] that
some ophthalmologic preparations being exogenic
agents incorporate into erythrocyte membrane and
change their shape as well as decreased the rate of
hypotonic hemolysis of cells [3]. The analysis of pos-
sible mechanisms has shown that an observed protec-
tion can not be explained by the increase of cell
surface-to-volume ratio and the change of membrane
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MPOTEKIHS HE MOXKET OBITH 00BSCHEHA YBEIINUEHUEM
MMOBEPXHOCTHO-00BEMHOTO OTHOIIEHHUS KIETOK U U3-
MEHEHUEM TeKydecTr MeMOpaH |3 ]. MoxkHO npemnosio-
YKUTb, YTO BO3HUKAIOIIAs yCTOWYMBOCTH 3PUTPOLIUTOB
B TUTIOTOHWYECKOW Cpesie CBsi3aHa C M3MEHEHHEM X
ocMoTtudeckoro Oananca. Llens maHHON pabOTH — Ha
IIPOCTOM MOJEITM OCMOMETpA U €€ PEaKIIui Ha HU3Me-
HEHHUE OCMOTHYECKOTO JIaBJICHNS BHEITHEH Cpepl yC-
TaHOBHTH POJIH OCMOTHYECKOTO OajlaHca B MEXaHU3MeE
OCMOTHYECKOH IPOTEKINH SPUTPOLIUTOB aMPHUPHITb-
HBIMH COEAMHEHMSIMH, KOTOPYIO OHHU IMPOSIBIISIIOT B
OTHOILIIEHUU OCMOTHUYECKOTO FEMOJIH3A.

1. Moaeabr ocmomertpa

B cpenax ¢ noHM>KeHHOH OCMOJIIPHOCTBIO 3PUTPO-
LUTHI HA0YXaIOT, a C MOBBIILICHHON — C)KUMAIOTCS, T. €.
BenyT cebst momobHo ocmomerpam [11, 13]. Dro mx
CBOMCTBO OIpeNeIeHO HEOOXOANMOCTHIO TIOAIEPIKU-
BaTh OCMOTHYECKHIA OallaHC, KOTOPBIHA IPE/IITOJIaracT,
YTO B JIFO00H Cpe/ie 0OCMOTHYECKOE IaBJICHHE [IUTO30-
JIl paBHO OCMOTHYECKOMY JIaBJICHUIO BHEIIHEH cpe-
IBI. DTO PAaBEHCTBO MCIIONIB3YETCS BO BCEX MOJIETSX,
ONMCBHIBAIOIIHUX OCMOTHYECKOE MOBEIECHUE IPUTPO-
UTOB [5, 9, 14], KOTOpBIE BKIIOUAIOT TaKHE (HAKTOPBI,
KaK 3JIEKTPOHEHTPaAIbHOCTh M paBEHCTBO XUMHUYECKHUX
MOTEHIMAIOB MMPOHUKAIOIINX Yepe3 MeMOpaHy KOMIIO-
HEHTOB B YCIIOBUSX paBHOBecHs [9, 14]. B HacTosmen
paboTe MBI paccMaTpHUBaeM MPOCTEHIIYIO MOJENb
SPUTPOIINTA KaK BE3UKYIIBI, COAEPIKAIIET0 FeMOTTIO0NH
u KCl, maxomsmerocs B cpene ¢ NaCl u Henporukaro-
IIIM KOMITOHEHTOM, HaI[pIMEpP caxapo30i, 9To COOT-
BETCTBYET OOBIYHBIM IKCIIEPUMEHTATBHBIM yCIO-
BHSIM.

BHyTpukneTouHO€ 0CMOTHUYECKOE AABIEHUE TAKOH
BE3UKYJIBl MOXHO MIPEACTaBUTH B BUJIE:

n n,.
C =K 4 (1+¢|jfﬁh, (1)

V)'V V)'V V
e n,, N, N, — KOJINYECTBO HOHOB KaJlus, XJIOpa U

remoroouna, MM; ¢ — ocmoTrdeckuit ko3 GuueHT
reMoriobuna; ¥V, — 00beM BOIbI B KIETKE; V — CyM-
MapHBI 00BEM KIIETKH, 1.

B n30TOHMYECKHX YCIIOBUSAX MPH OCMOTHYECKOM
JaBJICHUU BHELHeH cpenbl, paBHOH 300 MOcMm, nmeeM:

Co=Crot Con ™ ¢oijb0’ )

rae uHjaekc 0 CoOOTBETCTBYET 3HAUCHUSIM [TapaMeTPOB
B YCJOBUSIX U30TOHUU, KOTOPHIE pAaCCMAaTPUBAIOT KAK
UCXOIHOE COCTOsHUE BE3UKYIIbI; C, 1 C ,— KOHIIEHTpa-
WS HFOHOB KaJIUs U XJIOPa BO BHYTPUKIIETOYHOM BOJIE,
MM; C,, — KOHLEHTpanus reMornoduna, MM, oTHe-
CEHHas KO BCeMy 00BheMY KIIETKH.
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fluidity [3]. One may suggest that an appearing resis-
tance of erythrocytes in hypotonic medium is associated
with the change of their osmotic balance. The aim of
this work was to determine the role of an osmotic
balance in erythrocyte osmotic protection mechanism
caused by amphiphilic compounds, which they manifest
in relation to osmotic hemolysis, using a simple model
of osmometer and its response to the change of osmotic
pressure of extracellular environment.

1. Model of osmometer

Erythrocytes swell in the media with a decreased
osmolarity and they shrink in the media with increased
one, i. e. they behave as osmometers [11, 13]. This
property is based on the necessity to maintain an
osmotic balance which suggests that in any medium
the osmotic pressure of cytosol is equal to osmotic
pressure of an environment. This equation is used in
all the models describing osmotic behavior of erythro-
cytes [5,9, 14] which include such factors as electrical
neutrality and equation of chemical potentials penetra-
ting the membrane of components in equilibration
conditions [9, 14]. In this work we consider the simplest
model of erythrocyte as vesicle containing hemoglobin
and KCI being in the medium with NaCl and non-
penetrating component, for example with sucrose, cor-
responding to routine experimental conditions.

Intracellular osmotic pressure of this vesicle can
be represented as:

C:n7’(+ni+¢ b (1)
V.o, v

w

wheren,, n , n,, are the amount of potassium, chlorine
and hemoglobin ions, mM; ¢ is an osmotic coefficient
of hemoglobin; V' is volume of water in a cell; V'is
total volume of cell, 1.

In isotonic conditions at environmental osmotic

pressure of 300 mOsm we have:
CO - CKO T CCIO T q)0|];‘Hb0’ (2)

where the subscript 0 conforms to the indices of
parameters in isotonia considered as initial vesicle state;
C, and C_, are concentrations of potassium and
chlorine in intracellular water, mM; C,, is concentration
of hemoglobin, mM, related to the whole cell volume.

At given initial concentration of hemoglobin the
equation (2) determines an initial value of potassium
and chlorine ions' concentration corresponding to initial
equilibration conditions.

Considering cell volume as V=V, + V we intro-
duce the definition of a relative volume as V= V/V
and initial fraction of hemoglobin in a cell as the para-
meter 4 =V, /V,. Combining the equations (1) and
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IIpu 3agaHHOM MCXOTHOM KOHIIEHTPALIMK T€MOTJIO-
OuHa ypaBHeHUE (2) OTIpeIeseT UCXOMHOEC 3HAUCHHE
KOHIICHTpAIMH HOHOB KaJIHsI ¥ XJIOPa, KOTOPOE COOTBET-
CTBYET HaYaJIbHBIM YCIIOBUSM PAaBHOBECHSI.

VuuTteiBast, 4T0 00LEM KIETKH V= V,, TV, BBeneMm
OMpeJIENIEHHe OTHOCHTENBHOTO 00beMa Kak V= VIV,
a UCXOAHOHW (hpakiuu reMoriioOnHA B KIIETKE — Kak
napamerp 4 =V, /V,. KomOunupys ypasuenus (1) n
(2), morygaemM OKOHUYATEIIBHOE BRIPAXKEHHUE TSI BHYT-
PHKIIETOYHON OCMOJIIPHOCTH B 3aBUCUMOCTH OT OTHO-
CUTEJIBHOTO 00beMa KIIETKH:

1-4
:T EK+CIO +¢ VHbO ) (3)

rel rel

C

rne C,, ., — HadaubHas CyMMapHas KOHLEHTpPaLHs
HMOHOB KaJIHsl ¥ XJIOpa B KIIETKe.

Panee ObuTO MOMYyYeHO BBIPAXKEHUE 1T OCMOTH-
yeckoro ko3 purmenTa remornoduna [9]:

¢ =1+0,0645(C,, +0,0258[0%,.

KonuenTtpaumio remornodnHa onpeaessuia mo oT-
HOIIICHUIO K 00heMY BHYTPUKIIETOUYHOHN BOJIbI, 2 HE KO
BceMy 00beMy KiIeTKH. [T0CKOIBbKY MBI PaccUMTHI-
BaeM KOHLEHTPALXIO FeMOIIOOHA MO OTHOLIEHHIO K
KIIeTOuHOMY 00BeMy (ypaBHeHue (1)), To CKOppeKTu-
POBaHHOE BEIpaXKEHHUE JIJIsl OCMOTHYECKOTO K03 hu-
[UEHTA UMEET BH/I:

¢ =1,3947+0,1255LC,, +0,071C%,
rae C,, — KOHIEHTpalus reMoriobuna, MM, Ha JTuTp
KJIETOK.

Ecnu xoHneHTpauus reMorioOMHa U COOTBETCT-
BEHHO MapameTp 4 paBHBI HYNIO, TO ypaBHeHHE (3)
TpaHCcHOPMHUPYETCS B KIIACCHYECKOE BBIPAKEHHE JIS
UJeanbHOr0 OCMOMETpa Vrel = CO/C, rae CO — CTaH-
JapTHasi ©30TOHUYECKasi OCMOJISIpHOCTh; C — TeKy-
111251 OCMOJISIPHOCTh BHEKJIETOUHOU cpefibl. J{7ist Takoro
OCMOMeETpa yBEeJMUYCHUE WM YMCHBIICHHE BHEITHEH
OCMOJISIPHOCTH B JIBa pa3a MPUBOAUT K ABYXKPATHOMY
YMEHBIIECHHIO HJIH YBEINYEHHUIO KIETOYHOTO 00beMa.
OO0nbexT, onuchIBaeMbIil ypaBHeHHEM (3), Oyzem Ha3bI-
BaTh MOACIBHBIM ocMomeTpoM (MOc).

2. [loBeAeHne MOAEABHOTO OCMOMeTpa B
3aBUCMMOCTH OT KOHLIEHTpauuMuM remoraoomHa

YeraHoBIEHO, YTO OCMOTHYECKOE TToBeaeHre MOc
B KOOpAMHATax Co/ Cor Vrez 3aBUCHT OT KOHLEHTPaLU1
reMOorI00MHA, €CJIM OHA CYIIECTBEHHO MPEBBIMIACT
CTaHIAPTHYIO KOHIICHTPAITUIO JIJISl S)PUTPOIINTOB, PaB-
Hyt0 5 MM. 111 koHnIeHTpanuy 5 MM noBenenne MOc

KpuoGMoROrIM

T.21,2011, Ne4

(2) we obtain a final expression for intracellular osmo-
larity depending on relative cell volume:

C=QEK+CIO+¢BCVM, 3)
rel

rel
where C, , ., is initial total concentration of potassium
and chlorine ions in the cell.
Previously the equation for hemoglobin osmotic
coefficient was obtained [9]:

¢ =1+ 0.0645[T,, + 0.0258[C%,,

Hemoglobin concentration was estimated as the ra-
tio to the volume of intracellular water rather than the
whole volume of a cell. As we calculate a hemoglobin
concentration in respect of cell volume (equation (1)),
the corrected equation for osmotic coefficient is:

¢ = 1.3947+ 0.1255[C,, + 0.07(C>
where C,, is hemoglobin concentration, mM, per liter
of cells.

If hemoglobin concentration and correspondingly
the parameter 4 are zero, the equation (3) transforms
to a classic equation for an ideal osmometer V' =C/C
where C, is standard isotonic osmolarity; C is current
osmolarity of extracellular medium. For this osmometer
atwo-fold increase or decrease of external osmolarity
induces two-fold decrease or increase of a cell volume.
The object described by equation (3) will be called as
a model osmometer (MO).

2. Behavior of model osmometer depending
on hemoglobin concentration

We have established that osmotic behavior of MO
in coordinates C/C vs. V , depends on hemoglobin
concentration if it significantly exceeds a standard
concentration for erythrocytes which is 5 mM. For
5 mM concentration the behavior of MO almost does
not differ from its behavior at zero concentration of
hemoglobin, particularly in hypotonic region (V> 1).
For evaluation of MO osmotic behavior and its diffe-
rences during varying the model parameters it is reaso-
nable to choose two reference points. The one corres-
ponds to a double osmolarity (600 mOsm) at which an
ideal MO has V , = 0.5, the second, in the case of
V., =1.6,i. e. critical hemolytic volume of erythrocyte
[13,14],1is 187.5 mOsm and is considered to be critical
hemolytic osmolarity, when MO hemolysis occurs. This
value is close to experimentally calculated osmolarity
causing 50% hemolysis of erythrocytes, 174 mOsm [3],
and other experimental data [4].
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MIPAKTHYECKH HE OTIMYAETCS OT €ro MOBEACHUS MPU
HYJIEBON KOHIEHTpAIMH IeMOIIOONHA, 0COOCHHO B
runoTonndeckon obmnacru (V> 1). Jlnsa ouenku oc-
MOTH4YEeCKoro nosesieHnss MOc 1 ero OTI4Hii pH Bapbu-
POBaHUM MOJENBHBIX MapaMeTpoB ILeaecoo0pa3Ho
BEIOpaTh JBe pedepeHTHble Touku. OnHAa COOTBET-
CTByeT ABoitHOU ocmomsapHocTu (600 MOcm), mpu
KoTopo uaeanbheii MOc V= 0,5, npyras — npu
V., = 1,6, T. €. KpUTHYECKOMY T€MOJIMTHYECKOMY 00be-
My sputpouuTa [ 13, 14], umeer 3nauenne 187,5 MmOcm
U €€ MOYKHO CUMTaTh KPUTUYECKONU FEMONUTUYECKON
OCMOJISIPHOCTBIO, TPH KOTOPOI MIPOUCXOIUT FEMOIH3
MOc. D10 3HaueHHEe ONM3KO K IKCHEPUMEHTAIBHO
OLICHEHHOW BEJINYMHE OCMOJIIPHOCTH, BBI3BIBAIOIIIEH
50%-1 remonu3 3putporutos 174 MOcwM [3], u npyrum
SKCIEPUMEHTAIbHBIM JaHHBIM [4].

[IpuBeneHHbIE TaHHBIE CBUIIETENHCTBYIOT, YTO
yBeIMUeHNe KOHIIEHTpaImy remorioonHa nemaet MOc
OCMOTHYECKHU YCTONUMBBIM; B THIIOTOHUYECKOU cperie
OH HalyXaeT TeM MeHbIlE, YeM OOJIbIIe B HEM KOH-
neHTpanys remoroduHa. Hanmpumep, MOc ¢ KOHIIEHT-
parmeii remorniobrHa 11 MM He gocTuraeT KputTudec-
KOT'O TeMOJIUTHYECKOro 00beMa 1,6 B THITOTOHUYECKOM
cpene 150 MOcMm. Takum 006pa3oM, TEOPETHUECKH
BO3MOXKHO YBEJIMYEHHE OCMOTHYECKOW CTOMKOCTH
SPUTPOLIMTOB 32 CUET PETYITHPOBAHNS BHYTPHKIICTOU-
HOM KOHLIEHTPALMH FeMOTIIO0NHA.

JanHble, prBeACHHbIE HA pUC. 1, ObUIM TOTyYEHBI
WCXOAS U3 IPeANoJIoKeHUHs, 4To BHYTpr MOc conep-
JKUTCS TEMOTTIOOHNH, PACTBOPEHHBIN BO BHYTPHUKJIETOY-
HoM Bozie. [Ipy 3TOM He Npeanonaraioch, YT0 MOJIEKY-
JIBl TEMOTIIOONHA MOTYT 3aHHMAaTh ONpEeJICHHBIH
00BEM BHYTPH KJIETKH KaK TBEPJBIE BEIIECTBA, YTO
MIPUHUMAETCS BO BHUMAaHUE B IPYTUX MOJETSX [5, 9,
14]. laHHBIE Ha pUC. 2 WIIIOCTPUPYIOT, KaK y4yeT
00bema remornoouna (V,,) BIAUSET Ha OCMOTHYECKOE
noeeaeHre MOC npu KOHIIEHTPAIUK TeMOITIo0rHa 5 1
9,68 MM.

B o6oux cnyuasix yBennueHue napamerpa 4 BeneT
K YBEJIMUEHHIO yITIa HAaKJIOHA KPHUBBIX, 3HaUUT MOc
CTaHOBHUTCA MEHEE UyBCTBUTEIBHBIM K H3MEHEHHIO
ToHUYHOCTH. Kpome 3ToT0, MpH KOHIIEHTPAIIUH TEMO-
m1o0uHa 5 MM 3aBUCHMOCTH UMEIOT IMHEHHBIN Xapak-
TEp BO BCEM Juanas3oHe, a npu 9,68 MM — B runoro-
HHAYECKOI 061macTu. MOXXHO OTMETHUTD, YTO TIPH HEKO-
TOPBIX 3HAYEHHUAX TapaMeTPOB 3aBUCHIMOCTH UMEIOT
OJIMHAKOBBII HAKJIOH. YCTaHOBJIEHO, YTO CYIIECTBYET
MHOKECTBO KoMOMHanuii napamerpos C,, u A, pu
KOTOPBIX 3TH 3aBUCHMOCTU (DaKTHUYECKH COBITAJAFOT
C MIMPOKUM AHMANa30HOM 3HaYEHHH OTHOCHTEIHHOTO
o0bema. D10 o3Hayaet, yTo Takue MOc sBIAOTCA
OJJMHAKOBBIMU B CBOEM OCMOTHYECKOM MOBEICHUH,
T. €. B peakiuu ux o0beMa B OTBET HA U3MEHEHHUE OC-
MOJIIPHOCTH CPEIBI.
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Puc. 1. 3aBUCUMOCTE OTHOCHTEIBHON 0OpaTHOI BHYTpH-
KJIETOYHON OCMOJISPHOCTH OT OTHOCHUTEIHHOr0 00beMa
MOc npu 4 = 0 1 pa3IUYHBIX UCXOIHBIX KOHLUEHTpPALHIX
remornmoouna, MM: 1-0;2-3;3-5;4-7,5-9;6-11,7 —
13;8—-15,27.

Fig. 1. Dependence of relative reciprocal intracellular
osmolarity on MO relative volume at A=0 and different initial
hemoglobin concentrations, mM: 1 —0;2-3;3-5;4-7;
5-9;6-11;7-13;8-15.27.

Represented data attest to the fact that the increase
of hemoglobin concentration makes MO osmotically
resistant; in hypotonic medium the less it swells the
more hemoglobin concentration is. For example, MO
with 11 mM hemoglobin concentration does not reach
a critical hemolytic volume of 1.6 in 150 mOsm hypo-
tonic medium. So an increase of erythrocyte osmotic
resistance due to regulation of intracellular hemoglobin
concentration is theoretically possible.

Data in Fig. 1 were obtained suggesting that hemo-
globin being inside MO is dissolved in intracellular
water. It was not considered that hemoglobin molecules
could occupy a certain volume in a cell as solid sub-
stances, that is taken in account in other models [5, 9,
14]. The data in Fig. 2. show how taking into account
the hemoglobin volume (V) affect an osmotic behavior
of MO at hemoglobin concentration of 5 and 9.68 mM.

In both cases an increase of the parameter 4 leads
to increase of curves' slope so MO becomes less sen-
sitive to a tonicity change. Moreover, at hemoglobin
concentration of 5 mM the dependences are of linear
character in the whole range, and at 9.68 mM they
are linear only in hypotonic region. We may note that
at some values of parameters the dependences have
the same slope. It has been established that there are
many combinations of parameters C,, and 4, at which
these dependences almost coincide with a wide range
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Puc. 2. 3aBHCHMOCTh OTHOCHTENILHOM 00paTHOI BHY TPHKIIETOYHOM OCMOJIIPHOCTH OT OTHOCHUTENbHOTO 00beMa MOc nipu
pazHoM oO0beMe reMoriobuHa (mapametp 4: 1-0;2-0,1;3-0,2;4-0,3;5-0,4;6—0,5; 7—0,6) ¥ Ipy KOHIIEHTPAITUH
remorioonHa 5 MM (A) 1 9.68 MM (B).

Fig. 2. Dependence of relative reversible intracellular osmolarity on relative volume of MO at different hemoglobin volume
(parameter A: 1-0;2-0.1;3-0.2;4-0.3;5-0.4; 6—0.5; 7—0.6) and hemoglobin concentration of 5 (A) and 9.68 mM (B).

3. lNoBeaeHne MOAEABHOIO OCMOMeTpa B
3aBUCUMOCTU OT KOHLIEHTPALUWK BHYTPHUKAETOY-
HbIX 3AEKTPOAUTOB

Jiis manpHeHIIero M3y4eHus Mbl BHIOpaH JBa
omu3kux MOc: OIMH ¢ KOHIIEHTpanuel reMornoonHa
5MM u 4 = 0,3, 4TO COOTBETCTBYET MapameTpam
HOPMAJIBHOT'O 3PUTPOLIUTA B U30TOHNYECKUX YCIOBHUIX
(o6o3nauen C5A03) [9, 14], npyroii — ¢ KOHIEHTpa-
nueit remoriiobuna 9,68 MM u 4 = 0 (0o6o03HadYeH
C9,68A0). Ha puc. 3 moka3zaHo 0CMOTHYECKOE TIOBE-
nenue 3tux MOcC pu I3MEHEHUH B HUX KOHIICHTPaIiN
BHYTPHKIJIETOUHOTO Kanusi. Bo BTopoMm cirygae MOc
C9,68A0 mozenupyeTcst Kak MACATbHBII PacTBOP
Oenka 6e3 ydera TOro, 4TO CaMH MOJIEKYJBI Oeika
3aHUMAIOT HEeKHUH (M3WYECKHU MPOCTPaHCTBEHHBIN
0o0BeM B pacTBope. BuaHO, 4TO Ipy OJTHOM | TOW ke
KOHIIEHTpauuu HoHOB Kanus C5A03 umeer 3HaUNTENb-
HO MeHbIIUH 00beM, ueM C9,68 A0. IT0 00BICHIETCS
TEM, YTO IIPH BEICOKUX KOHIICHTPALUAX FeMOIIoOnHa
€ro HEJIMHEWHBIHN BKJIaJ] BO BHYTPUKJIETOUHYIO OCMO-
JISIPHOCTH CHIIBHEE, YEM ITPH MaJbIX. Takum oOpaszom,
XOTsI MeKIy 3TUMU MOC OTCYyTCTBYET pa3HHIIA B X
OTBETE Ha N3MEHEHHE BHEIIHEW OCMOJISIPHOCTH B yC-
ToBHSIX, Korga MOc He TepsIoT AMeKTPOIUTHI, UX T10-
BeJIeHHNE CYIIIECTBEHHO OTINYAETCS B YCIOBUAX yTEU-
KH 3JIEKTPOJIUTOB.

Hcxons m3 mpuBeneHHBIX BhIme cBOcTB MOc,
MO>KHO MPEJIOKUTH ABA BO3MOKHBIX MEXaHH3Ma OC-
MOTHYECKOH MPOTEKIMU SPUTPOLIUTOB B THIIOTOHUYEC-
Koi cpene. OQMH M3 HUX BKIIOYAET “TIPOTEKTHPYIO-
muii” cOpoC BHYTPUKIIETOUHBIX 3JIEKTPOIUTOB, IPY-
rOH — MOBBIIIEHUE KOHIIEHTPAIH BHY TPUKIETOYHOTO
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of relative volume indices occur. This means that these
MOs are identic in their osmotic behavior, i. e. in their
volume response to the change of medium osmolarity.

3. Behavior of model osmometer depending
on concentration of intracellular electrolytes

For further investigation we chose two close MOs:
one had 5 mM hemoglobin concentration and 4 = 0.3
that corresponded to the parameters of normal erythro-
cyte in isotonic conditions (denoted as C5A03) [9, 14],
another one had 9.68 mM hemoglobin concentration
and 4 = 0 (denoted as C9.68A0). Fig. 3 shows an os-
motic behavior of these MOs following the change of
intracellular potassium concentration inside them. In
the second case MO C9.68 A0 is modelled as an ideal
solution of protein without considering the fact that
protein molecules occupy a certain physical spatial
volume in the solution. It is seen that at the same con-
centration of potassium ions C5A03 has significantly
less volume than C9.68AO0. It is due to non-linear cont-
ribution of hemoglobin into the intracellular osmolarity
which is stronger at high concentrations than at low
ones. Thus, although there is no difference between
these MOs in their response for a change of external
osmolarity, in the case if they do not loose electrolytes,
their behavior significantly differs during leakage of
electrolytes.

On the basis of previously mentioned MO proper-
ties we can suggest two possible mechanisms of eryth-
rocyte osmotic protection in hypotonic medium. One
of them includes ‘protecting’ release of intracellular
electrolytes, another one involves a rise of intracellular
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Puc. 3. 3aBUCHMOCTD BHYTPUKJIETOYHON OCMOJIIPHOCTH OT OTHOcHUTeNnbHOro oosema MOc C5A03 (A) u C9.68A0 (B) mpu
Pa3HbIX 3HAYCHHSIX BHYTPUKJICTOYHON KOHIIEHTPAIMHA HOHOB Kanus u xjopa, MM: 1 —260 (A); 195 (B); 2—150;3-75;4 —
37,5;5-18,75;6-9,375.

Fig. 3. Dependence of intracellular osmolarity vs. relative volume of MO C5A03 (A) and C9.68A0 (B) at different indices of
intracellular concentration of potassium and chlorine ions, mM: 1 —260 (A); (B) 1 —195;2—150;3—-75;4—-37.5;5-18.75;

6—-9.375.

reMOTrIO0MHA, YTO MOXKET OBITh 0OYCIIOBIICHO TIepe-
xoloM TeTpamepoB remornobuna (HbT) B mumepsr
(HbD), B pe3ynbrare 4ero KOJINIECTBO OCMOTHICCKH
AKTUBHBIX YaCTHIl B IUTOILIA3ME YBEIMYMBACTCS B
JIBa pasza M MPUBOIUT K POCTY OCMOTHYECKOTO JIaB-
JICHUSI.

Crnenyer OTMETHTb, YTO BTOPOIl MEXaHU3M IS
CBOEH pean3alny B THIIOTOHMYECKUX YCTIOBHSX TAKKE
TpedyeT 4aCTUYHOTr0 cOpOoca BHYTPUKICTOUHBIX HJIeK-
TPOJINTOB, YTOOBI CKOMIIEHCUPOBATH BO3POCILEE OC-
MOTHYECKOE AAaBICHUE LUTOIUIa3MBbI, IOOTOMY OH
MOKET paccMaTpuBaThCsl KaK KOMIUIEKCHBIM Mexa-
HH3M, BKJIIOYAIOIIMI 00a 3JIeMEeHTa.

Panee mb1 ycTanoBuH [3], 9TO B THITOTOHUYECKOM
cpene ¢ ocmoisipocThio 150 MOcM [3-GiiokaTopsr
MPOSIBIISIOT 3HAYUTENbHBIA TPOTCKTUPYIOMIHHA (-
(ext. XoTs1 00bEM IPUTPOLIUTOB B TEX yCIOBUAX HE
M3MEPSIICS, MOXKHO TIPEATIONOKUTb, YTO OH HE IIPEBBI-
1aJ1 KpUTHIECKOTO TeMOJTIUTHYECKOro oobsema 1,6, Ko-
TOPBI TOCTUTANICS IPU OTCYTCTBHHU Os1okaTopoB. Co-
[IACHO BapHaHTaM IpelJlaraéMoid MOAEIH 3TO CBs-
3aHO MUOO ¢ YMEHBUICHHEM BHYTPHKJIETOYHOU KOH-
LEHTPALMHU JJIEKTPOIUTOB, JIUOO C COITYyTCTBYIOLUIUM
nepexogom HbT — HbD. Kpussie 1 na puc. 3 onu-
chIBaroT 3Ty 3aBucuMocTh it C5A03 u C9,68A0.
Uro6s1 066emM MOc He npeBbrman 1,6 mpu ocmodsip-
HocTtH 150 MOcm, C5A03 momkeH yMEHBIIUTH KOH-
eHTpanuio eKTposuToB oT 281 mo 260 MM, a
C9,68A0 —ot 211 no 195 mM. CornacHo Halei Mo-
JIeJTA, YTOOBI YCTAaHOBHUTH, KAKOW NMEHHO MEXaHU3M
JNEHCTBUTEIBHO PEaTn30Baics, IPOBEICHUE AONOJ-
HUTEIBHBIX OCMOTHYECKUX BO3AeHCTBUI He 3ddek-
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hemoglobin concentration that may be stipulated by
transformation of hemoglobin tetramers (HbT) into
dimers (HbD) thereby the number of osmotically active
particles in cytoplasm doubles and induces rise of
osmotic pressure.

It should be noted that the second mechanism for
its implementation in hypotonic conditions also requires
a partial release of intracellular electrolytes to compen-
sate an increased osmotic pressure of cytoplasm so it
can be considered as the complex mechanism including
both elements.

We established previously [3] that in hypotonic
medium with 150 mOsm osmolarity the [3-blockers
provide a significant protecting effect. Although the
volume of erythrocytes in those conditions was not
measured, we may suppose it did not exceed critical
hemolytic volume of 1.6 which they reached when
blockers were absent. According to the suggested
model it is associated either with decrease of electrolyte
intracellular concentration or with accompanying
transformation HbT — HbD. The curves 1 in Fig. 3
describe this dependence for C5A03 and C9.68A0. In
order that the MO volume will not exceed 1.6 at 150
mOsm osmolarity, C5A03 has to decrease electrolyte
concentration from 281 down to 260 mM and
C9.68A0 — from 211 down to 195 mM. According to
our model it is not useful to perform additional osmotic
exposures to establish which mechanism was actually
implemented, since curves 1 (Fig. 3) for both MOs
are too close and MOs had the same volumes at any
other osmolarities, i. e. they reveal identity feature as
it was previously mentioned. However, whereas beha-
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THUBHO, TIOCKOJBKY KpuBbIe 1 (puc. 3) ans asyx MOc
OYeHb OJIN3KH ¥ OHU IMEIOT OMMHAKOBBIE 00BEMBI TIPH
JIFOOBIX MHBIX OCMOJISAPHOCTSX, T. €. IPOSIBIISIFOT CBOKCT-
BO HJICHTUYHOCTH, KaK y>K€ OTMeuasioch Bbime. OaHa-
KO MOCKOJIbKY noBeneHune 3tux MOc cyIiecTBEeHHO
OTJIMYAETCS MPHU UX UCTOIIEHHUH IO 3JIEKTPOJIUTAM,
OJJHUM 13 BO3MOYKHBIX ITyTel IPOBEPKH MOJEITH MOXKET
OBITh MHAYLIMPOBAHHUE MOBBIILICHHON KaJTMEBOH MPOBO-
JUMOCTH 3a CUeT aKTHUBanuu KaHaia ['appoma [15]
nim 06paboTKH KieToK BaimHOMUITMHOM [10]. B aTOM
ClIy4ae MOXKHO OXHJaTh, 9YTO €CIIM OCHOBOW MPOTEK-
LMW SBJSIETCS cOPOC 3IEKTPOIUTOB, TO Takoil MOc
(C5A03) OymeT c)xUMaThbCsl 3HAYUTEIHLHO CHIIBHEE,
4eM IpH NpoTeKI|u ¢ yuactreM nepexona HbT — HbD.
[IpoTexTupytromuiuii 3¢ GeKT paznuIHbIX COSTUHEHUI
HE Bceria KOppenupyer ¢ yBeTHIeHHEM KaJlneBOr po-
HULIAEMOCTH [6, 8, 12]. Hanpumep, npoTeKTUpyOmuit
3¢ dexT TU30IULEeTHHA, HA000POT, CONPOBOKAAICS
YMEHBIIEHUEM ITPOHUIIAEMOCTH MEMOpaH JIs KajIus
B TMIIOTOHUYECKUX YCIOBUsX [7]. YcTaHOBIIEHO, YTO
JUIsl IOBBIIICHHUS] yCTOWYNBOCTH 3PUTPOIIUTOB B THUIIO-
TOHHYECKUX YCIIOBHUSX KJIETKU JNOJDKHBI TpeaBapH-
TEJIHHO MOTEPATh 3HAYUTEIbHOE KOJIMYECTBO Kaus
[1, 4]. D10, BEepOSATHO, CBUAETEIHCTBYET O TOM, UTO
npoTeKTUpyrommi 3QdHeKT B OOIIbIIEH CTETIeH! CBs3aH
C TIepepacIpeieJIeHIeM aHHOHOB XJI0pa, a He KaTHO-
HOB. Hamm onieHKM N3MEeHEH!sI KOJIM4eCcTBa aHHOHOB,
KOTOPBIE HEOOXOIUMBI JIs1 TPOTEKIUHU, BIIOJTHE COOT-
BETCTBYIOT BHYTPHUKJIIETOUHOMY COIEP>KAHUIO STHUX
aHnoHoB (~80—100 MM), KoTOpBIE MOTYT OBICTPO
oOmenuBathcs Ha noHBI OH ¢ yyacTeM aHMOHHOTO
oomennuka AE1 [16, 17] u TeM caMbIM TTOHHXKaTh
BHYTPUKJIETOYHYIO OCMOJISIPHOCTD. [ IpenokeHHbIH B
JTaHHOW paboTe MEXaHU3M OCMOTHYECKOH MMPOTEKIINU
OTJINYAETCS OT MOZAEIIH, COTIIACHO KOTOPOH pa3InyHbIe
aMQUIIaTHI BIUSIOT HA MIPOIECC PA3BUTHUS [EMOJIUTH-
yeckoit mopsl [3]. [locnennsist Mmoaens He TpeAnona-
raet U3MEHEHHH 0CMOTHYECKOT0 Oallanca u, clie/joBa-
TEJIHHO, OCMOTHYECKOE MOBEIEHUE MPOTEKTHPOBAH-
HBIX SPUTPOLHUTOB HE JAOHKHO OTIMYATHCS OT KOHT-
POJBHBIX. DKCIIEPUMEHTAIIbHAS TPOBEPKA MPEIIOKEH-
HOM Mogjenu OyAeT MpeicTaBicHa B CICAYIONINX
pabotax.

BbiBOABDI

Ha ocHoBe ananm3a MoJIeIu OCMOMETpaA MPEIIIo-
JKCHO JIBa MEXaHHW3Ma OCMOTHYECCKOW MPOTEKIIHHU
3pI/ITpOHI/ITOB B TUITIOTOHUYCCKUX cpezIax. O)Z[I/IH N3 HUX
CBSI3aH C MPOTEKTUPYIOUIM COPOCOM BHYTPHKIIETOU-
HBIX 3JIEKTPOJIUTOB, IPYIrOil — ¢ U3MEHEHUEM BHYT-
PHUKIIETOYHOU OCMOJIIPHOCTH, TIPETIONIOKUTEIBHO, 32
CYeT Aerpajalui TeTpaMepoB IeMOorIo0WHa B IU-
Mephl C OJTHOBPEMEHHBIM TIEpepacipeelieHueM
BHYTPHUKJICTOYHBIX AJIEKTPONHUTOB. [lokazaHbl myTH
AKCIIEPUMEHTAJIBLHON MPOBEPKU MPEIJIOKEHHONH MO-
JIEJIH.

KpuoGMoROrIM

T.21,2011, Ne4

vior of these MOs significantly differs during their
depletion by electrolytes, induction of a elevated potas-
sium conductivity due to activation of Gardos channel
[15] or cell treatment with valinomycin [10], may be
one of the possible ways for model evaluation. In this
case we can expect that if electrolytes release is the
basis of protection, such MO (C5A03) will shrunk much
more than in the case of transformation HbT — HbD.
Protecting effect of different compounds not always
correlates with an increase of potassium permeability
[6, 8, 12]. For example, protecting effect of lysolecithin,
vice versa was accompanied with a decrease of mem-
brane permeability for potassium in hypotonic condi-
tions [7]. It was established that to elevate the erythro-
cyte resistance in hypotonic conditions the cells have
to loose preliminary a significant amount of potassium
[1, 4]. This probably attests the fact that a protecting
effect is a greater extent associated with redistribution
of chlorine anions rather than cations. Estimated by us
changes of anion amount, essential for protection,
entirely correspond to intracellular content of these
anions (~80—100 mM) that may rapidly exchange for
OH ions with anion exchanger AEI [16, 17] and in
such a way decrease intracellular osmolarity. Proposed
here mechanism of osmotic protection differs from the
model according to which different amphipaths affect
the process of hemolytic pore development [3]. The
latter does not suggest the changes of an osmotic ba-
lance and therefore osmotic behavior of protected
erythrocytes has not to differ from the control ones.
Experimental testing of the suggested model will be
demonstrated in the further papers.

Conclusions

On the basis of osmometer model analysis we sug-
gested two mechanisms of erythrocyte osmotic protec-
tion in hypotonic media. The first one is associated
with ‘protecting’ release of intracellular electrolytes;
another one is related to the change of intracellular
osmolarity presumably due to degradation of hemo-
globin tetramers into dimers with simultaneous re-
distribution of intracellular electrolytes. The ways for
experimental testing of suggested model were shown.
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