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Analysis of Effect of Different Steps of Vitrification Protocol for
Cryopreservation in Ethylene Glycol-Sucrose Medium
on 2-Cell Murine Embryo Viability

VccnenoBano BIUSAHNE PA3INIHBIX 9TAIOB KPHOKOHCEPBUPOBAHNUS METOAOM BUTPU(DUKAIIUY B STHICHITINKOIb-CAXapO3HOH
cpene Ha MOP(OIOTHUECKYI0 COXPAaHHOCTh M JKU3HECIOCOOHOCTh 2-KJIETOUHBIX AMOpHOHOB MbImH. [loka3aHo, 4To JaHHAs
IIpoIieTypa HO3BOISIET COXPAHHUTD KU3HEeCTIocoOHbIME Ooiee 70% sMOpronoB. OCHOBHOH BKJIaJ B KPHOTIOBPEKACHNE YMOPHOHOB
BHOCST ATAIbl SKCIIO3UIUU B CPEie 3aMOPaKUBAaHUs U 3aMOPAKUBAHUA-0TOTpeBa. Ha 0CHOBE MTUTEpaTYPHBIX U MOIYyYCHHBIX B
paboTe maHHBIX 00CYKAaeTCs pOJIb OCMOTHYECKOTO M MEXaHHUECKOTO (DAaKTOPOB B MOBPEkKACHUN KIETOK Ha dTanmax ObICTPOTO
3aMOpaKUBaHHUS.

Kniouegvie cnoga: BuTpuuUKaIys, 2-KI€TOUHBIH YMOPHOH MBIIIH, STHICHIIIMKONIB, CaXapo3a, KpHOKOHCEPBHUPOBAHHE.

JlocaipKeHo BIUTHB Pi3HUX eTalliB KPIOKOHCEPBYBaHHS 38 METOJIOM BITpUQIKaLil y STHICHIIIIKOIb-CaXapO3HOMY CepeIOBHUILi
Ha MOP(OJIOridHy 30epeKeHICTh Ta KUTTE3NATHICTh 2-KIITUHHUX eMOpioHiB mumi. [TokasaHo, 1o 1s mpouesypa A03BOJISIE
30eperTH )KUTTE3AaTHUMU OitbLI, HiX 70% eMOpioHiB. OCHOBHHII BHECOK Y KPiOMOUIKO/DKEHHS eMOPIOHIB HAJICKUTh dTanam
9KCIO3UIIIT Y cepesoBHUIll 3aMOPOKYBaHHs Ta 3aMOPOXYBaHHs-BiAirpiBy. Ha mixcraBi niTepaTypHHX Ta OTpPUMaHUX B pOOOTI
JJAaHUX 0OrOBOPIOETHCS POJIb OCMOTHYHOIO Ta MEXaHIYHOTO (haKTOPIB Y MOIMIKO/KEHHI KIIITHH Ha eTarax MIBH/KOTO 3aMOPOKYBaHHSI.
Kniouosi cnoesa: Bitpudikauis, 2-KIiTHHHUH eMOPiOH MUILI, €THIICHITTIKOJIb, CaXapo3a, KpiOKOHCEPBYBaHHSI.

The effect of different stages of vitrification protocol for cryopreservation with ethylene glycol-sucrose medium on morphological
integrity and viability of 2-cell murine embryos has been studied. This procedure was shown as enabling to preserve viable more than
70% embryos. The stages of exposure in freezing medium and freeze-thawing are mostly responsible for embryo cryoinjury. Basing
on the literature reports and own data the role of osmotic and mechanical factors in cell injury at the rapid freezing stages is discussed.

Key-words: vitrification, 2-cell murine embryo, ethylene glycol, sucrose, cryopreservation.

B oTnuume ot MeAJIEHHOT O MPOrpaMMHOIO 3aMO-
paXUBaHUS KPUOKOHCEPBUPOBAHUE METOIOM BHUT-
pudHUKANU C UCTIOJIH30BAaHUEM BBICOKUX KOHIICH-
Tpanuii KPUOMPOTEKTOPOB MO3BOJSIET HE TOJIHKO
COKPATUTh JUTUTEIBHOCTD ITUKJIa KPUOKOHCEPBUPO-
BaHWs, HO U CBECTH K MUHHUMYMY H3MEHCHUS
00beMa KJIIETOK Ha dTaIax 3aMOpaKUBaHUS U OTTAH-
BaHUsA. B CcBsI3u ¢ 3TUM H3ydeHUE (PU3UKO-XUMHU-
4eCKUX (PaKTOpPOB, NEHCTBYIOIIUX Ha KIETKH Ha
JTarnax 100aBJIeHUS U yIaJIeHUS KPUOIPOTEKTOPOB,
nMeeT ocoboe 3HaueHue [6, 12, 19]. TpaguunoHuo
py BUTPUDUKAIINHU B Ka9Y€CTBE KPUOIIPOTEKTOPOB
MPUMEHSIOTCS TIUIEPUH, TUMETUICYIb(OKCHI U
1,2-nmpomannon [20-22, 25, 27]. B mocnennee necs-
THJIETHE ¢ HUMH HadaJl KOHKYpHUPOBAaTh JdTUIICH-
rmukons (D7) [15, 17, 19, 24]. B paboTtax [19, 20,
24, 27] moka3aHo, 9TO dTUIICHIIINKOIb-CaXapo3Has
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In contrast to a slow programmed freezing the
cryopreservation with vitrification method using high
concentrated cryoprotectant solutions enables not only
reducing the cryopreservation cycle duration but
minimising the changes in cell volume at freezing and
freeze-thawing stages as well. Due to this fact studying
the physical and chemical factors affecting cells at
the stages of cryoprotectant addition and removal is
of special importance [6, 12, 19]. Glycerol, dimethyl
sulfoxide and 1,2-propane diol are traditionally used
as cryoprotectants for vitrification [20-22, 25, 27].
Within recent decades, ethylene glycol (EG) has been
competitive with them [15, 17, 19, 24]. As reported in
the papers [19, 20, 24, 27] ethylene glycol-sucrose
medium may be used for oocyte and early murine
embryo cryopreservation. At the same time such
parameters as cryoprotectant and non-penetrative
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cpelia MOKET OBITh HCIIONIb30BaHa I KPHOKOHCEP-
BHUPOBaHHA OOLUTOB U paHHUX 3M6pI/IOHOB MBIIIH.
BwmecTe ¢ TeM Takue mapaMeTphl, Kak KOHIEHTpa-
MU KPHOMIPOTEKTOPA U HEMTPOHUKAIOIICH 100aBKH,
MPOIOJDKATEIBLHOCTD DKCIIO3UIIUH B CPeie 3aMopa-
JKUBAHUS, YCIOBHS H00ABICHUS U yIAJICHUS KPUO-
MPOTEKTOpa, MOAOUPAIOTCS, TIABHBIM 00pa3oM,
smmupuuecku. Kpome Toro, Ay ONTHMHU3AINY Pa3-
JUYHBIX 3TAIIOB OBICTPOTO 3aMOPAXKUBAHUS PAHHUX
SMOPHOHOB MIICKOITUTAIOIINX HEOOXOAUMO yIUTHI-
BaTh, 9YTO dSMOPHOHBI PA3HBIX CTAJAUN AENEHUS
(apob6nenus) 001a0aI0T PA3TUIHON yCTONIHBOCTHIO
K OTACJIBbHBIM dTalaM HUKJIa KPpPOKOHCECPBUPOBAHUA
[17].

I{ens MaHHOTO KCCIEIOBAHUS — OIICHUTH MEPC-
MEKTUBBI UCTIOIB30BAHUS DTHICHIIIUKOb-CaXapo3-
HOU cpejbl /ISl KPHOKOHCEPBUPOBAHUS METOOM
BUTPUGUKAIUK 2-KICTOYHBIX SMOPUOHOB MBIIIH
MEHEe yCTOMYMBBIX K 3aMOPaXMBAHHIO MO CPaB-
HEHHUIO ¢ SMOPHUOHAMH JIPYTUX CTATUM.

Matepunanbl 1 meToAbl

OOBEKTOM UCCIIETOBAHUS CITY>KUITH 2-KIIETOTHBIC
amMOpuoHs! Mbltei Tuana CBA Bo3pacta 6-8 Henenb.
Jas cTUMyISIuU CynepoBYIAINN CaMOK MBIIIEH
MOJIBEPralii TOPMOHAIBHOW 00paboTKe IMyTeM BHY-
TPUOPIOLIMHHOTO BBEJCHUS TOHAIOTPOITHBIX TOPMO-
HoB: folligon (5 ME) u chorulon (7,5 ME) ¢ unrep-
BanoM 46—48 u [1]. JIByXKjiIeTOUHBIE SMOPUOHBI
MOoJy4yald NPOMBIBAHHEM OTIpPENapupOBaHHBIX
SIMLIEBOJIOB 3a0UTHIX >KMBOTHBIX (PU3MOJIOTHYECKOI
cpenoi Ipy KOMHATHOM TeMIiepaType 110 CTaHIapTHOM
meToauke [1]. 3aTeM KIETKH TPUKIbI OTMBIBAIU
(bm3HoNOrNYeCcKoi Cpeaoi 1 HEMEICHHO HCIIONIb30-
BaJIM B OKCIIEPUMEHTAX.

B nepBoii cepun 3KCTIEpUMEHTOB OBLIO HUCCIIEN0-
BaHO OCMOTHYECKOE MTOBEICHNE IMOPHOHOB MBIIIH B
MpoIlecce MOCIeI0BaTeIbHON CMEHBI PacTBOPOB,
MOZEIUPYIONEeM YCIOBHUS A00aBICHUS KPHOIPO-
TEKTOpa, SKBUJIMOpaLUU B cpelle 3aMOPaXUBaHUS U
OTMBIBAaHMSI KJIETOK OT KPUO3AILUTHOMN CPEJIbL.

O6paboTka SMOPHOHOB B BHIODAHHOM METOJIC
3aMOpa)XMBaHUs BKJIIOYACT CICAYIOIHE ITAaIlbl:
10-mMunyTHY!0 3kBHIMOpanmio B 10%-M pactBope Ol
nHKyOanuio B cpene 3amopaxkuBanus (30% Ol u
0,7 M caxapo3sl); ynajleHHe KpPUOINPOTEKTOpa B
pactBope caxapo3bsl 0,5 M; mepeHoc >MOpHOHOB B
dbusnonormueckyo cpeny. OTnenbHBIA YMOPHOH B
Maioi kamie cpeabl Jronpbekko (10-15 mki)
TTOMEIIIAJIH B IJIACTUKOBYIO Yamky IleTpu Ha mpenmer-
HOM CTOJINKE WHBEPTHPOBAHHOTO OMOJIOTHYECKOTO
Mukpockonia MBU-13 u ¢ukcupoBanmu ¢ IOMOIIBIO
CTEKJISHHONW MHUKPONHUIETKH, 3aKPEIICHHON B
MHUKPOMaHUIYJISITOPE.

Hcxonnoe coctosiHue 0OBEKTa U KHHETUKY OCMO-
THYECKOTO NOBEACHUS 3MOPHUOHA B IPOIIECCE IKCIIO-
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additive concentrations, exposure duration in freezing
medium, conditions for cryoprotectant addition and
removal are mostly empirically selected. In addition,
the fact, that embryos of different cleavage stages have
various resistance to some steps of cryopreservation
cycle, should be taken into account to optimise different
stages for early mammalian embryo rapid freezing [17].
This research was aimed to evaluate the per-
spectives of ethylene glycol-sucrose medium use for
cryopreservation by vitrification method of 2-cell
murine embryos, being less resistant to freezing.

Materials and methods

The 6-8 week aged CBA mouse 2-cell embryos
served as the research object. The mouse females were
hormonally treated via intraperitoneal introduction of
gonadotrophic hormones: folligon (5 IU) and chorulon
(7.5 IU) with 46-48 hrs interval for stimulating
superovulation [1]. The 2-cell embryos were derived
by washing the prepared oviducts of perished animals
with physiological solution at room temperature
according to the standard technique [1]. Then cells
were thrice washed-out with physiological medium
and used at once in the experiments.

In the first experimental session there was
investigated an osmotic behaviour of murine embryos
during successive change of solutions, modelling
conditions for cryoprotectant addition, equilibration
in freezing medium and cell washing out of cryopro-
tective medium.

Embryo treatment in the selected freezing method
comprises the following steps: a 10-min equilibration
in 10% EG solution; incubation in freezing medium
(30% EG and 0.7 M sucrose); cryoprotectant removal
in 0.5 M sucrose solution; embryo transfer into
physiological solution. A separate embryo in a small
drop of Dulbecco’s medium (10-15 pl) was placed
into a plastic Petri dish on an objective table of MBI-13
inverted biological microscope and fixed using the
attached in micromanipulator glass micropipette.

Initial state of an object and kinetics of embryo
osmotic behaviour during exposure in studied
solutions were photo-recorded. After processing the
images, the experimental dependencies of a relative
volume of some embryo blastomeres on the exposure
duration in the studied solutions have been obtained.

In the second experimental session the effect of
incubation time in freezing medium on the murine
embryo integrity and viability was investigated. The
embryos were divided into three groups: one control
and two experimental ones. The embryos of experi-
mental groups were subjected to a 10-min treatment
with 10% EG solution, then transferred into freezing
medium (30% EG + 0.7 M sucrose) and exposed in it
for 1.5 and 3 min, correspondingly. Afterwards
embryos were placed into drops of 0.5 M sucrose
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3WIHMHA B MCCIEAYEMBIX PacTBOpax PEruCTPUPOBAIU
¢dororpadpuyecku. Ilocine 06paboTkn M300paskeHUIH
ObUIM TIOJTYYEHBI SKCIICPUMEHTAIbHbBIE 3aBUCHMOCTH
OTHOCHUTENBHOTO 00beMa OTIENIbHBIX 0JIaCTOMEPOB
SMOpHOHa OT MPOAOIDKUTEIBLHOCTH 3KCIO3ULUU B
HCCIEyEMBIX PACTBOPAX.

Bo BTOpOIl cepun 3KCIEPUMEHTOB UCCIIEIOBAIN
BIIMSIHHE BPEMEHM WHKyOallMu B cpele 3aMOpakKu-
BaHUS HAa COXPAHHOCTb M JKHU3HECHOCOOHOCTH
SMOpPHUOHOB MBIIIH. DMOPUOHBI Pa3ielisuii Ha TPH
TPYHIBL: ONHY KOHTPOJIBHYIO (N=52) U BE dKCIEPH-
MeHTalbHbIe (n=58 1 n=53). OMOpPHOHBI IKCTIEPH-
MEHTAJBHBIX T'pynn nmoasepranu 10-MuHyTHOH
o6pabotke 10%-M pacTBopom DI, mocye 4ero nepeHo-
cunu B cpeny 3amopaxkuBanus (30% OI' + 0,7 M
caxapo3bl) U BBIAEPKHUBAJIM B Hell B TeueHue 1,5 u
3 MUH COOTBETCTBEHHO. 3aTeM SMOPHOHBI TOMEIAIN
B Karuim pactBopa caxapossl 0,5 M na 10 mMuH ¢
MOCTIeTYIOLINM IIEPEHOCOM B (PU3HOTIOTHYECKYIO Cpe-
ny Hroonebexko. Ilociie TpexKkpaTHOrO OTMBIBaHUSA
SMOpPHOHOB KYJIBTypaidbHOU cpemoit M16 ux Hemen-
nenHo nepeHocunan B CO,-MHKyOaTop M KyJlbTH-
BUPOBaHUS. DOMOPHOHB KOHTPOJBHOW TPYIIIBI
nepenocunu B CO,-uHKyOaTop nocne 25-MUHYTHOR
9KCIO3UIUN WX B (PU3MOIOTHUECKOW cpeae mpu
KOMHAaTHOU Temmeparype. Ku3HecmocoOHOCTh
SMOPHOHOB OLIEHWBAJIN MO UX CIIOCOOHOCTH pa3Bu-
BaThCsl in Vitro 10 CTauK paclIipeHHOH O1aCTOLUCTHI
Ha 5-€ CyTKHU KYJIbTUBHPOBaHUS.

B Tpetneli cepun dKCIEPUMEHTOB HUCCIEAOBAIN
BIIMSTHUE TIOJHOTO [IUKJIAa HU3KOTEMIIEPATYPHOTO KOH-
CEPBUPOBAHUS 2-KJIETOUHBIX SMOPHOHOB MBIILY HA UX
MOP(}OJIIOTHYECKYIO0 COXPAHHOCTh U KHU3HECIOCO0-
HOCTB C YUETOM JIaHHBIX, TOJYYEHHBIX B TPEABIAYIIeH
cepuH SKCnepruMeHToB. KprHokoHCepBHpOBaHHE OCY-
LIECTBISAIN METOAOM OBICTPOTO 3aMOpPaKMBaHUS,
YCIENTHO MPUMEHSEMOro paHee sl §-KIETOYHBIX
SMOpPHOHOB MBI, KPBIC U KOPOB [2, 3]. OMOpHOHBI
pa3mersuIi Ha BE dKCIIepuMeHTaIbHbIe (=98 1 n=74)
rpynmsl. KneTku o0enx 3KcrepuMeHTaIbHbIX TPy
nocie npeaBapuTeabHol 3kBuiHOpanuu B 10%-M
pactBope OI' OTMBIBANIM B KaIlJe CPEAbl 3aMOpaXKH-
BaHUsI M 3aTE€M HEMeUIEHHO IIepeHoCcHt (110 5—7 Kiie-
TOK) B 3apaHee MOATr0TOBJICHHBIE INIACTUKOBEIE COJIO-
MUHKH, COJIEprKaIlie 5 MKII CpeJibl 3aMOpa kKMBaHUs.
CoJIOMHHKY MTOTPYXKANH B )KUIKUHN a30T M XPaHWIN B
Tedenune 3-7 cyTok. Bpems SKCrIo3uIiy B STHIICHTIIH-
KOJIb-CaXxapo3HOW cpejlle Iepel 3aMOpaKuBaHUEM
coctaBmiio 45 c u 1,5 mun mns 1-i 1 2-i skcniepuMeH-
TaJbHBIX TPYNIl COOTBETCTBEHHO. COMOMUHKHU
otorpeBasii B BoasgHou Oane (38°C). s ymameHus
KPHOIIPOTEKTOPa 3MOPUOHBI, U3BJICUYCHHBIE U3 COJIO-
MHUHOK, NIEpEHOCHIIN B pacTBOp caxapo3ssl 0,5 M un
BBIZICPKUBAJIU B HeM B TeueHue 10 mMuH, a 3aTem
TPHXKABI OTMBIBAJIH (PU3UOJIOTHUECKON Cpenor mpu
KOMHaTHOH TeMneparype. COXpaHHOCTh AEKOHCEPBU-
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solution for 10 min with following transfer into Dulbecco
physiological medium. After a three-fold embryo
washing-out with M 16 culturing medium they were
immediately transferred into CO, incubator for
culturing. The control group embryos were transferred
into CO, incubator after their 25-min exposure into
physiological medium at room temperature. Embryo
viability was estimated by their capability of in vitro
development up to an extended blastocyst stage to the
5% day of culturing.

In the third experimental session there was
investigated the effect of a complete cycle of low
temperature preservation of 2-cell murine embryos on
their morphological integrity and viability taking into
account the data, obtained in the previous experimental
sessions. Cryopreservation was done using the method
of a rapid freezing, successfully applied previously
for murine, rat’s and bovine 8-cell embryos [2, 3].
Embryos were divided into two experimental groups.
Cells of both experimental groups after preliminary
equilibration in 10% EG solution were washed out in
a drop of freezing medium with following immediate
transfer (by 5—7 cells) in previously prepared plastic
straws with 5 pl freezing medium. Straws were
immersed into liquid nitrogen and stored for 3—7 days.
Exposure time in ethylene glycol-sucrose medium
before freezing was 45 sec and 1.5 min for the 1% and
2™ experimental groups, correspondingly. The straws
were thawed on water bath (38°C). For cryoprotectant
removal the embryos, removed from straws were
transferred into 0.5 M sucrose solution and exposed
in it for 10 min with following three-fold washing-out
with physiological solution at room temperature. The
integrity and viability of frozen-thawed cells were
estimated by morphological signs and by embryo
capability for in vitro development up to the extended
blastocyst stage, correspondingly.

Cryoprotectant solution and freezing medium were
prepared on phosphate-saline physiological Dulbecco’s
medium base [1].

The results obtained were statistically processed
using the Student’s method [8].

Results and discussion

The Figure shows a typical change in a relative
blastomere volume of 2-cell murine embryo at a
successive change of solutions: 10% EG solution,
freezing medium, 0.5 M sucrose solution and Dulbec-
co’s physiological medium.

During exposure in 10% EG solution a relative
volume of blastomere primarily decreases down to
0.38 V,+ 0.01 V (n=5) as a result of dehydration
with following gradual increase up t0 0.7 V +£0.02 V|
(n=5) during 10-min equilibration. Transfer into freezing
medium results in an additional cell dehydration and
cell volume reduction down to 0.41 V £ 0.02 V ; in
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POBaHHBIX KJIETOK OIEHUBAIH 110 MOP(OIOTHUSCKUM
MpHU3HAKaM, KU3HECTIOCOOHOCTh — MO CIOCOOHOCTH
SMOpPHOHOB pPa3BUBATHCSA B YCIOBHSX in Viiro 10
CTaJIUH PaCIINPEHHON OJIACTOIUCTEI.

PacTBOp KpHOMpOTEKTOpa U Cpeny 3aMOpaxu-
BaHHS TOTOBUJIM Ha OCHOBe (ocdaTHO-comeBOH
(dbu3momornueckoit cpensl Jrompoexko [1].

Craructrdaeckyro 00paboTKy IMOTy9IeHHBIX PE3Yilh-
TaTOB MPOBOAWIM 1o MeToay CrerofeHTa [§].

Pe3yAbTatbl M 00Cy)xaeHue

Ha pucynke mokazaHo XxapaKTepHOE M3MEHEHHe
OTHOCUTENBHOTO 00BbeMa OiiacTomepa 2-KJIeTOUYHOTO
SMOpHOHA MBIIIM MPHU TOCIEN0BATEIbHON CMEHE
pactBopoB: 10%-ro pactBopa I, cpensr 3aMopaku-
BaHUsI, pacTBopa caxapo3sl 0,5 M u puznonorudeckont
cpenst 1onb0exko.

[Ipu sxcno3unmu B 10%-mM pactBope OI' oTHOCH-
TEJILHBIA 00BEM ONlacTOMEpa CHavaja yMEHBIIAeTCsI
no snavennii 0,38V, +0,01V (n=5) B pesynsrare 06e3-
BOXXMBaHU, a 3aTeM B npouecce 10-MUHYTHOH
SKBUJIMOpAIMH MTOCTETNIEHHO yBenmuunBaetcs 10 0,7V +
0,02V (n=5). Ilepenoc B cpeay 3aMOpaKMBaHUS
MIPUBOJIUT K AOTMOJIHUTEIBHOMN JeTUApaTaluH KIIETKA
U YMEHBIIEHHUIO KJIETOYHOTO 00beMa B CPEIHEM 10
0,41V + 0,02V . bnacromeps! nocie 3aBeplieHUs!
3TOTO 3Tara OCTAIOTCS 00E3BOKEHHBIMH, UTO SBIISET-
CS OIHHUM W3 YCIOBHUH NMPENOTBpAIIEHUS BHYTPH-
KJIETOYHOW KPUCTAJUIM3ALUH TPH

average. After this stage completed, the blastomeres
remain dehydrated, that is one of the conditions for
preventing intracellular crystallisation at a rapid free-
zing. At the stage of cryoprotectant removal out of
cell in 0.5 M sucrose solution there is firstly observed
an increase in cell volume, resulted from water efflux
inside blastomeres, but with EG release out of cell there
is cell volume reduction. When placing embryo back
into physiological medium the blastomere volume
recovers gradually up to the initial value. The shown
dependencies visibly demonstrate the absence of any
sharp and significant changes in cell volume during
successive solution change, that testifies to an osmotic
resistance of 2-cell murine embryos to a selected
procedure of EG solution adding/removal.

In the second experimental series we have
determined the exposure effect in freezing medium
and following 2-cell embryo washing-out from a
cryoprotectant on their viability. The exposure time
effect in freezing medium may be particularly stipulated
by cell sensibilization to a post-hypertonic lysis, resulted
from additional cryoprotectant entering into them under
exposure augmentation.

Experimental results on studying the incubation time
in ethylene glycol-sucrose medium on viability of 2-
cell murine embryos are presented in the Table 1.

The viability level of 2-cell murine embryos after
1.5 min exposure in freezing medium does not

OpicTpOM 3amopaxkuBaHuu. Ha 1,2
JTane yaaleHus KPpHOMpPOTeKTopa
13 KJIETKH B PAcTBOPE Caxapo3bl
0,5 M cuauana HaOmmgaeTcCs
yBeJIMYEeHUE KIETOUYHOro oObema
B pe3yJbTare MOTOKa BOABI BHYTPb
OmacTomMepoB, a IO Mepe BBIXO/a
n3 kietkd DI KIeTouHbI 00beM
ymenbInaercs. [Ipu Bo3BpameHnn
SMOproHa B (U3UOIOTHUECKYIO
cpemy 00beM 0J1aCTOMEPOB MOCTE-
IIEHHO BOCCTaHABIIMBAETCS 10 UC-
xonHoro 3HaueHwus. [Ipeacrapnen-

OTHOCUTENbBHBIN 00BEM
Normalised volume
o
o

Hbl€ 3aBUCMMOCTH HAIJISJHO Jie- 0,2
MOHCTPUPYIOT OTCYTCTBUE PEIKUX
1 3HAYUTEIbHBIX U3MEHEHUH KJie- 0 4

TOYHOTO 00beMa B IIpoLecce moc-
JIeI0BaTENBbHOM CMEHBI PacTBOPOB,
YTO CBUIETEIHCTBYET 00 OCMOTH-
YECKOM YCTOMYMBOCTHU 2-KJIETOY-
HBIX YMOPHUOHOB MBIIITH K BEIOpaH-
HOM porienype 100aBIeHus pacT-
BopoB DI u ero ynaneHus.

Bo BTOpOIi cepun sKcIiepuMeH-
TOB ONPENEISIIN BIUSHHUE DKCIIO-
3ULUHU B CPEC 3aMOPAKUBAHUS U
MOCIEAYIOMEro  OTMBIBAHUS

2-KJICTOYHBIX SMOPHOHOB OT Kpro-  dium.

NMPOBJIEMbI
KPUOBMOJIOIUM
T. 17, 2007, N24

500 1000 1500

MpoJomKMTENBHOCTL MHKYbaUmK, ¢
Incubation duration, sec

2000

XapaxTepHasi 3aBUCHMOCTb OTHOCHTEJIFHOTO 00beMa OracToMepa 2-KJICTOYHOTO
SMOpHOHAa MBIIIM OT BPEMECHHM MHKYOAIlMU IMPH HOCIIENOBATEILHON CMEHE
pactBopoB: 1 —10%-i1 pactBop OI' Ha pusnonoruyeckoii cpene Jronpoekko; 2 —
cpena 3amopakuBanus (30% O u 0,7 M caxapossr); 3 — 0,5 M pactBop caxa-
po3bl; 4 —¢pusnonornueckas cpeaa Jromb0eKko.

Characteristic dependence of a relative volume of blastomere of 2-cell murine
embryo on incubation time at a successive solution change: 1 — 10% EG solu-
tion with Dulbecco’s physiological medium; 2 — freezing medium (30% EG and
0.7 M sucrose); 3 — 0.5 M sucrose solution; 4 — Dulbecco’s physiological me-
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ITPOTEKTOPA Ha MX )KU3HECIIOCO0-
HOCTB. BJ'II/ISIHI/IC BpeMeHI/I JKC-
MTO3UIIUU B CpeJie 3aMOpaKHBa-
HUSI MOXXET OBITH 00YCIIOBIICHO,

MBIIIIH

Tabauua 1. Biusinue BpeMeHU 5KCMO3UIUK B cpefie 3amopaxkuBanus (30%
OI' n 0,7 M caxapo3bl) Ha )KU3HECITOCOOHOCTh 2-KJIIETOYHBIX 3MOPHOHOB

Table 1. Effect of exposure time in freezing medium (30% EG and 0.7 M
sucrose) on 2-cell murine embryo viability

B 4aCTHOCTH, CCHCI/I6HJ'II/IBEII_II/16ﬁ

KJIETOK K MOCTTHIEPTOHHUYEC- Bpems sxenosummi Eﬁ%ﬁiﬁ;
OMOpHOHOBBCpeAe KoanuecTtBo AOCTUTILINX CTAAUN
KOMY JIN3MCYy B PE3YJIbTATE N0- 1;3131'}(;?11;}: sanE)gn aéK;IfB 2:;;2}2“41{ 5MOPUOHOB, N OaacTonucThl, % (n)
MOJHUTEJIBHOTO IMOCTYIUICHUS B exposure in freezing Number of embryos, n agignﬁlrisé %T;Egg;t
HUX KPUOTIPOTEKTOPA MPH YBEIH- medium, min stage, % (n)
YEHUH DKCIIO3ULIUH.
Pe3ynbrarbl SKCIIEPUMEHTOB I Kgl;;}t)rgfl\}ﬂ 52 90,(444—7-)4,1
10 U3YYEHUIO BIUSIHUSA BPEMEHU
WHKYOaIy B 3TUIIECHTINKOJIb-
caxapo3HOW Cpejie Ha KU3He- i 1,5 58 89'(7;2)4'0
CHOCOOHOCTD 2-KJIETOUYHBIX HM-
OpHMOHOB MBIIIH MTPEACTABICHBI
B Tabm. 1. 1 3 53 75.?3*—332
VYpoBeHb KHU3HECTIOCOOHOC-

TH 2-KJIETOYHBIX YMOPHUOHOB ‘

MBIIIU nocie 1,5-MuUHYyTHOMU
9KCIMO3HUIMUA B CpeJie 3aMopa-
YKUBAHMS IPAKTUYECKU HE OTIIH-
4aeTcs OT YPOBHS JKU3HECTIO-
COOHOCTH PMOPHOHOB KOHTPOJBHOH rpymmsl. [Ipu
YBEIWYEHNN BPEMEHHU JKCITO3HMIINHN B CPeae 3aMo-
paXuBaHMUA 10 3-X MHHYT HaOJIIOIaI0Ch CHUKEHHE
YKU3HECIIOCOOHOCTH YMOPHOHOB, OHA OBLIa TOCTOBEP-
HO HIDKE, YeM B KOHTPOJIbHOU Tpytiie. [TomoOHbIe
pe3ynbTarhl OBUIM MOJYYEHBI MPU UCCIEIOBAHUU
BIIMSIHUSL BPEMEHU SKBUIMOpAaLMHU Ha )KU3HECIOCO0-
HOCTb KPHOKOHCEPBHUPOBAHHBIX 8-KJIETOYHBIX SMOPHO-
HOB MBIIIH B ATHJICHIIUKOJIb-CaXapO3HOU U MITULEPUH-
caxapo3Hoii cpenax [3, 12]. IlonyyeHHble naHHbIE
MO>HO OOBSCHUTH BIUSHUEM IPOJOJKUTEILHOCTH
9KCHO3ULHUH KJIETOK B TMIEPTOHMYECKON KOHIIEH-
TPUPOBAHHOM CpeJie Ha HOHHBIM rOMeocTa3 IMOpHO-
HOB. C MOMOMIBI0 METO/A IJIEKTPOHHO-30HI0BOTO
MUKpOaHalu3a HaMH OBUIO MOKa3aHo, YTO yBelnde-
HUE BPEMEHH SKBIINOpaINy 2-KIeTOYHBIX SMOPHOHOB
MBIIIK B 3TUJICHIJIMKOJIb-caxapo3Hoit cpexe ¢ 1,5 no
3 MUH BBI3bIBa€T TPEXKPATHOE CHUIKEHHE LIUTOIIIA3-
MAaTHUYECKOT0 COACPKAHUS OCHOBHBIX HEOpTaHUYEC-
KHUX 3JIEMEHTOB — Kanus 1 Hatpus [9, 11, 23]. beuio
YCTAaHOBJIEHO, YTO BHYTPUKIETOUHASI KOHIICHTPALIUS
KaJiusi ¥ B HOPME HE SIBJISICTCS MOCTOSTHHOM BETMYUHOM,
npeTeprieBas [UKIMYECKUE U3MEHEHHs Ha CTaJIHUsIX
KJIETOYHOTO IHKIAa. MaKCUMyM JOCTHUTAaeTCs Ha
craguu uHTepdaser (130£6) MM, a MUHUMYM Ha
cragnu MuTo3a (47+3) MM [9, 10]. Takue n3MeHEHUS
KOHIICHTPAIH KaJIHs UMEIOT, TO-BHIUMOMY, BAXKHOE
(¢u3nomornyecKkoe 3HaUYCHUE U KOPPEIHPYIOT C
OUKIAYCCKUM H3MEHEeHHueM akTuBHocTH 240 pS
K'-kanaia, a Tak’xe CUHXPOHHBIMH MOJIEKYJIIPHBIMU
MepecTpoikaMu B LUTOIUIa3Me (TaKk Ha3bIBaeMbIe
“HUTOIIa3MaTHYECKHE Yachl’) B TpoIiecce Jpoodiie-
Hus [18]. CaenyeT OTMETUTD, YTO B HAIIIMX HKCIIEPU-

Ipumevanus:
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389

— 25 MWH 9KCHO3HULUHU 2-KIETOYHBIX YMOPHOHOB B (PH3HOJIOTHYECKOM
cpeze rob0eKKo TP KOMHATHON TeMITepaType; > — CTATHCTHYECKH J0CTOBEPHOE OTIIHYHE
B CcpaBHEHUU C KOoHTpoieMm, p<0,05.

Notes: ' — 25 min of 2- cell embryo exposure in Dulbecco’s physiological medium at room
temperature; > — statistically significant difference compared to the control, p<0.05.

practically differ from that in the control group. With
enhancing the exposure time in freezing medium up to
3 min, a decrease in embryo viability was observed,
being statistically and significantly lower than for the
control group. We obtained the similar results when
investigating the effect of equilibration time on
viability of 8-cell murine embryos, cryopreserved in
ethylene glycol-sucrose and glycerol-sucrose media
[3, 12]. The data obtained may be explained by the
effect of cell exposure duration in hypertonic
concentrated medium on embryo ion homeostasis.
Using the method of electron-probe microanalysis we
demonstrated an increase in equilibration time of 2-
cell murine embryos in ethylene glycol-sucrose medi-
um from 1.5 to 3 min as causing a three-fold decrease
in cytoplasm content of the principal inorganic
elements: potassium and sodium [9, 11, 23]. Potassium
intracellular concentration was established as a non-
constant value even in the norm, by undergoing
cyclical changes at cell cycle stages. The maximum
and minimum are reached at interphase (130+6 mM)
and mitosis (4743 mM) stages, correspondingly [9, 10].
Such changes in potassium concentration are evidently
of great physiological importance and correlate with
cyclic change in activity of 240 pS K*-channel as well
as with synchronic molecular rearrangements in
cytoplasm (so-called “cytoplasmic clock™) during
cleavage [18]. Of note is the fact that in our
experiments all 2-cell embryos are at G /S cell cycle
stage with corresponding content of intracellular
potassium (130 mM). Reduction of potassium intra-
cellular concentration down to 47 mM apparently
causes an artificial “shift” of embryo blastomere cyto-
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MEHTax Bce 2-KJIETOYHbIE SMOPHUOHBI HAXOAWINCH Ha
craauu G /S KJIE€TOYHOTO HMKIIA C COOTBETCTBYIOIIHMM
coJiep’kaHueM BHyTpHKieTouHoro kKanus (130 MM).
CHmwKkeHre BHY TPUKIETOYHON KOHLIEHTPAITUH KaJIHs 10
47 MM, mo-BUIUMOMY, BBI3bIBA€T MCKYCCTBEHHBIN
“nepeBoi’”’ MUTOILIA3MbI OJIACTOMEPOB AIMOPUOHA W3
COCTOSTHUSI, XapaKTEPHOTO IS CTa Ui UHTEp(a3bl, B
COCTOSTHHE, XapaKTepHOE TSI MHTO3a, MUHYS COOT-
BETCTBYIOIINE MOJIEKYJIIPHBIE NTEPECTPOMKH B LIUTO-
Ijaa3Me M Hapylas, TeM CaMbIM, COITIACOBAHHOCTH
MPOLIECCOB KapHo- U NUTOKHHe3a. COrTacHO HAIIUM
JAHHBIM, SMOPHOHBI MBIIIN HA CTAJMHA MUTO3a COJIEP-
KaT MUHMMAJIBHYIO LUTOIIa3MaTHYECKy0 KOHIIEH-
Tpauuio kanusa. CienoBaTeNnbHO, OTEPS STOTO diie-
MEHTa IOJI AeWCTBUEM OCMOTHYECKOro (axTopa
Cpezbl MOXKET CYIIECTBEHHO CKa3aThCs Ha KPUOYCTOM-
YUBOCTH KJIETOK. B MONb3y 3TOro mpeanosaoKeHus
CBHUJICTENILCTBYIOT pe3ynbrarsl pador [13, 14, 16], B
KOTOPBIX OBLIO MOKa3aHO, YTO XU3HECTIOCOOHOCTH
SMOpPHOHOB MBIIIH, BBIJCICHHBIX Ha CTAJIUH WHTEP-
(ha3bl, ObLIa 3HAYUTENHHO BBIIIE MOCJIE KPHUOKOH-
CEpPBUPOBaHMsI, YeM SMOPHUOHOB, HAXOJUBIIHMXCS Ha
CTaJINM MHTO3a.

B Tpetbeil cepun 3KCIEPUMEHTOB U3YyYallH BIIMS-
HUE TTOJTHOTO IMKJIa KPHOKOHCEPBUPOBAHUS METOIOM
BUTpH(DUKANMHA HA KU3HECIOCOOHOCTh 2-KJe-
TOYHBIX SMOPHUOHOB MBIIIH TP UCITOIB30BaHNH DI
B KaueCTBE MPOHUKAIOIIETO KpronpoTekTopa. Kpuo-
KOHCEpPBUPOBAHHE C HMCIOJb30BAHHEM METO/a
OBICTPOTO 3aMOPaKMBAHUS MMPOBOIMIIN COTIIACHO [2,
3]. OnTuMHU3annI0 HEKOTOPHIX PEXUMHBIX MTapaMeT-
POB BBIMOJIHAIN Ha OCHOBE MPOBEACHHBIX paHEe
uccienoBanuii [5-7]. Bpemena sxcro3uiiu sMopro-
HOB B cpelie 3aMOpaXMBaHHUS cocTaBuiu 45 ¢ u
1,5 mun. Bpemst axcrio3uiiuy 3 MUH OBIII0 HCKITIOYEHO
KaK He ONTUMaJIbHOE Ha OCHOBE IOJYYEHHBIX PE3yilb-
TaTOB BO BTOPOH CEPUH DKCIIEPUMEHTOB. Bpewms
sxBuMOpanuu B 10%-M pactBope II' Obu10 cokpa-
meHo 10 5 MuH. VI3BECTHO, UTO CTYIIEHYATOE T00aB-
JIEHWEe KPHOIPOTEKTOpa K KIETKaM Mepena 3aMopa-
JKUBAHUEM SIBIISIETCS OJTHUM U3 KIIFOYEBBIX TIOJXOI0B
B pPeKUMax OBICTPOT0 3aMOPAKUBAHUS, YTO MTO3BOJISIET
n30eKaTh MOSIBICHUS PE3KUX KOHIICHTPAIMOHHBIX
MepernaoB Ha KJIETOYHOH MeMOpaHe NMpU KOHTaKTe
co cpenoit 3amopakuBanus [12, 19, 26, 27]. Ognako
BpeMsl SKBHIIMOPAITUHU B paCTBOPax KPUOIIPOTEKTOPA,
KaK IpaBuIio, mofdupaercs smnupuiecku. Ha ocHoe
MIPOBE/ICHHBIX paHee UCCIIeI0BaHUH 0 ONPEIEIICHUIO
TPAaHCIOPTHBIX XapaKTEPHUCTUK TIA3MaTHYECKUX
MeMOpaH dMOPHOHOB MBIIIIK HAMHU OBLIO TIOKa3aHO,
YTO HACHIIIEHHUE 2-KIETOYHBIX YMOPHOHOB MBIIIU
sTuiIeHIrKoneM B ero 10%-m pactBope Ha 95-100%
MIPOUCXOIUT B T€UCHHE 3 MHUH dKBUIIHOparmu [5—7].

B Tabn. 2 mpencraBieHBl pe3ylnbpTaThl OIEHKH
ypOBHA MOpP(OJIIOTHYECKON COXPaHHOCTH U JKHU3HE-
CITOCOOHOCTH J€KOHCEPBHUPOBAHHBIX 2-KJIETOYHBIX
3MOPHUOHOB MBIIIIH.
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plasm from the state, inherent to the interphase stage
towards that, typical for mitosis, by omitting the
corresponding molecular rearrangements in cytoplasm
and breaking the conformity in kario- and cytokinesis
processes. According to our data, the murine embryos
at mitotic stage contain the minimum cytoplasm con-
centration of potassium. Consequently, this element loss
under the medium osmotic factor effect may signi-
ficantly affect cell cryoresistance. This is testified by
the research results [13, 14, 16], where the viability of
frozen-thawed murine embryos, isolated at interphase
stage was shown as significantly higher than those,
being at a mitotic stage.

In the third experimental session we have studied
the effect of a complete cryopreservation cycle by
vitrification on 2-cell murine embryo viability when
using EG as a penetrating cryoprotectant. Cryo-
preservation with the method of rapid freezing was
carried-out according to the papers [2, 3]. The
optimisation of some regimen parameters was
performed basing on the previous researches [5-7].
Time of embryo exposure in freezing medium was 45
sec and 1.5 min. Exposure time of 3 min was excluded
as a non-optimal one basing on the results obtained
during the second experimental session. Equilibration
time in 10% EG solution was reduced to 5 min. Step-
like cryoprotectant addition into cells before freezing
is one of the key approaches in rapid freezing regimens,
enabling to avoid the occurrence of sharp concentrated
differentials on cell membrane when contacting with
freezing medium [12, 19, 26, 27]. However as a rule
the equilibration time in cryoprotec-tant solution is
empirically selected. Basing on the previous research
on determining transport characte-ristics of murine
embryo plasmatic membranes we have demonstrated
that the saturation of 2-cell murine embryos with
ethylene glycol in its 10% solution occurs by 95-100%
within 3 min’s equilibration [5-7].

The Table 2 shows the results of estimation of the
level of morphological integrity and viability of frozen-
thawed 2-cell murine embryos.

Enhancing exposure time in ethylene glycol-sucrose
medium from 45 sec to 1.5 min does not result in a
visible decrease in the level of morphological integrity
of frozen-thawed 2-cell murine embryos but results in
a statistically significant reduction of their viability level.
The typical embryo injuries after cryopreservation were
cracks and ruptures in zona pellucida, blastomere lysis.
The contribution in these damages may be assumed
as resulted from by both osmotic and mechanical
factors, in particular, ice re-crystallisation processes,
occurring after devitrification at thawing stage. The
vitrification possibility of extra- and intracellular content
in the studied ethylene glycol-sucrose medium at the
freezing stage even with 5°C/min freezing rate has
been cryomicroscopically shown. An appearance of
crystallisation structure was noted at thawing stage
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Tabauna 2. BiausHue MoirHoro NUKiIa KpUOKOHCEPBUPOBAHUS METOIOM BUTPU(HKAIINHN B 3THIICHIIUKOIb-CaXapO3HOM
cpene (30% OI' u 0,7 M caxapo3sl) Ha MOP(OIOTHIECCKYIO COXPAHHOCTH M )KU3HECTIOCOOHOCTD 2-KIETOYHBIX

9M6pI/IOHOB MBIIITH

Table 2. Effect of a complete cryopreservation cycle with vitrification method in ethylene glycol-sucrose medium
(30% EG and 0.7 M sucrose) on morphological integrity and viability of 2-cell murine embryos

I'pymmsr
Groups

KoanuecTBO 5MOPUOHOB
Number of embryos

Bpewms skcnozunuu B
cpepe 3aMOPayKUBAHUSA,C
Exposure time in freezing

medium, sec

KoanuectBo
ACKOHCEPBHUPOBAHHBIX
3MOpPHOHOB 6e3
MOP(OAOTHIECKUAX
HapyIleHuu, % (n)
Number of frozen-thawed
embryos with no

KoanuecTBO 3MOPHUOHOB,
AOCTUTIIUX CTAaAUN
OnacTonucTe, % (n)
Number of embryos,

approaching blastocyst

morphological disorders, stage, % (n)
% (n)
I 98 45 78,6+13,1 (82) 74,4%3,6" (61)
I 74 90 73,1%7,2 (56) 554+7,6" (31)

Mpumeuanue: * —p < 0,05.
Notes: * — p <0.05.

VYBenudyeHne BPEMEHU IKCIO3UIIUH B DTHICH-
IJIMKOJIb-caxapo3Hoil cpene oT 45 ¢ mo 1,5 Mun He
IIPUBOJIUT K 3aMETHOMY CHH)KEHUIO YPOBHS MOp(]oII0-
THYECKON COXPAaHHOCTU IEKOHCEPBUPOBAHHBIX 2-KJIe-
TOYHBIX YMOPHOHOB MBIIIN, OJHAKO YPOBEHBH UX
YKU3HECTIOCOOHOCTH JOCTOBEPHO CHIDKACTCS. Xapak-
TEPHBIMH TTOBPESKICHUSIMHI YMOPHOHOB TIOCTIE KPHO-
KOHCEPBUPOBAHMS OBUTH TPEITUHBI U Pa3pBIBBI Zona
pellucida, nu3uc 6mactoMepoB. MOKHO TTPEATIONO-
KUTh, 9YTO BKJAJ B OTH MOBPEKICHUS HAPALY C
OCMOTHYECKHM (haKTOPOM MOTYT BHOCUTH MEXaHU-
Yyeckue PaKTopbl, B YACTHOCTH, ITPOIECCHI PEKPUCTA-
JU3aIUH b3, IMEIOIINE MECTO MOCIe IEBUTPH(H-
Kalli¥ Ha 3Tare oTorpesa. KproMuKpoCcKonmimuecKuMu
WICCIIEIOBAaHUSIMH [TOKa3aHa BO3MOKHOCTh BUTPU(UKA-
MU BHE- U BHYTPHUKIETOYHOTO COJEPKUMOTO B
HCCIIeyeMON ITUIICHIIIMKOIb-CaXapo3HOH cpesie Ha
JTarne 3aMOPAKUBAHUS JTaXKe IMPU CKOPOCTH 3aMopa-
skuBanust 5°C/muH. Ha atare ororpeBa oTMedanoch
MTOSIBJIEHNE KPUCTAIUTN3AMOHHOM CTPYKTYpHI [4]. He
HCKJTIOUEHO TaKXKe, YTO IPUIMHOU TPEIINH U Pa3pHIBOB
MOTYT CTaTh TEPMOMEXAHIYECKUE HAMIPSDKEHUS, BO3-
HUKAIOIINe B BUTPU(PUITUPOBAHHOMN (a3e mpH 0XJIaxK-
JICHUH WK HATPEBE.

BbiBoAbI

Takum 00pa3om, KPHOKOHCEPBHPOBAHHE METOAOM
BUTpU(UKAIINY B 3TWICHIIIMKOIb-CAXapO3HOH cpefe
MIO3BOJISIET COXPAHUTD KU3HEcIIocoOHBIME Oosee 70%
2-KIIETOYHBIX IMOPUOHOB MbIIIH. OCHOBHYIO OTBET-
CTBEHHOCTH 32 MOBpEXKJICHUE OIACTOMEPOB B ITOM
MPOIIEyPe HECYT DTAITbI KCIIO3UIIMH B CpeJie 3aMopa-
KUBaHUS U 3aMOpaKUBaHUS-0TTauBaHusl. CHIKEHUE
KHU3HECIIOCOOHOCTH MOPHOHOB C YBEIHMYEHHUEM
BPEMEHH DKCIIO3HUIINH B CPEJIC 3aMOPaKIBAHUS MOKET
OBITh CIEACTBHEM CEHCHOMIM3ALUU SMOPHUOHOB K
MOCTTUIIEPTOHUYECKOMY JIM3UCY B pe3yJbTare
JOTIOJTHUTEIBHOTO MOCTYIUICHUSI B HUX KPUOIPO-
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[4]. Thermomechanical tensions, occurring in vitrified
phase under cooling down or thawing are not excluded
as causing cracks and ruptures as well.

Conclusions

Thus, the vitrification procedure for cryopreser-
vation in ethylene glycol-sucrose medium enables to
preserve viable more than 70% of 2-cell murine
embryos. The principal responsibility for blastomere
damaging during this procedure belongs to stages of
exposure in freezing medium and freeze-thawing. A
decrease in embryo viability with exposure time
increase in freezing medium may result from embryos
sensibilization to a post-hypertonic lysis due to additio-
nal cryoprotectant entering into them and cell ion
homeostasis disorder under osmotic factor effect.

The character of embryo morphologic injuries after
a complete cryopreservation cycle testifies to a signi-
ficant contribution in cell damaging of mechanical
factors such as: ice re-crystallisation process at thaw-
ing stage and thermomechanical tensions in a sample.
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TEKTOpa M HAPYIICHHUS KIETOYHOTO HOHHOTO TOMEO-
cTasa Moj IeHCTBHEM 0CMOTHYECKOTO (haKTopa.

Xapaktep MOp(OIOTrHYEeCKUX HapyIICHHH M-
OpHOHOB MOCJE TMOJHOTO LHKJIA KPUOKOHCEPBHU-
POBaHUs CBUACTENBCTBYET O 3HAYUTEIILHOM BKIIAJIE B
MOBPEXICHUE KIETOK MEXaHUYECKUX (PAKTOPOB:
npolecca peKpUCTaUIM3alliy JIbia Ha 3Tare 0TOrpeBa
1 TEPMOMEXaHUYECKHUX HAPSHKEHUH B oOpasie.
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