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Pedrepat: Y poboTi npencTtaBneHo icTopito po3BUTKY i BMKOPUCTaAHHSI HWU3bKOTEMMEpaTypHUX EnNeKTPOHHO-MIKPOCKOMIYHMX Me-
TOAIB 3aMOPOXXYBaHHSI-CKOMIOBAHHS, 3aMOPOXYBaHHS-3aMIlLEHHs] Ta iHWKX B KPioGIionoriYHMX [OCHIMKEHHsX B IHCTUTYTI npobnem
kpiobionorii i kpiomegnuuHn HAH Ykpainu. [NpogemMoHCTpoBaHO MOXMMBOCTI AaHUX METOAIB Y BMBYEHHI MPOLECIB KPUCTanoyTBO-
PEHHSA B PO34MHaX KPiOMPOTEKTOPIB, KMNITUHHMX CYCMeH3isiX, TKAHWHaX 3a Pi3HUX YMOB 3aMOpOXyBaHHsS. HaBegeHO okpemi pesynsratu
aHanisy ynsTpacTpyKTypHMX 3MiH y BionoriyHux cuctemMax pi3HOro piBHS OopraHisalii, Ha pi3HUX eTanax OHTOreHe3y, nig Aier oxonoa-
XKEHHs1 B LUMPOKOMY Aiana3oHi Temnepatyp (Big 37 Ao —196°C). 3actocyBaHHs BUCOKOPO3AiNbHOIO efekTPOHHO-MIKPOCKONIYHOro MeToay
Yy NOEAHaHHI 3 AOMOMIKHUM TEXHIYHUM YCTaTKyBaHHSM i METOAUYHUMMK MPUAOMaMU LO3BONWUMO OTPUMATK BaknuBi ans kpiobionorii
pyHAaMeHTanbHi pesynbsratv Woao OpMyBaHHSA Ta nokanisauii kpuctanis nbody Y BHYTPILUHBbOKIITUHHOMY NPOCTOpI, Temnepary-
po3anexHoro nepeposnodiny TpaHcMembpaHHUX GinkiB, 3MiHW ynbLTPacTPYKTypU epuTpounTiB Ta iX MembpaH y npoueci rinotepmiy-
Horo 36epiraHHs.

Knro4yoBi cnoBa: eneKkTpoHHa MiKpOCKOMisi, 3aMOPO>KyBaHHSI-CKOIMIOBAHHS, 3aMOPOXYBaHHsA-3aMiLLeHHs, Kpiodikcauis, KpucTanoyT-
BOPEHHS, epuTpoLmTH, MembpaHa.

Abstract: The history of the development and use of low-temperature electron microscopic methods of freeze-fracture,
freeze-substitution and others in cryobiological research at the Institute for Problems of Cryobiology and Cryomedicine of the National
Academy of Sciences of Ukraine is presented in this article. These methods’ possibilities in studying the processes of crystal formation
in cryoprotectant solutions, cell suspensions, and tissues under various freezing conditions are demonstrated. Some results of the
analysis of ultrastructural changes in biological systems of various organization levels, at different stages of ontogenesis, under the
influence of cooling in a wide temperature range (from 37 to —196°C) are presented. The use of a high resolution electron micro-
scopic method in combination with an accessory technical equipment and some methodological techniques allowed to obtain funda-
mental results important for cryobiology on ice crystals formation and localization in the intracellular volume, the temperature-de-
pendent transmembrane proteins redistribution, changes in the ultrastructure of erythrocytes and their membranes during hypo-
thermic storage.

Key words: electron microscopy, freezing-fracture, freeze-substitution, cryofixation, crystal formation, erythrocytes, membrane.

BaxmBa ponb y cTaHOBJIEHHI Kpiobioyorii sk
HayKH, BHBYCHHI MeEXaHI3MiB KpPiOMOIIKOIKEHHS
01000’ €KTIB HAJEKUTh EJIEKTPOHHIA MIKPOCKOMIi.
Po3BUTOK 1 BIOCKOHAJICHHS EICKTPOHHO-MIKpPO-
CKOITIYHOI TEXHIKA 3HAYHOIO MIpOI0 BHU3HAYAETHCS
3aBIAaHHSMH, SKi BUPINIYIOTH HAYKOBIi, @ TAKOXK PO-
3pOOJICHHSAM HOBHX METOIIB ITIATOTOBKH Ta aHAIi3y
Oionoriunux o00’ektiB [23, 25]. IliaTBepkeHHAM
OMY CTaM YCIXH B Tamy3i (yHIaMEHTAIBHHUX
JOCHIUKEHb, OOCATHYTI 3aBASKH BIPOBAHKECHHIO
METOAY KpIiOCNIeKTPOHHOI Mikpockomii. bararo B
YoMy BOHH TIOB’si3aHi 3 po3poOKoio 1 Moauikariero
MeTony Kpiodikcanii, sKuid J03BOJISIE OTPUMATH TOH-
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Electron microscopy plays a crucial role in the
development of cryobiology as a science and in
studying the mechanisms of cryoinjury of biological
specimens. The development and improvement of
electron microscopy technique is largely determi-
ned by the tasks to be solved by scientists, as well
as the development of new methods of managing
and analysis of biological objects [7, 12]. This has
been evidenced by the progress made in the field
of basic research through the introduction of cryo-
electron microscopy. They are mainly related to
the development and modification of the cryo-

fixation method, which allows the obtaining of a
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KA amopdHUIl BiTpU]IKOBaHUI MIap JNbOLY, IO
MICTUTh 0i0MaKpOMOJEKYJIH MPAKTUYHO B IXHBOMY
npuponHoMy cepenosuii. [loegHanHs Metony mia-
TOTOBKHA 01000’€KTiB, BHCOKOPO3ITHHOI €JICKTPOH-
HOT MIKPOCKOIIi Ta KOMII FOTEPHOTO aHajizy 300-
paxeHnb i3 3D-MoIeMIOBaHHSAM TO3BOJIHIIO 3POOUTH
PN BaXIMBUX HAYKOBUX BINKPUTTIB MPHU TOCIIJ-
JKEHHI CTPYKTypH OiOMOJEKyN, BipycCiB Ta I1HIIHX
GioyoriyHUX MiKpo00’€kTiB [2, 19].

[lepeBakHa OiINMBIIICTH MPOLELYP, MOB’A3aHUX 13
3aMOpOKYBaHHSAM O10JIOT1YHOrO Marepiany, BUKIU-
KalOTh KPUCTAIOYTBOPEHHS. Y 3B 513Ky 3 IUM OTHUMHU
13 TepIIOYEeproBUX 3aBOaHb KpioOioyorii € BIOCKO-
HaJICHHS TEXHOJIOTil KPiOKOHCEPBYBAaHHS ISl MiHi-
Mizanii 00’eMy KpucTaimiuHoi (as3u, ympaBIiHHS
MPOIECaMU KPUCTAIOYTBOPEHHS, a TAKO)K BUBUECHHS
MEXaHi3My B3a€MOJii KPUCTATIB JHOAY 3 OiloJoriv-
HUMH 00’ €KTaMHU.

Y 70-80-Ti poKM MHHYJIOTO CTOJITTS TaKi Bi-
momi BueHi sk E. Asahina J. Farrant, S. Fujikawa,
A.P. MacKenzie, T. Nei, A. Stachelin Ta iH. BuKO-
HaJIM 3HAUHY KUIBKICTh POOIT, MOB’SA3aHUX i3 AOC-
JHKEHHSIM ~ KPUCTAJIOYTBOPEHHS 32 JOTIOMOTOIO
€JIEKTPOHHO-MIKPOCKOIIIYHAX METONIB 3aMOPOXKY-
BaHHS-CKOJIIOBAHHS, 3aMOPOXXYBaHHS-3aMilICHHS,
3aMOpOKYBaHHS-BUCYIIYBaHHsS, IO CTajo0 Baro-
MHUM BHECKOM y KpioOionorito [18, 22, 24, 28, 29,
33].

B InctutyTi mpobiaem kpiobGiosiorii 1 kpioMemn-
muan HAH Vkpaian (ITIKiK HAH VYkpaian) enex-
TPOHHA MIKPOCKOITiSI 3HAWINUIA IIAPOKE 3aCTOCY-
BaHHA 1 BUKOPHUCTOBYETHCS 3 IEPIIMX POKIB HOTO
3acHyBanHs (1972 p.). Ilpm 1mpoMmy mpHHHATI B
CBITOBil MpPAaKTUIi €JIEKTPOHHO-MiKPOCKOMIYHI Me-
TOAU IIATOTOBKH OI10JIOTTYHHX O0’€KTIB, SIKI BHKO-
PHUCTOBYIOTH XiMiuHY (ikcarito, He 3aBkau 3a0e3-
TICYYIOTh BUPIMICHHS TOCTaBICHHUX 3aBaaHb [32]. Lle
CIOHYKaJIO HayKOBIIB 10 pO3pOOJIEHHS HOBHX Me-
TOOUYHHUX MIAXOAIB, MOB’A3aHUX 13 MIEI0 XOJIO-
Iy Ha O10JIOTI9HI 00’€KTH, IONIYKY ONTHMAIbHHX
peXUMIB X OXOJOMKCHHS Ta aHaji3y IpoIeciB
kpuctamoyTBopeHHs. Y 70-80-ti poku cmiBpoOiT-
HUKH 1HCTUTYTY Ta TOCITITHOTO KOHCTPYKTOPCHKOTO
oropo mpu IITIKiK HAH VYkpainu chiasHO 3 ¢axiB-
IIIMHA 3aBOJY EJIEKTPOHHHUX MiKpockomiB «SELMIDy,
(M. Cymu, VYkpaiHa) po3poOwim i MomudikyBaiu
MpUiIaad, SKi Ha TOW Yac 3a CBOIMH TEXHIYHHMU
MOXJTUBOCTSIMH ICTOTHO HE IMOCTYMAIHCS 3pa3Kam
3apyOiKHHUX (ipM 1 [O3BOJISUIM OTPUMYBaTH 300pa-
JKEHHS 3 BHCOKOIO PO3IIIBHOIO 3/1aTHICTIO, a TaKOX
NPOBOAUTH MOP(QOMETPUYHHUI aHaJi3 YABTPACTPYyK-
TYpH KJIITHH Ta TXHiX MemOpan [10, 12].

OpHuM 13 HaHOUIBIN 1H(OPMATUBHUX HHU3BKO-
TEMITEpaTypPHUX METOJIB €JICKTPOHHOI MIKpPOCKOTIl
€ 3aMOpOKYBaHHS-CKOJIIOBAaHHS, SIKUI 3aCHOBAHO Ha

thin amorphous vitrified layer of ice containing
biomacromolecules almost in their natural environ-
ment. The combination of biological sample prepa-
ration, high-resolution electron microscopy and com-
puter image analysis with 3D modeling has made
a number of important scientific discoveries when
investigating the structure of biomolecules, viruses
and other biological microobjects [4, 9].

The vast majority of procedures involving the
freezing of biological material causes crystal forma-
tion. Therefore, one of the priority tasks of cryobio-
logy is to improve cryopreservation technique to
minimize the crystalline phase volume, to control
the crystal formation, as well as to study the mecha-
nism of interaction of ice crystals with biological
objects.

In the 70-80s of the last century, such famous
scientists as E. Asahina J. Farrant, S. Fujikawa,
A.P. MacKenzie, T. Nei, A. Staehelin, et al., perfor-
med numerous studies related to the examining the
crystal formation using electron microscopy tech-
niques of freeze-fracture, freeze-substitution, free-
zing drying, which have greatly contributed to
cryobiology [2, 6, 8, 18, 20, 30].

Electron microscopy has been widely used at
the Institute for Problems of Cryobiology and Cryo-
medicine of the National Academy of Sciences of
Ukraine (IPC&C) and has been exploited since the
first years of its foundation (1972). At the same time,
the electron microscopic methods of preparing the
biological specimens that use chemical fixation,
accepted in the world practice, did not always
solve the tasks set [29]. This prompted scientists to
develop new methodological approaches related to
the effects of cold on biological objects, finding the
optimal modes of their cooling and analysis of crystal
formation. In the 70s and 80s, the IPC&C and its
Special Constructing and Designing Bureau staff
jointly with specialists from the electron microscope
plant SELMI (Sumy, Ukraine) developed and modi-
fied devices, which at that time were compatible
with those of foreign companies and made it possible
to obtain the images with high resolution, as well
as to perform morphometric analysis of the ultra-
structure of cells and their membranes [22, 26].

One of the most informative low-temperature
methods of electron microscopy is freeze-fracture,
which is based on the physical method of fixing the
bioobject, i. e. cryofixation state, enabling in hund-
reds of thousands of seconds to freeze the sample
to nitrogen temperatures [27]. This approach pro-
ved to be effective for fixing and studying transient
processes in cells, their membranes, as well as for
the dynamics of extracellular and intracellular crys-
tal formation at different stages of low-temperature
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Puc. 1. XapakTep kpucTanisauii B 20%-My BOAHOMY PO34UMHIi MMiLlepyHY, OXONOMKeHOMY 3i wemnakicTio 2 x 103 rpaa/xs (A)

i 5% 10% rpag /x8 (B).

Fig. 1. Crystallization in 20% glycerol aqueous solution cooled at a rate of 2 x 10 deg/min (A) and 5 x 10* deg/min (B).

¢biznuHOMy croco0i (ikcamii crany 01000°ekTa —
Kpiodikcarlii, o J03BOJISIE 3a COTI-THCSYHI YacT-
KM CEKyHIIM 3aMOPO3HUTH 3Pa30K IO a30THUX TeM-
neparyp [13]. Janwuii miaxiz BUSBHBCS €()EeKTUBHUM
st (ikcarlii Ta BHBYCHHS INBUAKOIUIMHHUX IPO-
IeciB y KIIITHHAX, iXHIX MeMOpaHax, a TaKoX IS
JOCII/DKEHHS JUHAMIKK T103a- Ta BHYTPIIIHBO-
KIIITHHHOTO KPHUCTaJIOyTBOPEHHS HAa Pi3HUX eTarax
HU3BKOTEMIIEPATYpHOTO KOHcepByBaHHA [4, 11]. 3a
JIOTIOMOT0I0 LIBOTO METOIY Ha PO3pOOJICHOMY HaMH
NOpUCTPOi I CKOJIIOBAHHS OlONOTiYHMX 00’ €KTiB
y BakyymMi Ha 0a3i NPOMHCIOBOTO MpHIaLy
BVII-2K, (SELMI) [13] Oymo AOCIiMKEHO MPOIIEC
KpUCTaji3amii TiCIsl  3aMOpPOXKYBaHHS PO3YHMHIB
JESKUX KpPIioMpOTeKTOpiB (prc. 1) 1 KIITHHHUX CycC-
rieH3iit (puc. 2). IlokazaHo, 1o 3a MIBUIKOTO 3aMOpPO-
JKyBaHHS BIZOyBacThCS HEOMHOpiAHA Jedopmartis
TTOBEPXHI KIITHH KPUCTAJAMHU ITO3AKITITHHHOTO JILOIY

RBC
RBC

preservation [23, 35]. Using this method with
the developed by us equipment for fracturing of
biological specimens in vacuum, based on an in-
dustrial device VUP-2K (SELMI), the crystallization
after freezing the solutions of some cryoprotectants
(Fig. 1) and cell suspensions (Fig. 2) was investiga-
ted [27]. Non-uniform deformation of the cell surface
by extracellular ice crystals resulted from the re-
duced ratio of the width of the ‘channel’ of the eutectic
to the cell size was shown to occur at rapid freezing
(Fig. 2). Taking into account this effect, the concept
of cell damage during rapid freezing was propo-
sed [33].

For the first time ever, we investigated the re-
crystallization of extracellular and intracellular ice
and dehydration of human erythrocytes at the stage
of temperature arrest (—20... —30°C) under the two-
stage freezing mode (Fig. 3) [24].

RBC

Puc. 2. XapakTep KpucTanisauii B CycrneHsii epuTpouuTiB, 3aMOpoXeHuX 3i WweuakicTio 2 x 10% rpag/xB y NpUCYTHOCTI
20%-ro po34mnHy miuepury (A). Jedopmaduia nosepxHi eputpountis (RBC) kpuctanamu nosaknituHHoro neogy (B).

Fig. 2. Crystallization in suspension of red blood cells frozen at a rate of 2 x 10% deg/min in the presence of 20%
glycerol solution (A). Deformation of red blood cell (RBC) surface by extracellular ice crystals (B).
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B pE3yJbTaTi 3MEHIICHHS CIiBBiAHOIICHHS IIUPUHH
«KaHaIy» E€BTEKTHKH N0 pO3Mipy KIiTHHHU (puc. 2).
3 ypaxyBaHHSAM LBOTO e(eKTy Oyna 3ampornoHOBa-
Ha KOHIIEMIIisl TOUIKOMKEHHS KJIITHH 32 YMOB BHKO-
PUCTaHHS MIBUIKOTO PEKUMY 3aMOPOXKYyBaHHS [ 16].

MeTomoM 3aMOpOKYBaHHS-CKOJTIOBAHHSI MU BIIEP-
e y CBiTI AOCHITWIN TPOIECH pPEeKpHCTai3alii
1mo3a- 1 BHYTPIIIHBOKJIITHHHOTO JLOMY Ta 3HEBO/I-
HEHHSI CPUTPOITUTIB JIIOAMHY Ha €TaIll TeMIIepaTyp-
Hoi 3ymuHku (—20...—30°C) 3a HBOCTYIIHYACTOTO
pexkumy 3amopokyBanHs (puc. 3) [30].

Ha ocnosi po3po6nenoi B IIIKiK HAH VYkpainu
TeopeTU4Hoi Mozeni Oyno 3amponoHOBAaHO METO[
OLIHKM YHUCENbHUX 3HaueHb KoedilieHTa QinpTpa-
i KIITHHHUX MEMOpaH Ui BOAM MPU HETaTUBHHUX
TeMIIepaTypax 13 ypaxyBaHHSIM eKCIIEPHMEHTaJIb-
HUX 3HAYEHb Yacy «PO3YMHEHHS» KPHCTAJiB BHY-
TPIMTHBOKIITAHHOTO JIhOAY 1 3HEBOMHEHHS KIIITHH.
JIsi epUTpOIMTIB JIONWHU IIeH Koe(imieHT CKiIaB

A

InC
EC

Based on the theoretical model developed at
IPC&C NAS of Ukraine, a method was propo-
sed to estimate the numerical values of the filt-
ration coefficient of cell membranes for water at nega-
tive temperatures, taking into account the experimen-
tal values of ‘dissolution’ time of intracellular ice crys-
tals and cell dehydration. For human red blood cells
this coefficient was 0.5 x 10" m® N''s! [10, 24]
and for red blood cells of hibernating ground
squirrel — 10 m® N-1s! [10, 24].

The freeze-fracture method has been widely used
in many electron microscopy laboratories around
the world to study the ultrastructure of cells and
their membranes [8, 18, 20]. For cryobiology, the exa-
mining of temperature-dependent structural chan-
ges in biological membranes is important. We
have shown that the redistribution of intramemb-
rane particles (IMP), formed by transmembrane
proteins, is largely determined by the cell cytoske-

InC

EC

Puc. 3. Po3nogin kpucTtaniB BHYTPILHBbOKMNITUHHOIO NbOAY B epUTpoOLMUTax MOOUHM Ha eTani TeMnepaTypHOi 3YNMUHKK
(=20°C; 10 xB) 3a OBOCTYMIHYACTOro peXxMMy 3aMOPOXYBaHHS (A) Ta B epUTpoLMTax, 3aMOPOXEHUX 3a OQHOETarnHo Npo-
rpamoto 3i Wwenakictio 4-5 tuc rpag/xs (B). INC — BHYTPiLWHLOKNITUHHI KpucTanu; EC — no3akniTuHHI Kpuctanu.

Fig. 3. Distribution of intracellular ice crystals in human red blood cells at the stage of temperature arrest (—20°C;
10 min) under two-stage freezing mode (A) and in red blood cells frozen with a one-stage program at a rate of 4-5 thou-
sand deg/min (B). InC — intracellular crystals; EC — extracellular crystals.

0,5 x 10" »m* H''¢c!' [3, 30], a a1 epUTPOIMTIB
X0Bpaxa y craHi rideprarnii — 1071 m* H-'c![30].

MeTo/1 3aMOpOXKYBaHHSI-CKOJTIOBAHHSI IMUPOKO 3aC-
TOCOBYBaBCS B 0ararboxX eJIEKTPOHHO-MIKPOCKO-
MYHAX JIA00OpaTOPisAX CBITY IJIs BUBUCHHS YJBTpa-
CTPYKTYpH KJIITHH Ta ixHiX MeMmOpan [24, 28, 29].
st kpioGioJiorii  BaXKJIMBOTO 3HAUYCHHS HaOyBae
JOCII/PKEHHS TEMITePaTypO3aIeKHUX CTPYKTYPHHUX
nepeOymoB y OiosmoriyHumx MemOpaHax. Mwu moka-
3a]M, L0 MEePepo3NOAil BHYTPILIHBOMEMOpPaHHUX
gactTuHOK (BMY), siki yTBOPIOIOTBCS TpaHCMEMO-
paHHUMH OiNKaM{, 3HAYHOK) MIPOH BU3HAYAETHCS
CTaHOM IIMTOCKEJIETa KJIITHH 1 3aJICKUTh BiJl TEMIIC-
parypu (puc. 4, 5) [12, 31].

leton state and depends on temperature (Fig. 4, 5)
[25, 26].

In 1986, at the IPC&C NAS of Ukraine on the base
of SCDB with experimental unit there was developed
and manufactured an equipment for the implemen-
tation of electron microscopic method of ice replace-
ment in a frozen state (freeze-substitution), capable of
visualization of the shape and location of ice crystals
formed in cells and tissues under low temperature
exposure. Fig. 6 represents a typical picture of the
distribution of ice crystals in liver cells [14].

In recent decades, the practice of low-tem-
perature preservation of biological specimens has
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Puc. 4. BigmiHHICTb B MOPMOMOriyHiA KapTUHi NOBEpPXHi
CKOMtoBaHHA Membpanu epuTpoumTa (A) Ta ninigHoi (6es-
6inkoBoi) Be3nkynu (B), siky BUSIBNEHO 3a 4OMOMOrol Me-
TOOY 3aMOpOXYBaHHSA-CKOMOBaHHsA. PF — BHyTpiWwHA npu-
nerna Ao uUMTONNasMu NOBepxHS MeMbpaHu eputpouuTa
(inner membrane surface adjacent to the cytoplasm) 3 xa-
pPaKTEPHMM pPO3MOoAiNoM TpaHCcMeMbpaHHuX GinkiB i rmaa-
Ka NoBepxHs NinigHoT Be3uKynu (*), ska He MIiCTUTb YacTu-
HoK. ES — 30BHiWHA noBepxHsA epuTpounTta (extracellular
surface).

Fig. 4. Difference in morphology of fracturing surface
of red blood cell membrane (A) and lipid (protein-
free) vesicle (B), detected using the freeze-fracture me-
thod. PF is the inner membrane adjacent to cytoplasm
with a characteristic distribution of transmembrane pro-
teins and a smooth, lipid-free surface of lipid vesicle (*).
ES — outer surface of red blood cell (extracellular sur-
face).

VY 1986 p. B ITIKiK HAH Vkpainu Ha 6a3i CKTh
3 JIOCIHIJHAM BHUPOOHUIITBOM PpO3pOOJIEHO 1 BHIO-
TOBJICHO amaparypy JJjisi peaji3allii eJeKTpOHHO-
MIKpPOCKOIIIYHOTO METOAy 3aMillleHHsA JbOOy B 3a-
MOpPOXXCHOMY CTaHi, 3a JOIIOMOTOIO SIKOTO YNaloCs
BizyanizyBatu GopMy i JIOKaJi3alilo KPUCTAIB JbO-
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successfully used ‘vitrification solutions’, which
avoid crystallization by reducing the freezing point
when using mixtures of cryoprotectants of high
concentrations. As the temperature decreases, the
liquid solution becomes more viscous and at a
relatively low temperature and high concentration
of substance solidifies in the vitreous state. A similar
result, i. e. vitrification state can be obtained by ultra-
rapid cooling, which is realized, as a rule, for thin
films and micro-objects.

The described method has been widely applied in
development and implementation in clinical practice
of cryopreservation of human and animal repro-
ductive cells, for which the preservation of ultra-
structure and genetic apparatus is extremely impor-
tant (Fig. 7) [5, 21].

The combined use of scanning and transmission
electron microscopies has allowed a comprehensive
investigation of the effect of protective media of
different composition, ionic strength and pH values
on structure and functions of biological samples of

.-‘-' . "1 Y e v g

Puc. 5. BigmiHHocTi B ynbTpacTpykTtypi PF-noBepxoHb
MeMOGpaH epuTPOLINTIB XOBpaxa B CTaHi rMunbokoi ribepHauii
(TemnepaTtypa Tina 4°C) 3a kpiodikcauii 3pa3kiB KpoBi Bif
4°C (A) Ta Big 20°C (B).

Fig. 5. Differences in ultrastructure of PF surfaces of ground
squirrel red bood cell membranes in deep hibernation
state (body temperature 4°C) with cryofixation of blood
samples from 4°C (A) and from 20°C (B).

7
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Iy, 110 (POPMYIOTECS B KIIITHHAX 1 TKAHWHAX 32 HU3b-
KoTeMIeparypHoro BiuBy. Ha puc. 6 mpeacras-
JICHO THUIOBY KAapTHHY PO3MOALUTY KPUCTANIB JIHOITY
B KJIITHHAX TIEYiHKH [5].

B ocTanHi ACCATHIITTS B TPAKTHIN HU3BKOTEM-
MEPaTypHOro KOHCEPBYBaHHS OlOJOTIYHHUX 00’ €KTIB
YCHIIIHO 3aCTOCOBYIOTHCSA «BITPH(IKYBaJIbHI PO3-
YUHWY, AKi JO3BOJIIIOTh YHUKHYTH KpHCTaji3amii 3a
PaxyHOK 3HIDKCHHS TOYKH 3aMep3aHHs MijJ Yac BU-
KOPHCTaHHS CyMillleli KpiOIIPOTEKTOPIB 13 BHCOKOIO
KOHIEHTpALi€0. 3a yMOB 3HIKCHHS TeMIeparypH
piakuil po3unH crae OuUTbII B’SI3KUM 1 MPH JOCUTH
HU3BKIH TemrepaTrypi Ta BUCOKIH KOHLEHTpamii pe-
YOBMHHU TBEPJHE B CKJIONOAIOHOMY cCTaHi. AHAIO-
FYHUAN pe3yabTaT — CTaH BiTpHdikallii — MOXHA
OTPUMATH 3a PaxyHOK HAAIIBUAKOTO OXOJIOKEHHS,
SIKE peaizyeThCsl, K MPaBUIIO, JJIST TOHKUX IUTIBOK
1 MiKpOOO’€KTIB.

OrnricaHnii METOJT 3HAWIIIOB IIHPOKE 3aCTOCYBaH-
Hs B PO3pO0JICHHI Ta BIPOBAHKECHHI B KJIIHIYHY IpaK-
TUKY KPIOKOHCEPBYBAaHHS PEIPONYKTUBHHUX KIITHH
JIIOIMHY 1 TBapUH, JUIA SKUX HAJ3BUYAHHO BAXKJIUBE
30epekeHHS YIBTPACTPYKTYpH Ta T€HETUYHOTO ara-
pary (puc. 7) [9, 20].

CriiibHe BUKOPUCTAHHSI PAacTPOBOi 1 TpaHCMicCii-
HOI eJIEKTPOHHOI MIKPOCKOMIi J03BOJIMIIO MPOBECTH
KOMIUIEKCHE JTOCIIJDKEHHS BIUIMBY 3aXHUCHHX Cepe-
JIOBUII] PI3HOTO CKJIaay, iI0HHOI CHIIM 1 3Ha4eHb pH
Ha CTPYKTYpHO-()YHKIIIOHANBHUN CTaH O10JIOTIYHHX
00’€KTIB PI3HOTO PIBHsI OpraHizallii (KIIITHHA-OpTaH)
[14, 21]. BcTanoBieHo, 10 ¢1ab0eIEKTPOIIITHI cepe-
JIOBUINA 13 3HIDKCHUM 3HadeHHSM pH 3abe3neuyroTh
BHCOKHH PiBEHB 30€pEKECHHS YIBTPACTPYKTYPH 1 MaK-
poepriB KmiTuH. 30KpeMa, pe3ylbTaTH MOAETIOBaH-
HSl YMOB TiNOTepMiduHOrO 30epiraHHsi €pUTPOLIUTIB

0,3 um

Puc. 6. Posnogin kpucranis nbogy B f4pi renatouuTa
wypa. OxonomxeHHs go —180°C. Meton 3amopoXyBaH-
HS-3aMiLLIEHHS.

Fig. 6. Distribution of ice crystals in nucleus of rat
hepatocytes. Cooling to —180°C. Freeze-substitution.

different levels of organization (cell-organ) [11,
28]. Low-electrolyte media with low pH was found
to provide a high rate of preservation of ultra-
structure and macroergs of cells. In particular, the
results of modeling the conditions of hypothermic
storage of red blood cells showed that morpho-
logical changes (cell size and shape, formation
of membrane vesicles, state of glycocalyx, partial
loss and aggregation of transmembrane proteins)
were directly related to ultrastructural organization
of membrane-cytoskeletal complex (Fig. 8) [25,
28].

The results of studying the ultrastructure of
cells, their organelles after exposure to low tempera-
tures, hypothermia and hypobiosis have greatly
contributed to understanding the nature of adap-

0,1 um

Puc. 7. 36epexeHHs ynbTpacTpykTypu ronisku (A) i xBocta (B) cnepmaTtosoiga nogmHu nicnsi KpiokoOHCEpPBYBAHHST METO-

OoM BiTpudikalii.

Fig. 7. Preserved ultrastructure of human spermatozoa head (A) and tail (B) after cryopreservation by vitrification.
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Puc. 8. MopdonoriyHui ctaH eputpoumTie nicns 7 i rinotepmivyHoro 36epiraHHs B enekTponiTHux, pH 5,4 (A) i Heenek-
TponiTHux, pH 8,6 (B) cepegosuwax. [lerpagauis ynstpacTpykTypu rnikokanikcy mem6paHn eputpouutis go 10—14-i gobu
36epiraHHs (C) B cepenoBuLi 3 HenTpanbHuM pH. TemHi cTpinku — doparmeHTy rmikokanikcy; M — membpaHa eputpouuTa.
dikcauis pyTEHIEM YEPBOHUM.

Fig. 8. Morphology of erythrocytes after 7 days of hypothermic storage in electrolytic, pH 5.4 (A) and non-electrolytic,

pH 8.6 (B) media. Degradation of ultrastructure of the glycocalyx of red blood cell membranes by days 10-14 of storage
(C) in a medium with neutral pH. Dark arrows — fragments of the glycocalyx; M — red blood cell membrane. Fixation with

ruthenium red.

MoKa3aiu, mo Mopgoorivyni 3MiHu (po3Mip i dop-
Ma KJIiTHH, YTBOPCHHS MEMOpaHHUX BE3WKYI, CTaH
IJTIKOKAJIKCY, YaCTKOBAa BTpaTa Ta arperaris TpaHC-
MeMOpaHHHX OiNKiB) Oe3mocepeHbO IOB’s3aHI 3
YIBTPACTPYKTYPHOIO OpraHi3alliero MeMOpaHO-IUTO-
CKeJIETHOTO KoMIuTekcy (puc. 8) [14, 31].

Pesynbratu TOCiKEHHS. YABTPACTPYKTYPH KITi-
THH, IXHIX OpraHel Micis Jii HU3bKHX TEMIIeparyp
B YMOBAXx TIMOTEpMii Ta Tino0i03y BHECIH iICTOTHHMA
BKJIAJ B YSABJIEHHS IPO XapakTep ajamnTarii Ta pe-
reHeparii KIITHHHUX 1 CYOKIITHHHUX CTPYKTYp, a
TakoX y BUBUYCHHS MEXaHi3MiB TepMoperysii [1,
6, 8]. 3a 1OMOMOTOI0 KJIIACHYHUX METO/IB €IEKTPOH-
Hoi mikpockomii B IITKiK HAH VYkpainu BuB4YeHO
CTPYKTYPHO-(YHKIIOHAJIEHI 3MiHH B O10JOTiYHHX
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tation and regeneration of cellular and subcel-
lular structures, as well as discovering the mecha-
nisms of thermoregulation [3, 15, 19]. Using
classical methods of electron microscopy at the
IPC&C the structural and functional changes in
biological systems of different levels of organi-
zation and at various stages of ontogenesis after
cooling at temperatures from 37 to —196°C were
studied. Many publications of the [P&C team are
devoted to investigation of morphological para-
meters of biological objects (blood cells, bone
marrow, reproductive tissues, efc.) after in vitro
cold and low-temperature preservation. Important
attention is paid to changes in the ultrastructure
of individual compartments of cells, the degree

*
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Puc. 9. YnbtpacTpykTypa i xapaktep posnoginy HaHodacTuHok Fe,O, y cepeposuiax pisHoro cknagy nicns 10-xeu-
NNHHOI 0BpobKM ynbTPa3BYyKOM i BUCYLLYBaHHS Ha ¢opmBapoBii nigknagui (A); YyTBOPEHHSI HaBKONMO HaHOYaCTWHOK

TOHKOI 060M0HKK (CTpinkn) (B).

Fig. 9. Ultrastructure and nature of distribution of Fe,O, nanoparticles in media of different composition after
10-min sonication and drying on a molding substrate (A); formation of a thin shell around the nanoparticles (arrows) (B).

cUCTeMax PI3HOTO PiBHS Oprasizamii Ta Ha Pi3HHX
eTarax OHTOT'€He3y IiCIsI OXOJIO/PKEHHS 3a TeMIiepa-
Typu Bix 37 mo —196°C. bararo po6it yuenux ITTKiK
HAH VYkpainu npucBsU€HO MOCITIIKEHHIO MOpQo-
JIOTIYHMX MMOKA3HUKIB 010I0riYHUX 00’ €KTiB (KIITHH
KpOBi, KICTKOBOTO MO3KY, PETPOIYKTUBHUX TKAHWUH
Ta iH.) MMCHA Jii XOJIOMy in Vitro Ta HU3BKOTEMIIEpa-
TYpHOTO KOHCEpBYBaHHs. BaxnuBa yBara mpumi-
JISIETHCS. BUBYCHHIO 3MiH YJIBTPACTPYKTYPH OKPEMHX
KOMIApTMEHTIB KJITHH, CTYIEHS Ta 3BOPOTHOCTI
MPOIECiB IXHBOTO TOIIKOMXEHHS MiJ Yac po3poO-
JICHHS METOJIIB 1 TEXHOJOTI JOBrOCTPOKOBOTO 30€-
piranns [9, 16, 20, 35].

3acTocyBaHHS €JIEKTPOHHOI MIKPOCKOMIi B J0C-
JIPKEHHI eJIEMEHTIB remMaroeHiedaniuaoro 0ap’epa
(I'EB) oxomomKkeHoro MO3KY J03BOJIHUIO BCTAHOBUTH
CTPYKTYPHI MEXaHI3MH IIBHIIECHHS HOTO MPOHHUK-
HOCTI JUII TEPMOKOMIIETCHTHUX HeHpoMeaiaTopiB
3a paxyHOK aKTHBAIlii MPOIECIB IMIHOIUTO3Y Ta pe-
LENTOP-1HAYKOBAaHOTO TpaHCUMTO3y. BusBieHo, 110
VABTPACTPYKTYPHI TIepeOyI0BU €HIOTENIOUUTIB KPO-
BOHOCHHMX KaliJIsIpiB MalOTh Pi3HY CIPSAMOBAHICTb
1 BiOMOBiAalOTh pi3HUM piBHAM npoHUKHOCTI ['EB.
Pesynbratin paxraabHOTO aHai3y €NEKTPOHHO-Mi-
KPOCKOITIYHUX 300paKeHb KOpW 1 TimorajgaMmyca
mokazanu, 1mo enemeHTd ['Eb 3a mepiogudamX XO-
JIOMOBUX BIUTMBIB HA OpPraHi3M TBapWH HHU3BKOIO
nozutuBHOIO (10°C) 1 HagEW3BKOIO (—120°C) Temrte-
parypaMud MaloTh Pi3HI CTPYKTYpHO-(DYyHKI[IOHAJIb-
Hi OCOOJMBOCTI pearyBaHHS, SKi 3HAYYIIE BHSIB-
JIIFOTBCS 33 TMOKa3HUKaMHU (DpakTalbHOI PO3MIPHOCTI
(GyHKIIOHANBEHOI TeoMeTpil CTPYKTyp TOJOBHOTO
MO3Ky [1, 8].

EnextpoHHa MIKpOCKOIisSi — MpPaKkTHYHO €au-
HUI MeToA ofep>kKaHHS OfHO3Ha4HOI iH(popMalii He
JIMILIE PO PO3MOZLT 1 JIOKaJIi3alilo HAHOYACTUHOK Y

and reversibility of their damage when developing
the methods and technologies for long-term storage
[5, 21, 33, 34].

The use of electron microscopy in the study
of elements of the blood-brain barrier (BBB) of
cooled brain has established structural mechanisms
to increase its permeability to thermocompe-
tent neurotransmitters by activating the pinocytosis
and receptor-induced transcytosis. Ultrastructural
rearrangements of endothelial cells of blood capil-
laries was found to have different orientation and
to correspond to different levels of BBB perme-
ability. The results of fractal analysis of electron
microscopic images of the cortex and hypotha-
lamus showed that the elements of BBB under
periodic cold exposure to low positive (10°C) and
ultralow (—120°C) temperatures had different struc-
tural and functional features of the response, which
were significantly detected by indices of the frac-
tal dimension of the functional geometry of brain
structures [3, 19].

Electron microscopy is virtually the only method
of obtaining unambiguous information not just about
the distribution and localization of nanoparticles
in the intracellular volume, but also about the me-
chanism of their penetration into a cell [1, 16, 17].
The main physical index of nanoscale objects is the
high ratio of surface area to volume, which ensures
their reactivity [16, 31, 32]. Biocompatibility and
ability to penetrate a cell are the main criteria for the
effectiveness of using the nanoparticles for biolo-
gical and medical purposes [13, 16]. In our studies,
the addition of fetal bovine serum to the equilib-
ration medium was shown to contribute to the forma-
tion of a thin shell (4-5 nm) around the nanopar-
ticles, which increased biocompatibility (Fig. 9).
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BHYTPIIIHBOKIITHHHOMY 00’ €Mi, ajie i po MexaHi3M
ix mpoHukHeHHs B kiitTuny [7, 17, 27]. OcHOBHUM
(GI3MYHUM  TIOKa3HUKOM HAaHOPO3MIpHHUX 00 €KTiB
€ BHCOKE BIJIHOIIICHHS TUIOII IMOBEPXHI 0 00’ €My,
10 came 1 3a0e3redye iXHIO peakiiHy 30aTHICTh [7,
15, 34]. biocymicHICTb 1 3MaTHICTh TPOHUKATH B KJIi-
THHY — II¢ OCHOBHI KpHTepii e(eKTUBHOCTI 3aCTO-
CYBaHHS HAHOYACTUHOK Y OIOJIOTIYHHMX 1 MEIUYHHX
X [7, 26]. YV Hammx g0CTiHKeHASX OyIIo TToKa3a-
HO, 110 JOaBaHHs eMOPiOHANBHOI TEJISYO0i CUpoBar-
KH B CEpElIOBHILE eKBLTIOpaLii CIIPUsIO YTBOPEHHIO
TOHKOi 00OJOHKH (4—5 HM) HaBKOJIO HAHOYACTHHOK,
sIKa caMe 1 miiBuIyBajna 0iocyMicHICTh (puc. 9).

TakuM 4rHOM, HaBeEHI B pOOOTI OKpeMi pe3yiib-
TaTy aHaNi3y YABTPACTPYKTYPHHUX 3MiH y Oiomoriv-
HUX CHCTEMax PI3HOTO piBHS OpraHizallii Imij Ji€ro
OXOJIODKCHHS B ITUPOKOMY JIialla30Hi TeMIIepaTyp,
naHi momo (GOopMyBaHHS Ta JIOKami3allii KpUCTaTiB
IOy Y BHYTPIITHBOKIITHHHOMY IIPOCTOpPI, Xapak-
Tep B3a€MOIIi KPUCTANIB 3 KIITHHHOIO MOBEPXHEIO,
TEMIIEPaTyPO3aJIeKHOTO MEePEPO3NOALITY TPaHCMEM-
OpaHHUX OLIKIB Ta iH., sIKi OyaH ofep:kaHi BYSHUMH
ITIKiK, 3pobunu BaroMuii BHECOK y PO3YMIHHS Me-
XaHi3MiB KpIOTIOIIKOMKEHHS Ta KpiozaxucTy 0iono-
rivanx 00’ekTiB. EnekTpoHHa MiKpOCKOmis SIK BHU-
COKOPO3IUTEHUM METO/ JOCITIJKCHHS Yy TO€IHAHHI
3 JOMOMIKHMM TEXHIYHHUM YCTAaTKyBaHHSM 1 METO-
JAYHAMU TPUAOMAaMH JI03BOJIMIIA OTPUMATH BaXK-
TWBiI IS KpioOiosorii dbyHmameHTanbHI maHi. Ha
TETIEPIIHI Yac TEPCIeKTHBHUM € 3aCTOCYyBaHHS
Kpi0€JIeKTPOHHOT MiKPOCKOITI{ I OIIHKH! CTaHy 0i0-
JIOTIYHUX 00 ’€KTIB IMiJ Yac po3pOOICHHS HOBITHIX
METOIIiB KPiOKOHCEPBYBaHHSI.
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Thus, the results of analysis of ultrastructural
changes in biological systems of different levels
of organization under the influence of cooling
within a wide range of temperatures, data on the
formation and localization of ice crystals in the
intracellular space, nature of the interaction of crys-
tals with cell surface, temperature-dependent redist-
ribution of transmembrane proteins, obtained by
the IPC&C scientists, significantly contributed to
understanding the mechanisms of cryoinjury and
cryoprotection of biological specimens. Electron
microscopy as a high-resolution research method
in combination with auxiliary equipment and me-
thodological techniques allowed to obtain funda-
mental data important for cryobiology. At present,
the use of cryoelectron microscopy to assess the state
of biological specimens in developing new methods
of cryopreservation is promising.
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