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Cardiomyocyte Ultrastructure of Rats With Experimental
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Mesenchymal Stromal Cell Administration

PedepaT: ViccnenoBaHbl ynbTpacTpyKTypHble M3MEHEHUS B KapAMOMMOLMTaxX Mpu pa3BUTUM HEKPO3a U PEeMOAENUPOBAHUN
cepAua KpbIC C aKCnepumeHTanbHbiM MHpapkTom muokapaa (MM) nocne uHAyKUMM TepaneBTUYECKOW TMNOTEPMUU U BBEOEHUS
annoreHHbIX Me3eHXMManbHbIX cTpomanbHbIX knetok (MCK). MHdapkt mogenvpoBanun nytem nepeBsA3KW NeBOW KOPOHapHOW
apTepun. TepaneBTUYECKYIO MMNOTEPMUIO NPOBOAMIN B XONIOA0OBOW KaMmepe B TedeHne 60 M1H npu TemnepaType KOX1 BOPOTHUKOBOW
30HbI 4°C. CycneH3uto annoreHHbIX KprokoHcepBrpoBaHHbix MCK nnaueHTbl ¢ koHueHTpauunen 1,2 x 108 kn/mn BBOAUNN BHYTPUBEHHO
ofHokpaTHO. B rpynnax xuBoTHbix ¢ BBegeHneM MCK un coyetaHHbiM npumeHeHnem MCK u runotepmumn Ha cdoHe VIM 6binun
BbISIBIIEHbI HOPManu3auus CTPYKTypbl MUTOXOHAPWIA, NOSIBIEHUE MENKUX MIOTHBIX MUTOXOHAPWNA, Hanuyme GonbLIOro KonmyecTsa
rpaHyn rrvKoreHa, 4To cBMAeTenbCTBYeT O [OCTaTOMHOM MOCTYMNMEHUN B KapAVOMUOLMTBI KUCIOpOAa U akTUBM3aLMM CUHTEeTUYeC-
KMX MPOLECCOB Ha (hOoHe ynyylleHUs MUKpoOUMPKYnsauun nog BnusHuem daktopos MCK. CoyeTaHue TepaneBTMYECKON rmnoTepMmmn
c BBegeHnem MCK Ha doHe VIM B Gonblueit cTeneHn cnocobcTBOBano akTMBaL MU KOMMNEHCATOPHO-pEreHepaTopHbIX NMPOLECCOB
B KapauomuoumTax.

KniouyeBble crnoBa: aKCnepuMeHTanbHbI MHaPKT MUOKapAa, TepaneBTuyeckas rmnoTepmus, MeseHxnuMarbHble CTpoMarnbHble
KNeTKN, ynbTpacTpyKkTypa, MUTOXOHAPUN.

PecbepaT: [JocnigxeHo ynbTpacTpyKTypHi 3MiHM B KapaiomiounTax npu po3BUTKY HEKPO3Y i pemogentoBaHHi cepus LiypiB 3
ekcnepuMeHTanbHUM iHdapkTom miokapga (IM) nicns iHAYKUiT TepaneBTUYHOI rinoTepMmii Ta BBEAEHHS anoreHHUX Me3eHXiManbHUX
cTpomanbHux knituH (MCK). IHapkT mogentoBanu WNAXOM nNepeB’ss3ku MiBOi KOpOHApHOI apTepii. TepaneBTUYHY rinoTepMito
npoBOAUNN B XONOAOBIN KaMepi npotarom 60 xB npu Temnepatypi Wwkipn komipueoi 30HN 4°C. CycneHsilo anoreHHUX KpiokoHcep-
BoBaHux MCK nnaueHTu 3 koHueHTpauieto 1,2 x 10 kn/mMn BBOAMNU BHYTPILLIHLOBEHHO OHOPA30BO. Y rpynax TBapuH 3 BBEAEHHAM
MCK i cymicHum 3acTtocyBaHHsiM MCK i rinotepmii Ha Tni IM 6ynu BusiBNeHi HopManisawis CTPYKTypu MITOXOHAPIN, nosiBa ApiGHUX
LWiNbHUX MITOXOHAPIN, HasSABHICTb BEMNWKOI KiNbKOCTI rpaHyn rrikoreHy, Wo CBigYMTb NPO OOCTATHE HaAXOAXEHHS Y KapaiomiouuTis
KWUCHIO | aKTMBI3aLil0 CUHTETUYHMX MPOLECiB Ha TNi NominweHHs Mikpoumpkynauii nig snnuesom daktopie MCK. MNMoegHaHHA Tepa-
neBTMYHOI rinotepmii 3 BBeageHHsiM MCK Ha Tni IM GinbLuoto Mipoto cripusino akTuBalii KOMneHcaTOpHO-pereHepaTopHNX NpoLecis y
KapgiomiounTax.

Knio4oBi cnoBa: ekcnepumeHTanbHUn iHapKT Miokapda, TepaneBTUYHA riNOTepMisi, Me3eHXiMarnbHi CTpoOManbHi KNiTUHN,
ynbTpacTpyKkTypa, MiTOXOHAPII.

Abstract: We studied the ultrastructural changes in cardiomyocytes during necrosis development and re-modelling of the rat
heart following experimental myocardial infarction (MI) and performing therapeutic hypothermia and administration of allogeneic
mesenchymal stromal cells (MSCs). The infarction was provoked via ligation of left coronary artery. Therapeutic hypothermia was
performed in cold chamber for 60 min achieving 4°C skin temperature in the collar zone. The suspension of allogeneic cryopreserved
MSCs of placenta with 1.2 x 10° cells/ml concentration was intravenously administered. In the animals with M| treated with MSCs and
a combination of MSCs and hypothermia we revealed the normalization of mitochondrial structure, appearance of small dense
mitochondria, the presence of a large number of glycogen granules, testifying thereby to a sufficient oxygen supply into cardiomyocytes
and activation of synthetic processes together with improved microcirculation under MSCs factors. The combination of therapeutic
hypothermia with MSCs administration at the background of Ml largely promoted the activation of compensatory-regenerative processes
in cardiomyocytes.

Key words: experimental myocardial infarction, therapeutic hypothermia, mesenchymal stromal cells, ultrastructure, mitochondria.
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HNudapkr muokapaa (MM) — onHa U3 OCTPBIX U
TSOKETBIX (POPM TIPOSIBIICHHUS UIIEMUYECKON 00JIe3HN
cepaua. B Ykpanne yactora pacnpocTpaHeHus JaHHOTO
3abonesanus B rog gocruraet 50 000, mpu atom UM
SIBJISICTCS MPUYMHON MHBAJIMIHOCTU Oojiee 4eM y
50% OGOJIBHBIX ¥ PUBOAUT K CMEPTEIILHOMY HCXOIY
B 13% cmyuaes [5].

dapMaxoIOrHUECKUE Penaparhl KapIUOTPOITHOIO
JNEHCTBUS U MEAUIMHCKHE WHTEPBEHIIUU (CTEHTH-
pOBaHMe, A0PTOKOPOHAPHOE ITYHTUPOBAHNE U TPAHC-
IJIaHTAIMs Cepala), SBISAIONINECs pacpoCTpaHeH-
HBIMH COBPEMEHHBIMH METOJIaMH JIEYEeHHUsI OOIbHBIX
C CEepIIeYHO-COCYANCTHIMU 3a00/IeBaHUAMH, HE BCETNA
3G GEKTHBHBI ¥ IOCTYITHBI.

B Hacrosdmee BpeMs ¢ 1ENbI0 3aIUTH KIETOK
cepaua U TOJIOBHOTO MO3ra OT KHCIOPOJHOTO IOJIo-
JIaHWs B YCIOBHSIX OCTPOM KOPOHApHOW M MO3TOBOM
HEAOCTAaTOYHOCTH aKTUBHO UCIIOJIb3YETCS TEPANIEBTH-
yeckas runorepmust (TT7), koTopasi BHeCeHa BeyIIUMH
MEAMLMHCKUMH OpraHu3alisIMU MUpPa B IPOTOKOJIBI
Cep/ICYHO-JIETOYHON peaHNMAIIH TIPH OCTPHIX UIIIEMH-
yeckux cocrostausx [20, 22]. DddexruBnocts TI
MPOSIBIISIETCS. B YMEHBUIEHUHN pa3mepa 30Hbl FIM u
HaIpsIMYIO CBA3aHa C COKPAIIEHHEM POAO0IKUTETb-
HOCTH HOPMOTEPMHUYECKON HIIIEMHH, TOPMOKECHHUEM
MeTaboIM3Ma U UCIIOJIb30BAHUS SHEPTUH, a TaKKe C
aKTUBalMell MyTel Nepefaud CUTHaJIOB «BbDKHUBae-
Moct» (survival signalling) [23]. Yenemnomy mpo-
TEKaHHUIO OCTUH(APKTHOTO EPUOAA CIIOCOOCTBYIOT
MEPOIPHUATHS MO YIYyYIICHUIO KPOBOCHAOKEHUS H
CTUMYJIALIY PENapaTUBHBIX MPOLIECCOB B MUOKap/IE.
B nocnegnue rojbl OTKPBIBAIOTCS HOBBIE BO3MOX-
HOCTH IPUMEHEHHUS JOHOPCKHX, B TOM YHCIIE ME3CHXH-
MaJIbHBIX CTpoMabHBIX K1eToK (MCK), kak crmoco6a
BOCCTAaHOBIICHHSI (DYHKITUI TIOBPEKICHHBIX OPTaHOB
[19]. Ucnionmp3oBanne MCK mipu neuenun UM, BeposiT-
Hee Bcero, 00yCIOBICHO X MapakpUHHBIM 3(dexrom
Ha KJIETKH perureHTa. Me3eHXuMalbHble CTPOMab-
HBIE KJIETKH CEKPETHUPYIOT MHOTOUHCIICHHBIE INTOKUHBI
1 pOCTOBBIC (PAKTOPBI, CTUMYJIUPYIOLINE BBDKUBAHUE,
aHruoreHes, poct 1 JuddepeHIUpPOBKyY KICTOK B 30HE
WM, Bkirouas pe3suieHTHbIE CEpJIeUHbIE CTBOJIOBBIE
KkieTku [6, 7, 20, 21].

Coueranue ¢axropoB TI" u MCK mosxeT obecne-
4uTh OOJIee BEICOKUI NieueOnbIi dddext npu M. s
MMOHUMAaHHS MEXaHU3MOB JICHCTBHSI U3y4aeMbIX (akK-
TOPOB M WX KOMOHWHAIMH I1e1ecO00pa3HO MCCIEN0-
BaHUE CTPYKTYPHBIX U3MEHEHUH MBIIIIEYHBIX BOJIOKOH
B COXpaHUBIIEHCS yacTH MUOKap/a. CoCTOsIHME YaBTpa-
CTPYKTYpPHBIX KOMITOHEHTOB KapMOMHOIIUTOB B ITE€pH-
WHOAPKTHOW ¥ OTJAICHHON OT ovara IMOBPekKICHHSI
30HaX MOXKET CBUAETEIILCTBOBATH O CTEIICHU aKTHUBA-
LW KOMITCHCATOPHO-TIPUCIIOCOOUTEIbHBIX MEXaHU3MOB
cepiua B Ipoliecce ero pemozaenuposanus [16].

B cBsi3u ¢ 3TUM nenbio paboThl OBLIIO OLEHUTD
BIIMSIHHE TEPaieBTUUECKON TMITIOTEPMUH U BBEICHUS
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Myocardial infarction (MI) is one of the acute and
severe forms of ischemic heart disease. This disease
incidence reaches 50,000 annually in Ukraine, causes
disability in more than 50% of patients and death in
13% of cases [10].

Cardiotropic drugs and medical interventions (sten-
ting, coronary artery bypass grafting and heart trans-
plantation) are currently the routine therapeutic me-
thods in patients with cardiovascular diseases, howe-
ver, not always efficient.

In order to protect the heart and brain cells against
oxygen starvation under acute coronary and cerebral
insufficiency therapeutic hypothermia (TH) is often used
nowadays, and is included into the cardiopulmonary
resuscitation protocols during acute ischemic states by
the world’s leading healthcare organizations [8, 13].
The TH efficiency is manifested in M1 zone reduction
and is directly associated with a decreased normo-
thermic ischemia duration, inhibited metabolism, as
well as with the ‘survival signalling’ activation [18].
Successful recovery in post-infarction period is promoted
by measures directed to blood supply improvement
and stimulation of reparative processes in myocar-
dium. The new opportunities for using the donor cells
including mesenchymal stromal ones (MSCs) were
discovered recently as a way to restore functions in
injured organs [1]. The use of MSCs for MI therapy is
most likely stipulated by their paracrine effect on re-
cipient’s cells. Mesenchymal stromal cells secrete
numerous cytokines and growth factors, stimulate the
survival, angiogenesis, growth and differentiation
of cells in MI zone, including resident cardiac stem
cells[1,9, 11, 12].

The combination of TH and MSCs may provide a
higher therapeutic effect during MI. It is expedient to
investigate the structural changes of muscle fibres in
a preserved part myocardium in order to gain insight
into the mechanisms of action manifested by the
mentioned factors and their combination. The state of
ultrastructural components of cardiomyocytes in peri-
infarction zone and the areas distant from the lesion
may show the activity of compensatory-adaptive me-
chanisms of heart during its remodelling [4].

Accordingly, the research aim was to assess the
effect of therapeutic hypothermia and allogeneic
mesenchymal stromal cell administration on ultra-
structural changes in cardiomyocytes in experimental
myocardial infarction.

Materials and methods

The research was performed in accordance with
the principles of bioethics stated in the Law of Ukraine
‘On the Prevention of Cruelty to Animals’ (Ne 1759 of
December 15, 2009) and agreed to the provisions of
European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific
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AJUIOT€HHBIX ME3EHXUMAJIbHBIX CTPOMAJIBHBIX KIJIETOK
Ha yJIbTPAaCTPyKTYpPHBIE U3MEHEHHUsI B KapJAUOMUO-
LUTaX [PU SKCIICPUMEHTAIbHOM HH(apKTE MHOKap/a.

MartepuaJjbl 1 MeTOABI

Pabora BbINOJIHEHA B COOTBETCTBUH C IPUHLIUTIAMHI
OMOATHKHM, U3TI0KEHHBIMU B 3akoHe Ykpausbl «lIpo
3aXMCT TBAPHH BiJl 5KOPCTOKOTO MOBOLKEHHS (Ne 1759
ot 15.12.2009) 1 cormacoBaHHBIMH C TTOJIOKEHUSIMH
«EBponelckoll KOHBEHIIMM O 3aIIUTE MO3BOHOYHBIX
YKUBOTHBIX, UCTIOIb3YEMBIX JUIS 9KCTIEPUMEHTAIbHBIX
1 IpyTuX HaydHBIX menei» (CtpacOypr, 1986).

DKcriepruMeHT BBITIOMHUTH Ha 60 Oenbix 6ecriopo/i-
HBIX 6-MEeCSUHBIX KpbIcax-camiax maccoi 250-300 r,
COJIEpIKAIIMXCS B CTAHAAPTHBIX YCIOBUSAX BUBAPHUSL.

WndapkT Muokapia MOAEIUPOBAIH IIyTEM Iepe-
BSI3KHM HUCXOMISIIEH BETBU d. coronaries sinistra Ha
rpaHule BEpXHEH u cpeanel Tpetu cocyaa [18]. dus
MIOATBEPKJICHUS TUArHo3a MPOBOAMIN IJIEKTPOKap-
muorpaduueckoe (IKI') nccnenopanve Ha amnmapar-
Ho-niporpaMMHoM komiuiekce «Iloau-Crekrp 8/By»
(«HeitpoCod», Poccust) B cranmaptabix 1, 11, 11 u
JIONOJHUTENLHBIX avL-, avR- 1 avF-oTBeneHmsX. 3amich
OKI' oCyIIeCTBISITH B YCIOBUAX, MAKCUMAITEHO TIPUO-
JIMHKEHHBIX K CBOOOTHOMY TTOBEICHUIO KUBOTHBIX [ 17].
Ha mepsrie cytku mocne onepanun Ha JKI' KpbIc
OTMeualu nossieHue riyookoro 3yona Q B I, 11, avL-
OTBEJICHUSX, YTO CBUETEIHCTBOBAJIO O (hopMUpOBa-
HUH PaCHPOCTPAHEHHOT'O IIepeTHE00KOBOTr0O HH(papKTa
MHOKapAa.

TepaneBTHUECKYI0 THIIOTEPMHUIO MPOBOAMIM B
xononoBoil kamepe B TeueHue 60 muH. JlokanbHas
TEeMIEpaTypa KoK BOPOTHUKOBOW 30HBI MOJAEPHKH-
Bajachk Ha ypoBHe 4°C, TIpu 3TOM peKTaIbHas U THMIIa-
HU4YecKas TeMrepaTypbl cHmkaimuch 10 30°C. Cycrnen-
3UI0 AJIJIOTEHHBIX KpHoKoHcepBupoBaHHBIX MCK
TUTAIICHTHI C KOHIeHTparueit 1,2 X 10° ki1/MiT OTHOKpaTHO
BBOJWIH 4epe3 V. saphena magna. Me3eHXUMalb-
HbIE CTPOMaJIbHBIE KJIETKH IIAIIEHTHI KPBIC OTyYan
u ¢eHoTunupoBanu o metoauke .M. CButuHoi 1
coant. [9]. [Ipunuun nonyuenus MCK mnaneHThl
OCHOBAaH Ha BO3MOYKHOCTH MHUTpAIlUU KIJIETOK U3
(bparMeHTOB BOPCHHYATON TKaHH IIALICHTHI IPH KYyJIb-
TUBHPOBAHMH B Cpele, CIOCOOCTBYIOLIEH BEICEe-
HHMIO KJIETOK Ha IOBEPXHOCTb KYJIBTYPAIBLHOTO (PIIaKoHa.
[pu poctmwxennn 90% KOH(IYIHTHOCTH MOHOCIIOSN
KJIETKH CHUMAaJH ¢ cyOcTparta ajisl MOCIeayIOIEero
niepecesa. B pabote ncnosip3oBany kietku 3—4-1o nac-
caxen.

Bce xuBoTHBIE TOCTE MoaenupoBanns UM Obutn
pasneneHsl Ha 4 Tpynmsl Mo 15 B kaxmoit: 1 (koHT-
poJib) — 3KcniepuMenTaIbHbd UM Ge3 neuenust; 2 —
naayknus TN cpasy mocne mopenupoBanus UM; 3 —
BBegenue MCK na ¢one MM; 4 — coueTaHHOE
npumenenne TI' u MCK na ¢one M. ['pyrnimy HOpMBI
coCTaBWIIM 15 KpbIC.
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Purposes (Strasbourg, 1986). The experiment was
performed in 60 white outbred 6-month-old male rats
weighing 250-300 g housed at the animal facility.

Myocardial infarction was caused via ligation of
descending branch of a. coronaries sinistra at the
boundary of upper and middle third of the vessel [3].
To confirm the diagnosis, an electrocardiographic study
(ECG) was performed with the Poly-Spectrum 8/V
hardware-software complex (NeuroSoft, Russia) in
standard I, II, III and additional avL, avR and avF leads.
The ECG was recorded under conditions which were
as close as possible to free animal behaviour [S]. Deep
Q wave was found in I, II, avL leads in the ECG of rats
to day 1 after surgery, indicating thereby the formation
of extensive anterolateral myocardial infarction.

Therapeutic hypothermia was performed in a cold
chamber for 60 min. Local skin temperature of collar
zone was maintained at 4°C, while the rectal and
tympanic ones were reduced down to 30°C. The sus-
pension of allogeneic cryopreserved placental MSCs
with 1.2 x 10° cells/ml concentration was once admi-
nistered via v. saphena magna. Mesenchymal stromal
cells of rat placenta were derived and phenotyped
by the method of G.M. Svetina et al. [17]. The principle
of placental MSCs procurement is based on the
possibility of cell migration from the fragments of
placental villous tissue on culture flask surface during
cultivation in the special medium, facilitating the
process. When reaching a 90% confluence of mono-
layer, the cells were detached from the substrate for
further reinoculation. The cells of passages 3 and
4 were used in the research.

All the animals after MI simulation were divided
into 4 groups of 15 in each: 1 (control) — experimental
MI with no therapy; 2 — TH induction right after MI
simulation; 3 — MSCs administration at the back-
ground of MI; 4 — combined application of TH and
MSC:s at the background of MI. The group of the norm
comprised 15 rats.

Myocardial tissue of left ventricular was taken for
study on day 7 after MI simulation. Tissue fragments
were fixed in a 2% solution of glutaraldehyde in
phosphate buffer (pH 7.3—7.4), washed with phosphate
buffer and postfixed in 1% solution of osmium tetro-
xide. After dehydration in alcohol solutions of ascen-
ding concentration, the tissue samples were embedded
to Epon-Araldite mixture [21]. The ultrastructure of
cardiomyocytes was studied using electron microscope
PEM-125K with an accelerating voltage of 75 kV,
equipped with the data recording and image analysis
SAI-01A (SELMI, Ukraine) using CCD-camera DX-2
and corresponding software (Kappa, Germany).

Morphometric analysis of cardiomyocytes (spe-
cific volume of mitochondria in cardiomyocyte, average
area of mitochondria and a number of cristae) was
carried out using BioVision 4.0 software (West Medica,
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Jlns uccnenoBanus Opann TKaHb MHOKapaa Jie-
BOIO JKEJIyZI0uKa Ha 7-€ CyTKH I10CjIe MOJSJINPOBaHUs
M. ®@parmenTsl TKanu GpUKcHpoBaiu B 2%-M pacrt-
BOpE IIIyTapoBoro ajblaeruaa Ha pocharnom Oydepe
(pH 7,3-7,4), ormbiBanu pochatueiM Oydepom u
noctdukcuposanu B 1%-M pacTBOpe 4ETHIPEXOKUCH
ocmus. Ilocie o0e3BoKMBaHUS CIUPTaMH BO3pac-
TaloIeH KOHIEHTPALUK 00pa3Iibl TKAHU IPONHUTHIBAIN
cMechio dmoH-apanaut [13]. YasrpacTpyKTypy Kap-
JUOMHUOLIUTOB M3Yy4alld ¢ HOMOILBIO 3JIEKTPOHHOTO
mukpockona «[19M-125K» mpu yckopstroriiem Harpsi-
ke 75 kB, cHa0XEeHHOTO CHUCTEMON CHEMKH U
ananm3a uzoopaxenus «CAN-01A» (AO «SELMIy,
Ykpanna) ¢ ucnonb3zoBanneM CCD-kamepsr «DX-2»
u naketa nporpamm ¢pupmsl «Kappa» (I'epmanus).

MopdomeTpuueckuii aHaIN3 KapAHOMHOLUTOB
(ynenbHBINH 00BEM MUTOXOHAPUH B KApAUOMHUOLIUTE,
CpeaHss IIIoLIalb MUTOXOHAPUH 1 KOJTMYECTBO KPUCT
B HUX) TPOBOJIMIIN, UCTIONB3YS MporpamMmy «BioVision
4.0» («West Medica», ABcTpusi), yHUBEpCAIbHBIH
KpUTEpUi 3HAYMMOCTU MaHHa-YUTHU U NPOrpamMMmy
«SPSS Statistics 17.0» («IBM SPSS Inc.», CIIIA) [1].

Pesyabrarnl U 06cyxKaeHHe

B cepaeyHON MBIIIIE MHTAKTHBIX KMBOTHBIX
BBISIBJISITCH TPAH3UTOPHBIC MTOJHOKPOBHBIE KaTlHJI-
JISIPbl, OPUEHTHPOBAHHBIE B/IOJIb U TIONIEPEK MBIIEY-
HBIX BOJIOKOH. Menkne 0OMEHHbIE KalMJUISPbI Pacio-
JIaraJIych B HEMOCPEICTBEHHOW OJIM30CTH OT KapJHo-
MHUOLMTOB. B muromiasmMe KapAnOMHOIMTOB YETKO
OTIPENIeNISIINCh MapauIeIbHO PACIOIOKEHHBIE MUO-
(uOPHUILITBL, UIMEIOIINE TUITMYHOE CTPOSHUE 1 00Be -
HEHHBIE aHACTOMO3aMH B HENPEPBHIBHYIO ceTh. WX
CapKOMepbl COJIepKalH AIIEKTPOHHO-TEMHbIe A-JuC-
KM, COCTOSIIIIME M3 TOJICTBIX (PHIIAMEHTOB, TIOCPEIHHE
KOTOPBIX HAXOIWIHCH Z-TI0J0CH (puc. 1.).

KapauoMuorutel 00pa3oBbIBaIM MEXKIY COOOM
KOHTAKThI — BCTABOYHBIE JINCKH, TIOTICPEUHbIC YUACTKH
KOTOPBIX COCTOSUI TMPEUMYIIECTBEHHO U3 JIECMOCO-
MOTIOJIOOHBIX M HECKOJBKHX ILEJIEBBIX KOHTAKTOB, a
MPOJOJIbHBIC YYACTKH UMEJIM OOLIMPHBIC IICIICBbIC
KOHTaKThI (puc. 1, A).

S npa KapAMOMHOLMTOB UMENH YIJIMHEHHYIO hopMy
1 OBUTH OPUEHTUPOBAHBI BJIOJIb HAIIPABJICHUS MbIILICY-
HBIX BOJIOKOH. JlJ1s1 siAphIlIeKk DioOyinsipHO-GuOpHI-
JSIPHOW TPUPOJBI ObUIa XapakTepHa MOBBIIICHHAS
ANIEKTPOHHAS IJIOTHOCTh. YMEPEHHO BOJTHHUCTAS sIJIep-
Hass MemOpaHa 00pa3oBbIBajia CAMHUYHBIC WHBAIH-
Hanuu. [eTepoxpoMaTuH pacrupenesics IpeuMy-
IIECTBEHHO BJIOJb SIIEPHOM MEeMOpaHbl, OTACIbHbIC
€ro TIBIOKK pPa3HOW BEJIMYMHBI XaOTUYHO pacroia-
ranuch B Kapuoruiasme (puc. 1, B). B uuromnnasme
MUOIIMTOB HaONIOAAINCh PUOOCOMBI, TOIHCOMBI U
MHOTOUHCIIECHHBIE TPaHyJibl IIUKoreHa. Komrmiekc
[onbmxu ObUT IPEICTaBIICH AapaJLIEIbHO OPUEHTHPO-
BaHHBIMH MeMOpaHaMH, OKPY>KEHHBIMH OOJIbIINM
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Austria), Mann-Whitney U-test and SPSS Statistics
17.0 software (IBM SPSS Inc., USA) [2].

Results and discussion

In cardiac muscle of intact animals we have
revealed the transient full-blooded capillaries, oriented
along and across muscle fibres. The small exchange
capillaries were located in close proximity to car-
diomyocytes. Cytoplasm of cardiomyocytes contai-
ned the parallel myofibrils with a typical structure
combined by anastomoses into a continuous network.
The sarcomeres comprised electron-dark A-disks
consisting of thick filaments intercalated by Z-bands
(Fig. 1).

Cardiomyocytes had the contacts in terms of inter-
calated disks, the transverse sites of which consisted

Puc. 1. YnerpacTpykTtypa dparMeHToB KapanoMUoLUTOB
WHTAKTHOW KpbICbl: A — NPOAOSIbHbIA Y4aCTOK BCTABOYHbIX
auckos; B — cdparmeHT untonnasmbl KapaAMOMMUOLMTA;
GJ — wenesble koHTakThbl; Mf — Mmuodubpunnsl; N — s5apo;
M — mutoxoHapum; GC — komnnekc Monbgpxu; G — rmu-
KOr€eH.

Fig. 1. Ultrastructure of cardiomyocyte fragments of intact
rat: A is longitudinal section of intercalated discs; B is
cytoplasm fragment of cardiomyocyte; GJ denotes gap
junctions; Mf shows myofibrils; N is nucleus; M is mito-
chondria; GC is Golgi complex; G is glycogen.

337

*)



KOJIMYECTBOM MEJNKHUX Be3ukyin (puc. 1, B). B cap-
KOTIJIa3Me KapJUOMHOIIMNTOB YETKO OTIPEeNsIach 30-
HaJIbHOCTh PACIIOJIOKEHUSI KOMIUIEKCOB MUTOXOH]I-
puii: Bo3Ie siep, Mex 1y Muo(puOpHUIUIaMu 1 IOJT cap-
koneMMoin. CapKoIuIa3MaTHYeCKUI PETUKYITYM UMEN
BHJ] KOPOTKHX ITUCTEPH, ITy3bIPHKOB U KaHAJIBIIEB, pac-
MOJIATAFOIIUXCS BOJIM3H spa, MEXy MHTOXOHIAPUN
WJIN Ty YKOB MHO(GHOPHUILIL.

XapakTepHOi 0COOCHHOCTHIO TKAHHU JIEBOTO HKEITy-
JIOUKa MOCJIE IEPEBA3KH JIEBOM KOPOHAPHOM apTepUu
SIBIISITACH MO3aUYHOCTH YIBTPACTPYKTYPHBIX U3MEHE-
HHU KapAHOMHUOITUTOB. Y KUBOTHBIX Tpymisl 1 (MM)
B iepuepuIecKoM yuacTKe 30HbI HEKPO3a MHOKap/a
BBISIBJSUTHCH PE3KHUH OTEK OCHOBHOTO BEIECTBA MH-
TEPCTUIIHS, CTa3 SPUTPOIUTOB B KANMILIAPAX, YMEPEH-
HOe HalyXaHHe SHAOTEIHOLUTOB. M3MeHeHue saep
HEKOTOPBIX KapIUOMHUOIIMTOB TPOSIBIISIIOCH B YBEJIH-
YEHUHW CKJIAA4aTOCTH KapuosiemMMmbl. Kapuorazma
CTAaHOBWJIACh CBETION U pazpekeHHOU. OTeK Kapuo-
IUTa3Mbl COYeTalcs C IepepacupeieIeHueM XpoMa-
TUHA. B rpaHynspHBIX 211IeMeHTaxX ONpeIeNsuIiCh PH3-
HaKM MapruHaJbHOM arperanuu. B oTeyHON 1IUTO-
m1a3Me 0OHaPYKUBAINCH HAOYXIIINEe MUTOXOHIPHUH C
MIPOCBETICHHBIM MAaTPUKCOM M JIOKAJIbHOU JEeCTPYK-
nuelt kpuct (puc. 2, A). Mectamu B o4are mopaxeHus
MeXay MHOGHOpUIIaMU HAOIOIAIUCh CKOTUICHUE
CIUIIIUXCSL OPTaHesul ¢ pa3pylIeHHOW HapyKHOH
000JI04KOH 1 MX BaKyosbHas Tpancopmanus (puc. 2,
A). Hapymanace ynopsiio4eHHOCTh PaCIIOJIOKECHHUS
KaHAJIBIIEB CApKOILIa3MaTHYECKOM CETH C X (pparMeH-
Tanuei u HabyxaHueM. AHaJIOTUYHbIC H3MEHEHUS Ha-
Omonanuch B CTpyKTypax ammapara lompmku. ['pa-
HYJbl TJIUKOTEHA DIIMMUHUPOBAIIA M3 THAIOILIA3MbI
KapJAHOMHOIIUTOB. MuoGHOPHILIIBI HAXOAUITUCh B

mainly of desmosome-like and several gap junctions,
and longitudinal sites had extensive gap junctions
(Fig. 1A).

The cardiomyocyte nuclei were elongated, and
oriented along muscle fibers. The nucleoli of globular-
fibrillar nature had an increased electron density. Mode-
rately undulating nuclear membrane formed single
invaginations. Heterochromatin was distributed mainly
along the nuclear membrane, and its single lumps of
different size were randomly located in karyoplasm
(Fig. 1B). Myocyte cytoplasm contained ribosomes,
polysomes and numerous glycogen granules. The Golgi
complex was represented by parallel membranes surro-
unded by a large number of small vesicles (Fig. 1B).
In sarcoplasm of cardiomyocytes we have clearly iden-
tified the zones reach on mitochondria clusters: near
nuclei, between myofibrils and under sarcolemma.
Sarcoplasmic reticulum appeared as short cisterns, ve-
sicles and tubules, located near the nucleus, between
mitochondria or myofibril bundles.

A characteristic feature of left ventricular tissue
after left coronary artery ligation was the mosaic ultra-
structural changes in cardiomyocytes. The peripheral
site of myocardial necrosis zone in the group 1 (MI)
animals had a sharp interstitial oedema, erythrocyte
stasis in capillaries and moderate swelling of endothe-
liocytes. A change in nuclei of some cardiomyocytes
was manifested in an increased folding of karyolemma.
Karyoplasm became light and sparse. The oedema of
karyoplasm was combined with chromatin redistri-
bution. The signs of marginal aggregation were found
in granular elements. The swollen mitochondria with
clear matrix and focal destruction of cristae were found
in edematous cytoplasm (Fig. 2A). Isolated aggre-

«

i
KOpOHapHon apTepun: A — HabyxaHne MUTOXOHAPUIA 1 OTeK uuTonnasmel; B — gectpykumst MMombpunn n MMTOXOHOPWUNA,
paspyweHune gecmocoM; M — mutoxoHapuu; Mf — mnogubpunnsl; D — necMocomel.

Fig. 2. Ultrastructure of fragments of rat's cardiomyocytes in the infarction area to day 7 after left coronary artery ligation:
A — swelling of mitochondria and cytoplasmic edema; B — destruction of myofibrils and mitochondria, disintegration of
desmosomes; M — mitochondria; Mf — myofibrils; D — desmosomes.
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Pa3HBIX COCTOSHUSX: B OTHUX MUOIITAX OHH pacciad-
JIEHBI, B IPYTUX — BBISBISINCH YYAaCTKH UX Tepe-
cokpamienusi. OOHapy KUBAIHUCH TaK)Ke KapIUOMHUO-
LUTBI C TPyObIME HAPYIICHHUSIMH YIIBTPACTPYKTYPHI, a
MMEHHO: C TIPU3HAKaMH pacnaja siaep, NeCTpyKIuen
MHAOGUOPHUIUT M1 MUTOXOHAPUH, pa3pylICHUEM Jec-
MocoM (puc. 2, B).

B 30He, ynaneHHo# oT wH(papKTa, BHIICISIUCH
IPYIIILI KAPHOMHUOIUTOB, pa3IHUaronxcs Mopho-
(DYHKIIMOHATBHBIM COCTOSIHHEM. YJILTPacTpyKTypa yac-
TH KapANOMHOITUTOB ObllIa MAJION3MEHEHHOU. Mmo-
(uOpUILIIBI B TaKUX KJIETKaX ObLIM YMEPEHHO COK-
palIeHbl ¥ XapaKTePHU30BAINCH XOPOIIIO BRIPAKEHHON
MIOTIEPEYHON HCUSPICHHOCTRIO. B capkomepax A-, Z-,
H-aucku mmenu deTkue KOHTYphl. MUTOXOHIpUU U
MHOMDHUOPHUILIIBI B IIUTOTIA3ME TaKUX MBIIICYHBIX
KIJIETOK PaCIIOJIOKEHBI TIPEUMYIIIECTBEHHO MOCIIOWHO.
OHM MMeNT METKOTPaHYISIPHBII MaTPUKC C YETKO
BBIp2)KEHHBIMHU KpHCTaMu. YacTh MUTOXOH U OBLITH
HECKOJBKO HaOyXIIUMH C OYaroBHIMHU IMPOCBETIIE-
HUSIMHA MaTpPUKCAa U PEAyKLUMEH KPUCT, 4TO CBOMCT-
BEHHO HIIIeMH3UpOBaHHOMY Muokapay [11]. Taxxe
OTIPEJIeISUINCh KapJUMOMHOLIUTHI ¢ TUnepTpoduei
MHUTOXOHJIPUH, KOTOPBIC 3aMOJHSIA MEKOUOpUII-
JIIPHOE TIPOCTPAHCTBO, TECHO PHIIET AN APYT K APYTY
U XapaKTepU30BAIUCh YACTUUYHOM Ji€30pUeHTalue
kpuct (puc. 3, A). Mecramu HaOonanack Be3UKy-
JISAIUSL KPUCT CyOcapKoJieMalbHBIX MHTOXOHJIPUI
(puc. 3, B). B caproruiazmariuueckoii cetr ObUIO Hapy-
[IEHO YTOPSI0YCHHOE PACIIOI0KECHUE KaHAIBIICB,
IIPOUCXOWIIA WX (pparMeHTanus u HaOyxaHue. Jle-
CTPYKTUBHBIC U3MEHEHHUS sJpa MPOSIBISLTUCH B UCKA-
YKEHHH eT0 POPMBI U PACITUPEHUH TIEPUHYKIICAPHOTO
npocrpancTia (puc. 3, B). KpynHbie miblOku rere-
pOXpOMAaTHHA PACIPEACIAINCH BIOJIb BHYTPEHHEH
000JIOUKH s/pa.

Pesynbrars ananu3a Moy TOHKHX CPE30B MUOKap/a
JIeBOTO kenynaouka kpeic ¢ UM u nocnenyrouieit TT°
(rpymma 2) mokaszaid, 9To B 30HE, YIaJCHHON OT WH-
(hapkTa, TPOUCXOIUITH U3MEHEHUS MHKPOIIUPKYJIS-
TOPHOTO pyciia, MPOSBIISBIINECS B HEPABHOMEPHOM
paclMpeHnH KaniUISIPOB U 04arOBOM Pa3BUTHH CIIaK-
(henomeHa. KapaumomMuomuThel xapakTepu30BaIvch MO-
3aMYHOCTHIO YJIBTPACTPYKTYPHBIX U3MEHEHU OpTraHesLL.

B u3yuaemotii 30He MUOKap/a npeobiamaiy sjapa
C MEJIKOAMCIIEPCHBIM XPOMAaTHHOM. B dnpax gactu
KapAMOMHUOIIMUTOB OTMEYasach MaprHHALNS T€Tepo-
XpOMaTrHa, B IPYTHX — HaJH4YUe TITyOOKHX WHBATH-
Haluii KapuonemMmsl (puc. 4, A).

Heo0xoauMo OTMETHTh, UTO YABTPACTPYKTYpa
MEKKJIETOYHBIX KOHTAKTOB U IECMOCOM ITPAKTHYECKU
ObLIa He u3MeHeHa. B capkoriazme HEKOTOPBIX Kap-
JUOMHUOIIMTOB HAOIIONATNCH OTIIOKEHUS TIIMKOTCHA.
MoxHo npenmnoinarars, uto TT, BcieacTBue Topmo-
JKEHUSI MEeTa0oJIM3Ma, MPEMSITCTBYET HCTOICHHUIO
3arracoB riukoreHa (puc. 4, B).
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KpbICbl B yAaneHHol oT MHpapKkTa 30He Ha 7-e CyTKM nocre
nepeBs3KM NIEBOV KOPOHApHOW apTepum: A — runeptpodusi
M CrivnaHne MUTOXOHAPWW, Ae30praHmsaums Kpuct; B —
BE3UKYMALMSA KPUCT MUTOXOHZAPUIA; Mf — Muocpmbpunnbl;
M — muTOoXOHOPWUK; Er — 3puTpOLMT B NPOCBETE KAaNUNnNsapa;
N — agpo kapguomuoumnTa; En — sHgoTenun; * — mexkne-
TOYHOE MPOCTPaHCTBO.

Fig. 3. Ultrastructure of rat cardiomyocytes fragments in
the zone distant from the infarction area to day 7 after left
coronary artery ligation: A — hypertrophy and adhesion of
mitochondria, cristae disorganization; B — vesiculation of
mitochondrial cristae; Mf — myofibrils; M — mitochondria;
Er — erythrocyte in lumen of capillary; N — nucleus of cardio-
myocyte; En — endothelium; * — intercellular space.

gates consisted of organelles with a destroyed external
membrane and vacuolar transformation were observed
in the lesion between myofibrils (Fig. 2A). The disor-
dered arrangement of tubules of sarcoplasmic reticulum
was found, as well as their fragmentation and swelling.
Similar changes were observed in the Golgi apparatus
structures. Glycogen granules were not present in the
cardiomyocyte hyaloplasm. Different states of myofibrils
was found: relaxed in some myocytes, and partially over
contracted in others. Cardiomyocytes with crucial
disorders in ultrastructure, namely with signs of nuclear
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NIeBON KOPOHAPHOWM apTepun U MHAYKUMKU rmnotepmumn: A — rnybokast uHBarmHaums kapuonemmel; B — mexkneToyHble
KoHTakTbl; N — a4po; M — mutoxoHapum; Mf — mmocdunbpunnel; D — gecmocomel; SR — capkonnasmaTtuyeckuii peTukynym;
G — rpaHynbl rIvKoreHa.

Fig. 4. Ultrastructure of fragments of cardiomyocytes in the zone distant from the infarction area to day 7 after left
coronary artery ligation and hypothermia induction: A — deep invagination of karyolemma; B — intercellular contacts; N —
nucleus; M — mitochondria; Mf — myofibrils; D — desmosomes; SR — sarcoplasmic reticulum; G — glycogen granules.

MHUTOXOHAPUH KapJHOMHUOIIUTOB TIOCIIE UHTYKIIUH
THIOTEPMUHN JIEMOHCTPUPOBAIIN PA3INIHbIC YIbTpa-
CTPYKTYpHBIE U3MEHEHHS, KOTOPbIC B KOMILIEKCE CBH-
JIETEbCTBOBAIN 00 UX HANPSKEHHOM (YHKITHOHHPO-
BaHUH, TUTICPTPOPUH U THIIEPILIA3HH. BOIBITHHCTBO
MUTOXOHAPHI HMEJTH XOPOIIIO OUEPUYCHHBIC BHYTPEH-
HUE ¥ HApYKHbIe MeMOpaHbl. KpucThl OBUTH TIOTHO
YIAaKOBAaHbI B DJICKTPOHHO-CBETIIOM Marpukce. B He-
KOTOPBIX KAPTUOMHOIMTAX HAOTIOIATOCH 3HAYUTEITh-
HOE HaOyXaHUEe MUTOXOH/IPUH C JIOKATBHOM IECTPYK-
[UEH KPHCT, TPpU 3TOM (hopMa OpraHellT HCKaKalach,
OHHM OBUIH IJIOTHO 3a)KaThl MEXKAY MUOGUOpHIIIAMHU
(puc. 5, A). B nmepuBacKyIsIpHBIX KapAHOMHUOITUTAX
Ha0JII0/1a)Iach BaKyoJibHAs TpaHCchOpMaIus MHUTO-
XOHJPHUH cyOCcapKoIeMMalibHOM (hpaKiiu, KOTOPBIE,
KaK MpaBmiIo, Hanboliee YyBCTBUTEIbHBI K THIIOKCHH
(puc. 5, B). s HEKOTOPBIX KapIUOMHOLUTOB OBLI
XapaKTePeH OTEK IUTOIIA3MbI C PACHIMPEHUEM H
BE3UKYJISIIMECH KaHAIBIEB CapKOMIa3MaTHYCCKOTO
peTUKyIyMa, a TaKKe HAIUYUEM BaKyolleh cpeiu
MHUTOXOHAPHN MEKPHOPUILIIPHON (HPaKIIIH.

B TkaHu cepiia mocie nepeBs3Ku JeBOH KOpoHap-
HOW apTepum ¢ mocienyomumM BBegenuem MCK
CaMOCTOSITENTbHO (Tpymima 3) ¥ B COYETaHUH C THUIIO-
TepMmuel (rpynmna 4) CTpyKTypa KapAUOMHUOIIUTOB
TaKXe OTJu4Yajiach pazHooOpasueM. HaOmromanuch
MBIIICYHBIC BOJIOKHA KaK B COKPAI[CHHOM, TaK U B
paccnabienHoM cocTosHUsX. Hapsiny ¢ kapaunomuo-
[UTAMH, IMEIOIIIUMHU HOPMAJBHYIO CTPYKTYPY SApa v
UTOIUIA3MBbI (pUC. 6, A), BBISIBISUTUCH KJICTKH C Jie-
CTPYKTHUBHBIMH HU3MCHCHHUSIMH OpTaHesl Ha (oOHE
BHYTPHKIIETOUYHOTO OTeKa (puc. 6, B).
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decay, destruction of myofibrils and mitochondria, disin-
tegration of desmosomes were also found (Fig. 2B).

The zones distant from the infarction contained
the groups of cardiomyocytes with different morpho-
functional state. The ultrastructure of several cardio-
myocytes was slightly modified. Myofibrils in these
cells were moderately contracted and had distinct
transverse banding. The sarcomeres had A-, Z-, H-
disks with contrast contours. Mitochondria and
myofibrils in cytoplasm of these muscle cells were
mainly assembled to layers. They had fine-grained
matrix with well-defined cristae. Some mitochondria
were slightly swollen and showed focal clearance of
matrix and reduced cristae, which was typical for
ischemic myocardium [16]. The cardiomyocytes with
mitochondrial hypertrophy were observed in an in-
terfibrillar space, they were closely adhered together
and had partially disordered cristae (Fig. 3A). Some
subsarcolemmal mitochondria contained vesiculated
cristae (Fig. 3B). Distribution of tubules in sarcoplasmic
reticulum was disordered, their fragmentation and
swelling was found. Destructive changes in nuclei were
manifested in distortion of shape and expansion of
perinuclear space (Fig. 3B). Large clumps of heterochro-
matin were distributed along the inner shell of nucleus.

The analysis of semi-thin sections of left ventricle
myocardium in rats with MI and further TH (group 2)
showed the changes in microcirculatory bed in the zone
distant from the infarction, manifested in uneven ex-
pansion of capillaries and focal development of sludge
phenomenon. Cardiomyocytes were characterised by
mosaic ultrastructural changes in organelles.
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Pwuc. 5. YnsTpacTpykTypa hparMeHTOB KapAMOMUOLIUTOB B yAaneHHOM OT MHpapKTa 30HE Ha 7-e CyTKM Mocre NepeBssku
NIEBON KOPOHAPHOW apTepun uU MHAYKUMWU runotepmun: A — runepTpodus MutoxoHapun; B — Bakyonu cpeau

MUTOXOHAPWIA, OTeK LuTonnasmel; M — mutoxoHapum; Mf — muocpmbpunnel; V — Bakyonu.

Fig. 5. Ultrastructure of fragments of cardiomyocytes in the zone distant from the infarction area to day 7 after left
coronary artery ligation and hypothermia induction: A — hypertrophy of mitochondria; B — vacuoles among mitochondria,

cytoplasmic swelling; M — mitochondria; Mf — myofibrils; V — vacuoles.

BazanbHast MeMOpaHa 1 CapKOJIEeMMa B 3THX KJI€TKax
COXPaHsUINCh. BOJBIIMHCTBO sAEp KapIHOMHOIINOB
WMEJIH POBHBIM KOHTYp, KPyHHBIC 1—2 SApBINIKA U
CBETIIYIO HYKJICOILJIa3MYy, 3allOJHECHHYIO B OCHOBHOM
3yXpPOMATHHOM. B TO e BpeMst BBISBIISIIMCH €IUHNY-
HBIE S/Ipa C U3BWIIMCTBIM KOHTYPOM, a TaKKe 3HAYH-
TeIbHO HAOYyXIIIHe SApa ¢ TOBPEKACHHON KapHOIeM-
MOM, BO3JI€ KOTOPBIX HAaOIIOJAINCh IJIEKTPOHHO-
CBETJIbIC YYACTKHU LIUTOILIA3MbI, CBUICTEIbCTBYIOIINE
0 BHYTpHKJIETOUHOM OTeke. CocTosiHIe MHO(DUOPHILT
OOJIBIITMHCTBA KapAMOMUOIIMOB OBLTO OJIM3KO K HOPME,
YTO YKa3bIBaJIO Ha BOCCTAHOBJICHHE OMOMEXaHNYeCKOU

The nuclei with finely dispersed chromatin pre-
dominated in the studied zone of myocardium. In
nuclei of some cardiomyocytes we noted the mar-
gination of heterochromatin, the deep invagina-
tions of karyolemma were present in other ones
(Fig. 4A).

Of note is the fact that the ultrastructure of inter-
cellular contacts and desmosomes remained almost
unchanged. The glycogen deposits were observed in
sarcoplasm of some cardiomyocytes. Thus we can
suggest TH to prevent the glycogen depletion due
to metabolism inhibition (Fig. 4B).

Puc. 6. YnbTpacTpykTypa doparMeHTOB KapaMoMUOLMTOB B YOANEHHOW OT MH(pApKTa 30HE Ha 7-e CyTKM NOcre NepeBa3kn
neBOW KOPOHapHOW apTepuu, MHAYKUMM runoTepmun n BeegeHna MCK: A — kapAnoMUOLMUTbI C HOPManbHOM
ynbTpacTpyKTypou; B — kapanommouuntbl ¢ 4ECTPYKTUBHBIMU U3MeEHEHNAMU Mnodmbpunn; N — aapo; M — MUTOXOHAPpUK;
Mf — mnocpmnbpunnel; BM — 6a3anbHas membpana.

Fig. 6. Ultrastructure of cardiomyocyte fragments in the zone distant from the infarction area to day 7 after ligation of left
coronary artery, induction of hypothermia and introduction of MSCs: A — cardiomyocytes with normal ultrastructure; B —
cardiomyocytes with destructive changes of myofibrils; N — nucleus; M — mitochondria; MF — myofibrils; BM — basal
membrane.
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Puc. 7. YnbrpacTpykTtypa hparMeHToB KapanoMUOLUTOB
B yAalleHHOM OT MH(apKTa 30He Ha 7-e€ CYTKM nocne
nepeBsi3KM NEBON KOPOHapHOW apTepun, MHOYKLUUW TUMNOo-
Tepmum 1 BBeaeHns MCK: A — runepTtpodus 1 nokanbHas
romoreHunsaumsi kpuct (*); B — HabyxaHne MUTOXOHOPUN
n gectpykums kpuct; M — mutoxoHgapuu; Mf — Mmmodm6-
pynnbl.

Fig. 7. Ultrastructure of cardiomyocyte fragments in the
zone distant from the infarction area to day 7 after ligation
of left coronary artery, induction of hypothermia and
introduction of MSCs: A — hypertrophy and local
homogenization of cristae (*); B — swelling of mitochon-
dria and destruction of cristae. M — mitochondria; MF —
myofibrils.

ApXUTEKTOHUKN CEPJACYHON TKAHW W, BUJIMMO, Ha
yIy4IIEHHE COKPATUTEIbHOW (YHKIIMA MHUOKap.a.
OnHako BCTpedaanch MUO(DUOPUILIBI C AUCCOLUAIIHEH
A- u I-nuckoB, Bakyonu3alued KaHaJIbLEB CapKo-
MJIa3MaTUYECKOTO PEeTHKYTyma. J{Jisi MUTOXOHAPUI
KapJMOMHUOIIMTOB ObLTa XapakTepHa pa3HooOpa3Has
YIABTPACTPYKTYpa, IPU STOM Mpeo0Iiaaaii MUTOXOH/I-
UM YBEIMYEHHBIX Pa3MEPOB C XOPOIIIO OUYEPUCHHBIMH
KpucTaMH. B HEKOTOPBIX MHUTOXOHJAPUSIX HaOIIONa-
JINCh JIOKaJbHAsI TOMOTEeHH3AIUs Kpuct (puc. 7, A),
n3MeHeHne (GOpMbI, IPOCBETICHUE MATPUKCA H JIOKAJTb-
Has qecTpyKius Kpuct (puc. 7, B). OOHapyxuBanuch
TaK)kKe MUTOXOHJPUH C BE3UKYIISIPHBIMHA KPUCTAMH.
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Mitochondria of cardiomyocytes after hypothermia
induction showed different ultrastructural changes,
which together testified to their intensive function,
hypertrophy and hyperplasia. Most mitochondria had
well-defined internal and external membranes. The
cristae were tightly packed in an electron-light matrix.
Some cardiomyocytes contained significantly swelled
mitochondria with focal destruction of cristae, the
shape of organelles was distorted, they were tightly
clutched between myofibrils (Fig. SA). In perivascular
cardiomyocytes we observed a vacuolar transforma-
tion of mitochondria of subsarcolemmal fraction, which,
as a rule, were most sensitive to hypoxia (Fig. 5B).
Some cardiomyocytes were characterized by swelled
cytoplasm with expanded and vesiculated tubules of
sarcoplasmic reticulum, as well as by the presence
of vacuoles between mitochondria of interfibrillar
fraction.

Heart tissue after left coronary artery ligation and
subsequent administration of MSCs (group 3) or com-
bined with hypothermia (group 4) contained car-
diomyocytes of various structure differed in variety.
There were either contracted and relaxed muscle
fibers. Along with cardiomyocytes with normal nucleus
and cytoplasm structure (Fig. 6A), we revealed the
cells with destructed organelles and intracellular ede-
ma (Fig. 6B).

The cells had intact basal membrane and sarco-
lemma. Most nuclei of cardiomyocytes had even
contours, large 1-2 nucleoli and light nucleoplasm, filled
mainly with euchromatin. At the same time, single
nuclei with a sinuous contour were revealed, as well
as strongly swollen nuclei with a damaged karyolem-
ma, neighboured by electron-bright areas of the cyto-
plasm indicating the intracellular edema. The state of
myofibrils of most cardiomyocytes was close to normal,
that evidenced a restoration of biomechanical ar-
chitecture of the cardiac tissue and, apparently, an
improvement in the myocardium contractile function.
However, there were myofibrils with dissociated A-
and I-disks and vacuolized tubules of sarcoplasmic
reticulum. Cardiomyocyte mitochondria were charac-
terized by diverse ultrastructure, but with prevailing of
mitochondria of an increased size with well-defined
cristae. Some mitochondria had focally homogenized
cristae (Fig. 7A), changed shape and cleared matrix
(Fig. 7B). Mitochondria with vesicular cristaec were
also present.

It should be noted that in the MI animals injected
with MSCs (groups 3 and 4) we have found the small
electron-dense mitochondria in the cytoplasm of car-
diomyocytes, and their appearance may be associated
with the division of organelles (Fig. 8A, C) [15, 4].

Unlike the animals of group 2 (induction of TH after
MI), the cardiomyocytes in the groups with MSCs
administration contained glycogen granules, and these
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Heo0XonmuMo OTMETHTh, YTO y JKUBOTHBIX, KOTO-
peiM Ha pone UM BBoamiu MCK (rpymmst 3 u 4), B
LUTOTIa3Me KapJAHOMHUOIUTOB OIPEACISINCh MeJ-
KHE 3JICKTPOHHO-TUIOTHBIE MUTOXOHIPHH, TIOSIBIICHHE
KOTOPBIX MOXET OBITh PE3yJNbTaTOM JIEJICHUS Opra-
uenn (puc. 8, A, C) [10, 16].

B oTnnume ot )kuBOTHBIX rpynmbl 2 (MHAYKuus I'T
Ha one UM) B rpynmnax ¢ BBegennem MCK kapauo-
MUOIIMTHI COIEPKaJIN TPaHyJIbI TNINKOTeHA, TOKATTHU30-
BaHHBIE HE TOJIBKO B MEKMHUTOXOHPUATIEHBIX U MEXK-
(UOPWILISAPHBIX POCTPAHCTBAX, HO M B OKOJIOSIICPHOM
30HE KJIEeTOK (puc. 8, B, D).

IIpu UM cTpyKTypHBIE U3MEHEHUS CeplIeUHOM
MBIIIIIBI 00YCIOBICHBI HAPYIIICHHEM OajlaHCa MEX Iy
NOTPeOHOCTHIO MHOKAp/1a B KUCIOPOJIE U €T0 10CTaB-
Kol [2, 14, 15]. Henocrarounast okcUreHaius Muokapaa
MIPUBOJIUT K PA3BUTHIO MUOKAPAUATbHON THIIOKCHH,
YTO OTpaKaeTcsi Ha METabOIM3Me KapJUOMUOIITOB

e

Puc. 8. YnbrpacTpyktypa chparmeHTa kapaunommounta B yaaneHHo! OT MHgapKTa 30HEe Ha 7-e CYTKW Nocre nepeBsasku

were found not only in intermithochondrial and
interfibrillar spaces, but also in perinuclear region of
cells (Fig. 8B, D).

Myocardial infarction is accompanied by structural
changes in cardiac muscle caused by the disbalance
between myocardial oxygen demand and its delivery
[6,7,20]. Insufficient oxygenation of myocardium leads
to the development of myocardial hypoxia, which
affects the metabolism of cardiomyocytes as an im-
paired functioning of cell organelles [22]. As a result of
tissue hypoxia, the mitochondria, playing a key role in
the energy metabolism of cells, are subjected to the
most significant changes in MI. A decreased level of
mitochondrial respiration leads to a significant deficit
in the energy reserves of a cell and generation of active
oxygen species by mitochondria, being one of the main
factors of cell damage [14, 15]. Due to the destruction of
an external mitochondria membrane, the calcium ions

e

JIeBOV KOPOHAPHOW apTepun, MHAYKuun runotepmun n BeegeHnsa MCK (A, B —rpynna 3; C, D —rpynna 4): A, C — menkue
NAoTHblE MUTOXOHAPUW; B, D — Hanuuue rpaHyn rnvkoreHa B uutonnasme; M — mutoxoHgpum; Mf — mmocunbpunnei;

N — aapo; G — rnukoreH.

Fig. 8. Ultrastructure of cardiomyocyte fragment in the zone distant from the infarction area to day 7 after ligation of left
coronary artery, induction of hypothermia and introduction of MSCs (A, B — group 3; C, D — group 4): A, C — small dense
mitochondria; B, D — presence of granules of glycogen in cytoplasm; M — mitochondria; MF — myofibrils; N — nucleus;

G — glycogen.
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B BUJC HAPYIIECHNUS QYHKIIMOHUPOBAHUS KICTOTHBIX
opranem [3]. B pe3ynbrare TKaHEBOH TUITIOKCUN TIPH
WM Hamnbonee 3HAYNTEIBHBIM U3MEHEHUSIM TIOJIBEP-
raroTCsl MUTOXOHJPHUH, KOTOPBIE UIPAIOT KIIIOUEBYIO
pOJIb B 3HEpreTHdeckoM Metabonusme kietok. CHu-
JKEHHE YPOBHS MUTOXOHIPUAIBLHOTO JAbIXaHUS TPUBO-
T K CYLIECTBEHHOMY Ae(HULUTY SHEPreTHUECKUX
3aIacoB KJIETKU U T€HEPUPOBAHUIO MUTOXOHIPUS-
MU aKTHBHBIX (POPM KHCIIOPOJIa — OTHOTO U3 TIaBHBIX
(haxTopoB moBpexaeHUS KIeToK [8, 10]. Benencreue
pa3pyieHns Hapy>KHOH MeMOpaHbI MUTOXOHIPHIA TIPO-
WICXO/IUT BBIXOJ B INTO30J1h NOHOB KaJIBIINS ¥ IIPOATIOT-
TOTHYECKUX (DAKTOPOB, KOTOPHIE YCHIIMBAIOT JICHCTBUE
OCTaJILHBIX MTOBPEXKAAIOMHNX areHToB [9, 10, 14].

HaOyxanue mutoxoHApuil 1 00pa3oBaHHE B HX
MaTpHKCE KPYIHBIX BaKyoJiell — HamboJyiee 4acto
BCTpEUAIOIIMECS U3MEHEHUS YIbTPACTPYKTYPHOU
opranuzauuu mutoxouapuii [ 10]. I3BectHO, 4TO KOJMU-
YECTBO KPUCT B MUTOXOHAPUSAX 3aBUCUT OT UHTEHCUB-
HoctH MeTabonm3ma [14]. [ oObekTuBrU3anuu pas-
JTAIAA MEXKTY YKCIIEPUMEHTATEHBIMHE TPYIITIaMH ObLTH
MOJTy9eHBI MOP(OMETPUIECKHE XaPAKTEPUCTUKH MUTO-
XOHIpHI (TaOIUIIA).

and proapoptotic factors are released into the cytosol
enhancing thereby the effect of other damaging agents
[7, 14, 15].

Swelling of mitochondria and formation of large
vacuoles in their matrix are the most frequent changes
in ultrastructural organization of mitochondria [15]. It
is known that the number of cristae in mitochondria
depends on the intensity of metabolism [7]. To objectify
the differences between the experimental groups,
morphometric characteristics of the mitochondria were
estimated (Table).

It can be seen that the development of MI (control)
was accompanied by a two-fold increase in the mito-
chondrial area and a 23 times decrease in the number
of cristae in mitochondria as compared to intact ani-
mals.

After TH there was a tendency to normalization of
mitochondria structure, i. e. significant decrease in their
area comparing to the control group. It is known that
an ischemic myocardium tissue accumulates calcium
ions, and an excessive amount of those in mitochondria
leads to their irreversible damage [16]. It can be
assumed that hypothermia slows down the process of

MopdomeTpryeckre xapakTepucTMKU MUTOXOHAPUIA B UHTAKTHBIX 30HaX MUokapaa neBoro
Xenyaoyka KpbIC Ha 7-e cyTku rnocrne mogenuposaxus M

Morphometric characteristics of mitochondria in intact zones of myocardium of left ventricle of rats to day 7 after Ml

pynnbl
Groups
MapameTpbl Hopma
Parameters Norm
1 (UM, koHTponb) | 2 (UM + runotepmua) 3 (UM + MCK) 4 (MM + runotepmua + MCK)
1 (M, control) 2 (Ml +hypothermia) 3 (MI+MSCs) 4 (MI+ hypothermia + MSCs)
YpenbHbiit o6vem, % 30 + 2,3 36,3 = 1,31 34,6 + 3,7 32,6 + 1,52 31,5 + 1,72
Specific volume, %
Mnowaabe MUTOXOHAPWM, MKM?
Mitochondrial area, tm? 0,64 + 0,03 1,33 + 0,051 1,13 + 0,081,2 0,85 + 0,11,2 0,71 + 0,122
KonuyecTteo Kpuct B
muToxoHapUN 26,7 + 3,2 9,2 + 3,81 13,2 + 4,71 16,3 + 3,41,2 17,7 + 5,91,2
Number of cristae in
mitochondrion
MpumeyaHue: ' — OTNUUUS 3HAYMMbI OTHOCUTENBHO HOPMbI, 2 — OTNNYUS 3HAYUMbI OTHOCUTEMNBHO rPynMbl KOHTpons; p < 0,05.
Note: ' — differences are significant in comparison with the norm, 2 — differences are significant in comparison with the control

group; p < 0.05.

Buano, uro passurue UM (KOHTPOIIb) COMPOBOXK-
JTAJIOCh ABYKPAaTHBIM YBEIMUEHUEM MOKA3aTeNs «IIO0-
aab MUTOXOHAPHUM» M YMEHbIIEHHWEM B 2-3 pasza
KOJIMYECTBA KPUCT B MUTOXOH/PHAX 110 CPAaBHEHHIO C
WHTaKTHBIMH KHBOTHBIMHU.

[Mocne nposenenus I'T HaOMOMATACH TCHICHIUS
K HOpMaJIM3aI[lH CTPYKTYPbl MUTOXOHIPUH — 3HAYUMO
YMEHBIIIAJIACh TUTOIIA b MUTOXOHIPHIA OTHOCUTEIHFHO
TpyNIbI KOHTpOus. MI3BecTHO, UTO B MIIEMU3HPOBAH-
HOM TKaHW MHUOKap/ia HAKATIJTMBAIOTCS HOHBI KaJIbITHS,
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calcium accumulation in myocardium mitochondria,
increases their resistance to calcium absorption, the-
reby providing cardioprotective effect [23].

In the animals of group 3 (introduction of MSCs
on the background of MI), the mitochondria were
significantly different from the control group by all the
indices. Specific volume of mitochondria reached the
norm. Combined TH and introduction of MSCs on the
background of MI (group 4) led to the most pronounced
normalization of ultrastructural parameters of mito-
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Ype3MepHOe KOJIMYECTBO KOTOPOTO B MUTOXOHIPHSIX
MIPUBOANT K UX HEOOpaTHMOMY mMoBpexaeHuro [11].
MO3KHO TOIYCTUTb, UTO TUIIOTEPMHUS 3aMENTISIET IPO-
LIECC HAKOMJIEHNUS KaJIbIIMSl B MUTOXOHAPHAX MUOKap/a,
MOBBIIIAET UX YCTOWYMBOCTH K MOIIOIICHUIO Kallb-
LUs1, OKA3bIBast TAKUM 00pa30M KapAHONPOTEKTOPHOE
neicteue [4].

V xuBoTHBIX rpynisl 3 (BBenenne MCK Ha ¢one
NM) MHTOXOHJpUU IO BCEM IOKA3aTeNsIM 3HAYMMO
OTJIMYATIMCH OT IPYIIBI KOHTPOJIS. YACIbHBIH 00beM
MUTOXOHAPHI ToCTUTAN 3Ha4eHns: HOpMbI. CodeTanne
TI' ¢ BBeaeanem MCK nHa done UM (rpymma 4)
MIPUBOJINIIO K HAanOOJIee BBIPAKEHHON HOpMaIN3alluH
YIBTPACTPYKTYPHBIX apaMEeTPOB MUTOXOHAPUH. ITo
yAeTbHOMY 00bEMY M pa3MepaM MUTOXOHIPHH COOT-
BETCTBOBaIM HOpMe. KonnuecTBo KpUCT B HUX MTOCIIE
Beenennss MCK (rpynmer 3, 4) ocTaBanoch 3HAYHMO
HUKE HOPMBI, HO YBEIMYHBAIIOCH ITOYTH B 2 pa3a Mo
CPaBHEHHUIO C KOHTPOJIEM. DTO CBUJIETEIBCTBYET O
MOBBILIEHUN HHTEHCUBHOCTH pa0OThI MUTOXOHAPHAIIb-
HOTO anrapara KapJHOMHOIIITOB ¥ MOJKET pacCMaTpH-
BaThCA KaK MPU3HAK WX aJanTaluy K HeOJIaronpusT-
HBIM yCIIOBHSIM.

O6001mas moy4eHHble JaHHbIe, MOXKHO yTBEpPXK-
JIaTh, UTO CTETICHb BIIMSIHUSI KCCIIEyeMBIX (DakTOpOB
(I'T m BBenerne MCK) Ha yabTpacTpyKTypy Kapauo-
MHOLIMTOB B OTAAIEHHBIX OT 30HBI HH(APKTa y4acTKax
HepaBHoleHHa. [Tocne npumenenus I'T )KUBOTHBIM ¢
UM B capkomiasmMe HEKOTOPBIX KapJAHOMUOLUTOB
BBISIBIISIIOTCS TPaHyNbl INIMKOTEHA, YTO MOYKHO pac-
CMaTpHUBaTh KaK pe3yJbTaT COXpPaHEHHsI SJHEpreTHIec-
KOTO pecypca B KJIETKE BCIIEICTBHE TOPMOKEHHUS 00-
MEHHBIX IpoueccoB. Bunnumo, 3Tum xe 00bsICHACTCS
Y HE3HAYUTEIbHOE YIy4IIeHHEe MOP(POMETPHUIECKHUX
rapaMeTpoB MUTOXOHAPUN ITOCIIE TEPAIIEBTUYECKON
TUTIOTEpPMHUH. B Tpymnmax >KMBOTHBIX C BBEJECHUEM
MCK na pone UM HOopManm3aius CTpyKTypbl MUTO-
XOH/PHUH, TOSIBIIEHUE METKUX JIEKTPOHHO-TUIOTHBIX
MUTOXOH/IPHI CBUJICTEBCTBYIOT O (DYHKIIMOHATIBHOM
AKTUBHOCTH TUX OPTaHEeJI ¥ JOCTaTOYHOM IOCTYII-
JIEHUH KUCJIOPOAA B KAPAUOMHUOLUTEL. DTOMY MOTYT
cnioco0cTBOBaTh (hakropsl, Beaeasiemsle MCK. Ilo
JaHHBIM JINTEPATYPBI U PE3yJIbTaTaM HalllUX UCCIIE0-
BaHnit MCK nonoxutenbHo BIUSIOT Ha KapAHOTeMO-
JUHAMUKY ITPH PEMOAEINPOBAHUH JIEBOTO KEITY10UKa,
B TOM YHCJIE 3a cUeT HeoaHrrorenesa [12]. Hanuuue
00JIBIIOT0 KOJTMYECTBA TPaHyJl IIIMKOTEHA B Kapuo-
MHOLIUTaX MOXET paccMaTPUBATHCA KaK IMPHU3HAK
HOpMAaJTU3a[i CHHTETHYECKUX MPOLIECCOB Ha (oHE
YAYYIIEHUS] MUKPOLMPKYIISIIUY TI0]1 BIMSIHAEM (haK-
topoB MCK. Coueranue TI' ¢ BBegeanem MCK nHa
(one UM B Oombliieil CTENEHH CIIOCOOCTBYET aKTH-
BallM1 KOMIIEHCAaTOPHO-PEreHEPATOPHBIX MIPOLIECCOB B
KapAHMOMHOLUTAX.

B nanbHelimem niuaHupyeTcs MpOBEIEHUE dKCIIe-
PUMEHTAIBHBIX UCCIIEJOBAHUH 110 U3yUEHHIO BITUSHUSA
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chondria. The specific volume and sizes of the mito-
chondria corresponded to the norm. The number of
cristae after the injection of MSCs (groups 3, 4) re-
mained significantly lower than normal, but increased
almost twice if compared with the control. This indi-
cates an increased function of the mitochondrial appa-
ratus of cardiomyocytes and can be considered as a
sign of their adaptation to unfavorable conditions.

Summarizing the obtained data, we can state that
the influence of the investigated factors (TH and MSCs
injection) on ultrastructure of cardiomyocytes in the
regions distant from the infarction zone was not equal.
After the hypothermic treatment of the animals with
MI the glycogen granules were found in the sarcoplasm
of some cardiomyocytes, that could be considered as
a result of the cell energetic resources conservation
due to an inhibition of metabolic processes. Apparently,
this also explains an insignificant improvement in
morphometric parameters of mitochondria after thera-
peutic hypothermia. In groups of the animals with MI
and introduction of MSCs the mitochondrial structure
was normalized, and appearance of small electron-
dense mitochondria testified to their functional activity
and sufficient supply of oxygen to cardiomyocytes. This
can be additionally improved by the factors of MSC
origin. According to the available publications and
results of our own studies we can conclude that MSCs
positively influence cardiohemodynamics during remo-
deling of the left ventricle particularly due to neo-
angiogenesis [19]. The presence of a large number of
glycogen granules in cardiomyocytes can be conside-
red as a sign of normalization of synthetic processes,
taking into account an improved microcirculation fol-
lowing MSCs introduction. The combination of TH
with the application of MSCs on the background of
MI provided the highest activation of compensatory-
regenerative processes in cardiomyocytes.

In our future experimental studies we plan to
elucidate the effect of TH and MSCs transplantation
on electrocardiographic parameters of rat’s heart in
experimental MI.

Conclusions

The combined use of TH and introduction of MSCs
on the background of Ml in rats promoted the activation
of compensatory regenerative processes in cardio-
myocytes, which was greater if compared the using
of'both factors per se. This was manifested in maintai-
ning the energy resource and restoration of synthetic
processes in cells, as well as in more pronounced normali-
zation of ultrastructural parameters of mitochondria.

We are grateful to Anna Svitina, a researcher at the
Institute of Cell Therapy (Kyiv) for the assistance in
obtaining the culture of placental mesenchymal stromal
cells of rats.
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TI' u tparcmmanTanun MCK Ha 31eKkTpoKapano-
rpadugeckue moKa3aTeIu CepIia KPhIC IPH dKCTIEPH-
MeHTaabHOM M.

BriBoabI

Couerannoe npumeHenue TI" u BBegenuss MCK
Ha ¢pone UM y kpsic B OosblIel CTeNeHH, 10 CpaBHe-
HUIO C CAMOCTOATENBHBIM HCIOJIb30BAaHIEM YKa3aHHBIX
BO3/ICUCTBUI, CIIOCOOCTBYET aKTHBAI[MH KOMIICHCA-
TOPHO-PETEHEPATOPHBIX MPOIECCOB B KAPIUOMHO-
LIUTaX, YTO MPOSBIISAETCS B COXPAHEHUH YHEPTETHUECKOTO
pecypca 1 HopMaIu3auy CHHTETUYECKUX MTPOIIECCOB
B KJIETKaX, a TakXKe B 0oJiee BBIPAKECHHONH HOPMaJH-
3aI1H YIBTPACTPYKTYPHBIX MTApaMeTPOB MUTOXOHIPHI.

Buipaosicaem bnazooaprnocms Anne Ceumunot, HayuHomy
compyonuxy Uncmumyma kiemounoti mepanuu (2. Kues)
30 NOMOWb 8 NOJYYEHUU KYTbMYPbl NIAYEHMAPHBIX Me3eH-
XUMATbHBIX CMPOMATbHBIX KIEMOK KPbIC.
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