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Cardiomyocyte Ultrastructure of Rats With Experimental
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PedepaT: ViccnepoBaHbl ynbTpacTpyKTypHble M3MEHEHUS B KapAMOMMOLMTaX MpWU pa3BUTUM HEKpPO3a M PeMOAENUPOBaHUN
cepAua KpbIC C aKCnepumeHTanbHblM MHpapkTom muokapaa (MM) nocne uHAyKUMM TepaneBTUYEeCKOW TMNOoTEPMUU U BBEOEHUS
annoreHHbIX Me3eHXMManbHbIX cTpoManbHbiX knetok (MCK). MHdapkt mogenupoBanun nytem nepeBA3KW NeBOW KOPOHapHOW
apTepuun. TepaneBTUYECKYIO TMMOTEPMMIO NMPOBOAMUIIM B XONOAOBOW kaMmepe B TedeHne 60 MUH Npu TemnepaTtype KOXW BOPOTHUKOBOW
30HbI 4°C. CycneH3unto annoreHHbIX KprokoHcepBrpoBaHHbix MCK nnaueHTbl ¢ koHUeHTpauuen 1,2 x 108 kn/mn BBOAUNN BHYTPUBEHHO
opHokpaTHo. B rpynnax xuBoTHbix ¢ BBegeHneM MCK un coyetaHHbIM npumeHeHnem MCK u runotepmumn Ha cdoHe VIM 6binum
BbISIBMIEHbl HOPManu3auns CTPYKTYpbl MUTOXOHAPWIA, NOSIBIEHUE MENKUX MIOTHbIX MUTOXOHAPWIA, Hanuune GonbLIOro konuyecTsa
rpaHyn rivKoreHa, 4To cBMAeTenbCTBYeT O [OCTaTOMHOM MOCTYMNMEHUN B KapAVOMUOLMTBI KUCIOpoAa U akTUBM3aLMKM CUHTeTUYecC-
KUX MPOLECCOB Ha (hoHe ynyylleHUs MUKpoUMpKynauumn nog snusHuem daktopos MCK. CoyeTaHue TepaneBTUYECKON rmnoTepMmmn
¢ BBefeHnem MCK Ha cdoHe VM B Gornblueli cTeneHn cnocobCcTBoBano akTuBaLuyM KOMIEHCATOPHO-pereHepaToOpHbIX MpOLLEeCCOoB
B KapauomuoumTax.

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

PecbepaT: JocnigxeHo ynbTpacTpyKTypHi 3MiHM B KapgiomiouuTax npu po3BMTKY HEKPO3Y i pemogentoBaHHi cepus LiypiB 3
ekcnepvMeHTanbHUM iHdapkTom miokapga (IM) nicns iHAYKUiT TepaneBTUYHOI rinoTepmii Ta BBEAEHHS anoreHHUX Me3eHXiMarnbHUX
cTpomanbHux knitnuH (MCK). IHdapkT mogentoBanu LWASXOM NepeB’sa3ku MiBOT KOPOHApHOT apTepii. TepaneBTUYHY rinoTepmito
npoBOAUNN B XONOAOBIN Kamepi npoTarom 60 xB npu Temnepatypi wkipn komipueoi 30HM 4°C. CycneHsilo anoreHHUX KpiokoHcep-
BoBaHux MCK nnaueHTu 3 KoHueHTpauieto 1,2 x 10° kn/mn BBOAMNU BHYTPILLUHLOBEHHO OHOPA30BO. Y rpynax TBapuH 3 BBEAEHHAM
MCK i cymicHum 3acTtocyBaHHsiM MCK i rinotepmii Ha Tni IM 6ynu BusiBNeHi HopManisalis CTPYKTypy MITOXOHAPIN, nosiBa ApiGHUX
LWINbHUX MITOXOHAPIW, HAsiBHICTb BEMMWKOI KiMbKOCTi FpaHyn rikoreHy, Wo CBiAYMTb MPO AOCTaTHE HAAXOMXEHHS Yy KapaiomiouuTis
KWUCHIO | aKTMBI3aLil0 CUHTETUYHMX MPOLECiB Ha TNi NominweHHs Mikpoumpkynauii nig snnuesom daktopie MCK. lNMoegHaHHsA Tepa-
neBTMYHOI rinoTepmii 3 BBeaeHHssiM MCK Ha Tni IM GinbLuoto Mipoto crpusino akTuauii KOMNeHcaTOpHO-pereHepaTopHNX NpoLecis y
KapgiomiounTax.

Knio4oBi cnoBa: ekcnepumeHTanbHUI iHapKT Miokapda, TepaneBTUYHA rinoTepMmisi, Me3eHxiMarnbHi CTPpOManbHi KMiTUHN,
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 Ml 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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Wudapxr muokapaa (M) — omHa U3 OCTPBIX U
TSOKEIBIX (POPM TIPOSIBIICHUS UIIEMUYECKON OOJIe3HN
cepaua. B Ykpaune uactora pacnpocTpaHeH s JAHHOTO
3aboneBanus B roa gocruraet 50 000, mpu stom UM
SIBJISIETCS MPUYMHON MHBAJIMIHOCTU Oojiee 4eM y
50% GobHBIX ¥ TPUBOAUT K CMEPTEIILHOMY HCXOITY
B 13% ciyuaes [5].

dapmakooruieckre npernapaTbl KapJHOTPOITHOTO
JICUCTBHUS M MEAMIMHCKAE UHTEPBEHIMH (CTEHTH-
pOBaHHE, AOPTOKOPOHAPHOE IIYHTUPOBAHHUE U TPAHC-
IUIAHTALMUS Cep/lia), SBISIOINECs PacpOCTpaHEH-
HBIMU COBPEMEHHBIMU METOAAMU JICUCHHS OOJIBHBIX
C CEpACYHO-COCYIUCTBIMU 3a00JIEBAHUSIMHU, HE BCETAA
3 (PEeKTUBHBI U TOCTYITHEI.

B HacTosiiee BpeMs ¢ LIENbIO 3aIIUTHI KIETOK
cepAla 1 TOJIOBHOTO MO3Ta OT KHCIOPOAHOTO TOJIO0-
JIaHUsl B YCIIOBUSIX OCTPOIl KOPOHAPHOM U MO3rOBOM
HEJIOCTATOYHOCTH aKTUBHO HCIIOJIb3YEeTCS TeparieBTH-
yeckas runorepmusi (TT), koTopast BHeceHa Be Iy IIUMU
MEIUIIMHCKIMHU OPTaHU3alUsIMA MUPA B TIPOTOKOJIBI
CepleyHO-IErOYHON peaHNMALK IIPH OCTPBIX UILIEMH-
yeckux cocrossuusx [20, 22]. DddexruBnocts TT
IPOSIBIISIETCS. B YMEHbIIEHUH pa3Mepa 30HbI UM u
HaNpsIMYIO CBSI3aHa C COKPALICHUEM NTPOJOIKUTEIb-
HOCTH HOPMOTEPMUYECKON MIIEMUH, TOPMOKEHUEM
MeTaboIM3Ma U UCIIONb30BaHUs SHEPIHH, A TAKXKE C
aKTHBALMEH MyTed Nepefauyu CUTHaJOB «BbLKHUBAc-
mocTi» (survival signalling) [23]. YenemrHomy npo-
TEKaHHUIO TOCTUH(PAPKTHOTO MEPUOIa CIIOCOOCTBYIOT
MEPOTPHUITHS 10 YIYyYIICHUIO KPOBOCHAOKEHUS U
CTUMYJISIIIMY perapaTuBHBIX MPOIIECCOB B MHOKap/IE.
B mocnennue roapl OTKPHIBAIOTCS HOBBIE BO3MOXK-
HOCTH TIPUMEHEHHS IOHOPCKHX, B TOM YHCIIe ME3CHXH-
MaJIbHBIX CTpoMaiIbHbIX Ki1eToK (MCK), kak crocoba
BOCCTAHOBJICHUS (PYHKLMH MOBPEKACHHBIX OPTaHOB
[19]. Ucnomp3oBanre MCK nipu neuennu MM, Beposit-
Hee Bcero, 00yCIIOBJICHO MX MAapaKpHHHBIM 3 dexTom
Ha KJIETKH pelUIIeHTa. Me3eHXUMaJIbHbIE CTPOMAIb-
HbIE KJIIETKU CEKPETUPYIOT MHOTOYHCIICHHBIE INTOKUHEI
1 pOCTOBBIE (PAKTOPBI, CTUMYIUPYIOIINE BEKUBAHUE,
aHruoreHes, poct 1 JuddepeHIMpPOBKY KIETOK B 30HE
WM, Bkitouasi pe3uACHTHBIE CeplieuHble CTBOJIOBEIE
kietku [6, 7, 20, 21].

Coueranue daxropoB TI' 1 MCK mosxeT obecne-
quTh O0JIee BEICOKHH JieueOHbIi et mpu UM. st
MOHUMaHHS MEXaHU3MOB JICHCTBHS U3y4aeMbIX (ak-
TOPOB M MX KOMOWHAIMH IIeJeco00pa3Ho HCCIeno0-
BaHHE CTPYKTYPHBIX N3MEHEHHI MBIIIICYHBIX BOJIOKOH
B COXpaHuBIIIelcs yacTi Muokapa. COCTOsHHE YiIbTpa-
CTPYKTYPHBIX KOMIIOHEHTOB KapJOMHUOLIUTOB B [IEPH-
WH()APKTHOW W OTHAJICHHON OT ouara IMOBPEXICHUS
30HaX MOXKET CBUAETEIILCTBOBATH O CTEIICHN aKTHUBA-
LW KOMITCHCATOPHO-TIPUCIIOCOONTEbHBIX MEXaHU3MOB
cep/iia B mpolecce ero pemoaenupoBanus [16].

B cBsizu ¢ 3TUM nenbio paboThl OBIIIO OLEHUTH
BIIMSIHHE TEPAeBTUUECKON TMIIOTEPMUU U BBEICHHUSI
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Myocardial infarction (M1) 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 drugsand medical interventions (sten-
ting, coronary artery bypass grafting and heart trans-
plantation) are currently the routine therapeutic me-
thodsin 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) isoften used
nowadays, and is included into the cardiopulmonary
resuscitation protocols during acuteischemic statesby
the world’'s leading healthcare organizations [8, 13].
The TH efficiency ismanifested in M1 zonereduction
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 ispromoted
by measures directed to blood supply improvement
and stimulation of reparative processes in myocar-
dium. The new opportunitiesfor 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 MSCsfor M1 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 cellsin 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 fibresin
apreserved 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 cardiomyocytesin peri-
infarction zone and the areas distant from the lesion
may show the activity of compensatory-adaptive me-
chanisms of heart during itsremodelling [4].

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

Materials and methods

The research was performed in accordance with
the principles of bioethics stated inthe Law of Ukraine
‘Onthe 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 KJIETOK
Ha yJIbTPaCTPyKTYpPHBIE U3MEHEHHUsI B KapJAUOMUO-
LUTaX [PU SKCIIEPUMEHTAIbHOM HH(apKTe MUOKapa.

MartepuaJjbl 1 MeTOABI

Pabota BbINOJIHEHA B COOTBETCTBUH C PUHLIUITAMH
OMOATHKH, U3NIOKEHHBIMU B 3akoHe Ykpausbl «[Ipo
3aXMCT TBAPUH BiJ] JKOPCTOKOTO MOBOKEHH» (Ne 1759
or 15.12.2009) u commacoBaHHBIMU C MTOIOKEHHSIMHU
«EBponeicKol KOHBEHIIUM O 3aIUTE MO3BOHOYHBIX
YKUBOTHBIX, UCTIOJIb3YEMBIX IS SKCIIEPUMEHTAIbHBIX
U IpYTUX HayuHBIX Tienei» (CtpacOypr, 1986).

DKCIIepUMEHT BBINOJIHsUTH Ha 60 Oerbix Oecropo/i-
HBIX 6-MeCsSUHBIX KpbIcax-camiax maccoit 250-300 r,
COJEepPIKALINXCS B CTAHAAPTHBIX YCIOBHUSIX BUBAPHUSL.

WndapkT Muokapia MOAEIUPOBAIH MyTEM Iepe-
BSI3KM HUCXOIAIIEH BETBU a. COronaries sinistra na
TpaHuIle BEpXHEi U cpenHeil Tpetu cocyna [18]. s
NOATBEPXKACHHS TUarHo3a MPOBOAMIH JJIEKTPOKap-
muorpadpuueckoe (OKI') uccienoBanue Ha anmapar-
Ho-TIporpaMMHOM KoMmiiekce «Ilomu-Crektp 8/B»
(«HeitpoCodt», Poccus) B cranmaptreix |, I, 1l
JONTOMHAUTENBHBIX VL -, aVR- 1 avF-oTBe nenmsix. 3amich
OKT ocymiecTBsig B yCIOBHSIX, MAKCHMATBHO TIPHO-
JIMKEHHBIX K CBOOOIHOMY ITOBEICHHIO YKUBOTHBIX [17].
Ha nepsbie cytku nocne onepauuu Ha OKI' kpbic
OTMeuay nosgeieHue riyookoro 3yona Qs l, I, avl-
OTBEJICHUSX, YTO CBUJECTEIBCTBOBAJIO O (hopMupoBa-
HHUH PAaCpOCTPAaHEHHOTO MepeTHE00KOBOTrO HH(papKTa
MHUOKapaa.

TeparneBTHUeCKYIO0 THIIOTEPMHUIO POBOJUIHN B
X0JI0/10BOH kamepe B TeueHue 60 muH. JlokanbHas
TemIieparypa Kokl BOPOTHUKOBOM 30HBI MOJICPIKHU-
Basiach Ha ypoBHe 4°C, Ipy 5TOM peKTaIbHas ¥ THMIIa-
HUYecKas Temneparypsl cHmkanuch 10 30°C. Cycnen-
3UI0 aJJIOTE€HHBIX KpUOKOHcepBupoBaHHBIX MCK
IUTAIIeHTBI ¢ KOHIIeHTpartkei 1,2 x 10° ki1/Mit oHOKpaTHO
BBOIMIIK Yepe3 V. saphena magna. MeseHxumMaib-
HBIC CTPOMAJTbHBIC KJICTKH IITAIEHThI KPhIC MTOTYYallH
u ¢eHoTunUpoBau o metoauke .M. CButuHoi# 1
coanrt. [9]. [Tpunnun nonyuyennss MCK mmaneHTs
OCHOBaH Ha BO3MOXXHOCTH MHIPAlMH KIETOK M3
(bparMeHTOB BOPCUHYATON TKAHHU ITAIEHTHI TIPU KYJTb-
THBHPOBAHUH B cpele, ClocoOCTBYOIMEH BhICEe-
HHIO KJIETOK Ha IOBEPXHOCTb KYJIBTYPAIbHOIO (IIakoHa.
[pu poctmwxenun 90% KOH(IYIHTHOCTH MOHOCIOS
KJIETKH CHUMAJH C cyOCTparta sl MOCIeayIOIEero
nepeceBa. B paboTe ucrosbp30Baii KieTku 3—4-ro mnac-
caxen.

Bce xxuBoTHBIE TTOCTe MomenupoBanus UM Oputm
paszgenensl Ha 4 rpymmsl o 15 B kaxmoit: 1 (KoHT-
poIb) — aKcrepuMeHTaIbHBI UM 6e3 neuenus; 2 —
unaykous TIN cpasy mocne moaenuposanus MM; 3 —
BBegenue MCK na ¢done M; 4 — coueTaHHOE
npumenenne TI" 1 MCK Ha ¢one M. I'pynity HOpMEI
coctaBuiy 15 Kpric.
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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 el ectrocardiographic study
(ECG) was performed with the Poly-Spectrum 8/V
hardware-software complex (NeuroSoft, Russia) in
standard |, I, 111 and additional avL, avR and avF leads.
The ECG was recorded under conditions which were
asclose aspossibleto freeanimal behaviour [5]. Deep
Qwavewasfoundinl, I, avL leadsinthe ECG of rats
today 1 after surgery, indicating thereby the formation
of extensive anterolateral myocardial infarction.

Therapeutic hypothermiawas performed in acold
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 viav. saphena magna. Mesenchymal stromal
cells of rat placenta were derived and phenotyped
by themethod of G.M. Svetinaet a. [17]. Theprinciple
of placental MSCs procurement is based on the
possibility of cell migration from the fragments of
placental villoustissue on cultureflask 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 Ml simulation were divided
into 4 groupsof 15in each: 1 (control) —experimental
MI with no therapy; 2 — TH induction right after M|
simulation; 3 — MSCs administration at the back-
ground of MI; 4 — combined application of TH and
M SCsat 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 M1l 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 sampleswere embedded
to Epon-Araldite mixture [21]. The ultrastructure of
cardiomyocyteswas studied using el ectron microscope
PEM-125K with an accelerating voltage of 75 kV,
equipped with the data recording and image analysis
SAI-01A (SELMI, Ukraine) using CCD-cameraDX-2
and corresponding software (Kappa, Germany).

Morphometric analysis of cardiomyocytes (spe-
cific volume of mitochondriain cardiomyocyte, average
area of mitochondria and a number of cristae) was
carried out using BioVision 4.0 software (West Medica,
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Juns uccienoBanusi Opanu TKaHb MHOKapa Jie-
BOT0 JKEITyJI0uKa Ha 7-€ CYyTKH MOCIIE MOJICITUPOBAHHUSI
UM. ®parmenTsl Tkanu GuxkcupoBanu B 2%-M pacrt-
BOpE [IIyTapoBoro ajibjaeruaa Ha pocdaraom oydepe
(pH 7,3-7,4), ormbiBanu ¢ochaTHeiM Oydhepom u
noctdukcupoBanu B 1%-M pacTBOpe 4eTHIPEXOKUCH
ocmus. [lociae o0e3BoKUBaHUSI CIUPTaMH BO3pac-
TaoIeH KOHIEHTPALUH 00pa3Ibl TKAHW IPOIHUTHIBAIIH
cMechio snoH-apanaut [13]. Yuerpactpykrypy Kap-
JMOMHUOIIMTOB M3y4alld ¢ MOMOIIBIO DJIEKTPOHHOTO
Mukpockomna «[13M-125K>» npu ycKopsitoLeM Harpsi-
KeHnn 75 kB, cHaO)XKeHHOTO CHCTeMOU CHEMKH U
anamu3a uzobpaxenns «CAN-01A» (AO «SELMI»,
Vkpanna) ¢ ucrnonszoBanreM CCD-kamepsr «DX-2»
u maketa nporpamm pupmel «Kappa» (Iepmanus).

MopdomeTpruuecknuii aHalnu3 KapAHOMHUOIIMTOB
(ynenmbHBIH 00bEM MUTOXOHIPHI B KapIHOMHUOITUTE,
CpeaHsis TUIoLIa[b MUTOXOHAPHUH U KOJTMYECTBO KPUCT
B HHX) TIPOBOJIAJIH, HCIIOJIb3Ys Iporpammy «BioVision
4.0» («West Medica», ABcTpusi), yHUBEPCAIbHBII
KpUTEpUil 3HaUNMOCTU MaHHa-YUTHU U IPOrpaMMy
«SPSS Statistics 17.0» («IBM SPSSInc.», CIIIA) [1].

Pesyabrarsl u 00cy:xaeHue

B cepaedHoll MBImIe MHTAKTHBIX KHBOTHBIX
BBISIBJSUTMCH TPAH3UTOPHBIE TTOJHOKPOBHBIE Kallnil-
JISIPbI, OPUEHTUPOBAHHBIC BJIOJb U TIONIEPEK MBIIICY-
HBIX BOJIOKOH. Menknue 0OMEeHHBIE KalHIUISipbl pactio-
JIarajvch B HEMOCPEICTBEHHON OJIM30CTH OT KapIuo-
MHUOLIMTOB. B 1muTomiasMe KapAnOMHUOIIMTOB YETKO
OTIpENEISUTUCH TapallIeNIbHO PACIIONOKEHHBIE MHO-
(UOPUILIBI, IMEIOIINE TUITHYHOE CTPOCHUE H 00BE TH-
HEHHBIE aHACTOMO3aMH B HEIPEPBIBHYIO ceTh. X
CapKOMEpHBI COIeprKalli EKTPOHHO-TEMHBIE A-/nC-
KH, COCTOSIIIINE U3 TOJICTHIX (DHIIAMEHTOB, OCPEINHE
KOTOPBIX HAXOAMIUCH Z-1onockl (puc. 1.).

KapnnomMuonuTel 00pa3oBeIBAIN MEKIY cO00i
KOHTAKThI — BCTABOYHBIE JTUCKH, ITOTIEPEYHBIC YIACTKU
KOTOPBIX COCTOSUIM MPEHMYIIECTBEHHO M3 JAECMOCO-
MOTIOJTOOHBIX U HECKOJIBKHX IIEJIEBBIX KOHTAKTOB, a
MPOJIOIbHBIC YYACTKH UMENIM OOIIMPHBIC IICJICBhIC
koHTakThI (puc. 1, A).

Snpa KapIMOMHOLIUTOB UMEIH YIJTMHEHHYIO (hopMy
1 OBUTH OPUEHTUPOBAHBI BJOJIb HAIIPABJICHUS MbIILICY-
HBIX BOJIOKOH. J{1s1 siAphIliexk mio0ynsipHO-GuOpu-
JSIPHOW MPUPOJBI ObLIa XapakTepHa MOBBIIICHHAS
ANEKTPOHHAS IJIOTHOCTh. YMEPEHHO BOJTHHUCTAS sIliep-
Hast MeMOpaHa o0pa30BbIBalia CAMHUYHBIC MHBATH-
Hanuu. [eTepoxpoMaTH pacrupeesiics MpenMy-
IIECTBEHHO BJOJb SIEPHONH MEMOpaHBI, OTAEIbHBIC
€ro TIBIOKK pPa3HON BEIMYMHBI XaOTUYHO pacroia-
rajguck B Kapuoriazme (puc. 1, B). B muromnazme
MHUOIIUTOB HAaONIOAAINCh PUOOCOMBI, TIOJTHCOMBI H
MHOTOUYHCIIEHHBIE TPaHyJbl TIUKoreHa. Kommiekc
Tonbmxu ObUT pEICTaBIICH NapalIeIbHO OPUEHTHPO-
BaHHBIMU 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 thetransient 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 contactsin termsof inter-
calated disks, the transverse sites of which consisted

GJ

Mf

Mf
GC

N

Puc. 1. YnerpacTpykTypa dparmMeHTOB KapanoMUOLUTOB
WHTAKTHOW KpbICbl: A — NPOAOSIbHbIA Y4AaCTOK BCTABOYHbIX
auckoB; B — dparMeHT untonnasmbl KapgunommouuTa;
GJ — weneBble KoHTaKTbl; Mf — Mnodunbpunnsl; N — aapo;
M — mutoxoHgpun; GC — komnnekc Monboxn; G — rnu-
KOT€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.
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KOJTMUeCTBOM Menkux Be3ukyn (puc. 1, B). B cap-
KOTIJIa3Me KapJUOMHOIINTOB YETKO OTIPEIesiiach 30-
HaJIbHOCTh PAacCIOJIOKEHUSI KOMIUIEKCOB MHUTOXOHJ-
pHii: BO3JIe saep, MeKAy MHOGHOPHUILIAMH H IIO]] cap-
koneMMoi. CapKoIuIa3MaTH4YeCKU pETUKYITYM UMEI
BH/J] KOPOTKHX HUCTEPH, ITy3bIPHKOB U KaHAJIBIIEB, pac-
MoJiararoIuxcst BONMMU3M sapa, MEXITy MUTOXOHAPHU
WJIY TIY9KOB MHO(QHOPHUILIL.

XapakTepHOl 0COOCHHOCTHIO TKaHHU JIEBOTO KEITy-
JIOUKa TIOCJIe TIEPEBA3KH JIEBOM KOPOHAPHOM apTepuun
SIBIISUIACh MO3aMYHOCTh YJIBTPAcTPYKTYPHBIX U3MEHE-
HUH KapIMOMHOITUTOB. Y KUBOTHEIX rpyrmbl 1 (MTM)
B niepru(eprIecKoM yuacTKe 30Hbl HEKp03a MHOKapAa
BBISIBJISUIMCH PE3KUH OTEK OCHOBHOTI'O BEIIECTBAa HH-
TEPCTHULINSA, CTa3 IPUTPOLUTOB B KAMJUIApax, yMEpeH-
HOe HaOyXaHHE SHAOTEIHOLUTOB. M3MeHeHue saep
HEKOTOPBIX KapJUOMUOIIMTOB MPOSIBIIAIIOCH B YBEJIH-
YEeHUHU CKJIaA4aTOCTH KapuoyieMMbl. Kapuomnasma
CTAaHOBWJIACH CBETIION M pa3pekeHHon. OTeK Kapuo-
IJ1a3Mbl COYETAJICs ¢ MepepacipeieieHueM Xpoma-
THHA. B rpaHysIsipHBIX 2JIeMEHTaX ONPEAEISIINCH IIPU3-
HaKd MapruHajJbHON arperauuu. B oTeyHoll nurto-
IU1a3Me 0OHaPY KMBAIKCh HAOYXIINE MUTOXOHAPHH C
IIPOCBETICHHBIM MaTPUKCOM U JIOKAJIbHOM AECTPYyK-
el kpucrt (puc. 2, A). Mectamu B 04are nopaxkeHus
MeXay Muo(pHOpHIIIaMyu HaONIOMATICh CKOTUICHHE
CIIUIIIINXCS OPraHesul ¢ pa3pyLIEHHON HapyKHOU
000JI0UKOH 1 MX BaKyosibHast TpaHcopmarms (puc. 2,
A). Hapymianach ynopsijJo4eHHOCTh PACIOJIOKCHHUS
KaHaJIbLIEB CAPKOILIIa3MaTHUECKOW CETH C X (pparmMeH-
Taluel 1 HabyXxaHueM. AHAJIOTUYHbIC N3MEHEHHSI Ha-
Omonanuch B CTpyKTypax ammapara lompmku. ['pa-
HYJIBI TIIMKOT€HA SIIMMUHUPOBAIN M3 THAJOIIIa3Mbl
KapaAuoMHOUUTOB. MHoGuOpHIIIBI HAXOOUINCH B

Mf

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 musclefibers. Thenucleoli of globular-
fibrillar nature had an increased el ectron 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 wasrepresented by parallel membranes surro-
unded by alarge number of small vesicles (Fig. 1B).
In sarcoplasm of cardiomyocyteswe 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
mitochondriaor myofibril bundles.

A characteristic feature of left ventricular tissue
after left coronary artery ligation wasthe mosaic ultra-
structural changesin cardiomyocytes. The peripheral
site of myocardial necrosis zone in the group 1 (MI)
animals had a sharp interstitial oedema, erythrocyte
stasisin capillariesand moderate swelling of endothe-
liocytes. A changein nuclei of some cardiomyocytes
wasmanifested in anincreased folding of karyolemma.
Karyoplasm became light and sparse. The oedema of
karyoplasm was combined with chromatin redistri-
bution. The signs of marginal aggregation werefound
in granular elements. The swollen mitochondriawith
clear matrix and focal destruction of cristae werefound
in edematous cytoplasm (Fig. 2A). Isolated aggre-

Puc. 2. YnbTpacTpykTypa hparMeHToB KapanoMUOLIMTOB KPbIC B 30HE MHAapKTa Ha 7-e CyTKW Nocre nepeBsAsky eBow
KOpOHapHou apTepun: A — HabyxaHne MUTOXOHAPWI U OTEK LuTonnasmel; B — gectpykuusa mnounbpun u MUTOXOHAPUNA,
paspylieHue gecmocom; M — mutoxoHapum; Mf — mnodubpunnel; D — gecmocomel.

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 COCTOSIHUSIX: B OJTHUX MUOIIUTAX OHH pacciad-
JICHBI, B IPYTUX — BBIABIISUINCh YYaCTKH HX Iepe-
cokpamienusi. OOHapyKUBAIKUCH TaK)Ke KapIUOMHUO-
LIUTBI C TPyObIME HAPYIICHHUSIME YIIBTPACTPYKTYPHI, a
MMEHHO: C TIpPU3HAKaMHU pacraja sijaep, NeCTpyKIuei
MUAOGUOPHUIUT M MUTOXOHJAPHUH, pa3pylICHUEM JecC-
MocoMm (puc. 2, B).

B 30He, ynaneHHO# oT WH(papKTa, BBIICISIUCH
TPYIIBI KAPHOMUOIIMTOB, Pa3IHYAIONINXCs MOP(O-
(DYHKIIMOHAITEHBIM COCTOSIHUEM. YIIBTPAaCTPyKTypa yac-
TH KapJAHOMHOITUTOB OblJIa MaJION3MEHEHHOU. MHo-
(UOPMITBEI B TaKUX KJIETKAX OBUIM YMEPEHHO COK-
pallleHBI ¥ XapaKTepHU30BaIHACh XOPOIIIO BRIPaKEHHON
TTOTICPEYHON HCUEPUCHHOCTRIO. B capkomepax A-, Z-,
H-mucku umenu 4etkue KOHTYpbl. MUTOXOHJIpUU U
MUOGUOPUIIIIBI B IIUTOIIIA3ME TAKHUX MBIMICUHBIX
KJIETOK PaCIOJIOKEHBI TIPEUMYIIECTBEHHO TOCJIOWHO.
OHU UMENIM MEJIKOTPaHYJSPHBIH MaTPUKC C YETKO
BBIpQKEHHBIMU KpUCTaMK. YacTh MUTOXOHPHUIT ObLTH
HECKOJIbKO HaOyXIIUMHU C OUaroBbIMH IMPOCBETIIC-
HUSMM MaTpUKCca W PeAyKIUEH KPUCT, 4TO CBOMCT-
BCHHO HIIIEMH3UPOBaHHOMY MHOKapay [11]. Taxoke
OTIPEACISUTICH KapAUOMHUOIUTEI ¢ THIEPTpodueit
MHUTOXOHJPHUH, KOTOPBIE 3aMOIHSIN MeX(DUOpuI-
JISIPHOE TIPOCTPAHCTBO, TECHO MPHIIETANN APYT K IPYTY
M XapaKTepU30BAINCHh YaCTUYHON J[€30pHeHTAIeH
kpuct (puc. 3, A). Mecramu HaOmogaIaCh BE3UKY-
JISAIKST KPUCT CyOcapKoJieMalbHbIX MUTOXOHIPUIH
(puc. 3, B). B caproruiazamariuueckoii ceTu ObLIo Hapy-
HICHO YTHOPSA0YEHHOE PACIONIOKEHNE KaHAIbIIEB,
MPOUCXOAWIIN X (pparMeHTaius u HaOyxanue. [le-
CTPYKTHUBHBIC U3MEHEHUS s/{pa MPOSIBISLIUCH B UCKa-
JKEHUH €T0 POPMBI U PACITUPEHUH TICPUHYKIICAPHOTO
npocrtpanctsa (puc. 3, B). Kpynusie mibiOku rete-
pOXpOMAaTHHA pacIpeAesIuCh BIOJb BHYTPEHHEH
000JIOUKH sIpa.

Pe3ynbrare ananmm3a Moy TOHKHX CPE30B MHOKap/ia
neBoro xenynouka kpeic ¢ UM u nocnenyromeit TT'
(rpymma 2) mokasaiu, 4To B 30HE, yAaIeHHOH OT UH-
(bapkTa, IPOUCXOIUITH U3MEHEHUS MHKPOIUPKYJIS-
TOPHOTO pyciia, MPOSBISBIINECS B HEPABHOMEPHOM
paclMpeHnH KaniUISIPOB U 04arOBOM Pa3BUTHH CIIa K-
(henomeHa. KapimoMmuomuThel xapakTepu30BaIrich MO-
3aMYHOCTHIO YIBTPACTPYKTYPHBIX I3MEHEHUI OpTaHe]LI.

B u3yuaemoii 30He Muokap/a npeobiamanu sjapa
C MEJIKOAMCIIEPCHBIM XPOMATHHOM. B spax dacTu
KapMOMHUOIIMTOB OTMEYaaCh MaprHHAIIUS T'€TEePO-
XpOMaTHHa, B APYyTUX — HAJIMYKE TIIYOOKUX WHBAIU-
Hanuit kapuosemmsl (puc. 4, A).

Heo0xonumMo OTMETHTH, UTO yIBTPACTPYKTypa
MEXKJIETOYHBIX KOHTAKTOB U IECMOCOM ITPAKTHYECKN
ObLIa HEe U3MEeHeHa. B capkoriazMe HEKOTOPBIX Kap-
JIMOMHUOIIMTOB HAOIIONATNCH OTJIOKEHUS TJIMKOTCHA.
MoxnHo npennonarars, uro TI, BciaeacTtsue Topmo-
JKEHUsI METa0oJIN3Ma, MPEMSITCTBYET HUCTOICHHUIO
3amnacoB rimkorena (puc. 4, B).
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Puc. 3. YneTpactpyktypa parMeHTOB KapauomMuouuToB
KpbICbl B yAaneHHou oT nHdapKTa 30He Ha 7-e CyTKM nocne
nepeBsi3KM NeBOV KOPOHapHOW apTepun: A — runepTpodus
M cnunaHne MUTOXOHAPWKW, Ae3opraHuv3auus Kpuct; B —
BE3UKYNSAUNUS KPUCT MUTOXOHApWIA; Mf — Mrnocunbpunnei;
M — muToxoHapuK; Er — apuTpoumnT B NPOCBETE Kanunnsapa;
N — a4po kapanomuounTa; En — aHgoTenun; * — 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 organelleswith adestroyed external
membrane and vacuolar transformation were observed
in thelesion between myofibrils (Fig. 2A). The disor-
dered arrangement of tubules of sarcoplasmic reticulum
wasfound, aswell astheir fragmentation and swelling.
Similar changeswere observed in the Golgi apparatus
structures. Glycogen granules were not present in the
cardiomyocytehyaoplasm. Different statesof myofibrils
wasfound: relaxed in somemyacytes, and partialy over
contracted in others. Cardiomyocytes with crucial
disordersin ultrastructure, namely with signsof nuclear
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Puc. 4. YnsTpacTpykTypa doparMeHTOB KapAMOMUOLIMTOB B yAaneHHOM OT MHpapKTa 30He Ha 7-e CYTKM MoCrne NepeBa3Kku
NeBOWN KOPOHaPHOW apTepun U MHAYKLUW runotepMun: A — rmybokas MHBarMHaums Kapuonemmbl; B — MeXKneTouHble
koHTakTbl; N — 8apo; M — mutoxongpum; Mf — muodnbpunnel; D — gecMocoMbl; SR — capkonnasMaTuyeckuii peTukynyMm;
G — rpaHynbl rnmKoreHa.

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.

MHUTOXOHIPHH KapIHOMUOIIMTOB MOCIIE HHIYKIIUH
THIIOTEPMUH JICMOHCTPHPOBAIIN PA3JIMUHbIC YIbTpa-
CTPYKTYpHbBIC H3MEHEHHSI, KOTOPHIC B KOMILICKCE CBH-
JIETEIBCTBOBAIIN 00 MX HATIPSHKCHHOM (DYHKITMOHUPO-
BaHUH, TUTICPTPOPUH U THIIEPILIA3HH. BOIBITHHCTBO
MHUTOXOHAPHIA UMEITH XOPOLIO OYepPYCHHBIC BHYTPCH-
HUE ¥ HAPYKHbIC MeMOpaHbl. KpucThl OBUTH TUIOTHO
yIaKOBaHBI B AJIEKTPOHHO-CBETIIOM MaTpHkce. B He-
KOTOPBIX KaPTUOMHOIIMTAX HAOTIOIATOCH 3HAYNTEITh-
HOe HaOyXaHHe MUTOXOHIPHIA C JTOKAJILHOM IECTPYK-
IUeH KPHCT, TPpU 3TOM (hopMa OpraHelT HCKaXKallach,
OHH OBLIH IIOTHO 3a)KaThl MEXKIYy MHO(DHOpHIITaMI
(puc. 5, A). B mepuBacKyIIpHBIX KapIAOMHOIIUTAX
HaOJromanach BakyoJdbHas TpaHchOpManus MHUTO-
XOHIPHHA cyOcapKoJIeMMalIbHON (hpaKInu, KOTOPEIE,
KaK MPaBUIIO0, HAauOoJiee YYBCTBUTEIBHBI K THIIOKCUH
(puc. 5, B). JIns HEKOTOPBIX KapIHOMHUOLUTOB OBLT
XapakTepeH OTCK LUTOIUIa3Mbl C PACIIUPEHUEM U
BE3MKYJISIIIMCH KaHAJBIEB CapKOIIAa3MaTHYeCKOrO
pEeTHKyJIyMa, a TaKke HaJHuuueM BaKyoJIel cpean
MUTOXOHAPHI MEKPHOPUIUIIPHON (DpaKIHH.

B TkaHu cep/iia nocie nepeBs3Ku JIEBOH KOpoHap-
HOU aptepuu ¢ nocnenyromuM BeeaenueM MCK
camocrosTesbHO (rpymma 3) U B COYSTaHHH C THITO-
tepmueii (rpynma 4) cTpyKTypa KapJInuOMHOIIMTOB
TaKXe OTIMYaliach pasHooOpasueM. Habmromamuck
MBIIIICYHBIC BOJIOKHA KaK B COKPAIICHHOM, TaK U B
paccnabieHHoM cocTosiHUsAX. Hapsay ¢ kapauomuo-
[IUTaMU, IMEIOIIMMHU HOPMAIbHYIO CTPYKTYPY S/Ipa U
IUTOILIa3MbI (pHc. 6, A), BBISBISUIUCH KJICTKHU C JIe-
CTPYKTUBHBIMH M3MEHCHHSIMH OpTaHesl Ha (oHe
BHYTpPHUKJIETOUYHOTO oTeka (puc. 6, B).
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decay, destruction of myafibrilsand 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 dightly 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 dlightly swollen and showed focal clearance of
matrix and reduced cristae, which was typical for
ischemic myocardium [16]. The cardiomyocyteswith
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 vesicul ated
cristae (Fig. 3B). Distribution of tubulesin sarcoplasmic
reticulum was disordered, their fragmentation and
swelling wasfound. Destructive changesin nuclei were
manifested in distortion of shape and expansion of
perinuclear space (Fig. 3B). Largeclumpsof heterochro-
matin were distributed along the inner shell of nucleus.

The analysis of semi-thin sections of |eft ventricle
myocardium in ratswith M| and further TH (group 2)
showed the changesin microcircul atory bed inthe zone
distant from the infarction, manifested in uneven ex-
pansion of capillariesand focal development of dudge
phenomenon. Cardiomyocytes were characterised by
mosaic ultrastructural changesin organelles.
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Puc. 5. YnbTpacTpykTypa oparMeHToB KapavoMUOLIMTOB B yAaneHHo OT MHapKTa 30He Ha 7-e CyTKM Nocre nepeBsiaku
NeBOW KOPOHaPHOW apTepuy U MHOYKLUU TUNoTepMun: A — runepTpoduss MUTOXOHAPWUIA; B — Bakyonu cpeau
MWUTOXOHAPWI, OTEK UnUTONNasmbl; M — mutoxoHapum; Mf — MModombpunnsl; 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.

bazanphast MemOpaHa 1 capkoieMMa B 3THX KIIeTKax
COXpaHAIUCh. BOJNBIIMHCTBO SAep KapAMOMHUOIMOB
HMMEJIH POBHBIN KOHTYp, KpyIHble 1—2 sapblika u
CBETIIYIO HYKJICOIUIa3My, 3aIIOJIHCHHYIO B OCHOBHOM
9YXpOMAaTHHOM. B TO e BpeMs BBIABISIINCH S IMHAY-
HBIC AJpa C U3BMIMCTBIM KOHTYpPOM, a TaKXe 3Hauu-
TEJIbHO HAOyXILHeE siApa ¢ MOBPEkKASHHON KapHoJIeM-
MOH, BO3Jie KOTOPBIX HaOIIONalNUCh 3IEKTPOHHO-
CBETJIbIC YYAaCTKH [IUTOILIA3MBbI, CBUICTEILCTBYIOLIHE
0 BHYTPHKJIETOYHOM OTeke. CocTosiHre MUODUOPHILT
OOJBIIMHCTBA KAPJMOMUOLIMOB OBLIO OITM3KO K HOpME,
YTO yKa3bIBAJIO HA BOCCTAHOBJICHHE OMOMEXaHUYECKOH

Mf

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 metabolisminhibition (Fig. 4B).

BN

Mf

Puc. 6. YnbTpacTpykTypa oparMeHTOB KapgMoMUOLMTOB B YOANEHHOW OT MH(pApKTa 30HE Ha 7-e CYyTKM NOCIe NepeBsa3kn
neBOW KOPOHapHOW apTepun, MHOyKUUU runotepmun n BeegeHua MCK: A — kapgmomumounTbl C HOpManbHON
yNETPAcTPyKTypou; B — kapanoMMounTbl C AECTPYKTUBHBIMU M3MeHeHUAMN Mrocdmnbpunn; N — agpo; M — MuToxoHapwu;
Mf — Mnodpmbpunnel; BM — 6asanbHas membpaHa.

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. YnerpacTpykTypa parmMeHToB KapanoMMUOLUTOB
B yOaneHHOW OT MHdapKkTa 30He Ha 7-e CyTKu nocne
nepeBa3Kn NEeBON KOPOHapHOW apTepun, UHOYKLUUU TUno-
Tepmun 1 BBegeHus MCK: A — runepTpodums 1 nokansHas
romoreHunsaumnsa kpuct (*); B — HabByxaHne MUTOXOHApUNA
n gectpykums kpuct; M — mutoxoHapuu; Mf — Mnodpm6-
punnbl.

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.

ApPXMTEKTOHUKU CEPICYHON TKAaHU ¥, BHIUMO, Ha
YIIy4IICHHE COKPATUTEIbHON (YHKIIMH MHOKapa.
OzHaKo BCTpevanuch MUOPUOPHILTBI C AUCCOLMATHEH
A- u |-1ucKOB, BaKkyoIu3alueil KaHaJbleB CapKo-
M1a3MaTHYECKOTO PeTHKyIyMa. st MUTOXOHAPHI
KapJNOMHOLIMTOB ObLIa XapakTepHa pasHooOpa3Has
YIBTPACTPYKTYpa, IPH 3TOM MPe0Oiaaid MUTOXOHI-
PHH YBEIMUYECHHBIX Pa3MEPOB € XOPOIIIO OYEPICHHBIMU
KpHUCTaMH. B HEKOTOPBIX MHUTOXOHAPHSAX HabIIOIa-
JIMCh JIOKaJIbHAsi TOMOTeHH3aIust KpucT (puc. 7, A),
W3MEHEHHUE (POPMBI, IPOCBETICHUE MATPHUKCA H JIOKAITh-
Has gecTpykims kpuct (puc. 7, B). O6HapyKHUBaIUCH
TaK)Ke MUTOXOHIPUH C BE3UKYIIIPHBIMH KPUCTAMH.
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Mitochondriaof cardiomyocytesafter 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 weretightly 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. 5A). In perivascul ar
cardiomyocytes we observed a vacuolar transforma-
tion of mitochondriaof 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 M SCs (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 cardiomyocyteswith normal nucleus
and cytoplasm structure (Fig. 6A), we revealed the
cellswith 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
myofibrilsof most cardiomyocyteswascloseto 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 mitochondriawere 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 cristae were
also present.

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

Unliketheanimalsof group 2 (induction of TH after
MI), the cardiomyocytes in the groups with MSCs
administration contained glycogen granul es, and these
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Heo0XxomuMo OTMETHTB, YTO y KUBOTHBIX, KOTO-
pbim Ha pone UM BBoguimu MCK (rpymmst 3 u 4), B
LUTOIJIa3Me KapAHMOMHUOLUTOB OINpPEAEIAINCh ME-
KM€ 2JIEKTPOHHO-TUIOTHBIE MUTOXOHJIPHH, TOSIBIIEHHE
KOTOPBIX MOXET OBITh PEe3ylbTaTOM JEJCHHs Opra-
He (puc. 8, A, C) [10, 16].

B ormimune ot skMBOTHBIX rpynmbl 2 (maaykims ['T
Ha ¢pone UIM) B rpynmax ¢ BBenennem MCK kapano-
MHUOLIMTEI COAEPKAIIN TPaHyJIbl NINKOTEHA, TOKAINU30-
BaHHBIE HE TOJIEKO B MEXKMHUTOXOHPHUATIBHBIX U MEXK-
(hMOPMILTAPHBIX MPOCTPAHCTBAX, HO M B OKOJIOSICPHOM
30He kieTok (puc. 8, B, D).

I[Tpu UM cTpyKTypHBIE U3MEHEHHUS CEpJIeUHOMU
MBILIIBI 00YCJIOBJICHBI HAPYILIEHHEM OaaHca MEXIy
MOTPEOHOCTHIO MHOKAp/1a B KUCIOPOJIE U €T0 I0CTaB-
Koii [2, 14, 15]. HefocTarouras OKCUTeHAIHs MHOKap/a
MIPUBOJUT K Pa3BUTHIO MUOKApPIMAIbHON TMIIOKCHUH,
YTO OTpakaeTcst Ha MeTaboIU3Me KapANOMHUOIIUTOB

Mf

M

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

Myocardial infarctionisaccompanied 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]. Asaresult of
tissue hypoxia, the mitochondria, playing akey rolein
the energy metabolism of cells, are subjected to the
most significant changesin MI. A decreased level of
mitochondrial respiration leadsto asignificant deficit
inthe energy reservesof acell and generation of active
oxygen species by mitochondria, being one of themain
factorsof cell damage[14, 15]. Dueto the destruction of
an external mitochondriamembrane, the calciumions

Puc. 8. Ynbrpactpyktypa chparmMeHTa kapanommounta B yaaneHHo! OT MHapKTa 30HE Ha 7-e CYTKW Nocre nepeBsasku
NeBOW KOPOHapHOW apTepuu, MHAYKUUK runotepmumn 1 BBegexHna MCK (A, B —rpynna 3; C, D —rpynna 4): A, C — menkne
NroTHble MUTOXoHapuW; B, D — Hanuuune rpaHyn rnvkoreHa B uutonnasme; M — mutoxoHapum; Mf — muodunbpunnsi;
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 BUJIe HapyIlIeHus (OyHKIIMOHUPOBAHKS KJIETOYHBIX
opraueimt [3]. B pe3yssrare TKaHEBOM THITOKCHH TTPH
VM Haubosiee 3HAYMTELHBIM M3MEHEHUSIM TTOBEP-
ralTCsi MUTOXOH/IPUH, KOTOPbIC UTPAIOT KITFOYEBYIO
pOJTb B 9HEpreTHYecKoM Metabonusme KieTok. CHu-
YKEHHE YPOBHSI MUTOXOHIPHAIBLHOTO JIBIXaHHUS IPHBO-
JUT K CYLIECTBEHHOMY JAC(HUIUTY dHEPTETUUCCKHX
3alacoB KJIETKH U T€HEPUPOBAHMIO MHTOXOHIPHS-
MU aKTHBHBIX ()OPM KHCJIOPOIa — OHOTO M3 TIIABHBIX
(axTopoB moBpexaenus kiaetok [8, 10]. Beiencrue
pa3pyIIeHns HapyKHOW MEMOpaHbl MUTOXOHIPHH ITPO-
HCXOJIUT BBIXO/I B IATO30J1b HOHOB KAJIBIIMS U TIPOAIION-
TOTHYECKHX (DAKTOPOB, KOTOPBIC YCHIIUBAIOT ICHCTBHE
OCTaITbHBIX TTOBpEKIaronMX areHros [9, 10, 14].

Habyxanue MUTOXOHAPHI ¥ 00pa3oBaHHE B UX
MaTpUKCE KPYMHBIX BaKyoleil — Hanbosee 4acTo
BCTPEYAIOIIHUECS U3MEHEHHUS YIbTPACTPYKTYPHOI
opranuzaimu Mutoxonapuii [10]. M3BecTHO, 4TO KOJTH-
Y4ECTBO KPUCT B MUTOXOH/IPUSX 3aBHCUT OT HHTCHCHB-
HocTH MeTabonu3Mma [14]. J{ns 00beKTUBU3AIMHT pa3-
JIMYUI MEKTY SKCIICPUMEHTAILHBIMH TPYIIITaMK ObLITH
MOJTyYeHBI MOP(HOMETPUIECKUE XapaKTEPUCTUKH MHUTO-
XOH/IpHii (Tabmuma).

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
vacuolesintheir matrix are the most frequent changes
in ultrastructural organization of mitochondria[15]. It
is known that the number of cristae in mitochondria
dependsontheintensity of metabolism[7]. To objectify
the differences between the experimental groups,
morphometric characteristics of the mitochondriawere
estimated (Table).

It can be seen that the devel opment of M1 (control)
was accompanied by atwo-fold increase in the mito-
chondrial areaand a2—3 times decrease in the number
of cristae in mitochondria as compared to intact ani-
mals.

After TH there was atendency to normalization of
mitochondriastructure, i. e. significant decreaseintheir
area comparing to the control group. It is known that
an ischemic myocardium tissue accumul ates calcium
ions, and an excessive amount of thosein mitochondria
leads to their irreversible damage [16]. It can be
assumed that hypothermia slows down the process of

MopdomeTpryeckre xapakTepUCTUKN MUTOXOHAPUIA B UHTAKTHBIX 30HaX MUoKapaa neBoro
Xenyaoyka KpbIC Ha 7-e CyTku nocrne 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 (MI, control) 2 (Ml +hypothermia) 3 (MI+MSCs) 4 (Ml + hypothermia + MSCs)
] 0
@;;;*f‘fg“vglﬁ;ﬁe“"c/f 30 + 2,3 36,3 = 1,31 34,6 + 3,7 32,6 + 1,52 31,5 = 1,72
2
””mi‘i‘;]g”:gﬁgfgfg:“umw 0,64 + 0,03 | 1,33 + 0,051 1,13 + 0,081,2 0,85 + 0,11,2 0,71 + 0,122
KonuyecTtBo KpuUcT B
Number of oristae in 28,7 + 3.2 9,2 + 3,81 13,2 + 4,71 16,3 + 3,41,2 17,7 = 5,91,2
mitochondrion

MNpumeyaHue: ! — OTNNYMA 3HAYUMbI OTHOCUTENBHO HOPMbI, 2 — OTMMYMUSA 3HAYMMbI OTHOCWUTENBHO 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.

BunHo, uto pazsutre VIM (KOHTpOJIB) COMPOBOXK-
JTAJIOCh ABYKPAaTHBIM YBEIMUEHUEM MOKA3aTeNs KO-
1aJlb MUTOXOHJIPUHU» U YMEHbBIICHHEM B 2—3 pa3a
KOJIMYECTBA KPUCT B MUTOXOH/PUAX 110 CPAaBHEHHIO C
WHTaKTHBIMH KHBOTHBIMH.

ITocne mposeaenus ['T HaGmromanacy TCHICHIINAS
K HOPMaJIN3alMu CTPYKTYPbl MUTOXOHAPHHA — 3HAYMMO
YMEHbIIAIACh IO b MUTOXOHAPUH OTHOCUTEIBHO
IpynIibl KOHTPos. M3BecTHO, YTO B MILIEMU3UPOBAH-
HOW TKaHW MUOKap/ia HAKATJIMBAIOTCS HOHBI KaJIbITHS,

!

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 mitochondriareached the
norm. Combined TH and introduction of MSCson the
background of MI (group 4) led to themost pronounced
normalization of ultrastructural parameters of mito-
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Ype3MepHOe KOJIMYECTBO KOTOPOTO B MUTOXOHIPHSIX
NPUBOIUT K UX HeoOpaTumMomy moBpexaeHuo [11].
MO3KHO TOIYCTUTB, UTO TUIIOTEPMHUS 3aMENIISIET IPO-
LIECC HAKOIJIEHUS KaJIbIIMsl B MUTOXOH/IPUSAX MUOKap/a,
MOBBIIIAET UX YCTOWYMBOCTH K MOMIOIIEHUIO Kallb-
1s1, OKa3bIBasi TAKAUM 00pa30M KapAHOTPOTEKTOPHOE
nevicrue [4].

V xuBotHBIX Tpynmsl 3 (BBeaenue MCK Ha pone
M) MUTOXOHAPHH IO BCEM TOKA3aTEIAM 3HAYNMO
OTJIMYAJIMCh OT IPYIIIBI KOHTPOJIS. YAEIbHbIN 00beM
MUTOXOHAPHH JOCTUTAJ 3HaUeHUs1 HOpMbL. CoueTanue
TT ¢ BBemennem MCK na ¢one UM (rpymma 4)
IIPUBOANIIO K HanboJiee BhIPAKCHHON HOpMaJIn3aluu
YIBTPACTPYKTYPHBIX MTapaMeTPOB MUTOXOHApH. [1o
yAeTbHOMY 00beMY M pa3MepaM MUTOXOHIPHH COOT-
BeTCTBOBaIM HOpMe. KonnuecTBo KpUCT B HUX MOCIIE
BBesieHnss MCK (rpynmsr 3, 4) ocTaBanoch 3HaYNMO
HW)KE HOPMBI, HO YBEJIMUUBAIIOCH MTOYTH B 2 pa3a Io
CPaBHEHHUIO C KOHTPOJIEM. DTO CBUETENIBCTBYET O
MOBBIIICHUN HHTEHCUBHOCTH paOOTHI MUTOXOHAPHAITB-
HOT0 armnapara KapIuOMHOLIUTOB U MOXKET paccMarpu-
BaThCs KaK NMPU3HAK UX afanTaluy K HeOlIaronpusr-
HBIM YCIJIOBHSIM.

O060011as mosryuyeHHbIe TaHHBIE, MOXKHO YTBEPXK-
7laTh, YTO CTEIICHb BIMSHUS HCCIETYEMBIX (DaKTOPOB
(I'T u BBetenrie MCK) Ha ynbTpacTpyKTypy Kapauo-
MHOIIMTOB B OTAAJIEHHBIX OT 30HBI HH(APKTa y9acTKax
HepaBHoueHHaA. [Tocne npumenenus I'T )KMBOTHBIM C
UM B capxomniiazMe HEKOTOPBIX KapJAUMOMHUOILMTOB
BBISIBIISIIOTCS TPaHyNbl IJIUKOTEHa, YTO MOYKHO pac-
CMaTpHUBaTh KaK pPe3yJbTaT COXpPaHEHHs SJHEpreTHIec-
KOTO pecypca B KJIETKe BCIIEACTBHE TOPMOKEHUS 00-
MEHHBIX Mpo1eccoB. Buanmo, 3Tum ke o0bsIcHaeTcs
1 HE3HAYUTEJIbHOE YaydlleHHEe MOp(OMETpUIeCKUX
napaMeTpoB MUTOXOHAPHUH MOCIE TepaneBTUYECKOM
TUIOTEPMHUH. B rpymnmax >KMBOTHBIX ¢ BBEJCHHEM
MCK Ha pone UM HOopmann3anus CTpyKTYpbl MUTO-
XOHIpPHUH, MOSABICHNUE MEJIKHX JIE€KTPOHHO-TUIOTHBIX
MUTOXOH/IPHI CBUJICTENBCTBYIOT O (DYHKIIMOHAIBHOM
AKTUBHOCTH 3THX OpraHesul U I0CTaTOYHOM IOCTYII-
JIEHUH KUCJIOPOJa B KAPAMOMHUOLMUTEI. DTOMY MOTYT
cnoco0cTBOBaTh (haktopsl, Beaensiemsle MCK. Ilo
JaHHBIM JINTEPATYPBI U PE3yJIbTaTaM HalllUX UCCIIEI0-
BaHnit MCK non0&uTenbHO BAUSIOT Ha KapAHOTeMOo-
JUHAMUKY ITPH PEMOIEIMPOBAHUH JIEBOTO KEITy10UKa,
B TOM YHCJIe 3a cYeT HeoaHrnorenesa [12]. Hanuune
0O0JIBIIOTO KOJTMYECTBA TPaHyIl TIIMKOTEHA B Kapuo-
MHOLUTaX MOXET PaccMaTpUBATHCS KaK IPU3HAK
HOpMaJIM3ali CUHTETHYECKUX IPOLECCOB Ha (oHE
YIyUIIEeHUs] MUKPOLUPKYJISLUH IO BIMsHUEM (ak-
topoB MCK. Coueranue TI' ¢ BBegermem MCK nHa
¢one UM B Gonbliei cTeneHn cnocoOCTBYET aKTH-
BallM KOMIIEHCAaTOPHO-PEreHEPATOPHBIX MPOIIECCOB B
KapAMOMHOIUTAX.

B nanpHelimeM IUIaHUPYETCS. IPOBENECHUE DKCIIE-
PUMEHTAJIBHBIX UCCIIEJOBAHUM 110 N3YyUYEHUIO BIUSHUS
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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
amost twice if compared with the control. Thisindi-
catesan 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
theinfluence of theinvestigated factors (TH and MSCs
injection) on ultrastructure of cardiomyocytes in the
regions distant from the infarction zonewas not equal.
After the hypothermic treatment of the animals with
M1 the glycogen granuleswerefound in the sarcoplasm
of some cardiomyocytes, that could be considered as
aresult of the cell energetic resources conservation
dueto aninhibition of metabolic processes. Apparently,
this also explains an insignificant improvement in
morphometric parameters of mitochondriaafter thera-
peutic hypothermia. In groups of the animalswith M
and introduction of M SCsthe mitochondrial structure
was normalized, and appearance of small electron-
densemitochondriatestified 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 studieswe can conclude that M SCs
positively influence cardiohemodynamicsduring remo-
deling of the left ventricle particularly due to neo-
angiogenesis[19]. The presence of alarge number of
glycogen granulesin 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
M1 provided the highest activation of compensatory-
regenerative processes in cardiomyocytes.

In our future experimental studies we plan to
elucidate the effect of TH and M SCs transplantation
on electrocardiographic parameters of rat's heart in
experimental M1.

Conclusions

The combined use of TH and introduction of MSCs
onthe background of M1 in rats promoted the activation
of compensatory regenerative processes in cardio-
myocytes, which was greater if compared the using
of both factors per se. Thiswasmanifested in maintai-
ning the energy resource and restoration of synthetic
processesin cells, aswell asin more pronounced norméli-
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
cellsof rats.
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TI' u tparctmanTanmn MCK Ha amekTpokapano-
rpadugeckue moKa3aTeu CepaIia KPhIC PH dKCIICPH-
MeHTaabHOM M.

BriBoabI

Couerannoe npumenenue TT" u BBenenus MCK
Ha ¢pone UM y kpsic B OosbIIeH CTENEHH, IO CpaBHE-
HUIO C CAMOCTOATENBHBIM HCIIOJIb30BaHIEM YKa3aHHBIX
BO3JICHCTBUH, CIIOCOOCTBYET aKTHBAIIMM KOMIICHCA-
TOPHO-PEreHePATOPHBIX MPOIECCOB B KapJIUOMHO-
LUTAX, YTO MIPOSBIIAETCS] B COXPAHCHUH SHEPTCTUYECKOTO
pecypca 1 HopMallu3alui CHHTETUIECKUX IIPOLIECCOB
B KJIETKAX, a TaKKe B 00Jiee BHIPAXKEHHOW HOpMaJIu-
3a1MU YABTPACTPYKTYPHBIX TAPAMETPOB MUTOXOHIPHH.

Buipaosicaem bnazooaprnocms Anne Ceumunotl, HayuHomy
compyonuxy Uncmumyma xnemounou mepanuu (2. Kueg)
30 NOMOWb 8 NOJYYEHUU KYTbMYPbl NIAYEHMAPHBIX Me3eH-
XUMATbHBIX CIMPOMATbHBIX KIIEMOK KPbIC.
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