https://doi.org/10.15407/cry025.03.246

YK 612.171.3.017.26.014.43.014.48.084
H.B. Penun™, J1.H. MapueHnko’, T.I. FoBopyxa',
W.M. Muxainnosa?, A.A. ManuyeHko?, b.I'. CaHaomupckuin?

YnbTpacTpykTypa TKaHeW nepukapga M CTBOPOK aopTarnbHOro
KnanaHa CBUHbM, AeBUTaANU3NPOBaHHbLIX KpUoO-
WU paguauuoHHbIM BO34eNCTBUEM

UDC 612.171.3.017.26.014.43.014.48.084
N.V. Repin'™, L.N. Marchenko', T.P. Govorukha',
I.P. Mikhailova?, A.A. Manchenko?, B.P. Sandomirsky?

Ultrastructure of Porcine Pericardium and Aortic Valve Tissues,
Devitalized with Cryogenic and Irradiation Exposures

Pedepar: B paboTte paccmaTtpuBarTcs MOpdONOrMyeckme acnekTbl KpMo- U paguauuoHHoro cnocoboB gesutanusauun
TkaHeBoro 6umomartepuana — nepukapga v aopTanbHOro knanaHa, Ans co3faHusa 6eckneToyHoro kceHokapkaca. CTpykTypy
ncecnegyeMbix TKaHel nocne HU3KoTemnepaTypHOro, MOHU3UPYIOLWEro U KOMBMHMPOBAHHOTO BO3AENCTBUIA U3y4anu C NOMOLLbIO
ONTUYECKON N 3NEKTPOHHOW MUKpockonuu. MokasaHo, YTO B pe3ynbTate NpUMeHeHust AaHHbIX cnocoboB AeBuTanusauuv nepukapaa
1 aopTanbHOro knanaHa NPoOUCXOASiT BblpaXeHHble AeCTPYKTUBHbIE U3MEHEHUS KMeTOYHbIX 3MeMEeHTOB, Aerpajauns u noteps
NOBEPXHOCTHON BBLICTUMKW (SHAOTENUS, Me30TeNns), HO B OCHOBHOM COXPaHSIOTCSt MPOCTPaHCTBEHHOE pacnofioXeHue n
CTPYKTYpHas LEeNOoCTHOCTb BOJIOKHUCTbIX KOMMOHEHTOB COEAMHUTENbHOTKAHHON OCHOBHI.

KnioueBble cnoBa: 6ecknetoyHble KCEHOreHHble mMaTepuansbl, AeBuTanuM3auns, 3amopaxunBaHue-oTOorpeB, NOHU3MpYLoLLee
obnyyeHune, ynsTpacTpykTypa, nepukapd, aopTanbHbli KnanaH.

Pedpepart: Y poboTi po3rnsHyTo MopdonoriyHi acnekTu kpio- Ta pagiauiiHoro cnocobiB AesiTanizauii TkaHMHHOro GiomaTtepiany —
nepukapaa Ta aopTarnbHOro KnanaHa, A5 CTBOPEHHs1 6e3KkMiTMHHOro kceHokapkaca. CTpyKTypy AOCHiAXYBaHMX TKaHUH NIiCNs BNAUBY
HU3bKUX TemnepaTyp, iOHi3yt4oro onpoMiHeHHst Ta KOMBiHOBaHOro BMMMBY BMBYanu 3a [OMNOMOroK ONTUYHOI Ta eneKTPOHHOT
Mikpockonii. Moka3aHo, Lo nicns BUKOpUCTaHHS UMX crnocobiB AeBiTanisauii nepukapaa i aopTanbHOro KnanaHa BUHUKaTh BUPaXEHI
OECTPYKTUBHI 3MiHN KNITUHHUX eneMeHTiB, Aerpagadis i BTpata NOBEpXHEBOro BUCTUMAHHA (eHAoTenito, Me3oTeniin), ogHak
npakTU4HO 36epiratoTbCsi NPOCTOPOBE PO3MILLEHHS | CTPYKTYpHA LiNICHICTb BOMOKHUCTUX KOMMOHEHTIB CMOMYyYHOTKAHWHHOI OCHOBMU.

KniwouoBi cnoBa: 6e3kniTUHHI KCEHOreHHi mMaTepianu, AesiTanisauis, 3aMOpOXyBaHHA-BIAIrpiB, ioOHi3ylo4e ONPOMiIHEHHS,
ynbTpacTpyKkTypa, nepukapa, aopranbHUin Knanat.

Abstract: This paper deals with morphological assessment of cryo- and radiodevitalized tissue biomaterial, i. e. pericardium and
aortic valve as well as a cell-free xeno-carcass designing. Structure of the studied tissues after low temperature, ionizing and
combined exposures was investigated by optical and electron microscopies. The application of this method to devitalize the pericardium
and aortic valve is shown to result in the expressed destructive changes of cell elements, but the spatial location and structural integrity
of connective tissue fibrous components are preserved.

Key words: acellular xenogeneic materials, devitalization, freeze-thawing, ionizing irradiation, ultrastructure, pericardium, aortic
valve.

B nocnennee gecarunerue nis neiae peKOHCTPYK-
TUBHO-BOCCTaHOBUTEIBHON XUPYPrUH IIMPOKO UCTIONb-
3yl0TCA OECKIETOYHBIN OBIYMI M CBUHOW MEpHKap/I
(kceHomepuKapaAAILHEIE TUTACTUHEI ), 00pa0OTaHHBIC
pasnUYHBIME KOHCcepBaHTaMu. Hanbonee sdexrus-
HBIM KOHCEPBAaHTOM SIBIISIETCS TIyTAPOBBIN alIbJIeTH/T
B pa3Hoi KoHIleHTparwu. OHaK0, HECMOTPS Ha BBICO-
KYIO CTETIeHb COXPAaHHOCTH MOP(OIOTUIECKOM CTPYK-
TYypBI, INTACTHYECKUX U MEXaHUYECKUX XapaKTEPUCTUK
TKaHH, KCEHOTIEpUKap, KOHCEPBUPOBAaHHBIN IITyTapo-
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Within the recent decade the acellular bovine and
porcine pericardium (xenopericardial plates) treated
with various preservatives have been widely used for
reconstructive/recovery surgery. The most effective
preservative was the glutaraldehyde in various con-
centrations. However, despite a high preservation of
morphological structure, plastic and mechanical pro-
perties of tissues, glutaraldehyde-preserved xenope-
ricardium had a residual antigen features and inclined
to calcify, restricting its applicability. Currently, in
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BBIM aJbJECTHIOM, 00J1aJaeT OCTATOYHOI aHTUTeHHOC-
TBIO U CKJIOHEH K KaJIbIIU(PUKAINH, YTO OTPAHUIHBACT
BO3MOHOCTB €T0 TpUMeHeHus1. B HacTosmee Bpems,
MIOMHMMO DIy TapoOBOT'0 abAETHa, HCIIONB3YIOT 1udoc-
(haThI, IIIKO3aMHUHOTIIMKAHBI, [TOBEPXHOCTHO AaKTHBHBIE
BEIIECTBA M APYTHE XUMHUUIECKHE coequHeHus [3, 8].
Jst mosmygenvst 2 eKTHBHBIX TIPOTE30B KCEHOTCHHOTO
MIPOMCXOXACHUS HEOOXOIUMO YCTPAHUTh HMMYHHBIN
KOH(IIUKT, C 3TOW [EIhI0 TKaHb IOIBEPraroT MPe-
BapUTENbHOI Mpoleaype NeBUTATH3AINH (pa3py1ie-
HHUE KJIETOK JIoHopa) [6, 7,9, 12, 13].

Panee Hamu ObLTH yCIIEIIHO MpUMEHEHBI (HU3MU-
YeCKHEe METOJBl JIeBUTANH3AINH (3aMOpakKuBaHue-
OTOTPEB M HOHM3UPYIOLLEE U3ITyUESHHUE) IS TIOJTyYEHHS
COCYAUCTBIX Tpad)TOB MAIOro AMaMeTpa 13 KCEHOIPO-
TE30B BHYTPUTPYAHBIX apTepuii cBUHBH [ 1 |. KomOuHu-
pOBaHHOE WCTIOJB30BaHNE YKAa3aHHBIX (DH3MIECKUX
(haxTOpOB HAPSAIY CO CHU)KEHIEM aHTUTEHHBIX CBOMCTB
KCEHOTKaHN 00ecneynBano BBHICOKYIO CTEIIEHb €€
JIEBUTATN3AINN U CTPYKTYPHYIO CTaOMIM3alUIoO 3a
cueT 00pa3oBaHUS MOMEPEUHBIX MEKOCIKOBBIX CBSI-
3€¥ ¥ TOBBIMIICHUS CITMBAIONIEH aKTUBHOCTH (DHOPHIT-
JSIpHBIX OeNKOB Ipu 00ny4yenuu [4, 5]. EcrectBenHO
MPENAINOJIOKHUTD, YTO TOCJE 3Tana JIEeBUTAIU3AMH,
MPHUBOAALIETO K MOBPEXKICHUIO OONBLICH YacTH Kile-
TOYHBIX DJIEMEHTOB TKaHH, Ka4eCTBO KCEHOKapKaca
OyZeT onpeAemnsTh COCTOSHUE €ro BOJIOKHUCTBIX dJie-
MEHTOB, CTEIIEHb NX MOP(}OJIOTHUECKOH COXPAaHHOCTH.
B nureparype mpakTHdecKu OTCYTCTBYIOT JaHHBIE,
XapaKkTepu3yoIIre YIbTPACTPYKTYPHOE COCTOSHUE
TKaHM Kapkaca 1mociie ero oopadorku [11].

Lenpro qarHOTO HCCIIEI0BaHMS ObLIa OI[EHKA COC-
TOSTHYSI YIBTPACTPYKTYPBI TKAHH ITEpUKapa U CTBOPOK
AOPTAJIBLHOTO KJIallaHa CBUHBH MIOCTIC ICBUTATU3AIIUN
KpHO- ¥ paIUAIIHOHHBIM CIIOCOOOM.

Matepuajibl M1 MeTOAbI

115t M3roTOBIeHNS KCEHOOMOMPOTE30B UCTIONb30-
BaJIM TIEPUKAP/ U CTBOPKU aOPTAJIBHOTO KiamaHa 6—
8-MecsuHBIX OecTiopoaHBIX cBUHEH. [Tocie 320051 xu-
BOTHBIX Ha MSICOKOMOWHATE TKAaHU BBIJIEISITN B T€UeE-
Hre 20 MUH TIpH COOJIOACHUY TPABIII ACCITHKH U
MUHUMAJBHOHN TPaBMaTUIHOCTH. TKaHH, TPIKIBI OT-
MBITBIC OXJIAXKICHHBIM J10 4°C CTepHIIBHBIM (hU3HOII0-
THYECKAM PACTBOPOM C J0OaBJICHUEM aHTHONOTHKOB,
MOMEIIAJIH B CTEPUIIbHBIE KPUOCTOMKIE KOHTEHHEPHI
«Eurotubo» («Deltalab», Hcnanus), 3aMmopaxuBanu
Morpy kKeHneM B KuakuH a3oT (—196°C). KontponbHble
U OoTOrpeThie Ha BojsHOU Oane mpu 36°C o0pasisl
00JTy4any MOTOKOM 3JIEKTPOHOB Ha JIMHEHHOM YCKO-
putene JIY3-10 (Vkpaunna). Bennmuuna noromeHHoOR
o361 25 kKI'p sABIAETCS MUHUMAIIBHO HEOOXOIUMO
TS 00€CTIeYeHN s CTEPUITBHOCTH METUITTHCKIX MaTe-
pHAJIOB U IOy CTUMOH TSI COXpaHeHST (PUOPHILIIPHBIX
OEITKOB AKCTPALIEIUTIONSIPHOTO MaTpUKCA.
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addition to glutaraldehyde one uses diphosphates,
glycosaminoglycans, surfactants and other chemical
compounds [2, 7]. For obtaining the effective pros-
theses of xenogenic origin an immune conflict has to
be eliminated, for this purpose the tissue is subjected
to preliminary procedure of devitalization (destruction
of donor cells) [5, 6, 8, 11, 13].

Previously we have successfully applied the physical
methods of devitalization (freeze-thawing and ionizing
irradiation) for obtaining the small diameter vascular
grafts derived from internal thoracic arteries of porcine
xenoprostheses [1]. Combined use of these physical
factors along with a decrease in xenotissue antigenic
properties provided a high degree of devitalization and
structural stabilization due to the formation of protein-
protein cross-links and improved crosslinking activity
when irradiated the fibrillar proteins [3, 4]. It is obvious
that following the devitalization, leading to a damage
of the major part of the tissue cell elements, the quality
of xeno-carcass will determine the state of its fibrous
elements, and the extent of their morphological
preservation. There are virtually no published data
describing the ultrastructural state of the carcass tissue
after its treatment [10].

The aim of this research was to assess the ultra-
structural state of porcine pericardium and aortic valve
flaps after devitalization with cryo- and irradiation
methods.

Materials and methods

Pericardium and aortic valve flaps of 6—8-month-
old outbred pigs were used to produce xenobioprosthe-
ses. The tissues were carefully isolated within 20 min
after the animals’ slaughtering at the meat processing
plant under aseptic conditions. The tissues, washed
three times with cooled down to 4°C sterile saline
supplemented with antibiotics, were placed into sterile
Eurotubo cryocontainers (Deltalab, Spain), and frozen
by immersion into liquid nitrogen (—196°C). The control
(non-frozen) and thawed in a water bath at 36°C
samples were irradiated with the flow of electrons in
a linear accelerator LUE-10 (Ukraine). The absorbed
dose value of 25 kGy is the minimal necessary to ensure
the sterility of medical materials, and allowed the pre-
servation of fibrillar proteins of the extracellular matrix.

We studied the following groups of the pericardial
and valve flaps tissues, exposed to various types of
effects, correspondingly to the devitalization stages:
1 — native (non-frozen, control group); 2 — irradiated
in 25 kGy dose; 3 — after freezing (—196°C) and
thawing; 4 — after freeze-thawing and subsequent
irradiation at a dose of 25 kGy.

For electron microscopic examination the tissue
samples were fixed in 3% solution of Millonig’s phos-
phate buffered gluteraldehyde (pH 7.3—7.4) and 1%
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Wzydanu cnepyromue rpynnsl TKaHEH nepuKapaa
U CTBOPOK KJIallaHa, MOABEPraBLIMXCS Pa3IMUHBIM
BUJaM BO3ECHCTBHH COOTBETCTBEHHO JTarlaM JIeBUTa-
au3anuu: 1 — HaTUBHBIE (KOHTPOJNBbHAS rpyIa); 2 — 00-
JTy9eHHBIe B 103¢ 25 Kl p; 3 — mocite 3aMopakuBaHHUs
(-196°C) m oTorpeBa; 4 — mocie 3aMOpPaKUBaHUI-0TO-
rpeBa U MOCIenyIomero oomydenus B 1o3e 25 kI p.

JJ1s1 51IeKTpOHHO-MHUKPOCKOTIIYECKOTO HCCIeT0Ba-
HUs 00pa3Isl TKaH! (UKCHpoBaiu B 3%-M pacTBope
TIIyTapOBOTO aJibaieruaa Ha pocdaraom oydepe Mrt-
nonura (pH 7,3—7,4) u 1 %-M pacTBOpeE UeTBIPEXOKHCH
ocmus [2]. [Tocie 00e3B0KMBaHUS 3TAHOJIOM BO3pac-
TaroIel KOHIEHTPALNH U OKCUITPOITHIICHOM (pparMeH-
Tl TKaHU 3aKJIIOYaIH B SMOH-apangut. IlomyToHkue
cpesbl (0,5 MKM) OKpaluBaiid METHICHOBBIM CHHUM
1 OCHOBHBIM ()YKCHHOM, UCCIIEA0BAIH O] MUKPOCKO-
oM JIOMAM MII-4 (JIOMO, Poccust). YnerpaToH-
KHe Cpe3bl, MOJydYeHHBIE Ha yIbTPAMUKPOTOME
YMTII-7 («SELMI», Ykpauna), KOHTpaCTHUPOBAIH
YPaHMIANETaTOM | ITATPATOM CBHHIIA [2] B KCCIIEN0-
BaJIM B DJIEKTPOHHOM MHUKpockome [IOM-125K
(«SELMI») mipu yckopsitoreM HampspkeHun 75 kB.
MHUKpOCKONI CHaOXKEH CHCTEMOI CheMKH M aHajIH3a
nzobpaxkenuss CAU-01A («SELMI»), Brmovaromiei
taxke CCD-kamepy DX-2 u nakeTr nporpamm K Helt
(«Kappa», I'epmanus).

Pe3yabTarsl m o0cyxneHnune

HarnBHBIE CTBOPKY KJ1allaHa IPECTABIISIIOT COOOM
MOKPBITHIE SHJIOTETUEM TOHKHUE TIJIACTUHKH IJIOTHOMN
BOJIOKHUCTOM CO€IUHHUTEILHON TKAHU C HEOOILIINM
KOJIM4eCTBOM KJjieToK. Ha momepedyHoM pa3pese
CTBOPKH Pa3IUYaroTCs TpH ciaos. OOpareHHBIN K XKe-
JIyAOYKY BHYTPEHHHHU CIIOH, SBISIFOLUIICS IIPOAOIIKE-
HHEM SHAOKap/a, JJ1aCTUHO-KOJUTATeHOBas MPOCIIOiKa
U TOHKUW CPEJHUHN CIIOM CTBOPKM NPEACTABIEHBI
PBIXJION BOJIOKHUCTON COEAMHUTEIbHON TKaHbIO, CO-
JiepKalei KIIeTOYHbIe 37ieMeHThI (puc. 1). Bonokxuc-
THI KOMIIOHEHT B aOpPTajJbHOM CJIO€ MPEICTaBICH
IJIOTHBIMH ITyYKaMH KOJIareHOBBIX (PHOPHILT, MEXK Ty
KOTOPBIMH HaXOASTCS TOHKUE (DMITAMEHTHI, CBI3aHHBIC
¢ ¢pubpodmacramu. Co CTOPOHBI KEITYIOUYKOBOH IT0-
BEPXHOCTH B TIOJIPHAOTEIINATHFHOM CJI0€ TIPE00IIaaroT
3JIaCTHYECKUE BOJIOKHA.

KomnareHoBsie My4kd OpUEHTHPOBAHBI B Pa3JINy-
HBIX HAlpaBlICHUSX — (DU3UOIIOTHYECKOE CBOWCTBO
TKaHHU, YTO OFPAHUYUBACT €€ PACTSKUMOCTH U CIIO-
COOCTBYET BOCCTaHOBJICHUIO IIPU Ype3MEpHOI nedop-
Maryu.

HaruBHbli nEpuKap1 COCTOUT U3 MIJIOTHOM BOJIOK-
HUCTOU COCTUHUTEIHHON TKaHU, TOKPBITOM ME30TEIIN-
€M — OJTHOCIIOMHEIM ITOCKHAM sruTenneM. Kirerounsie
3JIEMEHTHI TPEICTABICHBI (GUOPOOITaACTaAMHE, OCEITHI-
MH MakpodaraMu, MaJIOYUCICHHBIMA TIJIa3MaTHIEC-
KUMHU KJIETKaMH, JICHKOIIUTaMU, a TakXKe >KUPOBBIMU
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solution of osmium tetroxide [12]. After dehydration
in ethanol solutions of ascending concentration and
oxypropylene the fragments of tissues were embedded
to Epon-Araldite. Semi-thin sections (0.5 mm) were
stained with methylene blue and basic fuchsine, then
examined with LUMAM MP-4 microscope (LOMO,
Russia). Ultrathin sections were obtained by means
of UMTP-7 ultramicrotome (SELMI, Ukraine),
counterstained with uranyl acetate and lead citrate [12]
and investigated with electron microscope TEM-125K
(SELMI) at an accelerating voltage of 75 kV. The
microscope was equipped with the data recording and
image analysis SAI-01 A (SELMI), which also included
CCD-camera DX2 and corresponding software
(Kappa, Germany).

Results and discussion

Native valve flaps represented endothelium-co-
vered thin plates of dense fibrous connective tissue
with few number of cells. Cross-sections of the flaps
had three layers. Overlooking towards the ventricle
inner layer, which was a continuation of endocardium,
the elastin-collagen interlayer and a thin middle layer
of the flap were represented by a loosen fibrous con-
nective tissue containing the cell elements (Fig. 1). The
fibrous component in aortic layer contained dense
bundles of collagen fibrils, between which there were
thin filaments associated with fibroblasts. The elastic
fibers predominated in sub-endothelial layer of the
ventricular surface.

Collagen bundles were oriented in different direc-
tions, a physiological feature of the tissue, restricting
its stretchability and promoting a recovery when
excessive deformation.

The native pericardium consisted of dense fibrous
connective tissue covered with mesothelium which was
a single layer squamous epithelium. The cells
represented with fibroblasts, tissue-fixed macrophages,
small plasma cells, white blood cells, as well as fat
cells, localized along the vessels. Connective-tissue
base and the mesothelium were separated by a thin
basal membrane, beneath which there was a layer of
elastic fibers inter-twisted with collagen fibrils bundles
(Fig. 2). This arrangement of fibers ensured the
resistance of tissue to mechanical stress.

Freeze-thawing of aortic valve caused the changes
in the ultrastructure of fibrous connective tissue which
were typical for low-temperature effect. The most
vulnerable link was the endothelial lining which was
almost absent after the valve samples thawing. Cells
of the tissue underwent cryodestruction of various
depth. Some of the cells had the signs of organelles
swelling, destruction of the mitochondria cristae, nuclei
heterochromatization, extending of endoplasmic reticu-
lum cisterns and perinuclear space whereas cytolemma
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Puc. 1. YnbTpacTpykTypa CpeaHero crios CTBOPKM knanaHa B KOHTporne: A — oubpobnact B OKpyx
1 KOnnareHoBbIX BONOKOH; B — pnbpobnacTt B cocTaBe pbixnon BONIOKHUCTOM coeanHuTenbHom TkaHuu; N — agpo; EPR —
rpaHynMpoBaHHbIN 3aHOoNNasmaTuydeckuin petukynym; CF — konnareHoBble BOMOKHA.

Fig. 1. Ultrastructure of valve flap middle layer in control: A — fibroblast surrounded by elastic and collagen fibers; B —
fibroblast as a component of loosen connective tissue; N — nucleus; EPR — granulated endoplasmic reticulum; CF —
collagen fibers.

Puc. 2. YnbTpacTpykTypa Me3oTenusi U nognexaiiern coegMHUTENbHOTKAHHOW OCHOBbI Nepukapaa B koHTpone (A);
KonnareHoBble Ubpunnbl B NPoAofibHOM 1 nonepevyHom (BcTaBka) cedeHuu (B); YuacTku B3aumocBasn cdoubpunn c
6enkoBo-nonMcaxapuaHeiMu aNeMeHTaMmm BHYTpY Myyka 0603HaveHbl cTpenko; Ms — mesoTtenuii; BM — 6asanbHas
meMbpaHa; N — aapo; M — mutoxoHapus.

Fig. 2. Ultrastructure of mesothelium and underlying connective tissue of pericardium bases in control (A); collagen fibrils
in longitudinal and transverse (cut-in) sections (B); Sites of inter-linkages of fibril with protein-polysaccharide elements

within the bundle indicated by an arrow; Ms — mesothelium; BM — basal membrane; N — nucleus; M — mitochondria.

KJIETKAMH, JIOKATU30BAHHBIMHU BIOJb cOCYA0B. OT
COCIMHUTEBHOTKAHHON OCHOBBI ME30TEIINH OT/CIICH
TOHKOW 0a3ajbHOM MeMOpaHOH, MOa KOTOPOU pac-
T0JIAraeTCs CIION AMACTHIECKHUX BOJIOKOH, TIEperIeTeH-
HBIX IIy4YKaMH KOJIJIareHOBbIX (pubpwmii (puc. 2). Takoe
PacronoKeHNE BOJIOKOH 00€CIIeYnBaAET YCTOWYNBOCTD
TKaHH K MEXaHUYECKOMY HAIpPsDKEHHUIO.
3aMoOpaKMBaHNUE-OTOIPEB A0PTAILHOTO KJlarnaHa
BBI3BIBACT TUITMYHBIC JIJISI HU3KOTEMIIEPATYPHOTO BO3-
JICUCTBUS U3MEHEHUS YIIBTPACTPYKTYPhI BOJIOKHUCTOM
COCJIMHUTENIbHOW TKaHu. Haunbosee ysI3BUMBIM 3Be-
HOM SIBJISICTCS SHAOTEIHATbHAS BBICTHIIKA, KOTOPAs
Mocyie pa3MopakMBaHus 0OPa3IoB KilaraHa MpaKkTH-
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remained integral. There were also found the comp-
letely destroyed cells surrounded by the bundles of
collagen fibrils or elastic fibers. Ultrastructural state
ofthe aortic valve collagen and elastic fibers was close
to native one, which was manifested in preserving the
protein-polysaccharide complexes, binding the collagen
fibrils (Fig. 3).

Similar ultrastructural changes were observed
following freeze-thawing of the pericardium. There
were no mesothelial cells on the surface. Fibroblasts
were characterized with vacuolization of organelles, a
condensed chromatin prevailed in their nuclei. The
cytolemma was preserved in most processes of these
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Puc. 3. YnbTpacTpyKkTypa KonnareHoBbIX U 311acTUYEeCKNX BOMTIOKOH CTBOPKM KianaHa nocrie 3amMopaxXuBaHWs-0TorpeBsa:
COXpaHeHMe B3aUMOCBSA3N KOJITareHoBbIX U 3N1acTUYECKMX BOJTOKOH (A), a Takke KonnareHoBbix ¢ubpunn ¢ 6enkoso-
nonucaxapuaHeimu komnnekcamu (PPC) (B); CF — konnareHoBble BonokHa; EF — anacTtuuyeckue BonokHa; Cf —

KonnareHoBble pUGPUNIbI.

Fig. 3. Ultrastructure of collagen and elastic fibers of the valve flaps after freeze-thawing: maintaining the relationship
between collagen and elastin fibers (A), as well as collagen fibrils with a protein-polysaccharide complex (PPC) (B); CF —

collagen fibers; EF — elastic fibers; Cf — collagen fibrils.

YECKH OTCYTCTBYyeT. KileTOUHBIE 3I€MEHTHI TKaHU
MOJIBEPratoTCcsa KPUOASCTPYKIIMK B Pa3HOH CTETEHH.
YacTh KIIETOK UMEET MPU3HAKK HAa0yXaHUs OpraHel,
JECTPYKIIUU KPUCT MUTOXOHPUH, TE€TEPOXpOMATH3a-
LMY SI7IEp, PACIIMPEHUS IIUCTEPH YHI0TIIa3MaTHIECKO-
IO PETHKYITyMa ¥ TIEPUHYKIIEAPHOTO MTPOCTPAHCTBA PU
LEJOCTHOCTH UTOoNeMMbI. OOHAPYKUBAIOTCS TAKXKE
MOJTHOCTBIO pa3pylIeHHbIE KIETKH, OKPYXEHHbBIE
MyYKaMH KOJUIAr€HOBBIX (PHOPHILIT UITK 3TIaCTHYECKUX
BOJIOKOH. COCTOSIHUE YIIBTPACTPYKTYPBhI KOJIIar€HOBBIX
Y IIACTHYECKUX BOJIOKOH a0PTAILHOTO Ki1araHa Om3-
KO K HaTUBHOMY, YTO TMPOSBIISACTCS B COXPaHEHUU
0EITKOBO-TIOIMCAXaPUTHBIX KOMIUIEKCOB, CBS3BIBAIO-
LIMX KoJJIareHoBbIe puoOpriuisl (puc. 3).

[TomoOHBIE M3MEHEHUS YIBTPACTPYKTYPhI HA0II0-
JAIOTCS U TIOCTIE 3aMOPaXKHUBAHHS-0TOTPEBA MEPUKap-
na. Ha moBepxHOCTH OTCYTCTBYIOT ME30TENHaIbHBIE
kieTkr. PUOpoOIACThl XapaKTEPU3YIOTCS BaKyOJIHU-
3a1uMeit opraHesu, B UX sipax npeodiiazaeT KOHASHCH-
POBaHHBI XpOMaTHH. Y OOJBIIMHCTBA OTPOCTKOB
ATUX KIIETOK coXpaHeHa nmutoemma (puc. 4, A). Kom-
JIAT€HOBO-AJIACTUYCCKUN KapKac TKaHU MepUKapia He
MOABEPTaeTCs CYIIECTBEHHBIM HM3MEHEHUSM TOCIIe
3amopaxkuBaHus. Cpeu MyYKOB KOJUIATEHOBBIX U
3NIACTHYECKUX BOJIOKOH HAOJIONAIOTCS 3JIEKTPOHHO-
CBETJIBIE MTOJIOCTH, BO3MOKHO SIBIISIOIINECS PE3ybTa-
TOM THApPATAIlMU TKAaHH IMMOCJIE 3aMOPaKUBaHUS-
orranBanus (puc. 4, B).

B ctpykType TKaHel CTBOPKH KJlaraHa U epukap/a
rmocie obydeHus: mpeodagaoT AECTPYKTHUBHBIC
W3MEHEHUS KIETOYHBIX 3JIEMEHTOB: KOHACHCAIIHS
XpOMaTHHA s1ep; o0pa3oBaHue OOJIBIINX MYy3bIpel U
HapyIIEeHHNE [IETOCTHOCTH IIUTOJIEMMBI; BAKyOTH3aLINS
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cells (Fig. 4A). Collagen-elastic scaffold in pericardium
tissue was not subjected to significant changes after
freezing. Among the bundles of collagen and elastic
fibers the electron-light cavities were observed, likely
resulted from hydration of tissue after freeze-thawing
(Fig. 4B).

Following irradiation the destructive changes of
cellular elements prevailed in the structure of valve
flap and pericardium tissues: nuclei chromatin conden-
sation; formation of large bubbles and cytolemma
disintegrity; vacuolization of cytoplasm organoids;
mesothelium desquamation from a pericardial surface
and de-endothelization of valve flaps (Fig. 5). Collagen-
elastic base was characterized by some loosening due
to the formation of cavities around the processes of
connective tissue cells. Assessment of the fine struc-
ture of collagen fibrils revealed that the irradiation led
to a partial dissociation of protein-polysaccharide
complexes, binding the collagen fibrils in the bundle,
and the formation of enlightened cavities between the
fibrils (Fig. 6).

The combined effect of low temperatures and
subsequent irradiation resulted in expressed destruc-
tive changes in cell tissue elements of aortic valve and
pericardium. Endothelial lining of valve flaps and
pericardium mesothelium was completely absent. In
connective tissue cells along with nuclei heterochroma-
tization, cytoplasm organoid vacuolization and local
destruction of cytolemma the formation of large surface
bubbles in perinuclear area as well as in the cell pro-
cesses was observed (Fig. 7A). The extensive elect-
ron-transparent cavities were observed around the cells
of a loosen connective tissue, testifying to a tissue
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Puc. 4. YnsTpacTpykTypa pasHbiX y4acTKOB TKaHW Nepvikapga rnocne 3amopaxvBaHus-oTorpesa: A — COXpaHHOCTb

untonemmbl (CTpenka) oTpocTkoB ubpobnacta; B — aneKTpOHHO-CBETIbIE MOMIOCTU MEXAY 3MacTUYeCcKumMu n
KONiareHoBbIMM BOJTIOKHaMu (0603HaveHo 3Be3foydkon); CF — konnareHoBble BOnokHa; EF — amactuyeckne BOMOKHa;
F — oTpocTku cpubpobnacTa.

Fig. 4. Ultrastructure of different parts of pericardium after freeze-thawing: A — cytolemma preservation (arrow) of fibroblast
processes; B — electron-light cavities between elastic and collagen fibers (asterisk indicated). CF — collagen fibers; EF —
elastic fibers; F — fibroblast processes.

[

Puc. 5. [1eCcTpyKTUBHbIE U3MEHEHUSI KNETOYHbIX SNEMEHTOB KrnanaHa nocne obny4eHusi: A — oTCrnoeHne LUMToneMmsl C
obpasoBaHMeM Ny3bipen U HapyLleHue ee LenocTHOCTU; B — Bakyonuaauunsa n gectpykuusa opraHenn uutonnasmbl; N —
saapo; V — Bakyonu; CF — konnareHoBble BOMOKHA.

Fig. 5. Destructive changes of valve cell elements after irradiation: A — cytolemma detachment with bulbs formation and
disorder of its integrity; B — vacuolization and destruction of cytoplasmic organelles; N — nucleus; V — vacuole; CF —

collagen fibers.

OpPraHOUJIOB IIUTOILIA3MBI; JIECKBaMAIIHsl ME30TEIHS
C TIOBEPXHOCTHU TEpUKapIa W JEIHIOTEIH3aIus
CTBOPOK Kiamana (puc. 5). KomnarenoBo-3nactudec-
Kasi OCHOBA XapaKTepPHU3yeTCsl HEKOTOPHIM Pa3phIxJie-
HHEM 3a cYeT 00pa3oBaHHs MOJOCTEH BOKPYT OT-
POCTKOB COCTMHUTEIIPHOTKAHHBIX KIIeTOK. [Tpu uccre-
JIOBAaHWHU TOHKOHM CTPYKTYPbI KOJIJIArCHOBBIX HHOPHILT
OBLIIO 00HApYXEHO, YTO O0JIyueHHE MPUBOIUT K
YaCTUYHOW TUCCOIUAIIH OCITKOBO-TTOIMCAXAPHTHBIX
KOMILIEKCOB, CBA3BIBAIOIINX KOJIAreHOBBIE (hHOPHILIBI
B ITy4YKe, ¥ 00Pa30BAHUIO TPOCBETICHHBIX MOJOCTEH
Mexay ¢pudpuiamu (puc. 6).

KoMOuHMpoBaHHOE BO3/ICICTBIE HU3KUX TEMITEPaTyp
1 TIOCIIE Iy FOIIETO O0TyUeHHS BBI3BIBACT BHIPAKEHHBIC
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hydration. The ultrastructure of elastic and collagen
fibers was not significantly altered (Fig. 8C), however,
electron transparent cavities were also observed
between the bundles (see. Fig. 7B). The protein-
polysaccharide complexes connecting fibrils were
preserved inside the collagen bundles and collagen-
elastic interlayers (see Fig. 8A, B).

Thus, the most resistant to freezing and irradiation
objects in valve and pericardium tissues were the
fibrous components, which ultrastructure underwent
the least changes. Taking into account this fact, we
analyzed the morphometric characteristics of the fibrils
of pericardial and valve collagen fibers under the
applied effects. The fibril period and diameter were
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Puc. 6. HapyweHune cTpykTypbl 6€nKkoBO-nonncaxapuaHbix KOMNnekcoB (0003Ha4YeHO 3BE340YKON), CBA3bIBAOLLNX

umbpunnbl konnareHa B nyvke nocne obnyveHus nepukapga (A) u knanaxa (B).
Fig. 6. Disordered structure of protein-polysaccharide complexes (asterisk indicated), linking collagen fibrils in bundle

after irradiation of pericardium (A) and valve (B).

Puc. 7. YnbTpacTpykTypa TKaHen nepukapga v knanaHa nocrne KOMOMHMPOBAHHOIO BO3LAEWCTBUSI 3aMOpPaXKMBaHUSA-

oTorpeBa u obnyyeHus: A — retepoxpomaTtusanms sapa u Bakyonvsaums uutonnasmbl; B — anekTpoHHo-cBeTnbIe MONOCTH
(*) Mexay ny4kamu KonnareHoBbIX BOMOKOH B CpeAHEeN YacTu CTBOpkM knanaHa; N — agpo; V — Bakyonu; CF — konna-
reHoBble BOMoOkHa; F — oTpocTok chmbpobnacra.

Fig. 7. Ultrastructure of pericardial and valve tissues after combined effects of freeze-thawing and irradiation: A —
heterochromatization of nucleus and cytoplasm vacuolization; B — electron-transparent cavities (*) between the bundles
of collagen fibers in the middle of the valve flap; N — nucleus; V — vacuole; CF — collagen fibers; F — fibroblast process.

JECTPYKTUBHBIC M3MEHEHUsI KIETOYHBIX 3JIEMCHTOB
TKaHeH aopTajIbHOTO KJaraHa U epuKapa. JHoTe-
JUanbHasi BEICTUIIKA CTBOPOK KIIallaHa M ME30TeNni
nepuKap/ia MOJTHOCThIO OTCYTCTBYIOT. B coenunu-
TENFHOTKAHHBIX KJIETKaX Hapsy C TeTepoXpoMarn3a-
e sep, BaKyolln3alueil OpraHou0B UTOILIa3Mbl
Y JIOKaJbHOM IeCTPYKIUEH IIUTOIEMMBI HAOTFOIaeTCs
00pa30BaHue KPYITHBIX TOBEPXHOCTHBIX MMy3bIpel KaKk
B OKOJIOSIJICPHOW 30HE, TaK M B OTPOCTKAX KIETOK
(puc. 7, A). BOkpyT KJIETOK PBIXJION COSTUHUTETHHON
TKaHHU HaOIIOAIOTCS OOIIMPHBIE 3JIEKTPOHHO-IIPO3-
pavHbIC TIOJIOCTH, CBHICTEILCTBYOIIIE O THIPATAIINT
TKaHW. YIIBTPACTPYKTYpa MACTHYCCKHIX U KOJUIAreHO-
BBIX BOJIOKOH HE TIpETEepIeBaET CYICCTBEHHBIX U3Me-
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assumed as the criterion to analyze morphometry. As
Fig. 9 demonstrates, the parameter with most
resistance to effect was the fibril’s period. The index
varied slightly versus the control both for the valve
flaps and pericardium for all experimental effects. To
a large extent the fluctuations in the values were
characteristic for the diameter of fibrils. This index
was increased in the samples of the irradiated valves,
unlike pericardium for which a marked decrease of
the parameter was found under these effects. lonizing
irradiation caused the dehydration and compaction of
collagen fibers, that stimulated the emergence of cross-
linking and might be manifested in the changes of their
ultrastructure [9].
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Puc. 8. YnbTpacTpykTypa TKaHW CTBOPKM aopTanbHOro knanaHa (A, B) n nepukapga (C) nocne KOMOGMHMPOBAHHOIO
Bo3gencTBus: A, B — coxpaHHOCTb KonnareHoBbIX Y 3NacTUYECKMX BONTOKOH U 6ENKOBO-NoNmMcaxapuaHbIX KOMMIEKCOB;
C — COXpaHHOCTb TOHKOW OpraHu3aumm konnareHoBbix ombpunn; EF — anactudeckne BonokHa; Cf — konnareHoBble
unbpunnel; PPC — 6enkoBo-nonucaxapuaHble KOMMIEKChI.

Fig. 8. Tissue ultrastructure of aortic valve flap (A, B) and pericardium (C) after combined exposure: A, B — preservation of
collagen and elastin fibers as well as protein-polysaccharide complexes; C — preservation of intrinsic organization of

collagen fibrils; EF — elastic fibers; CF — collagen fibrils; PPC — protein-polysaccharide complexes.

Henuii (puc. 8, C), omHaKo MEX Iy 90
My4KaMH Tak)Ke HaOJI0maroTCs . 801
3JIEKTPOHHO-CBETIBIE ITOJIOCTH * é 70 4

(cm. puc. 7, B). BuyTpu kommare- &5 % 60
HOBBIX MYUKOB M KOJUIATEHOBO- & £ %]
JIACTHYECKHX IPOCTIOCK COXpa- & 2 zg 1
HSIOTCSL OEJIKOBO-TIOJIMCAXapH/I- 3 = 20: )
HbIE KOMIUIEKChI, COCAMHsIIomHe = & |
¢ubpunnsl (cM. puc. 8, A, B).

TakuM 06pa3oM, B TKaHH 1
KJIallaHa | IepuKapaa Hanboiee
YCTOWUYMBBIMU K 3aMOpakHBa-
HUIO ¥ OOJIY4eHHUIO OKa3allhCh
BOJIOKHHCTBIE KOMITOHEHTHI,
YIBTPACTPYKTypa KOTOPHIX TIpe-
TeprieBaia HAMMEHBIIUE U3MCHE-
HUSA. YUUTBIBas 3TOT (HAKT, MBI
npoaHaIu3upoBatu Mopdo-
METPHYECKHE XapaKTCPUCTUKU
(bmOPHILIT KOJUTAar€HOBBIX BOJIOKOH
KJIariaHa v MepUKap/Ia Mpy UCIoIb3yeMbIX BO3ICHCT-
BUsX. B KadecTBe KpuTepusi ObUTH B3AThI MEPUOJ U
muameTp ¢Guopuuibl. Kak cnenyer u3 puc. 9, Hau-
0oJiee YCTOWYMBBIM K BO3JCHCTBUIO MapamMeTpoOM
SIBJIIETCS Tieproa GUOPHUIUIBI. DTOT MOKa3aTesb Kak
JUI CTBOPOK KJIallaHa, TaK U MepuKapaa Mmpu BceX
9KCIIEPUMEHTANBHBIX BO3JACUCTBUSIX M3MEHSUIICS He-
3HAYUTEIHLHO OTHOCHUTEIHFHO KOHTPOJA. B Oombrieit
CTETICHH KOJIeOaHUS 3HAYCHU I OBUTH XapaKTEPHBI ISt
nuaMetrpa ¢pubpusl. DTOT MoKa3aTelb yBEIUYH-
BaeTCs B 00pasiax KJIamnaHoB, MOJBEPTHYTHIX 00y-
YEHHUI0, B OTJIMYHE OT MEpPUKapja, JJs KOTOPOTo
OTMEYAeTCsl YMEHBIICHHUE apaMeTpa MPpHU JaHHBIX
Bo37eHcTBUAX. MlOHU3UpYIOIiee N3IyYeHUE BHI3bIBACT
JICTHJIPaTaIMIO ¥ YIIOTHEHHE BOJIOKOH KOJUIATeHa, YTO
CTUMYIIUPYET MOSBICHHUE MONEPEUYHBIX CHIMBOK H
MOXET TIPOSBIISTHCS B M3MEHEHHH WX YIBTPACTPYyK-

Typst [10].
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Puc. 9. Bennuuna nepuoga (P) n anametpa (D) konnareHoBbIxX pnbpunn knanaHa
(A) n nepukapga (B) B 3aBUcMMOCTM OT BUAa BO3LEWCTBUS HA TKaHb: 1 —
KOHTPOIb; 2 — 3aMOpaxuBaHue-oTorpes; 3 — obnyyeHne; 4 — 3amopaxxuBaHue-
oTorpeB 1 obrnyyeHune.

Fig. 8. Value of period (P) and diameter (D) of collagen fibrils of valve (A) and
pericardium (B) depending on type of impact on tissue;1 — control; 2 — freeze-
thawing; 3 — irradiation; 4 — freeze-thawing and irradiation.

Conclusions

Freezing and irradiation cause destructive changes
of aortic valve and pericardium cell elements, as well
as lead to degradation and loss of surface lining
(endothelium, mesothelium). The combined effect of
low temperatures and irradiation provides a high
devitalization degree of the studied tissues.

The most resistant to freezing and irradiation
appeared to be fibrous components of the valve and
pericardium tissues, the ultrastructure of those was
characterized by preserved architecture of fibrils and
protein-polysaccharide complexes.
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3aMopakuBaHHE W OOJydYeHHE BBI3BIBAIOT Je-
CTPYKTHUBHBIE M3MECHEHHUS KJIETOYHBIX 3JIEMEHTOB
AOpTaJBHOTO KJIANlaHa U TEPUKapAa, a TaKXKe MPUBO-
JIHT K JIErpaIalliy ¥ MOTePe MOBEPXHOCTHOM BBICTHIIKH
(anmorenus, me3zorenus). KomOGuHUpoBaHHOE BO3-
JeifiCTBIE HU3KUX TEMIepaTyp 1 006IydeHus obecre-
YUBAET BHICOKYIO CTETICHb JICBUTAIN3AIIUH HCCIIe Ty e-
MBIX TKaHEH.

HaunGonee ycTOWYMBBEIME K 3aMOPaKUBAHUIO U
OOJIy4EeHHIO OKa3aluCh BOJOKHUCTHIE KOMIOHEHTHI
TKaHU KJ1alaHa v IepUKapla, yIbTpacTpyKTypa KOTo-
PBIX XapaKTepHU3yeTCsa COXpaHEHNEM apXUTCKTOHUKH
($ubpuILT 1 6EIKOBO-TIOIMCAXaPUAHBIX KOMITJIEKCOB.
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