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ITess paGoThl — oreHKa 3GGEKTUBHOCTH MUTOXOHIPUAIbHO-HAIIPABJIEHHOTO aHTHOKcuaanTa SKkQ1 md npe-
JYTIPEK/IEHUS TIOCTPEAHNMAIIMOHHBIX HAPYIIIEHNI CTPYKTYPHO-(DYHKIIMOHAIBHOTO COCTOSIHUS MO3Ta.

Marepuassl 1 MeTobl. Y 19 110710BO3peIbIX caMIIOB KPBIC BrcTap BBI3bIBAIM OCTAHOBKY Cep/illa Ha 7 MUHYT C
nocseyioneil peannmaitueir. Yactsb skuBoTHBIX (7=9) mosyyana SkQ1 mepopanbio B 103e 500 HMOJTH/KT ¢ BOAOH
B TeyeHne 2-x Hezenb (1 Hezpermio 1o n 1 Henemo mocte peannmanyi ). KoHTposeM ciryskuin JI0;KHOOTIEPIPOBAH-
Hble xkuBoTHBIE (n=10). Ha 4—6-¢ cyTku 1ocsie peaHuMaiuu y KpbIiC OIIEeHUBAJIH IBUTATEIbHYIO0 AaKTUBHOCTD U TPe-
BOKHOCTD (TECT «IIPULIOAHITHINA KPECTOOOPA3HbIIl JTAGUPUHT ), & TAKKE CEHCOMOTOPHYO (DYHKIIUIO KOHEUHOCTEL
(Tect «cyskalomascs 10poxkKar ). Uepes 7 cyToK 1ocjie peaHMMaIMy Ha IIpernapaTax, okpaieHHbix 1o Huccaro, ori-
pellesisiin IVIOTHOCTh HepOHOB Ha 1 MM JUIMHBI UX CJIOS B BBICOKOUYBCTBUTEJIBHBIX K TUIIOKCUN HEHPOHAILHBIX
norysmuax (mupamu/aeie HelipoHsr mosrelt CA1 n CA4 runmokamia, kiretku [lypkuabe Mosskeuka). /list BeIsIB-
JIEHUSI BO3MOKHBIX MEXaHU3MOB JeiicTBust SKQ1 npoBOAMIM MMMYHOIMCTOXUMUYECKOE UCCIIeJOBAHUE DKCIIPEC-
cuu rimaiabHoro Heitporpoduueckoro dakropa (GDNF) mHenpsMbiM 11epOKCUIA3HO-AaHTUTIEPOKCUIA3HBIM METO-
JIOM C UCIIOJIb30BAHUEM TIEPBUYHBIX ITOJIMKIOHAIbHBIX aHTuTes npotus GDNE

Pesyabratei. O6GHAPYKEHO, YTO WIeMUsI-perepdy3ust MPUBOIUT K THOEAN HEHPOHOB BO BCEX MCCIEN0-
BAaHHBIX OT/I€JIaX MO3Ta, UTO COMPOBOXKAAECTCS CHUKEHUEM JIBUTATEJIbHON aKTUBHOCTH M Pa3BUTHEM CEHCOMO-
topHoro gedunura. [Ipumenenne SkQ1 npenynpexaaer pazButue MOCTPEAHUMAIIMOHHBIX JBUTATEIbHBIX U
CEHCOMOTOPHBIX HAPYLIEHUH, CYIIECTBEHHO yMeHbInaeT rubesb KiaeTok [IypkuHbe MO3KeuKa, MpeaoTBpalia-
et rubesb MupaMuAHbIX Heliponos B mosie CA4 runmokamma, Ho He B mojie CA1. ITokaszano, 4To B MOMYJIANNN
kietok ITypkunbe Moszkeuka mpuMenerre SkQ1 compososxkaaercs ysenndenneM unciaa GDNF-momoxnTe b-
HBIX HEHPOHOB, Oosiee ycTolunBbiX K ninemun (repexon yactu GDNF-oTpuiiaTebHbIX KJIETOK B KATErOPUIO
AKTUBHO HKCIPECCUPYIOMUX ITOT (HaKTOP HEHPOHOB), YTO CMOCOOCTBYET UX BBIKUBAHUIO B TTOCTPEAHIMATIIN-
OHHOM IIepHOJIe.

3akmouenne. [TosyueHHbsie B paboTe faHHbIC CBUAECTEABCTBYIOT O TOJOKUTETHHOM BosaeiicTBur SkQ1
Ha CTPYKTYPHO-(DYHKIMOHAIBHOE COCTOSTHUE MO3Ta B MOCTPEAHNMAIIMOHHOM [IEPHO/E, YTO 00yCIaBINBaCT
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MEePCIeKTUBHOCTD MTPUMEHEHMS 9TOTO TIpenapara sl IPe0TBPAleHns 1 KOPPEKIUH TOCTTUIIOKCHYECKIX
aHTedaToTaTIi.

Kntouesvie cnosa: SkQ1; ocmanoexa cepoua; peanumayus; 0euzamenvHas aKmueHOCMb; CEHCOMOMOP -
Hole napyuenus; eubens neiiponos; GDNF

The aim was to assess the efficacy of mitochondria-targeted antioxidant SkQ1 in prevention of structural and
functional abnormalities of brain postresuscitation after cardiac arrest.

Materials and methods. Adult male Wistar rats (n=19) underwent cardiac arrest for 7 minutes followed by
resuscitation. Nine rats were administered with 500 nmol/kg SkQ1 per os with water for 2 weeks (1 week before
and 1 week after resuscitation). A control group consisted of sham-operated animals (n=10). At days 4—6 post
operation locomotor activity and anxiety («elevated plus maze» test) and sensorimotor function of limbs («beam-
walking» test) were examined. Total numbers of neurons per 1 mm of their layer length in vulnerable neuronal pop-
ulations (cerebellar Purkinje cells and piramidal neurons of hippocampus fields CA1 and CA4) were estimated by
histological analysis of the specimens stained with cresyl violet on day 7 postresuscitation. To identify possible
mechanisms of SkQ1 action, the immunohistochemical study of a glial-derived neurotrophic factor (GDNF)
expression in piramidal neurons of hippocampus was performed by indirect peroxidase-antiperoxidase method and
anti-GDNF primary polyclonal antibodies.

Results. Ischemia-reperfusion resulted in neuronal loss in all studied brain areas followed by reduction in loco-
motor activity and development of sensorimotor deficit. SkQ1 prevented development of postresuscitative loco-
motor and sensorimotor irregularities, significantly reduced Purkinje cells loss, prevented death of piramidal neu-
rons in hippocampal field CA4, but not in CA1. Data demonstrated, that iln Purkinje cells from resuscitated rats
treated with SkQ1 there was a significant increase in number of GDNF-positive neurons, which were more resis-
tant to ischemia (transition of GDNF-negative cells toward the category of cells actively expressing this factor)
that promoted their survival postresuscitation.

Conclusion. Data confirm the positive effects of SkQ1 on structural and functional status of the brain postre-
suscitation and suggest possible use of SkQ1 for the prevention or correction of post-hypoxic encephalopathies.

Key words: SkQ1; cardiac arrest; resuscitation; locomotor activity; sensorimotoric disorders; neuronal
loss; GDNF
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BBenenne

SkQ1 (mracroxunonuseruitTpubenuadoc-
dhonust 6pomu) — (HU3NOJOTUYECKH AKTUBHOE Be-
NIECTBO, KaTHOHHOE IIPOU3BOJHOE TLIACTOXWHOHA,
MPOSIBJISIIONIEe AHTUOKCUAAHTHYIO aKTUBHOCTD in
vitro v in vivo. B skcniepuMeHTax Ha JKUBOTHBIX ITOKa-
3ana addexruBrocTs SkKQ1 1pU KOppekIiu 60JIb-
IIOTO YUCJIA TATOJOTUIECKUX COCTOSTHUN — 3aboJie-
BaHWUIi 1J1a3, apUTMUil, UHGAPKTA, MHCYJIBTA, a TAKKE
npu crapernun [1—6]. Tak, BBegenue SkQ1 kpoicam
YIIYUITaJI0 BbIKMBAEMOCTb M30JMPOBAHHBIX CEPJICIl
pu uieMun-periepdysun [7], a Takke YMEHBIIAIO
rubeJib JKUBOTHBIX TIPU UIIEMUU-Penepy3un moueK
[8]. Ha Momest iepeskMBAIONIUX CPE30B TUIITIOKAMIIA
nokasaHa criocoOuocTh SkQ1 mpepoTBpariaTh pas-
BUTHE OJIOKAJIBI I0JTOBPEMEHHON MTOTEHI[HAIINH, BbI-
3BaHHOU B-amuioungoM [9]. XpoHuueckoe morpebiie-
Hue SkQ1 3aMeiyIsisio TEMITbI Pa3BUTUST MOTOPHBIX
TchYHKIUN B MOzies i GOKOBOTO aMUOTPO(IIECKO-
TO CKJIEpO3a y MBIIICH, a TakKe CHIKAJIO TPEBOXK-
HOCTb Y KPBIC W BBI3BIBAJIO YBEJUYCHUE WX J[BUTA-
TEJBHON W MCCIe0BATENbCKON akTuBHOCTU [3]. Y
6bicTpo crapetonux Kpbic guann Oxys SkQ1 mpe-
JIOTBpAIAJ pPa3BUTHE HAPYIICHUH MTPOCTPAHCTBEH-
HOro obOyueHust B BogHOM Tecte Moppuca [10].
[IpencraBieHnble JTaHHBIE CBUICTENLCTBYIOT O 3a-

Introduction

SkQ1 (10-(6’-plastoquinonyl) decyltriph-
enylphosphonium) — physiologically active agent,
a cationic derivative of plastoquinone, exhibiting
antioxidant activity in vitro and in vivo. Animal
experiments have demonstrated the efficacy of
SkQ1 for correction of a number of pathological
conditions including eye diseases, arrhythmias,
heart attack, stroke, and aging [1—6]. SkQ1
improved survival of isolated hearts in ischemia-
reperfusion injury [7] and re-duced animal lethality
during  kidneys ischemia-reperfusion  [8].
Histological studies of rat hippocampal slices
demonstrated the ability of SkQ1 to prevent the
development of a long-term potentiation blockade
induced by f-amyloid [9]. Chronic SkQ1 consump-
tion slowed down the pace of development of motor
dysfunction in a model of amyotrophic lateral scle-
ro-sis in mice and reduced anxiety in rats causing
an increase in their motor and exploratory ac-tivity
[3]. In rapidly aging rats SkQ1 prevented the devel-
opment of spatial learning disorders in Morris
water test [10]. However, an influence of SkQ1 on
the processes of neuronal death has not been clari-
fied so far. An efficacy of SkQ1 to improve the
recovery of brain function in postresuscitative peri-
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muTHBIX aderrax SKQ1 mpu pasiuvHBIX MaTOJIO-
TMYECKUX BO3/eicTBUAX. OIHAKO, BOIPOC O BJIUSA-
Huu SkQ1 Ha mporeccsl, NpUBOAsIINe K rubesn Hell-
POHOB, ocTaeTcs OTKpBITBIM. He wucciemoBana u
s dexruBHOCTS TpuMeHenust SkKQ1 st yrydiieHust
BOCCTAHOBJIEHUS (DYHKITUM MO3Ta B TOCTPEAHMMAIIH-
OHHOM Tiepuozie. HeocTaTouHO M3Y4YeHBI U MeXa-
HU3MbI HEHPOITPOTEKTUBHOTO JehicTBust SKQ1.

Panee, ripu uccieoBaHuy MOCTPEAHUMAITMOH-
HBIX U3MEHEHU KIeTOK [lypKuHbe, HaMu ObLIO 110-
Ka3aHo, YTO OJHUM U3 (haKTOPOB, BIUSIONINX HA yC-
TOMYMBOCTH 9TUX HEHPOHOB K UIlleMUHU-pernepdy3nn,
ABJISETCS YPOBEHD HKCIIPECCUN TJIMATBHOTO HEHPOT-
poduueckoro dakropa GDNF [11]. M3BecTHO, uTO
GDNF obsajiaetT HEHPOIPOTEKTUBHBIMU CBOUCTBA-
mu ripu Gosesnu Ilapkuucona [12-14] u Gosesnu
Autpirreiivepa [ 15], TOBpeXI€HIH CITMTHHOTO MO3Ta U
nepudepryeckux HepBoB [16], a Takke 1pu MCUXU-
yeckux 3aboseBanusix [17]. BoisiBiieHo yBenuueHue
skcrpeccurt MPHK GDNF u npoxaykiuu atoro 6eJi-
Ka B HEKOTOPBIX OT/eJaX MO3ra IocJie 04aroBON
UIIEMUU Y B3POCJBIX U HOBOPOXKIEHHBIX KpbIC |18,
19]. TTokazano, uto GDNF criocobcTByeT yBeanye-
HUIO YPOBHS aHTUOKCUAHTHBIX (DePMEHTOB B TAHT-
JINO3HBIX KJIETKAX KAMEUHUKA, UTO TIPEOXPAHSIET UX
ot rtubesun npu crapenun [20, 21]. B ¢Bsi3u ¢ atum
/ISl BBISIBIIEHNUS BO3MOKHBIX MEXaHU3MOB HEHPO-
nporekTrBHOTO AeiicTBust SkQ1 mpexcraBisiio wH-
Tepec UCCAeI0BATh ero BIAUSHUE HA TIOCTPEAHUMAITH-
oHHbIIl ypoBeHb akciipeccun GDNF B nomymsinu
kietok [lypkiHbe MO3:KeuKa.

ITesb paboTsr — oreHuTh adderTuBHOCTH SKQ1
NI TIPEJIOTBPAICHUS HapyHIEHWH CTPYKTYPHO-
(byHKIIMOHATTBHOTO COCTOSTHUS MO3Ta B TIOCTPEaHNMA-
IIMOHHOM TIEPHO/IE TIOCJIe OCTAHOBKH CEP/Illa Y KPbIC.

Marepuan u MeTobI

WccnenoBanme mpoBeieHO Ha KpbIcax-camiiax Brucrtap
kareropun SPF maccoit 200—250 1. Mcrounuk — HIITI
OUBX [TutoMHUK JaOOPATOPHBIX KUBOTHBIX «I1yIUHO>.
JKuBoTHbIE COEPKAIMCH B YCIOBUSAX CBOOOIHOIO J0OCTY-
1a K BOJIE U THUIIE, TPU CBETOBOM peskume 12/12, B mome-
HIEHUSIX ¢ KPATHOCTBIO BO3yXooOMeHa e Menee 12 obbe-
MOB B uac, ¢ Temnepatypoil Bo3mayxa 20—24°C (cyTouHbIit
nepernaz — He 6osiee 2°C), BaaskHOCTbIO Bozayxa 30—70%.

IKCIIEPUMEHTBI TIPOBO/IMJINCH COTJIACHO PEKOMEH]Ia-
nusm atudeckoro komurera OTBHY «HUMOP» B coot-
BercrBun ¢ «IIpaBuiamu poBesieHust paboT ¢ UCIIOJIbB30-
BaHWEM O9KCIePUMEHTAThHBIX KUBOTHBIX» ([Ipmkaz M3
PO Ne708 ot 23.08.2010 1. «O6 yTBEp/KACHUI TPABIIT Jia-
6oparopHoii npaktuku (GLP)»), a Takke BHYTPEeHHUMU
CTaHAAapTHBIMK orepannonHbiMuy ipotieaypamu (COII).

¥ 19 ’KMBOTHBIX, HAPKOTU3UPOBAHHBIX 30JICTUIIOM (J10-
3a 25 mMr/xr, o6bem 0,5—0,7 MJI/KT), BBI3BIBAIU OCTAHOBKY
CHCTEMHOTO KPOBOOOpAIEHHsI Ha 7 MUHYT IIyTEM BHYTPHU-
TOPaKaJIBHOTO TIEPeKATHs COCYAMCTOTO MydKa cepana [22].
PeannMariuio mpoBo/IJiN ¢ HOMOIIBIO HCKYCCTBEHHOI BEH-
TUJISAIMK JIETKUX BO3YXOM B PEKUME THUIIEPBEHTHUJISIINN
ammapatom «KRT-5» (Hugo Sachs Elektronik — Harvard

od as well as the mechanisms of neuroprotective
effect of SkQ1 have not been studied enough.

Previously, the studies of postresuscitative
alterations of Purkinje cells have shown that one of
the factors affecting the resistance of these neurons
to ischemia-reperfusion damage is the level of glial-
derived neurotrophic factor GDNF [11]. GDNF pos-
sesses neuroprotective properties in Parkinson's dis-
ease [12-14], Alzheimer's disease [15], spinal cord
injury and peripheral nerve injury [16] as well as in
psychiatric disorders [17]. After focal ischemia in
neonatal and adult rats the increased expressions of
GDNF mRNA and protein were observed in some
regions of the brain [18, 19]. GDNF was shown to
promote increasing the level of antioxidant enzymes
in the intestinal ganglion cells, which protects them
from destruction during aging [20, 21]. In this
regard, to identify possible mechanisms of neuropro-
tective action of SkQ1 it is of interest to investigate
its effect on the level of GDNF expression in neu-
ronal populations.

The aim of the study was to evaluate the effec-
tiveness of SkQ1 to prevent structural and function-
al brain disorders after cardiac arrest in rats.

Materials and Methods

Wistar male rats (200—250 g, SPF category) were
obtained from Nursery for laboratory animals
«Pushchinos. The animals were kept under following con-
ditions: free access to water and food, 12/12 light cycle, no
less than 12 ACH, 20—24°C (daily difference no more than
2°C), 30—70% humidity.

The experiments were performed according to the rec-
ommendations of the Ethics Committee of V. A. Negovsky
Research Institute for General Reanimatology in accor-
dance with the «Rules of the work using experimental ani-
mals» (Order of the Ministry of Healthcare of the Russian
Federation, Ne708 from 23.08.2010 «On approval of rules
for good laboratory practice (GLP)»), as well as the inter-
nal standard operating procedures (SOPs).

19 animals under zoletil anesthesia (25 mg/kg,
0.5—0.7 ml/kg) underwent cardiac arrest for 7 minutes
by intrathoracic clamping supracardiac bundle of ves-
sels with a special hook [22]. Resuscitation was per-
formed using mechanical ventilation mode in the air
hyperventilation apparatus «KRT-5» (Hugo Sachs
Elektronik-Harvard Apparatus GMBH, Germany) and
external heart massage with intratracheal administra-
tion of epinephrine (0.1 mg/kg). A group of resuscitat-
ed animals (n=9) were administered with SkQ1 at a
dose of 500 nmol/kg orally with a water 1 week before
and 1 week after resuscitation. SkQ1 concentration was
calculated that way that rats consumed the dose daily.
Dose and schedule were based on SkQ1 efficiency tests
with doses from 50 to 1250 nmol/kg in models of acute
renal, heart and brain ischemia [7—9]. The control
group included sham-operated animals (n=10).

To assess the motor activity and anxiety, video track-
ing of behavior in the test «Elevated Plus Maze» («Open
Science», Russia) was performed on day 4 postresuscita-
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Apparatus, Germany) u Hapy’KHOTO Maccaska cep/iIa ¢ BHY-
TpuTpaxeasbHBIM BBefeHneM anpeHanwHa (0,1 mr/xr).
YacTh peaHMMHUPOBAHHBIX JKUBOTHBIX (17=9) mosyuana
SkQ1 (nepopaibto, 500 HMOJIb/KT B TIOUJIKE C BOIOIT) B Te-
yenwie 1 Henenu 10 u 1 nezgenu nocsie peanumarn. Konren-
tparms SKQ1 6b11a moo6pana TakuM 06pasoM, YTOObI KPbI-
cbl norpebasimn 03y SkQ1 500 HMOJIb/KI €KeJHEBHO.
Jl03UpOBKa, a TakkKe PeKUM BBEJICHUS ObLIH BHIOPAHDLI HA
ocHOBaHuM uccsenoBanuil agdexruHoctn SkQ1, npume-
HsIBIITErocst B 103ax ot 50 110 1250 HMOJIb/KT, B MOJIEJISIX OC-
TPOH MIeMun 1ouek, cepana u mMosra [7—9]. Konrposuem
CITY’KWJIN JIOKHOOTIEpUpOBaHible KkuBoTHbie (7=10).

J1J1s1 OTleHKH IBUTATETBHON aKTHBHOCTH M TPEBOXKHO-
CTW Ha 4-e CYTKHU TI0CjIe PeaHNMAali TIPOBOJMIIN BHUIEO-
TPEKUHT 1oBeJieHus B Tecte «[[puiioansThiii Kpectoobpas-
Hbiit nabupunT> (HIIK «OTkpbiTas Haykas, Poccust) [23].
VYeranoBka mpejcTasisier coboil KpecTooOpasHyto ILiaT-
dopmy, cocTostyio U3 IBYX 3aKPBITHIX U IBYX OTKPBITHIX
PYKaBOB HO 50 ¢M, HOAHSITYIO HAJl OJIOM Ha BBICOTY
55 cm. B Tedenne 5 munyt nporpammoii Noldus Ethovision
8.5 aBTOMATHUYECKN PETHCTPUPOBAINCDH CIIEAYIONINE TTapa-
METPBIL: KOJMYECTBO MOCEIEHH KaKI0r0 U3 PyKaBoB, 00-
IMasT TPONIEHHAST AUCTAHIINS, BPEMS TTOBIKHOCTH, 3aM1-
pamusi, CpeiHsisi U MaKCUMaJIbHAsT CKOPOCTb, KOJUYECTBO
ATM30/10B TIOIBI;KHOCTH ¥ 3aMUPaHus. BusyanbHo onenn-
BAJIOCh YHCJIO CTOEK, aKTOB TPYMUHTA, MOBE/ICHNE PUCKA
(YMCITO CBENMBAHNI 1 CTOEK Ha OTKPBITHIX PyKaBax).

C 1eJIbIo OLIEHKU CeHCOMOTOPHOH (YHKINH KOHEUHO-
creil Ha 5-e CYyTKU 110CJie peaHuMaIy ObLl IPOBEIEH TECT
«Cyxatonasica nopoxkka» (HITK «Otkpeitas maykar,
Poccus) [24]. OniermBanach 10151 IPOMaX0B MEPETHIME U
3aIHUMU JIATIAMU TIpU Gere B YKPBITHE MO CysKatoleiicst 10-
poskke 1o dopmysie: 100 X (kosmdectBo nmpomaxos + 1/2
KOJIMYECTBA COCKAJIb3BIBAHUIT) / KOJMYECTBO MIArOB.

Yepes 1 Heseso mocie peaHuMAaIum JKHBOTHbBIX JleKa-
MUTUPOBAJIHN T0JT HAPKO30M (3oJieTnir). [ucTosmornyeckuit
AHAJIN3 ITPOBO/INITH HA MapadUHOBBIX CPe3ax TOJIINHON J-
6 MKM, OKpaIlleHHbIX KPE3UJIOBbIM (hrosieToBbIM 110 Huc-
cio. JIJist OLeHKM BBIPAsKEHHOCTH TIpoliecca rubesiu Held-
POHOB B BBICOKOUYBCTBUTEJbHBIX K THUIIOKCUH 00JIACTSIX
Mosra (nupamuznbie Heitponsl noJseit CA1 n CA4 runmo-
KamIia, kietku [lypKuHbe jarepaabHON 001acTy MOy IIa-
pUsI MO3KEYKa) ONpe/Iessiii OBIyo TJIOTHOCTh Helpo-
HAJIbHBIX MOTTYJISATINH (YMCTI0 HEHPOHOB Ha 1 MM JUTMHBI X
cos). McerepoBano 1o 2—3 cpesa Kaxaoi obmactu (1o
300—400 HelipoHOB B KaXKIOM Cpe3e).

MmmyHopeakTuBHOCTD KJ1eTOK [lypkuHbe Mo3keuka K
GDNF BbIsIBIISLIN HENTPSIMBIM TIEPOKCUIA3HO-aHTUITEPOKCH-
JIA3HBIM METOJIOM C TIOMOIIIBIO TOJMKIOHAIBHBIX AaHTHTE K
GDNF (passenenne 1:100; Santa Cruz, CIIIA) n Busyanu-
supyiomeii cucrembl EnVisionTM*Kit (DAKO, anus).
Cpesbl gokparBany remarokcusinaom (Shandon, CIITA) u
3aKkJa0vaIu B BojopacTBopumyio cpeay ImmuMount
(Shandon, CIIIA). MMMyHOrHCTOXUMHUYECKAs pPeEaKIIHst
KOHTDPOJINPOBATIACH MHKYOAIIMEIT CPE30B CO BCEMU pearenTa-
MH KpOMe TePBUYHBIX aHTHTe . 1Ipr MMMyHOTHCTOXUMITIe-
CKOM HncciesioBanny BusyasbHo Bbiiesisiin GDNF-nerarns-
Heie (GDNF~) u GDNF-nosutuBHbie HEHpPOHBI €
pasiuunbiM  ypoBHeM aKkcripeccun  GDNF:  ciabbim
(GDNF*) u unrencusabiv (GDNF ) (puc. 1) u paccuntoi-
BaJIM X YHCJIO HA 1 MM JUIUHBI KI€TOYHOTO c1os. [Ipu Mop-
(boMeTpriecKNX HMCCITEIOBAHNSAX HUCIOTB30BATH CHCTEMY
aHasM3a M300pakeHuit (KomibioTep, Mukpockon Olympus
BX-41, uporpammbr Image Scope M, MS Excel 2007).

tion [23]. The test is a cross-shaped platform with two
open and two enclosed arms 55 cm long and elevated 55 cm
from ground. Within 5 minutes, the program Noldus
Ethovision 8.5 automatically registered the following
parameters: number of visits of each arm, total distance,
time of activity, freezing behavior, average and maximum
speed, number of active and passive episodes. Numbers of
times of standing, acts of grooming, and risk behavior (e.g.
overhanging and standing in the open arms) were quanti-
tatively evaluated visually.

To evaluate sensorimotor function of limbs, a «Beam
Walking» test («Open Sciences», Russia) [24] was carried
out on day 5 postresuscitation. Number of misses of fore
and hind feet during running to a cover on a walking beam
was calculated by the following formula: 100 X (number of
misses +1/2 X number of slips)/number of steps.

One week after resuscitation the animals under zoletil
anesthesia were sacrificed and brain tissues were harvest-
ed for histology and immunohistochemistry. Histological
analysis was performed on paraffin-embedded sections,
5—6 um thick, stained with cresyl violet by Nissl proce-
dure. To evaluate the neuronal cell death intensity in
hypoxia-sensitive areas of the brain (CA1 and CA4 fields
of the hippocampus, Purkinje cells in the lateral area of
the cere-bellar hemispheres), we determined the overall
density of neuronal populations (number of cells per 1 mm
of the layer length). Two-three sections of each region
were analyzed (300—400 neurons in each section).

Immunoreactive GDNF protein in Purkinje cells was
identified by indirect peroxidase-antiperoxidase method
using polyclonal antibody against GDNF at a 1:100 dilution
(Santa Cruz, USA) and visualisation system
EnVisionTM*Kit (DAKO, Denmark). Sections were stained
with hematoxylin (Shandon, USA) and were embedded in
water-soluble medium ShandonTM Immu-MountTM
(Thermo Scientific, USA). Immunohistochemical reaction
was monitored by incubating sections with all reagents
except the primary antibody. The numbers of neurons with
different levels of GDNF (negative, GDNF~; weak,
GDNFT; intensive, GDNF*) (Fig. 1) per 1 mm of the layer
length, as well as the total population density were deter-
mined. We used image analysis system that included micro-
scope Olympus BX-41 (Japan), Olympus 500UZ camera
(Japan), Image Scope M program (SMA, Russia) and MS
Excel. The data were statistically processed by Student's t-
test or Mann-Whitney U-test.

Results and Discussion

The study of brain functions. In the test
«Elevated plus-maze» rats from resuscitated group
showed a significant decrease in general movement
and exploratory activity in com-parison with the
control. Resuscitated animals had significantly less
total distance, number of entrances into the center
zone, increased time of freezing (Fig. 2). The resusci-
tated rats had decreased time of the first leaving the
center of the labyrinth as well as spent less time on
the open arms, which may indicate increased anxiety.
SkQ1 administration prevented the devel-opment of
these disorders: there were no significant differences
between the experimental and control animals in any
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Crarucriyeckast 06paboTKa JAHHBIX ObLIIA BBITIOJIHEHA C
riomotiwio t-tecta CrpiofienTa n U-kputepust ManHa- YUTHI.

Pe3yabraTsl 1 00CYK/IEHHE

Uccaenosanue ¢pyukimu mo3ra. B tecre «IIpu-
MOJIHSATHI KPeCcTOOOPA3HBIN JTAOMPUHTS Y PeaHUMU-

measured parameters except for the time spent in the
open arms (Fig. 2).

The «Beam walking» test depends little on the
emotional status of the animal that al-lows measur-
ing the level of the sensorimotor system as a whole
animal and for each limb sep-arately. It was found
that the rats from all three groups showed significant

POBaHHbBIX KPBIC OBLIO BBISBJIECHO
3HAUNTEJNbHOE CHUXKEHUe 0o0muel
IBUTATEJIbHON UM WCCJAEL0BaTEIb-
CKOIl aKTHBHOCTH B CPaBHEHUU C
KOHTPOJIeM (JI0KHOOTIEPUPOBAHHbIC
JKUBOTHbBIE). Tak, 3HAYUMO MeHblle
ObLaa obIas IMpoiAeHHas AUCTaH-
11, YUCJIO BBIXOJ0B B ILIEHTP, yBe-
JINYeHo BpeMs 3amupanus (puc. 2).
Y KpbIC yMEHbIITACS JIATEeHTHBIN T1e-
pHOJL yXoa U3 TeHTpa JabuprHTa
[IPU TIOCA/IKE, CHUYKATIOCH BPEMST Ha-
XOKIAEHNA Ha OTKPBLITbIX pPYKaBaX,
YTO MOJKET CBUAETE/JILCTBOBATD O I10-
BbIIIEHUN TPEBOKXHOCTU. HpI/IMeHe'
nue SkQ1 npeaynpexnano passu-
THe 3TUX HapylleHWi: B JaHHOU
rpyime He ObLIO OOHAPYKEHO 3Ha-
YUMBIX OTJINYUI OT KOHTPOJIS (JI0XK-
HOOIIEPUPOBAHHBIC KUBOTHBIE) 10
BCEM TIOKA3aTeJIsIM, KPOMe BpeMeH!U
HaXOX/I€HUA B OTKPBLITBIX PYKaBaX
(puc. 2).

Tect «Cysxalommasics J10pOsK-
Ka» MAJIO 3aBUCUT OT IMOIMOHATb-
HOTO CTaTyCa YKUBOTHOTO, YTO I103-
BOJISIET OIIEHUBATH KAK COCTOSIHIE
CEHCOMOTOPHOU CUCTEMBI B IICJIOM,
Tak M JJIs1 KaK/I0H KOHEYHOCTH OT-
JIeJIbHO. YCTAHOBJIEHO, Y PEAHIMMU-
POBAHHBIX KpbLIC YBEJIUYMBAIACD
JI0JIs1 OIIUOOK, COBEPIIAEMbIX JI€BbI-
MU KOHeuHOCTsiMU (puc. 3); npaBas
CTOPOHA TeJia OT KOHTPOJISI He OTJIN-
yasacek. Jlatepanuzanus GyHKIni
y KPbIC XOPOIIO H3BECTHA: XOTS
GOJIbIIAS YACTh KPBIC MPEANOYnTa-
10T TI0JIb30BATbhCs IPAaBOU Jiaoi
IIpyW BBIITOJIHEHUN MOTOPHbBIX TeEC-
TOB [25], s1eBoe ToJryiiapue MeHee
yCTOfI‘{HBO K TUIIOKCHUU MO3ra, 4eM
npasoe [26]. ¥ peaHUMUPOBAHHBIX
Kkpbic, nosydaBmux SkQ1, wmcio
omnbOK, COBEPIIEHHBIX JIEBBIMU
KOHEYHOCTSIMH, HE OTJIMYaI0Ch OT
KOHTPOJIA U ObLIO 3HAYUMO MEHb-
e, 4yeM y peaHMMHPOBAHHBIX KW~
BOTHBIX (puc. 3).

HOJIy‘IeHHbIe HaMUu JaHHDbIE
MIO3BOJISTIOT 3aKJIIOYUTh, YTO y pea-
HUMUPOBAHHBIX KPBIC, [ICPEHECIINX

Puc. 1. Knerku Ilypkunbe ¢ pa3HbIM ypOBHEM 3KCIIPECCHH ITTHAIBHOTO HeiipoTpodu-
yeckoro ¢akropa GDNFE.

Fig. 1. Purkinje cells with different levels of glial-derived neurotrophic factor
GDNFE.

Note: For Fig. 1, 5: GDNF~ (white arrows) — GDNF-negative neurons; GDNF* (yel-
low arrows) — GDNF-positive neurons with weak expression of GDNF; GDNF*™*
(black arrows) — GDNF-positive neurons with intensive expression of GDNE
Peroxidase-antiperoxidase method, hematoxylin staining. X400.

Ipumeuanue: [[ns puc. 1, 5: GDNF ™~ (Genast crpesnka) — GDNF-orpunaresbHbre Heii-
ponbl; GDNFT (kenras crpesika) — GDNF-nosioxuTebHbIe HEHPOHDI co c1aboii aKc-
npeccueiit GDNF; GDNF' (uepnas crpesika) — GDNF-no/10uTebHble HeHPOHbBI ¢
nntencuBroil akcnpeccueii GDNE Ilepokcniazno-aHTHIIEPOKCHIIA3HBII METOJ, /10-
Kpacka remaTokcunHoM. X400.

[ Resuscitation (1) [ Resuscitation + SkQ1 (2)

140
*
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g
o 80
8 #
® 60 L # -
* ®
40
20 C
*
0
Total Number Leaving Duration Duration  Duration
distance of center the center, of mooving  ofimmobi-  onthe
crosses latency lization  open arms

Puc. 2. IlapameTpsl n10BeieHusT KPbIC B TecTe <IIpUnoaHaThIii KpecTooOpasHslii Ja-
OGUPHHT> Ha 4-€ CYTKH I10CJIe PeaHNMAlUH.

Fig. 2. The parameters of behavior of rats in the test «elevated plus maze» on the
4th day after resuscitation.

Note: (1) — resuscitated rats; (2) — resuscitated rats treated with SkQ1. Data are the
% of animals of control. * — P,<0.05 compared to control; # — P,=0.07 vs. resuscitation.
Ipumeuanne: Total distance — oGmas npoiigennas aucraniws; Number of center
Crosses — KOJMYECTBO BBIXOMOB B NeHTp; Leaving the center, latency — marenTHbrit
nepuoj yxoa u3 Ientpa; Duration of moving — Bpems noasskHocTi; Duration of
immobilization — Bpems s3amupanus; Duration on the open arms — Bpemsi Ha
OTKpHITBIX pyKaBax. /st puc. 1—5: Control — konTtposp; Resuscitation: (1) — peanu-
MUPOBaHHbIE KPbICHI; (2) — peaHUMHUPOBaHHbIE KPbICHI, nouyuasine SkQ1. TanHbie
rpecTaBaensl B % K Kourpouio. * — p,<0,05 B cpasuenuu ¢ konrposem; * — p,=0,07
CPaBHEHNH € PEAHUMUPOBAHHBIMU KPBICAMH.
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7-MUHYTHYIO OCTaHOBKY Cep/lia, 60

npumenenue SkQ1 mpexynpexaaer
pasBUTHE HApYIIEHUIl [[BUTATE]b-
HOU aKTUBHOCTH U CEHCOMOTOPHBIX 50 |
hyHKIMNA 1/Uau criocoOCTBYET MX
BOCCTAHOBJIEHUIO.
TiicTostornueckoe uccienoBa-
nue. B nosie CA4 rurnimokamna y pea-
HUMHUPOBAHHBIX KPBIC OOIIAst TIOT-
HOCTb TOIYJSIIUN  HEHPOHOB B
CPaBHEHUM C KOHTPOJIEM CHUKAJIACH
ua 21,2% (puc. 4, a). Y peanuMupo-
BaHHBIX KpbIc, nosydaBnmx SkOA,
0011131 IVIOTHOCTH HEHPOHOB HE MMe-
JIa JIOCTOBEPHBIX OTJIMUMU OT KOH-
TPOJIst U ObLIA CYIECTBEHHO OOJIBIITE
(ma 23,4%), yeM y peaHuMUPOBAH-
HbIX Kpbic 6e3 SkQ1 (puc. 4, a). To- 0

Hindlimb faults, %
g 3

53
=}
T

10 |

|
1

O Median
1 25-75%
T— Min-Max |

.

[m]

€L

JlyyeHHble JIaHHble CBU/IETEJIbCTBY-
10T O TOM, YTO Y KPBIC K 7-M CyTKaM

Control Resuscitation Resuscitation+SkQ1

MOCTPEAHUMAIIMOHHOTO  [E€PUO/IA
MPOUCXOJUT BbInajieHre (rubesn)
YaCTU MUPAMU/IHBIX HEHPOHOB TOJIST
CA4 runnokamna. Ilpumenenue
SkQ1 crocobeTByeT mpemypexie-
HUIO rubein HeWPOHOB B 3TOU Heil-
POHAJIbHOH TOIYJISIIINH.

B none CA1 runmokamia pea-
HUMHUPOBAHHBIX KPBIC, HE TOJTYyYaB-
mux SkQ1, obas WIOTHOCTH MTUPAMUIHBIX HEHPO-
HOB ObLJIa CHI)KEHA B CPaBHEHUU C KOHTPOJIEM Ha
39,7% (puc. 4, a). Y peaHUMHPOBAHHBIX KPBIC, TIOJIY-
yapiux SkQ1, 061ast II0THOCTD UCCIeyeMO Hell-
POHAJIBHOI TOTYJISIIUU TakKe Oblla HIKE KOH-
TposibHOro ypoBHs (Ha 41,8%) u He oTmyanach OT
001Iell TIOTHOCTH MOIYJISIIUE Y PEAHUMUPOBAHHBIX
KpbIC, HE IMOJIyYaBIIUX ATOT npenapar (puc. 4, a).
CuaenioBaresibHo, puMenerre SkQ1 He mpenynpesk-
JIJI0 Pa3BUTHS MOCTPEAHUMAIMOHHON THOeIn Hell-
pouos B mosie CA1 runmokamra.

B Mo3zikeuke y peaHMMUPOBAHHBIX HeJIEYEHbBIX
KPBIC 001Iast IJIOTHOCTH MOMYJISIIIUE KJIeTOK TTypKu-
Hbe YMEHbBIIAIACH 110 CPABHEHWIO C KOHTPOJEM Ha
21,9% (puc. 4, 6). Y nonyuasuux SkQ1 pearnmupo-
BAHHBIX KPBIC 00IIast IIOTHOCTh KJIEeTOK [TypKuHbe
ObLIa CHIJKEHA TOJILKO Ha 6,5% OTHOCUTEIbHO KOH-
TPOJISI U TIPEBBINIAIA TAKOBYIO Y PEAHUMUPOBAHHBIX
skuBoTHBIX Oe3 SkQ1 (ua 19, 8%) (puc. 4, 6). Iony-
YeHHbIe JAHHbIE CBUIETENbCTBYIOT O TOM, YTO IIPU-
meterre SkQ1 T03BOJISIET CYIIECTBEHHO CHUBHUTH
BBIPKEHHOCTD Ipoliecca THOen HEHPOHOB B MOMTY-
ssinuu Kiaetok [lypkuibe Mo3ikeuka.

IMMyHOTHCTOXUMUYECKOE HCCeJ0BaHUe
yposHs skcripeccun GDNF B momysgium KieTok
[Typkunbe mokazano, 4TO y PeaAHMMHUPOBAHHDIX
kpbic yncsao GDNF™-HelipoHOB pe3ko yMeHbIa-
Joch (Ha 52,7%), B To BpeMms kak yncio GDNF*- u
GDNF**-neiipoHoB He UMeJIO 3HAYUMbIX OTJIHINI

resuscitation.

Puc. 3. JToxns oumbox B Tecte «CysKaomasicst JOPoKKa»> IPH JABUKEHUH JEBbIX KO-
HEYHOCTel Ha 5-€ CYTKHU I0CiIe PeaHuMalum.
Fig. 3. Hindlimb faulting on the «Beam Walking Test»> in rats on the 5th day post-

Note: The values are shown in percent of number of steps. * — P,=0.02 vs. resuscita-
tion; # — P,=0.08 vs. control.

Ipumevanne: Hindlimb faults — gosa onmmbok; Median — meauana. J{anmnbie npe-
CTaBJIEHbI B % K 4ncTy maroB. * — p,=0,02 — B cpaBHEHU C PEAHUMUPOBAHHBIMU KPbI-
camt; ¥ — p,=0,08 — B cpaBHEHNU € KOHTPOJIEM.

differences of sen-sorimotor functions between right
and left limbs: they made more errors (up to 5 times)
with the right limbs compared to the left limbs
(P<0.05; data not shown). Resuscitated rats demon-
strated the increased numbers of mistakes made by
the left limbs (Fig. 3); the right side of the body did
not differ from the control. Lateralization of func-
tions in rats is well known: al-though most of the rats
prefer to use the right paw when performing motor
tests [25], the left hemisphere is less resistant to
hypoxia of the brain than the right one [26]. The
number of left paw errors performed by the resusci-
tated animals treated with SkQ1 did no significantly
differ from the control group and was significantly
lower than in the group of resuscitated rats whitht no
treatment (Fig. 3).

Data emonstrate that oral administration of
SkQ1 at a dose of 500 nmol /kg to rats, which under-
went 7-minute cardiac arrest, prevents development
of disorders in movement activity and sensorimotor
functions.

Histology. In the hippocampal field CA4 of
resuscitated rats the total number of neurons
decreased by 21.2% compared to control (Fig. 4, a).
In resuscitated rats treated with SkQ1, the overall
density of the neuronal population did not differ
from the control, however, was significantly increased
(23.4%) than in a group of untreated resuscitated rats
(Fig. 4, a). The findings show that pyramidal neurons
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Puc. 4. OGuast IIOTHOCTH MOMYJISIUN MUPAMUIHBIX KIETOK.
Fig. 4. The overall population density of pyramidal cells.

Note: The hippocampal sectors CA1 and CA4 (@) and cerebellar Purkinje cells (b). Data are the mean + S.E.M. ** — P,<0,001; * — P,<0,05

vs. control; # — P,<0,001 — vs. resuscitation.

ITpumeuanne: Number of cells per mm of their length — umcao knerox Ha Mm amunb (To ke st puc. 5); Cerebellum — mozxedok. Cexro-
pa CA1 u CA4 runmnokamna (a) u kiaerku Iypkunbe Mosskeuka (b). [larmble NpeacTaBaeHbl B BUIE CPEAHETrO 3HAYCHUS + CTaHJapTHAsK
oumbka cpentero. ** — p,<0,001; * — p,<0,05 — B cpaBuernu ¢ Kourposem; # — p,<0,001 — B cpaBHEHUH C PEAHUMUPOBAHHLIMH KPbICAMH.

OT KOHTPOJIbHOTO ypoBHs (puc. 5). B coBokynnoctu
C TAHHBIMY TUCTOJIOTUYECKOTO aHAJN3A ATU PE3YJib-
TaThl CBUIETEIBCTBYIOT O TOM, YTO BBISBJIECHHOE Y
pPEeaHMMUPOBAHHBIX KMUBOTHBIX CHUJKEHME OOmIei
MJIOTHOCTU TONyJaAnuy KJaeTok Ilypkunbe mpowc-
XOJIUT, BEPOSITHO, 3a cuer BbimageHuss (Tubesn)
GDNF ™~ -HeilpoHOB, T.e. KJIETOK, HEIKCIIPECCUPYIO-
X 3TOT HelpoTpoduyeckuii (akrop. UHble pe-
3YJIBTATHI MOJYYeHbI y Kpbic, mouydasumx SkQ1:
ymenbirenne uncaa GDNF~-knerok (#a 52,7%) co-
MPOBOXK/JIAJOCH PE3KUM yBEJIWYEHUEM 4YHUCJIa
GDNF**-neiiponos (#a 45,7%) (puc. 5). [Ipu atom
guciao GDNF*-knerok He maMeHsimoch (puc. 5).
CrenoBaresibHO, B JIAHHOM CJy4ae yMeEHBIIEHUE
yuciaa GDNF-HeratuBHBIX KJIETOK ITPEUMYIIECT-
BEHHO OBLIO CBA3AaHO HE ¢ UX rnOesIbio, KOTOpast Obl-
Jia BeIpaskeHa c1abo, a ¢ «1epexoloM» B KaTeropuio
GDNF-1103uTUBHBIX, TPUYEM aKTUBHO 9KCIIPECCH-
pyiomux ganubiii haxkrop GDNF**-neiipomnos.
PesybraThl HaCTOAIEH PaOOThI CBUAETENLCT-
BYIOT O TOM, YTO y KPBIC, NI€PEHECIINX OCTAHOBKY
Cep/Iia, B IIOCTPEAHUMAITMOHHOM TIEPHO/Ie TIPOUCXO-
T TUGEb HEUPOHOB B BBICOKOYYBCTBUTEJHHBIX K
TUTOKCUE OOJIACTSIX MO3Ta, U TOT MPOIECC COIPO-
BOXK/IA€TCsl pa3BUTHEM HapyIIeHWil JBUTraTeJbHON
AKTUBHOCTU W CEHCOMOTOPHBIX (QDYHKIUN. ITO CO-
[JIACYETCS C TMOJIyYeHHBIMU HAMW paHee JaHHBIMU O
BO3HUKHOBEHHUH TTOCTPEAHUMAITMOHHBIX HAPYIIEHN
CTPYKTYPbI U (yHKIIMKU Mo3Ta [27—29]. YcranosIe-
HO, YTO MEPOPAJIBLHOE MPUMEHEHUE AaHTUOKCUAHTA
SkQ1 B mose 500 HMOIb/KI 3a 7 AHEl 10 peaHuMa-
1K U B TedeHue 7 JHel MoCTpeaHnMaImOHHOTO T1e-
pHUo/ia PeyIPeKRIAeT PA3BUTHE HAPYIICHU CEHCO-
MOTOPHBIX (DYHKIUI W/Ujin  crnocoOCTByeT ux
BoccraHoByieHmo. [TokazaHo takxke, uto SkQ1 cro-
COOCTBYET IPEAyNpPEKIEHNI0 IHOeI HEHpOHOB B

in the hippocampal field CA4 of resuscitated rats
died. SkQ1 seems to prevent the neuronal loss.

The total number of neurons in the hippocampal
field CA1 of resuscitated rats was reduced by 39.7%
compared to control (Fig. 4, @). In resuscitated rats
receiving SkQ1 the overall density of the neuronal
population was also lower than the control level (by
41.8%) and did not differ from the same one in
untreated rats (Fig. 4, a). Thus, SkQ1 did not affect
the neuronal cell death development in the hip-
pocampal field CA1 postresuscitation.

Total density of the cerebellar Purkinje cells
population in resuscitated rats was reduced by 21.9%
compared to control (Fig. 4, b). In resuscitated rats
treated with SkQ1 the total number of Purkinje cells
decreased in a lesser extent (by 6.5% vs. control) and
was significantly greater than in untreated animals
(19.8%) (Fig. 4, b). The data indicate that SkQ1
might reduce the neuronal death intensity in the
Purkinje cells population.

Immunohistochemical study of GDNF expres-
sion in the Purkinje cells population showed that in
resuscitated rats the number GDNF-neurons drasti-
cally decreased (52,7%), while the number of
GDNF'- and GDNF**-neurons had no significant
difference from the control (Fig. 5). In conjunction
with histological data, these results indicate that the
lower total density of this neuronal population
observed in resuscitated animals without SkQ1
administration is probably due to the death of
GDNF -neurons, i.e. cells not expressing this neu-
rotrophic factor. Different results were obtained in
rats treated with SkQ1: GDNF: there was a reduc-
tion in the number of cells (52,7%) accompanied by a
large increase in the number of GDNF**-neurons
(45,7%) (Fig. 5). The number of GDNF*-cells was not
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changed (Fig. 5). Therefore, reduced
number of GDNF-negative cells is
mainly due not to their death but
their «transition» toward the cells
actively expressing GDNF protein.
The results indicate that the
neuronal death occurs in the
hypoxia-sensitive areas of the brain
postresuscitation that is accompa-
nied by the development of distur-
bances of motor activity and senso-
rimotor  functions.  This is
consistent with our earlier data on
the occurrence of postresuscitative
alterations of structure and func-
tion of the brain [27—29]. Tt was
found that the oral administration
of SkQ1 in dose of 500 nmol/kg for
7 days before and after cardiac
arrest prevented sensorimotor
functional disorders and/or accel-
erated their recovery. It was also

14.5

*&

Puc. 5. Yucio kierok HypKnge MO3K€YKa C pa3/JIMYHbIM YPOBHEM JKCIPECCHHU

GDNF u 06masi IoTHOCTh HEHPOHAILHOM MOy JISIHHU.

Fig. 5. Number of cerebellar Purkinje cells with different expression level of GDNF

and total density of neuronal population.

shown that SkQ1 helped to prevent
the neuronal loss in the hippocam-
pal field CA4 and significantly
reduced its intensity in the popula-
tion of cerebellar Purkinje cells.

Note: Total — the overall population density. Results of histological analysis are the
means. # — P,<0.05; ## — P,<0.001 vs. control; $ — P,<0.05 vs. resuscitation. Results of
immunohistohemical analysis are the medians. *— Pu<0.05 vs. control; & — P,<0.05 vs.
resuscitation.

IIpumeuanne: Groups — rpymnimbl. Total — o6rmast mrotHOCTH MOMyJIsImU. JlanHbIe
THCTOJIOTHYECKOTO aHATN3a TPECTABIEHBI B BHUIE CPEAHNX 3HaveHuil. * — p,<0,05;
## — p,<0,001 — B cpaBHeHnn ¢ KoHTpoIEM; 3 — p,;<0,05 — B CpaBHEHUH ¢ PEAHUMU-
poBaHHBIMU KpbicaMu. /laHible HMMYHOTHCTOXUMUYECKOTO AHAJIN3A [PE/ICTABIEHD!
B BUJe Meuan. * — p,<0,05 — B cpaBHennu ¢ kourposem; & — p,<0,05 — B cpaBHe-

However, according to our data,
the use of the drug did not influ-
ence the death of pyramidal neu-
rons of the hippocampal field CA1
that might be due to the selective
vulnerability of these cells in
ischemia-reperfusion. The selective
susceptibility of CA1 pyramidal

HUM C peaHNMHUPOBAHHBIMU KPbICAMMU.

cexkrope CA4 rummokammna v CyNneCTBEHHO YMCHbB-
nIaeT ee BBIPAKEHHOCTb B TOIYJIAIUN KJIeToK 11yp-
KIUHbE MO3’KeUKa. BmecTe ¢ TeM, COTIaCHO TIOJTy4YeH-
HBIM HaMM JIAaHHBIM, IIPUMEHEHUE TIpernapara He
BJIMSIJIO HA TIPOIECC MOCTPEaHUMAIIMOHHON THOEN
HelipoHoB B cekTope CA1 Tummokamia, 4to, BO3MOXK-
HO, 00YCJIOBJIEHO CEJIEKTUBHON 4yBCTBUTEIBHOCTHIO
ATUX KJETOK K uineMuun-pernepdysun. CenekTUBHASA
YYBCTBUTEJIBHOCTD MMUPAMUIHBIX HEHPOHOB CEKTOPA
CA1 rumnmokamna K UIIEMAN — XOPOIIO U3BECTHBIN
(beHomen, moxazaHHBIM B IKCIIEPUMEHTAX KaK Y
B3POCJIBIX JKUBOTHBIX, TAK U B PAaHHEM TIePUHATAIH-
Hom niepuozie [30—33]. Kpome Toro, mmeroTcs cytie-
CTBEHHBIE OTJINYNSA HEHPOHAIBHBIX TTOMYJISINH, 1 B
YaCTHOCTH, MUpaMUIHBIX HelipoHoB CA1l U KjeTok
[lypkuHbe, Kak M0 MEXaHW3MaM TOBPEKICHUS TIPU
uiemMun-pernepdysnu, Tak U 10 ahGeKTUBHOCTA
pasIuuHbIX JieueOHBIX BoselcTBuil [34, 35], B ToMm
4ucJie, U B TOCTPEAaHUMAIMOHHOM Tiepuo/e [28, 29].

[TpoBe/ieHHBIE paHee HCCIEOBAHUS CBUJIE-
TEJTBCTBYIOT O TECHOW B3aMMOCBS3M BOCCTAHOBJIE-

neurons to ischemia is a well-

known phenomenon shown in
adult animals and in early perinatal period [30—33].
Lack of efficacy of SkQ1 to prevent postresuscita-
tive death of hippocampal CA1 neurons may also be
associated with significant differences between neu-
ronal populations, particularly, CA1 pyramidal neu-
rons and Purkinje cells, in mechanisms of their dam-
age during ischemia-reperfusion, and in effectiveness
of various therapeutic interventions [34, 35] as well
as in cardiac arrest |28, 29].

Previous studies suggest a close relationship
between the functional recovery and structural con-
dition of brain postresuscitation. There is a possibil-
ity to influence the neuronal populations, thus con-
tributing not only to prevention and/or mitigation
of postresuscitative neuronal damage, but also to
acceleration of neurologic recovery and correction of
behavior [28, 29]. The results of the present study
confirm this suggestion. Indeed, SkQ1 prevented the
neuronal loss in the ischemia-sensitive brain areas
that was accompanied by improvement in the recov-
ery of brain functions.
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HUA QYHKIIUYA MO3Ta B TIOCTPEAHUMAIIMOHHOM TIEPHU-
oJle ¢ U3MEHEHUSIMUA COCTOSHUSA HEHPOHATBHBIX T0-
nyasanui. Tak, ycTaHOBJIeHa BO3MOKHOCTD BJIUSITD
HA COCTOSTHUE HEWPOHAIBHBIX TOMYJISIIHIL, COCO6-
CTBYSI TIPU 9TOM HE TOJILKO MPEeAYIPEsKACHIIO U/ 1IN
CMATYCHUIO MOCTPEAHUMAITMOHHBIX TOBPEKICHUN
HEHPOHOB, HO I YCKOPEHUTO HEBPOJIOTUYECKOTO BOC-
CTaHOBJIEHUS, KOPPEKIUU HAPYIICHWH TTOBEICHUS
[28, 29]. TTosryuennbie B HacTOsIIIER paboTe TaHHbBIE
MOATBEPKAAIOT 3TO TOJOKeHue. JlelcTBUTENbHO,
SkQ1 mpeaynpexaan rubeib HEMPOHOB B BHICOKO-
YYBCTBUTEIBHBIX K WIIEMHUH OOJACTAX MO3Ta, YTO
COTIPOBOKIATIOCH YJYUIIEHUEM BOCCTAHOBJICHUS
(yukmuit mosra.

PaspaboTka MOIX00B K HEHPOIPOTEKIIUU [TPU
uieMuu-periepdy3un OCHOBaHA Ha MTOUCKe CIIOCOO0B
3aIUTHl HEHPOHA OT KOHKPETHBIX MATOJOTHYECKUX
BO3JICHCTBUI MM X Komiuiekca [36, 37]. sBecTHO,
4TO unieMus-pernepdysns BbI3bIBACT aKTUBAIINIO TTa-
TOJIOTUYECKUX KACKAJ0B, MPUBOANMX K rubesn
HEHPOHOB, CPEIN KOTOPBIX, HAPS/LY C HAPYIICHUAMU
MOHHOTO TOMEOCTAa3a, IKCAUTOTOKCUYECKUMHU BO3-
JEeMCTBUSMHU, aKTUBAIIEN BOCTIATUTEIBHBIX TIPOIIeC-
COB, TA/IEHUEM YPOBHsI CUHTE3a OENKa, BAKHYIO POJIb
UTPAIOT HAPYIIEHUST JHEPTETUIECKOTO0 METab0IU3Ma
u zeiictBre ¢cBoGOAHbBIX paarkanos. Kak 6b10 oT™e-
ueHO Boiiite, SkKQ1 — MUTOXOHIPUATBLHO-HATIPABJIEH-
HBbI AHTHOKCHUAHT, CIIOCOOCTBYIOLIMIT IOIEpsKa-
HUIO  BHepreTudyeckoro  merabosnmsma.  Tak,
unky6arus kiaetok HelLa B pactsope ¢ SkQ1 npenot-
Bpalaza pa3pyiieHne MUTOXOHIPUAIBLHOTO PETUKY-
JiyMa, BbI3bIBaeMoe Tiepeknchbio Bogopozaa [2]. [Toxka-
3ano Takke, uyro SkQ1 crmocobeTByeT KOppeKiun
MOBPEK/ICHUH, BBI3BAHHBIX HIIeMueii-pernepdysneii
M30JTMPOBAHHON TIEYEHU TP JTOJTOBPEMEHHOM Xpa-
HEHWW Tiepesl TpaHciiaHTaiueil (24 yaca mipu 4°C)
[38]. TIpu atom BbIsiBIEHA criocoOHOCTH SKQ 1 yMeHb-
marh 0Opa3oBaHKe aKTUBHBIX (hOPM KHCIIOPOJIA U aK-
TUBHOCTD MEPEKUCHOTO OKUCICHUS JTUTTH/IOB B Tieye-
HU, a TakKe TOBBIIATD JbIXaTEJIbHbI WHICKC
MUTOXOH/IpHIT U yBeanuuBaTh yposedb AT, T. e.
yJIydInaTh sHepreTudeckre hyHKny nedenu. Kpome
toro, SkQ1 mpoaeMOHCTPUPOBA TIONOKUTETHHOE
BJIMAHME HA MOP(OJIOTHIO TIEYEHHU, YTO TIPOSIBIISIIOCH
B YaCTUYHOM BOCCTAHOBJICHUY aPXUTEKTOHUKH OPra-
Ha ¥ YJIyYIIeHUH COCTOSHUS MEYCHOYHBIX CHHYCOB 1
rematoruToB. IIpy remnatuTe, WHIYIMPOBAHHOM Ta-
jgakrozamMuuoM, SkQ1 3HAYMMO CHUKAJI YPOBEHD
mucTpodun meYeHn 1 MapKepoB BOCHAIEHUS, U, KPO-
Me TOTO, 3aME/IJISATT TEeMIT Pa3BUTHS MOTOPHBIX JTHC-
(YHKIUI y TPAHCTEHHBIX MBIIIEH B MO/ HOKOBO-
ro aMuoTpouueckoro ckiaeposa [3].

[IpuBesieHHbIC BBINIE TAHHBIC CBUIETEIBCTBY-
I0T O TOM, 4TO II0JIOKUTeNbHOoe eicTBre SKQ1 Ha
CTPYKTYPHO-(DYHKITMOHAIBHOE COCTOSHIE MO3Ta MO-
JKeT OBITh OMOCPEIOBAHO €T0 BIMSHUEM Ha SHEPTeTH-
YeCKUI META0OJIU3M U ITPOIIECCHI TEPEKUCHOTO OKUC-
JICHUS JIUTTUIOB.

Development of approaches to neuroprotec-
tion in ischemia-reperfusion injury is based on
searching the ways to protect neurons against spe-
cific damaging influences [36, 37]. It is known that
ischemia-reperfusion induces activation of the
pathological cascade that leads to neuronal death.
This cascade includes impaired ion homeostasis,
excitotoxic effects, activation of inflammatory
processes and decreased protein synthesis. An
important role belongs to disorders of energy metab-
olism and effects of reactive oxygen species (ROS).
As noted above, the mitochondrial-directed antiox-
idant SkQ1 helps to keep the energy metabolism.
Thus, incubation of HelLa cells with SkQ1 prevent-
ed mitochondrial reticulum disruption caused by
hydrogen peroxide [2]. SkQ1 was shown to promote
correction of injuries caused by ischemia-reperfu-
sion of isolated liver during long-term storage (24
hours at 4°C) prior to transplantation [38]. At the
same time the ability of SkQ1 to reduce the forma-
tion of ROS and lipid peroxidation in the liver, as
well as to improve mitochondrial respiratory index
and increase the ATP level, i.e. improve the energy
function of the liver, were revealed. SkQ1 had
demonstrated also a positive effect on the liver mor-
phology, which was manifested by partial restora-
tion of organ architectonics and improved condi-
tions of the liver sinuses and hepatocytes. In
hepatitis induced by galactosamine, SkQ1 signifi-
cantly reduced the level of degeneration of the liver
and inflammatory markers, and also slowed the pace
of development of motor dysfunction in a transgenic
mouse model of amyotrophic lateral sclerosis [3].

The above data suggest that the beneficial
effect of SkQ1 on structural and functional state of
the brain may be mediated by its actions on energy
metabolism and lipid peroxidation.

Data presented in our study, suggest the exis-
tence of another mechanism of SkQ1 neuroprotec-
tion. Previously, we have shown the influence of a
number of neurotrophic factors on neuronal resis-
tance after resuscitation: heat shock protein (HSP)
family HSP70 (HSP72 and HSP73) [39, 40],
GRP78 [41], and brain-derived neurotrophic factor
(BDNF) [42, 43]. Tt should be emphasized that the
expression of the proteins depends not only on the
nature and severity of ischemia, but also on the type
of neuronal populations. Thus, the observations of
sensorimotor cortex and hippocampus (fields CA1
and CA4) area revealed the significance of high ini-
tial level of the constitutive form of HSP73, and
postresuscitative changes in the level of its inducible
form (HSP72) for resistance of neurons to ischemia-
reperfusion injury [40]. However, in the Purkinje
cells population the content of HSP70-positive cells
in intact animals was very low, and postresuscitative
changes of HSP70 expression were identified. These
data agrue for the existence of other mechanisms of
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OPTAI‘MHQ.AI)HBIC MCCACAOBAHMI

[MosryyeHHbIE B HACTOSIIIEN paboTe Pe3yJIBTaThi
MO3BOJISIOT TIPEAIOJNIOKUTD HAIMYKE eIle OJTHOTO Me-
XaHM3Ma HeipornporekTrBHOTO jeiictBust SkQ1. Pa-
Hee HaMU OBLIO MOKA3aHO BJIMSHUE Psijia HEUPOTPO-
(bruecknx (hakTopoB Ha YCTOHUMBOCTH HEHPOHOB K
MOCTPEAHUMAIIMOHHBIM U3MEHEHUSIM: GETKOB TeILIo-
Boro 1oka cemeiicrea HSP70 (HSP72 u HSP73) |39,
40], GRP78 [41], a Tak:ke MO3rOBOTO HEHpPOTpOdIUe-
cxoro ¢axropa (BDNF) [42, 43]. Caenyet nouepk-
HYTb, 4TO SKCIIPECCHS HHYIIUPYEMbIX UIIeMUel Oe-
KOB 3aBHCUT HE TOJIbKO OT CIEIU(UKA U TIKECTU
BO3/IEUCTBUSA, HO TaK)Ke U OT TUTIA HEHPOHAJIBHOI T10-
nyasaiun. Tak, B CeHCOMOTOPHOM Kope ¥ TUIIoKamIle
(cexropet CA1 u CA4) Hamu OBLIIO TIOKA3aHO CYIIECT-
BEHHOE 3HAYCHUE BBICOKOTO MCXOIHOTO YPOBHS KOH-
CTUTYTUBHOI (opMbI  Gejika TEeIIOBOr0  IIOKa
(HSP73), a Takke mocTpeaHUMAIIMOHHBIX U3MEHEHU T
ypoBHst ero unaynubensuoit dhopmor (HSP72) s
YCTOWYMBOCTH HEMPOHOB K WIeMUU-pernepdysnu
[40]. OmnHako, B monyssanuu kiaetok [lypxkunbe co-
nepxanne HSP70-10o0KUTENBHBIX KJICTOK Yy WH-
TAKTHBIX JKUBOTHBIX OBLIO OUeHb HU3KUM, & B TIOCTPE-
AHUMAIMOHHOM TIepPHOJIc M3MEHEHUS 3KCIIPEeCCUu
HSP70 He ObLin BbIABJIEHBL. DTO CBUAETEIbCTBYET O
CYIIECTBOBAHUN WHBIX MEXaHU3MOB 3all[UThl JTUX
HEWPOHOB [39], uTO MOATBEPKAAETCSA U IPYTUMU aB-
topamu [44, 45]. B To jke BpeMst 0Kaz3ajoch, 4TO JJIsT
kietok IlypkuHbe BasKHBIM (HaKTOPOM, BIUSIONINM
HA WX YCTOUYUBOCTD K THOEJIH B MOCTPEAHUMAI[HOH-
HOM Tiepuo/ie, aBisieTcs ypoBeHb akciipeccun GDNE
[Ipu rucToNOTHYECKOM U UMMYHOTUCTOXUMUYECKOM
uccyeioBaHuy monyJsainun kiaetok [lypkunabe B mu-
HAMUKE [TOCTPEAHNMAIIMOHHOTO TIepUojia ObLIO ycTa-
HOBJIEHO, UTO CYIIECTBYET B3AaMMOCBSI3b MEK/LY M3Me-
HeHusIMU  ypoBHst sKcipeccun Geinka GDNF u
pasBuTHeM mpoitecca rubesm Heiiponos [ 11]. TlepBo-
HavaJIbHBIN 10/1beM ypoBHs akciipeccun GDNF B mo-
mysadaiun kietok [lypkuHbe 1M03BOJISAI TIpeyTpe-
IUTh TUOENb 9TUX HEHPOHOB, a IOCJenyIolee
yMeHnbltenne ypoBas akcripeccun GDNF conpoBox-
Janoch rubesbio Kaetok, a umenno — GDNF-orpu-
1aTesJbHBIX HeiipoHoB. HeiiporporekTnBHOe JeiicT-
Bue GDNF cBsg3bBalOT € €ro CrocoOHOCTHIO
YBEJUYUBATD HKCIIPECCHI0 TEHOB, WHTHOUPYIOIINX
aronito3 — Bcl-2 u Bel-w u cHmskars akcrpeccuto
npoarontoruyeckux reios Bax u Bad [12, 14], a Tak-
JKe BJIIMATH HA TPAHCIIOPT TJryTamara [46].

TakuM 06pas3oM, MOJydeHHbIE B HACTOSIIEH
pabore jaHHBIE MOATBEPKIAIOT PA3BUBAEMOE HAMU
MOJIOKEHUE O 3HAYMMOCTH YPOBHS 3KCIIPECCUU
GDNF B ycTOiYMBOCTH HEHIPOHOB K MOCTPEAHNMA-
HUOHHON Tnbenn. /lefcTBUTENbHO, KaK OBLIO ITOKa-
3aHO BBIIIE, Y HEJICUEHDBIX PEAHUMHUPOBAHHBIX JKU-
BoTHBIX TubGeu noasepraauch GDNF ~-HelipoHBbI.
ITpumenerne SkQ1 crmoco6CTBOBANIO YBETMUEHUTO
AKCIIPECCUU 3TOTO HeipoTpodudeckoro ¢akTopa:
GDNF-orpuiiatesnbubie, T.e., paHee HEIKCITPECCHU-
pytomiue GDNF kjeTku, «1mepexoauin» B KaTero-

neuronal protection in cerebellum [39] that is in
agreement with the data by other authors [44, 45]. Tt
was found that the level of GDNF expression is an
important factor of Purkinje cells resistance to
postresuscitative injury . Histological and immuno-
histochemical studies of Purkinje cells populations
in dynamics of postresuscitative period have
revealed a relationship between changes in GDNF
protein levels and the processes of neuronal death
[11]. The initial rise in the level of GDNF expression
in populations of Purkinje cells was capable to pre-
vent the death of these neurons, and the subsequent
reduction in the level of GDNF expression was
accompanied by neuronal loss, specifically GDNF-
negative neurons. GDNF neuroprotection is associ-
ated with its ability to increase expression of genes
inhibiting apoptosis — Bcl-2 and Bcl-w, reduce
expression of pro-apoptotic Bax and Bad genes [12,
14] and decrease glutamate transport [46].

Thereby, the data obtained in this study con-
firm our previous suggestion on the significance of
expression level of GDNF in resistance of neurons to
postresuscitative death. Indeed, as indicated above,
in untreated resuscitated animals the GDNF ™ -neu-
rons died. SkQ1 contributes to an increase in the
expression of neurotrophic factor: GDNF-negative,
i.e., previously non-expressing GDNF cells, are
«switchings toward the category of neurons actively
producing this factor (GDNF*") and suchwise are
not subjected to death. Thence we assume that at
least one of the mechanisms of SkQ 1neuroprotection
includes its ability to activate the expression of
GDNF in nerve cells. At the same time, SkQ1, main-
taining the energy metabolism of neurons, may pro-
vide a more efficient production of various proteins
including GDNF. It is possible also that both mecha-
nisms are existed. Thus, in the experimental model of
Parkinson's disease it was shown that physical exer-
cise increased both the expression level of GDNF
and improved mitochondrial function that con-
tributed to preservation of dopaminergic neurons
[47]. Similar data were obtained in the experimental
study of the efficacy of exercises for correction of
behavior [48].

Overall, the data suggest the positive impact
SkQ1 on the structural and functional status of the
brain postresuscitation. These data provide rationale
for using this drug for the prevention and correction
of posthypoxic encephalopathies.

PHIO AKTUBHO BBIPAGATHIBAIONIIX 9TOT (haKTOP Heli-
poroB (GDNF ') u xe moasepranucs rubesn. Ciie-
JIOBAaTEJIbHO, MOKHO T10JIaraTh, 4YTO, 110 KpaitHel Me-
pe, OJHUM W3 MEXaHW3MOB HEHPOIPOTECKTUBHOTO
neiicrBus SKQ1 gBisiercst ero crnocoGHOCTh aKTH-
BupoBath aKciipeccio GDNF B HepBHBIX KJeTKax.
B To ke Bpemst, SkQ1, nopnep:xuBast sHepreTUdec-
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K1l MeTabo/iM3M HEHPOHOB, BO3MOKHO, obeciieun-
BaeT GoJiee ahHEKTUBHYIO MPOAYKIIUIO PA3JTUTHBIX
6eskoB, B ToMm yncae 1 GDNF. He uckiouyeHo tak-
JKe, ITO MOTYT Peaim30BaThCst 062 ITUX MEXaHU3MA.
Tax, Ha BKCIIEPUMEHTANBHON Moenu Gonesnu [Tap-
KMHCOHA OBLIO MOKA3aHO, 4TO (GU3UUECKUE yIIPasK-
HEHUS TOBBIMAIOT ypoBeHb akcipeccuu GDNF u
YIYUMIAIT (QYHKIUIO MUTOXOHIPUH, 4TO CIIOCOOCT-
BYeT COXpaHEHUIO M0(haMUHEPTrUYeCKUX HEHPOHOB
[47]. Amamornunbie JaHHbBIE MTOJTYYEHBI U TPU IKC-
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B 11es10M, moJryueHHble B paboTe JaHHbIE CBH/IE-
TEJNBCTBYIOT O MOJIOKUTENbHOM Bo3zeiicTBruu SkQ1
Ha CTPYKTYPHO-(DYHKIIMOHAJILHOE COCTOSIHUE MO3Ta
B MOCTPEAHUMAIIMOHHOM TIepuojie. IT0 00yCIaBIu-
BaeT MEePCIeKTUBHOCTD TPUMEHEHUS 3TOTO TIperapa-
Ta JIJIS TPEAOTBPAIEHUS W KOPPEKIIUU TTOCTTUTIOK-
CUYECKUX dHIIeDaTomaThii.
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