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Yacrora pa3BUTHSA UIIEMUYECKOT0 HHCY/IBTA OCTAETCSI BLICOKOM BO MHOTHIX CTPaHaX, HECMOTPsI Ha TeH-
JIEHTINIO CHILKEHUST 3a060J1eBaeMOCTH, 00YCJIOBJIEHHON HAPYIIeHUsIMA MO3TOBOT0 KpoBooOparierusi. He-
JOCTaTOYHBIe 3HAHMUA ITaToreHe3a, TUarHOCTUKHY, KIIMHUKY U JIEUeHUS 3TOr0 TPO3HOT0 3a00JIeBaHUA. MOTYT
OBITH BOCIIOJIHEHBI MOJI€JIUPOBAaHUEM HIIIEMUYECKOTO MHCY/IBTA Ha KUBOTHBIX, B YaCTHOCTH T'PBI3yHAX
(KpBICHL, MBIIIIN).

Lleap 0630pa. O6ocHOBaHUe BBIOOPA MEPCIIEKTUBHOMN MOJIE TN UIIIEMUIECKOTO WHCY/IbTa YeJI0BEKa.

13 6ostee 300 mepBUYHO OTOOPAHHBIX HCTOYHUKOB JTUTEPATYPHI PA3/IMYHBIX 06a3 JaHHBIX (Scopus, Web
of science, PUHII 1 ap.) IJ1s1 aHaar3a BEIOpaiu 84 NCTOYHUKA, U3 HUX — 72 UCTOYHUKA, ONYOJTUKOBAHHBIX B
TedyeHHe IocaeqHux jgeT (2015-2019 rr.). KpuTtepueM UCK/II0YeHIS HCTOYHUKOB CJIYKUIN Masas nHpopma-
TUBHOCTb U yCTapeBIIINeE J[AHHbIE.

B 0630pe paccMoTpesiu 6 aKCIIepUMeHTaTbHBIX MOJIeJIell OCTPHIX HAPYIIeHUH MO3TOBOTO0 KpOBOOOpa-
IIeHUA: OKKJII03WA CpeHel MO3TOBOI apTepuH, MOJesIb SMOOJIMIeCKOr0 MHCYIETA, (POTOTPOMOO3, MOIETH
C UCIOJIb30BaHUEM TPOMOUHA, 9HI0Te/INHA-1 U ¢ IPUMeHEeHNeM 3JIeKTPOKOAryJIALNY cpefHell MO3roBoH
apTepuu.

IIpuBesn haKTOPBHI, BJUSIONIME HA JIOCTOBEPHOCTD X BOCIPOU3BOJIUMOCTb Pe3yJIETaTOB UCC/Ie0BaHMsI,
CBsI3aHHBIE C COOJTIONEHEM ITPABUII II0 PA3MEIIeHHIO M aKKIMMaTH3aI[iH SKIBOTHBIX, OPTaHNU3aIlNY ITUTa-
HUA ¥ YXO/Ia, C BEBIOOPOM MEeTO/Ia aHeCTe3nH 1 00e300IMBaHNA, COOTIO/IeHIeM aCeNTHKY, MOHITOPHUPOBA-
HHeM OCHOBHBIX (DM3MOJIOTHUECKUX TapaMeTPOB Ha BCex aTarax 9KCIIepIMeHTa 10 MOAIeJIMPOBAaHUIO HIIle-
MHUY€CKOr0 HHCYJIBTa, C TYMaHHBIM BbIBEIEHUEM KUBOTHBIX U3 9KCIIEPUMEHTA.

Cres1ay BBIBOJI O IIEPCIIEKTUBHOCTH MOJIEJIH UIIIEMUYECKOTO MHCY/IBTa, OCHOBAHHOM Ha OKKJIFO3HH CPEJI-
Hell MO3TOBOH apTepwH, Kak HanboJsiee IPUOIMKEHHON K UIIIEMIYECKOMY UHCYJIETY Y YeJI0BEKa 1 I03BO-
JIAIONIEH MOJIy4YaTh BOCIPOU3BOAMMBIE PE3YJIBTAThI B 9KCIIEPUMEHTe.

Knroueevle croea: uieMuueckull UHCYAbM; MO0 ULeMUYeCKk020 UHCYAbMA; OKKAIO3USl; CPeOHSsL MO3-
208as apmepusi; IMOOIUUECKULL UHCYALIN; OMOmpomoo3

The incidence of ischemic stroke remains high in many countries, despite a declining trend in the incidence
of brain circulation disorders. Limited knowledge of the pathogenesis, diagnosis, clinical presentation, and
treatment of this life-threatening disease can be complemented by modelling of ischemic stroke on animals,
particularly, in rodents (rats, mice).

The aim of review: to provide a rationale for choosing an optimal model of human ischemic stroke.

Among more than 300 primary literature sources from various databases (Scopus, Web of science, RSCI,
etc.), 84 sources were selected for evaluation, of which 72 were published in the recent years (2015-2019). The
criteria for exclusion of sources were low relevance and outdated data.

The review examined six experimental models of acute cerebrovascular events including middle cerebral
artery occlusion, embolic stroke model; phototrombosis; models using thrombin, endothelin-1 and electro-
coagulation of the middle cerebral artery.

The review outlines the factors influencing reliability and reproducibility of research results, related to ad-
herence to the rules of animal accommodation and acclimatization, nutrition and care, selection of anesthesia
and pain relief methods, compliance with aseptic techniques, monitoring of basic physiological parameters at
all stages of the ischemic stroke modeling experiment, with humane withdrawal of animals from the experiment.

Anpecc 11 KOppeCoHAeHITH: Correspondence to:
Apxkajmii Muxaitiaosud Tosryoes Arkady M. Golubev
E-mail: arkadygolubev@mail.ru E-mail: arkadygolubev@mail.ru

GENERAL REANIMATOLOGY, 2020, 16; 1 www.reanimatology.com 59



60

DOI:10.15360/1813-9779-2020-1-59-72

Reviews

It was concluded that the model of ischemic stroke, based on the occlusion of the middle cerebral artery,
is most promising as being the closest to features of human ischemic stroke and enabling to obtain repro-

ducible results in the experiment.

Keywords: ischemic stroke; models of ischemic stroke; occlusion; middle cerebral artery; embolic stroke; pho-

totrombosis
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BBenenue

HecMoTpst Ha TEHEHIINIO CHUSKEH ST 3a60J1€e-
BaeMOCTH, 00yC/IOBJIEHHOU HapyIIeHUIMHU MO3TO-
BOTO KPOBOOOpAIIIeHHs], YaCTOTa Pa3BUTHS HIlIe-
MHUYeCKOTO HWHCY/IbTAa OCTAETCsI BBICOKOHU, YTO
MMOATBEPSKIAETCA CTATUCTUYECKUMHU TaHHBIMU
[1-3]. B BesinKOOpUTAHUY UIIIEMUYECKUI NHCYIIBT
perucrpupyercs e;xerogHo y 100 TbIcAY Yes10BeK.
12% manueHTOB yMHUpAIOT B TeueHue 30 gHell, a
JIBe TPeTH BBKUBIIIVX [10CJIE MHCYJIETA ABJIAIOTCA
nHBanuaamu. B Kwurae yactora perucrtpanuu
HUHCYyJBTa cocTabiigeT 1596 Ha 100000 uestoBek [4],
a B lpane — 16 Ha 100000 HacesieHus [5]. B Mek-
CUKe 9TOT IloKasaresb paBeH 33,47 na 100000
SKUTEJEen [6].

YacTtora pas3BuTus U HeOJaronpusATHbIE
MOCJIEJICTBUS UIIEMUYECKOTO UHCYJIBTA 00YCJI0B-
JIEHbl HeIOCTaTOYHBIMHU 3HAHUSIMU IIaTOTeHe3a,
JIUArHOCTUKH, KIMHUKU U JIeUeHUSI 9TOTO TPO3HO-
ro 3abosieBanusi. HekoTophIe BOMPOCHI TaTOTeHe3a
MOTYT OBITH BBISICHEHBI MOJIE/TUPOBAHUEM UITIEMU-
YeCKOT0 UHCYJIbTa Ha KUBOTHBIX, B YaCTHOCTH —
IrpbI3yHax (KPBICEI, MbIIIN) [7-9]. B cBsA3Y € aTUM,
COBepIIeHCTBOBaHME MOJIeITMPOBAaHUSA UIlleMrYe-
CKOT'0 WHCYJIBTA, BRITIOJIHEHNE PEKOMEH AN 110
COZIep>KaHUI0 U YXO/y 3a 5KUBOTHBIMM, COBEPIIIEH-
CTBOBAHUE ONMEPAIMOHHON TEXHUKY, AaHECTE3WH,
MHUHUMHA3ANHs 0071 OyIyT CIOCOOCTBOBAT ITOJTY-
YyeHUIO0 0O0Jiee TOYHBIX PE3YJIBTATOB HAYYHOTO
uccaegoBanusa [10].

O Ba)KHOCTH pelIeHUns 3TUX BOIIPOCOB CBU-
JleTebCTBYyeT U COBelllaHue 9KCIIepPTOB, opra-
HU30BaHHOe HanmnoHampHBIM e HTpOM Besnnko-
OpuUTaHUU IO 3aMeHe, YCOBEPIIeHCTBOBAHUIO U
COKpAIllleHUI0 HCIO0JIb30BaHUS SKUBOTHBIX B
Hay4YHBIX UCCJIEJOBAaHUAX HA OCHOBE IIPUMEHe-
HUSI HOBBIX T€XHOJOTUH B 2014 rofy AJ1s1 OI[eHKU
CYLLLECTBYIOLIMX METOA0B MO/Ie/IMPOBAHU A UIlle-
MUYECKOTO WHCYJIbTa, 00CYKIeHUs MpobJeM,
CBSI3aHHBIX, C HaJJIesKalluM YXO40M 3a 5KUBOT-
HBIMU ¥ BBIPAOOTKU COOTBETCTBYIOIINX PEKO-
MeHJaIunm.

ITesrs 0630pa — obocHOBaHUe BbIOOpa TIep-
CIIEKTUBHON MOJEJH HWIIeMHUYEeCKOT0 HHCYJIbTa
YyesJoBeKa.

MopeJib, OCHOBaHHAsI HA OKKJIIO3UU
cpeJHell MO3roBoOi apTepun

IMpeobnanaromuii BEIOOP CBsI3aH C MOJEJIN-
poBaHUeM HapyllIeHu MO3roBOro KpoBoobpaiiie-

Introduction

Despite the trend of decreasing morbidity due
to cerebrovascular accidents, the incidence of is-
chemic stroke remains high, as confirmed by sta-
tistical data [1-3]. In the UK, ischemic stroke is re-
ported in 100,000 people annually. 12% of patients
die within the next 30 days, and two-thirds of stroke
survivors are left disabled. In China, the incidence
of stroke is 1596 per 100,000 people [4], while in
Iran itreaches 16 per 100,000 [5]. In Mexico, the fig-
ure is 33.47 per 100,000 [6].

High incidence and the detrimental effects of
ischemic stroke are due to a lack of knowledge of
the pathogenesis, diagnosis, clinic and treatment
of this life-threatening disease. Some issues of
pathogenesis can be clarified by modeling ischemic
stroke in animals, in particular, rodents (rats, mice)
[7-9]. In this respect, improvement of the ischemic
stroke modeling, implementation of animal main-
tenance and care recommendations, optimization
of surgical techniques and anesthesia, and pain
minimization will contribute to obtaining more ac-
curate results of scientific research [10].

The importance of solving of these problems
has been confirmed by the expert meeting organ-
ized by the the National Centre for the Replace-
ment, Refinement and Reduction of Animals in Re-
search (United Kingdom, 2014) to assess existing
methods for ischemic stroke modelling, discuss
proper animal care and develop relevant recom-
mendations.

Aim of the review: to provide a rationale for
choosing a promising model for human ischemic
stroke.

The Middle Cerebral
Artery Occlusion Model

Simulation of cerebrovascular accidents in the
middle cerebral artery territory has been the most
preferred model so far. Variants of this method
allow obtaining a cortical infarct using the occlu-
sion of more distal parts of the middle cerebral ar-
tery [11-14].

When choosing an occluder, its diameter and
flexibility as well as its tip coverage are essential.
The occluder flexibility minimizes the risk of artery
damage (puncture) in the area of the skull base. A
long, larger diameter occluder provides more reli-
able occlusion, but can also block other vessels

coming directly from the circle of Willis to the sub-
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HUs1 B OacceiiHe cpelnHeil MO3roBOH apTepuw.
BapuaHThI 9TOT0 cIoc06a MO3BOJISAIOT TOJTYIUTH
KOPTHUKAJIbHBIN HH(APKT, UCIIOJI3YsI OKKIIO3UIO
0oJiee TUCTATBLHBIX OTIEJI0B CPEeTHEN MO3TOBOMU
aprepuu [11-14].

ITpu BbIOOpE OKKJIIOJepa KIIOYEBOE 3HAYE-
HUE UMEIOT ero TUaMeTp U THOKOCTh, a TaKyKe —
MOKPBITHE HAKOHEYHHKA. [MOKOCTh OKKJIIONEpa
MUHUMU3UPYET PUCK TMOBPEXKIEHUS (IIPOKOJIA)
aprepuu B 00J1aCTU OCHOBaHHUS Yyepera. [[JTMHHBII
OKKJTIOfiep OOJIbIIIEr0 auaMeTpa oOecrieumBaeT
0osee Ha/IEKHYIO OKKJIIO3HIO, HO MOSKET OJIOKH-
poBarh U JAPYrue COCy/bl, OTXO/SIIIUE HENOCPE-
CTBEHHO OT BuutnaueBa Kpyra K MOJIKOPKOBBIM
cTpyKTypaM. BHe mpejiesioB camoil cpeiHEN MO3-
TOBOH apTepuH, BCJIEICTBUE 3aKYITOPKU IPOKCH-
MaJIbHBIX aPTEPUH, OTXOSIINX OT CPeTHEN MO3-
TOBOII apTepuu (HATpUMeEp nepenHsisi
XOpHUOUJaJIbHAsI U TUIIOTAJIAMIUYECKasi apTEPUHN) B
30HE HAapPYIIIeHHOTO KPOBOOOpAIIeHUs MOTYT OKa-
3aTbCA TAJIaMyC, TUNIOTAIAMYC, U TUIIIOKaMI. Y
HEKOTOPBIX }KUBOTHBIX MOYKET OBITH HacJ1eaCTBeH-
HBIU HETIOJIHBIN Busmnuaues Kpyr.

Yairie MC0J/Tb3YIOT OKKJTIO/IEPbI MaJIOTO Ta-
MeTpa, KOTOphle OTPAaHUYMBAIOT HIIIEMHYECKOE
MOBpEeKIeHNEe TEPPUTOPUEN KPOBOCHAOKEHHUS
cpeJHell MO3TOBOM apTepuH.

Bosiee BapuabesbHBIE pE3YJIBTAThl OTMeE-
4aloTCcsl Ha MOJeJIsIX C BPeMEHHOU OKKJI3uei
CpelHe MO3TOBOU apTepUH 10 CPAaBHEHUIO C €€
MIOCTOSTHHOM OKKJIIO3UEHN. ITO 00yCI0OBJIEHO pas-
BUTHEM perepy3UOHHBIX IIOBPEKIEHUM B CBI3U
C YaCTUYHBIM BOCCTAaHOBJIEHMEM KPOBOTOKA. Psiy
TakuXx (paKTOPOB KaK IOJI KMBOTHBIX W BO3PACT,
MIpeJIIIIeCTBYIONINN CTPecC, OKpysKamoIias cpeaa
MOTYT OKasbIBaTh 3HAYUTEJbHOE BJIUSHUE Ha
Ppe3yJ/IBTarhl UCCIeL0BaHNs, 0COOEHHO Ha JeTalb-
HOCTb U CPOKU BOCCTAQHOBJICHUA [15-17].

IMOOIMYeCKHHA HHCYJIBT

MHorue BOIpocCkI IaToreHe3a MHCYJIBTOB 3MO0-
JIMYECKOI MIPUPOABI OCTAIOTCA MAaIOU3YIEeHHBIMU
(18, 19]. B cBsi3u € 9TMIM pa3pabdaTbIBAIOTCA METOIIbI
9KCIIEPUMEHTATFHOTO BOCHPOU3BENEHUST 9MOOJTH-
YEeCKOr'0 MHCYJIBTA, B YaCTHOCTH METOJ, C ¥CII0JIb30-
BaHHMEM TOHKOU KaHIOJW, COAepsKalleil CryCcTok
KpoBU. JlaHHAST MOJIESTh SIBJISIETCS HAauOOJIee CI0MK-
HOH TEXHUYECKH, a TAKKe — B IIJIAHE TTOJTyIEHUS
BOCIIPOM3BOIMMBIX PE3YJIBraToB. [ Ipn ee ncross30-
BaHUU PErUCTPUPYETCA BBICOKAsI CMEPTHOCTD 9KC-
IepUMEeHTA/IbHBIX )KUBOTHBIX (60s1ee 30%).

doToTpomM0O03

JlanHas MO/ieIb PEKOMEHIYeTCs /ISl UCCJIe-
JIOBaHHSA KJIETOYHBIX U MOJIEKYJISIPHBIX MEXaHU3-
MOB Pa3BUTUA UILIEMUYECKOTO UHCYJIBTA [20, 21].
Mopesip ocHOBaHAa Ha TPOMOHPOBAHUU KOPTHU-
KaJIbHBIX MUAJIbHBIX COCYIOB. [1og HapKO30M IIpo-

cortical structures. Beyond the middle cerebral ar-
tery, the thalamus, hypothalamus, and hippocam-
pus may be in the area of impaired circulation due
to occlusion of proximal arteries arising from the
middle cerebral artery (e.g. the anterior chorioidal
and hypothalamic arteries). Some animals may
have a congenital incomplete circle of Willis.

Small diameter occluders are used more often,
restricting ischemic lesion to the blood supply area
of the middle cerebral artery.

More variable results are observed on models
with temporal occlusion of the middle cerebral ar-
tery compared to its permanent occlusion. This is
due to the development of reperfusion damage re-
sulting from partial recovery of blood flow. Various
factors such as gender and age of anumals, previ-
ous stress, and environment may have a significant
impact on the study results, especially on mortality
and recovery timeframe[15-17].

Embolic Stroke

Many issues of the pathogenesis of embolic
strokes remain poorly studied [18, 19]. In this re-
gard, methods of experimental embolic stroke re-
production are under development, in particular
the method using a thin cannula containing a
blood clot. This model is the most complicated
technically and also in terms of obtaining repro-
ducible results. The use of this model results in high
mortality of experimental animals (over 30%).

Photothrombosis

This model is recommended for studying cel-
lular and molecular mechanisms of ischemic stroke
[20, 21]. The model is based on thrombosis of cor-
tical pial blood vessels. Under anesthesia, the skin
is cut along the midline above the skull. In some
laboratories, the bones of the skull are rarefied with
a drill. The photosensitive dye Bengal pink is in-
jected intraperitoneally or intravenously. The light
source is placed perpendicularly above the skull, in
the presumed infarct modelling area. The main re-
quirement is to avoid heating of the skull and brain
under lighting. In addition, a green filter is used to
exclude infrared and ultraviolet waves, but to allow
the light with a wavelength stimulating Bengali
pink (the peak is at 560 nm).

Thrombin Injection Model

Stroke may also be caused by thrombin injec-
tion into the lumen of the distal branch of the mid-
dle cerebral artery [22, 23]. The possibility of spon-
taneous thrombolysis, affecting the variability of
the results, should be taken into account. This
model can be used to study thrombolytic drugs, for
example, rtPA. The size of brain infarcts with this
model is small, thus, neurological signs are mini-
mal or absent.
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HU3BOJUTCA pa3pes KOKU 110 CpeHel JTUHUHN HaJ
YepenoM. B HEKOTOPBIX J1a60paTOPUSIX C TTIOMO-
IO CBepJia MPOBONUTCA pa3peskeHrne KOCTel
yepena. POTOUYBCTBUTEIbHBIN KpacUTe b O€H-
raJIbCKUi po30BbIi BBOOUTCA BHYTPUOPIOMINMHHO
WJIF BHYTPUBEHHO. VICTOYHUK CBETa pa3MeIaeTcst
MepUeHINKYJISIPHO HaAJ YeperoM, B 30He, THe
MpearnoJjaraercss MojieTMpOBaHue WHQapKTA.
OcHoBHOe TpeboBaHHWe — HCKJIOYUTH Harpes
yepena 1 M03ra IIpy OcBellleHuH. J[oI0THUTe IbHO
WCIIOJ/TB3YIOT 3€JIEHBIN (PUIIBTP AJI51 UCKJIIOUEHUS
UH@PpaKpacHBIX U yIBTPA(UOIETOBBIX BOJIH, HO
MIPOITYCKAIOMINI CBET C AJIMHOM BOJTHBI, CTUMYJITH-
pyloliieii 6eHraabCKU pO30BbIH (MUK — 560 HM).

MopeJsib, OCHOBaHHAsA
Ha BBEJICHUU TPOMOMHA

WHCynBT MOSKET OBITH TaK)Ke BHI3BAH BBEIE-
HHEeM TPOMOHHA B IPOCBET TUCTATbHOU BETBU
cpeniHel M0o3roBOM aprepum [22, 23]. IIpu aTom
cjiefyeT yYUThIBAaTh BO3MOKHOCTh CIIOHTAHHOI'O
TpoMOOJIM31cCa, BAUAIONIEero Ha Bapruade/bHOCTh
Ppe3y/IBTaToB. ITa MOJEIb MOSKET OBITh HCIIOJIb30-
BaHa IIPU U3yYEHUH TPOMOOUTHYECKUX IIpera-
paroB, Hanpumep, rtPA. Pasmepsl mH(papKTOB
MO3ra mnpm HCIOJb30BaHUU ,I[aHHOﬁ MOgeJIn
HeOOJIbIIINE, I03TOMY HEBPOJIOTHYeCKHe IpU3Ha-
KU MUHUMAaJIbHBI UJIX OTCYTCTBYIOT.

MopaeJib HHCYJIBTA
C HCII0JIb30BAHMEM IHAOTENHUHA-1

dHaotreauH-1 saBJaseTcss 93PPeKTUBHBIM
BA30OKOHCTPUKTOPOM MPOJOIKUTETHHOTO Jeli-
CTBUS W MPUBOAUT K IOSBJIEHUI0 HEOOJBIITHUX
(POKYCOB MILIEMUYECKOT0 NOBPeEsKAeHUA. VIcIIoIb-
3yl CTepPEOTAKCUYECKYIO PAMKY, OCYIL€CTBJIAIOT
MUKPOUHBEKIIUU 9HAO0TeJINHA- 1 B UHTepecyeMblIi
Y4YacCTOK MO3ra, Ije U HHIYIUPYIOTCA ulleMude-
CKUe MOBpeKaeHud (24, 25].

JJIEKTPOKOAryJIALMS
cpeaHel MO3roBOM apTepuu

B HEKOTOPBIX CiIy4asix MOCTOSTHHYIO OKKJIIO-
3110 OCHOBHOTO CTBOJIA CPEIHEN MO3TOBOI apTepru
OCYIIECTBJIAIOT IIOCPEICTBOM 3JIEKTPOKOATY/IAINN
[26, 27]. IIpou3BOAUTCA KPAaHUOTOMUA U BCKPbIBA-
eTcs1 TBepasi Mo3roBasi 000J104Ka. Uepes apTepuio
C ITIOMOIIBIO TOHKUX JUATEPMUYECKHUX IUIIIOB IIPO-
IIyCKaeTCcs TOK. JTO IIPUBOAUT K CBEPTHIBAaHUIO
KPOBHU, MIOBPEKIEHNIO CTEHKU apTepuy, UllleMUun
MO3ra JUCTaJbHee MeCTa 9JIEKTPOKOAryJ/IALIAN.

Hapsany ¢ aTuM, OABJIAIOTCA HOBBIE MOJU-
uKrauu MOAEJUPOBAHUS OCTPBIX HAPYIIEHUN
MO3TOBOT0 KPOBOOOpaAIlleHUs], IO3BOJISIONINE
JeTaJInu3upoBarTh UX IIaTOreHe3 U OCYIeCTBJIATD
JOKJIMHUYECKYIO ampoOaIiio HOBBIX METOHO0B
JIeYEHW 1 NIIIEMUYEeCKOr0 MHCYJIbTa (28, 29].

Endothelin-1 Model of Stroke

Endothelin-1 is an effective long-acting vaso-
constrictor causing small areas of ischemic injury.
Using a stereotactic frame, endothelin-1 is micro-
injected into the target area of the brain, where is-
chemic injury is induced [24, 25].

Middle Cerebral
Artery Electrocoagulation

In some cases, permanent occlusion of the
main trunk of the middle cerebral artery is per-
formed by electrocoagulation [26, 27]. Craniotomy
is performed and the brain dura mater is dissected.
Electric current is delivered through the artery by
means of thin diathermic pincers. This leads to
blood coagulation, arterial wall damage, cerebral
ischemia distal to the electrocoagulation site.

At the same time, there are new modifications
of acute cerebrovascular accident modeling, allow-
ing for a detailed elaboration of their pathogenesis
and preclinical testing of new methods of ischemic
stroke treatment [28, 29].

Animal Maintenance
Before and After Stroke

The rules for handling the experimental ani-
mals are specified by the European Parliament [30].
The duration of animal acclimatization should be
at least 7 days before the experiment. Animals
should be inspected daily to assess their appear-
ance and control their body weight.

Irregular internal animal transportation may
affect their physiological parameters causing sleep
disturbances, increased plasma corticosterone, low
immunity, and reduced body weight [31]. It takes
from 2 to 4 days for these parameters to return to
normal levels. Normalization of food consumption
and sexual behavior after transportation requires
more than 4 days. Transcontinental transportation
of animals leads to longer circadian rhythm disor-
ders, and their resynchronization takes more than
2 weeks.

When preparing the animals for the experi-
ment, it is important to ensure the stability of daily
exposures in order to maximally avoid side effects.
Animals live in hierarchies where there is domina-
tion and subordination. Relocation of animals to
other groups provokes stressful situations, disrupts
social relations and causes aggression [32].

The same researcher should also work with
animals during acclimatization.

One of the essential moments of animal main-
tenance is the environmental enrichment, which is
the main requirement for improving their general
condition [33]. The European requirements for the
level of animal environmental enrichment are
specified in the EU Directive 2010/6327, which pro-

www.reanimatology.com

GENERAL REANIMATOLOGY, 2020, 16; 1



DOI:10.15360/1813-9779-2020-1-59-72
00630pHI

Copaep:xaHue ;KUBOTHBIX
JI0 M 110CJI€ HHCYJIbTA

[MpaBusia paboThI C 3IKCIIEPUMEHTATHLHBIMU
SKUBOTHBIMU OTipeiesieHbl EBponeiickum Iapaa-
MeHTOM [30]. ITpogo/KnTeTbHOCTD AaKKJINMAaTH3a-
LMY JKUBOTHBIX JI0JIKHA COCTABJIATh He MeHee 7
IHel [0 Havajga IKCcIepuMeHTa. ;KUBOTHBIE
JOJIPKHBI €5KeJTHEBHO OCMaTPUBATHCS 1151 OI[EHKU
BHeEIIIHEeTr0 BUa, KOHTPOJISI MACChI TeJIa.

Hapymenus BHyTpeHHel TPaHCIIOPTUPOB-
KU SKUBOTHBIX MOSKET BJIUATD Ha UX (PU3NOJIOTHU-
YyecKUe llapaMeTpbl: HapyllaTh COH, IPUBOIUTH K
MIOBBIIIEHUIO COMEPKaHUsI KOPTUKOCTEpPOHA B
IIa3Me, CHIPKEHUIO WMMYHHOH aKTHUBHOCTH,
YMEHBIIEHUIO Macchl Tesa [31]. Hopmanusanua
9THUX [TIOKa3arejel 3aHUMaeT oT 2 110 4 nHew. s
HOpMaJu3anyu NotTpedJeHusI MUIH, CEeKCYyalb-
HOTO IIOBEJeHNUS II0CJIe TPAHCIIOPTUPOBKU Tpe-
byercs 60Jiee 4 muel. TpaHCKOHTUHEHTAJILHAS
TPAHCIIOPTUPOBKA SKUBOTHBIX BelleT K OoJjee
JJIATEJIbHBIM HapyLIEHUsAM IUPKaIHbIX PUTMOB
¥ JJIsT X PECUHXPOHU3AINN HeoOxoaumo bosree
2 HeleJb.

[Tpu moAroToBKe YKUBOTHBIX K 9KCIIEPUMEHTY
Ba)KHA CTa0MJIbHOCTDH MIOBCEIHEBHBIX BO3/IEUCTBUN
C 11eJIbI0 MAKCUMAJIbHOTO NCKJIIOUEeHUS TOO0YHbBIX
adpexToB. JKMBOTHBIE KUBYT B UepaApPXUX, ITie
CyIIeCTBYyeT JOMUHUPOBaHWE W TIOAYUHEHUNE.
[lepecesienne >KUBOTHBIX B APyTrye TPYyIIIbI IPUBO-
IIUT K CTPECCOBOY CUTYyaIU, HAPYIIAET COLUAIb-
HbIe OTHOIIIEHN, BBI3BIBACT arpeccuto [32].

KemarenpHO Takyke, 4TOOBI B Iporecce
AKKJITMMATU3AINHU C YKUBOTHBIMU paboTas OOVH U
TOT 5Ke 9KCIIEpUMEHTaTop.

OfHUM U3 CyIeCTBEHHBIX MOMEHTOB COJep-
SKaHUS )KUBOTHBIX SIBJISAETCS «000TaIeHne» OKpy-
SKAIOIIEN CPeJIbl, YTO SIBJISETCS OCHOBHBIM TPebho-
BaHMEM [IJIs1 VWIVUIIIeHUsI UX O0IIEero COCTOSTHUSA
[33]. TpeboBaHUSA K YPOBHIO «0OOTaIEHUs»
cpenbl, B KOTOPOI HAaXOIATCS YKUBOTHBIE, B EBpo-
e ycranoBjeHbl JupextuBoii EC 2010/6327,
MIpeyCMaTPUBAIOIIEN BBIIEJIEHHE «ITPOCTPAHCTBA
JIOCTaTOYHOM CJIOSKHOCTH, IO3BOJIA0IIEe o0ec-
reyruBaTh HOPMajbHOE NOBeJeHNe B HIMPOKOM
nuarna3oHe». CyliecTByeT «CBepXo0oralieHHbIN»
YPOBEHBb COAEPKAHUA KUBOTHBIX: UCIIOJ/JIb30Ba-
Hue 60JBIINX MHOTOYPOBHEBBIX KJIETOK, MTOCTYII K
HOBBIM Pa3HOOOPa3HBIM UTPYIIKaM, 000PyI0Ba-
HUe 11 CTUMYJIUPOBAHNSA JBUTraTeIbHON aKTUB-
HOCTH, UCIOJb30BaHUE MY3bIKHU, 3aIllaXOB, YTO
oOecrneuynBaeT 00Jiee CI0KHYIO MYJIBTHCEHCOP-
HYIO CTUMYJISIINIO U 60J1ee TT0JIHOe BOCCTAHOBJIE-
HUe IT0CJie MOfIeIMpOoBaHus nHcybTa. Ecom mofie-
JIUPYIOTCSI MHCYJIBIBI C pPa3BUTHEM HH@apKTa
KOPBI TOJIOBHOT'O MO3Ta (4YTO 3HAYUTEJIHHO BJIUSET
Ha TOBeJeHUe SKUBOTHBIX), UX B OJIMIKaNIIIEeM
[IOC/I€0IEPANIOHHOM IIepHoJe I1eaec000pas3Ho
pasMeraTb UHIUBUAYAJIbHO.

vides for «a space of sufficient complexity to allow
the expression of a wide range of normal behav-
iour». There is a «<super-enrichment» level of animal
maintenance which is the use of large multi-level
cages, access to new and diverse toys, equipment
to stimulate motor activity, the use of music and
odours for more sophisticated multi-sensory stim-
ulation and more complete recovery after stroke
modeling. If strokes with cortical infarcts are simu-
lated (which significantly affects animal behavior),
it is advisable to accommodate the animals sepa-
rately in the immediate postoperative period.

Consumption of Food and Liquids

A balanced diet and fluid intake are essential
for the successful recovery of animals in the post-
operative period. During adaptation to post-stroke
nutrition, one should consider that rodents are
neophobic to food. To overcome neophobia, nutri-
tional supplements should be introduced into the
diet before surgery.

During preoperative adaptation, animals
should eat the food that they will need after the
stroke [34, 35]. The behavior of rodents is deter-
mined by the daily cycle, they eat food in the dark
time of day. It is important to put the food into the
cage before the active phase of animal nutrition.

An overnight fast before the operation could
have negative consequences. Even a 6-hour starv-
ing period associates with weightloss and glycogen
depletion in the liver.

The animal's access to water should also not
be restricted due to the fact that the body weight re-
duction is primarily due to fluid loss. Signs such as
sunken eyes, changes in skin turgor (skin does not
straighten after pinching) indicate significant fluid
loss. If swallowing is impaired, subcutaneous fluid
injection is used. Moisturized mashed food should
be delivered to animals at the end of the daylight,
providing a more effective and natural model of ro-
dent nutrition.

Stroke causes a change in the composition of
the intestinal microbiota, which is partly due to
changes in intestinal permeability and intestinal
motility. The change in microbiota, in turn, affects
the functioning of the CNS. In this regard it is nec-
essary to avoid uncontrolled effects on animal mi-
crobiota during the experiment [36-39].

Improved methods for stroke modeling have
been suggested [40]. The age of animals, associated
diseases (hypertension, diabetes, obesity, infections,
tumors, etc.) determine the pattern of stroke [41, 42].
Higher mortality rates and more severe neurological
disorders are observed in older animals.

Anesthesia and Analgesia

The physiological status of the animal, the na-
ture of the experiment, and the duration of the op-
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IMoTpediieHne MUIITH U KUTKOCTH

PanpioHaspHOe MTaHue ¥ cOaTaHCHpOBaHHOe
norpebJyieHne SKUAKOCTU SIBJISIIOTCS  YCJIOBHEM
YCHEITHOIO BOCCTAaHOBJIEHUS KUBOTHBIX B TIOCJIe-
OIlepallMOHHOM Ilepuoge. B mporecce akkanmaru-
3alyy K IIOCTUHCYJIETHOMY IMMTAaHUIO CJIEAyeT y4u-
TBIBaTh, YTO I'PHI3YHBI MOT'YT 00J1a/1aTh HeohoOHMeH
B OTHOIIEHUH NUIIN. [[J15 mpeonosieHus MUIeBON
Heo0oOUM TIHIIEBbIE TOOABKH HEOOXOIHUMO BBO-
JUTH B pAIlOH [IUTAaHUA OO OIlepalluu.

ITpu akKIMMaTU3alMHU KUBOTHBIX B 100IIe-
PpalOHHOM IIepUOo/ie OHU JOJIKHBI TOTPEOJIATD TY
NHILY, KoTopas uM OyneT Heobxonuma I0Cie
MopaenaupoBaHus uHCyabra [34, 35]. [loBenenue
I'PBI3YHOB OIPEJIe/IsIeTC CyTOYHBIM IIUKJIOM, OHI
MIOTPeOJIAIOT IMUIITY B TEMHOE BpeMsA CyTOK. BaskHo,
yTOOBI THIIA ObIJIa MOMEIEHa B KJIETKY Iepe
aKTUBHOM (pas3oii MUTAHUS KUBOTHBIX.

Hounoe roJiojaHme HakaHyHe OIepaIuu
MOSKeT UMeTh HeraTHBHbBIE ITOCaAeCTBUA. [laske
6-TH YacoBOI MHTepBaJI B IpueMe MUIIU COIIPO-
BOYKJIA€TCsI IIOTepeil Beca U UCTOIIeHNEeM IJIUKO-
reHa B [I€UYeHU.

JlOCTYTI SKMBOTHOTO K BOJIe TaK’Ke He TOJIPKEeH
OBITH OTpaHUYEH B CBA3U C T€M, UTO II0TEPS MaccChl
Tes1a 0OyCJIOBJIeHA, IPEsK/ie BCero, moTepei sKus-
KocTH. Takue NpPU3HAKM KaK 3amaBIlluve I[asa,
U3MeHeHue Typropa Kosku (KosKa He pacipas-
JIsIeTcs MocJIe MUATKA) YKa3bIBaIoT Ha CYIlleCTBeH-
HYI0 OTepIo sKUAKOCTU. [Tpu HapyuieHuu rioTa-
HUsI HCHOJBb3yeTcs IONKOMKHOe BBeJeHue
SKUJIKOCTHU. YBJIQ’KHEHHYIO IIUITy B BHUJe IIOpe
addexkTuBHEE IMPENOCTABJATb SKUBOTHBIM B
KOHIIe CBeTOBOTO TH#, o0eclieunBas eCTeCTBEH-
HYIO MOJIeJIb TUTAHUsI TPHI3YHOB.

WHCcynbT BBI3bIBA€T H3MEHEHHE COCTaBa
MHUKPOOMOTHI ~ KHUIIEYHUKA, YTO YaCTHIHO
00yCJI0BJIEHO HW3MeHeHHeM IIPOHUI[AaeMOCTH U
MOTOPUKH KHUIIEYHUKA. VI3MeHeHne MUKPOOO-
TBI, B CBOIO OUepe/ib, BiusieT Ha (PYHKITMOHUPOBa-
uaue [THC. B aToi1 cBsI31 HEOGXOIMMO B ITPOIecce
JKCIlepuMeHTa wn3beraTb HEKOHTPOJIHUPYEMBIX
BO3JIeICTBUI Ha MUKPOOMOTY KUBOTHBIX [36-39].

IpenJiosKeHbI yaydIlleHHbIE CIOCOOBI MOjIe-
JUpoBaHuA MHCYJIbTA [40]. Bo3pacT sKUBOTHBIX,
COMyTCTBYIOIIYEe 3a001eBaHusA (THIEPTOHMS, Ha-
6eT, oskupeHne, NHQPEKIINY, OIyX0JIH U JIp.) oIpe-
JIeJISII0T 0COOEHHOCTH Pa3BUTHUA UHCYJIBTA [41, 42].
VY HOKUJIBIX SKUBOTHBIX OTMEYaIOTCs1 00Jiee BbICO-
KUe TI0Ka3aTe I JIETAJIbHOCTH, 00JIee TKeTbIe
HEBPOJIOTMYECKHE HapyIIeHHsI.

AHecTe3ud U aHaJIre3us

Iy1s1 BEIOOpa MeTo/a aHECTE3NH MMEIOT 3HAYe-
Hre (U3NOJIOTMTIECKHN CTATYC SKUBOTHOTO, XapaK-
TEp dKCIEePUMEHTA, VINTEJILHOCTD ollepanuu [43,
44]. Ecau y SKUBOTHBIX MMEKOTCS MPOOJIEMBI,
o00ycnoBeHHbIE 3a00/IEBaHUSMY IIEYEHU U TTOYEK,

eration are important for the choice of anesthesia
method [43, 44]. If animals have liver or kidney con-
ditions, the recovery process after the operation
may be longer and complications can develop. In
such cases the inhaled anesthetic isoflurane, 99%
of which is excreted by lungs with exhaled air,
should be used [45, 46].

The methods increasing the efficiency of anes-
thesia have been proposed [47], and the genotoxi-
city of the preparations used for anesthesia has
been studied [48]. Animals of the control group
should undergo exactly the same anesthesia as an-
imals of the experimental group. Besides general
anesthesia, local anesthesia is used in some cases
[49-52]. There is evidence of the immunomodula-
tory effect of local anesthetics, and stroke-induced
immunosuppression may cause infectious compli-
cations, which are among major adverse conse-
quences of stroke [53].

Analgesia prevents or significantly reduces pain,
which considerably distorts the results of the experi-
ment. Animals in pain do not eat, drink or sleep.

Pain assessment in stroke models is made on
the basis of non-specific signs that are important
for determining the general condition of animals.
Such signs include narrowing of eyes (orbital tight-
ening), changes in the shape and position of ears
and whiskers.

Aseptic Considerations

Infectious complications as a result of poor
asepsis are manifested as inflammation, pain, slow
recovery, which jeopardizes the results of the exper-
iment. Rodents in the stroke modeling often de-
velop spontaneous bacterial pneumonia. The
mechanisms of such pneumonia are unclear. They
may be related to immune suppression. In such
cases, pneumonia is caused not by external expo-
sure, but rather by increased intestinal permeability
and bacterial translocation. Aspiration is also a
plausible cause of pneumonia. In these situations,
prophylactic antibiotic administration is ineffec-
tive. On the contrary, the use of antibiotics, due to
changes in microbiotic composition, may affect the
results of the experiment. If antibiotics are used,
they should be administered in both experimental
and control groups of animals.

Control of Physiological Functions

General anesthesia leads to a lack of blink, so
the eyes must be protected with a gel or liquid, which
prevents the corneal drying during anesthesia.

Body temperature must be monitored as hypo-
or hyperthermia may develop. Brain cooling (thera-
peutic hypothermia) has effective neuroprotective
properties in modeling ischemic stroke [54]. When
anesthetics are used, hypothermia develops due to
their influence on thermoregulation mechanisms,
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IIpOLEeCC BOCCTAHOBJIEHUS ITOCJIE OIl€Pallid MOKET
OBITH OOJIee INTEJIbHBIM U ITPOTEKATh C pa3BUTH-
€M OCJIO’KHEHUH. B Moo0HbIX CITyJasx MperouTH-
TeJIbHO MCII0JIb30BaHMe UHTAJIAIMOHHOI'O aHeCTe-
TuKa wusoduypana, 99% KOTOPOro BBIBOIUTCS
JIETKUMU C BbIAbIXa€MbIM BO3AYXOM [45, 46].
IIpennoskeHbl  CIIOCOOBI, IIOBBIMIAIOIINE
addeKTuBHOCTL aHecTe3uu [47], u3ydarwTCA
BOIIPOCHI TEHOTOKCUYHOCTH IIPeIaparToB, UCIIOJIb-
3yeMbIX IJis1 aHecTe3umu [48]. JKuUBOTHBIE KOHT-
POJIbHOM TPYNIIIBI JOJKHBI IOIBEPTaThCSA TOUHO
TaKOM ’Ke aHEeCTe3WH, KaK U SKMBOTHbBIE OIBITHOMN
rpynusl. Kpome o0111eld, B psfie ciIydaes, UCIIO0JIb-
3yeTcs MecTHas aHecTe3ust [49-52]. FimeroTcs naH-
Hble 0 UMMYHOMOIYJIUPYIOIeM AeiCTBUU MECT-
HBIX AaHECTETUKOB, & MHCYJIBT-UHIYIIUPOBaHHAs
MMMYHOCYTIPDECCHSI MOSKeT OBITh NPUYNHOH
UHQPEKIIUOHHBIX OCJOKHEHUH, SBJSIONIUXCSA
OCHOBHBIM CpeAu OCJI0KHEHNEeM UHCYAbTa [53].
AHaJsresus IIpeloTBpaIiaeT UK CyllleCTBeH-
HO yMeHbIITaeT 60J1b, KOTOpast 3HAYUTETHHO HCKa-
JKaeT pes3ysabrarbl 9KcliepuMeHTa. KUBOTHBIE,
HCTIBITHIBAIOMINE O0JIb, HE eJISIT, He IIbIOT U HE CIIAT.
Ortienka 6011 B MOZIEJIAX MHCYJIBTA TTPOU3BO-
JIATCS 110 Hecneltn(pUYHbIM ITpU3HAKaM, UMEeOIINM
Ba)KHOE 3HAYEHWEe W [I/Is OIpejieJIeHUs 00IIero
COCTOSHUA KMBOTHBIX. K TakMM ITpU3HaKaM OTHO-
CATCSA Cy)KeHHe [71a3 (OpOUTa/IbHOE 3aTATUBaHME),
r3MeHeHue (POPMbI U ITOJIOYKEHUA YIIIel U YCOB.

AcenTuka

WHpexnuoHHble 0C/I0)KHEHNs], KaK pe3yJibTar
HEKa4yeCTBEHHOW aCENTHUKH, TPOSBJISIIOTCS Pa3BU-
THEeM BOCHaJIeHusd, 00J/H, 3aMe/lJIEHHBIM BBI3[IO-
pOBJIEHHEM, YTO CTAaBUT IIOZ YIPO3Y Pe3y/brarhl
9KCIepUMeEHTA. Y TPBI3YHOB MIPU MOJIETMPOBAHNU
WHCYJIBTa YaCTO Pa3BUBAETCS CIIOHTAHHAsA OaKTe-
puanbHas MTHEBMOHUsA. MeXaHM3Mbl Pa3BUTHUS
Tako¥ MTHEBMOHUH He SICHBbI. BO3MOKHO, OHU CBSI-
3aHbI C IIOAABJIEHUEM UMMYHUTETA. B HO,[[O6HBIX
CJTy4Yasix IPUYMHON Pa3BUTHUSI THEBMOHUU SIBJISIET-
Cs1 He 3arpsi3HeHue U3 BHEIIHUX UCTOYHUKOB, ,
BEPOSITHO, TOBBINIIEHHASI TPOHUIIAEMOCTH KUIIIEeY-
HUKa 1 OaKkTepmajbHasA TPaHCIOKanuA. Boamosk-
HOU TPUYUHON MHEBMOHUU MOSKET SIBUTHCS U
acrimpanusi. B atux ciy4asx npouaakTuiecKoe
BBeJIeHUE aHTUOMOTUKOB sIBJIsIETCS Heah(PeKTUB-
HbIM. HanpoTuB, mprMeHeHe aHTUOMOTHKOB, B
CBSI3M C W3MEHEHWeM COCTaBa MHKPOOHOTEHI,
MOSKET BJIUSITH HAa PE3Y/IbTaThl dKCIIEpUMeEHTa. B
cJIy4ae MCII0JIb30BaHM I aHTUOMOTUKOB OHH JTOJIK-
HBI IPIMEHATHCS KaK B OMTBITHOH, TAK ¥ KOHTPOJIb-
HOU TPYIITax ;KUBOTHBIX.

KoHTpoab (pr3H0I0rnIecKux
byHKRIMH

O61asi aHecTe3UsI MPUBOJUT K OTCYTCTBUIO
MOpTaHusl, T03TOMY [VIa3a JOJIKHBI ObIThH 3aIIH-

due to metabolism suppression and dilatation of pe-
ripheral vessels. After induction of general anesthe-
sia, body temperature decreases by 1-20°C. Main-
taining body temperature is an essential component
of the anesthesia management to avoid hypother-
mia. Special attention should be paid to obese ani-
mals, as excessive subcutaneous fat causes a de-
crease in perfusion and heat conductivity of tissues.

As all types of anesthesia have a negative effect
on the respiratory system, it is necessary to ensure
adequate oxygenation of organs. Endotracheal in-
tubation and mechanical ventilation help control
the effects of gas exchange, particularly through
oxygen enrichment of the inhaled gas mixture. The
use of tracheal intubation and artificial lung venti-
lation in stroke modeling reduces the mortality of
operated animals as compared to spontaneous res-
piration. Lung ventilation in stroke modeling asso-
ciates with a reduction in brain infarct size.

Blood oxygenation can be controlled inva-
sively by performing arterial blood gas analysis
(using PaO,, mmHg) or non-invasively by pulse
oximetry (SpO,, %). The impact of anesthetics on
respiratory and circulatory functions depends on
the dose, therefore the use of lower doses of anes-
thetics is important.

Monitoring of the basic physiological param-
eters during anesthesia is necessary to ensure its
stability, increase the study reproducibility, reduce
mortality and complications in the postoperative
period. Non-invasive monitoring methods should
also be used to assure physiological stability. In par-
ticular, pulse oximetry allows assessing cardiores-
piratory functions. Capnography is recommended
to standardize respiratory function assessment in
stroke modeling and in fMRI studies, where PaCO,
stability is crucial. To compensate for fluid loss, a
saline or Hartmann solution should be adminis-
tered. Solutions should be given every 1-2 hours
during anesthesia.

Postoperative Period

Modeling of brain ischemia in the postopera-
tive period leads to a number of changes accompa-
nied by clinical signs. The choice of a rational stroke
modeling protocol is a crucial condition for suc-
cessful outcome of the experiment [55, 56]. To pre-
vent hypothermia of animals it is necessary to con-
trol the temperature in the room where the animals
are kept after the operation. Local heat sources are
used for this purpose. Physiological parameters are
monitored at least four times a day at regular inter-
vals during the first 48 hours. Body weight, food and
fluid intake, animal interaction, cognitive func-
tions, post-stroke depression are assessed [57-60].
Breathing control is also mandatory. Weight loss
after stroke modeling is mainly explained by dehy-
dration, eating disorders, reduced motor activity.
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LIeHbl C MOMOIIBIO e WIN SKUAKOCTH, YTO
MIpefoTBpallaeT BhIChIXaHKe POTOBUIIBI BO BpeMs
AHEeCTe3uu.

Heo0xonmM KOHTPOJIb TeMIIEpaTyphl Tesa,
TaK KaKk BO3MOKHO Pa3BUTHE TUII0— UJIU TUIIEP-
Tepmuu. OxnaskIeHne Mo3ra (TepaneBTUYeCKast
runorepmus) odsanaer appeKTUBHBIMU HEHPO-
MIPOTEKTOPHBIMU CBOMCTBAMH TPU MOJIeTMPOBa-
HUU UIIIEMUYECKOT0 UHCYJBTA [54]. [Ipu ncnoJib-
30BaHUU AHECTETUKOB PA3BUBAETCSI TUIIOTEPMUST
13-3a UX BO3/IeHCTBYSA Ha MEXaHN3MbI TEPMOpery-
JIAIIUY, B CBSA3U C yrHeTeHHMeM MeTaboJsm3Ma U
aunatanued nepudgepuyeckux cocymos. [Tocre
WHIYKIIUYU 0011ell aHecTe3nn TeMIieparypa Tesia
cHuyKkaercda Ha 1-2°C. [lonnepsxkaHnue temiepary-
pBI Tejla — YacTh YIIPaBJIEHUs aHecTe3uel s
MpeoTBpalieHuss mnepeoxaakaeHns. Ocoboe
BHUMaHNe HeOOXOIUMO YIEISATh TYYHBIM SKUBOT-
HBIM, TaK Kak U30BITOK IIOJKO’KHOTO >KHpa
00yCcaBIVBaeT CHUKEHUE TTepy3un U Temso-
MIPOBOIMMOCTH TKAHEM.

ITocko/IBKY /MI00OBIE BUABI aHECTE3NN OKa-
3BIBAIOT OTpPHUIlATEJIbHOE BJUSHUE Ha JbIXa-
TEeJILHYIO CHCTEMY, HEOOXO0QMMO obecrieyeHne
aleKBAaTHOI OKCUTeHalluu OpraHoB. JHIOTpA-
XeaJbHas MHTYOAIMs M MeXaHu4decKas BEeHTH-
JIANUA TOMOTA0T KOHTPOJNPOBATh 3P eKThI
razoobMeHa, B TOM YHCJIE 32 CUET 00OrameHust
KHMCJIOPOJIOM BIIbIXaeMOW ra3oBolt cmecu. [1pu-
MeHeHHe WHTYOAIuH TPaxen U NCKYCCTBEHHOM
BEHTUJ/IAIIUU JIETKUX OpHU MOAE/JIHUPOBAHUU
WHCYJbTa BEAyT K CHUKEHUIO CMEPTHOCTH OIle-
PUPYEMBIX YKMBOTHBIX II0 CPAaBHEHUIO C UCIIOJIb-
30BaHMEM CIIOHTAHHOI'O JAbIXaHus. Nckyc-
CTBE€HHAasd BEHTUJIAOUA JEeTKUX opu
MOJleJITMPOBAaHUM HMHCYJIbTAa CONPOBOSKIAETCSA
yMeHbIIIeHUEeM Pa3MePOB HH(papPKTa MO3Ta.

OxkcUreHaIuio KpoBU MOKHO KOHTPOJINPO-
BaTh NUHBA3WBHO, IIPOBOJIsI aHAJINU3 ['a30B apTepU-
aJTbHOU KPOBU (HATIpsIPKeHUE Kucaopoaa — Pa0,
B MM PT. CT.) WJINM HEMHBA3UBHO — METOIOM
nysnscoxkcumerpuu (SpO, B %). CTenieHb BJIUSAHUA
aHECTEeTUKOB Ha (PYHKIIUU JBIXaHUS ¥ KPOBOOO-
pareHus 3aBHUCHT OT JI03bI, TOITOMY HCIIOJIB30-
BaHUe MEHBIINX J03 aHECTETUKOB UMeeT BajK-
HOE 3HAUYEeHIe.

MOHUTOPUHT OCHOBHBIX (DH3MOJOTUYECKUX
ITapamMeTpoB BO BpeMs aHeCTe3UH HEOOXOUM JIJIs
obecrieueHus1 ee CTAOUIBHOCTH, YIYYIIEHAS BOC-
MPOU3BOIUMOCTH UCCJENOBAHMS, CHUKEHUs
JIETAJIHOCTH, OCJIOSKHEHUH B ITOCJIe0nepaioH-
HOM niepuoje. /lyis o6ecriedennss puanogorude-
CKOM CTAaOMJIBHOCTH HEOOXOAUMO HCIIOJIb30BaTh
TaKk’ke HEMHBA3WUBHbIE METOIbI MOHUTOPUHTA. B
YaCTHOCTH, IY/IbCOKCUMETPUs I03BOJIAET OLleHH-
BaTh KapjauopecunuparopHble (yHkuuu. as
CTaHJAPTU3AIUH JbIXaTeJbHON (QYHKIUU TIPHU
BOCIIPOU3BENEHUN WHCYJIbTA U IPU MCCIE0BA-
Hun GMPT, roe odyeHb BaskHa CTAaOUJIBHOCTh

Neuroprotectors

In recent years, emphasis has been placed on
the study of drugs and methods that possess neu-
roprotective properties in the experiment in ani-
mals and in patients with ischemic stroke [61, 62].
In particular, these properties exist in the vascular
endothelial growth factor [63], cerebral miRNA [64],
electroacupuncture [65], adropin [66], glia [67],
nicotinamidadeninucleotide phosphate [68], di-
methylfumarate [69], hypothermia [70], and steroid
hormones [71].

Neuroprotectors enhance resistance of central
nervous system structures to oxygen starvation
[72—74]. Anesthetics also have these properties, and
their use has led to significant success in develop-
ing experimental models of human stroke.

Medical gas xenon has a neuroprotective ef-
fect [75]. Exceptional properties of xenon make it
different from other neuroprotective agents, so it
plays a special therapeutic role in stroke, both in-
dependently and in combination with other treat-
ments. The neuroprotective effect of xenon can be
mediated by N-methyl-d-aspartate receptor inhi-
bition [76].

Neuroprotective effects of xenon delivered by
xenon-containing echogenic liposomes through
controlled ultrasound release in early brain damage
after subarachnoid hemorrhage have been evalu-
ated. Ultrasound imaging and electron microscopy
have shown that liposomes containing xenon have
a unique structure that allows its two-stage release.
The use of xenon effectively inhibited bleeding, im-
proved overall neurological function and reduced
damage to motor function along with apoptotic
neuronal death, as well as decreased mortality [77].
Neuroprotective effects were already shown in the
blood xenon level of less than 20% of the estimated
neuroprotective concentration [78].

Binding to the active center of several serine
proteases is one of the unique properties of xenon.
Since the active site of serine proteases is struc-
turally conservative, xenon’s ability to alter the cat-
alytic activity of a serine protease plasminogen tis-
sue activator (tPA) has been investigated. Molecular
modelling and in vitro and in vivo studies have
shown that: 1) xenon is a tPA inhibitor; 2) xenon in-
hibits tPA-induced thrombolysis; 3) in the post is-
chemic period, xenon inhibits ischemic brain dam-
age, tPA-induced brain haemorrhage, and
blood-brain barrier damage [79].

At the same time, stroke outcomes may be af-
fected by the pharmacological effects of anesthetics
on nervous function, their species-specific, medical
and dose-specific effects on cerebral blood flow
and metabolism, autoregulation, ischemic depolar-
ization, excitotoxicity.

Anesthetics also modulate systemic blood

pressure, respiratory function and thermoregula-
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PaCO,, pekoMeHyeTcs UCII0JIb30BATh KallHOIpa-
¢uro. JI71s1 KOMIIEHCAIINHY MTOTEPD SKUIAKOCTH CJIe-
IlyeT BBOJUTH (PU3MOJIOTHYECKUHN PACTBOP WU
pactBop XaprTMmaHa. BBejeHue pacTBOPOB IpuU
[IPOBEJEHUY aHECTE3UU TO/IPKHO OCYIIECTBIISATh-
cs1 Kaskple 1-2 vaca.

ITocsieonepaniuOHHBII IEpHOT,

BocnipousBenenue uiieMnuy Mo3ra B I1ocJie-
olepanoHHOM IIeproje NIPUBOIUT K Pa3BUTUIO
psna u3MeHeHUH, COTPOBOKAAIOIIUXCS ITOsIBJIE-
HHUEeM KJIMHUYECKUX IPU3HAKoB. Beribop panmo-
HaJIbHOT'O IIPOTOKOJIA MO/IeJIMPOBAHU UHCYJIbTA
ABJIAETCA pellalolUM YCJIOBHEM YCIEUIHOTO
HUCXoa aKcrepuMeHTa [55, 56]. [lyig npegorspa-
IIeHUsI IIepeoxJIaskaeHusl SKUBOTHBIX He00X0u-
MO KOHTPOJIMPOBATh TeMIIeparypy B IIOMelle-
HUM, TIJe ColIepsKabCsd SKMUBOTHBIE II0CJe€
onepanuu. J{yas aTuX 1Heaeil UCrnoab3yoT MeCT-
Hble UCTOYHUKU Tersia. KoHTpoJib (hU3u0I0ru-
YEeCKHUX IIapaMeTpPOB OCyLIEeCTBJSICTCA He MeHee
4YeThbIPEX Pas B IeHb C PEry/IAPHbIMU MHTEpBaJIa-
MU B TedeHUe NepBbIX 48 yacoB. KoHTposupy-
eTcsI Macca TeJia, OlleHUBaeTCs IUIIeBOU peskuM
U ToTpebJieHUEe SKUIKOCTU, B3aUMOJEUCTBUE
JKUBOTHBIX, KOTHUTHUBHbBIE q)YHKIJ;I/II/I, IIOCTHUH-
cyabTHas qenpeccus [57-60]. O0s13aTesieH TakKe
KOHTpOJb nbixaHusdA. [loTepsa Beca mocje Mozje-
JIUPOBAHUS WHCYJIbTA O0BACHsIETCS, [VIAaBHBIM
oOpasom, 00e3BOKMBAHNEM, HAPYIIIEHUEM ITUTA-
HUA, CHUYKEHUEM ,I[BI/II‘aTeJII:HOIjI AKTUBHOCTH.

HeliponmpoTeKTOPbI

B mocnemnue ronbl yhesisieTcsi BHHUMaHUe
W3YYEeHUI0 TTPEapaToB M METOIOB BO3AENCTBUS,
06/1a1AI0ITHUX HEHPOIIPOTEKTOPHBIMU CBOMCTBAMU
B 9KCIIEPUMEHTE Ha SKUBOTHBIX U Y MAIIMEHTOB IIPU
HUIIEeMUYEeCKOM HHCyJAbsTe [61, 62]. B wacTHOCTH,
TaKUMU CBOUCTBAMH 00J1aafoT (pakTopa pocTa
9HOTeJNNsI CoCynoB [63], mepebpambHass miRNA [64],
3JIEKTPOAKYIIyHKTYypa [65], TpomnuH [66], rusa [67],
HUKOTMHaMUIaIeHUHAMHYKIeoTuadocdar  [68],
nrMerusipymapar [69], runnorepmus [70], crepouns-
Hble TOPMOHBI [71].

HetiponporekTophl 06€CeuynBaioT MOBBIIIIE-
HHe YCTOUYUBOCTH CTPYKTYD LIEHTPATbHOU HEPB-
HOM cucTeMbl K KHUCJIOPONHOMY T'OJIOAAHUIO
[72-74]. TakMu CBOIICTBAMH 00J/1a4ai0T AHECTETH -
KH. X MCHOJIb30OBaHUE IMO3BOJIMJIO JOOUTHCS
3HAYUTEJIHbHBIX YCIIEXOB B pa3pabOTKe dKCIEepH-
MEeHTAJIbHBIX MOjIeJIell MHCYJIBTa YeJI0BEKa.

K nogobubIM mpernaparamMm OTHOCUTCS MeIU-
OMHCKUH ra3 KCEHOH, 00J1aTafoIIIi HEUPOIIPOTEK-
TOPHBIM 3 derToM [75]. YHUKaIbLHbIE CBOMCTBA
KCEHOHA OTJINYAIOT ero OT IPYTUX HelpompoTeK-
TOPHBIX aT€HTOB, [T03TOMY OH UTPAeT 0COOYI0 Tepa-
[IeBTUYECKYIO POJIb [IPU UHCYJIBTE, KaK CaMOCTOsI-
TeJIbHO, TaK U B COYETAaHUU C IPYTUMHU METOJaMu

tion, which may affect both the development of is-
chemic stroke and the effectiveness of therapeutic
interventions [80].

Sevoflurane is another anesthetic with neuro-
protective properties [81]. The influence of sevoflu-
rane on the ATPase activity of hippocampus neu-
rons in rats with cerebral ischemia-reperfusion
injury (IRI) through the signaling pathway of cyclic
adenosine phosphate (cCAMP) and proteinkinase A
(PCA) has been studied. Sevoflurane was found to
enhance ATPase activity in rat hippocampus neu-
rons with IRI in the brain by activating the signaling
pathway cAMP-PCA [82].

Neuroprotective effects of pre-conditioning
with estrogen and post-conditioning with sevoflu-
rane have been identified in experimental animals
on the stroke model in middle cerebral artery oc-
clusion [83]. Sevoflurane pre-conditioning pro-
tected the brain from damage induced by is-
chemia-reperfusion by inhibiting miR-181a [84].

Conclusion

Thus, there are several experimental ischemic
stroke models. The most adequate stroke model is
the one using the blood flow occlusion in the mid-
dle cerebral artery territory. Two variants of this
method allow obtaining massive brain infarcts
(blood flow occlusion with subsequent reperfu-
sion) and small infarcts (without blood flow
restoration). This corresponds to different variants
of ischemic stroke in humans.

When conducting experiments to model is-
chemic stroke at all stages of the experiment (in the
pre-, peri-, and postoperative periods), it is neces-
sary to observe the requirements for the accom-
modation and acclimatization of animals, the or-
ganization of nutrition and care, the choice of
anesthesia and pain relief, the compliance with
asepsis, monitoring of basic physiological param-
eters, humane withdrawal of animals from the ex-
periment. It is important to train researchers, tech-
nicians, specialists in animal handling, who
provide a high-quality performance of experi-
ments, which is the main condition for obtaining
reliable scientific data.

nedenusi. HeliponpoTeKTUBHBIN 3 HeEKT KCEHOHA
MOKeT OBITb OIIOCPEIOBaH WHIHOMPOBAHUEM
peuientopa N-metusi-d-acmaprara [76].
IIpousBesneHa orjeHKa HEHPOIPOTEKTOPHBIX
3 (eKTOB KCEHOHA, [OCTaBJIIEMOTO KCEHOH-
coJiepralliuMu 3XOr€HHBIMUY JIMIIOCOMaMU TOCpea-
CTBOM KOHTPOJIUPYEMOIO VJIBTPa3BYKOM BBICBO-
OOYKIEeHMS IPU PAaHHEM IOBPESKIEHNHU FOJIOBHOTO
MO3ra NocJje cydapaxHouAaaIbHOTO KPOBOUBJIHSA-
HUA. YIBTPa3BYKOBAs BU3yaInu3aliysi U 3JIEKTPOH-
Hasg MHUKPOCKONHA IOKa3aJH, YTO JIUIIOCOMEL,
cofiepsKallirie KCeHOH, UMEIOT YHUKAJIbHYIO CTPYK-
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TypY, KOTOpasi I03BOJISIET OCYIIIECTBJATh €ro JBYX-
aTarHoe BbICBOOOKAeHNMe. [IpuMeHeHre KCeHOHa
a(ppexTBHO OIOKMPOBATIO KPOBOTEUEHHE, YITyU-
10 OOIIyI0 HEBPOJIOTUYECKYI0 (PYHKIWIO H
yYMEeHBIIIAJI0 IOBpesKieHre MOTOPHOH (pyHKIUY B
COYeTaHUM CO CHUYKeHHEM BBIPIIPKEHHOCTH arloll-
TOTUYECKOU THOeJI HEHPOHOB, a TAK)Ke CHUKAIIO
JIETATBHOCTH [77]. [TokaszaHo, YTO HEUPOIPOTEK-
TopHBIe 3((EKThI MOTYT OBITH IMOJIyYeHbl IIPU
HCII0JIb30BAHUH KOHIIEHTPALlUY KCEHOHA B KPOBH,
cocraBJsioleil meHee 20% OT pacyeTHOU Helpo-
MMPOTEKTOPHOI [78].

HeoneHUMBIM (pUB3UKO-XUMUYECKAM CBOM-
CTBOM KCEHOHa fIBJISIETCA TO, YTO 3TOT I'a3 CBA3BI-
BaeTCs C aKTUBHBIM LIEHTPOM Psifia CEPUHOBBIX
rpoteas. [IoCKOTbKY aKTUBHBINM CAaUT CEPUHOBBIX
MpOTeas sIBJIAETCS CTPYKTYPHO KOHCEPBATUBHEIM,
IIpOBeJIN UCCJleloBaHre, MOSKET JIM KCeHOH hU3Me-
HATH KaTaJIUTUYECKYI0 aKTHBHOCTh TKaHEBOTO
aKTMBaTOpa Iy1a3MuHoreHa (tPA), cepHOBO¥ Ipo-
Tea3bl. MeTOIOM MOJIEKY/ISPHOIO MOJeInpoBa-
HUS U UCCJIENOBAHUSMHU in Vitro u in vivo ObLIO
II0Ka3aHo, YTO: 1) KCEHOH ABJISeTCA UHTUOUTOPOM
tPA; 2) kceHOH HHTHOUpPYeT tPA-MHAYIIMPOBAHHBII
TPOoMOO0JIN3UC; 3) B MOCTUIIIEMUYECKOM TIEPHUO]IE
KCEHOH I0/IaBJIsIeT UIIIEMUYECKOe TTOBPEKeHIe
TOJIOBHOTO M03ra U tPA-MHOyIIMpPOBaHHbBIE KPO-
BOM3JIMAAHUA B MO3T, IOBPesKIeHUe reMaTo3HIle-
dasmmueckoro 6apbepa [79].

B TO ke BpeMs1, Ha UCXOJbl UHCYJIbTa MOYKET
BJIVATH (papMaKoJOTHYECKOE BO3/[eHCTBUE aHe-
CTETUKOB Ha HEPBHYIO (DYHKIIUIO, UX BUIOCIIEIH-
duyeckoe, JiekapCTBEHHOE U Jo30cHenuduye-
CKOe BO3JEWCTBHE HAa MO3TOBOM KpPOBOTOK M
00MEH BeIIeCTB, ayTOPETYIIAIMIO, UIIIeMIYECKYIO
JIeTI0JIIpU3aInio, 9KCUTOTOKCUYHOCTD.

AHeCTeTHUKHU TaKsKe MOJYJHUPYIOT CUCTEM-
HOe apTepuaibHOe JaBjeHue, PyHKIINIO BHEII-
Hero AbIXaHUs U TEPMOPEryYJIAILNI0, U3MEHEHHUE
KOTOPBIX MOSKET OKa3bIBaTh BO3JAEHCTBUE KaK
Ha TIIpoIlecChl pPAa3BUTUA HIIEMHYECKOI0
WHCYJIBTA, TaK 1 9(pHpeKTUBHOCTH TepaneBTHYe-
CKRUX BMelIareasCcTs [80].

JpyruM aHecTeTUKOM, 00JIaHaoIINM HeH-
pPONPOTEKTOPHBIMU  CBOMCTBaMH, ABJSAETCA
ceBodurypad [81]. MccaenoBaHo BiHsiHEE CEBOd-
JiopaHa Ha ATdPas3Hyl0 aKTUBHOCTh HEUPOHOB
TUIIIIOKAaMIIA Y KPBIC C iepedpaabHON UIlleMu e -
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penepdy3suOHHBIM MOBpPEsKAEHNEM 4Yepe3 CUr-
HaJIbHBIN IyTh [IUKJANYECKOTO aJeHO3UHMOHO-
dochara (IAMP) u nporennkuHadbl A (ITKA).
YcTaHOBJIEHO, 4YTO ceBOQJIypaH yCUIUBAET
AT®dazHyio akTUBHOCTb B HeHpOHax runiokamIa
KpbIic ¢ NP1 B roJIOBHOM MO3re IIOCPeLCTBOM
aKTHBANUM CUrHanbHoro nyrtu tAM®-TTKA [82].

Ha mMojenu uHCysIbTra Npu OKKJ/IO3UU CPeJl-
Hell MO3roBOi apTepuM y dKCIepUMeHTaTbHBIX
SKUBOTHBIX BBIABJIEHBI HEWPONPOTEKTOpPHBIE
3 eKThI MpeBapuTeTbHOT0 KOHIUITMOHUPOBA-
HUA C IOMOIIBIO 3CTPOreHa U NOCTKOHIUIOHN-
pOBaHUA IIPU UCIIOJIb30BAHNHU ceBo(IypaHa [83].
IIpenBapuTesbHOE KOHIUIIMOHUPOBaHUE CeBO(-
JypaHOM 3alll¥Iaj0 MO3I OT NOBpEeKIeHUs,
WHAYIIIPYEMOTO uiieMuei-penepdysneii myTeMm
nHrrOUpoBanust miR-181a [84].

3akJaouyeHue

TakuM 06pasoMm, CyIIECTBYET Psif] 9KCIIEPHU-
MEHTaJIbHbIX MOJIeJIE BOCIIPOU3BENEHUS UITIEMU-
YecKOTo MHCYIbTa. Hambosee agekBaTHON Mojie-
JIBIO UHCYJIBTA SIBJISIETCSI METOJI, OCHOBAHHBIN Ha
OJIOKMPOBAHUY KPOBOTOKA B OacceiiHe cpemHen
MOS3TOBOI apTepud. /[Ba BapruaHTa JaHHOTO CIIO-
co6a IT03BOJISIOT MTOJYYUTh MAaCCUBHbBIE HH(PaPK-
THI MO3Ta (6/10Ka/ja KPOBOTOKA C MOCTEAYIONIeH
penepdysueii) u nHGAPKTHI HeOOJIBIINX pa3Me-
poB (6e3 BOCCTaHOBJIEHUST KPOBOTOKA). ITO COOT-
BETCTBYET pa3/ITYHBIM BapUaHTAM UIIIEMUYECKO-
T'O MHCYJIBTA Y YeJI0BEeKa.

[Tpu poBeIeHNH IKCIIEPUMEHTOB 110 MOJIe-
JIMPOBAHUIO MINIEMUYECKOTO MHCYJIbTa Ha BCEX
aramax O9KCIIepuMeHTa (B ITOOIeparroHHOM
Iepuofie, BO BpeMs Olepaliii U B IIOCTOIepa-
IIMOHHOM Ieprojie) HeoOX0IUMO COOJTI0IATh Tpe-
OoBaHUs, MPEIbABJISIEMbIE K pPasMeIIeHUI0 U
AKKJIUMATHU3AIUA  SKUBOTHBIX, OpraHU3aluu
MUTAaHUs U yX0Ja, BIOOPY MeToIa aHEeCTe3nu U
00e300/IMBaHUsA, K COOJIIONEHUIO AaCEITHUKH,
MOHUTOPUPOBAHUIO OCHOBHBIX q)I/ISI/IO.JIOFI/I"Ie-
CKUX IIapaMeETpoOB, T'yMaHHOMY BBIBEOCHUIO
SKUBOTHBIX U3 9KCIIEpUMeEHTa. BajkHa TOTOTOBKA
HncciegoBaresieil, TEXHUKOB, CIIEIIUAJIMCTOB II0
paboTe C JKUBOTHBIMU, 00ECTIEYNBAIOIIMHU Kave-
CTBEHHOE BBINIOJIHEHUE JSKCIEPUMEHTOB, YTO
SIBJISIETCSI OCHOBHBIM YCJIOBUEM TIOJy4YEHUs
JIOCTOBEPHBIX HAYYHBIX JAHHBIX.
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