https://doi.org/10.15360/1813-9779-2021-5-111-128

SKCHepI/IMeHTaﬂbeIe HCCJJaeqoBaHUuA

IIposiBjIeHHE OTEeKa-HA0OyXaHUA CEHCOMOTOPHOM KOPbI
0O0JIBIIIOT0 MO3r'a KPHIC B 3aBUCUMOCTH OT IJINTEJTbHOCTH OKKJIIO3UHU
OOIIIMX COHHBIX apTepHii (MophoMeTpHUUECKOe HCCael0BaHHe)

C. C. Crenanos, /I. b. ABgees, B. A. AKy1nuHuH",
A. 10O. [lloponoBa, JI. M. MakapseBa, M. C. Kopskyk

OMCKUY TOCygapCTBEHHBIN MeJUIIMHCKNY YHUBepcuTeT MuH3apasa Poccuy,
Poccus, 644099, . OMCK, yiu. JlennHa, 1.12

Relation between the Severity of the Sensorimotor Cortical Edema
with Cell Swelling and the Duration
of Common Carotid Artery Occlusion in Rats (Morphometric Study)

Sergey S. Stepanov, Dmitry B. Avdeev, Victor A. Akulinin*,
Anastasia Yu. Shoronova, Lyubov M. Makarieva, Mikhail S. Korzhuk

Omsk State Medical University, Ministry of Health of Russia,
12 Lenin Str., 644099 Omsk, Russia

Just muruposanust: C. C. Cmenanos, /. B. Agdees, B. A. Akyaunun, A. IO. Illoponosa, JI. M. Makapuvesa, M. C. Koporcyk.
ITposABeHNe OTeKa-HAOYXaHUs CEHCOMOTOPHON KOPBI 60JIBIIIOT0 MO3Ta KPBIC B 3aBUCUMOCTH OT AJIATETbHOCTH OKKJIIO-
3uUM OOIIUX COHHBIX apTepuil (MopdomeTpuueckoe ucciaenoBanme). Obujas peanumamonozus. 2021; 17 (5): 111-128.
https://doi.org/10.15360/1813-9779-2021-5-111-128 [Ha pycck. u aHI1.]

For citation: Sergey S. Stepanov, Dmitry B. Avdeev, Victor A. Akulinin, Anastasia Yu. Shoronova, Lyubov M. Makarieva,
Mikhail S. Korzhuk. Relation between the severity of the sensorimotor cortical edema with cell swelling and the duration of
common carotid artery occlusion in rats (morphometric study). Obshchaya Reanimatologiya = General Reanimatology.2021;
17 (5): 111-128. https://doi.org/10.15360/1813-9779-2021-5-111-128 [In Russ. and Engl.]

Pe3rome

Ileas uccaegoBanus. VI3yudnThb CTPYKTYpPHble U3MEHEHUs U AaTb MOP(OMeTpUUeCKyIO XapaKTePUCTUKY
MPOSIBJIEHUSIM OTeKa-HabyXaHUsI CEHCOMOTOPHOH KOpbI (CMK) 60JIBIITOr0 MO3Ta MOJIOBO3PETbIX OeJIbIX
KPBIC ITOCJIe OKKJIIO3UH OOIIHX COHHBIX apTePHUH PasInyHOH IPOJO/LKUTETEHOCTH.

Mertoas! ucciegoBanuA. OCTPyIo UIIEMHIO MOJIEIMPOBAIN Ha OeJIbIX B3POC/BIX KpbIcax Wistar myTem
20, 30 1 40-MUH OKKJIIO3WH 001X COHHBIX apTepuit (OOCA). VcImosb30BaIM TUCTOJIOTHYECKHE (OKpacKa
reMaTOKCUJINH-203UHOM U 110 Huccimo), ummyHorucroxumudeckue (NSE, MAP-2, GFAP) u Mopdomerpuye-
CKUe MeTofbl uccaenoBanus. MopdoMeTpudecKuil aHa/Iu3 OCYyIeCTBIIS/IM Ha Iiperaparax, OKpalleHHbIX
reMaTOKCUJIMH-903MHOM, C TIOMOIIIBIO MJIarnHoB nporpammel Image] 1.53 (Find Maxima, Find Foci). I1po-
BepKY CTaTUCTUYECKUX TMIIOTe3 (HellapaMeTpuyeCKre KpUTepru) IpOBOAWIIN B IIporpamMe Statistica 8.0.

Peaynbsrarsl. BCMK ronosHoro Mo3ara 6essix Kpeic mocse 20, 30 u 40-Mmua OOCA oSIB/IA/IACH IPU3HAKA
IIUTOTOKCHYECKOT0 OTeKa-HaOyXaHs, pa3BUBAJINICh 0YaroBhIe IeCTPYKTUBHBIE U aJalITUBHBIE N3MEHEHHN s
HeHpOHOB U acTporuu. [IposiBeHNs oTeKa-HaOyXaH!s COXPAHAINCH Ha IPOTSPKeHNH BCETo ITeproyia Ha-
6monenus (7 cyT). CTaTHCTUYECKN 3HAYMMO YBE/IMYNBAIACH OTHOCUTEIbHAS IJION[Adh, KOJTUYECTBO 30H
OoTeKka-HabyXaHUs U CTENIeHb WX THAPATAIliN (ApKOCTh nukceseit). Yepes 1 u 3 cyt mocae OOCA 4acTb OTpo-
ctkoB actporuroB CMK paspymasnace. B 6osb1Ieli cTenieHn cTpagaay cydonnanbHast U IepUBacKy/IApHbIE
3oubl. [Tocste omHocToponrHe 30 MuH OOCA pa3BUBaINCh C1abble U yMepeHHBIE, a II0CJIe TBYCTOPOHHEH 40
MuH OOCA — yMepeHHbIE U BbIpa)KeHHbIE MEJIKOOYATOBbIE CTPYKTYPHO-(QYHKIIMOHAIbHbIE NU3MEHEHUST
CMK c nosiBsieHreM OOJTBINNAX 30H IMPOCBETIEHUST «IIOPUCTOT0» HEUPOIIHJIS, BEIPASKEHHOTO IIEPUBACKYJISIP-
HOT'0 ¥ IIepUHEeHPOHAIbHOI0 OTeKa OTPOCTKOB acTpOLUTOB. [locejHee coueTasoch C yMepeHHOU pelyK-
yeit o0Iel YMCIeHHON IIOTHOCTHA HEHPOHOB.

3axkrouenue. [Tociie OOCA B CMK Ha hoHe TUCTpO(PHUIECKUX K HEKPOOMOTHYECKUX M3MEHEHWH TUpa-
MUHBIX HEHPOHOB U aKTHBAINY HEUPOIINATbHBIX KJIETOK ITOSBJISAINCEH IPU3HAKN OTeKa-HabyxaHusd. B
OOJIBIIIEH CTETIEHN 3TO MPOSIBJIAJIOCH Yepe3 3 CyT Ioc/Ie BYCTOPOHHEeN 40 MUH OKKJIIO3UH.

Kntouesnle croea: omek-Habyxanue; 0ocmpasi uuiemusy; HeOKOpmekc; HelipoHbl; acmpo2iust; UMMYHO-
2ucmoxumusy; mopgomempusi; kpuicor Wistar
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Experimental Studies

KoH(INKT HHTEPEeCOB. ABTOPHI 3asIBJISIIOT 00 OTCYTCTBUYM KOH(MJIMKTA NHTEPECOB.
BuaromapHocTs. [laHHast paboTa BeIo/THeHa mpu mopeps;kke @PI'BOY BO OMCKOTo rocyjapcTBEHHOTO Me-
OUIMHCKOT'O YHUBEPCUTETA B paAMKaX IIOATOTOBKHY X aTTECTAIUN HAYIHO-TIEeJarornieCKNX U HayYHbIX KaIPOB.

Summary

The aim of the study. To examine the changes in structure and morphometry in sensorimotor cortical
edema with cell swelling in mature white rats after common carotid artery occlusion of various durations.

Material and methods. Acute ischemia was modeled on white adult Wistar rats by 20-, 30- and 40-min oc-
clusion of the common carotid arteries (CCA). Histological (hematoxylin-eosin and Nissl staining), immuno-
histochemical (NSE, MAP-2, GFAP) and morphometric methods were used. Morphometry was assessed on
hematoxylin and eosin-stained specimens using Image]J 1.53 plug-ins (Find Maxima, Find Foci). Statistical hy-
pothesis testing (nonparametric criteria) was performed using Statistica 8.0 software.

Results. In the sensorimotor cortex (SMC) of white rats after 20, 30 and 40 minutes of CCA occlusion the
signs of cytotoxic brain edema appeared, focal destructive and adaptive changes of neurons and astroglia
evolved. The edema persisted throughout the observation period (7 days). The increase in the relative area,
the number of cell swelling zones and their hydration (pixel brightness) was significant. On days 1 and 3 after
CCA occlusion, some of the SMC astrocyte processes underwent destruction. Subpial and perivascular zones
suffered to a greater extent. Mild and moderate (after unilateral 30-min CCA occlusion) to moderate and severe
(after bilateral 40-min CCA occlusion) scattered structural and functional changes of the SMC with large areas
of clearing in the «porous» neuropil, severe perivascular and perineuronal edema of the astrocyte processes

112

developed. The latter was associated with a moderate reduction of the total neuronal density.

Conclusion. After occlusion of CCA, signs of edema with cellular swelling appeared in the SMC amid dys-
trophic and necrotic pyramidal neurons and activated neuroglial cells. To a greater extent, the signs of brain
swelling were evident three days after bilateral 40-min occlusion of CCA.

Keywords: brain edema; acute ischemia; neocortex; neurons; astroglia; immunohistochemistry; mor-

phometry, Wistar rats
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BBenenue

[TuTOoTOKCUYECKHUH OTEeK-HAaOyXaHUEe TOJI0B-
HOTO MO3Ta BO3HUKAET MPU OTPABJIEHUU WU
TUMOKCUU B pe3y/ibraTe HapylIeHUsl KIETOYHOTO
MeTabo0/IM3Ma, yIepsKaHUsl B KJIETKAaX HAaTPUs U
BOABI [1-4]. B 60JIBIITUHCTBE CJIy4aeB 3T IPOIIEC-
cbl oOpaTuMbl. CBSI3aHHBIU C TUTIOKCUEH IIUTOTOK-
CUYeCKUH OTEK MO3ra HalJIIoJaeTcs], Halpumep,
MPU JOKAJIHHOU M TOTAJbHON OCTPOU UIIEMUH,
4epernHo-M03roBoil TpaBMe [4]. [larorenerunye-
CKHe MeXaHU3Mbl U CTPYKTYpPHBIE IPOSIBJIEHUS
oTeKa-Ha0yXaHUsI IPU UIIIEMUU XOPOIIIO U3y4Y€eHBbI.
CyliecTByeT TeHIEHIIMsI pacCMaTPpUBaTh OTEK U
HaOyxaHUe KaK B3aUMOCBsI3aHHbIE IIPOSIBJIEHUS
IUC(PYHKINN BOTHO-3JIEKTPOJIUTHOIO OOMEHa,
3aKaHYMBAIOIIHECS JIMOO HeOOpaTUMOU I'UIPOITH-
Jyeckou auctpoduei, Jub60 BOCCTAaHOBJIEHUEM
BOJIHO-MOHHOTO OaJlaHCa M TUApaTaliy KJIeTo4-
HBIX O0eJIKOB. TeM He MeHee, OTeEK — 3TO, TIPEKIe
BCEro, CKOIJIEHHE SKUIKOCTU B MEXKKJIETOUHBIX
MPOCTPAHCTBax Mo3ra (CBOOOMHAS KUIKOCTD).
HaOyxaHue cuMTaeTcsi caMOCTOSITEJIbHBIM IIPO-
1IECCOM, UMEIIIIMM B OCHOBE IIPOYHOE CBSI3bIBa-
HHe UHTPACTPYKTYpPaJbHOU BOABI C BHYTPUKJIE-
TOYHBIMU OMOKOJIIONgaMu [4-8].

[puHIMOUAJTLHBIM MEXaHU3MOM ITUTOTOK-
CUYEeCKOTro OTeKa-HabyxaHUs sIBJISIETCSI PacIpo-

Introduction

Cytotoxic cerebral edema occurs in poisoning
or hypoxia as a result of cellular metabolic disorders
and sodium and water retention in cells [1-4]. In
most cases these processes are reversible. Cytotoxic
brain edema associated with hypoxia occurs, for ex-
ample, in local and total acute ischemia, traumatic
brain injury [4]. The pathogenetic mechanisms and
structural manifestations of cerebral edema with
swelling in ischemia are well studied. There is a ten-
dency to consider edema and swelling as interre-
lated manifestations of water-electrolyte imbal-
ance, ending either in irreversible hydropic
dystrophy or in restored water-ion balance and hy-
dration of cellular proteins. However, edema is pri-
marily an accumulation of fluid in the intercellular
spaces of the brain (free fluid). Swelling is consid-
ered to be an independent process with underlying
strong binding of the fluid contained in the cellular
structures to intracellular biocolloids [4-8].

The main mechanism of cytotoxic edema is
spreading depolarization (SD), which is a wave of
electrophysiological hyperactivity associated with
excitotoxicity of glutamate. Abnormally prolonged
SD is a prerequisite for the development of acute
cortical lesions. At the same time, SD and cytotoxic
edema with swelling largely coincide in terms of lo-
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cTpaHdwmasaca genoqasapusauuda (PI) — BosHa
3JIEKTPOPUIUOJIOTUUECKON THUIEPAKTUBHOCTH,
CBAI3aHHAsA C 9KCUTOTOKCUYHOCTBIO IjIyTamara.
I[Tatosiormyeckn pawutenabHble PJI  ABJIAIOTCA
HEO0OXOIUMBIM MEXaHU3MOM Pas3BUTUS OCTPOTO
IIOpaskeHUA KOPHI TOJIOBHOTO Mo3ra. [Ipu atom PJ]
¥ IUTOTOKCUYECKUN OTeK-HabyxaHWe B 3HAYH-
TeJJbHOHU CTEIIeHU COBIIAJaloT II0 JIOKAJIN3aIluu 1
BpeMeHHU peructpanuu. PII/oTek — aTo n3Havab-
HO 00paTMOe TOKCHYeCKOe COCTOSTHUE, KOTOPOE,
OIHAKO, TPY MMPEBBIIIEHNN KPUTUYECKUX 3HAUe-
HUY TPUBOAUT K THOeJ N KJIETOK (HEHPOHOB, acT-
poIuTOB, oJiMromeHaponuToB). Hanbosee pac-
npocTpaHeHHOU npuunHoi PJl/oTeka siBJsieTcs
UIIeMUYeCcKU UHCYJIBT. KpaTkoBpeMeHHbIe 91u-
3onbl PIl/oTeka paccMaTpuUBalOTCA KaK OTHOCH-
TeJIbHO 6e3BpeIHbIE COOBITHS F PETUCTPUPYIOTCS
B MO3Ir'e¢ KOHTPOJIbHBIX JKUBOTHBIX. [9, 10].
Octpoe HabyxaHVe HEHPOHOB XapaKTEePU3Y-
€TCs yBeJIMYeHNEeM er0 pa3MepoB, paCTBOPEHUEM
HYKJICOIIPOTEMHOBBIX KOMILJIEKCOB (XpOMAaTo-
¢duabHOE BelecTBO Huccus), runepxpomueii u
cMellleHueM sifipa HelpoHa. [lajibHenIe rugpo-
NUYecKre n3MeHEeHUsI HEHPOHOB COTTPOBOMKIAIOT-
CcAd TIOSIBJIEHHWEM CBETJIBIX IIPOCTPAHCTB WJIN
BaKyoJIel, TpOo3pavyHoi uTonaa3Mbl. HeobpaTu-
Masi TUApONuYecKast JUCTPODHUS COMMPOBOKIAET-
Cs1 COXpaHeHMeM s11pa, HO ITIOJIHBIM pa3pylIeHueM
UTOoIlJIa3MaTu4YeCKux opraneJui [11, 12].
@OYHKIMOHUPOBAaHNE, BOCCTAaHOBJICHHE U
rubesib HEUPOHOB IIPOUCXOIUT B €IUHOM KOM-
IJIEKCe C aCTpOLIMTaMU U MUKpococyramu [13-16].
[Mocste ocTpoii nimeMuu fanbHenlnas cyap6a Hell -
POIINATBHOTO KOMILJIEKCA OKOHYATeJJIbHO OTpe-
neJsisieTcsl B TedeHne 24-48 4. B caydae Hebsaro-
NIPAATHOIO KMCXO0AA NECTPYKUMHU IIOABEpraroTcs
HEKPOOMOTUYECKN N3MeHEeHHbIe HEHPOHBI U CBSI-
3aHHbIE C HUMHU OTPOCTKU acTpouuros [12].
KitoueBy1o poJib B pa3BUTHM OTeKa-HaOyXaHUSA
Urpaer akBaropuH-4 [4, 8].
B Teuenune nepBhIX 6 4 10C/Ie Ha4YaJ1a WHCYJIb-
Ta NOBPEYKAEeHNE UIIIEMUYECKUX KJIeTOK He3aMeT-
HO U €ro TPYJHO paclO3HaTh 10 MAUKPOCKOIIOM.
Kpurtudeckuii mopor MO3roBOro KpoBOTOKA JIJIs1
pa3BUTHS HEOOPATUMOT0 TTOBPESKIEHUsI COCTAB-
JasieT ~15 mu1/100 rxmuH. Huske aToro ropora uiie-
MM3UpPOBaHHAsA TKaHb MO3ra IIOIVIOLIAeT BOAY B
ciydae JI060r0 OCTaTOYHOTO KaUJISPHOTO IT0TO-
Ka (MOHHBIN OTek). /lasee pa3BUBAETCA TUITAYHBIN
IIUTOTOKCUYECKHH OTeK-HabyxaHue [17]. Pagputne
oTeka-HaOyXaHUsS COMPOBOKIAETCS JIMHEWHBIM
YBeJIMYEHNEM B TKAHAX COIEPKaHUs BOIBI U MOSKET
OBITh 3apukcupoBano ¢pusnveckumu (KTb MPT),
TMCTOJIOTHYECKUMY ¥ UMMYHOI'MCTOXMMUYECKUMU
MeTOJlaMU 13y4eHUsI HepBHOH MeTonam# (17, 18].
T'u6eb HEHPOHOB IIPUBOIUT 1 BLICBOOOJK/TE-
HUIO TaKUX (paKTOPOB, KaK CBsiI3aHHBIE C IOBPEsK-
JeHrueM MOoJIeKyasaApHble narrepHbl (DAMPs),

KOTOPbIE€ BbI3bIBAIOT BOCIIAJIEHUE B IIOBPEKICH-

calization and time of registration. SD/edema is ini-
tially a reversible toxic condition, which, however,
leads to death of cells (neurons, astrocytes, oligo-
dendrocytes) when exceeding critical values. The
most common cause of SD/edema is ischemic
stroke. Brief episodes of SD/edema are considered
to be relatively harmless and can be recorded in the
brains of control animals [9, 10].

Acute neuronal swelling is characterized by an
increase in the cellular size, dissolution of nucleopro-
tein complexes (Nissl chromatophilic substance), hy-
perchromia, and displacement of the neuronal nu-
cleus. Further hydropic neuronal changes are
associated with clearing areas or vacuoles as well as
transparent cytoplasm. Irreversible hydropic dystro-
phy associates with preserved nucleus but com-
pletely destructed cytoplasmic organelles [11, 12].

Neuronal functioning, recovery and death
occur together with astrocytes and microves-
sels [13-16]. After acute ischemia, the further fate
of neuroglial complex is ultimately determined
within 24-48 h. In case of unfavorable outcome,
necrobiotic neurons and associated astrocyte
processes undergo destruction [12]. Aquaporin-4
plays a key role in the development of this edema-
associated swelling [4, 8].

During the first 6 h after stroke onset, ischemic
cell damage is subtle and difficult to recognize
under a microscope. The critical threshold of cere-
bral blood flow for the development of irreversible
damage is about 15 ml/100 gxmin. Below this
threshold, ischemic brain tissue absorbs water if
any residual capillary flow occurs (ionic edema).
Then a typical cytotoxic cerebral edema with
swelling develops [17]. The latter is accompanied
by a linear increase in tissue fluid content and can
be recorded by imaging (CT or MRI), histological
and immunohistochemical methods [17, 18].

Neuronal death also leads to the release of fac-
tors such as damage-associated molecular patterns
(DAMPs), which initiate inflammation in the dam-
aged area of the brain. This exacerbates damage to
the blood-brain barrier, microvascular failure, brain
edema, oxidative stress, and directly induces neu-
ronal death. The developing global brain inflamma-
tion can trigger secondary delayed pathological
changes and affect long-term neurological outcome.
Thus, the development of brain edema with cell
swelling correlates with global brain inflammation
and, consequently, with its microglial system [19].

However, it is unknown how the development
of brain edema is affected by the duration of the
mild ischemia period. Also, it is still unclear which
changes in the upper cortex initiate neurodegener-
ative processes of the underlying neurons and
which are predominantly protective through re-
duced ascending nonspecific activation.

Thus, the hypothesis of the role of brain
edema with cell swelling in nerve tissue protection
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HOH 00JtacTi MO3ra. ITO YyCyry0JIsieT mMoBpeskie-
HHEe TeMaroaHIedanrnieckoro 6apbepa, MUKPOCO-
CYAUCTYIO HeIOCTAaTOYHOCTh, OTEK MO3T'a, OKUCJIU-
TeJIbHBIN CTPeCcC U HellOCPEeACTBEHHO BBI3bIBAET
rubeJstb HefipoHOB. PadBuBaromieecs rimodairbHOe
BOCIIQJIEHHE MO3Tra MOKET (pOpMUPOBATh BTOPUY-
Hble OTCPOYEHHBIe [1aTOJIOTYeCKre U3MeHEeHU s U
BJIMSATh Ha JOJTOCPOYHBIA HEBPOJIOTUYECKUUN
nucxon. Takmm o6pa3om, pa3BUTHE OTeKa-Hadyxa-
HUsI KOPPEJUPYET C TTI00ATHHBIM BOCTATIEHUEM
TOJIOBHOTO MO3Ta, 4, CJIeIoBaTeIbHO, C Er0 MUKPO-
IMOIUTApPHON cucTeMol [19].

OnHako HEM3BEeCTHO, KAK Ha Pa3BUTHE OTEKa-
HaOyXxaHWs BIUsIET TPOJO/LRUTETHHOCTD IIEPHoa
cs1ab01 UITeMUH U TPU KaKUX M3MEHEHUsIX BepX-
HHX OTJIeJI0OB KOPBI HAUMHAIOTCA HelpojereHepa-
TUBHBIE IPOLIECCH] HUJKeJIesKaIIUX HEHPOHOB, a
TP KaKUX IPOUCXOAUT IIPEUMYIIIeCTBEHHO 3alllU-
Ta B pe3yJIbTaTe yMeHbIIIeHNsI BOCXOSIIel Heclle-
1M UYIEeCKON aKTUBAITAN.

Takum oOpasom, rumore3a O POJU OTEKa-
HaOyXaHUs B 3allUTe HEPBHOW TKAHU HMEET
MIpaBo Ha CyllecTBOBaHue. [10aTOMy HEOOXOAUMBI
JajbHelllne UccaeJOBaHUsl B 9TOM HallpaBJie-
HUU. B HacTosmeil paboTe mpoBegeHO CPaBHU-
TeJIbHOE TUCTOJI0OTUYeCKOe ¥ MOP(OMeTpUIeCKoe
HCCJIeJOBaHNE TIPOSIBJIEHUN OTeKa-Ha0yxaHUs B
CMK rosoBHOTO MO3Ta IOJIOBO3PEJBIX OeJsIbIX
KpbIC B HOpMe U 1tocJie 20, 30 1 40 MUH OKKJIIO3UN
0OIIIIX COHHBIX aPTEPUH.

MarepuaJ 1 MeTObI

Pabora BeimosiHeHa B ®TBOY BO «OMcKuii rocy-
JIApCTBEHHBIN METUITUHCKUN YHUBEPCUTET», OMOOpeHa
9TUYECKUMH KOMUTETAMU By3a (IpOoTOKOJ Ne 83 oT 14
OKTAOPs 2016 T.; TpoToKoJ Ne 107 OT 2 oKTAOpsT 2018T).
Vcnop30Bay  ayTOpPEIHBIX II0JIOBO3PENBIX KPBIC
croka Wistar (camiipl Macca 270-350 rp.). JKuBOTHBIX cO-
Jlepskajii B CTAaHJAPTHBIX J1abOpPaTOPHBIX YCIOBUSX,
9KCIIepUMEHT IIPOBOJUJIU B COOTBETCTBUU C «[IpaBu-
JIaM¥ ITPOBeJIeHNsI paboT C MCIIOIb30BaHNEM IKCIIEPH-
MEHTAJbHBIX KUBOTHBIX» ([IpHiioskeHUE K MPUKA3Y
MunucrepcrBa 3npaBooxpanenuss CCCP or 12.08.77
Ne755) 1 ¢ peKOMeHTanuAMA MesKIyHapOJHOTO KOMU-
TeTa 0 HayKe O J1abopaTOPHBIX KUBOTHBIX, ITOAIEP-
skaHHbIX BO3, nupexktuBoir EBpomeiickoro IlapJia-
menTa Ne 2010/63/EU ot 22.09.10 «O 3amure
SKUBOTHBIX, MCII0JIb3YEeMBbIX JIJIs1 HAyYHBIX I1eJIeil».

OCTpyI0 HENOJIHYI0O UIIEeMUI0 T'0JIOBHOI'O MO3ra
mopeaupoBanu nyreMm 20 (rpynma I, n=24), 40 muH
(rpynna III, n=24) gycroponseii u 30 muH (rpymnna II,
n=24) OTHOCTOPOHHEH OKKJTIO3WH OOIIINX COHHBIX apTe-
puit (OOCA) 6€3 rUIIOTOHUHU. IKCIIEPUMEHT ITPOBOIUIIN
nox, Hapko3oMm: Zoletil 100 (5-7 enuuu). KonTposiem
CJIyKWJIM MHTAaKTHBIE KPBICHI (11=6). Yepes 1,3 u 7 cyT
nocsie OOCA (n=54, 110 6 KpbIC Ha CPOK) MO3T (PUKCUPO-
Bajgu mnepdysmell mocaenoBarebHbIM BBEIEHUEM
100-125 mu1 pactBopa 0,9% NaCl u @parmuna (5000 egu-
Hun) u 30 ma 4% pactBopa napadopMasbiaeruia Ha
docdaraom 6ydepe (pH 7,2-7,4). [loyaeHHBIN MaTe-
puaJj c noMmouisio aBTomara «STP 120» 3ak/io49asut B ro-

may be valid. Therefore, further research in this di-
rection is necessary. In this study a comparative his-
tological and morphometric examination of brain
edema manifestations in the SMC of mature white
rats before and after 20, 30 and 40 min occlusion of
the common carotid arteries was performed.

Materials and Methods

The study was performed at the Omsk State Med-
ical University; it had been approved by the ethical com-
mittees of the university (Protocol 83, October 14, 2016;
Protocol 107, October 2, 2018). Outbred sexually mature
Wistar rats (males weighing 270-350 g) were used. Ani-
mals were kept in standard laboratory conditions, the ex-
periment was carried out according to the «Rules of work
with experimental animals» (Appendix to the order of the
Ministry of Health of the USSR from 12.08.77 No.755) and
with the International Council for Laboratory Animal Sci-
ence guidelines, supported by WHO, the directive of the
European Parliament No. 2010/63/EU from 22.09.10 «On
protection of animals used for scientific purposes».

Acute incomplete cerebral ischemia was simulated
by 20 min (group 1, n=24), 40 min (group 3, n=24) bilat-
eral and 30 min (group 2, n=24) unilateral common
carotid artery (CCA) occlusion without hypotension. The
experiment was performed under anesthesia by Zoletil
100 (tiletamine-zolazepam) (5-7 units). Intact rats (n=6)
served as a control. On days 1, 3, and 7 after CCA occlu-
sion (n=54, 6 rats per time period) the brains were perfu-
sion-fixed by sequential injections of 100-125 ml of 0.9%
NaCl solution and sodium dalteparin (5000 IU) and 30 ml
of 4% paraformaldehyde solution on phosphate buffer
(pH 7.2-7.4). The obtained material was embedded in
homogenized paraffin (HISTOMIX®) using an STP 120
machine. Serial frontal sections (4 pm thickness) were
prepared using an HM 450 microtome (Thermo) at the
level of the sensorimotor cortex (SMC) [20]. Manipula-
tions related to material sampling were performed under
Zoletil 100 anesthesia.

Cell identification (neuron/glia) of SMC was per-
formed on Nissl and hematoxylin and eosin stained
preparations, as well as using immunohistochemical typ-
ing of NSE, MAP-2 (neurons), and GFAP (astrocytes). The
cytoskeleton of neurons (bodies and processes) was stud-
ied using the MAP-2 reaction, the cytoskeleton of astro-
cytes by the GFAP reaction. NSE, MAP-2, and GFAP reac-
tions were used only for typing and localization of the
corresponding structures by specific proteins. The total
neuronal and glial cell densities (counts per 1 mm?) in
layers III and V of the SMC were estimated on Nissl-
stained preparations; only sections with a visible neu-
ronal nucleus were included to ensure consistency.

Poly- and monoclonal antibodies were used for im-
munohistochemical study. They included NSE
(RAA537Ra01, rabbit polyclonal antibodies to rat antigen
with 5-20 pg/ml dilution, Cloud-Clone Corp.), MAP-2
(ab32454, rabbit polyclonal antibody, with 1 pg/ml dilu-
tion, Abcam, USA), and GFAP (PA0026, murine monoclonal
antibody, GAS5 clone, ready-to-use, Bond Ready-to-Use Pri-
mary Antibody; Leica Biosystems Newcastle Ltd, UK).

The immunohistochemical reactions were per-
formed on sections placed on polylysine-coated slides.
After reaction with primary antibodies, the sections were
incubated with appropriate secondary antibodies, DAB
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MoreHusupoBaHHbld napadun (HISTOMIX®). Cepuii-
Hble GpOHTAIBHBIE CPe3bl (TOJIIUHA 4 MKM) TOTOBUJIN
¢ nomo1ibio Mukporoma HM 450 (Thermo) Ha ypoBHe
ceacomoTopHoi Kopsl (CMK) [20]. MaHUTTyISAINY, CBSI-
3aHHBIE C 3a00POM MaTepuaJia, IPOBOJU/IN 1O HAPKO-
30oM Zoletil 100.

Wnentudukanuio kietok (HedpoH/rnus) CMK
IIPOBOJMJIM Ha IIpernaparax, OKpalleHHbIX TeMaTOKCHUJIN -
HOM U 903UHOM, 110 Huccio, a Takyke IIpU UMMYHOTHUCTO-
xuMuueckoM tunuposaHuu NSE, MAP-2 (HefipoHbI) U
GFAP (actponuTsl). [luToCKeieT HEHPOHOB (Tesa U OT-
POCTKM) M3y4Yasu C IOMOUIbIO peakuuu Ha MAP-2, nu-
TOCKeJIeT aCTPOIIUTOB — C ITIOMOIIbI0 peakiu Ha GFAP.
Peakuu NSE, MAP-2 1 GFAP ucrio/ib30BaJiv TOJIBKO [
TUIIMPOBAHUA U OllpeJlesIeHuUsI JIOKAJIU3alui COOTBET-
CTBYIOIIUX CTPYKTYpP IO cHeruduIeckuM OejKaMm.
OO11Iy10 YU CJIEHHYIO TIJIOTHOCTh HEHPOHOB U INTHATbHBIX
KJIeTOK (mepecyeT Ha 1 Mm?) B citoax [Il m VCMK noncum-
ThIBAJIX Ha IIpelaparax, OKpalleHHbIX 10 Hucctio; niis
CTaHIAPTU3AHN YIUTHIBAIN TOJTBKO CPE3bI HeﬁpOHOB C
BUINMBIM AOPBIITKOM.

JIJ1s1 IMMYHOTMCTOXMMHUY€ECKOI0 MCCIIeJOBAaHUs UC-
O0JIb30BAJIU I10JIV- © MOHOKJIOHAJIbHBIE aHTUTe 1a. NSE
(PAA537Ra01) — KpoJ/IM4bH OJIMKIOHAJIbHBIE AaHTUTE 1A
K KpBICMHOMY aHTWTEHYy; pasBefeHue 5-20 MKI/MJI
(Cloud-Clone Corp.). MAP-2 (ab32454) — KpoJITYbU T10-
JIMKJIOHAJbHbIE AHTUTeNa, pas3BeleHue 1 MKI/MJ
(Abcam, CIIIA). GFAP (PA0026) — MBIIIIMHBIE MOHOKJIO-
HaJIbHbIE aHTUTEJIA, KII0H GA5, TOTOBBIE K IPUMEHEHUIO
(Bond Ready-to-Use Primary Antibody; Leica Biosystems
Newcastle Ltd, BeumkoOpuTanusi).

VIMMyHOTMCTOXUMHUYECKYIO peaKI1Io IPOBOLUIN
Ha Ccpe3ax, TOMENIeHHbIX Ha IMOJUJIN3NHOBBIE IIpEa-
MeTHBble cTeKJIa. [Tocsie peakuy ¢ IepBUYHBIMU aHTHU-
TeJIaMH Cpe3bl HHKYOMPOBAJIN C COOTBETCTBYIONTNMHI
BTOPUYHBIMU aHTHUTeJIaMu, Xxpomorenom DAB (3,3'-nu-
aMUHOOEH3WJIVH), TOKPAIIUBAIA TeMATOKCUJIUHOM,
3aKJIIOYA/IN B IOJMCTUPOJ. 1 BU3yaIu3aluu HUC-
0JIBE30BaIN MyJIbTUMepHBIH Habop NovolinkTM (DAB)
Polymer Detection System (Leica Biosystems Newcastle
Ltd, Bemukobpuranus).

IIpenapars! ¢pororpadupoBalu Ha MUKPOCKOIIE
Leica DM 1000 (o6bexTuB 100, kamepa GXCAM-DM800
Unique Wrap-Around 8MP AUTOFOCUS USB, pixel size
1,4X1,4 ym), n3o6paskeHne COXpaHsIN B daiiiax c pac-
mpenueM tiff (25921944 nukcesteit). [Ipu okpacke re-
MAaTOKCHUJINH-303UHOM JIJIs1 U3y4eHUsI 30H (IIMKOB) MaK-
CUMaJIbHOH sipKocTy (3Mf]) Ha KayK b1 CPOK OTOUpAIn
1o 30 ciydJaifHO BEIOPAHHBIX IOJIEH 3peHus (KaXKgoe
31400 mxm?) CMK. Ha aTtux noJsifx 3peHus BBIIeJIAIN
o6sactu mHTepeca (ROI) — yyacTKu MOJIEKYISIPHOTO
cjioss padaMepoM 20X20 MKM, ()OPMUPOBAIU CTEKU
(100-120 ROI), paccuuThIBaIN CpeHEe 3HAUYEHUe 115
Ka)KI0T0 10151 3peHUA U JKUBOTHOTO. [lasee ¢popmMupo-
BaJIA ¥ CPaBHUBAJIM BapHUallMOHHbIE PAIbI 110 30 3Ha4e-
HUU Ha CPOK. JlanbHelee MOp(OoMeTPUIECKOE HCCIIe-
JlOBaHMEe  OCYyLIeCTBJISJIM C  MCIO0JIb30BaHUEM
nporpammsl ImageJ 1.52 s.

st MOp(OMETPUYECKOTO N3yYeHUI U3MEHEeHU
30H MaKCUMaJbHOH SIPKOCTU (NIPeAII0oIOKUTEIBHO
MPOSIBJIEHUs OTeKa-HAOyXaHMsI) Ha IBETHBIX ©300paske-
HUSIX UCIIO0JIb30Ba/IM N1aruH-¢puiasrp «Find Maxima»
M.Schmid u3 nporpammsl ImageJ 1.53c (https://im-
agej.nih.gov/ij/docs/menus/process.html#find-max-
ima). IIpenBapurenbpHo 30Ha uHTepeca (ROI, Tonbko

(3,3'-diaminobenzidine) chromogen, stained with hema-
toxylin, and embedded in polystyrene. A NovolinkTM
(DAB) Polymer Detection System (Leica Biosystems New-
castle Ltd., United Kingdom) universal kit was used for
imaging.

The preparations were photographed using a Leica
DM 1000 microscope (X100 objective, GXCAM-DM800
Unique Wrap-Around 8MP AUTOFOCUS USB camera,
pixel size 1.4X1.4 um), and the images were saved as tiff
files (25921944 pixels). When stained with hematoxylin-
eosin, 30 randomly selected visual fields (each 31400 pm?)
of SMC were selected for each studied time period to eval-
uate the maximal brightness zones (MBZ). The areas of
the molecular layer sized 2020 pm (regions of interest,
ROIs) were selected in these visual fields, stacks (100-120
ROIs each) were formed, and the average values for each
visual field and the animal were calculated. Next, ordered
series of 30 values per time period were generated and
compared. Further morphometric study was performed
using Image] 1.52c software.

For morphometric study of changes in maximal
brightness zones (presumably representing edema with
cell swelling) on color images we used plugin-filter «Find
Maxima» M.Schmid from the Image] 1.53c software
(https://imagej.nih.gov/ij/docs/menus/process.html#fi
nd-maxima). The zone of interest (ROI, neuropil only)
was preliminarily processed using the algorithm of the
«Morphological Filters» plugin from the «MorphoLib]»
package (Radius 1 pix). This allowed morphological seg-
mentation of the study object and consistency of the im-
ages. The relative area (S, %) and numerical density (N,
per 400 pm?) of MBZ were determined on obtained image
masks («Analyze Particles»).

The maximal brightness zones in the neuropil of
SMC had different shapes, sizes, and intensity levels (see
Fig. 6). Individual assessment of the maximum brightest
and largest peaks in the visual field of the neuropil of the
SMC molecular layer in groups 1, 2, and 3 was performed
using the Find Foci plugin (GDSC Image] software pack-
age for microscopy image analysis). It allows to classify
all the MBZs by size and intensity by calculating, in par-
ticular, the «total pixel intensity» which is the MBZ size
in pixels multiplied by pixel brightness [21].

According to the literature, 6-8 animals per group,
5-6 serial sections, and 5-10 randomized SMC visual
fields (areas of interest) per each section are sufficient to
obtain reliable results in a morphological study [22, 23].
In this study, we compared 30 randomized SMC visual
fields per time period, which is sufficient to obtain reli-
able results.

Statistical hypothesis testing was performed using
nonparametric criteria (Mann-Whitney U-test, ANOVA
Kraskel-Wallis test) and correlation analysis (based on x>
test) using Statistica 8.0 software (StatSoft). Quantitative
data in the study were presented as median (Me, 50%
quartile, Q2) and interquartile range (Q1-Q3, or 25-75%
quartiles), or percentage (%). Multiple comparisons were
performed using Kraskel-Wallis ANOVA [24] test.

Results and Discussion

No structural signs of cytotoxic edema were
found in the SMC of the control group animals.
Uniform staining of neuropil with eosin prevailed
(Fig. 1, a) indicating identical fluid content in the
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HEHWpONWJIb) TOJBeprajgach 00paboTke aJIrOPUTMOM
mrarnHa «Morphological Filters» n3 makera «Mor-
phoLibJ» (Radius 1 pix). 9To 103B0OJIAI0 TPOBECTHA MOP-
¢onornueckyo cerMeHTanui0 O00beKTa MU3YYEHUS U
CTaHIApPTU30BaTh N300paskeHu:A. Ha moJrydyeHHBIX Mac-
Kax n3o0paskeHnit onpeessin («Analyze Particles») ot-
HOCHUTEeJIBHYIO IIJI0Iansb (S, %) ¥ YMCJIEHHYIO IIJIOTHOCTh
(N, za 400 mxm?) 3M4I.

3MsI B Heliponmiie CMK umesiu pasuble (hOpMBI,
pasMmepsl U CTeNeHb APKOCTHU (CM. puc. 6). Unausuny-
AJIBHYIO OLIEHKY MaKCUMaJbHO APKUX U KPYIIHBIX I10
MJIOLIAAY IIMKOB I10JIs1 3peHUsI HelpONuJIsd MOJIeKy-
JasapHoro cjioa CMK B rpynnax I, II, IIl npoBonwu ¢ mo-
Moo niaruaa Find Foci (Habop mporpamm GDSC
Image] ananmmaa n3006pa’keHUN IJII MUKPOCKOIIUN).
OH nosBoJigeT pacupeneguTb sce 3MS 1o pasmepam
" CTENIeHU APKOCTH ITyTEM BBIYNCJIEHUA, B YaCTHOCTH,
WHTETPaJbHOTO IT0Ka3aTesIsI «00Iast THTEHCUBHOCTh
MUKCeJiel» — npousBeqieHre padmepa 3MS B nmukce-
JISIX Ha APKOCTH NUKcesen [21].

Ilo JINTEPATYPHBIM NOAHHBIM, IJIA IIOJYyYE€HUA
3HAQUYUMBIX Pe3y/IBTaToB B X0Je MOP(0JI0ruIecKoro uc-
CJIeIOBAHUA JOCTAaTOYHO 6—8 YKMBOTHBIX B IpymIle, 5-6
CepUIHBIX Cpe30B U 5-10 ciy4yalHBIX II0JIeld 3peHus
CMK (30HBI HHTEpECA) HA KaXKIOM cpese [22, 23]. B Ha-
CTOAIIEM UCCJIeOBAHUU MBI CpaBHUBAJIU 110 30 paHgo-
MU3UPOBAHHBIX IT0J1eil 3peHuss CMK Ha CpoK, 4To 10-
CTaTOYHO [JIs1 I0JIy4eHUs1 3HAaYUMBbIX Pe3yJIBTaToB.

IIpoBepKy CTaTUCTUYECKUX I'UIIOTE3 OCYIeCTB-
JISJIA HellapaMeTpu4ecKUMU Kpurepussmu (Mann-Whit-
ney U-test, ANOVA Kraskel-Wallis) u koppecnongeHt-
CKOTO aHa/IM3a (COOTBETCTBUM, B OCHOBE KPUTEPUH ¥?) C
TTOMOIIbI0 IporpaMMeI Statistica 8.0 (StatSoft). Kosmue-
CTBEHHbIE JaHHbIe B UCCJIeJ0BAHUN IIPEeICTaBUIN KaK
meauany (Me — 50% kBapTub, Q2) 1 MHTEPKBAPTUJ/Ib-
HBIHN pa3dopoc (Q1-Q3 — 25-75% KBapTHUJIN), IPOIEHT-
HyI0 10JTI0 (%). [Tpo6JieMy MHOKEeCTBEHHOTO CPAaBHEHWUS
peray imyTeM uciosib3oBanuss ANOVA Kraskel-Wallis [24].

Pe3ynbTaThl ¥ 00CYK/IEHHE

B CMK ;KUBOTHBIX KOHTPOJIbHOU I'PyIIIBI He
BBISIBUJIY CTPYKTYPHBIX IPOSIBJIEHUH [TUTOTOKCHYE-
CKOTro0 oTeka-HabyxaHus. [Ipeobsrananio paBHOMED-
HOE€ OKpaIlMBaHue HeUPOIWJIsi 903UHOM (puc. 1, a).
ITO CBUJIETETHCTBOBAJIO O TOM, YTO B OMOKOJIJTOU/IAX
LIUTOIIA3MBbI €r0 COCTABJIAIONINX (AKCOHBI, AEHAPU-
TBI, CHHAIIChI, OTPOCTKH ACTPOIUTOB) OBLIO TPU-
MEpPHO OJWHAKOBOE COollep;KaHue BOIbL.

Yepes 1 u 3 cyr nocsie OOCA B MOJIEKYJIIPHOM
csioe CMK npoucxonuio (popMupoBaHUE «IIOPU-
CTOTO» HEWpONHIA — HabyXaHWe MUKPOIINU U1
IIepUBACKYJISIDHON OTeyHOCTU cocynoB. B III-V
cJ1osix HabJTIoa M HEMPOHBI C TIOTEMHEBIIIEH ITUTO-
IJIa3MOH U MUKHOTHUYeCKUe (KpacHble) HEHPOHBI C
YMEPEHHBIM TEPUIIETIOISIPHBIM OTEKOM, 00JIb-
II1I0€ KOJIMYeCTBO IMIMAaJbHBIX KJIETOK (puc. 1, b, d,
e). OgHako B BepxHeM aTake CMK mosaBAsInCH
GFAP-HeraTuBHBIE JIOKAaJbHble WIIEeMUYECKUeE
30HBI WJIM C OYE€Hb TOHKUMHU, NPEPBbIBUCTHIMU
OTPOCTKAaMU aCTpPOLUTOB (pHUc. 1, ¢). JleCTpyKTuB-
Hble M3MEHEHUs [JUTOCKeJIeTa aCTPOLUTOB IIpe-
obutamany y skuBOTHBIX rpynsl 111 (mocste 40 MuH

cytoplasmic biocolloids of its components (axons,
dendrites, synapses, astrocyte processes).

On days 1 and 3 after CCA occlusion, the
«porous» neuropil due to swelling of microglia and
perivascular edema of vessels occurred in the mo-
lecular layer of SMC. Neurons with dark cytoplasm
and shrinking (red) neurons with moderate pericel-
lular edema and numerous glial cells were observed
in layers I1I-V (Fig. 1, b, d, e). However, GFAP-nega-
tive local ischemic zones or areas with very thin in-
termittent astrocytic processes appeared in the
upper SMC level (Fig. 1, ¢). Destructive changes in
the astrocytic cytoskeleton predominated in group
3 animals (after 40 min of occlusion). On day 7 after
CCA occlusion, GFAP-negative zones in SMC were
barely visible; regeneration and hypertrophy of as-
trocytic processes were observed indicating mod-
erate reactive astrogliosis (Fig. 1, f). Thus, on day 3
following 40 min CCA occlusion, the neuroglial
index of the SMC increased from 1.62 (1.53-1.81) to
2.72 (2.48-3.10) (median; Mann-Whitney U-test;
P=0.001).

Hydropic alterations and lucent structures (as-
trocyte processes, terminals, distal dendrites) pre-
dominated in the neuropil, but neurons with dis-
tinct perikaryon vacuolization were also
encountered (Fig. 2). Dendrite and neuropil vac-
uolization was easily verified by immunohisto-
chemical typing of NSE, MAP-2, and GFAP (Fig. 3, a,
b, ¢). Astrocyte bodies (8—-10 pum) and their processes
were displayed as a network filling the space be-
tween the SMC perikaryons (Fig. 3, ¢). Some of the
processes showed signs of swelling (Fig. 2).

Compared to the control after CCA occlusion,
all experimental groups revealed a significant de-
crease in the total numerical density of neurons in
layers IIl and V of the SMC. Thus, in group 3 on day
7 post occlusion, this parameter in layer III de-
creased by 26.4% (P=0.001), with a normal value of
442 (352-485), and in layer V by 18.5% (P=0.01),
with a normal value of 290 (244-331) per 1 mm?
(Mann-Whitney U-test). At the same time, multiple
comparisons showed intergroup differences
(H=9.7; P=0.02; Kruskal-Wallis one-way analysis of
variance). Compared to group 3, the smallest re-
duction in the total numerical density of neurons
was noted in animals with unilateral CCA occlusion
(group 2): in layer III it was 16.5% (P=0.001), while
in layer V it was 9.2% (P=0.01; Mann-Whitney
U-test). However, no differences were found be-
tween groups 1 and 3 for this parameter (P>0.05;
Mann-Whitney U-test). Consequently, on day 7
after reperfusion, bilateral CCA occlusion resulted
in more severe impact on the population of pyram-
idal neurons in layers III and V of the SMC.

Hence, the histological and immunohisto-
chemical alterations found in the SMC were indica-
tive of varying impact of 20, 30 and 40 min CCA oc-

clusion on SMC neurons. Similar diffuse and focal
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Puc. 1. ®parmentsi CMK rosioBHOro Mo3ra 0eJbIx KPbIC B HOpMe (a) U ocTuiieMuyeckoM nepuose (rpynmna IIl; b, ¢, d, e, f).
Fig. 1. Fragments of white rat brain SMC in normal (a) and postischemic period (group 3; b, ¢, d, e, f).

Note. No vacuolization of the molecular layer neuropil in normal SMC (a); vacuolization of the neuropil (arrows), perivascular and
perikaryonic edema of astrocytic processes (arrows), hyperchromia and shrinkage of perikarya (red neurons); large number of glial
cells (b, d, e); area of destruction (*) of astrocytic processes (¢, day 1); astrocytic hyperplasia (f, day 7, arrows). Hematoxylin-eosin staining
(a, b, d, e/, GFAP immunohistochemical typing (c, f). x100 magnification; 20 pm scale (a, b, d—f); x40 magnification; 50 pm scale (¢).
ITpumeyanue. OTCyTCTBUE BAKYOJIU3ALMH HEHPOIINJISI MOJIEKYJISIPDHOTO CJIOSI B HOpMe (a); BaKyoJIU3alusl HEHPOIUJIA (CTPEJIKY),
TIepUBACKYJISIPHBIN U MIePUKapPUOHATBHBIN OTEK aCTPOIUTAPHBIX OTPOCTKOB (CTPEJIKH), TUIIEPXPOMUS U CMOPIIIUBAHUS TIEPH-
KapHUOHOB (KpacHbIe HEHPOHBI); OOJIBIIIOE KOJTMYECTBO IINAJIBHBIX KJIETOK (b, d, €); 30Ha 1eCTPyKIHH (¥) OTPOCTKOB aCTPOIIMTOB
(¢, 1 cyT); runepIia3ust acTPoLUTOB (f; 7 cyT, cTpesku). OKpacka reMaTOKCUINH-903UHOM (a, b, d, €), IMMYHOTHCTOXUMHYECKOE
tunmpoBanue GFAP (¢, f). O6bekTuB x100; mkana — 20 MKM (a, b, d—f); 00bKTHB x40; mKana — 50 MKM ().

orrJo3un). Yepes 7 cyt nocae OOCA GFAP-nera-
TuBHBbIE 30HBI B CMK npaxkTtnyecku He BCTpeya-
JIUCh, IPOMCXOIUJI0 BOCCTAHOBJIEHHUE U TUIIePTPO-
(puss acTponMTapHBIX OTCOCTKOB — YMEPEHHBIE
MIPOSIBJIEHHSI PEAKTUBHOTO acTpomino3a (puc. 1, fj.
Tak, yepes 3 cyt nocsae 40 mua OOCA Heliporiu-
anpHbIl nHAekc CMK yBemuuuBasica or 1,62
(1,53-1,81) npmo 2,72 (2,48-3,10) (menguaHa;
Mann-Whitney U-test; p=0,001).

lunponnueckre N3MeHEHUs], C IPOCBETIEHU-
€M CTPYKTYp, mpeobiasany B HeHlpomnuie (0Tpo-
CTKH aCTPOLUTOB, TEPMUHAJIA, TUCTAJIbHBIE NE€H]T-

changes have been described in superficial SMC
damage by other authors [25] and previously by the
authors of this paper [14].

To compare the severity of SMC edema in the
studied groups we used the analysis of color images
of neuropil areas of the same size (20X20 microns)
without microvessels by assessing their pixel prop-
erties (brightness, number). Bright pixels (against
the darker background) corresponded to the areas
of SMC with high water content and were consid-
ered the maximum brightness zones. We found that
on day 1 after CCA occlusion in all groups, the rel-
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Puc. 2. ®parmenTsl CMK ro1oBHoOro moara 0eJ/ibIX KpbIC B IOCTHIIIEMHYeCKoM nepuoje (rpymna II1, 3 cyr).
Fig. 2. Fragments of the brain SMC of white rats in the postischemic period (group 3, day 3).
Note. Vacuolization of the neuropil (*) and perikaryon (arrow), edema of perikaryon of astrocytic processes. Nissl staining. x100

magnification; 20 pm scale.

IIpumeuanue. Bakyosusanus Heiiponuis () ¥ leprKaproHa (CTpeJIKa), IepUKapuOHAIbHBIN OTEK aCTPOLIUTAPHBIX OTPOCTKOB.

Oxpacka o Huccoo. O6pekTuB x100; mkana — 20 MKM.

PUTBI), HO BCTpeYaJIUCh HEHPOHBI C IBHBIMU IIPU-
3HaKaMU BaKyoOJIM3allMy IepUKapuoHa (puc. 2).
Bakyosinaanusi JeHIpUTOB U HEHPOIIUJIS XOPOIIO
BepupULIMPOBATIACH IPU UMMYHOTHCTOXUMUYe-
ckom TunupoBannu NSE, MAP-2 u GFAP (puc. 3, q,
b, ¢). Tena actporitoB (8—10 MKM) M UX OTPOCTKU
ObLIM TIpe/CTaBJIE€HBI B BHUAE CETH, KOTOpas
3aI0JIHsAJA IPOCTPAHCTBO MeKAY NepUKapUOHa-
mu CMK (puc. 3, ¢). YacTb OTPOCTKOB MMeJia TIpu-
3HaKku HabyxaHus (puc. 2).

B cpaBHeHun ¢ kouTpoJsem nocie OOCA Bo
BCEX OKCIIEpUMEHTAJIbHBIX TPyNIaX BbIABUJIN
CTaTUCTUYECKU 3HAYMMOE YMeHbIIIeHne 001Iei
YHMCJIEHHOU MJIOTHOCTU HEWpOHOB cjos Il u V
CMK. Tak, B rpymme III yepes 7 cyT HaOIIOAEeHUSA
B cs104 III aToT mokasareJib ymenbasncs Ha 26,4%
(p=0,001), B HOpMe — 442 (352-485), a cjioe V —
Ha 18,5% (p=0,01), B HOp™Me 290 (244-331) Ha 1 Mm?
(Mann-Whitney U-test). [Ipu 3TOM MHOYKeCTBeH-
HOe CpaBHEHHe II0Ka3aJI0 HaJluuue MesKIpyIIo-
BbIXx pasdnauuuit (H=9,7; p=0,02; Kruskal-Wallis
one-way analysis of variance). B cpaBHeHUmM c
rpynnoii III HauMeHBIIYI0 penyKIUIO 00IIel
YMCJEeHHOU MJIOTHOCTU HEUPOHOB OTMETUJIU y
SKUBOTHBIX € ogHOCcTOpoHHEeNH OOCA (rpynna II):
B cjoe III — Ha 16,5% (p=0,001), V— Ha 9,2%
(p=0,01; Mann-Whitney U-test). OgHako, pasJ/u-
unii Mmeskay rpynnamu I u Il mo aTomy nokasare-
JII0 He BBIABMIIN (p>0,05; Mann-Whitney U-test).
CiienoBaTeJIbHO, Uepes 7 CyT 1ocJjie penepdysuun
nByctopoHHsisi OOCA mMesna 6oJsiee TsKeJible
MOC/IEeCTBUSA AJ1s1 MONY/IAUN TMPaMUTHbIX HEl-
poHoB cJoes Il u VCMK.

ative area of maximum brightness zones (median)
was 2-2.5 times higher than the control values.
Multivariate testing for equality of medians of this
parameter revealed significant differences between
the samples of groups 1-3 on day 1 (H=37.8;
P=0.0001), day 3 (H=26.6; P=0.0001), and day 7
(H=8.3; P=0.02; Kruskal-Wallis ANOVA) post occlu-
sion. The highest values of the parameter were ob-
served on days 1 and 3 in group 3 (Fig. 4).

In addition, the groups differed in the fre-
quency distribution of visual fields with the same
relative volume. Most visual fields with high values
of the relative area of maximum brightness zone
were detected on day 1 in group 3 (Fig. 5, Table). In
this group, the «porous» areas in the upper molec-
ular layer of SMC were 1.5-2.5 times more frequent
(x?=10.5; P=0.01) (Fig. 1, b).

A comparative analysis of the total numerical
density of MBZ in the neuropil of the SMC molec-
ular layer in the controls and post CCA occlusion
showed a significant increase in the swollen com-
ponents of the neuropil (Fig. 6). Multivariate testing
of the equality of the medians of this parameter re-
vealed significant differences between the samples
of groups 1-3 on days 1 (H=9.4; P=0.01), 3 (H=69.6;
P=0.0001), and 7 (H=54.5; P=0.0001; Kruskal-Wallis
ANOVA). At the same time, small (but more numer-
ous) MBZs were more frequent in group 2 (unilat-
eral CCA occlusion) (Fig. 7; Table). This suggested
more intense neuropil swelling or a tendency for
the fusion of MBZs to form conglomerates of irre-
versibly enlarged/altered astrocyte processes after
bilateral 40 min CCA occlusion. Cytoplasmic bio-

www.reanimatology.com

GENERAL REANIMATOLOGY, 2021, 17; 5



https://doi.org/10.15360/1813-9779-2021-5-111-128
JKCIlepUMEHTAaJJAbHbIe UCCJENO0BaHUSA

Puc. 3. UMMyHOTrHCTOXMMHY€eCKO€e THTHPOBaHHE HEHPOHOB (a), IUTOCKeJIeTa HeiipoHOoB (b) u acTpouuToB (¢), rpynma I1I (3 cyT).
Fig. 3. Inmunohistochemical typing of neurons (a), neuronal cytoskeleton (b) and astrocytes (c), group 3 (day 3).

Note. Pericellular and perivascular edema, vacuolization of dendrites and neuropil. Black arrows indicate perikaryons; red-and-
black arrows indicate dendrites; red arrows indicate astrocytic processes; * — capillary lumen. Staining: reaction for NSE (a), MAP-
2 (b), and GFAP (¢), pre-staining with hematoxylin. x100 magnification; 20 um scale.

IIpumeuanue. [lepuiiesIoasspHbIN U IepUBACKY/ISIPHBIN OTEK, BAKYOJ/IM3alUsl IeHJPUTOB U Heliponuiis. YepHble CTPeIKU —
TIepUKAPHUOHBI; KPACHO-YepPHbIE CTPEJIKU — JIEHPUTHI; KPACHBIE CTPEJIKA — OTPOCTKU aCTPOIUTOB; * — IIPOCBETHI KAMUJIJISIPOB.
Oxpacka: peakiusi Ha NSE (a), MAP-2 (b) u GFAP (c), nokpacka reMarokcuanHoM. O0bekTuB x100; mkana — 20 MKM.

Takum o6pa3oM, HalileHHbIE THUCTOJIOTHYe-
CKME€ U HMMMYHOIMCTOXMMHYECKHAE H3MEHEHU:
CMK cBujieTeIbCTBOBAIN O Pa3HOU CTENEeHU BO3-
neiictus 20, 30 1 40 muH OOCA Ha HetipoHbl CMK.
[MogobubIe A Py3HO-METKOOUaroBble N3MeHe-
HUS OIMCAHBI IIPY TOBEPXHOCTHOM MMOBPEKIEHUN
CMK npyrumu aBropamu [25] 1 pa"ee HaMmu [14].

[l cpaBHeHUs CTeNeHU TIPOsSIBJIEHUUN
oreka-Habyxannusds CMK B M3y4eHHBIX TI'pyIIiax
HCII0JIb30BAJIM aHAJM3 IIBETHBIX M300pakeHui
OQWHAKOBBIX I10 pasdmepy (20X20 MKM) y4aCTKOB
HeHpoNuJssi, He COoJep KallluX MUKPOCOCYIBI, C
IOMOMIBIO OIIeHKM HX IIMKCeJIbHOTO CcOCTaBa
(ApPKOCTB, KOJIMYECTBO). ApKue NMUKCceJIU (BbIIIe
Hostee TeMHOTO (hOHA) COOTBETCTBOBAIM Y4aCTKaM
CMK c BBICOKUM cofepskaHueM Bonbl — 3MS.
Ycranosuniy, uto yepes 1 cyt nocae OOCA Bo Bcex
rpyniiax OTHOCUTeJ JbHas momans 3MA (menna-
HAa) CTaTUCTUYECKU 3HAYMMO IIpeBhIIIaia KOHT-
poJabHOe 3HaueHue B 2-2,5 pasa. MHoromepHasa
MIpOBepKa PAaBEHCTBA MeINAH JAHHOTO MOKa3aTe-
JIS1 BbISIBUJIA HAJIUYHE CTaTUCTUYECKU 3HAYUMBbIX
pasnauunii Mesk Iy Bbioopkamu rpym -111 gepes 1
cyt (H=37,8; p=0,0001), 3 cyT (H=26,6; p=0,0001) u
7 cyt (H=8,3; p=0,02; Kruskal-Wallis ANOVA). ITpu
aTOM HauboJiee BLICOKME 3HAYEHUs II0Kasaresein
orMmeuaJiu yepes 1 u 3 cyr B rpymmne I (puc. 4).

Kpome Toro, rpyniel OVIMYaINACh 110 YaCTOT-

HOMY pacripenejeHno moJien 3p€Hus C OJUHAKO-

colloids no longer retained some part of the fluid,
which transformed into a free state with probable
migration to the intercellular space as well. This
created favorable conditions for interstitial edema
development [12].

The maximum brightness zones in neuropil
(Fig. 8, a, b) detected using the Find Maxima filter
had different shapes, sizes and intensity levels. This
was clearly seen when using Find Foci plugin (Fig. 8,
¢). For example, area of one MBZ in this image var-
ied from 0.8 to 14 pm?, brightness — from 200 to
252. The largest MBZs in terms of central trend
(median) and interquartile range (Q1-Q3) were
found in groups 1 and 3 (bilateral CCA occlusion).
In group 1, this index was 2.62 (2.43-3.35) on day 1,
2.77 (2.52-3.55) on day 3, and 2.65 (2.12-2.82) on
day 7. In group 2 it was 1.98 (1.67-2.51) on day 1,
1.55 (1.43-2.15) on day 3, and 1.56 (1.38-1.90) on
day 7. In group III the values were 3.03 (2.87-3.58)
on day 1, 2.54 (2.48-3.11) on day 3, and 1.94
(1.76-2.60) on day 7. A multiple comparison
(Kruskal-Wallis ANOVA) of the three groups
showed significant differences on day 1 (H=26.8;
P=0.0001); day 3 (H=22.5; P=0.0001); day 7 (H=8.3;
P=0.02).

According to multivariate analysis, the total
pixel intensity of maximum brightness in the peaks
was significantly different between the groups
(H=30.6; P=0.0002). However, differences were
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BBIM OTHOCUTEJIBHBIM 00be-
MoM. BoJjiblie Bcero moJsei
3peHHUs C BBICOKUM 3HA4YCHU-
€M OTHOCUTeJIbHOU IJIOIIa N
3M BeIABUIIM yepes 1 CcyT B
rpynme III (puc. 5; Tabu.). B
arou rpynmne B 1,5-2,5 pasa
qaiie (x?=10,5; p=0,01)
BCTPEYAJIUCh  «IIOPUCTHIE»
YyY4aCTKA B BEpXHEM JTaKe
MoJieKyJasapHoro ciaosa CMK
(puc. 1, b).

CpaBHUTeJbHBIA aHa-
JIN3 001N YN CIAEHHOH ILJIOT-
"Hoctu 3MS B Heliponuiie
MoJIeRyJIApHOro cjios CMK B
kKoHTposie m mnocse OOCA
IOKa3aJl HaJIu4ue CTaTuCTH-
4eCKM 3HAa4YMMOIO yBeJaude-
HUSI KOJHWYECTBA HAOYXIITUX
KOMIIOHEHTOB  HeWpomnuJs
(puc. 6). MHOrOMEpHas Ipo-
BEpKa paBeHCTBAa MeguaH
JAHHOI'O IIOKa3aTeJis BbISIBU-
Jla HaJu4due CTaTUCTUYECKU
3HAYMMBIX pa3IndYui MesKay
BeIOOpkamu rpymm I-111 yepes
1 cyr (H=9,4; p=0,01), 3 cyT
(H=69,6; p=0,0001) u 7 cyrT
(H=54,5; p=0,0001; Kruskal-
Wallis ANOVA). TIpu atom

Puc. 4. OTHOCHTeJIbHASA IJIOIIAAb 30H MAKCHMAJIBLHOI APKOCTH B I10JIe 3peHUsI Hell-
ponuia MoJsieKyasapHoro cjiosa CMK B koHTpodie n iocsie OOCA (1,3 u 7 cyT) B rpynmax
1 (20 mun), II (30 mun) u I1I (40 MmuH).

Fig. 4. Relative area of maximal brightness zones in the visual field of neuropil of the
SMC molecular layer in the controls and after CCA occlusion (days 1, 3, and 7) in groups
1 (20 min), 2 (30 min) and 3 (40 min post occlusion).

Note. For fig. 4, 6: c— controls. The differences versus group 1 (*) and group 2 (*) were sig-
nificant (Mann-Whitney test). Compared to controls, the differences were significant for
all groups and time points at P<0.0001. Data are presented as median (Me) (Q2), 25-75%
quartiles (QI-Q3), and non-outlier range (Min—-Max).

IIpumeuanwue. [ly1s1 puc. 4, 6: ¢ — KOHTPOJIb. Pa3nuus B cpaBHeHUHU ¢ rpymnmnoii I (%), ¢
rpynmnoi II (*) crarucTryecku 3HAYUMBI (KpuTepuil ManHa-YuTHU). B cpaBHeHUH C
KOHTpPOJIEM Pa3JIMYusA 3HAYUMBI AJIs1 BCeX IPYHII U CPOKOB Ipu p<0,0001. MaTepuan
NpeJCTaBU/IM Kak Menuany (Me) (Q2), 25-75% kBaptuiu (QI1-Q3) u guana3oH 6e3 BbI-
6pocoB (Min-Max).

MeJsKre (Ho 60Jiee MHOTroUncJIeHHbIe) 3M S garre
BCTpevasucbk B rpynne II (ogHOCTOpOHHAA
OOCA) (puc. 7, TabJ1.). ITO CBUAETETHCTBOBAJIO O
TOM, UTO mocJjie IBycTopoHHeld 40 MmuH OOCA,
BEPOSTHO, HAOyXaHMe HEUPOIUJIS IPOSIBJISIIIOCH
CUJIbHEE WUJIM MOSIBJISJIACh TEHAEHIUA CAUSHUS
3M/{I c o6pasoBaHrEeM KOHIVIOMepaTOB Heobpa-
TAMO paCHIMPEeHHbIX/U3MEHEeHHbIX OTPOCTKOB
ACTPOIUTOB. BUOKOJIJIONABI IUTOIIJIA3MBI TIEepe-

found between time points (days 1, 2, and 3) only
in group 3 (H=11.5; P=0.003), and between groups
on the same time points on day 1 (H=12.2; P=0.002)
and day 3 (H=10.8; P=0.01). On day 7 post CCA oc-
clusion, this parameter was approximately identi-
cal in all groups (Fig. 9). Probably, during this pe-
riod, a decrease in the intracellular water content
occurred accompanied by resolution of the struc-
tural features of cytotoxic neuropil edema. This was

MHoOroMepHoe CpaBHeHHEe YaCTOTHOTO pacIpeeseHUsI Ioeil 3peHusI 10 OTHOCHTEIbHOMH IJIOIA ! U KOJIHU-
4ecTBY 30H MAaKCHMAaJIBHOM IPKOCTHU B MOJIEKY/IsIPHOM cjioe CMK (KoppecrioHAeHTCKUH aHAIN3).
Multivariate comparison of the frequency distribution of visual fields by relative area and number of zones of
maximum brightness in the molecular layer of the SMC (correspondence analysis).

Comparison

Result

Area

Number

Group 1 vs group 2

¥?=84.0; df=45; P=0.0004*

¥?=211.6; df=70; P=0.000*

Group 1 vs group 3

¥?=150.0; df=65; P<0.0001*

¥?=150.2; df=60; P=0.000*

Group 2 vs group 3

¥?=167.0; df=60; P<0.0001*

¥?=143.5; df=55; P=0.000*

Intragroup 1 between various time points

¥?=29.0; df=18; P=0.047

¥?=28.4; df=18; P=0.06

Intragroup 2 between various time points

¥%=39.0; df=16; P=0.001*

¥?=51.8; df=22; P=0.0003*

Intragroup 3 between various time points

¥?=49.0; df=22; P=0.001*

¥?=35.4; df=16; P=0.01*

Intergroup on day 1

¥?=60.0; df=24; P=0.0001*

¥?=21.4; df=18; P=0.26

Intergroup on day 3

¥2=42.0; df=11; P<0.0001*

X2=113.5; di=26; P=0.000*

Intergroup on day 7

¥?=42.0; df=11; P<0.0001*

¥?=76.0; df=26; P=0.000*

Between the controls and each time point groupwise

¥>>40; df=11; P<0.0001*

¥>>40; df=10; P<0.0001*

The differences were considered significant at P<0.01

IIpumeuanue. Comparison — cpaBHeHHe; result — pe3ysbrar; area — IJI0IIA1b; number — KOJMYecTBO; group 1 vs group 2 —
rpynna 1 1o cpaBHEHUIO ¢ TPYNIIOH 2; intragroup ... between various time points — BHYTpHU IPyIIIbL ... MEKIYy CpOKaMy; in-
tergroup on day... — MeKIy Irpynmamu yepes ... cyT; between the controls and each time point groupwise — mesk 1y KOHTpOJIEM
¥ KaKbIM cpokoM 1o rpynnam; the differences were considered significant at... — pasnu4us cTaTuCTUYECKU 3HAYUMBI IIPH. ..
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Puc. 5. YacToTHOE pacnpee/ieHue oJIei 3peHusI 0 OTHOCHUTEJILHOMY 00'beMy (IJIOIIAa 1) 30H MAKCUMAJIBHOM SIPKOCTH B
MoJjiekyaAapHoM cioe CMK B koHTpoJie u niocsie OOCA (1,3 u 7 cyT) B rpymnax I (20 mun), I1 (30 mun) u I11 (40 muH).

Fig. 5. Frequency distribution of visual fields by relative volume (area) of maximum brightness zones in the molecular layer of
SMC in the controls and after CCA occlusion (days 1, 3, and 7) in groups 1 (20 min), 2 (30 min), and 3 (40 min post occlusion).
Note. For fig. 5, 7: X-axis: the relative area of zones with the maximum brightness (ZMB). Common carotid artery occlusion (CBA):

(1) — unilateral CBA and (2) — bilateral CBA.

IIpumeuanwue. /151 puc. 5, 7: Density, units — nI0THOCTB, /1. [1o ocu X — OTHOCHTEIbHAS MJIOIIAb 30H MAaKCUMATBLHOM SIPKOCTH
(BM£). (1) — omHOCTOPOHHSA U (2) — IBYCTOPOHHSISA OKKJII03Us 00IIKX COHHBIX apTepuii (OOCA).

CTaBaJId yAEpsKUBAThb 4aCThb KUIKOCTH, U OHA
TpaHc(hOpPMHUPOBAIACh B CBOOOJJHOE COCTOSTHUE,
BEPOSATHO, IIepexXoauiia U B MEKKJIETOYHOE IIPO-
CTpaHCTBO. Bo3dHukaau ycaoBus 151 GopMupo-
BaHW UHTEPCTULIMAJABHOTO oTeKa [12].
BreisiBnenHbie ¢ momolibio ¢puasrpa Find
Maxima 3MS{ B Heliponuae CMK (puc. 8, a, b)
nMeJin pas3Hble (POPMBI, pasMepbl U CTelleHb
APKOCTU. JTO OTYETINBO IIPOABJIAJNOCH NPU
HCII0JIb30BAHUU BO3MOKHOCTeH nyarunHa Find
Foci (puc. 8, c). Hanpumep, nJjomiagb OIHOHU
3M#I Ha aTom pucyHKe BapbupoBaJiach ot 0,8 1o
14 MxM?, spkoCcTh — oT 200 go 252. HauboJsee
KpynHble 3MSl o mokasareJilo eHTPaJbHOU
TeHJEeHIUKU (MenuaHa) U MHTePKBapTUJIbHOTO

pasMax (Q1-Q3) srraABsaens! B rpynne I u III (nBy-

most evident after 40 min of CCA occlusion (Figs. 8,
9). This group had the highest values of the total
pixel intensity of the maximal brightest and largest
in area peaks of the visual field of the neuropil mo-
lecular layer of SMC, which were detected 3 days
post ischemia. The maximum amount of
bound/free fluid detected by brightness foci was
noted in edema of the neuropil of the upper SMC
molecular layer and perivascular spaces (Fig. 1, b,
¢, d; Fig. 9). These zones corresponded to the accu-
mulation of GFAP-positive material in the controls
seen in the upper level (superficial glial limiting
membrane formed by specialized astrocyte
processes) and around the vessels (Fig. 1, ¢, f).

The total pixel intensities of the peaks deter-
mined using the Find Foci plugin ranged from
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croporHas OOCA). B rpymmne I
gepes 1 cyT 9TOT ImoKasareJsb
coctaBuJa 2,62 (2,43-3,35), 3
cyT — 2,77 (2,52-3,55), 7 cyT —
2,65 (2,12-2,82). B rpymme II
ugepes 1 cyr — 1,98 (1,67-2,51),
3cyr—1,55(1,43-2,15), 7 cyr—
1,56 (1,38-1,90). B rpynmne III
ugepes 1 cyr — 3,03 (2,87-3,58), 3
cyT — 2,54 (2,48-3,11), 7 cyT —
1,94 (1,76-2,60). MHO>XeCTBEH-
Hoe cpaBHenue (Kruskal-Wal-
lis ANOVA) Tpex rpymnin Ioka-
3aJ10 HaJIM4re CTaTUCTUYECKU
3HAYMMBIX Pa3JINuMnil: yepes
1 cyT (H=26,8; p=0,0001); yepes
3 cyt (H=22,5; p=0,0001); uepes
7 cyT (H=8,3; p=0,02).

[Io maHHBIM MHOTOMEp-
HOI'0 aHaju3a, 00Iast MHTeH-
CUBHOCTh IIHKCeJIed MaKCH-
MaJIbHOM SIPKOCTU B TMHKax
CTaTUCTUYECKU 3HAYIMO
OTJINYaJIach MeKAy IPylIIaMu
(H=30,6; p=0,0002). Opmnaxo,
MeKIy cpokamu (1, 2, u 3 cyT)
pas3auunsi OBLIU BBISBJIEHBI
ToJIbKO B rpymme III (H=11,5;

Puc. 6. O011as ync/IeHHasI IJIOTHOCTH 30H MAKCHMAJIBHOM APKOCTH B HeipoIIiie Mo-
JexyasapHoro ciaosa CMK B konrpoJae unocae OOCA (1,3 u 7 cyr) B rpynnax I (20 mun),
II (30 mun) u 111 (40 MmuH).

Fig. 6. Total numerical density of maximal brightness zones in the neuropil of SMC mo-
lecular layer in the controls and after CCA occlusion (days 1, 3 and 7) in groups 1 (20
min), 2 (30 min) and 3 (40 min post occlusion).

Note. The differences versus group 1 (*) and group 2 (*) are significant (Mann-Whitney
test). Compared to controls, differences were significant for all groups and time points at
P<0.0001. Data are presented as median (Me) (Q2), 25-75% quartiles (Q1-Q3), and non-
outlier range (Min—-Max).

IIpumeuanue. Number per 400 um? — kosinuecTBO Ha 400 MKM?. Pa3/inuus B CpaBHEHUU
c rpynmnoii I (*), ¢ rpynmoii 11 () cratucTruuecku 3HaYMMBbI (KpuTepuit ManHa—-YutHu). B
CpaBHEHUHU C KOHTPOJIEM Pa3/IN4KsI 3HAYMMBI [IJI1 BCEX IPYILI U CPOKOB 1pu p<0,0001.
MarepuaJi npeacTaB/ieH kKak Meauana (Me) (Q2), 25-75% kBaptuiu (QI1-Q3) u quanasoH

p=0,003), a Mexxay rpynmnamu
110 OOWHAKOBBIM CpOKaM —
ugepes 1 cyt (H=12,2; p=0,002) n
3 cyt (H=10,8; p=0,01). Yepes 7 cyt nocsie OOCA aroT
ToKasaresib ObLT MPUMEPHO HA OTHOM YPOBHE BO
BCex rpynmnax (puc. 9). BepoaTHo, B 9TOT IIE€pUOL
IIPOMCXOAMJIO YMEHBIIICHUE COAEPKaHUs BHYTPU-
KJIETOYHOU BOJIbI, COIIPOBOYKIAIOIIEeCs] MHBOJIIO-
el CTPYKTYPHBIX IPOSIBJIEHUH IIUTOTOKCAYECKO-
ro oTeka-HaOyxaHus Helpornuasda. Hawubomee
HAIATHO 3TO MPOSABJIAIOCH Tocae 40 mua OOCA
(puc. 8, 9). [l 9TOM rpynnbl OBLIN XapaKTePHBI
camble OoJIbIIIe 3HAYEeHUsI 001Ieli MTHTEHCUBHO-
CTU IUKCeJIel MAKCUMAJIbHO SIPKUX U KPYIIHBIX 110
TIJIOIIAIY TIMKOB MO0JIs1 3pEeHUsI HEHPOMUJIsl MoJie-
KysasapHoro ciaosa CMK, KoTopele BBIABJIAJINCH
4Jepes 3 CyT ITocJIe uieMnuu. MakcuMaibHOe KOJIN-
YeCTBO CBSI3aHHOI/CBOOOMTHON BOMBI, BHISBJIEH-
HOU 110 (poKycaM sIpKOCTH, IPX PA3BUTHHU dieMa-
TO3HBIX HW3MEHEHUU OTMEeTUIN B Helpomnuie
BEpXHEro araka MoJieKyJasapHoro cjaosa CMK u
TIepUBACKYJISIPHBIX IPOCTPAHCTBAX (puc. 1, b, ¢, d;
puc. 9). 3Tu 30HBI COOTBETCTBOBAJIN CKOILJICHUIO
GFAP-no3uTUBHOTO Marepualjia B KOHTpOJie —
BEPXHUU 9TaK (II0BepXHOCTHAsI IVIMaIbHAsA Iorpa-
HUYHast MeMOpaHa, oOpa3oBaHHAsE OTPOCTKAMU
CIIeNVAJU3UPOBAHHBIX ACTPOLUTOB) U BOKPYT
cocynos (puc. 1, ¢, fI.

Obmasi THTEHCUBHOCTh THKCEJIeH IMHKOB,
BBISIBJIEHHAS IIPU UCIIOJIb30BaHNU I1aruHa Find
Foci, Bappuposasia or 70000 go 2280000. OgHako

6e3 BbIOpOCOB (Min-Max).

70,000 to 2,280,000. However, for the majority of the
detected peaks, the total pixel intensity did not ex-
ceed 200,000. Larger peaks were 20.3% (95% CI:
6.7-32.6%; x*=8.6; P=0.003) more frequent in ani-
mals after bilateral CCA occlusion (groups 1 and 3)
(Fig. 10).

The results of our study indicate that after
20, 30, and 40 min of OOSA, signs of edema with
cell swelling appeared in the SMC. Prevalent fea-
tures included swelling and vacuolization of den-
drites, swelling of astrocytes of the upper molec-
ular layer neuropil where the distal dendrites of
the underlying layers of pyramidal neurons were
located. These changes were mostly reversible,
but associated with destruction of some neurons.
The study of morphometric evolution of edema in
the SMC showed that edema with cell swelling
persisted in varying degrees in all groups during
the entire observation period (7 days) after CCA
occlusion. The most severe edema with cell
swelling occurred after 40 min CCA occlusion.
This type of occlusion was also characterized by
a more significant reduction in the total numeri-
cal density of pyramidal neurons.

The ischemic area looks more pale under mild
exposure due to vacuolization of the neuropil,
which consists of neuronal processes and glia. The

lesion site is localized in the superficial layers of the
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Puc. 7. YacTOTHOE pacnpeieieHHe IoJIei 3pEeHHs 110 KOJTUYECTBY 30H MAKCUMAJIBHOM APKOCTH B MOJIEKYJIsspHOM cioe (MC)
CEHCOMOTOPHOM KOPbI B KOHTpoJe 1 mocjae OOCA (1,3 u 7 cyt) B rpynmnax I (20 mun), IT (30 mun) u III (40 muH).

Fig. 7. Frequency distribution of visual fields by number of maximum brightness zones in the molecular layer of SMC in the
controls and after CCA occlusion (days 1, 3, and 7) in groups 1 (20 min), 2 (30 min), and 3 (40 min post occlusion).

Puc. 8. Y4acTOK HEHpPOIUJIA BEpXHEro aTa)ka MojeKyasapHoro ciosit CMK uepes 7 cyt nocie 40 mun OOCA.

Fig. 8. A region of the neuropil of the upper SMC molecular layer 7 days post 40 min CCA occlusion.

Note. Edema with clearing (a, b; arrows) in the neuropil, with varying brightness (¢; marked by + and '= ), shape and size (b, ¢).
Hematoxylin-eosin staining (a), plot transformation using the Find Maxima filter (b) and Find Foci plugin (c). A 6 pm scale.
IIpumeuaHue. JeMaTO3HbIE N3MEHEHHUS C TIOSIBJIeHNEM Ha (DOHE HEHPOIHIIS CBETIBIX 30H (a4, b; CTPeJIKK), OTINYAIOIIUXCS SIP-
KOCTBIO (C; OTMEUYEHO + U = ), (hopmoii 1 pasdmepami (b, ¢). OKpacka reMaTOKCUJIMH-303UHOM (a), TpaHchopmanus rpaduku ¢
nomompio ¢puasrpa Find Maxima (b) u mrarusa Find Foci (¢). [IIkama — 6 MKM.
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1S OCHOBHOH Macchl
BBISIBJIEHHBIX IMTHUKOB 001Iast
WHTEHCHUBHOCTD ITUKCeJIed He
npessbiiana 200000. bosee
KpYIIHbIE IIAKA yarie
BCTPEYaJINUCh Y SKABOTHBIX
nocsje asycropoHHeii OOCA
(rpynns! I u III) — Ba 20,3%
(95% OU: 6,7-32,6%; x2=8,6;
p=0,003) (pwuc. 10).
Pesynbrarel HacToAIIETO
HUCCJENOBAaHUA CBUIETEb-
CTBYIOT O TOM, 4TO mocJje 20,
30 m 40 mur OOCA B CMK
MOSABJIAJINCH IIPU3HAKU
oTteka-Habyxanus. [Ipeobsa-

JIaJTA IPOSsIBJIEHU ST HAOyXaHU S
¥ BaKyO0JIM3aluu JEeHIPUTOB,
HaOyXaHMUs aCTPOIUTOB HEM-
ponuasas  BepxHero araska
MOJIEKYJIIPHOIO CJI051, B KOTO-
pOM JIOKAJIU30BAJIUCH JHC-
TaJbHbIE IEHAPUTHI HIKeJIe-
SKAIX CJI0€eB NMHUPAMUIHBIX
HelpoHOB. /laHHbIE U3MeEHe-
HUsI UMeJIF B OCHOBHOM 00pa-
THUMBIM XapakTep, HO COIpPO-
BOYKIA/JIUCH IecTpyKIuein
JacTu HelpoHoB. Mccienosa-
HUE TMHAMUKU MOp(HOMeETpHU-
YEeCKUX XapaKTEPUCTUK MPOSBJEHUN 9/1eMaTO3-
HbIXx n3amMeHneHuin B CMK mokasaJjo, 4To ImocJe
OOCA Bo Bcex rpyTax oTek-HabyxaHue B TOH Wi
WHOW CTeleHU COXpPaHsJICS B Te4eHHWe BCEro
neproga Habonenus (7 cyt). Hambosee Bbipa-
SKEHHBIMU MIPOSIBJIEHUS OTeKa-Ha0yxaHUs ObLIN
nocae 40 mua OOCA. Jlnsgs JaHHOTO BapHWaHTA
OKKJTIO3UU ObIjIa XapaKTepHa 1 00Jiee 3HAYNUTETh-
Has peNyKIusi OOINell YMCIeHHOW IIOTHOCTHU
MMMpaMUIHBIX HEUPOHOB.

N3BecTHO, 4TO TIpU CJaab0OM BO3MENCTBUU
HIlleMUuYecKass 00JacTh BBINIAAUT OJiegHee
BCJIEICTBUE BAKYOJIM3allMi HEHPOMIUJISA, COCTOS-
111ero M3 OTPOCTKOB HEUPOHOB U IVIUU. YUACTOK
TIOBPEKACHUA JIOKAJIU3YETCA B [IOBEPXHOCTHBIX
CJIOSIX KOPBI. B OCHOBHOM IIpOABJIAIOTCA CTPYK-
TypHBIE IIepeCTPOMKHU JAEHIPUTOB IIOBEPXHOCT-
HBIX CJI0€B KOPBI. B HEKOTOPBIX ciIydasix Ha poHe
TaKUX HaOyXIINX TEHAPUTOB BBIABJISETCS IIUTO-
TOKCUYECKUU OTeK WIMAJIbHBIX KJIETOK U Mepu-
1eJIJTIOJITPHBIN OTEK COMBI OTJeIbHBIX HEPBHBIX
KJIETOK, PEIKO BCTPEYAIOTCSA TesIa TUIePXPOMHBIX
HeiipoHoB. OCHOBHasg Macca TeJl HEHWPOHOB
MOBEPXHOCTHBIX CJIOEB OCTAETCS HETTOBPEKIEeH-
HOW, B HUKeJIeKAIUX CJ0SX BCe HEUPOHBI
OCTAaIOTCSI UHTAaKTHBIMU [25].

ComnocTaBJisisg 9TU JaHHbIE C HAIIIUMU, MOYKHO
cIeJiaTh 3aKJaO4YeHne 0 ToM, 4To 1ocJe 20, 30 u,
ocobenHo, 40 mua OOCA pa3BUBaINCh YMEPEH-

Puc. 9. O011ass MHTEHCHUBHOCTH ITUKCE/IeH MAaKCHMAJIbHO SIPKUX U KPYITHBIX IO IJIO-
1Y MTHKOB I0JIA 3peHUsA HeHponuJisA MoJiekyasapHoro cjioss CMK B KoHTpoJse u
nocae OOCA (1,3 u 7 cyt) B rpynnax I (20 mun), II (30 mun) u III (40 muH).

Fig. 9. Total pixel intensity of the maximal brightest and largest by area peaks of the vi-
sual field of neuropil molecular layer of SMC in controls and after CCA occlusion (days
1,3 and 7) in groups 1 (20 min), 2 (30 min) and 3 (40 min post occlusion).

Note. Differences versus groups 1 (*) and 2 (*#), vs day 1 (*) and day 3 (**) were significant
(Mann-Whitney test). Data are presented as median (Me) (Q2), 25-75% quartiles (QI-Q3),
and non-outlier range (Min-Max).

IIpumeuanue. Total pixel intensity of peaks — 00111as8 FHTEHCHBHOCTD ITUKCEJIEH B ITHKE.
Passinuus B cpaBHeHnu ¢ rpynmoit I (%), ¢ rpynmnoit IT (%), ¢ 1 cyt (), ¢ 3 cyT (**) crarucrude-
CKU 3HAYMMBbI (KpuTepuii ManHa—YWUTHN). MaTeprasi mpeicTaB/IeH Kak Meauana (Me) (Q2),
25-75% xkBapTusn (QI-Q3) u nuanasoH Oe3 BIOpocoB (Min—-Max).

cortex. Structural rearrangements of dendrites of
superficial cortical layers are the most apparent
features. Occasionally, cytotoxic edema of glial cells
and pericellular edema of soma of individual nerve
cells can be revealed amid such swollen dendrites;
hyperchromic neuronal bodies can be rarely found.
The majority of neuronal bodies in the superficial
layers and all neurons in the underlying layers re-
main intact [25].

Comparing these data with our own, we can
conclude that after 20, 30, and, especially, 40 min
CCA occlusion, mostly moderate structural and func-
tional changes developed, whereas in some ischemic
areas of the SMC even severe ones could be observed.

According to the literature, astrocytes are ob-
viously damaged by ischemia, and their dysfunc-
tion can lead to neuronal death or dysfunction.
Heterogeneous degeneration of astrocytic
processes around neurons of varying viability
causes further neuronal injury and death due to
secondary reduction of energy supply to necrotic
neurons and disruption of glutamate-glutamine
cycle and ionic homeostasis [12]. We assume the
linear relationship between these changes and the
duration of ischemia based on our findings: the
mildest morphometric evidence of edema with cell
swelling was obtained after 30 min unilateral CCA
occlusion, while the most severe one was seen after
40-min bilateral CCA occlusion.
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Puc. 10. TucrorpaMmma pacnpeaesieHHs IUKOB € Pa3HOH 0011eil HHTEHCHBHOCTHIO ITUKCeJIei N300 pakeHHsI IOJIsA 3PEHUsI Hel -
ponuisa MmojiekyaapHoro ciaoAa CMK B koHTpodie u nocsie OOCA (1, 3 u 7 cyt) B rpynnax I (20 mun), I (30 mun) u I11 (40 muH).
Fig. 10. Histogram of the distribution of peaks with different total pixel intensities of the visual field image of the SMC mo-
lecular layer neuropil in the controls and after CCA occlusion (days 1, 3, and 7) in groups 1 (20 min), 2 (30 min), and 3 (40 min

post occlusion).

HbIE CTPYKTYPHO-(QYHKIIMOHAIbHBIE U3MEHEHUS,
a B OTJeJIbHBIX UIIIeMU3UPOBaHHbIX 30Hax CMK —
Jajke CUJIbHBIE.

[To maHHBIM JIUTEpPATYypPbl, O4€BUIHO, YTO aACT-
POLIUTHI TOBPEKIAIOTCS UIIEMUEH, a UX JUCHYHK-
LU MOYKET IPUBECTH K TUOesIN Uy TUCPYHKINN
HelipoHOB. [eTeporeHHas gereHeparusi aCTpoIu-
TapHBIX OTPOCTKOB BOKPYT HEUPOHOB PA3HOM CTe-
MEeHU YKU3HECTIOCOOHOCTHU BhI3LIBAET JaJIbHENIIINe
MOBpEsKIEHUs U Tubesb HePOHOB M3-3a BTOPUY-
HOTO CHUKEHUsI 9HEPTOCHa0KeHUsI HEKPOOUOTHU-
YeCKUX HEMPOHOB U HApYyIIIeHUs TIyTaMaT-TIyTa-
MHHOBOI'O IIMKJAa M HOHOromeoctasa [12]. MsbI
MpeArnoJjaraeM, 4To CyllecTByeT JJUHeHHasI 3aBU-
CUMOCTh TONOOHBIX MU3MEHEHUN OT IPOHOJIKU-
TeJIbHOCTH UIIIEMUN — HauMeHbIIIe MopgoMeT-
puYeckue IMPOSIBJIEHUsI OTeKa-HaOyxaHUs1 HaMU
noJsty4deHsl pu 30 MUH OTHOCTOPOHHEH, a Hau-
6osbine — npu 40 MuH aABycTopoHHei OOCA.

YcranoBuau, uTo nocae OOCA IosBJISINCH
«IIOpUCTBIE» U3MeHeHus Heltponuist CMK, B 30He
pacnoJIoKeHUsA KOTOPBIX PEe3KO YMEHbIIAJIOCh
copepskanue GFAP-mosutuBHOro marepuana. B
0oJiee OTJaIEHHOM IIepHOie, BEPOSITHO, B PE3YIIb-

TaTe aKTUBAllUU MEXaHNU3MOB PEAaKTUBHOI'O aCT-

We found that after CCA occlusion «porous»
changes appeared in the neuropil of SMC associ-
ated with a local dramatic reduction in the GFAP-
positive material. Later on, probably as a result of
reactive astrocytosis mechanisms, there was a par-
tial recovery and even hypertrophy of the astrocytic
processes in this area [26].

Swelling of the distal dendrites in the upper
layers of the cortex is one of the characteristic mor-
phological alterations in mild ischemic exposure.
Neurodegeneration is known to start specifically
from distal dendrites. On the other hand, deactiva-
tion of the superficial cortical layers disrupts the
projections of the thalamic cells into the upper cor-
tical layers, thus resulting in delta activity [25].

One may suppose that edema with cell
swelling and varicose dilation of the distal den-
drites of the molecular layer of the cortex after
acute ischemia leads to increased inhibition in the
cortex, manifested by delta activity. The intensifi-
cation of inhibitory processes is apparently due to
attenuated influences arriving to the cortex from
nonspecific subcortical systems. This can be con-
sidered as one of the mechanisms of natural pro-
tection of neurons after ischemia [25].
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ponuTOo3a, MPOUCXOAUIO YACTUIHOE BOCCTAHOB-
JieHue U Jaske runepTpodusi OTPOCTKOB aCTPOITU-
TOB 9TOH 30HEI [26].

IIpu cnaboMm UIIEMHUYECKOM BO3MEHCTBUU
OJTHOM M3 XapaKTePHbIX MOP(OIOTUUECKUX TTepe-
CTpOEK SABJIsAETCA HabyXxaHWe JUCTAJbHBIX OTHe-
JIOB IEHAPUTOB B BEPXHUX CJIOSAX KOPBI. U3BECTHO,
4TO UMEHHO C JUCTATbHBIX JeHIPUTOB HAUNHAET-
cs1 HelponereHepaunusi. C Apyroil CTOPOHBI,
BBIKJIIOYEHNE IIOBEPXHOCTHBIX CJI0€B KOPBI Hapy-
I1aeT NPOEKIMU KJIETOK TajaMyca B BepXHUeE CJI0U
KOpBI, OJlaromapsi 9TOMy MOSIBJsSIeTCS [iesIbTa
AKTHUBHOCTS [25].

MoskHO mToJsaraTh, 4TO OTeK-HaOyXaHWe U
BAapUKO3HOE pacIIupeHne NVCTAIbHbBIX TeHIPU-
TOB MOJIEKYJIIPHOTO CJIOsI KOPBI IIOCJe OCTPOM
HUIIEeMUHU IPUBOJUT K YCUJICHUIO TOPMOYKEHUS B
KOpE, 4TO BBIPAKAETCS B A€JIBTa-aKTUBHOCTH. YCH-
JleHWe TOPMO3HBIX MPOIECCOB MPOUCXOOUT, TO-
BUJIVMMOMY, 32 CUET 0cIabIeHNsA aKTUBUPYIOITNX
BJIUSTHUY, IPUXOISAIINX B KOPY OT Hecnenuguue-
CKUX IMOJTKOPKOBBIX CUCTEM. ITO MOKHO paccMar-
pUBaTh KakK OJIUH U3 MEXaHU3MOB €CTECTBEHHOM
3alTUThI HEUPOHOB MOCJIE UIlIeMUH [25].

Ilo simTeparypHBIM JaHHBIM, TUIPOIAYECKIAE
W3MEeHEeHUs B HeUPOIIUJie MOJIEKYISIPHOIO CJIOSI
1ocJjie OCTPOH UIIIeMUU COIIPOBOYKIAIOTCA PEelyK-
el 3HAYUTEJbHOM YacTU MeKHEeUPOHHBIX
CHHAIICOB II0 CBETJIOMY THIIYy OECTPYKIWAH, YTO
TaK)Ke CBUAETEJIbCTBYET O HAPYIICHUAX KOMMY-
HUKaIlMU HEMPOHOB HEOKOPTEKCa U Heclerudu-
4YeCKHUX Ajep ranamyca [27]. «KepTBysa» neHnpu-
TaMU W CUHAIICAMU B OCTPOM ITOCTUIIIEMAYECKOM
mepuoje, HEUPOHBI, BEPOSITHO, CIACAIOT Ce0sI OT
TUTIEPaKTUBAIINY 1 HEOOPATUMOT0 9KCAUTOTOKCH -
YEeCKOr'o IIOBPEXKICHUs, a CHCTeMa KOMMYHUKA-
MM BOCCTAaHABJIMBAeETCA yyKe deped 3—7 CyT
peniepdysuu B pe3ybrare akTUBAIlUU MEXaHU3-
MOB HEHPOILJIAaCTUYHOCTH.

3akJrouenue

B ceHCOMOTOpPHOII KOpe TOJIOBHOT'O MO3Tra
0eJIBIX KPBIC TToCJIe mepeHeceHHo 20, 30 u 40 MuH
OOCA noABJIANNCE IPU3HAKU IUTOTOKCUYECKOTO
oTeka-HaOyXaHWs, pPa3BUBAJNCH  OYaroBbIe
JeCTPYKTUBHBIE U aJallTUBHbIE U3MEHEeHUs Hell-
poHOB 1 actpomnu. [IposiBIeHus oTeka-Habyxa-
HUS COXPaHSJINCh Ha IPOTSYKeHUU BCEro Iepuoaa
Haburonenns (7 cyT).

Yepes 1 u 3 cyt nocae OOCA 4acTb OTPOCTKOB
acrpouutoB CMK paspyiianacs, a y Ipyrux HOsIBs-
JINCh NIPU3HAKU AJAlTUBHBIX ¥ KOMIIEHCATOPHBIX
peaKTUBHBIX M3MeHeHUH. B 601bI11el cTerneny cTpa-
JlaJI CTPYKTYPbI BEPXHET0 3TaKa MOJIEKYJISIPHOTO
CJ1051 — B CyONMaIbHOM 30HE ITOJT Hapy>KHOM ITorpa-
HUYHOH ITTHATbHOU MeMOpaHOI MO3ra.

[Tocsie omaOCcTOpoHHEH 30 MuH OOCA pasBu-
BaJINCh CJIabble M YMEepPEHHbIE, a IOCJE IBYCTO-

According to the literature data, hydropic
changes in the molecular layer neuropil after acute
ischemia are accompanied by reduction of a signifi-
cant part of interneuronal synapses via «clear» de-
struction mechanism, which also indicates distur-
bances in communication between neocortex
neurons and nonspecific thalamic nuclei [27]. By
«sacrificing» dendrites and synapses in the acute
postischemic period, neurons probably protect
themselves from hyperactivation and irreversible
excitotoxic damage, and the communication sys-
tem is restored after 3—7 days of reperfusion as are-
sult of neuroplasticity mechanisms activation.

Conclusion

In the sensorimotor cerebral cortex of white
rats post 20, 30, and 40 min CCA occlusion, signs of
cytotoxic edema were observed, and focal destruc-
tive and adaptive changes in neurons and astroglia
developed. Edema persisted throughout the entire
observation period (7 days).

On days 1 and 3 after CCA occlusion, some of
the SMC astrocyte processes were destructed, while
others showed adaptive and compensatory reactive
changes. The structures of the upper level of the
molecular layer, located in the subpial zone under
the external glial limiting membrane of the brain,
suffered to a greater extent.

Mild and moderate (after unilateral 30 min
CCA occlusion) to moderate and severe (after bilat-
eral 40 min CCA occlusion) focal structural and
functional changes of the SMC with large zones of
neuropil clearing, severe perivascular and perineu-
ronal edema of the astrocytic processes developed.

Thus, new quantitative data were obtained on
the patterns of neocortical edema with cell swelling
development after 20, 30 and 40 min CCA occlu-
sion. These data might help understand the struc-
tural basis for the transition of reactive/protective
changes into pathological ones due to the reorgan-
ization of neuroglial interrelations. The 40 min CCa
occlusion could serve as a sort of borderline is-
chemia period which induces this transition.
Specifically after this period the most severe mani-
festations of post-ischemic cytotoxic edema such
as failure of homeostatic and adaptive mecha-
nisms, dysfunction of astrocytes, large number of
shrinked neurons and their death were revealed.

Authors' contribution. The authors personally
and equally participated in the implementation of a
comprehensive methodological approach, including
experimental, anatomical, histological, morphome-
tric and computational methods, as well as observa-
tion, description and analysis of the obtained data.

pounueir 40 mua OOCA — yMepeHHBIE U JTaKe
CUJIbHBIE MEJIKOOYaroBble CTPYKTYPHO-(QyHKIINO-
HasbHbIe n3MeHenuss CMK ¢ mosiBiienuem 00JIb-
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WX 30H TPOCBETVIEHUS HEUPOINJIsI, BRIPAYKEHHO-
ro IepUBACKY/ISIPHOTO W IepUHEeHPOHAJBHOTO
OTeKa OTPOCTKOB ACTPOIIUTOB.

TakuM 06pa3oM, MOTy4YeHbI HOBbIE KOJIUYe-
CTBEHHBIE TaHHBIE 00 0COOEHHOCTSAX PAa3BUTHUSA
oTeka-HabyxaHUsA HeOKOpTeKca mocye 20, 30 u
40 mua OOCA. 3T [aHHbIEe MOTYT OBITH MCIIOJIh-
30BaHbl JJIs IIOHMMAaHUA CTPYKTYPHBIX OCHOB
repexojia peakTUBHBIX/ 3AITUTHBIX U3MEHEHUH B
MaToJIOTUYECKHUeE 3a CUEeT peopraHu3arum Heipo-
MINAIbHBIX B3AaUMOOTHOIIIeHNH. CBOe0Opas3HbIM
MMOTPAHUYHBIM CPOKOM HPOAOJKUTETbHOCTHU
WIIeMnuu, BeposaTHO, saBasgeTca 40 mua OOCA.
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ViMeHHO TIOCJTe Hee BBISIBUJIM HAanOOJIBIINE TTPO-
SIBJIEHUSI TIOCTUIIIEMHUYECKOTO ITUTOTOKCUYECKO-
ro OTeKa-HabyXaHUsI — CPBIB TOMEOCTaTUYECKIX
¥ aJanTalMOHHBIX MEXaHU3MOB, AUCHYHKITHIO
acTpouuToB, oOpa3oBaHUe OOJBIIOTO KOJIUYE-
CTBa ¥ ruOeIb MMKHOMOP(HBIX HEHPOHOB.
Yuacrue aBTOpOB. ABTOPHI IMYHO ¥ B PAaBHOM
KOJTMYECTBE MIPUHUMAJY Y9acTHe B Pean3aIiui
KOMIIJIEKCHOTO METO/I0JIOTHYECKOTO TOIXO0/1a,
BRJTIOYAIOIIET0 9KCIIEpUMEHTaIbHBIN, aHaTOMUYe-
CKMU, TUCTOJIOTUYECKUN, MOp(oMeTpruIecKuil u
MHMOPMAITMOHHO-MaTeMaTHYeCKU MeTONbI, a
TaK ke METO[IbI HAOJTIO[IEH NS, OTIFICAHUS U aHAJIA3A.
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