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AHHOTAITUA

Beenenue. HeliposerenepaTuBHBIE IIPOIIECCHI SIBJISIOTCS KJIIOYEBBIMU B PA3BUTHH Psi/ia 3a007I€BAaHUH — WHCYJIBTHI,
6ose3nu [TapKkuHCOHA U AJTBITeMEpa, SIIJIEICHS, IPU YEPEITHO-MO3T0BOM TpaBMe. OHU BKJIIOUAIOT B ceOsl IEPBUYHBIE
U BTOPUYHBIE CTPYKTYPHO-GYHKIIMOHAIbHBIE U3MEHEHUsI HEPBHOM TKaHM, a TaKyKe TH0e/h HEHPOHOB U ITOJTHOE BBITIA/Ie-
HUe QPYHKITUN.

Il enw. V3yueHune NpOsABIEHUHN THIPOITMTIECKON JUCTPODHUU U PEOPTaHU3AINY IJTHOIUTOAPXUTEKTOHUKH B IIPOIIECCE
(bopmupoBaHUs TEMHBIX HEHPOHOB B ceHCcOMOTOpHOH Kope (CMK) 60IbIII0T0 MO3ra IT0JI0BO3PEIbIX OEJIbIX KPBIC HOCTIe
40-MUHYTHOH OKKJIIO3UU 001X cOHHBIX apTepuii (OOCA).

MaTepuanbl u MmeToabl. Ha 6enbix kpbicax imHun Wistar mojiesiupoBainu 40-MuHyTHYI0 OOCA. ['010BHO# MO3T
(uxcupoBasin mepdysuoHHBIM criocobom. ITpoBoguir MOPGHOMETPUUECKYIO OIEHKY MPOSABJIEHUN OTeKa-HaOyxXaHUs,
nUTO- U ruoruroapxuTekToHuku CMK B HopMme (n = 6, KOHTpOJIbHAsA TpyIna), Ha 1-e (n = 6), 3-u (n = 6) u 7-e CyTKu
(n = 6) mocae OOCA. Vcnosp30Banu OKpacky 1o Huccesro, reMaTOKCHJIMHOM U 303UHOM, UMMYHOTHCTOXUMUYECKHE PEAK-
nuu NSE, MAP-2, GFAP u AIF1. Onpe/iesisyii OTHOCUTETBHYIO IIOIIA/Ih 30H OTeKa-HaOyXaHUsI, YUCIEHHYIO IOTHOCTh
HOPMOXPOMHBIX U TEMHBIX ITUPAMU/IHBIX HEHPOHOB, osiurojieHpouToB (O/IL]), mukporiauorutos (MI'II).

PesynbTaThl. Beicokoe cosepskanue (20—50 %) TeMHbIX HelipoHOB mocsie OOCA cOTPOBOK/IATIOCH YBETUUEHHUEM B
3.3 paza OTHOCHUTEJIbHOU IO 30H oTeka-Habyxauus (r = 0.82, p = 0.01). Cnernuduueckue 6enku (NSE, MAP-2)
6O0JIBIIIEN YACTH TEMHBIX HEHPOHOB COXpaHsUIHCh. O0Ias YucieHHas II0THOCTh HelpoHoB CMK uepes 7 cyt nociie OOCA
yMeHbIasach Ha 26.4 % (cioit 111, p = 0.001) 1 18.5 % (c10% V, p = 0.01). YBETMUUBAIOCH COZIEpIKaHKE acTPOIUTOB, MI'L]
u OJI11. ITux uncnennow wiotHocty MI'L] otmMeueH Ha 1-e cyTkH, a O/[1] — Ha 7-€ CyTKH ITOC/Ie OCTPOI HETTOJTHOU HUITEMUU
(p < 0.001). BeiaBIeHHBIE H3MeHeHUA HOCHIN UG Y3HO-0UaroBbIN XapaKTep.

3aknwuenue. [locie 40-munyrHorr OOCA B CMK yBesimunBasioch Coziep:KaHU€e TEMHBIX HEHPOHOB U, KaK CJIe]I-
CTBUE, OSABJIAINCH IPU3HAKU IHIponinyeckoi quctpoduu. Ha aTrom dhoHe Bo3pacrasio koauyecTBo caTesutuTapHbeix O/1,
acrpouutoB 1 MI'Ll. BeposiTHO, oTek-HaOyxaHue, akTuBHble MI'L] 1 acTPOLIUTHI IPEABAPUTENIBHO (B 1-€ — 3-U CYTKH) ca-
HUPYIOT HEPBHYIO TKaHb, 0OecreunBas ee mocieaywoiiee (7-€ CyTKHU) CTPYKTYPHO-(DYHKIHOHATbHOE BOCCTAHOBJIEHUE C
yuactuem O/I1I.

Karoueswle caoga: ocTpast UllleMusi, THApoNuYecKast AUCTPodUsl, CEHCOMOTOPHAsI KOPa, TeMHbIe HEMPOHBI, aCTPO-
IJIVST, MUKDOTJINS, IMMYHOTHCTOXUMUsL, MOPGOMETpPHs, KpbIchl Wistar.
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ABSTRACT

Introduction. Neurodegenerative processes are key in the development of a number of diseases — strokes, Parkin-
son’s and Alzheimer’s diseases, epilepsy, and traumatic brain injury. They include primary and secondary structural and
functional changes in the nervous tissue, as well as the death of neurons and complete loss of functions.

Aim. To study the manifestations of hydropic degeneration and reorganization of glio-cytoarchitectonics during the
formation of dark neurons in the sensorimotor cortex (SMC) of the cerebrum of mature white rats in 40 min after the com-
mon carotid arteries occlusion (CCAO).

Materials and methods. A 40-minute CCAO was simulated in white Wistar rats. The brain was fixed by perfu-
sion method. Morphometric assessment of manifestations of edema — swelling, cyto- and glio-cyto-architectonics of SMC
was performed normally (n = 6, control group), on the 1% (n = 6), 3" (n = 6) and 7™ days (n = 6) after CCAO. The Nissl stai-
ning, hematoxylin and eosin, immunohistochemical typing NSE, MAP-2, GFAP and AIF1 were applied. The relative area of
edema-swelling zones, the numerical density of normochromic and dark pyramidal neurons, oligodendrocytes (OD),
microgliocytes (MG) were determined.

Results. The high content (20-50%) of dark neurons after CCAO was accompanied by a 3.3-fold increase in the rela-
tive area of edema-swelling zones (r = 0.82, p = 0.01). Specific proteins (NSE, MAP-2) of most dark neurons were pre-
served. The total numerical density of SMC neurons decreased by 26.4% (layer III, p = 0.001) and 18.5% (layer V, p = 0.01)
after 7 days of CCAO. The content of astrocytes, MG and OD increased. The peak in the number density of MG was observed
in the 1t day, and OD — in the 7* day after acute subtotal ischemia (p < 0.001). The revealed changes were of a diffuse-focal
nature.

Conclusion. After a 40-minute CCAO, the content of dark neurons in SMC increased and, as a result, signs of hy-
dropic degeneration appeared. Against this background, the number of satellite OD, astrocytes and MG increased. Proba-
bly, edema-swelling, active MG and astrocytes previously (on the 1°t — 3" day) sanitate the nerve tissue, ensuring its subse-
quent (on the 7" day) structural and functional recovery with the participation of OD.

Keywords: acute ischemia, hydropic degeneration, sensorimotor cortex, dark neurons, astroglia, microglia,

immunohistochemistry, morphometrics, Wistar rats.

BBE/IEHUE

HetiponerenepaTuBHbIE IPOIECCHI  SIBJISIOTCS
KJTIOUEBBIMU B Pa3BUTHUH Psiia 3a00JI€BAaHUN — HH-
cynbThl, OosiedHu IlapkwHCOHA W AJTBIreldMepa,
SIWIETICHsI, TIPU YePemHO-MO3T0BOM TpaBme. OHHU
BKJIIOYAIOT B cebs TepBUYHBIE K BTOPUYHBIE
CTPYKTYPHO-(YHKITMOHATbHbIE W3MEHEHUs HEPB-
HOU TKaHU, a TaKKe TuheJIb HEUPOHOB U IMOJIHOE BbI-
nanenve GyHKIUE. MexaHu3Mbl HelpojaereHepa-
THBHBIX IIPOI[ECCOB MHTEHCUBHO U3y4JaroTcs [1].

ITo maHHBIM JIUTEPATYPHI IIOCJIE UIIEMHU B TO-
JIOBHOM MO3T€ BBISBJIAIOTCS MPU3HAKU TUJIPOIIIUE-
ckoU jguctpoduu, aTpoduH, amolTo3a, HEKPO3a
(KOJUTMKBAIIMOHHOTO U KOATYJIAIIMOHHOTO), (daro-
IIMTO33a, a TAKXKe TUIEPILIA3UU U TUIepTpodun [2—
4]. DT M3MEHEHUsS MPOSABJIAIOTCA OTEKOM-Ha0y-
XaHUEM, BaKyOJIu3alllueH, JIOKAJIbHBIM, CyOTOTAJIb-
HBIM, TOTAJIBHBIM Pa3pylIeHNeM HYKJIEOIPOTENHOB
(rumoxpomusi), YIUIOTHEHHEM MaTPUKCA, TUIIEPXPO-
MUeH sA/Ipa U ITUTOILUIa3Mbl 6€3 U CO CMOPIIIUBAHUEM,
KapUOPEKCHCOM U TOMOTE€HH3aIuell KJIETOUHBIX
cTpyKTyp (TeMHbIe HelipoHbI) [5—8]. UMeroTes man-
HBIE O TOM, UYTO 0Opa30BaHHE TEMHBIX HEUPOHOB BO
BCEX CJIyYasx CBA3aHO ¢ 0OPATUMBIM OZHOTUITHBIM
¢a30BpIM 1IEpex0/IoM KOH(POPMAIIMOHHOTO COCTOSI-
HUs OEJIKOB IUTO30JI5 U ITUTOCKEJIETA B JKUBOH KJIET-
ke (1o TuIy reyib — resb) [9].

INTRODUCTION

Neurodegenerative processes are key in the de-
velopment of a number of diseases — strokes, Par-
kinson’s and Alzheimer’s diseases, epilepsy, and
traumatic brain injury. They include primary and
secondary structural and functional changes in the
nervous tissue, as well as the death of neurons and
complete loss of functions. The mechanisms of neu-
rodegenerative processes are intensively studied [1].

According to the literature, after ischemia in the
brain, signs of hydropic dystrophy, atrophy, apopto-
sis, necrosis (colliquation and coagulation), phago-
cytosis, as well as hyperplasia and hypertrophy were
revealed [2—4]. These changes are manifested by
edema-swelling, vacuolization, local, subtotal, total
destruction of nucleoproteins (hypochromia), matrix
compaction, hyperchromia of the nucleus and cyto-
plasm with and without shrinking, karyorrhexis and
homogenization of cellular structures (dark neurons)
[5—8]. There is evidence that the formation of dark
neurons in all cases is associated with a reversible
phase transition of the conformational state of the
cytosol and cytoskeleton proteins in a living cell (by
the gel — gel type) [9].

There are reversibly and irreversibly altered de-
generative dark neurons in response to pathologi-
cal effects during the life of the animal. A distinc-
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Boiessiror obpatuMo U HeOOpaTUMO H3MEHEH-
HbIE JleTeHepaTUBHbIE TeMHbIe HEHPOHBI B OTBET HA
[IaTOJIOTHYECKOE BO3/IEUCTBUE IPU KU3HU KUBOT-
HOoro. OTJIMYUTEIPHON 0COOEHHOCTHIO HAYaJIbHBIX
U3MeHEeHU! TeMHBIX HEHPOHOB SBJIsIeTCs Turepba-
30bwunnsd, runepaprupoduins, TUIepaaeKTPOHHAA
IUIOTHOCTh M PE3KOe YIUIOTHEHUE YIbTPACTPYKTYP-
HBIX BJIEMEHTOB B IIEPUKAPUOHE U IeHipuTax [9—11].

Obparumasi IpIKU3HEHHAs HeHpOHAJIbHAA Jie-
reHeparnys MNposBJIsAeTCs YIUIOTHEHUEM IIePUKapUo-
Ha 0e3 IPU3HAKOB JECTPYKIIUU €r0 CTPYKTYPHBIX
ayeMeHTOB. [IposiBieHHsAMH HeoOpaTUMOU IpU-
JKU3HEHHOU HEMPOHAJIBHOU JiereHeparyu (He aror-
TO3HbIE HEKPOOUOTHUECKHE U3MEHEHUsI) SIBJISIOTCS
«ITUKHOMOP(MHBII HEHPOH», «OCTPasi 203MHODIIIH-
Hasl JlereHepalus HEeHPOHOB», «KOATYJIAIHOHHBIN
HEKpO3», KOTOpble TaK)Ke HAa3bIBAIOT «KPACHBIE
MepTBble HEHPOHBI» IPU OKpacKe (PYKCHHOM WJIH
503WHOM. [[JIf 5TUX HEHPOHOB XapaKTePHbI YMEHb-
ImeHue o0’beMa IepUKapuoHa, yrpara 6a30(puIbHO-
rO BEIIEeCTBA, WHTEHCUBHAS 303WHO(DUIUA IIUTO-
IJIa3MBI, MeJIKUe U CMOPIIeHHbIE TEMHOOKpAIIeH-
Hble MUKHOTUYECKUE A/Ipa, Kapuopekcuc. [ToreHu-
aJIbHYI0 HeOOPaTUMOCTD JIeT€HEPATUBHBIX H3MeEHe-
HUH CBA3BIBAIOT C CTEIIEHBIO TOMOTeHU3AIHY A/Ipa U
UTOILUIA3MbI HeUpoHa [3, 11, 12].

OTIUYUTETHHON 0COOEHHOCThIO TTPUIKU3HEHHOH
JlereHeparu HEHPOHOB MOKET OBITh BAKYOJIU3HPO-
BaHHBIA OTEUHBIA HEHPONWIb, B KOTOPOM ITPOU30-
1o HabyxaHue HEHPOHAJIBHBIX M aCTPOITUTAPHBIX
orpoctkoB. C HabyxaHUEM JUCTATBHBIX JIEHJIPUTOB
1 GOPMUPOBAHUEM «IIOPHUCTOTO» HEUPOIUJIS BEPX-
HUX CJIOEB HEOKOPTEKCA CBSA3BIBAIOT PAHHUE HIIIEe-
MHYecKHe U MOoCTHIIeMHuYecKue (PyHKIIMOHATbHbIE
HapyuieHusi. BakyossipHble U3MeHEeHUsT MOTYT Ha-
OJII0/1aThCSA TAKKE M B IIUTOIIA3ME TEMHBIX HEHPO-
HOB. [To JaHHBIM JTUTEPATYPHI /IeTeHEPATUBHO U3Me-
HEHHble HEHPOHBI OOBIYHO HAXOAATCA HAa Pa3HbIX
CTAINAX TATOJOTUIECKOTO IIPOIecca — HEKOTOPhIE
HUMeIOT HOPMaJIBHOE $I/IPO, HO BBIPAYKEHHYIO S3031HO-
bunbHyI0 IUTOILUIA3MY, APYTHe — MUKHOTHYECKHE
wiu pparMeHTHPOBaHHbIE spa. Kpome Toro, B 30HE
[IOSIBJIEHUSA TEMHBIX HEDOHOB yBEJIMYHBAETCS CO-
JleprKaHue aCTPOIUTOB U MUKPOTJIMOIUTOB [11].

JluTenpHOE U3ydeHre BCeX TUIIOB TEMHBIX Hel-
POHOB IOKa3aJ10, YTO UHUITUUPYIOIINE UX HaKTOPHI
MHOT000pa3Hbl — pa3jInyHble TaTOOMOXUMUUECKHE
KacKazpl WK (pU3MUECKUe MOBPEKAEHUs, HATPU-
Mep, UIIeMUs WIN TPpaBMa rosoBsl. IIpu aToM exa-
Ui B OCHOBe (POPMHUPOBAHUSA TEMHBIX HEHPOHOB
MIOCJIEAYIONUY KOH(POPMAIMOHHBIN mepexoy 6es-
KOB ITUTO30JIs1 TPYAHO IPe0TBPAaTUTh. OH 3aHUMAaeT
oT 30 70 60 ¢, COPOBOXK/IAETCS BBIJIEJIEHUEM CBO-
0OJTHOU BOJIBI, KOTOPAs CJIUBAETCS B CUCTEMY JIAKyH

tive feature of the initial changes in dark neurons is
hyperbasophilia, hyperargyrophilia, hyperelec-
tronic density and a sharp compaction of ultra-
structural elements in the perikaryon and den-
drites [9—11].

Reversible intravital neuronal degeneration is
manifested by compaction of the perikaryon without
signs of destruction of its structural elements. Mani-
festations of irreversible intravital neuronal degen-
eration (non-apoptotic necrobiotic changes) are
“pycnomorphic neuron”, “acute eosinophilic degen-
eration of neurons”, “coagulation necrosis”, which
are also called “red dead neurons” when stained with
fuchsin or eosin. These neurons are characterized by
a decrease in the volume of the perikaryon, loss of
basophilic substance, intense eosinophilia of the cy-
toplasm, small and wrinkled dark-colored pycnotic
nuclei, and karyorrhexis. The potential irreversibility
of degenerative changes is associated with the degree
of homogenization of the nucleus and cytoplasm of
the neuron [3, 11, 12].

A distinctive feature of intravital neuron degen-
eration may be a vacuolized edematous neuropile, in
which there was a swelling of neuronal and astro-
cytic processes. Early ischemic and post-ischemic
functional disorders are associated with the swelling
of distal dendrites and the formation of a “porous”
neuropile of the upper layers of the neocortex. Vacu-
olar changes can also be observed in the cytoplasm
of dark neurons. According to the literature, degen-
eratively altered neurons are usually at different
stages of the pathological process — some have a
normal nucleus, but a pronounced eosinophilic cyto-
plasm, others have pycnotic or fragmented nuclei. In
addition, the content of astrocytes and microglio-
cytes increases in the area of the appearance of dark
neurons [11].

Along-term study of all types of dark neurons has
shown that the factors initiating them are diverse —
various pathobiochemical cascades or physical dam-
age, for example, ischemia or head injury. At the
same time, the subsequent conformational transi-
tion of cytosol proteins underlying the formation of
dark neurons is difficult to prevent. It takes from 30
to 60 s, is accompanied by the release of free water,
which is drained into the lacuna system and squeezed
out into astrocytes. This works as a kind of pump
that removes unbound water and substances dis-
solved in it. The more water it pumps, the denser the
cytomatrix of the neuron becomes. However, a dehy-
drated neuron initially has a high potential for recov-
ery. This is due to the fact that all its proteins un-
dergo only conformational changes without hydro-
lytic breaks of polymers [9].
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U BBIJIABJIMBAETCS B ACTPOLUTHI. ITO PaboOTaeT Kak
cBOeOOpAa3HBIA HACOC, YAUISIOININNA HECBA3AHHYIO
BOJIy ¥ pAaCTBOPEHHBIE B Hell BeliecTBa. YeM 00JIbIIe
BOABI OH IEPEKAYNBAET, TEM IUIOTHEE CTAHOBUTCS
OUTOMAaTpPUKC HelpoHa. OfHAKO AEeTrHpaTUPOBAH-
HBI HEHPOH BHaUaJie MUMEET BBICOKUHN IOTEHITUA
JUUIsI BOCCTAHOBJIEHUSA. ITO 00YCIOBIEHO TEM, UTO BCE
ero OesIKM I0/IBEPraloTcs TOJIBKO KOHGOPMAIHOH-
HBIM U3MEHeHUsAM 6e3 TUAPOIUTUYECKUX PA3PhIBOB
MOJIUMEpPOB [9].

Takum obpa3om, ob6pa3oBaHHE TEMHBIX HEHPO-
HOB SIBJISIETCS OBICTPBIM OOPATUMBIM JUHAMUYHBIM
U CaMOPACIIPOCTPAHSIONINMCSA OTBETOM HEPBHOM
TKaHU Ha IepeXOJ/iHble U3MEHEHUS BO BHEKJIETOU-
HOU (PUBUKO-XUMUUECKOH Ccpejie JTI000H STHOIOTUH.
ITocie c1abbIX ¥ yMEpPEHHBIX BO3IEHCTBUH OOJIbINIAs
YacTh HEHPOHOB HE UMEET ITPU3HAKOB HEOOPATHMBIX
JleTeHepaTUBHBIX U3MEHEHUH, T.€. TOsIBJIeHHe 60JIb-
IIIOTO KOJIMYECTBA TEMHBIX HEHPOHOB B PAHHEM II0-
CTHIIIEMUYECKOM IIepUO/ie He ABJISEeTCs IPU3HAKOM
UX IIOJTHOTO Pa3pyIlIeHus U YTUIN3ANUH B OCTPOM U
OT/aJIEHHOM Ttepuojiax [7].

VI3BeCTHO, UTO MOJIHAA UIIEMUs BBI3BIBAET KPYII-
HOOYAroBble HeOOpaTHUMble HEKPOOMOTUYECKHE W3-
MEeHEHUsI ¢ BOBJIEYEHHEM B IIPOIIECC BOCIAJIEHUSI, He-
nosHasg — AudQGy3HO-09aroBble, 4acTo oOpaTHMBbIE
nucTpoduyeckre U3MeHeHUs1 6e3 aKTHBAIUU IIPO-
BOCHAJTUTEIBHBIX IIUTOKMHOB Y MUKPOIJINU [13—16].
OcobeHHOCTH (POPMUPOBAHUSA JIETEHEPATUBHO U3Me-
HEHHBIX TEMHbBIX HEHPOHOB, a TAKXKE aCTPOITUTAPHOMN
U MUKPOTJTUAJILHOU PEAKITUN B CEHCOMOTOPHOM KOpe
(CMK) royioBHOTO MO3ra ocJjie 40-MHUHYTHON OKKJTIO-
3uu 061X conHbix aprepuii (OOCA) He UByUEHBI.

B cBs13u ¢ 9TUM IIpEACTABIIAETCS AKTYAIbHBIM H3-
yuyeHre peHOMeHA 00pa30BaHUs TEMHBIX HEUPOHOB
B TOJIOBHOM MO3T€ JKMBOTHBIX, B UaCTHOCTH, IIepe-
Hecunx 40-MuHyTHYI0 OOCA.

OEJDb NCC/IEJOBAHUA

W3yuuTh TpOSIBJIEHUS THAPOIUYECKON ITHCTPO-
¢uu 1 peopraHU3aIUU TJTUOIUTOAPXUTEKTOHUKH B
mporiecce GOPMUPOBAHUS TEMHBIX HEHPOHOB B CEH-
COMOTOPHOH KOpe 6O0JIBIIIOr0 MO3Tra I0JIOBO3PEJIbIX
0esIbIX KPhIC TIOCIIE 40-MUHYTHOW OKKJIFO3UN OOIIIHIX
COHHBIX apTEPHUH.

MATEPUAJIBI 1 METO/IbI

Pa6ota BeimostHeHa B ®I'BOY BO «Omckutii rocy-
JIApCTBEHHBIA MEIUIIUHCKUH YHUBEPCUTET», OJI0-
OpeHa STUYECKUMH KOMHUTETAMH By3a (IIPOTOKOJ
N2 107 ot 2 okTaAbOps 2018 r.). Mcrnosip30Baau ayT-
OpeTHBIX I0JIOBO3PEJTBIX KpbIc cToka Wistar (caMirb
Maccoi 270-350 T). JKUBOTHBIX COZIEPIKAIU B CTaH-
JIAPTHBIX JIAOOPATOPHBIX YCJIOBUAX, DKCIEPUMEHT

Thus, the formation of dark neurons is a fast re-
versible dynamic and self-propagating response of
the nervous tissue to transient changes in the extra-
cellular physical-chemical environment of any etiol-
ogy. After mild and moderate effects, most of the
neurons have no signs of irreversible degenerative
changes, i.e., the appearance of a large number of
dark neurons in the early post-ischemic period is not
a sign of their complete destruction and disposal in
the acute and long-term periods [7].

It is known that total ischemia causes large-focal
irreversible necrobiotic changes involving inflamma-
tion, subtotal one — diffuse-focal, often reversible
dystrophic changes without activation of pro-inflam-
matory cytokines and microglia [13—-16]. The fea-
tures of the formation of degeneratively altered dark
neurons, as well as astrocytic and microglial reac-
tions in the sensorimotor cortex (SMC) of the brain
after a 40-minute common carotid arteries occlusion
(CCAO) have not been studied.

In this regard, it seems relevant to study the phe-
nomenon of the formation of dark neurons in the
brain of animals, in particular, those who underwent
a 40-minute CCAO.

AIM OF THE RESEARCH

To study the manifestations of hydropic degener-
ation and reorganization of glio-cyto-architectonics
during the formation of dark neurons in the senso-
rimotor cortex of the cerebrum of mature white rats
after 40-minute occlusion of the common carotid ar-
teries.

MATERIALS AND METHODS

The work was carried out at the Omsk State Med-
ical University, approved by the ethical committees
of the university (Protocol No. 107 of October 2,
2018). Outbred mature Wistar rats (males weighing
270—350 g) were used. The animals were kept in
standard laboratory conditions, the experiment was
carried out in accordance with the recommenda-
tions of the International Committee on Laboratory
Animals, supported by WHO, Directive of the Euro-
pean Parliament No. 2010/63/EU of 22.09.2010
“On the Protection of Animals Used for Scientific
Purposes.”

Acute subtotal transient cerebral ischemia during
40 min was modeled by occlusion of the common ca-
rotid arteries without hypotension. The choice of this
model was due to the fact that, unlike focal total is-
chemia (for example, occlusion of the middle cere-
bral artery), this model did not lead to large-focal
necrotic changes [14—16]. The experiment was per-
formed under anesthesia: zoletil 100 (10 mg/kg of
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MPOBOJIMJIKI B COOTBETCTBUU C PEKOMEHJIAIASIMHU
MeKyHapOJTHOTO KOMUTETA 110 JIAO0PAaTOPHBIM KH-
BOTHBIM, TojaziepkaHubiMu BO3, mupektuBoii EB-
poneiickoro Ilapmamenta N2 2010/63/EU or
22.09.2010 «O 3aIuTe KUBOTHBIX, UCIIOJIH3YEMbIX
JULST HAYYHBIX TeJIei».

OcCTpyr0 HENOJIHYIO TPAaH3UTOPHYIO UIIEMUIO T'O-
JIOBHOTO MO3Ta JUTUTEIBHOCTHIO 40 MUH MOJIETUPO-
BaJ/IH IIyTE€M OKKJIIO3UU OOIIMX COHHBIX apTepuii 6e3
rUnoToHUU. BIGOp 3TOM Monenu GbUT 00YCIIOBIEH
TEM, UTO, B OTJINYHE OT (OKATHLHOM ITOJTHOU UIIEMHIHU
(mampuMep, OKKJIIO3Us CpeAHEH MO3rOBOU apTe-
pum), AaHHAs MOJeJIb He MPUBOAWIA K KPYITHO-
OYaroBbIM HEKPOTHYECKUM H3MEHEHUAM [14—16].
IKCIIEPUMEHT TTPOBOJIMIN TI07] HAPKO30M: 30JIETHII
100 (10 mr/xr maccel Tenia). Ha 1-e, 3-u U 7-€ CyTKU
riocsie OOCA (n = 18, o 6 KpbIC Ha KaXKAbIH yKa3aH-
HBIH CPOK) COCYAHCTOE PyCJO MO3Ta IIPOMBIBAIH
BBeZIeHHEM 100—125 Mt pactBopa 0.9% NaCl u ¢par-
muHa (5000 ME) B JIeBbIH sKeTyZI0U€eK cep/a U puk-
cupoBasu riepdysuen 30 Mt 4% pacrBopa mapadgop-
Manbaeruia Ha dochatHom Oydepe (pH 7.2-7.4).
[TomoOHBIN MOJXO0/ IIMPOKO MCIOJIB3YETCH MPU 3a-
6ope marepuasa [8]. KoHTposeM CIIyKUIH HHTAKT-
HbIE KPBICHI (N = 6). [TosydueHHBIH MaTepHa 3aKII0-
vasti (aBroMmatudeckuii mporeccop STP 120) B romo-
rerusupoBaHHbiil mapabun (HISTOMIX®). Cepuii-
HbIe (PPOHTATILHBIE CPE3bI (TOJIIINHA 4 MKM) TOTOBHU-
s (mukporom HM 450, Thermo Scientific) Ha ypos-
HE CEHCOMOTOPHOH KOpHI [17]. MaHUIIY ISIIUH, CBSI-
3aHHBIE ¢ 3a00pOM MaTepuasa, IPOBOAUIHN O] Hap-
Ko30M (30J1eTHII 100).

NpenTudukanuio KaeTok (IupaMuHble HEHpPOo-
vbl/Tinsi) CMK mpoBogmin Ha CBETOONTHYECKHX
Ipernaparax, OKpalleHHbIX TeMaTOKCHJIMHOM H 30-
3WHOM ¥ 110 Hueestio, a TakKe TP HMMYHOTHCTOXH-
MuyeckoM TunupoBanuu 6enkoB NSE, MAP-2 (Hel-
poubl), GFAP (actpouuter) u AIF-1 (Mukporius).
YucIeHHY0 IUIOTHOCTh MHPAMHAHBIX HEHWPOHOB,
actporuToB u osmurozeHporuros (O/I1) ompene-
JISUTA TIpH OKpacke 1o Hucciro, a MEKPOTJIUOIUTOB
(MT'II) — npu tunupoBanuu AIF-1. CocTtosiHue 1u-
TOCKeJIeTa HEUPOHOB (TeJia U JIEH/IPUTHI) U3YJaJId C
IIOMOIIBI0 crienuduueckux peaknuii Ha MAP-2, a
IIUTOCKeJIeTa acTPOUTOB — peakiuu Ha GFAP mipo-
MEKYTOUHBIX (hrIaMeHTOB. MUKPOTJIMOIUTHI BEPU-
umpoBaH ¢ TOMOIIBIO CIENUPUIECKOH TS STHX
KJIeToK peakiuu Ha AIF-1 (ajsmoTpaHcIiaHTaT Boc-
MAJINTEJIBHOTO haKTopa 1).

g MMMyHOTHCTOXUMHYECKOTO HCCIIEI0OBAHUA
HCITOJIb30BAJIN MOJIM- U MOHOKJIOHAJIbHBIE aHTUTEIA
k 6enkam NSE, MAP-2, GFAP u AIF-1: NSE — xpo-
JINYbU TIOJIUKJIOHAJIBHBIE AHTUTEA K KPBICHHOMY
aHTureHy, pasBesenne 5—20 MKr/mi (Cloud-Clone

body weight). On the 1%, 3*¢ and 7™ days after CCAO
(n =18, 6 rats for each specified period), the cerebral
vascular bed was washed by injecting 100—125 ml of
0.9% NaCl and fragmin solution (5000 IU) into the
left ventricle of the heart and fixed by perfusion of
30 ml of 4% paraformaldehyde solution on a phos-
phate buffer (pH 7.2-7.4). Such an approach is wide-
ly used when taking material [8]. The control was
intact rats (n = 6). The obtained material was en-
closed (automatic tissue processor STP 120) in ho-
mogenized paraffin (HISTOMIX®). Serial frontal
sections (thickness 4 pm) were prepared (microtome
HM 450, Thermo Scientific) at the level of the senso-
rimotor cortex [17]. Manipulations related to the tak-
ing of material were performed under anesthesia
(zoletil 100).

The identification of cells (pyramidal neurons/
glia) of SMC was carried out on light-optical prepa-
rations stained with hematoxylin and eosin and by
Nissl, as well as by immunohistochemical typing of
proteins NSE, MAP-2 (neurons), GFAP (astrocytes)
and AIF-1 (microglia). The numerical density of py-
ramidal neurons, astrocytes and oligodendrocytes
(OD) was determined by Nissl staining, and microg-
liocytes (MG) were determined by AIF-1 typing. The
state of the cytoskeleton of neurons (bodies and den-
drites) was studied using specific reactions to MAP-
2, and the cytoskeleton of astrocytes — reactions to
GFAP of intermediate filaments. Microgliocytes were
verified by a cell-specific reaction to AIF-1 (allograft
inflammatory factor-1).

For the immunohistochemistry, poly- and mono-
clonal antibodies to the proteins NSE, MAP-2, GFAP
and AIF-1 were used: NSE — rabbit polyclonal anti-
bodies to rat antigen, dilution of 5—20 ug/ml (Cloud-
Clone Corp.); MAP-2 — rabbit polyclonal antibodies,
dilution of 1 pg/ml (ab32454, Abcam, USA); GFAP —
mouse monoclonal antibodies, GA5 clone, ready-for-
use (Leica Biosystems Newcastle Ltd, UK); AIF-1 —
rabbit polyclonal antibodies, dilution of 5—20 pg/ml
(Cloud-Clone Corp.). The immunohistochemical re-
action was performed using the Novolink Polymer
Detection System kit (Leica Biosystems Newcastle
Ltd, the UK), the specimens were finished with he-
matoxylin, enclosed in polystyrene.

To count the cells in each animal, five periodic
Nissl-colored frontal sections of SMC were used. The
specimens were photographed using a Leica DM1000
microscope (lens x10, 40, 100, GXCAM-DM800
Unique Wrap-Around 8MP AUTOFOCUS USB, pixel
size 1.4x1.4 um), the image was saved in files with
the TIFF extension (2592x1944 pixels). We per-
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Corp.); MAP-2 — KpoJIMUbH MTOJTUKJIOHATIbHBIE AaHTH-
Tena, pasBemeHune 1 MKr/mi (ab32454, Abcam,
CIITA); GFAP — MBbIIIMHBIE MOHOKJIOHAJIbHBIE AHTH-
Tena, kI0oH GA5, roroBble K mpuMeHeHuwo (Leica
Biosystems Newcastle Ltd, Besukob6puramuus);
ATF-1 — KposimybU OJIMKJIOHATIbHBIE aHTUTENA, PA3-
Beziennie 5—20 MKr/mi (Cloud-Clone Corp.). Mmmy-
HOTHCTOXUMHUYECKYIO PEaKIIUI0 IMPOBOJIUIN Ha Cpe-
3aX, IOMEIEHHbIX Ha ITOJTUIU3UHOBBIE TTPEIMETHbIE
creksa. Busyanusanuio 6eJIKOB IIPOBOAUIIN € TIOMO-
b0 MyJIbTUMepHOro Habopa Novolink Polymer
Detection System (Leica Biosystems Newcastle Ltd,
BesnukobOpuTaHnus), mpenaparsl TOKPAITUBAINA reMa-
TOKCUJIMHOM, 3aKJII0YAJIN B IIOJTUCTUPOJL.

J17151 moficyeTa KJIETOK y KaXKI0T0 JKUBOTHOTO HC-
II0JIb30BAJIH TI0 MATH IEPUOANIECKUX OKPAIIIEHHBIX
no Huccro dponTanpHbix cpe3oB CMK. Ilpenapa-
Thl oTorpadupoBasii Ha MHUKpOcKome Leica
DM1000 (06beKTHUB X10, 40, 100, Kamepa GXCAM-
DM800 Unique Wrap-Around 8MP AUTOFOCUS
USB, pazmep nukcess 1.4X1.4 MKM), ©U300pakeHue
coxpausiim B (Qaitax ¢ pacmupenuem TIFF
(2592%x1944 nukceneit). [IpoBoMIN CTaHIAPTHYIO
KOppeknuioo ¢ mnomompio ¢uiabrpa Camera Raw
(koHTpacTHOCTh, OasaHc 0esoro, 4YeTKOCTh) B
Photoshop CC. [anbHeiiiiee MophOMETPHUECKOE
HCCIeIOBAHNE OCYIIECTBJISUIM C HCIIOJIb30BAaHUEM
nporpaMmMmbl ImageJ 1.53e. BapuanuonHble pAAbI
(opMupOBaINCh TIyTEM PpaHAOMU3AINUN CIydaii-
HBIM 00pa30M OTOOPAHHBIX IIBETHBIX U300PaKEHUI
CMK — 8-10 obJacreii ¢ kaxioro cpesa. ®opmupo-
BaHME OKOHYATEJIbHBIX BEIOOPOK ITOJIEN 3PEHUS JJIs
KakJIoro cpoka (1-e, 3-u u 7-e cyTku) (n = 25, Ha
KaKIBIA CPOK) IIPOBOJIMJIN U3 TOJIyY€HHBIX MaCCHU-
BOB JIaHHBIX C IIOMOIIBI0 TeHEpPATOpa CJIydaiHbIX
yuces B mporpamme Statistica 8.0. Takum o6pazom,
JU1st MOpP(hOMETPHUYECKOTO aHAIN3a Ha CPOK OTOMpa-
JY 0 25 CJAy4YalHO BBIOPAHHBIX IOJIEW 3PEHUSA
CMK. OG111yt0 YHCI€HHYIO IJIOTHOCTh TUPAMU/THBIX
HEHAPOHOB, AaCTPOIIUTOB M OJIUTOJIEHJIPOIIUTOB B
CMK omnpeniensiiau npu okpacke o Huccstio u rema-
TOKCHJIMHOM U 303UHOM. VeHTHdUKAINI0 HEHPO-
HOB IIPOBOJIFUTH IO HAJIUYUIO SIAPBINIEK HA Cpe3ax
IepUKapHUoOHOB (Iepecuer Ha 1 MM?), KOTOPBIE, CO-
rJ1acHO [5], ABJAIOTCA YPE3BBIUAWHO YCTOWUHUBOM
CTPYKTYpOo# HelpoHa. Omupenesnsim copepika-
Hue (%) HOpMO- U TUIEPXPOMHBIX HEHPOHOB (TEM-
HBIX HECMOPIIEHHBIX U MUKHOMOPGHBIX). [[J1s MOp-
(omeTpruecKoro aHamM3a TaKXKe HCIOJIb30BAIH
MMMYHOTHCTOXUMHYECKYO peaknuio Ha AIF-1 (yuc-
JIEeHHAs IJIOTHOCTh MUKPOT/IHOIUTOB) ¥ GFAP (uunc-
JIeHHas TJIOTHOCTh actponuToB). Peakmuu (NSE,
MAP-2) npuMeHsIN Ui UAeHTH(UKAIMNT HEHPO-
HOB 110 crierupuIecKruM OeIKaMm.

formed a standard correction using the Camera Raw
filter (contrast, white balance, clarity) in Photoshop
CC. Further morphometric research was carried out
using the ImageJ 1.53e program. Variation series
were formed by randomization of randomly selected
color images of SMC — 8—10 regions from each sec-
tion. The formation of the final samples of visual
fields for each period (1%, 3" and 7% days) (n = 25, for
each period) was carried out from the obtained data
arrays using a random number generator in the Sta-
tistica 8.0 program. Thus, 25 randomly selected vi-
sual fields of SMC were selected for morphometric
analysis for the period. The total numerical density
of pyramidal neurons, astrocytes and oligodendro-
cytes in SMC was determined by Nissl staining and
hematoxylin and eosin. The identification of neurons
was carried out by the presence of nucleoli on the
sections of perikaryons (recalculated by 1 mm?),
which, according to [5], are an extremely stable
structure of a neuron. The content (%) of normal and
hyperchromic neurons (dark, non-shrunken and
pycnomorphic) was determined. For morphometric
analysis, an immunohistochemical reaction to AIF-1
(numerical density of microgliocytes) and GFAP (nu-
merical density of astrocytes) was also used. The re-
actions (NSE, MAP-2) were used to identify neurons
by specific proteins.

The detection of edema-swelling zones (maxi-
mum pixel brightness — Maxima) of the nervous tis-
sue was carried out using the Find Maxima M. Schmid
filter from the ImageJ 1.53 e program (https://im-
agej.nih.gov/ij/docs/menus/process.html#find-
maxima). For each period (1%, 3" and 7% days),
50 randomly selected visual fields (lens x100) were
used. The percent area of the maximum brightness
zones was determined using the image masks ob-
tained as a result of the operation of this filter (the
Analyze Particles tool).

According to the literature data in neuromorphol-
ogy, 6—8 animals in a group, 5—6 serial sections and
5—10 random visual fields of SMC on each section are
sufficient to obtain significant results [8, 18]. In this
study, we compared 25 randomized visual fields for
each term.

Statistical hypotheses were tested using non-
parametric criteria. Initially, the criterion for multi-
ple comparison (ANOVA Kruskal-Wallis) was used.
When obtaining a statistically significant result, a
pair comparison was performed using the Mann-
Whitney U-test for independent samples. The crite-
ria of ¥2 and Fischer were also used. The quantitative
data in the study are presented as the median (Me —
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BrisiBsieHUE 30H oTeka-HaOyXaHus (MaKCUMab-
Has SIPKOCTh IUKceed — Maxima) HepBHOU TKaHH
MPOBOJIWJIM C TIOMOIIBI0 IwaruH-puisTpa Find
Maxima M. Schmid u3 nmporpammsr ImageJ 1.53e
(https://imagej.nih.gov/ij/docs/menus/process.
html#find-maxima). /{;is kasxmoro cpoka (1-e, 3-u u
7-€ CYTKHU) HCIIOJIB30BAJIH 110 50 CJIyYaiHO BHIOpaH-
HBIX TToJIer 3peHus1 (00beKTUB x100). Ha nosryuen-
HBIX B pe3yJbTaTe paboThl 3TOro QIIbTpA MacKax
n3obpazkeHuit ompenessin (MHCTpyMeHT Analyze
Particles) OTHOCHUTE/NBHYIO ILIOIIAAb 30H MaKCH-
MaJIbHO! SPKOCTH.

CoryacHO JINTepaTYpPHBIM JAHHBIM B HEHPOMOD-
dostoruu i MOIyYEHUs TOCTOBEPHBIX pe3yJIbTa-
TOB JIOCTAaTOYHO 6—8 >KUBOTHBIX B rpyIne, 5—6 ce-
PUIHBIX CPe30B U 5—10 CJIyJalHBIX IIOJIEH 3pEHUS
CMK Ha kaxjioMm cpese [8, 18]. B HacTosmem ucce-
JTOBAaHUM MBI CPABHUBAJIU TI0 25 PAHIOMU3UPOBAH-
HBIX [TOJIEH 3PEHUS Ha KaK/bIl CPOK.

ITpoBepKy CTATUCTHUYECKHUX TUIIOTE3 OCYIIECT-
BJISLTU HellapaMeTPUYeCKUMU KputepusiMu. [lepBo-
HAYaJIPHO WCIIOJIb30BAIM KPUTEPHUH JJIsT MHOMKE-
crBeHHOTO cpaBHeHuss (ANOVA Kraskel-Wallis).
[Tpu moIy4eHU U CTaTUCTHUECKH 3HAUYNMOTO PE3YJIhb-
Tara MPOBOJWJIN I[APHOE CPAaBHEHHE C IIOMOIIBHIO
Mann-Whitney U-test 7/11 He3aBUCUMBIX BBIOOPOK.
Hcnosp30Bayivch Takke KpuTepuu ¥* u duiepa.
KosnmuecTBeHHbIE [TAHHBIE B HCC/IEIOBAHUM IIPE-
cTaBJIeHBI Kak MezuaHa (Me — 50% KBapTWJIb) U MH-
TepKBapTUIbHBIN pa3bpoc (Q1—Q3 — 25-75% kBap-
TWIN), & TAaKXKe Kak mpoueHTsl. HyseBas rumoresa
OTBeprajach mpu p < 0.05. AHaJIU3 IIPOBEJIEH C MO~
MOIIBIO TTporpaMMbl Statistica 8.0 (StatSoft) [19].

PE3YJIBTATDBI 1 OBCY2KJIEHWE

[Tocne OOCA B CMK ormeuanu npu3HaKu BaKyo-
JIM3ALMH JIEHAPUTOB U OTPOCTKOB aCTPOIJIMH HEHPO-
WIS, peXke — MepuKapuoHoB (puc. 1). Ecn y :xuBoT-
HBIX KOHTPOJIBHOM TpPYyNIbI CTENEHb TH/paTalliuu
HepBHOU TKaHu CMK, ompeziesieHHas 10 OTHOCUTEb-
HOMU IUTOIIAU 30H oTeka-Habyxaunus (OITIOH), cocra-
BWIA 5.4 % (2.8—7.9 %) nosist 3peHus1, TO Yepe3 1 cyT
nocsie OOCA 5TOT HoKazaTesib yBeJIMIUIICA B 3.3 pasa
U COXPAaHSJICA HA BBICOKOM YPOBHE Ha 3-U U 7-€ CYTKH
(puc. 2). OcHOBHO# 00BEM 30H OTeKa-HAOyXaHUsI ObLI
CBsI3aH C HelponuieM (JeH/IPUThI, CHHAIICHI, OTPOCT-
KH aCTPOITUTOB) M MHKPOCOCYZIaMu (OTPOCTKHU acTpo-
nuToB) (puc. 1, A, B). TosbKo 77151 € TUHUYHBIX HEUPO-
HOB OTMEYEeHbI IIPOSIBJIEHUS] TIEPULIELTIOJIIPHOTO OT-
eka. DTO CBUJIETEJIHCTBOBAJIO O TOM, UTO CBOOOJIHAS
BOzIa, 0Opa3oBaBIIasics Ipu GOPMUPOBAHUH TEMHBIX
HEUPOHOB, CKAIUTUBAJIACh B IUCTAIbHBIX JEH/IPUTAX,
MEJIKIX OTPOCTKAaX aCTPOI[UTOB HEHPOIUIA 1, BEPO-
SITHO, IETIOHUPOBAJIACH B IIEPUBACKYJ/IAPHBIX HOJKKAX.

50% quartile) and interquartile spread (Q1—-Q3 —
25-75% quartile), as well as as percentages. The null
hypothesis was rejected at p < 0.05. The analysis was
carried out using the Statistica 8.0 program (Stat-
Soft) [19].

RESULTS AND DISCUSSION

After CCAO, signs of vacuolization of dendrites
and processes of astroglia of the neuropile were not-
ed in the sensorimotor cortex, less often — perikary-
ons (Fig. 1). If in the animals of the control group the
degree of hydration of the nervous tissue of SMC, de-
termined by the percent area of the edema-swelling
zones (PAES), was 5.4% (2.8-7.9%) of the visual
field, then 1 day after CCAO, this indicator increased
by 3.3 times and remained at a high level on the 3™
and 7" days (Fig. 2). The main volume of the edema-
swelling zones was associated with the neuropil
(dendrites, synapses, astrocyte processes) and mi-
crovessels (astrocyte processes) (Fig. 1, A, B). Only
for single neurons, manifestations of pericellular
edema were noted. This indicated that the free water
formed during the formation of dark neurons accu-
mulated in the distal dendrites, small processes of
neuropil astrocytes and, probably, was deposited in
the perivascular stalks.

In 40 min after CCAO, a large number of dark
neurons were detected (Fig. 1, A, C, D). On the 1 day
after CCAO reversibly altered dark neurons prevailed
without signs of gross destruction of the nucleus and
cytoplasm, with a preserved nucleolus, a moderate
decrease in perikaryon volume — as the result of con-
formational changes in cytomatrix proteins. Irre-
versible invital degeneration of neurons was mani-
fested by a pronounced decrease in the volume of the
perikaryon, intense eosinophilia of the nucleus and
cytoplasm, loss of basophilic substance, the appear-
ance of neurons with wrinkled dark-colored pycnotic
nuclei and the disappearance of the contours of the
nucleus, i.e., signs of protein dystrophy and transi-
tion to coagulation necrosis (Fig. 1, C, D). The high-
est content of all types of dark neurons was noted on
the 3" and 7™ days after CCAO in layer V (see Fig. 2).
The proportion of pycnomorphic neurons (the num-
ber of pycnomorphic neurons out of 200 studied for
each period) in the acute period (1%—3" day) was less
than after 7 days: in the acute period in layer ITT —
8/200,layer V—13/200, and on the 7" day — 19/200
(¢ = 3.9; df = 1; p = 0.046) and 28/200 (* = 5.3; df
= 1; p = 0.021) respectively.

According to the data of paired correlation analy-
sis (Spearman) after CCAO, a relationship was re-
vealed between the content of dark neurons in the
visual field and the percent area of edema-swelling
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Puc. 1. [Ilupamuansie Hetipons! ciioes 111 (A, B) u V (C, D) CMK rosioBHoro mosra Ha 1-€ (A, B) u 7-e (C, D) cytku
nocsie OOCA: TemHbIe (THIIEPXPOMHBIE) HEUPOHBI (KpaCHBIE CTPEIKH) PAZOM C HOPMOXPOMHBIMH HEHPOHAMU
(uepHBIe CTPEIKH), OOJIBIIIOE KOJIMYECTBO TIIHATIBHBIX KIETOK (Oesble CTPesKK), Bakyoausans Hetipornuis (D);
3HAKOM * 0003HAYEHBI MHKPOCOCYIBI C IIEPUIEJUTIONIIPHBIM 0TeKOM. OKpacKka reMaTOKCIUIMHOM U 503UHOM (A, B, C),
1o Hucceiro (D). O0BeKTHB: X100; IIIKaIa — 20 MKM
Fig. 1. Pyramidal neurons of layers III (A, B) and V (C, D) of SMC of the brain on the 1% (A, B) and 7 (C, D) days
after CCAO: dark (hyperchromic) neurons (red arrows) next to normochromic neurons (black arrows), a large number
of glial cells (white arrows), vacuolization of the neuropile (D); the sign * indicates microvessels with pericellular edema.
Staining with hematoxylin and eosin (A, B, C), Nissl (D). Lens: x100; scale — 20um

ITocsie 40-munytHON OOCA BBIABIISAIOCH 6OJIB-
II10€e KOJIMYECTBO TEMHBIX HEHPOHOB (puc. 1, A, C, D).
B 1-e cytku mocie OOCA mpeobsiaganu ob6paTumo
M3MeHeHHbIe TEMHbIE HEHPOHBI 6€3 IPU3HAKOB I'PY-
OOU JIECTPYKIIUU fAJIpa U IUTOIIA3MbI, ¢ COXPaHEH-
HBIM SZIPBIIIIKOM, YMEPEHHBIM YMEHbIIIEHUEM 00be-
Ma IepUKapuoOHa — Pe3yJIbTaT KOH(POPMAITMOHHBIX
u3MeHeHU! OenkoB muToMarpukca. HeobpaTmmas
IIpIPKU3HEHHas JlereHepalyus HeHPOHOB IIPOSIBIIA-
Jiach BBIPQ’KEHHBIM YMEHbBIIIEHEM 00'beMa TeprKa-
PUOHA, UHTEHCUBHOU 303WHODUIINEN s7Ipa U IUTO-

zones. A strong positive correlation observed for 1
(r=0.72; p = 0.03) and 3" (r = 0.82; p = 0.01) day,
the average — on the 7™ day after CCAO (r = 0.65;
p =0.02).

Thus, after CCAO quickly died and eliminated the
small pyramidal neurons of layer III, and large pyc-
nomorphic neurons of layer V was accumulated.
Their disposal required more time (> 7 days) and re-
sources (microgliocytes, astrocytes) [20].

In non-shrunken (Fig. 3, A, B) and shrunken
(Fig. 3, C, D) dark neurons, high immunoreactivity of
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Puc. 2. OTHOCUTeIbHAS IJIOMIAAb 30H oTeka-Habyxauus (OIIOH, %), oTHOCHUTeIbHASI IVIOTHOCTh TEMHBIX HEUPOHOB
(OIITH, %) B 111 u V cinosax CMK B rpynne koHTpoisA u mociie 40-MuHyTHOU OOCA. Pazinuns cTaTUCTUYECKH 3HAYUMBbI
10 CPABHEHUIO C TPYIIIION KOHTPOJIS (¥) ¥ mpeAbILyuM cpokoM () mpu p < 0.001. JlaHHbBIE IPE/ICTABIEHbI KaK Me/[HaHa,
HIDKHUU U BEDXHUH KBapTUIU (MHTEPKBAPTHUJILHBIN pa3Max)

Fig. 2. Percent area of edema-swelling zones (PAES, %), relative density of dark neurons (RDDN, %) in layers III and V
of SMS in the control group and after 40-minute CCAO. The differences are statistically significant compared
to the control group (*) and the previous period (") at p < 0.001. The data are presented as median,
lower and upper quartiles (interquartile range)

IJIa3MBbl, yTPaToil 6a30(UIBHOTO BEIIECTBA, IOSIB-
JIeHWEeM HEWPOHOB CO CMOPIIEHHBIMH TEMHOOKpa-
[IEHHBIMU TUKHOTUYECKUMU SIIPAaMH U UCUE3HOBE-
HHUEM KOHTYPOB s/Ipa, T.e. IPU3HAKaMU OEeTKOBOM
JUcTpodUU U Iepexo/ia B KOaryIAIUOHHBIN HEKPO3
(puc. 1, C, D). MakcuMasIbHO BBICOKOE COJIEpIKAHUE
BCEX THIIOB TEMHBIX HEMPOHOB OTMEUIN HA 3-U U
7-e cytku mocsie OOCA B ciioe V (cMm. puc. 2). Jloms
MUKHOMOP(MHBIX HEUPOHOB (KOJIMYECTBO ITHUKHO-
MOP@HBIX HEHPOHOB U3 200 U3YIEHHBIX JIJISI KaXK]10-
T'O CPOKa) B OCTPOM Tiepuoje (1-e — 3-u CyTKu) ObL1a
MEeHBIIIe, YeM YEPE3 7 CYT: B OCTPOM IIEPUOJIE B CIIOE
III — 8/200, cioe V — 13/200, a HA 7-€ CyTKH —
19/200 (¥ = 3.9; df = 1; p = 0.046) u 28/200
(¢ = 5.3; df = 1; p = 0.021) COOTBETCTBEHHO.

[To JaHHBIM MAPHOTO KOPPEJIAIMOHHOTO aHAIN3a
(Criupmen) niocsie OOCA BbISIBJIEHA CBSA3bh MEK/Y CO-
Jlep>KaHUEM B I10JIe 3pEHS TEMHBIX HEHPOHOB F OTHO-
CUTEJILHOM IUIOIA/IbI0 30H oTeKa-HabyxaHus. CHib-
Hasl TIOJIOKUTEJIbHAS CBSI3b OTMeueHa Ha 1-e (I
=0.72; p=0.03) u 3-u (r = 0.82; p = 0.01) CyTKH, Cpe/I-
Hss1 — Ha 7-e cytku octe OOCA (r = 0.65; p = 0.02).

Taxum o6pazom, mocie OOCA 6vicTpee moruba-
JIY Y1 3JTMMUHUPOBAJIUCH MEJIKHE ITUPaMUHbIE HEen-
powusl cios 111, a kpynHble TUKHOMOPGHBIE HEHPO-
HBI 10 V HAaKamIUuBaJIUCh. g UX YyTUIU3AIUU

specific NSE and MAP-2 proteins was preserved.
Probably, the compaction of cytomatrix neurofila-
ments (MAP-2) without destruction of microtubules
and even the appearance of small vacuoles (Fig. 3, C)
is not the cause of neuronal death, but only indicates
their preservation as a result of conformational de-
hydrating changes in the cytomatrix. As a result, the
physicochemical bases of the formation and propa-
gation of a nerve impulse, as well as neuroplastic
mechanisms, are blocked, but the cell does not die.
At the same time, the high density of NSE ensures
that a certain critical level of ATP is achieved anaero-
bically to support the basic needs of the dark cell. As
a result, most of the dark neurons are restored after
a 40-minute CCAO. This is supported by the litera-
ture data [18].

The structural changes of neurons described
above were accompanied by a reorganization of the
neuroglial architectonics. The population of astro-
cytes, oligodendroglyocytes and microgliocytes
changed (Fig. 1, D and 4). The neuroastrocyte index
increased from 1.62 (1.53—1.81) in the control group
to 2.72 (2.48-3.10) in the group after CCAO
(p = 0.001). In parallel, hypertrophy of astrocyte
processes was noted (Fig. 4, B, C, D). However, it is
necessary to focus attention on the fact that on the 1
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TpeboBayIKCh O6OJIbIIIE BpEMEHU (> 7 CyT) U MaTEPH-
abHBIX pecypcos (MTI'I, actporutsl) [20].

B HecmopiieHHBIX (puc. 3, A, B) 1 cMOpIeHHBIX
(puc. 3, C, D) TeMHBIX HEHPOHAX COXPAHSIACH BBICO-
Kasi UMMYHOPEAKTUBHOCTh CIeNU(PUIecKux OeIKOB
NSE u MAP-2. BepositHO, yIUIOTHEHHE Helpodruia-
MeHTOB IuromMaTpukca (MAP-2) 6e3 pa3pyiieHus Mu-
KpOTpyOOU€eK U JjaKe TOSIBJIEHHE MEJIKUX BaKyOJIeH
(puc. 3, B) He sABIAETCA TPUYHHON TOETN HEHPOHOB,
a CBHJIETEJIBCTBYET JIUIIH 00 MX KOHCEPBAILUU B pe-
3yJIbTaTe KOH(GOPMAIMOHHBIX ETUAPATUPYIOIINX U3-
MeHEeHHUH [IUTOMAaTpHKca. B pesysbrare 6JI0KUPYIOTCS
(busHKO-XxUMUYeCcKre OCHOBBI 0Opa3oBaHUA U pac-
MIPOCTPaHEHUs HEPBHOTO UMITYJIbCA, a TAKXKe HEHPO-
IUTACTUYECKIE MEXaHU3MbI, HO KJIETKA He IIOTUOaerT.
ITpu sTOM BhIcOKas I10THOCTD NSE 06ecnieunBaer 10-
CTIDKEHUE OIPEEIEHHOTO KPUTHUYECKOTO YPOBHS
AT® aHaspoOHBIM ITyTEM IS MIOAAEPKKH 0A30BBIX
moTpebHOCTel TeMHOH KieTKH. B pesysibraTe 60JIb-
Imas 4acTh TEMHBIX HEHPOHOB IOC/IE 40-MHHYTHOM
OOCA BoccraHaBiuBaerca. B mosb3y sTOro cBujie-
TEJILCTBYIOT W JINTEPATYPHbIE TaHHBIE [18].

OnucaHHble BBHIIE CTPYKTypHbIE W3MEHEHUs
HEAPOHOB COMPOBOXKIAIINCh PEOpPraHU3anned Hek-
POTJIHAIbHON apXUTEKTOHUKH. VI3MeHsIach IMOImy-
JISIOUST QCTPOIUTOB, OJIUTO/IEH/IPOTJIMOIUTOB U MU-
kporymonuToB (puc. 1, D u 4). Helipoactporurap-
HBI HWHIEKC yBequuwBaicsi ¢ 1.62 (1.53-1.81) B
rpyIIe KOHTPOJIA 10 2.72 (2.48—-3.10) B TpyIIIIe 1O-
cie OOCA (p = 0.001). [TapayiesIbHO ¢ 3TUM OTMe-
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day after CCAO, a large number of small vacuoles
and destruction of part of the astrocyte cytoskeleton
were detected in the astrocyte processes (Fig. 4, A).
Hypertrophic hyperplastic manifestations of reactive
astrogliosis were noted later — on the 3™ and 7™ days
after ischemia. A large number of fibrous and proto-
plasmic astrocytes with powerful primary processes
appeared, as well as zones of high astrocyte density
(Fig. 4, B, C, D). On the 7" day after CCAO, an in-
crease in the number of fibrous astrocytes was noted
in the subpial zone under the outer border glial
membrane of the brain. Earlier, after a 20-minute
CCAO, we revealed quantitative heterogeneity and
heterochrony of changes in the spatial organization
of the proximal and distal branches of astrocytic pro-
cesses. Small processes of astrocytes located on the
periphery of their domains were more labile and re-
active [21]. In our studies, a small-focal increase in
the number of reactive fibrous astrocytes did not al-
low us to talk about pathological astrogliosis after ir-
reversible destruction of neurons, characteristic of
ischemic and hemorrhagic stroke. Such changes in
astrocytes rather indicated the activation of their
natural protective functions aimed at recovery and
disposal of damaged neurons.

In the brains of control animals, small — 21.2 um
(30.8—42.6 uym) — inactive microgliocytes with long
processes prevailed. After CCAO, large amoeboid
MG appeared — 42.6 um? (31.3-51.0 um?)
(p = 0.0001). This probably indicated the activation

Puc. 3. TemHbIc HSHPOHBI IPU PEAKIMU HA crienUIecKie HeHPOHAIbHbIE GEJIKHA: COXPAHHOCTh M BBICOKAS TNIOTHOCTh
TUMHPOBaHHBIX 0enkoB: A, B— MAP-2 (1-e cytkn); C, D — NSE (3-u cyTtkn). benbie cTpenkun — neHApHTHI,
KpacHBIE CTPEJIKH — TeMHbIE HEHPOHBI, YEPHBIE CTPEIKH — HOPMOXPOMHBIE HEHPOHBI, 3HAKOM * 0003HaYEHBI

MHUKPOCOCYJIBI C TPOSBICHUSIMU OTeKa-HaOyXaHHs ICPUBACKYIISIPHBIX OTPOCTKOB ACTPOILIUTOB.
NMMyHOTrHCTOXMMHUYECKOE UCClieAoBaHUE. OOBEKTHB: X100; MIKaJIa — 20 MKM
Fig. 3. Dark neurons in response to specific neuronal proteins: safety and high density of typed proteins: A, B — MAP-2
(day 1); C, D — NSE (day 3). White arrows — dendrites, red arrows — dark neurons, black arrows — normochromic
neurons, the sign * indicates microvessels with manifestations of edema-swelling of perivascular processes of astrocytes.
Immunohistochemistry. Lens: x100; scale — 20 um

Journal homepage: http://jsms.ngmu.ru



TopbyHosa A.B. u dp. / Journal of Siberian Medical Sciences 3 (2021) 66—81

A

s R
?, 4, a,"_'.:t- S .‘. :

&

e

) |4

4.l " :

¥ ~
.

b
v M S0

.
o

&

/tAr{‘;‘l

Puc. 4. Acrporuts! (nmokasausl crpesikamu) cioes 111 (A, B, C) u I CMK rosioBHoro mosra Ha 1-e (A), 3-u (B) u 7-e (C, D)
cytku ocie OOCA: BakyoJIM3aIus acTpouToB, ¢pparmMenTarus GFAP-o3UTHBHOTO MaTepraa muTockesueTa (A),
runeprpodus acrporura (B, C), Bpicokas m1oTHOCTH acTporuToB (D). 3HakoM * 0603HaUEHBI HEHPOHBI.
VmmyHOrncroxumudeckoe nuccienoBanre GFAP. O6beKTHB: X100; IIKaIa — 20 MKM
Fig. 4. Astrocytes (shown by arrows) of layers III (A, B, C) and I of SMC of the brain on the 1%t (A), 3" (B) and 7 (C, D)
days after CCAO: vacuolization of astrocytes, fragmentation of GFAP-positive material of the cytoskeleton (A), astrocyte
hypertrophy (B, C), high density of astrocytes (D). The sign * indicates neurons. Immunohistochemistry of GFAP.
Lens: x100; scale — 20 um

yajach TUNEPTPOPUA OTPOCTKOB  ACTPOIIUTOB
(puc. 4, B, C, D). OnHako HEOOXOIMMO aKIEHTHPO-
BaTh BHHMAaHHE HAa TOM, YTO Ha 1-€ CYTKH IIOCJIE
OOCA B 0TpOCTKaX aCTPOIIUTOB BBIABIEHO OOJIBIITIOE
KOJIMYECTBO MEJIKUX BaKyoJIeH U pas3pyllleHUe YacTH
IIUTOCKEJIETA aCTPOIUTOB (puc. 4, A). 'uneprpodu-
YeCKHe TUIEPIUIACTUYECKUE ITPOSIBJIEHUS PEAKTUB-
HOI'O acTpOIINO3a OTMeYaslNch M03:Ke — Ha 3-U U
7-€ CyTKH 1ocJie uieMud. [1osBs1och 60IbII0E KO-
JiyectBO GUOPO3HBIX U IIA3MAaTUYECKUX ACTPOIIH-
TOB C MOIIIHBIMY IEPBUYHBIMU OTPOCTKAMH, a TAKIKE

of neuroinflammation and phagocytic activity of mi-
crogliocytes [22].

A comparison of the dynamics of changes in the
number of MG and OD in SMC showed that the peak
of the increase in the density of these cells after
CCAO was different: for MG — the 1* day, for OD —
the 7™ day (Fig. 5). This indicated that at first there
was a wave of activation of microglial cells (“scaven-
gers”), as a result, in the acute post-ischemic period,
detection of degenerating neurons and sanitation of
nerve tissue occurred, providing phagocytosis of all
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30HBI BBICOKOH IUIOTHOCTH acTPOIUTOB (puc. 4, B, C,
D). Ha 7-e cyrku mociie OOCA oTMeUYeHO yBenye-
HUe KoyimdecTBa (puOPO3HBIX aCTPOIUTOB B CyOIIH-
JIbHOU 30HE IO/ HAPY>KHOU MOTPAHUYHOU IJTHATh-
HOH MeMOpaHO# MO3Ta.

Panee namu nocste 20-munyTHONH OOCA BBISIBIIE-
Ha KOJINYECTBEHHAsI TeTEPOT€HHOCTh U I'eTEPOXPOH-
HOCTh U3MEHEHUH NMPOCTPAHCTBEHHOU OpraHU3aINH
IIPOKCUMAJIBHBIX U JUCTATIFHBIX BETBEU aCTPOIUTAP-
HBIX OTPOCTKOB. BboJiee Ta0MIbHBIMY U PEaKTUBHBIMU
OBLTM MeJIKHE OTPOCTKH aCTPOITUTOB, PACIIOJIOMKEH-
HBIE 10 IepudepHn UX T0MeHOB [21]. B Hammx uccite-
JIOBAHUAX MeJIKOOUaroBoe yBeJIWUeHHe KOJIMYEecTBa
peakTuBHBIX (GUOPO3HBIX ACTPOIUTOB HE MO3BOJISLIIO
TOBOPUTBH O MATOJIOTHIECKOM aCTPOTJIHO3€e TIOCIe He-
00paTUMOTro pa3pyIleHus HEHPOHOB, CBOMCTBEHHOTO
JUIS UIIEMUYECKOTO U TeMOPPArunyecKoro MHCYJIbTA.
[Too6HBIE M3MEHEHUS ACTPOLIUTOB CKOpee CBUE-
TeJIbCTBOBIM 00 AKTUBAIUU HUX €CTECTBEHHBIX 3a-
IIUTHBIX (QYHKITUH, HAIIPABJIEHHBIX Ha BOCCTAHOBJIE-
HUeE U YTIIN3AIHIO TIOBPEXK/IEHHBIX HEUPOHOB.

B Mo3re KOHTPOJIPHBIX }KUBOTHBIX ITPEBAINPOBAIIN
MeJIKHe — 21.2 MKM? (30.8—42.6 MKM?) — HEaKTUBHBIE
MUKPOTJIMOLIUTBI C JIMHHBIME OTpocTKamu. Ilocie
OOCA mnosBsIMCh KpyIHbIe amebouaabie MI'T] —
42.6 MKM? (31.3—51.0 MKM?) (p = 0.0001). BeposiTHO,
5TO CBU/IETEJIBCTBOBIO 00 aKTHUBAIMK HEUPOBOCIIA-
JeHus U paronmurapHor aktuBHOcTH MI'L] [22].

CpaBHeHMe UHAMUKU U3MeHEHUs KOJUYEeCTBA
MI'TI u O/I1] B CMK moxa3zaJio, 4TO MUK yBeJIMIEHUS
IUIOTHOCTH 3TUX KjeTok mociae OOCA otianuancs:
Jutst MT'TT — 1-e cytku, ayist OJIL] — 7-e cyTku (puc. 5).
ATO CBUETEIHCTBOBAJIIO O TOM, UYTO CHAYAJIA ITPOXO-
JIijIa BOJIHA AaKTHUBAMM MUKDPOIJIHATIBHBIX KJIETOK
(«MyCOpPIIIUKOB»), B pe3yJIbTaTe B OCTPOM IIOCTHIIIE-
MHYECKOM II€PUO/Ie OCYIIECTBIIANIACH IETEKITU Je-
TeHEPUPYIOIIUX HEHPOHOB U CaHAIIWA HEPBHOM TKa-
HH, obecrieunBamoIas GarouTo3 Bcex HeoOPaTUMO
U3MEeHEHHBIX KJIETOK U MOJIEKYJL. TO IPUBOAIIIO K
VAQJIEHUI0 YaCTH IOBPEXJAEHHBIX HEHUPOHOB (CM.
puc. 5). Uepes 7 cyt B cioe III gepunut HEHAPOHOB
cocraBui 26.4 % (p = 0.001) u 18.5 % (p = 0.01) B
cioe V. Jlanee Ha 3TOM (pOHe, BEpOATHO, BKJIOUYA-
JIUCh MeXaHU3Mbl HEHPOILIACTUYHOCTH, JJIsA 0Oectie-
YeHUsl KOTOpbIx aktuBupoBaauch OJ[Il, obmamato-
I[7e BBICOKMM HEHPOTPOPUUIECKUM IMTOTEHITUAIOM.
Taxum o6pa3zoM, HeO6PATUMOMY Pa3pYIIEHUIO O/~
Beprajach TOJIBKO YacTh TEMHBIX HEHPOHOB, afal-
THBHBIA MOTEHIHATT KOTOPBIX, BEPOATHO, OBLT HC-
YyepIiaH B OCTUIIIEMUYECKOM TIEPHO/IE.

ITpoBeneHHOE HMCCIIEOBAHIE TTOKA3AJI0, UYTO He-
rostHast octpas uemus (40-muaytHass OOCA) npu-
BoaUT K uddPy3HO-0YarOBHIM U3MEHEHUSIM HEPB-
HOI TKAaHH TOJIOBHOTO MO3ra (IIPOSIBJIEHUS OTEKa-

irreversibly altered cells and molecules. This led to
the removal of some of the damaged neurons (see
Fig. 5). After 7 days, the neuronal deficit in layer III
was 26.4% (p = 0.001) and 18.5 % (p = 0.01) in
layer V. Further, against this background, neuroplas-
ticity mechanisms were probably included, for which
oligodendrocytes with high neurotrophic potential
were activated. Thus, only a part of dark neurons,
whose adaptive potential was probably exhausted in
the post-ischemic period, underwent irreversible de-
struction.

The study showed that subtotal acute ischemia
(40-minute CCAO) leads to diffuse-focal changes in
the nervous tissue of the brain (manifestations of
edema-swelling, hyperchromic tinctorial changes,
reactive astrogliosis, an increase in the number of
microgliocytes), which are primarily advisable to
consider in the context of activation of the mecha-
nisms of natural defense of neurons. It is known that
the formation of dark neurons in response to energy
deficiency, an increase in the number of hydrogen
ions (H*) and free calcium (Ca**) can be associated
with conformational changes in cytomatrix proteins.
As a result, a large amount of unbound water is
formed, which is squeezed out into the processes of
astrocytes [3, 9, 10]. We believe that with this flow,
ischemic toxins and ions dissolved in water are re-
moved from dark neurons. The logical chain of events
related to the dark neuron is viewed: 1) dehydration-
detoxification; 2) preservation of the neuron state
without destroying its cytomatrix; 3) restorative hy-
dration; 4) normal functioning. At all stages of this
chain, the key role is played by neuroglial cells that
regulate the water flow (astrocytes), control the de-
gree of damage and disposal of neurons (MG), pro-
vide it with trophic factors (astrocytes, OD, MG) for
the implementation of neuroplasticity mechanisms.

Thus, after a 40-minute CCAO with the participa-
tion of neurons, OD, different phenotypes of astro-
cytes and microgliocytes, complex cellular systems
are formed, which we consider in the aspect of cell-
cell phagocytic and trophic relationships, taking into
account the spatiotemporal features of the main pro-
cess (damage, recovery). In this direction, it is prom-
ising to study the activation and functioning of dif-
ferent phenotypes and morphotypes of glial cells.
According to the literature data, MG migrate and ab-
sorb soma and apical dendrites after activation, as-
trocytes phagocytise numerous small dendritic apop-
totic bodies, OD provide subsequent restoration of
axons. All together, they enhance the synthesis of
neurotrophic factors and regulate the reparative re-
organization of the nervous tissue as a whole [16, 20,
23]. The phenomenon of structural and functional
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Puc. 5. YucaeHHAas IJIOTHOCTh HEHPOHOB (A), MUKPOIJIMOIUTOB U 0JIUroieHAPOuToB (B) B CMK B rpyIine KOHTPOJISA
u nocsie 40-MuHyTHOH OOCA. Pa3yinuus CTaTUCTUYECKU IOCTOBEPHBI IO CPABHEHUIO C TPYIIION KOHTpPOJIA (¥),
npenpiayium cpokoM (1), MTI u OI1T (™) u ciosmu 11T u V (€) mpu p < 0.001. J[aHHbIE TIPe/ICTaBIeHbI KaK MEINAHA,
HIDKHUM U BEPXHUH KBApTWIN (MHTEPKBAPTHJIBHBIN pa3Max)

Fig. 5. Numerical density of neurons (A), microgliocytes and oligodendrocytes (B) in SMC in the control group
and after 40-minute CCAO. The differences are statistically significant compared to the control group (*),
the previous period (), MG and OD (") and layers III and V () at p < 0.001. The data are presented as median,
lower and upper quartiles (interquartile range)
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HaOyxaHUsI, THIIEPXPOMHBIX THHKTOPUATbHBIX H3Me-
HEHUU, pEaKTUBHBIN aCTPOTIINO3, YBEJIMUEHUE KOJTH-
YyecTBa MUKPOTJIMOIIUTOB), KOTOPBIE TPEXK/E BCETO
1esiecoo0pa3HO pacCMaTPUBATh B KOHTEKCTE aKTHUBA-
M MEXaHU3MOB €CTECTBEHHOM B3allUThl HEUpo-
HOB. I3BecTHO, 4TO (popMHUPOBAHUE TEMHBIX HEHPO-
HOB B OTBET Ha SHEPTeTHYECKUH JIe(PUITUT, yBeTuUe-
HHE KOJINYeCTBa MOHOB Bojiopozia (H*) u cBoboiHOTO
kazpiusa (Ca*™) MokeT OBITh CBSI3aHO € KOH(poOpMa-
[IMOHHBIMU U3MEHEHUSIMH OEJIKOB ITUuTOMaTpuKca. B
pesyJibrare o0pasyeTcs OOJIBIIIOE KOJIMIECTBO HECBS-
3aHHOM BOJIbI, KOTOPAsl BBIZIABJIMBAETCS B OTPOCTKH
acTpoIuToB [3, 9, 10]. MBI IToJ1araem, 4To ¢ 3TUM I10-
TOKOM M3 TEMHBIX HEHPOHOB YIAJISIOTCS PACTBOPEH-
HbIE B BOJIe MIIIEMUYECKHEe TOKCUHBI U HOHBL [Ipo-
CMAaTpUBAETCS JIOTHYECKas IEMOYKa COOBITHH, CBS-
3aHHBIX C TEMHBIM HEUPOHOM: 1) JEeTHaApaTaIysi-
JIETOKCUKAIMA; 2) KOHCEPBHUPOBAHHE COCTOSTHUS
HelipoHa 0e3 pa3pylIeHUs €ero IUTOMATPUKCA;
3) BOCCTAaHOBUTEJIbHAS THUJIPATALNSA; 4) HOPMAJIbHOE
dyuknmronupopanue. Ha Bcex sTamax 5TOH I[EITOYKH
KJIIOUEBYIO POJIb UTPAIOT HEHUPOIJIHAJIbHBIE KJIETKH,
KOTOPBIE PETYJIUPYIOT BOJIHBIA MOTOK (aCTPOITUTEHI),
KOHTPOJIUPYIOT CTENEHb MOBPEKAECHUS U yTUIU3a-
nuu HelipoHoB (MI'L]), obecrieunBaroT ero Tpoduye-
ckumu daxropamu (actporutsl, OLL, MT'II) mts pe-
aTM3aIy MEXaHU3MOB HEHPOILIACTUYHOCTH.
Takum obpaszom, mociie 40-muHyTHOH OOCA ¢
ygactreM HeulpoHoB, O/I1I, pasHbIX (HEHOTUIIOB
actporuToB U MI'L] 06pasyrorcs CJIOKHBIE KIETOY-
HBIE CCTEMBI, KOTOPBIE MBI pACCMATPUBAEM B ACITEK-
Te KJIETOYHO-KJIETOUHBIX (haroIUTapHbIX U Tpoduye-
CKUX B3aHMOOTHOIIIEHUH € YJYETOM IIPOCTPAHCT-
BEHHO-BPEMEHHBIX OCOOEHHOCTEH OCHOBHOTO IIPO-
mecca (IMoBpeK/IeHNEe, BOCCTAaHOBJIEHHE). B aToM Ha-
MIpaBJIEHUN TTEPCIEKTUBHBIM SBJIAETCSA U3yUEHHE aK-
TUBAUUM M (YHKIMOHUPOBAHUA Pa3HbIX (eHo- U
MOpGOTHUIIOB TJINAJIBHBIX KjIeToK. CorylacHo jiuTepa-
TypHBbIM AaHHBIM MTI'1] mocsie akTuBaniu MUTPUPY-
0T ¥ TIOTJIOIIAIOT COMY U alHMKaJIbHBIE JIEHJIPUTHI,
acTponuThl (ParonUTHPYIOT MHOTOYHCIEHHBIE MeJ-
KUe JIeHpUTHbIe anonrtoTudeckue tena, OJI11 obe-
CIIEYHBAIOT MTOCJIE/TYIOIEE BOCCTAHOBJIEHE AKCOHOB.
Bce BMecTe — yCHUIMBAKOT CUHTE3 HEWPOTpOdmUe-
CcKUX (PaKTOPOB U PETYINPYIOT penapaTUBHYIO PEOp-
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heterogeneity of neuroglial cells is an important di-
rection in the development of neurobiology, neuro-
morphology and neuropharmacology. Obtaining
new data will allow us to get closer to understanding
some mechanisms of neuroplasticity, neuroinflam-
mation and find new ways to correct them.

CONCLUSION

After a 40-minute CCAO, the content of dark neu-
rons in SMC increased and, as a result, signs of hy-
dropic generation appeared. Against this back-
ground, the number of satellite OD, astrocytes and
MG increased. Probably, edema-swelling, active MG
and astrocytes previously (on the 1%—3' day) sanitate
the nerve tissue, ensuring its subsequent (on the 7%
day) structural and functional recovery with the par-
ticipation of OD.
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TaHU3AIUI0 HEPBHOU TKAHU B 11€JIOM [16, 20, 23]. De-
HOMEH CTPYKTYPHO-(YHKIIMOHAJIBHOH reTepOreHHO-
CTH HEUPOTJINATIbHBIX KJIETOK SIBJISIETCS BRXKHBIM Ha-
MpaBJIEHUEM Pa3BUTHS HEHPOOUOJIOTUH, HEHPOMOP-
donornu u Helipodapmakosoruu. IlosmyueHue Ho-
BBIX JJAHHBIX ITO3BOJTUT IPUOIU3UTHCS K IOHUMAHIIO
HEKOTOPBIX MEXaHU3MOB HEHPOIJIACTHYHOCTH, HEH-
POBOCIIAJTIEHN ¥ HAUTH HOBBIE IITH UX KOPPEKIIUH.

SAK/IIOYEHUE

ITocie 40-munytHONT OOCA B CMK yBenmmuuBa-
JIOCh CcOfiepKaHue TEMHBIX HEHPOHOB U, KaK CJef-
CTBUE, MOABJIAJINCH IPU3HAKY TU/IPOIIMYECKON Jic-
Tpoduu. Ha 3TOM oHe Bo3pacTaao KOJINIECTBO ca-
tesanutrapHbix O/, actponutos u MI'Ll. BeposTHo,
oTek-HaOyxaHue, akTtuBHble MIL] W acTpoIUTHI
IpeABapuTeIbHO (B 1-€ — 3-U CYTKH) CAHUPYIOT
HEPBHYIO TKaHb, 00ecieunBas ee mocsenymwoimee (7-e
CYTKH) CTPYKTYPHO-(PYHKITMOHATIFHOE BOCCTAHOBJIE-
Hue c yuactuem O/I11.

KoHduKT HHTEpEeCcOB. ABTOPHI 3a5BJISIOT 00
OTCYTCTBUU KOH(IINKTA HUHTEPECOB.
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