DOI:10.15360/1813-9779-2019-6-26-37

Experimental Studies

[MuoMTOAPXUTEKTOHUKA 3y0UaToii (pacuyu
# noJis1 CA4 rumniokKamiia roIoBHOr0 MO3ra 0eJIbIX KpbIC
nocJie 20-MUHYTHON OKKJIIO3UU O0LIIUX COHHBIX apTepHH

A. B.TopbyHoBa, /1. b. ABnees, C. C. CrenaHos, B. A. AKyJINHUH,
A. C. Cremranos, A. 10. lloponoBa, A. A. CaMCOHOB

OMCKUY TOCyIapCTBEHHBIN MeUIIMHCKIY YHUBepcuTeT MuH3apasa Poccuy,
Poccus, 644099, . OMCK, yi1. JlenuHa, 1. 12

Glial Cell Architecture Dynamics in Dentate Gyrus
and CA4 Area of Wistar Rat Hippocampus Following 20-minute Occlusion
of Common Carotid Arteries

AnnaV. Gorbunova, Dmitry B. Avdeey, Sergey S. Stepanov, Victor A. Akulinin,
Alexander S. Stepanov, Anastasia Yu. Shoronova, Artem A. Samsonov

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

Ilenb: U3y4yeHMe pacpeieseHus ¥ IPOCTPAaHCTBEHHON OpPraHU3aINy aCTPOIIUTOB 3yOUuaroi ¢gaciumn
(3®) 1 mostss CA4 runmoramia 6eJIbIX KpbIC B HOpMe U 1mocJie 20-MUHYTHON OKKJTIO3UX OOIINX COHHBIX ap-
Tepuii (OOCA).

Mertoabl HcciIef0BaHuA. VICI10/1p30Ba/IN TUCTOJIOTUYECKHUE (OKPAaCKa TeMaTOKCUJIMHOM U 903UHOM, 110
Huccimo), nmmyHorucroxumudeckue (GFAP, MAP-2) u MmopdoMerpudeckue MeTosbl. Ha TOHKUX (4 MKM) ce-
PUHHBIX GPOHTATBHBIX Cpe3axX TUIITOKaMIIa U3y4Ja/ar aCTPOIUTEI M HEHPOHBI B KOHTPOJIE (JIO’KHOOIIEPH-
pOBaHHBIE YKUBOTHBIE, N=5), yepes 6 9acoB (n=5), 1 (n=5), 3 (n=5), 7 (n=5), 14 (n=5) n 30 cyTok (n=5) mocmue
20-munyTHON OOCA. []7151 10Ty YeHU 1 [OIIOJTHUTE/IbHOM KOJIMYeCTBeHHOM NH(OpMAaIU O IPOCTPAHCTBEH-
HOW OpraHu3aly aCTPOLUTAPHBIX CeTell UCIo/Ib30BaIu ppakTanbHbli aHanus (Image] 1.52; niarus Fra-
cLac 2.5). CrarucTrYecKue TuIoTe3bl IPOBEPUJINA C IOMOIIBIO HellapaMeTPUIeCKAX KPUTEPUEB.

Peayabrarhl. Uepes 30 cyTok nocse 20-muayTHONH OOCA 0oTMEeYas i He0OPaTUMYIO IECTPYKIIUIO TOTHKO
5,3 % HetipoHOB CA4 1 coOXpaHeHUe 00IIell YNCIeHHOH IJIOTHOCTH IPaHY/ISIPHBIX KJIeTOK 3P Ha KOHTPOJIb-
HOM YpOBHe. Y3ke 4epes 6 gacoB 1 1 cyTku nocsie OOCA oTMedasi TUIepTPodUIo 1 YCIOKHEHHE IIPOCTPaH-
CTBEHHOU OpraHU3aliyi OTPOCTKOB aCTPOIUTOB, KOTOPbIE COXPAHSJIUCh Ha IPOTskeHuH 30 CyTOK. ACTPO-
IJIMO3 CONPOBOMKJAAJICA yBeJUYEeHUeM OTHOCUTeJIbHOU twiomanu GFAP-mosuTuBHOrO Marepuasa,
¢ pakTaaTbHON Pa3MepPHOCTH U YMEHBIIIEHNEM JIAKYHAPHOCTH aCTPOIUTApHOU ceTr. OCOOeHHO HAISITHO
nocJieqHee IpoABJsIOCh Yyepes 1, 14 n 30 cytok nnociae OOCA.

3axrrouenmue. [Toce 20-muayTHON OOCA B 3y6uaroit (pacrum n CA4 yBesinunBasach JIOTHOCTE GFAP-
ITO3UTHUBHOTO MaTepHaJa, YCI0KHAIACh peopraHusalys GudpoapxXuTeKTOHNKY 3a CUET Pa3BEeTBJIEHHUS OT-
POCTKOB acTponuTOB. IIpy aTOM 00111as1 YrIC/IeHHAsI IVIOTHOCTh HEUPOHOB M3MEHsIIach He3HAYNTeIbHO. Bee
9TO CBUJIETEILCTBOBAJIO O BEPOATHOU POJIM ACTPOLIUTOB IIPU IIOCTUIIEMUYECKOU aKTUBALIMY MeXaHU3MOB
€CTeCTBEHHOU HepOIIPOTeKIIUH.

Knroueswle croea: ocmpas uuiemust; 2UNNOKAMI; AcCmpoyumal; ummyHozucmoxumusi; GFAR MAP-2; ppax-
MALbHLLU AHAUS

Aim. To study the distribution and spatial organization of dentate gyrus (DG) astrocytes and CA4 area of
hippocampus of Wistar rats following 20-minute occlusion of common carotid arteries (OCCA) compared to
sham-operated control animals.

Material and methods. Histological (Nissl staining with hematoxylin and eosin), immunohistochemical
(GFAP, MAP-2) and morphometric methods were used. Astrocytes and neurons in control (sham-operated an-
imals, n = 5) group, after 6 hours (n=5), 1 days (n=5), 3 days (n=>5), 7 days (n=5), 14 days (n=5) and 30 days (n=5)
after 20-minute OCCA were studied on thin (4 pm) serial frontal sections of the hippocampus. Fractal analysis
(Image] 1.52; fraclac 2.5 plugin) was used to obtain additional quantitative information on the spatial organi-
zation of astrocyte networks. Statistical hypotheses were tested using nonparametric criteria.

Results. 30 days after the 20-minute OCCA, only 5.3% of CA4 neurons were irreversibly destroyed and the
total numerical density of DG granular cells remained at the control level. Hypertrophy and increased com-
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plexity of the spatial organization of astrocyte processes were observed 6 hours and 1 day after OCCA and per-
sisted for 30 days. Astrogliosis was accompanied by an increased relative area of GFAP-positive material and
fractal dimension and reduced lacunarity of the astrocyte network. The latter was especially evident in 1, 14

and 30 days after the OCCA.

Conclusion. After the 20-minute OCCA, the density of GFAP-positive material increased, the fibroarchi-
tecture reorganized and gained more complexity due to the branching of astrocyte processes. At the same time,
the total numerical density of neurons changed only slightly. All this indicated the probable role of astrocytes
in post-ischemic activation of natural neuroprotection mechanisms.

Keywords: acute ischemia; hippocampus; astrocytes; immunohistochemistry; GFAR MAP-2; fractal analysis
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BBenenue

¥ MJIeKONIUTAIONIUX TUIIIIOKaMIIaabHasA op-
Manus coCToUT 13 1ByX C-00pas3HbIX B3aMOIIPO-
HUKAIOMUX 00pa3oBaHull — 3y04aTON M3BUJIH-
Ha/dacuu (3P) u nosieit CA1-CA4 co6CcTBEHHO
runmnokammna. 39 oxBaTbIBaeT 00JIACTh XUJIYCA,
KOTOpasA COAEPsKUT MOJIMMOPQHBINA KJIETOYHBIH
cjioit CA4 1 IpOKCUMAJIBHYIO YacTh MUPaMU/IaJlh-
Horo kjeroyHoro cjost CA3. To ects, Tonorpadu-
yecku 3P, CA3 u CA4 oO0beqUHEHBI B €QUHOM
CTPYKTYPHO-(QYHKINOHATLHOM KOMIIIeKce [1-3].

B Hacrosiee Bpems UMEIOTCA JaHHbIE, CBU-
JIeTeJIbCTBYIOIIME O TOM, 4TO B 39 B3POCJIOTO
MO3ra MJIEKONMTAIOINX (OPMUPYIOTCH HOBBIE
HelpOHBI, KOTOpPbIe YYaCTBYIOT B IIpolieccax obyue-
HUA U NAMATU Yepe3 UHTerpaluio B paHee Cylie-
CTBOBABIIIE HEHUPOHHBLIE CETU. IJTO BHISHIBAET
TIOBBIIIIEHHBIH NHTepeC K N3y4YeHUIO0 BCeX 0COOeH-
HOCTeU CTPYKTYPHO-(PYHKIIMOHAJIHHON OpraHm3a-
mun 3P [4, 5]. Kaskmasa 13 odJjacTel TuImoKamIia
MMeeT CBOIO YHUKAJIBHYIO CTPYKTYPY U (DYHKIIHIO.
Pasnuuusa kacaioTcs MoOpdOJIOTUH HeHpOHOB,
CUHANTUYECKOU IJIACTUYHOCTH, HEWPOMEIHUATO-
POB, CITOCOOHOCTH K HelfporeHeay, YyBCTBUTEJILHO-
CTU K PA3JIUYHBIM NOBpPEKIEHUAM (BKJIOYAs U
WIIIEMUIO), a TaKKe peaKIny Ha (papMarosoruye-
CKHMe IIpernaparsl [6]. bosbiioe BHUMaHNe yaesaser-
€5 U3yYEHUIO aCTPOIUTOB ¥ MUKPOTJIMOITUTOB I'UII-
MOKaMIla MJIEKOMUTAIUX B HOPME U TpHU
Pa3/IMYHBIX 1AaTOJIOTUYECKUX COCTOSTHUAX [OJIOB-
HOro Moasra [7-10]. VIMMyHOTHCTOXUMHYECKAs
peaxnust Ha GFAP 11o3BoJisieT HafIesKHO UAEHTU(H-
[IMPOBATH ACTPOIIUTHI B HEPBHOM TKaHM [11].

YCTaHOBJIEHO, YTO B OTBET HA YEPEITHO-MO3-
TOBYIO TpaBMy, HIIIEMHIO, HelpojereHeparuio
n3MeHsieTcs1 PyHKITUS ¥ MOP(OJIOTHSI aCTPOIIH-
TOB. B 3aBUCHUMOCTHU OT XapaKkTepa Bo3/eiCcTBHS,
peakIysi aCTPOIVINY MOSKET OBITH 04aroBOH, Aud-
(¢y3HOU M1 CMEITAHHOH, TPOSBAATHCS KaK aTPo-
¢us, runeptpodusi, peakKTUBHBIN U MTaTOJIOTHUYe-
ckuit actpomnos [7, 10-12]. OgHaKo, CTPYKTYpPHBIE
U3MEHEHHUs, JesKalllie B OCHOBE PeMOJeJIMpOBa-
HUS aCTPOIUTOB TUIINIOKaMIIa ocsie 20-MUHYTHOH
OKKJIIO3UM COHHBIX apTepuil TpeOyIoT nasbHeliIe-
ro U3y4eHUsI.

Panee MbI mokasasnu, 4To mnocse 20-MUHYT-

HOU OKKJII03UM 001THX COHHBIX apTepuii (OOCA)

Introduction

In mammals, the hippocampal formation
consists of two C-shaped interpenetrating forma-
tions: the dentate fascia/gyrus (DG) and the
CA1-CA4 areas of the hippocampus itself. The den-
tate gyrus covers the chylus region, which contains
the polymorphic cell layer CA4 and the proximal
portion of the pyramidal cell layer CA3. Thus, topo-
graphically, DG, SA3 and SA4 are united in a single
structural and functional complex [1-3].

Currently, there is evidence that new neurons,
involved in learning and memory processes through
integration into pre-existing neural networks, are
formed in the DG of the adult mammalian brain.
This attracts increased interest in the study of all the
features of the structural and functional organiza-
tion of DG [4, 5]. Each area of the hippocampus has
its own unique structure and function. The differ-
ences relate to neuron morphology, synaptic plas-
ticity, neurotransmitters, neurogenesis ability, sen-
sitivity to various injuries (including ischemia), as
well as response to pharmacological drugs [6]. Con-
siderable attention is given to studying astrocytes
and microglyocytes of the mammalian hippocam-
pus in normal and in various pathological condi-
tions of the brain [7-10]. Inmunohistochemical re-
action to GFAP allows reliable identification of
astrocytes in nervous tissue [11].

Astrocyte function and morphology were
found to change in response to traumatic brain in-
jury, ischemia, and neurodegeneration. Depending
on the nature of the impact, the reaction of as-
troglia can be focal, diffuse or mixed, manifested as
atrophy, hypertrophy, reactive and pathological as-
troglia (7, 10-12]. However, the structural changes
underlying the remodeling of hippocampal astro-
cytes after 20-minute carotid artery occlusion re-
quire further study.

Previously, we showed that after 20-minute
occlusion of the common carotid arteries
(OCCA), moderate diffuse-focal pathological,
adaptive and reparative changes in neurons and
astrocytes developed [13, 14]. Other studies have
been focused on the structural and functional
features of astrocytes after focal necrotic changes
of neurons with marked manifestations of patho-
logical astrogliosis [11].
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pa3BUBaJUCh yMepeHHble TU(¢y3HO-0uaroBblie
11aTOJIOTMYECKUe, aJalITUBHbIE U pellapaTuBHbIE
U3MeHeHUsI HEHPOHOB U acTporuToB [13, 14]. B
paborax ApPYyrux aBTOPOB IPEVMYIIECTBEHHO
HCCJIEA0BAJIOCh CTPYKTYPHO-(PYHKIMOHAJIBHOE
COCTOSIHHE aCTPOILUTOB MOCJIe OYAarOBbIX HEKPO-
TUYeCKUX U3MeHeHUH HelpOHOB, KOIJla oTMeva-
JINCh BbIpa)KeHHbIe [IPOSIBJIEHUS IIaTOJIOTUYECKO-
ro acrpornuosa [11].

[lo nuTeparypHBIM HAHHBIM, /IS OI[€HKU
ACTPOLUTAPHBIX CeTel MOKHO HCII0JIb30BaTh
(¢pakTanbHBIN aHAJAU3. OTOT METOJ II03BOJISET
KOJINYECTBEHHO ONMUCATh Ka4eCTBEHHbIE XapaKTe-
PUCTUKHU CJIOKHOU (ppaKkTaTbHOU MU (PpaKTaJIO-
MOI00HOM CTPYKTYPHI (HAaIpUMep, HEHPOHBI, acT-
poluThe) IyTeM  pacueTa  (ppakTaabHOU
pasMmepHocTu (PP) — mokasaTessi 3an0JTHEHUS
MIPOCTPAHCTBA (ppaAKTAIBHOM CTPYKTYPOH U JIaKy-
HAapHOCTHU (A) — Mepbl HEOJHOPOLHOCTHU 3aIl0JIHE-
HHUSI IPOCTPAHCTBA (PPAKTATBHON CTPYKTYPOU.
[ToaToMy 3TOT MeTO[ HalllesI IINPOKOE IpUMeHe-
HHe KaK Mepa CTPYKTYPHOU CJI0KHOCTHU IPUPOJ-
HBIX 00BEKTOB, B TOM YHCJI€ U HEPBHBIX KJIETOK
[11, 15, 16]. OmHako acTponuTapHasi CETh TUINO-
kamia nocJjie 20-MuHyTHOM OOCA B TaKOM acIleK-
Te He M3yJasnack. BeIOOp 115 viccaenoBanus 3y0-
yaroir ¢acupm u mossi CA4 oOycioBJIeH uX
Tonorpapu4ecKuM eIUHCTBOM, BBICOKOH YCTOM-
YUBOCTHIO K UIIIEMUU U HEOCTATOYHOU U3ydeH-
HOCTBIO aCTPOIIUTOB JAHHBIX OTJEJIOB IUIIIOKAM-
naJbHOU (popmarum.

[ToaToMy 11€/1b10 HACTOSAIIIEr0 UCCIIeJOBAHNS
OBLIO M3ydeHWe paclpesieseHusi U MPOCTPaH-
CTBEHHOHW OpraHM3aIi¥l acTPOIUTOB 3y0UaTOM
¢pacuuu u mosss CA4 runmokamna OesibIx KphIC B
HOpMe U 1tocie 20-MUHYTHON OKKJTIO3UH OOIIINX
COHHBIX apTepUI.

MarepuaJ 1 MeTObI

Pabory BeImosiHuIN Ha 6ade PTBOY BO «OMcruit
TOCy/IapCTBEHHBIN MEeTUITUHCKUHN YHUBEPCUTET», 0700~
peHa 3TUYEeCKUM KOMUTETOM YHUBEPCUTETA (IIPOTOKOJI
Nell2 ot 26 cenTsi6ps 2019 roza). B kagecTBe akcnepu-
MEHTAJIbHBIX YKUBOTHBIX HCII0JIb30BAIU KPBIC JJUHUU
Wistar maccoit 180-200 rp. VcciienoBadaust MIpOBOIUAIN
B COOTBETCTBUU C pEKOMEHIalIUsIMU MesKIyHapOTHOTO
KOMHTETA 10 paboTe ¢ 1ab0paTOPHBIMU KUBOTHBIMU,
noaaeps;kanabix BO3, mupexktuBoii EBponeiickoro ITap-
aamenTa Ne 2010/63/EU ot 22.09.10 «O 3amuTe sKUBOT-
HBIX, UCTI0JIb3YEeMbIX JJIsI HAYYHBIX IeJIei».

OcTpyto 20-MHAHYTHYIO UIIEMHUIO MO3Td MOZIEJIAPO-
BaJTU ITyTEM OKKJTIO3UU 00X COHHBIX apTepuii (OOCA,
2-cocynmcTasi MojieTb HEITOJTHOM IT00aIbHOU UIIIEMUN
6e3 THIOTOHWN) Ha (hOHe MpeMeauKaIuu (Cyabdar
arpormHa 0,1 MT/KT, TOJKOYKHO) W O0IIEeid aHeCcTe3nu
(Zoletil® 100, 10 Mr/kr). BRIOOP JAaHHO MOJTETH OBLIT 00-
YCJIOBJIEH TE€M, YTO OHA, B OTVIMYMU OT APYTUX, HE COMPO-
BOSK/IaeTCsI OSIBJIEHWEM KPYITHBIX 09aroB HeoOpaTu-
MOT0 ITIOBPEXKAEHNUA FOJI0BHOTO MO3ra KphbIc [17-19].

Marepuan 111 MOp(0JIOriYecKoro uccjaesoBa-
HUs 3abupasiu yepes 6 yacos (n=5), 1 (n=5), 3 (n=5), 7

According to the literature, fractal analysis
can be used to evaluate astrocyte networks. This
method allows to quantitatively describe the
qualitative features of complex fractal or fractal-
like structures (e.g., neurons, astrocytes) by cal-
culating the fractal dimension (FD) which is a
measure of space-filling fractal structure and la-
cunarity (L) which is a measure of the inhomo-
geneity of space-filling fractal structure. There-
fore, this method has been widely used as a
measure of the structural complexity of natural
objects, including nerve cells [11, 15, 16]. How-
ever, the astrocytic network of the hippocampus
after 20-minute OCCA in this aspect has not been
studied. The choice for the study of dentate gyrus
and CA4 area is due to their topographic unity,
high resistance to ischemia and insufficient study
of astrocytes of these hippocampal areas.

Therefore, the aim of this study was to explore
the distribution and spatial organization of astro-
cytes of the dentate gyrus and the CA4 area of the
hippocampus of albino Wistar rats following 20-
minute occlusion of the common carotid arteries
compared to sham-operated control animals.

Materials and Methods

The work was performed at the Omsk State Medical
University, approved by the Ethical Committee of the
University (Protocol No. 112 of September 26, 2019). Wis-
tar rats weighing 180-200 g were used in experimental
studies. The studies were carried out in accordance with
the recommendations of the International Committee for
work with laboratory animals supported by WHO and Di-
rective of the European Parliament No. 2010/63/EU of
22.09.10 on the protection of animals used for scientific
purposes.

Acute 20-minute cerebral ischemia was modeled by
occlusion of common carotid arteries (OCCA, 2-vascular
model of incomplete global ischemia without hypoten-
sion) with premedication (atropine sulfate 0.1 mg / kg,
subcutaneously) and General anesthesia (Zoletil® 100, 10
mg/kg). This model was chosen because, unlike others,
it is not accompanied by the appearance of large foci of
irreversible brain damage in rats [17-19].

The material for morphological study was collected
6 hours (n=5), 1 (n=5), 3 (n=5), 7 (n=5), 14 (n=5) and 30
(n=5) days after OCCA. The control group (n=5) included
sham-operated (without OCCA) animals. The brain was
fixed by perfusion of 4% paraformaldehyde solution on
0.1 M phosphate buffer (pH=7.4) through the ascending
part of the aortic arch. The blocks were encased in ho-
mogenized paraffin (HISTOMIX®) using a carousel-type
histological wiring machine «STP 120». Serial frontal slices
with a thickness of 4 microns were cut at the distance
from -2.40 to -4.36 mm from bregma [1]. The sledge mi-
crotome HM 450 (Thermo) with electronic control of the
slice thickness was employed to make preparations from
each 10-th serial cut (5 per case, 25 per each time point).

For a general histological study, the sections were
stained with hematoxylin and eosin according to Nissl.
Astrocytes were detected by immunohistochemical reac-
tion to glial fibrillary protein (GFAP), and neurons were
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(n=5), 14 (n=5) u 30 (n=5) cyrok nmocae OOCA. KoHTpoO-
JgeM (n=5) CJyXUJIU JIO’KHOOIIEpUpOBaHHbIEe (0e3
OOCA) xuBorHble. [0/IOBHOI MO3r (UKCHUpPOBAIUA
nytem nepdysuu 4% pacrBopa napadopma Ha 0,1 M
docdarnom 6ydepe (pH — 7,4) depe3 BOCXOSAIIYIO
4acTh Oyrd aopThl. BJIOKM 3ak/io4aid B TOMOTeHU3HU-
posannbiii napagun (HISTOMIX®) ¢ noMoipio aBTo-
Mara AJ1s TUCTOJIOTNYeCKOU IIPOBOAKYU KapyCeJbHOI0
tuna «STP 120». Cepuiinble pOHTATIBHBIE CPE3BI TOJI-
IIMHOU 4 MKM pe3aJjiu Ha ypoBHE (0T -2,40 10 -4,36 MM
Bregma) [1]. Micnosib3oBasiu caHHbIN MukporoM HM 450
(Thermo) c 91€eKTPOHHBIM KOHTPOJIEM TOJIIIIMHBI Cpe3a.
ITpenaparsl rOTOBUIU U3 Kaskaoro 10-ro cepuiftHOro
cpesa (5 — Ha ciay4aii, 25 — Ha CPOK).

Jly1s1 0630PHOTO THICTOJIOTHYECKOTO MCCIIe[0Ba-
HUs Cpe3bl OKpaluBaJu 1o Hucciio, reMaToKCUINHOM
1 903UHOM. ACTpOHI/ITBI BBIABJIAJJMA C IIOMOUIBI0O UMMY-
HOTHCTOXUMUYECKOU peaKIMy Ha NIHAJTbHBIN PUOpHII-
JISIpHBINA 6estok (GFAP), a HeipOHBI — acCOIMUPOBAH-
HOTO C MHKpOTpyOoukamu Oesqka (MAP-2). Cpesbl
IoMela/Iu Ha IOJIMJIN3UHOBBIE CTekJa. [Ipumenanu
MOHOKJIOHAJIbHBIE MBIIINHbIE auTUTesna K GFAP (kj10H
GA5, passegenue 1:400), (Leica Biosystems Newcastle
Ltd, BemkoOpuTaHU) M MOJUKIOHAIbBHBIE KPOJTUYbU
anTuresia kK MAP-2 (ab32454, passenenue 1:400) (abcam,
CIHIA). la susyamsanuu GFAP nu MAP-2 ncronsso-
BaJIi MyJIETUMepHBIH Habop NovolinkTM (DAB) Poly-
mer Detection System (Leica Biosystems Newcastle Ltd,
Beuko6puTanusi). [Tocsie peakiyy ¢ TepBUYHBIMU aH-
THTeJaMH Cpe3bl II0CIeI0BaTeIbHO HHKYOHMPOBAJIH C
BTOPAYHBIMU aHTUTEJIAMH, 3aTeM XpoMoreHoM DAB
(3,3'-mnamMruHOOEH3UINH), TOKPATITNBAJIN T€MATOKCHJIH -
HOM, 3aKJ/II09aJ/Id B [IOJTUCTUAPOJL.

IIpenapars! ¢pororpadupoBalu Ha MUKPOCKOIIE
Leica DM 1000 (kamepa GXCAM-DM800 Unique Wrap-
Around 8MP AUTOFOCUS USB, pixel size 1,4X1,4 pm).
Insi JOCTHKEHUsT MAaKCUMAJIbHOU KOHTPACTHOCTH U
YEeTKOCTHU MEJIKUX OTPOCTKOB acTporuToB B Photoshop
CC mpoBOANIN KOPPEKIIUIO U300 paskeHHsI C IOMOIIBIO
¢uierpa Camera Raw (ROHTpacTHOCTB, 6astaHc HesIoro,
4eTKOCTh). MopdomeTpuueckoe uccaegoBaHue acTpo-
IIUTOB IMPOBOJMJIN Ha MAaCKax 8-OMTOBBIX YePHO-0eJIbIX
n300paskeHnH (00bEKTHB X40) C UCIIOTH30BaHMEM IIPO-
rpammel Image] 1.52. ®pakTaabHbIN aHAIU3 II0JTYYeH-
HBIX U300paskeHUH OCYIIECTBJISIIN C TTOMOIIBIO T1JIa-
ruHa FracLac 2.5 (Box Counting Sampling Methods) [15].

Onpepnessay OTHOCUTeAbHYIO Itomans GFAP- n
MAP2-103uTHBHOI'0 MaTepuaJia B oJie 3peHus (mmo 80
1oJieli 3peHusl Ha KK b CPOK — C IISITU SKUBOTHBIX),
dpakranbHy0 pasMepHOCTh (PP — nokasaresib 3a-
TIOJIHEHUS IPOCTPAaHCTBa (DPaKTAJIbHOU CTPYKTYPOU)
U JJaKyHAapHOCTh (A — Mepa HeOLHOPOJHOCTHU 3aIl0JI-
HEeHUs IIPOCTPAHCTBA PpaKTATBbHOU CTPYKTYPOH) 1A
HeWPOHOB U aCTPOLUTOB. UeM BhIllle JaKyHAPHOCTD,
TeM 6OJIbIIIE B TI0JIE 3PEHUST UMEeJIOCh oOJtacTel 6e3
XpoMoreHa. 151 KOJINYeCTBEHHOU OLleHKU IIOIyJIA-
nuu HelipoHoB 3P u noJist CA4 gepes 1, 3,7, 14 u 30
cyTok nocse OOCA mogCYuThIBaIN YMCACHHYIO IIJI0T-
HOCTh HOPMOXPOMHBIX HEPOHOB, COAEp KAIIUX AJl-
PBIIIKO (Kak Mapkep).

IIpoBepKy CTaTUCTUYECKUX FUII0TE3 IIPOBOAIIN C
nomo1bio x2, Mann-Whitney U-test, Wilcoxon signed-
rank test u Kruskal-Wallis test (ANOVA) (StatSoft Statis-
tica 8.0) [20]. B xome npoBejeHN A CTaTUCTUYECKOTO aHa-
JIA3a HYJIEBYIO I'uIoresy orsepranu npu p<0,05.

identified using microtubule associated protein (MAR-2).
The sections were placed on poly-L-lysine glasses. Mon-
oclonal mouse antibodies to GFAP (GAS5 clone, 1:400 di-
lution) (Leica Biosystems Newcastle Ltd, UK) and poly-
clonal rabbit antibodies to MAP-2 (ab32454, 1:400
dilution) (Abcam, USA) were used. The NovolinkTM
(DAB) Polymer Detection System (Leica Biosystems New-
castle Ltd, UK) was used to visualize GFAP and MAP-2.
After reaction with primary antibodies, the sections were
successively incubated with secondary antibodies, then
with DAB Chromogen (3,3'-diaminobenzidine), stained
with hematoxylin, and encased in polystyrene.

The preparations were photographed with a micro-
scope Leica DM 1000 (camera GXCAM-DM800 Unique
Wrap-Around 8MP AUTOFOCUS USB, pixel size 1,4X1,4
pm). For maximal contrast and clarity of small processes
of astrocytes, image correction was performed in Photo-
shop CS using the Camera Raw filter (contrast, white bal-
ance, clarity). Morphometric study of astrocytes was
done on masks of 8-bit black-and-white images (lens
X40) using the Image]J 1.52 program. Fractal analysis of
the obtained images was carried out using the FracLac
2.5 plugin (Box Counting Sampling Methods) [15].

The relative area of GFAP- and MAP2-positive ma-
terial in the vision field (80 vision fields for each period,
from five animals), fractal dimension (index of space fill-
ing with fractal structure) and lacunarity (measure of in-
homogeneity of space filling with fractal structure) for
neurons and astrocytes were determined. The higher the
lacunarity, the more chromogen-free regions were seen
per vision field. The numerical density of normochromic
neurons containing nucleolus (as a marker) was assessed
to quantify the population of DG and CA4 area neurons
after 1, 3, 7, 14 and 30 days after OCCA.

Statistical hypotheses were tested using yx?
Mann-Whitney U-test, Wilcoxon signed-rank test and
Kruskal-Wallis test (ANOVA) (StatSoft Statistica 8.0) [20].
During the statistical analysis, the null hypothesis was re-
jected at P<0.05.

Results and Discussion

Normally, the dentate gyrus (DG) is character-
ized by a very high density of distribution of nor-
mochromic neurons (granular cells) (fig. 1, g, table 1)
and their dendritic processes containing MAP-2 (fig.
1, b). In CA4, the density of neurons was significantly
less, and their bodies and distances between cells
were greater than between granular cells in DG. How-
ever, the numerical density of gliocytes and the size
of their bodies did not differ (table 1). When stained
for MAR-2, the relative area of chromogen in the mo-
lecular layer of DG was 42.5 (38.7-44.1)% in the con-
trol, and 17.9 (13.4-20.5)% in the polymorphic layer.
The relative area of MAR-2 in the molecular layer of
CA4 was 38.5 (29.8-46.5)%.

After OCCA, various hyperchromic neurons
were detected in DG and CA4 throughout the post-
ischemic period (fig. 2, a). The maximum content
of hyperchromic neurons was observed 3 days after
the restoration of blood flow (15.5% in DG, 53.2%
in CA4). Non-shrunken neurons prevailed, the pro-
portion of irreversibly altered hyperchromic
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Puc. 1. 3y6uaTan pacuys runmokamia 6eJbIx KpbIC, KOHTPOJIb.

Fig. 1. Dentate gyrus of hippocampus of white rats, control.

Note. a— hematoxylin and eosin; b— immunohistochemistry, MAP-2. White arrows indicate granular layer; asterisks indicate mo-
lecular layer. For fig. 1-3: PL points out the polymorphic layer. Lens X40; scale 60 microns.

IIpuMeyaHue. @ — reMaTOKCUJIMH U 9031H; b — UMMYHOTHCTOXUMUsT, MAP-2. BeJjibie CTpesiku — rpaHyJIsipHbIiN CJI0H; * — MoJte-
KYJISIPHBIN cy1oi. {15 puc. 1-3: PL — nonumopdHblii caoit. O6beKTHB: X40; nmikaaa — 60 MKM.

Tabsmma 1. MopdomeTrpuiyeckas XapaKTepHCTHKA HEHPOHOB M aCTPOIUTOB 3youaroii daciiuu u CA4 rumnmo-
KaMIIa FOJIOBHOT0 M03ra 0eJIbIX KpbIC B KOHTpoJe, Me (QI-Qu).

Table 1. Morphometric characteristics of neurons and astrocytes of dentate gyrus and CA4 hippocampal field of
white rat brain in control group, Me (QL-QU).

Indicators Area

Dentate gyrus CA4
Total numerical density of neurons, per 1 mm? 6154 (5550-6408)* 1430 (1256-1495)
Pericaryon area, um? 52.8 (48.4-56.5)* 214.3 (178.3-232.8)
Core area, um? 40.4 (38.2-41.1)* 116.9 (98.8-133.5)
The distance between the nucleoli of neurons, um 10.5 (9.9-10.7)* 26.8 (15.3-37.5)
Total numerical density of gliocytes, per 1 mm? sector 1705.7 (1567.1-1799.8) 1722.2 (1498.5-1812.4)
The body area of an astrocyte, um? 39.2 (35.5-40.9) 37.2 (34.3-41.9)
Neuroglial index, units 0.27 (0.26-0.43)* 1.2 (0.8-1.3)

Note. Nissl staining. * — differences in comparison with CA4 are statistically significant at P<0.05 (Wilcoxon criterion for two
dependent samples). Me — median; QL — lower quartile; QU — upper quartile.

Ipumeuanue. Indicators — mokasareJsiu; A5 TadJ1. 1, 2: area — oTaeJt; AJjs1 TadJ. 1, 2, 4, 5: dentate gyrus — 3ybuaras dacius.
Total numerical density of neurons, per ... — 00111as YucA€HHAs JIOTHOCTh HEMPOHOB, Ha ...; pericaryon area — IJIOIIAAb I1e-
PpUKapUOHa; core area — IJIOLIAb ANpPa; the distance between the nucleoli of neurons — paccTosgHIe MesK Iy ANPBIIIKAMU Hel-
poHoB; total numerical density of gliocytes, per ... sector — o6111as1 Yuc/IeHHasA IJIOTHOCTb IJIMOIIUTOB, HA ... ceKTopa; the body
area of an astrocyte — mJiomaap TeJsia actporura; neuroglial index, units — HelfporIMaabHBIN UHIEKC, OT. ea. OKpacka 1o
Huccimo. * — passuusdA B cpaBHeHUH ¢ CA4 CTaTUCTUYeCKU 3HAYUMBbI ITpu p<0,05 (kputepuii BumkokcoHa 11 JBYX 3aBUCUMBIX
BBIOOPOK). Me — menuana; Ql — HuskHM; Qu — BepxHUi KBapTHay; 110 — saepHO-IUTONIa3MaTHYeCKOe OTHOIIIEHHE (T1710-
mans Aapa/mIomanh TUTOIIA3MBI).

Pe3ysbTaThl U oﬁcym menue | shrunken neurons with homogenized nucleus and
cytoplasm in this period was about 2-2.5% (DG)

B nopme sy6uaras dacuus (3P) xapakrepu- | and 3 59 (CA4 area). Thus, the proportion of typi-
30BaJ/IaCh O4€HB BBICOKOU IIJIOTHOCTBIO I'PAHYAP- | 4] normochromic neurons in comparison with
HBIX KJIETOK (pHC. 1, @ Tabi1. 1) 1 uX NEHAPUTHBIX | oniro] group was significantly reduced. In the CA4
OTPOCTKOB, coftepsramux MAP-2 (puc. 1, b). BCA4 | 4req statistically significant differences in the pro-

YMC/IeHHAs TUIOTHOCTD HEHPOHOB OblIa 3HAMA- | 1ortion of normochromic neurons persisted after
TEJIbHO MeHBbIIle, A MX TeJIa i PACCTOAHMA MEAIY | 7 14 and 30 days (table 2)
) ) .

KyieTkamu Gosbire, yeM B 3®. Ilpu arom obmas In the CA4 area after 1, 3, 7 and 14 days after
“HC/IEHHAS IVIOTHOCTD INOLUTOB M paSMEPBL X | CCA there were no statistically significant
TeJ He pasaudamch (rabii. 1). Ilpn oKpacke Ha | changes in the total numerical density of neurons
MAP-2 orHocuTesbHAs MJIOMAAb XPOMOTeHa B | (TNDN). Only after 30 days, the TNDN deficit was
MOJIERY/IAPHOM Ciloe 3 COCTaBUIIa B KOHTPOJIE | 5 39 (Mann-Whitney U-test, P<0.05). In DG, no

42,5 (38,7-44,1)%, a B nouMopHOM cl10e — 17,9 | gjonificant changes in TNDN were detected during
(13,4-20,5)%. OTHOCUTEAbHAA IIJI0IIaahs MAP-2 B
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Puc. 2. ITone CA4 u 3® runmnokamia 6esbIx KpsIc, 1 cyTok nmociae OOCA.

Fig. 2. Hippocampal CA4 and DG areas of white rats, 1 day after OCCA.

Note. a— normo- and hyperchromic neurons (Nissl staining); b— immunohistochemistry (MAP-2). White arrows indicate granular
layer, asterisks indicate molecular layer; PL points out the polymorphic layer. Lens x40, scale 60 microns.

IIpumeyaHue. @ — HOPMO- U FHIIEPXPOMHBIe HEHPOHBI (OKpacka no Huccmo); b — ummyHorucroxumusa (MAP-2). Besible
CTpEJIKY — TPaHy/ISPHBIN CJIOH; YepHBIE CTPEJIKU — HeHPOHBI 110151 CA4. O0beKTHB: X40, mKaia — 60 MKM.

Tabsmma 2. CogepskaHHe HOPMOXPOMHBIX HEHPOHOB B 3youaToii (pacuuu u CA4 runnokammna (aHa 1 Mm? moJss

3peHusA) B KOHTpoJie u nnocjie 00CA, Me (QL-QU).

Table 2. Numerical density of normochromic neurons in the dentate gyrus and CA4 of the hippocampus (per 1 mm?
of vision field) in the control group and after OCCA, Me (QL-QU).

Groups Area
Dentate gyrus CA4
Control 6001 (5420-6204) 1409 (1172-1488)
After OCCA, day

1 4941 (4745-5102)* 886 (805-1009)*
3 4470 (4234-4555)*" 659 (554-755)*"
7 5485 (5356-5878) 747 (543-897)*
14 5533 (5235-5902) 1005 (897-1230)**
30 5731 (5672-5876) 1155 (754-1432)*

Note. Me — median; QL — lower quartile; QU — upper quartile. * — differences are statistically significant in comparison with
the control; ¥ — comparison with the previous period (Mann-Whitney criteria); differences are statistically significant at P<0.05.
ITpumeuanue. Groups — rpymmel; control — KOHTPOJI; after ..., day — noce ..., cyTku; Me — Meauana; QL — Hipkani; QU —
BEepPXHUI KBapTUJ/IU. * — pa3IN4nsi CTATUCTHYECKY 3HAYUMBbI B CDAaBHEHUH C KOHTPOJIEM; ¥ — cpaBHEHHe C IPeIbIIYIIIM CPOKOM

(kpuTepuu MaHHa-YUTHN); pa3jInuus CTATUCTUYECKU 3Ha4YUMBbI I1pu p<0,05.

MOJIEKYJIAPHOM cjoe nojas CA4 cocrasuia 38,5
(29,8-46,5)%.

ITocne OOCA B 3P u CA4 Ha IPOTAKEHUN
BCEro IMOCTUIIEMUYECKOro Iepuojia BBIABJIAIN
pasJInYHble THIIepXPOMHBIe HEUPOHHI (pUC. 2, a).
MaxkcumaJibHOE UX CoflepsKaHe OTMedasy yepes
3 CyTOK I0CJI€ BOCCTAaHOBJICHUSI KPOBOTOKA (3P
15,5%, CA4 53,2%). ITpeob1agaim HeCMOPIIIEHHbIE
HeWPOHBI, a Cofiep;KaHne HeoOpaTuMO U3MEeHeH-
HBIX THIIEPXPOMHBIX CMOPIIEHHbIX HEHPOHOB C
rOMOreHHu3alnel Apa U NUTOIIa3MbI B 3TOT CPOK
6b1710 Ha ypoBHE 2-2,5% (3P) u 3-5% (nose CA4).
Kak cjieICTBUeE, YNCJI€EHHAA IIJIOTHOCTh TUIIMYHbIX
HOPMOXPOMHBIX HeprOHOB B CpPaBHEHHU C KOHT-
poJieM CTaTUCTUYECKH 3HAYMMO CHHU’KaJIach. B
nojsie CA4 3HaYMMble Pa3/In4us 110 COAepsKaHUIo
HOPMOXPOMHBIX HEHPDOHOB COXPaHAJIUCH Yepes 7,
14 u 30 cyToK (TadJI. 2).

the entire follow-up period (3.8%, P>0.05). Thus,
after a 20-minute OCCA in the studied parts of the
hippocampus, the TNDN remained at a level close
to the control.

In immunohistochemical light-optical study
of DG in the control group and after OCCA a het-
erogeneous distribution of GFAP-positive material
was revealed: the maximum was seen in the poly-
morphic layer, the minimum was recorded in the
granular layer (fig. 3).

In DG, GFAP-positive material was detected
mainly in the bodies and processes of fibrous astro-
cytes (FA) (fig. 3). These astrocytes had a tree-like
structure: a small body (diameter 7-13 microns),
long (more often in the molecular and granular lay-
ers) or short (more often in the polymorphic layer),
smooth weakly branched processes with a very
high density of chromogen. The fibrous astrocytes
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B nosie CA4 ugepes 1, 3, 7 u 14 cyTok nocjie
OOCA o061mas ync/ieHHas IJIOTHOCTh HEHPOHOB
(OUIIH Ha 1 MM? OJIs1 3peHUs) CTaTUCTUYECKHU
3HAYMMO He U3MeHA1ach. ToJIBKO yepesd 30 CYyTOK
nepunut OUITH cocraBua 5,3% (Mann-Whitney
U-test, p<0,05). B 3® 3HauMMBIX U3MeEHeHUN
OUIIH Ha npoTsyKeHUH BCero Meproaa HadJ o e-
HUs BBISIBJIEHO He Ob1710 (3,8%, p>0,05). Takum
o6pasom, nocsie 20-muayTHOH OOCA B M3y4deH-
HbIx orgesax OUIIH ocraBajach Ha OJIM3KOM K
KOHTPOJIIO YPOBHE.

IIp TMMYHOTHCTOXUMHAYECKOM CBETOOIITH-
4eCKOM uccjeqoBaHnu 3@ B KOHTPOJIe U TOCJe
OOCA BBIABAJIM HEOTHOPOJIHOE pacupeiesieHne
GFAP-1103UTMBHOTO MarepuaJsia: MaKCUMaJIbHO B
OJIUMOP(HOM, MUHUMAJIBbHO — B TPAHYISPHOM
cjoe (puc. 3).

B 3® GFAP-1103UTUBHBIN MaTepuaJl BbIABJISA-
JIV TIPEVMYIIIECTBEHHO B TeJIaX M OTPOCTKAxX (prod-
po3HBIX acTporuTOB (PA) (puc. 3). ITH ACTPOIUTHI
WMeJT JPEBOBUIHYIO OPraHU3aIMIo: HeOOoIbIIoe
Tegao (ouamerp 7-13 MKM), QJIMHHBIE (4alle B
MOJICKYJISIDHOM M TPaHyJIsAPHOM CJIOAX) WU
KOpOTKHeE (4Jalie B ToJIMMOpP(HOM cji0e), TIaiKue
cs1abopasBeTBIEHHBIE OTPOCTKY C OUY€Hb BHICOKOM
MJIOTHOCTBIO XpOoMOreHa. PA 3aHNMAN HellepeK-
phIBaOINMEcss WJIN CJieTKa IepeKphIBAIOIINecs
MMPOCTPAHCTBEHHBIE 00JIACTU (IOMEHBI), KOTOpPhIE
OBLIH 3AII0JHEHBI TOJICTHIMU U TOHKUMU BETBSIMU
orpocTkoB. Hambosee kpymabie @A ¢ TOICTHIMA
OTPOCTKAMU BBIABJIAJIN B MOJICKYJIAPDHOM ciioe 3P
yepes 14 u 30 cyrok nocse OOCA (puc. 3, ¢, f). PA
B I'PAHYJIAPHOM U MOJIEKYJIIDHOM CJIOSIX MMeEJIU
XapakTepHbIe IJMNHHBIE IIPSIMbIE OTPOCTKUA B
MoIlepevyHoM HarpasjeHuu. B mosumMopdHOM
ciioe mpeodstamany @A ¢ KOPOTKUMHU OTPOCTKAMU
0e3 mpeobJIamaroIero HampaBJaeHus (puc. 3).

[Iporonnasmaruueckue acrpouuTsl (ITA)
BBIABJIAJIN IIPEUMYIIECTBEHHO BOKpPYI IIOJIU-
MOP(QHBIX HEUPOHOB U B MOJIEKYJISIPHOM CJIO€
o1t CA4 (puc. 4). JIJ1st 9TUX KJIETOK OBLJIO XapakK-
TEPHO OTHOCHUTEJBHO KpPYyIHOE TeJIO, TOJICThIE
KOPOTKHE MepBUYHBbIE OTPOCTKU C HEPOBHBIMU
KOHTypaMmH, pPbIXJIOe 3all0JIHEHHE XPOMOT€HOM U
00JIBITIOE KOJTUYECTBO OYEHH METKUX OTPOCTKOB.
Mesnkue acTpOIMTapHBIE OTPOCTKU BBINVISIEJIN
KaK Xa0THYeCKUU PUCYHOK C HEBBICOKOH ONTHYe-
CKOU MJIOTHOCTHIO XpoMoreHa (puc. 4, a). I1A, kak
u @A 6T CBA3AHBI C KPOBEHOCHBIMHU COCYIaMHU
(puc. 4, b).

ITocne OOCA yBeau4uBaOCh KOJIUYECTBO
PEaKTUBHO NU3MEHEeHHBIX aCTPOIIUTOB — U IPOTO-
MJ1a3MaTUYECKUX, U PUOPO3HBIX. [[J15T 9TUX KIIETOK
OBLJIO XapaKTepHO: BEICOKAS 0YaroBasi INIOTHOCTH
pacnpeneaeHus, THIepTPOdUsI OTPOCTKOB (YTOJI-
IIeHue, yIJIMHEeHNE) U YCI0KHeHue pubpoapxu-
TEKTOHUKU (puc. 4, 5).

B koHTpoOJIE, IO IAHHBIM KJIACCAYECKOTO
MOP(OMETPUYECKOTO aHA/IM3a, OTHOCUTEJIbHAS

Puc. 3. ®poHTaIBHBIE CPE3bI TOJTOBHOTO MO3ra Ha YPOBHE
THIINOKAMIIA.

Fig. 3. Frontal sections of brain at the level of hippocampus.
Note. Uneven distribution of chromogen in the layers of the
dentate gyrus in the control (a), 6 hours (b), 1 day (¢), 3 days (d),
14 days (e) and 30 days (f) after OCCA. White arrows indicate
granular layer; asterisks indicate molecular layer. Staining: im-
munohistochemical reaction to GFAP, hematoxilin post-stain-
ing. Lens X40; scale 100 microns.

IIpumeuanne. HepaBHOMEpHOE pacrpesesieHue XpoMOreHa B
cJ1051X 3y0Ouaroii ¢paciuy B KOHTpoJie (a), uepes 6 yacos (b), 1
cyTkH (c), 3 cyTok (d), 14 cyTok (e) u 30 cyrok (f) mocae OOCA.
BeJsible CTpesIKM — TPaHY/IAPHBIN CJIOH; * — MOJIEKY/ISIPHBIH
cyoii. OKpacka: MMMYHOTHCTOXUMUYecKasi peakiys Ha GFAP,
JIOKpacKa reMaTokCu/IMHOM. O0BeKTUB: X40; mKana — 100 MKM.

occupied non-overlapping or slightly overlapping
spatial regions (domains), which were filled with
thick and thin branches of processes. The largest FA
with thick processes were detected in the molecular
layer of DG 14 and 30 days after OCCA (fig. 3, e, f.
The fibrous astrocytes in the granular and molecu-
lar layers had characteristic long straight processes
in the transverse direction. The polymorphic layer
was dominated by FA with short processes without
a predominant direction (fig. 3).

Protoplasmic astrocytes (PA) were detected
mainly around polymorphic neurons and in the
molecular layer of the CA4 area (fig. 4). These cells
were characterized by a relatively large body, thick
short primary processes with irregular contours,
loose filling with chromogen and a large number of
very small processes. Small astrocytic processes
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IIJI0IaNb YaCTUL, XpOMOI'eHa (B eJUHULIe
T10JIs1 3PEeHN ) MUHUMAaJILHOH ObILJIa B rpa-
HYJIIDHOM, 2 MaKCUMaJbHOU — B I10JIU-
MopdHOM ciioe 3P (tabsa. 3). Uepes 1
cytkn nocsie OOCA Bo Bcex ciosax 3P
BBIABJIAJIM HE3HAYUTEJbHOE (Ha 5—-6%), HO
CTaTHCTUYECKUA 3HAYMMOE YBeJW4YeHUe
aTOrO TOKa3saress. [logoOHbBIE peaKTHB-
Hble U3MEHEHUA IJINTEJIbHO COXPAHAJINCE.
MakcuMa/nbHOE yBeJIMYeHHE IJI0LIaLNu
GFAP (ma 10,7% B cpaBHEeHUHU C KOHTPO-
JeM) OoTMedaau 4epes 14 CyTok IIocJe
OOCA B mosiumopdHOM citoe (TadJr. 3).

17151 TONTOJTHUTEIbHOU KOJIMYeCTBEeH-
HOU XapaKTepPHUCTUKU aCTPOLIUTOB, BKJIIO-
YaoIell OLleHKY He TOJIBKO IJIOIaau, HO
1 OpMBI, pacrpesieseHUsI UX OTPOCTKOB B
IIPOCTPAHCTBE UCIOJIb30BAIH (PpaAKTATIb-
HbII aHaJIW3 MOJIEKYISPHOTO W II0JIU-
MopgHoro ciaoeB 3P. CorigacHo ero
pea3ysbraraM, B KOHTPOJIE€ IIOKa3aTeJu
3aI0JIHEHUS IPOCTPAHCTBA (PpAKTATBHBI-
MU CTPYKTypaMu (MMMyHOpPEaKTUBHBIC K
GFAP oTpOCTKHU ¥ TeJia aCTPOIIUTOB) B 3TUX
CJIOAIX CTAaTUCTAYECKH 3HAYMMO pa3Jjnda-
JIICh. B mosimmopHOM cJioe Ob11a 60JIbIIe
dpakrambHasz paaMepHOCTH (PP) (TabJr. 4)
¥ MEHBIIIe — JIAKYHAPHOCTH (TabJI. 5). ITO
CBHJIETEIHCTBOBAJIO O OOJIBIIIEM 3aTIOTHE-
HUY NIPOCTPAHCTBA NTOJIUMOP(HOIO CI05I
OTPOCTKAaMU aCTPOLATOB.

B nuHamMuKe IOCTUIIEMHUYECKOTO
nepuoja  BBIABWJIM  CTaTUCTUYECKU
3HAYMMble N3MeHeHHs 00enx mepeMeH-

Puc. 4. [Iporonyiadmaruyeckue actporutbl CA4 yepes 6 yacoB nocJie
0OOCA.

Fig. 4. Protoplasmic CA4 astrocytes 6 hours after OCCA.

Note. a— large number of small processes on the main stems; b — struc-
tural connection of astrocyte processes with microvessels; ¢, d — increase
in the density of astrocyte distribution between neurons and their domains
(d). White arrows indicate microvessels. Staining: immunohistochemical
reaction to GFAP, hematoxilin post-staining. Lens X100; scale 25 microns.
IIpumeuyanue. @ — 6OJBIIOE KOJTUYECTBO MEJKUX OTPOCTKOB HA OCHOB-
HBIX CTBOJIAX; b — CTPYKTYypHas CBSA3b OTPOCTKOB aCTPOLIUTOB C MUKPO-
COCYZIOM; ¢, d — yBeJIMueHHe IJIOTHOCTH paclipejiesieHusI aCTPOLUTOB
MesKly HEHpOHAMU U UX JOMEeHBI (d). BeJsible CTpeIKU — MUKPOCOCYIbI.
Oxkpacka: IMMyHOTHCTOXUMHUYecKas peaknusa Ha GFAP, jokpacka rema-
TOKCHUIUHOM. O0beKTHB: X100; ImKaaa — 25 MKM.

HBIX, XapaKTepHU3yIOIINX IPOCTPAHCTBEHHOE pac-
npenenenue GFAP-nosutuBHOTO Matepuasna 3P
(Taba. 4, 5).

Yepes 1 cyrku nocsie OOCA, B cpaBHEHHUH C
KOHTPOJIEM, B MOJIEKYJIIPHOM U ITOJIUMOP(HHOM
cinosax 3P ysennuuBanack ®P a jakyHapHOCTb —
yMeHbIanaach (Tada. 4, 5). Yepes 6 gacos, 3, 7, 14

looked like a chaotic pattern with a low optical den-
sity of chromogen (fig. 4, a). Protoplasmic astro-
cytes as well as FA were associated with blood ves-
sels (fig. 4, b).

After OCCA, the number of reactive astrocytes,
both protoplasmic and fibrous, increased. These

TaGsmna 3. OTHOCHUTe IbHAs IVIOINANb (%) YaCcTHI] XPOMOTreHa IPY UMMYHOTHCTOXHMHY€eCKOM BhIsiBJIeHNU (GFAP)
3JIEMEHTOB IVIMAJIbHOM ceTH 3y0uaToii (haciiu y 3kHBOTHBIX KOHTPOJIBHOI M OCHOBHOI# rpynnbi, Me (QI-Qu).
Table 3. Relative area (%) of chromogen particles in immunohistochemical detection (GFAP) of glial network el-
ements of dentate gyrus in animals of the control and main groups, Me (QL-QU).

Group Layers dimensions
All (total) Molecular Granular Polymorphic
Control 13.2 (10.8-14.2) 10.9 (8.9-13.3) 9.8 (8.9-12.1) 15.8 (13.4-17.3)*
After OCCA

6 hours 13.4 (12.8-15.5) 9.1 (8.4-15.1) 11,3 (10.7-14.2) 15.6 (14.1-18.7)*
1 17.8 (16.5-19.9)** 17.5 (15.9-20.3)** 16,7 (13.8-18.7)** 20.4 (18.8-23.2)*
3 14.9 (10.5-17.8) 12.0 (10.1-14.6)" 15,2 (13.6-17.9)* 16.0 (13.7-19.2)"
7 14.6 (13.4-17.5) 10,6 (9.1-13.5) 10,3 (9.7-13.4)* 20.2 (16.8-23.3)*##
14 21.3 (19.5-25.3)** 16,6 (15.1-19.9)** 16,7 (14.8-20.2)** 26.3 (22.8-28.5)*"
30 days 17.3 (14.8-20.5)* 16,3 (14.2-18.5)* 10.5 (9.1-15.5)*# 21.7 (18.6-24.5)*##

Note. * — differences are statistically significant in comparison with the control; # — in comparison with the previous period
(Mann-Whitney U-test); ” — in comparison with the molecular layer (Wilcoxon signed-rank test) at P<0.05.

IIpumeuanwue. /][5 TabJ1. 3-5: group — rpymima; control — KoHTpoJib; hours — yacer; days — nuuy; layers — cotou; after — nocie;
molecular — moJsiexkynsipHbIH; polymorphic — nosmmopduseil; dimensions — nuaMmepenus; all (total) — Bce (cymMmmapHo); gran-
ular — rpaHyJIsSpHBIHA. * — pa3IUYNA CTATHCTHYECKH 3HAYNMBI B CPAaBHEHUHU C KOHTPOJIEM; ¥ — B CpDaBHEHHH C IPEIbIIYIITUM
cpoxkoM (Mann-Whitney U-test); # — B cpaBHeHUH € MOJIERYIAPHBIM csioeM (Wilcoxon signed-rank test) mpu p<0,05.
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Puc. 5. Pudpo3HbIe acTpOIUTHI 3youaToii hacyu u CA4 uyepes 1 cyTku
nocye OOCA.

Fig. 5. Fibrous astrocytes of dentate gyrus and CA4 1 day after OCCA.
Note. a— hypertrophy of astrocyte processes in the molecular layer of den-
tate gyrus; b— increase in the density of astrocyte distribution in the poly-
morphic layer; c— increase in the density of astrocyte distribution within
the cell layer of CA4; d— hypertrophy of astrocyte processes in the granular
layer of dentate gyrus. Staining: immunohistochemical reaction to GFAP,
hematoxilin post-staining. Lens X100; scale 25 microns.

IIpumeyaHue. @ — runepTpodusa OTPOCTKOB ACTPOIUTOB B MOJIEKYJIAD-
HOM cJIoe 3y04aroil acuuy; b — yBesJndeHue JIOTHOCTU paclpesesie-
HUS aCTPOLUTOB B IOJIUMOP(MHOM CJI0€; ¢ — yBeJlndeHNe IIJIOTHOCTU pac-
IpejesieHUs] acTPOLUTOB BHYTPU KJieToyHoro cmjoss CA4; d —
rUnepTpodus OTPOCTKOB ACTPOIUTOB B IPAHY/IAPHOM CJIoe 3y04aToi
acuu. Oxpacka: UMMyHOTUCTOXUMUYecKass peaxius Ha GFAP, no-
Kpacka reMaTokCciimHOM. O6beKkTUB: X100; mkaaa — 25 MKM.

cells were characterized by high focal den-
sity of distribution, hypertrophy of
processes (thickening, elongation) and
complex fibroarchitecture (fig. 4, 5).

In the control group, according to the
classical morphometric analysis, the rela-
tive area of chromogen particles (per unit
of vision field) was minimal in the granular,
and maximal in the polymorphic layer of
the DG (table 3). A slight (5-6%), but statis-
tically significant increase in this indicator
was found 1 day after OCCA in all layers of
DG. Such reactive changes persisted for a
long time. The maximum increase in GFAP
area (by 10.7% in comparison with the con-
trol) was observed 14 days after OCCA in
the polymorphic layer (table 3).

For additional qualitative characteriza-
tion of astrocytes, including their area, shape
and spatial distribution of their processes,
we used fractal analysis of the molecular and
polymorphic layers of DG. According to its
results, the control group demonstrated sig-
nificant differences in the indices of space
filling by fractal structures (immunoreactive
to GFAP processes and astrocyte bodies) in
these layers. The fractal dimension (FD) was
more (table 4) and lacunarity was less (table
5) in the polymorphic layer. Data demon-
strate an increased filling of the polymorphic
layer space by the processes of astrocytes.

During the post-ischemic period, sta-
tistically significant changes in both vari-
ables characterizing the spatial distribution
of GFAP-positive material of the DG were
revealed (table 4, 5).

u 30 CYTOK OTMeYaJsu reTepoXpOHHbIE U reTepo-
Mop¢gHble ndMeHeHuss PP u JlakyHApHOCTH B
U3y4YeHHBIX c10sX. Kpome Toro, yepes 6 4acos, 3,
7 1 14 cytork B mosmuMopdHOM ciaoe P OGputa
BBIIIE, a JJAKYHAPHOCTh HUYKE, YeM B MOJICKYJIP-
HOM CJI0€. JTO, BEPOATHO, CBUAETEJbCTBOBAJIO O

One day after OCCA, FR increased and lacunary
decreased in the molecular and polymorphic layers
of DG in comparison with the control (tables 4, 5).
After 6 hours, 3, 7, 14 and 30 days, heterochronous
and heteromorphic changes in FD and lacunarity
were observed in the studied layers. In addition, after

Ta6suna 4. @pakranbHas padmepHocTs (PP) mmansHoi (GFAP) ceTu pa3JIMYHBIX cJ10€eB 3youaroii hacuuu B

koHTpoJe u mocsae O0CA, Me (Ql-Qu).

Table 4. Fractal dimension (FD) of the glial (GFAP) network of the various dentate gyrus layers in the control and

after OCCA, Me (QL-QU).

Group Layers of the dentate gyrus
Molecular Polymorphic
Control 1.56 (1.47-1.62) 1.67 (1.59-1.72)%
After OCCA

6 hours 1.50 (1.45-1.60) 1.80 (1.67-1.85)*#
1 1.77 (1.68-1.83)*# 1.79 (1.69-1.84)*
3 1.55 (1.43-1.61)* 1.62 (1.49-1.68)"#
7 1.57 (1.51-1.66) 1.73 (1.60-1.79)*#
14 1.67 (1.58-1.73)* 1.82 (1.66-1.89)*##
30 days 1.74 (1.62-1.81)** 1.72 (1.65-1.78)*

Note. * — differences are statistically significant in comparison with control; # — previous period (Mann-Whitney U-test), # —

molecular layer (Wilcoxon signed-rank test) at P<0.05.

IIpumeyaHme. ¥ — pas3/IM4UsI CTATUCTUYECKH 3HAYUMBI B CDAaBHEHUU C KOHTPOJIEM; ¥ — IIpeabIaynuM cpokoM (Mann-Whitney
U-test); # — momerynsspabIM ciaoeM (Wilcoxon signed-rank test) mpu p<0,05.
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TaGumia 5. JlJakyHapHocTs (L) minaasHo¥ (GFAP) ceTH pa3/IMYHBIX CJI0€B 3y0UaToi (paciiuy B KOHTPOJIE U ITOCIe

0O0CA, Me (QI-Qu).

Table 5. Lacunarity (L) of the glial (GFAP) network of the various layers of the dentate gyrus in the control and

after OCCA, Me (QL-QU).

Group Layers of the dentate gyrus
Molecular Polymorphic
Control 0.55 (0.49-0.57) 0.46 (0.41-0.50)*
After OCCA

6 hours 0.63 (0.55-0.68)* 0.39 (0.35-0.47)*#
1 0.39 (0.36-0.47)** 0.35 (0.32-0.42)*
3 0.66 (0.60-0.71)** 0.56 (0.50-0.62)*##
7 0.76 (0.68-0.79)** 0.35 (0.30-0.48)*##
14 0.59 (0.50-0.62)" 0.32 (0.29-0.38)*#
30 days 0.36 (0.33-0.46)** 0.34 (0.31-0.42)*

Note. * — differences are statistically significant in comparison with control; * — previous period (Mann-Whitney U-test), # —

molecular layer (Wilcoxon signed-rank test) at P<0.05.

ITpuMeyaHue. * — pas3/IMYUs CTATUCTUYECKN 3HAYNMBI B CDABHEHUH C KOHTPOJIeM; ¥ — Ipeapiaynum cpokoM (Mann-Whitney
U-test); # — mouteryssspHBIM c1oeM (Wilcoxon signed-rank test) mpu p<0,05.

HEpaBHOMEPHOW pPEaKTUBHOU peopraHu3aIuu
ACTPOIUTAPHBIX OTPOCTKOB B OTBET HA MIIIEMUIO 1
penepdy3uio — MOsIBJIEHUH 30H C 60J1ee BLICOKOH
IIJIOTHOCTBIO U IIJIOTHBIM PABHOMEPHBIM 3all0J/JIHE-
HHeM IPOCTPAHCTBA 3a CUET Pa3BeTBJIEHUsI TOH-
KUX nnepugepudeckux OTPOCTKOB.

CiienoBaresibHO, (ppaKkTaIbHbIN aHATUS TTO]I-
TBepaua To, 4yTo rocsie OOCA B 3P nmpoucxonuiaa
runeprpoguieckass HepaBHOMepPHasi IPOCTpaH-
CTBEHHAasl peOpraHu3alys peaKTUBHBIX aCTPOIH-
TOB (04aroBbIM ACTPOTIINO3).

Takum 00pa3oM, B HACTOsIIEeN padoTe, C
IIOMOIIIBIO KJIACCUYEeCKUX MeTOJI0B Mop( oMeTpun
(ommpenesienre oTHOCUTEbHOM TTOIanu GFAP-
IIO3UTUBHOIO MaTepuasia) U (ppakTaJbHOTO aHa-
Jiu3a IIPOBeJIM CPaBHUTEJIbHOE HCCJeJ0BaHUE
actponutoB 3P u nosia CA4 B KOHTpOJIE U ITOCJTIE
20-muayTHOM OOCA. [Tog06HBII MOAXOM UCIIOJTh-
30BaJICs paHee AJ1s pellleHus aHaJOIMYHbIX 3a/1a4
Ha OPYIrux 3KCIIEpUMEHTAa/JIbHbIX MOEJIAX HIIIe-
muu (7, 11, 12].

Ycranosuiy, uro nocsue OOCA akTuBupoBa-
JIMCh NIPOIeCChI Mpoandepanuu U runepTpopun
ACTPOLUTOB. BBIABU/IN KOJIUYECTBEHHYIO reTepo-
FeHHOCTh U TeTePOXPOHHOCTh M3MEHEHUU IIpo-
CTPAaHCTBEHHOU OpraHM3aluy acTPOIUTAPHBIX
OTPOCTKOB B MOJIEKYJIIDHOM U INOJUMOP(HHOM
ciosx 3. Bosiee 1aOUIBHBIMA U PEAKTUBHBIMHA
OBLTH MeJIKME OTPOCTKH aCTPOIMTOB. B oTmaneH-
HOoM nepuoge (14 u 30 cyrok) nocsie OOCA coxpa-
HS1JTaCh TOBBIIIIEHHAS IVIOTHOCTH OTPOCTKOB (prbd-
PO3HBIX aCTPOLMTOB M OOIIETro coaepsKaHus
GFAP-11o3nuTHBHOrO Mareprassa. MakcuMaJ/ibHbIE
3HA4YEHMsI XapaKTepPUCTUK BBISIBUJIU B IIOJIMMO]-
HOM cJjioe. B aTOT mepuopa Mepa CTPYKTYpHOH
CJIO’KHOCTH IMTMATBHBIX CETEH ObIIa CYIIIeCTBEHHO
BBIIIIE, A JJAKYHAPHOCTh HUSKe, YeM B KOHTPOJIE U
yepes3 3 U 7 CyTOK IIOCTULIEMUYECKOI0 Iepuoa.
OnHako, B HallleM UCCJIeJ0BAHUY, IIPU OTCYTCTBUU
BBIPpa’KEHHBIX 0YaroB HEKPO3a M HEDOJbIIIOM
JedunuTte HEUPOHOB, YBeJIMYeHHe KOoJInuecTBa U
TUIOIIAAN PeaKTUBHBIX (PUOPO3HBIX ACTPOIUTOB

6 hours, 3, 7 and 14 days, FD was higher and lacunar-
ity was lower in the polymorphic layer than in the
molecular layer. This probably indicated an erratic
reactive reorganization of astrocytic processes in re-
sponse to ischemia and reperfusion, i.e. appearance
of zones with higher density and dense uniform fill-
ing of space due to the branching of thin peripheral
processes.

Consequently, fractal analysis confirmed that
hypertrophic erratic spatial reorganization of reac-
tive astrocytes (focal astrogliosis) occurred in the
DG after OCCA.

Thus, in the present work, using the classical
morphometry methods (calculation of the relative
area of GFAP-positive material) and fractal analysis,
a comparative study of DG and CA4 astrocytes in
the control group and after 20-minute OCCA was
done. A similar approach was used earlier to solve
similar problems in other experimental models of
ischemia [7, 11, 12].

Mechanisms of astrocyte hypertrophy were ac-
tivated after the OCCA. The quantitative heterogene-
ity and heterochronicity of changes in the spatial or-
ganization of astrocytic processes in the molecular
and polymorphic layers of DG were revealed. Small
processes of astrocytes were more labile and reac-
tive. In the long-term period (14 and 30 days) after
OCCA, the increased density of fibrous astrocyte
processes and the total content of GFAP-positive
material persisted. The maximal values of the men-
tioned characteristics were revealed in the polymor-
phous layer. During this period, the structural com-
plexity of glial networks was significantly higher, and
lacunarity was lower than in the controls and after 3
and 7 days of the post-ischemic period. However, in
our study, with a small neuronal deficit and without
severe necrotic foci, the increased number and area
of reactive fibrous astrocytes should be considered
as evidence of the activation of natural protective
functions of the astroglia, aimed at preserving and
restoring damaged neurons. Some literature evi-
dence also suggests a protective and restorative role
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cjaenyeT paccMarpuBaTh KaK CBHIETEJIbCTBO
AKTUBAIIM €CTEeCTBEHHbBIX 3aIUTHBIX (PYHKIUN
ACTPOIINHY, HAIIPABJEHHBIX HA COXpaHEHUE U BOC-
CTaHOBJIEHUE TTOBPEKIEHHbIX HEUPOHOB. HekoTo-
pble JuTeparypHble JaHHbIE TaKKe CBUIETEJIb-
CTBYIOT O 3alIIUTHOIN ¥ BOCCTAaHOBUTEJIbHOUN POJIU
PeaKTUBHBIX aCTPOIUTOB [7, 11,12, 21-23]. Bce ato
CBHJIETEJbCTBYET O IIEPCIEeKTUBHOCTYU N3y4YeHUs
acTpomino3a U 0COO0eHHOCTEN HEMPONTHATbHBIX
OTHOIIIEHNH B Pa3HbIX OT/IeJIaX TOJIOBHOTO MO3Ta
1ocJie OCTPOU MIlIEMUH, TPAaBMbI U TIPU Helpo/ie-
reHepaTUBHBIX 3a00/1€BaHUsIX [24, 25]

ITonyuyeHHBIEe pe3yaBTaThl MOTYT OBITH
WUCIIOJIb30BAHbl I IIOHUMAaHUA CTPYKTYPHBIX
OCHOB €CTeCTBEHHOU HEWPOMPOTEKIIMUA 3a CUET
AKTUBAIlUM MEXaHU3MOB PEAKTHUBHOIO acCTpPO-
JIM03a B TOCTUIIIEMHUYECKOM MeproJie.

3akJrouenue

IMocne 20-munayTHOI OOCA B 3y64aToii pac-
nuu 1 nosie CA4 6eJibIX KpPBIC yBEJTUYUBAIACH
mioTHOCTh  GFAP-mo3WuTHMBHOrO  MarepuaJga,
YCJIOKHSIACh peopraHu3anys GuOpPoapXuTEKTO-
HUKU 3a CYeT pa3BeTBJIEHUsI OTPOCTKOB aCTPOIH-
TOB. ITO IPOUCXOAMJIO Ha (DOHE HE3HAYNUTETbHOTO
YMEeHBIIIEHU S 001IIeH YMCIeHHOH IJIOTHOCTH Hel-
poHOB. [IpakTUUeckoe 3HaUeHUe JaHHOTO UCCJie-
JIOBAHUS 3aKJIIOYAETCS B TOM, YTO OHO IOATBEp-
SKIaeT HaJIMYle PeaKTUBHOI0 acTPOIIN03a IpUu
MaJIbIX IIOBPEsKAEHUAX, lieJIeHallpaBJIeHHas pery-
JISAIYS1 KOTOPOT'O TI03BOJINT, BEPOSATHO, BJIUATH HA
IIPOLIECChI BOCCTAaHOBJIEHN ST HEPOHOB I10CJIE OCT-
poii uleMuu.

BuarogapHocts. [lanHasi paboTa BhITIOTHEHA
npu nonjiepsxkke PoHIA COAeNiCTBUSA MHHOBAIUAM
o nnporpamme «Y MHUEK» Nel4 ot 15.12.20171. 1
BHyTpenHero rpanta ®I'bOY BO Omckoro rocy-
JapCTBEHHOTO MEeJULMHCKOTO YHHUBEPCUTETA
Ne574 oT 24.11.2017 1.

KoH@uuKT nHTEepecoB. ABTOPHI JeKJIapu-
PYIOT OTCYTCTBHE SIBHBIX U ITOTEHIIUAJbHBIX KOH-
(pJIMKTOB MHTEPECOB, CBA3AHHBIX C ITyOJIMKAIIEH
HaCTOSIIeH CTaTbu.

CeMbI0 aBTOpaMHU JIMYHO U B PABHOM KOJIYe-
CTBe IPUMeEHEH KOMIIJIEKCHBIN MeTOJ0JI0THYeCKUN
IIOJIXO[T, BKJIIOUAIOIINI 3KCIIEpUMEHTAJIBHBIN, aHA-
TOMHUYECKUH, TUCTOJIOTUYECKUH, MOpdOoMeTpurye-
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ed. San Diego: Elsevier Academic Press; 2005.

2. SenzaiY. Function of local circuits in the hippocampal dentate gyrus-
CA3 system. Neurosci Res. 2019 Mar; 140: 43-52. PMID: 30408501
DOI: 10.1016/j.neures.2018.11.003.

3. Fares ], Bou Diab Z, Nabha S, Fares Y. Neurogenesis in the adult hip-
pocampus: history, regulation, and prospective roles. Int ] Neurosci.
2019 Jun; 129 (6): 598-611. PMID: 30433866 DOI: 10.1080/00207454.
2018.1545771.

4. Abbott L.C., Nigussie F. Adult neurogenesis in the mammalian den-
tate gyrus. Anat Histol Embryol. 2019 Sep 30. PMID: 31568602 DOI:
10.1111/ahe.12496.

5. Miller S.M., Sahay A. Functions of adult-born neurons in hippocam-
pal memory interference and indexing. Nat Neurosci. 2019 Oct; 22
(10): 1565-1575. PMID: 31477897 DOI: 10.1038/541593-019-0484-2.

for reactive astrocytes [7, 11, 12, 21-23]. All this
points to the prospects of studying astrogliosis and
neuroglial relations in different parts of the brain
after acute ischemia, trauma and in neurodegener-
ative diseases [24-26]

The results obtained contribute to clarifica-
tion of structural foundations of natural neuropro-
tection mediated by the activation of reactive as-
trogliosis mechanisms in the post-ischemic period.

Conclusion

After 20-minute OCCA in the dentate gyrus
and CA4 area of white rats, the density of GFAP-
positive material increased, complex reorganiza-
tion of fibroarchitecture occurred due to the
branching of astrocyte processes. This was associ-
ated with a slight decrease in the total numerical
density of neurons. This study confirms the pres-
ence of reactive astrogliosis in small lesions. Tar-
geted regulation of astrogliosis will probably affect
the neuronal recovery after acute ischemia.
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