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Cytoarchitectonic features of the neocortex, archicortex
and amygdala of white rats after a 20-minute occlusion
of the common carotid arteries
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ABSTRACT

Purpose. The study is focused on glioarchitectonics of the neocortex, archicortex and amygdala of Wistar
white rats in normal state and after a 20-minute occlusion of the common carotid arteries.

Materials and methods. Light (stained with hematoxylin and eosin) microscopy, immunohistochemistry
(GFAP), and morphometry were used to study the distribution, shape, and area of GFAP-immunopositive
brain cells in the normal range (» = 5) and at days 1, 3, 7, 14, 30 (» = 25) after acute ischemia.

Results. Focal changes were found in the density of the glial network: decrease and increase in the local
content of GFAP-positive material. Reactive, dystrophic and necrobiotic changes in neurons after acute
ischemia were accompanied by reorganization of neuroglia and increase in the neuroglia index in certain
zones by 1.2-1.5 times. The surface area of the particles in GFAP-positive astrocytes in sections of the
neocortex in the control was 8.4-18.1, but after 3 days after ischemia this rate in some parts of the
neocortex rose to 45.0-59.3%. In the hippocampus this rate was 8.1% and 16.2%, and in the amygdala it
was 12.6% and 21.2%. Hypertrophy of mature astrocytes was manifested by the increase in the diameter,
degree of branching and length of their processes.

Conclusion. The obtained data are considered as a phenomenon of ischemic preconditioning and activation
of protective processes in neuro-glio-vascular microcomplexes.
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Oco6eHHOCTU MMOAPXMTEKTOHMKN HEOKOPTEKCA, apXUKOPTEKCA
M MMHAA/NEBUAHOTO Te/a 6e/1bIX KPbIC NOc/1€ 20-MUHYTHOM OKK/II03UM
06w MX COHHBIX apTepui

AkynuHuH B.A., ABaees A1.B., CtenaHos A.C., FopbyHoBa A.B., CtenaHos C.C., LlyckmaH U.T.

Omcxuii zocydapembennvii meduyunckun yuubepcumem (OmI'MY )
Poccus, 644099, 2. Oncx, ya. Aenuna, 12

PE3IOME

ITeas. ViccaepoBaHMEe MOCBALEHO M3YYEHMIO TAMOAPXUTEKTOHMKM HEOKOPTEKCA, apXUKOPTEKCA UM MUHAA-
AEBMAHOTO TeAa GeAbIx KpbIC AmHmyu Wistar B Hopme u mocae 20-MMHYTHON OKKAIO3MM OOIIMX COHHBIX
apTepuit.

Marepuaant 1 MeTopsl. C moMompbIO CBeTOBOJ (OKpacka IeMaTOKCHAMHOM M J03MHOM) MUKPOCKOINM,
nmmysorucroxumun (GFAP) u mopdomerpun Gbian usydens! pacupepererne, popma u nromapss GFAP-
VMMYHOIO3UTUBHBIX KAETOK TOAOBHOTO MO3ra B HOpMe (# = 5) u 4epe3 1, 3, 7, 14, 30 cyr (» = 25) nocae
OCTpPOJ MIIEMUM.

Pesyapratsl. BeigBAeHBI 0YaroBble M3MEHEHNA NAOTHOCTY TAMAABHOM CETH — CHMIKEHNE ¥ YBEAMYEHME AO-
kaapHOTO copepskanus GFAP-nosutusHoro marepuana. Peaktusuble, AucTpodudeckue u HeKpoGUOTHYE-
CKJMe M3MEHEeHMU HEeMIPOHOB ITOCAE OCTPOI MIIEeMMM CONPOBOKAAANCH peOpraHu3anyein HeiPOTAUN M YBEANU-
4eHJMEM He}lpOTAMaAbHOTO MHAEKCA B OTAEABHBIX 30HaxX B 1,2-1,5 pasza. OTHOCKHTEABHAA NMAOLIAAD YaCTHUI]
GFAP-n03uTHBHOrO MaTepuara aCTPOLUTOB HA CPe3ax HEOKOPTEKCA B KOHTPOAe cocraBasira 8,4—18,1%,
a 4epe3 3 CyT IOCAe MIIEMUM ITOT IIOKA3aTeAb B OTAEABHBIX YYaCTKaX HEOKOPTEKCAa YBEAMYMBAACA AO
45,0-59,3%. B runnokamne — 8,1 u 16,2%, B munaareBuprom tere — 12,6 u 21,2%. Tuneprpodus 3peasix
acTPOIMTOB MPOABAAAACH YBEAWYCHUEM AMaMeTpa, CTeIIeHM BEeTBACHMA U AAVMHBI MX OTPOCTKOB.

3akArouenue. HOAy‘IEHHbIe AaHHbIE pacCMaTPUBAIOTCA B aCIEKTE (beHomeHa VIIEMNIECKOTO NPEKOHANIINO-
HMPOBAHMUA M aKTUBALVM 3aIUTHBIX IIPOLECCOB B HEf/IpO—l‘/\I/IO—COCyAI/ICTbIX MMUKPOKOMIIAEKCAX.

KaroueBbie caoBa: ocTpas mumemus, HEOKOPTEKC, TUIIOKAMII, aMurA0Aad, Tansg, GFAP.

Kondanxr narepecoB. ABTOpBI A€KAAPUPYIOT OTCYTCTBYE ABHBIX ¥ IIOTEHIMAABHBIX KOH(DAMKTOB MHTEPE-
COB, CBSI3AHHBIX C MyOAMKaIMeN HACTOAWEN CTATHY.

Ucrounur ¢unancuposanus. Aannas paGora BbimoAHeHa npy nopAepskke QOHAA COAENCTBYA MHHOBALM-
am o nporpamme «YMHUK» Ne 14 or 15.12.2017 r. n Buyrpennero rpanra ®TBOV BO Omckoro rocy-
AAPCTBEHHOTO MeAuIMHCKOro yHuBepcutera Ne 574 or 24.11.2017 r.

CoorsercrBue npunnunam 3turu. ViccaepoBanme opo6peno atndeckum komurerom OMI'MY (mporokoa
Ne 83 ot 14.10.2016).

Arst yutnposanus: Axkyaunun B.A., Asaees A.B., Crenanos A.C., TopGynosa A.B., Crenanos C.C., yck-
maH VI.I. Oco6eHHOCTH PAMOAPXUTEKTOHUKI HEOKOPTEKCA, aPXMKOPTEKCA M MUHAAAEBUAHOTO TeAd GeAbIX

KpbIc mocae 20-MMHYTHOM OKKAIO3UM OOWMX COHHBIX aprepuit. broazemenv cubupcrori meduyumnwvr. 2019;
18 (4): 7-15. https:;//doi.org: 10.20538/1682-0363-2019-4-7—15.

INTRODUCTION godendrogliacytes and microgliacytes are regarded

The study of neurogliacyte reaction to acute as an integrated cellular system providing the pro-
ischemia and brain reperfusion is relevant, prospec- tection, restoration and restructuring of damaged
tive and practically important [1-3]. Astrocytes, oli- neural tissue [4, 5].
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Earlier studies of neuroglia have shown that
its cells provide metabolic support to neurons and
play a key role in the regulation of blood flow
in the areas of active brain neurons (release of a
neurotransmitter). Astrocyte networks, being an
analogue of the lymphatic system, perform drain-
ing and detoxifying functions in the central nervous
system. These functions of astrocytes are of great
importance in the acute postischemic period, when
the maximum manifestations of cell swelling are re-
vealed [5].

The effect of ischemia on brain neuroglia of ex-
perimental animals was also studied [5, 6]. How-
ever, the purpose, objectives, experimental models,
research methods, brain areas, and the duration of
the observation period in those studies were differ-
ent from those in our work. No data on compar-
ison of the neocortex, archicortex and amygdala
glioarchitectonics within 30 days after reperfusion
are present. Mainly, gliocytes in the necrotic focus
and perinecrotic zone were studied during long-term
carotid artery ligation, i.e. irreversible changes in
neurons. Thus, the details of the reorganization of
glioarchitectonics in the neocortex, archicortex and
amygdala have not been compared. Therefore, the
existing morphological studies are insufficient for
understanding the impact of global ischemia on the
glioarchitectonics of these brain areas.

The purpose of this study was to carry out a
comparative analysis of the structural basis of the
glial cell reorganization in the neocortex, different
regions of the hippocampus and nuclei of the amyg-
dala after a 20-minute occlusion of the common ca-
rotid arteries.

MATERIAL AND METHODS

The work was carried out at Omsk State Medi-
cal University and was approved by the local Ethics
Committee (Protocol No. 83 of October 14, 2016).
White rats (z = 30, males) of the Wistar line weigh-
ing 180-200 g were used as experimental animals.
The studies were conducted in accordance with the
recommendations of the International Committee
for Laboratory Animal Science, supported by WHO,
directive 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 induced by
common carotid artery occlusion ((CCAO), two-ves-
sel model of incomplete global ischemia without
hypotension) was modeled with premedication (at-
ropine sulfate 0.1 mg/kg, subcutaneously) and gen-
eral anesthesia (Zoletil 100, 10 mg/kg). The general

condition of animals in the postoperative period was
estimated in points taking into account the princi-
ples of investigating the brain physiology and patho-
physiology [7].

Biopsy of the material was performed at days 1
n=5),3m=5),7n=275),14n=5)n30 (n=
5) after ischemia. False-operated (without arterial
occlusion) animals of the same age served as a con-
trol (# = 5). The brain was fixed by perfusion of
4% paraform solution on 0.1 M phosphate buffer
(pH 7.4) through the ascending part of the aortic
arch. Serial frontal sections (2-4 pum) at the level
of sensorimotor cortex, hippocampus and amygdala
(MT) [8] were stained with hematoxylin and eosin,
and with the immunohistochemical method for gli-
al fibrillary acidic protein (GFAP, Leica Biosystems
Newcastle Ltd., UK). Verification was performed
according to the recommendations of the reagent
manufacturer, finishing staining was done with he-
matoxylin. The Leica DM 1000 microscope was used
for digital microphotography (200 fields of view
from each studied area for a period).

Morphometric analysis was performed on bina-
ry images using Image] 1.46 software. The relative
area of GFAP-positive material in the field of view
was determined. The nature of the distribution of
the specified value was evaluated using the Kolmog-
orov-Smirnov criterion. Statistical hypotheses were
tested using the x2 test (StatSoft Statistica 8.0) [9].
The results were presented as a percentage (95%
confidence interval — 95% CI, for 200 fields of view
for each reagion for a period of time, StatSoft Sta-
tistica 8.0; MedCalc 11.6.1.0). In the course of sta-
tistical analysis, the null hypothesis was rejected at
p < 0.05.

RESULTS

In the brain of control animals, the GFAP-pos-
itive material was localized in the bodies and pro-
cesses of astrocytes between normochromic neurons
(Fig. 1).

Due to local features of cytoarchitectonics and
relative density of cells in the nervous tissue, the
studied brain areas differed in the proportion of
GFAP-positive material per one neuron. This was
due to the fact that in the neuron area (layers of
pyramidal cells) the minimum relative area of
GFAP-positive material (cytoplasm and process-
es of astrocytes) per unit area of the slice was in
the neocortex and CAl, the maximum — in CA4
and amygdala (MT). Statistically significant differ-
ences in paired comparison are shown in the table
(Table 1).
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Fig. 1. Layer III of the sensorimotor cortex of the white rat in normal conditions with hematoxylin and eosin staining

(2) and against GFAP (b): normochromic neurons prevail (white arrows), GFAP-positive material is evenly distributed

in the field of view (black arrows), 51 astrocytes, the distance between the centers of the nuclei — 43.2 microns, the

area of the astrocyte with processes — 1519.8 microns. Staining: hematoxylin and eosin (a); immunohistochemistry, glial
fibrillary acidic protein (b). Lens: x100, scale — 25 pm (@) x40, scale 100 pm (b)

Table 1
Ta6auma 1

Relative area (%) of the GFAP-positive material in the
neocortex, hippocampus and amygdala of white rats’ brain
in normal conditions (200 fields of view for each term)

OrHocureabHas naomapb (%) GFAP-nosutusHOrO Mare-
pMara HEOKOPTEKCa, IMIIOKAMIA ¥ MUHAAAEBUAHOIO TeAd
FOAOBHOI'O MO3ra GeABIX KPbIC B HOpME
(mo 200 moaeji 3peHMs Ha CPOK)

. . Relative area and results of comparison
Brain region
OrHoCHuTEeAbHAS NAOLAAD
OTaea mo3ra
U Pe3yABTATHl CPaBHEHUS
CMK o o) 1. hh 10
SMC 16,2% (95% CI: 11,4-22,1%)
30 19,1% (95% CI: 13,9-25,2%)
DF CAl - p = 0,048*
CAl o o) 1.7 A 1z O
CAl 11,5% (95% CI: 7,4-16,8%)
CA3 19,7% (95% CI: 14,4-25,9%)
CA3 CAl - p = 0,03
CA4 25,3% (95% CI: 19,4-31,9%)
CA4 SMC - p = 0,03%; CA1 - p = 0,001*
MT 21,4% (95% CI: 15,9-27,7%)
AN CAl - p =0,01*

Note. SMC — sensorimotor cortex, DF — dentate fascia, CA —
carotid artery, AN — amygdaloid nucleus, CI — confidence interval.

the differences are statistically significant with paired
comparison with CA1l of the hippocampus and sensorimotor
cortex (y2 test).

IIpumeganue. CMK — cencomoropnas xopa, 3@ — syGuaras
dacuyus, CA — counnas aprepus, MT — munpareBuaHOe Teno,
CI — AOBepMTEeABHBIN MHTEPBAA.

* pasAnuMs CTATUCTMYECKM 3HAYMMBL IPYU NAPHOM CPABHEHUM C
CA1 runnokamna u CMK (xpurepuit x2).
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Thus, despite the uniform distribution of glial
cells in normal conditions, neuroglia relations in the
neocortex, hippocampus and amygdala had features
associated with the density of neurons.

It was found that after 20 minutes of CCAO,
diffuse reversible microfocal ischemic changes of
the neurons and the corresponding local response
of neuroglia in the neocortex, hippocampus and
amygdala dominated. In the studied brain parts,
areas with low and high density of processes were
identified, that is not typical of the normal state
(Fig. 2).

That is, reactive, dystrophic and necrobiotic
changes in neurons after acute ischemia were ac-
companied by reorganization of neuroglia and in-
crease in the neuroglia index in certain zones by
1.2-1.5 times (x2 > 8.2; p < 0.01).

Thus, the area of GFAP-positive astrocyte ma-
terial on SMC sections in the control was 8.4-18.1,
and 3 days after ischemia this index in some ar-
eas of the neocortex increased to 45.0-59.3%
(x2=10.2, < 0.001). In the hippocampus, it was 8.1%
(95% CI: 4.7-12.8%) and 16.2% (95% CI: 4.8-
12.8%; x2 = 3.4; p = 0.02). In the amygdala — 12.6%
(95% CI: 8.3-18.0%) and 21.2% (95% CI: 16.6—
28.6%; 42 = 3.2; p = 0.03).

Hypertrophy of mature astrocytes was manifest-
ed by an increase in the diameter, branching degree
and length of their processes (Fig. 2—4).

At the same time, the average relative area of
GFAP-positive material (taking into account high
and low density zones) calculated on 200 random

Bulletin of Siberian Medicine. 2019; 18 (4): 7-15
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Fig. 2. Glial cells (brown bodies and processes) of layer III of the sensorimotor cortex (a — 6 h, 4 — 3 days) and dentate
fascia (¢ — 6h, d — 3 days) of the white rat brain in the post-ischemic period: hypertrophy of astrocytes and their

processes after 3 days of reperfusion. Staining: immunohistochemistry, glial fibrillary acidic protein. The lens x40, scale
100 pm

R Y B I R TR T AT
=iy g R (R P T AR ook
ErR L | P RN L ke (T ‘*f ;
' S gac EARTE R B
i e ey Ty iy - .
Yo SO rE ST W

a 5 I A2 :""_'HH;E u”.:’ b : ,
iy B
TN N TS
Sl A AW =AY
LA '-'?; ¢ :'.'-I ) t\ '.-..5--',:-. g %
: %l% ::'f: al ‘,:' B
g R

c i AN SRR S

Fig. 3. Glial cells (brown bodies and processes) of the dental fascia (@, &), CA3 (¢) and CAl (d) of the white rat brain

in the post-ischemic period, 1 day: different density of GFAP-positive material in the zone of granular and pyramidal

neurons (arrows). The relative area of GFAP-positive material in DF — 15.9%, CA3 — 8.8% and CAl — 7.7%. Staining:
immunohistochemistry, glial fibrillary acidic protein (GFAP). The lens x40, scale 100 pm
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Fig. 4. Sensorimotor cortex (a, layer III), dentate fascia (b), CAl (c), CA3 (d), CA4 (e) of the hippocampus and the

central nucleus of the amygdala (f) of the white rat brain, day 7 of reperfusion: different density of cut processes of

the glial cells in the neuropyl and around the neuron bodies in the presented brain regions. Arrows are neuron bodies.
Staining: immunohistochemistry, GFAP. The lens x40, scale 50 pm

fields of view in the neocortex frontal sections, hip-
pocampal formation and amygdala remained stable
at the control level in the postischemic period for 30
days of observation.

Only in the neocortex, at days 1 and 3 after
ischemia, a statistically significant difference by

the Min—Max difference was revealed. This was ex-
plained by focal changes (Tables 2, 3).

Thus, using the immunohistochemical study of
the GFAP distribution, common regularities and
features of the glioarchitectonics of the neocortex,
hippocampus and amygdala in normal conditions and
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Table 2
Ta6anma 2

Relative area (%) of GFAP-positive material in the white rat neocortex in normal conditions and
after blood flow restoration (200 fields of view for each term)
OrnocureapHas naomapp (%) gactuy GFAP-nosutuBHOro mMatepnara B HEOKOPTEKCE GeABIX KPBIC
B HOpMe M IIOCA€ BOCCTaHOBAeHMS KPoBoTOKa (mo 200 moaeit 3peHNMs Ha KaKABI CPOK)

Group Comparison results

I'pynma PesyasTars!r cpaBHeHMA

day 1 11,6 (CI: 7,5-16,9); x.2 = 0,03; p = 0,85
1 cyr Min—Max = 11,3 (p = 0,041%)
day 3 9,4 (CI: 5,7-14,3); x2 = 0,8; p = 0,37
3cyr Min-Max = 11,4 (p = 0,039%)
day 7 13,4 (CI: 9,0~18,9); x2 = 0,0; p = 0,95
7 cyT Min—Max = §,2

day 14 10,2 (CI: 6,4-15,3); 2 = 0,4; p = 0,52
14 cyr Min—Max = 5,8

day 30 12,5 (CI: 8,3-17,9); x2 = 0,0; p = 0,93
30 cyT Min—Max = 4,4

Note. CI — 95% confidence interval.

* in comparison with the control, the differences are statistically significant at p < 0.05 (32 test).

IMIpumevanue. CI — poBepUTEABHBIN MHTEPBAA.
*B CpaBHEHMM C KOHTPOAEM pasamuus cratuctindecky 3Hauumsl npu p < 0,05 (xpurepnii y2).

Table 3
Ta6anma 3

Relative area (%) of GFAP-positive material in the dentate fascia, CAl and CA3 fields of the white rat
hippocampus in normal conditions and after restoration of blood flow (200 fields of view for each term)
OtHocureabHas naomaab (%) yactuy GFAP-nosutuBHOro Matepuaira B 3y6uaroin dacunmu,
noasx CAl u CA3 runmokammna 6eAbIX KPIC B HOPME U NOCAE BOCCTAHOBAEHUSI KPOBOTOKA

(mo 200 moaeri 3peHMsT Ha KasKABIf CPOK)

Comparison area

Group 3oHa cpaBHEHUA
I'pynma
3®/DF CA3/CA3 CA1/CAl
KC"“”OI 13,2 (CI: 8,8-18,7) 10,5 (CI: 6,6-15,6) 9,3 (CI: 5,7-14,2)

OHTPOAB

day 1 9,8 (CI: 6,1-14,8) 13,8 (CI: 9,4-19,4) 11,9 (CI: 7,8-17,2)
1 cyr x2 =108 p=0,36 x2=10,7; p= 0,39 x2=105p=05
day 3 11,0 (CI: 7,0~16,2) 8,6 (CI: 5,1-13,4) 7,8 (CI: 4,5-12,4)
3cyr x2=0,3;p=0,6 x2=0,2; p=0,63 x2=20,1;p=0,7
day 7 9,6 (CI: 5,9-14,6) 11,5 (CI: 7,4-16,8) 10,9 (CI: 6,9-16,0)
7 ¢yt x2=109; p=0,33 x2 = 0,02; p = 0,87 x2=01;p=10,7
day 14 10,1 (CIL: 6,3-15,1) 9,0 (CI: 5,4-13,9) 7,4 (CI: 4,2-11,9)
14 cyT x2=10,7; p=0,41 x2=0,1; p=0,74 x2=103;p=0,6
day 30 10,7 (CI: 6,8-15,8) 8,6 (CI: 5,1-13,4) 10,3 (CI: 6,5-15,4)
30 cyr x2=0,4;p=0,54 x2=0,2; p=0,63 x2 = 0,03; p = 0,86

Note. CI — 95% confidence interval. In comparison with the control, the differences are statistically

significant at p < 0.05 (criterion y2). No significant differences were found.

IIpumeuanne. CI — poBepuTeAbHBI MHTEPBaA. B cpaBHEHMN ¢ KOHTPOAEM Pa3AMYNA CTATUCTUYECKY 3HA-
unmsl (p < 0,05, kpurepnii y2). 3HaYMMBIX Pa3AMUMIL HE BBIABAEHO.

after CCAO were found. Focal changes in the glial
network density — a decrease and an increase in the
local content of GFAP-positive material - were re-

blonneTeHb cMbMpcKoit MeanuLmHbl. 2019; 18 (4): 7-15

vealed. It is likely that the former is associated with
swelling of the neuroglia, and the latter — with its
local compensatory hypertrophy and proliferation.
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CONCLUSION

The obtained data on the insignificant small-focal
damage to the neocortex, hippocampus and amyg-
dala should be considered as a phenomenon of isch-
emic preconditioning. In the implementation of this
phenomenon in the post-ischemic period, the pro-
cesses associated with the activation of the natural
protective mechanisms of the CNS nervous tissue are
put to the forefront. [10].

After a 20-minute CCAQ, numerous processes in
neuro-glio-vascular microcomplexes start already in
the first minutes or hours of reperfusion, preventing
the development of irreversible neuron changes [4].
These processes may be associated with activation of
neuroglia (drainage, trophic inactivation of toxins), as
well as with activation of receptors, intracellular ki-
nase cascades, transcription factors, certain mitochon-
drial proteins and nuclear neuron effectors [11, 12].
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