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Pathophysiology of sepsis-associated encephalopathy (SAE) is linked to blood-brain barrier breakdown, neuroinflammation
and neurotransmitter imbalance in the brain. Astroglia, the most abundant cell population within the brain, plays the critical role
in control of all kinds of homeostatic processes, thereby regulating the adaptive reactions of the brain to various challenges.
Astroglia are highly heterogenous across the brain regions, therefore, damaging factors stimulate heterogenous astroglial
reactivity and response in different brain regions.

The aim of this study was determining immunohistochemical features of GFAP expression in various brain regions in the model
of rodent experimental sepsis.

Materials and methods. The experiment was performed in Wistar rats: control group of 5 sham-operated rats and the main
group of 20 rats subjected to cecum ligation and puncture (CLP) procedure. The immunohistochemical study of GFAP ex-
pression in the sensorimotor cortex, subcortical white matter, hippocampal, thalamic and caudate nucleus/putamen regions
was performed from 20 to 48 hours of the postoperative period.

Results. Starting from the 12" hour after CLP, animals began display progressive increase in signs of periorbital exudation,
piloerection, fever-/hypothermia, diarrhea, social isolation, lethargy, and respiratory impairment. In the period of 20-38 hours,
9 animals showed expressed previously listed symptoms and were euthanized (CLP-B — lethal group), 11 rats survived until
48 hours of the experiment (CLP-A — survived group). In the lethal group, starting from 20 to 38 hours after the CLP proce-
dure, a significant (relative to control) regionally-specific dynamic increase in the level of GFAP expression was observed in
the brain: in the cortex — by 465 %, in the subcortical white matter — by 198 %, in the hippocampus — by 250 %, from the 23
hour — in the caudate nucleus/putamen by 18 %. In the thalamus, no significant changes in the level of GFAP expression
were observed. In the cortex and hippocampus of survived animals, 48 h after CLP, higher values of GFAP expression were
observed comparing to the group of non-survived animals.

Conclusions. Under conditions of the experimental SAE, an early dynamic increase in the astroglial reactivity was observed
in the cortex, hippocampus, white matter, and caudate nucleus/putamen of the brain with the most significant increase of
indicators in the cortex and hippocampus, which potentially indicates relatively more vulnerable areas of the brain to damaging
factors, as well as places of the most active intercellular interaction in the condition of systemic inflammation. Higher values of
GFAP expression in the cortex and hippocampus of survived animals at 48 hours of the experiment, compared with indicators
of non-survived group, indicate increased astroglial reactivity in these brain regions at the noted time period, accompanied by
relatively more favorable clinical course of the disease.

ImyHoricToxiMmiuHui aHani3 ekcnpecii GFAP npu ekcnepuMeHTaAbHIN
cencuc-acouiloBaHin eHuedanonarii

T. B. WyasiTHikoBa, B. 0. TymaHCbKMM

MatoreHes cencuc-acouinosaHoi eHuedanonartii (CAE) noB’a3ytoTb i3 NOLKOMKEHHAM remaTtoeHuedaniyHoro bap’epa,
Heipo3ananeHHaM i aucbanaHcoM HelpoMeriaTopiB y MO3KOBIN TKaHWHI. ACTPOMMIS, HAWYUCHEHHILA NONYNALIA KNiTUH Y
rONOBHOMY MO3KY, Bifirpae KpUTUYHY pPOrib Y KOHTPOSi BCIX BUAIB FOMEOCTaTUYHMX NMPOLIECIB, PETYIIOI0YM afanTUBHI peakLii
MO3KY Y BiNOBIAb Ha Pi3Hi hakTopu Aoro NoWKomKeHHs. ACTpOrnis AyXe Heo4HOPIAHA B Pi3HKX BigAdinax Mosky, ToMy dak-
TOPW, LLO BUKIIMKAIOTb MOLUKOKEHHS TKAHUHMW, iHILiIOIOTb reTeporeHHi KNiTUHHI peakLii.

MeTa po60Tu — BU3HaueHHs iMyHoricToxiMiYHUX ocobnmeocTen ekcnpecii GFAP y pisHux Bigainax Mo3ky 3a yMOB ekcrnepu-
MEeHTafbHOI MoAeni cencucy B LLypiB.

Marepianu Ta Mmetoau. [locnimkeHHs 3aiicHUNM Ha Lypax niHii BicTap: KoHTponbHa rpyna Bkroyana 5 xubHoonepoBaHux
wypig; 20 TBapMHaM BUKOHANM NEPEB’A3KY Ta MyHKLto cninoi kuwkm (CLP). 3aifcHunm iMyHoricToXiMiYHe LOCTIIKEHHS eKc-
npecii Mmapkepa GFAP y ceHCOMOTOPHIl Kopi, MiaKIpKOBIN Ginii pevoBwHi, rinokamni, Tanamyci, XBoCTaToMy SAPI/MNyLINVHI B
nepioa 3 20 go 48 roguHmn nicna CLP-npouenypw.

Pesynkratu. MounHatoum 3 12 rogunu nicnsg CLP-npoueaypu, y TBapuH NoYany nporpecyBaTh 03Haku nepiopbiTanbHOi ekcy-
[Jauii, ninoepexuis, rinep-/rinotepmis, Aiapes, cowianbHa i3onsuis, netapris Ta pecnipatopHi nopyLueHHst. Y nepioa 3 20 go 38
roavHu 9 TBApWH Ha TIi CyTTEBOTO NOTipLLEHHs CTaHy 6ynu eBTaHa3oBaHi (niarpyna CLP-B — 3arnbni wypu), 11 ocobuH Bikvnm
[0 KiHUs ekcnepumenTy, 48 roguH (niarpyna CLP-A — tBapuHm, siki Bvxunu). Y nigrpyni CLP-B y ctpok i3 20 fo 38 roguHm
nicnst npoueaypy CLP y ronoBHoMy MO3Ky criocTepiran BiporigHe (LLofo KOHTPOMI) perioHanbHo-cneumdivHe AMHaMivHe
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36inbLUeHHs piBHs excnpecii GFAP: y kopi — Ha 465 %, nigkipkosii 6inii pe4oBuHi — Ha 198 %, rinokamni — Ha 250 %; 3 23
roavHn — Ha 18 % y xBoctaToMy sApi/nyLunuHI. Y Tanamyci He BU3HauMnW BIpOriaHy 3MiHy piBHs ekcnipecii GFAP. Y kopi Ta
rinokamni TBapwH, siki BWXXKNK, Yepes 48 rogun nicnst CLP BcTaHoBKnmM BULLi 3Ha4eHHs ekcnpecii GFAP nopiBHSHO 3 rpyrnoto
3arnbnux Lypis.

BucHoBku. B ymoBax ekcnepumeHTansHoi CAE cnocTepiranu paHHe avHamiyHe NiaBULLEHHS peakTUBHOCTI acTpormii B KOp,
rinokamni, Ginii pe4oBKHI i XBOCTATOMY SAPI/NYLWINUHI FTONOBHOMO MO3KY 3 HANGINbLLMM MIABULLEHHSM MOKa3HWKIB Y KOpi Ta
rinokamni. Lle noTeHLuiHo BKa3ye Ha BifHOCHO BPasnyBiLLi 415 (hakTopiB MOLLKOIKEHHS iNsHKA MO3KY, 8 TakoX Ha MicLiS Havak-
TWBHILLIOT MXKMITUHHOT B3aEMOZIi MiZ Yac cMcTeMHOro 3anarneHHs. BuLi 3HaueHHs ekcnpecii GFAP y kopi Ta rinokamni TBapuH,
K BUOXMNW 80 48 roanHN EKCMIEPUMEHTY, LLOAO MOKA3HWKIB rpynu 3arnbrnux LLypiB ykasyrTb Ha MOCUNEHHS acTpormianbHOl
PEeaKTUBHOCTI B Ha3BaHWX AiNsiHKax MO3KY B Lievi nepiof Ha Ti BIGHOCHO CNPUSTIIMBILLIONO KMiHIYHOTO nepebiry 3axBOpHOBaHHS.

WmmyHorMcToxumuueckun aHaaus akenpeccuu GFAP
NP1 3KCNEPUMEHTaAbHOW CENCUC-acCOLMMPOBAHHOM 3HLEeparoNaTUK

T. B. LUynsaTHMKOBa, B. A. TymaHCKuK

MaToreHes cencuc-accoLmmpoBaHHoN aHUedanonatun (CASD) cBS3bIBAKOT C NMOBPEXAEHNEM reMaTo3HLedanmyeckoro 6a-
pbepa, HerpoBocnaneHem v aucbanaHcom HelpoMeanMaTopoB B MO3roBO TkaHW. ACTPOrus, Hanbonee MHOroUMCneHHas
MonynsiLus KETOK B rONIOBHOM MO3re, UrPaeT [MaBEHCTBYHOLLYIO0 POrib B KOHTPOIE BCEX BULOB FOMEOCTATUYECKVX MPOLIECCOB,
perynupyst aganTyBHble peakumn TKaHW Npy BO3AENCTBAN Pa3NnYHbIX NOBPEXAAIOWMX (hakTopoB. ACTPOrINS 04eHb HEOA-
HOpOZHa B pa3HbIX OTAenax Mo3ra, No3TOMy NOBpeXAaroLLMe (aKTOPbl aKTUBMPYHOT rETEPOreHHbIE KMETOUHbIE peaKLmm.

Llenb paGoTkl — onpegeneHne MMMyHOMMCTOXMMUYECKX 0COBEHHOCTe akcnpeccun GFAP B pasHbix oTdenax mosra B
YCNOBUSX SKCIEPUMEHTANBHON MOZENM CENncuca y KpbiC.

MaTepuanbl ¥ MeToAbl. OKCNEPUMEHT NPOBEAEH Ha KpbICax NHWM BucTap: KOHTpOMbHas rpynna BkMovana 5 noxHo-
0MNepUPOBaHHbIX KpbIC; 20 XMBOTHBIM BbINONHEHA NepeBsi3ka U NyHKumMs cnenoit kuwku (CLP). MimmyHoructoxummndeckoe
nccneposaHve akcnpeccun benka GFAP npoeedeHo B matepuane Kopbl, MOAKOPKOBOro 6enoro BellecTsa, rvnnokamna,
Tanamyca, XBoctatoro sapa/ckopnynbl B cpok ot 20 fo 48 yacos nocne CLP-npoueaypel.

Pesynirathl. HaunHas ¢ 12 yacos nocne CLP-npoLenypel, Y XMBOTHbIX Ha4Yanm NporpeccpoBaTh NpuaHakv nepropbuTanbHoi
3KCCydaLmMm, NUMNO3PEKLINS, TUNEP-/TMNOTEPMUS, Anapes, coumnarnbHas U3onsLms, NeTaprus v PECNYPaTOpHbIE HapyLLEHNS.
B nepuog ¢ 20 go 38 yaca 9 XMBOTHbIM Ha POHE 3HAYMTENBHOTO YXYALLIEHWUS! COCTOSIHWS NPOBEAEHA 3BTaHa3Ws (Noarpynna
CLP-B - norn6wuwme kpbicsl), 11 ocobelt BbhKUNM [0 KOHLIA 3KCriepnmeHTa, 48 yacos (nogrpynna CLP-A — BbhkvBLUME XMBOT-
Hble). B nogrpynne CLP-B B cpoke ¢ 20 fo 38 yaca nocne npoueaypbl CLP B ronoBHoM mMo3re Habntoaanu 4OCTOBEPHOE
(OTHOCUTENBHO KOHTPOMS) PErMOHanbHO-CNELMMUYECKOE AMHAMUYECKOe yBenuyeHne ypoBHs akcnpeccun GFAP: B kope — Ha
465 %, nogkopkoBom Henom BeLectse —Ha 198 %, runnokamne —Ha 250 %; ¢ 23 yaca — Ha 18 % B xBocTaTtom sigpe/ckopnyne.
B Tanamyce foctoBepHoe n3meHeHne ypoBHs akcnpeccun GFAP He BbisiBNeHO. B kope 1 runnokammne BbPKUBLUMX XXMBOTHbIX
yepes 48 4 nocne CLP yctaHoBneHb! 6onee BbiCcokMe 3HaqeHns akcnpeccun GFAP no cpaBHEHMIO ¢ rpynmnor NorubLLMX KpbIC.

BbiBogpbl. B ycrnosusx akcnepumeHTansHoit CAD 0TMEYEHO paHHee AMHaMMYECKOE NOBLILLEHWE PEaKTUBHOCTW acTPOrumM B
Kope, runnokamne, 6erom BeLLEeCTBE U XBOCTATOM siApe/cKopriyne rofloBHOM Mo3ra ¢ Hanbonee CyLLEeCTBEHHbIM NOBbILLEHNEM
rokasatenen B KOpe W rvnnokamne. 3To NOTEHLManNbHO YKasbiBaeT Ha OTHOCUTENLHO 6onee ys3BUMbIe ANS MOBPEXOAMOLLMX
¢hakTopoB 06nacTv Mo3ra, a TaKke Ha MecTa Haubornee akTUBHOTO MEXKMNETOYHOIO B3aMMOAENCTBMS NPU CUCTEMHOM BOCNa-
neHuun. bonee BbICOKME 3HaYeHMs akcnpeccun GFAP B kope v runnokamne BbPKUBLUMX KMBOTHBIX k 48 yacam akcnepumeHTa
OTHOCUTENbLHO NokasaTenel rpynnbl NOrMbLLIKMX KPbIC YKasbiBalOT Ha YCUIEHWEe acTpOrnnarnbHOM PeakTMBHOCTW B AaHHbIX
obnacTtsx Mo3ra B 3TOT nepuog, Ha hoHe OTHOCUTENBHO 6onee BraronpUSITHOTO KIIMHUYECKOTO TeHEHNs 3aboneBaHus.

Sepsis is one of the most common life-threatening states
leading to intensive care units (ICU) admission and
patient’s death [1]. Sepsis-associated encephalopathy
(SAE)—is a complex brain dysfunction on the background
of sepsis with the incidence up to 70% of all septic ICU
patients [2]. Clinical course of SAE ranges widely from
sickness behavior to coma and associated with higher
risks of lethal outcome and frequent development of
long-term cognitive impairment [3,4].

Pathophysiology of SAE is linked to blood-brain barri-
er (BBB) breakdown, neuroinflammation, water and neu-
rotransmitter disbalance, glial and neuronal dysfunction
and death, meanwhile, these mechanistic components
seem to be not universal but rather context-dependent
in each case and region-specific for the brain.

Astrocytes, the most numerous cell population inside
the central nervous system (CNS), constantly provide
wide range of fundamental homeostatic functions inclu-
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ding neurotransmitter and water balance, microcirculation,
BBB permeability, synaptic function and plasticity etc. [5].

In conditions of SAE, as well as in the whole spectrum
of neuropathologies, astrocytes become reactive but in
case of loose homeostatic capacity (astrodegeneration
with astroglial atrophy and pathological remodeling of as-
trocytes) might account to the failure of tissue homeostasis
leading to diverse severe functional CNS disorders [6].
Astrogliosis combines remodelling of genetic, morpho-
logical and functional phenotype of cells leading to their
hypertrophy, upregulation of glial fibrillary acidic protein
(GFAP), changing in receptors function and secretome
modification [7]. GFAP is one of the intermediate filament
proteins of mostly matured astrocytes and its increased
expression is considered as a key marker of astroglial
reactivity and is the most commonly used as a hallmark
of reactive astrocytes in both human and animal brain
[8]. Animal models and tissue cultures studies provided
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evidence of highly beneficial effects of increased GFAP
expression during tissue damage in context of various
pathologies suggesting protective potential of astroglial
reactivity [9], although for many decades and still this
mention is highly speculative [10].

The role of reactive astrogliosis and its specificity
throughout the brain during SAE is still ambiguous and
needs further clarification determining the relevance of
presented study. Considering close interaction between
neuroglial populations in healthy and diseased brain
as well as the results of our previous study showing
region-specific diversity of microglial reactivity during
experimental SAE, it seems critical to reveal the level of
astroglial reactivity in the same brain regions to assess
compatibility of glial reactiveness.

Aim
To determine immunohistochemical features of GFAP

expression in the various regions of the brain in the model
of rodent experimental sepsis.

Materials and methods

The study was performed in Wistar rats, 200-300 g
(“Biomodelservice”, Kyiv, Ukraine). The animals were
kept under standard conditions, with free access to food
(standard food for rats, “Biomodelservice”, Kyiv, Ukraine)
and water. All experimental procedures were ruled in ac-
cordance with the European Convention for the Protection
of Vertebrate Animals Used for Experimental and other
Scientific Purposes (Strasbourg, 18 March 1986; ETS
No. 123) and the Directive 2010/63/EU on the protection
of animals used for scientific purposes.

Experimental animals were subjected to the cecal
ligation and puncture (CLP) septic model in rodents.
Rats were divided into 2 groups: CLP group (n = 20) and
sham-operated control group (n = 5). All further experi-
mental stages were conducted by the way displayed in our
previous paper [11]. Within 2 hours after CLP-procedure,
rats were routinely observed every 30 min, further every
6 hours up to 48 h-time-point after operation. Starting
from the 12 hour the following clinical signs gradually
increased in animals as periorbital exudation, piloerection,
diarrhea, fever/hypothermia, social isolation, deep letha-
rgy and severe respiratory disorders. During the period
of 20-38 h after CLP-procedure, in the main group of
animals, 9 rats showed expressed mentioned clinical
symptoms and were euthanized (CLP-B — non-survived/
lethal), 11 animals survived until 48 hours — end-point
of the experiment (CLP-A — survived). Sham-operated
control rats (CLP-C) showed no lethal outcomes. Animals
from CLP-A and CLP-C groups were sacrificed at 48
hours after CLP-procedure by intraperitoneal overdosing
of sodium thiopental.

Transversal sections of the rat brain were fixed in
10 % buffered formalin, conventionally processed and
embedded in paraffin. Histopathological analysis of
samples was performed using hematoxylin-eosin stained
sections. Immunohistochemical (IHC) study was run in
accordance with the protocol of the antibody manufacturer
using mouse monoclonal anti-GFAP primary antibody
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Table 1. The level of GFAP expression in the various regions of the rat brain

in different studied groups expressed in the percent of positive labels in standardized

field of view of the microscope (S rel. (%)). Data are displayed as median (Me)

and lower, upper quartiles (Q1; Q3)

cLp-A cLes cLpc

Cortex 16.32 (16.06; 17.51)  14.75 (12.97; 15.36)*t
Subcortical white matter ~ 30.47 (26.90; 32.92)*  30.01 (25.32; 30.60)*
Hippocampus 19.44 (18.78; 20.60)"  15.49 (16.94; 18.21)*t
Thalamus 4.04 (3.78; 4.58) 3.92 (3.20; 4.46)

Caudate/putamen

8.18 (7.56; 11,17 8.09 (6.27; 11.26)"

261 (2.58; 3.20)
10.04 (6.98; 11.27)
4.43 (2.92; 5.04)
3.83 (3.20; 4.42)
6.82 (5.66; 7.48)

*: statistically significant differences compared to control values (P < 0.05) are marked with an
asterisk; *: significant differences between CLP-A and CLP-B groups (P < 0.05); CLP-A: survived;

CLP-B: non-survived; CLP-C: control.

(clone ASTROG, Thermo Scientific, USA) and Ultra Vision
Quanto Detection system with DAB (Thermo Scientific
Inc., USA). The products of the immunohistochemical
reaction were evaluated at x200 in the standardized field
of view (SFV) of the Scope. A1 “Carl Zeiss” (Germany),
Jenoptik Progres Gryphax 60N-C1"1,0x426114 (Germa-
ny) photo-camera and Videotest-Morphology 5.2.0.158
(Video Test LLC, RF) program. The level of GFAP pro-
tein expression in the tissue section was analyzed as
the relative area (S rel., %) of GFAP*-stained labels to
the total area of an SFV. For the comparative analysis of
the noted criterion, such brain regions as sensorimotor
cortex, subcortical white matter, thalamic, hippocampal,
and caudate nucleus/putamen regions were studied. We
analyzed five SFVs of each listed brain region for each rat.

Statistical procedures were performed using Sta-
tistica® for Windows 13.0 (StatSoft Inc., license No.
JPZ8041382130ARCN10-J) with evaluation of the me-
dian (Me) and lower and upper quartiles (Q1; Q3). The
comparison of the differences between studied groups
was carried out using the Mann—-Whitney U-test and Kru-
skal-Wallis test. The results were considered statistically
significant at 95 % (P < 0.05).

Results

During conventional light optical histopathological ana-
lysis of the samples from different brain regions of all
experimental groups, the shape and size of astrocytic
bodies and nuclei did not show prominent changes.
While immunohistochemical study revealed substantial
morphological shifting of astroglia. Comparing different
brain regions in control CLP-C sham-operated rats at
48 h of the experiment we noted significant nonequiv-
alence of the GFAP expression with the highest level in
the subcortical white matter — 10.04 (6.98; 11.27) % and
the lowest one in the cortex — 2.61 (2.58; 3.20) % (Table
1). In control animals the morphology of conditionally
intact astrocytes presented region-dependent diversity.
Cortical GFAP* astroglia were mostly represented by
typical protoplasmic forms with relatively small nucleus
and cell body with moderate branching of fine medium
length processes forming small extensions in the peri-
capillary endfeet. GFAP-positive astrocytes of the white
matter were characterized by morphology of fibrous forms
— had slightly smaller cell body with lesser branching but
more thick processes, which as well as cortical forms did
not overlap processes of the nearest astrocytes. GFAP*
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Fig. 1. The dynamics of GFAP* expression after CLP-procedure in the cerebral cortex
of animals in the lethal group.
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Fig. 3. The dynamics of GFAP* expression after CLP-procedure in the hippocampus of
animals in the lethal group.
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Fig. 2. The dynamics of GFAP* expression after CLP-procedure in the subcortical white
matter of animals in the lethal group.
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astrocytic pool of the hippocampus, thalamus and caudate
nucleus/putamen differed by relative morphological com-
plexity and included the both mentioned morphological
phenotypes with the prevalence of the fibrous one. In
the vast majority of brain regions of sham-operated rats
GFAP* astroglia tended to localize in close contact with
the vascular walls, forming a well-defined coupling (Figs.
57,9, 11).

Experimental CLP-A (survived) and CLP-B (non-sur-
vived) groups showed more serious difference both in
the GFAP expression degree and in the time period of
its increase during the experimental course.

As well as in control animals the highest numerical
indicators of GFAP expression in rats after CLP were in
subcortical white matter. Thus, in CLP-A group the relative
area of GFAP* labels had the highest data among all brain
regions and experimental groups, and was equal to 30.47
(26.90; 32.92) %, P < 0.05 comparing to control, thereby
exceeding control indicators by 3 times (by 203 %). In
the CLP-B non-survived rats, elevation of GFAP Srel. (%)
also displayed statistical validity and was equal to 30.01
(25.32; 30.60), exceeding control indicators by 198 %.
Simultaneously, there was no statistically significant dif-
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Fig. 4. The dynamics of GFAP* expression after CLP-procedure in the caudate nucleus/
putamen of animals in the lethal group.

ference between indicators of CLP-A and CLP-B groups
in this region (Table 1).

When comparing the reliable increasement of GFAP
level in relation to control values, it was found that
the lowest one was typical for caudate nucleus/putamen
region and was equal to 8.18 (7.56; 11,17), (exceed con-
trol indicators by 20 %) and 8.09 (6.27; 11.26), (exceed
control indicators by 18 %) for CLP-A and CLP-B groups
respectively, with no statistical difference between noted
groups (Table 1).

In the hippocampus the reliable increasement of
the GFAP S rel. (%) comparing to control was even more
expressed then in subcortical white matter and was equal
to more than 4 times increasement in the CLP-A group of
survivors. Thus, the values of GFAP S rel. (%) in CLP-A
and CLP-B groups were respectively: 19.44 (18.78;
20.60), (exceed control indicators by 339 %) and 15.49
(16.94; 18.21), (exceed control indicators by 250 %);
(significant at P < 0.05 comparing to control and between
each other) (Table 1).

The most substantive increasement of the GFAP
expression was noted in the cortex of CLP-A survival ani-
mals, where it was equal to more than 6 times compared
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Fig. 5. Cortical expression of GFAP in the control rat 48 h after the sham procedure Fig. 6. Cortical expression of GFAP in the survived rat 48 h after the operation
(anti-GFAP, Thermo Scientific, USA). x200. (anti-GFAP, Thermo Scientific, USA). x200.

Fig. 7. White matter expression of GFAP in the control rat 48 h after the sham procedure Fig. 8. White matter expression of GFAP in the survived rat 48 h after the operation
(anti-GFAP, Thermo Scientific, USA). x200. (anti-GFAP, Thermo Scientific, USA). x200.

Fig. 9. Hippocampal expression of GFAP in the control rat 48 h after the sham procedure Fig. 10. Hippocampal expression of GFAP in the survived rat 48 h after the operation
(anti-GFAP, Thermo Scientific, USA) x200. (anti-GFAP, Thermo Scientific, USA) x200.

Fig. 11. Caudate nucleus/putamen expression of GFAP in the control rat 48 h after Fig. 12. Caudate nucleus/putamen expression of GFAP in the survived rat 48 h after
the sham procedure (anti-GFAP, Thermo Scientific, USA). x200. the operation (anti-GFAP, Thermo Scientific, USA). x200.
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to control. In CLP-Athe expression of the marker was sub-
stantially higher than in CLP-B group, respectively: 16.32
(16.06; 17.51), (exceeding control indicators by 525 %)
and 14.75 (12.97; 15.36), (exceeding control indicators
by 465 %); (significant at P < 0.05 comparing to control
and between CLP-A and CLP-B) (Table 1).

Although the values of GFAP expression were
increased comparing to sham-operated rats in the thala-
mus, the difference between all three groups for this region
was not statistically reliable (Table 7).

Summarizing the above, the highest values of GFAP*
S rel. (%) in all studied regions were typical for the sur-
vived CLP-A animals with the most substantial increase in
the cortex and hippocampus (comparing to control rates).
The significant difference in values of GFAP expression
between operated groups was revealed for the cortical
and hippocampal regions with higher medians in survived
animals 48 h after procedure compared to the medians
of CLP-B indicators across all time-points.

In CLP-B group, during the postoperative period
the elevation of GFAP indicators reflected the smooth
dynamic curve (Figs. 1-4). Depending on the time pe-
riod after CLP-procedure when animals of CLP-B group
began displaying profound clinical signs of systemic
decompensation and was sacrificed, the levels of GFAP
expression both displayed specificities. The maximal sig-
nificant values of the GFAP S rel. (%) was found 38 h after
the operation in all the studied regions except thalamic,
where increased indicators were not statistically reliable
(Figs. 1-4). Unlike the cortical, white matter and hippo-
campal regions, where significant elevation of the GFAP
expression was found at 20 h after CLP-procedure, in
caudate nucleus/putamen region it was noted only at 23 h
after CLP-procedure.

During histopathological study of ICH sections, the in-
creased numbers of GFAP* cells per SFV were immedi-
ately noted. The morphology of GFAP-positive astrocytes
differed by appearance of territorial domain overlapping
between neighboring cells when their cell bodies lay
in close proximity to each other, and their numerous
thickened processes crossed with each other, forming a
kind of rough fibrous network. Capillary endfeet of such
astrocytes thickened, clearly delineating the vascular walls
over a large extent. The most expressed mentioned mor-
phological shifting was typical for subcortical white matter
and hippocampal regions (Figs. 6, 8, 10, 12).

Discussion

In the healthy mammal brain, a wide array subtypes of as-
trocytes were recognized according to their developmental
lineage, genomics, proteomics, receptor expression,
morphology and physiology [8,12,13]. Besides protoplas-
mic and fibrous glia there are other morpho-functional
phenotypes as radial glia known as neuronal and glial
progenitors during brain development, ependymal glia,
perivascular glia, tanycytes, Bergmann cerebellar glia,
Miiller glia of retina and velate glia [12]. Within the hu-
man CNS astroglial population also includes special
unique forms as interlaminar astrocytes and the varicose
projection astrocytes [12,14]. Molecular heterogeneity of
astroglia seems much complex. Studies have revealed
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that the same morphological phenotype can differ by
expression of molecules involved in cell function either
across different brain regions as well as within the same
area. It is supposed that noted proteomic and functional
heterogeneity of astroglia may determine the special
vulnerability of distinct brain regions to specific inner and
outer insults [14]. Regarding special astroglial markers,
they were not exclusion. Among the most broadly used
molecular markers for astroglial identification including
GLT-1 (EAAT2), GLAST (EAAT1), aquaporin-4, S1008,
Aldh1L1, glutamine synthetase, connexins 30 and 43,
GFAP takes a leading position. Even physiologically
all mentioned markers are not equally expressed by all
subpopulations of astrocytes across the brain and display
substantial diversity, allowing to assume that mentioned
heterogenous phenotypes do not shape the whole exten-
sion of suggested diversity and the latter might be greatly
specified by the brain region, age, physiological state of
the brain and the kind of pathological stimuli.

Due to GFAP molecule has eight different isoforms,
there is increased possibility of its diverse expression by
different subpopulations of astrocytes [15,16]. It has been
estimated that astrocytic volume is much bigger than
their GFAP* profiles display, as their fine processes are
mainly GFAP- and although currently GFAP considered
as the optimal marker for astroglial detection, it can re-
veal only up to 15 % of total cell volume in rodent brain
[12]. Upregulation of GFAP is a sign of the most reactive
astrocytes, however, not all variety, therefore does not
decode the function and heterogeneity of the population
studied with this marker.

It was evidenced that during aging in rodents
the expression of GFAP increased regionally including
such areas as basal ganglia, hippocampus and corpus
callosum [14] and may vary even across different areas
of hippocampus [17]. Results of the recent study have
demonstrated the higher GFAP expression in the adult
spinal cord compared to the whole brain in health and
after focal demyelinating injury [18].

Neuroinflammation is one of the principal processes
involved in the pathophysiology of SAE as well as excito-
toxicity due to neurotransmitter dysfunction, and ischemic
lesions. Astrocytes are considered as critical players
of neuroinflammatory CNS response. They involved in
engaging and retaining leukocytes at damaged brain
regions, produce both anti-inflammatory and proinflam-
matory cytokines, anti-oxidants, free radicals etc., thus
controlling inflammatory response magnitude. In case of
systemic inflammatory challenge, astrocytes tend to in-
crease secretion of pro-inflammatory cytokines acquiring
neurotoxic properties and persist longer in pro-inflamma-
tory phenotype in relation to microglial counterparts [7].

In our recent study linked to microglial phagocytic
activity in the experimental SAE, we have revealed
the brain regions where glial reactiveness was the most
intense in the white matter and caudate/putamen which
was suggested as indication of the regions with the most
profound tissue damage and active neuroinflammatory
response to systemic inflammation [19]. The current study
has evidenced that astroglial reactivity generally showed
a similar trend in timing and localization of the most active
events in comparison to microglial reactions in the same
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pathologic conditions. In all studied cases of non-survived
CLP-B group of animals there was early (starting from
the 20 h) increase in GFAP expression in the sensorimotor
cortex, subcortical white matter and hippocampus and
in caudate nucleus/putamen region at the 23 h after
CLP-procedure. This results almost completely reflect
the behavior of microglia within noted brain regions
except only caudate/putamen region where astroglial
reactiveness was belated compared to microglial one.
Thalamic area in both our studies displayed absence of
statistically significant increase in GFAP expression which
likely may indicate this region or astroglial population of it
as the least susceptible to the toxic influence of aggressive
factors that arise in the brain medium under conditions
of systemic inflammation. The most pronounced en-
hancement of the GFAP expression compared to control
showed cortical and hippocampal regions of survived
animals (6-fold and 4-fold, respectively) which potentially
indicate the most vulnerable brain regions for incoming
systemic aggressive molecules and/or local damaging
factors, as well as locations of the most active glia-glia/
glia-neuron interactions in response local homeostatic
failure. These regions should receive more attention in
further studies on SAE pathophysiology as zones of highly
up-regulated glial reactivity, which per se might serve as
a marker of tissue processes of particular importance in
pathogenesis of any kind of brain pathology. The higher
values of GFAP expression in the cortex and hippocampus
of survived CLP-A animals in respect to CLP-B levels in
the same areas may indicate the principal role of reactive
astrogliosis in the mechanisms of tissue adaptation in
the noted regions to the arisen pathologic condition and
may suggest the particular significance of mentioned
regions in the mechanisms of SAE.

Conclusions

1. Starting from the 20" hour after CLP-operation
(from the 23 h in caudate nucleus/putamen), the reliable
(relative to control) region-specific dynamic increase in
GFAP expression was observed in the cortex, subcortical
white matter, hippocampus, caudate nucleus/putamen of
the rat brain (except the thalamus) and the most substan-
tive increase of indicators in cortex and hippocampus. The
latter potentially may indicate the most vulnerable brain
regions affected by damaging factors, as well as locations
of the most active intercellular communication in response
to systemic inflammatory challenge.

2. Higher values of GFAP expression in the cortex
and hippocampus of survived animals at 48 hours of
the experiment, compared with indicators of non-survived
group, indicate increased astroglial reactivity in these
brain regions at the noted time period, accompanied by
relatively more favorable clinical course of the disease.

Prospects for further research. Given the mecha-
nisms of SAE are still to be elucidated and suggesting
special role of glial reactivity in these processes, it would
be reasonable to proceed further studies in the field of
brain intercellular communication in response to systemic
inflammation.

Pathologia. Volume 18. No. 3, September — December 2021

Original research

Funding

This study was conducted in the framework of the scientific
research work of Zaporizhzhia State Medical University “The
morphogenesis of destructive-reparative processes of the brain
in the diseases of vascular and toxic-metabolic origin”, state
registration No. 0118U004253.

Conflicts of interest: authors have no conflict of interest to declare.
KoHOAIKT iHTepeciB: BiACYTHIl.

Haairwaa ao peaakLii / Received: 20.09.2021
Micas poonpautoBaHHs / Revised: 21.10.2021
MpuiiHsTo A0 Apyky / Accepted: 01.11.2021

Information about authors:

Shulyatnikova T. V., MD, PhD, Associate Professor of

the Department of Pathological Anatomy and Forensic Medicine,
Zaporizhzhia State Medical University, Ukraine.

ORCID ID: 0000-0002-0196-9935

Tumanskyi V. 0., MD, PhD, DSc, Professor of the Department

of Pathological Anatomy and Forensic Medicine, Vice-Rector for
Research, Zaporizhzhia State Medical University, Honored Worker
of Science and Technology of Ukraine.

ORCID ID: 0000-0001-8267-2350

Biaomocrti npo aBTopiB:

LLyasTHikoBa T. B., KaHA. MEA. HayK, AOLEHT Kad. NaToAoriyHol
aHaToMii i CyAOBOT MEAULIMHM, 3an0opi3bKNUiA AEPXaBHUIA MEANYHUI
yHiBepcuTeT, YkpaiHa.

TymaHcbkuit B. 0., A-p MeA. Hayk, Npodecop kad. NatoAoriuHol
aHaToMIii | CyAOBOI MEAULIMHM, NPOPEKTOP 3 HAYKOBOT PO6OTH,
3anopi3bkni AePXKaBHUA MEAUYHWI YHIBEPCUTET, 3aCAYXEHUI Ay
HayKm i TexHiKkK YKpaiHu.

CeeaeHus 06 aBTopax:

LLyasiTHUKOBa T. B., KaHA. MEA. HayK, AOLIEHT Kad. NaTtoAorMyeckom
aHaTOMMUK U CyAeBHOW MEAMLMHBI, 3an0pOXCKIi
rOCYAAPCTBEHHbIA MEANLIMHCKUI YHUBEPCUTET, YKpauHa.
TymaHckui B. A., A-p MeA. Hayk, Npodeccop kad. NaToAoryecKo
aHaToMuK 1 cyae6HOM MeAULIMHDI, NPOPEKTOP MO Hay4YHo! paborte,
3anopoXCKMit FOCyAAPCTBEHHDBIN MEAVMLIMHCKUI YHUBEPCUTET,
3aCAYXEHHbIN AEATEAb HaYKW 1 TEXHWUKK YKpauHbI.

References

[1] Singer, M., Deutschman, C. S., Seymour, C. W., Shankar-Hari, M.,
Annane, D., Bauer, M., Bellomo, R., Bernard, G. R., Chiche, J. D.,
Coopersmith, C. M., Hotchkiss, R. S., Levy, M. M., Marshall, J. C., Mar-
tin, G. S., Opal, S. M., Rubenfeld, G. D., van der Poll, T., Vincent, J. L.,
& Angus, D. C. (2016). The Third International Consensus Definitions
for Sepsis and Septic Shock (Sepsis-3). JAMA, 315(8), 801-810. https:/
doi.org/10.1001/jama.2016.0287

[2] Mazeraud, A., Righy, C., Bouchereau, E., Benghanem, S., Bozza, F. A.,
& Sharshar, T. (2020). Septic-Associated Encephalopathy: a Com-
prehensive Review. Neurotherapeutics, 17(2), 392-403. https://doi.
0rg/10.1007/s13311-020-00862-1

[3] Mazeraud, A., Pascal, Q., Verdonk, F., Heming, N., Chrétien, F., &
Sharshar, T. (2016). Neuroanatomy and Physiology of Brain Dysfunc-
tion in Sepsis. Clinics in chest medicine, 37(2), 333-345. https:/doi.
0rg/10.1016/j.ccm.2016.01.013

[4] Chung, H. Y., Wickel, J., Brunkhorst, F. M., & Geis, C. (2020). Sep-
sis-Associated Encephalopathy: From Delirium to Dementia? Journal
of clinical medicine, 9(3), 703. https://doi.org/10.3390/jcm9030703

[5] Verkhratsky, A., & Nedergaard, M. (2018). Physiology of astroglia.
Physiological Reviews, 98, 239-389. https://doi.org/10.1152/phys-
1ev.00042.2016

[6] Zorec, R., Zupanc, T. A., & Veerkhratsky, A. (2019). Astrogliopathology
in the infectious insults of the brain. Neuroscience letters, 689, 56-62.
https://doi.org/10.1016/}.neulet.2018.08.003

[7] Shulyatnikova, T., & Verkhratsky, A. (2020). Astroglia in Sepsis Asso-
ciated Encephalopathy. Neurochemical research, 45(1), 83-99. https:/
doi.org/10.1007/s11064-019-02743-2

[8] Verkhratsky,A., Ho, M. S., Vardjan, N., Zorec, R., & Parpura, V. (2019).
General Pathophysiology of Astroglia. Advances in experimental

ISSN 2306-8027  http://pat.zsmu.edu.ua

301


https://orcid.org/0000-0002-0196-9935
https://orcid.org/0000-0001-8267-2350
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1007/s13311-020-00862-1
https://doi.org/10.1007/s13311-020-00862-1
https://doi.org/10.1016/j.ccm.2016.01.013
https://doi.org/10.1016/j.ccm.2016.01.013
https://doi.org/10.3390/jcm9030703
https://doi.org/10.1152/physrev.00042.2016
https://doi.org/10.1152/physrev.00042.2016
https://doi.org/10.1016/j.neulet.2018.08.003
https://doi.org/10.1007/s11064-019-02743-2
https://doi.org/10.1007/s11064-019-02743-2

302

OpwuriHaAbHI AOCAIAKEHHSA

&

[10]

(1

[12]

[13]

[14]

[19]

[16]

[17]

(18]

[19]

ISSN 2306-8027

medicine and biology, 1175, 149-179. https://doi.org/10.1007/978-
981-13-9913-8 7

Zhang, S., Wu, M., Peng, C., Zhao, G., & Gu, R. (2017). GFAP ex-
pression in injured astrocytes in rats. Experimental and therapeutic
medicine, 14(3), 1905-1908. https://doi.org/10.3892/etm.2017.4760
Zhou, Y., Shao, A, Yao, Y., Tu, S., Deng, Y., & Zhang, J. (2020). Dual
roles of astrocytes in plasticity and reconstruction after traumatic brain
injury. Cell Communication And Signaling, 18(1). https://doi.org/10.1186/
$12964-020-00549-2

Shulyatnikova, T., & Shavrin, V. (2021). Mobilisation and redistribution
of multivesicular bodies to the endfeet of reactive astrocytes in acute
endogenous toxic encephalopathies. Brain research, 1751, 147174.
https://doi.org/10.1016/j.brainres.2020.147174

Oberheim, N. A., Goldman, S. A., & Nedergaard, M. (2012). Hetero-
geneity of astrocytic form and function. Methods in molecular biology,
814, 23-45. https://doi.org/10.1007/978-1-61779-452-0_3

Batiuk, M. Y., Martirosyan, A., Wahis, J., de Vin, F., Marneffe, C., Kusse-
row, C., Koeppen, J., Viana, J. F., Oliveira, J. F., Voet, T., Ponting, C. P,,
Belgard, T. G., & Holt, M. G. (2020). Identification of region-specific
astrocyte subtypes at single cell resolution. Nature communications,
11(1), 1220. https://doi.org/10.1038/s41467-019-14198-8

Matias, I., Morgado, J., & Gomes, F. (2019). Astrocyte Heterogeneity:
Impact to Brain Aging and Disease. Frontiers in aging neuroscience,
11, 59. https://doi.org/10.3389/fnagi.2019.00059

Hol, E. M., & Pekny, M. (2015). Glial fibrillary acidic protein (GFAP) and
the astrocyte intermediate filament system in diseases of the central
nervous system. Current opinion in cell biology, 32, 121-130. https:/
doi.org/10.1016/j.ceb.2015.02.004

Chai, H., Diaz-Castro, B., Shigetomi, E., Monte, E., Octeau, J. C.,
Yu, X., Cohn, W., Rajendran, P. S., Vondriska, T. M., Whitelegge, J. P.,
Coppola, G., & Khakh, B. S. (2017). Neural Circuit-Specialized As-
trocytes: Transcriptomic, Proteomic, Morphological, and Functional
Evidence. Neuron, 95(3), 531-549.e9. https://doi.org/10.1016/].
neuron.2017.06.029

Bondi, H., Bortolotto, V., Canonico, P. L., & Grilli, M. (2021). Complex
and regional-specific changes in the morphological complexity of
GFAP+ astrocytes in middle-aged mice. Neurobiology of aging, 100,
59-71. https://doi.org/10.1016/j.neurobiolaging.2020.12.018

Yoon, H., Walters, G., Paulsen, A. R., & Scarisbrick, I. A. (2017).
Astrocyte heterogeneity across the brain and spinal cord occurs
developmentally, in adulthood and in response to demyelination. PloS
one, 12(7), e0180697. https://doi.org/10.1371/journal.pone.0180697
Shulyatnikova, T., & Shavrin, V. (2021). Regional-specific activation
of phagocytosis in the rat brain in the conditions of sepsis-associ-
ated encephalopathy. Zaporozhye medical journal, 23(1), 111-119.
https://doi.org/10.14739/2310-1210.2021.1.224921

http://pat.zsmu.edu.ua

Maronoris. Tom 18, Ne 3(53), BepeceHb — rpyaeHb 2021 p.


https://doi.org/10.1007/978-981-13-9913-8_7
https://doi.org/10.1007/978-981-13-9913-8_7
https://doi.org/10.3892/etm.2017.4760
https://doi.org/10.1186/s12964-020-00549-2
https://doi.org/10.1186/s12964-020-00549-2
https://doi.org/10.1016/j.brainres.2020.147174
https://doi.org/10.1007/978-1-61779-452-0_3
https://doi.org/10.1038/s41467-019-14198-8
https://doi.org/10.3389/fnagi.2019.00059
https://doi.org/10.1016/j.ceb.2015.02.004
https://doi.org/10.1016/j.ceb.2015.02.004
https://doi.org/10.1016/j.neuron.2017.06.029
https://doi.org/10.1016/j.neuron.2017.06.029
https://doi.org/10.1016/j.neurobiolaging.2020.12.018
https://doi.org/10.1371/journal.pone.0180697
https://doi.org/10.14739/2310-1210.2021.1.224921

	240033_Shulyatnikova_et_all 
	Artice info
	UDC
	DOI
	Key words
	E-mail

	Abstract
	Abstract_UA
	Abstract_RU

	Background

	Aim 
	Materials and methods 
	Results 
	Discussion 
	Conclusions 
	Prospects for further research
	Funding
	Conflicts of interest
	Information about authors
	Відомості про авторів
	Сведения об авторах

	References

	Tables
	Table 1. The level of GFAP expression in the various regions of the rat brain in different studied groups expressed in the percent of positive labels in standardized field of view of the microscope (S rel. (%)). Data are displayed as median (Me) and lower, upper quartiles (Q1; Q3)

	Figures
	Fig. 1. The dynamics of GFAP+ expression after CLP-procedure in the cerebral cortex of animals in the lethal group.
	Fig. 2. The dynamics of GFAP+ expression after CLP-procedure in the subcortical white matter of animals in the lethal group.
	Fig. 3. The dynamics of GFAP+ expression after CLP-procedure in the hippocampus of animals in the lethal group.
	Fig. 4. The dynamics of GFAP+ expression after CLP-procedure in the caudate nucleus/putamen of animals in the lethal group.
	Fig. 5. Cortical expression of GFAP in the control rat 48 h after the sham procedure (anti-GFAP, Thermo Scientific, USA). ×200.
	Fig. 6. Cortical expression of GFAP in the survived rat 48 h after the operation. (anti-GFAP, Thermo Scientific, USA). ×200.
	Fig. 7. White matter expression of GFAP in the control rat 48 h after the sham procedure. (anti-GFAP, Thermo Scientific, USA). ×200.
	Fig. 8. White matter expression of GFAP in the survived rat 48 h after the operation. (anti-GFAP, Thermo Scientific, USA). ×200.
	Fig. 9. Hippocampal expression of GFAP in the control rat 48 h after the sham procedure (anti-GFAP, Thermo Scientific, USA) ×200.
	Fig. 10. Hippocampal expression of GFAP in the survived rat 48 h after the operation. (anti-GFAP, Thermo Scientific, USA). ×200.
	Fig. 11. Caudate nucleus/putamen expression of GFAP in the control rat 48 h after the sham procedure (anti-GFAP, Thermo Scientific, USA). ×200.
	Fig. 12. Caudate nucleus/putamen expression of GFAP in the survived rat 48 h after the operation. (anti-GFAP, Thermo Scientific, USA). ×200. 


