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The aim of the study. Immunohistochemical study of Nestin, CD44, Ki-67, GS, AQP4 expression in the subventricular zone
of the lateral ventricle and hippocampus of deceased patients with liver cirrhosis depending on the age and Child—Pugh score.

Materials and methods. The brains of 90 deceased patients aged 65 + 3 years with non-alcoholic liver cirrhosis (LC) Child—Pugh
class A, B and C were studied, which comprised 3 groups: group “A” — 30 deceased patients with compensated LC; “B” — 30
deceased patients with subcompensated LC (“mild decompensation”); “C” — 30 deceased patients with decompensated LC.
Control group included brains of 30 patients died from acute cardiovascular failure and did not have liver disease. Each group
was divided into 2 subgroups: patients <59 y. 0. and patients 260 y. 0. Grade 1—4 hepatic encephalopathy was detected in 59
out of 90 (65.55 %) patients with LC. The immunohistochemical levels of Nestin, CD44, Ki-67, GS and AQP4 were evaluated
in paraffin tissue sections of the subventricular zones (SVZ) of the anterior and lower horns of the brain lateral ventricles, as
well as the subgranular zone (SGZ) of the dentate gyrus (DG) and other structures of hippocampus in standardized fields of
view of the microscope Scope A1 Carl Zeiss (Germany) using Videotest-Morphology 5.2.0.158 software.

Results. In SVZ of control subgroups, Nestin+ astrocyte-like stem cells were localized mainly in subventricular glial nodules
(SGN) and to a lesser extent in astrocytic ribbon. In brains of patients with compensated and subcompensated LC, there
was increased Nestin expression compared to control (by 61.36 % and 208.74 %, respectively) due to increased numbers
of Nestin+ cells in astrocytic ribbons. In the hippocampus of control and cirrhotic patients, Nestin expression was determined
mainly in astrocyte-like cells of the fimbria-fornix, “glial plates” around the blood vessels entering the choroid plexus and subpial
zone. In the SVZ of patients with subcompensated LC, the expressions of Nestin, CD44, and Ki-67 were maximally increased
(by 208.74 %, 37.83 %, and 3 times, respectively), moreover, in the areas of periventricular reparative astrogliosis, in small
foci of encephalolysis in the head of caudate nucleus, among GS+ and CD44+ astrocytes clusters of astrocyte-like Nestin+
and CD44+ cells were detected. In patients with decompensated LC, a significant decrease in Nestin and CD44 expression
and absence of Ki-67 were observed in the SVZ, with a simultaneous maximum increase in the expression of GS and AQP4.

Conclusions. In the neurogenic niches of the lateral ventricles and hippocampus of patients with compensated and subcom-
pensated LC, there are signs of activation of neural stem cells and niche astrocytes with increased expression of Nestin, CD44,
and Ki-67, which reaches maximum in subcompensated LC. Clusters of astrocyte-like Nestin+ and CD44+ cells appear in foci
of periventricular repair, which probably migrate from active adjacent subventricular niche. In the brains of the patients with
decompensated LC and severe Grade 3—4 hepatic encephalopathy, deep astrocytic dysmetabolic dystrophy is associated
with substantial decrease in the activity of subventricular stem niche and expected astrocytogenesis.

Xapakrepuctuka excnpecii Nestin, CD44, Ki-67, GS i AQP4 y ctoB6ypoB1X HEHPOTreHHUX
Hillax roAOBHOI0 MO3KY NOMEPAUX XBOPUX Ha LIUPO3 NEUiHKKU Pi3HUX CTYMEHIB TAXKOCTI

T. B. WyaaTHikoBa, B. 0. TymaHcbKkui

MeTa po6oTu — imyHoricToximiuHe pocnimkeHHs ekcnpecii Nestin, CD44, Ki-67, GS, AQP4 y cyBBeHTPUKyNSPHIil 30Hi Giu-
HOTO LUNYHOYKA Ta Finokamni MOMEPSIMX XBOPKX Ha LiMPO3 NeYiHKA Pi3HUX BIKOBUX YN 3anexHO Bif CTagii 3aXBOPHOBaHHS 3a
Yanna-ITo.

Matepianu Ta metoaum. [Jocnigmnu ronosHui Mook (M) 90 nomepnmx (Bik — 65 + 3 poku) XBOPWX Ha HEANKOrONbHWIA LIMPO3
nediHku (L) knacy A, B i C 3a Yanng—ITio. CcopmyBanm 3 rpynu crnoctepexeHs: rpyna «A» — 30 noMmepnnx XBopux Ha kom-
neHcoaHwuii LiM; «B» — 30 nomepninx xBopux Ha cybkomneHcoBanuii LiM; «Cx» — 30 nomeprninx XBopux Ha EKOMMEHCOBaHNIA
L. Y rpyni koHTponto — MM 30 nomepnvx Big rocTpoi cepLeBO-CyANHHOI HEAOCTATHOCTI, SKi HE Manm 3axXBOptoBaHb NEYiHKU.
KoxxHy rpyny noginunu Ha 2 nigrpynu 3a Bikom: <59 pokis i = 60 pokis. Y 59 i3 90 (65,55 %) xBopux Ha LI Bu3Haumnm cumnto-
MaTuKy neviHkoBoi eHuedanonartii IV cTyneHiB. Y napadiHOBuX 3pidax TKaHUHU CYyOBEHTPUKYNSPHWX 30H (SVZ) nepeaHboro
Ta HUKHBOTO PoriB GiYHNX LnyHoukiB M, a Takox cybrpaHynspHoi 3oHu (SGZ) sybuacToi 3BuBuHYM (DG) Ta iHLLMX CTPYKTYP
rinokamna B13Ha4mnu piseHb imyHorictoximiyHoi ekcnpecii Nestin, CD44, Ki-67, GS i AQP4 y ctaHAapT130BaHNX Nonsx 30py
mikpockona Scope A1 Carl Zeiss (Germany) 3 nporpamoto Bigeotect-Mopdonorist 5.2.0.158.

Pesynkratun. Y SVZ 'M koHTponbHux nigrpyn Nestint actpoumtonogibHi ctoBOypoBi KniTWHK nokanisysanucst 3aebinbLuoro
B CyOBEHTPUKYNAPHMX rnianbHux Byanukax (SGN), MeHLLe — B acTpouuTapHux cTpidkax. Y MM XBopux Ha KOMMNEHCOBaHMIA
i cybkomneHcoBaHuii LM BctaHoBunm nigeuLeHy excnpecito Nestin wogo koHTponto (Ha 61,36 % i 208,74 % BignosigHo)
BHACMIAOK NiaBMLLEHHS KinbkocTi Nestin+ kniTuH B acTpoumMTapHWX CTpidkax. Y rinokamni KOHTPOMbHWX NALEHTIB | XBOPWX Ha
LiIM ekcnpecito Nestin Bu3Havanu nepegyciMm B acTpoLMTONOAIOHNX KNiTMHAX GaXpOMKW-CKNENIHHS, «rnianbHMUX NNacTUHOK»
OCHOBW CyAMH XOPIOigHOrO CrNeTeHHs Ta cybnianbHoi 30HW. Y SVZ 'M xBopux Ha cybkomneHcoBaHuii LM ekcnipecis Nestin,
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CD44 i Ki-67 makcumanbHo nigsuilysanacs (Ha 208,74 %, 37,83 % i BTpudi BignoBiaHo), a B AiNsHKax NnepuBEHTPUKYNSPHOro
penapaTvBHOrO acTporniody B APiOHMX BOTHULLAX eHuedanoniaucy ronisku xsocrartoro sapa cepen GS+ i CD44+ actpo-
LMTIB BU3HAUMIM CKynyeHHs actpouuTonogibHmx Nestint i CD44+ knituH. Y XBopux Ha gekomneHcoBanui LMy SVZ '™
crnocTepiranu 3HavHe 3HWxeHHs ekcnpecii Nestin i CD44, BigcyTHicTb ekcnpecii Ki-67 npu ogHo4acHOMY MakcumMarnbHoMy

nigBuLLeHHi ekcnpecii GS i AQP4.

BuCHOBKW. Y XBOpWX Ha KOMMEHCOBaHWiA i cybkomneHcoBaHuii LM y HeporeHHUX Hilwax Gi4HMX LUNYHOYKIB i rinokamna
BUSIBUNW O3HaKV akTuBaLii HerMpanbHUX CTOBOYPOBYMX KNITWH i HILLEBUX acTpoLmTIB 3 niasuLieHHsM ekcnipecii Nestin, CD44 i
Ki-67, Lo gocsrae MakcumansHWX 3HaueHb npy cybkomnencauii L. Y BorHuLLax nepuBeHTpUKYNSIpHOT penapaLii 3’ aBnsoTbes
CcKyn4eHHs acTpouuTonogioHux Nestint i CD44+ kniTuH, Lo, MMOBIPHO, MIrpytoTb 3 aKTUBHUX CYOBEHTPUKYNSPHMX Hil. Y TM
XBOpUX Ha aekomMneHcoBaHui LM i Tsoxky Grade3—4 neviHkoBy eHuedanonarito Ha hoHi rmubokoi acTpoumuTapHoi AncmeTa-
6oniyHoi ancTpodii 3adikcyBanu BUpasHe 3HKEHHS aKTUBHOCTi CyOBEHTPUKYNSPHUX CTOBOYPOBMX Hilll i aCTPOLIMTOrEHESY.

Hepatotoxic brain damage in liver cirrhosis (LC) is
characterized by a progressive amplification of astrocyte
deficiency with the development of astroasthenia, and
subsequently decompensated edema and death of these
cells [1]. High concentrations of plasma and intracerebral
ammonia, along with other neurotoxins, disrupt the as-
troglia functionality leading to dysfunction and damage
of neurons, that clinically manifest as hepatic encepha-
lopathy [2]. Persistent brain edema of varying degree
and accompanied microcirculation disorders leads to
ischemic damage and mosaic-to-focal neuronal death in
the cerebral cortex, thalamus, striatum, cerebellum and
hippocampus. Furthermore, episodes of coma in cirrhotic
patients associated with laminar necrosis in deep layers
of the cerebral cortex. The loss of a significant number of
astrocytes and neurons creates a need for neurogenesis
to restore the lost of cellular elements of a single neuro-
gliovascular unit.

Neurogenesis in the adult human brain is still one of
the most debated issues. In a broad sense, neurogenesis
is the generation of brain cells from neural stem cells
(NSCs) which mostly localized in the so called canonical
neurogenic niches: the subventricular zone (SVZ) of the
lateral ventricles and the subgranular zone (SGZ) of the
hippocampal dentate gyrus (DG) [3]. It is believed that
multipotent NSCs are astrocytic in nature; in the course
of proliferation and differentiation, they are able to give
rise to new generations of neurons, astrocytes, and oligo-
dendrocytes [3]. In contrast to rodents, the main human
neurogenic niche, which retains weakly proliferating stem
cells throughout life, is the SVZ of the lateral ventricles,
and to a lesser extent, the SGZ DG [4].

Quifiones-Hinojosa A. group described cytoarchitec-
ture and ultrastructure of four SVZ layers in lateral walls all
horns of human lateral ventricles [5]: | — ependymal cells
monolayer; Il — hypocellular gap (distinguishing feature of
the human SVZ from rodents and non-human primates);
Il layer — astrocytic ribbon (GFAP+ astrocytes); IV layer
— transitional zone, passing into the underlying nervous
tissue. Authors demonstrated that some astrocytes and
single GFAP+ cells of hypocellular gap retained signs of
PCNA+ and Ki-67+ proliferative activity. Moreover, it is ex-
pected the existence of alternative neurogenic niches and
reparative cellular transformations in neurodegenerative
diseases, epilepsy, and cerebrovascular disease [6,7,8].

Among the most commonly used markers to identify
human NSCs are Nestin, EGFR, NGFR, Sox2, GFAPa/3,
and Musashi-1. Proliferating NSCs express GFAP, Ki-67,
and PCNA,; the resulting progenitor cells retain the ex-
pression of Nestin, Ki-67, PCNA and reduced expression
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of GFAP additionally expressing transcription factors
(Mash1). Cells of specific differentiation emerging from
multipotent cells express proteins specific for astrocytes,
oligodendrocytes, and neurons during migration and
maturation. To identify maturing and mature astrocytes,
commonly used markers are CD44, GFAP / GS, AQP4 [9].

Activation of adult human neurogenesis was shown
in a limited list of brain pathologies including brain infarc-
tion [10], traumatic brain injury [11], Huntington disease
[12], Alzheimer’s disease [13]. To our knowledge, there
are no studies on adult human neurogenesis, including
astrocytogenesis, under conditions of chronic hepatogenic
intoxication, as well as data on how the immunocytoche-
mical profile and proliferative activity of neurogenic niche
cells change during their differentiation in the brain of
cirrhotic patients. Analysis of astrocytogenesis in patients
with hepatogenic neurotoxicity opens new perspectives
for potential therapies aimed at restoration of astrocytes,
the primary targets of this pathology.

Aim
Immunohistochemical study of Nestin, CD44, Ki-67, GS,
AQP4 expression in the subventricular zone of the lateral

ventricle and hippocampus of deceased patients with liver
cirrhosis depending on the age and Child—Pugh score.

Materials and methods

The study was performed on the brain of 90 deceased
patients aged 46 to 83 y. 0. (mean age 65+ 3 y. 0.) who
suffered from non-alcoholic cirrhosis of classes A, B and
C according to the Child-Pugh scoring [14], which com-
prised 3 groups: group “A” (n = 30, compensated LC),
group “B” (n = 30, subcompensated or “mild decompen-
sation” LC) and group “C” (n = 30, decompensated LC).
Each group was divided into 2 age subgroups: patients
<59y. 0. (46-57y. 0.) [*x1"] and patients 260 y. 0. (61-83
y. 0.), ['x2"] = groups “A1” (n = 23), “A2" (n = 7), “B1”
(n=19),“B2" (n=11),“C1" (n =9), “C2" (n = 21). Cases
of endocrine pathology, cancerous and alcoholic nature
of liver pathology were excluded from the study. In the
control group (“Cntr”), the brain of 30 patients aged 40 to
81y. 0. who died from acute cardiovascular insufficiency
(mean age 59.0 + 2.5 y. 0.), who did not suffer from liver
pathology and other toxic-metabolic diseases, was stud-
ied. By age, the group was also divided into 2 subgroups:
“Cntr 17 (n =12), “Cntr 2" (n = 18).

In 59 of 90 (65.55 %) cirrhotic patients, symptoms of
HE Grade 1-4 were clinically diagnosed. In group “A”,
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8 (26.66 %) patients had symptoms of HE Grade 1, in
group “B”, 21 (70.00 %) patients had HE Grade 1 and
2, in group “C”, HE Grade 2-3 occurred in 23 (76.66 %)
patients, and Grade 4 HE (hepatic coma) before death
was registered in 7 (23.33 %) patients.

During autopsies which were performed 6-20 h. after
death, samples of the liver (to verify LC), subventricular
zone of the lateral wall of the brain lateral ventricle anterior
horn with the adjacent tissue of the caudate nucleus head
as well as the hippocampus were collected. The choice
of these brain regions was argued by evidence for their
neurogenic potential in the adult human brain [3]. The
autopsy material was fixed in 10 % buffered formalin with
further embedding in paraffin blocs. Serially slides of 4
um thickness prepared on a precision rotary microtome
HM 3600 (‘MICROM Laborgerate GmbH”, Germany),
after deparaffination were treated with hematoxylin and
eosin for general assessment of microscopic changes.
Forimmunohistochemical (IHC) detection of NSCs, Nes-
tin was chosen as a marker most specifically detecting
these cells and most often used by other authors in NSCs
studies [15]. For assessing cell population with astrocytic
phenotype, more astrocyte-restricted markers were used:
involved in glutamate and glutamine metabolism (glu-
tamine synthetase, GS); water channels (aquaporin-4,
AQP4); hyaluronan receptor (CD44). Ki-67 was chosen
to detect proliferating cells.

IGH studies were performed according to the stan-
dard protocol of the antibody manufacturer using pri-
mary antibodies: mouse anti-human Nestin monoclonal
antibody (Clone 10C2, ready-to-use MAD-000719QD-3,
Master Diagnostica S. L., Vitro, Spain), rabbit polyclonal
anti-CD44 (PA5-21419, Thermo Scientific, USA), rabbit
polyclonal anti-GS (Thermo Scientific Inc., USA), rabbit
polyclonal anti-AQP4 (Thermo Scientific Inc., USA), Ki-
67 recombinant rabbit monoclonal antibody (Clone SP6,
Thermo Scientific Inc., USA) and the Ultra VisionQuanto
Detection imaging system with diaminobenzidine (Thermo
Scientific Inc., USA).

For statistical analysis, IHC levels of Nestin, CD44,
Ki-67, GS, AQP4 were determined in the hippocampal
DG and SVZ of both anterior and inferior horns of the
lateral ventricles (SVZs). When studying expression of
Nestin, CD44, GS, AQP4 in the SVZs of both locations
and hippocampal DG, 10 random, standardized fields
of view (SFV) of the microscope Scope A1 “Carl Zeiss”
(Germany) with Jenoptik Progres Gryphax 60N-C1'
'1.0x426114 (Germany) camera were studied at mag-
nification of x200 using Videotest-Morphology 5.2.0.158
(VideoTest) software. Nestin, CD44, GS, AQP4 levels
were expressed as a percentage of the relative area
(Srel., %) that occupies immunopositive material to
the total area of SFV. Ki-67 level in DG and SVZs was
evaluated in 20 SFV of each of two regions, covering
adjacent neural tissue at least 600 ym below the astro-
cytic ribbon (for the SVZs) at mag.x200, and expressed
as the mean number of immunopositive cells per 1 mm?
tissue section area in each autopsy case.

Data analyzed using the Statistica® packa-
ge for Windows 13.0 (StatSoft Inc., License No.
JPZ8041382130ARCN10-J). Results were expressed as
median (Me) with range (Q1; Q3). The Mann-Whitney U
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test was used to compare two groups, and the Kruskal—
Wallis test was used to compare more than two groups.
The results were considered statistically significant at the
level of 95 % (p < 0.05).

Results

IHC patterns of neurogenesis and astrocytogenesis mark-
ers (Nestin, CD44, Ki-67, GS i AQP4) in SVZ of anterior
and inferior lateral ventricular horns and hippocampal
DG revealed heterogeneity of immunohistochemical
cytoarchitecture of these zones.

Nestin expression. In patients of all studied groups,
in DG and SVZs was revealed territorial heterogeneity
in distribution of Nestin-expressing cells (NECs) due to
different abundance of NSCs, as well as different density
and trajectory of the local vasculature.

In SVZs and hippocampal DG of control group cyto-
plasmic Nestin expression was found in the endothelium
of all vessels, including well developed subventricular
vasculature. In SVZs, extravascular accumulations of
Nestin+ cells (Fig. 1) was detected mainly in the so-called
subventricular glial nodules (SGNs) — cellular clusters of
subependymal layer protruding into the ventricular lumen
and often without ependymal coverage. In astrocytic
ribbon, cytoplasmic Nestin expression was defined in the
bodies and short, thin processes of moderate number of
slightly elongated NSCs-astrocyte-like cells, localized
around vessels and oriented parallel to ependymal layer
(Fig. 2). Outside the DG zone of the hippocampus, NECs
of multipolar slightly elongated morphology were found,
similar to those in SVZ of both horns. The highest preva-
lence of these NECs was determined in the hippocampall
fimbria-fornix including locations near the thin septum
separating the subarachnoid space of the choroid fissure
of the cistern ambiens and the cavity of the lower horn
of the lateral ventricle; “glial plates” around the base of
the choroid plexus (CP) vessels. From there, the flow of
NECs was divided into two branches: 1) subpially and up
to the subiculum; 2) to a lesser extent — along the entire
SVZ with an extension in the form of a weakly positive
periventricular white matter around the tail of the inferior
ventricular horn. This feature of Nestin expression in the
hippocampus outside DG was equally characteristic of
both age subgroups.

Between two age control “Cntr1”/“Cntr2” subgroups,
differences in Nestin expression by DG and SVZ cells
was not detected.

In compensated cirrhotic patients of age subgroups
“A1” and “A2”, Nestin levels in DG did not differ from DG
values in control “Cntr1” and “Cntr2” subgroups, however,
in the SVZs, Nestin was significantly increased compared
to control “Cntr1” and “Cntr2” (by 48.95 % and 73.78 %,
respectively) by increasing the amount of NECs in the
astrocyte ribbon. When comparing age subgroups “A1”
and “A2” in both SVZ and DG, Nestin levels did not show
differences (p > 0.05) (Table 7).

In subcompensated LC age subgroups “B1” and
“B2”, the level of Nestin in DG exceeded by 79.02 %
and 68.91 % similar parameters of control “Cntr1” and
“Cntr2”; and in SVZs, Nestin was higher by 257.10 %
and 160.39 % (respectively) of the similar parameters of
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Table 1. Nestin, CD44, GS, AQP4 levels in the DG and SVZs of cirrhotic patients and control group expressed as Srel. (%) and numbers/mm? for Ki-67

rowp'a’  Jorowp'e®  |oowre  [commlgroup

Parameter
<59y.o. 260 y. 0. s59y.o.
(“A1”) (“A2) (“B17)
Dentate gyrus of hippocampus
Nestin 4.13 4.05 7.34
(3.56; 4.26) (3.34; 4.58) (6.47; 8.39)**
CD44 11.48 15.76 17.39
(10.18; 12.49) (13.77,16.95)¢  (16.78; 18.15)*
Ki-67 No No 2.00
(1.00; 3.00)*f8
GS 3.48 3.79 6.26
(3.21; 5.37)* (3.14; 5.58)* (5.95; 7.48)*
AQP4 7.38 8.47 12.16
(7.12; 8.39) (7.95; 9.76) (11.39; 14.53)*
Subventricular zones of lateral ventricle
Nestin 6.39 6.10 15.32
(5.84;6.81)* (5.83;7.65) * (7.15; 11.32)**
CD44 16.08 18.96 19.45
(15.72; 16.58)*  (18.45;19.28) *¢  (18.36; 21.79)**
Ki-67 2.00 No 6.00
(1.00; 4.00) (5.00; 7.00)*f8
GS 6.56 7.29 8.73
(5.11; 7.27) (7.03; 8.04)* (7.92; 9.16)*
AQP4 12.36 14.43 16.64

(11.46; 1558)*  (13.67; 15.23)"

(16.15; 17.59)**

260y. 0. <59y.o0. 260y. 0. <59y. 0.
(“B2”) (“c1”) (“C2") (“Cntr1”)
5.27 5.45 3.17 4.10

(4.83; 6.65)* (4.14; 5.53) (2.75; 4.62)" (3.49; 4.94)
22.47 11.96 14.58 11.26

(19.35; 25.32)**%  (10.88; 13.47)"  (14.19;16.63)"8  (10.53; 12.24)
No No No No

6.67 8.23 8.84 2.25

(5.83; 7.97)* (7.93; 8.75)*# (8.14; 9.11)*# (1.45; 2.72)
14.34 15.36 16.23 4.58

(13.48; 15.83)**  (14.15; 16.65)**  (14.37; 18.14)*  (3.29; 6.92)
9.14 5.45 4.47 429
(8.26; 10.31)  (4.23; 6.28)" (3.92; 6.12)t (3.54; 5.72)
24.26 16.59 19.12 14.37
(22.84;27.58)**  (15.88; 17.63)*"  (18.89; 19.63)*1S  (13.48; 15.14)
No No No 2.00

(1.00; 3.00)
9.34 10.12 7.16 3.47
(8.43;9.97) * (9.33;10.68)"  (6.84; 7.43)*S (2.79; 4.93)
17.52 18.38 20.27 5.34

(16.29; 18.76) *  (17.29;19.14)*  (18.34; 22.63)*  (4.28; 9.54)

260 y. o.
(“Cntr2”)

3.12
(2.45; 4.28)

14.37

(13.34; 15.28)

No

2.36
(1.23; 2.84)

414
(3.45; 6.74)

351
(3.18;5.11)

17.29

(17.04; 18.15)

No

474
(3.54; 6.72)

7.30
(5.72; 10.63)

*: significant difference compared to control (p < 0.05); #: significant difference compared to group “A” (p < 0.05); 1: significant difference compared to group “B” (p < 0.05).

These comparisons were made between indicators of the same age group and within the same brain region. §: significant difference between age groups within the same

LC class (p < 0.05). All data are presented as a median with the lower and upper quartiles.

“Cntr1” and “Cntr2”. At the same time, Nestin level in DG
and SVZs of subcompensated subgroups “B1” and “B2”
was higher than levels in compensated subgroups “A1”
and “A2” (p < 0.05) (Table 1).

When comparing age subgroups “B1” and “B2” of sub-
compensated LC, the difference in Nestin level occurred
only in SVZs, where in older “B2” subgroup indicators
were significantly lower by 167.61 % (p < 0.05) than in
younger “B1” subgroup (Table 7). Increased Nestin level
in DG is explained by the appearance of immunopositive
reactive astrocytes in the molecular layer, while in SVZs
— by increased numbers of Nestin+ slightly elongated
astrocyte-like cells in the astrocyte ribbon outside SGNs,
as in compensated LC. In the head of the caudate nu-
cleus adjacent to SVZ in patients with subcompensated
LC of both age subgroups, Nestin expression was also
determined in the cytoplasm and short processes of as-
trocyte-like cells, as well as in the bodies and elongated
thin processes of reactive astrocytes, localized in areas
of astrogliosis, which sometimes encountered around
small encephalolysis foci (Fig. 3). In other parts of the
hippocampus, elevated Nestin level was due to an in-
creased number of NECs and Nestin+ processes in the
fimbria-fornix, “glial plates” around the base of CP vessels
(Fig. 4), and subpial zone.

In patients with decompensated LC age subgroups
“C1” and “C2", Nestin level was lower than in patients
with subcompensated LC subgroups “B1” and “B2”: in
DG - lower by 34.67 % and 66.24 % respectively; in SVZs
— lower by 181.10 % and 104.47 % (p < 0.05) (Table 1).
At the same time, Nestin expression in DG and SVZs did
not differ from the indices of “A1” and “A2” subgroups
of compensated LC and control subgroups “Cntr1” and
“Cntr2” (p > 0.05) (Table 1). In the SVZs of subgroups
“C1” and “C2”, areas of perivascular rarefaction of the
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subependymal tissue were often observed, as well as
more often determined foci of encephalolysis adjacent to
the SVZ, however, the latter were surrounded by reactive
astrocytes with reduced or lost Nestin expression. In the
hippocampus outside the DG, Nestin expression was pro-
portionally reduced in all previously described structures
and retained relatively pronounced only in the elongated
multipolar NECs of “glial plates” around the bases of the
CP vessels. Nestin levels in DG and SVZs in subgroups
“C1” and “C2” did not show significant differences (p >
0.05) (Table 1).

CD44 expression. In DG and SVZs in control sub-
groups “Cntr1” and “Cntr2”, CD44 expression was deter-
mined in the cell membranes of fibrous-like astrocytes
and their long, straight perpendicularly directed processes
with small varicosities. In SVZ of anterior horn, CD44+
processes localized directly under ependymal monolayer
and spread up to the top layers of underlying caudate
nucleus head. In DG, CD44+ astrocytes determined
predominantly in SGZ and hilus. Outside DG, weak to
moderate CD44 expression was detected in astrocytes
of alveus, stratum lacunosum, fimbria-fornix and in in-
terlaminar astrocytes of the subpial zone. CD44 levels
in DG and SVZs of older subgroup “Cntr2” exceeded by
27.61 % and 20.32 % (respectively) indicators of younger
subgroup “Cntr1” (Table 1).

In patients with compensated LC of subgroups “A1”
and “A2”, CD44 level in DG did not differ from control
subgroups, however, in SVZs, CD44 levels significantly
exceeded the indices of “Cntr1” and “Cntr2” — by 11.89 %
and 9.65 %, respectively. Growth of CD44 expression is
explained by expansion of the area of immunopositive
cells and their processes in the same hippocampal re-
gions and SVZs as in the control. In older subgroup “A2”
of patients with compensated LC, both in DG and SVZs,
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Fig. 1. Cytoplasmatic Nestin expression in cell bodies and processes within the subventricular glial nodule in the anterior horn of the brain lateral ventricle in 63 y. 0. deceased patient

of control group (subgroup “Cntr2”). Mo monoclonal Nestin, clone 10C2, Master diagnostica. Mag. x100.

Fig. 2. Nestin expression in the bodies and processes of astrocyte-like cells and in the vascular endothelium of the astrocytic ribbon in SVZ of the lateral ventricle anterior horn in
67 y. 0. deceased patient of the control group (subgroup “Cntr2”). Mo monoclonal Nestin, clone 10C2, Master diagnostica. Mag. x200.

Fig. 3. Nestin expression in the cytoplasm and processes of astrocyte-like cells and in the vascular endothelium of the emerging glial scar near the SVZ of the lateral ventricle anterior
horn in 63 y. 0. deceased patient with subcompensated LC (subgroup “B2”). Mo monoclonal Nestin, clone 10C2, Master diagnostica. Mag. x100.

Fig. 4. Nestin expression in the cytoplasm and processes of astrocyte-like cells in the fimbrial region of the hippocampus near the base of the choroidal vessels in 72 y. 0. deceased
patient with subcompensated LC (subgroup “B2”). Mo monoclonal Nestin, clone 10C2, Master diagnostica. Mag. x100.
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a higher level of CD44 was determined: by 37.28 % and
17.91 %, respectively (p < 0.05), compared to younger
subgroup “A1” (Table 1).

In patients with subcompensated LC of subgroups
“B1”and “B2”, CD44 level exceeded parameters of control
subgroups “Cntr1” and “Cntr2": in DG — by 54.44 % and
56.36 %; in SVZs — by 35.35 % and 40.31 %, respectively
(p < 0.05), as well as values in compensated LC of sub-
groups “A1” and “A2”: in DG — by 51.48 % and 42.57 %; in
SVZs — by 20.95 % and 27.95 %, respectively (p < 0.05).
In both DG and SVZs, higher values were noted in older
subgroup “B2” compared to younger “B1”: by 29.21 %
and 24.73 %, respectively (p < 0.05) (Table 1). In DG,
increased CD44 expression was determined mainly in
a dense network of CD44+ fibers in the SGZ and hilus,
as well as around the cell membranes of neurons in the
granular layer. Determining whether this expression
is neuronal-membrane is problematic without double
labeling technique. In the molecular layer of DG, single
CD44+ astrocytes often connected by their processes the
membranes of granular neurons of stratum granulosum
and vessel walls of the molecular layer (Fig. 5). In “B1”
and “B2” subgroups of subcompensated LC, CD44+
astrocyte-like cells and a dense network of long CD44+
processes were found in increased amounts in the alveus,
stratum radiatum, stratum lacunosum, fimbria-fornix,
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subpial zone (interlaminar astrocytes), “glial plates”
around the base of the CP vessels, partially coinciding in
localization with the highest expression of Nestin in the
same subgroups.

In the SVZ of the anterior ventricular horn, increased
CD44 expression was determined in its layers I, I, and
IV. In areas of astrogliosis of the head of the caudate
nucleus in subcompensated LC brains, there was also a
significant expression of CD44 in a network of elongated
straight astrocytic varicose processes and their fragments,
as well as in the clusters of small rounded-shaped stem-
like cells with 1-2 short thin processes. In addition to
fibrous astrocytes, CD44 expression was also determined
in protoplasmic astrocytes with bushy appearance. Often,
the bodies of CD44+ astrocytes localized near large
vessels sending a smaller part of the processes to the
vascular walls and most of them directing radially from
the vessels, forming characteristic, asymmetric perivas-
cular radiances.

In decompensated LC of subgroups “C1” and “C2”,
CD44 level was reduced relative to compensated sub-
groups “B1” and “B2”: in DG — by 45.40 % and 54.11 %;
in SVZs —by 17.23 % and 26.88 %, respectively (p < 0.05)
(Table 1). Despite the general trend towards a decrease
in CD44 expression in decompensated patients, CD44
rates in DG and SVZs in older “C2” subgroup exceeded
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Fig. 5. CD44 expression in the granular and subgranular layer of DG, as well as in the fibrous-like astrocyte of the molecular layer, sending its direct processes to the granular layer
and to the vascular wall, in deceased 67 y. o. patient with subcompensated LC (subgroup “B2"). Rabbit polyclonal anti-CD44. Mag. x200.

Fig. 6. Ki-67 expression by single cellular nuclei within the hypocellular gap, astrocytic ribbon, and also in the head of the caudate nucleus adjacent to the SVZ in deceased
45Yy. o. patient with subcompensated LC (subgroup “B1”). Ki-67 rabbit monoclonal antibody, clone SP6. Mag. x200.

Fig. 7. GS expression in the cytoplasm and dendrites of neurons, perineuronal gliocytes, astrocytes and their processes near the focus of encephalolysis in the caudate nucleus

adjacent to the SVZ of the lateral ventricle anterior horn in deceased 73 y. o. patient with decompensated LC (subgroup “C2"). Rabbit polyclonal anti-GS. Mag. x50.

Fig. 8. AQP4 expression in ependymocytes and astrocytic processes within hypocellular gap and astrocytic ribbon in the SVZ of the lateral ventricle anterior horn in deceased
45'y. o. patient with subcompensated LC (subgroup “B1”). Rabbit polyclonal anti-AQP4. Mag. x400.

those in younger “C1” subgroup: by 21.90 % and 15.25 %,
respectively (p < 0.05). In foci of encephalolysis of different
age in the head of the caudate nucleus adjacent to the
SVZ, membrane expression of CD44 was often found in
the body and elongated processes of reactive astrocytes
that form glial scars.

Ki-67 expression. In the DG, nuclear Ki-67 expres-
sion was determined in single cells of the subgranular
zone only in the younger “B1” subgroup in subcompen-
sated LC (Table 1), however, the method of this IHC study
does not identify the phenotype of Ki-67+ cells.

In the SVZs of control subgroup “Cntr1”, Ki-67+ nuclei
were found in single cells of the astrocytic ribbon in the
anterior and lower horn of the lateral ventricle, as well
as in layer Il directly under the ependyma. In younger
patients with compensated LC of “A1” subgroup, Ki-67
expression was observed in single cells of the same lo-
calization. In younger patients with subcompensated LC
of “B1” subgroup, a 3-fold higher number of Ki-67+ cells
were determined in SVZs compared to control “Cntr1”,
and single Ki-67+ cells were found in the caudate nucleus
directly under the astrocytic ribbon (Fig. 6). At the same
time, in patients with decompensated LC of both age
subgroups “C1” and “C2”, no Ki-67+ cells were detected
at all in SVZs. In patients with subcompensated and
decomensated LC, Ki-67 expression was absent in small
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areas of the reparative astrogliosis around encephalolysis
foci adjacent to the SVZs.

Both in control patients and in all cirrhotic groups
older than 60 y. o., in DG and SVZs Ki-67+ cells were
absent (Table 1).

GS expression. In control patients, GS-antibody la-
beled cytoplasm of astrocytic bodies and initial segments
of processes in DG SGZ, in the hippocampal fimbria-fornix
and in the “glial plates” of the CP vessels, as well as in
astrocytes of astrocytic ribbons of SVZs, in protoplas-
mic-like astrocytes of the caudate nucleus adjacent to the
SVZ. Weak GS expression was found in the cytoplasm
of ependymal cells of lateral ventricles. GS level had no
significant differences between age subgroups “Cntr1”
and “Cntr2” (Table 1).

In compensated LC of subgroups “A1” and “A2”, GS
level exceeded control “Cntr1” and “Cntr2”: in DG — by
54.66 % and 60.59 %; in SVZs —by 89.04 % and 53.79 %,
respectively (p < 0.05) (Table 1). Elevated GS expression
was due to an increased number of GS+ cells and their
processes in the same localizations as in control. GS level
in DG and SVZs did not differ between the age subgroups
“A1” and “A2".

In subcompensated LC of subgroups “B1” and “B2”,
GS level exceeded not only control values, but also indices
of compensated subgroups “A1” and “A2”: in DG — by
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79.88 % and 75.98 %; SVZs — by 33.07 % and 28.12 %,
respectively (p < 0.05) (Table 1). In subcompensated
LC, in the foci of postnecrotic astrogliosis of the caudate
nucleus head adjacent to the SVZ, as well as in the white
matter of hippocampus, GS+ hypertrophied fibrous astro-
cytes, GS+ binuclear astrocytes and astrocyte-like cells
were found, as well as weakly GS-positive perivascular
astrocytic endfeet. In the “glial plates” of the base of the
CP vessels, an increased number of GS+ astrocytes
were also found.

In decompensated LC of subgroups “C1” and “C2”,
an increased GS level was determined in DG, which
significantly (p < 0.05) exceeded that in compensated
and subcompensated LC subgroups (Table 1). The
highest GS level compared to control in decompensated
LC was observed in the SVZ astrocytic ribbon and brain
tissue adjacent to the SVZ. Interestingly, SVZs of younger
decompensated patients (“C1”) was characterized by
significantly higher GS levels than compensated and sub-
compensated patients of the same age subgroups (“A1”
and “B1”) (p < 0.05), however, in older decompensated
patients (“C2"), it decreased to the values of compensated
(“A2”) and became less than subcompensated (‘B2”) by
30.44 % (p < 0.05) (Table 1).

GS expression in DG and SVZs did not differ be-
tween the groups “A1” / “A2” and “B1” / “B2”; however,
for SVZs, GS level in older “C2” subgroup was signifi-
cantly lower than in younger “C1” by 41.34 %. Despite
the trend towards a decrease in GS level in “C2”, in
the subventricular tissue of the caudate nucleus and
in hippocampus, separate groups of neurons were
identified to selectively express GS in their cytoplasm
and dendrites, as well as in the initial parts of axons
(Fig. 7). Additionly, nearby acute and healing small
foci of encephalolysis, polyphenotypic GS appearance
were defined in the satellite oligodendrocyte-like glia
around GS- and GS+ neurons, in firbrose-like astrocytes,
perivascular astrocytic endfeet, as well as in individual
chains of oligodendrocytes.

AQP4 expression. In DG and SVZs of control
subgroups “Cntr1” and “Cntr2”, AQP4 expression of was
determined in the plasma membranes of ependymocytes,
plasmalemmas of astrocytic bodies and perivascular
endfeet, as well as in the parenchymal processes forming
a network of intersecting immunopositive thin strands in
the neuropil of the SVZ hypocellular gap; in astrocytes of
astrocytic ribbons; astrocytes of DG SGZ and hippocam-
pal hilus, as well as in the astrocytes of the “glial plates”
of the base of the CP vessels. AQP4 level in both DG
and SVZ had no differences between subgroups “Cntr1”
and “Cntr2” (Table 1).

With progression of LC from compensated to sub-
compensated and decompensated stage, the same
aforementioned cell populations of DG and SVZs showed
an increase in AQP4 expression (Fig. 8) with significant
difference between subgroups “A1”/“B1” and “A2"/ “B2”.
However, in patients with decompensated LC, AQP4
expression in both DG and SVZs stops its growth having
no differences between the subgroups “B1” / “C1” and
“B2” / “C2". AQP4 levels between age subgroups of the
same LC class (“A1”/“A2”,“B1”"/“B2", “C1”/ “C2") did not
have a significant difference (p < 0.05) (Table 1).
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Discussion

Itis believed that mammalian NSCs are specialized cells
capable of self-renewal, proliferation, and differentiation in
new lineages, which, however, almost completely cease
to realize their neurogenic potential soon after birth under
physiological conditions [16]. Quiescence, reactivation,
subsequent proliferation, and selection further differen-
tiation pathway are finely regulated by factors that are
synthesized by niche astrocytes [17], by NSCs as well as
controlled by activity nearby neurons and composition of
CSF containing numerous growth factors [4]. According
to E. Akdemir et al. and S. Clavreul et al. [9,18], during
animal embryogenesis, glial differentiation of progenitor
cells are finely tuned by the Notch signaling pathway and
dynamic expression of transcription factors (sex-determin-
ing region Y-box 9 [Sox9]; brain-specific homeobox/POU
domain protein 2 [Brn2]; nuclear factor-I A [NFIA]; zinc
finger and BTB domain-containing protein 20 [Zbtb20]),
which suppress neuronogenesis and promote switching
of differentiation program to the path of astrocytogene-
sis. It is believed, that under physiological conditions in
vertebrates, the proliferation of astrocytes derived from
niche NSCs ends in the early postnatal period [19,20],
and in adults, a low-level proliferation is determined only
in mature astrocytes [9].

Specific factors and pathological processes causing
stimulation, activation and proliferation of niche NSCs in
adults still need to be established, and the mechanisms
of adult astrocytogenesis are extremely poorly described
even in animals [9,18].

Nestin, an intermediate filament protein Class VI, still
considered the main marker of NSCs and NPCs, its ex-
pression is suppressed during subsequent differentiation
of NPCs into neurons or glia [21]. Nevertheless, Nestin
expression, which depends on the ubiquitin proteasome
system, can also be determined in mature reactive astro-
cytes, in which itis presumably involved in the processes
of mitosis, differentiation and migration [21].

In our study, Nestin expression was determined
in multi- and bipolar SVZs cells of the anterior horn of
the lateral ventricles of the GM, which morphologically
resembled niche astrocyte-like NPCs and neuroblasts
described by C. Wang et al. [22]. In the SVZs of
control cases Nestin+ cells were localized mainly in
subventricular glial nodules, which is consistent with
the data of S. de Sonnaville et al. [4]. The low Nestin
level in SVZs of control patients in both age groups
indicates that, outside of pathological stimulation, the
basal amount of Nestin+ NSCs in niche areas is largely
unchangeable.

In patients with compensated cirrhosis, the SVZs as-
trocytic ribbons were found to have significantly increased
Nestin+ level compared to control, and even more so in
elderly patients. SVZs of subcompensated cirrhosis was
characterized by maximal Nestin expression, associated
with 3-fold increase number of Ki-67+ cells in patients less
than 60 y. 0., which significantly exceeds the indicators
of elderly patients with more pronounced destructive
processes in the periventricular tissue, and indicates a
greater degree of reactivity of niche cells in response
on less pronounced damage to the nervous tissue in
younger patients.
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Herewith, we failed to detect Nestin+ cells outside
the vascular walls in the DG SGZ of the hippocampus,
which indicates a lower significance of the DG SGZ as a
niche of permanent adult neurogenesis in a conditionally
intact brain, as well as in response to chronic hepato-
genic intoxication and that is partially confirmed by other
studies [16]. We found that in control groups as well as
in compensated and subcompensated cirrhotic patients,
hippocampal NECs and Nestin+ fibers were maximally
localized in the fimbria-fornix, “glial plates” of the base
of the CP vessels, SVZ, subpial zone up to subiculum.
A similar localization of NECs in the hippocampus of
healthy adults and patients with epilepsy has been
described by J. Liu et al. [15]. Mentioned Nestin+ cells
were morphologically similar astrocyte-like NECs found
in the astrocytic ribbon of the anterior ventricular horn.
In compensated and subcompensated cirrhotic patients,
named areas of the hippocampal formation were char-
acterized by increased expression of Nestin+, CD44+,
GS+, including that in astrocyte-like cells. This suggests
the potential role of the lower ventricular horn SVZ, the
fimbria fornix, “glial plates” around the blood vessels
entering the CP, and hippocampal subpial zone as a
possible alternative neurogenic niche of the hippocampal
formation.

As was indicated by R. Bihimaier et al. [23] “glial
plate’s” astrocytes are surrounded by specific microen-
vironment and are highly susceptible to aggressive and
trophic factors, which exchange in CP is persistently
enhanced. According to J. Passarelli et al., they may
directly influence neurogenesis, being in close relation-
ship with subependymal niche astrocytes [8]. It should
be noted that NECs in the studied SVZs and hypothetical
alternative neurogenic niches morphologically correspond
to the proliferative NSCs described by other researchers
[15,24]. Thus, we assume that revealed growth of Nestin+,
CD44+, GS+ expression in astrocyte-like cells of SVZs
and hypothetical alternative neurogenic niches during
compensated and subcompensated cirrhosis is due to
the activation of astrocytogenesis programs in response
to widespread dysmetabolic astrodystrophy and astrocyte
loss developing in patients with cirrhosis [1].

In the brain of patients with compensated and sub-
compensated cirrhosis, we identified areas of reparative
astrogliosis around single small foci of encephalolysis in
the head of the caudate nucleus adjacent to the SVZ of
the anterior horn, which contained astrocyte-like NECs
with niche morphology, most likely migrating from the
nearby SVZ niche. Migration is also supported by the
absence of Ki-67 expression in areas of astrogliosis with
the simultaneous presence of single Ki-67+ cells in the
nearby SVZ.

We found that with the progression of cirrhosis,
astrocytes of SVZs and SGZ DG significantly increases
GS expression, and this sharply decrease in elderly
patient's SVZ with decompensated cirrhosis, as well as
in other brain regions [1]. This most likely indicates an
adaptive increase in GS synthesis by periventricular,
including fibrous astrocytes in response to high levels of
ammonia in the brain tissue, which is accompanied by
the activation of neurogenesis programs in niches and
an increased Nestin level.
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In older patients of control groups and of cirrhotic
groups of all three Child—Pugh classes, in both SVZs and
DG SGZ we established significantly increased CD44
expression, the main receptor for hyaluronic acid (HA),
compared to younger patients, which is in line with idea
of the age-related accumulation of HA in the brain and
increased expression of CD44 [25]. Membrane CD44
is involved in intercellular adhesion, cell migration and
signaling [26]. In human brain, the main cells expressing
CD44 are white matter fibrous astrocytes and, to lesser
extent, oligodendrocytes, neurons, and microglia [26]. In
our study, the location of CD44+ cells with their charac-
teristic long straight processes coincides with the locali-
zation of Nestin+ cells in the SVZs and beyond, including
areas of periventricular reactive astrogliosis. Liu Y. et al.
[27] have shown that overexpression of CD44 in glial pro-
genitor cells inhibits oligodendrocyte differentiation and
promotes astrocytic lineage differentiation. Moreover,
recent studies [28] evidenced that Nestin expression in
adult niche astrocytes negatively regulates neurogene-
sis through Notch signaling switching the differentiation
of new generations of NSCs to the astrocytic lineage.
It can be assumed that the simultaneous increase in
the expression of Nestin and CD44 in subventricular
neurogenic niches in patients with compensated and
subcompensated cirrhosis is an adaptive attempt to
activate NSCs, including subsequent switching towards
astrocytogenesis (which is indirectly confirmed by the
presence of clusters of Nestin+ NSC-like cells in areas
of periventricular astrogliosis).

Cirrhosis decompensation leads to a dysfunctional
state of the entire astrocytic population, edematous
changes and clasmatodendrosis of astrocytes [1]. In
patients with decompensated liver cirrhosis and severe
Grade 34 hepatic encephalopathy, associated with the
maximal ammonia accumulation in the brain and aggrava-
tion of astrodystrophy [2], compensatory astrocytogenesis
in the neurogenic niches drops, characterized by signi-
ficant decrease in Nestin and CD44 expression, and the
absence of Ki-67 expression in all brain regions studied.

Conclusions

1. In patients with compensated and subcompen-
sated liver cirrhosis, subventricular neurogenic niches
(subventricular zone of the anterior and inferior horns of
the lateral ventricles), as well as in the fimbria-fornix, “glial
plates” of the base of the choroid plexus vessels, subpial
zone of the hippocampus, demonstrate signs of activation
of neural stem cells and niche astrocytes in the form of
increased expression of Nestin, CD44, Ki-67, and GS.

2. Insubventricular zones of control patients, the larg-
est number of Nestin+ cells are localized in subventricular
glial nodules, while in cirrhotic patients, an increase in
Nestin-positive cells is observed mainly in the astrocytic
ribbons.

3. Incirrhotic patients, cells of the subgranular zone
of the hippocampal dentate gyrus, which is considered
the second canonical neurogenic niche of mammals,
show insignificant expression of Nestin, which indicates
less involvement of this zone in the processes of adult
neurogenesis in chronic hepatogenic neurotoxicity.
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4. During subcompensated liver cirrhosis, periven-
tricular reparative astrogliosis around encephalolytic foci
in the head of caudate nucleus, beside GS+ and CD44+
astrocytes include clusters of astrocyte-like Nestin+ and
CD44+ cells, which may indicate the migration to these
reparative foci of astrocytes that differentiate from stem
cells of the nearby active subventricular niche.

5. The patterns of Nestin, CD44, GS, AQP4 and Ki-67
expression in patients with decompensated liver cirrhosis
with severe hepatic encephalopathy Grade 3—4 and deep
astrocytic insufficiency reflect significant decrease in the
activity of subventricular neurogenic niches and inhibition
of astrocytogenesis in periventricular foci of astrogliosis.

Prospects for further research. Further studies are
needed to evaluate more astrocyte-specific progenitor
markers to confirm or refute the hypothesis of activation of
the adult astrocytogenesis from niche stem cells in health
and hepatogenic neurotoxicity to search the methods of
control the regenerative programs that are expected to
exist throughout human life.
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