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ABSTRACT

Every year, about 150,000 strokes occur in Ukraine, and more than 100,000 people die from the consequences of stroke and other circulatory
disorders in the brain. So far, promising experimental data on the treatment of neurological dysfunction using mesenchymal stromal cells
(MSCs) have been obtained.

PURPOSE: to characterize the impact of MSCs of various origins, lysate from Wharton's jelly-derived MSCs and citicoline on the dynamics of
destructive changes in the hippocampal CA1 area of rats with the model of acute cerebral ischemia according to morphometric data.

MATERIALS AND METHODS. An experiment was performed using 4-month-old male Wistar rats, which were subjected to transient bilateral
20-minute ischemia-reperfusion (IR) of the internal carotid arteries. After modeling, the animals were injected intravenously with Wharton's
jelly-derived MSCs, human and rat adipose-derived MSCs at the dose of 10° cells/animal. Other groups were intravenously injected with rat
fetal fibroblasts at the dose of 10° cells/animal and lysate from Wharton's umbilical cord MSCs at the dose of 0.2 mL/animal. Control animals
were injected with 0.2 mL of saline. The last group of rats received a single dose of the reference drug citicoline at the dose of 250 mg/kg. On
the 71" and 14" day, the total number of neuron nuclei per 1 mm? brain section was counted in the hippocampal CA1 area, and the ratio of the
number of intact neuron nuclei and nuclei with changes (karyorrhexis and karyopyknosis) was determined.

RESULTS. The transplantation of MSCs, lysate from Wharton's jelly-derived MSCs, or citicoline contributed to the greater number of nuclei in
the hippocampal CA1 area, and the number of nuclei that did not undergo pathological changes also increased. The transplantation of Whar-
ton's jelly-derived MSCs had the most positive effect. The number of neuron nuclei per 1 mm? in the hippocampal CA1 area in this group of
animals approached the number of nuclei in the group of sham-operated animals. At the same time, the number of nuclei that did not undergo
pathological changes significantly exceeded the number of nuclei with signs of destruction.

CONCLUSION. A significant increase in the number of neurons without signs of pathological changes was observed in all experimental groups
of rats during the modeling of ischemic brain injury after the administration of various types of studied mesenchymal stromal cells, lysate or
citicoline. The most positive result in the hippocampal CA1 area was achieved after the administration of Wharton's jelly-derived MSCs.
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Acute cerebrovascular accident (ACVA) accompanied by cerebral in-  every year, and more than 100,000 people die from strokes and other
farction is a global epidemic and the second leading cause of death inthe  vascular disorders in the brain. Most people who have survived a stroke
world as well as in Ukraine [1, 2]. About 150,000 strokes occur in Ukraine  suffer from its physical, cognitive, mental, and socioeconomic conse-
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quences throughout their lives, which cause a huge burden of this disease
on families, communities, and the state [3]. A third of such patients are
people of working age, up to 50 % will have a disability, and only one in
ten will return to a full life in all respects [2]. Therefore, treatment of acute
cerebrovascular disorders is a priority direction in the Program of Medical
Guarantees in Ukraine with funding at an increased rate [4].

The formation of an ischemic foci in ACVA is accompanied by de-
structive-degenerative changes in the cytoarchitectonics of nervous tis-
sue, which sign is a decrease in the area and density of neurons and the
content of nucleic acids in them. Decreased blood supply to the brain
leads to a limited supply of O, and glucose to the brain. Hypoglycemia
causes the activation of glycolysis and, accordingly, a decrease in the
formation of ATP in the brain. Neural cells lose K* ions, accumulate Na*
and H,0 ions leading to cytotoxic swelling of the brain tissue [5]. In the
treatment of stroke, it is important to restore the perfusion of the ischemic
area as soon as possible [6, 7]. However, the search for effective and safe
means to reduce the manifestations of ACVA is still ongoing.

So far, promising experimental data have been obtained regarding
the ability of mesenchymal stromal cells (MSCs) to prevent the occu-
rrence of metabolic disorders and depletion of structural components of
neurons, which is one of the signs of their protective effect in conditions
of cerebral ischemia [8-11]. However, such studies are limited, and even
less often comparative. The study of the impact of MSCs in the treat-
ment of stroke has been carried out for the last two decades. MSCs can
be obtained from bone marrow, umbilical cord, adipose tissue, placenta,
neural crest-derived tissues, and others. To date, bone marrow-derived
MSCs are the most studied and best characterized MSCs [12]. However,
even in recent studies, the main source of MSCs was bone marrow and
adipose tissue, and only one study was performed with placental cells
[13]. At the same time, as in our case, both allogeneic [14] and xenoge-
neic [15] cells were used in the research. As for the use of MSC lysate,
we could not find any references. It is interesting that in recent studies of
this problem, the action of MSCs from one specific source was studied,
while we compared the effects of both xenogeneic and allogeneic cells
from two sources. Wharton's jelly-derived MSCs have the best clinical
prospects due to their unique beneficial properties. They do not cause
ethical and legal controversies; they are easy and painless to obtain in
large number, multipotent, high proliferative, hypoimmunogenic and do
not induce malignant tumors.

The above data on the neuroprotective effects of MSCs on the isch-
emic brain served as the basis for conducting this study, the PURPOSE of
which was to characterize the impact of MSCs of various origins, lysate
from Wharton's jelly-derived MSCs, and citicoline on the dynamics of de-
structive changes in the hippocampal CA1 area of rats with ACVA accor-
ding to morphometric data.

MATERIALS AND METHODS

An experiment was performed using 200 4-month-old male Wistar
rats with a body weight of 160-190 g, which were subjected to transient
bilateral 20-minute ischemia-reperfusion (IR) of the internal carotid ar-
teries. Animals from the vivarium of National Pirogov Memorial Medi-
cal University (Vinnytsya, Ukraine) were kept in standard conditions with
free access to water and food ad libitum. When conducting the study,
the recommendations of the State Expert Center of the Ministry of Health
of Ukraine, the requirements of bioethics regarding the National "General
Ethical Principles of Animal Experiments" approved by the 1t National
Congress on Bioethics (Kyiv, Ukraine, 2001) and the Law of Ukraine "On
the Protection of Animals from Cruelty" dated February 26, 2006 were re-
spected. The experimental model of ischemia-reperfusion was performed
by occlusion of the internal carotid arteries on both sides for 20 minutes
(ischemia) followed by removal of ligatures (reperfusion) and suturing
of the skin. The surgery was performed under anesthesia with 60 mg/kg
"Propofol-novo" (Novofarm-Biosyntez LLC, Ukraine). The selected model
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reflects the clinical picture of brain infarction and is adequate for the ex-
perimental study of potential neuroprotective agents [17]. Experimental
animals were divided into 9 groups (Table 1).

Table 1. Distribution of animals by groups in the experiment

Number of

Group animals Treatment

1 10 Intact animals

2 10 Sham-operated animals + 0.9 % saline solution
at the dose of 2 mL/kg

3 40 IR + 0,9% saline solution at the dose of 2 mL/kg

4 20 IR + human Wharton’s jelly-derived MSCs at the
dose of 10° cells/animal

5 20 IR + rat fetal fibroblasts at the dose of 10° cells/animal

6 25 IR + human adipose-derived MSCs at the dose of
106 cells/animal

7 05 IR+ rat adipose-derived MSCs at the dose of
106 cells/animal

8 o5 IR + lysate of Wharton’s jelly-derived MSCs at the
dose of 0.2 mL/animal

9 25 IR + citicoline 250 mg/kg

The obtaining of cells from human Wharton's jelly and adipose tissue,
rat fetuses and adipose tissue, as well as cell lysate were described in our
previous study [16].

The 1% group is intact animals. The 2" group is sham-operated rats
under anesthesia, which were sequentially subjected to the standard sur-
gery (skin incision, vessel preparation) without the ligation of the internal
carotid artery, which reproduced the effect of the traumatic conditions of
the experiment. The 3 group is a control group subjected to 20-minute IR
model and injected intravenously with a 0.9 % saline solution at 2 mL/kg.
The same dose was administered to rats of the 2" group. The 4™ group
of animals immediately after IR was transplanted with human Wharton’s
jelly-derived MSCs at the dose of 10° cells/animal. The 5" group of ani-
mals underwent a single transplantation of rat fetal fibroblasts at the dose
of 106 cells/animal immediately after IR. The 6" group of animals with IR
received human adipose-derived MSCs at the dose of 10° cells/animal.
The 7" group of animals were injected with rat adipose-derived MSCs at
the dose of 108 cells/animal immediately after IR. The 9™ group of rats
received a single dose of citicoline "Neuroxon" (Arterium Corporation,
Ukraine) at the dose of 250 mg/kg immediately after IR. Citicoline was
chosen as a reference drug due to its ability to enhance neuroregeneration
in an experiment on rats and to improve cognitive and memory functions
in patients with cerebral ischemia [18-21]. The cell dose used by other
researchers was 10°%-10° cells per animal, which is consistent with our
methodology.

To analyze the effect of MSCs of various origin, lysate of human
Wharton’s jelly-derived MSCs and citicoline on the dynamics of destruc-
tive changes in the hippocampal CA1 area in 7 days (subacute ischemia)
and 14 days (recovery period) after IR, rats were euthanized by decapita-
tion with a previous overdose of pentobarbital (Bioveta JSC, Czech Re-
public) at the dose of 100 mg/kg [13, 14, 22].

The brains of experimental animals were prepared and fixed with a
4 % formaldehyde solution for 24 hours. After fixation, the brains were
washed in water, processed with ethanol of increasing concentration and
xylene, and embedded in Paraplast Plus® (McCormick®, USA). 5 um thick
sections were made on a rotary microtome. Deparaffinized sections were
stained with hematoxylin-eosin according to standard methods.

Digital images of frontal brain sections obtained by BX-51 micro-
scope (Olympus, Japan) were analyzed using ImageJ 1.48v software
(freeware license, Rasband, USA). In the hippocampal CA1 area, the total
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number of neuron nuclei per 1 mm? was counted, and the ratio of the
number of intact neuron nuclei and nuclei with changes (karyorrhexis and
karyopyknosis) was also determined. To evaluate the obtained results,
statistical processing using Excel 2010 (Microsoft, USA) and STATISTICA
6 software (Statsoft Inc., USA) was performed. The hypothesis regar-
ding the normality of the distribution of groups of experimental animals
was tested by the Shapiro-Wilk test. The non-parametric Kruskal-Wallis
testwas used to analyze differences between groups of animals. Means and
standard errors were calculated; differences were considered significant
at p <0.05.

RESULTS AND DISCUSSION

Histological analysis of frontal sections of rat brain showed no diffe-
rences between intact and sham-operated animals, so the group of sham-
operated animals was used as a control group. In the hippocampus of
sham-operated animals, all zones and layers were clearly visualized, no
pathological changes were observed (Fig. 1).

Fig. 1. Photomicrograph of a rat brain section. CA1 pyramidal
layer of the hippocampus of a sham-operated animal. The
nucleus of a pyramidal neuron (marked by two arrows)
contains a nucleolus (marked by an arrow) and a large
amount of euchromatin. The apical dendrite (indicated
by three arrows) of the pyramidal neuron is directed into
the stratum radiatum. The nucleus of an endotheliocyte is
marked with a black triangle, the nucleus of an astrocyte is
marked with a white triangle; ¢ — the lumen of a blood vessel.
Scale bar — 20 pm. Light microscopy, hematoxylin-eosin
staining.

In the hippocampal CA1 area, the stratum oriens was formed by basal
dendrites of pyramidal cells. In the stratum pyramidale, the bodies of pyra-
midal neurons formed a dense layer of cells that were compactly arranged
in 3-5 rows. The nuclei of pyramidal neurons contained single nucleoli
and a large amount of euchromatin (Fig. 1). Radially oriented unbranched
apical dendrites of pyramidal neurons were observed in the stratum ra-
diatum. In the stratum lacunosum-moleculare, which was formed by the
thin ends of the apical dendrites of pyramidal cells, a significant number
of blood vessels were visualized, in which single erythrocytes were ob-
served. The wall of small vessels was lined by endotheliocytes with nuclei
rich in heterochromatin.

In the group of control ischemic animals, on the 7™ day after the mo-
deling of ischemia-reperfusion, almost complete degeneration of the py-
ramidal layer was observed in a part of the hippocampal CA1 area slices:
shrunken hyperchromic bodies of neurons with acidophilic cytoplasm and
karyopyknosis and karyorhexis of the nuclei (Fig. 2 A). Intensive infiltra-
tion of microglial cells was observed in the stratum pyramidal and stratum
radiatum.
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Fig. 2. Photomicrograph of rat brain sections. Degeneration
of the pyramidal layer of the hippocampal CA1 area on
the 7™ day (A) and on the 14" day (B) after IR modeling.
Shrunken hyperchromic bodies of neurons with acidophilic
cytoplasm are indicated by triangles. Single neurons with
normal structure are indicated by arrows. Swelling of the
intercellular space. Scale bar — 20 pm. Light microscopy,
hematoxylin-eosin staining.

The structure of the stratum radiatum in the hippocampal CA1 area
became homogeneous, and the architecture of the apical dendrites bun-
dles was disrupted (Fig. 2 A). Swelling of the intercellular space, marked
perivascular edema and constriction of the vessel lumen developed.
Hemorrhage with the formation of hyaline masses, sludge and destru-
ction of erythrocytes was observed in some animals of this group (Fig. 3).
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Fig. 3. Photomicrograph of a rat brain section. Hippocampal
CA1 area on the 7" day after the modeling of ischemia-
reperfusion. Hemorrhage with the formation of hyaline
masses. Scale bar — 50 pm. Light microscopy, hematoxylin-
eosin staining.

On the 14" day after the modeling of ischemia-reperfusion, dege-
neration of the pyramidal layer of the hippocampal CA1 area was also
observed. The nature of destructive changes was similar to that on the
7" day after IR. The structure of the stratum radiatum of hippocampal
CA1 area was also homogeneous, swelling of the intercellular space and
marked perivascular edema were observed, and the architecture of the
apical dendrites bundles was disturbed (Fig. 2 B).

Against the background of the above-described changes in the pyrami-
dal layer of hippocampal CA1 area after ischemic injury, a significant num-
ber of intact pyramidal neurons was observed in the rats of the group of
IR + human Wharton's jelly-derived MSCs on the 71" day after the transplan-
tation (Fig. 4 A). Microglial infiltration in the hippocampal stratum radiatum
and stratum pyramidal was almost not detected. In the pyramidal layer,
the bodies of pyramidal neurons were observed in the form of 3-5 ordered
cell layers. Among the normal euchromic nuclei of pyramidal neurons
containing one nucleolus, heterochromic and pyknotic nuclei with marked
perinuclear swelling were also observed. Apical dendrites formed ordered
bundles. The capillary wall consisted of endotheliocytes with heterochro-
mic nuclei. Perivascular edema was observed in some of the capillaries.



Fig. 4. Photomicrograph of rat brain sections. The pyramidal
layer of the hippocampal CA1 area on the 7" (A) and
14" (B) days after modeling of ischemia-reperfusion and
transplantation of human Wharton’s jelly-derived MSC. A —a
significant number of intact neurons in the pyramidal layer;
radially oriented apical dendrites form equal bundles in the
stratum radiatum. Scale bar — 50 pm. B — nuclei of neurons
with a large amount of euchromatin and one or two nucleoli
form structured bundles; neurons with normal structure are
indicated by triangles; damaged hyperchromic neurons with
acidophilic cytoplasm are indicated by arrows. Scale bar —
20 pm. Light microscopy, hematoxylin-eosin staining.

On the 14" day after transplantation of human Wharton's jelly-derived
MSCs, the cytoarchitectonics of the hippocampal CA1 area was similar
to that on the 7™ day. Pyramidal neurons formed continuous, ordered
bundles, and nucleoli and euchromatin were clearly visible in the nuclei of
these neurons (Fig. 4 B). Damaged hyperchromic bodies of neurons with
acidophilic cytoplasm were also observed. The apical dendrites formed
radially oriented unbranched structured bundles. Endotheliocytes with
heterochromic nuclei are clearly visible in the wall of blood vessels.

On the 7™ day after the modeling of ischemia-reperfusion and trans-
plantation of rat fetal fibroblasts, both pyramidal neurons with a euchro-
matin nucleus and one nucleolus, as well as damaged hyperchromic
neurons with signs of karyopyknosis and acidophilic cytoplasm, were
observed in the hippocampal CA1 area (Fig. 5 A). The stratum radiatum
was disorganized, the apical dendrites did not form ordered bundles. The
lumen of blood vessels was narrowed, blood plasma proteins and erythro-
cytes were clearly visible, and perivascular edema was also observed.

Fig. 5. Photomicrograph of rat brain sections. Pyramidal layer
of the hippocampal CA1 area on the 7" (A) and 14™ (B) days
after IR modeling and transplantation of rat fetal fibroblast.
A — pyramidal neurons with a euchromatin nucleus are
indicated by triangles, damaged hyperchromic neurons
with signs of karyopyknosis and acidophilic cytoplasm are
indicated by arrows; perivascular edema. Scale bar — 20 pm.
B — disorganization of the stratum radiatum; perivascular
edema; erythrocyte stasis and sludge in the lumen of
blood capillaries; endotheliocytes of capillary wall with
heterochromic nuclei. Scale bar - 50 pm. Light microscopy,
hematoxylin-eosin staining.
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On the 14" day after the modeling of ischemia-reperfusion and trans-
plantation of rat fetal fibroblasts in the hippocampal CA1 area, pyramidal
neurons formed an even bundle of several cell layers (Fig. 5 B). The nu-
clei of the neurons were rich in euchromatin and had a single nucleolus.
Single heterochromic or swollen nuclei were observed between these
nuclei. The stratum radiatum was disorganized, but, in contrast to the
7" day, the apical dendrites in some places formed equal bundles. The
lumen of the part of the blood vessels was narrowed, perivascular edema
was observed.

On the 7™ day after the IR modeling and transplantation of human
adipose-derived MSCs in the hippocampal CA1 area, pyramidal neurons
closely adjoined each other, forming equal tracts (Fig. 6 A). Nuclei of neu-
rons with a large amount of euchromatin and one or two nucleoli were
observed. Single nuclei of pyramidal neurons expressed signs of karyo-
pyknosis and edema. The apical dendrites had a more or less ordered
structure, but not the same as in sham-operated animals. In the wall of
blood vessels, there were endothelial cells with heterochromic nuclei.

Fig. 6. Photomicrograph of rat brain sections. Pyramidal layer
of the hippocampal CA1 area on the 7™ day (A) and 14" day
(B) after IR modeling and transplantation of human adipose-
derived MSCs. Neurons with normal structure are indicated
by triangles; damaged neurons are indicated by arrows.
Scale bar — 50 pm. Light microscopy, hematoxylin-eosin
staining.

On the 14" day after the modeling of ischemia-reperfusion and trans-
plantation of human adipose-derived MSCs, unchanged nuclei of neurons
forming several rows were observed in the hippocampal CA1 area. How-
ever, significant heterochromatization of the nuclei of pyramidal neurons
and swelling of the nuclei were sometimes observed (Fig. 6 B). In the
stratum radiatum in some areas, the apical dendrites formed ordered
bundles. Swelling of the intercellular space was detected. The lumen of
the blood vessels is narrowed; erythrocyte sludge and the accumulation
of blood plasma proteins were observed, as well as perivascular edema
was detected.

On the 7™ day after IR modeling and transplantation of rat adipose-
derived MSCs in the hippocampal CA1 area, pyramidal neurons formed a
dense layer of 3-5 rows of ordered cells (Fig. 7 A). The nuclei of neurons
were rich in euchromatin and with well-defined nucleoli. Single hetero-
chromic and pyknotic nuclei were also observed among unchanged eu-
chromic nuclei of pyramidal neurons. Microglial infiltration of the pyrami-
dal layer was not detected. The capillary wall consisted of endotheliocytes
with heterochromic nuclei. Perivascular edema was observed in some of
the capillaries.
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Fig. 7. Photomicrograph of rat brain sections. Pyramidal
layer of the hippocampal CA1 area on the 7" (A) and
14" day (B) after IR modeling and transplantation of rat
adipose-derived MSCs. A — the nuclei of neurons are rich
in euchromatin, with a well-defined nucleolus: microglial
infiltration of the pyramidal layer is not detected; neurons
with normal structure are indicated by triangles; damaged
neurons are indicated by arrows. Scale bar — 50 ym. B — the
nuclei of pyramidal neurons are rich in euchromatin, well-
defined nucleoli; apical dendrites form ordered structures; a
slight swelling of the intercellular space; pyramidal neurons
with normal structure are indicated by triangles; damaged
neurons are indicated by arrows. Scale bar — 50 ym. Light
microscopy, hematoxylin-eosin staining.

On the 14" day after the modeling of ischemia-reperfusion and the
transplantation of rat adipose-derived MSCs in the hippocampal CA1 area,
pyramidal neurons formed continuous, ordered bundles, most of the nu-
clei of hippocampal pyramidal neurons had a large amount of euchroma-
tin and one nucleolus (Fig. 7 B). Rare damaged hyperchromic bodies of
neurons with acidophilic cytoplasm were observed. A significant num-
ber of apical dendrites formed ordered structures, between which slight
swelling was detected. Blood filling was found in the blood capillaries, the
capillary wall was lined with endotheliocytes with heterochromic nuclei.
A decrease in perivascular edema was observed compared to the 7™ day.

On the 7' day after the modeling of IR and the application of the
lysate of human Wharton’s jelly-derived MSCs, both hyperchromic and
intact pyramidal neurons were observed in the pyramidal layer of the hip-
pocampal CA1 area (Fig. 8 A). Pyramidal neurons were arranged rather
chaotically, sometimes in two, and only in some places in three layers,
which differed significantly from the pyramidal layer in sham-operated
control animals.

sham-operated animals, it was significantly rarefied. Microglial infiltration
of the radiating and pyramidal layers of the hippocampus was also much
smaller. In some areas of the lacunar-molecular layer, perivascular edema
was observed, in the lumens of blood capillaries, stasis and sludge of
erythrocytes were detected (Fig. 9). The wall of blood vessels was formed
by endotheliocytes with nuclei rich in heterochromatin.

Fig. 9. Photomicrograph of a rat brain section. Hippocampal
CA1 area on the 7"" day after IR modeling and injection of
the lysate from umbilical cord-derived MSCs. Perivascular
edema is indicated by white triangles; the lumen of blood
vessels contains erythrocytes (indicated by arrows); the
vessel wall is lined by endotheliocytes with nuclei rich in
heterochromatin (indicated by black triangles). Scale bar —
20 pm. Light microscopy, hematoxylin-eosin staining.

On the 14" day after the modeling of IR and the application of the
lysate, the disorganization of the pyramidal layer was also observed in
the hippocampal CA1 area, and the neurons were not located densely, but
at some distance from each other (Fig. 8 B). Among the intact pyramidal
neurons, hyperchromic ones were also found. Collaterals of apical den-
drites were observed in some areas of the stratum radiatum.

On the 7™ day after modeling of IR and application of citicoline in the
stratum radiatum of the hippocampal CA1 area, single areas of normal
fibrous structure were observed against the background of homogeniza-
tion and microvacuolation. Such areas were located next to the pyramidal
layer (Fig. 10 A).

Fig. 8. Photomicrograph of rat brain sections. Pyramidal
layer of the hippocampal CA1 area on the 7" (A) and 14" day
(B) after IR modeling and injection of lysate from umbilical
cord-derived MSCs. Pyramidal neurons are located rather
chaotically and loosely; neurons with normal structure are
indicated by triangles; damaged hyperchromic bodies of
neurons are indicated by arrows. Scale bar — 50 ym. Light
microscopy, hematoxylin-eosin staining.

Parallelism of apical dendrites in the stratum radiatum was rarely
observed. The stratum radiatum was visualized much more clearly than
in the animals of the ischemia-reperfusion group, but compared to the
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Fig. 10. Photomicrograph of rat brain sections. Pyramidal
layer of the hippocampal CA1 area on the 7" (A) and 14
(B) day after IR modeling and citicoline injection. A—a
significant number of neurons are damaged in the pyramidal
layer; homogenization and microvacuolation of the stratum
radiatum; neurons with normal structure are indicated by
triangles; damaged hyperchromic bodies of neurons are
indicated by arrows. B — pyramidal neurons are loosely
located; neurons with normal structure are indicated by
triangles; damaged hyperchromic bodies of neurons are
indicated by arrows. Scale bar — 50 pm. Light microscopy,
hematoxylin-eosin staining.



A significant number of damaged hyperchromic neurons with aci-
dophilic cytoplasm were observed in the pyramidal layer. Microglial in-
filtration of the pyramidal layer was moderate. Perivascular edema was
detected in the lacunar-molecular layer, the lumen of blood vessels was
narrowed, accumulation of blood plasma proteins and erythrocyte sludge
was observed (Fig. 11). The wall of blood vessels was formed by endothe-
liocytes with nuclei rich in heterochromatin.

str. radmtum \}

Fig. 11. Photomicrograph of a rat brain section. Hippocampal
CA1 area on the 7" day after IR modeling and citicoline
injection. The lumen of blood vessels is narrowed, there

is an accumulation of blood plasma proteins; perivascular
edema was detected (indicated by white triangles); the
lumen of blood vessels contains erythrocytes (indicated

by arrows); the vessel wall is lined by endotheliocytes with
nuclei rich in heterochromatin (indicated by black triangles).
Scale bar — 20 pm. Light microscopy, hematoxylin-eosin
staining.

On the 14" day after IR modeling and citicoline application, pyramidal
neurons were incompactly located in the hippocampal CA1 area, and a
significant number of damaged hyperchromic neurons with acidophilic
cytoplasm were observed (Fig. 10 B). Compared to the same group of
animals on the 7™ day, these animals had a greater number of intact neu-
rons in the pyramidal layer. Homogenization of the stratum radiatum was
preserved. Perivascular edema was also observed.

Morphometric analysis showed that the number of neuron nuclei in
1 mm? of the hippocampal CA1 area of animals with modeled IR was 2.3
times lower than in sham-operated animals. On the 7" day, their number
decreased to 1627.3 +179.0 nuclei, and on the 14" —t0 1739.8 + 254.4 nu-
clei, compared to sham-operated animals (3977.4 + 233.7 nuclei) (Fig.12).
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A significant number (more than 90 %) of these nuclei were altered
with the signs of karyorrhexis and karyopyknosis (Fig. 13). Transplan-
tation of MSCs of various origins, lysate from human Wharton's jelly-
derived MSCs or citicoline contributed to an increase in the number of
nuclei in the hippocampal CA1 area, as well as an increase in the number
of normal unchanged nuclei (Figs. 12,13).
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Fig. 13. Ratio of the number of intact and altered nuclei of
neurons with signs of karyorrhexis and karyopyknosis per

1 mm? hippocampal CA1 area on the 7" and 14" day after IR
modeling and treatment.

The most positive effect after modeling of ischemia-reperfusion of
the rat brain had the transplantation of human Wharton’s jelly-derived
MSCs. The number of nuclei of neurons in the hippocampal CA1 area
in this group of animals approached the number of nuclei in the group
of sham-operated animals and on the 7" day after transplantation was
3226.0 + 259.7 nuclei, on the 14™ day — 3329.3 + 212.8 nuclei, while the
number of normal nuclei significantly exceeds the number of nuclei with
the signs of destruction (Fig. 13).

This study demonstrated that intravenous allogeneic or xenogeneic
transplantation of adipose-derived MSCs, human Wharton’s jelly-derived
MSCs and their lysate, rat fetal fibroblasts, and the reference drug citico-
line in a rat ischemic stroke model reduced the volume of ischemic brain
injury.

Various authors have shown that transplantation of MSCs after ische-
mic stroke improves brain function, effectively protects ischemic neurons
and restores brain injury [12-15]. This is due to the fact that MSCs se-
crete a numerous trophic and immunomodulatory cytokines, commonly
referred to as the MSC secretome, which has significant potential for the
treatment of various diseases and brain injury through the induction of
endogenous neuroprotection, neurogenesis, and angiogenesis [23, 24].

Adipose tissue is an available source of MSCs, from which they can
be easily obtained in significant quantities. Their effectiveness and safety
in the treatment of stroke was confirmed in animal models [25]. In rats
with middle cerebral artery occlusion, the transplantation of adipose-de-
rived MSCs has been shown to attenuate apoptosis and neuronal death,
exhibiting a significant neuroprotective effect through inhibition of the
KDM6B/BMP2/BMF axis [26].

Many researches have studied the efficacy of human Wharton's jelly-
derived MSCs in ischemic stroke. It was reported that in rats with occlu-
sion of the middle cerebral artery, transplantation of human Wharton's
jelly-derived MSCs reduced inflammation, enhanced neurogenesis and
angiogenesis, as a result of which the infarct volume decreased [27-30].

In the above studies, the effect of MSCs from one specific source was
studied, while we compared the effect of both xenogeneic and allogeneic
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cells from two sources. Variations in paracrine factors of various MSC
populations contribute to different levels of repair activity. MSCs from
human umbilical cord or adipose tissue act differently on cell populations
of central nervous system, in which Wharton's jelly-derived MSCs have
a better effect on the metabolic viability and cell density of primary hip-
pocampal neurons [31]. We also found a neuroprotective effect of lysate

CONCLUSION

from Wharton's jelly-derived MSCs in rats with a brain ischemia-reper-
fusion model. These data suggest that human Wharton's jelly-derived
MSCs are a promising agent for experimental therapy of ischemic stroke.
Existing evidence suggests that MSC therapy in ischemic stroke is safe
and promising.

of cellular therapy.

1. The modeling of brain ischemia-reperfusion in rats on the 7" and 14" day leads to almost complete degeneration of the pyramidal layer of
the hippocampal CA1 area, microglial infiltration of the stratum pyramidal and stratum radiatum, homogenization of the stratum radiatum,
disruption of the architecture of apical dendritic bundles, perivascular edema and constriction of the lumen of blood vessels. The number
of neuronal nuclei in the hippocampal CA1 area significantly decreases, the vast majority of which have signs of alteration.

2. In all experimental groups, after the administration of various types of studied MSCs, lysate from MSCs or citicoline, a decrease in the
number of neurons with altered nuclei and a significant increase in the number of neurons whose nuclei did not undergo pathological
changes were observed, compared to the control group with only ischemia-reperfusion injury, demonstrating neuroprotective properties

3. The ability of MSCs of various origins, lysate from MSCs or citicoline to reduce the volume of the infarct in the brain indicates the
expediency of their application in conditions of acute brain ischemia.

J
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Lljopoky B Ypaiti Tpannsetbcs 6:m3bko 150 tuc. iHcynsTiB i noHag 100 Tvc. nro[en noMuparoTs Bifl HACTIAKIB IHCY/IbTY Ta IHLUMX MTOPYLLIEHb
KPOBOTOKY B MO3KY. Hapasi oTpumaHo 6aratoobilsitoyi eKCriepumMeHTasbHi 4aHi 1040 YCYHEHHS HEBPOJIOTIYHOI ANCYHKLIT npy BUKOPUCTAHHI
ME3eHXIManbHuX cTpoManbHux Knitud (MCK).

META: oxapaktepuaysatv Brms MCK pi3Horo noxogxeHHs, nisaty MCK BapToHoBux aparniB mioguHu Ta UNTUKOSTIHY Ha AUHAMIKY JECTPYK-
TUBHUX 3MIH Y AinsaHuyi CA1 30Hu rinokamna LyypiB i3 rocTpum nopyLIeHHIM MO3KOBOro KPOBOOOIry 3a JaHuMu CBIT/I0BOI Mikpockonii 1a
MIKpOMOPGHOMETPIi.

MATEPIAJIN TA METOAN. BukoHaHO eKcriepuMeHT 3 BUKOPUCTAHHAM 4-X MICS4YHUX camuiB LypiB Bictap, skum npoBeAeHa nepexigHa ABo-
0iyHa 20-xBunnHHa iemis-penepghysis (IP) BHyTPILLHIX COHHUX apTepid. [licis MogentoBaHHs natonorii TeapuHam /B BBogum MCK, otpu-
MaHi 3 BapToHOBuUX Apariig mynoBuUHN JIIOAUHY, 3 XUPOBOI TKAHUHN JIHOAUHY Ta Lypa B KibkocTi 10° KIiTuH/TBapuHY. IHLLMM rpynam nig-
JOcnigHuX TBapUH B/B BBOAUIM (heTanbHi ¢hibpobnacty wypa 10° KnitnH/TBapuHy Ta Ni3at 3 BaptoHoBux Aparsnis nynoBuHu TIOAUHN B 03I
0,2 mn/TBapuHy. KOHTPObHUM TBapuHam /B Beoaun 0,2 M hisionorivyHoro po3qnHy. OCTaHHS rpyna LiypiB 0TpuMyBana 0fHoKpPaTHo pege-
DEHC-npenapar UNTKosiH y 403i 250 mr/kr. Ha 7-y 1a 14-y o6y y CA1 30Hi rinokamna nigpaxoBysanu 3arasbHy KinbKicTb 5460 HEPOHIB HA
1 MM? 3pi3y, a TaKOX BU3HAYaN CrIBBIJHOLUEHHS KiflbKOCTI HEYLUKOZKEHNX SAEP HEVDOHIB Ta AAEP i3 NaTonoriyHnmMu 3MiHamu (Kapiopexkcuc
74 KapionikHo3).

PE3YJIbTATU. TpaHcnnanTayis cToBOypoBux kaituH, nizaty MCK BapToHOBuX ApariiB IOANHA Y1 UUTUKOTIIHY CIPUSAA OilbLLIOMY 3HAYEHHIO
KinbkocTi sgep y CA1 30Hi rinokamna, Takox 3poctana KinbKicTe S46p, SKi He 3a3HaBanu naronoridyHux 3miH. HanbinbL nosuTuBHUA eghekt
mana Tparcnnantauis MCK i3 BaptoHosux aparnis mognHn. KinbkicTs 54ep HedpoHie Ha 1 mm? y CA1 30Hi rinokamna B uid rpyni TBapuH Ha-
O/mxanacs 40 KifibKoCTi 84ep y rpyni nceB[oonepoBamHnx 18apu. lpn LboMy KifibKicTb 4ep, AKi He 3a3HaBasn NarosaoriyHux 3MiH 3Ha4Ho
NepeBuLLyBana KifbKicTb AP 3 03Hakamu JECTPYKLUii.

BUCHOBKW. B ycix ekcriepuMeHTaIbHUX rpynax Lypis npu MOAENOBAHHI iLUEMIYHOIO MOLIKOAXXEHHS rO/0BHOr0 MO3KY NiC/Is BBEAEHHS PI3HNX
TUIMIB JOCITIIKYBAHUX ME3EHXIMATIbHUX CTPOMATIbHUX KIIITUH, J1i3aTy ab0 LNTUKOJIIHY CrOCTEPIracTbCa 3Ha4YHE 3POCTAHHS KifTbKOCTI HEVPOHIB
063 03HaK naronoriyHux 3miH. Hanbinsiu no3ntneHWi pesynbtar y CA1 30Hi rinokamna 6yno JOCArHyTo nicis BBeAeHHs MCK i3 BapToHoBux
Aparnis nynoBuHN JIOANHN.

KJIH0Y0BI CJI0BA: iemiyHuil iHCYIbT; ME3eHXiMarbHi CTpoManbHi knitnkn, CA1 30Ha rinokamna; TpaHcnnaHTayis KiitnH
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