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Changes in VEGFR1 and VEGFR2 expression and endothelial cell maturity
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ABSTRACT

Aim. To evaluate the expression of VEGFR1 and VEGFR2 and the maturity of endothelial cells in neurogenic
niches in the model of Alzheimer’s disease.

Materials and methods. The study was carried out on 6-month-old male C57BL/6 mice. The experimental group
(n=15) received 2 pl of 1 mM AP25-35 solution in the CA1 hippocampal region, while the control group (n = 15)
received normal saline. Brain plasticity was assessed at day 10, 17, and 38 after surgery by the passive avoidance
test. The expression of VEGFR1, VEGFR2, and CLDNS5 was assessed by immunohistochemistry and the Image
ExFluorer imaging system.

Results. In the control group, cognitive training stimulated angiogenesis in the neurogenic niches of the brain,
which was accompanied by the formation of microvasculature with fully mature endothelium. In the experimental
group, an early and pronounced increase in the VEGFR1 expression was observed by day 7 after cognitive training,
which was followed by impaired barrier formation and high VEGFR2 expression by day 28 after cognitive training.
These changes were associated with the formation of small vessels with structural incompetence of endothelial
cells.

Conclusion. Angiogenesis in neurogenic niches of the animals with the model of Alzheimer’s disease is
characterized by incompetent mechanisms regulating the subpopulation composition of endothelial cells, impaired
stabilization of the endothelial layer, and a decrease in the maturation rate of endothelial cells in newly formed
microvessels by the time of cognitive deficit manifestation. This may contribute to microcirculatory dysfunction
and impaired neurogenesis in neurogenic niches as well as to the development of pathological permeability and
neuroinflammation. On the whole, the disruption of angiogenesis in neurogenic niches observed in the animal
model of Alzheimer’s disease suggests a potential contribution of this mechanism to the development of aberrant
brain plasticity.
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N3meHeHune s3kcnpeccun VEGFRT n VEGFR2 n 3penoctn Knetok sHaoTennsa
Y SKCNepMMEHTaNbHbIX }KUBOTHbIX C MOAeNblo 6onesHu Anburennmepa

Kykna M.B., ABepuyK A.C., CraBpoBcKas A.B., PozaHoBa H.A., BepgHukos A.K.,
Konotbesa H.A., CanmuHa A.b.

Hayunwlii yenmp neeponocuu
Poccus, 125367, 2. Mockea, Borokoramckoe wocce, 80

PE3IOME

Heanb: onenuts skcnpeccuto VEGFR1 u VEGFR2 u 3penocTh KIETOK 3HAOTENMS B HEMPOreHHBIX HUINAX IPH
JKCTIepUMEHTaNIbHOM Ooe3nu Anbureiivepa (bBA).

Matepuaisl 1 MeToabl. VccnenoBanue mpoBeneHo Ha camiiax mpimei auanu C57BL/6 B Bo3pacte 6 mec. Dke-
NepuMeHTaNbHO rpymre (7 = 15) BBomumu 2 mxi 1 MM pactBopa AP25-35 B mone CA1 runmokamiia, KOHTPOJIb-
Ho#i Tpymmne (n = 15) — dusnonornveckuii pacrsop. I[ImactuanocTs Mo3ra ouneHuBanu Ha 10-e, 17- u 38-e cyT
HOCJIe ONEpalyi C MCIOJIb30BAaHUEM TECTa YCIOBHOM peakiMy MacCHBHOTO M30eraHus. DKCIPECCHI0 MapKepOB
(VEGFR1, VEGFR2, CLDN5) uccrnenoBaiy METOAOM HMMYHOTHCTOXHMHH € TIOMOIIBIO CHCTEMbI BU3YalTH3alud
Image ExFluorer.

Pe3yabTaThl. Y )KUBOTHBIX KOHTPOJBHOH I'PyNIbl KOTHUTUBHBIM TPEHUHT CTUMYJIUPYET IIPOLIECCHl HEOaHTHOre-
He3a B HeWPOTeHHBIX HUIIAX TOJIOBHOTO MO3Ta, YTO CONPOBOXKIACTCS HOPMUPOBAHHEM MHKPOCOCYIOB CO 3PEIIbIM
9HJ0TEeNNEM. Y JKUBOTHBIX C 3KCIIEPUMEHTAIBHON MoJienbio BA peructpupyercs paHHee U BEIpaKCHHOE YBEInYe-
Hue sxkcnpeccun VEGFRI1 k 7-M cyT nocsie KOTHUTUBHOM Harpy3KH, COIIPOBOXKIaeMO€e HapyIlIeHHeM OapbeporeHe-
3a U BBICOKUM ypoBHeM 3kcrpeccud VEGFR2 k 28-M cyT nociie KOrHUTUBHOM Harpy3ku. DT U3MEHEHHS COps-
JKEHbI ¢ (OPMUPOBAHHEM MEJIKHUX COCYJIOB C HEJIOCTATOYHOM CTPYKTYPHOI KOMIIETEHTHOCTBIO KJIETOK DHIOTEIIHSL.

3akiaouenue. Heoanruorenes B HEMpPOreHHBIX HUIIAX KUBOTHBIX C DKCIIEPUMEHTAIbHON MoJienbio BA xapakre-
pU3yeTCS HECOCTOSTEIBHOCTHI0 MEXaHU3MOB PETYJISIIIUU CYOIOMYJIISIIIMOHHOTO COCTaBa KICTOK 3HAOTEIHS, Hapy-
[ICHUEM CTAOMIN3AIUY SHIOTEITHATEHOTO CIIOS ¥ CHIDKEHHEM CKOPOCTH CO3PEBaHHUS KIIETOK SHJIOTENUS BO BHOBb
00pa30BaHHBIX MHKPOCOCY/IaX K MEPUOY MaHU(ECTAIIMH KOTHUTUBHOTO JAe(UIMTA, YTO MOXKET CIIOCOOCTBOBAThH
HapyLICHUI0O MUKPOLUUPKYJISIIMM U HEHpOreHe3a B HEHMpPOreHHBbIX HUIIAX, a TAKKE Pa3sBUTHUIO MATOJIOIMYECKOM
MPOHUIIAEMOCTH U HelpoBocnaieHus. B nenom HapyieHe npoueccoB HEOaHTMOreHe3a B HeHPOreHHbIX HUILIAX,
perucrpupyeMoe rpu KOrHUTUBHOM Harpy3Ke >KMBOTHBIX € MOJIeIIbI0 BA, CBUIETENBCTBYET O BOBMOXKHOM BKJIaJIe
3TOr0 MEXaHH3Ma B pa3BUTHE a0CPPaHTHOM IIIACTUYHOCTH FOJIOBHOTO MO3ra.

Kirouessie ciioBa: VEGFR1, VEGFR2, CLDNS, HeiiporeHes, aHrHOreHe3, HeHpOreHHbIE HUIIH

KondaukT uHTEepecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHM KOH(IMKTa HHTEPECOB MPHU MPOBEICHUN UCCIEI0BaA-
HHUS.
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INTRODUCTION

phosphorylated tau protein accumulates

Alzheimer’s disease (AD) is characterized
by neurodegenerative changes due to impaired
synthesis and accumulation of amyloid beta (Ap)
in the extracellular space [1, 2]. Simultaneously,

neurons, leading to damage and death of brain cells.
The effect of AP on neurons results in cell
membrane dysfunction, disruption of signaling
pathways, and premature neuronal death. These
changes are particularly significant in brain regions
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responsible for memory and cognitive functions,
such as the hippocampus [3]. The activation of
microglia in response to AP accumulation provokes
neuroinflammation, while the disruption of the blood
— brain barrier (BBB) under the effect of AP further
contributes to inflammation and tissue damage [4]. In
addition to BBB damage, microvessels in AD undergo
extensive remodeling accompanied by unproductive
angiogenesis and aberrant barriergenesis [5]. These
events may be especially significant in neurogenic
niches. Studies have shown that during ischemic
brain injury, new microvessels with increased BBB
permeability play a crucial role not only in the
development of neuroinflammation, but also in the
formation of new areas of neurogenesis, promoting
brain tissue recovery [6].

It is worth noting that the vascular scaffold plays
a key role in regulating neurogenesis. In the
subventricular zone (SVZ), increased BBB permea-
bility facilitates the entry of regulatory molecules
from the blood into the microenvironment of neural
stem cells (NSCs) and neuronal progenitor cells
(NPCs), whereas in the subgranular zone of the
hippocampus (SGZ), the microvessel wall is less
permeable, making locally produced factors more
critical for regulating the processes that maintain
the NSC and NPC pools [7]. Such changes in the
local microenvironment during neuroinflammation
and aberrant angiogenesis in AD, as well as in other
neurodegenerative diseases or brain development
disorders, reduce the intensity of neurogenesis,
contributing to cognitive deficits [8—10]. Previously,
we demonstrated [11] that in the period preceding
the development of cognitive deficits in animals with
experimental AD, mitochondrial fission and endothelial
cell autophagy in microvessels intensify in the SGZ of
the hippocampus, indicating microvessel remodeling.

The role of vascular endothelial growth factor
(VEGF) has long been studied in the context of
neurogenesis and cerebral angiogenesis. In the brain,
VEGF receptors are expressed on neuronal and glial
cells, macrophages, and endothelial cells, regulating
various aspects of their activity under both normal and
pathological conditions [12, 13]. Overall, they facilitate
the transmission of signals that positively regulate cell
proliferation, migration, and development. There are
three types of receptors: VEGFR1 (Flt-1), VEGFR2
(KDR or FIk-1), and VEGFR3 (Flt-4). VEGFR1 and
VEGFR?2 play crucial roles in regulating angiogenesis
and neurogenesis in the brain, while VEGFR3 is
typically associated with lymphatic angiogenesis

and regulation of endothelial cell proliferation in
lymphatic vessels [14]. The primary producers of
VEGF are neuronal and glial cells [15, 16]. Given that
angiogenesis is accompanied by the acquisition of a
specific endothelial cell phenotype—tip cells (migrating
along the gradient of pro-angiogenic molecules), stalk
cells (proliferating and following tip cells establishing
the walls of newly formed microvessels), and phalanx
cells (stabilizing the barrier function of the vascular
wall) — it is important to mention that activation of
different receptor types on these cells regulates this
specialization. For instance, VEGFR2 activation on
the membrane of tip cells increases D114 expression.
This protein then interacts with Notch receptors on
neighboring endothelial cells, causing a decrease in
VEGFR2 and VEGFR3 expression in these cells.
This process prevents the conversion of stalk cells
into tip cells (lateral inhibition mechanism). VEGFR1
activation on the membrane of phalanx cells promotes
their migration [17, 18]. Notably, the expression of
both types of receptors — VEGFR1 and VEGFR2 —in
the brain tissue is exclusive to endothelial cells [19].
BBB stabilization in newly formed microvessels is
ensured by the induction of expression of tight and
adherens junction proteins (JAM, ZO1, CLDNS,
etc.) in endothelial cells and the reduction of local
VEGF production, which is important for maintaining
the structural integrity of the barrier [16, 20]. When
these mechanisms fail, barriergenesis becomes
ineffective, potentially leading to the development of
neuroinflammation.

The aim of this study was to evaluate the expression
of VEGFR1 and VEGFR2 and the maturity of
endothelial cells in neurogenic niches in the animal
model of AD.

MATERIALS AND METHODS

Thirty male C57BL/6 mice were selected for
the study. At the start of the experiments, the mice
were 6 months old. The animals were kept under
standard vivarium conditions with round-the-clock
access to food and water. For anesthesia, Zoletil-100
(Virbac Sante Animale, France) diluted with saline in
a 1:4 ratio was used. The mixture was administered
intramuscularly at a dose of 15 mg of active substance
per 25 g of body weight. Xyla (Interchemie werken
“De Adelaar” B.V., the Netherlands) was also used,
diluted in a 1:2 ratio and administered intramuscularly
at a dose of 0.6 mg per 25 g of body weight.

A stereotactic surgery was performed using the
coordinates AP — 2.0; ML — 1.9; DV — 1.3. The
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experimental group of mice (n = 15) was bilaterally
injected with 2 pl of 1 mM AP25-35 solution (Sigma-
Aldrich Co., USA) directly into the hippocampus. The
control group (n = 15) received identical injections of
saline in the same volume.

All studies were conducted in accordance with
ethical principles of animal use and were approved by
the local Ethics Committee at the Research Center of
Neurology (Protocol No. 5-3/22 of 01.06.2022).

Cognitive training. The full protocol and results of
cognitive testing were presented earlier in [11]. The
analysis used the passive avoidance response (PAR)
test and the ShutAvoid 1.8.03 program on the Panlab
Harvard Apparatus. The assessment was conducted on
days 10, 17, and 38 after the surgery during daytime
hours (corresponding to 1, 7, and 28 days after
cognitive training of the animals).

At each time point, biological material was
collected from 5 animals from each group one hour
after cognitive testing.

Immunohistochemical study. To remove the animals
from the experiment, they were anesthetized and
decapitated. The extracted mouse brain was fixed in 4%
paraformaldehyde (Wuhan Servicebio Co. Ltd, China).
Histological sections of 10 um thickness were prepared
on the Tissue-Tek® Cryo3 cryostat (Sakura-Finetek,
Japan). The biological material was stored at +4 °C.

Immunohistochemical staining was performed
using primary labeled antibodies: anti-VEGFR2
(1:250, AF6281-F488, Affinity, China); anti-CLDNS
(1:250, AF5216-F488, Affinity, China); anti-CD31
(1:250, AF6191-F555, Affinity, China), and primary
anti-VEGFR1 (1:100, FNab09393, FineTest, China)
with corresponding secondary goat anti-rabbit
antibodies (1:100, E-AB-1060, Elabscience, China).

Prior to staining, the sections were washed in
PBS (2.1.1. Rosmedbio, Russia) for 10 minutes and
then in a 0.1% Triton X-100 solution for 20 minutes
(Calbiochem Research Biochemicals, USA) with the
addition of 5% BSA (1126GR100 BioFroxx, Ger-
many). The sections were mounted under a coverslip
using the Fluoroshield Mounting Medium with DAPI
(Sigma Aldrich, F6057, USA). Visualization was per-
formed using the Image ExFluorer visualization system
(LCI, Korea), and the images were processed using
the plugin for the ImagelJ software [21]. The intensity
of the specified marker expression was characterized
by the number of cells expressing the corresponding
marker, normalized to 100 DAPI-positive cells.

Western blotting protocol. Protein extraction
from brain tissue homogenates was performed

using RIPA Lysis Buffer (Servicebio, China) on ice.
Protein separation was carried out by SDS-PAGE
electrophoresis, loading 40 ug of protein into each
well. Protein transfer to a nitrocellulose membrane
(0.45 um, Bio-Rad) was performed using the SVT-2
wet transfer system (Servicebio, China) at a constant
current of 300 mA for 30 minutes. The membrane was
incubated with primary antibodies VEGF (1:1000,
AF5131, Affinity, China), BDNF (1:1000, DF6387,
Affinity, China), and Actin (1:1500, AF7018, Affinity,
China) for 12 hours at +4 °C. After incubation,
the membrane was washed in the Tris-Tween-20
solution. The next incubation of the membrane with
secondary antibodies (1:1000, SAA544Rb59, Cloud-
Clone, China) containing peroxidase was carried out
for 60 minutes at +37 °C. DAB stain was used for
visualization. Protein detection was performed using
the Geldoc Go system (Bio-Rad, USA). The Bio-Rad
ImageLab software was used to analyze the obtained
images.

PAR test results were analyzed using the one-way
ANOVA and Fisher’s exacttest. Immunohistochemical
data were evaluated using the Mann — Whitney U-test
in the Statistica v. 12.0 software package (StatSoft
Inc., USA). The results were considered significant at
p <0.05. The data were presented as the mean and the
standard deviation (M + o).

RESULTS AND DISCUSSION

As was previously shown, in animals with the
model of AD-associated neurodegeneration, a
statistically significant decline in cognitive functions
was registered at day 28 after the first session in the
PAR test [11]. This was accompanied by changes in
Arg3.1/Arc expression in the neurogenic niches of the
animals’ brains [22], which allowed to consider the
PAR protocol as an adequate method for implementing
cognitive training in experiments.

We analyzed VEGFR1 expression in the
neurogenic niches of animals in both groups (Fig. 1).
In the control group, a statistically significant increase
in the number of VEGFRI1-expressing cells in the
SGZ and SVZ was observed by day 28 compared
to previous periods (p = 0.0450). We may suggest
that it resembled induction of neoangiogenesis with
a consistent progressive increase in the number of
phalanx cells forming the endothelial layer in newly
formed microvessels by day 28, likely related to
the activation of neurogenesis following cognitive
training [23]. This is indirectly supported by the fact
that VEGFRI activation stimulates the migration of
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endothelial phalanx cells involved in the formation
of new microvessels [15]. Notably, this effect was
inverted in animals with AD, where an increase in
the number of VEGFR1-positive cells was registered
much earlier (on day 7 after training) and then almost
disappears. This likely reflected the failure of training-
stimulated neoangiogenesis mechanisms in animals
with the AD model [11].

Next, we analyzed VEGFR2 expression in
neurogenic niches (Fig. 2). A sign of increased
angiogenesis stimulated by cognitive training in
animals from both groups in the hippocampal SGZ
was an increase in the number of VEGFR2-positive
cells at day 7 (p = 0.0495). By day 28, the number
of VEGFR2+ cells in the control group decreased,

SGZ

i

—

r 1
—

Controls

—

:[ ® Amyloid
10 1 .
0 .

28

&

Expression level, %
ne
=

Illox

Time, day

Expression level, %

which may be associated with a decrease in the
number of endothelial tip cells and an increase in the
number of stalk cells (lateral inhibition mechanism).
In the animals with AD, this mechanism appeared
ineffective, as the number of VEGFR2-positive cells
remained consistently high in both neurogenic niches
until day 28, corresponding to the manifestation of
cognitive dysfunction. Thus, neoangiogenesis in the
neurogenic niches of animals with experimental AD
was characterized by failed mechanisms regulating
the subpopulation composition of endothelial
cells and impaired stabilization of the endothelial
layer in newly formed microvessels by the time
of cognitive deficit manifestation (day 28 after
training).

SVZ

% Controls

® Amyloid
20

10 I - i .
0

1lox 7 23
Time, day

Fig. 1. The number of VEGFRI1-positive cells in the SGZ and SVZ of control sham-operated animals (C) and animals with
intrahippocampal injection of AB25-35 (A) at the time of cognitive training (“shock™), at day 7 and 28 after training, M + o, p <0.05
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Fig. 2. Changes in the number of VEGFR2-positive cells in the SGZ and SVZ of control sham-operated animals (C) and animals
with intrahippocampal injection of AB25-35 (A) at the time of training (“shock”), at 7 and 28 days after training. The number of
VEGFR2-positive cells is normalized to 100 DAPI+ cells, M + o, p < 0.05

When assessing VEGFA levels in the brain tissue
(Fig. 3), we found that by day 28 after the training, the
levels of this angiogenic factor progressively decreased
in both control and AB-treated animals. However, no

statistically significant differences in such changes
were found in the control and experimental groups.
Therefore, VEGF levels in the brain tissue were not
associated with the observed inversion of VEGFRI1
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and VEGFR2 expression in neurogenic niches in
animals of both groups. Apparently, local changes in
training-stimulated VEGFA production in the SGZ
and SVZ may be responsible for the observed effects,
and this requires further study.

Given the findings that in experimental AD,
angiogenesis in the neurogenic niches of the brain
stimulated by learning might be associated with
impaired endothelial layer formation, we further
assessed how this related to the maturity of endothelial

cells. To do this, we analyzed the ratio of CLDNS5-
expressing endothelial cells to the total number of
CD31-positive cells in neurogenic niches (Fig. 4).
Notably, in the SGZ of animals with experimental
AD, in contrast to the control group, a significant
decrease in the proportion of mature endothelial cells
(CLDNS5* CD31" cells) was registered at day 28,
while in the SVZ, similar changes occurred earlier, at
day 7, which corresponded to the period preceding the
manifestation of cognitive deficit.
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Fig. 4. Changes in the proportion of CLDN5" cells in the CD31* endothelial cell population in the SGZ and SVZ of control sham-
operated animals (C) and animals with intrahippocampal injection of AB25-35 (A) at the time of training (“shock™), at day 7 and 28
after the training, M + o, p < 0.05

CONCLUSION

When assessing the characteristics of expression of
VEGF receptor subtypes and tight junction proteins
in the endothelial cells of microvessels in the SGZ
and SVZ, we established that cognitive training in
the sham-operated animals resulted in intensified
neoangiogenesis in the neurogenic niches of the

brain, which is likely necessary to maintain effective
neurogenesis. These events were accompanied
by subpopulational changes in endothelial cells
(suggesting lateral inhibition mechanism) and signs
of their maturation (increased CLDNS5 expression)
during 28 days following the training, which was
related to the period of emergence of new neurons in
the neurogenic niche [24].
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In animals with a model of AD, angiogenesis in
neurogenic niches was also induced after cognitive
training. However, at the time when cognitive deficits
manifested (28 days after training), a statistically
significant decrease in the number of VEGFRI-
expressing cells and maintenance of high VEGFR2
expression were found in these brain regions,
indicating failure of endothelial cells to form a
stable endothelial layer, likely due to the disruption
of lateral inhibition mechanisms. The changes in
neoangiogenesis within neurogenic niches observed
after the learning session in the animals with AD
suggest a potential contribution of this mechanism
to the development of neuroinflammation, local
microcirculatory dysfunction, and the development of
aberrant brain plasticity.

REFERENCES

1. Sehar U., Rawat P., Reddy A.P., Kopel J., Reddy P.H. Amyloid
beta in aging and Alzheimer’s disease. International Journal
of Molecular Sciences. 2022;23(21):12924. DOI: 10.3390/
jms232112924.

2. Scopa C., Marrocco F., Latina V., Ruggeri F., Corvaglia V., La
Regina. Impaired adult neurogenesis is an early event in Alz-
heimer’s disease neurodegeneration, mediated by intracellular
AP oligomers. Cell Death & Differentiation. 2020;27(3):934—
948. DOI: 10.1038/341418-019-0409-3.

3. Burnyasheva A.O., Stefanova N.A., Rudnitskaya E.A. Neu-
rogenesis in the mature brain: changes in aging and the de-
velopment of Alzheimer’s disease. Advances in Gerontol-
ogy. 2020;33(6):1080-1087. (In Russ.). DOI: 10.34922/
AE.2020.33.6.008.

4. Komleva Y.K., Lopatina O.L., Gorina Y.V., Chernykh A.L,
Trufanova L.V., Vais E.F. et al. Expression of NLRP3 in-
flammasomes in neurogenic niche contributes to the effect of
spatial learning in physiological conditions but not in Alzhei-
mer’s type neurodegeneration. Cellular and Molecular Neu-
robiology 2022; 2(5):1355-1371. DOI: 10.1007/s10571-020-
01021-y.

5. Alvarez-Vergara M.1., Rosales-Nieves A.E., March-Diaz R.,
Rodriguez-Perinan G., Lara-Urefia N., Ortega-de San Luis.
Non-productive angiogenesis disassembles AR plaque-associ-
ated blood vessels. Nature Communications. 2021;12(1):3098.
DOI: 10.1038/s41467-021-23337-z.

6. Lin R., Cai J., Nathan C., Wei X., Schleidt S., Rosenwasser R.
et al. Neurogenesis is enhanced by stroke in multiple new stem
cell niches along the ventricular system at sites of high BBB
permeability. Neurobiology of Disease. 2015;(74):229-239.
DOI: 10.1016/j.nbd.2014.11.016.

7. Pozhilenkova E.A., Lopatina O.L., Komleva Y.K., Salmin
V.V., Salmina A.B. Blood-brain barrier-supported neurogene-
sis in healthy and diseased brain. Reviews in the Neurosciences.
2017;28(4):397-415. DOI: 10.1515/revneuro-2016-0071.

8. Salmina A.B., Gorina Y.V., Komleva Y.K., Panina Y.A., Ma-
linovskaya N.A. Early life stress and metabolic plasticity of

brain cells: impact on neurogenesis and angiogenesis. Biomed-
icines. 2021;9(9):1092. DOI: 10.3390/biomedicines9091092.

9. Gorina Ya.V., Osipova E.D., Morgun A.V., Malinovskaya N.A.,
Komleva Yu.K., Lopatina O.L., et al. Aberrant angiogenesis
in brain tissue in experimental Alzheimer’s disease. Bulletin

of Siberian Medicine. 2020;19(4):46-52. (In Russ.). DOI:
10.20538/1682-0363-2020-4-46-52.

10. Morgun A.V., Osipova E.D., Boitsova E.B., Lopatina O.L.,
Gorina Y.V., Pozhilenkova E.A. et al. Vascular component
of neuroinflammation in experimental Alzheimer’s disease
in mice. Cell and Tissue Biology. 2020;(14):256-262. DOI:
10.1134/S1990519X20040057.

11. Averchuk A.S., Ryazanova M.V., Baranich T.I., Stavrov-
skaya A.V., Rozanova N.A., Novikova S.V., et al. Neurotoxic
effect of B-amyloid is accompanied by changes in mitochondri-
al dynamics and autophagy of neurons and cerebral endothelial
cells in an experimental model of Alzheimer’s disease. Bulletin
of Experimental Biology and Medicine. 2023;175(3):291-297.
(In Russ.). DOI: 10.47056/0365-9615-2023-175-3-291-297.

12. LeiY.,Chen X.,MoJ.L.,LvL.L.,KouZ.W., SunF.Y. Vascu-
lar endothelial growth factor promotes transdifferentiation of
astrocytes into neurons via activation of the MAPK/Erk-Pax6
signal pathway. Glia. 2023;71(7):1648-1666. DOI: 10.1002/
glia.24361.

13. Okabe K., Fukada H., Tai-Nagara I., Ando T., Honda T., Na-
kajima K. Neuron-derived VEGF contributes to cortical and
hippocampal development independently of VEGFR1/2-medi-
ated neurotrophism. Developmental Biology.2020;459(2):65—
71. DOI: 10.1016/j.ydbio.2019.11.016.

14. Monaghan R.M., Page D.J., Ostergaard P., Keavney B.D. The
physiological and pathological functions of VEGFR3 in car-
diac and lymphatic development and related diseases. Cardio-
vascular Research. 2021;117(8):1877-1890. DOI: 10.1093/
cvr/cvaa29l.

15. Wittko-Schneider .M., Schneider F.T., Plate K.H. Brain homeo-
stasis: VEGF receptor 1 and 2—two unequal brothers in mind.
Cellular and Molecular Life Sciences. 2013;70(10):1705-1725.
DOI: 10.1007/s00018-013-1279-3.

16. Argaw A.T., Asp L., Zhang J., Navrazhina K., Pham T., Mar-
iani J.N. et al. Astrocyte-derived VEGF-A drives blood-brain
barrier disruption in CNS inflammatory disease. The Jour-
nal of Clinical Investigation. 2012;122(7):2454-2468. DOI:
10.1172/JC160842.

17. De Smet F., Segura 1., De Bock K., Hohensinner P.J., Car-
meliet P. Mechanisms of vessel branching: filopodia on en-
dothelial tip cells lead the way. Arteriosclerosis, Thrombosis,
and Vascular Biology. 2009;29(5):639-649. DOI: 10.1161/
ATVBAHA.109.185165.

18. Lacal P. M., Graziani G. Therapeutic implication of vascu-
lar endothelial growth factor receptor-1 (VEGFR-1) targeting
in cancer cells and tumor microenvironment by competitive
and non-competitive inhibitors. Pharmacological Research.
2018;136:97-107. DOI: 10.1016/j.phrs.2018.08.023.

19. Okabe K., Fukada H., Tai-Nagara 1., Ando T., Honda T.,
Nakajima K. et al. Neuron-derived VEGF contributes to cor-
tical and hippocampal development independently of VEG-
FR1/2-mediated neurotrophism. Developmental Biology.
2020;459(2):65-71. DOI: 10.1016/j.ydbio.2019.11.016.

BlonneteHb cMbnpckon MeguuuHbl. 2024; 23 (4): 47-54 53



Kukla M.V., Averchuk A.S., Stavrovskaya A.V. et al. Changes in VEGFR1 and VEGFR2 expression and endothelial cell maturity

20. Hashimoto Y., Greene C., Munnich A., Campbell M. The Alzheimer’s disease animal models. Annals of Clinical and
CLDNS gene at the blood-brain barrier in health and disease. Experimental Neurology. 2023;17(3):49-56. (In Russ.). DOI:
Fluids and Barriers of the CNS. 2023;20(1):22. DOI: 10.1186/ 10.54101/ACEN.2023.3.6
$12987-023-00424-5. 23. Naito H., Iba T., Takakura N. Mechanisms of new blood-ves-

21. Salmin V.V., Salmina A.B., Morgun A.V. RF Patent No. sel formation and proliferative heterogeneity of endothelial
2020612777. Plugin for ImageJ program for counting fluorescent cells. International Immunology. 2020;32(5):295305. DOI:
labels on microphotographs. Bulletin of Experimental Biology 10.1093/intimm/dxaa008.
and Medicine. 2020;(3). Published on 03.03.2020 (in Russ.). 24. Niklison-Chirou M.V., Agostini M., Amelio 1., Melino G.

22. Ryazanova M.V., Averchuk A.S., Stavrovskaya A.V., Regulation of adult neurogenesis in mammalian brain. Inter-
Rozanova N.A., Novikova S.V., Salmina A.B. Arc/Arg3.1 national Journal of Molecular Sciences. 2020;21(14):4869.
expression in the brain tissues during the learning process in DOI: 10.3390/ijms21144869.

Authors’ contribution

Kukla M.V. — design of the study, performing tests and immunohistochemical studies, drafting of the manuscript. Averchuk A.S. —
performing immunohistochemical studies, processing of the data, drafting of the manuscript. Stavrovskaya A.V. — performing surgery,
animal testing, processing of the data. Rozanova N.A. — preparing brain sections, performing immunohistochemistry. Berdnikov A.K.,
Kolotyeva N.A. — performing immunoblotting, analysis and interpretation of the data. Salmina A.B. — conception and design, processing
of the obtained data, drafting of the manuscript, final approval of the manuscript for publication.

Acknowledgements

The authors would like to express their gratitude to the Laboratory of Experimental Pathology of the Nervous System and
Neuropharmacology of the Research Center of Neurology for performing stereotactic surgery on animals, as well as to S.O. Yurchenko,
Dr. Sci. (Physics and Mathematics), Head of the Research and Education Center “Soft Matter and Fluid Physics™ of the Bauman Moscow
State Technical University and A. Kopylova, Junior Researcher, for providing the opportunity to work and for providing assistance in
conducting research on the Image ExFluorer visualization system.

Authors’ information

Kukla Mariya V. — Post-Graduate Student, Researcher, Laboratory of Neurobiology and Tissue Engineering, Brain Science Institute,
Research Center of Neurology, Moscow, mashenka.ryazanova@list.ru, https://orcid.org/0000-0003-0700-4912

Averchuk Anton S. — Cand. Sci. (Biology), Associate Professor, Senior Researcher, Laboratory of Neurobiology and Tissue
Engineering, Brain Science Institute, Research Center of Neurology, Moscow, antonaverchuk@yandex.ru, https://orcid.org/0000-0002-
1284-6711

Stavrovskaya Alla V. — Cand. Sci. (Biology), Leading Researcher, Laboratory of Experimental Pathology of the Nervous System and
Neuropharmacology, Brain Science Institute, Research Center of Neurology, Moscow, alla_stav@mail.ru, https://orcid.org/0000-0002-
8689-0934

Rozanova Nataliya A. — Post-Graduate Student, Researcher, Laboratory of Neurobiology and Tissue Engineering, Brain Science
Institute, Research Center of Neurology, Moscow, nataliarozanovaa@gmail.com, https://orcid.org/0000-0001-9619-4679

Berdnikov Arseniy K. — Post-Graduate Student, Researcher, Laboratory of Neurobiology and Tissue Engineering, Brain Science
Institute, Research Center of Neurology, Moscow, akberdnikov@gmail.com, https://orcid.org/0009-0007-4195-2533

Kolotyeva Nataliya A. — Dr. Sci. (Med.), Associate Professor, Senior Researcher, Laboratory of Neurobiology and Tissue Engineering,
Brain Science Institute, Research Center of Neurology, Moscow, bortnikova.n@gmail.com, https://orcid.org/0000-0002-7853-6222

Salmina Alla B. — Dr. Sci. (Med.), Professor, Head of the Laboratory of Neurobiology and Tissue Engineering, Brain Science Institute,
Research Center of Neurology, Moscow, allasalmina@mail.ru, https://orcid.org/0000-0003-4012-6348

(P<) Kukla Mariya V., mashenka.ryazanova@list.ru
Received 30.05.2024;

approved after peer review 02.07.2024;
accepted 12.09.2024

54 Bulletin of Siberian Medicine. 2024; 23 (4): 47-54



