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Abstract—New RAGE- and CD147-mediated mechanisms of damage to the hippocampus of mice due to the
accumulation of amyloid β (Aβ), the development of local inflammation, metabolic disorders and damage to
the blood–brain barrier in two experimental models of Alzheimer’s disease were studied in vivo. The new
effects of Aβ in the hippocampal tissue in chronic Alzheimer’s type neurodegeneration, which characterize
neuroplasticity disorders, were studied, as were angiogenesis, the structural and functional integrity of the
blood–brain barrier, and the development of local neuroinflammation in conjunction with the features of the
expression of RAGE and CD147 proteins. Early neurodegenerative changes in the hippocampus associated
with the accumulation of Aβ are associated with the intensification of neoangiogenesis and the formation of
aberrant intercellular contacts in the endothelial layer of cerebral microvessels in individual hippocampal
subregions and the development of local neuroinflammation. As neurodegeneration progresses, neoangio-
genesis in the hippocampus is suppressed.
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INTRODUCTION
One of the most common neurodegenerative dis-

eases in the world is Alzheimer’s disease (AD), which
is characterized by progressive loss of neurons, pri-
marily the hippocampus, the development of cogni-
tive impairment and other signs of dementia. Cur-
rently, the disease remains incurable and reduces the
duration and quality of life of patients, which makes
AD a global medical and socioeconomic problem
(Graham et al., 2017).

Much attention has been paid to questions devoted
to the etiology and pathogenesis of AD since the dis-
covery of the disease. It is known that the biochemical
features of the disease are deposition of amyloid
plaques in the extracellular space and intracellular
accumulation of hyperphosphorylated neurofibrillary
tangles. However, the question of the contribution of
amyloid β (Aβ) and the protein to the onset and devel-
opment of AD remains open (Armstrong, 2013). In the
last decade, the role of disorders of the neurovascular
unit (NVU) in the pathogenesis of AD is discussed.
NVU is a collection of brain cells (cerebral endothe-
liocytes, pericytes, perivascular astrocytes, and neu-
rons). Forms of disruption of the development of

NVU in AD include changes in the permeability of the
blood–brain barrier (BBB) and microcirculation due
to impaired gliovascular control of local blood flow
and neuron–astroglial metabolic conjugation (van de
Haar et al., 2016; Liu et al., 2018).

Pathology of cerebral microvasculature is one of
the main risk factors for dementia (Arvanitakis et al.,
2016). In addition to this, cerebral amyloid angiopa-
thy, being an important cause of the violation of BBB
permeability and one of the signs of AD pathology,
causes the development of vascular disorders, which
contributes to a decrease in cognitive function (Saito
and Ihara, 2016). Thus, the question arises of a causal
relationship between neurodegeneration and the vas-
cular component in the development of AD. This
becomes especially clear when you consider that vas-
cular disorders develop quite early, including before
the first signs of neurodegeneration (Iturria-Medina
et al., 2016), for which reason it is appropriate to
search for new molecular mechanisms of damage to
the NVU and BBB.

Damage to blood vessels causes BBB dysfunction,
which in turn leads to damage to neurons and the
accumulation of Aβ in the brain (Salmina et al., 2016).

In general, clinical and experimental studies have
shown that cerebrovascular dysfunction plays an
important role in the development of AD, as well as

Abbreviations: Aβ—beta-amyloid β, AD—Alzheimer’s disease,
BBB—blood–brain barrier, NVU—neurovascular unit,
RAGE—protein glycation end product receptor.
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cerebral amyloid angiopathy, with deposition of amy-
loid in large vessels and a decrease in clearance of
amyloid from the brain parenchyma, including due to
changes in amyloid transport through the endothe-
lium and his inability to degrade (Carare et al., 2013;
Steinberg et al., 2014; Keable et al., 2016).

It is assumed that excessive amyloidogenesis leads
to neoangiogenesis and the formation of a network of
microvessels with excessive permeability of the vascu-
lar wall and enhanced transport of amyloid from blood
to the brain through the damaged BBB (Biron et al.,
2011). In accordance with this hypothesis, in AD,
increased expression of hippocampal endotheliocytes
of proteins transporting Aβ from blood to brain tissue
(RAGE proteins) is recorded (Miller et al., 2008). It is
known that the receptor for protein glycation end
products (RAGE) mediates many physiological func-
tions—neuron growth, survival, and regeneration—as
well playing an important role in proinflammatory
reactions, inducing pro-inflammatory cytokines;
being the main mediator of the innate immune
response; and being able to participate in a number of
pathological processes, including sugar diabetes,
asthma, and systemic amyloidosis (Kierdorf and Fritz,
2013; Ramasamy et al., 2016). Recent studies have
demonstrated the involvement of RAGE in the trans-
port of neuropeptide oxytocin to brain tissue (Yama-
moto et al., 2019), which that provides the effect of
oxytocin in relation to social behavior.

The role of the CD147 molecule in the pathogene-
sis of AD is interesting, since there is evidence that an
important role is played by CD147 in the functioning
of the cardiovascular, nervous, and immune systems
(Agrawal et al., 2013; Kanyenda et al., 2014; Seizer
et al., 2014). CD147 is functionally coupled to lactate
transporters (MCT1, MCT4) and a γ secretase
involved in the proteolysis of the amyloid precursor
protein, as well as regulating the expression and activ-
ity of matrix metalloproteinases (Uspenskaya et al.,
2018). CD147 is expressed by endothelial cells and
NVU/BBB astroglia and can functionally integrate
several signaling pathways activated by the implemen-
tation of angiogenesis and barrier genesis mecha-
nisms.

It is noteworthy that the “classic” RAGE ligands—
the end products of glycation—can induce the expres-
sion of CD147 in some inflammatory effector cells
(Bao et al., 2010), whereas the ligand CD147—
s100A9—effectively interacts with RAGE, for exam-
ple, in areas of thrombosis (von Ungern-Sternberg
et al., 2018). Thus, it is logical to suggest that the
ligands of both receptors can act as a so-called
“alarmin” that is released from damaged cells and ini-
tiates local inflammation and microcirculation disor-
ders. The category of alarms also includes proteins of
the HMGB1 group, which initiate many of the mech-
anisms underlying the so-called “secondary alter-
ation” in inflammation in acute cerebrovascular acci-
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dents (Kim et al., 2018) and head injury and epilepsy
(Paudel et al., 2018). HMGB1 are known to act as
RAGE ligands, including in the brain in Alzheimer’s
disease (Deane, 2012; Meneghini et al., 2013), are
responsible for some mechanisms of damage to the
BBB (Festoff et al., 2016).

In connection with the foregoing, and also taking
into account the role of local neuroinflammation in
the progression of Alzheimer’s type neurodegenera-
tion, CD147 and RAGE can be considered as potential
target molecules, the change in the expression of
which can change the nature of the course of cerebro-
vascular pathology in AD.

The aim of this study was to study the molecular
mechanisms of impaired cerebral neoangiogenesis
and the structural and functional integrity of the BBB
in experimental modeling of asthma in vivo assess-
ment of the role of Aβ in the regulation of endothelial
cell metabolism of cerebral microvessels, processes of
cerebral angiogenesis and maintaining the structural
and functional integrity of the BBB in normal condi-
tions and in the development of cerebral amyloid angi-
opathy.

MATERIALS AND METHODS
Neurodegeneration Modeling

Two AD models were used—a transgenic model
(formed neurodegeneration) and a model with intra-
hippocampal administration of amyloid (early stages
of the disease and realization of the neurotoxic effect
of Aβ). Animals were kept in cages with free access to
water and feed at a constant temperature of 20 ± 2°C
and a fixed lighting mode (12 h of light and 12 h of
darkness).

Three groups of animals were used in the experi-
ment. The control group was C57BL/6 mice, males
aged 4 months (n = 5), these being false-operated ani-
mals after the introduction of the solvent Aβ—phos-
phate-buffered saline (PBS). Genetic model
of asthma was provided by mice of the B6SLJ-Tg
line (APPSwFlLon,PSEN1*M146L*L286V)6799Vas,
males aged 9 months (n = 5), were obtained from
Jackson Laboratory (United States). The experimen-
tal AD group consisted of C57BL/6 mice, males aged
4 months (n = 5). AD was simulated by intragippo-
campal injection of 1 μL of a preparation of aggregated
Aβ 1-42 (Sigma-Aldrich, United States) along stereo-
tactic brain coordinates in the CA1 zone of the hippo-
campus. Aβ was dissolved in PBS to a concentration of
50 μM, followed by aggregation in an incubator at
37°C for 7 days (Epelbaum et al., 2015). Evaluation of
AD symptoms beginning 7 days after surgery was per-
formed using “Recognition of a New Object” neuro-
behavioral testing (Sipos et al., 2007, Miedel et al.,
2017). The experimental model of AD was verified by
staining with a 0.015% solution of Thioflavin S
(Sigma-Aldrich, United States). After the introduc-
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tion of amyloid into the brain tissue, f luorescent amy-
loid plaques with a characteristic emission spectrum
were observed.

Immunohistochemistry
Two days after surgery, transcardial perfusion was

performed with 4% paraformaldehyde followed by
brain sampling. The brain was fixed in 10% neutral
buffered formalin, and then immersed in a 20%
sucrose solution. Sections were made with a thickness
of 50 μm using a Microtome Thermo Scientific
Microm HM 650 (Thermo Fisher Scientific, United
States). The method of indirect immunohistochemis-
try for free-floating sections was carried out registra-
tion of target markers (Encinas and Enikolopov,
2008).

After washing in PBS, sections were blocked with
3% goat serum albumin in PBS and 1% Triton X-100
for 1 h at room temperature, followed by overnight
incubation with primary antibodies to RAGE (ab3611;
Abcam, UK), HMGB1 (ab77302; Abcam, UK), to
CD147 (ab108317; Abcam, United Kingdom), JAM1
(ab52647; Abcam, United Kingdom), and CD31
(PECAM-1)-FITC (F8402; Sigma-Aldrich, United
States). All antibodies were used in a dilution of
1 : 1000. After incubation with primary antibodies, the
sections were washed and incubated with secondary
antibodies conjugated with Alexa (Abcam, United
Kingdom) at a dilution of 1 : 1000 for 2 h at room tem-
perature. Cell nuclei were stained with DAPI (Thermo
Fisher Scientific, United States).

Images were obtained using an Olympus FV 10i
confocal microscope (Olympus, Japan). In the sec-
tions of the brain, the number of cells expressing target
markers were counted in at least five fields of view.

The fraction of cells expressing the target mole-
cules (of the total number of cells in the vascular
region in the field of view calculated from the nuclei of
DAPI-positive cells localized in the vascular region)
was counted in at least five fields of view. Target label
colocalization was evaluated using the Pearson cor-
relation coefficient using specialized software for the
Olympus FV 10i microscope (Zinchuk et al., 2007).

Statistical processing of the results was carried out
using nonparametric statistics. To compare the indices
in independent samples, the Mann–Whitney test was
used, and the comparison of dependent samples was
carried out using the Wilcoxon test. The differences
were considered significant when p < 0.05. The results
are presented as mean values and their errors.

RESULTS
Intrahippocampal administration of Aβ caused the

development of Alzheimer’s type neurodegeneration
in experimental animals, which was accompanied by
an increase in the number of HMGB1-immunoposi-
C

tive cells in the dentate gyrus of the hippocampus—
4.6 ± 0.6% compared with the control group (1.8 ±
0.4%) (p = 0.0014) (Fig. 1a).

Unidirectional changes were found during the reg-
istration of RAGE-immunopositive cells—an increase
in the number of hippocampal cells expressing RAGE
in the experimental group to 13.2 ± 2.6%, compared
with mock-operated animals (5.9 ± 0.7%) (p < 0.05)
(Fig. 1b).

Considering that Aβ and HMGB1 are endogenous
ligands of RAGE proteins, an increase in RAGE
expression in endothelial cells of animal hippocampus
with a simultaneous increase in HMGB1 expression
and Aβ accumulation in experimental AD indicates
the realization of RAGE-mediated mechanisms of
local inflammation and endothelial dysfunction.

At the next stage, we evaluated some features of
angiogenesis realized through the CD147 molecule in
experimental AD. In animals with a genetic model of
AD in the CA3 hippocampus, the number of endothe-
liocytes expressing CD147 (23 ± 1.6%) was less (p =
0.025) than in the control group (39.1 ± 3.1%)
(Fig. 1c). At the same time, in the dentate gyrus of the
hippocampus, an increased (p = 0.004) number of
CD147-immunopositive cells (41.4 ± 4.7%) was found
compared with the false-operated animals (15.3 ±
1.4%) (Fig. 1c).

In the CA1 and CA2 hippocampal subregions, no
significant differences in CD147 expression were
observed.

Taking into account the revealed disturbances in
angiogenesis in animals with an experimental model
of AD, we evaluated the features of the expression of
the marker of endothelial dysfunction (CD31) and
adhesive contact protein (JAM1) in the hippocampus.
In the experimental group, the proportion of CD31-
immunopositive endotheliocytes was two times higher
than in the control group of animals, and amounted to
5.5 ± 0.9% versus 2.4 ± 0.4%, respectively (p =
0.0053).

However, when modeling AD in endothelial cells,
there was a decrease in the CD31 colocalization index
with the adhesive contact molecule—JAM1—which
amounted to 21 ± 7%. In the control group, the local-
ization index reached 92.7 ± 5.2% (p < 0.0001).

The detected increase in the number of CD31-
immunopositive endotheliocytes in animals with an
early disturbance model aroused interest in assessing
the nature of CD31 expression in individual hippo-
campal subregions in animals with already formed
neurodegenerative changes (genetic model of AD).

In animals with a genetic model of AD, we identi-
fied a tendency (p = 0.223) toward a reduction in the
number of endotheliocytes expressing CD31 in the
dentate gyrus of the hippocampus (21.5 ± 1%) com-
pared with control (24.3 ± 1.4%). A similar situation is
observed in the CA2 and CA3 zones of the hippocam-
pus (Fig. 1d) However, in the CA1 hippocampus sub-
ELL AND TISSUE BIOLOGY  Vol. 14  No. 4  2020
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Fig. 1. Relative amount of immunopositive cells on group proteins HMGB1 (a), RAGE (b), CD147 (c), and CD31 (d) in control
mice and mice with a model of Alzheimer’s disease. Immunohistochemistry using appropriate antibodies. Control—false-oper-
ated animals with the introduction of PBS; AD—Alzheimer’s disease is modeled by the intragippocampal administration of an
amyloid β drug; B6SLJ—mice with a genetic model of Alzheimer’s disease. CA1, CA2, CA3, DG—zones of the hippocampus.
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region, the proportion of CD31-immunopositive cells
was higher in the experimental group (28.9 ± 1.7%)
than in the control (21.4 ± 1.8%) (p = 0.028).

Thus, it can be assumed that the initial stages of
Alzheimer’s type neurodegeneration are accompanied
by intensification of the processes of neoangiogenesis
in the hippocampus, however, as the disease pro-
gresses, neoangiogenesis is suppressed. The exception
is the CA1 hippocampus subregion, in which a high
level of expression of CD31 immunopositive cells is
maintained.

DISCUSSION

We have obtained new data on the fundamental
mechanisms of conjugation of the processes of neuro-
plasticity in normal and chronic neurodegeneration,
as well as the mechanisms of development of amyloid
angiopathy. In the course of this work, an experimen-
tal approach using two experimental AD models in
vivo to confirm the possible participation in the
pathogenesis of CD147- and RAGE-mediated mech-
anisms in the development of endothelial dysfunction,
remodeling of the vascular network and impaired
structural integrity of the blood–brain barrier. The
CELL AND TISSUE BIOLOGY  Vol. 14  No. 4  2020
new effects of Aβ in the hippocampal tissue (in the
early stages and with the formed Alzheimer’s type
neurodegeneration) were studied, which characterize
the disorders angiogenesis (expression CD31 in vari-
ous areas of the hippocampus), the structural and
functional integrity of the BBB (expression of JAM1
protein), the development of local neuroinflamma-
tion (expression of HMGB1) in conjunction with the
expression features of CD147 and RAGE proteins.

Early neurodegenerative changes in the hippocam-
pus associated with Aβ accumulation are accompa-
nied by intensification of neoangiogenesis, impaired
formation of endothelial contacts, an increase in
endothelial dysfunction in the hippocampus, and the
development of local neuroinflammation, followed by
inhibition of neoangiogenesis as the disease pro-
gresses.

The detected increase in the expression of CD31
against the background of the reduction of the expres-
sion of JAM1 in the endothelial cells of the hippocam-
pal microvessels is maximal in the CA1 subregion.
Most likely, the accumulation of Aβ in the vascular
wall causes intensification of angiogenesis and the for-
mation of new vessels with aberrant expression of
JAM1, which is simultaneously associated with an
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increase in the expression of CD147 as a molecule that
regulates the processes of angiogenesis and extracellu-
lar metabolism of amyloid. It is believed that a
decrease in the number of CD31-immunopositive
cells is characteristic of neuroinflammation and neu-
rodegenerative diseases. An overall decrease in the
expression of CD31 in brain tissue is characteristic of
endothelial dysfunction and/or death of endothelial
cells. In particular, a decrease in the level of expression
of CD31 was observed in patients with AD, which sug-
gests that there is extensive endothelial degeneration
during the progression of the disease (Grammas, 2011;
Magaki et al., 2018).

The earliest changes in the hippocampus, which
are characterized by an increase in the number of
CD31-immunopositive endotheliocytes and a four-
fold decrease in the coefficient of JAM1 and CD31
colocalization in these cells, suggest that Aβ accumu-
lation causes intensification of angiogenesis and the
formation of new blood vessels, but with aberrant
expression of JAM1 adhesive contact protein. In turn,
impaired expression of adhesive contact proteins that
ensure the integrity of the endothelial monolayer
during intensive neoangiogenesis is accompanied by
the formation of a functionally incompetent BBB in
the early stages of Alzheimer’s type neurodegenera-
tion.

These changes are recorded against the back-
ground of the development of local inflammation,
including due to the HMGB1 protein released from
damaged cells. An increase in the expression of RAGE
proteins on cerebral endothelial cells provides the
effect of HMGB1 on these cells, which may cause
endothelial damage and dysfunction. It is known that
HMGB1 is a marker of neuroinflammation and plays
a significant role in the pathogenesis of AD—inducing
cell degeneration, modifying the processes of Aβ
aggregation, and acting as an independent mediator of
the action of Aβ (Fujita et al., 2016). On the other
hand, HMGB1 is a RAGE ligand in various tissues,
and their interaction induces inflammation (Weber
et al., 2015). In addition, the interaction of Aβ with
RAGE-positive endotheliocytes, neurons and
microglia initiates oxidative stress, the formation of
lipid peroxides (Chen et al., 2018).

Together with the accumulation of Aβ in the vascu-
lar wall, which stimulates the activation of proinflam-
matory cytokines and reactive oxygen species, all these
processes cause damage to neurons, smooth muscle
cells and pericytes, and endothelial dysfunction, con-
tributing to damage to the BBB (Erickson and Banks,
2013). Among other things, RAGE is considered to
serve as a transporter of Aβ to the brain from periph-
eral blood, while RAGE receptors mediate the trans-
location of Aβ from the extracellular space to the
intracellular (Andrade et al., 2018; Reich et al., 2018).

Similarly, in the hippocampus, the expression of
CD147 increases (mainly in the dentate gyrus), which
C

may be in the nature of a “response” reaction to the
accumulation of Aβ and the intensification of remod-
eling of microvessels.

CD147 is a molecule the expression of which in
NVU cells regulates the processes of proteolysis of the
amyloid precursor protein, secretion of matrix metal-
loproteinases, lactate transport, and angiogenesis
(Vetrivel et al., 2008; Muramatsu, 2016). It is import-
ant to note that, with brain damage, the expression of
CD147 increases (Wei et al., 2014).

Interestingly, in the animals of the control group,
the dentate gyrus of the hippocampus shows a mini-
mal (in comparison with other hippocampal subre-
gions) level of expression of CD147.

It is known that the level of expression of CD147 is
inversely proportional to local production of Aβ due to
the fact that CD147 negatively controls the activity of
gamma-secretase associated with it in the multipro-
tein complex and stimulates extracellular degradation
of Aβ. It is logical to assume that the high level of
expression of CD147 in the dentate gyrus of the hippo-
campus, as well as the high levels of expression of
HMGB1 and RAGE that we have registered in this
region, collectively mark the intensity of inflamma-
tion, remodeling of microvessels, and amyloid metab-
olism.
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