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Aberrant angiogenesis in brain tissue in experimental Alzheimer’s disease
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ABSTRACT

The aim was to study the molecular mechanisms of the violation of the structural and functional integrity of
the blood-brain barrier in chronic neurodegeneration of the Alzheimer’s type associated with the development of
cerebral angiopathy.

Materials and methods. The transgenic model of Alzheimer’s disease is the B6SLJ-Tg line mice (APPSwF1Lon,
PSEN1*M146L*L286V) 6799Vas group which includes 9 months aged males. The control group included
C57BL/6xSJL mice, males aged 9 months.

Results. The total length of the vessels in the area of the dentate gyrus is 2.5 times greater in transgenic animal
models of Alzheimer’s disease than in animals of the control group (p < 0.01). The average diameter of blood
vessels in all areas of the hippocampus is smaller compared with the control (p < 0.05). Transgenic modeling
of neurodegeneration in the CA2 zone of the hippocampus increases the relative area of tissue with increased
permeability of blood-brain barrier (BBB) (17.80 [9.15; 36.75]) compared to control (1.38 [0.04; 7.60]) at p < 0.05.
A similar difference (p < 0.05) is also observed in the hippocampal area CA1. A tendency (p > 0.05) to decrease
the number of CD31+ endothelial cells in the dentate gyrus of the hippocampus (21.52 [17.56; 24.50]) in animals
of the experimental group compared with the control group (23.08[21.18; 29.84]) was detected. A similar situation
is observed in the CA2 and CA3 areas of the hippocampus.

Conclusion. Neurodegenerative changes in the hippocampus of animals with a transgenic AD model are associated
with impaired microcirculation in the brain tissue as a result of a reduction in the diameter and branching of blood
vessels, and damage and increased permeability of BBB.
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AbeppaHTHbIM aHrMoreHes B TKaHM ro/IOBHOIO MO3ra
Npu 3KCNepuMeHTa/ibHOM 60/1e3HM A/byrelimepa

Fopuna A.B., Ocunosa E.[l., MopryH A.B., ManuHoBckasa H.A., Komnesa 10.K.,

JlonaTtuHa O.J1., CanmuHa A.B.

Kpacnospckuii 2ocyoapcmeenuwiti meduyunckutl ynusepcumem (Kpacl’' MY) umenu npogheccopa

B.®. Boiino-Aceneykoeo

Poccus, 660022, 2. Kpacnospck, ya. Ilapmusana Kenesnsxa, 1

PE3IOME

Llenp — n3ydyeHne MOJISKYJISIPHBIX MEXaHH3MOB HapYILIEHUs CTPYKTYPHO-(DYHKIIHOHAIBHOM [IEIOCTHOCTH FeMaTo-
sHIedannueckoro 6apsepa (I'DB) npu xpoHnUeckoil HelipoereHepauy aabUreiiMepoOBCKOr0 THIIA, ACCOLMHPO-
BaHHOH C pa3BUTHEM LiepeOpabHON aHTUIIONIATHH.

MarepuaJjbl 1 MeToabl. ONBITHAS TPyIIa — TeHeTHYecKast Moens Oone3nu Ansnreiimepa (BA) — MbImm muHIK
B6SLJ -Tg(APPSwWFILon,PSEN1*M146L*L286V)6799Vas, camusl B Bo3pacte 9 mMec. KonTponbsnas rpymnmna —
M JinaA C57BL/6 x SJL, camiiel B Bo3pacte 9 mec.

Pe3yabTaThl. Y )KHBOTHBIX C TEHETHYECKOH Mozenbio BA B 3yO4aToll M3BMIMHE THIITIOKAaMIIa 00IIas IHHA CO-
CyzoB B 2,5 pa3za Oomnble, 4eM y KOHTpOJIbHOH rpynmsl (p < 0,01), mpu 5TOM cpeiHUi [uaMeTp COCYIO0B BO BCEX
001acTSIX TUIIIOKAMITa MEHBIIIE TI0 CPaBHEHUIO ¢ KOHTpoJeM (p < 0,05). BvIABIE€HO, YTO MPH TeHETHYECKOM MO-
JenupoBaHun HelipoaereHepanun B CA2 30He rumnmoxamia HabIrogaeTcs yBEIMUCHNEe OTHOCHTEIBHOHN TIIOIIA 1
TKaHU C MOBBILEHHOH poHuaemoctsio ['Db (17,80 [9,15;36,75]) mo cpaBHenuto ¢ konTpoiaem (1,38 [0,04;7,60])
mpu p < 0,05. [Togo6Hoe pasmuuue (p < 0,05) HaGmrogaercs u B 30He CAl runmnokammna. Y KHBOTHBIX OIBITHOH
TpymIisl BeIsIBIeHa TeHaeHuus (p > 0,05) x camxenuto konmuectsa CD3 1+ sHIOTENMaIbHBIX KIETOK B 3y0UaTOi
n3BMWIKHE runmokamma (21,52 [17,56; 24,50]) mo cpaBHeHuto ¢ konTposuem (23,08 [21,18; 29,84]). Ananornunas
curyanus Habmogaetcs B 30Hax CA2 u CA3 runmokamria.

3axiouenne. HeliponerenepaTuBHble H3MEHEHHS B TUIIOKaMIIE >KUBOTHBIX C TeHETHUECKOH Mozenbio bA acco-
LMMPOBAHbI C HAPYLIEHUEM MUKPOLMPKYJISILIMYA B TKAHU TOJIOBHOTO MO3Ta B PE3yJIbTaTe COKPALICHUs JUaMeTpa U
Pa3BETBICHHOCTH COCY/IOB, IOBPEXCHUS U NOBBILIEHUS TpoHuLaeMoctu I'0b.

KiroueBsble cjioBa: aHrHoreHes, reMaTodHIehannueckuii 6apbep, CD31, Oone3np Anbireiimepa.

KOHq).]'IﬂKT HHTEPECOB. ABTOpLI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIUAJIBHBIX KOH(1)III/IKTOB HUHTEPECOB,
CBA3aHHBIX C ny6nm<aune171 HaCTOS[H.[eﬁ CTaTbHu.

Hcrounnk punancupoBanus. Pabora BrimonHeHa npu noaaepskke rpanra [pesunenra PO ans rocynapcTBeH-
HOU MOANEP>KKH BeLyImHX HaydHbIX mKoi PO (RSh-6240.2018.7).

CooTBeTCTBHE NPUHIMIAM 3THKH. VcciaenoBanue 0100peHO JTOKAIBHBIM 3THYECKUM KomuTeToM KpacI'MY
(nportoxos Ne 3 ot 08.10.2018).

s uurupoBanus: [opuna S1.B., Ocunosa E.Jl., Mopryn A.B., Manunosckas H.A., Komnesa 10.K., Jlonatu-
Ha O.JI., Canvuna A.b. AGeppaHTHBII aHTHOTeHE3 B TKAHU TOJIOBHOTO MO3Ta MPHU AKCIIEPUMEHTANBHON O0Ie3HU
Anbureiimepa. broniemens cudbupckoti meduyunst. 2020; 19 (4): 46-52. https://doi.org/10.20538/1682-0363-2020-
4-46-52.

INTRODUCTION

Alzheimer’s disease (AD) is a common neurode-
generative disease among older people, characterized
by the accumulation of beta-amyloid plaques, neuro-
fibrillary tangles, and death of neuronal cells [1]. Ex-
perimental data established using magnetic resonance
imaging indicate that AD without concomitant patho-
logical disorders is much less common than dementia,

accompanied by pronounced vascular changes [2].
This confirms the significant contribution of vascular
disorders to the development of cognitive dysfunction
and, as a consequence, neurodegeneration.

It is believed that beta-amyloid (AB) contributes to
the damage to microvessels, the development of cere-
bral amyloid angiopathy (CAA), rupture of the vas-
cular wall, and impaired cerebral perfusion [3]. Thus,
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as a result of a study of the brain of patients with AD
with multiple cerebral microbleeds, low levels of AP
in the cerebrospinal fluid were revealed. This is prob-
ably the result of an increased cerebral intravascular
deposition of AP, which leads to a violation of the
integrity of the vascular wall, causing microbleeding
[4]. In addition, studies on two models of transgen-
ic lines of mice with stroke (APPswe / PS1dE9 and
tg2576) showed that cerebrovascular disorders affect
the clearance of AP and, therefore, contribute to its
deposition in the brain area with pronounced damaged
blood vessels [5]. Also, brain damage caused by im-
paired cerebral circulation increases the expression of
amyloid beta precursor protein (APP) and, therefore,
AP cleavage. Thus, against the background of A
deposition, which causes cerebrovascular dysfunc-
tion, subsequent ischemia can enhance the expression
of APP and AP cleavage, forming positive feedback
and leading to a violation of the structural and func-
tional integrity of the neurovascular unit (an integrat-
ed unit that consists of microvascular endothelial cells
functionally associated with neurons, astrocytes, peri-
cytes, and extracellular matrix components) [6].

It is important to note that with age, the permea-
bility of the blood-brain barrier increases in patients
with vascular dementia, namely, in sections of brain
tissue (hippocampus and cortex), and an accumulation
of neurotoxic blood proteins (thrombin, albumin, and
immunoglobulins) is observed [7]. In addition, a vio-
lation of the BBB integrity in the hippocampus, espe-
cially the CA1 area and the dentate gyrus, correlates
with the development of cognitive dysfunction and the
destruction of pericytes [8].

Thus, a violation of the BBB integrity may contri-
bute to the progression of AD associated with the devel-
opment of CAA. However, the molecular mechanisms
underlying the pathogenesis are not completely clear.
The purpose of this study is to study the mechanisms
of violation of the structural and functional integrity of
the BBB in chronic Alzheimer’s type neurodegenera-
tion associated with the development of CAA.

MATERIALS AND METHODS

The experimental group consisted of transge-
nic mice models of AD (a model of the formed neu-
rodegenerative changes) mice of the B6SLJ-Tg line
(APPSwF1Lon,PSEN1*M146L*L286V)6799Vas,
males aged 9 months (n = 5). The control group con-
sisted of C57BL/6xSJL mice, males aged 9 months
(n = 5). These mouse lines were obtained from The
Jackson Laboratory.

In vivo study of BBB permeability was performed
by evaluating the permeability of the Evans blue dye
in sections of the brain 4-5 hours after its intraperi-
toneal injection (2% solution in 0.9% NaCl solution,
in a volume of 4 ml/kg of animal weight) according
to the protocol described [9]. Transcardial perfusion
of the brain with 10% formalin was performed to the
animals. The Evans blue dye fluorescence area per-
cent of the total area of the vessels in the field of view
in the coronal sections of the brain (thickness 50 um)
was calculated using confocal microscopy. Evalua-
tion of the CD31 expression (Abcam, ab28364, rab-
bit polyclonal, 1: 1000) on free-floating sections was
carried out using the standard method of simultaneous
combined staining of the drug (free-floating sections
staining protocol from Abcam, USA) [10]. The per-
centage of cells expressing CD31 was calculated (of
the total cell number in the vascular region in the field
of view, calculated from the nuclei of DAPI-positive
cells localized in the vascular region) in three fields
of view. Confocal microscopy was performed using
an Olympus FV10i-W microscope (Japan). When
analyzing photographs, Olympus FLUOVIEW View-
er 4.0 (Japan) was used.

The study of the features of the formation of the
vascular network (angiogenesis) was conducted by
the microscopic method using a ZOE microscope
with photofixation and subsequent processing of the
obtained photographs in ImageJ v1.43 (USA). The
total length of the vasculature, the number of visible
vessels, the number of branch points of the vessels,
and the average diameter of the vessels in 1 mm? of
the hippocampal tissue in the areas CA1l, CA2, CA3,
dentate gyrus (DG) were calculated.

Statistical analysis of the results was carried out
using the Statplus Professional program, assembly
5.9.8.5/Core v.5.9.3.33 using nonparametric statis-
tical methods in GraphPad6.0 program. To compare
the performance in independent samples, the Mann —
Whitney test was used. Differences were considered
significant at p < 0.05. The results are presented in the
form Me [Q,; Q,], where Me is the median, Q, is the
lower quartile, Q, is the upper quartile, and p is the
significance level.

RESULTS

It was revealed that the total length of the vessels
in the dentate gyrus region in transgenic animals is
2.5 times greater than in animals of the control group
(p = 0.006) (Fig. 1,a). Moreover, the total number of
vessels in the CA1 area and the dentate gyrus exceed-
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ed the values of the control animals 2.5 and 3 times,
respectively (p = 0.008) (Fig. 1b). However, the num-
ber of branch points of blood vessels was significantly
higher (1.5-2 times) in the CA1, CA2, CA3 regions in
the control animals compared with the animals of the
experimental group (Fig. 1,¢). The mean vessel diam-
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eter was statistically significantly smaller in animals
with a transgenic model of AD than in animals of the
control group in all studied areas of the hippocampus
(Fig. 1d). Thus, the formation of CAA is accompanied
by remodeling of the vascular network of the hippo-
campus.
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Fig. 1. Features of the vascular network (angiogenesis) in certain areas of the hippocampus in the experimental groups: a — total
length of blood vessels, mm?, b — number of blood vessels, mm?, ¢ — number of branch points, mm?, d — average diameter of blood
vessels; experimental group — animals with a transgenic model of Alzheimer’s disease, control group — wild-type animals

We evaluated BBB permeability using Evans blue
as a marker for BBB damage. We found that the rela-
tive area of brain tissue containing Evans blue dye in
the CA2 zone of the hippocampus of transgenic an-
imals is statistically significantly (p = 0.025) greater
(17.80 [9.15; 36.75]) compared to the control group
(1.38 [0.04; 7.60]) (Fig. 2,a). A similar statistically
significant difference (p = 0.033) is also observed in
the CA1 zone of the hippocampus (Fig. 2,a). The ten-
dency (p = 0.149) to increase the relative area con-
taining the dye in the dentate gyrus of the hippocam-
pus is observed in animals of the experimental group
(7.37 [1.25; 27.83]) compared with the control group
(1.11 [0.05]; 6.35]) (Fig. 2,a). A similar situation
(p = 0.157) was also detected in the CA3 zone of the
hippocampus (Fig. 2,a).
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The results above formed our interest in assess-
ing the expression pattern of one of the endothelial
cell markers, namely, CD31, in various hippocampal
subregions in animals with a transgenic model of AD.
We revealed a tendency (p = 0.223) to decrease the
number of CD31+ endothelial cells in the dentate gy-
rus of the hippocampus in animals of the experimental
group (21.52 [17.56; 24.50]) compared with the con-
trol group (23.08 [21.18; 29.84]) (Fig. 2,b). A similar
situation is observed in the CA2 and CA3 zones of the
hippocampus (Fig. 2,b). However, a statistically sig-
nificant (p = 0.028) increase in the number of CD31+
cells in the CA 1 hippocampal subregion is observed in
animals with a transgenic model of AD (30.41 [20.50;
31.82]) compared with the control group (22.56 [15,
70; 25.34]) (Fig. 2,b).
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Fig. 2. Permeability of BBB in vivo and an expression of CD31: a — the amount dye of Evans blue in certain areas of the hippocampus
(%) in the experimental groups; b — the number of cells expressing CD31 in certain areas of the hippocampus (%) in the experimental
groups; experimental group — animals with a transgenic model of Alzheimer’s disease, control group — wild-type animals

DISCUSSION

CAA has been shown to play a key role in the
pathogenesis of dementia. CAA is most common
with the development of a sporadic form of AD,
which indicates the presence of a pronounced rela-
tionship between AD and cerebral angiopathy. In ad-
dition, various microvascular disorders, in particular,
decreased capillary density, vascular atrophy, and en-
dothelial dysfunction are observed in the brain with
AD progression [11]. It is known that the action of
angiogenic growth factors and cytokines in brain tis-
sue leads to the activation of endothelial cells. This
promotes the formation of a microvascular network,
which increases local microcirculation, inducing the
flow of oxygen and nutrients into the affected tissue.
The endothelium also has a direct local effect, pro-
ducing at least 20 paracrine factors that affect neigh-
boring cells. Although many of these factors are an-
ti-apoptotic, toxic substances, including neurotoxins
and AP precursors, are also released in microvessels
of affected tissues [12].

Our study showed significant changes in the mi-
crovascular bed of the hippocampus in animals with
formed manifestations of chronic neurodegeneration.
At the same time, the CA1 subregion of the hippo-
campus is the most affected area (an increase in the
total number of vessels, a decrease in the number of
branches of the vasculature, and a decrease in the ave-
rage diameter of microvessels). Since we found that
high levels of CD31 cells remained in precisely this

hippocampal subregion, it is logical to assume that the
CA1 zone and the dentate gyrus of the hippocampus
dominate in the process of the microvascular network
remodeling during Alzheimer’s type neurodegene-
ration. Thus, the processes of the microvascular bed
remodeling are multidirectional in the hippocampal
subregions in animals with experimental AD: neoan-
giogenesis is typical for the CAl zone of the hippo-
campus and the dentate gyrus, and local microcircu-
lation disorders due to the reduction in the diameter
and branching of the vessels is typical for the CA2 and
CA3 subregions.

These results are consistent with the data on the
intensification of the brain neoangiogenesis in experi-
mental animals during Alzheimer’s neurodegeneration
[13]. This may be accompanied by the development
of pathological BBB permeability due to the impaired
expression of tight junction proteins of cerebral en-
dothelial cells. At the microvascular level, endothelial
cell and BBB dysfunction may be associated with de-
creased cerebral blood flow and hypoxia. In addition,
AP concentration in microvessels can contribute to
further damage to endothelial cells, which may be one
of the links in the AD pathogenesis [14]. An impaired,
due to endothelial dysfunction, AP drainage can lead
to the accumulation of amyloid plaques in the brain
parenchyma. Experimental data show [15] that the
action of AP on proteins of tight and adhesive junc-
tions can change the BBB permeability. Damage to
the BBB leads to the death of neuronal cells, glia acti-
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vation, and immune infiltration into the parenchyma.
This has negative consequences for the affected areas
of the brain: hormonal dysregulation in hypothalamic
lesions [16], cognitive impairment in hippocampal le-
sions [17], which contribute to the progression of AD.

Thus, our results indicate that an increase in BBB
permeability is most characteristic of the CA2 subre-
gion of the hippocampus, to a lesser extent, the CA1
sub-region, and, most likely, the dentate gyrus of the
hippocampus. A significant increase in BBB permea-
bility may be associated with intensive neoangiogene-
sis, microvessel remodeling (decreased branching of
vessels and a reduction in mean vessel diameter, and
an increased expression of CD31 in the CA1 hippo-
campal subregion) against the background of the de-
velopment of CAA.

CONCLUSION

It was found that neurodegenerative changes in the
hippocampus of transgenic mice related to the AP ac-
cumulation are associated with the local disturbance
of microcirculation. This is a consequence of a reduc-
tion in the diameter and branching of blood vessels,
an increase in BBB permeability, and suppression of
neoangiogenesis (except the CA1 subregion) as the
disease progresses. These observations emphasize the
importance of future research for a clear understan-
ding of the molecular mechanisms of cerebral micro-
circulatory disorders and a violation of the structural
and functional integrity of the BBB in chronic Alzhei-
mer’s disease neurodegeneration.
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