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ASSESSING FUNCTIONAL ACTIVITY OF MICROGLIA AND MACROPHAGES IN BARRIER-ASSOCIATED
BRAIN AREAS OF SPONTANEOUSLY HYPERTENSIVE RATS

Razenkova VA, Korzhevskii DE
Institute of Experimental Medicine, Saint Petersburg, Russia

The cerebrovascular disorder associated with arterial hypertension results in neuroinflammation, in which microglia and macrophages of the brain are actively involved. The
study aimed to assess functional activity and immunophenotype of microglia and macrophages in the areas of brain barriers in spontaneously hypertensive rats
(SHR). Specimens of the brain of male Wistar rats and SHR (age 3-4 months, n = 10) were used. The study involved the use of immunohistochemistry analysis
and confocal laser microscopy. The presence of M2 activation (CD206) and phagocytic activity (CD68) markers in the population of microglia and macrophages
was assessed. It was shown that the CD206 protein was present in perivascular cells, the counts of which were considerably increased in SHR (40.69 + 4.87
cells per 1 mm? vs. 28.73 + 1.39 in Wistar rats; t-test, p = 0.0007). The quantitative analysis conducted allowed us to identify the upward trend of the share of
phagocytic cells in the brain of SHR compared to Wistar rats. No changes in the CD68 protein distribution were found in SHR, therefore, activation of microglia
and macrophages is not accompanied by the phagocytic activity increase. The findings suggest alternative activation of brain macrophages in neuroinflammation
caused by arterial hypertension.
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OLIEHKA ®YHKLWOHAJIbHOW AKTUBHOCTU MUKPOITINN U MAKPO®AIOB B ACCOLIMNPOBAHHbIX
C BAPLEPAMU OBJIACTAX FOJIOBHOINO MO3IrA CrTOHTAHHO-TMMEPTEH3MBHbIX KPbIC

B. A. Pagenkosa ™, [1. 3. Kop»xeBcKui
VIHCTUTYT aKcnepumeHTanbHo MeauumHbl, CaHkT-lNeTepbypr, Poccus

HapyLueHve MO3roBoro KpOBOTOKa NPV apTepuanbHOM MMNEPTEH3UM MPUBOAUT K Pa3BUTUIO HEMPOBOCNANEHNS, aKTVBHBIMM YHaCTHUKaMM KOTOPOro SBASKOTCS
MVKPOINA 1 Makpodaru rofoBHOro Moara. Lienbto paboTbl 6bin0 n3ydeHre QyHKLMOHANBHOW aKTUBHOCTY U MIMMYHOMEHOTUMNA MUKPOMIN 1 Makpodaros
B 06nacTv 6apbepoB rOIOBHOO MO3ra CrOHTAaHHO-MMMNepTeH3MBHbIX Kpbic (SHR). Vicnonb3oBanu MaTtepuan rofoBHOro mMosra Kpbic-camuoB Buctap 1 SHR
(BospacT 3-4 mecsua, n = 10). PaboTa BbinosiHeHa ¢ NPYMEHEHNeM METOL0B UMMYHOMMCTOXVMUHECKOrO aHanm3a 1 KOH(OKaIbHOM a3epHOM MUKPOCKOMNM.
OuennBann Hanmn4ne Mapkepa M2 axtvsaumn (CD206) 1 daroumTapHoi akTveHocT (CD68) B monynsiLwmmn MUKpOrminm 1 Makpodaros. [Nokasaro, 4to 6enok CD206
NPUCYTCTBYET B NEPUBACKYNSPHBIX KNETKAX, Y1CN0 KOTOPbIX 3Ha4UTeNbHO yBenndeHo y Kpbic SHR (40,69 + 4,87 knetok Ha 1 MM? npotue 28,73 + 1,39 y Kpbic
BuicTap; t-test, p = 0,0007). [MpoBeAeHHbI KONMHECTBEHHDIA aHaNM3 NO3BOAMA BbISBUTbL TEHAEHLMIO YBENMYEHUS [OAM (DaroLMTUPYIOLLMX KNETOK B FOSIOBHOM
Mo3re y Kpbic SHR no cpaBHeHWO ¢ kKpbicamn BucTtap. VismeHerunin B pacnpepeneHnn 6enka CD68 y kpbic SHR He BbisiBNeHO, cnefoBaTtenibHO, akTvBaums
MVKPOMIWM 1 Makpoharos He COMPOBOXAAETCS YCuUeHvem aroumutapHoi akTUBHOCTU. ony4eHHble pe3ynsTaThl CBUAETENbCTBYIOT 06 ansTepHaTUBHON
aKTViBaUMy MakpoMaroB rofIoBHOMO MO3ra MW HEMPOBOCMANEHNN, BbI3BAHHOM apTepuanbHON rmnepTeHsmne.
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Macrophages of the brain represent a multicomponent  tissue in various disorders [1]. Such population diversity,
diverse cell population. These include microglia of the brain’s  regional specificity, as well as high plasticity of microglia and
nervous tissue, macrophages of the meninges, perivascular  macrophages determine the versatility of their morphological and
areas, and choroid plexus, as well as the monocyte-derived  functional characteristics. In the last decade, numerous studies
macrophages migrating from the vascular bed into the nervous ~ focused on the origin and morphofunctional heterogeneity of
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these immune system cells were conducted. Thus, several
border-assosiated microglia and macrophage subtypes under
physiological conditions and in neuroinflammation associated
with various CNS disorders were described [2—-4].

In particular, microglia is involved in regulation of blood
flow through cerebral blood vessels and preservation of the
blood-brain barrier (BBB) integrity. It has been shown that
when inflammation is triggered microglia phagocytizes the
astrocyte terminal processes, disrupting the BBB integrity
[5], while selective microgliocyte elimination results in
microvascular dysfunction [6]. Perivascular macrophages are
capable of presenting exogenous antigens by MHC class |l
Therefore, these represent T-cell infiltration sites in autoimmune
disorders, Alzheimer's and Parkinson's diseases [7]. Epiplexus
macrophages of the brain’s choroid plexus, or Kolmer cells,
limit the amount of peripheral blood molecules, as well as
pathogens and lymphocytes, entering the cerebrospinal
fluid under the conditions of invasion and tissue damage [8].
Perivascular and epiplexus macrophages generate more
reactive oxygen species in response to the increase in blood
or cerebrospinal fluid levels of certain compounds, which can
aggravate the disease [9]. In contrast, some data demonstrate
that perivascular and meningeal macrophages contribute to
-amyloid clearance in Alzheimer's disease or cerebral amyloid
angiopathy [10]. Taken together, the data suggest that the
contribution of macrophages to neuroinflammation depends
on numerous factors, which opens large-scale prospects for
modulation of their activity, and, consequently, the use of this
approach for therapeutic purposes.

However, it is difficult to clearly delineate microglia and
macrophage subtypes in the CNS due to limited specificity of
most marker proteins, such as CD11b, F4/80, CX3CR1, CD45,
and Iba-1 [11]. Immunophenotypic characteristics of epiplexus
macrophages match the characteristics of other mononuclear
phagocytes comprising the MHC I, CD11b, CD68, and Iba-1
marker proteins [12]. In addition, when culturing cells ex vivo,
microgliocytes lose their characteristic features (morphological
traits, genetic and epigenetic markers), and become virtually
indistinguishable from macrophages [13]. In this regard,
immunophenotyping of the CNS microglia and macrophages
in vivo seems possible only in conjunction with morphological
assessment.

Several experimental models simulating pathological
features of certain diseases are currently used to study
manifestations of neuroinflammation [14]. Thus, arterial
hypertension, which is considered a serious health problem
for people worldwide [15] and can be a neuroinflammation
pathology model, is associated with impaired inflammation
regulation. Spontaneusly hypertensive rats (SHR) are used for
standardized hypertension. The research shows that in SHR
the cerebral blood flow impairment associated with chronic
hypertension leads to inflammation, which can result in
neurodegeneration [16]. The results of the study focused on the
brain immune system characteristics in arterial hypertension
show that microglia of SHR shows morphological signs of
activation [17-19]. Preliminary data were also obtained that
made it possible to predict the type of polarization of activated
microglial cells in SHR [20].

Disruption of the blood-brain and blood-cerebrospinal
fluid barriers [16, 21] resulting from the decreased elasticity of
cerebral blood vessels caused by remodeling of their cellular
layers is a typical manifestation of arterial hypertension reported
for SHR. Thus, the response of microglia and macrophages
to systemic and local pro-inflammatory stimuli turns out to
be most pronounced in the zones of the blood-brain, blood-

cerebrospinal fluid, and cerebrospinal fluid-brain barriers.
Nevertheless, morphofunctional state of the brain’s immune
cells in the zones of barriers in this disorder is still poorly
understood.

The study aimed to assess functional activity and
immunophenotype of microglia and macrophages in the
subependymal zone of the lateral and third ventricles, as well
as in the choroid plexus of the SHR brain.

METHODS

Brain specimens of male Wistar rats and SHR with the body
weight of 250-300 g (age 3-4 months, n = 10) fixed in zinc-
ethanol-formaldehyde and paraffin-embedded in accordance
with the standard method were used for immunophenotyping
of microglia and macrophages in normotensive and
hypertensive animals. When forming groups of animals with
arterial hypertension, SHR with the average systolic blood
pressure equal to or above 200 mHg were selected. Blood
pressure of SHR was measured before biomaterial collection
using the Systola noninvasive blood pressure measurement
system (Neurobotics, Russia).

Identification of microglia and macrophages in brain
sections was performed using antibodies against the Iba-1
protein (ab5076, Abcam, UK and ET-1705-78, Huabio, China),
CD68 lysosomal glycoprotein (GB113109, Servicebio, China),
and CD206 mannose receptor (HA722892, Huabio, China).

Reagents from the UltraVision Quanto Detection System
HRP (TL-060-QHL, Fisher Scientific, USA), anti-Goat HRP-
DAB Cell & Tissue Staining Kit (CTS008, R&D Systems, USA),
Mouse and Rabbit Specific HRP/DAB IHC Detection Kit
(ab236466, Abcam, UK) were used as secondary reagents. The
3’3-diaminobenzidine chromogen from the Stable DAB/Plus kit
(Diagnostic BioSystems, USA) was used for the monoenzyme
reaction product visualization. For immunofluorescence, the
sections incubated in secondary antibodies were treated with
the Cy2 fluorochrome-conjugated streptavidin (016-220-084,
Jackson ImmunoResearch, USA) and the solution of the Cy3
fluorochrome-conjugated goat anti-horseradish peroxidase
antibody (123-165-021, Jackson ImmunoResearch, USA).

The resulting preparations were assessed using the Leica
DM750 microscope (Germany) and the LSM800 confocal
laser microscope equipped with the Airyscan system.
Immunomorphological analysis of microglia and macrophages
was performed in the barrier zones adjacent to brain centers:
ependyma of the lateral and third ventricles (in the area of
striatum and mediobasal hypothalamus, respectively), pia
mater, lateral ventricular choroid plexus. The expert, who
performed morphological and quantitative assessment of the
preparations obtained, was blinded in terms of information
about the test objects.

Quantification involved enumeration of cells in three fields
of view for each preparation using the x10 and x20 lens
magnification, then standardization based on the scale length of
1 mm? was applied (the number of values used to calculate the
mean for each case was 6). The percentage of cells containing
two markers (Iba-1 and CD68) was calculated by dividing the
lba-1+/CD68* cell counts by the lba-1* cell counts. To analyze
the images, the Imaged2 program in the FIJI extension was
used (https://imagej.net/software/fiji/). The Coloc2 (https://
imagej.net/plugins/coloc-2) and Colocalization Finder (http://
rsb.info.nih.gov/ij/plugins/colocalization-finder.html) were used
to assess co-localization of the studied markers. Pearson’s
correlation coefficients were determined for various brain areas
of Wistar rats and SHR: subependymal zone of the lateral and
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Table 1. Systolic blood pressure in SHR
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Systolic blood pressure, mmHg
Rat No.

First measurement Second measurement Third measurement Mean
1 211 201 229 214
2 215 203 207 208
3 200 222 235 219
4 251 235 240 242
5 208 209 210 209

third ventricles, choroid plexus. Statistical processing was
performed in GraphPad Prism 8 (GraphPad Software, USA).
The samples were tested for normality using the Shapiro—
Wilk test for small samples. The distribution was considered
normal at p > 0.05. One-way and two-way ANOVA was used to
compare the data, with subsequent comparison of the group
using the post-hoc Tukey’s test and the Kruskal-Wallis test
involving the use of the post-hoc Dunn’s test. The data were
provided as the mean + standard deviation. The differences
were considered significant at p < 0.05.

RESULTS

The results of blood pressure measurement in the SHR selected
for the study are provided in Table 1.

Immunohistochemical staining of CD206 in brain sections
of Wistar and SHR revealed perivascular cells (in the nervous
tissue of the brain and the choroid plexus) and cells of the
pia mater (Fig. 1). No cells staining positive for CD206 were
reported in the nervous tissue of the brain. The average CD206*
cell counts per 1 mm?2 higher in rats with genetically determined
arterial hypertension (t-test, p = 0.0007), these were 40.69 + 4.87
cells (vs. 28.73 + 1.39 in Wistar rats).

C

Cells per 1 mm?

30—

The use of double immunohistochemical staining made
it possible to identify microglia and macrophages (lba-1+)
containing the CD68 protein (Fig. 2). These are found in all the
studied barrier zones (subependymal zone of the lateral and
third ventricles, choroid plexus) and have specific morphological
features. Near the ependyma of the lateral and third ventricles
these represent typical dendritic subependymal microgliocytes
of the basket-like and spindle-like morphotype. The CD68*
granule distribution in the cytoplasm of these cells corresponds
to general ideas about the localization of lysosomes. Cells of
the choroid plexus are characterized by the sparsely-branched
or spindle-like morphotype, and their CD68* granules are also
distributed in the areas of lysosome localization. We should
also mention the cells associated with neither ependyma, nor
choroid plexus, but distributed freely in the ventricular lumen.
Such cells were usually found in the preparations from SHR.
The CD68 protein granules in the intraventricular cells occupied
almost the entire cytoplasm, concealing the nucleus (Fig. 2a).

The differences in the quantitative distribution of Iba-1+/
CD68* microgliocytes and macrophages in various barrier
zones of the brain turn out to be region-specific, which is
confirmed by the analysis of variance (F = 117.4, p < 0.0001).
Thus, it has been shown that the highest percentage of

25 I I

Wistar SHR

Fig. 1. CD206 in the choroid plexus of the brain of Wistar rats (A), SHR (B). Immunohistochemical staining of CD206 with hematoxylin staining of nuclei. The lateral
ventricular cavity is marked by an asterisk. C. Difference between CD206* counts in rats of different lineages, p-value < 0.01. The line inside the box plot represents

the median (Me). The scale bar is 50 um
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Fig. 2. Quantitative analysis results. Double immunohistochemical CD68 (red channel) and Iba-1 (green channel) stain. A-C. Overall view of subependymal microglia of
the lateral (A) and third (B, C) ventricles. A. Subependymal and intraventricular microglia of SHR, 3D reconstruction of a series of optic slices, measuring grid cell size
10 x 10 ym, Wistar rats (B), SHR (C). D, E. Comparison results for the percentage of the cells staining positive for two markers, box plot (D) and pie chart (E). P-value:
*—<0.05; " — < 0.01; *™ — < 0.001. The line inside the box plot represents the median (Me)

lba-1+/CD68* cells is observed in the choroid plexus. In the
subependymal zone of the lateral and third ventricles, the
content of double-immunopositive cells is not so high (Table 2).
Quantification revealed no significant differences between
the groups of normotensive and hypertensive rats (F = 2.19,
p = 0.16). However, the data of the SHR sample are slightly
displaced relative to the Wistar rat sample (Fig. 2D, E) toward
the increase in the percentage of the cells staining positive for
two markers.

The analysis of co-localization (Fig. 3) yielded the average
correlation values for each area in both groups (Wistar rats
and SHR; Table 3). In all the cases, the correlation criterion
accepts the values that are enough for co-localization to be
considered non-random (the criterion values are different from
zero). However, no apparent displacement of values associated
with arterial hypertension was reported (two-way ANOVA,
F =0.56, p = 0.48). Furthermore, there were also no significant
differences in the level of correlation of the Iba-1 and CD68
revealed when analyzing different areas of interest (two-way
ANOVA, F = 3.45, p = 0.06).

DISCUSSION

Macrophages play a special role in maintaining tissue
homeostasis, neutralization of pathogens and aberrant cells,
as well as initiation and modulation of adaptive immunity due
to their phagocytic activity, capacity for efferocytosis and
antigen presentation. The decades of research focused on
physiological and cytochemical features of macrophages of
various organs in inflammation made it possible to reveal two
major functional states designated as M1 and M2 polarization
types [22]. Later the scientific community gradually moved
away from the rigid dichotomy concept and concluded that
the macrophage functional states represented a wide range of
phenotypes, from the pro-inflammatory M1 to the reparative
M2 [23, 24]. Further division into subtypes made it possible to
more accurately characterize the role of these cell populations
in inflammation and develop individual therapeutic strategies
for treatment of various disorders [25].

It is assumed that the brain’s microglia shows similar
polarization features during activation [26], which enables

Table 2. Percentage of Iba-1+/CD68* cells in various brain areas of Wistar rats and SHR. The data are provided as the mean + standard deviation

Area Wistar SHR
Subependymal zone of the lateral ventricles 24.31 +11.68 30.99 +9.727
Subependymal zone of the Il ventricle 7.435 +£6.178 8.442 + 6.987
Choroid plexus 52.34 £ 10.72 64.09 + 12.75
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Red channel

Fig. 3. Co-localization analysis results. Double immunohistochemical Iba-1 (green channel) and CD68 (red channel) stain. A. Pearson’s correlation coefficients in various
brain areas of Wistar rats and SHR. B. Correlation diagram of two channels. C. Microglia of the third ventricular floor. D. Co-localization of Iba-1 and CD68. Sites of
marker co-localization are highlighted in white in Fig. D. Arrows point at microglia, frames show the areas presented in Fig. D, the ventricular cavity is marked by an

asterisk. The line inside the box plot represents the median (Me)

the use of the existing paradigm for comparative studies
and extrapolation of the results obtained for various organs.
However, microgliocytes differ from other macrophages in both
histogenesis and a number of structural characteristics [2, 27].
In this case, it is necessary to use a differentiated approach to
assessment of microglia and macrophages considering their features.

The earlier reported study showed that microglia of the rats
with genetically determined arterial hypertension could show
increased phagocytic activity [11]. In this study, a hypothesis
was tested about the possibility of M2a polarization of the
brain’s microglia in SHR.

It is well known that the activated M2a macrophages are
capable of endocytosis, these stimulate cellular growth and
tissue regeneration [25]. In laboratory rodents, the most typical

M2a subtype marker proteins include CD206, Fizz1, Ym1/2,
and arginase 1 [28]. The CD206 mannose receptor was selected
for assessment of functional activity of the brain’s immune cells
based on the characteristics of the proposed markers [29]
and the results of the screening immunohistochemistry testing
involving the use of various antibodies.

The immunohistochemistry staining results obtained
and subsequent quantification show a significant increase
in CD206+ cell number in SHR, which may indicate a shift
towards M2a polarization type. This allows us to provide further
directions in the field of immunophenotyping of microglia and
macrophages of the SHR CNS, for example, by multiplex
immunohistochemistry involving the use of the broad antibody
panel against proteins specific for the M2a phenotype.

Table 3. Pearson’s correlation coefficient in various brain areas of Wistar and SHR rats. The data are provided as the mean + standard deviation

Area Wistar SHR
Subependymal zone of the lateral ventricles 0.51 +0.08 0.49 +0.12
Subependymal zone of the Il ventricle 0.4 +0.16 0.47 + 0.11
Choroid plexus 0.5+0.1 0.58 + 0.08
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|dentification of the role of macrophages in arterial
hypertension attracts the researchers’ attention. It is noted
that SHR have the increased levels of intestinal CD11b* cells
inhibiting the release of pro-inflammatory cytokines. However,
the SHR levels of pro-inflammatory cytokines are also increased
compared to the control group [30]. In contrast, it is noted that
M1 macrophages predominate in the abdominal cavity by
month 4, but the difference in the quantity of the M1- and
M2-polarized cells becomes smaller as early as by month
6 [31]. The authors assume that macrophages of different
organs will also acquire different immunophenotypes, i.e. M1
can predominate in one organ and M2 can predominate in
another one. This can be due to the fact that tissue-resident
macrophages can attract the immune cells arriving to the
tissues from different sources, which, in turn, are influenced
by the region-specific microenvironment. Apparently, in arterial
hypertension, the nervous tissue microenvironment reinforces
the need for at least CD206 expression increase and at most
M2a polarization of the brain’s macrophages.

However, localization of those is limited to perivascular
spaces, pia mater, and the choroid plexus. The cells staining
positive for CD206 specifically in the brain’s nervous tissue
were reported in none of the studied cases.

The lack of CD206 marker in dendritic microglia and
the fact of finding CD206 in typical macrophages only can
indicate differences in the expression profiles of activation
markers in microgliocytes and macrophages. Nevertheless,
the results of certain studies are likely to be in conflict with this
assumption. In one of the recent reports focused on functional
heterogeneity of the CNS glial cells, the authors admit the
possibility of existence of the CD206* microglia population [13].
The original research results obtained by flow cytometry show
that some human P2Y12+ cells can have low CD206 protein
levels [32]. Another study reported simultaneous CD32 and
CD206 expression in microgliocytes under combined exposure
to electromagnetic field and the TNFa neuroinflammation
inducer [33]. The authors interpret the emergence of such
a combination of markers in favor of tissue restoration in
response to damaging effects. In rodents, the emergence of
CD206* microglia was reported in spinal cord injuries [34] and
during early postnatal development [35]. Considering the fact
that the above studies involved cell cultures and the use of
flow cytometry, these data are not strictly comparable with
immunohistochemistry assessment results.

The presence of CD206 in the rat brain’s microglia detected
by immunohistochemistry was, for example, reported in the
paper focused on the effect of quercetin on activation of
the brain’s immune cells [36]. Co-localization of Iba-1 and
CD206 proteins is clearly visible in the brain sections acquired
after the exposure to quercetin having anti-inflammatory and
antioxidant effects and presumably contributing to type M2
microglia activation. However, in ischemic/reperfusion damage,
the microglial response to antiCD206 antibodies was rather
weak, and there was no immunohistochemical response in
the control group. In contrast, in mice with the Alzheimer's
disease-associated neuroinflammation [37], no CD206 and
lba-1 co-localization was revealed. In this regard, the authors
conclude that the CD206* macrophages and Iba-1* microglial
cells represent different populations. Furthermore, the use of
antibodies against marker proteins of macrophages (such as
CD206 and Iba-1) also does not give us all information about
the origin of the cells found in brain sections. That is why it
seems difficult to perfectly distinguish microglia, microglia-
like cells, and macrophages that infiltrate the brain. Thus, the
hypothesis about the possibility or impossibility of the CD206

mannose receptor expression by microglia in rats with various
nervous system states needs further verification.

The guantitative analysis results obtained in this study
allowed us to determine readiness for phagocytosis of
microglia cells and macrophages based on the presence of
functional lysosomes that are detectable due to the presence
of macrosialin (CD68), the transmembrane glycoprotein of
lysosomes and phagosomes [38].

When assessing co-localization of the Iba-1 and CD68
proteins, it was hypothesized that the Iba-1+/CD68* microglia
reported in the vicinity of brain barriers in SHR was in active
state. The Pearson’s correlation coefficient was selected to
compare |ba-1 and CD68 protein co-localization levels due to
the ease of interpretation of values. Its values vary from -1 to
1, where “~1” indicates a complete negative, “1” a complete
positive, and “0” a random correlation [39]. In both Wistar rats
and SHR, co-localization of proteins in all the studied zones was
non-random (the spread in mean values was 0.4-0.6). However,
the quantification performed suggests the lack of significant
differences in Iba-1 and CD68 protein co-localization levels.

One more methodological approach involved quantitative
assessment of the percentage of cells staining positive for two
markers relative to the general population of Iba-1* cells in the
choroid plexus, as well as near the ependyma of the lateral and
third ventricles. It was noted that the largest percentage of Iba-
1+/CD68* cells was typical for the brain’s choroid plexus, where
a specific macrophage population (Kolmer cells) was localized
[40]. The nature of these cells is still a matter of debate, but
their function is associated with active phagocytosis. The
least percentage of double immunopositive cells is reported
for the subependymal zone of the third ventricle in the area of
hypothalamus, which is likely to result from the presence of
specific glial cells (tanycytes) in the ependyma. Tanycytes
ensure bidirectional transport of bioactive molecules between
cerebrospinal fluid and blood [41]. The subependymal zone
of the lateral ventricles, which does not have such a lining,
occupies an intermediate position.

Despite the fact that the analysis of variance revealed
no significant differences between the percentage of cells
staining positive for Iba-1 and CD68 in different rat strain, the
analysis of descriptive statistics shows that the data of the
SHR sample are displaced relative to the Wistar rat sample
towards the increase in the counts of such cells. In particular,
the median, as well as minimum and maximum values can
be higher (Fig. 2). The findings suggest heterogeneity of the
studied SHR group, regardless of the selection performed
based on blood pressure. Larger samples should be used for
further research.

The data obtained suggest that rats with arterial hypertension
can show activation of phagocytic activity of microglia
and macrophages in the zones of the blood-brain, blood-
cerebrospinal fluid, and cerebrospinal fluid-brain barriers.
Furthermore, considering the co-localization analysis results, it
is necessary to emphasize that it is probably the number, but
not the functional activity level of cells that changes.

CONCLUSIONS

Neuroinflammation caused by arterial hypertension in SHR
results in polarization shift towards M2 variant in macrophages
of the pia mater, choroid plexus, and perivascular spaces. The
population affiliation of the brain’s CD206* cells remains unclear
and should be clarified through further research using double
immunohistochemical labeling. Activation of microglia and
macrophages in SHR is apparently not accompanied by the
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increase in the phagocytic activity of these cells. The identified
trend towards the increase in the percentage of Iba-1+/CD68*
cells in the SHR brain compared to the Wistar rat brain can

References

1.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

BULLETIN OF RSMU | 1, 2026 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2026.008

Silvin A, Qian J, Ginhoux F. Brain macrophage development,
diversity and dysregulation in health and disease. Cell Mol Immunol.
2023; 20: 1277-89.

Li Q, Barres BA. Microglia and macrophages in brain homeostasis
and disease. Nat Rev Immunol. 2017; 18 (4): 225-42.

Brioschi S, Zhou Y, Colonna M. Brain macrophages in development,
homeostasis and disease. J Immunol [Internet]. 2020 Jan 15
[cited 2026 Jan 15]; 204 (2): 294. Available from: https://pmc.
ncbi.nim.nih.gov/articles/PMC7034672/.

Mrdjen D, Paviovic A, Hartmann FJ, Schreiner B, Utz SG, Leung BP, et
al. High-dimensional single-cell mapping of central nervous system
immune cells reveals distinct myeloid subsets in health, aging,
and disease. Immunity [Internet]. 2018 Feb 20 [cited 2026 Jan
15]; 48 (2): 380-95.e6. Available from: https://www.sciencedirect.
com/science/article/pii/S10747613183003237?via%3Dihub.
Haruwaka K, lkegami A, Tachibana Y, Ohno N, Konishi H,
Hashimoto A, et al. Dual microglia effects on blood brain barrier
permeability induced by systemic inflammation. Nat Commun.
2019; 10 (1): 5816.

Bisht K, Okojie KA, Sharma K, Lentferink DH, Sun Y-Y, Chen H-R,
et al. Capillary-associated microglia regulate vascular structure
and function through PANX1-P2RY12 coupling in mice. Nat
Commun. 2021; 12 (1): 5289.

Taketomi T, Tsuruta F. Towards an understanding of microglia and
border-associated macrophages. Biology (Basel). 2023 Aug 5;
12 (8): 1091.

Engelhardt B, Vajkoczy P, Weller RO. The movers and shapers in
immune privilege of the CNS. Nat Immunol. 2017; 18 (2): 123-31.
Vara-Pérez M, Movahedi K. Border-associated macrophages as
gatekeepers of brain homeostasis and immunity. Immunity. 2025;
58 (5): 1085-100.

Greenberg SM, Bacskai BJ, Hernandez-Guillamon M, Pruzin J,
Sperling R, van Veluw SJ. Cerebral amyloid angiopathy and
Alzheimer disease — one peptide, two pathways. Nat Rev Neurol.
2020; 16 (1): 30-42.

Amici SA, Dong J, Guerau-de-Arellano M. Molecular mechanisms
modulating the phenotype of macrophages and microglia. Front
Immunol. 2017; 8: 1520.

Wan'Y, Hua Y, Garton HJL, Novakovic N, Keep RF, Xi G. Activation of
epiplexus macrophages in hydrocephalus caused by subarachnoid
hemorrhage and thrombin. CNS Neurosci Ther. 2019; 25 (10):
1134-41.

Kotova MM, Apukhtin KV, Nikitin VS, Kalueff AV. On functional
heterogeneity of micro- and astroglia. Russian Journal of
Physiology. 2024; 110 (11): 1824-45. Russian.

Tamura Y, Yamato M, Kataoka Y. Animal models for
neuroinflammation and potential treatment methods. Front Neurol
[Internet]. 2022 Jun 27 [cited 2026 Jan 15]; 13: 890217. Available
from: www.frontiersin.org.

Guzik TJ, Nosalski R, Maffia P, Drummond GR. Immune and
inflammatory mechanisms in hypertension. Nat Rev Cardiol. 2024
Jun; 21 (6): 396-416.

Fang Z, Shen G, Amin N, Lou C, Wang C, Fang M. Effects of
neuroinflammation and autophagy on the structure of the blood-
brain barrier in ADHD model. Neuroscience. 2023; 530: 17-25.
Cohen EM, Mohammed S, Kavurma M, Nedoboy PE, Cartland S,
Farnham MMJ, et al. Microglia in the RVLM of SHR have reduced
P2Y12R and CX3CR1 expression, shorter processes, and lower
cell density. Auton Neurosci Basic Clin. 2019; 216: 9-16.
Guselnikova VV, Razenkova VA, Sufieva DA, Korzhevskii DE.
Activation of microglia in the brain of spontaneously hypertensive
rats. Bulletin of RSMU. 2023; (3): 49-55.

Kulikova PV, Guselnikova VV. Morphological characterization
of glial cells in the Substantia nigra of spontaneously hypertensive

result from intrapopulation differences; it can also be a sign of
the increase in the percentage of active phagocytes. Further
research is required to test these hypetheses.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

SHR rats. Medical academic journal. 2024; 24 (2): 93-9. Russian.
Razenkova VA, Kirik OV., Korzhevskii DE. Microglia immunophenotyping
in paraffin sections of the brain. Cell Tissue Biol. 2025; 19 (6):
597-604.

Gonzalez-Marrero |, Hernandez-Abad LG, Castafieyra-Ruiz L,
Carmona-Calero EM, Castafieyra-Perdomo A. Changes in the
choroid plexuses and brain barriers associated with high blood
pressure and ageing. Neurol (English Ed). 2022; 37 (5): 371-82.
Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. M-1/M-2
macrophages and the Th1/Th2 paradigm. J Immunol. 2000;
164 (12): 6166-173.

Mosser DM, Edwards JP. Exploring the full spectrum of
macrophage activation. Nat Rev Immunol. 2008; 8 (12): 958.
Xue J, Schmidt S V., Sander J, Draffehn A, Krebs W, Quester |, et al.
Transcriptome-based network analysis reveals a spectrum model
of human macrophage activation. Immunity. 2014; 40 (2): 274-88.
JiY, LiX, Yao X, Sun J, YiJ, ShenY, et al. Macrophage polarization:
molecular mechanisms, disease implications, and targeted
therapeutic strategies. Front Immunol. 2025 Dec 12; 16: 1732718.
Orihuela R, McPherson CA, Harry GJ. Microglial M1/M2
polarization and metabolic states. Br J Pharmacol. 2016; 173
(4): 649-65.

Prinz M, Erny D, Hagemeyer N. Ontogeny and homeostasis of
CNS myeloid cells. Nat Immunol. 2017; 18 (4): 385-92.

Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage
activation: time for reassessment. F1000Prime Rep. 2014; 6:13.
Részer T. Understanding the mysterious M2 macrophage through
activation markers and effector mechanisms. Mediators Inflamm.
2015; 2015: 816460.

Robles-Vera |, Toral M, de la Visitacion N, Sanchez M, Gémez-
Guzman M, Mufioz R, et al. Changes to the gut microbiota
induced by losartan contributes to its antinypertensive effects. Br
J Pharmacol. 2020; 177 (9): 2006-23.

Zhao J, Lu N, Qu Y, Liu W, Zhong H, Tang N, et al. Calcium-
sensing receptor-mediated macrophage polarization improves
myocardial remodeling in spontaneously hypertensive rats. Exp
Biol Med (Maywood). 2024; 249: 10112.

Bottcher C, Schlickeiser S, Sneeboer MAM, Kunkel D, Knop A, Paza E,
et al. Human microglia regional heterogeneity and phenotypes
determined by multiplexed single-cell mass cytometry. Nat
Neurosci. 2019 Jan 17; 22 (1): 78-90.

Mendoza-MariY, Stojanovic M, Miulli DE, Agrawal DK. Microglial
response to inflammatory stimuli under electromagnetic field
exposure. Arch Clin Biomed Res. 2025; 9 (4): 304-15.

Cohen M, Ben-Yehuda H, Porat Z, Raposo C, Gordon S,
Schwartz M. Newly formed endothelial cells regulate myeloid
cell activity following spinal cord Injury via expression of CD200
ligand. J Neurosci. 2017; 37 (4): 972-85.

Lively S, Wong R, Lam D, Schlichter LC. Sex- and development-
dependent responses of rat microglia to pro- and anti-inflammatory
stimulation. Front Cell Neurosci. 2018; 12: 433.

Li L, Jiang W, Yu B, Liang H, Mao S, Hu X, et al. Quercetin
improves cerebral ischemia/reperfusion injury by promoting
microglia/macrophages M2 polarization via regulating PISK/Akt/
NF-kB signaling pathway. Biomed Pharmacother. 2023; 168:
115653.

Paouri E, Tzara O, Kartalou G-I, Zenelak S, Georgopoulos S.
Peripheral tumor necrosis factor-alpha (TNF-a) modulates amyloid
pathology by regulating blood-derived immune cells and glial
response in the brain of AD/TNF transgenic mice. J Neurosci.
2017; 37 (20): 5155-71.

Chistiakov DA, Kilingsworth MC, Myasoedova VA, Orekhov AN,
Bobryshev Y V. CD68/macrosialin: not just a histochemical
marker. Lab Invest. 2017; 97 (1): 4-13.



39.

40.

OPUTMHAJIbHOE UCCJIEQOBAHNE | HEBPOJIOI A

Adler J, Parmryd |. Quantifying colocalization by correlation: The
Pearson correlation coefficient is superior to the Mander’s overlap
coefficient. Cytom Part A. 2010; 77A (8): 733-42.

Ling E-A, Kaur C, Lu J. Origin, nature, and some functional
considerations of intraventricular macrophages, with special

JNutepatypa

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Silvin A, Qian J, Ginhoux F. Brain macrophage development,
diversity and dysregulation in health and disease. Cell Mol Immunol.
2023; 20: 1277-89.

Li Q, Barres BA. Microglia and macrophages in brain homeostasis
and disease. Nat Rev Immunol. 2017; 18 (4): 225-42.

Brioschi S, Zhou Y, Colonna M. Brain macrophages in development,
homeostasis and disease. J Immunol [Internet]. 2020 Jan 15
[cited 2026 Jan 15]; 204 (2): 294. Available from: https://pmc.
ncbi.nim.nih.gov/articles/PMC7034672/.

Mrdjen D, Paviovic A, Hartmann FJ, Schreiner B, Utz SG, Leung BP, et
al. High-dimensional single-cell mapping of central nervous system
immune cells reveals distinct myeloid subsets in health, aging,
and disease. Immunity [Internet]. 2018 Feb 20 [cited 2026 Jan
15]; 48 (2): 380-95.e6. Available from: https://www.sciencedirect.
com/science/article/pii/S1074761318300323?via%3Dihub.
Haruwaka K, lkegami A, Tachibana Y, Ohno N, Konishi H,
Hashimoto A, et al. Dual microglia effects on blood brain barrier
permeability induced by systemic inflammation. Nat Commun.
2019; 10 (1): 5816.

Bisht K, Okojie KA, Sharma K, Lentferink DH, Sun Y-Y, Chen H-R,
et al. Capillary-associated microglia regulate vascular structure
and function through PANX1-P2RY12 coupling in mice. Nat
Commun. 2021; 12 (1): 5289.

Taketomi T, Tsuruta F. Towards an understanding of microglia and
border-associated macrophages. Biology (Basel). 2023 Aug 5;
12 (8): 1091.

Engelhardt B, Vajkoczy P, Weller RO. The movers and shapers in
immune privilege of the CNS. Nat Immunol. 2017; 18 (2): 123-31.
Vara-Pérez M, Movahedi K. Border-associated macrophages as
gatekeepers of brain homeostasis and immunity. Immunity. 2025;
58 (5): 1085-100.

Greenberg SM, Bacskai BJ, Hernandez-Guillamon M, Pruzin J,
Sperling R, van Veluw SJ. Cerebral amyloid angiopathy and
Alzheimer disease — one peptide, two pathways. Nat Rev Neurol.
2020; 16 (1): 30-42.

Amici SA, Dong J, Guerau-de-Arellano M. Molecular mechanisms
modulating the phenotype of macrophages and microglia. Front
Immunol. 2017; 8: 1520.

Wan'Y, Hua Y, Garton HJL, Novakovic N, Keep RF, Xi G. Activation of
epiplexus macrophages in hydrocephalus caused by subarachnoid
hemorrhage and thrombin. CNS Neurosci Ther. 2019; 25 (10):
1134-41.

KotoBa MM, AnyxtuH KB, HukutuH BC, Kanyes AB. K Bonpocy
0 (DYHKLUMOHANBHOW reTepPOreHHOCTN MUKPOMNN 1 aCTPOMNN.
Poccunckuin dmsnonorndecknin >xypHan um MIM CeveHosa.
2024; 110 (11): 1824-45.

Tamura Y, Yamato M, Kataoka Y. Animal models for
neuroinflammation and potential treatment methods. Front Neurol
[Internet]. 2022 Jun 27 [cited 2026 Jan 15]; 13: 890217. Available
from: www.frontiersin.org.

Guzik TJ, Nosalski R, Maffia P, Drummond GR. Immune and
inflanlnmatory mechanisms in hypertension. Nat Rev Cardiol. 2024
Jun; 21 (6): 396-416.

Fang Z, Shen G, Amin N, Lou C, Wang C, Fang M. Effects of
neuroinflammation and autophagy on the structure of the blood-
brain barrier in ADHD model. Neuroscience. 2023; 530: 17-25.
Cohen EM, Mohammed S, Kavurma M, Nedoboy PE, Cartland S,
Farnham MMJ, et al. Microglia in the RVLM of SHR have reduced
P2Y12R and CX3CR1 expression, shorter processes, and lower
cell density. Auton Neurosci Basic Clin. 2019; 216: 9-16.
[ycenbHukoBa B. B., PasenkoBa B. A., Cyduesa [. A,
Koprkesckun 1. 3. AKTMBaUMa MUKPOMMN B FOMIOBHOM MO3re
CMOHTaHHO MUNEPTEH3MBHbIX KpbIC. BecTHuk Poccuiickoro

41.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

reference to the epiplexus cells. Microsc Res Tech. 1998; 41:
43-56.

Bolborea M, Dale N. Hypothalamic tanycytes: potential roles
in the control of feeding and energy balance. Trends Neurosci.
2013; 36 (2): 91-100.

roCyAapCTBEHHOMO MeONLIMHCKOro YHMBepcuTeTa. 2023; (3): 53-60.
Kynukosa 1. B., lycenbHukosa B. B. Mopdonornyeckas
XaPaKTEPUCTNKA KNETOK MM HEPHOIO BELLIECTBA MOIOBHOMO MO3ra
Y CMOHTaHHO MMNEPTEH3MBHbIX KPbIC NnHUKM SHR. MeanumHcekmin
akageMn4eckuin >xypHan. 2024; 24 (2): 93-99.

Razenkova VA, Kirik OV., Korzhevskii DE. Microglia immunophenotyping
in paraffin sections of the brain. Cell Tissue Biol. 2025; 19 (6):
597-604.

Gonzalez-Marrero |, Hernandez-Abad LG, Castafieyra-Ruiz L,
Carmona-Calero EM, Castafieyra-Perdomo A. Changes in the
choroid plexuses and brain barriers associated with high blood
pressure and ageing. Neurol (English Ed). 2022; 37 (5): 371-82.
Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. M-1/M-2
macrophages and the Th1/Th2 paradigm. J Immunol. 2000;
164 (12): 6166-173.

Mosser DM, Edwards JP. Exploring the full spectrum of
macrophage activation. Nat Rev Immunol. 2008; 8 (12): 958.
Xue J, Schmidt S V., Sander J, Draffehn A, Krebs W, Quester |,
et al. Transcriptome-based network analysis reveals a spectrum
model of human macrophage activation. Immunity. 2014; 40
(2): 274-88.

JiY, Li X, Yao X, Sun J, YiJ, Shen'Y, et al. Macrophage polarization:
molecular mechanisms, disease implications, and targeted
therapeutic strategies. Front Immunol. 2025 Dec 12; 16: 1732718.
Orihuela R, McPherson CA, Harry GJ. Microglial M1/M2
polarization and metabolic states. Br J Pharmacol. 2016; 173
(4): 649-65.

Prinz M, Emy D, Hagemeyer N. Ontogeny and homeostasis of
CNS myeloid cells. Nat Immunol. 2017; 18 (4): 385-92.

Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage
activation: time for reassessment. F1000Prime Rep. 2014; 6:13.
Részer T. Understanding the mysterious M2 macrophage through
activation markers and effector mechanisms. Mediators Inflamm.
2015; 2015: 816460.

Robles-Vera |, Toral M, de la Visitacion N, Sanchez M, Gémez-
Guzman M, Mufioz R, et al. Changes to the gut microbiota
induced by losartan contributes to its antihypertensive effects. Br
J Pharmacol. 2020; 177 (9): 2006-23.

Zhao J, Lu N, Qu Y, Liu W, Zhong H, Tang N, et al. Calcium-
sensing receptor-mediated macrophage polarization improves
myocardial remodeling in spontaneously hypertensive rats. Exp
Biol Med (Maywood). 2024; 249: 10112.

Boéttcher C, Schiickeiser S, Sneeboer MAM, Kunkel D, Knop A, Paza E,
et al. Human microglia regional heterogeneity and phenotypes
determined by multiplexed single-cell mass cytometry. Nat
Neurosci. 2019 Jan 17; 22 (1): 78-90.

Mendoza-MariY, Stojanovic M, Miulli DE, Agrawal DK. Microglial
response to inflammatory stimuli under electromagnetic field
exposure. Arch Clin Biomed Res. 2025; 9 (4): 304-15.

Cohen M, Ben-Yehuda H, Porat Z, Raposo C, Gordon S,
Schwartz M. Newly formed endothelial cells regulate myeloid
cell activity following spinal cord Injury via expression of CD200
ligand. J Neurosci. 2017; 37 (4): 972-85.

Lively S, Wong R, Lam D, Schlichter LC. Sex- and development-
dependent responses of rat microglia to pro- and anti-inflammatory
stimulation. Front Cell Neurosci. 2018; 12: 433.

Li L, Jiang W, Yu B, Liang H, Mao S, Hu X, et al. Quercetin
improves cerebral ischemia/reperfusion injury by promoting
microglia/macrophages M2 polarization via regulating PISK/Akt/
NF-kB signaling pathway. Biomed Pharmacother. 2023; 168:
115653.

Paouri E, Tzara O, Kartalou G-I, Zenelak S, Georgopoulos S.
Peripheral tumor necrosis factor-alpha (TNF-o) modulates amyloid

BECTHVK PIMY | 1, 2026 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2026.008



ORIGINAL RESEARCH | NEUROLOGY

38.

39.

BULLETIN OF RSMU | 1, 2026 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2026.008

pathology by regulating blood-derived immune cells and glial
response in the brain of AD/TNF transgenic mice. J Neurosci.
2017; 37 (20): 5155-71.

Chistiakov DA, Kilingsworth MC, Myasoedova VA, Orekhov AN,
Bobryshev Y V. CD68/macrosialin: not just a histochemical
marker. Lab Invest. 2017; 97 (1): 4-13.

Adler J, Parmryd |. Quantifying colocalization by correlation: The
Pearson correlation coefficient is superior to the Mander’s overlap

40.

41.

coefficient. Cytom Part A. 2010; 77A (8): 733-42.

Ling E-A, Kaur C, Lu J. Origin, nature, and some functional
considerations of intraventricular macrophages, with special
reference to the epiplexus cells. Microsc Res Tech. 1998; 41:
43-56.

Bolborea M, Dale N. Hypothalamic tanycytes: potential roles
in the control of feeding and energy balance. Trends Neurosci.
2013; 36 (2): 91-100.




