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Pesiome. B nocnenHue necatuieTvss HaOMOOAeTCS HEYKJIOHHbBINA POCT NEMPECCUBHBIX PACCTPOMCTB, 3a-
HUMAaIINX BAXKHOE MECTO B CTPYKTYPE MPUYMH HETPYTOCOCOOHOCTH. B OCHOBE maToreHes3a nenpeccui Je-
JKUT HEepOBOCTIAJIEHME, aCCOLIMUPOBAHHOE C HapYIlIEHWEM B3pPOCJIOTO HeliporeHe3a. BaxkHO OTMETUTh, UTO
HellpoBocnajieHUue, SIBJSIETCSI YaCTUYHO OOpaTUMBIM, TIPU 3TOM Beayllasi poJib B 3alMyCKe U PeryJisiliuu Heu-
POBOCCTaHOBUTEBHBIX ITPOILIECCOB OTBOJIUTCSI MaKpodaram/MUKPOTJIMU, XapaKTEPHBIMU CBOMCTBAMU KOTO-
PBIX SIBJISIETCSI TE€TE€POT€HHOCTD U MJIaCTUYHOCTD. [Tpy 2TOM ONMO3UTHBIMU COCTOSTHUSIMU aKTUBALIMU MaKpO-
(baroB SBJISIOTCS KJIACCUYECKU aKTUBUPOBaHHbIe M1 U anbTepHaTUBHO aKTUBUpPOBaHHbIE M2-Makpodaru,
XapaKTepU3yIOLINEeCsi, COOTBETCTBEHHO, MPO- U MPOTUBOBOCTAIUTEILHOIW aKTUBHOCThIO. CMmellleHue Oa-
JaHca B CTOpOHY Makpodaros ¢ M2-(eHOTUIIOM paccCMaTpUBAETCsl B IMOCJEIHME IOkl B KaUeCTBe HOBOM
TepaneBTUYECKON CTpaTeruu B KOPPEKIIMU MCUXO-HEBPOJOTNYECKUX paccTpoilcTB. OQHUM U3 UHAYKTOPOB
M2-dbenotuna makpodaros siasercs 3ddepointo3. PaHee Hamu ObL1 pa3paboTaH OPUTMHAIBHBINA MPO-
TOKOJI TeHepalu MakpodaroB 4ejloBeKa B YCJIOBUSIX Ae(UIIMTA POCTOBBIX / CBIBOPOTOYHBIX (DAKTOPOB, B
KOTOPOM KJIIOUEBBIM MOMEHTOM GopmupoBaHusi M2-peHotuna ssisercd 3ddepountos. [Moaydyaembie
Takum obpasom makpodaru (M2(LS), LS — Low Serum) skcnpeccupyloT M2-accolMmrMpoBaHHbIEe MapKe-
PBl U XapaKTEePpU3YIOTCS aKTUBHOU MPOAYKIMEN POCTOBBIX U MpoaHrruoreHHbix dakTtopoB (IGF-1, VEGE
BDNEF, EGE, FGF-basic u 1p.), cmoCOOHBIX MOAABISITH BOCITAJIEHVE U CTUMYJIMPOBATh HelipopereHepaunoo,/
HelporiIacTUYHOCTh. B Moaenu crpecc-uHAYLMPOBAHHOU Aenpeccuu ObUT MOKa3aH aHTUASNIPECCAHTHBIN
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a(deKT pacTBOPUMBIX (paKTOPOB yKazaHHbIX M2-Makpodaros, NposSIBIASIOLIUIACSI B CHUXKEHUU AENPECCUB-
HO-TIOJOOHOTO TTOBEICHUST U CHUKEHUU YPOBHSI MTPOBOCTATUTENbHBIX IIUTOKMHOB B OTACIBHBIX CTPYKTypax
rojioBHoro Mo3ra. OnHako BiausiHue pakropoB M2(LS) Ha HeilporeHe3 ocTaBasoCh HeU3y4YeHHbIM. B HacTo-
siieit pabore, KOTopas SIBISIETCS TTPOJAOJKEHUEM BBILICYTIOMSIHYTOTO UCCIIEA0BAaHUS, TIPOAHATN3UPOBAIN
BJIWSTHUE UHTpPaHa3aJbHOTO BBeneHus (pakTopoB M2(LS) makpodaros Ha HEpOHaIbHYIO MJIOTHOCTh B pa3-
JIMYHBIX 00JIACTSIX MO3ra — (DPOHTAIBHOUM KOPE M TUMIIOKAMIIE MBIIIEN B MOJIESTN CTPECC-UHAYITUPOBAHHOMN
nernpeccuu. [losrydeHHBbIE pe3yabTaThl MOKa3adu, YTO HEWPOHaIbHAs TJIOTHOCTh BO (PPOHTAIBLHON KoOpe, a
takcke CAl m CA3 30Hax TMUIIITIOKaMIIa TIOCJIe Tepallui pacTBOPUMBIMH dakTopamu M2(LS) 6p1a 3HAaYMMO
BBIIIIE, YEM Y JETPECCUBHOMOIOOHBIX XKUBOTHBIX U COMMOCTABMMA C TAKOBOI Y MHTAKTHBIX )KUBOTHBIX. [Toy-
YEHHBIN Pe3yIbTaT MOXET CBUETEIbCTBOBATh O HelipopereHepaTuBHOM akTuBHOCTU M2(LS) Makpodaros
B MOJIEJIA CTpecC-UHAYIIMPOBAHHOU NETPeccruu, KOTOPBI OIMocpeyeTcsl yepe3 pacTBOpUMbIe (hakTopbl U
MPOSIBJISIETCS B MOBBILIEHUY IJIOTHOCTU HEWPOHOB BO (DPOHTAIILHOW KOPE U TUMTIOKAMIIE.

Knroueswie crosa: makpoghaeu, M2-penomun, moiuiu, denpeccus, Helipopeeenepayus, HelpozeHes
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Abstract. Recently, there has been a steady increase in depressive disorders, which occupy an important
place in the structure of the causes of disability. In the pathogenesis of depression, an important role is played
by neuroinflammation, which is associated with impaired adult neurogenesis. Notably, neuroinflammation
is partially reversible, and the leading role in the initiation and regulation of neuroregeneration is given to
macrophages. Opposite states of macrophage activation are classically activated M1 and alternatively activated
M2 macrophages, characterized, respectively, by pro- and anti-inflammatory activity. A balance shift towards
M2 macrophages has been considered as a new therapeutic strategy of psycho-neurological disorders. One of
the inducers of the M2 phenotype is the efferocytosis. We have previously developed an original protocol for
the generation of human macrophages under conditions of deficiency of growth / serum factors, in which M2
phenotype is formed through efferocytosis. Macrophages (M2(LS), LS — Low Serum) obtained according to
this protocol express M2-associated markers, and are characterized by high production of growth and pro-
angiogenic factors (IGF-1, VEGF, BDNF, EGFE, FGF-basic, etc.), which can suppress inflammation and
stimulate neuroregeneration / neuroplasticity. In the model of stress-induced depression, the antidepressant
effect of soluble factors of M2(LS) macrophages was shown, accompanied by a decrease in the level of pro-
inflammatory cytokines in certain brain structures. However, the effect of M2(LS) factors on neurogenesis
remained unexplored. In the present work, which is a continuation of the aforementioned study, we analyzed the
effect of intranasal administration of M2(LS) soluble factors on neuronal density in different brain areas — the
frontal cortex and hippocampus — of depression-like mice. The results obtained showed that neuronal density
in the frontal cortex, CAl and CA3 zones of the hippocampus, was significantly higher in mice with intranasal
administration of M2(LS) conditioned medium than in depression-like mice, and reached the level of neuronal
density in intact animals. These results may indicate the neuroregenerative activity of M2(LS) macrophages
in the model of stress-induced depression, which is mediated through soluble factors and manifests itself in an
increase in the density of neurons in the brain.
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Introduction

Macrophages (M¢) are one of the most important
components of the innate immunity system. In the
central nervous system (CNS) M¢ are represented
by microglia (resident macrophages) and M¢ of bone
marrow origin recruited from peripheral blood. The
proportion of the latter increases significantly in the
presence of a tissue damage or/and inflammation. M¢ /
microglia is characterized by pronounced plasticity
and heterogeneity. The extreme opposite states of M¢
activation are classically activated M 1 and alternatively
activated M2 cells [7]. M1 exhibit proinflammatory
properties, while M2 have a pronounced anti-
inflammatory activity: they promote resolution of
inflammation, produce anti-inflammatory cytokines
and growth factors. The role of M1 and M2 M¢ in
the CNS pathology is being actively studied. For
example, the role of various M¢ phenotypes in a
model of spinal cord injury has been described in
detail, the participation of activated (M 1) microglia in
neuroinflammation in Alzheimer’s disease has been
shown [9], the protective effect of M2 was found in
the model of oxygen-induced retinopathy. However,
most of the studies in this field of research are devoted
to two opposite M¢ phenotypes: classically activated
M1 and alternatively activated M2 (i.e., M2a). At the
same time, it is currently well known that M¢ are a
heterogeneous population of cells and are able to form
many transition states between the described extreme
states of activation in response to various stimuli from
the microenvironment. In particular, toll-like receptor
ligands and immune complexes are inducers of the
M2b, TGF-beta, IL-10, glucocorticosteroids promote
the formation of M2c, and IL-6 and adenosine
contribute to M2d phenotype formation [7].

Moreover, one of the important inductors of
M2 phenotype in pathology is efferocytosis — an
uptake of apoptotic material [10]. Considering this,
we previously developed an original protocol for
the generation of M2-like M¢ under conditions
of efferocytosis [2]. This protocol is based on the
cultivation of human peripheral blood monocytes
under growth / serum factors deficiency, which leads
to deprivation apoptosis and subsequent engulfment
of apoptotic cells by M¢. M2(LS) (LS — Low Serum)
obtained according to this protocol are characterized
by low antigen-presenting and pro-inflammatory
activity, and a high level of production of various
neurotrophic, neuroprotective and angiogenic factors
(BDNEF, IGF-1, FGF-basic, EPO, VEGF and etc.)
[2]. Given these data, we hypothesized that M2(LS)
may exhibit neuroprotective and neuroregenerative
activity. Indeed, further studies showed the stimu-

lating effect of M2(LS) on the proliferation and
differentiation of NSC-like cells in vitro [13].

In recent decades, there has been a worldwide
steady increase in mental illness associated with
behavioral disorders, among which depression is one
of the most significant medical and social problems.
Numerous studies have associated depression with a
decrease in biomarkers of adult hippocampal neu-
rogenesis, including a decrease in the number of
hippocampal neurons, neural stem /progenitor cells
and the hippocampal volume as well as a reduction of
neurogenic niche vascularization. In turn, depression
treatment is correlated with an increase in these
hippocampal biomarkers suggesting a link between
adult hippocampal neurogenesis and depression [12].

Limited access to brain tissues in humans makes it
difficult to directly study neurogenesis and increases
the significance of these studies in models of CNS
pathology. One of the widely used models of chronic
stress in mice that reproduces a depression-like
state is a social defeat stress. Anhedonia, decreased
exploratory behavior, and social avoidance are
observed in animals in this model. We have previously
shown that intranasal administration of soluble
factors derived from M2(LS) M¢ to depression-
like mice ameliorates behavioral pattern of animals,
which was accompanied by a decrease in the level of
pro-inflammatory cytokines in the brain [11]. The
present study continues this line of work and focuses
on the effect of M2(LS) M¢ on neuronal density in
the frontal cortex and hippocampus of depression-
like mice.

Materials and methods

M2(LS) M¢ were generated from human periphe-
ral blood mononuclear cells (PBMC), as described
earlier [2]. Briefly, 3-5 x 10°/mL PBMCs were incuba-
ted in RPMI-1640 (Biolot, St. Petersburg, Russia)
supplemented with 0.05 mM 2-mercaptoethanol,
2 mM sodium pyruvate 0.3 mg/mL L-glutamine, 1%
nonessential amino acids, 100 ug/mL gentamycin,
2% autoplasma and 50 ng/mL recombinant human
GM-CSF (R&D Systems, USA). After 18 hours, the
non-adherent cells were removed, and the adhesive
cells were cultured for 7 days. The conditioned media
(CM) of M¢ was collected, centrifuged, and stored at
-80 °C.

This study was performed in male mice
(CBAxC57BI/6)F1 aged 3.5-4 months, weighing 25-
30 g (obtained from the husbandry of the Institute
of Pharmacology and Regenerative Medicine of the
Russian Academy of Sciences). The animals were kept
on a standard diet with free access to water and under
normal light conditions in cages of 10/cage for at least
2 weeks prior to experiments. All procedures were
approved by the Bioethics Commissions of Scientific
Research Institute of Neurosciences and Medicine
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Depression-like behavior was induced in mice
(n = 17) by repeated social defeat experience in daily
(20 days) agonistic interactions (sensory contact
model) [6]. Then the depression-like mice were
individually placed in cages to exclude agonistic
interactions and subdivided into experimental and
control groups. The animals from experimental group
received M2(LS) CM (30 pl in each nasal passage,
twice a day) for 7 days. The control group of mice
received RPMI-1640 medium.

Cryosections of the frontal cortexand hippocampus
of mice were obtained using a cryotome, the thickness
of each slice was 30 um. The cryosections were then
stained according to the Nissl staining method. The
image was captured and analyzed by semi-automatic
method using a microscope (ZEISS AXioskop?2,
Germany) and Image Pro Plus Software 6.0 (Media
Cybernetics, CA, USA). Since neurons in the studied
areas (pyramidal layer of the frontal cortex, CA1l and
CA3 zones of the hippocampus) are tightly packed,
especially in the hippocampus, the density of cells
was measured to estimate the number of neurons. The
neuronal density was calculated as the percentage of
an area of interest (136036 um? for frontal cortex and
145907 um? for hippocampus) occupied by the Nissl-
stained cells.

Statistical analysis was performed using the
STATISTICA software version 8.0 (StatSoft. Inc.,
USA). The data are presented as median (Me) and
interquartile range (Q,,5-Q, ;). To reveal a significant
difference of the values compared, the Mann—
Whitney nonparametric U test was used. Values of
p < 0.05 were considered statistically significant.

Results and discussion

Analysis of the relative neuronal density in the
pyramidal layer of the frontal cortex showed that the
depressive-like state was accompanied by a significant
decreaseinthe numberofpyramidal neuronscompared
with mice in the intact group: 16.8 (IQR 15.8-17.5%)
vs 18.4 (IQR 17.1-21.2%) (p < 0.05) (Figure 1, see 2"
page of cover). Intranasal administration of RPMI-
1640 medium had no effect on neuronal density,
which remained significantly reduced in this area, not
differing from the “depressive” control (16.8; 14.9-
18.6%; p < 0.05). At the same time, in mice of the
experimental group, intranasal therapy with soluble
factors M2(LS) led to an increase in the number of
neurons, reaching the level of intact animals — 19.8
(18.9-21.2%) (p < 0.05). In this group, neuronal
density was significantly higher compared to both
depression-like animals (model control) and RPMI-
1640-treated mice (treatment control).

In both studied hippocampal zones, CAI and
CA3, similar changes were observed (Figure 1, see

2n page of cover). The development of a stress-
induced depression-like state was associated with
a statistically significant decrease in the number of
neurons from 35.6 (29.8-41.5%) to 31.7 (26.7-34.6%)
in the CA1l zone and from 41.8 (38.5-45.6%) to 34.5
(31.4-36.5%) — in the CA3 zone of the hippocampus
(p < 0.05). Administration of RPMI-1640 failed to
enhance neuronal density. In contrast, intranasal
administration of M2(LS) CM led to an increase in
neuronal density in both CA1 (33.6; 28.4-37.3%) and
CA3 (40.3; 36.3-45.7%) areas of the hippocampus
(p < 0.05). At the same time, the number of neurons
was comparable to that in intact animals and
significantly exceeded the values in the RPMI-treated
mice.

Thus, the results obtained indicate that: 1) the
development of a depression-like state in mice in the
model of stress-induced depression is accompanied
by a decrease in neuronal density in the frontal cortex
and hippocampus; and 2) soluble factors of M2(LS)
macrophages increase neuronal density in the studied
areas of the mice brain.

The current study aims to evaluate the effect of
secretory products of M2(LS) macrophages, polarized
by interaction with apoptotic cells, on neuronal density
in the frontal cortex and hippocampus of depression-
like mice. The relative neuronal density is widely used
to estimate the number of neurons in different areas
of the brain, because in many areas the neurons are
packed so tightly that it is often not possible to visualize
individual cells. The neuronal density is an integral
indicator that reflects the intensity of at least two
interrelated processes: neurogenesis, on the one hand;
and neuroinflammation and neurodegeneration, on
the other. Accordingly, a decrease in the intensity
of neuroinflammation and neurodegeneration,
along with an increase in reduced neurogenesis,
represent targets for therapeutic interventions in CNS
pathology, in particular, in depression. An analysis of
the properties of M2(LS) macrophages allows us to
suggest that both of the above mechanisms may un-
derlie the neuroregenerative activity of these cells.

Previously, we have shown a high level of produc-
tion of growth and neurotrophic factors by M2(LS)
M¢ [2]. In particular, M2(LS) actively produce
IGF-1, and the level of IGF-1 production by these
macrophages is dozens of times higher than that of
classical M1 and M2a cells [2]. The neuroprotective
effects of IGF-1 have been demonstrated both in vitro
and in vivo [1]. Moreover, a number of studies report
the involvement of IGF-1 in the pathogenesis of
depression, although the data are ambiguous. For
example, Kuang et al. showed that IGF-1 injections
contribute to the correction of depression-like
behavior in mice in a model of chronic stress [8]. In
patients with depression, the level of IGF-1 in the
cerebrospinal fluid increased after antidepressant
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therapy, which may indirectly indicate an IGF-1-
mediated effect of antidepressants.

On the other hand, Levada et al. report a decrease
in initially elevated serum IGF-1 levels in patients
with major depressive disorder during antidepressant
therapy, and a positive correlation between a decrease
in IGF-1 and an improvement in clinical symptoms
[14]. Thus, despite the lack of an unambiguous view
ofthe role of IGF-1 in the pathogenesis of depression,
there is no doubt that this factor has a significant
impact on the disease course. It is very likely that
it is IGF-1 in the composition of the secretory
product of macrophages M2(LS) that makes a
significant contribution to the antidepressant effect of
macrophages observed in the present and our previous
studies [11].

Another factor produced by M2(LS) at a
significantly higher level than M1 and M2a M¢ is
VEGF [2]. Several recent studies demonstrate that
VEGF is an angiogenic protein with neurotrophic
and neuroprotective effects. Moreover, accumula-
ting evidence has implicated VEGF in the major
depression disorder pathophysiology. In particular,
rodent models of stress-induced depressive-like states
show significant decreases in VEGF and BDNF levels
in the prefrontal cortex and hippocampus. In addition,
VEGF can potentially mediate the antidepressant
effects of typical antidepressants [15]. In another
study, Greene et al. in a rat model of chronic stress
showed that antidepressant therapy leads to an
increase in the level of VEGF in the hippocampus
and in peripheral blood. In addition to VEGEFE, IGF-1,
and BDNE, other soluble factors, such as FGF-basic,
EPO, EGF etc., may also play a role in mediating the
neuroregenerative effects of M2(LS) M¢, which is
subject to further study.

Chronic neuroinflammation, which plays an im-
portant role in the pathogenesis of depression, leads to
an increase in neurodegenerative processes (damage
to neurons and their subsequent apoptosis) and a
decrease in the intensity of neurogenesis [3]. Indeed,
an increased level of pro-inflammatory cytokines
(IL-1B, IFNy, IL-6, TNFa), as well as reactive oxygen
species in the brain, leads to numerous disorders of
neurotransmitter metabolism, contributing to the de-
velopment of depressive symptoms (anhedonia, sleep
disturbance, decreased motor activity, etc.). Zhang
et al. showed that intracerebral injections of IFNy
reduced neurogenesis in the mouse hippocampus
and contributed to the development of depression-
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