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Jlnnononucaxapua-MHAYLUPOBAHHOE | hecklor |
AenpeccuBHO-NoA06HOe cocTosiHUE

U HelpoBocnaneHue: auddepeHumanbHoe

BAUAHUE HA rUNNOKaMn U npedpoHTasbHYIO

KOpY Y AMKUX MblLLEH

A.Y. Ucmannosa, K.B. MueTkuua, M.P. Wynbu, A.C. Wynbw, E.A. Kypunosa, 0.[1. TyunHa

Bantuiickuit bepepanbHbin yHuBepcuTeT umMenn MiMmanyuna Kanta, Kanununrpap, Poccus

AHHOTALIUA

06ocHoBaHue. BeepeHuve nunononmcaxapupa (LPS) Mbllwam SBRseTCA LWMPOKO UCMOMb3yeMoil MOAENbIO 418 U3YYeHUs ae-
npeccuu, acCoLMMPOBaHHON ¢ BocmaneHueM. OHaKO MeXaHW3Mbl, JIeXallye B OCHOBE Bbi3biBaeMbix LPS n3MeHeHui B M03-
re, OCTAlOTCA HEAOCTATOYHO M3YHEHHBIMU.

Lenb. Lienbto aaHHOro uccnenoBaHus bbiio U3yyeHne NOBELEHUECKMX, KITETOUHBIX U MOJIEKYNSPHBIX M3MEHEHWIA, UHAYLM-
POBaHHbIX MHTEpPBaNbHbIM BBELEHMEM LPS, B [BYX KiloueBbIX 48 naToreHesa Aenpeccuu 0b6iacTsx Mo3ra — runmnokamne
1 NpedpoHTaNBHOMN Kope.

MeToabl. VccnenoBaHue npoBefieHO Ha B3POCHbIX caMuax AMKUX Mblleit (n=28, Bo3pacT 2—-3 Mec, Macca Tena 25-35 1),
a TaKKe Ha NepBUYHbIX KYJbTypax FManbHbIX KIETOK.

[luzaiiH sKkcnepumeHTa BKoYan BeegeHue LPS B gose 1 Mr/Kr (3 MHbEKLMM BHYTPUOPIOLUMHHO) B Ba 3Tana C 7-OHEBHbIM
nHTepBanoM. Ha nepBoM 3Tare aKcnepUMeHTa OLieHWBanM NoBefeHYecKue NnoKasartenu, Ha BTOPOM NpoBOAWIM 3abop TKaHen
(NpedpoHTanbHas Kopa 1 Liebii TMAnoKamn) A1 MOJIEKYSPHOr0 M MUCTOMIONTMYECKOro aHanu3a. [11s oLeHKu noBeAeHMs 1c-
nonb3oBanu TecT «OTKpbIToe Nosiex» (06LUAs aKTUBHOCTb M TPEBOXHOCTD), TECT MOABELUMBAHWSA 3@ XBOCT, TECT NPeAnoyuTeHUs
caxapo3bl (aHrefoHus) U Y-06pasHbi NabuUpuHT (NpocTpaHCTBeHHas paboyas namsThb). MlepBuYHbIe KyNbTypbl KNETOK MK
MHKYbMpoBanu B npucytcTeun LPS — ana uHayumpoBaHus HerpoBocnaneHus 1 daktopa pocta ¢mbpobnactos 2 (fibroblast
growth factor, FGF2) — ans oueHKu n3MeHeHUs eHOTUNA MUKPOTNIMANbHBIX KIETOK.

MoneKynsipHble UM KNeTO4HbIE M3MEHEHWUS in ViVO W in Vitro aHanu3upoBanM ¢ MOMOLLbIO MOSMMEPa3HO LLEMHONM peakumm
B PeXMMe peasibHoro BpeMeHU U METOLL0B MMMYHOTUCTOXMMMUN.

Pesynbtathl. BBegeHne LPS Bbi3Bano y Meillei fenpeccBHO-NoA06HOe NOBEAEHWE, BKIIOYas CHUMEHME UHTEpeca K refo-
HWYECKOMY CTUMYNY, YBENMYEHWNE BPEMEHU HAX0XIEHWUS B HEMOABUKHOM COCTOSHWM, CHUMXKEHWE 0OLLEeN [BUraTenbHONM aK-
TUBHOCTW W HapyLeHUs namaTu. BocnanutenbHas peakums COMPOBOXKAanach NOBLILLEHHON 3KCMPeccUen NpoBoCnanuTeb-
HbIX unToKMHOB (TNF-0, IL-1B) B ceneséHKe 1 ronoBHOM Mo3re, Npu 3TOM BbIABNIEHbI PErMOHaNbHbIE Pasfinymns B aKTUBaLMM
acTpouMToB U MUKporiuK. Y Mbiwei, nonyyaswwmx LPS, Habmoganu yenudyenne akcnpeccun benika nnoTHbIX KOHTaKToB 1
(tight junction protein 1, TJP1), pakTopa pocta 3HaoTeNMs cocynoB A u E-cenekTiHa, CHUMEHWE 3KCTPeccuu KnayauHa 3,
oKKnoauHa, FGF2 n 3HaunTenbHoe NoBbILEHWE KONIMYECTBA TYUHbIX KIETOK. B oboux oTnenax Mosra oTMevanach aKTuBa-
LiMSt MAKPOTIUM, CONPOBOXKAAIOLLAACS YBENMYEHWNEM 0NN aMEDOUAHLIX GOPM KNETOK. B runnokamne BoisiBNEHbI U3MEHEHNS
rnyTamMaTepruyecKoi nepefadu, BKIKYas CHUKEHUE IKCMpeccuu rayTamMatHoro TpaHcnopTepa GLT-1 1 rnyTaMUHCUHTETa3bI,
UTO YKa3blBaeT Ha HapyLLeHne MexaHu3MoB bydepusaumm rnytamata. B akcnepuMenTax in vitro LPS uHayumpoBan aktuea-
M0 MUKPOT/IMKM, KOTOpas bbina HMBenMpoBaHa aobasnenneM FGF2.

3akuioyeHme. HeilpoBocnaneHue, Bbi3BaHHOe BBeAeHWeM LPS, mo-pasHoMy noBnivsnio Ha runnokamn v npedpoHTanbHyio
KOpY, Npy 3TOM TMMMOKaMM [eMOHCTPUPOBan 60NblUyio yA3BMMOCTb. OBHApYMeHHbIA HeMpONpOTEKTOPHbIA 3ddeKT FGF2
B OTHOLUEHWM LPS-MHoyLMpPOBaHHOM aKTUBALMM MUKPOTIUM YKa3bIBAET Ha ero NOTEeHLMaNbHYI0 posib B Tepanuu Aenpeccuy,
accoLMMpoBaHHOMW C BOCManeHueM.

KnioueBble cnosa: mnononncaxapua,; MUKpornna; acTpounTbl; ULUTOKWUHDI; rnyTamar; aenpeccus.
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Lipopolysaccharide-Induced Depressive-Like State
and Neuroinflammatory Responses: Differential
Effects on Hippocampus and Prefrontal Cortex

in Wild-Type Mice

Ainazik U. Ismailova, Ksenia V. Ichetkina, Margarita R. Shults, Anton S. Shults,
Ekaterina A. Kurilova, Oksana P. Tuchina

Immanuel Kant Baltic Federal University, Kaliningrad, Russia

ABSTRACT

BACKGROUND: Lipopolysaccharide (LPS) administration in mice is a widely used model for studying inflammation-associated
depression. However, the mechanisms underlying LPS-induced changes in the brain remain unclear.

AIM: This study is aimed to investigate behavioral, cellular, and molecular changes induced by chronic-interval LPS treatment
in two brain regions implicated in depression, the hippocampus and the prefrontal cortex.

METHODS: The study involved adult wild-type male mice (2-3 months old, 25-35 g, n = 28) and glial cell primary cultures.
The experimental design included a two-phase LPS administration protocol (1 mg/kg, 3 injections intraperitoneally) with
a7-day interval. During the first phase, behavioral assessments were performed; whereas in the second phase, tissue samples
(prefrontal cortex and whole hippocampus) were collected for molecular and histological analyses. Behavioral assessment
included the Open Field Test (general activity and anxiety-like behavior), the Tail Suspension Test, the Sucrose Preference Test
(anhedonia), and the Y-Maze Test (spatial working memory). Glial cell primary cultures were incubated in the presence of LPS
to induce neuroinflammation and fibroblast growth factor 2 (FGF2) to assess changes in the microglial phenotype.

Molecular and cellular changes in vivo and in vitro were analyzed using real-time polymerase chain reaction and
immunochistochemistry assays.

RESULTS: LPS-treated mice exhibited depression-like behavior, including decreased interest in hedonic stimulus, increased
immobility, reduced locomotor activity, and memory deficits. The inflammatory reaction was associated with the elevated
expression of proinflammatory cytokines (TNF-a, IL-1B) in both the spleen and brain with distinct regional patterns of astrocytic
and microglial activation. LPS increased the expression of tight junction protein 1 (TJP1), vascular endothelial growth factor A
(VEGFA), and E-selectin, decreased the expression of claudin 3, occludin, FGF2, and significantly increased the number of mast
cells. Microglial activation was observed in both regions with a shift towards the amoeboid phenotype. Glutamatergic signaling
was altered with downregulation of glutamate transporters (GLT-1) and glutamine synthetase in the hippocampus, suggesting
the impaired glutamate buffering. In vitro, LPS induced microglial activation, which was reversed by FGF2.

CONCLUSION: LPS-induced neuroinflammation differentially affected the hippocampus and prefrontal cortex with the
hippocampus appearing to be more vulnerable. FGF2 reversed LPS-induced microglial activation, indicating its potential as
a therapeutic target for neuroinflammation-associated depression.
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INTRODUCTION

In the 1980s, Zabrodskii first demonstrated that injections
of armin (acetylcholinesterase inhibitor) decreased mice
mortality rate in a model of experimental peritonitis caused
by Escherichia coli [1]. Since then, our understanding of
neuro-immune interactions has been significantly revised
and further research of the mechanisms underlying the
development of septic shock led to the discovery of
a qualitatively new type of such interactions, the cholinergic
anti-inflammatory pathway involving the vagus nerve [2].
Thus, the brain can control the development of the immune
response. In turn, the immune system affects brain function
and administration of lipopolysaccharide (LPS), a component
of the gram-negative bacteria cell wall, is often used to study
the mechanisms of inflammation-associated depression in
different mouse strains [3]. Depression is one of the leading
causes of mental disability worldwide [4] and inflammation
is considered an important factor that worsens the course
of the disease [5]. Whole transcriptome RNA sequencing
revealed that several genes involved in immune regulation,
cytokines and angiogenesis are downregulated in the brain
of patients with depression [6]; thus, anti-inflammatory
agents may have perspectives as future antidepressant
treatments.

LPS-induced sickness behavior in mice include lower
locomotor activity (as measured by the Open Field Test [OFT]),
lower appetite, weight loss, and changes in body temperature,
respiration rate, and sleep patterns. Depressive-like state is
characterized by despair-like inhibitory learning behaviors
(Tail Suspension Test [TST]), anhedonia (Sucrose Preference
Test [SPT]) and memory deficits (Novel Object Recognition
Task, Morris Water Maze, and Barnes Maze). It is well-known
that LPS does not penetrate the blood-brain barrier (BBB)
well and only 0.025% of LPS administered intravenously
enters the rodent brain [7]. It is assumed that the main
mechanisms of immune signal transmission from the blood
to the brain include [8]:

1. Penetration of immune mediators directly from blood
plasma to the brain through the areas where the BBB is
leaky (choroid plexuses, circumventricular organs);

2. Activation of cytokine receptors on endothelial cells
with subsequent formation of second messengers in the
nervous tissue (e.g. prostaglandins E);

3. Active transport of immune mediators, such as tumor
necrosis factor alpha (TNF-a) and interleukins. TNF-a
is an early mediator of inflammation, the main source
of which during the development of a systemic immune
response is tissue macrophages, i.e. brain microglia.
Thus, inflammation-associated depression is most likely

mediated by glial cells and, to some extent, by peripheral

immune cells and their mediators. LPS may not penetrate
the BBB but it triggers cellular and molecular changes in
the brain. According to recent studies, depressive disorder
affects many brain regions, including the prefrontal cortex
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(PFC), anterior cingulate cortex, amygdala, hippocampus,
cerebellum, and the basal ganglia [9] and chronic stress-
induced depression is associated with neuroinflammation and
altered glutamate signaling [10]. As the exact mechanisms
underlying LPS-induced depressive-like state are unknown,
we have decided to investigate the cellular and molecular
changes in response to LPS in two brain regions implicated
in depression, including the PFC and the hippocampus, using
complex approach, from behavior phenotyping of LPS-treated
mice to polymerase chain reaction (PCR) assays, histology,
and cell culture experiments.

AIM

This study aimed to investigate the behavioral, cellular,
and molecular changes induced by chronic-interval LPS
administration in two brain regions implicated in depression—
the hippocampus and the PFC. By employing behavioral tests,
histological analyses, real-time PCR, and glial cell primary
culture experiments, we sought to identify region-specific
neuroinflammatory responses and glutamatergic signaling
alterations.

METHODS

Animals and Lipopolysaccharide Injection
Protocol

Adult male wild-type (house) mice were purchased from
a breeder of fancy mice (for subsequent sale to pet stores
or individuals) and kept in the university animal facility. Mice
(2-3 months old, 25-35 g, n = 28) were randomized into
control or LPS-treated groups across three experimental
cohorts: 5/5 (Control/LPS) in cohort 1, 5/4 in cohort 2, and
4/5 in cohort 3. Different subsets of animals were used in
different experiments (behavioral testing, gene expression
analysis, histology analyses, and immunohistochemistry
assays); sample sizes may vary between figures due to
the nature of each experiment and subsequent technical
limitations. In several cases, animals were excluded from
specific analyses post hoc due to technical issues. Detailed
group sizes used in each experiment and reasons for exclusion
are provided in Supplement 1. All animals were housed
4-5 per cage and kept in standard environmental conditions
(23 £2°C; 12 h / 12 h dark/light cycle) with water and food
provided ad libitum in the animal care facility at Immanuel
Kant Baltic Federal University (IKBFU) in Kaliningrad, Russia.
All experiments, including the number of animals used in the
study, were approved by the Independent Ethical Committee
of the Clinical Research Center at IKBFU, Kaliningrad
(protocol No. 27/2024). Animals were randomized into the
control and LPS-treated groups. LPS (1 mg/kg, L2880;
Sigma-Aldrich, USA) was dissolved in saline solution (0.9%
NaCl). Two phases of injections (3 intraperitoneal injections
per phase) were administered with a 7-day interval. Mice
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Fig. 1. Study design. SPT, Sucrose Preference Test; TST, Tail Suspension Test; OFT, Open Field Test; Y-maze, Y-maze test. IP injection, intraperitoneal

injections of lipopolysaccharide/saline.

were intraperitoneally (i.p.) injected with LPS or sterile saline
trice for behavior tests (phase 1) and trice for brain dissection
and gene expression analysis (phase 2). Mice body weight
was measured at days 1 and 3 of the injection. Experimental
design is shown in Fig. 1.

Behavior Phenotyping

At day 3, 4 hours after the third i.p. injection, the animals
were screened using behavior tests as follows: OFT, TST,
Y-Maze Test. The SPT was performed after the second i.p.
injection due to its 24-hour duration. Before the behavioral
tests (at least 30 minutes in advance), the cages with mice
were placed in the behavioral testing facility for the animals
to get used to the new environment. All mazes were first
wiped with a damp cloth and then with a 70% ethanol wipe;
the room was ventilated between tests for at least 5 minutes.
Mice activity was recorded with a GoPro HERQ9 Black
camera and the behavior was analyzed using BehaviorCloud
(Columbus, USA).

Open Field Test

To test exploratory behavior and general activity in the
OFT, mice were individually placed into the corner of an open
arena (50 x 50 x 60 cm) with dim lighting and allowed to
move freely for 5 minutes. In the OFT, the time spent by the
animal in the center and at the periphery of the maze was
assessed. In addition, we considered how many times the
mice crossed the center, how much time they spent moving,
and the number of supported rears.

Tail Suspension Test

The TST was performed to assess depression-
like behavior, such as behavioral despair, and learned
helplessness. The test facility consisted of 4 chambers, where
mice were suspended (at a height of 50 cm from the floor) by
their tails using sticky tape at 1 cm from its tip. Each mouse
was kept in a separate chamber in moderately bright lighting
(300 Lux) conditions without the possibility of visual or tactile
contact with the surrounding area and other animals. The
TST was conducted for 5 minutes, the immaobilization time
and latency period were recorded. Slight movements of front
paws without hind paws were not considered as mobility. TST
data were analyzed manually using stopwatch.
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Sucrose Preference Test

The SPT was performed to assess anhedonia-like
behavior. For the SPT, mice were habituated for 48 hours
to two bottles filled with water or 2% sucrose solution at
their home cages before the injections. During the test, mice
were kept alone in their home cage without food restrictions.
After the second injection (phase 1), two bottles with 100 mL
of water or 2% sucrose solution were placed in each cage.
The position of the sucrose-containing bottle was balanced
across cages and groups. After 24 hours, the weight of the
remaining liquid in both bottles was measured. Thus, the
total time from habituation to sucrose to the end of the test
was 72 hours. The sucrose preference was calculated using
the following formula: preference = (sucrose intake (mL) /
total liquid intake (mL)) x 100%.

Y-Maze Test

Y-maze test was used to evaluate the short-term spatial
working memory and exploratory activity of mice. The test
is performed in a Y-shaped maze with three opaque arms
(33 x 9 x 15 cm) separated equally at 120°. Visual cues in
black and white were placed on the proximal part of each
arm and designated as zones A, B, and C. Additionally, on
the distal part, the same signs were duplicated in larger
sizes on the indicators. The test was performed under dim
lighting (150 Lux). The Y-maze test consisted of two phases
(a learning phase and a training phase) with an intertrial
interval of 1 hour. During the learning phase, one arm was
closed with the divider (designated as new). Each mouse
was placed into one open arm facing the center, allowing
it to explore the maze for 10 minutes, then the test mouse
returned to the home cage. After 1 hour, the divider was
removed and the training phase was conducted to test
spatial memory. The mouse was placed into the same arm
as in the learning phase and allowed to explore the maze for
5 minutes. For the analysis, we considered the number of
entries into the new arm, time spent exploring the new arm,
and spontaneous alternation (as percentage alternation).
Arm entries were counted when the mouse’s hind paws
were inside the sleeve area. Spontaneous alternation is
known as consecutive entries into each arm of the maze
without repetitions calculated by the following formula:
[% alternation = number of alteration / total arm visits — 2],
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where the lower percentage of spontaneous alternation is
considered memory impairment.

Brain Dissection

Four hours after the third i.p. injection (phase 2), the
animals were deeply anesthetized with isoflurane (Aesica
Queenborough, UK), transcardially perfused, and decapitated.
The anesthetic was used in accordance with the safety
instructions for working with volatile substances; therefore,
the mice were anesthesized in a desiccator with a fume
hood. The mice were decapitated after checking the effect
of anesthesia (typical signs include loss of consciousness,
muscle relaxation, pain insensibility, and slow, barely
noticeable breathing). A 0.9% solution of sodium chloride
was used to wash the cerebral vessels during perfusion.
Brain isolation was performed in a clean room using medical
instruments and a blood disinfectant. After dissection, the
brain was cut into hemispheres; the hippocampus and PFC
were isolated from one hemisphere for the subsequent PCR.
The other hemisphere was fixed in 4% paraformaldehyde
(PFA) in a sodium phosphate buffer (phosphate buffered
saline [PBS], pH 7.4) for 48 hours at 4 °C. At least 24 hours
before the preparation of serial brain slices, the hemispheres
were placed in a 30% sucrose solution. Before preparing the
slices, the cerebral hemisphere was carefully removed from
sucrose solution, fixed on a cold plate using a freezing agent
(KEDEE, China), and placed on a freezer shelf inside a Leica
cryostat (Leica Microsystems, Germany). After freezing the
brain, the cold plate was transferred from the freezer shelf
to the sample holder and serial 50 pym frontal sections of the
cerebral hemispheres were made. The slices were serially
arranged in 6-well plates in PBS (phosphate-buffered saline)
with Triton X-100 (PBST, 0.01%). Each of the six series was
used for a different staining type. All sections in every series
were examined, allowing the total coverage of the examined
brain region.

Histology: Mast Cell Identification

For histology analyses, the cerebral hemispheres were
stored in a 4% PFA solution at +4 °C. Next, the hemispheres
were placed in a 30% sucrose solution for at least 24 hours
to remove the remaining fixative from the tissues. Then, as
described above, 50 ym frontal sections of the hemispheres
were made using a Leica cryostat (Leica Microsystems,
Germany). The slices were serially arranged in 6-well plates
in PBS with Triton X-100 (PBST, 0.01%). Next, frontal rostral
and caudal slices were placed on glass slides pretreated with
gelatin. To identify mast cells, glass slides with slices were
placed in 10% brilliant green for 60 seconds, then washed
with running water and placed in 1% methylene blue for
15 seconds. Then the slides were washed with running
water and placed in 98% ethyl alcohol for 15-20 seconds,
then in xylene for 10-15 seconds. The slide with sections
was treated with Eukitt® medium (Sigma-Aldrich, USA) and
a cover glass was installed. Mast cells were counted in whole
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brain and the hippocampal slices, including the perivascular
spaces between the hippocampus and thalamus, using Leica
DMA4000B fluorescence microscopes (Leica Microsystems,
Germany) and Zeiss Axio Imager.A2 with Axiocam 506 digital
camera (Zeiss, Germany).

Immunohistochemistry Assays

For immunohistochemistry assays, one hemisphere was
stored in a 4% PFA solution at 4 °C, then placed in 30% sucrose
solution for at least 24 hours for cryoprotection before brain
dissection. The resulting serial 50 pm slices were arranged
on 6-well plates with Triton X-100 PBS (PBST, 0.01%) and
stored in PBS + 0,01% NaN3 to prevent pathogen growth.
Brain sections were washed trice in PBS for 10 minutes
and treated with 5% bovine serum albumin (BSA, batch:
68100/BB20561101; PanEco, Russia), in PBS with 0.03% Triton
X-100 (2725C289; Sigma-Aldrich, USA) overnight at 4 °C. For
immunostaining, sections were incubated for 48 hours at
4 °C with the primary antibodies, including rabbit polyclonal
Ibal (Affinity Biosciences, China, DF7217; 1:1000), mouse
monoclonal GFAP (2E1) (Santa Cruz Biotechnology, USA, sc-
33673; 1:1000), rabbit polyclonal EAAT2 (GLT-1) (Abcam, UK,
ab41621; 1:1000) antibodies, diluted in 1% BSA. After incubation
with primary antibodies, sections were washed thrice in PBS
for 10 minutes and incubated with secondary antibodies,
including donkey anti-rabbit Alexa Fluor 488 (Abcam, UK,
ab150073; 1:1000) or goat anti-mouse-Cy3 (Cusabio, China,
LO117G; 1:1000) overnight at 4 °C. After the three washes with
PBS, sections were arranged on glass slides with a mowiol-
based mounting medium. Images were taken on a fluorescent
microscope Leica DM4000B (Leica Microsystems, Germany)
and the corrected total cell fluorescence (CTCF) was analyzed
using Fiji (ImageJ 1.53t) by the following formula: Integrated
density (sum of pixel intensities of all object pixels)—(cell
area x mean fluorescence of background readings). The
number of microglia was determined by manual counting
using the fluorescent microscope Leica DM4000B. Z-stack
images were taken at 6.11 pm intervals over a 50 um Z-range
using an inverted Zeiss LSM 700 laser scanning confocal
microscope to analyze microglial area and morphology. For
each animal, three frontal sections were selected for both the
hippocampus and the medial PFC (mPFC), corresponding to the
rostral, middle, and caudal parts of these structures. Sections
were selected based on anatomical landmarks identified using
the Allen Brain Atlas. In the hippocampus, the anterior section
was made at the point where the hippocampus first becomes
visible; the middle section corresponded to a region with well-
defined layers of the dentate gyrus and hippocampal cornu
ammonis (CA) subfields, and the posterior section was made
where the dentate gyrus appears elongated and curved. In the
mPFC, sections were chosen to represent rostral, middle, and
caudal parts of the cingulate, prelimbic, and infralimbic areas.
For each selected section, confocal images were taken and
15 microglial cells were randomly selected per animal for
analysis using Fiji software. Thus, 450 microglial cells were
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examined in the hippocampus and 450 cells in the mPFC
in the control group (n = 10 animals) and 405 cells per the
respective region in the experimental group (n = 9 animals).

In Z projection images, 3 microglial phenotypes were
analyzed, including the ramified microglia with small cell
body and highly arborized branches, intermediate microglia
with enlarged/elongated soma and retracted branches, and
ameboid microglia with swollen rounded cell body with few
or no branches.

Cell Culture Experiments

Primary mixed glial cultures were obtained under
modernized protocols [11-13] from the hippocampus of
postnatal day 3 (P3) neonatal mice. The experimental
animals were euthanized by rapid decapitation. The brain
was extracted using sterile forceps and the hippocampus
was dissected. The obtained tissue was dissociated using
TrypLE (Thermo Fisher Scientific, USA). Cell suspensions
were seeded onto coverslips covered with poly-D-lysine at
a seeding density of 4.5 x 10° cells/cm? in é-well plates.
The plates were then placed in a C0, incubator and cultured
under standard conditions at 37 °C, 95% humidity, and 5%
CO, for 8 days. The culture medium consisted of 87.9%
Dulbecco’s Modified Eagle Medium (DMEM) with high glucose
(Thermo Fisher Scientific, USA) content and 10% fetal bovine
serum (Thermo Fisher Scientific, USA). Additionally, 1X with
L-glutamine (Thermo Fisher Scientific, USA), 100 U/mL /
100 pg/mL Penicillin-Streptomycin solution (Thermo Fisher
Scientific, USA), and 0.25 pg/mL amphotericin B (Thermo
Fisher Scientific, USA) were added. When the cell cultures in
the experimental groups reached 80% confluence, 200 ng/mL
recombinant human FGF2 derived from E. coli (abm, Canada)
was added to the culture medium. To build a model of
induced neuroinflammation, 100 ng/mL bacterial LPS from
E. coli (Sigma-Aldrich, USA) was introduced into the culture
medium. To evaluate the individual and combined effects of
these agents, cells were incubated for 6 or 12 hours across
eight experimental groups, including the control 6/12 hours
(cultured in medium without LPS and FGF2), LPS 6/12 hours,
FGF2 6/12 hours, and LPS + FGF2 6/12 hours.

Immunocytochemistry Assays

To perform immunocytochemical staining, the cell
monolayer was pre-washed thrice with Dulbecco’s
Phosphate-Buffered Saline (DPBS) containing calcium and
magnesium (Thermo Fisher Scientific, USA) and fixed with
a 4% PFA solution for 20 minutes. Cells were then washed
thrice with PBS with 0.1% Tween 20 for 5 minutes each. To
block nonspecific antibody binding, a 1% BSA solution in PBST
was applied for 1 hour. Next, the cells were sequentially
incubated with primary monoclonal antibodies, rabbit Iba-1
(ab178847, 1:1000; Abcam, UK) and goat GFAP (ab53554,
1:2000; Abcam, UK) at +4 °C for 48 hours. Then, secondary
polyclonal antibodies conjugated to fluorescent labels were
used, donkey anti-rabbit IgG labeled with Alexa Fluor® 488
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(ab150073; Abcam, UK) and donkey anti-goat IgG labeled
with Alexa Fluor® 555 (ab150130; Abcam, UK) for 24 hours at
ambient temperature. Cytological preparations were mounted
using Fluoroshield™ medium with diamidinophenylindole
(DAPI) for nuclear staining (Sigma-Aldrich, USA). Digital
images of the samples were taken using a fluorescent
microscope (Axio Imager.A2; Carl Zeiss, Germany) with
a ZEISS Axiocam 506 digital camera (Carl Zeiss, Germany)
and a 20x EC Plan Neofluar objective. Images were processed
using the special software ZEN Pro. Fluorescent labels
Alexa Fluor® 488 and Alexa Fluor® 555, as well as DAPI-
labeled nuclei, were excited using lasers with wavelengths
of 355 nm, 488 nm, and 555 nm, respectively. lba-1+ cells,
cell microglial area, and the ratio of microglial phenotypes
were measured using Fiji (ImageJ 1.53t). Cell phenotypes
and microglial areas were analyzed in 10 randomly selected
fields of view in each image for a total of 100 cells.

Real-Time Polymerase Chain Reaction

The hippocampus, the PFC, and the spleen were isolated
from the mice and homogenized with plastic pestles. The
ExtractRNA agent (Evrogen, Russia) was used for total RNA
extraction using phenol-chloroform extraction method; the
amount of RNA was measured using NanoPhotometer Pearl
(Implen, Germany) and complementary DNA (cDNA) was
synthesized using MMLV RT Kit (Evrogen, Russia) according
to the manufacturer’s protocol. The amount of isolated RNA
was measured based on the absorbance ratio of 260/230
(samples with a ratio of approx. 2.0 were used in the study).
To assess the purity, we performed real-time PCR assays,
where the isolated RNA was used as a matrix for synthesis.
If the curves did not rise, the sample was clean of genomic
DNA. We designed primers using NCBI Primer-BLAST
software  (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/) and selected primer pairs with the least probability
of amplifying nonspecific products as predicted by NCBI
Primer-BLAST. The real-time PCR primers used in this
study are listed in Supplement 2. Gradient gPCR was done
to optimize the primers. The specificity of amplification
was assessed using melting curves (Supplement 3) and
electrophoresis (Supplement 4). The gPCR assay was
performed with 5X gPCRmix-HS SYBR (Evrogen, Russia)
using a CFX96 Real-Time System (Bio-Rad, USA) under the
following conditions:

a. 3 minutes at 95 °C followed by 39 cycles at 95 °C for

15 seconds and 63 °C/57 °C for 35 seconds;

b. 2 minutes at 50 °C followed by 95 °C for 5 minutes
and 39 cycles at 95 °C for 15 seconds and 63 °C for

35 seconds.

A melting curve of amplified products was determined
after qPCR. The gene expression was quantified by
comparison with a standard curve and normalized relative to
reference genes (B-actin, GAPDH). Data were collected using
CFX Manager 3.1 (Bio-Rad, USA) and analyzed by Delta-Delta
Ct method.
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Statistical Analysis

GraphPad Prism 8 (GraphPad, USA) was used for
statistical analysis and graphing. The Shapiro-Wilk test was
used to determine the normality of the variables and unpaired
t-test was used to compare two separate groups with equal
variance. For non-normally distributed data, Mann-Whitney
U test was used. Statistical differences for two independent
variables between groups were determined using the two-way
analysis of variance (ANOVA) with repeated measurements
followed by Tukey's honestly significant difference test.
Significance levels are indicated as * p < 0.05, ** p < 0.01,
*** p <0.001, *** p<0.0001.

RESULTS

Chronic-Interval lipopolysaccharide Treatment
Induced Depressive-Like Behaviors, Weight
Loss, and Memory Deficits in Mice

After 3 days of LPS injections mice showed significant
loss of body weight (p = 0.0077, see Fig. 2c). In addition, LPS
injections affected mouse behavior in the OFT and TST (see
Fig. 2b, d—f). After LPS treatment, mice spent significantly
more time in the OFT field compared to its center
(p =0.0046), locomotor activity decreased (p = 0.0021), and
we observed a lower total number of rears (p = 0.0006).
Thus, their exploratory behavior substantially decreased.
LPS-treated mice displayed depressive-like and/or
sickness behaviors, including higher immobility in the TST
(p=0.041, see Fig. 2b) and lower sucrose preference in the
SPT (p = 0.0167, see Fig. 2a). We assessed the short-term
spatial working memory of LPS-treated mice by the Y-maze
test. As shown in Fig. 2, g—i, LPS significantly decreased
the spontaneous alternation (p = 0.0008) and the number of
novel arm entries (p = 0.0002) compared with the control
group. This shows that LPS injections promote anxiety-like
and depressive-like behavior and memory and learning
impairment in mice. The additional behavioral assessments
are shown in Supplement 5.

Lipopolysaccharide Injections Promoted
Expression of Proinflammatory Cytokines
in the Spleen and Brain

LPS promoted changes in the expression of cytokines
in the spleen (see Fig. 3a), the hippocampus (see Fig. 3b)
and the PFC (see Fig. 3c). However, the expression patterns
were different. We observed significant elevation of IL-1p and
TNF-a expression in the spleen (p = 0.0082 and p = 0.0049)
and both brain regions (p < 0.0001 and p = 0.0395 for
the hippocampus; p = 0.0002 and p < 0.002 for the PFC);
whereas IL-6 and IL-10 expression was elevated in the
spleen (p=0.0285 and p = 0.0014), lower in the hippocampus
(p=10.0036 and p = 0.0151), and did not change significantly
in the PFC (p = 0.1631 and p = 0.3710) compared to control
animals.
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Expression Changes in BBB Markers, VEGFA,
and FGF2 Induced by Chronic-Interval
Lipopolysaccharide Treatment

We investigated the expression of vascular endothelial
growth factor A (VEGFA), fibroblast growth factor 2
(FGF2) and endothelial-leukocyte adhesion molecule 1,
or E-selectin/CD62E (see Fig. 4, a—c), and tight junction
proteins TJP1/Zonula Occludens-1 (Z0-1), occludin, and
claudin 3 (see Fig. 4, d—f) in the hippocampus and PFC in
response to LPS injections. Post-LPS treatment expression
of TJP1 increased significantly in both brain regions
(p = 0.0008 for the hippocampus; p = 0.0035 for the PFC);
whereas the expression of occludin and claudin 3 decreased
(p=10.0176 and p = 0.0149 for the hippocampus; p = 0.0043
and p = 0.0057 for the PFC). The expression of VEGFA
(p =0.0025 for the hippocampus; p = 0.0002 for the PFC) and
E-selectin (p < 0.0001 for the hippocampus; p < 0.0001 for
the PFC) increased significantly; whereas the level of FGF2
decreased, especially in the hippocampus (p = 0.0019 for the
hippocampus; p < 0.0001 for the PFC), compared to control
animals.

Chronic-Interval Lipopolysaccharide Treatment
Resulted in an Increased Number of Mast Cells
in the Brain

Intraperitoneal injection of LPS resulted in an increased
number of resident mast cells in the mouse brain, especially
in the perivascular areas between the hippocampus and
thalamus. The mast cells were identified after brilliant
green/methylene blue staining by their oval shape, size
(20-25 pm), and numerous dark purple granules in the
cytoplasm (see Fig. 5, a—d). The mast cells were localized
in the perivascular spaces of the thalamus, cerebral cortex,
and hippocampus. In addition, single cells were found in the
parenchyma of the cerebral cortex and the dentate gyrus of
the hippocampus (see Fig. 5a). Multiple cells, including the
degranulating mast cells (see Fig. 5d), were localized in
the vessels between the hippocampus and thalamus (see
Fig. 5, b, c). LPS treatment resulted in a significant increase
in the total number of mast cells in the brain (p = 0.0192,
see Fig. 5e) and the hippocampal area (p = 0.0067, see
Fig. 5f) compared to control mice. In addition, we observed
a significant elevation of c-KIT tyrosine kinase receptor gene
expression in the hippocampus (p = 0.0030, see Fig. 5g),
a gene essential for mast cell survival, differentiation, and
degranulation.

Chronic-Interval Lipopolysaccharide Treatment
Resulted in Astrocytic and Microglial Activation
and the Increased Number of Microglial Cells

in the Hippocampus and Medial Prefrontal Cortex

To investigate the microglial and astrocytic activation in
response to LPS administration, the mRNA expression of
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Puc. 2. Iddekt BBeeHus LPS Ha noBeseHne u Maccy Tena Mblleii: @ — npepnoyTeHue caxaposbl B SPT, b — BpeMs HenopsmxkHocTv B TST, ¢ —
Macca Tenia Mbillei nocne 3 AHel UHbeKumiA, d — BpeMsi B obnactu LeHTpa OFT, e — pBuratensHas aktueHocTb B OFT, f — penpeseHTaTuBHbIe TPEKU
nepeaBveHns Mblweit B OFT, g — KonMyecTBo 3aX0[0B B HOBbIN pyKas B Y-maze TecTe, h — CrMoHTaHHOe YepefioBaHue B Y-maze TecTe, i — penpe-
3EHTaTUBHbIE TPEKU NepesBIKEHNs Mbilleii B Y-maze Tecte. LPS — nunononucaxapuga, Ctrl — koHtponbHas rpynna; n=9/10 (Ctrl/LPS) ans puc. b, h,
i; n=10/9 (Ctrl/LPS) nns puc. c—f. [JaHHble npeacTaBneHbl Kak cpepHne + SEM; * p <0,05; ** p <0,01; *** p <0,001 (t-Tect, TecT MaHHa-YUTHW, ABYX-
dakTopHbIi Tect ANOVA).

Fig. 2. Effect of LPS treatment on mice behavior and body weight: a, sucrose preference in the SPT; b, immobility time in the TST; c, body weight of mice
before and at 3 days of injections; d, time in the center in the OFT; e, ambulatory activity in the OFT; f, representative tracks of mice in the OFT; g, novel arm
entries in the Y-maze test; h, spontaneous alternation in the Y-maze test; i, representative tracks of mice in the Y-maze test. LPS, lipopolysaccharide; Ctrl,
control group; n = 9/10 (Ctrl/LPS) for b, h, i; n = 10/9 (Ctrl/LPS) for c—f. Data are presented as mean values + SEM; * p < 0.05, ** p < 0.01, *** p < 0.001
(t-test, Mann—Whitney test, ANOVA).

Iba1 and glial fibrillar acid protein (GFAP) were analyzed (see  of Ibal+ cells were quantified with 15 randomly selected
Fig. 6e and Fig. 7b). Expression of the microglial marker Iba1,  fields using confocal microscopy of immunohistochemical
ionized calcium-binding adaptor molecule 1, significantly images (see Fig. 6b). The morphological assessment of
decreased both in the hippocampus (p = 0.0050) and the PFC  Ibal+ cells showed less than 6% of ameboid phenotype in
(p=0.0108). Ramified, intermediate, and ameboid phenotypes  both brain regions with more than 80% cells maintaining
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Puc. 3. YpoBHM 3Kcmpeccun Npo- 1 NpOTUBOBOCTANUTENTbHBIX LIUTOKMHOB B CENE3EHKeE, rMnnoKaMne 1 npedpoHTanbHON Kope MbILLei B OTBET Ha BBe-
nenue LPS: a—c — ypoBHM 3Kcnpeccum reHoB. LPS — nunononucaxapug, Ctrl — koHTponbHas rpynna, TNF-a — ¢akTop Hekposa onyxomm a, IL —
UHTepnelkuHbl-1B, -6 n -10 cootetcTBeHHO, PFC — npedpoHTanbHas kopa, mRNA — matpuuHas puboHykneuHoBas kucnota; n=7/7 (Ctrl/LPS)
ans puc. a; n=8/8 (Ctrl/LPS) ons puc. b, c. [laHHble npefcTaBneHbl Kak cpegHue + SEM; * p <0,05; ** p <0,01; *** p <0,001; **** p <0,0001 (t-Tec).

Fig. 3. Expression of pro- and antiinflammatory cytokines in the spleen, hippocampus, and prefrontal cortex of mice in response to LPS treatment:
a—c, gene expression levels. LPS, lipopolysaccharide; Ctrl, control group; TNF-a, tumor necrosis factor alpha; IL, interleukins 1B, 6 and 10, respectively;
PFC, prefrontal cortex; mRNA, messenger ribonucleic acid; n = 7/7 (Ctrl/LPS) for a; n = 8/8 (Ctrl/LPS) for b, c. Data arepresented as mean values + SEM;

*p<0.05 *p<0.01,**p<0.001, “*** p<0.0001 (t-test).

ramified morphology. However, in LPS-treated mice, more
than 55% cells had intermediate morphology, more than
26% of LPS-treated mice microglia were ameboid, and
less than 19% exhibited ramified morphology (see Fig. 6c).
In addition to morphological analysis, we measured the
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microglial cell area and the total amount of Ibal+ cells.
There was a significant increase in the microglial cell area
compared with the control group (see Fig. 6d) as a result of
induced neuroinflammation. The number of microglia was
significantly higher after LPS injections in the molecular
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Puc. 4. YpoBHM 3Kcnpeccun MapKEPOB M perynsTopoB npoHuuaeMoctvt 36 B runnokamne v npedpoHTanbHOM Kope Mblled B 0TBET Ha BBeaeHue LPS:
a—f — ypoBHU 3Kcnpeccum reHoB. LPS — nmnononucaxapug, Ctrl — koHTponbHas rpynna, VEGFA — dakTop pocTa aHgotenus cocynos A, FGF2 —
takTop pocTa dubpobnactos 2, E-selectin — CD62-nopobHbIi aHTUreH ceMeiicTBa E, Monekyna afaresum aHaoTenmanbHbix neikouutos 1, TIP1/201 —
6enok nnotHbIx KoHTakToB 1/zonula occludens-1, Occludin, Claudin 3 — TpaHcMeM6paHHble 6enky NNOTHLIX KoHTakToB, PFC— npedpoHTankHas Kopa
(N®K); ana VEGFA, FGF2, Occludin u Claudin 3 n=9/10 (Ctrl/LPS), ana E-selectin u TJP1 B N®K n=8/10 n n=8/9 cootBeTcTBEHHO. [laHHble NpeaCcTaBNieHbl
KaK cpeaHue + SEM; * p <0,05; ** p <0,01; *** p <0,001; **** p <0,0001 (t-Tect, TecT MaHHa-YuTHM).

Fig. 4. Expression of markers and regulators of BBB permeability in the hippocampus and prefrontal cortex of mice in response to LPS treatment:
a—f, gene expression level. LPS, lipopolysaccharide; Ctrl, control group; VEGFA, vascular endothelial growth factor A; FGF2, fibroblast growth factor 2;
E-selectin, CD62 antigen-like family member E, endothelial-leukocyte adhesion molecule 1; TJP1/Z01, tight junction protein 1/Zonula Occludens-1;
Occludin, Claudin 3, tight junction transmembrane proteins; PFC, prefrontal cortex; n = 9/10 for VEGFA, FGF2, Occludin, and Claudin 3 (Ctrl/LPS), except
for E-selectin and TJP1 in the PFC (n = 8/10 and n = 8/9, respectively). Data are presented as mean values + SEM; * p < 0.05, ** p < 0.01, *** p < 0.001,

**** p<0.0001 (t-test, Mann—-Whitney test).

layer (mIDG), granular layer (glDG), and hilus of the dentate
gyrus (see Fig. 6f) compared to controls. We observed dense
bundles of Ibal+ cells in the perivascular regions between
the hippocampus and thalamus and the perivascular spaces
in the mPFC of mice from the LPS group, which led us to
count microglial cells in those areas (see Fig. 6, g, h). In
addition, we analyzed CTCF of Ibal+ cells in the perivascular
area hetween DG and CAlslm (p < 0.0001, see Fig. é6d). The
increase in the amount of microglial cells was statistically
significant in all analyzed regions of the LPS-treated mice
(p < 0.0001 for all areas, see Fig. 6, f-h, j). Visually, there
was a noticeable difference in the fluorescence intensity
between the two groups (see Fig. 6a).

However, gene expression of GFAP, a glial fibrillary acidic
protein known as an astrocyte marker, was significantly
lower in the hippocampus (p = 0.0101) and higher in the
PFC (p = 0.0003). We examined fluorescence intensity of
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astrocyte marker GFAP+ cells in the hippocampal and medial
PFC regions in response to LPS treatment (see Fig. 7). The
fluorescence intensity of GFAP+ cells was significantly higher
after LPS injections in the molecular layer (mlDG), granular
layer (glDG), hilus of the dentate gyrus and the mPFC area
compared to controls (p = 0.0005 for mlDG; p = 0.0008 for
glDG; p = 0.0003 for hilus; p = 0.0053 for mPFC; see Fig. 7, c,
g). In addition, we observed a statistically significant increase
in the fluorescence intensity of astrocyte marker GFAP+ cells
in the perivascular regions between the hippocampus and
thalamus and the perivascular spaces in the mPFC of mice
from the LPS group (p = 0.0002 for Fig. 7d; p < 0.0001
for Fig. 7f). We also analyzed CTCF of GFAP+ cells in the
perivascular area between DG and CAlslm (p < 0.0001, see
Fig. 7e). Similar to Iba1 staining, GFAP staining demonstrated
the increased fluorescence in the analyzed regions (see
Fig. 7a).
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Puc. 5. TyuHble KneTkv B Mo3re MbllUeii nocnie BefeHUs LPS: @ — pacnpesieneHne TyYHbIX KIETOK Ha GpOHTa/bHOM cpe3e Mo3ra Mbilwm; b—d — co-
0TBETCTBYlOLLME MUKPOGDOTOrpadnM, NOKa3bIBalOLLME OKPALLEHHbIE FPaHYNOLMTbI B NepUBACKYNISPHOM NPOCTPAHCTBE MY TMMMOKaMIOM W TallaMycoM;
e, f — oblLee KOMMYECTBO TyUHbIX KIETOK, MAEHTUGULMPOBAHHLIX Ha Cpe3ax rofloBHOr0 Mo3ra, W OTZAENbHO B 0611acTVt rMnnoKaMna, BKIoYas nepuBsa-
CKynspHoe npocTpaHcTeo Mexay HP v TH; g — ypoBeHb 3kcnpeccum c-KIT B oTBeT Ha uHbeKwum LPS. CTpenku Ha puc. d yKasbiBaloT Ha Ty4Hble KIeTKU
B npouecce AerpaHynsaumu. LPS — nunononucaxapug, Ctrl — koHTponbHas rpynna, HP — runnokamn, TH — Tanamyc, DG — 3y64aTas U3BMNIMHa,
PFC — npedpoHTtansHas kopa; n=10/8 (Ctrl/LPS) ans puc. e, f; n=9/10 (Ctrl/LPS) ans puc. g. bap 100 Mkm (b); 50 MkM (c); 25 MkM (d). laHHble npen-
CTaBneHbl Kak cpegHue + SEM; * p <0,05; ** p <0,01 (t-Tect, Tect MaHHa-YuTHu).

Fig. 5. Mast cells in the mice brain after LPS treatment: a, distribution of mast cells in the frontal section of the mice brain; b—d, corresponding
micrographs showing stained granulocytes in the perivascular space between the hippocampus and thalamus; e, f, total count of mast cells identified in
brain slices and the hippocampal area, including the perivascular space between HP and TH; g, c-KIT expression in response to LPS injections. Arrowheads
in d show degranulating mast cells. LPS, lipopolysaccharide; Ctrl, control group; HP, hippocampus; TH, thalamus; DG, dentate gyrus; PFC, prefrontal cortex;
n =10/8 (Ctrl/LPS) for e, f; n = 9/10 (Ctrl/LPS) for g. Scale bar = 100 (b), 50 (c), and 25 (d) um. Data are presented as mean values + SEM; * p < 0.05,
**p < 0.01 (t-test, MannWhitney test).

Lipopolysaccharide Induced M1 Microglia including ramified and amoeboid microglia. Morphological

Phenotype In Vitro Resolved by FGF2 assessment of Ibal+ cells (see Fig. 8b) showed that
the largest area of microglial cells, as compared to the

In addition to in vivo analysis of microglia, we also  control group, was observed under conditions of induced
employed a primary culture glial cell model to verify that the  neuroinflammation. The smallest area was detected at
observed effects of LPS and FGF2 result from the direct effect 12 hours of FGF2 exposure. The graph shows significant
on microglial cells rather than being mediated by systemic  differences in microglial area between the control groups
immune or neurovascular mechanisms. This approach  and those co-cultured with FGF2 and LPS at 6 and 12 hours.
allowed for a more isolated examination of the effects of Comparative analysis revealed statistically significant
LPS on microglial morphology and assessment of whether  differences in microglial area between experimental groups
FGF2 could prevent or reverse the activation of these cells.  cultured with LPS and co-cultured with LPS and FGF2. This

Analysis of microglial phenotype ratios revealed that in indicates that FGF2 reduced the microglial cell area under
the presence of FGF2 and in the control group, microglia  induced neuroinflammation conditions by 10.8% and 13.9%
predominantly had a ramified phenotype, indicating a non-  at 6 and 12 hours, respectively.
activated state (Fig. 8, a, c). In contrast, when cultured with Thus, the morphological shift towards the amoeboid
LPS, most cells in the microglial population shifted towards  phenotype in response to LPS was successfully reproduced
the amoeboid phenotype, suggesting their pro-inflammatory  in vitro, confirming that microglia directly respond to the
activation. Under the influence of FGF2 in neuroinflammation  inflammatory stimulus. FGF2 added to the culture medium
conditions, a redistribution of cell phenotypes was observed, reduced the microglial cell body area and promoted the
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Puc. 6. Mponudepaums Mukpornmm B otBeT Ha LPS B mIDG, glDG, xunyc runnokamna, nepusackynsipHoit obnactu mexay HP u TH, nepusackynsipHoii
obnactv Mexay DG u CAlslm, obnactsx mPFC (ACC, PL, IL) u nepuBackynsipHbix npocTpaHcTBax mPFC: @ — penpeseHTaTVBHbIE MIMMYHOTUCTOXMMUYECKNE
n3obpaxehus Ibal (kpacHas bnyopecueHuMs) B runnokamne 1 obnactu mPFC, nonyyeHHbIe ¢ NOMOLLbIO (lyOPECLIEHTHON MUKPOCKONMK; b — penpeseH-
TaTUBHble M300PaXEeHMA C KOH(DOKabHOr0 MUKPOCKONa Pa3BETBIEHHONO, MPOMEXKYTOUHOT0 U amebouaHoro dheHoTMnoB Ibal+ KneTok; ¢, d — npoLeHTHoe
COOTHOLUEHWE (HEHOTUMOB MUKPOTTIM W MIIOLLAAM KIETOK MUKPOrMK B rUnnokamne u obnactn mPFC; e — ypoBeHb akcnpeccuu Ibal B runnokamne
1 npedpoHTaIbHOM Kope MbiLLieii B OTBET Ha XpoHudeckoe BBefieHue LPS; f-h, j — konudectso Ibal+ knetok, i — CTCF Ibal+ kneTok B nepuBacKynspHoii
obnactu mexay DG u CAlslm. LPS — nunononucaxapua, Ctrl — KoHTponbHas rpynna, Ibal — voHM3MpoBaHHas KanbLMii-CBA3bIBalOLLAs afanTopHas
monekyna 1, HP — runnokamn, TH — tanamyc, DG — 3y6uatas ussunmHa, mIDG — MoneKynspHbIn cnoii 3y64atoit u3sunmubl, glDG — rpaHynsipHbIii
crou 3ybyatoii u3sumHbl, hilus — xunyc, CAlslm — stratum lacunosum-moleculare nons CA1, hf — runnokamnanbHas wenb, mPFC — MeauanbHas
npedpoHTanbHas kopa, ACC — nepepnHss nosicHas kopa, PL — npenumbudeckas kopa, IL — uHdpanumbuueckas kopa; n=9/10 (Ctrl/LPS) pns puc. e,
n=10/9 (Ctr/LPS) nns puc. c, d, f—j. bap 100 MkM ans obnactu runnokamna, 200 MkM ans mPFC, 20 MkM ans geHoTvnos Ibal+ knetok. [laHHble npeg-
CTaBneHbl Kak cpegHue + SEM; * p <0,05; ** p <0,01; **** p <0,0001 (t-tect, Tect MaHHa-YuTHM).

Fig. 6. Microglial proliferation in response to LPS administration in the mIDG, glDG, hippocampal hilus, perivascular area between HP and TH, perivascular
area between DG and CATslm, mPFC regions (ACC, PL, and IL), and perivascular area vessels of mPFC: g, representative fluorescent microscopy
immunohistochemical images of Iba1 (red fluorescence) in the hippocampus and mPFC area; b, representative confocal microscopy immunohistochemical
images of the ramified, intermediate and ameboid phenotypes of Ibal+ cells; ¢, d, percentage ratio of microglial phenotypes and microglial area in the
hippocampus and mPFC area; e, expression of Ibal in the hippocampus and prefrontal cortex of mice in response to chronic LPS treatment; /~h, j Ibal+
cell count; i, CTCF of Ibal+ cells in the perivascular area between DG and CA1slm. LPS, lipopolysaccharide; Ctrl, control group; Iba1, ionized calcium-
binding adaptor molecule 1; HP, hippocampus; TH, thalamus; DG, dentate gyrus; mIDG, molecular layer of dentate gyrus; gIDG, granular layer of dentate
gyrus; CA1slm, stratum lacunosum-moleculare of CA1 field; hf, hippocampal fissure; mPFC, medial prefrontal cortex; ACC, anterior cingulate cortex; PL,
prelimbic cortex; IL, infralimbic cortex; n = 9/10 (Ctrl/LPS) for e; n = 10/9 (Ctrl/LPS) for c, d, f—j. Scale bar = 100 pm for the hippocampal area, 200 ym
for mPFC, 20 um for Ibal+ phenotypes. Data are presented as mean values + SEM; * p < 0.05, ** p < 0.01, **** p < 0.0001 (t-test, Mann-Whitney test).
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restoration of the proportion of ramified cells, indicating the
anti-inflammatory effect of FGF2 at the cellular level. These
in vitro findings corroborate the in vivo data, where lower
FGF2 expression was associated with enhanced microglial
activation in the hippocampus and the PFC. Thus, the use of
the cell culture model was critical for the functional validation
of the FGF2 role as a potential neuroprotective agent and
inflammation modulator in the central nervous system. We
suggest that in vitro findings support the hypothesis of cell-
autonomous mechanisms of FGF2 action and highlight its
therapeutic potential as a target in inflammation-associated
depression.
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Lipopolysaccharide Affects the Expression
of Glutamate Receptors, Transporters,
and Glutamate Metabolism-Related Genes
in the Brain

We examined the effect of LPS on the expression of
ionotropic glutamatergic receptor subunits NR2A and GluRT;
metabotropic receptors mGluR1 and mGluR3; glutamate
transporters, including vesicular glutamate transporter 1
(VGLUTT1), glial high affinity glutamate transporter (GLAST),
glutamate transporter 1 (GLT-1), glutamate/gamma-
aminobutyric acid (GABA) metabolism-related enzymes,
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Puc. 7. UnteHcuBHocTb dnyopecueHummn GFAP+ knetok B otBeT Ha LPS B mIDG, glDG, xunyce runnokamna, nepusackynsipHoii obnact mexay HP n TH,
nepueackynspHon obnactn Mexay DG u CAlslm, obnactax mPFC (ACC, PL, IL) n nepuBackynsipHbix npocTpaHctBax mPFC: @ — penpe3eHTaTuBHble
(nyopecLeHTHO-MUKPOCKONMYECKIUe UMMYHOTUCTOXMMUYecKUe M3obpaxeHus GFAP (kpacHas ¢nyopecueHums) B obnactu runnokamna u mPFC; b —
ypoBeHb 3kcnpeccun GFAP B runnokamne v npedpoHTanbHoOM Kope Mblllen B 0TBET Ha XpoHuyeckoe BefeHme LPS; c—e — CTCF GFAP+ kneTok B 06-
nacT runmnoKaMna, nepusackynspHoi obnactu mexxay HP u TH, nepusackynsipHoii o6nactu Mexay DG u CAlslm; f, g — CTCF GFAP+ knetok B8 mPFC
1 nepuBacKynsapHbIX npoctpaHcTBax mPFC. LPS — nunononucaxapua, Ctrl — KoHTponbHas rpynna, GFAP — rnmnanbHbIi hubpunnsapHbIil KUCTbIV Benok,
HP — runnokamn, TH — tanamyc, DG — 3y64atas ussunuHa, mIDG — MoneKkynspHbliA croit 3y6yatoii u3BunmHbl, gIDG — rpaHynspHbIi cnoi 3ybuaroii
u3BunMHbI, CAlslm — stratum lacunosum-moleculare nons CA1, hf — runnokamnaneHas wenb, mPFC — MeauanbHas npedpoHTanbHas Kopa, ACC —
nepenHss nosicHas kopa, PL — npenumMbuyeckas Kopa, IL — uHdpanumbudeckas kopa, n=9/10 (Ctrl/LPS) ans puc. b, n=10/9 (Ctrl/LPS) ans puc. c—g. bap
100 MKM anst obnacTvt runnokamna, 200 Mkm ans mPFC. [laHHble npeacTaBneHbl Kak cpegHue + SEM; * p <0,05; ** p <0,01; *** p <0,001; **** p <0,0001
(t-Tect, TecT MaHHa—=YuUTHM).

Fig. 7. Fluorescence intensity of GFAP+ cells in response to LPS administration in the m(DG, glDG, hippocampal hilus, perivascular area between HP and
TH, perivascular area between DG and CA1slm, mPFC regions (ACC, PL, and IL), and perivascular area vessels of mPFC: a, representative fluorescent
microscopy immunohistochemical images of GFAP (red fluorescence) in the hippocampus and mPFC area; b, expression of GFAP in the hippocampus and
PFC of mice in response to chronic LPS treatment; c—e, CTCF of GFAP+ cells in the hippocampal area, perivascular area between HP and TH, perivascular
area between DG and CATslm; f, g, CTCF of GFAP+ cells in the mPFC and perivascular area vessels of mPFC. LPS, lipopolysaccharide; Ctrl, control group;
GFAP, glial fibrillary acidic protein; HP, hippocampus; TH, thalamus; DG, dentate gyrus; mlDG, molecular layer of dentate gyrus; gIDG, granular layer of
dentate gyrus; CAlslm, stratum lacunosum-moleculare of CA1 field; hf, hippocampal fissure; mPFC, medial prefrontal cortex; ACC, anterior cingulate
cortex; PL, prelimbic cortex; IL, infralimbic cortex; n = 9/10 (Ctrl/LPS) for b; n = 10/9 (Ctrl/LPS) for c-g. Scale bar = 100 um for the hippocampal area;
200 um for mPFC. Data are presented as mean values + SEM; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (t-test, Mann—Whitney test).

glutamine synthetase (GS), glutaminase (Gls), and glutamate/  elevated in both brain regions (p = 0.03 for the hippocampus;
GABA metabolism-related gene (GAD1) (see Fig. 9, a—i). p=0.0015 for the PFC, see Fig. 9b); whereas the expression
Gene expression of GIuR1, a-amino-3-hydroxy-5-methyl-  of NR2A, N-methyl-D-aspartate (NMDA) receptor subunit 2A,
4-isoxazolepropionic acid receptor (AMPA) subunit 1, was  was elevated in the hippocampus (p = 0.0076) and lower in
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Puc. 8. lpoueHTHoe cooTHOLLEHWe (HDEHOTUMOB MUKPOMNWM: @, C — B MEPBUYHON CMELLAHHOM FINanbHON KymbType MbIlel Nof, Bo3aeiicTenem LPS
1 FGF2, b — nnowaab MUKpornuanbHbx knetok. LPS — nunononucaxapua, Ctrl — koHTponbHas rpynna, FGF2 — dakTop pocTa ¢ubpobnactos 2.
MukpornuanbHble Knetky uHkyouposamm ¢ 100 Hr/mn LPS u 200 Hr/mn FGF2 B Teuenme 6/12 u. Ramified — passeTeneHHbi deHoTun, Ameboid — ame-
OonaHbIn deHotun. bap 100 MkM. [laHHble npefcTaBnieHbl Kak cpepHee + SD (n=3, He3aBuUCKMble aKcnepuMenThl); * p <0,05; ** p <0,01; *** p <0,001;

**** p <0,0001 (nByxdarTopHbIi TecT ANOVA).

Fig. 8. Percentage ratio of microglial phenotypes: g, c, in mixed glial primary culture of mice under the influence of LPS and FGF2; b, microglial area.
LPS, lipopolysaccharide; Ctrl, control group; FGF2, fibroblast growth factor 2. Microglia were treated with 100 ng/mL LPS and 200 ng/mL FGF2 for 6/12 h.
Ramified — phenotype with highly arborized branches, Ameboid — ameboid-like phenotype. Scale bar = 100 um. Data are presented as mean values +
SD (n = 3, independent experiments); * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (ANOVA).

the PFC (p < 0.0001) compared to the control group (see
Fig. 9a). LPS administration significantly increased the
expression of metabotropic receptors mGIluR1 (p = 0.0001
for the hippocampus; p = 0.0045 for PFC, see Fig. 9¢) and
mGluR3 (p = 0.0005 for the hippocampus; p = 0.142 for
PFC, see Fig. 9d) genes both in the hippocampus and the
PFC. Expression of VGLUT1 gene, a vesicular glutamate
transporter, was found to be significantly elevated in
the hippocampus (p = 0.0353) and decreased in the PFC

DOl https://doiorg/10.17816/gc655664

(p=0.0191, see Fig. 9f). In addition, the expression of another
glutamate transporter, GLAST, was elevated in both brain
regions (p < 0.0001 for the hippocampus; p = 0.0001 for PFC,
see Fig. 9e). After LPS treatment, the expression of glutamate
metabolism-related gene GS was significantly lower in the
hippocampus (p = 0.0382); whereas its expression in the
PFC was elevated (p = 0.008, see Fig. 9g). The expression
of another glutamate metabolism-related gene, glutaminase
(Gls) A was upregulated in the hippocampus (p = 0.04);
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Puc. 9. YpoBHu akcnpeccum pelenTopoB U TpaHcrnopTepoB rnytamata/TAMK u reHoB, cBsi3aHHbIX C MeTaboiM3MOM riyTamata, B rMnnokamne u npe-
(poHTanbHOI Kope MblLLel B 0TBET Ha XpoHM4eckoe BBefeHne LPS: a—i — ypoBHM akcnpeccum reHos. LPS — nunononucaxapun, Ctrl — KoHTponbHas
rpynna, mRNA — MaTpuyHas puboHyknenHoBas kucnoTa, NR2A — cybbeanhuua 2A rnytamarHoro noHotponHoro peuentopa NMDA, GluR1 — cybbeau-
Huua 1 rnytaMatHoro MoHoTponHoro peuentopa AMPA, mGluR1 — rnytaMatHblit MeTaboTponHblid peuentop 1, mGlUR3 — rnytaMatHbIit METabOTPOMHbIi
peuentop 3, GLAST — rnytaMatHblit/acnaptatHblit TpaHcnopTep 1, VGLUT1 — Be3ukynsipHbIii rnyTamatHblil TpaHenopTep 1, GS — rnytamart cuHTeTasa
(rnytamar-amMmuak nurasa), Gls — rnytamunasa, GAD1 — rnyTamar nexapbokeunasa 1, PFC — npedpoHTansHas kopa; n=9/10 (Ctrl/LPS). OaHHble
npeacTaBnieHbl Kak cpefHume + SEM; * p <0,05; ** p <0,01; *** p <0,001; **** p <0,0001 (t-Tect, TecT MaHHa—-YuTHu).

Fig. 9. Expression of Glutamate/GABA receptors and transporters and glutamate metabolism-related genes in the hippocampus and prefrontal cortex
of mice in response to chronic LPS treatment: a—i, gene expression. LPS, lipopolysaccharide; Ctrl, control group; mRNA, messenger ribonucleic acid;
NR2A, glutamate ionotropic receptor NMDA type subunit 2A; GluR1, glutamate ionotropic receptor AMPA type subunit 1; mGluR1, glutamate metabotropic
receptor 1; mGluR3, glutamate metabotropic receptor 3; GLAST, glutamate/aspartate transporter 1; VGLUT1, vesicular glutamate transporter 1; GS,
glutamine synthetase (glutamate ammonia ligase); Gls, glutaminase; GAD1, glutamate decarboxylase 1; PFC, prefrontal cortex; n = 9/10 (Ctrl/LPS). Data
are presented as mean values + SEM; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (t-test, Mann-Whitney test).

whereas (p = 0.3095) no significant changes were detected In contrast to the elevated expression of GLAST (see
in the PFC (see Fig. 9h). Moreover, the expression of GAD1  Fig. 9e), expression of another glutamate transporter, GLT-1,
was elevated in the hippocampus (p < 0.0001), but there was ~ was significantly lower in the hippocampus (p = 0.0001)
no significant changes in the PFC (p = 0.0159) compared to  and higher in the PFC (p = 0.0014, see Fig. 10d). Next, we
control animals (see Fig. 9i). investigated the CTCF of GLT-1+ cells in the hippocampal
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Puc. 10. VHteHcuBHocTb dnyopecueHummn GLT-1+ kneTok B obnactu runnokamna u mPFC u yposeHb akcnpeccuu reHa GLT-1 B 0TBeT Ha XpoHWYecKoe
BBefeHue LPS: a — penpeseHTaTuBHble hiyopecLeHTHO-MUKPOCKONMYECKUE MMMYHOTUCTOXUMUYECKUE u306pakeHns GLT-1 (3enéHas dyopecLieHums)
B mlDG, glDG 1 xunyc runnokamna, a Takxe B obnactax mPFC (ACC, PL, IL); b — CTCF GLT-1+ kneTok B 06nactv runnokamna; ¢ — CTCF GLT-1+ kneTok
B mPFC; d — otHocutenbHas akcnpeccust MPHK GLT-1. CTCF — ckoppekTupoBaHHas o6was dyopecueHums knetok, LPS — nunononucaxapua, Ctrl —
KOHTpOsIbHas rpynna, GLT-1 — rnytamartHbiii TpaHcnopTep 1, mIDG — MoneKynsipHbIia cnoii 3y6uatoii u3sumHbl, gIDG — rpaHynspHbIit cnoi 3ybyaton
u3BunuHbl, MPFC — MeguanbHas npedpoHTanbHas Kopa, ACC — nepefHss nosicHas kopa, PL — npenuMbuyeckas kopa, IL — uHdpanumbuyeckas
Kopa, PFC — npedpoHTanbHas kopa; n=10/9 (Ctrl/LPS) ans puc. b—c, n=9/10 (Ctrl/LPS) mns puc. d. Bap 100 MkM ans obnactv runnokamna, 200 MKM
ana mPFC. [laHHble npefcTaBneHbl Kak cpeaHue = SEM; ** p <0,01; **** p <0,0001 (t-Tect, TecT MaHHa-YuTHM).

Fig. 10. Fluorescence intensity of GLT-1+ cells in the hippocampal area and mPFC and expression of the GLT-1 gene in response to chronic LPS treatment:
a, representative fluorescent microscopy immunochistochemical images of GLT-1 (green fluorescence) in the mIDG, glDG, hippocampal hilus, and mPFC
regions (ACC, PL, and IL); b, CTCF of GLT-1+ cells in the hippocampal area; c, CTCF of GLT-1+ cells in mPFC; d, relative mRNA expression of GLT-1. CTCF,
corrected total cell fluorescence; LPS, lipopolysaccharide; Ctrl, control group; GLT-1, glutamate transporter 1; mIDG, molecular layer of dentate gyrus;
glDG, granular layer of dentate gyrus; mPFC, medial prefrontal cortex; ACC, anterior cingulate cortex; PL, prelimbic cortex; IL, infralimbic cortex; PFC,
prefrontal cortex; n = 10/9 (Ctrl/LPS) for b—c; n = 9/10 (Ctrl/LPS) for d. Scale bar = 100 um for hippocampal area; 200 um for mPFC. Data are presented
as mean values + SEM; ** p < 0.01, **** p < 0.0001 (t-test, Mann—Whitney test).

regions, such as the molecular (mlDG) and granular (glDG)  shows that the CTCF was significantly lower in the mlDG
layers of dentate gyrus and hilus, and mPFC regions, (p <0.0001), glDG (p < 0.0001), and hilus (p = 0.0069); real-
including the infralimbic (IL), prelimbic (PL), and anterior time PCR demonstrated similar results for the hippocampal
cingulate (ACC) cortex, by fluorescent microscopy using  GLT-1. The mPFC showed no significant CTCF differences
an antibody selective for GLT-1 (see Fig. 10, a—c). Fig. 10b  (p = 0.3826, see Fig. 10c).
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DISCUSSION

Chronic-interval LPS treatment resulted in anxiety and
depressive-like behavior, memory impairment, and weight
loss in mice. Weight loss in LPS-treated mice is associated
with anorexia, lipid hypoanabolism, and lipid hypercatabolism
and this effect is mediated by the toll-like receptor 4 (TLR4),
the key well-known LPS receptor [14]. Lower sucrose
preference measured during the SPT is a sign of reduced
interest in hedonic stimulus and dysregulation in reward
processing [15]. However, it is worth noting that our data
show the approximate sucrose preference of 60% in mice
from the control group, which is generally considered quite
low. Depressive-like behavior in LPS-treated mice also
included increased immobility in the TST (behavioral despair),
lower locomotor activity, and pronounced thigmotaxis in
the OFT. This behavioral pattern is a well-known effect of
endotoxin treatment (inflammation-associated depressive-
like state) [3]. In addition, we have found that LPS-treated
mice behaved abnormally in the Y-maze test; they showed
decreased spontaneous alternation, a measure of spatial
working memory (prefrontal cortical functions), and
decreased number of novel arm entries, i.e. impaired spatial
reference memory (hippocampal functions) [16]. Data on
LPS-induced spatial memory impairment are contradictory.
Czerniawski et al. showed that injecting LPS at 6 hours
before behavior testing impairs retrieval of context-object
discrimination, but not spatial memory, i.e. LPS-induced
inflammation disrupts pattern separation processing in the
hippocampus [17]. However, Zong et al. [18] and Dastan et
al. [19] demonstrated that LPS induces spatial memory deficit
as tested in Morris water maze test. Thus, we decided to
investigate cellular and molecular changes in response to
LPS administration in these two brain regions.

LPS injections promoted the expression of TNF-q,
IL-1B, IL-6, and IL-10 cytokines in the spleen. Spleen is
a first order response organ in case of intraperitoneal
LPS injections [20]; thus, these expression changes were
expected and indicate ongoing inflammation. TNF-a is an
early mediator of inflammation; its main source during the
development of a systemic immune response is tissue-
resident macrophages. The brain controls the innate
immune response by activating the vagus and splenic nerves
and subsequent interaction with acetylcholine receptors
on macrophages in the spleen, inhibiting the production of
pro-inflammatory cytokines, including TNF-a [21]. As our
protocol provided for chronic LPS treatment with a recovery
period, higher IL-10 levels in the spleen may be interpreted
as an early anti-inflammatory action. We did not observe
increased IL-10 expression in the brain, indicating ongoing
neuroinflammation (elevated expression of TNF-a and
IL-1B in the PFC and the hippocampus). Moreover, IL-10
was significantly downregulated in the hippocampus,
but not in the PFC. Microglial cells are the key factors of
neuroinflammation; however, immune signal transmission
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from the blood to the brain include the activation of endothelial
cells and may modulate tight junction protein expression. PCR
assay revealed substantially increased TJP1/Z01 expression
both in the hippocampus and the PFC of LPS-treated mice,
indicating that the barrier function of BBB is preserved.
This is consistent with previous studies showing that LPS,
even when administered repeatedly, does not substantially
increase the BBB permeability [7]. TJP1 is critical to the
assembly of the other tight junction proteins, such as claudins
and occluding [22, 23]; the expression of the latter decreased
significantly after LPS treatment in our experiments. Although
occludin-deficient [24] and claudin 3-deficient mice [25] do
not demonstrate BBB disruption, recent findings indicate that
the modified expression of occludin is associated with the
regulation of HIV-1 infection in the brain [26], and modulation
of BBB integrity and neurological function after ischemic
stroke [27]. Thus, we can conclude that BBB barrier function
is preserved after chronic-interval LPS treatment, but
paracellular signaling may be altered. Consistently with this,
we found a significantly increased expression of VEGFA in the
hippocampus and the PFC. VEGFA promotes phosphorylation
of TJP1 and occluding [28], which is accompanied by their
downregulation or reorganization [29]. In addition, VEGFA
acts as chemoattractant for macrophages [30] and promotes
migration and proliferation of astrocytes [31]. The expression
of E-selectin, an endothelial-leukocyte adhesion molecule,
also increased substantially in the hippocampus and the PFC
of LPS-treated mice. It is well-known that TNF-a [32] and
IL-1 [33] promote E-selectin expression by endothelial cells,
helping to recruit leukocytes to an injury and/or infection site.
At the same time, the expression of FGF2, a basic fibroblast
growth factor, decreased in both brain regions after LPS
treatment. Low levels of FGF2 are associated with increased
anxiety [34] and exogenous FGF2 reverses depressive-like
symptoms and restores neuroinflammation-impaired adult
neurogenesis in the hippocampus [35]. Moreover, application
of FGF2 on endothelial cells compromised by LPS reduces
BBB dysfunction [36]; whereas the intraventricular injection
of FGF2 reversed the LPS-induced depressive-like behaviors
and inhibited hippocampal microglia activation [37].

In line with an elevated VEGFA and E-selectin expression
in LPS-treated mice, we have found an increased number
of mast cells in their brains and elevated c-KIT (a gene
essential for mast cell survival, differentiation, and
degranulation) expression in the hippocampus (but not
the PFC). The role of mast cells in the central nervous
system is still understudied. Mast cells are present near
the barrier surfaces and release inflammatory, vasoactive,
nociceptive, and neuroprotective mediators [38], such as
TNF-a, FGF2, matrix metalloproteinases (MMPs), serine
proteases, serotonin, histamine, nerve growth factor (NGF),
and angiogenin [39]. MMPs are capable of degrading the
components of an extracellular matrix and even compromise
the BBB function [40, 41]. Serine proteases have been found
to promote TNF-a and TLR4 expression, while reducing
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the expression of occludin and claudin 5 [40]. Histamine
secreted by mast cells can act as a neuroprotective factor
during excitotoxicity by enhancing the activity of glutamate
transporters and glutamine synthetase (GS) expression [42].
Mast cells also release serotonin [43], which has been shown
to contribute to hippocampal function [44-46]. We have
detected multiple mast cells at the degranulation stage in the
perivascular space between the hippocampus and thalamus
in LPS-treated mice, suggesting they secrete mediators to
regulate BBB function and neuroinflammation.

Analysis of astroglial cells revealed the decrease of GFAP
expression in the whole hippocampus, while fluorescence
intensity of GFAP+ cells in the selected areas (mlDG, glDG,
hilus, and perivascular spaces) increased in the LPS group
compared to the control groups. This may indicate activation
of astroglial cells in these areas of the hippocampus and
overall regional heterogeneity of astrocytes in response to
LPS. Perez-Dominguez et al. have demonstrated that repeated
LPS exposure (4 injections, 1 injection/week at 1 mg/kg)
does not elicit reactive changes in astrocytes and elevation
of GFAP expression in the hippocampus [47]. In the PFC, the
expression of GFAP increased; thus, increased fluorescence
intensity of GFAP+ cells in the medial PFC indicates
ongoing inflammation. Therefore, LPS injections differently
affect the hippocampal and cortical GFAP+ astrocytes.
Remarkably, LPS substantially decreased the expression
of the microglial marker Ibal. As we used chronic-interval
LPS treatment, this may indicate unknown aspects of
microglial phenotype changes in response to inflammatory
stimuli. Although the expression of Ibal decreased in the
whole hippocampus and the PFC, the number of Ibal+ cells
in the analyzed regions (mlDG, glDG, hilus, and mPFC)
increased significantly. An increased count of Ibal+ cells
may be promoted by proliferation, migration of microglia or
peripheral Ibal+ macrophages, or expression of Ibal by the
cells that were poorly visible before LPS stimulation (if these
cells had low Ibal expression in control animals and were
not detected). In addition, microglial cell area significantly
increased in LPS-treated mice, indicating the microglial
activation in response to inflammation. This increase reflects
the transition of microglia from a ramified resting state to an
amoeboid activated state characteristic of an inflammatory
response. Thus, downregulation of Ibal expression did not
affect ameboid microglial phenotype. It is believed that
microglia is the main source of proinflammatory cytokines
during neurocinflammation. Thus, we analyzed both in vivo
microglial morphology using brain slices after intraperitoneal
LPS injections and in vitro microglial morphology using the
hippocampal cell culture after application of LPS. Microglial
morphology analysis conducted on brain slices detected
significant increase of cell area in LPS-treated mice, i.e.
a shift to the ameboid phenotype in response to endotoxin
both in the hippocampus and the PFC. Cultured hippocampal
microglia responded to LPS as expected and the microglial
population shifted towards the amoeboid phenotype, indicating
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the pro-inflammatory activation of the cells (M1). Application
of FGF2 promoted M0/M2 ramified phenotype; thus, FGF2
had an anti-inflammatory effect on microglia. Recent studies
have shown that intraventricular injections of FGF2 reverse
the inflammation-induced depressive behavior and inhibit
microglial activation in the hippocampus [37], suggesting
FGF2 as a potential therapeutic target in neuroinflammation
studies. However, this assumption requires further research.
This is consistent with our data on lower FGF2 expression in
the hippocampus after chronic-interval LPS treatment.
Neuroinflammation has a drastic effect on neuronal
function. Chronic inflammation is associated with many
neurodegenerative disorders, including Alzheimer [48] and
Parkinson diseases [49], and severe stress and adaptation
disorders, such as the posttraumatic stress disorder [50].
Recent findings have shown that acute neuroinflammation
induced by LPS injections leads to neuronal hyperexcitability
in the dentate gyrus [51]. Therefore, we investigated the
expression of some glutamate receptors, transporters, and
genes related to glutamate metabolism in the hippocampus
and the PFC of LPS-treated mice. In the hippocampus, we found
a significant upregulation of all studied genes except for GS, an
enzyme catalyzing conversion of glutamate to glutamine, and
the glutamate transporter GLT1 (downregulation of GLT1 was
also confirmed by immunohistochemistry assays). Astrocyte-
specific GS rapidly converts glutamate to glutamine, which
is critical in preventing neuronal excitotoxicity [52], and GLT1
is one of the main astrocytic glutamate transporters. It has
been shown that GS downregulation increases the number
of degenerating cortical neurons in vitro [53] and TNF-a is
known to inhibit GLT1 expression [54]. As our study detected
GS downregulation in the hippocampus and uoregulation
of Gls, glutamate receptors, and VGLUT, we can conclude
that glutamate transmission in the hippocampus of LPS-
treated mice is enhanced, but astrocytic glutamate clearance
may be affected (by increasing the risk of excitotoxicity).
Upregulation of GLAST, an astrocytic glutamate transporter,
and GAD1 (glutamate decarboxylase) indicate an active
glutamate buffering by astrocytes and glutamate to GABA
conversion by GABA-ergic neurons in the hippocampus.
Thus, other compensatory mechanisms are exploited to avoid
excitotoxicity. However, GS expression in the PFC significantly
increased after LPS injections (and the expression of GLT1
and all glutamate receptors except for NR2A and VGLUT1).
Therefore, LPS-induced neuroinflammation in the PFC also
led to enhanced glutamate signaling. However, unlike the
hippocampus, GS and GLT1 were found to be upregulated
in the PFC, indicating active conversion of glutamate to
glutamine and active glutamate buffering, i.e. compensation
for excitotoxicity. It may be suggested that the hippocampus is
more susceptible to LPS-induced inflammation than the PFC
and LPS administration impairs astroglial buffering function
more in the hippocampus than the PFC. In general, despite the
fact that they are considerably similar in both studied brain
regions, LPS-induced brain changesare more pronounced in

236



237

ORIGINAL STUDY ARTICLE

Yol. 20 (3) 2025

Genes & cells

the hippocampus, i.e. significant downregulation of IL-6 and
IL-10 suggests that the hippocampus may be more prone to
long-term neuroinflammation and its effects (compromised
astrocytic glutamate buffering).

CONCLUSION

We have studied LPS-induced cellular and molecular
changes in two brain regions (PFC and the hippocampus)
implicated in depression and spatial working and reference
memory in mice. Chronic-interval LPS injections induced
depression-like symptoms and weight loss in mice and
memory deficits as shown by the Y-maze test. LPS promoted
the expression of proinflammatory cytokines TNF-a and IL- 1B in
the spleen and the brain with significant downregulation of IL-6
and IL-10 in the hippocampus, indicating that the hippocampus
may be more prone to long-term neuroinflammation than the
PFC. LPS treatment upregulated the expression of TJP1/Z01
and downregulated the expression of claudin 3 and occludin
both in the hippocampus and the PFC, suggesting that BBB
function is preserved, but paracellular signaling may be
altered. This is further confirmed by the elevated expression
of VEGFA, E-selectin,increased count of mast cells in the brain
of LPS-treated mice, and increased number of microglia and
microglial area in the hippocampus and the PFC. The expression
of FGF2 was found to be downregulated in both brain regions
in LPS-treated mice, which is consistent with previous studies,
indicating its role in depressive behavior in rodents. Cultured
hippocampal microglia reacted to LPS with ameboid phenotype
(M1), which was resolved by FGF2 application. Thus, exogenous
FGF2 probably can resolve LPS-induced neuroinflammation
in vivo and ameliorate depressive symptoms. However, this
assumption needs further investigation. LPS treatment resulted
in GS and GLT1 downregulation in the hippocampus, but not in
the PFC, indicating the compromised glutamate buffering by
the hippocampal and not cortical astrocytes. Our data generally
indicate that different brain regions differently respond to LPS
treatment and it may contribute to depressive symptoms and
memory deficits in mice.

NO0NOSHUTENbHAA UHOOPMALIUA

Bknap aBtopoB. A. licMaunoBa u K.B. N4eTkuHa — 3KcnepuMeHTHl,
CBAi3aHHble ¢ BBefeHueM LPS, noBeseHyeckuM deHoTUNMpoBaHMeM; no-
NMMepa3Hoi LIeMHOM peaKumelt U rucToNorueit/MMMyHOrMCTOXUMIEN cpe-
308 Mo3ra; M.P. Wynby n A.C. Wynby — in vitro sKcnepuMeHTsl W Bce
nocnegywowue aHanmsbl; E.A. KypunoBa — KoHTponb 3a npoBefeHueM
NoBeAEHYECKOro (eHOTUNMPOBAHMS U MOMMMEPa3HO LIeMHOW peaKuuy;
0.M. TyumHa — pa3paboTka KOHLEeNUMKU MCCNeLoBaHNS, aiMUHUCTPUPO-
BaHMe MPOeKTa, NpuBneyeHne GUHAHCUPOBaHUS, PeLIEH3UPOBaHUE U pe-
[aKTUpoBaHue TeKcTa. Bce aBTopbl 0406punm pykonuch (Bepcuio ans nyb-
JMKaLmMK), @ TaKXKe COrnacuimuch HeCTU OTBETCTBEHHOCTb 3a BCE acneKTbl
paboTbl, rapaHTUpys HafJexallee pacCMOTPEHWE U peLLeHue BOMPOCOB,
CBA3aHHbIX C TOYHOCTBH M L0BPOCOBECTHOCTBIO N06OI €€ YacTu.
BnaropapHocTu. ABTOpbl 61arofapsAT peLeH3eHToB 3a BaXHble 3aMeya-
HUS, KOTOPbIE MO3BOJIUM 3HAYUTESIBLHO YYULLUTh CTaTbIO.

JITnyeckaa 3kcnepTusa. Bce 3KcnepuMeHTbl, BKMKOYas Koiuue-
CTBO JKMBOTHbIX, MCMOJIb30BaHHbIX B MCCIe0BaHUM, OblM 000peHbl
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HesaBMCMMBIM 3TM4ECKUM KOMUTETOM LleHTpa KNMHMYeCKux uUccnenoBa-
HW banTuitckoro dbepepanbHoro yHuepcuteTa MMeHn MiMmanymna Kauta
(npoTokon N° 27/2024 ot 1.02.2024).

Cornacue Ha ny6nukaumio. Henpumerumo.

WUcTounuku cdunaHcupoBanusa. VccnegnoBaHue BbiNoAHEHO Npu nop-
nepxke QefieparnbHoi akafeMUyecKol nporpaMMbl uaepcTea «puopu-
et 2030» B bantuiickoM denepanbHoM yHUBepcUTETE MMEHM VIMMaHyuna
KaHTa (Homep npoekTa 123110800174-4).

PackpbiTue uHTepecoB. ABTopbl 3asBNSIOT 00 OTCYTCTBUM OTHOLLEHWIA,
LeATeNbHOCTY M MHTEPECOB 3a NOCNeiHUe TPU FOAa, CBA3aHHbIX C TPETbU-
MW iULaMU (KOMMEpPYECKUMU U HEKOMMEPYECKMMM), MHTEPEChl KOTOPbIX
MOTYT ObITb 3aTPOHYTbI COAEPXKaHUEM CTaTby.

OpuruHanbHocTb. [1py co3naHnm HacTosLLeil paboTel aBTOPbI He UCMOSTb-
30BasM paHee OnybIMKOBaHHbIE CBELEHNS (TEKCT, UIIIOCTPaLMK, AaHHbIE).
JocTyn K AaHHbIM. Bce faHHble, NofyYeHHbIe B HACTOSILLEM UCCea0Ba-
HWM, [LOCTYMHbI B CTaTbe U B NPUIOKEHUN K HEA.

Mpunoxxenune 1. PacnpeneneHune XMBOTHBIX MO rpyn-
naMm, KOJM4YecTBO WCMOMb3yeMblx ocoben U npu-
UWHBI WUCKIIIOYEHUA B OT[ENbHbIX 3KCMEpPUMEHTaX.
DOI: 10.17816/gc655664-4373344

Mpunoxenue 2. [locnepoBatensHocTM npaiiMe-
poB, WUCMoONb3yeMble [JIA aHanM3a METOAOM KO-
JINYECTBEHHOW NOMMMEPA3HON LIEMHOW  peaKuuu.
DOI: 10.17816/gc655664-4373345

Mpunoxenuwe 3. OnTuMmmsaums npaiiMepoB
B LEnsX [AOCTUXKEHUS BbICOKOW cneuupuyHocTy
n addektuBHocTM amnambukaumm ueneson [HK.
DOI: 10.17816/gc655664-4373347

Mpunoxenue 4. 3nexktpodoperpammbl NpoLyKTOB
MLP-PB B araposHoM rene nocne TemnepaTypHOro
rpagvenTa. DOI: 10.17816/gc655664-4373349

MNpunoxenue 5. Binauve BeefeHms LPS Ha nosese-
Hue Mbiweit. DOI: 10.17816/gc655664-4373351

leHepaTUBHbIA MCKYCCTBEHHbIN MHTENNEKT. [1py co34aHUM HaCcToALLEeN
CTaTbi TEXHOMOMMM reHepaTUBHOTO WCKYCCTBEHHOrO MHTENNEKTa He uc-
nosib30Bany.

PaccMoTpenune u peuensuposanue. HactoAwas pabota noaaHa B xyp-
Han B MHWLMATMBHOM MOPSAKE M paccMOTpeHa no obbl4HOl mpoueaype.
B peLieH3npoBaHMM y4acTBOBaNM TPW BHELUHUX PELIEH3EHTa, OAMH YfeH
PenaKLMOHHOM KOJINern 1 HayyHbIii PefaKTop U3faHus.
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