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ABSTRACT

Background. Stressful influences, depending on their severity and duration, can cause the development of pathological conditions. Repeated
episodes of stress cause functional and structural changes in the central nervous system and can cause the development of depressive condi-
tions. Depression is one of the leading mental illnesses. One of the most stress-sensitive brain structures is the hippocampus. Objective. To
study is to evaluate structural changes in the hippocampus, which is considered as a heterogeneous structure with separate dorsal and ventral
regions, to evaluate the expression of inducible nitric oxide synthase, endothelial nitric oxide synthase, serine racemase, synaptophysin in a
mild stress model. Methods. A study of the effects of mild stress was carried out on 16 adult male Wistar rats (age 12 months, body weight
350—-400 g). After acclimatization, the rats were divided into two equal groups (n = 8): intact (control) and stressed. When keeping animals,
modeling and removing them from the experiment, we were guided by the Regulations for Carrying Out Work Using Laboratory Animals
and the Declaration of Helsinki. Experimental modeling of depression in animals was induced by mild stress exposure for 7 days (30 minutes
daily). Euthanasia was performed in a CO, incubator. The brain was fixed in neutral buffered 10% formalin. Paraffin sections were made in
the frontal plane, stained with hematoxylin and eosin, thionin using the Nissl method and examined at a level from —2.40 to —3.96 mm rela-
tive to bregma using an Axio Lab Al microscope (Carl Zeiss Microscopy GmbH, Germany). Photo documentation was carried out with an
AxioCam 105 color camera (Carl Zeiss Microscopy GmbH, Germany). Using the Image Analysis module of the ZEN 1.1.2.0 program (Carl
Zeiss Microscopy GmbH, Germany) in the pyramidal layer of the hippocampus. Statistical analysis was performed with Microsoft Office
Excel 2016 (Microsoft, USA) and Prism 6 (GraphPad Software Inc., USA). Comparisons of two conditions were made by nonparametric
Mann-Whitney-U test to avoid a statistical bias of unequal data distribution. The level of significance was set at p < 0.05. The summarized
data were presented as a as mean + standard error of mean. Results. Functional research methods and assessment of pathological changes
in hippocampal neurons are presented. An increase in the relative number of wrinkled hyperchromatic pyramidal neurons in the dorsal
cornu ammonis field 3 in stressed rats was noted by 23.6% (p < 0.05) compared to the control. There was an increase in the relative number
of inducible nitric oxide synthase-immunopositive neurons in the dorsal cornu ammonis field 3 by 40% (p < 0.05) and the relative area of
inducible nitric oxide synthase-immunoreactive material by 35% (p < 0.05) in the pyramidal layer of cornu ammonis field 3 in stressed rats.
A decrease in the relative area of synaptophysin-immunopositive material in stressed rats was found in the ventral cornu ammonis field 3
compared to the control group by 16.8% (p < 0.05); decrease in the relative area of serine racemase-immunopositive material in dorsal cornu
ammonis field 3 by 4.3% (p < 0.05) and ventral cornu ammonis field 3 by 7.8% (p < 0.05). Conclusion. The results of the study demonstrate
that mild stress is an adequate model of depression in rats. In animals exposed to mild stress, pronounced morphological signs of damage
to hippocampal neurons were revealed; motor and indicative exploratory activity decreases. Differences were found in morphofunctional
changes in the dorsal and ventral parts of the hippocampus under the influence of mild stress. In cornu ammonis field 3 of the dorsal hip-
pocampus, in contrast to the ventral section, more pronounced signs of damage to pyramidal layer neurons were observed. The increase in
the relative number of inducible nitric oxide synthase-immunopositive neurons and the relative area of inducible nitric oxide synthase-im-
munoreactive material in the cornu ammonis field 3 pyramidal layer in stressed rats indicates an increase in nitric oxide production and
the participation of nitrooxide-dependent free radical mechanisms of damage to hippocampal neurons. The decrease in the relative area of
synaptophysin-immunoreactive material in stressed rats may contribute to changes in synaptic plasticity. A decrease in the relative area of
serine racemase-immunoreactive material in the dorsal and ventral parts of cornu ammonis field 3 is considered to be a sign of a possible
decrease in N-methyl-D-aspartate-dependent neurotransmission in the hippocampus under stress.
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MopdopyHKIHOHAIBHbIC H3MEHEHUS B BEHTPAJIbLHOM M I0PCAJIbHOM
TUIIIIOKAMIIE B3POCJIbIX KPBIC IIPU BO3ACHCTBUU XPOHUYECKOI0 MATKOI0 cTpecca:
AOKJIMHUYECKOE IKCIEPUMEHTAJIbHOE UCCJICI0BAHUE
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AHHOTAIIMA

Beenenne. CtpeccoBble BO3/€ICTBUS B 3aBUCHMOCTH OT UX BRIPAXKEHHOCTHU U IPOAOIKUTEIBHOCTH MOTYT OBITh MPUYHMHON Pa3BUTHS IATO-
JIOTHYECKHUX COCTOAHUH. IIoBTOpHBIE 3MTN30/5I CTPECCa BBI3BIBAIOT (PYHKIIMOHAIBHBIE U CTPYKTYPHBIC H3MEHEHHU S B IIEHTPAIbHON HEPBHON
CHUCTEME, MOT'YT CTaTh IPUUMHON pa3BUTHS JENPECCUBHBIX cocTosiHU. 1o onienkam BeeMupHoii opranu3anuy 31paBooOXpaHeHus, 1enpec-
CHs ABIISICTCS OAHUM M3 BeIyIIUX ICUXHUecKHuX 3a0oneBanuii. OqHa 3 HanbosIee YyBCTBUTENBHBIX K CTPECCY CTPYKTYP MO3Ta — TUIIO-
kamil. Lesb nccieloBaHN s — H3YYUTH CTPYKTYPHBIE H3MEHEHHS B THIIIOKaMIIe, KOTOPBIN pacCMaTpUBaeTCsA Kak TeTeporeHHas CTpyKTypa
C OTZAENBHBIMU JJOPCATBHBIMH U BEHTPATbHBIMH O0JIACTSIMH, OIEHUTH SKCIPECCHIO WHAYLINOETHHON CHHTAa3bl OKCHJA a30Ta, YHJIOTENH-
aJbHOM CHHTA3bI OKCH/A a30Ta, CEPUHOBON parieMasbl, CHHaNTO(GU3NHA TP MOJEINPOBAaHUH MATKOro cTpecca. MeTtoabl. Mccnenosanne
BO3JEHCTBUS MSATKOTO CTpecca IPOBEIEHO Ha 16 B3pOCIBIX KphIcax-camiax TuHuU Buctap (BozpacTt 12 mec., macca Tema 350—400 r). [Tocne
AKKJIMMAaTH3aIU1 KPBICH OBLITM pa3iesieHbl Ha IBe paBHBIC IpyNIbl (7 = 8): HHTAKTHYIO (KOHTPOJB) M CTpeccupoBaHHylo. [Ipu comepika-
HUH XHUBOTHBIX, MOJIEIMPOBAHUH 1 BBIBEACHUH U3 SKCIIEPUMEHTA PYKOBOACTBOBAINCH [IpaBnnaMu npoBeaeHus paboT ¢ HCIOIb30BaHHEM
9KCTIEPUMEHTATBHBIX )KNBOTHBIX, XEIbCHHKCKOH AeKIapaiy. DKCIIePUMEHTATIbHOE MOJIEINPOBAHNE JIETIPECCUHU Y JKUBOTHBIX BBI3BIBAIN
MyTEM MATKOTO CTPECCOBOTO BO3ACHCTBUA B TedeHue 7 quel (exenneBno no 30 MunyT). OBTanasuio nmposoauian B CO -unkybarope. l'o-
JIOBHOIT MO3T (HKCcHpoBany B HelTpanbsHOM 3a0ydeperntnom 10 %-nom popmanuue. [lapaduHoBbIe cpe3sl N3rOTaBINBAIN BO (POHTATBHON
MJIOCKOCTH, OKPAIINBAJIN T€MaTOKCUIMHOM U 303MHOM, THOHHHOM 10 MeTonay Huccns u u3yuanu Ha ypoBHe oT —2,40 10 —3,96 MM OTHO-
CHUTEJIBHO OperMBblI ¢ HCIOIb30BaHUEM MUKpockomna «Axio Lab. Aly (Carl Zeiss Microscopy GmbH, I'epmanust). @oTonokyMeHTHpOBaHNE
ocymuecTBIsLIH Kamepoit «AxioCam 105 colory» (Carl Zeiss Microscopy GmbH, I'epmanust). C momomisio Moayns Image Analysis mporpam-
Mmbl ZEN 1.1.2.0 (Carl Zeiss Microscopy GmbH, 'epmanus) B mupaMugHOM ciioe runmokammna. O0001eHHbIe TaHHBIE TPEICTABISIN B BUE
cpemHero + craHaapTHas omubka cpegHero. CpaBHEHNE IPOBOJIIIOCH C TOMOIIBIO HemapameTpuueckoro U-kputepuss ManHa — YHTHU.
YPpOBEHBb 3HAYUMOCTH OBLT yCTaHOBJIEH Ha ypoBHE p < 0,05. CTaTHcTHYECKU aHATN3 TPOBOIUIICS C IIOMOIIBIO MTakeTa mporpamMm Microsoft
Office Excel 2016 (Microsoft, CIIIA) u Prism 6 (GraphPad Software Inc., CILIA). Pe3yabraTsl. [IpuBenens! GpyHKIHOHAIBEHBIE METOIBI
HCCIIEJOBAHHS 1 OIIEHKA MaTOJOTHYECKUX U3MEHEHNH B HePOHAX IUMIIOKaMIIa. YBETHUSHHE OTHOCUTEIBHOTO KOIMYECTBA CMOPIIEHHBIX
TUIIEPXPOMHBIX MHPAMHIHBIX HEHPOHOB B IOPCAIBHOM IOJIE 3 COrnu ammonis y CTPeCCHPOBAHHBIX KpbIc 0TMeueHo Ha 23,6 % (p < 0,05)
110 CPABHEHMIO ¢ KOHTposneM. OOHapy’KeHO yBEIHYEHNE OTHOCHTEIBHOIO KOITNYECTBA HEHPOHOB, COAEPKAIIUX UMMYHOPEaKTUBHBIN Ma-
Tepuai Py HCHONb30BaHIH aHTUTEN K HHAYINOETbHOH HUTPOOKCHICHHTA3€, B JopcanbHoM mone 3 cornu ammonis Ha 40% (p < 0,05)
1 OTHOCHTENIBHOH MIIOIAAN HHyIHOeTbHast HAITPOOKCHCHHTAa3a — MMMYHOPeaKTUBHOTro MaTepuana Ha 35 % (p < 0,05) B mupamuHOM
cJI0€ oIS 3 cornu ammonis y CTPECCHPOBAHHBIX KPBIC. YMEHBIIEHHE OTHOCUTENIBHOH TIIOMIa i CHHANTOOH3NH-UMMYHOIO3UTHBHOTO Ma-
TepHasay CTPeCCHPOBAHHBIX KPBIC 00HAPY KE€HO B BEHTPAIBHOM II0JI€ 3 cornu ammonis 1o CpaBHEHHIO ¢ KOHTPOJIBbHOH rpynmoit Ha 16,8 %
(p < 0,05); ymeHbIIIEHHE OTHOCUTEIBHOMH MJIOMAIN CEPHHOBAS paleMa3a — UMMYHOIIO3UTHBHOTO MaTepraja B JOPCaJbHOM IIoJIe 3 cornu
ammonis Ha 4,3% (p < 0,05) u BeHTpaspHOM moine 3 cornu ammonis Ha 7,8% (p < 0,05). 3akaroueHnue. Pe3ynbTaTel HCCleOBaHUS HO-
Ka3bIBAIOT, YTO MATKOE CTPECCHPOBAHUE SABISAETCS aJIeKBaTHON MOAENBIO AEMPECCHH y KPBIC. Y XKHBOTHBIX, MOABEPTIINXCS BO3JIEHCTBUIO
MSATKOTO CTPEcCa, BBISIBICHBI BRIPAKEHHBIE MOP(OIOTHIEeCKNE MPU3HAKY MOBPEXKACHHS; CHIXKAeTCS JIBUTATENIbHASI U OPHEHTHPOBOYHAS
HCCIeoBaTeIbCKast aKTUBHOCTh. OOHApPY KEHBI pa3nnudus B MOP(GodyHKINOHANBHBIX N3MEHEHHSIX JOPCATBHOTO H BEHTPAJIBHOTO OTAETIOB
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TUIIIIOKAMIIa IPH BO3JIEHCTBUY MSTKOTO cTpecca. B moie 3 cornu ammonis 1opcajibHOr0 THITIIOKaMIIa, B OTINYHE OT BEHTPAJIBHOTO OTAe-
na, Habmo1anuchy Oosiee BRIPaXKEHHBIE MPU3HAKY MOPAXEHUST HEHPOHOB MUPAMHUAHOTO CJI0s. BEIsIBIEHO MOBBIIIEHHE MPOAYKIIUU OKCHAA
a30Ta M y9acTHEe HUTPOOKCH-3aBICUMBIX CBOOOJHOPAANKAIBHBIX MEXaHU3MOB MOBPEXKACHHUS HEHIPOHOB THIIIOKaMIIa. YMEHBIICHHUE OT-
HOCHUTEIBHOH IIOMAaN CHHANTO(U3MH-IMMYHOPEAaKTHBHOTO MaTepuaa y CTPECCHPOBAHHBIX KPBIC MOXET CIIOCOOCTBOBATh H3MEHEHUIO
CHUHAITUYECKOH MIIACTUYHOCTU. YMEHBUICHUE OTHOCUTENIBHOM IIOIAY CEPUHOBAs paleMa3a — UMMYHOPEaKTUBHOIO MaTepHualla B JIop-
CaJBHOM M BEHTPAJILHOM OT/eJiaX MoJs 3 Cornu ammonis pacCMaTpHUBAETCs KaK MPU3HAK BOZMOXHOTO CHIDKeHHsI N-meTmin-D-acnaprar-
3aBUCUMOM HEHPOTPAHCMHUCCHUH B TUIINIOKAMIIE ITPU CTPECCE.

KJIIOUEBBIE CJIOBA: runnokamim, cTpecc, HHAyIUOeIbHasE HUTPOOKCUICUHTA3a, SHIO0TEIHAIbHAsS HUTPOOKCUICUHTA3a, CEPUHOBAS
pauemasa, cHHanTo(pHU3HH
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INTRODUCTION

Stressful effects, depending on their severity and duration,
can be the cause of the development of pathological condi-
tions. Repeated episodes of stress increase the likelihood of
dysfunction of nervous system, cause functional and structural
changes in central nervous system, and may cause develop-
ment of depressive states [1]. According to WHO estimates,
depression is one of the leading mental illnesses. One of the
most sensitive brain structures to stress is the hippocampus [2,
3], which is a target for stress hormones, neurotransmitters and
cytokines and is involved in the formation of a stress reaction.
The hippocampus functions as a heterogeneous structure with
separate dorsal and ventral sections [2]. The dorsal hippocam-
pus (DH) receives afferent connections from the entorhinal,
archicortex and anterior cerebral cortex, whereas the ventral
hippocampus is associated with subcortical structures, in-
cluding the amygdala complex and parahippocampal regions,
the hypothalamus, septum, ventral striatum and olfactory re-

gions. In the functional aspect, the DH is much more actively
involved in the cognitive processing of information (spatial /
contextual), while the VH is mainly involved in the processing
of emotionally significant information [4]. In addition, the VH
regulates the activity of the hypothalamic-pituitary-adrenal
system (HPAS). Hippocampal atrophy worsens its restrictive
effects and leads to a longer response from HPAS to psycho-
logical stressors [5].

It is believed that damage to the hippocampal neurons may
be associated with the excitotoxic effect of high concentra-
tions of glutamate, which occurs through NMDA receptors
and causes the release of NO [2]. The formation of NO in the
brain occurs with participation of three different isoforms of
NO synthases: neuronal (nNOS), endothelial (eNOS), induc-
ible (iNOS) [6]. Excessive NO synthesis during iNOS activa-
tion in the brain leads to the formation of peroxynitrite, the de-
velopment of nitrosative stress, damage to mitochondria, and
through the glutamate-dependent NO signaling pathway can
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lead to degenerative changes in neurons in many parts of brain,
including hippocampus. In neuronal plasticity models, classi-
cal representations indicate the role of nNOS, however, data
obtained using knockout mice demonstrate key role of eNOS
in above mentioned processes. In addition, a number of publi-
cations describe absence of effect of nNOS knockout on learn-
ing and memory when modeling various pathologies. There is
expression of eNOS not only in the endothelium of blood ves-
sels, but also in astrocytes and hippocampal neurons, it should
be noted that cognitive impairment in eNOS-deficient mice
is accompanied by selective loss of endothelial NO. In addi-
tion, NO by the principle of feedback homeostatic regulation
causes a decrease in activity of serine racemase (SR) (an en-
zyme localized not only in astrocytes, but also in neurons and
participating in the racemization reaction of D-serine), which
leads to a decrease in NMDA-dependent neurotransmission.
Excessive activation of oxidative stress leads to inactivation of
SR, which affects the synthesis of D-serine in the hippocampal
neurons and the dynamics of changes in the neural network
underlying memory impairment [2]. It was shown that various
types of stress exposure or excessive exposure to glucocor-
ticoids in the hippocampus of rodents and primates causes a
decrease in the number and density of neurons in atrophy of
dendrites, leads to a decrease in synaptophysin expression and
impaired synaptic plasticity mechanisms, which also leads to
memory loss and reduces learning ability [7].

In most basic and preclinical studies, modeling of stress
and many other CNS injuries is performed on young healthy
animals. This approach gives certain hopes for high repro-
ducibility of the results obtained. It is known that cognitive
impairment is one of the main symptoms of age-related dis-
eases. Simulation of CNS damage in young animals does not
reveal the main mechanisms by which stress effects contribute
to the development of neurodegenerative changes in the dorsal
and ventral parts of the hippocampus, which are characteris-
tic of an aging organism. The aim of our study was to study
the structural changes in CA3 DH and VH and the features of
the expression of iNOS, eNOS, SR, synaptisin (Syp) in adult
12-month-old rats when simulating chronic mild stress (CMS)
that causes symptoms of depressive behavior in animals.

The article aims to study structural changes in the hippo-
campus, which is considered as a heterogeneous structure with
separate dorsal and ventral regions, to evaluate the expression
of inducible nitric oxide synthase (iNOS), endothelial nitric
oxide synthase (eNOS), serine racemase (SR), synaptophysin
(Syp) in a mild stress model.

METHODS
Experimental animals

The study was conducted on 16 adult 12-month male Wistar
rats (body weight 375+25 g), purchased from Stolbovaya Nursery
for Laboratory Animals (Moscow oblast, Russian Federation).

Housing and welfare

The animals were kept in the accordance with the ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guide-
lines and the rules for working with animals based on the pro-
visions of the Declaration of Helsinki, the recommendations

contained in EC Directive 86/609/ECC, and the European
Convention for the Protection of Vertebrate Animals Used
for Experimental and other Scientific Purposes. The rats were
housed in standard vivarium facilities: 20-25°C and 40-60%
humidity in a standard 12/12-h light—dark cycle with food and
tap water ad libitum.

All experiments were carried out in accordance with the leg-
islation of the Russian Federation and the technical standards
of the Eurasian Economic Union on good laboratory practice
(GOST R 53434-2009, GOST R 51000.4-2011) and Directive
2010/63/EU of the European Parliament and the Council of
the European Union. The study protocol was approved by the
Regional Independent Ethics Committee Volgograd region,
registration number: IRB 00005839 IORG 0004900 (OHRP),
protocol No. 132 dated May 20, 2019.

The animals were fed the standard water and food diet with
free access to food and water.

Study design

The study was randomized. The chronic mild stress (CMS)
modeling was daily for 7 days, functional tests and biologi-
cal material collection were conducted next day in the vivar-
ium. The laboratory stage of the research was performed at
the Department of Pharmacology and Pharmacy, Department
of Pathological Anatomy, Volgograd State Medical University.
Fig. 1 shows the block diagram of the study design.

Sample size
After acclimatization, the rats were divided into two equal
groups: intact (control) (n = 8) and stressed (n = 8).

The animals were divided into 2 groups with 8 individuals in
each group using the envelope method. Group 1 included intact
(without any procedures) individuals. In group 2, the rats were
stressed daily for 7 days. The prespecified analysis of the nor-
mal distributions for the age and weight variables of the rats in
the groups using the Shapiro—Wilk test showed that there is
normal distribution (Gaussian) law in two age groups (p > 0.05)
and in two weight groups (p > 0.05). To prove that the age and
weight of the rats were uniform, a nonparametric comparison
method, namely the Student’s ¢ test, was employed.

For age and weight, the differences in the median values for
different groups of rats were not statistically significant with
p = 0.720 and p = 0.828, respectively.

Eligibility Criteria
Inclusion criteria

Twelve-month-old male Wistar rats weighting about 375 g,
without visible physical development abnormalities and inju-
ries were included in the study.

Non-inclusion criteria

Animals weighting more than 375425 g, aged less than 350
and more than 380 days, female individuals, as well as animals
with visualized developmental abnormalities and injuries were
not included in the study.

Exclusion criteria

The death of animals in the experiment and subsequent ob-

servation.
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Assessed for acceptability (n =40 )

Excluded from the study (n = 24)
- Do not satisfy the inclusion criteria (n =24)

Selection

Randomized (n = 16)

Group 1 (n=28) Group 2 (n=28)
\ \

Modeling of chronic mild stress was daily for 7 days
(1st stage)

Distribution

[ [
Manipulations: functional tests, euthanasia and
biological material collection were conducted next day
after mo@eling of chronic mild stress ( %nd stage)

Analyzes after removing animals from the
experiment: hippocampal preparations stained by
Nissl’s method, immunohistochemical analysis
\ \
Analyzed (n = 8) Analyzed (n = 8)
Excluded from analysis Excluded from analysis
(n=0) (n=0)

Follow-up observation

Analysis

Fig. 1. Block diagram of the research design
Note: the block diagram was created by the authors (in compli-
ance with the ARRIVE quidelines).

Puc. 1. brnok-cxema nu3aiiHa UcciaeI0BaHUS

Ilpumeuanue: 6GIOK-CXeMa GbINOJIHEHA ABMOPAMU  (CO2NACHO
pexomenoayusim ARRIVE).

Randomization

16 animals were selected according to the inclusion and ex-
clusion criteria. The animals were allocated to groups random-
ly, namely by envelope method. Each animal was assigned one
of the two group numbers extracted from an opaque envelope
containing 16 pieces of paper with the group numbers. De-
pending on the group number indicated in the envelope, all
animals were divided into two groups of 8 animals each.

Blinding

The head of the study, I. N. Tyurenkov, had information
about the allocation of animals to groups. The author team
assessed the results and analyzed the obtained data without
introducing additional persons.

Outcome measures

The study outcome was the assessment of the function-
al state of the central nervous system: anxious and depres-
sive-like behavior, as shown by reduced motor activity in the
open field test (OFT), the number of entries in open arms and
number of hanging over the edge there as well as time spent
in open arms, in the elevated plus maze (EPM), the number
of jumps and the time of active swimming and latency to the
initial immobility period as well as longer immobilization time
in the forced swimming test (FST), cognitive function in the
passive avoidance test (PAT) and in the extrapolation escape
test (EET).

The study outcome was also the assessment of structural
changes in the hippocampus: signs of neuronal injury charac-
terized by hyperchromatosis, chromatolysis and karyopykno-
sis with thionin according to Nissl method, the relative number
of shrunken neurons with hyperchromatosis of the cytoplasm
in the pyramidal layer of dorsal hippocampus and ventral hip-
pocampus; assessment of the expression of immunoreactive
material using primary antibodies against iNOS, eNOS, serine
racemase, synaptophysin by counting the relative number of
immunopositively neurons and the relative density of immu-
noreactive material.

Experimental procedures

All painful manipulations were performed under general an-
esthesia with a single intraperitoneal injection of zolazepam
20 mg/day/kg (Zoletil®100, Valdepharm, France) + xylazine
8 mg/kg (Xyla, Interchemie, Netherlands).

The chronic mild stress protocol

The chronic mild stress (CMS) procedure is described in de-
tail in our previous publications (I.N.Tyurenkov et al., 2015). In
short, the CMS was modeled in a special chamber measuring
28x36x28 cm, divided into six isolated sectors (14x12x28 cm).
During stress, the animals were immobilized. The following soft
unpredictable stressors were used: pulsating light (100 1x), loud
sound (80 dB), vibration. Stress treatments were repeated every
day for a total of 7 days (30 minutes daily) with stressors chang-
ing every 5 minutes during the session. Stressor changes were
made on a stochastic basis (Figure 2). Animals in the device were
immobilized during stress and temperature within the chamber
increased by 7-8 °C, due to heat emission by the animals, the
light sources, and the operating motor of the apparatus, which
was an additional adverse factor. The influence of the indicated
stress factors on animals of the control group was excluded.
Behavioral tests

All behavioral tests were performed between 8 am and 12
am. Baseline behavioral data of each experimental group was
acquired prior to the exposure to monotony stress. The results
of testing animals before stress did not differ.

Open field test (OFT)

The open field device consisted of a circle arena (diameter
97 cm) with walls 42 cm high that was made of white poly-
vinyl chloride plastic board (Open Science, Moscow, Russia).
The arena was lit by shadowless light-emitting diode lightings
placed 145 cm above the arena. The illumination intensity was
300 Ix in the test. The arena was divided into the center area
(30 cm x 30 cm square) and the thigmotaxis area, which in-
cludes the peripheral region of the arena (less than 5 cm away
from the walls). When the animals lean against the wall at a
high position, their position enters the wall area. We defined
this behavior as “high-leaning behavior”. During the test ses-
sion, the number of square crossings, crossing of near wall
squares, entries to central area, vertical rearing near walls, of
short-term grooming acts and the number of fecal boli were
counted manually [8]. Animals were tested once (after the
CMS modelling).

Elevated plus-maze (EPM)

EPM device consists of four arms in the shape of a plus
sign lifted above the ground from 55 cm. Two opposite arms
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are open, and other arms are closed with 30 cm high walls.
There is a central square platform in the center of the cross
has 14x14 cm size that gives access to all four EPM arms.
In the EPM test the number of entries in open arms, hanging
over the edge in open arms and the time spent in open arms
were recorded [9].

Forced swimming test (FST)

FST device is a tank 32 cm in diameter and 50 cm high. Tank
filled with water at a temperature of 25-26 °C to a level at
which the animal could not touch the bottom with its hind legs.
The animal was placed in the pool for 300 seconds. During the
test session latent period (latency to the initial immobility pe-
riod), the time of active swimming, immobilization (the time
spent immobile) and number of jumps (an attempt to avoid an
aversive environment) were recorded [10].

Passive avoidance test (PAT)

PAT device consists of two chambers connected with each
other by hole (8%8 cm). Bright chamber (60x40%x40 cm) and
dark chamber (15x15x15 cm) with an electrified floor. In the
training day to develop a conditioned reflex, the rat was placed
into bright chamber with its tail to the connecting hole. The
transition of the animal to the dark chamber is accompanied by
electrodermal irritation (mild electric foot-shock, 40 volts, <
50 mA), which continues until the animal returns to the bright
chamber. At this, the elaboration of the conditioned reflex ends
and the rat is removed from device. The time the animal en-
tered the dark chamber is recorded (entry latency). Test dura-
tion — 3 minutes. For checking the preservation of the reflex
the animal is returned in the bright chamber (retest after 24
hours). It has now the option to avoid or enter the dark cham-
ber. The test is carried out similarly to the development of the
reflex, only the transition of the animal to the dark chamber is
not accompanied by electrodermal irritation and the rat is im-
mediately removed from device. Entry latency is also record-
ed. Memory preservation was tested after the CMS modelling
(7 days after training day) [11].

Extrapolation escape test (EET)

EET is a test, which allows for estimating of the cognitive
functions in stressful conditions. In this study, emotional be-
havioral reactivity was assessed using the EET device (Open
Science, Moscow, Russia). The device consists of vertically
installed transparent plastic cylinder (7.2 cm diameter, 23 cm
height), partially (2.5 cm) submerged into water (t = 18-19 °C)
of the external vessel (31 cm diameter, 32.5 cm height). In
brief, the rat is placed in a cylinder and begins to make attempts
to get out of it. However, the inner cylinder is high enough to
prevent jumping away. To get rid of the restraining cylinder,
the rat needs to dive under its edge, i.e. change the behavioral
strategy, the time during which this happens and will be the
result of the test. In our study, time of observation was limited
to 3 min. The observer manually recorded an amount of hops
and the time before the escape (escape latency) [12].

Tissue collection and preparation

When the experiment was completed, the animals were eu-
thanized in a CO,-chamber. Brains were removed whole from
cranial cavities and cut into four parts in the frontal plane: the
first section line was at the level of the prechiasmatic area, the

Animal Days
(n=16)
Rat Wistar
1 year
350400 g
Behavior test education: — 0
Passive avoidance test
Extrapolation escape test
Behavior test: — 1
Passive avoidance test
Extrapolation escape test
oF £ i
*
k3]
control stress g 1-7
2| (n=39) n=8) | £ L
=% —
£ £
w2
g £
w2
) Morphometry and 8
Behavior test: Immunohistochemical:
Passive avoidance test iNOS immunostaining
Extrapolation escape test eNOS immunostaining
OF Serin Racemase immunostaining V

Elevated plus-maze

Synapthysin immunostaining
Forced swimming test

*stressing scheme

loud pulsing vibration+  vibration+ loud noise+

Vibration noise  light loud noise pulsing light  pulsing light

Day 1 1 2 3 4 5 6
Day 2 6 1 3 4 5
Day 3 5 6 1 2 3 4
Day 4 4 5 6 1 2 3
Day 5 3 4 5 6 1 2
Day 6 2 3 4 5 6 1
Day 7 1 2 3 4 5 6

Fig. 2. Block diagram of the chronic mild stress procedure

Note: photographs and drawings are by authors. Cokpawenus:
iNOS — nitric oxide synthase, eNOS — endothelial nitric oxide
synthase, OF — Open field test.

Puc. 2. brnok-cxema npoueaypbl MATKOro CTPECCUPOBAHUS
Tpumeuanue: gomozpaghuu u pucyHKu BbINOIHEHbL AGMOPAMU.
Coxpawenus: iNOS — unoyyubenvHas HUmpooKcuocummasd,
eNOS — snoomenuanvnan Humpookcuocunmasza, OF — mecm
«OMKpbIMOoe nouey.

second was at the level of the posterior surface of the mammil-
lary bodies, and the third removed the cerebellum and brain-
stem. Brains were fixed in neutral buffered 10% formalin for
24 h. Hippocampal preparations were made by embedding the
second part in paraffin and cutting serial sections of thickness
4.0 um. Coronal brain sections were examined at levels from
—2.56 mm to —6.04 mm relative to the bregma to study VH
and DH.

Nissl staining

Coronal brain sections were stained with thionine by the
Nissl method. Coronal sections of 4.0 um thicknesses were
stained with 0.5% thionine for 10 min at a temperature of
50 °C, dehydrated by graded alcohol, and mounted with neu-
tral balsam medium.
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Immunohistochemical analysis

For each animal, two coronal sections from the most dorsal
(between 2.56 mm and 4.52 mm posterior to bregma), and most
ventral hippocampal parts (between 4.56 mm and 6.04 mm poste-
rior to bregma) were simultaneously used for immunohistochem-
ical staining. Slides were incubated overnight in the thermostat at
58 °C. Sections were then deparaffinized in three series xylene,
xylene/96% ethanol then rehydrated through a series of graded
ethanols (two series 96% ethanol, 80% and 70% ethanol) to water
(two series) for 3 min each time. High temperature demasking of
antigenic determinants was performed by warming sections in 10
mM phosphate buffer EDTA (pH 9.0) (Epitope Retrieval Solu-
tion pHY, Leica Biosystems, Newcastle Ltd., United Kingdom)
at 98 °C for 20 min followed by cooling to room temperature for
20 min. Sections were then washed three times for 5 min each
time in 20% TBS IHC Wash Buffer with Tween 20 (TBS) (Cell
Marque, USA). Sections were quenched for 30 min at room tem-
perature in 3% H,O, (to exhaust the activity of endogenous per-
oxidases) followed by three 5 min washes in TBS. Next, sections
were pre-incubated with Background Block (Cell Marque, USA)
before incubating with primary antibody at room temperature for
5 min (to reduce the background staining). After this, slides were
transferred to a humid chamber and sections incubated at room
temperature with primary antibody solutions: rabbit polyclon-
al anti-INOS (GeneTex, Cat# GTX15323, RRID:AB 371877)
at 1:100 dilution for 20 min, rabbit polyclonal anti-eNOS (Lab
Vision, Cat# RB-9279-R7, RRID:AB 720887) RTU for 2 h,
mouse monoclonal anti-SR (Santa Cruz Biotechnology, Cat# sc-
365217, RRID:AB_10847683) at 1:50 dilution for 2 h, mouse
monoclonal anti-Syp (Santa Cruz Biotechnology, Cat# sc-58304,
RRID:AB 785879) dilution 1:50 for 20 min. Sections were
washed three times for 5 min each time in TBS and incubated for
30 min at room temperature with visualization system (N-His-
tofine Simple Stain MAX PO (MULTI), Nichirei Biosciences
Inc., Japan). Finally, sections were washed in TBS and treated
with 3,3'-Diaminobenzidine (DAB) (Thermo Scientific, Fre-
mont, USA) for 1 min, after which sections were counterstained
with Carazzi’s hematoxylin (BioVitrum, Russia) and embedded
in mounting medium (Bio-Mount, Bio-Optica, Italy). All slides
were coded so that when the tissue was viewed under the micro-
scope, the investigator was blind to experimental condition.
Light microscopy and quantitative analysis

Studies of micropreparations were performed with an Axio
Lab. A1 microscope (Carl Zeiss Microscopy Gmb, Germany).
The images were captured with an AxioCam 105 color camera
(Carl Zeiss Microscopy GmbH, Germany). First the contours
of the different hippocampal areas and layers were traced un-
der low magnification and then the cells were examined and
counted using an objective of 40x magnification. Sections
were examined for CA3 of the dorsal and ventral hippocampal
subdivisions. The extent of neuron damage in the pyramidal
layer of CA3 was assessed in terms of the relative number of
shrunken neurons with hyperchromatosis of cytoplasm.

The immunostained sections were blindly examined semi-
quantitatively and quantitatively. The semiquantitative immu-
nohistochemical evaluation was done as follows: it was first
graded as negative = (0), mild (1+), moderate (2+), or strong

(3+) according to the intensity of the staining. Assessment of
the expression of iNOS, eNOS, and SR was performed by
counting of the specific number of immunopositive (IP) neu-
rons which we calculated based on the following formula:
the number of IP neurons was divided by the total number of
neurons in the field of vision and expressed as a percentage.
Neurons were counted in the pyramidal layer CA3 of the hip-
pocampus. Measurement of the relative areas of immunore-
active material (IRM) was performed with an Image Analysis
module of ZEN 1.1.2.0 software (https://www.zeiss.com/cor-
porate/int/home.html, RRID:SCR_013672).

Animal care and monitoring

All experiments were performed in accordance with the leg-
islation of the Russian Federation and the technical standards
of the Eurasian Economic Union for good laboratory practice
(GOST R 53434-2009, GOST R 51000.4-2011) and Direc-
tive 2010/63/EU of the European Parliament and the Council
of the European Union. The study protocol was reviewed and
approved by the Regional Independent Ethics Committee of
Volgograd region, registration number: IRB 00005839 IORG
0004900 (OHRP), Minutes No. 2022/116 dated March 04, 2022.

Euthanasia was performed in a CO, incubator. Rats were re-
corded for 20 min prior to the euthanasia (sedation period) to de-
tect any signs of sedation. The cages were then moved one at a
time from the housing room to a procedure room; rats were kept
in their home cage, and the cage lid was removed and replaced
with an acrylic plastic lid that had a CO, inlet attached. The
CO, flow rate was 30-40% of the chamber volume per minute,
and was turned off after 1.67 £+ 0.31 min (mean = SD) (euthana-
sia period). A veterinarian checked the rats to confirm death fol-
lowing euthanasia (cessation of heart rate and respiration, pupils
fixed and dilated, lack of corneal reflex). The waiting time be-
tween the sedation period and the start of the euthanasia period
ranged from 3 to 24 min (mean + SD: 12.4 + 4.9 min).

Statistical procedures
Principles of sample size determination

The sample size was not pre-calculated.
Statistical methods

Statistical analysis was performed with Microsoft Office
Excel 2016 (Microsoft, USA) and Prism 6 (GraphPad Soft-
ware Inc., USA). As group sizes were 8 animals, comparisons
of two conditions were made by nonparametric Mann-Whit-
ney-U test to avoid a statistical bias of unequal data distribu-
tion. The level of significance was set at p < 0.05. Data are
presented as mean + SEM.

RESULTS
CMS-induced behavioral changes

The study shows that multimodal stress exposure (vibration,
noise, light, immobilization and temperature increase), repeat-
ed for 7 days for 30 minutes causes a decrease of motor and
behavior activity in 12-month-old animals. Stressed animals in
the OFT compared to the animals of the control group showed
fewer visits to the central zone and the number of crossed
squares in the central zone and, accordingly, there were more
intersections of wall squares, near wall rearing, the number of
short-term grooming and the number of fecal boli (Figure 3a).
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In the elevated cross-maze test, the animals subjected to
stress in comparison with the control group entered the open
arms less, spent less time in them and practically did not hang
over the edge in the open arms (Figure 3b, c).

In animals subjected to stress, in comparison with the con-
trol group, a statistically significant decrease the number of
jumps and the time of active swimming and latency to the ini-
tial immobility period as well as longer immobilization time
were observed in the FST. Such behavior of stressed animals
in the described tests, that is, in a new aversive environment,
is obviously associated with increased anxiety (in the OFT and
EPM tests) and depression (in the FST test) (Figure 3d, e).

A day after the development of reflex avoidance, all animals
did not enter the dark chamber but after 7 days of daily stress-
ing animals entered the dark chamber with the electric floor
after 100.2 £ 25.3 s. Whereas in the control group animals the
average time of entry latency was 158.8 + 13.9 s. (Figure 3f).

In the EET, trained animals (after 7 days of daily stressing)
get rid of the aversive environment (solve active avoidance
task) after 103.9 + 16.2 s. In the control group animals solved
the problem of extrapolation and in a shorter time (24.2 +
11.1s.) (Figure 3g).

Thereby after 7 days of CMS, stressed rats showed anxious
and depressive-like behavior, as shown by reduced motor ac-
tivity (in the OFT), the number of entries in open arms and
number of hanging over the edge there as well as time spent in
open arms (in the EPM) (Figure 3a, b, c), and decreased num-
ber of jumps and the time of active swimming and latency to
the initial immobility period as well as longer immobilization
time in the FST (Figure 3d, e), when compared to non-stressed
control animals. Additionally, stressed rats showed decreased
cognitive function as shown in the PAT and EET (Figure 3f, g).
These results indicate that CMS successfully induced depres-
sive- and anxiety-like behavior.

Notes to Fig. 3 (a—g): (a) Open field test. | — The number
of square crossings in stressed rats was significantly lower
(15.5 = 1.3, number) than that in control rats (30.5 + 2.2,
number); 2 — The number of crossing of near wall squares
in stressed rats was significantly higher (12.2 + 0.7, number)
than that in control rats (6.5 + 0.7, number); 3 — The num-
ber of entries to central area in stressed rats was significantly
lower (0.3 + 0.2, number) than that in control rats (1.5 £ 0.2,
number); 4 — The number of vertical rearing near walls in
stressed rats was significantly higher (5.2 + 0.2, number) than
that in control rats (3.7 = 0.3, number); 5 — The number of
short-term grooming acts in stressed rats was significantly
higher (7.2 + 0.5, number) than that in control rats (2.7 + 0.3,
number); 6 — The number of fecal boli in stressed rats was
significantly higher (5.8 + 0.5, number) than that in control
rats (2.7 £ 0.2, number). (b, c) Elevated plus-maze. | — The
number of entries in open arms in stressed rats was signifi-
cantly lower (1.3 + 0.2, number) than that in control rats (2.7
+ 0.4, number); 2 — The number of hanging over the edge
in open arms in stressed rats was significantly lower (0.3 +
0.2, number) than that in control rats (2.5 + 0.4, number);
The time spent in open arms in stressed rats was significantly
lower (14.5 £ 1.6, number) than that in control rats (37.7 +

4.0, number). (d, e) Forced swim test. Latent period (latency
to the initial immobility period) in stressed rats was signifi-
cantly lower (48.1 £ 5.5, seconds) than that in control rats
(74.3 £ 5.1, seconds); the time of active swimming in stressed
rats was significantly lower (62.2 £ 5.2, seconds) than that
in control rats (106.0 £ 9.1, seconds); immobilization (the
time spent immobile) in stressed rats was significantly higher
(74.8 £ 12.5, seconds) than that in control rats (31.3 = 12.5,
seconds); Number of jumps in stressed rats was significantly
lower (5.1 £ 0.9, number) than that in control rats (8.4 = 1.1,
number). (f) Passive avoidance test (entry latency). (g) Ex-
trapolation escape test (escape latency). Statistical analysis:
nonparametric Mann-Whitney-U test, n = 8 each group. *p <
0.05, versus the control group.

Nissl staining

In animals subjected to CMS in sections stained with thi-
onin according to Nissl method, we found signs of neuronal
injury characterized by hyperchromatosis, chromatolysis and
karyopyknosis, which were more pronounced in the cytoar-
chitectonic region CA3 of the DH (Figure 4b). The relative
number of shrunken neurons with hyperchromatosis of the cy-
toplasm in the pyramidal layer CA3 of the DH in the group of
stressed rats was 33.8 £ 3.7%, which is higher than the control
values by 23.6% (p < 0.05) (Figure 4a, 4c). In the pyramidal
layer of CA3 of the DH a high number of shrunken neurons
with hyperchromatosis of cytoplasm were detected. In con-
trast, in the pyramid layer CA3 of the VH, no differences were
found in the relative number of injured neurons (p > 0.05)
(Figure 4c). In control rats, this indicator was 22.4 +4.3%, and
in stressed animals — 23.9 £ 5.3%.
iNOS immunostaining

In CA3 DH and VH in stressed rats an increase in the ex-
pression level of iNOS-IRM to moderately expressed (2+) in
perikarya of pyramidal neurons (Figure 5b) was shown com-
pared with the non-stressed control group, in which the ex-
pression level was mild (1+) (Figure 5a). In the neuropil of the
radial layer, a moderate degree of iNOS-IRM expression (2+)
was observed (Figure 5a, b).

In stressed rats in the CA3 pyramid layer an increase in
the relative number of iNOS-IP neurons in DH was noted by
40% (p < 0.05), this indicator was 49.9 + 4.6%. In VH, an
increase in the relative number of iNOS-IP neurons by 38.3%
(p <0.05) was found, in stressed rats this indicator was 89.7 +
2.7% (Figure 6a). The relative area of iNOS-IRM in stressed
rats in CA3 DH increased by 35% (p < 0.05), and in CA3 VH
by 7.8%, which amounted to 60 + 2.5% and 30.7 + 1.4%, re-
spectively (Figure 6b).
eNOS immunostaining

In CA3 DH in stressed rats, the absence of eNOS-IRM (0)
expression was observed in the cytoplasm of most pyrami-
dal neurons (Figure 5d), in the control group the expression
of eNOS-IRM was mild (1+) (Figure 5c). A morphometric
study in CA3 DH revealed a decrease in specific number of P
neurons by 55.3% (p < 0.05) compared to the control group,
which amounted to 44.1 + 4.5% (Figure 6c¢). It should be noted
that in pyramidal layer of CA3 some neurons are characterized
by unchanged shape of perikaryon with moderate and mild
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Fig. 3. Variables recorded in the open field test and their interpretations (a-g). A detailed description of the data is given in the

main body of the article

Note: photographs and drawings are by authors. Abbreviation: CMS — mild stress model.
Puc. 3. [lepeMeHHEIE, pETHCTPUPYEMBIE B TECTE «OTKPBITOE MOJIE», M UX MHTEepIpeTanus (a—g). KoMMeHTapuu K pucyHKy

B TCKCTEC CTAaTbH

Ipumeuanue: pomoepaguu u pucyuxu evinonnensvi asmopamu. Cokpawerue: CMS — modens 6030eticmeus MacKko2o cmpecca.

cytoplasmic expression of eNOS-IRM. In most animals, the
neuropil of radial layer CA3 was characterized by an immu-
nonegative reaction (0), however, in some animals, moderate
expression of eNOS-IRM (2+) in neuropil was preserved with
the absence of expression in neurons (Figure 5c). In the en-
dothelium of blood vessels of microvasculature CA3 DH of
stressed rats, almost complete disappearance of eNOS (0) ex-
pression in endothelial cells of most capillaries was observed
compared with the control (2+). The relative area of eNOS-
IRM in CA3 DH of hippocampus in stressed rats decreased by
19.5% (p < 0.05), which amounted to 14.8 = 1.5% (Figure 6d).

When evaluating results of an immunohistochemical study
of CA3 VH of stressed rats using anti-eNOS antibodies, no
significant differences were found in nature and degree of IRM
expression compared to the control group. Pyramidal neurons
were characterized by moderate cytoplasmic expression of
eNOS-IRM (2+). In neuropil of radial layer, weak expression
of IRM (1+) was noted. However, in capillary endothelium
in stressed rats, compared with control group (2+), mild ex-
pression of eNOS-IRM (1+) prevailed. The relative number
of IP neurons in CA3 VH in control group of animals was 95
+ 2.7%, in stressed group 98.2 + 1.2% (Figure 6¢). No signif-
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Fig. 4. Effects of CMS on the morphology of the CA3 pyramidal neurons in DH and VH of rats. (a) Histological structure of
CA3 pyramidal layer of DH of 12-month-old rat. Most of neuronal perikarya of pyramidal layer are polygonal. (b) Histolog-
ical structure of the CA3 pyramidal layer of DH of 12-month-old rat exposed to combined stress for 7 days. The presence of
significant number of shrunken pyramidal neurons with hyperchromatosis of cytoplasm. Nissl staining with thionine. Scale
bars = 10 pm in a, b. (c) Dynamics of changes in specific number of shrunken neurons of pyramidal layer with cytoplasmic
hyperchromatosis in CA3 of dorsal and ventral hippocampus in 12-month-old control and stressed rats. Statistical analysis:
nonparametric Mann-Whitney-U test, n = 8 each group. * p < 0.05, versus the control group

Note: photographs and drawings are by authors. Abbreviations: CA3 — Subfield 3 of cornu Ammonis; DH — Dorsal Hippocampus, VH —
Ventral Hippocampus.

Puc. 4. Bnusane CMS Ha Mopdonoruro nupaMugaidbHeIX HepoHOB CA3 mopcallbHOrO THONOKAMIIa U BEHTPAJIBHOTO
runmnokamna kpeic. (a) ['mcronornyeckast ctpykrypa nupamuaainsHoro cinosi CA3 gopcaiabHOro runmnokamna 12-mecsraHon
KPBICHI. BOIBIIMHCTBO MEPUKAPHOHOB HEHPOHOB MUPAMHUAAIBHOTO CJIOS MOTUToHaNbHBIE. (b) ['McTonornueckoe crpoeHne
nupamMuganpHoro cinos CA3 mopcalbHOTO THIIOKaMIa 12-MecsYHON KpBICHI, TOABEpraBIIelicss KOMOWHHPOBAHHOMY
cTpeccy B TeueHHe 7 JHEH. 3HauYMTenbHOe KOJMYECTBO CMOPIIEHHBIX MUPAMUIAJIBHBIX HEHPOHOB C THIIEPXPOMATO30M
nuTorutasMbl. OKpammBaHie THOHHHOM 1o MeTony Huccis. MacmtabHast MmeTka = 10 MKM B a, b. (¢) JlnHamMuka n3mMeHeHH s
YIEJNBHOTO YHCJIA CMOPIICHHBIX HEHPOHOB MHUPAMUIHOTO CJOS C IUTOIUIa3MATHYECKMM THrepxpomato3oM B CA3
JOPCAIBHOTO M BEHTPAJIBHOIO THIIOKAMIIA y 12-MECSYHBIX KOHTPOJIBHBIX U CTPECCHPOBAHHBIX KpbIC. CTaTHCTUYECKUN
aHaJu3: HemapameTpudeckuit U-kputepuit MaHHa-YUTHH, 1 = 8 B Kax10# rpymre. *p < 0,05, mo cpaBHEHHIO ¢ KOHTPOJIBHOM
rpynmnou

Ipumeuanue: gpomoepaguu u pucynxu evinonnenvi asmopamu. Cokpawenusa: CA3 — none 3 cornu ammonis;, DH — Odopcanvhuiil

eunnoxamn, VH — eenmpanvubiii 2unnoxamn.

icant differences were found in relative IRM area between the
groups. In control group of animals, relative area of eNOS-
IRM in CA3 VH was 14.3 £ 0.9%, and in stressed animals,
15.4 £0.6% (p > .05) (Figure 6d).
SR immunostaining

In 12-month-old stressed animals in CA3 DH and VH,
along with IP neurons (2+) immuno-negative neurons were
also found, which were characterized by wrinkled perikarya,
basophilic cytoplasm and an oval hyperchromic nucleus. IP
neurons did not always have distinct boundaries of perikarya.
There was a decrease in expression of SR-IPM in dendrites of
radial layer of CA3 (1+), compared with control group of an-
imals (2+) (Figure Se, ). No statistically significant changes
in relative number of IP neurons of pyramidal layer in CA3
DH and VH were detected (p < 0.05). However, a decrease
in relative area of SR-IPM in CA3 DH by 4.3% (p < 0.05),
and in CA3 VH by 7.8% (p < 0.05) in stressed animals was
noted, which was 7.3 + 0.9% and 19.1 + 1.2%, respectively
(Figure 6e).
Syp immunostaining

An immunohistochemical study of DH of stressed rats with
using anti-Syp antibodies showed in neuropil of CA3 pyrami-
dal layer a moderate expression of Syp-IRM (2+). However,
unlike control group, in most rats that were under CMS for 7
days, expression was uneven, in the form of large and small

granular inclusions of Syp-IRM in pyramidal, radial and mo-
lecular layers. In some animals, in some single fields of view
areas with almost complete absence of Syp-IRM expression
were observed. Computer morphometric analysis revealed a
significant decrease in relative area of Syp-IRM in stressed
rats compared to control group of animals in CA3 DH (Fig. 5).
In CA3, the relative area of Syp-IRM was 20.5 + 1.9% and
decreased by 14.2% (p < 0.05) (Figure 6f).

An immunohistochemical study of VH of stressed rats using
anti-Syp antibodies retains a moderately pronounced granu-
lar distribution of IRM over surface of dendrites in pyramidal
and radial layers of CA3 (2+). However, in contrast to con-
trol animals, Syp-IRM was more fragmented (Figure 4g, h).
In cytoplasm of most perikarya of pyramidal neurons, an im-
munonegative reaction is observed. Computer morphometric
analysis revealed a significant decrease in relative area of Syp-
IRM in stressed rats compared with control group of animals
in CA3 VH. In CA3, the relative area of Syp-IRM was 16.7 £
1.6% and decreased by 16.8% (p < 0.05) (Figure 6f).

DISCUSSION
Interpretation / scientific significance

Despite the established numerous biological effects of mild
stress exposure associated with morphofunctional changes in
the brain [1, 12, 15], relatively little attention has been paid to
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Fig. 5. Immunohistochemical analysis Representative photomicrographs of iNOS, eNOS IRM in the DH and of SR, Syn IRM
in the VH. Histological structure of CA3 DH (a—d) and VH (e—h) 12-mounth-old rats. (a, c, e, g) control 12-mounth-old rats.
(b, d, £, h) stressed 12-mounth-old rats (after expose to CMS for 7 days). Inmunohistochemical study with antibodies against:
iNOS (a, b), eNOS (c, d), SR (e, ), Syp (g, h). Staining with hematoxylin. Scale bars = 10 pm

Note: photographs and drawings are by authors. Abbreviations: iNOS — nitric oxide synthase; eNOS IRM — endothelial nitric oxide
synthase immunoreactive material;, DH — Dorsal Hippocampus, SR — serine racemase; Syn — synaptophysin, IRM — immunoreactive
material; VH — Ventral Hippocampus.

Puc. 5. UmmyHOrncroxnmuieckui ananus. PenpezenrarnBueie n3o6paxenus iNOS, eNOS nMMyHOpeaKkTHBHOTO MaTepuaa
B JIOpCaJbHOM THIINIOKaMIIe ¥ CEPHHOBOM pamemasbl, CHHANTO()U3NH-NIMMYHOPEAaKTHBHOI'O MaTrepHuaja B BEHTPAJIbHOM
runnokamune. ['ncronornyeckas ctpykrypa CA3 nopcaibHOro rummnokamna (a—d) ¥ BeHTpaJIbHOro runmokammna (e—h) kpeic
12-MecstyHOTO BO3pacTa. (a, C, €, g) KOHTPOJIbHBIE KPBICH 12-MecsyHOro Bo3pacTa. (b, d, f, h) cTpeccupoBaHHBIE KPBICHI
12-mecsiuHOTO BO3pacTa (1ocie BO3/IeHCTBHSI MATKOTO cTpecca B TedeHune 7 gHei). IMMyHOTHCTOXMMHYECKOE HCCIIeI0OBAHNE
c anturenamu npotus: iNOS (a, b), eNOS (c, d), SR (e, f), Syp (g, h). OxpammBanne remaTokcunuaOM. MacmTaOHast MeTKa
=10 Mmkm

Ipumeuanue: pomozpagpuu u pucyuku evinonnenvt asmopamu. Coxpawernus: iNOS — unoyyubenvnas Humpookcudcunmasa, eNOS
IRM — eNOS-ummynopeaxmuguwiti mamepuai, DH — Odopcanvuviii eunnokamn, SR — cepunosas payemasa; Syp — cuHanmogu3uH,

IRM — ummynopeaxmugnuiii mamepuan, VH — eenmpaivHblll 2UnnoKamn.

differences in structural changes in the anterior and posterior
hippocampus in aging rats.

It was first discovered by us in experiments on 12-month-old
rats exposed to CMS, in CA3 DH, in contrast to VH, the most
pronounced decrease in eNOS expression was observed in en-
dothelium of capillaries of various layers of hippocampus, in
neuropil of radial layer, and in cytoplasm of perikarya in py-
ramidal neurons in combination with a decrease in the relative
amount of immunopositive neurons by 55.3% (p < 0.05) and
the relative area of eNOS-IRM by 19.5% (p < 0.05), which
may contribute to the initiation and progression of cognitive
impairment.

A decreased level of eNOS expression in DH of stressed
animals may be considered as an indirect sign of decrease in
NO production by the microvascular endothelium in the hip-
pocampus, which contributes to vasospastic mechanisms of
ischemia and manifestation endothelial dysfunction contribute
to development of increased sensitivity of neurons to the in-
jury, which may contribute to the initiation and progression
of cognitive impairment [20-22] that we discovered during
functional tests.

A decrease in the relative area of Syp-IRM by 14.2%
(p < 0.05) in CA3 DH and by 16.8% (p < 0.05) in CA3 VH in
stressed rats, compared with the control group of animals, may

contribute to alteration in synaptic plasticity, which is more pro-
nounced in VH. An increase in the number of injured neurons
and a decrease in the level of Syp in hippocampus are accompa-
nied by anxious and depressive-like behavior [31], a decrease in
cognitive functions in rats under the influence of CMS.

Research limitations

As part of the study, we examined the factor of modeling
stress on animals for 7 days; intact animals were kept under
standard vivarium conditions. We selected the range based on
previous studies. It was assumed that this range corresponds
to the most optimal impact of the anthropogenic factor. Going
beyond this range may provide additional information about
long-term stress exposure. We took into account the need to
minimize the number of animals, taking into account bioeth-
ical standards. For these reasons, we used only 2 groups. By
increasing the number of immunohistochemical markers in the
study within the considered groups of animals additional data
can be obtained to clarify the identified changes.

Extrapolation

Exposure to stress is recognized by several authors as a risk
factor in the occurrence and progression of neurodegenerative
pathology [13, 14]. Changes in cognitive stress-related pro-
cesses, such as learning and memory, as well as behavioral dis-
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Fig. 6. Changes in the level of iNOS, eNOS, SR, and Syp expression in CA3 DH and VH in 12-month-old rats with CMS. (a, c)
Changes in relative number of immunopositive neurons of the pyramidal layer CA3 DH and VH in control and stressed rats.
(b, d, e, f) Change in the relative area of immunoreactive material in CA3 DH and VH of control and stressed rats. Statistical
analysis: nonparametric Mann—Whitney U-test, n = 8 each group. * p < 0.05, versus the control group

Note: photographs and drawings are by authors. Abbreviations: iINOS — nitric oxide synthase; eNOS — endothelial nitric oxide synthase;
SR — serine racemase; Syp — Synaptophysin;, CA3 — Subfield 3 of cornu Ammonis; DH — Dorsal Hippocampus, VH — Ventral Hippo-
campus.

Puc. 6. Ismenenust ypoHs skcnpeccun iNOS, eNOS, SR u Syp 8 CA3 nopcaibHOTr o rUNIoKamIia 1 BEHTPaJIbHOT O THITIIOKaMITa
y 12-MecsYHBIX CTPECCHPOBAHHBIX KPBIC. (2, C) 1I3MEHEHHSI OTHOCHTEIIFHOTO KOJIMYECTBA MMMYHOIIO3UTHBHBIX HEHPOHOB
nupamMuaansHoro ¢iost CA3 1opcaabHOro TMIIOKAaMIIA M BEHTPAIbHOTO TUIIIOKaMIa y KOHTPOJIBHBIX U CTPECCUPOBAHHBIX
kpsic. (b, d, e, f) FI3MeHeHHe OTHOCUTENBHON IJIOMIAN MMMYHOpeakTUBHOTO Martepuana CA3 nopcalbHOrO THIIIOKAMIIA
U BEHTPAJIbHOIO FUIINOKAMIa Y KOHTPOIBHBIX U CTPECCUPOBAHHBIX KpbIC. CTaTUCTUYECKUN aHATU3: HEIapaMEeTPUUECKHUH
U-xputepuit ManHa—YUTHH, n = § B Kax a0 rpynmne. *p < 0,05, mo cpaBHEHHIO ¢ KOHTPOJIBHON TPyIIOH

Ipumeuanue: pomoepaguu u pucynxu svinoanenvt agmopamu. Coxpawenus: iNOS — undyyubenvras numpooxcuocunmasa, eNOS —
9HOOmMeNUANbHAs HUmpookcuocunmasa, SR — cepunosasn payemasa; Syp — cunanmogusur; CA3 — noae 3 cornu ammonis; DH —

dopcanvhblil eunnokamn, VH — eenmpanvhulil 2unnoxkamn.

orders depend on neuroplastic mechanisms in the hippocam-
pus. Our findings demonstrating anxious and depressive-like
behavior, decreased cognitive functions of experimental rats
after 7 days of CMS are consistent with data on remarkable
depressive- and anxiety-like behavior induced by CMS re-
markable [15].

Hippocampal dysfunction and atrophy detected in adult rats,
apparently, are associated with an increase in level of gluco-
corticoids [16]. It is known that the high concentration of glu-
cocorticoid receptors present in hippocampus makes it espe-
cially vulnerable to various kinds of stress factors [17], which
lead to death of neurons, their shrinking, dendritic retraction
and a decrease in processes of gliogenesis [13].

The processes of pyramidal neuron injury of CA3 revealed in
our experiment in rats subjected to prolonged exposure to CMS
may be associated with dysregulation in HPAS, which leads to

increase in negative effect of glucocorticoids during prolonged
stress in patients with anxiety and mood disorders [18].

Signs of neuronal damage, characterized by an increase in
relative number of shrunken neurons with cytoplasmic hyper-
chromatosis, in stressed rats in pyramidal layer of CA3 were
more pronounced in DH, which may be associated with func-
tional region-specific hippocampal responses to stressors.

Circulatory disorders in vessels of microvasculature in the
brain under prolonged combined stress were found as a result
of activation of stress- realizing systems, which stimulate a
cascade of neurohumoral reactions leading to ischemia, and
decreasing of neurotrophic and neuroprotective factors in vas-
cular endothelium, activation of various components of nitric
oxide synthesis system [19]. The results of our study indicate
predominant increase in expression of iNOS in hippocampus
of animals with CMS, which may indicate increased NO pro-
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duction and accumulation of peroxynitrite free radicals, acti-
vation of lipid peroxidation, oxidative damage to neurons, and
disruption of protein structure due to nitration, which has a
neurotoxic effect [20, 21]. Moreover, in ventral part of hippo-
campus, in comparison to dorsal region, the most pronounced
stress-induced increase in iNOS expression was found in ani-
mals subjected to CMS. The effect of chronic stress causes an
increase in iNOS expression both in neocortex and in hippo-
campus in rats and mice [22].

The important role of nitric oxide system is due not only to
neurotoxic, but also due to neuroprotective effect of NO [23],
synthesized by eNOS, which acts as a vasodilator, participates
in control of vasodilation and local blood flow, modulates pro-
cessing of amyloid precursor protein (APP) affects functional
state of microglia and cognitive functions [24]. Available data
indicate a decrease in production of NO by endotheliocytes of
human cerebral vessels causes an increased expression of APP
and B-site of APP cleavage enzyme 1 (BACE1), which leads to
an increase in secretion of 3 peptides (AB1-40 and AB1-42) of
amyloid. Since AP peptides are considered as main cytotoxic
molecules responsible for pathogenesis of Alzheimer’s disease,
loss of endothelial NO can significantly contribute to initiation
and progression of cognitive impairment. The decrease in ex-
pression of eNOS in hippocampus of experimental animals,
which we found, confirms a decrease in baseline level of eNOS
production in hippocampus, and reflects reduction of neuro-
nal plasticity in hippocampal structures due to stress-induced
processes [25]. In DH, compared with VH in rats exposed to
CMS, the most pronounced stress-induced decrease in eNOS
expression was found, since there was a decrease in expression
of eNOS-IRM, not only in endothelium of capillaries of differ-
ent layers of hippocampus, but also differences were observed
in pattern of IRM expression in nervous tissue of hippocampus.

A decrease in the level of production and content of eNOS
in hippocampus of stressed animals can contribute to devel-
opment of increased sensitivity of neurons to ischemia during
aging, as eNOS participation in mechanisms of protection of
brain neurons in ischemia was demonstrated in knockout mice
[26], since the selective loss of endothelial NO leads to a vio-
lation of functional state of neurons, which allows us to con-
sider endothelial NO as a key molecule that combines into a
single morphofunctional block vessels of brain, neurons and
glia. Decreased eNOS levels may also underlie endothelial
dysfunction and cerebrovascular accident.

Activation of NMDA receptors in hippocampus is associ-
ated with NO, which by feedback mechanism of homeostatic
regulation causes a decrease in activity of SR and thereby re-
duces the level of D-serine, which, in turn, leads to decrease
in NMDA-dependent neurotransmission [27, 28]. Our data in-
dicate unidirectional pattern of changes in distribution of SR
in DH u VH in stressed animals, which are expressed both
in redistribution of IRM with its predominant localization
in cytoplasm of pyramidal neurons and stress-induced de-
crease in degree of SR expression in dendrites of radial lay-
er in combination with a decrease in relative area of IRM in
CA3, which, apparently, is associated with a violation of the
intraneuronal transport of enzyme and seen as a sign of im-

paired NMDAR-mediated neurotransmission in hippocampus.
Thus, the predominant expression of SR noted in cytoplasm
of hippocampal neurons is consistent with published data on
localization of enzyme in neurons and only slightly in astro-
cytes [28]. According to the shuttle hypothesis, L-serine is
mainly synthesized from glucose in astrocytes and exported
to neurons using a neutral amino acid transporter (ASCT or
similar). Neuronal SR synthesizes D-serine, which is captured
and accumulated by astrocytes. Astrocytic and neuronal D-ser-
ine can stimulate NMDA receptors [29, 30]. This hypothesis is
confirmed by detection of a decrease in motor and orientation-
al-research activity in rats with CMS.

It is believed Syp located on cytoplasmic surface of mem-
brane of synaptic vesicles can participate in their formation
and exocytosis [31]. The decrease in relative area of Syp-IRM
revealed in our experiment in stressed rats in CA3 of DH
u VH, the most pronounced in VH, may indicate a decrease in
synaptic plasticity processes under the influence of CMS [32],
since level of expression of Syp reflects synaptic density [33].
Our findings are consistent with literature data on a decrease in
Syp expression in hippocampus when modeling various types
of stress exposure [34].

Thus, in animals subjected to CMS in hippocampal neurons,
progressive morphological signs of damage, changes in syn-
aptic apparatus were detected, which may reflect not only vi-
olations of molecular neuroprotective mechanisms associated
with a change in location of Syp, with formation of D-serine
and NO, as well as with a decrease in eNOS in endothelium of
hippocampal capillaries.

CONCLUSIONS

Our present results suggest that CMS is an adequate model
of depression in rats. The observed changes in the indices of
various functional tests after CMS reflect disturbances in the
behavior of animals, characteristic of similar pathologies in
the main corresponding preclinical models.

In animals subjected to CMS, pronounced morphological
signs of injury in hippocampal neurons were detected.

Differences in morphofunctional alterations of DH u VH
upon exposure to CMS were found. Thus, in CMS in CA3
DH, in contrast to VH, there were more pronounced signs of
damage to neurons of the pyramidal layer, which were charac-
terized by an increase in the specific number of shrunken neu-
rons with cytoplasmic hyperchromatosis by 23.6% (p < 0.05),
compared with the control, and were combined an increase in
iNOS expression in the form of an increase in relative number
of IP neurons of pyramidal layer by 40% (p < 0.05) and an in-
crease in relative area of iNOS-IRM by 35% (p < 0.05), which
is considered as evidence of increased NO production and the
participation of NO-dependent mechanisms in the formation
of neuronal damage, mainly DH.

The increased iNOS expression in pyramidal neurons can
be associated with increasing of NO level, which by feedback
mechanism of homeostatic regulation may cause a decrease
in activity of SR. The expression of SR in pyramidal CA3
neurons was more decreased in VH and this neuroprotective
mechanism may be responsible for reduction of D-serine level,
and, in turn, NMDA-dependent neurotransmission.
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Our present study will prompt a strong interest on both the
study of NO-dependent mechanisms of neuronal injury and in
the study of synaptic neurotransmission modulation in differ-
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