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Trâncă, R.; Sevastre, B.; Barbu, L.;

Filip, G.A.; Roman, I.;

Sevastre-Berghian, A.-C. The Effect of

Repeated Restraint Stress on

Neuroglobin-Oligodendrocytes

Functions in the CA3 Hippocampal

Area and Their Involvements in the

Signaling Pathways of the

Stress-Induced Anxiety. Appl. Sci.

2022, 12, 8680. https://doi.org/

10.3390/app12178680

Academic Editor: Alexander

E. Hramov

Received: 11 July 2022

Accepted: 26 August 2022

Published: 30 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

The Effect of Repeated Restraint Stress on
Neuroglobin-Oligodendrocytes Functions in the CA3
Hippocampal Area and Their Involvements in the Signaling
Pathways of the Stress-Induced Anxiety
Vlad-Alexandru Toma 1,2 , Bogdan Dume 1, Rares, Trâncă 1, Bogdan Sevastre 3,* , Lucian Barbu 1 ,
Gabriela Adriana Filip 4 , Ioana Roman 2 and Alexandra-Cristina Sevastre-Berghian 4

1 Department of Molecular Biology and Biotechnology, Babes, -Bolyai University, 400347 Cluj-Napoca, Romania
2 Institute of Biological Research, Branch of NIRDBS Bucharest, 400015 Cluj-Napoca, Romania
3 Paraclinic/Clinic Department, Faculty of Veterinary Madicine, University of Agricultural Sciences and

Veterinary Medicine, 400372 Cluj-Napoca, Romania
4 Faculty of Medicine, University of Medicine and Pharmacy ”Iuliu Hat,ieganu”, 400347 Cluj-Napoca, Romania
* Correspondence: bogdan.sevastre@usamvcluj.ro

Abstract: The present work shows the biochemical and structural fundamentals for the stress induced
anxiety and stress adjustment response of the CA3 hippocampus area. Adult male Wistar rats
were repeatedly exposed to a 3 h day restraint stress, for either 3 or 6 days. The concentration of
corticosterone and testosterone in the CA3 hippocampus area was divergent, while oxidative stress
was progressively increased during the stress exposure. The mitochondrial lysis in the CA3 neurons
confirmed the oxidative stress events. Immunohistochemical findings showed that oligodendrocytes
(OCs) proliferation and neuroglobin (Ngb) expression were stimulated, whereas MeCP2 expression
was decreased as a balance reaction in stress exposure under corticosterone signaling. Remarkably,
ultrastructural changes such as mitochondrial lysis, endoplasmic reticulum swelling, and perivascular
lysis with platelets adherence to endothelium in the CA3 area were seen in the 6th day of restraining.
The anxiety-like behavior was noticed 6 days later after stress exposure. These results suggest
that the duration of the exposure, but not the intensity of the stress, is the key factor in the stress-
buffering function by the CA3 hippocampus area via up-regulation of the Ngb-OCs bionome. The
imbalance of the Ngb-OCs communication may be involved in the development of CA3-dependent
anxious behavior.

Keywords: neuroglobin; CA3 pyramidal neurons; stress; buffering reactions; anxiety

1. Introduction

As defined by Selye, stress is the non-specific response of the body to any demand; the
word “stress” is defined, alongside a physiological event, as a basic concept that radically
changed the way of scientific thinking in the last century. Stress, from molecular events
to behavioral changes, contains multiple forms, such as nitro-oxidative stress, hydric
stress, and thermic stress or, without exhausting the list, psychological stress, the pivotal
element in stress biology and pathology [1]. In all of these conditions, the biological
models express their ability to balance the free radicals (ROS/RNS) generation, the immune
response modulation after steroids action or memory impairment [2]. The nervous system
is extremely sensitive to oxidative damage since it is rich in oxidizable substrates and has
a high oxygen exposure and low antioxidant capacity. Further, the localization of major
antioxidant defense systems in glial cells rather than in neurons may cause the nerve cells
to be more susceptible to oxidants present in the brain exposed to neuropsychological stress.
However, the oxidative stress generated by repeated restraining is a pleomorphic parameter,
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and the difference between “harmless” and “bad” stress is made by the stressor’s frequency
as well as the exposure time as was noticed in Table 1.

Table 1. Experimental designs of restraint stress based on physical restraining or corticosterone
injection in rats.

[3]
Restraining

6 h/day

Time Reported
measurements

11 days

↑ serum
corticosterone,

adrenaline
↑ hippocampal ROS,

NO, MDA, ↓ TAC

[4] Restraining 1 h/day 40 days ↑ hippocampal MDA,
ROS, ↓ TAC

[5]

Corticosterone 10–40 µg/Kg 14 days
↓ hippocampal TAC,
↑ hippocampal
MDA, & ROS

Restraining 4 h/day 21 days
↓ hippocampal TAC,
↑ hippocampal

MDA, ROS
ROS—Reactive Oxygen Species, NO—nitric oxide, MDA—malondialdehyde, TAC—total antioxidant capacity.

Early life exposure to neuropsychological stress determined a specific behavioral
pattern in pups, which revealed their epigenetic mechanisms [6,7]. As noticed, the prena-
tal stress exposure induced in pups hypercorticosteronemia, anxiety [8,9], and behavior
vulnerabilities such as the tendency to bipolar attitude, depressive features, or affective
disorders [10,11]. Some studies [12–14] revealed that the stressed status of the individuals
helps reduce the brain-infracted area in stroke by increasing the concentration of anti-
inflammatory molecules such as interleukin 6, 10 (IL-6, IL-10), antioxidants like catalase
(CAT), and reduced glutathione and promote the stress induced gliocytes proliferation.
However, some published reports [12,15,16] related to our present work showed the failed
co-localization of neuroglobin (Ngb) and astrocytic marker GFAP (glial fibrillary acidic
protein) in the human brain following an acute ischemic stroke. Hundahl et al. [17,18]
noticed that stress-exposed individuals depicted large brain infarcted areas, prominent
inflammatory reactions, increasing oxidative stress, and slow formation of gliosis with a
general low resistance to hypoxia and ROS/RNS actions, without Ngb protection against
oxidative lesions. In these clinical or experimental situations, the role of Ngb remained
questionable, as noticed by some authors [19,20] who mentioned a reduced infarct size
even in Ngb-null mice compared with the wild-type controls.

Previous studies demonstrated that the CA3 hippocampus field played a stress-balancing
function by activating the perineuronal glyocytes in a time-dependent manner [21]. The CA3
region is an exclusive part of the hippocampus, which was morphologically and functionally
described as a notable connectome of the hippocampus [22]. The studies about CA3 pyra-
midal neurons [23–25] were largely based in part on the unique functional specializations
formed by the mossy fiber inputs from the dentate gyrus, and the extensive axon collaterals
between CA3 pyramidal neurons, which create a highly interconnected and excitable net-
work [26–28]. Molecular features of the CA3 pyramidal neurons were described with high
dynamics related to the characteristics of the stressor, such as decreasing glucocorticoid re-
ceptors (GRs) as a feedback reaction to hypothalamic-pituitary-adrenal axis (HPA) resistance
for stressors [26,27].

In the context of restraint stress, the CA3 hypoxia was described [28,29] with HIF1α
(hpoxia-inducible factor 1α) and glycolytic enzymes involvement [30]. Some studies
noticed, as a peripheral remark, that an increasing Ngb expression was correlated to
attenuated cognitive deficit [31] and described Ngb and other molecules (neurokinin-A,
catalase) as potential blood markers for generalized anxiety disorders [32,33]. Ngb, as well
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as cytoglobin, in the absence of ligands (e.g., oxygen), showed hexacoordination by distal
histidine, which contrasted the pentaccordination hem geometry seen in deoxygenated
hemoglobin and myoglobin. Ngb displayed a high-affinity oxygen binding of approx. 1
Torr, and occurred at µM concentrations in the neurons as well as endocrine tissues [34].
However, the clear physiological function of Ngb is still unknown, besides Ngb intervention
in hypoxia/stroke reactions that were noticed as enhancers for Ngb expression. The
involvement of Ngb in cancer progression was also questionable. This ectopic role of the
Ngb was derived from the cytoglobin function noticed as a cancer progression protein that
was over-expressed in different types of tumors (non-small cell lung cancer, esophageal
cancer, or melanoma) [34,35]. Our study was performed to investigate the role of stress in
Ngb expression as a pivotal protein in brain oxidative stress with expected involvements in
anxiety, as was suggested by previous results and other studies [33,36–38]. Alternatively,
we have investigated the dynamic of the Ngb expression related to a gene-expression
regulator methyl-CpG-binding protein 2 (MeCP2) and the time-dependent activation of the
Ngb and CNP+ oligodendrocytes (2′,3′-cyclic nucleotide 3′-phosphodiesterase OCs) couple.
Few data were reported about Ngb and glial cells. Ngb was expressed in neurons but also
in astrocytes and microglia. An expression link between Ngb and oligodendrocytes has
not been demonstrated yet. However, a correlation between OCs and Ngb was noticed in
neurodegenerative disorders, autism-spectrum disorders, heavy metals toxicosis, stroke, or
traumatic brain injuries [39–41]. The research setup was started in previous studies, where
Ngb was noticed with different expression patterns [36] in the frontal cortex after long-
term treatment with metformin. The expression of the globins may also be ambiguously
influenced by the methylation process [42]. However, DNA methylation in the 5′regions
of the globins genes might play a direct role in the regulation of gene expression [43].
Moreover, studies revealed that methylation of the Ngb gene influenced the tissue-specific
expression pattern of the protein [44,45]. Other studies [46,47] have noticed that MeCP2
was involved in cytoglobin expression and in neuronal plasticity control, but available
consistent data about MeCP2 and Ngb relation were not shown yet. Furthermore, MeCP2-
Ngb interaction in stress also lacked knowledge that required experimental data. Our
assumption had considered that all the stress reactions described until now depended on
the sampling moment.

After repeated stress exposure, the CA3 area had developed a series of molecular,
cellular, and, finally, behavioral stress-buffered reactions, which balanced the relation
between stressors and coping behavior in a time-dependent manner. These reactions were
interpreted as CA3-related stress tuners by co-enhancing of Ngb-OCs binome.

2. Materials and Methods
2.1. Animals

Adult Wistar male rats (3-month-old) weighing 300–350 g were provided ad libitum
access to standard rat chow and water. Animals were maintained in a light/temperature-
controlled room with a light/dark cycle of 12/12 h under 22 ◦C constant temperature.
Rats were housed 7 rats/cage (60 cm × 40 cm × 20 cm). Experimental design is depicted
in Figure 1.
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Figure 1. The experimental design that was applied in the current study.

2.2. Ethic Statement

Animal care and procedures were carried out in accordance with the Directive 2010/63/EU
and national legislation. The project has been approved by the Ethical Committee of Babes, -
Bolyai University (IRB no. 2012/3 February 2016). In the end, the animals were humanly killed
by deep, prolonged, narcosis with isoflurane in an anesthesia cage. They were considered dead
when no respiratory and heart activity was recorded. The irreversibility of the phenomena was
assured by cervical dislocation.

2.3. Stress Induction

Restraint stress was induced by immobilization of the rats in plastic holders for
3 h/day [48]. The holders were plastic cylinders (7.6 cm × 20 cm, Kent Scientific, HLD-
RL-T, Orringtonn, ME, USA) with an adjustable front nose cone for comfortable breathing.
The rats were individually exposed (1 rat/holder) during 2 and 6 consecutive days to
immobilization (3 h/day). Three experimental groups were used: Control (C), Restraint
Stress for 2 days (S2) and Restraint Stress for 6 days (S6).

2.4. ELISA and Spectrohotometrical Assays

Dorsal hippocampus curvature (left CA3 area) was dissected and homogenized in a
1:1, mass/volume report with PBS-buffer saline 0.1 M pH 7.4, supplemented with protease
inhibitor (cOmplete, 11697498001, Sigma-Aldrich, St. Louis, MO, USA). The lysates were
centrifuged at 15,000 rpm for 30 min at 4 ◦C, and the final concentration of proteins
was adjusted at 20 mg/mL (Bradford method). Using the supernatant, the levels of
corticosterone (CS) and testosterone (TS) were assayed by ELISA methods (Abbexa Kits,
Cambridge, UK). ELISA plates were then analyzed with a BioTek Synergy microplate
reader (Biotek Instruments Inc., Winooski, VT, USA), according to the manufacturer’s
instructions. CAT activity was assayed by the kinetic method at 240 nm [18], whereas SOD



Appl. Sci. 2022, 12, 8680 5 of 20

was assayed by the colorimetric method at 450 nm [49] using an UV-Vis spectrophotometer
(VWR, UV-1600PC).

2.5. Behavior Tests

Two different tests were used in our study such as, OFT and EPM in order to assess
the general locomotor activity and anxiety of the rodents, on the same groups of animals
in the same day with 4 h between evaluations (OFT at 12 a.m., EPM at 16 p.m.). The
animal’s activity was quantified by a visual tracking system (Smart Basic Software version
3.0 Panlab Harvard Apparatus; Barcelona, Spain) using specific mazes for the rats (Ugo
Basil Animal Mazes for Video-Tracking). Open Field Test (OFT): The animals were freely
allowed to explore an open field arena (100 cm × 100 cm × 40 cm) for 5 min. The total
travel led the distance and the total number of entered squares served as an index of
general locomotor activity. Increases in central locomotion (number of entries and travelled
distance in the center) or in time spent in the central part of the device (time spent in the
center/total time) can be considered as anxiolytic-like behavior [50–52]. Elevated Plus Maze
Test (EPM): The plus-shaped maze consists of two open (10 cm × 50 cm) and two closed
(10 cm × 50 cm × 40 cm) arms that are 60 cm elevated above the ground level. Although,
EPM is considered the gold standard for the evaluation of anxiety in basic research, it
also measures motor activity. High open arms travelled distance, open arms number of
entries and time ratio (open arms/total time) are considered relevant parameters of low
anxiety-like behavior [50–52], whereas, total and closed arms travelled distance, total and
closed arms entries are seen as an index of general locomotion in EPM. The animals were
freely allowed to explore the maze for 5 min. Between tasks, the mazes were cleaned with
70% ethanol to remove any residual odor. A behavior evaluation was then performed 2 h
before the animals were sacrificed.

2.6. Immunohistochemistry

For the evaluation of immunohistochemical features (Cell Signaling Technology Proto-
col), the brains were isolated and whole fixed in a 5% buffered neutral formalin solution
for 48 h. After paraffin embedding, coronal sections were cut at 5 µm and mounted on
Star Frost glass slides. The immunohistochemical stains were performed in brain tissues
from all groups simultaneously to avoid differences in day-to-day experimental conditions.
Tissue sections were dewaxed in xylene, and the rehydrated sections were subjected to
HIER with citrate buffer pH 6 (Dako, S1699) in a steamer for 15 min. The slides were
then treated with 3% hydrogen peroxide for 10 min. After washing with TBS, nonspecific
background staining was blocked with 10% BSA in TBS pH 7.8 for 2 h. The sections were
then incubated at 4◦C for 12 h with primary antibodies (Sigma-Aldrich, St. Louis, MO,
USA): rabbit anti-rat CNP (1:200, SAB5700668), mouse anti-rat MeCP2 (1:250, M6818), and
rabbit anti-rat Ngb (1:850, N7162). The sections were then washed with TBS and treated
with biotinylated-HRP link universal immunoglobulins in PBS (Dako, LSAB+ System-HRP,
K0609) at room temperature for 30 min, incubated with streptavidin—peroxidase (Dako,
LSAB+ System-HRP) for 30 min, and were treated with DAB (Dako, LSAB+ System-HRP)
for 5 min. The slides were dehydrated and covered with synthetic resin (Titolchimica, TC
36259). Next, the slides were blind investigated by a histologist using an Optika trinocular
microscope B383-FL with an MDC CCD Camera 2 MP. After microphotography, the images
were prepared in Adobe Photoshop CS6 software to generate a whole figure. The number
of positive cells was determined by the cell counter plug-in using Image J software.

2.7. Bioinformatics

For the investigation on the network of MeCP2 interactors, we used the STRING
platform v11.0 [53] (https://string-db.org/, accessed on 8 March 2021). A basic search
was performed for the MeCP2 protein, after selecting Rattus norvegicus as the targeted
organism. To obtain even more insights, we opted for the extended network format,
without clustering, since this feature would have been irrelevant for our purpose. Gene

https://string-db.org/
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Transcription Regulation Database (GTRD) platform v20.06 (http://gtrd.biouml.org/,
accessed on 8 March 2021) was used for seeking possible implications of the MeCP2 in the
transcription of Ngb. Both the EnsemblRat91 database manual query and the advanced
feature of binding sites near the specified gene were used. The automatic search feature
on the TRRUST v 2.0 (https://www.grnpedia.org/trrust/, accessed on 8 March 2021) was
used for investigating a possible role played by MeCP2 in the Ngb regulation. To ensure
that information was as recent as possible, we also downloaded all the entries for both
human and mice (the only organisms present on this database) in TSV format and searched
manually for MeCP2 influences on other genes. At first, Harmonizome (http://amp.pharm.
mssm.edu/Harmonizome/, accessed on 8 March 2021) revealed to us the mechanisms
through which MeCP2 protein regulated the expression of other genes. Then, we performed
a manual search through all the results derived from the 89 datasets given by the platform.
Even if MecP2 is not a veritable transcription factor, we wanted to assure that no important
interactions were to be found on the TRANSFAC Public Database (http://gene-regulation.
com, accessed on 8 March 2021), thus a search for the MeCP2 gene was performed in
the appropriate section. For IntAct (https://www.ebi.ac.uk/intact/, accessed on 8 March
2021) and InterPro (https://www.ebi.ac.uk/interpro/, accessed on 8 March 2021) basic
searches were performed. The feature of gene expression from the Ensembl Database
(http://www.ensembl.org, accessed on 8 March 2021) was used to localize and assess the
levels of expression for both MeCP2 and Ngb. Any format conversions were performed
using the ID mapping tool hosted by UniProt (https://www.uniprot.org/uploadlists/,
accessed on 8 March 2021).

2.8. Electron Microscopy (EM)

The hippocampal areas (oriented to CA3) after being immediately surgically removed,
were chopped into 0.5 mm3 pieces in an ice-cold buffered saline, which were then fixed
in 2.5% phosphate 0.15 M phosphate-buffered glutaraldehyde for 90 min, washed in
20 vol. for three consecutive washes of 0.15 M phosphate buffer, then postfixed with 1%
osmium tetroxide solution in 0.1 M phosphate buffer for 1 h and the tissue embedded in
Epon 812 resin and sectioned at 50 nm thickness, using the Leica UC 6 ultramicrotome.
Sections were transferred to coated specimen transmission EM grids, and after being
double contrasted with uranyl acetate and lead citrate, they were examined in a JEOL
JEM 1010 transmission electron microscope [54]. After microphotography, the EM images
were clustered in composed figures using Adobe Photoshop CS6 software. The structures
were identified based on the Fine Structure of the Nervous System [55] for ultrastructural
nomenclature and our EM interpretations were compared to the work coordinated by Kurtz
(1964) who described in detail the ultrastructural features of the cerebral tissue [56]. To
avoid a qualitative analysis, the hippocampal samples were collected from all 7 animals
from ipsilateral left CA3 areas of the hippocampus and the representative EM images were
used to generate the whole figures in Adobe Photoshop CS6 software.

2.9. Statistics

The results are presented as box-plots, where the bottom and the top of the box are the
first and third quartiles, respectively, and the whiskers above and below the box indicate
the 95th and 5th percentiles. The median is indicated as a horizontal line. Biochemical
and behavioral data were subjected to one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test when comparing all the groups. The Shapiro-Wilks test was used to
test the normal distribution of the data. The scores for immunoreactions intensities of brain
sections for each marker were analyzed by using rank-based nonparametric Kruskal-Wallis
test with Dunn’s test for multiple comparisons. In the ANOVA test, p < 0.05 was considered
statistically significant. Tukey’s Multiple Comparison Test and Dunn’s test was considered
statistically significant at p < 0.05 and was interpreted as follows: * p < 0.05, ** p < 0.01,
*** p < 0.001 when comparisons were made with C group. Significant differences after
comparisons S2 and S6 groups were noted as follow: # p < 0.05, ## p < 0.01, ### p < 0.001.

http://gtrd.biouml.org/
https://www.grnpedia.org/trrust/
http://amp.pharm.mssm.edu/Harmonizome/
http://amp.pharm.mssm.edu/Harmonizome/
http://gene-regulation.com
http://gene-regulation.com
https://www.ebi.ac.uk/intact/
https://www.ebi.ac.uk/interpro/
http://www.ensembl.org
https://www.uniprot.org/uploadlists/
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For each analysis, N (no. of rats or samples) was seven. Statistical analyses were completed
using Graph Pad Prism version 5.0 for Windows, Graph Pad Software, San Diego, CA, USA.

3. Results
3.1. Restraint Stress Exposure Has Increased Oxidative Stress and Decreased the Testosterone (TS)
Concentration in Hippocampus

The stress level, CS, oxidative stress, and TS were determined in the hippocampus
(CA3 area). Stress exposure stimulated the HPA axis, which in turn, increased the con-
centration of CS (Figure 2a), as well as the oxidative stress (superoxide dismutase/SOD—
Figure 1b, catalase/CAT—Figure 2c). The CS increase was a time-dependent reaction,
thereby, repeated stress determined significant augmentation of CS in the hippocampus
after 2 days (p < 0.01) and 6 days (p < 0.001) of restraining, as compared to Control. Addi-
tionally, after 6 days of repeated stress, CS concentration was twice as high as after 2 days
of repeated stress exposure (p < 0.01). SOD increased after 2 days of stress (p < 0.01) as well
as after 6 days of stress (p < 0.05), whereas CAT increased after 6 days of repeated stress
exposure (p < 0.001). However, SOD activity followed a downward trend after 6 days of
stress compared to 2 days of stress (p < 0.05). Alongside, TS concentration (Figure 2d) de-
creased after 2 days (p < 0.01) and 6 days (p < 0.001) of stress and this variation maintained
the balance between glucocorticoids and sexual hormones.
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antioxidant enzymes; (a) After repeated exposure to restraint stress, CA3 corticosterone (CS) levels 

Figure 2. Repetitive restraint stress imbalanced the steroids levels and increased the activity of the
antioxidant enzymes; (a) After repeated exposure to restraint stress, CA3 corticosterone (CS) levels were
progressively increased (p < 0.01), whereas (d) testosterone (TS) concentrations were proportionally
decreased after 2 days (p < 0.01) and 6 days (p < 0.001) of restraining; (b) SOD was increased after
2 (p < 0.01) and 6 (p < 0.05) days of stress, while (c) CAT was increased ~5 fold (p < 0.001) only after
6 days of repetitive stress exposure. The bottom and top of the box are the first and third quartiles and
the whiskers above and below the box indicate the 95th and 5th percentiles. The median is indicated
as a horizontal line. The experimental groups were distributed on the X axis. The Y axis was used to
expose the measuring unit for the parameters. Statistical significance between S2 and S6 was noted
with # (# p < 0.05; ## p < 0.01; ### p < 0.001), whereas the comparison to Control was annotated with
* (* p < 0.05; ** p < 0.01; *** p < 0.001). F values: 2.75 (CS), 2.25 (TS), 9.05 (SOD), 86.24 (CAT).

3.2. Restraint Stress Has Induced an Anxiety-like Disorder

The effect of restraint stress on rats’ locomotion tested in OFT and EPM was illustrated
in Figure 3. Our results showed that restraint stress exerted no significant effects as
compared to the control group on general locomotion in OFT and EPM tests (p > 0.05)
(Figure 3a–h). The influence of restraint stress on the emotionality, tested in OFT and EPM,
was exemplified in Figure 4. Regarding the locomotor activity and anxiety in OFT, the S6
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group made fewer entries and spent less time in the center of open field arena as compared
to C group (Figure 4b,c) (p < 0.05). Alongside, EPM has been successfully used to assess
anxiety-like behavior in basic research, based on the natural tendency of rodents to explore
novel environments. The animals typically spend a greater amount of time exploring the
periphery of the arena or the closed arms of a maze, usually in contact with the walls,
rather than the unprotected center area. Conversely, more time spent, higher travelled
distance, and more entries made in the open arms of the EPM test apparatus during a 5 min
test session can be considered as anxiolytic-like behavior [57]. In the EPM, the S6 group
exhibited diminished number of entries compared to the S2 group (Figure 4e) (p < 0.05),
and it spent less time in the open arms of the EPM apparatus as compared to the control
(Figure 4f) (p < 0.05). Taken together, 6 days of restraint stress induced anxiety-like behavior
based on EPM and OFT measurements.
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total (c,g) and peripheral (d,h) number of entries in the open field test (OFT) and elevated plus maze 
(EPM) test. The restraint stress exerted no significant effects on general locomotion in OFT and EPM 
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Figure 3. The effects of restraint stress on total (a,e) and peripheral (b,f) traveled distance and the
total (c,g) and peripheral (d,h) number of entries in the open field test (OFT) and elevated plus maze
(EPM) test. The restraint stress exerted no significant effects on general locomotion in OFT and EPM
tests (p > 0.05) (a–h). Each group consisted of 10 rats. The bottom and top of the box are the first and
third quartiles and the whiskers above and below the box indicate the 95th and 5th percentiles. The
median is indicated as a horizontal line. The experimental groups were distributed on the X axis. The
Y axis was used to expose the measuring unit for the test.
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elevated plus-maze (EPM) (d–f). The S2, and more prominently, the S6 rats exhibited a significantly
lower number of entries and spent less time in the central part of the open field arena compared to
the Control group (b,c) (p < 0.05). In the EPM test, the S6 rats made fewer entries in the open arms
compared to S2 animals (e) (p < 0.05), whereas 6 days of restraint stress significantly decreased the
time spent in the open arms compared to the Control group (f) (p < 0.05). Each group consisted of
7 rats. The bottom and top of the box are the first and third quartiles and the whiskers above and
below the box indicate the 95th and 5th percentiles. The median is indicated as a horizontal line. The
experimental groups were distributed on the X axis. The Y axis was used to expose the measuring
unit for the test. The statistical significance between S2 and S6 was noted with # (# p < 0.05), whereas
the comparison to Control was annotated with * (* p < 0.05).

3.3. The Stress Stimulated CNP+ OCs, Ngb, and MeCP2 Was Decreased, and MeCP2 Did Not
Interact with Ngb Expression

Previous results mentioned that in repeated stress conditions, a type of glial cell is
proliferated in the CA3 area [21]. The current data showed that CNP+ OCs were one of
the gliocytes proliferated after different time of stress exposure (Figure 5a–d). Six days of
stress induced a prominent OCs proliferation (p < 0.001) compared to Control, as well as to
the S2 group. In order to verify if the expressions of Ngb and MeCP2 are convergent or
divergent, we labeled these markers in the Control and experimental animals. Repeated
stress induced, after 2 days (p < 0.001) and after 6 days (p < 0.01) exposure a decrease
in MeCP2 expression (Figure 5e–h) in CA3 neurons. Conversely, the same stress period
induced an increased expression of Ngb (p < 0.001) compared to the Control (Figure 5i–l).
Additionally, compared to 2 days of stress exposure, 6 days of repeated stress increased
Ngb expression (p < 0.001) in CA3 hippocampal area. However, the literature is relatively
incomplete when it comes to Ngb regulation. Due to limited antibody availability, we
investigated if there was any in silico link between the MeCP2 (Methyl-CpG-binding
protein 2) (encoded by MeCP2) and the expression of Ngb gene, encoding neuroglobin.
Using the STRING platform v.11.0 [53] we firstly thought to identify any basic interactions
between the two proteins mentioned afore. The network had a total of 11 nodes and
36 edges, none of which revealed any relevant interaction with the expression of Ngb. Thus,
at a first glance, only some indirect or distant pathways might be considered as viable
connections between these two entities, since no direct interactions based on the amino
acids sequence of MeCP2 were detected (Figure 6a). Searching in various databases (such
as GTRD, TRRUST v 2.0-both human and mice, Harmonizome, TRANSFAC 7.0 Public
Database, IntAct, and InterPro) led to no relevant information about interactions between
MeCP2 and methylated Ngb or between their transcripts. This interesting inadequacy may
come from the different levels of expression of both MeCP2 and Ngb in brain. Using the
Ensembl Database, we observed that the highest single expression of Ngb in the brain was
at 12 Transcripts Per Million (TPM) in documented rat experiments, while MeCP2 had the
lowest expression at 17 TPM in brain, with values ranging from this number to 27 TPM
in other experiments too (Figure 6b). The low expression levels of Ngb in the brain can
be explained by the activity of TET1, which appeared to down-regulate the amount of
Ngb transcripts by hypermethylation of its DNA sequence [58]. Considering this, it was
quite clear that Ngb may have little or accidental interactions with MeCP2 due to Ngb not
having a sustained expression in the cortex or hippocampus, and its regulation already
being resolved plainly via TET1.
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Figure 5. Immunohistochemical stain of rat hippocampus in the Control and stress-exposed 
animals; (a–d) Immunodetection of oligodendrocytes using CNP antibody (2′-3′-cyclic-nucleotide 
Figure 5. Immunohistochemical stain of rat hippocampus in the Control and stress-exposed an-
imals; (a–d) Immunodetection of oligodendrocytes using CNP antibody (2′-3′-cyclic-nucleotide
3′-phoshodiesterase) revealed the significant oligodendrocytes proliferation after 6 days of repetitive
stress (p < 0.001 compared to Control and S2 group); (e–h) MeCP2 immunoreactions decreased after
repetitive stress exposure compared to Control (p < 0.01 for S6; p < 0.001 for S2); (i–l) Neuroglobin
(Ngb) expression in CA3 neurons in the Control and stressed animals. The repetitive stress exposure
significantly increased/stabilized Ngb expression compared to the Control (p < 0.001) or 2 vs. 6 days
of stress (p < 0.001). The bottom and top of the box are the first and third quartiles and the whiskers
above and below the box indicate the 95th and 5th percentiles. The median is indicated as a hori-
zontal line. Statistical significance between S2 and S6 was noted with # (### p < 0.001), whereas the
comparison to Control was annotated with (** p < 0.01; *** p < 0.001). The scale bar for (a–k) figures is
20 µm, magnification ×200.
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(Figures 8d and 10a,b,d). The mitochondrial integrity was varied between normal aspects 
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Figure 6. MeCP2 interactors’ analysis. (a) The network of the MeCP2 interactors obtained by a
queryin STRING v 11.0 revealed that no direct association between this protein and neuroglobin
exists. Furthermore, the extended form of this matrix (shown in this figure) depicts that these two
proteins do not share common interaction nodes (the important nodes have various colors, except
grey) (b) A total of 10 different rat brain samples depict the gene expression contrast between MeCP2
and Ngb in rat cerebral tissue; in terms of specific expression levels, values of TPM > 10 were
considered as ‘Medium’, with numbers ranging from 17 to27 TPM for MeCP2 expression and from 2
to 12 TPM for Ngb. Each tab represents a different sample analyzed in a transcriptomic study; these
10 sample sources were the only ones available at the time of the interrogation of Ensembl Gene
Expression database).

3.4. Ultrastructural Pathological Changes Were Noticed in Mitochondrial-Vascular Structures

Ultrastructural investigations revealed a compact aspect without mitochondrial and en-
doplasmic reticulum (ER) swelling of the Control CA3 pyramidal neurons (Figure 7a,b) and
rare irregular contours of the nuclei (Figure 7c) with slightly perivascular lysis (Figure 7d)
after 2 days of repeated stress. Six days of repeated restraint stress induced prominent
perivascular lysis (Figure 8a) associated with irregular contours of the nuclei
(Figures 8b, 9b,c and 10d) and slight cytoplasm swelling (Figure 9c). Also, a platelet
adherent to endothelium wall was noticed (Figure 9a), as well as dark neurons with dila-
tion of the ER (Figures 8d and 10a,b,d). The mitochondrial integrity was varied between
normal aspects with normal shapes and sizes and electron-dense curvilinear cristae, with
some exhibiting trans-mitochondrial cristae coordination (Figure 9d) to total mitochondrial
damage (Figure 10a,b). Repeated stress exposure for 6 days induced stromal aspect of the
nucleus (Figure 8c) and proliferation of the oligodendrocytes (Figures 8c and 10c,d). The
oligodendrocytes were characterized by nuclear chromatin blobs that were conspicuous
and the narrow rim of cytoplasm contained much granular endoplasmic reticulum and
numerous mitochondria.
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Figure 7. Electron micrographs showing neurons, glial cells, and capillaries. (a) The compact aspect
of the neuropil in the CA3 area in Control; (b) The neuronal somas (black arrows) triad with regular
nuclear shapes in the CA3 area of Control; (c) Oligodendrocyte and microglia without considerable
changes in nuclear contours (black arrows) after 2 days of repeated restraint stress; (d) Perivascular
lysis (PL) in CA3 hippocampal area after 2 days of repetitive exposure to restraint stress. Original
magnification ×6000.
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Figure 8. Electron micrographs showing neurons, oligodendrocytes, and vascular changes after 6
days of repetitive exposure to restraint stress; (a) Prominent perivascular lysis (PL) between CA3
neurons; (b) CA3 neuron with irregular nuclear shape (black arrows), mitochondrial lysis (asterisk),
and frequent ribosomes (double arrows); (c) Oligonderocyte (OLG) with stromal aspect (S) of the
nucleus; (d) Dark neuron (DN) with the dilated endoplasmic reticulum (ERdil, white arrow) in the
CA3 hippocampal area; Original magnification ×6000.
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Figure 9. Electron micrographs showing the polyvalent changes in the CA3 area induced by 6 days 
of repeated restraint stress; (a) Platelet (PLT) adherent to endothelium wall (E) surrounded by 
perivascular lysis, which alters the transfer between astrocyte end-foot and capillaries; Original 
magnification ×12,000; (b) Neuron with irregular nuclear shape (black arrows) and near-normal 
mitochondrial aspect (asterisk); (c) CA3 neuron with slight irregularities in nuclear contour (black 
arrow) with cytoplasm swelling (SW) and condensed nucleolus chromatin (white arrow); (d) CA3 
neuron with normal aspects of the mitochondria (asterisk) after 6 days of repeated stress; Original 
magnification ×6000. 

Figure 9. Electron micrographs showing the polyvalent changes in the CA3 area induced by 6 days
of repeated restraint stress; (a) Platelet (PLT) adherent to endothelium wall (E) surrounded by
perivascular lysis, which alters the transfer between astrocyte end-foot and capillaries; Original
magnification ×12,000; (b) Neuron with irregular nuclear shape (black arrows) and near-normal
mitochondrial aspect (asterisk); (c) CA3 neuron with slight irregularities in nuclear contour (black
arrow) with cytoplasm swelling (SW) and condensed nucleolus chromatin (white arrow); (d) CA3
neuron with normal aspects of the mitochondria (asterisk) after 6 days of repeated stress; Original
magnification ×6000.
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(asterisk); (b) Another aspect with one dark neuron and mitochondrial lysis (asterisk); (c) Dark 
neuron (DN) with dilated endoplasmic reticulum (ERdil, white arrow) in distal position to a neuron 
with normal aspect (black arrow). A satellite oligodendrocyte (OLG) marks the space between 
neurons; (d) Dark neuron (DN) with the dilated endoplasmic reticulum (ERdil, white arrow) with 
satellitosis of an oligodendrocyte (OLG) with indented nucleus (black arrows); Original 
magnification ×6000. 

4. Discussion 
4.1. Variability of the Oxidative Stress and Hormonal Response in Restraint Stress 

Several studies were completed for prolonged periods of restraint stress exposure 
(between 10 and 40 days) and some of these studies were developed with intravenous 
corticosterone administration in rats. Their results indicated a substantial decline in 
antioxidant defenses by actions of corticosterone evidenced by coordinate decreases in the 
activities in the brain, liver, and heart of the free-radical scavenging enzymes. These 
results were significantly changed after corticosterone injection when the blood 
concentration was ~15–60 µg/dL, whereas endogenous hypercorticosteronemia was ~10–
16 µg/dL according to our previous results, as well as with Czéh and Lucassen’s available 
data [59]. Returning to our findings, short (2 days) and medium (6 days) time exposure to 
restraint stress for 3h/day had gradually increased the corticosterone concentration, as 
well as SOD-CAT activity in the hippocampus and these data demonstrated that oxidative 
imbalance after restraining was started even after 2 days of repeated stress exposure. Son 

Figure 10. Electron micrographs of the CA3 neurons and oligodendrocytes after 6 days of repetitive
exposure to restraint stress; (a) Small dark neuron (DN) with prominent mitochondrial lysis (asterisk);
(b) Another aspect with one dark neuron and mitochondrial lysis (asterisk); (c) Dark neuron (DN)
with dilated endoplasmic reticulum (ERdil, white arrow) in distal position to a neuron with normal
aspect (black arrow). A satellite oligodendrocyte (OLG) marks the space between neurons; (d) Dark
neuron (DN) with the dilated endoplasmic reticulum (ERdil, white arrow) with satellitosis of an
oligodendrocyte (OLG) with indented nucleus (black arrows); Original magnification ×6000.

4. Discussion
4.1. Variability of the Oxidative Stress and Hormonal Response in Restraint Stress

Several studies were completed for prolonged periods of restraint stress exposure
(between 10 and 40 days) and some of these studies were developed with intravenous
corticosterone administration in rats. Their results indicated a substantial decline in an-
tioxidant defenses by actions of corticosterone evidenced by coordinate decreases in the
activities in the brain, liver, and heart of the free-radical scavenging enzymes. These results
were significantly changed after corticosterone injection when the blood concentration was
~15–60 µg/dL, whereas endogenous hypercorticosteronemia was ~10–16 µg/dL according
to our previous results, as well as with Czéh and Lucassen’s available data [59]. Returning
to our findings, short (2 days) and medium (6 days) time exposure to restraint stress for
3 h/day had gradually increased the corticosterone concentration, as well as SOD-CAT
activity in the hippocampus and these data demonstrated that oxidative imbalance after
restraining was started even after 2 days of repeated stress exposure. Son et al. [60] also
mentioned that short-time exposure to psychiatric stress or physical stress was known
to induce oxidative stress in the brain. Further, the same authors described the role of
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sex hormones in stress coping reactions. Unlike estrogen, testosterone had not been well
investigated in connection with its function on the brain exposed to restraint or psycho-
logical stress. Restraint stress significantly reduced testosterone levels in rats after 14 days
of restraining (5 h/day). Our data were in accordance with other results and showed that
even after 2 days of restraining, testosterone concentration was decreased in the hippocam-
pus [60]. As mentioned by Lee et al., the hippocampal neurons and glial cells contained
high levels of corticosterone receptors, which exposed them to glucocorticoids signaling
during stress periods [3]. High corticosterone levels induced oxidative stress by stimulating
glutamate-mediated ROS production and mitochondrial oxidative stress in neurons and
glyocytes. Similarly to our results, several authors have reported that short or long-term
periods of restraint stress decreased the blood concentration of testosterone and determined
a prominent redox imbalance [61,62]. Based on both, in vitro and animal models, Handa
et al. [63] and Bassil et al. [64] showed that corticosterone and HPA activation inhibited the
testosterone production by the testes Leydig cells. The authors noticed that the absence of
testosterone generated free radicals in male rats. Our findings also showed that oxidative
stress enzymes and corticosterone were augmented whereas testosterone was decreased af-
ter 2 and 6 days of repeated stress [65]. Excessive corticosterone levels in the hippocampus
accelerate neuronal inflammatory reactions by releasing pro-inflammatory cytokines such
as IL-1β, IL-6, or TNFα [66].

4.2. Neuroglobin and Its Epigenetic Regulators in Repetitive Restraint Stress Exposure

The pleomorphic neuronal defense reaction to oxidative stress and pro-inflammatory
cytokines induced neuroglobin (Ngb) expression [67]. Some studies described the up
regulation of the Ngb in different pathological conditions such as traumatic brain injury [13]
or stroke [14]. These data revealed that hemin specifically induced up regulation of Ngb in
neurons. Moreover, Di Pietro et al. reported that mild traumatic brain injury determined a
reversible increase in oxidative stress without Ngb stimulation, whereas severe traumatic
brain injury caused increased Ngb expression [68]. Ragy et al. have noticed that in acute
restraint stress (6 h, one day), Ngb expression was decreased and hemin intracerebral
injection increased Ngb mRNA level. In the same study, the Ngb mRNA decrease was
associated with low GSH concentration and high malondialdehyde level [14]. Our data
demonstrated that Ngb immunoreactions in CA3 neurons were increased after repeated
stress exposure. The apparent paradox with Ngb mismatch expression/immunoreactions
was similar to HIF1α variations, in the oxygen sensing reactions, according to Ivan and
Wu [69,70]. In the same way, Ngb may be stabilized or increased in hypoxic conditions,
and mRNA could be decreased or increased, respectively, neuronal hypoxia being a major
status in restraint stress [71]. Our data overlap with these findings. Thus, the testosterone
decrease, oxidative stress enzymes, and corticosterone increase were strongly related to
Ngb up regulation in CA3 neurons. Our assumption was initially that Ngb expression
could be regulated by MeCP2, an epigenetic DNA methylation factor, involved in several
neurodevelopment disorders like Rett syndrome, autism spectrum disorders, bipolar
disorders, or cognitive deficit [72,73]. Our results have shown that MeCP2 immunoreactions
were decreased after 2 and 6 days of repeated stress, in the same manner to Ngb increased.
Apparently, there would be a link between Ngb and MeCP2 immunoreactions in CA3
neurons. We verified this observation using bioinformatics methods and the result was
completely different: for Ngb regulation, a demethylation factor TET1 was involved and
not MeCP2. However, further studies will probably demonstrate that MeCP2 is a reverse
factor of TET1 regarding Ngb expression. Our data would suggest that the general gene
expression related to MeCP2 repression was sustained during the restraint stress period.

4.3. Repeated Stress Increased the OCs Pool and Determined an Anxiety-like Behavior Based on
New Reported Ultrastructural Changes

Besides CA3 neurons, the OCs were activated after repeated restraint stress. However,
as we noticed in a previous study, the glial activation during stress exposure was a dynamic
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process dependent on stress frequency [21]. Our data demonstrated that OCs proliferated
in the CA3 area and around capillaries. The reliability of the panglial coupling in the CA3
area can be sustained as the proliferated OCs are not in direct contact with blood vessels
and the metabolites reach neurons via astrocytes and OCs [74,75]. Based on this process,
CA3 neurons were metabolically and mechanically protected by OCs and panglial coupling
network was engaged in maintaining synaptic activity by metabolites delivery. Mitochon-
dria critically determined the magnitude of hormonal stress responses and, conversely,
mitochondrial functioning was expected to be closely related to mechanisms of stress
regulation [76]. Our ultrastructural findings have shown that repetitive restraint stress
induced abnormal angular features, matrix compartmentalization as well as markedly
swollen mitochondria with peripherally placed, disorientated, and disintegrating cristae.
As noticed by Fedoce et al. individuals with impaired mitochondria function would be
vulnerable to stress-related depletion of the nervous tissue’s energy resources and, hence, to
the development of different psychopathologies [77]. Recently proposed, a mitochondrial
etiology of neuropsychiatric disorders, linking mitochondrial dysfunction to depression,
anxiety, schizophrenia, or bipolar disorders [78,79]. Our results revealed that 6 days of
repeated restraint stress have induced an anxiety-like behavior, which would become a
full anxious behavior if the stress period would continue. Our findings were supported
by the definition of normative anxiety, which described that GSH and catalase balanced
the effect of corticosterone. In turn, in high anxiety, the ROS generation after neurosteroids
signaling was no more under antioxidant control as previously described [76,80]. On the
assumption that repeated stress was balanced by the CA3 area (perineuronal OCs and
neuronal changes), the anxiety-like behavior was a result of these gradual balancing mech-
anisms. As ultrastructural degradation in the neuron evolved, OCs activation increased
together with Ngb expression as well as SOD-CAT activity. These events maintained the
histological features of the CA3 area and had contributed to the delayed onset of anxiety
after 6 days of repetitive exposure to restraint stress. Moreover, according to our find-
ings, repeated stress has determined platelet adhesion to endothelial cells and promoted
atherosclerosis, as well as the emotional-based triggering of acute coronary disease. As was
described by Barbucci et al., high plasma corticosterone (~270 ng/mL) induced numerous
pseudopodia with fused membranes in platelets. Freedman et al. correlated oxidative
stress with thrombotic response starting with platelet adhesion to endothelium. Brydon
et al. have demonstrated that repetitive stress impaired serotonin signaling, which induced
the expression of PSGL-1 (P-selectin-glycoprotein ligand 1) in platelets and supported the
platelets adhesion [80–82]. In light of relationships between serotonin signaling, oxidative
stress, and PSGL-1 expression, the platelets adhesion to CA3 capillaries supported the
anxiety behavior and suggested that after 6 days of repetitive action of the stressors, the
polyfactorial eustress response was configured in distress pleiomorphic reactions. The bal-
ance between eustress and distress was established by the humoral response (antioxidant
defense, neurosteroid signaling, Ngb expression) as well as with the oligodendrocyte’s
proliferation. Based on these balancing reactions, the CA3 neurons had kept their structural
integrity in a time-dependent manner. As an overview, the stress was mild—it seemed that
the frequency, not the intensity was the key element in the CA3 buffering reactions.

5. Conclusions

Neuroglobin expression plays a pivotal role in stress coping mechanisms due to
its TET1-regulated oxygen-sensing role in the microenvironment of CA3 neurons. The
presence of many oligodendrocytes between these neurons demonstrated that the CA3 area
was a distinct reactive site of the hippocampus, involved in stress control and adaptation.
Six days of repetitive restraint stress had induced CA3 plasticity by gradually increasing
the number of oligodendrocytes and Ngb expression. Further, after 6 days of repetitive
stress, the molecular and morphological changes were translated into anxious behavior.
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26. Gądek-Michalska, A.; Spyrka, J.; Rachwalska, P.; Tadeusz, J.; Bugajski, J. Influence of chronic stress on brain corticosteroid

receptors and HPA axis activity. Pharmacol. Rep. 2013, 65, 1163–1175. [CrossRef]
27. Saaltink, D.J.; Vreugdenhil, E. Stress, glucocorticoid receptors, and adult neurogenesis: A balance between excitation and

inhibition? Cell. Mol. Life Sci. 2014, 71, 2499–2515. [CrossRef]
28. Barhwal, K.K.; Biswal, S.; Nag, T.C.; Chaurasia, O.P.; Hota, S.K. Class switching of carbonic anhydrase isoforms mediates

remyelination in CA3 hippocampal neurons during chronic hypoxia. Free Radic. Biol. Med. 2020, 161, 102–114. [CrossRef]
29. Maiti, P.; Singh, S.B.; Muthuraju, S.; Veleri, S.; Ilavazhagan, G. Hypobaric hypoxia damages the hippocampal pyramidal neurons

in the rat brain. Brain Res. 2007, 1175, 1–9. [CrossRef]
30. Kopach, O.; Maistrenko, A.; Lushnikova, I.; Belan, P.; Skibo, G.; Voitenko, N. HIF-1α-mediated upregulation of SERCA2b: The

endogenous mechanism for alleviating the ischemia-induced intracellular Ca2+ store dysfunction in CA1 and CA3 hippocampal
neurons. Cell Calcium 2016, 59, 251–261. [CrossRef]

31. Nair, D.; Ramesh, V.; Gozal, D. Cognitive deficits are attenuated in neuroglobin overexpressing mice exposed to a model of
obstructive sleep apnea. Front. Neurol. 2018, 9, 426. [CrossRef] [PubMed]

32. Ciccone, L.; Nencetti, S.; Socci, S.; Orlandini, E. Neuroglobin and neuroprotection: The role of natural and synthetic compounds
in neuroglobin pharmacological induction. Neural Regen. Res. 2021, 16, 2353. [CrossRef] [PubMed]

33. Bonea, M.; Filip, G.A.; Toma, V.A.; Baldea, I.; Berghian, A.S.; Decea, N.; Miclut, ia, I.V. The modulatory effect of metformin on
ethanol-induced anxiety, redox imbalance, and extracellular matrix levels in the brains of Wistar rats. J. Mol. Neurosci. 2020,
70, 1943–1961. [CrossRef] [PubMed]

34. Gorr, T.A.; Wichmann, D.; Pilarsky, C.; Theurillat, J.P.; Fabrizius, A.; Laufs, T.; Kristiansen, G. Old proteins–new locations:
Myoglobin, haemoglobin, neuroglobin and cytoglobin in solid tumours and cancer cells. Acta Physiol. 2011, 202, 563–581.
[CrossRef]

35. Shaw, R.J.; Omar, M.M.; Rokadiya, S.; Kogera, F.A.; Lowe, D.; Hall, G.L.; Risk, J.M. Cytoglobin is upregulated by tumour hypoxia
and silenced by promoter hypermethylation in head and neck cancer. Br. J. Cancer 2009, 101, 139–144. [CrossRef]

36. Zhang, Y.; Gao, Y.; Yang, F.; Wu, X.; Tang, Z.; Liu, H. Neuroglobin alleviates the neurotoxicity of sevoflurane to fetal rats by
inhibiting neuroinflammation and affecting microglial polarization. Brain Res. Bull. 2022, 183, 142–152. [CrossRef]

37. Gao, Y.; Wang, B.; Miao, Y.; Han, Y. Serum neuroglobin as a potential prognostic biomarker for cognitive impairment after
intracerebral hemorrhage. Front. Neurol. 2022, 13, 1–6. [CrossRef]

38. Gøtzsche, C.R.; Woldbye, D.P.; Hundahl, C.A.; Hay-Schmidt, A. Neuroglobin deficiency increases seizure susceptibility but does
not affect basal behavior in mice. J. Neurosci. Res. 2022, 100, 1921–1932. [CrossRef]

39. Maiuolo, J.; Maretta, A.; Bava, I.; Gliozzi, M.; Musolino, V.; Carresi, C.; Mollace, V. The role of the endoplasmic reticulum in early
damage generated by contact of neurons and oligodendrocytes with heavy metals in a co-culture. J. Nutr. Food Sci. 2020, 3, 1–10.

40. Du, X.; Mawolo, J.B.; Liu, X.; Mi, X.; Li, Q.; Wen, Y. Comparative study of the distribution and expression of Neuroglobin and
Hypoxia-inducible factor-1α in the adult and young Yak Brain. Braz. J. Biol 2021, 83, e245330. [CrossRef]

41. Dias-Pedroso, D.; Ramalho, J.S.; Sardão, V.A.; Jones, J.G.; Romão, C.C.; Oliveira, P.J.; Vieira, H.L. Carbon monoxide-Neuroglobin
axis targeting metabolism against inflammation in BV-2 microglial cells. Mol. Neurobiol. 2022, 59, 916–931. [CrossRef] [PubMed]

42. Mabaera, R.; Richardson, C.A.; Johnson, K.; Hsu, M.; Fiering, S.; Lowrey, C.H. Developmental-and differentiation-specific patterns
of human γ-and β-globin promoter DNA methylation. Blood 2007, 110, 1343–1352. [CrossRef] [PubMed]

43. Busslinger, M.; Hurst, J.; Flavell, R.A. DNA methylation and the regulation of globin gene expression. Cell 1983, 34, 197–206.
[CrossRef] [PubMed]

44. Zhang, W.; Tian, Z.; Sha, S.; Cheng, L.Y.L.; Philipsen, S.; Tan-Un, K.C. Functional and sequence analysis of human neuroglobin
gene promoter region. Biochim. Biophys. Acta Gene Regul. Mech. 2011, 1809, 236–244. [CrossRef]

http://doi.org/10.1016/j.brainres.2006.02.040
http://doi.org/10.1016/j.freeradbiomed.2020.11.002
http://doi.org/10.1016/j.neulet.2015.09.002
http://doi.org/10.1016/j.brainresbull.2016.12.012
http://www.ncbi.nlm.nih.gov/pubmed/28013041
http://doi.org/10.3389/fninf.2011.00007
http://www.ncbi.nlm.nih.gov/pubmed/21847380
http://doi.org/10.1126/science.aaf1836
http://www.ncbi.nlm.nih.gov/pubmed/27609885
http://doi.org/10.1016/S0079-612363034-9
http://doi.org/10.1016/S0306-4522(98)00755-6
http://doi.org/10.1016/S1734-1140(13)71474-9
http://doi.org/10.1007/s00018-014-1568-5
http://doi.org/10.1016/j.freeradbiomed.2020.09.029
http://doi.org/10.1016/j.brainres.2007.06.106
http://doi.org/10.1016/j.ceca.2016.02.014
http://doi.org/10.3389/fneur.2018.00426
http://www.ncbi.nlm.nih.gov/pubmed/29922222
http://doi.org/10.4103/1673-5374.300981
http://www.ncbi.nlm.nih.gov/pubmed/33907006
http://doi.org/10.1007/s12031-020-01593-w
http://www.ncbi.nlm.nih.gov/pubmed/32621100
http://doi.org/10.1111/j.1748-1716.2010.02205.x
http://doi.org/10.1038/sj.bjc.6605121
http://doi.org/10.1016/j.brainresbull.2022.03.006
http://doi.org/10.3389/fneur.2022.885323
http://doi.org/10.1002/jnr.25105
http://doi.org/10.1590/1519-6984.245330
http://doi.org/10.1007/s12035-021-02630-4
http://www.ncbi.nlm.nih.gov/pubmed/34797521
http://doi.org/10.1182/blood-2007-01-068635
http://www.ncbi.nlm.nih.gov/pubmed/17456718
http://doi.org/10.1016/0092-8674(83)90150-2
http://www.ncbi.nlm.nih.gov/pubmed/6883509
http://doi.org/10.1016/j.bbagrm.2011.02.003


Appl. Sci. 2022, 12, 8680 19 of 20

45. Zhang, L.N.; Hu, S.B.; Deng, S.Y.; Chen, C.X.; Wu, L.; Peng, Q.Y.; Ai, Y.H. Influences of DNA methylation upon neuroglobin
sustained expression in oxygen-glucose deprivation model. Chin. J. Neurol. 2016, 96, 3164–3169. [CrossRef]

46. Kawada, N. Cytoglobin as a marker of hepatic stellate cell-derived myofibroblasts. Front. Physiol. 2005, 6, 329. [CrossRef]
47. Yang, L.; Han, B.; Zhang, Z.; Wang, S.; Bai, Y.; Zhang, Y.; Yao, H. Extracellular vesicle–mediated delivery of circular RNA SCMH1

promotes functional recovery in rodent and nonhuman primate ischemic stroke models. Circulation 2020, 142, 556–574. [CrossRef]
48. Buynitsky, T.; Mostofsky, D.I. Restraint stress in biobehavioral research: Recent developments. Neurosci. Biobehav. Rev. 2009,

33, 1089–1098. [CrossRef]
49. Toma, V.A.; Farcas, , A.D.; Roman, I.; Sevastre, B.; Hathazi, D.; Scurtu, F.; Silaghi-Dumitrescu, R. Comparative in vivo effects of

hemoglobin-based oxygen carriers (HBOC) with varying prooxidant and physiological reactivity. PLoS ONE 2016, 11, e0153909.
[CrossRef]

50. Walf, A.A.; Frye, C.A. The use of the elevated plus maze as an assay of anxiety related behavior in rodents. Nat. Prot. 2007,
2, 322–328. [CrossRef]

51. Gamberini, M.T.; Rodrigues, D.S.; Rodrigues, D.; Pontes, V.B. Effects of the aqueous extract of Pimpinella anisum L. seeds on
exploratory activity and emotional behavior in rats using the open field and elevated plus maze tests. J. Ethnopharmacol. 2015,
168, 45–49. [CrossRef]

52. Sevastre Berghian, A.; Făgărăsan, V.; Toma, V.A.; Bâldea, I.; Olteanu, D.; Moldovan, R.; Decea, N.; Filip, G.A.; Clichici, S.V.
Curcumin reverses the diazepam-induced cognitive impairment by modulation of oxidative stress and ERK 1/2/NF-κB pathway
in brain. Oxid. Med. Cell Longev. 2017, 2017, 3037876. [CrossRef] [PubMed]

53. Available online: https://string-db.org/ (accessed on 8 March 2021).
54. Craciun, C.; Barbu-Tudoran, L. Identification of new structural elements within ‘porosomes’ of the exocrine pancreas: A detailed

study using high-resolution electron microscopy. Micron 2013, 44, 137–142. [CrossRef]
55. Webster, H.D.F.; Peters, A. The Fine Structure of the Nervous System: The Neurons and Supporting Cells; W.B. Saunders Company:

Philadelphia, PA, USA, 1975; Volume 395.
56. Kurtz, S.M. Electron Microscopic Anatomy; Academic Press: New York, NY, USA; London, UK, 1964; pp. 369–415.
57. Pereira, M.M.; De Morais, H.; dos Santos Silva, E.; Corso, C.R.; Adami, E.R.; Carlos, R.M.; Zanoveli, J.M. The antioxidant

gallic acid induces anxiolytic-, but not antidepressant-like effect, in streptozotocin-induced diabetes. Metab. Brain Dis. 2018,
33, 1573–1584. [CrossRef] [PubMed]

58. Mammen, P.P.; Shelton, J.M.; Ye, Q.; Kanatous, S.B.; McGrath, A.J.; Richardson, J.A.; Garry, D.J. Cytoglobin is a stress-responsive
hemoprotein expressed in the developing and adult brain. J. Histochem. Cytochem. 2006, 54, 1349–1361. [CrossRef]

59. Czéh, B.; Lucassen, P.J. What causes the hippocampal volume decrease in depression? Are neurogenesis, glial changes and
apoptosis implicated? Eur. Arch. Psychiatry Clin. Neurosci. 2007, 257, 250–260. [CrossRef]

60. Son, S.W.; Lee, J.S.; Kim, H.G.; Kim, D.W.; Ahn, Y.C.; Son, C.G. Testosterone depletion increases the susceptibility of brain tissue
to oxidative damage in a restraint stress mouse model. J. Neurochem. 2016, 136, 106–117. [CrossRef]

61. Kuchakulla, M.; Masterson, T.; Arora, H.; Kulandavelu, S.; Ramasamy, R. Effect of nitroso-redox imbalance on male reproduction.
Transl. Androl. Urol. 2018, 7, 968. [CrossRef]

62. Regouat, N.; Cheboub, A.; Benahmed, M.; Belarbi, A.; Hadj-Bekkouche, F. Effect of testosterone supplementation on nitroso-redox
imbalance, cardiac metabolism markers, and S100 proteins expression in the heart of castrated male rats. Andrology 2018, 6, 74–85.
[CrossRef]

63. Handa, R.J.; Kudwa, A.E.; Donner, N.C.; McGivern, R.F.; Brown, R. Central 5-alpha reduction of testosterone is required for
testosterone’s inhibition of the hypothalamo-pituitary–adrenal axis response to restraint stress in adult male rats. Brain Res. 2013,
1529, 74–82. [CrossRef]

64. Bassil, N.; Alkaade, S.; Morley, J.E. The benefits and risks of testosterone replacement therapy: A review. Ther. Clin. Risk Manag.
2009, 5, 427. [CrossRef] [PubMed]

65. Muthu, S.J.; Seppan, P. Apoptosis in hippocampal tissue induced by oxidative stress in testosterone deprived male rats. Aging
Male 2021, 23, 1598–1610. [CrossRef] [PubMed]

66. Onufriev, M.V.; Uzakov, S.S.; Freiman, S.V.; Stepanichev, M.Y.; Moiseeva, Y.V.; Lazareva, N.A.; Gulyaeva, N.V. The dorsal and
ventral hippocampus have different reactivities to proinflammatory stress: Corticosterone levels, cytokine expression, and
synaptic plasticity. Neurosci. Behav. Physiol. 2018, 48, 1024–1031. [CrossRef]

67. Baez-Jurado, E.; Guio-Vega, G.; Hidalgo-Lanussa, O.; González, J.; Echeverria, V.; Ashraf, G.M.; Barreto, G.E. Mitochondrial
neuroglobin is necessary for protection induced by conditioned medium from human adipose-derived mesenchymal stem cells
in astrocytic cells subjected to scratch and metabolic injury. Mol. Neurobiol. 2019, 56, 5167–5187. [CrossRef] [PubMed]

68. Di Pietro, V.; Yakoub, K.M.; Caruso, G.; Lazzarino, G.; Signoretti, S.; Barbey, A.K.; Amorini, A.M. Antioxidant therapies in
traumatic brain injury. Antioxidants 2020, 9, 260. [CrossRef] [PubMed]

69. Ivan, M.; Kondo, K.; Yang, H.; Kim, W.; Valiando, J.; Ohh, M.; Kaelin Jr, W.G. HIFα targeted for VHL-mediated destruction by
proline hydroxylation: Implications for O2 sensing. Science 2001, 292, 464–468. [CrossRef]

70. Wu, X.; Niculite, C.M.; Preda, M.B.; Rossi, A.; Tebaldi, T.; Butoi, E.; Bone, W.P. Regulation of cellular sterol homeostasis by the
oxygen responsive noncoding RNA lincNORS. Nat. Commun. 2020, 11, 4755. [CrossRef]

71. Pressley, M.; Gallaher, J.A.; Brown, J.S.; Tomaszewski, M.R.; Borad, P.; Damaghi, M.; Whelan, C.J. Cycling hypoxia selects for
constitutive HIF stabilization. Sci. Rep. 2021, 11, 5777. [CrossRef]

http://doi.org/10.3760/cma.j.issn.0376-2491.2016.39.011
http://doi.org/10.3389/fphys.2015.00329
http://doi.org/10.1161/CIRCULATIONAHA.120.045765
http://doi.org/10.1016/j.neubiorev.2009.05.004
http://doi.org/10.1371/journal.pone.0153909
http://doi.org/10.1038/nprot.2007.44
http://doi.org/10.1016/j.jep.2015.03.053
http://doi.org/10.1155/2017/3037876
http://www.ncbi.nlm.nih.gov/pubmed/29098059
https://string-db.org/
http://doi.org/10.1016/j.micron.2012.05.011
http://doi.org/10.1007/s11011-018-0264-9
http://www.ncbi.nlm.nih.gov/pubmed/29934859
http://doi.org/10.1369/jhc.6A7008.2006
http://doi.org/10.1007/s00406-007-0728-0
http://doi.org/10.1111/jnc.13371
http://doi.org/10.21037/tau.2018.08.14
http://doi.org/10.1111/andr.12449
http://doi.org/10.1016/j.brainres.2013.07.021
http://doi.org/10.2147/tcrm.s3025
http://www.ncbi.nlm.nih.gov/pubmed/19707253
http://doi.org/10.1080/13685538.2021.1892625
http://www.ncbi.nlm.nih.gov/pubmed/33691594
http://doi.org/10.1007/s11055-018-0665-6
http://doi.org/10.1007/s12035-018-1442-9
http://www.ncbi.nlm.nih.gov/pubmed/30536184
http://doi.org/10.3390/antiox9030260
http://www.ncbi.nlm.nih.gov/pubmed/32235799
http://doi.org/10.1126/science.1059817
http://doi.org/10.1038/s41467-020-18411-x
http://doi.org/10.1038/s41598-021-85184-8


Appl. Sci. 2022, 12, 8680 20 of 20

72. Chin, E.W.; Goh, E.L. MeCP2 dysfunction in Rett syndrome and neuropsychiatric disorders. Methods Mol. Biol. 2019, 2011, 573–591.
[CrossRef]

73. de Mendoza, A.; Poppe, D.; Buckberry, S.; Pflueger, J.; Albertin, C.B.; Daish, T.; Lister, R. The emergence of the brain non-CpG
methylation system in vertebrates. Nat. Ecol. Evol. 2021, 5, 369–378. [CrossRef]

74. Philippot, C.; Griemsmann, S.; Jabs, R.; Seifert, G.; Kettenmann, H.; Steinhäuser, C. Astrocytes and oligodendrocytes in the
thalamus jointly maintain synaptic activity by supplying metabolites. Cell Rep. 2021, 34, 108642. [CrossRef] [PubMed]

75. Takasaki, C.; Yamasaki, M.; Uchigashima, M.; Konno, K.; Yanagawa, Y.; Watanabe, M. Cytochemical and cytological properties of
perineuronal oligodendrocytes in the mouse cortex. Eur. J. Neurosci. 2010, 32, 1326–1336. [CrossRef]

76. Filiou, M.D.; Sandi, C. Anxiety and brain mitochondria: A bidirectional crosstalk. Trends Neurosci. 2019, 42, 573–588. [CrossRef]
[PubMed]

77. Fedoce, A.D.G.; Ferreira, F.; Bota, R.G.; Bonet-Costa, V.; Sun, P.Y.; Davies, K.J. The role of oxidative stress in anxiety disorder:
Cause or consequence? Free Radic. Res. 2018, 52, 737–750. [CrossRef] [PubMed]

78. Wallace, D.C. A mitochondrial etiology of neuropsychiatric disorders. JAMA Psychiatry 2017, 74, 863–864. [CrossRef]
79. Pei, L.; Wallace, D.C. Mitochondrial etiology of neuropsychiatric disorders. Biol. Psychiatry 2018, 83, 722–730. [CrossRef]
80. Freedman, J.E. Oxidative stress and platelets. Arter. Thromb. Vasc. Biol. 2008, 28, 11–16. [CrossRef]
81. Grimm, A.; Schmitt, K.; Lang, U.E.; Mensah-Nyagan, A.G.; Eckert, A. Improvement of neuronal bioenergetics by neurosteroids:

Implications for age-related neurodegenerative disorders. Biochim. Biophys. Acta Mol. Basis Dis. 2014, 1842, 2427–2438. [CrossRef]
82. Barbucci, R.; Lamponi, S.; Magnani, A. Fibrinogen conformation and platelet reactivity in relation to material–blood interaction:

Effect of stress hormones. Biomacromolecules 2003, 4, 1506–1513. [CrossRef]

http://doi.org/10.1007/978-1-4939-9554-7_33
http://doi.org/10.1038/s41559-020-01371-2
http://doi.org/10.1016/j.celrep.2020.108642
http://www.ncbi.nlm.nih.gov/pubmed/33472059
http://doi.org/10.1111/j.1460-9568.2010.07377.x
http://doi.org/10.1016/j.tins.2019.07.002
http://www.ncbi.nlm.nih.gov/pubmed/31362874
http://doi.org/10.1080/10715762.2018.1475733
http://www.ncbi.nlm.nih.gov/pubmed/29742940
http://doi.org/10.1001/jamapsychiatry.2017.0397
http://doi.org/10.1016/j.biopsych.2017.11.018
http://doi.org/10.1161/ATVBAHA.107.159178
http://doi.org/10.1016/j.bbadis.2014.09.013
http://doi.org/10.1021/bm0340366

	Introduction 
	Materials and Methods 
	Animals 
	Ethic Statement 
	Stress Induction 
	ELISA and Spectrohotometrical Assays 
	Behavior Tests 
	Immunohistochemistry 
	Bioinformatics 
	Electron Microscopy (EM) 
	Statistics 

	Results 
	Restraint Stress Exposure Has Increased Oxidative Stress and Decreased the Testosterone (TS) Concentration in Hippocampus 
	Restraint Stress Has Induced an Anxiety-like Disorder 
	The Stress Stimulated CNP+ OCs, Ngb, and MeCP2 Was Decreased, and MeCP2 Did Not Interact with Ngb Expression 
	Ultrastructural Pathological Changes Were Noticed in Mitochondrial-Vascular Structures 

	Discussion 
	Variability of the Oxidative Stress and Hormonal Response in Restraint Stress 
	Neuroglobin and Its Epigenetic Regulators in Repetitive Restraint Stress Exposure 
	Repeated Stress Increased the OCs Pool and Determined an Anxiety-like Behavior Based on New Reported Ultrastructural Changes 

	Conclusions 
	References

