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Abstract

Background Depression, one of the most significant mental disorders, is still poorly understood in terms of its pathogenetic
mechanisms despite its well-recognized association with stress.

Objectives The current study’s goal was to ascertain how the novel antidepressant drug vortioxetine (VOR) affected the
BDNF (brain-derived neurotrophic factor), S100, amyloid § (Ap), CREB (cAMP response element-binding protein), and
NR2B, as well as its impact on depression-like behaviors, and tissue damage in an experimental rodent model of depression
caused by chronic unpredictable stress.

Methods We employed twenty-eight Wistar albino male rats, and we randomly divided them into four groups, each consisting
of 7 rats: control, CUMS (chronic unpredictable mild stress), CUMS+vortioxetine (CUMS+VOR), and CUMS+fluoxetine
(CUMSH+FLU). Sucrose preference and forced swimming tests (SPT and FST, respectively), PCR, ELISA, and histopatho-
logical and immunohistochemical evaluation were made on brains.

Results The behaviors of reduced immobility in the FST and increased sucrose preference were observed in the CUMS group
and they improved in the groups treated with VOR and FLU. Compared with the control group, the group exposed to CUMS
showed increased A and decreased BDNF, CREB, and S-100 expressions, as well as neuronal degeneration (p<0.001).
VOR and FLU treatment ameliorate the findings.

Conclusions This study demonstrated significant ameliorative effects of VOR in an experimental model of chronic unpre-
dictable depression to reduce brain tissue damage and depression-like behaviors in rats.

Keywords Vortioxetine - Chronic unpredictable stress model - BDNF - CREB - S100 - Ap - NR2b

Introduction

One of the most significant psychiatric illnesses, major
depression, is a common occurrence worldwide (Malhi and
Mann 2018). In addition to its enormous incidence, depres-
sion is viewed as an important public health issue and the
importance of research in the topic is increased by its high
risk of suicide, negative economic effects, and disability. It is
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life experiences during the phases of development influence
future susceptibility to depression and vulnerability to envi-
ronmental stressors (Torres-Berrio et al. 2019).

Numerous preclinical and clinical researches have shown
that the neurochemical changes brought on by stress lead
to neuroinflammatory processes, affect neurotrophic fac-
tors, and impair neuroplasticity, all of which have a nega-
tive impact on mental health as well as cognitive abilities
like memory and learning. In the hippocampus, BDNF is
necessary for neurogenesis, synaptic plasticity, and neu-
ronal survival (Rauti et al. 2020). Glutamatergic synapses,
in particular glial cells like astrocytes and microglia sepa-
rated from the prefrontal cortex and hippocampus, express
BDNF (Poyhonen et al. 2019). It has been shown that stress,
both acute and chronic, lowers BDNF expression. Both the
etiology of depression and the mechanism of action of anti-
depressants depend critically on BDNF (Colucci-D'Amato
et al. 2020). In the prefrontal cortex and hippocampus of
the lipopolysaccharide-induced neuroinflammation model,
BDNF levels were shown to be lower (Zhang et al. 2014).
It has been reported that mice under restraint stress had less
BDNF mRNA expression in the hippocampal region (Ieraci
et al. 2015). It was discovered that the platelet BDNF levels
were lower in patients with drug-naive severe depression.
Additionally, a link between BDNF levels and the severity
of the condition has been found to be unfavorable (Karege
et al. 2002). It was believed that long-term BDNF expression
improved neuronal survival and protected neurons from the
harmful effects of chronic stress (Bathina and Das 2015).
The etiology of depression and the mechanism of action
of antidepressants were both associated with the BDNF/
phospho-cAMP response element-binding protein (CREB)
signaling pathway (Xue et al. 2016).

Another significant neurotrophic factor made by oligo-
dendrocytes and astrocytes is the S100 protein. It is thought
to be a biomarker for depression and may play a part in the
etiopathogenesis of the condition (Schroeter et al. 2013). It
controls calcium homeostasis, cell proliferation, differentia-
tion, and survival (Donato et al. 2009). It works by promot-
ing neurons’ proliferation, maintaining their survival, and
fostering their development (Ambree et al. 2015).

Although the negative effects of chronic stress on cog-
nitive functions are widely documented, the mechanisms
underlying these effects are still not fully understood.
Under normal physiological circumstances, amyloid § (Af)
peptides are produced, but excessive production results
in neurotoxic effects and cognitive deficiencies (Xie et al.
2016). Although several potential pathways for the nega-
tive effects of chronic stress on cognitive functions have
been proposed, the role of AP peptides in the pathophysiol-
ogy of depression has not been fully investigated yet. Both
preclinical and clinical investigations linked the etiology
of depression to glutamatergic system dysfunction (Henter
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et al. 2018). N-methyl-D-aspartate (NMDA), one of the
glutamate receptor subtypes, is a ligand-gated ion channel
that opens when an agonist binds to it. Functional NMDA
receptors (NMDAR) are heterotetrametric complexes mainly
composed of GluN1 and GIuN2 subunits (von Engelhardt
et al. 2009). GIuN2A (NR2A) and GluN2B (NR2B), NMDA
receptors with the highest affinity for glutamate, have differ-
ent roles in synaptic plasticity, including long-term potentia-
tion (LTP), learning and memory activities, and emotional
processes (Monaco et al. 2015). Neuropsychiatric conditions
like Parkinson’s or Alzheimer’s disease, epilepsy, depres-
sion, schizophrenia, and ischemia injury have been asso-
ciated with hyper- or hypoactivation of NMDA receptors
(Paoletti et al. 2013).

Fluoxetine is a selective serotonin reuptake inhibitor
(SSRI) commonly used to treat human depression, anxiety,
compulsive behavior, and eating disorders. It acts in the cen-
tral nervous system by blocking the transport of serotonin,
leading to its accumulation in the synaptic cleft, which in
turn results in an attenuation of symptoms related to anxiety
and depression (i.e., anxiolytic effect) (Kaye et al. 2001).

A fresh hope for treating depression and cognitive deficits
in depression is vortioxetine (VOR), an antidepressant with
multimodal activity (Sanchez et al. 2015). To fully compre-
hend the neurobiological mechanisms behind the antidepres-
sant and cognitive effects of VOR, more study is required.
We propose that neurotrophic factors, glutamatergic neu-
rotransmission, and Af may all have a role in how VOR
improves the symptoms of depression.

The current study’s objective was to ascertain how VOR
affected BDNF, CREB, S100, AB, and NR2B in order to
reduce tissue damage, anxiety, depression-like behaviors,
and depression in rats using an experimental depression
model that was developed using a chronic unpredictable
stress model.

Materials and methods

Wistar Albino male 4-week-old rats (125+25 g) were used in
this investigation. They were purchased from the Suleyman
Demirel University’s Research Center of Experimental Ani-
mals and Medical Research Application in Isparta, Turkey.
The study population was determined as 28 with G-power
program by taking impact size 0.5, a=0.05, power (1-p)
=0.90 at a confidence level of 90% and a substitute group
composed of 7 individuals was added. Rats in the study and
control groups were maintained in separate rooms, unless
otherwise stated. Throughout the experiment, the animals
were maintained in rooms with controlled humidity and tem-
perature (humidity level of 55 + 5%, room temperature of
2242 °C; 12-h dark/light cycle).
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Throughout the experiment, rats had unrestricted access
to water and food, except during the CUMS application peri-
ods in the CUMS groups. The Suleyman Demirel Univer-
sity’s Ethical Committee on Care and Use of Experimental
Animal Resources (Date: 7/1/2021 Number: 01/09) gave its
approval to all experimental methods. At every stage of the
trial, ARRIVE (the Animal Research: Reporting in Vivo
Experiments) 2.0 principles were carefully followed.

Experimental protocol

All of the animals were given a week to adjust before the
experiment began. After the adaptation phase, the rats were
randomly divided into four experimental groups, each with
7 animals. Group I (control) was not subjected to any stress;
group II (chronic unpredictable mild stress, or CUMS) was
subjected to the CUMS procedure; group III (CUMS+VOR)
underwent the CUMS procedure and was treated with VOR
at a dose of 10 mg/kg intraperitoneally in the last 3 weeks of
the study; and group IV (CUMS+FLU) was used as positive
control and subjected to the CUMS procedure and treated
with FLU at a dose of 10 mg/kg intraperitoneally in the final
three weeks of the study (Fig. 1). The CUMS-derived model
used in previous studies was also employed in this study in
a similar manner, with only minor modifications made to
the order of stressor applications (Willner et al. 1987). Rats

Rat groups

e Control

e CUMS

o CUMS+Vortioxetine
o CUMS+Fluoxetine

were individually housed in cages for 6 weeks and subjected
to CUMS with the following stressors: cage tilted by 45° for
4 h, water restriction for 1 day, fasting for 1 day, continuous
illumination, wet pad for 4 h, behavioral restrictions for 4 h
by limiting their movement in a specific area, social stress
by placing rats in soiled cages of other rats for 4 h, water
stress induced by placing rats in an empty cage with 1 cm
of water in the bottom for 4 h, and isolation (kept alone in
the cage) for 4 h. A 2-day break was taken between water
restriction and food deprivation. No stressor was applied for
two or more consecutive days. Only one stress was induced
at a time. VOR (synthesized by H. Lundbeck A/S, Istanbul,
Turkey) and fluoxetine (FLU) (synthesized by Mustafa
Nevzat A/S, Istanbul, Turkey) were dissolved in distilled
water and administered at a dose of 10 mg/kg as previously
described (Eskelund et al. 2017). The CUMS and control
groups received 0.9% sterile saline injections. For a period
of 3 weeks, all solutions were freshly prepared each day
at the same time and administered intraperitoneally at a
volume of 1 ml/kg.

Behavior tests
The sucrose preference and forced swimming tests were con-

ducted 1 day apart during the daytime phase (9 am to 3 pm)
under low light conditions (15 lux).

Sacrifice

ELISA
Immunohistochemical
examination

gPCR analysis

A- ®ecscsssccsccsscne l[ Chronic Unpredictable Stress

J

Adaptation (7 days)

Day 1 Day 21

Fig.1 Schematic diagram of the timeline for CUMS, drug treatment
and behavioral testing schedule. CUMS, chronic unpredictable mild
stress; ip, intraperitoneal. After environmental adaption for 1week,
rats were randomly divided into four groups on the last day of the
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Forced swim test
Sucrose preference test

week. Groups other than the control group were subjected to CUMS
for 6 weeks. Drug treatments were administered in the last 3 weeks
of the experiment. Behavioral tests were conducted between 42 and
45 days
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For the sucrose preference test (SPT), the animals were
given two bottles of 1% w/v sucrose solution and 100 g
ad libitum on the first day to acclimate them to the taste of
sucrose (Zhang et al. 2019). On the second day, one of the
bottles was replaced with water. The rats were deprived of
food and water for 23 h on the third day. One bottle contained
100 ml of a 1% sucrose solution, while the other bottle held
the same volume of pure water. The rats were given 1 h to
choose between the two bottles of liquids. To prevent potential
preference effects, the positions of the bottles were switched
after 30 min. The sucrose preference percentage was calculated
using the formula: sucrose preference percentage = sucrose
consumption / (sucrose consumption + water consumption).
Sucrose preference is used as an index of anhedonia, a key
symptom of depression (Liu et al. 2018). The link between
reduced sucrose consumption and anhedonia was an
interpretation rather than a direct measure of behavior results
supported by the other methods of brain tissue evaluation.

The FST was conducted on rats following the method with
a few modifications to identify whether they displayed depres-
sive or hopeless behaviors (immobility and active swimming
activity) (Porsolt et al. 1978). Rats were individually kept in
plastic cylinders (80 x 40 cm) filled with 50 cm of water main-
tained at 24+ 1°C. Each rat floated in the water for a total of
6 min, and its immobility time was recorded. The test was
recorded using a Sony SSC-DC398P video camera, and the
behavioral patterns of rats in the FST were examined using
the Smart Version 2.0 application.

The rats were humanely euthanized under the influence
of ketamine (90 mg/kg, 10%) and xylazine (10 mg/kg, 2%)
anesthesia after completing all behavioral tests. Although
anesthesia can alter some biochemical markers, in this
study, neuroprotective ketamine was used, and efforts
were made to prevent artifacts since brain markers were
studied. Ketamine was preferred as an anesthesia method
not to affect the histopathological and immunohistochemical
findings (Braeuninger and Kleinschnitz 2009). Since the
same method was applied to all groups and group averages
were taken, it is believed that the average of the biochemical
parameters will not change. In order to avoid damaging
brain tissue, customized equipment such as toothless
forceps, curved-tip scissors, and brain knife was used to
harvest hippocampus, hypothalamus, and prefrontal cortex
from both hemispheres after washing in cold phosphate
buffer solution. The routine process was followed for
preparing and storing the tissue; the samples were fixed in

10% buffered formalin solution for histopathological and
immunohistochemical examinations, and stored at —80°C
for other analyses.

Reverse transcriptase-polymerase chain reaction

Hippocampal mRNA expression levels of NR2B and
BDNF genes were determined by RT-PCR. RT-PCR was
performed with Roche LightCycler 480 II system. The pri-
mary sequences used for amplification of ACTB (internal
control), NR2B, and BDNF genes are shown in Table 1. For
this, approximately 40-50 mg of thawed hippocampus tis-
sue was homogenized in 1 ml of triazole. Using the High
Pure RNA Tissue Kit (Roche Diagnostic), total RNA was
extracted from tissue samples. The A260:A280 ratios of
the obtained RNA samples ranged from 1.6 to 1.8. Follow-
ing the manufacturer’s instructions, complementary DNA
(cDNA) was created from the total RNA samples obtained
using the RevertAid RT Reverse Transcription Kit (Thermo
ScientificTM). The generated cDNAs were used as tem-
plates for RT-PCR amplification using LightCycler® 480
SYBR Green I Master. The threshold cycle (CT) of the genes
was calculated using the acquired data, and normalization
was performed using the internal control. After computing
the relative expression levels using the 2722¢T technique, the
results were compared to the control group.

Biochemical evaluations

A glass Teflon homogenizer was used to first homogenize the
samples, and then a homogenization buffer containing a pro-
tease inhibitor was used to sonicate the mixture. The homoge-
nates were centrifuged at 13,000 g for 10 min in a refrigerated
centrifuge to produce the supernatants. NR2B was analyzed
by the ELISA method using My BioSource (CA, San Diego,
USA) and BDNF E-Lab Science (Houston, TX, USA) com-
mercial kit. There are seven standards in the NR2B and BDNF
kit with different concentrations between 40-640 pg/ml and
31.25-2000 pg/ml, respectively. Standards were pipetted in
duplicate, and a standard optical density—concentration graph
was drawn based on the optical density values obtained, and
the concentrations of the working samples were calculated
using this graph. The results were then reported as the con-
centration per microgram of protein. The sensitivity limit of
the kit for NR2B was 1.0 pg/ml, and the sensitivity limit of
the kit for BDNF was 18.75 pg/ml.

Table 1 Primers used in
RT-PCR analysis

Gene Forward primer

Reverse primer

NR2B
BDNF
ACTB

5'- GCTTCATGGGTGTCTGTTCT-3'
5'- CAACAATGTGACTCCACTGC-3'
5'- ACCACCATGTACCCAGGCATT-3'

5'- GGATTGGCGCTCCTCTATG-3'
5'- GGATGGTCATCACTCTTCTCAC-3’
5'-CCACACAGAGTACTTGCGCTCA-3'
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Histopathological method

The tissue samples from the prefontal cortex were collected
during necropsy and fixed in a 10% neutral formalin solu-
tion. After a 2-day fixation period, the brain samples were
routinely processed and paraffin-embedded using an auto-
mated tissue processor. Then, 5-um-thick sections were
cut from the paraffin blocks using a fully automatic rotary
microtome. The sections were stained with hematoxylin-
eosin (H&E) and covered with a glass coverslip before being
evaluated under a light microscope.

Immunohistochemical examinations

Sections taken onto polylysined slides were immunostained
with BDNF [anti-BDNF Picoband antibody (PB9075),
Boster Bio, CA, USA], CREB [anti-CREB/CREB1 Pico-
band antibody (PB9100), Boster Bio, CA, USA], Ap (B
amyloid 1-42 antibody (bs-0076R) Bioss Antibodies Inc.,
MA, USA), and S100 (anti-S 100 beta antibody, Astrocyte
Marker, ab868, Abcam, Cambridge, UK) using the strepta-
vidin biotin technique. We utilized 1/100 dilutions of all
primary antibodies. After 60 min of incubation with primary
antibodies, sections were immunohistochemically stained
with biotinylated secondary antibodies and streptavidin-
alkaline phosphatase conjugate. A ready to use commer-
cial kit (EXPOSE Mouse and Rabbit Specific HRP/DAB
Detection IHC kit (ab80436) (Abcam, Cambridge, UK) was
utilized as secondary antibody and diaminobenzidine (DAB)
as chromogen. The antibody dilution solution was used for
negative controls in place of the initial antiserum phase. All
tests were carried out using blinded samples. Immunohisto-
chemical staining was used to assess the expression of each
antigen individually. To determine the number of positive
cells, 100 cells (20 cells from each) were counted in five
randomly selected areas of the prefrontal cortex, using a
magnification of 40x. The immunohistochemical scores
were calculated and analyzed using Image] software (version
1.48, National Institutes of Health, Bethesda, MD). Prior to
counting, the images were cropped, separated by color chan-
nel, and any artifacts were removed. A selection tool was
used to highlight the regions of interest, and cells located
within these regions were counted using the counter tool
in the software. Positive staining was identified by a brown
color, and only cells that stained bright brown were consid-
ered positive. Counts were performed by a pathologist who
was blinded to the group assignment. The same areas of the
prefrontal cortex were examined for all rats, and the results
were statistically evaluated. A semi-quantitative immuno-
histochemical scoring analysis was used only to evaluate
Ap because this marker was localized in the extracellular
matrix. The following scoring system was used: (0) negative,
(1) slight and focal staining, (2) slight and diffuse staining,

and (3) marked and diffuse staining. Five separate areas were
examined under a 40X objective magnification in each sec-
tion. Microphotography was performed using the Database
Manual Cell Sens Life Science Imaging Software System
(Olympus Co., Tokyo, Japan).

Statistical methods

The data were analyzed using mean+standard deviation.
One-way ANOVA was used to examine the differences
between the groups. The Mann-Whitney U test was utilized
to compare the immunohistochemical expression values
between the groups. To assess the consistency of the distri-
bution of the number of positive cells across the experimen-
tal groups, a chi-squared goodness of fit test was performed.
The Duncan test was used for the post hoc comparison of
means. For statistical analyses, SPSS 22.0 program pack was
used (SPSS Inc., Chicago, IL, USA). The significance level
was chosen as p<0.05. The “fold change” (FC) denoting
and F values levels the ratio of the average expression of a
particular gene or protein in one group compared to another
group was given together with the p-value for immunohis-
tochemical parameters.

Results

Vortioxetine improved behavior changes associated
with CUMS in rats

In this study, the FST and SPT were utilized to assess anhe-
donia-like behaviors, such as immobility, and to evaluate the
core depressive symptom of reduced interest in pleasurable
stimuli, which is considered the gold standard for measure-
ment. As shown in Fig. 2A, the rats in the control group
(83.4 + 7.3%, p=0.002 vs CUMS), CUMS+VOR group
(84.2 +7.5%, p=0.001 vs CUMS), and CUMS+FLU group
(86.7 + 5.4%, p<0.001 vs CUMS) all exhibited significantly
higher sucrose preference rates compared to the rats in the
CUMS group (69.4 + 3.2%). The sucrose preference rates of
rats in the control, CUMS+VOR, and CUMS+FLU groups
did not differ significantly from each other. As depicted in
Fig. 2B, the rats in the control (208.1 + 14.5 s, p=0.030 vs
CUMS), CUMS+VOR (237.5 + 13.4 s, p=0.001 vs CUMS),
and CUMS+FLU groups (217.4 + 22.7 s, p=0.010 vs
CUMS) demonstrated significantly longer mobility periods
compared to the rats in the CUMS group (141.20 + 9.8 s).
There was no statistically significant difference in mobil-
ity time between the rats in the control, CUMS+VOR, and
CUMS+FLU groups in the FST (F=11.26 for SPT and 6.80
for FST, DF=27 for both).
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BDNF and NR2B expressions in the hippocampus
of rats suffered from CUMS

Based on our findings, rats exposed to CUMS exhibited sig-
nificantly lower expression of NR2B compared to rats in
the control group (FC=0.25, p=0.017). Following treatment
with VOR and FLU, the expression of NR2B was upregu-
lated. The immunoreactivity of NR2B in the hippocampus
of rats in the CUMS+VOR and CUMS+FLU groups was
higher than that in the CUMS group (FC=10.21, p<0.001,
FC=5.62, p=0.003; respectively) (Fig. 3).

When comparing CUMS rats to controls, BDNF expres-
sion was significantly downregulated (FC=0.11, p=0.031).
However, BDNF expression was upregulated after VOR
and FLU administration. The CUMS, CUMS+VOR, and
CUMS+FLU groups showed significantly increased expres-
sion of NR2B and BDNF in the hippocampus compared to
the control group (FC=12.32, p=0.026, FC=9.86, p=0.025;
respectively) (Fig. 4).

Vortioxetine increased BDNF level but not NR2B
in the hypothalamus of CUMS rats

In this study, ELISA was utilized to measure the levels of
BDNF and NR2B in the hypothalamus. Although the NR2B
level in the hypothalamus appeared lower in the CUMS
group compared to the control group, as depicted in Fig. 3A,
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the difference was not statistically significant. However, rats
exposed to CUMS exhibited significantly lower levels of
BDNF in their hypothalamus compared to rats in the control
group, as shown in Fig. 3B (p < 0.05). Treatment with VOR
and FLU effectively reversed these alterations by increasing
BDNF levels relative to the CUMS group (p < 0.05).

Histopathological and immunohistochemical
findings

At the microscopic analysis of the prefrontal cortex, while
the control group exhibited normal tissue histology, the cor-
tex of the CUMS group showed a significant increase in
the number of degenerative neurons prefrontal character-
ized by shrinkage and dark-stained neurons (Fig. 5). Immu-
nohistochemical analysis also showed a small increase in
extracellular Ap immunoreactivity in the CUMS group
(P<0.01 and F=4.5), while the other groups did not show
any immunoreaction (Fig. 6). Moreover, the CUMS group
had lower levels of intracytoplasmic BDNF expressions in
the prefrontal cortex than the other groups (p<0.001 and
F=378.24), which were restored by treatment with VOR and
FLU (Fig. 7). Similarly, the CUMS group exhibited a sig-
nificant decrease in intracytoplasmic CREB expression com-
pared to the other groups (P<0.001 and F=275.43) (Fig. 8).
Finally, the CUMS group exhibited a significant reduction in
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Fig.5 Representative histopathological appearance of prefrontal
cortex between the groups. A Normal tissue architecture in control
group. B Numerous degenerated neurons (arrows) characterized by
alterations in their shape and staining, shrinkage, and dark-stained

intracytoplasmic S100 immunoexpression compared to the
other groups (p<0.001 and F=255.24) (Fig. 9).

According to the study findings, chronic stress can poten-
tially elevate the susceptibility to neural disorders like Alz-
heimer’s disease and neuronal damage. Consequently, the
administration of antidepressant medication may serve as
a viable approach to mitigate stress-related risk factors.
Additionally, the study demonstrated the protective effects
of VOR and FLU against CUMS-induced brain damage. The
statistical analysis results of the immunohistochemistry data
are presented in Table 2.

Discussion

VOR is a new antidepressant with multimodal effects as
5-HT3, 5-HT7, and 5-HT1-D receptor antagonists, 5-HT
transporter inhibitor, SHT1-A agonist, and 5-HT1-B partial
agonist. It is currently unknown if this is the only mechanism
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neurons in CUMS group. C Decreased degenerative neurons (arrow)
in CUMS+VOR group. D Normal tissue histology in CUMS+FLU
group, HE, scale bars= 20 pm

by which VOR exerts its antidepressant effects. There has
not been much molecular study done on the pharmacologi-
cal effects of VOR. New treatment targets for depression
could be created using other pathways. Our study induced
depression-like behaviors in rats subjected to various types
of chronic stress, and these animals displayed core symp-
toms similar to those seen in human depression. In order
to understand the possible mechanisms of CUMS-mediated
brain structural and molecular changes and to reveal the
effect of VOR on these changes, we analyzed BDNF, CREB,
S100, AP, and NR2B through biochemical, genetic analy-
ses, histopathological and immunohistochemical methods.
The results of the current investigation demonstrated that
hippocampus-specific NR2B and BDNF expressions were
downregulated in CUMS rats, but were restored by VOR
injection. In the prefrontal cortices of the CUMS group, we
found that VOR therapy significantly increased S100 expres-
sion and raised levels of Ap and CREB expressions, while
decreasing neuronal degeneration. These results suggest a
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Fig.6 [ amyloid immunohistochemistry findings of prefrontal cortex
among the groups. A Negative expression in control group. B Slight
B amyloid accumulation (arrows) in CUMS group. C Negative immu-

novel antidepressant mechanism for VOR and a different
direction for future study into depression therapy targets.
The hippocampus is a crucial brain region involved in
learning and memory processes. BDNF is a neurotrophic
factor that affects hippocampal plasticity and plays a crucial
role in learning and memory functions. NR2, on the other
hand, is a subunit of the glutamate receptor that affects the
function of hippocampal neurons. Stress can lead to learning
disorders, and the hippocampus is also involved in modulat-
ing the stress response (Maletic-Savatic et al. 1999). There-
fore, in this study, NR2 and BDNF analyses were conducted
to investigate the effects of stress on the hippocampus. His-
topathological and immunohistochemical analyses of the
hippocampus could not be performed due to insufficient
tissue. To simulate the challenges faced by people in daily
life, we employed CUMS, a widely accepted method for ani-
mal modeling of depression. To determine if rats exhibited
depressive-like behavior, we used two commonly used tests
in behavioral research: the sucrose preference test (SPT) and
the forced swimming test (FST). Compared to the control

noreaction in CUMS+VOR group. D No expression in CUMS+FLU
group, streptavidin biotin peroxidase method, scale bars= 20 pm

group, the CUMS rats displayed a decrease in sucrose prefer-
ence, which is indicative of anhedonia-like behavior, a core
depressive symptom (Liu et al. 2018). Reduced efforts to
escape and physical inactivity during the FST are considered
markers of behavioral despair (Ramos-Hryb et al. 2019). Our
findings show that CUMS induces depressive-like behav-
ior while VOR and FLU treatments alleviate this behavior.
According to the behavioral tests, the CUMS + VOR and
CUMS + FLU groups exhibited significantly higher sucrose
preference rates and shorter immobility times during the
FST compared to the CUMS group. This result demonstrates
the antidepressant effects of VOR and FLU. Our results on
VOR’s behavioral effects in rats are consistent with those of
previous studies (Lu et al. 2018; Yu et al. 2017). Neurotox-
icity can result from excessive stimulation or dysfunction
of the neuroendocrine system through the hypothalamic-
pituitary-adrenal (HPA) axis, which is activated in response
to stress (Milligan Armstrong et al. 2021). It is known that
stress exposure can increase the risk of neurodegeneration.
Several neurodegenerative disorders, ranging from mild
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Fig.7 Representative images of BDNF expressions of prefrontal cor-
tex between the groups. A Marked expression in control groups. B
Decreased immune reaction in neurons in prefrontal cortex (arrows)

cognitive impairment to dementia and Alzheimer’s dis-
ease, have been associated with chronic stress and early
life stress (Desplats et al. 2020). Stress can either cause or
accelerate neurodegeneration. Stress-reduction strategies in
treatment may be effective against neurodegeneration. This
study examined the prefrontal cortex histopathologically
and found that chronic stress exposure had caused degen-
erative changes in the brain. We also observed that these
changes were reversed by VOR and FLU treatments. This
research suggests that both VOR and FLU can protect the
brain against stress-induced neurodegeneration. Addition-
ally, we examined the cortical level of AP in rats subjected
to the CUMS protocol in this study. Our findings corroborate
earlier research indicating that stress increases AP formation.
A recent research reported that increased Ap production and/
or aggregation in the brain results in neuronal death, oxida-
tive stress, and memory impairment (Leong et al. 2020). It
was reported that VOR treatment enhances not just mood
symptoms and functionality in patients with major depres-
sive disorder, but also cognitive functions (Sanchez et al.

@ Springer

in CUMS group. C Increased expression in CUMS+VOR group. D
Increased immunoreaction in CUMS+FLU, streptavidin biotin per-
oxidase method, scale bars= 20 pm

2015). According to our findings, VOR treatment prevented
Ap accumulation caused by chronic stress exposure. The
mechanism underlying the improvement in cognitive perfor-
mance with VOR administration in patients with depression
may be the reduction in AP production. These findings are
also consistent with a preclinical investigation conducted by
Caruso et al. (2021), which showed that both FLU and VOR
are capable of reversing the memory deficits and depressive-
like phenotype caused by intracerebroventricular injection
of AP oligomers in mice.

A deficiency of neurotrophic support appears to be a
major factor in the marked atrophy and death of neurons
linked to depressive behavior (Levy et al. 2018). Numerous
preclinical, clinical, and postmortem studies have revealed
a reduction in BDNF levels in depressive patients
(Molendijk et al. 2014; Sheldrick et al. 2017). Additionally,
chronic antidepressant therapy has been shown to
increase BDNF levels in vivo, and BDNF delivered
intrahippocampally or peripherally has antidepressant-like
effects in experimentally induced murine model depression
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Fig.8 CREB

immunochemistry findings
between the groups. A Normal expression in control group. B Mark-
edly decreased expression in neurons in CUMS group. C Increased

of prefrontal cortex

(Schmidt and Duman 2010; Bjorkholm and Monteggia
2016). BDNF is a neurotrophic factor that plays critical
roles in neuron survival, axonal growth, and synaptic
plasticity (Bathina and Das 2015).

According to the findings of the current study, prolonged
stress exposure decreased BDNF expression in the prefrontal
cortex, hippocampus, and hypothalamus of rats, but admin-
istration of VOR and FLU treatments significantly increased
BDNF levels compared to the CUMS group. These study
results are consistent with previous studies and support the
view that VOR may exert a neuroprotective effect through
BDNF in the brains of rats exposed to CUMS (Riga et al.
2016; Lu et al. 2018).

Numerous studies have reported that the expression and
function of CREB, a transcription factor involved in the
regulation of neurotrophic factors such as BDNF, vary in
depression (Wang and Mao 2019). A recent study reported
that CREB deletion is related to resistance in developing
depression-like behavior in mice (Manners et al. 2019).
Additionally, some antidepressants were reported to

immunoreaction in CUMS+VOR group. D Increased expression in
CUMS+FLU group, streptavidin biotin peroxidase method, scale
bars= 20 pm

contribute to the improvement of symptoms by reversing the
downregulated CREB/BDNF pathway in depression (Blendy
2006). The results of this research revealed that chronic
stress exposure decreased CREB expression in the brain cor-
tices of rats and VOR and FLU administration restored these
levels. According to our findings, VOR can inhibit anxiety
and depression-like behavioral changes through modification
of the CREB/BDNF signaling pathway.

S100 proteins are calcium-binding proteins that regulate
intracellular processes including neuron development and
synaptogenesis, cell cycle regulation, transcription, DNA
repair, and differentiation (Arora et al. 2019). It has been
shown that S100 proteins contribute to the pathogenesis of
various neuropsychiatric diseases such as Alzheimer’s dis-
ease, depression, or anxiety (Arora et al. 2019). Numerous
earlier studies suggest that S100 proteins can be used as a
depression biomarker, response to antidepressant treatment,
and blood-brain barrier permeability (Ambree et al. 2015;
Pearlman et al. 2014). Our results are in agreement with
the available literature and indicate that S100 expressions
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Fig.9 S-100 immunohistochemistry of prefrontal cortex among the expression in CUMS+VOR group. D Increased immunoreaction in
groups. A Marked immunoreaction in control group. B Decreased CUMS+FLU group, streptavidin biotin peroxidase method, scale
expression in neurons (arrows) in CUMS group. C Increased bars= 20 pm

Table 2 The statistical

) Groups B amyloid BDNF CREB S-100
analysis results for the
immunohistochemical Control 0.00+0.00 88.42+1.61 73.85+2.34 61.28+1.60
scores and the number of CUMS 0.42+0.20™ 44.7143.90° 41.28+2.42° 38.8541.34""
immunopositive cells » - »
CUMS+VOR 0.00+0.00 78.71+2.13 64.28+2.69 52.71+2.28
CUMS+FLU 0.00£0.00 83.14+2.54" 70.85+1.86" 60.57+1.51
DF 24 24 24 24
F 378.24 275.43 255.24 4.50

Data are given as mean + standard deviation (SD)

When compared to the control group, the differences between the groups are statistically significant
*p<0.05; **p<0.01, and ***p<0.001

DF values are given with in the groups. The results indicate the negative effect of CUMS on neurons

are decreased in the prefrontal cortex of rats, and that VOR  excitotoxicity caused by prolonged stress is mediated by
and FLU treatments lead to an increase in S100 expression. ~~ NMDA receptors (Autry et al. 2011). One of the NMDA

NMDA receptors are implicated in the development  receptors, NR2B, has been shown to contribute to the
of neural circuits, the formation of the central nervous  pathophysiology of psychiatric disorders such as bipolar
system, synaptic plasticity, learning, and memory  and schizoaffective diseases, major depressive disorder,
(Henter et al. 2018). Additionally, glutamate-induced  and schizophrenia (Pearlman and Najjar 2014).
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In this study, CUMS exposed rats exhibited downregu-
lated NR2B expression in the hippocampus, which could
be reversed with treatment by VOR and FLU. But when we
used the ELISA method for evaluation of the hypothala-
mus, we found no variation in NR2B levels between the
groups. As shown in the present study, similar to previous
studies, NR2B expression was lower in the hippocampus
of mice with depression-like behaviors (Dong et al. 2010;
Yang et al. 2018; Zhou et al. 2021).

According to the study by Feyissa et al. (2009), there
was a marked loss in NR2B immunoexpression in the pre-
frontal cortex compared to healthy controls in the post-
mortem brain tissue examination of subjects diagnosed
with major depressive disorder (Feyissa et al. 2009). Treat-
ment with fluoxetine was demonstrated to restore NR2B
loss in the nucleus accumbens in rats subjected to chronic
stress (Jiang et al. 2013).

The effect of vortioxetine, a multimodal serotonergic
compound, on glutamate neurotransmission is not clear.
Vortioxetine’s antidepressant and procognitive effects are
hypothesized to be mediated by regulating glutamate neu-
rotransmission and enhancing neuroplasticity (Dale et al.
2015). The results of the present study indicate that the
antidepressant effects of VOR in rats exposed to CUMS
are mediated by NR2B. The possible mechanisms under-
lying the effects of VOR in ameliorating the effects of
CUMS may be related to the modulation of the serotonin
system. VOR may contribute to the regulation of imbal-
ances in the serotonin system by inhibiting serotonin
reuptake and interacting with various serotonin receptors.
This modulation may play a role in regulating mood and
alleviating symptoms of depression. Additionally, VOR
has the potential to affect the transmission of chemical
signals involved in cognitive function and mood regulation
by enhancing the release of neurotransmitters such as glu-
tamate and acetylcholine. Furthermore, VOR is believed
to contribute to the improvement of CUMS symptoms
through its neuroprotective effects, including the promo-
tion of neurogenesis, enhancement of synaptic plasticity,
reduction of oxidative stress, and prevention of inflamma-
tion in the brain. While VOR and FLU are both used to
treat depression, they differ in their mechanisms of action
and effects on anxiety. VOR is an antidepressant with mul-
timodal effects that modulates various neurotransmitter
systems, including serotonin, dopamine, and glutamate.
Although VOR has been shown to have some anxiolytic
effects, they are generally not as potent as those of FLU,
a selective serotonin reuptake inhibitor that is frequently
used to treat anxiety disorders. In this study, FLU was
used as a positive control for its antidepressant effects,
and our results suggest that VOR is just as effective as
FLU in treating depression in this rodent model of CUMS.

To reduce the number of animals used in this study, we
did not include groups receiving VOR and FLU in non-
stressed animals.

In this study, we used a variety of techniques including
ELISA, PCR, histopathology, and immunohistochemistry
to assess neurodegeneration. Histopathological examina-
tion allowed us to visualize morphological changes in
neurons (such as shrinkage and discoloration) and detect
proteins associated with neurodegeneration via immuno-
histochemical staining. These changes were then compared
between experimental groups.

This study has some limitations, with the most signifi-
cant one being the inability to assess blood hormone lev-
els in animals. One other limitation of our study was that
we were unable to analyze serum samples, which would
have allowed for diagnosis of neurological damage. Due
to financial constraints, the study did not include a group
of control animals administered VOR and FLU and the
number of groups could not be increased.

Our results clearly demonstrated the negative effects
of chronic unpredictable mild stress on the brain. There
is a need for more comprehensive future studies to better
demonstrate the effects of CUMS and treatment choices.

Conclusions

Our study found that VOR reduced neuronal deterioration
and depressive-like behaviors as much as FLU. Addition-
ally, according to our research, VOR achieved this effect
by enhancing the BDNF/CREB pathway and increasing
levels of S100 and NR2B expression. More research is
needed to fully understand the effects and molecular mech-
anisms of vortioxetine in CUMS.
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