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Abstract

Chronic stress is linked to changes in brain physiology and functioning, affects the central nervous system (CNS), and
causes psychiatric diseases such as depression and anxiety. In this study, antidepressant effects of the probiotic bacterium
Lactobacillus rhamnosus GG (ATCC 53103) (LGG) (15x 108 cfu/ml/day) on the mechanisms playing a role in the patho-
physiology of depression were investigated, and the results were compared with the effects of bupropion (20 mg/kg/day)
and venlafaxine (20 mg/kg/day). A total of 56 male Wistar Albino rats were used in control, stress, bupropion, venlafaxine,
LGG, bupropion + stress, venlafaxine + stress, LGG + stress groups, n="7 each. Changes in the body weight of the rats during
the experiment were determined by weight measurement. Gene expression levels were determined by the RT-PCR method.
Four different behavioral tests were performed to evaluate depressive behaviors (sucrose preference test, three-chamber
sociability test (social interaction test), elevated plus maze test, forced swim test). LGG treatment was effective in reducing
depressive-like behaviors, increased BDNF level, 5-HT1A, DRD1, ADRA-2A, GABA-A al, CNR1 expression levels in the
hippocampus and NOD1 receptor expression level in the small intestine (p <0.05), and also decreased neurodegeneration
level, glial cell activity, and intestinal permeability in depressed rats. As a result, it was revealed in this study for the first time
that the LGG probiotic bacterium has antidepressant properties and was found to be more effective than the antidepressant
drugs bupropion and venlafaxine. Our results suggest that LGG is a potential psychobiotic bacterium and can be useful to
treat depression. It may be an effective and useful option in combating depression.

Introduction activates biological systems that sense and respond to

changes in the environment (especially situations that pose
Stress in its current meaning, in which various defense  a threat to homeostasis) through neurophysiological, hor-
mechanisms are activated when faced with a situation monal, and behavioral regulations [2], that is the body’s
perceived as threatening or increasing demand [1], which ~ non-specific physiological response to any demand [3].

P< Musab Istk Songiil Doganay
musab_adp@hotmail.com songuldoganay @sakarya.edu.tr
Fadime Kose Cahit Bagci
fadimekose @sakarya.edu.tr bagci@sakarya.edu.tr

Cansu Ozbayer 1
c.ozbayer @gmail.com

Ozcan Budak
ozcanbudak @sakarya.edu.tr

Istanbul Aydin University, Istanbul, Turkey
Sakarya University, Adapazari, Adapazari, Turkey
Kutahya Saglik Bilimleri Universitesi, Kiitahya, Turkey

Rumeysa Keles Kaya Saglik Bilimleri Universitesi, Istanbul, Turkey

rmyskls@gmail.com 5 Mus Alparslan University, Mus, Turkey

Derya Giizel Erdogan
deryaguzel @sakarya.edu.tr

Mehmet Arif Demirci
ma.demirci@alparslan.edu.tr

Published online: 17 February 2025 @ Springer


http://orcid.org/0000-0002-1116-337X
http://orcid.org/0000-0002-6822-6263
http://orcid.org/0000-0002-1120-1874
http://orcid.org/0000-0002-2617-3175
http://orcid.org/0000-0002-5554-1918
http://orcid.org/0000-0002-7618-5043
http://orcid.org/0000-0003-2679-6281
http://orcid.org/0000-0002-1730-1331
http://orcid.org/0000-0001-5211-4366
http://crossmark.crossref.org/dialog/?doi=10.1007/s12602-025-10470-0&domain=pdf

Probiotics and Antimicrobial Proteins

Hans Selye expressed the body’s response to stressful situa-
tions as the “General Adaptation Syndrome” and classified
these stress reactions as alarm, resistance, and exhaustion
stages, and defined stress as acute or chronic depending on
the duration of the stressful event [4, 5]. Chronic stress per-
sists for more than 12 months and can have negative effects
on an individual’s physical, mental, and emotional health.
Chronic stress can cause serious symptoms and complica-
tions such as negative changes in behavior and physiology
that weaken mood, cognition, health, and longevity in the
long term [6, 7]. Chronic stress is an important type of stress
when it comes to mental health especially, researches show
an empirical link not only to depression but also to other
disorders and symptoms such as burnout and cognitive
impairment. It causes psychiatric illnesses such as anxiety
and depression affecting the central nervous system [8, 9].

Defined as the common cold of psychiatry, depression
(major depressive disorder) is a serious and chronic brain
disease that can harm mental and physical health, and is
characterized by some cognitive, behavioral, and somatic
symptoms [10-13]. WHO predicts that depression which is
considered one of the main causes of serious economic bur-
den in the field of health seriously affects the quality of life
of individuals, and it will be the disorder with the greatest
disease burden from 2030 [11, 14, 15]. Except for its chronic
nature, symptoms frequently recur and are life-threatening.
In the most severe case, depression can lead to suicide and
is a major contributor to nearly 800,000 suicide deaths annu-
ally. The WHO reports that suicide attempts are 20 times
more common than completed suicides, and depression is
associated with more than 90% of all suicide cases [16—18].
A total of 10-40% of people with depression are treatment-
resistant, do not respond to available medications, and these
people have low quality of life and functional impairment
[15,19].

Antidepressants are the basis of treatment for depres-
sion [20]; all of them consist of drugs that affect the neu-
rochemical balance of monoamine neurotransmitters in the
CNS [21]. Although there are many drugs developed to treat
depression, one of the difficulties in coping with this disease
is that a significant part of patients taking antidepressants
do not achieve full remission. Some patients also develop
treatment-resistant depression that does not respond to
available medications or other therapeutic approaches [16].
Venlafaxine, a phenylethylamine derivative that blocks the
presynaptic reuptake of serotonin and norepinephrine, facili-
tates neurotransmission in the brain with this effect, and it
is a weak inhibitor of dopamine reuptake [22]. An atypical
antidepressant in many respects, bupropion is a dopamine-
norepinephrine reuptake inhibitor, Wellbutrin XL tablet is
available in 150 mg and 300 mg strengths and is slow-release
[23, 24]. Antidepressant drugs have serious side effects such
as dry mouth, sweating, tachycardia, tremor, blurred vision,
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sexual dysfunction, constipation, nausea, vomiting and diar-
rhea, sedation or insomnia, psychomotor activation, postural
hypotension and dizziness, and suicide [25, 26].

In addition to the hypothalamus, the hippocampus is the
first brain region acknowledged to be the target of stress
and glucocorticoids and receives projections containing
serotonin, norepinephrine, and dopaminergic neurons.
Important projections such as cholinergic and GABAer-
gic originate from the medial septal region and innervate
all parts of the hippocampus. This projection may play a
special role in maintaining the physiological state [27, 28].
The NLRP3 inflammasome plays a crucial role in stress-
induced depression, suggesting that NLRP3 may represent
a novel therapeutic target to cope with depressive illness
[29]. Brain-derived neurotrophic factor (BDNF) plays an
important role in the normal development of the CNS,
increasing the survival and differentiation of neuronal
populations [30]. The endocannabinoid system functions
in the regulation of memory, cognition, mood, emotion,
and stress responses, and it fulfills this function through the
activation of the cannabinoid receptor 1 (CB1/CNRI1) [31].
Melanocortin 4 receptor (MC4R) highly affects the activ-
ity of the HPA axis (hypothalamus pituitary adrenal axis)
and has a functional and anatomical interaction with CRF,
which is an important mediator of stress and stress-related
behaviors. MC4R may be a possible therapeutic target in
the treatment of stress-related disorders such as anxiety and
depression [32]. Depressed patients exhibit decreased min-
eralocorticoid receptor (MR) expression in the hippocam-
pus and prefrontal cortex, and several polymorphisms and
haplotypes of the MR gene (NR3C2) have been associated
with depression [33]. MR may be a possible target of the
medicine [34]. NODI1 receptor is important for maintaining
the physiological function of the gastrointestinal tract and
regulates cognition, anxiety, central and peripheral seroton-
ergic biology, and HPA axis activation. Intestinal epithe-
lial cell expression of NODI1 receptors regulates behavior.
Blocking the NOD1 receptor causes to emerge symptoms of
stress-induced anxiety, cognitive impairment, and depres-
sion [35]. Stressful conditions and high corticosteroid levels
are associated with accelerated damage and eventually loss
of neurons [36]. Chronic stress and depression trigger apop-
tosis. Neuronal loss is observed in patients with depression.
Activation of caspase-3 is a biomarker of neuronal apoptosis
[37]. Activation of glial cells plays a role in the pathophysi-
ology of depression [38]. A decrease in the number of glial
cells results in an increase in neuron density [39]. Exces-
sive activation of microglia plays a role in a wide variety of
brain diseases including autism, neurodegenerative disor-
ders, neuropathic pain, and depression. Microglial activa-
tion, the main mediator of neuroinflammatory processes,
leads to neuroinflammation which plays a crucial role in the
pathogenesis of depression. Inflammation or stress-triggered
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dysfunctions caused by microglia often occur in depression
[40, 41]. Increased Ki-67 immunopositivity is indicative of
glial activation [42]. Chronic stress increases intestinal per-
meability and increased intestinal permeability is seen in
depression [43, 44].

According to the definition made by the Food and Agri-
culture Organization of the United Nations and the WHO,
probiotics are live microorganisms that provide a beneficial
effect on health when administered in sufficient amounts
(approximately 1x 10° cfu/ml (colony forming unit)/ml
cells/day) [45]. There are features that an ideal probiotic
should have: it must be of human origin, safe, and have
industrial properties, have a shelf life that will provide a
sufficient number of live microorganisms until it is admin-
istered, able to colonize and adhere to the epithelial surface
in the gastrointestinal tract, in order to ensure colonization;
it must not be affected by stomach acid, duodenal secretions,
and bile salts; it must be alive and in sufficient numbers in
the desired region; it must temporarily colonize the intes-
tines in order not to replace the natural intestinal flora; it
must be rapidly metabolized and grow rapidly; it must have
beneficial effects and it must not cause pathogenic and toxic
effects in the host,; it must be able to generate a mucosal and
systemic immune response and improve the immune system;
it must have proteolytic activity and able to produce anti-
microbial substances; and it must be resistant to antibiotics
[46-50]. Probiotics have effects on the CNS and behaviors
through the microbiota-gut-brain axis. Especially, there is
a relationship between gut microbiota and stress response
and metabolic, immune, humoral, and neural pathways
may mediate the effects of probiotics on the CNS. Various
probiotics, owing to their properties, regulate the HPA axis
and inflammatory responses and normalize stress-induced
abnormal behaviors [51]. The occurrence and development
of depression is often accompanied by a decrease in Bifido-
bacterium and Lactobacillus species [52]. Psychobiotics are
a group of probiotics that affect microbiota-gut-brain axis
relationships when taken in sufficient amounts and influ-
ence CNS-related functions and behavior through metabolic,
immune, humoral, and neural pathways, thus improving gas-
trointestinal function, antidepressant, and anxiolytic capac-
ity. This effect of psychobiotics is mediated by the gut-brain
axis. Glutamate, gamma-aminobutyric acid (GABA), seroto-
nin, and BDNF play important roles in the control of cogni-
tive functions, learning and memory processes, mood, and
neural excitatory-inhibitory balance, and psychobiotics have
the capacity to regulate these neurotransmitters and proteins
and have beneficial effects on mental health in patients with
psychiatric disorders [53-55].

Lactobacillus rhamnosus GG (LGG), isolated from
healthy human gut microbiota, was discovered in 1985
as part of an attempt to isolate a Lactobacillus strain that

provides the characteristics required for an ideal probiotic;
it is the first strain belonging to the Lactobacillus genus
and was patented in 1989 [56-58]. LGG has specific adhe-
sive pili (fimbriae) structures, which are long and thin pro-
teinaceous protrusions on the cell surface found in specific
gram-positive bacterium, and therefore adheres effectively
to the gastrointestinal mucosa in both adults and children.
It can form biofilms on abiotic surfaces and cells exposed
to 8000 g centrifugal force lose their structure. LGG is
resistant to gastric acid and bile and has good growth prop-
erties and the capacity to adhere to the intestinal epithelial
layer [57, 59-61]. LGG is one of the probiotic strains that
is best clinically studied, most widely used, and has rapid
growth properties. After oral administration, its duration
in the intestines is more than a week and it can also colo-
nize in the mouth [56, 61]. LGG, a bacterium that exists in
the gastrointestinal tract and maintains intestinal homeo-
stasis, is effective in antibacterial compound production,
regulation of the immune response and intestinal flora,
and neurotransmitter modulation [62]. Numerous research
data on LGG form the basis for the consumption of this
probiotic for human health [58]. LGG is a bacterium that
positively affects the gut-brain axis by reducing bacte-
rial translocation in the intestine, restoring intestinal and
blood-brain barrier functions, and improving intestinal
bacterial balance [63]. LGG is an effective bacterium in
increasing the levels of neurotransmitters that play impor-
tant roles in depression, such as serotonin, noradrenaline,
dopamine, and GABA [64]. LGG has an effect of reducing
neuroinflammation that leads to the death of neurons [65].
The capacity of LGG to adhere to the intestinal epithe-
lium is superior to that of other Lactobacillus strains and
it supports the vitality of intestinal cells more than other
probiotic Lactobacillus strains [66]. Our previous study
has shown that LGG at a dose of 15 x 108 cfu/ml prevents
excessive activation of the hypothalamic—pituitary—adrenal
axis and has antistress properties [67].

Since antidepressants used today have serious side
effects and do not provide the desired level of treatment
response, there is a need for alternative methods that are
safe in terms of side effects and effective in terms of thera-
peutic properties. In this study, we aimed to investigate the
effects of Lactobacillus rhamnosus GG probiotic bacte-
rium on the mechanisms playing a role in the pathophysi-
ology of chronic stress-induced depression. Our study is
the first comprehensive study in the literature to examine
the effects of LGG strain on depression in a chronic stress
model at behavioral, histological, and molecular levels.
There is no study in the literature investigating the effects
of LGG on mood changes and its effects on the cannab-
inoid system. It also reveals the analgesic and sedative
effects of LGG via the hippocampus for the first time.
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Methods
Experimental Animals and Housing

In this study, 56 rats randomly selected among healthy
2-month-old, about 200 g Wistar Albino males were used
in 8 groups, each n="7. Rats were purchased from Sakarya
University Faculty of Medicine Experimental Medical
Applications and Research Center, and the experiment was
performed in this center. The rats placed in the new liv-
ing environment where the treatments would be adminis-
tered waited for 1 week to adapt. Rats in groups exposed to
stress were housed in a separate and distant room from other
groups. During the applications, all experimental animals
were kept in rooms with 12/12 light/dark lighting, tempera-
ture (22 +2 °C), and humidity (45-50%) optimized, in poly-
carbonate transparent cages, fed with standard pellet feed
and provided tap water.

Preparation of LGG

Lactobacillus rhamnosus GG (ATCC 53103) was provided
from CHR HANSEN A/S. MRS Broth liquid medium
(Merck) was prepared fresh in the desired amount based
on 52.2 g/L, placed in test tubes, and sterilized with dry
heat in the oven at 121 °C for 15 min. Then the medium
was allowed to cool. After cooling, LGG was inoculated in
MRS Broth liquid medium. It was incubated at 37 °C for 24
h. At the end of 24 h, the test tubes containing the bacterium
were centrifuged at 2500 rpm for 3 min to ensure that the
bacterium precipitated. The liquid part, the medium, was
removed. Thus, it was ensured that only bacterium remained
in the test tubes. The bacterium was washed twice with ster-
ile PBS, and the medium was completely removed. Sterile
water for injection was added to the test tubes, and the bac-
terial content was prepared according to the McFarland-5
standard (15 x 108 cfu/ml), whose density was determined
on the McFarland unit cell densitometer, and using a Wick-
erham card. In order for the bacterium to show the high-
est activity, bacterium was incubated every day and fresh

bacterium was administered to the experimental animals by
gavage [68, 69].

Preparation of Venlafaxine HCl Content

Venlafaxine HC1 was provided from iILKO Pharmaceuti-
cals. Venlafaxine at a dose of 20 mg/kg has been shown to
provide an antidepressant effect in reducing the effects of
chronic stress, and therefore, this dose was chosen in our
study [70]. Thirty-two milligrams of venlafaxine HCI as a
lyophilized powder pure substance was dissolved in 8 ml
sterile water for injection and 4 mg/ml venlafaxine HCI con-
tent was obtained. Venlafaxine HCI content was prepared
fresh every day and administered to the experimental ani-
mals by gavage.

Preparation of Bupropion (WELLBUTRIN XL 150 mg)
Content

Bupropion (WELLBUTRIN XL 150 mg) was provided from
the pharmacy (Pelin Pharmacy). A dose of 20 mg/kg bupro-
pion is effective in antidepressant effects, and therefore, this
dose was chosen in our study [71]. One hundred fifty mil-
ligrams of Bupropion tablet was dissolved in 37.5 ml ster-
ile water for injection, and 4 mg/ml bupropion content was
obtained. Bupropion content was prepared fresh every day
and administered to experimental animals by gavage.

Experimental Design

The procedures applied to the experimental groups are
shown in Table 1. Rats in the S, BS, VS, and LS groups
were exposed to chronic stress. The experimental design is
shown in Fig. 1.

Chronic Unpredictable Mild Stress (CUMS) Procedure

The CUMS model is widely recognized as the most reliable
and effective method for inducing depression in rodents. The
CUMS protocol serves as a dependable method for simulat-
ing depression. This model prevents adaptation to repeated

Table 1 Experimental groups

Groups Administered substance Dose Volume Method Duration
Control (C) Water for injection 1 ml/day 1 ml Gavage 21 days
Stress (S) Water for injection 1 ml/day 1 ml Gavage 21 days
Bupropion (B) Bupropion 20 mg/kg/day 1 ml Gavage 21 days
Bupropion +stress (BS) ~ Bupropion 20 mg/kg/day 1 ml Gavage 21 days
Venlafaxine (V) Venlafaxine 20 mg/kg/day 1 ml Gavage 21 days
Venlafaxine +stress (VS)  Venlafaxine 20 mg/kg/day 1 ml Gavage 21 days
LGG (L) LGG 15%108 cfu/ml/day 1 ml Gavage 21 days
LGG +stress (LS) LGG 15% 108 cfu/ml/day 1 ml Gavage 21 days
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Fig. 1 Schematic representation
of the experimental design and
antidepressant effects of LGG in
the depressed rats

Fifty-six Wistar Albino rats were divided into 8 groups

each group n=7
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stress by presenting a range of stressors in a random and
unpredictable sequence. Chronic unpredictable mild stress
(CUMS) procedure performed according to the Willner
protocol (modified) [72-76]; the stressors included in the
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NOD1 receptor expression level
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in the cerebral cortex
chronic stress protocol and applied to rats are shown in
Table 2. The chronic stress protocol continued for 8 weeks.
The stressors were applied to rats in stress groups on dif-
ferent days each week to prevent adaptation of rats to the
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in small intestine

intestinal permeability

@ Springer



Probiotics and Antimicrobial Proteins

Table 2 Chronic stress protocol Stressor

Duration

45° cage tilt
Wet sawdust

Leaving alone in dark cage 12x 12x 12 cm® sized (daytime)

Immobilization at+4 °C

Changing the cage (coming together with stranger partners)

Food and water deprivation

Restricted access to food (5 pellets)

Overnight illumination
Loud noise (85-90 dB)

Bright flashing light (300 times/min)

Twice a week, 21-24 h
Once a week, 21 h
Once a week, 1-2 h
Once a week, 3 h
Once a week, 2-3 h
Once a week, 21-24 h
Once a week, 1 h
Twice a week

3 times a week, 3 h

3 times a week, 3 h

stressors. It was determined according to the results of the
sucrose preference test performed starting from the 3rd week
to determine if the rats in the stress groups were stressed.
Considering the results obtained, depression treatment was
started in the 6th week.

Body Weight Measurement (g)

At the end of the second, fifth, and eighth (14th, 35th, and
56th days) weeks, the body weights of the rats (as group)
were measured using an electronic scale.

Behavioral Tests

The sucrose preference test was performed once a week
starting from the 3rd week, and other tests were performed
at the end of the experiment (at the end of the 8th week).
Behavioral tests were performed as elevated plus maze test,
three-chamber sociability test, and forced swim test (FST)
in order not to increase the stress levels of the animals and
to ensure the reliability of the results. There is no acclima-
tization period before the tests except the forced swim test.

Sucrose Preference Test (SPT) SPT was used to determine
anhedonia, defined as a decrease in sucrose preference rela-
tive to basal levels. Rats prefer sucrose water to tap water,
and if sucrose water preference is below 65%, rats are con-
sidered to show anhedonia. When rats are not interested in
sucrose water, it is accepted to exhibit anhedonia, a loss of
interest in pleasurable things, which is a classic symptom of
depression. To determine sucrose preference for 6 weeks,
two 200-ml water bottles, one containing tap water and the
other containing 1% sucrose solution, were placed in cages
for 1 h for rats deprived of food and tap water for 24 h. At
the end of 1 h, sucrose consumption was calculated accord-
ing to the formula: Sucrose preference = sucrose consump-
tion/(sucrose consumption + tap water consumption) X 100
[77-80], (Fig. 2. 1(A), (B)). Before starting the sucrose
preference test, all experimental animals were subjected to
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sucrose water training for 2 weeks. Two bottles containing
500 ml of 1% sucrose water were prepared. On the 1st day,
2 bottles containing sucrose water were placed in the cages.
On the 2nd day, a sucrose water bottle was replaced with
a bottle containing 500 ml tap water. On the 3rd day, rats
were deprived of food and water for 24 h. On the 4th day, 1
sucrose water bottle and 1 tap water bottle were placed in the
cages, and sucrose consumption was calculated at the end
of the 1-h period (http://openaccess.ogu.edu.tr:8080/xmlui/
bitstream/handle/11684/1940/10289956.pdf?sequence=1&
isAllowed=y).

Elevated Plus Maze Test Anxiety-like behaviors are tested
with a plus-shaped device having two open (50X 10 cm)
and two closed (50X 10x40 cm) arms, with a 10X 10 cm
area connecting these arms in the center, usually 50-70 cm
high from the ground. Rats tend to avoid luminous places,
but they also tend to discovery new areas. This test is the
most preferred anxiety test, based on the conflict between
te urge to discovery a new environment and the fear of open
and high spaces of rats. Depending on the decrease in anxi-
ety, the time spent in open arms and the number of enter
to open arms increase. The elevated plus maze test is often
used in conjunction with the forced swim test, which is used
in studies of depression. The dark black device used for the
test was made of glass + metal mixture material, consist-
ing of two open arms of 10X 110 cm sized and two closed
arms of 10x40 x50 cm sized, with a height of 50 cm from
the ground [77, 81-83](http://openaccess.ogu.edu.tr:8080/
xmlui/bitstream/handle/11684/1940/10289956.pdf?seque
nce=1&isAllowed=y). Experimental animals were placed
in the center of the plus maze-shaped device, facing the open
arm and the time spent in the open arms and closed arms was
recorded for 5 min. Open and closed arms were cleaned with
10% alcohol and dried after each rat was tested (Fig. 2 3).

Three-Chamber Sociability Test (Social interaction Test) It
is an anxiety model (test) that analyzes social behavioral
reactions. The social interaction test, which is sensitive to a
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Fig.2 1) Sucrose preference
test (SPT): A) Rats that prefer
sucrose water B) Rats that
prefer both sucrose water and
tap water, 2) A) Three-chamber
sociability test; B) Rearing

C) Social interaction with

one stranger partner D) Social
interaction with second stranger
partner, 3) Elevated plus maze
test 4) Forced swim test (FST)
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range of environmental and physiological factors that may
influence anxiety, provides an ethologically based test that
is sensitive to both anxiolytic and anxiogenic effects. The
dependent variable is the time that two stranger male rats
spend in social interaction (following, sniffing, or grooming
the partner). An anxiolytic effect is an increase in social
interaction without a contemporaneous increase in motor
activity; the anxiogenic effect is a specific reduction in social
interaction. Test conditions can be modulated to produce
different levels of anxiety; both the light brightness and the
test place can be changed. Therefore, there are four testing
conditions: dim light, familiar place (producing the lowest
level of anxiety); bright light, familiar place and dim light,
unfamiliar place (produces moderate anxiety); bright light,
unfamiliar place (produces highest levels of anxiety). Social
interaction is highest level when rats are tested in a familiar
place with dim light and social interaction decreases as test-
ing conditions become more aversive or anxiety-provoking
[84—86]. In the present study dim light, unfamiliar place that
produced moderate levels of anxiety was chosen as the test
condition. For the test, a cage made of transparent resistant
plastic material 40 x 35 X 60 cm sized and divided into three
equal chambers (40X 35x20 cm sized) with two transpar-
ent plexiglass plates 40 X 35 cm sized was used. In order
for the rats to pass between the chambers, 5 X5 cm-sized
passage holes were made in the middle of the bottom of the
plexiglass plates [§7-90]. Each rat was placed in the middle
chamber firstly, and at the same time, a stranger male rat in
a small cage was placed in the left chamber of the test cage.
After 150 s, a second stranger male rat in a small cage was
placed in the right chamber. The interactions, rearing num-
bers, and the time spent of each experimental animal in three
different chambers in the cage were recorded for 5 min. The
small cages were designed to allow nose-to-nose contact but
to prevent possible fighting between the rats. The duration
of snuggling, following, climbing on, and eye tracking each
other and the number of rearing were recorded as social
interaction time (Fig. 2 2 (A), (B), (C), (D)).

Forced Swim Test (FST) The forced swim test (also known as
the Porsolt test; behavioral despair test) is the most common
and often used experimental model to determine clinical
antidepressant activity. Rats develop a motionless posture
following initial escape movements in a water-filled cyl-
inder. If antidepressant treatments are administered before
the test, rats actively continue to maintain escape-oriented
behaviors for longer periods of time. For the test, 20X 60
cm sized three cylindrical water tanks made of transpar-
ent plexiglass material were used. The test consists of two
sessions [82, 91-93]. In both sessions, clean water at a tem-
perature of 24-26 °C was used, and when the water became
soiled, it was replaced with clean water. The first session,
which lasted 15 min was done to acclimate the rats to the
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test environment. This session was performed before treat-
ment was administered and without behavioral recording.
In the second session performed 24 h after the first session
and lasted 5 min, the periods which the rats remained com-
pletely motionless were recorded. After 5 min, the rats were
dried with a towel and then dried entirely using a hair dryer.
Additionally, a heater was placed next to the cage to prevent
the rats from getting cold (Fig. 2 4).

Collecting Tissue Samples

After the behavioral tests performed at the end of the 8th
week, the rats were sacrificed under ketamine (80 mg/kg)-
xylazine (5 mg/kg) anesthesia and the tissues (hippocampus,
cortex, ileum part of the small intestine) were collected and
stored at — 80 °C until examined. Also, cortex and ileum
tissues placed in histology cassettes were put in a 10% buff-
ered neutral formaldehyde solution for histopathological
examinations.

Determination of BDNF Level

BDNEF levels in hippocampus tissue were determined using
the ELK Biotechnology Rat BDNF Elisa Kit (ELK5459) in
accordance with the manufacturer’s instructions.

Determination of 5-HT1A, DRD1, ADRA-2A, GABA-A a1,
CNR1, MC4R, NR3C2, and NLRP3 in Hippocampus Tissue
and NOD1 Receptor Expression Levels in Small Intestine
Tissue by RT-PCR

The expression level of the genes planned to be studied
in the hippocampus and small intestine tissues was deter-
mined using the Promega A6001 RT PCR kit, in accordance
with the manufacturer’s instructions. Primers are shown in
Table 3.

Histopathological Analysis in The Cortex and Small
Intestine Tissues

All tissue samples taken were placed in 10% buffered neu-
tral formaldehyde solution (formaldehyde 100 cc; tap water
900 cc; NaH2PO4.H204 g; Na2HP046.5 g) for light micro-
scopic examination and kept for 48 h for tissue fixation. Tis-
sue samples fixed with buffered neutral formaldehyde were
washed in tap water following the trimming process at the
end of 48 h and then put tissue through processing steps
in the MTP semi-closed system automatic tissue process-
ing machine. Tissue samples for which fixation procedures
were completed were embedded in paraffin. Sections of 4
um thickness, taken from the prepared paraffin blocks with
a microtome, were placed on slides for H-E staining and
kept at room temperature to dry until the staining process.
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Table 3 Primers

Gene Primer Sequence

5-HT1A (388 bp) Forward 5'-CCAAAGAGCACCTTCCTCTG-3'
Reverse 5'"TACCACCACCATCATCATCA-3’

DRDI1 (108 bp) Forward 5'-GACACAAGGTTGAGCA-3'
Reverse 5'-CTGGGCAATCCTGTAGATA-3’

ADRAZ2a (112 bp) Forward 5" TTCTTTTTCACCTACACGCTCA-3'
Reverse 5''TGTAGATAACAGGGTTCAGCGA-3’

GABA-A ol (304 bp) Forward 5'-AGCTATACCCCTAACTTAGCCAGG-3'
Reverse 5'-AGAAAGCGATTCTCAGTGCAGAGG-3'

CNRI1 (306 bp) Forward 5'-ATGAAGTCGATCCTAGATGGCCTTG-3'
Reverse 5'-GTTCTCCCCACACTGGATG-3'

MC4R (431 bp) Forward 5'-AGTCTCTGGGGAAGGGGCA-3’
Reverse 5'-CAACTGATGATGATCCCGAC-3'

NR3C2 (260 bp) Forward 5'-GCTCAACATTGTCCAGTACA-3’
Reverse 5'-GCACAGGTGGTCCTAAGATT-3’

NLRP3 (313 bp) Forward 5" TCTGTTCATTGGCTGCGGAT-3'
Reverse 5'-GCCTTTTTCGAACTTGCCGT-3’

NODI1 (149 bp) Forward 5'"-TAGCCTTCTGCAATGCTTGTTC-3'
Reverse 5'-CCGTGAGACGGCTAAAGCAA-3’

B-actin (150 bp) Forward 5'-CCTGTGGCATCCATGAAACTAC-3'
Reverse 5'-CCAGGGCAGTAATCTCCTTCTG-3'

After the H-E staining process was completed, the slides
were covered with entellan and made ready to be examined
under the microscope.

Histopathological Evaluation Damaged neurons in the cer-
ebral cortex after chronic stress exposure were examined in
the prepared preparations. When evaluating the effects of
chronic stress histologically, we based on the presence and
number of red neurons defined by acidophilic neuronal cyto-
plasm, pyknotic nuclei, and karyorrhexis. Damaged neurons
have acidophilic cytoplasm and are called red neurons. How-
ever, spongy decomposition areas in the neuropil formed
by neuroglial cells clustered around damaged neurons are
called satellitosis and spongiosis. While neuronal damage
was evaluated under the light microscope, damaged neu-
rons were counted in 5 different areas at 20X magnification.
To determine changes in intestinal permeability in rats in
the control and stress groups, villus structures, submucosa
and muscularis layers, and ulceration areas were examined
[94-96].

Immunohistochemistry Staining Protocol Caspase-3 anti-
bodies (Caspase-3 Antibody Brand: Genetex) were used
to show the number of damaged cells in the tissue, and
Ki-67 antibodies (Ki-67 Antibody Brand: Genetex) were
used to show cell proliferation. Caspase-3 and Ki-67 stain-
ing percentages were determined by the H-Score method.
The degree of staining was scored in five randomly selected
areas, and the area with the highest score was determined.

For both groups, at least 200 cells were labeled in each
at 40X magnification areas. In the sections, the percent-
age of stained cells and the degree of staining were taken
as criteria. The scoring was done with a semiquantitative
method. The degree of staining was evaluated as 0 (no stain-
ing), + 1 (weak staining), +2 (moderate staining), and + 3
(strong staining). H Score = (3 X percentage of strongly
staining nucleus) + (2 X percentage of moderately staining
nucleus) + (1 X percentage of weakly staining nucleus) [97].

Statistical Analysis

Analyzes were made using the GraphPad Prism 8 program.
Parametric tests are used in cases where the data set exhibits
a normal distribution. Parametric tests are more powerful
tests than non-parametric tests. The suitability of the groups
for normal distribution was determined by the Shapiro—Wilk
test, the degree of proximity of the mean and median values,
and the skewness and kurtosis criteria. Because the groups
exhibited normal distribution, one of the parametric tests,
one-way analysis of variance (one-way ANOVA) was used
for comparison between groups. In multiple comparisons,
Dunnet’s test was used to compare the control group with
other groups while Tukey’s HSD test was used to compare
other groups except the control group. By taking the statisti-
cal significance level as 0.05, it was decided with 95% confi-
dence whether the differences between the means were sta-
tistically significant. The statistical significance of the data
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in the present study was expressed as *p <0.05, **p <0.01
and ***p <0.001.

Results

Effects of Bupropion, Venlafaxine, and LGG
on the Body Weight

To determine the effect of the change in appetite, which is
one of the symptoms of depression, the body weights of the
rats were measured separately as a group at the end of the
2nd, 5th, and 8th weeks. According to the results obtained
in the study, total body weight change was found at similar
levels in the stressed groups, and the body weight increase
was less than in the C group. While a higher body weight
increase was observed in groups B and V compared to the
C group, a similar body weight increase was observed in the

C and L groups. According to the measurements made on
the 14th, 35th, and 56th days, differences were observed in
the body weights of all experimental groups. There was no
decrease in body weight increase in the C group, the most
decrease in body weight between the 14th and 35th days and
the 35th and 56th days was seen respectively in the BS, S,
and VS groups due to the effects of chronic stress (Fig 3).

Effects of Bupropion, Venlafaxine, and LGG
on the Behavioral Tests

Sucrose Preference Test Results: In our study, when the
6-week total sucrose consumption was compared between
the groups, a chronic stress-induced decrease in sucrose con-
sumption was observed in the S group, while an increase
in sucrose consumption was observed in the other stressed
groups due to the effect of the treatments. Sucrose consump-
tion decreased in the S group compared to the C group, and
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the highest sucrose consumption was observed in the L
group. Similar rates of sucrose consumption were observed
in the B, BS, V, and LS groups. There was no statistically
significant difference between the groups (F:2.21; p > 0.05).
Sucrose consumption tended to decrease continuously in
the S group starting from the 4th week. Fluctuations were
observed in the C, B, V, and L groups over the 6-week
period. An increase in sucrose consumption was seen in the
BS and LS groups a week after bupropion and Lactobacil-
lus rhamnosus GG treatment started. While there was an
increase in sucrose consumption in the VS group 1 week
after venlafaxine treatment started, a decrease was seen in
the last week (Fig. 4.A (a), (b)).

Elevated Plus Maze Test Results: In our study, rats in the
S group spent the least time in the open arms, and the time
spent in the open arms of the S and C groups was close to
each other. Rats in all other experimental groups spent time
in the open arms for longer periods of time than the C and
S groups. Rats in the V group spent time in the open arms
for the longest time; however, the time spent in the open
arm decreased in the VS group compared to the V group
and this shows that the effect of venlafaxine decreases due
to stress. An increase was observed in the time spent in the
open arms of the BS group compared to the B group and
this shows that bupropion is effective in stressful situations.
Rats in the BS and LS groups spent time in the open arms for
similar periods of time. LGG was more effective in stressful
condition than in the non-stressful condition. A statistically
significant difference was found between the C-V and S-V
groups (F:3.37; ¥*p <0.01). In the plus maze test, venlafax-
ine, bupropion, and LGG supplement were effective in the
stressed groups compared to the untreated group, but this
effect was prominently in the groups treated with bupro-
pion and LGG. The results we found are compatible with
the results of studies in the literature (Fig. 4B).

Forced Swim Test Results: In our study, the rats in the S
group remained motionless for a longer time than the rats
in the C group. The immobility time of rats in the B, BS,
and VS groups was similar to the C group. The shortest
immobility time was observed in the L, LS, and VS groups
and the immobility time of the rats in these three groups was
shorter than the C group. A statistically significant difference
was found between the C-S, S-B, S-BS, S-V, S-VS, S-L,
and S-LS groups (F:10.67; **%*p <0.001). Our results show
that bupropion, venlafaxine, and LGG probiotic bacteria are
effective in reversing depressive behaviors caused by chronic
stress and are compatible with the results of studies in the
literature (Fig. 2C).

Three-Chamber Sociability Test Results: In our study,
the time experimental animals spent in the center differed
between groups. B group spent the most time in the center.
VS and L groups, which spent time in the center for a bit
more long time than the C group, stayed in the center for

similar periods of time. While C and LS groups stayed in
the center for a similar period of time, S, V, and BS groups
respectively were the groups that spent the shortest period of
time in the center. A statistically significant difference was
found between the S-B and B-V groups (F:2.48; *p <0.05).
While the time spent in the right and left chambers was more
in the S and V groups than in the C group, it was observed
shorter in the B, L, and VS groups. The time spent in the
right and left chambers in the LS and BS groups was simi-
lar to the C group. Bupropion treatment reduced the time
spent in the center, while LGG had a similar effect to the
control group. Bupropion also increased time spent in the
right and left chambers. A statistically significant differ-
ence was found between the S-B and B-V groups (F:2.48;
*p <0.05). Compared to the C group, rats in the LS, L, and
V groups spent more time with stranger partners. LGG was
effective in increasing interaction time. Rats in the other
groups interacted with stranger partners for less time than
the C group. Rats in the B and VS groups interacted with
stranger partners for less time compared to the S group.
There was no statistically significant difference between the
groups (F:1.14; p>0.05). Very few rearings were seen in the
S group compared to the C group, and a similar number of
rearings were seen in the BS group compared to the S group.
The number of rearings was similar in the B, VS, LS, and C
groups. The most numerous rearings were observed in the
V group. The more number of rearings, which are impor-
tant for curiosity and getting to know the new environment,
was observed in the stress + treatment groups compared to
the S group. A statistically significant difference was found
between the S-V, S-L, and BS-V groups (F:3.17; **p <0.01)

(Fig. 4D (a), (b), (¢). (d)).

Spectrophotometric Analyses of BDNF
and Evaluation of Gene Expression Results
Determined by RT-PCR Method

BDNF Level: According to our results, BDNF level
decreased in the S group compared to the C group and it
was found slightly higher in the BS, V, and LS groups com-
pared to the S group. While the BDNF level in the B and VS
groups was similar to the C group, the highest BDNF level
was seen in the L group. A statistically significant differ-
ence was found between the S-L and BS-L groups (F:2.65;
*p <0.05), (Fig. 5).

Gene Expression Results While there was a decrease in
DRD1 expression level in the S group compared to the C
group, a decrease was observed in the B and BS groups
compared to the S group. The expression level was observed
at a similar level in the VS, LS, and C groups. It was down-
regulated in the L group. A statistically significant difference
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«Fig.4 A Sucrose preference test: (a) Percentage of sucrose consump-
tion rate (%) and (b) weekly change in sucrose consumption (%),
(F:2,21; p>0,05) B) Elevated plus maze test: Time spent in open
arms (F:3,37; **p<0,01) C) Forced swim test (FST): Immobility
time (F:10,67; ***p<0,001) D) Three-chamber sociability test (social
interaction test): (a) time spent in center (F:2,48; *p<0,05), (b) time
spent in right and left chambers (F:2,48; *p<0,05), (c) interaction
time with stranger partners (F:1,14; p>0,05), (d) rearing numbers
(F:3,17; **p<0,01)

was found between the C-L, S-L, B-L, BS-L, V-L, VS-L, and
L-LS groups (F:13.12; **%*p <0.001), (Fig. 5).

We found that 5-HT1A receptor expression was reduced
in the hippocampus of rats in group S compared to group
C, the expression level in the BS and VS groups was found
close to the S group. 5-HT1A receptor expression was seen
at a very low level in the L group. It was observed that the
expression level increased in the LS group which decreased
with the effect of chronic stress. While the highest expres-
sion level was seen in the V group, a decrease was seen in
the B group compared to the S group. A statistically sig-
nificant difference was found between the C-L, S-L, B-L,
BS-L, V-L, VS-L, and L-LS groups (F:8.55; ***p < 0.001),
(Fig. 5).

The ADRA-2A receptor expression level decreased in
the S group compared to the C group; its expression level
increased in the B and BS groups compared to the S group.
The expression level was found higher in the V, VS, and LS
groups than in the C group. ADRA-2A receptor expression
was observed at low levels in the L group. A statistically
significant difference was found between the C-L, S-L, B-L,
BS-L, V-L, VS-L, and L-LS groups (F:12.11; ***p <0.001),
(Fig. 5).

According to the results of our study, the GABA-A al
receptor expression level decreased in the S group compared
to the C group; however, there was not much difference in
the expression level, and a decreased expression level was
observed in the L group compared to the S group. While
there was a slight increase in the BS group compared to the
S group, the expression level was similar to each other in the
B, VS, and LS groups and was higher than the C group. The
highest GABA-A a1 receptor expression level was found in
the V group. A statistically significant difference was found
between the C-L, S-V, S-L, B-L, BS-L, V-L, VS-L, and L-LS
groups (F:11.58; ***p <0.001), (Fig. 5). The expression
level decreased in the BS and VS groups compared to the B
and V groups respectively but the expression level increased
in the LS group compared to the L group.

We found in our study that the CNR1 expression level was
downregulated in the C and S groups, the downregulation
level was more in the S group, and the expression level was
found upregulated in the other groups. While similar results
were seen in the B-L and BS-V groups, the highest CNR1

expression level was seen in the LS group and then in the VS
and BS groups, respectively. A statistically significant differ-
ence was found between the K-B, BS, V, VS, L, LS and S-B,
BS, V, VS, L, LS groups (F:12.21; ***p <0.001), (Fig. 3).

In the current study, while there was a slight increase in
the S group compared to the C group, higher MC4R expres-
sion level was found in the B, BS, and V groups than in the
S group. Similar results were seen in the LS and C groups,
and a decreased expression level was found in the VS group
compared to the S and C groups. The lowest MC4R expres-
sion level was seen in the L group. A statistically significant
difference was found between the C-L, C-V, S-L, B-L, BS-L,
V-L, VS-L, V-V§, and L-LS groups (F:15.59; ***p <0.001),
(Fig. 5). Venlafaxine was effective in decreasing chronic
stress-induced increased MC4R expression.

NR3C2 receptor expression level was downregulated in
all experimental groups. The level of downregulation was
different between the groups. In stressed groups, the lowest
downregulation level was seen in the LS group. A statisti-
cally significant difference was found between the C-L, C-V,
S-L, B-L, BS-L, V-L, VS-L, V-VS, and L-LS groups (F:6.75;
*#%p <0.001), (Fig. 5).

The expression level of NLRP3 is downregulated in the
C, B, and BS groups. While there was an increased expres-
sion level in the S and LS groups compared to the C group,
a less increased expression level was found in the V, L, and
VS groups compared to the C group. No statistically signifi-
cant difference was found between groups (F:1.88; p>0.05),
(Fig. 5).

NODI1 receptor expression level decreased in the S group
compared to the C group and decreased expression level
was observed in the V and VS groups compared to the S
group. While the B, BS, and LS groups had results similar
to the C group, the highest expression level was found in
the L group. A statistically significant difference was found
between VS-L groups (F:2.39; *p <0.05), (Fig. 5).

Histopathological Analysis in the Cortex and Small
Intestine Tissues

Red neurons indicate the degree of neuronal damage, that
is, neurodegeneration, and in the current study, the number
of red neurons in the V, L, and LS groups was similar to
the C group; a slightly greater number of red neurons were
observed in the B group than the C group. Greater red neu-
rons were observed in the VS and BS groups than in the C
group. The greatest number of red neurons was observed in
the S group. Among the chronic stress groups treated, the LS
group had the lowest number of red neurons. Caspase-3 was
used to show the number of neurons undergoing apoptosis in
the cortex tissue. The number of neurons undergoing apop-
tosis in groups V and L was similar to the C group, but the
number of neurons undergoing apoptosis was slightly greater

@ Springer



Probiotics and Antimicrobial Proteins

BDNF DRD1
e
800 25+ 2y S48 hd . 309
- =
¥ 4 * <
204 | f Il Z 204 }
600 = ‘ EX T
= 3197 = 104
5400 £ 104 2
= £ E 0
200 L £
i~ 10
£ o 8 il ks L
0 T W—T—T T T T T T
S B BS V Vs L Ls K S B BS V Vs L LS C 8§ B BS V Vs L LS
Groups Groups Groups
ADRA-2A
- S5-HT1A
*kok b
¥ e i GABAA-al
¥
20 Hax  FEFE 20 *¥k

*k
Il T 25 -
: *k

154 15 20
: = 15
104 : ’—‘
10
5 = 5 =
5
0- 0 0

B BS V Vs L LS C S B BS V Vs L LS C S B BS V Vs L LS

Gene Expression Level (AC1)

Gene Expression Level (ACr)
-
o

Gene Expression Level (ACr)

Groups Groups Groups

NR3C2 (MR)
_ 0
5 S
! g
E Z 10
: 5 20
P 2
& 2 PR LT T
ﬁ
-30 T T T T L L I I
C S B BS V Vs L Ls C S B BS V Vs L Ls
Groups Groups
NLRP3 NOD1
_ 30+ 15+
b 2! -
Z 204 z -
g 104 z 10
£ £
& 10+ B & L il L
£ 20 :
.. T S e [ A G — 00— T T
C 8§ B BS V Vs L LS C S B BS V Vs L LS
Groups Groups

@ Springer



Probiotics and Antimicrobial Proteins

«Fig.5 BDNF level (F:2,65; *p<0,05) and DRDI (F:13,12;
*#%p<0,001), CNR1 (F:12,21; **%p<0,001), ADRA-2A (F:12,11;
*#%p<0,001), 5-HT1A (F:8,55; ***p<0,001), GABA-A ol (F:11,58;
**%p<0,001), MC4R (F:15,59; ***p<0,001), NR3C2 (F:6,75;
##%p<(0,001), NLRP3 (F:1,88; p>0,05) in hippocampus tissue and
NODI receptor expression levels in small intestine tissue

in the B group than in the C group. Greater apoptotic neuron
cells were seen in the LS, VS, and BS groups, respectively,
compared to the C group. The greatest numbers of apoptotic
neuron cells were seen in the S group (Figures 6, 8 1, 3).

Satellitosis is the accumulation of great numbers of oligo-
dendroglia or microglia around damaged neuron cells, and
in our study, the number of neuronal satellitosis in the V, L,
and LS groups was similar to the C group; it was slightly
greater in the B group than in the C group. A greater num-
ber of neuronal satellitosis was observed in the VS and BS
groups compared to the C group. The lowest number of neu-
ronal satellitosis was found in the LS group, and the greatest
number of neuronal satellitosis was observed in the S group.
Ki-67 was used to demonstrate cell proliferation, that is,
glial activation in the cortex tissue. The glial activation level
in the B, V, and L groups was found similar to the C group.
While a slightly increased glial activation level was found
in the LS group compared to the C group, an increased glial
activation level was found in the BS and VS groups com-
pared to the LS group. The highest level of glial activation
was found in the S group (Figures 6, 8 2, 3).

In the present study, preserved structures of villus, sub-
mucosa, and muscularis layers were observed in the C
group. Ulceration areas were seen, and microvilli layers were
not observed in high structure in the S group; this shows
that intestinal permeability increased in the stress group.
Ulceration areas extending down to the submucosa layer
were observed in the BS group, and sparsed epithelial lay-
ers were also generally observed. Damaged epithelial areas
were seen; although not down to the submucosal layer in the
VS group, additionally, sparsed villus structures were seen.
Although the histological structure was similar to the con-
trol group in the LS group, deconstructed and sparsed villus
structures were seen compared to the C group (Fig. 7 and 8).

Discussion

Depression is a mental illness that affects how a person
thinks and feels, with symptoms such as prolonged sadness
and feeling of helplessness. The intestinal barrier plays a
crucial role in the progression of depression [98]. There
are several experimental models of depression to evalu-
ate depressive-like behaviors. The chronic unpredictable
mild stress model is the most common and mostly pre-
ferred depression model [99]. In this study, the chronic

unpredictable mild stress model was used; the therapeutic
effects of probiotic Lactobacillus rhamnosus GG and anti-
depressant drugs bupropion and venlafaxine were investi-
gated in stressed and non-stressed rats and the results were
compared.

In stressed or depressed people, chronic stress causes
increased appetite and increased body weight or decreased
appetite and loss of body weight [100]. Many studies that
used experimental depression models have shown that
chronic stress causes a decrease in body weight [101, 102].
Studies conducted in rats have shown that bupropion has
no effect on, and another study found that bupropion treat-
ment reduced food intake [103—105]. It has been reported
that venlafaxine treatment prevented weight loss caused by
chronic unpredictable mild stress [106], and another study
showed that venlafaxine prevented weight loss caused by
depression [107]. It has been demonstrated that Lactobacil-
lus rhamnosus GG prevents oxidative stress-induced weight
loss [108]. Lactobacillus rhamnosus NCDC17 bacterium
prevented body weight gain; in another study, it was shown
that Lactobacillus rhamnosus MTCC:5957, Lactobacillus
rhamnosus MTCC:5897 bacterium prevented streptozo-
tocin-induced weight loss [109, 110]. Our results were simi-
lar to the literature, showing that LGG reduces weight loss
during stress. Chronic stress causes irregularities in mood
and energy homeostasis and increases vulnerability to anxi-
ety, depression, and other mood disorders [111]. Depres-
sion is associated with weight loss and decreased appetite;
MCH4R signaling has an impact on feeding behavior, pain,
drug addiction, regulation of HPA axis activity, emotional
states, anxiety, and depression. MC4R signaling increases
anxiety-like behavior [112, 113]. It has been observed that
the MC4R expression level increased in transgenic C57BL/6
mice exposed to chronic restraint stress [114]. The increased
MC4R expression level in the hippocampus in the S and
BS groups compared to the C group may have caused
the decrease in body weight. Because increasing MC4R
expression level induces consume energy and leads to body
weight loss. Other factors except MC4R activity may have
affected body weight gain in the B and V groups. The lowest
decrease in body weight was seen in the LS and V groups.
In the LS group, LGG significantly reduced body weight
loss by reducing the effect of chronic stress. While LGG,
bupropion, and venlafaxine led to an increase in body weight
in non-stressed rats, bupropion and venlafaxine had no effect
on reversing the stress-induced decrease in body weight in
stressed rats.

The sucrose preference test is one of the most common
tests performed to evaluate anhedonia. Sucrose is used as
a reward due to its effects on the dopamine system. Anhe-
donia, the most important symptom of depression, the loss
of pleasure from rewarding or enjoyable activities, is a
core symptom of depression in humans. Decreased sucrose
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Fig. 6 Histological evaluation A -~ -3
of the cortex tissue: red neurons g -
and neuronal satellitosis. Con- - - e
S
trol group (A), stress group (B),
bupropion group (C), bupropion & ) - -

+ stress group (D), venlafax-
ine group (E), venlafaxine +
stress group (F), LGG group
(G), LGG + stress group (H),
(bar: 50.0pm, 20X, HE). Black
arrows show normal neurons,
red arrows show damaged
neurons, and green arrows show
increased number of neuroglial
cells (neuronal satellitosis)

consumption is a biomarker of anhedonia [115-119]. In the
studies, it was observed that chronic stress decreased the
percentage of sucrose preference in rats and the percentage
of sucrose preference decreased to 60% in mice exposed to
chronic stress [115, 120]. The results of studies performed
in mice and rats showed that bupropion treatment increased
stress-induced decreased sucrose consumption [121, 122].
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In rats exposed to chronic mild stress, venlafaxine led to
a significant increase in sucrose consumption compared to
the untreated stress group [123]. Lactobacillus reuteri sup-
plementation in C57BL/6 mice and Lactobacillus helveticus
NS8 supplementation in rats increased sucrose consump-
tion that stress-induced decreased [124, 125]. Norepineph-
rine, dopamine, and serotonin deficiency play a role in the
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emergence of anhedonia. Bupropion, venlafaxine, and LGG
were effective in reversing the effects of chronic stress that
causes anhedonia. In stressed rats, venlafaxine and LGG
increased DRD1 expression; bupropion, venlafaxine, and
LGG increased the ADRA-2A and 5-HT1A expression.
These effects helped to reduce the level of anhedonia caused
by chronic stress, and these results suggest that bupropion,
venlafaxine, and the probiotic bacterium LGG may relieve
symptoms of depression. The results we found coincide with
the results of the previous studies.

The elevated plus maze test is the most preferred anxiety
test to develop natural and unconditioned anxiety. Due to
increasing anxiety, the time the experimental animals spend
in the closed arm, the number of times entering the closed
arm, and the percentage of time spent in the closed arm
increase [83]. In an anxiety and depression study, the time
spent by anxious rats in open arms was less than the time
spent in closed arms [126], and in another study, the time
spent by rats exposed to chronic stress in open arms was
more than the time spent by rats in the control group in
open arms [127]. Acute bupropion administration in mice
increased the time spent in open arms [128], and in a study
investigating the effects of bupropion on aggression and
anxiety in OF1 male mice, no significant difference was
found between bupropion-treated mice and control mice in
terms of the percentage of entries into open arms or the
time spent in open arms [129]. In mice under restraint stress,
venlafaxine treatment increased the stress-induced decrease
in time spent in open arms [130], and another study reported
that venlafaxine treatment increased the time spent in open
arms in rats exposed to chronic mild stress [131]. Lactoba-
cillus rhamnosus JB-1 increased the time male BALB/c mice

D

spent in open arms [132]; in another study, it was shown that
Lactobacillus brevis ProGA28 bacterium increased the time
Wistar-Kyoto mice spent in open arms [133]. LGG was more
effective in the stressful condition than in the non-stressful
condition according to our elevated plus maze test results.
Our study results are in line with the literature.

The forced swim test is widely used in basic and preclini-
cal research to evaluate the effectiveness of antidepressant
medications and the effects of various behavioral and neu-
robiological manipulations. It enables despair behavior to
emerge; the experimental animal loses hope of escape from
a stressful environment [133, 135]. The forced swim test
shows strong sensitivity to monoamine changes. FST repre-
sents a very specific set of stress-induced behaviors that have
no direct, empirical relationship to symptoms of depression
in humans and also this test is extremely sensitive to changes
in monoamine levels. FST can also be used to investigate the
genetic and neurobiological mechanisms underlying antide-
pressant and stress responses [136, 137]. A previous study
reported that in rats exposed to chronic unpredictable stress,
immobility time increased in the stressed rats compared to
the control group [138]. In depressed male albino mice,
bupropion reduced immobility time in the forced swim test
[71]. Immobility time was reduced in venlafaxine-treated
mice [139]. Lacticaseibacillus rhamnosus GG reduced
immobility time in mouse with chronic unpredictable mild
stress-induced depression [140]. Our results show that
bupropion, venlafaxine, and LGG probiotic bacterium are
effective in reversing depressive behaviors caused by chronic
stress, and the results are correlated with the literature.

The social interaction test performed to examine social
behavioral responses is preferred because it enables the
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Fig.8 1. Caspase-3 activity in the cortex tissue, 2. Ki-67 activity in
the cortex tissue, (bar: 50.0pm, 40X), 3. Graphical representation of
histopathology results, control group (A), stress group (B), bupropion

evaluation of anxiety-like behaviors or depressed-like
behaviors and locomotor activity. This test is a very useful
model for the evaluation of anxiolytic compounds [84, 85,
89, 141]. Social interaction times in rats exposed to stress
decreased compared to the control group [142]. In another
study, it was shown that the interaction time with stranger
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partners decreased in rats exposed to chronic stress, and the
time spent in the center, right, and left chambers was more
than in the control group [143]. According to the results of
the experimental depression study, bupropion did not affect
the social interaction time in mice when there was only
one stranger partner, but when the second stranger partner
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existed in the environment, it was shown that it increased the
social interaction time compared to the control group and did
not affect discovery behaviors [144]. Bupropion increased
locomotor activity in mice but had no effect on locomotor
activity at lower doses [145]. In an anxiety study, venlafax-
ine was found to have no effect on locomotor activity [146].
Another study showed that venlafaxine treatment reversed
the stress-induced decrease in locomotor activity but had
no effect on social interaction in Sprague—Dawley male rats
[147]. It was observed that venlafaxine increased the num-
ber of rearing in rats compared to the control group [148].
Lactobacillus helveticus CCFM1076 significantly improved
social interaction [149]. It has been shown that Lactobacillus
helveticus R0052 and Bifidobacterium longum R0O175 do not
affect social interaction times in control groups but increase
social interaction times in depressed rats and have no effect
on rearing numbers [150]. LGG was effective in increas-
ing interaction time. In stressed groups, only the probiotic
bacterium LGG was able to reverse the decrease in social
interaction time and locomotor activity caused by stress. The
results we found are generally similar to the results of the
studies in literature.

BDNF is the most widely distributed neurotrophin in the
CNS; it is expressed at the highest levels in both the cerebral
cortex and hippocampus. BDNF plays important roles in
supporting the development, repair, neuronal growth and
survival of CNS neurons, and plasticity of neurons, and
is crucial for maintaining and regulating the structure and
function of neurons throughout life. Decreased BNDF level
in the hippocampus results in decreased proliferation of hip-
pocampal neurons and decreased BDNF levels play a role in
the pathogenesis of depression. BDNF was decreased in the
serum and amygdala of patients with depression. Repeated
stress exposure has been found to reduce hippocampal
BDNEF levels in rats. In adult rats, the hippocampus is the
brain region having the highest levels of BDNF mRNA
and protein, and a decrease in BDNF levels was observed
in chronically stressed rats [151-154]. It was shown that
chronic bupropion treatment significantly decreased BDNF
expression in the rat hippocampus [155]. In one study, it
was observed that bupropion treatment increased the BDNF
level in mice exposed to tail suspension stress, in another
study performed with the same stress model reported that
bupropion treatment increased the BDNF level in the limbic
system [156, 157]. Venlafaxine treatment increased BDNF
expression in the dentate gyrus of rats exposed to chronic
unpredictable stress [158]. In vitro study showed that Lac-
tobacillus rhamnosus GG bacterium significantly increased
neuronal BDNF mRNA expression compared to the con-
trol group 6 h after treatment, but there was a decrease in
BDNF mRNA expression compared to the control group
after 24 h [159]. In mice exposed to chronic unpredictable
mild stress, Lactobacillus rhamnosus 4B15 significantly

increased BDNF expression compared to the stress group
[160]. Our results showed that chronic treatment with bupro-
pion, venlafaxine, and LGG was effective in increasing the
level of BDNF which decreased as a result of chronic stress.

Neurotransmitters and neurohormonal pathways play
a major role in the pathophysiology of depression. Defi-
ciency of serotonin (5-hydroxytryptamine; 5-HT), one of
the monoamine neurotransmitters, is associated with anxiety,
obsessions, and compulsions. 5-HT1A is the most abundant
serotonin receptor in the hippocampus. Preclinical and clini-
cal studies have proven that the 5-HT1A receptor, which is
abundant in the limbic system, plays an important role in the
pathophysiology of mood disorders. Chronic stress causes
to decrease in the amount of 5-HT1A receptors. Scientific
studies have revealed that the amount of 5-HT1A receptors
decreases in the hippocampus in depressed and suicidal
patients, and in experimental animals with chronic stress-
induced depression. Antidepressant drug treatment has been
found to upregulate the electrophysiological response of the
hippocampal 5-HT1A receptor [161-164]. It was found that
5-HT1A expression in the CA1, CA3, and dentate gyrus
regions of the hippocampus in rats exposed to chronic stress
decreased compared to the control group [165]. Short- and
long-term treatment with bupropion in mice doubled the
mean firing rate of 5-HT neurons compared to the control
group [166]. In another study, unlike the selective serotonin
reuptake inhibitor paroxetine, bupropion increased tonic
activation of 5-HT1A receptors in the hippocampus [167].
Venlafaxine treatment significantly increased the level of
5-HT in the brain in stressed rats [168]. In a study performed
in mice, Lactobacillus paracasei PS23 supplementation
significantly increased 5-HT levels in the hippocampus
[169], and in another study, Lactobacillus plantarum PS128
increased 5-HT levels in the prefrontal cortex and hippocam-
pus in 8-week-old mice exposed to early life stress [51].
According to our results, bupropion and LGG were found
effective in increasing 5-HT1A receptor expression levels
in stressful situations.

Another topic we discussed in our study, the mesolimbic
dopaminergic pathway extends from the ventral tegmental
area to the prefrontal cortex and limbic region, and dopa-
mine regulates motivational and emotional behavior through
this pathway. Disruption of this pathway can cause anhedo-
nia which can lead to decreased motivation and depression
[170, 171]. Dopamine also affects intestinal motility and
intestinal secretion, and the dopamine system is involved in
the function of the microbiota-gut-brain axis [172]. Dopa-
mine causes inhibitory effects on the progression of neuro-
inflammation by inhibiting NLRP3 inflammasome activation
through activation of the DRD1 receptor [173, 174]. DRD1
is the most abundant dopamine receptor in the CNS and
is a functionally specific marker of the dopamine system.
Decreased DRD1 expression levels are found in patients
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with emotional disorders including depression. In C57BL/6
mice exposed to chronic immobilization stress, a decrease
in DRD1 expression levels was observed in the nucleus
accumbens and prefrontal cortex compared to the control
group [175, 176]. Stress-induced DRD1 downregulation was
observed in the hippocampus of mice exposed to chronic
mild stress [177]. Dose-dependent bupropion treatment (10,
20, and 40 mg/kg i.p.) increased brain dopamine levels in
mice [71], and another study showed that DRD1 expression
in mice treated with bupropion was at a level similar to the
control group [178]. Fluoxetine treatment in mice caused
an increase in DRDI1 expression level in the dentate gyrus
[179], and venlafaxine treatment in rats caused an increase
in dopamine levels in the frontal cortex [180]. As a result of
LGG treatment in adult rats, an increase in dopamine levels
was observed in the brainstem and lower brain region (sub-
conscious region/subcortex) in the bacterial group compared
to the control group [64]. In the current study, venlafaxine
and LGG were found effective in increasing DRD1 expres-
sion levels under stressful conditions.

Norepinephrine plays a role in functions such as stress
reactivity, resilience, and arousal and reduces synaptic
inhibition in the hippocampus. Norepinephrine signaling is
thought to be dysregulated in many psychiatric disorders
[181, 182]. Most findings regarding the norepinephrine
system and the role of antidepressants have focused on a2
receptors. a2 adrenoreceptors are located in norepinephrine
neuronal cell bodies, both presynaptic and postsynaptic neu-
rons, where they mediate an inhibitory role in the central
and peripheral nervous systems [183, 184]. a2-adrenergic
receptors, especially subtype A (ADRA-2A), are widely dis-
tributed in the brain, are primarily responsible for central
noradrenergic functions, and play a critical role as an autore-
ceptor in the regulation of neuronal firing and the release of
norepinephrine and other neurotransmitters. a2A-AR expres-
sion is required for normal behavior [185-187]. In a study
on neurotransmitter system genes in the ventral tegmental
region of depressed male mice, the gene related to ADRA-
2A was found to be downregulated in depressed mice [188].
It has been observed that ADRa2 expression is significantly
reduced in chronically stressed rats and also norepineph-
rine levels in the hippocampus are reduced compared to the
control group [189]. It was found that 2 weeks of bupropion
treatment in rats increased synaptic levels of norepinephrine
in the hippocampus [190]. It was shown that fluoxetine treat-
ment in stressed rats increased the stress-induced decreased
norepinephrine levels in the hippocampus to a level similar
to the control group and neither acute nor chronic fluoxetine
treatment changed the basal level of norepinephrine in the
hippocampus [191, 192]. Lactobacillus plantarum PS128
supplementation in naive mice does not cause an increase
in striatal norepinephrine levels compared to the control
group [193]. An increase in ADRA-2A expression level
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which decreased due to chronic stress, was observed in all
stress groups administered treatment. Venlafaxine and LGG
were more effective than bupropion in increasing ADRA-2A
expression levels under stress conditions.

GABA, the main inhibitory neurotransmitter in the
brain, is responsible for both fine-tuning and overall con-
trol of excitatory transmission, stress, and depression impair
the function of GABA [194]. It is becoming increasingly
clear that disruption of the GABAergic system and thus the
excitation-inhibition balance may contribute to the patho-
physiology of many psychiatric disorders including depres-
sion [195]. GABA released from GABAergic interneurons
shows its effect mainly through GABA-A receptors [196].
GABA-A receptors are sensitive to stress-related changes in
the environment in early life and adulthood; these receptors
are involved in the regulation or modulation of emotional
behavior. The effect of GABA on emotional behavior occurs
through the activation of specific GABA-A receptor subu-
nits [197, 198]. While the GABA-A a1 receptor expression
level in the hippocampus of rats exposed to juvenile stress-
ors was not affected in the short term, its expression level
was decreased compared to the control group in the long
term [199]. Other studies have shown that the GABA-A ol
receptor expression level decreased in the hippocampus of
mice exposed to repeated swim stress [200] and in the pre-
frontal cortex and hippocampus of rats exposed to restraint
stress [201]. Venlafaxine treatment increased GABA levels
in the hippocampus of rats exposed to early-life stress [202],
and LGG treatment increased GABA-A al/a2 receptor
expression levels in the hippocampus of male rats exposed
to early-life stress [203]. Our results show that Lactobacil-
lus rhamnosus GG causes an antidepressive effect; how-
ever, bupropion and venlafaxine are not effective enough
to increase the expression level compared to the LGG in
stressful situation.

The role of the endocannabinoid system and its receptors
(CB1 and CB2) in the neurobiology and management of
mood disorders has drawn considerable interest [204]. The
CB1 receptor is expressed on central and peripheral nerve
terminals; it is involved in fine-tuning excitatory and inhibi-
tory neurotransmission [205, 206]. The fact that CB1 ago-
nists cause anxiolytic and antidepressant-like effects makes
the endocannabinoid system a promising target for antide-
pressant drugs [31]. Activation of the CB1 receptors pre-
vents the release of neurotransmitters that play a role in anxi-
ety and depression [207]. Chronic stress leads to a decrease
in both the CB1 receptor density and endocannabinoid con-
tent in the hippocampus, whereas chronic treatment with a
tricyclic antidepressant increases endocannabinoid activity
in the hippocampus. The increase in activation of the CB1
receptors in the dentate gyrus of the hippocampus causes an
antidepressant-like effect [208]. In a study, CNR1 expres-
sion level was observed to decrease in the hippocampus of
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depressed rats [209], and another study showed that can-
nabinoid receptor activation prevented the effects of chronic
mild stress in rats [210]. Bupropion reduced the protein lev-
els of the CB1 in the prefrontal cortex of ethanol-exposed
rats [211]. CNRI1 expression level increased in depressed
patients administered citalopram, duloxetine, fluoxetine,
mirtazapine, or venlafaxine treatment [212]. Probiotic bac-
terial mix increased CNR1 expression level in zebrafish
[213]. In our study, bupropion, venlafaxine, and LGG treat-
ment were effective in reversing the chronic stress-induced
decrease in CNR1 expression levels, and the treatment pro-
vided an antidepressant effect. Lactobacillus rhamnosus GG
has the strongest effect in increasing the CNR1 expression
level.

Exposure to stress causes the release of corticosteroids
through the HPA axis, which represents the major neu-
roendocrine stress response system. Prolonged or excessive
HPA axis activity following chronic stress can overwhelm
the individual’s allostatic load and subsequently lead to the
development of psychiatric and somatic disorders. The effect
of cortisol, including feedback regulation of the HPA axis,
is mediated by both GR and MR which is expressed at high
density in limbic brain regions that play a role in the process-
ing of emotional information. Hippocampal MRs (NR3C2
receptors) are important for the control of inhibitory tone on
the HPA axis. Dysfunction of the HPA axis may play a key
role in triggering depression [9, 33, 214, 215]. In an early-
life experimental stress model, a decrease in the expression
level of the NR3C2 receptor was observed in the hippocam-
pus of rats exposed to stress [216]. It has been shown that
GR expressions increase but MR expressions decrease in
the hippocampus of rats exposed to chronic stress [217].
Chronic treatment with bupropion in rats reduced immobil-
ity time in the forced swim test and therefore suppressed
HPA activity [218]. Venlafaxine treatment reversed the del-
eterious effects of chronic stress by modulating HPA activity
[202]. In zebrafish, LGG treatment increased MR expression
in the hippocampus [219]. It was observed that probiotic
LGG treatment in male rats exposed to early-life stress could
not prevent the stress-induced decrease in MR expression in
the hippocampus [203]. In our study bupropion, venlafaxine,
and LGG were not effective in increasing decreased MR
expression but LGG reduced the downregulation level.

The NLRP3 inflammasome is a cytosolic pattern rec-
ognition receptor and a molecular mechanism that con-
verts psychologically stressful stimuli into inflammatory
responses; it plays a role in inducing cell death processes
such as pyroptosis, apoptosis, and necroptosis [220-222].
New strategies in terms of the development of effective treat-
ments for depression in humans may be to restore micro-
glial homeostasis in the hippocampus and reduce or inhibit
NLRP3 inflammasome activation [41]. Dysfunction in the
autophagy mechanism, a homeostatic cellular process that

can sense intracellular stress and respond rapidly to cope
with damage, is associated with various neurodegenera-
tive and mood disorders, especially depression. Autophagy
plays an active role in the elimination of proinflammatory
cytokines; it thus serves as a central fulcrum that balances
inflammatory responses. In the development and treatment
of depression, autophagy may interact with the inflammatory
process. While previous scientific studies have shown that
autophagy inhibits the NLRP3 inflammasome, recent stud-
ies have shown that autophagy may play a role in NLRP3
inflammasome activity in some cases, and the NLRP3
inflammasome can also affect autophagy [223-226]. It has
been observed that interleukin-1f production and NLRP3
inflammasome activation increased in the brain of depressed
rats exposed to chronic mild stress [227], and another study
showed that chronic stress activated the NLRP3 inflam-
masome in the rat hippocampus [228]. Bupropion treat-
ment reduced the production of TNF-a, IL-1p, and IFN-y
in mice [229]. Venlafaxine treatment normalized changes
in NLRP3 levels in the hippocampus of rat pups exposed
to prenatal stress [230]. Lactobacillus rhamnosus GR-1
ameliorated inflammation and cell damage by attenuating
NLRP3 inflammasome activation [231]. LGG activated the
NLRP3 inflammasome and antiviral responses in human
macrophages [232]. In the present study, bupropion pro-
vided the most effective treatment in reducing the effects
of chronic stress by highly suppressing NLRP3 expres-
sion in stressed rats. Venlafaxine treatment was effective
in reducing NLRP3 expression in stressed rats compared
to untreated stressed rats. LGG treatment was ineffective in
reducing stress-induced increased NLRP3 expression. LGG
probably increased the NLRP3 expression level to activate
the autophagy mechanism and provided a protective effect
against damage caused by chronic stress.

The NOD1 receptor is an intracellular pattern recognition
receptor that mediates the recognition of specific parts of the
peptidoglycan layer by the host and plays an important role
in maintaining intestinal homeostasis by enabling the forma-
tion of protective immune responses against bacteria. Intes-
tinal homeostasis is achieved by improving epithelial barrier
function and supporting resistance to pathogens. The NOD1
receptor supports intestinal homeostasis by modulating anti-
microbial peptides, proinflammatory cytokines, autophagy,
and adaptive immunity [35, 233-235]. The microbiota
plays a role in modulating the gastrointestinal tract and
bacterial infection; it is also an important contributor to
neurodevelopment. Dysbiosis triggers psychiatric disorders
and behavioral deviations. The intestinal epithelial NOD1
receptor, a potential regulator of the connections between
the microbiota and the nervous system, regulates sensitivity
to cognitive impairment and anxiety-like and depressive-like
behaviors [35, 233]. In a study performed in mice, it was
observed that NOD1 receptor expression increased in the
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stress group compared to the control group [236]. Lactoba-
cillus rhamnosus ATCC 7469 probiotic bacterium increased
NOD1 mRNA expression in both healthy cells and infected
cells [237], and in another study, Lactobacillus rhamno-
sus ATCC 7469 increased NOD1 mRNA expression in the
jejunum and ileum in infected experimental animals [238].
In our study, in the treated stressed groups, bupropion and
LGG were effective in increasing the chronic stress-induced
decreased NOD1 receptor expression level in intestinal tis-
sue, but venlafaxine was not effective in reversing the effect
of chronic stress.

Apoptosis, which is programmed cell death, is an impor-
tant process that has an important role in neuronal and glial
death and neurodegeneration [239, 240]. Clinical and pre-
clinical studies have shown that apoptotic pathways involved
in the mechanisms of stress-induced psychopathology cause
adverse effects on neuronal survival and plasticity in stress-
induced depression [241]. Chronic stress stimulates apopto-
sis in the cerebral cortex and increases the expression levels
of caspase proteins [37]. Chronic stress causes atrophy in
dendrites and dendritic spines and a decrease in neurogen-
esis. Increasing evidence shows that depression is a progres-
sive disorder of neurodegeneration and neuronal damage is
the main pathology of depression. It has been shown that
chronic unpredictable mild stress leads to increased neu-
ronal apoptosis and caspase-3 expression level in rats [242].
Bupropion treatment decreased neurodegeneration level in
the cerebral cortex [243]. Venlafaxine treatment decreased
neuronal apoptosis level in depressed rats [244], and another
study showed that venlafaxine treatment in depressed rats
decreased the activity of caspase-3 that is an apoptotic and
inflammatory biomarker [245]. Lactobacillus rhamnosus
4B15 decreased caspase-3 expression level in mice exposed
to chronic stress [160]. LGG was approximately 2 times
more effective than the antidepressant drugs bupropion and
venlafaxine in protecting the brain against chronic stress-
induced neuronal damage.

Depression is usually caused by stress and is considered
a neuropsychiatric disease associated with neuronal dam-
age in specific brain regions [246]. Neuroinflammation is
associated with a number of neurological diseases and is an
important factor in the formation of neuronal damage [247].
Glial functions play a role in the neuropathology of psy-
chiatric disorders such as depression and manic-depressive
(bipolar) illness [248]. Neuroinflammation and glial acti-
vation are major factors involved in the etiology of most
neurodegenerative diseases. Upregulation of glial activities
is an indicator of stress and often indicates degeneration and
disruption of chemical balance. Assessment of glial activa-
tion is determined by Ki-67 activity [42]. Neurotransmitter
and receptor systems that mediate synaptic plasticity also
play a role in the activation of glial cells [249]. Aggregations
of glial cells called neuronal satellitosis have been identified
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in healthy peripheral nerve tissue surrounding both the cell
body and dendrites of neurons. Glial cells can aggregate in
physiological states, but this is more commonly a histologi-
cal marker of various pathological conditions in the CNS
[250]. Microglial activation has been associated with various
diseases in the clinic. In particular, microglial activity has
been seen in various brain regions where significant neuro-
degeneration occurs in various neurodegenerative disorders.
It has been shown that emotional or physical stress causes
neuroinflammation by leading to microglial activation in rats
[251]. Bupropion did not inhibit or reduce the function of
activated microglia in murine [252]. A study in C57BL/6
mice showed that venlafaxine treatment inhibited microglia
and astrocyte activation [253]. Lactobacillus rhamnosus
PTCC1637 reduced lipopolysaccharide-induced neuroin-
flammation in rats [254]. The probiotic mixture consisting of
Bifidobacterium animalis ssp. lactis Bb12 and Lactobacillus
rhamnosus GG caused an anti-inflammatory effect by reduc-
ing microglial activation [255]. Bupropion, venlafaxine,
and LGG were highly effective in reducing glial activation
and subsequently preventing neuronal damage by reducing
neuroinflammation, LGG probiotic bacterium showed the
strongest effect.

The intestinal barrier, a complex structure consisting
of multiple layers of defense barriers, regulates transport
and host defense mechanisms at the mucosal interface with
the external environment to maintain intestinal homeosta-
sis [98, 256]. Chronic psychological stress causes various
changes in intestinal homeostasis that can impair health.
Chronic stress has significant effects on intestinal physiol-
ogy and pathophysiology, including changes in gastrointes-
tinal motility, increased perception of visceral pain (hyper-
algesia), and impaired intestinal barrier function. Chronic
psychological stress activates the HPA axis which affects
various physiological functions of the gastrointestinal tract
including intestinal permeability and barrier function, and
the activated HPA axis increases epithelial permeability
[256-258]. Changes in intestinal permeability lead to the
formation of proinflammatory cytokines. The intestinal bar-
rier plays a crucial role in the progression of depression.
Intestinal epithelial barrier dysfunction (leaky gut) and
increased intestinal permeability leading to autoimmunity
(during depression) have been observed in patients with
depression. Gut symptomatology and mental health are
closely interrelated. Approximately 60% of patients with
anxiety and depression are diagnosed with intestinal dys-
function [43, 98, 259, 260]. Impaired intestinal permeability
was observed in mice after 6 weeks of unpredictable chronic
mild stress exposure [261]. Bupropion treatment reduced
intestinal damage through inhibition of TNF-a in rats [262].
Venlafaxine treatment decreased intestinal permeability by
increasing zonula occludens-1 and occludin expressions in
stressed male rats [263]. LGG increases ZO-1, occludin,
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and Bcl-2 mRNA levels and decreases Bax mRNA levels
in jejunal mucosal tissue; this indicates that LGG supple-
mentation may decrease intestinal permeability by reduc-
ing apoptosis [264]. LGG reduced intestinal permeability in
male C57BL/6N mice and rats [265, 266]. According to our
results, it was seen that bupropion and venlafaxine partially
decreased intestinal permeability caused by chronic stress,
and LGG had a stronger effect on protecting the intestinal
barrier from chronic stress-induced damage.

According to the results we found in the study, briefly,
LGG treatment increased the BDNF level, 5-HT1A, DRDI,
ADRA-2A, GABA-A «l, CNRI1, and NODI receptor
expression levels in the hippocampus and also reduced the
neurodegeneration level and glial cell activity in the cer-
ebral cortex in chronically stressed rats in the LS group. The
increase in BDNF level increases the survival of neurons and
thus may have led to an increase in the number of receptors
having increased expression and increased GABA release.
Mutual interaction between monoaminergic neurons may
have increased 5-HT1A, DRD1, and ADRA-2A receptor
expression levels. Increased receptor expression levels of
neurotransmitters such as serotonin, dopamine, norepineph-
rine, and GABA, which have important roles in the pathol-
ogy of depression, are important in alleviating depression
symptoms. The decrease in glial cell activation reduced
chronic stress-induced neuronal death, leading to a limita-
tion of depression formation. Increased CNR1 expression
level may have caused an increase in monoamine and BDNF
levels, also a sedative and analgesic effect. Activation of the
endocannabinoid system led to antidepressant effects, and
LGG-induced CNRI1 receptor activation was demonstrated
for the first time in our study. The increased NOD1 receptor
expression level due to the effect of increasing serotonin
levels may have caused a decrease in the release of pro-
inflammatory cytokines and activation of the autophagy
mechanism. Additionally, the increase in NLRP3 receptor
expression level may have caused the autophagy mecha-
nism to be activated. The decrease in intestinal permeabil-
ity and the combined result of all these effects provided by
LGG treatment may have led to a decrease in the level of
neurodegeneration and glial cell activity and a decrease in
depressive-like behaviors, as seen in the results of behav-
ioral tests. Bupropion treatment in chronically stressed rats
in the BS group may have caused a decrease in the level of
neurodegeneration and glial cell activity by increasing the
BDNF level, ADRA-2A, CNR1, and NOD1 receptor expres-
sion levels and decreasing the NLRP3 receptor expression
level and, consequently, a decrease in intestinal permeabil-
ity and depressive-like behaviors. Venlafaxine treatment in
chronically stressed rats in the VS group may have caused
a decrease in the level of neurodegeneration and glial cell
activity by increasing the BDNF level, DRD1, ADRA-2A,
GABA-A al, and CNR1 expression levels and decreasing

the MC4R and NLRP3 receptor expression level and, con-
sequently, decreased intestinal permeability and depres-
sive-like behaviors. Most likely, bupropion and venlafaxine
showed their effects in the gastrointestinal tract through the
efferent fibers of the vagus nerve, and Lactobacillus rhamno-
sus GG showed their effects in the brain through the afferent
fibers of the vagus nerve, humoral, immune, and metabolic
pathways. In line with our results, it has been demonstrated
that bupropion, venlafaxine, and Lactobacillus rhamnosus
GG (ATCC 53103) probiotic bacterium cause antidepressant
effects through various mechanisms.

Conclusion

In conclusion, it was revealed for the first time in this study
that the probiotic bacterium Lactobacillus rhamnosus GG
(ATCC 53103) has antidepressant properties and was found
more effective than the antidepressant drugs bupropion and
venlafaxine. LGG is a potential psychobiotic bacterium and
can be useful in depression treatment. LGG consumption
can provide benefits for mental health. Clinical trials are
needed to see the antidepressant effects of Lactobacillus
rhamnosus GG (ATCC 53103) in humans.
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