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Escitalopram treatment ameliorates chronic immobilization
stress-induced depressive behavior and cognitive deficits by
modulating BDNF expression in the hippocampus
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Major depressive disorder (MDD) affects 21% of the global population. Chronic exposure to stressful situations may
affect the onset, progression, and biochemical alterations underlying MDD and associated cognitive impairments.
Patients exhibiting MDD are mainly treated with several antidepressants; one is escitalopram, a selective serotonin
reuptake inhibitor. However, whether or not it mitigates chronic stress-induced cognitive deficits is unknown. The
present study exposed rats to chronic immobilization stress (CIS) 2 hours/day for 10 days. Then, escitalopram (5 mg
and 10 mg/kg i.p.) was administered for 14 days and subjected to the elevated plus maze, open field test, forced swim
test, sucrose preference test, and radial arm maze task. A different set of animals were used to assess the vascular
endothelial growth factor (VEGF), glial fibrillary acidic protein (GFAP), and brain derived neurotrophic factor
(BDNF) levels in the hippocampus, frontal cortex, and amygdale. Our data suggest that escitalopram significantly
protected CIS-induced spatial learning and memory deficits, behavioral depression, and anxiety. Furthermore,
escitalopram (10 mg/kg) shows a remarkable recovery of dentate gyrus and hippocampal atrophy. In addition, the
restoration of molecular markers BDNF, VEGF, and GFAP expression is also implicated in the neuroprotective
mechanisms of escitalopram. Our results suggested that esciatlorpam restores cognitive impairments in stressed rats
by regulating neurotrophic factors and astrocytic markers.

INTRODUCTION

cognitive functions in depression. Several stressors are known

Exposure to long-lasting stress is a precipitating factor
for developing major depression and neurocognitive deficits.
Depressive disorder is the most common neuropsychiatric
condition, with 10%-15% lifetime prevalence being one of
the important reasons for disability with enormous personal,
medical, and economic costs [1,2]. Major depressive disorder
(MDD) is associated with impaired neuronal plasticity and
cognitive abilities, including learning and memory [3]. Clinical
and preclinical studies demonstrated abnormal processing of
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to alter synaptic plasticity facilitating long-term depression and
change in synaptopruning relating to the formation of stress-
related memories, developing MDD.Following that, behavioral
changes and learned cognition, along with spine and dendrite
atrophy, have been seen in many chronic stress models inducing
MDD-related phenotype [4—6].

It has been discovered that immobilization stress
reduces Glucocorticoid receptor (GIuR) levels in the
hippocampus and increases the maze passage duration and the
number of mistakes in enhanced multibranch maze tests [7].
According to earlier research [8—10], exposure to prolonged
immobilization stress decreases hippocampus volume, spatial
memory, novel object recognition memory [11,12], and context
discrimination [13]. In a recent study, it was shown that
animals subjected to chronic immobilization stress (CIS) had
poorer spatial acuity and less fast gamma (55-90 Hz) and slow
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gamma (30-50 Hz) oscillation power in the hippocampal area
connected to excitatory input [14].

Neuroimaging studies indicated structural
abnormalities in the amygdale, hippocampus, and frontal
cortex including the loss of neuronal and glial cells in MDD
patients [15—17]. Previously, we showed altered brain derived
neurotrophic factor (BDNF), vascular endothelial growth
factor (VEGF), glial fibrillary acidic protein (GFAP), and GluR
signalling in chronic stress models [9-12, 18,19].

The pathogenesis of depression and the use of
antidepressants to treat it are both strongly correlated with
impaired serotonergic neurotransmission [20,21]. A previous
study demonstrated decreased serotonin levels in the synapses
of depressed patients [22]. Also, postmortem and neuroimaging
studies indicated reduced serotonin transporter (SERT) density
in MDD patients [23,24]. Stress decreased serotonin levels,
as demonstrated by a microdialysis study [25]. This will be
connected to a reduction in the hippocampus’s SERT expression
[26]. Elevated levels of glucocorticoids reduced the serotonin
response in the hippocampal neurons [27].

Studies have shown that alteration in BDNF expression
leads to depressive-like behavior [28] and anxiety [9]. Many
postmortem brain samples of MDD patients had reduced
expression of BDNF in serum, plasma, and platelets [29-31]. In
addition, postmortem brains of depressed individuals showed
downregulation of BDNF and nerve growth factor genes with
their TrkB and TrkA receptors, respectively [32—-34].

Escitalopram, a selective serotonin reuptale inhibitor
(SSRI), is typically the preferred antidepressant medication in
the pharmacotherapy of depression [35]. According to Jiang
et al. [36] study, escitalopram treatment improved depressive
symptoms and normalized BDNF levels in MDD patients.
Another study showed that escitalopram treatment for 2 months
increased plasma BDNF levels in mild cognitive impairment
patients. There is a strong correlation between changes in BDNF
levels, significant enhancements in cognitive performance, and
reductions in depression and anxiety symptoms [37]. Previously,
escitalopram raised levels of synaptophysin, postsynaptic
density protein-95, and BDNF in hippocampal neurons [38,39].
It is unknown whether escitalopram affects cognitive functions
in the CIS model of depression.

VEGF provides trophic support to neurons and glial
cells, thus contributing to neurogenesis and neuroprotection
[40]. Previous studies showed that VEGF signaling is crucial for
behavioral and cellular responses by different antidepressants
[41,42]. Clinical evidence points to VEGF’s involvement in
the pathophysiology of depression and antidepressant therapy
[43].Reduced GFAP levels have been observed in both clinical
[44] and preclinical studies [9-12]. Hence, the current study
explored the neuroprotective effects and molecular mechanisms
of escitalopram on CIS-induced cognitive deficits.

METHODOLOGY

Animals

Wistar male rats weighing 200-250 g and 2-2.5
months of age were received from the Animal House Facility
(CARF), NIMHANS, Bengaluru. Since the estrous cycle

intensifies the response to a stressful stimulus, only male rats
were employed in the study [45]. Throughout all studies, 3—4
rats were kept in each polypropylene cage with free access to
water and normal rat food pellets unless otherwise stated. The
humidity (50%-55%) and temperature (25°C + 2°C) in the
animal housing were kept constant. All experiments adhered to
the National Institutes of Health Guidelines for the Care and
Use of Mammals in Neuroscience and Behavioral Research
(The National Academics Press, Washington USA, 2003). The
institution’s animal ethical committee gave its approval to the
experimentation protocols. The number of rats utilized and their
distress has been reduced.

Experimental protocol

Using a randomized block design technique, the
animals were allocated into the following five groups at random:
group 1: un-stressed rats kept at standard home cage condition
(Control); group 2: CIS; group 3: stressed rats administered
with the vehicle for 14 days after stress protocol (CIS + Veh);
group 4: after the stress procedure, stressed rats were given
escitalopram (5 mg/kg body weight each day) for 14 days (CIS
+ ESC-5); group 5: After the stress procedure, stressed rats were
given escitalopram (10 mg/kg body weight each day) for 14 days
(CIS + ESC-10). Escitalopram was prepared freshly in normal
saline (0.9% w/v) and was intraperitoneally administered to rats
for 2 weeks. Different set animals were used for behavioral
depression, anxiety, spatial learning and memory, and Western
blotting experiments. The number of animals in each group was
determined based on earlier studies [9].

Chronic immobilization stress protocol

We have employed repeated immobilization stress
[9,10]. Rats were placed in immobilization cones between 10
a.m. and noon each day for 2 hours, where they were exposed to
stress and had limited access to water and food. Control animals
were kept in their cages and handled very occasionally.

Assessment of anhedonia

Sucrose consumption was used to assess anhedonia
in animals. During the test time, the animals were kept in
separate housing. Throughout the training period, each animal
had access to two bottles in the home cage, one containing 1%
w/v sucrose solution and the other with regular drinking water.
Water and sugar water consumption was measured daily, and the
two bottles’ placements (left and right) were reversed to avoid
place preference. After 18 hours of food or water deprivation, a
2-hour test was done (1,600—1,800). Following the test period,
each rat’s fluid intake was measured. The amount of sucrose
water consumed was multiplied by the total amount of liquid
consumed to determine the sucrose preference score [9,46—48].

Forced swim test (FST)

On the first day, rats were kept in a perspex cylinder
(60 cm high and 45 cm in diameter) at a constant temperature
of 25°C + 2°C for 15 minutes. The cylinder was filled with tap
water to a height of 40 cm. They were then removed from the
cylinder, towel-dried, and returned to their respective cages. On
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day 2, the animals were made to swim for 5 minutes as part of
a test, and their behaviour was recorded. Offline analyses were
conducted using the coded recorded data by an observer blind
to the treatments. The immobility parameter, which is described
by a rat floating vertically and only moving slightly to keep its
head above the water’s surface, was measured [9,46-48].

Open field test (OFT)

The OFT box is a square wooden box (100 x 100 x
40 cm) with a black-painted inner wall and floor. There are 25
squares (20 x 20 c¢cm) on the floor, with 16 squares on either
side of the center and 9 squares in the middle. Only the center
of the box was illuminated. Randomly selected rats from each
group were placed in an arena corner facing the center. Using
the tracking program Noldus Ethovision XT, the behavior was
captured for 5 minutes and examined (Noldus, Wageningen,
The Netherlands). After each testing session, the arena was
cleaned with 70% ethanol, and rats were tested only once. The
total distance traveled and the number of squares crossed were
counted [9,46,47].

Elevated plus maze (EPM)

The EPM is a reliable ethological test to identify
anxiety-like behavior. The EPM (Columbus Instruments, USA)
is an apparatus that has a stage that is plus-shaped and has two
open arms (50 x 10 cm), two closed arms (50 x 10 x 40 cm),
and a center (10 x 10 cm). It is elevated 60 cm off the ground.
The EPM was lighted by an overhead light source (60 W bulb).
Each rat was given 5 minutes to explore the closed and open
arms. Every trial was recorded on video using a camera set on
the roof, and the maze was cleaned with 70% alcohol between
sessions. The amount of time spent in open and closed arms,
open and entire arm entrances, vertical rearing, and head dips
were all considered while scoring videos [9,48].

Radial arm maze task

Reference and working memory were tested using
a partially baited eight-arm radial maze with eight arms
stretching radially from the center. The maze was maintained
40 cm off the ground. Before the experiment, rats were put on
a restricted diet to help them stay motivated to find food in the
maze and maintain 85% of their free-feeding body weight. The
rats were acclimated to the maze for 2 days in a row for 10
minutes each before the acquisition started. Each rat performed
two trials each day, separated by 1 hour, during the acquisition
phase, lasting 16 consecutive days.The rat has been allowed to
5 minutes to retrieve the bait from the four arms, numbers 2, 3,
6, and 8. When the rat has eaten four baits, the trial is over, or
5 minutes have passed. All four paws crossing from the center
into an arm have deemed an entry; an entry was considered the
correct decision when the baited arm was first visited in the
trial. After each test, the maze was wiped with 70% alcohol
to remove odor cluesRe-entry into baited or unbaited arms,
reference memory errors (RMEs), working memory errors, and
the overall number of arm entries were counted. Two trials were
provided to measure memory on the 11th day, 10 days after the
completion of acquisition [9,46—48].

Western blot analyses

From Sigma Aldrich, antibodies against BDNF, GFAP,
and VEGF were procured (St. Louis, MO). Chemicals of the
highest analytical grade were employed in the study. Halothane
anesthesia was used to sacrifice rats from all five groups.
Dissected samples of the frontal cortex, amygdalar complex,
and hippocampus were kept at —80°C until measurement. The
frozen tissues were thawed and homogenized in an ice-cold
1x phosphate buffer solution (PBS) solution that contained
10% sucrose, 1| mM EDTA, 20 mM Tris-HCI (pH 7.4), and
1x protease inhibitor cocktail (Sigma-Aldrich, USA) [9]. The
tissue was sonicated three times while being placed on ice (each
sonication for 10 seconds: QSonica Sonicator model Q125, New
York, NY). Before an aliquot was taken to estimate the protein
concentration, the homogenized materials were centrifuged
at 14,000 rpm for 15 minutes at 4°C in a chilled centrifuge.
The ELISA plate reader’s protein estimation procedure was
Bradford’s method (TECAN, GmbH, Austria).

30 g of protein and the same volume of 2x Laemmlli
buffer [10% w/v SDS, 20% v/v glycerol, 1% -mercaptoethanol,
dH,0, 100 mM Tris-HCl (pH 6.8)] were combined for
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). This mixture was heated for 10 minutes. After the
samples had cooled, the supernatant was centrifuged to remove
any insoluble protein pellets. The supernatant was then loaded
onto the wells. Unpooled frontal cortex and hippocampus
samples were loaded in duplicate (30 pg/lane). The amygdalar
complex samples, on the other hand, were pooled and loaded in
duplicate along with molecular weight markers in the relevant
wells. SDS-PAGE with 10%—-12% stacking polyacrylamide
gel consists of acrylamide mix 30%; 1.5 M Tris pH 8.8; 1.0 M
Tris pH 6.8; SDS 10%; ammonium persulfate 10%; TEMED;
distilled water at 100-125 V for 2-2.5 hours was used to
separate the samples (Biorad Laboratories Inc., Hercules, CA).

After being separated by SDS PAGE, proteins
were electrophoretically transferred from the gel to PVDF
membranes using a semi-dry transfer technique (Sree Maruthi
Scientific Works, Bangalore, India). After the transfer, the blots
were incubated in a blocking solution [Phosphate buffered
saline Tween-20 (PBST) containing 5% skimmed milk powder;
Nandini Milk Products, Bengaluru, India] for 1-1.5 hours at
room temperature or overnight at 4°C to avoid nonspecific
binding. The primary BDNF (1:500), VEGF (1:500), GFAP
(1:1,000), and anti-B-actin (1:2,000) antibodies from Abcam in
Cambridge, UK, were incubated on the blot for 2 hours at room
temperature. After removing any excess primary antibody with
PBST (10 minutes x 4), the blot was then incubated for an hour
at room temperature with horseradish peroxidase-conjugated
secondary antibody (diluted in PBST with a concentration of
1:2,000 for rabbit and mouse) (Bangalore Genei, Bengaluru,
India). Membranes were washed with PBST, and the immune
response was detected using either the SuperSignalTM West
Pico chemiluminescent substrate or developing the membranes
in 1x PBS containing 3,3'-diaminobenzidine [1 mg/ml (w/v)
and 0.1% H,O,] (Pierce Biotechnology, Illinois, USA).The
Gel documentation system captured the images (SYNGENE,
Synoptics Model G: Box Chemi XT4, Cambridge, UK). The



Mayegowda et al. / Journal of Applied Pharmaceutical Science 14 (03); 2024: 170-182 173

image was evaluated using Image J program’s densitometric
method (Wayne Rasband, Version 1.47, NIH, USA) and each
protein band was corrected to be equal to actin [9].

Assessment of volume changes in basolateral amygdale,
hippocampus, and dentate gyrus (DG)

On halothane-anesthetized rats, transcardial infusions
of ice-cold saline and a 10% v/v formaldehyde solution were
administered. The dissected-out brains were postfixed for 2
days. 40 um thick coronal slices were cut through the whole
anterior-posterior range of the hippocampus using a vibratome
(Leica, Wetzlar, Germany). The Nissl (cresyl violet) stain was
used to stain the serial brain sections. Their contours identified
the DG, hippocampus, and basolateral amygdala (BLA) as per
Paxinos and Watson [49] rat atlas [9,48]. The volume of the
DG, hippocampus, and BLA was calculated using unbiased
stereology using the software Sterco Investigator, as described
in earlier publications (MBF Bioscience, Microbrightfield, Inc.,
USA). The procedure was performed in every sixth section, and
both hemispheres were examined separately by merging the
sections. Cavalieri’s method expressed the overall volume as
the left and right hemispheres added together.

Statistical evaluation

The statistical evaluations were performed using
Graph Pad Prism 5. A two-way ANOVA and Bonferroni’s
post hoc test were used in RAM to examine group differences
across different days. One-way ANOVA was used to analyze
significant differences between groups for the OFT, EPM,
sucrose preference test (SPT), FST, neurotrophic factors, and
volume data. Tukey’s post hoc test was then used to compare
additional group differences. Statistical significance was
defined as a p-value of 0.05 or less.

RESULTS

Behavioral depression and the role of escitalopram treatment

The depressed group’s preference for sucrose was
much lower than the control group. In addition, the animals
who received escitalopram had significantly greater sucrose
preferences (CIS + ESC-5 and CIS + ESC-10; Fig. 1a) than
in the CIS group. There was no significant dose-dependent
effect seen among two doses of escitalopram. CIS + Veh group
continued to show behavioral depressive signs with a reduced
preference for sucrose water (F, ;, =23.37, Fig. 1a; p <0.001).

Compared to the control group, the CIS group
displayed more extended periods of immobility. Interestingly,
this behavioral despair was reduced in the FST following 2
weeks of escitalopram treatment. Both doses of escitalopram
demonstrated antidepressant effects in FST. The immobility
time of CIS animals was unaffected by vehicle administration
(F,., =34.01, p <0.001; Fig. 1b).

4,51

Reversal of locomotion and exploration by escitalopram
treatment

Locomotory and exploratory behavior was assessed in
the open arena (Fig. 2a—¢). Open field data indicated significant
differences for distance traveled (F, ., =9.56, p <0.001; Fig. 2f)

4,51

and the number of zone transitions among different groups (F, ;|
=12.00, p <0.001; Fig. 2g). Concerning distance traveled, and
the number of zone changes made, post hoc analysis showed that
escitalopram treated animals outperformed CIS and CIS + Veh
rats. The difference between the higher and lower escitalopram
doses for restoration is statistically significant.

Escitalopram showed an anxiolytic effect on CIS

In the EPM, CIS animals behaved more anxiously
than the control group did (Fig. 3a). In Figure 3b, they are
shown to spend more time in closed arms (p < 0.001; F, =
10.43) and less duration in open arms (F, ; = 49.02, p < 0.001;
Fig. 3a). Escitalopram showed a dose-dependent effect on
anxiety behavior. At 5 mg/kg dose, it did not restore anxiety in
CIS animals. On the other hand, at 10 mg/kg dose, escitalopram
completely significantly restored anxiety in depressed animals.

Depressed animals had fewer open arm entries (p <
0.001; F,,, = 12.61, Fig. 3c) and total arm transitions (F,,, =
19.97, p < 0.001; Fig. 3d) compared with control rats. In CIS
animals, the higher dose of escitalopram resulted in an elevated
number of open arm and total arm entries (p < 0.001). Lower
doses, however, did not impact these behaviors (p > 0.05).
About vehicle treatment, neither the overall number of open
arms nor total arm entries changed.

The number of vertical rearing was reduced in the
CIS group than control (F,,,, = 10.18, p < 0.001; Fig. 3e).
Escitalopram (10 mg/kg) partially restored the number of
vertical rearing in depressed animals. Depressed animals
exhibit decreased head dips (F,,, = 21.40, p < 0.001; Fig. 31)
in EPM compared to control animals. Escitalopram at a higher
dose could completely reverse this behavior.

Escitalopram treatment ameliorated spatial memory and
learning ability deficits in depressed animals

In a RAM task, depressed animals did not perform
well. They could not get 80% correct choice even after 16
training days. Animals treated with escitalopram outperformed
depressed animals in the RAM task (interaction -effect:
Fis15 = 4.46, p < 0.001; group effect: F,, = 23.20, p < 0.001;
Fig. 4a). Escitalopram did not show dose-dependent effect in
RAM until the fifth block, but from that point on, the higher dose
(CIS + ESC-10) group excelled the lower dose (CIS + ESC-5)
group in terms of performance.In depressed rats, a higher dose
entirely reversed spatial learning deficiencies, whereas a lower
dose only partially restored (7th block: F, ,. = 19.00 and 8th block:
F,,s = 2640, p < 0.001; Fig. 4b). The CIS + Veh administered
group still exhibited learning deficits on the RAM task (p > 0.05).

Unbaited arm entry was regarded as a reference memory
deficit. The number of errors in the standard control group decreased
over time and reached a lower value on the final acquisition day
(0.65 £ 0.14) than in the depressed group (2.75 + 0.37). Chronic
escitalopram administration considerably decreased the number
of RMEs produced by depressed animals (Fig. 4c; interaction
effect: F, ;= 2.96; group effect: F, ;= 15.75). In the depressed
group, the 10 mg dose of escitalopram entirely improved reference
memory. However, there is no statistical variance between the
lower escitalopram dose and the control group for reference
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memory. In the eighth block, the RME produced by the vehicle
group was similar to CIS (2.67 + 0.25; p > 0.05; Fig. 4d).

Re-entering the baited or unbaited arm was determined
to be a sign of working memory impairments. Depression or
escitalopram use did not impact working memory in the RAM
task (data not shown).

In the retention test, depressed animals still showed
memory impairment (% accurate decision: 60.25; RMEs: 2.97 in
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Figure 1. Escitalopram reversed behavioral depression in stressed rats. CIS rats
show decreased sucrose preference and increased immobility in SPT (a) and
FST (b). Stressed rats treated with Escitalopram showed more preference to
sucrose water in SPT and decreased immobility time in the FST. Data expressed
as Mean + SEM. Control (n = 12): un-stressed rats kept at standard home cage
condition; CIS (n = 12): animals subjected to immobilisation stress for 2 hour/
day for 10 days; CIS + Veh (n = 12): stressed animals administered with vehicle
for 14 days; CIS + ESC-5 (n = 10), CIS + ESC-10 (n = 10): stressed animals
treated with Escitalopram 5 mg and 10 mg/kg/day for 14 days intraperitoneally.
One-way ANOVA followed by Tukey’s post hoc test; ***p < 0.001 versus
control, #p < 0.001 versus CIS.

the CIS group). Only a higher dose of escitalopram was able to
improve depressed rats’ memory. In the CIS + ESC-10 group, the
RMEs (p <0.001; F, ;= 14.01, Fig. 5b) and % correct choice (p <
0.001; F, .= 16.62) were comparable to those in the control group.
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The frontal cortex and hippocampus’s BDNF, VEGF, and
GFAP expression is improved by escitalopram treatment

The hippocampal BDNF levels are decreased in
depression compared to the control condition (F, = 32.51,
p <0.001; Fig. 6d). Fronto-cortical BDNF remains unchanged
in depressed animals (F, (= 0.38, p > 0.05; Fig. 6e). Chronic
escitalopram treatment completely normalized BDNF
expression in the hippocampus without changing cortical
BDNF levels. In CIS animals, VEGF levels are lower in the
frontal brain and hippocampal regions. Escitalopram (higher
dose) treatment for CIS rats led to full recovery of VEGF
expression in the frontal cortex (p <0.001; F,  =7.13, Fig. 7¢)
and moderate recovery in the hippocampus (p < 0.001; F, =
12.32, Fig. 7d). In the frontal cortex and hippocampus of
depressed animals, the level of the astrocyte marker GFAP
was significantly decreased. Escitalopram ultimately increased
GFAP levels in the hippocampus after 2 weeks of treatment
(p<0.001; F,  =19.67, Fig. 8d) and only marginally improved
it in the frontal cortex (F, = 2.53, p > 0.05; Fig. 8e).

3,16

Partial restoration of BDNF and GFAP but not VEGF
expression in the basolateral amygdalar complex by
escitalopram treatment

The amygdalar complex showed increased expression
of BDNF (F3’4 =19.62, p <0.01; Fig. 6f), VEGF (F3’4 =17.94,
p <0.01; Fig. 7f), and GFAP (F3’4 =85.74, p < 0.001; Fig. &f)
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Figure 2. Restoration of exploratory and locomotor behavior by Escitalopram. Representative path length
tracks in open field. Image showing OFT tracks of different groups: (a) Control (n = 12): un-stressed rats kept
at standard home cage condition; (b) CIS (n = 12): animals subjected to immobilisation stress for 2 hour/day
for 10 days; (c) CIS + Veh (n = 12): stressed animals administered with vehicle for 14 days; (d) CIS + ESC-5
(n=10), (e) CIS + ESC-10 (n = 10): stressed animals treated with Escitalopram 5 mg and 10 mg/kg/day for 14
days intraperitoneally. Data expressed as Mean + SEM. One-way ANOVA followed by Tukey’s post hoc test;
*p < 0.05, ***p < 0.001 versus control, #p < 0.001, #p < 0.01, #p < 0.05 versus CIS.
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Figure 3. Chronic escitalopram treatment reduced anxiety-like behavior in
depressed rats. (a): % of time spent in open arms, (b): % of time spent in closed
arms, (c): number of open arm transitions, (d): total number of arm transitions,
(e): number of vertical rearings and (f): number of head dips. Data expressed
as Mean + SEM. Control (n = 12): un-stressed rats kept at standard home cage
condition; CIS (n = 12): animals subjected to immobilisation stress for 2 hour/
day for 10 days; CIS + Veh (n = 12): stressed animals administered with vehicle
for 14 days; CIS + ESC-5 (n = 10), CIS + ESC-10 (n = 10): stressed animals
treated with Escitalopram 5 mg and 10 mg/kg/day for 14 days intraperitoneally.
One-way ANOVA followed Tukey’s post hoc test; **p < 0.01, ***p < 0.001
versus control. #p < 0.05, #p < 0.010 versus CIS.

in response to depression. Escitalopram only partly improved
BDNF and GFAP levels in the amygdala but did not improve
VEGF expression.

Escitalopram completely prevented DG shrinkage and
hippocampal hypotrophy and did not affect the size of the
amygdala

Depression resulted in the DG and hippocampal
volume reduction. On the contrary, the basolateral amygdalar
complex showed hypertrophy. Escitalopram effectively
reverses the DG and hippocampal volumes at both doses
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Figure 4. Escitalopram completely ameliorated spatial learning and memory
impairment in depressed rats in a partially baited radial arm maze. (a): %
correct choice and (c): Number of RMEs in the acquisition phase of the RAM
task across trials. (b): % correct choice and (d): Number of RMEs in blocks 7
and 8. Control (n = 10): un-stressed rats kept at standard home cage condition;
CIS (n = 10): animals subjected to immobilisation stress for 2 hour/day for 10
days; CIS + Veh (n = 10): stressed animals administered with vehicle for 14
days; CIS + ESC-5 (n = 10), CIS + ESC-10 (n = 10): stressed animals treated
with Escitalopram 5 mg and 10 mg/kg/day for 14 days intraperitoneally. Data
expressed as Mean + SEM. Two-way repeated measure ANOVA followed by
Bonferroni’s post hoc test and One-way ANOVA followed by Tukey’s post hoc
test; ***p < 0.001 versus control; #*p < 0.001 versus CIS.

(F,,,=23.50 and F, , = 30.04, respectively; p <0.001 in Fig. 9a
and b). Unexpectedly, the therapy failed to reverse amygdalar

hypertrophy (F,, =9.21, p <0.001; Fig. 9¢).

420

DISCUSSION

The present study explored the beneficial effects
of chronic escitalopram treatment on depressive behavior,
heightened anxiety, spatial memory deficits, morphological
changes, and molecular markers. CIS causes anxiety and
depressive symptoms, poor spatial memory capacity,
hippocampus atrophy, and amygdalar hypertrophy. Also, the
neurotrophic factors BDNF, VEGF, and astrocytic marker
GFAP were reduced. The treatment with escitalopram reversed
both depression and anxiety-like behaviors, normalized spatial
memory deficits. This behavioral improvement was associated
with the restoration of BDNF, VEGF, and GFAP molecular
markers. These results imply that escitalopram shows useful
effect on cognitive deficiencies associated with CIS.

Previous preclinical studies demonstrated that different
chronic stress models alter hippocampal structure and function
[9-12,50,51]. We can distinguish between working memory
and reference memory components of spatial memory using
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the partly baited RAM task. Reference memory is the storage
of consistent data across trials and is, hence, independent of
the trial. On the other hand, working memory is a type of
memory that is trial dependent since the information to be
retained changes throughout repeated trials [9,52,53]. Working
memory and reference memory have been associated with the
hippocampus and cerebral cortex, respectively [54-56].

Shilpa et al.
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Figure 5. Escitalopram restored memory impairment in the retention test. (a): %
correct choice and (b): Number of RMEs in the retention test. Control (rn = 10):
un-stressed rats kept at standard home cage condition; CIS (n = 10): animals
subjected to immobilisation stress for 2 hour/day for 10 days; CIS + Veh (n =
10): stressed animals administered with vehicle for 14 days; CIS + ESC-5 (n
= 10), CIS + ESC-10 (n = 10): stressed animals treated with Escitalopram 5
mg and 10 mg/kg/day for 14 days intraperitoneally. Data expressed as Mean
+ SEM. One-way ANOVA followed by Tukey’s post hoc test; ***p < 0.001
versus control. #p < 0.001 versus CIS.

The hippocampus experiences morphological and
functional changes as a result of long-term stress, depression, and
the increase in glucocorticoid exposure that follows, including
atrophy of the apical dendrites of CA3 pyramidal neurons
and decreased synaptic plasticity in the CA1 area [51,57,58].
Prolonged stress, depression, and the resultant increase in
glucocorticoid exposure are associated with structural and
functional alterations in the hippocampus, including decreased
synaptic plasticity in the CA1l area and atrophy of the apical
dendrites of CA3 pyramidal neurons area [51,57,58].

In addition, prolonged stress inhibits hippocampal
neurogenesis, which may cause hippocampal atrophy [59,60].
Repeated stress exposure decreased the production of BDNF,
which is essential for neurogenesis and brain remodeling
[9,31,33]. The pathogenesis of MDD is heavily influenced
by neurotrophic factor deficits and the subsequent decline in
neural plasticity in the hippocampus [9,47,48]. According to
postmortem investigations, depression is linked to modifications
in the number and structure of both neurons and astrocytes
[15,16,61]. Chronic stress decreased the expression of GFAP
mRNA in the prefrontal cortex (PFC) and in cells that express
GFAP in the hippocampus [9,45].

The serotonergic system plays a major role in behavioral
changes associated with stress and depression [22-26,62].
Escitalopram is clinically used to treat anxiety comorbid with
depression [62]. Escitalopram effectively treats cognitive deficits
in depressed individuals [63] and improves overall cognitive
abilities, including verbal and visual memory [64,65]. Earlier
studies show the anti-anxiety activity of escitalopram in animals
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Figure 6. Effect of chronic escitalopram treatment on stress-induced altered BDNF expression. Representative
immunoblots of BDNF and B-actin from the hippocampus (a), Frontal cortex (b) and Amygdalar complex (c).
Escitalopram treatment restores BDNF levels in the hippocampus (d). Frontal cortical BDNF expression was
not significantly altered in all groups (e). Up-regulated amygdalar BDNF was partially restored in the CIS +
ESC-10 group (f). Control (n = 5): un-stressed rats kept at standard home cage condition; CIS (rn = 5): animals
subjected to immobilisation stress for 2 hour/day for 10 days; CIS + Veh (n = 5): stressed animals administered
with vehicle for 14 days; CIS + ESC (n = 5): stressed animals treated with Escitalopram 10 mg/kg/day for 14
days intraperitoneally. Data expressed as Mean = SEM. One-way ANOVA followed by Tukey’s post hoc test;
*p <0.05, **p <0.01, ***p <0.001 versus control. **p < 0.001 versus CIS. Values were normalised to B-Actin

and compared with controls.
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Figure 7. Escitalopram treatment restored VEGF expression in the hippocampus and frontal cortex. Representative
immunoblots of VEGF and B-actin from the hippocampus (a), Frontal cortex (b) and Amygdalar complex (c). Down-
regulated VEGF levels in the hippocampus (d) and frontal cortex was restored by escitalopram treatment (e). Up-regulated
amygdalar VEGF was not restored in the CIS+ ESC-10 group (f). Control (n = 5): un-stressed rats kept at standard home
cage condition; CIS (n = 5): animals subjected to immobilisation stress for 2 hour/day for 10 days; CIS + Veh (n = 5):
stressed animals administered with vehicle for 14 days; CIS + ESC (n = 5): stressed animals treated with Escitalopram
10 mg/kg/day for 14 days intraperitoneally. Data expressed as Mean + SEM. One-way ANOVA followed by Tukey’s post
hoc test; *p < 0.05, **p < 0.01, ***p < 0.001 versus control. p < 0.05 versus CIS. Values were normalised to B-Actin and
compared with controls.
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Figure 8. Escitalopram restored altered GFAP expression in the hippocampus and frontal cortex. Representative immunoblots
of GFAP and B-actin from the hippocampus (a), Frontal cortex (b) and Amygdalar complex (c). Treatment with Escitalopram
reversed GFAP levels in the hippocampus (d) and frontal cortex (e) and amygdalar complex (f). Control (n = 5): un-stressed
rats kept at standard home cage condition; CIS (n = 5): animals subjected to immobilisation stress for 2 hour/day for 10
days; CIS + Veh (n = 5): stressed animals administered with vehicle for 14 days; CIS + ESC (n = 5): stressed animals treated
with Escitalopram 10 mg/kg/day for 14 days intraperitoneally. Data expressed as Mean + SEM. One-way ANOVA followed
Tukey’s post hoc test; **p < 0.01, ***p < (0.001 versus control. #p < 0.01 versus CIS. Values were normalised to B-Actin
and compared with controls.

[66,67]. Maternally separated rats treated with escitalopram The antidepressant treatment restored reduced
demonstrate decreased ultrasonic vocalizations [68]. Also, 7 BDNF levels in MDD patients [36,37]. In line with earlier
days of escitalopram treatment for MDD patients normalized research [28,70,71], escitalopram in the present investigation

amygdala hyperactivity in response to negative stimuli [69]. augmented BDNF levels in depressed rats. In the current
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Figure 9. Chronic escitalopram treatment restores hypotrophy of DG and
hippocampus without altering amygdalar hypertrophy. DG (a), hippocampus
(b), and BLA (c). Control (n = 5): un-stressed rats kept at standard home cage
condition; CIS (n = 5): animals subjected to immobilisation stress for 2 hour/day
for 10 days; CIS + Veh (n = 5): stressed animals administered with vehicle for
14 days; CIS + ESC-5 (n = 5), CIS + ESC-10 (n = 5): stressed animals treated
with Escitalopram 5 mg and 10 mg/kg/day for 14 days intraperitoneally. Data
expressed as Mean = SEM. One-way ANOVA followed by Tukey’s post hoc
test; *p <0.05, **p <0.01, ***p <0.001 versus control. #» <0.001 versus CIS.

study, escitalopram increased BDNF levels in depressed
rats, consistent with previous findings [28,70,71]. Increased
BDNF correlates with the restoration of hippocampal atrophy
in stressed rats. We observed an overall restoration of GFAP
expression, BDNF, and VEGF levels in the hippocampus,
followed by escitalopram treatment, contributing to the
reversal of hippocampal and DG volumes. In contrast,
amygdalar hypertrophy and expression of GFAP, BDNF,
and VEGF are not changed after escitalopram treatment. In
the previous study, escitalopram partially prevented central
amygdala corticotrophin-releasing factor overexpression-
induced enhanced anxiety [72]. Previous studies showed that
patients with major depression or administered with synthetic
glucocorticoids exhibited reduced GFAP in CA1 and CA2 and
the left orbitofrontal cortex [45,73]. These studies support the
differential effect of escitalopram on amygdala structure and
biomarkers in the current study.

We hypothesize that escitalorpam’s positive impact
on chronic immobilizations may be related to how it affects
BDNF levels in the hippocampus. The results of our study
clearly demonstrated a strong correlation between structural
changes and cognitive functions with the expression of
neurotrophic factors. It has been observed that the neurotrophic
factor levels, BDNF, correlate with the performance in spatial
learning. Stress-induced decreased BDNF expression in
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Figure 10. Correlation between hippocampal BDNF levels with spatial learning
in radial arm maze task. Escitalopram treated animals showed enhanced
hippocampal BDNF levels, which was associated with better performance in
spatial learning in the partially baited radial arm maze test. NC: Normal control;
ST: animals subjected to 10 days of chronic immobilization stress; ST + ES-10
and ST + VC: ST rats treated with escitalopram 10 mg/kg b.w., and 0.9% saline
i.p., respectively for 14 days.

the hippocampus correlates with impaired hippocampal-
dependent learning. Interestingly, chronic escitalopram
treatment enhances BDNF in depressed animals, which
may be responsible for the amelioration of spatial learning
deficits (Fig. 10). Previous studies showed that to 3 weeks
of escitalopram treatment restored VEGF, BDNF, and their
downstream signaling molecules such as Trk, ERKI1/2,
mitogen-activated protein kinase, and cyclic AMP-response
element binding protein in the hippocampus and PFC in
chronic stress models [74-76].

In a previous clinical study, escitalopram
treatment increased plasma BDNF levels in patients with
mild neurocognitive disorders [37]. Escitalopram restored
hippocampal synaptic plasticity in stressful and depressive
situations [47,77], which may also be related to increased
BDNF and extracellular signal-regulated kinase levels in
the hippocampus [77]. Chronic escitalopram administration
decreased the endogenous glutamate release triggered by
depolarization [78,79], indicating an enhancement in spatial
memory ability in depressive-like animals [45,46].

A recent study indicated that escitalopram (15 mg/
kg per day) given by oral gavage for 3 weeks restored chronic
defeat stress-associated goal-directed motivated behavior [80].
In another study, escitalopram (10 mg/kg i.p.) administered
for 28 days in chronic mild unpredictable stress ameliorated
cognitive deficits [81]. Coadministration of escitalopram (10
mg/kg, i.p.) during 3 weeks of restraint stress significantly
increased mTOR expression in the hippocampus [82].
Escitalopram given during the first 2 weeks in food pellets
(0.34 g/kg/day) and 0.41 g/kg/day in the subsequent period for
maternally separated rats improved hippocampal-dependent
memory [83].
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There are some limitations of the present study. As
many brain regions are affected in the chronic stress condition
other than the hippocampus and amygdala, further studies
focusing on an integration of other brain regions such as
the PFC and hypothalamus are required. /n-vivo long-term
potentiation experiments should be considered in the future to
correlate with behavior. Also, the neurotransmitter estimation
in different brain regions based on the beneficial effect of
escitalopram is suggested for further corroboration of current
findings.

CONCLUSION

The current research suggests that the SSRI
escitalopram attenuates the behavioral effects of depression,
including anxiety and poor spatial learning and memory, as a
result of regulating the levels of the neurotrophic factors BDNF,
VEGF, and GFAP, and reversing hippocampal atrophy.
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