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Background: Previous clinical and preclinical studies have indicated that the N-methyl-p-aspartate
(NMDA) receptor antagonist, memantine, has neuroprotective properties as well as antidepressant
effects. The present study was designed to examine behavioral and molecular effects of memantine
administration in rats subjected to the repeated unpredictable stress (RUS) paradigm.

Methods: Rats were split into four groups at random including control + saline, control + memantine,
stressed + saline and stressed + memantine. After 10 days of exposure to the RUS paradigm, rats were

g?;‘f:srgzn administered memantine (20 mg/kg) intraperitoneally (ip) for 14 days. Depression-like behavior and

Memantine memory performance were assessed by measuring immobility time in the forced swim test and passive

BDNF avoidance test, respectively. The mRNA levels of BDNF and TrkB in the prefrontal cortex and hippocampus

TrkB were measured by real-time quantitative PCR.

Rat brain Results: Our results demonstrated that the RUS paradigm caused depression-like behavior and
impairment of memory retrieval in rats. We did not find significant changes in BDNF or TrkB mRNA levels
in hippocampus, but mRNA levels of TrkB in the prefrontal cortex showed a significant downregulation.
Administration of memantine reversed depression-like behavior and memory impairment and
significantly increased BDNF and TrkB mRNA levels in both prefrontal cortex and hippocampus of
stress exposed rats.

Conclusions: Our study supports the hypothesis that drugs with antagonistic properties on the NMDA

receptor, such as memantine, might be efficient in treatment of major depression. Our results also

suggest that upregulated mRNA levels of BDNF and TrkB in the brain might be essential for

antidepressant-like activity of memantine in stress exposed rats.

© 2017 Institute of Pharmacology, Polish Academy of Sciences. Published by Elsevier Sp. z 0.0. All rights
reserved.

Introduction studies have demonstrated that activation of hypothalamic-

Major depressive disorder (MDD) is a devastating psychiatric
disorder that involves high morbidity and mortality and has a
worldwide prevalence rate at 15-20% in the general population
[1-3]. There is an increasing amount of data indicating that
cognitive disturbances, such as memory impairments, are core
symptoms of MDD and that antidepressant treatment may
improve cognitive dysfunctions along with mood improvement
[4,5]. Exposure to stressful life events is a principal risk factor for
the induction and progression of a depressive episode and several
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pituitary-adrenal (HPA) axis is the most critical causal factor of
MDD [6-10]. Higher activity of the HPA axis, and enhanced cortisol
levels in plasma and cerebrospinal fluid, have been reported for
depressed patients and effective antidepressant treatments have
been shown to restore the function of the HPA axis [11-13]. Based
on these findings, the repeated unpredictable stress (RUS)
paradigm was designed and has been commonly used as an
animal model of depression. The model has been demonstrated to
induce considerable cellular and molecular effects on the brain as
well as an enhancement of plasma corticosterone levels [14-18].
Monoamine-based antidepressants are usually prescribed for
treatment of MDD, particularly selective serotonin reuptake
inhibitors (SSRIs) that result in enhancement of the serotonin
levels[5]. But because of side effects, latency in onset of action, and
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absence of response in 30-40% of patients, their clinical efficacy is
low [19]. For these reasons novel, alternative, rapid acting and
more effective antidepressant drugs are urgently needed. There is
considerable evidence that increased glutamatergic neurotrans-
mission plays an important role in the pathophysiology of
depression [20]. Thus glutamate levels in blood, cerebrospinal
fluid (CSF) and in the brain of depressed patients have been found
to be elevated compared to healthy controls [21]. Notably, it has
been described that glutamate through the NMDA subtype of
ionotropic glutamate receptors (NMDAR) mediate normal physio-
logical neural activities, however, in pathological conditions
overactivation of NMDA receptors lead to neurotoxicity and
neuronal damage in many neurological diseases [22]. Interestingly,
antagonists of NMDA receptor such as memantine and ketamine
have displayed antidepressive properties in several preclinical and
clinical studies [19,23,24-31]. Ketamine, a high-affinity NMDA
receptor antagonist, have a rapid and substantial therapeutic
effect, however, the antidepressant effects of ketamine in MDD
patients are transient and ketamine has severe adverse effects such
as psychotomimetic and cognitive effects, which has limited its
chronic use [32]. In contrast, memantine is a low-affinity non-
competitive blocker of NMDA receptors and a safe and well-
tolerated agent that clinically is prescribed for patients with
Alzheimer’s disease [33,34]. Unlike other NMDA receptor antag-
onists, memantine has neuroprotective properties that efficiently
blocks excitotoxicity induced by hyperactivity of the NMDA
receptors at therapeutically doses, thus restoring normal neuro-
transmission [22,35]. Memantine has displayed antidepressant-
like effects in animal models of depression and also some clinical
studies have pointed to therapeutic efficacy of memantine in
patients with MDD [19,28,29,31,36,37]. However, the molecular
mechanisms underlying the antidepressive properties of mem-
antine in animal and clinical studies still have not been fully
explored. In a previous pre-clinical study, memantine enhanced
levels of brain-derived neurotrophic factor (BDNF) in the prefron-
tal cortex and normalized anhedonic behavior and corticosterone
levels in a chronic mild stress (CMS) model of depression [36]. In
addition, several studies have reported that stress diminishes the
expression of BDNF in brain structures related to depression and
antidepressants increases mRNA level of BDNF and its receptor,
tyrosine kinase-coupled receptor (TrkB) reversing the effects of
stress [36,38,39]. BDNF-TrkB signaling is known to be involved in
synaptic plasticity and neuronal survival. Furthermore, according
to the neurotrophic hypothesis of depression, reduced levels of
BDNF in the hippocampus and frontal cortex is believed to be an
essential causal factor for depression and upregulation of BDNF
may be crucial for the therapeutic effects of antidepressant
treatment [39,40]. Additionally, reduced levels of BDNF and other
neurotrophic factors might play a role in atrophy of hippocampus
and prefrontal cortex of patients with depression, brain areas
known to be involved in learning and memory [39,41].

These studies lead us to a hypothesis that the antidepressive
properties of memantine probably are caused by changes in gene
expression of BDNF/TRKB signaling in the hippocampus and
prefrontal cortex. Therefore, the current study was designed in
order to investigate molecular mechanisms underlying antide-
pressant-like effects of chronic use of memantine in rats exposed
to the repeated unpredictable stress paradigm.

Materials and methods
Animals
A total of 60 adult male Wistar rats weighing 250-270 g were

housed 4 per cage (60 x 35 x 21 cm) except when isolation was
employed as a stressor. Animals were kept at (22+2°C), on

standard 12/12 h light/dark cycle, with lights on from 7 a.m. to 19 p.
m., except when a reversed light/dark cycle was applied during the
stress regime. Food and water was accessible ad libitum except
when food or/and water deprivation was applied as a stress factor.
The Ethic Committee of University approved the protocol of study
and all experiments were conducted consistent with rules of the
National Institutes of Health Guide for the care and Use of
Laboratory Animals (NIH publications no. 80-23; revised 1996). All
efforts were made to minimize the number of rats used.

Repeated unpredictable stress and drug injection

The RUS procedure was conducted for 10 days applying eight
different kinds of stressors including: food deprivation, water
deprivation, cage tilt, reversed light/dark cycle, isolation, group-
housedinsoiled cage, tail pinch inrestrainer and restraint stress. Two
of eight different stressors were presented to rats twice daily in an
unpredictable sequential order, and at irregular times, according to
an established paradigm [15,17,18]. Control rats were housed in their
home cages during the 10-day period. The RUS procedure was
stopped after 10 days and then ip injection of saline or memantine
hydrochloride at a dose of 20 mg/kg (Sigma-Aldrich, Germany) was
initiated once a day over 14days. The drug treatment was
administered in a volume of 1ml/kg. The rats were randomly
divided into 4 groups (n =15 per group) including: control + saline;
control + memantine; stressed + saline; stressed + memantine. The
dose of 20 mg/kg of memantine applied in the present study was in
accordance with previous studies [28,29,36]. Table 1 outlines the
RUS paradigm and study design.

Forced swim test (FST)

FST was based on previous reports [24,26,42] and involves two
individual exposures to swimming in a cylindrical transparent tank
(tall: 80 cm; diameter:30 cm). The tank was half-filled with water
(22-23°C) to prevent rats touching the bottom of the tank. During
pre-test session, rats did forced exposure to the water tank for
15 min 24 h after the pre-test session, the rats were tested for 5 min
(test session), and the immobility time of rats were recorded in
seconds. Memantine or saline was injected 60 min before the test
session. First exposure to FST (pre-test session) was done on day 13
of chronic drug treatment, after the training phase in the passive
avoidance test. On the 14th day, the last ip injections were
performed and after 60 min the passive avoidance test was
repeated. 5min later the immobility time was recorded by
exposure to 5 min swimming test.

Passive avoidance test

A step-through passive avoidance task was applied on days 13
and 14 of chronic drug treatment, 1h after the last ip drug
administration, to evaluate memory retention. The task procedure
consisted of two phases: a training or acquisition phase and a
retention phase with an inter-phase interval of 24 h. The step-
through device comprised of two compartments, one bright and
one black, of equal size (20 x 20 x 30 cm) detached via a decapitate
door (7 x 9 cm). In the black chamber there was a grid floor built of
stainless steel (2.5 mm in thickness) for delivery of 50 Hz electric
shocks with 1 mA intensity for 3 s. A training trial was performed
according to Monleon et al. [43]. On the first day of training
(preacquisition trial), each rat was located in the bright section of
the apparatus in a gentle way and after 30 s the door between two
chambers was opened and the animal was able to move freely into
the black section. When the animals completely entered into the
black section, the door joining two chambers was closed and the
rats were immediately removed to their homecages. The training
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Table 1
Repeated Unpredictable Stress Paradigm and Experimental Schedule.

Day 1st stressor 2nd stressor
Time Type Time Type
1 8 AM food deprivation (24 h) 7 PM Isolation housing (overnight)
2 10 AM cage tilt (45°, 7h) 5 PM 30-min restraint
3 8 AM tail pinch in restrainer (1 min) 7 PM group-housed in soiled cage (overnight)
4 8 AM reversed light/dark cycle (24 h) 7 PM 30-min restraint
5 9 AM water deprivation (24 h) 1 PM tail pinch in restrainer (1 min)
6 8 AM food deprivation (24 h) 7 PM group-housed in soiled cage (overnight)
7 9 AM reversed light/dark cycle (24 h) 7 PM Isolation housing (overnight)
8 9 AM water deprivation (24 h) 4 PM 30-min restraint
9 10 AM reversed light/dark cycle (24 h) 7 PM tail pinch in restrainer (1 min)
10 10 AM cage tilt (45°, 7h) 7 PM Isolation housing (overnight)
11-24 Drug administration without stress
23 training phase of Passive Avoidance Test
pre-test session of Forced Swim Test
24 retention phase of Passive Avoidance Test

test session of Forced Swim Test
Euthanize and collect samples

(acquisition) phase was carried out 15 min after the preacquisition
phase. In the training phase, after a 30 s adaptation period, the door
between two chambers was opened and as soon as the rat paced
into the dark chamber, the door was closed and a foot shock was
applied (50 Hz, 1 mA, 3s). The time delay before entering into the
dark chamber was measured as the training latency. The rat was
allowed to remain in the dark chamber for 20s and was then
removed. The recall of this aversive event, denoted inhibitory
avoidance memory, was assessed 24 h after the training phase, and
the step-through latency was recorded for each animal as an index
of memory retention. The retention test was terminated when the
animal stepped into the dark chamber or stayed in the light
chamber for more than 300s. During the retention phase the
electric shock was not delivered.

Real-time quantitative PCR (qPCR)

2 h after the last drug administration, control rats and groups
exposed to stress were decapitated, brains were removed, and
prefrontal cortex and hippocampal tissue were immediately
dissected, snap frozen on dry ice, and kept at —80 °C until further
downstream analysis in order to quantify mRNA expression of
BDNF and TrkB. Total mRNA was isolated from 50 to 100 mg of
hippocampus and frontal cortex tissue using the Trizol™ Isolation
Reagent Kit (Life Technologies, Carlsbad, CA, USA) in accordance
with the instructions of manufacturer. Content and purity of
extracted RNA was verified using spectrophotometry (Biochrom,
UK). Synthesis of cDNA was performed by a reverse transcription
kit based on the manufacturer’s protocols (SuperScript IIl, Life
Technologies, Carlsbad, CA, USA). Design of primers was performed
using Primer-Blast software and Rattus norvegicus genome
sequence data on the National Center for Biotechnology Informa-
tion (NCBI) website. Table 2 shows Primer sequences of BDNF, TrkB
and [3-actin genes. qPCR was performed in triplicate by the
QuantiTect™ SYBR®™ Green PCR mastermix reagent kit (Ampliqon,
Denmark) using StepOneplus Real-Time apparatus (Applied
Biosystems, USA). The relative gene expression of the BDNF and

Table 2
Primer sequences of BDNF, TrkB and 3-actin genes.

TrkB was normalized to [3-actin as the reference gene. The data
analysis was performed by the comparative C(T) method [44].

Statistical analyses

All results were expressed as the mean 4 SEM. Statistical
analysis was carried out using a Kruskal-Wallis test followed by a
Mann-Whitney U test in order to compare differences in the
immobility time, training and retention latencies and mRNA levels
of BDNF and TrkB between experimental groups. Statistical
significance for all analyses was considered at p-value <0.05.
Analysis of data was carried out using SPSS software (version 20).

Results

The Kruskal-Wallis test showed that the four groups are overall
significant different regarding immobility time in the forced swim
test (x>=34.890, df=3, p<0.001). The Mann-Whitney test
indicated a significantly increased immobility time of saline
treated, stressed rats compared to the control group (p < 0.001;
Fig. 1). The Mann-Whitney test also showed that 14 days of
memantine treatment (20 mg/kg) significantly normalized the
immobility time of stressed rats compared to the saline treated,
stressed rats (p < 0.001; Fig. 1).

The Kruskal-Wallis test also revealed a significant difference in
training latency (on day 1) (x?=31.555, df=3, p<0.001) and
retention latency (after 24 h) (x? = 34.446, df =3, p < 0.001) among
the four groups. The effects of the RUS paradigm and chronic
administration of memantine on the training latency and retention
latency in the step-through passive avoidance test are illustrated in
Fig. 2. The Mann-Whitney test indicated that rats exposed to RUS
have a significantly reduced training latency compared to non-
stressed rats (p < 0.001, Fig. 2a). Interestingly, the treatment of
stressed rats with memantine increased training latency relative to
saline treated, stressed rats (p <0.001, Fig. 2a). Furthermore
stressed rats showed significantly shorter retention latency
compared to control rats (p < 0.001, Fig. 2b). The Mann-Whitney

Gene Forward primer Reverse primer Product length
BDNF 5'-CAATCGAAGCTCAACCGAAGAG -3’ 5'—- AACCCGGTCTCATCAAAGCC -3’ 214 bp
TrkB 5'-CCAAGTTTGGCATGAAAGG G-3' 5'-GCAACAGTAGTCCCAGGAGTT-3' 139 bp
-actin - - - - p
i 5'- ACCCGCGAGTACAACCTTCT -3’ 5'-ATACCCACCATCACACCCTGG —3' 203 b
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Fig. 1. The effects of the 14 days memantine administration (20 mg/kg) on the
immobility time in the forced swim test in rats exposed to repeated unpredictable
stress (RUS) paradigm. Bars illustrate means + SEM. **p < 0.001 vs. control + saline,
## p < 0.001 vs. RUS +saline, according to Mann-Whitney U test.

test indicated that chronic administration of memantine signifi-
cantly increased retention latency in stressed rats as compared to
that shown by saline treated, stressed rats (p < 0.001, Fig. 2b). The
decrease in step-through latencies suggest impaired memory
retention in the passive avoidance test.

The hippocampal mRNA levels of BDNF and TrkB are shown in
Fig. 3. The Kruskal-Wallis test indicated a significant difference in
mRNA expression levels of BDNF (x? = 50.280, df = 3, p < 0.001) and
TrkB (x° =49.684, df = 3, p < 0.001) in the hippocampus among the
four groups. The Mann-Whitney test indicated that saline treated,
stressed rats are not significantly different with respect to mRNA
levels of BDNF and TrkB, in the hippocampus, in comparison with
the control group (p>0.05; Fig. 3), however, memantine
administration to rats exposed to the RUS paradigm augmented
mRNA levels of BDNF and TrkB, in the hippocampus, in comparison
with all remaining groups (p < 0.001; Fig. 3). Interestingly, control
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Fig. 2. The effects of the 14 days memantine administration (20 mg/kg) on latency
to go into the dark chamber during training (a) or retention phase (b) in the passive
avoidance test in rats subjected to repeated unpredictable stress (RUS) procedure.
Bars illustrate means & SEM. **p <0.001 vs. control +saline, ## p < 0.001 vs.
RUS + saline, according to the Mann-Whitney U test.
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Fig. 3. The effects of the 14 days memantine administration (20 mg/kg) on the
mRNA levels of BDNF (a) or TrkB (b) in the hippocampus of rats subjected to
repeated unpredictable stress (RUS) paradigm. Bars illustrate means -+ SEM.
**p <0.001 vs. control +saline, ## p < 0.001 vs. RUS +saline, according to Mann-
Whitney U test.

rats treated with memantine showed significantly augmented
hippocampal BDNF and TrkB mRNA levels relative to saline treated
control rats (p < 0.001; Fig. 3).

Fig. 4 illustrates prefrontal cortex mRNA levels of BDNF and
TrkB. The Kruskal-Wallis test revealed an overall statistically
significant difference in mMRNA expression levels of BDNF
(x*>=50.087, df=3, p<0.001) and of TrkB (x?=51.320, df=3,
p <0.001) in prefrontal cortex. Statistical analyses revealed that
the RUS paradigm did not affect BDNF mRNA levels in the
prefrontal cortex of stressed rats compared to control rats
(p > 0.05; Fig. 4a). But the Mann-Whitney test did show that the
RUS paradigm decreased mRNA levels of TrkB, in the prefrontal
cortex, of stressed rats compared to saline treated control rats
(p < 0.01; Fig. 4b). Stressed rats receiving memantine chronically
was shown to have significantly augmented mRNA levels of BDNF
and TrkB, in the prefrontal cortex, compared to vehicle treated,
stressed rats (p <0.001; Fig. 4). Interestingly, non-stressed rats
injected with memantine showed significantly increased mRNA
levels of BDNF and TrkB in the prefrontal cortex when compared to
saline treated non-stressed rats (p < 0.001; Fig. 4).

Discussion

The intention of the current study was to track some of the
mechanisms underlying antidepressant-like properties of mem-
antine in rats with depression-like symptoms induced by exposure
to stress. The present study demonstrated that: (1) RUS exposed
rats have increased immobility time in the forced swim test; (2)
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Fig. 4. The effects of the 14 days memantine administration (20 mg/kg) on the
mRNA levels of BDNF (a) or TrkB (b) in the prefrontal cortex of rats subjected to
repeated unpredictable stress (RUS) paradigm. Bars illustrate means + SEM.
**p<0.001 vs. control+saline, ## p<0.001 vs. RUS+saline, * p<0.01 vs.
control + saline, according to the Mann-Whitney U test.

administration of memantine decreased the immobility time
induced by stressful stimuli; (3) RUS rats showed reduced training
latency in the passive avoidance test; (4) injection of memantine
increased the training latency induced by repeated unpredictable
stress; (5) RUS rats showed reduced retention latency in the
passive avoidance test; (6) treatment with memantine increased
the retention latency induced by RUS protocol; (7) memantine
increased BDNF mRNA levels in the prefrontal cortex and
hippocampus of non-stressed rats; (8) memantine increased TrkB
mRNA levels in the prefrontal cortex and hippocampus of non-
stressed rats; (9) memantine increased BDNF mRNA levels in
prefrontal cortex and hippocampus of RUS rats; (10) RUS exposed
rats did not show significant changes in BDNF mRNA levels in the
prefrontal cortex and hippocampus; (11) RUS exposed rats
revealed decreased mRNA expression of TrkB in the prefrontal
cortex; (12) memantine increased mRNA level of TrkB in both brain
regions in RUS exposed rats.

Our findings are consistent with a previous study that has
shown memantine significantly raised BDNF and TrkB mRNA levels
in the cerebral cortex, cingulate, retrosplenial, and entorhinal
cortices in the rat brain [45]. Additionally, our results are in
agreement with several studies reported previously, that demon-
strate agents with antagonistic properties on the NMDA receptor,
such as amantadine, memantine and ketamine, which in
combination with traditional antidepressants decrease immobility
time and significantly upregulate protein levels and mRNA
expression of BDNF in the rat brain [46-48]. This feature of NMDA

receptor antagonists in alteration of BDNF levels underpin the
hypothesis that glutamatergic activation of the NMDA receptor is
implicated in the regulation of BDNF levels in the brain [29,48]. Our
findings also show that memantine is capable of reversing
increased immobility time of stress exposed rats in the forced
swim test to a comparable level of vehicle treated control rats. our
data are in accordance with previous studies demonstrating that
chronic stress induce depression-like behavior in rats and that
chronic injection of memantine (20 mg/kg) lead to antidepressant-
like activity in stressed rats [28,36]. Moreover, similar to previous
studies, we observed that chronic stress does not affect BDNF
levels in the rat brain [49]. However, some studies reported a
downregulation of BDNF mRNA levels in the prefrontal cortex and
hippocampus of the stressed rats [50-52]. The reason for this
inconsistency is not clear, however, it has been suggested that
some conditions, such as duration and severity of stressors as well
as age of rats, might influence the levels of BDNF and its receptor,
TrkB [52].

Interestingly, our results demonstrate that chronic treatment
with memantine significantly increases BDNF and TrkB mRNA
levels of both the hippocampus and prefrontal cortex of stressed
rats. The present findings are in agreement with previous studies
which suggested that increased BDNF and TrkB mRNA levels are a
common antidepressant mechanism of action [38]. Our findings
suggest that increased expression of BDNF and TrkB is involved in
the molecular mechanism underlying antidepressant properties of
memantine. In this regard, behavioral studies have shown that
injection of BDNF into the brain generates antidepressant effects in
behavioral depression tests [53,54]. In addition, it has been
suggested that BDNF is implicated in the cellular and behavioral
responses to stress [55,56]. Thus it has been proposed that
downregulation of BDNF is implicated in stress induced neuronal
atrophy in hippocampus [55,56]. BDNF belongs to the family of
growth factors that has considered as an essential factors in
differentiation, development, plasticity and survival of hippocam-
pal neurons in the developing and adult brains [57]. It has
demonstrated that repeated stress can produce neuronal death and
atrophy in hippocampus and chronic treatment with the
antidepressant tianeptine has been shown to avert such neuronal
atrophy induced by stress [58-60]. Future studies are warranted to
examine if chronic treatment with memantine has similar
neuroprotective effects against chronic stress induced neuronal
atrophy. In addition, our data show that RUS-exposed rats have
significantly impaired memory retrieval in the passive avoidance
test. Our findings are similar to previous evidence suggesting that
chronic stress paradigms have a detrimental influence on learning
and memory [61]. Disturbances in both HPA axis and cognitive
functions, including learning and memory dysfunctions, are core
elements in MDD and might be related to structural abnormalities
induced by chronic stress in the hippocampus and the PFC
[39,61,62]. It has been shown that BDNF is involved in long-term
potentiation (LTP), a cellular type of synaptic plasticity resulting
from long-term, activity-dependent alterations in the synaptic
strength suggesting required molecular processes for formation of
memory traces [63,64]. Several studies have shown that stress
change LTP and synaptic plasticity and the NMDA receptor has a
primary role in regulation of synaptic plasticity and LTP in the
hippocampus [64].

Interestingly, in the present study, chronic treatment with
memantine ameliorated memory impairments induced by the
RUS protocol in rats. In contrast to memantine different classes of
antidepressants have been found to impair memory function and
consequently this has been designated as an SSRIs adverse effect
[4,65]. Memory enhancing properties of memantine, observed in
our study, may be attributable to our findings that the
antidepressant mechanism underlying the action of memantine
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is by increasing expression levels of BDNF and TrkB in the
hippocampus and prefrontal cortex of RUS exposed rats. Actually,
decreased BDNF and TrkB mRNA levels in response to stress and
associated neuronal atrophy in two limbic structures, hippocam-
pus and prefrontal cortex, and consequently their volume loss
may underlie disturbances in memory and cognition in depressed
subjects [39,66,67]. It has been demonstrated that chronic
unpredictable stress may induce impairment of LTP in the
prefrontal cortex, and memantine partially diminishes the deficit
of synaptic plasticity induced by stress, suggesting LTP in the
prefrontal cortex is NMDA receptor dependent [28]. On the other
hand, it has been hypothesized that stressful events, probably
through enhancement of release of glucocorticoids, stimulate
glucocorticoid receptors (GRs) as well as receptors of corticotro-
pin-releasing hormone (CRH) on the neurons and astrocytes and
consequently leads to the retraction of synapses in the prefrontal
cortex [68]. Glucocorticoids probably act by causing enhance-
ment of glutamate release and hyperstimulation of NMDA
receptors on the synaptic spines which consequently results in
loss of synaptic spines and ultimately induces synaptic retraction
[68]. The impact of glutamate excitotoxicity on the loss of
synaptic spines possibly results in malfunctioning of cortical
neural networks associated with major depression [21]. It has
been demonstrated that memantine effectively blocks excessive
activation of NMDA receptors and through the blockade of
excitotoxicity the increased production of BDNF, and activation of
the BDNF receptor TrkB in the brain, exerts its neuroprotctive
properties [22,35,45].

Conclusion

Our data shows that increased immobility time in the forced
swim test, in rats exposed to repeated unpredictable stressful
stimuli, were diminished by administration of memantine.
Moreover, the administration of memantine improved impairment
of memory retrieval on the passive avoidance test, and increased
mRNA levels of BDNF and TrkB in hippocampus and prefrontal
cortex. We suggest further investigations to focus on: (1)
clarification of the mechanisms underlying antidepressant prop-
erties of memantine; (2) dose-response assessments of chronic
administration of memantine on learning and memory distur-
bances in animal models of depression. Finally, our findings
strengthen the hypothesis that the NMDA receptor antagonist,
memantine, may be effective in treatment of major depression and
support the progression of new glutamatergic drugs with faster
and stronger antidepressant properties.
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