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ABSTRACT

Introduction: The present study investigated the role of the Basolateral Amygdala (BLA)
N-methyl-D-aspartate (NMDA) receptors in stress-induced spatial memory disturbance
among the male Wistar rats.

Methods: The male Wistar rats (Average weight =200 g) were cannulated bilaterally in the
BLA, and entered the study (n=6-8) after one week. They received seven electro—foot-shock
stress sessions on seven consecutive days. Memantine (0.1, 1, and 5 pg/rat) or saline (0.5 pL/
rat) was injected into the BLA, five minutes before each stress session. The control groups
received the same doses of memantine and no stress. After the end of the stress sessions, blood
samples were taken from all animals to evaluate their plasma corticosterone. Also, the spatial
learning and memory of the study animals were evaluated using the Barnes maze method. The
animals experienced five consecutive days of training on the maze for spatial learning. On
the sixth day, their spatial memory was evaluated on the maze. Time, distance, the number of
errors, and the taking strategy for reaching the target hole were considered as the parameters
for the spatial learning and memory evaluation.

Results: Stress increases the plasma corticosterone level, while memantine preadministration
reduces the stress effects. Besides, stress increases the time and distance to the target hole
and the number of errors. Stress changed the animals’ strategy from serial to random type.
However, the intra-BLA memantine reversed all the disturbances induced by the stress.

Conclusion: This study indicated that the BLA glutamate NMDA receptors modulate the
effect of stress on spatial learning and memory deficit.
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e Chronic electro foot shock stress can impaired the spatial learning and memory as revealed by Barnes maze

paradigm.

e The impairments was altered by memantine pre microinjection into the BLA.

e Stress changes the strategy to achieving the target hole and memantine also inhibited this issue.

Plain Language Summary

The bad effects of stress may cause severe illness including diabetes and dementia (stress related disorders).
However, despite of the progression of human knowledge, there is limitations in cure of the these disorders. In this
study, we try to reduce the effects of stress on memory deficit, using the drug memantine. Our data suggested that
memantine reduces the bad effects of stress on learning and memory, which could be used in some cases in other

animals and human as well.

1. Introduction

tress is considered one of the major fac-
tors involved in brain disorders, including
dementia and Alzheimer disease (Lupien
Juster, Raymond, & Marin, 2018; Lupien
McEwen, Gunnar, & Heim, 2009). A huge
amount of data indicated that the stress me-
diators, including the glucocorticoid hor-
mones, such as cortisol and corticosterone are involved
in the brain compartments deformation, which results
in the exacerbation of the functional deficits (McEwen,
Nasca, & Gray, 2016). In this regard, Vyas and colleagues
have shown that severe stress reduces the dendritic arbo-
rization of the pyramidal neurons in the rat hippocampus
(Vyas, Mitra, Rao, & Chattarji, 2002). Also, it is indicat-
ed that economic stress is associated with the reduction
of cognitive functions in humans, and this reduction is
directly related to the hippocampus activity (Lynch, Ka-
plan, & Shema, 1997). However, the inverse changes ob-
served in the Basolateral Amygdala (BLA) indicated the
trophic action of $tress mediators in this region (Vyas,
Jadhav, & Chattarji, 2006). These changes are attributed
to the different effects of glucocorticoids on the release
of the Brain-Derived Neurotrophic Factor (BDNF) as
the main trophic factor in these regions (Lakshminara-
simhan & Chattarji, 2012; Magarinos et al., 2011; Smith,
Makino, Kvetnansky, & Post, 1995).

The role of the hippocampus in learning and memory is
well understood (Jarrard, 1993); this role is evidenced to
be mediated, at least partially by the N-methyl-D-aspar-
tate (NMDA) glutamate receptors of the hippocampus
(Tsien, Huerta, & Tonegawa, 1996). Also, the neurogen-

esis in the hippocampus is critical for the normal function
of learning and memory (Snyder, Hong, McDonald, &
Wojtowicz, 2005). Interestingly, both glutamate NMDA
receptors and neurogenesis are affected by the stress hor-
mones within the hippocampus (Babic et al., 2012; Popo-
li etal., 2012). Thus, it is not surprising that the inhibition
of the NMDA receptors restrains the stress effects on the
hippocampus morphological deformation (Babic, Ondre-
jcakova, Bakos, Racekova, & Jezova 2012; Volbracht,
Van Beek, Zhu, Blomgren, & Leist, 2000).

Several studies have indicated that the NMDA recep-
tors antagonists inhibit the stress-induced depression and
anxiety in the animal models (Adamec, Burton, Shallow,
& Budgell, 1998; Garcia et al., 2008; Jessa, Nazar, &
Plaznik,1995; Martinez et al., 2002). Also, the NMDA
receptor antagonists may have anxiolytic and antide-
pressant effects in the human (Amidfar, Réus, Quevedo,
& Kim, 2018; Battista, Hierholzer, Khouzam, Barlow,
& O’Toole, 2007; Parsons, Danysz, & Quack, 1999;
Schwartz, Siddiqui, & Raza, 2012). Some evidence
suggests a functional interaction between the BLA and
hippocampus. Zheng and colleagues have shown a
functional dynamic interaction between the amygdala
and hippocampus during the data processing in the hu-
man (Zheng et al., 2017). Moreover, the amygdala is
the main brain compartment involved in the emotional
memory processing (Adlolphs, 2003; McGaugh, 2004;
Roozendaal, McEwen, & Chattarji, 2009).

Considering these facts, it is not surprising that chronic
stress can induce spatial learning and memory distur-
bances (Conrad, 2010). However, the literature did not
specify whether the spatial learning and memory would
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change if the NMDA receptors of the BLA were blocked
during the stress. This study aimed to clarify this issue
using the electro—foot-shock as the stressor and meman-
tine as the NMDA glutamate receptor blocker, while the
animals were tested for their spatial learning and memo-
ry on the Barnes maze apparatus.

2. Materials and Methods
2.1. Animals

A total number of 111 male Wistar rats (Average
weight=200 g; Pasture Institute, Tehran, Iran) were used
throughout the study. The animals were kept in cages
(4 animals/cage), also, the temperature (22+2 °C) was
maintained constant before and during the experiments.
They have ad lib access to the standard rat chow and tap
water, except during the experiments. Each animal in the
experimental groups (n=7) was used once in the experi-
ments. All of the experiments were carried out according
to the animal care guideline, Baqgiyatallah Medical Uni-
versity Animal Ethics Committee.

2.2. Drugs

Ketamine hydrochloride (Alphasan, Holland), diazepam
hydrochloride (Sigma, USA), and memantine hydrochlo-
ride (Tocris, England) were used. Drugs were dissolved in
the sterile saline; the resulted solutions were used in a vol-
ume of 1 mL per each kg of the bodyweight for ketamine
and diazepam, and 0.5 pL per each rat for memantine.

2.3. Surgical procedures

Animals were anesthetized under ketamine (70 mg/kg)
plus diazepam (5 mg/kg) for surgical procedures. For the
BLA bilateral cannulation, two 23-gauge stainless steel
guide cannulas were implanted bilaterally 0.5 mm above
the injection site, according to the Paxinos and Watson
atlas for the rat brain (Paxinos & Watson, 2007). The co-
ordinates of the BLA were as follows: -3.3 mm (incisor
bar), -2.8 mm from the bregma, +5 mm lateral from the
middle line, and 6.8 mm deep from the skull surface. The
cannulas were secured using two stainless steel screws
and the dental acrylic resin. Two dummy cannulas (stain-
less steel wire, 0.1 mm diameter) were inserted into the
guide cannulas for possible obstruction. These dummy
cannulas remained in the guide cannulas until the injec-
tions. The length of the dummy cannulas was matched
with that of the guide cannulas. The animals were al-
lowed seven days to recover from the side effects of the
surgery and anesthesia.
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For drug injections, each animal was restrained, and
the dummy cannulas were removed, then, two 30-gauge
injection cannulas whose tips were 500 pm below the tip
of the guide cannulas were inserted into the guide cannu-
las. The memantine solutions were slowly injected into
the BLA in a total volume of 0.5 puL per each rat (0.25 pLL
in each side) for 60 seconds. The injection cannulas were
left in the guide cannulas for an additional 60 seconds to
facilitate the drug diffusion.

2.4. The electric foot-shock stress procedure

The animals were placed in the communication box
(Borje Sanat Co., Tehran, Iran); after 30 minutes, they
experienced an electro—foot-shock (40 mV, 10 Hz) for
100 seconds. Thirty minutes later, the animals were re-
turned to their home cages. This procedure was repeated
for seven consecutive days. On the eighth day, the ani-
mals were tested for their spatial learning and memory
on the Barnes maze.

2.5. Blood sampling

On the seventh day of the stress sessions, the blood
samples were taken from the retro-orbital sinus of the
animals (0.5 mL of blood in 0.5 mL of 1% sodium ci-
trate), between 13:00 and 13:30. The samples were cen-
trifuged in 2500%g at 4° C for 5 minutes, then, the super-
natant serum was collected for corticosterone detection.
The corticosterone concentration was determined by the
ELISA kit (Rat Corticosterone ELISA kit, EIA-4164,
DRG Instruments GmbH, Germany) at 450 nm.

2.6. Spatial learning and memory testing

The spatial learning and memory tests were performed
using a Barnes maze positioned in a sound-attenuating
experimental room, according to Maghami and col-
leagues with minor modifications (Maghami et al.,
2018). The maze platform (dia=100 cm) was made by
opaque blue circular Plexiglas with 18 holes (dia=10
cm) placed at the edge of the platform with equal spac-
ing. The platform stood on a base with a height of 120
cm from the ground. Also, an escape box (20x20%20
cm) made by black Plexiglas was attached to one of the
holes and considered as a target hole. The target hole
had the same position for every animal throughout the
test. The black strips with different shapes were attached
to the walls of the experimental room, for spatial cues.
Besides, the experimenter was hiding behind a curtain
during the experiments.
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The animals’ activity on the maze was monitored and
recorded using a CCTV camera located 90 cm above the
maze platform. This device recorded the animals’ activity
and the software developed by Borje Sanat Co., Tehran,
Iran, analyzed the animals’ movement on the maze. The
software provided all the study parameters, including
time, distance traveled by the animal, the number of er-
rors (the animal movements at the edge of a hole other
than the target hole), and the strategy the animal took
to reach the target hole (rats used three types of strate-
gies, namely direct, serial, and random to reach the target
hole). The direct strategy means that the animal moves
directly from the center of the maze to the escape box.
The serial strategy means that the animal moves serially
between the holes until it reaches the escape box. The
random strategy means that the animal moves randomly
in the center of the maze until it reaches the escape box.

Each animal experienced four trials per day. For this
purpose, each animal was brought to the test room, 60
minutes before the learning trial. Next, it was put in the
center of the maze under a black bucket, while the lights
were off. Then, the lights were turned on, the bucket was
removed, and the animal was allowed to find the target
hole in 90 seconds (cut-off time). If the animal did not
find the target hole in this time, it would be guided manu-
ally to the target hole by the experimenter. To habituate
the animals to the maze environment, one day before
starting the learning trials, the animals were put in the
escape box for two minutes, then, placed directly in the
target hole and allowed to enter and stay in the escape
box, beneath the hole, for two minutes.

When the animals entered the target hole, they were al-
lowed to stay there for two minutes, then, were returned

Figure 1. Injection site of memantine in the basolateral amygdala
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to its cage for 15 minutes. After each trial session, the
maze and the target hole were cleaned using ethanol 70%.
This procedure was repeated for five consecutive days.
On the sixth day, each animal was placed on the maze
while the target hole was covered by a dark plate. The
animal was allowed to freely move on the maze for 90
seconds. The time the animal spent on the dark plate was
recorded as an indicator of the spatial memory index.

2.7. Histology

After the completion of the experiment, the animals
were deeply anesthetized with high doses of the ketamine
hydrochloride, then, a methylene blue 4% solution was
injected into the guide cannula at a volume of 0.25 pL per
each side. The animals’ brains were removed surgically,
after the infusion of the transcardiac cold saline (4°C) and
formalin 4%. The brains were dissected, and the site of
the injection was determined by a professional anatomist.
Only the results of those animals in which the injection
site was correctly performed were considered for further
statistical analyses (Figure 1).

2.8. Statistical analysis

The obtained data were shown as Mean+SEM. Also,
the area under the curve was calculated for the spent time
and traveled distance for reaching the target hole. Using
the stress and memantine as the analyzing factors, the
two-way mixed ANOVA followed by the Tukey post hoc
test was conducted to analyze the data. In all cases, the
P value of less than 0.05 was considered a statistically

significant result.
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Figure 2. Effect of the intra-BLA memantine administration on the parameters of spatial learning and memory in unstressed rats

A: Figures show the elapsed time; B: Distance traveled to reach the target hole; C: The number of errors; and D: The strategy taken by
the animals to reach the target hole in unstressed rats. The rats received different doses of memantine (0.1, 1, and 5 pg/rat) or saline
(0.25 uL/side) for seven consecutive days, then, they were evaluated for spatial learning and memory on the Barnes maze (n=6-8).

3. Results

3.1. Evaluation of the effect of memantine admin-
istration on spatial learning and memory in the
unstressed rats

Four groups of the animals (n=6-8) were cannulated bi-
laterally in the BLA. After seven days, they received intra-
BLA memantine (0.1, 1, and 5 pg/rat) or saline (0.5 pL/rat),
once a day for seven consecutive days. On the eighth day,
the animals were tested for spatial learning and memory
on the Barnes maze. Our data indicated that the intra-BLA
memantine did not change the spent time and distance trav-
eled to the target hole, the number of errors, and the strategy
(Figure 2, A-D).

3.2. The effects of the intra-BLA memantine ad-
ministration on spatial learning and memory in the
stressed rats

Four groups of the animals were cannulated. Seven days
later, they experienced electro—foot-shock once a day for
seven consecutive days. Memantine (0.1, 1, and 5 pg/rat) or
saline (0.5 pL/rat) was injected into the BLA, five minutes
before each stress session. The obtained data indicated that
stress increased the spent time and distance traveled by the
animals for reaching the target hole. Also, stress increased the
number of errors. Interestingly, stress changed the animals’
Strategy to random type. However, memantine (0.1, 1, and 5
pg/rat) reduced all the stress effects (Figure 3, A-D).

3.3. Evaluation of the plasma corticosterone level

On the seventh day of the experiment, the blood samples
were taken from the retro-orbital sinus of the study animals.
The data showed that stress significantly increased the plas-
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Figure 3. Effect of the intra-BLA memantine administration on the parameters of spatial learning and memory in stressed rats

A: Figures show the time to reach the target hole; B: Distance traveled for reaching the target hole; C: The number of errors; and D:
The strategy taken by the animals to reach the target hole. The rats received the different doses of memantine (0.1, 1, and 5 pg/rat)
or saline (0.25 pL/side), five minutes before the induction of stress for seven consecutive days, then, they were evaluated for spatial

learning and memory on the Barnes maze (n=6-8).
*P<0.05;
*P<0.01.

ma corticosterone levels (P<0.001; Figure 4). However, me-
mantine administration reduced the stress effects.

4. Discussion

This study aimed to further clarify the role of gluta-
mate NMDA receptors of the BLA on the chronic stress-
induced disturbance in spatial learning and memory. Our
data indicated that memantine as an antagonist of the
NMDA receptors did not change the learning and memo-
ry function when administered in the BLA of unstressed
rats. However, when the drug administered before the
stress sessions, it reduced the stress effects on learning

and memory destruction, indicating the crucial role of
the NMDA receptors within the BLA on this issue.

It is generally accepted that spatial learning and
memory is one of the important functions of the dorsal
hippocampus (Eichenbaum, 2004; McEwen & Sapol-
sky, 1995), and can be influenced by environmental
factors, including stressful events (de Kloet, Karst, &
Joéls, 2008; Makhathini, Abboussi, Stein, Mabandla, &
Daniels, 2017). Our data indicated that chronic (seven
days) electro—foot-shock stress applied unpredictably
impaired the spatial learning and memory, as evaluated
in the Barnes maze apparatus. Accordant with previ-
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Figure 4. Effect of the chronic electro-foot-shock stress on plasma corticosterone level

ous studies (Asalgoo, Pirzad Jahromi, Hatef, & Sahraei,
2018; Gawel, Gibula, Marszalek-Grabska, Filarowska,
& Kotlinska, 2019), our results showed that all factors,
including the time to reach the target hole, the distance
traveled for target hole achievement, and the number of
errors increased in the stressed animals. Also, the strat-
egy used by the animals for reaching the target hole was
changed to the random type. The manner of these intense
changes in memory performance indicated a significant
impairment in spatial learning and memory.

Several studies have indicated that impairment in spa-
tial learning and memory will occur in the rodents, after
chronic corticosterone administration or chronic stress
experience (Conrad, 2010; McLay, Freeman, & Zadina,
1998; Sandi, 1998; Sandi, 2004; Sandi, 2011; Hossein-
mardi, Shiravi, Meftahi, & Afarinesh, 2019). The authors
have postulated that glucocorticoids released during
stressful events accelerate morphological deformation
and functional retardation in the hippocampal pyramidal
cells. These deformations include a massive reduction
in the dendritic tree and cell body reduction because of
the hormones. They act on the receptors located both in
the cell cytoplasm and the cell membrane surface of the
hippocampal pyramidal neurons (McEwen et al., 2016;
McEwen, 1999; McEwen, 2000; Popoli, Yan, McEwen,
& Sanacora, 2012; Hashtjin et al., 2018).

These morphological changes in the hippocampus
result in the decline of cognitive function, including
a reduction in spatial learning and memory (Jarrard,
1983; Jarrard, 1978; Kim & Diamond, 2002; Landfield,
Waymire, & Lynch, 1978; McEwen & Sapolsky, 1995;

Aliabadi, Sahraei, Bahari, & Meftahi, 2018). A simi-
lar mechanism(s) may be involved in the results of the
present study. We introduced a shorter stress-induction
paradigm using the electro—foot-shock, compared with
previous studies that used intense restrain paradigm in
this issue (i.e., 6 h/d restrain stress for 21 days) (Laksh-
minarasimhan & Chattarji, 2012).

Memantine is a low affinity and noncompetitive an-
tagonist of the NMDA glutamate receptor (Song et al.,
2018), and has positive effects in cognitive diseases, in-
cluding Alzheimer disease (Reisberg et al., 2003; Tariot
et al., 2004; Volbracht et al., 2006). Our data indicated
that memantine reduces the adverse effects of stress on
spatial learning and memory when injected into the BLA
of the rats. The functional relationship between the BLA
and hippocampus is well understood. Using the fearful
face paradigm and the recording of gamma waves, Zheng
and colleagues have shown a similar pattern of electrical
activity in the amygdala and hippocampus during infor-
mation processing, in the human (Zheng et al., 2017).

Besides, Roosendaal et al., have shown that the BLA is
essential for memory consolidation in the hippocampus
(Roozendaal et al., 2003; Roozendaal et al., 2009). Inter-
estingly, the efficacy of glucocorticoids in reducing spatial
memory depends on the activity of the BLA (Roozendaal,
Griffith, Buranday, Dominique, & McGaugh, 2003;
Yang et al., 2007; Hosseinmardi et al., 2019). In other
words, the memory enhancement function of the gluco-
corticoid in the dorsal hippocampus requires the BLA to
be functional (Roozendaal & McGaugh, 1997).
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The glucocorticoids activate glutamate receptors and
neurotransmission this affecting learning and memory
(Sandi, 2011). Considering these facts, it is expected that
the intra-BLA memantine administration before each
stress session inhibited the stress-induced spatial learn-
ing and memory impairment. Other studies have focused
on the effects of the different antagonists of NMDA glu-
tamate receptors, including MK-801 (de Lima, Laranja,
Bromberg, Roesler, & Schroder, 2005) and ketamine
(Newcomer et al., 1999). Our results indicated that me-
mantine is effective for the reduction of stress hormones’
impacts on the BLA, and improves spatial learning and
memory.

The present study indicated that stress changed the $trat-
egy adopted by the animals for reaching the target hole.
It is well known that strategy is a complex phenomenon
that is needed to be pluralized in the prefrontal cortex
(Ragozzino, Wilcox, Raso, & Kesner,1999; Rich & Sha-
piro, 2009). Moreover, glucocorticoids can impair mem-
ory by direct action on the prefrontal cortex (Barsegyan,
Mackenzie, Kurose, McGaugh, & Roozendaal, 2010).
Also, the evidence indicates that glucocorticoid function
in memory relies on the interaction of the BLA and pre-
frontal cortex (Roozendaal et al., 2009). Altogether, these
data indicate that stress interacts with the prefrontal cortex
both directly and indirectly by the mediation of the BLA
to change the strategy type. However, memantine inhibits
the stress effect on strategy; it is an important finding be-
cause severe social cognitive phenomena may be related
to this function of the prefrontal cortex (Adlolphs, 2003).

Eventually, chronic electro—foot-shock stress can im-
pair spatial learning and memory, as revealed by the
Barnes maze paradigm. However, the pre-microinjection
of memantine into the BLA altered these impairments.
Stress changes the strategy used by the rats to achieve
the target hole; memantine also inhibited this effect.
Considering the effectiveness of memantine on the in-
hibition of stress effect on spatial learning and memory,
it is recommended to test the drug in other paradigms of
spatial learning and memory testing.
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