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A B S T R A C T

Several studies have reported on the beneficial effects of memantine on behavioral and psychological symptoms
of dementia (BPSD) in patients with Alzheimer's disease. However, the effects of memantine on BPSD-like be-
haviors in animals have not been well addressed. Here, the effects of memantine on memory disturbance and
BPSD-like behaviors were evaluated in thiamine-deficient (TD) mice. Memantine (3 and 10mg/kg, b.i.d.) was
orally administered to ddY mice fed a TD diet for 22 days. During the treatment period, the forced swimming
test, elevated plus-maze test, passive avoidance test, and locomotor activity test were performed.
Neurotransmitter levels in the brain were analyzed after the treatment period. Daily oral administration of
memantine ameliorated the memory disturbances, anxiety-like behavior, and depression-like behavior observed
in TD mice. Memantine did not have a significant effect on monoamine levels, but increased glutamate levels in
the hippocampus in TD mice. These results suggest that memantine prevents or suppresses the progression of
BPSD-like behaviors that develop due to TD. This effect may be mediated in part by the enhancement of glu-
tamatergic neuron activity in the hippocampus.

1. Introduction

Alzheimer's disease (AD) is the most common cause of progressive
dementia, and is characterized by extracellular amyloid plaques con-
sisting of amyloid beta (Aβ) and intracellular neurofibrillary tangles
comprising hyperphosphorylated tau protein (Gotz et al., 2001; Hardy
and Selkoe, 2002; Holtzman et al., 2011). During the course of the
disease, behavioral and psychological symptoms of dementia (BPSD)
such as apathy, agitation, aggression, anxiety, depression, and delu-
sions are observed, along with the core symptoms of the condition,
namely, cognitive impairment and memory dysfunction (McKeith and
Cummings, 2005). BPSD increase the burden on the caregivers of pa-
tients with dementia; therefore, reducing behavioral disturbance is
important to alleviate the caregivers' burden and psychological distress.

Memantine is widely used as medication for patients with moderate
to severe AD and exerts a unique mechanism of action; it is a moderate-
affinity, uncompetitive, voltage-dependent, N-methyl-D-aspartate

(NMDA) receptor antagonist with fast on–off kinetics (Parsons et al.,
1993, 2005), leading to selective blockage of the excitotoxic effects in
neurons without affecting the physiological transmission required for
normal neuronal function (Paoletti et al., 2013; Parsons and Raymond,
2014). Animal studies have indicated that memantine can ameliorate
impaired cognition in parallel with a neuroprotective effect or reduc-
tion of the brain Aβ burden (Nakamura et al., 2006; Scholtzova et al.,
2008). Recent clinical analyses have suggested that memantine pro-
vides beneficial effects in terms of behavioral outcomes in patients with
AD (Corbett et al., 2012; Huang et al., 2012; Matsuzono et al., 2015);
however, little research has been performed on animal models to sup-
port the clinical benefits of memantine on BPSD.

Thiamine (vitamin B1) is an essential nutrient involved in glucose
and amino acid metabolism, and thiamine deficiency (TD) is associated
with neurodegenerative disorders, such as Wernicke-Korsakoff syn-
drome and AD, in which both neurological and psychiatric symptoms
are observed (Harper et al., 1995; Gibson et al., 2016; Lu'o'ng and
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Nguyen, 2011; Thomson, 2000). TD in rodents results in AD-like ab-
normalities, including neuronal loss, plaque formation, and hyperpho-
sphorylation of tau (Calingasan et al., 1999; Karuppagounder et al.,
2009; Zhang et al., 2011), and these animals exhibit memory impair-
ment and BPSD-like behaviors, such as anxiety, depressive behavior,
and startle responses (Nakagawasai et al., 2000). Therefore, TD rodents
might be a useful model for evaluating pharmacotherapeutic effects on
both BPSD and learning and memory dysfunction.

In the present study, we investigated the effects of memantine on
memory disturbance and BPSD-like behaviors observed in TD mice,
produced by feeding on a TD diet for 22 days, using the passive
avoidance test, forced swimming test, and elevated plus-maze test. The
neurotransmitter levels in the brain were analyzed on the day after the
treatment period.

2. Materials and methods

2.1. Animals

Three-week-old male ddY mice, weighing 11–15 g, were obtained
from Japan SLC Inc. (Hamamatsu, Japan) and housed under conditions
of constant temperature (23 ± 3 °C) and humidity (55 ± 8%), and a
light/dark cycle (12 h/12 h). The mice were housed individually in
plastic cages (width: 175× depth: 245×height: 125mm). All experi-
mental procedures were performed in accordance with the Guidelines
for the Care and Use of Laboratory Animals approved by the Laboratory
Animal Committee of Nihon Bioresearch Inc.

2.2. Drug and diets

Memantine hydrochloride was obtained from Daiichi Sankyo
Propharma Co., Ltd. (Tokyo, Japan). Memantine was dissolved in dis-
tilled water (DW; Otsuka Pharmaceutical, Tokyo, Japan) for oral ad-
ministration. The TD and AIN-93G control diets were purchased from
Oriental Yeast Co., Ltd. (Tokyo, Japan). The TD diet was the same as the
AIN-93G control diet, but without thiamine.

2.3. Behavioral assessments

2.3.1. Experimental design
TD mice were produced by feeding mice a formulated TD diet. Mice

were divided into four groups: the pair feeding control (PF, n=10), TD
(n=10), memantine (3mg/kg)-treated TD (n=10), and memantine
(10mg/kg)-treated TD (n=10) groups. The animals in the TD and
memantine (3 and 10mg/kg)-treated TD groups were given a TD diet
ad lib. In the PF group, the amount of AIN-93G control diet given to the
animals was determined on the basis of the average amount eaten by
animals on the TD diet because the food intake of animals fed a TD diet
is known to decrease significantly.

The experimental schedule was determined in reference to previous
reports (Nakagawasai et al., 2004; Nakagawasai, 2005) and our own
preliminary studies. In our preliminary studies, a number of animals in
the TD feeding group died after day 25; therefore, we conducted this
study until day 23 (Fig. 1). DW (10mL/kg) was orally administered
twice daily (9–11 AM and 3–4 PM) for 22 days in the PF group and TD
group. Memantine (3 and 10mg/kg) was orally administered twice
daily (9–11 AM and 3–4 PM) for 22 days in the memantine-treated TD
groups. The elevated plus-maze test, forced swimming test, and open-
field test were performed on days 15, 17, and 20, respectively. Passive
avoidance tests were performed on days 21 and 22, and mice were then
sacrificed on day 23 for pathological examination and analysis of
monoamine and amino acid levels in the brain.

2.3.2. Elevated plus maze test
The elevated plus-maze test was performed on day 15 after the start

of TD feeding. The plus-maze was composed of two open arms

(8×25 cm) and two enclosed arms (8× 25×24 cm), extending from
a central platform (8×8 cm), facing each other. The entire apparatus
was set 60 cm above the floor. The animals were administered either
DW or memantine and tested 30min thereafter. At the beginning of the
5-min test session, each mouse was placed in the central platform, fa-
cing one of the open arms. The total number of visits to the closed arms,
open arms, and platform, and the cumulative time spent in the closed
arms, open arms, and platform, were determined automatically on a
monitor using a CCD video camera system. An arm visit was recorded
when the center of gravity of the mouse's body entered the arm. All data
were analyzed using a video-tracking system (SMART; Panlab, MA,
USA). The apparatus was wiped clean and dried after testing each
subject.

2.3.3. Forced swimming test
The forced swimming test was performed on day 17 after starting

TD feeding, in accordance with the method of Porsolt et al. (1977), with
some modifications (Makino et al., 1998). The animals were adminis-
tered either DW or memantine and tested 30min later. Immediately
before the test, a small magnet (1 mm in diameter, 3 mm in length) was
attached to both of the hind paws, and then each mouse was placed in a
vertical cylinder (height 19 cm; diameter 14.5 cm) containing 10 cm of
water that was maintained at 24 ± 2 °C. The total duration of im-
mobility was measured during a 10-min test using an automated be-
havior analysis system, MicroAct™ (Neuroscience, Tokyo, Japan).

2.3.4. Measurement of locomotor activity
The test was performed on day 20 after the start of TD feeding.

Locomotor activity was measured by EthoVision (Noldus Information
Technology, Wageningen, Netherlands). The animals were adminis-
tered either DW or memantine and tested 30min thereafter. The mice
were individually placed in the center of the open-field apparatus
(50×50×30 cm), the floor of which was divided into 25 equal
squares (central area: 9 squares, wall area: 16 squares). The total dis-
tance moved in the fields and the time spent in the central area and wall
area were recorded for 5min.

2.3.5. Step-through passive avoidance test
Acquisition and retention trials of the passive avoidance task were

conducted on days 21 and 22 of TD feeding, respectively. The apparatus
consisted of a dark area (width: 240× depth: 245×height: 300mm)
with a stainless-steel grid floor and a light area (width: 100× depth:
100× height: 300mm) with an electronic stimulator (Shock
Scrambler; Unicom, Kochi, Japan). The acquisition trial was started by
placing the mouse in the light compartment for the passive avoidance
task. When the mouse had completely entered the dark compartment,
an electric shock (0.2 mA for 2 s) was applied. The next day, the mouse
was placed in the light compartment again and the time taken to move
into the dark compartment was measured as the step-through latency,
with a cut-off time of 300 s as a retention trial.

Fig. 1. Treatment schedule and test order.
Thiamine-deficient diet or paired feeding was performed throughout the study.
Memantine or vehicle was administered twice daily for 22 days. Behavioral
tests were carried out from day 15 to day 22, and the animals were sacrificed on
day 23. EPMT, elevated plus-maze test; FST, forced swimming test; OFT, open-
field test; PAT, passive avoidance test.
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2.4. Biochemical analysis

2.4.1. Sample collection
The sample collection was performed on day 23 of TD feeding. The

mice were anesthetized with isoflurane inhalation, exsanguinated, de-
capitated, and then the brain was dissected out. To analyze the
monoamine and amino acid contents, the frontal cortex, striatum,
hippocampus, and thalamus were divided from the brain slices using a
Rodent Brain Matrix (ASI Instruments Inc., Warren, MI, USA) and each
sample was immediately frozen in liquid nitrogen and stored at −80 °C
until use.

2.4.2. Measurement of monoamine and amino acid content
To assess the monoamine and amino acid contents, 0.2 N perchloric

acid and 1/30 volume of internal standard solution were added to each
brain sample; the brain sample was then homogenized and placed on
ice for 60min. The supernatant was separated by centrifugation
(20,227×g, 4 °C, 5 min). The levels of monoamines, their metabolites,
glutamate, and gamma-aminobutyric acid (GABA) in each sample were
measured using a high-performance liquid chromatography apparatus
coupled to electrochemical detection (ECD300; Eicom Corporation,
Kyoto, Japan).

For the analysis of monoamines and their metabolites, samples were
separated using a C18 reverse-phase column (Eicompak SC-5ODS,
150×3.0mm ϕ; Eicom Corporation) with a guard column (PC-04;
Eicom Corporation). The electrochemical detector (ECD-300; Eicom
Corporation) was equipped with a graphite electrode (WE-3G) that was
used at a voltage setting of +750mV vs. an Ag/AgCl reference elec-
trode (RE-100). The mobile phase consisted of 0.1M acetic acid/citric
acid (pH 3.5)/methanol/sodium 1-octanesulfonate/5 mg/mL ethylene-
diaminetetraacetic acid disodium salt, 2-hydrate (EDTA-2Na) (820mL/
180mL/2.2mL/1mL). The mobile phase flow rate was maintained at
0.5 mL/min, with a column temperature of 25 °C.

For the analysis of glutamate levels, samples were separated using
an ion-exchange column (Eicompak E-GEL, 150mm×4.6mm ϕ;
Eicom Corporation) and enzyme column (E-ENZYMPAK,
4mm×3.0mm ϕ; Eicom Corporation) with a guard column (PC-03;
Eicom Corporation). The electrochemical detector (ECD-300; Eicom
Corporation) was equipped with a platinum electrode (WE-PT) that was
used at a voltage setting of +450mV vs. an Ag/AgCl reference elec-
trode (RE-100). The mobile phase consisted of 60mM ammonium
chloride-ammonia solution (pH 7.2)/hexadecyltrimethylammonium
bromide/5mg/mL EDTA-2Na (1000mL/250mg/0.01mL). The mobile
phase flow rate was maintained at 0.37mL/min, with a column tem-
perature of 33 °C.

For the analysis of GABA levels, samples were separated using a
reverse-phase column (Eicompak FA-3ODS, 50mm×3.0mm ϕ; Eicom
Corporation) with a guard column (PC-03; Eicom Corporation). The
electrochemical detector (ECD-300; Eicom Corporation) was equipped
with a graphite electrode (WE-3G) that was used at a voltage setting of
+600mV vs. an Ag/AgCl reference electrode (RE-100). The mobile
phase consisted of 0.1M phosphate buffer (pH 6.0)/acetonitrile/5 mg/
mL EDTA-2Na (500mL/500mL/1mL). The mobile phase flow rate was
maintained at 0.5mL/min, with a column temperature of 40 °C.

2.5. Statistical analysis

Data are expressed as mean ± standard error (S.E.M.).
Comparisons between the PF and TD groups for all data, and between
the TD and memantine (TD) groups for monoamine and amino acid
levels were performed using the unpaired Student's t-test. Data of be-
havioral tests were analyzed using one-way analysis of variance and
Dunnett's multiple comparison test. SAS System Release 8.2 (SAS
Institute, Inc.) was used to perform all of the analyses and P values
of< 0.05 were considered to indicate statistical significance.

3. Results

3.1. Effects of memantine on physiological changes in TD mice

The effects of memantine on food intake (A) and body weight (B) in
TD mice are shown in Fig. 2. The body weight of the PF, TD, and
memantine (3 and 10mg/kg)-treated TD groups gradually increased
and reached a plateau around days 10–13, and then gradually de-
creased. Compared to the TD group, both doses of memantine-treated
TD groups showed no significant difference in body weight, except for
decreases on days 20 and 21 (3mg/kg) and on day 16 (10mg/kg). The
food intake of all groups gradually decreased from about 4 g at day 1 to
about 1 g on day 23. Compared to the PF group, TD and memantine-
treated TD groups showed statistically significant decreases in food
intake on days 9, 11, 12, 15, and 21, and an increase on day 22.
Compared to the TD group, both doses of memantine-treated TD groups
showed no significant changes in food intake. All animals had unkempt
fur on day 23, which was not affected by memantine treatment (data
not shown).

3.2. Elevated plus-maze task

Compared to the PF group, the TD group demonstrated statistically
significant decreases in the number of entries into the open arm and the
platform, and the time spent in the open arm and the platform, and a
significantly increased number of entries into the closed arm, as well as
increased time spent in the closed arm (Fig. 3), suggesting the existence
of an anxious state in mice fed a TD diet. Compared to the TD group,
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both doses of memantine (3 and 10mg/kg) statistically significantly
increased the number of entries into the open arm (3mg/kg,
p=0.0003, 10mg/kg, p=0.0002; one-way ANOVA) and the platform
(3mg/kg, p < 0.0001, 10mg/kg, p < 0.0001; one-way ANOVA), and
the time spent in the open arm (3mg/kg, p=0.0015, 10mg/kg,
p=0.0020; one-way ANOVA) and the platform (3mg/kg, p < 0.0001,
10mg/kg, p < 0.0001; one-way ANOVA), and significantly decreased
the number of entries into the closed arm (3mg/kg, p=0.0017, 10mg/
kg, p=0.0004; one-way ANOVA), as well as the time spent in the
closed arm (3mg/kg, p < 0.0001, 10mg/kg, p < 0.0001; one-way
ANOVA). These data suggest that memantine prevented the anxious
state induced by feeding on a TD diet or exerted an anxiolytic effect.

3.3. Forced swimming test and open-field test

Compared with the PF group, the TD group had statistically sig-
nificantly increased immobility time in the forced swimming test
(Fig. 4), suggesting that a depression-like state was induced in mice fed

a TD diet. The TD group also showed statistically significantly reduced
spontaneous locomotor activity in the open-field test (Fig. 5A). This
might have been due to the restricted feeding-induced increase in lo-
comotor activity in the PF group. There was no significant difference
among groups in terms of the time spent in the central area and wall
area (Fig. 5B). Both doses of memantine (3 and 10mg/kg) statistically
significantly reduced the immobility time (0–5min: 3mg/kg,
p=0.0005, 10mg/kg, p=0.0021; 5–10min: 3mg/kg, p=0.0032,
10mg/kg, p=0.0052; 0–10min: 3mg/kg, p=0.0008, 10mg/kg,
p=0.0013; one-way ANOVA), without affecting locomotor activity
(3 mg/kg, p=0.435, 10mg/kg, p=0.664; one-way ANOVA). These
results suggest that memantine prevented the depression-like behavior
induced by a TD diet or exerted an antidepressant-like effect.

3.4. Passive avoidance test

Compared to the PF group, the latency to enter the dark area was
statistically significantly shortened in the TD group, suggesting that TD
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feeding induced learning and memory impairment (Fig. 6). Both doses
of memantine (3 and 10mg/kg) statistically significantly prolonged the
latency for entering the dark area (3mg/kg, p=0.0010, 10mg/kg,
p=0.0008; one-way ANOVA). This suggests that memantine prevented
the learning and memory impairment induced by feeding on a TD diet
or alternatively improved learning and memory function.

3.5. Levels of monoamines, their metabolites, glutamate, and GABA in the
brain

The levels of monoamines, their metabolites, glutamate, and GABA
in the frontal cortex, striatum, hippocampus, and thalamus are in-
dicated in Table 1. Compared to the PF group, the TD group showed a
significant reduction of homovanillic acid (HVA, metabolite of dopa-
mine) level in the frontal cortex; reductions of dopamine (DA), 3,4-
dihydroxyphenylacetic acid (DOPAC, metabolite of dopamine), HVA,
and 5-hydroxyindole acetic acid (5-HIAA, metabolite of serotonin) le-
vels in the striatum; and reductions of HVA, 5-HIAA, glutamate, and
GABA in the hippocampus and thalamus. Memantine (3mg/kg) statis-
tically significantly reduced the change in glutamate levels in the hip-
pocampus, and showed a slight or no significant effect against the

changes of other monoamines and amino acids that were induced by TD
diet feeding.

4. Discussion

In the present study, we demonstrated that memantine exerted a
preventive effect or suppressed the progression of the development of
memory/learning impairment, depressive behavior, and anxiety re-
sulting from feeding on a TD diet, which might have been mediated in
part by the enhancement of glutamatergic neuron activity in the hip-
pocampus.

Memory and/or learning deficiency in TD model animals has been
demonstrated using several approaches, including the Morris water-
maze test (Inaba et al., 2016), the passive avoidance test, and the ele-
vated plus-maze task (Nakagawasai et al., 2004). In our study,
memory/learning impairment induced by TD feeding was detected in
the passive avoidance test, against which memantine was confirmed to
be effective. The mechanisms of pathogenesis in the TD model are
thought to be excitotoxicity involved in hippocampal cell loss (Inaba
et al., 2016), astrocytic activation (Hazell, 2009), and increased blood-
brain barrier permeability due to impaired endothelial cells
(Beauchesne et al., 2010). The neuroprotective effect of the NMDA
receptor antagonist MK-801 in TD has previously been suggested
(Langlais and Mair, 1990). Memantine has been shown to have a neu-
roprotective effect that is mediated through NMDA receptor inhibition
in neurodegenerative models induced by Aβ and/or excitotoxicity
(Nakamura et al., 2006; Nyakas et al., 2011). Furthermore, reduction of
brain Aβ plaque by treatment with memantine in several AD animal
models has been reported (Alley et al., 2010; Ito et al., 2017; Martinez-
Coria et al., 2010). Recently, we proposed an explanation of the me-
chanisms underlying the actions of memantine: inhibition of Aβ pro-
duction and Aβ oligomer formation via the regulation of intracellular
trafficking of amyloid precursor protein, the inhibition of Aβ aggrega-
tion, and the acceleration of Aβ degradation through KLK-7 (Ito et al.,
2017; Kidana et al., 2018; Takahashi-Ito et al., 2017). Increased Aβ
production and its accumulation in the brain have been reported in the
TD model (Mouton-Liger et al., 2015; Zhang et al., 2011), suggesting
that Aβ might be involved in the pathogenesis in TD animals. In our
study, we fed mice a TD diet for 22 days, which is shorter than the
periods previously reported (Ikarashi et al., 2009; Nakagawasai et al.,
2004); in addition to brain Aβ plaque and microglial activation, con-
stitutional abnormalities were not observed in histopathological ana-
lysis (data not shown). However, the involvement of neurological da-
mage induced by soluble Aβ oligomers in the TD model and the
beneficial effects of memantine still remain to be clarified.
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In addition to memory/cognitive dysfunction, BPSD are a major
contributor to a poor quality of life in patients with dementia and also
place a burden on their caregivers. In a clinical context, BPSD include
four domains: behaviors, such as aggression and agitation; mood, such
as depression and anxiety; thought content, such as delusions and il-
logical thoughts; and perception, such as hallucinations and mis-
identification (Huang et al., 2012). Although the predominant symp-
toms of BPSD may vary with different types of dementia, mood changes
including anxiety, depression, emotional labiality, and apathy are more
common in dementia (Huang et al., 2012; O'Brien, 2003). Cumulative
events indicate that memantine has potentially beneficial effects on
BPSD based on the Neuropsychiatric Inventory (Cummings et al., 2006;
Fox et al., 2012; Gauthier et al., 2008; Tariot et al., 2004). In this study
using a TD model, we evaluated the effect of memantine on depressive
behavior and anxiety, since these behaviors were reproducibly ob-
served in our preliminary studies. We confirmed that memantine has
the potential to show antidepressant-like effects and anxiolytic effects
in this model. Nakagawasai et al., (2005) reported that TD model ani-
mals exhibit many behavioral changes other than depression and an-
xiety, such as aggression and convulsions. However, the effects of
memantine on these behaviors are unknown because we could not
produce these behaviors in this TD model; thus, further experiments
will be required to evaluate these behaviors.

In this study, mice were housed individually in cages to control the
amount of food intake, since breeding in groups increased fighting
behavior among animals, which resulted in variation in animal size and
behaviors, especially in the PF group, in the preliminary study. Ikarashi
et al. (2009) also evaluated the effects of yokukansan, a traditional
Japanese medicine, in this TD model with individual breeding. Taking
the clear effects of memantine into consideration, although it is possible
that isolation can impact on animal behaviors, we think that it did not
influence the effect of memantine in this model. In this context, the
question can be raised about whether the effects of memantine in this
study were acute or chronic, since each experiment was conducted
30min after dosing. In our experience, single oral dosing of memantine
did not produce a significant anxiolytic effect in the elevated plus-maze
test in normal mice (data not shown). Although it is difficult to compare
the results between normal mice and mice fed TD, it appears that the
effect of memantine in this study might have been produced by a
chronic dosing effect rather than an acute effect.

Regarding neurotransmitters, it has been reported that TD feeding
reduced brain levels of norepinephrine, serotonin, acetylcholine, glu-
tamate, and GABA, which might have been related to the behavioral
changes (Anzalone et al., 2010; Langlais and Mair, 1990; Nakagawasai
et al., 2004; Vigil et al., 2010). Since the levels of efficacy of memantine
against memory/learning impairment, and depressive and anxiety be-
haviors were almost the same between the doses of 3 and 10mg/kg, we
considered that the maximum effect was observed at 3mg/kg and
analyzed the levels of neurotransmitters in the brains of the group re-
ceiving memantine at 3mg/kg. In this study, we confirmed that TD
feeding induced a dopaminergic deficit in the frontal cortex, striatum,
hippocampus, and thalamus; a serotonergic deficit in the striatum,
hippocampus, and thalamus; and a glutamatergic deficit in the hippo-
campus and thalamus. These results suggest that TD feeding induced
serotonergic and dopaminergic neuronal dysfunction, and an imbalance
of glutamatergic and GABAergic neuronal function. These changes
could be related to both memory/learning impairment and BPSD-like
behaviors. Memantine reduced the change in glutamate content in the
hippocampus, suggesting that it improves imbalanced glutamate/GABA
neuronal function. Memantine had no statistically significant effect, but
tended to reverse the changes in HVA and 5-HIAA, suggesting that it
has the potential to improve serotonergic and dopaminergic neuron
function in this model. It has been reported that reduction of NMDA
receptor activity combined with GABAA activation could produce an
anxiolytic-like effect in rats (Bertoglio and Carobrez, 2003), and both
serotonergic and dopaminergic neuron activation could contribute to

antidepressant-like behavior in rats (Rogóz et al., 2002). Ketamine, an
NMDA receptor antagonist that has been indicated to confer clinical
benefit for patients with major depressive disease, is thought to exert its
antidepressant-like effect by glutamatergic activation via the disin-
hibition of GABAergic function by the inhibition of NMDA receptor on
GABA interneurons (Zanos and Gould, 2017). Collectively, these find-
ings suggest that the neurotransmitter changes might be related to
improved learning and memory, anxiolytic behavior, and anti-
depressant-like behavior in the memantine-treated mice.

In conclusion, the results of this study suggest that memantine ex-
erts a preventive effect or suppresses the progression of memory/
learning dysfunction and BPSD-like behaviors caused by TD, which
might be mediated in part by the enhancement of glutamatergic neuron
activity in the hippocampus. These animal study results support the
clinical benefit of memantine in the treatment of BPSD.
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