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Memantine is a non-competitive N-methyl-D-aspartate receptor (NMDAR) antagonist clinically approved for moderate-to-severe
Alzheimers disease (AD) to improve cognitive functions. There is no report about the proteomic alterations induced by memantine
in AD mouse model yet. In this study, we investigated the protein profiles in the hippocampus and the cerebral cortex of AD-related
transgenic mouse model (3xTg-AD) treated with memantine. Mice (8-month) were treated with memantine (5 mg/kg/bid) for 4
months followed by behavioral and molecular evaluation. Using step-down passive avoidance (SDA) test, novel object recognition
(NOR) test and Morris water maze (MWM) test, it was observed that memantine significantly improved learning and memory
retention in 3xTg-AD mice. By using quantitative proteomic analysis, 3301 and 3140 proteins in the hippocampus and the cerebral
cortex respectively were identified to be associated with AD abnormalities. In the hippocampus, memantine significantly altered the
expression levels of 233 proteins, among which PCNT, ATAXIN2, TNIK, and NOL3 were up-regulated, and FLNA, MARK 2 and
BRAF were down-regulated. In the cerebral cortex, memantine significantly altered the expression levels of 342 proteins, among
which PCNT, PMPCB, CRK, and MBP were up-regulated, and DNM2, BRAE TAGLN 2 and FRY1 were down-regulated. Further
analysis with bioinformatics showed that memantine modulated biological pathways associated with cytoskeleton and ErbB signal-
ing in the hippocampus, and modulated biological pathways associated with axon guidance, ribosome, cytoskeleton, calcium and
MAPK signaling in the cerebral cortex. Our data indicate that memantine induces higher levels of proteomic alterations in the cere-
bral cortex than in the hippocampus, suggesting memantine affects various brain regions in different manners. Our study provides a
novel view on the complexity of protein responses induced by memantine in the brain of AD.
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Memantine Alters Proteome Profiles in 3xTg-AD Mice

INTRODUCTION

Alzheimers disease (AD) is a devastating neurodegenerative
disorder with progressive cognitive declines resulting in severe
dementia [1]. According to the World Alzheimer Report 2018,
more than 50 million people are affected by AD worldwide, and
the number is predicted to double every 20 years [2]. The histo-
pathological hallmarks of AD include extracellular accumulation
of amyloid beta (AP) plaques and intracellular formation of neu-
rofibrillary tangles (NFTs) composed of hyperphosphorylated tau
(p-tau) in the hippocampus and the cerebral cortex [3]. Various
hypotheses including AP pathology, tau pathology, mitochondrial
dysfunction, oxidative stress, neuroinflammation and neurotrans-
mitter disturbances have been put forward, however, the patho-
genesis of AD remains obscure [4]. Until now there is no disease-
modifying therapy for AD, and only five prescription drugs are
currently approved by the FDA to treat its symptoms. One of the
five drugs is memantine, a non-competitive N-methyl-D-aspartate
receptor (NMDAR) antagonist, which is approved for moderate-
to-severe AD to improve learning and memory [5].

Memantine binds to NMDAR with moderate affinity [5]. NM-
DAR is an ionotropic glutamate receptor found in nerve cells
activated upon glutamate and glycine binding. Activation of
NMDAR results in the opening of a non-selective cation channel
with high Ca®* permeability, which is very important for the regu-
lation of synaptic plasticity and memory function. NMDAR also
displays voltage-dependent channel block by external Mg™* [6]. It
is suggested that in AD patients elevated glutamate release from
presynaptic neurons induces NMDAR over-activation, causing
Ca”" overload in postsynaptic neurons and resulting in excitotox-
icity. It is further followed by desensitization and internalization of
NMDA/AMPA, resulting in synaptic depression and dysfunction
[7, 8]. Various factors and processes have been shown to induce
elevated glutamate release, including soluble A oligomers, Ap
plaques, NFTs, mitochondrial dysfunction and oxidative stress [9,
10].

It has been shown that memantine could reduce Ap-mediated
glutamate toxicity, tau hyperphosphorylation and amyloid precur-
sor protein (APP) production in human neuroblastoma SK-N-
SH cells [11], reduce AP, secretion and senile plaque deposition
in primary cortical neuronal cells [9, 12],and reduce Ap-mediated
ROS injury in primary hippocampal neurons [13]. Memantine
has been shown to reduce soluble A, ,, level, AP plaque deposi-
tion and synaptic loss in APP/PS1 mice [4, 14, 15], and decrease
total tau and hyperphosphorylated tau in 3xTg-AD mice [3]. In
addition, memantine has been shown to alter gene expression in

adult rat brain [16] and modulate brain protein profiles in Down
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syndrome mouse model [17]. However, the proteomic alteration
induced by memantine in AD-related mouse model has not been
investigated yet. The aim of this study is to determine the protein
profiles in different brain regions of the AD-related transgenic
mouse model (3xTg-AD) harboring the three mutations associ-
ated with familial AD (APP Swedish, MAPT P301L, and PSEN1
M146V). 3xTg-AD mice (8-month) were treated with memantine
(5 mg/kg/bid) for 4 months with subsequent behavioral studies
followed by detailed histopathological and molecular evaluation
of the hippocampus and the cerebral cortex. The brain tissues were
further analyzed by using quantitative proteomic analysis and bio-
informatics to provide insights on the protein responses induced
by memantine in the brain of AD mice.

MATERIALS AND METHODS

Animals and treatment

Female triple transgenic 3xTg-AD mice harboring AP-
PSwe, PSENIM146V, and MAPTP301L transgenes (strain: B6;
129-Psenltm1Mpm Tg [APPSwe, tauP301L]1Lfa/Mmjax) and
female wild-type mice (WT) (strain: B6129SF2/J) were purchased
from the Jackson Laboratory. Memantine was synthesized by
Guangzhou Magpie Pharmaceuticals CO., LTD (Guangzhou,
China). The mice were housed in groups of thirteen in big cages at
room temperature with a 12:12 hour light/dark cycle. The 3xTg-
AD mice or WT mice (8-month old) were treated with memantine
(5 mg/kg, bid, for 4 months) or with parallel volume of saline by
intragastric administration, with 13 mice in each group. Cognitive
capabilities of all animals were evaluated using behavioral tests.
At the end of the behavioral tests, 6 mice from each group were
sacrificed and the brain tissues were dissected and collected for
proteomic study. All animals were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals as adopted
and promulgated by the ethic committee of the Shenzhen Center
for Disease Control and Prevention. All exertions were carried out
to decrease the number of animals used and diminish animal suf-
fering,

Behavioral tests

Step-down passive avoidance test

The step-down passive avoidance (SDA) test was performed
according to the protocol described in our previous study [18].
Briefly, at training day, a single mouse was gently located on the
grid floor, at the same time as electrical stimulation (36 V) was
delivered through the grid floor for 5 min. On the day following
completion of training, the mouse was gently put on the wooden
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platform and electrical stimulation was given for another 5 min.
The memory was assessed by measuring the step-down latency
recorded as the duration before the animal stepped down on the
grid with 4 paws for the first time and the number of times the
animal touching the grid floor with paws.

Novel object recognition test

The novel object recognition (NOR) test was performed accord-
ing to the protocol described in our previous study [18]. Briefly,
the single mouse was placed to the open-field arena containing
two indistinguishable objects (A+A) and allowed to tour for 5
min once daily for 3 days. On day 4, a novel object was substituted
for one of the old objects (A+B) in the open-field arena, and the
mouse was placed to open-field arena to explore for 5 min as be-
fore. The behavior of the mouse was recorded by a video-tracking
system. Discrimination index (DI) was used to evaluate the
recognition ability, defined as the difference in exploration time
between novel object (TN) and familiar object (TF), then dividing
this value by the total amount of time spend exploring both object

.
=

WT or 3XTg-AD mice

8 months old Sacrifice

Administration ig .
for 4 months

[DI= (TN-TE)/(TN+TF)*100.

Morris water maze test

Morris water maze (MWM) test was performed according to
the protocol described in our previous study [18]. During train-
ing period, platform was located in the same position (one of four
quadrants of the pool), and the mouse was placed into the pool
facing the wall at one of the four start positions, and its movement
was tracked by digital tracking system. The animal was immedi-
ately removed from the water when it located the platform. If the
mouse did not located the platform after 60 s of swimming, it was
gently guided to the platform or placed on the platform for an ad-
ditional 15 s before being removed from the pool. The animal was
tested in four trials per day with an inter-trial interval of approxi-
mately 30 min. The mice were trained for 5 days. The probe trial
was performed on the sixth day following the last training session.
During the probe trial, the platform was removed from the pool
and the mouse was placed in the pool facing the wall from the di-
agonally opposite side of the platform. The mouse was allowed to
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swim freely for 2 min with digital movement-tracking recorded by
computer software (SuperMaze+) before it was withdrawn from
the pool.

Sample preparation

After behavioral testing, the mice were sacrificed by using in-
traperitoneal injections with 1% pentobarbital for collection of
the brain tissues. Briefly, the hippocampus and the cerebral cortex
were homogenized in ice-cold lysis buffer (8 M urea in PBS, pH 8.0,
1 mM protease inhibitor cocktail) using ultrasonic disruption sys-
tem. Subsequently, the homogenates were centrifuged at 12,500xg
for 20 min at 4C, and the resulting supernatants were collected
to a new tube. The protein concentration in the supernatant was
determined by using BCA kit according to the manufacturers in-
structions.

Tandem mass Tag (TMT) labeling

The flow diagram of proteomic research was shown in Fig. 1.
For each group, 100 pug protein, either from the hippocampus
or the cerebral cortex, was pooled from six animals. The pooled
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samples were treated with 300 pl of 10 mM DTT for 60 min at
55C, followed by incubating with 300 pl of 25 mM IAA at room
temperature in the dark for 60 min. Subsequently, the protein
samples were diluted with PBS (final concentration of urea was 1.0
M) and digested via trypsin/Lys-C (1:25 w/w) overnight at 37C
(Promega, WI, USA). On the second day, protein samples were
heated to 65C and acidified with pure FA to achieve a final pH
1~2, and then centrifuged at 12,000xg for 15 min at 4C and col-
lect supernatant. The samples were then desalted with reversed-
phase column chromatography (Oasis HLB; Waters, MC, USA)
and TMT isobaric labeled (Thermo Scientific, NJ, USA) according
to manufacturers instructions. Equal protein amounts (50 ug)
derived from each group were labeled with different TMT labels:
wild type (WT), TMT-126; 3xTg-AD (AD) group, TMT-127;
3xTg-AD+memantine (Memantine) group, TMT-131. The la-
beled peptides solution from WT, AD and Memantine group were
mixed, dried and then fractionated into 8 fractions by high pH
reversed-phase peptide fractionation kit (Thermo Scientific, NJ,
USA). After that, each fraction peptide was dried using a vacuum
centrifuge, then dissolved in 2% acetonitrile with 0.1% FA for LC-
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Fig. 2. Memantine ameliorated cognitive impairments of 3xTg-AD (AD)
mice. (A~B) Memantine significantly increased the step-down latency
and reduced the number of errors made by AD mice in the step-down
passive avoidance (SDA) test. (C) Memantine improved the novel object
recognition abilities (measured as Discrimination Index, DI) in AD mice
in the novel object recognition (NOR) test. Bar graphs show mean+SEM,
n=13 each group, *p<0.05 or **p<0.01 vs. WT group, and #p<0.05 vs. AD
group by two-tailed unpaired Students t-test (ANOVA).
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MS/MS analysis.

NanoLC-ESI-MS/MS analysis and database searches

The peptides fractions were examined on the AB SCIEX Triple-
TOF 5600+ Mass Spectrometry (SCIEX, Concord, ON), equipped
with an Eksigent nanoL.C-Ultra™ 2D System. The fractions were
loaded on Chrom XP C18 trap column (3 um, 120 A, 200 umx0.5
mm, Eksigent) at a flow rate of 4 ul/min for 5 min and eluted
through analytical column (75 pumx150 mm C18- 3um 120 A,
ChromXP, Eksigent) at a flow rate of 400 nl/min. The elution gra-
dient was form 5% to 40 % solvent B (consisted of 2% ddH20/98%
acetonitrile/0.1% formic acid) in 90 min followed by 10 min at
95% solvent B and 20 min of re-equilibration with 5% solvent B.
Raw data files generated by TripleTOF 5600+ Mass Spectrom-
etry (SCIEX, Concord, ON) were converted to .mgf peaklists
with PEAKS 8.5 software (Bioinformatics Solutions, Waterloo,
Canada). For this procedure, we ran PEAKS 8.5 in identification
mode against the UniProt-Mus musculus database (released in
July 2017) with the following setting parameters: the parent mass
error tolerance and fragment mass error tolerance were set at 30
ppm and 0.1 Da, respectively. The enzyme was set at trypsin. Fixed
modification included the following: oxidation (M), deamidation
(NQ), Pyro-glu from E, Pyro-glu from Q, Acetylation (Protein
N-term) and maximum variable PTM per peptide: 3. A false dis-
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covery rate (FDR) less than 1.0% was selected for peptides only.
Precise quantification of protein was expressed as protein ratio be-
tween samples, and set as group AD/WT, group memantine/W'T
and memantine/AD. The thresholds of up- and down-regulated
ratio were set at 1.2 and 0.83, respectively.

The mass spectrometry proteomics data were archived into
ProteomeXchange with identifier PXD012110 and PXD012110
(http://www.ebi.ac.uk/pride/archive).

Bioinformatics analysis

A first step for functional analysis of the altered protein list was
to connect the protein accession with its associated gene ontology
(GO) terms by using DAVID Bioinformatics resources version 6.8.
The GO terms included biological process, cellular component
and molecular function. Pathways enriched with altered proteins
was determined by using KEGG pathway database (https://www.
kegg.jp/kegg/). Heml 1.0 software and Graphpad 7.0 software were
used to analyze the heat map. The Search Tool for the Retrieval
of Interacting Genes (STRING; http://string-db.org) was used to
evaluate protein-protein interaction (PPI) information. The inter-
action network was drawn by Cytoscape (3.6.0).

Statistical analysis

Data analysis of animal behavioral test was conducted by using
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Fig. 3. Memantine ameliorated spatial learning and memory deficits in AD mice assessed by the Morris water maze (MWM) test. (A) The escape
latency of mice in training session from day 1 to day 5. (B) The swimming trajectory of mice during the probe test. (C) The latency to cross platform
location (the platform was removed) during probe test. (D) Number of platform site crossovers in target quadrant during probe test. Bar graphs show
mean+SEM, n=13,*p<0.05 or **p<0.01 vs. WT group, #p<0.05 vs. AD group by two-tailed unpaired Students t-test (ANOVA).
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GraphPad Prism 7.0 software with ANOVA and Tukeys HSD test.
RESULTS

Memantine ameliorated cognitive impairments of 3x1g-
AD mice

In the step-down passive avoidance (SDA) test, 3xTg-AD (AD)
mice exhibited shorter step-down latency when compared with
wild type (WT) mice, and memantine significantly restored the
step-down latency in AD mice (Fig. 2A). Similarly, Fig. 2B showed
that AD mice made more errors than WT mice, and the number of
errors was reduced when AD mice were treated with memantine.
Results from the novel object recognition (NOR) test showed that
AD mice had reduced abilities to recognize novel object (measured
as Discrimination Index, DI), and memantine improved the DI
although not reaching statistical significance (Fig. 2C).

In the Morris water maze (MWZ) test, AD mice took longer
to reach the platform (escape latency) than WT mice during the
training period, and memantine significantly decreased the escape

latency of AD mice, with the effect most prominent on Day 5 (Fig.
3A). During the trial period, the platform was removed to evaluate
if the mice after training would spend more time searching in the
target quadrant than in the other quadrants. The trace records (Fig.
3B) showed that the swimming trajectory of AD mice in the target
quadrant was less than those of W'T mice and memantine treated
AD mice. The AD mice took significantly much longer to find the
target quadrant (Fig. 3C) and made less visits to the target quad-
rant (Fig. 3D). Both parameters could be significantly improved
with the treatment of memantine in AD mice. Taken together, our
data suggested that memantine was effective at improving the spa-
tial memory of AD mice.

Memantine remodeled the hippocampal and cortical pro-
teomes of 3xTg-AD mice

Fig. 1 illustrated the experimental flowchart of proteomics analy-
sis by using 6-plex TMT labeling quantitative proteomics strategy.
Analysis of the hippocampal and cortical tissues of WT, 3xTg-
AD (AD), and memantine-treated AD mice showed that a total of
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Fig. 4. Heat map of altered proteins induced by memantine treatment in AD mice. (A) Hierarchical clustering of 233 changed proteins in the hippo-
campus between AD group and memantine group (criteria: ratio >1.2 represented up-regulation or ratio <0.83 represented down-regulation). (B) 40
proteins in the hippocampus related to cytoskeleton, angiogenesis, RNA processing and axon guidance were significantly altered between AD group and
memantine group (ratio =1.5 or <0.67). (C) Hierarchical clustering of 342 changed proteins in the cerebral cortex between AD group and memantine
group (criteria: ratio 21.2 or <0.83). (D) 50 proteins in the cerebral cortex related to cytoskeleton, mitochondrion function, oxidation reduction and
DNA binding were significantly altered between AD group and memantine group (criteria: ratio >1.5 or <0.67). Different color stands for different level
of protein expression, with red indicates increase and green indicates decrease when compared with WT group.
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Fig. 4. Continued.

3301 proteins in the hippocampus and 3140 proteins in the cere-
bral cortex displayed altered expression with one or more unique
peptides (false discovery rate (FDR) <1%). Among the altered
proteins in the hippocampus, 233 were significantly modulated in
memantine-treated AD mice (Fig. 4A), where 139 proteins were
up-regulated and 94 proteins were down-regulated (with criteria
ratio 1.2 or 0.83) (Table S-1). Further analysis identified 40 of
the proteins with dramatic changes in levels (23 up-regulated, 17
down-regulated) (ratio >1.5 or <0.67) (Fig. 4B), and these proteins
were involved in cytoskeleton organization, MAPK signaling
pathway and axon guidance (Table S-2). PCTN (3.58), ATAXIN-2
(2.37), TNIK (1.98), NOL3 (1.78) were the most up-regulated pro-
teins, and DPP9 (0.6), BRAF (0.59), FLNA (0.57), MARK2 (0.44)
were the most down-regulated proteins (Table S-2). In the cerebral
cortex, 342 proteins were significantly modulated in memantine-
treated AD mice (80 up-regulated, 262 down-regulated) (ratio
>1.2 or <0.83) (Fig. 4C, Table S-3). Among of them, 50 proteins
had dramatic changes in expression levels (fold change > 1.5 or
<0.67) as shown in Fig. 4D (Table S-4), and they were related to
cytoskeleton organization, mitochondrial function, oxidative

reduction and neuron development. The most up-regulated pro-
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teins were MPPB (2.69), PCNT (2.62), Myelin (1.62) and the most
down-regulated proteins were Dynamin-2 (0.63), BRAF (0.53),
MOES (0.41). These proteins are all highly associated with AD.

We found that only 24 proteins, including MPPB, MOES, PCNT
and BRAEF were significantly changed in both hippocampus and
cerebral cortex, as shown in Fig. 5A and Table 1. Among the 24
proteins, only 8 proteins had interaction with each other as shown
in Fig. 5B. Some of the altered proteins under the influence of
memantine showed opposite expression patterns (Table 1). MBBP,
RAB8A and UFM1 were down-regulated (ratio memantine/
AD <0.83, blue number in Table 1) in the hippocampus but up-
regulated (ratio memantine/AD>1.2, red number in Table 1) in
the cerebral cortex. On the other hand, MFRIL, PDEIC, U520,
NB5R1, PCBP3, ADT4, CRTC1 and MOES were up-regulated
(ratio memantine/AD>1.2, green number in Table 1) in the hip-
pocampus while they were down-regulated in the cerebral cortex
(ratio memantine/AD <0.83, purple in Table 1).

Bioinformatics analysis of altered proteins

To investigate the functional significance of the altered pro-

teins, we performed a functional classification by using DAVID
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bioinformatics tool (version 6.8) according to Gene Ontology
(GO) terms (biological process, molecular function and cellular
component) as shown in the Fig. 6. In the hippocampus, the most
enriched terms of biological process were cellular macromo-
lecular complex assembly, intracellular signaling cascade and
small GTPase mediated signal transduction. The most enriched
terms of cellular component for the hippocampal proteins were
cytoskeleton, non-membrane-bounded organelle and synapse.
The most over-represented terms of molecular function for the
hippocampal proteins were nucleotide binding, GTP binding and
guanyl nucleotide binding. For the cerebral cortical proteins, the
most over-represented terms of biological process were establish-
ment of protein localization, protein localization and protein
transport. The most over-represented terms of cellular component
were mitochondrion, synapse and cytoskeleton. The most over-
represented terms of molecular function were nucleotide binding,
purine nucleotide binding and ribonucleotide binding. KEGG
pathway analysis was used to present these characteristics. For the
hippocampal proteins, the highly enriched terms included long-
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Fig. 5. Venn diagram of two repeated analysis of significantly changed
protein in the hippocampus and the cerebral cortex. (A) Expressions of
24 proteins were significantly changed in both hippocampus and cerebral
cortex after memantine treatment. (B) STING diagram showing the PPI
network of the 24 proteins. The gene names of the altered proteins were
shown. Only 8 proteins among the 24 altered proteins were observed to
have interaction with each other.
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term potentiation, insulin signaling pathway, amino sugar and
nucleotide sugar metabolism, vascular smooth muscle contraction
and regulation of actin cytoskeleton. For the cerebral cortical pro-
teins, the highly enriched terms included long-term potentiation,
glycerolipid metabolism, calcium signaling pathway, insulin sig-
naling pathway and MAPK signaling pathway.

To further evaluate the relationships among the differentially
expressed proteins (ratio >1.2 or <0.83) induced by memantine
treatment in 3xTg-AD mice, protein-protein interaction (PPI)
networks were performed using STRING database and inter-
preted with Cytoscape 3.6.0. In the hippocampus and the cerebral
cortex, more than half of the differentially expressed proteins were
connected with each other, many of which were involved in AD
pathology. In the hippocampus (Fig. 7A), the most represented
pathways were ErbB signaling pathway, Alzheimer’s disease and
regulation of cytoskeleton. In the cerebral cortex (Fig. 7B), the
pattern of modulation was more complex than in the hippocam-
pus. This included electron transfer activity, Alzheimer’s disease,
ribosome, axon guidance, calcium signaling pathway, MAPK sig-
naling pathway, regulation of cytoskeleton and vesicle-mediated
transport. The data implicated that memantine might modulate
multiple pathways to protect against neuronal death.

To further understand the signaling pathways affected by me-
mantine treatment, we conducted Wiki pathway analysis using
Cytoscape 3.6.0 software. We imported the information of all the
proteins identified in the hippocampus or the cerebral cortex into
Cytoscape 3.6.0 software for mapping the cytoplasmic ribosomal
proteins pathway in an integrated analysis (Fig. 8). We found that
most of the ribosomal protein subunits in the hippocampus or
the cerebral cortex were affected by memantine treatment. In
the hippocampus, only small (40 S) subunit protein Rps 12 was
significantly down-regulated. However, in the cerebral cortex, 60
S subunit protein Rpl32 and Rpl35 were significantly down-regu-
lated, and the 40 S subunit protein Rps6ka2 was significantly up-
regulated. The data indicated that memantine might have a greater
effect on the cerebral cortex than the hippocampus.

DISCUSSION

Here, we evaluated the therapeutic effects of memantine against
cognitive declines in 3xTg-AD mice and characterized the pro-
teome profiles in the hippocampus and the cerebral cortex. Our
results from behavioral tests indicated that memantine was effec-
tive for improving cognitive abilities in 3xTg-AD mice, including
learning and memory (SDA test), recognition memory (NOR
test), and spatial navigation and reference memory (MWM test).
Our results from proteomics profiling showed that memantine
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Table 1. 24 proteins were significantly changed in both the hippocampus and the cerebral cortex by memantine treatment. These proteins have met the
criteria, the ratio of memantine/AD in expression levels of at least 1.2-fold ( up-regulation ) or at least <0.83-fold (down-regulation) as defined in the

experimental procedures.

Ratio
Accession Protein Description Hippocampus Cortex
name AD/WT Meman- Meman- AD/WT Meman- Meman-
tine/WT tine/AD tine/WT tine/AD
QICXT8 MPPB Mitochondrial-processing peptidase subunit 1.8 14 0.78 0.98 2.64 2.69
beta, GN=Pmpcb
P55258 RABSA Ras-related protein Rab-8A, GN=Rab8a 111 091 0.82 1.16 1.81 1.56
P61961 UFMI1 Ubiquitin-fold modifier 1, GN=Ufm1 1.15 0.92 0.80 1.03 1.26 1.22
QICWEO MEFRIL Mitochondrial fission regulator 1-like, 0.89 1.09 1.22 121 1 0.83
GN=Mtfrll
Q64338 PDEIC Calcium/calmodulin-dependent 3' 5-cy- 0.88 117 1.33 1.35 1.09 0.81
clic nucleotide phosphodiesterase 1C,
GN=Pdelc
Q6P4T U520 U5 small nuclear ribonucleoprotein 200 kDa ~ 0.82 1.04 1.27 12 0.96 0.80
helicase, GN=Snrnp200
E9Q2W9 E9Q2W9  Alpha-actinin-4 (Fragment), GN=Actn4 0.83 1.03 1.24 1.16 0.92 0.79
Q9DB73 NB5R1 NADH-cytochrome b5 reductase 1, 1.04 1.25 1.20 1.31 1.01 0.77
GN=Cyb5r1
P57722 PCBP3 Poly(rC)-binding protein 3, GN=Pcbp3 0.87 1.14 1.31 1.28 0.97 0.76
Q3V132 ADT4 ADP/ATP translocase 4, GN=SIc25a31 0.87 1.06 1.22 1.03 0.74 0.72
Q68ED7 CRTC1 CREB-regulated transcription coactivator 1, 0.8 1.02 1.28 1.36 0.97 0.71
GN=Crtcl
P26041 MOES Moesin, GN=Msn 0.98 1.18 1.20 2 0.82 0.41
P26339 CMGA Chromogranin-A, GN=Chga 1.12 0.86 0.77 1.06 0.87 0.82
A2A8L5 PTPRF Receptor-type tyrosine-protein phosphatase ~ 1.04 0.86 0.83 1.07 0.87 0.81
E GN=Ptprf
QID6P8 CALL3 Calmodulin-like protein 3, GN=Calml3 1.44 1.07 0.74 1.08 0.87 0.81
Q921M3 SF3B3 Splicing factor 3B subunit 3, GN=Sf3b3 1.19 0.91 0.76 1.24 0.98 0.79
P43274 Hl14 Histone H1.4, GN=Histlhle 0.88 0.69 0.78 0.95 0.74 0.78
P48725 PCNT Pericentrin, GN=Pcnt 0.79 2.83 3.58 0.93 244 2,62
Q99JB2 STML2 Stomatin-like protein 2 mitochondrial, 1.57 1.12 0.71 1.25 0.86 0.69
GN=Stoml2
Q99KP3 CRYLI Lambda-crystallin homolog, GN=Cryl1 1.35 1.07 0.79 1.37 0.94 0.69
P62806 H4 Histone H4, GN=Hist1h4a 0.8 0.59 0.74 0.82 0.5 0.61
F8VQO5 F8VQO05 FRY-like transcription coactivator, GN=Fryl 0.99 0.77 0.78 1.65 0.98 0.59
P28028 BRAF Serine/threonine-protein kinase B-raf, 173 1.02 0.59 1.84 0.98 0.53
GN=Braf
ASDUK4 A8DUK4  Beta-globin, GN=Hbbt1 0.53 0.34 0.64 0.71 0.33 0.46

GN means Gene name.

significantly regulated proteins relevant to Alzheimers disease
(AD), including proteins for axon guidance, cytoskeleton, and
ribosomal proteins, and modulated proteins connected to calcium
and MAPK signaling pathways. To the best of our knowledge, this
is the first study to report a comprehensive proteomic analysis of
the hippocampus and the cerebral cortex under the influence of
memantine treatment in AD-related mouse model. In particular,
we observed a significant down-regulation of microtubule-aftinity
regulating kinase 2 (MARK2) in memantine-treated AD mice,
with ratio of 0.437 and 0.759 in the hippocampus and the cerebral
cortex, respectively.

MARK2 is one of the four MARK isoforms originally discov-
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ered by its ability to phosphorylate the Lys-X-Gly-Ser (KXGS)
motifs in the repeat domains of microtubule-associated proteins
tau (MAPT), MAP2, and MAP4, and thereby to regulate micro-
tubule dynamics in neurons [19, 20]. MARKs also display diverse
functions in neuronal polarity, transport, cell-cycle control and
cytoskeleton, which play a prominent role in neurodegenerative
‘tauopathies such as AD [21,22]. The formation of neurofibrillary
tangles (NFT5) is one of the major hallmarks in the post-mortem
brain of AD [23]. Tau binds to and stabilizes microtubules (MTs)
in the neurons, especially in neuronal axons [23]. When tau under-
goes abnormal hyper-phosphorylation in the AD brain, its affinity
for MTs is reduced and it accumulates as NFTs, contributing to

https://doi.org/10.5607/en.2019.28.3.390



en

Memantine Alters Proteome Profiles in 3xTg-AD Mice

Hippocampus

Biological process

Percent (%) "

-Logl10(P-Value)

H Percent

0.00 5.00 10.00 15.00

protein-DNA complex assembly
chromatin assembly

nucleosome assembly

small GTPase mediated signal
transduction

intracellular signaling cascade

cellular macromolecular complex
assembly

0.00 2.00 4.00 6.00
-Log10 (P-Value)
Cellular component

Percent (%)
0.00 10.00 20.00 30.00

cytosol 2.69

cell projection

nucleosome

synapse

non-membrane-bounded organelle

cytoskeleton

0.00 2.00 4.00 6.00
-Log10 (P-Value)
Molecular function

Percent (%)

0.00 10.00 20.00 30.00

purine nucleotide binding
purine ribonucleotide binding
ribonucleotide binding
guanyl nucleotide binding
GTP binding

nucleotide binding

280 300 320 340 3.60 3.80
-Logl0 (P-Value)

KEGG pathway

Percent (%)
0.00 2.00 4.00 6.00

Regulation of actin cytoskeleton 1.56
Spliceosome

Vascular smooth muscle contraction

Amino sugar and nucleotide sugar
metabolism

Insulin signaling pathway

Long-term potentiation

0.00 1.00 2.00 3.00
-Log10 (P-Value)

®-Logl0(P-Value)
® Percent

m-Logl0(P-Value)
H Percent

®-Logl0(P-Value)
H Percent

Cerebral Cortex

Biological process

Percent (%) ®-Logl0(P-Value)
H Percent
0.00 5.00 10.00 15.00

intracellular transport

regulation of small GTPase mediated
signal transduction

vesicle-mediated transport
protein transport
protein localization

of protein localization

0.00 2.00 4.00 6.00
-Log10 (P-Value)

Cellular component
Percent (%) m-Logl0(P-Value)

000 500 1000 1500 2000 "rereent
mitochondrial envelope
microtubule
intracellular non-membrane-

bounded organelle
cytoskeleton
synapse
mitochondrion
0.00 2.00 4.00 6.00 8.00
-Log10 (P-Value)
Molecular function
Percent (%) m-Logl0(P-Value)

0.00 10.00 20,00 3000 ™ Percent

nucleoside-triphosphatase regulator
activity
adenyl nucleotide binding
GTPase regulator activity
ribonucleotide binding
purine nucleotide binding
nucleotide binding
0.00 2.00 4.00 6.00 8.00
-Log10 (P-Value)
KEGG pathway
Percent (%) m-Log10(P-Value)
0.00 1.00 2.00 300 400 Pereent

MAPK signaling pathway
Insulin signaling pathway
Aminoacyl-tRNA biosynthesis
Calcium signaling pathway
Glycerolipid metabolism

Long-term potentiation

0.00 1.00 2.00 3.00
-Log10 (P-Value)

Fig. 6. Bioinformatics analysis of differentially expressed proteins of the hippocampus and the cerebral cortex. 233 and 342 changed proteins in the
hippocampus and the cerebral cortex, respectively, were analyzed by DAVID GO analysis and KEGG analysis. Proteins were functionally annotated in
according to their biological process, cellular component and molecular function terms, and listed according to the -Log10 (p-value).
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Fig. 8. Visualization of proteins altered by memantine treatment in the hippocampus and the cerebral cortex that were associated with the ribosome
pathway. All of the proteins identified by proteomics present in the hippocampus or the cerebral cortex were imported into Cytoscape software to map
ribosome Wiki pathways based on published database. The red boxes indicate up-regulated protein, blue boxes indicate down-regulated protein and

gray boxes indicate unidentified proteins.

the development of synaptic dysfunction and neuronal loss [23,
24]. Studies have reported that the elevated interactions between
MARK?2 and tau were observed in post-mortem AD brains [25].
It has been demonstrated that active MARK?2 interacted with tau
and phosphorylated tau at Ser262 in stably transfected cell line,
while the interaction between MARK2 and tau was significantly
reduced when MARK2 was inhibited by protein kinase inhibitor
[25]. The overexpression of MARK2 led to hyperphosphoryla-
tion of MAPs and disturbance in microtubule array, resulting in
cellular morphological changes and cell death in Chinese hamster
ovary (CHO) cells [19, 26], while knockdown of MARK2 expres-
sion using siRNA contributed to the formation of multiple axon
like neurites and elongation of axons in hippocampal neurons [26,
27].One study reported that MARK2 and PTEN-induced kinase 1
(PINKT1) were co-localized with mitochondrial and regulate their
transport, and MARK2 was identified as an upstream regulator of
PINKI1 [28].

The activation of NMDA receptors (NMDAR) leads to calcium-
influx and the activation of downstream effectors such as CaM-
KII, PI3K, ERK and PKA. Previous studies have reported that
NMDAR activated protein kinase A (PKA) which phosphorylated
MARK2 [29]. MARK?2 could regulate microtubule stability, neu-
rite outgrowth, and early phosphorylation of tau in AD [26]. The
augmented interactions between MARK2 and tau in AD brain

https://doi.org/10.5607/en.2019.28.3.390

suggest that MARK2 plays an important role in the early phos-
phorylation of tau in AD, indicating it as a potential therapeutic
target. More recently, a series of selective MARK inhibitors have
been synthesized and examined for potential treatment for AD
[23]. Our data provided further evidence of the roles of MARK2
in AD pathogenesis, and demonstrated the association between
MAPK2 and memantine therapeutic effects in AD for the first

time.
SUPPLEMENTARY MATERIALS

Table S-1: 233 proteins in the hippocampus that were signifi-
cantly changed by memantine treatment.

Table S-2: 40 proteins with dramatic changes in levels in the hip-
pocampus by memantine treatment.

Table S-3. 342 proteins in the cerebral cortex that were signifi-
cantly changed by memantine treatment.

Table S-4. 50 proteins with dramatic changes in levels in the cere-

bral cortex by memantine treatment.
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