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Abstract. Mesenchymal stem cells (MSC) are increasingly being studied as a source of cell therapy for neurodegenerative
diseases, and several groups have reported their beneficial effects on Alzheimer’s disease (AD). In this study using AD model
mice (APdE9), we found that transplantation of MSC via the tail vein improved spatial memory in the Morris water maze
test. Using electron paramagnetic resonance imaging to evaluate the in vivo redox state of the brain, we found that MSC
transplantation suppressed oxidative stress in AD model mice. To elucidate how MSC treatment ameliorates oxidative stress,
we focused on amyloid-3 (AB) pathology and microglial function. MSC transplantation reduced A deposition in the cortex
and hippocampus. Transplantation of MSC also decreased Ibal-positive area in the cortex and reduced activated ameboid
shaped microglia. On the other hand, MSC transplantation accelerated accumulation of microglia around A3 deposits and
prompted microglial AP uptake and clearance as shown by higher frequency of A3-containing microglia. MSC transplantation
also increased CD14-positive microglia in vivo, which play a critical role in AP uptake. To confirm the effects of MSC on
microglia, we co-cultured the mouse microglial cell line MG6 with MSC. Co-culture with MSC enhanced A uptake by MG6
cells accompanied by upregulation of CD14 expression. Additionally, co-culture of MG6 cells with MSC induced microglial
phenotype switching from M1 to M2 and suppressed production of proinflammatory cytokines. These data indicate that MSC
treatment has the potential to ameliorate oxidative stress through modification of microglial functions, thereby improving
AR pathology in AD model mice.
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INTRODUCTION

Alzheimer’s disease (AD) is a common neu-
rodegenerative disease which progressively impairs
memory and cognition. Histopathologically, AD is
characterized by aggregation of amyloid-3 (A) pro-
teins into extracellular senile plaques, intracellular
neurofibrillary tangles, and synaptic and neuronal
loss [1, 2]. Increased AP deposition is the key
pathogenic factor of AD and the main cause of neu-
ronal loss in the amyloid cascade hypothesis [3].
Recent evidence indicates that the mechanism of A3
neurotoxicity reflects the complex interaction of mul-
tifocal processes, suggesting the existence of multiple
potential targets for AD treatment [4-9]. As one of
the neurotoxic mechanisms of A, the involvement
of oxidative stress due to free radical production has
been proposed [10].

Oxidative stress is known to induce the pathologi-
cal progression of a variety of diseases. The nervous
system is vulnerable to oxidative stress because it
has high oxygen consumption rate and high levels
of polyunsaturated fatty acids, and is not particu-
larly enriched in antioxidant defense enzymes [11].
A deposits may form high affinity complexes with
metal ions such as copper and zinc and undergo
redox cycling, generating hydroxyl radicals (eOH)
[12, 13]. We previously measured in vivo changes
of the redox status (the balance between antioxi-
dants and oxidants) in the brain of AD model mice
noninvasively by three-dimensional (3D) electron
paramagnetic resonance (EPR) imaging, and demon-
strated a significantly accelerated change in redox
state in model mice showing increased A3 deposition
and glial activation [14]. We reported that proin-
flammatory cytokines such as TNFa increased in
the microglial fraction of AB-stimulated AD mice
brain [15], and that microglia internalized A3 through
the TLR4/CD14 complex as one of AP clearance
pathways [16]. From these findings, we focused on
microglial function in AD progression, and whether
modification of microglial function prevents progres-
sion of AD through suppression of oxidative stress.

Mesenchymal stem cells (MSC) are originally
somatic stem cells derived from mesodermal tissue.
Since the potential of these cells to differentiate into
neuron has been demonstrated [17, 18], MSC are
increasingly attracting attention as a source of cell
therapy for neurological diseases. MSC hold great
promise as cell therapy for neurological diseases
such as cerebral ischemia and Parkinson’s disease.
We have reported that MSC expressed several neu-

rotrophic factors and suppressed neuroinflammation
in Parkinson’s disease model rats [19]. Other groups
have shown beneficial effects of MSC in AD model
mice [20-27]. However, the mechanisms of the MSC
effects are not fully understood. In this study, we
examined the effects of MSC on Af pathology in
AD model mice, and also evaluated the effect of
MSC treatment on the redox status using in vivo EPR
imaging technique.

MATERIALS AND METHODS

Animal model

All animal experiments were conducted according
to the Animal Guideline of Sapporo Medical Uni-
versity and approved by the Animal Care and Use
Committee of Sapporo Medical University. Hem-
izygous APPswe/PS1dE9 (APdE9) founder mice
expressing chimeric mouse/human amyloid precur-
sor protein (APPswe) (mouse APP695 harboring a
human AR domain and K594 N and M595 L muta-
tions linked to Swedish familial AD pedigrees)
and human presenilin 1 exon 9 deletion mutation
(PS1dE9) were purchased from Jackson Laboratory,
USA. All the mice used in this study were bred by
mating male APdE9 mice with female C57BL6/J
mice in the animal facilities at Sapporo Medical uni-
versity. Male APdE9 mice and male wild-type (WT)
littermates were used in this study. Mice were main-
tained in an accredited animal holding facility with
controlled temperature (24 & 2°C), air pressure and
lighting (12 h light-dark schedule), and were given
access to food ad libitum.

Transplantation of MSC

Preparation of MSC culture was based on previous
work in Honmou’s laboratory [28]. Bone marrow was
obtained from femoral bones of 6-week-old Sprague-
Dawley rats (Sankyo Labo Service Corporation Inc,
Tokyo, Japan) or green fluorescent protein (GFP)-
expressing rats [SD-Tg (CAG-EGFP)] (Japan SLC,
Shizuoka, Japan). Bone marrow diluted in 10 ml
of Dulbecco’s modified Eagle’s medium-high glu-
cose (DMEM; Wako) supplemented with 10% heat
inactivated fetal bovine serum (FBS; GE Healthcare
Life Sciences, UT, USA), 100 U/ml penicillin and
0.1 mg/ml streptomycin (Life Technologies Corpora-
tion, CA, USA) was plated on 10 cm? tissue culture
dish, and incubated at 37°C in humidified atmo-
sphere with 5% CO,. MSC were selected by plastic
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adhesion, and nonadherent cells were removed by
replacing the medium 48 h after cell seeding. When
cultures almost reached confluence after approxi-
mately one week, the adherent cells were detached
with trypsin-EDTA solution (Life Technologies Cor-
poration) and subcultured at 3 x 10* cells/ml. In the
present study, we used MSC after one passage for
transplantation and in vitro assays.

MSC transplantation protocols consisted of three
groups. APdE9 mice were randomized in two groups.
In APdE9-MSC group, 3 x 10° MSC in 200 ul of
DMEM were injected into 7.5-month-old APdE9
mice via the tail vein. APdE9-sham group and WT
group were injected with 200 pl of DMEM as con-
trols. All mice were given subcutaneous injection of
cyclosporine A (10 mg/kg; Novartis Pharma, Tokyo,
Japan) every other day from the day before transplan-
tation (Fig. 1a).

MSC derived from GFP-expressing rats were used
to examine in vivo localization of MSC in recipient
mice after transplantation. 3 x 10° GFP-expressing
MSC (MSC-GFP) in 200 .1 of DMEM were injected
into 21-month-old APdE9 mice (n=2) via the tail
vein. The mice were injected with cyclosporine A as
described previously. One day after transplantation,
the brain, spleen, and lung were removed.

Morris water maze (MWM) test

MWM test was performed one month after MSC
transplantation. The apparatus consisted of a circular
pool (1.2 m in diameter) filled with water maintained
at 18.0+1.0°C. A variety of visual cues were pro-
vided in the testing area and kept constant during the
task process. The swimming activity of each mouse
was monitored by an overhead video camera, and
analyzed with a video tracking system (ActiMetrics,
IL, USA). A mouse performed 5 trials per day with
15 min interval between trials. In each trial, the mouse
had to swim until it reached the platform. After reach-
ing the platform, the mouse was allowed to remain for
30s. If the mouse failed to reach the platform within
60 s, the test was ended, and the mouse was guided
to the platform. In the visible platform training (days
1 and 2), the platform was placed 1cm below the
surface of the water in the center of the pool, and
a small object was attached for visualization of the
platform area. In the hidden platform training (days
5, 6,7, and 8), the platform with no object was placed
in the center of one quadrant of the pool. A two-day
interval (days 3 and 4) was placed between the visible
and hidden platform training. Twenty-four hours after

the final training (day 9), the platform was removed,
and the probe trial was performed. The mouse was
allowed 60 s to search for the platform, and the latency
to reach the area where the platform was previously
located was recorded. The number of times the mouse
crossed the area where the platform was located and
the percentage of time spent in the target quadrant
were also recorded.

In vivo EPR imaging

In vivo EPR imaging was performed on WT,
APdE9-sham, and APdE9-MSC mice after the behav-
ioral experiment was completed. EPR images of
mouse heads were obtained as previously described
[14]. An in-house built 750 MHz CW-EPR imager
was used. The blood-brain barrier (BBB) perme-
able nitroxide MCP (3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine-1-yloxy, Fig. 2a) (NARD
Chemicals, Ltd., Osaka, Japan) was used as a redox-
sensitive imaging probe. A mouse was anesthetized
by intraperitoneal injection of ketamine (50 mg/kg)
and xylazine (1 mg/kg). MCP (1.5 pmol/g body
weight) in PBS was injected via the tail vein over
approximately 15s. The data acquisition time for
EPR imaging was 9 s for 181 projections and 50 ms
field scanning (6 mT field scan). EPR images were
obtained using the filtered back-projection algorithm,
and two-dimensional (2D) EPR images were gener-
ated from the reconstructed 3D images. The imaging
matrix was 128 x 128 x 128 pixels, and the field of
view was 50 x 50 x 50 mm.

The time course of the image intensity at each
pixel of 2D slice EPR image (128 x 128 pixels) was
extracted and used for calculating rate constant of the
reduction reaction of MCP using a custom-written
program in LabVIEW software (National Instru-
ments) as reported previously [29]. The rate constant
of the MCP reduction reaction was evaluated at each
pixel using eight serial 2D slice EPR images over
time and mapped in 2D format to obtain the so called
“redox map”.

MRI of mice was acquired using an MR mini
scanner (MR Technology, Tsukuba, Japan) with a
0.5-T permanent magnet. MRI was performed using
a spin-echo multi-slice T1-weighted sequence. Typi-
cal imaging parameters were: repetition time, 450 ms;
echo time, 12 ms; field of view, 60 x 30 mm?2; matrix,
256 x 128 pixels; number of excitations, 15; and slice
thickness, 1.5 mm. Co-registration of EPR images to
MRI was performed as described previously [29].
Before EPR imaging, anatomical images of the
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Fig. 1. Transplantation of MSC improved spatial memory function of APdE9 mice. a) Schematic diagram of the protocol. To assess spatial
learning and memory function, Morris water maze test was performed in WT, APdE9-sham, and APdE9-MSC mice at 8.5 months of age.
EPR imaging was performed at 9 months of age. b) Escape latency in the training trials of Morris water maze test for WT mice, APdE9-sham
mice, and APdE9-MSC mice. ¢) Swimming speed in the probe trial of Morris water maze test for three groups of mice. d) Number of crossing
through the area where the platform was located, e) latency to reach where the platform was located, and f) percentage of time spent in target
quadrant in the probe trial of Morris water maze test (n =10 for each group).

mouse head were obtained by MRI. Sagittal images of
the spatial map of MCP content and map of MCP rate
constant were co-registered to the MRI anatomical
images.

Region of interest (ROI) was chosen in the co-
registered image obtained, and the average rate
constant of MCP in the selected ROI was calculated

using a custom-written program on Matlab software
(The MathWorks, MA, USA).

Tissue preparation

The mouse was deeply anesthetized with medeto-
midine (0.75 mg/kg), midazolam (4 mg/kg), and
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Fig. 2. Transplantation of MSC ameliorated redox status in APdE9 mice brain. a) Chemical structure of MCP, a BBB permeable nitroxide
compound. b) Serial changes in EPR images (median sagittal plane) over time in a representative MCP-injected WT mouse head. ¢) Redox
map of a representative WT mouse brain. The ROIs in the cerebral cortex (ROI-1) and the midbrain (ROI-2) are indicated. d) Representative
redox maps of WT, APdE9-sham, and APdE9-MSC mouse heads. e¢) RRCM (ratio of the MCP reduction rate constant in the cerebral cortex
to that in the midbrain) in WT, APdE9-Sham, and APdE9-MSC groups (n=9 for WT, n=>5 for APdE9-sham, and n =8 for APdE9-MSC).

butorphanol tartrate (5 mg/kg), then perfused with
saline. Half of the brain and other tissues were fixed
for one day with 4% paratormaldehyde in PBS, trans-
ferred to 10% sucrose followed by 20% sucrose in
PBS, and used for histopathological analysis. The
other half of the brain was stored at —80°C and used
for biochemical analysis.

Histopathology and immunohistochemistry

Brain sections of 9-month-old WT and APdE9
mice were prepared as described previously [15].
Free-floating brain sections were subjected to antigen
retrieval in 20 mM citrate buffer, pH 8.0 at 80°C for
30 min [30]. Immunohistochemistry was performed
by incubating with rat anti-CD14 antibody (clone
MSE2, 1:100; BD Pharmingen, CA, USA), rab-
bit anti-Ibal antibody (polyclonal, 1:1,000; Wako),
or mouse anti-Af antibody (clone 6E10, 1:2,000;
Covance, NJ, USA) for 3 days at 4°C. For immu-
noenzyme staining, the sections were probed using
biotinylated anti-mouse or anti-rabbit IgG antibody
(1:2,000; Vector Laboratories, CA, USA) for 2h at
room temperature. Then, the sections were visual-
ized by DAB (3,3’-Diaminobenzidine) staining using
avidin peroxidase (ABC Elite Kit, Vector Laborato-
ries). For immunofluorescence staining, the sections

were probed using anti-mouse IgG antibody conju-
gated with Alexa Flour 594, anti-rabbit IgG antibody
conjugated with Alexa Flour 488, anti-mouse IgG
antibody conjugated with Alexa Fluor 633, anti-
rabbit IgG antibody conjugated with Alexa Fluor 594,
anti-rat IgG antibody conjugated with Alexa Flour
488 (each diluted 1:2,000; Thermo Fisher, MA,
USA) for 2h at room temperature. Then, sections
were counterstained with Hoechst 33342 (1:1,000;
Dojindo Laboratories, Kumamoto, Japan) for 30 min.
For GFP-MSC—transplanted APdE9 mice, all organs
were frozen and cut into 20 pm-thick slices using
a cryostat. Unstained sections were mounted on
glass slides. Fluorescence was observed under a
laser scanning confocal microscope (Nikon Al+;
Nikon, Tokyo, Japan) or fluorescence microscope
(BZ-X710; KEYENCE, Tokyo, Japan).

Quantification of amyloid plaque burden and
microglia of brain section

In 9-month-old WT and APdE9 mice, anti-A3
and anti-Ibal antibody-stained, DAB-labeled sec-
tions were analyzed by measuring the percentage of
positively stained area in a microscopic field using
ImageJ software (National Institutes of Health, MD,
USA) as reported previously [31]. For quantitative
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analysis, three serial brain sections at intervals of
400 p.m were used for each mouse. For quantification
of the A3 deposition, we designated the entire parietal
association cortex or the entire hippocampus in each
brain section of each mouse as the analysis region. For
quantification of the Iba-1 positive area, four high-
magnification fields of view per each section were
randomly assigned as the analysis region from the
parietal cortex area. For quantification of microglial
accumulation around AR deposits and ratio of A3-
positive or CD14-positive microglia in high-power
field, A3 images were observed without Ibal or CD14
images and all Z-direction stack images for each A3
deposit were captured sequentially in microscopic
fields.

Enzyme-linked immunosorbent assay (ELISA)

To measure the amount of AB1—40 or ABj—42 in
the brain tissue, a tris-buffered saline (TBS)-extracted
fraction and a formic acid (FA)-extracted fraction
were prepared according to the following procedures
as described previously [32, 33]. To measure the
amount of internalized APBj—4 remaining in MG6
cells, MG6 cells were collected and lysed in RIPA
sample buffer (Wako) with protease inhibitor cock-
tail (Wako). The amounts of AB1—49 or ABj—42 in
FA-extracted fraction, TBS-extracted fraction and
cell lysate were measured using Human BAmyloid
(1-40) ELIS A Kit Wako IT (FUJIFILM Wako, Osaka,
Japan) and human AB4;-specific ELISA kit (Thermo
Fisher).

Preparation of AB1—42

Monomeric, oligomeric and fibrillar A4y were
prepared as described previously with minor modi-
fication [16, 34]. For monomeric A4 preparations,
HiLyte™ Fluor 488 or 633-labeled human synthetic
AB1—-42 (AB-488 or -633) and non-labeled APR1—42
(Ana Spec, CA, USA) were suspended to 1 mM
in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; Sigma
Aldrich, MO, USA) and lyophilized. Peptide films
were re-suspended to SmM in DMSO and soni-
cated for 30 min, then diluted to 100 uM in PBS.
Starting with these monomeric peptide preparations,
AB-488 or -633 and non-labeled AR1—4> were fur-
ther incubated at 4°C for 24 h to promote oligomeric
formation, and at 37°C for 24 h to promote fibril for-
mation [16].

RNAi-mediated knockdown

Mouse microglial cell line MG6 was cultured in
DMEM containing 10% FBS, penicillin and strep-
tomycin in a 37°C incubator with 5% CO; [35, 36].
MSC culture was obtained from 6-week-old Sprague-
Dawley rats as described above. We used MSC after
one passage for in vitro analysis. RNAi-mediated
knockdown was performed by transfecting siRNAs
targeting CDI14 (30nM; Sigma Aldrich) or univer-
sal negative control (UNC; 30nM; Sigma Aldrich)
into MG6 cells using Lipofectamine RNAIMAX
Transfection Reagent (Thermo Fisher) according to
manufacturer’s instruction. Experiments were com-
pleted at 48h after transfection, and cells were
collected.

For in vitro analyses, conditioned medium of
MSC was collected from confluent MSC culture 48 h
after one passage, and stored at —80°C. Conditioned
medium of MG6 cell culture was used as control.

Flow cytometric analysis of AB-internalization
and CDI14

Microglial A internalization was measured using
A[B-488 or -633 as described previously with slight
modification [37]. To examine the effects of MSC,
MG6 were plated in 24-well plate at a density of
1 x 107 cells/cm? and co-cultured with MSC or MG6
cells without direct contact using Costar Transwell
(pore size 0.4 wm; Corning, NY, USA). MSC or MG6
cells were cultured on the permeable membrane of a
Costar Transwell insert, and the insert was placed in
the plate containing MG6 cells at the bottom. MG6
cells were co-cultured with MSC or MG6 for 24 h.
Then the MG6 cells were incubated with 1 uM AB-
488 or -633 and 10nM of the proteasome inhibitor
MG132 (Wako) for 15 min. To inhibit secretion from
MSC, Golgistop (BD Bioscience) was added to the
medium.

To examine the effects of conditioned medium of
MSC, MG6 cells were cultured in DMEM with 10%
FBS containing 45% of conditioned medium from
MSC culture for 24h. Then the MG6 cells were
incubated with 1 uM A3-488 or -633 and 10 nM of
the proteasome inhibitor MG132 (Wako) for 15 min.
Cells were washed twice with cold PBS and collected
for analysis by flow cytometry using FACS Canto II
(BD Bioscience).

To examine the effects of MSC on CD14 expres-
sion, MG6 cells were co-cultured with MSC or
MG6 for 24 h. Cell surface marker was examined by
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staining with PE-labeled rat anti-mouse CD14 mon-
oclonal antibody (1 : 100). Fc receptors were blocked
using FcR Blocking Regent, mouse (Miltenyi Biotec,
Bergisch Gladbch, Germany) for 30 min. After 1 h of
incubation with the antibody, cells were washed twice
with PBS containing 5% FBS and 1 mM EDTA and
collected for analysis by flow cytometry using FACS
Canto II (BD Bioscience).

RNA isolation and quantitative real-time-PCR
(qRT-PCR)

Total RNA was prepared from one-third of the
anterior brain tissues or MG6 cells using RNeasy
mini kit (Qiagen, Hilden, Germany). Single-stranded
complementary DNA (cDNA) was synthesized from
more than 1 g of total RNA in a 50 pL reaction
mix for 1h at 42°C, using 1000 U ReverScript (R)
I (Wako) and 5 uM oligo-dT primer. For qRT-PCR,
the cDNA products were diluted to 400 wL in 1/10
TE buffer. Amplification was performed using Power
SYBR Green Master Mix (Thermo Fisher) with spe-
cific primers. The cycling condition was 40 cycle at
95°C for 305, 60°C for 30s, and 72°C for 30s, fol-
lowed by a single 10 min extension at 72°C. The
mRNA expression level in each sample was stan-
dardized against GAPDH. Primer sequences used are
listed in Table 1.

Western blotting analysis

MG6 cells were collected and lysed in RIPA buffer
(Wako) with protease inhibitor cocktail (Wako).
Brain tissues were homogenized at 10,000 rpm for
60s (Polytron PT2500E; Luzern, Switzerland) in
10 volumes (w/v) of N-PER lysis reagent (Thermo
Fisher) containing a protease inhibitor cocktail.
Samples were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE,;

20% polyacrylamide gels in Tricine buffer). Pro-
teins were transferred to a polyvinylidene difluoride
membrane (Bio-Rad, CA, USA) by electroelution
and then incubated with mouse monoclonal antibody
against rat anti-CD14 antibody (1 : 100), mouse anti-
GAPDH antibody (1:2000, Merck Millipore, MA,
USA), rabbit anti-insulin degrading enzyme (IDE)
antibody (1:1000, Abcam, Cambridge, UK), rab-
bit anti-neprilysin (NEP) antibody (1 : 1000, Abcam),
or rabbit anti-amyloid precursor protein (APP)
C-terminal fragment (APP-C) antibody (1:1000,
Biolegend, CA, USA). Subsequently, protein bands
were detected using a chemiluminescence kit (ECL
kit; GE Healthcare, Buckinghamshire, UK).

Statistics

All the data are expressed as mean % SD. Differ-
ences between groups were analyzed by Student’s
t-test or one-way ANOVA followed by post hoc
Tukey-Kramer HSD test. For all tests, p<0.05
was considered statistically significant. JMP11 (SAS
Institute Inc., NC, USA) was used for data analysis.
In all figures, the asterisks * and ** indicate statistical
significance at 5 and 1 percent level, respectively.

RESULTS

Transplantation of MSC improved spatial
memory function in APAE9 Mice

In the present study, we injected vehicle (sham)
or MSC derived from Sprague-Dawley rat bone mar-
row into 7.5-month-old APdE9 or WT mice via the
tail vein, and injected cyclosporine A subcutaneously
every other day from the day before transplantation.
We performed the MWM test at 8.5 months of age
and EPR imaging at 9 months of age (Fig. 1a). Brain
tissues were collected immediately after EPR imag-

Table 1

Primers used in quantitative real-time PCR
Gene Forward Reverse
GAPDH GGGCTGGCATTGCTCTCA TGTAGCCGTATTCATTGTCATACCA
TNF-« TTCCGAATTCACTGGAGCCTCGAA TGCACCTCAGGGAAGAATCTGGAA
IL6 TGGCTAAGGACCAAGACCATCCAA AACGCACTAGGTTTGCCGAGTAGA
Arginasel GGAAGACAGCAGAGGAGGTG TATGGTTACCCTCCCGTTGA
IL10 GGCAGAGAACCATGGCCCAGAA AATCGATGACAGCGCCTCAGCC
CD14 AGGGTACAGCTGCAAGGACT CTTCAGCCCAGTGAAAGACA
TLR4 TCAAGACCAAGCCTTTCAGC AACCGATGGACGTGTAAACC
TLR2 AAGAGGAAGCCCAAGAAAGC AATGGGAATCCTGCTCACTG
CD36 AGTTGGCGAGAAAACCAGTG TGCACCAATAACAGCTCCAG
CD33 AATTAGGAGGTGTGGCCTTG TCTGGATTGGCAGACATCAG
SCARA CAACATCACCAACGACCTCA TGTCTCCCTTTTCACCTTGG
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ing. We also transplanted MSC-GFP to APdE9 mice
to trace MSC location. MSC-GFP were observed in
the lung (Supplementary Figure 1a) but not in the
brain (Supplementary Figure 1b) on the following
day of transplantation, and MSC-GFP in lung were
rarely observed at 5 days after transplantation (data
not shown).

In the MWM test, WT, APdE9-sham and APdE9-
MSC mice were trained for 2 days using the visible
platform and for 4 days using the hidden platform.
In the training trials, a weak genotype effect was
observed when measuring escape latency, but the dif-
ferences were not significant (Fig. 1b). Probe trial
was performed without a platform one day after the
last training. Swimming speed measured in the probe
trial confirmed no difference in motor function among
three groups (Fig. 1c). When counting the number
of times a mouse crossed the area where the plat-
form was located (number of crossings), a significant
transplantation effect was detected. The number of
crossings was significantly greater in APdE9-MSC
mice than in APdE9-sham mice (Fig. 1d). The time
to arrival at goal tended to be longer in APdE9-
sham mice compared to WT mice, and tended to
improve in APdE9-MSC mice, although the differ-
ences were not significant (Fig. le). Retention time
in the target quadrant was significantly shorter in
APdE9-sham mice than in WT mice, but was compa-
rable between APdE9-MSC and WT mice (Fig. 1f).
Thus, a single MSC transplantation improved behav-
ioral disturbance observed in APdE9 mice.

Transplantation of MSC improved redox status in
APdE9 mice brain

In vivo EPR imaging was performed in 9-month-
old APdE9 and WT mice. Pharmacokinetic EPR
imaging study of each mouse brain was carried out
after intravenous injection of MCP, a BBB perme-
able nitroxide compound (Fig. 2a). Representative
serial EPR images over time of a WT mouse brain
(median sagittal plane) are shown in Fig. 2b. Based
on the pharmacokinetics of MCP reduction reac-
tion in mouse heads, the pixel-based rate constant of
MCP reduction reaction was calculated and mapped
as a redox map (Fig. 2¢). For quantitative compar-
ison of redox status of the brain, two ROIs were
selected, one in the cerebral cortex (ROI-1; 20 x 4
pixels, indicated by light green-outlined rectangle)
and the other in the midbrain (ROI-2; 6 x 6 pix-
els, indicated by pink-outlined rectangle), based on
the anatomical map of MRI (Fig. 2c). The mid-

brain was chosen as a reference tissue that shows
little effect from AP deposition as reported previ-
ously [14]. Representative 2D images of redox state
of the three groups are shown in Fig. 2d. To nor-
malize the individual differences in each group, the
ratio of MCP reduction rate constant in the cere-
bral cortex to that in the midbrain (RRCM =rate
constant in cerebral cortex/rate constant in mid-
brain) was used as the index of redox status in
living mouse brain. Comparison of RRCM among
three groups is shown in Fig. 2e. RRCM in APdE9-
MSC mice brain was significantly higher than that
in APdE9-sham mice brain, and was comparable to
that in WT mice brain (Fig. 2e). Increased RRCM
indicated that the redox-sensitive nitroxide MCP in
APdE9-MSC mice was reduced faster in APdE9-
MSC mice than in APdE9-sham mice, suggesting that
the oxidative stress in the cerebral cortex of APdE9-
MSC mice was suppressed compared to that in
APdE9-sham mice.

Transplantation of MSC reduced AB deposition
and soluble ABay level in APAE9 mice

We next analyzed the AR pathology in APdE9
mice. AR deposits in the hippocampus and the cortex
(parietal association area) were immunostained with
anti-Af3 antibody (6E10). Representative photomi-
crographs are shown in Fig. 3a and c. There was no
A deposition in WT mouse brain (data not shown).
In the cortex and hippocampus of APdE9-sham mice,
many A plaques were formed (left panels of Fig. 3a
and c). On the other hand, A plaques were reduced
in both regions of APdE9-MSC mice (right panels of
Fig. 3a and c). Using the photomicroscopic images
of AP, the percentage of positively stained area in a
high-power microscopic field of the cortex and the
hippocampus was quantified. AB-positive area was
significantly reduced in APdE9-MSC mice than in
APdE9-sham mice, in both the cortex and hippocam-
pus (Fig. 3b, d).

Subsequently, we measured the quantities of
human AB1—40 and AB1—4> (Fig. 3e, f) in the cere-
bral hemisphere of APdE9 mice, using ELISA.
The amounts of soluble ABj—49 and APRj—42 in
TBS-extracted fractions decreased by MSC trans-
plantation, and a significant difference was observed
for soluble AB1—47 level (AR1—42; p=0.012; Fig. 3e).
On the other hand, levels of insoluble Af1—40 and
ABi1—4> in FA-extracted fractions were almost the
same with or without transplantation (Fig. 3f). Thus,
transplantation of MSC reduced the area of A
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deposition and the level of soluble A3 in APdE9 mice
brain.

Transplantation of MSC accelerated microglial
accumulation around AB deposits and clearance

To assess the effects of MSC transplantation on
microglial clearance of AR, we performed immuno-
histochemistry of microglia and A(. Staining of
Ibal, a microglial marker, showed accumulation of
amoeboid microglia in APdE9 mice, and MSC trans-
plantation decreased Ibal-positive area in the cortex
(parietal association area) compared to sham operated
mice (Fig. 4a, b).

We then performed double staining of Ibal and AR.
Despite the reduction of Ibal-positive area, microglia
surrounded A deposits tightly in MSC-transplanted

group (Fig. 4c). The numbers of microglia accumu-
lated around A3 deposits (microglia within 50 pm
radius from the center of AR deposit) and the sizes
of AR deposit were plotted in Supplementary Fig-
ure 2. The numbers of microglia accumulated around
AR deposits increased in proportion to the square
root of the size of AP deposit. Ratio of the num-
ber of microglia to square root of size of Ap deposit
increased by MSC transplantation (Fig. 4d). Addi-
tionally, the ratio of AB-positive microglia to all
microglia around A3 depositincreased by MSC treat-
ment (Fig. 4e, ).

On the other hand, AB-degrading enzymes such
as IDE and NEP in brain tissues did not change
by MSC treatment (Supplementary Figure 3). To
evaluate the effects of MSC on A3 production, we
performed immunoblot using anti-APP-C antibody.
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Protein levels of APP C-terminal fragments (C99 and
C83) were not different among three groups (Sup-
plementary Figure 3). The above results indicated
that MSC treatment modified microglial function to
ameliorate AP pathology.

MSC accelerated microglial clearance of AB in
vitro

We next examined whether MSC accelerate uptake
of A using the mouse microglial cell line MG6 in
vitro. MG6 cells that had been co-cultured with MG6
cells or MSC for 24 h and then exposed to A for
3h were collected. The amount of AP present in
the MG6 cells increased significantly by co-culture
with MSC compared to co-culture with MG6 cells
(Fig. 5a). To exclude the possibility that co-culture
with MSC suppressed degradation of AR in MG6
cells, we washed out AR and incubated the cells in
DMEM without FBS for 3 h. We then measured the
amount of AP remaining in MG®6 cells. There was
no difference in amount of A remaining in MG6
cells between co-culture with MSC and co-culture
with MG6 (Fig. 5a). We also measured microglial
uptake of A3 using fluorescent labeled AP with the
proteasome inhibitor MG132. Fluorescent intensity
of AB-488 or -633 taken up by MG6 cells was ana-

lyzed by flowcytometry (Supplementary Figure 4).
MG6 cells co-cultured with MSC internalized more
monomeric AP than those co-cultured with MG6
cells (Fig. Sb—d; HFIP/DMSO). Similar results were
observed for oligomeric AR (Fig. 5d; 4°C 24 h) and
fibrillar A (37°C 24 h). Because MSC were reported
to secrete various trophic factors [38], we added the
protein transport inhibitor Golgistop to the co-culture
to block secretion of those factors. The MSC co-
culture—induced increase in AP uptake was blocked
by Golgistop (Fig. Se).

We next collected conditioned medium from MSC
culture for further analyses. Conditioned medium of
MSC also enhanced microglial uptake of A3 [Fig. 5f;
Filter (-)]. To exclude extracellular vesicles such
as exosomes, we filtered the conditioned medium
using a 100 kDa ultrafiltration filter, and the ultrafil-
trated conditioned medium still exhibited the effect
(Fig. 5f; 100kDa). However, when the conditioned
medium was filtered using a finer filter to exclude
most molecules, the conditioned medium lost the
effect of enhancing microglial Af uptake (Fig. 5f;
10kDa). Additionally, conditioned medium lost its
effect after heating at 95°C for 5 min (Fig. 5g; Heat).
These data indicated that secretomes of MSC exclud-
ing extracellular vesicles enhanced microglial uptake
of AB.
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MSC transplantation upregulated microglial
CD14 expression

We previously reported that microglial CD14 was
an important receptor for AR uptake [16]. Therefore,
we examined microglial CD14 expression in APdE9-
MSC mice. CD14-positive microglia were observed
around plaques, which is consistent with our previ-
ous finding, and the ratio of CD14-positive microglia
to total microglia increased significantly in APdE9-
MSC mice compared to APdE9-sham (Fig. 6a, b).

In an in vitro experiment, co-culture of MG®6 cells
with MSC increased mRNA levels of CD14 (Fig. 6c,
Supplementary Figure 5a) and other receptors, TLR2

and SCARA (Supplementary Figure 5b—f). Co-culture
with MSC also increased protein level of CD14
(Fig. 6d, e) and the proportion of CD14-positive MG6
cells (Supplementary Figure 5g, h).

To examine whether upregulation of CD14 is one
of the main effects of MSC, we knocked down CD14
using siRNA (Fig. 6f), and measured the ability of
AR uptake (Fig. 6g). In MG6 cells co-cultured with
either MG6 cells or MSC, CD14 knockdown sup-
pressed AP uptake slightly but significantly. Under
CD14 knock-down condition, uptake of A3 was not
changed by co-culture with MSC compared to co-
culture with MG6 cells. These data indicated that
upregulation of microglial CD14 was one of the
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mechanisms for improving AP clearance by MSC
treatment.

MSC treatment modulated microglial phenotype
switching from M1 to M2 in vitro

Finally, we measured microglial activity to
examine whether upregulation of CD14 promotes
microglial M1 polarization. Co-culture with MSC
partially changed the expression levels of M1 and
M2 marker genes in MG®6 cells (Fig. 7a—d). The co-
culture slightly reduced expression of the M1 marker
TNFa (Fig. 7a) and markedly increased that of the
M2 marker arginasel (Fig. 7c). Additionally, pre-
treatment of MG6 cells with conditioned medium
from MSC suppressed LPS-induced increases in gene

and protein expression of TNFa and IL6 (Fig. 7e-h).
On the other hand, APdE9 mice given cyclosporine
A injection did not show upregulation of M1 genes
(Fig. 71, j). Also, MSC treatment did not change gene
expression levels of M1 or M2 markers (Fig. 7i-1).
Thus, transplantation of MSC did not exacerbate M1
polarization of microglia or inflammation.

DISCUSSION

We have previously shown that the redox state
of APdE9 mouse brain is impaired at 9 months of
age [14]. In the present study, therefore, we trans-
planted MSC into 7.5-month-old APdE9 mouse and
conducted in vivo EPR imaging at 9 months of age.
We demonstrated that transplantation of MSC into
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APdE9 mice improved cognitive function (Fig. 1)
and A pathology (Fig. 3), through modulation of
microglial functions (Figs. 4-7). Furthermore, we
visualized the redox status of mouse brains time-
dependently and non-invasively by in vivo EPR
imaging technique, and showed for the first time that
MSC transplantation improved the unbalanced redox
status of APdE9 mouse brains under oxidative stress
(Fig. 2).

Several reports have shown that MSC transplan-
tation into AD model animals improves behavioral
impairment and A pathology. In previous reports
of MSC treatment in AD animal models, various
therapeutic mechanisms have been proposed, such
as suppressed AP production [21], enhanced A
degradation [22, 23], suppressed neuroinflammation
[22, 24, 25], promoted endogenous neurogenesis
[26, 27], and neuronal protection [26]. A com-
bination of various mechanisms is expected to

be involved in the therapeutic effect of MSC
transplantation.

There are two major administration routes of MSC
in AD model animals: direct transplantation into
the brain or the intraventricular route, and systemic
administration via a vein. Although no study has
directly compared the difference in therapeutic effect
between the two administration routes, both of them
have been reported to be effective to improve cogni-
tive impairment [25, 39]. Intravenous transplantation
is considered to be reasonable because of lower
invasiveness and greater repeatability compared to
intracerebral transplantation. Intravenous MSC have
been reported to engraft in the central nervous sys-
tem in spinal cord injury and stroke animal models
[28, 40]. We previously demonstrated transmigration
of MSC across brain microvascular endothelial cell
monolayers in vitro [41]. In addition, some evidence
has indicated that AP pathology causes damage to
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vascular endothelial cells and tight junctions, result-
ing in impairment of BBB integrity [42, 43].

In the present study, therefore, we initially antic-
ipated that intravenously administered MSC would
pass through the BBB to engraft in the brain
of AD model mice. Thus, we gave subcutaneous
cyclosporine A injections to AD model mice in order
to prevent immune rejection of cells that might differ-
entiate into neurons or glial cells after transplantation.
However, intravenously transplanted MSC did not
engraft in the brain and were detected only in the lung
(Supplementary Figure 1). These results suggest that
MSC exert therapeutic effect remotely without tran-
sition to brain parenchyma. This is supported by our
in vitro finding that when co-cultured with microglial
cells, not only MSC but also MSC culture supernatant
modified the microglial functions (Fig. Se—g).

In this experiment, we were able to visualize
improvement of the undesirable redox status in mouse
brain in vivo using EPR imaging. Oxidative stress
in mouse brain is caused by an imbalance between
reactive oxygen species (ROS) production and anti-
oxidant ability to detoxify ROS. Although various
biological markers related to oxidative stress have
been used in studies of human AD brain and AD
animal models, most of them are biological com-
pounds, such as lipids, proteins, and nucleic acids
that are wounded by oxidative reaction mediated by
ROS. Different from these markers, the EPR imag-
ing method using a nitroxide compound is capable of
evaluating and monitoring the redox balance in living
animals. Using in vivo EPR imaging system, we pre-
viously reported that the redox status of the APdE9
mouse brain was significantly impaired at 9 months
of age, accompanied by augmented A3 accumulation
and glial activation [14].

The present study is the first report directly show-
ing the improvement of unbalanced redox state in
AD model animal brain by MSC transplantation. In
this experiment, MSC transplantation reduced solu-
ble AB1—42 levelsin APdE9 mouse brain (Fig. 3e). A3
peptide has been reported to be associated with oxida-
tive stress. In particular, it is known that oxidation of
the sulfur moiety of methionine residue at position
35 of ABj—42 is closely involved in the produc-
tion of ROS [44, 45], and that biometals interacting
with A3 peptides may generate ROS [13]. Therefore,
these findings suggest that the decrease of A3 due
to MSC transplantation secondarily suppresses ROS
production, thereby improving the redox balance.
A study showed that human umbilical cord—derived
MSC enhanced superoxide dismutase activity in AD

model mouse brain [26]. Another in vitro study
demonstrated that MSC reduced ROS induced by A3
oligomer in neurons [46]. Therefore, MSC treatment
also may have the potential to enhance antioxidant
properties in AD brains. The production of ROS
in AD is not only directly attributable to A, but
also to mitochondrial damage caused by aging or
AD processes. We have previously reported that A3
accumulates in the mitochondria fraction of APdE9
mice especially in the early stage [47]. Mitochondrial
dysfunction induced by AP diminishes antioxidant
defenses and induces excessive glial inflammatory
response. As a result, mitochondrial dysfunction is
hypothesized to cause synaptic dysfunction and to be
involved in the progression of AD [48, 49]. In vivo
redox status of the brain may be a useful biomarker
for evaluating disease-modifying treatment of AD,
and MSC may be a potentially beneficial treatment
targeting oxidative stress.

Given the recent evidence that AP oligomer has
serious harmful effects with respect to oxidative stress
and synaptic damage in the early stage of AD [50], the
present results suggest that modifying the amount of
soluble AP may be the essence of MSC therapy. In our
experiment, MSC treatment apparently did not affect
the levels of AP production or the expression levels
of AB-degrading enzymes (Supplementary Figure 3).
On the other hand, AP uptake and degradation by
microglia are involved in AP clearance. Therefore,
we investigated the dynamics of microglia, in partic-
ular, the mechanism of A3 clearance.

In MSC-transplanted APdE9 mouse brain, there
was an increase in number of microglia accu-
mulated around AP plaques versus size of Af
deposit (Figs. 4c, d). Condello et al. [51] reported
that microglia processes protect adjacent neurites
from protofibrilar AP toxicity, and that decreased
microglial coverage in aging increases neurotoxicity.
In addition, we demonstrated an increase in percent-
age of microglia internalizing A3 in the peri-plaque
region (Fig. 4e, f). In our study, only soluble AR
was reduced by MSC therapy (Fig. 3e), and A[3-
positive area stained by 6E10 antibody was reduced
in both cortex and hippocampus. Because 6E10 anti-
body stains not only the core of AP deposition but
also oligomeric A around the core [52], microglia
may take up neurotoxic soluble A in the periphery of
A deposit. We previously reported that CD68 could
be a phagocytic marker of microglia in AD model
[31], and Kim et al. [22] reported that intravenous
injection of human amniotic membrane-derived MSC
into AD model mice increased the percentage of
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CD68-positive microglia among microglia surround-
ing AP plaques. These findings support that MSC
treatment promotes A3 clearance by microglia. We
also examined the effect of MSC on A internaliza-
tion function of microglia in vitro. Some humoral
factors contained in the conditioned medium of MSC
had the effect of promoting microglial uptake of A3
in the forms of monomers, oligomers, and fibrils
(Fig. 5d). Additionally, the effects tended to be greater
for soluble (monomeric and oligomeric) A3 rather
than insoluble A (fibrils). These results suggest that
the transplanted MSC enhance soluble A clearance
by microglia via extracellular factors and ameliorate
A pathology.

There are several mechanisms by which microglia
take up various forms of AP into the cells, such
as phagocytosis, receptor-mediated endocytosis, and
pinocytosis [53, 54]. We previously reported that
receptor-mediated endocytosis of AP through the
TLR4/CD14 complex, which is known to be a medi-
ator of AB-induced inflammation, is involved in the
uptake of fibrillar AB by microglia, indicating that
microglial CD14 is an important receptor for inter-
nalization of AP [16]. Because mutation of TLR4
increased soluble A in a mouse model of AD
[55] and knockdown of CD14 reduced uptake of
monomeric AP in vivo (Fig. 6g), the TLR4/CD14
complex may function as a clearance mechanism
not only for fibrillar AP but also for soluble A3. In
the present study, MSC transplantation increased the
percentage of CD14-positive microglia surrounding
amyloid plaques in APdE9 mouse brain (Fig. 6a, b),
and MSC treatment increased CD14 expression lev-
els in cultured microglia (Fig. 6¢c—e). Therefore, MSC
transplantation may elevate CD 14 in microglia as one
of the mechanisms of the soluble AB3-reducing effect.

However, TLR4/CD14 complex-activated
microglia respond to AP by secreting chemokines
and pro-inflammatory cytokines [55]. To assess
whether upregulation of CD14 by MSC treatment
accelerates inflammation in AD, we measured
mRNA levels of M1 and M2 marker genes. In
in vitro assays, co-culture with MSC reduced
expression of TNFa and markedly increased that of
arginasel (Fig. 7a—d), and conditioned medium from
MSC culture suppressed LPS-induced increases
in secretion of TNFa and IL6 (Fig. 7e-h). Th2
cytokines such as TGFB and IL4 secreted from
MSC may switch microglial phenotype to M2
and suppress the production of pro-inflammatory
cytokines [56, 57]. This phenotype switching of
microglia induced by Th2 cytokines is expected to be

beneficial for AD treatment through enhancing A3
clearance and suppressing inflammation [58, 59]. We
previously reported increase in TNFo mRNA level
in the microglial fraction from 9-month-old APdE9
mice, and several studies showed upregulation of
proinflammatory cytokines in AD patients and AD
model animals [15, 60, 61]. However, in the present
study, TNFo and IL6 gene expression levels did not
increase in APdE9 mice (Fig. 7i, j). Because we used
cyclosporine A in all animals, immunosuppression
by cyclosporine A may have masked AB-stimulated
phenotype switching of microglia and Th2 cytokines
secreted from MSC.

No component of MSC that has an extracellu-
lar therapeutic effect has been identified, however,
several studies have shown that secretomes of MSC
include anti-inflammatory cytokines, trophic factors
and exosomes [62]. Since breakdown of BBB with
pericyte and endothelial degeneration occurs in AD
patients and model mice, humoral factors might enter
the brain parenchyma through BBB [63]. However,
we cannot deny the possibility that MSCs suppress
immunoreactivity in the peripheral tissue and modu-
late immune balance of CNS indirectly in vivo.

In the present study, MSC transplantation was per-
formed by single injection via the tail vein, and the
pathological therapeutic effect was confirmed at one
point 1.5 months after transplantation. When consid-
ering clinical application of MSC to AD patients, a
question arises as to how long the therapeutic effect
of single injection of MSC lasts. If the duration of the
therapeutic effect of MSC is clarified, it may be clear
whether it is beneficial to repeat MSC transplantation,
and how often transplantations need to be repeated for
the most efficient treatment. Kim et al. reported that
when human amniotic MSC were single-injected into
AD model mice, the effects of suppressing inflamma-
tory cytokines in the brain and the effect of modifying
microglia activity persisted until 12 weeks after trans-
plantation [22]. Therefore, at least in AD model mice,
the therapeutic effect of single MSC transplantation
is expected to last in the order of month. It may be
related to the following mechanisms: the extracel-
lular factor that contributes to the therapeutic effect
released from MSC persists after MSC disappears
from the body, or the immunomodulatory effects such
as modifying the microglial phenotype are main-
tained in the order of month. Further experimental
investigation is necessary to confirm this point.

The redox state of the brain reflects AP pathology,
mitochondrial function and glial activation, which
may help to evaluate the improvement of pathological
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condition comprehensively. Also, EPR imaging is
able to measure the redox state of the living body
noninvasively and repeatedly. Therefore, our data
indicate that EPR imaging can provide useful infor-
mation for monitoring the therapeutic effect of MSC.

In conclusion, transplantation of MSC ameliorated
AP pathology in AD model mice through modifying
AP clearance by microglia and improving the unbal-
anced redox status of the AD model mouse brain,
thereby improving cognitive function. In addition, in
vivo EPR imaging is a promising tool for monitoring
the therapeutic effects of MSC.
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