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Intranasal  administration  of SHED-CM  improves  cognition  in  a mouse  model  of AD.
SHED-CM  converts  the pro-inflammatory  AD  environment  to an anti-inflammatory  one.
SHED-CM  induces  the accumulation  of  M2  microglia  in  the  mouse  AD brain.
SHEDs  secrete  multiple  factors  beneficial  for  the  treatment  of AD.
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a  b  s  t  r  a  c  t

Alzheimer’s  disease  (AD)  is  a progressive,  neurodegenerative  disease  characterized  by  a  decline  in
cognitive  abilities  and  the  appearance  of  �-amyloid  plaques  in  the brain.  Although  the  pathogenic  mech-
anisms  associated  with  AD  are  not  fully  understood,  activated  microglia  releasing  various  neurotoxic
factors,  including  pro-inflammatory  cytokines  and  oxidative  stress  mediators,  appear  to  play  major  roles.
Here,  we  investigated  the  therapeutic  benefits  of  a serum-free  conditioned  medium  (CM)  derived  from
the  stem  cells  of  human  exfoliated  deciduous  teeth  (SHEDs)  in  a mouse  model  of AD.  The  intranasal
administration  of SHEDs  in these  mice  resulted  in  substantially  improved  cognitive  function.  SHED-CM
contained  factors  involved  in  multiple  neuroregenerative  mechanisms,  such  as neuroprotection,  axonal
tem cell-conditioned medium
icroglia

ntranasal administration

elongation,  neurotransmission,  the suppression  of inflammation,  and  microglial  regulation.  Notably,
SHED-CM  attenuated  the  pro-inflammatory  responses  induced  by  �-amyloid  plaques,  and  generated  an
anti-inflammatory/tissue-regenerating  environment,  which  was  accompanied  by  the induction  of  anti-
inflammatory  M2-like  microglia.  Our  data  suggest  that  SHED-CM  may  provide  significant  therapeutic
benefits  for  AD.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
isease, characterized by the deterioration of cognitive function
ssociated with the deposition of �-amyloid (Aˇ) peptides in the
rain [1–4]. A  ̌ peptides are liberated from larger transmembrane

myloid precursor proteins [5] and generate Aˇ1−42/Aˇ1−40 pep-
ides [2–4]. However, the accurate mechanisms of A�-induced
eurotoxicity and neuroinflammation are not obviously under-

∗ Corresponding author. Fax: +81 527 441 978.
E-mail address: akihito@med.nagoya-u.ac.jp (A. Yamamoto).

ttp://dx.doi.org/10.1016/j.bbr.2015.07.043
166-4328/© 2015 Elsevier B.V. All rights reserved.
stood. Previous reports showed that a mouse model of an
intracerebroventricular (i.c.v.) injection of Aˇ1 – 40 peptide signif-
icantly impaired memory acquisition, but not memory retrieval,
that resembled the episodic anterograde memory deficit observed
in the early phases of AD [6,7]. Thus, the single injection of Aˇ1 – 40
peptide into the mouse can be an usefulness for the investigation
of molecular mechanisms underlying A  ̌ peptide toxicity, including
the microglial activation and oxidative stress, neuroinflammation
and synaptic deficits that lead to cognitive impairments [6].
In AD, elevated levels of A  ̌ peptides form amyloid plaques that
induce the differentiation of M1-type pro-inflammatory microglia,
which release high levels of cytokines, glutamate, reactive oxygen
species [8] and nitric oxide (NO) [2,9–11]. The resulting oxida-

dx.doi.org/10.1016/j.bbr.2015.07.043
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
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ive stress accelerates the generation of 3-nitrotyrosine (3-NT) in
eurons, which suppresses catecholamine synthesis and depresses
euro-synaptic transmission [2,9,12,13]. Recent studies indicate
hat distinct subpopulations of microglia, including the alter-
atively activated anti-inflammatory M2  microglia, play pivotal
oles in the pathophysiology of AD. M2  microglia counteract the

1-mediated pro-inflammatory environment associated with AD,
nd promote tissue regeneration by secreting anti-inflammatory
ytokines [2,5,10,14], scavenging cellular debris, enhancing axonal
longation and promoting neo-vascularization [15]. Thus, treat-
ents that induce M2 differentiation could provide significant

herapeutic benefits for AD.
AD mice have been treated by transplanting various types of

tem cells and their derivatives, including human neural stem cells
16], embryonic stem-cell derivatives [17], adult bone-marrow
tromal cells (BMSCs) [18], adipogenic stem cells [19] and umbilical
ord blood-derived stem cells [20], which have elicited substan-
ial functional recovery through cell-replacement and/or paracrine

echanisms. However, most studies indicate that the cell grafts
xhibit poor differentiation and survival in mouse models of AD,
uggesting that the functional recovery from AD may  be medi-
ted by paracrine mechanisms [16,21,22]. Stem cells are known
o secrete a broad repertoire of trophic and immunomodulatory
actors, which can be harvested in serum-free conditioned media
23,24]. Recent studies have shown that the factors derived from
arious types of stem cells have the potential for treating a myriad
f intractable diseases [16,21,25]. However, the therapeutic effects
f these stem cell-derived factors for AD are largely unknown.

Human adult dental pulp stem cells (DPSCs) and stem cells from
uman exfoliated deciduous teeth (SHEDs) are self-renewing mes-
nchymal stem cells (MSCs) residing within the perivascular niche
f the dental pulp [26,27]. These cells are thought to originate from
he cranial neural crest, which expresses early markers for both

SCs and neural stem cells [26–28], and can differentiate into
unctional neurons and oligodendrocytes under the appropriate
onditions [28–30]. The engraftment of these dental pulp stem cells
romotes the functional recovery from various acute and chronic
NS insults through paracrine mechanisms that activate endoge-
ous tissue-repairing activities [28,31–36]. Here, we  examined the
herapeutic benefits of SHED-CM for mouse AD-like model.

. Materials and methods

.1. Animals

Male, 9-week-old imprinting control region (ICR) mice (35–37 g)
Nihon SLC Co., Shizuoka, Japan) were used throughout the study.
hey were housed in a controlled environment (23 ± 1 ◦C, 50 ± 5%
umidity), maintained on a 9:00 a.m.– 9:00 p.m. light cycle, and
llowed access to food and water. All experiments were per-
ormed in accordance with the Guidelines for Animal Experiments
f Nagoya University Graduate School of Medicine. All animal pro-
edures and care conformed to the Guidelines for Proper Conduct
f Animal Experiments (Science Council of Japan, 2006).

.2. Treatment and experimental design

The Aˇ1−40 peptide (obtained from Bachem, Bubendorf,
witzerland) was  dissolved in saline as a 1.0 mg/ml  stock solu-
ion and stored at −20 ◦C before use. The reverse peptide, Aˇ40–1
Bachem) was prepared in the same way and used as a control.

oth peptide stock solutions were incubated at 37 ◦C for 4 days, to
llow aggregation prior to administration [37]. The peptides were
hen administered by intracerebroventricular (i.c.v.) injection as
escribed previously [37–41]. Briefly, a microsyringe with a 28-
search 293 (2015) 189–197

gauge stainless-steel needle, which was  3.0-mm long, was used
for all peptide injections. The mice were anesthetized lightly with
ether, and the needle was  inserted unilaterally 1 mm to the right
of the midline point, at an equal distance between the eyes and
the ears and perpendicular to the plane of the skull. Thereafter, an
i.c.v. injection of 5 �l peptide (5 �g) or vehicle was delivered gradu-
ally over 3 min. The mice recovered rapidly and within 1 min  of the
injection exhibited normal behavior. The administration site was
confirmed in preliminary experiments, and neither the insertion of
the needle nor the volume of injection significantly influenced the
survival, behavioral responses, or cognitive functioning of the mice.

2.3. Isolation of SHEDs from deciduous teeth

Human dental pulp tissues were obtained from clinically
healthy, deciduous teeth extracted from patients. The ethics
committee of the Nagoya University approved the experimental
protocols. The SHEDs were isolated and cultured as previously
described [16]. Briefly, the pulp was removed gently and digested
for 1 h at 37 ◦C in a solution containing 3 mg/mL  collagenase type
I and 4 mg/mL  dispase. After filtration through 70-mm cell strain-
ers (Falcon; BD Labware), the cells were cultured at 37 ◦C in 5%
CO2 in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) con-
taining 20% mesenchymal cell growth supplement (Lonza, Inc.)
and antibiotics (100 U/mL penicillin, 100 mg/mL  streptomycin, and
0.25 mg/mL  amphotericin B; Gibco). After primary culture, the cells
were sub-cultured at 1 × 104 cells/cm2 and used in experiments
after three to five passages.

2.4. Preparation of SHED-CM, BMSC-CM and Fibro-CM

SHEDs, human bone marrow mesenchymal stem cells (BMSCs)
(Lonza, Inc.) and human skin fibroblasts (Fibros) (Health Science
Research Resources Bank) were cultured in serum-free DMEM. The
conditioned media from SHEDs, BMSCs and Fibros were collected
after 48 h of culture and centrifuged at 1500 rpm for 5 min. The
supernatants were re-centrifuged at 3000 rpm for 3 min, followed
by collection of the second supernatants, which were designated
as SHED-CM, BMSC-CM and Fibro-CM, respectively. The protein
concentration of each CM supernatant was  measured using the
BCA protein assay kit (Pierce). The average protein concentration
of each CMs  was 3 �g/ml. We used most of CM without enrich-
ment or dilution. We  found the strong therapeutic effects of this
native SHED-CM for the treatment of mouse AD-like model. Fur-
thermore the untreated mouse receiving SHED-CM exhibited no or
little adverse events (data not shown).

2.5. Intranasal administration of the CM samples

Twenty-four hours after i.c.v. injection of the Aˇ1−40 peptide
(day 1), the mice were anesthetized again with 1.5% isoflurane in
O2. The animals were divided randomly into four groups: the SHED-
CM,  BMSC-CM, Fibro-CM and DMEM (control) groups (n = 10 per
group). A total of 50 �L of each of the CM and control samples were
administered to the mice intranasally with a Hamilton microsy-
ringe over the course of 10 min, at 2-min intervals. During these
procedures, the mouth and opposite nostril were closed. Intranasal
administration was  performed twice a day for 4 days from days 1
to 4.

2.6. Novel object recognition test
Novel object recognition analysis was  performed on days 3 to 5
after the i.c.v. injection of Aˇ1–40 (day 0) [39,41,42]. This method is
used to measure of cognitive dysfunction in mouse models of natu-
ral aging and AD [43]. A plastic chamber (35 × 35 × 35 cm)  was  used
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Table 1
Primers utilized in RT-PCR.

Gene Forward sequence (5′–3′) Reverse sequence(5′–3′)

GAPDH AACTTTGGCATTGTGGAAGGT GGATGCAGGGATGATGTTCT
TNF-� CCCTTTACTCTGACCCCTTTATTGT TGTCCCAGCATCTTGTGTTTCT
IL-1�  CAGGATGAGGACCCAAGCAC TCAGACAGCACGAGGCATTT
iNOS GGCAGGATGAGAAGCTGAGG CCGCATTAGCACAGAAGCAA
BDNF TTACCTGGATGCCGCAAACAT TGACCCACTCGCTAATACTGTC
NGF TGATCGGCGTACAGGCAGA GCTGAAGTTTAGTCCAGTGGG
IGF-1 CACATCATGTCGTCTTCACACC GGAAGCAACACTCATCCACAATG
Arginase 1 AGTGTGGTGCTGGGTGGAGA TGGTTGTCAGGGGAGTGTTG
Fizz 1 CCAATCCAGCTAACTATCCCTCC CCAGTCAACGAGTAAGCACAG
Ym 1 TCACTTACACACATGAGCAAGAC CGGTTCTGAGGAGTAGAGACCA
IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
T. Mita et al. / Behavioural Br

nder low light conditions during the light phase of the light/dark
ycle. The procedure consisted of three consecutive phases: habitu-
tion, acquisition and retention. On day 3 (habituation phase), the
ice were individually introduced into the empty chamber and

llowed to become familiar with the surroundings for 10 min. On
ay 4 (acquisition phase), the animals were introduced into the
ame chamber, which now contained two floor-fixed objects (A
nd B) placed at equal distances from the center, 15 cm apart from
ne another and 8 cm from the nearest wall. The mice were allowed
o explore the objects for 10 min. On day 5 (retention phase), the

ice were allowed to explore the same chamber in the presence of
wo objects: the familiar object A and a novel object C, which had
imilar sizes, but different shapes and colors. A recognition index,
alculated for each mouse, was expressed as (TC × 100)/(TA + TC),
here TA and TC are the times spent exploring object A and object

 at a distance ≤1 cm during the retention phase. The time spent
xploring the individual objects was recorded by a blinded inves-
igator.

.7. Sample preparation for Western blot analysis

The cerebral parenchyma was removed 5 days after behav-
oral testing, placed on an ice-cold glass plate, and immediately
rozen and stored at −80 ◦C. To generate protein extracts, the
erebral parenchyma was homogenized in ice-cold radioim-
unoprecipitation assay (RIPA) lysis buffer, supplemented with

omplete protease inhibitor cocktail tablets (Roche Applied
cience, Mannheim, Germany). The homogenates were then cen-
rifuged at 15,000 rpm for 5 min, and the supernatants were
ollected.

.8. Western blot analysis

The protein concentrations of the extracts were analyzed by the
owry method, and then equal amounts (20 �g) of protein were
esolved by electrophoresis on Novex 10% Bis–Tris Gels (Life Tech-
ologies Corporation, USA), and transferred to a Transfer Stack
ontaining a PVDF membrane (Life Technologies). The membranes
ere then probed with either an anti-nitrotyrosine mouse mono-

lonal antibody (Ab) (clone 1A6, Millipore) or an anti-nitric oxide
ynthase II rabbit polyclonal Ab (Millipore) overnight at 4 ◦C, or an
nti-�-actin goat polyclonal Ab for 1 h at room temperature (Santa
ruz Biotechnology Inc., Santa Cruz, CA, USA). All of the primary
ntibodies were diluted 1:1000 in 5% BSA in TBS-T. The immunore-
ctive proteins were detected using Enhanced Chemiluminescence
rime Western Blotting Detection Reagents (GE Healthcare Japan,
okyo, Japan) and analyzed by ImageQuant LAS 4000 (GE
ealthcare Japan). The exposure time for each Western blot
as 3 min.

.9. Real-time PCR

Total RNAs were isolated from the mouse brains 3 h after
ntranasal administration of the CM samples. RNA concentration

as quantified by a spectrophotometer, and RNA integrity was
hecked by electrophoresis on 1% agarose gels. The reverse tran-
criptase reactions were performed with Superscript III reverse
ranscriptase (Invitrogen) using 1 �g of total RNA in a 50-�l
eaction volume. Real-time PCR was performed using the THUN-

ERBIRD SYBR qPCR Mix  (Toyobo) and the StepOnePlus Real-Time
CR System (Applied Biosystems). All of the primers were designed
sing DNADynamo (Blue Tractor Software Ltd) and are shown in
able 1.
2.10. Neuronal culture and cell viability assay

Primary neuronal cultures were prepared from the cortices of
C57BL/6 mice embryos at embryonic day 17 (E17) as described pre-
viously [44]. Briefly, cortical fragments were dissociated into single
cells in dissociation solution (Sumitomo Bakelite, Akita, Japan), and
they were resuspended in nerve culture medium (NCM: Sumit-
omo  Bakelite). Primary neurons were seeded onto 96-well tissue
culture plates were coated with 100 �l/ml poly-L-lysine (PLL) at a
density of 1 × 104 cells per well or 4 Chamber Polystyrene Vessel
Tissue Culture Treated Glass Slide at a density of 5 × 104 cells per
well. Cells were incubated at 37 ◦C in a humidified atmosphere con-
taining 5% CO2. On 14 days, primary mouse cortical neurons were
treated with 20 �M glutamate and SHED-CM for 24 h. Cell viability
was determined by the WST  assay (Cell Counting Kit-8: DOJINDO).
The medium was replaced to 10 v% WST-8 reagent-contained NCM
and incubated at 37 ◦C for 2 h. Then, the absorbance at 450 nm of the
formazan produced by living cells was  measured using a microplate
reader (Spectra Fluor plus, TECAN). Cell viability was calculated
relative to the untreated cells.

2.11. Immunohistochemical analysis

On day 1 after the intranasal administration, the mice were per-
fused transcardially with a 4% paraformaldehyde solution (Nakalai
Tesque). The brain was then removed, embedded in OCT compound
(Sakura Finetek), and cut into 10-�m-thick sections on a cryostat
(Leica). The sections were then permeabilized with 0.1% (v/v) Tri-
ton X-100 in PBS for 20 min, blocked with 5% (v/v) bovine serum
albumin in PBS for 30 min, and incubated overnight with the fol-
lowing primary antibodies: anti-Iba1 (marker of microglia) goat
polyclonal antibody (1:500; Abcam, Inc.) or anti-Ym-1 (marker of
M2 type microglia) rabbit polyclonal antibody (1:40; Abcam, Inc.).
After the sections were washed, they were incubated for 30 min
with the following secondary Abs: anti-goat IgG-Alexa Fluor 546
or anti-rabbit IgG-Alexa Fluor 647, and counterstained with 4′,6-
diamidino-2-phenylindole (DAPI; Sigma–Aldrich). Neurons were
fixed with 4% paraformaldehyde, blocked, and permeabilized. Neu-
rons were stained with anti-microtubule-associated protein 2
(MAP2: maker of neuron) antibody (1:1000; Merckmillipore, Inc.)
followed by the secondary antibody anti-rabbit IgG-Alexa Fluor
647 (1:1000; Invitrogen) and counterstained with Hoechst 33,342
(Molecular Probe). The stained tissue and cell images were cap-
tured with a universal fluorescence microscope (BZ9000, Keyence).
The average number of Ym-1-positive and Iba1-positive cells per
section was determined by counting 90 random, non-overlapping

fields at 400X magnification. At least 3 mice per group were
examined.



192 T. Mita et al. / Behavioural Brain Research 293 (2015) 189–197

Fig. 1. Intranasal administration of SHED-CM ameliorates the neurological dys-
function of Aˇ1–40-injected mice. (A) Experimental protocol. SHED-CM, Fibro-CM,
BMSC-CM and DMEM were administered twice a day on days 1 to 4 following
the i.c.v. injection of 5 �g Aˇ1–40 or the control Aˇ40–1 peptide on day 0. (B) Mice
injected with either Aˇ1–40 or Aˇ40–1 peptide were subjected to the novel object
recognition task on days 3–5. (C) Mice treated with Aˇ1–40 or Aˇ40–1 followed by
intranasal administration of SHED-CM, BMSC-CM, Fibro-CM, or DMEM were sub-
jected to the novel object recognition task. Values indicate the mean ± SEM; n = 10,
*
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Fig. 2. SHED-CM, Fibro-CM and BMSC-CM inhibit oxidative-nitrosative stress in the
cerebral parenchyma of Aˇ1–40-injected mice. (A) SHED-CM, Fibro-CM, BMSC-CM
and  DMEM were administered twice a day on days 1 to 4 following the i.c.v. injec-
tion of Aˇ1–40 on day 0. (B and C) 3-nitrotyrosine (3-NT) and inducible nitric oxide
synthase (iNOS) [8] in the cerebral parenchyma were measured by Western blotting

jected to quantitative RT-PCR analysis. The pro-inflammatory M1
P  < 0.05, ***P < 0.001.

. Results

.1. SHED-CM ameliorates neurological dysfunction in a mouse
D-like model

The goal of this study was to evaluate the therapeutic effects of
he factors released from SHEDs on a mouse AD-like model. The
onditioned medium [23] from SHEDs, BMSCs and primary human
broblasts (Fibros) were collected 48 h after culture in DMEM.  The
rimary characteristics of the cells used to generate the CM were
escribed in our previous report [28]. There were no significant
ifferences in the cellular survival of the various cell types fol-

owing incubation in serum-free media (data not shown). Mice
ith AD-like neuropathology were generated by the intracere-

roventrical (i.c.v.) injection of Aˇ1−40 oligomers. The resulting
eurogenic behaviors were evaluated by the novel object recogni-
ion task, and quantified by the recognition index (RI, see Materials
nd Methods and Fig. 1A and B). Mice receiving the A�1−40 but
ot the control, reverse peptide (Aˇ40−1) exhibited a significantly
educed RI compared to that of the sham-operated group. The var-
ous types of CM were administered intranasally and their effect
n cognitive dysfunction was examined. Mice receiving SHED-CM
xhibited significantly improved RI, while those receiving BMSC-

M or Fibro-CM exhibited only modestly improved RI (Fig. 1C).
he RI of the DMEM group was similar to that of the control mice
eceiving Aˇ1−40 injection with no additional treatment. These data
on  day 5. Quantification of the bands for 3-NT (B) and iNOS (C), normalized to �-
actin and expressed as a percentage of the level in the control group. Values indicate
the  mean ± SEM; n = 3, *P < 0.05, **P < 0.01, ***P < 0.001.

demonstrated that SHED-CM improved the cognitive dysfunction
associated with mouse AD-like model.

3.2. SHED-CM inhibits the generation of 3-NT

To investigate the mechanism by which SHED-CM improved
cognition in mouse AD-like model, the brains of the mice evaluated
above were isolated 5 days after behavioral testing, processed as
described in Materials and Methods, and then the protein extracts
were subjected to immuno-blotting analysis with antibodies to
3-nitrotyrosine (3-NT) or nitric oxide syntheses II [8]. The levels
of both 3-NT and iNOS were markedly increased in the Aˇ1−40-,
but not Aˇ40−1-injected mice. Notably, treatment with SHED-CM,
BMSC-CM, or Fibro-CM significantly inhibited the generation of
both 3-NT and iNOS in AD mice (Fig. 2A–C). These results demon-
strated that intranasal administration of the CM from the three cell
types similarly suppressed Aˇ1−40-induced oxidative stress.

3.3. SHED-CM converts the pro-inflammatory brain environment
of the mouse AD-like model to an anti-inflammatory one and
increases neurotrophic factor expression

To examine the effect of the various CM samples on the
expression of pro-inflammatory cytokines and neurotropic factors
involved in the pathophysiology of AD, total RNAs were isolated
from mouse brains 3 h after the first intranasal injection and sub-
markers (IL-1�, TNF-� and iNOS) were markedly up-regulated
in the brains of mice receiving Aˇ1−40 peptide, whereas subse-
quent treatment with SHED-CM, BMSC-CM or Fibro-CM similarly
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Fig. 3. SHED-CM converts the pro-inflammatory environment of the AD mouse brain to an anti-inflammatory one. (A to G) Levels of the indicated mRNAs in the brains of
Aˇ1–40-injected mice treated with SHED-CM, Fibro-CM, BMSC-CM and DMEM.  Total RNAs were isolated from the cerebral parenchyma 3 h after intranasal administration of
the  various CM samples and DMEM control. Quantitative real-time PCR was performed to evaluate the expression of pro-inflammatory cytokine mRNAs (TNF-  ̨ (A), IL-1ˇ
(B)),  iNOS (C), M2-type microglia markers (Ym-1(D), Arginase1 (E) and Fizz1(F)) and IL-10(G). The results are expressed relative to the mRNA levels in the control group. Data
are  presented as the means ± SEM; n = 3, *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 4. SHED-CM promotes the accumulation of M2-type microglia in the brain of Aˇ1–40-injected mice. Immunohistochemical staining of M2-type microglia 3 h after
t muno
I Iba1-p
a 3, *P <

s
w
r
Y

he  intranasal administration of SHED-CM or DMEM into Aˇ1–40-injected mice. Im
ba1/Ym-1-double positive cells (G,H,I). Scale bar: 100 �m.  (J) The percentage of 

verage  of 3 experiments performed in parallel. Values indicate the mean ± SD; n = 
uppressed their expression (Fig. 3A–C). In contrast, treatment
ith SHED-CM, but not BMSC-CM or Fibro-CM, uniquely up-

egulated the expression of the anti-inflammatory M2 markers
m-1, Arginase1 and Fizz1 (Fig. 3D–F). The expressions of a
fluorescence staining of Iba1-positive cells (A,B,C), Ym-1-positive cells (D,E,F), and
ositive cells that were Ym-1-positive is shown. The results shown represent the

 0.05, **P < 0.01, ***P < 0.001.
major anti-inflammatory cytokine, IL-10, was also elevated in
SHED-CM Group (Fig. 3G). Consistent with these observations,
immunohistochemical staining revealed that the number of Ym-
1-positive/Iba1-positive M2-like cells was increased in the brains
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Fig. 5. SHED-CM promotes the expression of multiple neurotrophic factors. (A–C) Levels of the indicated mRNAs in the brain of Aˇ1–40-injected mice treated with SHED-CM,
F hyma 3 h after intranasal administration of the various CM samples or control DMEM.
Q e expressed relative to the mRNA level in the control group and are presented as the
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Table 2
Ratio > 1.5(vs DMEM).

Anti-inflammation SHED-CM BMSC-CM Fibro-CM

IL-6 2.814524 3.042002 3.86453
TGF-�  1.687249 0.992526 0.997852

Neuro protection/Anti-apoptosis SHED-CM BMSC-CM Fibro-CM

TIMP1 128.2696 110.5529 119.1118
HGF 43.4167 13.13753 1.005414
SCF  6.538547 7.968416 1.504465
BDNF 1.781828 0.882627 0.776783
GDNF 1.599768 0.888424 0.719246
MMP9  1.597813 0.790366 0.859767

Axonal eleongation SHED-CM BMSC-CM Fibro-CM

TIMP2 285.6889 188.8058 281.9644
Decorin 264.8396 248.8142 267.6825
MMP3  7.062882 0.921822 2.047458
SCF  6.538547 7.968416 1.504465

Microglia-related factors SHED-CM BMSC-CM Fibro-CM

MCP-1 57.89063 59.53194 6.842407
HGF 43.4167 13.13753 1.005414
IL-6 2.814524 3.042002 3.86453
TGF-�  1.687249 0.992526 0.997852
GDNF 1.599768 0.888424 0.719246

Angiogenesis SHED-CM BMSC-CM Fibro-CM
ibro-CM, BMSC-CM or DMEM.  Total RNA was  isolated from the cerebral parenc
uantitative real-time PCR analysis of BDNF (A), NGF (B) and IGF-1 (C). Results ar
eans  ± SEM. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001.

f SHED-CM-treated mice (Fig. 4). Furthermore, SHED-CM treat-
ent increased the mRNA expression of multiple neurotrophic

actors associated with synaptic transmission and/or neuropro-
ection in AD, including BDNF, NGF and IGF (Fig. 5A–C). Notably,
DNF was uniquely upregulated in the brain of SHED-CM-treated
ice, whereas NGF and IGF were upregulated in response to all

f the CM samples (Fig. 5). Taken together, these results demon-
trated that SHED-CM shifted the M1-type pro-inflammatory
icroenvironment associated with mouse AD toward the M2-type

nti-inflammatory/neuroprotective one.

.4. Neuroprotective effects of SHED-CM against glutamate
eurotoxicity

We  next analyzed the neuroprotective effects of SHED-CM
gainst neurotoxicity using primary cerebral neurons isolated from
ouse embryos. Stimulation with glutamate reduced number of

urviving MAP2-positive neurons (Fig. 6A and C). Treatment with
HED-CM suppressed glutamate-induced neuronal death (Fig. 6B
nd D). Furthermore, WST-8 assay also revealed that SHED-CM
reatment significantly improved cell viability (Fig. 6E). These
esults demonstrate that SHED-CM exerts neuroprotective effects.

. Discussion

Numerous studies have reported that the intracerebral engraft-
ent of various types of stem cells improves cognitive impairments

ssociated with mouse AD by paracrine mechanisms [25,45]. How-
ver, whether the application of stem cell-derived paracrine factors
lone, without the cell graft, would promote significant recov-
ry has been uncertain. Here, we report for the first time, to our
nowledge, on the therapeutic benefits of administering stem cell-
erived CM for AD. Using the A  ̌ peptide-induced mouse model
f AD, we found that the intranasal administration of SHED-CM
as significantly more effective in improving cognitive function

han either BMSC-CM or Fibro-CM. SHED-CM treatment converted
he pro-inflammatory brain environment associated with AD to
n anti-inflammatory one, associated with an altered microglial
henotype. Thus, our data suggest that SHED-CM may  provide sig-
ificant therapeutic benefits for AD.

Recently, we characterized the soluble factors in SHED-CM by

ytokine antibody array analysis. SHED-CM contained 48 of the pro-
eins in the array, at levels that were more than 1.5–fold greater
han that in DMEM (Matsushita, Y. et al., unpublished observa-
ion). By cluster analysis of the 48 proteins, we identified 14
HGF 43.4167 13.13753 1.005414
VEGF 7.185871 4.127233 5.244794

of these proteins that exhibit functional properties that may be
beneficial for the treatment of AD, including those involved in
inflammation suppression, neuro-protection and apoptosis inhi-
bition, axonal elongation, microglial regulation, and angiogenesis
(Table 2). For example, brain derived neurotrophic factor (BDNF)
supports neuronal survival and plasticity [46] and is involved
in learning and memory formation [47,48], while glial cell line-
derived neurotrophic factor [49,49] is neuroprotective [50,51],
inhibits microglial activation [52] and promotes axonal regenera-
tion [51,53]. TIMP-1, stem cell factor (SCF) and hepatocyte growth
factor (HGF) also exhibit neuroprotective activities [54–56]. MMP-
9 reduces the level of pathogenic A  ̌ oligomers in AD mice and

restores synaptic and cognitive deficits in these mice [57], while
transforming growth factor-� (TGF-�) modulates microglial acti-
vation [58]. The concentrations of these factors in SHED-CM may
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Fig. 6. SHED-CM suppressed glutamate-induced neuronal death. (A-D) Immunohistochemical staining of neurons treated with 20 �M glutamate in NCM or SHED-CM.
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**P < 0.001. (For interpretation of the references to color in this figure legend, the re

e quite low; however, we believe that the combinatorial effects
f these factors in SHED-CM could provide therapeutic benefits for
D.

Our data suggested that SHED-CM improved the cogni-
ive deficits associated with mouse AD, in part by converting
he pro-inflammatory environment of the AD brain to an
nti-inflammatory/neuroprotective one. The deposition of Aˇ
ligomers induces M1-type microglia to generate various neu-
otoxic mediators, which in turn induce neuronal death and
uppress neurotransmission. In contrast, M2-type cells suppress
1-mediated inflammation and secrete multiple neurotrophic fac-

ors, which improve neurotransmission [11,59]. Our data showed
hat treatment with SHED-CM, BMSC-CM or Fibro-CM similarly
uppressed the expression of pro-inflammatory cytokines and
arkers of oxidative-nitrosative stress. In contrast, SHED-CM

niquely activated M2-type microglia, which led to the expres-
ion of the mRNA encoding BDNF, a neurotrophin that plays a
entral role in the synaptic remodeling associated with memory
ormation in the adult hippocampus. Notably, this neuropatho-
ogical recovery is reminiscent of that observed in our previous
tudy, in which the intracerebral administration of SHED-CM in
ice with a perinatal hypoxia-ischemia-induced brain injury gen-

rated an anti-inflammatory microenvironment, reduced tissue
oss, and significantly improved the neurological outcome [35].
hus, our findings collectively suggest that the conversion of

 pro-inflammatory/neuro-destructive environment to an anti-
nflammatory/neuroprotective one may  provide powerful benefits
or the treatment of brain injury and neurodegenerative diseases.
ur data suggest that the unique immune-regulatory activity
xhibited by SHED-CM plays a major role in mediating the recovery
f cognitive function.

SHED-CM contained of various type of neuroprotective fac-
ors. In our previous studies, we reported that engraftment
f SHED or SHED-CM administration into the rat spinal cord

njury or ischemic brain injury significantly reduced the num-
er of apoptosis [26,32,33]. Furthermore, SHED-CM suppressed
-hydroxydopamine-induced cell death and enhanced the neurite
rowth of cerebellar granule neurons. The trophic activity of SHED
mproved neurological deficits of Parkinsonian rats [60]. In this
tudy, we showed that SHED-CM protected primary cerebral neu-
ons against glutamate neurotoxicity. Taken together, these results

uggest that neuroprotective effects of SHED-CM may  provide ther-
peutic benefits for AD treatment.

Intranasally administered therapeutic molecules are targeted to
he central nervous system along the olfactory, trigeminal neu-
3,342 (blue), respectively. Scale bar: 100 �m.  (E) The cell variability was analyzed
tamate (0, 15, 20 �M)  in NCM or SHED-CM. Values indicate the mean ± SEM; n = 6,

s referred to the web  version of this article.)

ral and vascular routes [61,62]. Intranasal administration is a
minimally invasive, easily repeatable, and simple procedure. The
intranasal administration of IGF-1 achieves significantly higher
concentrations in the CNS than intravenous administration [63].
Furthermore, AD mice receiving intranasal administrations of
IGF-1 [64], insulin [8], NGF [65] or S14G-Humanin [66] exhibit
substantially improved cognitive function. In addition, we previ-
ously demonstrated that the intranasal administration of SHED-CM
reduced the neurological deficits in a rat model of focal cerebral
ischemia [34]. Thus, our current data, taken together with previous
findings, suggest that the intranasal administration of SHED-CM
may  provide a highly efficacious, less invasive therapeutic strategy
for neurodegenerative disorders.

5. Conclusion

Here we demonstrated the impressive therapeutic benefits of
serum-free CM derived from SHEDs for mouse AD-like model.
The multifaceted activities of SHED-CM may  provide many neuro-
reparative effects required for the treatment of cognitive deficits.
Notably, we  did not observe any adverse effects during the exper-
imental treatment period. Thus, our data suggest that SHED-CM
may  provide a novel cell-free neuro-reparative therapy for AD.
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