ADMINISTRATION OF SHED-CM IN STROKE

a SHED-derived condition medium (SHED-CM) in a rat
model of cerebral ischemia.

Materials and Methods
SHED harvest from deciduous teeth

Human dental pulp tissues were obtained from clinically
healthy, extracted deciduous teeth from eight patients. The
ethics committee of the Nagoya University approved the
experimental protocols. SHED were isolated and cultured as
previously described.”'® Briefly, the pulp was removed
gently and digested for 1h at 37°C in a solution containing
3mg/mL collagenase type I and 4mg/mL dispase. After
filtration through 70-pum cell strainers (Falcon; BD Labware),
the cells were cultured at 37°C under 5% CO, in the Dul-
becco’s modified Eagle’s medium (DMEM; Gibco) containing
20% mesenchymal cell growth supplement (Lonza, Inc.) and
antibiotics (100U/mL penicillin, 100 mg/mL streptomycin,
and 0.25mg/mL amphotericin B; Gibco). After primary
culture, the cells were subcultured at ~1x10* cells/ cm? and
used in the experiments after three to five passages.

Preparation of SHED-CM and BMMSC-CM

SHED and BMMSCs (Lonza, Inc) (4x10° cells) were
cultured in a serum-free DMEM. Conditioned media of
SHED and BMMSCs were collected after 48 h of culture and
centrifuged at 1500rpm for 5min. The supernatants were
recentrifuged at 3000 rpm for 3 min followed by collection of
the second supernatants, named SHED-CM and BMMSC-
CM, respectively.

Cerebral ischemia model

All the animal experiments were approved by the In-
stitutional Animal Care and Use Committee (Nagoya Uni-
versity). Adult male Sprague-Dawley rats (Japan SLC, Inc.)
weighing 350400 g were used in the experiments. Animals
were anesthetized initially with 5% isoflurane (Abbott La-
boratories) and were maintained under anesthesia with 1.5%
isoflurane in a mixture of 70% N»O and 30% O,. The rectal
temperature was maintained at 37°C£0.5°C on a heating
pad. Focal cerebral ischemia was induced by permanent
MCAO (pMCAO) (Fig. 1A).™ A 4-0 monofilament nylon
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FIG. 1.
and infarct core (black). (B) Anatomy around the olfactory
bulb. 1: nasal bone. 2: forehead bone. 3: ethmoid bone. 4:
olfactory nerve area. 5: olfactory bulb. 6: forehead bone. 7:
cerebrum. 8: cerebellum. 9: incisor teeth. 10: incisive bone. 11:
maxilla bone. 12: molar teeth. The arrow displays the pas-
sage of nasal administration.

(A) The peri-infarct area. Peri-infarct area (gray)
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suture (Shirakawa) with the tip rounded by flame heating
and coated with silicone (KE-200; Shin-Etsu Chemical) was
advanced from the external carotid artery into the internal
carotid artery until it blocked the origin of the MCA. Re-
gional cerebral blood flow in the MCA territory was mea-
sured after occlusion using a laser Doppler flowmeter
(Omega FLO-N1; Omega Wave, Inc.). The response was
considered positive and included only if the reduction in the
regional cerebral blood flow was >70%.

Intranasal administration of the conditioned
media and DMEM

Seventy-two hours after pMCAO (day 3), the rats were
anesthetized again with 1.5% isoflurane in a mixture of 70%
N,O and 30% O,. The animals were divided randomly into
three groups: the SHED-CM group (n=7, three sacrificed on
day 6 and four on day 16), the BMMSC-CM group (12=3,
three sacrificed on day 16), and the DMEM group (n=7,
three sacrificed on day 6 and four on day 16). The rats were
placed on their backs with their necks elevated by a 4 x4-cm
roll of gauze. A total of 100 pL. of SHED-CM, BMMSC-CM,
and DMEM was administered to each rat via the olfactory
pathway using a Hamilton microsyringe (Fig. 1B). The
preparations were administered in aliquots of 10 uL at a time
and alternated nostril, with an interval of 2 min between each
administration. During these procedures, the mouth and
opposite nostril were closed. Intranasal administration was
performed everyday from days 3 to 15.

Evaluation of motor disability

The rats were blindly examined on days 1, 3, 6, 9, 12, and
15 using a standardized motor disability scale with slight
modifications.' They scored 1 point for each of the following
parameters: flexion of the forelimb contralateral to the stroke
side when hung instantly by the tail, extension of the hind
limb contralateral to the stroke side when pulled from a ta-
ble, and rotation to the paretic side against resistance. In
addition, 1 point was scored for circling motions to the pa-
retic side when trying to walk, 1 point for failure to walk out
of a 50-cm-diameter circle within 10, 2 points for failure to
leave the circle within 20s, and 3 points for inability to exit
the circle within 60's. In addition, 1 point each was scored for
inability of the rat to extend the paretic forepaw when pu-
shed against the table from above, laterally, and sideways.
The motor disability scale was performed 3 times in each
animal at each time point.

Assessment of infarct volume

The cryosections obtained from samples on day 16 were
stained with hematoxylin and eosin.'® Image] (National In-
stitutes of Health) was used to determine each infarct area in 12
coronal sections (20-um thick) at 1.00-mm intervals. The entire
infarction area was covered by these 12 coronal sections. Re-
gional infarct volumes were calculated by summing the infarct
areas and multiplying them by the distance between sections
(1.00mm), followed by remediation for brain edema.'”

Immunohistochemistry

On day 16 after the injection, the rats were perfused
transcardially with a 4% paraformaldehyde solution (Nakarai
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Tesque). Their brains were removed, postfixed in parafor-
maldehyde, and immersed in 30% sucrose solution the fol-
lowing day. Coronal sections (20-um thick) were then
prepared using a cryostat. For immunohistochemistry, the
sections were preincubated for 2h at room temperature (RT)
in a blocking solution (Dulbecco’s phosphate-buffered saline
[PBS] containing 5% normal serum of the species in which the
secondary antibody was raised) and incubated for 1h at RT
with diluted primary antibodies. The primary antibodies
were as follows: marker of NPC, rabbit anti-doublecortin
(anti-DCX; 1:50; Abcam, Inc.), neuronal markers, rabbit anti-
neurofilament H (anti-NF; 1:200; Chemicon), mouse anti-
neuronal nuclei (anti-NeuN; 1:500; Chemicon), endothelial
cell marker, and mouse anti-rat endothelial cell antigen (anti-
RECA1; 1:50; Monosan). After washing, the sections were
incubated for 1h at RT with secondary antibodies (NF/DCX,
donkey anti-rabbit IgG FITC [1:400; Jackson Immuno-
Research], and NeuN/RECA1, goat anti-mouse IgG FITC
[1:200; MP Biomedicals, LLC]) and counterstained with 4/,
6-diamidino-2-phenylindole (DAPI; Cell Biolabs, Inc.) for
sections of DCX, NeuN and RECAL.

The adjacent sections were used as negative controls. In
the control sections, all the procedures were performed in a
similar manner, with the exception that the primary anti-
bodies were omitted. To identify migration of NPC from the
SVZ, we examined anti-DCX-stained cryosections in the
SHED-CM and DMEM groups on days 6 and 16 by fluo-
rescence microscopy (BZ-9000; Keyence).

Statistical analyses of cell density

The density of NPC, neurons, and endothelial cells in the
peri-infarct (Fig. 1A) area of the SHED-CM and DMEM
groups was determined. In these two groups (n=3), five
sections cut at 100-um intervals were stained with DCX,
NeuN, or RECA1. The microscopic images were scanned,
and five typical frames (0.49 mm”) were measured for each
section. Therefore, on an average, 75 frames were deter-
mined for each group. The positive-stained area relative to
the total area (7.41 mm®) was statistically analyzed using the
software Dynamic cell count (Keyence) and Image].

Statistical analyses

Data are expressed as means+SD. p values were calcu-
lated using the unpaired Student’s ¢ test.

Results
Evaluation of motor function

The three groups (SHED-CM, BMMSC-CM, and DMEM)
displayed almost the same high score for motor function in
the early stages, as shown in Figure 2 (day 1: 8.5+0.58 and
8.33+0.58; 8.75+0.96; day 3: 825%0J5, 8.00+£1.0, and
8.50+0.6). Differences in the score appeared gradually be-
tween the three groups during the middle stage (day é:
6.75+0.5, 7.33+0.58, 7.80£1.0; day 9: 5.75+£0.5, 7.00+1.0,
7.50£1.29). On days 12 and 15, progressive improvement in
motor disability became significant in the SHED-CM group
compared with that in the DMEM group (day 12: 5.25+0.96,
6.77+0.58, 7.50+1.29; day 15: 4.0+0.81, 6.33£0.58, 7.25+
1.26). On day 15, progressive improvement in motor dis-
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FIG. 2. Motor disability test following intranasal adminis-
tration of stem cells from human exfoliated deciduous tooth
(SHED)-derived conditioned medium (SHED-CM), bone
marrow mesenchymal stem cell (BMMSC)-derived condi-
tioned medium (BMMSC-CM), and Dulbecco’s modified
Eagle’s medium (DMEM) on days 1, 3, 6, 9, 12, and 15. Data
are expressed as meanstSD of 3 determinations. *p <0.05,
versus DMEM. *p <0.05 versus BMMSC-CM. Student’s t-test.

ability became significant in the SHED-CM group compared
with that in the BMMSC-CM group.

Reduction in infarct volume

As shown in Figure 3, there was a significant decrease in
the infarct volume on day 16 in the SHED-CM group (day 16,
5220+14.7 mm®, n= 3) compared with the BMMSC-CM (day
16, 113.62+10. 77mm n=3) and DMEM groups (day 16,
147.43+5.50 mm®, n=3). These results suggest that SHED-
CM promote regeneration.

SHED-CM outcome

In the immunohistochemistry experiments, the SHED-CM
group had more positive signals for DCX (Fig. 4A), NF (Fig.
4C), NeuN (Fig. 4E), and RECA1 (Fig. 4G) in the peri-infarct
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FIG. 3. Reduction in the infarct volume 16 days after the
injection of SHED-CM, BMMSC-CM, and DMEM (A). Infarct
area on day 16 after nasal injection (B:DMEM, C:BMMSC-
CM, and D:SHED-CM). Data are expressed as means+ 5D of
3 determinations (A). *p<0.05, **p<0.01, versus DMEM,
#p<0.05, versus BMMSC-CM. Student’s t-test.
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FIG. 4. Doublecortin (DCX)-positive cells (A, B), neurofilament H (NF)-positive cells (C, D), neuronal nucleus (NeuN)-
positive cells (E, F), and rat endothelial cell antigen (RECA1)-positive cells (G, H). SHED-CM group (A, C, E, G) on day 16.
DMEM group (B, D, F, H) on day 16. Bar=>50 um (A-H). Cell nuclei were counterstained with DAPI Statistical analyses of
density of DCX (1), NeuN (J), and RECAL1 (K) on day 16. *p <0.05, **p<0.001, Student’s t-test. Each point is expressed as the
mean =SD of 75 determinations. Color images available online at www liebertpub.com/tea

area compared with the DMEM group (Fig. 4B, D, F, H). Cell
nuclei were labeled with DAPI (blue). There was a 1.27-fold
increase in DCX-positive cells (Fig. 4I), 1.52-fold increase
in NeuN-positive cells (Fig. 4]), and 1.53-fold increase in
RECA1-positive cells (Fig. 4K) on day 16 in the SHED-CM
group than in the DMEM group. The migration of NPC with
DCX from the SVZ to the peri-infarct area was observed on
days 6 (Fig. 5A) and 16 (Fig. 5C). The migration on day 6 was
most prominent (Fig. 5A). These results suggest that SHED-
CM also promote neurogenesis and angiogenesis after cere-
bral ischemia.
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Discussion

We reported the characteristics of SHED compared with
those of DPSC and BMMSCs. The results indicated that
SHED possessed high proliferation ability and were enriched
with the extracellular matrix, suggesting that they may be a
useful source for stem cell-based therapy. In addition, using
microarray analysis, we showed that SHED had higher ex-
pression levels of several growth factors, such as fibroblast
growth factor, transforming growth factor, connective tissue
growth factor, nerve growth factor, and bone morphogenetic
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FIG. 5. Migration of
neuronal progenitor cells
(NPC) from the SVZ to the
peri-infarct area on days 6 (A,
B) and 16 (C, D). SHED-CM
intranasal group (A, O).
DMEM intranasal group (B,
D). Bar=100 um (A-D).

IA =infarct area. Color
images available online at
www liebertpub.com/tea
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protein.® Taken together, these findings indicate that SHED
are a more potentially useful source of stem cells for cell
therapy than DPSC and BMMSCs.

However, cell therapy is always associated with problems,
such as canceration,’® immune rejection, and ethics issues.
Therefore, it is necessary to find alternative treatments. Stu-
dies in recent years have resulted in the recognition of a
paracrine function in factors, and have suggested that stem
cell transplantation may also be regarded as cell-based cy-
tokine therapy.”® Accordingly, we investigated two steps for
developing a new treatment for cerebral ischemia.

In the first step, we used SHED-CM as a new source for
the treatment of cerebral ischemia. We have previously
reported that needle administration of DPSC induced the
recovery of motor disability and reduction in the infarct
volume, proliferation of presumptive progeny in the SVZ,
migration to the infarct, and differentiation into the appro-
priate neurons in a rat model of stroke.” As several growth
factors involved in neural regeneration are secreted from
DPSC, we hypothesized that SHED-CM may improve the
recovery of motor disability and reduce the infarct volume in
the present study.

Moreover, we showed that the SHED-CM group signifi-
cantly improved motor function and infarct volume com-
pared with the BMMSC group (Figs. 2 and 3A).

Furthermore, the SHED-CM group had more positive
signals for DCX, NF, NeuN, and RECAL in the peri-infarct
area (Fig. 1A) compared with the DMEM group (Fig. 4A-K).
Migration of NPC with DCX from the SVZ to the peri-infarct
area was observed on days 6 and 16, with the migration
being the most prominent on day 6 in the SHED-CM group
(Fig. 5A-D).

Brain injury is known to upregulate nestin expression.!
Nestin-positive, pluripotent NPC mature into neuroblasts
that are positive for DCX.>® We found an increase in the
DCX-positive population in pMCAO-injured animals treated
with SHED-CM. Our results suggested that SHED-CM may
trigger proliferation of NPC, and given the significant im-
provement in behavioral response, it is likely that these
progenitor cells participate in the generation of new neurons.
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In the second step, we investigated the intranasal admin-
istration of SHED-CM. Using this administration, therapeutic
molecules traverse the BBB through the olfactory pathway
and the less-studied trigeminal neural pathway.”’ An im-
portant advantage of intranasal administration is that it is
less invasive, with the factors being delivered directly to the
brain.

Recently, it was reported that VEGF as a growth factor can
bypass the BBB to reach multiple sites within the brain
~ 30 min after the start of intranasal administration, and that
intranasal administration may result in decreased systemic
side effects because of decreased concentration in blood and
peripheral organs."! Our results suggested that SHED-CM,
including some growth factors, may produce effects similar
to those seen with VEGF in a stroke model.

The success of the two investigated steps suggests the
possibility of using a shortcut in a clinical setting. Adminis-
tration of SHED-CM resolves the ethics issues involved with
cell therapies, because SHED-CM are not a cell, but a con-
jugate of many growth factors. As SHED-CM can be stocked,
it is possible to use it for the acute stages of stroke, either
alone or with readily available treatments, such as recom-
binant tissue plasminogen activator, anticoagulation, and
antiplatelet therapy.

This study suggests that intranasal administration of
SHED-CM may help in the recovery of acute stroke patients
in future. In conclusion, regeneration therapy using SHED-
CM is very safe with no associated problems; therefore, it is a
potential candidate for the innovative treatment of cerebral
ischemia.
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ARTICLE INFO ABSTRACT

The effect of conditioned medium from cultured mesenchymal stem cells (MSC-CM) on periodontal
regeneration was evaluated. In vitro, MSC-CM stimulated migration and proliferation of dog MSCs
(dMSCs) and dog periodontal ligament cells (dPDLCs). Cytokines such as insulin-like growth factor, vas-
cular endothelial growth factor, transforming growth factor-p1, and hepatocyte growth factor were
detected in MSC-CM. In vivo, one-wall critical-size, intrabony periodontal defects were surgically created
in the mandible of dogs. Dogs with these defects were divided into three groups that received MSC-CM,
PBS, or no implants. Absorbable atelo-collagen sponges (TERUPLUG®) were used as a scaffold material.
Based on radiographic and histological observation 4 weeks after transplantation, the defect sites in
the MSC-CM group displayed significantly greater alveolar bone and cementum regeneration than the
other groups. These findings suggest that MSC-CM enhanced periodontal regeneration due to multiple
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cytokines contained in MSC-CM.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Periodontitis is an infection or inflammation that causes
destruction of the periodontal tissues, including gingiva, root
cementum, alveolar bone, and the periodontal ligament (PDL). A
goal of periodontal regenerative therapy is to return the tissues
to their original condition and restore the form and function of
the lost structures [1].

Many experimental and clinical studies about periodontal tis-
sue engineering and regenerative medicine have been published.
Historically, various regenerative methods and materials, including
guided tissue regeneration [2,3], enamel matrix protein derivative
(Emdogain®) [4], and osteocinductive agents and biomaterials, have
been used in clinical practice for periodontal regeneration [5,6].
Cell therapy is expected to become the next-generation method.

Abbreviations: MSC, mesenchymal stem cells; dPDLCs, dog periodontal ligament
cells; IGF-1, insulin-like growth factor-1; VEGF, vascular endothelial growth factor;
TGF-B1, transforming growth factor-p1; HGF, hepatocyte growth factor; FGF-2,
fibroblast growth factor-2; PDGF-BB, platelet-derived growth factor-BB; BMP-2,
bone morphogenetic protein-2; SDF-1, stromal cell-derived factor-1; PDL, peri-
odontal ligament; FBS, fetal bovine serum; ELISA, enzyme-linked immunosorbent
assay.
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The concepts of tissue engineering and regenerative medicine in-
volve the regeneration of tissues using a combination of cells, scaf-
folds, and signaling molecules [7]. Mesenchymal stem cells (MSCs)
are well known to secrete a variety of growth factors and cytokines
[8]. Recent studies have indicated that the paracrine effects of the
growth factors and cytokines secreted from implanted MSCs may
promote tissue regeneration in vivo {9,10]. Conditioned medium
from cultured mesenchymal stem cells (MSC-CM) has been re-
ported to have multiple positive functions in tissue regeneration
[10,11]. We previously reported that bone marrow-derived MSC-
CM has a very high potential for bone regeneration that is medi-
ated by the cooperative effects of cytokines such as insulin-like
growth factor-1 (IGF-1), vascular endothelial growth factor (VEGF),
and transforming growth factor-p1 (TGF-p1), which regulate sev-
eral events of osteogenesis, including angiogenesis, cell migration,
proliferation, and osteoblast differentiation [12]. Based on these
findings, we hypothesized that transplantation of MSC-CM may
play an important role in periodontal tissue regeneration and over-
come limitations of existing therapies. The purpose of this study
was to evaluate the effect of MSC-CM on periodontal regeneration.

2. Materials and methods
2.1. Cell isolation, cultivation, and preparation of MSC-CM
Dog MSCs (dMSCs) and dog periodontal ligament cells (dPDLCs)

were isolated from five hybrid dogs (age 18-36 months, weight
15-25 kg) and expanded in accordance with published techniques
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[13,14]. Human MSCs (hMSCs) were purchased from Lonza and
cultured according to the manufacturer’s instructions. All cells in
this experiment were cultured at 37 °C with 5% CO, and 95% air
in a humidified incubator. dMSCs (2nd-4th passage), dPDLCs
(2nd-3th passage), and hMSCs (3rd-9th passage) were used for
the experiments.

At approximately 70% confluency, the conditioned medium of
hMSCs was refreshed with serum-free Dulbecco’s Modified Eagle
Medium (DMEM) and cultured for an additional 48 h. MSC-CM
was collected and stored at 4 °C or —80 °C before use in the follow-
ing experiments.

2.2. Migration and proliferation of dMSCs and dPDLCs

Transwell dishes with 8.0-um pore filters (BD BioCoat™ Control
Inserts; Becton Dickinson and Co., Franklin Lakes, NJ) were used for
the migration assays. dMSCs (5 x 10° cellsjcm?®) or dPDLCs
(5 x 10° cells/cm?) were seeded into the upper chamber, and
MSC-CM was added to the lower chamber. Cell migration was ob-
served in the presence of 30% FBS or serum-free DMEM, which
served as positive and negative controls, respectively. After 48 h
of culture, the upper side of the filters was carefully rinsed with
PBS, and the remaining cells on the upper surface of the filters were
mechanically removed with a cotton-wool swab. Transwell filters
were stained with hematoxylin, cut with a scalpel, and mounted
onto glass slides, with the lower surface facing upward. The prolif-
eration rate of approximately 70% confluent dMSCs and dPDLCs
was assessed with bromodeoxyuridine (BrdU) incorporation for
24 h, using a Zymed BrdU staining kit (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Both the number of
migrated dMSCs and dPDLCs and the percentages of BrdU-positive
cells were counted in five randomly selected fields using a light
microscope (CK40; Olympus, Tokyo, Japan) at 200x magnification.

2.3. Enzyme-linked immunosorbent assay (ELISA)

To evaluate the cytokines in MSC-CM, ELISA for IGF-1, VEGF,
fibroblast growth factor-2 (FGF-2), TGF-B1, hepatocyte growth fac-
tor (HGF), platelet-derived growth factor-BB (PDGF-BB), bone mor-
phogenetic protein-2 (BMP-2), and stromal cell-derived factor-1
(SDF-1) in MSC-CM were performed. The concentrations of these
factors were measured using a Human Quantikine ELISA kit (R&D
Systems, Minneapolis, MN) according to the manufacturer’s
instructions.

2.4. Dog one-wall intrabony defect model

All animal experiments were approved by the Nagoya Univer-
sity animal experiment committee. After a period of acclimatiza-
tion of 30 days, five hybrid dogs were operated on under general
anesthesia by intravenous injection of pentobarbital (Somnopen-
tyl®; Kyoritsu Seiyaku, Tokyo, Japan) (20 mg/kg body weight),
and under local anesthesia with 2% lidocaine (with 1:80,000 epi-
nephrine, ORA® Inj. Dental Cartridge; Showa Yakuhin Kako, Tokyo,
Japan). Before the experimental surgery, the mandibular first and
third or fourth premolars were extracted, and the extraction sites
were allowed to heal for 8 weeks. For the experimental surgery,
buccal and lingual mucoperiosteal flaps were elevated, and criti-
cal-size, box-type, one-wall intrabony defects (width, 4 mm;
height, 5 mm) were created at the distal aspect of the second,
and the mesial aspect of the fourth premolars in the right and left
jaw quadrants [15]. Following root planing to remove the root
cementum, a reference notch indicating a 5-mm distance from
the cement-enamel junction to the bottom of the defect was made
with a burr into the root surface at the base of the defects. With no
differences in bone regeneration in the various grafted areas in

terms of bone healing, two defects were created and implanted
with two materials at random sites. An absorbable atelo-collagen
sponge (TERUPLUG®; OLYMPUS TERUMO BIOMATERIALS, Tokyo,
Japan) was used as a scaffold and contained 300 pl MSC-CM or
PBS. The dogs with defects were randomly divided into three
groups (n=6 each) and implanted with graft materials: MSC-CM
plus scaffold, PBS plus scaffold, or no implant/scaffold. The muco-
gingival flaps were advanced, adapted, and completely closed.
Post-surgical management involved antibiotics (Azithromycin,
250 mg; Pfizer, Tokyo, Japan) daily for 3 days, a soft diet, and top-
ical application of 2% chlorhexidine (Hibitane concentrate; Dainip-
pon Sumitomo Pharma, Osaka, Japan) twice a week. After 4 weeks,
the dogs were given general anesthesia and sacrificed by exsangui-
nation after injection of heparin sodium (400 U/kg).

2.5. Radiographic and histological analyses

Standardized radiographic images of the defect sites were ob-
tained with an X-ray apparatus (Dent navi Hands; Yoshida Co,,
Ltd., Tokyo, Japan) and dental X-ray films (BW-100; Hanshin Tech-
nical Laboratory, Nishinomiya, Japan) immediately, and 4 weeks
after, transplantation. Dental X-ray films were placed parallel to
the tooth axis, and radiographic images of the defect site were ta-
ken in the buccolingual direction. The defect sites were dissected
and fixed in 10% neutral-buffered formalin (Wako, Japan) 4 weeks
after transplantation. The specimens were decalcified in Plank-Ry-
chro solution (Wako) for 8 weeks, routinely processed into 5-um-
thick paraffin-embedded sections, stained with hematoxylin and
eosin, and observed under a light microscope (Olympus). Histo-
metric parameters were quantified using a computer-based image
analysis system (Image] 1.44; National Institutes of Health). The
following parameters were analyzed:

(1) Cementum regeneration height: distance from the root sur-
face notch to the coronal extension of newly formed cemen-
tum on the root surface.

(2) Bone regeneration height: distance from the root surface
notch to the coronal extension of newly formed bone along
the root surface.

(3) Bone regeneration area: area of new alveolar bone formed
coronally from the apical extension of the root surface notch.

2.6. Statistical analysis

Summary statistics (mean + SD) based on animal means for the
experimental treatments were calculated using the three central
sections from each defect. Statistical differences were evaluated
with Tukey’s HSD (Honestly Significant Difference) test (IBM SPSS
statistics 19). A value of p<0.05 was considered statistically
significant.

3. Results
3.1. Effect of MSC-CM on dMSC migration and proliferation

The numbers of migrated dMSCs in DMEM (-), 30% FBS, and
MSC-CM were 4.47 +3.10, 54.1 + 13.03, and 43.87 + 13.03, respec-
tively (Fig. 1A, left). The numbers of migrated dPDLCs in DMEM
(-), 30% FBS, and MSC-CM were 4.38 +1.19, 40.75%5.70, and
33.0 % 6.0, respectively (Fig. 1A, right). The percentages of BrdU-po-
sitive dMSCs cultured in DMEM (-), 30% FBS, and MSC-CM were
39.41+6.76%, 69.74+4.97%, and 55.31+8.39%, respectively
(Fig. 1B, left). The percentages of BrdU-positive dPDLCs cultured
in DMEM (-), 30% FBS, and MSC-CM were 30.23 +7.99%,
65.49 + 6.58%, and 61.1 *+ 4.69%, respectively (Fig. 1B, right). These
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Fig. 1. (A) Transwell migration assay. The migration of dMSCs and dPDLCs cultured in MSC-CM were enhanced compared to that of dMSCs cultured in DMEM (-). (B) BrdU
assay. The proliferation of dMSCs and dPDLCs cultured in MSC-CM was also enhanced compared to culturing in DMEM (). Cells cultured in DMEM + 30%FBS were used as a
positive control for both (A) and (B). Asterisks indicate a significant difference between the indicated groups (p < 0.05).

differences were statistically significant (p < 0.05), indicating that
MSC-CM enhanced migration and proliferation of dMSCs and
dPDLCs similar to serum-containing medium, compared with ser-
um-free medium.

3.2. Growth factors present in MSC-CM

The concentrations of IGF-1, VEGF, TGF-81, HGF, FGF-2, PDGF-
BB, BMP-2, and SDF-1 in MSC-CM were analyzed using ELISA.
These factors were not detected in DMEM (-) or 30% FBS. However,
in MSC-CM, the concentrations of IGF-1, VEGF, TGF-B1, and HGF
were 1515.6+£211.8 pg/ml, 465.8 + 108.8 pg/ml, 339.8 + 14.4 pg/
ml, and 20.3 + 7.9 pg/ml, respectively. Other factors were not de-
tected in MSC-CM.

3.3. Radiographic and histological analyses

Clinical healing was generally uneventful. Representative pho-
tomicrographs of the experimental sites are shown in Fig. 2. The re-
sults from the histometric analysis are shown in Fig. 3. The
cementum regeneration height, the bone regeneration height,
and the bone regeneration area of the MSC-CM group were
3.01+0.16 mm, 3.19+0.51 mm, and 4.89+1.08 mm? respec-
tively. A large amount of new lamellar and woven bone formation
was observed in the MSC-CM group. Thick-layered and cellular
cementum on the root surface was also frequently observed in
the MSC-CM group.
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On the other hand, less newly regenerated bone and cementum
compared to the MSC-CM group was observed in the PBS group.
Dense collagen fibers were observed frequently in the PBS group.
Newly regenerated bone and cementum were not apparent in
the no implant group. Furthermore, there was minimal inflamma-
tory cell infiltration in the MSC-CM group compared to the other
groups.

4. Discussion

To regenerate periodontal tissue destroyed by periodontitis,
several events are required, including angiogenesis, cell migration,
proliferation, and differentiation into osteoblasts and cementblasts
on the dental root and alveolar bone surfaces facing the region of
the periodontal tissue defect, followed by regeneration of the alve-
olar bone and cementum. Historically, periodontal therapies have
been developed, including conventional periodontal therapies such
as gingival flap surgery that cleans root surfaces and improves
periodontal form. Therefore, the disease process is arrested, and
periodontal tissues are repaired [3]. Guided tissue regeneration is
a surgical procedure that utilizes a barrier membrane that is placed
under the gingiva and over the remaining bone to prevent epithe-
lial down-growth and fibroblast trans-growth into the wound
space, thereby maintaining a space for true periodontal tissue
regeneration [2,3]. Autogenous bone grafting is considered to be
an effective method [16], but it requires a wider surgical area.
Moreover, tooth-debilitating occurrence of root resorption and
ankylosis after grafting of autogenous bone have also been re-
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Fig. 2. Representative photomicrographs and radiographic images from sites receiving experimental materials. (A, E and I) overview of periodontal defect site. Original
magnification x 12.5, scale bar= 1 mm. (B, C, F, G,  and K) Higher magnification of the boxed areas. Original magnification x 100, scale bar = 50 pm. (D, H and L) Radiographic
images were taken at O (left) and 4 weeks (right) after surgery. White arrows: osteoblasts. Black arrows: newly regenerated cellular cementum. Photomicrographs:

hematoxylin and eosin staining.
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Fig. 3. Histometric analysis of periodontal regeneration following surgical implantation of MSC-CM/TERUPLUG® in dog one-wall intrabony defects (means + SD in mm or

mm?). *Statistical difference (p <0.05), n=5.

ported [17]. Although allografts, xenografts, and osteoinductive
biomaterials (beta-tricalcium phosphate, hydroxyapatite) are
available, these materials also have poor osteoinductivity and pro-
vide a risk of infection and immunological rejection [5,6]. On the
other hand, enamel matrix protein derivative (Emdogain®) has
shown favorable clinical results for reducing intrabony periodontal
defects [4].

Cytokines enhance periodontal regeneration by stimulating the
proliferation of mesenchymal cells in the periodontal tissue and
differentiation into osteoblasts/cementblasts [18]. PDGF-BB and
BMP-2 are already on the market [19]. The efficacy of local applica-
tion of recombinant human FGF-2 [20] has been investigated in a
clinical study. The significant difference in rate of increase in alve-
olar bone height suggests that FGF-2 therapy can be efficacious in
regenerating periodontal tissue. Application of TGF-p {21], BMP-7
[22], brain-derived neurotrophic factor [23], and growth and dif-
ferentiation factor-5 [24-26] has been reported in vitro and
in vivo. These factors enhance cellular activation of osteogenesis
[27]. However, application of a single growth factor has limited
bone regeneration ability, and outcomes are not always predict-
able. In addition, application of these growth factors unfortunately

requires superphysiological doses [28] and may induce a severe
inflammatory response [29]. Therefore, a combination of several
different factors will likely be better for optimizing bone regener-
ation [30-33].

Recently, many experimental and clinical studies of cell thera-
pies for periodontal regeneration have been conducted. Grafting
human cultured periosteum sheets for periodontal defects was re-
ported [34]. We previously used an injectable tissue-engineered
bone that is a mixture of hMSCs and platelet-rich plasma as bone
graft materials [35]. However, the field is hampered by problems
such as the need for large capital investment, expensive cell cul-
ture, complicated safety and quality management, and the onco-
genic risk of grafted cells.

Implanted cells do not survive for a long time [36-40]. On the
other hand, implanted MSCs secrete a variety of cytokines [8],
and several cytokines are present in MSC-CM [41]. These findings
suggest that the paracrine effects of muitiple cytokines secreted
from implanted MSCs may promote tissue regeneration [9-11].
We previously reported that MSC-CM has a very high potential
for bone regeneration that is mediated by the cooperative effects
of cytokines such as IGF-1, VEGF, TGF-B1, and HGF. These cytokines
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regulate several events of osteogenesis, including angiogenesis, cell
migration, proliferation, and osteoblast differentiation [12]. IGF-1
induces osteoblast proliferation and migration [42,43] and en-
hances periodontal regeneration by stimulating PDL cells through
the PI3K pathway [44]. VEGF is thought to be the main regulator
of angiogenesis. VEGF also enhances survival and differentiation
of endothelial cells, and as a result, it contributes to osteogenesis
[45]. TGF-B1 increases bone formation by recruiting osteoprogeni-
tor cells and stimulating their proliferation and differentiation into
osteocytes [46]. TGF-B1 also stimulates PDL regeneration and re-
pair [47] and is expressed during the development of the alveolar
bone, PDL, and cementum [48]. HGF is a potent angiogenic mole-
cule, and this activity is mediated primarily through direct actions
on vascular endothelial cells [49]. Based on these findings, we pre-
dicted that cooperative effects between these cytokines and other
unknown factors towards angiogenesis and osteogenesis would
mediate periodontal regeneration induced by MSC-CM after
endogenous cell mobilization.

TERUPLUG®, which we use as a scaffold, is an absorbable atelo-
collagen sponge that is highly biocompatible [50]. It is easy to infil-
trate MSC-CM into TERUPLUG and adapt it to the bone defect
shape. The product is in a sponge block configuration. Also, it
serves as a scaffold for osteoblast migration.

Compared with a previous study also using the one-wall intrab-
ony periodontal defect model [23-25], the histological results in
the present study at 4 weeks after treatment were equivalent to
the results from the other study at 8 weeks after treatment. These
results support the hypothesis that MSC-CM enhances periodontal
regeneration.

This novel regenerative technique based on a unique concept
that utilizes endogenous stem cells without cell transplantation
may represent an alternative solution for periodontal regeneration,
overcoming the limitations of existing therapies.
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Human Dental Pulp-Derived Stem Cells Protect Against
Hypoxic-Ischemic Brain Injury in Neonatal Mice

Mari Yamagata, DDS; Akihito Yamamoto, DDS, PhD; Eisuke Kako, MD, PhD;
Naoko Kaneko, MD, PhD; Kohki Matsubara, DDS; Kiyoshi Sakai, DDS, PhD;
Kazunobu Sawamoto, PhD; Minoru Ueda, DDS, PhD

Background and Purpose—Perinatal hypoxia-ischemia (HI) has high rates of neurological deficits and mortality. So far, no
effective treatment for HI brain injury has been developed. In this study, we investigated the therapeutic effects of stem
cells from human exfoliated deciduous teeth (SHED) for the treatment of neonatal HI brain injury.

Methods—Unilateral HI was induced in postnatal day 5 (P5) mice. Twenty-four hours later, SHED, human skin fibroblasts, or
serum-free conditioned medium derived from these cells was injected into the injured brain. The effects of cell transplantation
or conditioned medium injection on the animals’ neurological and pathophysiological recovery were evaluated.

Results—Transplanted SHED, but not fibroblasts, significantly reduced the HI-induced brain-tissue loss and improved
neurological function. SHED also improved the survival of the HI mice. The engrafted SHED rarely differentiated into neural
lineages; however, their transplantation inhibited the expression of proinflammatory cytokines, increased the expression of
anti-inflammatory ones, and significantly reduced apoptosis. Notably, the intracerebral administration of SHED-conditioned
medium also significantly improved the neurological outcome, inhibited apoptosis, and reduced tissue loss.

Conclusions—SHED transplantation into the HI-injured brain resulted in remarkable neurological and pathophysiological
recovery. Our findings indicate that paracrine factors derived from SHED support a neuroprotective microenvironment in
the HI brain. SHED graft and SHED-conditioned medium may provide a novel neuroprotective therapy for HI.  (Stroke.
2013;44:551-554.)

Key Words: cell transplantation m functional recovery ® inflammation ®m neonatal ischemia
m stem cells ® trophic factors

S tem cells from human exfoliated deciduous teeth (SHED) to those reported previously.? HI brain injury was induced in postnatal

reside within the perivascular niche of the dental pulp. day 5 (P5) mice as described. Cells (2x10°) in 2 pL phosphate buffered
saline or phosphate buffered saline alone (as a control) were trans-

planted into the ipsilateral hemisphere at 2.0 mm anterior and 2.0 mm
lateral to bregma, and 2.0 mm deep to the dural surface, using a glass

They are thought to originate from the cranial neural crest,
and express early markers for both mesenchymal and neuro-

ectodermal stem cells."> We previously showed that SHED needle and a Kopf microstereotaxic injection system, 24 hours after HI
transplantation into the completely transected rat spinal cord (Figure 1A). These animals were given daily administration of cyclo-
results in remarkable functional recovery of hindlimb locomo- sporin A (Novartis, Nurnberg, Germany, 10 mg/kg, IP) throughout the

experimental period, except when they were used for cytokine expres-
sion analysis. For the experiments using CM, mice were given a 2-puL
injection of CM or Dulbecco's modification of Eagle's medium (as a

tion.2 However, whether engrafted SHED or the paracrine fac-
tors derived from them can offer therapeutic benefits in other

neurological disease settings is still largely unknown. In this control) without cyclosporin A treatment. The animals’ neurological
study, we investigated the therapeutic benefits of SHED on recovery was examined by a foot-fault test in 4-, 6-, and 8-week-old HI
mouse neonatal hypoxia-ischemia (HI). mice.? Tissue loss was examined by staining with hematoxylin and eo-

sin, and brain injury was evaluated using a neuropathological scoring
system,*> by an observer blinded to the identity of the animal group.

Materials and Methods The level of apoptosis was analyzed by staining with anticaspase-3
An expanded version of the Methods section is available in the (Cell Signaling). Real-time reverse transcription PCR was carried out
online-only Data Supplement. SHED, human skin fibroblasts, and their as described.? GAPDH cDNA was amplified as an internal control.
serum-free conditioned medium (CM) were prepared as described.’ Primer sequences are shown in the online-only Supplemental Table 1.
The SHED’s multi-differentiation potential and their expression of Data are expressed as means+SEM. Survival data were analyzed
both mesenchymal stem cell and neural lineage markers were similar by applying the Kaplan-Meier curve, followed by the Mental-Cox
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Figure 1. Neurological outcomes and survival rate after Hi. A, Experimental protocol. Mice underwent Hl insult at P5, and then received
cell transplantation (Cell) or CM injection (CM) at P6. In the analyses of cell transplantation’s effects on functional recovery and brain
damage, the phosphate buffered saline-, Fb-, and SHED-treated groups received daily administrations of cyclosporin A (CsA). The
cytokine assay and brain damage evaluation were performed at P7 and P8, respectively. Neurological recovery was examined at 4, 6,
and 8 weeks. B, Survival curve (SHED n =14; Fb n=12; PBS n = 18; SHED-CM n = 16; Fb-CM n = 16; DMEM n = 16; Sham n = 5).

C, Foot-fault test (SHED n=12; Fb n=9; PBS n = 9; SHED-CM n = 15; Fb-CM n = 10; DMEM n = 13; Sham n = 5). D, Statistic data.
Values are means+SEM, “P< 0.05, **P< 0.001.

log-rank test to identify differences between the curves. Behavioral were performed with Bonferroni test. All statistical analyses were
data were analyzed by 2-way ANOVA. Comparisons of parameters performed with Stata version 11.0 (Stata Corp, College Station, TX).
among the groups were made by 1-way ANOVA. Post-hoc analyses A value of P<0.05 was considered statistically significant.
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Figure 2. Histological evaluation. A, Representative HE-stained coronal brain sections. Scale bar: 1 mm. B, Cell-transplantation. C,
Conditioned medium (CM)-injection. Tissue loss (each group, n=10-12); Caspase-3 (+) cells (each group, n=6}; Pathological score (each
group, n=5-8). D, Statistic data. Values are means+SEM, n=6 per group, "P<0.05, **P<0.01.
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Results

The HI mice that underwent SHED transplantation exhib-
ited significant neurological recovery compared with the
fibroblasts- and phosphate buffered saline-treated groups
(Figure 1C). The SHED-transplanted group also displayed
better survival over time (Figure 1B). Histological examina-
tion revealed that the tissue loss, number of apoptotic cells,
and neuropathological score in the SHED-transplanted group
were significantly lower than in the other experimental groups
(Figure 2A and B). Cell-type analysis showed that the apop-
tosis of neurons in the cortex, corpus callosum, and hippo-
campus and of oligodendrocytes in the corpus callosum was
significantly reduced in the SHED-transplanted group (online-
only Supplemental Figure 2).

The expression levels of proinflammatory cytokines
interleukin-1f and tumor necrosis factor-o. were upregulated
in the phosphate buffered saline- and fibroblasts-transplanted
groups 24 hours after HI, but those of anti-inflammatory cyto-
kines interleukin-4 and interleukin-10 were downregulated.
Notably, engrafted SHED significantly suppressed the expres-
sion of proinflammatory cytokines, whereas strongly upregu-
lating anti-inflammatory cytokines (Figure 3).

Eight weeks after transplantation, little or no SHED had
differentiated into neurons, oligodendrocytes, or astrocytes
(online-only Supplemental Figure 3). Taken together, these
results suggested that SHED promoted recovery after HI
by paracrine mechanisms. In support of this idea, we found
that mice receiving a 2-pL injection of SHED-CM in the
Hl-injured brain exhibited significant or better recovery in
neurological function (Figure 1C), survival rate (Figure 1B),
and neuropathological score (Figure 2C) than those receiving
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fibroblasts-CM or cell-culture medium (Dulbecco’s modifica-
tion of Eagle’s medium) alone.

Discussion

Here we demonstrated that the transplantation of SHED into
the Hl-injured mouse brain improved the neurological outcome
and survival rate. The engrafted SHED shifted the HI-induced
proinflammatory state to an anti-inflammatory one and
inhibited apoptosis and tissue loss. Importantly, mice receiving
an injection of 2 pL. SHED-CM 24 hours after HI exhibited
significant recovery as assessed by both neurological and
pathological examinations. These results suggest that most of the
SHED-mediated therapeutic benefits were elicited by paracrine
mechanisms. It was difficult to compare the level of therapeutic
benefits between engrafted SHED and SHED-CM, because in
the SHED experiments, the administration of cyclosporin A,
which protects engrafted cells from the xenogeneic host immune
response, significantly suppressed the HI-induced inflammatory
response and apoptosis® (online-only Supplemental Figure 4).
Furthermore, cell transplantation may have an advantage in
providing a prolonged delivery of paracrine factors, compared
with the transient delivery by the CM treatment.

Previous reports indicate that the engraftment of various
types of transplanted stem cells is a promising regenerative
therapy for HI.” However, for clinical use, mesenchymal stem
cells must be expanded by a reliable cell-culture system that
produces sufficient cell numbers to elicit clinical benefits,
while also meeting safety requirements. These severe restric-
tions may impede the progress of regenerative therapy for
HI. Our data suggest that the administration of SHED-CM
provides a portion of the therapeutic benefit of SHED
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Figure 3. A, Quantitative real-time reverse transcription polymerase chain reaction analysis in cell-transplantation groups. Relative
mRNA expression of tumor necrosis factor-a, interleukin (IL)-18, IL-4, IL-6, IL-10, and IL-13 compared with that in sham-operated mice.
B, Statistic data. Values are means+SEM. *P<0.05, **P<0.01, ***P<0.001.
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transplantation, and this finding may be useful in establishing
a practical regeneration therapy for HL
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