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Fis, 2. VPA induced HMGB1 release from macrophages. RAW-blue cells were incubated with VPA (5 mM), LPS (100 ng/mL), and TNF-¢ (20 ng/ink,) for
24 h (A). RAW-blue cells were incubated with VPA (5.mM) for 3, 8, 18, and 24 h (B). HMGB1 levels in supermatants were analyzed by ELISA (A and B).
Trarslocation of HMGB1 in response.to. VPA {5, mM) LPS (100 ng/mL) and TNF-« {20 ng!mt) 24 h was analyzed by immunofiuorescence assay {C): Ceil
viability was evaluated by LDH assay (D). Caspase 3/7 astmty in the cells was analyzed by using a detection kit (E). Levels of HMGBT mRNA expresion were
analyzed by realtime PCR and are shown as relative expression narmafszed by the levels of a housekeeping gene’ (B-actiny mANA {F) (n = 34 8D, *P< 0,05 vs,
control, *¥P < 0.01 vs. control), RAW-Blue celis were pre-incubated with Brefeldin A {50500 ng/mi} for 3 h and were then treated with VPA (& mM} and LPS

(100 ng/miy for 24 h. The levels of HMGB1 and IL:6 in culture media were determined by ELISA(H). (n =31 S D, #2 < 0,01 vs. VPAand LPS},

and TNF-¢ by stimulations with LPS and VPA. Stimulation
with VPA for "4 h increased stcady‘«%mte ‘lcvd@ of HMGB1
mRNA, Howevu LPS did not induce HMGBI1 mRN A
expression at a concentration of 100 mg’mL (Fig. 2(1} le»
mobility group box 1 mRNA levels also did not increase in
RAW-blue cells primed with VPA and then stimulated wztix
TNF-. On the other hand, LPS sm}nﬂiv induced mRNA
expression of TNF-a in RAW%)I&:«: cells (Fi g 2(;) Hawewr,
VPA did not induce its expression. These results suggest that
HMGBI release by stimulation with VPA due not to cell lysis
or injury but to an active pmce% that is not dcpendent on
increase in gene exgr&sswn and mRNA mducigf.m of H\'IGB%

by VPA is not due to activation of NF-KB Wc also exam-
ined the effect of brefeldin A, a blocker of mgmbmne uxpm‘t
of proteins out of the endoplasmic reticulum, on release of
HMGBI induced by VPA and LPS. As shown in F;guru 2H.

the release of HMGBI stimulated with VPA and LPS did not
suppress by add)tmn of brefeldin A, although the release of
1L-6 stimulated with these t;ﬁmnlams suppruw,d with it at a
concentration of 50 n,:,[mi 'I’hexe resul(s, s,nszges{ thar HMGBI

release with VPA and LPS wu& not, due to mg conventional
secretory pathw dY

ERK kinase may play a role in VPA-induced HIMGB release
F 0 Ll,ar;fy the mecha.msm by which ‘VPA méuuesa the release
of HMGRBI, we examined whether MAP kinases mediate
VPAﬂndaca/é H M(}Bi release. Treatment of macrophages
with VPA for 0.5 or 24 h agctw,ated phosphorylation of ERK
(Fig. 3A). However, VPA did not induce phosphorylation
of INK and p38. In contrast, LPS induced phosphorylation
of ERK, JNK, and p38. Inhibition of ERK with PDY8059
xupprewed VPA-induced ERK phosphorylation and HMGBI
release by macmphages (Fig. 3B and Supplemental Digitl
Content S, at http: ;’[lmks Tww. cmn}SHi(/AQG‘) Valproic acid
also induced NF-kB activation in mdwophages (E*lg 3Cy, and
it 'was inhibited by treatment with PD98059 (Fig. 3D). These
hndmg,s suggest that VPA stimulates the release of HMGBI
from activated l’l‘idCrUphdﬂﬁ’:b via ERK MAP kinase and NF-kB
signaling. A recent study showed that acetylation of cytosolic
HMGBI triggers its exocytosis from monocytic cells (21).
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Fia, 3. ERK kmase mediates VPA-induced HMGB1 release. RAW- b ue cells were incubated with VPA {5 mM} and LPS (100 ng/ mL) for 05024ty

Phosphorylation of p38MAPK, ERK1/2, and JNK was assayed by Western blot analysis {A). RAW-blue cells were incubated with VPA (5 mM} and PDS8DSY
{0.1-10 uMj for 24 h. The levels of HMGBT in culture supematarts were analyzed by ELISA {B). RAW-blue cells wers incubated’ wﬁh VPAE mM) for 3, 6, 18, and
24 1 {C). RAW-blue cells were incubated with VPA (5 mM) and PDY8053 (0:1-10 uMj for. 24 f1 (D) The ieveis of NF-xB activation were analyzed by reporier
assay, as described in Materials and Methods (C and D) {n = 32 8D, **P < 0.01 vs. VPA).
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Fiz. 4. Histone deacetylases do not mediate the effects of VPA on HMGB1 release. RAW»blue ceiis vers mcubatecf in histone deacetylase inhibitors TSA
{5100 nM) or SARA (0.05-1 M) for 24 h. The levels of HMGB1 in supemalants were evaluated by ELISA (A}, Translocation of HMGBY in response o TSA
{100 nil) and SAHA {1 M) for 24 1 was analyzed by immunoflucrestcence assay (B). RAW-blue cells were mcubated with VPA (5 mil), TSA {100 nvly, and
SAHA {1 uM) for 0 to 1 h. Phosphorylation of ERK1/2'was assayed by Westemn blot anal ysls CYn=3:8D)

HDACs do not mediate the effects of VPA on HMGBT release

ihcmfm&, we exammed the effects of TSA and br‘&ﬁ,f\
inhibitors of HDAC, on VPA-induced HMGBI release in
macrophage cultures. Trichostatin A and SAHA did not in-
duce HMGB1 release from macrophages (Fig. 4A): In addi-
tion, HMGB1 was retained in nuclear regions, and the levels
of HMGBI in the cytoplasmic region were not increased after
treatment with TSA and SAHA {F;g 4B). Furthermore, TSA
and SAHA did not activate phosphorylation of ERK, although
VPA activated phosphorylation of ERK in the same conditions
(Fig. 4C). These results suggest that VPA-induced HMGB!1
release is not due to its inhibitory effect on HDACs.

VPA activates GABA s:gnaimg

Valproic acid exerts its antiepileptic cffect pri mcxpaﬁ} by
clevating GABA concentration i the brain (22, 23). There-
fore, we next examined whether VPA increases GABA con-
centration in macrophage cultures, RAW-blue cells were
stumulated with 5 mM of VPA for 24 h. y-Aminobutyric acid
levels in the cytoplasm and supernatanis were analyzed by
ELISA. Valproic acid induced GABA release into media
{(Figures 1A and B, Supplemental Digital Content 1, at
hitp:/flinks.hww.cOm/SHK/ASS, and Supplemental Digital Con-
tent 2, at http/links.Jww.com/SHK/A86). RAW cells were
stimulated with VPA (5 mM) for 24 h. y-Aminobutyric acid
levels in supernatants (A and cytoplasms (B) were analyzed
by ELISA (n=3 £ SD). We then confirmed that GABA release
from macrophages acts on macrophages through a paracrine
pathway and induces HMGB1 release. We examined the effect
of GABA on HMGBI release in macrophages. y-Aminobutyric
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acid at concentrations of 1 to 1,000 uM did not activate the
release of HMGB1 (Figures 2A and B, Supplemental Digital
Content 3, at hitp:/links.lww.com/SHK/A$7, and Supplemental
Digital Content 4, at hﬁp:minks.}Ww.cam;fSHK{A%). RAW
cells were stimulated with various concentrations (11,000 M)
of GABA for 24 h. High-mobility group box 1 levels in super-
natants were analyzed by ELISA (A). Cell viability was eval-
uated by LDH assay (B) (n = 3 £ SD). These findings suggest
that GABA did not mediate HMGB1 release induced by VPA.

Next, we examined \xheiha; VPA mdm,es expression of
GABA receptors in macropt mgesc RAW cells were stimulated
with 3 mM of VPA for 24 h, and expression of GABA,
receptor subunits in murine numt)phdnu; was investigated by
quantitative RT-PCR. Amorzz the o and B subunits, the B,
subunit was expressed in macrophages {}"*x,g 5A). Expression
of the ¢; and ¢ mhunm of the GABA 4 receptor was induced
by stimulation with 5 mM of VPA {Fig. 5A). Exprwsmn of
thy, Dy, Os, and fi; was not detected in macmphagex with or
without VPA stimulation {,}?‘xg. 5A). Picrotoxin, a GABRA,L
receptor antagonist, inhibited VPA-induced HMGBI release at
a concentration of G,Sf uM (Fig. 3B). Picrotoxin also inhibited
the activation of ERK ph(}sphoi»idﬁ(m by stimulation with
VPA in rmsuophaaw (Fig. 5C). These results suggest that
VPA induces HMGBI rcle&sz, in maamphaéu in part through
activation of GABAA recept(}m and ERK kinase.

DISCUSSION

o the present study, we demonstrated that VPA signifi-
cantly augmented the proinflammatory response induced by

C

VPAGG MM - + 4+ %
CPicrotoxin (W) -~ -
p-ERK ¢ =

ERK

Fig, §. Valproic acid induced HMGB? reiease bry activating the GABAA recep!c: RAW- biue cnﬂs were stimulated with VPA (5 mM) for 24 h. Expression
of GABA, receptor mBNA was analyzed by RT-PCR (A).RAW-blue celis were incubated with VPA (5 mM) in the presence or absence of picrotoxin (2 rd\ﬁ} for

24 h. The levels of HMGB1 in supematanis were analyzed &xy EL ISA (B} Phosphorylation of ERK1/2 was detected by Wastem blot analysis (0} (n =

w001 vs. VPA)L
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A previous study demonstrated that HDAC inhibitors h aveﬁf
broad arm mfiammatcry pwpcz'ncs v:a &upprwwé' ot cyto~

peripheral blood mormnuclear cells (PSMCS) and 10’ macro-
phages (6). Histone deacetylase inhibitors reduced circulating

cytokine concentrations during endotoxemia in mice (23). His-.

tone deacetylase inhibitors, by increasing the levels of histone
acetylation, can lead to a local alteration in the structure of
chromatin, which facil itates g.,ﬁ:‘ﬁt:—&puuht repression of . tran-
scription. Therefore, HDAC inhibition is a relevant mechdmxm
‘mediating Anﬂqnﬁamﬁamw effects,

How do HDACs and HDAC inhibitors regulate inflam-
mation? Histone dmcctyia‘;% were onmnaily ;d{.ntmtd ag
enzymes that modlfy Anctyiatwn of histone proteins, thereby
regulating gene expression, However, subsequent research has
identified many other targets of acetylation, and acetylation
of nonhistone proteins regulates a variety of other cell signal-
ing pathways, including inflammation. Thus, at least three
distinct pathways may exist for HDAC rwaiatmn of mﬁamma«
tion. First, HDACs might regulate gene e‘eipre%ston of inflam-
matory “mediators through m{)dlﬁmiwn of histone proteins.
Second, HDACs might re«u{aie tmxmr;pmn factors 's{ibh as
NF-kB that transactivate pr.)mﬁammatm'y genes. Third, HI}A(,‘,
directly modify members of the mitogen-activated pmtmn ki-
nase (MAPK) pathway, such as MAPK phmpham\e SH(MKP-1),
which in turn modulaté 1r’msmptmn factors mntzo]im« mna?e:
immtine responses (12).

Valproic acid is an HDAC inhibitor of the class of s‘hmv
chain fatty acids, and it exhibited anti- inﬂ"immamiy effects
{hmugh histone E}ypumcnt) lation (16, 26). On the other hand,
several mechanisms are known to promote the relocation of
HMGBI from the nucleus to cytoplasm, m;ﬁudmg the acety-
lation (21, 27) and phosphorylation (28) of HMGBI and
the destabilized association of HMGB1 with chromatin or a
nuclear import protein {28). High-mobility group box 1 has
been reported to be a substrate of histone acetylase, and it
has been shown that HDAC inhibitors induce the relocation
of HMGB1 from the nucleus to cytoplasm (21, 27). In this
study, we demonstrated that VPA induced HMGB1 release in
macrophage cultures and that the VPA-induced release of
HMGB1 was not due to inhibition of HDAC (Fig. 4) or ace-
tylation of HMGB1 (data not shown). However, VPA-induced
HMGBI release might be mediated in part through activation
of GABA receptors and ERK MAY kinase. This coniclusion is
strengthened by our findings that inhibitors of ERK. or GABA
receptors abolished HMGBI reEease stimulated by VPA.
Phosphorylation of ERK is important for secretion of insulin
(29) and various cytokines (30). Furthermore, the GABAA
receptor regulates the phosphorylation of ERK. Theref )

studies support the theory that MA?K sxgmlmg and (xABA‘:

signaling mediate VPA activation of HMGBI release.
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High-mobility group box 1 is either secreted from activated
monocytes and macrophages through secretory lysosomes (31)
or passively leaked from cells when the integrity of the plasma
membrane is disrupted during necrosis (32, 33). In this study,
we demonstrated that VPA does not cause necrosis or apop-
tosis. These results suggested that VPA induced the release of
HMGBI through active exocytosis.

Gingival overgrowth is a common adverse effect of the
administration of an antiepileptic drug such as VPA (19, 34).
The presence of dental plague is often associated with gingival

“overgrowth (35). Morphological changes in the gingiva lead to

the retention of dental plaque. Bacterial components, such as
LPS and lipoprotein, in dental plaque can be recognized by
host cell Toll-like receptors and play an important role in the
inflammatory response in ;}ﬁ,rmdmmi tissue, Higher levels of
HMGBI were shown to be present in gingival crevicular fluid
from pez,mdomal patients (36). High-mobility group box |
potentiates the action of LPS (37), and thus release of HMGB1
induced by VPA may exaggemfe 1he outcome of bacterial
msult in periodontal mxue
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Complete Pulp Regeneration After Pulpectomy
by Transplantation of CD105" Stem Cells
with Stromal Cell-Derived Factor-1

Koichiro lohara, Ph.D.;! Kiyomi Imabayashi, Ph.D.;' Ryo Ishizaka, D.D.S."? Atsushi Watanabe, Ph.D. 2
Junichi Nabekura, Ph.D.* Masataka Ito, Ph.D.? Keniji Matsushita, Ph.D.]
Hiroshi Nakamura, Ph.D.® and Misako Nakashima, Ph.D!

Loss of pulp due to caries and pulpitis leads to loss of teeth and reduced quality of life. Thus, there is an unmet
need for regeneration of pulp. A promising approach is stem cell therapy. Autologous pulp stem/progenitor
(CD105") cells were transplanted into a root canal with stromal cell-derived factor-1 (SDF-1) after pulpectomy in
mature teeth with complete apical closure in dogs. The root canal was successfully filled with regenerated pulp
including nerves and vasculature by day 14, followed by new dentin formation along the dentinal wall. The
newly regenerated tissue was significantly larger in the transplantation of pulp CD105" cells with SDF-1
compared with those of adipose CD105™ cells with SDF-1 or unfractionated total pulp cells with SDF-1. The pulp
CD105" cells highly expressed angiogenic/neurotrophic factors compared with other cells and localized in the
vicinity of newly formed capillaries after transplantation, demonstrating its potent trophic effects on neo-
vascularization. Two-dimensional electrophoretic analyses and real-time reverse transcription—polymerase chain
reaction analyses demonstrated that the qualitative and quantitative protein and mRNA expression patterns of
the regenerated pulp were similar to those of normal pulp. Thus, this novel stem cell therapy is the first
demonstration of complete pulp regeneration, implying novel treatment to preserve and save teeth.

Introduction vasculogenesis and neurogenesis are critical for total functional
pulp regeneration. The type III receptor of the transforming
DENTAL PULP has many functions, and it is essential for ~ growth factor-B receptor family cell surface antigen CD105 (en-
longevity of teeth and quality of life. The long-term goalof ~ doglin) was selected on the basis of its wide expression on mes-
endodontic treatment after deep caries and/or pulp inflam- enchymal stem cells (MSCs).” The stromal cell-derived factor-1
mation is the conservation and restoration of teeth including (SDF-1)/CXCR4 axis is present and functional in MSC popula-
dental pulp. A promising approach for it is stem-cell-based  tions.*” CD105" stem/progenitor cells from human pulp tissue
therapy to regenerate the dentin-pulp complex for the conser-  containing CXCR4-positive cells demonstrated angiogenic/vas-
vation and total restoration of structure and function.! The culogenic and neurogenic potential® Endothelial cells release
regeneration and tissue engineering of pulp is based on mor-  SDF-1 under hypoxic conditions and promote cell survival and
phogens and growth factors, responding stem/progenitor neovascularization by recruitment and perivascular retention of
cells, and the extracellular matrix scaffold > The regeneration of ~ CXCR4-positive bone marrow-derived cells.”*° Therefore, in this
dental pulp in immature teeth with incomplete apical closure ~ study, autologous pulp CD105" cells were transplanted with
has been reported using fibrin in the blood clot or collagen.>*  SDF-1 in a collagen scaffold into the root canal of mature teeth
However, there have been no reports concerning total pulp  induced complete apical closure after pulpectomy, in dogs. Thus,
regeneration in mature teeth with complete apical closure by =~ we demonstrate for the first time complete pulp regeneration
stem/progenitor cell therapy. There is an intimate association  in the root canal, by protein profiles and mRNA expression
of innervation with vasculature of the dental pulp. Angiogenesis/  patterns.
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Materials and Methods
Cell isolation

Dental pulp cells were separated from pulp tissues of
maxillary teeth in dogs as previously described.!’ Primary
adipose cells were also separated from the adipose tissue of
the same dog as a control. Those primary cells, 2-5x 10° cells
each were stained with anti-mouse IgGl negative control
(W3/25) (AbD Serotec), mouse IgG1 negative control (Phy-
coerythrin [PE]) (MCA928PE) (AbD Serotec), and mouse
anti-human CD105 (PE) (43A3) (BioLegend), 10 pL per 10°
cells for 90 min at 4°C, and were sorted by a flow cytometer
JSAN (Bay Bioscience). Both CD105* cells and CD105™ cells
derived from the pulp and adipose tissue and total pulp cells
without cell fractionation were cultured in EBM2 (Cambrex
Bio Science) supplemented with 10 ng/mL IGF (Cambrex Bio
Science), 5ng/mL EGF (Cambrex Bio Science), and 10% FBS
(Invitrogen Corporation) to maintain the cells. They were
subcultured after reaching 60%-70% confluence.

The phenotype of pulp CD105* cells was further charac-
terized by flowcytometry at the third passage of culture in
comparison with adipose CD105" cells and unfractionated
total pulp cells after immunolabeling with antigen surface
markers (Supplementary Material; Supplementary Data are
available online at www liebertonline.com/tea). The experi-
ments were repeated nine times.

Real-time reverse transcription-polymerase
chain reaction analysis

To further characterize the phenotype of the cell popula-
tions, total RNA were extracted using Trizol (Invitrogen) from
the pulp and adipose CD105* cells and total pulp cells at the
third passage. The number of these cells was normalized to
5x10" cells in each experiment. First-strand cDNA syntheses
were performed from total RNA by reverse transcription us-
ing the ReverTra Ace-a (Toyobo). Real-time reverse tran-
scription-polymerase chain reaction (RT-PCR) amplifications
were performed at 95°C for 105, 62°C for 15s, and 72°C for 8s
using stem cell markers, canine CXCR4, Sox2, Stat3, Bmil, and
Rex1 (Supplementary Table 51) labeled with Light Cycler-Fast
Start DNA master SYBR Green I (Roche Diagnostics) in Light
Cycler (Roche Diagnostics). The design of the oligonucleotide
primers was based on published canine cDNA sequences.
When canine sequences were not available, human sequences
were used. To examine mRINA expression of angiogenic and
neurotrophic factors, real-time RT-PCR amplifications of ca-
nine matrix metalloproteinase-3 (MMP-3), VEGF-A, granulocyte-
monocyte colony-stimulating factor (GM-CSF), SDF-1, nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF),
Neuropeptide Y, Neurotrophin 3, E-selectin, VCAM 1, rhombotin
2, ECSCR, and SLC6A6 were also performed (Supplementary
Table S1). The RT-PCR products were confirmed by se-
quencing based on published cDNA sequences. The expres-
sion in pulp CD105" cells and adipose CD105" cells was
compared with that in total pulp cells at the third passage of
culture after normalizing with B-actin.

Induced differentiation

The differentiation of pulp CD105* cells from the third to
fifth passage, into adipogenic, angiogenic, neurogenic, and
odontogenic/osteogenic  lineages, was determined and
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compared with adipose CD105" cells and unfractionated
pulp cells as previously described.'

Proliferation and migration assay

To determine cell proliferation in response to SDF1 (Acris),
pulp CD105* cells were compared with total pulp cells and
adipose CD105™ cells at fourth passage at the 10° cells per 96
well in EBM2 supplemented with 0.2% bovine serum albu-
min (Sigma) and SDF-1 (50 ng/mL). Ten microliters of Tetra-
color one® (Seikagaku Kogyo) was added to the 96-well
plate, and cell numbers were measured at 2, 12, 24, and 36h
of culture using a spectrophotometer at 450 nm absorbance.
Wells without cells served as negative controls.

To examine migration activity of pulp CD105" cells by
SDF-1, horizontal chemotaxis assay was performed and
compared with total pulp cells and adipose CD105* cells.
The TAXIScan-FL (Effector Cell Institute) was used to detect
real-time horizontal chemotaxis of cells. The TAXIScan-FL
consists of an etched silicon substrate and a flat glass plate,
both of which form two compartments with a 6 um deep
microchannel. Each cell fraction (1 pL of 10°cells/mL) was
placed into the single hole with which the device is held
together with a stainless steel holder, and 1 uL of 10ng/pL of
SDF-1 was placed into the contra-hole. The video images of
cell migration were taken for 6h.

In vivo transplantation studies

An experimental model of whole pulp removal and
transplantation of cell populations for regeneration was es-
tablished in the permanent teeth in dogs to achieve complete
apical closure (Narc). The whole pulp removal was carried
out in both sides of upper second incisors and lower third
incisors under intravenously administered sodium pento-
barbital (Schering-Plough) followed by enlargement of apical
foramen, 0.7 mm in width using #70 K-file (MANI). Auto-
logous transplantation of the pulp CD105" cells, adipose
CD105™ cells, or total pulp cells, 1x 10%¢ells in each, from the
third to fourth passage, after Dil labeling was performed
with collagen TE, a mixture of collagen type I and type III
(Nitta Gelatin) in the lower part of the root canals. The upper
part of the root canals was further filled with SDF-1 at the
final concentration of 15ng/pL, with collagen TE. The cavity
was sealed with zinc phosphate cement (Elite Cement, GC)
and composite resin (Clearfil FII) after treatment with a
bonding agent (Clearfil Mega Bond). Sixty teeth from 15
dogs were used. Ten teeth transplanted with pulp CD105*
cells with SDF-1, 5 teeth transplanted with adipose CD105*
cells with SDF-1, 5 teeth transplanted with total pulp cells
with SDF-1, 5 teeth with SDF-1 only without cells, 5 teeth
with pulp CD105" cells only without SDF-1, and 5 teeth with
a scaffold only without cells were harvested for histology
after 14 days. Six teeth transplanted with pulp CD105% cells
with SDF-1 were harvested for two-dimensional electro-
phoretic analyses after 28 days. Four teeth each transplanted
with pulp CD105% cells with SDF-1, adipose CD105% cells
with SDF-1, and total pulp cells with SDF-1 were harvested
after 90 days, respectively. Seven normal teeth without any
operation were used as control. For morphological analyses,
they were fixed in 4% paraformaldehyde (Nakarai Tesque) at
4°C overnight and embedded in paraffin wax (Sigma) after
demineralization with 10% formic acid. The paraffin sections
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FIG. 1. Isolation of CD105"% cells from adult canine dental pulp and adipose tissue. (A) The two panels show flow
cytometry profiles of forward scatter (FSC) and side scatter (SSC) (left), and CD105 and SSC expression (right) on the dental
pulp tissue. CD105* cells represented 6% of the total. (B) Primary pulp CD105" cell culture on day 3. (C) Primary pulp
CD105* cell culture on day 10. (D) Primary total pulp cells on day 10. (E) The two panels show flow cytometry profiles of
FSC and SSC (left), and CD105 and SSC expression (right) on the adipose tissue. CD105" cells represented 5.8% of the total.
(F) Primary adipose CD105* cell culture on day 3. (G) Primary adipose CD105™ cell culture on day 10. (H) Primary total
adipose cells on day 10. The experiments were repeated nine times, and one represented experiment is presented. Color

images available online at www liebertonline.com/tea

(5pum in thickness) were morphologically examined after
staining with hematoxylin and eosin (HE).

All animal experiments were conducted using the strict
guidelines of the Animal Protocol Committees and DNA
Safety Programs both in National Center for Geriatrics and
Gerontology and Aichigakuin University.

For vascular staining, 5-pm-thick paraffin sections stained
with Fluorescein Griffonia (Bandeiraea) Simplicifolia Lectin
1/fluorescein-galanthus nivalis (snowdrop) lectin (20 ug/
mL; Vector laboratories) for 15min a fluorescence micro-
scope BIOREVO, BZ-9000 (KEYENCE) were used.

For whole mount staining of vascular structure, the re-
generated tissue and normal pulp tissue were dissected from
teeth on day 14 and fixed in 4% paraformaldehyde for
45min. The tissue was treated with 0.3% Triton X in
phosphate-buffered saline, blocked, and stained with iso-
lectin GS-IB4 from Griffonia simplicifolia, Alexa Fluor 488
conjugate (1:500) for 12h at 4°C overnight. Neovascularization
and engraftment of the transplanted cells into the root canal
was examined by two-photon microscopy using FV1000MPE
(Olympus) instrument. Three-dimensional structures were
reconstructed by FV10-ASW software.

For neuronal staining, 5-um-thick paraffin sections were
incubated for 15min with 0.3% Triton X-100 (Sigma Che-
mical). After incubation with 2.0% normal goat serum to
block non-specific binding, they were incubated with goat
anti-human PGP9.5 (Ultra Clone) (1:10000) at 4°C overnight.
After three washes in phosphate-buffered saline, bound an-
tibodies were reacted with biotinylated goat anti-rabbit IgG
secondary antibody (Vector) (1:200) for 1h at room temper-
ature. The sections were also developed with the ABC re-
agent (Vector Laboratories), using the DAB chromogen for
10 min.

Relative amounts of regenerative pulp tissue 14 days after
transplantation were examined in each sample by capturing
video images of the histological preparations on the binoc-

ular microscopy (Leica, M 205 FA). Three sections at 150-um
intervals for each tooth from a total of 5 teeth each trans-
planted with pulp CD105% cells with SDF-1, adipose
CD105* cells with SDF-1, total pulp cells with SDF-1, pulp
CD105* cells only, SDF-1 only, and collagen TE scaffold only
were examined. On-screen image outlines of newly
regenerated pulp tissue and newly formed dentin were
traced, and the surface area of these outlines in the root canal
was determined by using Leica Application Suite software.
The ratio of the regenerated area to the root canal area was
calculated in three sections of each tooth, and the mean value
was determined.

In vivo gene expression of odontoblastic differentiation
markers, dentin sialophosphoprotein (Dspp) and enamelysin, in
the cells lining along the root canal surface was examined by

TasBLE 1. FLow CYTOMETRIC ANALYSIS OF CELL-SURFACE
MARKERS ON PULP AND ADIPOSE-DERIVED CD105" CELLS
AND TortaL Purp CeLLs AT THE THIRD PASSAGE OF CULTURE

Pulp Adipose Total
CD105" cells ~ CDI105" cells  pulp cells

CD24 1.8% 1.7% 0.3%
CD29 95.9% 90.5% 99.2%
CD31 0% 0% 0%
CD33 3.7% 0% 0.2%
CDs34 45.5% 0.1% 47.1%
CD44 96.2% 92.3% 99.9%
CD73 97.2% 0.8% 22.3%
CD90 98.1% 95.6% 97.5%
CD105 98.5% 74.0% 4.6%
CD146 0.8% 0.2% 0.9%
CD150 2.3% 0.2% 0.9%
MHC class I 36.0% 80.0% 73.8%
MHC class II 0.4% 0% 0.4%
CXCR4 12.2% 5.9% 5.3%
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FIG. 2. Relative mRNA expression of cytokines of vasculogenesis and neurogenesis by real-time reverse transcription-
polymerase chain reaction in pulp and adipose-derived CD105" cells. The experiments were repeated four times, and one

represented experiment is presented.

in situ hybridization in 5 ym-paraffin sections 90 days after
transplantation of pulp CD105* cells with SDF-1. Canine
cDNA of Dspp (183bp) and enamelysin (195bp) linearized
with Ncol and Spel, respectively, were used as anti-sense
probes. The probes were constructed out of the plasmids
after subcloning the PCR products using the same primers as
those designed for real-time RT-PCR (Supplementary Table
S1). The DIG signals were detected by TSA system (Perki-
nElmer).

Two-dimensional electrophoretic analyses
and gene expression analyses

For two-dimensional electrophoretic analysis, the re-
generated pulp-like tissue on day 28, normal pulp, and
periodontal ligament were homogenized in lysis buffer (6 M
urea, 1.97M thiourea, 2% [w/v] 3-[(3-cholamidopropyl) di-
methylammonio] propanesulfonate, 64.8mM dithiothreitol
[DTT], 2% [v/v] Pharmalyte) and sonicated. The supernatant
was collected after being centrifuged at 15,000 rpm for 15 min
at 4°C, and applied to two-dimensional electrophoresis.
Isoelectric focusing (IEF) was carried out using Cool-
PhoreSter 2-DE systems. IPG strips (Immobiline DryStrips,
pH 4-7, 18cm; GE) were used according to the manufac-
turer’s instructions. IPG strips were rehydrated with rehy-
dration solution (6M urea, 1.97M thiourea, 2% [v/V]
TritonX-100, 13mM DTT, 2% [v/v] Pharmalyte, 2.5mM
acetic acid, 0.0025% bromophenol blue [BPB]) overnight at
20°C. IEF was performed following a step-wise voltage in-
cremental manner: 500V for 2h, 700-3000V for 1h, and
3500V for 24h. After IEF, IPG strips were incubated in an
equilibration buffer (6 M urea, 32.4mM DTT, 5mM Tris-HC],
pH 6.8, 2% [w/v] sodium dodecyl sulfate [SDS], 0.0025%
BPB, 30% [v/v] Glycerol) for 30 min. IPG strips were further
equilibrated in 5mM Tris-HCl, pH 6.8, 2% (w/v) SDS,
0.0025% BPB, 30% (v/v) Glycerol, and 243 mM iodoacetamid
for 20 min. Separation in the second dimension was carried
out in 12.5% SDS-PAGE gels (20cmx20cm) at a constant
current of 25mA/gel for 15min and 30mA/gel thereafter.
The gels were stained with Flamingo Fluorescent Gel Stain
(Bio-Rad Laboratories) and scanned (FluoroPhorester 3000;

Anatech). The gel images were analyzed and compared with
each other by using Progenesis (Nonlinear Dynamics).

Real-time RT-PCR amplifications were performed as pre-
viously described using markers for periodontal ligament,
canine axin2, periostin, and asporin/periodontal ligament-
associated protein 1 (PLAP-1). Collagen ol(I), syndecan3, and
tenascin C were also used for comparison of regenerated
tissue with normal pulp and periodontal ligament (Supple-
mentary Table S1).

For microarray analysis, biotinylated cRNA were pre-
pared from 250ng of total RNA according to the standard
Affymetrix protocol (Affymetrix Japan KXK.). After frag-
mentation, 10 pg of cRNA were hybridized for 16h at 45°C
on GeneChip Canine Genome 2.0 Array (Affymetrix) con-
taining ~43,000 annotated sequences. GeneChips were wa-
shed and stained in the Affymetrix Fluidics Station 450, and
were scanned using the Affymetrix GCS3000 scanner. The
data were analyzed with Microarray Suite version 5.0 (MAS
5.0) using Affymetrix default analysis settings and global
scaling as normalization method. The trimmed mean target
intensity of each array was set to 500. Chips were ordered
into hierarchical clusters using the Pearson centered algo-
rithm as the distance measure, and the Average algorithm as
the linkage method.

Statistical analyses

Data are reported as means +standard deviation. p-Values
were calculated by using the unpaired Student’s f-test. The
number of replicates in each experiment is indicated in the
figure legends.

Results

Isolation and characterization of CD105™ cells
from pulp and adipose tissue

Flow cytometric isolation of the CD105" cells from canine
adult total pulp cells (Fig. 1D) was performed using anti-
bodies against CD105. CD105™ cells isolated from total adi-
pose cells (Fig. 1H) of the same dog and unfractionated total
pulp cells were used as controls. The pulp and adipose
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FIG. 3. Multi-lineage differentiation potential. (A-D) Adipogenic potential, (E-G) Angiogenic potential, (H, I), and Neu-
rosphere formation. (J) Immunostaining with neurofilament. (D) Adipocyte fatty acid binding protein 2 (aP2) mRNA expression.
(K) Neurofilament, neuromodulin, and sodium channel, voltage-gated, type Ia (Scn1A) mRNA expression. (L-O) Odontogenic/
osteogenic potential. (O) Enamelysin and osteocalcin mRNA expression. (A-C) Oil red O staining. (L-N) Alizarin red
staining. (A, E, H, J, L) Pulp CD105" cells. (B, F, I, M) Total pulp cells. (C, G, N) Adipose CD105* cells. (P) The proliferation
activity of pulp CD105* cells, total pulp cells, and adipose CD105™ cells with stromal cell-derived factor-1 (SDF-1). Data are
expressed as means *standard deviation of four determinations (*p<0.01). The experiments were repeated thrice, and one
representative experiment is presented. Color images available online at www liebertonline.com/tea

CD105* cells represented 6% and 5.8% of total cells, re-
spectively (Fig. 1A, E). The CD105" cells from both the pulp
and the adipose tissue were stellate with long cell processes
(Fig. 1B, C, F, G). The pulp CD105~ cells were of varied
shapes with short processes. EBM2 supplemented with IGF1,
EGF, and 10% FBS maintained the phenotype of CD105*
cells, demonstrating more than 98% at the sixth passage.
When single CD105* cells were plated in 35mm dishes
coated with type I collagen, they formed colonies in 10 days.
This demonstrates the colony formation ability of these CD
105 cells. The efficiency of attachment and growth of pulp
105*, adipose CD105%, and pulp CD105™ cells was esti-
mated to be 8%, 3.7%, and 1%, respectively. Limiting dilution

analysis at the third passage culture showed that the fre-
quency of CFU in pulp CD105" cells was estimated to be
80%, whereas that in total pulp cells was 30%, and that in
adipose CD105* cells was 50%.

To characterize the “stemness” of pulp CD105* cells, cell
surface antigen markers were examined by flow cytometry
and compared with adipose CD105% cells and total pulp
cells. Pulp CD105" cells, adipose CD105" cells, and total
pulp cells were positive for CD29, CD44, CD90, and CD105
and negative for CD31 at the third passage, which are min-
imal criteria for MSCs. It is noteworthy that the percentages
of pulp CD105" cells which expressed CD73, CD150, and
CXCR4 were much higher compared with adipose CD105*
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FIG. 4. Schematic diagrams of a canine model for complete pulp regeneration in permanent mature teeth. (A) pulpitis
model, (B) whole pulp removal, and enlargement of apical foramen, 0.7 mm in width, (C) irrigation and filling with stem/
progenitor cells in the lower part and SDF-1 in the upper part of the root canal together with collagen scaffold, (D) complete
pulp regeneration. Color images available online at www.liebertonline.com/tea

cells and total pulp cells (Table 1). The expression of stem cell
markers, CXCR4, Sox2, and Bmil mRNA, was 16.8, 64, and
3.5 times higher in pulp CD105* cells than those in total pulp
cells, respectively, suggesting the stem cell properties of pulp
CD105" cells. Further, the pulp-derived CD105% cells ex-
hibited higher expression of the characteristic stem cell
markers compared with the adipose-derived CD105% cells.
Angiogenic factors and/or neurotrophic factors, VEGF-A,
GM-CSF, NGF, BDNF, mneuropeptide Y, neurotrophin 3,
E-selectin, and VCAM-1, were expressed higher in pulp
CD105" cells compared with total pulp cells and adipose
CD1057 cells (Fig. 2).

The differentiation of pulp CD105* cells into adipose cells
(Fig. 3A, D), endothelial cells (Fig. 3E), neuronal cells (Fig.
3H, ], K), and odontoblast/osteoblast lineage (Fig. 3L, O) was
observed. However, the mineralized matrix was higher in
total pulp cells (Fig. 3M) than that in pulp CD105" cells (Fig.
3L). Adipose CD105" cells demonstrated adipogenic (Fig.
3C, D) and osteogenic potential (Fig. 3N, O) but neither an-
giogenic (Fig. 3G) nor neurogenic potential. The proliferation
activity with SDF-1 was higher in pulp CD105% cells than
that in total pulp cells and adipose CD105" cells (Fig. 3P).
The migration activity with SDF-1 shown in the TAXIScan-
FL was much higher in pulp CD105" cells compared with
total pulp cells and adipose CD105" cells (Supplementary
Videos A-C).

Pulp regeneration after transplantation
of pulp CD105™ celis in the root canal

We next demonstrated by the in vivo transplantation of
autologous pulp CD105™ cells with SDF-1 into the root canal
of mature teeth induced complete apical closure after pul-
pectomy in dogs (Fig. 4). Pulp CD105™ cells formed pulp-like
tissue by day 14 when transplanted with SDE-1 (Fig. 5A-C).
However, transplantation of CD105" cells alone (Fig. 5E), or
SDF-1 alone (Fig. 5F), yielded less pulp. Statistical analysis
showed that the regenerated area was significantly larger (3.3-
fold and 4.2-fold increase) when pulp CD105% cells were
transplanted with SDF-1 compared with CD105" cells alone
or SDF-1 alone, respectively (Fig. 6). The odontoblast-like cells
attached to the dentinal wall in the root canal, extending their
processes into dentin tubules (Fig. 5D). The pulp-like tissue
was further extended to the cementum-enamel] junction under
the cement filling 90 days after transplantation of pulp
CD105" cells together with SDF-1 (Fig. 5G). The cells in the

upper part of the regenerated tissue were spindle shaped (Fig.
5H), and those in the middle part were stellate-like (Fig. 5I)
similar to those in the normal pulp (Fig. 5]). It is noteworthy
that tubular dentin was observed along the dentinal wall
(Fig. 5G, K). The odontoblasts lining the dentinal wall were
positive for enamelysin/MMP-20 (Fig. 5L) and Dspp (Fig. 5M),
two markers for odontoblasts. However, if unfractionated
total pulp cells are transplanted instead of CD105* cells, less
tissue was observed (Fig. 5N, O), followed by evidence of
mineralization on day 90 (Fig. 5Q, R). Similarly, when adipose
tissue-derived CD105" cells were transplanted, much less
regenerate tissue was observed (Fig. 5P). Further statistical
analysis showed that the ratio of newly regenerated tissue to
root canal surface area was significantly larger (51.6-fold and
2.2-fold increase) in the case of pulp CD105" cell transplan-
tation with SDF-1 than in the case of transplantation of adi-
pose CD105* cells with SDF-1 or total pulp cells with SDF-1
on day 14 (Fig. 6). Confocal laser microscopic analysis after
staining with BS-1 lectin of cryosections demonstrated
neovascularization in the regenerated tissue (Fig. 7A). Two-
photon microscopic analysis showed that numerous Dil-
labeled transplanted pulp CD105% cells were in the vicinity
of the newly formed capillaries (Fig. 7B), implicating a
trophic role for these cells in neovascularization. The three-
dimensional image of induced vascularization in the re-
generated tissue on day 14 (Fig. 7D) was similar in density and
orientation to that in the normal pulp (Fig. 7E). The trans-
planted CD105 cells were observed overall in the newly
regenerated pulp (Fig. 7C), suggesting their potential capacity
to migrate to the upper site by SDF-1. The neuronal process
stained by PGP9.5 antibody was extended into the newly re-
generated pulp from apical foramen (Fig. 7F). Dil labeling on
the regenerated pulp in the lower third incisor in vivo showed
the neuronal process from regenerated pulp connecting to
inferior alveolar nerve (Fig. 7G).

Two-dimensional electrophoretic protein analyses
and gene expression analyses of pulp regeneration

Two-dimensional electrophoretic analyses demonstrated
that the qualitative and quantitative protein pattern of re-

- generated pulp tissue on day 28 was similar to that of normal

pulp tissue derived from the same individual. The protein
spots detected both in normal and regenerated pulp tissue
represented 85.5% (123 spots) (Supplementary Fig. SIA-C).
On the other hand, there were some differences in the protein
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spots of normal pulp tissue compared with periodontal lig-
ament (Supplementary Fig. S1ID-F).

There have been no specific markers for pulp. Thus, some
specific markers for periodontal ligament were used to
further confirm normal pulp regeneration. Expression of
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FIG. 6. Ratio of regenerated area to root canal area on day
14. Data are expressed as means *standard deviation of five
determinations. Statistical analysis was performed by the
nonpaired Student’s t-test.

axin2,*® periostin,"* and asporin/ PLAP-1"> mRNA was much
higher (25,531-fold, 179-fold, and 11-fold) in normal peri-
odontal ligament than that in the regenerated tissue on day
28, respectively. Those genes were similarly expressed in a
very low level in normal pulp compared with the re-
generated tissue (0.4-fold, 0.4-fold, and 2.4-fold, respectively)
(Fig. 8A). Collagen «l(I) was 9.3 times more expressed in
periodontal ligament compared with the regenerated tissue,
although this expression was not different between normal
pulp and the regenerated tissue (Fig. 8A). Syndecan3 and
TenascinC, known to be highly expressed in pulp,'®"” were
14.3 times and 50.0 times more expressed in the regenerated
tissue compared with periodontal ligament, although those
expressions in the regenerated tissue were similar to those in
normal pulp (Fig. 8B). Hierachical clustering based on Af-
fymetrix data produced a clear pattern separation of normal
pulp tissue and the regenerated tissue from periodontal lig-
ament (Supplementary Fig. S1G). Thus, the two-dimensional

<
FIG. 5. Complete regeneration of pulp tissue after autolo-
gous transplantation of CD105% cells with SDF-1 in the
emptied root canal after pulpectomy in dogs. (A-F) Fourteen
days after transplantation. (A-D) Pulp CD105" cells with
SDF-1. (E) Pulp CD105™ cells only. (F) SDF-1 only. (G-I, K-
M) Ninety days after transplantation of pulp CD105" cells
with SDF-1. (H, I) Newly formed blood vessels (v) in the
upper part and the middle part of regenerated tissue. (J)
Normal pulp tissue. (K) Odontoblastic cells (arrows) lining to
newly formed osteodentin/tubular dentin (OD) along with
the dentinal wall. (L, M) In situ hybridization analyses of
odontoblast differentiation (arrows). (L) Enamelysin/matrix
metalloproteinase 20 (MMP-20). (M) Dentin sialopho-
sphoprotein (Dspp). (N-P) Fourteen days after transplanta-
tion. (N, O) Total pulp cells with SDF-1. (P) Adipose-derived
CD105* cells with SDF-1. (Q, R) Ninety days after trans-
plantation of total pulp cells with SDF-1. Mineralized tissue
(arrow) and osteodentin (OD). Color images available online
at www liebertonline.com/tea
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(A) Immunostaining with BS-1 lectin. v: newly formed capillaries. (B-E) Three-dimensional images of new vas-

cularization by whole mount immunostaining with lectin. (B) Note transplanted CD105" cells in the vicinity of the newly
formed capillaries. (D) The Dil labeled transplanted cells located overall in the tissue. (E) Normal pulp tissue. (F) Im-
munostaining with PGP 9.5. (G) Neurogenesis in newly formed pulp tissue (white dotted line) connecting to inferior alveolar
nerve. Color images available online at www.liebertonline.com/tea

electrophoretic analyses and the gene expression analyses
suggested that the regenerated pulp tissue was identical to
true functional normal pulp.

Discussion

Regeneration of pulp tissue is an unmet need in end-
odontic therapy. The critical requirements for pulp regener-
ation are morphogenesis of pulp tissue replete with
angiogenesis/vasculogenesis and neurogenesis.*'® The in-
duction of pulp-like tissue has been reported in a tooth slice
model of subcutaneous transplantation in immunodeficient
mice, by filling of g,vulp stem cells and dentin matrix protein 1
(DMP1) together™ or stem cells from exfoliated deciduous
teeth only20 in a thin tooth slice. Similarly, another model for
the induction of pulp-like tissue was subcutaneous trans-
plantation of human tooth root fragment (6-7 mm long) with

an enlarged root canal (1.0-1.25mm in diameter) with one
end sealed with mineral trioxide aggregate cement. Stem/
progenitor cells from apical papilla and dental stem cells
were inserted into the root. Pulp-like tissue with well-
established vascularity and a continuous layer of odonto-
blast-like cells along the dentinal wall were observed as
demonstrating the feasibility of pulp regeneration.”! The
novel finding in this investigation was the complete regen-
eration of whole pulp tissue after pulpectomy without tooth
extraction by autologous pulp CD105" cell transplantation
with SDF-1 in mature teeth with complete apical closure.
Human pulp CD105* cells have demonstrated angiogen-
esis/vasculogenic and neurogenic potential.® The SDF-
1-CXCR4 axis plays a role in stem cell homing even in
adulthood, especially after ischemia.”® In this investigation,
CXCR4 was highly expressed in canine pulp CD105" cells.
The regenerated pulp-like tissue was more in pulp CD105*

5
FIG. 8. Relative mRNA ex- g
pression of cytokines of mar- |5
kers for periodontal ligament |2
(A), and for pulp (B) by real- |Z
time reverse transcription- Cé
polymerase chain reaction in 9
regenerated pulp, normal &
pulp, and adipose periodon- |
tal tissue. The experiments o
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and one represented , - i
experiment is presented. (§ &
< .
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cells with SDF-1 compared with CD105™ cells alone or SDF-1
alone. Therefore, these results suggested the combinatory
effect of SDF-1 and pulp CD105" cells, especially SDF-
1-CXCR4 axis for whole pulp regeneration. Similar contri-
butions of SDF-1-CXCR4 axis, the ‘homing’ of stem cells
expressing CXCR4 to a hypoxic-ischemic lesion where ex-
pression of SDF-1 significantly increased, have been reported
in the rat ischemic brain after transplantation of human
umbilical cord blood cells,”® and in the myocardial ische-
mia,?* or a subfraction of side population cells.®

Pulp tissue is readily available from discarded permanent
teeth such as third molar and deciduous teeth after extrac-
tion. The autologous pulp stem cell source, however, is
limited to patients who have discarded teeth with adequate
pulp. Higher ratio of CD73 and CD150 positive cells and
higher expression of CXCR4, Sox2, and Bmil mRNA is ob-
served in pulp CD105% cells compared with adipose
CD105* cells, suggesting more stemness of pulp CD105*
cells. Higher angiogenic and neurogenic potential and higher
expression of a variety of proangiogenic factors and neuro-
trophic factors in pulp CD105" cells is compared with adi-
pose CD105% cells in vitro, and expression of cytokines
VEGF-A and GM-CSF mRNA by the transplanted pulp stem
cells in the vicinity of the newly formed vasculature in the
regenerated pulp,”® implying that the higher trophic actions
of pulp CD105* cells on endothelial cells promote neo-
vascularization. Thus, pulp CD105" cells are a more useful
cell source in induction of pulp regeneration by cell therapy
compared with adipose CD105™ cells and total pulp cells.

The routine translation of the current findings to the clinic
is dependent on the use of autologous pulp in normal heal-
thy patients. However, in the aged and in patients with di-
abetes, the pulp tissue may be limiting and may require
novel approaches.

Conclusion

Our data demonstrate for the first time that pulp CD105*
cells with SDF-1 induce complete pulp regeneration replete
with neurogenesis and vasculogenesis in vivo in the adult dog
after experimental pulpectomy. This cell therapy demonstrates
the potential clinical utility of fractionated CD105" cells for
endodontic treatment for conservation of teeth in dentistry.
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Dental Pulp-Derived CD317/CD146~ |
Side Population Stem/Progenitor Cells Enhance
Recovery of Focal Cerebral Ischemia in Rats

Masahiko Sugiyama, D.D.S."? Koichiro lohara, Ph.D.," Hideaki Wakita, Ph.D. 2 Hisashi Hattori, Ph.D.?
Minoru Ueda, Ph.D.? Kenji Matsushita, Ph.D.," and Misako Nakashima, Ph.D.

Regenerative therapy using stem cells is a promising approach for the treatment of stroke. Recently, we reported
that CD31~/CD146~ side population (SP) cells from porcine dental pulp exhibit highly vasculogenic potential in
hindlimb ischemia. In this study, we investigated the influence of CD31~ /CD146™ SP cells after transient middle
cerebral artery occlusion (TMCAO). Adult male Sprague-Dawley rats were subjected to 2h of TMCAO. Twenty-
four hours after TMCAO, CD31~ /CD146~ SP cells were transplanted into the brain. Motor function and infarct
volume were evaluated. Neurogenesis and vasculogenesis were determined with immunochemical markers, and
the levels of neurotrophic factors were assayed with real-time reverse transcription-polymerase chain reaction. In
the cell transplantation group, the number of doublecortin-positive cells increased twofold, and the number of
NeuN-positive cells increased eightfold, as compared with the control phosphate-buffered saline group. The vas-
cular endothelial growth factor level in the ischemic brain with transplanted cells was 28 times higher than that in
the normal brain. In conclusion, CD317~ /CD146~ SP cells promoted migration and differentiation of the endoge-
nous neuronal progenitor cells and induced vasculogenesis, and ameliorated ischemic brain injury after TMCAO.

Introduction

EVERAL PRECLINICAL STUDIES have provided evidence

that transplanted stem cells have therapeutic potential in
the treatment of stroke.” Stem cells have the capability to
migrate to areas of injury and secrete neuroprotective factors
to induce neurogenesis.” In the adult mammalian brain,
neurogenesis persists in certain distinct regions of the central
nervous system such as the subventricular zone (SVZ) and
the dentate gyrus of the hippocampus.® It has been reported
that transplanting differentiated neural stem cells isolated
from dental pulp improved motor disability and reduced
infarct volume.* However, the influence of transplanting
stem/progenitor cells isolated from dental pulp in cerebral
ischemia has not been elucidated. Recently, we reported that
CD317/CD146" side population (SP) cells containing stem/
progenitor cells from porcine dental pulp exhibit highly
vasculogenic potential in vitro and promote revascularization
in hindlimb ischemia.® In the present study, we investigated
the effects of these cells on neurogenesis and vasculogenesis
in a cerebral ischemia model in a rat. In addition, the effects
on the motor dysfunction and infarct volume were evaluated
after transient middle cerebral artery occlusion (TMCAO).

Materials and Methods
Isolation of CD31~/CD146~ SP cells

CD317/CD146~ SP and CD31%/CD146 SP cells were
isolated from porcine tooth germ, as described previously.?
CD317/CD146~ SP cells were cultured in endothelial basal
medium-2 (EBM-2, single quots cc—4176) with 10ng/mL
insulin-like growth factor 1 (IGF1), 10ng/mL epidermal
growth factor (EGF), and 10% fetal bovine serum (FBS).
CD317/CD146~ SP cells were cultured in EBM-2 with
10ng/mL bFGF, 10ng/mL vascular endothelial growth
factor (VEGF), 138 nM hydrocortisone, 0.09 mg/mL heparin,
50 pug/mL ascorbic acid, and 10% FBS. They were routinely
subcultured up to 70% confluence under identical conditions.

Cerebral ischemia model

All animal experiments were approved by the Institutional
Animal Care and Use Committee (National Center for the
Geriatrics and Gerontology). Adult male Sprague-Dawley
rats (Japan SLC, Inc.) weighing 300400 g were used. Ani-
mals were initially anesthetized with 5% isoflurane (Abbott
Laboratories) and maintained under anesthesia with 1.5%
isoflurane in a mixture of 70% N,O and 30% O,. Rectal

1De}:»art:ment of Oral Disease Research, National Center for Geriatrics and Gerontology, Research Institute, Obu, Aichi, Japan.
*Department of Oral and Maxillofacial Surgery, Laboratory Medicine, Nagoya University Graduate School of Medicine, Nagoya, Japan,
3Department of Vascular Dementia Research, National Center for Geriatrics and Gerontology, Research Institute, Obu, Aichi, Japan.
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temperature was maintained at 37°C+0.5°C on a heating
pad. Focal cerebral ischemia was induced by TMCAO with
2h.° A 4-0 monofilament nylon suture (Shirakawa) with the
tip rounded by flame heating and 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. Two hours after occlusion, reperfusion was performed
by withdrawal of the suture. The regional cerebral blood flow
of the MCA territory was measured using a laser-Doppler
flowmeter (Omega FLO-N1; Omega Wave, Inc.) after occlu-
sion. The response was considered positive and included only
if the reduction in regional cerebral blood flow was >70%.

Transplantation

Twenty-four hours after TMCAO (day 0), the rats were
again anesthetized with sodium pentobarbital (Schering-
Plough) (0.25 mL/kg, intraperitoneally) and maintained under
anesthesia with 1.5% isoflurane in a mixture of 70% N>O and
30% O,. Animals were randomly divided into three groups: (I)
CD317/CD146~ SP cell transplantation group (n=24, day 3
sacrificed=6, day 9 sacrificed=7, day 21 sacrificed=11), (I)
unfractionated pulp cell transplantation group (=4, used for
motor function), and (III) vehicle alone (phosphate-buffered
saline [PBS]) group (n=20, day 3 sacrificed=6, day 9 sacri-
ficed=>5, day 21 sacrificed =9). The infarction site was targeted
for transplantation at the striatum of the following coordinates:
1.0mm rostral to the bregma, 6.0mm lateral to the midline,
5.0mm ventral to the dura (Fig. 1A, B). Subsequently, 1x 10°
CD317/CD146~ SP cells or unfractionated pulp cells at the
fifth to seventh passage after labeling with 1,1-dioctadecyl-
3,3,3,3 tetramethylindocarbocyanine perchlorate (Dil; Sigma),
and removing all added factors into each medium were diluted
with 2 uL. of PBS, and were transplanted by Hamilton micro-
syringe (Hamilton). The control group consisted of an equal
volume of PBS injected into the same site.

Immunohistochemistry

At day 3 or 21 after injection, the rat was transcardially
perfused with 4% paraformaldehyde solution (Nakarai Tes-
que). The brain was removed and postfixed in paraformal-
dehyde. The following day, it was immersed in 30% sucrose
solution. Twelve-micrometer-thick coronal sections were cut
on a cryostat. For immunohistochemistry, the sections were
preincubated in blocking solution (PBS containing 5% nor-
mal serum of the species in which the secondary antibody
was raised) for 2h at room temperature, and incubated with
primary antibodies diluted for 1h at room temperature. The
primary antibodies were as follows: neuronal progenitor
cells (NPC) marker, rabbit anti-doublecortin (1:50; Abcam,
Inc.); neuron marker, rabbit anti-neurofilament H (1:200;
Chemicon) and mouse anti-NeulN (anti-neuronal nuclei,
1:500; Chemicon); endothelial cell marker, mouse anti-
RECAL1 (rat endothelial cell antigen; Monosan); apoptosis
marker, rabbit anti-cleaved caspase-3 (1:50; Cell Signaling
Technology, Inc.); and VEGF marker, rabbit anti-VEGF
(VEGF [P-20]: sc-1836; Santa Cruz Biotech). After washing,
sections were incubated for 1h at room temperature with
secondary antibodies (on day 21, for neurofilament H/dou-
blecortin, Donkey anti-rabbit IgG FITC [1:400; Jackson Im-
munoResearch]; for NeuN/RECA1, Goat anti-mouse IgG
FITC [1:200; MP Biomedicals]; and for VEGF, rabbit anti-goat

SUGIYAMA ET AL.

FIG. 1.

(A) Overhead and (B) coronal view of the injection
site. (C) The peri-infarct area. Peri-infarct area (gray), infarct
core (black). (D) Dil-labeled transplanted CD31~/CD146~
SP cells (red) migrated from the original injection site to the
peri-infarct area in the cortex and striatum. White outline is
the outer circumference of brain. Scale bar=1000 um. SP, side

population. Dil, 1,1-dioctadecyl-3,3,3,3 tetramethylindo-
carbocyanine perchlorate. Color images available online at
www.liebertonline.com/tea

IgG-HRP [1:400; Invitrogen Corporation]. On day 3, for
cleaved caspase-3, goat anti-rabbit IgG-HRP [1:400; Invitro-
gen] and for VEGF, rabbit anti-goat IgG-HRP [1:400; In-
vitrogen]). The sections with HRP-conjugated secondary
antibodies were incubated in anti-fluorescein-HRP (1:400;
TSA™ Fluorescence Systems; PerkinElmer) for 7min at
room temperature. Adjacent sections were used as negative
controls. In the control sections, all procedures were pro-
cessed in the same manner except that the primary anti-
bodies were omitted. To identify migration of NPC from
SVZ, we observed the cryosections on days 9 and 21 with
anti-doublecortin on fluorescence microscope (BZ-9000;
Keyence) and BZ-HIC (Keyence).

Statistical analyses of the density of cells

The density of NPCs, neurons, endothelial cells, and apo-
ptotic cells in the peri-infarct area (Fig. 1C) and the contra-
lateral region in the CD317/CD146~ SP cell transplantation
group and PBS groups were determined. In all groups
(PBS group, CD31~ /CD146~ SP cell transplantation group,
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TaBLE 1. PORCINE PRIMERS FOR REAL-TIME REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION
AND IN Srru HYBRIDIZATION

Gene 5" DNA sequence 3’ Product size (bp) Accession no.
r.B-actin Forward AAGTACCCCATTGAACACGG 257 NM_031144
‘ Reverse ATCACAATGCCAGTGGTACG

p-B-actin Forward CTGGGGCCTAACGTTCTCAC 198 BI118314
Reverse GTCCTTTCTTCCCCGATGTIT

VEGF Forward ATGGCAGAAGGAGACCAGAA 224 MN_214084
Reverse ATGGCGATGTTGAACTCCTA

BDNF Forward TTCAAGAGGCCTGACATCGT 180 MN_214259
Reverse AGAAGAGGAGGCTCCAAAGG

NGF Forward TGGTGTTGGGAGAGGTGAAT 210 1.31889
Reverse CCGTGTCGATTCGGATAAA

GDNF Forward ACGGCCATACACCTCAATGT 144 GU229658
Reverse CCGTCTGTTTITGGACAGGT

BDNF, brain-derived neurotrophic factor; GDNF, glial cell line-derived neurotrophic factor; NGF, nerve growth factor; VEGF, vascular

endothelial growth factor.

and contralateral group, n=3), each five sections at every
120-pum were stained with doublecortin, NeuN, RECA1, and
cleaved caspase-3. The microscopic images were scanned

and five typical frames (0.49 mm®) were measured for each

section. Thus, 75 frames on an average were determined per
group. The positively stained area relative to total area
(7.41 mm?) was statistically analyzed using a Dynamic cell
count, BZ-HIC (Keyence).

Real-time reverse transcription—polymerase
chain reaction

Total RNA on cryosamples was extracted using Trizol
(Invitrogen) from the area of the Dil-positive cells observed
in the section. First-strand cDNA syntheses were performed
from total RNA by reverse transcription with ReverTra Ace-
o (Toyobo). Real-time reverse transcription-polymerase
chain reaction (RT-PCR) amplifications were performed at
95°C for 105, at 62°C for 15s, and at 72°C for 8s using the
porcine-specific primers VEGF. The specificity of the primers
to porcine was confirmed by no amplification of the first-
strand cDNA from rats with normal brains. The RT-PCR
products were subcloned into a pGEM-T Easy vector (Pro-
mega) and confirmed by DNA sequencing based on pub-
lished cDNA sequences. Gene expression of the transplanted
cells in the infarct area was compared with that in the por-
cine normal brain tissue and that in transplanted cells in the
normal brain after normalizing with B-actin.

In situ hybridization

Neurotrophic factors expressed in CD317/CD146~ SP
cells were examined with in situ hybridization in cryosec-
tions on day 21. Porcine cDNA of VEGF (224 bp), glial cell
line-derived neurotrophic factor (GDNF; 144 bp), brain-de-
rived neurotrophic factor (BDNF;180 bp), and nerve growth
factor (NGF; 210 bp) were linearized with Ncol, Spel, Ncol,
and Spel, respectively, for anti-sense probes, and linearized
with Spel, Neol, Spel, and Ncol, respectively, for sense probes.
The VEGF probe was constructed from plasmids after sub-
cloning the PCR products using the same primers designed
for real-time RT-PCR. The GDNF, BDNF, and NGF probes
were also constructed in same way as the VEGF probe. Since

a published porcine GDNF sequence was not available, hu-
man primers for GDNF (forward 5-TATGGGATGTCGT
GGCTGT-3, reverse 5-TCCACACCTTTTAGCGGAAT-3')
were used for cDNA subcloning of porcine GDNF (630 bp).
The design of the oligonucleotide primers (Table 1) was
based on both published porcine cDNA sequences and the
newly cloned cDNA sequence of the porcine GDNF. The four
probes were labeled with DIG (Invitrogen) and the DIG
signals were detected with TSA system FITC-conjugated
tyramide (Invitrogen).

Migration, proliferation, and anti-apoptotic assays

At 50% confluence, the culture medium was switched to
serum-free EBM-2. The conditioned medium (CM) from
CD317/CD146~ SP cells, CD31*/CD146~ SP cells, and
unfractionated pulp cells were collected after 48 h.

For migration assay, modified Boyden chamber assays
were performed with polyethylene terephthalate membrane
(BD Bioscience) in a 24-well plate (BD Bioscience). SHSY5Y
cells (Sanyo Chemical Industries, Ltd.) (1x10° cells/well)
were seeded on the insert polyethylene terephthalate mem-
brane, and 500 pL. of DMEM-F12 (Sigma) with 20% of the
three CMs was, respectively, poured into the tissue culture
24-well plate. SHSY5Y cells were derived from a neural crest
tumor of early childhood, predominantly composed of un-
differentiated neuroblast-like cells.” After 24h, the SHSY5Y
cells passing through the membrane were counted after de-
taching them with 0.05% trypsin-0.02% EDTA.

For cell proliferation assay, SHSY5Y cells (1x10%/96-well
plate) were cultured in DMEM-F12 containing 10% FBS for
241, and subsequently in serum-free DMEM-F12 containing
0.2% bovine serum albumin for further 24 h. Then, the me-
dium was changed into each DMEM-F12 containing 0.02%
FBS with 20% of three CMs. Ten micrometers of Tetra-color
one (Seikagaku Kogyo, Co.) was added to the 96 well-plate,
and cell numbers were measured by spectrophotometry at
450 nm at 2, 12, 24, 36, and 48 h of culture.

For the anti-apoptotic assay, SHSY5Y cells were cultured
in DMEM-F12 in a 35-mm dish for 2 days and then incubated
with 300 nM staurosporine® (Sigma) in DMEM-F12 with 20%
of the three CMs. After 24h, SHSY5Y were harvested, and
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the cell suspensions were treated with Annexin V-FITC
(Roche Diagnostics) and PI for 15 min, and analyzed by flow
cytometry JSAN.

BDNF (Peprotech), GDNF (Peprotech), VEGF-A (Pepro-
tech), or NGF (Peprotech) at 50 ng/mL was used as a control
for the three assays.

Evaluation of motor disability

Rats were blindly examined on days 0, 2, 6, and 9 with a
standardized motor disability scale by slight modifications.”
Rats were scored 1 point for each of the following parame-
ters: flexion of the forelimb contralateral to the stroke when
instantly hung by the tail, extension of the contralateral hind
limb when pulled from the table, and rotation to the paretic
side against resistance. In addition, 1 point was scored for
circling motion to the paretic side when trying to walk, 1
point was scored for failure to walk out of a circle of 50 cm in
diameter within 105, 2 points were scored for failure to leave
the circle within 20s, and 3 points were scored for inability to
exit the circle within 60s. In addition, 1 point each was

FIG. 2. Doublecortin-
positive cells (green: A-C),
Neurofilament-positive cells
(green: D-F), and NeuN-
positive cells (green: G-D).
CD317 /CD146~ SP cells (red)
transplantation group of the
ipsilateral (A, D, G) and the
contralateral (B, E, H) on day
21. PBS group (C, F, I) on day
21. Statistical analyses of
density of NPCs (J) and
neurons (K) on day 21. Scale
bars=20 pm. *p <0.005,
**p<0.001, Student’s t-test.
Each point is expressed as
meantSD of 75 determina-
tions. NPC, neuronal
progenitor cells; PBS, phos-
phate-buffered saline. Color
images available online at

SUGIYAMA ET AL.

scored for inability of the rat to extend the paretic forepaw
when pushed against the table from above, laterally, and
sideways. The motor disability scale was performed 3 times
per animal time-point.

Assessment of infarct volume

The cryosections obtained from samples on days 3 and 21
were stained with hematoxylin and eosin.'® Image] (National
Institutes of Health) was used to determine each infarct area
in 9 coronal sections in 12-um thickness at 0.84-mm intervals.
All of the infarction area was covered by these nine coronal
sections. Regional infarct volumes were calculated by sum-
ming the infarct areas and multiplying these areas by the
distance between sections (0.84 mm), followed by remedia-
tion for brain edema."’

Statistical analyses

Data are reported as means +SD. p-Values were calculated
using the unpaired Student’s t-test.
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TRANSPLANTATION OF PULP STEM CELLS IN STROKE

Results
Pulp stem cell outcome

Dil-labeled transplanted CD317 /CD146~ SP cells were
characterized by round-to-oval nuclei with minimal variable
cytoplasm. The transplanted cells survived and migrated
from the original injection site to peri-infarct area in the
cortex and striatum (Fig. 1D).

Transplanted cells localized in proximity of doublecortin
(Fig. 2A) and neurofilament (Fig. 2D) or NeuN-positive cells
(Fig. 2G) on day 21. Few doublecortin cells were observed in
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the contralateral side (Fig. 2B). There was a twofold increase
in doublecortin-positive cells (Fig. 2J) and an eightfold in-
crease in NeuN-positive cells (Fig. 2K) on day 21 in the
CD317/CD146™ SP cell transplantation group compared
with that in the PBS group. No evidence of differentiation of
CD317/CD146~ SP cells into neurons or endothelial cells
was detected. The migration of NPCs with doublecortin from
SVZ to the peri-infarct area was observed on days 9 and 21.
The migration on day 9 was more prominent (Fig. 31, K, M).
These results suggest that the transplanted cells support the
migration and differentiation of the NPCs. The number of

9FBS p.CD31- Contralateral

~ PBS p.CD31-contralateral

*%

FIG. 3. RECAl-positive cells on day
21 (green: A~C) and cleaved caspase-3-
positive cells on day 3 (green: E-G).
CD317/CD146 SP cells (red) trans-
plantation group of the ipsilateral (A,
E) and the contralateral (B, F). PBS
group (C, G). Statistical analyses of
density of endothelial cells on day 21
(D) and cleaved caspase-3-positive cell
on day 3 (H). The migration of NPC
from the SVZ to the peri-infarct area
on days 9 (I, J, M) and 21 (K, L, N).
CD317/CD146~ SP cells group (I, J).
Unfractionated pulp cells (K, L). PBS
group (M, N). Scale bar=20pm (A-C,
E-G), and 300 pm (I-N). *p<0.01,
**<0.001, Data were expressed as
means+SD at 75 determinations. The
statistical difference was calculated by
Student’s t-test. IA, infarct area; SVZ,
subventricular zone. Color images
available online at www liebertonline
.com/tea
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