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Fig. 4. Effect of in vitro culture length on the mRNA expressions of c-
myc (A) and nucleostemin (B) in hMSCs. Expressions of the two genes
relative to GAPDH in confluent cultures of A(MSCs in the 3rd, 5th, 7th,
and 12th passages were investigated by quantitative RT-PCR. Mean
values with SDs from three independent experiments are presented.
Asterisks denote statistically significant differences compared with the
3rd passage (*P < 0.05)

The mRNA expressions of TGFpBs and TGFp receptors
in hMSCs of the fifth passage were compared with those of
two kinds of cancer cells (HeLa S3 and HepG2) (Fig. 5).
TGFP1 mRNA levels in hMSCs and HepG?2 cells were
significantly higher than those in HeLa S3 cells (Fig. 5A).
The mRNA expressions of TGFB2, TGFB3, TGFBRI and
TGFBRII in hMSCs were significantly higher than those in
the cancer cells (HeLa S3 and HepG2) (Fig. 5B,C,D,E).
TGFBRIII mRNA expression in hMSCs was significantly
higher than that in HeLa S3, but lower than that in HepG2
(Fig. 5F). The expressions of several genes affecting cellular
proliferation in all three cells were also investigated. The
mRNA expressions of c-myc oncogene and nucleostemin in
the cancer cells (HeLa S3 and HepG2) were significantly
higher than those in hMSCs (Fig. 6A and B). Wnt-8B
mRNA was expressed in the cancer cells (Hel.a S3 and
HepG2), but not in hMSCs (Fig. 6C). Wnt-8B mRNA was
not expressed in any passage numbers of hMSCs (data not
shown).

Discussion

In this study, we investigated the changes of gene expres-
sion profiles during in vitro culture of hMSCs to evaluate
their safety for use in clinical applications and tissue-
engineered medical devices. First, the time dependency of
the growth speed of hMSCs derived from bone marrow up
to the 12th passage (at about 3 months) was investigated.
The proliferation rate of hMSCs decreased by degrees dur-
ing 3 months of in vitro culture (Fig. 1). No marked changes
of hMSC morphology in 3 months of in vitro culture were
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Fig. 6. mRNA expressions of c-myc (A), nucleostemin (B), and Wnt-
8B (C) in hMSC, HelLa S3, and HepG2 cells. The expressions of the
three genes relative to GAPDH in confluent cultures of hMSC, HeLa
S3, and HepG2 cells were investigated by quantitative RT-PCR. Mean
values with standard deviations from three independent experiments
are presented. Asterisks denote statistically significant differences from
hMSCs (*P < 0.05)

observed. Several hMSCs derived from other donors’ bone
marrow did not undergo extraordinary proliferation either
(data not shown). Adult stem cells have a self-renewal abil-
ity and undergo multilineage differentiation to maintain
adult tissues.’ In this study, however, hMSCs had more
limited proliferative potential in in vitro culture. This phe-
nomenon in hMSCs derived from bone marrow is the same
result as that in hMSCs derived from adipose tissue re-
ported by Rubio et al.”’ In addition, a decreasing cellular
proliferation rate is often observed in several types of nor-
mal cells during in vitro culture. Consequently, these results
suggest that hMSCs derived from bone marrow will seldom
undergo spontaneous transformation during the 1-2 month
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Fig. 7. Changes in the expressions of TGFf signaling genes during
hMSC in vitro culture for 3 months. The dotted arrows indicate the
TGFp signal pathway. White arrows, no changes; black arrows, up or
down changes

period of in vitro culture necessary for use in clinical appli-
cations. But why does the proliferation of hMSCs decrease
during in vitro culture? To focus on the proliferation
mechanism of stem cells, we investigated whether the ex-
pressions of several genes related to cellular proliferation in
hMSCs changed during in vitro culture. In the present
study, we examined the expressions of TGFps, their recep-
tors, Smad3, c-myc, nucleostemin, and Wnt-8B. It has been
proposed that the loss of TGFBRIII in renal cell carcinoma
(RCC) is necessary for RCC carcinogenesis, and loss of
TGFpRII leads to acquisition of the metastatic phenotype.’
Therefore, the absence of changes in TGFBRII and
TGFBRIII in hMSCs during in vitro culture might be im-
portant. The changes in mRNA expression levels during in
vitro culture were different in each TGFp isomer and recep-
tor. TGFp signal transduction in the cellular pathway is only
possible through activation of TGFBRI. It was interesting
that only TGFBRI mRNA expression increased with the
length of cell culture among the three kinds of receptors
(Fig. 2). The mRNA expressions of Smad3 increased (Fig.
3), but those of c-myc and nucleostemin decreased (Fig. 4)
with the length of cell culture. We summarize the changes of
TGFp signaling gene expression during in vitro culture
of hMSCs for 3 months in Fig. 7. TGFp inhibits the growth
of the many kinds of epithelial cells and hematopoietic,
lymphoid, and endothelial cells.”** In hMSCs as well as in
the above-mentioned cells, hMSC growth might be con-
trolled by TGFp family signaling. As shown in Fig. 7, we
hypothesized that the expressions of TGFf1 and TGFB2 in
hMSCs increased during the period of in vitro culture, and
then activated TGFBRI repressed the transcription of c-
myc through Smad3; consequently, the cell cycle and cell
growth might be arrested in hMSCs.
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In addition, we compared the gene expression profiles of
hMSCs with two kinds of cancer cell lines. One was HeLa
S$3 (a human cervical cancer cell line), which is markedly
transformed, and the other was HepG2 (a human hepatoma
cell line), which retains some hepatic functions. The nRNA
expressions of TGFfs and their receptors in hMSCs were
significantly higher than in the two types of cancer cells
(HeLa S3 and HepG2) (Fig. 5). On the other hand, the
mRNA expressions of c-myc and nucleostemin of the stem
cells (hMSCs) were significantly lower than those of the
two types of cancer cells (Fig. 6). Wnt signaling promotes
self-renewal of hematopoietic, intestinal epithelial, and
keratinocyte stem cells, among others;’ however, Wnt-8B
was not expressed in hMSCs derived from bone marrow
(Fig. 6). These results suggest that expression of the genes
that inhibit cellular proliferation and tumorigenesis were
significantly higher and the genes that promote these pro-
cesses were lower in hMSCs than in the cancer cells. Thus,
the expression profiles of the genes that regulate cellular
proliferation in hMSCs were significantly different from
those of cancer cells.

Conclusion

In the present study, we confirmed that spontaneous trans-
formation seldom occurred in hMSCs derived from bone
marrow during 1-2 months of in vitro culture for use in
clinical applications. In hMSCs, as in epithelial cells, growth
might be controlled by TGFp family signaling. During the
period of in vitro culture of hMSCs, the expressions of
TGFB1 and TGFP2 increased, and then activated TGFPRI
repressed the transcription of c-myc through Smad3; conse-
quently, the cell cycle and cell growth might have been
arrested in hMSCs. In addition, the expression profiles of
the genes that regulate cellular proliferation in hMSCs were
significantly different from those of the cancer cells.
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Abstract: Recent study has shown that biodegradable
polymers are attractive candidates for chondrocyte fixation
and further transplantation in cartilage tissue engineering.
Poly (glycolic acid) (PGA), a polymer of glycolic acid, is
widely used in orthopedic applications as a biodegradable
polymer. Organotin, lead, antimony, and zinc are catalysts
commonly used in synthesizing PGA. Here, we investigated
the biocompatibility of PGA, synthesized with and without
inorganic tin as a catalyst in chondrogenesis of human ar-
ticular chondrocytes in a micromass culture system. Signif-
icant enhancement of chondrocyte proliferation and expres-
sion of the collagen type II protein gene were observed in

cultures treated with PGA synthesized with a tin catalyst.
However, aggrecan gene expression was very similar to the
control culture. Amount of collagen type II protein was also
increased in the same group of cultured chondrocytes. In
contrast, PGA without a catalyst caused overall inhibition of
chondrogenesis. Despite several positive findings, extensive
investigations are essential for the feasibility of this PGA(Sn)
in future clinical practice. ® 2005 Wiley Periodicals, Inc.
] Biomed Mater Res 77A: 84-89, 2006

Key words: poly (glycolic acid); inorganic tin catalyst; hu-
man articular cartilage; chondrogenesis; micromass culture

INTRODUCTION

Different synthetic biodegradable polymers are cur-
rently gaining importance in the fields of biotechnol-
ogy and tissue engineering. Recently, many studies
have evaluated the potential of various natural bioab-
sorbable polymers such as collagen, ** alginates, >~
fibrin, ¢~° and gelatin, ° but synthetic biodegradable
polymers in general offer advantages over natural
materials. The primary advantages include the capac-
ity to change the mechanical properties and degrada-
tion kinetics to suit various applications. Among the
families of synthetic polymers, polyesters are used in
a number of clinical applications.’®™? Polyesters have
also been used for development of tissue engineering

applications, > particularly for bone tissue engineer-
15,12
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The attraction of poly (glycolic acid) (PGA), one of
the aliphatic polyesters, as a biodegradable polymer in
medical applications is that its degradation product,
glycolic acid, is a natural metabolite. Several studies
have indicated that copolymers of glycolic acid caused
promotion of nerve regeneration in a rat model, *7*®
and regeneration of an 80 mm nerve gap by an artifi-
cial nerve conduit made of PGA was also reported.”
PGA can be synthesized using different catalysts. The
common catalysts used include organotin, lead, anti-
mony, and zinc. It was reported that inorganic and
organic tin compounds present in the aqueous ecosys-
tem have toxic effects and are capable of producing
behavioral abnormalities in living organisms.?**" Or-
ganotin compounds are known to cause neurotoxicity, %
cytotoxicity, 2 immunotoxicity, and genotoxicity ** in
human and other mammalian cells both in vitro and in
vivo. Organotin compounds were also reported to de-
crease in vitro survival, proliferation, and differentia-
tion of normal human B cells.® The dose effect of
inorganic tin in rats suggests that the critical organ in
inorganic tin toxicity is bone, *® and disproportionate
dwarfing syndrome, which severely affects the limbs
but not the trunk, was observed in rats that had been
injected with certain tin compounds.” As far as we
know, no study yet has reported the chondrogenic
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effects of PGA synthesized with and without an inor-
ganic tin catalyst. In this study, the biocompatibility of
PGA with and without a tin catalyst was investigated,
using human articular chondrocytes (HAC) in a mi-
cromass culture system.

MATERIALS AND METHODS

Medium and polymers used for cell culture

Chondrocyte growth medium was obtained commercially
from BioWhittaker (Walkersville, MD, USA). PGA synthe-
sized with inorganic tin [PGA(Sn)] (M,, = 1500) and without
a catalyst (PGA) (M,, = 1100) were custom-made (TAKI
chemicals, Kakogawa, Japan) and dissolved in dimethyl sul-
phoxide (DMSO) (Sigma Chemical, St. Louis, MO, USA).

Cells and culture methods

Human articular chondrocytes (HAC) of the knee joint
was commercially obtained from BioWhittaker. High-den-
sity micromass cultures were started by spotting 4 X 10°
cells in 20 pL of medium onto Costar 24-well tissue culture
microplates (Costar type 3526, Corning). After a 2 h attach-
ment period at 37°C in a CO, incubator, culture medium (1
mL/well) was added to each well. Media were supple-
mented with DMSO (0.8 wL/mL), PGA, and PGA(Sn) (50
pg/mL). HAC cultured with DMSO was used as the control.
The cultures were continued for 4 weeks with a medium
change twice a week. At least four cultures were performed
for each sample.

Cell proliferation study

Cell proliferation was quantitatively estimated by crystal
violet (Wako Pure Chemical Industries, Osaka, Japan) stain-
ing, as previously described.?® After the culture period, cells
were fixed with 100% methanol at room temperature, fol-
lowed by application of 0.1% crystal violet in methanol.
After a proper wash, cells were again incubated in methanol;
100 pL from each well was transferred to a new 96-well
plate, and the absorbance was measured at a wavelength of
590 nm, using an ELISA reader (Bio-Tek Instruments, Wi-
nooski, VT). Blank values were subtracted from experimen-
tal values to eliminate background readings.

Differentiation assay

Cell differentiation assay was performed by alcian blue
(Wako Pure Chemical Industries, Osaka, Japan) staining, as
previously described.* Following crystal violet staining, the
cells were washed with methanol and then 3% acetic acid.
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Cultures were then stained with 1% (v/v) alcian blue in 3%
acetic acid, pH 1.0. The cartilage proteoglycans were ex-
tracted with 4M guanidine hydrochloride (GH), and the
bound dye was measured at wavelength of 600 nm, using an
ELISA reader (Bio-Tek Instruments). Fresh 4M GH served as
the blank. Blank values were subtracted from experimental
values to eliminate background readings.

Analytical assays

Commercially available assay kits (collagen and glycos-
aminoglycan [GAG] assay kits, Biocolor, Newtownabbey,
Northern Ireland) were used for the measurement of colla-
gen and sulfated GAGs within the cultured cells, as previ-
ously described.®

Briefly, for the GAG assay, GAG was extracted from the
cultured cells using a solvent system of 4M guanidine-HCI,
0.5M sodium acetate, pH 6, with 1 mM benzamidine-HCI, 1
mM phenylmethylsulfonyl fluoride (PMSF), and 10 mM N-
ethylmaleimide (NEM). Incubation was carried out at 4°C
on an orbital shaker for a 12- to 20-h period. After the
extraction, the samples were centrifuged, and blyscan dye
reagent (composed of 1,9-dimethyl methylene blue in an
organic buffer) was mixed with the supernatant. The GAG-
dye complex was collected by centrifugation. The dye bound
to the pellet was subsequently solubilized by mixing it with
a dissociation reagent. The absorbance of the samples was
measured at a wavelength of 656 nm, using a UV spectro-
photometer. A calibration solution containing chondroitin-4
sulfate was used to obtain the standard curve for this exper-
iment.

The total collagen concentration (acid- and pepsin-soluble
fractions) of the cultured chondrocytes was also measured.
The acid-soluble collagen was removed by adding 0.5M
acetic acid to the cultured cells, followed by centrifugation.
The remaining pepsin-soluble collagen was subsequently
extracted from the cultured cells. A pepsin solution (1
mg/10 mg tissue sample; Sigma) was added to the cells, and
they were incubated overnight at 37°C. Both the acid- and
pepsin-soluble collagen samples were further separated for
assay by mixing with Sircol dye reagent for 30 min in a
mechanical shaker, and the collagen—dye complex was col-
lected by centrifugation. The dye bound to the collagen
pellet was solubilized with an alkaline reagent, and the
absorbance of the samples was measured at a wavelength of
540 nm, using a UV spectrophotometer. A calibration stan-
dard of acid-soluble type I collagen was used to obtain the
standard curve for this experiment.

Real-time polymerase chain reaction

To detect the presence of collagen type II and aggrecan,
single-stranded cDNA was prepared from 1 ug of total RNA
by reverse transcription (RT), using a commercially avail-
able First-Strand ¢cDNA kit (Amersham Pharmacia Biotech,
Uppsala, Sweden). Subsequently, real-time polymerase
chain reaction (PCR) was done using a LightCycler system
with LightCycler FastStart DNA Master SYBR Green I
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(Roche Diagnostics, Penzberg, Germany). The LightCy-
cler™- Primer set (Roche Diagnostics) was used for quanti-
tative detection of the collagen type Il and aggrecan genes,
and also for quantitation of a housekeeping gene, Glyceral-
dehide-3-phosphate dehydrogenase (GAPDH), according to
the manufacturer’s instructions. An initial denaturation step
at 95°C for 10 min was followed by amplification and exten-
sion steps for 35 cycles (95°C for 10 s, 68°C for 10 s, 72°C for
16 s) with final extension step at 58°C for 10 s. The quanti-
fication data were analyzed with the LightCycler analysis
software (Roche Diagnostics).

Statistical study

Student’s t tests were used to assess whether differences
observed between the polymers treated and the control sam-
ples were statistically significant. For comparison of groups
of means, one-way analysis of variance was carried out.
When significant differences were found, Tukey’s pairwise
comparisons were used to investigate the nature of the
difference. Statistical significance was accepted at p < 0.05.
Values were presented as the mean * SD (standard devia-
tion) except in figure 3. Four samples were run for each case.
All experiments were repeated at least twice, and similar
results were obtained.

RESULTS
Cell proliferation

Chondrocyte proliferation was quantified by crystal
violet staining and expressed as a percentage of the
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Figure 1. Proliferation of HAC estimated by crystal violet
staining. Cell proliferation was significantly increased in
PGA(Sn)-cultured chondrocytes compared with that of the
control. *p < 0.05. All experiments were run in quadrupli-
cate for two separate times.
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Figure 2. Differentiation of HAC estimated by alcian blue
method. Cell differentiation was significantly inhibited in
PGA-cultured chondrocytes compared with that of the con-

trol. *p < 0.01. All experiments were run in quadruplicate
for two separate times.

PGA (Sn)

average control value (Fig. 1). Cell proliferation was
increased 1.8-fold (p < 0.05) in PGA(Sn)-treated cul-
tures compared with that of the control culture,
whereas cell proliferation in PGA-treated cultures was
almost identical to the DMSO-treated control culture.

Cell differentiation

Chondrocyte differentiation was estimated by al-
cian blue staining and the amounts were expressed as
a percentage of the average control value, which was
calculated as 100%. Chondrocytes treated with PGA
revealed a 0.71-fold (p < 0.01) decrease in cell differ-
entiation compared with that of the control culture. At
the same time, cultures treated with PGA(Sn) showed
a slight, but nonsignificant, decrease in cell differenti-
ation (Fig. 2).

Extracellular matrix gene expression

Extracellular matrix gene expression was quantita-
tively measured by real-time PCR. Here, compared
with that of the control culture, the collagen type II
gene was more strongly expressed (p < 0.01) in
PGA(Sn) than in PGA-treated cultured chondrocytes
[Fig. 3(A)]. Aggrecan gene expression was inhibited in
the latter, but no difference was observed between the
former and the control culture [Fig. 3(B)].
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Figure 3. Extracellular matrix gene expression of HAC by
real-time PCR. (A) Collagen type II gene was more strongly
expressed in PGA(Sn)- than PGA-cultured chondrocytes
compared with that of the control culture. (B) Aggrecan gene
expression was inhibited in PGA, but no difference was
observed between the PGA(Sn) and the control. All experi-
ments were run in quadruplicate for two separate times.

Measurement of collagen type II protein

The amount of pepsin-soluble and cartilage-specific
collagen type II protein was increased in both PGA
and PGA(Sn) treated chondrocytes on comparing with
that of the control culture(Fig. 4). However, this in-
crease was more in the latter than in the former case.

Measurement of total collagen

Quantitative estimations of both acid- and pepsin-
soluble total collagen revealed a decrease in PGA(Sn)-
treated cultures compared with that of the control
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DMSO PGA

Figure 4. Measurement of collagen type II protein. The
amount of collagen type II was increased in PGA(Sn)-treated
chondrocytes compared with that of control. All experi-
ments were run in quadruplicate for two separate times.

PGA (Sn)

(Fig. 5). Simultaneously, there was a slight increase in
the amount of total collagen in PGA-treated cultures
compared with that of the control sample.

Estimation of sulfated glycosaminoglycan
concentration

Evaluation of the amount of sulfated GAG showed
a decrease in PGA(Sn)-treated cultured cells com-
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0.1 1

0.05 A

DMSO PGA
Figure 5. Quantitative estimation of total collagen protein.
The amount of total collagen was decreased in PGA(Sn)-
treated cultures compared with that of the control. All ex-
periments were run in quadruplicate for two separate times.

PGA (Sn)
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Figure 6. Evaluation of sulfated GAG. There was decrease
in the amount of sulfated GAG in PGA(Sn)-treated cultured
cells compared with that of the control. All experiments
were run in quadruplicate for two separate times.

pared with that of the control (Fig. 6). However, in the
same experiment, almost no difference in this amount
was observed between the PGA-treated culture and
the control.

DISCUSSION

Attempts to identify a perfectly biocompatible and
biodegradable polymer have been ongoing over the
past decade. An ideal biomaterial should fulfill its
purpose satisfactorily and then biodegrade to obviate
any risk of foreign body reaction®® Synthetic biode-
gradable polymers, especially those belonging to the
polyester family, have played an important role in a
number of tissue engineering efforts. PGA, an ali-
phatic polyester, can be degraded in two ways: by
hydrolysis and by nonspecific esterases and car-
boxypeptidases, followed by either excretion in the
urine or entrance into the tricarboxylic acid cycle.??

Several different catalysts, namely organotin, anti-
mony, zinc, and lead, are used in the polymerization
process to synthesize high molecular weight PGA.
Different tin compounds were observed to produce
general cytotoxic effects in rabbit articular cartilage in
monolayer culture, > and bone is suggested to be the
critical organ in inorganic tin toxicity in rats.”® There-
fore, in this study, we aspired to evaluate the chon-
drogenic effects of HAC with PGA synthesized with
and without an inorganic tin catalyst, with the aim of
clarifying the biocompatibility of inorganic tin as a
catalyst for future clinical use.

BANU, TSUCHIYA, AND SAWADA

It was reported that oral administration of certain
tin compounds at specific concentrations exerted stim-
ulatory effects on chondrocyte proliferation in the
rat.?® Consistent with this, the proliferation assay per-
formed in our study also showed that HAC with
PGA(Sn) had stimulatory effects on chondrocyte pro-
liferation in micromass culture (Fig. 1). On the other
hand, PGA neither stimulated nor inhibited the chon-
drocyte proliferation, and thus, inorganic tin as cata-
lyst seemed to play a stimulatory role in HAC prolif-
eration. In our experiment, PGA with inorganic tin as
the catalyst caused almost no change in cell differen-
tiation, but PGA-treated cultures did show a signifi-
cant decrease when compared with that of the control
(Fig. 2). Furthermore, quantitative estimation of extra-
cellular matrix gene expression by real-time PCR con-
firmed that the cartilage-specific protein, collagen type
I, was more strongly expressed in PGA(Sn)- than in
PGA-treated cultured chondrocytes [Fig. 3(A)]. How-
ever, the expression of the aggrecan gene was inhib-
ited in the PGA culture, but no difference was ob-
served between the PGA(Sn) and the control cultures
[Fig. 3(B)].

It was reported that oral administration of inorganic
tin caused a decrease in the proliferation of chondro-
cytes, accompanied by suppression of DNA synthesis
with subsequent inhibition in collagen synthesis in
rat.>* On the contrary, our results showed enhance-
ment of proliferation, expression of the collagen type
II gene, and amount of collagen type II protein by in
vitro culture of HAC with PGA(Sn). We speculated
that difference in the route of administration might be
the cause of these diverse effects of inorganic tin com-
pound. As mentioned earlier, monolayer culture of
rabbit articular cartilage with tin compounds caused
inhibition in the synthesis of core proteins, followed
by a decrease in the synthesis of sulfated GAG.* In
agreement with this result, our report also showed a
decrease in the amount of sulfated GAG by culture of
HAC with PGA(Sn). A study performed in our labo-
ratory using HAC in a micromass culture system has
already shown that PGA synthesized with organic tin
catalyst caused a decrease in cell proliferation, but a
significant increase in cell differentiation * and was
completely contradictory to our present results. The
molecular weight of PGA(Sn), and the type of tin
product such as SnCl, and dibutyl tin were thought to
be the key factor of different effects of chondrogenesis
on HAC.

To the best of our knowledge, no other study has yet
investigated the chondrogenic effects of PGA with
inorganic tin as a catalyst, using HAC in a micromass
culture system. This study is the first to show the
biological action of inorganic tin as catalyst in PGA on
human articular chondrogenesis in a micromass cul-
ture system. Our observation revealed that low con-
centration of inorganic tin when used in the polymer
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of PGA showed enhancing effects of tin compounds
on chondrocytes in comparison to without tin poly-
mer because of increase in the permeability of inor-
ganic tin under the presence of PGA. However, fur-
ther study is required for the application of this
PGA(Sn) in clinical practice.
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Abstract

The purpose of this study was to determine the localization of bone morphogenetic protein-2 (BMP-2), BMP receptors (BMPRs) and
Noggin in mouse spinal tissues. The coordinate expression of these positive and negative regulators of BMP signaling may elucidate reg-
ulatory mechanisms for bone induction in the spine. Whole spines from 3-week-old mice were used and the spatial expression profiles of
BMP-2, BMPR-1a, -1b, -2 and Noggin were examined using in situ hybridization. BMP-2, BMPR-1b and -2 were observed in bone mar-
row cells in the vertebrae, chondrocytes, hyaline cartilage cells and fibrous cells in the intervertebral discs and neurons of the spinal cord
in the entire spine. BMPR-1a was also observed in these cells, but only in the cervical spine. Noggin was expressed in bone marrow cells
in the vertebrae, chondrocytes and hyaline cartilage cells and fibrous cells in the intervertebral discs in the entire spine and in neurons in
the spinal cord in the cervical and thoracic regions. Noggin was also expressed in the anterior longitudinal, posterior longitudinal and
yellow ligaments in the cervical spine, and in the fibrous cells in the anterior longitudinal and yellow ligaments of the lumbar spine.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: BMP-related molecules; In situ hybridization; Localization; Spine

1. Introduction

Signaling by BMPs requires binding of the BMP mole-
cules (BMP-2, -4 and -7) to one of two types of serine-thre-
onine BMP receptors (BMPRs), known as type 1 (1a and
1b) and type 2 BMPR.! These receptors then phosphory-
late intra-cellular proteins, including the Smads (Smad 1-
5) to effect intracellular signaling and physiological re-
sponses.>™ Therefore, BMPR expression is a prerequisite
for biological action of BMP. An important growth factor
related to BMP and BMPR is Noggin, a molecule that has
been shown to antagonize the action of the BMPs.5® The
coordinate expression of these positive and negative regula-
tors of BMP signaling points to a potential regulatory
mechanism for bone induction.

BMPs are involved in the morphogenesis and develop-
ment of many organ systems. The expression of BMPR-

* Corresponding author. Tel.: +81 263 37 2659; fax: +81 263 35 8844.
E-mail address: wakitani@hsp.md.shinshu-u.acjp (S. Wakitani).
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la or -1b has been reported during bone formation in
fracture repair and pathological ectopic bone formation
in spinal ligaments.>>!°® BMPs also play a key role in
the development and growth of neurons, bone and carti-
lage, therefore, they may be important in the morphogen-
esis of spinal systems. There is also evidence from animal
models that BMPs play a role in diseases characterised by
mineralization of ligaments, including ossification of the
anterior or posterior longitudinal ligament, ankylosing
spondylitis, ossification of the ligamentum flavum and
spinal spondylosis. However, there have been no reports
published to date that show the distribution of BMP-2,
BMPR or Noggin in normal animal models using whole
spinal tissue.'’™® Although previous reports have de-
scribed aspects of spinal ossification, little is known about
the molecular mechanisms that drive this event in spinal
tissue.

Therefore, we used in situ hybridization to define the
spatial expression profiles and localization of BMP-2,
BMPRs, and Noggin in the whole spine of normal mice.
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2. Materials and methods
2.1. Histological preparation

Three-week-old male ddY mice were used, purchased
from Nippon SLC Co. (Shizuoka, Japan) and housed in
cages with free access to food and water for 1 week prior
to sacrifice. Mice were sacrificed with diethyl ether.

Specimens were removed en bloc and fixed in 10% neu-
tral buffered formalin. They were decalcified with 20%
EDTA after washing with 0.1 mol/L. phosphate-buffered
saline (PBS). They were then dehydrated through graded
ethanol, and embedded in paraffin. Sections of 4-um thick-
ness were prepared using a microtome, and processed for
hematoxylin and eosin (H/E) staining.

2.2. RNA probes for in situ hybridization

A 0.50-kilobase (kb) fragment of mouse BMPR-la
cDNA, a 0.47-kb fragment of mouse BMPR-1b cDNA, a
0.55-kb fragment of mouse BMPR-2 ¢cDNA, and a 0.32-
kb fragment of mouse Noggin ¢cDNA were used as tem-
plates to synthesize RNA probes. They were subcloned
into pBluescript SK (+) plasmid (Stratagene, La Jolla,
CA). The BMP-2 and Noggin cDNAs were obtained by re-
verse transcription polymerase chain reaction (RT-PCR),
and the Noggin primers for PCR were as described previ-
ously." The BMPR primers for PCR were as follows:
BMPR-1a: 5-CTCATGTTCAAGGGCAG-3' (5’ sense)
and 5-CCCCTGCTTGAGATACTC-3' (3’ antisense;
346-362 and  850-833, respectively). BMPR-1b:
5'-ATGTGGGCACCAAGAAG-3 and 5-CTGCTCC-
AGCCCAATGCT-3' (215-231 and 681-664, respectively).
BMPR-2: 5- GTGCCCTGGCTGCTATGG-3' and
5'-TGCCGCCTCCATCATGTT-3' (47-64 and 592-575,
respectively). Nucleotide sequences of the cDNA fragments
were checked and found to be identical to mouse BMPRs
(BMPR-1a: NM009758, BMPR-1b: NM007560, BMPR-
2: NMO007561).

For in situ hybridization, each plasmid containing a
BMP-2 or Noggin cDNA fragment was linearized as de-
scribed previously.! Plasmids with BMPR c¢DNA frag-
ments were either linearised with Xba I and transcribed
with T3 RNA polymerase to generate long antisense
RNA probes or linearised with Xho I, and transcribed
with T7 RNA polymerase to generate sense RNA
probes. :

2.3. In situ hybridization

In situ hybridization was carried out as described pre-
viously."*!* Mice were sacrificed and fixed by vascular
perfusion with 4% paraformaldehyde (PFA). Tissue spec-
imens were then removed, and fixed in fresh PFA solution
for 24 hours. After fixation, the tissues were embedded in
paraffin, and 7-pm sections were cut and then mounted on
sialinized, APS-coated slides. They were stored at 4 °C

until use. Sections were blow-dried, deparaffinized, rehy-
drated, and fixed with 4% PFA for 10 min at room tem-
perature. They were then treated with PBS for 5min,
Proteinase K (15 pg/mL) in PBS for 10min at 37°C,
4% PFA for 10 min, 0.2N HCI for 10 min, 0.1 mol trieth-
anolamine for 5min and 1% acetic acid 0.1 mol trietha-
nolamine for 10min at room temperature. The
hybridization solution contained 50% deionized formam-
ide, 5x SSC, 1% SDS, 50 y/mL heparin and approxi-
mately 75 ng/slide of RNA probe. Digoxigenin (DIG)-
labeled single-strand antisense RNA probes for BMP-2,
BMPR-1a, -1b, -2 and Noggin prepared with a DIG-
labeling Mix (x10 concentration) were hybridized with
the histological sections, covered with siliconized cover-
glasses, and incubated at 60 °C for 16 hours in a humid
chamber. After hybridization, the slides were washed
for 10 min twice with 2x SSC at 50 °C, and 0.2x SSC at
50 °C. Hybridised DIG-labelled probes were detected
using Tris buffered saline (TBS) (0.3% Tween 20), block-
ing solution, anti DIG-alkaline phosphatase-labelled anti-
body (1:2000), TBS (0.3% Tween 20) twice, APB buffer
(0.1 M Tris-HCl (Ph 9.5), 0.1 M NaCl, 50 mM MgCl,),
and then developed with NBT/BCIP substrate. Thereaf-
ter, the slides were mounted with Kernechtrot stain solu-
tion (Muto Chemical Co., Tokyo, Japan).

The controls consisted of hybridization with the sense
probes and omission of either the antisense RNA probe
or the anti-DIG antibody.

This study was carried out in accordance with the World
Medical Association Declaration of Helsinki.

3. Results
3.1. Expression of BMP-2

BMP-2 was moderately and broadly detected in bone
marrow cells in vertebral bone in the cervical, thoracic
and lumbar spine. It was weakly detected in chondrocytes,
hyaline cartilage cells and fibrous cells in the intervertebral
discs in the cervical, thoracic, and lumbar spine. This pat-
tern of moderate staining was repeated in the neurons of
the spinal cord and it was also weakly detected in fibrous
cells in parts of the yellow ligament in the cervical, thoracic
and Iumbar spine (Fig. 1A, B).

3.2, Expression of BMPR-1a

In the cervical spine, BMPR-1a was stained lightly
and diffusely in bone marrow cells in vertebral bone,
but not in the intervertebral discs. A moderate and more
focused pattern of staining was observed in the neurons
in the spinal cord. BMPR-1a was stained in the fibrous
cells in the yellow ligament, but not in the anterior or
posterior longitudinal ligaments. No staining for
BMPR-1a was observed in any part of the thoracic or
lumbar spine or the surrounding tissues (data not
shown).
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Intervertebral discs Spinal cord Yellow ligament

Fig. 1A. (a) Hematoxylin and eosin histochemistry of the cervical spine of the 3-week-old mouse corresponding to in situ hybridization of BMP-2 in
Fig. 1B. (b) In situ hybridization of BMP-2 in the cervical spine of the 3-week-old mouse. In the whole cervical spine (a: original magnification: x16),
vertebral bone (b: original magnification: x400), intervertebral discs (c: original magnification: x400), spinal cord (d: original magnification: x400) and
yellow ligament (e: original magnification: x400). Arrow in (b) indicates moderate expression in bone marrow cells and arrows in (c) indicate weak
expression in hyaline cartilage cells. Arrow in (d) indicates moderate expression in neurons and arrows in (e) indicate weak staining of fibrous cells.
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Fig. 2A. (a) Hematoxylin and eosin histochemistry of the lumbar spine of the 3-week-old mouse corresponding to in situ hybridization of BMPR-1b in
Fig. 2B. (b) In situ hybridization of BMPR-1b in the lumbar spine of the 3-week-old mouse. In the whole lumbar spine (a: original magnification: x16),
vertebral bone (b: original magnification: x400), intervertebral discs (c: original magnification: x400), spinal cord (d: original magnification: x400) and
yellow ligament (e: original magnification: x400). Arrow in (b) indicates strong expression in bone marrow cells and arrows in (c) indicate moderate
expression in osteoblastic cells, multinuclear chondrocytes and hyaline cartilage cells. Arrow in (d) indicates moderate expression in neurons and arrows in
(e) indicate weak staining of fibrous cells.
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3.3. Expression of BMPR-1b

BMPR-1b was strongly and broadly detected in bone
marrow cells, diffusely in osteoblastic cells and multinu-
clear cells in the vertebral bone of the cervical, thoracic
and lumbar spine. It was also moderately stained in chon-
drocytes, hyaline cartilage cells, and fibrous cells in the
intervertebral discs in the cervical, thoracic and lumbar
spine. This pattern of staining was repeated in the neu-
rons of the spinal cord in the cervical, thoracic and lum-
bar spine. It was also stained in fibrous cells in parts of
the yellow ligament, but only in the lumbar spine
(Fig. 2A, B).

3.4. Expression of BMPR-2

In the whole spine, BMPR-2 was stained lightly and dif-
fusely in bone marrow cells in vertebral bone and in chon-
drocytes, hyaline cartilage cells and fibrous cells in the
intervertebral discs. Moderate staining was observed in
neurons in the spinal cord, however BMPR-2 was not ob-
served in the ligaments (data not shown).

3.5. Expression of Noggin

Noggin was strongly and broadly detected in bone mar-
row cells in vertebral bone, moderately in chondrocytes,
hyaline cartilage cells and fibrous cells in intervertebral
discs, the neurons in the spinal cord in cervical spine and
only weakly in parts of the anterior longitudinal, posterior
longitudinal and yellow ligaments. It was also stained
weakly in bone marrow cells in vertebral bone, chondro-
cytes, hyaline cartilage cells and fibrous cells in the interver-
tebral discs and moderately in neurons of the spinal cord in
the thoracic spine. It was stained in bone marrow cells in
vertebral bone, chondrocytes, hyaline cartilage cells and fi-
brous cells in intervertebral discs, and in the fibrous cells in
parts of the anterior longitudinal and yellow ligaments in
the lumbar spine (Fig. 3A, B).

4. Discussion

The expression and distribution of BMP-2, BMPR-1b
and -2 was confined to bone marrow cells in vertebral bone,
chondrocytes, hyaline cartilage cells and fibrous cells in the
intervertebral discs and neurons of the spinal cord in the
entire spine. BMPR-1a was expressed similarly in those
cells, but only very weakly in the cervical spine. These re-
sults suggest the coordinate expression of BMP-2,
BMPR-1b and -2 might be associated with the develop-
ment of the spine. BMPR-1a and -1b share approximately
85% amino acid sequence identity,? but each receptor has a
different function. BMPR-1a and -2 are expressed ubiqui-
tously in various tissues, and are essential for proper regu-
lation of the later stage of chondrocyte differentiation.
BMPR-1b is observed mainly in the brain in animal mod-
els, and is necessary for the early stages of mesenchymal

condensation and cartilage formation. This receptor is
also involved in BMP-mediated programmed cell death.'
In addition, co-expression of BMPR-2 with BMPR-1a or
-1b increases binding affinity, and dramatically enhances
biological activity.>

Noggin is a specific antagonist of BMPs, and blocks the
binding of BMP to the BMPRs and thus, the subsequent
actions of this protein.’* In our study, Noggin was strongly
expressed in bone marrow cells in vertebral bone, with a
more moderate level in chondrocytes, hyaline cartilage cells
and fibrous cells in intervertebral discs and in the neurons
in the spinal cord of the cervical spine. In the thoracic
spine, Noggin was also observed weakly in bone marrow
cells in vertebral bone and chondrocytes, hyaline cartilage
cells and fibrous cells in the intervertebral discs. A similar
pattern of staining was also noted in the lumbar spine.
There have been no published reports regarding the local-
ization of Noggin in mice spinal tissues to date. The expres-
sion of Noggin in normal spinal tissues documented in this
study points to the possibility of a negative feedback mech-
anism for BMP stimulation.

In ligaments, BMPR-1a was stained in the fibrous cells
in the yellow ligament of the cervical spine, BMP-2 in the
fibrous cells in the yellow ligament of the entire spine,
BMPR-1b in the fibrous cells in the yellow ligament of
the lumbar spine and BMPR-2 expression was not ob-
served. Noggin was expressed weakly in parts of the ante-
rior longitudinal, posterior longitudinal and yellow
ligaments in the cervical spine and also in the fibrous cells
in parts of the anterior longitudinal and yellow ligaments in
the lumbar spine. In summary, these results indicate that
the expression of BMP-2 in the whole spine, BMPR-1a
and Noggin in the cervical spine, BMPR-1b and Noggin
in lumbar spine might have a relationship with the ossifica-
tion of ligaments.

The central nervous system is organized mainly by neu-
rons, astrocytes and oligodendrocytes. Neurons form a
large network with axons, astrocytes and oligodendrocytes.
Astrocyte differentiation is induced synergistically by
BMP-2 and leukemia inhibitory factor in the developing
brain. Fetal mouse brain cells can be changed from neuro-
epithelial cells to astrocytes in their developmental pathway
by the exposure to BMP-2 as described previously.'® It has
been reported that Noggin is necessary to create neurons
from neuroepithelial cells.!” After spinal injury, neural
stem cells differentiate into astrocytes, not into neurons.
The up-regulation of BMP-2 or -7 after spinal injury may
inhibit differentiation into neurons and promote that of
astrocytes. In addition, stimulation by Noggin is thought
to accelerate degeneration of neurons in spinal tissue after
spinal injury.!®!® However, the relationship between neu-
rons and BMP-related molecules has not yet been fully
established, particularly in the spinal cord. In the present
study, BMP-2, BMPRs and Noggin were moderately
stained in neurons in the spinal cord, indicating that
BMP signaling might be related to spinal cord
development.
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Fig. 3A. (a) Hematoxylin and eosin histochemistry of the cervical spine of the 3-week-old mouse corresponding to in situ hybridization of Noggin in
Fig. 3B. (b) In situ hybridization of Noggin in the cervical spine of the 3-week-old mouse. In the whole cervical spine (a: original magnification: x16),
vertebral bone (b: original magnification: x400), intervertebral discs (c: original magnification: x400), anterior longitudinal ligament (d: original
magnification: x400), posterior longitudinal ligament (e: original magnification: x400), yellow ligament (f: original magnification: x400) and spinal cord (g
original magnification: x400). Arrows in each figure point to strong staining of bone marrow cells (b), moderate staining of chondrocytes and hyaline
cartilage cells (c), fibrous cells (d-f) and neurons (g).
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Intervertebral discs act as ‘shock absorbers’ and joints
during activity, allowing the spine to move freely. They
consist of an outer fibrous ring and an inner nucleus pulpo-
sus. The discs are avascular, with sparsely distributed chon-
drocytes. It has been reported that BMPRs are present in
cervical intervertebral discs in senescence-accelerated mice
and in anterior margin cells in the cervical discs of a mouse
spondylosis model.!""!? In the current study, BMPR-1a was
not stained in intervertebral discs, and BMP-2, BMPR-1b,
-2, and Noggin were equally stained in chondrocytes, hya-
line cartilage cells and fibrous cells in the cervical, thoracic
and lumbar intervertebral discs. The relative distribution of
BMP-2, BMPR-1b, -2 and Noggin in cervical, thoracic and
lumbar intervertebral discs suggests that there is a relation-
ship between their development and the BMP signaling
pathway.

Bone marrow cells include pluripotent mesenchymal
cells that are thought aid repair or maintain cells in other
tissues, and produce various cytokines such as BMPs.? In
this report, the expression of BMP-2, BMPR-1b, Noggin
and particularly the strong expression of BMPR-1b in bone
marrow cells, points to BMP signaling in bone marrow.

Recent studies have clearly demonstrated that BMP gene
therapy with adenoviral vectors or rhBMP-2 implantation
1s useful for the induction of spinal arthrodesis or bone heal-
ing and regeneration in several animal models.?° However,
these studies have not provided sufficient data to warrant
clinical application at this point.?! There have been no re-
ports using BMPRs or Noggin gene therapies in vivo in hu-
mans thus far. In this study, the expression of BMPR-1a or -
1b in the yellow ligament, and Noggin in the anterior longi-
tudinal, posterior longitudinal and yellow ligaments was de-
tected by in situ hybridization. Understanding of the
expression and action of these molecules may lead to the de-
sign of a gene therapy approach for the treatment of liga-
mentous ossification. However, further preclinical and
clinical research and development are required before this
technology will have direct clinical utility.
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SUMMARY Thedental follicle contains mesenchymal cells that differentiate into osteoblasts,
cementoblasts, and fibroblasts. However, the characteristics of these mesenchymal cells are still

unknown. a-Smooth muscle actin {o-SMA) isknown to focalize

in stem cells and precursor cells of

various tissues. In the present study, to characterize the undifferentiated cells in the dental
follicle, immunohistochemical localization of «-SMA was examined during rat molar tooth
development. Rat mandibles were collected at embryonic days (E) 15-20 and postnatal days (P)
7-28. Immunohistochemical stainings for a-SMA, periostin, Runt-related transcription factor-2
(Runx2), tissue nonspecific alkaline phosphatase (TNAP), and bone sialoprotein {BSP) were
carried out using paraffin-embedded sections. a-SMA localization was hardly detected in the
bud and cap stages. At the early bell stage, a-SMA-positive cells were visible in the dental follicle
around the cervical loop. At the late bell to early root formation stage (P14), these cells were
detected throughout the dental follicle, but they were confined to the apical root area at P28.
Double immunostaining for a-SMA and periostin demonstrated that o-SMA-positive cells

localized to the outer side of periostin-positive area. Runx2-
o-SMA-positive region. TNAP-positive cellsin the dental follicle localized nearerto alveolarbone
than Runx2-positive cells. BSP was detected in ostecblasts as well as in alveolar bone matrix.

positive cells were visible in the

KEY WORDS
a-smooth muscle actin
dental follicle

These results demonstrate that a-SMA-positive cells localize on the alveolar bone side of the
dental follicle and may play a role in alveolar bone formation.

undifferentiated cell
rat molar

{1 Histochem Cytochem 54:1371-1378, 2006)

THE DENTAL FOLLICLE surrounding the tooth germ con-
tains mesenchymal cells that are able to differentiate
into osteoblasts, cementoblasts, and fibroblasts (Nanci
2003). As a result, this tissue is able to form the peri-
odontal tissues including alveolar bone, cementum, and
periodontal ligament. However, the characteristics and
distribution of undifferentiated cells within the dental
follicle and periodontal tissues are still unclear.
Previous reports have described a-smooth muscle
actin {a-SMA)asa cytoskeletal protein that is localized
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periostin

to some stem and precursor cells (Cai et al. 2001;
Kinger et al. 2002; Yamada et al. 2005). This protein
has also been found in various tissues during tissue
repair and regeneration following injury (Chaponnier
and Gabbiani 2004; van Beurden et al. 2005). Thus,
a-SMA may be a suitable marker of undifferentiated
cells (Kinner et al. 2002). Additionally, in mature tis-
sues, 0-SMA is localized to pericytes of blood vessels,
intestinal muscularis mucosae, and myoepithelial cells
of mammary and salivary glands (Mukai et al. 1981;
Skalli et al. 1986), which are required in a force-
generating capacity. However, the temporospatial local-
ization of a-SMA in developing and mature teeth has
not been previously examined.

On the other hand, regeneration of periodontal
tissues, lost as a result of periodontal disease, is 2 key

1371
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objective of periodontal treatment. Several surgical tech-
niques have been developed to assist with regeneration
of periodontal tissues including guided tissue regen-
eration, bone grafting, and the use of enamel matrix
derivative (Emdogain; Straumann, Basel, Switzerland),
but their success is not predictable. Development of new
periodontal regeneration therapies using the undiffer-
entiated cells in the periodontal tissues thus remains
ongoing. The human periodontal ligament contains mul-

tipotent stem cells that differentiate into osteoblasts,

cementoblasts, and fibroblasts, and these cells could pos-
sibly be used to induce periodontal regeneration (Seo
et al. 2004,2005). Additionally, the dental follicle has
been utilized as a source of undifferentiated cells in in
vitro and in vivo studies (Saito et al. 2005). Because the
dental follicle and periodontal ligament are immuno-
positive for periostin {Kruzynska-Frejtag et al. 2004;
Suzuki et al. 2004}, this protein is often used as a marker
of these tissues. However, determining the degree of cell
differentiation could not be readily ascertained. A more
definitive understanding of the periodontal tissue could
assist with the development of regenerative methods us-
ing periodontal cells.

The differentiation process of alveolar bone-formative
osteoblasts has also not been clarified. Bone morpho-
genetic proteins {BMPs) and/or transforming growth
factor (TGF)- act on undifferentiated cells and phos-
phorylate R-Smads through their receptors. These
phosphorylated R-Smads subsequently interact with
Smad4 and translocate to the nucleus (Derynck et al.
1998; Shi and Massague 2003). Thereafter, Runx2,
the essential transcription factor for osteoblast differ-
entiation, is expressed in osteogenic cells and induces
the expression of bone matrix proteins such as osteo-
pontin (OPN) and bone sialoprotein (BSP) (Lian et al.
2004). In these processes, expression of tissue nonspe-
cific alkaline phosphatase (TNAP) is also increased
(Hoshi et al. 1997; Hosoya et al. 2003).

In the present study, we show that a-SMA is spe-
cifically expressed in the dental follicle. In addition,
to examine the distribution pattern of a-SMA and
the differentiation process of these positive cells, im-
munohistochemical localization of «-SMA and other
differentiation marker proteins were examined during
rat molar tooth development. The marker of the
dental follicle used was periostin-specific antibody.
Observations of cell differentiation process in a-SMA-
positive area were also undertaken and involved the
use of Smad4-, Runx2-, OPN-, BSP-, and TNAP-
specific antibodies.

Materials and Methods

All experiments were performed according to guidelines set
forth by the Matsumoto Dental University Comrmittee on In-
tramural Animal Use.
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Western Blotting

First molar tooth germs of E15, 17, and 20 Wistar rats were
removed from the mandible. Samples were dissolved in 100 pl
of sample buffer containing 4% SDS, 20% glycerol, and 12%
mercaptoethanol in 100 mM Tris—HCl (pH 6.8) and heated
at 100C for 5 min. These lysates were quantified by BCA
protein assay kit (Pierce Biotechnology; Rockford, IL), and
an equal amount (30 pg) of each lysate was fractionated
by SDS-PAGE using 12% polyacrylamide gel. Samples were
then electrophoresed at 150 V for 60 min and transferred to
a nitrocellulose membrane using 192 mM glycine and 20%
methanol in 25 mM Tris-HCl {pH 8.3) at a constant am-
perage of 50 mA for 0 min. The membrane was immersed in
10 mM TBS, pH 7.4, containing 10% skim milk for 30 min to
block nonspecific binding. It was subsequently incubated with
mouse monoclonal antibody against human a-SMA (1A4;R&D
Systems, Minneapolis, MN), diluted 1:1000 for 12 hrat4C,and
then with horseradish peroxidase (HRP)-conjugated anti-mouse
IgG (Sigma; St Louis, MO) for 1 hr at room temperature.
Immunoreactivity was visualized using ECL Western blotting
detection reagents (Amersham Pharmacia Biotech UK Lid,;
Buckinghamshire, England) according to the manufacturer’s
instructions. The membrane was then reprobed in 2% SDS,
62.5 mM Tris-HCl (pH 6.7), and 100 mM 2-mercaptoethanol
for 30 min at SOC and subsequently incubated with rabbit ant-
mouse actin polyclonal antibody (Biomedical Technologies;
Stoughton, MA), and HRP-conjugated anti-rabbit IgG (Sigma)
for comparison of the amount of rotal protein.

Immunchistochemistry

Rat mandibles were collected at E15-20 and P7-28 and fixed
with 4% paraformaldehyde in 0.1 M phosphate buffer {pH
7.4) for 24 hr at 4C. After demineralization with 10% EDTA,
pH 7.4, for 3 weeks at 4C, the specimens were embedded in
paraffin and sectioned at a thickness of 4 pm. Sections were
then treated with 0.3% Hz0a in PBS, pH 7.4, for 30 min at
room temperature to inactivate endogenous peroxidase. They
were pretreated with 10% BSA (Seikagaku; Tokyo, Japan) in
PBS for 1 hr at room temperature and incubated in mouse
monoclonal antibodies against human «-SMA, human Smad4
{Santa Cruz Biotechnology; Santa Cruz, CA), and rabbit
polyclonal antibodies against mouse Runx2 {Santa Cruz Bio-
technology), rat TNAP (provided by Dr. Y. Ikehara), mouse
OPN (provided by Dr. M. Fukae), human BSP {LF-120,
provided by Dr. L.W. Fisher) for 12 hr at 4C. The antibodies
against a-SMA, TNAP, OPN, and BSP were dilured to 1:500,
and Smad4 and Runx2 antibodies were diluted to 1:100.
Sections were reacted with Histofine Simple Stain rat MAX-
PO (MULTI; Nichirei Co., Tokyo, Japan) for 1 hr at room
temperature. Immune complexes were visualized using DAB
(Envision kit; DAKO, Carpinteria, CA). Immurnostained
sections were then counterstained with hematoxylin. Non-
immune mouse or rabbit sera were diluted to the same
strength for use as negative controls. Control sections did not
show any specific immunoreactivity.
Double-immunofluorescence staining was performed
using mouse monoclonal antibody against human a-SMA
and rabbit polyclonal antibody against human periostin {Bio-
Vendor Laboratory; Heidelberg, Germany). Sections were
pretreated with 10% BSA in PBS for 1 hr at room temperature
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and incubated with 1:100 diluted primary antibodies for
12 hr at 4C. Sections were then incubated with 1:100 diluted
Alexa-Fluor-488-conjugated anti-mouse IgG (Molecular
Probes; Eugene, OR) and Alexa-Fluor-594-conjugated anti
rabbit IgG (Molecular Probes) as secondary antibodies for
1 hr at room temperature. Samples were evaluated using a
fluorescent microscope (Axioplan 2; Carl Zeiss, Jena, Ger-
many) with the appropriate filter combinations.

»

Results

Localization of a-SMA During the Bud, Cap, and Early
Bell Stages of Tooth Development

Western blotting analysis revealed that a-SMA antibody
did not react with the lysate of E15 mandibular molar
tooth germ. However, this antibody did react with the
lysate of E17 and E20 tooth germs, with the intensity of
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reactivity increasing as tooth development progressed
(Figure 1A).

Immunohistochemical localization of a-SMA was
scarce in the tooth germ at the bud (E15) and cap (E17)
stages (Figures 1B and 1C). At the early bell stage (E20),
the dental follicle around the cervical loop displayed
a-SMA immunoreactivity (Figures 1D and 1E). This
immunoreactivity was seen within the cytoplasm of
dental follicle cells possessing long cell processes (Fig-
ure 1F). The enamel organ and dental papillae showed
no immunoreactivity.

Localization of a-SMA During the Late Bell and Root
Formation Stages of Tooth Development

At the late bell stage (P7), a-SMA-positive cells were
seen in the dental follicle surrounding the enamel organ

Figure 1 Western blotting analysis (A) and immunohistochemical staining of a-smooth muscle actin («SMA) in the mandibular first molar at
E15 (B), E17 (C), and E20 (D-F). Higher magnification of the boxed regions in D and E are shown in E and F, respectively. (A) a-SMA antibody
reacted with cells in the E17 and E20 tooth germ. (B,C) a-SMA-positive cells are scarce in the tooth germs at the bud and cap stages. (D,E) The
dental follicle cells around the cervical loop show «-SMA immunoreactivity at the early bell stage. (F) These cells exhibit long cell processes. AB,

alveolar bone. Bars: B,E = 60 um; C = 100 pm; D = 300 pm;

=10 pm.
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(Figure 2A). These cells seemed to localize on the
alveolar bone side of the dental follicle (Figures 2B and
2C). Pericytes and smooth muscle cells of blood vessels
surrounding the tooth germ and within the bone mar-
row displayed immunoreactivity. The surface of the
alveolar bone, except the surface adjacent to the tooth
germ, showed no immunoreactivity (Figure 24A). At the
root formation stage (P14), intense immunostaining for
a-SMA was observed in the dental follicle around
Hertwig’s epithelial root sheath (HRS). The dental fol-
licle surrounding the enamel organ showed weaker im-
munoreactivity than that around HRS (Figures 2D-2F).
As root formation progressed (P28), a-SMA-positive cells
were confined to the apical region of the dental follicle
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(Figures 3A and 3C). In the upper region of the peri-
odontal space, there was no immunoreactivity for a-
SMA, except for that associated with the blood vessels
(Figure 3B). In the pulp tssue, pericytes and smooth
muscle cells of the blood vessels were positive for a-SMA,
but odontoblasts and pulp cells showed no immunoreac-
tivity (Figure 3A).

o-SMA and Periostin Localization in the Dental Follicle

In the root apex of P28, a-SMA-positive cells were lo-
calized to the dental follicle. Pericytes and smooth muscle
cells of the blood vessels in the periodontal space were
also immunopositive for a-SMA (Figure 4A). Periostin
was localized to the apical region of the dental follicle and

Figure 2 Immunohistochemical staining of «-SMA in the mandibular first molar at P7 (A-C) and P14 (D-F). Higher magnification of the boxed
regions in A and D are shown in B and Cand E and F, respectively. (A) «-SMA immunoreactivity is localized to the dental follicle surrounding the
tooth crown at the late bell stage. (B,C) «-SMA-positive cells are visible on the alveolar bone (AB) side of the dental follicle. (D-F) Intense
immunostaining for a-SMA is detected in the dental follicle along Hertwig's epithelial root sheath (HRS), whereas the dental follicle
surrounding the tooth crown shows less immunoreactivity. BV, blood vessel; E, enamel. Bars: A,D = 600 pm; B,CE,F = 100 pm.



