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Fig. 5. Gene expression of BMPR-1A, -1B, -2, and Noggin for 0, 24, 48,
72, and 96h after 1000 ng/m! rhBMP-2 stimulation in MC3T3-E1 cell
line by Northern blot analysis (A) and quantitation of the data of
Northern blot analysis by Densitometry (B). G3PDH mRNA levels
(the bottoms of all lanes are G3PDH) obtained by Northern blotting
were used for normalization (A). The score on hour 0 (just after BMP
stimulation) was used as a standard (B). BMPR-1A and -2 were weakly
induced after thBMP-2 stimulation, peaked at 24 h, then decreased
gradually. Noggin was also moderately induced after stimulation
showed maximal expression at 24 h, then decreased thereafter. BMPR-
1B was not induced during the course of the reaction

dependent manner suggests that BMP signaling in muscle
tissue is regulated in a coordinated manner. OC is a well-
characterized osteoblast differentiation marker, and MyoD
is also a good marker for myoblastic differentiation [26].
Although the expression of MyoD was not detected in
this study, the expression of OC was enhanced on day 2
after BMP-2 or -4 stimulation. These results indicate that
BMP-induced osteogenic differentiation in muscle tissue
might occur through a BMP/Smad signaling pathway, and
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Fig. 6. Gene expression of BMPR-1A, -1B, -2, and Noggin for 0,24, 48,
72, and 96h after mBMP-4 (20%) stimulation in MC3T3-E1 cell line by
Northern blot analysis (A) and quantitation of the data of Northern
blot analysis by Densitometry (B). G3PDH mRNA levels (the bottoms
of all lanes are G3PDH) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just after BMP stimulation)
was used as a standard (B). The gene expression pattern of the mol-
ecules after stimulation of mBMP-4 (20%) was similar to that seen
after stimulation of 1000 ng/ml rthBMP-2, but the expression levels with
mBMP-4 (20%) were smaller than those with 1000 ng/ml rhBMP-2

muscle-derived primary cuiture cells might lose the muscle
phenotype after BMP exposure.

The expression profiles were much more prominent for
primary undifferentiated mesenchymal cells derived from
muscle than for MC3T3-E1 or NIH3T3 cells in this study.
Muscle-derived primary culture cells include a large popu-
lation of undifferentiated mesenchymal cells, as described
elsewhere [14]. Clearly, undifferentiated mesenchymal cells
in muscle tissue are highly responsive to BMPs, based on
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Fig.7. Gene expression of BMPR-1A, -1B, -2, and Noggin for 0, 24, 48,
72, and 96h after 1000 ng/ml rthBMP-2 stimulation in NIH3T3 cell line
by Northern blot analysis (A) and quantitation of the data of Northern
blot analysis by Densitometry (B). G3PDH mRNA levels (the bottoms
of all lanes are G3PDH) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just after BMP stimulation)
was used as a standard (B). BMPR-1A and -2 were weakly induced
after thBMP-2 stimulation, peaked at 24 h, then decreased gradually.
Noggin was moderately induced after stimulation showed maximal
expression at 24 h, then decreased thereafter

the changes in gene and protein expression levels observed
in this study. The proliferation and differentiation of osteo-
blasts from osteoprogenitor cells in murine bone marrow
cultures induced by BMP-2 or -4 have been reported
[27.28]. However, there have been few reports using
muscle-derived primary culture cells with BMPs. In this
study, the expression of BMP-related molecules was exam-
ined using undifferentiated mesenchymal cells derived from
mouse muscle tissue.

BMPR-1A

BMPR-1B

BMPR-2

HOGGIN

{HOURS}

O BMPR-1A

A BMPRA1B

00 BMPR-2
B @ NOGGIN

Fig. 8. Gene expression of BMPR-1A, -1B, -2, and Noggin for 0, 24, 48,
72, and 96h after mBMP-4 (20%) stimulation in NIH3T3 cell line by
Northern blot analysis (A) and quantitation of the data of Northern
blot analysis by Densitometry (B). G3PDH mRNA levels (the boitoms
of all lanes are G3PDH) obtained by Northern blotting were used for
normalization (A). The score on hour 0 (just after BMP stimulation)
was used as a standard (B). BMPR-1A and -2 were weakly induced
after thBMP-2 stimulation, peaked at 24h, then decreased gradually.
Noggin was moderately induced after stimulation showed maximal
expression at 24h, then decreased thereafter. BMPR-1B was not
induced in all experimental stages. In NIH3T3 cells, the expression
pattern was similar to that observed in the MC3T3-E1 culture
experiments. Expression levels were greater in NIH3T3 cells than in
MC3T3-E1 cells

The majority of undifferentiated mesenchymal cells in
muscle-derived primary culture cells showed a fibroblastic
appearance. These cells are considered to be heterogenous,
and contain some kinds of precursor cells such as bone,
cartilage, and muscle. They differentiate into each pheno-
type when they are placed in each differentiation condition.
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Fig. 9. The expression of MyoD in muscle-derived primary culture
cells by Northern blot analyses. G3PDH mRNA levels obtained by
Northern blotting were used for normalization. The expression of
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Fig. 10. Western blot analysis of BMPR-1A, -1B, -2, and Noggin after
60% mBMP-4 or 1000ng/ml rhBMP-2 stimulation in muscle-derived
primary culture cells. Equivalent loading and integrity of protein were
confirmed by Coomassie brilliant blue staining on the gel (lower panel).
Mouse skeletal muscle proteins were used as positive controls. BMPR-
1A and -2 were detected at Oh, induced at 24 h, peaked at 48 h, and then

In our study, BMPs stimulated them to upregulate the ex-
pressions of a bone marker (OC) and cartilage markers
(type II collagen and aggrecan, data not shown), but not the
muscle marker examined previously. However, it is unclear

gradually decreased in both 60% mBMP-4 and 1000ng/ml rhBMP-2
stimulation groups. Expression was greater for BMPR-2 than for
BMPR-1A. BMPR-1B was not detectable during any stages in either
treatment group. Noggin was not detected at Oh, was up-regulated at
24h, peaked at 48h, and decreased thereafter

whether bone and cartilage phenotypes were induced by
BMPs in separate cells or in a single cell.

To further understand the potential autoregulatory
mechanism in response to BMP, further gene expression
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studies will be necessary. Ultimately, this knowledge may
provide new approaches to the regulation of local and sys-
temic bone formation.
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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 veriebrae, 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.%® 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).

0967-5868/8 - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jocn.2005.05.011

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-pm 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
¢DNA, 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: NM007561).

For in situ hybridization, each plasmid containing a
BMP-2 or Noggin cDNA fragment was linearized as de-
scribed previously.' Plasmids with BMPR cDNA 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-um 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 10 min 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-HCl1 (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. v

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 lumbar spine (Fig. 1A, B).

3.2. Expression of BMPR-Ia

In the cervical spine, BMPR-la 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-la 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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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-la 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 thBMP-2 implantation
is 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 The dentalfollicle contains mesenchymal cells that differentiate into osteoblasts,
cementoblasts, and fibroblasts. However, the characteristics of these mesenchymal cells are still
unknown. a-Smooth muscle actin (x-SMA) isknown to localize in stem cells and precursor cells of
various tissues. In the present study, to characterize the undifferentiated cells in the dental

follicle, immunchistochemical localization of a-SMA was exam

ined during rat molar tooth

development. Rat mandibles were collected at embryonic days (E) 1520 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. «-SMA localization was hardly detected in the
bud and cap stages. At the early bell stage, «-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 a-SMA-positive cells

tocalized to the outer side of periostin-positive area. Runx2-positive cells were visible in the
a-SMA-positive region. TNAP-positive cells in the dental follicle focalized nearerto alveolarbone
than Runx2-positive cells. BSP was detected in osteoblasts as well as in alveolar bone matrix.
These results demonstrate that «-SMA-positive cells localize on the alveclar bone side of the
dental follicle and may play a role in alveolar bone formation.

{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 (o-SMA) as a cytoskeletal protein that is localized
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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,
«-SMA may be a suitable marker of undifferentiated
cells (Kinner et al. 2002). Additionally, in mature tis-
sues, a-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-
Tzation of «-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 a 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; Straumant, 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)-B 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 o-SMA and
the differentiation process of these positive cells, im-
munohistochemical localization of a-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 Committee on In-
tramural Animal Use.

Hosoya, Nakamura, Ninomiya, Yoshiba, Yoshiba, Nakaya, Wakitani, Yamada, Kasahara, Ozawa

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 y for 60 min and rransferred to
a nitrocellulose membrane using 192 mM glycine and 20%
methano! in 25 mM Tris-HCl {pH 8.3) at a constant an-
perage of S0 mA for 60 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 (1A4R&D
Systerns, Minneapolis, MN), diluted 1:1000 for 12 hrat 4G, and
then with horseradish peroxidase (I—IRP)-conjugated anti-mouse
IgG (Sigma; St Lous, MO) for 1 hr at room temperature.
Immunoreactivity was visualized using ECL Western blotting
detection reagents (Amersham Pharmacia Biotech UK Ltd
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 and-
mouse actin polyclonal antibody (Biomedical Technologies;
Stoughton, MA), and HRP-conjugated anti-rabbit IgG (Sigma)
for comparison of the amount of total protein.

immunohistochemistry

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 at4C. Afrer 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% Hz02 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 a-SMA, human Smad4
{Santa Cruz Biotechnology; Santa Cruz, CA), and rabbit
polyclonal antibodies against mouse Runx? (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 «-SMA, TNAP, OPN, and BSP were diluted to 1:500,
and Smad4 and Runx2 antibodies were diluted to 1:100.
Secrions were reacted with Histofine Simple Stain rat MAX-
PO (MULT]; Nichirei Co., Tokyo, Japan) for 1 hr at room
temperature. Immune complexes were visualized using DAB
(Envision kit; DAKOQ, Carpinteria, CA). Immunostained
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 immunoreacrivity.
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 «-SMA During the Bud, Cap, and Early
Bell Stages of Tooth Development

Western blotting analysis revealed that «-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 Waestern blotting analysis (A) and immunohistochemical staining of a-smooth muscle actin (xSMA) 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) «-SMA antibody
reacted with cells in the E17 and E20 tooth germ. (B,C) «-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 um; D = 300 um; F = 10 um.
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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 2A). 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).

a-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 a-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 C and E and F, respectively. (A) «-SMA immunoreactivity is localized to the dental follicle surrounding the
tooth crown at the late bell stage. (B,C) a-SMA-positive cells are visible on the alveolar bone (AB) side of the dental follicle. (D-F) Intense
immunostaining for «-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 um; B,C.E,F = 100 um.
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Figure 3 Immunohistochemical staining of «-SMA in the mandibular first molar at P28. Higher magnifications of the boxed regions in A are
shown in B and C. (A) a-SMA immunoreactivity is apparent in the apical region dental follicle. (B) «-SMA immunoreactivity is not visible in
osteoblasts, cementoblasts, and fibroblasts. (C) Intense immunostaining for a-SMA is seen in the dental follicle near HRS. AB, alveolar bone; BV,
blood vessel; C, cementum. Bars: A = 150 pm; B,C = 40 pm.

to the periodontal ligament (Figure 4B). The merged
image demonstrated that a-SMA-positive cells localized
on the outer side of the dental follicle showing periostin
immunoreactivity (Figure 4C). This staining pattern of
a-SMA and periostin in whole regions of the dental fol-
licle was consistent from E20 to P14 (not shown).

Distribution of Osteoblast Differentiation Marker
Proteins in the Root Apex

In the root apex at P28, Smad4- and Runx2-positive
cells were distributed in the apical dental follicle con-
sistent with a-SMA-positive region (Figures 5A and 5B).
TNAP-positive cells in the dental follicle localized closer
to alveolar bone than Smad4- and Runx2-positive cells
(Figure 5C). Immunostaining for OPN and BSP was de-
tected in osteoblasts, as well as in alveolar bone matrix
(Figures 5D and SE).

Discussion

In the present study, a-SMA-positive cells were detected
on the outer side of a periostin-positive area, and a re-
lationship between a-SMA and periostin was observed
during all stages of tooth development. Periostin is a
protein specifically localized to the dental follicle and
periodontal ligament (Kruzynska-Frejtag et al. 2004;

Suzuki et al. 2004), suggesting that a-SMA-positive cells
localize on the alveolar bone side of the dental follicle
but not in the dental follicle near the outer enamel ep-
ithelium. This finding seems to confirm the idea that
the dental follicle does not contain a homogeneous cell
population and is divided into two regions (Schroeder
1991). In addition, because a-SMA-positive cells were
localized on the alveolar bone side of the dental follicle,
these cells are presumed to be involved in alveolar
bone formation. This is supported by a previous study
showing that MC3T3-E1, an osteoblast-like cell line,
synthesizes o-SMA during the undifferentiated stage
(Menard et al. 2000). Furthermore, because BMPs, es-
pecially BMP3, are expressed in some dental follicle
cells, it is thought that BMPs regulate the formation of
the osteoblast during root formation (Yamashiro et al.
2003). In the present study we determined the immu-
nohistochemical localization of osteoblast differen-
tiation marker proteins Smad4, Runx2, TNAP, OPN,
and BSP, which are known to be downstream proteins
of BMPs, in a-SMA-positive regions. Smad4- and/or
Runx2-positive cells were detected in a-SMA-positive
areas. In addition, TNAP-, OPN-, and BSP-positive cells
were detected closer to the alveolar bone, suggesting that
a-SMA-positive cells may differentiate into osteoblasts.
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Figure 4 Double-immunofluorescence staining of a-SMA (shown in red) and periostin (in green) in the apical root at P28. (A) a-SMA
localization is seen in the dental follicle at the root apex. (B) Periostin is localized to the dental follicle and periodontal ligament (PDL). (C) The
area of «-SMA immunopositivity exists on the alveolar bone (AB) side of the periostin-positive area. Bar = 100 pm.

The areas of ectomesenchyme in bud (E15) and cap
(E17) stages are believed to be undifferentiated. How-
ever, they were immunonegative for a-SMA. On the
other hand, some dental follicle cells after early bell
stage showed immunopositivity, suggesting that a-SMA
begins to be expressed into some undifferentiated cells
when they embark upon their differentiation process in
the dental follicle. In addition, a-SMA-positive cells dis-
appeared in the upper region of the periodontal tissues
as root formation progressed (P28). Therefore, a-SMA
may be a useful marker for determining the degree of cell
differentiation in the dental follicle and in periodon-
tal tissues.

The function of a-SMA is not clearly understood.
a-SMA-expressing dental pulp cells increased with time
in culture, and these cells have the contractile capacity
to collagen—glycosaminoglycan analog of extracellular
matrix in vitro (Brock et al. 2002). In addition, a-SMA
is highly expressed in vascular smooth muscle cells,
suggesting that it is required in a force-generating ca-
pacity. However, a-SMA null mice appear to have no
abnormality in vascular contractility and blood pressure
homeostasis, as a result of the partial substitution with
other actin isoforms (Schildmeyer et al. 2000). It is
thought that the dental follicle and periodontal ligament
are implicated in the process of tooth eruption, and
tooth eruption is linked to the contractility of fibro-
blasts. In the present study, a-SMA-positive region was
shifted from the pericoronal dental follicle to the apical
root at the beginning of root formation (P14) and con-

fined to the apical root area by the late root forma-
tion stage (P28). Furthermore, although the number of
a-SMA-positive cells decreased over time, the localiza-
tion pattern in the apical root area was similar in 1-year-
old rats (not shown). Therefore, expression of a-SMA
may play a possible role in cell contractile capacity and
tooth eruption. Meanwhile, a-SMA is also thought to
act in the maintenance of the undifferentiated cell in an
angiogenic capacity (Kinner etal. 2002; Hinz etal. 2003;
Chaponnier and Gabbiani 2004). Further research into
the role of a-SMA in tooth formation is required.

In conclusion, a-SMA is localized to the alveolar bone
side of the dental follicle cells after the bell stage of tooth
formation. This suggests that these cells might differen-
tiate into osteoblasts and contribute to alveolar bone
formation. Our results also suggest that «-SMA might be
a useful marker of undifferentiated dental follicle cells for
research into periodontal development and regeneration.
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Figure 5 Immunohistochemical staining of Smad4 (A), Runx2 (B), tissue nonspecific alkaline phosphatase (TNAP) (C), osteopontin (OPN) (D),
and bone sialoprotein (BSP) (E) in the apical root at P28. (A,B) Smad4- and Runx2-positive cells (arrows in A,B) are localized to the dental follicle
at the root apex. (C) TNAP localization (asterisk) is detected at the periphery of the alveolar bone (AB). (D,E) OPN and BSP are localized to
osteoblasts (arrows in D,E) and alveolar bone matrix. HRS, Hertwig's epithelial root sheath. Bar = 70 um.
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Improved Biocompatibility of Titanium-Zirconium (Ti—Zr) Alloy:
Tissue Reaction and Sensitization to Ti—Zr Alloy Compared with Pure Ti
and Zr in Rat Implantation Study
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Titanium~zirconium (Ti—Zr) binary alloy has better corrosion resistance and mechanical properties than commercially pure Ti. The present
study was designed to determine the biocompatibility of Ti-Zr alloy by an implantation test in animal bodies in comparison with pure Ti, Zr, and
chromium (Cr) implants as positive controls. Sample specimens were placed in a subcutaneous position in rats for 8 months. No significant
decreases in body weight, the weight of any organ, or the weight of any organ relative to body weight were found in the implant groups compared
to a no-implant contro! group. On hematological examination, small differences in several parameters were found in some groups, but these
changes were not attributable to the materials implanted. Mitogen-induced blastogenesis was observed in similar degrees among all implant
groups. These results suggest that the implantation of test samples did not cause systemic toxicity or a decrease in immune activity. The fibrous
capsule membranes around the Ti and Ti-Zr alloy implants were thinner than those around Cr implants. The numbers of macrophages,
inflammatory cells, and other cells involved in immune responses in and around the fibrous capsules of the Cr- and Ti-implant groups were
higher than those of the Ti~Zr alloy- and Zr-implant groups. The Ti—Zr alloy had the lowest total score of tissue responses among the materials
tested. None of the animals from the Ti-, Zr-, and Ti-Zr alloy-implant groups exhibited a skin reaction following exposure to Ti or Zr salt

solutions. These results indicate the Ti—Zr alloy has better biocompatibility than Ti for use as an artificial surgical implant.
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1. Introduction

Stainless steel and cobalt-chromium (Co-Cr) alloys have
been widely used as materials in orthopedic and dental
implants because of their biocompatibility, physical proper-
ties, and manufacturing ease.) In general, these metallic
alloys have excellent corrosion resistance and are not
believed to cause any local or systemic responses. However,
fretting corrosion of metallic implants is sometimes observed
in contact with biological systems, causing the release of
metallic ions from the implants.>® Elevated levels of metal
ions have been found in blood, urine, and tissues of patients
and animals that have received metal implants.>® Metallic
ions, such as nickel (Ni),.Co, and Cr, are known to cause
adverse tissue reactions and allergy.”!®

Titanium (Ti) and its alloys are currently considered the
most attractive metallic materials for orthopedic and dental
surgery. The use of Ti alloys is increasing due to their
excellent mechanical strength, corrosion resistance, and good
biocompatibility.'1? These properties are attributable
mainly to the formation of a stable titanium oxide (TiO;)
layer on the surface.!®!1®) However, the mechanical/tensile
strength of commercially pure Ti is insufficient for its use as
an artificial hip joint, pin, or screw,?? and its wear resistance
is also inferior to that of stainless steels and Co—Cr alloys.??
The appearance of increased wear debris from Ti has been
associated with inflammation, bone resorption, and
pain.!$1%21-2) To improve mechanical strength and wear
resistance, various elements have been added to create new
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Ti alloys. Ti-6Al1-4V alloy is a high-strength Ti alloy, but its
biocompatibility is considered lower than that of commer-
cially pure Ti. The wear resistance and corrosion resistance
of Ti-6A1-4V alloy are inferior to those of Ti, and Ti-6Al-
4V alloy releases compounds and wear debris containing
vanadium (V) or V ion, both of which are toxic.!® At present,
it is difficult to avoid the wear and/or fretting of implanted
alloys in a living body, resulting in the release of elements
contained in the alloy and the formation of wear debris.
Therefore, it is preferable not to use highly toxic elements in
alloys.

Zirconium (Zr) belongs to the VIa group in the periodic
table, as does Ti, and is known to have chemical properties
similar to those of Ti.?” An insoluble oxide is formed on the
surface in the air, and the surface oxide composition
(zirconia) influences corrosion behavior. There is general
agreement that Zr compounds have no local or systemic toxic
effects. Based on this apparent lack of toxicity, Kobayashi
et al. selected Zr as an alloying element to improve the
properties of commercially pure Ti, and prepared a Ti—Zr
binary alloy as a material for use in medical devices, such as
artificial joints or bone plates.”?® The hardness of Ti-
50%(atom%) Zr alloy is 2.5 times as large as that of
commercially pure Ti, suggesting the alloy’s superior
mechanical strength.?®

Besides mechanical properties, the biocompatibility of an
alloy is important if it is to be used in implant devices. We
previously observed that animals were sensitized to Cr by
long-term implantation of corrosive Cr alloys.?® The animal
model is a prevalent tool in examining tissue responses to
implant material. The present study examined the biocom-



