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Abstract Osteopetrotic (op/op) mice do not exhibit bone
remodeling because of defective osteoclast formation caused
by the depletion of macrophage colony-stimulating factor
(M-CSF). In the present study, we investigated tibial bones
of op/op mice with or without prior injections of M-CSF to
determine whether osteoclast formation and subsequent
bone resorption could activate osteoblasts, which is known
as a “coupling” phenomenon. In op/op mice, no osteoclasts
were present, but the metaphyseal osteoblasts adjacent to the
growth plate cartilage seemed to be active, revealing an
intense alkaline phosphatase (ALPase) immunoreactivity.
Consequently, primary trabecular bones were extended con-
tinuously to the diaphysis, indicating that bone modeling is
well achieved in op/op mice. In contrast with the metaphysis,
most of the diaphyseal osteoblasts were flattened and showed
weak ALPase activity, and, as a result, they seemed to be less
active. Osteopontin (OPN) was localized slightly at the inter-
face between bone and cartilage matrices of the primary tra-
beculae. In contrast, in op/op mice injected with M-CSF,
tartrate-resistant acid phosphatase-positive osteoclasts ap-
peared, resorbing trabecular bones of the diaphyseal region.
The diaphyseal osteoblasts in the vicinity of the active osteo-
clasts were cuboidal and exhibited strong ALPase immunore-
activity. OPN was observed not only at the bone—cartilage
interface, but also significantly on the resorption lacunae be-
neath the bone-resorbing osteoclasts. These observations in-
dicate that the activation of diaphyseal osteoblasts appears to
be coupled with osteoclast formation and subsequent osteo-
clastic bone resorption. Alternatively, the metaphyseal osteo-
blasts at the chondro-osseous junction seemed to be less
affected by osteoclastic activity.
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Introduction

Bones undergo modeling or remodeling by deposition
and resorption to retain their physiological strength
and turnover of bone materials [1-4]. These processes
appear to be regulated by an interaction between
osteoclasts and osteoblasts. Baron et al. divided “re-
modeling” into five morphological stages: quiescence,
activation, resorption, reversal and formation [S]. In the
quiescence phase, osteoblasts have a flat shape, lower
bone-forming ability and are called bone-lining cells
[6]. During the activation phase, preosteoclasts differ-
entiate into multinucleated osteoclasts by direct contact
with osteoblastic interstitial cells and are activated fol-
lowing stimulation by hormones and cytokines, includ-
ing parathyroid hormone, 1,25-dihydroxyvitamin D,
prostaglandin E, interleukins, tumor necrosis factors,
transforming growth factors (TGFs), and osteoclast
differentiation factor (ODF)/osteoprotegerin ligand
(OPGL) [7-10] . During the resorption phase, activated
osteoclasts secrete acid phosphatase (ACPase) and hy-
drolases to decompose inorganic and organic material
and form resorption lacunae, which will become future
reversal lines [5,11,12]. Of importance is the possibility
that osteoclastic bone resorption triggers differentiation
and activation of osteoblasts during the reversal phase,
which is referred to as a “coupling” phenomenon [13].
During the formation phase, active osteoblasts secrete
bone matrices, and ACPase-positive cement lines are
formed between newly formed bone and old bone
matrices [5,14].

Howard et al. proposed the existence of a “coupling
factor” between bone resorption and formation, which
would be released during osteoclastic resorption to
osteoblastic activation [15]. Although the existence of
this coupling factor has not been validated, there are
some candidates, such as bone morphogenetic proteins
(BMPs), and TGF-B. Cement lines and the lamina
limitans are osteopontin (OPN) rich and have an
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Arg-Gry-Asp (RGD) motif that has the ability to bind
to osteoclastic integrin avp3 [16]. OPN is secreted by
osteoblasts and osteoclasts [17-20], and its accumula-
tion in the cement lines has led to the proposal of a
putative function for OPN of attaching newly secreted
bone matrices, which is bone remodeling. Therefore,
OPN may play an important role in the cellular coupling
between osteoclasts and osteoblasts.

The op/op mouse is a mutant animal model that
presents with osteopetrosis due to macrophage colony-
stimulating factor (M-CSF) deficiency. The bone abnor-
mality in op/op mice is caused by a failure of osteoclast
differentiation [21-24]. The injection of recombinant
human (rh) M-CSF has proved to be successful for the
induction of osteoclasts and rescue of osteopetrosis [25—
28]. However, it has not been demonstrated whether
osteoclast induction is able to influence the activation of
osteoblasts. Notwithstanding, coupling is the essential
phenomenon of bone turnover, but morphological
analysis of coupling in normal animals appears to be
difficult due, in part, to a complex environment, includ-
ing systemic hormones, local factors, blood vessels, and
mechanical stress. To avoid these complexities, includ-
ing the effects of osteoclasts, we first used op/op mice to
examine osteoblasts in the absence of osteoclasts, and
then redid the same experiments in op/op mice in which
osteoclasts had been induced by prior M-CSF injection.
The aim of the present study was to histologically define
the “coupling phenomenon” and to demonstrate the
activity of osteoblasts with or without osteoclastic bone
resorption.

Materials and methods

Treatment with rhM-CSF

F, homozygotes (op/op) mice were raised from breed-
ing pairs of B6C3F1-a/a heterozygotes (op/+) mice ob-
tained from the Jackson Laboratory (Bar Harbor, ME,
USA). The op/op mice were distinguished by failure of
incisor rupture and skull deformation at 10 days of age,
according to Marks and Lane [29]. Mice were treated
with a single peritoneal injection of Sug rhM-CSF
(Morinaga Milk Industry, Kanagawa, Japan) move 11
days after birth. As a control experiment, phosphate-
buffered saline (PBS) was injected into mice instead of
rhM-CSF. Mice were killed 5 days after injection, and
the tibiae were extracted.

Tissue preparation and immunohistochemitry for OPN
and alkaline phosphatase

Animals were perfused through the left ventricle with
4% paraformaldehyde in 0.1 M phosphate buffer (pH
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7.4) under diethylether anesthesia, and the tibiae
were removed. Specimens were immersed in the same
fixative for 4h at 4°C, and then decalcified with 4.13%
EDTA for 4 days at 4°C. Specimens were dehydrated
with increasing concentrations of ethanol and were em-
bedded in paraffin. For OPN and alkaline phosphatase
(ALPase) immunodetection, dewaxed paraffin sections
were treated with 0.1% hydrogen peroxidase for 15min
for the inhibition of endogenous peroxidase, and were
subsequently preincubated with 1% bovine serum
albumin in PBS (BSA-PBS; pH 7.4) for 30min at room
temperature. Sections were incubated with rabbit
antiOPN (at a dilution of 1:200), or rabbit antiALPase
(at a dilution of 1:100) prior to incubation with a sec-
ondary antibody against rabbit IgGs, as reported previ-
ously [30]. For double staining with tartrate-resistant
acid phosphatase (TRACPase), immunostained sec-
tions were incubated in a solution as follows: the antise-
rum to OPN was raised in rabbits against a synthetic
peptide having the amino acid sequence Glu-GIn-Tyr-
Pro-Asp-Ala-Thr-Asp-Glu-Asp-Leu-Thr-Ser-Arg-
Met-Lys, corresponding to the hydrophilic residues
from the N-terminal region of rat OPN [31].

Histochemistry for TRACPase

Paraffin sections with or without immunostaining were
used for the detection of TRACPase as reported previ-
ously [32]. In brief, the sections were incubated in a
mixture of 8 mg of naphthol AS-BI phosphate (Sigma,
St. Louis, MO, USA), 70mg of red violet LB salt
(Sigma) and 50mM L(+) tartaric acid (0.76g, Nacalai
Tesque, Kyoto, Japan) diluted in 0.1 M sodium acetate
buffer (pH 5.0) for 20min at 37°C.

Ultrastructural studies

The mice were perfused with a mixture of 2%
paraformaldehyde and 2.5% glutaraldehyde in 0.067 M
cacodylate buffer through the left ventricles under
diethylether anesthesia. The tibiae of each mouse
were extracted and immersed in the same fixative for
approximately 24h at 4°C. Some specimens were
decalcified with 4.13% EDTA solution prior to
postfixation. All specimens were postfixed with 1%
0OsO4 in 0.1 M cacodylate buffer (pH 7.4) containing
1.5% ferrocyanide for 2h at 4°C. The specimens were
dehydrated with ascending concentrations of acetone
and embedded in Epoxy resin (Polysciences, Warring-
ton, PA, USA) prior to observation using a transmission
electron microscope (TEM) JEM-100CX II (JOEL,
Tokyo, Japan) operated at 80k V.
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Fig. 1. Tartrate-resistant acid phospha-
tase (TRACPase) enzyme histochemistry
of tibiae of op/op mice with (B, D, F) or
without (A, C, E) macrophage colony-
stimulating factor (M-CSF) injection. A,
B Metaphyses (meta). C-F Diaphyses
(dia). TRACPase-positive osteoclasts (ar-
rows) can be seen in the diaphyseal region
of tibiae in the M-CSF injected op/op
mouse (B, D), whereas no TRACPase-
positive osteoclasts were found in the
control op/op mouse (A, C, E). At higher
magnification, TRACPase-positive rever-
sal lines (arrows) were observed con-
tinuing the resorption lacunae on which
TRACPase-positive osteoclasts (oc) were
located (F). GP, growth plate. X70 (A-
D), X320 (E, F)
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Results

Appearance of TRACPase-positive osteoclasts

TRACPase histochemistry revealed no osteoclasts, ce-
ment lines or reversal lines in control op/op mice (Fig.
1A,C,E). Trabeculae, without any discontinuity, were
elongated to the diaphysis from the chondro-osseous
junction. A small amount of bone marrow tissue was
observed between the trabeculae. However, 5 days
after the injection of M-CSF, several TRACPase-posi-
tive osteoclasts appeared in the diaphysis (Fig. 1D), but
not in the region of the metaphysis of the tibiae (Fig.
1B). TRACPase-positive reversal lines were observed
to be continuing the resorption lacunae on which
TRACPase-positive osteoclasts were located (Fig. 1F).
Notably, 5 days after the injection, osteoclasts could not
be observed in the region of the chondro—osseous junc-
tion reffered to as the erosion zone, in which terminal
chondrocyte lacunae permit successive vascular inva-
sion prior to osteoclastic resorption, resulting in the
formation of the mineralized scaffolds of cartilage
cores.

Histochemical examination of ALPase,
TRACPase and OPN

Next, we examined ALPase-positive osteoblasts in
tibiae from mice with or without M-CSF injection (Fig.
2). In the metaphysis of the tibiae of control op/op mice,
especially at the erosion zone, a large number of cuboi-
dal osteoblasts was observed on the primary trabeculae
composed of cartilage and bone matricies (Fig. 2A).
ALPase immunoreactivity was detected on the cell
membrane of these osteoblasts (Fig. 2A). In contrast
with the metaphysis, most diaphyseal osteoblasts in con-
trol op/op mice exhibited a flattened shape, in spite
of ALPase positivity, thus resembling so-called bone-
lining cells (Fig. 2C). OPN was observed faintly in the
bone matrix, whereas OPN staining at the bone—carti-
lage interface of the trabeculae was intense (Fig. 2E).
Alternatively, after injection of M-CSF, diaphyseal
osteoblasts were intensely positive for ALPase, and
turned into cuboidal cells (Fig. 2D). TRACPase-
positive osteoclasts located on the trabeculae showed
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a close association with these ALPase-positive osteo-
blasts, forming resorption lacunae positive for
TRACPase (Fig. 2D). Intense OPN immunopositivity
was found on the surface of trabecular bones where
TRACPase-positive osteoclasts existed (Fig. 2F). When
observed at a higher magnification, strong OPN immu-
noreactivity was seen to overlap TRACPase-positive
resorption lacunae beneath osteoclasts (Fig. 2G). Com-
pared with the histological changes seen in the diaphysis
after injection of mice with M-CSF, the metaphysis
did not exhibit any dynamic changes, particularly with
respect to the osteoblasts (compare Fig. 2A and 2B).

Ultrastructural observations in op/op mice with or
without injections of M-CSF

In the metaphysis of op/op mice, primary trabeculae,
consisted of irregularly shaped cartilage core and bone
matrix deposits (Fig. 3A). The interface between the
cartilage and bone in the trabeculae was osmiophilic,
indicating abundant organic components (Fig. 3B). An
electron-dense linear structure identical to a cement
line or reversal line was not evident in primary trabecu-
lar bones because of no osteoclastic bone resorption
(Fig. 3A). Undecalcified sections demonstrated a large
number of patchy calcified nodules, representing in-
complete calcification of bone matrices (Fig. 3C). In
contrast, in the diaphysis of op/op mice, electron mi-
croscopy revealed flattened osteoblasts located on the
diaphyseal trabeculae (Fig. 4A).

In contrast with control op/op mice, their counter-
parts injected with M-CSF revealed osteoclasts charac-
terized by multinuclei, many mithocondria and
well-developed ruffled borders (Fig. 4B). Interestingly,
osteoblasts in the vicinity of bone-resorbing osteoclasts
were cuboidal, and appeared to be activated, as evi-
denced by ultrastructural features including well-
developed Golgi apparatus and rough endoplasmic
reticulum (rER). Electron-dense linear structures
identical to cement lines or reversal lines were often
observed underlying bone-resorbing osteoclasts, and
were continuous from the resorption lacunae (Fig. 5A).
Osteoblasts were located on and over the electron-
dense linear structures, which were associated with the

Fig. 2. Double staining of alkaline phosphatase (ALPase)/
TRACPase (A-D) and osteopontin (OPN)/TRACPase (E-
G). The ALPase immunoreactivity was detected on cell mem-
branes of metaphyseal (meta) osteoblasts in the op/op mouse
injected with M-CSF (B), or not (A). In the diaphysis (dia),
osteoblasts in the control op/op mouse were flattened
(arrows), showing less-intense ALPase-positivity (C), while
those treated with M-CSF exhibited strong ALPase reactivity
(D). TRACPase-positive osteoclasts (oc) formed scallop-
shaped resorption lacunae. Note the osteoblastic cell layer

(arrowheads in D), which is thicker than that seen in the
control op/op mouse (C). OPN was faintly seen in the bone
matrix, and moderately at the bone—cartilage interface
(arrowheads) of the trabeculae (E). Apparent OPN immuno-
positivity (arrows) was detected on the surfaces of the
trabecular bones when injected with M-CSF (F). A higher
magnification demonstrates OPN immunoreactivity (arrow)
overlapping TRACPase-positive resorption lacunae (shown
in red) beneath the osteoclasts (G). GP, growth plate. X280
(A, B), X130 (E, F), X640 (G)
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ruffled borders of the osteoclasts (Fig. SA). At a higher
magnification, fibrillar but amorphous components
were seen to be attached to the linear electron-dense
structures, indicating newly deposited bone matrix to-
wards the electron dense structures on the surface of the
cartilage and bone (Fig. 5B).

Discussion

The present study demonstrated that osteoblasts at the
erosion zone were not affected by the absence or pres-
ence of osteoclasts, and that, in contrast with metaphy-
seal osteoblasts, the activation of diaphyseal osteoblasts
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Fig. 3. The metaphysis of the op/op
mouse consisted of an irregularly shaped
cartilage core (cc) and bone matrix (bm)
(A). Osmiophilic material (arrows) was
found at the interface between the carti-
lage core (cc) and bone matrix (bm) (B).
Undecalcified sections revealed scattered
patches (arrows) of calcified nodules (C).
meta, metaphysis; dia, diaphysis. X1500
(A), X41000 (B), X1800 (C)

requires osteoclasts or osteoclastic bone resorption,
which, therefore, indicates the existence of a “coupling
factor,” as predicted by Howard et al. [15].

The op/op mouse appears to be a good model in
which to monitor the effects of M-CSF and consequent
histological events. Morphological analysis for young
op/op mice has been previously undertaken by Marks,
who determined that osteoclasts are rare, small in size
with unclear ruffled borders, and no resorption lacunae
are observed on bone surfaces [33]. Bone growth in op/
op mice basically depends on endochondral ossification
by osteoblasts, despite there being no bone remodeling.
Endochondral ossification is thought to occur at the
erosion zone where osteoblasts deposit new bone ma-
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trix onto calcified cartilage scaffolds. Although there
were no osteoclasts in the erosion zone in op/op mice,
the longitudinal cartilage scaffolds were formed. The
formation of longitudinal trabeculae in op/op mice may
be explained by cartilage matrix calcification parallel to
the longitudinal axis [34], and the subsequent invasion
of vascular endothelial cells and septoclast/perivascular
cells into the transverse partitions of cartilage matrix
in the hypertrophic zone [35-37]. In the metaphysis of
op/op mice, the osteoblasts possessed well-developed
Golgi apparatus and rER, showing strong ALPase im-
munoreactivity. It appears likely that metaphyseal os-
teoblasts are constitutively activated in op/op mice,
resulting in well-formed trabeculae, and, therefore, the
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Fig. 4. Electron microscopic observations
of the diaphyses (dia) of tibiae of op/op
mice that were (B) or were not (A) in-
jected with M-CSF. In the control animal
(A), electron microscopy showed flat-
tened osteoblasts (OB) located on the
trabeculae. When injected with M-CSF
(B), osteoblasts (OB) were cuboidal, and
were characterized by well-developed
Golgi apparatus and rough endoplasmic
reticulum. Osteoclasts (OC) with multi-
nuclei, many mitochondria and well-
developed ruffled borders (Rb) were seen
(B). BV, blood vessel. X1800 (A), X1500

(B)

osteoblasts may be affected by factors other than the
presence of osteoclasts, and these other factors may be
derived from the hypertrophic chondrocytes, or from
some local factors embedded in cartilage matrix.

After M-CSF injection to op/op mice, as previously
reported by Sandquist et al. [38], osteoclasts appeared
in the region of the diaphysis, but not in the metaphysis.
Frequent induction of osteoclasts in the diaphysis ap-
pears to be due, in part, to the abundance of osteoclast
precusors in bone marrow-rich diaphyseal regions
rather than in the metaphysis, as proposed by Sundquist
et al. [38] The diaphysis of op/op mice injected with
M-CSF revealed prompt induction of bone remodeling
caused by the formation of osteoclasts. Following M-
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CSF injection, diaphyseal osteoblasts showed marked
ALPase activity, and well-developed Golgi apparatus
and rER, suggesting stimulated activity. Because osteo-
blasts do not possess the receptor for M-CSF [26,27,39],
the activation of osteoblasts seems to be a consequence
of the formation of osteoclasts or osteoclastic bone re-
sorption. Based on our own observations, we support
the idea of a “coupling factor”, previously proposed by
Howard et al. [15], which may be responsible for the
shift from bone resorption to formation by acceleration
of the activity of osteoblasts.

Although many researchers have suggested candi-
dates for the coupling factor, including BMPs, TGF-f3,
insulin-like growth factor (IGF)-I, II, and OPN, the
actual factor and its distribution have not yet been de-
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Fig. 5. Electron microscopic images of an
osteoclast induced by M-CSF injection.
An electron-dense linear structure (ar-
rows) was seen on the surface continuing
from the resorption lacuna where the
bone-resorbing osteoclast (OC) is located
(A). Note osteoblasts (OB) located on
and over the linear electron-dense struc-
ture. At higher magnification, faintly
stained fibrillar components (arrowheads)
were scattered about, and some were as-
sociated with the linear elecron-dense
structures (arrows) (B). Rb, ruffled bor-
der. X2400 (A), X22000 (B)

termined. A coupling factor appears to play an impor-
tant role in the migration and attachment of osteoblastic
cells to bone surfaces. Therefore, a coupling factor may
exist in bone matrix, particularly on the reversal lines
that are continuous to the resorption lacunae. BMPs
and TGF-f belong to the same family and are distrib-
uted extensively in the bone matrix, and their ability
to induce ectopic bone formation, probably caused
by induction of osteoblastic differentiation, has been
described previously [40-43]. Because TGF-§ immuno-
distribution corresponding to cement lines has been
reported by Hosoi et al. [44], the abundance of OPN in
cement lines and the lamina limitans points to the pos-
sibility of its involvement in coupling. The finding
that OPN immunoreactivity overlapped TRACPase-
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positive resorption lacunae in M-CSF-injected op/op
mice is supported by results of previous reports [17-
19,45]. Based on electron microscopic observations,
OPN immunopositivity on the resorption lacunae and
reversal lines seems to be identical to the linear elec-
tron-dense structure of the trabeculae that was previ-
ously resorbed by osteoclasts. In addition, fibrillar
components scattered throughout the elecron-dense
structure indicate new bone formation by osteoblasts.
Therefore, it is possible that OPN is significant for cou-
pling in the reversal phase. However, it is well known
that OPN is a multifunctional protein. OPN has been
localized on calcified nodules [46-49] and on electron-
dense lamina limitans [46-53], and binds strongly to
hydroxyapatite [54]. In addition, OPN is chemotactic to
macrophage lineages, possibly including osteoclasts
[55], and binds osteoclast avp3 integrin through an
RGD motif [16,56-59]. These reports indicate that OPN
is involved in the migration and attachment of osteo-
clasts to bone surfaces. However, it does not seem
contradictory that OPN acts for both osteoclastic
migration/attachment and osteoblastic activity in the
reversal phase.

In summary, the present study demonstrated that
osteoblasts at the erosion zone appear to be less re-
sponsive to osteoclasts, and diaphyseal osteoblasts are
affected by osteoclastic activity.
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