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ABSTRACT

Since osteoblastic activities are believed to be coupled with osteoclasts, we have attempted to his-
tologically verify which of the distinct cellular circumstances, the presence of osteoclasts them-
selves or bone resorption by osteoclasts, is essential for coupled osteoblastic activity, by examining
c-fos”” or c-src”” mice. Osteopetrotic c-fos deficient (c-fos') mice have no osteoclasts, while
c-src deficient (c-sr¢””) mice, another osteopetrotic model, develop dysfunctional osteoclasts due
to a lack of ruffled borders. c-fos’ mice possessed no tartrate-resistant acid phosphatase
(TRAPase)-reactive osteoclasts, and showed very weak tissue nonspecific alkaline phosphatase
(TNALPase)-reactive mature osteoblasts. In contrast, c-sr¢’~ mice had many TNALPase-positive
osteoblasts and TRAPase-reactive osteoclasts. Interestingly, the parallel layers of TRAPase-reac-
tive/osteopontin-positive cement lines were observed in the superficial region of c-sr¢”’~ bone ma-
trix. This indicates the possibility that in c-sr¢”” mice, osteoblasts were activated to deposit new
bone matrices on the surfaces that osteoclasts previously passed along, even without bone resorp-
tion. Transmission electron microscopy demonstrated cell-to-cell contacts between mature osteo-
blasts and neighboring ruffled border-less osteoclasts, and osteoid including many mineralized
nodules in c-sr¢”’ mice. Thus, it seems likely that osteoblastic activities would be maintained in
the presence of osteoclasts, even if they are dysfunctional.

In a physiological state, bone formation is coupled
with bone resorption during the process of normal
bone remodeling, which continuously takes place
along the surface of bone, with resorption preceding
formation. Literally, osteoclastic bone resorption has
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been reported to trigger the differentiation and acti-
vation of osteoblasts, which is referred to as a “cou-
pling phenomenon” (4, 10, 11, 13). Howard et al.
had proposed the existence of a coupling factor en-
abling subsequent bone formation (17), and trans-
forming growth factor beta (TGF) and insulin-like
growth factor (IGF) were assumed to serve as a
coupling factor by being released from bone matrix
(7, 15, 16). Other cellular mechanism of cell cou-
pling from osteoclasts to osteoblastic cells can be
additionally hypothesized, e.g., by mediating the se-
cretion of coupling factors, or by binding of the
membrane-bound coupling factors. However, it is
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still veiled which manners of cell coupling, release
of coupling factors from bone matrix, or secretion
and/or membrane-bound coupling factors would ac-
tivate osteoblastic cells. Therefore, in order to pro-
vide a clue for understanding how osteoclasts couple
with osteoblastic cells, it seems preferable to histo-
logically examine the osteoblastic activities of mice
in which osteoclasts are deficient or dysfunctional
for bone resorption.

One of adequate animal models lacking osteo-
clasts is the c-fos deficient mice (c-fos”~ mice) (12),
which is a strain characterized by osteopetrosis due
to the absence of mature osteoclasts and their pre-
cursors (38): The lack of osteoclasts is ascribed to
defective differentiation of hematopoietic precursors
into osteoclastic lineage at a very early stage (8).
c-fos is a member of the Fos family of genes that,
with Jun proteins, form the activator protein-1 (AP-
1) family of heterodimeric transcription factors (33).
It acts as an essential switch between osteoclast and
macrophage differentiation from a common progeni-
tor, and osteoclasts do not form in the absence of
c-Fos (38). c-Fos serves as a complex with c-Jun to
regulate the expression of nuclear factor of activated
T cells 2 (NFAT2), also referred to as NFATc1, in
osteoclasts to mediate its osteoclastogenic effects.
NFATs and AP-1 form complexes on the promoters
of many genes, but the precise nature of this inter-
action in osteoclastogenic genes has yet to be iden-
tified.

c-src deficient mouse is another osteopetrotic
model (34). Src family tyrosine kinases have a com-
mon domain organization, with each segment desig-
nated as a Src-homology (SH) region. The N-terminal
segments include the SH4 domain, which is a myris-
toylation and membrane-localization signal, as well
as a “unique” domain (25). Soriano et al. had re-
ported that targeted disruption of the c-src gene in
mice (c-sr¢” mice) induced osteopetrosis, a disorder
characterized by decreased bone resorption, without
showing any obvious morphological or functional
abnormalities in other tissues or cells (34). The os-
teopetrotic phenotype of c-src disrupted mice is cell
autonomous and occurs in mature osteoclasts: c-src
osteoclasts lack a ruffled border and form no resorp-
tion lacunae (5). Thus, the predominant phenotype in
mice lacking the c-src gene shows osteopetrosis re-
sulting from defective ruffled borders in osteoclasts.

Both c-fos”™ and c-sr¢'mice can grow to the
adult stage, revealing similar osteopetrotic feature,
even though the reason of defective bone resorption
is different — osteoclastic absence or dysfunctional
osteoclasts for bone resorption. Therefore, in this
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study, we have histochemically examined the cellu-
lar activities of osteoblasts and osteoclasts in the
femora of c-fos”~ and c-sr¢’” mice, in order to verify
which of the different cellular circumstances, the
presence of osteoclasts themselves or bone resorp-
tion by osteoclasts, is essential for cell coupling to
osteoblastic activity.

MATERIALS AND METHODS

Tissue preparation for histochemistry and electron
microscopy. Twelve-week old mice homozygous for
gene depletion of c-fos or c-src, and the age-
matched wild-type mice (n=6 for each, The Jack-
son Laboratory, Inc., Bar Harbor, ME) were used.
All animal experiments in this study were conduct-
ed under the Guidelines for Animal Experimentation
of Hokkaido University (Approved No. # 15-0041).
They were perfused with a fixative of 4% parafor-
maldehyde in a 0.1 M cacodylate buffer (pH 7.4)
through the left ventricle under anesthesia using di-
ethyl ether inhalation followed by an intraperitoneal
injection of chloral hydrate. Femora and tibiaec were
removed en bloc and immediately immersed in the
same fixative for 18 h. Femora were decalcified with
10% EDTA for 2 months prior to paraffin-embed-
ding. Five um-thick paraffin sections were cut sagit-
tally and parallel to the bone longitudinal axis prior
to routine hematoxylin and eosin staining and histo-
chemistry as described below. All sections were
photographed under a Nikon Eclipse E800 micro-
scope (Nikon Instruments Inc. Tokyo, Japan), and
light microscopic images were acquired with a digi-
tal camera (Nikon DXM1200C, Nikon).

For ultrastructural observation by transmission
electron microscope (TEM), after perfusion of 4%
paraformaldehyde solution, the extracted femora and
tibiae were immediately immersed in a mixture con-
taining 2% paraformaldehyde and 2.5% glutaralde-
hyde diluted in a 0.067 M cacodylate buffer (pH 7.4)
for additional 18 h. Some specimens were decalci-
fied with 5% EDTA for 2 months, while others were
kept undecalcified. Both samples were then post-
fixed in a mixture of 1% OsO, for 4 h, dehydrated
with ascending concentrations of acetone, and then
embedded in epoxy resin (Taab, Berkshire, UK). Ul-
trathin sections with 120 nm thickness were obtained
by ultramicrotome (Sorvall MT-5000; Ivan Sorvall,
Inc., Norwalk, CT). The sections of decalcified spec-
imens were stained with uranyl acetate and lead ci-
trate, while the ultrathin sections of undecalcified
specimens were not stained prior to examination un-
der a TEM (Hitachi H-7100; Hitachi Co. Ltd., Tokyo,
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Japan) at an accelerating voltage of 80 kV.

Histochemical staining of TNALPase, TRAPase, os-
teopontin and EphB4/ephrinB2. Dewaxed paraffin
sections were examined for tissue nonspecific alka-
line phosphatase (TNALPase) as previously reported
(1). In brief, the sections were immersed in metha-
nol containing 0.3% H,0, for 30 min to block en-
dogenous peroxidase. To reduce non-specific binding,
1% bovine serum albumin (Seologicals Proteins Inc.
Kankakee, IL) in PBS (1% BSA-PBS) was applied
to the sections for 20 min. They were then incubated
with rabbit polyclonal antiserum against TNALPase
(27) at a dilution of 1:200 with 1% BSA-PBS at
room temperature (RT) for 2 h. Following several
washings in PBS, they were incubated with horse-
radish peroxidase (HRP)-conjugated anti-rabbit IgG
(Chemicon International Inc., Temecula, CA) for
1 h. The sections were subsequently treated with
3,3’-diaminobenzidine tetrahydrochloride (DAB) to
visualize the immunoreaction.

For detection of tartrate-resistant acid phosphatase
(TRAPase) (3), the sections were incubated in a
mixture of 8 mg of naphthol AS-BI phosphate (Sig-
ma, St. Louis, MO), 70 mg of red violet LB salt (Sig-
ma) and 50 mM L(+) tartaric acid (0.76 g; Nacalai
Tesque, Kyoto, Japan) diluted in 0.1 M sodium ace-
tate buffer (pH 5.0) for 20 min at 37°C.

For double detection of TNALPase and TRAPase,
TNALPase immunostaining was performed prior to
TRAPase enzyme histochemistry: Some sections
were reacted with HRP-conjugated anti-rabbit IgG
(Chemicon), or ALPase-conjugated anti-rabbit IgG
(Sigma-Aldrich, Inc., St. Louis, MO), in which
TNALPase activity was shown with a blue stain by
means of enzymatic histochemistry. In brief, sec-
tions were immersed in a mixture of 6 mg of naph-
thol AS-BI phosphate (Sigma), 36 mg of fast blue
RR salt (Sigma) diluted in 30 mL of 0.05M Tris-
HCI buffer (pH 9.0) for 10-15 min at RT.

As previously reported (2, 23), the detection of
osteopontin was started with endogenous peroxidase
inhibition for dewaxed sections. After pre-incubation
with 1% BSA-PBS for 30 min at RT, the sections
were incubated with rabbit polyclonal antisera against
osteopontin (Cosmo Bio Co., Ltd., Tokyo, Japan) at
1:2000 for 1h. The treated sections were then in-
cubated with HRP-conjugated goat anti-rabbit IgG
(Chemicon). For EphB4/ephrinB2 staining, the sec-
tions were incubated with goat anti-mouse EphB4
(R&D Systems, Minneapolis, MN) diluted at 1 : 50,
or with goat anti-mouse ephrinB2 (R&D Systems)
diluted at 1:25 for 2 h at RT, and then, incubated
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with HRP-conjugated anti-goat secondary antibody
(Chemicon) for 1h at RT. For visualization of all
immunoreactions, DAB was employed as a sub-
strate. All sections were counterstained with methyl
green, and observed under light microscopy (Eclipse
E800; Nikon Instruments Inc. Tokyo, Japan).

Von Kossa staining for detection of mineralized ma-
trices. Von Kossa staining was performed as de-
scribed previously (31, 32). Shortly, undecalcified
semi-thin epoxy resin sections were incubated with
an aqueous solution of 5% silver nitrate (Wako Pure
Chemical Industries, Ltd, Osaka, Japan) for 60 min
at RT under sunlight until they took on a dark
brown color. Following a distilled water rinse, the
sections were incubated with a 5% sodium thiosul-
fate solution (Wako Pure Chemical Industries) for
5 min. The sections were then, faintly stained with
toluidine blue.

RESULTS

The distribution of osteoblasts, osteoclasts and ce-
ment lines in c-fos '~ and c-src’” mice

Femora of 12-week old wild-type mice demonstrated
many metaphyseal trabeculae parallel to the longitu-
dinal axis and a broad bone marrow area (Fig. 1A).
In contrast, the histological appearance of femora
was similar between c-fos”~ and c-sr¢”” mice, form-
ing abundant trabeculae occupying the area of bone
marrow (Figs. 1B, C): The osteoclasts’ absence and
dysfunction on bone resorption resulted in the simi-
lar osteopetrotic feature. There were no TRAPase-
reactive osteoclasts in c-fos”'~ mice (compare
Figs. 1D and 1E), while many TRAPase-reactive os-
teoclasts were seen in c-src”’ mice (Fig. 1F). Inter-
estingly, many osteoblasts intensely positive for
TNALPase were present throughout the c-src¢’
femora (Fig. 1T), while c-fos”~ specimens showed
only a few TNALPase-positive osteoblasts (compare
Figs. 1G and 1H).

Another remarkable finding in c-sr¢’~ mice was
the parallel layer of TRAPase-reactive/osteopon-
tin-positive cement lines in the superficial region of
the bone matrix (Figs. 2A, 2B). In contrast, normal
bone matrix of the wild-type counterparts did not
show the parallel layers of TRAPase-reactive/osteo-
pontin-positive cement lines (data not shown). In
addition, an intense activity of TNALPase could be
seen in osteoblasts in the matched areas (Fig. 2C),
therefore, implying that the c-src¢’~ osteoblasts de-
posited new bone matrices onto the older ones.
When observing at a higher magnification, intense



126 H. Toraya et al.

4
A2y

metal ¢

< A A

Fig.1 The distribution of TRAPase-reactive osteoclasts and TNALPase-positive osteoblasts in wild-type, c-fos™ and
c-src’” femora. The wild-type femur (A) shows the distinct regions of metaphysis (meta) and diaphysis (dia) with bone mar-
row tissue, while c-fos™ (B) and c-src™ (C) femora develop abundant trabeculae throughout metaphyses and diaphyses.
There are a large numbers of TRAPase-positive dots indicative of osteoclasts (red color) in the wild-type mice (D) and
c-src’” mice (F). An inset of panel F shows a higher magnified image of metaphysis, featuring a TRAPase-reactive osteo-
clast (oc). Note no TRAPase-positivity in c-fos”™ femur (E). Many TNALPase-reactive areas, i.e., osteoblasts (brown color)
are seen in both the wild-type (G) and c-sr¢”~ femora (1). An inset of panel | displays TNALPase-positive osteoblasts (ob) in
c-src”” femora. However, c-fos” specimens hardly showed TNALPase-reactivity (H). An inset of Panel H shows weak
TNALPase-positivity (faint brown). epi: epiphysis, Bars, A—l: 300 pm
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pontin (arrows, brown color), revealing the parallel layers (B).

C-SIc

Fig.2 TRAPase-reactive/osteopontin-positive cement lines in c-src””

reactive osteoclasts (oc, red color), but also parallel layers of TRAPase-reactive cement lines (arrows, red lines) in the su-
perficial region of the bone matrix (A). In the corresponding region, such cement lines are also immunoreactive for osteo-

bone. c¢-src”™ mice demonstrate not only TRAPase-

- osteoblasts (ob) show an intense activity of TN,/ALPase

(brown) in the matched region (C). An inset in panel C reveals higher magnification of TNALPase-reactive c-src” osteo-
blasts. There is a very faint reactivity of osteopontin adjacent to osteoblasts (ob, D), but an intense osteopontin immunore-
activity (arrows, brown) beneath the c-src”™ osteoclasts (oc, E). Bars, A-C: 30 pm, D, E: 10 pm

osteopontin-immunoreactivity was seen beneath the
c-sre¢’ osteoclasts rather than osteoblasts, indicating
abundant osteopontin secreted from the osteoclasts
(Figs. 2D, E). Taken together, it seems likely that
osteoclasts passed along the bone surface without
bone resorption, secreting TRAPase and osteopon-
tin, and then, osteoblasts deposited new bone matri-
ces onto the bone surfaces in c-src’” mice. Such
parallel layers of TRAPase-reactive/osteopontin-pos-
itive cement lines were not observed in c-fos” mice
(data not shown).

Ultrastructures of osteoblasts and osteoclasts in
c-fos'” and c-sr¢”” mice

We next examined the ultrastructures of osteoblasts
and osteoclasts under TEM. Wild-type mice demon-
strated a typical feature of mature osteoblasts with
well-developed rough endoplasmic reticulum (rER)
and assemblies of Golgi apparatus (Fig. 3A). In con-
trast, c-fos~ bone revealed only a few osteoblastic
cells located on the bone surface, which did not
developed rER and Golgi apparatus. The osteoblas-
tic cells located on c-fos~ bone have been previous-
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Fig. 3 Ultrastructures of osteoblasts and osteoclasts in c-fos” and c-sr¢”™ mice. TEM observations demonstrate plump os-
teoblasts (ob) with well-developed rough endoplasmic reticulum (rER) in the wild-type mice (A), whereas c-fos”™ bone re-
veals somehow flattened cells (an asterisk) with poorly-developed rER (B). c-src”~ mice showed many mature osteoblasts
(ob) containing well-developed rER (C). Panels D and E are TEM observations of c-sr¢” osteoclasts (oc) in and undemin-
eralized specimens. A c-src” osteoclast lacks typical ruffled borders and clear zone, showing only a few vacuoles and ves-
icles (D). This osteoclast attaches the bone surface with its cell body (arrows, E). Note Golgi apparatus (Golgi, D)

surrounding nuclei and relatively-abundant mitochondria (mit, E). BM: bone matrix, Bars, A-D: 2 ym, E: 0.5 pm
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ly suggested as osteoblastic precursors rather than
mature osteoblasts (21) (Fig. 3B). Like wild-type
mice, however, c-sr¢’ mice showed many mature
osteoblasts possessing well-developed rER and Gol-
gi apparatus (Fig. 3C). Using undecalcified ultrathin
sections, c-sr¢’ osteoclasts were shown not to de-
velop ruffled border, highly folded cell membrane
facing the underlying bone surface, nor to erode
mineralized bone matrices (Figs. 3D, 3E).

Ultrastructural findings of cell-to-cell contacts with
osteoclasts and osteoblasts, and mineralized bone
formation in in c-src”” mice

Light microscopic observation on semi-thin sections
demonstrated mature osteoblasts in the close prox-
imity of osteoclasts located on osteoid in c-src””
mice (Fig. 4A). There could be seen linear structures
identical to cement lines and osteocytes inside the
bone matrix. Consistently, histochemical assessment
verified TNALPase-positive osteoblasts which were
localized adjacent to TRAPase-reactive osteoclasts
on the c-src”’” bone surface (Figs. 4B, 4C). TEM
observation further demonstrated that mature cuboi-
dal osteoblasts featuring developed rER made cell-
to-cell-contact with osteoclasts by means of their
cytoplasmic processes, and these mature osteoblasts
were localized on osteoid in which many mineral-
ized nodules can be seen (Fig. 4D).

We attempted to examine bone mineralization be-
tween the wild-type and c-sr¢”’” mice, since cell
coupling may facilitate osteoblasts to deposit miner-
alized bone matrices if cell coupling works in the
c-sr¢”” bone. As a consequence, like wild-type mice
(Figs. 5A-C), well-mineralized bone matrix stained
with von Kossa method was observed in c-src
mice (Figs. 5SD-F), and incompletely-mineralized os-
teoid was discernible, implying normally-mineralized
bone matrix (Fig. 5F).

Immnolocalization of ephrinB2 and EphB4 in c-fos~
and c-sr¢” “mice

The binding of ephrinB2 and EphB4 was previously
reported as a candidate for cell coupling between
osteoclasts and osteoblasts (21, 41). Both immuno-
reactivities of EphB4 and ephrinB2 were seen main-
ly on endothelial cells in the c-fos” mice (Figs. 6A,
B). No osteoblastic cells seemed to show EphB4,
and there were no osteoclasts in c-fos’ bone. In
contrast, in c-sr¢”~ bone, EphB4-reactivity was seen
mainly in osteoblastic cells and slightly in endothe-
lial cells of blood vessels, while ephrinB2-positivity
was discernible in both osteoclasts and endothelial
cells (Figs. 6C, D). In both ¢-fos'~ and c-sr¢”” mice,
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osteocytes and bone marrow cells did not exhibit
any immunoreactivities of EphB4 and ephrinB2.

DISCUSSION

To our knowledge, this is the first report to attempt
to histologically demonstrate which of the two cel-
lular circumstances, the presence of osteoclasts
themselves or bone resorption by osteoclasts, is es-
sential for subsequent osteoblastic activity in vivo.
We have observed several histological findings con-
cerning osteoblastic activation in c-src”” mice. Un-
like c-fos” mice, c-src”’” mice revealed osteoblasts
intensely positive for TNALPase, and also demon-
strated the parallel layers of cement lines in the su-
perficial bone matrix, indicating that the new bones
were piled up to older bone. In addition, osteoblasts
made cell-to-cell contacts with osteoclasts, devel-
oped abundant rER and Golgi apparatus, and had
deposited osteoid in c-sr¢’ mice. Thus, c-src '
mice showed more active osteoblasts than c-fos
mice did, and the presence of osteoclasts even with
a lack of ruffled borders seems to make osteoblasts
active. Taken together, we propose the possibility
that the presence of osteoclasts themselves, rather
than osteoclastic bone resorption, is important for
subsequent activation of osteoblasts during bone re-
modeling.

In the cellular process of bone remodeling, osteo-
clastic bone resorption precedes osteoblastic bone
formation. In the formation phase of physiological
bone remodeling (4, 10, 11, 13), osteoblasts would
be activated to migrate onto the once-resorbed bone
surface, and secrete bone matrices (4, 39). Such cel-
lular sequence in bone remodeling is strictly main-
tained, so that we assume that after bone resorption,
osteoclasts communicate and activate surrounding
osteoblastic cells. Our own observation in this study
can support the hypothesis of a “coupling factor”
predicted by Howard et al. (17), and postulate that
coupling factors would be derived from osteoclasts,
but the bone remodeling is not achieved by any
growth factors released from bone matrix—TGFp or
IGFs which had been embedded in bone by osteo-
blasts and would be released by osteoclastic bone
resorption (7, 15, 16).

One may wonder why despite defective bone re-
modeling, c-fos”~ femora and tibiae can longitudi-
nally grow to the similar length as the wild-type
phenotype. Unlike bone remodeling, in the modeling
area of growing bone, i.e., endochondral ossification
at chondro-osseous junction, osteoblastic activity
may be regulated in different ways. We noticed that
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Fig.4 Histological findings on cellular interaction between osteoclasts and osteoblasts in c-sr¢”~ mice. A semi-thin section
shows mature osteoblasts (ob) in the close proximity of an osteoclast (oc) (A). Note an osteocyte (ocy) and cement lines
(white arrows) extending from beneath the osteoclast to the deeper portion (A). Combined detection for TNALPase immu-
nohistochemistry and TRAPase enzyme histochemistry (B, C) displays neighboring osteoclasts (oc, red) and osteoblasts (ob,
brown in B, blue in C). TEM observation of the matched region of panel A displays mature cuboidal osteoblasts (ob) featur-
ing a cell-to-cell contact to the neighboring osteoclast (oc) with their cytoplasmic processes (D). Note osteoid beneath the
osteoblasts (ob), which includes mineralized nodules (mn). An inset of panel D shows a direct contact (arrowheads) of cy-
toplasmic processes of neighboring osteoblasts and the osteoclast. Bars, A: 5 ym, B, C: 10 ym, D: 3 ym
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wild-type

Fig.5 Von Kossa staining of metaphyseal trabeculae of wild-type and c-src”™ mice. Von Kossa staining visualizes mineral-
ization (dark brown color) of the wild-type (A-C) and c-src”™ (D-F) bone. The wild-type trabeculae is well-mineralized (dark
brown) stained by von Kossa’s method (A), and demonstrate the osteoid (arrowheads, B) with featuring mineralized granu-
lar structures identical to mineralized nodules (arrows, C). Consistently, c-src”™ mice develop well-mineralized trabeculae de-
spite of many osteoclasts (oc, D). At higher magnifications, incompletely-mineralized osteoid (arrowheads, E) can be seen
beneath cuboidal osteoblasts (ob, E). Note granular structures indicative of mineralized nodules (arrows, F). Bars, A, C:

20 uym, B, D: 3 pym

osteoblasts close to the chondro-osseous junction  of trabeculae is distorted, c-fos” bone can therefore
were activated even in the deficiency of c-fos gene  elongate as the wild-type counterpart. Thus, we
(data not shown). Although the spatial arrangement  should distinguish the cellular and molecular mech-



132

c-fos”
=phB4

H. Toraya et al.

>-fos7-
ephrinB2

ephrinB2

Ny

Fig. 6 Immnolocalization of EphB4 and ephrinB2 in c-fos™ and c-src” mice. In the c-fos™ mice, the immunoreactivities of
EphB4 and ephrinB2 (brown color) are seen mainly on endothelial cells (arrows) in panels A and B, respectively. In con-

trast, in c-src™””

mice, EphB4-reactivity (arrowheads, brown) is observed mainly in osteoblastic cells (ob) and slight on the

endothelial cells (an arrow) as shown in panel C. EphrinB2-positivity (brown) can be seen in both an osteoclast (oc) and
endothelial cells (an arrow) in panel D. TB: trabecular bone, BV: blood vessel, Bars, A-D: 10 pm

anism on bone formation between modeling and re-
modeling sites.

In contrast to the modeling site, the bone remodel-
ing sites such as secondary trabeculae appear to need
cell coupling between osteoclasts and osteoblasts,
since the defective coupling due to the osteoclastic
absence in the c-fos mice resulted in markedly-re-
duced activity of osteoblasts in the areas of second-
ary trabeculae. It is previously suggested that fos
ablation does not seem to affect osteoblastic differ-
entiation in vitro: calvarial cells derived from mice

heterozygous and homozygous for c-fos deletion did
not seem to be compromised in their differentiation
(20). This means that the potential cellular activity
of osteoblasts itself is not diminished in c-fos defi-
ciency, and therefore, the presence of osteoclasts
seems to affect the osteoblastic activities in bone re-
modeling sites in vivo. We have previously reported
that cell coupling with osteoclasts in vivo is neces-
sary for preosteoblastic differentiation into mature
osteoblasts to deposit new bone in response to para-
thyroid hormone (21). Consistently, op/op mice, an-
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other mouse model lacking osteoclasts (9, 18, 19,
22) revealed the extremely-reduced osteoblastic ac-
tivity in long bones (26), and defective bone miner-
alization (30). Taken together, the presence of
osteoclasts is important for cell coupling to activate
osteoblastic cells in bone remodeling sites in vivo.

Three cellular manners can be assumed regarding
how coupling factors would be provided from osteo-
clasts to osteoblasts; first, membrane-bound coupling
factors might be provided to osteoblasts by cell-to-
cell contacts; second, coupling factors might be se-
creted from osteoclasts, affecting the surrounding
osteoblastic cells; and third, coupling factors previ-
ously embedded in bone matrix might be released
by osteoclastic bone resorption. Several reports have
documented the occurrence of cell-to-cell contacts
between osteoclastic precursors and osteoblastic
cells during osteoclastic differentiation (3, 35-37).
However, in turn, the cell-to-cell contact may allow
the signaling from osteoclasts to osteoblastic cells.
As shown in Figs.2 and 4, c-src’” mice demon-
strated mature osteoblasts featuring cell-to-cell con-
tacts with neighboring osteoclasts, and revealed
TRAPase-reactive/osteopontin-positive cement lines
parallely localized in the bone matrix. This impli-
cates that once c-sr¢’~ osteoclasts pass along the
bone surface without resorbing bone, activated os-
teoblasts would deposit new bone matrices on the
bone surface, forming the piled up layers of bone
matrices. Thus, we hypothesize the possibility that
cell-to-cell contact, at least in part, is intrinsic for
cell coupling between osteoclasts and osteoblastic
cells.

Alternatively, local coupling factors linking bone
resorption to subsequent formation have long been
proposed as the key regulator of the bone remodel-
ing process. TGFp and IGF-1 (7, 15, 16) were pos-
tulated to function as a coupling factor, but during
the decade, more candidates were raised—comple-
ment component 3a (24), matrix IGF-1 (6), E-secle-
tin ligand 1 (40), integrated actions of c-Src, IL-6
and IGFBPS5 (28), semaphorin 3A (14), and DIx5
(29). Among these molecules, we postulated that
EphB4/ephrinB2 (41) would behave as coupling fac-
tors as reported previously (21). In our study, eph-
rinB2 was faintly seen in osteoclasts, while EphB4
was observed in osteoblasts. Non-resorbing osteo-
clasts can bind ephrinB2 to osteoblastic EphB4 for
activating them. However, the coupling factors may
not be the sole molecule, but must be a complex of
a variety of molecules. Therefore, further investiga-
tion seems to be necessary for identifying coupling
factors.
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In conclusion, unlike c-fos’~ mice, c-sr¢’~ mice
demonstrated activated, mature osteoblasts, and par-
allel layers of cement lines in the superficial bone
matrix, indicating the new bones were piled up to
older bone. Therefore, cellular circumstance with
dysfunctional osteoclasts but not osteoclastic ab-
sence is able to activate osteoblasts, which indicate
that osteoclastic presence is essential for cell cou-
pling to osteoblasts.
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