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Abstract Osteoprotegerin (OPG) is a novel secreted

member of the tumor necrosis factor receptor family which

plays a crucial role in negative regulation of osteoclastic

bone resorption. OPG-deficient (OPG–/–) mice develop

severe osteoporosis caused by significant enhancement of

bone resorption by osteoclasts. We investigated the effect

of administering bisphosphonate on mandibular growth and

development in OPG–/– mice. Eight-week-old male

OPG–/– mice and wild-type (WT) mice were administered

bisphosphonate (1.25 mg/kg body weight) intraperitoneally

once every 3 days for 30 days. All bone formation-related

parameters and bone resorption-related parameters were

significantly lower in OPG–/– mice with bisphosphonate

than in those without bisphosphonate. The volume of the

whole condyle and the mandibular length in OPG–/– mice

without bisphosphonate were significantly smaller than in

WT mice without bisphosphonate. Bisphosphonate treat-

ment of the OPG–/– mice resulted in an increase in the

volume of the mandibular condyle and mandibular ramus

length. In fact, the mandibular ramus length in OPG–/–

mice with bisphosphonate was similar to the length in WT

mice without bisphosphonate. Histologically, the surface

irregularity of the mandibular condyle that was observed in

the OPG–/– mice without bisphosphonate tended to be less

marked in the OPG–/– mice with bisphosphonate, and the

proportion of the area of the cartilage layer relative to the

whole condyle was significantly larger in OPG–/– mice

with bisphosphonate than in those without bisphosphonate.

In conclusion, bisphosphonate treatment results in an

increase in mandibular condylar dimensions and normali-

zation of mandibular ramus growth.
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In bone tissues, the processes of bone resorption by

osteoclasts and bone formation by osteoblasts are contin-

ually repeated. In rapidly growing bone tissues, modeling

mainly takes place, while in bone tissues that have stopped

growing, remodeling takes place. Osteoclasts are hemato-

poietic cells of the macrophage lineage, and they are the

only cells that destroy and resorb mineralized bone tissues

[1]. It has become clear that the differentiation, maturation,

and functioning of osteoclasts are strictly regulated by the

receptor activator of NF-jB ligand (RANKL) expressed on

the cell membranes of osteoblasts or bone marrow stromal

cells [1]. Osteoclasts and their precursor cells express the

receptor activator of NF-jB (RANK) and recognize

RANKL through cell-cell contact, resulting in differentia-

tion into osteoclasts and further maturation [2–4].

Osteoblasts produce osteoprotegerin (OPG), which is a

member of the TNF receptor superfamily and is a decoy

receptor of RANKL. Since the binding affinity of OPG to

RANKL is 10-fold higher than the binding affinity of

RANKL to RANK, OPG suppresses the differentiation and

functional expression of osteoclasts by strongly inhibiting

the interaction between RANKL and RANK. In vivo, OPG

overexpression in mice inhibits bone resorption and results

in severe osteopetrosis [5]. In contrast, OPG-deficient
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(OPG–/–) mice develop severe osteoporosis caused by

significant enhancement of bone resorption by osteoclasts

[6–8]. In addition to enhanced bone resorption, interest-

ingly, OPG–/– mice have been found to have high serum

activity levels of alkaline phosphatase(ALP), a marker of

bone formation, and histological enhancement of bone

formation has been observed in these mice [6, 9].

In humans, juvenile Paget’s disease (Idiopathic hyper-

phosphatasia) has been recently reported to be associated

with deletion or mutation of the gene encoding OPG

(TNFRSF11B) [10, 11]. Histologically, patients with this

disease have markedly activated osteoblasts and osteo-

clasts, and vigorous bone resorption and formation, and as

a result, patients develop severe systemic high-turnover

osteoporosis [12]. Patients with Paget’s disease also have

high serum levels of ALP activity [11]. The fact that the

findings in juvenile Paget’s disease are similar to those in

OPG–/– mice is very interesting when considering bone

metabolism.

In some parts of the mandible, particularly the man-

dibular condyle, growth occurs by endochondral

ossification, which is said to influence the longitudinal

growth of the mandibular condyle [13]. Antoniades et al.

[14] reported that they observed a short mandibular ramus

in a patient with juvenile Paget’s disease. Therefore, it is

surmised that some changes in endochondral growth of the

mandibular condyle may also be observed in OPG–/– mice.

In this study, we used OPG–/– mice as a useful model for

juvenile Paget’s disease and investigated the differences

between these mice and wild-type (WT) mice with respect

to mandibular growth and development. In addition, we

studied responses after the administration of bisphospho-

nate, a drug that inhibits the activation of osteoclasts and is

used for treatment of osteoporosis, to OPG–/– mice.

Materials and Methods

Animals and Reagents

Eight-week-old male OPG–/– mice and, as controls,

C57BL/6J WT mice were used. These mice were pur-

chased from CLEA Japan and were maintained at

the Animal Experiment Laboratory,Faculty of Dentistry,

Aichi-Gakuin University. They were maintained at a con-

stant temperature (22 ± 2�C) and humidity (50% ± 10%),

under a 12-h light/dark cycle. Mice were provided with

laboratory chow (CE-2; CLEA Japan) and tap water ad

libitum. Animals were cared for and experiments were

conducted in accordance with the guidelines for animal

experimentation established by the Faculty of Dentistry at

Aichi-Gakuin University. We used alendronate (Teiroc,

Teijin Pharma Ltd.) as a bisphosphonate.

Administration of Bisphosphonate

Eight-week-old male OPG–/– mice (n = 8) and WT mice

(n = 8) were administered bisphosphonate (1.25 mg/kg

body weight) intraperitoneally once every 3 days for

30 days. For comparison, 0 mg/kg body weight alendro-

nate (saline solution alone) was intraperitoneally injected

into OPG–/– (n = 8) and WT (n = 8) mice for the same

period.

The duration and interval of administration were deter-

mined with reference to a report by Azuma (Teijin Pharma,

Tokyo) [15]; in particular, as the decrease in plasma cal-

cium level due to the action of alendronate reaches a peak

on day 3 after administration, we decided to administer

alendronate once every 3 days for 30 days so that its effect

was maintained.

Soft X-Ray Imaging

The mice were killed with diethyl ether, and skin and

muscle were removed from the head and legs as thor-

oughly as possible in order to obtain mandible and femur

specimens. Soft x-ray images of the bones were taken

using a soft x-ray generator (OMC-403; Ohmic) at

23 kV, 3 mA, for 20 sec. The mandible specimens were

mounted on soft x-ray films (FR type, cabinet size

[12 9 16.5 cm]; Fujifilm) so that images of the lateral

sagittal sections could be obtained. Films were developed

with Rendol (Fujifilm Corp.) and fixed with Renfix

(Fujifilm Corp.). The soft x-ray images were scanned and

transmitted with an image scanner, then morphometric

analysis was performed using image analysis software

(NIH Image).

Reference points and straight-line distances for mea-

surement are shown in Fig. 1. The straight-line distances

between the infradentale and the gonion (Id-Go), the con-

dylion and the gonion (Cd-Go), the infradentale and the

most posterior part of the lower third molar (Id-M3), the

most posterior part of the lower third molar and the most

posterior point of the mandibular foramen (M3-MF), and

the most posterior point of mandibular foramen and the

condylion (MF-Cd) were measured. In addition, the lengths

of the femurs were also measured.

Microcomputed Tomography

Mandibles were analyzed with SMX-225CT-SV2 (Shima-

dzu, Kyoto, Japan). Mandibular rami were scanned

perpendicular to their longitudinal axis by a fixed x-ray fan

beam (40 lA, 60 kV) while the holder rotated along its

axis.
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Histopathological Observations

The mandibles were removed and fixed in 10% neutral

buffered formalin, then decalcified in 10% EDTA at pH 7.2

for approximately 4 weeks at 4�C. The tissues were then

routinely embedded in paraffin and 5-lm serial coronal

sections were cut. Hematoxylin and eosin staining, tartrate-

resistant acid phosphatase (TRAP) staining, and type II

collagen immunostaining were performed and the speci-

mens were observed under an optical microscope.

Condylar cartilage layers were classified using the zonation

scheme of Beresford [16]. The fibrous layer, the

proliferative layer, and the cartilage layer (the maturative

layer + the hypertrophic layer) were assessed

morphologically (Fig. 2a). Histomorphometric analysis

was performed using the method of Kimmel and Jee [17],

using a grid and the point-hit method (Fig. 2b).

TRAP staining with an acid phosphatase, leukocyte kit

(Sigma Diagnostics, St. Louis, MO) was applied as a

marker for osteoclasts. TRAP-positive cells containing two

or more nuclei were identified as osteoclasts. Histomor-

phometric analysis was done in the region of the chondro-

osseous junction in mandibular condyle of OPG–/– and

WT mice.

A bone resorption-related parameter (osteoclast number/

bone surface) and a bone formation-related parameter

(osteoblast surface/bone surface) were measured.

Measurement of Serum Bone Metabolism Markers

Blood samples from OPG–/– and WT mice were obtained

by cardiocentesis under diethyl ether anesthesia at 30 days

after bisphosphonate was first administered. Serum alkaline

phosphatase activity was measured using a Liquitech ALP

kit (Roche Diagnostic K.K., Tokyo). The osteocalcin level

was measured using an ELISA kit (Nordic Bioscience).

The serum TRAP level was measured using a TRAP

activity assay kit (SBA Sciences).

Statistical Analysis

The experimental data are presented as mean ± standard

deviation, and Student’s t-test was used to evaluate statis-

tical significance.

Fig. 1 Reference points and distances measured. a Reference points:

Id, infradentale; M3, most posterior part of the lower third molar; MF,

most posterior point of the mandibular foramen; Cd, condylion; Go,

gonion. b Distances measured: Id-M3 (infradentale–most posterior

part of the lower third molar); Id-Go (infradentale–gonion); M3-MF

(most posterior part of the lower third molar–most posterior point of

the mandibular foramen); MF-Cd (most posterior point of the

mandibular foramen–condylion); Cd-Go (condylion–gonion)

Fig. 2 Schematic diagram of

the mandibular condyle. A

Chondrocyte layers. F, fibrous

laye; P, proliferative layer; M,

maturative layer; H,

hypertrophic layer; C, cartilage

layer. B Schematic diagram of

the measurement using a grid

and the point-hit method
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Results

Comparison of OPG–/– and WT Mice

Morphological analysis of the mandible

The results of morphometric analysis of the mandible are

reported in Table 1. No significant differences were found

between OPG–/– and WT mice for Id-M3, Id-Go, or M3-

MF. However, MF-Cd and Cd-Go, both indications of the

mandibular ramus length, were significantly smaller in the

OPG–/– mice than in the WT mice.

We performed micro-CT scans of the mandible. The

mandible in OPG –/– mice was osteoporotic compared to

that in WT mice (Fig. 3).

Histological Analysis

Histological features of the mandibular condyle

The surface profile of the mandibular condyle was more

irregular in OPG–/– mice than in WT mice (Fig. 4a). In

addition, in OPG–/– mice the total number of chondro-

cytes was smaller, their cytoarchitecture was disarrayed,

and the cartilage matrix occupied a larger area of the

whole condyle relative to WT mice (Fig. 4b). The vol-

ume of the whole condyle was significantly smaller in

OPG–/– mice than in WT mice (Fig. 5a). The area of the

cartilage layer relative to the whole condyle was signif-

icantly smaller in OPG–/– mice than in WT mice

(Fig. 5b).

Osteoclast counts

A larger number of osteoclasts were observed around the

osteochondral junction in OPG–/– mice than in WT mice

(Fig. 6a). The number of osteoclasts in spongy bone just

under the cartilage layer was significantly larger in OPG–/–

mice than in WT mice (Fig. 6b).

Osteoblast surface/bone surface measurement

Bone formation-related parameters were significantly

higher in trabecular sites of the mandibular condyle in

untreated OPG–/– mice than in WT mice (Fig. 7).

Changes in serum bone metabolism markers

Serum alkaline phosphatase activity and osteocalcin level

(both bone formation-related parameters) and TRAP level

(a bone resorption-related parameter) were significantly

higher in OPG–/– mice than in WT mice (Figs. 8 and 9).

Influence of Bisphosphonate on the Mandibular

Condyle

Morphological analysis of the mandible and femur

No significant differences were found between OPG–/–

mice that did and OPG–/– did not receive bisphosphonate

Table 1 Histomorphometric

data on the mandible in OPG–/–

and wild-type (WT) mice

BP, bisphosphonate; n.s., not

significant. *p \ 0.05;

**p \ 0.01; ***p \ 0.001

Fig. 3 Microfocus CT images of the mandibular ramus. The images

show that in OPG–/– mice, the mandibular ramus also had a

decreased amount of trabecular bone tissue and was osteoporotic, as

with other long bones
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for Id-M3, Id-Go, or M3-MF. Similarly, for the same

parameters, no significant differences were found between

WT mice that did and WT mice that did not receive bis-

phosphonate (Table 1).

MF-Cd and Cd-Go (measures of the mandibular ramus

length) were significantly larger in OPG–/– mice that

received bisphosphonate than in those that did not. In fact,

in OPG–/– mice that received bisphosphonate, MF-Cd and

Cd-Go values were similar to those of WT mice that did

not receive bisphosphonate. MF-Cd and Cd-Go were sig-

nificantly larger in WT mice that received bisphosphonate

than in those that did not (Table 1).

The femurs of the OPG–/– mice were shorter than those

of the WT mice, but no difference in femur length was

found between OPG–/– mice that received bisphosphonate

and those that did not (Fig. 10).

Histological Analysis

Histological findings for the mandibular condyle

The surface irregularity of the mandibular condyle that was

observed in the OPG–/– mice that did not receive

Fig. 4 Histological

photomicrographs of the

mandibular condyle. A Surface

profile. Bar = 50 lm. B

Chondrocyte layer.

Bar = 100 lm. BP,

bisphosphonate. (Hematoxylin

and eosin.)
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bisphosphonate tended to be less marked than in the

OPG–/– mice that did (Fig. 4a). The cytoarchitectural

disarray was also less marked in these mice (Fig. 4b). The

volume of the whole condyle was significantly larger in the

OPG–/– mice that received bisphosphonate than in those

that did not. The volume of the whole condyle in OPG–/–

mice that received bisphosphonate was similar to the vol-

ume in WT mice that did not receive bisphosphonate. The

volume of the whole condyle was significantly larger in the

WT mice that received bisphosphonate than in those that

did not (Fig. 5a).

The proportion of the area of the cartilage layer relative

to the whole condyle was significantly larger in OPG–/–

mice that received bisphosphonate than in those that did

not, and thickening of the cartilage layer was observed in

those that received bisphosphonate. WT mice that received

bisphosphonate had a significantly larger value than WT

mice that did not, and thickening of the cartilage layer was

observed in WT mice that received bisphosphonate

(Fig. 5b).

Osteoclast counts

The number of osteoclasts present was significantly smaller

in OPG–/– mice that received bisphosphonate than in those

that did not. In fact, the number present in OPG–/– mice

that received bisphosphonate was similar to that in WT

mice that did not receive bisphosphonate. There was no

significant difference between WT mice that did and those

that did not receive bisphosphonate (Fig. 6).

Osteoblast surface/bone surface measurement

Alendronate treatment decreased the elevated bone for-

mation-related parameters to levels lower than those in WT

mice (Fig. 7).

Changes in serum bone metabolism markers

The alkaline phosphatase activity, osteocalcin level, and

TRAP level in OPG–/– mice that received bisphosphonate

were similar to the levels in the groups of WT mice

(Figs. 8 and 9).

Discussion

OPG–/– mice have been shown to develop high-turnover

osteoporosis [6–8]. Although serum OPG is almost unde-

tectable in OPG–/– mice, the serum level of soluble

RANKL is high [18].

Juvenile Paget’s disease usually develops during infancy

or childhood. Symptoms are systemic and their clinical

severity is variable. Patients with juvenile Paget’s disease

develop severe high-turnover osteoporosis [12]. Mutation

Fig. 5 Histomorphometric data

for the mandibular condyle. A

Volume of the whole condyle. B

The proportion of the area of the

cartilage layer relative to the

whole condyle. BP,

bisphosphonate; n.s., not

significant. *p \ 0.05;

**p \ 0.01; ***p \ 0.001
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of the OPG gene plus undetectable OPG levels and high

concentrations of RANKL are reportedly observed in

patients with juvenile Paget’s disease [10, 11, 19]. There-

fore, Whyte et al. [10] noted that the findings of juvenile

Paget’s disease are very similar to those of OPG–/– mice

and, thus, concluded that OPG–/– mice present with the

clinical features of juvenile Paget’s disease [10]. Antoni-

ades et al. [14] reported that they observed a short

mandibular ramus in a patient with juvenile Paget’s dis-

ease, and it is speculated that this abnormality may lead to

large facial and jaw deformities in the future. We therefore

investigated whether similar abnormalities are found in

OPG–/– mice.

In the endochondral bone growth of the mandibular

condyle, which influences the length of the mandibular

ramus, the proliferative layer, located just under the fibrous

layer covering the temporomandibular joint, provides

chondrocytes and is a basis of the mandibular condyle

growth. The chondrocytes provided by the proliferative

layer differentiate into mature and hypertrophic

chondrocytes. Then the replacement of cartilage by bone

takes place at the osteochondral junction in the hypertro-

phic layer. Sasaki et al. [20] reported that cartilage-bone

replacement consists of the following processes: (i)

removal of uncalcified septal cartilage and the opening of

chondrocyte lacunae via the phagocytosis of cartilage

fragments by perivascular mononuclear cells (vascular

invasion), (ii) bone deposition over the remaining septa by

osteoblasts, and (iii) absorption of bone and calcified car-

tilage by osteoclasts. These mononuclear cells are

considered to be fibroblast-like chondroclasts, which were

reported by Cole et al. [21]. Although the mandibular

condyle thus has no growth plate, there have been no

studies comparing the mandibular condyle with long bones

in OPG–/– mice.

In this study, we showed for the first time that OPG–/–

mice have shorter mandibular rami, a smaller area of

Fig. 6 Histological findings for the mandibular condyle. A Photo-

micrographs of osteoclasts with TRAP staining. Arrows: osteoclasts.

B Change in the number of osteoclasts. BP, bisphosphonate; n.s., not

significant. *p \ 0.05
Fig. 7 Bone formation-related parameters in bone histomorphomet-

ric analysis of mandibular condyle. BP, bisphosphonate; Ob.S/BS,

osteoblast surface/bone surface. **p \ 0.01; ***p \ 0.001
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mandibular condyles, and thinner cartilage layers. The

cause of these abnormalities is speculated to be as follows:

under conditions in which osteoclasts are activated due to

OPG deficiency, chondroclast activity is also high and

cartilage-bone replacement is accelerated at the osteo-

chondral junction; therefore, in OPG–/– mice, phagocytosis

of the cartilage matrix is more active than normal, resulting

in thinning of the hypertrophic layer. Sakai et al. locally

administered cyclophosphamide, a drug used as an anti-

cancer or immunosuppressive agent, to the mandibular

condyle of rats. They observed suppressed growth of the

mandibular condyle and considered that thinning of man-

dibular condyle cartilage would be one of the factors for

this growth suppression [22]. We thus speculate that in the

OPG–/– mice in our study, thinning of the hypertrophic

cartilage layer resulted in the growth suppression of the

mandibular condyle. Histological analysis showed that the

mandibular condyle in the OPG–/– mice without

bisphosphonate had an irregular surface, but the surface of

the mandibular condyle was smoothed by bisphosphonate

administration. Although it cannot be concluded from our

experiment that this improvement was due to osteoclast

activation, this activity is considered to somehow influence

the surface morphology of the mandibular condyle.

Although Antoniades et al. [14] did not report any his-

tological data for their patients with juvenile Paget’s

disease, we think it is likely that patients with juvenile

Paget’s disease have histological features similar to those

observed in OPG–/– mice. Further clinical studies are

necessary to clarify whether this is the case.

In the present study, we found that administering bis-

phosphonate to OPG–/– mice resulted in normalization of

the mandibular ramus length. Increased volume of the

mandibular condyle and thickening of the cartilage layer

were also observed. Nakamura et al. [18] reported that

bone loss was observed in the femoral trabeculae of

OPG–/– mice and that the mass of the trabecular bones of

OPG–/– mice increased after administration of bis-

phosphonate (risedronate). However, they did not mention

the femur length. Bone loss was also observed in the

mandibular condyle of the OPG–/– mice used in our study.

However, examination of the effect of bisphosphonate on

femur length in OPG–/– mice showed no changes due to

administration, indicating a difference in effect between

the femur and the mandibular condyle. Although, as

described above, the mandibular condyle grows by endo-

chondral bone formation, it differs from the femur in that it

does not have a growth plate. This structural difference is

considered to be the cause of the specific form of growth of

the mandibular condyle. Tabuchi et al. [23] reported that

the mass of new bone after the implantation of bone

morphogenic proteins (BMPs) was less in OPG–/– mice

than in WT mice. Histologically, they found that cartilage

was replaced by trabecular bone and other tissues, and the

percentage of cartilage in the new bone was low in OPG–/–

mice. In addition, their OPG–/– mice that received bis-

phosphonate had a larger mass of new bone and,

histologically, more remaining cartilage tissue than those

that did not receive bisphosphonate. We consider that these

findings by Tabuchi et al. support our results in that their

experiments were performed under the same conditions,

namely, using OPG–/– mice, and the size of the new bone

and turnover were normalized by bisphosphonate

administration.

Bisphosphonates are now used for treating patients

with significantly enhanced bone resorption, including

those with osteoporosis and Paget’s disease [24, 25].

Bisphosphonates are synthetic analogues of pyrophos-

phate, acting directly on osteoclasts to strongly inhibit

bone resorption [26–28]. Other reported effects include

the inhibition of vascular invasion, the prevention of

Fig. 8 Changes in serum bone resorption-related parameters

(TRAP). BP, bisphosphonate; n.s., not significant. *p \ 0.05;

***p \ 0.001
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apoptosis in the hypertrophic layer, a decrease in cartilage

degradation, and an increase in the amount of cartilage

matrix [29–31]. They reportedly have therapeutic effects

with respect to the inhibition of osteoclast activity,

reduction of serum ALP activity, normalization of bone

metabolic turnover, and improvement of bone density in

patients with juvenile Paget’s disease [12]. Regarding the

growth-promoting effect of bisphosphonate on OPG–/–

mice observed in our study, it is speculated that turnover

at the osteochondral junction was normalized by the

effects described above, and as a result, the growth of the

mandibular condyle was improved. In detail, the process

is considered as follows: at the osteochondral junction of

the mandibular condyle, chondroclasts underwent apop-

tosis, vascular invasion was inhibited, and the

phagocytosis of cartilage matrix was prevented; new

chondrocytes and cartilage matrix were accumulated on

the cartilage matrix that had avoided phagocytosis, lead-

ing to thickening of the hypertrophic layer; and as a

result, the area of the mandibular condyle increased.

Although it cannot be ascertained from our study whether

bisphosphonate acts directly or indirectly on the cartilage

of the mandibular condyle, we consider that the changes

in the cartilage layer observed in our study were indirect

ones that can be attributed to the inhibitions of chon-

droclast activity and vascular invasion at the

osteochondral junction. However, this point remains

unclear and requires further investigation.

There currently is no information in the literature con-

cerning the effect of bisphosphonate on bone growth and

development in patients with juvenile Paget’s disease. Our

results suggest that treatment of mandibular hypoplasia

with bisphosphonate in patients with juvenile Paget’s dis-

ease may be highly effective. However, osteonecrosis of

the jaw (ONJ) has recently been found to develop in the

jawbones of some patients who have undergone long-term

treatment with bisphosphonate [32–34]. Although this ONJ

reportedly occurs after tooth extraction, its etiology

remains unclear. Further study is necessary to identify the

cause of this ONJ, but the efficacy of bisphosphonate is

undeniable, so we suggest the clinical use of bisphospho-

nate, with consideration given to the potential development

of ONJ.

In conclusion, we found that the mandibular ramus

length was shorter in OPG–/– mice than in their WT

counterparts. The clinical and histological features of

OPG–/– mice are similar to those of humans with juvenile

Paget’s disease. We also found that the growth of the

mandibular ramus in OPG–/– mice was normalized by

administering bisphosphonate. These data suggest that

OPG–/– mice are suitable model for juvenile Paget’s

disease and can be utilized for preclinical studies of the

long-term effects of bisphosphonates on the progression

of the disease, the growth of the animal, and, in partic-

ular, the status of the jaw following such long-term

treatment.

Fig. 9 Changes in serum bone

formation-related parameters. A

ALP. B Osteocalcin. BP,

bisphosphonate; n.s., not

significant. **p \ 0.01;

***p \ 0.001
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