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The undesired movement of anchor teeth, and relapse of previously moved teeth, are
major clinical problems in orthodontics. Dental implants are increasingly used to
preserve anchorage, but these are costly and require invasive surgical procedures. An
alternative strategy for maintaining anchorage may be the use of biological inhibitors
of osteoclastic bone resorption. In the present study, we investigated the relative
eﬃcacy of pamidronate vs. osteoprotegerin (OPG) in inhibiting bone resorption and
tooth movement, using a new orthodontic model in mice in which maxillary molars are
moved for prolonged periods by near-constant, clinically relevant forces. Osteoclast
inﬂux to compression sites was initiated on day 3, was maximal on day 4, and persisted
until at least day 12 after force application. Tooth movement paralleled osteoclast
numbers. Minimal osteoclast apoptosis was observed, suggesting that recruitment,
rather than programmed cell death, is a critical regulatory mechanism under conditions of constant force. Osteoclasts were reduced at compression sites by both OPG
(95%) and pamidronate (70%); tooth movement was more dramatically inhibited by
OPG (77% vs. 34%). Our ﬁndings indicate that constant orthodontic force regulates
the recruitment, activation, and viability of osteoclasts, and that OPG could have
clinical utility in preventing undesired tooth movement.

Orthodontic tooth movement is induced by the controlled
application of mechanical force, which results in bone
resorption by osteoclasts on the compression side of teeth,
and bone formation by osteoblasts on the opposing (tension) side. Despite the eﬃcacy of clinical orthodontics,
there are a number of circumstances under which treatment eﬃciency might be improved by modulating the
activity of osteoclasts. In this regard, the undesired
movement of anchor teeth, and the relapse of moved teeth,
are major clinical problems that result from the limitations
of available force delivery systems. Over the last decade,
implants have been used to preserve anchorage in orthodontics (1, 2). However the placement of these temporary
anchorage units requires an invasive and traumatic surgical procedure, adds cost, and requires a second surgery
to remove the implants at the conclusion of treatment.
Recent research advances suggest that biological
modulators which inhibit osteoclasts could be used to
address these problems and provide new adjunctive
approaches to orthodontic treatment. Several such
inhibitors have been examined, including bisphosphonates (3–6) and osteoprotegerin (OPG), a soluble protein
that inhibits receptor-activator of nuclear factor-jB
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ligand (RANKL) interactions with its cognate receptor,
and prevents osteoclast diﬀerentiation and activation
(7, 8). However, the relative eﬃciency of these inhibitors
in preventing tooth movement is unknown.
In the present investigation, we evaluated the eﬀectiveness of OPG vs. pamidronate in a novel mouse model
of orthodontic tooth movement. In this system, nearconstant forces are applied to maxillary molar teeth,
resulting in predictable tooth movement over at least a
12-d period. Tooth movement is closely correlated with
the inﬂux of osteoclasts on the compression side of the
periodontal ligament. Using this model we showed that
the systemic administration of OPG is much more
eﬀective than a bisphosphonate in inhibiting molar tooth
movement, suggesting potential utility for maintaining
anchorage in clinical orthodontics.

Material and methods
Mice
Eight-week-old C57Bl/6 male mice were obtained from the
Jackson Laboratory (Bar Harbor, ME, USA), and were
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maintained on a 12-h light/dark cycle in the Forsyth Institute animal facility.
Orthodontic appliance design and placement
Mice were anesthetized by the intraperitoneal injection of
62.5 mg kg)1 ketamine HCl and 10 mg kg)1 xylazine in
phosphate-buﬀered saline (PBS), and placed into a jaw
retractor under a dissecting microscope. Orthodontic force
was applied to the maxillary ﬁrst molars using a 0.2-mm
diameter coiled stainless steel wire (Supreme type, A.J.
Wilcock Australian wire; G & H Wire Company, Greenwood, IN, USA) fashioned into a Y-shaped spring. The coil
was placed around the maxillary incisors, with the ends of
the spring bonded to the occlusal surfaces of the ﬁrst molars
(Fig. 1A). For spring activation (ÔconstrictedÕ groups), the
wire ends were bent symmetrically towards each other until
precisely 0.5 mm apart. The central cusp of the molar was
ﬂattened with a 0.25-mm diameter bur, and light-cured
adhesive resin (Assure; Reliance Co., Orthodontic Products
Inc., Itasca, IL, USA) was used to bond the re-opened wires
to the enamel surface, and to lock the spring into position
with resin applied to the incisor tips. Controls received an
identically installed passive spring with the tips of the wires
3.5 mm apart (normal intermolar distance). The opposing
lower ﬁrst molars were extracted to prevent occlusal interference. Animals were fed powdered chow and milk (1%
fat) during the experimental period, and their weights were
monitored daily.
Strain measurements
Appliances were tested at the Biomaterials Unit, Sydney
Dental Hospital (University of Sydney, NSW, Australia),
using a Shimadzu Autograph Calibrator AG-E (Shimadzu,
Kyoto, Japan). The force produced by the constriction and
deactivation of the spring was measured at 7.5 lm increments over the entire range of activation (0.5–3.5 mm).
Readings were automatically recorded (Shimadzu Software,
Version 3.0) until the point of complete loss of resistance.
Tests were repeated ﬁve times for each spring in order to
ensure reproducibility.

A

B

Delivery of osteoclast modulators
Pamidronate disodium was obtained from Sigma-Aldrich
(St Louis, MO, USA). OPG was the kind gift of Amgen
(Thousand Oaks, CA, USA). Both agents were dissolved in
sterile saline and then injected subcutaneously at doses of
5 mg kg)1 and 10 mg kg)1, respectively, daily, over a period
of 8 d. Controls received sterile saline alone.

Tooth movement measurements
Radiographs were taken on days 0, 1, 4, 8, and 12 after
appliance placement to quantify tooth movement. Lowspeed dental X-ray ﬁlm was exposed using an HP Faxitron
(Hewlett Packard, McMinnville, TN, USA), with an exposure time of 30 s at 30 W. Developed ﬁlms (Fig. 1C) were
scanned as a tif ﬁle and digitized using corel draw 11
software (Corel Corp. Ottowa, Canada). Images were
magniﬁed ·50, and tooth movement was calculated as onehalf of the intermolar distance between the bonded wire tips.
Quantification of osteoclasts
In an initial study, groups (n ¼ 6) of constricted and control
mice were killed by CO2 inhalation on days 4, 8, and 12 after
appliance placement. In a second study to reﬁne the kinetics
of the osteoclast response, groups (n ¼ 5) of mice were
examined on days 0, 1, 2, 3, and 4 after appliance placement.
The maxilla was isolated, ﬁxed in 4% paraformaldehyde
overnight, washed in 50% ethanol, demineralized in 10%
EDTA for 30 d, dehydrated, and embedded in paraﬃn.
Transverse sections (6 lm) were cut anterior-posteriorly and
stained with hematoxylin and eosin. Sections of the central
aspects of the distal root, demonstrating a patent root canal
and apical foramen of the ﬁrst maxillary molar, were stained
with tartrate-resistant acid phosphatase (TRAP) to identify
osteoclasts. Osteoclasts were counted under high-power
microscopy (·200 magniﬁcation) on the compression (palatal) and tension (buccal) sides of the distal root (a minimum of ﬁve sections per animal). In experiments comparing
the eﬀects of pamidronate and OPG, groups of mice (n ¼ 8)

C

D

Fig. 1. Novel appliance for controlled movement of molar teeth in mice. (A) Y-shaped spring appliance bonded to the right maxillary
ﬁrst molar; note constricted spring with 0.5 mm distance between the ends. (B) Radiograph of the installed appliance bonded to both
molars for quantiﬁcation of the intermolar distance. (C) Micro-computed tomography of the control (passive) appliance, 4 d. The
periodontal ligament (PDL) space is uniform around all roots of the maxillary ﬁrst molar. (D) Active (constricted) appliance, 4 d.
The PDL space is reduced on the palatal aspect of all three roots of the ﬁrst molar.

OPG potently inhibits tooth movement

Apoptosis assay
Osteoclast apoptosis was assessed in day-8 sections, from
mice treated with activated appliances, by the TdT-mediated
biotin–dUTP nick-end labelling (TUNEL) assay (Apoptag
kit; Chemicon, Temecula, CA, USA), in accordance with
the manufacturer’s instructions. Sections were counterstained for TRAP, and the numbers of osteoclasts with
labeled nuclei and total osteoclasts were counted under light
microscopy.
Statistical analysis
Time-related diﬀerences in tooth movement and osteoclast
numbers were analyzed by the t-test.

Results
Novel mouse model of orthodontic tooth movement

We developed and characterized a new mouse model of
orthodontic tooth movement that employs a Y-shaped
spring appliance which is capable of moving mouse
maxillary molar teeth in either a buccal (ÔexpansionÕ) or a
palatal (ÔconstrictionÕ) direction (Fig. 1A,B). In preliminary experiments, 8 d of buccally directed force resulted
in molar tooth movement, but also caused separation of
the mid-palatal suture, thus confounding quantiﬁcation
of actual tooth movement (data not shown). In contrast,
palatally directed force produced movement of
 100 lm per tooth over 8 d, with no histological
changes in either the integrity of the midline suture or in
the numbers of osteoclasts in sutures (data not shown).
The eﬀect of palatal force application was conﬁrmed
using microcomputed tomography. As shown in
Fig. 1D, all three roots of the maxillary ﬁrst molar
contacted bone on the palatal aspect of the periodontal
ligament (PDL), consistent with a compressive force,
whereas a widened PDL was evident on the tension side.
No PDL asymmetry was seen in control teeth with a
non-activated control appliance (Fig. 1C).
Force characteristics of the appliance

Prior to extensive in vivo studies, the force characteristics
of the appliance were evaluated. The initial force exerted
by the spring when it was maximally opened (from 0.5 to
3.5 mm) was 22.4 g. This value decreased only marginally,
to 20.1 g (10.2%), when the spring was allowed to constrict to 3.2 mm, representing the working range of the
appliance over a 12-d period. Thus, the force developed
using this device is nearly constant and is similar in magnitude to the forces used clinically to move human teeth.
Kinetics of tooth movement

The kinetics of tooth movement was initially evaluated
on days 1, 4, 8, and 12 after force application. As shown
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were killed on day 8, and specimens were processed in an
identical manner.
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Fig. 2. Kinetics of molar tooth movement. Groups of mice
(n ¼ 6) were treated with passive (white bars) or active (black
bars) appliances, and tooth movement was quantiﬁed by radiography. ÔTooth movementÕ on day 1 represents compression of
the periodontal ligament (PDL) without bone resorption.
Results are expressed as mean ± standard deviation. *P <
0.01 vs. day 1 active appliance.

in Fig. 2, during the ﬁrst 24 h the intermolar distance
decreased by  46 lm per tooth, which represented
compression of the soft connective tissues of the PDL
without changes in the bone. The intermolar distance did
not change on days 2 or 3 following this initial compression event (A. Keles, P. Stashenko, unpublished
observations). However, by day 4 after force application,
a small amount of tooth movement through bone was
seen, which increased linearly on days 8 and 12 (both
P < 0.001). The rate of tooth movement through bone
between days 4 and 12 was  10 lm per day. Control
animals ﬁtted with an identical, but non-activated,
appliance exhibited no change from baseline over the 12d period. These data indicate that, in this model, tooth
movement occurs after a lag phase of  3–4 d in a continuous manner.
Kinetics of osteoclast recruitment and maintenance

TRAP-positive osteoclasts were found in resorption
lacunae on the compression side of the distal root after 4,
8, and 12 d (Fig. 3A,B). The distal root was chosen for
evaluation because it is the most perpendicular, of the
three maxillary ﬁrst molar roots, to the direction of
force. None of the sections displayed bleeding, extensive
root resorption, or other obvious tissue damage. Signiﬁcantly increased numbers of osteoclasts were present by
day 4 on the compression side (Fig. 4A). Osteoclast
numbers were maintained at nearly identical levels on
days 8 and 12. In a second experiment, the kinetics of
osteoclast inﬂux was examined between days 0 and 4 in
order to deﬁne more precisely the critical period of cell
recruitment. As seen in Fig. 4B, signiﬁcant numbers
of osteoclasts were ﬁrst visible on day 3 after force
application, indicating that the critical signals which
regulate migration are generated before this time point.
Most osteoclasts at all time points were multinucleated
(approximately fourfold more numerous than mononucleated TRAP-positive cells; data not shown). On the
tension side, the PDL was widened and collagen ﬁbers
were parallel to the vector of force, but the osteoclast
numbers remained low (Fig. 4A,B).
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A

determine apoptosis as an important regulator of osteoclast numbers in our constant force model, we assessed
osteoclast apoptosis at compression sites, after 8 d of
tooth movement, by the TUNEL assay. We found that
no apoptotic osteoclasts were present at the compression
sites after the application of constant force (Fig. 5). This
ﬁnding suggests that recruited osteoclasts represent a
relatively stable cell population, that once recruited,
maintain their viability and activation for extended
periods under conditions of constant force.

B

Effect of OPG and pamidronate on osteoclast
numbers and tooth movement
Fig. 3. Osteoclast recruitment during tooth movement. (A)
Representative section of the compression (palatal) side of the
ﬁrst molar distal root. B, alveolar bone; C, cementum; OC,
osteoclasts; PDL, periodontal ligament. OC are visible as tartrate-resistant acid phosphatase (TRAP)-positive cells (stained
red). Counterstain: hematoxylin & eosin. (B) The tension
(buccal) side of the same tooth. Magniﬁcation, ·200.
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Both bisphosphonates and OPG inhibit osteoclastic bone
resorption and have been reported to reduce tooth
movement, although their relative eﬃcacy in this system
is unknown. We administered, subcutaneously, the bisphosphonate, pamidronate (5 mg kg)1 per day), and
OPG (10 mg kg)1) at doses previously shown to have
maximal inhibitory eﬀects on bone resorption in vivo
(11, 12). As shown in Table 1, pamidronate treatment
resulted in a 70% reduction in osteoclast numbers
compared with controls (P < 0.01) and reduced tooth
movement by 34% after 8 d. The inhibition of tooth
movement by pamidronate, although indicating a trend,
was not statistically signiﬁcant (P ¼ 0.10). In contrast,
OPG (10 mg kg)1 per day) had a much more profound
eﬀect, inhibiting osteoclast numbers by 95% and tooth
movement by 77% vs. controls (Table 1, P < 0.01).
These data demonstrate that osteoclast accumulation
and tooth movement in this constant-force model can be
largely prevented by the systemic administration of
OPG, which is a much more potent blocker of tooth
movement than pamidronate.

*

Discussion
Control

Day 1

Day 2

Day 3

Day 4

Fig. 4. Kinetics of osteoclast recruitment. (A) Osteoclasts were
evaluated on days 4, 8, and 12 after force application. (B)
Detailed kinetics of osteoclast recruitment on days 0–4. Results
are expressed as mean ± standard deviation. Control: passive
appliance; Constricted: active appliance. Black bars, compression (palatal) side; white bars, tension side. *P < 0.05 vs.
control.

Reversal lines were evident in bone adjacent to the
PDL, indicative of new bone formation (data not
shown). The non-activated control group did not demonstrate any diﬀerences in osteoclast numbers between
the two sides of the root (Fig. 4A,B), and reversal lines
were absent from the tension side of controls (data not
shown).
Assessment of osteoclast apoptosis

In transient force models, osteoclasts are removed by
apoptosis, coincident with the decay in force (9, 10). To

The movement of anchor teeth is an undesired complication in orthodontics, which may result in prolonged
treatment time and/or a less than optimal clinical outcome. In the present study we evaluated the relative eﬃcacy of two anti-osteoclastic agents – the bisphosphonate,

Fig. 5. TdT-mediated
biotin–dUTP
nick-end
labelling
(TUNEL) staining of osteoclasts at the compression site. A
representative section of the compression (palatal) side of the
ﬁrst molar distal root is shown. Note the lack of brown/blackstained nuclei in osteoclasts [stained for tartrate-resistant acid
phosphatase (TRAP); red].
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Table 1
Inhibition of tooth movement and osteoclasts by pamidronate vs. osteoprotegerin (OPG)

Experiment
1
2

Treatment
Control
Pamidronate
Control
OPG

No. of osteoclasts per tooth

Molar tooth
movement (l)
60.5
39.7
72.1
16.4

±
±
±
±

Compression sites

22.3
13.1 (34)
24.0
6.0 (77)*

4.2
1.2
11.0
0.6

±
±
±
±

2.9
1.9 (70)*
7.0
0.8 (95)*

Tension sites
0.5
0.4
1.9
0.2

±
±
±
±

1.0
1.1 (20)
3.5
0.4 (89)*

The results are expressed as mean ± standard deviation; values in parenthesis represent percentage inhibition vs. control.
*
P < 0.01 vs. control.

pamidronate, and the RANKL inhibitor, OPG – in
reducing molar tooth movement in a novel, quantitative
mouse model. Our results demonstrate that OPG is a
more powerful inhibitor of osteoclast recruitment and
activity than pamidronate, with a reduction in osteoclast
numbers and tooth movement of 95% and 77%, respectively. These data suggest that a biologic approach to
preserving tooth anchorage may be a feasible alternative
to implants and extra-oral devices (such as headgear) in
clinical orthodontics.
OPG is a logical candidate for this application, given
the key role of its ligand RANKL in osteoclast formation and activation (2,7). RANKL is expressed in PDL
osteoblasts, osteocytes, and ﬁbroblasts following force
application (13). PDL cells subjected to compressive
forces in vitro induce osteoclastogenesis through the
up-regulation of RANKL expression (14). OPG-deﬁcient
mice exhibit extensive destruction of alveolar bone as
soon as 5 d after force application (15), and local OPG
gene transfer inhibits orthodontic tooth movement (14).
RANKL is thus a central mediator in the mechanotransduction cascade, and its inhibition by OPG clearly
reduces osteoclast function.
Bisphosphonates have been reported to reduce tooth
movement signiﬁcantly and to inhibit the relapse of
moved teeth in rats when administered either systemically or by local injection (3, 4, 6, 16). The amount of
inhibition in those studies was in the range of 50–60%
(3,4), compared with the 34% inhibition observed in the
present study. This inhibition, although indicative of a
trend (P ¼ 0.10), would probably have been statistically
signiﬁcant if the group size had been larger than n ¼ 6.
Nevertheless, in none of these studies did bisphosphonates reduce osteoclast accumulation and tooth movement to the same degree as observed for OPG. Although
the in vivo potency of nitrogen-containing bisphosphonates diﬀers substantially based upon the structure of the
R(2) side-chain (17), the dose of pamidronate
(5 mg kg)1) used in the present study is considerably
higher than that used clinically in humans and, furthermore, was previously found to be optimal in inhibiting
hypercalcemia caused by parathyroidhormone (PTH)
administration or by adenocarcinoma in mice (11). In
that study, neither pamidronate nor zoledronic acid (also
used at 5 mg kg)1) was as eﬀective as OPG in reducing
hypercalcemia, mirroring the results of the present study.
The lower potency of bisphosphonates vs. OPG may be a

result of the requirement that bisphosphonates should
ﬁrst be incorporated into bone in order to inhibit osteoclast activity eﬃciently (18).
A quantitative comparison of the properties of these
inhibitors was made possible in our newly developed
mouse model of constant force-induced tooth movement.
This model uses a spring appliance that moves teeth in a
palatal direction, with clinically relevant force properties.
Tooth movement was initiated by days 3–4 after force
application, coincident with the maximal inﬂux of osteoclasts on the compression side of molar roots, which is
similar to previous studies (19–21). Osteoclast numbers
were maintained at similar levels, and tooth movement
continued until at least day 12. The latter ﬁnding is quite
unique in orthodontic models, which have largely
employed appliances that undergo rapid decay of force,
resulting in the disappearance of osteoclasts, in part via
apoptosis (9,10) and in cessation of tooth movement by
days 7–10 (19). New bone formation was also detected
on the tension side of teeth by gross histological observation in samples from days 8 and 12, consistent with
previous studies (20).
Only a few previous investigations have used mice for
tooth movement studies (15, 21–23). A major advantage
of mice is that there are a vast array of antibodies,
recombinant proteins, and transgenic and knockout
strains available, which will be essential in elucidating
mechanotransduction mechanisms. The major drawback of this model is that placement of the appliance is
technically challenging. However, with experience,
placement becomes quite eﬃcient, taking  30 min per
animal.
Characterization of the force characteristics of the
Y-shaped appliance showed that the forces developed are
similar to those used in human clinical orthodontics.
Moreover, the decay of force was minimal over the
working range of the appliance. This contrasts with other
experimental systems, including elastic bands forced
between teeth (15,24), which generate high initial forces
that decay very rapidly to a fraction of the original levels.
Open coiled springs are also commonly used, which are
attached to the incisors and apply mesially directed forces to the maxillary ﬁrst molars (19–21, 25). Force levels
also decay fairly rapidly by days 5–7 when using these
devices. Osteoclast numbers at compression sites are
thus dependent upon the force delivered, suggesting
that force, and the downstream mechanotransduction

136

Keles et al.

mechanisms that it activates, are required for the maintenance of osteoclast numbers and activity.
Taken together, our ﬁndings provide proof-of-principle data that osteoclast modulators are eﬀective in preventing molar tooth movement, and hence have potential
applicability for maintaining anchorage during orthodontic treatment. Further studies are needed to develop
appropriate modes of localized delivery of OPG to sites
where anchorage preservation is desired, as well as for
prevention of relapse.
Acknowledgements –The authors thank Elke Pravda and Justine
Dobeck for histology, Dr Patricia Purcell for help with apoptosis assays, and Subbiah Yoganathan for assistance with animal care. This work was supported by grant DE-07378 from the
N.I.D.C.R.

References
1. Keles A, Erverdi N, Sezen S. Bodily distalization of molars
with absolute anchorage. Angle Orthod 2003; 73: 471–482.
2. Park HS, Bae SM, Kyung HM, Sung JH. Simultaneous
incisor retraction and distal molar movement with microimplant anchorage. World J Orthod 2004; 5: 164–171.
3. Igarashi K, Mitani H, Adachi H, Shinoda H. Anchorage and
retentive effects of a bisphosphonate (AHBuBP) on tooth
movements in rats. Am J Orthod Dentofacial Orthop 1994; 106:
279–289.
4. Kim TW, Yoshida Y, Yokoya K, Sasaki T. An ultrastructural
study of the effects of bisphosphonate administration on osteoclastic bone resorption during relapse of experimentally
moved rat molars. Am J Orthod Dentofacial Orthop 1999; 115:
645–653.
5. Sato Y, Sakai H, Kobayashi Y, Shibasaki Y, Sasaki T. Bisphosphonate administration alters subcellular localization of
vacuolar-type H(+)-ATPase and cathepsin K in osteoclasts
during experimental movement of rat molars. Anat Rec 2000;
260: 72–80.
6. Liu L, Igarashi K, Haruyama N, Saeki S, Shinoda H,
Mitani H. Effects of local administration of clodronate on
orthodontic tooth movement and root resorption in rats. Eur
J Orthod 2004; 26: 469–473.
7. Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang
MS, Luthy R, Nguyen HQ, Wooden S, Bennett L, Boone T,
Shimamoto G, DeRose M, Elliott R, Colombero A, Tan
HL, Trail G, Sullivan J, Davy E, Bucay N, Renshaw-Gegg
L, Hughes TM, Hill D, Pattison W, Campbell P, Sander S,
Van G, Tarpley J, Derby P, Lee R, Boyle WJ. Osteoprotegerin: a novel secreted protein involved in the regulation
of bone density. Cell 1997; 89: 309–319.
8. Kanzaki H, Chiba M, Takahashi I, Haruyama N, Nishimura M, Mitani H. Local OPG gene transfer to periodontal
tissue inhibits orthodontic tooth movement. J Dent Res 2004;
83: 920–925.
9. Kobayashi Y, Hashimoto F, Miyamoto H, Kanaoka K,
Miyazaki-Kawashita Y, Nakashima T, Shibata M,
Kobayashi K, Kato Y, Sakai H. Force-induced osteoclast
apoptosis in vivo is accompanied by elevation in transforming
growth factor beta and osteoprotegerin expression. J Bone
Miner Res 2000; 15: 1924–1934.
10. Noxon SJ, King GJ, Gu G, Huang G. Osteoclast clearance
from periodontal tissues during orthodontic tooth movement.
Am J Orthod Dentofacial Orthop 2001; 120: 466–476.

11. Morony S, Warmington K, Adamu S, Asuncion F, Geng Z,
Grisanti M, Tan HL, Capparelli C, Starnes C, Weimann B,
Dunstan CR, Kostenuik PJ. The inhibition of RANKL causes greater suppression of bone resorption and hypercalcemia
compared with bisphosphonates in two models of humoral
hypercalcemia of malignancy. Endocrinology 2005; 146: 3235–
3243.
12. Kostenuik PJ, Shalhoub V. Osteoprotegerin: a physiological
and pharmacological inhibitor of bone resorption. Curr Pharm
Des 2001; 7: 613–635.
13. Shiotani A, Shibasaki Y, Sasaki T. Localization of receptor
activator of NFkappaB ligand, RANKL, in periodontal tissues
during experimental movement of rat molars. J Electron Microsc (Tokyo) 2001; 50: 365–369.
14. Kanzaki H, Chiba M, Shimizu Y, Mitani H. Periodontal
ligament cells under mechanical stress induce osteoclastogenesis
by receptor activator of nuclear factor kappaB ligand upregulation via prostaglandin E2 synthesis. J Bone Miner Res
2002; 17: 210–220.
15. Oshiro T, Shiotani A, Shibasaki Y, Sasaki T. Osteoclast
induction in periodontal tissue during experimental movement
of incisors in osteoprotegerin-deficient mice. Anat Rec 2002;
266: 218–225.
16. Adachi H, Igarashi K, Mitani H, Shinoda H. Effects of
topical administration of a bisphosphonate (risedronate) on
orthodontic tooth movements in rats. J Dent Res 1994; 73:
1478–1486.
17. Dunford JE, Thompson K, Coxon FP, Luckman SP, Hahn
FM, Poulter CD, Ebetino FH, Rogers MJ. Structure–activity relationships for inhibition of farnesyl diphosphate synthase
in vitro and inhibition of bone resorption in vivo by nitrogencontaining bisphosphonates. J Pharmacol Exp Ther 2001; 296:
235–242.
18. Boonekamp PM, van der Wee-Pals LJ, van Wijk-van Lennep
MM, Thesing CW, Bijvoet OL. Two modes of action of bisphosphonates on osteoclastic resorption of mineralized matrix.
Bone Miner 1986; 1: 27–39.
19. King GJ, Keeling SD, Wronski TJ. Histomorphometric study
of alveolar bone turnover in orthodontic tooth movement. Bone
1991; 12: 401–409.
20. King GJ, Keeling SD, McCoy EA, Ward TH. Measuring
dental drift and orthodontic tooth movement in response to
various initial forces in adult rats. Am J Orthod Dentofacial
Orthop 1991; 99: 456–465.
21. Pavlin D, Goldman ES, Gluhak-Heinrich J, Magness M,
Zadro R. Orthodontically stressed periodontium of transgenic
mouse as a model for studying mechanical response in bone: the
effect on the number of osteoblasts. Clin Orthod Res 2000; 3:
55–66.
22. Kaku M, Kohno S, Kawata T, Fujita I, Tokimasa C,
Tsutsui K, Tanne K. Effects of vascular endothelial growth
factor on osteoclast induction during tooth movement in mice.
J Dent Res 2001; 80: 1880–1883.
23. Chung CR, Tsuji K, Nifuji A, Komori T, Soma K, Noda M.
Micro-CT evaluation of tooth, calvaria and mechanical stressinduced tooth movement in adult Runx2/Cbfa1 heterozygous
knock-out mice. J Med Dent Sci 2004; 51: 105–113.
24. Yokoya K, Sasaki T, Shibasaki Y. Distributional changes of
osteoclasts and pre-osteoclastic cells in periodontal tissues
during experimental tooth movement as revealed by quantitative immunohistochemistry of H(+)-ATPase. J Dent Res 1997;
76: 580–587.
25. Ren Y, Maltha JC, Kuijpers-Jagtman AM. Optimum force
magnitude for orthodontic tooth movement: a systematic literature review. Angle Orthod 2003; 73: 86–92.

