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Abstract
Osteonecrosis of the jaw (ONJ) is a well-recognized complication of antiresorptive medications,
such as bisphosphonates (BPs). Although ONJ is most common after tooth extractions in patients
receiving high dose BPs, many patients do not experience oral trauma. Animal models utilizing
tooth extractions and high BP doses recapitulate several clinical, radiographic and histologic
findings of ONJ. We and others have reported on rat models of ONJ utilizing experimental dental
disease in the absence of tooth extraction. These models emphasize the importance of dental
infection/inflammation for ONJ development. Here, we extend our original report in the rat, and
present a mouse model of ONJ in the presence of dental disease. Mice were injected with high
dose zoledronic acid and pulpal exposure of mandibular molars was performed to induce
periapical disease. After 8 weeks, quantitative and qualitative radiographic and histologic analyses
of mouse mandibles were executed. Periapical lesions were larger in vehicle- vs. BP treated mice.
Importantly, radiographic features resembling clinical ONJ, including thickening of the lamina
dura, periosteal bone deposition and increased trabecular density, were seen in the drilled site of
BP treated animals. Histologically, osteonecrosis, periosteal thickening, periosteal bone
apposition, epithelial migration and bone exposure were present in the BP treated animals in the
presence of periapical disease. No difference in TRAP+ cell numbers was observed, but round,
detached, and removed from the bone surface cells were present in BP animals. Although 88% of
the BP animals showed areas of osteonecrosis in the dental disease site, only 33% developed bone
exposure, suggesting that osteonecrosis precedes bone exposure. Our data further emphasize the
importance of dental disease in ONJ development, provide qualitative and quantitative measures
of ONJ, and present a novel mouse ONJ model in the absence of tooth extraction that should be
useful in further exploring ONJ pathophysiological mechanisms.
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INTRODUCTION
Bisphosphonates (BPs), stable analogs of natural occurring pyrophosphates, are potent
inhibitors of osteoclastic-mediated bone resorption and have been used for over 30 years to
treat postmenopausal osteoporosis, Paget’s disease, hypercalcemia of malignancy and other
metabolic bone diseases [1–4]. BPs rapidly localize to hydroxyapatite in vivo and are
ingested by osteoclasts, altering the resorptive function and survival of these cells [5–7].
Zoledronate (ZA), delivered intravenously, and alendronate, administered orally, are
examples of more potent nitrogen-containing BPs widely used in the management of cancer
and skeletal disorders respectively [5, 8]. Mechanistically, nitrogen-containing BPs affect
the mevalonate pathway by inhibiting the farnesyl diphosphate synthase, an enzyme
important in the synthesis of farnesyl pyrophosphate for cholesterol biosynthesis [9]. This
prevents the prenylation of small GTPase-signaling proteins such as Rho and Ras, which are
important for osteoclast regulation of the cytoskeleton, intracellular vesicular transport and
cell survival [10].

Although the use of BPs is beneficial for cancer and skeletal diseases treatments, BP related
osteonecrosis of the jaws (ONJ) has been reported as a serious adverse effect of these drugs
[11–13]. ONJ is most frequently observed after dental interventions such as tooth extraction,
periodontal disease and in patients receiving corticosteroid treatment [11, 14, 15].

Despite having been described in the literature since 2004, ONJ etiology and
pathophysiology remain largely unknown. Many hypotheses, including BP toxicity to oral
epithelium, altered wound healing after tooth extraction, high turnover of the mandible and
maxilla, oral biofilm formation, infection and inflammation, and suppression of
angiogenesis and bone turnover have been proposed [16, 17]. Since the original ONJ
reports, osteoclast inhibitors with different than BP pharmacologic action have been
approved for treatment of bone malignancy and osteoporosis [18, 19]. Similar ONJ
incidence has been observed with these medications [20–22], suggesting that inhibition of
bone remodeling is central in the pathophysiology of the disease.

ONJ is a complex disease that involves the interaction of multiple tissues and cell types in
response to local wound healing and/or infection under systemic pathologic conditions. As
such, it would be difficult to replicate disease conditions in vitro. Animal models that
capture several ONJ clinical, radiographic and histologic features have been developed in
rats, mice and minipigs [23–31]. Most of these animal models involve tooth extraction in
animals treated for prolonged periods with high-dose BP treatment, suggesting that BPs alter
bone healing and lead to bone exposure. However, a significant fraction of ONJ diseases
occurs in the absence of tooth extraction.

We recently published an animal model of ONJ utilizing rats that have undergone
experimental periodontal disease of their first and second maxillary molars and were treated
with high BP doses [24]. In these studies, no tooth extraction was performed. These findings
paralleled studies in rats with diet-induced periodontitis [25] that similarly showed ONJ-like
lesions in the presence of periodontal disease and BP treatment. These studies have
collectively emphasized the importance of dental disease in ONJ pathophysiology.
However, because they have been performed in rats, these animal models do not explore the
full range of genetic and molecular biology tools available with mice.
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Here, we have developed a mouse model of ONJ, without tooth extraction, but by applying
experimental periapical disease in animals treated with high BP doses. Radiographic and
histologic analysis revealed quantitative and qualitative differences in the alveolar structures
of vehicle (veh) vs. BP treated animals. Importantly, the mice developed osteonecrotic
lesions at high frequency that closely parallel radiographic and histologic features of ONJ in
patients.

MATERIALS AND METHODS
Animal Care and Experimental Periapical Disease Induction

Animals and surgical procedures were handled according to guidelines of the UCLA
Chancellor’s Animal Research Committee. Thirty-five 4-month old C57BL/6J male mice
(Jackson Laboratories, Bar Harbor, ME, USA) received intraperitoneal (IP) injections of veh
(endotoxin free water) or 200 µg/kg zoledronic acid (BP group) three times per week for 1
week prior to periapical lesion induction. The dose of 200 µg/kg is approximately 3 fold
higher than the oncologic zoledronic acid dose of 66 µg/kg [32], and in the range of
experimental BP doses used in other animal models [27, 29]. We chose to use this higher
dose to increase the incidence of ONJ in our animals, since there appears to be a dose-
dependent effect of BPs on ONJ incidence in humans [33, 34].

Mice were anesthetized with isoflurane and mounted on a jaw retraction board. Pulpal
exposure of the left first and second mandibular molars was performed utilizing a size 1/4
round bur, avoiding furcal perforation (Fig 1A, taken at sacrifice) as described [35, 36].
Exposed teeth were left open to the oral environment. Vehicle or ZA IP injections continued
for an additional 7 weeks, following the same protocol of 200 µg/kg ZA at three times per
week. We elected to inject the animals three times per week for the eight weeks of the
experiment, to mimic the monthly injections in humans given the estimation that 17 days of
a rodent life correspond to one human year [37]. Thus, the animals received a total of 24 ZA
injections, which corresponds to 2 years of treatment for a cancer patient [38]. The mean
time to onset of ONJ in patients treated with ZA is approximately 18 months [39].

At the end of the experiment, animals were sacrificed, mandibles were removed, placed in
4% paraformaldehyde for 48 hours and stored in 70% ethanol. Seventeen veh and 18 BP
treated animals were utilized.

µCT Scanning
Mouse mandibles were imaged by µCT scanning (µCT SkyScan 1172; SkyScan, Kontich,
Belgium) at 12 µm (0.012 mm) resolution, and volumetric data were converted to DICOM
format and imported in the Dolphin Imaging software (Chatsworth, CA) to generate 3D and
multiplanar reconstructed images [24]. To quantify the amount of periapical bone loss, the
imaged volume was oriented so that the long axis of the distal root of the first molar (D1)
was parallel to the coronal and sagittal planes. Then, the distance from the root apex to the
periapical alveolar bone was measured at the distal root of the first and the mesial root of the
second molars, for both the drilled and contralateral healthy sides.

To measure the width of the periodontal ligament (PDL) space and the thickness of the
lamina dura at the furcation area of the first molars, a sagittal slice through the middle of the
furcation area along the mesio-distal axis of the tooth was created. Three measurements at
the middle of the mesial surface of the distal root, the tip of the furcation, and the middle of
the distal surface of the mesial root were averaged to calculate the PDL space width and
lamina dura thickness for each tooth.
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To measure changes in the width of lingual bone thickness, the imaged volume was oriented
such that the occlusal plane was parallel to the horizontal plane. The shortest distance from
the lingual surface of the root to the lingual outline of the alveolar ridge was measured on an
axial slice at the level of the apical third of the root for the distal root of the first molar and
the mesial root of the second molar.

The alveolar bone, from the root apices to the alveolar crest, minus the roots and PDL space,
was selected and the alveolar bone volume (BV), tissue volume (TV), and BV/TV were
measured utilizing the CtAn software (Skyscan, Kontich, Belgium).

Histology and TRAP staining
After µCT scanning, mouse mandibular bones were decalcified in 14.5%
ethylenediaminetetraacetic acid (EDTA) solution for three weeks. Samples were paraffin
embedded and 5 µm-thick cross sections were made perpendicular to the long axis of the
alveolar ridge along the distal root of the first molar. To quantify the number of empty
osteocytic lacunae, area of osteonecrosis and periosteal thickness, hematoxylin and eosin
(H&E)-stained slides were digitally scanned as described [24]. Using the ruler tool in
ImageScope, the crestal 1-mm of the alveolar bone was marked. All measurements were
performed in that area of the alveolar bone.

Within this area, the total number of empty and osteocytic lacunae and the osteonecrotic
area(s), defined as a loss of more than five contiguous osteocytes with confluent areas of
empty lacunae were measured. Furthermore, the total bone area and perimeter were
assessed. To quantify periosteal bone thickness, the ruler tool was used to measure three
greatest areas of both lingual and buccal periosteal thickness that were then averaged.

Tartrate-resistant acidic phosphatase (TRAP) positive cells were identified using the
leukocyte acid phosphatase kit (Sigma-Aldrich, St. Louis, MO, USA) and counted under
light microscope. All histology and digital imaging was performed at the Translational
Pathology Core Laboratory (TPCL) at UCLA.

Statistics
Data among groups were analyzed using one-way analysis of variance (ANOVA). Data
between groups were analyzed using Student’s t test.

RESULTS
Sagittal µCT sections through the apical area of the mandibular molars were created (Fig
1B). In healthy teeth of veh or BP treated animals, a continuous periodontal ligament (PDL)
space and uniform lamina dura was observed. In drilled teeth of veh treated animals,
widening of PDL space and loss of lamina dura, typical of periapical inflammation was
observed. Interestingly, drilled teeth in BP treated animals showed a smaller increase in the
PDL space widening and had retention of the lamina dura. A significant increase in the
distance from the apex of the root to the alveolar bone (Fig 1C) was seen on the drilled side
compared to the healthy side for both veh and BP treated animals (Fig. 1D). Importantly, BP
treatment resulted in significantly less periapical bone loss for drilled teeth compared to veh
treatment.

Bone changes extended along the roots to the furcation area of the drilled teeth. Fig. 2A
shows sagittal sections through the furcation area of the 1st mandibular molars. In vehicle
treated animals healthy teeth showed a thin PDL space along the root surface (indicated by
the thick arrow), and a continuous uniform lamina dura (indicated by the thin arrow). Drilled
teeth of veh treated animals showed an expansion of the PDL space and thinning of the
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lamina dura. Healthy teeth of BP treated animals showed a normal PDL space. However, the
lamina dura appeared thickened, compared to the healthy teeth of veh treated animals.
Significantly, in BP treated animals, there was little widening of the PDL space and
significant thickening of the lamina dura in the furcation area of drilled teeth. A statistically
significant increase in PDL space and decrease in lamina dura thickness was seen in drilled
teeth of veh treated animals (Fig. 2B, C and D). BP treatment caused a slight but statistically
significant reduction in PDL space and a significant increase in lamina dura thickness in the
furcation of healthy teeth. There was a small, statistically significant increase in PDL space
at the furcation of drilled vs. healthy teeth in BP treated animals. However, this increase was
significantly less compared to the PDL space increase in veh treated animals. Finally, drilled
teeth in BP treated animals showed a statistically significant increase in lamina dura
thickness compared to veh and BP treated healthy teeth.

The bone changes around the drilled teeth appeared to extend beyond the confines of the
periodontal area to the adjacent alveolar bone (Fig. 3A). In vehicle treated animals, the
alveolar bone around drilled teeth showed loss of trabecular integrity and osteolysis that
extended to the mandibular cortices (Fig 3A, thick arrows). In contrast, the alveolar bone
around drilled teeth of BP treated animals showed increased trabecular density and bone
deposition on the periosteal surface of the buccal and lingual cortices (Fig. 3A, thin arrows).
Seventeen (94%) BP treated animals and one (6%)veh treated animal, showed periosteal
bone apposition (Table 1). The shortest distance from the bone perimeter to the root surface
was measured for the lingual cortex (Fig. 3B). A significant decrease in bone thickness at
the drilled teeth areas in veh treated animals was seen. BP treatment did not affect bone
measurements. However, a significant increase in bone thickness was observed around
drilled teeth in BP treated animals compared to healthy teeth of either veh or BP treated
animals.

Then the BV, TV and BV/TV of the alveolar ridge were measured. No difference on TV
among the various groups was seen (data not shown). Dental disease did not cause any
change in BV or BV/TV in the veh treated animals. As expected, in the healthy site, BP
treatment caused a significant increase of BV and BV/TV compared to veh treated mice.
Importantly, dental disease caused an even greater increase in BV and BV/TV compared to
the veh treated disease site and the healthy site of the BP treated animals (Fig 3D and E).

Histologic analysis showed that healthy teeth of both veh and BP treated animals had a
normal PDL space and alveolar bone. Inflammatory infiltrate was observed in the apical
areas of drilled teeth for both veh and BP treated animals (data not shown). Histologic
examination of the periodontal molar areas revealed that healthy teeth of both veh and BP
treated animals had normal periodontal structures, including marginal epithelium, crestal
bone (Fig. 4A, A1, C and C1, red and aqua arrows) and periodontal ligament. Drilled teeth
of both veh and treated animals showed inflammatory infiltrate at the gingival tissues (Fig.
4B, B1, D and D1, black arrows). Migration of marginal epithelium and reduction of the
alveolar crest height was seen in the drilled teeth of veh treated animals (Fig. 4B and B1, red
and aqua arrows). Although migration of marginal epithelium was also observed in the
drilled teeth of BP treated animals (Fig. 4D and D1, red arrows) a smaller decrease in the
alveolar crest height was present (Fig. 4D and D1, aqua arrows). As a result, the distance
between the marginal epithelium and the alveolar crest was increased in the drilled vs.
healthy site of veh treated animals, but was decreased in the drilled vs. healthy site of BP
treated animals (Fig. 4B1 and D1, double arrows). Finally, areas of necrotic bone
characterized by empty osteocytic lacunae and periosteal bone deposition were seen in the
drilled site of 16 (88%) BP treated animals (Fig. 4D and D1, yellow and blue arrows
respectively, and Table 1).
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In six (33%) of the BP treated animals (Table 1), histologic assessment revealed epithelial
migration below the level of the alveolar crest resulting in bone exposure (Fig. 5). At the
lingual surface of the alveolar ridge, bone exposure (green arrows) and debris (red arrows)
with epithelial migration (white arrows) along the necrotic bone (yellow arrow) to the level
of periosteal bone deposition (blue arrows) were noted. At the buccal surface of the alveolar
ridge, bone necrosis (yellow arrows) and periosteal bone deposition (blue arrows) but no
bone exposure were seen. Inflammatory infiltrate (black arrows) was present throughout the
alveolar ridge.

The thickness of the periosteum was measured on histologic sections at the lingual surface
of the mandible. A significant increase in periosteal thickness was observed in the drilled vs.
healthy side of the mouse mandibles. This increased thickness however, was more
pronounced in the BP vs veh treated animals (Fig. 6A).

Then, the junctional epithelium to alveolar crest distance was measured on the lingual
surface of the mandible in all animals (Fig. 6B). This distance significantly increased at the
drilled site of the veh treated animals compared to the healthy site, suggesting increased
resorption of the alveolar crest. In contrast, for the BP treatment animals, a significant
decrease in the junctional epithelium to alveolar crest distance was observed, probably due
to the apical migration of the junctional epithelium but reduced resorption of the alveolar
crest.

To quantify the effect of the various treatments on osteocytes, the number of empty
osteocytic lacunae of the alveolar ridge was measured (Fig. 6C). Interestingly, increased
numbers of empty osteocytic lacunae were seen in the drilled vs. healthy site of veh treated
animals, suggesting that dental disease causes osteocytic death. BP treatment in the healthy
site also increased the number of empty osteocytic lacunae compared to the healthy site of
veh treated animals. Importantly, the number of empty osteocytic lacunae in the drilled site
of BP treated animals was significantly higher than the healthy site of the same animals and
the drilled site of veh treated animals.

Evaluation of osteonecrotic areas (Fig. 6D) showed that osteonecrosis was present only in
the drilled site of BP treated animals, while no osteonecrosis was seen in any of the other
groups. These areas covered on average 25.5% of the alveolar bone area and measured
176,016 +/− 33,756 µm2.

We further explored whether there was a difference in empty lacunae number outside the
osteonecrotic areas. We thus, made the same measurements as in Fig. 6C, instead focusing
on the areas of the alveolar bone outside osteonecrosis (Fig. 7B). For the healthy and drilled
site of veh treated animals, and for the healthy site of BP treated animals, the same numbers
of empty osteocytic lacunae as in Fig. 6C were seen. Surprisingly, the number of empty
lacunae for the drilled site of BP treated animals was not different that the healthy site of the
same animals or the drilled site of the veh treated animals (Fig. 7D).

During histologic evaluation, we observed that periosteal bone deposition was present
adjacent to osteonecrotic areas in the drilled site of BP treated animals (Fig. 7A). We thus
measured the % osteonecrotic area in a 50 µm zone next to the periosteal bone deposition
(Fig. 7C). Indeed, a significantly higher osteonecrosis area was observed adjacent to
periosteal bone deposits compared to the % osteonecrotic area for the overall alveolar bone
(Fig. 7E).

Finally, TRAP assays (Fig. 8) showed a significant increase in the number of TRAP+ cells
in the drilled vs. healthy site for both veh and BP treated animals. However, no difference
was seen in the drilled site between veh and BP animals (Fig. 8A). Upon closer examination,
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TRAP+ cells in the veh treated animals showed close attachment to the bone with an
extended contact surface. In contrast, TRAP+ cells in the BP treated animals were round,
detached, and at times removed from the bone surface (Fig. 8B).

DISCUSSION
Anti-resorptive therapies, are used for the management of bone diseases including
hypercalcemia of malignancy, skeletal-related events and severe bone pain from primary or
metastatic bone lesions, Paget’s disease, osteoporosis and fibrous dysplasia [40, 41]. ONJ is
a serious complication of potent antiresorptive medications such as BP and Denosumab,
which directly affect osteoclast function and apoptosis or osteoclast formation and
differentiation respectively. Elucidating ONJ pathophysiology and developing targeted
therapies is of utmost importance in the management of the disease. To this end, we have
focused our efforts on developing a clinically relevant rat, and now, mouse model of ONJ to
characterize objective clinical, radiographic, and histologic signs of the disease.

Caries and periodontal disease, two of the most common infectious diseases [42], can
compromise tooth structure and support, cause inflammation of the periodontal tissues and
lead to tooth loss. In the uncompromised patient, the periapical alveolar bone or bony socket
usually heal without difficulty after removal of the infectious/ inflammatory insult. The
coordinated osteoclastic and osteoblastic activity is central in the healing process of the
involved osseous structures. However, in patients taking intravenous BPs, the risk of
abnormal healing after tooth extraction is apparent [15, 43, 44]. In fact, most reported ONJ
cases occur after extraction, where extractions are usually performed for periodontal disease
or deep caries extending to the periapical region [15, 43–48]. The decrease in ONJ incidence
after dental preventive measures further supports the role of dental disease in ONJ
pathophysiology [49, 50].

Based on these clinical observations, most animal models utilize tooth extractions and high-
dose BP treatment, frequently in combination with dexamethasone or other
chemotherapeutic agents, or metabolic deficiencies such as Vitamin D, to develop ONJ-like
lesions in rats, mice or minipigs [23, 26–31]. In such models, delayed mucosal healing,
ulceration, pseudoepitheliomatous hyperplasia, osteonecrosis, incomplete socket healing and
bony sequestration have been described. Interestingly, others and we have reported on ONJ
animal models in rats treated with high BP doses and undergone diet- or ligature-induced
experimental periodontitis. These animals present clinical, radiographic and histologic
features of ONJ, and recapitulate clinical ONJ in the absence of tooth extraction [24, 25, 51].
Here, we extend these studies and present a mouse ONJ model utilizing high-dose
zoledronic acid and experimental periapical disease.

We utilized a well-established pulp exposure model of periapical disease that results in
radiographically and histologically observed periapical lesions as early as 10 days after pulp
exposure [35]. In this model, osteoclastic activity is central to alveolar bone resorption, and
inhibition of osteoclastic activity results in decreased size of periapical lesions [52, 53]. In
agreement with these findings, we observed that the size of periapical lesions at the apices of
the molar roots was significantly smaller for the BP treated animals, as assessed by µCT
imaging.

Importantly, µCT assessment of the alveolar bone revealed significant changes in bone
morphology of the drilled site in BP treated animals that closely mimicked radiographic
findings in ONJ patients. Diffuse osteosclerosis with increased trabecular density,
thickening of cortical outlines with periosteal bone formation that is often extensive and
thickening of the lamina dura have been described in conventional and CT radiographic
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examinations of ONJ patients [54–58] and were present in the great majority (94%) of the
BP treated animals around teeth with periapical disease. Histologic findings paralleled the
radiographic observations, revealing that the thickness of the periosteum that lined the
buccal and lingual cortices of the alveolar ridge increased substantially in the site with
periapical disease compared to the healthy side for the BP treated animals. A more modest
increase in periosteal thickness was seen in the diseased site of veh treated animals. We
made similar observations in the ONJ rat model utilizing experimental periodontitis and
high dose BP treatment [24].

Histologic examination revealed the presence of diffuse loss of osteocytes and empty
osteocytic lacunae denoting alveolar bone osteonecrosis, in the diseased site of 16 (88%) BP
treated animals. Interestingly, periapical disease or BP treatment alone caused a modest
increase in the number of empty osteocytic lacunae that did not coalesce in osteonecrotic
areas. When the number of empty osteocytic lacunae was measured in the alveolar bone
outside the osteonecrotic areas, no statistical difference was detected among periapical
disease, BP treatment or the combination of dental disease with BP treatment groups, which
were all higher than the veh treated healthy group. This finding suggests that dental disease
and BP treatment do not increase osteocytic death uniformly, but selectively to localized
areas of the alveolar bone. Possible factors that might predispose such areas of the alveolus
to osteonecrosis could include increased infection/inflammation or reduced vascularity.

Inhibition of osteoclastic activity appears to be central in ONJ pathophysiology, since
clinical studies on patients treated with either BPs or Denosumab, a monoclonal antibody
against RANKL, reveal a similar incidence of ONJ by both antiresorptive medications [20–
22]. Osteoclasts with altered cell morphology, detached from the bone surface and
undergoing apoptosis are seen in ONJ patients [55, 59] on BP treatment, as well as in ONJ
animal models [25]. Similarly, we observed that although periapical disease increased TRAP
+ cell numbers in both vehicle and BP treated mice, BP treated animals showed round, and
detached TRAP+ cells.

A noteworthy observation is that 75% of the alveolar bone in a 50 µm zone adjacent to the
periosteal bone deposition was necrotic, suggesting that periosteal bone deposition
developed adjacent to osteonecrotic areas. It would be important to establish in future
experiments whether periosteal bone reaction develops prior to osteonecrosis or vice versa.
This close association of periosteal bone reaction and osteonecrosis bears clinical
significance, since our findings suggest that on radiographs of ONJ patients, osteonecrosis
should be suspected not only in areas of sequestration but also in areas adjacent to periosteal
bone apposition.

Although most of the mice presented with histologic osteonecrosis, only 33% showed
exposed bone not covered by epithelium suggesting that bone exposure is not a prerequisite
for bone necrosis. Similar observations have been reported in the rat ONJ models utilizing
experimental periodontis [24, 25], as well as with ONJ models utilizing tooth extraction
[27]. These findings could have two potential implications for the clinical setting. First, in
cancer patients, alveolar bone necrosis might be present around teeth with extensive
periodontal or periapical disease. Extraction of such teeth would further exacerbate tissue
injury and complicate healing. Second, the mice with histologic and radiographic features of
ONJ but without frank bone exposure appear to resemble patients on BP treatment that
present with ONJ-like radiographic or clinical symptoms but without orally exposed bone
[60–63]. The original ONJ staging system has recently been changed to add stage 0 disease
to include these patients [44].
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Since our animal model did not include tooth extraction there was no experimental violation
of mucosal integrity. Migration of the marginal epithelium on the diseased site of both veh
and BP treated animals was observed. However, in the veh treated animals concurrent bone
resorption resulted in increased epithelial-bone crest distance. In contrast, BP treated
animals showed a significant reduction of the epithelial-bone crest distance. Importantly, in
the animals with bone exposure the migrating epithelium bypassed the osteonecrotic bone to
extend to the area of the vital periosteal bone apposition, thus resulting in bone exposure.

In our studies, similar to other published reports [27, 29], we utilized high doses of ZA, a
nitrogen-containing potent BP to induce ONJ-like lesions in the jaws of mice that closely
mimic the clinical, radiographic and histologic features of human ONJ. These injection
doses are approximately 3 fold higher than the ZA injection doses used in patients with bone
malignancy [32]. Although these animal models appear to capture the basic ONJ
pathophysiologic mechanisms, interpretation of findings should consider the possibility of
additional cell or tissue effects by the high ZA doses. Furthermore, these higher ZA doses
most probably underlie the higher incidence of osteonecrosis observed in our studies,
compared with published patient data [44, 64]. Future studies with pharmacologic doses
similar to clinical regimens will expand utilization of this animal model and provide a more
accurate assessment of ONJ incidence and severity.

In summary, we have created a mouse model with significant clinical, radiographic and
histologic resemblance to ONJ in patients. This model enhances existing mouse models
utilizing tooth extraction, as it addresses a subset of ONJ occurrence in the absence of
traumatic interventions. Furthermore, this mouse model complements other rat ONJ models
utilizing experimental dental disease, and provides the benefits of working in a system with
rich genetic and molecular tools that should assist studies of ONJ pathophysiology and
targeted therapies.
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Figure 1.
Experimental periapical disease model. A) The crowns of the first and second molars were
drilled to create pulp exposure and cause periapical disease in veh or BP treated animals. B)
Representative µCT images of the periapical area of the first molar distal root of healthy and
drilled sites in veh or BP treated animals are shown. C) To quantify periapical bone loss, the
periapical space was measured as the distance from the root apex to the periapical alveolar
bone. D) Periapical space at the distal root of the first molar (D1). * statistically significantly
different, p<0.01.
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Figure 2.
Changes in the furcational periodontium of veh and BP treated animals. A) Representative
µCT images of the furcation area of the first molar of healthy and drilled sites in veh or BP
treated animals are shown. Thin arrow points to the lamina dura and thick arrow points to
the PDL space. B) To quantify changes in the furcational periodontium, the width of the
PDL space and the thickness of the lamina dura were measured at the furcation area. C) PDL
space at the furcation area of the first molar. * statistically significantly different, p<0.01. D)
Lamina dura thickness at the furcation area of the first molar. * statistically significantly
different, p<0.01.
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Figure 3.
Changes in alveolar bone structure in veh and BP treated animals. A) Representative axial
µCT slices of the alveolar ridge at the apical third of the root are shown. Thick arrows point
to osteolysis extending to the mandibular cortices seen in the drilled site of the veh treated
animals. Thin arrows point to periosteal bone deposition and increased trabecular density
seen in BP treated animals. B) To quantify the lingual bone thickness in veh vs. BP treated
animals, the lingual width of the alveolar bone was measured at the distal root of the first
moral and mesial root of the second molar in the healthy and drilled sites. C) Lingual cortex
thickness at the distal root of the first molar. D) BV and E) BV/TV of bone at the area of the
alveolar ridge. * statistically significantly different, p<0.05.
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Figure 4.
Histologic examination of periodontal area of the alveolar bone. A, A1) Healthy site of a veh
treated animal. B, B1) Drilled site of a veh treated animal. C, C1) Healthy site of a BP
treated animal. D, D1) Drilled site of a BP treated animal. A, B, C, D are at 4X
magnification, while A1, B1, C1, and D1 demonstrate a magnified area of A, B, C, and D.
Red arrows point to marginal gingival epithelium, aqua to the crestal alveolar bone, black
arrows to inflammatory infiltrate, black double arrows to the epithelial-crestal bone distance,
yellow arrows to necrotic bone, and blue arrows to periosteal bone deposition.
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Figure 5.
Histologic examination of the drilled site of two BP treated animals (A and B) with bone
exposure. A and B are at 4X magnification, while insets demonstrate magnified areas of A
and B. Black arrows point to inflammatory infiltrate, white arrows to epithelial migration,
yellow arrows to necrotic bone, green arrows to exposed bone, red arrows to debris, and
blue arrows to periosteal bone deposition.
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Figure 6.
Quantification of histologic findings. A) Thickness of periosteum at the buccal and lingual
alveolus was measured. B) The shortest epithelial-crest distance was determined. If
epithelium extended below the level of the alveolar crest, a negative value was assigned to
the measurement. C) Osteocytic lacunae were measured and empty lacunae were expressed
as percent of total. D) Area of osteonecrosis was measured and expressed as % of total bone
area. * statistically significantly different, p<0.01.
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Figure 7.
Quantification of BP effects on empty osteocytic lacunae and osteonecrosis. A) Baseline
histologic appearance of the area of interest. B) The necrotic (artificially shaded dark grey)
and viable (artificially shaded white) bone areas were identified. C) The periosteal bone
deposition (artificially shaded dark grey and black arrow) and adjacent 50 µm wide
(artificially shaded white and white arrow) bone area were established. D) Osteocytic
lacunae were measured in the areas of viable bone and empty lacunae were expressed as
percent of total. E) The total bone % osteonecrotic area (TB) and % osteonecrotic area in a
50 µm wide band adjacent to periosteal bone (PB) were measured. * statistically
significantly different, p<0.01.
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Figure 8.
Effects of BP treatment on TRAP+ cells. A) Number of TRAP+ cells in the healthy and
drilled site of veh and BP treated animals. * statistically significantly different, p<0.01. B)
Representative examples of TRAP+ cells from the drilled site of veh or BP treated animals.
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TABLE 1

Radiographic and histologic findings in veh vs. BP treated animals

Treatment Number of
animals

Periosteal bone formation Histologic
Osteonecrosis

Bone
Exposure

Veh 17 1 (6%) 0 (0%) 0 (0%)

ZA 18 17 (94%) 16 (88%) 6 (33%)
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