
CHANGES IN THE RANK/RANKL/OPG SIGNALING SYSTEM AS
A MECHANISM OF ZOLEDRONATE-INDUCED OSTEONECROSIS

OF THE JAW

By
Jonathan D. Lane, DMD

Submitted to the Faculty of the College of Graduate Studies
of Augusta University in partial fulfillment

of the Requirements of the Degree of
Master of Science

April
2016



Changes in the RANK/RANKL/OPG Signaling System as a
Mechanism of Zoledronate-Induced Osteonecrosis of the Jaw

This thesis is submitted by Jonathan D. Lane and has been examined and approved by

an appointed committee of the faculty of the College of Graduate Studies of Augusta

University.

The signatures that appear below verify the fact that all required changes have been

incorporated and that the thesis has received final approval with reference to content,

form and accuracy of presentation.

This thesis is therefore in partial fulfillment of the requirements for the degree of Master

of Science.

_________________ ___________________________
Date Major Advisor

_____________________
Department Chairperson

___________________________
Dean, College of Graduate Studies



iii

TABLE OF CONTENTS

Acknowledgements ..............................................................................................iv
List of Figures ....................................................................................................... v
List of Tables .......................................................................................................vii
Introduction........................................................................................................... 1

Statement of the Problem ................................................................................. 1
Significance....................................................................................................... 2

Review of the Literature........................................................................................ 3
Bone Modeling and Remodeling ....................................................................... 3

Cell Communication ...................................................................................... 5
Osteocytes................................................................................................. 5
Osteoblast & Osteocyte Communication ................................................... 7
Osteoclast & Osteocyte Communication.................................................... 7

RANK/RANKL/OPG Signaling System.......................................................... 8
Bisphosphonates ............................................................................................ 12

Background ................................................................................................. 12
History ......................................................................................................... 12
Structure...................................................................................................... 13
Mechanism of Action at the Cellular Level................................................... 14
Mechanism of Action at the Biochemical Level ........................................... 15

Bisphosphonate-Related Osteonecrosis of the Jaw........................................ 16
History ......................................................................................................... 16
Definition ..................................................................................................... 17
Incidence ..................................................................................................... 17
Treatment .................................................................................................... 17
Pathophysiological Mechanism ................................................................... 18
Bisphosphonate Effects on Healing of the Extraction Socket ...................... 20

Purpose .............................................................................................................. 25
Hypothesis.......................................................................................................... 25
Specific Aims...................................................................................................... 25
Materials and Methods ....................................................................................... 26
Results ............................................................................................................... 39
Discussion .......................................................................................................... 81
Conclusion.......................................................................................................... 88
References ......................................................................................................... 89



iv

Acknowledgements

I would like to sincerely thank my committee members for their many dedicated

hours of guidance provided to me throughout this challenging project. I would like

to express an additional special thank you to Dr. Douglas Dickinson, PhD, who

went above and beyond to help me perform and interpret the

immunohistochemistry and TUNEL assays integral to this study. Thank you to my

mentors at the Fort Gordon Advanced Program in Periodontics, who have

provided countless hours of support, development, and instruction. Thank you to

my fellow residents, whose support and friendship have made this difficult

journey manageable and much more enjoyable. Lastly, thank you to my wife,

Sarah, and daughter, Norah, who have been my rock, inspiration, and

unconditional love and support.



v

List of Figures

Figure 1: Remodeling of bone under physiological conditions
Figure 2: Multinucleated osteoclasts resorbing bone
Figure 3: Osteoblasts synthesizing proteinaceous matrix
Figure 4: Osteocyte and its canalicular processes
Figure 5: Osteocytic canaliculi reaching the bone surface
Figure 6: Osteocyte regulation of bone remodeling
Figure 7: RANK/RANKL/OPG signaling system
Figure 8: Apoptotic osteocytes signal to neighboring vital osteocytes
Figure 9: Basic chemical structure of a bisphosphonate
Figure 10: Ruffled border of the osteoclast
Figure 11: Mevalonate pathway of cholesterol synthesis
Figure 12: BRONJ lesion of the right maxilla
Figure 13: Reconstruction plate after left hemimandibulectomy
Figure 14: Osteocyte signaling in normal healthy bone
Figure 15: Osteocyte signaling in presence of bisphosphonates
Figure 16: Dosing and extraction regimen for low dose zoledronate group
Figure 17: Dosing and extraction regimen for high dose zoledronate group
Figure 18: Specimen allocation from the low and high dose animals
Figure 19: Scoring zones within the specimens
Figure 20: TUNEL region of interest using DAPI image
Figure 21: Trichrome of low dose group at 1 week
Figure 22: Trichrome of low dose group at 8 weeks
Figure 23: Trichrome of high dose group at 1 week
Figure 24: Trichrome of high dose group at 8 weeks
Figure 25: Negative control images for RANKL
Figure 26: Negative control images for OPG
Figure 27: RANKL of low dose control at 1 week
Figure 28: RANKL of low dose treatment at 1 week
Figure 29: RANKL of low dose control at 8 weeks
Figure 30: RANKL of low dose treatment at 8 weeks
Figure 31: RANKL low dose bulk trabecular average score
Figure 32: RANKL of high dose control at 1 week
Figure 33: RANKL of high dose treatment at 1 week
Figure 34: RANKL of high dose control at 8 weeks
Figure 35: RANKL of high dose treatment at 8 weeks
Figure 36: RANKL high dose bulk trabecular average score
Figure 37: OPG of low dose control at 1 week
Figure 38: OPG of low dose treatment at 1 week
Figure 39: OPG of low dose control at 8 weeks
Figure 40: OPG of low dose treatment at 8 weeks
Figure 41: OPG low dose bulk trabecular average score
Figure 42: OPG low dose bulk trabecular average 2-way ANOVA



vi

Figure 43: OPG low dose cortical average score
Figure 44: OPG low dose cortical average 2-way ANOVA
Figure 45: OPG low dose bulk trabecular cortical 2-way ANOVA
Figure 46: OPG of high dose control at 1 week
Figure 47: OPG of high dose treatment at 1 week
Figure 48: OPG of high dose control at 8 weeks
Figure 49: OPG of high dose treatment at 8 weeks
Figure 50: OPG high dose bulk trabecular average score
Figure 51: OPG high dose bulk trabecular average 2-way ANOVA
Figure 52: OPG high dose cortical average score
Figure 53: OPG high dose cortical average 2-way ANOVA
Figure 54: OPG high dose bulk trabecular cortical 2-way ANOVA
Figure 55: GDF-15 expression in newly formed osteocytes
Figure 56: GDF-15 expression in endothelial cells of blood vessels
Figure 57: GDF-15 expression in osteoclasts
Figure 58: TUNEL of low dose control at 1 week
Figure 59: TUNEL of low dose treatment at 1week
Figure 60: TUNEL of low dose control at 8 weeks
Figure 61: TUNEL of low dose treatment at 8 weeks
Figure 62: TUNEL of high dose control at 1 week
Figure 63: TUNEL of high dose treatment at 1 week
Figure 64: TUNEL of high dose control at 8 weeks
Figure 65: TUNEL of high dose treatment at 8 weeks
Figure 66: Logit tfn low dose bulk trabecular TUNEL index avg
Figure 67: Grouped low dose TUNEL bulk trabecular cortical index
Figure 68: High dose bulk trabecular TUNEL index avg
Figure 69: Grouped high dose TUNEL logit bulk trabecular cortical index



vii

List of Tables

Table 1: Primary antibody information



1

Introduction

Statement of the Problem

Bisphosphonates (BPs) are widely used for the treatment of osteoporosis,

hypercalcemia of malignancy, skeletal-related events associated with bone metastases,

and for managing lytic lesions of multiple myeloma. A serious risk associated with the

use of BPs is the development of Bisphosphonate Related Osteonecrosis of the Jaw

(BRONJ), a painful and inflamed area of exposed bone in the oral cavity that fails to heal

after 6-8 weeks.

The cause of BRONJ is unknown, but it is believed to be due primarily to a long-

term suppression of bone remodeling, caused by BP’s potent inhibition of osteoclastic

activity. At the cellular level, it is generally accepted that bisphosphonates are taken in

by osteoclasts at sites of relatively greater bone remodeling, owing to the strong affinity

of bisphosphonates for the mineralized matrix and the increased activity of osteoclasts at

active sites of resorption. The accumulation of intracellular bisphosphonates ultimately

leads to osteoclast dysfunction or apoptosis through the formation of nonhydrolyzable

ATP-analogues, or due to inhibition of the mevalonate pathway responsible for synthesis

of sterols and lipids necessary for proper cellular membrane structure. However, the

refined details of the pathophysiology of BRONJ remain elusive.

The RANK/RANKL/OPG system is a well-known signaling pathway for the

recruitment and differentiation of osteoclasts. RANK is a surface-bound receptor on

osteoclasts, and requires binding of its ligand, RANKL, for cell activation and ultimately

resorption of bone. On the other hand, OPG is a soluble decoy receptor for RANKL.

Therefore, osteoclastic activity is effectively regulated by the ratio of RANKL to OPG.

For years, it has been generally accepted that osteoblasts are the primary source of both

RANKL and OPG. However, it is now recognized that the master orchestrator of bone

activity, the osteocyte, contributes to the pathway. Furthermore, it has been shown that

in localized tissue damage or hypoxia, such as in a dental extraction, immediately

adjacent surviving nonapoptotic osteocytes upregulate RANKL and downregulate OPG.

It is unknown to what extent BPs may alter the normal osteocyte response to injury and

hypoxia or, ultimately, the dynamics of the RANK/RANKL/OPG system. Furthermore, the

extent to which this could contribute to the development of BRONJ is unexplored.
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There is a paucity of studies concerning how the fundamental system

responsible for bone remodeling, RANK/RANKL/OPG, is effected by BPs. It may be that

changes in this system, especially in signals derived from the osteocyte, contribute to

the pathophysiology of BRONJ.

Significance

The cumulative incidence of BRONJ ranges from 0.8%-12% for intravenous BPs

and 0.01-0.04% for oral BPs. Deleterious effects of BRONJ can result in disfigurement

and greatly reduced quality of life. Given that over 200 million people worldwide suffer

from osteoporosis and over 190 million oral BP prescriptions were dispensed as of 2009,

the association of BRONJ with BPs is cause for concern. Furthermore, an increased

population of aging veterans taking BPs and continuing to receive their care at military

hospitals makes this an important issue for the military healthcare system, as well. The

pathophysiology of BRONJ remains poorly understood, with the reduced turnover of

bone as an explanation likely being an oversimplification. If a firmer grasp of the

molecular mechanism of BRONJ could be obtained, there would be a rational basis for

devising improved treatment strategies.
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Review of the Literature

Bone Modeling and Remodeling

Modeling is the process by which bone adapts and responds to changing

physiologic influences and mechanical forces. Bones may widen or change axis by the

addition or removal of bone at the appropriate surfaces, mediated by independent action

of osteoblasts and osteoclasts in response to biomechanical forces.[1] Bone remodeling,

in contrast, consists of a strict coupling of bone resorption and formation that continues

throughout life and is necessary for maintaining normal bone architecture.[2]

Osteoblasts and osteoclasts communicate via multiple cellular interactions to

sequentially resorb old bone before formation of new bone.[3] The remodeling process is

often referred to as the Activation-Resorption-Formation (ARF) cycle, or the bone

metabolic unit (BMU) (see Figure 1).[4]

Figure 1: Remodeling of bone under physiological conditions. Within an active BMU, bone is
constantly removed by osteoclasts (OCs) during the resorption phase of remodeling. After the

reversal phase, new bone matrix is produced by osteoblasts (OBs) during the formation phase.
Once the BMU is completed, osteoblasts may become entrapped as osteocytes, remain on the

bone surface as lining cells (LCs), or undergo apoptosis.[5]

Normally, bone formation and breakdown are tightly coupled. Activation of

remodeling can be induced by microdamage to the bone and consequent apoptosis of

osteocyte cells. This initiates a cascade of intercellular signals, and results in the

recruitment of multiple osteoclast precursor cells from the circulation.[3] These precursor

cells fuse and the resulting multinucleated preosteoclasts bind to bone matrix and

differentiate, forming annular sealing zones around bone-resorbing compartments (see

Figure 2).[1] The osteoblast lineage plays a critical role in each step of this process.[3]
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The completion of the resorption phase consists of apoptosis of the multinuclear

osteoclasts within resorption lacunae. During the reversal phase, bone resorption

transitions to bone formation by the activation of preosteoblasts recruited into the

resorption cavity.[1] The exact coupling signals that link the end of bone resorption to the

beginning of bone formation are not understood fully, but are believed to involve growth

factors released from bone during the resorption phase.[6] Osteoblasts synthesize new

collagenous organic matrix and regulate mineralization by concentrating calcium and

phosphate and enzymatically destroying mineralization inhibitors such as pyrophosphate

or proteoglycans (see Figure 3).[1] Bone homeostasis relies on the proper balance of

resorption and formation. When bone resorption is greater than formation this leads to

weakened bones and an increased risk of fracture. This imbalance occurs commonly in

bone diseases, such as osteoporosis, hyperparathyroidism, renal osteodystrophy,

Paget’s disease and metastatic bone disease. Conversely, the complete lack of

osteoclastic activity during skeletal development can lead to abnormally dense bone, a

condition called osteopetrosis. Although osteopetrotic bone exhibits greater bone mass,

the bone is typically weak as a result of the absence of repair and remodeling.[1]

Figure 2: Multinucleated osteoclasts resorb bone to form resorption pits known as Howship's
Lacunae[1]
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Figure 3: Osteoblasts synthesize proteinaceous matrix to fill in resorption pits. The proteinaceous
matrix is gradually mineralized to form new bone.[1]

Cell Communication

Osteocytes

Osteocytes are terminally differentiated, stellate-shaped cells that reside within

the bone matrix and comprise 90% to 95% of all bone cells.[7] Osteocytes are derived

from the osteoblast lineage and are characterized morphologically by distinct dendritic

cytoplasmic processes that emanate from the cell body and connect with other

osteocytes, cells at the bones surface, and nearby blood vessels. [8] The cell body is

housed in an ellipsoidal lacuna while the dendritic processes reside in cylindrical

channels called canaliculi (see Figures 4 & 5).

Figure 4: Osteocyte and it’s respective canalicular processes as revealed by acid-etched resin
embedded bone.[9]
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Figure 5: Acid etched resin embedded cortical bone revealing extensive number of osteocytic
canaliculi reaching the bone surfaces.[9]

The highly regular and ubiquitous presence of osteocytes in bone, along with

their associated interconnecting processes, make this network of cells an ideal

candidate to serve as a sensory network to respond to the effects of external influences

imposed on bone.[10] Furthermore, in the last two decades, experimental data have led

to the general perception that osteocytes are the critical cells in the biomechanical

regulation of bone mass and structure.[11, 12] Many studies have shown that osteocytes

are sensitive to mechanical stress and react with rapid changes in metabolic activity,

suggesting a role of mechanosensory function in bone.[13, 14] Osteocytes interpret

mechanical loading via the changes in canalicular flow of interstitial fluid that results from

applied stress.[15] Mechanotransduction converts the mechanical stimulus into cell

signals that can recruit osteoclasts and osteoblasts. Under different stress regimens, the

osteocyte is more sensitive than osteoblasts or periosteal fibroblasts.[16, 17]

The discovery of several proteins specific to osteocyte origin has further

elucidated a critical role of osteocytes in normal bone remodeling. Sclerostin, encoded

by the SOST gene of the osteocyte, has been shown to have anti-anabolic effects on

bone formation.[18] Mutations in the SOST gene and its regulatory elements have been

identified in the human disease sclerosteosis and Van Buchem disease.[19, 20]

Additionally, dentin matrix protein 1 (encoded by DMP1) is highly expressed in

osteocytes, and its absence has been associated with the development of rickets and

osteomalacia.[21]
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Osteoblast & Osteocyte Communication

Osteoblasts are single-nucleated, large cuboidal cells responsible for

synthesizing new bone matrix on bone-forming surfaces. Osteoblasts arise from

mesenchymal stem cells; they are found in large numbers in the periosteum, the fibrous-

like layer on the outside surface of bones, and in the bone marrow. Differentiation of

progenitor cells to the osteoblast lineage is dependent upon the transcription factors

Runx2 and osterix.[22] Individual osteoblasts are connected by gap junctions, allowing

cells in one cohort of synthetic cells to function as a unit.[23] Furthermore, gap junctions

also allow osteoblast connections with osteocytes. This has been demonstrated by

injecting low molecular weight fluorescent dyes into osteoblasts and observing the dye

diffusing through the bone surface to underlying osteocytes.[24]

In light of this functional connection, recent literature has shown that osteoblastic

activity is largely regulated by osteocytes.[25] Utilizing direct cellular contact afforded by

the gap junctions, and additionally by paracrine signaling, osteocytes are able to

communicate with osteoblasts.[26] Mechanical loading of bone upregulates expression

of factors secreted from osteocytes that have demonstrated anabolic actions on

osteoblasts (PGE2, NO, and ATP).[27] Conversely, some of the most dramatic effects of

osteocytes on osteoblasts are inhibitory. The identification of the Wnt antagonist

sclerostin, as mentioned previously, revealed the first evidence of osteocytes directly

controlling bone formation.[28] By antagonizing Wnt system signaling, sclerostin

regulates the proliferation of osteoblast progenitors, as well as osteoblast differentiation

and survival.[29] Additional molecules expressed by osteocytes that inhibit bone

formation include DKK1 and SFRP1. See Figure 6 for a review of molecules expressed

by osteocytes that affect bone formation.

Osteoclast & Osteocyte Communication

Osteoclasts are large multinucleated cells of the hematopoietic monocyte-

macrophage lineage and are the only cells known to be capable of resorbing bone.[30]

Osteoclasts are found in pits in the bone, or resorption bays, referred to as Howship’s

lacunae. Osteoclasts maintain a cytoplasm with high concentrations of lysosomes

containing acid phosphatase, giving a characteristic “foamy” appearance to the cells. At

sites of active bone resorption, the osteoclast forms a specialized cell membrane, or

“ruffled border”, that opposes the surface of bone tissue being resorbed. The extensively

ruffled border dramatically increases the surface area available for resorption. Studies
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show that osteocyte apoptosis secondary to fatigue-loading microdamage in bone plays

a key role in the activation of signaling mechanisms by which osteoclasts target bone for

removal after the occurrence of microdamage.[31] Similarly, unloading of the skeleton

stimulates osteocyte apoptosis and subsequent increased bone resorption.[32]

Therefore, induction of osteocyte death appears to be a common mechanism for

initiating targeted bone resorption.[33] The mechanisms underlying this relationship are

yet to be elucidated entirely, but there is compelling evidence that the connection is

related to the RANK/RANKL/OPG system.[26, 27] Osteocytes have been found to

express macrophage colony-stimulating activator (M-CSF) and RANKL, both promoters

of osteoclastic bone resorption. Additionally, osteocytes have been observed to express

osteoprotegerin (OPG) and NO, inhibitors of osteoclastic bone resorption.[34] Figure 6

shows a summary of the molecules expressed by osteocytes that influence bone

resorption. Further details on these molecules, especially those related to the

RANK/RANKL/OPG signaling system, are provided in the following section.

Figure 6:Osteocyte regulation of bone remodeling.[34]

RANK/RANKL/OPG Signaling System

Osteoclast differentiation and function are strictly regulated by cytokines

expressed by osteoblasts, osteocytes and other bone marrow cells.[35] Macrophage

colony-stimulating factor (M-CSF), a product of osteoblasts and osteocytes, is a cytokine

responsible for the expression of receptor activator of nuclear factor Kappa B (RANK) on

the surfaces of both osteoclast precursor (OCP) and mature osteoclasts.[1] The

essential osteoclastogenic ligand for RANK (RANKL, also called TRANCE) is a

transmembrane glycoprotein belonging to the tumor necrosis factor (TNF)-α superfamily. 

The binding of RANKL to it’s receptor, RANK, on osteoclasts is an integral event for
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osteoclast differentiation, function, and survival.[36] Genetic ablation of RANK or RANKL

results in a nearly complete lack of functional osteoclasts associated with severe

osteopetrosis.[37]

Osteoprotegerin (OPG), also known as osteoclastogenesis inhibitory factor

(OCIF), is a soluble decoy cytokine receptor for RANKL. Like RANKL, it is also a

member of the tumor necrosis factor receptor super family. OPG expression has been

mostly attributed to osteoblasts, stromal cells, and osteocytes.[38, 39] OPG sequesters

RANKL and inhibits RANKL signaling, in turn inhibiting the development of osteoclasts.

Consequently, the relative concentrations of RANKL and OPG determine the extent of

proliferation and differentiation of OCPs in bone, thereby regulating the extent of

resorption, and in turn bone mass.[1] Several studies in animal models have shown the

effects of deregulation of the RANK/RANKL/OPG system in the pathophysiology of bone

remodeling disorders, such as rheumatoid arthritis, osteoporosis, hypercalcaemia of

malignancy, Paget’s disease, and metastatic bone diseases. The RANK/RANKL/OPG

signaling system is illustrated in Figure 7.

Figure 7: RANKL binds to RANK on pre-osteoclasts, stimulating the differentiation and activation
of mature osteoclasts to resorb bone. OPG exists as a soluble decoy, sequestering RANKL

molecules from binding to RANK. Various regulators of RANKL and OPG are also shown.[40]

The relative contribution of RANKL production from various cells of bone has

been a topic of debate. Until recently, it was believed that RANKL was supplied primarily
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by osteoblasts on the bone surface, or their progenitors in the marrow.[41] This was a

rational explanation for the observation that osteoblasts or osteoblast-like cells, not

osteoclast precursors, are targets of hormones that stimulate bone resorption

(parathyroid hormone, the prostaglandins, and 1,25-dihydroxyvitamin D3).[42] It has

since been shown that these hormones facilitate osteoclast differentiation by acting

directly on stromal cells to stimulate expression of RANKL, thereby indirectly recruiting

osteoclasts for bone resorption.[43] However, whether these stromal cells are, in fact,

osteoblasts or osteoblast precursors, is unclear. At least part of this uncertainty arises

from the fact that the calvaria and bone marrow stromal cell cultures commonly utilized

to study osteoblastic cells contain many cell types, including fibroblastic cells that may

not be of the osteoblastic lineage.[44] In addition, conflicting results have been reported

on RANKL expression during osteoblast differentiation in vitro, with differentiation both

promoting[45] and inhibiting[46] RANKL expression. More importantly, targeted ablation

of osteoblasts in transgenic mice did not result in diminished osteoclast number or

reduced RANKL expression.[47] Also, several studies involving genetic modifications

that alter osteoblast number in mice do not result in changing osteoclast counts.[48, 49]

Therefore, it remains unclear whether mature, matrix-synthesizing osteoblasts or their

precursors are required for the support of osteoclast recruitment. This confusion

regarding the relative contribution of RANKL production among the osteoblast-lineage

cells has resulted in intentionally vague terms throughout the literature, such as

“stromal”, “osteoblastic”, “osteoblast-like”, “pre-osteoblast”, and “bone lining cells”.

Perhaps even more confusing are findings that commitment to the osteoblast lineage

may not even be necessary for RANKL production and subsequent osteoclast

recruitment.[50] Administration of glucocorticoids effectively reduces both osteoblasts

and their precursors in bone, but the number of osteoclasts remains relatively

unchanged.[51] These findings may be explained in part by recent findings that several

other cell types contribute to RANKL production, including osteocytes, B and T

lymphocytes, synovial fibroblasts, hypertrophic chondrocytes, and even osteoclasts

themselves.[52] Recent evidence suggests that the osteocyte may even be the

predominant source of RANKL in physiological remodeling.[53, 54] In vitro studies

utilizing the MLO-Y4 cell line, which displays many characteristics of authentic

osteocytes, show high levels of expression of RANKL and support osteoclast formation

in the absence of any external stimulus.[55] In mouse strains where RANKL is

conditionally deleted, mice lacking RANKL in osteocytes are protected from the loss of
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bone and the changes in cancellous architecture caused by tail suspension (unloading-

induced bone loss). Furthermore, mice exhibit a severe osteopetrotic phenotype when

lacking RANKL specifically in osteocytes, indicating that osteocytes are the dominant

source of RANKL in bone remodeling in vivo.[54] On the contrary, recent evidence has

also suggested that inhibition of osteocyte apoptosis prevents an increase in osteocytic

RANKL, but does not stop bone resorption or the loss of bone induced by unloading.[56]

If, however, osteocytes are the primary source of RANKL, and osteocyte

apoptosis necessarily precedes targeted bone resorption (as discussed previously) the

question arises as to how the osteocyte can simultaneously achieve both. A potential

answer to these seemingly mutually exclusive events is that dying osteocytes may signal

to neighboring healthy osteocytes to control bone remodeling. In fact, it has been shown

that in fatigue-loaded rat ulnae, osteocyte apoptosis is localized to areas containing

fatigue damage whereas expression of factors that support focal bone resorption,

including RANKL, are elevated in osteocytes surrounding the apoptotic osteocytes.[57]

Also consistent with this idea, apoptotic bodies produced by dying osteocyte-like cells in

vitro are able to promote osteoclast formation in vitro and in vivo.[58] The extensive

lacunar-canalicular network provides the convenient means of communication between

dying osteocytes and their vital neighbors (see Figure 8).

Figure 8: Neighbors of apoptotic osteocytes (caused by microcracks in this particular depiction,
receive and propagate distress signals (red arrow) that trigger the process of the removal of dead
osteocytes and the abnormal matrix that surrounds them. RANKL is shown as a key mediatory of

this repair process.[59]

The pivotal role of osteocytes in the regulation of bone remodeling under

pathological conditions is reflected in studies involving osteocytes subjected to hypoxia.
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Both fracture and osteotomy induce severe, prolonged hypoxia within the affected region

due to reduced blood flow after disruption of the vasculature.[60, 61] Deficient nutrient

and gaseous exchange among osteocytes located deep within the matrix, due to

disruption of normal lacunar-canalicular flow, results in localized hypoxia in bone.[62]

An indirect contributor to the RANK/RANKL/OPG signaling system, growth

differentiation factor 15 (GDF-15), is a secreted protein member of the TGF-β family, and 

functions as a signal mediator. GDF-15 has been shown to regulate osteoclastic

differentiation through promotion of the RANKL signaling pathway in hypoxic osteocytes.

In a hypoxic model involving ligation of the right femoral artery in mice, a significant

increase in GDF15 expression was observed specifically in tibias of the ligated limb. This

was further associated with significant reduction in bone volume and increased extent of

osteoclast presence at the bone surface. No increase in GDF15 was observed in tibias

of the normally perfused limbs. GDF15 may play an important role in promotion of

RANKL-mediated osteoclastogenesis after secretion from adjacent osteocytes in

response to hypoxic conditions. [63]

Bisphosphonates

Background

BPs are a class of drugs widely used in the treatment of hypercalcemia of

malignancy, skeletal complications associated with metastatic bone disease, Paget’s

disease, and osteoporosis. They are potent inhibitors of bone resorption, allowing

patients suffering from these disorders to enjoy a greater quality of life by preventing

further bone loss, reducing pathologic fractures, and decreasing pain and

hypercalcemia.[64] BPs have been the treatment of choice for the aforementioned bone

diseases for about two decades, with several of the leading BPs achieving annual sales

in excess of a billion dollars.[65]

History

BPs are chemically stable analogues of pyrophosphate compounds, which are

observed broadly in nature. BPs were first synthesized in the 1800s, but have been used

to treat disorders of calcium metabolism only in the last several decades. They were

used originally to prevent corrosion at industrial water installations, owing to their ability

to inhibit calcium carbonate precipitation. Research into the therapeutic utility of BPs in
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preventing the dissolution of hydroxyapatitie crystals was precipitated by the discovery

that inorganic pyrophosphate (PPi) circulates in the body as a natural “water softener”,

effectively inhibiting the calcification of soft tissues by collagen.[65]

The first BPs to be developed were etidronate and clodronate. Their effects on

crystal formation and dissolution, and on vascular calcification and bone resorption, were

described in publications in Science in 1969.[66] Over the years, many studies reported

that BPs inhibit osteoclast-mediated bone resorption, not only in vitro, but also in normal,

healthy animals and in those with experimentally increased resorption.[67] Furthermore,

the biomechanical properties of bone were shown to be maintained or improved.[68]

After the successful clinical use of both clodronate and etidronate throughout the 1970s

and 1980s, more potent BPs were studied that differed in chemical structure by the

variation of side chains present on the core molecule. These BPs included pamidronate

and alendronate developed in the mid 1980s and mid 1990s, and progressing to

risedronate, tiludronate, ibandronate, and finally, zoledronate, in the late 1990s through

present day.[65]

Structure

A special feature of BPs is their highly specific selectivity for bone, their target

organ.[69] The P-C-P backbone of the chemical structure is responsible for the strong

affinity of BPs for binding to hydroxyapatite (HAP) and allows for variations in structure

depending on substitutions at the R1 and R2 positions (refer to Figure 9). [65] A hydroxyl

group present at the R1 site enhances the binding of BPs to bone, and the R2 site is

primarily responsible for governing the therapeutic potency. Therefore, most developed

BPs have conserved the hydroxyl group at the R1 site but have altered the side chain

present at R2 to create progressively more potent BPs. For example, BPs containing a

basic primary nitrogen atom at the R2 site (pamidronate and alendronate) were found to

be 10-100-fold more potent than etidronate and clodronate. BPs containing a tertiary

nitrogen (ibandronate and olpadronate) were found to be even more potent at inhibiting

bone resorption. Finally, the most potent antiresorptive BPs were found to be those

containing a nitrogen atom within a heterocyclic ring (risedronate and zoledronate),

which are potentially up to 10,000-fold more potent than etidronate. The distinguishing

feature of the presence or absence of a nitrogen atom has become the main structural

classification system for BPs, separating them into nitrogen-containing BPs and non-

nitrogen-containing BPs.[70]
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Figure 9: Chemical structure of bisphosphonate

Mechanism of Action at the Cellular Level

As a result of BPs high affinity for binding to mineralized surfaces, they appear to

be internalized by osteoclasts via endocytosis during resorption. Uptake of BPs by

osteoclasts in vivo has been confirmed using radiolabeled and fluorescently labeled

alendronate.[71] Engulfed BPs exert effects on osteoclast recruitment, differentiation,

and resorptive activity, and in some cases, apoptosis.[72, 73] BPs are also shown to

disrupt the cytoskeleton of osteoclasts, interfering with the actin ring structure of

“podosomes”, a cytoskeletal organization necessary for osteoclasts to adhere to bone

structure (also known as the “ruffled border”, see Figure 10).[74] In contrast to the pro-

apoptosis effects of BPs on osteoclasts, they have been shown to block apoptosis of

osteocytes and osteoblasts at low concentrations.[75]
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Figure 10: Transmission electron micrograph of osteoclast. Clear zone (CZ) shown at extreme let
of field, and extensive ruffled border (RB) are seen to the center and right.[76]

In relation to the RANK/RANKL/OPG axis, it has been shown that BPs, specifically

zoledronate, markedly increase OPG protein secretion and reduce transmembrane

RANKL protein expression in osteoblast-like cells, lending another route by which

recruitment and differentiation of osteoclasts may be disrupted.[77]

Mechanism of Action at the Biochemical Level

Presently there are two major mechanisms through which BPs are known to

affect osteoclast metabolism, reflecting the two broad categories of BPs; non-nitrogen

BPs and nitrogen-containing BPs (N-BPs). Non-nitrogen containing BPs are taken up by

osteoclasts and metabolized to non-hydrolysable analogs of adenosine triphosphate

(ATP), the intracellular accumulation of which likely disrupts cellular function and leads

to osteoclast apoptosis.[78] N-BPs inhibit farnesyl pyrophosphate synthase (FPPS), an

enzyme in the mevalonate pathway, leading to disruption of intracellular regulatory

processes critical for osteoclast function (see Figure 11).[79] However, the detailed

mechanisms of action of BPs are not understood fully, although it is clear that at the

tissue level all active BPs inhibit bone resorption, bone turnover, and, therefore, bone

loss, and that osteoclasts are inactivated at the cellular level either directly or

indirectly.[80]
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Figure 11: Schematic diagram of the mevalonate pathway for cholesterol synthesis. Nitrogen-
containing bisphosphonates (N-BPs) inhibit farnesyl diphosphate (FPP) synthase, ultimately

inhibiting the prenylation of a number of key proteins essential for cell survival.[81]

Bisphosphonate-Related Osteonecrosis of the Jaw

History

Bisphosphonate-Related Osteonecrosis of the Jaw (BRONJ) was first reported in

a letter to the Journal of Oral and Maxillofacial Surgery in 2003, when 36 patients were

described who developed avascular necrosis of the jaw after receiving intravenous

BPs.[82] Most patients were on pamidronate (90mg monthly) or zoledronate (4mg

monthly) and the majority were being treated for multiple myeloma and metastatic breast

cancer. All patients presented with painful, necrotic bone in the mandible (80%), maxilla

(14%), or both (6%). The majority of cases (76%) were associated with a prior history of

tooth extraction, and the remainder of the cases appeared to arise spontaneously.[82]

Several case series and reviews have been published since this initial report.[83-87] In

2004, Novartis (Basel, Switzerland), the manufacturer of the IV BP’s pamidronate

(Aredia) and zoledronic acid (Zometa), provided cautionary language related to the

development of BRONJ on the labels of these products.[64]
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Definition

Osteonecrosis of the jaw (ONJ) is a clinical term that involves a breach in the

mucosa leading to exposed bone that fails to heal in 6-8 weeks (see Figure 12). To

distinguish BRONJ from other delayed healing conditions, the American Association of

Oral and Maxillofacial Surgeons defined BRONJ as meeting the following three criteria:

(1) current or previous treatment with a BP, (2) exposed bone in the maxillofacial region

that has persisted for more than eight weeks, and (3) no history of radiation therapy to

the jaws. [64]

Figure 12: BRONJ lesions in the right maxilla.[88]

Incidence

The AAOMS Position Paper on BRONJ acknowledges that IV BP exposure in the

setting of managing malignancy remains the major risk factor for BRONJ.[64] Based on

case series, case-controlled and cohort studies, estimates for the cumulative incidence

of BRONJ with IV BPs ranges from 0.8-12%. Patients taking oral BPs are at a

considerably lower risk of developing BRONJ than patients receiving monthly IV BPs,

with calculated incidence approximately 0.7/100,000 person/years of exposure, or

0.06%. [89, 90]

Treatment

Treatment of BRONJ is very difficult and is directed mostly at reduction of

symptoms. With a conservative therapeutic approach, complete resolution is achieved

only rarely. Initially, when inflammatory signs are absent, chlorhexidine antimicrobial
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mouth rinse is used to reduce the risk of bone infection. When symptoms and signs of

infection are present, systemic antibiotics and analgesics are indicated in addition to the

mouth rinse. Minor surgical procedures are also often performed, including

sequestrotomy of mobile bone fragments, smoothing of prominent bony edges, and

minor debridement with soft tissue closure.[91] An aggressive surgical treatment

approach with wide bone resection is controversial. Resections are generally reserved

as a last resort treatment for a severe BRONJ lesion refractory to all other treatment.

Figure 13 shows the placement of a reconstruction plate after a left

hemimandibulectomy was performed on a patient experiencing persistent continuous

osteonecrosis, reflecting the catastrophic damage of an advanced BRONJ lesion.

Unfortunately, simple withdrawal of BPs after identification of BRONJ has not shown

significantly positive outcomes, likely due to the fact that BPs have a very long half life

(up to 10 years).[92]

Figure 13: Placement of reconstruction plate after left hemimandibulectomy.[93]

Pathophysiological Mechanism

The propensity for lesions to develop in the jaw is multifactorial. The alveolar

bone in both the mandible and maxilla is covered by a thin layer of periosteum, an

attenuated layer of connective tissue, and epithelium.[94] Oral structures are also

subject to a spectrum of stressors, which may be physiologic (e.g., mastication),

iatrogenic (e.g., tooth extraction), or inflammatory (e.g., periodontal disease). This

challenging environment predisposes the thin mucosa to trauma, and likely demands an
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increase in bone remodeling as a metabolic compensatory reaction. Furthermore, the

intimate relationship of teeth to the jaws provides a unique portal of entry for microbes

and other inflammatory products to underlying bone, a structural arrangement not

observed anywhere else in the body.

The pathophysiology of BRONJ remains elusive. A prevailing theory is that BPs

cause excessive reduction of bone turnover, resulting in an increased risk of bone

necrosis when the demand for osseous repair is present.[92] Some of the best evidence

to support the significant role of suppression of remodeling actually comes from patients

not treated with BPs. Denosumab, an inhibitor of RANKL, suppresses remodeling to a

similar degree as BPs, and in recent clinical trials and case reports has also been shown

to be associated with osteonecrosis of the jaw.[95] The fact that BPs and denosumab

function by different mechanisms of action but possess the common feature of

suppression of bone remodeling suggest this is likely a factor contributing to BRONJ.

Studies in dogs have shown that after just 3 months of monthly intravenous dosing

(comparable to those used for cancer treatment), alveolar remodeling is 95% lower than

controls; after 6 months of treatment, alveolar remodeling is 99% lower.[96] The

response to turnover suppression in the jaw is also more dramatic than at other

sites.[96] It is unclear why the jaw experiences more dramatic effects of suppression

than other skeletal sites, but may have something to do with the alveolar bone usually

operating at a relatively greater remodeling rate in general. More active osteoclasts at

the bone surface translate to more released BPs from bone, resulting in greater intake of

BPs intracellularly and thus more apoptosis/suppression. Although it is unclear why

over-suppression of bone turnover would result in a lesion associated with loss of soft

tissue covering the mandible or maxilla as the primary feature, it seems clear that

suppression plays a pivotal role in the process.

The effects of BPs on a variety of epithelial cells, including gastrointestinal cells,

cervical epithelial cells, and oral mucosal cells are well documented. Gastric erosions

and ulcers are well-supported side effects associated with oral administration of

nitrogen-containing BPs.[97] This has contributed to the theory that soft tissue toxicity of

BPs may be responsible for causing BRONJ; the high bone turnover site of the alveolar

ridges harboring a relatively high concentration of BPs which is released and exposed to

surrounding tissue after dental extraction.[98]

It has also been suggested that altered wound healing and immunosuppression

likely play a role in the development of BRONJ.[94] Many patients that suffer from
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BRONJ lesions also suffer from multiple other comorbidities, including diabetes and

chronic inflammatory conditions that require the use of immunosuppressive drugs. As

the advances in medicine continue, patients are living longer and longer, potentially

subjecting them to additional comorbidities that were not prevalent in the past.

Several authors have postulated that BRONJ occurs as a result of a compromise

of blood supply caused by exposure to BPs. Rats treated with pamidronate alone

experience an overall reduction in bone-blood flow and bone resorption rates.[99]

Furthermore, a number of studies have shown that BPs may inhibit angiogenesis at the

level of the endothelial cell.[100, 101] However, if the antiangiogenic properties of BPs

were to be the predominant factor in initiating BRONJ, it would be expected that the vast

majority of lesions would occur in the relatively less vascular mandible (associated with

only one major vessel). In reality, a significant number of cases of BRONJ occur in the

maxilla, with the ratio of maxillary to mandibular lesions at about 2:1.[64]

The presence of Actinomyces species in significant numbers of ONJ histological

specimens suggested a role for this organism in the development of BRONJ.[102]

However, it remains unclear whether actinomycotic colonization occurs as a primary

event or as a secondary phenomenon due to its prevalence in the oral cavity.

Recently, it has been suggested that RANKL negation and absence in

osteoclastic activation could be a predisposing factor for the development of BRONJ in

an animal model involving chronic zoledronate use.[103] In this study it was found that

RANKL values in the mandible of ZOL treated rodents were decreased when compared

with the controls. Furthermore, the OPG levels in the mandible were increased in the

ZOL group compared to controls. These results indirectly reflect a decrease in bone

turnover, with decreased RANKL indicating decreased activation of osteoclasts, and

increased OPG indicating increased inhibition of osteoclastogenesis. However, no dental

intervention was performed in this study, and no BRONJ lesion was actually induced.

Bisphosphonate Effects on Healing of the Extraction Socket

Although BRONJ has been reported to occur spontaneously, it is most commonly

associated with trauma induced by a dental procedure, such as tooth extraction.

Furthermore, across different populations treated with BPs (osteoporosis, Paget’s

disease, and cancer treatment patients), there is a tenfold increase in the incidence of

BRONJ when dental extraction is concomitant with BP treatment.[104]
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Following dental surgery such as a tooth extraction, the extraction site undergoes

a well-documented progression of healing. Individual stages include initial clot formation,

replacement of the clot by granulation tissue, formation of connective tissue and

preosseous tissue, filling of the extraction socket with trabecular woven bone, and finally

remodeling of the socket to produce lamellar bone.[105]

Several animal studies have examined the effects of BPs on oral cavity healing.

In rodents, early post-extraction healing (5-10 days) is affected, with zoledronate-treated

animal having less than half the amount of bone within the extraction socket compared

to controls.[106] This same study also showed that zoledronate significantly inhibited

angiogenesis induced by vascular endothelial growth factor in vivo and the proliferation

of endothelial cells in culture in a dose-dependent manner. ZOL also suppressed the

migration of oral epithelial cells necessary for complete wound closure.

BRONJ and the RANK/RANKL/OPG System

While numerous studies have investigated the effects of bisphosphonates on the

RANK/RANKL/OPG system in normal bone remodeling, there are a lack of studies that

investigate effects on this signaling system in the context of BRONJ development.

Recently, it has been suggested that RANKL negation and absence in osteoclastic

activation could be a predisposing factor for the development of BRONJ in an animal

model involving chronic zoledronate use.[103] In this study it was found that RANKL

values in the mandible of ZOL treated rodents were decreased when compared with the

controls. Furthermore, the OPG levels in the mandible were increased in the ZOL group

compared to controls. Taken together, these results indirectly reflect a decrease in bone

turnover, with decreased RANKL indicating decreased activation of osteoclasts, and

increased OPG indicating increased inhibition of osteoclastogenesis. However, these

results must be interpreted carefully, as an active BRONJ lesion was not actually

induced, and potential for BRONJ development was only based on the histologic

observation of empty lacunae and inflammatory infiltrate. In a very recent study that did

establish BRONJ-like lesions in rats treated with zoledronate and subject to dental

extraction, the concentrations of RANKL and OPG in the affected tissue were found to

decrease and increase, respectively, as determined by ELISA.[107] This study offered

no analysis of cell-specific changes in RANKL or OPG signaling expression, however.
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A Reproducible Animal Model for the Replication of BRONJ-Like Lesions

Most publications concerning bisphosphonates and BRONJ have focused on soft

tissue alterations, wound healing, angiogenesis, and bone remodeling. There seems to

be a paucity of studies that aim to elucidate what occurs at the level of the osteocyte, the

chief resident of bone. As discussed previously, evidence continues to mount that

osteocytes play a critical role in normal bone remodeling, with apoptosis often preceding

integral changes in the RANK/RANKL/OPG signaling system. RANK, RANKL, and OPG

are three of the main players responsible for the activity of osteoclasts, and therefore

their relative levels reflect whether bone is in a resorption-promoting or resorption-

discouraging status. Measuring the relative expression of these signaling molecules,

specifically in osteocytes, at early healing times following extraction in the setting of high

dose ZOL-induced BRONJ has to the author’s knowledge never been performed.

To investigate the potential effects of bisphosphonates on osteocytic apoptosis

and signaling, it is necessary to have a reliable, reproducible animal model for the

induction of BRONJ-like lesions. Although many studies have reported on the

occurrence of BRONJ-like features in animal models, success rates and reproducibility

have been highly variable. Multiple studies used supra-therapeutic dose regimens,

beyond that which would be given to an osteoporosis or cancer patients.[108-112]. In

these studies, the possibility of bone necrosis due to a toxic drug overdose cannot be

excluded, particularly when no data were provided concerning kidney or renal function in

treated animals. Other studies utilized massive oral trauma to elicit BRONJ.[113-115] In

one study, an 80% incidence of BRONJ was only inducible after extracting three

maxillary and three mandibular molars in a single surgical setting.[114] Other studies

reported osteonecrosis at earlier time points than the eight-week mark required for the

clinical definition of BRONJ, [109, 112, 115-117] or restricted the evidence of BRONJ

development to the clinical presentation of exposed bone, excluding radiographic or

histologic evidence of osteonecrosis.[108, 117-119]

Previous work by Howie and Panos established a rat model in which repeated

major trauma (dental extraction) in the context of high dose Zoledronate therapy resulted

in 100% occurrence of BRONJ-like lesions, as demonstrated by gross, radiologic, and

histological features.[120] This model was found to be unique, to this date, in that it

fulfilled three necessary requirements for a translational model suitable for prevention or

therapeutic studies: first, it demonstrated consistent and reproducible occurrence of the

full characteristics of BRONJ in treated animals using repeated major trauma (surgical
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extraction); second, it excluded the systemic toxic effects of the zoledronate regimen

that could confound the bone effect; and third, the BRONJ characteristics could be

quantified into stages.[120]

As stated previously, osteocytes produce RANKL (in addition to osteoblasts and

stromal cells). When osteocytes are subject to hypoxia, such as in a dental extraction,

they undergo localized apoptosis. Immediately neighboring viable osteocytes interpret

the apoptosis of their neighboring cells through the lacunar canalicular system and

secrete GDF15 and RANKL to promote osteoclastic maturation. However, it may be the

case that this signaling mechanism is altered in the presence of high dose BPs. In fact,

as BPs are so often associated with suppression of bone turnover, it would be theorized

that a resultant decrease in both GDF15 and RANKL would occur, decreasing the

potential for activation of osteoclasts. Signaling changes in osteocytes as a result of BPs

have not been explored previously. Furthermore, other cytokine concentrations may

potentially also reflect discouragement of the production of activated osteoclasts, such

as an increase in OPG and a decrease in MCF. Figures 14 and 15 reveal the normal

and potential changes in molecular signaling that may occur in the presence of

bisphosphonates in bone when bone is subject to damage.

Figure 14: Reaction of osteocyte signaling to bone damage in normal healthy bone.
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(A): Apoptotic osteocytes are sensed by neighboring healthy osteocytes via the lacunar-
canulicular system. (B): Healthy osteocytes respond by upregulating expression of M-CSF,

RANKL, and GDF-15, while the expression of OPG is downregulated. Figure adapted from [27]

Figure 15: Reaction of osteocyte signaling to bone damage in presence of bisphosphonates.

(A): Apoptotic osteocytes are sensed by neighboring healthy osteocytes via the lacunar-
canulicular system. (B): In the presence of bisphosphonates, osteocytes express relatively less

M-CSF, RANKL, and GDF-15, while the expression of OPG is upregulated. Figure adapted from
[27]

Again, it should be underscored that there are several plausible contributing

factors to the development of BRONJ. Some may contribute more significantly than

others, but it appears certain that the cause of these debilitating lesions is multifactorial.

The following study aims to explore whether changes in osteocyte apoptotic activity and

alterations in osteocytic signaling molecule expression contribute to the persistent

ulcerated lesion of BRONJ.
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Purpose

The purpose of this study was to investigate apoptotic and signaling changes

experienced by osteocytes in response to bisphosphonate application, in an animal

model for BRONJ. The expression of critical signaling proteins involved in bone

remodeling (RANKL, OPG, and GDF-15) was explored in osteocytes via

immunohistochemistry and semi-quantification, with the idea being that bisphosphonates

may derange normal osteocytic expression. TUNEL assay was also used to detect

whether bisphosphonate treatment significantly alters the prevalence of osteocyte

apoptosis in response to trauma.

Hypothesis

The central hypothesis was that rats treated with zoledronate will, over time,

demonstrate more severe apoptotic changes in osteocytes than untreated controls, and

will consistently reveal different expression profiles for RANKL, OPG, and GDF-15 in

osteoctyes.

Specific Aims

Specific Aim 1
The first specific aim was to test the prediction that treatment with zoledronate will

decrease the immunohistochemical signal of RANKL and GDF-15 in alveolar bone

compared to controls, while that of OPG will increase compared to controls.

Specific Aim 2
The second specific aim was to test the prediction that there will be no significant

difference in the number of apoptotic osteocytes between the treatment groups and the

control group at one week, as evidenced by TUNEL assay.

Specific Aim 3
The third specific aim was to test the prediction that apoptosis of osteocytes will continue

through the 8th week for ZOL treated animals, while it will not for control animals, as

evidenced by TUNEL assay.
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Materials and Methods

General Overview

This study was a continuation of two previously conducted research projects that

developed a reliable animal model for 100% induction of BRONJ in rats. The study

protocols were approved by the Committee on Animal Use in Research and Education

and the Institutional Animal Care and Use Committee (IACUC) at Georgia Regents

University of Augusta (GRU) and a Master of Education (M. Ed.) committee before

initiation of research experiments.

Specimens from eighty female retired breeder Sprague-Dawley rats (Harlan

Sprague-Dawley, Inc. Indianapolis, IN) were used in this study. The eighty specimens

were a combination of forty specimens obtained in a “low dose” bisphosphonate study

(80µg/kg zoledronate) and forty from a “high dose” bisphosphonate study (150µg/kg

zoledronate).

In brief, for the “low dose” bisphosphonate study, animals were randomly

assigned into two groups (20 animals-each): control and zoledronate (ZA)-treated. Each

animal received either a 0.3ml intravenous injection of ZA (Enzo LifeSciences,

Farmingdale, NY, USA; 80 µg/kg body weight in phosphate-buffered saline), or normal

saline, once per week, for 13 consecutive weeks, followed by surgical extraction of the

first and second molar teeth on the left side in two consecutive weeks. Animals were

then sacrificed at either 1-week (n=10 treatment and control subgroups) or 8 weeks

(n=10 treatment and control subgroups) after the last extraction. This dose of ZA was

chosen because it is comparable to long-term zoledronate therapy (per kilogram body

weight) for cancer patients (4mg infusion of ZA administered every 3-4 weeks, for a total

of 13-17 doses per year. See Figure 16 for a schematic representation of the dosing and

extraction regimen for this group.
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Figure 16: Dosing and extraction regimen for low dose zoledronate group

For the “high dose” bisphosphonate group, animals were randomly assigned into

two groups (20 animals-each): control and zoledronate (ZA)-treated. Each animal

received either a 3cc bolus injection of ZA (Enzo LifeSciences, Farmingdale, NY, USA;

150 µg/kg body weight in phosphate-buffered saline) or normal saline, once per day, for

16 consecutive days, followed by molar extraction on the left side. This treatment dose

was chosen to be intentionally higher than the recommended therapeutic concentration

for management of cancer patients, however it approximates the maximum dose tested

in oncology phase 3 clinical trials. At the time of the last dose of ZA injection, the left

mandibular first molar was extracted. One week later, the left mandibular second molar

was extracted. Animals were then sacrificed at either 1 week (n=10 treatment and

control subgroups) or 8 weeks (n=10 treatment and control subgroups) post last

extraction. See Figure 17 for a schematic representation of the dosing and extraction

regimen for this group.

Figure 17: Dosing and extraction regimen for high dose zoledronate group

Specimens from all of the aforementioned animals were analyzed with Trichrome

staining, immunohistochemistry with RANKL, OPG and GDF-15 antibodies, and with

TUNEL staining. See Figure 18 for a schematic representation of the overall

methodology.
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Figure 18: Specimen allocation from the low and high dose animals

Detailed Methodology

Animal care

The surgical procedures and sample preparation were performed previously by

two independent investigators (Howie & Panos). They performed all of the scheduled

injections and surgeries of the rats, with one investigator (Howie) responsible for all of

the animals within the 80µg/kg group, and one investigator (Panos) responsible for all

animals of the 150µg/kg group. In short, the samples for the current study were provided

from, in total, eighty female retired breeder Sprague-Dawley rats (Harlan Sprague-

Dawley, Inc. Indianapolis, IN), weighing initially ~300g each. Animals were housed two

per cage and randomly assigned to a control (PBS) or treated (ZOL) group. The rats

were provided with food and water ad libitum.

Study design

Treatment groups received either a 0.3cc bolus injection (into the tail vein) of ZA

80µg/kg weekly, for thirteen consecutive weeks (n=20), or a 3cc bolus injection of ZA

150µg/kg daily, for 16 consecutive days (n=20). Parallel control groups (n=20 each)

were injected with saline solution. At the time of the last ZA administration, for both

groups, the left mandibular first molar was extracted (as detailed below). One week

following this extraction, the second mandibular molar was extracted. Animals were then

Sprague Dawley rats
& Zoledronic Acid

Samples from Prior
Animal Study

(n=80)

80µg/Kg/wk X
13 weeks ZOL

(n=40)

1wk (n=20)

BRONJ
(n=10)

TUNEL/IHC

Normal
Saline (n=10)

TUNEL/IHC

8wk (n=20)

BRONJ
(n=10)

TUNEL/IHC

Normal
Saline (n=10)

TUNEL/IHC

150µg/Kg/day X
16 days ZOL

(n=40)

1wk (n=20)

BRONJ
(n=10)

TUNEL/IHC

Normal Saline
(n=10)

TUNEL/IHC

8wk (n=20)

BRONJ
(n=10)

TUNEL/IHC

Normal Saline
(n=10)

TUNEL/IHC
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sacrificed at either 1 week or 8 weeks following this last extraction. Specimens from all

animals (both ZA administration regiments and both times of sacrifice) were then

analyzed via Trichrome staining, immunohistochemistry with antibodies for RANKL,

OPG, GDF-15, and TUNEL analysis of apoptotic cells.

Dental Extraction Surgery

At the time of last ZA administration, animals were anesthetized, and the left

mandibular first molar was extracted using curved mosquito forceps or Adson surgical

forceps. A round 1.0mm carbide bur on a high-speed handpiece at 15,000 RPM was

then used to clean the socket, attempting to remove any remaining root fragments,

and aimed at standardizing the extraction defects with increased surgical trauma. This

procedure would therefore be comparable to a surgical extraction as performed in

human patients. One week later, this identical surgical extraction protocol was repeated

for extracting the left mandibular second molar. Animals were fed crushed pellets for 3

days post extraction.

Euthanasia, Sample Collection and Preparation

In both dose groups of ZA, half of the animals (n=10 per treatment and control

group) were euthanized after 1 week following the last dental extraction, and the other

half were euthanized after 8 weeks following the last dental extraction. Immediately

following euthanasia, all animals were carefully dissected to collect the mandible, liver,

and kidneys. All samples were coded for subsequent blinded analysis.

For animals of the 80µg/kg group, soft tissues were removed from the mandibles

and the bone was preserved in 10% phosphate-buffered formalin (1:10 by volume) for

48 hours. Demineralization with EDTA (17%) was then carried about for 3 weeks, with

the containers placed on a continuous shaker at 4°C. The EDTA was changed every 2-3

days. Soft tissue X-ray was used to confirm demineralization, and samples were then

processed overnight by the GRU histology core facility using a semi-enclosed Bench-top

Tissue Processor (Leica Microsystems, Buffalo Grove, IL). For animals of the 150µg/kg

group, soft tissues were removed and the bone was preserved in 3% paraformaldehyde

solution for 24 hours at 25°C, and then transferred to a 70% ethanol solution for micro-

CT analysis. Decalcification was achieved via a 5.5% EDTA solution, pH 7.0, at 4°C, for

3 weeks. Decalcification was again confirmed by soft tissue X-ray.
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Decalcified samples were embedded in paraffin. Serial 5-10µm thick sections

were cut in a coronal plane, proceeding mesio-distally through the extraction socket.

Therefore, each section included a complete cross section through the extraction

defect/socket, including surrounding bone, teeth, and remaining soft tissues.

Trichrome Analysis

One sample from each subgroup was trichrome stained to give a representative

overview of tissues and morphology in each subgroup (8 samples, total). (See Appendix

A: Formulas for details on the composition of the Trichrome Solutions).This method

allows for detection of collagen fibers in formalin-fixed, paraffin-embedded sections of

tissues such as bone, skin, heart, etc. Collagen fibers stain blue, while other connective

tissues typically stain red. Nuclei stain black. The representative slides were placed in a

45° C oven overnight to adhere tissues to the slide. The following day, the slides were

deparaffinized via two rounds of xylene washes (10 minutes each), and rehydrated by a

progressively diluted alcohol series (2 rounds of 100% at five minutes each, then 90%,

80%, and 70% for three minutes each). The slides were then rinsed in distilled water for

three minutes, followed by an initial staining with Weigert’s iron hematoxylin solution for

20 minutes. This staining solution was then washed away with a 10 minute rinse of

running warm tap water, and a quick rinse with distilled water. The second stain was

completed with Ponceau-fuchsin solution for 10 minutes, followed by rinsing with distilled

water. The third step was completed with 5% phosphomolybdic acid for 5 minutes,

followed by rinsing with distilled water. Finally, the last stain was completed with Aniline

blue solution for 5 minutes. The slides were, again, rinsed in distilled water, followed by

a differentiation step with 1% acetic acid for 3 minutes. Slides were then rinsed in

distilled water, and advanced through a quick dehydration protocol (70% ethanol for

3min, 95% ethanol for 3min (x2), 100% ethanol for 3min (x2), and xylene for 5min (x2)).

The slides were then coverslipped using VectaMountTM Permanent Mounting Medium

(Vector Laboratories, Inc. Burlingame, CA 94010).

Immunohistochemistry

Immunohistochemistry was performed to determine the physical distribution of

cells expressing designated markers, with specific attention given to osteocytes.

Antibodies for RANKL, OPG, and GDF-15 were used in this study to investigate the

relative expression levels of RANKL, OPG, and GDF-15 in osteocytes (See Table for
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specific antibody information). A modified immunohistochemistry protocol was used to

treat individual sections processed from paraffin blocks.

Antibody Target Manufacturer Catalog
No.

Species Dilution Time
Stained

RANKL
(200µg/mL)

Osteocytes/
Osteoblast

lineage/Stromal
cells

Santa Cruz
Biotechnology

sc-7628 Goat
polyclonal

IgG

1:500 7min

OPG
(200µg/mL)

Osteocytes/
Osteoblast

lineage/Stromal
cells

Santa Cruz
Biotechnology

sc-8468 Goat
polyclonal

IgG

1:300 4min

GDF-15
(100µg/mL)

Osteocytes Bioss bs-
3818R

Rabbit
polyclonal

IgG

1:500 6min

Table 1: Primary antibody information

IHC Protocol

Day 1, the slides were heated in an oven at 60°C for 120min, followed by

immediate transfer to xylene in Coplin jars; slides were left in xylene at room

temperature overnight. Day 2, to complete de-paraffinization, the slides (still in xylene

solution from overnight) were transferred into a 40° C water bath for 30 minutes,

followed by two changes of fresh pre-warmed 40°C xylene (20 min each). This was

followed by rehydration in an ethanol series (100% ethanol for 5min, 95% ethanol for

5min, 70% ethanol for 5min) and a subsequent brief “dance” in deionized water to

remove residual ethanol (evidenced by a smooth flow of water off the slide). Heat-

mediated antigen retrieval was performed using a programmable pressure cooker

(Decloaking ChamberTM, DC2002, Biocare Medical, Concord, CA, USA). Slides were

placed in a plastic Coplin jar with 50mL of 1x retrieval solution (Diva Decloaker, Biocare

Medical, Concord, CA, USA), prepared with distilled water. The pressure cooker

program consisted of an initial heating to 121°C, held for 30 seconds. Pressure was then

slowly released manually, reaching a temperature of 119.5°C at 2minutes elapsed time

since initially reaching the 121°C mark. After 10 seconds at this temperature, the

remaining pressure within the cooker was bled out, the release valve was removed, and

the slides transferred immediately to glass Coplin jars containing 1x Tris-Buffered Saline

(TBS) at room temperature. The slides were rinsed in the TBS for approximately 3

minutes, then transferred to a second round of TBS rinse for another 3 minutes. Excess
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buffer was then removed from the slides, and a PAP pen utilized to create a liquid barrier

around the specimens on the slides. To block non-specific antibody binding, sections

were then pre-incubated with 2.5% normal horse serum (NHS) for 20 minutes at room

temperature in a humidified chamber.

For primary antibody preparation, an appropriate amount of antibody was added

to a volume of ice-cold 1.25% normal horse serum (Vector Laboratories) to reach the

dilution established in pilot tests as providing a good signal-to-noise staining pattern

(See Table 1). Each slide was covered with approximately 250ul of the primary antibody

solution and then incubated in a humidified slide chamber overnight at 4°C. For positive

controls, in the place of the primary antibody, pure goat or rabbit IgG was utilized at the

same dilution as that optimized for the primary antibody. All other steps were identical.

For negative controls, only antibody buffer was applied, excluding any antibody. All other

steps were identical. The next day, the slides were rinsed in two separate rinses of

TBST (TBS + 0.1% Tween 20) for 3 minutes each. The secondary antibody dilution was

then prepared by mixing 500µl of TBST for every two slides with 1µl of Biotinylated

Horse Anti-Rabbit IgG or Anti-Goat IgG (Vector Laboratories, Burlingame, CA 94010 BA-

9500), depending on the primary antibody (see table). Slides were covered with this

secondary antibody solution and incubated for 1 hour at room temperature in a

humidified slide chamber. The slides were then rinsed in TBST twice, for 3 minutes

each. Endogenous peroxidase blocking was then performed by covering the specimens

with 250µl of 3% hydrogen peroxide diluted in TBS and incubating for 10 minutes in a

humidified slide chamber at room temperature. Slides were then, again, rinsed twice in

TBST for 3 minutes each. Three to four drops of HRP-Streptavidin (ABC reagent, RTU

Vectastain Kit, Vector Laboratories, Burlingame, CA 94010) was placed on the sections

and slides were incubated for 30 minutes. They were then rinsed in TBST three times for

3 minutes each. The DAB Peroxidase Substrate Kit (Vector Laboratories, Burlingame,

CA 94010, SK-4100) was used for detection of the antibody. The chromogen was

prepared on ice following the kit instructions. The chromogen was then applied to the

slides, and various reaction times were used depending on the antibody. Staining was

deemed complete when areas of positive control within the specimen, as well as

osteocytes, began to stain a yellowish brown color. The reaction was terminated by

placing the slides in distilled water for at least one minute. A counter stain with Vector

Hematoxylin QS, diluted to 1:3 with distilled water, was then applied to the slides for

approximately 30 seconds. The slides were then rinsed in distilled water for 1 minute
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and advanced through a dehydration series (70% ethanol for 3min, 95% ethanol x2 for

3min, 100% ethanol x2 for 3min, and xylene x2 for 5min). The slides were then cover

slipped with VectaMount mounting solution.

Immunohistochemistry Sampling Strategy

In order to provide a simple, semi-quantitative evaluation of the spatial

distribution of immunohistochemical staining of osteocytes, a sampling strategy was

devised based on three defined zones of interest within the specimens; the socket zone,

trabecular zone, and cortical zone (See Figure 19). The socket zone was defined as the

immediate ~100µm surrounding the extraction socket. A visual scoring system was

created to provide a relative rating of prevalence of positively stained osteocytes within a

region. The higher the prevalence score, the higher the proportion of positively staining

osteocytes within a region. Manual counting of individual cells was not performed; rather

a score of 0-4 was given based on visual estimation of whether zero positive cells were

present (score 0), few positive osteocytes were present (score 1), many positive

osteocytes but less than half total (score 2), approximately half of the osteocytes stained

positive (score 3), or if most to all of the osteocytes stained positive (score 4). This score

did not take into account empty lacunae; only cells with an obvious nucleus present were

considered. Therefore, the proportion of positively staining osteocytes for the antibody in

question was a measure only within viable, living cells.

To calculate an average score per zone, per slide, the specimen was analyzed

with the EVOS® FL Auto (Life Technologies, Thermo Fisher Scientific Inc.) light

microscope. With the objective lens at 20x view, zones were visually scanned (one

200µm field at a time, with minimal overlap), recording individual scores for both

prevalence and intensity in each field of view throughout the zone. An average zone

score was then calculated for each zone from these individual scores. An important

distinction is that, for the socket zone, any new woven bone formation evidenced within

the socket was excluded from scoring. This was especially important for specimens at 8

weeks post extraction, where scoring was limited to that bone identified by the

hematoxylin staining pattern as the original socket lining bone prior to any woven bone

deposition. In this way, interest was placed strictly on changes occurring in osteocytes

that were present at the time of initial extraction. Additionally, many specimens

presented with appositional bone formation along the basal borders. This appositional

bone was not included in scoring. Many specimens also presented with root fragments
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or sequestered bone fragments within the socket. These entities were also excluded

from scoring. Scores for each zone were then averaged among all animals within the

same study group, to provide a total average score, per zone, of each study group.

Figure 19: Scoring zones within the specimen, as well as other normal anatomical features

TUNEL Assay

Terminal deoxynucleotidyl transferase (TUNEL) analysis is a common method for

detecting DNA fragmentation that results from activation of apoptotic signaling cascades.

The following protocol, using a commercial kit (In Situ Cell Death Detection Kit, POD,

Roche Pharmaceuticals, Basel, Switzerland), was used specifically for detecting

apoptosis of osteocytes in this study. Paraffin was removed from sections, and samples
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rehydrated through an ethanol series, as described above. At the completion of the

ethanol series, the slides were danced in deionized water, one by one, until normal

water flow across the slide was present. A PAP pen was then used to create a

hydrophobic barrier around the specimens for holding reagents. Proteinase K was

utilized to expose DNA. A working proteinase K solution was prepared by adding 2µl of

proteinase K stock (20mg/mL) to 131ul dilution buffer (49.5mL deionized water + 0.5mL

1M Tris-Hcl pH 7.4). The working solution was further diluted to 1:20 for application to

slides, yielding a final concentration of 15µg/mL. From this final dilution, 100µl was

added to each slide, and the slides incubated for 23 minutes at room temperature in a

humidified chamber. (This treatment was established in pilot experiments, using rat skin

in sections as a positive control.) The slides were then rinsed twice with 1x phosphate-

buffered saline (PBS) for 3 minutes each. The area around the sample was then dried

and 50µl of TUNEL reaction mixture was applied to the sample. The TUNEL reaction

mixture was prepared by adding the Enzyme Solution (In Situ Cell Death Detection Kit,

POD, Roche Pharmaceuticals, Basel, Switzerland) to the Label Solution at a 1:40

dilution, as optimized from pilot experiments. The Enzyme Solution used provided a

green fluorescent protein to label apoptotic DNA. Negative controls were established by

adding only labeling solution to the designated sample, excluding enzyme entirely.

Positive controls were established by incubating the designated samples with DNase I

for 10 minutes at room temperature, prior to application of the TUNEL reaction mixture.

Working 3U/mL DNase I was prepared by adding 3µl of stock DNase I (10U/µl) to 97µl

DNase I dilution buffer (840µl dH2O + 50µl 1M Tris pH 7.4 + 10 µl 1M MgCl2 + 100 µl

10mg/mL acetylated BSA) and mixing by gentle vortexing, achieving a concentration of

300U/mL. This solution was further diluted by adding 1µl to 99µl dilution buffer,

achieving a final working concentration of 3U/mL. After the TUNEL reaction mixture was

added to slides, they were placed in a plastic humidifier and incubated for 60 minutes at

37°C, in the dark. The slides were then rinsed 3 times with 1x PBS, followed by cover-

slipping with Vectashield® Antifade Mounting Medium with DAPI (CN: H-1200). The

DAPI within the mounting medium provided a blue fluorescent label to all nucleated

cells. Because apoptotic nuclei were labeled with green fluorescent protein, and all

nucleated cells labeled with blue, it was possible to analyze the prevalence of apoptotic

cells within the regions sampled.
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TUNEL Sampling Strategy

Similar to immunohistochemistry sampling, again three defined zones of interest

were investigated per specimen; socket zone, tracebular zone, and corticol zone.

However, instead of a scoring system dependent on visual judgement of prevalence and

intensity, ImageJ (free image processing software from NIH) was used to directly

perform quantification of apoptotic cells. Utilizing the EVOS® FL Auto (Life

Technologies, Thermo Fisher Scientific Inc.) light microscope, representative images at

10x were taken from all three zones of the specimen. For TUNEL staining, the socket

zone was further subdivided into three regions (left, right, and apex of the socket) to

allow for a more precise total count of cells within this zone. Images were taken in the

green channel (GFP-positive apoptotic cells), and the blue channel (DAPI-positive

nucleated cells), at each location within the specimen. A 10x magnification was used to

provide a large enough field to capture most of the osteocytes in a given region, but with

enough resolution to allow the ImageJ software to process the images reliably.

Image J was used for osteocyte quantification. A specific automatic nuclei

counter “plug-in” tool for Image J called ICTN was downloaded from

www.mybiosoftware.com (ICTN Version 1.6), and the jaw file put in the “plug-ins” folder

within Image J. The following steps were performed largely according to a tutorial offered

from Keene State College (https://youtu.be/PqHFsmS1_JY). Each image taken for DAPI

was opened with the ImageJ software and a custom region of interest was created to

encapsulate only bone with osteocytes, and excluding any non-bone matter or other cell

types within the bone that were not osteocytes (endothelial cells, nervous tissue, etc.)

(see Figure 20). This was possible due to the more regular and even distribution of

osteocytes within the bone matrix, making it rather straightforward to accurately select

this region of interest. The outline of the custom region of interest was then saved as a

unique name (using the “region of interest” (ROI) manager), to later be superimposed on

the image taken for GFP. Several steps were then taken to convert each image to a

format compatible with the functioning of the automatic nuclei counter. The color of the

image was inverted and then converted to 8-bit, creating a gray-scale image. The ICTN

plug-in for nuclei counting was then opened and parameters were optimized so that

automatic counts were highly consistent (>95%) with direct visual counts. Within the

ICTN: Image-Based Tool for Counting Nuclei window, the width was set to 12 pixels, the

minimum distance to 10.0 pixels, and the threshold to 1.0. The “detect dark peaks”

option was checked before performing the count. These settings were kept consistent



37

between all images analyzed. The automatic count tool then calculated the total amount

of DAPI (i.e. nucleated) cells within the region. The image taken for GFP (from the

identical location on the specimen) was then opened, the saved customized region of

interest was applied (from the ROI manager), color inverted and converted to gray scale,

and the same count performed. This allowed for only those cells staining positive for

GFP actually within the identical region of interest to be counted. This allowed for a

calculation of the prevalence of apoptotic osteocytes, by dividing the number of GFP-

positive cells by the number of DAPI-positive cells. This process was repeated for all

specimens, yielding 5 calculations of apoptotic osteocyte prevalence throughout the

specimens (three for the socket zone, one for the trabecular zone, and one for the

cortical zone). The three calculations for the socket zone were averaged to provide an

average apoptotic osteocyte percentage for the entire socket zone. Total average

apoptotic osteocyte prevalence was then calculated in each zone, for each group of

study animal.

Figure 20: Custom region of interest was selected using the DAPI image

Independent Variables

Because the studies at the two different doses were performed independently, by

partially different individuals and with separate controls, the two dose experiments were

evaluated separately to begin with. The Dose factor was treated as categorical nominal

(present (treated), absent (control)). The Time group factor (Weeks) was categorical
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ordinal with two levels; 1 and 8 weeks. This yielded four groups. There were 10 animals

per group. Initially, the socket lining (alveolar), trabecular and basal cortical bone regions

were considered for evaluation. This Site factor was therefore categorical nominal, with

three levels (alveolar, trabecular and basal).

Dependent Variables

In each set, there were several dependent variables. The IHC data for RANKL,

OPG, and GDF-15 was scored on a 0-4 scale (categorical ordinal; continuous with limits

after averaging) for the proportion of IHC-positive osteocytes as determined by visual

inspection of the slides. The TUNEL data (number of nuclei from DAPI staining and

proportion of TUNEL positive cells) were continuous, as determined by automated cell

counting.

Statistical Analysis

Routine data manipulation, including logit transformation (used for TUNEL

analysis) was performed in Excel. The logit transformation was performed according to

Warton DI & Hui FKC (2011). [Warton DI & Hui FKC (2011). The arcsine is asinine: the

analysis of proportions in ecology. Ecology 92(1): 3-10.] For each sample value y, logit

y=log ((y+ε)/(1-y+ ε)), where ε =the value of the smallest non-zero value in the dataset.

Graphpad Prism 6.0 software was used for descriptive statistical analysis, ANOVA, and

for graph preparation. Two different tests were used to test for the normality of the

distribution of the values within each treatment group; the D’Agostino & Pearson

omnibus normality test, and the Shapiro-Wilk normality test. Skewness and kurtosis

were also measured. Outliers in the data were detected with the ROUT package, using a

conservative Q value of 1%. The Browne-Forsythe test and Bartlett’s test for

heterogeneity of variance (available within the one-way ANOVA package) were used.

Significant inter-group differences in results were detected using the Sidak multiple

comparison test.

Where required, an online calculator (http://www.quantitativeskills.com

/calculations/bonfer.htm) was used to determine Bonferoni corrections to the p-value for

significance (α=0.05). Box-Cox transformation of data with non-normal and/or 

heterogeneous variance was performed using PAST (Paleontological Statistics Software

Package for Education and Data Analysis) version 3.0 software (Hammer, Ø., Harper,

D.A.T., and P.D. Ryan, 2001). .
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Results

Trichrome Staining Pattern

Trichrome staining provided a “snap-shot” of the morphological presentation of

the specimen at the time-point of euthanasia (1wk or 8wks) and the treatment regimen

provided. In general, the representative specimens from each study group showed a

consistent staining pattern, (see Figures 21-24). The modified Masson’s trichrome stain

gave good differentiation of various tissues. Regions of especially dense cortical bone

stained mostly red (such as the most apical portion of the basal cortical bone), while less

dense areas of bone throughout the trabecular and sockets regions consistently stained

blue. Muscle, skin, and other non-mineralized tissues (blood cells, etc.) stained various

shades of pink or magenta. Fibrous, collagen rich connective tissue generally stained

blue, although some localized larger fibers also stained red. Depending on cell type,

nuclei stained light grey-brown to almost black.

Low Dose Zoledronate(80µg/kg) Group

Both the control and treated samples at 1 week had a remaining root tip present

at the extraction site (see Figure 21). The treatment group specimen shown had intact

alveolar bone surrounding the entirety of the root tip, as well as intact buccal and lingual

plates, suggesting that the histological specimen provided was not a slice directly

through the middle of the extraction socket. More disruption of alveolar bone is seen in

the control specimen, reflecting successful capture of at least a portion of the extraction

socket.
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The control and treated specimens at 8 weeks had distinctly different morphological

presentations (see Figure 22). The control specimen had complete woven bone fill within

the extraction socket, in addition to full mucosal healing overlying the extraction site. On

the other hand, the treatment specimen showed a lack of woven bone fill and incomplete

mucosal coverage, indicating exposed bone and clinical development of BRONJ. In

addition, sequestered bone fragments can be seen in the specimen. Another incidental

finding was that the overall stain of the treatment specimen appeared to be more brown,

in general, as compared to control.

Figure 21: Trichrome stains of control (Left) and treatment (Right) animals within the low-dose
(80µg/kg) group at 1wk (red arrows represent retained root tips)
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High Dose Zoledronate (150µg/kg) Group

In the high dose zoledronate group at one week, the control specimen reflects

peripheral woven bone fill within the extraction socket and complete mucosal coverage

(see Figure 23). The treatment specimen shows less evident woven bone fill and a lack

of mucosal closure. Instead, the mucosal edges on either side of the extraction defect

show blunting and invagination.

Figure 22: Trichrome stains of control (Left) and treatment (Right) animals within the low-dose
(80µg/kg) group at 8wk
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At 8 weeks, the control specimen shown had a root tip fragment present, with

otherwise normal healed appearance of bone fill and mucosal coverage (see Figure 24).

The treatment specimen, on the other hand, shows a lack of woven bone fill within the

extraction socket, as well as invaginated overlying mucosa leaving exposed bone. This

is, similar to the 8 week low dose treatment group, consistent with the clinical

development of BRONJ. Incidentally, also similar to the 8 week low dose treatment

group, the overall stain of this treatment specimen appears more brown than the relative

control.

Figure 23: Trichrome stains of control (Left) and treatment (Right) animals within the high-dose
(150µg/kg) group at 1wk
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Immunohistochemistry

Because inspection of individual slides from each dose experiment revealed

considerable differences in extraction defect morphology (as noted in the trichrome

result section), this complicated plans to evaluate the 100µm band of bone lining the

extraction socket (socket zone). Approximately the same number of fields was scored for

the socket and trabecular bone zones. For this reason, scores for these two regions

were averaged to give a “bulk” trabecular bone score. The basal cortical zone scores

were maintained separate. In all immunohistochemistry images provided in the results,

the region of interest was selected to be bone lining the extraction socket, collectively

making up a portion of both the socket zone and trabecular zone. The images are

therefore representative of a sample of the “bulk trabecular region”. The magnification

was 20x in each of the images.

Figure 24: Trichrome stains of control (Left) and treatment (Right) animals within the high-dose
(150µg/kg) group at 8wk
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Negative controls

Negative controls were established for the antibodies in this study, both by

excluding the primary antibody in the IHC protocol and by substituting the primary

antibody with pre-immune IgG from the appropriate species (see Figures 25-26). All

other components to the protocol were carried out the same way. No evidence of

positive staining was observed in any of the negative controls.

Figure 25: Negative control images for RANKL (Primary Ab omitted in left image, pre-immune

IgG only in right image)

Figure 26: Negative control images for OPG (primary Ab omitted in left image, pre-immune IgG

only in right image)

RANKL

Low Dose Zoledronate (80µg/kg) Group

Representative images for osteocyte expression of RANKL in the low dose group

are shown in Figures 27-30. White arrows in the figures represent negatively stained

osteocytes, while red arrows represent positively stained osteocytes.
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The control group at one week showed negligible production of RANKL in

osteocytes (see Figure 27). However, there was intense positive staining for RANKL

present in stromal cells, bone-lining cells, osteoblast-like box cells, and endothelial cells

of vasculature found within bone (represented by blue arrows). The treatment group at

one week revealed a small amount of RANKL production in osteocytes (see Figure 28).

Figure 27: Representative socket zone image of RANKL detection in control animal within the
low dose (80µg/kg) group at 1 week (white arrows represent negatively stained osteocytes, blue
arrows represent positively stained stromal cells/bone-line cells/osteoblast-like cells/endothelial
cells)

100um
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At 8 weeks within the low dose group, the control specimen showed negligible

staining for RANKL in osteocytes (Figure 29). Importantly, newly formed osteocytes in

immature osteoid did show evidence of RANKL production (as noted by blue arrows).

However, this newly formed osteoid was not scored, as indicated in the Materials and

Methods. Only what could be discerned from hematoxylin as original socket-lining bone

was scored. The treatment group at 8 weeks revealed a small to moderate production of

RANKL in osteocytes (see Figure 30). Intense positive staining is again seen in stromal

cells, bone lining cells, osteoblastic box-like cells, and endothelial cells (blue arrows).

Figure 28: Representative socket zone image of RANKL detection in treatment animal within the
low dose (80µg/kg) group at 1 week (red arrows represent positively stained osteocytes, white
arrows represent negatively stained osteocytes)

100um



47

Figure 29: Representative socket zone image of RANKL detection in control animal within the
low dose (80µg/kg) group at 8 weeks (white arrows represent negatively stained osteocytes, blue
arrows represent positively stained newly forming osteocytes within new woven bone)

Figure 30: Representative socket zone image of RANKL detection in treatment animal within the
low dose (80µg/kg) group at 8 weeks (red arrows represent positively stained osteocytes, white
arrows represent negatively stained osteocytes, blue arrows represent positively stained stromal
cells/bone-line cells/osteoblast-like cells/endothelial cells)

100um

100um
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Descriptive statistics for RANKL in bulk trabecular bone region

Figure 31 shows a scatter plot of the bulk trabecular bone scores. A highly

biased distribution towards zero was shown for the 1 week control and treatment groups,

as well as the 8 week control samples. Only one sample in the 1 week control group had

a small positive value (0.07), with the rest being zero. The 8 week control group values

were all zero. The two 1 week groups failed both normality tests, with high positive skew

and kurtosis. The 8 week treatment group passed the D’Agostino/Pearson test

(p=0.331), but marginally failed the Shapiro-Wilk test (p=0.042). Heterogeneity of

variance was found when comparing the four groups.

Figure 31: Scatter plot of bulk trabecular zone IHC scores for the proportion of RANKL-
expressing osteocytes in the 80µg/kg dose group. (Individual data points for each group are
shown, with bars indicated median and interquartile range)

Inferential statistics for RANKL in bulk trabecular bone region

Because both control groups gave an effectively zero score, the experimental

values at week 1 and 8 were compared to each other and to a score of zero. Because

Low Dose (80µg/kg) RANKL Bulk Trabecular Average
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the two treated groups had different distributions, a Box-Cox transformation was

performed (lambda -3.9999; log likelihood 32.996). The transformed data for both

treatment groups now passed the D’Agostino/Pearson normality test (p>0.07), and the 8

week, but not 1 week group, passed the Shapiro-Wilk test (p=0.119 and 0.0001,

respectively). Normality was assumed. A two-tailed t-test did not reveal a significant

difference between the two groups (p=0.156). However, a one-sample t-test comparing

the group values to zero gave a significant difference for the 8 week treated group

(p=0.0045; Bonferroni correction to alpha for two tests = 0.025), but not for the 1 week

treated group (p=0.106).

Analysis of RANKL in cortical bone region

No scores greater than zero were obtained in any group for RANKL expression in

the cortical bone region. All mean scores were therefore zero, and, thusly, no statistical

analysis was performed.

Inferential statistics comparing bulk trabecular and cortical regions

Because the mean value for the cortical bone region was zero, only the 8 week

treatment group showed a statistically significant difference between the bulk trabecular

and cortical bone regions (p=0.0045).

High dose Zoledronate (150µg/kg) group

Representative images for osteocyte expression of RANKL in the high dose

group are shown in Figures 32-35. White arrows in the figures represent negatively

stained osteocytes, while red arrows represent positively stained osteocytes.

The control group at 1 week, similar to the low dose controls, showed negligible

production of RANKL in osteocytes (see Figure 32). However, positive expression was

again seen in stromal cells, bone lining cells, osteoblastic box-like cells, and endothelial

cells (see blue arrows). The treatment group at 1 week showed a modest production of

RANKL in osteocytes (see Figure 33). Empty lacunae are also observable in this group

(green arrows), however were not considered in scoring.
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Figure 32: Representative socket zone image of RANKL detection in control animal within the
high dose (150µg/kg) group at 1 week (white arrows represent negatively stained osteocytes,
blue arrows represent positively stained stromal cells/bone-line cells/osteoblast-like
cells/endothelial cells)

Figure 33: Representative socket zone image of RANKL detection in treatment animal within the
high dose (80µg/kg) group at 1 week (red arrows represent positively stained osteocytes, white
arrows represent negatively stained osteocytes, green arrows represent empty lacunae)

100um

100um
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At 8 weeks, again the control group reveals no evidence of osteocytic production

of RANKL. However, consistently, RANKL production was noted in stromal cells, bone

lining cells, and endothelial cells (blue arrows, see figure 34). The treatment group

showed an intensely positive stain for RANKL expression in select osteocytes, and an

increased prevalence of empty lacunae (green arrows, see figure 35).

Figure 34: Representative socket zone image of RANKL detection in control animal within the
high dose (150µg/kg) group at 8 weeks (white arrows represent negatively stained osteocytes,
blue arrows represent positively stained stromal cells/bone-line cells/osteoblast-like
cells/endothelial cells)

100um
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Descriptive statistics for RANKL in bulk trabecular bone region

Figure 36 shows a scatter plot of the bulk trabecular bone scores. There was a

highly biased distribution towards zero for the 1 and 8 week controls. Only one sample in

each control group had a positive value (0.063 and 0.140, respectively), and the rest

were zero. Therefore, as for the 80 dose control groups, the RANKL scores were treated

as being zero. In contrast, both treatment groups had relatively few values of zero. The 1

and 8 week treatment groups both passed both normality tests. An F test to compare

variances showed no significant differences.

Figure 35: Representative socket zone image of RANKL detection in treatment animal within the
high dose (150µg/kg) group at 8 weeks (red arrows represent positively stained osteocytes, white
arrows represent negatively stained osteocytes, green arrows represent empty lacunae)

100um
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Figure 36: Scatter plot of averaged socket and trabecular IHC scores for the proportion of
RANKL-expressing osteocytes in the 150µg/kg dose experiment (individual data points for each
group are shown, with the bars indicating median and interquartile range)

Inferential statistics for RANKL in the bulk trabecular bone region

A two-tailed t-test showed no significant difference between the two treatment

group means (p=0.799). However, a two-tailed one sample t-test showed a significant

difference from zero for both the 1 week and 8 week treatment groups (p=0.0087 and

0.0124, respectively; Bonferroni correction to alpha for two tests = 0.025).

Analysis of RANKL in cortical bone region

No scores >0 were obtained in any group for RANKL expression in the cortical

bone region, and therefore no statistics were performed.

Inferential statistics comparing bulk trabecular and cortical bone regions

Because the mean value for the cortical bone region was zero, both the 1 and 8

week treatment groups showed a statistically significant difference between the bulk

trabecular and cortical bone regions (p=0.0087 and 0.0124, respectively; Bonferroni

correction to alpha for two test=0.025).

High Dose (150µg/kg) RANKL Bulk Trabecular Average
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Osteoprotegerin

Low Dose Zoledronate (80µg/kg) Group

Representative images for osteocyte expression of OPG in the low dose group

are shown in Figures 37-40. White arrows in the figures represent negatively stained

osteocytes, while red arrows represent positively stained osteocytes.

For the control specimens at 1 week, constitutive osteocytic expression of OPG was

observed (see Figure 37). The vast majority of osteocytes in the shown image stained

positive to varying degrees. Interestingly, cells consistent with the appearance of

osteoclasts (multinucleated giant cells located in resorption bays) also stained relatively

positive for OPG (represented by black arrows). Other stromal cells also stained

positively for OPG (blue arrows). For treatment specimens at one week, the staining

pattern was similar to that of the control, with most osteocytes in the region displaying

some degree of positive staining for OPG (see Figure 38).

Figure 37: Representative socket zone image of OPG detection in control animal within the low
dose (80µg/kg) group at 1 week (red arrows represent positively stained osteocytes, white arrows
represent negatively stained osteocytes, blue arrows represent positively stained stromal
cells/bone-line cells/osteoblast-like cells/endothelial cells, black arrows represent osteoclasts)

100um
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At 8 weeks, expression of OPG was still evident in osteocytes of the control

group, however it appeared to be somewhat diminished in level compared to week 1

(see Figure 39). New woven bone displayed positive staining for OPG, as well as

various stromal cells (see blue arrows). The treatment group had similar staining pattern

to that of the control, with osteocytes expressing relatively less OPG compared to week

1 values (see Figure 40).

Figure 38: Representative socket zone image of OPG detection in treatment animal within the
low dose (80µg/kg) group at 1 week (red arrows represent positively stained osteocytes, white
arrows represent negatively stained osteocytes)

100um
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Figure 39: Representative socket zone image of OPG detection in control animal within the low
dose (80µg/kg) group at 8 weeks (red arrows represent positively stained osteocytes, white
arrows represent negatively stained osteocytes, blue arrows represent newly forming osteocytes
within newly formed woven bone)

Figure 40: Representative socket zone image of OPG detection in treatment animal within the
low dose (80µg/kg) group at 8 weeks (red arrows represent positively stained osteocytes, white
arrows represent negatively stained osteocytes)

100um
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Descriptive statistics for OPG in bulk trabecular bone region

Figure 41 shows a scatter plot of bulk trabecular bone scores, showing no

conspicuous patterns to the distributions of the values. All groups passed both normality

tests, and therefore normality of distribution was assumed. Homogeneity of variance was

assumed, as well, as tests failed to detect heterogeneity of variance.

Figure 41: Scatter plot of averaged alveolar and trabecular IHC scores for the proportion of
OPG-expressing osteocytes in the 80µg/kg dose experiment. Individual data points for each
group are shown, with the bars indicating mean and standard deviation.

Inferential statistics for OPG in bulk trabecular bone region

A two-way ANOVA test of the four groups was performed with time (week 1 or

week 8) as one factor and treatment (PBS control or ZOL) as the second. No significant

effect of treatment (p=0.106), week (p=0.664) or interaction (p=0.627) was noted (see

Figure 42).

Low Dose (80µg/kg) Bulk Trabecular Average
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Figure 42: Bar graph of averaged alveolar and trabecular IHC scores for the proportion of OPG-
expressing osteocytes in the 80µg/kg dose experiment. The bars indicate standard deviation.

Descriptive statistics for OPG in the cortical bone region

Figure 43 shows a scatter plot of average cortical bone scores, showing no

conspicuous patterns to the distribution of values. All groups except for the 8 week

control (p=0.035) passed the D’Agostino/Pearson normality test (p≥0.309), and all 

passed the Shapiro-Wilk normality test (p≥0.101). Normality of distribution was 

assumed. Homogeneity of variance was assumed, as tests failed to detect heterogeneity

of variance.

Week 8

Week 1

Low Dose (80µg/kg) OPG Bulk Trabecular for 2-Way
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Figure 43: Scatter plot of cortical IHC scores for the proportion of OPG-expressing osteocytes in
the 80µg/kg dose experiment. Individual data points for each group are shown, with the bars
indicating mean and standard deviation.

Inferential statistics for OPG in cortical bone region

A two-way ANOVA test of the four groups was performed with time (weeks) as

one factor and treatment (control vs ZOL) as the second (see Figure 44). No significant

effect of week (p=0.310), treatment (p=0.945), or interaction (p=0.970) was seen.

Low Dose (80µg/kg) OPG Cortical
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Figure 44: Bar graph of cortical IHC scores for the proportion of OPG-expressing osteocytes in
the 80µg/kg dose experiment. Bars indicate standard deviation.

Inferential statistics comparing bulk trabecular and cortical bone regions

A repeated measures (site) two-way ANOVA test of the four groups was

performed with site (bulk trabecular or cortical) as one factor (two levels) and group (four

levels) as the second (see Figure 45). A significant effect of site (p=0.0005) and

matching (p=0.0002) was seen. Sidak’s multiple comparisons test revealed a significant

difference in the OPG IHC score between the 8 week treated trabecular and cortical

bone scores (0.851 versus 1.415; p=0.009). No other comparison yielded any

significance (p>0.09).

Low Dose (80µg/kg) OPG Cortical
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Figure 45: Bar graph of bulk trabecular versus cortical IHC scores for the proportion of OPG-
expressing osteocytes in the 80µg/kg dose experiment. The bars indicate standard deviation.

High Dose Zoledronate (150µg/kg) Group

Representative images for osteocytic expression of OPG in the high dose group

are shown in Figures 46-49. White arrows in the figures represent negatively stained

osteocytes, while red arrows represent positively stained osteocytes.

At one week, both control and treatment specimens reflected constitutive

production of OPG in osteocytes, to varying degrees (see Figures 46-47). Similar to the

low dose groups, a varying degree of positive staining was also observable in stromal

cells (blue arrows).

Low Dose (80µg/kg) OPG Bulk Trabecular Versus Cortical
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Figure 46: Representative socket zone image of OPG detection in control animal within the high
dose (150µg/kg) group at 1 week (red arrows represent positively stained osteocytes, white
arrows represent negatively stained osteocytes, blue arrows represent positively stained stromal
cells/bone-line cells/osteoblast-like cells/endothelial cells)

Figure 47: Representative socket zone image of OPG detection in treatment animal within the
high dose (150µg/kg) group at 1 week (red arrows represent positively stained osteocytes, white
arrows represent negatively stained osteocytes, blue arrows represent positively stained stromal
cells/bone-line cells/osteoblast-like cells/endothelial cells)

100um

100um
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At 8 weeks, an appreciable decrease in OPG production was noted in osteocytes

of both control and treatment groups (see Figures 48 and 49).

Figure 48: Representative socket zone image of OPG detection in control animal within the high
dose (150µg/kg) group at 8 weeks (red arrow represents positively stained osteocyte, white
arrows represent negatively stained osteocytes)

Figure 49: Representative socket zone image of OPG detection in treatment animal within the
high dose (150µg/kg) group at 8 weeks (white arrows represent negatively stained osteocytes)

100um

100um
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Descriptive statistics for OPG in bulk trabecular region

Figure 50 shows a scatter plot of the bulk trabecular bone scores, in which there

were no conspicuous patterns to the distributions of values. The 1 week treated and 8

week control groups passed both normality tests. However, the 1 week control and 8

week treated groups failed both tests (p≤0.004 and 0.021, respectively). The 1 week 

control and 8 week treated data showed relatively high skewness and kurtosis. The

scatter plot revealed one point in the 1 week control group significantly lower than a fairly

tight cluster of values, and one point significantly to the high side in the 8 week treated

group. The ROUT program (Q=1%) identified the 8 week treatment sample as an outlier,

while the Grubb’s test for outliers (p=0.05) identified the 1 week control sample as an

outlier. Therefore, both of these values were excluded from further analysis. After

exclusion of these values, all four groups passed both normality tests. Normality of

distribution and homogeneity of variance were both assumed.

Figure 50: Scatter plot of averaged alveolar and trabecular IHC scores for the proportion of OPG-
expressing osteocytes in the 150µg/kg dose experiment. Individual data points for each group
are shown, with the bars indicating mean and standard deviation. Outlier symbols are black.

Inferential statistics for OPG in bulk trabecular bone region

A two-way ANOVA test of the four groups was performed with time (week 1 vs 8)

as one factor and treatment (control vs ZOL) as the second (see Figure 51). A significant

150 OPG A&T avgHigh Dose (150µg/kg) OPG Bulk Trabecular Average
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effect of time (p<0.0001), treatment (p<0.0001), and interaction (p=0.005) was seen.

Sidak’s multiple comparisons test showed a highly significant difference between the 1

week control and treatment groups (p<0.0001), but not between the 8 week control and

treated groups (p=0.131). A highly significant difference was also found between the

control groups at 1 and 8 weeks (p<0.0001), but not between the treated groups

(p=0.080).

Figure 51: Bar graph of averaged alveolar and trabecular IHC scores for the proportion of OPG-
expressing osteocytes in the 150µg/kg dose experiment. The error bars indicate standard
deviation. The horizontal bars show significant differences.

Descriptive statistics for OPG in cortical bone region

Figure 52 shows a scatter plot of average cortical bone scores, reflecting no

conspicuous pattern to the distributions of values. All groups passed both normality

tests. Normality of distribution and homogeneity of variance were assumed.

High Dose (150µg/kg) OPG Bulk Trabecular 2-Way
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Figure 52: Scatter plot of cortical IHC scores for the proportion of OPG-expressing osteocytes in
the 150µg/kg dose experiment. Individual data points for each group are shown, with the bars
indicating mean and standard deviation.

Inferential statistics for OPG in cortical bone region

A two-way ANOVA test of the four groups was performed with time (week 1 vs

week 8) as one factor and treatment (control vs ZOL) as the second (se Figure 53). No

significant effect of time (p=0.132), treatment (p=0.375), or interaction (p=0.888) was

seen.

High Dose (150µg/kg) OPG Cortical
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Figure 53: Bar graph of cortical IHC scores for the proportion of OPG-expressing osteocytes in
the 150µg/kg dose experiment. The bars indicate mean and standard deviation.

Inferential statistics comparing bulk trabecular to cortical bone regions

A repeat measures (site) two-way ANOVA test of the four groups was performed

with site as one factor (bulk trabecular vs cortical, two levels) and group (four levels) as

the second (see Figure 54). A significant effect of site (p<0.0001), group (p<0.0001) and

interaction (p=0.0004) was found, but not for matching (p=0.076). Sidak’s multiple

comparisons test revealed a significant difference in the OPG IHC score between the 1

week treated trabecular and cortical bone scores (p=0.0002), the 8 week control

trabecular and cortical bone scores (p=0.005), and the 8 week treated trabecular and

cortical bone scores (p<0.0001). The week 1 controls did not show a significant

difference between these sites (p=0.930).

High Dose (150µg/kg) OPG Cortical
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Figure 54: Bar graph of cortical IHC scores for the proportion of OPG-expressing osteocytes in
the 150µg/kg dose experiment. The bars indicate standard deviation.

GDF-15

Immunohistochemistry for GDF-15 detection was suspended early, due to an

overall lack of appreciable staining within osteocytes. Approximately half of the total

amount of specimens was stained. It appeared that neither surgery nor treatment with

zoledronate had any effect on expression of GDF-15 in cortical bone, and minimal

effects on bulk trabecular bone. However, intense positive staining for GDF-15 was

noted in other areas throughout the specimens, which is important to mention. Figure 55

shows strong staining in recent appositional bone formation. Figure 56 shows intense

positive staining for GDF-15 in endothelial cells of blood vessels (see orange arrows).

Finally, Figure 57 shows evidence of positive staining in cells with characteristic

appearance of osteoclasts (multinucleated giant cells associated with resorption bays,

see black arrows). Because the expression of GDF-15 in osteocytes was found to be

minimal, in general, no statistical analysis was performed.

High Dose (150µg/kg) OPG Bulk Trabecular Versus Cortical
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Figure 55: Evidence of GDF-15 expression in newly formed osteocytes within recent appositional
bone formation (appositional bone seen in bottom left half of figure)

Figure 56: Evidence of GDF-15 expression in endothelial cells of blood vessels (orange arrows)
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Figure 57: Evidence of GDF-15 expression in osteoclasts (black arrows)

TUNEL Assay

The proportion of apoptotic osteocytes in different zones throughout the

specimens was analyzed via TUNEL assay. Representative images of the

socket/trabecular zone are shown for each study group, similar to the format of the

previous IHC results. Both the DAPI and GFP images are shown for each group,

reflecting identical regions of interest. Nucleated osteocytes are recognized by their

unique spatial arrangement in the DAPI image, and then can be correlated to where

apoptotic osteocytes are seen in the GFP image. Five separate regions were sampled

per specimen (3 regions from the socket zone: left, right, apex of socket; trabecular

zone; cortical zone). Again, because of the profound heterogeneity in morphology of the

socket lining zone and trabecular zone between samples, a “bulk trabecular” region was

used for analysis, where 4/5 regions were averaged together. This bulk trabecular zone

included the trabecular zone and the three regions that comprised the socket lining

zone. The cortical zone was kept separate. Another general observation regarding the

TUNEL assay was that even after optimizing the protocol to an ideal dilution of reaction

buffer, osteocyte apoptosis counts in some regions throughout the samples clearly

reflected an artifactually high level of staining; evidenced by a GFP/DAPI ratio of near 1,

or 100% apoptosis of osteocytes. Since these levels were biologically implausible, the
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ROUT algorithm was used to identify statistical outliers. If the ROUT algorithm detected

3/5 regions within a specimen to be outliers (i.e., over half the regions evaluated), the

specimen was excluded from analysis. If only 1 or 2 individual outliers were found within

the bulk trabecular zone, taking the average value between the 4 included regions

diminished the effects. Furthermore, data was more standardized by reporting values as

“TUNEL index” values, where the total amount of GFP positive osteocytes in a region

was divided by the total amount of DAPI stained cells. In other words, for the bulk

trabecular zone, the TUNEL index was the total amount of GFP-positive osteocytes from

the 4 included regions divided by the total amount of DAPI-positive osteocytes from the

4 included regions. The exclusion of obvious outliers and the standardization of the data

by use of the TUNEL index allowed for the groups to more readily pass normality tests

and assume homogeneity of variance.

Low Dose Zoledronate (80µg/kg) Group

Representative images for osteocyte apoptosis in the low dose group are shown

in Figures 58-61.

At one week, the control group showed a modest amount of osteocyte apoptosis

towards the right of the region of interest (Figure 58). The treatment group showed a

somewhat elevated level of apoptosis compared to the controls (Figure 59).

Figure 58: Representative socket/trabecular zone image of apoptotic cell detection in control
animal within the low dose (80µg/kg) group at 1 week (DAPI image on left, GFP on right)
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Figure 59: Representative socket/trabecular zone image of apoptotic cell detection in treatment
animal within the low dose (80µg/kg) group at 1 week (DAPI image on left, GFP on right)

At eight weeks, a negligible to minimal amount of osteocyte apoptosis was seen

in both control and treatment animals (see Figures 60 & 61, respectively).

Figure 60: Representative socket/trabecular zone image of apoptotic cell detection in control
animal within the low dose (80µg/kg) group at 8 Weeks (DAPI image on left, GFP on right)
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Figure 61: Representative socket/trabecular zone image of apoptotic cell detection in treatment
animal within the low dose (80µg/kg) group at 8 Weeks (DAPI image on left, GFP on right)

High Dose Zoledronate (150µg/kg) Group

Representative images for osteocyte apoptosis in the high dose group are shown

in Figures 62-65.

At one week, the control group showed a modest amount of osteocyte apoptosis

as evidenced near the middle of the region of interest in Figure 62. The treatment group

showed a slightly more robust amount of osteocyte apoptosis (see Figure 63).

Figure 62: Representative socket/trabecular zone image of apoptotic cell detection in control
animal within the high dose (150µg/kg) group at 1 Week (DAPI image on left, GFP on right)
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Figure 63: Representative socket/trabecular zone image of apoptotic cell detection in treatment
animal within the high dose (150µg/kg) group at 1 Week (DAPI image on left, GFP on right)

At 8 weeks, the control group showed a negligible amount of osteocyte apoptosis

while the treatment group showed a relatively robust amount of osteocyte apoptosis (see

Figures 64 & 65, respectively).

Figure 64: Representative socket/trabecular zone image of apoptotic cell detection in control
animal within the high dose (150µg/kg) group at 8 Weeks (DAPI image on left, GFP on right)
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Figure 65: Representative socket/trabecular zone image of apoptotic cell detection in treatment
animal within the high dose (150µg/kg) group at 8 Weeks (DAPI image on left, GFP on right)

Descriptive Statistics for TUNEL Analysis in Bulk Trabecular Zone of the Low

Dose (80µg/kg) Experiment

In order for all 4 groups to pass both normality tests, a modified logit

transformation (addition of the lowest data value 0.00148 to each value before

transformation) was performed (see Figure 66). After testing, normality of distribution

and homogeneity of variance were assumed.

Figure 66: Scatter plot of logit transformed averaged sample trabecular TUNEL indexes for the 1
Week and 8 week control and treatment samples in the 80µg/kg dose experiment. Individual
data points for each group are shown. Bars show the mean and standard deviation. Select p
values are shown.

Low Dose (80µg/kg) TUNEL Bulk Trabecular Average
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Inferential Statistics for TUNEL Analysis in Bulk Trabecular Zone of the Low Dose
(80µg/kg) Experiment

Since IHC analysis of protein expression indicated that zoledronate had little

effect on cortical bone, for an initial examination of the effects of surgery and

zoledronate on apoptosis a two-way ANOVA was performed on the logit-transformed

averaged alveolar TUNEL indexes, with time as one factor, and treatment as the

second. A significant effect for treatment (p=0.016) and time (p<0.0001), but not for

interaction (p=0.213) was found. Sidak’s multiple comparisons test gave a significant p

value (0.0004) for the comparison of the 1 week and 8 week control TUNEL indexes.

That is, assuming the 8 week value is close to the basal level of apoptosis in normal

trabecular bone, surgery caused a 13-fold increase in osteocyte apoptosis. Similarly,

apoptosis in the 1 week treated group was also significantly higher (p<0.0001), 24.5-fold,

than in the 8 week treated group. Comparing the effect of treatment at each week, at

week 1 the control showed a significantly (p=0.024) lower level of apoptosis than the

treated group, which was 3.0-fold higher. However, by week 8, the levels of apoptosis

were not significantly different (p=0.602) (see Figure 66).

Descriptive Statistics for TUNEL Analysis in Bulk Trabecular Versus Cortical Bone

Cortical bone TUNEL index values for all four groups passed both tests for

normality, and did not show evidence for heterogeneity. A one-way ANOVA showed no

significant differences in the levels of apoptosis in cortical bone between any groups

(p=0.918). That is, neither surgery nor zoledronate appeared to affect cortical bone.

To allow comparisons to the bulk trabecular bone data, the cortical bone values were

logit transformed using the same additional value as mentioned previously. There was

no significant difference between the groups detected by one-way ANOVA resulting from

the transformation (p=0.741).

Inferential Statistics for TUNEL Analysis in Bulk Trabecular Versus Cortical Bone

A two-way repeat measures (in location) ANOVA was performed using modified

logit transformed data to compare the effects of surgery and zoledronate on apoptosis in

osteocytes in trabecular and basal bone (see Figure 67). A significant effect of Group

(treatment and time; p<0.0001), location (bulk trabecular and cortical; p=0.012) and

interaction (p<0.0001) was found, as well as for subject matching (p=0.033).
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At week 1, a significantly higher TUNEL index (Sidak’s multiple comparisons test,

p=0.007) was seen in control bulk trabecular bone in comparison to control cortical bone.

Similarly, at week 1, a significantly higher TUNEL index (p<0.0001) was seen in treated

trabecular bone in comparison to treated basal bone. A small, marginally significant

(p=0.049) difference was observed in the 8 week control group. That is, the level of bulk

trabecular osteocyte apoptosis in the 8 week control was now below that of the cortical

bone. In contrast, there was no significant difference in the treated bulk trabecular and

cortical bone levels at 8 weeks(p=0.179).

Figure 67: Scatter plot of logit transformed averaged sample bulk trabecular and cortical TUNEL
indexes for the 1 Week and 8 week control and treatment samples in the 80µg/kg dose
experiment. Individual data points for each group are shown. Bars show the mean and standard
deviation. Select p values are shown for the repeat measures two-way ANOVA.

Descriptive Statistics for TUNEL Analysis in Bulk Trabecular Zone of the High

Dose (150µg/kg) Experiment

A similar strategy to that used for the 80µg/kg dose groups was used to remove

outliers from the 150µg/kg dose data. After removing one such sample (#146) and

standardizing the data as described previously, the data were, collectively, consistent

with a broadly normal distribution of values in each region, with relatively similar

variances. Parametric testing without transformation was possible due to all four groups

passing normality tests, and no heterogeneity of variance being detected (see Figure

68).

Low Dose (80µg/kg) TUNEL Bulk Trabecular Versus Cortical

Cortical
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Figure 68: Scatter plot of averaged sample trabecular TUNEL indexes for the 1 Week and 8
week control and treatment samples in the 150µl/mg dose experiment. Individual data points for
each group are shown. Bars show the mean and standard deviation.

Inferential Statistics for TUNEL Analysis in Bulk Trabecular Zone of the High Dose

(150µg/kg) Experiment

A two-way ANOVA was performed on the region-averaged bulk trabecular TUNEL

indexes, with time as one factor, and treatment as the second. A significant effect for

treatment (p=0.002) and weeks (p=0.028), and interaction (p=0.028) was found. Sidak’s

multiple comparisons test gave a non-significant p value (0.989) for the comparison of

the 1 Week and 8 Week control TUNEL indexes. That is, surgery in this experiment did

not cause an increase in osteocyte apoptosis, assuming the Week 8 value represents

baseline. However, these values for apoptosis in controls appear to be remarkably high.

Apoptosis in the 1 week treatment group was significantly lower (p=0.0028), 2-fold,

than in the 8 week treated group. Comparing the effect of treatment at each week, at

Week 1 there was no significant difference between the control and treatment groups

(p=0.721). However, by Week 8, the level of apoptosis in the treated group was

significantly higher than in the control (p=0.0005).

High Dose (150µg/kg) TUNEL Bulk Trabecular Average
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Descriptive Statistics for TUNEL Analysis in Bulk Trabecular Versus Cortical Bone

In order to have all groups pass normality tests and avoid heterogeneity of

variance, complete bulk trabecular and cortical bone values were logit transformed using

the lowest value in the combined data sets as the value added to the numerator and

denominator (00.00238).

A one-way ANOVA detected significant differences between the groups

(p=0.0019). Tukey’s multiple comparisons test found a significant difference (p=0.002)

between the treated 1 week and 8 week values, a 3.3-fold increase. No difference was

found between the 1 week and 8 week control values.

Inferential Statistics for TUNEL Analysis in Bulk Trabecular Versus Cortical Bone

A two-way repeated measures (in location) ANOVA was performed using modified

logit transformed data to compare the effects of surgery and zoledronate on apoptosis in

osteocytes in trabecular and basal bone. A significant effect of Group (treatment and

time)(p=0.0011), location (alveolar and basal) (p<0.0001), and for subject matching

(p=0.0006) but not interaction (p=0.178) was found.

Figure 69: Scatter plot of logit transformed averaged sample trabecular and basal TUNEL
indexes for the 1 Week and 8 week control and treatment samples in the 150µg/kg dose
experiment. Individual data points for each group are shown. Bars show the mean and standard
deviation. Select p values are shown for the repeat measures two-way ANOVA.

High Dose (150µg/kg) TUNEL Bulk Trabecular Versus Cortical

Cortical
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At Week 1, as for the 80 dose experiment, a significantly higher TUNEL index

(Sidak’s multiple comparisons test, p=0.047) was seen in control bulk trabecular bone in

comparison to control basal bone, a 3.7-fold difference. Similarly, at Week 1, a

significantly higher TUNEL index (p<0.0001) was seen in treated bulk trabecular bone in

comparison to treated cortical bone.

At Week 8, there was no significant difference in the level of apoptosis (p=0.267) in

control bulk trabecular versus cortical bone. In contrast, there was a significant

difference in the treated bulk trabecular and cortical bone levels (p=0.004).
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Discussion

This study sought to explore early apoptotic events and signaling changes in

osteocytes using a rat model employing exposure to zoledronate therapy at doses

similar to long-term dosing regimens for cancer patients in combination with tooth

extraction trauma. Using samples provided from a previously demonstrated successful

animal model for recapitulation of BRONJ-like lesions allowed for an in-vivo exploration

of the effects of different doses of bisphosphonate on osteocyte behavior.

Although reported incidence rates for BRONJ-development in bisphosphonate-

treated patients are fairly low, especially for oral bisphosphonate users, the detrimental

effects of an active lesion once it has occurred can be catastrophic. Data shows that the

population most at risk for BRONJ development consists of cancer patients on the

medication, Zoledronate, and exposed to oral trauma (most often tooth extraction).

Animal models replicating BRONJ-like lesions at doses similar to that of cancer patients

are integral to exploring the development of the disease, the pathophysiology of which,

continues to be understood poorly.

Over recent decades, the role of the osteocyte in bone biology has been

elucidated extensively, thanks to molecular and transgenic approaches, imaging, cell

lines, and advanced instrumentation. No longer considered to be a passive, quiescent,

placeholder of bone, the osteocyte is now regarded as a chief regulator of bone

remodeling, actively influencing osteoclast and osteoblast activity, as well as functioning

as an endocrine cell.

The RANK/RANKL/OPG signaling system, the hallmark system for osteoclast

recruitment and subsequent bone remodeling, appears to be affected heavily by

osteocyte behavior, with osteocyte apoptosis spatially and temporally preceding RANKL-

mediated bone resorption. Changes in osteocyte behavior, in regards to this system, in

response to the development of BRONJ lesions have not been explored previously.

In this study, trichrome staining was initially performed on representative samples

from each group to give a “lay-of-the-land” overview of each group. In general, all

specimens stained consistently with respect to degrees of previous mineralization of the

tissues. The presence of root tips in several of the samples was reflective of the
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heterogeneous population of samples provided. This should be considered as a

confounding factor, as a specimen with a retained root fragment surrounded by intact

periodontal ligament and alveolar bone is difficult to compare with a specimen that has

complete removal of the tooth in addition to obvious trauma to the periodontal tissues. In

addition to the presence of root tips, the trichrome staining reflected the overall

heterogeneity in appearance of the extraction sockets between samples. Although the

surgical technique for tooth extraction was standardized, in that a surgical round bur was

used to induce further trauma at the time of extraction, very small differences in

application of the surgical bur could translate to massive morphological differences for

such a small-scale site as a rat extraction socket. It was for this reason that the “socket

zone” was averaged with the “trabecular zone” in data analysis (creating the “bulk

trabecular zone”), in order to improve the sampling and variance in the data. The

“cortical zone” was maintained as it’s own separate entity, and was functionally used as

a control region in data analysis, as this region was readily defined, and (as reflected in

the results) was largely resistant to significant changes and so was assumed to reflect

basal activity in the bone.

The most obvious differences between control and treated specimens were seen

at the 8 week time point, where control animals reflected nearly complete woven bone fill

within the extraction socket in addition to complete overlying mucosal healing. Treatment

specimens at 8 weeks, however, showed incomplete woven bone fill, sequestered bone

fragments, and incomplete mucosal coverage, meeting the criteria for clinical

development of BRONJ. The relative brown stain of the treatment specimens at 8 weeks

was only an incidental findings, and was not explored further in this study. Since the

specimens were all trichrome stained at the same time, in parallel, this may indicate that

Zoledronate may actually influence the way the specimens respond to the reagents

within the trichrome protocol. Trichrome analysis was performed to give a general

overview of each group of specimens, not to provide an exhaustive morphological

analysis. Detailed characterization of the morphology of these specimens can be found

within the microCT analysis performed previously by Howie and Panos.[120]

Specific Aim 1
The first specific aim was to test the prediction that there will be no significant

difference in the number of apoptotic osteocytes between the treatment groups and the

control group at one week, as evidenced by the TUNEL assay.
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For the low dose zoledronate experiment (80µg/kg), the treatment group at one

week showed significantly more osteocyte apoptosis in the bulk trabecular zone than

that of the control group. This is opposite to the result predicted. However, consistent

with the prediction, there was no significant difference in the cortical zone, which was

likely to be less affected by the surgical trauma. Consistent with this, it was found that for

both control and treated groups, apoptosis was significantly greater in the bulk trabecular

zone compared to the cortical zone, suggesting minimal effects of either surgery of

zoledronate therapy on the most basal region of bone. For the high dose zoledronate

experiment (150µg/kg), there was no significant difference in osteocyte apoptosis

between treatment and controls, both in the bulk trabecular zone and the cortical zone.

This is consistent with the prediction. Similar to the low dose experiment, both control

and treatment groups showed a significantly higher amount of apoptosis in the bulk

trabecular zone compared to the cortical zone.

Specific Aim 2
The second specific aim was to test the prediction that apoptosis of osteocytes

will continue through the 8th week for ZOL treated animals, while it will not for control

animals, as evidenced by TUNEL assay.

For the 80µg/kg experiment, both the control and treatment groups showed a

significant decrease in bulk trabecular zone osteocyte apoptosis between 1 week and 8

weeks, with the cortical zone effectively remaining unchanged in both groups at either

time point. In fact, in the control group, bulk trabecular zone apoptosis was actually

significantly lower than that of the cortical zone at 8 weeks. These results suggest that

any initial effects of zoledronate therapy on osteocyte apoptosis were effectively

diminished by week 8, with all zones reflecting what was assumed to be a basal level of

apoptosis. This is partially in opposition to the prediction.

For the 150µg/kg experiment, however, bulk trabecular zone apoptosis was

significantly greater (2-fold) in the treatment group at 8 weeks, compared to 1 week, and

there was no significant change in the control group over this time. In fact, for the

treatment group at 8 weeks there continued to be significantly greater apoptosis in the

bulk trabecular zone as compared to the cortical zone, suggesting a dose effect

response at the higher zoledronate concentration. There were no significant changes,

overall, in cortical bone. These observations are, collectively, consistent with the

prediction.
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Overall, the results of the TUNEL analysis suggest that surgery alone, as

expected, resulted in increased apoptosis of osteocytes nearest to the site of trauma

(bulk trabecular zone), compared to those distant from the site of trauma (cortical zone).

This was reflected clearly in the control animals. By 8 weeks, apoptosis in the two zones

was similar in controls, reflecting a return to basal levels of apoptosis. The treated

animals resulted in less clear results, with zoledronate having inconsistent effects on

levels of apoptosis. Whereas at 80µg/kg there were significantly higher apoptosis levels

in the bulk trabecular zone compared to controls at 1 week, there was no significant

difference at 150µg/kg. Most importantly, at 8 weeks, the 80µg/kg treatment group

showed apoptosis levels in the bulk trabecular zone had declines to that of basal levels,

whereas apoptotic levels in the 150µg/kg treatment group were significantly higher than

that of the basal level. The results of the treated animals, taken as a whole, are

suggestive that zoledronate therapy influences, to some degree, the apoptotic behavior

of osteocytes. The doses explored in this study appear to, in general, cause an increase

in apoptosis of osteocytes.

This finding is somewhat contrary to reports in the literature. Recent research has

suggested that bisphosphonates have a beneficial effect on the skeleton not only due to

inhibition of bone-resorbing osteoclasts, but also due to an independent anti-apoptotic

effect on osteoblasts and osteocytes.[121] The bisphosphonate alendronate has been

shown to prevent the increase in osteoblast and osteocyte apoptosis induced by

glucocorticoids in mice.[75, 122] Risedronate and alendronate have also been shown to

inhibit osteocyte apoptosis induced by fatigue loading in rats.[123] Based on these

studies, it has been theorized that bisphosphonates provide maintenance of the

osteocyte network. Importantly, the prosurvival effect of bisphosphonates on these cells

is exerted at concentrations ranging from 10-11 to 10-6 M, which are several orders of

magnitude lower than the concentration required to inhibit osteoclast activity.[124] The

survival effect, however, is lost at high concentrations. At concentrations of 20-6 to 100-6

M, osteoblast apoptosis in-vitro is shown to increase.[125] These results are suggestive

of a biphasic response of osteocytes and osteoblasts to different concentrations of

bisphosphonate. The occurrence of BRONJ may best exemplify this biphasic response,

where involved bone presents histologically as having significantly greater numbers of

empty lacunae, and, thusly, osteocyte cell death. It has even been shown in a recent

animal model that treatment with zoledronate not only caused increased osteocyte cell
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death as an initial response to trauma, but that the resulting necrosis persisted and

actually expanded beyond the site of trauma (tooth extraction) to affect the surrounding

bone.[120] This observation was somewhat reflected in this study, where the 150µg/kg

dose resulted in not only higher apoptosis levels in the bulk trabecular zone at 8 weeks,

but also higher levels (albeit not statistically significant) in the cortical zone.

While necrotic bone, as evidenced by empty lacunae, is a general feature of the

histopathological presentation of BRONJ lesions, there is a lack of evidence confirming

the mechanism of cell death, be it necrosis or, alternatively, apoptosis. Although it is

assumed, in general, to be a mechanism of necrosis (hence the “osteonecrosis”

component of BRONJ), the possibility that programmed cell death occurs in a proportion

of the dying osteocyte population cannot be excluded. After all, as mentioned previously,

damage to bone initially results in osteocyte apoptosis and release of RANKL, both

spatially and temporally preceding osteoclastic bone resorption. As the majority of

BRONJ lesions occur to some degree after initiation of trauma, it is quite possible that

osteocytes respond with some degree of apoptosis.

Specific Aim 3
The third specific aim was to test the prediction that treatment with zoledronate

will decrease the immunohistochemical signal of RANKL and GDF-15 in alveolar bone

compared to controls, while that of OPG will increase compared to controls.

RANKL appeared to be negligibly expressed in osteocytes of all control animals,

regardless of the zone of bone examined. A modest amount of RANKL expression was

seen in treatment animals, and, therefore, it was tested whether the treated animals had

a statistically significant level compared to zero. The 80µg/kg treated group did not give

statistically significant expression of RANKL in the bulk trabecular zone by week 1, but

did by week 8. In contrast, the 150µg/kg treated group gave statistically significant

expression of RANKL in the bulk trabecular zone by week 1, with sustained increase

through week 8, suggesting a dose response acceleration of the increase. This was

opposite to the prediction. As for cortical osteocytes, zoledronate treatment did not

induce detectable expression of RANKL at either dose or at either time point.

The observed increase in RANKL expression with dose and time in bulk

trabecular osteocytes may indicate an increased compensation by the bone to try and

recruit functional osteoclasts to the bone surface to initiate proper resorption. Prior work
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by Howie and Panos on the same study populations showed that bisphosphonate

treatment led to a significantly reduced osteoclast number normalized to the amount of

bone surface available for resorption, as well as reduced osteoclast surface normalized

to the bone surface. Therefore, treated animals, as expected, had decreased available

osteoclastic activity to resorb bone. This may have functionally resulted in osteocytes

near the site of trauma expressing relatively more RANKL compared to basal levels, in

order to recruit more viable osteoclasts.

Another correlation of interest is that the 8-week treatment group for the

150µg/kg dose showed both the most detectable expression of RANKL in bulk trabecular

bone out of all groups, and also demonstrated the highest apoptosis level of osteocytes

of the bulk trabecular zone out of all groups. This is consistent with previous literature

suggesting that viable osteocytes adjacent to those undergoing apoptosis upregulate

expression of RANKL.

It was interesting to note in this study that osteocyte expression of RANKL

seemed to be very minimal, in general. This is in contrast to many recent studies that

claim the osteocyte to be a major contributor of RANKL. The results of IHC in this study

consistently showed more intense positive staining for RANKL expression in stromal

cells, bone-lining cells, box-shaped osteoblast-like cells, and even endothelial cells,

suggesting these cell types provided a relatively higher contribution to RANKL

production. This may be in contrast to other recent studies for several reasons. Some

studies examined endochondral-derived long bones for their analysis, whereas the

mandible is primarily intramembranous-derived bone. Other studies relied heavily on cell

lines, primarily the MLO-Y4 line, for their exploration of osteocytic RANKL expression.

Although this cell line has received robust support in the literature for its recapitulation of

osteocyte-like characteristics, the consistency of the dynamics of RANKL signaling in

osteocytes when removed from the three dimensional environment of the lacunar-

canalicular network might be questionable. The results of the current study seem to

suggest that, similar to the long held belief of the past, it is members of the osteoblast

lineage that are the predominant producers of RANKL. However, newly formed

osteocytes (that is, osteoblasts just recently surrounded by immature osteoid and woven

bone) appear to continue to express RANKL until organized into lamellar bone. This is

consistent with a need to promote formation of BMUs by recruitment of osteoclasts.

As for GDF-15 expression, neither surgery nor treatment with zoledronate

appeared to have appreciable effects on osteocyte expression. In fact, osteocyte
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expression of GDF-15 was generally negligible. For that reason, IHC analysis was

discontinued after approximately half the samples were stained, and statistical analysis

was not performed.

Prior research suggested that osteocytes subject to hypoxia may upregulate

RANKL through a GDF-15 regulated pathway, but this finding could not be confirmed in

this study. This was due both to an only modest amount of RANKL expression, and

negligible detection of GDF-15 expression. However, incidentally it was noted that

intense positive staining for expression of GDF-15 was present in appositional bone

formation, endothelial cells of blood vessels, and osteoclasts.

Regarding osteoprotegerin expression, treatment with zoledronate gave different

results within the bulk trabecular zone for the two different doses. At the 80µg/kg dose,

no statistically significant differences were found between treated and control animals at

either time point. In fact, the only significant difference noted for the low dose group was

that at 8 weeks, the treatment group had significantly lower expression of OPG in the

bulk trabecular zone than in the cortical zone. For the 150µg/kg group, the treatment

group had significantly less OPG expression in the bulk trabecular zone than the cortical

zone at both 1 and 8 weeks. However, the control group at 8 weeks also revealed this

same relationship. The only significant difference between treatment and control groups

was that at one week, the treated group had significantly less expression of OPG than

controls, in the bulk trabecular zone. An overall trend towards decreased expression of

OPG in treated animals is opposite to the prediction that was tested.
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Conclusion

Overall key observations are that zoledronate appeared to generally increase

apoptosis rates of osteocytes in a dose dependent matter, and that zoledronate had, at

most, modest effects on osteocytic expression of RANKL, GDF-15 or OPG. However,

although not statistically significant, a trend was observed for increased RANKL

expression and decreased OPG expression in zoledronate- treated specimens. This

trend tips the balance of remodeling activity in favor of osteoclast recruitment and

activation, and subsequent remodeling of bone. This may be a compensatory effort from

osteocytes in response to decreased osteoclast counts and decreased osteoclast

surface area contact with the bone surface.

This study excluded new woven bone formation from IHC analysis. Interestingly,

new woven bone within the extraction socket showed strong evidence of expression for

all three antibodies explored in this study, in contrast to osteocytes in mature bone.

Signaling activity and changes within new osteoid should be explored further in future

studies. Perhaps there are more striking patterns of expression changes in newly formed

bone in response to zoledronate treatment.

Although the osteocyte is becoming well supported as a master orchestrator of

bone activity, this study failed to show any clear expression patterns for any of the

markers investigated. Perhaps focus should be drawn back to the bone lining cells,

osteoblast-like cells and stromal cells, all of which consistently showed constitutive

expression of the different markers, to some degree.
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