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Post-traumatic osteoarthritis (PTOA) is an accelerated form of osteoarthritis 

(OA) resulting from traumatic joint injury, e.g. meniscus or ligament tears. Presently, 

PTOA is incurable, and the prognosis for patients suffering from PTOA is poor; 

approximately 50% of patients suffering joint injuries experience cartilage 

degeneration, pain, and loss of joint immobility within as little as 10-15 years post-

injury. Existing PTOA treatment strategies only address secondary symptoms, such as 

pain and inflammation, and fail to address the aberrant biology that underpins PTOA 

initiation and progression. Therefore, there exists an unmet need to find disease-

modifying therapies that can prevent or delay PTOA initiation and progression, 

particularly ones aimed at early disease-stage biology. Overall, this dissertation sought 

to uncover potentially-druggable biological targets at immediate-to-early timepoints 

post-injury, and to evaluate the efficacy a novel therapeutic strategy (intra-articular 

injection of the bisphosphonate zoledronic acid) to mitigate deleterious aspects of 

cartilage/chondrocyte biology that precipitate PTOA disease initiation and 

progression.    

Despite an extensive body of literature regarding cartilage biology and injury-

induced PTOA, the early cellular mechanisms that occur within injured cartilage 

leading to long-term tissue degeneration and disease remain unclear. To shed insight 

onto the immediate-early cartilage biology changes that precipitate PTOA it was 

essential to study the spatiotemporal progression of cartilage structure and cellularity 

that occurred in the immediate aftermath of the joint injury. Chapter 2 of this 

ABSTRACT
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dissertation employed a well-established murine model of PTOA, the destabilization 

of the medial meniscus (DMM), to evaluate the spatial evolution of changes to 

cartilage’s cellular and structural properties following injury. We revealed that DMM-

injury induced a rapid and focally-distinct loss of chondrocyte presence in articular 

cartilage of the medial tibial plateau and femoral condyle. This cell loss appears to be 

the precipitator of the long-term focal cartilage erosions that accompany DMM-injury. 

Importantly, this focal loss of chondrocyte cellularity and subsequent development of 

focal cartilage erosions was intimately linked to regions of the cartilage that 

experienced acute alterations in medial meniscus coverage (i.e. uncovering) due to 

DMM-injury. The findings from Chapter 2 enhanced our understanding of the 

spatiotemporal changes that accompany cartilage injury and degeneration and 

identified a potentially-druggable and focal population of chondrocytes as targets for 

PTOA prevention. Ultimately, the findings from Chapter 2 were leveraged in Chapters 

3 and 4 to evaluate the preclinical efficacy of a locally-delivered, intra-articular 

bisphosphonate for the prophylactic treatment of PTOA. 

Bisphosphonates (BPs) are an FDA-approved class of drugs historically used 

to treat bone-related diseases because of their ability to inhibit bone resorption and 

bone remodeling. Given these properties and the observation that aberrant subchondral 

bone remodeling is a hallmark of arthritis, BPs had been suggested, and recently 

shown, to have disease-modifying capabilities in preclinical PTOA studies. 

Specifically, the newest and most potent nitrogen-containing BP, zoledronic acid 

(ZA), prevented subchondral bone remodeling and cartilage degeneration in several 

animal models of PTOA. Unfortunately, such studies utilized high-dose, continuous, 

and systemic ZA administration strategies that increase the risk of severe skeletal side 
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effects, e.g. osteonecrosis of the jaw and atypical fractures, hindering its potential 

adoption as a clinical PTOA treatment. However, local ZA administration may offer 

an alternative ZA administration approach, which, if efficacious, would represent a 

potentially more acceptable and clinically translatable disease-modifying strategy for 

PTOA.  

Supporting the potential of locally-delivered, i.e. intra-articularly injected, ZA 

as a PTOA therapeutic was work by our collaborators and others demonstrating that 

ZA could directly modulate chondrocyte biology and cartilage health in situ. However, 

translation of intra-articular injection of ZA into preclinical models of PTOA had not 

been investigated before this dissertation.  In Chapters 3 and 4 of this dissertation, we 

employed the murine DMM model of PTOA to evaluate the disease-modifying 

potential of repeated vs. single (immediate vs. delayed) intra-articular injection of ZA 

in injured joints. In Chapter 3, we found that no intra-articular injection strategy was 

able to mitigate the superficial cartilage damage that accumulated shortly after DMM-

injury. However, we found that four, weekly-repeated intra-articular injections of ZA 

could suppress the development of subsequent long-term cartilage erosions: neither 

single (immediate or delayed) intra-articular injection strategies protected against 

injury-induced cartilage erosions. Upon further investigation, we identified that the 

prevention of cartilage erosions by repeated intra-articular ZA treatment appeared to 

involve the spatiotemporal modulation of chondrocyte proliferation, proteoglycan 

production, and death. In Chapter 4, we focused our attention on repeated intra-

articular ZA administration because it was the only strategy that provided meaningful 

cartilage protection following DMM-injury. We found that repeated intra-articular 

injection did not appreciably alter DMM-induced joint synovitis, meniscal 
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hypertrophy, or ectopic bone formation, aside from promoting a moderate increase in 

meniscal proteoglycan content and bone volume fraction. In addition, repeated intra-

articular injection of ZA did not alter osteophyte size but did delay the transition of 

osteophytes from their cartilaginous templates to boney tissue following DMM-injury. 

Lastly, repeated intra-articular injection of ZA did not appear to influence the structure 

of the subchondral bone underlying the joint, nor bone compartments distant from the 

intra-articularly treated joint, namely the epiphyseal and metaphyseal bone of the 

ipsilateral tibia. Collectively, the findings from Chapter 3 and 4 support the notion that 

four, weekly-repeated intra-articular injection of ZA may represent a simple and 

efficacious PTOA disease-modifying strategy, one that can minimize the potential for 

adverse side effects that are associated with systemic administration of BPs.  

While prior work conducted by our collaborators and others provided 

preliminary evidence to support the studies in Chapters 3 and 4, our knowledge of 

ZA’s direct effects and modes of action on chondrocytes remained largely incomplete. 

In Chapter 5, we explored the potential modes of ZA action on chondrocytes in vitro 

using ATDC5 cells, a well-accepted chondrocyte-like cell line. ATDC5 cells allowed 

us to evaluate ZA’s effects on both undifferentiated (higher proliferative capacity) and 

differentiated (lower proliferative capacity) chondrocytes, mimicking proliferative and 

quiescent chondrocytes, respectively, that may be seen in vivo following injury. We 

found that ZA exerts pleiotropic effects on ATDC5 cells that are concentration-, 

exposure-, and differentiation-stage dependent. In undifferentiated ATDC5 cells 

(mitotic), increasing ZA concentration and exposure time resulted in decreased cell 

proliferation, viability, and metabolism, as well as depolarization of mitochondria, 

cell-cycle progression arrest, and disruption of cytoskeletal architecture. However, in 
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differentiated ATDC5 cells (post-mitotic), ZA only drove decreases in cell 

proliferation, metabolism, and viability at the highest ZA concentrations. Collectively, 

the findings from Chapter 5 confirm ZA’s ability to directly modulate chondrocyte 

behavior in vitro and establishes critical ZA concentrations and exposure times that 

drive significant alterations in chondrocyte health. 

Overall, this dissertation shines a light on the early cartilage and non-

cartilaginous changes that accompany traumatic joint injury and demonstrates the 

initial efficacy of intra-articular injection of ZA for PTOA prevention in a preclinical 

mouse model. Additionally, this work establishes a framework for future studies in 

vitro, in situ, and in vivo to optimize intra-articular administration of ZA as a 

prophylactic PTOA disease-modifying strategy. Most importantly, this work supports 

the potential translation of intra-articular injection of ZA as a novel, safe, simple, 

cheap, and clinically-feasible PTOA therapy. 
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INTRODUCTION 

1.1 Osteoarthritis and Risk Factors 

1.1.1 Epidemiology and Cost of Osteoarthritis 

Osteoarthritis (OA) is the most common chronic joint disorder afflicting 

approximately 52 million Americans in 20121,2, a patient population that is expected to 

increase to more than 67 million by 20303.  The World Health Organization estimates 

that 10% of the world’s population over 50 years of age suffers from OA4, and the 

disease affects both men and women and is prevalent across all ethnicities and 

geographical regions2,5–13. Once OA develops, individuals experience worsening joint 

pain and disability12,14,15. Of patients that are affected by OA, nearly 80% have limited 

range of movement and approximately 25% are unable to perform many daily 

activities2,4,9. In addition, OA tends to increase the risk of other chronic diseases, 

including heart disease, diabetes, obesity, sleep disturbance, depression, and 

anxiety2,3,7,12,14,16.  OA ranks high among health-related drivers of economic loss 

worldwide. For instance, OA costs the United States’ economy more than $100 billion 

per year7,17; in Europe, OA is the 5th highest health care expenditure7.  

OA has been historically characterized as a degenerative disease of the 

articular cartilage; however, it is now understood that OA affects other joint tissues as 

well18–23. For example, in the knee, the synovium, ligaments, menisci, subchondral 

bone, and osteophytes are all impacted by OA as illustrated in Figure 1.1.  Thus, OA is 

Chapter 1
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best-described as a whole-joint disease18–23 where various joint tissues may contribute 

to OA initiation and progression. Despite our extensive knowledge of tissues and cells 

involved with OA, the underpinning mechanisms of OA initiation and progression 

remain largely unknown7,23–25. 

 

Figure 1.1: Osteoarthritis is a Whole-Joint Disease. In osteoarthritis (OA) various 
tissues of the knee joint are affected and thought to contribute to disease 
initiations and progression. As a result, OA is now appreciated as a 
whole-joint disease. (Adapted from Hunter et al. 201123). 

1.1.2 Risk Factors for Osteoarthritis 

Although the mechanisms driving idiopathic OA are not understood fully, 

there are various risk factors that increase the risk of developing OA4,7,11–14,26–28. 

Historically, OA is considered an age-related disease; however, other risks for OA 
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have been implicated including genetic and gender, joint abnormalities (dysplasia), 

occupation, excessive weight bearing (obesity), sustained joint unloading (disuse), and 

traumatic joint injury11–14,26–28. In this dissertation, a focus is placed on the mechanistic 

understanding of traumatic joint injury as a risk factor, which is referred to as post-

traumatic OA (PTOA). 

1.2 Epidemiology and Costs of Post-Traumatic Osteoarthritis 

In post-traumatic osteoarthritis (PTOA), a traumatic joint injury (e.g., ligament 

and meniscal tears, intraarticular fractures, and joint sprains) directly drives an 

accelerated form of OA-like cartilage degeneration17,29–33. PTOA can occur in almost 

any joint of the body but is predominately found in the ankle, hip, and knee. 

Individuals, often younger athletes34–43 and uniformed service members44–53, have a 

20-50% chance of developing cartilage degeneration within 10-15 years of joint 

injury32,33,54–58; this likelihood of developing cartilage denegation is greater than a 3-

fold increase compared to uninjured, age-matched counterparts59.  It has been 

estimated that PTOA afflicts 5.6 million individuals (representing ~12% of all OA 

cases) and drives approximately $3 billion in healthcare costs annually in the United 

States17. These costs will continue to grow, especially given increases in high-risk 

activity participation in our society60–62. 

1.3 Post-Traumatic Osteoarthritis Pathophysiology 

1.3.1 Articular Cartilage Structure, Composition, and Function 

Articular cartilage is an avascular, specialized connective tissue that lines the 

ends of bones in diarthrodial joints63,64. Its unique composition and architecture 

enables pain-free, frictionless motion while supporting physiological joint loading for 
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decades65. The extracellular matrix (ECM) of articular cartilage, which is 2 to 4-mm 

thick in humans and 50 to 100-µm in mice64,66, is comprised of macromolecules such 

as collagen and proteoglycans and resident cells called chondrocytes (Figure 1.2).  

Articular cartilage has a hierarchical and bi-phasic structure that gives rise to 

its unique biomechanical, and tribological (friction) properties63,65,67,68. Overall, 

articular cartilage consists of 60-80% water by weight, the remainder consisting of 

collagen and proteoglycan of the ECM, and sparse chondrocytes contributing 

approximately 2% of the articular cartilage volume. Structurally, cartilage has three 

distinct zones, each exhibiting different ratios, distributions, and orientations of ECM 

macromolecules and chondrocytes (Figure 1.2). The uppermost cartilage zone, known 

as the superficial or tangential zone, makes up approximately 10-20% of the articular 

cartilage volume. In this zone, both chondrocytes and collagen are aligned parallel to 

the articular surface and serve as a sliding surface bathed in synovial fluid. In this 

zone, one finds the highest density of chondrocytes, high collagen fiber and water 

content with low proteoglycan content. Immediately beneath this zone is the middle 

zone (40-60% of tissue volume), also known as the transitional zone. The transitional 

zone exhibits a more random organization of collagen fibers, a reduction in 

chondrocyte number and collagen content, and an increase in proteoglycans and water 

content. The deep zone (30-40% of tissue volume), which anchors the articular 

cartilage to the underlying calcified cartilage and subchondral bone, contains collagen 

fibers that are oriented perpendicular to the cartilage surface and direction of sliding, 

and exhibit high proteoglycan content with low collagen and water content. 
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Figure 1.2: Schematic of Articular Cartilage. (A.) Organization of chondrocytes in 
the various zones of the articular cartilage. Note the morphology 
differences between each zone. (B.) Alignment of the collagen and 
proteoglycan in the different zones, which resembles the alignment of the 
chondrocytes (Excerpt from Buckwalter et al. 199469). 

Chondrocytes play a unique role in the development, maintenance, and repair 

of the articular cartilage cartilage’s ECM63, which is influenced by daily physiolocial 

loading and resulting mechanical forces. Mechanical forces, caused by loading 

associated with walking, running, jumping, etc., are converted into biochemical 

signals that affect chondrocyte metabolism and the production of ECM 

macromolecules, a process known as mechanotransduction70–72. Specifically, loading 

induces mechanical stimuli, e.g. tensile strains, compressive forces, shear forces, 

hydrostatic pressure, and interstitial fluid flow, within articular cartilage that regulate 

chondrocyte mechanotransduction. The survival of chondrocytes relies on the 

presence of appropriate mechanical and biochemical stimuli. When the balance of 

these stimuli is altered, chondrocytes can respond in deleterious ways, diminishing 
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articular cartilage integrity and its ability to support physiological loading. This can 

lead to tissue wear and arthritis (i.e., OA and PTOA)73.  

1.3.2 Current Understanding of Post-Traumatic Osteoarthritis Disease 
Initiation and Progression 

Our understanding of PTOA disease progression is predominately based upon 

studies of late-stage osteoarthritic tissue, often following the accumulation of 

irreversible damage. This is because in classic idiopathic OA the precise mechanical 

and/or biological changes that precipitate the initiation of OA are unknown. However, 

unlike in idiopathic OA, the precipitating event driving PTOA is a known injury. As a 

result, there exists a unique, early window of opportunity to study cartilage and/or 

other joint tissue changes that may contribute to a loss of cartilage and joint function 

post-injury55,74,75. In recent years, clinical studies looking at the early-to-mid disease 

stages following joint injury have found that patients experience altered joint loading 

and kinematics following injury31,76. These changes lead to similar outcomes as seen 

in idiopathic OA, such as pain, joint inflammation77–79, osteophyte formation80–82, 

subchondral bone remodeling/sclerosis74,81,83,84, and cartilage damage. Recently, 

injury-mediated meniscal extrusion has also been shown to correlate with disease 

severity and cartilage damage84–88. Despite our general understanding of the tissues 

and cells involved with OA, a mechanistic understanding of how acute joint injury 

leads to the initiation and progressive loss of cartilage and joint function in PTOA 

clinically remains unclear. 

Determining the mechanisms involved in PTOA disease initiation and 

progression on a tissue and cellular level in humans has been difficult to study. This is 

partly due to: i) limited availability of human cartilage from early disease stage, ii) 
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limited in vivo cartilage assessment techniques, and iii) the long period required for 

disease progression clinically. To overcome these limitations, researchers have turned 

to various in vitro, in vivo, and in situ models of PTOA using animal species including 

horses, dogs, rabbits, rats, and mice55,89,98,90–97. One commonly used model that was 

employed in this dissertation is the murine destabilization of the medial meniscus 

(DMM) model of PTOA99. This model is commonly used because of its ease of 

implementation, high reproducibility, and pattern of disease progression thought to 

closely recapitulate human PTOA. In the murine DMM model, the anterior region of 

the medial meniscotibial ligament is transected, causing a medial extrusion of the 

medial meniscus within the joint space and subsequent joint instability leading to loss 

of cartilage and joint function. From countless preclinical studies utilizing the DMM 

and other models of PTOA, the field has generated a generalized paradigm of the 

mechanisms and timings underpinning PTOA initiation and progression (Figure 1.3).  

It is believed that altered joint mechanical environment/stimuli drive progressive 

cartilage loss likely due to acute chondrocyte injury responses55,76,79,100–106; including 

imbalances in catabolic (matrix degrading) and anabolic (matrix forming) processes, 

cell death, proliferation, and inflammation responses (increased pro-inflammatory 

cytokine production). 
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Figure 1.3: Conceptual Paradigm of Cellular and Tissue-Level Activity 
Underpinning PTOA Initiation and Progression. Following a traumatic 
joint injury, it is believed that cartilage undergoes significant changes at 
the tissue and cellular-level; these include, initial catabolic (red) 
processes followed by an overlap of anabolic (blue) processes in attempts 
to repair the tissue over time. Irrespective of these overlapping responses, 
the integrity and function of cartilage ultimately deteriorates leading to a 
complete loss of cartilage and joint function. Unfortunately, the 
underlying mechanisms driving these changes and the spatial evolution 
of such changes is largely unknown (Excerpt from Anderson et al. 
201155). 

While tremendous effort has been undertaken to help establish the generalized 

paradigm of PTOA initiation and progression, understanding the spatial evolution of 

the cellular and structural changes has been underappreciated and understudied. 

Knowledge regarding the spatial progression of cartilage degeneration may help to 

link together injury-specific changes in joint biomechanics to cartilage-level 
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mechanobiology and allow the identification of specific populations of chondrocytes 

that drive the initiation and propagation of injury-mediated cartilage damage. Chapter 

2 of this dissertation uses the murine DMM-model to evaluate the spatiotemporal 

evolution of tissue- and cellular-level processes associated with cartilage damage 

initiation and progression. 

1.4 Current Post-Traumatic Osteoarthritis Treatment Strategies/Limitations 

Unfortunately, no preventative therapies exist that can ameliorate the 

development of PTOA (or OA)79,104. Current palliative treatments and life-style 

changes7,107 only address secondary symptoms of the disease, such as joint pain and 

immobility, and patients typically require invasive and expensive joint 

repair/replacement surgeries (e.g. total knee arthroplasty) when joint dysfunction and 

pain becomes unbearable51,74,75,104,108–110. Given that many patients in the PTOA cohort 

are younger adults32,33,35,59,104 due their having experienced joint injuries in 

adolescence or young adulthood, joint arthroplasty is typically not recommended due 

to the finite life-spans of artificial joints and the inevitable need for knee arthroplasty 

revision as the patients and implants age14,111–115. The lack of preventative PTOA 

treatments is concerning given the increasing numbers of individuals (including 

children) participating in sports with high injury-risk and the huge socioeconomic 

burden that PTOA places on patients, caregivers, and the medical establishment. The 

present lack of PTOA preventative therapies is partially due to a limited knowledge of 

how early acute joint injury lead to loss of cartilage and joint function55,104. Further, 

when and how clinical therapies should be implemented following joint injury remains 

unclear. However, preclinical studies suggest that the most successful PTOA 
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treatments are those administered prophylactically as preventative treatments 

immediately upon the occurrence of acute joint injury55,79,104. 

Preventing cartilage degeneration following a traumatic joint injury is the 

primary goal of PTOA treatment; the ability to develop such therapies requires 

understanding the early pathological changes that precipitate long-term cartilage 

damage. Therapeutics that can directly influence injury-mediated changes to 

chondrocyte biology in vivo would represent ideal disease-modifying leads. For 

instance, preclinical studies suggest that early modulation of chondrocyte 

proliferation, death, and matrix metabolism following injury can mitigate the course of 

cartilage degeneration in situ and in vivo55,104. While cartilage protection is 

undoubtedly critical in PTOA prevention, PTOA (like OA) is a whole-joint disease; 

thus, therapeutic leads that target the articular cartilage, as well as other joint tissues of 

disease importance, could provide additional, multi-functional benefits in PTOA 

modification. For instance, preclinical and clinical PTOA studies have used, with 

promising multi-functional outcomes, a wide variety of therapeutic leads mitigating 

joint inflammation following joint injuries, such as interleukin-1 receptor antagonists 

or targets of other cytokines implicated in joint inflammation78,116–119. However, while 

a number of these anti-inflammatory therapeutic leads have demonstrated efficacy in 

preclinical models of PTOA, none have received FDA-approved for human PTOA.  

Beyond joint inflammation, therapeutic leads targeting the subchondral bone of 

the joint are gaining significant attention due to the general belief that aberrant 

subchondral bone remodeling plays a role in cartilage degneration120–125. Studies have 

demonstrated changes in subchondral bone structure and cellularity120–125, as well as 

elevated cross-talk between the cartilage and subchondral bone via fluid flow through 
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small canals and vessels post-injury126. Thus, therapies that can influence subchondral 

bone remodeling may hold promise for preventing or delaying PTOA development. 

Recently, one FDA-approved class of therapeutics has gained significant interest as a 

drug that can positively influence subchondral bone remodeling and cartilage 

degeneration post-injury, the bisphosphonates. This dissertation is dedicated to 

exploring the potential clinical use of locally targeted bisphosphonate administration 

for PTOA disease modification. 

1.5 Bisphosphonates 

1.5.1 A Brief History of Bisphosphonates and Mechanisms of Action 

Bisphosphonates (BPs) are a class of FDA-approved drugs historically used to 

treat bone-related diseases because of their anti-resorptive and anti-remodeling 

capabilities. Prior to their application biologically, BPs, which were first synthesized 

in the late 1800s, were used industrially as water-softeners to inhibit calcium 

carbonate precipitation127,128. BPs were originally referred to as inorganic 

diphosphates because these molecules contain an inorganic phosphate-oxygen-

phosphate, or pyrophosphate linkage, which inhibit hydroxyapatite crystal formation 

and calcification127–129. Upon the discovery that pyrophosphates bound selectively to 

hydroxyapatite crystals in the body, especially bone, and prevent their dissolution, the 

study of BPs transitioned into the biological realm. Since the first published use for 

their biological application in 1969127,128, the evolution of BPs has been astonishing 

(Figure 1.4). Thousands of BPs have been synthesized and tested, but only about a 

dozen have received FDA-approval for use as therapeutics127,128. As a result, decades 
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of research inform our current understanding of how BPs affect mammalian cells; 

particularly in osteoclasts, their canonical cellular target in the body. 

 

Figure 1.4: History of Bisphosphonates. Over the years, bisphosphonates have been 
synthesized and tested as therapies for bone-related diseases, such as 
Paget’s disease of bone and osteoporosis. The bisphosphonates indicated 
on the timeline have received FDA-approval, with Zoledronate (or 
zoledronic acid) being the most recent and potent one. (Excerpt from 
Russell 2011128). 

The evolution of BPs from the first-generation (e.g. clodronate) to third-

generation derivatives (e.g. alendronate and zoledronate) led to an increase in affinity 

for bone and anti-resorptive potency. The increased bone affinity and anti-resorptive 

potency are due to the modification of their molecular structure that has resulted in 

increased hydroxyapatite binding and alteration in the cellular mechanisms of BP 
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action130,131,140–142,132–139. In Figure 1.5A, the molecular structure for each generation of 

BPs are shown. The first-generation bisphosphonates do not contain nitrogen atoms 

and are metabolized into toxic ATP analogs, which causes osteoclasts dysfunction and 

apoptosis, resulting in the classically understood anti-resorptive properties of BPs in 

vivo. The newer generations (2nd and 3rd) contain nitrogen atoms in their side chain 

and are referred to as nitrogen-containing BPs (nBPs). The addition of the nitrogen 

atom (either as cyclic or non-cyclic structure) increased their affinity for bone, as well 

as their anti-resorptive potency; the newest and most potent nBP, zoledronate 

(commercial names: Zometa, Aclasta, and Reclast) and herein referred to as 

zoledronic acid (ZA), is the focus in this dissertation. Mechanistically, nBPs inhibit 

the mevalonate biosynthetic pathway in osteoclasts (as well as all eukaryotic cells) by 

inhibiting the enzyme farnesyl pyrophosphate synthase, driving inhibition of 

osteoclasts bone resorption and induction of osteoclast apoptosis134,143–147 (Figure 

1.5B). The mevalonate, or isoprenoid, pathway is critical for cellular function and is 

ubiquitous in mammalian cells136,148–151. This pathway is responsible for the 

biosynthesis of cholesterol and the prenylation of various small GTPases, such as Rho, 

Ras, and Rac, which are critical for the regulation of the cytoskeleton structure and 

function, proliferation, migration, mechanosensation, and cell health151–155. Thus, 

mammalian cells that possess the mevalonate pathway should be susceptible to the 

effects of nBPs. Consequentially, targeting this pathway may provide benefits for 

diseases that include multiple joint tissues and cells, such as OA or PTOA. 
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Figure 1.5: Bisphosphonates Structure and the Mevalonate Pathway. (A.) Structures 
of older, first-generation bisphosphonates (left of solid line) and newer 
generations of nitrogen-containing bisphosphonates (Excerpt from 
Russell 2011128). (B.) Simplified schematic of the mevalonate pathway 
indicating that nitrogen-containing bisphosphonates, like zoledronic acid, 
selectively targeted inhibit farnesyl pyrophosphate (FFP) synthase, 
inhibiting cholesterol production and prenylation of small GTPase 
(Adapted from Rogers 2011156). 

1.5.2 Bisphosphonates for Osteoarthritis 

Aside from their well-accepted influence on osteoclasts, nBPs, by targeting the 

ubiquitous mevalonate pathway, can influence cell growth/differentiation, gene 

expression, metabolism, cytoskeletal assembly, and cell survival136 in almost all 

mammalian cells; including osteoblasts128,144,157–163, osteocytes128,159, vascular smooth 

muscle cells164,165, vascular endothelial cells166–169, epithelia cells170–173, kidney 

cells174,  stromal cells175, fibroblasts172,173,176,177, regulatory T-cells178, monocytes179–

181, macropages156,181–186, and even chondrocytes187. Because of this, ZA use has 

extended beyond bone-related diseases for uses in cancer and arthritis 

chemotherapy188,189. In chemotherapy-directed treatment, ZA prevents proliferation 
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and induces apoptosis in cancerous cells131,162,196–205,188,206–208,189–195. In treating 

arthritis, administration of ZA reduces cartilage damage, bone remodeling, and pain in 

a variety of preclinical models of inflammatory arthritis (rheumatoid arthritis)209–216 

and OA217–219. While demonstrating efficacy in preclinical models, translation of 

ZA220,221 and other BPs (e.g., clodronate222,223, neidronate224, alendronate225,226, and 

risedronate227–231) into the clinic for idiopathic OA has been somewhat limited. 

Findings from such studies have produced mixed results; some show benefits in term 

of pain reduction and improved gait and mobility, whereas others demonstrate 

equivocal results. While the cause of these discrepancies is unknown, differences in 

patient populations and timing of administration provide the most likely 

explanations232–237; many of the OA patients enrolled in these studies already had 

irreversible cartilage damage. Consequentially, a patient’s disease state likely limits 

the ability of BPs to delay or reverse OA progression. However, this interpretation 

does not exclude the possibility that nBPs could be leveraged for joint disease 

modification if their use were targeted toward more appropriate patient cohorts and if 

their timing and doses were more properly titrated. Because of this, patients that 

experience a known joint injury and likely develop PTOA could be ideal candidates 

for nBPs therapy as opposed to late-stage idiopathic OA patients. Thus, the primary 

goal of this dissertation was to establish the disease-modifying potential of nBPs, 

specifically ZA, for PTOA using a preclinical model of PTOA.  
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1.6 Intra-Articular Injection of Zoledronic Acid Therap y for Post-Traumatic 
Osteoarthritis 

1.6.1 Bisphosphonates for Post-Traumatic Osteoarthritis and Current 
Limitations/Opportunities 

Given the anti-resorptive properties of BPs, particularly ZA, and the belief that 

subchondral bone remodeling may play a role in PTOA initiation and progression, 

nBPs have been thought to be an ideal disease-modifying therapeutic for PTOA. To 

this end, numerous researchers have demonstrated that ZA provides cartilage 

protection and anti-inflammatory benefits when systemically and continuously 

administered at high-doses in animal models of PTOA238–241. However, this systemic, 

high-dose strategy carries increased risk of adverse side effects for both the skeleton 

(e.g., systemic inhibition of bone remodeling, osteonecrosis of the jaw, and atypical 

bone fractures242–244) and non-skeletal systems (e.g., renal and cardiovascular245).  

Thus, despite promising preclinical findings, clinical acceptance of systemic, high-

dose administration of ZA for the treatment of PTOA, especially in the often younger 

PTOA patient populations, may face substantial hurdles. Furthermore, it is unclear if 

the PTOA disease-modifying abilities of ZA are attributed to more direct ‘chondro-

modulatory’ mechanisms or require systemic dosing to be efficacious. Since 

systemically-administered ZA may face insurmountable challenges towards clinical 

acceptance for PTOA therapy, the study of alternative, locally targeted routes of ZA 

administration, such as intra-articular (i.a.) injections246–252, are warranted. 

1.6.2 Evidence Supporting the Use of Intra-Articular Injection of Zoledronic 
Acid for Post-Traumatic Osteoarthritis Treatment 

Support for the use of intra-articular injection of ZA as a PTOA therapy comes 

from the knowledge that many tissues and cells in the joint that are implicated in 
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arthritis78,253 can directly be affected by ZA. In general, aside from its classical 

understood inhibition of bone resorption, ZA is known to modulate inflammatory 

cytokine production, and cell maturation, proliferation, and death in monocytes181, 

monocyte-derived dendritic cells179–181, macrophages181–186, and endothelial cells170,171, 

which all reside in the synovium. Mesenchymal-derived cells, including chondrocytes, 

are thus susceptible to bisphosphonates. Studies have demonstrated the ability of nBPs 

to regulate chondrocyte proliferation, viability, and death in vitro187,254. Furthermore, 

work from our collaborators has suggested that ZA can directly benefit chondrocyte 

health and cartilage biomechanical properties in situ under experimental conditions 

that mimic aspects of PTOA255–258. Preclinical translation of these findings has been 

limited to a single research group that explored the use of intra-articularly injected ZA 

within the context of PTOA. In two reports published after the initiation of this 

dissertation259,260, this team demonstrated that repeated i.a. injection of ZA appeared to 

reduce joint inflammation, cartilage damage, and chondrocyte apoptosis in the rat 

anterior cruciate ligament model of PTOA259,260. Collectively, these studies 

demonstrated preliminary evidence that intra-articular injection of ZA (i.a.ZA) could 

provide cartilage protection following injury. However, the following questions 

remained: i) could i.a.ZA modulate cartilage damage and other non-cartilaginous 

tissues in different species and injury model; ii) is repeated versus single i.a.ZA 

required for disease-modifying efficacy; iii) what are i.a.ZA mode(s) of action in 

mitigating PTOA; and iv) can ZA directly modulate chondrocytes and cartilage health. 
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1.7 Structure of Dissertation 

1.7.1 Overview 

PTOA is incurable and represents a growing socioeconomic burden. 

Unfortunately, current clinical treatments have limited therapeutic efficacy and still 

require joint repair surgeries and joint replacement to relieve the pain and loss of 

mobility accompanying PTOA. This lack of therapeutic success is derived partly from 

a lack of understanding regarding the underlying mechanisms that initiate and drive 

the loss of cartilage and joint function following acute joint injury. Shedding insights 

into the early changes of cartilage and non-cartilaginous joint tissues following an 

acute injury may help guide the development of successful therapies for PTOA 

prevention. Despite the promising results associated with the systemic administration 

of ZA for PTOA (and OA), this strategy will likely face considerable, if not 

insurmountable hurdles to clinical adoption. Thus, targeted ZA delivery mechanisms, 

like intra-articular injection, represent a logical strategy for PTOA disease-

modification. However, the use of intra-articular injection of ZA for PTOA prevention 

in vivo has received minimal investigation and knowledge ZA’s mode(s) of action in 

chondrocytes and cartilage is largely unknown.  

Overall, we believe that injurious insult to the joint initiates early and focal 

chondrocyte dysfunction and cartilage damage that can be targeted to modify PTOA 

progression. Furthermore, we believe that intra-articular injection of ZA can modulate 

the response of chondrocytes to these perturbations, suppressing the development of 

cartilage erosions, and alter the response of non-cartilaginous joint tissues following 

injury. Therefore, this dissertation investigated the following three aims: i) to 

characterize the early, spatiotemporal progression of cartilage’s cellular and tissue 
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level changes post-injury in vivo; ii) to determine the disease-modifying benefits of 

early, intra-articular injection of ZA post-injury for PTOA prevention in vivo; and iii) 

to determine the concentration and exposure-dependent pleiotropic effects of ZA on 

chondrocyte health and function in vitro. 

1.7.2 Aim #1: Characterize the early, spatiotemporal progression of cartilage’s 
cellular and tissue level changes post-injury in vivo. (Chapter 2) 

To better understand the pathophysiology of PTOA and to identify druggable 

mechanistic targets for PTOA prevention and disease-modification, we evaluated the 

temporal and spatial evolution of cartilage degeneration following injury-induced 

changes in joint stability (Chapter 2). We used a well-established surgically induced 

murine model of PTOA, the destabilization of the medial meniscus (DMM)99, to 

induce cartilage degeneration. We placed emphasis on histological and 

immunohistochemical analysis of the spatiotemporal evolution of cartilage damage 

and chondrocyte presence resulting from injury-induced meniscal extrusion. Findings 

from Chapter 2 established a foundation of knowledge that was leveraged in Chapters 

3 and 4 to test the efficacy of locally-delivered ZA into the injured knee to protect 

chondrocytes and cartilage from degeneration and its influence other non-cartilaginous 

joint tissues’ responses. 

1.7.3 Aim #2: Determine the disease-modifying benefits of early, intra-articular 
injection of zoledronic acid post-injury in vivo. (Chapters 3 and 4) 

Given the whole-joint nature of PTOA disease, a therapeutic drug that could be 

locally-delivered to prevent cartilage degeneration while also possessing anti-

resorptive and anti-inflammatory properties would be ideal. In Chapters 3 and 4, one 

such promising therapeutic was investigated. We investigated the disease-modifying 
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potential of repeated versus single intra-articular injection of ZA on cartilaginous and 

non-cartilaginous tissues following injury in the murine DMM model using 

histological, immunohistochemical, and micro-computed tomography analyses. In 

Chapter 3, we focused on the influence of intra-articularly injected ZA on cartilage 

structure, composition, and cellularity following injury. In Chapter 4, we evaluated 

ZA’s influence on injury-induced evolution of osteophyte formation, meniscus 

response, inflammation, and subchondral bone remodeling, as well as on the structure 

of skeletal compartments distant from the injured joint. Collectively, the goal of both 

chapters was to demonstrate if intra-articular ZA can drive disease-modifying 

outcomes in injured joints and if local intra-articular injections of ZA could minimize 

the adverse skeletal side effects typically associated with systemically administered 

ZA. The knowledge gained from this aim demonstrated the in vivo efficacy of intra-

articular injection of ZA in modifying PTOA initiation and progression and shined 

light on possible modes of ZA action on chondrocytes further explored in Chapter 5. 

1.7.4 Aim #3: Determine the concentration and exposure-dependent pleiotropic 
effects of ZA on chondrocyte health and function in vitro. (Chapter 5) 

While it is critical to establish proof-of-concept for locally delivered ZA as a 

PTOA treatment in vivo, the use of in vivo studies limits our ability to ask detailed 

mechanistic questions regarding ZA and chondrocytes, e.g. what is the effect of ZA 

concentration and exposure on chondrocyte health and homeostasis in isolation from 

other joint tissues? In Chapter 5 we explored potential cellular modes of action of ZA 

in chondrocytes in vitro using an immortalized chondrocyte-like cell line culture in the 

absence of other joint tissues/cells. Knowledge gained from Chapter 5 will help to 

inform the potential modes of action of ZA in the joint in vivo and establishes a 
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baseline of concentrations and exposure times for studying the effect of ZA on 

chondrocyte and cartilage health in vivo and in situ.  
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EARLY, FOCAL CHANGES IN CARTILAGE CELLULARITY AND 
STRUCTURE FOLLOWING SURGICALLY INDUCED MENISCAL 

DESTABILIZATION IN THE MOUSE  

(MA David, MK Smith, RN Pilachowski, AT White, RC Locke, C Price, 
Published 2017) 

2.1 Abstract 

Post-traumatic osteoarthritis (PTOA) is an accelerated form of osteoarthritic 

cartilage degeneration affecting approximately 20-50% of patients experiencing joint 

injury. Currently, PTOA is incurable; to better understand the etiology of PTOA and 

to develop rational anti-osteoarthritic therapies, it is critical to understand the 

spatiotemporal initiation and the progression of PTOA. In this study, we employed 

semi-quantitative histological scoring and quantitative damage analysis to examine 

disease progression in the murine destabilization of the medial meniscus (DMM) 

model of PTOA from early- (3-days) through late- (112-days) disease timepoints. We 

observed significant, progressive articular cartilage (AC) cellular and structural 

changes in the medial compartments of injured joints as early as 3-days. Spatially 

within the joint, cartilage damage (erosions) were observed anteriorly at 84-days. 

Furthermore, a drastic loss in chondrocyte number (by 3-days), surface damage (at 7-

days), and cartilage erosion (at 84-days) was found to co-localize to the specific region 

of the medial tibial plateau AC that experienced a change in meniscal coverage due to 

meniscal extrusion following DMM. Taken together, these results suggest that DMM-

mediated extrusion of the medial meniscus leads to rapid, spatially-dependent changes 

Chapter 2
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in AC cellularity and structure, and precipitates the focal degeneration of cartilage 

associated with PTOA. Importantly, this study suggests that joint instability injuries 

may trigger immediate (<3 days) processes within a small population of chondrocytes 

that directs the initiation and progression of PTOA, and that development of 

chondroprotective strategies for preventing and/or delaying PTOA-related cartilage 

degeneration are best targeted toward these immediately-early processes following 

joint injury. 

2.2 Introduction 

Approximately 20-50% of patients suffering traumatic joint injury, e.g., 

anterior cruciate ligament tears, articular fracture, meniscal tears, or meniscectomies, 

will develop post-traumatic osteoarthritis (PTOA) within 10-15 years of injury54,55. 

Currently, PTOA is not preventable and the precise mechanisms by which acute joint 

injury leads to long-term cartilage degeneration remains unknown55 partly due to: i) 

limited availability of early disease stage human cartilage, ii) limited in vivo cartilage 

assessment techniques, and iii) the long timespan of clinical disease progression. To 

overcome these limitations and to define the mechanisms underpinning PTOA 

initiation and progression, cartilage degeneration has been studied in numerous pre-

clinical small-animal models of joint injury. 

The destabilization of the medial meniscus (DMM), a surgically-induced joint 

instability model, is a commonly used murine model of PTOA due to its ease of 

implementation, high reproducibility, and pattern of disease progression thought to 

closely recapitulate human osteoarthritis99.  Collectively, murine DMM studies have 

identified mild cartilage damage in early-disease (7- and 14-days)261–266 and mild-to-

severe cartilage loss/erosion at mid-to-late stage disease (28 through 112-days) 
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126,261,270–279,262,280,281,263–269. Typically, cartilage damage severity and progression has 

been evaluated using whole-joint level semi-quantitative histological scoring 

systems277,282–284. However, such systems have limited ability to fully characterize 

early changes in articular cartilage (AC) degeneration because they rely on: i) binary 

metrics of superficial tissue damage (fibrillations and clefts), which only indicate the 

presence of these changes not their spatial extent, and ii) metrics of cartilage erosion 

that simultaneously incorporate width-wise (across the surface) and depth-wise (into 

the tissue) damage components in their analysis. Furthermore, scores are oftentimes 

presented as a single aggregated damage metric derived from the maximal extent of 

damage within a section or across a joint compartment, or summed/averaged across 

the joint. Thus, while semi-quantitative scoring systems have helped to define the 

time-course of whole-joint level cartilage damage post-DMM, they can inadvertently 

mask key aspects of the spatial initiation and progression of cartilage degradation. 

Defining the anterior-to-posterior and medial-to-lateral distribution of cartilage 

damage may provide critical insight into the mechanisms by which PTOA initiates and 

progresses. In the pioneering DMM study by Glasson et al.99, qualitative observations 

of cartilage erosions being preferentially localized to anterior-to-central regions of the 

medial tibial plateau (MTP) of DMM joints were made. Furthermore, while not 

addressed in prior studies, our qualitative impressions of the murine DMM literature 

suggests a co-localization of cartilage damage to medial regions of the MTP that were 

previously covered by the medial meniscus (MM)126,264,266,271–273,277–280. Supporting 

these impressions, studies utilizing DMM within various species have indicated 

increased joint laxity and anterior translation (mice)285, altered medial compartment 

contact stresses (mice and rabbit)267,286, and cartilage damage to the middle and outer 
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MTP (rat)287. Furthermore, non-invasive murine models of PTOA support the co-

localization of applied load, cartilage damage, and chondrocyte apotosis288. While a 

few murine studies have identified increased chondrocyte death post-

DMM261,263,280,283,289, the details regarding the spatial distribution of chondrocyte loss 

across the AC and their relationship to meniscal extrusion have yet to be investigated.  

Taken together, we believe that meniscal extrusion post-DMM plays an 

important role in the rapid, focal initiation and progression of cartilage damage. We 

hypothesized that chondrocyte loss and cartilage structural damage would rapidly (� 7-

days) and preferentially localize to cartilage regions where DMM-induced MM 

extrusion results in altered femur-on-meniscus-on-tibia contact. However, the use of 

conventional semi-quantitative scoring alone would likely be unable to address such 

relationships. Therefore, we utilized a set of spatiotemporal scoring and evaluation 

methods to address this hypothesis and to elucidate the relationship between meniscal 

extrusion and changes in cartilage cellularity and structure from early- (3-day) through 

late-stage (112-days) disease in the murine DMM model of PTOA. 

2.3 Methods 

2.3.1 Animals and Surgeries 

Male C57BL/6 mice (n = 83) were purchased from the Jackson Laboratory at 

9-weeks of age and housed in standard cages (£5 mice/cage). Mice were maintained 

on a 12-hour light-dark cycle in a climate controlled vivarium with access to food 

(Prolab RMH 3000) and water ad libitum. Mice were randomly assigned to one of 

three groups: DMM, sham, or baseline/age-matched controls 
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At 12-weeks of age, right knees of mice in the DMM group (n = 5-10 

mice/group) underwent the DMM surgery99,126; contralateral limbs served as un-

operated internal controls. Briefly, mice were anesthetized using inhaled isoflurane 

and prophylactically administered antibiotic and analgesic. Using aseptic techniques, 

the medial meniscotibial ligament (MMTL) was exposed and transected to release the 

anterior horn of the MM from the tibia and surgical incisions were subsequently 

closed. A subset of mice underwent sham surgery, identical to the DMM surgery, 

except transection of the MMTL was omitted. Following surgery, mice recovered 

quickly to full ambulation and unrestricted cage activity. Collection of tibiofemoral 

joints occurred upon euthanasia (CO2 exposure and cervical dislocation) at either 3-, 

7-, 14-, 56-, 84- or 112-days post-injury, or 0-days for non-surgical baseline controls. 

All animal procedures were approved by the University of Delaware’s Institutional 

Animal Care and Use Committee (Protocol Number 1252). 

2.3.2 Histological Processing and Staining 

Following tissue collection, joints were processed for paraffin embedding, 

sectioning, and histological staining using standard techniques284. Briefly, all joints 

were placed within tissue cassettes at a flexion angle of ~80º, approximating the 

joint’s natural flexed position. Specimens were then fixed in 4% paraformaldehyde for 

48-hours at 4ºC, decalcified in 14% EDTA (pH 7.4) over 15-days at 4ºC, and 

processed for paraffin embedding. Joints were serially cut into 5-µm thick coronal 

sections and placed on charged slides (two sections/slide). Starting at the front of the 

joint (anterior), every tenth slide (every ~100-µm) was stained with 1% Safranin-O, 

0.02% fast green, and Weigert’s iron hematoxylin. From these, a subset of five slides 

spanning ~500-µm of the joint and centered about the tibial plateau and femoral 



 27

condyle cartilage contact region were selected for damage analysis (Figure 2.1A). 

These slides were labeled (1-5), from the anterior to the posterior level of the joint. 

 

Figure 2.1: Histological analysis of cartilage structural damage. Representative 
safranin-O/fast green stained sagittal (A.) section demonstrating the 
region of interest and slide positions selected for analysis, and (B.) a 
coronal section used for semi-quantitative histological analysis of the 
medial femoral condyle (MFC), medial tibial plateau (MTP), lateral 
femoral condyle (LFC), lateral tibial plateau (LTP). Images were 
captured at 5x magnification. Independent width- and depth-based 
scoring systems (C.) were utilized in this study. Damage values of 0-2 
were identical in both scoring systems, while scores of 3 and higher 
allowed differentiation of width- vs. depth-based erosions extending 
beyond the superficial layer. A complete description of the scoring 
system can be found in Table 2.1. 
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2.3.3 Spatiotemporal Scoring of Width- and Depth-Based Cartilage Damage 

Semi-quantitative scoring of cartilage damage was performed across all stages 

of disease development (3- to 112-days). Three blinded scorers (MAD, MKS, and 

ATW or RNP) scored the degree of cartilage damage present in each slide using two 

separate semi-quantitative scoring metrics to evaluate the extent of width- vs. depth-

wise cartilage damage. Width-wise damage across the articular surface was assessed 

(Figure 2.1C, Table 2.1) using a modified version of the OARSI scoring system284. 

Depth-wise cartilage damage, relative to the calcified cartilage (CC)/subchondral bone 

interface (Figure 2.1C, Table 2.1), was assessed using an adapted version of 

Chambers’ et al.282 scoring system. For each metric, cartilage damage was assessed on 

a 0-6 scale. Scores of 0-2 were applied identically within both scoring systems, while 

scores of 3-6 differed. This allowed for classification of cartilage erosion based on its 

width-wise extent independent of depth-wise extent, and vice versa. Scoring was 

performed and aggregated separately for each of the four compartments of the joint: 

the MTP, the medial femoral condyle (MFC), the lateral tibial plateau (LTP), and the 

lateral femoral condyle (LFC) (Figure 2.1B). At each level, scores (anterior [1] to 

posterior [5]) were aggregated across observers within an individual joint. For overall 

temporal analysis, scores from each level were averaged to generate a whole-joint 

damage score used to calculate group means. For spatial analysis of anterior-to-

posterior damage, the average individual specimen score at each level was used to 

calculate a group mean for each level and timepoint. 
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Table 2.1:  Description of the semi-quantitative width- and depth-based histological 
scoring systems utilized in the present study. 
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* indicates damage can extend across any percentage (%) of the articular cartilage surface width 
# indicates erosion must extend beyond the layer immediately below the superficial layer/lamina 
‡ indicates depth measured relative to total cartilage (AC + CC) thickness 
 
 

2.3.4 Quantification of Meniscal Coverage of the Cartilage Surface, Cartilage 
Damage, and Chondrocyte Cellularity 

To establish spatial (medial-to-lateral) and temporal relationships between 

meniscal extrusion and changes in chondrocyte cellularity and cartilage damage within 

the medial joint compartment, sections from joints 3- to 84-days post-DMM were 

stained immunohistochemically (IHC) for type II collagen and DAPI-positive cells (n 

= 5-mice/group), and quantified via custom semi-automated image processing. 

Briefly, IHC staining was performed on slides adjacent to the Safranin-O sections, and 

surrounding the center of cartilage contact (levels 2-4). Sections from DMM and 

contralateral (control) joints were stained immunohistochemically for type II collagen 

and the presence of cells (DAPI counterstain for nuclei). Type II collagen was used as 

a structural indicator to assist in distinguishing between the articular and calcified 
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cartilages within each section and DAPI counterstain was used to differentiate the 

presence of chondrocytes in each tissue. Briefly, antigen retrieval was performed on 

the sections using pepsin (0.4% w/v; Sigma) in 0.01N hydrochloric acid for 15 

minutes at 37°C. Sections were then blocked with 5% normal donkey serum (Sigma) 

in phosphate-buffered saline with 0.1% Tween-20 (Fisher Scientific) for one-hour at 

room temperature (RT), and incubated with a rabbit anti-mouse type II collagen 

primary antibody (1:200 dilution, ThermoFisher) overnight at 4°C. Sections were then 

incubated with an AlexaFluor-555 donkey anti-rabbit secondary antibody (1:400, 

ThermoFisher) for 1 hour at RT in the dark, treated with 0.1% w/v Sudan black 

(FisherBioReagents™) in 70% ethanol for 30 minutes at RT to reduce 

autofluorescence, and then mounted with a DAPI-containing mounting medium 

(ThermoFisher) for the detection of cell nuclei. Fluorescent images of the collagen 

type II and DAPI stained sections were obtained within 72-hours of completing the 

immunohistochemical staining procedure to limit fluorescent signal loss. Following 

staining, overlapping images of the sections were captured at 20x magnification using 

an epifluorescent microscope (Axio.Observer.Z1, Carl Zeiss) and a digital camera 

(AxioCam MrC, Zeiss) and combined (tiled) using Zen software (Zeiss). A custom 

semi-automated MATLAB (MathWorks) algorithm was used to: i) define the MTP 

region of interest (ROI) in each image, ii) manually trace the AC, CC, and MM, and 

iii) count DAPI-positive cells within the AC and CC (Appendix A Figure A.1). Traces 

were automatically segmented width-wise into four regions (quadrants 1-4; Appendix 

A Figure A.1) and cartilage structural (i.e., AC and CC thickness) and cellular (i.e., 

number of DAPI-positive cells) parameters were quantified within each quadrant. 

Quadrant 1 represents the innermost region of the joint while quadrant 4 was nearest 
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the joint margin. Additionally, the degree of meniscal extrusion was calculated as the 

extent of cartilage surface covered by the meniscus (length of meniscus covering 

AC/total AC width; herein referred to as ‘meniscal coverage’), and the linear extent of 

width-wise cartilage surface damage, including fibrillations, clefting, and erosions 

(length of AC damage/total AC width), were traced281, and quantified. 

2.3.5 Statistical Analysis 

All data is presented as mean ± standard deviation. Statistical analyses were 

performed using GraphPad Prism 6.0. Paired t-tests were used to establish differences 

in cartilage outcomes between DMM and contralateral joints at each timepoint. One-

way ANOVAs with Tukey’s post-hoc tests were used to determine differences in 

cartilage outcomes i) between contralateral, sham, and age-matched joints at a given 

timepoint; and ii) over time for either DMM or control joints. Linear regression was 

performed to identify i) spatial patterns (among levels 1-5) within DMM or 

contralateral joints, and ii) the relationship between whole-joint depth- versus width-

wise damage.  Pearson correlation coefficients were calculated to establish 

relationships between meniscal extrusion/coverage, chondrocyte loss, and cartilage 

damage. Statistical significance and trends were set at p<0.05 and p<0.10, 

respectively. 

2.4 Results 

2.4.1 Whole-Joint Temporal Changes in AC Structure Post-DMM 

Early and progressive changes in AC structure at the whole-joint level were 

confirmed within the medial compartments of DMM joints (Figure 2 and Appendix A 

Table A.1). Within the MFC, DMM joints exhibited a trend towards increased whole-
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joint cartilage damage (i.e., loss of proteoglycan staining and the presence of 

fibrillations/clefting) relative to contralateral limbs as early as 7-days (Figure 2.2A and 

B), and significant damage accumulation beyond 56-days. In the MTP, similar damage 

progression was observed in the DMM joints; however, this damage was statistically 

significant as early as 3-days (score = 0.7; p<.05; Figure 2.2C and D). In both the 

MFC and MTP of DMM joints, damage appeared to stabilize (scores of ~1-2) between 

7- and 56-days before increasing again at 84-days and beyond (scores � 3; p<.001). At 

112-days, damage scores highlighted a moderate degree of width- and depth-wise 

cartilage erosion (~25-50% of the MTP width involved and ~50% of the AC depth; 

scores = 3.3 and 3.4, respectively). No significant cartilage damage was observed 

within the lateral compartments of DMM compared to contralateral joints or within 

contralateral joints compared to sham, age-matched, and non-surgical controls 

(Appendix A Table A.1) 
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Figure 2.2: Progression of whole-joint cartilage damage post-DMM. Semi-
quantitative histological scoring of width- (A.) and depth-wise (B.) MFC 
damage, and width- (C.) and depth-wise (D.) MTP damage across the 
joint demonstrated an early accumulation of proteoglycan loss and 
surface fibrillations [scores = .5-1] post-DMM (by 3-days), which 
preceded surface clefting [scores = 1-2] (7- to 56-days) and overt 
cartilage erosions [scores � 3] (84+ days). Results are presented as mean 
± STD (n = 5-10/timepoint/group) where * = p<0.05, # = p<0.10 (trend) 
for paired t-test between DMM and DMM contralateral. 

We also investigated whether the use of semi-quantitative scoring of width- or 

depth-wise erosion resulted in different interpretations of AC damage progression by 

plotting MFC and MTP width-wise scores against their paired depth-wise scores and 
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performing linear regression (Appendix A Figure A.2). Damage scores � 2 are 

classified identically in both schemes, and thus exhibit an expected one-to-one 

relationship (MFC [slope = .98; r2 = .99] and MTP [slope = 1.0; r2 = .99]). However, 

for scores >2 the slope of the linear regression differed significantly from 1.0 in the 

MTP (slope = .75; r2 = .79), indicating a slight, albeit significant preference for higher 

width-wise damage scores. A trend towards significance was observed in scores >2 in 

the MFC (slope = .83; r2 = .86). However, the overall interpretation of damage 

progression remained similar (Figure 2.2). 

2.4.2 Anterior-to-Posterior Distribution of Cartilage Dam age Post-DMM 

To determine the anterior-to-posterior progression of cartilage damage within 

the joint, we investigated the distribution of semi-quantitative histological scores 

across the medial compartment from level 1 (anterior) to level 5 (posterior) over time. 

Our qualitative impression of preferential, anteriorly-localized damage (Figure 2.3) 

was confirmed by semi-quantitative analysis of damage distribution among Safranin-O 

stained sections (Figure 2.4). In the MFC of DMM joints, no significant spatial 

preference was observed at any timepoint (width-wise Figure 2.4A; depth-wise 

Appendix A Figure A.3). In contrast, anteriorly-localized damage was observed in the 

MTP at later-stage disease (width-wise damage p=0.02 & 0.08 at 84- and 112-days, 

respectively, Figure 4B; depth-wise Appendix A Figure A.3). 
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Figure 2.3: Spatiotemporal progression of cartilage damage in medial knee 
compartments post-DMM. Representative safranin-O/fast green stained 
sections highlight the changes in medial meniscus (MM) location and the 
distribution of cartilage damage from the anterior (level 1) to posterior 
(level 5) of DMM and contralateral (control) joints. Anteriorly-localized 
cartilage damage was qualitatively observed in the MTP of DMM joints 
at later timepoints. Images were acquired at 20x magnification, scale bar 
(200-µm) applies to all images. 
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Figure 2.4: Anterior-to-posterior distribution of width-wise cartilage damage within 
the medial knee compartments post-DMM.  Semi-quantitative width-wise 
scoring of cartilage damage in the MFC (A.) and MTP (B.), from anterior 
(level 1) to posterior (level 5) of the joint. The appearance of spatially-
dependent damage was only observed in the MTP of DMM joints at late 
timepoints (84- and 112-days), i.e. increased damage anteriorly compared 
to posteriorly. Results are presented as mean ± STD (n = 5-
10/timepoint/group) where * = p<0.05 and # = p<0.10 (trend) for paired 
t-test between DMM and contralateral joints at a given level. Linear 
regression r2-  and p-values are shown for DMM joints only. 

2.4.3 Meniscal Coverage of the AC Surface Post-DMM 

Qualitative observations in both Safranin-O and IHC stained sections (Figure 

2.5) reinforced our impressions of a spatial relationship between AC damage in the 

joint and meniscal extrusion post-DMM. IHC sections (type II collagen) were used to 

measure the extent of the central MTP (levels 2-4) covered by the MM.  In non-

surgical controls and contralateral limbs, ~50% of the MTP was covered by the MM 

throughout the study (Figure 2.6). In contrast, an immediate ~30-40% reduction in 
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meniscal coverage of the MTP was seen at 3- and 7-days (p=0.16 and 0.05, 

respectively). MTP coverage stabilized at ~20% coverage (60% reduction compared to 

contralateral joints; p=0.001) by 56-days. As a result of meniscal extrusion, a full 

quarter of the central contact region of the MTP (and MFC), largely consisting of 

quadrant 3 [Q3], experienced an acute and persistent change in meniscal coverage. 

 

Figure 2.5: Histological and immunohistochemical demonstration of the spatial 
distribution (medial-to-lateral) of cartilage damage, meniscal coverage, 
and the presence of chondrocytes post-DMM. Adjacent histological 
(Safranin-O/fast green [upper panel]) and immunohistochemical (type II 
collagen and DAPI [lower panel]) images at 7- and 84-days post-DMM. 
A distinct loss of proteoglycan staining and chondrocyte presence, as 
well as increased type II collagen staining was observed to co-localize to 
MTP cartilage regions that experienced a loss of meniscal coverage at 7- 
and 84-days (Quadrant 3 [Q3]). All sections depict images take from 
anterior-posterior level 2 (anterior-to-mid-contact) and acquired at 20x 
magnification, scale bar (100-µm) applies to all images. 
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Figure 2.6: Changes in the degree of the articular cartilage covered by the medial 
meniscus (meniscal coverage) following DMM. The MTP AC in DMM 
joints experienced a significant loss of meniscal coverage as early as 7-
days following injury; coverage stabilized at ~20-40% of the AC over 
time. Results are presented as mean ± STD (n = 5/timepoint/group) 
where * = p<0.05 for paired t-test between DMM and contralateral joints. 

2.4.4 Distribution of Width-Wise MTP AC Damage Post-DMM 

To assess the width-wise extent of surface damage and erosions not captured 

by our semi-quantitative scoring system, we quantitated the linear width-wise surface 

damage, which included fibrillations (score of 1), clefting (2), and erosions (� 3), 

across the MTP in IHC stained sections. We observed that the extent of damaged 

surface increased from ~0 to 35% of the MTP cartilage width between 0- and 7-days 

(Figure 2.7A), then stabilized at ~35-40% for the remainder of the study. We also 

observed that the extent of compromised cartilage surface was inversely correlated 

with the extent of meniscal coverage (R2 = .40 and p < .001; Figure 2.7B) and that the 

spatial location of this damage was typically centered about the newly exposed Q3 of 
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the MTP (data not shown). In the same sections, we measured the average thickness of 

the AC and CC within each quadrant (Q1-4). Interestingly, a statistically significant 

reduction in AC thickness was only observed within Q3 at 84-days (Appendix A 

Figure A.4). No change in CC thickness was observed in DMM or contralateral joints 

(data not shown). We also qualitatively observed that the linear extent of width-wise 

surface damage coincided with an increase in type II collagen staining in DMM and 

contralateral joints (Figure 2.5). Collagen staining intensity appeared greater at all 

timepoints in DMM joints, while also appearing to co-localize to AC regions 

demonstrating a loss of Safranin-O staining, and later overt damage. 

 

Figure 2.7: Progression of the degree of surface damage across the width of the MTP 
post-DMM and its relationship to meniscal coverage. In DMM joints, 
damage across the width of the MTP surface appeared rapidly following 
DMM, ultimately stabilizing at ~35-40% involvement of the MTP width 
over time (A.). Results are presented as mean ± STD (n = 5), where * = 
p<0.05 and # = p<0.10 (trend) for paired t-test between DMM and 
contralateral joints. The extent of damage across the width of the MTP 
was inversely related to the degree of meniscal coverage (B.). Pearson 
correlation coefficients (R2)-  and p-value indicated. 
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2.4.5 Spatiotemporal Changes in MTP Chondrocyte Cellularity Post-DMM 

Lastly, in analyzing IHC stained sections we observed alterations in the spatial 

distributions of chondrocytes (DAPI-positive cells) within the AC post-DMM (Figure 

2.5). As early as 3-days, a significant loss of chondrocytes was seen in Q3 of the AC 

of DMM joints (~60% reduction compared to contralateral joints, p=0.005; Figure 

2.8), which progressed until that quadrant was effectively devoid of chondrocytes by 

84-days. In Q1, chondrocyte number remained unchanged, while Q2 and Q4 exhibited 

less substantial chondrocyte losses (Figure 2.8A). In contralateral joints, no significant 

changes in chondrocyte number were observed.  Furthermore, we observed that the 

number of AC chondrocytes in quadrants 2, 3, and 4 were linearly correlated to the 

degree of meniscal coverage (Figure 2.8B). No significant correlation between 

meniscal coverage and chondrocyte number was observed in Q1.  The number of 

chondrocyte in MTP CC remained unaltered (data not shown). 
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Figure 2.8: Spatiotemporal quantification of chondrocyte presence across the MTP of 
articular cartilage post-DMM and their relationship to meniscal coverage. 
The MTP demonstrated a significant loss of chondrocytes that localized 
to specific MTP quadrants (Q2-4) (A.) that also experienced alterations 
in meniscal coverage. In these quadrants, chondrocytes loss was linearly 
related to degree of meniscal coverage (B.). Results are presented as 
mean ± STD (n = 5/timepoint/group) where * = p<0.05 and # = p<0.1 
(trend) for paired t-test between DMM and DMM contralateral. Pearson 
correlation coefficients (R2)- and p-value indicated. 

2.5 Discussion 

In the present study, we identified early, localized chondrocyte loss and 

cartilage damage in the murine DMM model of PTOA using semi-quantitative 

histological scoring and quantitative analysis. The findings of immediate cellular, 

compositional, and structural changes to cartilage highlighted the rapidity of the post-

DMM injury response in male C57BL/6 mice and refined the timeline of damage 

initiation following meniscal destabilization. While our findings were consistent with 

previous semi-quantitative studies of DMM in the mouse126,261,270–278,280,262,285,263–269, 

rat287, and rabbit286, and with early clinical changes seen in human cartilage following 

ACL tears290, we also observed that semi-quantitative cartilage scoring schemes, 
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whether based upon width- or depth-wise classifications, did not provide a complete 

picture of the progression of cartilage degeneration. Instead, through implementation 

of detailed spatial analysis of cartilage damage progression, we uncovered additional 

aspects of the post-DMM cartilage injury response. Specifically, a strong relationship 

between meniscal extrusion/coverage and the location/progression of AC cellularity 

and structural changes. 

Under physiological conditions, the meniscus stabilizes the joint and transmits 

load during articulation291. After meniscal detachment from the tibia, either from 

natural root tears or surgical procedures (like DMM), the meniscus’ stabilizing 

function is lost as wedging effects291 between the femoral condyle and meniscus 

causes its extrusion into the joint space. As a result of this alteration, several joint-

level changes occur, including increased joint laxity and anterior motion285, and 

increased tibial plateau contact stresses267,286. Clinically, increased meniscal extrusion 

has been related to increased cartilage damage85–87. Our findings in the murine DMM 

model are consistent with these observations. We observed that DMM-induced 

meniscal extrusion led to an immediate alteration in meniscal coverage of the MTP 

AC surface, and the co-localization of cartilage changes (e.g. loss of chondrocytes and 

proteoglycan content, surface damage, and overt erosions) to the uncovered regions. 

These findings confirmed the outward extrusion of the MM within the joint post-

DMM, and identified the specific regions of the AC that are exposed to potentially 

altered contacts and mechanics due to changes in meniscal coverage. 

Through the detailed spatiotemporal analysis of cartilage damage, the present 

study provides insight into the anterior-to-posterior and medial-to-lateral progression 

of cartilage damage post-DMM. While the present analysis, demonstrating a 
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progressive increase in anteriorly-localized MTP damage, was limited to coronal 

sections spanning the central-cartilage-contact-region of each joint, and thus may 

exclude damage more anteriorly or posteriorly, our results were consistent with similar 

observations made by Glasson et al., in the initial murine DMM study99. Analysis of a 

small set of sagittally-sectioned joints also confirmed our findings across the full 

MTP, while also suggesting an increase damage in the MFC anteriorly (Appendix A 

Figure. A.5). This was not evident in the semi-quantitative analysis, potentially due to 

increased variability within femoral cartilage scoring284. Additionally, the sagittal 

sections from joints 3-days post-DMM demonstrated, similar to the Glasson study99, 

no signs of the DMM procedure inducing inadvertent cartilage damage. Interpreting 

these results in light of established joint-level biomechanical changes267,285,286 supports 

the hypothesis that DMM-mediated meniscal extrusion causes altered anterior-to-

posterior loading of the knee joint and subsequent anteriorly-to-centrally localized 

cartilage damage. 

A distinct and informative pattern of medial-to-lateral damage progression in 

the medial joint post-DMM was also observed. Damage across the width of the MTP 

surface accumulated rapidly and then stabilized, resulting in the presence of increased 

type II collagen staining and extensive fibrillation and clefting across ~20-40% of the 

MTP surface by 7-days, with this damage being localized to MTP regions 

experiencing alterations in meniscal coverage due to meniscal extrusion. Interestingly, 

as time progressed (84+-days) cartilage erosions and a decrease in AC thickness also 

co-localized to the same MTP regions. Similar findings were observed for the MFC 

(data not shown). The highly focal nature of this damage highlights the important role 

of meniscal extrusion/coverage in establishing the location of damage initiation and 
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progression in the DMM model. While this study was not designed to establish the 

cause of this focal damage progression, several mechanisms could be involved 

including: i) alterations in cartilage-on-cartilage and cartilage-on-meniscus contact 

mechanics285,286 following extrusion, ii) differences in the mechanical properties of 

cartilage tissues previously covered by the meniscus 292–294, and/or iii) changes in the 

accessibility of inflammatory295 and pro-catabolic mediators to the local cartilage 

regions post-injury. Determining if these, or other, mechanisms are involved in the 

observed phenomena requires further investigation. The apparent stabilization of AC 

surface fibrillation and clefting between 7- and 56-days post-DMM was interesting 

and consistent with previous studies261. This may reflect a natural ability of the 

cartilage extracellular matrix to withstand alterations in the tissue’s mechanical 

environment and even loss of resident chondrocytes, temporarily, before developing 

into larger erosions at later disease stages. 

A potentially more significant finding with regards to understanding PTOA 

initiation was the identification of a striking, immediate, and highly focal loss of 

chondrocytes within the AC of injured joints post-DMM. As early as 3-days, a drastic 

decrease in chondrocyte number was observed within the regions of the MTP that 

experienced changes in meniscal coverage (Q3). Over time, chondrocyte number 

continued to decrease in DMM joints compared to their contralateral joints until there 

was a complete loss of cells in Q3, and a moderate loss of chondrocytes in adjacent 

quadrants. Given the critical role that chondrocytes play in the maintenance, repair, 

and regeneration of AC63, this rapid and focal loss of chondrocytes may constitute the 

precipitating biological event leading to the initiation and progression of PTOA. This 

idea is supported by two observations: i) that cartilage erosions predominately localize 
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to areas of earlier chondrocyte loss within and surrounding the ‘uncovered’ quadrant 

(Q3), and ii) that the innermost MTP quadrant (Q1) appeared more resistant to both 

chondrocyte loss and cartilage damage. Together, this data suggest that rapid 

chondrocyte loss post-DMM co-localized to AC quadrants experiencing an immediate 

loss of meniscal coverage (Q3). Subsequently, progression of cartilage damage 

(fibrillations, clefts, and erosions) may also be driven by this focal loss of meniscal 

coverage and chondrocytes. 

While the rapid and localized loss of chondrocytes within the AC of DMM 

joints in the present study was remarkable, the biological mechanisms underlying this 

pattern of cell loss remains unknown. Numerous studies implicate chondrocyte 

necrosis and apoptosis in the initiation and progression of cartilage degeneration 

following severe, acute cartilage injury in vitro295,296, and in murine DMM models of 

PTOA261,263,280,283,289.  In a non-invasive murine cartilage injury study, co-localization 

of chondrocyte apoptosis to specific regions of injurious load application was 

identified 5-days post-injury288 and a loss of DAPI-positive cells was observed at 14-

days, consistent with the present study. The early and rapid loss of chondrocytes in our 

study also indicate that significant changes in chondrocyte health occur very quickly, 

prior to 3-days, post-DMM. In this regard, a recent study by Burleigh et al.268 

identified changes in gene expressions within murine cartilage as early as 6 hours 

post-DMM, supporting rapid changes in chondrocyte health/metabolism. Further 

studies are required to establish: i) whether the observed loss of chondrocytes in DMM 

joints is attributable to apoptotic or necrotic events; ii) when, relative to the timing of 

injury, such critical biological changes are initiated; and iii) the molecular and cellular 

mechanisms that precipitate these changes. 
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Of important note is that the present study focused on the role of DMM-

induced meniscal extrusion on the spatiotemporal of cartilage changes in male 

C57BL/6 mice due to the pervasive use of the DMM model126,261,270–

279,262,280,281,285,297,298,263–269 and the increased susceptibility of these mice to develop 

cartilage damage in this model279. Whether similar outcomes would be observable in 

female C57BL/6 mice279 or in other mouse strains99, species286,287, destabilizing injury 

models288,299,300, or clinical injuries requires further investigation.  However, given the 

similarities in the progression of cartilage damage among the murine DMM and other 

injury models, we suspect that the observed relationships may be a general feature of 

PTOA initiation and progression. Although this response pertains to the murine DMM 

model, we believe these data support the expanded study of immediate restoration of 

meniscal function for providing chondroprotective benefit post-injury, both pre-

clinically and clinically. 

It is important to acknowledge a few limitations of this study. Firstly, 

histological-based approaches may introduce artifacts in the analysis of meniscal 

extrusion due to variability in knee joint positioning during fixation (we attempted to 

place joints in same naturally flexed position), embedding, and sectioning (some 

section orientation variability was observed). However, given the small deviations in 

meniscal positioning that we observed, as well as the robust correlations between 

damage degree, location, and meniscal position, we are confident that our data reflect 

a strong relationship between meniscal extrusion/coverage and AC changes. Secondly, 

our analysis does not provide insight into the spatial evolution of proteoglycan loss, 

which may have significant impact on the early cartilage biomechanical functionality. 

While we qualitatively noted early proteoglycan loss in Q3 of the MTP, the 



 47

relationship between proteoglycan depletion and chondrocyte loss remains unknown. 

Lastly, while this study incorporated independent mechanisms for width- and depth-

wise semi-quantitative scoring of cartilage erosions, we found depth-wise scoring 

harder to evaluate due to the variability in the position of the CC/subchondral bone 

interface across the MTP, as well as the fact that erosion of the AC made 

determination of relative depth-wise damage increasingly difficult. However, given 

the general similarities in width-wise and depth-wise damage progression, we suggest, 

for the sake of simplicity and unambiguity, using width-wise scoring for evaluating 

mouse cartilage damage. 

Finally, the present findings have several implications regarding the study of 

PTOA prevention and treatment in the DMM model and translational studies. The 

focal population of cells identified represent an ideal target to investigate the 

chondroprotective effects of various pre-clinical therapies, including joint 

unloading/rehabilitation268 and pharmacological interventions269,271,274,277,278. However, 

it appears that such interventions may need to be initiated immediately/shortly post-

injury to have the greatest anti-osteoarthritic potential, an observation that may explain 

the equivocal findings of chondroprotective drugs within clinical trials301. 

Alternatively, the presence of an apparent plateau in the progression of cartilage 

damage, between ~7-56-days post-DMM, supports the possibility of the DMM-model 

as a platform to test alternative treatment targets based on cartilage regeneration110. 

In conclusion, the approaches described here present a benchmark for the 

detailed study of cartilage damage progression within murine models of surgery-

/injury-induced PTOA while providing detailed analyses of the spatiotemporal 

progression and relationships between cartilage damage, changes in chondrocyte 
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cellularity, and meniscal extrusion within the murine DMM model. This study also 

provides a comprehensive baseline for ongoing assessment of the cellular and 

molecular pathoetiology of PTOA, as well as the study of its prevention and treatment. 
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REPEATED INTRA-ARTICULAR INJECTION OF ZOLEDRONIC AC ID 
SUPPRESSES CARTILAGE EROSIONS IN A MURINE MODEL OF POST-

TRAUMATIC OSTEOARTHRITIS  

(MA David, MK Smith, S Shah, B Hulbert, A Merritt, RN Pilachowski, RC Locke, 
XL Lu, C Price, In Preparation 2019a) 

3.1 Abstract 

Clinical therapies that hinder and/or prevent the development of cartilage 

degeneration following joint-injury are required to reduce the burdens of injury-

induced post-traumatic osteoarthritis (PTOA). Recently, researchers have looked to 

the anti-resorptive bisphosphonates, including zoledronic acid (ZA), as potential 

PTOA-modifying therapeutics. Promising preclinical studies have shown that high-

dose, systemic ZA administration could suppress cartilage damage in animal models 

of PTOA. However, translation of this strategy to the clinic faces significant hurdles 

due to risks of severe skeletal side-effects associated with systemic suppression of 

bone remodeling. Fortunately, studies indicate that ZA can directly modulate 

chondrocytes and cartilage health in vitro and ex vivo, suggesting that locally 

administered ZA (i.e. intra-articularly injected) could represent an effective and more 

clinically-acceptable PTOA-modifying strategy. The purpose of this study was to 

investigate the ability of four, repeated-weekly (4.q7d) intra-articular injections of ZA 

(i.a.ZA) starting at 0-days post-injury vs. single i.a.ZA (either 0 or 7-days post-injury) 

to prophylactically prevent short- and long-term cartilage damage in the murine 

destabilization of the medial meniscus (DMM) model of PTOA. Using histology and 

Chapter 3



 50

immunohistochemistry, this study demonstrated that i.a.ZA administration was unable 

to mitigate the development of superficial cartilage damage (fibrillations and clefts in 

cartilage) in the immediate aftermath of DMM-injury. However, repeated i.a.ZA, but 

not single injections, could suppress the development of long-term cartilage erosions 

post-DMM. Furthermore, repeated i.a.ZA’s ability to suppress cartilage erosions 

appeared to be linked to ZA’s ability to modulate proteoglycan metabolism, and 

chondrocyte proliferation and death in a spatiotemporally-dependent manner; 

specifically, in regions adjacent to those experiencing cell loss and matrix damage 

immediately following DMM-injury. Collectively, this study supports the potential of 

local, i.a.ZA as a prophylactic PTOA-modifying therapeutic and highlights the need 

for directed studies into i.a.ZA’s mode of action in injured cartilage. 

3.2 Introduction 

No clinical therapies exist to ameliorate the initiation and development of post-

traumatic osteoarthritis (PTOA) that often accompanies traumatic joint injury, e.g. 

ligamentous tears and intra-articular fractures79,104. Unfortunately, the prognosis for 

patients suffering from PTOA is poor: these individuals have an approximately 50% 

chance of experiencing joint degeneration, immobility, and pain within 10-15 years 

after injury17,29,303–305,30–33,54,55,104,302. In order to alleviate pain and improve the 

mobility of these diseased joints, clinicians may employ palliative, reparative (e.g. 

microfracture, autologous chondrocyte implantation, or osteochondral grafting)306 or 

replacement (joint arthroplasty)51,74,75,104,108–110 approaches. However, these strategies 

only address symptoms of PTOA, instead of the aberrant biology processes 

underpinning disease initiation and progression. Therefore, an unmet need exists to 

identify and implement disease-modifying therapies that can prevent (or delay) PTOA 
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initiation and progression following injury; thereby lessening the socioeconomic 

burden of PTOA17,303. 

Recently, bisphosphonates (BPs), a class of FDA-approved drugs, have shown 

promise as disease-modifying therapeutics for PTOA. Clinically, BPs have been used 

to treat bone disease and cancer-related skeletal fragility245,307 because of their anti-

resorptive properties. Since their first introduction in 1969128, the potency of BPs 

against osteoclasts has steadily increased as the molecular structure of these 

compounds has evolved; with the most recent generation of nitrogen-containing BPs 

(nBPs) exhibiting the highest potencies128,245,307,308. Given the anti-resorptive 

properties of nBPs and the identification of associations between cartilage 

degeneration, PTOA, and aberrant subchondral bone remodeling120,126,233,234, nBPs 

were seen as potential PTOA disease-modifying drugs. To this end, numerous 

preclinical studies have demonstrated the ability of nBPs, including zoledronic acid 

(ZA; the most recent and most potent nBP to receive FDA-approval), to prevent 

cartilage degeneration, bone loss, and pain in arthritic diseases, such as rheumatoid 

arthritis209–216, osteoarthritis217–219, and PTOA238–241,309. Unfortunately, these studies 

utilized systemic and repeated high-dose administration of ZA; where ZA doses 

(equivalent of ~1-20 mg/kg/year) far exceeded those utilized for osteoporosis (~0.04-

0.05 mg/kg/yr245,307) and cancer (~0.5-0.9mg/kg/yr189) therapy. Furthermore, recent 

evidence suggests that use of high-dose nBP strategies for PTOA prevention would be 

accompanied by substantial risk for serious skeletal side effects, including 

osteonecrosis of the jaw and atypical bone fractures134,242–245, as well as cardiovascular 

and renal complications245. Therefore, systemic, high-dose administration of ZA for 

the treatment of PTOA may face substantial, if not insurmountable, hurdles to clinical 
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implementation. Alternatively, if local delivery of ZA directly into the injured joint, 

via intra-articular (i.a.) injection, could be leveraged for PTOA prevention, it would 

potentially overcome the hurdles associated with systemic delivery by reducing 

overall nBP burden and minimizing the risk of adverse side effects associated high-

dose ZA administration. 

 Support for the potential of locally-delivered, intra-articular injection of ZA as 

a PTOA therapeutic comes from evidence provided by several in vitro and in situ 

studies of ZAs ability to directly modulate chondrocyte and cartilage health. In vitro 

studies have demonstrated that nBPs can directly regulate chondrocyte proliferation, 

viability, and death187,254. Furthermore, work from our collaborators has suggested that 

nBPs can also improve chondrocyte health and cartilage biomechanical outcomes in 

situ under experimental conditions that mimic aspects of PTOA255–258. Thus, we 

hypothesize that intra-articular injection of nBPs into the injured knee can be 

leveraged to prophylactically protect chondrocytes and cartilage against injury-

induced degeneration. However, prior to the present work, the effect of intra-articular 

injection of  ZA on cartilage-injury outcomes had been limited to a single study 

demonstrating the ability of repeated intra-articular injection of ZA (equivalent of ~2.0 

mg/kg/yr) to reduce chondrocyte apoptosis and prevent cartilage degeneration in the 

rat anterior cruciate ligament transection (ACLT) model of PTOA260. Despite the 

promise of these preclinical findings, the following questions remained: i) could intra-

articular injection of ZA (i.a.ZA) modulate cartilage damage following injury in a 

different species and injury model); ii) is repeated versus single i.a.ZA required for 

disease-modifying efficacy; and iii) what are i.a.ZA’s mode(s) of action in mitigating 

PTOA.  
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The objective of this study was to establish if single versus repeated i.a.ZA 

could prevent cartilage degeneration post-injury in the murine destabilization of the 

medial meniscus (DMM) model of PTOA. We evaluated tissue- and cellular-level 

changes to articular cartilage following DMM at early- (7-days) to late-stage (84-days) 

disease with either a single immediate (0-days), single delayed (7-days), or four 

repeated weekly (4q7) i.a.ZA. We observed that only repeated, not single immediate 

or delayed, i.a.ZA could suppress the development of long-term cartilage erosions (84 

days) post-DMM. Furthermore, we identified that the suppression of cartilage erosions 

was associated with the ability of i.a.ZA to modulate proteoglycan metabolism and 

chondrocyte presence, through influences on death and proliferation post-DMM. 

These results suggest that i.a.ZA, when delivered immediately and repeatedly post-

DMM, can provide a degree of protection against DMM-mediated cartilage 

degeneration in the mouse knee. Ultimately, this study can help to guide future studies 

of ZA’s mode and mechanism of action in chondrocytes and cartilage, and pre-clinical 

studies aiming at translating i.a.ZA for modify cartilage degeneration and PTOA 

following joint injury. 

3.3 Methods 

3.3.1 Animals and Surgeries 

Adult, male C57BL/6 mice (n = 110; Jackson Labs) underwent DMM 

surgery99,310 in their right hind limbs at 12-wks of age; contralateral limbs served as 

internal, uninjured controls. Mice receiving intra-articular (i.a.) injection of ZA 

(i.a.ZA; Sigma-Aldrich) were randomly assigned to three different treatment strategies 

post-DMM: i) repeated i.a.ZA injections at 0-, 7-, 14-, and 21-days (repeated-i.a.ZA); 
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ii) single i.a.ZA at 0 day (single-i.a.ZA0d); and, iii) single i.a.ZA at 7 days (single-

i.a.ZA7d). For all i.a. injections: i) an incision in the skin of the frontal medial aspect of 

the joint was made; ii) 6µL of sterile saline containing ZA was injected into the joint 

capsule (via an anteromedial approach) using a 36-gauge needle (NanoFil; World 

Precision Instruments); and iii) the skin incision was closed with tissue adhesive 

(GLUture, Abbott Labs). For 0-day injections, the joint capsule was sutured 

immediately post-DMM, ZA was then injected intra-articularly, and the skin incision 

was closed. ZA was administered intra-articularly at a dose of ~650ng/kg per injection 

(based upon preliminary work by our collaborators255–258). All mice were housed in 

standard cages (� 5 mice/cage) and maintained on a 12-hour light–dark cycle in a 

climate-controlled vivarium with access to food (Prolab RMH 3000) and water ad 

libitum. The University of Delaware’s Institutional Animal Care and Use Committee 

approved all animal handling and procedures. For all surgical procedures, mice were 

anesthetized using inhaled isoflurane, antibiotics and analgesics were administered 

prophylactically, and mice were allowed unrestricted cage access following surgery. 

No adverse effects or differences in weight gain were observed among mice during the 

study. Following approved euthanasia protocols, intact tibiofemoral joints were 

collected at 7-, 14-, 56-, or 84-days post-DMM. 

3.3.2 Histological Processing and Staining 

Tibiofemoral joints (n=5-10 mice/group/time point) were harvested, processed 

for paraffin-embedded histology, and cut serially into 5-µm thick coronal sections 

(collected 2 sections/slide) as previously described310. Starting from the front of the 

joint (anterior), every tenth slide (~100-µm apart) was selected and stained with 

Safranin-O, fast green, and Wiegerts hematoxylin, hereon referred to as Saf-O. From 
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these slides, a subset of five stained-slides (spanning ~500-µm) centered about the 

medial compartment tibial plateau and femoral condyle mid-contact regions were 

selected and labeled levels 1-5, anteriorly to posteriorly310. Three immediately 

adjacent slides were selected from the central-contact region (levels 2-4) for H&E 

staining (Mayer’s hematoxylin and 0.25% eosin). After staining, mounted slides were 

imaged at 5x magnification on a standard upright microscope (Axio.Imager.A2, Carl 

Zeiss) using a color digital camera (AxioCam MRc5, Carl Zeiss) and consistent 

illumination and exposure settings. 

3.3.3 Semi-Quantitative Scoring and Quantitative Analysis of Cartilage 
Damage 

Semi-quantitative scoring of cartilage damage, on a 0-6 scale (Table 3.1)310, 

was performed on Saf-O stained slides by three individuals (MAD, MKS, and RCP) 

blinded to specimen identity. Damage values, from joint levels 1-5, were aggregated 

separately for the medial tibial plateau and the medial femoral condyle. Of note, semi-

quantitative cartilage damage scores for the untreated DMM and their contralateral 

controls (uninjured) have been previously published310, and are reproduced here (with 

permission) as the comparative controls for the i.a.ZA treated DMM-joints. To 

provide quantitative measures of cartilage damage, the width-wise extent of cartilage 

damage and overt cartilage erosions (i.e. fraction of damaged and eroded surface, 

respectively) were quantified in Saf-O stained slides from joint levels 2-4, while 

articular and calcified cartilage were traced separately in H&E stained slides and 

cartilage areas and thicknesses (using a Euclidian distance transform) were extracted, 

on a quadrant-by-quadrant basis (see below), as described previously310. 
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Table 3.1:  Semi-quantitative histological scoring used to assess the width-wise 
extent of cartilage damage. 

Score Width-Based Scoring Evaluation 
0 Normal 

0.5 Loss of Safranin-O but no structural damage 

1 Fibrillations and/or roughened superficial 
surface 

2 
Damage to the layer immediately below the 
superficial layer and some loss of surface 

lamina 
3 Erosion <25% of AC width 
4 Erosion

 
25-50% of AC width 

5 Erosion
 
50-75% of AC width 

6 Erosion
 
>75% of AC width 

 
 
 

3.3.4 Quantification of Articular Cartilage Proteoglycan Content and 
Proteoglycan-Rich Chondrons 

To evaluate changes to articular cartilage proteoglycan content, the 

proteoglycan-rich (Saf-O positive; Saf-O+) tissue area, the proteoglycan composition 

(Saf-O+ tissue staining intensity), and the number of Saf-O+ chondrons were quantified 

on a quadrant-by-quadrant basis across the medial tibial plateau using a custom image 

analysis algorithm (MATLAB R2015a, The MathWorks, Natick, MA). Briefly, the 

articular cartilage of the medial tibial plateau was manually traced in Saf-O stained 

slides from joint levels 2-4. These traces were segmented into four equal-width 

quadrants (quadrants 1-4), from the innermost region of the tibial plateau (Q1; nearest 

the intercondylar eminence) to the region nearest the medial joint margin (Q4). Within 

these quadrants, we assessed the amount (area) of proteoglycan-rich tissue (Saf-O+), 

proteoglycan composition (as defined by Saf-O+ staining intensity relative to the 
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growth plate staining intensity; see Supplementary Methods in Appendix B) and the 

number of proteoglycan-rich chondrons (chondrons exhibiting halo-like, pericellular 

Saf-O+ staining that is more intense than the local interterritorial matrix). 

3.3.5 Histological and Immunohistochemical Analysis of Chondrocyte Presence, 
Death, and Proliferation 

To provide insights into chondrocyte dysfunction, we investigated chondrocyte 

presence, proliferation, and death using histology and immunohistochemistry. 

Chondrocyte presence in the articular and calcified cartilage was quantified on a 

quadrant-by-quadrant basis by counting the number of hematoxylin-positive 

chondrocytes in H&E stained slides from joint levels 2-4. Chondrocyte health was 

assessed qualitatively through evaluation of nuclear staining and morphology; where 

chondrocytes were defined as having normal, pyknotic (condensed), karyolitic (faded), 

or karyorrhectic (fragmented) nuclei, eosinophilic nuclei, or as empty chondrons. 

Chondrocyte death/apoptosis were qualitatively assessed in slides from joint level 2 

immunohistochemically stained with the Click-iT® Plus TUNEL Assay and DAPI 

(Molecular Probes). Chondrocyte proliferation was assessed by staining slides from 

joint level 2 with an anti-Ki-67 antibody (SC-7846; Santa Cruz Biotechnology); Ki-67 

is a marker for cells that are in the G1/S/G2- or mitotic-phases of the cell cycle, while 

it is absent in quiescent cells (G0 phase)311. Specifics regarding immunohistochemical 

staining procedures can be found in the Supplementary Material (Appendix B). 

Fluorescent images were captured at 20x magnification on an epifluorescent 

microscope (Axio.Observer.Z1, Carl Zeiss) using a digital camera (AxioCam MrC, 

Carl Zeiss) and consistent illumination and exposure settings. 



 58

3.3.6 Statistical Analysis 

Statistical analyses were performed using GraphPad Prism 6.0 for Mac 

(GraphPad Software, La Jolla, CA). One-way ANOVA’s with Dunnett post-hoc 

comparisons were conducted at each time point to identify differences between 

individual treatment groups (uninjured, single-i.a.ZA0d, single-i.a.ZA7d, repeated-

i.a.ZA) and the untreated DMM joints.  The threshold for statistically significant 

relationships was defined as a p < 0.05. All data are presented as mean ± standard 

deviation. 

3.4 Results 

3.4.1 Repeated-i.a.ZA Administration Suppressed Cartilage Erosions Post-
DMM 

Histological assessment of cartilage damage demonstrated that surface 

fibrillations and clefting (semi-quantitative scores of 1 and 2, respectively) 

accumulated rapidly following DMM-injury, being present as early as 7-days post-

DMM (Figure 3.1A and B). Of special note, this damage appeared largely confined to 

quadrants 2 and 3 (Q2 & Q3) of the medial tibial plateau and medial femoral condyle, 

tissue regions that experienced the most dramatic changes in cartilage-on-meniscus-

on-cartilage contact post-DMM310. As time progressed, this surface damage evolved 

into overt cartilage erosions (average damage score = 2.6), which again localized 

predominately to Q3. However, in DMM-joints treated with four, repeated weekly 

(4.q7d) intra-articular injections of ZA (repeated-i.a.ZA), this superficial cartilage 

damage did not progress into overt cartilage erosions long-term (average damage score 

of 1.6 at 84-days; p = 0.02). Conversely, neither of the single intra-articular injection 

strategies, whether administered immediately (single-i.a.ZA0d) or 7-days (single-
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i.a.ZA7d) following DMM-injury, we able to suppress the development of cartilage 

erosions (Figure 3.1A and 3.1B). In fact, single-i.a.ZA0d treated DMM-joints 

experienced worsening of cartilage erosions (average score of 3.5 at 84-days; p = .02); 

damage in the single-i.a.ZA7d treated DMM-joints was no different than untreated 

DMM-joints (average score of 2.3 at 84-days; p = 0.7). Quantitative assessment of 

damage accumulation across the width of the cartilage supported these semi-

quantitative findings (Appendix B Figure B.1). Since only repeated-i.a.ZA 

administration demonstrated the ability to suppress the development of cartilage 

erosions, we have limited the presentation of our results hereon to those from the 

repeated-i.a.ZA joints; data for the single-i.a.ZA treatment groups are presented in the 

Supplementary Materials (Appendix B). 
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Figure 3.1: Repeated Intra-Articular Administration of ZA to DMM-injured Joints 
Suppressed the Development of Cartilage Erosions. (A.) Safranin-O 
stained sections highlight the DMM-induced meniscus extrusion that 
drives the long-term development (by 84d) of cartilage erosions in the 
medial compartment of tibiofemoral joints (see quadrant 3 [Q3] in the 
DMM joints). Repeated-i.a.ZA administration, but not single injections 
(single-i.a.ZA0d and single-i.a.ZA7d), appeared to suppress the 
development of these cartilage erosions. These representative images 
were acquired from the anterior region (level 2) of the joint at 10x 
magnification (scale bar = 100µm); images from uninjured joints are 
reoriented for anatomical comparison. (B.) Semi-quantitative scoring of 
cartilage damage indicated a significant reduction in cartilage damage 
scores in joints treated with repeated-i.a.ZA injections at 84d post-DMM 
(repeated-i.a.ZA scores = 1.6 vs 2.6 for DMM-alone). Unexpectedly, 
single-i.a.ZA0d injection caused the appearance of worse cartilage 
erosions, while single-i.a.ZA7d injection provided no benefit compared to 
untreated DMM-joints. None of the i.a.ZA treatments could mitigate 
early (by 7d) DMM-mediated superficial tissue damage, i.e. fibrillations 
and clefts (see Q2 and Q3 at 7 & 14d). Results are presented as mean ± 
STD (n=5-10/timepoint/group), # indicates p< 0.05 between the denoted 
group and the untreated DMM group at the respective timepoint. 

3.4.2 Repeated-i.a.ZA Administration Caused Articular Cartilage Thinning 
Post-DMM 

To quantitatively assess changes to cartilage structural following injury and 

i.a.ZA-treatment, we evaluated articular and calcified cartilage area and thickness in 

H&E stained slides (Figure 3.2A). In untreated DMM-joints, loss or thinning of the 

articular cartilage only occurred in Q3 at the latest disease stages (area change shown 

in Figure 3.2A; thickness data not shown); no change in cartilage area or thickness 

was observed at earlier timepoints or in other quadrants compared to uninjured 

controls. Intriguingly, in DMM-joints treated with repeated-i.a.ZA, articular cartilage 

thinning was observed in Q3, as well as in Q1 and Q2; however, this thinning could 

not be explained by erosional loss, per our semi-quantitative scoring, but rather by an 

overall decrease in articular cartilage height (Figure 3.2A). In DMM-joints receiving 
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single-i.a.ZA therapies, the loss of articular cartilage thickness was similar to that of 

the repeated-i.a.ZA joints (Appendix B Figure B.2A); however, this thinning could be 

explainable by both reduction in cartilage height and erosional loss. No appreciable 

changes in the area or thickness of the underlying calcified cartilage were observed 

among any group (data not shown). 
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Figure 3.2: Repeated-i.a.ZA Administration Following DMM Resulted in Location-
Specific Modulation of Articular Cartilage Area and Proteoglycan 
Content. (A.) DMM-injury drove a long-term reduction in the area of 
articular cartilage tissue present in Q3 of the medial tibial plateau. 
Repeated-i.a.ZA treatment caused similar reduction in tissue area in Q3, 
however, additional areal decrease was also observed in Q1 & Q2. 
Unlike in the untreated DMM-joints, cartilage thinning in repeated-
i.a.ZA joints were attributable to loss of articular cartilage height, not the 
development of erosions. (B.) Quantitative assessment of the relative area 
of proteoglycan-rich, Safranin-O positive (Saf-O+) articular cartilage 
demonstrates decrease in proteoglycan (PG)-rich matrix in Q3 following 
DMM-injury. Repeated-i.a.ZA treatment could prevent this loss of PG-
rich in Q3, however, it also markedly enhanced the fraction of PG-rich 
cartilage found in Q1 and Q4. (C.) Furthermore, within these PG-
containing areas, PG composition (defined as Saf-O+ cartilage intensity 
relative to the tibial growth plate Saf-O+ intensity) did not change within 
or among the DMM and control joints; on the contrary, repeated-i.a.ZA 
led to cartilage that generally exhibited enhanced PG-rich staining 
intensity, and thus PG composition. Results are presented as mean ± STD 
(n=5-10/timepoint/group); where # indicates p< 0.05 for the difference 
between repeated-i.a.ZA and untreated DMM-joints at that timepoint, * 
indicates p< 0.05 between the untreated DMM and uninjured joints at 
that timepoint. 
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3.4.3 Repeated-i.a.ZA Administration Enhanced Articular Cartilage 
Proteoglycan Composition Post-DMM 

In untreated DMM-joints, only articular cartilage in Q3 experienced significant 

changes in the presence of proteoglycan-rich tissue (i.e. a rapid and consistent loss 

Saf-O+ cartilage area fraction; Figure 3.2B). Furthermore, the tissue-level 

proteoglycan composition of the tibial articular cartilage in both the uninjured and 

untreated DMM-joint remained relatively unchanged over time, as assessed by Saf-O+ 

(proteoglycan) staining intensity of the articular cartilage relative change to the growth 

plate (Figure 3.2C). Conversely, in DMM-joints administered repeated-i.a.ZA, the loss 

of proteoglycan-rich tissue seen in Q3 was largely mitigated (Figure 3.2B) and the 

proteoglycan composition of the articular cartilage was markedly increased, especially 

in the peripheral quadrants (i.e. Q1 and Q4, and to a lesser extent Q2; Figure 3.2C). In 

the single-i.a.ZA treated DMM-joints, no long-term changes in the relative amount of 

proteoglycan-rich tissue compared to untreated DMM-joints were observed (Appendix 

B Figure B.2B); however, the proteoglycan composition (relative Saf-O+ staining 

intensity) in these joints was consistently reduced compared to untreated DMM-joints 

(Appendix B Figure B.2C). Together, these data indicate that while cartilage thinning 

occurred in the DMM-joints treated following repeated-i.a.ZA, the tissue that was 

present possessed a relatively greater fraction of proteoglycan-rich tissue and 

increased proteoglycan composition. 

3.4.4 Repeated-i.a.ZA Administration Altered Chondrocyte Presence, 
Proteoglycan Production, Death, and Proliferation Post-DMM 

To evaluate changes in chondrocyte health and dysfunction, we first assessed 

the presence of articular cartilage chondrocytes across the medial tibial plateau 

articular using H&E staining. In untreated DMM-joints, we observed a clear loss of 



 65

chondrocytes (decreased hematoxylin-positive nuclei) in Q3 of the articular cartilage 

when compared to uninjured joints (Figure 3.3A). As seen in Figure 3.3A, this loss of 

chondrocytes was also accompanied by increases in empty chondrons (no nuclei), 

eosinophilic nucleoli presence, and the following abnormal nuclear staining: pyknotic 

(condensed), karyolitic (faded), and karyorrhectic (fragmented) chondrocyte nuclei on 

the margins and periphery of Q3. To provided quantitative measures for chondrocyte 

loss, we counted the number of chondrocytes with hematoxylin-positive nuclei across 

the articular cartilage of the medial tibial plateau on a quadrant by quadrant basis 

(Figure 3.3B). These counts confirmed a drastic reduction in chondrocyte number in 

Q3 as early as 7 days post-DMM, which then spread to Q2 and Q4; chondrocyte 

presence in Q1 was unaffected. In DMM-joints treated with repeated-i.a.ZA, we 

observed similar quadrant-specific patterns of chondrocyte loss and the appearance of 

empty lacunae and abnormally stained chondrocyte nuclei as in the untreated DMM-

joints (Figure 3.3A and 3.3B). However, from a quantitative perspective, repeated-

i.a.ZA treatment appeared to drive an accelerated loss of chondrocyte number in Q2 

(seen by 56-day data in Figure 3.3B). In DMM-joints receiving single-i.a.ZA 

administrations, chondrocyte presence in the articular cartilage followed a similar 

pattern as repeated-i.a.ZA treated and untreated DMM-injured joints (Appendix B 

Figure B.3A); however, the loss of chondrocytes in Q3 again occurred more rapidly 

and was accompanied by reductions in Q1 as well. Chondrocyte presence throughout 

the calcified cartilage of the medial tibial plateau was similar among all groups (data 

not shown). Together, this suggests that ZA can modulate chondrocyte loss in the 

medial tibial plateau articular cartilage in a location-dependent manner. 
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Figure 3.3: Repeated-i.a.ZA Administration Following DMM Drove Location-
Dependent Changes in Chondrocyte Loss and PG-Rich Chondron 
Presence. (A.) H&E stained sections highlight the initial focal presence 
and then spreading of chondrocyte dysfunction and loss, especially in Q3, 
following DMM. Accompanying this loss were the appearance of empty 
chondrons and pyknotic (condensed), karyolitic (faded), and 
karyorrhectic (fragmented) chondrocyte nuclei, as well as eosinophilic 
nucleoli (possibly indicating proliferative cells); which are especially 
apparent at 7- and 14-d onward. While H&E staining confirmed a 
reduction in DMM-driven cartilage erosions following repeated-i.a.ZA 
treatment, visual improvement in articular cartilage cellularity was not 
obvious. Representative images were acquired from the anterior region 
(level 2) of the joint at 10x magnification (scale bar = 100µm). (B.) 
Counting, on a quadrant-by-quadrant basis, the number of hematoxylin-
positive chondrocytes within the medial tibial plateau’s articular cartilage 
identified a drastic loss of chondrocyte cellularity in Q3 immediately 
following DMM-injury (by 7d); where the development of overt tissue 
erosion co-localized at later disease stages (84d). The number of 
chondrocytes present in the other three quadrants of the tibial plateau 
over time appeared largely unaffected by DMM-injury. In DMM-joints 
receiving repeated-i.a.ZA, a similar, if not accelerated, loss of 
chondrocyte number in Q3 was observed, a change that was also 
accompanied by a significant increase (acceleration) in chondrocyte loss 
in Q2, while Q1 and Q4 remained relatively unchanged. (C.) In untreated 
DMM-joints, the number of proteoglycan-rich (Saf-O+) chondrons 
increased across the tibial plateau early on (7 and 14d); repeated-i.a.ZA 
injection further enhanced the presence of these proteoglycan-rich 
chondrons in all quadrants except Q3. Results are presented as mean ± 
STD (n=5-10/timepoint/group); where # indicates p< 0.05 for the 
difference between repeated-i.a.ZA and untreated DMM-joints at that 
timepoint, * indicates p< 0.05 between the untreated DMM and 
uninjured-joints. 

Histologically, we also observed changes in the presence of chondrons that 

exhibited intense ‘peri-cellular’ proteoglycan staining (i.e. more intense Saf-O+ 

staining than observed within the local interterritorial matrix) in the medial tibial 

plateau articular cartilage (Figure 3.1A). Counting, on a quadrant-by-quadrant basis, 

we observed a rapid (7-14 days) increase in the number of chondrons exhibiting 
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intense peri-cellular Saf-O+ staining in untreated DMM-injured joints that returned to 

levels of the uninjured joints at later disease stages (Figure 3.3C). In DMM-joints 

treated with repeated-i.a.ZA, similar, and in some cases even greater, quadrant-

specific increases in the presence of intense Saf-O+ chondrons were observed (Figure 

3.3C). One exception to this was the observation of a slight, but significant decrease in 

Saf-O+ chondrons in Q3 at mid-disease timepoints (14 through 56-days). In single-

i.a.ZA treated DMM-joints a different pattern of Saf-O+ chondron presence was 

observed: a marked increase in Saf-O+ chondrons in Q1 and Q4 throughout the study, 

but no changes in Q2 and Q3 (Appendix B Figure B.3B). 

Finally, we used immunohistochemistry to study two cellular processes, 

chondrocyte death/apoptosis and proliferation, that may underpin the aforementioned 

tissue- and cellular-level changes. TUNEL staining for cell death/apoptosis confirmed 

that DMM-injury could drive rapid focal chondrocyte cell death (TUNEL+ cells) in Q2 

and Q3 of the medial tibial plateau articular cartilage (seen at 7-and 14-days 

timepoints post-DMM; Figure 3.4A). Furthermore, increased staining for chondrocyte 

death (TUNEL+) spatially localized with the presence of cells exhibiting a lack of 

DAPI+ nuclear staining and with the pattern of abnormal nuclear staining and empty 

chondrons seen via H&E staining (Figure 3.3A). However, in DMM-joints treated 

with repeated-i.a.ZA, chondrocyte death (TUNEL+) was only observed in Q2 at 7 days 

and largely absent at the other timepoints or in the other quadrants (Figure 3.4A). 

Staining for the presence of Ki-67 indicated that DMM-injury drove a consistent 

increase in chondrocyte proliferation in Q1 and Q2 of the medial tibial plateau 

articular cartilage; Ki-67+ cells were apparent as early as 7-days post-DMM (Figure 

3.4B) and maintained through 14-days post-injury. It is noteworthy that proliferative 
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(Ki-67+) chondrocytes were generally found immediately adjacent to regions 

exhibiting visible chondrocyte loss and death. While the articular cartilage was 

typically devoid of Ki-67+ chondrocytes in Q3, presumably do to extensive cell death 

in that quadrant, we did observe the presence of eosinophilic nucleoli at the borders of 

Q3 and its adjacent quadrants (Q2 and Q4) in Figure 3.3A, which has been suggested 

as an indicator of cell proliferation312. In DMM-joints treated with repeated-i.a.ZA, 

chondrocyte proliferation was consistently reduced at 7-days and largely absent from 

14-days and onward. The pattern of chondrocyte death and proliferation seen in the 

repeated-i.a.ZA treated joints was also observed in DMM- joints treated with single-

i.a.ZA (data not shown). 



 70

 

Figure 3.4: Repeated-i.a.ZA Treatment Modulated Chondrocyte Apoptosis and 
Proliferation Following DMM. (A.) TUNEL staining indicated a general 
absence of dead/apoptotic cells in the medial tibial plateau cartilage 
(between the gray traces) and the medial femoral condyle cartilage in 
uninjured joints; a small number of TUNEL+ cells were found in the 
calcified cartilage. However, following DMM-injury chondrocyte 
death/apoptosis (white block arrows) was prevalent in Q2 & Q3 of 
DMM-joints, TUNEL+ staining was seen as early as 7d post-injury and 
diminishing by 56d. TUNEL+ staining also coincided spatially with the 
regions of articular cartilage that exhibited a loss of DAPI staining (width 
of these regions denoted by the gray double arrows). Following DMM, 
an increase in the number of TUNEL+ cells in the calcified cartilage of 
the medial tibial plateau and medial femoral condyle was also observed. 
After repeated-i.a.ZA treatment, fewer TUNEL+ chondrocytes were seen 
at 7d post-DMM and they were largely absent from 14d onwards. These 
representative images were acquired from the anterior region (level 2) of 
the joint at 20x magnification (scale bar = 100µm). (B.) Ki-67 staining, 
indicating cells in the cell cycle, highlighted a general absence of 
proliferative chondrocytes in uninjured joints. Following DMM-injury, 
robust cell proliferation was observed in Q1 and Q2 of the articular 
cartilage as early as 7 and 14d, which diminishes by 56d; some 
proliferative cells are found in the calcified cartilage. In joints receiving 
repeated-i.a.ZA injections, cell proliferation was either absent or greatly 
diminished in both the articular and calcified cartilages at all timepoints. 
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3.5 Discussion 

In this study, we utilized the murine destabilization of the medial meniscus 

(DMM) model of PTOA to establish intra-articular (i.a.) injection of zoledronic acid 

(i.a.ZA) as a prophylactic therapeutic for post-traumatic osteoarthritis (PTOA). At the 

tissue-level, we showed that four repeated weekly i.a.ZA (4.q7d; administered at 0-, 7-

, 14-, & 21-days post-DMM), but not single i.a.ZA (administered at 0 or 7-days post-

DMM), could suppress long-term articular cartilage erosions (at 84-days) post-DMM. 

At the cellular-level, we identified that repeated i.a.ZA (repeated-i.a.ZA) could 

modulate chondrocyte proteoglycan production, proliferation, and death in a 

spatiotemporal dependent manner. Our findings agree with recent work that observed 

a similar prevention of articular cartilage erosions following repeated-.i.a.ZA in a rat 

model of PTOA, albeit at much higher i.a.ZA doses260. This study provided new 

insight into i.a.ZA’s modes of action in cartilage and the spatiotemporally-dependent 

effects it has on cell- and tissue-health, and PTOA initiation and progression. 

While the administration of four weekly-repeated i.a. injections of ZA 

provided meaningful long-term protection against the development cartilage erosions 

in the DMM-joint, none of the i.a.ZA strategies could prevent the development of 

superficial cartilage damage (fibrillations and clefting) in the immediate aftermath of 

DMM-injury (7-14-days). Instead, surface-based damage evolved similarly and 

rapidly among all DMM-joints; appearing predominately in regions of the medial 

tibial plateau and femoral condyle that experienced immediate changes in cartilage-

on-meniscus-on-cartilage contact and loading post-DMM (predominately Q3)285,286,310. 

Such surface damage might be a function of differences in the mechanical properties 

of cartilage among regions normally covered by the meniscus and those in direct 

contact with opposing cartilage292–294. However, since repeated-i.a.ZA could suppress 
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the later evolution of superficial damage into overt cartilage erosions it suggests that 

long-term PTOA progression is more likely driven by cell-mediated processes than by 

simple mechanical wear and tear, and that prophylactically-administered repeated-

i.a.ZA can modulate these cell-mediated processes for beneficial tissue-level 

outcomes. 

At the tissue-level, we observed unique changes in both cartilage structure and 

composition when injured joints were treated with repeated-i.a.ZA. Structurally, we 

saw an unexpected thinning of the articular cartilage in the repeated-i.a.ZA group. 

However, this thinning appeared to be due to a loss in the ‘height’ of intact cartilage, 

as opposed to cartilage erosion; possibly due to a global ‘wearing-away’ of the 

superficial layer and/or a transition of articular cartilage into calcified cartilage by 

endochondral ossification313,314. Nevertheless, no changes in the integrity of the lamina 

splendens nor meaningful differences in the structure or cellularity of the calcified 

cartilage among the treated and untreated DMM-joints were observed. Instead, our 

results suggest that the presence of thinned cartilage that nonetheless resisted cartilage 

erosions following repeated-i.a.ZA treatment could have resulted from other cartilage 

‘adaptations’, particularly the regulation of proteoglycan composition. 

Compositionally, in untreated DMM-joints, we noted a rapid and focal loss of 

proteoglycan rich-tissue in the regions of the medial joint articular cartilage that 

experienced acute changes in cartilage-on-meniscus-on-cartilage contact (Q3); which 

aligns with the notion that changes in proteoglycan composition is a hallmark of early 

cartilage dysfunction in PTOA65,280,288,310,315–318. However, in DMM-joints receiving 

repeated-i.a.ZA, this focal loss of proteoglycan rich-tissue was suppressed. In addition, 

repeated-i.a.ZA treatment enhanced the proportion of proteoglycan rich-tissue and 



 73

tissue-level proteoglycan composition (Saf-O+ staining intensity) found across the 

remainder of the articular cartilage. Given that cartilage proteoglycan composition and 

tissue mechanical properties are intrinsically linked65,319, our results suggest that 

repeated-i.a.ZA might well protect, or possibly enhance, the tissue-level properties of 

murine articular cartilage following DMM-injury. While such findings are supported 

by investigations of cartilage explants mechanically-stimulated in the presence of 

ZA256,257, further investigations will be required to establish if i.a.ZA treatment can 

indeed regulate the tissue-level mechanical properties and composition of articular 

cartilage in vivo. 

The ability of repeated-i.a.ZA to regulate tissue-level changes/adaptations in 

cartilage following traumatic injury is likely rooted in the response of chondrocytes to 

locally-delivered ZA. Traditionally, the health and longevity of articular cartilage is 

thought to depend on the presence of healthy chondrocytes and their ability to 

maintain their extracellular matrix73,320. However, the role of chondrocytes in 

regulating cartilage homeostasis following acute injury appears more complicated. 

Traumatic injury can trigger rapid changes in cell viability (potentially due to both 

necrosis and cell-mediated death), as well as modulate chondrocyte injury responses 

(e.g. anabolic, catabolic, and inflammatory programming)55,79,104–106. Nonetheless, how 

and when such changes, which often occur simultaneously and in spatially-distinct 

manners, contribute to PTOA progression remains unclear. 

In this study, we observed clear differences in chondrocyte biology (i.e. death, 

proliferation, and proteoglycan production) among untreated DMM-joints and those 

treated with repeated-i.a.ZA. Specifically, we found that DMM-injury induced a rapid 

and focal loss of chondrocytes in the region of articular cartilage that experienced 
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acutely altered meniscal coverage and later developed cartilage erosions (Q3). This 

cell loss was spatially coincident with the presence of empty chondrons, chondrocytes 

with abnormal nuclei (pyknotic, karyolitic, and karyorrhectic), and TUNEL-positive 

chondrocytes, which collectively suggest the presence of chondrocyte necrosis, 

apoptosis/chondroptosis321, and cellular dysfunction. Furthermore, our findings also 

indicate an intimate relationship between this focal population of dead and dying 

chondrocytes (in Q3) and the temporal response of viable cells in adjacent regions of 

cartilage (Q1, Q2, and Q4); suggesting that this population of dead and dying 

chondrocytes may be critical to the initiation and propagation of cartilage degeneration 

following DMM. For instance, Ki-67+ chondrocytes, which are indicative of cells in 

G1, S, G2, or M-phase311, rapidly appeared at the immediately periphery of the region 

of chondrocyte death/loss (Q3); whereas Ki-67+ cells were effectively absent in 

uninjured cartilage. These data suggest that in healthy cartilage chondrocytes are 

largely quiescence (in G0-phase), and injury induces the activation of chondrocyte 

proliferation in a spatially-dependent manner. Activation of chondrocyte proliferation 

is a necessary pre-requisite for the chondrocyte-cloning associated with arthritic 

diseases and is reminiscent of the mitotic processes accompanying post-natal cartilage 

morphogenesis73,313,320,322,323. However, if activation of chondrocyte proliferation 

represents an innate injury-/repair-response, it seems unlikely that it would be 

beneficial to the adult joint, as proliferation requires local matrix remodeling, which 

could drive a vicious-cycle of cell-mediated catabolic and proliferative responses. 

Another injury-mediated adaptation that was observed was an increase in the number 

of chondrocytes that exhibited intense, halo-like Saf-O+ staining of their peri-cellular 

matrix compared to uninjured joints. This matrix response suggests an enhanced 
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production/deposition of proteoglycan in the local vicinity of viable chondrocytes 

following injury, particularly in the innermost region of the medial tibial plateau (Q1 

and Q2). Our findings of increased chondrocyte proliferation and proteoglycan 

deposition align well with prior studies of PTOA (chondrocyte proliferation299,324–331 

and proteoglycan production290,332–340) and suggest that chondrocyte death, 

proliferation, and proteoglycan deposition might represent druggable targets for 

ameliorating cell-mediated cartilage degeneration following joint injury. 

The capability of repeated-i.a.ZA treatment to prevent DMM-induced cartilage 

erosions permitted an ability to assess whether prophylactic i.a.ZA could modify 

chondrocyte death, proliferation, and proteoglycan production in a manner consistent 

with the observed PTOA mitigation. Our data suggested that repeated-i.a.ZA 

administration was unable to mitigate the focal loss of chondrocytes associated with 

DMM-injury in Q3, but instead drove a further, and unexpected, 

increase/‘acceleration’ of chondrocyte loss in  Q2. In repeated-i.a.ZA DMM cartilage 

we saw a slightly reduced presence of TUNEL+ cells; which was consistent with the 

reduction in TUNEL+ chondrocyte staining observed following repeated-i.a.ZA 

therapy in a rat anterior cruciate ligament transection injury model260. While 

modulation of chondrocyte loss/death by repeated-i.a.ZA treatment appeared 

equivocal, the treatments ability to influence chondrocyte proliferation and local peri-

cellular production of proteoglycan was far more striking. Repeated-i.a.ZA 

administration appeared to completely suppress (‘rescue’) the chondrocyte 

proliferation phenotype associated with DMM-injury and moderately enhanced the 

presence of chondrons exhibiting proteoglycan-enriched peri-cellular halos. Taken 

together, these results suggest that repeated-i.a.ZA can modulate chondrocyte death, 
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proliferation, and local proteoglycan metabolism following DMM-injury, providing 

the necessary recipe to enhance tissue-level proteoglycan content and suppress 

cartilage erosions long-term. 

While the canonical target of nBPs in vivo are traditionally appreciated to be 

osteoclasts128, the mevalonate (or isoprenoid) biosynthetic pathway, which nBPs 

inhibit, is ubiquitous among mammalian cells136,150. The mevalonate pathway is 

responsible for the synthesis of cholesterol and the process of protein prenylation. 

Prenylation is a form of post-translational modification, and inhibition the mevalonate 

pathway results in a suppression of the prenylation of small-GTPases. Small-GTPases 

are G-proteins critical to the regulation of numerous cellular process, including 

proliferation, differentiation, and cell-survival; cytoskeletal dynamics; vesicular 

transport; and cell movement. Indeed, it is now well-established that nBPs can directly 

mediate the inhibition of proliferation and the induction of apoptosis in inflammatory 

cells181,182 as well as neoplasms and cancerous cells188,204 through the inhibition of the 

mevalonate pathway.  Furthermore, in vitro187,254 and in situ255–258,341 studies have 

demonstrated that ZA, and other nBPs, can directly modulate chondrocyte 

homeostasis, matrix metabolism, and cartilage health. The ability of repeated-i.a.ZA to 

modulate death, proliferation, and proteoglycan metabolism in chondrocytes 

demonstrated herein is entirely in line with known mechanisms of nBP action in the 

vast majority of mammalian cells. 

Together, our tissue- and cellular-level findings establish a pattern of 

spatiotemporally-dependent cartilage changes following DMM-injury that provide 

insights into the mechanical and cellular basis of PTOA initiation and progression, and 

how intra-articularly injected ZA may modify these processes. Joint injury appears to 
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drive the rapid development of superficial cartilage damage and focal chondrocyte 

necrosis/apoptosis55,75,79,104. Rapid and focal chondrocyte necrosis in the face of acute 

changes in joint loading/stability would contribute to cell-loss, but it is unclear how 

(or even if) cell necrosis would influence tissue function55,75,79,104. We suspect that a 

far more important regulator of PTOA initiation is the presence of the focal population 

of chondrocytes undergoing the slower process of cell-mediated death 

(apoptosis/chondroptosis) following joint-destabilization. These dying cells could 

represent a nexus of mechanically- and biochemically-derived signals55,75,79,104 driving 

an ever-expanding region of cartilage ‘adaptation’ and degeneration across the medial 

joint. For example, after DMM-injury, the focal population of dying cells appears to 

be surrounded by an annulus of chondrocytes in which i) nearby cells re-enter the cell-

cycle (activate cell division) and ii) more distance cells deposit ECM with enhanced 

proteoglycan composition. Such a behavior can be interpreted as an innate, adaptive- 

or reparative-response. However, it must be recognized that proliferation of cells 

entombed in a dense ECM requires local tissue remodeling and 

catabolism73,313,320,322,323, which could act as a further activator of cell death and injury 

response; initiating a vicious cycle of cellular dysfunction and cell-mediated cartilage 

degeneration55,75,79,104. Such a process appears evident in our observation of a lock-

step progression of cell proliferation, apoptosis, and cartilage degeneration across the 

medial tibial plateau over time post-DMM. 

Eliminating dying cells, and their injury-alarm signals, from injured cartilage, 

and/or preventing the proliferative and adaptive responses driven in neighboring 

‘activated’ cells could represent a key to suppressing cell-mediated processes that 

drive PTOA. We speculate that just such a modulation of injury-response processes, 
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i.e. the enhancement of cell death, suppression of cell proliferation, and promotion of 

cell- and tissue-level proteoglycan content, underlie the ability of repeated-i.a.ZA to 

prevent cartilage erosions in the murine DMM model; a hypothesis supported by the 

recent demonstration that induction of chondrocyte death in cartilage’s superficial 

layer prevents erosions in the murine DMM model329. However, the inability for 

single-i.a.ZA administrations to promote similar degrees of beneficial cell- and tissue-

level outcomes suggests that a sustained/repeated presence of ZA within the joint may 

be required for PTOA disease-modifying efficacy. Future in vitro and in situ work are 

needed to confirm the role of chondrocyte death/apoptosis and cell-cycle re-entry, and 

their modulation by ZA, in the initiation and progression of cartilage degeneration. 

While this study provides compelling evidence supporting the efficacy of 

repeated intra-articular administration of ZA to suppressing the progression of 

cartilage damage following joint injury in the mouse, several limitations should be 

noted. While four, weekly-repeated i.a.ZA injections over the course of the first 3-

weeks of injury could provide a meaningful degree of cartilage protection at 12-weeks 

following DMM-injury, whether continued weekly i.a.ZA administration over longer 

timescales, or with different delivery schedules (e.g. delayed, reduced, or 

alternatively-spaced injections) or dosages would improve cartilage outcomes at and 

beyond 12-weeks is unknown and a focus of future work. Similarly, given that the 

earliest evaluations occurred at 1-week post-injury/post-treatment, we can only 

speculate on i.a.ZA-driven changes to cartilage and chondrocyte-biology at earlier 

timepoint based upon outcomes observed at 1-week post-injury/treatment. The present 

study also restricted itself to histological and immunohistochemical assessments of in 

vivo cartilage outcomes; the use of multi-scale approaches investigating molecular- to 
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organismal-physiology outcomes in injured and repeatedly treated joints will be 

necessary to advance this work towards clinical translation. Furthermore, while the 

murine DMM PTOA model is well characterized, the ability to generalize our present 

findings to more clinically-representative joint injuries are limited by the invasive, 

surgically-driven nature of the DMM injury. To the best of our knowledge, no studies 

of i.a.ZA treatment following non-invasive joint injuries exist; thus, it is unclear if the 

choice of injury model might influence therapeutic efficacy. Future studies are 

necessary to establish the efficacy of i.a.ZA in preventing cartilage damage in more 

clinically representative joint injury situations and other large pre-clinical animal 

models. Lastly, PTOA is a whole-joint disease19, with injury-associated changes to 

other tissues in the knee known to influence PTOA progression; the effect of i.a.-ZA 

administration on the response of other tissues in the knee joint to DMM-injury is 

presented in an accompanying companion paper (Chapter 4). 

In conclusion, the present study provides compelling evidence supporting the 

ability of intra-articularly administered ZA to prophylactically modulate cartilage 

damage progression following joint injury. Specifically, four, weekly i.a.ZA injections 

(4.q7d), initiated immediately following DMM-injury, could suppress the 

development of overt, long-term articular cartilage erosions through the modulation 

cartilage composition (proteoglycan content) and chondrocyte homeostasis 

(proliferation, death/apoptosis, and proteoglycan metabolism). However, i.a.ZA 

treatment was unable to prevent the development of damage to cartilage’s superficial 

surface following-DMM. These findings suggest that superficial damage to articular 

cartilage following injury is likely a mechanically-driven process and unlikely to be 

modifiable by ZA or other cell-modulating therapeutics. However, longer-term 
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development of focal cartilage erosions appears to be cell-mediated, and dependent 

upon processes that repeated-i.a.ZA administration can influence. Together, this and 

our companion study (Chapter 4) provide new knowledge to guide the continued study 

of ZA’s modes and mechanisms of action in chondrocytes and to drive pre-clinical 

studies investigating the translatability of prophylactically-administered intra-articular 

ZA for modifying and treating PTOA. 
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THE INFLUENCE OF REPEATED INTRA-ARTICULAR INJECTION  OF 
ZOLEDRONIC ACID ON NON-CARTILAGINOUS JOINT TISSUES 

FOLLOWING JOINT DESTABILIZATION IN THE MOUSE 

(MA David, MK Smith, BT Graham, RN Pilachowski, AT White, RC Locke, L Wang, 
C Price, In Preparation 2019b) 

4.1 Abstract 

Post-traumatic osteoarthritis (PTOA) is an incurable, whole-joint disease. In 

search of disease-modifying PTOA therapeutics, bisphosphonates have gained 

attention due to their ability to inhibit subchondral bone remodeling and cartilage 

damage post-injury. In our companion paper, we showed that locally-targeted 

zoledronic acid (ZA), delivered as four weekly intra-articular (i.a.) injections 

following injury, could suppress long-term cartilage erosions in the murine 

destabilization of the medial meniscus (DMM) model of PTOA. Beyond ZA’s 

classically understood ability to inhibit bone remodeling, it can also mediate anti-

proliferative and anti-inflammatory activities across numerous mammalian cell types. 

To evaluate the ability of intra-articular injection of ZA (i.a.ZA) to shape the response 

of knee joint tissues other than cartilage to DMM-injury, we used microtomography 

and histological analysis to assess meniscal, osteophyte, and synovial tissue responses, 

along with subchondral, epiphyseal, and metaphyseal bone structure. Following 

DMM-injury, repeated-i.a.ZA did not appreciably alter injury-induced meniscal 

changes or ectopic bone formation, aside from promoting a moderate increase in 

meniscal proteoglycan content and bone volume fraction. Repeated-i.a.ZA did not 

Chapter 4
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alter osteophyte size but did delay the transition of osteophytes from their 

cartilaginous templates to boney tissue following DMM-injury. Furthermore, 

repeated-i.a.ZA did not suppress joint synovitis induced by DMM-injury, nor 

appreciably affect bone structure in the ipsilateral tibia. These results suggest that, 

aside from a small anti-resorptive influence on intra-capsular mineralized tissues, 

repeated-i.a.ZA had limited ability to alter the trajectory of changes to non-

cartilaginous tissue following joint-injury and had minimal influence on local or 

distant skeletal health. Combined with our accompanying paper, our results suggest 

that prophylactic intra-articular injection of ZA can suppress PTOA progression 

following joint-injury and in a manner that reduces the risk of adverse skeletal side-

effects associated with systemic, high-dose ZA therapies. 

4.2 Introduction 

Accelerated cartilage degeneration following traumatic joint injury is a 

hallmark of post-traumatic osteoarthritis (PTOA). Given its incurable nature, and the 

significant physical and socioeconomic burden the disease presents, the search for 

PTOA-modifying therapeutics has been on the forefront342. A class of FDA-approved 

drugs receiving attention as potential PTOA disease-modifying therapeutics are the 

bisphosphonates (BPs) As potent anti-resorptives of bone, BPs are traditionally used 

to treat osteoporosis and cancer-related bone fragility245,307. However, since aberrant 

subchondral bone remodeling is a hallmark of PTOA initiation and 

progression120,126,233,234, BPs have been explored as a means to suppress injury-induced 

subchondral bone remodeling for cartilage damage prevention. As such, numerous 

preclinical studies have demonstrated the ability of high-dose, systemic-administration 

of nitrogen-containing bisphosphonates (nBPs), including zoledronic acid (ZA), to 
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prophylactically prevent cartilage degeneration, bone remodeling, and pain across 

several animal models of arthroses including rheumatoid arthritis209–216, 

osteoarthritis217–219, and PTOA238–241,309. However, despite these promising strides, 

PTOA prevention based upon systemic, high-dose ZA administration may face 

insurmountable challenges to clinical implementation due to significant risk of adverse 

side effects associated with systemic suppression of bone remodeling, most notably 

osteonecrosis of the jaw and atypical bone fractures242–245. Fortunately, recent in 

vitro187,254 and in situ255–258 studies indicate that ZA can directly modulate 

chondrocytes and cartilage health, suggesting that locally-targeted ZA delivery 

strategies might represent a more clinically-acceptable PTOA-modifying strategy. 

In our accompanying paper, our team demonstrated that one such alternative 

delivery strategy, namely four, weekly-repeated (4.q7d) intra-articular (i.a.) injections 

of ZA (i.a.ZA) into the knee starting immediately upon injury could suppress cartilage 

erosions in the murine destabilization of the medial meniscus (DMM) model of PTOA 

(Chapter 3). This work suggested that repeated i.a.ZA, which should engender far less 

risk of adverse systemic skeletal complications due to reduced overall ZA dosage, 

could be leveraged as a prophylactic disease-modifying therapeutic for PTOA. While 

our accompanying paper focused on changes to cartilage health following injury and 

i.a.ZA treatment, PTOA is as a whole-joint disease18–22. In this regard, numerous 

injury-induced changes to non-cartilaginous tissues occur within the joint that may 

contribute to the initiation and progression of cartilage degeneration following injury; 

these include meniscal changes, osteophyte formation, aberrant subchondral bone 

remodeling, and joint inflammation18–22,78,343. Consequentially, a therapeutic lead for 
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PTOA prevention that could target multiple joint tissues in the injured joint would be 

an ideal candidate, and there are reasons to believe that ZA might meet this need. 

ZA is well-known for its anti-resorptive in bone128,245,307,308,344, and has more 

recently been shown to have anti-immunologic, anti-inflammatory, anti-tumor, and 

anti-angiogenic properties131,170,345,179–185,204 because of its ability to inhibit the 

ubiquitous mevalonate biosynthetic pathway found in all mammalian cells. Thus, it is 

plausible that i.a.ZA could influence the evolution of injury-induced changes in both 

mineralized joint tissues, such as those that occur in the subchondral bone, calcified 

menisci, and osteophytes18–22,120,343, as well as non-mineralized tissues, such as the 

synovium78.  To date, only one study has investigated the ability of repeated i.a.ZA to 

suppress joint synovitis in a rat ligamentous injury model of PTOA259. Yet, it remains 

unclear: i) how other non-cartilaginous tissues within the joint respond to repeated 

i.a.ZA treatment following injury; and ii) if repeated i.a.ZA administration can 

influence extra-capsular skeletal tissue properties and thus global bone health 

following injury. 

In support of our companion paper, demonstrating the ability of four, weekly-

repeated (4.q7d) i.a.ZA administration to suppress cartilage erosions in murine DMM-

injured knee joints (Chapter 3), this study sought to investigate the influence of 

repeated i.a.ZA administration on bone remodeling, meniscal injury response, 

osteophyte formation, and joint synovitis post-DMM. To facilitate this assessment, we 

performed detailed micro-computed tomography and histological analysis of the 

DMM-injured and i.a.ZA-treated mouse knees presented in our companion paper. Our 

findings indicated that four, weekly-repeated (4.q7d) i.a.ZA to the injured joint could 

mildly influence meniscal injury response and osteophyte development but not joint 
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synovitis post-DMM. More importantly, the structure properties of the underlying 

subchondral bone and of more distant (extra-capsular) bone compartments of the 

ipsilateral of the tibia were largely unaffected by repeated i.a.ZA treatment, suggesting 

that repeated i.a.ZA administration strategy may represent a safer prophylactic PTOA 

prevention than systemic treatment with ZA. 

4.3 Methods 

4.3.1 Animals and Surgeries 

Details regarding surgical procedures and sample collection can be found in 

our accompanying paper (Chapter 3). Briefly, the right tibiofemoral joints of 12-week 

old male C57BL/6 mice underwent either DMM surgery with no treatment (untreated 

DMM) or DMM surgery plus repeated intra-articular injection of ZA (i.a.ZA) at 0-, 7-, 

14-, and 21-days (repeated-i.a.ZA). For each i.a. injection, 6µL of sterile saline 

containing ZA at ~615 ng/kg was injected into each knee. Contralateral joints from 

untreated DMM mice served as uninjured controls. The University of Delaware’s 

Institutional Animal Care and Use Committee approved all animal handling and 

surgical procedures. Intact tibiofemoral joints were collected at 7-, 14-, 56-, or 84-days 

post-injury and directed towards either micro-computed tomography (µCT; n=62 

joints) or histological analysis (n=110 joints). 

4.3.2 µCT Analysis of Intra-capsular and Extra-capsular Calcified Tissue 
Structures 

µCT was used to assess the structural properties of intra-capsular subchondral 

bone (medial compartment), calcified medial meniscus, and ectopic formed bone in 

uninjured, untreated DMM, and DMM + repeated-i.a.ZA treated joints (n= 3-
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5/group/timepoint), as well as the structure of the extra-capsular ipsilateral tibial 

subchondral bone and epiphyseal in the medial joint compartment and the metaphyseal 

trabecular bone. At harvest, tibiofemoral joints were frozen at -80ºC in 1x phosphate-

buffered saline supplemented with calcium chloride until scanning. For µCT scanning 

(Scanco µCT-35; 6µm isotropic voxel size; x-ray voltage and current of 55kVp and 

145.5uA, respectively; 500-ms integration time; 500 projections; and 300 images 

averaged over 2 image each), joints were placed into a custom-built holder that held 

the joints at ~90° of knee flexion. From 3D reconstructions of these joints, the 

following were manually traced using  CT-Analyser software (CTAn; Bruker-

MicroCT): i) the entire calcified anterior medial meniscus and intracapsular ectopic 

bone; the ii) subchondral bone and iii) underlying epiphyseal bone across a 480µm 

(80-slice) deep region of the medial tibial plateau and centered about the femur-on-

tibia contact; and iv) femur-on-tibia contact region of cancellous bone within the tibial 

metaphyseal cancellous bone (cuboid ROI of 750µm wide x 1000µm tall). For each 

region, metrics of tissue volume (TV), bone volume (BV), bone volume fraction 

(BV/TV), and bone thickness (Th) were quantified via Bruker’s CTan software 

following global segmentation using Otsu’s grayscale thresholding technique and 

despecking346. Gross structural changes to mineralized tissues within the joint were 

visualized using 3D volumetric renderings using ImageJ (National Institute of Health) 

in combination with Seg3D2.4 (Center for Integrated Biomedical Computer). 

4.3.3 Histological Processing and Staining 

Intact joints were processed for paraffin-embedded histological staining and 

assessment as described previously310 (see also Chapter 3). Briefly, joints (n=5-

10/group/timepoint) were fixed, decalcified, processed, embedded, sectioned coronally 
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at 5-µm, and placed on charged slides (two sections/slide). Five slides, taken at 

intervals of ~100-µm across the joint and centered about the tibiofemoral cartilage-on-

cartilage contact, were selected and labeled levels 1 through 5 from the anterior (level 

1) to posterior (level 5) of the joint. These slides were then stained with Safranin-O, 

fast green, and Wiegert's hematoxylin, hereon referred to as Saf-O, and imaged using a 

widefield microscope and color digital camera (Axio.Imager.A2 + AxioCam MRc5, 

Carl Zeiss) under consistent illumination and acquisition settings. 

4.3.4 Quantification of Meniscus Coverage, Size, and Proteoglycan Content 

To address if i.a.ZA treatment influences medial meniscal extrusion and 

structure post-DMM, semi-automated histological assessment was performed on Saf-

O stained sections from joint levels 2-4. After manually-tracing each medial meniscus, 

the degree of tibial plateau cartilage covered by the meniscus (the reciprocal of 

meniscal extrusion)310, as well as meniscal cross-sectional area was quantified. 

Additionally, the areal distribution of Saf-O positive (Saf-O+) tissue within the medial 

meniscus, as well as the Saf-O+ staining intensity of the tissue (change relative to the 

intensity of the tibial growth plate was quantified using a semi-automated color 

thresholding and analysis algorithm described previously (Chapter 3). 

4.3.5 Histological Analysis of Synovitis and Osteophyte Development 

To assess whether repeated-i.a. injection of ZA could modify osteophyte 

formation and joint synovitis post-DMM, osteophyte maturation and extent of joint 

synovitis (non-native tissue in the joint space exhibiting increased cellularity and/or 

thickening) within the medial compartment was assessed semi-quantitatively by three 

blinded individuals (MAD, MKS, AW and/or RNP) within Saf-O stained slides from 
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joint levels 1-5. Both outcomes were assessed on a 0-3 scale347: i) for osteophytes, 0 = 

no osteophyte, 1 = cartilaginous template, 2 = cartilaginous template with some bone 

present, 3 = entirely boney osteophyte; and ii) for synovitis, 0 = no synovitis, 1 = mild 

synovitis, 2 = moderate synovitis, and 3 = severe synovitis. To provided additional 

insight into osteophyte maturation, several aspects of the forming/formed osteophytes 

on the medial tibial margin in were assessed quantitatively. Using semi-automatic 

image process in MATLAB, the osteophyte tissue (in Saf-O stained slides from joint 

levels 2-4) was traced manually, bone marrow cavities areas were removed from the 

trace, and the relative areas of the remaining Saf-O+ and Saf-O negative-fast green 

positive stained (Saf-O-) tissues were measured, which allowed for the quantification 

of the relative amount of cartilaginous and boney osteophyte tissue present, 

respectively. Finally, the staining intensity of the proteoglycan-rich Saf-O+ tissue 

within the osteophyte was determined as described above for the menisci. 

4.3.6 Statistical Analysis 

Statistical analyses were performed using GraphPad Prism version 6.0 for Mac 

(GraphPad Software, La Jolla, CA). One-way ANOVAs with Dunnett post-hoc tests 

(i.e. many-to-one comparisons) were performed to establish differences in parameters 

between the uninjured and repeated-i.a.ZA treatment groups and those of the untreated 

DMM-joints at each timepoint. The threshold for defining statistically significant 

changes was set at p < 0.05. 
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4.4 Results 

4.4.1 Meniscal and Intracapsular Ectopic Bone Changes Following Repeated-
i.a.ZA Treatment in DMM-Joints 

In the healthy adult mouse, both the medial and lateral menisci contain regions 

of calcified tissue that can be visualized by high-resolution micro-computed 

tomography (µCT); with the calcified tissue of the anterior menisci being substantially 

larger than that of the posterior menisci. Visualization of volume rendered µCT scans 

from joints harvested at 84-days post-DMM demonstrated a clear extrusion of the 

anterior medial meniscus outwards from the joint space in both untreated DMM-joints 

and DMM-joints repeatedly administered i.a.ZA, as well as enlargement of the 

calcified portion of both the anterior and posterior medial menisci (Figure 4.1A). 

Similar evidence of meniscal extrusion and calcified volume increase were observed 

in repeated-i.a.ZA treated and untreated DMM-joints at earlier timepoints (data not 

shown). In both the treated and untreated joints, DMM-injury resulted in similar 

increases to the total anterior medial meniscal volume (Men.TV; Figure 4.1B). 

However, repeated i.a.ZA administration resulted in a sustained increase in meniscal 

bone volume (Men.BV; data not shown) and bone volume fraction (Men.BV/TV; 

Figure 4.1B) that was seen by 7-days onwards. Volumetric renderings of the joints 

also revealed a similar appearance and development of ectopically formed bone within 

both treated and untreated DMM-joints from 56-days and onward post-DMM (Figure 

4.1A). This ectopic bone (EcB) formed anteriorly only within DMM-injured joints. 

While repeated-i.a.ZA administration did not markedly influence the total number 

(EcB.N; data not shown) or total volume of ectopic bone fragments (EcB.TV; Figure 

4.1C) that formed following DMM-injury, it did drive an increase, albeit non-
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significant, in the volume of ectopic bone (data not shown) and the bone volume 

fraction of this tissue at 84-days post-DMM (EcB.BV/TV; Figure 4.1C). 

 

Figure 4.1: Assessment of Periarticular Calcified Tissue Changes in the Tibiofemoral 
Joint Following DMM and Repeated-i.a.ZA Treatment. (A.) 3D µCT 
renderings of representative knee joints (at 84 days) following DMM and 
repeated-i.a.ZA treatment highlight the extrusion and volumetric increase 
of the medial meniscus (red), and the spontaneous formation of ectopic 
bone (blue) in all injured joints. (B.) Meniscal tissue volume increased in 
all DMM-injured joints. Repeated-i.a.ZA treatment did not alter the 
resultant meniscus size (tissue volume) but did result in increased 
meniscus bone volume fraction. Periarticular ectopic bone tissue became 
apparent at 56-days post-DMM injury. Repeated-i.a.ZA treatment did not 
alter the volume or bone volume fraction of this ectopically formed bone 
tissue. Results are presented as mean ± STD (n=3-5/timepoint/group); 
where # indicates p< 0.05 for the difference between repeated-i.a.ZA and 
the untreated DMM-group at that timepoint, * indicates p< 0.05 between 
the untreated DMM and uninjured-joints at that timepoint. 
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4.4.2 Repeated-i.a.ZA Treatment Post-DMM Did Not Alter Subchondral Bone, 
Epiphyseal, and Metaphyseal Bone Structure 

Quantitative analysis of µCT data indicated that DMM-injury did not alter the 

structural properties of the medial subchondral bone (SC) compartment when 

compared to uninjured joints (Figure 4.2A); no change in the total volume (SC.TV), 

bone volume (SC.BV; data not shown), bone volume fraction (SC.BV/TV), or 

thickness (SC.Th) was observed post-DMM. Similarly, repeated-i.a.ZA administration 

to DMM-joints did not significantly alter any these subchondral bone parameters 

(Figure 4.2A). We also observed that DMM-injury did not result in any measurable 

changes in the structure of the epiphyseal bone underlying the medial tibial plateau 

(Figure 4.2B) or the cancellous bone of the tibial metaphysis (Figure 4.2C) when 

compared to uninjured joints. Similarly, repeated-i.a.ZA administration to DMM-

injured joints did not significantly alter bone structure in either of these extra-capsular 

bone compartments (Figure 4.2B and 4.2C), aside from a moderate increase in 

epiphyseal bone volume fraction (Epi.BV/TV) and thickness (Epi.Th) at 84-days post-

DMM. 
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Figure 4.2: Repeated-i.a.ZA Treatment Following DMM Does not Alter Subchondral 
Bone, Epiphyseal, and Metaphyseal Bone Structure. (A.) µCT analysis 
indicated that subchondral bone tissue volume, bone volume fraction, and 
subchondral plat thickness were unaffected by DMM injury or DMM + 
repeated-i.a.ZA administrations. (B.) Similarly, epiphyseal bone structure 
(tissue volume, bone volume fraction, and thickness) was largely 
unaffected by DMM injury or DMM + repeated-i.a.ZA treatment. (C.) 
The structural of the trabecular bone of the ipsilateral tibial metaphysis 
was not altered by DMM or DMM+ repeated-i.a.ZA treatment.  Results 
are presented as mean ± STD (n=3-5/timepoint/group); where # indicates 
p< 0.05 for the difference between repeated-i.a.ZA and the untreated 
DMM-group at that timepoint, * indicates p< 0.05 between the untreated 
DMM and uninjured-joints at that timepoint. 
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4.4.3 Repeated-i.a.ZA Administration Altered Meniscal Proteoglycan 
Composition Post-DMM 

Histological assessment (Figure 4.3A) confirmed our µCT-based assessments 

of medial meniscus changes following DMM-injury, and it provided additional 

insights into DMM-mediated meniscal extrusion (coverage) and changes in meniscal 

size (area) and proteoglycan composition (Saf-O+ tissue) in untreated and treated 

DMM-joints. Medial meniscus coverage (reciprocal of extrusion) was similar among 

the untreated DMM-joints and those treated with repeated-i.a.ZA (~20-30%), and this 

coverage was significantly less than that seen in uninjured joints (~45-60%; Figure 

4.3B). Additionally, DMM-injury led to a significant increase in medial menisci area 

compared to uninjured joints, and repeated-i.a.ZA treatment did not influence the 

trajectory of this injury-induced increase in meniscal area (Figure 4.3C). When 

evaluating the area of proteoglycan-rich (Saf-O+) tissue in the medial meniscus, we 

found no difference in the relative area of Saf-O+ tissue between the menisci of the 

uninjured joints and the significantly enlarged menisci of untreated DMM-joints. 

However, in DMM-joints treated with repeated-i.a.ZA the relative area of this 

proteoglycan-rich (Saf-O+) meniscal tissue was significantly increased at early-to-mid 

timepoints (7 through 56-days). Using changes in Saf-O+ staining intensity (Figure 

4.3C) as a surrogate for changes in tissue proteoglycan composition, we observed that 

DMM-injury led to a drastic and significant reduction in overall meniscal 

proteoglycan composition. Repeated-i.a.ZA administration rescued the loss of 

meniscal proteoglycan composition seen in DMM-joints following a transient/partial 

decrease in Saf-O+ tissue staining intensity (at 7-days). 



 94

 

Figure 4.3: Meniscal Changes Associated with Repeated-i.a.ZA Treatment Post-
DMM. (A.) Safranin-O stained slides highlighted the medial meniscus 
extrusion and changes to meniscal size and proteoglycan distribution and 
intensity following DMM and DMM + repeated-i.a.ZA treatment. These 
representative images were acquired from the anterior region (level 2) of 
the joint at 10x magnification (scale bar = 100µm). Histological analyses 
indicated that following DMM, repeated-i.a.ZA administration did not 
alter the injury-mediated (B.) uncovering of the medial tibial plateau (i.e. 
meniscal coverage) or (C.) meniscal growth (Total Area). However, 
repeated-i.a.ZA treatment did drive increases in the proportion of Saf-O+ 
(proteoglycan-rich) tissue area and the relative staining intensity of this 
Saf-O+ area compared to the untreated DMM-joints. Results are 
presented as mean ± STD (n=3-5/timepoint/group); where # indicates p< 
0.05 for the difference between repeated-i.a.ZA and the untreated DMM-
group at that timepoint, * indicates p< 0.05 between the untreated DMM 
and uninjured-joints at that timepoint. 
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4.4.4 Repeated-i.a.ZA Administration Delayed Osteophyte Development and 
Maturation Post-DMM 

Using histological assessment, a rapid development of osteophytes at the 

medial-margins of the tibial plateau (Figure 4.4A) and the femoral condyle (Figure 

4.5A) was confirmed in both treated and untreated DMM-joints; uninjured joints did 

not exhibit osteophytes. Osteophyte development in these locations proceeded from an 

extensive cartilaginous (Saf-O+) osteophyte template seen at the earliest timepoint 

assessed (7-days) post-DMM into boney osteophytes, complete with marrow cavities, 

present at late stage disease (56 and 84-days). The tempo of osteophyte formation and 

maturation was assessed via semi-quantitative osteophyte scoring (Figure 4.4B) and 

quantitative analysis (Figure 4.4C). Osteophytes that formed in response to DMM-

injury were similar in size in the repeated-i.a.ZA treated and untreated DMM-joints 

(Figure 4.4C). However, treatment with repeated-i.a.ZA led to a notable delay in 

osteophyte maturation. This delay was evident by a lag in the upward trajectory of 

semi-quantitative osteophyte scores (Figure 4.4B), a prolonged presence of Saf-O+ 

tissue area (cartilaginous), and a reduced presence of Saf-O- tissue area (bone) at 

earlier timepoints (7 through 56-days) post-DMM (Figure 4.4C). There was no 

difference in bone marrow cavity area among the repeated-i.a.ZA treated and 

untreated DMM-joints (data not shown). Additionally, repeated-i.a.ZA treatment of 

DMM-joints led an increase in the staining intensity of the osteophytes proteoglycan-

rich (Saf-O+) tissue compared to untreated DMM-injured joints (Figure 4.4C). 
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Figure 4.4: Repeated-i.a.ZA Treatment Delayed Osteophyte Maturation Following 
DMM. (A.) Safranin-O stained slides highlighted the robust formation of 
osteophytes along the medial tibial plateau joint margin in all DMM-
injured joints (tissue to the right of black lines); this process initiated 
with the formation of a proteoglycan-rich cartilage-like template that 
subsequently transformed (matured) into fully formed boney osteophyte 
complete with marrow cavities. These representative images were 
acquired from the anterior region (level 2) of the joint at 10x 
magnification (scale bar = 100µm). (B.) Semi-quantitative osteophyte 
scoring revealed that repeated-i.a.ZA treatment altered the tempo of 
osteophyte maturation, as indicated by a delay in the conversion of the 
proteoglycan-rich cartilage-like template (score of 1) into nascent bone 
(score of 2). (C.) Quantitative analysis indicated that repeated-i.a.ZA 
treatment did not influence the overall size of the osteophytes that formed 
following DMM-injury. However, repeated-i.a.ZA treatment resulted in 
the retention of Saf-O+ relative area (proteoglycan-rich tissue) and a 
delayed accumulation of Saf-O- relative area (bone tissue) following-
DMM, which confirmed the delay in osteophyte maturation observed via 
the semi-quantitative osteophyte scoring. Within the Saf-O+ areas of the 
osteophyte, repeated-i.a.ZA treatment increased the relative staining 
intensity of this proteoglycan-rich tissue across most of the study. Results 
are presented as mean ± STD (n=3-5/timepoint/group); where # indicates 
p< 0.05 for the difference between repeated-i.a.ZA and the untreated 
DMM-groups at that timepoint, * indicates p< 0.05 between the untreated 
DMM and uninjured-joints at that timepoint. 
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4.4.5 Repeated-i.a.ZA Administration Did Not Mitigate Synovitis Post-DMM 

The synovitis-modifying ability of repeated-i.a.ZA treatment in DMM-injured 

joints was evaluated using semi-quantitative histological analyses of the medial 

compartment joint synovitis. We observed that DMM-injury led to a rapid (apparent at 

7-days) and sustained presence of medial compartment joint synovitis when compared 

to untreated joints (Figure 4.5). However, repeated-i.a.ZA to DMM-joints did not 

reduce synovitis at any timepoint post-DMM (Figure 4.5); instead, a small but 

significant increase in synovitis was observed at 7d post-DMM that returned to the 

levels of the untreated DMM-joints by 14-days post-DMM. 

 

Figure 4.5: Joint Synovitis is Not Altered by Repeated-i.a.ZA Treatment Following 
DMM-Injury. (A.) Safranin-O stained slides demonstrated the presence 
of joint synovitis (black arrows) within the medial compartment 
following DMM, which repeated-i.a.ZA did not appear to suppress. 
These representative images were acquired from the anterior region 
(level 2) of the joint at 10x magnification (scale bar = 100µm). The 
presence of osteophytes along the medial femoral condyle are indicated 
by the tissue to the right of black lines. (B.) Semi-quantitative synovitis 
scoring confirmed qualitative impressions regarding joint synovitis, and 
further indicated a significant increase in synovitis immediately 
following DMM + repeated-i.a.ZA administration. Results are presented 
as mean ± STD (n=3-5/timepoint/group); where # indicates p< 0.05 for 
the difference between repeated-i.a.ZA and untreated the DMM-groups at 
that timepoint, * indicates p< 0.05 between the untreated DMM and 
uninjured-joints at that timepoint. 
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4.5 Discussion 

Bisphosphonates, especially the nitrogen-containing bisphosphonates (nBPs), 

have gained attention as potential disease-modifying drugs for preventing or delaying 

PTOA initiation and progression238–241,259,309,342. In our accompanying paper (Chapter 

3), we demonstrated that four, weekly-repeated (4.q7d), but not single, intra-articular 

(i.a.) injections of ZA (i.a.ZA) could prevent the development of injury-induced 

cartilage erosions in the murine DMM model of PTOA. However, PTOA is a disease 

of the whole-joint18–22. Thus, the objective of this study was to investigate how four, 

weekly-repeated i.a.ZA (repeated-i.a.ZA) administrations influenced the presence of 

and changes to non-cartilaginous structures (i.e. the meniscus, ectopic bone, 

osteophytes, and synovium) within the joint following DMM-injury, as well as to 

changes to bone structure (i.e. subchondral, epiphyseal, and metaphyseal bone 

properties) outside of the joint. We discovered that repeated-i.a.ZA was unable to 

suppress the development and increase in size of intracapsular structures that form in 

response to joint destabilization, including menisci, ectopic bone, and osteophytes. 

Nevertheless, repeated-i.a.ZA led to moderate delays in the maturation of these 

mineralized tissues, as well as increases in their bone volume fractions, which are 

consistent with ZA’s resorption suppressing abilities. Despite the anti-inflammatory 

activities of nBPs in several mammalian cells, repeated-i.a.ZA was unable to suppress 

joint synovitis in the DMM-model. However, and most importantly, our two studies 

demonstrated that prophylactic administration of four weekly, intra-articular injections 

of ZA starting immediately following injury could protect against DMM-mediated 

cartilage erosion in the absence of appreciable alterations to bone structure, and by 

extent, bone resorption/remodeling, in more distant bone compartments (the ipsilateral 

tibial epiphysis and metaphysis). 
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As a result of the transection of the medial meniscotibial ligament during the 

DMM-injury, we observed significant outward extrusion and hypertrophy of the 

medial meniscus, followed by the formation of ectopic bone within the joint capsule. 

In untreated and repeated-i.a.ZA treated DMM-joints, extrusion of the medial 

meniscus resulted in a similar uncovering of ~1/3 of the medial tibial plateau cartilage 

that was previously covered by the meniscus310. The inability of repeated-i.a.ZA 

treatment to alter meniscal extrusion was not unexpected since meniscal extrusion is 

presumably mediated by geometrical and mechanical considerations within acutely 

destabilized joints; there is no reason to suspect that ZA would alter such a response. 

If one uses meniscal extrusion as a surrogate indicator of joint biomechanics, these 

results would suggest that the post-DMM mechanical environment is similar among 

untreated and repeated-i.a.ZA treated DMM-joints. Aside from the expected meniscal 

extrusion, we also noted that the anterior medial meniscus experienced increases in 

both mineralized and non-mineralized tissue size (volume and area, respectively) in all 

DMM-injured joints. These data align with preclinical (mouse348,349 and rabbit349,350) 

and clinical85–87,349,351–354 studies highlighting increased meniscal extrusion, 

hypertrophy, and calcification with increasing PTOA and OA disease severity.  

Increases in meniscal volume and calcification following DMM may very-well 

represent an adaptation mechanism, possibly to re-stabilize the joint in the face of 

altered loading and joint stability. Repeated-i.a.ZA treatment was unable to prevent 

injury-induced increases in meniscus size, seen in both their calcified volumes and 

non-calcified areas. However, and consistent with the anti-resorptive properties of ZA, 

repeated-i.a.ZA treatment led to moderate increases in the amount of bone, and thus 

the bone volume fraction, within these enlarged menisci. Disruption of proteoglycan 



 100

(PG) content within the meniscus may constitute another DMM-injury response. To 

this end, in untreated DMM-joints the hypertrophying menisci exhibited similar 

proportions of PG-rich (Saf-O+) to those of uninjured-joints; however, the PG 

composition (Saf-O+ staining intensity) within these PG-rich areas was diminished. On 

the contrary, repeated-i.a.ZA not only led to a substantial increase in the proportion of 

PG-rich tissue in the hypertrophying meniscal tissue, but it also rescued the loss in 

Saf-O+ staining intensity seen in the PG-rich meniscal tissue of untreated DMM-joints. 

Another response to joint-injury recently appreciated in the rodent338,355–361 and 

following orthopaedic trauma362,363 is the ‘spontaneous’ development of ectopic bone 

post-injury. Indeed, we confirmed the development of extensive ectopic bone 

anteriorly within DMM-injured joints. While the role of ectopically formed bone in 

PTOA progression remains unclear, we anticipated that ZA could alter its formation 

because of ZA’s anti-resorptive properties. However, we found that ZA was largely 

unable to alter ectopic bone formation. Collectively, our study suggests that repeated-

i.a.ZA treatment was unable to modify DMM-induced meniscus extrusion and 

hypertrophy, or the formation of ectopic bone, but could moderately alter post-injury 

meniscal PG-content and the mineralized tissue fraction, thus presumably osteoclast-

mediated bone resorption, in these tissues. 

Another calcified tissue thought to influence PTOA progression in 

injured/unstable joints are osteophytes81,82,364. In DMM-injured joints, the rapid 

develop of osteophytes on the medial margins of the tibia and femur were confirmed 

following injury263,280,360,365–367. Initially, these osteophytes appeared as a PG-rich 

(Saf-O+) cartilaginous templates as early as 7-days post-DMM, and these templates 

transformed over time, similar to endochondral ossification82, into a fully-formed 
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boney-osteophytes complete with marrow cavities (by 84-days). Given the 

coordinated processes of cartilage formation, cartilage calcification, resorption, and 

bone remodeling required for osteophyte formation, we anticipated that intra-articular 

delivery of an anti-resorptive to DMM-joints would influence osteophyte development 

and maturation. While repeated-i.a.ZA treatment did not alter the overall size of 

osteophytes that formed in response to DMM-injury, repeated-i.a.ZA did retard their 

maturation (i.e. the speed of endochondral ossification and bone remodeling). 

Specifically, in treated joints, a slightly prolonged presence of proteoglycan-rich 

cartilaginous tissue and delayed appearance of lamellar bone was observed. These 

findings align with previous studies demonstrating a delay in osteophyte maturation 

due to alendronate (an older nBP) administration following joint injury368,369. Taken 

together, our data highlight the rapid formation of osteophyte cartilaginous templates 

post-DMM and the ability of repeated-i.a.ZA to slow the maturation, but not the 

overall size of forming osteophytes. 

Aberrant subchondral bone remodeling and sclerosis is also thought to play a 

role in PTOA initiation and progression81,120,126,234,370. While disagreements exist 

regarding the precise mechanisms and timing by which changes to subchondral bone 

and articular cartilage are linked following joint injury270,285,373–375,287,356–

358,365,367,371,372, we found that DMM-injury did not alter subchondral bone remodeling 

in our male C57BL/6J mouse joints; findings consistent with several murine DMM 

studies263,360,366,375. Furthermore, and unlike studies using systemically administered 

high-dose nBPs as PTOA therapeutics309,369,376–382, we found that repeated-i.a.ZA had 

minimal influence on the subchondral bone structure, and presumably bone 

remodeling. These findings suggest that ZA’s anti-resorptive influences appear to be 
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largely restricted to calcified tissues within the joint (i.e. the meniscus, ectopic bone, 

and osteophyte) and do not extend to the calcified cartilage (see Chapter 3) and the 

subchondral bone. 

Since ZA is known to have anti-inflammatory activities on numerous 

mammalian cells, including those that reside in the synovium, we hoped repeated-

i.a.ZA would modulate joint synovitis/inflammation78,116. In the present study, we 

confirmed the rapid appearance (by 7-days) and subsequent persistence of joint 

synovitis in DMM-injured joints, in agreement with prior murine DMM studies360,383–

385 and PTOA models338,355–358,386,387. We are confident that DMM-induced synovitis 

was predominately an injury-mediated response because sham DMM-surgery induced 

transient synovitis, which did not persist beyond 7-days (data not shown). 

Unexpectedly, repeated-i.a.ZA treatment was unable to mitigate DMM-induced joint 

synovitis; in fact, there was evidence of a transient elevation in synovitis at the earliest 

timepoint assessed (7-days) following injury and i.a.ZA treatment. This finding 

conflicts with those of the one other i.a.ZA investigation, which found that repeated-

i.a.ZA could suppress joint synovitis in the rat anterior cruciate ligament model of 

PTOA259. The basis of this discrepancy is unclear; however, it is possible that 

differences in total i.a. dosage (3000 ng/kg per i.a.-injection vs 650 ng/kg presently) or 

differences in the clearance of the drug from the synovial fluid among differently sized 

joints could account for this disagreement. It is also possible that our gross-level 

assessment of synovitis were not refined enough to detect/evaluate the influence of 

repeated-i.a.ZA on joint inflammation; as we did not investigate changes in resident 

cell populations and activity, or among fibrotic, angiogenic, or lymphatic responses388. 

Future studies are warranted to identify if i.a.ZA joint synovitis-modifying ability is 
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subtler in nature or can be improved upon with more frequent injections or at a higher 

dose. Taken together, our results suggest that the repeated-i.a.ZA strategy is unable to 

mitigate joint synovitis associated with DMM-injury. 

The last goal of this study was to identify if local, i.a.ZA treatment could be 

leveraged as a PTOA disease-modifying strategy that also minimized the adverse 

skeletal side-effects (e.g. osteonecrosis of the jaw and atypical femur fracture) that are 

often associated with high dose, systemic ZA administration242–245. In support of this 

goal, we found that repeated-i.a.ZA administration to DMM-joints had minimal 

influence on the structure (specifically bone volume and bone volume fraction), and 

thus remodeling, of bone compartments ‘distant’ from the joint capsule; including the 

trabecular bone of the ipsilateral tibial epiphysis and metaphysis. We also confirmed 

that these bone compartments were unaffected by the DMM-injury alone. Despite 

detecting no-meaningful influences on the bone structure of trabecular bone in the 

ipsilateral tibia, future studies are required to identify if ZA cleared from the joint has 

any impact on the structure and health of skeletal regions known to be sensitive to 

high-nBPs burden, including the jaw, hip, and vertebrae242–245,389. Lastly, it should be 

noted that our local administration of ZA at a dose of 650 ng/kg per weekly i.a. 

injection (which equates to an annual dose of ~.032 mg/kg/yr if administered weekly) 

was drastically reduced when compared to levels demonstrating preclinical efficacy in 

preventing PTOA when administered systemically (equating to ~5 mg/kg/yr238–241,309) 

and intra-articularly (~2 mg/kg/yr259). Together, these data suggest that locally-

delivered ZA, when administered weekly over the course of 21-days (4.q7d) following 

DMM, could prevent the development of cartilage erosions and modify the response 
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of other joint tissue’s in a manner that limits, if not eliminates, concerns over anti-

resorptive/anti-remodeling activity of ZA elsewhere in the patient’s skeleton. 

Similar to our companion paper, the present study is not without its limitations. 

This work was limited to studying the influence of weekly-repeated i.a.ZA treatment 

on non-cartilaginous tissues when administered prophylactically over 3-weeks post-

DMM. Whether weekly i.a.ZA administration over a longer timescale or with a 

modified delivery/dosing schedule would lead to different non-cartilaginous tissue 

responses and/or an increased likelihood of systemic bone-remodeling is unknown and 

will be the focus of future work. However, to shine a light on this notion, we can turn 

to our analysis of DMM-joints receiving single individual i.a.ZA treatment, at either 0- 

or 7-days post-DMM. In DMM-joints receiving single i.a.ZA administration, we saw 

similar findings in non-cartilaginous tissues compared to those receiving repeated 

injections (Appendix C Figure C.1-C.5). Given the similarity among these findings, it 

appears that ZA’s influence on non-cartilaginous occurs rapidly upon introduction into 

the joint space and may only require a single injection to do so.  Another limitation 

that should be considered is that ZA was delivered in the free form, i.e. non-

encapsulated, which could alter ZA clearance from the joint space. As a small 

molecular weight compound (272Da), a substantial portion (~2/3rd’s) of each i.a.ZA 

bolus experienced rapid clearance from the joint (half-life of ~40-minutes for this 

rapidly cleared component) as determined by in vivo imaging of fluorescently-tagged 

ZA clearance from the naïve, uninjured joint (Appendix C Figure C.6A and C.6B). 

Such a substantial clearance may appear to represent a limiting factor to therapeutic 

efficacy. However, and somewhat unexpectedly, the remaining ~1/3rd of the delivered 

i.a. bolus was retained within the joint over a much-longer timeframe (half-life of ~38-
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hours). Furthermore, at 7-days (120-hours) following i.a.ZA injection, macroscopic 

assessment of dissected joint tissues indicated that fluorescently-tagged ZA could be 

found within several intracapsular tissues (cartilage, menisci, fat pad, and 

synovium/capsule; Appendix C Figure C.6C). While these findings were intriguing 

and the specific location of ZA (i.e whether in tissues extracellular matrix or 

intracellular) within the joint is unclear, the delivery of ZA encapsulated within 

controlled/slow-release delivery agents246,248,249 might represent a way to enhance drug 

retention and improve the efficacy of i.a.ZA as a PTOA-modifying therapy. 

In conclusion, this study demonstrated that repeated-i.a.ZA, while being able 

to suppress the development of overt, DMM-mediated cartilage erosions following 

joint injury (see accompanying paper), was unable to prevent the meniscal 

hypertrophy, ectopic bone formation, osteophyte development, or synovitis associated 

with joint destabilization injury. However, and consistent with the 

resorption/remodeling-inhibiting abilities of nBP’s, repeated-i.a.ZA administration led 

to transient delays in the maturation of newly forming meniscal and osteophyte tissues 

following DMM-injury, as well as driving generalized increases in mineralized 

tissue/bone volume, and thus bone volume fraction, in the medial meniscus and 

intracapsular ectopic bone. Furthermore, repeated-i.a.ZA administration was found to 

exert minimal to no influence on the structure of extra-capsular skeletal tissues (e.g. 

the subchondral, epiphyseal, and metaphyseal bone of the ipsilateral tibia). This last 

point is especially important as it suggests that, despite an inability to alter the DMM-

mediated changes to non-cartilaginous tissues of the joint, repeated-i.a.ZA was able to 

prevent the development of overt cartilage erosions in destabilized-joints in a manner 

that appears to limit systemic inhibition of bone remodeling and minimize the 
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potential for adverse global skeletal side-effects. Collectively, this investigation and 

our companion study (Chapter 3) provide compelling data for the continued 

investigation into i.a ZA’s ability to alter the response of joints to injury, and thus 

prevent PTOA disease initiation and progression. 
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ZOLEDRONIC ACID’S PLEIOTROPIC EFFECTS ON ATDC5 
PROLIFERATION, VIABILITY, MITOCHONDRIA POLARIZATION , CELL 

CYCLE PROGRESSION, AND CYTOSKELETON ARCHITECTURE IN  
VITRO 

(MA David, B Hulbert, C Price, In Preparation 2019) 

5.1 Abstract 

In search of disease-modifying therapeutics for post-traumatic osteoarthritis 

(PTOA), our team found that weekly-repeated intra-articular injection of zoledronic 

acid (ZA) could suppress cartilage erosions in a mouse model of PTOA; via 

mechanisms that promote chondrocyte proteoglycan production, inhibit chondrocyte 

proliferation, and modulate chondrocyte death. Despite promising in vivo findings, the 

following critical gaps in our understanding of how ZA interacts with chondrocytes 

remain: i) whether ZA can directly modulate chondrocyte homeostasis independent of 

other joint cells/tissues; ii) the mode-of-action of ZA in chondrocytes, and iii) how ZA 

concentration, timing of exposure, and chondrocyte differentiation status effect ZA-

mediated cellular outcomes. Given a priori knowledge of the pleiotropic effects of ZA 

in numerous mammalian cell types, we hypothesized that exposure of ATDC5 cells, a 

chondrocyte-like cell line, to ZA would modulate proliferation, viability and death, 

cell-cycle progression, cytoskeleton remodeling, and mitochondria health in a 

concentration-, exposure-, and differentiation state-dependent manner. Here, we 

identified that ZA predominately exerted effects on undifferentiated ATDC5 cells. At 

low ZA concentrations (� 1µM), ZA did not influence the health of undifferentiated 

Chapter 5
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ATDC5 cells. However, exposure to moderate ZA concentrations (5 and 10µM), ZA i) 

inhibited cell proliferation (cytostasis) and metabolic activity; ii) caused S-phase cell 

cycle arrest; iii) depolarized the mitochondria; and iv) altered cell morphology (cell 

enlargement followed by retraction and rounding) and cytoskeletal architecture 

(reduced f-actin and microtubule organization). Undifferentiated ATDC5 cells 

exposed to higher ZA concentrations (50 and 100µM) experienced the same effects, in 

addition to significate reduction in cell-viability due to caspase 3/7-mediated 

apoptosis. Lastly, differentiated ATDC5 cells were largely unaffected by low-to-

moderate ZA concentrations; however, we observed a slight decrease in cell 

proliferation, metabolic activity, and viability in these differentiated ATDC5 cells at 

the highest ZA concentrations. Overall, this study confirmed the ability of ZA to 

directly influence ATDC5 cell health in vitro and supports a continued need to 

investigate ZA’s ability to modulate chondrocytes in situ and in vivo in the context of 

cartilage injury and PTOA prevention.  

5.2 Introduction 

For over two decades, bisphosphonates (BPs), have been used widely to treat 

bone-related diseases (e.g. osteoporosis and Paget’s disease of bone) due to their anti-

resorptive and anti-remodeling capabilities128,245,307. Since their clinical introduction in 

the 1970s, bisphosphonates have evolved from initial, low-potency non-nitrogen-

containing precursors (e.g. etidronate, clodronate) to the newest generation of 

nitrogen-containing BPs (nBPs; e.g. alendronate, risedronate, zoledronate), which 

have increased mineralized matrix binding affinity and potency128,139,208. The newer 

generations of nBPs are classically understood to be potent inhibitors of bone 

resorption and remodeling because of their high affinity/targeting to the mineralized 
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skeleton and their ability to mediate osteoclast resorption and 

apoptosis128,131,136,139,140,390. Since aberrant subchondral bone remodeling has also been 

implicated in the initiation and progression of cartilage degeneration following joint 

injury120,126,221,391, preclinical studies have explored the use of third-generation nBPs, 

like zoledronic acid (ZA), as disease-modifying therapeutics for arthroses, including 

post-traumatic osteoarthritis (PTOA). Numerous studies have demonstrated that 

systemically administered ZA can successfully suppress joint inflammation and 

cartilage damage following joint injury238–241,309. However, such studies were 

performed under conditions of repeated intravenous or subcutaneous, and high 

concentration ZA administration, therapeutic strategies likely to face significant 

hurdles to clinical adoption because of increased risks of systemic skeletal and non-

skeletal side effects134,242–245. Thus, if alternative ZA administration strategies capable 

of reducing the overall systemic burden of ZA on the skeletal while maintaining 

PTOA disease-modifying efficacy can be identified, then ZA, and other nBPs, might 

well represent a step toward the realization of nBPs as an ideal PTOA-modifying 

therapeutic; one that is cheap, safe, efficacious, and rapidly translatable. 

Recently, in studies from our group, and others, utilizing different animal 

species and PTOA models, a strategy with such promise has been identified: the 

repeated intra-articular (i.a.) injection of ZA to the joint following injury (Chapter 3 

and 4)259,260. Collectively, these studies demonstrated that repeated, weekly (q.wk) i.a. 

injection of ZA into acutely injured knees could suppress the development of injury-

mediated articular cartilage erosions, through mechanisms that appeared to involve the 

ability to modulate of chondrocyte death and proliferation, and that the effects of i.a. 

injection of ZA were restricted to the intra-capsular tissues of the treated knee and did 
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not extend to distant skeletal compartments. These studies provided a solid foundation 

to continue evaluating the potential of i.a. injection of ZA as a disease-modifying 

therapeutic for PTOA, however the precise mechanisms of action by which local i.a. 

administration of ZA influenced chondrocyte and cartilage health in vivo are 

unknown. 

To unlock ZA’s potential mechanisms of action on the cells and tissues 

implicated in PTOA, particularly chondrocytes, we can turn to the known mechanisms 

of action of nBPs in other cells of the musculoskeletal system. In its canonical cellular 

target, osteoclasts, ZA (and all nBPs) inhibits the mevalonate (isoprenoid) biosynthetic 

pathway resulting in inhibition of bone resorption, reduced osteoclastogenesis, and 

increased osteoclast apoptosis134,143–147, which have predictable consequences on 

skeletal remodeling in vivo. More recently, ZA has been shown to have the ability to 

influence a variety of musculoskeletal cells of mesenchymal origin as well, including 

osteoblasts128,144,157–163 and osteocytes128,159. Interestingly, the effect of ZA on these 

cells appears biphasic; lower ZA concentrations (<1µM) promote for cell survival, 

whereas higher ZA concentrations (� 10uM) tend to be anti-proliferative and induce 

cell death. 

Outside of the musculoskeletal system, ZA has been shown to influence a wide 

variety of cell/tissue types. For instance, in cancer models, ZA can alter cell-cycle 

progression, influence mitochondria health and cytoskeleton organization, and drive 

anti-proliferative and pro-apoptotic activities131,162,196–205,188,206–208,189–195. ZA can also 

modulate the behavior and health of vascular smooth muscle cells164,165, vascular 

endothelial cells166–169, epithelia cells170–173, kidney cells174, stromal cells175, 

fibroblasts172,173,176,177, regulatory T-cells178, monocytes179–181, and macropages181–186. 
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In all of these cells, as in all eukaryotic cells, the effects of ZA, and other nBPs, on 

cell function are mediated by inhibition of the ubiquitous mevalonate, also known as 

isoprenoid, biosynthetic pathway136,344. This pathway is critical in two specific cellular 

processes; i) the synthesis of cholesterol, and ii) the post-translation modification of a 

protein by prenylation, the covalent addition of hydrophobic lipids to protein 

substrates. More specifically, nBPs inhibit the farnesylation and geranylation of small 

GTPases; which are essential for regulating numerous cellular activities, including 

protein targeting, cell function, intercellular signal transduction, cytoskeleton 

architecture136. Given this body of evidence, it is reasonable to posit that ZA could 

directly influence chondrocytes as well, since they, like all mammalian cells, rely on 

cell processes downstream from the mevalonate pathway for mechanotransduction392–

395, homeostasis396, and cell survival397. While the limited extent of research 

investigating the effects of earlier generation non-nBPs and other nBPs on 

chondrocytes has been conducted187,254,398–401, our mechanistic understanding of the 

influence of nBPs, like ZA254,400, on chondrocyte behavior lags far behind our 

knowledge of how they influence other cell types of the musculoskeletal system and 

body. 

Therefore, the objective of this study was to determine the concentration- and 

exposure-dependent effects of ZA on chondrocyte health and function in vitro; we 

focused our attention on ZA’s effect on cell proliferation, viability, metabolic activity, 

cell cycle progression, mode of cell death, mitochondria health, and cytoskeleton 

architecture. In this study, the well-established ATDC5 chondrogenic murine cell-line 

was utilized402–404; this enabled us to isolate ZA’s effect on ATDC5 cells in both 

undifferentiated and differentiated states, which mimic the different proliferative 
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capacities and differentiation stages chondrocytes have in vivo. The findings presented 

herein mirror those observed in other cell types demonstrating that ZA has direct, 

concentration- and exposure-dependent pleiotropic effects on chondrocytes. 

5.3 Methods 

5.3.1 Cell Culture 

Undifferentiated chondrogenic ATDC5 cells (Sigma-Aldrich) were 

subcultured on standard culture flasks in culture medium (CM) consisting of a 1:1 

mixture of high-glucose DMEM and Ham’s F12 (CaissonLabs), 5% fetal bovine 

serum (Fisher Scientific), and 1% Penicillin-Streptomycin (CaissonLabs) at 37°C and 

5% CO2. At passage numbers P12-14, undifferentiated ATDC5 cells were plated into 

tissue-treated 96-well plates (Greiner CELLSTAR µClear; Greiner Bio-One) at 7,500 

cells/cm2 and cultured for 24hrs before the initiating experiments described below 

were initiation. To differentiate ATDC5 cells, the CM was supplemented with 1% 

ITS+ Premix (Corning) and the cells were cultured for two or three weeks to permit 

differentiation into a more ‘chondrocyte-like’ phenotype; differentiation media was 

changed every other day, and differentiation was confirmed visually with Alcian Blue 

(Sigma-Aldrich) staining  for proteoglycan depositiont402,403. 

Zoledronic acid monohydrate (Sigma-Aldrich) stock solutions were prepared 

at 3.33 mg/ml in sterile 1x phosphate buffered saline (Fisher Scientific). All 

subsequent dilutions of ZA were made serially into fresh CM or CM with 1% ITS+ 

Premix to final concentrations of 1000, 500, 100, 50, 10, 5, 1, 0.5, and 0.1µM. 
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5.3.2 Experimental Designs 

Experiments utilizing undifferentiated and differentiated (2 and 3wks) ATDC5 

cells are summarized in Figure 5.1. Briefly: i) in experiment 1, we sought to identify 

the concentration-dependent effect of continuous (72-hours) ZA exposure on the 

proliferation, viability, and metabolic activity; ii) in experiment 2, we investigated the 

same outcomes at intermediate times, following either 12, 24, 48, and 72-hours of 

culture in the continuous presence of ZA; iii) in experiment 3 we performed a pulse-

chase experiment to define the minimal ZA exposure time (1, 2, 6, 16, 24, 48, 72-

hours) required to observe changes in proliferation, viability, and cell cycle 

progression; iv) in experiment 4, we investigated the effect of continuous vs. pulse-

chase exposure of ZA on caspase-3/7-mediated apoptosis; and lastly v) we 

investigated the influence of ZA concentration and exposure on mitochondria 

polarization/health and on cytoskeletal architecture/remodeling. For pulse-chase 

experiments, cells were washed twice with CM following their exposure to ZA and 

then cultured out to the 72-hour timepoint in fresh CM. We performed experiments 1 

through 5 on undifferentiated ATDC5 cells, and subsequently repeated experiments 1 

through 3 on differentiated cells (2 and 3wk). 
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Figure 5.1: General Timeline and Schematic of Cellular Assays and Outcomes 
Performed.  ATDC5 cells were used in an undifferentiated and 
differentiated (2 and 3wk) state for cellular outcomes at the indicated 
time points and following various exposure times of ZA. 

5.3.3 Assessment of Proliferation and Viability via Live/Dead Assay 

Live/dead assessment, in combination with custom image-analysis, was used to 

evaluate ATDC5 proliferation (via total cell counts) and viability. At indicated time 

points (Figure 5.1), ATDC5 cells were stained simultaneously with Calcein AM 

(1µM; ThermoFisher Scientific – eBioscience), propidium iodide (PI; 5µM; Sigma-

Aldrich), and Hoechst 34580 (1:2000 dilution of 5 mg/ml; ThermoFisher Scientific) in 

Opti-MEM (ThermoFisher Scientific) for 1hr at 37°C and 5% CO2 to identify live 



 115

cells, dead/injured cells with compromised cell membranes, and cell nuclei/nuclear 

morphology, respectively. After staining, each well was immediately imaged at 5- and 

10x on a using an epifluorescent microscope (Axio.Observer.Z1, Carl Zeiss, 

Thornwood, NY) and a digital camera (AxioCam MrC, Zeiss). Images were then 

exported to MATLAB (MATLAB R2015a, The MathWorks, Natick, MA) for 

automated image-processing to determine the number of i) total cells present 

(Hoechst-positive; Hoechst+) and ii) dead cells (PI-positive; PI+). 

5.3.4 Assessment of Metabolic Activity 

The population-level metabolic activity of ATDC5 cells was quantified via an 

Alamar Blue (resazurin-based) assay (alamarBlue™ Cell Viability Reagent; Thermo 

Fisher Scientific). In this assay, CM was removed and replaced with 150µL of CM + 

1x Alamar Blue solution for 3hrs at 37°C and 5% CO2. The reaction solution was then 

removed, placed into an empty 96-well plate (EW-01927-76; Cole-Parmer), and its 

fluorescence (excitation 560nm; emission 590nm) was immediately measured on a 

microplate reader (Synergy H1; BioTek). 

5.3.5 Analysis of Cell Cycle Progression 

Cell cycle progression was quantified in undifferentiated ATDC5 following 

ZA administration using both flow cytometry and image-based techniques. Cell cycle 

analysis herein is dependent upon the following assumptions: i) the fluorescent live-

cell nuclear stains, i.e. Hoechst and Draq5, bind selectively to A-T grooves in DNA; 

ii) binding of these nuclear stains, and thus their resultant nuclear fluorescent intensity, 

is proportional to the amount of DNA present in a cell; iii) cells in G1/G0 have 2N 

chromosomes (and thus nDNA), those in G2/M have 4N chromosomes (2nDNA), while 
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those in S-phase have between 2N and 4N chromosomes (nDNA < x < 2nDNA); and iv) 

the Watson-Pragmatic model405 can be used to curve fit DNA intensity histograms 

resulting from either flow cytometry or cell-based image analysis. 

For flow-based analysis, cells were stained with Draq5 (15 µM; Thermo Fisher 

Scientific) in Opti-MEM for 40 minutes at 37°C and 5% CO2. Cells were then 

suspended by trypsination, transferred to an empty 96-well plate on ice and then run 

through the flow cytometer (NovoCyte Flow Cytometer; ACEA Biosciences). Gating 

and cell cycle curve fitting was performed using built-in software (NovoExpress 

Software, ACEA Biosciences). Following cell gating, the nuclear intensity as a 

function of counts/events were plotted and then fitted using the Watson-Pragmatic 

curve fitting algorithm to extract the percentages of cells in each cell cycle stage: 

G1/G0, S, G2/M, subG1, and super-G2. For all curve fitting, the G2/G1 ratio was 

constrained to 2 (based upon the assumptions described above) while the remaining 

parameters remained unconstrained for curve fitting optimization (G1 and G2 peaks 

and width distribution [CV]). 

For microscopy-based cell cycle analysis, we implemented in MATLAB a 

recently developed image-based technique utilizing an object detection and profiling 

framework to determine cell cycle stage based upon nuclear stain intensity406–408. 

Briefly, in each image, every cell nucleus was detected and the total fluorescent 

intensity within each nucleus was extracted. Intensity data for all cells in a single 

image were exported and processed through the flow cytometry curve fitting algorithm 

to extract the percentages of cells in each cell cycle stage, as described in the 

description above of flow-based cell cycle analysis. Changes in nuclear morphology in 

response to ZA were further evaluated using low-(5x magnification) and super-
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resolution (63x structured illumination microscopy) images of Hoechst stained cells 

acquired on an epifluorescent microscope (Carl Zeiss AxioObserver.Z1) equipped 

with an Apotome.2 structured-illumination microscopy unit. 

5.3.6 Apoptosis Detection via Caspase-3/7 Staining 

The influence of ZA on the apoptosis of both was assessed using a fluorescent 

probe for caspase 3/7 activity. Cells were stained in CellEvent Caspase 3/7 reagent 

(5µM; Thermo Fisher Scientific) + PI (5µM) + Hoechst (1:2000 dilution) in Opti-

MEM solution for 1hr at 37°C and 5% CO2. After staining, images were captured in 

the center of each well at 10x magnification using the aforementioned epifluorescent 

microscope. Images were subjected to automated image-processing in MATLAB to 

determine the number of i) total cells present (Hoechst+), ii) dead cells (PI+), iii) cells 

undergoing apoptosis with intact cell membrane (caspase+ only), and iv) cells 

considered late-stage apoptotic with compromised cell membrane (caspase+ and PI+). 

5.3.7 Mitochondria Polarization/Health 

ZA’s influences on mitochondria health in undifferentiated ATDC5 cells was 

assessed using the mitochondrial polarization probe JC-1 (MedChemExpress). The 

JC-1 dye is unique in that it is fluorescent state can be used to identify the polarization, 

and thus the health, of mitochondria. JC-1 accumulates in healthy polarized 

mitochondrial resulting in the presence of punctate, red-fluorescent aggregates due to 

the fluorescent kinetics of the probe; mitochondrial depolarization leads to the leakage 

of JC-1 from the mitochondria and a resultant shift in probe distribution (diffuse in 

cytoplasm) and an increase in green-shifted fluorescent emission. After staining with 

JC-1 (5µM in phenol-red free DMEM) for 1-hour at 37°C and 5% CO2, cells were 
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washed, and then either imaged at 20x magnification on the aforementioned 

epifluorescent microscope or processed for flow cytometry analysis as described 

above. Carbonyl cyanide 3-chlorophenylhydrazone (CCCP; Sigma-Aldrich) exposure 

for 30-minutes or 1-hour at both 10 and 100µM served as a positive control for 

mitochondria depolarization; CCCP is a mitochondrial protonophore and a known 

disrupter of the mitochondria membrane potential. Due to spectral discrimination 

limitations with the JC-1 dye and our flow cytometer409, we only evaluated the relative 

shift in JC-1 green monomer intensity, representing an increase in mitochondrial 

depolarization in cells analyzed by flow cytometry. 

5.3.8 Cytoskeleton Staining for Actin (F-Actin) and Microtubule (Alpha- 
Tubulin) 

Immunocytochemistry was utilized to evaluate changes in actin and 

microtubule organization in undifferentiated ATDC5 following ZA administration 

(Figure 1). Cells were fixed for 15-minutes in 4% paraformaldehyde (Electron 

Microscopy;), washed, permeabilized for 5-minutes in 0.1% Triton X-100 (Fisher), 

then simultaneously stained for 1-hour in 1% bovine serum albumin with an 

AlexaFluor 555-conjugated phalloidin (5 µg/mL; ThermoFisher Scientific) for F-actin, 

an Alexa Fluor 488-conjugated alpha-tubulin primary antibody (5 µg/mL; DM1A; 

ThermoFisher Scientific) for microtubules, and Hoechst (1:2000 dilution) for nuclei 

detection. Following staining, cells were imaged on the aforementioned super-

resolution at 63x magnification. 

5.3.9 Statistical Analysis 

Data was collated in MATLAB and Microsoft Excel, and statistical analysis 

was performed using GraphPad Prism 6.0. All assays were repeated on ATDC5 cells 
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from passages 12, 13, and 14 in triplicates. In order to identify significant differences 

between untreated and ZA treated cells in each assay, two-way ANOVA with Tukey 

post-hoc was performed; the threshold for statistically significant differences was set 

at p <.05. 

5.4 Results 

5.4.1 Effects of ZA Concentration on ATDC5 Cell Number Expansion, 
Viability, and Metabolic Activity 

To establish how continuous ZA administration influence the behavior of 

undifferentiated and differentiated ATDC5 cells, we first evaluated the effects of 72-

hours of continuous ZA exposure on cell proliferation and viability (Figure 5.2). 

Qualitatively at 72-hours and in the absence of ZA, undifferentiated ATDC5 cells had 

spread to cover the majority of their wells (~95% confluency) and exhibited very-high 

viability, whereas differentiated cells were present as a confluent mat that exhibited a 

basal level of cell viability (Figure 5.2A). In undifferentiated ATDC5 cells, reductions 

in cell number and viability at 72-hours were observed as ZA concentration increased, 

and the overall size of the cells enlarged dramatically. In differentiated ATDC5 cells, 

ZA had far less pronounced effects after 72-hours of exposure with only 100µM being 

able to (slightly) reduce cell viability. We quantitatively confirmed these observations 

by demonstrating that undifferentiated ATDC5 cells exhibited significant 

concentration-dependent reductions in relative cell number (ratio of total cells in an 

individual experimental [treated] to their control [untreated] group), relative metabolic 

activity, and cell viability (Figure 5.2B). In undifferentiated ATDC5 cells, ZA drove 

concentration-dependent reductions in cell viability, but only at ~10-fold higher ZA 

concentrations (IC50 = 45.39µM) than those that drove reductions in cell number 
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expansion and relative metabolic activity (IC50 = 3.673µM & 6.497µM, for 

‘proliferation’ and metabolic activity, respectively). 

In ATDC5 cells differentiated for 3-weeks, ZA did not markedly affect cell 

number, metabolic activity, or cell viability at any of the ZA concentrations we tested 

(up to 100µM in all cells). However, in cells that only underwent 2-weeks of 

differentiation, we observed reductions in cell number, metabolic activity, and most 

appreciably, cell viability at high ZA concentrations (� 50µM). In a subset of 

undifferentiated ATDC5 cells and cells differentiated for 3-weeks, we evaluated the 

effect of supraphysiologic ZA concentrations (500 and 1000µM) on cell number, 

viability, and metabolic activity and found comparable findings on these cells to those 

driven by ZA at concentrations of 50 and 100µM. Thus, for the remainder of the 

study, we restricted our investigations to the use of a maximal ZA concentration of 

100µM. 
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Figure 5.2: Continuous Administration of ZA Concentration-Dependently Decreased 
Cell Number Expansion, Viability, and Metabolic Activity in 
Undifferentiated ATDC5 Cells. (A.) Representative images of live/dead 
staining in undifferentiated and differentiated (2 and 3-week) ATDC5 
cells after 72-hours of continuous ZA highlight concentrations � 5µM 
decrease cell number and viability in undifferentiated cells; differentiated 
cells were only susceptible to ZA at concentrations 100µM. (B.) 
Quantitative analysis confirms the reduction in cell number expansion, 
viability, and metabolic activity. Differentiated cells at 3-weeks were 
mostly unaffected by any concentration, except at the supraphysiological 
levels of � 500µM. Results are presented as mean ± STD 
(n=3/concentration/cell type/timepoint) where p< 0.05 and significance 
between the respective cell and concentration relative to no ZA denoted 
with * and # for undifferentiated and 2-week differentiation, respectively. 
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5.4.2 Influence of Length of Continuous ZA Exposure on ATDC5 Cell Number 
Expansion, Viability, and Metabolic Activity 

Next, we explored the time-course of the observed concentration-dependent 

changes in cellular outcomes by evaluating the effect of continuous ZA 

(concentrations � 5µM) after 12, 24, 48, and 72-hours of ZA exposure in a separate set 

of undifferentiated and differentiated (2wk) ATDC5 cells (0-hour, and untreated cells 

served controls). Findings from the 72-hour ZA exposure assessments in this data set 

confirmed the observed reductions in cell number, metabolic activity, and viability 

established in our preceding experiment (Figure 5.3A and 5.3B). Next, we observed 

that the minimal ZA exposure time required to drive specific cellular outcomes, i.e., 

reduced relative cell number, metabolism, or viability, was dependent upon the 

concentration of ZA. For example, at higher concentrations (� 50µM), only 24-hours 

of ZA exposure was required before significant suppression of cell number, metabolic 

activity, and viability could be observed in undifferentiated cells, while at lower 

concentrations (5 and 10µM) a full 72-hours of ZA exposure was required to drive 

statistically-meaningful reductions in outcomes in undifferentiated ATDC5 cells. In 

ATDC5 cells differentiated for 2-weeks, we saw that the only ZA concentration and 

exposure to explicit a meaningful effect was 100µM for 72-hours; which again only 

drove a significant reduction in cell viability (Figure 5.3B). 

From this experiment, we also extracted information regarding ATDC5 

proliferation in the presence of ZA by tracking relative changes in cell numbers (i.e. 

fold-change) amongst our groups over 72-hours. In undifferentiated ATDC5 in the 

absence of ZA, the population doubling time, based upon assessment over 72-hours, 

was ~12-16 hours (consistent with previously reported results402). In the presence of 

ZA concentrations £1µM, the extent, and thus rate, of population doubling 
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(proliferation) over 72-hours, was similar to that of untreated cells. However, cell 

number expansion and proliferation were significantly suppressed at 5 and 10µM and 

completely abolished at higher concentrations (� 50µM) (Figure 5.3B). In cells that 

had undergone the 2-week differentiation, cell number expansion (proliferation) is 

almost absent in untreated cells, and thus ZA had no appreciable effect on this index 

(Figure 5.3B). 
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Figure 5.3: Continuous Administration of ZA Exerted an Exposure-Dependent 
Decrease in Cell Number Expansion, Viability, and Metabolic Activity in 
Undifferentiated ATDC5 Cells. (A.) Representative live/dead images of 
undifferentiated ATDC5 cells demonstrate that 10µM of ZA can affect 
cell heath and function as early as 48-hours, whereas effects at 100µM 
are seen as early as 24-hours. (B.) Quantitative analysis highlights that by 
48-hours lower concentration of ZA (5 and 10µM) effects on cell 
proliferation, viability, metabolic activity, and fold increase, while higher 
concentrations (� 50µM) have observable effects by 24-hour.  
Differentiated (2wk) cells were confirmed to require the full 72-hours to 
observe minimal effects with 100µM. Results are presented as mean ± 
STD (n=3/concentration/cell type/timepoint) where significance of p< 
0.05 between respective concentration vs no ZA is indicated by * for 
only at 72-hour; $ for all time � 24-hour; and # for all time � 48-hour. 

5.4.3 Long-term Effects of Short-term ZA Exposure on Cell Number 
Expansion, Viability, and Metabolic Activity in Undifferentiated ATDC5 
Cells 

To further explore ZA’s ability to modulate the health and function of 

undifferentiated ATDC5, we performed pulse-chase experiments (consisting of a short 

ZA exposure followed by washout and continued culture out to 72-hours) to study the 

effect of short-term ZA exposure on long-term cellular outcomes. In this third set of 

data, we again confirmed a consistent, concentration-dependent effect of 72-hours of 

continuous exposure to ZA on cell number expansion and cell viability in 

undifferentiated ATDC5 cells (Figure 5.4A and 5.4B). Visually, we saw that ZA 

concentrations � 10µM caused marked long-term (at 72-hours) changes in cell number 

and shape with as little as 2-hours of exposure (Figure 5.4A). These qualitative 

impressions were confirmed by significant reductions in cell numbers at 72-hours 

following early and brief exposure of the cells to � 10µM ZA for 2-hour. For ZA 

concentrations � 50µM significant long-term effects were observed with as little as 1-

hour of exposure; while at 5µM concentration, only 72-hours of exposure drove 



 126

statistically significant changes in cell number outcomes. Regarding cell viability, 

only exposure to ZA concentrations � 50µM demonstrated the ability to significantly 

reduce long-term cell viability; at 50µM a minimum of 12-hours exposure was 

required, while for 100µM 6-hours was needed. 
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Figure 5.4: Short and Long-Term ZA Administration Exerted an Exposure-
Dependent Decrease in Cell Number Expansion and Viability in 
Undifferentiated ATDC5 Cells. (A.) Representative live/dead images of 
undifferentiated ATDC5 cells demonstrate that 10µM of ZA can affect 
cell health and function as early as 48-hours, while effects at 100µM 
occur as early as 24-hours. (B.) Quantitative analysis highlights confirm 
these observations and show that 5µM requires the entire 72-hours of 
application to have effects, whereas the concentration of  � 10µM only 
needs to be present for a minimum of 2-hours and only 1-hour for ZA 
� 50µM. Results are presented as mean ± STD (n=3/concentration/cell 
type/timepoint) where significance of p< 0.05 between respective 
concentration vs no ZA is indicated by # for only at 72-hours; $ for all 
time � 12-hour; & for all time � 6-hour; ** for all time � 2-hour; and * for 
all time � 1-hour. 
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5.4.4 ZA Induces S-Phase Cell Cycle Arrest in ATDC5 Cells 

Cell cycle progression in undifferentiated ATDC5 cells subjected to 72-hours 

of ZA administration was assessed next using both flow cytometry and image-based 

approaches. Flow-based cell cycle analysis of undifferentiated ATDC5 cultured in the 

absence of ZA for 72-hours revealed that ATDC5 cells were predominately found in 

the G1/G0 phase of the cell cycle; the population-level phase breakdown was: ~60% 

G1/G0, ~30% S-phase, and ~5% each in G2/M, subG1, and superG2 (Figure 5.5). 

Exposure of undifferentiated ATDC5 cells to ZA concentrations � 10µM lead to a 

marked increase (shift) in the percentage of cells arrested in S-phase (~50-60%), and a 

significant reduction of those in G1/G0 (~20%) (Figure 5.5A and 5.5B). An image-

based approach using adhered ATDC5 cells confirmed our flow cytometry results 

regarding ZA exposure- and concentration-dependent S-phase arrest in 

undifferentiated ATDC5; this allowed us to rule out possible interaction between ZA 

administration and flow-cytometry preparation procedures on cell cycle outcomes in 

undifferentiated ATDC5 (Appendix D Figure D.1). 
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Figure 5.5: Continuous ZA Administration Concentration-Dependently Arrested 
Undifferentiated ATDC5 Cells in S-Phase of the Cell Cycle. (A.) 
Representative Draq5 area intensity histogram and resulting curve-fit for 
cell cycle stage at 72-hours in undifferentiated ATDC5 cells is shown 
and was used to extract the percentages of cells in either G1/G0 (green), 
S (yellow), G2/M (blue); subG1 (left of G1) and superG2 (right of G2) 
are not color coded. As highlighted, with increasing ZA concentration 
cells arrest in S-phase (increase in yellow), and a minimal number of 
cells/events is detectable in 100µM due to being washed away during 
sample preparation. (B.) Quantitative analysis of the resulting histogram 
and curve fits for each concentration at 24 and 72-hour confirms our 
qualitative observation S-phase arrest with increasing ZA and provides 
additional measurement on the increased percentage of cells in subG1 
(apoptotic) and superG2 (polyploid) with increase ZA concentration. 
Results are presented as mean ± STD (n=3/concentration/cell 
type/timepoint) where * indicates p< 0.05 between respective 
concentration vs no ZA at G1/G0; # indicates S-phase; % indicates 
G2/M; $ indicates subG1; and & superG2. 
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5.4.5 Effect of ZA Exposure on ATDC5 Apoptosis 

To investigate whether activation of apoptosis is associated with the apparent 

cell death seen as ZA concentration and exposure increase, we used a fluorescent 

caspase-3/7-activity probe (green) and propidium iodide (PI; a red-fluorescent probe 

of dead/dying cells with compromised plasma membranes) to assess apoptosis and 

generalizable death, respectively. Visually, 72-hours of ZA administration caused a 

concentration-dependent increase in the presence of dead cells (PI+; red), those 

actively undergoing apoptosis (caspase-3/7+; green; circled), and dual-stained cells 

(PI+ and caspase-3/7+) that we suspect are in the late-stages of apoptosis (Figure 

5.6A). These impressions were confirmed via quantitative image analysis (Figure 5.6B 

and 5.6C). However, we again observed that only ZA concentrations � 50µM were 

able to drive significant increases in cell death over the 72-hour timeframe 

investigated. Looking at the time-dependent evolution of this cell-death, we observed 

that following 24-hours of continuous ZA administration, changes in cell death 

(increased PI+ and dual-stained [PI+ & caspase-3/7+] cell presence) were only observed 

under 100µM ZA. As ZA-exposure time increased out to 48-hours the percent of PI+ 

(dead cells) and dual-stained cells increased significantly under both 50 and 100µM 

ZA, while a slight, non-significant increase in caspase-3/7+ (apoptotic) cell-staining 

was seen under 100uM ZA. Following 72-continuous-hours of ZA exposure, the PI+ 

(dead) cell percentage continued to increase at 50 and 100µM ZA, while percentage of 

caspase-3/7+ (apoptotic) cells increased slightly and the percent of dual-labeled cells 

subsided; ultimately resulting in 70 to 90% of ATDC5 cells exposed to 50- and 

100µM for 72-hours exhibiting a marker of one form or another for cell death. 

We also investigated the effect that short-term ZA exposure (1, 2, 6, 12, 24, 

and 72-hours) could have on cell death and caspase-3/7-mediated apoptosis in a 
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separate set of 72-hour-long pulse-chase experiments. Again, we confirmed that ZA 

could induce cell apoptosis and death when present at 50 and 100µM for 72 

continuous hours (Figure 5.6C). At ZA concentrations £10µM, ZA had no meaningful 

influence on ATDC5 cell death or apoptosis under any of the conditions tested. 

However, at ZA concentrations of 50 and 100µM very-brief exposure of cells to ZA 

could have a drastic impact on apoptosis and cell death. Exposure of cells to 50µM ZA 

for as little as 6-hours could drive markedly, albeit not statistically significant, 

elevated apoptosis and cell death; processes that increase to achieve statistically 

significant levels following � 24-hours of exposure. In the presence of 100µM ZA, 

marked, but again, not statistically significant, increases in apoptosis and cell death 

were seen with as brief as a 1-hour exposure. 
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Figure 5.6: ZA Exerted a Concentration- and Exposure-Dependent Increase in 
Caspase 3/7-Mediated Apoptosis in Undifferentiated ATDC5 Cells. (A.) 
Representative 10x magnification images at 72-hours highlighting the 
total cells (Hoechst+) and a general concentration-dependent increase of 
dead (PI+ only; red), undergoing apoptosis (caspase-3/7+; green; circled) 
or late-stage apoptosis (PI+ and caspase-3/7+; red+green; circled), after 
continuous ZA administration demonstrate that cells undergo death over 
time. (B.) Quantitative analysis confirms these qualitative observations 
and provides additional information regarding the time-dependent effects 
of this caspase-3/7 activation and death that occur as early as 24-hours 
with ZA concentrations � 50µM. Further, late-stage apoptosis is observed 
largely at 48-hours and then diminishes by 72-hours with the highest 
concentrations. (C.) Quantitative analysis highlights activation of 
caspase-3/7-mediated cell death occurring at high concentrations after 
72-hours with a minimum of 24-hour exposure time. Similar outcomes 
are observed if ZA at concentrations � 50µM Results are presented as 
mean ± STD (n=3/concentration/timepoint/exposure) where * indicates 
p< 0.05 between concentration vs no ZA for dead cells; # for apoptotic; 
and $ for dual staining (late-stage apoptosis). 

5.4.6 ZA Induces Mitochondria Depolarization in Undifferentiated ATDC5 

The JC-1 mitochondria probe was used to assess the influence of ZA on 

mitochondria potential in undifferentiated ATDC5 cells at 12, 24, and 48-hours 

following ZA administration. In the present study, mitochondria dysfunction (MD) 

was defined experimentally, based upon the response of JC-1 loaded cells to exposure 

to the mitochondrial protonophore CCCP (positive control). Under normal conditions, 

undifferentiated ATDC5 cells with normal mitochondrial function exhibit very-low 

basal-levels of green JC-1 (monomer) fluorescent intensity and punctate, highly-

intense red JC-1 (aggregate) intensity, as seen visually and via flow cytometry (Figure 

5.7A, 5.7B, and 5.7C). With CCCP addition to healthy cells, a drastic decrease in red 

channel ‘punctate mitochondrial staining’ occurs and an increase in diffuse green 

monomer presence and fluorescent intensity can be seen throughout the cytosol. This 
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results in a shift in the overall green-channel fluorescence of individual toward values 

� 1x105 when assessed via cytometry. Thus, we choose to define mitochondria 

depolarization/dysfunction (MD) as the condition when the green JC-1 fluorescent 

values of an individual cell are � 1x105. In this study, it was clearly observable that ZA 

causes mitochondria depolarization in a concentration and exposure-dependent 

manner in undifferentiated ATDC5 cells (Figure 5.7B-5.7D); as little as 48-hours of 

exposure to 10µM ZA was able to induce statistically significant increases in 

mitochondria depolarization (Figure 5.7D), and as little as 24-hours of exposure to 

100µM marked drove mitochondria dysfunction (Figure 5.7A-5.7C). 
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Figure 5.7: ZA Caused a Concentration- and Exposure-Dependent Mitochondria 
Depolarization in Undifferentiated ATDC5 Cells. (A.) Representative 
20x magnification images of JC-1 monomer+aggregate (left of white 
dotted line) and JC-1 monomer only (right of the white dotted line) over 
time demonstrating depolarization of mitochondria (increase in green 
monomer cytoplasmic and decrease in punctate red aggregates) in all 
CCCP treated groups. Mitochondria depolarization tended to occur after 
continuous ZA administration of 100µM as early as 24-hours, and by 48-
hours with concentrations as low as 10µM caused MD. (B.) 
Representative JC-1 monomer intensity histogram confirms these 
qualitative observations and provides additional information regarding an 
overall shift in JC-1 green monomer intensity and the percentage of cells 
with values � 1x105, which define the experimental cut-off for 
mitochondria dysfunction/depolarization (MD). Further representation of 
(C.) percentages of cells with JC-1 green monomer intensity values 
� 1x105 over time and (D.) overall JC-1 monomer histogram median 
intensity at 48-hours support these impressions. Results are presented as 
mean ± STD (n=3/concentration) where * indicates p< 0.05 between 
concentration vs no ZA. 

5.4.7 ZA Administration Alters Cytoskeletal Architecture/ Remodeling and 
Nuclear Morphology in ATDC5 Cells 

To determine whether ZA can influence the cytoskeletal architecture and 

nuclear morphology, we performed immunocytochemical staining for F-actin, 

microtubules, and DNA content. in undifferentiated ATDC5 cells after 12, 24, 48, and 

72-hours in the presence of ZA. Undifferenced cells cultured in the absence of ZA 

displayed highly aligned F-actin stress fibers and a well-organized microtubule 

network surrounding the nucleus and radiating outward. The presence of well-defined 

centrosomes was also noted. However, with increasing ZA concentration and 

exposure, the intricate F-actin and microtubule networks appeared visibly disrupted. 

After as little as 12-hours of ZA-exposure (Figure 5.8A), an apparent and sustained 

reduction in F-actin fiber staining and alignment and microtubule-network structure 

could be identified (Figure 5.8B). However, upon closer inspection, cells treated with 
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both 1 and 5µM ZA for 72-hours appear to exhibit a slight increase in microtubule 

presence, possibly as an adaptation to the loss of F-actin network integrity. In general, 

ZA treated cells also appeared to enlarge with increasing ZA concentration and 

exposure and exhibited a phenotype consistent with decreased surface-attachment or 

‘balling up’; which is clear at the highest ZA concentration (100µM).  

Peering at the nucleus, undifferentiated ATDC5 cells cultured in the absence of 

ZA displayed a healthy, rounded nuclear morphology, with no indication of abnormal 

nuclear structure or signs of apoptosis. On the contrary, with increasing ZA 

concentration and exposure, cell nuclei exhibited extensive morphological changes: 

first, a marked enlargement in size was typically seen, followed by signs of nuclear 

blebbing and fragmenting, and ultimately nuclear shrinkage/collapse. Additionally, we 

often observed disrupted and bean-shaped nuclei in the presence of ZA, suggesting 

alterations in nuclear homeostasis and morphology. 
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Figure 5.8: Continuous ZA Exerted a Concentration- and Exposure-Dependent 
Effects on Cytoskeleton Architecture and Nucleus Morphology in 
Undifferentiated ATDC5 Cells. (A.) Representative images at 63x 
magnification at 12-hours of actin (orange), microtubule (green), and 
nucleus (blue) highlight abundant actin stress fibers, an intricate 
microtubule network surrounding the nucleus radiating outwards, and 
rounded nucleus with no ZA treatment; on the other hand, increasing ZA 
concentration there is a reduction in actin intensity but similar nuclear 
morphology. (B.) Representative 63x magnification images of 
cytoskeleton and nucleus at 72-hour show similar observations made at 
12-hour for all conditions; however, the effects on F-actin and 
microtubule are enhanced, and the nucleus appears fragmented and takes 
on a bean-shaped nucleus (white arrows). 

5.5 Discussion 

Recently, our team demonstrated the feasibility of four, weekly-repeated (4q7) 

intra-articularly administered zoledronic acid (ZA) to modulate chondrocyte death and 

proliferation, suppress cartilage erosions, and influence a number of non-cartilaginous 

tissues of the joint following the surgical destabilization of the medial meniscus 

(DMM) in the mouse. ZA’s anti-resorptive, anti-neoplastic, anti-proliferative, anti-

inflammatory, and pro-apoptotic mechanisms of action have been well-documented in 

numerous cell types (e.g. osteoclasts, osteoblasts, macrophages, cancerous cells) and 

disease states (e.g. bone loss and cancer). While studies in joint disease models have 

established that ZA can influence cartilage-level outcomes239,376,410,411, knowledge of 

whether ZA could directly modulate chondrocyte health and function in isolation from 

other joint tissues remained limited254. Herein, we demonstrate that chondrocyte-like 

ATDC5 cells in monolayer culture respond to ZA in much the same way that other 

mammalian cells respond to nBPs. We observed that ZA could mediate the following 

effects in ATDC5 cells: anti-proliferative activity; cell cycle arrest (in S-phase); 

mitochondrial depolarization; pro-apoptotic activity and cell death; and alteration to 
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cytoskeletal architecture, and cell and nuclear morphology. Moreover, we have 

confirmed that ZA exhibits pleiotropic effects on chondrocyte-like ATDC5 cells, with 

the induction of the effects above being dependent upon ZA concentration, time of 

exposure, and the differentiation state of the cells (i.e. undifferentiated vs. 

differentiated). 

In the present study, we utilized the immortalized murine chondrogenic 

ATDC5 cell line, a well-accepted cell line for the study of the differentiation and 

behavior of ‘chondrocyte-like’ cells402–404, to investigate the influence of ZA on 

chondrocyte health and fate in vitro. While we did not directly evaluate the ability of 

ZA to influence the genetic program and differentiation processes themselves in 

ATDC5 cells, our ability to maintain these cells in two different states of 

differentiation, undifferentiated vs. differentiated, permitted us to isolate the effects of 

ZA on chondrocyte-like cells at different stages of cell-maturation and proliferative 

capacity402,404,412. At the time of ZA administration, undifferentiated cells are more 

proliferative in nature, and can mimic cells that have been ‘activated’ in vivo and 

induced to re-enter the cell cycle and proliferate following an acute injury; these may 

include resident progenitor cells in cartilage or otherwise quiescent chondrocytes 

coaxed into reentering the cell cycle to aid in injury repair/remodeling (Chapter 3)100. 

Conversely, differentiated ATDC5 cells are more representative of post-mitotic, 

quiescent chondrocytes in cartilage, as they exhibit a marked reduction in their 

proliferative potential, presumably due to both differentiation and contact inhibition. 

These cells can be considered to reflect both healthy chondrocytes and those not 

immediately ‘activated’ following injury/disease. Further, our use of the ATDC5 cell-

line, as opposed to primary chondrocytes, allowed us to limit the phenotypic drift 
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often associated with primary chondrocyte culture413,414, while retaining control over 

cell differentiation status. 

By exploiting the ability to study cell health outcomes in both non-

differentiated and differentiated ATDC5 cells, we identified that ZA’s effects on cell 

proliferation, metabolic activity, and viability were concentration- and exposure-

dependent, and heavily dependent on the ATDC5 cells’ differentiation stage. 

Undifferentiated cells were far more susceptible to ZA than differentiated cells; and as 

ATDC5 cells spent progressively more time under differentiating conditions (e.g. 

three- versus two-weeks in culture media supplemented with 1% ITS+) they became 

increasingly less susceptible to the chondromodulatory and pleiotropic effects of ZA. 

More specifically, when undifferentiated ATDC5 cells were cultured continuously in 

the presence of ZA for 72-hours, a minimal concentration of � 5µM was required to 

drive significant reductions in cell number expansion (IC50 = 3.7µM), and thus 

proliferation, population-level metabolic activity (IC50 = 6.4µM). Above 5µM, the 

effects on cell number and metabolic activity increased in a concentration-dependent 

manner up to 100µM, at which point cell number expansion and metabolism were 

almost entirely suppressed. In these same cells, a nearly 10-fold higher concentration 

of ZA (IC50 = 45.4µM) was required to drive a similar degree of suppression of 

viability. In contrast, within differentiated ATDC5 cells, ZA has a far more attenuated 

effect on cell number, metabolism, and cell viability; in cells that underwent 2-weeks 

of differentiation only � 50µM ZA could suppress cell number, metabolic activity, and 

cell viability, while ZA had no appreciable effect on the health and metabolism of 

cells that underwent 3-weeks of differentiation. Unfortunately, IC50 values could not 

be established for differentiated ATDC5 cells, as the conditions tested did not provide 
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sufficient inhibition of the requisite cell processes to model the inhibitory response. 

These results suggest that the susceptibility of ATDC5 to ZA depends on the 

proliferative capacity of ATDC5 cells at the time of ZA application. Subsequently, we 

focused the remainder of the study on undifferentiated ATDC5 cells in order to 

continue to dissect the effects of ZA on chondrocyte-like cells. 

Next, we investigated the time-course over which proliferation, metabolism, 

and cell viability were suppressed in undifferentiated ATDC5 cells under conditions of 

i) continuous versus ii) brief, initial exposure to ZA. In undifferentiated cells 

continuously exposed to ZA, the minimal length of time that ZA needed to be present 

before significant changes (reductions) in cell proliferation, metabolic activity, and 

viability became apparent was, as expected, concentration dependent. At ZA 

concentrations � 50µM cell number expansion (proliferation) and viability were 

suppressed after as little as 24-hours in continuous culture, while metabolic activity 

was significantly suppressed by 48hrs. Intermediate ZA concentrations (5 and 10µM) 

required longer continuous exposure times to drive significant suppression of cellular 

outcomes, and the lowest ZA concentrations (0.1 to 1µM), again, had no significant 

influence on cell numbers (proliferation), metabolic activity and cell viability in 

undifferentiated ATDC5. Pulse-chase experiments further demonstrated that one could 

achieve significant, if not extreme, suppression of cell proliferation and cell viability 

at our 72-hour endpoint, with very-brief, early exposure of undifferentiated ATDC5 

cells to high concentration ZA. For instance, at 50 and 100µM, cell number expansion 

(proliferation) could be suppressed with as short as a 1-hour of ZA exposure, and cell 

viability suppressed with an initial exposure of 6- to 12-hours. At 10µM, suppression 

of proliferation appeared after just 2-hours of exposure. Moreover, consistent with the 
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results described above, 72-hours of ZA exposure remained insufficient to drive 

significant reductions in cell viability at ZA concentrations below 50µM. 

Based upon these three experiments, ZA appears to exert pleiotropic, and 

concentration-and exposure-dependent effects on chondrocyte-like ATDC5 cells in 

vitro, and these effects are further modified by the differentiation status and 

proliferative capacity of the cells. Low- to moderate ZA concentrations (1 to 10µM) 

did not affect differentiated/post-mitotic ATDC5 cells and only exerted anti-

proliferative and metabolic activity suppressing influences on 

undifferentiated/proliferating ATDC5 cells. Higher ZA concentrations (� 50µM) 

entirely suppress proliferation, drastically reduce metabolic activity, and drive cell 

death in undifferentiated ATDC5 cells. In differentiated ATDC5 cells, the effect of 

high-concentration ZA was restricted to suppressing cell viability in only the cells 

differentiated for 2-weeks. Overall, these experiments suggest the presence of two 

potential ZA therapeutic ‘dosing’ windows based upon the observed regulation of 

chondrocyte cell health: in the range of 5-10µM, ZA seems to predominately act as an 

anti-proliferative, while above � 50µM ZA drives reductions in cell viability and cell 

death. 

Given that ZA could inhibit cell proliferation and drive cell death in 

undifferentiated ATDC5 cells, we investigated the effect of ZA on a number of 

cellular processes that influence these outcomes; including, apoptosis, cell cycle arrest, 

cytoskeletal dysregulation, and mitochondrial dysfunction; which allowed us to begin 

to establish the cell-level mode-of-action of ZA in chondrocyte-like cells. Using an 

intracellular probe for caspase-3 and 7 activity, which are executioner proteases, our 

pulse-chase experiments demonstrated that high concentration ZA (� 50µM) could 
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rapidly and effectively drive cell death through apoptotic mechanisms. As little as 1 to 

2-hours of exposure to high-concentration ZA could drive substantial increases in 

apoptosis compared to both control (no ZA) and low concentration ZA exposure; and 

as the length of ZA exposure increased, the number of dead cells (PI+), apoptotic cells 

(caspase-3/7+), and dual-labeled cells (PI+- caspase-3/7+) increased in lock-step till 

nearly all cells present were either dead or undergoing apoptosis. In the presence of 5-

10µM ZA apoptotic ATDC5 cells were largely absent, even following 72-hours of 

continuous exposure. These findings are entirely consistent with outcomes observed 

across a number of different cell types treated with ZA147,174,192,193. 

Give the observation that ZA could drive concentration- and exposure-

dependent ATDC5 programmed cell death, an important question arises: what 

mechanism might be driving these cells towards the activation and execution of 

apoptosis? Possible initiators of programmed cell death, and ones that have previously 

implicated in ZA-mediated cell-death include cell-cycle arrest-induced apoptosis, and 

activation of intrinsic apoptotic pathways as a result of mitochondrial dysfunction 

and/or cellular stress. Through the use of flow-cytometry and image-based cell cycle 

analysis we observed that exposure of ATDC5 cells to ZA could drive the arrest of 

undifferentiated ATDC5 cells in the S-phase of the cell cycle at concentrations � 5µM; 

which is similar to outcomes in studies investigating the effect of ZA on cancer 

cells191–194,202,415. This cell-cycle arrest could also explain the concentration-dependent 

inhibition of proliferation and cell-number expansion (IC50 = 3.7µM), as S-phase arrest 

prevents progression into G2 and the subsequent cell division associated with mitosis. 

Such S-phase arrest or cytostasis, potentially mediated by the tumor suppressor protein 

p53416–419. This knowledge, combined with the observation that S-phase arrest could 
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be driven at ZA concentrations ~10-fold lower than those that promote apoptosis 

suggested that it is unlikely that S-phase arrest is a primary driver of ZA-mediated 

apoptosis; however, if S-phase arrest potentiated other apoptosis-inducing pathways in 

ATDC5 cells is presently unclear. 

Cytoskeleton architecture and nucleus integrity/morphology play important 

roles in cell health and cell cycle progression and are associated with downstream 

products of the mevalonate pathway that ZA influences. For instance, ZA’s inhibition 

of the mevalonate pathway reduces the prenylation of small GTPase critical for 

cytoskeleton architecture136. In various cancerous cells, ZA’s is known to alter the F-

actin cytoskeleton architecture202,203,420. Agreeing with this established knowledge, in 

our study we observed ZA’s ability to alter the cytoskeleton architecture and 

remodeling of F-actin and microtubule network in undifferentiated ATDC5 cells. 

Specifically, we observed drastic changes in cytoskeleton infrastructure of 

undifferentiated ATDC5 cells as evident with decreased aligned actin stress fibers and 

altered microtubule network with 100µM ZA as early as 12hrs, and in all 

concentrations by 72-hours. Unfortunately, the role and implications of this altered 

cytoskeleton in cell death and cell cycle arrest remain unknown. Interestingly, recent 

work in breast cancer cells has identified a kinetochore protein, as a novel target of 

ZA421. These proteins are prenylated through the mevalonate pathway, associated with 

microtubule assembly, and required for proper chromosome separation during mitosis. 

Although it remains to be seen in our study, disruption of the kinetochore or other 

similar proteins could be associated with disrupted microtubule network, S-phase 

arrest, and cell death. Moreover, other cellular changes, such as nucleus integrity and 

morphology could also be affected and involved. Indeed, when peering closer at the 
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nucleus itself, we observed drastic changes in overall nucleus morphology and size 

that varied with ZA exposure time and concentration. Initially, the nucleus appears 

normal and rounded in all concentrations, however, by 72-hours the nucleus in 

intermediate concentrations (5 and 10µM), and in even the lower (1µM) 

concentration, appears abnormal; namely, enlargement of the nucleus, signs of 

blebbing, bean-shaped morphology, and fragmentation. These findings align well with 

other studies196,202 and the fact that cells are unable to progress through the cell cycle 

and those that show signs of apoptosis at higher concentrations. While the causes of 

such nuclear changes are unknown, other aspects of the nucleus not studied herein, 

such as nuclear laminins, may provide insight. Mevalonate pathway plays a role in the 

posttranslational modification prenylation of GTPases required for the production of 

nuclear lamins422,423. While not addressed in our study, future studies should continue 

to investigate the role of ZA’s influence on cytoskeleton and nuclear morphology in 

chondrocytes. 

Mitochondria health is essential for normal mammalian cell function and could 

be associated with the other general cellular outcomes in our study, particularly cell 

death and apoptosis, affected by ZA administration in this study. For instance, 

blockade of the mevalonate pathway with ZA has been linked to mitochondria 

dysfunction and lowered mitochondria potential424, as seen in kidney174 and cancerous 

cells147,195,196,198,202,425. In agreement with these findings, in our undifferentiated 

ATDC5 cells, we found mitochondria tended to be depolarized as early as 24hrs with 

100µM and by 48hrs with 10µM ZA. At the time points evaluated, the intermediate 

concentrations displayed a minimal caspase-3/7 activation yet significant 

mitochondrial dysfunction, unlike the 100µM where mitochondria depolarization 
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coincided with caspase-3/7 activation. These results suggest that other cellular 

mechanisms could underpin our current study findings. For instance, mitochondria 

dysfunction is associated with oxidative stress and autophagy-related processes 

requiring prenylation steps in the mevalonate pathway424. Indeed, autophagy and 

oxidative stress are involved with ZA’s modulate of the mevalonate pathway in part 

because of the modifications necessary426–430. Future studies should continue to 

investigate the role of mitochondria health in ZA influence on chondrocytes and the 

aforementioned cellular outcomes. 

While the present study starts to unravel potential modes-of-action of ZA in 

chondrocyte-like cells, several limitations to the study should be noted. These 

experiments presented herein were conducted in a cross-section manner, which while 

technically facile, limited our ability to study the longitudinal response of ATDC5 

cells to different ZA administration strategies and concentrations. In the future 

longitudinal, live-cell-based studies will be needed to study the short-to long-term 

effect of ZA exposure on chondrocyte cells; including its effects on cell differentiation 

and the production of inflammatory cytokines, matrix-degrading enzymes (i.e., 

aggrecanases and collagenases), and matrix constituents (i.e., type II collagen and 

proteoglycan). While the concentration and exposure-dependent effects of ZA 

ATDC5-cells observed were profound, it is unclear if these cellular alterations are 

permanent or reversible in nature, or if they can be recovered/rescued by 

supplementing the cells with mevalonate pathway intermediates. It is also unclear if 

one would observe similar ZA-mediated outcomes in ATDC5 that were challenged 

with PTOA-like stressors, such a serum or inflammatory cytokines exposure. Lastly, 

the effects demonstrated here are on the immortalized chondrocyte-like ATDC5 cell 
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line. As a result, this requires confirmation in primary cells in vitro, including in 

chondrocyte-precursors, immature and mature chondrocytes, and hypertrophic 

chondrocytes, as well as in situ in chondrocytes residing within their native 

extracellular matrix. 

In conclusion, this study is the first to demonstrate and establish the 

concentration- and exposure-dependent pleiotropic effects of ZA on cell proliferation, 

viability, mitochondria polarization, cell cycle progression, and cytoskeleton 

architecture in undifferentiated and differentiated cells from the chondrocyte-like 

ATDC5 cell line. The findings presented herein confirm ZA’s ability to directly affect 

chondrocytes and align well with ZA’s known ability to inhibit the mevalonate 

pathway and influence its downstream molecular and cellular targets (e.g., prenylated 

proteins) in almost all mammalian cells. Collectively, our data set the stage for the 

further study of the effect of ZA on chondrocytes in vitro, in situ, and in vivo, with the 

goal of leveraging locally (i.e., intra-articularly) administered nBPs for disease-

modification of PTOA and other cartilage-related diseases. 
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DISCUSSION 

6.1 Major Findings 

Currently, there is a significant unmet clinical need for disease-modifying 

therapies that can slow or stop PTOA progression. Lack of such therapies for PTOA is 

in part due to our lack of mechanistic understanding of how acute joint injury leads to 

loss of cartilage and joint function long-term. Thus, the first part of this dissertation 

investigated the immediate-to-early changes in cartilage cellularity and structure in 

hopes of uncovering potential biological targets for PTOA prevention. Since PTOA 

progression is a whole-joint disease, an ideal therapy would prevent both accelerated 

cartilage degeneration and modulate non-cartilaginous tissues changes (i.e. 

subchondral bone, meniscus, osteophyte, and joint synovitis). One therapeutic gaining 

significant attention in the field that was tested in this dissertation for its PTOA 

disease-modifying potential was zoledronic acid (ZA). ZA belongs to an FDA-

approved class of drugs called bisphosphonates (BPs). BPs have historically been used 

for bone-related diseases because of anti-resorptive and bone remodeling properties. 

Given the anti-resorptive properties of BPs and the general belief that aberrant 

subchondral bone remodeling is involved in PTOA disease progression, ZA was used 

previously at high doses systemically to provide disease-modifying benefits in animal 

models of PTOA. While efficacious, systemic administration poses clinical concerns 

because of the increased risk for adverse skeletal and non-skeletal side effects. 

Therefore, alternative, locally-targeted routes of administration, such as intra-articular 

Chapter 6
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(i.a.) injections are warranted to minimize the adverse side-effects.  However, the use 

of i.a. injection of ZA (i.a.ZA) for PTOA prevention has received limited attention, 

and ZA’s mode of action on chondrocytes and cartilage health remained largely 

unknown. 

Overall, Aim #1 (Chapter 2) of this dissertation identified a focal population of 

chondrocytes linked in a spatiotemporal manner to the traumatic injury (i.e. loss of 

meniscus coverage due to extrusion) and the initiation and progression of cartilage 

degeneration in PTOA. In Aims #2 and #3 (Chapters 3-5), we determined that i.a.ZA 

could modulate these dysfunctional chondrocytes and other knee joint tissues leading 

to cartilage protection following a joint injury in vivo, and we began to uncover ZA’s 

modes of action on chondrocytes in vitro. 

In Aim #1 (Chapter 2), the primary objective was to characterize the 

spatiotemporal progression of cellular and tissue-level changes to cartilage post-injury 

in vivo using the murine destabilization of medial meniscus (DMM) model of PTOA. 

Our histological and immunohistochemical assessments from early (3d) through late 

(112d) stage identified an early, focal loss of chondrocytes in regions of the articular 

cartilage that ultimately developed overt tissue erosions. Importantly, these cellular 

and structural changes in cartilage localize to cartilage regions that experienced a 

drastic reduction in meniscal coverage due to DMM-induced medial meniscal 

extrusion. To the best of our knowledge, the results from Aim #1 were the first 

published to quantitatively relate the spatial aspect of DMM-induced meniscal 

extrusion to chondrocyte loss and cartilage damage. These findings further suggest 

that the meniscus plays a pivotal role in cartilage health and disease progression and 

we speculate the meniscus could be the unspoken guardian of articular cartilage. 
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Together, findings in Aim #1 suggest that a focal population of chondrocytes exists 

that may initiate biologically- or cell-driven cartilage degeneration. We then used this 

knowledge to focus our attention on specific regions of cartilage to evaluate the 

efficacy of i.a.ZA for cartilage prevention in PTOA and ZA’s potential modes of 

action in chondrocytes. 

In Aim #2 (Chapters 3 and 4), our objective was to determine the disease-

modifying efficacy of local, intra-articular injection of ZA (i.a.ZA) to prevent cartilage 

degeneration and modify non-cartilaginous joint tissues post-injury in the murine 

DMM model of PTOA used in Aim #1. Specifically, the disease-modifying potential 

of repeated versus single i.a.ZA strategies on intra- and extra-capsular tissues, 

including cartilaginous and non-cartilaginous tissues, were investigated from early 

(7d) through late (84d) disease stages post-DMM. Using histological, 

immunohistochemical, and micro-computed tomography analyses, we focused on 

potential ZA’s mode of action on chondrocyte (i.e. proliferation, death, and 

proteoglycan production) and cartilage (i.e. structural and proteoglycan content) 

changes post-DMM. Additionally, we were interested to see if i.a.ZA would minimize 

adverse skeletal side effects associated with systemic administration of ZA. To do so, 

we evaluated if i.a.ZA could influence more ‘distant’ bone compartments of the 

injured joint. In Aim #2 (Chapter 3), we found that weekly-repeated, but not single, 

i.a.ZA administration could suppress late-disease stage cartilage erosions; however, no 

strategy was able to mitigate early-stage fibrillation and clefting-damage to the 

superficial cartilage surface. Upon further dissection, repeated i.a.ZA appears to 

maintain and enhance proteoglycan content in articular cartilage, as well as modulate 

chondrocyte proliferation and death in a spatiotemporal manner. In Aim #2 (Chapter 
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4), we found that all i.a.ZA strategies could influence intra-capsular, mineralized joint 

tissues (meniscus, osteophytes, ectopically-formed bone) following injury, but not 

injury-induced joint synovitis. In addition, all i.a.ZA strategies had minimal influence 

on extra-capsular bone compartments (subchondral bone and ‘distant’ bone 

compartments of the epiphyseal and metaphyseal). Collectively, findings from Aim #2 

(Chapters 3 and 4) suggest that repeated i.a.ZA administration can suppress cartilage 

erosions long-term by modulating the underlying chondrocyte biology and 

proteoglycan content in articular cartilage. Furthermore, findings from Aim #2 suggest 

that repeated i.a.ZA effects are localized to intra-capsular calcified tissues and have 

minimal effects on off-target bone compartments in the injured joint. 

In Aim #3 (Chapter 5), our objective was to explore ZA’s cellular mode(s) of 

action on chondrocytes in vitro. To do so, we evaluated the effects of ZA 

concentrations ranging from 0.1 to 1000µM given at different continuous and pulsed 

drug exposure times in chondrocyte-like ATDC5 cells, a well-established 

immortalized cell line for studying chondrocyte biology in vitro. ATDC5 cells enabled 

us to evaluate the effects of ZA on two sub-populations of chondrocytes expected to 

be seen in vivo following injury: those that are mitotic (undifferentiated), mimicking 

proliferating chondrocytes, and those are post-mitotic (differentiated) and mimic 

mature, quiescent, and non-proliferative chondrocytes. We found that increasing ZA 

concentration and exposure time had pleiotropic effects predominately in 

undifferentiated ATDC5 cells. Specifically, low ZA concentrations had no influence 

on undifferentiated ATDC5 cell health. However, moderate ZA concentrations (50M 

and���0 M) decreased cell proliferation, viability, and metabolic activity, as well as 

arrests cell-cycle progression in S-phase, depolarized mitochondria, and diminished 
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cytoskeleton (i.e. actin and microtubules) architecture. Undifferentiated ATDC5 cells 

exposed to higher ZA concentrations (50 and 100µM) experienced the same effects as 

moderate concentrations, except there was additional reduction in cell-viability due to 

caspase 3/7-mediated apoptosis. While the effects of ZA in undifferentiated ATDC5 

cells were quite astonishing, ZA’s effects in differentiation ATDC5 cells were 

drastically reduced, if not completely abolished; with only the highest, 

supraphysiologic ZA concentrations (500M through 10000M) capable of driving cell 

death. Collectively, findings from Aim #3 (Chapter 5) suggest that ZA’s effects in the 

chondrocyte-like ATDC5 cells are heavily dependent on the proliferative capacity of 

chondrocytes, hinting at the importance/involvement of the mevalonate pathway 

among ATDC5 cells that are actively proliferating versus those that are more 

quiescent in nature. Lastly, findings from Aim #3 align with the established effects of 

ZA on different mammalian cell types and identified critical concentrations and 

exposure times of ZA that could directly influence chondrocyte health. 

In summary, findings from this dissertation have enabled us to put forth a 

working hypothesis on the natural progression of cartilage dysfunction following joint 

injury, as well as a theory regarding how ZA can modulate these processes for 

beneficial disease-modification. We call this theory the ‘activated versus bystander 

chondrocyte hypothesis.’ We speculate that naturally progressing PTOA is a function 

of an acute, focal mechanical insult (due to immediate uncovering of a portion of the 

medial tibial plateau and femoral condyle in our DMM-model) that causes both an 

initial wave of chondrocyte death (necrosis or apoptosis, it is unclear) and 

mechanically-induced superficial damage. This is followed by what we term the 

‘activation,’ by either mechanical or molecular signals, of an immediately-adjacent 
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and spatially-distinct population of chondrocytes (‘activated’ chondrocytes). We posit 

that these activated cells undergo a phenotypic-shift to initiate the attempted repair of 

this locally ‘damaged’ tissue. We suspect that this phenotypic shift includes the 

production of soluble factors by these activated cells allowing for communication with 

neighboring chondrocytes, as well as the recruitment of these ‘activated’ 

chondrocytes, which were previously quiescent, back into the cell cycle to expand the 

local pool of chondrogenic precursors (proliferation). However, chondrocyte 

proliferation requires local ECM remolding (catabolism and anabolism) to allow for 

the cell volume expansion and division that accompanies mitosis. Consequentially, 

this may compromise of local matrix quality and mechanical integrity priming the 

tissue for degeneration. Subsequently, we hypothesize that these local changes in the 

mechanical and biochemical environment, driven by an initial population of activated 

cells, induce ‘dysfunction’ in normally quiescent but adjacent ‘bystander’ chondrocyte 

population: this leads to their activation, inducing cell-cycle recruitment, proliferation, 

matrix remodeling, and what we suggest is a self-reinforcing vicious cycle, ad 

infinitum, of cell-activation and cell-mediated matrix degradation. 

Our in vivo (Chapters 3 and 4) and in vitro (Chapter 5) results have led us to 

suspect that the disease-modifying efficacy of ZA in PTOA development is rooted in 

the ability of intra-articularly administered ZA to differentially modulate the response 

of these activated and bystander chondrocytes populations. Our working hypothesis is 

that the repeated i.a. injection of ZA to the joint following acute injury can accelerate 

the death of the initial wave of acutely activated and spatially-localized chondrocyte 

cells following joint injury; the acute displacement of the medial meniscus across the 

medial tibial plateau due to DMM-induced meniscal extrusion in our case. Our in vitro 
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data and historical literature suggest that this occurs through ZA’s ability to drive 

cytostasis and induce/exacerbate mitochondrial dysfunction and apoptosis in cells that 

may already be experiencing cellular stress. By suppressing the proliferation and 

enhancing the apoptosis/death of these initially activated cells, i.a.ZA may dampen 

their ability to ‘activate’ pro-catabolic pro-inflammatory phenotypes and interrupt the 

self-reinforcing vicious cycle of cell-activation, proliferation, and cell-mediated ECM 

catabolism/degradation. 

On the other hand, our in vivo and in vitro data suggest that quiescent, non-

proliferative ‘bystander’ chondrocytes respond differently to ZA. In vitro, the health 

and viability of post-mitotic chondrocyte-like cells were largely unaffected by the ZA 

concentrations that were delivered in vivo, reinforcing the idea that our i.a.ZA 

administration did not adversely influence the homeostasis of healthy chondrocytes. In 

contrast, instead of leading to chondrocyte dysfunction, i.a.ZA appeared to enhance 

proteoglycan production by ‘bystander’ chondrocytes in vivo, especially in the 

cartilage regions peripheral to those that would typically develop cartilage erosions if 

left untreated. These findings align with in situ findings from our collaborators, who 

have found that the biomechanical properties of healthy cartilage explants stimulated 

by mechanical loading can be enhanced by the introduction of ZA (1µM). 

Collectively, our data suggest that both ZA concentration and exposure time 

have the ability to regulate the cellular outcomes of chondrocytes in vivo. It is 

important to note that, within the joint, changes in ZA concentration can change 

rapidly due to clearance from the synovial fluid. This would undoubtedly have the 

ability to alter the response of chondrocytes in vivo to different i.a.ZA administration 

strategies. Moreover, this fact, coupled with our ‘activated versus bystander’ 
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hypothesis could help to explain why the administration of single i.a.ZA injection was 

unable to provide disease-modifying beneficial outcomes (and in the case of the 0d 

injection actual worsen outcomes) following injury. Our single injection strategy may 

have been unable to mediate the cell-level influences needed to realize beneficial 

disease modification outcomes due to rapid drug clearance or the differential nature of 

the effect of ZA on chondrocytes, necessitating repeated dosing to achieve efficacy. 

However, given this dissertation’s findings, and the injection constraints we could 

work under (limited to 4 weekly injections due to initial animal care concerns by our 

IACUC committee, and at one concentration), there is a strong possibility that we 

serendipitously stumbled upon a ‘sweet spot’ regarding both the timing and necessary 

concentration administered to the joint. This appears to be the ultimate Goldilocks 

paradigm: not too much, not too little, just right. 

Overall, this dissertation provided new knowledge regarding the 

spatiotemporal evolution of cartilage degeneration and chondrocyte dysfunction 

following joint injury, which helps to establish a baseline from the application of 

novel disease-modifying therapeutics leads can be evaluated from. In addition, we 

demonstrated the preclinical promise of i.a.ZA as a potentially cheap, easy 

administered, and efficacious disease-modifying therapeutic for PTOA. Future studies 

should continue to explore the use of i.a.ZA and uncover the full disease-modifying 

potential of i.a.ZA for PTOA and other forms of arthritis. 

6.2 Future Directions 

While this dissertation has provided a great deal of insight into the general 

pathioetiology of PTOA and the potential mechanisms- and modes-of-action lending 

to i.a.ZA disease-modifying effects for PTOA therapy, a number of additional 
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questions and avenues for future researcher has arisen from these findings; some of 

those that have already been ‘piloted’ in conjunction with this dissertation and are 

highlighted. By expanding upon the findings describe briefly here, future studies can 

hopefully fully unlock the potential of i.a.ZA as a clinical therapeutic option for PTOA 

(and OA). 

6.2.1 Deeper Mechanistic Understanding of ZA’s Mechanisms of Action in 
PTOA In Vivo 

In this dissertation, we began to uncover ZA mode of action in chondrocytes 

and PTOA progression, however, chondrocyte biology is far more complex than the 

few cellular processes we evaluated. To this end, it remains unclear if i.a.ZA was able 

to influence other cellular processes in vivo that could have led to our results. For 

instance, i.a.ZA could have modulated chondrocyte processes such as senescence, 

mitochondrial dysfunction, proinflammatory cytokines, and matrix constituents or 

degrading enzymes. Given that ZA is known to affect such processes in other cells and 

that our in vitro work suggests that ZA can directly affect chondrocytes, it is 

reasonable to believe ZA would regulate such processes in chondrocytes in vivo. 

Dissecting ZA’s full mechanisms of action may explain why repeated, but not single, 

i.a.ZA suppressed the development of cartilage erosions. Addressing these deeper 

mechanistic questions could also lead to the discovery of new potential therapeutic 

leads for PTOA prevention. 

Another aspect of disease progression that could be worth evaluating is the 

biomechanical and tribological properties of cartilage post-injury and i.a.ZA 

administration. It is generally accepted that the mechanical properties of cartilage are 

compromised by joint injury and cartilage degeneration, and perhaps ZA can mitigate 
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these changes or improve these mechanical properties. Preliminary studies by our 

collaborators suggest that ZA can enhance the mechanical properties of cartilage 

subjected to mechanical stimulation in situ. In support of this, we saw an increase in 

proteoglycan content with repeated i.a.ZA in Aim #2 (Chapter 3) that could be 

indicative of enhanced cartilage tissue biomechanical and tribological properties. 

Along these lines, it would also be worthwhile to confirm ZA’s ability to modulate 

proteoglycan synthesis in other assays. Additionally, studies should investigate other 

matrix macromolecules constituents critical to cartilage biomechanical and 

tribological properties that could have been affected by ZA, such as type II collagen63. 

Alterations to these molecules could influence the underlying chondrocyte 

mechanotransduction and injury response. Beyond matrix-level constituents and 

mechanical properties, the properties of the local pericellular matrix (PCM) can also 

be investigated, especially since we saw injury- and ZA-induced changes in 

proteoglycan staining within the territory immediately surrounding articular cartilage 

chondrocytes (chondrons) in this dissertation. Given that the PCM is intricately linked 

with the extracellular matrix and to chondrocyte mechanotransduction machinery, ZA 

may hold the ability also to influence chondrocyte-PCM-ECM interaction and 

mechanotransduction post-injury. 

Beyond cartilage, it is important to further address i.a.ZA influence on the 

cellular response in non-cartilaginous knee joint tissues following injury. While we 

assessed the gross structural changes associated with changes in osteophytes, 

meniscus, subchondral bone, and synovium, i.a.ZA could have influenced the 

underlying cellular responses. It also remains unknown from our studies whether non-

cartilaginous joint tissue changes had direct or indirect roles in the cartilage 
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degeneration and chondrocyte biology observed with and without i.a.ZA. For instance, 

pro-inflammatory cytokines and matrix-degrading enzymes are known to be produced 

by both meniscal and synovium cells, which may influence the intrinsic cartilage 

repair mechanisms leading to degeneration. There is the possibility that ZA altered 

these tissues’ cellular responses, suppressing chondrocyte injury response and 

cartilage degeneration. 

While this dissertation focused on ZA, it remains unknown if the same 

cartilage structural, compositional, and cellular changes would be observed with other 

nBPs or other mevalonate pathway modulators (i.e. statins431,432 or HMG-CoA 

reductase and GTPase inhibitors136,148,433–435). It would be interesting to see if other 

modulators of the mevalonate pathway could influence the evolution of joint changes 

following injury. If this is the case, it would suggest that the mevalonate pathway 

itself, whether through nBPs or other means, could be a primary therapeutic target and 

pathway for control of chondrocytes in PTOA. 

In general, one way to potentially get in situ mechanistic data from intact 

injured joints other than histology would be to utilize a technique called staining and 

clearing of tissues, which minimizes the time, labor, and cost of standard histological 

techniques used while producing a three-dimensional spatiotemporal picture. 

Previously, in our lab we demonstrated within naïve mouse knees that this technique is 

feasible436, setting the stage for this technique in future studies. Using this technique 

would be interesting for cellular markers and pathways of chondrocyte biology that 

are challenging to visualized due to the depth within cartilage or lost due to 

histological processing. 



 160

6.2.2 Establishing a Proper Local, ZA Delivery Dosage, Frequency, and Timing 

To properly inform and design the next set of experiments in hopes of 

leveraging i.a. ZA into the clinic, in situ and in vitro experiments should be performed 

to optimize the concentration and treatment strategy. By using this dissertation’s in 

vivo and in vitro findings as a baseline, the first step would be to recapitulate these 

findings, particularly chondrocyte proliferation, death, and proteoglycan production, 

using an in situ injury model. Currently, other laboratories have used various means of 

creating impact-induced cartilage damage and have found evidence of chondrocyte 

death and cartilage damage associated with impact55; however, investigations into the 

spatial aspect of chondrocyte proliferation and proteoglycan production in these 

studies have been minimal. Translating these findings into our laboratory, and as a 

pilot aspect of this dissertation, we developed an instrumented drop-tower to drive 

impact-induced degenerative changes in cartilage plugs isolated from bovine and 

equine. We have optimized and piloted an in-house system to isolate osteochondral 

plugs from live equine tissue. In addition, we have isolated live equine synovium and 

performed co-culture experiments with and without cartilage. Co-culture allows us to 

begin to tease out the potential cross-talk between the synovium and cartilage 

occurring in vivo that could be altered with i.a.ZA. Collectively, the preliminary 

studies performed as an extension demonstrated the feasibility of our in-house system 

and techniques for studying ZA influence on impacted osteochondral plugs post-

impact. Also, future studies could be performed on primary chondrocytes (from rat, 

bovine, equine, or human sources) to confirm our findings on ATDC5 cells. Overall, 

the combination of both in situ and in vitro models will properly define a reasonable 

concentration and delivery strategy to implement into the next wave of preclinical 

model and clinical trials. 
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6.2.3 Clinical Translatability 

To translate i.a.ZA into the clinic, it is essential to begin to study i.a.ZA 

influence in more clinically-relevant models and markers of disease progression. 

Ideally, the findings from this should be confirmed in human tissues, but again, the 

access to such samples is limited. In order to overcome this clinical translatability 

limitation, future preclinical studies utilizing i.a.ZA could determine clinically-

relevant biomarkers of joint destruction in the circulatory system and synovial fluid93 

as well as incorporate other assessment techniques used in humans such as MRI or 

arthroscopic-based assessments. Other clinically-relevant markers could include 

functional outcomes such as gait/loading and pain following injury and i.a.ZA 

administration93. Gait and pain are altered in the murine DMM266,298,437 and other 

animals models93,438,439. We cannot rule out the possibility that i.a.ZA could have 

influenced pain and gait in our animals, especially since recent studies have found that 

ZA can influence pain in a variety of animal215 and human220,233 conditions. Also, it 

would be of interests to see if these findings hold in other joints of the musculoskeletal 

system in man typically afflicted by PTOA (and OA), such as the ankle or hip. 

While the murine DMM model has provided valuable information into PTOA 

disease progression and demonstrated preclinical efficacy of i.a.ZA for cartilage 

prevention, it’s still limited in that it is an invasive, surgically-induced model of 

PTOA93. Surgically-induced models, like the DMM and anterior crucial ligament 

transection, do not truly mimic human PTOA because there is no surgical incision in 

humans during a traumatic joint injury. To overcome the invasive surgery required in 

these models, recent progress has been made to develop non-invasive preclinical 

models. Non-invasive models have been shown to mimic cartilage cellular and 

structural changes presented here from the murine DMM model355. Thus, it would be 
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reasonable to suspect that i.a.ZA administered in those animal models would prevent 

similar processes presented in this dissertation. However, the time course and spatial 

progression observed in the murine DMM with and without ZA could be different 

from non-invasive models; especially since disease severity and speed of progression 

of each model is different. Additionally, more clinically-relevant animals such as the 

horse could be used to confirm the translatability of i.a.ZA in the mouse. 

6.2.4 Drug Delivery Depots and Encapsulation of ZA for Enhanced Therapeutic 
Benefits for PTOA 

Although i.a.ZA may overcome concerns regarding high-dose, systemic 

administration, its efficacy may diminish because of the rapid clearance from the joint 

space, which is mediated through the synovium’s capillary and lymphatic 

systems246,248. For instance, intra-articularly injected small molecules246,248,440, 

including ZA as we have shown in naïve mice (Appendix C.6), are rapidly cleared 

from the joint over the timecourse of minutes to hours. As a result, patients may 

require repeated i.a. injections to achieve efficacious results with ZA, as we have 

demonstrated with i.a.ZA injection in this dissertation. While i.a.ZA holds preclinical 

promise; this may not be clinically feasible due to the time, costs, and risks of 

infection with each i.a. injection procedure, as well and concerns over patient 

compliance246,249,441. 

To overcome the rapid clearance of drugs from the joint space, an alternative 

delivery strategy was piloted in this dissertation: encapsulation of ZA within 

liposomes, an FDA-approved drug delivery platform246,248,442. Historically, liposomes 

have been used for a variety of applications443: i) to targeting monocyte/macrophages 

in cancer and other inflammatory diseases, ii) as carriers of protein peptides, and iii) 
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for gene delivery. In the context of arthritis, liposomes have been used to encapsulate 

steroids444,445, and the first-generation bisphosphonate, clodronate (CLO)446, to 

increase drug retention time within the joint and to target macrophages in the 

synovium. Towards this end, liposomes for PTOA treatment may provide multi-

functional benefits as they are biocompatible, biodegradable, able to decrease friction 

at the cartilage surface447, and directly target phagocytic macrophages446 and 

fibroblast-like synoviocytes448,449 within the synovium while simultaneously 

generating long-lasting intracapsular drug-depots. To further motivate liposomes 

usage for PTOA therapy,  CLO encapsulated in liposomes has anti-inflammatory and 

anti-osteoarthritic benefits in inflammatory arthritis450–455 and prevented osteophyte 

formation and cartilage destruction in preclinical models of OA456–458. However, to 

date, no study has investigated the use of ZA-encapsulating liposomes (ZA-lipo) for 

targeting the tissues/cells relevant to injured-knees and the modification of PTOA 

progression. Thus, as an extension of this dissertation, we investigated the effects of 

ZA-lipo on cells relevant to the injured-knee in vitro and in situ. To date, we have 

generated consistently sized liposomes (~100-300 nm) and encapsulation of ZA in 

liposomes (~40% encapsulation efficiency). We have conducted preliminary 

experiments using ZA-lipo with ATDC5 cells, fibroblasts (NIH3T3), and 

macrophages in vitro, as well as with cartilage and synovium explants in situ. In these 

preliminary studies, we confirmed the ability of these cells to internalize liposomes 

using high-resolution imaging and flow cytometry. 

In addition to liposomes, other drug delivery formulations of nanoparticles or 

tissue engineered constructs may help facilitate drugs of interests to chondrocytes. For 

instance, we investigated the ability of ELP-CLP nanoparticles to bind to collagen 
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matrixes without causing chondrocyte cytotoxicity459. These vesicles could be useful 

in targeting focal populations of cartilage near damaged cartilage as well as providing 

a drug depot. Beyond ELP-CLP particles, other microparticles alone or in combination 

with polymer matrices such as PLGA, gelatin and hyaluronic acid460 could be used in 

combination with ZA to enhanced ZA benefits and retention within the injured joint. 

6.3 Closing Remarks 

In conclusion, this dissertation has provided fundamental information 

regarding the cellular and tissue level efficacy of intra-articular injection of ZA as a 

disease-modifying therapy for PTOA. These findings provide a baseline from which to 

launch future studies aimed at optimally designing intra-articular ZA treatment 

strategy for PTOA, and for dissecting the mechanisms- and modes-of-action of intra-

articular ZA on cells implicated in PTOA. I hope that this dissertation serves as a 

springboard for a future generation of scientists in the field of arthritis and 

musculoskeletal biology to develop better ways to treat PTOA (and OA), a debilitating 

and burdensome disease that is currently without a cure. 
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Figure A.1: Quantification of meniscal coverage, chondrocyte cellularity, and 
cartilage thickness. Immunohistochemical staining for type II collagen 
(an indicator of cartilage composition) and DAPI-nuclear staining 
(indicating chondrocytes presence) was performed on sections spanning 
the central cartilage contact (level 2-4) of the medial joint. The articular 
cartilage (AC) and calcified cartilage (CC) of the medial tibial plateau 
(MTP; dotted white lines), and medial meniscus (MM) were manually 
traced, and the total number of DAPI-positive cells were counted in the 
AC and CC. Cartilage thickness and chondrocyte number was quantified 
for each of four separate regions, quadrants 1 (Q1) through quadrant 4 
(Q4), representing the innermost through outermost regions of the MTP 
AC, respectively.  The degree of meniscal coverage (MM width/AC 
width; white arrows) was quantified with respect to the MTP joint 
margin. Lastly, manual tracing of the extent of linear cartilage damage 
(including histological values of � 1) across the width of the MTP was 
performed (not shown in image). All analysis was performed in 
MATLAB. A representative image of a control joint, oriented with the 
medial joint margin to the right is shown. Image captured at 20x 
magnification, scale bar = 100µm. 

Table A.1: Temporal quantification of cartilage damage scoring in DMM, 
Contralateral, Sham and Age-Matched Joints. 
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 Medial Femoral Condyle 

(Depth-Wise Score) 
 Lateral Femoral Condyle 

(Depth-Wise Score) 
Days 
Post- 
Surg
ery 

DM
M 

DM
M 
Contr
alater
al 

Sham Age
-
Mat
ched 
‡ 

 DM
M 

DMM 
Contr
alater
al 

Sha
m 

Age
-
Mat
ched 
‡ 

3 0.67 
± 
0.32 

0.32 
± 
0.07 

0.47 ± 
0.20 

0.42 
± 
0.14 

 0.55 
± 
0.14 

0.65 ± 
0.28 

0.47 
± 
0.15 

0.39 
± 
0.18 

7 1.41 
± 
0.98 

0.47 
± 
0.13 

0.52 ± 
0.11 

"  0.71 
± 
0.30 

0.53 ± 
0.32 

0.70 
± 
0.17 

" 

14 1.30 
± 
0.33 

0.79 
± 
0.43 

0.51 ± 
0.08 

"  0.63 
± 
0.14 

0.68 ± 
0.35 

0.44 
± 
0.19 

" 
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56 1.57 
± 
0.45*

**  

0.55 
± 
0.12 

0.41 ± 
0.08 

0.49 
± 
0.27 

 0.64 
± 
0.25 

0.69 ± 
0.21 

0.43 
± 
0.12 

0.55 
± 
0.34 

84 2.14 
± 
0.83*

***  

0.52 
± 
0.19 

0.56 ± 
0.22 

0.47 
± 
0.06 

 0.79 
± 
0.31 

0.71 ± 
0.21 

0.83 
± 
0.20 

0.67 
± 
0.19 

112 2.95 
± 
1.18*

**  

0.49 
± 
0.08 

0.38 ± 
0.02 

0.41 
± 
0.15 

 1.38 
± 
0.55 

1.18 ± 
0.43 

0.73 
± 
0.15 

1.04 
± 
0.51 

    
 Medial Tibia Plateau (Width-

Wise Score) 
 Lateral Tibia Plateau 

(Width-Wise Score) 
Days 
Post- 
Surg
ery 

DM
M 

DM
M 
Contr
alater
al 

Sham Age
-
Mat
ched 
‡ 

 DM
M 

DMM 
Contr
alater
al 

Sha
m 

Age
-
Mat
ched 
‡ 

3 0.70 
± 
0.16* 

0.47 
± 
0.06S 

0.73 ± 
0.03C,

AM 

0.42 
± 
0.18
S 

 0.70 
± 
0.13 

0.69 ± 
0.19 

0.83 
± 
0.22 

0.51 
± 
0.24 

7 1.16 
± 
0.30* 

0.52 
± 
0.14 

0.59 ± 
0.05 

"  0.88 
± 
0.29 

0.77 ± 
0.25 

0.92 
± 
0.21 

" 

14 1.19 
± 
0.42* 

0.61 
± 
0.16 

0.65 ± 
0.06 

"  0.78 
± 
0.20 

0.75 ± 
0.16 

0.57 
± 
0.04 

" 

56 1.64 
± 
0.58*

**  

0.55 
± 
0.10 

0.63 ± 
0.17 

0.56 
± 
0.31 

 0.93 
± 
0.22 

0.76 ± 
0.23 

0.77 
± 
0.12 

0.68 
± 
0.26 

84 2.59 
± 
0.98*

***  

0.60 
± 
0.24 

0.61 ± 
0.15 

0.63 
± 
0.15 

 0.98 
± 
0.34 

1.01 ± 
0.34 

1.10 
± 
0.31 

0.80 
± 
0.11 

112 3.33 
± 
1.35*

***  

0.63 
± 
0.18 

0.86 ± 
0.01 

0.74 
± 
0.37 

 1.07 
± 
0.34 

1.03 ± 
0.37 

0.96 
± 
0.12 

0.74 
± 
0.21 
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*  = Significantly different from respective contralateral joint, p<0.05; ** = p<0.01; *** = 
p<0.001; **** = p<0.0001; paired t-test, GraphPad Prism 
 C = Significantly different from respective contralateral joint, p<0.05; One-way 
ANOVA, Tukey’s post hoc test, GraphPad Prism 
S = Significantly different from respective Sham joint, p<0.05; One-way ANOVA, 
Tukey’s post hoc test, GraphPad Prism 
AM  = Significantly different from respective age-matched joint, p<0.05; One-way 
ANOVA, Tukey’s post hoc test, GraphPad Prism 
  ‡ = Baseline (0d) values used for statistical comparison at 3, 7, and 14-days post-
DMM 

 Medial Tibia Plateau (Depth-
Wise Score) 

 Lateral Tibia Plateau 
(Depth-Wise Score) 

Days 
Post- 
Surg
ery 

DM
M 

DM
M 
Contr
alater
al 

Sham Age
-
Mat
ched 
‡ 

 DM
M 

DMM 
Contr
alater
al 

Sha
m 

Age
-
Mat
ched 
‡ 

3 0.70 
± 
0.16* 

0.47 
± 
0.06S 

0.73 ± 
0.03C,

AM 

0.42 
± 
0.18
S 

 0.70 
± 
0.13 

0.69 ± 
0.19 

0.83 
± 
0.22 

0.51 
± 
0.24 

7 1.16 
± 
0.30* 

0.52 
± 
0.14 

0.59 ± 
0.05 

"  0.88 
± 
0.29 

0.73 ± 
0.23 

0.92 
± 
0.21 

" 

14 1.19 
± 
0.42* 

0.61 
± 
0.16 

0.65 ± 
0.06 

"  0.78 
± 
0.20 

0.75 ± 
0.16 

0.58 
± 
0.04 

" 

56 1.77 
± 
0.80*

**  

0.55 
± 
0.10 

0.63 ± 
0.17 

0.56 
± 
0.31 

 0.93 
± 
0.22 

0.76 ± 
0.23 

0.77 
± 
0.12 

0.68 
± 
0.26 

84 2.80 
± 
1.16*

***  

0.60 
± 
0.24 

0.61 ± 
0.15 

0.63 
± 
0.15 

 0.97 
± 
0.33 

1.00 ± 
0.32 

1.12 
± 
0.33 

0.80 
± 
0.11 

112 3.39 
± 
1.17*

***  

0.63 
± 
0.18 

0.86 ± 
0.01 

0.74 
± 
0.37 

 1.10 
± 
0.36 

1.03 ± 
0.40 

0.96 
± 
0.12 

0.72 
± 
0.21 
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Figure A.2: Pair-wise comparison of width- vs. depth-wise semi-quantitative cartilage 
damage scoring in the medial joint compartment. To determine if a 
preferences for overall width- vs. depth-wise erosional damage could be 
observed following DMM, linear regression was performed on paired 
semi-quantitative MTP and MFC cartilage damage scores. Since 
damages scores � 2 are identical in both scoring systems, an expected 
linear regression slope of ~1.0 for damage scores � 2 was observed. 
However, for damage scores >2 we observed a slight preference towards 
increased width-wise erosion compared to depth-wise in the MTP, and no 
preference in the MFC. Linear regression r2-  and p-values are shown for 
values � 2 and values >2; data for all groups are included. 
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Figure A.3: Anterior-to-posterior distribution of depth-wise damage within medial 
joint post-DMM. The distribution of semi-quantitative depth-wise 
cartilage damage scores in the medial femoral condyle (MFC; A.) and 
tibial plateau (MTP; B.), from the anterior (level 1) to posterior (level 5) 
of the central cartilage contact of the joint. Similar to the damage 
distribution in the width-wise analysis, no spatial preference for damage 
was observed in the MFC; again, the MTP demonstrated significantly 
increased damage anteriorly compared to posteriorly at late time-points 
(84- and 112-days). Results are presented as mean ± STD (n = 5-10/time 
point/group) where * = p<0.05 and # = p<0.10 (trend) for paired t-test 
between DMM and DMM contralateral joints at a given level. Linear 
regression r2-  and p-values are shown for DMM joints only. 



 213

 

Figure A.4: Quantification of changes in cartilage thickness across the medial tibial 
plateau post-DMM. The articular cartilage (AC) thickness in each 
quadrant of the medial tibia plateau (MTP) was quantified, in MATLAB, 
from traces of the AC in type II collagen stained sections (level 2-4) 
using a Euclidian distance transform. A statistically significant decrease 
in AC thickness was only observed within MTP quadrant 3 at 84-days, 
which confirms the observed cartilage erosions in this quadrant. Results 
are presented as mean ± STD (n = 5/timepoint/group) where * = p<0.05 
and # = p<0.1 (trend) for paired t-test between DMM and contralateral 
joints. 



 214

 

Figure A.5: Histological sections demonstrating the anterior-to-posterior distribution 
of cartilage damage post-DMM. Representative Safranin-O/fast green 
stained sagittal sections taken from approximately quadrant 3 of DMM 
injured and contralateral (control) joints. For orientation, the femur is 
located on the top, the tibia the bottom, the anterior of the joint to the left 
and posterior to the right. At 56-days post-DMM there is clear anteriorly-
localized cartilage damage in the medial tibia plateau and to a lesser 
extent in the medial femoral condyle. No apparent localization at 3-days 
is observed in either the condyle or tibial plateau. Additionally, sections 
at 3-day post-DMM highlight the lack of blunt surgical trauma to the 
articular cartilage during the DMM procedure. While inadvertent damage 
could cofound our findings, we are confident that such damage is 
minimal. Lastly, these images show the consistency of our embedding 
technique to fix all our joints at approximately the same natural flexed 
position. Images were acquired at 5x magnification. 
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SUPPLEMENTAL METHODS AND RESULTS FOR CHAPTER 3 
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Quantification of Proteoglycan Content 

To provide additional information regarding proteoglycan amount (area) and 

composition (intensity), we exploited the metachromatic and stoichiometric binding 

properties of Safranin-O (Saf-O) dye to proteoglycan molecules461,462. After staining 

slides with Safranin-O/Fast-Green/Hematoxylin, images were captured at 5x 

magnification under consistent settings and processed in 8-bit RGB color space via a 

custom image processing algorithm in MATLAB. All sections were normalized to the 

slide background (using complement values and subtraction) and then thresholded 

using a built-in MATLAB color thresholding application. Next, the articular cartilage 

was manually traced, and then the Saf-O+ articular cartilage area and total articular 

cartilage area was extracted to determine the relative amount (area) of proteoglycan. 

Additional analysis was performed on thresholded images to determine the 

concentration of proteoglycans (indicated by the intensity of Saf-O+ tissue). To do so, 

all RGB pixels were converted into grayscale values and then averaged among all the 

grayscale values of each pixel on a quadrant-by-quadrant basis; lower grayscale pixel 

values indicate an increased proteoglycan concentration. As an internal staining 

control for each slide, the region with maximum tibial growth plate Saf-O+ staining 

was traced, and then the average grayscale pixel value was determined. For the final 

representative Saf-O+ intensity in each quadrant, the following equation was used:  

 

��������	�
��� 
 �
������ � �������

������
 

Where: SafOgp = growth plate Saf-O+ average grayscale pixel value; and 

SafOac = articular cartilage Saf-O+ average grayscale pixel value. 
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Immunohistochemical Staining 

For immunohistochemical staining of Ki-67, all slides underwent the following 

procedure: i) antigen retrieval with 0.1%  Citrate Buffer (pH 7.0) overnight at 60°C; ii) 

blocking with 1% bovine serum albumin in PBS; iii) staining with a primary goat anti-

mouse Ki-67 antibody (1:200 dilution; SC-7846, Santa Cruz Biotechnology) overnight 

at 4°C; and iv) detection with a donkey anti-goat AlexaFlour 555 secondary antibody 

(1:400 dilution; A21432, Thermo Fisher Scientific) for 1 hour at room temperature. 

For TUNEL staining, the manufacturer’s (Molecular Probes) recommended procedure 

was followed. For all immunohistochemical staining, autofluorescence was suppressed 

via 0.1% w/v Sudan Black (FisherBioReagents) in 70% ethanol for 30 mins and then 

mounted with a DAPI-containing mounting media (ThermoFisher). Within 72 hours of 

staining, overlapping images of the stained sections were captured at 20x 

magnification using an epifluorescent microscope (Axio.Observer.Z1, Carl Zeiss, 

Thornwood, NY) and a digital camera (AxioCam MrC, Zeiss) under consistent 

settings, and then combined (tiled) using Zen software (Zeiss). 
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Figure B.1: Assessment Tissue Damage Across the Width of the Articular Cartilage 
Following DMM-Injury and i.a.ZA Injection.  (A.) Analysis of the 
fraction of the medial tibial plateau articular cartilage width exhibiting 
damage (either surface damage or tissue erosions, respectively). 
Uninjured joints exhibited a limited degree of cartilage surface damage 
and no overt erosions. DMM-injury lead to a rapid accumulation of 
surface damage (surface fibrillations and clefts) over ~50% of the medial 
tibial plateau by 7d, followed by the long-term accumulation of cartilage 
erosions over ~25% of the cartilage. In joints treated with repeated-
i.a.ZA, the appearance of superficial damage was somewhat delayed, 
being significantly reduced at 7d compared to intreated DMM-joints, 
then catching up to the untreated DMM-joints by 14d. Repeated-i.a.ZA 
suppressed the appearance of DMM-mediated erosions to the medial 
tibial plateau cartilage at 84d. (B.) Width-wise cartilage surface damage 
analysis for the single-i.a.ZA treated groups. Joints receiving a single i.a. 
ZA injection immediately after surgery (0d) exhibited damaged surface 
outcomes that were similar to untreated DMM-joints from 7d onward, 
while experiencing far worse surface erosions than untreated DMM-
joints. Joints receiving a single i.a. ZA injection 7d after DMM-injury 
exhibited slightly suppressed cartilage surface damage progression, but 
no difference in the long-term size of DMM-mediated cartilage erosions. 
Results are presented as mean ± STD (n=5-10/timepoint/group) where: # 
indicates p< 0.05 when comparing repeated-.i.a.ZA to untreated DMM; * 
- p<.05 when comparing uninjured to untreated DMM-joints; and % -  
p<.05 when comparing single-i.a.ZA0d to untreated DMM-joints. 
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Figure B.2: Single-i.a.ZA Treatment Altered Articular Cartilage Area and 
Proteoglycan-Rich Cartilage post-DMM. (A.) Both single-i.a.ZA 
treatments led to decreases in the area of the articular cartilage in Q1, Q2, 
and Q3; Q4 cartilage area remained unaffected. The cartilage thinning 
associated with single-i.a.ZA joints was attributable to loss of articular 
cartilage height and the development of erosions. (B.) Assessment of 
Safranin-O positive (Saf-O+) cartilage tissue areas across the medial 
tibial plateau suggested that neither single-i.a.ZA injection altered the 
evolution of proteoglycan (PG)-rich cartilage tissue following DMM. 
(C.) Furthermore, in the PG-containing areas, the PG concentration (i.e. 
Saf-O+ staining intensity relative to the Saf-O+ intensity of the growth 
plate) was consistently reduced in both single-i.a.ZA treatment groups. 
Results are presented as mean ± STD (n=5-10/timepoint/group) where: # 
indicates p< 0.05 when comparing repeated-.i.a.ZA to untreated DMM; * 
- p<.05 when comparing uninjured to untreated DMM-joints; and % -  
p<.05 when comparing single-i.a.ZA0d to untreated DMM-joints. 



 220

 

Figure B.3: Single-i.a.ZA Administrations Drove Location-Dependent Changes in 
Articular Cartilage Chondrocyte Presence and the number of 
Proteoglycan-Rich Chondrons Post-DMM. (A.) Counting, on a quadrant-
by-quadrant basis, the number of hematoxylin-positive chondrocytes in 
H&E stained sections indicated that single i.a.ZA injections at both 0d or 
7d drove consistently larger loses in chondrocyte number than in 
untreated DMM-joints, especially in Q1, 2, and 3. (B.) The number of 
chondrons exhibiting PG-rich (Saf-O+) peri-cellular halos was elevated in 
the peripheral quadrants (Q1 and Q4) of all of the singly-injected joints 
when compared to untreated DMM-joints. Results are presented as mean 
± STD (n=5-10/timepoint/group) where: % indicates p<.05 when 
comparing single-i.a.ZA0d to untreated DMM-joints; and $ - when 
comparing single-i.a.ZA7d to untreated DMM-joints. 
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Figure C.1: Assessment of Periarticular Calcified Tissue Changes in the Tibiofemoral 
Joint Following DMM and Single-i.a.ZA Treatments. (A.) 3D 0-CT 
renderings of representative knee joints following both DMM and single-
i.a.ZA treatments illustrated the extrusion and volumetric increase of the 
medial meniscus (red), and the spontaneous formation of ectopic bone 
(blue) in all joints. (B.) Quantitative analysis indicated similar increases 
in meniscal tissue volume relative to untreated DMM-joints and 
increased bone volume fractions at earlier time points. In addition, the 
development of ectopic bone and its structure (tissue volume & bone 
volume fraction) was similar among both single-i.a.ZA groups and 
untreated-DMM joints. Results are presented as mean ± STD (n=3-
5/timepoint/group) where: % indicates p<0.05 comparing single-i.a.ZA0d 
to the untreated DMM-joints at that timepoint; and $ comparing single-
i.a.ZA7d to the untreated DMM-joints at that timepoint. 



 223

 

Figure C.2: Assessment of Periarticular Calcified Tissue Changes in the Tibiofemoral 
Joint Following DMM and Single-i.a.ZA Treatments. (A.) 3D m-CT 
renderings of representative knee joints following both DMM and single-
i.a.ZA treatments illustrated the extrusion and volumetric increase of the 
medial meniscus (red), and the spontaneous formation of ectopic bone 
(blue) in all joints. (B.) Quantitative analysis indicated similar increases 
in meniscal tissue volume relative to untreated DMM-joints and 
increased bone volume fractions at earlier time points. In addition, the 
development of ectopic bone and its structure (tissue volume & bone 
volume fraction) was similar among both single-i.a.ZA groups and 
untreated-DMM joints. Results are presented as mean ± STD (n=3-
5/timepoint/group) where: % indicates p<0.05 comparing single-i.a.ZA0d 
to the untreated DMM-joints at that timepoint; and $ comparing single-
i.a.ZA7d to the untreated DMM-joints at that timepoint. 
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Figure C.3: Meniscal Changes Associated with Single-i.a.ZA Treatments Post-DMM. 
(A.) Safranin-O stained sections qualitatively highlighted the meniscal 
extrusion and changes in meniscus size and proteoglycan distribution and 
intensity that accompany DMM injury in the untreated, and single-i.a.ZA 
treated joints. These representative images were acquired from the 
anterior region (level 2) of the joint at 10x magnification. Quantitative 
histological analyses highlighted that neither immediate- or delayed-
single-i.a.ZA administration markedly influenced (B.) meniscal coverage 
or (C.) meniscal size (area) post-DMM, but single-i.a.ZA injections did 
drive increases in the relative proportion of Saf-O+ area (proteoglycan-
rich tissue) present and the relative staining intensity of these Saf-O+ 
areas. Results are presented as mean ± STD (n=3-5/timepoint/group) 
where: % indicates p<0.05 comparing single-i.a.ZA0d to the untreated 
DMM-group at that timepoint; and $ comparing single-i.a.ZA7d to the 
untreated DMM-group at that timepoint. 
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Figure C.4: Osteophyte Maturation is Delayed Following Single-i.a.ZA Treatment 
Post-DMM. (A.) Safranin-O stained sections demonstrated the formation 
and transition of osteophytes from a cartilage-like template into bone 
along the medial tibial plateau joint margin (right of black lines) of 
singly-i.a.ZA injected DMM-joints. These representative images were 
acquired from the anterior region (level 2) of the joint at 10x 
magnification. (B.) Semi-quantitative osteophyte scoring indicated a 
significant delay in osteophyte maturation following either single-i.a.ZA. 
treatment when compared to untreated DMM-joints. (C.) Quantitative 
analysis revealed that single-i.a.ZA treatments did not affect the size of 
the osteophytes that formed post-DMM but did increase the retention of 
Saf-O+ area (proteoglycan-rich tissue) and a delayed accumulation of 
Saf-O- area (bone tissue) post-DMM. Within these Saf-O+ areas, neither 
of the single-i.a.ZA treatments influence the tissue-level staining 
intensity of these Saf-O+ (proteoglycan rich) tissue regions. Results are 
presented as mean ± STD (n=3-5/timepoint/group) where: % indicates 
p<0.05 comparing single-i.a.ZA0d to the untreated DMM-groups at that 
timepoint; and $ comparing single-i.a.ZA7d to the untreated DMM-groups 
at that timepoint. 
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Figure C.5: Joint Synovitis is Not Altered by Single-i.a.ZA Treatment Post-DMM. 
(A.) Safranin-O stained sections demonstrate the presence of joint 
synovitis (black arrows) within the medial compartment following 
DMM, which was not suppressed by either single-i.a. ZA injection. 
These representative images were acquired from the anterior region 
(level 2) of the joint at 10x magnification. Osteophytes forming along the 
medial femur are indicated by the tissue to the right of black lines. (B.) 
Semi-quantitative synovitis scores confirmed the qualitative impressions. 
Results are presented as mean ± STD (n=3-5/timepoint/group) where: % 
indicates p<0.05 comparing single-i.a.ZA0d to the untreated DMM-group 
at that timepoint; and $ comparing single-i.a.ZA7d to the untreated DMM-
group at that timepoint. 
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Figure C.6: Zoledronic Acid Clearance in Uninured Mouse Knee. Fluorescently-
tagged zoledronic acid (ZA) was injected into naïve, uninjured murine 
knees to determine the clearance of ZA from the joint space over 7 days 
(120-hours) using IVIS imaging. (A.) Images of ZA fluorescent signal 
from 0, 2, and 120-hours (7-days) post-injection highlight the loss of ZA 
from the joint over time (pseudo colored; yellow/green indicates more 
ZA while blue is less). (B.)  Quantification of the fluorescent-ZA signal 
in the injected and non-injected knee confirmed ZA’s clearance from the 
joint. Note the rapid clearance of ZA from the joint by 4-hours, but ZA 
still persists in the joint by 120-hours. (C.) The intact and disarticulated 
knee highlight the presence of ZA (non-pseudo colored) after 120-hour 
within the joint space, cartilage, and isolated menisci (small white tissue). 
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Figure D.1: Demonstration of Cell Cycle performed via Flow Cytometry and Image-
Based. The top portion of figure highlights the DNA staining (Draq5 and 
Hoescht) histograms obtained via flow and image-based. While slightly 
different in the overall shapes, the general pattern and trends still hold 
true. The bottom demonstrates the resulting cell cycle percentages as a 
function of technique and ZA concentrations. 
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At the time of submitting this dissertation, the work in Chapter 2 was published in the 

Journal of Orthopaedic Research. The Journal of Orthoapedic Research allows 

manuscripts to be published in academics dissertations without permission from the 

journal. 

 

Journal of Orthopaedic Research: 

https://www.elsevier.com/journals/journal-of-orthopaedics/0972-978X/guide-for-

authors 
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