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Abstract
Osteoarthritis (OA), a degenerative joint condition characterized by progressive loss of
articular cartilage and other joint tissue changes, is the most common cause of disability
in the United States. OA is a disease with multifactorial etiology contributing to
heterogeneous symptoms of disease onset and progression, but resulting in the same
outcome of joint degeneration. Current treatment options are focused on managing OA
symptoms, specifically pain, but do not treat the underlying cause of disease. A major
hurdle for better therapies is the lack of understanding of OA disease initiation and
progression, especially at early stages prior to clinical symptoms. This thesis presents two
independent projects seeking to understand the roles of biological and biomechanical
factors in OA development.

In the field of OA research, biological changes are understood to occur in early OA.
There is an increase in cartilage metabolism and a decrease in catabolism, which
contributes to cartilage loss and other joint tissue changes. Inflammation is thought to be
a major driver of these biological changes underlying structural changes. One aspect of
this thesis focuses on understanding inflammatory dynamics driven by master
transcriptional regulator NFκB and how it may be related to cartilage structural changes.
Results from this study showed that NFκB driven inflammation, visualized via
bioluminescence imaging, peaks early in a post-traumatic OA (PTOA) mouse model and
that structural modifications, visualized as collagen fiber thickness and orientation
changes through second harmonic generation imaging, also occur in early OA across
different cartilage layers.
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The second project of this thesis is focused on understanding the interplay between
biochemical (specifically glucose) and biomechanical factors in OA progression utilizing
a novel ex vivo joint culturing system, the Joint-in-Motion 1 (JM1) device. In this study,
whole mouse knee joints were cultured in media solutions with variable glucose and
osmolarity with dynamic input. While joint spatial orientation, cell numbers, and
extracellular matrix collagen II was preserved, proteoglycan was lost only in joints
cultured in high glucose with dynamic movement. This study revealed the synergistic
effects of biomechanical and biochemical factors in OA development and highlights a
possible role for glucose in priming the joint for damage via biomechanical stress
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Chapter 1: Introduction
1.1 Osteoarthritis
1.1.1 Osteoarthritis Prevalence and Characteristics
Osteoarthritis (OA), a degenerative joint disease, is the most common form of arthritis in
the United States as well as globally. It is the most common cause of long-term disability,
especially among the older population (above 65 years old) [1,2]. Currently, about 27
million Americans are affected by this condition and this number is expected to increase
to about 67 million by the year 2030 [3]. It is characterized most notably by progressive
degeneration of the articular cartilage, which covers opposing joint ends, but also
involves bony changes (increased subchondral bone plate thickening and sclerosis and
formation of osteophytes or bone spurs in the bone underlying the joint), inflammation of
the synovium surrounding the joint, and muscle weakness around the joint capsule [1,3–
7]. Osteoarthritis can affect any joint, but those that are weight-bearing or are used
frequently in daily living, such as the knee, hip, spine, and the hands, are most likely to
be affected by the degenerative condition [5].

1.1.2 Impact of Osteoarthritis on an Individual and Global Scale
As the 11th highest contributor to global disability [2], OA has a high impact on the lives
of patients and their families. Patients affected by this condition may experience pain,
especially upon weight bearing, which can impact their everyday lives [1,4–7,9,10].
Approximately 80% of those affected by OA experience some movement limitation and
25% are restricted in major activities of daily living [11]. A study assessing the quality of
life lost by OA sufferers in New Zealand, highlighted an average loss of 3.44 quality
1

adjusted life years per OA patient [8]. The decline in quality of life for people suffering
from OA is both a physical and mental burden.

Additionally, OA is an economic burden for both patients and society. Patients are most
heavily impacted by the direct costs associated with diagnosis, treatment, and other
medical care for OA management, which amounts to an average of $27.5 billion paid by
patients over the course of OA in the patient’s lifetime. In perspective, this amount of
spending is only second to spending for cancer, which has an average of $35.7 billion
[12]. Indirect costs, defined as the value of resources and productivity lost by patients and
by care providers, are also associates with OA [13]. Employees affected by OA or family/
friends who care for the OA patient may request time away from work to undergo
surgical procedures and physical therapy or provide support for patients undergoing these
events. This work absenteeism may lead to a loss of income for the patients and their care
providers [1,14]. Additionally, this time away from employment may negatively affect
the productivity of the employers leading to a larger overall economic impact as the
number of OA patients increases. Indirect costs may be measured in a number of ways: in
terms of days absent from work, OA patients lose 22 days of work per year on average
[12] and in terms of large scale economics, OA costs the United States economy more
than $60 billion per year in lost productivity [1,15]. The combined physical disability,
increased expenditure, decrease in income, and larger effect on the community and
economy makes OA a high impact disease [1,2,11,13,15].
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1.1.3 Osteoarthritis Pathogenesis
Currently, the pathophysiology behind the development of joint degeneration leading to
symptoms of clinical OA are not well understood [1]. The disease has conventionally
been understood as primarily a cartilage disease, but more recently OA is understood to
involve the entire joint in disease manifestation and progression [3]. Thus, in a more
modern understanding of OA, multiple joint tissues, including the synovium, ligament,
muscle, and fibrocartilage structures (such as menisci), are affected in addition to
remodeling of the bone underlying the cartilage [3]. In early stages of the disease,
cartilage often shows microfibrillations and irregularity along the surface. As disease
progresses, localized points within the cartilage may become eroded down to the bone
[4,5]. Some patients may experience synovitis (inflammation of the synovium tissue
within the joint), formation of bone spurs, exogenous bone formation along the edge of
the tibia, and damage to the menisci (which normally functions as a cushion between the
femur and tibia in the knee joint), among other events [3–5].

Different factors may contribute to an increased risk for OA development. These risk
factors can be divided into person-level and joint-level factors [16]. Person-level factors
that cannot be changed include: age, sex, genetics, and race/ethnicity; factors that can be
changed include: diet/nutrition and weight (obesity) [4–6,16]. At the joint-level, risk
factors include: prior injury, muscle weakness, joint malalignment, activity level, and
other mechanical factors [4–6,16]. These different risk factors, with age and sex being the
highest predictors for OA risk, may work in concert to give rise to variations in disease
manifestation [16]; some patients may have radiographically confirmed OA diagnosis,
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but may not feel pain whereas other patients may experience chronic pain, especially with
movement [3–5,9,10]. Despite the multifactorial etiology for OA development, the
disease end outcome remains the same: depletion of articular cartilage at the bone to bone
interface of a joint [4–6,16].

1.1.4 Clinical Diagnosis of Osteoarthritis
OA is a progressive disease where initiation and early stages of the condition may be
asymptomatic for patients. Due to this early silent progression, oftentimes the first step
toward an OA diagnosis is patient self-reporting to clinicians. Oftentimes, these patients
report pain on range of motion and joint movement, limitations in joint movement, brief
stiffness of the joint after resting, crepitus (“crackling” noise) with motion, joint
instability, or joint deformity [4,5,7]. Clinicians can confirm the presence of OA through
a thorough assessment of personal history and physical examination, but a diagnosis of
OA must be determined through X ray radiography, which is currently the gold standard
of OA detection [1,3,4,6,7,17]. A diagnosis of OA can be made without patients reporting
joint discomfort [4] so long as the X ray radiography reveals structural changes that
indicate the presence of OA development. The major hallmark that indicates OA is the
narrowing of the space between the two bones in a joint, implying a loss of cartilage.
Other features that can be detected through X ray radiography may include: subchondral
bone changes, subchondral bone cysts, and the formation of osteophytes/ bone spurs
along the edges of the bone can be visualized [1,4,6,7]. Laboratory tests are not required
for OA diagnosis since OA is clinically considered a “low-grade” inflammatory condition
that generally does not elevate circulating inflammatory markers to a detectable level of
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difference between OA and normal patients [6,7].

1.1.5 Treatment Options for Osteoarthritis
Currently there is no prevention method nor cure for OA [1]. As such, treatments tend to
focus on OA symptoms and treatment plans center around pain management, improving
joint function, minimizing disability, and enhancing patients’ health related quality of life
[5,17,18]. Treatment options for OA fall into four main categories: non-pharmacologic,
pharmacologic, complementary and alternative, and surgical [7,18]. All patients should
receive some form of treatment from the non-pharmacologic and pharmacologic category
prior to progression toward other treatment options [7].

In non-pharmacologic treatments, clinicians focus on patient education for OA
management, physiotherapy to improve joint function and build muscle strength, weight
reduction to relieve the mechanical load on weight-bearing joints, and the use of orthoses
and assistive devices, such as canes and braces [18]. Pharmacologic treatments focus on
the use of various medications to manage pain in OA patients; acetaminophen is the first
choice of pain relief of all clinicians for OA management and is apt for mild to moderate
pain in patients [18]. When the pain becomes greater, patients can be moved to other
pharmacologic agents for pain relief, including non-steroidal anti-inflammatory drugs
and, if necessary, opioids [18]. Pharmacological agents must be carefully monitored due
to their side effects from prolonged use; acetaminophen may negatively affect the liver,
NSAIDs may have GI and cardiovascular complications, and opioid analgesics can
trigger possible physical dependency with long term use [18]. As a complementary and
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alternative option, patients can receive intra-articular injections of hyaluronan to act as a
lubricant for the joint surface and also as a buffer to increase joint space [5].
Additionally, patients may also receive intra-articular injections of corticosteroids, which
may help induce localized pain relief [5]. Oftentimes, these injections do not provide long
term benefits or pain relief and some clinicians consider the pain relieving effects of
intra-articular injections to be a placebo effect [5]. Although a number of treatments are
available for various phases of disease progression, these treatments tend to be centered
around pain management for symptomatic patients rather than dealing with the
underlying problems that lead to joint degeneration [1,4,5,17,18].

When all pain management options have failed, patients may undergo total joint
replacement therapy [5]. This major, invasive surgery has its own sets of risks and
complications, including risk of infection and a long recovery period, with the need for
physical therapy during the recovery period. Additionally, the total knee replacement is
not a permanent solution as replacement joints may, themselves, require replacement
further down the line as it wears down [19]. Thus, there is a need for identifying disease
modifying OA drugs (DMOADs) for OA treatment that addresses the underlying
mechanisms and pathways leading to joint degradation.

1.1.6 Current Unmet Needs in Osteoarthritis Research and Treatment
As mentioned previously, there is no prevention method [17] nor cure for OA and, as of
2018, no DMOAD has been identified. Treatment options, which are focused on
managing pain while minimizing side effects interfering with daily living, do not provide
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adequate relief [1,3] resulting in a major invasive surgery with high costs. The burden of
OA is extremely high for patients and for the economy as measured by a decline in
quality of life and economic productivity and the frequency, chronicity, and lack of
treatment for this disease has a global impact [1]. Despite the global influence of OA, it is
a neglected condition because it is not a fatal disease and is often thought of as a
“normal” part of aging [3].

In the ongoing search for better treatment options, more researchers are shifting toward
understanding OA as a painful degenerative condition that involves the whole joint,
which includes: menisci, synovium, ligaments, muscle, bone, and even fat in addition to
cartilage [3–5,17]. This holistic view on OA as a disease lends optimism that as we gain a
more complete picture of OA mechanisms, drug discovery affecting these mechanisms
may identify DMOADs for OA prevention or cure [3].

1.2 Introduction to Joint Tissues: Properties, Components, and Changes with
Osteoarthritis Progression
During OA, multiple tissue within the joint can become affected as the disease
progresses. This chapter introduces some of the major tissues within the joint and the
changes they undergo as disease initiates and develops since the body of this work builds
upon understanding the basics of tissue components, especially of the articular cartilage
and synovium, as well as how these tissue components are inter-related and work
together to allow for appropriate knee joint function. This section also highlights some
unmet needs that remain in the field for understanding OA with respect to the different
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tissue components.

1.2.1 Articular Cartilage
Cartilage is the most well-studied tissue of the joint. Part of the skeletal system, cartilage
derives from the mesoderm germ layer. From the mesoderm, mesenchymal cells
condense into areas where components of the skeletal system, including cartilage, will
form [20]. Through a process known as chondrogenesis, the mesenchymal cells and
chondroprogenitor cells differentiate into chondrocytes, the only cell type in cartilage,
and begin secreting proteins and molecules that make up the tissue [21]. This process
develops cartilage that covers and protects the ends of long bones in joints.

Healthy cartilage is avascular and aneural [4] and thus presents a major clinical challenge
since it has poor regenerative capacity after injury [22]. In normal tissues, cartilage is
white to yellowish. The smooth surface of the tissue and lubrication across the tissue
allows for opposing articular surfaces to move smoothly over each other. Cartilage is
complex and comprised of different components that lend the tissue special properties,
including tensile strength (the ability to withstand load without breaking) and elasticity
(the ability to resume its normal shape after compression), making cartilage a unique
tissue that is capable of sustaining high cyclic loading [23].

The function of articular cartilage and its unique properties can be attributed to the
cartilage extracellular matrix (ECM), which comprises ~90-95% of the tissue volume
[3,24]. Within this ECM, chondrocytes are the only cell type of the tissue, comprising
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~5% of the tissue volume, and are extremely important for maintaining cartilage [3,24].
These cells secrete the components of the extra cellular matrix, which includes collagens,
proteoglycans (specifically aggrecan), and glycosaminoglycans (hyaluronan, keratin
sulfate, chondroitin sulfate) [3,4,4,23–26].

A major component of the ECM is fibrillar collagens. More specifically, in adult
cartilage, collagen type II makes up about 90% of the ECM [23,24,27–29]. Collagen type
II crosslinks with collagen types IX and XI [23,27–33], which comprises ~1% and ~3%
of the ECM respectively[27], to develop a loose framework [33,34]. This framework is
essentially permanent in adulthood in that it turns over very slowly [3,22,27,33]. The
articular cartilage can be broken down into different layers or zones in accordance to the
arrangement of cells and ECM fibrils: superficial zone, transitional zone, and deep zone
(Figure 1.1).

Figure 1.1. Cartilage layers (zones) and collagen fiber organization across the layers.
Collagen fibers in the superficial zones are arranged parallel to the cartilage surface while
fibers in the deeper layers become arranged more perpendicular to the surface of the cartilage.
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Each layer/zone has a unique arrangement of collagen fibers that lends cartilage its ability
to resist compressive loading [23,35,36]. In the superficial layer, collagen fibers are
arranged parallel to the joint surface. In the tangential layer, collagen fibers transition
from the perpendicular arrangement in the superficial zone toward a more perpendicular
arrangement. Lastly, in the deep zone, the collagen fibers become perpendicular to the
articular surface [33,35–39] (Figure 1.1). This organization of collagen fibers allows for
the superficial layer to disperse compressive load across the surface of the cartilage while
the collagen fibers in the tangential and deeps zones allow for compression with weight
loading and rebounding after the load has been released [36–38,40–42].

In addition to lending cartilage its material strength [3,4,23,25,31,33], the collagen
framework serves to physically trap aggregating proteoglycans and glycosaminoglycans
(GAGs) [4,31], which have a higher turnover rate than collagen type II [22] (Figure 1.2).
The proteoglycan and glycosaminoglycan components are highly negatively charged, and
when contained within the collagen fibrillar network, are able to bind a large amount of
water, which comprises about 66-79% of cartilage [4,25,34]. This accumulation and
binding of water generates a swelling pressure within the tissue, allowing for cartilage’s
stiffness in normal circumstances [24,43]. Upon load bearing during joint activity,
compression of the tissue forces the water molecules out, but upon relief, water
molecules surge back within the collagen, proteoglycan, and glycosaminoglycan network,
reforming the original tissue shape [4,23–25].
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Figure 1.2. Cartilage matrix components. Collagen, hyaluronan, and GAGs form a network of
molecules to trap water.

At the center of this fibrillar network of collagen, proteoglycan, and glycosaminoglycans,
are the chondrocytes. The chondrocytes are surrounded by the matrix that each individual
cell secretes. Thus, each chondrocyte exists in a condition of hypoxia and lacks cell-tocell interaction and must depend on nutrients and waste removal via diffusion through the
cartilage matrix [34,44]. These cartilage cells not only secrete ECM components, but also
cytokines, chemokines, and even matrix degrading enzymes, such as matrix
metalloproteinases (MMPs). MMP-13, in particular, is crucial for ECM remodeling
because this enzyme is most specific for cleaving collagen type II and is typically
upregulated in OA. These chondrocytes regulate anabolism and catabolism of the
cartilage matrix [45].
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During early disease initiation, there is thought to be a thinning of the cartilage coupled
with macroscopically obvious cartilage surface fibrillations and other structural changes
[23]. The changes usually involve a loss of collagen accompanied by a loss of
proteoglycan that starts at the surface and progresses through stages deeper into the tissue
as the disease continues, eventually leading to full thickness erosion of the cartilage tissue
[3,23]. Typically in OA, there is not an even loss of cartilage; rather, focal lesions
develop at the point of contact between two articulating surfaces of the joints where
mechanical forces are the most concentrated [4,23]. As disease progresses, this lesion
may encompass a wider and wider surface area of the articular cartilage, leading to
symptomatic OA. It is typically thought that in OA initiation and development,
chondrocytes from the cartilage and cells from other joint tissues, such as the synovium,
secrete pro-inflammatory cytokines, MMPs (especially MMP-13), and other factors that
lead to an increase in ECM catabolism [3,23,24,45–47]. Accordingly, an increase in
cartilage degradation products, inflammatory markers, and MMPs has been seen in
synovial fluid [47]. While there have been studies looking to inhibit certain proinflammatory cytokines as well as MMP-13 activity, these attempts have not been
successful due to non-specificity of the inhibitor or toxic side effects, and thus the pursuit
of a DMOAD remains unmet in the field of OA research [48,49].

1.2.2 Synovium
In addition to cartilage, the synovium is considered important for joint health. Although
originally, it was thought that patients with OA did not have inflammation of the
synovium, more recently studies have seen through MRI and ultrasound that, contrary to
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traditional belief, there is a high prevalence (> 50%) of synovitis in OA patients [50,51].
Additionally, synovium inflammation has been seen to correlate to clinical symptoms of
pain in osteoarthritis [50–53] as well as with further worsening of joint structure [50,51].

The synovium is a specialized connective tissue that normally separates the joint capsule
from the joint cavity and seal fluids around the joint cavity itself [50,51,54]. The tissue is
comprised of two layers, the intima, which is about 20-40µm thick and is comprised of a
layer of 1-4 cells, and the subintima, which is 5mm thick and contains multiple
connective tissues [50,51]. In the intima layer, there are fibroblast-like synoviocytes
(FLS; type A cells) and synovial macrophages (type B cells). The FLS are special
secretory cells that constitute up to 75% of all cells in a heathy synovium and their
primary function is to maintain joint health by controlling the composition of the synovial
fluid that bathes all tissues within the joint cavity, including cartilage, ligaments and
tendons, and fibrocartilage structures (menisci) [50,51,54,55]. The synovial fluid secreted
by these cells not only delivers nutrients to the avascular cartilage tissue and ligaments,
but also contains lubricin and hyaluronic acid, which serve as lubrication for the joint
during normal activities [54,55]. Unlike the FLS, synovial macrophages do not secrete
any synovial fluid; rather, they are thought to help clear bacterial infections and debris in
the synovial fluid that could occur through normal daily activities of the joint or through
joint trauma [54]. These cells also operate by balancing the expression of both pro- and
anti- inflammatory cytokines in the synovial fluid to maintain joint health [54]. The
subintima layer of the synovium, unlike the intima layer, is relatively acellular and is rich
in microvasculature, lymphatic vessels, and nerve fibers [50,54,55]. It is through the
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vasculature of this layer that the intima, and thus cartilage, receives nutrients.

The synovium is thought to play a role in OA initiation and pathogenesis [51,54–56]. In
OA patients, there is inflammation of the synovium includes synovial lining hyperplasia,
sublining fibrosis, increased angiogenesis, and an increased presence of immune cells
(infiltrating macrophages and T cells) [50,51,54]. The increased angiogenesis in the
intima layer of the synovium likely allows for the recruitment of inflammatory cells, such
as T cells and B cells into the joint. Indeed, in end stage synovitis, high macrophage
infiltration can be observed in up to 90% of patients [51]. These immune cells can
increase the release of pro-inflammatory cytokines in the synovial fluid, which may
trigger inflammatory pathways, such as nuclear factor kappa B (NFκB). This in turn may
lead to an increase in the expression of catabolic enzymes, such as MMPs, that can
degrade components of the articular cartilage [51,54]. Additionally, the synovium can
influence chondrocytes in cartilage. Since an inflamed synovium excretes highly
inflammatory synovial fluid, which bathes the cartilage and diffuses through the cartilage
matrix into the chondrocytes, it may induce chondrocyte apoptosis [51]. This
inflammatory synovial fluid can also induce chondrocytes within the cartilage to secrete
pro-inflammatory cytokines and catabolic enzymes that further enhance joint destruction
[50,51,54].

1.2.3 Bone/ Subchondral Bone
Underneath the cartilage lies the subchondral bone. This subchondral bone layer, together
with cartilage forms the osteochondral unit. Subchondral bone is unique in that it
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functions as a “shock-absorber” in weight-bearing joints; it has the ability to mediate
joint movement and protect the joint by transferring the physical load imparted onto the
cartilage surface into trabecular bone [57], maintaining cartilage integrity by buffering
the impact of dynamic movement during daily activities. The unique property of this
tissue is due to its structure; the subchondral bone is comprised of a cortical bone plate
that merges into the network of trabecular bone underneath it [57,58].

Subchondral bone cells receive and react to stressors, such as cytokines, chemokines,
and, especially, mechanical stress [58]. The dynamic stress imparted on the joint
determine the internal architecture and external conformation of the bone as the
subchondral bone adapts to the local mechanical environment. This tissue adaptation to
mechanical and chemical stressors requires the coordination of osteoclasts and
osteoblasts to remodel the bone appropriately [57,58].

The structure of the subchondral bone lends itself to the shock-absorbing function of the
tissue and thus, abnormalities and deterioration in the bone structure can contribute to the
pathology of OA [59]. During OA, the subchondral bone in particular undergoes drastic
remodeling; the cortical plate thickness is increased and subarticular trabecular bone
mineral density is also increased [57,58,60]. These changes stiffen the bone and prevent it
from deforming under dynamic loading, increasing the likelihood of joint damage, such
as microtears, at both microscopic and macroscopic levels [57,60], which only serve to
further enhance OA development. Subchondral bone changes are strongly correlated to
cartilage pathology [57,59]. Eventually, other boney changes, such as the formation of
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osteophytes (bony projections from the edge of normal bone, usually on the tibial
surface) and bone marrow lesions, also occur as OA progresses [58–63] and precede the
need for joint replacement surgery.

1.2.4 Menisci
The menisci are crescent shaped fibrocartilaginous structures that play an important role
in maintaining joint health. In the knee, they lie between the femur and tibia and protect
the articular cartilage of both surfaces. Partially covered by the synovium, the tissue is
comprised of both vascular and avascular areas, and functions by dispersing forces across
an increased surface area to prevent focal concentration of mechanical stress during
dynamic movement and static joint loading [64,65].

The menisci can be injured and meniscal tears are common injuries suffered by both
athletes as well as the general population. The severity of the injury and its location can
affect the healing of the injury. Tears in the vascularized areas of the tissue can more
easily heal and further damage to the joint may not occur due to the influx of nutrients
and recruitment of immune cells to the injury location for healing [64]. Tears in the
avascular areas of the tissue, though, do not heal well and often require surgical
intervention to repair. These injuries, in particular, are associated with early onset of OA
[64,66]. In some cases, meniscectomy may be performed as a treatment for meniscal
tears, but this procedure increases the relative risk for injury-induced OA development in
humans by six-fold [67–69]. As menisci become damaged, the tissue can become
calcified. Calcification of the tissue reduces its ability to absorb and disperse shock
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during normal joint function. This common meniscal abnormality is positively associated
with OA progression and in end-stage OA patients, calcium crystals can be detected in
knee synovial fluid [65,70,71].

Both meniscal tears and calcification of the joint tissue may result in changes to the
tissue. Menisci from OA joints may have abnormal cell arrangement within the tissue,
decreased cellularity, and hypertrophy of cells. Furthermore, these fibrochondrocytes
may have increased expression of MMPs and other catabolic factors that may contribute
to joint degeneration [65].

Figure 1.3. Anatomy of the knee joint with anterior cruciate ligament and posterior cruciate
ligament.

1.2.5 Tendons and Ligaments
Tendons and ligament are dense bands of collagenous fibers that serve to transfer force
from muscle to bone and to stabilize the joint, respectively. While tendons bridge muscle
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and bone, ligaments are anchored to bone on both ends [72]. Ligaments are especially
crucial for stabilizing the knee joint for normal functioning in daily activities. Under
normal circumstances, these connective tissues work in tandem with musculature and
bone to allow for dynamic movement while protecting the joint by limiting the range of
motion. In the knee in particular, there are four major stabilizing ligaments: medial
collateral ligament (MCL), lateral collateral ligament (LCL), anterior cruciate ligament
(ACL), and posterior cruciate ligament (PCL) [72]. The MCL and LCL are found along
the outside of the joints and connect the femur to the tibia and they resist medial and
lateral forces applied to the outside of the knee, respectively. The ACL and PCL form an
“X” shape in the middle of the joint and stabilize translational and rotational forces
between the femur and tibia.

A common injury in both highly active and inactive people is tearing of the ACL. This
type of injury severely impacts quality of life as functional limitations are immediately
apparent as is pain. OA development following ACL transection may be as high as 87%
[73]. One reason for the increased relative risk of OA development following ACL tears
is thought to be that the instability that results from the injury may lead to chronic
changes in static and dynamic loading across the surface of the articular cartilage [67,73].
Additionally, an increased turnover rate of ECM components, such as collagen II, has
been seen within days of the injury, suggesting ECM breakdown [72,74]. Instability
resulting from the ACL tear may also leave the joint susceptible to additional joint
injuries over time [67]. Furthermore, ACL tears are often sustained under high force
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trauma and concurrent injuries, such as osteochondral lesions and meniscal tears, may be
sustained by the joint [73].

Instability of the joint may be rectified via reconstruction of the ACL, but this surgical
procedure may not necessarily restore normal knee kinematics as the incidence of OA
following ACL reconstruction is still high [73]. A study has even shown that ACL
reconstruction may increase the risk of OA development [75]. One explanation is that
reconstructive surgery may further traumatize the joint and increase OA risk as well as
severity [73], a conclusion that may be supported by the fact that a longer interval
between the point of joint trauma and reconstructive surgery leads to an increased risk of
other joint injuries and OA development [73,76].

1.2.6 Skeletal Muscle
Skeletal muscles make up ~50% of the total body weight. Under normal function,
muscles are thought to aid in shock absorption and transfer across the whole joint. By
doing so, muscles act to stabilize the joint during both static and dynamic movement.
Furthermore, the tissue serves to actuate joint movement [77–80]. In the knee joint, the
quadricep femoris group and the hamstring muscle group are the major muscles that
provide extension and flexion movement. Through dynamic movement, muscles provide
cytokines and growth factors that may interact with synovium cartilage, and bone to
maintain joint health [79,81,82]. Indeed, some studies have shown that muscle cells may
secrete factors that inhibit pro-inflammatory cytokine production in the joint and reduce
the expression of hypertrophic markers [81,82].
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Muscle weakness, especially of the quadriceps femoris group, has been implicated in OA
pathology. Knee extensor muscle weakness has been correlated to increased risk of
radiographic OA progression and is often a common and early symptom reported by
patients [77–80,83]. It is thought that muscle weakness may alter the load imparted along
the articular surface, leading to increased focal pressure that can result in cartilage
degeneration, allowing for OA to take hold [77–79,83]. Often with joint injury, muscle
weakness quickly follows as patients alter gait and movement with consideration for their
injury [77,78,80,83]. For example, ACL and meniscal tears are associated with muscle
atrophy as patients adopt a more sedentary lifestyle to relieve pressure on the injured joint
or to allow for healing after reconstructive surgery. As patients develop functional
decline and muscle atrophy persists, the weakened muscle becomes less able to stabilize
the joint during normal daily movements. As such, muscle weakness is generally
accepted as a factor that leads to an increased risk of disease development and is thought
to precede knee OA onset and progression [83]. As such, currently, a main treatment for
early OA is strengthening exercises to both adjust malalignment that can lead to incorrect
force distribution throughout the joint and to also increase knee extensor muscle strength
[83].

1.2.7 Osteoarthritis as a Whole-Joint Disease
This section has provided a basic understanding of a selection of the multiple tissues that
comprise the knee joint. While each individual tissue plays a role in the maintenance of
joint health, they often work together to lend the knee joints its proper form and function.
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For instance, while articular cartilage serves to cushion the boney ends of the joint, they
are also buffered by menisci, the crescent-shaped fibrocartilage structures. The menisci
themselves are held in place by ligaments and tendons, which stabilize the joint during
movement. These joint components are enclosed by the synovium, which maintains joint
health through secretion of nutrients and lubricating factors. Lastly, on the outside of the
cavity, muscles actuate the joint and protect it during dynamic movement as well as
secrete factors that help maintain joint health. Together these joint components create a
functional system that can respond dynamically to the environment. Thus, in current day
research, it is important to consider OA development in the context of a whole-joint
system rather than as isolated tissues components.

1.3 The Joint as a Biological System
1.3.1 A Pro-Inflammatory Environment in Osteoarthritis
A number of cellular changes may occur in the joint with OA initiation and development
as a response to joint injury or mechanical overuse. Inflammation of the synovium, as
discussed in section 1.2.2, is thought to be a key contributor to OA pathology. Within the
synovium, in about 50% of the patient population, it is thought that proliferation of
synoviocytes occurs [84], contributing to the increased cellularity of the synovium seen
during synovitis. Additionally, the synovium becomes infiltrated by a number of
inflammatory cells, including T cells, macrophages, B cells, natural killer cells, and mast
cells [84–91]. Macrophage and T cells are the most populous in inflamed OA synovium
and make up 65% and 22% of the cell number, respectively, with other cells types
making up the remaining 13% [92,93]. In terms of the absolute number of inflammatory
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cells as well as the types of inflammatory cells present, OA is not considered a “classical”
inflammatory condition [94]. Despite being a non-classical inflammatory condition, in
OA the ratios of macrophage and T cells, as well as other inflammatory cell types
present, are comparable to the ratios of cell numbers seen in rheumatoid arthritis (RA),
which is considered a “classical” highly inflammatory condition [89,90,92]. In some
cases, histological assessment reveals no discernable difference between RA and OA
synovial tissue from patients [89,90].

In addition to the influx of inflammatory cells, other cell types that are normally present
in the knee joint, such as chondrocytes and synoviocytes, also contribute to the
inflammatory milieu [85]. Chondrocytes, which normally serve to regulate homeostasis
of the cartilage and maintain a balance of anabolism and catabolism, shift toward a more
catabolic phenotype [95], secreting inflammatory factors, catabolic factors, and
hypertrophic proteins that contribute toward joint degradation, as discussed in section
1.2.1. Additionally, synoviocytes, which normally secrete factors into synovial fluid to
maintain joint health, instead secrete pro-inflammatory cytokines and chemokines that
aid in inflammatory cell recruitment and serve to drive joint degradation, as discussed in
section 1.2.2.

Although OA was not originally considered an inflammatory condition, a number of
studies have shown an increase in detectable proinflammatory cytokines and proteins,
including interleukin 6 (IL-6) and interleukin 8 (IL-8) [91,96,97] as well as C reactive
protein, a proinflammatory protein secreted by the liver, in peripheral blood, synovial
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fluid, and sera [98–100]. While these proinflammatory cytokines were elevated, they
were not as high as in RA, suggesting that even though OA may not be an overtly
inflammatory condition, it is akin to a chronic low-grade inflammatory disease
[87,90,97,99].

In addition to IL-6, IL-8, and C-reactive proteins mentioned above, IL-1β and TNFα have
also been detected in the joint. Secreted by the synoviocytes, chondrocytes, and immune
cells [53,85,101–104], IL-1β and TNFα are thought to play a central role in OA initiation
and progression [104,105]. These two cytokines are thought to contribute to OA by
disrupting the anabolic and catabolic balance. The proinflammatory cytokines have been
shown to suppress the expression of anabolic factors, such as collagen II and aggrecan,
while inducing the expression of catabolic factors that can degrade the cartilage matrix,
such as MMPs [82,101,105–111]. Indeed, in an experimental culture system utilizing
cartilage explants, both TNFα and IL-1β were able to stimulate the release of
proteoglycans from cartilage explants, with IL-1β being a more potent stimulator than
TNFα [112]. These two proinflammatory factors are also able to synergize with the
combination of the two being able to stimulate more cartilage ECM degradation than
either alone [94,104,105,112]. While these cytokines are initially secreted by cells within
the joint as a response to environmental changes, such as joint trauma, it is thought that
once the cytokines are present, they are able to participate in a positive feedback effect
where they can stimulate their own production from the same cells, creating a chronic
inflammatory environment within the joint [104,113]. It is this chronic inflammatory
environment that sets the stage for cartilage degradation over time.
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1.3.2 NFκB as the Driver of Inflammatory Changes in Osteoarthritis
TNFα and IL-1β are able to induce changes by triggering multiple signaling pathways to
affect transcriptional and translational changes. Of the signaling pathways the two
proinflammatory cytokines can affect, NFκB may be one of the most important.
Considered a master transcriptional regulator, NFκB is critical for the expression of many
pro-inflammatory factors, including TNFα and IL-1β [90,95,104,113–116]. This
signaling factor is also important for development in that animals with a complete
knockout of any component of the signaling pathway (p65 or IKK) die during embryonic
development or perinatally [116].

Consisting of hetero- and homo-dimers of the NFκB/RelA family of proteins, the NFκB
pathway is involved in the cellular response to a variety of stimulants, including stress,
cytokines, nutritional changes (overabundance or malnutrition), and antigens
[90,114,117]. It is present in nearly every cell in its inactive form, sequestered in the
cytoplasm by IκB, which masks the nuclear localization signal of NFκB. In canonical
NFκB signaling, once the pathway is activated through inflammatory signals or other
stimulants, IκB is phosphorylated, dissociating from NFκB, allowing for the retention of
NFκB once it translocates into the nucleus. In the nucleus, NFκB can then bind to
promoter sites to enhance certain gene expression, including specific MMPs that can
contribute to the inflammatory milieu or cartilage matrix degradation.

Prior studies have shown that proteins that can trigger NFκB pathways, such as
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apolipoproteins and proteins that are part of the complement system in immune response,
were increased in OA patients [118]. Additionally, direct assessment of NFκB content in
human synovial membrane tissue showed an increase in NFκB expression in patients
with radiographically early OA [53]. This increased NFκB expression results in an
increase in proinflammatory and catabolic gene expression, such as IL1β and TNFα, that
only serves to further stimulate NFκB expression, forcing the joint to enter into a positive
feedback loop [102,113]. This feedback loop can induce more permanent epigenetic
changes that disrupt chondrocyte homeostasis [113,119], contributing to the progressive
joint degermation seen in OA.

Abnormal sustained activation of NFκB signaling, like that seen in chronic inflammatory
conditions, has been found to be linked to a wide variety of human diseases, including,
but not limited to, asthma, heart disease, Alzheimer’s, Parkinson’s disease, rheumatoid
arthritis, cancer, and diabetes [116,119,120]. Inhibition of NFκB can decrease the
expression of MMP-13 in chondrocytes [111] and in a rat meniscectomy model of OA,
inhibition of NFκB via suppression of p65 expression seems to reduce OA development
[102]. NFκB plays such an important role as a transcriptional regulator for multiple
functions, that prolonged, non-specific inhibition of NFκB may lead to serious
unexpected side effects [116]. Furthermore, although NFκB is generally accepted as a
key player in OA initiation and development, the dynamics of NFκB signaling, especially
in early, pre-radiographic OA is not well understood. Thus, a part of this thesis is focused
on understanding the dynamic expression of NFκB during post-traumatic OA
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development in relation to OA structural changes in a biologically active joint that is
responding to environmental changes.

1.3.3 Glucose and Osteoarthritis
Another biological factor that is interesting in joint function is nutrition. Since cartilage is
avascular and nutrients only reach the tissue via diffusion once secreted by the synovium,
chondrocytes must be able to function under low nutrient conditions [121]. One major
nutrient at the center of cell function and metabolism is glucose. This factor is of
particular interest since it also is a key player in diabetes, a more recently identified risk
factor in OA. Studies have shown that diabetic patients are at higher risk of OA
development even after adjustment for sex, age, hypertension, and dyslipidemia [122–
127]. With a projected 54% increase of diabetic patients in the US by the year 2030
[128], understanding the interplay between diabetes and OA will become crucial for
treatment of OA and for maintaining quality of life for patients.

In vitro studies assessing the effects of glucose on chondrocytes revealed that high
glucose (10mM-30mM) may induce the expression of catabolic genes (MMPs) and proinflammatory cytokines while simultaneously downregulating the expression of cartilage
extracellular matrix collagen II [129–131]. In vivo studies assessing the effects of high
glucose on OA in the context of diabetes demonstrated that diabetic animals not only had
an increased likelihood of developing OA, but that the OA was also more severe [132–
137]. Why high glucose may lead to these gene expression and tissue level changes is not
well understood. Some studies suggest that chondrocytes, under normal conditions,
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undergo low oxidative phosphorylation and high glycolysis to metabolize low amounts of
glucose [129,138]. When high glucose is present in the environment though, the sugar
molecules may saturate the preferred metabolic pathways, prompting chondrocytes to
shunt glucose into the polyol pathway [139,140]. This polyol pathway generates reactive
oxygen species that may affect gene expression or other cellular functions. Additionally,
glucose metabolism via the polyol pathway may generate a buildup of impermeable
sorbitol, which may induce cellular stress [140]. Interestingly though, in a study assessing
the role of metabolic dysfunction in OA development, Kozijn et. el. saw variability in OA
development and severity within a rat metabolic dysfunction model [141]. This finding
suggests that although glucose may prime the joint for OA initiation, a secondary initiator
may be necessary for OA development [141] and is expanded upon in chapter 3.

1.4 The Joint as a Biomechanical System
During normal movement, the joint can move in a myriad of ways. The knee, for
example, can extend/flex, rotate, abduct/adduct, translate, compress/distend, and shift
medially or laterally [142]. In order to actuate any of these movements, ligaments,
muscle, bone, fibrocartilage (the menisci, for example), and cartilage must all work in
concert to resist any external and internal forces applied to the joint. It is generally
accepted that OA is a disease closely tied to biomechanics and abnormal function of any
component of the system will lead to overall degeneration of the joint. This is frequently
demonstrated when patients who incur trauma to their joints experience joint failure in
the form of OA possibly decades later as a result. A key example of altered biomechanics
leading to OA development is tearing of the ACL, as discussed in section 1.2.5. ACL tear
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patients have an increased risk of OA development, even with reconstructive surgery.
Aside from ACL tears, patients with meniscal root tears [143], or meniscal tears also
have increased OA risk. In addition to ligament and fibrocartilage tears, patients who
have malalignment of the joint are also at increased risk. These examples together point
to biomechanics as an important contributor to OA initiation and development.

Prior studies have shown that with different types of knee injuries, there is abnormal
loading of the knee joint, especially across the joint surface, across areas that normally
are not subjected to as much compressive stress [23,73,119,144–146]. Additionally,
joints may also have an increase in shear stress, which the articular cartilage is less suited
for dispersing and rebounding from, unlike compression stress [147–150]. These
situations lead to increased focal pressure on the cartilage, possibly resulting in OA
initiation in a localized region.

Although joint overuse and inappropriate dispersal of forces are tied to OA, joint
immobilization and lack of use may also be tied to OA development. Lapine and canine
studies showed that restrained limb movement induced OA-like changes in the cartilage
in as little as 4 weeks [151–153]. Cartilage in these restrained joints showed decreased
compressive function, decreased proteoglycan content, increased swelling, and increased
osteophyte formation [151–153]. Some of the resulting phenotype may be due to the need
for movement to disperse nutrients and other proteins and cytokines within the joint since
cartilage and fibrocartilage within the joint are avascular and without joint movement,
nutrients may not reach the chondrocytes embedded within the matrix. Additionally, it is
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widely understood that dynamic movement is a major contributor to bone and muscle
health, both of which may play a role in maintaining healthy joint homeostasis through
the secretion of cytokines and chemokines as well as their role in joint stabilization.
These studies further highlight the role of biomechanics in OA development, which will
be further explored in chapter 3.

1.5 The Joint as a Synergistic System
1.5.1 Understanding Osteoarthritis as a Condition Resulting from Abnormal Joint
Biology and Biomechanics
Sections 1.3 and 1.4 explored the joint as a biological and biomechanical system
independently. In function though, the joint is neither one of these factors independently;
rather both the biological and biomechanical factors intersect and synergize together for
appropriate joint function. The biological components of the joints can impact the
biomechanical function in that changes in the ECM components may affect the
biomechanical behavior of the joint. For instance, a decrease in proteoglycan reduces the
cartilage tissue’s ability to resist compression during joint loading [121,154] and
inflammatory proteins secreted by synoviocytes and other cells within the joint may lead
to reduced joint mobility[54]. Biomechanics of the joint may also feed into the biological
system in that the biological system can respond to joint biomechanics. For example, in
regions of increased force during compression, due to abnormal joint biomechanics, the
underlying subchondral bone may increase in thickness [57,58,60,155,156]. Furthermore,
biomechanics have been shown to induce biological changes in cells and may also
regulate gene expression changes on a biological level [147,157–162]. Despite
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understanding the joint as a synergistic system between biological and biomechanical
factors, current research in the field frequently isolates either factor alone for study.

1.5.2 In Vivo Studies of Osteoarthritis
In the field of OA research, there a multitude of studies that utilize animal models,
including but not limited to: murine, lapine, and porcine, to further our understanding of
the disease biology. These in vivo models can range from post-traumatically induced OA
development via surgical techniques or intraarticular chemical injections to
obesity/weight induced OA to aging or genetic models of OA development [163,164].
While this research continues to be important for building a basic understanding of
disease initiation and progression, one limitation to this type of research is its tendency to
favor biological aspects of OA pathology. Often, these in vivo models are focused on
identifying biological markers or factors that contribute to OA development in a specific
subset of the heterogeneous condition and do not account for biomechanical changes in
the joint that may contribute to biological changes simultaneously.

1.5.3 In Vitro Studies of Osteoarthritis
There are a number of in vitro studies focused on understanding the impact of
biomechanics on OA progression. These studies often utilize whole intact large animal or
human cadaveric joints to understand the biomechanics of the joint and how forces
during dynamic motions are dispersed normally [165–179]. There are also a handful of
more recent studies that utilize smaller animal systems, such as rodents, for
biomechanical studies [180–184]. The large animal and human joint studies provide an
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understanding of how abnormal biomechanics from injuries may impact force dispersal,
resulting in OA initiation and development, but do not directly connect joint biology to
joint biomechanics. There are cell culture studies and tissue explant studies that hope to
connect these two elements. In cell culture studies, chondrocytes can be cultured in 2D or
3D with mechanical compression or shear stresses and gene expression changes can be
assessed to elucidate the impact of biomechanics on biology [161,185–190]. In tissue
explant studies, cartilage pieces are harvested from large animals or human cadavers and
are then subjected to mechanical treatment prior to assessment for gene expression or
cartilage tissue changes [187,189,190]. In both the cell and tissue explant studies, the
cells and tissues themselves are removed from their native environment and expected to
behave like they would naturally.

1.6 Current Unmet Needs in the Field and Format of this Thesis
Previous sections in this thesis have provided an understanding of the biological and
biomechanical aspects underlying OA. Prior research in the field generally agree that
inflammation is an important biological aspect of the disease, but the dynamics of
inflammation in terms of when inflammation is present in the joint and how it may affect
disease progression is not well understood. One part of this thesis expands on
understanding this biological aspect of OA, with a focus on NFκB driven inflammatory
dynamics coupled to molecular structural changes that may lead to functional and
biomechanical deviations. These ideas will be expanded upon in the published
manuscript titled “Bioluminescence and Second Harmonic Generation Imaging Reveal
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Dynamic Changes in the Inflammatory and Collagen Landscape in Early Osteoarthritis”
in chapter 2.

The second part of this thesis assesses OA with consideration to biomechanics through
the development of a joint culture system that allows for control of both biological and
biomechanical factors that may synergize in disease progression. This second project
addresses the unmet need in the field for a system that allows for the assessment of both
biological and biomechanical factors in OA development through the development of a
novel whole joint culture device, which will be further expanded upon in the manuscript
titled, “A Whole Joint-in-Motion Culture System Reveals a Critical Role of Glucose in
Regulating Articular Cartilage Matrix Production” in chapter 3.
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Chapter 2: Bioluminescence and Second Harmonic Generation Imaging Reveal Dynamic
Changes in the Inflammatory and Collagen Landscape in Early Osteoarthritis [191]

______________________________________________________________________
190

Hui Mingalone CK., Liu Z., Hollander JM., Garvey KD., Gibson AL., Banks RE.,
Zhang M., McAlindon TE., Nielsen HC., Georgakoudi I., Zeng L. Publisehd in Lab
Investig, 03/14/2018.
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2.1 Introduction
Osteoarthritis (OA) is a widespread debilitating disease that has no cure [15,192,193].
OA is characterized by joint cartilage destruction and loss of cartilage matrix, as well as
pathological changes of other joint tissues, such as synovial inflammation and
subchondral bone sclerosis [194,195]. Current treatments generally rely on symptom
relief, rather than disease modification. To design strategies to slow down OA, it is
important to understand the mechanisms that underlie the initiation and progression of
this disease. However, pathological changes in early stages of OA tend to be subtle and
often elude investigation. In recent years, some of these changes have been discovered
with the use of advanced imaging technologies [196]. For example, fibrillation of the
cartilage surface that was not visible by eye could be observed using optical coherence
tomography, and alterations in mechanical properties were discovered using atomic force
microscopy (AFM) [36,197–199]. Additionally, loss of glycosaminoglycan (GAG)
content and water retention could be detected by AFM or magnetic resonance imaging
and Fourier transformed infrared imaging [200–202]. Quantitative polarized light
microscopy has been employed to visualize collagen, taking advantage of collagen’s
birefringence [197,203–206]. However, collagen structural changes in early stages of OA
have not been systematically investigated, even though collagen is a key component of
the cartilage matrix.

Parallel to structural alterations, biochemical changes take place in early OA [207–209].
One such aspect of biochemical change is inflammation, which is especially pronounced
in injury-induced OA [73,198]. Inflammation has been associated with pathological

34

changes in the extracellular matrix in many diseases causing extracellular matrix (ECM)
remodeling, including fibrosis and matrix degradation [115,210–212]. In cartilage, proinflammatory cytokines, such as IL-1β and TNFα, can initiate a cascade of catabolic
events [104]. A key step in this cascade involves the activation of the nuclear factor
kappa B (NFκB) pathway. NFκB subsequently induces the expression of catabolic genes,
such as MMPs. These MMPs cleave cartilage ECM components, causing cartilage
destruction and OA [119,213]. On the other hand, cytokines known to have antiinflammatory activities, such as IL-10 and IL-1Ra, are also induced following joint injury
[91,214–216]. The overall inflammatory activity from these stimuli during the course of
early OA development and the effects on joint pathology are still not clearly understood.

In this study, we employed two imaging tools to investigate early inflammatory and
collagen changes in the joint of a widely used mouse experimental OA model, the
destabilization of the medial meniscus (DMM). We tracked the activity of NFκB, a key
mediator of inflammation [102], through live bioluminescence imaging of luciferase
activity in NFκB reporter mice during early OA development. In addition to evaluating
synovial inflammation and cartilage GAG loss, we also studied collagen fiber structural
changes by Second Harmonic Generation (SHG) imaging, a powerful two-photon
imaging technique ideal for imaging of non-centrosymmetric molecules such as collagen
fibers [217–219]. SHG imaging allows for high-resolution assessment of several collagen
fiber properties, including thickness and orientation [217,220,221]. It involves the
simultaneous interaction of two photons with a molecule, leading to the scattering of a
single photon that possesses twice the energy, and therefore, half the wavelength, of the
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incident photons. This is a coherent process, which requires that the scattering molecule
lacks a center of symmetry for net second harmonic signal generation. This is the reason
for which collagen fibers are specific sources of particularly strong SHG signal in
cartilage ECM. By using bioluminescence and SHG imaging in this study, we observed a
dynamic change of NFκB activity and synovial inflammation as well as distinct zonal
alteration of collagen organization in articular cartilage in the early stages of OA
development.

2.2 Materials and Methods
2.2.1 Experimental animals.
All animal care and experimental procedures were approved by the Institutional Animal
Care and Use Committee at Tufts University (B2016-177). Mice were caged under
standard light-dark cage conditions. The NFκB (Balb/C) reporter mouse NFκB-RE-luc,
consisting of 6 NFκB response elements, was purchased from Taconic (NY, USA).
Destabilization of the medial meniscus (DMM) surgery was performed on 8-week-old
male mice according to established protocol [222–224]. Briefly, the right knee joint was
opened along the medial border of the patellar ligament and the medial meniscotibial
ligament was severed. The left knee joint received a sham surgery, in which the ligament
was exposed, but not severed.

2.2.2 In vivo NFκB bioluminescence imaging.
To visualize NFκB bioluminescence, the mouse knee (i.e. stifle joint) was shaved and a
skin incision was created. Mice were serially imaged using the Xenogen IVIS 200
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Biophotonic Imager (PerkinElmer) at the same hour of the day at 1, 3, 7, 11, 13, 15, 17,
and 19 weeks post-surgery with 3-4 mice per time point. Before each imaging session, a
baseline bioluminescent signal was measured. Then, 50ng of Luciferin (Goldbio) was
intra-articularly injected through the patellar ligament with a 30-gauge needle, and
another bioluminescent image was acquired 5 min later. As controls, non-surgery agematched mice were also imaged. Signal intensity was quantified using Living Image
(PerkinElmer). A region of interest was drawn over each knee and the mean signal
radiance was measured. The pre-injection signal was subtracted as background from the
signal detected following luciferin injection.

2.2.3 Histological analysis.
Isolated knee joints were fixed in 4% paraformaldehyde overnight and then decalcified in
10% EDTA. Samples were embedded in paraffin and sagittally sectioned at 5μm
thickness. Sections were stained with 0.1% Safranin O (Sigma-Aldrich) to assess
glycosaminoglycan (GAG) content and counterstained with Gill’s hematoxylin (Ricca
Chemical Company) and 0.02% Fast Green (Sigma-Aldrich). Articular cartilage damage
was blindly scored using a modified Mankin system to account for Safranin O staining
loss and articular cartilage structural damage [225–227]. With respect to Safranin O
staining loss, a score of 0 indicates no staining loss. Scores of 1 to 6 indicate partial
staining loss in varying areas of cartilage, while scores 7 to 12 indicate complete loss of
staining in varying percentage areas of cartilage. With respect to cartilage structural
damage, a score of 1 to 6 indicates minor damage of the structure in less than half of the
articular surface in varying percentage areas of cartilage (less than or greater than ½ of
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the cartilage surface, less than or greater than ½ of the cartilage depth), while higher
scores (i.e. 7 to 12) indicate severe and widespread damage of the structure [225,227].
Then scores of cartilage matrix loss and structural damage were added. While tidemark
duplication, fibrocartilage, chondrocyte clones, hypertrophic chondrocyte, and
subchondral bone changes are all part of OA pathology, these features were less obvious
in our time frame of study [225,227]. Thus, OA score was mainly driven by Safranin O
and articular cartilage damage scores. Synovitis severity in the anterior and posterior
parts of the joint was determined following established methods, in which factors
contributing to synovitis (resident cell density, inflammatory cell infiltrates, and synovial
lining thickness) were each assigned a specific point from 0 to 3, with 3 being the most
severe [228,229]. The sum of all three categories was calculated as the total synovitis
score.

Immunohistochemistry (IHC) for collagen I, collagen II, collagen X, and macrophages
(F4/80) was performed on serial sections from the same joints used for Safranin O
staining [223,229,230]. For antibodies used and antigen retrieval methods, refer to
Supplemental Table 2.1. The percentage of F4/80(+) cells in the inner synovial lining (34 layers) were scored blindly and quantified (ImageJ, NIH). Sections without primary
antibody incubation served as negative controls for staining.

2.2.4 Light microscopy.
Bright field or fluorescent images were taken on an Olympus IX-71 microscope, using
the Olympus DP70 or DP80 digital cameras. The optical parameters and camera exposure
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time were kept constant among samples of the same experiment.

2.2.5 Second harmonic generation (SHG) imaging and two-photon excited fluorescence
(TPEF) imaging
Joints were embedded in OCT without fixation or decalcification, and cryo-sectioned at
40μm thickness. Sections were collected with cryofilm type-IIc-(10) (Section-Lab Co,
Japan) to preserve tissue integrity. Sections were rehydrated for 15 minutes in PBS before
imaging. SHG and TPEF imaging were performed at the same time using a Leica TCS
SP2 confocal microscope equipped with a tunable (710-920nm) titanium-sapphire laser
(Mai Tai; Spectra Physics). For both imaging procedures, an excitation of 800nm was
used. For SHG imaging, photons emitted at 400±10nm were detected using a nondescanned photomultiplier tube detector. Endogenous TPEF emitted by chondrocytes was
detected at 525±25nm [231–235]. A water-immersion 63x objective (NA 1.2; 220μm
working distance) was used for articular cartilage imaging. Both forward and backward
SHG signals were collected for analysis in MATLAB.

Each SHG cartilage image was separated into the superficial, transitional, and radial
zones. These zones were delineated based on the following well-established notion: in the
superficial zone, fibers and the long axis of chondrocytes lie parallel to the articular
surface; in the radial zone, fibers and the long axis of chondrocytes lie perpendicular to
the articular surface; in the transitional zone, fibers are sinusoidal [40–42,236]. The
demarcation of the radial zone and the calcified cartilage zone was determined by the
presence of the endplate, which presented itself as a dark line under SHG imaging. To
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assess relative thickness of the collagen fibers, the forward/backward ratio of SHG
intensity was calculated following established methods [206,217–221]. To quantify the
orientation and organization of the collagen fibers, we used algorithms we established
previously [237] to analyze the FSHG images. A weighted vector summation approach
was used first to assign a dominant orientation of the fiber(s) crossing each pixel. This
orientation information could thus be displayed on a per pixel basis as a distribution for a
given field of view to characterize the overall organization of the fibers and identify the
presence of any dominant orientation angles. These distributions were then used to
calculate the directional variance of the fibers within a field, as a quantitative metric of
fiber organization. The value of the directional variance varies between 0 and 1, with 0
indicating perfectly parallel fibers, and 1 corresponding to completely random
organization [231,238].

2.2.6 Statistical analysis.
Data are shown as mean ±SEM. Non-parametric data from Mankin scoring and synovitis
scoring were evaluated via Kruskal-Wallis analysis followed by Dunn’s multiple
comparison test. All other experiments were evaluated with ANOVA followed by
Bonferroni’s multiple comparison test. Spearman’s correlation was performed for
correlation analysis. All statistical analysis was performed using Prism (version 5.01;
GraphPad). Significant outliers (>3 standard deviation away from the mean) were
detected using the QuickCalcs outlier calculator (GraphPad) for parametric data, and
custom R code for box plot detection of outliers (>1.5 interquartile range) for nonparametric data (R 3.3.2, R foundation) and removed from analysis. A p-value of 0.05 or

40

less was considered significant.

2.3 Results
2.3.1 A dynamic inflammatory profile in early OA development
To directly track inflammatory activity in the early stages of OA, we performed DMM
surgery on NFκB-RE-luc reporter mice, and monitored luciferase intensity in the knee
joint as a read out for inflammation in live mice from 1 week to 19 weeks post-surgery
[239–241]. For each mouse, the right knee was subjected to DMM surgery; the left knee
was subjected to sham surgery, which served as an internal control for NFκB activity.
High levels of bioluminescent signals were observed at 1 week following surgery, but
there was no difference in signal intensity between the sham and the DMM joints (Figure
2.1A and 2.1B), suggesting that the initial surge of inflammation likely resulted from the
knee incision itself during both DMM and Sham surgery. By 3 weeks post-surgery,
signals from the sham joint returned to levels similar to those of the non-surgery agematched controls; in contrast, signals from the DMM joint, although reduced, remained
higher than the sham signals until 7 weeks post-surgery. This indicates that
destabilization of the knee joint through ligament transection induces a prolonged
inflammatory phase, likely from the trauma of ambulation with the destabilized joint.
After 7 weeks, the bioluminescent signals of both the DMM and the sham joints were
further reduced to levels similar to those in non-operated controls (Figure 2.1A, 2,1B, and
2.1C), suggesting eventual resolution of acute inflammation after joint injury.
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Figure 2.4. Bioluminescence imaging demonstrating dynamic changes of NFκB activity in
NFκB-RE-luc reporter mice following osteoarthritis-inducing surgery. A) Images of in vivo
bioluminescence imaging at multiple time points following DMM and sham surgery on the
right and left knees of the mice, respectively. As controls, left and right knees of agematched non-surgery mice were also imaged. At least 3 mice were used for each group. B)
Quantification of NFκB signal detected from serial bioluminescence imaging. C)
Quantification of NFκB signal detected from serial bioluminescence imaging in agematched non-surgery controls. For statistics, ANOVA analysis was conducted, followed by
Bonferroni post-hoc test. The value at 1 week post-surgery was significantly higher than
those of 3 and 7 weeks post-DMM. Additionally, the value at 3 weeks in the DMM sample
was significantly higher than that of the sham. * denotes p ≤ 0.05.

2.3.2 Increased synovitis and subsequent induction of cartilage damage in early OA
Since synovitis is known to be associated with inflammation and OA, we determined the
level of synovitis in the weeks after surgery using an established synovitis scoring system
[228,229,242]. This system accounts for the resident synovial cell population, the
infiltrating inflammatory cells, and the thickness of the synovial lining. Our results
showed that in the first three weeks following surgery in both the DMM and sham joints,
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Figure 2.5. Analysis of synovitis and macrophage presence in osteoarthritic mice. The
synovium of NFκB-RE-luc reporter mice were analyzed after DMM and sham surgery
at 1, 3, 7, and 10 weeks. A) Quantification of synovitis based on the following
categories: resident cell density, presence of inflammatory infiltrates, and synovial
lining thickness. Anterior and posterior synovitis were scored separately and summed
for total score. Kruskal-Wallis statistical analysis followed by Dunn’s test was
conducted. B) Images of immunohistochemical (IHC) analysis using the F4/80
antibody to detect resident and activated macrophages. Scale bar = 50μm. C)
Quantification of macrophages detected from IHC images in B. At least 3 mice were
used for each time point. Values at 1 week post-DMM were used as a reference to be
compared with values from the DMM samples at subsequent time points in statistical
analysis. ANOVA analysis was conducted, followed by Bonferroni’s post-hoc test. *
denotes p≤ 0.05.
43

resident cell density was higher and there were more inflammatory infiltrates than at
subsequent weeks (Figure 2.2A), an observation consistent with an early phase of
inflammation that eventually resolves. Additionally, the DMM joint generally had higher
resident cell density, a greater amount of inflammatory infiltrates, and a thicker synovial
lining compared to sham (Figure 2.2A). Furthermore, the anterior region of the synovium
had higher synovitis scores than the posterior region, which is likely related to the fact
that the open knee surgery took place in the anterior area of the joint (Figure 2.2A) [222].

Since macrophages are known to contribute significantly to joint inflammation, we
evaluated macrophage presence in the synovium after OA induction. We used an F4/80
antibody that broadly recognizes activated resident and infiltrating macrophages [243]. In
both the DMM and the sham joints, there were significant increases in macrophage
presence at 3 and 7 weeks post-surgery, but no significant difference was noted for
macrophage presence in the synovium between the sham and DMM joints (Figure 2.2B
and Figure 2.2C). This result indicates that there is a delay in the surge of macrophage
population compared to the NFκB activity and inflammatory infiltrates following
surgery.

2.3.3 Progressive GAG loss and articular structural damage in the DMM joint
To investigate the cartilage structural loss following DMM surgery, we performed
Safranin O staining to evaluate GAG content and assessed cartilage structural integrity by
examining articular surface alterations such as fibrillation and clefts. Cartilage damage,
reflected by the loss of surface integrity and Safranin O staining, was then quantified
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using the established modified Mankin system, where a higher score indicates increased
damage [225]. As expected, a progressive increase in joint cartilage destruction was
observed in the DMM knees, but not the sham knees (Figure 2.3A and 2.3B). By 7 and
10 weeks post-surgery, the DMM knees showed much higher scores in contrast to sham,
indicating significant cartilage damage (Figure 2.3A and 2.3B).

In addition to GAGs, collagen II is a major matrix component in articular cartilage [244].
Thus, we evaluated collagen II protein levels via immunohistochemistry (IHC) (Figure
2.3C, and Supplemental Figure 2.7 for “no primary antibody” control). While no obvious
differences in collagen II protein levels were found between the DMM and sham joints
(Figure 2.3C), further detailed quantification of collagen II protein level is needed. It has
been widely reported that in late OA, fibrosis takes place; the development of fibrosis is
exemplified by the appearance of collagen I protein, which is not normally present in
articular cartilage [245,246]. Although collagen I protein was present in the bone and
lateral meniscus in our IHC analysis, no collagen I was observed in the articular surface
of the DMM joint up until 10 weeks post-surgery; however, collagen I protein was
clearly present in the articular surface at 21 weeks post-surgery (Supplemental Figure
2.8). Thus, our data suggests that fibrosis is not present in early OA, but does take place
in late OA, which is consistent with prior observations [245].
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Figure 2.6. Histological assessment of joint structure damage in osteoarthritic mice.
A) Safranin O/Fast Green staining of mouse knee sections at 1, 3, 7, and 10 weeks
post-surgery, indicating structural changes and matrix loss. B) Cartilage structure and
matrix loss were quantified using the modified Mankin scoring system. Separate
scores were obtained for the femur and the tibia, and these scores were combined as
“total scores”. Values at 1 week post-DMM were used as a reference to be compared
with values at subsequent time points in statistical analysis. At least 3 mice were used
for each time point. Kruskal-Wallis statistical analysis was conducted, followed by
Dunn’s test. * denotes p ≤ 0.05. C) Collagen II staining of mouse knees joints at 1, 3,
7, and 10 weeks post-surgery. DAPI staining served as a counter staining to indicate
nuclei. Images of collagen II IHC and DAPI staining were overlaid. Scale bar =
400µm.
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2.3.4 Second Harmonic Generation imaging indicates reduced collagen fiber thickness in
early OA
In addition to collagen content, collagen structure is known to change in late OA
[203,219,247]. Second harmonic generation (SHG) imaging is widely accepted as an
advanced approach to resolve fine structures of non-centrosymmetric structures such as
fibrillar collagen [248,249]. Thus, we performed SHG imaging to investigate changes in
collagen fibers in OA progression. To visualize chondrocytes, we performed two-photon
excited fluorescence microscopy imaging at the same time, in which endogenous
fluorescence from the coenzyme FAD could be obtained, indicating cells within the
matrix [40–42,231,232,236] (Figure 2.4A). Since different zones of articular cartilage
(superficial, transitional, and radial) consist of collagen fibers with different thicknesses
[40–42,236], we analyzed fiber thickness in distinct zones. These zones were delineated
based on their different alignment of collagen fibers and chondrocytes observed under the
microscope (Figure 2.4A). H&E staining confirmed the presence of all three zones in the
DMM, indicating the mildness of OA in these early stages (Supplemental Figure 2.8).
Based on established works that assessed collagen fiber thickness using SHG imaging
[198,220,248], we calculated the ratio of the SHG signal collected in forward (FSHG)
and backward (BSHG) directions. Thicker collagen fibers result in significantly increased
FSHG signals as compared to the BSHG signals [206]. Then, based on the forward SHG
images and backward SHG images of articular cartilage, we generated FSHG/BSHG
signal ratio maps (Figure 2.4B).
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Figure 2.7. Second Harmonic Generation (SHG) imaging assessment of collagen fiber
thickness in osteoarthritic mice. Cartilage of the tibial plateau of NFκB-RE-luc
reporter mice were analyzed after DMM and sham surgery at 1, 3, 7, and 10 weeks. A)
Illustration of the delineation of various zones after SHG imaging. SZ: Superficial
zone. TZ: Transitional zone. RZ: Radial Zone. CZ: calcified cartilage zone. B)
Representative images of the forward signal (FSHG), backward signal (BSHG), and
forward/backward signal ratio (FSHG/BSHG) acquired for DMM, sham, and nonsurgery control samples from 3 weeks post-surgery. C) Quantification of FSHG/BSHG
signal ratios in the superficial, transitional, and radial zones of DMM and sham joints.
FSHG/BSHG signal for all zones in DMM and sham joints. E) Quantification of
average FSHG/BSHG signal for all zones in age-matched non-surgery controls. Data
is presented as right knee signal relative to left knee signal. Comparisons were made
between DMM and sham values using ANOVA statistical analysis followed by
Bonferroni’s post-hoc test. * denotes p≤ 0.05. Scale bars = 25μm.
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Our results show that there were significant changes of the FSHG/BSHG ratio in the
DMM and sham joint cartilage at multiple time points (Figure 2.4C and 2.4D), while the
FSHG/BSHG ratio in the cartilage of the non-surgery joint remained the same over time
(Figure 2.4E). This suggests that knee surgery altered collagen fiber thickness.
Interestingly, there were no differences in the FSHG/BSHG ratio in the superficial and
transitional zones prior to 7 weeks post-surgery, but the FSHG/BSHG ratios of the DMM
knees in the radial zone were significantly different than the sham at 1, 3, and 7 weeks
post-surgery (Figure 2.4C). When all articular cartilage zones were considered, the
FSHG/BSHG ratios of the DMM knees were lower than those of the sham knees at all
time points (Figure 2.4D), suggesting that the collagen fibers were thinner after DMM
surgery. This trend started from the deep zone early in OA development, and extended
through all the zones as OA progressed.

2.3.5 Second Harmonic Generation imaging indicates increased variability of collagen
fiber orientation in early OA
We next evaluated collagen fiber orientation in the DMM and sham joints. First, the
angle of the fibers in reference to the articular surface was determined using a previously
established method [231,237], with 0º and 180º being parallel to the surface, and 90º
being perpendicular to the surface (Figure 2.5A). Consistent with published data
[35,231,250], SHG showed clear differences in fiber orientation in the three zones of
articular cartilage. In the superficial zone, the hues of collagen were mainly red or
magenta, revealing that the majority of these fibers aligned parallel to the surface. In the
radial zone, the fibers were mainly blue and green, showing that these fibers are typically
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Figure 2.5. Second Harmonic Generation (SHG) imaging assessment of collagen fiber
orientation in osteoarthritic mice. Cartilage of the tibial plateau of NFκB-RE-luc
reporter mice were analyzed after DMM and sham surgery at 1, 3, 7, and 10 weeks.
A) Illustration of analysis on SHG image to calculate the directional variance of
collagen fibers. Scale bar = 25µm. B) Representative images of the directional
variance heat maps for sham, DMM, and age-matched non-surgery control. C)
Quantification of collagen fiber directional variance in the superficial, transitional,
and radial zones. At least 5 mice were used for each time point. D) Quantification of
directional variance of collagen fibers for age-matched non-surgery controls (right
knee/ left knee) in the superficial, transitional, and radial zones. Comparisons were
made between DMM and sham values using ANOVA statistical analysis followed by
Bonferroni’s post-hoc test. * denotes p≤ 0.05.

perpendicular to the surface. In the transitional zone, the hues of the fibers were broadly
distributed, indicating more randomly oriented fibers (Figure 2.5A). To compare the state
of collagen fiber orientation among different cartilage layers, we calculated the
“directional variance” [231]. This parameter measures the variability of fiber orientation

50

with respect to neighboring fibers, indicating the spread of the data (Figure 2.5A). A
higher directional variance value indicates a higher variance in collagen fiber orientation
and more disorganized fibers, while a lower directional variance value indicates fibers
that are more aligned with respect to each other [231]. This is reflected by the
“directional variance heat map” (Figure 2.5A). Representative images of “directional
variance heat maps” for the sham, DMM, and non-surgery control samples are shown in
Figure 5B. Both the superficial and radial zones showed notable differences at multiple
time points in the directional variance of collagen fibers between the sham and DMM
joints; however, no significant difference in directional variance was found in the
transitional zone, or between the non-surgery left and right knees (Figure 2.5C and 2.5D).
In the superficial zone, the DMM joint showed significantly higher directional variance
of collagen fibers compared to that of the sham joint, and increased over time (Figure
2.5C). Interestingly, we detected opposite changes in the radial zone, where the DMM
joint showed decreased directional variance relative to the sham joint (Figure 2.5C),
suggesting that the collagen fibers in the deep zone became more organized in OA. Thus,
changes in collagen fibers take place not only in the superficial layer but also in the deep
layer of the articular cartilage during early OA development.

We further confirmed the authenticity of SHG imaging in reflecting collagen II content
by using sections stained with an anti-collagen II antibody, since collagen II is the major
collagen in articular cartilage [251,252]. Confocal imaging of Col II immunofluorescence
signals showed agreement of collagen II fiber signals with SHG imaging (Supplemental
Figure 2.4), supporting the notion that collagen II fibers are a major contributor to SHG
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signals. However, confocal imaging was not able to resolve fine details of collagen fiber
alignment, unlike SHG imaging (Supplemental Figure 2.11 and 2.12). This is probably
related to the fact that confocal imaging relies on indirect signals from exogenous
proteins (i.e. antibodies) binding to the collagen proteins; uneven binding of antibodies
will result in distortion of the shape of the fibers as viewed by confocal imaging. In
contrast, SHG imaging relies directly on signals from the endogenous collagen fibers, and
truthfully reflects the collagen landscape.

2.4 Discussion
In this study, we used advanced imaging analyses to uncover novel pathological changes
in the joint in early phases of experimental OA, including inflammation and zonal
collagen structural alterations. Bioluminescence imaging analysis using NFκB-RE-luc
reporter mice indicated an initial surge in inflammation that gradually resolved over time;
but compared to the sham, OA mice showed a significant delay in resolution of
inflammation. Although NFκB activity eventually returned to the basal level in our study,
it is not clear whether its activity is altered when OA becomes even more severe. In
human radiographic OA, which likely represents stages later than those in our study, IHC
analysis still detected a significantly higher level of synovial NFκB, indicating chronic
inflammation [53]. Chronic inflammation is known to associate with pain in multiple
tissues [116,120]. One study used a pain OA model, monosodium iodoacetate (MIA)
injection, that shows acute joint destruction. There, a surge of NFκB activity was
observed immediately after MIA injection, accompanied by an immediate increase in
pain [239]. We focused on early pathological changes prior to pain development during
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chronic OA development using the DMM model, in which pain only developed 12 weeks
later [253]. But based on the demonstrated association of NFκB activity with pain, it will
be interesting to correlate early NFκB activity with the level of pain developed at later
stages in chronic OA.

Our detailed synovitis analysis corroborated the NFκB imaging analysis. Regarding
regions of the synovium that exhibit inflammatory changes, one prior study evaluated
overall synovitis in DMM mice, and showed a higher level of synovitis in the anterior
compartment [254]. Our data is consistent with this report; this finding is not entirely
surprising, since the ligament severed in the DMM surgery is located at the anterior area
of the joint [222]. However, there is a paucity of prior studies that separately analyzed
various contributors of synovitis in different compartments of the joint during early OA
progression. Our data showed an intriguing dynamic of synovitis in the DMM joint,
which is mostly driven by cell density and inflammatory infiltrates, rather than the
thickness of synovial lining. Despite that, synovial lining thickness was overall higher in
the DMM joint. It is not clear how levels of these three contributors to synovitis will
change in later stages in our system. But at least in humans, a study showed that the
amounts of inflammatory infiltrates actually increased in late OA compared to early
radiographic OA, suggesting inflammatory cells may participate in the manifestation of
chronic pathogenesis [53]. Since macrophages have also been known to be present in
OA, we examined the presence of activated macrophages by performing F4/80 staining.
The level of activated macrophages was low at 1 week post-surgery, but significantly
increased afterward. Interestingly, the trend of activated macrophage presence did not
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follow the same trend as synovitis. On the other hand, since the F4/80 antibody that we
used can detect pro-inflammatory macrophages (M1), pro-resolution macrophages (M2),
and synovial resident macrophages, the dynamic presence of each type of macrophages is
still unclear [255–258]. Thus, further studies are needed to determine the specific
contributions of different subpopulations of inflammatory cells in early OA.
Nevertheless, since inflammation is known to induce cartilage-degrading enzymes such a
MMPs, it is possible that this prolonged period of inflammation sustains catabolic
activities to a point of irreversibility, constituting a critical window for OA progression.

Profiles of cartilage structural changes are also dynamic. In the early stages of OA, we
found structural damage, such as fibrillation and clefts, was relatively trivial, which is
consistent with other studies [223,259]. It has been generally regarded that collagen
experiences fewer changes in OA than GAGs, based on the 14C labeling analysis of
human cartilage that indicated a higher turnover rate of GAGs than collagen [22,203]. By
using SHG imaging, however, we discovered that collagen organization did in fact
change rapidly upon OA initiation, beginning from the earliest time point post DMM
surgery and in different layers of the articular cartilage, reflecting the dynamics of ECM
during OA pathogenesis.

In terms of collagen fiber thickness, at 1 week post-surgery, collagen fibers in the radial
zone were already thinner, while collagen fibers in the superficial and transitional zones
did not become thinner until 7 weeks post-surgery, suggesting that the change in fiber
thickness in cartilage matrix begins in the deep layer rather than the superficial layer
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during OA progression. While no reports on collagen fiber thickness have been carried
out at very early OA time points, as in our work, previous studies examined later stages
of OA. In these studies, both an increase and decrease in collagen fiber thickness was
found [36,197,220,260–262]. The discrepancy could be due to the balance of damaged
collagen II fibers naturally found in articular cartilage and the occurrence of collagen I
fibers, which are thicker than collagen II fibers, in later stage OA [263]. In the time frame
of our study (1 to 10 weeks), however, no collagen I expression was detected
(Supplemental Figure 2.8). Thus, we do not believe that fibrosis interfered with our
interpretation of the SHG signals. Collagen X is another collagen type that has also been
found to be elevated in OA articular cartilage [264,265]. However, since collagen X is
not a fibrillar collagen, it does not interfere with SHG signal interpretation [251,252].
Additionally, we did not observe an increase in collagen X in the time frame of our study,
which is consistent with the study indicating collagen X upregulation only takes place in
later stages of OA (Supplemental Figure 2.13) [265].

While changes in collagen fiber thickness may first take place in the deep zone, changes
in collagen orientation seem to first take place in the superficial zone, showing an upward
trajectory in directional variance following DMM surgery. This study is consistent with
prior studies on human cartilage using polarized light microscopy and on sheep cartilage
using MRI [203,266], and supports the hypothesis that the mouse DMM model
recapitulates collagen structural changes in human OA, even though these prior studies
were focused on later time points of OA pathogenesis. A recent report using AFM-based
nano-indentation demonstrated a significant reduction of mouse cartilage modulus in the
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superficial zone starting from 1 week post-DMM surgery [267]. However, the underlying
cause for this reduction is not known. Our study provides a mechanistic explanation for
the change in biomechanical properties of cartilage matrix in OA, which may be caused
by a combination of altered directional variance and thickness in collagen fibers.
Contrary to the superficial zone, however, the deep zone showed more organized
collagen fibers in OA (Figure 2.6). Whether this change results in alteration of
biomechanical properties of the deep zone remains to be discovered. The notion of
inhomogeneity of articular cartilage has previously been raised concerning normal
cartilage [268]. Here, we showed that inhomogeneity is also present in collagen fibers
under the pathological condition of OA, and may even exhibit opposite trends in different
layers.

Figure 2.6. Model of collage fiber changes in articular cartilage in early OA
development. A) Normal articular cartilage consists of three zones: the superficial
zone, where collagen fibers lie parallel to the articular surface; the transitional zone,
where collagen fibers are sinusoidal; and the radial zone, where collagen fibers lie
perpendicular to the articular surface. B) Model of collagen fiber landscape alterations
in early OA: collagen fiber thinning and changes in directional variance across all
zones of articular cartilage.
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The dynamic profiles of joint inflammation and collagen structure changes in our OA
studies suggest that cartilage structural changes may be independent of inflammatory
changes at the onset of the disease. Specifically, joint inflammation and synovitis were
equally pronounced in the DMM and sham joints at the first week post-OA induction
surgery; at the same time points, collagen fibers were already thinner and more
disorientated. On the other hand, this does not exclude the possibility that the prolonged
inflammatory phase that follows sustains the collagen fiber changes over the course of
early OA development, due to the gradual induction of MMP activities. In fact, in
humans, synovitis strongly correlates and predicts human radiographic OA [269–271].
Interestingly, we found an association between the trend of collagen fiber thickness
changes in the deep zone with that of synovitis in both the DMM and Sham knees;
however, DMM surgery leads to an overall shift toward higher synovitis and thinner
collagen fibers (Supplemental Figure 2.14A). It is also interesting to note that the trend of
collagen directional variance in the superficial zone follows that of the Mankin score in
OA progression, indicating a coordinated change between different components of
cartilage matrix (Supplemental Figure 2.14B). As the biological rationale behind such
observations is still elusive, it is too early to conclude whether such correlation is
causative or not.

In summary, by using the bioluminescence imaging and SHG imaging approaches, we
were able to take a first look at inflammatory activities and detailed collagen structural
changes in OA at much earlier time points than previously reported and obtained
significant and intriguing results. While SHG imaging has been used to visualize collagen
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in cartilage [217–221,272], our study uniquely quantified the properties of collagen fiber
thickness and directional organization. The sensitive nature of these imaging approaches
will not only be powerful for evaluating early pathology in other subtypes of OA or in
human OA specimens, but it will also enable us to assess changes in the joint more
effectively to evaluate interventions in developing OA treatment options.
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2.7 Supplemental Figures

Figure 2.7. Negative control for Collagen II immunofluorescence staining. As a
negative control for Collagen II immunofluorescence staining, sections were incubated
with the secondary antibody only: goat anti-rabbit antibody Alexa 594. A) No
fluorescence signal (red) was detected in the articular cartilage of the femur and tibia.
Autofluorescence was detected in the bone marrow of the subchondral bone
(arrowheads). B) DAPI was used to indicate nuclei. C) An overlay of images from A
and B. Scale bars = 400µm.

Figure 2.8. IHC analysis detecting collagen I protein levels in knee joints of NFkB
luciferase reporter mouse post-OA induction. A) IHC images of collagen I protein on
sections from mouse knee joints at 3, 10, and 21 weeks post-DMM or sham surgery.
Arrowheads indicate positive staining in the subchondral bone, areas in the lateral
meniscus, and areas lateral to the articular surface. Only articular cartilage from 21
weeks post-surgery samples had positive collagen I staining in the articular cartilage. B)
Sections from 21 weeks post-surgery mice with no primary antibody served as a
negative control. Scale bar = 200µm.
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Figure 2.9. Hematoxylin and Eosin (H&E) stained samples of mouse articular cartilage
at 1, 3, 7, and 10 weeks post-surgery. Superficial, transitional, radial, and calcified
cartilage zones were present in samples at all the times post-DMM and sham surgeries.
Arrowheads: fibrillation in articular surface in the DMM samples. Scale bar = 50µm.
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Figure 2.10. Comparison of signal intensity from SHG and confocal imaging of sections
after collagen II immunofluorescence staining. A) Images of SHG and confocal
imaging. Superficial, transitional and radial zones were delineated. Scale bars = 50µm.
B) Correlation analysis of image intensity from SHG imaging and confocal imaging.
Good correlation in all zones of articular cartilage were found. p < 0.05 indicates
significant correlation between imaging modalities.
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Figure 2.11. Comparison of collagen fiber alignment from SHG imaging and confocal
microscopy on samples stained with an anti-collagen II antibody. A) Heat maps of
fiber orientation in reference to the articular cartilage surface were generated. Both
confocal and SHG imaging revealed more collagen fiber signals lying parallel to the
articular surface (toward 0 and 180º, red hues) in the superficial zone, and more
collagen fiber orientation exhibited random distribution in the transitional zone. Scale
bars = 50µm. B) Quantification of collagen fiber orientation in the superficial,
transitional, and radial zones of the cartilage from the SHG (red bars) and confocal
(yellow bars) imaging. Similar, but not identical trends of fiber orientation from the
two imaging modalities were found in all zones. In the radial zone, SHG imaging
identified a peak at around 90º (i.e. indicating perpendicular orientation of the fibers),
whereas confocal imaging only identified a plateau with broad range (from about 50º
to 150º).
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Figure 2.12. Directional variance analysis of collagen fibers from SHG and confocal
imaging on anti-collagen II stained samples. A) Based on fiber orientation heat maps
from SHG and confocal imaging, the directional variance was calculated, which reflects
the variability of fiber orientation with respect to neighboring fibers. A clear difference
in color hues were observed from the directional variance heat maps from the two
imaging modalities. Scale bars = 50µm. B) Quantification of collagen fiber directional
variance in the superficial, transitional, and radial zones of the cartilage from SHG (red)
and confocal (yellow) imaging. Similar variance maps in the superficial zone were
obtained; but those of the other two zones significantly differ between the two imaging
methods. For example, in the radial zone, the directional variance peaked at 0.2 from
SHG imaging, but peaked at 0.65 from confocal imaging. This indicates that confocal
imaging showed more variability of fiber orientation in fibers with their immediate
neighbors as compared to SHG imaging. C) Correlation analysis of directional variance
from SHG imaging and confocal imaging. No correlation was observed. p < 0.05 was
considered significant.
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Figure 2.13. IHC analysis detecting collagen X protein in knee joints of NFkB
luciferase reporter mouse post-OA induction. A) IHC images of collagen X (Col X)
protein at 1, 3, 7, and 10 weeks post-surgery. Hematoxylin was used as a counterstain
to indicate nuclei. Scale bar = 400µm. B) Negative control for Col X IHC. Mouse knee
sections was incubated with secondary antibody (Biotinylated goat anti-rabbit antibody)
only. Scale bar = 400µm. C) Positive control image of Col X IHC. Col X expression
was detected in the hypertrophic chondrocytes in the growth plate of a 3-week-old
mouse metatarsal bone. Scale bar = 50µm.
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Figure 2.14. Correlation analysis of collagen landscape with cartilage structural damage
and synovitis. Data from the Second Harmonic Generation (SHG) imaging on collagen
fiber of the tibial plateau were correlated with the Mankin score of the tibia as well as
with overall synovitis in NFκB-RE-luc reporter mice after DMM and sham surgery at
1, 3, 7, and 10 weeks. Spearman’s correlation analysis was used. A) Correlation
between the ratio of forward and backward SHG signal (FSHG/BSHG) of the deep
zone and synovitis. Both the DMM and sham joints saw an increased FSHG/BSHG
signal ratio, which is indicative of collagen fiber thickness, showing a similar trend as
synovitis. But upon DMM surgery, there is a shift toward higher synovitis and lower
FSHG/BSHG ratio. Red and blue bubbles represent trends in DMM and sham samples
respectively. DMM: r = 0.800, p = 0.333; sham: r = 0.600, p = 0.417. B) Correlation
between directional variance of the superficial zone fiber and the Mankin score in all
samples. Overall, increased variance of collagen fiber is correlated with increased
Mankin score for either DMM or sham samples. r = 0.926, p = 0.002. Red dots = DMM
samples, blue dots = sham samples.
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Table 2.1. Reagents and dilutions for immunohistochemistry.
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Chapter 3: A Whole Joint-in-Motion Culture System Reveals a Critical Role of Glucose
in Regulating Articular Cartilage Matrix Production [273]

________________________________________________________________________
272

Hui Mingalone CK., Nehme CR., Garvey KD., Banks RE., Covello SM., James T.,
Messner WC., Zeng L. To be submitted to Arthritis and Rheumatology.
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3.1 Introduction
Osteoarthritis (OA) is a chronic debilitating condition that currently has no cure and is
projected to affect 25% of the United States adult population by the year 2030 [274].
Characterized by cartilage erosion, osteophyte formation, and synovial inflammation,
among other tissue changes, OA is a whole joint disease that affects multiple tissues
[275,276]. Risk factors for OA include repetitive use of the joint, joint injury, obesity and
aging. Recently, diabetes has also been discovered as an OA risk factor, since patients
with diabetes have a higher relative risk of OA even when the weight was accounted for
[122–127]. A major cause of OA is biomechanical stress. This is because OA tends to
affect weight and stress-bearing joints such as the knee and the hand. Furthermore,
patients with injuries that destabilizes the joint, such as anterior cruciate ligament (ACL)
ruptures or meniscal tears, have an increased risk of OA development [277]. On the other
hand, biochemical factors are also important for OA pathogenesis. It is known that even
after ACL reconstruction, the risk for OA is not decreased [73,75], suggesting other
factors aside from biomechanics may be involved. Furthermore, obese patients not only
have increased incidence of knee OA, they also show an increase of OA in the wrist and
hand, which do not bear significant weight, implicating the involvement of systemic
factors in OA development [278]. Together, these studies suggest that OA is a complex
disease with both biomechanical and biochemical components. However, how these two
components act together to induce OA in the whole joint is not known. In designing
optimal treatments for OA, it is critical to evaluate the effect of both factors in disease
etiology both individually and synergistically.
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Multiple in vivo model systems have been developed to investigate OA progression,
including joint injury-induced OA models such as ACL transection and meniscectomy, as
well as aging and high fat diet-induced OA models [164,183,184,279–282]. Many in
vitro systems have also been developed to investigate OA, which are geared toward
dissecting the mechanism of OA pathogenesis in detail, for corroborating with in vivo
studies. In these systems, chondrocytes are cultured in 3D scaffolds or as cartilage
explants, and incubated with various factors for extended periods of time, so that the
effects of biochemical cues can be examined. Furthermore, cartilage constructs can also
be subjected to exogenous mechanical forces for investigating how biomechanical cues
affect articular cartilage behaviors [283]. While these models may also include coculturing chondrocytes with selected joint tissues such as the synovium or the meniscus,
they generally did not involve culturing a whole joint in their natural architectural
configuration while simultaneously applying mechanical stress over time to mimic OA.
On the other hand, those studies that investigate mechanical stress in vitro are oftentimes
conducted on joints without culturing [165,169–174,179,182,284–287]. Therefore, the
synergistic interaction between biochemical and biomechanical regulators that act on the
whole joint in OA development have not been thoroughly explored due to the lack of
suitable in vitro systems, which hampers our understanding of OA pathogenesis.

In this study, we present an in vitro whole joint culture system in which the whole mouse
joint is cultured over time under mechanical stress. Using this system, we observed that
glucose, a biochemical factor, primes the knee joint for biomechanically induced damage.
Whole mouse knee joint cultured with dynamic biomechanical movement showed
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improved circulation of media components, but in high glucose media, dynamic
biomechanical stress led to loss of cartilage matrix components. Our data highlight a
whole joint culture system for elucidating the interplay of biochemical factors and
biomechanical factors in an ex vivo culture.

3.2 Materials and Methods
3.2.1 Experimental animals.
All animal care and experimental procedures were approved by the Institutional Animal
Care and Use Committee at Tufts University. Balb/c mice (Jackson Laboratory) were
housed under standard light-dark cage conditions.

3.2.2 JM1 device design and fabrication.
JM1 devices were fabricated from 6061 aluminum. The device design consists of a
culture medium reservoir attached to a backing plate with two anchors, female threaded
standoff (McMaster Carr), to hold the mouse joint within the system. The system is
enclosed by a clear acrylic front plate with an O-ring seal (9407K21, McMaster Carr)
between the front plate and the reservoir to prevent leakage. Harvested mouse joints were
mounted into the anchors with marine adhesive (Fast Cure 5200, 3M) and super glue
(Loctite). The joint is actuated via wiring from a circuit board (Arduino Uno) to a servo
motor (SG9 Micro Servo, TowerPro).

3.2.3 Mouse joint culturing.
Stifle joints were isolated from newly sacrificed 8-week-old mice by cutting at the hip
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joint and the ankle joint 1.5cm away from the knee joint. Hip joint femur head was
trimmed away to ensure fit into bottom anchor of JM1 device. Joints were mounted to the
JM1 device and cultured in a base culture medium comprised of Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 0.25% FBS (Gibco), 185nM ascorbic acid
(Sigma), 1% antibiotic-antimycotic (Gibco), and 1250nM sodium pyruvate (Sigma).
Glucose (Sigma) was supplemented at 1.0mg/mL (5.5mM; low), 4.5mg/mL (25mM;
medium), and 9.0mg/mL (50mM; high). For osmolarity treatments, base culture medium
with 1.0mg/mL glucose was supplemented with 3.5mg/mL or 8.0mg/mL mannitol
(Sigma) to generate solutions with the same osmolarity as medium or high glucose
culture conditions respectively. All joints were cultured for 7 days at 37⁰C in a tissue
culture incubator (Steri-Cycle CO2 incubator, ThermoFisher). Within each day of culture,
joints were actuated for 8 hours at 0.5Hz and at rest for 16 hours. Control joints were
placed in culture dishes with no movement (static) or on a rotating platform (Orbi-Shaker
CO2, Benchmark) with 8 hours of movement at 30rpm (rotation).

3.2.4 MicroCT (µCT) analysis and fluoroscopy imaging
Joints were imaged with SkyScan 1176 (Bruker) to obtain µCT images. The parameters
for scanning were: 35µm pixel size, 0.5mm Al filter, angular rotation step 0.7°. Joint
scans were collected in two configurations: straight and bent (30⁰ of bending in the joint).
Customized acrylic molds were designed to maintain consistency of joint bending for the
µCT scans. Scans were reconstructed via NReconn Reconstruction software (Bruker) and
joint space measurements were collected via DataViewer (Bruker). As controls, fresh
joints isolated from aged matched mice underwent the same imaging procedures.
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Fluoroscopy images were acquired via the IVIS Spectrum CT Biophotonic Imager
(PerkinElmer). A modified JM1 device with aluminum replaced by acrylic was utilized
for fluoroscopy imaging. Fluoroscopy was acquired via Living Image, UAC test panel
software (PerkinElmer).

3.2.5 Methylene blue and aniline blue diffusion assay.
Joints were cultured in low glucose media in the JM1 devices with the addition of
10ng/mL methylene blue (Sigma) or 25ng/mL aniline blue (Fisher Scientific). Static
joints with methylene blue or aniline blue were cultured in petri dishes as controls. For
methylene blue samples, at 4 and 24 hours following the addition of the dyes, joints were
harvested, washed in PBS for 30 minutes and fixed in 4% paraformaldehyde overnight.
For aniline blue samples, at 4 and 24 hours following dye addition, joints were harvested,
then trimmed in PBS. After trimming joints were equilibrated in 25, 50, and 75% sucrose
followed by equilibration in Supercryo Embedding Media (SCEM; Section-Lab, Japan)
for 1 hour each. Samples were embedded into SCEM media and cryosectioned at 10µm
thickness using cryofilm type 3C (16UF) 2.0cm (Section-Lab, Japan).

3.2.6 Histological analysis.
Isolated joints were fixed in 4% paraformaldehyde overnight immediately following
harvesting. Joints were decalcified in 10% EDTA for one week and embedded in paraffin
before being sagittally sectioned across the femoraltibial joint at 5μm thick.
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All sections were stained with 0.1% Safranin O to assess glycosaminoglycan (GAG)
content and counter stained with Gill’s hematoxylin 1 (Ricca Chemical Company) and
fast green (0.02%; Sigma), or stained with hematoxylin alone. Articular cartilage damage
of the tibia was blindly scored using the Osteoarthritis Research Society International
(OARSI) scoring system [288]. Serial sections of the samples used for safranin O staining
were stained with Gill’s hematoxylin 1 to assess cell number. Samples were mounted
immediately following staining and imaged.

Immunohistochemistry (IHC) was also performed on serial sections of those used for
safranin O staining, as described previously [223,229][223,229]. For collagen II staining,
0.03% hyaluronidase was used for antigen retrieval. Then sections were incubated with a
mouse anti-collagen II antibody (gift from Linsenmeyer Laboratory, Tufts University),
and a goat anti-mouse biotinylated secondary antibody (Vector Laboratory). The
Vectastain Elite ABC Kit (Vector) was used for chromogenic staining and the DAB
peroxidase (HRP) substrate kit (Vector) was used to develop antibody signal. Sections
without primary antibody incubation served as negative controls for each round of
staining. Hematoxylin was used as a counterstain. Collagen II staining was quantified via
ImageJ (version 1.50a).

3.2.7 Light microscopy.
Brightfield or fluorescence images were taken on a Olympus IX-71 microscope, using
the Olympus DP70 or DP80 digital cameras. The optical parameters and camera exposure
time were kept constant between samples of the same experiment.
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3.2.8 Statistical analysis.
Data are shown as mean ± SEM. Non-parametric data from OARSI scoring and cell
counting were evaluated via Kruskal-Wallace analysis followed by the post-hoc Dunn’s
multiple comparison test. All other experiments were evaluated with analysis of variance
(ANOVA) followed by the post-hoc Bonferroni’s multiple comparison test using Prism
software (version 5.01; GraphPad, La Jolla, CA). Outliers were detected using
QuickCalcs: outlier calculator (GraphPad, La Jolla, CA) for parametric data and R
custom code for box plot detection of outliers for non-parametric data (R i386 3.3.2, R
foundation). A p-value of 0.05 or less was considered significant.

3.3 Results
3.3.1 Design of the Joint-in-Motion (JM1) culture system
The JM1 device was designed to extend and flex a whole mouse joint (Figure 3.1A). This
flexion and extension movement is generated by a Servo motor that is attached to a Servo
arm. A mouse knee joint (i.e. stifle joint) was isolated by amputating the femur and the
tibia at about 1.5cm away from the knee joint. Then one end of the joint is attached to the
permanent bottom anchor while the other end is secured to a top anchor by superglue
(Figure 3.1B). This mechanism is placed in a chamber that has a sealed lining so that the
knee joint can be submerged and cultured in medium. A coupling wire that connects end
of the to the top anchor to the Servo Arm allows the dynamic “joint-in-motion”
movement driven by the Servo motor. The backing of the device is constructed from
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aluminum, while the front plate of the device is constructed in acrylic, so that the
movement of the joint can be clearly observed.

Figure 3.1 JM1 device design and illustration. A) Schematic illustration and 3D
rendering of the JM1 design highlight different components and dimensions of the
device. B) Enlarged illustration of the mounting configuration used for placing whole
mouse knee joints into the device. C) Image of multiple JM1 devices operating in a
standard tissue culture incubator.

In this way, the JM1 device can support knee movement within defined parameters of
movement frequency, range of motion, loading force, and biochemical components of the
medium. The frequency is controlled by the Servo motor. The range of motion is
controlled by the position of the anchoring point of the coupling wire and the length of
the wire. The loading force is controlled by the weight of the top anchor. Culture medium
can be altered for investigation of the biochemical components on joint tissues and can be
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circulated in the culture chamber using the medium inlet and outlets, allowing for more
uniform nutrient diffusion and perfusion through the joint capsule. In the JM1 device, all
tissues surrounding the joint capsule, including the connective tissue, muscle, as well as
the patella were intact. Only skin surrounding the joint was removed. All tissues within
the joint were also left intact for joint culture.

To begin testing the capacity of the JM1 device in actuating leg movements, we chose the
range of movement to be 40 degrees and the movement frequency to be 0.5Hz, which
represent the mode of leg flexion and extension during normal mouse activities. To
recapitulate repeated mechanical stress in OA, we actuated the leg to move for 8hrs/day
continuously. The small size of the JM1 device (15x10x1.5cm) allows multiple devices to
be used simultaneously within a tissue culture incubator.

3.3.2 Joints mounted in JM1 device maintain their natural spatial configuration
One potential issue in actuating joint movement in vitro is whether natural spatial
configuration of the bones is disturbed during mounting and culturing over time. Thus,
we performed X ray fluoroscopy and µCT imaging of fresh joints and joints cultured in
the JM1 device for 7 days. In X ray fluoroscopy, the femur and the tibia were clearly seen
in both extended and flexed positions (Figure 3.2A). µCT imaging confirmed the
positions of these bones in the JM1 device, which is similar to the images of freshly
isolated age-matched joints (Figure 3.2B). To further confirm that culturing in the JM1
device did not artificially cause any stretching or compression of the femur and tibia, we
measured the joint space between the bones (Figure 3.2C), according to the standard
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Figure 3.2. Joints mounted in JM1 device maintain natural spatial configuration. A) Xray fluoroscopy demonstrating range of motion from extended to flexed position of
joint mounted in JM1 device. B) Reconstructed microCT images of fresh joints and
joints cultured in JM1 device for 7 days in flexed and extended positions. C) MicroCT
slice for measurement of joint space between femur and tibia in flexed and extended
positions following JM1 culture. D) Quantification of joint space in freshly isolated,
age-matched mouse knee joints compared to joints space in JM1 cultured samples. For
statistical analysis, ANOVA was conducted, followed by Bonferroni post-hoc test. *p
<0.05 was determined as significant. No significant differences were detected.
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3.2D). Therefore, this result suggests that the spatial arrangement of the bones was not
distorted during the mounting or culturing of the joint, and thus the JM1 system can be
used to recapitulate leg movement for studying OA development.

3.3.3 JM1 device-facilitated dynamic loading supports mass transport into the joint
Another potential issue in culturing the whole joint in vitro is whether nutrients can be
transported into the joint freely. To address this issue, we used two molecules of different
molecular weights, methylene blue (MW=416.1) and aniline blue (MW=799.8) to
evaluate their diffusion into the joint in the JM1 device. We have chosen these two dyes
because they are basic dyes, which are capable of binding to cartilage matrix, thus
allowing us to visualize their penetration in cartilage tissues. Furthermore, one of the
dyes, methylene blue, is typically used for studying diffusion [290–292].

As shown in Figure 3.1, we mounted knee joints and actuated leg movement at 0.5Hz and
40 degree range of motion. 2.5% methylene blue was added into the medium for 4 or
24hrs before being processed for histological evaluation. As a control, joints cultured
statically in a culture dish were also analyzed. After 4 hours, joints cultured in the JM1
device (i.e. dynamic) showed penetration of methylene blue throughout articular cartilage
and meniscus, whereas the control (i.e. static) within the same time frame only exhibited
mild staining inside the joint capsule. After 24 hours, both dynamic and static joints
showed thorough staining of methylene blue in articular cartilage and meniscus
(Figure3.3B). We next used a dye with a higher molecular weight, aniline blue. Although

78

Figure 3.3. JM1 facilitates mass transport into the joint. A) Schematic of experimental
timeline for addition of dyes into media and harvesting of joints. B) Diffusion of 2.5%
methylene blue dye in statically and dynamically cultured joints. C) Diffusion of 2.5%
aniline blue dye in statically and dynamically cultured joints. F = femur, T = Tibia, M
= Meniscus, P = Posterior, A = Anterior. Zoomed out scale bar = 200µm; zoomed in
scale bar = 100µm.
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aniline blue is a much fainter dye, we observed similar results as those of methylene blue
experiments. Aniline blue also showed almost no penetration into the static joint at 4hr,
while a significant amount of aniline blue staining was present in the dynamically loaded
joint at the same time point (Figure 3.3C). More aniline blue staining was observed in the
static joint at 24hrs, but not nearly as much as the dynamically loaded joint (Figure 3.3C).
Both methylene blue and aniline blue staining could be observed in the synovium, as well
as in the muscle and connective tissues outside the joint, in particular the anterior side,
where there is less tissue covering the joint (Figure 3.3B and Figure 3.3C). The dyes also
penetrated into the deeper tissues of the bone, but more staining was found in the
dynamically loaded joint (Figure 3.3B and Figure 3.3C). However, since bone matrix is
eosinophilic rather than basophilic, it is not surprising that there is not significant staining
of the bone even though the dye could diffuse through the tissue.

3.3.4 Culturing in the JM1 device reveals a critical effect of high levels of glucose in
causing joint damage
Since our results indicate that chemicals such as methylene blue and aniline blue can
diffuse into the joint cultured in the JM1 device much faster than the static control, we
next investigated whether such difference in diffusion profiles could have functional
consequences in the joint. We analyzed the effect of glucose, a key nutrient to the cells
that has also been known to affect chondrocyte homeostasis in articular cartilage
[131,293]. Three concentrations of glucose were tested: 1.0mg/mL (i.e. 5.5mM),
4.5mg/mL (i.e. 25mM), and 9mg/mL (i.e. 50mM), which represent the physiological to
hyperglycemic levels of glucose [294]. Since the increase in glucose levels causes an
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Figure 3.4. Cell numbers similar between different glucose, osmolarity, and movement
culture conditions. A) Joint culture schematic illustrating dynamic (JM1), rotating, and
statically cultured joints with different media conditions in 7 day culture. B)
Hematoxylin staining of sections from joint after 7 day culturing in different
movement, glucose, and osmolarity condition. C) Quantification of cell numbers from
hematoxylin images. For statistical analysis, Kruskal-Wallis was conducted, followed
by Dunn’s multiple comparisons post-hoc test. *p <0.05 was determined as significant.
No significant differences were detected. Zoomed out scale bar = 200µm; zoomed in
scale bar = 100µm.
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increase in osmolarity, additional control joints were cultured in low glucose (1mg/mL)
with mannitol supplemented to the level of osmolarity corresponding to medium
(4.5mg/mL) and high (9mg/mL) glucose levels. Mannitol was chosen because it is not
metabolized as an energy source and is the most commonly used reagent to balance
osmolarity [295,296]. Joints cultured in the JM1 device were subjected to the dynamic
loading of 0.5Hz, 40 degree range of motion, as described above, which recapitulate
normal range of mouse leg movements [180,181,297,298]. To recapitulate mechanical
stress in OA, we actuated the loading to be 8hr/day continuously followed by 16hrs of
rest. As controls, joints were cultured in a static condition with no movement or on a
rotating platform in culture dishes (Figure 3.4A).

All joints were evaluated by histological analysis after 7 days of culture. Hematoxylin
staining was used to visualize cells in the joint (Figure 3.4B). Despite constant
mechanical stress in joints cultured in JM1 or absence of mechanical loading in joints
cultured in culture dishes, no differences were observed among the different treatments,
suggesting no overt cell loss in these samples (Figure 3.4B). This was confirmed by
quantification of chondrocytes in articular cartilage (Figure 3.4C). However, safranin O
staining revealed matrix loss in the articular cartilage in all samples (mechanical stressed
and absence of loading), but to varying degrees (Figure 3.5A). Matrix loss was quantified
using the OARSI scoring system (Figure 3.5B) [299].

There were no significant differences among joints incubated in media with different
glucose or mannitol levels under static or rotating conditions (Figure 3.5A and Figure
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3.5B). However, under dynamic stress in the JM1 device, significant matrix loss was
observed when cultured with higher levels of glucose (Figure 3.5A and Figure 3.5B).
This result suggests that there is a synergy between high glucose level and mechanical
stress in causing joint damage. Furthermore, there was no difference in safranin O

Figure 3.5. High glucose dynamic cultures show decreased safranin O staining. A)
Safranin O stained mouse knee joint samples counter stained with fast green. Histology
showed a loss of safranin O in the articular cartilage of joints cultured dynamically in
high glucose media. B) Quantification of safranin O loss via the OARSI scoring system.
Only dynamic cultures showed a significant difference between low and high glucose
samples. Data were analyzed via Kruskal-Wallis, followed by Dunn’s multiple
comparisons post-hoc test. * p<0.05 was determined as significant. Zoomed out scale
bar = 200µm; zoomed in scale bar = 100µm.
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staining loss between joints incubated with a low level of glucose and joints that were
incubated with low glucose but supplemented with medium or high levels of mannitol.
Interestingly, though, there was a significant difference between joints incubated with
high levels of glucose compared to high mannitol osmolarity control samples (Figure
3.5B). This result suggests that joint damage by high levels of glucose was due to
metabolism of glucose, rather than the increase in osmolarity.

Figure 3.6. Collagen II content comparable between different glucose, osmolarity, and
movement culture conditions. A) Images of immunohistochemical staining of collagen
II, the major collagen in articular cartilage. B) Quantification of collagen II staining via
ImageJ. Zoomed out scale bar = 200µm; zoomed in scale bar = 100µm.
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In addition to assessing GAGs content, we also used IHC to determine the protein level
of collagen II, the major collagen of the articular cartilage matrix (Fig. 3.6A). Relative
collagen II level was quantified using collagen II staining in joints cultured under static,
low glucose condition as a reference (Fig. 3.6B). Under the static condition, higher
glucose level resulted in significant loss of collagen II protein staining in the cartilage. A
similar trend was observed in the rotating and dynamic cultures as well, but in these
conditions, the high level of glucose did not cause collagen II loss as much as in the static
condition (Fig. 3.6B). Interestingly, we did not observe significant differences in collagen
II changes in osmolarity controls, where low level of glucose was supplemented with
mannitol to equal the osmolarity for medium and high levels of glucose (Fig. 3.6B).
However, most osmolarity controls trend toward collagen II loss, suggesting that
increased osmolarity may partially contribute to the detrimental effect of high glucose
levels. Nevertheless, our result indicates that higher glucose concentration results in
significant loss of collagen II, but mechanical movement was able to reduce the extent of
collagen II loss (Fig. 3.6B).

3.4 Discussion
Prior studies have reported success in culturing whole joints. For whole mouse knee joint,
Ratneswaran et. al. cultured joints for 6 days statically while Drewniak et. al. cultured
knee joints at room temperature for up to 38 hours with loading for periods of 2 or 24
hours [181]. These studies demonstrate that it is possible to impart dynamic movement on
an ex vivo mouse joint and that the joint can be cultured for more than one day, although
no studies have been conducted to observe the effects of prolonged (more than 38 hours)
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dynamic culturing on whole mouse knee joints. Prolonged culturing, though, has been
conducted on mouse whole temporomandibular joint [182] for up to 21 days, suggesting
that long term culturing of a whole joint is possible. Additionally, bovine
metatarsophalangeal joint was also successful cultured with movement for up to 21 days
[178], although the bovine joint was dissected down to just the articulating surfaces with
no ligaments or muscle in the culture, unlike the whole mouse knee joint studies. OA is a
whole joint condition where multiple joint components are important for proper joint
kinematics, especially with repeated joint stress over time. As such, an ideal ex vivo
culture system to further understand the impact of biomechanical factors on joint function
would allow for the culturing of a whole joint (with intact joint capsule and all ligaments
within as well as muscle) for a long duration (more than 38 hours) with dynamic
movement. Our study provides a system where whole mouse knee joints can be cultured
for a prolonged period with dynamic movement, allowing for the assessment of
biomechanical and biological factors in joint health.

One biological factor that our study focused on was glucose, which can regulate gene
transcription [300]. This molecule is understood to be important for chondrocyte function
[301] and is also important for the development of diabetes, a more recently identified
risk factor for OA [139,302,303]. Prior studies observed that culturing chondrocytes in
high glucose condition (10mM – 30mM) led to an increase in the expression of catabolic
enzymes and pro-inflammatory cytokines, such as MMP-13 and IL-6, with a concurrent
decrease in cartilage matrix components, such as collagen II [129–131,304]. While these
studies suggest that glucose levels may moderate gene expression changes that can have
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larger tissue impact, it is difficult to understand the true impact of glucose since the
chondrocytes are removed from their native whole joint setting, which typically has rich
biomechanical input from multiple cell types within the joint and dynamic input from
whole joint movement.

Thus, it is important to assess the effects of glucose in a setting that recapitulates the
native joint environment. Our study, utilizing the JM1 device provides such a setting and
allows for the study of biochemical factors, like glucose, with dynamic movement such
that it can more closely mimic the joint in a in vivo setting. Contrary to the findings in
prior in vitro studies [129,130,304,304], our work showed that glucose levels alone may
not have a drastic effect on joint health, as shown by the comparable safranin O staining
in figure 3.5. Interestingly though, a difference in joint health between whole mouse knee
joints cultured in low glucose versus high glucose conditions became noticeable with
dynamic movement in the culture (Figure 3.5). Our findings suggest that glucose per se
may not initiate joint damage, but rather may prime or sensitize the joint to other factors
that can then lead to joint degeneration. This idea is supported by Kozijn et. al. in an in
vivo study that showed variable cartilage damage in diet-induced metabolic dysfunction
(including diabetes) with different mouse lines [141]. The results from this study suggest
that metabolic function itself does not necessarily lead to an OA phenotype, but rather a
secondary trigger in addition to the metabolic dysfunction is necessary for OA
development [141]. Our JM1 device utilized in this study mimics the in vivo whole joint
and allows for the study of biochemical factors, such as glucose, and biomechanical
factors, revealing interactions between the two that would not be seen with standard in
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vitro cell or tissue cultures.

In our study, we observed that glucose may prime the joint for mechanically induced
joint damage. This priming may be achieved by the differential metabolism of the sugar
molecule under a high glucose environment. Prior studies have shown that chondrocytes
typically do not require high levels of glucose to function [301] since the cells are
sequestered in the ECM, which inhibits the diffusion of glucose into the cells by serving
as a physical barrier. While glucose may still diffuse through the cartilage ECM, the
deeper parts of the tissue may not receive much glucose or other nutrients. As such,
chondrocytes often function in low glucose conditions. During diabetes, however, blood
glucose levels increase, resulting in a higher glucose environment for chondrocytes. It is
thought that the high amounts of glucose may saturate the normal glycolytic pathway for
glucose metabolism in chondrocytes and activate secondary metabolic pathways, such as
the polyol pathway, which can generate damaging reactive oxygen species [140,305].
This stressor may serve to prime the joint for degeneration when triggered by other
factors, such as inflammation or biomechanical stressors. Assessment of whether this
pathway is involved in JM1 high glucose whole joint cultures via assessment of
downstream polyol pathway effects, such as AGE, would be interesting. These findings
can be further confirmed in vivo via assessment of OA in diabetic joints after inhibition
of aldose reductase in the polyol pathway with inhibitors, such as Epalrestat [306].

In summary, we have shown that our novel JM1 whole joint culture system can be
utilized to further our understanding of both biomechanical and biochemical factors in
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OA development. Our data shows the JM1 device as a powerful tool for the following
reasons: 1) The device allows for the culturing of a whole joint wherein the native
structure of the joint as well as its supporting tissues, etc. remain intact for the duration of
the study. This would also provide an avenue to further understand the role these
different tissues may play in OA pathogenesis. 2) The JM1 provides dynamic movement
to the whole joint rather than simply applying mechanical forces onto cells, pieces of
cartilage, or incomplete joints. Additionally, since the dynamic movement is provided to
a whole joint rather than a dissected joint or piece of cartilage tissue [189,190,307], the
movement and forces in the JM1 joint would more closely mimic those seen in vivo. 3)
The tool allows for the control of either biomechanical or biochemical parameters
independent of the other, allowing for researchers to studying a range of factors that
could contribute to OA pathology synergistically.

While the JM1 device has a number of strengths, some limitations do apply as well. Since
the joint is ex vivo, it becomes difficult to study the dynamics of inflammation on the
joint. This limitation, though, would not be unique to this study since any other studies
that utilize dissected animal joints or cartilage pieces, would encounter a similar
limitation [178,180–182,307]. The addition of inflammatory cytokines to the joint culture
media may mimic certain aspects of inflammation. Additionally, during in vivo
movement, loading forces exerted on the joint throughout the movement cycle varies (i.e.
with walking, the loading force exerted on the joint at the extended versus the flexed
portion of the walking cycle are different). The JM1 only allows for a “squatting” motion
of the whole mouse knee joint with a single static load; with the current design, the
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effects of increased force/ load on the whole joint cannot be studied. Despite these
limitations, our study will have a wider impact on the long-term goal of understanding
cell and tissue function in a whole organ setting in the field of musculoskeletal biology.
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Chapter 4: Discussion
4.1 OA as a Biological Disease with Early Inflammatory and Structural Changes
Chapter 2 discusses the inflammatory biological aspects of OA in depth and highlights
dynamic biological inflammatory changes early in disease progression. Imaging NFκB
driven inflammation in a post-traumatic osteoarthritis mouse model revealed a surge of
inflammation early in OA progression. This inflammatory surge is similar to the surge
seen in a study using the monosodium iodoacetate model of osteoarthritis [239]. In nonOA control joints, this surge is quickly resolved, but in OA mouse joints, there is a
significant delay in inflammatory resolution. It is possible that this delay may contribute
to chronic low grade inflammation, which prior studies suggest is associated with
pain[4,9,116,120]. It will be interesting to elucidate whether the chronic delay detected in
this study perseveres in later stage OA and results in pain in the DMM post-traumatic OA
mouse model.

This study also sought to elucidate contributors to the inflammatory surge detected
through the NFκB bioluminescence imaging. Since the synovial tissue is a known
contributor to inflammation in the joint, synovitis, measured as an increase in synovial
lining thickness, inflammatory infiltrates, and resident cell density [242], were assessed.
This is the first study to show an interesting dynamic of synovitis over time that is driven
primarily by cell density and inflammatory infiltrates. While it is unclear how the cell
density and inflammatory infiltrates will affect later stage OA in this PTOA model, it has
previously been seen that late stage human OA has an increase in inflammatory
infiltrates, suggesting that inflammatory cells may play a role in OA progression[53]. Of
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the inflammatory cells present in the cell, this study revealed that macrophages may not
play a large role in OA development since no significant difference in macrophage
numbers was detected between control and OA joints. This result could be due to the use
of a pan-macrophage marker (F4/80), which can detect both pro-inflammatory M1
macrophages, pro-resolution M2 macrophages, and resident synovial macrophages [255–
258]. Whether one group of macrophages may play a role in OA initiation and
progression remains to be assessed. Furthermore, whether other inflammatory cells aside
from macrophages may play an important role in OA development, especially in relation
to the increased inflammatory changes seen in this study, are unknown and will require
further studies.

In addition to elucidating the dynamics of inflammation and how it contributes to OA
progression, this study also sought to understand how inflammation may be coupled to
structural changes. In the early time points assessed in this study, no major overt
structural changes were observed via standard safranin O staining/ fast green staining,
which is consistent with other studies utilizing the same PTOA mouse model [223,259].
Since collagen is thought to have a slow turnover [22,203], which may be responsible for
the lack of structural changes seen in early OA, SHG imaging was utilized to visualize
collagen thickness and organization changes during OA progression on an ultrastructural
level.

This study is the first to assess collagen fiber thickness and organization changes across
the different layers of the cartilage. For collagen fiber thinning, this study demonstrated
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collagen fiber thinning started at 1 week after PTOA induction in mice in the radial zone,
the deepest layer of the cartilage, followed by collagen fiber thinning in the superficial
and transitional zones at 7 weeks post-OA induction. Prior studies assessing collagen
fiber thickness saw both increases and decreases in collagen fiber thickness
[36,197,213,260–262]. This discrepancy in collagen fiber thickness changes may be due
to the stage of OA assessed, since later stage OA, which is beyond the time frame
assessed within this study, may see an increase in the secretion of thicker collagen I fibers
[263]. For collagen fiber organization, this study showed collagen fibers became more
chaotically organized in the superficial zone starting at 1 week post-OA induction, which
is consistent with prior studies that focused on later OA time points in human and sheep
[203,266]. Additionally, more organized fibers were observed in the deep zone of the
cartilage at 7 weeks post-OA induction, a novel finding for the field. These findings
highlight the inhomogeneity of articular cartilage across different zones of the tissue
[268] and elucidate how cartilage changes occurs across the zones may aid in
understanding OA disease onset and progression for development of DMOADs. How
these structural changes may affect the biomechanical properties of the cartilage tissue
remain unknown, although a prior study using AFM-based nano-indentation showed a
reduction in mouse cartilage nano-indentation modulus in the same PTOA model at 1
week post-OA induction [267], suggesting biomechanical changes likely follow these
detected structural changes.

The results of this study suggest that joint inflammation and collagen structural changes
in this PTOA model may be independent at the onset of disease although the interaction
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of these two factors at later stage disease remains unknown. This study is the first to
relate inflammatory activities during OA to collagen II fiber thickness and organizational
changes via SHG imaging and has contributed toward an understanding of OA pathology
to aid in the development of more effective OA therapies.

While this study has provided more information on early OA pathogenesis, there are a
number of avenues that remain. For inflammation, a better understanding of the
contributors of prolonged, low grade inflammation in disease progression is necessary.
Furthermore, understanding how the structural changes identified in this study relates to
functional changes in cartilage tissue as well as the whole joint will aid in therapeutic
development.

4.2 Biochemical and Biomechanical Factors Synergize in OA
Chapter 3 of this body of work presented the design of a novel device, the JM1. This
device was developed to aid in understanding OA development in a whole joint system in
the context of biochemical (glucose) and biomechanical (dynamic stress) factors. While
there exists a myriad of research in the field studying both biochemical and
biomechanical factors, few studies have assessed the synergy between the two in a whole
joint setting.

Whole mouse knee joints have been successfully cultured previously by Ratneswaran et.
al. for 6 days statically [308] and Drewniak et. al. have cultured whole mouse knee joints
at room temperature for up to 38 hours with dynamic movement [180]. These studies
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showed that whole mouse knee joints can be cultured with dynamic movement, although
neither assessed the effects of dynamic movement on the whole joint with prolonged
culturing. Other studies have also successfully shown dynamic culturing of a joint.
Kantomaa and Hall demonstrated that dissected mouse temporomandibular joints can be
cultured for at least 21 days ex vivo [182] and Lin demonstrated a bovine
metatarsophalangeal joint with all muscle and ligament trimmed away can also be
cultured for at least 21 days [178]. Since OA is a whole joint condition where multiple
tissues may play a role in OA progression, an ideal ex vivo culture condition would allow
for the culturing of a whole knee joint for a prolonged period of time with dynamic
movement. The joint biochemical environment could also be controlled through
modification of the media to allow for the study of both biochemical and biomechanical
factors in joint degeneration. The JM1 device is one such ex vivo culture system.

While the JM1 device shares similarities to other whole joint culturing systems, our
device distills the strengths of the systems presented in prior studies and also presents
more advantages. In terms of strengths and advantages: 1) our design has accounted for
the buoyancy of a whole mouse knee joint in culture, something that only the Drewniak
group has accounted for [180], through the addition of a nut on the top anchor to increase
weight against the buoyancy. Additionally, more loading can be applied to the joint by
increasing the weight of the top anchor to further study the effects of mechanical loading
on a whole joint; 2) Our mounting system allows for the cultivation of a whole joint,
similar to the Drewniak study [180], without the need for trimming muscle or ligaments,
unlike the Lin study [178]; 3) The JM1 system was designed such that components can
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be easily sterilized and can withstand long periods within a standard tissue culture
incubator. Additionally, the small size of the devices allows for simultaneous
experiments to be performed. Lastly, although not utilized in the glucose study in chapter
3, the JM1 device was designed with media inlets and outlets to better circulate media to
improve diffusion of nutrients throughout the joint culture, a feature that may be used in
future experiments. Utilizing this unique ex vivo joint culturing system, the study in
chapter 3 unveiled a role for glucose in mediating mechanically induced joint damage.

Glucose is understood to be important for chondrocyte function [301] and is also
important for the development of diabetes, a more recently identified risk factor for OA
[139,302,303]. Prior studies observed that culturing chondrocytes in high glucose
condition (10mM – 30mM) led to an increase in the expression of catabolic enzymes and
pro-inflammatory cytokines, such as MMP-13 and IL-6, with a concurrent decrease in
cartilage matrix components, such as collagen II [129–131,304]. While these studies
suggest that glucose levels may moderate gene expression changes that can have larger
tissue impact, it is difficult to understand the true impact of glucose since the
chondrocytes are removed from their native whole joint setting, which typically has rich
biomechanical input from multiple cell types within the joint and dynamic input from
whole joint movement.

Contrary to the findings in prior in vitro studies [129,130,295,304], the study highlighted
in chapter 3 showed that glucose levels alone may not have a drastic effect on joint
health, but rather primes or sensitizes the joint to other factors that can then lead to joint
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degeneration. This idea is supported by Kozijn et. al. in an in vivo study that showed
variable cartilage damage in diet-induced metabolic dysfunction (including diabetes) with
different mouse lines [141]. The results from this study suggest that metabolic function
itself does not necessarily lead to an OA phenotype, but rather a secondary trigger in
addition to the metabolic dysfunction is necessary for OA development [141]. This idea
is corroborated by that fact that although in vivo studies show increased occurrence and
severity of OA in diabetic mice, often these mice are overweight, compared to their
control counterparts [132,137,141]; the increased weight can lead to more mechanical
forces and loading applied to the joint, increasing risk of OA development as well as
severity of joint degradation. The JM1 device utilized in this study mimics the in vivo
whole joint setting and allows for the study of biochemical factors, such as glucose, and
biomechanical factors, revealing interactions between the two that would not be seen
with standard in vitro cell or tissue cultures.

This study suggests that glucose may prime the joint for mechanically induced joint
damage. This priming may be due to glucose toxicity, a complication often seen in
diabetic patients in which chronic hyperglycemic conditions surrounding the cells can
increase oxidative stress, leading to cell damage [140,309]. Damaged chondrocytes may
not be able to respond as easily to environmental cues, such as mechanical stress, leading
to overall tissue degeneration over time. It is also possible that with higher glucose,
differential metabolism of the sugar molecule may occur. Prior studies have shown that
chondrocytes typically do not require high levels of glucose to function [301] since the
cells are sequestered in the ECM. Under high glucose conditions, though, glucose may
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saturate normal glycolytic pathways for metabolizing the sugar and activate secondary
metabolic pathways, such as the polyol pathway [140,305]. Unfortunately, the polyol
pathway generates reactive oxygen species (ROS) as a byproduct and increased use of
this pathway may lead to an overwhelming amount of ROS produced. Additionally,
sorbitol, a cell membrane impermeable compound, is also secreted as a byproduct and
buildup of sorbitol may add osmotic stress to the cell [140,305]. These stressors together
may serve to prime the joint for degeneration when triggered by other factors, such as
inflammation or biomechanical stressors. Further elucidation of the role of ROS and
metabolism and mechanical stress in OA would build our understanding of disease
initiation and progression for better development of therapeutic options.

In summary, the study shown in chapter 3 demonstrates that the JM1 whole joint culture
system can be utilized to further our understanding of both biomechanical and
biochemical factors in OA development. By utilizing the JM1 system, we have uncovered
a possible role for glucose in biomechanically induced OA, a finding that is particularly
relevant to the increased risk of OA development in diabetic patients. This system
provides an avenue for the long-term goal in the OA field for understanding cell and
tissue function in a whole joint setting, especially in the context of both biochemical and
biomechanical factors as well their synergy, for developing better OA treatment options.
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