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ABSTRACT

Osteoarthritis (OA) is the most common chronic degenerative joint disorder
characterized by loss of articular cartilage, fibrosis of the synovial lining, and osteophyte
or new bone formation. In spite of being the principal cause of disability in the aging
population, the pathology and molecular mechanisms underlying the disease etiology
are not fully understood. Consequently, there are no successful pharmacological
interventions which can reverse or prevent the degeneration of articular cartilage.
Evidently, thorough understanding of the disease pathology at the cellular level is
mandatory to develop disease-modifying drugs for OA. This dissertation is aimed at
understanding the role of various biochemical factors involved in the pathogenesis of
OA and targeting them to develop novel interventions. Towards achieving this goal, my
first approach show that the controlled release of a heparan sulfate binding growth
factor, Bone Morphogenetic Protein 2 (BMP2) using perlecan-modified biomaterials
can induce anabolic changes in cartilage of mice with early OA. Such growth factor
therapy needs to be initiated early in the disease process, as BMP2 becomes ineffective
in the later stages of OA due to the secretion of BMP antagonists by the chondrocytes
with degenerative phenotype. Nevertheless, the clinical manifestation and diagnosis of
OA mostly occurs in the later stages when the patients develop pain which is associated
with osteophyte formation and subchondral bone sclerosis. To this end, my next
approach was to target the subchondral bone changes in OA.

Studies show that abnormal metabolic activity of subchondral bone in response to

increased mechanical loading can lead to loss of articular cartilage integrity and
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thinning. Recent work showed that mechanotransduction in bone is partially mediated
through voltage sensitive calcium channel (VSCC) and mice deficient in Cay3.2 (ot1H),
the pore forming subunit of T-VSCC have reduced response to mechanical loading and
decreased bone remodeling properties. I used this Cay3.2 T-a VSCC knockout (KO)
mouse to demonstrate that reduced mechanosensitivity in subchondral bone is beneficial
in preventing load-induced OA. 1 demonstrate that mechanotransduction from
osteoblasts via T-VSCC induces local metabolite secretion that stimulates osteoarthritic
changes in chondrocytes and propose that targeting calcium channels in joints would
slow/prevent progression of OA.

Irrespective of the chronological origin of cartilage and subchondral bone changes in
OA, it is evident from several studies that soluble factors released from subchondral
osteoblasts induce catabolic pathways in the adjacent cartilage. Here, I identify leptin
as a catabolic factor expressed by the mechanically stimulated osteoblasts with a pro-
inflammatory action on the chondrocytes. Subsequently, I explore the therapeutic
potential of inhibiting osteoblast-derived leptin activity in a post-traumatic mouse
model of OA.

Through this dissertation work I demonstrate novel potential targets and therapeutics
that can be used at early and later stages of OA. With the increasing prevalence of OA,
the application of these strategies can help improve the quality of life in OA patients

and reduce the heath care expenditure associated with knee replacement surgeries.
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Chapter 1

GENERAL INTRODUCTION

1.1 Articular Cartilage and the Associated Structures

Articular cartilage is the connective tissue that surrounds the diarthroidal joint
surfaces and is essential for the weight bearing capacity of the joint. Chondrocytes
form the extracellular component of the hyaline articular cartilage matrix and unlike
other tissues in the body with major physiological function; the cellular fraction
comprised of chondrocytes represents only 3% of the articular cartilage tissue. Yet,
chondrocytes are the only viable players in cartilage and perform the major anabolic
function of synthesizing the extracellular matrix (ECM) around them. Water is the
major component of cartilage ECM and accounts for about 70-80% of the total
cartilage volume (Fig 1.1). The main organic components of the cartilage ECM are
proteoglycans and collagens that provide the cartilage with its innate shock absorbing
ability. The predominant fibrillar structure present in articular cartilage ECM is
composed of collagen type II and aggrecan is the primary proteoglycan that draws
water in the tissue. Collagen type II and aggrecan account for 12% and 9% of cartilage
wet weight, respectively [1].

Collagen type II is classified as fibril-forming collagen and is composed of
triple helical collagen fibrils rich in proline tripeptides. The triple helical structure and
heavy crosslinking renders high stability to the collagen network. Collagen type Il is

characterized by hydroxylysine, glucosyl and galactosyl residues. Collagen type 11



provides the tensile strength to the cartilage and limits the expansion of the aggrecan
molecules thereby regulating the compressive stiffness of the tissue. Other minor
fibrillar components are collagen type XI and type IX that function as regulators of
fibril formation and crosslinking of the collagen network, respectively. The binding
capacity and networking property of collagen helps in the delivery and retention of
drugs and growth factors [1-3].

Aggrecan is composed of a central core protein with highly sulfated
glycosaminoglycan side chains consisting of keratan and chondroitin sulfate. Each
aggrecan unit is, in turn, attached to hyaluronic acid by link protein. The heavy
negative charges of these aggrecan molecules trap water which gets expelled when
joints are exposed to compressive forces but regains its original place once the forces
are removed. Such expansion provides the elasticity to cartilage and is regulated by
the collagen fibrillar network which provides the property of compressive stiffness [1].
Together, these properties are crucial for the shock absorption and dissipation of
forces applied to the joint.

Other minor components include leucine-rich proteoglycans such as decorin,
biglycan and fibromodulin. They play an essential role in regulating chondrocyte
function and ECM organization. Perlecan is the main heparan sulfate proteoglycan
that binds and modulate heparin-binding growth factors activity, thereby reducing
their solubility and degradation by matrix-degrading enzymes. The other non-
collagenous proteins that are not unique to cartilage are COMP (Cartilage oligomeric
matrix protein), biglycan, matrilin I, anchorin II, thrombomodulin, chondroadherin,

fibronectin and membrane proteins like syndecan, CD44 and integrins (Fig.1.2) [1].



Being avascular, aneural and alymphatic, cartilage has a very slow metabolic
rate and the nutrition is mainly provided through simple diffusion from synovial fluid.
The pore size of the ECM is about 6nm and the diffusion of the nutrients depends on
its size, charge and molecular composition. The turnover rate of the ECM components
in cartilage is low with longer half-lives. Proteoglycans like aggrecan have a turnover
period of about 25 years and the half-life of collagen type II has been estimated to
range several decades to 400 years [4-6].

Based on the ECM components and organization, articular cartilage has
different zones: superficial, middle, deep and calcified. The superficial layer
comprises 10 — 20% of the cartilage thickness and protects the deeper layers from the
shear forces by being in contact with the synovial fluid. The collagen fibrils are
arranged parallel to the articular surface and the chondrocytes are flat and relatively
high in number. The middle or the transitional zone forms 40 — 60% of cartilage
volume and bridges the superficial and deep layer. In this zone, the collagen fibrils are
arranged obliquely and the chondrocytes are fewer in number and appear spherical in
shape. The deep zone forms about 30 — 40% of cartilage with perpendicularly
arranged collagen fibrils and highest proteoglycan content. This organization enables
this zone to provide the greatest resistance to the compressive forces. The calcified
zone can be distinguished from the deep zone by a tide mark and this zone anchors the
deep zone to the subchondral bone. The chondrocytes in this zone are scarce and have
a hypertrophic appearance [4].

The ECM of the articular cartilage is again classified into three regions based
on its ECM composition and organization with respect to chondrocytes. The

pericellular matrix surrounds the chondrocytes and contains proteoglycans,



glycoproteins and non-collagenous proteins. It forms a thin layer and is proposed to
have a role in the signal transduction of chondrocytes. The territorial layer is the
outermost layer and provides resistance to mechanical forces. This layer is thicker than
the pericellular layer and contains fine collagen fibrils. The third inter-territorial layer
is the thickest and lies between the other two layers. This layer has abundant
proteoglycan and randomly arranged thick collagen fibrils. The biomechanical
material properties of the cartilage is mostly dependent on this layer [4].

Articular cartilage functions in close association with other joint structures-
subchondral bone, meniscus, synovial lining and joint capsule. Unlike the cartilage,
the synovial lining and the subchondral bone are highly vascularized and innervated.
The synovial membrane is composed of two layers of cells: the inner layer close to the
joint space named intima and the outer layer, sub-intima that extends to form the joint
capsule. Two type of cells form the synovial lining: type A macrophage-like cells and
type B synovial cells. The macrophage-like cells aids in phagocytosis and
inflammation. The type B cells secrete the synovial fluid rich in hyaluronic acid that is
essential for the lubrication of the joints [7]

Subchondral bone is a term that collectively represents the calcified cartilage
that lies below the tidemark, the cortical lamella and the underlying trabecular bone. It
provides support to the adjacent articular cartilage that lies embedded onto the
irregular subchondral bone surface. The steep difference in the stiffness between the
various layers ranging from articular cartilage to trabecular bone helps provide a better
transformation for the shear forces applied to the joint. Thus, the subchondral bone
participates in the absorption of the mechanical stress and acts as a structural girder.

The density and mineralization varies across the subchondral bone and greater



thickness is found in areas dealing with greater mechanical stimulation and shear
forces. Such areas are also found to have increased vascularity [8].

Unlike cartilage, bone is a dynamic unit and the main fibrillar component of
the calcified cartilage and cortical plate are collagen type X and collagen type I,
respectively. Bone is constantly remodeled by the tight regulation between the
osteoblasts/osteocytes, the bone cells responsible for bone formation and the
osteoclasts, the bone resorbing cells. Osteoblasts and their terminally-differentiated
osteocytes, are cells of mesenchymal origin and osteoclasts are derived from
macrophage-monocyte lineage. Bone remodeling occurs in response to mechanical
stimuli in four stages: activation, resorption, reversal and formation. Activation
involves the recruitment of the osteoclast from circulation for the resorption of the
bone ECM via acidification and release of proteases. After this step, the osteoclasts
undergo apoptosis leaving an empty space where osteoblasts start forming a new
mineralized bone matrix and this reversion from bone resorption to bone formation is

termed as the reversal phase [9, 10].
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Figure 1.1: Composition of cartilage components. Water accounts for the
major space. Other components include the chondrocytes, proteoglycans,
collagens and minor non collagenous proteins. Adapted from [1]
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chondrocytes along with the ECM components like the proteoglycan

(predominantly aggrecan), collagen type I, collagen IX and other non
collagenous components. Adapted from [11]



1.2 Development of Cartilage

The formation of the skeletal system also called skeletogenesis occurs in four
primary phases: it begins with the migration of the mesenchymal stem cells to the site
of origin; this is followed by the epithelial-mesenchymal interaction. The third step is
the aggregation or the condensation of the mesenchymal cells [12]. The final phase is
the differentiation into chondrocytes or osteoblasts. The process by which the cartilage
is formed from the mesenchymal condensation is termed chondrogenesis. The
chondrocytes differentiate from the chondroprogenitor cells of mesodermal origin and
secrete the ECM containing collagen type II, XI and IX. Cartilage acts as the template
for the development of long bones in the process called endochondral ossification.
During this process, the chondrocytes differentiate and become hypertrophic. These
chondrocytes are marked by a high expression of alkaline phosphatase and collagen
type X. Eventually these chondrocytes undergo apoptosis before the mineralization
and bone matrix deposition [13]. Such longitudinal bone growth occurs from the
hypertrophic chondrocytes found in the bottom most layer of the epiphyseal growth
plate. Above the hypertrophic layer is the proliferating layer, consisting of rapidly
dividing chondrocytes arranged along the long axis of the bone. The top most layer of
the growth plate consists of the slowly dividing resting cells that act as the local stem
cells reserve [14].

The entire process of chondrogenesis and endochondral ossification requires an
orchestration of several transcription and growth factors in addition to epigenetic
factors. SOX9 is the most important transcription factor required for the
chondrogenesis and specific synthesis of collagen type II from chondrocytes. Bone

morphogenetic proteins (BMPs) are known to control the action of SOX9 and



chondrogenesis. Hypertrophic differentiation of the chondrocytes requires the action
of transcription factor core binding factor 1, runx2 (also known as Cbfa-1). Runx2
belongs to runt domain transcription factor family and is required for the commitment
to osteoblastic lineage. Runx2 activates the Indian hedgehog genes (Ihh) and secretion
of collagen type X that is characteristic of prehypertrophic and hypertrophic
chondrocytes, respectively. An inverse relation exists between the SOX9 and runx2
activity and SOXO9 is known to down regulate runx2 expression. The terminally
differentiated chondrocytes secrete vascular endothelial growth factor (VEGF) and
MMPs to induce vascular invasion and degradation of the cartilage ECM respectively
[13, 15].

The proliferating chondrocytes also express other growth factors like fibroblast
growth factor (FGF), Wnts, TGF B, BMPs and insulin like growth factors are also
known to play an essential role in the chondrogenesis. Fgf receptor 3 and 1 are known
to be expressed by the proliferating mesenchymal cells and the hypertrophic
chondrocytes respectively [16]. TGF [ and BMPs along with runx2 control the Wnt/f3
catenin pathway that is essential for the commitment of the mesenchymal cells to

osteoblastic lineage and bone formation [13, 15]



1.3 Mechanical Aspect of Bone and Cartilage Loading

It is well established that bone is a dynamic tissue and mechanical stimulation
1s essential to maintain normal bone mass [17]. Obvious scenarios that illustrate the
bone mechanosensitivity include the loss of bone mass in the microgravity and the
gain of bone mass following exercise. According to Wolff’s law, bone adapts its shape
to accommodate the shear forces enforced on them [18].

The subchondral bone remodeling following mechanical loading is brought
about by mechanotransduction, a process in which the mechanical signals transmitted
from the cell surface to the nucleus are converted into biochemical and cellular events
[19]. The strain and forces created during physical activity cause fluid flow along the
bone cell bodies and the lacunocanalicular space which, in turns, produce fluid shear,
stimulating osteoblasts and osteocytes to secrete various active metabolites like
prostaglandins, nitric oxide (NO) and interleukins [20, 21]. These gene products and
metabolites are established markers of the bone anabolic response to mechanical load
and are capable of stimulating bone formation and inhibiting bone resorption.
Identically, cytokines secreted by the subchondral osteoblasts following altered joint
loading are known to initiate OA pathways in the adjacent cartilage tissue [22]. This
complex mechanism of bone mechanotransduction and downstream actions require the
function of various focal adhesions [23], G-protein coupled receptors [24] and ion
channels (mechanosensitive and voltage-sensitive) [25, 26].

A rapid increase in calcium is the first response of bone cells subjected to fluid
shear [27, 28] and voltage-sensitive calcium channels (VSCC) are major regulators of
intracellular calcium concentration in bone cells. Fluid shear causes the opening of

mechanosensitive calcium channels leading to a rapid calcium influx that alters the
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membrane potential and acts as a stimulus to open the VSCC. This increase in
intracellular calcium concentration is essential for activating the downstream signaling
and secretion of anabolic markers of bone formation like prostaglandins and NO [29].

The mechanical load subjected to the joint during the day-to-day activities is a
combination of strain, hydraulic pressure, fluid shear stress and electrochemical
gradients. The strain levels on the bone could be roughly estimated to be 0.3% (3000
microstrain) and this is much lesser than that on the cartilage which experiences a
strain of about 30% [30]. The application of compressive forces on bone obliterates
bone resorption reducing the osteoclasts number and increases bone formation through
the bone anabolic markers [30, 31]. The fluid shear forces on the bone cells could
originate either from the fluid movement in the circulatory system or from the
mechanical loading itself and the physiological amount of shear forces that the joint
experiences could range between 0.8 to 3 Pa (1Pa= 10 dynes/cmz) [30, 32].

Similar to bone, cartilage also has been shown to respond to the mechanical
stimulation using various animal models. Higher mechanical load cause degradation
whereas regular loading is essential to maintain a healthy chondrocyte phenotype [33].
The cartilage is also subjected to various forms of mechanical forces including
stresses, pressures and strains from normal day-to-day activities. Activities such as
walking subjects 2-5 times the body weight at the hip joint. Such activity is estimated
to induce 2-3 MPa of local forces. Climbing stairs can amount to 10-20 MPa of local
stresses to the hip joint [34, 35].

The structural organization and chondrocyte response in cartilage are important
to maintain and distribute the mechanical forces subjected to the joint. These

components are compromised when there is abnormal loading on the joint resulting in
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OA formation. For example, a shift occurs in the synthesis of collagen molecules from
type II to type I. The resulting ECM has increased water content and is incapable of
withstanding the compressive forces on them [35]. Increased shear forces following
trauma is known to alter the chondrocyte metabolism eventually leading to matrix
degradation.

Studies show a strong association between abnormal mechanical loading and
OA development. Continuous exercise has demonstrated increase in proteoglycan
content and thickness of cartilage, whereas complete loss of loading result in atrophy
of cartilage with decrease in proteoglycan content. Also, strenuous exercise can have
deleterious effect and cause cartilage degradation [36-40]. Even though abnormal
shear forces on weight bearing joints can accelerate their degeneration and OA
progression, increased contact stress at the cartilage interfaces is thought to play an
important role in post-traumatic OA [41]. Studies following Anterior Cruciate
Ligament Transaction (ACLT), a model of post-traumatic OA show that the
alterations in the joint mechanics and increased articular contact stress on the joint can

all contribute to the genesis of OA [42, 43].
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1.4 Osteoarthritis

OA is a heterogeneous progressive disease of the synovial joints. It is the
leading cause of chronic disorder among the older adults in the United States and also
the most common form of arthritis [44]. The incidence of the disease increases with
age and it has been projected that about 67 million people in the United States will
acquire arthritis-related disability by 2030. This would include one-third of the
working population, creating a greater burden in the lifestyle and health care costs
[45]. According to the Framingham Cohort study (USA), 25% of adults in their 60s
and 50% of adults over 80 years of age had radiographic changes of OA [46].

OA is a disease of multifactorial origin with various risk factors including
older age, female gender, genetic inheritance, history of trauma and obesity. Age is the
strongest risk factor for OA and OA affects 50% and 85% of the population over 65
years and 75 years of age, respectively [47]. Presentation, incidence and prevalence
rates vary with gender. The most common form of OA presentation in men is hip OA
and that in women are hand and knee OA. Other risk factors for the OA etiology
include race, geographic factors, chondrocalcinosis, occupational knee bending,
hormonal status, bone density, muscle weakness, metabolic factors and physical labor.
OA of the knee is the most common presentation causing functional limitations in
13% and 17% of Americans aged 55 to 64 years and 65 to 74 years, respectively; and
the two major risk factors for knee OA are obesity and trauma [46, 47].

OA can be classified as idiopathic or primary form when an actual cause is not
known and secondary when there is a predisposing underlying cause for its genesis.
Primary OA is the most common form of OA affecting 60% of men and 70% of

women over 65 years of age due to “wear and tear” [47]. As the etio-pathology of
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primary OA is not fully understood, there are no successful disease-modifying agents
(DMA) to reverse disease progression leaving total joint replacement surgery as the

only option to relief pain in advanced OA patients.
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1.5 Pathogenesis of OA

OA is a chronic degenerative disease involving all the joint tissue characterized
by gradual loss of the cartilage, subchondral bone sclerosis and synovial inflammation
(Fig 1.3). The main initiating factor is the repeated mechanical injury as OA mainly
involves the weight bearing joints. The initial stages of OA are marked by an increase
in proliferation of chondrocytes (chondrons) to lay out new ECM including collagen
type II fibrils and proteoglycans. This synthesis along with increased growth factors
production by chondrocytes is an attempt to overcome the insult and initiate repair.
However, with continued mechanical insult, this synthesis becomes inadequate and the
degradation of ECM takes over leading to irreversible OA. Thus, OA develops when
there is an imbalance between the synthesis and degradation of the cartilage matrix by
the chondrocytes.

The matrix-degrading enzymes found in cartilage include a wide range of
cytokines and matrix metalloproteinases (MMPs). In addition to chondrocytes,
subchondral bone cells and synovial macrophages also act as sources of these
catabolic enzymes in OA. Interleukin 1 is the main pro-inflammatory cytokine in OA
that is capable of inhibiting the de novo synthesis of ECM components and inducing
the secretion of various other catabolic enzymes including various inducible nitric
oxide synthase and phospholipase A2. TNF alpha, a hallmark of late OA is the other
important cytokine capable of inducing cartilage degradation and acts in a similar way
to and in synergism with interleukin 1B. As a consequence, anti-cytokine therapies
against interleukin 1 and TNF alpha have been the focus for the development of OA

therapeutics and have shown some success in animal models of OA [48].
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The other matrix-degrading enzymes of cartilage ECM include aggrecanases or
ADAMTS (A disintegrin and metalloproteinase with thrombospondin type 1 motif)
and the MMP family. MMPs are further classified into stromelysins, gelatinases and
collagenases. These proteases are secreted by chondrocytes and each of them degrades
specific ECM components. For instance, the stromelysin MMP3 along with
aggrecanases 1 and 2 (ADAMTS4 and 5) are specific against aggrecan. MMP13 is the
major collagenase that is capable of degrading collagen type Il and MMP2, 9 are
gelatinases that further cleave the degraded collagen fibrils [7]. Other pro-
inflammatory factors that are up-regulated in OA are interleukin 6, 8, 17, 18, nitric
oxide and eicasonoids.

The earliest microscopic changes are characterized by roughening of the
cartilage, followed by fibrillations and gradual loss of the cartilage thickness until
exposure of the subchondral bone. At the molecular level, this is accompanied by the
loss of aggrecan and loosening of the collagen network. This apparently results in the
release of the water molecules bound by the aggrecan leading to hyperhydration
causing the swelling and softening of the cartilage macroscopically. In addition, to the
depletion and degradation of the existing ECM components, the expression of new
molecules like collagen type X, tenascin, collagen type Ila and III characteristic of
osteoarthritic cartilage takes place [1, 49].

The degraded breakdown products from cartilage ECM are released into the
synovial fluid and are phagocytized by the synovial macrophages. These
macrophages, in turn, release more cytokines like interleukin 1P that are capable of
activating other proteases to further degrade the cartilage. This process continues in a

vicious cycle leading to further degradation of cartilage ECM. The resulting synovial
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inflammation is accompanied by synovial hypertrophy and hyperplasia. Thus, synovial
inflammation plays a vital role in the OA pathogenesis. Accompanied by increased
innervation, synovial inflammation is considered to be a main cause of patient
reported pain in OA. Also, the products from synovial inflammation are gaining
recognition as biomarkers for OA and these include serum C-reactive protein, COMP,
collagen type II breakdown propeptides, and hyaluronic acid [7].

Another important hallmark of OA is the formation of ostephytes, which is
characteristic of later stages of the disease process. Osteophytes are the new bone
spurs that are formed at the joint margins as an attempt to repair and compensate for
the degenerating cartilage, the lost surface area, and the subsequent joint instability.
The molecular mechanism underlying their formation is unknown but the increased
biomechanical stimuli are considered to stimulate the mesenchymal cells in the
synovium and periosteum to undergo secondary chondrogenesis under the influence of
growth factors like TGFPB and BMPs. Although mature osteophytes have structure and
composition similar to the articular hyaline cartilage, their functional compensation is
questionable because of their occurrence in non-weight bearing areas. However,
understanding the molecular mechanisms leading to the formation of such intrinsic
regenerative tissue seems important for development of repair strategies [1].

Subchondral bone acts as an integral part of joint mechanics and plays an
active role in the pathogenesis of OA. Even though the presence of subchondral bone
changes and osteophytes in OA is irrefutable; it is still debated as to whether the
subchondral bone changes actually precede the cartilage changes. Human subject
studies show an increasing association between increased bone mineral density and

OA. Mechanical stress to the joint are thought to initiate bone changes leading to
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abnormal bone remodeling causing sclerosis, bone marrow necrosis and trabecular
abnormalities [7].

The process of bone remodeling starts with the subchondral bone resorption by
osteoclasts that secrete matrix-degrading enzymes like cathepsin K and MMP13
(Matrix Metalloproteinase 13). This resorption is followed by new bone formation or
sclerosis that is characterized by the increase of bone anabolic markers like
osteocalcin and osteopontin and growth factors like IGF-1,-2 and TGFB1. The newly
formed bone is disorganized with variations in the shape and structure of the
subchondral bone [9].

Thus, the later stages of OA are marked by sclerosis with increased mineral
density and stiffness resulting in a remodeled bone that is less effective in dissipating
the mechanical load applied to the joint. All this poses an additional mechanical
trauma to the already challenged cartilage accelerating its degeneration. Microcracks
form in the calcified layer of the articular cartilage extending to the trabecular bone
and this allows communication between the cartilage, subchondral bone and the joint
space. The synovial fluid seeping in through these microcracks lead to the formation

of intra-osseous pseudocysts [8].
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Figure 1.3: Schematic diagram contrasting the normal joint structures and
the changes in OA like the cartilage degeneration, subchondral sclerosis
and synovial inflammation. Adapted from [1]
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1.6 Current Interventions for OA

The current treatment for OA is mainly aimed at reducing the patient’s pain
and increasing the mobility of the joints. Acetaminophen is the drug of choice for pain
relief in mild to moderate OA pain but is less preferred due to its lower compliance
and efficacy compared to NSAIDS. The major side effects causes by acetaminophen
are hepato-renal toxicity. Non-steroidal Anti-inflammatory drugs (NSAIDS) are the
most commonly prescribed pain killers for moderate to severe OA despite of its well
established gastrointestinal side effects. These side-effects can range from dyspepsia,
nausea, abdominal pain to bleeding and perforation of gastric mucosa. This demands
caution with patients at risk of gastric ulcer and a co-administration of proton pump
inhibitors. The non-selective NSAIDS inhibits cyclooxygenase 1 and 2 (COX1 and 2)
that are required for the synthesis of eicosanoids especially prostaglandins. Selective
COX2 inhibitors are available with no gastric side effects that are due to the COX1
inhibition; however these drugs pose a disadvantage of causing serious cardiovascular,
hepatic and hemodynamic side effects. Nephrotoxicity can occur with both non-
selective and selective COX2 inhibitors [47, 50].

Tramadol, a centrally acting weak opioid analgesic is considered when there is
no improvement with acetaminophen and NSAIDS are contraindicated. Similarly
other opioid therapy is given for severe pain not relieved with NSAIDS and tramadol.
Topical application of capsaicin cream and NSAIDS are available for use as
monotherapy or as an adjunct for hand and knee OA. Intra-articular injections of
steroids are recommended for acute pain due to inflammation and joint effusion. Intra-
articular hyaluronan is also widely used to relieve pain and it is thought to function by

replacing the viscoelastic property of synovial fluid and lubricating the joint.
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However, the need for repeated injections due to short-term relief is a disadvantage
[47].

Other commonly used treatment modality is the recommendation of food
supplements like glucosamine and chondroitin sulfate combinations that supposedly
provide building units for cartilage repair. However, the actual outcome and efficacy
of these nutriceuticals are questionable [50].

Agents like MMP inhibitors such as doxycycline and minocycline,
bisphosphonates, calcitonin, diacerein, genetic therapy have reached new horizons in
preclinical studies as disease modifying osteoarthritic drugs (DMOAD). Cytokine
inhibitors and TNF alpha antagonists have also been studied in animal models of OA
[51, 52]. Protein kinase pathways including the c-Jun N-terminal kinase, p-38 mitogen
activated protein kinase (MAPK) and stress-activated protein kinase that are activated
in chondrocytes are also potential novel therapeutic targets [47, 48].

The non-pharmacological physical measures for OA are achieved through
exercise, weight reduction in case of obese patients, yoga, orthotic devices, thermal
packs, quadriceps strengthening exercises and acupuncture. However, the importance
of combining these physical measures in addition to pharmacological agents is largely
overlooked. With majority of OA patients being overweight, weight reduction and
exercises continue to be an essential strategy for a successful management particularly
for knee and hip OA [50, 51]. Weight reduction alone has been proposed to reduce 25-
48% of knee OA in women over 50 years of age [53].

Surgical and invasive approaches are considered when there is no adequate
improvement of pain relief and quality of life with pharmacological interventions

alone or in combination with physical measures. The various available surgical
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options range from arthroscopic irrigation, osteotomy and arthroplasty. Arthroscopic
irrigation or lavage is considered with patients having meniscal injuries and loose
bodies. Osteotomy is preferred over arthroplasty in order to preserve the joint structure
in case of young adults with unilateral involvement and symptomatic hip dysplasias.
Joint replacement or arthroplasty for the knee and hip OA are reserved when other

approaches fail to provide adequate improvement [50].

22



Chapter 2

INJECTABLE PERELCAN DOMAIN 1-HYALURONAN MICROGELS
POTENTIATE THE CARTILAGE REPAIR EFFECT OF BMP2 ON MURINE
MODEL OF EARLY OSTEOARTHRITIS

2.1 Abstract

The goal of this study was to use bioengineered injectable microgels to
enhance the action of bone morphogenetic protein 2 (BMP2) and stimulate cartilage
matrix repair in a reversible animal model of osteoarthritis (OA). A module of
perlecan (PInD1) bearing heparan sulfate (HS) chains was covalently immobilized to
hyaluronic acid (HA) microgels for the controlled release of BMP2 in vivo. Articular
cartilage damage was induced in mice using a reversible model of experimental OA
and was treated by intra-articular injection of PInD1-HA particles with BMP2 bound
to HS. Control injections consisted of BMP2 free PInD1-HA particles, HA particles,
free BMP2 or saline. Knees dissected following these injections were analyzed using
histological, immunostaining and gene expression approaches. Our results show that
knees treated with PInD1-HA/BMP2 had lesser OA-like damage compared to control
knees. In addition, the PInD1-HA/BMP2-treated knees had higher mRNA levels
encoding for collagen type II, proteoglycans, and xylosyltransferase 1, a rate-limiting
anabolic enzyme involved in the biosynthesis of glycosaminoglycan chains, relative to
control knees. This finding was paralleled by enhanced levels of aggrecan in the
articular cartilage of PInD1-HA/BMP?2 treated knees. Additionally, decreases in the
mRNA levels encoding for cartilage-degrading enzymes and collagen type X were
seen relative to controls. In conclusion, PInD1-HA microgels constitute a formulation

improvement compared to HA for efficient in vivo delivery and stimulation of
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proteoglycan and cartilage matrix synthesis in mouse articular cartilage. Ultimately,
PInD1-HA/BMP2 may serve as an injectable therapeutic agent for slowing or

inhibiting the onset of OA after knee injury.
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2.2 Introduction

Articular cartilage is a viscoelastic tissue essential for the absorption of shocks
and normal distribution of loads. Because of its non-vascularized, non-innervated and
sparsely cell populated nature, this tissue displays poor regenerative capacity [54].
Recently, growth factor therapy has emerged as a novel strategy for enhancing
chondrogenic differentiation and repairing functional cartilage [55-57]. The heparan
sulfate binding growth factor (HBGF) bone morphogenetic protein 2 (BMP2), which
plays a critical role in the establishment of normal cartilage during development, also
was found to enhance the differentiated phenotype of mesenchymal stem cells in
culture [12, 58, 59]. In addition, several studies indicate that BMP2 expression is
elevated in damaged and/or mechanically-challenged cartilage during the early stages
of OA.

BMP2 is an osteoinductive protein that belongs to the large TGF-3
superfamily. RhBMP?2 is a glycosylated, disulphide-boned dimeric protein that can be
produced in large scale by cell culture [60]. The mature active form of BMP2 results
from cleavage at RXXR consensus sites and is a carboxy terminal dimer composed of
110-140 amino acids. BMPs act through type 1 and II serine-threonine kinase
receptors. Binding of the BMP to the type 1 receptor induces intracellular association
between type I and II receptor. This is followed by the phosphorylation of the type II
and type 1 receptors. R-Smads that bind to the activated type I receptor are
phosphorylated and released to further bind with Smad 4. This R-Smad/Smad 4
complex then translocates to the nucleus to stimulate transcription of the target genes
[61]. Notably, BMP2 is FDA approved for clinical use and is delivered through

biodegradable collagen sponges. Currently, BMPs can be delivered by the various
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forms of carriers including synthetic polymers, natural origin polymers, inorganic
materials and composites [62].

During the initial stages of OA, there is an increase in BMP2 levels that is
believed to enhance reparative processes and reactivate morphogenetic pathways
including synthesis of extracellular matrix (ECM) components [63, 64]. During OA
disease progression, the weakened synthetic machinery of chondrocytes eventually
becomes unable to compensate for the degradation of ECM components leading to
degenerative OA. Therefore, it is apparent that supplementing BMP2 at the initial
stages of OA may have a significant inhibitory effect on the development of OA [56].
Nonetheless, even with the high chondrogenic potency of BMP2, the biggest challenge
lies in developing an efficient delivery system to counteract its short half-life and rapid
degradation in vivo [65, 66]. The BMP2 secreted from the chondrocytes in vivo can
meet with one of the three fates: they start exerting their anabolic action, or degraded
by the BMP specific antagonists/inhibitors or become sequestered in the matrix
components that are released slowly to the target cells [61]. Perlecan is one such
naturally occurring proteoglycan found in cartilage that can help bind the locally
released growth factors and can regulate their activity [67, 68].

Perlecan/HSPQG2 is a large heparan sulfate proteoglycan (HSPG) that
represents an essential component of cartilage ECM [68-71]. It belongs to the secreted
or extracellular class of HSPG and occurs in various tissues including the basement
membrane and interstitial matrix of cartilage, bone and uterus. It plays an important
role in embryo implantation and placentation during development. It is also essential
to maintain normal homeostasis by regulating various processes like the endothelial

cell adhesion, cell proliferation and growth factor binding [68]. The NH>-terminal
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portion of perlecan (domain 1 or PInD1) carries HS chains that bind HBGFs and
enhance interaction with their signal transducing receptors [67, 68, 72, 73]. Thus,
PInD1 can act as a depot for BMP2 storage and controlled release, protect it from
proteolytic degradation and potentiate its biological activity [74, 75]. Previous studies
demonstrate that PInD1 can be successfully used in vitro to modulate the
chondrogenic bioactivity of BMP2 [76]. However, because of its own diffusion and
susceptibility to degradation, PInD1 only can be effectively used as a HBGF reservoir
for in vivo cartilage repair if immobilized through conjugation to a larger
biocompatible carrier. For this reason, a HBGF delivery system was developed by
conjugating PInD1 to hyaluronic acid (HA)-based microgels (PInD1-HA) for the
controlled realize of the condrogenic growth factor, BMP2 [55].

HA is a natural component of articular cartilage that functions as a matrix
organizer by interacting with other matrix molecules such as aggrecan [77]. HA-based
macromolecules are commonly used in the clinic as viscosupplements to enhance joint
mobility and provide temporary relief of knee pain by increasing the viscosity and
elasticity of synovial fluid [78]. However, HA alone does not promote the
regeneration of cartilage ECM and is traditionally not administered in combination
with active cartilage repair agents. Thus, increased physical activity after palliative
HA injections often results in long term adverse effects and accelerates disease
progression.

Here, I used PInD1-HA microgels as the carrier for the controlled and slow
release of BMP2 into the knee cavity of mice. We tested the efficiency of this system
on articular cartilage using the papain-induced model of early OA [79]. The goal of

this study was to determine the potential benefits of PInD1 added to HA in
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potentiating BMP2 activity for the attenuation of early cartilage damage in an

experimental model of reversible OA.
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2.3 Methods

2.3.1 Preparation of PInD1-HA Microgels

Recombinant human BMP2 (R&D Systems, Minneapolis, MN) stock was
prepared at a concentration of 10pg/ml in saline containing 4mM HCI and 0.1% (w/v)
mouse albumin (Innovative Research, Novi, MI). Recombinant mouse PInD1 was
expressed by stably transfected kidney cells and purified using an immunoaffinity
chromatography approach following established protocols [73, 80]. Post-translational
modification of PInD1 by heparan sulfate (HS) was verified by observing a change in
its electrophoretic mobility following heparinase I, II, and III and chondroitinase AC
treatments [73]. Because the absence of HS results in loss of BMP-2 binding activity
only PInD1 decorated by HS chains was used in this study [76].

The need for PInD1 bioconjugation to a HA carrier to increase in vivo retention
in the articular knee cavity, was tested previously by injecting intra-articularly Alexa
568-labeled PInD1. Bioconjugation of PInD1 to HA was performed as described [55].
The presence of glycosaminoglycan modifications was controlled by staining the
microgels with Alcian blue. Additionally, the selective binding capacity and release of
BMP2 were measured using an ELISA assay as described [55]. Finally, PInD1-HA
microgel bioactivity was evaluated in vitro using a micromass culture system as
described [55]. Once the PInD1-HA microgels passed all these control quality tests,
they were extensively rinsed in 70% (v/v) ethanol and saline, pelleted by
centrifugation at 3,000 rpm, and resuspended in sterile saline (Fig. 2.1) at a

concentration of 6mg/ml. Approximately 1 mg of PInD1-HA microgels was combined
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with 250ng of BMP2. Both PInD1-HA control and PInD1-HA/BMP2 mixtures were
preincubated for an hour at room temperature on a rocking platform prior to

performing the intra-articular injections.
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Figure 2.1: Injectable PInD1-HA microgels visualized following
hydration in saline buffer. Scale bar represents 20 pm.
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2.3.2 Intra-articular Injections

Early OA-like damage was induced by injecting intra-articularly 6l of a 1%
(w/v) papain solution prepared in a saline solution containing SmM L-cysteine in the
knee of 10-11 week-old C57BL6/J mice. Mice were anaesthetized using mask
inhalation of isoflurane for faster induction and recovery. The knee was shaved and a
skin incision was made along the medial aspect of the flexed knee using a scalpel # 11.
After visualizing the white glistening ligament, another incision was made medial to
the ligament and the 6 pl solution was injected slowly using a precision Hamilton
syringe (50 pl) fitted to a 30 1/2 gauge needle. All mice were given subcutaneous
injections of buprenorphine (0.05-1mg/kg at surgery and after 6-12 hours as needed)
and Baytril® (2mg/kg at surgery) for pain and to prevent infection, respectively.

After waiting 7 days for the OA-like damage to develop, the various test
treatments were administered and the knees were allowed to recover for 7 or 14 days,
after which the efficiency of each treatment condition to counteract the effects of
papain was evaluated following animal sacrifice. Previous in vitro characterization of
our delivery system demonstrated that nearly 70% of the initially bound BMP2 was
released from PInD1-HA microgels after 14 days of incubation [55]. Based on this
observation, it was assumed that the majority of the bound BMP2 will be released
from carrier microgels after a 14-day in vivo incubation period. In the initial study, the
usefulness of PInD1-HA particles plus BMP2 to limit joint damage was compared
with growth factor-free PInD1-HA particles or saline at day 7 post-treatment. In
subsequent studies, HA particles or BMP2 alone served as additional control groups,
and the knees were dissected 7 days after the treatment injections. Because knee

damage induced by HA or BMP2 did not differ significantly from saline controls at
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day 7, only PInD1-HA or saline injections served as controls for day 14 histological
scorings. All procedures involving animals were performed in accordance with

protocols approved by the IACUC at the University of Delaware.

2.3.3 Histological Scoring

Knees were fixed in 10% (v/v) formalin and decalcified in a 10% (v/v) formic
acid solution. 6um-thick frontal sections were either stained histologically using a
standard Safranin O and Fast Green staining procedure or immunostained (see below)
[81]. The stringent conditions used prior and during knee sectioning did not permit us
to visualize retention of the microgels in the knee cavity after histological processing.
Scoring was done in the four compartments of the knee using a modified semi-
quantitative scoring scale as described [82]. Briefly, the scores attributed in this study
are: score 0 = normal cartilage, score 0.5 = loss of Safranin O staining with a normal
articular surface, score 1 = small fibrillations or roughened articular surface, and score
2 = fibrillations extending into the superficial lamina. For each knee analyzed, 12-15
slides encompassing the entire joint were blinded and scored by two independent

observers.

2.3.4 Immunohistochemistry

Deparaffinized knee sections were treated with Dako (Carpinteria, CA) antigen

retrieval solution for 1 hour and blocked overnight with 3% (w/v) BSA and 2% (v/v)
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goat serum. Primary rabbit antibody [anti-mouse aggrecan (Chemicon International
Inc., Temecula, CA) or anti-mouse collagen type II (Biodesign International, Saco,
ME)] was incubated for 4 hours at 37°C. After washing in PBS, sections were
incubated with Alexa 488 conjugated goat anti-rabbit secondary antibody (Invitrogen,
Carlsbad, CA) and DRAQ5™ (Biostatus, Leicestershire, United Kingdom) at 37°C for

1 hour, mounted, and viewed under a confocal microscope.

2.3.5 Quantitative Real-Time PCR

To examine transcriptional changes in cartilage-specific marker expression,
mRNA was extracted from knee articular cartilage of both tibiae and femora of 4
papain-damaged knees treated with either PInD1-HA/BMP2 (combined treatment) or
PInD1-HA (carrier only control) microgels. Mild decalcification was induced in 0.5M
EDTA (Sigma-Aldrich, St. Louis, MO) overnight at 4°C. Articular cartilage tissue was
microdissected away from subchondral bone prior to RNA extraction with the
RNeasy® fibrous tissue mini kit (Qiagen, Valencia, CA) and DNAase treatment
(Turbo DNA-free, Ambion Inc, Austin, TX). One pg of mRNA was used to synthesize
cDNA using the iScript™ cDNA synthesis kit (BioRad, Hercules, CA) and the
quantitative PCR reaction was run in triplicate. Primer sets specific for cartilage
markers were purchased from SA Biosciences (Frederick, MD) and included type II
and X collagens (COL2al and COL10al); aggrecan (ACAN); perlecan, the major
HSPG produced in the pericellular matrix of chondrocytes (HSPG2); and the isoform
of xylosyltransferase found in cartilage (XYLT1). In addition, the following primers

were used: 1) two aggrecan degrading enzymes, matrix metalloproteinase 3 (MMP?3)
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and aggrecanase-2 (ADAMTSS), and 2) one enzyme primarily responsible for type 11
collagen breakdown (MMP13) [83, 84]. The relative mRNA fold change in PInD1-
HA/BMP?2 vs. PInD1-HA (carrier only) treatments was compared at 1 or 7 days post-
injection. These two time points were selected based upon previous in vitro kinetic
studies of BMP2 release from PInD1-HA microgels that occurred in two distinct
phases with an initial burst occurring during the first day (10% of cumulative release)
followed by a steady controlled release (3.8%/day) that reached a cumulative release
of approximately 50% after seven days [55]. For this reason, mRNA analysis was
conducted without delay (day 1) during the burst phase to detect transient events
responsible for activation of synthesis pathways and in the middle of the steady linear

release phase (day 7) before 100% release was achieved.

2.3.6 Statistical Analysis

The histological scores obtained at different time points from different knees
(n>9) were analyzed using the Kruskal-Wallis statistical test as described on Dr. John
H. McDonald’s website (University of Delaware, Newark, DE) [85]. Bonferroni
correction was performed for multiple comparisons and p values less than 0.0083 and
0.0167 were considered significant at day 7 (6 groups) and day 14 (3 groups),
respectively. For gene expression studies, each sample was run in triplicate, cycle
threshold (CT) values were obtained for each gene of interest and were corrected with
that of GAPDH. The relative mRNA fold change was calculated using the 2-24¢T

formula as described [86] and was considered significant if the fold increase or
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decrease was above 2 or below 0.5, respectively. The mean values of two biological

replicates (total of 8 knees) were reported.
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2.4 Results

2.4.1 Effect of BMP2-loaded PInD1-HA Microgels on Damaged Articular
Cartilage in Mice

The efficacy of the various treatments in counteracting the damage produced
by papain was evaluated by histological scoring (Figs. 2-2 and 2-3). Seven days post-
treatment, PInD1-HA/BMP?2 injected knees had significantly lesser OA-like damage
than the knees treated with PInD1-HA (p= 1.1 x 107, Fig. 2.3) or the knees treated
with saline (p= 1.3 x 107, Fig. 2.3). The majority of coronal knee sections obtained 7
days after a single injection of PInD1-HA/BMP2 microgels showed a smooth and
thick articular cartilage surface with chondrocytic clusters of normal appearance
surrounded by intense Safranin-O staining (Fig. 2.2B). This result was seen in around
90% of the animals tested (8 out of 9 injected knees). Remarkably, severe damage
induced by papain including proteoglycan loss and initial delamination of the
superficial layer that were observed prior to treatment (day 0, Fig. 2.4) were entirely
reversed by a single intra-articular injection of PInD1-HA/BMP2 microgels when
analyzed at day 7 post-treatment (Fig. 2.2B). In addition, the morphology of PInD1-
HA/BMP?2 treated knees at day 7 was not distinguishable from control knees that were
injected twice with a saline solution in place of papain at day minus 7 and in place of
the treatment at day O (Fig. 2.2A-B and Fig. 2.3, p= 0.824).

In contrast, control saline (Fig. 2.2C) and PInD1-HA (Fig. 2.2D) treatments of
papain-damaged knees resulted in obvious proteoglycan depletion and small
fibrillations in approximately 80% (7/9 knees) and 70% (6/9 knees) of the individuals

tested, respectively. Additional control treatments consisting of an injection of either
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HA or BMP2 microgels in the absence of PInD1 did not reverse proteoglycan loss
(Fig. 2.2E-F, in 7/9 and 8/9 knees respectively). Papain-damaged knees treated with
HA (Fig. 2.2E, with fibrillation in 4/9 knees) had a significantly higher OA score
compared to knees treated with PInD1-HA/BMP2 (Fig. 2.2B) indicating the lack of
chondrogenic repair activity (Fig. 2.3, p=2.78 x 10). The same observation was
made following BMP2 treatment (Fig. 2.3, BMP2 vs. PInD1-HA/BMP2; p=3.2 x 107
) where scores were slightly more severe and cartilage fibrillation occurred in 7/9
knees (see arrows in Fig. 2.2F). Interestingly, chondrocyte clusters were seen near the
joint surface in the eroding proteoglycan-depleted region of PInD1-HA treated knees

relative to control treatments (see arrows in Fig. 2.2D).
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Figure 2.2: Histological sections of mouse knees processed 7 days post
repair or control treatments and stained with Safranin-O and Fast Green.
Knees treated with PInD1-HA/BMP2 showed a normal smooth articular
cartilage appearance (B) and showed no OA damage when compared
with papain-damaged knees treated with either saline (C), PInD1-HA
(D), HA (E), or BMP2 (F). Proteoglycan depletion indicated by a loss of
Safranin-O staining is marked by asterisks. An increase in chondrocyte
clusters was observed in the proteoglycan-depleted region of articular
cartilage of PInD1-HA-treated knees (see arrows in D). Such clusters are
absent in BMP-2 treated knees where articular cartilage fissures and
delamination is observed (see arrowheads in F). No obvious difference is
seen between control knees (A) injected twice with saline (in place of
papain and the repair treatment) and the papain-injected knees treated
with PInD1-HA/BMP2 microgels (B). T, tibia; F, femur; m, meniscus
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Figure 2.3: Box and whisker plot showing the median (central line), 25-
75 percentile (boxes) and the entire range of scores obtained 7 days after
treatment of saline or papain-damaged knees (n=5 for control saline; n=9
for all the other groups). ** indicates p<0.001 when compared to PInD1-
HA/BMP?2. No statistical difference is seen between the scores obtained
in control knees injected with saline twice and the papain-injected knees
treated with BMP2-loaded PInD1-HA particles (p=0.824).
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Figure 2.4: Box and whisker plot showing the median, 25 to 75 percentile
and the entire range of scores among the saline and papain treated knees
(A, n=7 for each group). No box is seen for the papain injection condition
because over 80% of the articular surfaces correspond to a score of 0.5.
** indicates p<0.001 (p=1.25 x 10-8 in saline vs. papain). Representative
histological sections of day 0 mouse knees processed 7 days after initial
saline (B) or papain (C) intra-articular injections and prior to treatment
via a second intra-articular injection. T, tibia; F, femur; m, meniscus
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2.4.2 Effect of PInD1-HA/BMP2 Microgels on Articular Cartilage Transcript
Levels

2.4.2.1 Cartilage Synthesis Markers

Transcripts levels of ECM components were measured in articular cartilage of
papain damaged knees treated with either PInD1-HA/BMP2 or growth factor free
control PInD1-HA particles (Fig. 2.5A). As early as one day post-treatment, the
mRNA level for the alphal chain of the major fibrillar component of cartilage, type 11
collagen (COL2al), was slightly, but significantly, increased 2-fold in cartilage
extracted from knees treated with PInD1-HA/BMP?2 relative to control knees. This
positive effect continued with time and a 6-fold increase in type II collagen mRNA
levels was seen at day 7 post-treatment in PInD1-HA/BMP?2 treated knees when
compared to control samples.

Transcript levels of the major cartilage proteoglycan, aggrecan, were about
2.5-fold greater in PInD1-HA/BMP2 versus control knees at day 7. We also examined
the mRNA levels of perlecan itself, the most abundant HSPG present in cartilage. The
relative mRNA level of perlecan was significantly higher in the PInD1-HA/BMP2
treated knees relative to control knees at day 7. The relative levels of transcripts
encoding for the enzyme that initiates glycoaminoglycan chain extension by adding
the first sugar group to proteoglycans, xylosyltransferase 1 (XYLT1) [87] also was
measured. PInD1-HA/BMP2 treated knees demonstrated an increase in mRNA
encoding for this enzyme in the early post-treatment phase (day 1). The increase

remained significant at day 7 when compared to control knees.
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Figure 2.5: Effect of the combined administration of BMP2 and PInD1-
HA particles on mRNA levels of articular cartilage ECM components
and ECM-modifying enzymes. Fold changes in mRNA levels are shown
for knees treated with BMP2-loaded PInD1-HA particles relative to
knees treated with growth factor free particles (PInD1-HA) on days 1 and
7 following intra-articular injections. mRNA levels of the a1 chain of
type II collagen (COL2al), aggrecan (ACAN), perlecan (HSPG2) and
xylosyltransferase 1 (XYLT1) were significantly increased in knees
treated with PInD1-HA/BMP2 compared with control knees whereas the
opposite was seen with matrix degrading enzymes (MMP13, MMP3, and
ADAMTSS) and the a1 chain of type X collagen (COL10al). Each
sample was run in triplicate, the represented mean fold changes are the
results of two biological replicates, and error bars represent standard
deviations. Fold changes equal or higher to 2 (above the dashed line in A)
and equal or lower to 0.5 (below the dashed line in B) are considered
statistically significant using the comparative delta-delta Ct method.
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2.4.2.2 Cartilage degradative enzymes and marker of hypertrophy

We also measured the mRNA levels of degrading enzymes responsible for the
breakdown of cartilage ECM components and type X collagen (COL10al), a marker
for chondrocyte hypertrophy and pathological calcification of articular cartilage (Fig.
2.5B). The mRNA levels of both MMP3 and MMP13 were decreased significantly in
the knees treated with PInD1-HA/BMP2 compared to the control knees at day 1 and
day 7 after treatment injections. The mRNA levels of ADAMTSS were also
significantly decreased at both day 1 and day 7 between the PInD1-HA/BMP?2 treated
and control knees. The level of transcripts encoding for the a1 chain of type X
collagen, was significantly decreased by nearly 5-fold at day 7 in PInD1-HA/BMP2

treated vs. PInD1-HA injected knees.

2.4.3 Comparative Analysis of ECM Protein Distribution in PInD1-HA/BMP2
treated Knees

2.4.3.1 Type Il collagen Immunoreactivity

Potential changes in the expression pattern of the major fibrillar component,
type II collagen, was assessed by comparing immunostained sections of papain-
damaged knee sections harvested 7 days after treatment with either BMP2-loaded
PInD1-HA particles or saline (Fig. 2.6). There was no obvious difference in the
intensity of the type II collagen-specific signal detected at the joint interface of PInD1-

HA/BMP2-treated knees (Fig. 2.6C) and the articular cartilage remaining in knees

45



treated with saline or control PInD1-HA particles (Fig. 2.6D). Thus, the global
decrease of signal seen in control knees relative to PInD1-HA/BMP2 can be attributed
to a decrease in the amount of articular cartilage tissue present in this region.
Conversely, the presence of healthy articular cartilage in the superficial layer of
PInD1-HA/BMP2-treated knees was accompanied by a concomitant increase in the
overall extent of collagen type II-positive tissue when compared to control conditions

(compare C and D in Fig. 2.6).
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Figure 2.6: The extent of the type II collagen signal (green) is diminished
in the articular cartilage of saline (D) versus PInD1-HA/BMP2 (C) -
treated knees after 7 days of treatment. For each group, consecutive
coronal knee sections were stained with Safranin O/Fast Green (A, B)
and immunostained with an antibody specifically directed against type II
collagen (green in C, D). A and B are the adjacent histological stains for
C and D, respectively. DRAQS™ was used as nuclear stain (blue in C,
D). Growth plate (GP) cartilage served as an internal positive control for
type II collagen immunodetection. Asterisks indicate the presence of a
healthy articular cartilage of high cellularity in the superficial layer of
PInD1-HA/BMP2-treated knees. F, Femur; T, Tibia; m, meniscus. Scale
bars represent 100pm.
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2.4.3.2 Aggrecan Immunoreactivity

To correlate the higher levels of aggrecan transcripts in PInD1-HA/BMP2
treated articular cartilage with corresponding protein expression, we performed
immunolabeling of treated knees with an antibody directed against the aggrecan
molecule (Fig. 2.7). The articular cartilage of knees treated with PInD1-HA/BMP2
(Fig. 2.7D and G) showed higher expression of aggrecan than control knees treated
with PInD1-HA (Fig. 2.7, compare D and G to E and H) or saline (Fig. 2.7, compare D
and G to F and I). In contrast, aggrecan signal in growth plate cartilage remained
unchanged among all three experimental conditions and was used a positive control

for antibody immunoreactivity (Fig. 2.7D-F).
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Figure 2.7: Articular cartilage of knees treated with PInD1-HA/BMP2
showed increased expression of aggrecan relative to control (PInD1-HA
or saline) knees after 7 days of treatment. For each group, consecutive
coronal knee sections were stained with Safranin O/Fast Green (A-C) and
immunolabeled with an antibody specifically directed against aggrecan
(D-F). The aggrecan-specific immune signal (green) was noticeably
increased in knees treated with PInD1-HA/BMP2 (D and G) when
compared with control knees treated with PInD1-HA (E and H) or saline
(Fand I). A, B, C are the adjacent histological stains for D, E and F,
respectively. DRAQS5™ was used as nuclear stain (blue in D-F). Growth
plate (GP) cartilage served as an internal positive control for aggrecan
immunodetection in osteoarthritic knees that displayed severe depletion
of proteoglycans at their articular cartilage surface (see arrows in panel
D-F). Scale bars represent 100um for either A-F or G-1. F, Femur; T,
Tibia; m, meniscus
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2.4.4 PInD1-HA Microgels Prolong BMP2 Cartilage Repair Activity in vivo

To determine if PInD1-HA microparticles can prolong the chondrogenic effect
of BMP2 on articular cartilage over a longer period of time, we compared the
histological appearance of papain-damaged knees dissected 14 days after a single
intra-articular injection of either PInD1-HA/BMP2, PInD1-HA, or saline (Fig. 2.8B-
D). The analysis of the histological scores showed that PInD1-HA/BMP2-treated
knees had lesser OA-like damage than the knees of the two control groups (Fig. 2.8A).
Although increased, these scores followed the same trends as the scores obtained after
7 days of treatment and PInD1-HA/BMP2-treated knees still displayed significantly
less damage than knees treated with either PInD1-HA or saline (p= 6.10” and

p=0.005, respectively).
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Figure 2.8: Box and whisker plot showing the median (central line), 25 to
75 percentile (boxes) and the entire range of scores obtained 14 days after
treatment of papain-damaged knees (A, n=9 for each group). ** indicates
p<0.001 when compared to PInD1-HA/BMP2. Representative
histological sections from papain-damaged mouse knees processed 7

days post repair (B, PInD1-HA/BMP2) or control (C, PInD1-HA; D,
saline) treatments and stained with Safranin-O and Fast Green.
Proteoglycan depletion in the superficial articular cartilage layer is
marked by an asterisk. F, femur; T, Tibia; m, meniscus
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2.5 Discussion

Despite its established anabolic effect during chondrogenesis and pathogenesis
of OA, BMP2 usefulness in cartilage repair has been limited due to its short in vivo
half-life and known side effects when administered at high doses [55, 88]. Indeed,
when injected under its soluble form into the knee cavity it rapidly loses its bioactivity
due to clearance through systemic passive diffusion/clearance, and/or inhibition via
specific BMP antagonists and proteases [65, 66, 89]. Additionally, burst induction
from repetitive high dose injections or sustained overexpression through adenoviral
genetic insertion of TGFP family members are known to result in adverse side effects
on adjacent joint tissues including induction of an inflammatory response, synovial
fibrosis, and formation of de novo osteophytes at sites of tendon insertions or at the
periosteal joint margins [88, 90, 91].

Consistent with previous reports, the single administration of soluble BMP2 in
the current study neither induced side effects like expansion of the synovial
membrane/subchondral bone sclerosis/osteophyte formation nor enhanced cartilage
repair. For this reason, PInD1 bearing HS chains was bioconjugated to a
biocompatible carrier (HA microgel) to potentiate/prolong BMP2 action after injection
in mouse knee cavities. In our system, binding of BMP2 to HS chains could serve two
roles as it both protects BMP2 from being degraded and may enhance its opportunity
to bind with cellular receptors through the formation of functional ternary complexes
in a similar fashion to that described for FGF2 [92, 93]. Although it is not well
understood if the folded core protein portion of PInD1 itself plays a direct role in the
modulation of BMP2 activity, it is important for: 1) covalent conjugation to the carrier

microgels due to the presence of surface lysines and 2) proper spacing of at least two
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appropriately spaced surface HS chains that facilitate the controlled release of BMP2
[55]. Recently, another member of the TGFf superfamily, Activin A, was found to
specifically bind to perlecan via HS chains interactions that regulate its localization
within tissues [94]. Although Activin A binds HS of perlecan via its cleavable N-
terminal pro-region, BMP-2 and BMP-4 were reported to interact with proteoglycans
in a HS-dependent fashion through a highly conserved region of their mature NH2-
terminal portion [95]. This form of non-covalent highly specific binding is important
in retaining the growth factor bioactivity that could easily be compromised through
covalent chemical bonds and is likely to increase its half-life, as demonstrated by
prolonged in vitro and in vivo effects [55]. Indeed, injection of BMP2 in combination
with PInD1-HA microgels carrying HS chains in papain-damaged knees significantly
improved histological scores when compared to all other treatments including free
BMP2.

The significant score improvement observed in PInD1-HA/BMP?2 treated
knees observed at day 7 was still evident, albeit diminished, 14 days post-injection.
These results extend previous in vitro findings that PInD1-HA potentiates BMP2 and
helps in spatial and temporal presentation of BMP2 for approximately two weeks [55].
It can be speculated that the release kinetics of BMP2 from PInD1-HA microparticles
are governed by the equilibrium between the endogenous BMP2 released from the
degrading cartilage matrix and those bound to the PInD1-HA particles. Such dynamic
model would support stimulation of repair pathways and prevention of interaction
between active BMP2 molecules and their natural antagonists. While this idea requires
further investigation, it is clear from the data obtained during a two-week period that

PInD1-HA microgels injected in the absence of BMP2 are not responsible for knee

54



damage worsening and that injection of these microgels in combination with BMP2
induces an anabolic response in articular cartilage.

Comparative analysis of mRNA levels in articular cartilage following
treatment with PInD1-HA microgels in the presence or absence of BMP2 indicates
that BMP2 release from these biomaterials rapidly increases the relative level of
transcripts encoding for both aggrecan and its modifying enzyme (XYLT1) during
cartilage repair processes [87]. These initial transcriptional events soon were followed
by a significant increase in the relative levels of both type II collagen and perlecan
mRNAs. The fact that BMP2 efficiently delivered via PInD1-HA microgels increased
the steady state of mRNA encoding for ECM components, strongly implies that the
repair mechanisms involved under our experimental conditions primarily consist of de
novo synthesis of cartilage matrix by resident chondrocytes. In addition, the small but
significant decrease of the relative mRNA levels encoding for MMP3 and MMP13
upon PInD1-HA/BMP?2 treatment suggests that our BMP2 delivery system also may
reduce early OA onset by inhibiting articular cartilage matrix degradation. This data
contrasts with other reports in which BMP2 stable overexpression via adenoviral
integration leads to an initial catabolic response by chondrocytes and boosts matrix
turnover [56]. Thus, the lack of catabolic effect accompanied by increased matrix
synthesis under our treatment conditions indicates that controlled delivery of BMP2
induces a seemingly exclusive anabolic effect that may protect new and resident
cartilage against further destruction by MMPs. Consistent with our results, in vitro
studies conducted in chondrocyte progenitors demonstrated that the close homolog of
BMP2, BMP4, can strongly down-regulate MMP3 and MMP13 gene expression [96].

In comparison, the relatively low but significant decrease of MMP3 and MMP13 gene
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expression obtained under our experimental conditions may be attributed to the low
amount of chondrocytic stem cells present in adult articular cartilage.

The significant and continuous increase in aggrecan transcript levels during the
course of the experiments is accompanied by a transcriptional inhibition of
ADAMTSS, the aggrecan-specific protease [83]. Whereas up-regulation of Adamts5
gene expression is a well-accepted indicator of early disease progression, moderate
down-regulation of ADAMTSS transcripts during the initial phase post injection
actually may be important for normal cartilage turnover and the creation of space for
organized deposition of newly synthesized ECM components [56]. Finally, reduction
of both MMP13 and type X collagen mRNA levels in treated versus control knees
indicated that the global reparative effect of PInD1-HA/BMP2 biomatrices on articular
cartilage do not activate developmental program associated with cartilage growth plate
terminal differentiation [83, 89]. Altogether, our gene expression data shows that
BMP?2 delivered through PInD1-HA triggers both anabolic (by increasing the
transcription of proteoglycans and type II collagen) and protective responses (by
lowering matrix degradation).

The replenishment of proteoglycans such as aggrecan with large negatively
charged polysaccharide chains is essential for the restoration of the viscoelastic
properties of normal functional hyaline cartilage with ability to resist compressive
loads [83]. Therefore, our aggrecan expression data strongly favors a reversion of the
early OA damage induced by papain. While Col2al gene expression was significantly
upregulated, signal specific for type II collagen protein remained unchanged in
proteoglycan-depleted regions of the articular cartilage superficial layer. During early

OA, the loss of aggrecan is initiated at the joint surface and progresses to the deeper
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zones before degradation of the collagen fibrillar meshwork [83]. Similarly, the
original collagen matrix might not have been destabilized under our experimental
conditions and the lack of obvious change in the intensity of type II collagen-specific
signal among treatments is likely due to the difficulty of visualizing de novo
expression above baseline levels [83]. This idea is supported by the fact that the type
II collagen triple helix is remarkably stable (half-life in cartilage >100 years) [97].

In summary, we demonstrated that single injection of BMP2 complexed to
PInD1/HA-based microgels in papain-damaged knees can increase the mRNA levels
of articular cartilage matrix components, reverse proteoglycan loss and cartilage
erosion, and inhibit cartilage degradative pathways and hypertrophy. Although our
experimental design allowed us to study the early effects of bioactive microgels, one
of the limitations of this study is that papain is a reversible model of OA that prevents
the exploration of the long term effect of single or multiple injections of active
microgels. Indeed, self-repair mechanisms occur and replenishment of proteoglycans
become visible around one month post-papain injection [79]. Importantly, our data
shows that BMP2 only promotes a strong and sustained anabolic response on
compromised cartilage when delivered in a controlled manner that mimics its natural
mode of release from the cartilage matrix. Thus, covalent modification of HA with
bioactive molecular complexes of native cartilage may constitute a new promising
therapeutic option to control the anabolic response of articular cartilage chondrocytes
and block degradative processes in patients susceptible to develop OA at relatively
young age. Problems associated with knee injury in young patients exposed to intense
daily activities (athletes, military trainees, etc.) include the formation of fibrocartilage

at sites of injury followed by progressive degeneration and development of severe OA
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[98]. Future studies will investigate if multiple injections of BMP2-releasing PInD1-
HA microgels can help preserve the normal structure of hyaline cartilage and slow
disease progression in more severe instability-induced models of knee OA. In
conclusion, the current study shows for the first time that the PInD1-conjugated, HA-
based microgels can enhance BMP2 bioactivity in vivo and are promising injectable
materials for the targeted delivery of HBGFs without the initiation of side effects often

seen following repetitive administration of growth factors.
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Chapter 3

INHIBTION OF T-TYPE VOLTAGE SENSITIVE CALCIUM CHANNEL
REDUCES LOAD-INDUCED OA IN MICE AND SUPPRESSES THE
CATABOLIC EFFECT OF BONE MEHCANICAL STRESS ON
CHONDROCYTES

3.1 Abstract

Osteoarthritis (OA), the most common form of arthritis, is characterized by the
loss of articular cartilage, increased subchondral bone remodeling, inflammation of the
synovial lining and osteophyte formation. Previous studies suggest that subchondral
osteoblasts release pro-inflammatory factors upon mechanical stimulation and
significantly contribute to the pathology of OA. Because voltage-sensitive calcium
channels (VSCC) regulate intracellular calcium, one of the earliest cellular responses
in osteoblasts, we postulated that T-type VSCCs play an essential role in the
subchondral bone formation response to load and that this response enhances the
progression of OA. To determine the effects of T-VSCC on OA progression, we used
repetitive mechanical insults to induce OA in the knees of Cay3.2 T-VSCC null and
wild-type (WT) mice. Three weeks after loading, T-VSCC null mice exhibited
significantly lower focal articular cartilage damage than the WT controls. To
determine if this reduction in cartilage damage resulted from altered signaling in
osteoblasts or chondrocytes, we selectively blocked T-VSCCs in murine osteoblastic
cells (MC3T3-E1) or primary murine chondrocytes prior to exposure of fluid shear
stress. We found this inhibition significantly reduced the expression of both early and
late mechanoresponsive genes such as cyclooxygenase 2 and osteopontin,

respectively, in osteoblasts but had no effect on gene expression in chondrocytes.
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Furthermore, treatment of chondrocytes with conditioned media (CM) obtained from
sheared MC3T3-E1 cells induced expression of markers of hypertrophy in
chondrocytes and this was nearly abolished when MC3T3-E1 cells were pre-treated
with the specific T-VSCC inhibitor. These results indicate that the subchondral bone
formation resulting from OA plays a prominent role in OA progression and that the T-
VSCC is essential to the release of osteoblast-derived soluble factors that are
instrumental in inducing an early OA phenotype. Further these findings suggest that T-
VSCC may be a valuable therapeutic target for blocking load-induced cartilage

degeneration.
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3.2 Introduction

Osteoarthritis (OA) is the most common form of arthritis and the leading cause
of disability among older adults in the United States [44]. This degenerative disease
affects the whole joint, causing not only the loss of articular cartilage but also synovial
inflammation, subchondral bone sclerosis and osteophyte or bone spur formation.
Although it is not entirely clear whether changes in subchondral bone precede
cartilage changes or vice versa, it is widely accepted that subchondral bone sclerosis
and remodeling are closely associated with OA development [99, 100].

Subchondral bone remodeling and its effects on the overlying cartilage may be
the result of mechanotransduction, a process in which the mechanical signals
encountered by the cell are converted into biochemical and cellular events [19].
Mechanical stimulation is important for skeletal integrity and it has been clearly
established that routine exercise is essential to maintain normal bone mass [17].
Physical activity induces deformations of the bone matrix and shearing forces on
osteoblasts and osteocytes, stimulating them to secrete various active metabolites
including prostaglandins, nitric oxide (NO), and pro-inflammatory cytokines [20, 21].
Although such metabolites are established markers of bone anabolic responses to
mechanical load and are essential for stimulating bone formation, persistent secretion
of soluble factors such as cytokines by subchondral osteoblasts following altered joint
loading may be responsible for initiating OA-like changes in the adjacent cartilage
tissue [22].

A rapid increase in intracellular calcium level is the earliest recorded
biochemical response following mechanical stimulation in the osteoblasts and

chondrocytes [27, 28]. Voltage-sensitive calcium channels (VSCC) have been shown
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to be important in altering intracellular calcium concentration in osteoblasts via
calcium influx elicited by membrane depolarization [29] and are known to play an
essential role in regulating intracellular processes, including cytokine signaling [101,
102]. VSCCs are multimeric protein complexes with pore forming (o1) and auxiliary
(020 and B) subunits and are classified into high voltage activated (long lasting or L-
VSCC) and low voltage activated (transient or T-VSCC). Based on the a1 subunit, L-
VSCC is further divided into four isoforms (Cay1.1, Cay1.2, Cay1.3 and Ca,1.4) and T-
VSCC into three isoforms (Cay3.1, Cay3.2, Ca,3.3) [103, 104]. Interestingly, the
transiently active Cay3.2 T-VSCC isoform that requires weak membrane
depolarization for activation is expressed by osteoblasts, osteocytes, and chondrocytes
and is considered to be a major mediator of plasma membrane calcium permeability
during osteogenesis [103].

Recent studies showed that mice carrying a null mutation for the Ca,3.2 gene
(Cay3.2 KO) display reduced bone formation, reduced subchondral bone remodeling,
and diminished rate of mineral apposition following disuse-induced bone loss
compared to wild type (WT) littermates [105]. Ca,3.2 (a1H) transgenic mice were
developed by Dr. Kevin Campbell at the University of lowa and commercially
available through the Jackson Laboratory. These mice are viable with a deletion of the
Cay3.2 subunit and exhibit myocardial fibrosis and constricted coronary arterioles
[102]. Here, we postulate that the T-VSCC located in the plasma membrane of
osteoblasts and/or chondrocytes mediate mechanotransduction signals and plays an
essential function in the initiation of osteoarthritis (OA). To test this hypothesis, we
used Cay3.2 KO mice carrying a null mutation for the Cay3.2 alphal subunit of the T-

VSCC and induced OA using a non-invasive in vivo knee loading model. In vivo
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loading can induce a number of mechanical stimuli on cells present in the joint tissue
including; compression, strain, hydrostatic pressure and fluid shear [30]. In the current
study, we focus on the effects of fluid shear stress (FSS) on osteoblasts and used an in
vitro co-culture system to show that mechanical stimulation of osteoblasts with FSS
induces the release of soluble factors that have catabolic activity on chondrocytes. To
distinguish the role of the T-VSCC in response to FSS in either osteoblasts or
chondrocytes, we selectively inhibited T-VSCC function using a pharmaceutical
blocker, NNC55-0396 [106], and studied the effects of this inhibition on

chondrocytes.
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3.3 Methods

3.3.1 Invivo Load Induced Mouse Model of OA

Male Ca,3.2 T-VSCC KO mice bred on a C57BL6/J background and
C57BL6/J wild-type (WT) mice were obtained from the Jackson Laboratory (Bar
Arbor, ME) at 10-12 weeks of age, then subjected to non-invasive joint loading using
a method similar to that described by Poulet et al. [107]. Briefly, mice were
anaesthetized using inhaled isoflurane, the right lower limb was placed with the knee
flexed into the joint loading apparatus, which consisted of a curved knee cup and a
rigid ankle holder/support attached into a Bose LM1 TestBench mechanical testing
system. Initially a compressive pre-load of 0.5 N was applied to the lower limb
through the knee cup and ankle holder (Fig. 3.1A), after which a dynamic compression
regimen was applied to the joint/tibiae over five alternate days. The loading regimen
consisted of 80 cycles in which the waveform for a single cycle included a 0.025sec of
rise time, 0.05sec peak load time, 0.025sec fall time and 4.9sec holding/resting time
(Fig. 3.1B). A peak load of 8.5N was chosen based on our strain gaging analysis The
load level and duration of load applied in this regimen were shown to be sufficient to
induce focal cartilage lesions that progress in their extent overtime [107], but were
unlikely to induce microdamage in the underlying bone epiphysis and tibial diaphysis
in healthy young animals, which is typically associated with fatigue loading [108-
110].

. Using a separate set of animals, a single-element gage (EA-06-015DJ-120;

Measurements Group, Inc., Raleigh, NC) was fixed on the relatively flat anterior-
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medial surface (30%-50% distal to the tibial proximal end) of both tibiae from two
null and three WT mice after sacrifice. The intact tibia was axially compressed with a
gradually increasing load (0.9N/s from 0.2N to 9.2N) using the Bose LM1 system; the
resulting voltage change was measured in real-time using Bose’s data acquisition
circuits. The voltage to strain calibration was done with aluminum cantilever beams
using beam theory to derive strains [111]. The strain gauging analysis revealed no
significant difference between the rigidity of the null versus WT tibiae (269.3+34.8 vs.
265.4+42.1 pe/N, p>0.05). Therefore, peak load of 8.5N was chosen because limbs of
both genotypes could withstand comparable strain (2260-2290 pe) without activation
of a differential woven bone response. All animal studies were performed with the
approval of the Institutional Animal Care and Use Committee (IACUC) of the

University of Delaware.
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Figure 3.1: In-vivo loading system used to experimentally induce knee
OA and compare progression of disease severity between T-VSCC and
WT control knees. (A) Radiograph of mouse knee joint during loading
using the Bose ElectroForce loading apparatus, (B) loading cycle
waveform including durations for each phase of the cycle, (C) loading
regimen: Five loading episodes were performed over a period of eight
days followed by a 26-day period of non-loading prior to sacrifice (week
5) and histological processing
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3.3.2 Histological Analysis of the Knee Joints

Mice were euthanized three weeks after the final loading bout and the soft
tissue was removed. Joints were fixed in buffered-zinc formalin (Z-fix, Anatech Ltd.,
Battle Creek, MI) for 24hrs, then decalcified using formic acid containing EDTA
(Formical-2000, Decal Chemical Corporation, Tallman, NY) for 7 days, under orbital
shaking at room temperature. The knee joints were then paraffin-embedded and whole
knees were sectioned to obtain coronal 6um-thick sections. About 12-15 alternate
slides from each knee were stained with Safranin O and Fast Green. The histologically
stained slides were then scored in the four knee compartments (Medial Tibia, Medial
Femur, Lateral Tibia and Lateral Femur) by two blinded scorers as described [112].
Scores were attributed as follows: 0 = normal smooth cartilage surface, 0.5 = decrease
in Safranin O staining, 1 = rough cartilage surface with small fibrillations, 2 =
fibrillations extending below the superficial layer, 3 = fibrillations/erosions extending
< 25% of the entire cartilage thickness, 4 = fibrillations/erosions extending 25-50%

and 5 = fibrillations/erosions extending 50-75% of cartilage thickness.

3.3.3 Cell Culture

To prepare primary mouse sternal chondrocytes, rib cages were obtained from

3-5 day-old pups. The extraction protocol was adapted from Dr. K.M. Lyons’ lab

(UCLA, CA) and passages 1 to 3 were used for experiments. Briefly, the rib cages
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were serially digested using pronase (2mg/ml in 1xPBS; Roche Diagnostics,
Indianapolis, IN) and collagenase P (3mg/ml in DMEM; Roche Diagnostics) for
15min in a 37°C incubator. The rib cages were rinsed in 1xPBS after each digestion
and placed in collagenase P (0.3mg/ml in DMEM) solution overnight in a 37°C
incubator. Next day the cells were filtered using a cell strainer and then cultured in a
chondrogenic media composed of DMEM supplemented with 10% (v/v) FBS and 1%
(v/v) penicillin/streptomycin, 50ug/ml ascorbic acid and 10mM B-glycerophosphate.
To maintain their chondrocytic phenotype, cells were cultured either as micromasses
(for mRNA extraction), pellets (for immunohistochemistry), or monolayer (for alizarin
red staining). MC3T3-E1, osteoblast-like cells were grown in cMEM media
supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin and subjected
to FSS for 2 hours. Selective T-VSCC inhibition was achieved by pre-treating the cells
with NNC55-0396 (NNC) [106] and the conditions are as follows: FSS untreated (FSS
UT) or pretreated with NNC (FSS NNC) and maintained at static, untreated (static
UT) or pretreated with NNC (static NNC).

Collection of cell extracts was performed after 2hrs of FSS followed by either
a 2hr- or 20hr-rest period for assessment of early and late shear response genes,
respectively. For indirect co-culture, chondrocyte micromasses were treated with CM
of MC3T3-E1 subjected to one of the four conditions described above and collected
after a 2hr-rest period. Treatment of micromasses tested the effect of osteoblast-
derived factors released in response to mechanical stress via exocytosis and was
performed for seven days to induce chondrocytic changes at both transcriptional and
translational levels [22]. The direct effect of NNC and FSS on chondrocytes was also

assessed under the above mentioned four conditions.
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3.3.4 Fluid Shear Stress (FSS) Conditions

A rocker platform was used to induce FSS and the characteristic shear stress at
the center of the flask in the horizontal position was calculated to be ~ 3.5 dynes/cm2
using the mathematical formula described by Zhou et al. [113]. This system when well
controlled can be used to achieve temporary oscillations in standard cell culture
dishes. It also provided a sterile environment and limited further dilution of
conditioned media (CM) for the indirect co-culture experiments. The cells were
subjected to FSS in T-25 flasks with Sml of culture media and the rocker was operated

at a speed of 120 RPM for 2 hrs.

3.3.5 Quantitative RT-PCR

To compare the transcriptional activity of selected genes, RNA was extracted
from MC3T3-E1 monolayers or primary chondrocytes cultured as micromasses using
the RNAeasy mini kit (Qiagen, Valencia, CA), DNAse treated (Turbo DNAfree,
Ambion Inc., Austin, TX), and used as a template for cDNA synthesis (cDNA
synthesis kit, BioRad, Hercules, CA). The reaction mix was as follows: 12.5ul of
2xSYBR Green mix, Sul forward and reverse primers (4uM), 0.5ul of cDNA and
7.5ul of water. PCR reactions were run in duplicates using the ABI 7300 PCR system

(Life Technologies, Grand Island, NY). The obtained Ct values were normalized to
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the housekeeping gene, GAPDH and fold changes were calculated using the delta Cr
method as described [112].

3.3.6 Immunohistochemistry

Type X collagen immunodetection was performed on cryosections obtained
from chondrocyte pellets treated with the MC3T3-E1 conditioned media (CM) for one
week. The pellets were washed in 1xPBS and were fixed in 4% (v/v)
paraformaldehyde in 1xPBS for 10min. The pellets were embedded in Optimum
Cutting Temperature compound (O.C.T., Tissue-Tek®, Torrance, CA) prior to
cryosectioning and 12um-thick sections were obtained. The sections were rehydrated
in 1xPBS and subjected to an antigen exposure step via a 0.2% (w/v) Type IV-S
hyaluronidase (Sigma-Aldrich, St. Louis, MO) digest for 1hr at room temperature. The
sections were then washed in 1xPBS, blocked with 2% (v/v) goat serum and 3% (w/v)
BSA in 1xPBS for 1hr, and incubated for 2hr at 37°C in a humidified chamber with a
rabbit polyclonal anti-collagen X antibody (1:200 dilution in blocking agent)
generously provided by Dr. WA Horton (Shriners Hospital for Children, Portland,
OR). Sections were then washed with 1xXPBS before incubation with both Alexa 488-
conjugated goat anti-rabbit secondary antibody (Invitrogen, Carlsbad, CA) (1:200) and
DRAQS5™ (1:1000) nuclear stain (BioStatus Ltd., Leicestershire, UK) for one hour at
37°C in a humidified chamber. Following additional washes with 1xPBS, sections
were mounted with Gel/Mount anti-fading solution (Biomedia Corp., Foster City,

CA), and viewed under a LSM Zeiss confocal microscope as described [112].

71



3.3.7 Western Blotting

COX2 protein levels were determined in MC3T3-E1 cells using western
blotting. Total cell lysates were collected 2hrs after FSS using RIPA buffer including a
protease inhibitor cocktail mix (Thermo Scientific, Rockford, IL). Protein extracts
were diluted 1:1 with Laemmli sample buffer containing f-mercaptoethanol and
denatured at 95°C for 10min before running the extracts in a 4-12% Bis-Tris NuPage
Polyacrylamide gel (1.5mmx10 well; Invitrogen, Carlsbad, CA) using 1xMES SDS
Running Buffer (Invitrogen). 10ul See Blue Plus-2 Standard (Invitrogen) was used as
a ladder control and the gel was run at 160V for 1hr. The gel was then transferred to a
nitrocellulose membrane using wet transfer at 40V for 4hrs and the blots were blocked
overnight at 4°C in 5% (w/v) milk in Tris-buffered saline with 1% Tween 20 (5% milk
in TBS-T). The blots were then incubated with primary antibody against COX2 at a
1:1000 dilution (goat a-COX2; Santa Cruz, Dallas, TX) for 2hrs at room temperature.
After three washes of 10min each in 1% (v/v) TBS-T, the blot was incubated with the
donkey horseradish peroxidase anti-goat IgG antibody at a 1:10,000 dilution (Abcam,
Cambridge, MA) for 1hr at room temperature. Following three additional washes of
10min each in TBS-T, detection was done using SuperSignal West Dura
Chemiluminescent Substrate Pierce detection kit (Thermo Fisher Supersignal West
Scientific, Rockford, IL). The experiment was repeated with three experimental
replicates and ImageJ software (NIH, Bethesda, MD) was used to perform

densitometric analysis.
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3.3.8 Statistical Analysis

The histological scores were analyzed using a non-parametric Kruskall-Wallis test and
Bonferroni correction was performed for multiple comparisons as described in [114].
Gene expression fold changes and densitometric values obtained from real time PCR
and western blotting respectively were analyzed using a Student t-test. All in vitro
experiments were performed using cell lines issued from different batches or different
animals and the data are presented as the mean of at least six individual values obtained

from experiments run at different times.
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3.4 Results

3.4.1 Cav3.2 T-VSCC KO Mice Display Reduced Cartilage Damage Relative to
WT Controls Following Repetitive Knee Loading

To determine whether a link exists between mechanical stimulation through T-
VSCC activation and OA, we subjected age-matched Cav3.2 T-VSCC KO and WT
mice to non-invasive repetitive knee loading for five alternate days. Histological
analysis of sections of loaded knees harvested three weeks after in vivo loading
showed that KO knees had significantly lower mean OA scores than the WT control
knees (Fig. 3.2; p=0.001). Furthermore, the comparison of OA scores within
individual knee compartments (Fig. 3.2A) showed that the loaded KO mouse sections
had significantly lower OA scores in the medial femur (p=0.012), medial tibia
(p=0.001), and lateral femur (p=0.027) than in the corresponding compartments of
loaded WT control knees. The maximum OA damage was observed in the lateral
femur of WT mice (see Fig. 3.2A and arrow in Fig. 3.2B). Such focal damages were
primarily found in the posterior and lateral positions of WT knee especially in the
lateral femur compartment where contact loading force experienced by the articular
cartilage surface is maximal.

Statistical analysis of the left unloaded knee sections among the WT and KO
mice showed no significant differences within the knee compartments except for
medial femur (p=0.02). The comparison of the mean scores from all the compartments
combined revealed a significant difference in OA scores between the unloaded WT

and unloaded KO knees (p=0.0027) (Fig.3.3).
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Figure 3.2: Decrease of OA damage in the loaded right T-VSCC KO vs.
WT controls following in vivo knee loading. A: boxes and whiskers
graph showing the median (central line), 25-75 % (box) and the entire
range (whiskers) of histological OA scores obtained three weeks after
final loading in the four compartments (MT-Medial Tibia, MF- Medial
Femur, LT-Lateral Tibia, LF- Lateral Femur) of loaded wild type control
and T-VSCC KO mouse knees. B and C are coronal knee sections stained
with Safranin O and Fast green from either a WT or a T-VSCC KO
loaded knee, respectively. Arrow in B indicates a focal lesion caused by
loading in the lateral knee compartment of a WT mouse knee. * =p<0.05,
** = p<0.01 and *** = p<0.005; n=10 for wild type and n=7 for T-VSCC
KO mice
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Figure 3.3: OA scores in unloaded knees of T-VSCC KO vs. WT
controls following in vivo knee loading. Box and whiskers graph
showing the median (central line), 25-75 % (box) and the entire range
(whiskers) of histological OA scores obtained three weeks after final
loading in the four compartments (MT-Medial Tibia, MF- Medial Femur,
LT-Lateral Tibia, LF- Lateral Femur) of left unloaded wild type control
and T-VSCC KO mouse knees. * p<0.05; n=10 for wild type and n=7 for
T-VSCC KO mice.
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3.4.2 T-VSCC is Required for the Anabolic Response of Osteoblasts to FSS

To examine changes in shear-response genes indicative of an early and late
anabolic response in bone, MC3T3-E1 osteoblasts were exposed to FSS for two hours
and RNA was extracted either 2 or 20hrs following mechanical stimulation (Fig. 3.4A
& Fig. 3.5, respectively). A nearly 50-fold increase (p < 0.01) was found for Ptgs2
(Cox2) mRNA levels in cells subjected to FSS (FSS UT) relative to static control cells
(static UT) within 2hrs following FSS (Fig. 3.4A). This increase in Ptgs2 transcripts
was accompanied by a marked increase in COX2 protein levels (Fig. 3.4B, lane 3). In
addition, this early response was followed by an approximate 5-fold increase in
osteopontin (Sppl) mRNA levels in FSS vs. static control cells 20hrs after FSS
stimulation. Both of these increases in Ptgs2 and Sspl mRNA levels were
significantly reduced when cells were subjected to FSS in the presence of NNC (FSS
NNCO). In contrast, cells maintained under static conditions and subjected to NNC
treatment (Static NNC) showed no significant changes in Ptgs2 or Spp1 levels when
compared with static control cells (Static UT). Western blot analysis comparing COX2
protein levels among these four experimental conditions in osteoblasts showed that the
COX2 protein increase in response to FSS is also attenuated to control levels by the T-

VSCC blocker (Fig. 3.4B).
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Figure 3.4: The fluid shear stress (FSS)-induced expression of the early
shear response marker cyclooxygenase 2 is inhibited in MC3T3-E1 cells
with the addition of T-VSCC-specific inhibitor, NNC55-0396. A:
quantitative PCR analysis shows that the marked increase in Cox2
(Ptgs2) mRNAs observed two hours following FSS relative to the static
untreated (Static UT) control condition is significantly inhibited in the
presence of NNC55-0396. The conditions are FSS untreated (FSS UT),
FSS treated with NNC55-0396 (FSS NNC), static treated with NNC55-
0396 (static NNC). Error bars represent standard error of mean of the
biological duplicates and * indicates p<0.05 between FSS UT and FSS
NNC, ** = p<0.01 between FSS UT and static NNC. B: western blot
analysis performed under the same conditions described in A indicates
that the FSS-induced increase of COX2 protein is decreased to control
levels in the presence of NNC55-0396. Vinculin was used as a loading
control
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Figure 3.5: The fluid shear stress (FSS)-induced expression of the late
shear response gene osteopontin is inhibited in the presence of the T-
VSCC-specific inhibitor, NNC55-0396, in MC3T3-E1 cells. Quantitative
PCR analysis shows that the increase in osteopontin (Sppl) mRNAs
observed 20 hours following FSS relative to the static untreated (Static
UT) control condition is significantly inhibited in the presence of
NNC55-0396. The conditions are FSS untreated (FSS UT), FSS treated
with NNC 55-0396 (FSS NNC), static treated with NNC 55-0396 (static
NNCO). Error bars represent standard error of mean of the biological
duplicates and *** = p<0.005 between FSS UT and FSS NNC or FSS UT
and static NNC
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3.4.3 T-VSCC Inhibition Reverses the Chondrocyte Hypertrophy Induced by
the Conditioned Media (CM) from FSS Osteoblasts

To determine whether mechanically challenged osteoblasts can trigger an OA-
like phenotype in chondrocytes using our in vitro system, we obtained osteoblast-
derived CM from osteoblasts cultured under either static or FSS conditions and
compared the expression profiles of primary mouse chondrocyte micromasses treated
with such osteoblast-derived CMs (FSS UT vs. Static UT, Fig. 3.6). In addition, the
contribution of T-VSCC function was examined by adding NNC to the medium during
FSS and testing the effect of the resulting CM (FSS NNC) on chondrocytes. The CM
from sheared osteoblasts (FFS UT) induced up-regulation of collagen X (Col10al),
alkaline phosphatase (Alpl), and Mmp13 mRNAs in chondrocytes relative to CM
obtained from static (Static UT) control cells (Fig 3.6). In contrast, chondrocytes
cultured with CM obtained from both sheared (FSS NNC) or non-sheared (Static
NNC) osteoblasts cultured in the presence of NNC displayed a significant reduction in
the expression of both Col10al and Alpl genes relative to the FSS UT condition.
Although there were no significant differences in the levels of aggrecan and collagen
IT across the various conditions, we found a decreasing trend in the expression level of
Mmp13 mRNA in chondrocytes treated with CM from FSS NNC and static NNC
compared to chondrocytes treated with CM from FSS UT, obtained from osteoblasts
sheared in the absence of NNC (Fig. 3.6).

The direct effect of FSS and/or T-VSCC inhibitor on primary mouse
chondrocytes was tested using the same conditions described above for osteoblasts
(Fig. 3.7). FSS increased the relative levels of Ptgs2 transcripts in chondrocytes when

compared to static untreated (Static UT) chondrocytes, albeit to a lower extent than
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what was observed in MC3T3-E1 cells. Addition of NNC to the medium during FSS
decreased Ptgs2 gene activation to near basal levels (Static UT). Interestingly, the
expression of the Mmp13 gene, a marker of cartilage matrix degradation, showed a
slight elevation following shear stress, but also returned to basal levels in the presence
of the T-VSCC inhibitor. In contrast, no clear direct effect was observed on either
Coll0al or Alpl gene expression upon NNC administration (FSS NNC) relative to
FSS alone (FSS UT) or static controls. Importantly, no detrimental effect on cartilage
matrix marker gene expression such as collagen II (Col2al) and aggrecan (Acan) was
observed when chondrocytes were treated in the presence of NNC (Static NNC or FSS
NNCO). In fact, a small but significant (p=0.022) increase in Acan mRNA was found
when FSS NNC was compared with FSS UT (Fig. 3.7).

To ascertain whether the changes in mRNA transcript levels reflect a
phenotypic change in chondrocytes, we performed 1) alcian blue staining for sulfated
glycosaminoglycans, 2) alizarin red staining for assessment of the presence of calcium
deposits associated with a switch to hypertrophy/ectopic calcification, and 3) collagen
X immunohistochemical staining for a direct measure of hypertrophy. Whereas alcian
blue staining showed no noticeable difference among the four conditions tested (Fig.
3.8A-D), alizarin red and collagen X staining depicted a visibly increased staining in
chondrocytes treated with CM from sheared osteoblast (Fig. 3.8F and J) compared to
those treated with CM obtained from osteoblasts sheared in the presence of NNC (Fig.

3.8G-H and K-L) and the static control condition (Fig 3.8E and I).
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Figure 3.6: The early OA-like phenotype of chondrocytes treated with
sheared osteoblast conditioned media is attenuated when treated with
conditioned media derived from osteoblast sheared in the presence of the
T-VSCC inhibitor, NNC55-0396. A: quantitative PCR showing the
relative fold changes in mRNA levels of collagen X (Col10al), alkaline
phosphatase (Alpl), Matrix Metalloproteinase 13 (Mmp13), aggrecan
(Acan), and collagen II (Col2al) in primary mouse chondrocytes
following seven days of treatment with conditioned media (CM)
collected from MC3T3-EI cells subjected to FSS alone (FSS UT), FSS
with NNC55-0396 (FSS NNC) or static with NNC55-0396 (Static NNC)
when compared with untreated control chondrocytes maintained under
static conditions (Static UT). Error bars represent standard error of mean
of the biological duplicates and * = p< 0.05, ** = p<0.01.
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Figure 3.7: Real time PCR analysis showing the relative fold changes in
the mRNA levels of cartilage genes in primary mouse chondrocytes
following FSS and NNC55-0396 treatment. Primary mouse chondrocytes
were grown in monolayer and collected 20 hours after FSS alone (FSS
UT), FSS with NNC55-0396 (FSS NNC) or maintained under static
conditions with NNC55-0396 (Static NNC) compared with the untreated
static control condition (Static UT). Cyclooxygenase 2 (ptgs2), collagen
X (Col10al), matrix metalloproteinase 13 (Mmp13), aggrecan (Acan),
collagen II (Col2al), and alkaline phosphatase (Alpl). The error bars
represent standard error of mean of the biological duplicates.
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Figure 3.8: The early OA differentiation induced by FSS in primary
chondrocytes is prevented in the presence of the T-VSCC inhibitor,
NNC55-0396. Primary mouse chondrocytes grown in micromasses or as
monolayers and stained with Alcian blue (A-B), Alizarin red (E-H) or
collagen X antibody (I-L), respectively. Staining was performed
following seven days of treatment with CM collected from MC3T3-E1
cells subjected to FSS alone (FSS UT), FSS with NNC55-0396 (FSS
NNCO), static with NNC55-0396 (static NNC) or control media obtained
from MC3T3-E1 cells maintained under static conditions (Static UT).
Whereas no significant difference is observed among the conditions with
Alcian blue, the Alizarin red and collagen X stainings (green-collagen X,
blue- Draq5 nuclear stain) showed an obvious increase in calcium
deposits (F) and collagen X-specific signal (J) among chondrocytes
treated with CM from FSS UT and compared with chondrocytes treated
with CM from FSS NNC and both static conditions (Static UT and Static
NNO).
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3.5 Discussion

It is well accepted that abnormal metabolic activity associated with elevated
bone mineral density and increased subchondral bone sclerosis play a key role as
predictors of OA [115, 116]. Here, we propose that reduced mechanosensitivity via
inhibition of the T-VSCC is beneficial in preventing early stage OA and used an in
vivo gene-targeting strategy and an in vitro inhibitor approach to test this idea. Recent
work showed that Cay3.2 T-VSCC KO mice exhibit reduced bone formation and bone
remodeling properties following disuse-induced bone loss, suggestive of a major role
for the Cay3.2 T-VSCC in bone mechanotransduction [105]. This phenotype indicates
that the Cay3.2 T-VSCC null mouse model is ideal to study the in vivo effect of
reduced mechanoresponsiveness on OA development. Although, the absence of
functional Cay3.2 T-VSCC in these mice did not alter the overall integrity of the
cartilage, Cay3.2 KO mice exhibited significantly less focal cartilage damage
following repetitive knee loading compared to age-matched WT control mice. Since
increased bone mineral density and bone turnover are strongly associated with OA, the
observed results suggest that the reduced bone remodeling properties in the Cay3.2 KO
mice might be beneficial in preventing OA pathogenesis [99, 100, 117]. Also it is
interesting to note that there was a significant difference in the OA damage among the
unloaded control knees in the MF compartment.

Several ion channels have been associated with the mechanical response of
osteoblasts in vitro and bone formation in vivo, including the Cav1.2 L-type VSCC
[118, 119], mechanosensitive cation-selective channel (MSCC) [118, 120] and the
transient receptor potential vanilloid 4 channel (TRPV4) [121]. One that is of

particular interest is the TRPV4 channel which has been found in both cartilage[122]
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and bone [123]. This channel is known to be important in normal cartilage
development [122, 124] and chondrocyte’s response to mechanical stimulation [125].
Recent study performed in mice deficient for TRPV4 showed progressive cartilage
degeneration in aging Trpv4” mice relative to WT controls, indicative of its
chondroprotective role [126]. Interestingly, development of spontaneous OA in Trpv4
" mice occurs in association with increased subchondral bone thickness and
mineralization of the meniscal tissues. This is consistent with our findings seen in the
Cay3.2 KO mice, where decreased subchondral bone remodeling is associated with
chondroprotection.

To delineate the role of the T-VSCC in osteoblast mechano-transduction of
downstream signaling events, MC3T3-E1 osteoblastic cells were subjected to FSS
with or without an inhibitor that prevents calcium currents by interfering with the
gating of the T-VSCC pore-forming subunit. The observed reduction in the expression
of stress-response genes such as COX?2 and osteopontin following the inhibition of T-
VSCC indicates that T-VSCC activity is essential for the anabolic bone response to
load and is in agreement with decreased calcium signaling and the reduced bone
formation rate observed in Ca,3.2 KO mice [105]. Previous studies demonstrate a
positive relationship between subchondral bone volume and OA and indicate that bone
adaptation to altered mechanical loading is associated with the release of bone-derived
anabolic markers and cytokines [21, 127-129]. We next sought to determine whether
factors released by mechanically stimulated osteoblasts can alter the chondrocyte
phenotype in vitro and if T-VSCC inhibition in osteoblasts can attenuate the resulting
pro-catabolic response on chondrocytes. The chondrocyte-osteoblast co-culture model

was chosen to expand on our in vivo study mainly because bone and cartilage are the
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primary joint tissues exposed to external compressive loading via direct contact
between femoral condyles and the tibial plateau and osteoblasts are the primary cells
responsible for subchondral bone deposition. In addition, osteoblasts and osteocytes
belong to the same cell lineage and are both sensitive to mechanical loading [130,
131]. More importantly, this work supports a direct role for T-VSCC and its associated
calcium response to shear stress in osteoblasts and is consistent with previous T-
VSCC blocker studies performed using primary bone cell cultures and an osteocytic
cell line [105, 132].

As expected, the CM obtained from shear-stressed osteoblasts induced a
hypertrophic phenotype in primary mouse chondrocytes. Up-regulation of collagen X
and alkaline phosphatase expression by chondrocytes is indicative of hypertrophy and
premature calcification, respectively; and is associated with the initial steps of OA that
are generally followed by activation of a large panel of cartilage matrix degrading
enzymes including MMPs [22, 133, 134]. Thus, the current data suggest that
biochemical factors released from osteoblasts in response to mechanical load induce
an early OA phenotype in chondrocytes. Prasadam, ef al. showed, using the same co-
culture system, that media derived from osteoblasts obtained from OA patients
induced a similar hypertrophic response in normal articular chondrocytes and
significantly decreased the expression of cartilage-specific genes [22]. We were not
able to observe down-regulation of cartilage-specific genes using CM derived from
sheared healthy osteoblasts, which may point out to signaling differences between
young healthy and aged, diseased cells. Regardless, expression of both hypertrophic
markers was significantly attenuated in chondrocytes treated with CM derived from

sheared osteoblasts pre-treated with the T-VSCC-specific inhibitor, supporting the
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involvement of T-VSCC in the hypertrophic response of chondrocytes from bone-
derived factors.

The treatment of FSS osteoblasts with the T-VSCC inhibitor did not return the
expression of COX2 to static control levels. Nonetheless, subsequent treatment of
chondrocytes with CM obtained from FSS NNC-treated osteoblasts reduced the levels
of hypertrophic genes to baseline. This is likely because other factors in addition to
prostaglandins are secreted from sheared osteoblasts as a result of load-induced T-
VSCC activation. Although identifying specific bone-derived factors released upon
loading of subchondral bone is beyond the scope of this paper, the results presented in
this study clearly show that the co-culture FSS system is an attractive experimental
system for the discovery of novel metabolites with catabolic activity on chondrocytes.
As seen in this study, COX2 followed by osteopontin were also increased in human
OA joints along with alkaline phosphatase activity [7, 9]. Even though this raises an
obvious strategy for targeting a factor such as COX2 or a specific cytokine in OA
patients, the ineffectiveness of such single factor strategies is evident from the failure
of the COX inhibitors in reversing the natural history of the disease. Thus, it will be
more effective to block an upstream target like T-VSCC rather than the individual
downstream players, as this approach would result in impaired calcium signaling and
diminished secretion of multiple bone-derived factors with pro-catabolic activity on
cartilage.

To determine if chondroprotection in KO mice is due to the lack of T-VSCC in
bone cells or chondrocytes, we also subjected the murine primary chondrocytes to FSS
with or without a T-VSCC specific inhibitor. Direct mechanical stimulation of

chondrocytes produced a minimal response when subjected to the same FSS
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conditions as bone cells. Even though the observed effect occurred to a much lower
extent in chondrocytes than in osteoblasts, it is noteworthy to mention that the
treatment with T-VSCC inhibitor had no negative side effect on cartilage matrix
markers and even resulted in a slight increase in aggrecan gene expression. This
suggests that the blocking of T-VSCC may in fact have some direct favorable effect
on cartilage in addition to inhibition of osteoblast-induced hypertrophic
differentiation. Based on the differential response of osteoblasts and chondrocytes to
FSS with T-VSCC inhibition in vitro, we conclude that the reduced cartilage damage
in T-VSCC null mice results predominantly from the lack of T-VSCC function in
osteoblasts rather than in chondrocytes.

I propose that the reduced cartilage damage observed in the KO mice is a
consequence of the lack of T-VSCC in the osteoblasts rather than in chondrocytes. To
confirm this, further work needs to be done with conditional knockout of T-VSCC in
osteoblasts. As an alternate approach I used the primary osteoblasts extracted from the
T-VSCC KO and WT mice to perform the in vitro experiments. But the primary WT
osteoblasts exhibited a much lower response to FSS unlike the MC3T3 with only a 2
fold increase in COX2 unlike the several fold increase in MC3T3. I speculate that this
could be due to the desensitization of the osteoblasts during the shaking step in the
extraction process itself (Methods in Chapter 4). Other obvious explanation could be
that the FSS of ~ 3 dynes/cm?2 induced in the rocker platform was relatively lower to
produce an optimal stimulation of primary osteoblasts versus MC3T3 cells. Even
though the overall response to FSS was low among the WT osteoblasts, the FSS
response was attenuated in the KO osteoblasts exposed to FSS (Fig. 3.9). Although not

very significant this trend is similar to the results obtained with the untreated and NNC
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treated MC3T3 cells. This suggests that the in vitro results observed with the T-VSCC
inhibition could be attributed to the loss of the Cav3.2 subunit.

Although, T-VSCC is not the only pathway for initial calcium influx in
mechanically-loaded joint tissues [132], the current work clearly reveals that T-VSCC
plays a direct role in cellular events associated with mechanical regulation of bone
tissue and is subsequently responsible for inducing an early OA phenotype, which may
eventually lead to cartilage thinning and loss. Therefore, we believe that blocking of
T-VSCC will reduce the bone changes and pro-inflammatory cytokine production
which, in turn, is important to maintain cartilage integrity. The direct continuation of
this work will be to test the chondroprotective effect of T-VSCC inhibitor using local
intra-articular injections in preclinical models of OA. As with any intra-articular
injections and drug delivery systems, rapid clearance and degradation of the injected
T-VSCC inhibitor are potential problems.[62, 112] This issue can be counteracted by
conjugating T-VSCC inhibitor with hyaluronan-based microgels for time-dependent
controlled delivery.[112] Although disruption of T-VSCC function was found to
interfere with the normal relaxation of coronary arteries [101, 102], local
administration of the T-VSCC inhibitor using a slow release delivery system will
prevent systemic circulation of the drug and limit risk of side effects. One advantage
to using a T-VSCC inhibitor for OA emerges from its role in nociception. In
particular, Ca,3.2 subunit has been implicated in modulating chronic peripheral and
central pain. Indeed, the target of several novel analgesic drugs is Cav3.2 T-VSCC and
local injection of a T-VSCC inhibitor may therefore be an effective treatment for OA

and an alternative for systemic NSAIDS.[135-137]
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Figure 3.9: Quantitative PCR analysis showing the changes in
Cyclooxygenase 2 (Ptgs2) mRNAs in WT and KO osteoblasts following
FSS. The primary osteoblasts were either maintained static or were
subjected to FSS for 2 hours and the relative mRNA levels were
calculated relative to the static WT control condition. Error bars represent
standard error of mean of the biological duplicates.
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In summary, this study indicates that T-VSCC is a novel mediator of OA
progression by increasing load-induced signaling between subchondral osteoblasts and
articular chondrocytes. These data further suggest that the T-VSCC may be a
potential target for prevention of OA progression and selective T-VSCC blockers such
as NNC could be used in the treatment of load-induced OA. Future translational
investigations will focus on establishing T-VSCC inhibitors as locally administered
DMOAD for lessening cartilage and subchondral bone OA changes in both post-

traumatic and age-related OA.
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Chapter 4

INVESTIGATING THE THERAPEUTIC POTENTIAL OF INHIBITING
LEPTIN FOR OSTEOARTHRITIS

4.1 Abstract

Osteoarthritis (OA) is the most common chronic degenerative disorder, yet its
pathology and etiology are not completely understood. One of the major controversies
is whether the subchondral bone changes precede the cartilage damage and its role in
OA. Currently, there is evidence that demonstrates that stressed subchondral
osteoblasts secrete pro-inflammatory substances like interleukin 6, cyclooxygenase-2
(COX-2) and prostaglandins that trigger cartilage degeneration. Here, I propose that
the hormone leptin is one of the pro-inflammatory proteins secreted by the stressed
OBs that stimulate the secretion of matrix-degrading enzymes from chondrocytes
leading to OA. First, I show that exogenous addition of leptin to primary mouse
chondrocytes stimulates the secretion of collagen X, matrix metalloproteinase 13 and
Adamts5 that, in turn, are known to cause breakdown of the cartilage matrix
components leading to OA. Then, I extracted primary mouse osteoblasts from calvaria
and demonstrated their response to fluid shear stress (FSS) using an orbital shaker. In
addition, I examined the effect of the conditioned media (CM) from the FSS-
stimulated normal osteoblasts on the primary mouse chondrocytes. The CM from FSS
osteoblasts increased expression of hypertrophy markers such as runx2 and collagen
type X by chondrocytes compared to the CM obtained from control cells grown under
static conditions. I also show that the CM of the FSS osteoblasts contains higher levels
of leptin than the static CM. Therefore, I propose that leptin is one of the pro-

inflammatory cytokine released from mechanically stimulated osteoblasts capable of
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inducing early hypertrophic changes in the chondrocytes. Subsequently, I postulate
that locally secreted leptin is a potential target to slow/prevent OA and I test the
efficacy of leptin inhibitor as a therapeutic for OA in a surgical knee destabilization
mouse model. The translational objective of this project is to show that intra-articular

injections of leptin inhibitor can be used as a potential therapeutic for OA.
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4.2 Introduction

Osteoarthritis (OA) is the leading cause of chronic disability, yet its etio-
pathology is not fully understood. There are several known modifiable and non-
modifiable risk factors including age, gender, trauma, obesity. Obesity is a well-
established strong modifiable risk factor for the most commonly occurring load-
induced knee OA. This is because the knee joint is subjected to three to five times
more mechanical load in obese individuals even with normal movements. In addition,
obesity has been shown to increase the risk of developing OA on the contralateral
normal side in women with OA due to altered weight loading on the non-affected side
[138]. The underlying explanation for the association for OA and obesity is not just
the obvious increase in mechanical loading on the joint tissue but also the elevated
levels of adipokines. Leptin is an adipokine hormone with strong implications in OA
and studies indicate an association between increased leptin levels and OA progression
and severity [139].

Leptin is a 16 kDa non-glycosylated protein hormone of the class I cytokine
superfamily. The primary function of leptin is to regulate food intake and energy
expenditure. It acts centrally in the hypothalamus by inducing the secretion of the
anorexigenic factor and suppressing the secretion of orexigenic factors like
neuropeptide Y. In the target cells, leptin binds with the leptin receptor that belongs to
the interleukin-6 cytokine family of receptors with long (OB-RL) and short isoforms
(OB-RS). Leptin and leptin receptor are encoded by the genes ob and db, respectively
[140].

Studies have demonstrated a strong correlation between the high leptin levels

and OA and this is irrespective of whether the patient is obese or not. This is further
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evident from the study performed by Griffin et al. (include year here) that delineates
the important role played by leptin in obsese via increased mechanical loading. As
leptin is a satiety hormone, the mice with the deletion of the leptin gene (ob/ob) and
the leptin receptor gene (db/db) are morbidly obese with a 10-fold increase in
adiposity, high blood glucose, and insulin levels relative to control mice [140]. Such
increase in body weight is obviously expected to accelerate the development of OA.
Interestingly, these mutant mice did not display a higher incidence of spontaneous
OA compared with the control mice displaying a normal weight [141]. These results
suggest that higher biomechanical factors alone in absence of metabolic cytokines like
leptin would be insufficient to induce OA [142-144]. This idea is consistent with the
observation that higher incidence of OA is seen in non-weight bearing joints of obese
individuals compared to normal adults [145]. Additionally, this data supports the use
of anti-leptin therapy as a novel method for slowing OA progression.

Leptin is mainly secreted by the white adipocytes and is stored in vesicles that
are released through constitutive or regulated exocytosis [146]. In addition, to its
major secretion from white adipose tissue, leptin has also been shown to be expressed
by the other joints tissues like osteoblasts, osteophytes, chondrocytes and synovium
[147, 148]. Also, shear stress induces the secretion of leptin from osteoblasts [149].
Studies show that leptin levels are high in the synovial fluid and serum of OA patients
compared to the normal subjects [150, 151]. In addition, high leptin level correlates
with the severity of cartilage damage and increases the expression of MMP1, MMP13
and interleukin1P on chondrocytes [152, 153]. Overall, studies suggest that leptin has

a well-established catabolic role on the cartilage and accelerates OA progression.
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Based on these increased association of OA and leptin, I hypothesize that
locally secreted leptin in the synovial joints is a potential therapeutic target for OA. I
show that leptin has a pro-inflammatory action on primary mouse chondrocytes and
mechanically stimulated osteoblasts could be a potential source. Finally, I investigate
the effect of intra-articular injections of a leptin signaling inhibitor in a DMM mouse
model of OA. The translational objective of this work is to use anti-leptin therapy to

reverse disease progression and provide symptomatic relief in OA patients.
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4.3 Methods

4.3.1 Cell Culture

Primary mouse osteoblasts were extracted from the cranium of 3-5 day-old
C57BL/6J wild type pups, cleaned under microscope in 1x PBS solution and were
placed in the medium containing DMEM (Invitrogen), 10% (v/v) FBS (Hyclone) and
1% Penn/Strep overnight. Next day, the calvarial halves were washed in 2ml of
collagenase solution (containing 5.6 mM glucose, Mg2+/Ca2+-free PBS and type 1
collagenase [Worthington Biochemical Corporation, Lakewood, NJ] at 230 units/ml)
prepared in 1xPBS and placed on a shaker at 37°C for 15 minutes to remove any
residual tissues. The calvarial halves were washed again in 1x PBS and shaken for an
additional 1 hour with the collagenase solution. The resulting suspension containing
the osteoblasts was filtered using a cell strainer and centrifuged at 1000 RPM for 10
minutes to obtain a cell pellet. The pellet was then suspended in DMEM complete
media and plated into a 6-well plate. Passages below three were used for the study and
the cells were split upon reaching 80-90% confluence.

To prepare primary mouse sternal chondrocytes, rib cages were obtained from
3-5 day-old pups. The extraction protocol was adapted from Dr. K.M. Lyons’ lab
(UCLA, CA) and passages 1 to 3 were used for experiments. Briefly, the rib cages
were serially digested using pronase (2mg/ml in 1xPBS; Roche Diagnostics) and
collagenase P (3mg/ml in DMEM; Roche Diagnostics) for 15min in a 37°C incubator.
The rib cages were rinsed in 1XPBS after each digestion and placed in collagenase P

(0.3mg/ml in DMEM) solution overnight in a 37°C incubator. Next day the cells were
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filtered using a cell strainer and then cultured in a chondrogenic media composed of
DMEM supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin,
50ug/ml ascorbic acid and 10mM [-glycerophosphate. The chondrocytes were

cultured either as micromasses or in monolayer.

4.3.2 Fluid Shear Stress (FSS)

The osteoblasts were cultured in T25 flasks and subjected to fluid shear forces
on an orbital shaker platform (Stovall life sciences, Waltham, MA) at 100 rpm for 2
hours inside of a humidified incubator at 37°C and 5% CO.. Previous studies have
calculated that this system generates low magnitude shear forces of about ~1.5
dynes/cm2 [154, 155]. Studies indicate that the mechanical response of the osteoblasts
to fluid flow generated in the orbital shaker is similar to that obtained from an
oscillatory pump [156]. In addition, this system provided advantages of sterile
environment and minimal dilution of the conditioned medium (CM) for co-culture of

chondrocytes.

4.3.3 ELISA

The primary mouse osteoblasts were either subjected to FSS on the orbital
shaker or maintained under static conditions for 2 hours and the CM was collected
after 30 minutes of rest period. The CM was concentrated 2 times and the relative

leptin levels in the CM following FSS were estimated using a mouse leptin ELISA kit
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(Enzo Life sciences, Farmingdale, NY) according to the manufacturer’s protocol using
the standards provided with the kit. The optical density was read at OD 450 and the
leptin levels thus obtained were normalized to the total concentration of protein
estimated by BCA (bicinchoninic acid) assay using the BCA protein assay kit

(Thermo scientific)

4.3.4 Destabilization of Medial Meniscus (DMM) - Surgical Model of OA

The DMM surgery was performed on the right knee of 10-12 week-old male
C57BL/6J mice as described in [157]. Briefly, a 3mm incision was made medially
over distal patella and the white glistening joint capsule was opened to expose the
intercondylar region. The medial meniscotibial ligament (MMTL) that anchors the
medial meniscus (MM) to the tibial plateau was transected proximo-laterally leaving
the medial meniscus intact. The DMM model produces insidious OA changes in the
cartilage with minimal iatrogenic damage and studies demonstrates that mice develop
obvious OA changes eight weeks post-surgery [157, 158]. Intra-articular anti-leptin
injections (treatment injections) or saline (control injections) were administered on
day 1 of the 5, 6™, and 7" week post-DMM and the mice were euthanized at the end

of 8 weeks for histological examination and scoring (Fig.4.1).
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Figure 4.1: Experimental course of anti-leptin therapy: Intra-articular
injection of either saline (n=5) or leptin inhibitor (n=4) was given three
times at a weekly interval on day 1 of weeks 5, 6 and 7 after the DMM
surgery. The mice were euthanized in the 8th week for OA analysis.
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4.3.5 Anti-leptin Intra-articular Injections

Recombinant leptin Chimera (R&D Systems, Minneapolis, MN) is a leptin
signaling inhibitor competing with leptin binding to its cognate receptor with an
established effective dose of 0.004-0.015ug/ml in presence of 1 ng/ml leptin. From the
previous studies, the highest leptin levels found in the human joints ranges around
20ng/ml. Therefore, the leptin inhibitor was administered at a concentration of

0.45ug/ml in orderto target leptin levels as high as 30ng/ml.

4.3.6 Histological Staining and Scoring

The knees collected after euthanizing the mice at the end of 8 weeks post-
DMM were fixed in 10% (v/v) formalin overnight and decalcified in 10% (v/v) formic
acid in 1X PBS for 7 days before embedding them in paraffin blocks. Knee sections of
6um thickness were obtained and about 10-15 sections from each knee were stained
with Safranin O and Fast green and the OA changes were scored using the Modified
Glasson et al. (2007) scoring scale by two blinded scorers (who did not have access to
the identity of the sections) [157]. The mean of both the scorers for the treated (anti-

leptin injected) and control (saline injected) were obtained for statistical analysis.
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4.3.7 Statistical Analysis

The mean histological scores of the control and treated knees were analyzed

using the Kruskal-Wallis test, a non-parametric statistical test. p values less than 0.05

were considered significant [114].

105



4.4 Results

4.4.1 Leptin has a Pro-inflammatory Effect on Chondrocytes

Effect of exogenous addition of recombinant mouse leptin on primary mouse
chondrocytes was assessed at different concentrations (1nM, 10nM, 50nM, and
100nM). Twenty-four hours of treatment with leptin increased the gene expression
levels of collagen X (Col10al) and matrix-degrading enzymes like matrix
metalloproteinase 13 (Mmp13) and aggrecanase 2 (Adamts5) (Fig. 4.2 even at the
lower concentrations tested. To assess the effect of leptin (10nM) on proteoglycan
content and mineralization, alcian blue and alizarin red staining were performed on the
primary chondrocytes grown for seven days as either micromasses or monolayers,
respectively. There was a marked decrease in the alcian blue and an increase in
alizarin red among the chondrocytes treated with leptin compared to the control

untreated cells (Fig. 4.3).
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Figure 4.2: Real-time PCR analysis showing the relative fold changes in
the mRNA levels of cartilage matrix degrading enzymes after leptin
treatment. Primary mouse chondrocytes were collected after 24 hour of
treatment with leptin at different doses (1, 10, 50 and 100 nM) and
compared with the untreated control condition. Matrix metalloproteinase
13 (Mmp13), Adamts 5, collagen type X (Col10al). The error bars
represent standard error of mean of the biological replicates.
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Figure 4.3: Alcian blue and alizarin red stainings of the primary
chondrocytes grown as micromasses and monolayers respectively
following leptin treatment. Leptin treatment (10nM) for 7 days induced a
decrease in glycosaminoglycan (B) among the chondrocytes compared
with untreated control cells (A). Alizarin red staining show that the leptin
treatment increased the calcium deposits in the chondrocytes (D)
compared to the untreated chondrocytes (C)
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4.4.2 Characterization of the Primary Osteoblasts Response to FSS

Levels of the early shear response gene, Ptgs2 also known as cyclooxygenase 2
(Cox2) was measured to demonstrate the response of the primary mouse osteoblasts to
FSS using the orbital shaker. Osteoblasts grown in monolayers were either subjected
to FSS or maintained under static conditions for 2 hours. Quantitative RT-PCR
performed after 2 hours showed about an eighteen-fold increase in Ptgs2 (Cox2)
mRNA levels following FSS versus static condition (Fig. 4.4A). Similarly western
blot analysis performed with the cell extracts obtained after 2 hours of FSS
demonstrated an elevation in Cox2 protein levels following FSS compared to static
condition (Fig. 4.4B). However, there was no significant change in the levels of the

late-shear response gene, osteopontin (sppl).
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Figure 4.4: Quantitative PCR analysis (A) and western blot (B) showing
a marked increase in Cox2 (Ptgs2) mRNA among the primary osteoblasts
2 hours following FSS compared to the static control. There was no
significant increase in the levels of the late response gene osteopontin
(Sppl). Error bars represent standard error of mean of the biological
duplicates. B: Western blot analysis indicates that FSS also induced an
increase in COX2 at the protein level relative to static controls. Vinculin
was used as a loading control.
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4.4.3 Conditioned Media (CM) from Mechanically Stimulated Primary
Osteoblasts Induces the Expression of Markers of Hypertrophy by
Primary Chondrocytes

To determine whether the primary osteoblasts subjected to a relatively low
magnitude FSS are capable of inducing catabolic response on chondrocytes, a co-
culture was performed as described under Chapter 3. The chondrocytes treated with
the CM from FSS osteoblasts displayed an approximate 1.5-fold increase in two
markers of hypertrophy: collagen type X (Coll0al) and Runx2 (transcription factor)
compared to the static group. No noticeable change was found for the matrix-
degrading enzymes Mmp13, specific for collagen type II. Also, the expression levels
of the two cartilage ECM genes (Acan and Col2al) were not significantly different
among the chondrocytes treated with CM from FFS-treated osteoblasts and the static

osteoblasts (Fig. 4.5).
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Figure 4.5: Quantitative PCR analysis showing the fold changes in the
mRNA levels of cartilage components in primary mouse chondrocytes
following seven days of treatment with conditioned media (CM)
collected from primary osteoblasts subjected to FSS compared with
control chondrocytes treated with CM collected from static osteoblasts.
Aggrecan (Acan), collagen type II (Col2al), transcription factor Runx2,
collagen type X (Coll10al) and metalloproteinase 13 (Mmp13). Error bars
represent standard error of mean of the biological duplicates.
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4.4.4 Mechanically Stimulated Primary Osteoblasts Secrete Leptin

In order to investigate whether mechanically stimulated osteoblasts derived
from bone tissue are a potential source of local leptin secretion, an ELISA assay was
performed with the conditioned media (CM) collected 30 minutes following 2 hours of
FSS and this was compared to the leptin levels found in the CM of the osteoblasts
maintained under static conditions. There was nearly a two-fold increase in leptin

levels in the osteoblasts subjected to FSS compared to static osteoblasts (Fig. 4.6).
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Figure 4.6: Leptin levels measured in the conditioned media (CM) of the
primary mouse osteoblasts following FSS. CM from primary osteoblasts
were collected 30 minutes following 2 hour FSS and the leptin levels
were estimated using an ELISA approach. Leptin levels were normalized
to the total protein levels in the CM quantified using BCA analysis.
There was a 1.7-fold increase in leptin levels in the FSS CM compared to
the static CM. The error bars represent the standard error of mean of the
biological triplicates.
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4.4.5 Effect of Intra-articular Injections of Leptin Inhibitor Following Mouse
Model of Post-traumatic OA

To investigate the potential therapeutic effect of blocking leptin, intra-articular
knee injections of a leptin antagonist were given to mice which were experimentally
induced to develop OA via DMM surgery. The injections were given three times at a
weekly interval starting at week 4 after DMM surgery and the mice were sacrificed
one week after final injection. The histological scoring showed no significant
difference (p=0.233) in the OA scores between the group treated with the leptin
antagonist (n=4) and the control untreated group (n=5). The comparison between the
individual compartments also showed no significant difference between the control
and the treated group. However, a trend of decreased overall scores was seen in the
group treated with the leptin antagonist compared with the saline treated control group

(Fig. 4.7).
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Figure 4.7: Boxes and whiskers graph showing the median (central line),
25-75 % (box) and the entire range (whiskers) of histological OA scores
obtained in the control saline and leptin inhibitor treated mice. Statistical
analysis between the groups showed no significant difference. p value is
0.233; n=5 for saline group and n=4 for leptin inhibitor group.
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4.5 Discussion

Osteoarthritis is a highly prevalent disabling joint disease and its prevalence is
expected to double by year 2020. This enormous increase is mainly attributed to
obesity, the single most important and major risk factor for knee OA [51]. Although
prevention and weight reduction seem to be a logical way to reduce the incidence of
OA, effective therapeutic strategies need to be focused on the two causative factors -
increased mechanical load itself and the increased levels of adipokines like leptin.
Recent studies suggest leptin could be the metabolic link between obesity and OA
[142]. Even in non-obese individuals, leptin levels are increased in the osteoarthritic
cartilage, subchondral bone, and osteophytes when compared to the normal joint
cartilage [151]. Interestingly, female OA patients have higher levels of free leptin in
the synovial fluid than male OA patients and it is intriguing to comment that leptin
could be the possible explanation for the increased incidence of OA in females [148,
159]. Also higher leptin levels were consistently observed in the synovial fluids of the
OA patients compared to the normal adults [150, 160, 161]. Based on such strong
associations of leptin with OA, this study aims at investigating the potential
therapeutic effect of blocking leptin locally in knees of OA subjects.

Primary chondrocytes treated with leptin at various concentrations show
significant elevation of the matrix-degrading enzymes (MMP13 and ADAMTSS) and
the marker of hypertrophy marker, collagen type X even at the lowest leptin
concentration used (InM). This observation is physiologically relevant because the
concentration of leptin in synovial fluid associated with OA has been shown to be
around 20ng/ml (corresponding to ~1nM) in human subjects [160, 161]. Even at the

translational level, leptin treatment decreased the new matrix deposition by the
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chondrocytes as evident from the decreased alcian blue staining for polyanions in
proteoglycans. Additionally, this loss of the chondrocytic phenotype was accompanied
by an increase in alizarin red staining indicative of a mineralizing phenotype
characteristic of early OA.

Leptin was shown to up-regulate the levels of nitric oxide synthase and nitric
oxide (NO) in synergism with interleukin 1 and interferon 7. Interleukin 1 is the
major pro-inflammatory cytokine in OA and it is well established that NO induced by
leptin can also regulate the secretion of other matrix degrading enzymes and regulate
apoptosis of chondrocytes thereby playing a crucial role in maintaining the cartilage
ECM [162]. Also leptin induces the secretion of the matrix-degrading enzymes like
MMP3 and MMP13 that are capable of breaking down aggrecan and collagen type I,
respectively. As these ECM components are important to maintain the cartilage
homeostasis, their breakdown results in cartilage degradation and onset of OA [152].
More importantly, leptin is also known to increase the levels of interleukin 8, another
established cytokine among the human synovial fibroblasts extracted from OA
subjects [163]. Taken together along with my data, it is undisputable that leptin acts as
a pro-inflammatory cytokine capable of inducing OA changes in chondrocytes [164].

It is well established that mechanical loading up-regulates cytokine production
from the subchondral bone cells [21] and these cytokines, in turn, are capable of
inducing an OA phenotype on the adjacent cartilage. Prasadam et al (2010) also
showed that the CM from the osteoblasts derived from OA patients was able to
increase the hypertrophy markers in the chondrocytes. Here, I investigate whether
healthy young osteoblasts subjected to low magnitude FSS secrete soluble factors into

the CM, which in turn have a pro-inflammatory effect on chondrocytes. CM from FSS
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osteoblasts increased collagen type X and runx2 mRNA levels in the chondrocytes and
these markers are indicative of a hypertrophic early OA phenotype. However the
elevation was not robust and this could be due to the low magnitude of FSS generated
by the orbital shaker that may not have been optimal in stimulating the release of
metabolites from osteoblasts. Therefore, higher magnitude FSS is expected to induce a
dose and time-dependent release of soluble metabolites from chondrocytes. Clinically,
this translates to the release of matrix-degrading enzymes when abnormal loads are
subjected to the joints [35]

All the biological factors released from subchondral osteoblasts initiating the
degenerative phenotype in the adjacent cartilage are yet to be characterized. Here, |
show that leptin is one of the cytokines secreted by the mechanically stimulated
osteoblasts. There was an elevation of leptin levels in the CM of osteoblasts after 30
min of FSS. Such rapid secretion is more likely to be the result from the release leptin
molecules pre-packaged in storage vesicles rather than a de novo synthesis which
would require a longer time period prior to release [146]. In addition, it was shown
that subchondral osteoblasts extracted from OA joints secrete more leptin compared to
normal osteoblasts and that leptin is capable of up-regulating its own secretion [147].
Based on these data, I propose that subchondral osteoblasts are a source of local leptin
secretion in the joints and that the small and soluble leptin reaches the adjacent
cartilage through microcracks and other communication pathways to induce the OA
changes [128, 161].

In addition, local secretion of leptin in knee joints could occur from other cells
as well including the adipocytes that are present in the knee infrapatellar fat pad and

chondrocytes in addition to subchondral osteoblasts [159, 165]. Even though leptin is
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found in higher amounts in almost every tissue of OA joints, synovium and adipocytes
appear to be the major sources of leptin secretion. Subsequently, it would be
interesting to see if the CM collected from the mechanically sheared normal
adipocytes contain increased levels of leptin and can induce a hypertrophic phenotype
in chondrocytes.

Whether local leptin secretion occurs from subchondral osteoblasts, adipocytes
or the synovial lining of the joint cavity, the pro-inflammatory action of leptin on
chondrocytes is well established [164]. Therefore, I postulate that blocking leptin
through intra-articular leptin inhibitor injections will counteract the pro-inflammatory
response initiated by leptin on chondrocytes and slow/inhibit further damage of the
cartilage.

Therapeutic effect of leptin inhibition was investigated by injecting a
commercially available leptin antagonist blocking leptin activity into the intra-articular
cavity of mouse knees that were previously subjected to DMM surgery. This model
mimics the natural sequence of molecular events that eventually lead to post-traumatic
OA by altering knee biomechanics and forcing mechanical load to be focused on a
relatively smaller area causing cartilage damages in the medial side [157].

The histological analysis of the knees showed no significant difference in the
OA scores between the DMM knees treated with leptin antagonist and the control
saline treated knees, although a trend was apparent with lesser OA scores in the knees
treated with leptin inhibitor. The absence of significant difference could be due to
various reasons. It could have been that the sample size was too small to demonstrate
any significant differences and this can be addressed by a repeating the study to

increase the statistical power. Another potential reason is the rapid clearance and
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degradation of the injected leptin signaling inhibitor, as this could have abridged the
protective and maximal effect of the leptin inhibitor. An effective approach to negate
this possibility is to use a bioactive delivery vehicle that can aid in providing a slow
prolonged release of the inhibitor thereby preventing its degradation and rapid
clearance [62, 112, 166]. Also such approach to prolong the retention would reduce
the need for multiple injections and increase the drug compliance. DMM is known to
induce moderate to severe structural changes in the cartilage and it is possible that the
chondrocytes had already reached a non-reversible degradative phenotype when the
leptin inhibitor was injected. Therefore, milder OA models such as the chemically
induced or load-induced models (presented under Chapters 2 &3, respectively) of OA
may be valuable alternatives for studying the efficacy of leptin inhibitor in the absence
of a delivery vehicle.

Pain is one of the most important debilitating factors of OA with various
underlying mechanisms including nociceptive and neuropathic pathways [160].
Although there are several explanations for its etiology, obesity and body mass index
(BMI) have been shown to strongly and independently correlate with the OA pain
severity. Interestingly, weight loss alone did not reverse the pain implicated by the
high BMI [167, 168]. This again suggests that adipokines like leptin might very well
play a role in OA pain and it was shown that a low to moderate co-relation can exist
between the adipokine levels in synovial fluid and OA pain [160]. Also, there is a
close association between the inflammation of the adipocytes in infra-patellar fat pad
and pain intensity [51]. Subsequently, it would be interesting to see if the combination

of the leptin inhibition and weight loss accounts for the full reversibility of OA pain in
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obesity. This combination therapy can be used as a strategy in tailoring a cause and
patient-based treatment approach that can be applied for obese OA patients.

A future direction for this work could be aimed at studying the progression of
OA in the leptin-deficient mice (db/db mice and ob/ob mice) following the induction
of OA either by surgical or in vivo loading OA models. This would provide details and
explanation regarding the association of OA changes in cartilage and subchondral
bone and leptin. Various time points can provide details regarding the chronological
order of cartilage and bone changes in OA. These studies will also provide valuable
insight about the role played by biomechanical, metabolic, and genetic effects of leptin
and obesity in OA [144]. Combining such studies with periodic collection of serum

after inducing OA can also help identify novel biomarkers for OA, like leptin [169].
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Chapter 5

GENERAL DISCUSSION

OA is a highly prevalent progressive joint disorder characterized by articular
cartilage degeneration and metabolic changes in subchondral bone and the synovium.
The pathogenesis of OA is complex and not fully understood. Being avascular and
aneurotic, cartilage is notoriously known for its poor capacity for regeneration [170].
As early as 18th century, William Hunter stated that " ulcerated cartilage is a
troublesome thing and that once destroyed, it is not repaired" [171]. In addition, the
clinical diagnosis of OA mostly occurs at the later stages of OA progression, where
the damage to the chondrocytes and ECM is way beyond repair. Due to these
challenges there are no successful pharmacological interventions available for treating
the disease. Therefore it is important to understanding the molecular mechanisms
involved in the initiation and progression of the disease. Another limitation in the OA
research is that the studies aimed at developing therapeutics mainly target the cartilage
considering it to be the tissue causing the symptoms [51]. Since OA is a disease
involving the entire joint, it is crucial to focus equal attention to the other joint
structures like the subchondral bone and synovium to effectively address the disease.
In this dissertation, I aim to understand the various biochemical molecular events
underlying the cartilage and subchondral bone changes in OA. I uncover novel targets
and therapeutics for OA by targeting the cartilage and subchondral bone that can be
applied at the early and later stages of OA (Fig. 5.1). I have demonstrated the
usefulness of PInD1-HA vehicle for BMP2-controlled delivery using the mild
reversible papain mouse model of OA. I also demonstrate the important role played by

subchondral bone mechanotransduction through T-VSCC signaling and the
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chondroprotective role of T-VSCC inhibition using a load-induced mouse model of
OA. Finally, I identify leptin as one of the subchondral bone-derived metabolites that
display a pro-inflammatory action on chondrocytes. Subsequently, I propose that
inhibition of leptin and T-VSCC may be used as therapies for the prevention of
spontaneous OA and post-traumatic OA. These novel strategies combined with
sensitive biomarkers for the early detection can be effectively applied to provide non-

surgical treatment to the OA patients and limit permanent debilitating joint damage.
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Figure 5.1: Schematic summary of the dissertation chapters: Novel
targets and therapeutics for OA: 1- Chapter 2- Sustained delivery of
BMP2 using HA PInD1 vehicle increases synthesis of matrix components
and reduce the matrix degrading enzymes and the OA progression. 2-
Chapter 3 - T-VSCC can be targeted to inhibit the early OA phenotype
induced by the subchondral bone derived cytokines.
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5.1 Growth Factor Therapy with BMP2 for OA

Several growth factors are implicated to have anabolic and differentiation
action on cartilage like BMPs (2,4.6,7,9,13), transforming growth factor 8 (TGF-B),
fibroblast growth factors (FGF-2,4,8) and insulin-like growth factor 1 (IGF-1). These
growth factors have been shown to fine tune chondrocyte growth, differentiation,
development and gene expressions. However, when these growth factors are given
individually as treatment for OA in animal models, their effectiveness is not very
optimal. For instance, the full differentiation and mitogenic potential of IGF-1 requires
the presence of other growth factors like FGF. Also it was shown that BMP?2 itself was
not able to abolish the pro-inflammatory effect induced by interleukin 13, but such
therapeutic effect is desirable to effectively safe guard the cartilage from further
degradation [48]. Therefore, future work should test if this deficiency is overcome by
injecting a combination of two growth factors or growth factor with cytokine inhibitor.
Such therapy combinations can also catalyze the repair process when administered
along with the cartilage transplants.

Polypeptide growth factors like IGF1, TGF-B1, FGF2 were shown to regulate
their own gene expression and protein production [172]. Therefore it would be
interesting to study the regulation and the synergistic effect of co-administrating
BMP2 and another polypeptide growth factor using the PInD1-HA vehicle. Other
interesting combinations are the two FDA-approved BMPs- BMP2 and 7. Also BMP7
have been shown to be effective in preventing cartilage degeneration using animal
models of OA [173, 174]. In the study performed by [173], BMP7 was administered
on a weekly basis in rats to affect the strenuous running induced OA damage.

Clinically such weekly injections can amount to reduced patient compliance due to

126



frequent injections. This can be overcome by using a delivery vehicle like PInD1-HA
that can prolong the release of a single injection over relatively longer periods of time
while preventing the degradation of the growth factors. The PInD1-HA delivery
system was able to sustain the effect of BMP2 in preventing cartilage damage for
about two weeks following single injection and this effect was similar to that observed
at 1 week post injection. Such sustained activity and longer injection intervals is
essential to reduce the iatrogenic cartilage injuries that can result from frequent intra-
articular injections. BMP7 injection was also found to up-regulate its own expression
in vivo in rat knees that lasted for more than seven days after single injections [173].
This is a desirable effect that would complement the chondrocytes attempting to
replace the cartilage matrix in OA. For all these reasons, future work should focus on
administering the chondrogenic BMPs using a vehicle like the PInD1-HA.

Growth factors can be effective in the initial stages of the OA progression by
stimulating chondrocytes of normal phenotype to replace the lost matrix [48, 175].
Such growth factor therapy can prove inefficient once the chondrocytes adopt a more
degradative phenotype in the later stages of OA, due to increased secretion of BMP
antagonists [7, 61]. Studies show that BMP2 itself can up-regulate the expression of
BMP antagonists like noggin and gremlin in cell cultures, which in turn can negate the
potential actions of BMP2 [176, 177].

The PInD1-HA has all the desirable properties expected out of a delivery
system. Being native cartilage components, PInD1 and HA has no chance to provoke
an inflammatory reaction and are naturally bio-degradable. The potentiating and
modulating activities of PInD1 and HA in a time- and space-dependent manner is well

established. Also the other modalities to deliver growth factors like BMPs include
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entrapment, adsorption and covalent binding. Such delivery methods can produce a
burst release of BMP in large quantity and this can induce ectopic bone formation
rather than just cartilage formation. The PInD1-HA shows a minimal burst release
with a more sustained presentation of growth factor with linear release kinetics and
almost no hypertrophic effect on cartilage. Also covalent binding and entrapment can
lead to loss or modification of bioactivity due to conformational changes. Such
disadvantage is absent in the PInD1-HA system as the unique heparin binding capacity
of perlecan domain 1 is exploited in this process. Another main challenge that must be
overcome by the delivery system is the high mechanical stresses subjected to the joint
on a regular basis. Again this is inherently present with the PInD1-HA as the important
function of the proteoglycans and hyaluronic acid is to provide compressive stiffness
to the cartilage. All these unique features render PInD1-HA a desirable biomimetic

delivery vehicle for the controlled release of growth factors [55, 62, 166] .

5.2 Targeting Subchondral Bone via T-VSCC Inhibition for OA

There is increasing evidence that OA is a disease resulting from joint failure as
a whole and the role of subchondral bone in the initiation and progression of OA is
irrefutable. The subchondral bone sclerosis and osteophytes are hallmarks of late OA.
As a result, the subchondral bone and its derivatives continue to be obvious targets to
develop new biomarkers and therapeutics for OA.

Studies show strong association with increased bone mineral density (BMD)
and abnormal bone scan with knee/hip OA in human subjects [7, 178]. Further

evidence is the well-established inverse relation between osteoporosis and OA and this
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again can be explained due to the presence of high bone density among the OA
patients [138]. To further investigate whether the reduced mechanosensitivity helps
prevent the initiation/progression of OA, I induced OA in the Ca,3.2 TVSCC KO mice
that was shown to exhibit reduced bone mineral apposition following unloading [105].
The reduced OA scores in the KO mice compared to the WT controls emphasize the
association of chondroprotective effect and reduced bone formation properties.

The non-invasive loading mouse model of OA was described by Poulet et al.,
2011 and they showed that the repetitive loading regimen induced osteophyte
formation and ossification of meniscus along with cartilage damage in the WT mice
[107]. The T-VSCC KO mice used in my study was shown to exhibit reduced bone
mineral density and this is associated with reduced cartilage damage. However either
study does not demonstrate the chronological order of cartilage and bone changes in
OA. To pinpoint these sequential changes, further studies need to be done at various
time points with the T-VSCC KO and WT mice to compare and predict the
chronologic development of bone and cartilage changes. Also, evaluation of the
subchondral bone changes by immunodetection of bone anabolic markers coupled
with micro-CT can yield more information regarding the concurrent bone changes
occurring along with the cartilage changes.

It is well established that the T-VSCC and L-VSCC are the major regulators of
intracellular calcium in the osteocytes and osteoblasts respectively. The use of T-
VSCC inhibitor, NNC 55-0369 blocked the peak intracellular calcium response
following shear more effectively among the osteocytes than the osteoblasts. Notably,
the calcium response following shear was reduced to about half among the osteoblasts

which is similar to my results observed with the COX 2 levels that was reduced to
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about half following T-VSCC inhibition [105]. As osteocytes are a major cell type in
the subchondral bone, it would be relevant to investigate the effect of the T-VSCC
inhibition in an osteocytic cell line considering the well-known function of osteocytes
in bone mechanosensation through T-VSCC. As the extraction of the primary
osteocytes is very challenging, an alternative approach is to use osteocyte-like clonal
cell lines such as MLO-Y4.

In order to evaluate the role of T-VSCC among the chondrocytes, the primary
mouse chondrocytes were subjected to hypotonic swelling and the resulting calcium
signaling response was measured. There was no significant change in the intracellular
calcium response with blockage of the T-VSCC function using NNC 55-0369.
Similarly there was no marked difference in the intracellular calcium peak among the
primary chondrocytes extracted from WT and the T-VSCC KO mice. This suggests
that T-VSCC has a more profound effect through their downstream signaling in the
bone cells than the chondrocytes. However further work with conditional knockouts in
the bone cells and chondrocytes will be needed to validate this finding.

I grew the chondrocytes in the monolayer in order to subject them to FSS. This
is associated with several limitations. Firstly, the chondrocytes grown in monolayer
does not mimic the in vivo distribution of chondrocytes in addition to losing their
inherent biomechanical properties. This can be overcome by growing the chondrocytes
in micromasses or pellets. However, it would be more appropriate to use a
compressive loading system to mechanically stimulate the cells rather than FSS as
compressive loading would be more physiological and closer to the in vivo loading
experienced by the chondrocytes [179]. Also the response to FSS among the

chondrocytes was much lesser compared to that of osteoblasts. This could be
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explained due to the lesser magnitude of FSS (3 dynes/cm?) and/or the shorter duration
used. Previous studies suggest that the use of higher FSS (20 dynes/cm?) for
“prolonged period can induce the expression of OA genes [180]. Therefore future
studies can be conducted with the chondrocytes grown in pellets or micromasses and
using higher magnitude compressive loading to study the effect t of T-VSCC function

in chondrocytes.

5.3 Discovery of Novel Targets and Biomarkers for OA: Subchondral Bone
Derived Cytokines

Loss of T-VSCC and its downstream function resulted in the inhibition of
hypertrophic OA phenotype induced by the CM from the FSS osteoblasts. Such OA
phenotype in chondrocytes is induced by the osteoblasts derived cytokines and many
of them are yet to be identified. Identifying these individual soluble factors is essential
to understand the missing parts of OA pathology and also to develop novel biomarkers
and therapies. An effective way to identify the differential metabolites is through
metabolomics approach, where the metabolites are isotopically labeled for the mass
spectrometry identification. Such metabolites originating from the subchondral bone
are known to communicate with the cartilage through microcracks and microfracures
that occur following bone fatigue. These appear as fine hairlines and broader gaps
extending between the subchondral bone plate and the calcified layer of the cartilage.
It is also believed that such communication also provides nutrients to the avascular
cartilage by means of vascular invasion from the medullary cavity in the bone [127].
The diffusion rate of sodium fluorescein (376 Da) was quantified to be about 0.07 and

0.26 um2/sec between calcified cartilage and subchondral bone. Taken together these
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studies provide evidence for both direct and indirect communication pathways
between the bone and cartilage [128].

The anabolic markers of bone such as osteocalcin, osteopontin and COX2 are
found increased in human OA joints along with increased alkaline phosphatase
activity [7, 9]. My experiments show that the osteoblasts exposed to FSS demonstrate
an increase in osteopontin and COX2 that are both known to be implicated in OA.
Also the CM from the FSS osteoblasts induced an increase in alkaline phosphatase
gene levels on chondrocytes. All these genes were attenuated with T-VSCC inhibition,
supporting the idea that such therapy is a promising approach for chondroprotection.
COX2 is an enzyme required for the synthesis of prostaglandins (PGs) and PGE?2 has
been shown to promote MMP production causing cartilage damage. It augments
inflammatory response in the cartilage, synovium and bone cells [7]. Also, COX2 is
an established subchondral bone derived cytokine with implications in OA. In
addition, overload and stretch can stimulate the chondrocytes to secrete prostaglandins
along with other cytokines and metalloproteinases that, in turn, decreases matrix
synthesis and degrade ECM [148]. All these evidences advocate targeting COX2 for
OA treatment. However, COX inhibitors like NSAIDS are already commonly
prescribed for OA; yet they are found to be inefficient in reversing the natural
progression of the disease. This scenario suggests that inhibition of just one
subchondral bone derived inflammatory mediator may not be an effective approach, as
the other cytokines can take over catabolic events. Therefore, I propose that blocking
T-VSCC upstream of these cytokine-dependent pathways would be an effective

strategy rather than inhibiting the individual players.
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5.4 The Potential Use of Leptin Inhibitor as a Therapeutic for OA

Leptin is clearly a potential target for OA, given its well-established pro-
inflammatory action and strong association with OA. However, the intra-articular
injection of leptin antagonist failed to significantly reduce the OA damages following
experimental induction of OA via knee destabilization. As discussed earlier, this could
be due to the insufficient power of the study or the rapid clearance and degradation of
the injected particles. Another explanation could be the late administration of the
therapeutic after the onset of the irreversible cartilage changes following the DMM
surgery. This possibility can be addressed by conducting further study with milder
models like the papain model of OA.

Moreover, some studies propose an anabolic action for leptin on cartilage
matrix. Intra-articular injection of leptin was shown to increase the synthesis of
proteoglycans and growth factors like IGF-1 and TGF  [148, 181]. This could be due
to a bimodal action of leptin, as higher levels of leptin has reduced anabolic effect and
causes matrix degradation. It is possible that leptin requires the presence of other
matrix degrading cytokines like interleukin 1 to exert its pro-inflammatory action
[148]. However in this scenario, the use of leptin inhibitor alone will be insufficient in
inhibiting interleukin 1B and preventing OA changes. This could be a reason for the
ineffectiveness of leptin inhibitor in preventing the cartilage changes following the
post-traumatic DMM model.

I demonstrate that mechanically stimulated osteoblasts are a source of local
leptin secretion and the CM from FSS osteoblasts induce hypertrophic changes in the
chondrocytes. Further studies are required to estimate the relative contribution of
leptin as a subchondral bone-derived cytokine and to establish a link between the

leptin in the FSS osteoblasts CM and the hypertrophic changes on chondrocytes. To
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this end, current studies in the lab are focused on investigating the effect of using
leptin inhibitor in counteracting the hypertrophic changes produced by the FSS
osteoblasts on chondrocytes by using co-culture techniques. This is being conducted
by shearing MC3T3-E1 cells on a rocker platform as this combination produced
higher hypertrophic changes among the chondrocytes (as shown in chapter 3) than
with primary osteoblasts.

Other joint tissues like the adipocytes present in the patellar fad pad are an
obvious local source of leptin. Interestingly the leptin levels in the synovial fluid of
OA patients are greater than the levels found in the plasma [153]. Similar to the white
adipose tissue present elsewhere, the infra-patellar fat pad in knee joints are known to
secrete several adipokines like leptin, visfatin, resistin, adiponectin and adipsin [182].
The CM from white adipose tissue of osteoarthritic knee joints is capable of degrading
collagen matrix by secreting proteolytic enzymes like MMP1 and MMP13. Leptin
alone or in coaction with Interleukin-1f induces MMP1 and MMP13 in chondrocytes
by activating several pathways including JNK, Erk, p38, Akt and NF-kB [165].
Similar to subchondral bone cells, adipocytes also secrete several inflammatory
mediators. The infra-patellar fat pad in OA is known to secrete the major degradative
enzymes implicated in OA like interleukin 1B, TNF a and interleukin 6 [183]. Thus,
the therapeutic strategy of using leptin inhibitor will serve to inhibit the proteolytic
action of synovial leptin secreted from various sources.

Chondrocytes themselves act as a source of inflammatory mediators when
subjected to altered loading and FSS can induce the release of several inflammatory
mediators from chondrocytes [35]. Chondrocytes possess mechanosensors that include

stretch-activated channels, integrins and CD44 [184]. These mechanosensors are
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connected to the ECM proteins as well as the cytoskeleton and help relay intracellular
signaling. Abnormal and high compressive forces stimulate the receptors that in turn
activate various signaling pathways like mitogen-activated protein kinase and NF-kB.
This results in the secretion of various proteolytic cytokines, growth factors and
inflammatory mediators like prostaglandins [148]. Chondrocytes in the obese OA
patients exhibit higher expression of leptin mRNA levels and this correlates with the
advance cartilage damage [153]. Therefore, it would be interesting to see if the FSS on
normal chondrocytes secrete higher levels of leptin similar to the FSS osteoblasts.
Higher amounts of leptin secretion from mechanically stimulated chondrocytes would

serve as an additional validation for the use local leptin inhibitors for OA.

5.5 Studying the Association of T-VSCC Signaling and Leptin Secretion

The Cay3.2 T-VSCC KO mice display reduced bone mineral density that was
accompanied by chondroprotection in a repetitive load-induced model of OA.
Interestingly, leptin mutant mice also display decreased subchondral bone thickness
[141]. Even though the leptin deficiency resulted in a 10-fold increase adiposity, there
was no increase in the knee OA development [141]. These similar associations seen in
the leptin-deficient and the T-VSCC KO mice not only validate the association
between subchondral bone changes and chondroprotection but also the possibility of
T-VSCC involvement in leptin signaling and release. Subsequently, it would be
interesting to study whether the loss of T-VSCC interferes with normal signaling
pathway of local leptin secretion. This can be investigated by performing ELISA for

leptin levels with the CM collected after shearing osteoblasts extracted following T-
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VSCC inhibition. A reduced leptin concentration in the CM obtained from the T-
VSCC inhibited osteoblasts would suggest that the T-VSCC acts upstream to the
secretion of leptin.

Even though the effect of leptin on bone mass is complex, studies show that
leptin increases osteoblasts activity and reduces osteoclast function, thereby promoting
anabolic effect on bone [185, 186]. Similarly, T-VSCC also is involved in the normal
bone formation response by regulating the secretion of prostaglandins and other
anabolic factors as shown in Chapter 3. Leptin deficiency can result in decreased bone
mass of the cortical compartment by exerting actions through hypothalamic signals
[142]. Inhibition of T-VSCC signaling reduces the early hypertrophic OA phenotype
induced by the mechanically stimulated osteoblasts potentially by interfering with the
release of the pro-inflammatory cytokines like leptin. To further investigate this
possibility, the osteoblasts can be pre-treated with leptin inhibitor before FSS and the
effect on chondrocyte should be studied by a co-culture experiment. If the use of the
leptin inhibitor reversed the hypertrophic markers induced by the FSS CM, it would

suggest that leptin has a major role as a subchondral bone-derived cytokine.

5.6 Final Conclusions

OA is the most common cause of chronic disability in United States and
worldwide. It is primarily a disease of “wear and tear” of the joint structures with no
promising interventions capable of reversing the disease process. For a successful
management of OA, it is critical to intervene at an earlier stage of the disease when the
damages are still reversible. I demonstrate that supplementing chondrogenic factor like

BMP2 at initial stages of OA using PInD1-HA delivery vehicle can help reduce the
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progression of degradative changes. As OA is a disease of the synovial joint organ as a
whole and not just cartilage, it is essential to target the surrounding structures and
biochemical factors causing OA rather than the cartilage itself [51, 171]. Specifically,
the mechanical factors associated with loading are strong contributors of OA
etiopathology. Yet, the cellular pathways induced following mechanical stress are not
fully understood. Here, I demonstrate that T-VSCC plays an important role in the
subchondral bone-induced cartilage changes in OA and that chondro-protection result
from the loss of T-VSCC. In order to develop efficient pharmacological interventions,
it is crucial to understand and target the various biochemical factors involved in the
etio-pathology of the disease [138]. To this end, I show that leptin, a well-established
cytokine can be a therapeutic target to reduce the pro-inflammatory progression in
OA. This can be applied as a patient-based approach for obese patients in addition to
physical interventions such as weight reduction. Overall, further evaluation of the
potential targets and therapeutics presented in this dissertation will help increase the
quality of life and reduce the health care costs associated with the knee replacement

surgeries for OA.
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information provided by you. Failure to receive such notice will not alter or invalidate
the denial. In no event will Elsevier or Copyright Clearance Center be responsible or
liable for any costs, expenses or damage incurred by you as a result of a denial of your
permission request, other than a refund of the amount(s) paid by you to Elsevier
and/or Copyright Clearance Center for denied permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:

15.  Translation: This permission is granted for non-exclusive world English rights
only unless your license was granted for translation rights. If you licensed translation
rights you may only translate this content into the languages you requested. A
professional translator must perform all translations and reproduce the content word
for word preserving the integrity of the article. If this license is to re-use 1 or 2 figures
then permission is granted for non-exclusive world rights in all languages.

16.  Posting licensed content on any Website: The following terms and conditions
apply as follows: Licensing material from an Elsevier journal: All content posted to
the web site must maintain the copyright information line on the bottom of each
image; A hyper-text must be included to the Homepage of the journal from which you
are licensing at

http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for
books at http://www.elsevier.com; Central Storage: This license does not include
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permission for a scanned version of the material to be stored in a central repository
such as that provided by Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the
Elsevier homepage at http://www.elsevier.com . All content posted to the web site
must maintain the copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available
only to bona fide students registered on a relevant course. This permission is granted
for 1 year only. You may obtain a new license for future website posting.

For journal authors: the following clauses are applicable in addition to the above:
Permission granted is limited to the author accepted manuscript version* of your
paper.

*Accepted Author Manuscript (AAM) Definition: An accepted author manuscript
(AAM) is the author’s version of the manuscript of an article that has been accepted
for publication and which may include any author-incorporated changes suggested
through the processes of submission processing, peer review, and editor-author
communications. AAMs do not include other publisher value-added contributions
such as copy-editing, formatting, technical enhancements and (if relevant) pagination.
You are not allowed to download and post the published journal article (whether PDF
or HTML, proof or final version), nor may you scan the printed edition to create an
electronic version. A hyper-text must be included to the Homepage of the journal from
which you are licensing at http://www.sciencedirect.com/science/journal/xxxxx. As
part of our normal production process, you will receive an e-mail notice when your
article appears on Elsevier’s online service ScienceDirect (www.sciencedirect.com).
That e-mail will include the article’s Digital Object Identifier (DOI). This number
provides the electronic link to the published article and should be included in the
posting of your personal version. We ask that you wait until you receive this e-mail
and have the DOI to do any posting.

Posting to a repository: Authors may post their AAM immediately to their employer’s
institutional repository for internal use only and may make their manuscript publically
available after the journal-specific embargo period has ended.

Please also refer to Elsevier's Article Posting Policy for further information.

18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only.. You are not
allowed to download and post the published electronic version of your chapter, nor
may you scan the printed edition to create an electronic version. Posting to a
repository: Authors are permitted to post a summary of their chapter only in their
institution’s repository.
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20. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis
may be submitted to your institution in either print or electronic form. Should your
thesis be published commercially, please reapply for permission. These requirements
include permission for the Library and Archives of Canada to supply single copies, on
demand, of the complete thesis and include permission for UMI to supply single
copies, on demand, of the complete thesis. Should your thesis be published
commercially, please reapply for permission.

Elsevier Open Access Terms and Conditions

Elsevier publishes Open Access articles in both its Open Access journals and via its
Open Access articles option in subscription journals.

Authors publishing in an Open Access journal or who choose to make their article
Open Access in an Elsevier subscription journal select one of the following Creative
Commons user licenses, which define how a reader may reuse their work: Creative
Commons

Attribution License (CC BY), Creative Commons Attribution — Non Commercial
ShareAlike (CC BY NC SA) and Creative Commons Attribution — Non Commercial —
No Derivatives (CC BY NC ND)

Terms & Conditions applicable to all Elsevier Open Access articles:

Any reuse of the article must not represent the author as endorsing the adaptation of
the article nor should the article be modified in such a way as to damage the author’s
honour or reputation.

The author(s) must be appropriately credited.

If any part of the material to be used (for example, figures) has appeared in our
publication with credit or acknowledgement to another source it is the responsibility of
the user to ensure their reuse complies with the terms and conditions determined by
the rights holder.

Additional Terms & Conditions applicable to each Creative Commons user
license:

CC BY: You may distribute and copy the article, create extracts, abstracts, and other
revised versions, adaptations or derivative works of or from an article (such as a
translation), to include in a collective work (such as an anthology), to text or data mine
the article, including for commercial purposes without permission from Elsevier

CC BY NC SA: For non-commercial purposes you may distribute and copy the

article, create extracts, abstracts and other revised versions, adaptations or derivative
works of or from an article (such as a translation), to include in a collective work
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(such as an anthology), to text and data mine the article and license new adaptations or
creations under identical terms without permission from Elsevier

CC BY NC ND: For non-commercial purposes you may distribute and copy the
article and include it in a collective work (such as an anthology), provided you do not
alter or modify the article, without permission from Elsevier
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BY NC ND license requires permission from Elsevier and will be subject to a fee.
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Commercial exploitation ( e.g. a product for sale or loan)
Systematic distribution (for a fee or free of charge)
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F" nL.CL.i VED
University of Delaware

Institutional Animal Care and Use Committee JUN 18 201

Application to Use Animals in Research and | eachlpg allla / Z

4R "‘- h
;

(Please complete below using Arial, size 12 Font.)

Title of Protocol: Transgenic Models of Skeletal and Metabolic Diseases

AUP Number: 1204-2012-0 < (4 digits only — if new, leave blank)

Principal Investigator: Catherine B. Kirn-Safran

Common Name: Mice

Genus Species: Mus musculus

Pain Category: (please mark one)

USDA PAIN CATEGORY: (Note change of categories from previous form)

Category Description
'B Breeding or holding where NO research is conducted
% Procedure involving momentary or no pain or distress
Llp Procedure where pain or distress is alleviated by appropriate means

(analgesics. tranquilizers, euthanasia etc.)

[:] E Procedure where pain or distress cannot be alleviated, as this would
adversely affect the procedures, results or interpretation

Official Use Only

IACUC Approval Signature:

Date of Approval:




Principal Investigator Assurance

I agree to abide by all applicable federal, state, and local laws and regulations, and UD
policies and procedures.

I understand that deviations from an approved protocol or violations of applicable policies,
guidelines, or laws could result in immediate suspension of the protocol and may be
reportable to the Office of Laboratory Animal Welfare (OLAW).

I understand that the Attending Veterinarian or his/her designee must be consulted in the
planning of any research or procedural changes that may cause more than momentary or
slight pain or distress to the animals.

[ declare that all experiments involving live animals will be performed under my supervision
or that of another qualified scientist. All listed personnel will be trained and certified in the
proper humane methods of animal care and use prior to conducting experimentation.

I understand that emergency veterinary care will be administered to animals showing
evidence of discomfort, ailment, or illness.

I declare that the information provided in this application is accurate to the best of my
knowledge. If this project is funded by an extramural source, I certify that this application
accurately reflects all currently planned procedures involving animals described in the
proposal to the funding agency.

I assure that any modifications to the protocol will be submitted to by the UD-IACUC and I
understand that they must be approved by the IACUC prior to initiation of such changes.

I understand that the approval of this project is for a maximum of one year from the date of
UD-IACUC approval and that I must re-apply to continue the project beyond that period.

I understand that any unanticipated adverse events, morbidity, or mortality must be reported
to the UD-IACUC immediately.

10.

I assure that the experimental design has been developed with consideration of the three Rs:
reduction, refinement, and replacement, to reduce animal pain and/or distress and the number
of animals used in the laboratory.

Ll.

[ assure that the proposed research does not unnecessarily duplicate previous experiments.
(Teaching Protocols Exempt)

. I understand that by signing, [ agree to these assurances.

MW 05-07-2012

Signature of Principal Investigator Date

Rev 8/10
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NAMES OF ALL PERSONS WORKING ON THIS PROTOCOL

I certify that I have read this protocol. accept my responsibility and will
perform only those procedures that have been approved by the IACUC.

Name Signature

Padma Pradeepa Srinivasan

2.

Randall L. Duncan

3.

Mary E. Boggs

4.

13.

14.

Rev 8/10
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NAMES OF ALL PERSONS WORKING ON THIS PROTOCOL

I certify that I have read this protocol, accept my responsibility and will
perform only those procedures that have been approved by the IACUC.

Name Signature

1. Padma Pradeepa Srinivasan v i_ﬂ. s

23
2. Randall L. Duncan
3. Mary E. Boggs J/m

13.

14,

Rev 8/10
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The Animal Use Protocol form has been developed to facilitate review of
requests for specific research, teaching, or biological testing projects. The
review process has been designed to communicate methods and materials
for using animals through administrative officials and attending
veterinarians to the Institutional Animal Care and Use Committee
(IACUC). This process will help assure that provisions are made for
compliance with the Animal Welfare Act. the Public Health Service Policy
on Humane Care and Use of Laboratory Animals and the Guide for the
Care and Use of Laboratory Animals.

Please read this form carefully and fill out all sections. Failure to do so
may delay the review of this application. Sections that do not apply to
your research must be marked “NA™ for “Not Applicable.”

This application form must be used for all NEW or THREE-YEAR
RENEWAL protocols.

All answers are to be completed using Arial 12 size font.

All questions must be answered in their respective boxes and NOT as
attachments at the end of this form.

Please complete any relevant addenda:
Hybridoma/Monoclonal Antibodies (“B™)
Polyclonal Antibodies (*C™)

Survival Surgery (“D”)
Non-Survival Surgery (“E™)
Wildlife Research (“F”)

If help is needed with these forms, contact the IACUC Coordinator at
extension 2616, the Facility Manager at extension 2400 or the Attending
Veterinarian at extension 2980.

Rev 8/10 4
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1. Principal Investigator Information:

a. Name: Catherine B. Kirn-Safran

b. Ulversity/ Caitisaiiye University of Delaware

¢. Department: Biological Sciences

d. Building/Room: Wolf 310

e. Office Phone: 302-831-3249

f. Lab Phone(s): N/A

g. Home Phone: 302-836-4272

h. Mobile Phone: 302-981-8967

i. E-Mail Address: ckirn@udel.edu

2. Protocol Status:

a. E New Protocol OR X Re-submission due to three (3) completed years.

If re-submission, enter Protocol Number: 1204

b. X Research OR [] Teaching

X Laboratory Animals OR | wildlife
If “Wildlife” please complete Addendum “F~

o

=

. Proposed Start Date: July 22, 2012

[

. Proposed Completion Date: ongoing (standard breeding protocol)

e

Funding Source: BISC322236 (no cost extension)

g. Award Number: NIH COBRE P20RR016458

3. Personnel involved in Protocol (Include Principal Investigator):

Status: Indicate Prof, Post-Doc, Grad Student, Lab Manager, Research Assistant, Technician, etc.

Rev 8/10 5
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Qualifications: Include procedures this person is proficient in performing on proposed
species and the time they have been doing the procedure.

Be specific (e.g. sub-mandibular bleeding on mice-2yrs, performing castrations on mice and
rats-1yr, tail-vein injections on mice-2yrs, etc.) (If no experience, list who will train.)

Responsibilities: Include all responsibilities this person will have with live animals on this
protocol, including euthanizing animals.

Received
) Office Home/Cell Animal Facility
Name E-mail Phone Number | phone Number Training
Yes No
a. Catherine Kirn-Safran Ckirn@udei.edu 302-831- 302-981-8967 x
3249

Status: Principal Investigator, faculty advisor, UD Research Assistant Professor Dept.
Biological Sciences

Qualifications: Dr. Kirn-Safran has over 15 years of experience with mouse handling,
breeding, and mineralized tissue collection for organ culture or histological processing; over
10 years with administration of hormones, drug, or anesthetic intraperitoneally, and 6 years
with animal surgeries under anesthesia. Dr. Kirn-Safran has been studying effects of genetic
mutations, growth factors, and hormones on bone/cartilage physiology and embryonic
development in mouse models for over 15 years.

Responsibilities: Dr. Kirn-Safran will design, perform, and supervise personnel. Dr. Kirn-
Safran will comply with any training program required by OLAM for her staff.

*

Received
N ) Office Home/Cell Animal' F_acility
o S Phone Number | phone Number Training
Yes No
b. Padma Srinivasan padma@udel.edu 302-831-2017 | 716-568-7152 X

or
302-482-5558

Status: Graduate Student Researcher

Qualifications: Three years experience with breeding animal mouse models of
osteoarthritis and knee surgeries performing intra-articular knee injections and meniscus
destabilization under anesthesia (isoflurane, AUP#1170). Ms. Srinivasan has experience
sacrificing mice. She will receive training from Jillian Hash to collect blood samples.

Responsibilities: Padma will perform research studies under the supervision of Dr.
Catherine Kirn-Safran. Padma will maintain/breed transgenic mouse lines (genotyping),

sacrifice animals, collect blood ante-mortem , collect cells/tissue samEIes Eost-mortem.
e R AL

Rev 8/10 6
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Received

Office Home/Cell Animal_ F_acility
Phone Number | phone Number Training
Yes No

Name E-mail

e Bandalil. Durcan riduncan@udel.edu | 302-831-4296 | (302) 379-8244 X

Status: Faculty advisor, mentor, Professor and Chairman UD Dept. of Biological Sciences

Qualifications: Dr. Duncan has over 30 years experience working with animal models and
over 17 years working with rat and mouse models. Experience over the past 30 years
includes live animal survival surgery (nephrectomy), intraperitoneal or intraveneous
administration of drugs or anesthetics, mechanical loading experiments of both tibial four
point bending and ulnar loading and animal sacrifice. Dr. Duncan has been studying the
effects of mechanical loading and hormone regulation of bone/cartilage physiology in rodent
models for over 17 years.

Responsibilities: Dr. Duncan will train his research staff for participation in these breeding
procedures and co-supervise with Dr. Kirn-Safran personnel for completion of the proposed
studies.

Received
N . Office Home/Cell Animal. F_acility
o= E-mail Phone Number | phone Number Training
Yes No
d. Mary E. Boggs mboggs@udel.edu x3238 (302) 222-3269 X

Status: Post-doctoral researcher, UD Research Associate.

Qualifications: Dr. Boggs has taken animal training and has 3 years of experience working
with animals. Her animal work includes isolation of dorsal root ganglion from mice and rats
following CO2 euthanasia (AUP# 1205). Dr. Boggs will receive training from Dr. Kirn-Safran
on breeding procedures. ;

Responsibilities: Dr. Boggs will perform the breeding and genotyping according to the
protocol, euthanize animals, and harvest tissue post-mortem.

4. Non-Scientific Summary: In language understandable to a high-school senior, very briefly
describe the goals and significance of this study.

a. Specific Scientific Goals: Maintenance and breeding of transgenic and control lines for
ex vivo comparative studies. Most experiments will use tissues from sacrificed animals
except when blood will be taken from live animals for biochemical assays. This project
serves several projects in our laboratory that all look at various aspects of bone and

Rev 8/10 7.
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cartilage cell function. Perlecan/Hspg2 mutant (C1532Yneo line) mice are affected by
a mild short stature and skeletal bone phenotype (Rodgers et al., 2007) and were
obtained in the past through a collaboration with Dr. Kathryn Rodgers. Breeding pairs
of the homozygous Cacnaih (calcium channel, voltage-dependent, T type, alpha 1H
subunit; also called a; Cav3.2) targeted mutant mice were purchased from the
Jackson Laboratory (Stock number: 013770) and bred in-house to establish a colony.
They display a short stature phenotype and have mild cardiovascular defects
(increased vasoconstriction of the vessels in the heart). These two mice lines and
control C57BL6/J wild type mice are currently housed under AUP1204.

b. Significance of this Research (including the possible benefits to human and/or animal health,
the advancement of scientific knowledge, or the betterment of society): Establishment of
mouse colonies to understand the molecular mechanisms leading to osteoporosis,
osteoarthritis and other bone-related diseases for the discovery of novel therapeutics.

5. Experimental Design: Explain the experimental design. This description should allow the
IACUC to understand fully the experimental course of an animal or group of animals from its
entry into the experiment to the endpoint of the study.

The inclusion of flow charts, diagrams, and/or tables are greatly encouraged to explain
experimental design or sequential events.

Be sure to include all animal events and related details. i.c..

e All Procedures-bleedings, injections, surgical procedures, euthanasia, etc.
e Procedural details number of animals involved in procedure, approximate animal
weight, if relevant (for injections. bleeding. etc.). route, frequency, volume, etc.

e Names of surgical procedures (but reserve the surgical details for the proper Surgical
Addenda)
Monitoring—observations, measurements (animal weight, tumor size, etc)

e Monitoring details—criteria, frequency, names of personnel monitoring, conditions for
removing an animal from the study, etc.

¢ Endpoints—include endpoints for the animals/study and how will they be determined.

(Describe):

i Design 1) Natural breeding will be performed to maintain the perlecan
(C15632Yneo) mutant and Cav3.2 knock-out lines on the C57BL6/J background
and generate age-matched controls of the same background. The C1532Yneo line
was created at the University of Pennsylvania and is not commercially available. |

ii. Design 2) Tail biopsies Genotypes of mutant mice will be determined by DNA
analysis of tail tissue. Tail biopsies will be performed on mice at three weeks of
age. Sampling will be done by OLAM staff according to SOP #PRO-001. If for any
reason a second biopsy is required, it will be done under isoflurane anesthesia.

iii. Design 3) Dissection of embryonic, postnatal, and adult mouse bones and
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control organs. Mice will be euthanized by C0O, asphyxiation followed by cervical
dislocation to collect bone and other organs for macroscopic and microscopic
analyses. Bone and control organs will be mostly collected after weaning age.
Certain studies will require the use of embryonic and postnatal tissues. In this
case, the female if still pregnant will be sacrificed prior to pup collection from the
uterine horns. Embryos or pups (age<10 days) will be rapidly decapitated with
sharp scissors in one stroke and their skull bones or long bones harvested for in
vitro culture or specimen storage.

iv. Design 4) Collection of blood. Blood will be collected from live animals after
weaning age through retro-orbital route by OLAM staff. No more than 10% of the
mouse body weight will be collected every other week according to the NIH
guidelines for survival bleeding of mice:
http://oacu.od.nih.gov/ARAC/documents/Rodent Bleeding.pdf

REFINEMENT, REDUCTION & REPLACEMENT

When using animals for research, it is important to consider the three Rs: reduction,
refinement, and replacement to reduce both animal distress and the number of animals used
in the laboratory.

Reduction: Minimizing the number of animals used
Refinement: [sing techniques and procedures to reduce pain and distress
Replacement: Using non-animal methods or lower phylogenetic organisms

6. Justification for the Use of Animals (instead of in vitro methods)
(Check all that apply and explain):

a. % The complexity of the processes being studied cannot be duplicated or modeled
in simpler systems: (Explain): It is necessary to use animals because the tissue
architecture of the bone and the organization of the different responsive cell types
can only be found in animals not in dissociated cell cultures

\
\
\
|
b. % There is not enough information known about the processes being studied to design

non-living models: (Explain). The sequence of molecular events leading to |
osteoarthritis and osteoporosis are unknown and cannot be recapitulated in non-
living systems.

. || Other: (Explain):

7. Justification for Species Appropriateness:

Rev 8/10 9
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(Check all that apply and explain):

[]a large database exists, allowing comparisons with previous data: (Explain):

b. D The anatomy or physiology is uniquely suited to the study proposed: (Explain):

X This is the lowest species on the phylogenic scale suitable to the proposed study: (Explain):
Mouse is the lowest phylogenic species that has bones similar to humans. Availability of
transgenic lines in mice provides the opportunity to gain insight into the function of individual
genes in bone and cartilage physiology.

d.

L] Other: (Explain):.

8.  Justification for Number of Animals Requested:

d.

C 1 Pilot study or preliminary project where group variances are unknown at the present
time. Describe the information used to estimate how many animals will be needed: (Only a
limited number of animals will be permitted.)

(Explain):

b.

] Group sizes are determined statistically. Describe the statistical analysis used to estimate
the number (N) of animals needed: N may be estimated from a power analysis for the most
important measurement in the study, usually based on the expected size of the treatment
effect., the standard error associated with the measurement, and the desired statistical power
(e.g. P <0.05). Data analysis methods should not be submitted unless directly applicable to
the estimate of N.

An online calculator may be found at: http://www.math.uiowa.edu/~rlenth/Power/

or a stand-alone calculator that can be downloaded from
http://www.psycho.uni-duesseldorf.de/abteilungen/aap/gpower3
(Explain):

[] Group sizes are based on the quantity of harvested cells or the amount of tissue required
for in vitro studies. Explain how much tissue is needed based on the number of experiments
to be conducted and the amount of tissue you expect to obtain from each animal (e.g.. 10g of
tissues are needed: Each animal can provide 2g. 10g /2g per animal = 5 animals needed.)
(Explain):
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d.

[] Teaching protocol. Specify the number of students in the class, the student to animal
ratio and how that ratio was determined: Animal numbers should be minimized to the fullest
extent possible without compromising the quality of the hands-on teaching experience for
students or the health and welfare of the animals. (Explain):

[] Study involving feral or wild animals. Animals will be captured and released in an
attempt to maximize the sample size within logistical constraints. Describe the process by
which you estimate these numbers and estimate the precision needed: (Explain):

[] Observational, non-manipulative study. Animals will not be captured, their behavior will
not be interfered with, and exact animal numbers cannot be predicted: (Explain):

[ Product testing. The number of animals needed is based on FDA guidelines. Provide the
citation from the regulations, the IND tracking number, or relevant FDA correspondence:
(Explain):

X Other. Elaborate, indicating the method used to determine the group size. (Explain):
Mice of the C57BL6/J inbred strains will be used to generate perlecan mutant,
Cav3.2 knock-out and control bone/cartilage specimens. Thus, at all time we will
maintain sexually mature mutant animals of each line. The C1532Yneo line is not
commercially available and the Cav3.2 knockout line is classified as a low demand
strain by the Jackson Laboratory and each purchase is considered a custom order
($172.00/individual animal). Thus, both lines have to be bred in-house. After six
months, breeding pairs are retired and replaced by new breeders.

C1532Yneo line: This line can be maintained through homozygous breeding and will
be used to analyze the molecular mechanisms involved in perlecan function as a
modulator of heterotopic calcification. Bone progenitor cell lines will be generated
from newborn and adult tissues post-mortem.

An average of 3 stud males and 15 breeding females will be maintained year round.
The average litter size for this strain is small (approximately 5 pups/litter) and will
require a large number of pregnancies to obtain a reasonable amount of bone
specimens. Since we will replace animals after six months, we will need 6 males and
30 females for breeding purpose to generate embryonic and postnatal tissue for cell |
isolation. In summary, we will need 36x3year=108 animals over the 3-year period
for the C1532Yneo line.
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Cav3.2 knockout line: This line will be used to generate bone cell lines to analyze
their responsiveness to mechanical stress. Additionally, we plan to test the
hypothesis that deletion of this Ca®* channel is chondroprotective for cartilage
progression and need to generate 2.5 month-old animals for a study proposed under
a pending NIH proposal using our AUP1170 knee surgery protocol. This

experiments will require 48 mutant males (24 animals at two time points) as
delineated in Table 1.

2.5 month-old mice; 4 wks post-knee surgery 2.5 month-old mice; 8 wks post-knee surgery
WT (n=24) KO (n=24) WT (n=24) KO (n=24)
Surgery Sham Surgery Sham Surgery Sham Surgery Sham
(n=124) [ (n=128) | (n=128) | (n=12F) | (n=12F) | (n=128) | (n=128) | (n=124)
R I - - R I L R
LlelEelelElslSl RlEle|lESle|lElel S|
gt g€l |s|tls|t|ls|lelgltls
PleslB2lsl2ls|l2lsl2|ls|l2([S|2ls|2| &
S| E|8|E| 8| E| 8| E|8|E|8|E|Q8|E|8|E
W =} (7] o 7] o (7] [*] 7 o o0 (=] 0 o 7] (e
< | Bl |B|lc|B|lcs|Blcs |2 |2 |<|2|<| B
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Table 1: Groups for in vivo experimental knee osteoarthritis (OA) studies under AUP1170
IIF, immunohistochemistry. Previous experiments performed in our laboratory determined that a

sample size of 6 is appropriate to determine changes in articular cartilage architecture via histological
scoring (Srinivasan et al., 2012).

The Cav3.2 line may be maintained through homozygous breeding. We observed,
however, a 50% rate of perinatal death due to subfertility in Cav3.2” females as a
result of short stature and cardiovascular defects. Hence, this line will require |
maintenance either through the breeding of Cav3.2 knockout male to heterozygous |
females or through fostering of Cav3.2 null pups with C57BL6/J control females. An |
average of 5 stud males and 20 breeding females will be maintained year round. |
Since we will replace breeders after six months, we will need 10 males and 40
females/year for breeding purpose and approximately 50 mutant males for
experimental osteoarthritis experiments. In summary, we will need 50x3 years + 50
male=200 animals for the 3-year period for the Cav3.2 knockout line.

CS57BL6/J controls: An average of 2 stud males and 6 breeding females will be
maintained year round. Since we will replace breeders after six months, we will need
4 males and 12 females/year for fostering purpose. In summary, we will need 16x3
years=48 animals for the 3-year period for the C57BL6/J control line.

Total number of animals requested for the 3-year period is:
108+200+48=356 animals
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Reference:

Srinivasan PP, McCoy SY, Jha AK, Yang W, Jia X, Farach-Carson MC, and Kirn-
Safran CB. Injectable perlecan _domain 1-hyaluronan microgels potentiate the
cartilage repair_effect of BMP2 in_a murine_ model of early osteoarthritis. Biomed
Mater. 2012 Mar 29;7(2):024109.

9. Animals Requested:

Total Number of Animals for

Common Name Genus and Species Three Years
1. Mouse Mus musculus 356
2.
8
4.
5.

10. Where will animals be housed (or captured for wildlife)?
OLAM

11. Where will the experiments take place?
Wolf Hall room 334 and OLAM

12. Will any animals be humanely killed, without treatment or manipulations, to be used to
obtain tissue, cells, etc.? X Yes L] No

If Yes, list types of tissue, ctc: Calvaria and limbs for newborn and embryos. Spleen and
long bones for adult animals.

13. Physiological Measurements [ ] Yes X No
If Yes, list and explain:
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14. Dietary Manipulations | | Yes x No
If Yes, list and explain:
15. Environmental Stress (e.g. cold, restraint, forced exercise) E Yeé X No
It Yes, list and explain:
16. Trauma or Burn Injury [ Yes X No
If Yes, list and explain:
17. Production of Hybridoma/Monoclonal Antibodies (] Yes X No
If Yes, please complete Addendum “B”.
18. Production of Polyclonal Antibodies [ ] Yes X No
If Yes, please complete Addendum “C”".
19. Study of the effects of drugs or toxins in vive (] Yes X No
If Yes, list and explain:
20. Administration of hazardous or biological materials (e.g. pathogens, carcinogens,
radioactive materials) [ ] Yes X No
a. Type to be used:
b. Describe the practices and procedures for the handling and disposal of contaminated
materials associated with this study:
(For radioactive materials, include the methods for removal of radioactive wastes and
monitoring for radioactivity, if applicable.)
¢. Approval received from UD- Environmental Health and Safety? L] Yes [ ] No
21. Study of Irradiation in vivo? [ ves X No
a. Type to be used:
Rev 8/10 14
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b. Approval received from UD- Environmental Health and Safety? [ ] Yes (] No

22. Any other procedures? [ Yes X No
If Yes, explain:

23. Will this study involve surgery? | | Yes X No
If Yes, and it is “Survival Surgery.” please complete Addendum “D”’,

If Yes, and it is “Terminal Surgery.” please complete Addendum “E”.

24. Will any animal undergo anesthesia for any reason other than surgery? X Yes [ No
If Yes.

a. List Procedures and Reason(s) for using anesthesia:
If tail biopsy has to be repeated
b. Check the type of anesthesia to be used.

X Isoflurane

] Injectable (For injectable, complete the following):

Drug:

Dose:

Route:

25. Animal Use and Pain Distress. If you have indicated that animals in your study will
experience pain or distress, even if it will be fully alleviated, please mark the
appropriate check boxes below and fill in the requested information for each item
marked.

You must conduct at least two (2) searches.

I have considered alternatives to the use of animals in my study. Alternatives refer to methods
or approaches which result in refinement of procedures which lessen pain and/or distress;
reduction in numbers of animals required; or replacement of animals with non-whole-animal
systems or replacement of one animal species with another, particularly if the substituted
species is non-mammalian or invertebrate. I have used the following methods and sources to
search for alternatives:

Note: You may need to do more than one search per database to look for alternatives if
there are multiple procedures that may cause pain and/or distress.

Database Used:
" Medline [] Agricola
Rev 8/10 15
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|: Toxline ’: CAB Abstracts
[ Biosis [ Other (Specify):

Date of Search:

Years Covered:

Keywords Used (must include the word alternative):

Number of Papers Found:

Discussion of the Relevancy of the Papers Found:

Database Used:
[] Medline [: Agricola
| Toxline || CAB Abstracts
[ Biosis || Other (Specify):
Date of Search:

Years Covered:

Keywords Used (must include the word alternative):

Number of Papers Found:

Discussion of the Relevancy of the Papers Found:

26. Unnecessary Duplication of Work. Activities involving animals must not unnecessarily
duplicate previous experiments performed by you or others. Provide a written narrative
that assures that the activities of this project comply with this requirement and support this
assurance by performing a literature search.

The search should return, at minimum, the related previous work from your laboratory.

You must conduct at least two (2) searches.
(NOT REQUIRED FOR TEACHING PROTOCOLS)

Note: You may need to do more than one search per database to look for duplication of
work, especially if you are doing more than one experiment.

Database Used:
X Medline [] Agricola
[] Toxline ] CAB Abstracts
[ ] Biosis | Other (Specify):
Date of Search:5/08/12

Years Covered: unrestricted
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Keywords Used: Search #1:Cav 3.2 and bone
Search #2: Hspg2 and bone

Number of Papers Found: Search #1: no hit; Search #2 :5 hits

Discussion of the Relevancy of the Papers Found:

Search #1 N/A

Search #2: one paper is from our collaborator Dr. Rodgers who donated the mouse line;
three papers are from our group and one paper studies the effect of prolactin (a protein
produced during pregnancy) on the expression of Hspg2 in an established clonal cell line
(ATDCS5) different from the primary cell culture system proposed in our studies.

Database Used:

| Medline L] Agricola
[ ] Toxline [] CAB Abstracts
X Biosis || Other (Specify):

Date of Search: 5/08/12

Years Covered: unrestricted

Keywords Used: Search #1:Cav 3.2 and bone: 2 hits
Search #2: Hspg2 and bone: 4 hits

Number of Papers Found:

Discussion of the Relevancy of the Papers Found:

Search #1: The first paper tests the effect of an anticonvulsant drug in mice overexpressing
a protein involved in bone resorbing cell activity and demonstrated that topical application of
this drug may help reduce bone loss via Cav3.2 calcium channel. This paper shows that
Cav3.2 channel activity can affect the differentiation of bone resorbing cell progenitors in the
bone marrow. This studies differs from our study since it focuses on the function of Cav3.2 in
bone resorbing cells rather than bone forming cells. The second paper is from our group and
published the initial observation of the expression of Cav3.2 by terminally differentiated bone !
cells. '
Search #2: Paper 1 describes the lethal phenotype of mice in which Hspg?2 is totally absent.
The mouse model used in our study is viable because small amounts of Hspg2 are
expressed. Paper 2 is a paper describing expression of all heparan sulfate proteoglycans in
rat bone and is not targeting Hspg2 which is the molecule of interest for part of the studies
described under this protocol. Paper 3&4 are entirely unrelated to Hspg2 function in bone.

27. What is the expected disposition of animals at the end of the experiments?
(Check all that apply):

X Euthanized

E Maintained

| Released (Wildlife Only)
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|_Other (Specify):

28. Euthanasia*
Select methods that will be used in case of emergency and/or at the end of the

procedure/experiment.
*NOTE:
e Methods must be approved by the AVMA or must be scientifically justified.
e A “Primary” and “Secondary” method must be selected (UD Double Kill Policy).
e If different methods will be used for different groups of animals, indicate the group
after the procedure (e.g., write “Neonates™ after Decapitation, “Adults™ after CO,.
“Terminal Surgery Animals” after Isoflurane Anesthesia Overdose, etc.).

X Animals will NOT be under anesthesia when euthanasia is performed.

|| Animals will be under anesthesia when euthanasia is performed. (Check drug used below):

[: [soflurane

[] Injectable (Complete the following):

Drug:

Dose:

Route:

PRIMARY method(s) of cuthanasia

%X CO; by compressed gas cylinder (Not for animals already under anesthesia or neonates)

| Barbiturate Euthanasia Solution - Injectable >150mg/kg (Check route below):

v 1 [ic

E Isoflurane Anesthesia Overdose - Inhalant

L] Cervical Dislocation (only under anesthesia)

[] Decapitation (only under anesthesia or neonates)

[] Exsanguination or Perfusion (enly under anesthesia)

L] Incision of Chest Cavity — Bilateral Pneumothorax (only under anesthesia)

L] Pithing — Double pithing required (fish, amphibians, reptiles only)

[ | Thoracic Compression (small birds only)
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(Please complete below using Arial, size 12 Font.)

Title of Protocol: Transgenic Models of Skeletal and Metabolic Diseases

AUP Number: 1204-2014-1 < (4 digits only)

Principal Investigator: Catherine B. Kirn-Safran

Common Name: Mice

Genus Species: Mus musculus

Pain Category: (please mark one)

USDA PAIN CATEGORY: (Note change of categories from previous form)

Description

Category
B

Breeding or holding where NO research is conducted

X 0 Procedure involving momentary or no pain or distress

LD Procedure where pain or distress is alleviated by appropriate means
(analgesics, tranquilizers, euthanasia etc.)

| g Procedure where pain or distress cannot be alleviated, as this would

adversely affect the procedures, results or interpretation

Official Use Only

IACUC Approval Signature: .~ /:7 /f
i

g

Date of Approval: 2/ 7/ 29/}

7




Principal Investigator Assurance

1. I agree to abide by all applicable federal, state, and local laws and regulations, and UD policies and
procedures.
2. | understand that deviations from an approved protocol or violations of applicable policies,

guidelines, or laws could result in immediate suspension of the protocol and may be reportable to
the Office of Laboratory Animal Welfare (OLAW).

I understand that the Attending Veterinarian or his/her designee must be consulted in the planning
of any research or procedural changes that may cause more than momentary or slight pain or
distress to the animals.

4. I declare that all experiments involving live animals will be performed under my supervision or that
of another qualified scientist listed on this AUP. All listed personnel will be trained and certified in
the proper humane methods of animal care and use prior to conducting experimentation.

5. I understand that emergency veterinary care will be administered to animals showing evidence of
discomfort, ailment, or illness.

6. |declare that the information provided in this application is accurate to the best of my knowledge.
If this project is funded by an extramural source, | certify that this application accurately reflects all
currently planned procedures involving animals described in the proposal to the funding agency.

7. 1 assure that any modifications to the protocol will be submitted to the UD-IACUC and | understand
that they must be approved by the IACUC prior to initiation of such changes.

8. I understand that the approval of this project is for a maximum of one year from the date of UD-
IACUC approval and that | must re-apply to continue the project beyond that period.

9. lunderstand that any unanticipated adverse events, morbidity, or mortality must be reported to the
UD-IACUC immediately.

10. I assure that the experimental design has been developed with consideration of the three Rs:
reduction, refinement, and replacement, to reduce animal pain and/or distress and the number of
animals used in the laboratory.

11. | assure that the proposed research does not unnecessarily duplicate previous experiments.
(Teaching Protocols Exempt)

12. lunderstand that by signing, | agree to these assurances.

S

05/03/10

Signature of Principal Investigator Date
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SIGNATURE(S) OF ALL PERSONS LISTED ON THIS PROTOCOL

[ certify that I have read this protocol, accept my responsibility and will
perform only the procedures that have been approved by the IACUC,

Name Signature

1. Catherine Kirn-Safran L’ i e ..

2. Padma Pradeepa Srinivasan va Y PR

( .
3. Randall L. Duncan ;
nda nca PE @/Z 2

4. Mary E. Boggs /Z»—'XQ_/\/

10.

12

13.

14.

15.
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IACUC approval of animal protocols must be renewed on an annual basis.

1. Previous Approval Date: 7/01/12
Is Funding Source the same as on original, approved AUP?
0 Yes x No

If no, please state Funding Source and Award Number: NIH COBRE
P30GM103333 (no cost extension)

2. Record of Animal Use:

Total Number

Genus Previously Number Used
Common Name Species Approved To Date
1. Mouse Mus 356 24
musculus
P
&
4.
D

3. Protocol Status: (Please indicate by check mark the status of project.)
Request for Protocol Continuance:
% A. Active: Project ongoing
[ ] B. Currently inactive: Project was initiated but is presently inactive

[ C. Inactive: Project never initiated but anticipated starting date is:

Request for Protocol Termination:
] D. Inactive: Project never initiated
L] E Completed: No further activities with animals will be done.

4. Project Personnel: Have there been any personnel changes since the last IACUC
approval? [JYes x No

If Yes, fill out the Amendment to Add/Delete Personnel form to “Add” Personnel.
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Project Personnel Deletions:

Name Effective Date

S. Progress Report: If the status of this project is 3.A or 3.B, please provide a brief
update on the progress made in achieving the aims of the protocol.

This protocol is a maintenance and breeding of transgenic and control lines for ex-
vivo comparative studies and for in vivo studies approved under AUP1170. This
protocol serves several project in our laboratory that all look at various aspects of
bone and cartilage function. Currently, we are housing three lines:

1) The Hspg2 mutant (C1532Yneo) line obtained from Dr. Rodgers

2) The T-VSCC knock-out line purchased from the Jackson Lab (Stock#013770)
3) The C57BL6/J line purchased from the Jackson Lab (Stock#000664)

6. Problems or Adverse Effects: If the status of this project is 3.A or 3.B, please describe
any unanticipated adverse events, morbidity, or mortality, the cause if known, and how
these problems were resolved. If there were none, this should be indicated.

No problems or adverse effects were observed to this date.
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|| Removal of Vital Organ(s) (only under anesthesia) (Check all that apply):

" Brain [] Kidneys
|| Heart [ ] GI Tract
[ Liver [] Lungs

| Other Vital Organ(s) — (Specify):

|| Other Method of Euthanasia: (Describe and Scientifically Justify):

SECONDARY method(s) of euthanasia that will be used to ensure that the animal does not survive:

X Cervical Dislocation

e T
L] Decapitation

b Exsanguination or Perfusion

| Incision of Chest Cavity — Bilateral Pneumothorax

L] Barbiturate Euthanasia Solution - Injectable >150mg/kg (Check route below):

(v Clp Llic

L] Pithing — Double pithing required (fish, amphibians, reptiles only)

[ Removal of Vital Organ(s): (Check all that apply):

" | Brain [] Kidneys
(| Heart || GI Tract
[ I Liver L] Lungs

[ Other Vital Organ(s) — (Specify):

|| Other Method of Euthanasia: (Describe and Scientifically Justify):




