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Abstract

In this study, we have isolated a Sca-1 positive population of mouse synovial cells that contains
progenitors capable of chondrogenesis. Intra-articular injection of Sca-1*-GFP* synovial cells
preserved proteoglycan content in the cartilage following cartilage injury but GFP expression
could not be detected in the injury sites. Histological analysis suggests that in vivo mechanical
stimulation of the injected cells due to joint loading results in the secretion of GAGs by the
exogenous cells and thereby protects the joints from further degradation. Furthermore,
progressive changes in cell morphology were observed in Sca-1* synovial cells in response to
injury, changing from a flatten, fibroblast-like appearance to a spherical and detached
morphology 48 hours after injury. The presented study provides insight as to how endogenous
synovial cells might act in response to injury as well as a mechanism by which the cells could

protect the joint from degradation.
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Chapter One: Introduction
1.1 OVERVIEW

Osteoarthritis (OA), the most common form of arthritis, affects approximately 1 in 8
Canadians and impacts not only quality of life but also the labor force
[http://www.arthritisnetwork.ca/downloads/20111022_Impact_of arthritis.pdf]. OA is
characterized by the progressive loss of articular cartilage, possibly due to the inability of
cartilage to heal itself. Further aggravating the problem, the lack of nerves in cartilage prevents
early detection of injury until the nerve containing bone tissue beneath the cartilage has been
exposed.

Current strategies include pain management and surgery. The latter encompasses a range
of techniques such as microfracture and autologous chondrocyte implantation (ACI). The
microfracture procedure includes the creation of tiny holes or channels to the subchondral bone
marrow so that mesenchymal stem cells (MSCs) are released into the defect to form new
cartilage. Fibrocartilage, the resulting cartilage that forms, is not a suitable replacement for
articular cartilage as it does not have the mechanical properties to sustain long term durability
within the synovial joint . In an ACI, chondrocytes from a non-load bearing location are
isolated, expanded in vitro, and implanted into the injury site. Studies involving 20 year follow-
ups have shown that the technique is effective in repairing large surface lesions on the whole 12
but structurally, inconsistencies have been documented as fibrocartilage have been observed in
the repair tissue 1. Furthermore, due to significant donor-site comorbidity associated with
removing cartilage from the already injured joint, an increasingly popular strategy is

osteochondral allograft transplantation, in which fresh donor tissue is transplanted 3. While the

12



techniques is effective in cartilage resurfacing of large osteochondral lesions, donor tissue is
limited and expensive.

It is important to note that all of the current methods for treating OA are quite invasive as
most, if not all, OA disease modifying (and not simply symptom management) treatments
available require surgical intervention. Although behavioural modification (e.g. weight loss) is
thought to reduce the risk of OA onset and/or progression, no studies have demonstrated that
behavioural modification can repair cartilage after damage has already occurred. A
pharmaceutical intervention would be ideal as it would be less invasive provided that the side
effects are minimal. Before drug-based therapeutics can occur, however, the natural healing
process post cartilage injury needs to be understood. As mentioned, this is a large hurdle since
cartilage does not normally heal in mammals after injury. The majority of current research is
focused on the application of cell-based therapeutics for cartilage repair, but few focus on
highlighting and characterizing the events that occur after injury in a non-pathological joint. To
advance the field of cartilage repair/regeneration, it is necessary to first understand the natural
progression of repair post injury before potential therapeutic targets can be identified. Thus, the
goal of this project is to understand the healing process of cartilage after injury using a model
system that demonstrates endogenous cartilage repair. Subsequent sections will outline the

biology of the joint and cartilage as well as the hypothesis and the specific aims of the project.

1.2 SYNOVIAL JOINT

A joint can be defined as a point at which different parts of a skeleton are connected. Two
different types of joints exist: synarthroses and diarthrosis joints. Synarthroses joints include

bones that are joined by fibrous or cartilage tissues where movement is limited, such as the joints

13



in the vertebrae. In contrast, diarthrosis joints, also known as synovial joints, allow dynamic
range of movement and are associated with limbs. In a synovial joint, the joint itself is contained
within a fibrous capsule. The two bones involved do not actually meet but are connected to each
other via the capsule. The articulating ends of the bones are covered in a specialized type of
cartilage termed hyaline cartilage. Lining the inner side of the capsule is the synovium, a thin

membrane that secretes lubricating fluid, also known as synovial fluid, into the joint cavity *.

1.2.1 Cartilage Biology

Acrticular cartilage is avascular, lacks nerves as well as lymphatics, and is composed
largely of extracellular matrix (ECM). Chondrocytes are the only resident cell type in cartilage
and is thought to maintain the anabolic/catabolic processes within the cartilage matrix. The
ECM is composed mostly of type 2 collagen fibers which are parallel to the joint surface while in
the intermediate and deep zone, fibers are in a vertical alignment. The fibers contain
proteoglycans with negatively charged polysaccharide chains that function to retain water >°,

As cartilage is avascular, uptake of nutrients by chondrocytes occur via diffusion.
Specifically, blood plasma is filtered from the capillaries and through the synovium into the
synovial fluid. Nutrients then need to diffuse down through the ECM to the chondrocytes.
Additionally, due to lack of vasculature, chondrocytes are exposed to low oxygen concentrations
and rely on anaerobic metabolism 7.

As mentioned previously, chondrocytes are the only cell type in the cartilage and
maintain the homeostasis of the ECM. Each chondrocyte resides within a lacunae and thus, are

thought to be secluded from one another. The isolation of each cell limits the ability for cell
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migration. The isolation coupled with the lack of vasculature are thought to be some of the main
reasons contributing to low healing potential in cartilage ®.

With respect to the structure of cartilage, there are 4 distinct zones that make up the
tissue: superficial, transition, deep, and calcified. In the superficial zone, the collagen fibers are
arranged parallel to the articular surface and chondrocytes have a distinct “flattened”
morphology. Due to the low levels of proteoglycans, water retention is the greatest in the
superficial zone. Transitioning from the superficial zone to the deep zone, chondrocytes become
progressively rounder in shape. In the deep zone, the chondrocytes are now spherical and are
oriented in columns. Due to the high levels of proteoglycans, the water content in the deep zone
is the lowest. The final zone is the stiff calcified zone which separates the articular cartilage from

the underlying bone and restricts nutritional transport between the bone and cartilage °.

1.2.2 Extracellular Matrix (ECM)

As previously mentioned, articular cartilage is composed mainly of ECM. The three
major components of ECM are water, collagen, and proteoglycan. In fact, due to the water
retention of the tissue, water can make up 65-80% of the total weight of the cartilage while
collagen makes up about 60% of the dry weight. The most abundant type of collagen found in
cartilage is type 2, and it is in part responsible for the strength and stiffness of the tissue. Trapped
within the matrix of collagen fibers are proteoglycans, which are macromolecules with a protein
core and negatively charged glycosaminoglycan (GAG) side chains. Secreted by chondrocytes,
aggrecan is made up of cartilage-specific proteoglycans that bind to hyaluronan to form
proteoglycan aggregates °. Taken altogether, the interaction between water, collagens, and

proteoglycans is responsible for protecting cartilage from shear forces when compressed. The
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tissue is able to store energy upon deformation and dissipate energy upon decompression.
Cartilage protects against compressive pressure through the interaction of the water and
proteoglycan components.

The ECM is porous and allows water to flow in and out of the cartilage during
compression. Due to the negative charge on the GAG side chains, the chains repel each other and
allow positively charged water molecules to intercalate between the chains. When cartilage is
compressed, the water is pushed out while the GAG side chains are pushed together. The closer
the side chains are to one another, the more resistance there is due to the negative charges. When
cartilage decompresses, water content is restored to the tissue as the molecules flow back
towards the GAG side chains. The water in the matrix provides protection in the form of fluid

pressure which shields the matrix from the stress of the compressive load. °

1.2.3 Synovial Tissue

The synovium (also known as synovial membrane) is located along the inner side of the
capsule that separates the soft tissues that surround the joint (capsule and muscle) from the inter-
articular space. Cells within the synovium are responsible for secreting synovial fluid which
lubricates and acts as a medium for nutrients. The latter diffuses from the blood and into the joint
environment. The fluid also transport waste products back to the synovium, which are then
removed via the lymphatic system. The synovium contains fat cells, mesenchymal progenitor
cells, synoviocytes (synovial fibroblasts) and macrophages. There are three types of
synoviocytes: the macrophage-like Type A synoviocytes, the fibroblast-like Type B
synoviocytes which are also responsible for hyaluronan synthesis, and Type C synoviocytes,

which are also called transition cells but the function of which are unknown at this time 1°,
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Structurally, the synovium can be partitioned into two sections, the intimal layer and the
deeper, vascularized subintima. Cells residing in the intima are mostly macrophages and
fibroblasts while the subintima houses a more diverse cell population including macrophages,

fibroblasts, adipocytes, and mast cells 2.

1.2.4 Synovial Fluid

Synovial fluid is found within the joint cavity and functions to lubricate the joint and
provide nutrients. The latter is especially important to chondrocytes as cartilage is avascular and
therefore receives nutrients via diffusion from the synovium and synovial fluid. Nutrients are
then carried into the cartilage through convective transport when joint motion occurs *2. The
fluid itself is composed of hyaluronan and plasma ultrafiltrate. Hyaluronan is a GAG that is
made by the type B synoviocytes while the ultrafiltrate is plasma from the blood that filters

through the synovium capillary system 22,

1.3 STEM CELL BASICS

There are three main criteria that a cell must meet before it can be defined as a stem cell:
The ability to self-renew, differentiate into at least one other cell type, and demonstrate the
ability to remain unspecialized (retain potency). The ability to self-renew means the cell must be
able to generate a cell identical to the first. Differentiation refers to the ability of the stem cell to
commit to a certain lineage and eventually turn into a specialized cell that can no longer self-
renew. To remain unspecialized speaks to the stem cell’s ability to retain some level of
differentiation capacity while existing in a quiescent state. The concept of potency is a measure

of the degree to which a stem cell can differentiate. A totipotent cell can differentiate into any
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cell derived from the three germ layers (mesoderm, ectoderm, and mesoderm) as well as tissues
that support the development of the embryo in utero but are not part of the embryo itself e.g.
placenta. A zygote resulting from the union of a sperm and egg would be totipotent. Pluripotent
cells are able to differentiate into cells from all three germ layers but not extraembryonic tissues.
Embryonic stem cells are pluripotent cells. Multipotent cells are usually lineage restricted,
meaning they are only able to different into cells that make up the tissues from the germ layer
that the stem cell was derived from. An example would be the ability of bone marrow MSCs,
which are derived from the mesodermal germ layer, to only differentiate into cells present in
tissues formed from mesoderm (e.g. bone, cartilage, fat). MSCs will be described in fuller detail
in the subsequent section. Unipotent cells are stem cells that can only differentiate into one other
cell type but are also able to self-renew 4,

Another point that requires introduction is the concept of a stem cell niche, which refers
to the local micro-environment that a particular stem cell population resides within. The niche
provides specific factors and cues for stem cell maintenance, modulation, and activation. It is
important to note that without the niche, the function of a stem cell may be limited or altered.
Hematopoietic stem cells (HSC) that reconstitute the immune system are found in circulation at
very low levels, but the HSC stem cell niche is present in the bone marrow. In this niche
environment, the HSCs are able to self-renewal and/or undergo unequal cell division to produce
progenitor cells which can dynamically respond to environmental cues when the cells are
required in the peripheral blood system. %°.

The niche concept was initially described as a ‘regulatory unit that maintains and directs
HSC (hematopoietic stem cell) self-renewal and differentiation’ 6. This hypothesis has been
supported by studies in worms, flies, and more recently in the bone marrow of mammalian
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model organisms ©. The majority of stem cell niche research has been focused on the MSC
population as a niche cell type for hematopoietic stem cells (HSCs), with only recent studies
looking for the niche cell populations that support the MSCs . A number of ‘criteria’ for niche
cells have been proposed 8: 1.) Rarity. Since MSCs are a rare cell population (<1% of total cells
in a given tissue), genuine niche cells are also expected to be rare. 2.) Physical proximity. The
distance between the niche cell and MSC is directly proportional to the active range of the
factors expressed by the niche cell to regulate the MSC. In some cases this might require direct
contact, while in other instances, secreted morphogens, which are molecules that direct cell fate
and tissue patterning during development, can be active over many cell diameters. 3.) Synthesis
of MSC maintenance products. Several factors influence MSC function, such as chemokines
(CCLs, CXCs), growth factors (FGFs, BMPs) and other ligands (Notch, Wnts). These factors
may control MSC quiescence, adhesion, maintenance, self-renewal and other cellular functions
1920 - 4.) Selective regulation of MSC functions by the niche. The MSC niche is required to sense
the need to induce migration, division, or differentiation, and therefore niche cells should be

regulated differently and possibly independently from other tissue resident cells /18,

1.3.1 Adult Stem Cells — Mesenchymal Stem Cells (MSCs)

Stem cells found in adult tissue are usually either multipotent or unipotent and have been
thought to function in wound healing and tissue homeostasis. Examples of adult stem cells that
have been isolated and characterized include gut stem cells, follicular hair stem cells, neural stem
cells, as well as MSCs 2%. As MSCs are the focus of this project, other stem cell types will not be

discussed. 22
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MSC:s are stem cells found in soft and connective tissues and have the capability of
differentiating into cell types that are of the mesenchymal lineage such as fat, bone, and cartilage
22 According to the International Society for Cellular Therapy 23, the criteria for human MSCs
are as follows:

1) Cells must adhere to plastic

2) Cells must be able to undergo chondrogensis, osteogenesis, and adipogenesis

3) Human derived cells must express CD73+, CD90+, CD105+, CD34-, CD45-, HLA-

DR-. CD14-, CD79a-, or CD19-

Despite the fact that MSC populations have been derived from multiple sources within
the adult, it should be noted that MSCs appear to demonstrate some level of differentiation bias
depending on what tissue they were harvested from, e.g. bone marrow MSCs have a greater
capacity to differentiate into osteoblasts 226, Coupled with these biases in function, differences
in gene expression have also been observed. Panepucci et al. performed gene expression
analysis between umbilical cord MSCs (UC-MSCs) and bone-marrow derived MSCs (BM-
MSCs), and the latter was observed to have higher expression of genes relating to antimicrobial
activity and osteogenesis while UC-MSCs had higher expressions of genes related to matrix
remodelling through metalloproteinase and angiogenesis %’. It is important to note that tissue bias
and gene expression differences between MSC populations have been independently confirmed

and documented in other studies 2428,
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1.3.2 Synovial MSCs

With respect to the joint environment and the surrounding tissues, MSCs have been
isolated in bone marrow 2°, adipose tissue %, synovium and synovial fluid 3! and periosteum 32,
While, the use of BM-MSC:s in studies involving cartilage repair or in cartilage tissue
engineering is still prevalent and remains the gold standard **-*" due to the abundance and ease of
access to tissue sources, small phenotypic differences between MSCs harvested from distinct
tissues could possibly determine the effectiveness of these MSC-based strategies. If this is the
case, it might be more effective to utilize a progenitor/stem cell that is more developmentally
related to cartilage. During the development of synovial joints in mice and humans, the
synovium and cartilage originate from a common pool of cells %. As mentioned earlier, MSC
populations have been derived from the synovial membrane as well as synovial fluid and there is
compelling evidence that these cells possess cartilage repair potential 34, Evidence from in vivo
studies have shown that cells from synovial membrane contribute to repair of partial-thickness
cartilage defects 4142,

Due to the presence of MSCs in the synovial tissue and the close proximity of these cells
to cartilage, it is likely that SM-MSCs would be the ideal cell source for cartilage repair. In fact,
in a number of comparative studies, MSCs derived from the synovial membrane (SM-MSCs)
was observed to have higher chondrogenic potential than MSCs derived from adipose tissue or
bone marrow 243, SM-MSCs have been observed to express higher levels of chondrogenic
mRNA after chondrogenic induction compared to BM-MSCs .

It should be noted that in addition to SM-MSCs, studies have also suggested additional
progenitor populations are present within the articular joint. In 2009, Koelling et al. discovered

a chondrogenic progenitor population specific to late-stage osteoarthritis articular cartilage. In
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the study, the authors isolated the cells based on migratory potential from repair tissue. These
cells were able to migrate and populate diseased tissues as well. The authors determined that the
progenitors were distinct from mesenchymal stem/stromal cells (MSCs), osteoblasts, and
chondrocytes but the origins of these progenitors remains unknown. As the progenitors were
solely committed to chondrogenesis, it is possible that these cells are an intermediate cell type
derived from an MSC population or that they may be the product of chondrocyte de-

differentiation #*.

1.3.3 Intra-articular injection of exogenous MSCs

Intra-articular injection of exogenous progenitor/stem cells have been performed in
numerous studies, yet the role or function of the injected cells remains unclear. In one study,
GFP- transduced bone marrow MSCs resuspended in a solution containing hyaluronic acid (HA)
was injected intra-articularly 6 weeks after induction of OA in goats *°. Twenty weeks post
transplantation, the authors observed tissue repair in the stem cell injected joints, while control
joints displayed extensive cartilage degradation and loss of ECM as well as osteophyte formation
GFP cells were also detected in various tissues including meniscus and synovial capsule. The
authors noted that the results were not depended on the HA, as the same positive outcome
measures were observed for animals treated with cells resuspended in PBS.

In another study, human MSCs were labelled with carboxyfluorescein diacetate
succinimidyl ester (CFDA-SE), suspended in either PBS or hyaluronic acid (HA), and injected
into the knees of Hartley strain guinea pigs, which are prone to spontaneous OA “6. Interestingly,
Safranin-O staining for proteoglycan content was reduced for all groups except for animals

treated with HA + MSCs. Animals treated with the latter also had labelled cells scattered from
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superior to transition zone and displayed columnar formation, suggesting differentiation of the
injected MSCs. However, engraftment was not observed when cells were suspended in PBS,
suggesting that engraftment would not occur in the absence of HA, clouding the functional
capacity of the stem cells themselves.

Taken together, these studies suggest that when injected, MSCs are able to migrate to the
site of injury and affect some level of tissue repair. Although it is still unknown if MSCs
contribute to direct repair (becoming the tissue itself), indirect repair (secreting factors which

enhance the repair capacity of endogenous cells) or a combination of both.

1.4 Mouse Model- MRL/MpJ (Superhealer) mice

Animal models are widely used for the study of cartilage biology, repair, and
regeneration. Rabbit, dog, horse and sheep models remain the most popular animal models #’.
Defects made in larger animals can be more clinically relevant to humans but smaller animals are
more cost-effective and readily available. Specifically with mice, the availability of various
transgenic animals and genetic tools available make murine models an attractive alternative to
other animal models.

In our research project, we use the MRL/MpJ (MRL) mouse, also known as the
Superhealer mouse. They were first documented in 1998 as having superior ability to heal
wounds by day 25, where ear notches were completely closed with normal tissue architecture
and absence of scarring as compared to control C57BL/6 (C57) mice “8. Evidence suggests that
MRL mice, compared to C57, express higher levels of MMP2 and MMP9 during the
inflammatory response which allow for the breakdown of ECM by day 5. Epithelial-

mesenchymal interactions initiate and lead to the formation of blastema similar to amphibian
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limb regeneration *°. In 2008, it was reported that MRL mice were able to repair full thickness
lesions that were made in the articular cartilage of the trochlear groove *°. Specifically, lesions in
MRL mice displayed ample chondrocytes, proteoglycan, collagen 2 and collagen VI whereas
lesions in BL6 mice exhibited lower levels of proteoglycan and collagen Il. Interestingly, the
heightened ability to regenerate cartilage was observed only in male MRLs, with females
displaying little to no regeneration capacity. However, our lab has found that female MRL mice
do display tissue regeneration, suggesting some level of heterogeneity in healing capacity, or
possibly issues with the previous studies experimental design or follow through. However, since
our results and that of the field agree that male MRLs exhibit enhanced regenerative capacity

(including cartilage repair), this project will use only male MRLs.

1.5 Rationale of project

Currently, studies that investigate the cellular mechanism that occurs after cartilage injury
is lacking. We believe that in order to understand how to best treat degenerative cartilage
diseases, we need to first characterize the endogenous repair process. To study the latter, we used
MRL mice as they have been documented to repair cartilage, and we compared these mice to the
C57 mice to gain insight as to why MRL mice are permissive to cartilage repair. As synovial
derived MSCs have been shown to have superior chondrogenic potential, we focused on studying
these progenitors in MRL and C57 mice and how these cells might be different between the two
strains as well as the role of the synovial derived progenitors in repairing cartilage injury.
Furthermore, we also looked at the interplay between inflammation and MSCs/progenitors as

recent studies suggest the two factors can interact to impact wound healing.
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1.6 Hypothesis

Mesenchymal stem/progenitor cells in the synovial membrane will demonstrate the
ability to differentiate into chondrocytes (in vitro), migrate/home to the site of injury (in vivo)
and effect cartilage repair when exogenously injected into a cartilage injury model system (in

Vivo).

1.7 Aims

My hypothesis will be testing using the following specific aims:
1. Isolating and characterizing synovial progenitors from mouse synovium using known
markers for murine MSC.
2. Characterizing endogenous repair (or lack thereof) in MRL/MpJ and C57BL/6 mice
following a reproducible focal cartilage injury.
3. Performing intra-articular injections of synovial progenitor cells and assessing the role of

progenitor cells in response to injury.
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Chapter Two: Characterizing Mouse Synovium
2.1 BACKGROUND

Mesenchymal stem cells (MSCs) were first discovered in human synovial membrane
(SM) in 2001 L. The discovery and independent validation by other studies 2422 suggests the
possibility of an innate healing mechanism in the joint as adult stem cells are thought to play a
role in tissue repair. Interestingly and potentially related is that SM often becomes hyperplastic
in response to injury >>>*. Most studies since the initial discovery of synovial MSCs focus on
characterizing the MSC population and investigating the potential of these cells for therapeutic
use and/or tissue engineering >°. Few studies have attempted to characterize the mechanism of
repair (direct vs. indirect) of synovial MSCs after exogenous transplantation. Engraftment of
MSCs does not always occur and even when it does, transplanted MSCs can be found in the
adjacent uninjured tissues, signifying that they do not completely localize to the site of injury .

While research characterizing the role of exogenous stem cells is lacking, studies
examining the role of endogenous stem cells in relation to cartilage repair are non-existent. To
address this shortcoming, this study will utilize a mouse model system that demonstrates the
capacity for cartilage regeneration/repair so we can study the natural healing process of an
arguably unnatural ability to determine if synovial stem cells can play a role in the healing of
cartilage. Unlike human MSCs, there is a lack of standardized cellular markers that define
murine MSCs and markers present on human MSCs do not readily translate to MSCs found in
other animals °®%7. Recently, however, studies have shown that platelet derived growth factor
receptor-a. (PDGFRa) and stem cell antigen-1 (Sca-1) can be used in conjunction with negative
selection to isolate murine MSCs. Specifically, PDGFR-a*Sca-1*CD45 TER119 cells from adult

murine bone marrow were able to differentiate into 3 different mesenchymal lineages 2.
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Furthermore, >70% of these cells were in the Go phase, an important characteristic as stem cells
are traditionally thought to be quiescent in vivo. While PDGFR-a and/or Sca-1 have been
previously shown to be expressed by murine MSCs *"*9% Morikawa et al. were the first to use
the PDGFR-a+Sca-1+ combination for murine MSC isolation 1. Emerging studies have
provided further evidence that PDGFR- o and Sca-1 are efficient and reproducible markers for
isolating progenitors of mesenchymal origins %274,

Platelet derived growth factor (PDGF) is a molecule that promotes motility and growth of
connective tissue. In adults, PDGF signaling plays a role in wound healing as well as regulation
of blood vessel contractions/relaxation. Pathologically, it has been associated with disorders
involving malignancies and fibrotic conditions due to uncontrolled or excess cell growth. The
dimeric molecule, consisting of A and B polypeptide chains, can exist as homodimers (PDGF-
AA and PDGF-BB) as well as heterodimers (PDGF-AB) isoforms. Due to the dimeric nature of
the molecule, each PDGF binds to two receptors. The a-receptor is able to bind to both A- and
B-chains while the -receptor is only able to bind to the B-chains. Each receptor consists an
intracellular tyrosine kinase domain and five extracellular immunoglobulin domains where the
three outermost domains are involved with ligand binding. Upon activation, the receptors
dimerize and autophosphorylation occurs, initiating various downstream signaling pathways that
regulate cell motility, growth, differentiation, and apoptosis .

With respect to PDGF signaling and stem cells, MSCs are known to abundantly express
both types of receptors and have been observed to be crucial for directing lineage commitment.
In a 2012 study, Ball et al. used small molecular inhibitors to block PDGFRs which induced a
rounded morphology in the MSCs as well as an upregulation of the transcription factors Oct4
and Nanog, both of which play an important role in maintaining pluripotency of embryonic stem
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cells. Specifically, knockdown of PDGFRa resulted in approximately 2.7 fold increase in Oct4A,
the nuclear localized isoform that is responsible for regulating pluripotency, and a 1.4 fold
increase in Nanog though knockdown of PDGFR} elicited greater fold responses for both
transcription factors . When comparing human PDGFRa, expression in human bone marrow
MSCs with synovial derived MSCs, Nimura et al. (2008) observed a mean rate of PDGFRa
expression of 42% on synovial MSCs and 6% on bone marrow derived MSCs. When PDGF
signaling was abolished via anti-PDGF antibody, the proliferation of both bone marrow MSCs
and synovial MSCs decreased though the effect was greater in the latter °°.

Stem cell antigen-1 (Sca-1), also known as lymphocyte activation protein 6-A (Ly-6A), is
a mouse-specific cell surface protein belonging to the Ly6 gene family which encodes
approximately 18 homologous genes, some with greater than 80% sequence similarity with Sca-
1. Along with other markers, Sca-1 has been traditionally associated with mouse hematopoietic
stem cells (HSCs) enrichment. Upon differentiation of HSCs, expression of Sca-1 is
downregulated though Sca-1 is upregulated in peripheral T cells and activated lymphocytes. In
addition to HSCs, Sca-1 is expressed on stem and progenitor cells in a number of tissues and
organs including dermis, skeletal system, skeletal muscle, and liver. It has been hypothesized
that the alteration of lipid raft composition by Sca-1 can favor or inhibit cell signaling in the
local vicinity of the protein. Functionally, however, the mechanism of action of Sca-1 is less
clear as no specific ligand has been identified °’.

With specific regards to synovial progenitors and marker expression, there have been
reports that Sca-1 and PDGFRa have been found in the synovium after injury. In 2011, a paper
was published that used iododeoxyuridine (IdU) and chlorodeoxyuridine (CldU) to label slow
cycling cells in a mouse model of cartilage repair . Label-retaining cells are traditionally
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associated with stem cells due to their quiescent nature in vivo. The authors were able to show
that double-labelled slow cycling cells became activated in response to full thickness cartilage
lesion and that these slow cycling cells were localized in the synovium. With respect to PDGFRa
and Sca-1, both markers were found on IdU positive cells. Interestingly, the authors of this study
observed that the population they identified as stem/progenitor cells was very heterogeneous.
When double labeling the I1dU positive cells with MSC markers, the authors found that not all
IdU positive cells stained positive for all MSC markers tested and even cells IdU negative
stained positive with some MSC markers. They also found that over time, fluorescent IdU+ cells
had decreased fluorescence in response to the cartilage defect, suggesting quiescent cells in the
synovium become activated in response to injury.

While the authors used the double-labeling technique and surface markers to implicate
the role of MSCs, the study did not provide conclusive evidence regarding the identity of the
activated cells. Retention of DNA labels has traditionally been used as a marker for stemness but
studies have shown the method to be unreliable ®8. In fact, in a 2007 paper by Kiel et al., it was
shown 70 days post labelling with 5-bromo-2-deoxyuridine (BrdU), less than 5% of all BrdU
positive cells were hematopoietic stem cells. It is possible that the results observed by Kiel et al.
are not universal to all stem cells but the findings suggest that the use of DNA label retention can
result in the labelling of a heterogeneous population of cells, a finding that seems to be supported
by the results in the Kurth et al. paper as well. When combined with the lack of functional tests
of the labeled cells such as tri-lineage differentiation, the identity of the activated cells remains
inconclusive.

Due to the growing body of evidence suggesting that a local population of MSCs resides
within the synovium and that the markers PDGFRa and Sca-1 are potentially markers of this
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population of cells %, we have undertaken a series of experiments to determine whether
progenitor cells could be isolated from mouse synovium using PDGFRa and/or Sca-1. As the
third aim of this thesis project involves tracking injected exogenous synovial progenitors, we did
not look into the markers used for the negative selection of mouse MSCs e.g. CD45 and
TER119. Instead, we focused our attention on markers used for positive selection i.e. PDGFR «
and Sca-1, and identifying which marker out of the two could best select for a progenitor

population and be utilized for cell tracking.

2.2 MATERIALS AND METHODS
2.2.1 Histology
2.2.1.1 Decalcification

Rear legs from MRL and C57 mice were fixed for 3 days in 10% neutral buffered
formalin (NBF; Sigma) after which tissue samples were washed with water. For the first week of
decalcification, legs were submerged in 10% EDTA (in double distilled water, pH 7.4; Sigma)
and solution was changed every day. After the first week, the solution was changed once per
week for the second and third week. After decalcification was completed, samples were washed
with water and underwent tissue processing and embedding. Paraffin-embedded tissue blocks

were sectioned at 7 pum.

2.2.1.2 Safranin- O/Fast-green

Slides were deparaffinized and rehydrated with an ethanol series to distilled water. Slides
were placed in Gill’s hematoxylin (Fisher) for 20 minutes followed by 15 minutes in running tap

water. Slides were transferred to fast green (Fisher) for 10 minutes followed by 1 minute in 1%
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acetic acid. Slides were quickly rinsed with distilled water and then stained with Safranin-O
(Fisher) for 2 minutes. With quick dips, slides were dehydrated with a progressive ethanol series

to 100% ethanol after which they were cleared and mounted.

2.2.1.3 Prussian Blue

For the iron staining, adherent primary synovial cells were fixed in 4% paraformaldehyde
(PFA) at room temperature for 15 minutes after which the samples were washed 3 times in PBS.
The working solution (1:1 ratio of 20% hydrochloric acid and 10% potassium ferrocyanide) was
added to each well and left to rest for 20 minutes. Working solution was then removed and the
wells were rinsed three times with distilled water. Samples were then counterstained with nuclear

fast red for 5 minutes, washed twice in distilled water, and then covered with PBS.

2.2.1.4 Immunohistochemistry

The following primary antibodies were used: biotin-conjugated anti-mouse CD140a (also
known as PDGFRa; eBioscience) and biotin-conjugated anti-mouse Ly-6A/E (also known as
Sca-1; eBioscience).

Slides were deparaffinized and rehydrated with a decreasing ethanol series to distilled
water. Slides were then incubated with 20 pg/mL of proteinase K (Invitrogen) in distilled water
at 37 ° C for 15 minutes followed by 2 washes in distilled water, 2 minutes each. Endogenous
peroxidase was quenched by incubating cells with 0.3% hydrogen peroxide in methanol for 30
minutes at room temperature. Slides were rinsed with PBS for 5 minutes and then serum blocked
with 1% bovine serum albumin (BSA)/10% goat serum in PBS for at least 1 hour at room

temperature followed by a quick rinse in distilled water. To block endogenous biotin, sections
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were incubated with 10% (w/v) egg white (Sigma) mixture in water for 15 minutes at room
temperature. Sections were rinsed with tap water to ensure remnants of egg whites are all
removed. Sections were then treated with 5% (w/v) skim milk solution for 15 minutes at room
temperature followed by quick rinse in distilled water. Sections were transferred to 0.1% PBS-
Tween (PBS-T) for 5 minutes followed by a 30 minute incubation period in a humidity chamber
with the primary antibody (1:100 dilution in PBS-T) at 37°C. Post-incubation, slides were
washed 3 times in PBS-T following by a 20 minute incubation period at room temperature with
1:500 diluted streptavidin conjugated horse radish peroxidase (HRP; BD Pharmingen). After
washing 3 times with PBS-T, 3,3'-Diaminobenzidine (DAB; Sigma) was applied to each slide for
up to a maximum of 15 minutes. Exposure time was dependent on the primary antibody used.
Slides were given a quick rinse in distilled water and dehydrated, cleared, and mounted. Mouse
embryo at days post coitum (dpc) 15.5 was used as a positive control for PDGFRa and

periosteum was used as a positive control for Sca-1.

2.2.2 Isolating murine synovial cells

Mice were euthanized using University of Calgary Animal Research Ethics accepted
methods. The rear legs were removed, and the joint space was exposed. Using a dissecting
microscope, pieces of synovial tissue were dissected out from the joint and placed in a petri dish
containing PBS and 1% antibiotic-antimycotic (anti-anti; Gibco). Grooves/scratches were made
in the bottom of a 12 well plate with a scalpel to improve tissue transfer efficiency and to
promote tissue adherence. Tissue samples were transferred to empty 12 well plates and MSC
expansion media, consisting of DMEM/F-12 (Biowhittaker), 10% lot-selected fetal bovine serum

(Gibco), 1% non-essential amino acid (Gibco), 1% anti-anti (Gibco), and 0.2% beta-
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mercaptoethanol (Gibco), was added to each well. Cells were then incubated at 37° C in 2% O
and 5% CO». Media was changed every 2-3 days until outgrowth was observed from the tissue,
after which media changes were performed daily. When the cells localized around the tissue
have reached confluency, the tissue piece was removed and the cells were passaged into a T25

flask. Subsequent media changes occured every 2-3 days, or as required.

2.2.3 In vitro detection of Sca-1 expressing cells

Cells were harvested from SMs of C57 mice as described above. Cells were plated in 12
well plates and incubated overnight at 37 °C, 2% O». Sca-1 biotin conjugated primary antibody
was incubated with Biomag Streptavidin (BM568) beads (approximately 1.5 um diameter and
with a magnetite content (wt%) >90%) at 37 °C for 30 minutes. Cells were then incubated with
either magnetic beads alone or the mixture containing antibody-bead (Ab-bd) complexes, for 30
minutes. Amount of beads and antibody added was based on the binding capacity of the beads (1
mg of beads will bind to 9 ug of biotin as described by manufacturer) with the endpoint of using
1 ug of antibody per well. After the 30 minutes incubation period, cells were washed with PBS
three times and fixed with 4% paraformaldehyde (PFA; Sigma) for 15 minutes at room
temperature. Cells were then stained with Prussian blue and counterstained with nuclear fast red

as described above.

2.2.4 Sca-1 selection of cells

As soon as primary synovial cells at passage 1 reached 70%-80% confluency, Sca-1
positive selection was performed. Media was removed the T25 flask and cells were trypsinized

with 0.25% trypsin-EDTA (Gibco) until cells were seen to lift from the plate after which media
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was added to deactivate the trypsin. The cell suspension was then centrifuged for 5 minutes at
1000xg (Beckman, Model TJ-6). During this time, a working solution of BD IMAG buffer (BD
Biosciences) was produced by mixing 1 mL of BD IMAG Buffer (10x) with 9 mL of sterile
distilled water. The solution was kept on ice for the duration of the procedure. After
centrifugation, the supernatant was discarded and the cell pellet was resuspended in 1 ml of
diluted BD buffer. Five micro-litres of antibody was added to the cell suspension, then the
solution was vortexed on minimum setting, and placed on ice for 15 minutes after which cells
were centrifuge twice at 300xg for 10 minutes. After each spin, supernatant was removed and
cell pellet was resuspended in 1m mL of diluted BD buffer. When the last resuspension has been
completed, 5 uL of magnetic particles (Bangs Laboratories; BM568) was added. The suspension
was vortexed on a low setting and allowed to sit on ice for 15 minutes after which the mix was
transferred to a 5 ml vial and an additional 1 mL of buffer was added to the suspension. The cells
were placed in the sorting magnet (BD) for 7 minutes after which the liquid phase was removed

and remaining cells were plated in a T25 flask.

2.2.5 Tri-lineage (Adipo-, Osteo-, and Chondrogenic) Differentiation

For all three differentiation methods, a total of 10 000 cells/well/24well plate were used.
For chondrogenic and osteogenic differentiation, cells were seeded into the wells of a 24 well
plate using the hanging drop method. Briefly, cells were trypsinized and resuspended
accordingly to obtain the cell concentration of 50 000 cells/ mL. Using a repeat pipettor, “drops”
of cell suspension, each containing 20 uL (approximately 1000 cells), were plated onto the lid of
a 100 cm? petri dish. When sufficient number of drops had been plated, the lids were placed back

onto the dishes and incubated at 37 °C, 2% O overnight to generate micro-masses. The next day,
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1 ml of chondrogenic or osteogenic media was added to each well after which 10 drops of cell
suspension that were plated the previous day were added. For adipogenic differentiation, 10 000
cells were plated per well in a 24 well plate.

Cells were cultured with either MSC expansion media or differentiation media at 37 ° C
with 2% O with media changes performed every 2-3 days (as needed) for 21 days.
Adipogenic Differentiation
Differentiation media consisted of MSC culture media with 0.5 mM isobutylmethylxanthine, 1
uM dexamethasone, 10 uM insulin, 200 pM indomethacin (all Sigma).
Osteogenic Differentiation
Differentiation media consisted of MSC culture media with 0.1 uM dexamethasone and 50 pM
ascorbate-2-phosphate.
Chondrogenic Differentiation
Differentiation media consisted of SMPC culture media with 500 ng/mL BMP-2 (Peprotech,
Rocky Hill, NJ), 10 ng/mL TGF-B3 (Peprotech), 10 M dexamethasone (Sigma, St. Louis, MO),
50 pg/mL ascorbic acid (Sigma), 40 pg/mL proline (Invitrogen), 100 pg/mL pyruvate (Sigma)

and supplemented with insulin, transferrin, and selenium (Sigma).

2.3 RESULTS
2.3.1 PDGFRa. is universally expressed while Sca-1 is localized to the synovium

In order to characterize the mouse synovium, we performed immunohistochemical
analysis of mouse knee joints to determine the expression of markers PDGFRa and Sca-1.
Sections containing mouse embryo at days post coitum (dpc) 15.5 were used as positive controls

as the mesenchyme has been known to express PDGFRa "© while periosteum was used as the
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positive control for Sca-1. PDGFRa was found to be widely expressed in the joint environment
(Figure 2.1). PDGFRa expressing cells were observed within the synovium, cartilage, fat pad,
and meniscus. Sca-1 expression was observed to be more restricted within the joint. Sca-1
expression was localized to the synovium (Figure 2.2). Due to the broad expression of PDGFRa
within the joint, the marker was excluded from future experiments, as it would not meet our
criteria for being a marker for stem cell tracking. The remainder of the thesis will focus on Sca-1

positive cells only.

2.3.2 Sca-1 expressing cells are found in mouse synovium

To confirm the presence of Sca-1 expressing cells in synovium, primary mouse synovial
cells were harvested using the explant culture method. The cells were cultured in low O and at
the initial passages, were observed to be healthy i.e. did not display flattened, hypertrophic
morphology, but retained a small cell body with a few cell processes that are long and thin
(Figure 2.3A). Incubation of magnetic particles conjugated to anti-Sca-1 with the heterogeneous
population of cells for 30 minutes resulted in positive Prussian blue staining (Figure 2.3D),
indicating that iron was present on the cells. Incubation with magnetic particles alone for the
same duration did result in some level of non-specific binding; however, the level of binding was

noticeably lower than cells incubated with both antibody and magnetic particles.

2.3.3 Sca-1 purified synovial cells display tri-differentiation potential

To characterize the Sca-1 population of cells in the synovium, the heterogeneous
population of cells were purified for Sca-1 via magnetic sorting. The purified cells underwent a

tri-differentiation assay for 21 days. At the midpoint (1.5 weeks), cells were fixed and stained to
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Figure 2-1 Histological assessment of PDGFRa. Mouse embryo at dpc 15 (A-C) was used as
the positive control. Staining for PDGFRa was present in the mesenchyme (M) of the
embryo (B) but was absent in the negative control (C). In the mouse knee joint (E), staining
for PDGFRa was present in the synovium (S) as well as in the cartilage (C). Staining in the
knee joint was absent in the negative control (F). A hematoxylin and eosin stained embryo
(A) as well as a Safranin-O stained knee joint (D) are provided for reference.
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Figure 2-2 Histological assessment of Sca-1. Periosteum (A, B) was used as the positive
control. Positive staining is seen only in the cambium (Cm) layer and not in the fibrous (F)
layer of the periosteum. Staining is absent in the periosteum in the negative control (B). In
the knee joint (C), positive staining was seen in the synovium (S) but was not seen cartilage
(Cr). Staining was not seen in the knee joint of the negative control (D).
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Figure 2-3 Sca-1 expressing cells exist in mouse synovium. Primary cells isolated from
C57BL/6 mouse synovium (A) using the outgrowth method display healthy, rounded
morphology. Incubation with magnetic particles alone for 30 minutes resulted in minimal
unspecific labelling (B). Incubation with magnetically bound Sca-1 antibody for 30 minutes
revealed Sca-1 expressing cells, as detected by Prussian Blue stain (B) and counterstained

with nuclear fast red (C).
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assess progress of differentiation. Adipogenisis was assessed using Oil Red O stain (Figure 2.4).
Predictably, limited staining was observed at the midpoint (Figure 2.4C,D). Interestingly, at the
end of differentiation, differences between control and cells cultured in adipogenic media were
marginal (Figure 2.4E, F). Clusters of small red droplets were observed on the majority of cells
in both control and adipogenic wells though large oil droplets were observed more frequently in
the latter.

Cells undergoing osteogenic differentiation was assessed using alizarin red for
calcification detection (Figure 2.5). Unexpectedly, wells stained at the midpoint were observed
to contain higher number of mineralized nodules than wells stained at the end of differentiation.

Alcian blue was used to detect proteoglycan content in cells undergoing chondrogenesis.
At the midpoint of differentiation, blue staining was observed to localize only in the cell bodies
(Figure 2.6). Proteoglycan deposits were not observed in the extracellular matrix. Staining of the
matrix was only observed at the end of differentiation in cells undergoing chondrogenesis.
Contrary to the osteogenic and adipogenic wells, a clear difference was observed between
chondrogenic and control wells, the latter displaying a lack of staining in both matrix and cell

bodies.

2.4 DISCUSSION

Histological evaluation of PDGFRa and Sca-1 revealed that PDGFRa was widely
expressed in the joint environment while Sca-1 expression was localized to the synovium and fat
pad. As expression was not limited to stem/progenitor cell populations, PDGFRa could not be

used for stem cell tracking purposes. The finding was surprising due to the recent use of
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1.5 Week s Control (21 days)

21 Days

Figure 2-4 Adipogenic differentiation with C57BL/6 synovium derived Sca-1* cells. At the
end of 21 days, control wells (A, B) as well as experimental wells (E, F) contained oil
droplets as detected by Oil Red O. Experimental wells fixed at the midpoint of 21 days
contained fewer oil droplets (C, D).
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Control (21 days)

1.5 Weeks

Figure 2-5 Osteogenic differentiation with C57BL/6 synovium derived Sca-1* cells. At the
end of 21 days, both control (A, B) and experimental wells (E, F) contained nodules that
stained positive with Alizarin Red, indicative of calcium deposits. At the midpoint of 21
days (C, D), experimental wells seem to contain more nodules compared to wells at the end
of 21 days but nodules were smaller.
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Figure 2-6 Chondrogenic differentiation with C57BL/6 synovium derived Sca-1* cells. At
the end of 21 days, control wells (A, B) did not stain blue with Alcian blue. At the midpoint
of 21 days, cell bodies in the experimental wells (C, D) stained blue, indicative of
proteoglycan production. At the end of 21 days (E, F), proteoglycan deposits could be
detected although overall staining was low.
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PDGFRa as one of the positive markers for mouse MSCs, however, these studies remove cells
from the synovial tissue and then characterize the marker expression. Expression in the
surrounding tissues was not examined and so it is possible that PDGFRa is expressed on the
MSC population, but also on a wide range of other cell types present in the synovial joint. Earlier
studies using human synovium have reported that PDGFRa was expressed only in inflamed
synovium. Non-inflamed SM displayed little to no staining ™. As the mice used for histological
characterization were non-injured, it is still possible for the animals to have pre-existing
conditions that would cause inflammation of the synovium; however, this is unlikely. Another
possibility is that the antibody we have used is more specific to PDGFRa than previously
published studies. The APAS5 clone we are using is considered the state of the art in the field
(developed in 1996) and is the gold standard for publishing on PDGFRa (~8000 publications).
Nevertheless, our results suggest that PDGFRa alone cannot be used to identify a progenitor
population, therefore, PDGFRa was excluded from subsequent experiments.

Since Sca-1 was localized to the synovium and not observed in the cartilage, we next
decided to further characterize cells derived from the mouse synovium and investigate whether
Sca-1 was present on SM-derived progenitors. Traditionally, synovial tissue from humans and
animal such as dogs, rats, and rabbits have utilized various concentrations of collagenase to
enzymatically digest the tissue 2>#3°17273 Dye to the limited quantity of tissue in any given
mouse knee joint, we had decided to use explant culture instead to minimize cell damage and
death. Furthermore, explant culturing would select for cells that adhere to plastic. In order to
simulate physiological conditions, we decided to culture the cells in 2% O, ", In our
experiments, primary cells were collected from explant outgrowth of mouse synovial tissue and
cultured in hypoxic conditions, this resulted in rounded, fibroblast like cells.
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To confirm Sca-1 expressing cells in synovium, primary cells were incubated with anti-
Sca-1 bound to magnetic beads for 30 minutes. At this incubation period, non-specific binding
was minimal. The presence of Prussian blue stain was detected on most, but not all cells,
indicating, as expected that we had derived a heterogeneous population of synovial cells that
contained a sub-population of Sca-1 positive cells.

As Sca-1 is a known stem cell marker, we positively selected the primary cells using anti-
Sca-1 and tested the differentiation potential of the purified cells. Since one of the criteria for
MSC includes tri-lineage differentiation, we induced chondrogensis, adipogenesis, and
osteogeneis in our purified cells for 21 days. Alcian blue, oil red O, and alizarin red were used to
detect proteoglycan in chondrogenic wells, oil droplets in adipogenic wells, and calcium deposits
in osteogenic wells, respectively. At the end of 21 days, there were no observable differences
between control and adipogenic wells, which can be explained by our histological data
suggesting Sca-1 positive cells can reside within the fat pad and therefore, may have a bias
towards adipogenesis. For cells treated with osteogenic media, cells stained at 1.5 weeks seem to
display more mineralized nodules than those stained at 3 weeks. Despite displaying fewer
nodules, those found at the end of 3 weeks were larger than those at 1.5 weeks. This result may
be an effect of cell survival during differentiation. It was anecdotally observed that mouse Sca-1
progenitors were difficult to expand in culture and had to be kept at 2% O- to achieve sufficient
numbers for differentiation. It has also been published that osteogenic differentiation of
progenitors can lead to cell death °. The combination of difficult to culture cells with the
addition of stress (osteogenesis), may have lead to a net loss of cells undergoing osteogenesis
resulting in the decreased number of positive nodules. For cells treated with chondrogenic media,
cells stained at 1.5 weeks displayed localized staining in the cell body while cells stained at 3
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weeks displayed proteoglycan deposits not only at the cell body but in the matrix surrounding the
cells. Overall, our Sca-1 purified cells displayed weak differentiation potential suggesting that
not all Sca-1 expressing cells are progenitor cells. Positive staining, though weak, indicate that
though cell population is heterogeneous, a proportion of the cells are progenitors capable of
undergoing differentiation.

It is important to note that control wells had displayed spontaneous adipogenesis and
osteogenesis but no chondrogensis as assessed by histological staining. As control cells were
cultured in MSC growth media for the full 21 days without passaging, aging and spontaneous
differentiation can occur in the progenitor cells ', Furthermore, culturing MSCs in hypoxia has
been shown to increase proliferation 7, conserve stem cell state ', and increases in adipogenic
and osteogenic differentiation capacity ™.

In summary, we have shown here that within the uninjured mouse knee joint, PDGFRa is
widely expressed and therefore is not suitable for use as a marker for progenitor cells. Sca-1, on
the other hand, is found to localize in the synovium and fat pad but absent in the cartilage. We
have shown that within the synovium, there is a subset of Sca-1 expressing cells. Sca-1 purified
cells, as a whole, display weak tri-lineage potential. Positive staining, however, for
chondrogenesis, adipogenesis, and osteogenesis was present, indicating that the Sca-1 purified
cell population is heterogeneous in nature but do contain progenitor cells that can undergo

adipogenic, osteogenic, and more importantly for our purposes, chondrogenic differentiation.
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Chapter Three: Characterizing Endogenous Response to Cartilage Injury
3.1 BACKGROUND

In humans, endogenous cartilage repair is an ineffective process. If the defect is deep
enough to reach the marrow cavity, repair is minimal, with the repair tissue consisting of
fibrocartilage. Overall, fibrocartilage is inferior to hyaline cartilage with respect to robustness
since it is composed mainly of collagen type 1 instead of collagen type 2 8 and is not able to
withstand the same mechanical loading as the original hyaline cartilage surface. However, the
presence of stem cells in the joint environment (synovial membrane and fluid) that are able to
differentiate into chondrocytes suggests that an intrinsic repair mechanism may exist.

To study the natural mechanism of repair, the mouse strain MRL/MpJ (MRL) is of
particular interest due its ability to repair cartilage. In one study, intra-articular fracture was
induced in C57BL/6 mice (C57) and MRL mice and evaluated for post-traumatic arthritis 8. At 4
and 8 weeks, MRL mice appear to be protected from the morphological changes that occur in the
C57 mice in response to traumatic injury. Like patients afflicted with osteoarthritis, reduced bone
density and thickening of the subchondral bone was seen only in C57 mice. Furthermore, the
authors observed significant differences in cartilage degeneration in C57 mice when compared to
the contralateral limb, while degeneration was not statistically different in the experimental limb
of MRL mice compared to contralateral control limb. In a separate study, the authors induced
full thickness and partial thickness lesions in C57 and MRL mice and evaluated injury sites at 6
and 12 weeks *°. The authors observed that partial thickness lesions did not result in repair in
either strain. On the other hand, full thickness lesions resulted in significant repair in MRL mice

at both 6 and 12 week time points. Morphologically, the repair tissue contained chondrocytes and
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was comprised of proteoglycans and collagen. It is important to note that in both the Ward et al.
study and Fitzgerald study, only morphological changes were observed and no attempt was made
to elucidate the repair response at a cellular level.

The first attempt to investigate the cell types involved in the response was published in
2011. The authors induced joint surface injury in C57 animals and evaluated cellular response at
4, 8, and 12 days post injury “°. Using DNA label retention, the authors observed increased
proliferation, at 4 and 8 days, of slow-cycling cells in the synovium that stained negative for
hematopoietic markers but positive for MSC markers. At 12 days post injury, the authors
observed double-labelled cells that also expressed chondrogenic markers. However, the presence
of chondrogenic markers may indicate chondrogenic potential of these cells but whether these
cells would be able to terminally differentiate into chondrocytes is unclear. Due to the
heterogeneous population of cells that were labelled, the authors also cannot be certain whether
the double-labelled cells are all stem and/or progenitor cells of mesenchymal origin.
Furthermore, the study utilized C57 animals, which have previously been documented to have
poor repair capacity. To date, there has not been a study that characterized cellular response of
repair in MRL animals.

In our experiments, we set out to characterize early cellular response following an acute
injury using the markers Sca-1, c-kit, and F4/80. Stem cell antigen-1 (Sca-1) is a mouse specific
surface protein belonging to the Ly6 gene family and is expressed in HSCs as well as stem and
progenitor cells in a number of tissues and organs 2. In this study, Sca-1 will be used to identify
all undifferentiated progenitor cells while c-Kit will be used to selectively determine progenitors
of hematopoietic origin. The latter marker, a transmembrane receptor tyrosine kinase, is the
receptor for stem cell factor (SCF) also known as mast cell growth factor. Upon ligand binding,
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subsequent signal transduction leads to proliferation and differentiation of c-Kit expressing cells,
which includes hemtapoietic progenitors, mast cells, eosinophils and basophils, as well as
structural cells such as epithelial cells and umbilical endothelial cells 8384,

In addition to the above markers, macrophage marker F4/80 will also be used in our
histological analysis. Recent studies and reviews suggest that inflammation plays an important
role in degenerative joint diseases such as osteoarthritis &, In fact, it has been shown that
monocyte chemotactic protein-1, a chemokine that recruits progenitor cells to the site of injury as
well as inflammatory cells such as monocytes, can inhibit the chondrogenic capability of
synovial progenitor cells . Although our focus is on the ability of progenitor cells to repair
cartilage defects as oppose to the progressive deterioration in response to injury, inflammation is
an integral part of the wound healing process. In our study, we will be analyzing F4/80 at various
time points after injury to characterize the interaction between macrophages and progenitor cells.

With regards to assessing cartilage integrity and joint anatomy in response to injury, the
use of magnetic resonance imaging (MRI) for cartilage evaluation has been and continues to be
intensely researched. Compared to X-ray, MRI is ideal due to its ability to visualize not only
cartilage but also the surrounding tissues in the joint. The use of MRI in rodent cartilage repair
studies, however, remains limited. Preclinical studies involving focal cartilage repair often utilize
large animal models such as rabbits, sheeps, dogs, pigs, etc. Murine models are underutilized due
to the gross size of the joint, and also the cartilage thickness. Rodent cartilage is only a few cells
thick and thus correlating mechanisms of degeneration and/or repair in rodents to that of humans
is difficult 4.

Despite these potential biological limitations/differences, the wide spectrum of genetic
tools that are available in mice makes the use of this animal model ideal to study complex
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systems. In recent years, the use of mouse models has led to the development of various murine
cartilage injury models 88, Along with these new animal models, new cartilage grading systems
have also been developed. Of interest to this project is the ability to grade cartilage repair in
mice. In our experiments, we used a previously published scoring system to histologically
evaluate the level of repair *°. Briefly, the grading scheme involves evaluating the joint based on
various weighted categories and the combined score for each section is used to assess the level of
repair. While there are other mouse cartilage scoring systems available, the grading scheme used
in this study was the only previously published grading scheme that focused on repair of
cartilage injury as oppose to the level of joint deterioration in mouse models of OA.

While longitudinal studies regarding cartilage repair have been undertaken on patients
and in larger animal models, a method has yet to be developed that will allow for mouse cartilage
to be repeatedly and non-invasively evaluated over time. In this study, we sought to first develop
an MRI protocol that will allow non-invasive, morphological evaluation of cartilage repair.
Furthermore, adapting a previously published protocol for mouse model of focal cartilage defect

8, we set out to characterize early cellular response of cartilage repair in MRL and C57 mice.

3.2 MATERIALS AND METHODS

All animal experiments were done in accordance to the standards of the research ethics

committee at the University of Calgary.

3.2.1 Creating surgical apparatus- stopped needle

A custom made stopped needle was used to induce the cartilage defect. Similar to the

needle described by Eltawil et al. (2009), a stopper in the form of a bead was made from Apoxie
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Sculpt® and placed on a 26 gauge (26G) needle such that approximately 1.45 mm of the tip was
exposed (Figure 2). The bead was cured by drying overnight at room temperature after which the
bead was secured to the needle with Krazy glue®. Excess glue was used such that when placing
the needle in an upright position, the extra liquid will collect at the bottom of the bead. When this
buildup of liquid dries, it functioned as a secondary stopper for the bead itself. It should be noted
that from preliminary experiments (data not shown), that the size of the stopper bead does not

influence the ability of the tool to induce a cartilage defect.

3.2.2 Inducing cartilage defect

Mice were anaesthetized with isoflurane (2.5L/min) for the duration of the surgery. The
hair around the knee joint was clipped followed by swabbing of the surgical area with betadine.
A small skin incision on the medial side of the left knee was made to expose the patella and the
associated tendon. Keeping the knee extended, the tip of a custom-made 26G stopped needle was
inserted under the patella tendon from the medial side and aimed towards the femur. Pressure
was applied with a twisting motion until the tissue was at the hilt of the stopper. The resistance
upon withdrawing the needle and the sight of bleeding indicated that the needle had successfully
penetrated into the subchondral bone. Sterile gauze was used to blot excessive bleeding and the
incision was closed using wound clips. The surgical area was then swabbed with gentamycin to
prevent infection. Animals received buprenorphine (0.05 mg/kg) at the conclusion of the surgery

as well as the day after for pain management.
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3.2.3 Experimental outline

Focal cartilage defects were induced in the left knee of 4-6 week old mice (n=3 per
timepoint, per strain) using a 26 gauge stopped needle, a technique previously described and
validated °. Injuries were induced in the first group of animals, which were allocated for t=0
timepoint (euthanized immediately after injury), while remaining animals were euthanized 2 and
4 weeks post-injury. Both legs were dissected out and fixed with 10% neutralized buffer

formalin.

3.2.4 Magnetic Resonance Imaging (MRI)

Wooden splints were attached to dissected and fixed leg samples using silk sutures and
the splinted sample was placed inside a 15 ml falcon tube [APPENDIX FIG]. Additional wooden
supports were strategically placed in the tube such that the sample was fixed, centred and knee
was as close to the inner surface of the tube as possible without being compressed. The tube was
then filled with Fluorinert (3M) and care was taken to minimize air bubbles. Samples were
imaged ex vivo using a 9.4 T magnet and a surface cryocoil. A proton density weighted, four-
segment Rapid Acquisition with Relaxation Enhancement (RARE) sequence was used with the
following parameters: RARE factor = 4, Repetition time = 2000 ms, echo time = 9.346 ms, FOV
=1.92 cm, slice thickness = 0.25 mm, matrix = 256 x 256. Once imaged, samples were
processed, embedded into paraffin wax, and sectioned at 7 um thickness. Sections were stained

with Safranin-O and graded using a scoring matrix previously described °°.
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3.2.5 Characterizing defect size by image analysis

Tip to bead distance on the surgical apparatus was measured using calipers. To measure
defect size in an MRI scan, pixel size was calculated to be 75 um x 75 um with a slice thickness
of 250 um. MRI scan section was saved as a DICOM (.dcm extension) file and subsequently
opened with ImageJ. Under image > properties, unit of length was set to um, pixel width and
depth were set to 75 um, and voxel depth was set to 250 um. The defect was measured using the
straight line tool, where the length of the drawn line was given. To measure the defect size in the
corresponding histological image, the .TIF file containing a scale bar was opened with ImageJ.
Using the straight line tool, a line is drawn to the length of the scale bar. Under analyze - set
scale, length of scale bar and the unit of length was inputted into known distance and the box
next to ‘global selection’ was selected. The defect was measured using the straight line tool

where length of the line drawn was now presented in the unit of measurement (length) inputted.

3.2.6 Histological Analysis
3.2.6.1 Decalcification

Legs were fixed for 3 days in 10% neutral buffered formalin (NBF; Sigma) after which
tissue samples were washed with water. For the first week of decalcification, legs were
submerged in 10% EDTA (in double distilled water, pH 7.4; Sigma) and solution was changed
every day. After the first week, solution was changed once per week for the second and third
week. After decalcification was completed, samples are washed with water and underwent tissue

processing and embedding. Paraffin-embedded tissue blocks were sectioned at 7 um.
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3.2.6.2 Safranin-O/Fast-green

Slides were deparaffinized and rehydrated with a 100% ethanol to 100% distilled water
series of wash steps. Slides were placed in Gill’s hematoxylin (Fisher) for 20 minutes followed
by 15 minutes in running tap water. Slides were transferred to fast green (Fisher) for 10 minutes
followed by 1 minute in 1% acetic acid. Slides were then quickly rinsed with distilled water and
stained with Safranin-O (Fisher) for 2 minutes. With quick dips, slides were dehydrated with a

progressive ethanol series to 100% ethanol after which they were cleared and mounted.

3.2.6.3 Immunohistochemistry

The following primary antibodies were used: biotin-conjugated anti-mouse CD140a (also
known as PDGFRa; eBioscience), biotin-conjugated anti-F4/80 (eBioscience) and biotin-
conjugated anti-mouse Ly-6A/E (also known as Sca-1; eBioscience).

Slides were deparaffinized and rehydrated with a decreasing ethanol series to distilled
water. Slides were then incubated with 20 pg/mL of proteinase K (Invitrogen) in distilled water
at 37 ° C for 15 minutes followed by 2 washes in distilled water, 2 minutes each. Endogenous
peroxidase was quenched by incubating cells with 0.3% hydrogen peroxide in methanol for 30
minutes at room temperature. Slides were then rinsed with PBS for 5 minutes and then blocked
with 1% bovine serum albumin (BSA)/10% goat serum in PBS for at least 1 hour at room
temperature followed by a quick rinse in distilled water. To block endogenous biotin, sections
were incubated with 10% (w/v) egg white (Sigma) mixture in water for 15 minutes at room
temperature. Sections were rinsed with tap water to ensure remnants of egg whites were
removed, then treated with 5% (w/v) skim milk solution for 15 minutes at room temperature

followed by a quick rinse in distilled water. Sections were transferred to 0.1% PBS-Tween (PBS-
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T) for 5 minutes followed by a 30 minute incubation period in a humidity chamber with the
primary antibody (1:100 dilution in PBS-T) at 37°C. Post-incubation, slides were washed 3 times
in PBS-T following by a 20 minute incubation period at room temperature with 1:500 diluted
streptavidin conjugated horse radish peroxidase (HRP; BD Pharmingen). After washing 3 times
with PBS-T, 3,3'-Diaminobenzidine (DAB; Sigma) was applied to each slide for up to a
maximum of 15 minutes. Exposure time was dependent on the primary antibody used. Slides

were given a quick rinse in distilled water then dehydrated, cleared, and mounted.

3.2.7 Cartilage grading

Cartilage repair was histologically graded in blinded evaluations using a previously
published scoring system °°. The five weighted categories each section was assessed include the
following: cell morphology (0-4), matrix staining (0-3), surface regularity (0-3), thickness of
cartilage (0-2), and integration with native cartilage (0-2). For each sample, only the lowest score
was considered to ensure we evaluated repair at the centre of the defect as oppose to the edges of

the injury.

3.3 RESULTS
3.3.1 Characterization of defect with MR and histology.

Defects induced using 26G needles were characterized using MRI and histology and
compared with the measurements of the surgical device itself. The external diameter of the
needle, as provided by the manufacturer BD biosciences, is 0.45 mm (450 um). The length from
the tip of the needle to the edge of stopper is approximately 1.45 mm (1450 um) as measured

using calipers. Analysis using imaging software, ImageJ, the diameter of defect seenin a
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disarticulated injured femur (Figure 3.1) was measured to be approximately 0.516 mm x 0.5844
mm. The MRI scan of an injured defect 2 weeks post injury revealed a defect that was
approximately 375 pm in diameter and 1125 pum in length. ImageJ analysis with the stained
section of the same animal that was MRI imaged, revealed a defect opening of approximately
441.7 um. Overall, measurements from the disarticulated joint, MRI scan, and histology suggests

that the defects can be visualized by MRI.

3.3.2 Defects can be visualized with MRI up to 4 weeks post-injury in both strains

At endpoints 0, 2, and 4 weeks post-injury, animals were euthanized, legs were imaged ex
vivo using MR, and processed for histology. Side by side comparisons show that the focal injury
can be visualized up to 4 weeks in both C57 (Figure 3.2) and MRL mice (Figure 3.3). MRI scans
for both strains at timepoint 0 display hyperintense signaling which appears to decrease with
time. Furthermore, hypointense signaling increases in the patella and striations can be observed
in localized areas. At the two week time points, proteoglycan staining was not present in the
defect area, as assessed by Safranin-O (Figure 3.2 & 3.3). Furthermore, the defect area displayed
hyperintense signal while areas with proteoglycan staining were hypointense as assessed by MRI
(Figure 3.4). However, it appears that proteoglycan content does not directly correlate with
signal intensity. In one of the MRL animals, hypotintense signaling was not present in the

corresponding MRI scan in areas where proteoglycan staining in the patellar tendon was present.

3.3.3 MRL/MpJ mice display superior repair compared to C57BL/6 mice

Histological analysis of the joints using Safranin-O reveal cartilage defects in MRL mice

display superior repair compared to C57 mice (Figure 3.5). At four weeks, total joint
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Figure 3-1 Characterization of defect. A 26G stopped needle (A) was created to induce
focal defects in mice. The surgical apparatus as a diameter of 45 um and a bead-to-needle
tip distance of approximately 1450 um. To confirm injury, the injured leg was
disarticulated and india ink was used to increase contrast for visualization of defect (B),
which is seen in the yellow box. When defect size was measured from the MRI scans (C),
the defect measurements were 375 um in diameter and 1125 um in length. The yellow lines
on the MRI scan indicate the dimentions in which the measurements were taken. Sample
scanned in the MRI was also analyzed histologically (D) and the defect opening, as
indicated by the yellow line, was measured to be 441.7 pm.
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Figure 3-2 MRI evaluation of cartilage defect in C57BL/6 mice at 0, 2, and 4 weeks post-
injury. Evidence of a defect, as indicated in the yellow box, can be seen at each time point
in the MRI as well as in the corresponding Safranin-O stained sections.
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Figure 3-3 MRI evaluation of cartilage defect in MRL/MpJ mice at 0, 2, and 4 weeks post-
injury. Evidence of a defect, as indicated in the yellow box, can be seen at each time point
in the MRI as well as in the corresponding Safranin-O stained sections.
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Figure 3-4 Correlation of signal intensity with histology. In both strains, repair tissue is
observed to be hypointense when proteoglycan production has begun (red arrows). Areas
with lack of proteoglycans are observed to display higher signal intensity (yellow arrows),
which can be due to the magic angle effect or due to increased fluid content. Areas of low
signal intensity do not always correlate with proteoglycan content. Low signal intensity can
be seen in a region of the patella (purple arrow) where proteoglycan content, as assessed by
Safranin-O, is low.

60



morphology seem to be better preserved in MRL mice compared to C57 animals. Blinded
cartilage grading was done according to according to a previously published scoring protocol
show that at four weeks post-injury, there was a significant difference between MRL and C57
(Figure 3.6) repair *°. With healthy joints scoring a maximum score of 14, mean histological
score 4 weeks post injury for C57 were of 4.818 (SD= 1.537, SE=0.4635) and 7 (SD=1.323,
SE=0.4410) for MRL. Un-paired student’s t-test revealed a p value of 0.0035 where significance

was defined as p < 0.05.

3.3.4 C57 mice display extensive infiltration by various cell types into injury site

To assess the presence of various cell types, immunohistochemistry was performed using
antibody against Sca-1 (mesenchymal and hematopoietic stem cell marker), F4/80 (macrophage
marker), and c-kit (hematopoietic stem cell marker). Sca-1 staining was observed to localize at
the articular surface as well the defect at 2 and 4 weeks post injury (Figure 3.7). Sca-1 staining
was also seen in the patella adjacent to the defect at two weeks but is absent at four weeks. F4/80
staining was weakly localized at the defect at 0 weeks (Figure 3.8). At 2 and 4 weeks post injury,

F4/80 staining was observed in the defect as well as patellar
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Figure 3-5 Comparison of total joint morphology in the poorest healers at 4 weeks post
injury. Level of repair was assessed by blinded cartilage grading. In both MRI and
histology, the C57 sample displayed extensive changes in tissue morphology, especially at
the patella tendon. A diminished growth plate as well as the loss of proteoglycan content in
the surrounding articular cartilage are also seen in the C57 sample. In contrast, the MRL
sample display a robust growth plate and no gross changes in patella tendon morphology.
Proteoglycan content in the cartilage surrounding the defect is also diminished in the MRL
sample.
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Figure 3-6 Statistical analysis of cartilage gradings at 4 weeks post injury in both C57 and
MRL mice. MRL mice display significantly superior repair compared to C57 animals.
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Figure 3-7 Sca-1 analysis during early cartilage repair in C57BL/6 mice at 0, 2 and 4 weeks post surgery. Defects are indicated
in the yellow boxes. Sca-1, a marker for undifferentiated cells, is strongly localized in the defects at both 2 and 4 weeks. P-
patella; C- cartilage. See appendix for positive and negative controls for Sca-1 staining.

64



0 weeks 2 weeks 4 weeks
Non-Injured post-surgery  post-surgery post-surgery

e

Safranin-O

F4/80

Figure 3-8 F4/80 analysis during early cartilage repair in C57BL/6 mice at 0, 2 and 4 weeks post surgery. Defects are indicated
in the yellow boxes. F4/80, a macrophage marker can be seen at 0 weeks but is strongly localized in the defects at both 2 and 4
weeks. P- patella; C- cartilage; M-marrow. See appendix for positive and negative controls for F4/80 staining.
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Figure 3-9 C-Kit analysis during early cartilage repair in C57BL/6 mice at 0, 2 and 4 weeks post surgery. Defects are indicated
in the yellow boxes. C-kit, a marker for cells of hematopoietic origin, can be seen to localize to the defect only at 4 weeks. P-
patella; C- cartilage. See appendix for positive and negative controls for c-Kit staining.
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surface adjacent to the injury. Unlike the other two markers, c-kit was found in the defect and

adjacent patellar surface only at 4 weeks post-injury (Figure 3.9).

3.3.5 MRL mice display minimal cell infiltration into defect site

Unlike C57 mice, immunohistochemical assessment revealed an absence of Sca-1 (Figure
3.10) and c-Kit staining (Figure 3.12) in the defect at both 2 and 4 weeks post injury. F4/80
staining, on the other hand, were detected in the repair tissue and in the adjacent patellar surface
at 2 weeks post injury (Figure 3.11). At four weeks, F4/80 staining was absent in the defect but

was still present in cells at the patellar surface.

3.4 DISCUSSION

Here, we show MRI can be used to visualize our joint injury model. The scan parameters
used in the experiments were chosen to optimize for clear visualization of the mouse knee joint.
While the injury was clearly visible, defect size as measured on the MRI was smaller compared
to the measurements of the needle as well as the measurements generated from the histological
sections. Taken together, we concluded that the injury model utilized in our study could be
monitored ex vivo with MRI for gross changes in anatomy though assessing incremental changes
would be difficult due to the resolution limit.

Having established and validated an injury model, we set out to characterize the healing
process following a focal cartilage injury in both C57 and MRL mice. It was evident that defects
could still be visualized for up to 4 weeks post injury. In defects generated in both strains,

proteoglycans were observed in the repair tissue as assessed by Safranin-O. Furthermore, the
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Figure 3-10 Sca-1 analysis during early cartilage repair in MRL/MpJ mice at 0, 2 and 4 weeks post surgery. Defects are
indicated in the yellow boxes. Sca-1, a marker for undifferentiated cells, is absent all time points. P- patella; C- cartilage. See
appendix for positive and negative controls for Sca-1 staining.
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Figure 3-11 F4/80 analysis during early cartilage repair in MRL/MpJ mice at 0, 2 and 4 weeks post surgery. Defects are
indicated in the yellow boxes. F4/80, a macrophage marker, is present at only 2 weeks. P- patella; C- cartilage. See appendix
for positive and negative controls for F4/80 staining.
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Figure 3-12 C-Kit analysis during early cartilage repair in MRL/MpJ mice at 0, 2 and 4 weeks post surgery. Defects are
indicated in the yellow boxes. C-Kit, a marker for cells of hemtopoeitc origin, is absent all time points. P- patella; C- cartilage.
See appendix for positive and negative controls for c-Kit staining.
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repair area displays hypotense signalling while adjacent areas without proteoglycan appear
hyperintense. Defects that appear to be undergoing some level of repair, yet did not produce
proteoglycans, displayed increased signal intensity compared to adjacent areas that contained
proteoglycans content. One possible explanation for the increase in signal intensity can be due to
a phenomenon, called the “magic angle effect” that mostly affects structures containing parallel
collagen fibres when using imaging sequences with short TE °%°1, Ligamentous tissue usually
appear with low signal intensity but when collagen fibers are at the magic angle of 55° to the
magnetic field of the magnet, T2 relaxation times, i.e. the time it takes to reach phase
incoherence and therefore loss of signal, is extended and signal intensity increases. The magic
angle effect can be eliminated when imaging with a longer TE. For future experiments, an
additional scan with a longer TE should be included to ensure increase in signal intensity is due
to a structural feature of the tissue as oppose to an artefact %.

The cause due to increase in signal intensity seen in Figure 3.5, however, is unclear. It
has been documented that though the magic angle effect most often affects structures with
parallel collagen fibers, disorganized fibers could still induce the effect °X. An alternative
hypothesis could be that as the MR images are proton-density weighted, increase in signal
intensity is associated with increases in the number of hydrogen atoms. A localized increase in
fluid content may also induce increase in signal intensity. Though the exact cause of the
hyperintense signal is unclear, it is apparent that the MR images provide insight on the
structural/architectural integrity of the tissue, e.g. collagen fiber orientation or fluid content, that
IS not apparent in histology.

In both strains, we observed hypointense signaling in the patella and its associated tendon
while striations were seen in load bearing areas. These findings have been documented before in

71



humans and have been associated with areas of high collagen and high proteoglycan content °. In
contrast to the findings of Foster et al., we have observed that signal intensity does not always
correlate with high proteoglycan content. Comparing the histology with the corresponding MRI
scan, we have also observed that hypointense signaling in the patella and tendon occurs despite
low levels of Safranin-O staining. Nevertheless, our data suggests that ex vivo MRI can reveal
structural and morphological changes in the joint in response to injury that is not evident in
histology.

In addition to Safranin-O staining, we performed immunohistological analysis to
determine the various cell types recruited to the defect in response to injury. In C57 animals, the
stem cell marker, Sca-1, could be detected in the defects at both 2 and 4 weeks but hematopoietic
stem/progenitor cells marker, c-kit, could only be detected at 4 weeks, suggesting that the initial
infiltration of progenitor cells are not of hematopoietic origin. Detection of macrophages at both
time points suggests an early and chronic involvement of the immune system. In MRL animals,
however, both Sca-1 and c-kit were not detectable at 2 and 4 week time points while F480 was
only detected at 2 weeks post-injury. A possible explanation could be that the presence of c-kit
expressing cells are dependent on the presence of the initial progenitor (mesenchymal) cell
population, Sca-1*/c-kit cells. Noticeably, lack of macrophage detection at 4 weeks suggests that
the immune reaction in response to injury is transient in MRL mice but potentially chronic in
C57 mice. This is potentially interesting, since similar results have be demonstrated in OA joints
93_

In hematopoietic stem cells (HSCs), expression of Sca-1 is downregulated as HSCs
differentiate into blood/immune system progenitor cells 8. The poor cartilage repair observed
within C57 mice may also be a result of early and prolonged recruitment of progenitor cells to
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the defect, coupled with a joint micro environment that does not permit these cells to
differentiate and repair the injury. A possible explanation for the lack of stem/progenitor markers
in MRL is that recruitment of progenitor cells occur earlier than the 2 week time point. Previous
studies have also documented the transient expression of Sca-1 in response to injury. In one
study involving skin wound repair, the authors found that Sca-1* cells increased from 2.7% in
unwounded skin to 11% seven days post injury but decreased to 4.8% at fourteen days post
injury %,

Our histological data also supports the findings by Kurth et al. (2011) in that Sca-1
staining can be seen in C57 defects at 2 weeks post-surgery, indicative of migration of progenitor
cells to the injury site. Absence of c-Kit staining at 2 weeks suggests progenitors in the defect are
not of hematopoietic origin. Our analysis, however, also challenges the authors’ conclusion that
MSCs differentiate in the injury site. The authors found the engrafted cells expressed Sox9 and
type 2 collagen, but our results suggests that C57 mice display prolonged Sca-1 expression up to
4 weeks post-surgery, indicative that the cells localized at the defect are still progenitors and
have not differentiated. While it is possible that a subset of these cells may express chondrogenic
markers, there is no direct evidence that terminal differentiation into chondrocytes has occurred
based on morphological & histological assessment. Further supporting this notion is that at 4
weeks post-surgery, C57 animals display significantly less cartilage repair than MRL mice
despite extensive and intense Sca-1 staining in the defect. Further studies will be required to

determine the mechanism behind MRL animals’ superior ability to repair cartilage injury.
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Chapter Four: Evaluating the role of exogenous synovial progenitor cells in a cartilage
injury model system

4.1 BACKGROUND

The discovery of MSCs in the synovium lead to widespread characterization of MSCs
from different tissue sources. Studies have shown that MSCs isolated from varying tissues have
distinctly different cellular phenotypes. Synovium derived MSCs have been widely documented
to display superior chondrogenic potential compared to either adipose derived MSCs or bone
marrow derived MSCs. With regards to cell based cartilage repair, however, bone marrow and
adipose derived MSCs have been the most common cell types used, with the bone marrow
derived MSCs being approved for human cartilage repair clinical trials %.

MSCs have been shown to secrete soluble factors that regulate apoptosis, angiogenesis,
and cell homing, among other cellular processes ®. This cell type also has been demonstrated to
have the ability to migrate to sites of injury °’. Previous studies on MSC transplantation have
observed that while injection of bone marrow derived MSCs seems to attenuate the progression
of joint destruction, cellular engraftment was seen at both the cartilage surface and interior zones
of the new repair tissue, suggesting that MSCs may contribute to repair via engraftment and
differentiation into the cell types required to replace the missing/damaged tissue. During separate
engraftment experiments, however, injected cells localized and integrated into the various joint
tissues e.g. fat pad, synovial lining “°, suggesting that widespread integration in an injured joint
implies engraftment can be non-specific.

With respect to cartilage repair, numerous studies have investigated the effect of intra-

articular injection of MSCs on various animal models 44¢%, While a protective effect has been
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observed, the mechanism underlying the effect is still unclear. Furthermore, the majority of the
studies investigating the MSC repair of cartilage utilize bone marrow or adipose derived MSCs
as the cell source. The role of exogenous synovium derived MSCs in repairing cartilage in a
murine mouse model has not been previously studied.

In one particular study, the authors were investigating whether bone marrow derived
MSCs from MRL mice were superior in slowing down post traumatic arthritis compared to bone
marrow derived MSCs from C57 mice. The authors had observed a protective effect but there
was no difference between which mouse strain the MSCs where derived from. The authors also
observed engraftment of a small subset of cells into the injury site 5. Due to the increased ability
of the MRL mice to repair cartilage, the lack of difference observed between MRL and C57
MSC repair capacity in vivo is surprising. It may be possible, however, that synovial cells from
MRL mice may demonstrate increase cartilage repair capacity compared to C57 cells, since
synovial stem/progenitor cells have increased in vitro chondrogenic capacity when compared to
bone marrow stem/progenitors. Therefore, the objective of this study is to determine if
exogenous synovial progenitors migrate to the site of focal cartilage injury similar to bone
marrow derived MSCs and furthermore, if synovial progenitors isolated from MRL mice are

superior to those isolated from C57 mice in contributing to cartilage repair.

4.2 MATERIALS AND METHODS

4.2.1 Isolating murine synovial cells

Eight male mice were euthanized, legs were removed, and the joint space was opened.

Using a dissecting microscope, synovial tissue was dissected out from the joint and placed in a
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petri dish containing PBS and 1% anti-anti (Gibco). Grooves were made along the bottom of a
12 well plate with a scalpel to improve tissue transfer efficiency and to promote tissue adherence.
Tissue samples were transferred to the empty 12 well plate and MSC expansion media,
consisting of DMEM/F-12 (Biowhittaker), 10% lot-selected fetal bovine serum (Gibco), 1% non-
essential amino acid (Gibco), 1% anti-anti (Gibco), and 0.2% beta-mercaptoethanol (Gibco), was
added to each well. Cells were then incubated at 37° C in 2% O and 5% CO.. Media was
changed every 2-3 days until outgrowth was observed after which, media was changed daily.
When cells localized around the tissue had reached confluency, the tissue piece was removed and
the cells were passaged and transferred to a T25 flask. Subsequent media changes occured every

2-3 days.

4.2.2 Sca-1 Selection of cells

Media was removed and cells were trypsinized with 0.25% trypsin-EDTA (Gibco) until
cells were seen to lift from the plate after which media was added to deactivate the trypsin. Cell
suspension was then centrifuged for 5 minutes (Beckman, Model TJ-6). During this time, a
working solution of BD IMAG buffer (BD Biosciences) was produced by mixing 1 mL of BD
IMAG Buffer (100x) with 9 mL of sterile distilled water. Diluted BD buffer solution was kept on
ice for the duration of the procedure. After centrifugation, supernatant was discarded and the cell
pellet was resuspended in 1 ml of diluted BD buffer. 5 pL of antibody was added to the cell
suspension, vortexed on minimum setting, and placed on ice for 15 minutes after which cells
were centrifuge twice at 300 G for 10 minutes. After each spin, supernatant was removed and
cell pellet was resuspended in 1m mL of diluted BD buffer. When the last resuspension has been

completed, 5 puL of magnetic particles (Bangs Laboratories; BM568) was added. Cell suspension
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was vortexed on low setting and allowed to sit on ice for 15 minutes after which the mix was
transferred to a 5 ml vial and an additional 1 mL of buffer was added to the suspension. Cells
were placed in the sorting magnet for 7 minutes after which liquid was removed and cells were

plated in a T25 flask.

4.2.3 GFP Lentiviral Transduction

GFP lentivirus was generously given by Dr. Jeff Biernaskie and Eko Raharjo. At passage
2, Sca-1 purified synovial cells are incubated with the following mix overnight (~12hrs) at 37 °C
at 2% O2: 5 mL MSC expansion media, 5 pL GFP lentivirus, and 2 pL of Polybrene (8 pg/mL,
Sigma). Media was changed the following day.

To assess transduction efficiency, one confluent T25 flask of purified Sca-1 synovial
derived cells were split into two T25 flasks. Once adherent, cells in one of the flasks underwent
GFP lentiviral transduction while cells in the second flask remained unlabelled. Cells in both
flasks were expanded until passage 4 where GFP expression would be visually detected under a
microscope. Proper consideration was taken to ensure both flasks contained approximately the
same number of cells. When flasks were confluent at passage 4, cells were trypsinized and
subsequently centrifuged for 5 minutes. Cell pellets were resuspended in 4% PFA at room
temperature for 15 minutes after which cells were centrifuged for 5 minutes at 300 G.
Supernatant containing the PFA was removed and the cells were resuspended in sterile PBS.
Centrifugation at 300 G for 5 minutes was repeated two more times where each time, pellets
were resuspended in PBS. After the final wash, cell suspensions were stored at 4 °C until they

were to be counted using a flow cytometer. A total of 10 000 events were counted.
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4.2.4 Toxicity Assay

Approximately 2000 C57 Sca-1"-GFP* synovial cells at passage 4 were plated for each
well of a 96 well up to a total of 6 wells. Cells were incubated overnight at 37 °C with 2% O to
ensure adherence. Media was removed the next from each well and cold media was added to
each well. Cells either received a treatment of 10% dimethyl sulfoxide (DMSO), media, or
underwent Sca-1 selection. For the selection, cells were incubated with 3 pl of biotin-conjugated
anti-mouse Ly-6A/E (also known as Sca-1; eBioscience) for 15 minutes on ice after which 3 pl
of BioMag Streptavidin beads (BM568, Bangs Laboratories) was added for 15 minutes on ice.
For positive control, cells were incubated with 10% DMSO for 30 minutes on ice. After the
incubation period, wells were washed 3 times with sterile PBS and new media was added. Cell
death was assessed at 0 and 48 hours using ethidium homodimer-1 (EthD-1;Molecular Probe).

Fluorescence was analyzed using the InCell 2000 (GE).

4.2.5 Receptor Internalization

Sca-1* synovial cells from C57 mice (passage = 4) and BioMag Streptavidin beads were
used in the following experiment. The experiment was run in quadruplicate.

Cells were inactivated with mitomycin C for 1-1.5 hours at 37 °C and 2% O- to inhibit
proliferation. Cells were then trypsinized, spun down, and resuspended in expansion media.
Initial cell count was taken using Trypan blue and cell concentration was adjusted such that a
density 20 000- 50 000 cells per well in a 12 well plate could plated. Cells were then incubated
overnight at 37 °C and 2% O. In the following day, antibody and bead incubated together for 30

minutes after which the antibody-bead (Ab-Bd) complex was magnetically pulled/sorted out. A
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master mix of 0.5 pg of biotin-conjugated anti-mouse Ly-6A/E and 55.56 pg of streptavidin-
bound beads were used. The Ab-Bd complexes were then washed with PBS x 3 times and
resuspended in 200 pL of media. Ab-Bd was added to appropriate wells and incubated for 30
minutes. At the end of 30 minutes, media from the wells were removed and cells were washed 5
times with PBS. Additional 2 ml of expansion media was added to each well. At 30 min, 3, 6,
and 9 hour, cells were trysinized for 5 minutes. Cells were centrifuged and resuspended in media.
Cell mixture was then magnetically sorted for 5 minutes after which the media was removed and
sorted cells were resuspended with 100 uL PBS. Cells were then counted using a Multisizer 3

Coulter Counter (Beckman Coulter).

4.2.6 Animal experimental outline

All animal experiments were done in accordance to the standards of the research ethics
committee at the University of Calgary.

Intra-articular injections of either Sca-1*-GFP* C57 synovial cells, Sca-1*-GFP* MRL
synovial cells, or sterile PBS were performed on male C57 mice, aged 4-6 weeks. For controls,
intra-articular injections of Sca-1"-GFP* C57 synovial cells were performed on 2 male C57
animals. In vivo MRI scanning was done on one mouse immediately post-injection while the
other mouse was imaged 24 hours post-injection. After imaging was done, both animals were
euthanized and legs were dissected out, fixed in 10% neutral buffered formalin, underwent
decalcification by RDO [Sigma], and processed for histological analysis.

In experimental animals, focal cartilage defects were induced in the left knee 24 hours

post-injection using a 26G stopped needle. Each treatment consisted of 5 animals, n=2 for the 2
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week time point and n=3 for the 4 week time point. In the latter group, 2 out of 3 mice were
assessed by MRI. Animals underwent in vivo imaging at 1 hour post intra-articular injection, 1
hour post surgical induction of focal cartilage injury, 2 weeks post injury, and at 4 weeks post
injury after which they were euthanized. For animals that were not imaged, they were euthanized
by cervical dislocation at the end of either 2 or 4 weeks post-injury. Legs were then dissected out

and processed for histological analysis.

4.2.7 Injection Apparatus

The injection apparatus (APPENDIX FIG) used for knee joints was developed by Dr.
Paul Salo and has been previously described for use in rat knee joints (Salo et al., 19973, b). The
apparatus consisted of a custom-made knee holder that stabilized the joint during the surgeries
and ensured consistency between different animals. Silicone tubing was used to connect a 30G
needle to a 50 pL Hamilton microliter syringe (model # 705). A 1 pL dispensing Hamilton
repeating dispenser (PB-600) was also used in conjunction with the syringe to ensure accurate
volumetric injections into the joint space. A three axis micromanipulator was used to adjust the

entry angle of the needle

4.2.8 Intra-articular injection

Mice were anaesthetized with isoflurane (2.5L/min) and remain under anaesthesia for the
duration of the surgery. Surgery was performed under a dissecting scope (M300; Leica
Microsystems) using the intra-articular injection surgical setup described above.

Hair around the knee joint is shaved and surgical area was wiped with betadine. With the mouse

on the platform in supine position, the knee was placed into the holder such that the screws were
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aligned just above the patella tendon. The screws were tightened superior to the lateral and
medial epicondyles of the femur. When done correctly, the knee joint was completely immobile.
A small skin incision was made to expose the patella and the tendon. Using the
micromanipulator, the 30G needle was inserted through the tendon and into the space between
the patella and the femur. Entry into the joint space was considered successful when the patella
can be seen lifting upwards as the needle slides underneath. Total volume of injection used was 2
ML with each injection containing approximately 10 000 cells. For animals undergoing MRI
scans, incisions were closed using 5-0 Ethilon nylon suture. For all other animals, incisions were

closed using wound clips.

4.2.9 Inducing cartilage defect

Mice were anaesthetized with isoflurane (2.5L/min) and continued to be under for the
duration of the surgery. Wound clips or sutures were removed and surgical area was swabbed
with betadine. Keeping the knee extended, the tip of a custom-made 26G stopped needle was
inserted under the patella tendon from the medial side and aimed towards the femur. Pressure
was applied with a twisting motion until the tissue was at the hilt of the stopper. The resistance
upon withdrawing the needle and the sight of bleeding indicated that the needle had successfully
penetrated into the subchondral bone. Sterile gauze was used to blot excessive bleeding and the
incisions were closed using 5-0 Ethilon nylon sutures for animals undergoing in vivo imaging.
When imaging was completed, closure of wounds were reinforced with wound clips. For all
other animals, incisions were closed using wound clips. The surgical area was then swabbed with
gentamycin to prevent infection. Animals received buprenorphine (0.05 mg/kg) at the conclusion

of the surgery as well as the day after for pain management.
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4.2.10 Magnetic Resonance Imaging

Mice were anaesthetized with isoflurane (2.5L/min) and continued to be under for the
duration of the scan. The animal was placed in a supine position on the animal bed with the knee
of interest resting on a triangular, closed cell polyethylene foam block. The block, with a height
of approximately 2 cm, base length of 5 cm, and base width of 1 cm, was used to elevate the
knee such that the joint could be as close to the surface coil as possible without compression.
Angle of flexion was determined to be 110° (see appendix). Animals were monitored using small
animal monitoring systems MRI compatible physiological monitoring system. A thermal probe
(physitemp) was used to monitor body temperature which was maintained at 32 °C using a water
loop. A Graseby Respiration Sensor was placed over the chest cavity to monitor respiration such
that anaesthesia level could be controlled. Respiration rate was maintained at around 100 beats
per minute.

Animals in the MRI group were imaged in vivo using a 9.4 T magnet and a surface
cryocoil. A proton density weighted, four-segment Rapid Acquisition with Relaxation
Enhancement (RARE) sequence was used with the following parameters: RARE factor = 4,
Repetition time = 2000 ms, echo time = 9.346 ms, FOV = 1.92 cm, slice thickness = 0.25 mm,
matrix = 256 x 256. Animals in the MRI group were imaged at 0, 2 and 4 weeks after injury and
transplantation. After the final time point, animals were euthanized and legs were processed for

histological analysis.
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4.2.11 Histological Analysis
4.2.11.1 Decalcification

Legs were fixed using a rapid decalcifying agent, RDO (Sigma). Legs were fixed in 10%
NBF overnight at 4°C. Excess tissue was removed and samples were washed 3 times, 10 minutes
each in water and immersed in RDO for 1-1.5 hours at 4°C. Samples were then washed 3 times,
10 minutes each in water and placed back into 10% NBF for 2 days. When fixation was
complete, samples were washed with water and underwent tissue processing and embedding.

Parraffin-embedded tissue blocks were sectioned at 7 um.

4.2.11.2 Safranin-O/ Fast-green

Slides were deparaffinized and rehydrated with an ethanol to distilled water series. Slides
were placed in Gill’s hematoxylin (Fisher) for 20 minutes followed by 15 minutes in running tap
water. Slides were transferred to fast green (Fisher) for 10 minutes followed by 1 minute in 1%
acetic acid. Slides were then quickly rinsed with distilled water and then stained with Safranin-O
(Fisher) for 2 minutes. With quick dips, slides were dehydrated with a progressive ethanol series

to 100% ethanol after which they were cleared and mounted.

4.2.11.3 Immunohistochemistry

The following primary antibodies were used: anti-GFP (goat) antibody biotin conjugated
(Rockland Antibodies and Assay) Slides were deparaffinized and rehydrated with an ethanol to
distilled water series. Slides were placed in Gill’s hematoxylin (Fisher) for 20 minutes followed
by 15 minutes in running tap water. Slides were transferred to fast green (Fisher) for 10 minutes

followed by 1 minute in 1% acetic acid. Slides were then quickly rinsed with distilled water and
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then stained with Safranin-O (Fisher) for 2 minutes. With quick dips, slides were dehydrated
with a progressive ethanol series to 100% ethanol after which they were cleared and mounted.
Slides were deparaffinized and rehydrated with a decreasing ethanol series to distilled
water. Slides were then incubated with 20 ug/mL of proteinase K (Invitrogen) in distilled water
at 37 ° C for 15 minutes followed by 2 washes in distilled water, 2 minutes each. Endogenous
peroxidase was quenched by incubating cells with 0.3% hydrogen peroxide in methanol for 30
minutes at room temperature. Slides were then rinsed with PBS for 5 minutes and then blocked
with 1% bovine serum albumin (BSA)/10% goat serum in PBS for at least 1 hour at room
temperature followed by a quick rinse in distilled water. To block endogenous biotin, sections
were incubated with 10% (w/v) egg white (Sigma) mixture in water for 15 minutes at room
temperature. Sections were rinsed with tap water to ensure remnants of egg whites are all
removed, then treated with 5% (w/v) skim milk solution for 15 minutes at room temperature
followed by quick rinse in distilled water. Sections were transferred to 0.1% PBS-Tween (PBS-
T) for 5 minutes followed by a 30 minute incubation period in a humidity chamber with the
primary antibody (1:100 dilution in PBS-T) at 37°C. Post-incubation, slides were washed 3 times
in PBS-T following by a 20 minute incubation period at room temperature with 1:500 diluted
streptavidin conjugated horse radish peroxidase (HRP; BD Pharmingen). After washing 3 times
with PBS-T, 3,3'-Diaminobenzidine (DAB; Sigma) was applied to each slide for up to a
maximum of 15 minutes. Exposure time was dependent on the primary antibody used. Slides

were given a quick rinse in distilled water then dehydrated, cleared, and mounted.

84



4.2.11.4 Prussian Blue

For staining of paraffin-embedded sections, slides were deparaffinized and rehydrated
with a decreasing ethanol series to distilled water. The working solution (1:1 ratio of 20%
hydrochloric acid and 10% potassium ferrocyanide) was added to the slides and left to rest for 20
minutes. Working solution was then removed and the slides were rinsed three times with distilled
water. Sections were then counterstained with nuclear fast red for 5 minutes and washed twice in

distilled water. Slides were then dehydrated, cleared with xylene, and mounted using Flo-Texx.

4.2.12 Scratch-wound assay

Cells used for the following experiment were Sca-1"-GFP* synovial cells from C57BL/6
mice. At the start of the experiment, cells were at passage 4. Approximately 9000 cells were
seeded into each well up to a total of 24 wells in a 48 well plate. Cells were cultured overnight or
at least until 90-100% confluence at 37°C at 2% Oz. When confluence was reached, 12 wells
were incubated with biotin-conjugated anti-mouse Ly-6A/E (also known as Sca-1; eBioscience)
for 15 minutes at room temperature. The antibody mastermix consisted of 7 puL of antibody
mixed with 12 mL of MSC expansion media. The mix was vortexed briefly and 500 pl of the
mix was added to each well. After the incubation period, each well was washed 2-3 times with
PBS. Cells were then incubated with BioMag streptavidin beads for 15 minutes at room
temperature. The mastermix used consisted of 7 puL of beads into 12 mL of expansion media.
After the incubation period, wells were washed 3 times with PBS. A p200 pipette tip was used to
scratch the bottom of the wells, leaving a strip in each well that is devoid of cells. Wells were

washed with PBS to remove debris and fresh media was added. At 0, 6 hr, 12 hr, 24 hr, and 48
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hrs, pictures were taken of the wells and a subset of wells were fixed so that a Prussian blue stain

could be done to confirm migrated cells were carrying a magnetic bead.

4.3 RESULTS
4.3.1 Sca-1 cell population is heterogenous and GFP lentiviral transduction was not efficient

GFP lentiviral transduction efficiency was assessed using flow cytometry. In the scatter
plots, forward scatter (FSC) which measures cell size, is plotted against side scatter (SSC) which
measures cell granularity. Absence of clustering in the scatter plots of the Sca-1*-GFP- cell
samples indicate heterogeneity in Sca-1 expressing cell population (Figure 4.1A). Analysis of
Sca-1*-GFP* cells resulted in a two-peak histogram, indicating that the T25 flask subjected to
lentiviral transduction contained two population of cells: GFP* and GFP- cells (Figure 4.1B).
Setting individual histogram gates revealed that within the Sca-1*-GFP* cell sample, only 18%

of the cells express GFP.

4.3.2 Labelling of primary C57BL/6 synovial cells with BioMag Streptavidin beads were not
toxic.

Magnetic labelling induced toxicity was assessed using EthD-1 and cell treated with
DMSO were used as positive control (Figure 4.2). A slight increase in staining can be seen in the
labelled cells at 48 hours though an increase is seen also in the negative control. At 48 hours post

labelling, we did not observe any differences in fluorescence between labelled and the negative
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Figure 4-1 Evaluation of GFP lentiviral transduction efficiency with flow cytometry.
Absence of clusters with Sca-1*-GFP- cells (A) indicate heterogeneity in the cells purified
for Sca-1. Analysis of Sca-1*-GFP* cells (B) resulted in a two-peak histogram. R2 peak
represents GFP- cells and is similar to the peak shown in (A). R3 peak represents GFP*
cells. Gating the individual peaks revealed that of the live cells counted, only approximately
18% of the cells counted expressed GFP.
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Figure 4-2 Determining the toxicity of magnetic particles using Sca-1*-GFP* cells derived
from C57BL/6 synovium. At time = 0, cells labelled with magnetic beads (E) displayed
similar levels of cell death compared to the controls (C). A slight increase in EthD-1
staining was observed in treated cells 48 hours later (F) though levels were comparable to
negative controls (D). Cells treated with DMSO displayed the most cell death at both time
points (G,H).
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Figure 4-3 Assessing the rate of internalization and the level of retention of magnetically
bound Sca-1 receptor. Maximum internalization was reached at 30 minutes after
incubation of biotinylated anti-Sca-1 and BioMag streptavidin beads. Although the number
of sorted cells appear to decrease at 9 hours, there was no significant difference in % cell
sorted between each of the time points.
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control. An increase in cell death can be seen, however, in cells treated with DMSO compared to

the magnetically labelled cells as well as the negative control.

4.3.3 Maximum internalization of magnetically bound Sca-1 receptor is reached in 30 minutes

As we were interested in using magnetic beads to track labelled cells, the rate of
internalization of the magnetic particles was assessed to determine the time it took for cells to
internalize the beads. By performing magnetic sorting at regular timed intervals and counting the
number of cells sorted, we observed maximal internalization at 30 minutes post incubation
(Figure 4.3). At 30 minutes post-incubation, the mean % cell sorted was 46.9% (SD = 26.03; SE
=13.01) and by 9 hours post-incubation, the mean % cell sorted was 27.16% (SD = 27.73; SE =
13.87). Despite the downward trend, there was no significant difference between the number of
cells sorted out at each time point, indicating that cells reach maximum internalization at 30

minutes post-labelling and retain magnetic particles up to at least 9 hours.

4.3.4 Intra-articular injection of magnetically labelled cells results in localized hypointense
signaling

We next decided to assess whether intra-articular injection of 10 000 labelled cells could
be visualized with MRI. Injection of PBS alone resulted in hyperintense signaling localized
under the patella (Figure 4.4A) while imaging in vivo immediately after injection resulted in
hypointense signaling underneath the patella (Figure 4.4B). Signaling appears to localize to the
synovium (red arrow) with a diffuse line of signal that appears to trail off towards the patellar
tendon (yellow arrow). When in vivo imaging was performed 24 hours post injection,

hypointense signaling is further localized to the synovium (Figure 4.4C). Wh