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Abstract

In order to create successful cartilage tissue engineered constructs, an abundant supply of healthy
cartilage cells (chondrocytes) are required. Since only a small amount can be excised from a
patient, chondrocytes must be expanded and passaged in vitro to reach the desired population
numbers. As chondrocytes are expanded in vitro they start to lose their chondrogenic phenotype
and synthesize less cartilaginous extracellular matrix (ECM); including a pericellular matrix
(PCM). A promising method used to upregulate the synthesis of ECM constituents is mechanical
stimulation. The objective of this study was to recover the PCM of passaged chondrocytes and
determine whether mechanical stimuli could restore their phenotype and function. Although the
passaged chondrocytes did not show an increase in cartilaginous ECM accumulation over the
long-term culture, they did show a positive response to mechanical stimulation, highlighting the

importance of the PCM in maintaining chondrocyte phenotype and mechanosensitivity.
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1.0 Introduction

1.1 Research Problem

Cartilage tissue has an inept ability to repair and heal itself, mainly due to its lack of vascularity.
This is an issue, especially when cartilage becomes unhealthy or compromised because of injury
or disease. Osteoarthritis, a disease of cartilage tissue, is one of the leading causes of disability in
adults in the United States, with more than 10% of the entire population suffering from
osteoarthritis 1. Although some medical treatments exist for Osteoarthritis, the majority focus on
alleviating pain rather than solving the underlying issue. In order to fix and heal damaged
cartilage tissue, engineering practices have been sought after to develop tissue engineered

cartilage constructs with the aim of repairing the damaged tissue.

Although different methods exist to create tissue engineered constructs, the majority of them
focus on using explanted chondrocytes as the primary cell source. A major issue is that there
isn’t an abundant supply of healthy autologous chondrocytes available. In addition to this, when
a healthy supply is isolated, only a small amount can be excised without causing damage. This
leads to the requirement of in vitro expansion in order to achieve a sufficient chondrocyte
population to create tissue engineered constructs. In vitro expansion is a well explored area of
study, and it is widely accepted that in vitro expansion of chondrocytes causes dedifferentiation
and loss of the chondrogenic phenotype?2. This is an issue as chondrocytes that shift from their
chondrogenic phenotype will not behave properly after implantation and will ultimately fail.
Methods of redifferentiating expanded cells needs to be explored in order to ensure the success

of tissue engineered constructs.



A method which has been used to enhance cartilage tissue formation in vitro is the application of
mechanical stimuli to the chondrocytes as they grow, similar to their in vivo environment. It has
been shown that applying mechanical stimuli to cartilage constructs in vitro allow for better
mechanical properties and uniformly organized tissue growth, similar to native cartilage tissu*°.
Although there have been other methods explored for redifferentiating chondrocytes, the use of
mechanical stimuli for the purpose of redifferentiation has never been explored. Mechanical
stimulation is very effective in enhancing cartilage tissue growth and shows great potential for

recovering the loss of phenotype caused by passaging.

1.2 Research Objectives

The overall objective of this work was to explore a means by which passaged chondrocytes
could be recovered to a chondrogenic phenotype similar to primary chondrocytes. Specifically,
the primary goal was to ascertain whether or not passaged chondrocytes could be recovered
through the application of mechanical stimuli to the chondrocytes, in an effort to recover the

percellular matrix (PCM).

The first study explored the application of dynamic compression, vibration and stochastic
resonance (combined dynamic compression with superimposed random vibration'?) applied to
chondrocytes seeded in agarose constructs in a short-term culture. The agarose constructs were
stimulated for 20 minutes after which they were analyzed for DNA accumulation as well as
collagen and proteoglycan synthesis. The objective was to understand how passaged cells react
to mechanical stimulation, and to see whether we could elicit a positive anabolic response in the

passaged chondrocytes.



The second study explored the effects of mechanical stimulation on passaged chondrocytes in a
long-term culture. The constructs were stimulated for 20 min a day, 3 days a week for a total of 4
weeks. The purpose of this experiment was to determine the effects of the stimuli in a long term
culture. Furthermore it was to investigate the architecture of the extra cellular matrix (ECM) and

whether or not it would be similar to primary chondrocytes.

The third study explored recapitulating the pericellular matrix (PCM) in the passaged
chondrocytes as it was discovered that passaged cells lose their ability to create a robust PCM on
their own. Specific to mechanical stimulation and matrix synthesis, the PCM plays a crucial role
in both and the desired outcome of this study was to allow for the chondrocytes to recreate their

PCM after being seeded in alignate beads.

The fourth and final study explored a long term mechanical stimulation study with passaged
chondrocytes with a recapitulated PCM. Three modes of stimuli were used (unstimulated control,
dynamic compression or randomized vibration). The objective was to recapitulate the PCM in
the passaged chondrocytes and to mechanically stimulate them. With the recovered PCM, the
passaged cells should receive the proper signalling from the mechanical stimulation and in turn

accumulate cartiligous ECM, in a similar manner to primary chondrocytes.



2.0 Background and Literature Review

2.1 Articular Cartilage

Articular cartilage is located at the distal ends of the bones in all articulating joints, providing a
gliding surface for the bones to articulate on. It is composed of four major components: 1)
collagens, 2) proteoglycans, 3) water and 4) chondrocytes #1214 Collagens are fibril proteins
that provide tensile properties to the cartilage and make the tissue resistant to mechanical forces.
Proteoglycans are negatively charged glycosaminoglycans which are covalently bonded to a
protein core that attracts cations and water into the collagen network, causing swelling and
further resistance to compressive forces. Water, which is the largest component of articular
cartilage, contributes between 65-80% of the wet weight. Lastly, chondrocytes are the
specialized cartilage cells distributed throughout the extracellular matrix (ECM) of the tissue,
comprising roughly only 5% of the tissue volume. Although they play no direct role in resisting
mechanical forces, they are responsible for tissue maintenance and control the synthesis and

degradation of both collagen and proteoglycans.

Articular cartilage has four different zones, each with a unique composition and organization
allowing for a complex structure which is able to not only act as a smooth gliding surface but
also is able to withstand large loads while not compromising joint function. The 4 different zones

are: i) superficial zone; ii) middle zone; iii) deep zone and; iv) calcified zone (Figure 2-1).
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Figure 2-1: Architecture of articulating cartilage, with specified zones outlined®*

The superficial zone protects against tangential shear forces and comprises approximately 10-
20% of the overall volume of the tissue. The outer most region of the superficial zone is the
articulating surface itself. In the superficial zone, there is a denser population of chondrocytes
which take on a flatter, elongated shape. The collagen fibres in this zone are oriented parallel to
the articulating surface. This layer is responsible for the majority of the tensile properties of
cartilage, allowing it to resist shear, tensile, and compressive forces. In this zone, resident
chondrocytes also synthesize superficial zone protein (also known as lubricin or proteoglycan 4),
a specialized proteoglycan which accumulates at the surface and is secreted into the synovial
fluid of the joint, acting as a boundary lubricant. The zone just below the superficial zone is the
middle zone, which comprises about 40-60% of the overall volume. It is a transitional zone,
providing a bridge between the superficial and deep zone. The collagen fibres in this zone are
organized obliquely and are thicker than in the superficial zone. Proteoglycans are also present in
this zone making it the first resistor to compressive forces. The chondrocytes in this layer are
more sparsely distributed and have a spherical shape. The deep zone is the zone just below the
middle zone and comprises approximately 30% of the total volume of tissue. The collagen fibers
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in this zone are oriented perpendicular to the surface, having the largest diameter fibrils of all the
zones. The deep zone also has the largest content of proteoglycans, and combined with the size
and orientation of the collagen fibers, makes the deep zone the largest resistor to compressive
forces. The chondrocytes are organized in columns oriented perpendicular to the surface. A
notable feature of the deep zone is the tide mark, which separates the three previous zones from
the calcified zone. The calcified zone is responsible for ensuring that the cartilage is adhered to
the subchondral bone. In this zone, the population of chondrocytes is very limited. The unique
orientation of chondrocytes in each zone leads to the specific organization and maintenance of

the overall ECM of the tissue 1013-15,

2.1.1 Chondrocytes

The only cells present, which are responsible for the repair, maintenance and formation of
cartilage tissue, are chondrocytes. Chondrocytes originate from the mesenchymal stem cell
lineage and constitute about 2% of the total volume of cartilage tissue **'416. They are spherical
in shape and are responsible for secreting proteoglycans and the different collagens that make up
the ECM. Chondrocytes are unique in that they do not form direct cell-to-cell contacts and rely
on signals from their surrounding ECM, both mechanical and chemical in nature, to properly
synthesize and accumulate the matrix constituents required for healthy cartilage tissue!3!416:17,
As chondrocytes develop, they essentially entrap themselves within their surrounding ECM,
inhibiting mobility throughout the surrounding ECM. Combined with the fact that they have
limited potential for replication, chondrocytes exhibit a difficultly in healing and repairing
damaged cartilage tissue after injury'3. The metabolic activity of chondrocytes can be altered by
the local mechanical and biochemical environment, and therefore it is crucial that the correct

environment is maintained for cartilage tissue homeostasis®®.



2.1.2 Extracellular Matrix of Articular Cartilage

As mentioned earlier, the majority of cartilage tissue is comprised of it’s ECM. The ECM acts as
the mesh network, within which chondrocytes are entrapped and enclosed. In terms of
mechanical properties, the ECM is responsible for the majority of the structural integrity of
cartilage tissue and is also responsible for transmitting signals between cells. The ECM of

cartilage tissue is mainly composed of two constituents: i) collagens and ii) proteoglycans.

Collagens

Collagens are extended extracellular proteins composed of three polypeptide a-chains, each
possessing a characteristic tripeptide sequence which forms a lefthanded helical structure!®. The
major collagen present in the ECM is collagen type 11, representing 90-95% of all the collagen in
the ECM. Other collagens which are present, but not as abundant, are collagen types
1,IV,V,VI,IX and XI%3. Collagen type Il is a fibril collagen which forms the mesh structure of the
cartilage matrix. It is responsible for anchoring the proteoglycans in place and accounts for a
majority of the mechanical properties of cartilage tissue>!. The mechanical properties of
collagen type Il stem from the intermolecular crosslinking that occurs. There is also evidence
that collagen type XI has an interconnected role with collagen type Il in that it helps maintain the

structure and organizational stability of collagen type I1 181°,

Proteoglycans

As mentioned earlier, proteoglycans are glycosaminoglycans entrapped within the collagen mesh
network and are responsible for attracting water and positively charged ions into the cartilage
tissue. They comprise of 10-15% of the total volume of cartilage tissue and consist of one major
protein core, with 1 or more glycosaminoglycan chains attached to it3, Healthy articular

cartilage contains many proteoglycans, such as biglycan, decorin and fiboromodulin but the most



abundantly found is aggrecan. Aggrecan is a bottlebrush proteoglycan which has as many as 100
chondroitin sulphate chains and as many as 30 keratan sulphate chains attached to its core.
Aggrecan molecules have an affinity for binding towards hyaluronan, with the ability to create
large aggregate macromolecules through the binding of “link proteins”. Aggrecan is responsible
for providing the osmotic properties of articular cartilage, from which the resistance to

compressive loads as well as nutrient deliver and waste removal is achieved>1°.

Although decorin, biglycan and fibromodulin are smaller than aggrecan, they may be present in
similar molar quantities. Decorin and fibromodulin interact with collagen type Il within the ECM
as well as play a role in fibrillogenesis. Biglycan is mainly found in the PCM and has shown to

interact with collagen type VI,

2.1.3 Pericellular Matrix of Articular Cartilage

Within the ECM, a region specific to the periphery of the chondrocytes is known as the
Pericellular Matrix (PCM). The PCM is a specialized layer of the ECM and acts as the
communication channel between chondrocytes and the surrounding ECM 2°2%, The cell and its
enclosing PCM together are known as a Chondron 22. The PCM has been shown to have a major
role in biomechanical and biochemical signalling to both the cell and the surrounding ECM %,
Similar to the ECM, the PCM is composed of collagens and proteoglycans that make up the core
of its structure. Very recently, it has been discovered that healthy articular cartilage contains a
primary cilium, an organelle which acts as a major sensory component of the chondron in

response to mechanical forces*2’.

Collagens

The most notable collagen that is present in the PCM is collagen type VI. Collagen type VI is a

beaded filament structure which has 3 distinct polypeptide chains: al, a2 and a3
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respectively?>?, Type VI collagen interacts with many other ECM components, such as
aggrecan, biglycan, decorin, hyaluronan, fibronectin, perlecan, and heparin through these
polypeptide chains. Type VI also forms a mesh network that anchors the PCM to the
chondrocyte itself. Because of the high affinity of collagen type VI for other ECM molecules and
its direct anchorage to the chondrocyte cell, it is hypothesized that collagen type VI plays a
crucial role in cell-ECM signaling and interactions?®2328-30, The expression of type VI collagen
is also crucial in maintaining the chondrocyte phenotype, showing diminished levels of collagen
type-V1 expression after chondrocyte dedifferentiation and exhibiting restored levels of

expression after chondrocyte redifferentiation?%3!,

Although not as notable, another collagen type integral to the overall PCM structure is collagen
type-1X. Collagen type-I1X is a Fibril Assisted Collagen with Interrupted Triple Helices (FACIT)
with three distinct triple helical domains. Localized in the PCM, collagen type 1X bonds to both
collagen type 11 and itself, limiting the diameter of the collagen type 11 fibrils3233, Type 1X
collagen may also regulate the surface properties of the localized collagens, limiting their size
and interaction with nearby fibrils, aiding in the stabilization of the microenvironment of the

PCM3,

The last major collagen present in the PCM is collagen type I1. Although the PCM contains type-
Il collagen, it does not have the larger band and aggregate architecture more commonly found in
collagen type Il in the surrounding ECM. Again this is due to the interaction with the collagen
type IX found in the PCM, as previously discussed ?>%32°, Type Il collagen acts as the major
structural component of the ECM and binds to type VI collagen in the PCM, anchoring the PCM

to the rest of the ECM.



Proteoglycans

Similar to the ECM, the PCM contains a vast array of different proteoglycans. In contrast to the
ECM, the PCM contains a higher concentration of proteoglycans and glycoproteins?>®*, Of the

proteoglycans present, the most abundant is aggrecan.

A high concentration of aggrecan has been shown to exist in the PCM. In addition to this, a high
concentration of hyluronan and link protein exists and it has been suggested that the localized

confinement in the PCM enables the hyluronan-aggrecan-link protein complexes to form3*%,

Perlecan is a proteoglycan which is present exclusively in the PCM. Perlecan is a large heparin
sulphate proteoglycan that co-localizes with collagen type VI in the PCM and has been shown to
regulate the mechanical properties of the PCM. Perlecan has also been shown to have a role in

chondrocyte attachment to the surrounding matrix?%3437,

Other smaller proteoglycans and glycoproteins exist in the PCM, but to a smaller extent, such as,
biglycan, decorin, fibronectin and heparin?>%43, Biglycan and decorin help connect collagen
type VI with matralins, which in turn connect and anchor the collagen type VI to collagen type
I1. Biglycan has also been shown to restrict fibrillogenesis, altering collagen type Il fibres found

in the PCM causing them to be smaller than those found in the surrounding ECM?0:2934:35,

Primary Cilium

In chondrocytes, as well as many other cell types, there is an antenna like organelle called the
primary cilium. Primary cilia consist of an intracellular basal body and a membrane-coated
axoneme which projects from the cell surface into the extracellular microenvironment. The

antenna like axoneme is made up of microtubules rich in acetylated a-tubulin. Primary cilium in
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chondrocytes exist in a 9+0 configuration, as opposed to the 9+2 configuration of regular cilia

responsible for motility in other cell types?4%,

In chondrocytes, it has recently been suggested that the primary cilium plays a major role in
mechanotransduction and mechanosensitivity. The primary cilium is thought to sense
deformations in the ECM as they are structurally associated with collagen fibres, they express
collagen anchoring receptors and integrins and are physically deflected by ECM
interactions?+27383° |t has also been shown that activated intracellular Ca?* via mechanical
loading is only achieved with chondrocytes containing primary cilium?+2640_ It has also been
shown that integrins located on the chondrocyte primary cilium surface, anchor mechanically
functional collagen fibres to the ciliary membrane and, after bending occurs due to mechanical
loading, transduces these signals via intracellular signalling pathways such as hedgehog, Wnt

and PDGFaa?"4142,

Alternatively, the primary cilium has also been revealed to have a close relationship with ECM
maintenance, having a structural relationship with the Gogi apparatus which in turn suggests it
could be involved in the secretion of ECM macromolecules during tissue repair and turnover,
Specifically Col2aCre;1ft88™"" mice, which were shown to have depleted primary cilia, ended up

developing abnormal articular cartilage and early signs of osteoarthritis 2>41,

2.1.4 Mechanical Properties of Articular Cartilage

From a materials standpoint, cartilage is a porous, viscoelastic material*® and has three key
phases: i) a solid phase which is predominately a strong collagen mesh with proteoglycans
interwoven in; ii) a fluid phase, which is comprised of water; and iii) an ion phase, which has
many dissolved electrolytes with positive and negative charges %%, It is the combination of

these three phases that allows articular cartilage to withstand large loads imposed on it by the
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human body. The most notable theory on describing the stress-strain relationship is the biphasic
theory, originally introduced by Mow et al.***8, The biphasic theory states that three major
internal forces act within cartilage tissue when it is under a mechanical load: i) the stress
developed in the solid phase (collagen and proteoglycan woven network); ii) the pressure
developed in the liquid phase; and iii) the drag force acting on each phase as they pass through
one and other %446, Soon after, the triphasic theory was introduced by Lai et al., which builds on
the biphasic model, but also takes into account the Donnan osmotic pressure. The Donnan
osmotic pressure is pressure created by the imbalance of the mobile counter-ions between the
inner proteoglycan molecules and the outer solution 44, The interaction of these different
phases lead to a complex coupled mechanoelectrochemical environment in which chondrocytes
are exposed to multiple stimuli. These stimuli include mechanical forces, fluid flow, hydrostatic
pressure, an osmotic pressure gradient, electric current, and electric potential differences within

the ECM itselft,

Cartilage is also characterized as a viscoelastic material, exhibiting three crucial time dependant
phenomena that relate to it: creep, hysteresis, and stress relaxation. Creep is the tendency for a
material to permanently deform under constant stress. Hysteresis is the phenomenon in which
previous loading influences the current behaviour of the tissue. Stress relaxation is the tendency
for a material, under constant strain, to slowly decrease in stress until an equilibrium is reached
12 These three time dependant phenomena stem from the complex nature of the
mechnoelctrochemical environment found in articular cartilage. In regards to healthy cartilage
found in humans, the aggregate modulus and Poisson’s ratio is between 0.5 - 0.7 MPa and 0.07 —

0.1 respectively 1050,
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2.2 Cartilage Tissue Engineering

Since cartilage has an inability to repair and heal itself, a need has arisen to find solutions to the
problem of deteriorating articular cartilage. Through engineering principles and techniques,
tissue engineered constructs have been created in vitro to be implanted into the defect site to
resurface the affected joint. In order to engineer viable tissue constructs, three general

considerations are required: i) cell sourcing; ii) scaffold design and; iii) growth stimulus.

Although chondrocytes are the primary cells involved in cartilage tissue formation, there are
different means by which one can obtain chondrocytes. Chondrocytes can be directly harvested
from existing cartilaginous tissues in the body. Alternatively, stem cells from different sources
can be differentiated into chondrocytes. Thus far clinically, chondrocytes have typically served
as the primary cell source for articular cartilage repair, although they do have their limitations,
such as dedifferentiation during in vitro expansion and limited availability of healthy autologous
chondrocytes 23, To avoid the issues related to chondrocyte sourcing, extensive research has
been conducted into the use of stem cells, including: embryonic (ESCs), mesenchymal (MSCs),
and adipose-derived (ASCs) stem cells, as cell sources. MSCs and ASCs are multipotent stem
cells that can be easily isolated from many mesenchymal tissues and have the ability to undergo
chondrogenesis given the correct physiochemical cues, making it a popular choice for cell
sourcing and cellular therapy %12, ESCs have the trait of unlimited proliferation and can
essentially differentiate into any type of cell, making them extremely promising in tissue
regeneration and cell sourcing. As research into the use of ESCs develops, there are ethical

concerns as well as many unknown safety concerns that may limit their usability®°.

When designing tissue engineered constructs it is also important to take into consideration

scaffold design. Scaffolds can provide a 3D structure to support cell growth and proliferation,
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ECM deposition, and tissue regeneration. Scaffolds must be biocompatible to minimize the host
response, be biodegradable to allow for replacement with newly grown tissue, have suitable
porosity to allow cellular proliferation and interconnectivity, and possess the proper mechanical
properties to support tissue growth under mechanical loads, all while encouraging the growth of
newly formed tissue *3. In order to meet all these requirements, the biomaterial chosen for the
scaffold must be chosen carefully. Generally speaking, scaffolds are designed using a natural or
synthetic based biomaterial. Natural biomaterials are a popular choice for scaffolds due to their
biocompatibility. Specifically, carbohydrate-based hyaluronic acid, agarose, alginate, chitosan,
protein based collagen or fibrin are currently used 3. For synthetic biomaterials, polymers are
used because of their ease of fabrication and the ability to tailor the surface and bulk properties.
The most popular synthetic polymers for scaffold design are poly-lactic acid, poly-glycolic acid,
and their copolymer poly-lactic-co-glycolic acid 2. Alternatively, there are several scaffold-free
techniques for tissue engineered constructs also, such as pellet culture, aggregate cultures, and
self-assembling techniques 2. Scaffold-free techniques benefit from being free of excess material
that would otherwise be used to create the scaffold which would need to degrade to allow for
new tissue formation to replace it. In addition to this, scaffold material may potentially induce
other problems, such as stress shielding and toxicity that scaffold-free designs do not suffer

from1°,

Lastly, when designing tissue engineered constructs the incorporation of growth stimuli are
crucial in ensuring the tissue is formed properly and in a time-efficient manner. Growth factors
have been studied extensively since the 1950°s as a means to encourage tissue growth in vitro.
Many different growth factors have been used and incorporated into tissue engineered constructs

to elicit differentiation, proliferation and synthesis 2545, Alongside growth factors, there are
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other biophysical stimulation methods which are extensively studied. The three most common
are mechanical stimulation, electrical stimulation, and magnetic stimulation. The use of magnetic
stimulation in the treatment of diseases has been of great interest for a long time and because of
it there is a vast amount of literature covering the use of biomagnetism. Although the field of
study is robust, much of it is met with skepticism *6. Similar to magnetic stimulation, the use of
electrical stimulation is a well-established clinical therapy readily available with promising uses

in cartilage tissue engineering °’.

2.3 Mechanical Stimulation in Cartilage Tissue Engineering

Avrticular cartilage is constantly exposed to mechanical forces inside the human body which are
essential to the growth of healthy human cartilage. Areas of the joint that are load-bearing, have
cartilage which is thicker and mechanically stronger than those areas that are non-load-bearing
4558 - Similar to bone, articular cartilage will reform itself in order to withstand the loads applied
to it. Articular cartilage must be able to withstand the applied forces or it will start to deteriorate
which can lead to severe joint pain and eventually osteoarthritis. There are a number of
mechanisms that have been proposed to be involved in the transduction of mechanical forces to
biochemical signals in chondrocytes. As cartilage deforms, certain effects occur within the
tissue. These effects include: interstitial fluid flow, the generation of electrical potentials,
increases in osmotic pressure, and decreases in pH levels®. Changes in pH have been linked to
changes in proteoglycan and collagen metabolism during compression. Osmotic pressure has
been shown to change the mechanical properties of chondrocytes, further altering the
deformation rate of the tissue under a given load. The flow of ions in and out of the cell is also
affected by deformation via stretch activated ion channels. Integrins also play a crucial role

during mechanotransduction as they act as the primary bridge between the cell and its ECM.
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Salter el al. have shown that mechanical stimulation results in an influx of Ca?" via stretch
activated channels and a multitude of signal transduction events through integrin receptors 5:°8:60-
65, In addition to this, the cytoskeleton and the nucleus of the chondrocyte play a role in
transducing mechanical forces into different signals to alter gene expression and secreted
constituents of the ECM %867, All of this leads to the fact that, although the exact mechanisms of
mechanotransduction are unclear, what is clear is that mechanical loading has a direct influence
on tissue formation. This has led engineers and scientists to study mechanical forces and

mechanical stimulation to induce cartilaginous tissue growth in vitro'°.

With the desire to make constructs that better represent what is found in native healthy cartilage,
the environment in which cartilage grows in vivo was assessed and the application of mechanical
forces to the cartilage constructs in vitro was determined to be a viable method to create a
healthier stronger construct 24°. Applying mechanical stimulation to cartilage constructs in vitro
allows for better tissue growth, uniformly organized tissue constituents and better mechanical
properties, similar to that of native cartilage. Studies have shown that in general, low to moderate
magnitude loads applied at frequencies on the order of 1 Hz substantially enhance the expression
and synthesis of matrix proteins ©. Although mechanical forces applied to cartilage have been
extensively studied, the means by which the cells sense these mechanical signals and affect
change remains poorly understood ©. In the human body, articular cartilage is exposed to stresses
between 3 and 10 MPa and because of this, the focus has been on applying forces in this

physiological range %8,

There are currently many different methods for applying mechanical stimulation to cartilage
constructs, but each of the methods can generally be broken down into one of two following

categories: static and dynamic loading. Static loading refers to a constant force being applied to
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a tissue engineered construct over a given period of time whereas dynamic stimulation refers to
the application of a force that changes over time. Usually in a cyclical pattern, the force will be
applied at a certain frequency over a given time period. Dynamic mechanical stimulation has
been shown to have the greatest effect on tissue engineering constructs thus far, showing the

highest growth rates as well as stronger tissue constructs with better mechanical properties.

Although each individual stimulation method has it’s own individual merits, the three methods
which showed the best promise for the current work presented were vibration, dynamic
compression and combined vibration and dynamic compression. Further reviews by Brown,
Grad et al. and our lab describe the different methodologies currently used for mechanically

stimulating cartilage constructs in vitro”19:69,

2.3.1 Dynamic Compression

Dynamic compression applied to tissue engineered constructs has been the focus for studies in
compressive mechanical stimulation for quite some time. The most common method for
applying a dynamic compressive load is to directly apply the load to the construct through a
loading surface and alter the load via a sinusoidal wave form. Compressive loading falls under

three categories: i) confined compression; ii) unconfined compression and; iii) indentation

The different parameters of interest in terms of applying the stimulation, which have also been
the focus of optimization studies, have been frequency (or duty cycle), duration, and strain or
force amplitude used. Typically, frequencies ranging from 0.0001 to 3 Hz, strains from 0.1 to
35%, loads from 0.1 to 24 MPa and durations lasting hours to weeks have been examined at
various cycles and waveforms, attempting to find an optimal configuration while staying in the

realm of physiological conditions 27072,
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Confined Compression

Confined compression refers to the construct being radially confined during the application of
force. Special chambers are created to inhibit the transverse strain of constructs during force
application, while allowing for uniaxial compression to still occur. Because of confinement,
hydrostatic pressure plays a larger role in the force being applied, depending on the frequency of
the compressive force. Soltz and Ateshian were able to show that as the frequency of dynamic
load approaches 0.00044 Hz, the magnitude and phase of fluid pressurization matched that of the
applied stress . Studies in confined compression seem to further elucidate the crucial role of
interstitial fluid pressurization in the load bearing capabilities of cartilage ">">"°. In terms of
tissue growth, Davisson et al. showed a dramatic increase in sulfated glycosaminoglycan and
protein synthesis for confined dynamic compression at 0.1 Hz with a 50% static compression
offset, showing results that agree with the literature in terms of dynamic compression increasing
matrix synthesis "X, In general, confined compression requires a more rigorous compression
apparatus as it requires a chamber designed to inhibit transverse strain and higher precision in

construct shape consistency™®.

Unconfined Compression

Unconfined compression, in contrast to confined compression, refers to the construct being free
to expand radially. The majority of research in dynamic compression falls into this category. As
a construct is compressed, it expands radially, introducing a transverse strain in the construct in
addition to the axial strain caused by the compression. The introduction of a secondary strain has
the ability to aid in further tissue growth. In addition, the method is easier to apply as there are

no constraints applied to the constructs being stimulated. Hydrostatic pressure still increases
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inside the constructs being stimulated, but not exponentially as it does with a confined

compression stimulation mode*°.

Numerous short-term and long-term studies have applied unconfined compression protocols to
cartilage constructs using hydrogels or microporous scaffolds, differentiated, undifferentiated, or
de-differentiated cells to stimulate cell differentiation, proliferation, biosynthetic activity and
functional ECM development ®. In regards to short-term studies, Wong et al. showed that 45
hours of unconfined cyclical compression increased protein synthesis by 50% above control
values 7’. Sah et al. has shown that depending on the frequency, the biosynthetic response of
cartilage would either decrease or increase. Frequencies between 0.0001 and 0.001 Hz and
compressions of up to 4% total strain showed little effect but at a frequency of 0.01 Hz,
compressions of 1.1 - 4.5% total strain caused a 40% increase and a 30% increase in collagen
type-11 and proteoglycan synthesis respectively "8, Through the use of 3D scaffolds and dynamic
compression stimulus, Démarteau et al. showed that cartilage construct response does not depend

directly on the stage of cell differentiation 1°7°,

The development of functional ECM can be further appreciated when looking at long-term
studies that apply unconfined compressive loading. Through a 2-month long study, Mauck et al.
showed that constructs loaded with intermittent loading (10% deformation, at a 1 Hz frequency,
1 hour on 1 hour off, 3 hours per day 3 days per week) had a 2-fold increase in mechanical
properties relative to the control, even though the proteoglycan content was similar between the
control and stimulated groups. This suggests that the organization and assembly of the ECM was
regulated by the dynamic loading, allowing for better mechanical properties &. Mauck et al. have
also reported a 3-fold increase in the equilibrium aggregate modulus in argarose-seeded

constructs which were dynamically stimulated, as compared to their free-swelling controls. It
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was also noted that a significant difference in stiffness occurred in the last week of growth as
compared to the first 3 weeks, further eluding to the role of the ECM on material properties and

response to stimulation 081,

The mechanisms by which the dynamic compression affects the growth of cartilage can be
categorized as: i) cell deformation; ii) transport-related fluid flow and cell-protein interaction; iii)
physicochemical; and iv) cell-matrix interactions. Most notably, it has been shown that
constructs cultured for longer periods of time respond to compressive stimulation to a greater
degree than constructs with shorter culture periods. This indicates that the cell-matrix
interactions play crucial roles in the biosynthetic response to compression stimulation. It has also
been shown that proteoglycan accumulation in cartilage constructs only occurs if the
proteoglycan content prior to compression is sufficiently high, once again indicating that the
ECM plays a significant role in supporting the biosynthesis of the cartilage construct "27°%2, With
regard to the application of the force, Suh et al. reported that when cartilage constructs undergo
dynamic compressive loading, the ECM goes through repeated compression-expansion cycles,
causing an oscillating positive-negative hydrostatic pressure together with interstitial fluid flow,

which in turn leads to tissue biosynthesis 198,

Although dynamic loading has shown many benefits for both short-term and long-term culture
periods, there are still drawbacks that arise. One of the drawbacks is the desensitization of the
constructs to the stimulation itself, over longer periods of time. Weber & Waldman have shown
that a minimum amount of stimulation was required to elicit an anabolic response, but
desensitization would quickly be reached with an increase in loading cycles *2. In addition to
this, although the properties can be altered, not all mechanical properties are affected in the same

manner. Kelly et al. demonstrated that, although the dynamic loading increased the bulk
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properties, the overall profile of construct properties in the axial direction were qualitatively the
same as free swelling controls over the course of 42 days. That being the case, the Poisson’s ratio

did increase, hinting at an improved collagen network 084,

Indentation

Indentation stimulation is a special type of compressive stimulation where the size of the
stimulating platen is smaller than the surface of the construct . Indentation stimulation,
therefore, results in a complex loading profile throughout the construct where directly under the
indenter experiences direct compression while the surrounding area remains uncompressed.
Through special analysis techniques that allow for correlation to spatial mapping (e.g.
autoradiography), this type of stimulation allows for the comparison of directly stimulated,
indirectly stimulated and unstimulated conditions. Parkkinen et al. noted differences in the
amount of proteoglycan synthesis due to direct vs. indirect stimulation with different trends
observed in each area under several loading magnitudes. Depth-dependent variations were also

observed due to the different loading magnitudes®.

The complex loading state created by indentation stimulation is difficult to define for constructs
with irregular geometry and non-uniform material properties, thus it is not a common mode of
stimulation. More often, indentation (or double indentation) is used for mechanical property

testing rather than stimulation 8687,

2.3.2 Vibration
Vibration stimulation of cells in vitro is a novel approach that many studies are examining. The

two main categories are: high-frequency ultrasonic and lower frequency mechanical vibrations.
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High-frequency Ultrasonic Vibration

The application of ultrasonic vibration requires a secondary medium to pass on the vibration to
the cells themselves. Different methods of achieving this have been studied, with the most
common approach having transducers transmitting the ultrasonic waves through a coupling
medium to culture plates. Different forms of ultrasound have been investigated in terms of low
and high intensity. Thakurta et al. have shown that ultrasound increases proliferation of
chondrocytes, maintains the chondrocyte phenotype in scaffolds over 21 days and selectively
enhances the gene expression of the chondrogenic growth factor TGF-B3 over TGF-B1%. Parvizi
et al. were able to show an increase in proteoglycan synthesis and aggrecan mRNA expression
through the use of a low intensity-pulsed ultrasound stimulation &. Similarly Noriega et al.
showed an increase in collagen type-I1 and mMRNA expression in chondrocytes seeded in 3D
scaffolds stimulated with a 5 MHz ultrasonic wave applied for 51 seconds, twice a day %.
Further studies from the same group also showed an up regulation of both the ROCK-I and Rho-
A when the same application of ultrasound was applied. Both ROCK-I and Rho-A are genes
known to regulate cytoskeleton formation in chondrocytes, more specifically the formation of

actin stress fibres 1091,

Lower-freqguency Mechanical Vibrations

A common mechanism used for inducing low-frequency mechanical vibrations in cells is to have
a stage on which a cell culture plate rests and to apply the mechanical vibration with a modular
piezoelectric device through the stage itself. Jankovitch et al. showed that a 0.3 gram amplitude,
30 Hz vibration increased chondrogenic differentiation in vitro as well as upregulated SOX9
expression and downregulated MMP-13 activity %2. Kaupp et al. obtained similar results,

showing an increase in cell proliferation at 1 gram and 350 Hz. They also showed that over a
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longer culture period (1 week), there was in increase in ECM accumulation that led to a decrease

in the effectiveness of the stimulation 2.

Although vibrational therapies show a promising effect, it is still unsure as to their use in long-

term applications to chondrocyte biosynthesis and tissue growth.

2.3.3 Combined Dynamic Compression and Vibration (Stochastic Resonance)

As of recent, studies have begun exploring the use of stimulating cartilage constructs with a
combined dynamic compression and vibration stimulation protocol. This combined mode of
loading was termed stochastic resonance. Stochastic resonance has been observed in many
biological systems, from molecular level DNA transcription systems in gene expression, to
whole body level devices developed for regular use to maintain blood pressure, blood
oxygenation, and balance 2. Originally, stochastic resonance was investigated as a method to
inhibit the desensitization of chondrocytes to dynamic mechanical compression in vitro. Weber
& Waldman showed improved cellular sensitivity to mechanical loading and increased matrix
synthesis between 20-60% over short-term culture. Stochastic resonance also limited the load-

induced desensitization by maintaining sensitivity under desensitized loading conditions 11,

Further work to examine the long-term effects of stochastic resonance on younger and older cell
populations has also been done showing increased development of collagen type-VI in the
territorial region of the ECM, connecting the cells with a network like pattern similar to what is
seen in growth plate development and endochondral ossification ®. Furthermore, the combined

loading reduced the cell clustering typically seen in older and degenerative cartilage®%9°,
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3.0 Materials and Methodology

3.1 Short-Term Mechanical Stimulation of Passaged Cells

3.1.1 Chondrocyte Isolation and Passaging

Articular cartilage was harvested from the lower metacarpophalangeal joint of cows (age range:
16-24 months) obtained from Millgrove Packers Ltd. Cartilage slices were dissected from the
upper and lower condyles found within the joint capsule. Primary chondrocytes were isolated
from harvested cartilage slices by sequential enzymatic digestion: 0.5% wi/v protease (Sigma
Aldrich) for 1 hour followed by 0.15% wi/v collagenase A (Sigma Aldrich) for 18 hours at
37°C%. The enzymes were prepared in 20 mL of Hams F12 media supplemented with 25 mM
HEPES. The cell digest mixture was then filtered through a 200-mesh filter to remove any excess
fragments/undigested tissue, washed with Ham’s F12 media, and then centrifuged at 700g for 7
minutes. The supernatant was removed, and the remaining cell pellet was resuspended in Ham’s
F12 media and centrifuged again. This step was repeated 4 times. Viable cells were counted
using a hemocytometer and trypan blue dye exclusion method (Sigma Aldrich)%. Viable cells
were then resuspended in Ham’s F12 media supplemented with 20% v/v Fetal Bovine Serum
(FBS Sigma Aldrich) at a concentration of 20 x 10° cells/mL and seeded in T-175 flasks at a
density of 20,000 cells/mL in complete media (Ham’s F12 supplemented with 10% v/v FBS, 1%
v/v antibiotics/antimycotics, 0.2% v/v ascorbic acid and 20mM HEPES). Seeded flasks were
incubated at 37°C and 5% CO: for further passaging (up to passage 4) with the media exchanged

3 times a week.

Upon obtaining confluence, cells in the flasks were passaged. The media was first aspirated
followed by incubation in 4.5 mL of trypsin (Sigma Aldrich) at 37°C for 5 minutes. Flasks were

then agitated to loosen up any remaining attached cells, followed by trypsin inactivation by
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adding 10 mL of complete media. The cell suspension was then centrifuged and counted, as

described previously, prior to use or re-seeding flasks for subsequent passaging.

3.1.2 Preparation of Cell-Seeded Agarose Constructs

To encapsulate the cells, a 4% w/v solution of type VII low melting agarose (Sigma Aldrich) was
prepared in Ham’s F12 media. S00pL of the agarose solution was mixed slowly together with
equal parts of the remaining cell suspension in a 15mL conical tube to create a final cell-agarose
mixture of 10 x 10° cells/mL in 2% agarose. The cell-agarose solution was then cast into a
custom Teflon™ cylindrical moulds (3mm diameter x 3mm height). After gellation at room
temperature, cell-seeded constructs were leveled using a scalpel and then removed and placed in
petri dishes with complete media (as described previously). The cell-seeded agarose constructs
were then allowed to incubate for 24 hours at 37 °C and 5% CO; prior to mechanical

stimulation®’.

3.1.3 Application of Mechanical Stimuli

Cell-seeded agarose constructs created from different passages (PO, P1, P2, P3 and P4) were then
mechanically stimulated using a custom-made device. Briefly, the custom stimulation device
consisted of a plate with cylindrical loading platens which fitted on the top of a standard 24-well
culture plate allowing for 6 cell-seeded agarose constructs to be stimulated at a time® (Figure 3-
1). The device was attached to a Mach-1 Micromechanical Testing System (Biomomentum,
Laval) equipped with a 1 kg load cell to apply direct mechanical compression. For the
application of the vibrational loading (with or without additional compressive loading), a
vibration actuator (LFA-10, Equipment Solutions Inc., CA, USA) was positioned under the

custom-designed culture plate %%,
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Figure 3-1: Schematic of custom-made mechanical stimulation plate for 24 well plate®’

For this study four different stimulation methods were used: control (no loading), vibration only,
dynamic compression only, and combined vibration-dynamic compression (termed: “stochastic
resonance”). The constructs were placed into individual wells of a 24-well culture plate with
500uL of complete media containing 20% v/v FBS. For the vibration loading, a 1g vibration
force was applied with a random waveform between 20 and 50 Hz. For the dynamic compression
loading, a 5% total strain amplitude at 1 Hz was used. For the stochastic resonance loading, both
the vibration and dynamic compression loading protocols were used simultaneously. All

stimulations were conducted once, for 20 minutes in duration®®.

3.1.4. Quantification of Matrix Biosynthesis
After mechanical stimulation, matrix biosynthesis was measured using radioisotope

incorporation. Immediately after mechanical stimulation, 5SuCi of [°H]-proline and [*S]-sulfate,
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respectively, was added to each well containing a construct. The plates were incubated at 37°C at
5% CO- for 24 hours. After incubation, the agarose-cartilage constructs were removed from the
plates and washed three times with phosphate buffered saline (PBS) to remove any
unincorporated isotope. After washing, the constructs were enzymatically digested in 1mL of 40
pg/ mL papain buffered with 20mM ammonium acetate, ImM EDTA and 2mM DTT for 72
hours at 65°C. After digestion, 100 pL of sample was aliquoted for quantification of DNA using
the fluorometric PicoGreen DNA assay®. Proteoglycan and collagen synthesis were then
estimated through the quantification of the radioisotope incorporation using a LS6500 B-liquid
scintillation counter (Beckman Coulter, Mississauga, ON, Canada) using 100uL of the digested
sample. Proteoglycan and collagen synthesis was then normalized to DNA content. Each sample

was then normalized to the no-load controls.

3.2 Long-Term Mechanical Stimulation of Passaged Cells

3.2.1 Chondrocyte Isolation and Passaging

Chondrocytes were isolated and passaged (up to P4) as described in Section 3.1.1.

3.2.2 Preparation of Cell-Seeded Agarose Constructs
Passaged chondrocytes (PO, P2 and P4) were seeded in agarose constructs as described in

Section 3.1.2.

3.2.3 Application of Mechanical Stimuli
Mechanical stimulation was applied to the cell-seeded agarose constructs, as described in Section
3.1.3; however, stimulation was conducted over a 4 week period, with constructs stimulated

every second day, with a 2 day break over weekends.
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3.2.4 Mechanical Testing

After the 4 weeks of mechanical stimulation, cell-seeded agarose constructs were harvested for
mechanical testing. Prior to mechanical testing, the diameter and height of the constructs were
measured using digital calipers. Mechanical properties of the constructs were then determined
using an unconfined compression stress relaxation protocol in conjunction with a Mach-1
Micromechanical Testing System (Biomomentum, Laval, Canada. Using a flat loading platen,
constructs were first preloaded to 5mN preload to ensure contact with the platen. Sequential step
strains of 2% were then applied to the construct, until 10% total strain was achieved, with the
force recorded for each strain step until equilibrium was achieved (defined as <2mN/min change
in force). The equilibrium stress (determined from the sample cross-sectional area and
equilibrium force) was plotted against the equilibrium strain. The equilibrium modulus was

determined from the slope of equilibrium stress-strain curve by linear regression!?100-103 |

3.2.5 Determination of Accumulated Extracellular Matrix

After mechanical testing, samples were weighed (wet weight), lyophilized overnight, and then
weighed again (dry weight). Samples were then digested in 1mL of 40 ug/ mL papain buffered
with 20mM ammonium acetate, 1mM EDTA and 2mM DTT for 72 hours at 65°C. After
digestion, samples were aliquoted for quantification of DNA, proteoglycan, and collagen
content. DNA content was determined using the fluorometric PicoGreen DNA assay®.
Proteoglycan content was determined using dimethyl methylene blue (DMMB) sulfated
glycosaminoglycan binding assay (Sigma Aldrich)%. For collagen content, aliquots of digested
sample (100 pL) were first hydrolyzed (6N HCI for 18 hours) followed by the determination of

hydroxyproline content using the colorimetric chloramine-T/Ehrlich’s reagent assay'%>1%,
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Collagen content was then determined assuming that 10% of the collagen mass was made up of

hydroxyprolinel®.

3.2.6 Histological and Immunohistochemical Evaluation

Representative samples, after mechanical stimulation, were assessed by histological and
immunohistochemical evaluation. Harvested constructs were fixed in 4% paraformaldehyde for
24 hours, transferred to 70% EtOH, embedded in paraffin, and then sectioned (5um sections).
Sections were deparaffinised, rehydrated, and stained with either Safranin-O with fast green
counterstain, or picrosirius red with haematoxylin counterstain for visualization of the
proteoglycan and collagen distribution respectively. Histological slides were analyzed by light
microscopy and images were acquired using a Nikon Eclipse TS100 system. The sections were
also assessed for the localization of collagen type I, Il and VI. Once again, after rehydration the
sections underwent a heat-mediated antigen retrieval using a citrate-tween20 buffer at 95 °C for
20 min, followed by blocking with a 1% w/v BSA solution in PBS for 30 minutes at room
temperature. After blocking the sections were incubated over night at 4 °C with either mouse
monoclonal antibody against collagen | (ab90395 at 1:100 dilution; Abcam, Cambridge, MA),
mouse monoclonal antibody against collagen Il (I1-116B3 at 1:100 dilution; DSHB, lowa City,
IA) or rabbit polyclonal antibody against collagen VI (ab118955 at 2.5 Ilg mL21 , Abcam) for
collagen type I, Il and VI respectively. Sections were then washed with PBS and incubated with
either Fluorescein Isothiocyanate labeled polyclonal sheep anti-rabbit IgG secondary antibody
(ab97094 at a 1:200 dilution, Abcam) or Texas Red labeled polyclonal goat anti-mouse 1gG
secondary antibody (ab6787 at a 1:200 dilution; Abcam) for 2 hours at room temperature for
collagen type VI and collagen type | and Il respectively. Nuclear counterstaining was done using

mounting media containing DAPI (Vector Laboratories, Burlington, ON). Sections were
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examined immediately and images were taken using a ZOE florescent microscope (Bio-Rad
ZOE Fluorescent cell imager). Non-specific staining was assessed by replacement of the primary

antibody with non-immune 1% BSA!2%,

3.3 Recovery of the Pericellular Matrix in Passaged Cells

3.3.1 Chondrocyte Isolation and Passaging

Chondrocytes were isolated and passaged (up to P4) as described in Section 3.1.1.

3.3.2 Preparation of Cells Seeded in Alginate Beads

Passaged chondrocytes (PO, P2 and P4) were seeded in alginate beads to determine the time
required for the cells to recapitulate a pericellular matrix. First, a 3% w/v alginate solution was
created by mixing alginic acid sodium salt from brown algae (Sigma Aldrich) with ddH-0,
buffered with 150mM NaCl, 20mM of HEPES and adjusted to a pH of 7.4. This solution was
placed on a heating block, mixing and heating simultaneously until it was complete homogenous,
and the alginate was completely dissolved. The alginate solution was cooled to room temperature
and then mixed with the cell suspension (1:1 ratio) to create a final alginate-cell solution of 10 x
108 cells/mL in 1.5% alginate. A 110mM calcium chloride solution, buffered with 10mM
HEPES, mixed with ddH20 and adjusted to a pH of 7.4, was created to allow for the chelation of
the alginate beads. A 200uL pipette was used to drop 30uL at a time of the cell-alginate mixture
into the CaCl, solution which instantly chelated the alginate and formed alginate beads!"’. The
beads remained in the CaCl> solution for 5 minutes to fully cure before they were removed and
placed in 6-well culture plate containing complete media with 20% v/v FBS. The beads were
incubated for 1, 2 and 4 days at 37°C and 5%CO., after which they were harvested for

immunohistochemical evaluation.
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3.3.3 Immunohistochemical Evaluation
Harvested cell-seeded alginate beads were fixed in 4% paraformaldehyde for 24 hours,
transferred to 70% EtOH, embedded in paraffin, and then sectioned (5pm sections). The sections

were stained for collagen type VI using the procedure described in Section 3.2.6.

3.4 Long-Term Mechanical Stimulation of Passaged Cells with a Recovered
Pericellular Matrix

3.4.1 Chondrocyte Isolation and Passaging
As passage 4 (P4) chondrocytes were unable to recapitulate a pericellular matrix (Section 3.3),

chondrocytes were isolated and passaged (up to P2) as described in Section 3.1.1.

3.4.2 Recovery of the Pericellular Matrix in Alginate Beads
After passaging to P2, the chondrocytes were isolated and encapsulated in alginate beads to

allow for the recovery of the pericullular matrix, as previously described in Section 3.3.2.

3.4.3 Preparation of Cell-Seeded Agarose Constructs
After cells were recovered from the alginate beads, they were then seeded in agarose constructs

as previously described in Section 3.1.2.

3.4.4 Application of Mechanical Stimuli
The chondrocyte-agarose constructs were then stimulated 3 times a week for 4 weeks. The
methods of stimulation used were: unstimulated controls, compression and vibration, as

previously described in Section 3.2.3.
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3.4.5 Mechanical Testing
After 4 weeks of stimulation, the chondrocyte-agarose constructs were tested for mechanical

properties, as previously described in Section 3.2.4.

3.4.6 Determination of Accumulated Extracellular Matrix
After mechanical testing, samples were weighed and analyzed for DNA, proteoglycan and

collagen contents, as described in Section 3.2.5.

3.4.7 Histological and Immunohistochemical Evaluation
Representative samples, after mechanical stimulation, were assessed by histological and

immunohistochemical evaluation, as described in Section 3.2.6.

3.5 Statistical Analyses

Data was collected and pooled together from repeated experiments, resulting in data sets of n>8.
All data was analyzed statistically using a one-way ANOVA and Dunnett’s post hoc testing
(version 17, SPSS Inc., Chicago, IL), for comparison to both the PO controls and the controls of
the respective passage number. Significance was associated with p-values less than 0.05 and

trends were associated with p-values between 0.05 and 0.1'2.
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4.0 Results

4.1 Effect of Short-Term Mechanical Stimulation on Passaged Chondrocytes

Seeded in Agarose Constructs

For the short term mechanical stimulation study, the effects of mechanical stimulation on ECM
synthesis was observed through the incorporation of the radioisotopes [°H]-Proline and [**S]-
Sulphur for the measurement of collagen and proteoglycan respectively. Specifically,
unstimulated controls were compared to vibration (1g randomized between 20 and 50 Hz),
compression (5% total strain amplitude at 1 Hz) and stochastic resonance (combined vibration

and compression).

When compared to their respective controls of each passage number, collagen synthesis varied
with stimulation mode and passage number (Figure 4-1). Vibrational stimulation showed a 1.45-
fold (p = 0.033) and 1.22-fold (p = 0.013) increase in synthesis as compared to unstimulated
controls for the P1 and P2 cells, respectively. Stochastic resonance elicited a similar response,
primarily in further passaged cells and showed a 1.56- fold (p = 0.007) and a 1.65-fold increase
(p = 0.003) for the P3 and P4 cells, respectively. However, a trend was observed in P1 cells
exposed to stochastic resonance (p = 0.09) which experienced a 1.46-fold increase in synthesis.
Compressive stimulation alone, had no effect on collagen synthesis on any of the cells (PO

through P4).
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Figure 4-2: Effect of short term mechanical stimulation to collagen synthesis of passaged cells
seeded in agarose constructs, normalized to DNA and to the respective passage number control.
A — Statistically significant difference as compared to the respective passage number control (p <
0.5). a — Statistical trend as compared to the respective passage number control (0.05 <p <0.1).
Data represented as mean £ SEM; n > 5.

For proteoglycan synthesis (Figure 4-2), similar trends were observed. Vibrational stimulation
elicited a 1.69-fold increase (p = 0.011) and a 1.32-fold increase (p = 0.007) in proteoglycan
synthesis for the P1 and P2 cells, respectively. Alternatively, stochastic resonance had a greater
effect in the P1, P3 and P4 cells, which experienced a 1.7-fold increase (p = 0.029), 1.79-fold

increase (p = 0.003), and 1.84-fold increase (p = 0.004), respectively.
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Figure 4-2: Effect of short term mechanical stimulation on proteoglycan synthesis of passaged
cells seeded in agarose constructs, normalized to DNA and respective passage number control. A
— Statistically significant difference as compared to respective passage number control (p < 0.5).
Data represented as mean £ SEM; n > 6.

Matrix synthesis was also normalized to the primary (PO) cells to better understand the effects of
the stimulation on the cells. Although there appeared to be a large (non-significant) increase in
synthesis for the P2 cells for all stimulation modes, later passaged cells (P3 and P4) displayed

decreases in synthesis (less than half; p<0.001) (Figures 4-3 and 4-4).
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Figure 4-3: Effect of short term mechanical stimulation on collagen synthesis of passaged cells
seeded in agarose constructs, normalized to DNA and PO control respectively. Data represented
as mean + SEM; n > 8. B — Statistically significant difference as compared to PO control (p <
0.05).
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Figure 4-4: Effect of short term mechanical stimulation on proteoglycan synthesis of passaged
cells seeded in agarose constructs, normalized to DNA and PO control respectively. Data
represented as mean £ SEM; n > 7. B — Statistically significant difference as compared to PO
control (p < 0.05).

DNA content for each stimulation group and passage number was also compared to primary cells

(Figure 4-5). Significant increases in DNA content was observed at all passage numbers which
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also varied with stimulation mode. For the unstimulated controls, there was a significant increase
in DNA content as the passage number increased (up to P3). The P3 cells showed the largest
increase in DNA with a 4.3-fold increase as compared to PO controls (p < 0.001). Interestingly,
the stimulation had no observable effect on the DNA content of the PO cells, regardless of the

stimulation mode.

The stimulation had the greatest effect on DNA content in the further passaged cells (P3 and P4),
showing a significant increase in DNA for all modes of stimulation. For the earlier passaged
cells, the vibration mode caused a significant increase in DNA for both the P1 and P2 cells (P1 p
=0.017; P2 p = 0.041), where as the stochastic mode only had a significant effect on the P1 cells
(p = 0.014). Both the unstimulated control and the compression mode of stimulus showed no

significant increase in DNA for the P1 cells.
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Figure 4-5: Effect of short-term mechanical stimulation on DNA content of passaged cells
seeded in agarose constructs, as compared to Primary control. B — Statistically significant
difference as compared to PO control (p < 0.05). b — Statistical trend as compared to PO control
(0.05 <p <0.1). Data represented as mean = SEM; n > 6.
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An observable difference was noted between the earlier passaged cells (P1 and P2) and the
further passaged cells (P3 and P4) with respect to DNA and matrix synthesis as compared to the
PO controls. Each passage number within the groups responded in a similar manner to the
different forms of stimulus. Based on this, it was assumed that the P1 cells would respond similar
to the P2 cells, and the P3 cells would respond similarly to the P4 cells and this is what led to the

exclusion of the P1 and P3 cells moving forward.

4.2 Effect of Long-Term Mechanical Stimulation on Passaged Chondrocytes

Seeded in Agarose Contsructs

For the long-term stimulation study, the effects of mechanical stimulation on DNA, collagen and
proteoglycan accumulation was observed. Primary (P0), P2 and P4 cells were split into four
groups: unstimulated controls, compression, vibration and stochastic resonance, and were
stimulated accordingly for 20 min a day, 3 days a week for 4 weeks. Constructs were analyzed
for their biochemical (matrix accumulation and DNA content) and biomechanical (equilibrium
modulus) properties. The constructs were also analyzed for their immunohistochemical and

histological appearances.

Collagen accumulation, as compared to the respective passage number control, can be seen in
Figure 4-6 below. No significant differences were observed between the PO and P4 cells for all
modes of stimulation, including the unstimulated controls. The stochastic mode of stimulus
elicited the only observable effect in the P2 cells with a 1.55-fold increase in collagen

accumulated as compared to controls (p = 0.048)
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Figure 4-6: Effect of long-term mechanical stimulation to collagen accumulation of passaged
cells seeded in agarose constructs, normalized to DNA and passage number control respectively.
B — Statistically significant difference as compared to respective passage number control (p <
0.05). Data represented as mean + SEM; n > 6.

The collagen accumulation was also compared to the PO controls (Figure 4-7). For the
unstimulated controls, P2 cells showed the only difference, with a large decrease of over 80% (p
= 0.086) compared to the PO controls. There was no observable difference in the collagen
accumulated in PO and P4 cells, compared to PO controls for all modes of stimulation.
Alternatively, the compression mode of stimulus showed a large decrease in collagen

accumulation of the P2 cells (p = 0.088) compared to PO controls.

39



2.5
2.0

1.5
mPO

HP2
1.0 P4
0.5
a a
0.0 - -

Control Compression Vibe Stoch

Collagen Accumulation (fold change
from PO Control)

Figure 4-7: Effect of long-term mechanical stimulation on collagen accumulation of passaged
cells seeded in agarose constructs, as compared to PO control, normalized to DNA. Data
represented as mean £ SEM; n>6/group. a — Statistical trend as compared to PO control (0.05 < p
<0.1).

Figure 4-8 below shows the effects of the mechanical stimulation on the accumulation of
proteoglycan, as compared to the respective passage number control. There was no noted
difference between the unstimulated controls. The PO and P2 cells showed no significant
difference in the proteoglycan accumulation, as compared to the respective controls, for all
modes of stimulation. On the other hand, the vibration mode of stimulus caused a significant
increase in accumulation for the P4 cells, with a 1.85-fold increase ( p = 0.03) compared to

controls.
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Figure 4-8: Effect of long-term mechanical stimulation on proteoglycan accumulation of
passaged cells seeded in agarose constructs, normalized to DNA and passage number control
respectively. B — Statistically significant difference as compared to respective passage number
control (p < 0.5). Data represented as mean + SEM; n>7.

The accumulation of proteoglycan content was also normalized to the PO controls, and can be
seen in Figure 4-9 below. Both the P2 and P4 cells showed a significant difference in
accumulation in the unstimulated controls, decreasing synthesis by 84% and 67% respectively (p
<0.001; p = 0.013) A significant decrease in proteoglycan accumulation was also observed for
all forms of stimulation for the P2 and P4 cells, except for the P4 vibration. The largest decrease
was seen in P4 stochastic resonance with a 90% decrease in synthesis (p < 0.001). There was no

significant difference in accumulation for the PO cells for all modes of stimulation.
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Figure 4-9: Effect of long-term mechanical stimulation on proteoglycan accumulation of
passaged cells seeded in agarose constructs, as compared to PO control, normalized to DNA.
Data represented as mean £ SEM; n>6/group. A — Statistically significant difference as
compared to PO control (p < 0.05).

The effects of the long-term stimulation on DNA accumulation was quantified and compared to
PO control, as can be seen in Figure 4-10 below. For the unstimulated controls, both the P2 and
P4 cells showed a distinct decrease in DNA accumulated (p < 0.001). As for the stimulation
groups, the only increase in accumulation was caused by the vibration mode of stimulus and only
to the PO cells (p = 0.043). All modes of stimulation caused a significant decrease in DNA

accumulation for the P2 and P4 cells respectively (p < 0.001).

42



DNA Accumulation (fold chanbe from PO

1.0
a
< 08 H PO
=
)
S o6
R mP4
0.4 A T A A
I A A I I
A A
) ' ' .
0.0

Control Compression Vibe Stoch

Figure 4-10: Effect of long-term mechanical stimulation on DNA accumulation of passaged cells
seeded in agarose constructs, as compared to Primary control. Data represented as mean + SEM,;
n=10/group. A — Statistically significant difference as compared to PO control (p < 0.05). a —
statistical trend as compared to PO control (0.05 < p <0.01).

The biomechanical properties (equilibrium modulus) of the cell-seeded constructs appeared to be
affected by mechanical stimulation mode for the primary (P0) cells (Table 4-1). Compression
and vibration stimulated constructs increased construct modulus by ~ 2-fold (compression: 1.94-
fold, p=0.06; vibration: 2.09-fold, p=0.019) compared to the unstimulated controls.
Alternatively, the equilibrium modulus was unaffected by stochastic resonance applied to the
primary cell constructs. Similarly, the equilibrium modulus was also unaffected by any

stimulation mode in the passaged cell constructs (P2 and P4).
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Table 4-1: Equilibrium modulus for primary and passaged cells. Data presented as mean plus or
minus the standard error mean (SEM); n=3/group.

PO P2 P4
(kPa) (kPa) (kPa)
control 11664314 189819 41654189

Compression 22.61+1.73% 17.67+271 14.72+1.80

Vibration 24.27+0.72~ 16.11+1.07 17.87+3.28

Stochastic 15.01+230 1464+141 9.73+0.74

A - Statistically significant difference as compared to respective control (p < 0.05). a - statistical
trend as compared to respective control (p < 0.1).

Histological staining for collagen (picrosirius red; Figure 4-11) displayed similar results to that
of the biochemical accumulation, with the PO constructs seeded with primary cells accumulating
the most collagen which, declined with increasing passage number (P2 and P4). The effect of
stimulation mode was also apparent with vibrational and stochastic resonance stimulation modes
showing the most staining within each passage number, and vibrational loading displaying the

most collagen staining within the P2 cells.
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Figure 4-11: Histological staining of stimulated constructs with Picrosirius red staining for
general Collagens. Scale bar: 50 pum.

In a similar fashion, the proteoglycan staining (safranin-O; Figure 4-12) also showed reduced
staining as the passage numbers increased, with the staining becoming completely intercellular at
P4. The vibration and compression stimulus modes seemed to show the most staining within the

primary cells. This effect is seemingly lost in the P2 and P4 cells.
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Figure 4-12: Histological staining of stimulated constructs with Safranin-O for proteoglycans.
Scale bar: 50 pm.

Immunohistochemical (IHC) staining for collagen type | (Figure 4-13) appeared to be minimal
throughout the primary cell constructs and increasing with the P2 and P4 cell constructs. The
majority of the collagen type | staining appeared to be intercellular for the PO constructs, and
then shifted outwards to the pericellular region. With respect to stimulation mode, compression
appeared to have the greatest effect on collagen type I staining for all cells ( PO through P4),
whereas the other stimulation modes (vibration and stochastic resonance) did not have any

observed effects on collagen type | deposition.
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Figure 4-13: Collagen Type | immunoflorescent staining of stimulated constructs. Nuclei are
counterstained with DAPI. Scale bar: 50 pum.

Collagen type 1l staining (Figure 4-14) was abundant in the PO cells, and decreased rapidly with
the P2 and P4 constructs, predominantly appearing in the territorial matrix between the cells.
Regarding stimulation mode, the vibration and stochastic resonance modes showed the greatest
effect on collagen type 11 staining for the PO cells. There did not seem to be any effect on the

staining of type 11 collagen for the passaged cells (P2 and P4).
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Figure 4-14: Collagen Type Il immunoflorescent staining of stimulated constructs. Nuclei are
counterstained with DAPI. Scale bar: 50 pum.

Collagen type VI was generally observed in the pericellular matrix (PCM) for all of the cell-
seeded constricts (Figure 4-15). Upon passaging, the cells appeared to lose their ability to form a
PCM, which was especially noted in the P4 cell constructs. Vibrational stimulation appeared to
have the greatest effect on collagen type VI deposition in the primary cells with robust PCM
staining and even showing web-like formations occurring in the territorial regions between the
cells, as noted by the arrows. There did not appear to be an effect of stimulation mode on

collagen type VI deposition in the passaged cell constructs (P2 and P4).
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Figure 4-15: Collagen Type VI immunoflorescent staining of stimulated constructs. Nuclei are
counterstained with DAPI. Scale bar: 50 pum.

Although stochastic resonance showed promise for the primary cells, for the passaged cells this
method did not appear to have much effect with respect to matrix accumulation or histological
appearance. For this reason, it was decided to exclude stochastic resonance as a mode of

stimulation from any further long-term studies.
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4.3 PCM Recovery

The PCM recovery experiment involved encapsulating passaged chondrocytes in alginate beads
to allow for the PCM to fully develop. Encapsulated beads were fixed at 1, 2 and 4 days
respectively and the PCM was evaluated using immunohistochemical staining of collagen type

VI.

Dav 1 Day 2 Day 4

Figure 4-16: Collagen type VI immuno-florescent staining of alginate beads. Nuclei are
counterstained with DAPI. PCM marked with arrows Scale bar: 50 um.
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The extent of collagen type VI staining (Figure 4-16) did not appear to change with incubation
period for the PO cells. For the P2 cells, the staining was similar between the day 1 and day 2
time periods but increased significantly by day 4, showing robust PCM staining as well as a
small amount of collagen type VI staining in the territorial region. The P4 cells seem to decline

in staining each day, showing almost no collagen type VI staining by day 4.

As it was apparent that a PCM was not able to be recovered in the P4 cells, it was decided to not

include P4 cells in the following long-term study.

4.4 The Effect of Long-Term Mechanical Stimulation on Passaged Cells with a

Recovered PCM

For this long-term stimulation study, the effects of mechanical stimulation on DNA, collagen and
proteoglycan accumulation in cells with a recovered PCM were determined. Primary (P0), P2
non-bead and P2 bead cells were split into three groups: unstimulated controls, compression or
vibration, and were stimulated accordingly for 20 min a day, 3 days a week for 4 weeks.
Constructs were analyzed for their biochemical (matrix accumulation and DNA content) and
biomechanical (equilibrium modulus) properties. The constructs were also analyzed for their

immunohistochemical and histological appearances.

Collagen type VI was visible in constructs created immediately after alginate bead

disassociation, showing a developed PCM in the cells (Figure 4-17).
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Figure 4-17: Collagen type VI immuno-florescent staining of constructs seeded containing
passaged cells with recapitulated PCM, immediately after cells recovered from alginate beads.
Nuclei are counterstained with DAPI. PCM marked with arrows Scale bar: 50 pm.

There was no significant difference between the unstimulated controls, with respect to collagen
accumulation, when compared to their respective passage number controls (Figure 4-17).
Mechanical stimulation also showed no significant effect on collagen accumulation for the P2
non-bead and P2 bead groups, respectively. Alternatively, mechanical stimulation elicited both
positive and negative effects on the PO cells, for vibration (p = 0.007) and compression (p =

0.002) modes, respectively.
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Figure 4-18: Effect of long-term mechanical stimulation on collagen accumulation of passaged
cells seeded in agarose constructs with recovered PCM’s, normalized to DNA and passage
number control respectively. B — Statistically significant difference as compared to respective
passage number control (p < 0.05). Data represented as mean + SEM; n > 6.

When normalized to the PO controls (Figure 4-19), there was also no significant difference in the
collagen content accumulated for all groups (PO, P2 non-bead and P2 bead). With respect to
mechanical stimulation, the compression mode of stimulus elicited a decrease in collagen
accumulation for both the PO and P2 non-bead cells (p = 0.007; p = 0.05). The P2 bead cells

showed no effect on collagen accumulation for any mode of stimulation.
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Figure 4-19: Effect of long-term mechanical stimulation on collagen accumulation of passaged
cells seeded in agarose constructs with recovered PCM’s, normalized to DNA and PO control
respectively. B — Statistically significant difference as compared to PO control (p < 0.05). Data
represented as mean = SEM; n > 6.

With respect to proteoglycan accumulation as compared to the respective control groups (Figure

4-20), no significant changes were seen regardless of stimulation mode.
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Figure 4-20: Effect of long-term mechanical stimulation on proteoglycan accumulation of
passaged cells seeded in agarose constructs with recovered PCM’s, normalized to DNA and
passage number control respectively. B — Statistically significant difference as compared to
respective passage number control (p < 0.05). Data represented as mean = SEM; n > 6.
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When compared to the PO controls, the P2 bead unstimulated controls showed a significant 63%
decrease in proteoglycan accumulation (Figure 4-21; p <0.001). With respect to stimulation
mode, once again only the P2 beads showed significant changes, with both compression and
vibration eliciting a decreased response (compression: 64% decrease, p < 0.001; vibration: 46%

decrease, p < 0.001), as compared to PO controls.
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Figure 4-21: Effect of long-term mechanical stimulation on collagen accumulation of passaged
cells seeded in agarose constructs with recovered PCM’s, normalized to DNA and PO control
respectively. B — Statistically significant difference as compared to PO control (p < 0.05). Data
represented as mean £ SEM; n > 6.

DNA content (Figure 4-22), with respect to PO control, showed a similar response as was seen in
Section 4.3. The passaged cell groups showed a significant decrease of more than 60% in DNA
accumulated for both the unstimulated controls and the different control groups respectively (p <

0.001). The PO cells showed no significant difference.
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Figure 4-22: Effect of long-term mechanical stimulation on DNA accumulation of passaged cells
seeded in agarose constructs with recovered PCM’s, normalized to DNA and PO control
respectively. B — Statistically significant difference as compared to PO control (p < 0.05). Data
represented as mean + SEM; n > 6.

The biomechanical properties (equilibrium modulus) of the cell-seeded constructs appeared to be
affected by mechanical stimulation predominantly for the P2 Bead constructs as well as the P2
Non-Bead cells (Table 4-2). The unstimulated P2 Bead controls exhibited a decrease in modulus
of roughly half (0.48-fold, p = 0.011). Similarly, compression showed a 0.58-fold decrease (p =
0.005) in modulus or the P2 Bead constructs as well as a 0.68-fold (p = 0.089) decrease in the P2
Non-Bead constructs, as compared to the PO unstimulated controls. Vibration only elicited a
response in the P2 Bead constructs, with a 0.68-fold decrease in modulus as compared to the PO
controls (p = 0.06). Alternatively, the equilibrium modulus was unaffected by any stimulation

mode in the PO constructs.
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Table 4-2: Equilibrium modulus of chondrocytes with recapitulated PCM’s, seeded in agarose
constructs and stimulated over a 4 week period. Data represented as mean = SEM; n>3.

P2 Non- P2 Bead
PO (kPa) Bead (kPa) (kPa)
Control 22.13+1.74 24.4+1.67 12.85+2A

Compression  28.03+2.43 15.08+3.092 10.4+2.554

Vibration 24.95+3.7 22.65+1.74 15.1+2.22

A - Statistically significant difference as compared to respective control (p < 0.05). a - statistical
trend as compared to respective control (0.05 p < 0.1).

The histological staining for proteoglycans (Safranin-O, Figure 4-22) displayed similar results,
showing decreases in staining from the PO cells and the P2 non-beads and P2 beads, respectively.
There also did not appear to be any differences in staining between the different modes of
stimulation for both the P2 non-beads and the P2 beads. However, for the PO cells, the vibration

stimulation showed the greatest amount of staining.
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Figure 4-23: Histological staining of stimulated constructs, containing passaged cells with
recapitulated PCM, with Safranin-O for proteoglycans. Scale bar: 50 pm.

The histological staining for collagens (picrosirius red, Figure 4-23) also displayed similar
results, with the PO cells showing the greatest amount of collagen staining, and both P2 groups

showing decreased staining. Interestingly, the P2 non-beads showed better staining for both

58



vibration and control compared to the P2-beads. Compression appeared to elicit no response in
regard to staining for the P2 non-beads and P2 beads, respectively. There also seemed to be no

difference in the staining with respect to simulation mode for the P2 beads.
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Figure 4-24: Histological staining of stimulated constructs, containing passaged cells with
recapitulated PCM, with Picrosirius red staining for general Collagens. Scale bar: 50 pum.

There appeared to be no effect on collagen type | staining for the PO cells regardless of

stimulation group (Figure 4-24). On the other hand, the staining appeared to increase for the P2
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non-beads and then even more so with the P2 beads. Compression seemed to cause the greatest

effect on the staining of the P2 non-bead and P2 bead cells, respectively.

Control Compression Vibration

P2 Non-Bead PO

P2 Bead

Figure 4-25: Collagen type | immunoflorescent staining of stimulated constructs containing
passaged cells with recapitulated PCM. Nuclei are counterstained with DAPI. Scale bar: 50 pum.

In contrast to the collagen type | staining, staining for collagen type Il (Figure 4-25) showed an
abundant amount of staining in the PO constructs, with less staining in both P2 groups. The PO
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unstimulated control showed the greatest staining for the PO group, followed by vibration and
then compression. Both P2 non-bead and P2 bead groups showed significantly less staining for

collagen type I1, with no observable differences between the different stimulation groups.
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Figure 4-26: Collagen type Il immunoflorescent staining of stimulated constructs containing
passaged cells with recapitulated PCM. Nuclei are counterstained with DAPI. Scale bar: 50 um.



A similar trend was observable in the collagen type VI staining (Figure 4-26). The PO constructs
exhibited a good dispersion of collagen type VI staining. The vibration mode of stimulus seemed
to cause the greatest effect in the collagen type VI staining for the PO constructs, showing not
only pericellular staining but also staining extending into the territorial matrix, as noted by the
arrows. For the P2 non-bead cells there was no observable difference on the collagen type VI
staining between the different stimulation groups. Interestingly, the P2 bead group showed a
noticeable increase in collagen type VI staining in response to the vibration mode of stimulus, as

compared to control, showing a better developed PCM.
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Control Compression Vibration

P2 Non-Bead | PO

P2 Bead

Figure 4-27: Collagen type VI immuno-florescent staining of constructs seeded containing
passaged cells with recapitulated PCM. Nuclei are counterstained with DAPI. Areas of interest
marked with arrows Scale bar: 50 um.
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5.0 General Discussion

5.1 Effect of Short-Term Mechanical Stimulation on Passaged Chondrocytes

in Agarose Constructs

In the short-term mechanical stimulation study, isolated bovine chondrocytes were passaged
from PO (primary) to P4, seeded into agarose constructs, and subjected to mechanical stimuli.
Four modes of mechanical stimulation were used: unstimulated (controls), dynamic compression,
random vibration, and stochastic resonance (dynamic compression with superimposed random
vibrations). Stimulated constructs were evaluated for changes in collagen and proteoglycan

synthesis as well as DNA content.

With respect to passage number, the rate of DNA synthesis appeared to increase. It is well
known that passaged chondrocytes, compared to primary chondrocytes, display increased
proliferation. Specifically, in monolayer culture, as chondrocytes are passaged, they start to
adopt a fibroblastic phenotype and proliferate at a faster rate than primary chondrocytes®®-11% |t
is expected that these cells would continue to behave in a similar manner after seeding in agaose
gels which would account for these results. Accompanying the increases in DNA synthesis with
increasing passage number was a general decrease in proteoglycan and collagen synthesis, as
compared to the PO controls. This decrease in matrix synthesis may also be a result of phenotypic
changes that occur during passaging. As mentioned, passaged chondrocytes tend to adopt a more

fibroblastic phenotype leading to decreases in extracellular matrix gene expression 3112-115,

Unexpectedly, all modes if mechanical stimulation had no significant effect on biosynthesis in
primary cells. Many studies have shown beneficial effects on chondrocyte matrix synthesis in

response to mechanical stimuli’2999%8.116117 One explanation for the insignificant change could
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be the fact that the primary cells were behaving more phenotypical and therefore were able to
interpret and resist the physical effects of the stimulation. It has been shown that chondrocytes
with a proper cartilage matrix can temper the effects of mechanical stimulation*2'3, Another
explanation could be that the mechanical stimulation modes were not optimized for enhancing

and upregulating matrix synthesis in primary cells.

When comparing the effect of the mechanical stimulus on the passaged cells, both vibration and
stochastic resonance had a positive effect on matrix synthesis. Interestingly, early passaged cells
(P1 and P2) responded preferentially to vibrational loading, whereas later passaged cells (P3 and
P4) preferentially responded to stochastic resonance. While mechanical vibrations have shown a
variety of effects depending on duration and frequency, in general, vibrations elicit matrix

biosynthesis in a short term setting 9293118119 The earlier passaged cells responding better to the
vibration cold be attributed to the fact that the P1 and P2 cells still display a chondrogenic

phenotype, which would allow them to respond positively to a vibration mode of stimulus.

In relation to the further passaged cells (P3 and P4), the vibration component of the stochastic
resonance could be counteracting the negative aspects of the compression allowing the
chondrocytes to receive the benefits of both modes combined. It has been shown that passaged
chondrocytes under dynamic compression have an increase in the interstitial fluid flow that
occurs, but also an increase in matrix proteins released into the media®?°. With further passaged
cells, the cartilage matrix is sparser resulting in a greater effect of fluid flow and potential protein
loss, but with the application of the vibration, the matrix proteins might be able to remain in the
construct instead of being washed out. Previous work has explored the use of Stochastic
resonance as a mode of stimulation for chondrocytes, showing an increase in matrix synthesis in

the short term setting™>%. Interestingly, the further the cells are passaged, the greater the effect
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stochastic resonance had on matrix synthesis, as compared to the other modes of stimulation with
respect to the passage number control. This may be attributed to the fact that the combined
vibration-compression mode of stimulus works better for chondrocytes that are further shifted

away from the chondrocyte phenotype.

Although mechanical stimulation showed positive increases in matrix synthesis of passaged
chondrocytes, this short-term study was limited to only determining the anabolic response. It is
well known that mechanical stimuli can also elicit changes in chondrocyte catabolism?1:122 and
thus the next series of experiments were focused on the long-term effect of mechanical

stimulation of passaged chondrocytes.

5.2 Effect of Long-Term Mechanical Stimulation on Passaged Chondrocytes

Seeded in Agarose Constructs

DNA accumulation decreased as passage number increased, as compared to control. This is
opposite as to what was observed during the short-term stimulation study. This was an
unexpected result as most studies note either an increase in DNA accumulation®1%, or no
observable change in DNA accumulation, when mechanical stimulation is applied during long-
term culture!100103.123.124 ‘Thjs may be due to the notion that chondrocytes can switch from a
proliferative state to one of matrix synthesis when the room for proliferation is limited*?* ;
especially during high density culture such as this experiment. In addition, passaged cells not
only start to shift in terms of phenotype but they also show a higher rate of apoptosis*?®. Thus,
the lower DNA accumulation may have been a combination of the lower rate of proliferation rate

along with higher rate of cell apoptosis, characteristic of passaged chondrocytes.
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In regard to the mode of stimulation, random vibrations showed a significant increase in DNA
accumulation for primary (P0) chondrocytes. This is similar to other studies that have shown that
vibrational stimuli can upregulate DNA incorporation in high density cultures, although the exact

mechanism(s) responsible are currently unknown®2,

As compared to primary (PO) chondrocytes, proteoglycan accumulation was drastically
decreased for passaged cells, across all stimulation modes (except for P4 cells exposed to
random vibrations). These results were similar to what was observed during the short-term
stimulation study, except to a greater extent. As previously stated, passaged chondrocytes lose
their ability to properly synthesize matrix constituents due to their altered phenotype. Mallein-
Gerin et al. noted that dedifferentiating chondrocytes are associated with the loss of a
chondrocyte phenotype as measured by increased collagen type | expression and decreased
proteoglycan expression®2128 ‘which could account for these results. Guilak & Kisiday have
also shown that mechanical stimulation can increase the expression of matrix degrading enzymes
responsible for ECM maintenance and remodelling, such as MMP-3, MMP-13, ADAMTS4 and
ADAMTSS 1712 Thys, over a long-term culture, increases in matrix turnover could also

account for the overall decrease in the proteoglycan accumulation in this study.

In contrast, when compared to their respective passage number, vibrational stimuli showed a
significant increase in the proteoglycan accumulation of the P4 cells. Studies by Lui et al. have
shown that mechanical vibrations applied over long term-culture can increase proteoglycan
accumulation!®. Mechanical vibrations have been shown to upregulate SOX9, the master
transcriptional regulator of chondrogenesis®. Thus, it is possible that the vibrations elicited an
increase in not only proteoglycan accumulation, but other matrix constituents which, in turn,

would allow for the entrapment of the synthesized proteoglycans.
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Collagen type V1 expression was increased in primary chondrocytes (PO) subjected to
mechanical vibrations. In these stimulated cells, a robust PCM as well as a web-like network of
collagen type VI was observed in the territorial matrix. Collagen type VI plays an important role
in linking the PCM to the ECM and acting as a transducer (or regulator) of mechanical
loading?329:6095.131-133 "1 addition, the web-like network of collagen type 6 could potentially act
as a link between cells, further allowing for signalling in response to mechanical stimuli®®. These
effects also led to changes in construct mechanical properties with vibrations eliciting a 2-fold

increase in the equilibrium modulus.

Slight increases in collagen accumulation were also observed in the P4 cells when stimulated by
random vibrations. This was similar to the proteoglycan accumulation results and may also be a
result of increased SOX9 expression when exposed to vibrational stimuli®>®3. However, in
general, it appeared that stimulation had a varied effect on collagen accumulation in passaged
chondrocytes. Interestingly, as the passage number increased, there appeared to be a decrease in
accumulation of collagen. This was also accompanied by the lack of a pericellular matrix (PCM)
with further passaged cells as noted by the decline in collagen type VI expression with increasing
passage number. This could explain why further passaged chondrocytes were generally less
responsive to mechanical stimuli. Without a proper PCM, the cells most likely were unable to
transduce mechanical signals properly. For example, the primary cilium, a PCM organelle
thought to be responsible for mechanotransduction?®!3 are progressively lost with passaging as
noted by decrease in primary cilia length and prevelance®%, Thus, ascertaining the importance
of the PCM led to the notion that in order to properly recover passaged cells, they first need to be

able to recapitulate a functional PCM.
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5.3 Effect of Long-Term Mechanical Stimulation on Passaged Chondrocytes

with a Recapitulated PCM Seeded in Agarose Constructs

Pre-culturing passaged chondrocytes in alginate beads led to a recapitulation of a PCM which
appeared to remain after encapsulation in agarose. However, these cells (those with a
recapitulated PCM), displayed no significant increases in ECM accumulation for any of the
modes of stimulation investigated as compared to primary cells. That being said, it did appear
that the P2 cells pre-cultured in alginate beads showed a positive response to mechanical stimuli
when compared to their respective passaged cell controls. This response could be potentially
explained by the presence of a PCM. The PCM stabilizes and shields chondrocytes from
excessive forces, thereby allowing for a increase in biosynthetic response?®:2%31137-139 1t should
also be noted that the alginate recovery method used, although successful at recapitulating a
PCM was not optimized as not all of the cells had a recovered a PCM. In order to further explore
this area, the PCM recovery method should be refined to ensure all chondrocytes have a
recovered PCM. In addition, further analysis of the recovered PCM should be conducted (for
example, exploring the primary cilium) to determine its functionality compared to the PCM of

primary cells.

In terms of collagen types, there were no observable differences between the passaged cells with
or without a recovered PCM, both showing an increase in collagen type | and a decrease in
collagen type Il with passaging. This suggests that although the PCM was recovered, the cells

were still unable to fully recover a chondrogenic phenotype.

Similar to the previous studies, vibrational stimuli had a great effect on the collagen type VI
staining in primary cells. The stimulated cells also developed web-like structures in the territorial

matrix between the cells. Interestingly, passaged cells with recovered PCM’s also showed an
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increase in collagen type 6 staining when exposed to mechanical vibrations, compared to both
the unloaded controls and those subjected to compressive stimulation. This increase could be the
passaged chondrocytes trying to respond and lay down collagen type V1 in a similar manner to
the primary cells, but to a lesser degree. This effect was not observed in the passaged cells
without the recovered PCM, once again highlighting the role that the PCM plays in

mechanotransduction.

70



6.0 Conclusions and Future Work

6.1 Conclusions

In conclusion, the effect of mechanical stimuli was explored on passaged chondrocytes. The
major objective of the work presented was to explore the application of mechanical stimulation
on passaged chondrocytes to determine its efficacy in recovering passaged chondrocytes to
behave more like primary cells. It has been shown that as cells are passaged, they start to lose
their chondrogenic phenotype and start to adopt a fibroblast-like phenotype312140, \When
attempting to heal cartilage defects with tissue engineered constructs, a large population of
chondrocytes is typically required. This would require the passaging of primary cells multiple
times. In the work presented, 4 separate studies were conducted in order to determine the effects

of different forms of mechanical stimuli on passaged chondrocytes.

6.1.1 Mechanical Stimulation on Passaged Chondrocytes

When mechanical stimulation was applied to passaged chondrocytes, in a short-term setting, an
increase in DNA synthesis was observed for all modes of stimulation. There was also an
upregulation of proteoglycan and collagen content for the later passaged cells (P3 and P4) when
stochastic resonance was applied, as well as an upregulation for the earlier passaged cells (P1
and P2) when vibrations were applied. However, when long-term mechanical stimuli were
applied, these increases in DNA and matrix accumulation were lost. This response was attributed
to the dedifferentiation of the passaged cells away from their chondrogenic phenotype. What was
also noted was that the passaged cells were unable to recreate and maintain a properly robust
PCM, as observed by a decrease in collagen type VI expression. Ultimately, without a functional
PCM, mechanical stimuli would not be properly transduced in the passaged cells and therefore a

means to recapitulate the PCM was required.
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6.1.2 PCM Recapitulation

Passaged chondrocytes pre-cultured in alginate beads showed an increase in collagen type VI
expression when incubated for up to 4 days. Specifically, chondrocytes displayed a robust PCM
structure for the P2 chondrocytes after 4 days of incubation. Comparatively, the P4 cells
appeared to be unable to recapitulate a PCM, highlighting that the P4 chondrocytes may have

been too far shifted in phenotype to recapitulate a PCM.

6.1.3 Mechanical Stimulation of Passaged Chondrocytes with a Recapitulated PCM
Passaged chondrocytes with a recapitulated PCM showed a positive response when mechanical
stimuli were applied. In terms of matrix accumulation, although the magnitude was not as high
as the P2 control cells (non-recapitulated PCM), they responded in a preferential manner to the
stimulus. The PCM plays a crucial role in mechanotransduction of the chondrocyte and
potentially the recapitulated PCM had an effect in shielding the chondrocytes from excessive
loading. Although this method did not led to the creation of constructs with increased ECM
accumulation, recapitulation of the PCM is a crucial step in recovering passaged chondrocytes as
it allows the cells to properly transduce mechanical forces and thus crucial in developing proper

cartilaginous tissue.

6.2 Future Work

6.2.1 Repeat Studies
The PCM recovery long-term stimulation study should be repeated to increase the sample sizes

and associated power of the statistical methods used.
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6.2.2 PCM Recovery Optimization

In addition to repeating the long-term study, the PCM recovery method should be further
optimized. As none of the timepoints investigated (up to day 4) worked with the P4 cells, it
might be that the P4 cells require longer incubation times. In addition, further optimization may
be required to ensure that all the cells recover a robust PCM before encapsulation in agarose. The
current methodology employed was focused on ensuring cell viability and not the frequency of

PCM recovery. Thus, further exploring this method is warranted.

6.2.3 Mechanism(s)

Lastly, the mechanism(s) by which the PCM aids in the mechanotransduction of applied forces
to the chondrocyte should be explored. Specifically, exploring the different elements of the PCM
and how they function together would be beneficial. For example, the role of primary cilium in
chondrocytes has only been recently discovered. Exploring the effects of cell passaging on the
primary cilium and how to recover them would be valuable in further understanding how to

recover dedifferentiated chondrocytes.
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