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Abstract

A function of articular cartilage is to carry mechanical loads. When loaded, chondrocytes
change their metabolism depending on the frequency, magnitude, and duration of the
load. Mechanical load also induces osmotic pressure changes in the tissue.
An experimental system developed previously to study the effects of dynamic loads on
aggrecan gene promoter activation in living cells. Chondrocytes in agarose were
transfected with the basic aggrecan promoter driving the expression of green fluorescent
protein (GFP). The practicality of using this system to quantify and correlate promoter
activity, mRNA expression, and protein synthesis was examined and found to be limited.
A simpler monolayer culture systemwas developed to study the effect of hyper- and
hypo-osmotic conditions on the expression of aggrecan, type II collagen (COL2) and heat
shock protein-70 (HSP-70) mRNAs in isolated chondrocytes.
In support of the literature, aggrecan mRNA was suppressed by hypertonicity and
unaffected in hypotonicity. Yet, we demonstrated for the first timethat aggrecan and
COL2 are co-ordinately regulated by osmotic pressure and that the expression pattern of
HSP-70 is similar to other cell types. Disruption of the cytoskeleton with cytochalasin D
affected the pattern of aggrecan and COL2, while blocking the extracellular-signal
regulated kinase (ERK) pathway altered only COL2. These results suggest that several
inter-related signalling pathways regulate the osmotic response of chondrocytes.
In the future abetter understanding of the relationship between osmolality and mechanics
will improve our understanding of how the mechanical extracellular environment
modulates the biosynthetic activity of chondrocytes.
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Chapter One:

INTRODUCTION

The survival and success of vertebrates revolves around the skeleton, which supports
and protects the body, and most importantly facilitates locomotion and movement. Body
motion originates from strategically located joints, or articulations. In these joints,
ligaments and tendons act like cables to bind the bones together for stability, while athin
layer of cartilage covers the articular surfaces to protect the bones during movement and
allow mobility as these smooth surfaces to glide past each other.
Unlike most other tissues, including epithelial, nervous and muscular tissues,
connective tissues including cartilage are characterized by arelatively sparse number of
cells that are scattered within an abundant extracellular matrix (ECM). The ECM is
primarily responsible for the mechanical function of the tissue, the cells are primarily
responsible for maintaining the structure of the ECM. Like any type of material, the
strength and function of cartilage is determined by its architecture and composition, in
this case the extracellular matrix which is the primary load-bearing element of the tissue
1,2

Only millimetres thick, cartilage supports the weight of the skeleton and muscle

forces during daily activity, thus cartilage must be tremendously strong and resilient, yet
flexible and elastic. Cartilage is so well designed that it typically last an entire life span,
while man-made materials that are used in artificial joints (e.g. stainless steel, titanium,
polyethylene), eventually fatigue and fail with repetitive loading

3-7

Cartilage is aliving biological tissue that contains cells—chondrocytes--with the
capacity to synthesize, maintain, and remodel the extracellular matrix; it is this feature
that contributes to its remarkable durability and ability to resist load

8-10

Cartilage also

differs from all other tissues in being arelatively acidic and hypoxic tissue that lacks the

2
neural, vascular and lymphatic input

11 .When

the chondrocytes are stimulated they

adjust their metabolism, which, over time, adjusts the matrix composition and in turn the
mechanical properties of the ECM. Chondrocytes receive both mechanical or humoral
stimuli from the environment. Cartilages are found throughout the body and whether in
the respiratory system (e.g., trachea) or in the musculoskeletal system (e.g., articular
cartilage) they experience some type of mechanical load. It has become clear that such
loading can lead to changes at the cellular level: for example, compressive loads can
physically deform the ECM and cells, induce fluid flow and redistribute of ions, induce
streaming potentials, and provoke changes in hydrostatic and osmotic pressure (for
reviews see Helminen (1987) and Guilak et al. (1997)

12,13

Humoral factors, including

growth factors, hormones, and cytokines that are present in the ECM and are made by the
cells, may stimulate chondrocyte metabolism by autocrine, paracrine or endocrine
pathways 1416•
Articular cartilage, is exposed regularly to load through daily activities which is
needed to maintain the ECM

17,18

whereas extended bed rest or excessive tissue loading

compromise the health and integrity of the matrix

12, 19,20

Moreover, experiments in

vivo, in situ, and in vitro show that chondrocytes change their metabolism in response to
various mechanical loading regimes (e.g.,

2125)

and are associated with physical changes

in the cells and matrix (e.g., cytoskeletal deformation, fluid flow, streaming potentials,
hydrostatic pressure, and osmotic pressure). These findings form the foundation of the
emerging field of cartilage mechanobio logy, which is based on the premise that the
synthesis, deposition, and organization of extracellular matrix molecules ch be
controlled by certain load histories.

3
Cartilage has alimited healing capacity 9,26,27, and unlike most other tissues,
damaged cartilage has avery limited capacity to regenerate. Thus, extensive cartilage
injury typically leads to progressive, irreversible tissue degeneration and in turn to joint
pain, deformity, and disability. Indeed, the hallmark of osteoarthritis (OA), the most
prevalent degenerative joint disease
loss of articular cartilage

28-31

(-

2million Canadians), is progressive, irreversible

In OA cartilage, alterations in the metabolism and

phenotype of the cells are associated with adiminished capacity to maintain normal
tissue composition

21,32-34 .

While the etiology of OA is incompletely understood, it

undoubtedly involves acomplex interplay among genetic and environmental factors as
well as aging, injury, and aberrations in joint loading

26

Regardless of the cause,

degenerating cartilage is less able to resist joint loads and is more susceptible to further
injury. This vicious cycle continues until the loss of cartilage results in joint failure.
Treating patients with damaged cartilage and joint failure is troublesome. Current
treatment options include lifestyle adjustments (e.g., weight loss, exercise) as well as a
range of pharmacological (e.g., pain management) and surgical options (e.g., lavage and
debridement, periochrondal grafts, chondrocyte transplantation or total joint
replacement). These treatments and physical therapy can provide some symptomatic
relief, but none restore cartilage or joint function. Hence, the research aim in
chondrocyte mechanobiology is to identify the specific mechanical stimuli that promote
chondrocytes to maintain or regenerate healthy, functional cartilage.
Historically, the biology of cartilage has been described in terms biochemistry of the
extracellular matrix, principally the collagens and proteoglycans (PGs). As these
macromolecules have along tissue haiflife, the composition of the ECM is strongly

4
influenced by time and tissue biochemistry is useful technique for studying the long-term
adaptation of cartilage. Biosynthesis assays using labelled precursors (e.g.,
hydroxyproline and sulfate) can be used to detect newly formed collagens and
proteoglycans, and these techniques reveal that chondrocytes are indeed metabolically
active. Such studies enabled chondrocyte activity to be monitored over hours, rather than
months or years. However, the delivery of precursors and time it takes for them to
incorporate into the extracellular matrix limits the temporal resolution and specificity of
this approach. More recently, it has become possible to study the molecular biology of
chondrocytes, including DNA promoter activity and mRNA levels, which enable anearinstant assessment of chondrocyte metabolism. It might be argued that protein
biosynthesis is the most important experimental measurement since it is the secretion,
and integration of proteins and proteoglycans into the matrix that ultimately determines
the functional health of cartilage. However, it remains relevant to study gene promoter
activity and mRNA levels as well as protein biosynthesis which can help define if and
how these molecules are regulated when exposed to different mechanical and humoral
stimuli, which enables the assessment of how chondrocytes 'think' at any given time in
an experiment.
Chapter 2introduces the structure, function and mechanobiology of cartilage.
Chapter 3describes asystematic attempt to validate anovel experimental system
developed previously to investigate the effect of compressive load on the real-time gene
promoter activity of aggrecan proteoglycan in living chondrocytes from normal and
osteoarthritic cartilage

The appeal of this system is that it provides aminute by

minute, hour by hour, indication of how specific mechanical stimuli affect the activity of

5
this gene in living cells. Our initial evaluation revealed unanticipated complexities so
attempts were made to simplify the system and investigate the responsiveness of
chondrocytes to different environmental stimuli. Specifically, mechanical compression
was an unreliable stimulus for the aggrecan-GFP reporter and the response was difficult
to reproduce, so osmotic pressure was eventually chosen as an environmental stimulus as
osmotic stress is known to influence chondrocyte metabolism. Chapter 4describes the
response of chondrocytes to osmotic pressure in terms of the mRNA expression of two
structurally important genes (aggrecan and type II collagen), as well as HSP-70, asocalled stress-response gene. Upon obtaining areliable and reproducible system, the
mRNA expression pattern for three genes wider two types of osmotic stress is described
and the mechanism behind the response was investigated. Chapter 5investigates the
potential role of the actin cytoskeleton and the MAP/ERK kinase (MEK) pathway in the
observed gene expression patterns using pharmacological inhibitors (cytochalasin D and
PD90859 respectively). With areliable, reproducible system in place to detect changes
in chondrocyte mRNA in response to variations in osmotic pressure, this system can be
evaluated further to explore chondrocyte cell biology. Future work would involve
characterizing this response in terms of protein expression as well as promoter activity
and the regulation of chondrocyte gene expression after environmental stimulation
whether humoral or mechanical. As mechanical loads are recquired to maintain healthy
cartilage throughout our lives, afurther understanding of the factors that regulate of
chondrocyte metabolism is afirm step towards being able to modulate cartilage disease
processes.

6
Chapter Two: BACKGROUND & LITERATURE REVIEW

2.1

CARTILAGE GENERAL ANATOMY
Articular cartilage covers the ends of the bones where they meet in joints. Normally,

articular cartilage consists mostly of extracellular matrix (ECM) with cells making up
only 5-10% of the tissue volume

36,3 7

The cartilage ECM is composed of three major

constituents: proteoglycans, collagens, and water, though it also includes many other
molecules. These three major components function together in aunique manner to
endow cartilage with its unique viscoelastic mechanical properties that allow it to
function efficiently. Articular cartilage is structurally heterogeneous. It varies with
depth and can be divided into four zones: the superficial (or tangential) zone, the middle
and deep zones followed by acalcified region that identifies the transition from cartilage
to bone (a so-called "tidemark")

26,27

(Figure 2.1). There is zonal heterogeneity in

proteoglycan concentration, collagen fibril orientation as-well as cell shape and cell
volume

3638

The superficial zone has acompact network of collagen fibres arranged

parallel to the tissue surface and arelatively low concentration of proteoglycans. The
cells in this region are elliptical with their long axis oriented parallel to the surface, an
arrangement critical to gliding and resisting shear forces

27,

The middle zone makes up

the bulk of the tissue (40-60%) and is designed to efficiently absorb mechanical forces.
The collagen fibres in the middle zone are thicker and vary in orientation, and the
proteoglycan concentration is moderate and the cells more rounded. The deep zone
contains the greatest concentration of proteoglycans and the collagen fibres are thick and
oriented perpendicular to the articulating surface and the underlying bone. Spherical
chondrocytes arranged in columns typify the deeper regions of cartilage.

7
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Figure 2.1

A

.

Representation of collagen fibril ultra structure through the depth of the
cartilage depicting the distinct zones and collagen fibril orientation. Mow and
Lai (1974).

The primary function of cartilage is to bear mechanical loads and to act as ashockabsorbing substance

26,36,37,40

Cartilage is considered abiphasic material, consisting of

afluid phase (water), and solid phase (cells, collagen, proteoglycans and others)

26,

and

its stiffness in compression and resistance to fatigue are due to the equilibrium between
these phases. Proteoglycans are large poly-anionic molecules which are immobilized
within the collagen matrix fixed negative charges in the matrix that need to be balanced
by mobile cations. As aresult, cartilage has ahigh concentration of ions relative to the
surrounding synovial fluid

41,42

This discrepancy generates aswelling pressure in the

extracellular matrix that is resisted by tensile forces in acollagen network. The
equilibrium reached between the opposing forces of swelling and tension generates a
preloaded material ideally suited to resisting mechanical loads.

2.1.1

Extracellular matrix

The biochemistry of cartilage extracellular matrix and the role of the individual
components has been extensively reviewed (e.g.,

40, 43 -4 5) .

The extracellular matrix

consists of approximately 20-40% solids and 60-80% fluids by mass, 37 '
42 which form a

8
gel that exhibits viscoelastic physical properties. The principal solids include collagens
and proteoglycans, and water the principal fluid. Collagens are fibrillar proteins with
inter- and intra-collagen cross-links that create network' 0,27

Like rope, collagen resists

tension, but poorly resists compression. Proteoglycans are composed of acore protein to
which are attached carbohydrate polymers known as glycosaminoglycans (GAGs). The
most abundant GAGs of articular cartilage include chondroitin sulphate, dermatan
sulphate, keratan sulphate, and hyarulonic acid

11,43

In ahydrated environment at

physiological pH, GAGs are negatively charged; these plentiful, ordered charges generate
repulsive forces between adjacent molecules. As aresult, the GAG chains repel one
another and spread out perpendicular to the core protein giving PG's the appearance of a
'bottle brush' (Figure 2.2). Proteoglycans are highly soluble (i.e., attract water) and swell
due to their high charge density, but these macromolecular complexes are trapped within
the collagen network. While proteoglycans can hold up to fifty times their weight in
water, resistance imposed by the collagen network allows these molecule to reach only
about 20% of their maximum volume
the more the tissue is compressed

Figure 2.2

46,47W

The swelling pressure in the tissue increases

27,47

Schematic of the structure of aproteoglycan monomer. The
glycosamioglycan chains (red) extend out perpendicular from the core
protein (blue) generating abottle brush-like appearance.

While proteoglycans and collagens are the main (solid) constituents of the cartilage
matrix, lipids, phospholipids, proteins and glycoprotein's also contribute asmall

9
percentage to the total composition. Since it is the overall chemical and physical
properties of cartilage that makes it ideally suited for functioning in the mechanical
environment of the joint, no matrix constituent can be considered insignificant.
Aggrecan Proteoglycan:
Proteoglycans are considered to be the matrix component that provides cartilage with
strength and stiffness in compression

26,37,43,48,49

There are several proteoglycans

relevant to cartilage; all are distinct structurally as well as genetically with respect to their
core proteins. Aggrecan is the largest and the most abundant, constituting 90% of all
cartilage PG's by weight

27,44

Two different glycosaminoglycans (GAGs), are attached

to the core protein; up to 100 chondroitin sulphate (CS) and 50 keratan sulphate (KS)
chains (Figure

2.3)26,44 . Both

GAGi are charged, but CS has asulphate (S0 3)and

carboxyl (C00) group, while KS has only one sulphate group. Chondroitin sulphate
chains are typically much longer than KS side-chains and the CS and KS attach to
different domains of the core protein (Figure 2.3). In addition to the GAG attachment
regions, aggrecan core protein has three globular domains. The C-terminal Gi domain
binds specifically but non-covalently with hyaluronate (HA), aspecialized GAG. The
binding of aggrecan and hyaluronate is stabilized amolecule called link protein (LP) that
interacts with both HA and the G domain. While link protein binds aggrecan in aone to
one ratio, asingle hyaluronate chain can accommodate many molecules of LP and thus
facilitates the formation of large aggregates containing up to 200 aggrecan molecules
(Figure 2.3). These large swollen aggregates

(-..'

26,44

1.5 jim) are immobilized in and

pretension the collagen network, endowing cartilage with ahigh fixed-charged density
and swelling pressure27 .When cartilage is deformed, proteoglycans are forced into closer

10
proximity, which increases the concentration of fixed negative charges within and
between the aggregates which stiffens the cartilage and reduces the permeability of the
surface layer

27
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Figure 2.3

H20

Hyaluronlc
acid

Proteoglycan aggregate

Schematic of the structure of proteoglycan monomers including the location
of glycosaminoglycans (chondroitin and keratan sulphate). Also depicted is
the organization of proteoglycan aggregates with several monomers attached
to molecules of hyaluronic acid via link protein. Buckwalter (1996).

Decorin and biglycan are two smaller proteoglycans of cartilage that have only one
and two dermatan sulphate GAG chains respectively 26, 44• Others cartilage proteoglycans
include fibromodulin, which as aKS sidechain, and type IX collagen, which can have a
chondroitin sulphate sidechain. Despite the relatively minor contribution of these PGs to
the total fixed charge density, these small PGs are found in similar numbers in cartilage
as aggrecan and likely play important roles in cartilage function26 .

2.1.1.1

Collagens

Collagen type II represents 90-95% of all collagen found in articular cartilage
44,50

26, 27, 42,

Type II, like other fibrillar collagens, is composed of three polypeptide chains.

Type 11 is ahomotrimer consisting of three genetically identical polypeptide chains

11

(alphal(II) chains encoded for by the same CoL2a1 gene)51' 52 As in other fibrillar
collagens, the amino acid composition of type II collagen is characteristically high in
both glycine and proline and commonly occurring in the sequence "Gly-X-Y", where Gly
is glycine and X is frequently proline and hyrodroxypro line 26 '

The high proline

content promotes the winding of each chain into ahelix, and the collagen trimer forms
helical structure (Figure 2.4). The integrity of this triple helix depends on the presence of
glycine every third amino acid; its small size affords the steric freedom required to take
on this formation. Also, the presence of amino acid derivatives hydroxyproline and
hydroxylysine (often in the 'Y' position), contribute to the stability of the molecule by
allowing the formation of hydrogen bonds and covalent cross-links along the length of
the molecule

53,54
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Primary and tertiary structure of collagen type II. Amino acid sequence
(primary structure) is characterized by glycine (gly) occurring every third
residue with the two intermediate residues (x and y) often occupied by
proline (pro) or hydroxyproline (hyp).

Collagen molecules form fibres ranging in diameter, length, and organization
depending on tissue depth. As the surface layer resists tension and the deeper zones resist
compression, the organization of collagen fibres shift from being parallel to the articular
surface to perpendicular with tissue depth

54

(Figure 2.1). In addition to type II collagen,

the cartilage extracellular matrix also contains collagen types VI, IX, X, and XI, though

12
their functions are not entirely known 44,

Type XI forms fibrils that are thought to act

as anucleus for type II collagen deposition. Type X collagen forms afibrous mat near
the deep calcified zone of cartilage, while type VI is prominent in the pericellular matrix
and may act to tether the cells to the pericellular matrix (PCM). Type II is distributed
throughout the tissue, its fibrils aligned head-to-tail and side-by-side with aquarter
stagger

This three-dimensional organization has areas of overlap as well as holes.

Intra- and inter-molecular crosslinking of collagen types II, XI, and IX reinforce the
strong collagen network of cartilage.

2.1.1.2

Cartilage fluid

Cartilage fluid consists mostly of water27 '
41 .At rest, about 30% of the fluid is
associated with the collagen intra-fibrillar space; the remaining 70% is located in the
pores created by PG aggregates packed tightly between collagen fibrils
between adjacent GAGs is 2-4 .tm

,

55 .The

distance

while collagen fibrils are separated by 20-40 gm,

thus collagen fibrils do not significantly influence the pore diameter. Cartilage pores
range in size from 2.5 to 6.5 nm41'57' 58, and are highly dynamic, and can change size,
shape, and location depending on fluid flow, external loads, or the presence of charged
molecules

55

.

Most of this fluid is unconfined and free to travel through the "solid phase"

of the matrix (collagen, PG's, cells); this fluid carries nutrients, ions, hormones, enzymes,
and waste products throughout the matrix. However, frictional resistance created by the
small pore size restrains fluid flow and the permeability of the tissue is low as aresult

27,

Flow resistance and fluid pressurization are features that allow cartilage to support
high joint loads. Paradoxically, high loads create high pressure gradients that help
maintain the health of cartilage by moving nutrients long distances within the matrix27' 58•
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In addition, fluid flow is likely one mechanism for the transduction of environmental
stimuli to the cells; ion transportation

59,60

streaming potentials, hydrostatic and osmotic

pressure are all generated when cartilage is loaded mechanically

61

The poly-anionic proteoglycan aggregates in cartilage attract and hold water by three
physiochemical mechanisms. First, Gibbs-Donnan osmotic pressure is the major
mechanism that arises from the high ion concentration in the tissue relative to the
synovial fluid 41 '
62 Proteoglycan aggregates have ahigh concentration of negative
charges which recruit alarge number of cations; water follows to facilitate an
electrochemical equilibrium. Second, electrostatic repulsion between adjacent GAG
chains means these that PGs have atendency to gain volume which helps to separate likecharges and reduce repulsive forces. Water is used to fill the spaces between GAGs and
swell the volume occupied by the PG; this is known as the 'excluded volume effect'

47,62

Third, PGs are large molecules and are present in high concentration, and since they
cannot leave the tissue they act as colloids drawing water into tissue to help balance the
solute concentration. Together these three forces generate aswelling pressure in
extracellular matrix that is resisted by the collagen network, which is responsible for the
unique mechanical properties of cartilage.

2.1.1.3

Other matrix molecules

There are hundreds of other molecules present in cartilage that are either produced
by the cells or are recruited from other locations in the body. Lipids and adhesive type
molecules are two types of matrix molecules worth mentioning. Chondronectin,
fibronectin, and anchorin are examples of so-called 'adhesive materials' that are involved
in the interactions between chondrocytes and their matrix

26,40

Anchorin, which belongs

14
to afamily of proteins called integrins, are transmembrane proteins that link the
cytoskeleton to components of the

ECM 26

Fibronectin is glycoprotein involved in

activities such as cell adhesion, migration, differentiation as well as wound healing and
blood clotting

.

In contrast, lipids are found in the matrix and the cells. Lipids

represent less than 1% of the tissue weight and their function is not entirely clear

2.1.1.4

"i.

The ionic & osmotic environment of cartilage

The ionic and osmotic environment of chondrocytes in cartilage differs from other
mammalian cell types

64,65

The extracellular ion concentration and distribution in

cartilage is dictated by Gibbs-Donnan equilibrium conditions

42,62

Gibbs-Donnan

conditions apply in biological systems because cell membranes are impermeable to some
intracellular ionic species, thus the concentration of diffusible ions and water must be
altered by the cell to achieve electrochemical equilibrium. As aresult, the ECM of
cartilage contains ahigh concentration of cations to counter the polyanionic nature of
PGs. Table 2.1 illustrates the differences in ion concentrations between cartilage matrix
and surrounding fluids. This ion-dense gel is highly hydrophilic. As aresult, the steadystate osmotic pressure in cartilage is higher than most other body tissues/fluids
versus 280-3 10 (Table 2.1). That osmotic pressure varies with tissue depth

66;

350-45O
is not

surprising given the zonal arrangement of the ECM. The distribution of hydrogen ion
(Hf)is also affected by the matrix fixed-charge density, hence, ff concentration is
always higher in cartilage than the surrounding environment, making the pH slightly
more acidic than most tissues

67

(Table 2.1). Being an avascular tissue cartilage has an

usually low oxygen content, which varies from 6% at the tissue surface to 1% in the
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deepest layers

68;

this is less than athird of most other tissues, which have an oxygen

content of about 20%
Table 2.1

69

The composition of articular chondrocytes and of their extracellular matrix.
Sources Wilkins et al. (2000), Urban (1994), Browning and Wilkins (1999).
Cytoplasm

Na (mM)
K (mM)
Ca2+ (J44)

40
120-140
8x10 5
60-90
7.1

Cr(mm)
pH
Osmolarity (mOsm)

Matrix
Surface
Deep
240-270
300-350
7-9
9-12
6-9
14-19
60-90

50-100
6.6-6.9
310-370
370-480

Serum/Synoviumi
120-140
5
1.5-2.5
140-150
7.4
280-310

The ionic and osmotic environment of articular cartilage have been considered
hostile by some

60,64

or detrimental to normal cellular function and tissue healing 70 .

Yet, cartilage is ahighly specialized tissue and the cells seem to be adapted to function in
this highly specialized environment.

2.1.2

Cartilage Function

Tissue function:
The major functions of articular cartilage include: transferring forces between
articulating surfaces, equitably distributing joint forces, and facilitating motion between
joint surfaces. The most important factors contributing to the mechanical properties of
cartilage are the swelling pressure or water content of the tissue, the elasticity of the
ECM, and the interaction between the fluid and solid phases during compressive load
39

Several mathematical models have been developed to model the mechanical

behaviour of cartilage (e.g.

7174)

Yet, the complex relationship between the different

phases of the tissue renders most mathematical models insufficient to completely
describe the behaviour of this tissue.

27,
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Cartilage tissue properties:

Articular cartilage is described as aviscoelastic material

',

i.e., amaterial that

responds to aconstant force or deformation differently over time 27 The poroviscoelastic
model of cartilage predicts the movement of fluid within the matrix pores as it is loaded.
Generally, fluid moves down the pressure gradient generated by aload; however, as
pressure increases the permeability of matrix pores decreases, and thus limiting fluid
flow, which accounts for the time-dependent properties of cartilage

27

Under aconstant

compressive stress, cartilage deforms and this deformation increases over time until an
equilibrium point where tissue water has dissipated and the load has been transferred
from the fluid phase to the matrix. This mechanical behaviour is called creep

27,39

A

similar behaviour is also seen when the tissue is deformed and held at aconstant strain:
stress rises, peaks, and then decreases to an equilibrium value. This behaviour is called
stress-relaxation 27,

Cartilage viscoelasticity and the anisotropic distribution and

orientation of matrix molecules give cartilage specific mechanical properties that can be
categorized as compressive, tensile and shear properties.
The collagen fibres largely resist the tensile and shear forces in cartilage. Collagen
fibres tense when cartilage is compressed and water is forced outward in aradial
direction; shear forces in collagen fibres also arise from the flow of fluid through the
solid matrix. Since the collagen fibre orientation varies with tissue depth, the tensile
properties vary as well. Tensile strength is much greater at the surface of the tissue
where collagen fibres run parallel to the articular surface 27,39 They resist the large
tensile and shear stresses that act at the surface of the tissue and areas of contact.
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Hydrated proteoglycans largely account for the compressive properties of cartilage

26, 27,

Like tension, the compressive properties of cartilage vary with depth due to

46,49

inhomogeneous distribution of proteoglycans, and the deep zone of articular cartilage has
the most compressive stiffness owing to the high PG concentration. In contrast, the
surface and transition layers have fewer PGs and probably play alesser role in resisting
compressive loads. When cartilage is compressed, the fluid in the middle and deep zones
is pressurized and transmits most of the compressive force to the bone by hydrostatic
pressure

27

Over time, as fluid flows away from the contact area, the solid matrix

supports more and more, of the load. However, during normal walking the application
and removal of forces is so rapid that relatively little fluid flows so the fluid supports
these loads

2.2

27,64

CHONDROCYTES & CHONDROCYTE METABOLISM

2.2.1

Chondrocytes

Cartilage has but asingle cell type, the chondrocyte. Chondrocytes account for 510% of the tissue's volume, the rest being extracellular matrix

10,26,36

Chondrocytes are

the 'powerhouses' of the tissue, being primarily responsible for the synthesis of new
matrix molecules and degradation of old ones. The size, shape and density of
chondrocytes varies with their location in the tissue

26,27

yet there is little evidence to

support the existence of different types of chondrocytes. Chondrocytes are separated
from each other by extracellular matrix. A chondrocyte, or group of chondrocytes, and
surrounding specialized pericellular matrix is known as achondron. Chondrocytes are
round in shape, though closer examination reveals they have short processes that reach
into the matrix

55, 58,

presumably to obtain nutrition, expel wastes and receive information
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about their surroundings. The plasma membrane is relatively rough; reflective the highly
metabolic nature of these cells

Chondrocytes continually synthesize structural

molecules and degradative enzymes that remodel the matrix so it is suited to function
under mechanical load. It is thought that cells receive mechanical and humoral stimuli
from the ECM and can change their metabolic activity accordingly

2.2.2

12,76,77

Metabolism of chondrocytes in articular cartilage

Chondrocytes are highly metabolic cells and the low tissue oxygen tension in the
matrix can induce anaerobic metabolism26 '
44 .Metabolism of the ECM involves both
catabolism and anabolism: To maintain ahealthy matrix there is abalance between the
biosynthesis of matrix molecules and their degradation. Should the balance shift toward
anabolism or catabolism, the tissue will grow or decay 10'
26

Matrix remodelling may

involve heightened anabolism and catabolism can occur in response to various stimuli
15,78

and can maintain, improve, or impair the functional properties of the tissue' 4'

2.2.2.1

Proteoglycan metabolism

Aggrecan proteoglycan monomers consist of acore protein and alarge number of
glycosaminoglycans (GAGs). Once the protein component is translated and folded, it
proceeds to the Golgi complex where GAGs are added. Aggrecan proteoglycans are
transported into the extracellular space, associated with link protein and subsequently
form aggregates by associating with alarge glycosaminolgycan known as hyaluronic acid
(HA) to form large proteoglycan aggregates (Figure 2.3). This process generally takes
only 5-20 minutes' 0.The half-life of proteoglycans can be days to months79 ,however a
57
certain proportion of cartilage proteoglycans have aturnover rate that is quite rapid.
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Proteoglycans are broken down by proteases that target specific cleavage sites on the
monomer or aggregate (e.g. cathepsins, glucosaminidases, matrix metalloproteinases)' 5'
79,80

The remaining fragments are small and can be released from the tissue matrix by

diffusion. Constant synthesis and degradation of PGs is regarded as anormal process
important to tissue remodelling and repair. By altering the composition of the matrix,
remodelling changes the mechanical properties of the tissue and presumably makes it
more suited to resist the loads that are applied to it. A metabolism tipped towards
catabolism presumably contributes to cartilage degeneration in osteoarthritis'5'81' 82
The control and regulation of PG metabolism is complex, and relatively little is
known about the factors that influences this process. The rate of synthesis is influenced
by injury, mechanical stimuli, osmofic and hydrostatic pressure, varied oxygen tension,
pH, calcium, several hormones and vitamins, pharmaceuticals, and ahost of other factors
26,48

The same can is true for PG catabolism. The diversity of these variables suggests

that proteoglycan metabolism is extremely sensitive to mechanical, biochemical, and
physical stimuli and that this is an integral part of the tissue integrity and homeostasis

2.2.2.2

26

Collagen metabolism

The synthesis and assembly of the type II collagen triple helical begins with the
synthesis of alpha-chains. Each alpha-chain contains asignal sequence that directs the
translated protein to the rough endoplasmic reticulum (RER). At the RER, alpha-chains
undergo post-translational modification followed by triple helix formation. Molecules
are then secreted and assembled into fibrillar networks through collagen cross-links

26

Because covalent cross-links form among collagen fibrils, cartilage collagen is much
more stable than proteoglycan aggregates that form by non-covalent associations. It has

20
been suggested that there is little to no collagen turnover in human adult articular
cartilage

8,83

The exception is following alaceration injury or during disease when

collagen turnover rate is known to increase

84,85

Collagen breakdown occurs partially by

activation of enzymes known as matrix metalloproteinases (e.g. MMP- 1and MMP- 13)
80;

however mechanical degradation of collagen is also possible. Like PGs, collagen

breakdown fragments are released from the matrix and further digested elsewhere.

2.3

MAJOR CHANGES THAT OCCUR WITH OSTEOARTHRITIS
Cartilage degeneration is the principal sign of osteoarthritis (OA). However, the

progression of OA also involves the synovium, ligaments, tendons, menisci, and capsular
tissues (e.g,

2831)

Paradoxically, both tissue destruction and formation are regular

features of this disease process. For example, articular cartilage thinning and meniscal
tears often accompany cartilage thickening and chondro-osteophyte growth in knee joints
31,86

Clinically, OA is characterized by pain, swelling, deformity, and limited motion.

The primary cause of osteoarthritis could be biochemical or mechanical. On one hand, an
imbalance in the matrix biochemistry will alter the mechanical properties of the tissue
which can cause matrix damage that further increases the biochemical imbalance. On the
other hand, this cycle could be triggered abnormal joint loading which damages the
matrix and leads to biochemical changes. The order of events is not known, but it likely
depends on the history and risk factors associated with an individual.
With the help of animal models, the pattern of change that occurs in OA cartilage is
better understood. This includes how the tissue changes both physically and
biochemically, and how the cells changes their metabolic tendencies and their phenotype.
However, it is still unknown why cartilage cannot heal or regenerate. Compared to

21
tissues that do heal, cartilage lacks essential components including vascularity, neural
input and undifferentiated cells

21,21,14

but it is unclear if which if any of these factors are

critical for preventing cartilage degeneration and promoting its regeneration.

2.3.1

Tissue changes in osteoarthritis

Matrix turnover in articular cartilage is normally tightly controlled with catabolic and
anabolic activities in balance

12,26

Matrix deterioration associated with osteoarthritis can

be triggered by injury, abnormal loading, age, genetics or acombination of factors.
Based on characteristic changes that occur in the tissue, osteoarthritis can be divided into
two stages; early and late, or biosynthetic and degradative. In the early stages of OA,
chondrocytes are highly anabolic and show increased synthesis of many matrix
components including collagen and proteoglycans

84,85,87,88

Yet, instead of matrix

accumulation, the hallmark sign of early OA is depletion of proteoglycans

This

implies that ametabolic imbalance in which the rate of matrix catabolism has surpassed
the rate of acquisition. While proteolytic enzymes are highly elevated in this stage of OA
15,89

damage to superficial collagen fibres also contributes to PG depletion 26,90 The

collagen network is responsible for restraining matrix constituents so damage to the
collagen network not only leads to PG depletion, but also causes cartilage to swell as
water flows into the tissue. It is thought that proteoglycan loss exposes water binding
sites on collagen fibrils

26,91

or that the extra space allows other PG molecules to swell tO

an even greater volume. Both enzymatic and mechanical factors also contribute to the
destruction of collagen. Given these changes, the progression of early OA might depend
on the integrity of the collagen network since it is partially responsible for maintaining
the PG and water content of cartilage. Furthermore, the highly organized collagen
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network it is probably more difficult to replace once broken down versus proteoglycans
which can be rapidly replaced

10,79

In the late, or the degradative phase of OA the cartilage develops focal erosions and
fissures, osteophytes form on the joint periphery and the structure of the underlying bone
changes

26

As the cartilage disintegrates, matrix constituents decrease until there is no

tissue left and the bony surfaces of the joint connect. Unfortunately, most patients are not
diagnosed until after the cartilage has begun to deteriorate. There is currently no cure for
OA; treatment focuses on decreasing pain and improving joint movement, and may
include surgical options.
Cartilage extracellular matrix not only undergoes quantitative, but also qualitative
changes during the progression of OA. Proteoglycan monomers increase in size and the
ratio between keratan and chondroitin sulphate decreases
arrangement of collagen fibrils is also altered

26

89 .

The diameter and

Collagen type hA; a-splice variant

expressed by chondroprogenitor cells, appears in the tissue

92,

Normally undetectable,

collagen types Iand III have also been discovered in osteoarthritic tissue

94

potentially

an indication of chondrocyte 'dedifferentiation'. Type X collagen, amarker of
hypertrophic chondrocytes and normally present in the deepest zones of calcified
cartilage, is also up-regulated

89,

The appearance of uncharacteristic matrix molecules

could be indicative of cellular dysfunction leading to tissue dysfunction, or it may be part
of an innate repair response. While the basis for these changes is not clearly understood,
it is clear that they do not improve the health of the tissue in the long run and during the
progression of OA cartilage becomes less capable of resisting mechanical loads.
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2.3.2

Cellular changes in osteoarthritis

The cellular response in OA is clearly avery important factor contributing to
progression of the disease. Generally, osteoarthritic cartilage cells are highly anabolic
even though the tissue ultimately deteriorates

32,33,96

Aggrecan and type II collagen are

up-regulated several fold, collagen more so than aggrecan33' 89• Increased matrix
synthesis can be partially attributed to an high levels of anabolic cytokines such as IGF,
TGF-I3, FGF and BMP

Similarly, IL-1, TNF-a, IL-17 and IL-18 are responsible for

89

stimulating MMPs, suppressing TIMPs, and thus contributing to increased matrix
catabolism

'.

However, no one molecule can account for all changes that occur in

osteoarthritic articular cartilage, this suggests that there is ahigh degree of overlap or
synergy and that other factors influence the observed changes. It was once thought that
the metabolism of chondrocytes was coordinated and the all OA cells were in ahyperanabolic state; this was partially because experiments were often done with full-depth
cartilage specimens

85,

It has since been demonstrated the metabolic activity of OA

chondrocyte varies with tissue depth

32, 90•

In fact, it was discovered that increased

anabolism is restricted to the middle and deep zones of the cartilage, while the upper
zones show reduced synthesis of both aggrecan and type II collagen 32 '

Since it is

known that early OA changes (i.e. collagen destruction, PG loss) occur often at the
cartilage surface

26, 89, 91, 96,

it has been suggested that chondrocytes might remain in an

anabolic state and have the capacity to heal until the matrix is too damaged by
mechanical or humoral factors. In this scenario, OA would progress sequentially from
the surface zone downward until reaching the bone. Matrix deterioration not only alters
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synthesis but also impedes matrix incorporation since new proteoglycans cannot be fully
integrated into the ECM without the collagen network intact.
Increased rates of cellular death have been reported in OA cartilage, however the
extent of cellular loss and its significance in disease are not clear. High rates of apoptosis
98,99

up to 51%

100

in OA tissue suggest that cell death plays amajor role in tissue

degeneration. In contrast, others have demonstrated that apoptosis occurs at avery low
rate (e.g.

0.1%)

89 .

In addition, the empty lacunae commonly found in OA tissue, are also

found in the calcified zone of normal tissue and thus not indicative of cell death

101

Admittedly, it is difficult to resolve how high rates of apoptosis could occur in
conjunction with increasing rates of biosynthesis in the early stages of OA, however in
later stages of disease it is clear that cells die as the tissue degenerates. Chondrocytes
also undergo phenotypic changes in 0A32 .Phenotypic alterations have been widely
studied in the context of monolayer culture where chondrocytes switch from expressing
aggrecan and type II collagen to smaller proteoglycans and collagen types I, III, and V
102-105

This so-called 'dedifferentiation' has been attributed to cell proliferation, cell

shape, and loss of matrix interactions; all of which also occur in OA to some extent
96

It has been suggested that OA chondrocytes undergo asimilar transition

94
'

78, 89,

but

Aigner and Dudhia (1997) demonstrated that the change OA chondrocytes undergo is
quite different. They suggest that the specific pattern of change in OA chondrocytes
resembles areversion to afetal chondrocyte

32

rather than afibroblastic phenotype93'

'.

This is supported by experiments that demonstrate cells in the upper layers synthesize
only collagen type III, aprotein associated with connective tissue development and scar
formation

106

Mid-zone chondrocytes begin to re-express the alternative splice variant
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collagen of type hA

which is characteristic of chondroprogenitor cells

32 ,

107;

and type X

collagen, generally associated with hypertrophic chondrocytes, shows increased
expression of in the deepest zones of the tissue

The detection of type Icollagen by

others may result from sampling regions of osteophyte formation 26 '
89
These 'phenotypic' changes could be the most detrimental changes in this disease.
Incorporating non-native collagens and proteoglycans into the matrix would presumably
generate astructurally and functionally inferior tissue at agreater risk of injury.
However, if these changes recapitulate afetal phenotype as suggested by Aigner and
Dudhia (1997), the expression of types III, hA and X implies aregenerative response
rather than ascar-like response where the expression of type Icollagen might lead to
fibrosis, calcification or dysfunction. Similarly, slight alterations in proteoglycan
structure and aggregate composition might help alter their retention in the tissue, or alter
their capacity to imbibe water. Nevertheless, the complex interaction between different
humoral factors, coupled with the effects of mechanics, age, injury and genetics makes it
difficult to elucidate why the cells eventually fail to maintain the tissue and how or why
they are changed during the progression of disease. However, as the research community
builds on its knowledge in each of these areas, it will become more clear what factors are
most important in modulating osteoarthritis.

2.4

REVIEW OF METHODS TO MONITOR CHONDROCYTE
METABOLISM
The study of chondrocyte cell biology includes techniques that can detect molecules

considered important to articular cartilage. This includes the presence or absence of
molecules, rate of synthesis or degradation, gene activation as well as quantification of

26
mRNAs. There are avariety of techniques available today to look at DNA, mRNA, and
protein. Analysis of the DNA includes identifying genes as well as analysing gene
promoters and their activity under specific circumstances. mRNA can be monitored for
phenotypic markers, changes in gene transcription and for assessment of pre- and posttranscriptional regulation. Protein, the major functional product of the cell, can indicate
the health of the tissue or the ultimate affect of an applied stimulus.
Aggrecan and type II collagen are the most common matrix molecules of cartilage and
chondrocytes. Their relative abundance and importance to tissue function, health and
disease make them logical targets in the study of normal and osteoarthritic cartilage and
chondrocytes. Furthermore, there is more history in research associated with these two
proteins than most other matrix components which means results can be interpreted in the
context of what we already know. The following section discusses the methods used to
study the biosynthesis, gene expression, and promoter activity of collagen and aggrecan.

2.4.1

Methods for assessing protein & proteoglycan biosynthesis

Proteins can be measured as the amount of protein present in asample, or by the rate
at which aprotein is being synthesized. In cartilage, the synthesis and deposition of
matrix proteins determines the health and integrity of the tissue, therefore protein can be
considered the 'functional output' of the cell. In contrast, the measurement of promoter
activity or mRNA expression while not necessarily leading directly to protein synthesis
and functional matrix, are an index of chondrocyte metabolism.
Historically the rates of collagen and proteoglycan synthesis have related to the rate
at which cells in situ, or in vitro incorporate radio-labelled precursor molecules

108410

Synthesis of the GAG chains associated with proteoglycans requires sulphate, and
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collagen production requires the amino acid proline. Therefore, tissue or cells can be
cultured with radio labelled

35 S-sulphate

or 3H-proline, the rate at which free labelled

precursor is depleted is indicative of PG and collagen synthesis respectively. This
technique is convenient, sensitive, and can be used in situ and in vitro to look at newly
synthesized matrix molecules. However, the time required to incorporate the precursors
limits the temporal resolution of this approach. Furthermore, this technique lacks
molecular specificity to account for aggrecan and type II collagen synthesis in particular.
BlyscanTM and

SircollM

are examples of non-radioactive chemical assays for

dependably quantifying sulphated proteoglycans/GAGs and soluble collagen
respectively. Both assays use dye reagents that bind specifically to the molecule of
interest in the culture media and are quantified with spectrophotometry. Sampling
culture media regularly over time can be estimate synthetic rates without long incubation
times that can complicate radiolabel incorporation. Yet, these dyes are also unspecific
and destruction of collagens and PGs during the extraction process is asource of error.
The specificity of protein analysis can be increased by using antibodies which will bind
only to aunique antigen displayed by the molecule of interest. Western blotting or
ELISA (enzyme-link immunosorbent assay) can be highly valuable tools in protein
quantification, yet typically require alarge sample size. Immunohistochemistry is a
powerful tool to look at the distribution and localization of specific proteins in tissue
sections, and flow cytometry can analyze cell-associated proteins. The disadvantage of
immunological methods is that protein synthesis rates cannot be determined accurately.
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2.4.2

Methods for assessing gene expression

To create aprotein, acomplementary mRNA transcript of the gene(s) associated
with that protein must be made and then subsequently translated into the protein.
Techniques to measure gene expression or mRNA levels provide a'snap-shot' in time of
cellular activity. This is because mRNAs are unstable molecules that are either translated
into protein or broken down soon after synthesis. Furthermore, the rate of mRNA
synthesis, translation and degradation are highly regulated processes that change
depending on the state of the cell. Regulation aside, mRNA analysis can provide the
gene expression pattern of cells for the environment they are in at the time they were
sampled. The techniques to study mRNA are very specific because they rely on unique
genetic primers or probes; however they vary in senitivity and type of information they
provide. The principles and methods associated with the polymerase chain reaction will
be discussed in greater detail than other techniques due to the fact that these methods are
used throughout this thesis. Therefore, it is important to discuss the foundation of this
technique, as well as the advantages, disadvantages and limitations associated with it.

2.4.2.1

Reverse transcription polymerase chain reaction (RT-PCR)

Reverse transcription polymerase chain reaction (RT-PCR) is an enzyme based assay that
amplifies defined mRNA sequences. It has become one of the most common tools to
identify, quantify and compare specific gene transcripts in the total pool of cellular RNA
111-115

The reasons for this include its high sensitivity, gene specificity, relative

convenience and low cost, as well as the requirement for only small amounts of starting
material. RT-PCR can be divided into two main steps. First, reverse transcription (RT)
makes complementary DNA (cDNA) copies of the cellular using aDNA primer

116-118
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This process is required because mRNA is too unstable to be directly assayed

119

Second, the polymerase chain reaction (PCR) is used to amplify specific sequences in the
cDNA pool

111, 114, 115

Primer design and selection in both step is of the utmost

importance in PCR as this dictates the specificity and thus utility of this technique

114,120

PCR is frequently used as aqualitative method to determine the presence or absence
of agene product, however quantitative assessment of mRNA copy number is often more
valuable since it can be used to detect changes in gene expression

114,121

The amount of

PCR product number can be assessed by either 'exponential' or 'end-point' techniques.
These terms refer to performing sample analysis in either the exponential or plateau
phases of the PCR kinetic curve respectively (Figure 2.5). The starting copy number
relates directly to the amplified copy number only if the reaction is in the exponential
phase of growth. The point at which areaction plateaus is highly sensitive to the small
reagent variations such that two identical reactions may plateau at dramatically different
times due to experimental error (e.g. pipette error, heterogeneity in reagent
concentrations, variability in reagent lots). Until recently, most PCR analysis was done
in the plateau phase where there is no relationship between the amount of cDNA and the
starting amount of cDNA. Competitive RT-PCR was developed to address the concerns
associated with end-point detection

122,123, 124

By using an internal standard in each

PCR, the amount of cDNA in the plateau phase can be related to the amount of starting
material

112,122, 125

The main disadvantage of competitive PCR is the time required to

construct the internal standard and assess each sample, and to post-PCR analysis which
increases experimental error.
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Schematic of asingle amplification plot for asample containing atarget
sequence being amplified (blue line), and ano-template blank (red line).
During the exponential phase the amount of PCR product is proportional to
the amount of starting material. In the plateau phase and the amount of PCR
product is not proportional to the amount of starting material because
reagents become limiting. The first cycle where the accumulating
fluorescence surpasses the machine's detection threshold defines the
"threshold cycle" (Cs) value for that reaction. The Ctvalue relates directly
to the amount of starting material and is used to quantify gene expression.

Exponential phase analysis is also known as real-time PCR

126-128

A real-time PCR

machine records data at each cycle so that cDNA amplification can be monitored in 'realtime'. Fluorescent probes or dyes are used to tag all the amplicons present at agiven
cycle making it is possible to monitor the reaction during the exponential phase

125, 128, 129

The "C i"value, or cycle threshold, is defined as the cycle at which the accumulating
fluorescence passes the detection threshold of the PCR machine; this value can be used to
calculate the cDNA copy number in the original sample (Figure 2.5). Compared to endpoint techniques, real-time analysis is more reliable, highly reproducible and has reduced
probability of variability and contamination

113, 121,122, 128

The fluorescent reagent used to label the newly synthesized cDNAs can be broadly
classified as either DNA intercalating dyes, or DNA specific probes. DNA intercalating
reagents include ethidium bromide and more often, SYBR® Green. SYBR® Green
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exhibits little fluorescence alone in solution, but in the presence of dsDNA it binds the
minor groove on the double helix and emits fluorescence. In contrast, DNA probes that
are constructed to bind to specific cDNA sequences. The most widely used probe of this
type is aTaqMan probe

129, 130

Other probes are based on asimilar dye-quencher

principle include hybridization probes 121 ,and molecular beacons

128

SYBR® Green is

less expensive because it can be used to detect any cDNA. However, if non-specific
fluorescence is generated by mis-priming or primer dimer formation, it cannot be
distinguished from fluorescence due to the target; this may be avoided proper primer
design and verification

113, 121

Specificity is the major advantage of probes. Also, a

variety of fluorophores options facilitates multiplex analysis of two different cDNA
targets simultaneously

Yet, probes are very expensive and it has been suggested that

SYBR® Green is amore sensitivity reagent

122

Furthermore, fluorophores breakdown of

probes is common and thus increases the cost, and compromises PCR results' 25 .

2.4.2.1.1 Normalisation techniques
Normalisation of reverse transcription (RI"):
Normalisation for variability in reverse transcription is by far the most controversial
and stubborn issue associated with PCR data; and there is no universally accepted ideal.
Normalization against so-called housekeeping genes such as GAPDH and f3-actin, is
probably the most common method and is based on the assumption that the expression
level of these genes does not change in the cell being assessed. However, it is now well
documented that GAPDH levels are not constant under avariety of circumstances
so their use is not appropriate for most experimental systems unless it can be
demonstrated that their expression levels do not change.

132-136
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Some have advocated normalisation to total cellular RNA

111 .Yet,

this technique is

obviously flawed since the amount of RNA in agiven tissue or cell is highly inconsistent
and changes under circumstances where transcription rates are either increased or
decreased. Also, since the main constituents of total RNA are rRNA and some tRNA
(total RNA is >90% rRNA), normalization to RNA really depends on the amount of these
species. Normalization to cell number or DNA concentration is athird option. This is an
effective way to account for variation in starting material when the use of housekeeping
genes is inappropriate. In addition, the out-put is effectively 'mRNA per cell', avalue
that is amuch more relevant than 'mRNA per RNA', or 'mRNA per GAPDH mRNA'.
Normalisation to DNA concentration and cell number can be complicated in experiments
where there is significant cell death or cell proliferation; yet even under these
circumstances this method is fairly robust'.
Normalisation ofpolymerase chain reaction (PCR):
Controlling for PCR efficiency requires demonstrating that the cDNA target is
amplified with the same fidelity in every sample, and that the 'standard' chosen to
calculate absolute copy number is also amplified with this same efficiency. A common
tool used to do this is an 'internal standard'

112, 122,125,137

Since the target and the

competitor are nearly identical, share the same primer sites and are co-amplified in the
same reaction, their PCR efficiencies are assumed to be the same. The alternative to
internal standards is external standards. An external standard consists of the purified

'The lack of universally accepted methods for normalising RT-PCR analysis makes the interpretation of
results difficult. Each method is based on different rationale and has different. At the present time, each
lab must decide on the appropriate normalisation factor for their experimental system. One of the most
important steps that could be taken is the requirement for an open discussion within published manuscripts
that explains this rationale and can therefore be open to judgement by reviewers.
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PCR of the target cDNA; these standards are now widely used in real-time PCR

138-140

Even though the external standard is amplified in reaction separate from the target, the
PCR efficiency should be identical because the PCR sequences and primers are identical.
This can be confirmed by examining the linearity of the standard curve. The results of
obtained using internal versus external standards has been evaluated and were found to
give comparable results

137

Therefore, the use of external cDNA standards in areal-time

analysis is apreferred method to assess gene expression since reliable and repeatable is
comparable to an internal standard without the time-intensive processes of creating the
standard and generating astandard curve for each and every sample.

2.4.2.2

Other methods to assay gene expression

The ribonuclease (RNase) protection assay is the most sensitive alternative to PCR
for quantifying specific mRNAs in solution. The sensitivity of the ribonuclease
protection assay derives from the use of acomplementary-in vitro transcript probe which
is radio-labeled. The probe and target RNA are hybridized in solution, after which the
mixture is diluted and treated with ribonuclease (RNase) to degrade all remaining singlestranded RNA

141

The hybridized portion of the probe is protected from RNase digestion

and can be visualized via electrophoresis of the mixture on adenaturing polyacrylamide
gel followed by autoradiography. An advantage of this technique is that the resultant
signal is directly proportional to the amount of complementary RNA in the sample (if the
probe is used in molar excess); and aunique feature of this assay is that high resolution
polyacrylamide gel electrophoresis allows accurate mapping of mRNA features such as
initiation and termination sites (e.g.,

142, 143)
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Northern blot analysis can also be used for mRNA quantification with high
specificity. The advantage of using Northern analysis is that the integrity of RNA
samples can be monitored, and it is the only technique that provides information about
mRNA size and alternative splicing

144

Yet, this technique is not as sensitive as PCR,

and requires alarge quantity of RNA that is often difficult to obtain. Recently, gene
arrays have become apopular method to look at mRNA expression in cell populations.
Rather than quantifying specific mRNAs, gene arrays are used to asses the expression of
avery large number of genes qualitatively

111 .Gene

arrays provide alook into the entire

genome in some cases, however, they are limited by cost, requirement for large quantities
of RNA as well as the shear volume of information they provide which makes result
interpretation challenging

119

Another limitation of array analysis is that they do not

account for the heterogeneity that exists in the cell populations of many tissues.
In situ hybridization is aslightly different technique that provides spatial information lost
in all of the aforementioned techniques. Although it is not quantitative, in situ
hybridization uses specific nucleic acid probes to locate mRNAs within tissue sections
144

Visual representation of gene expression can be highly valuable in comparing

different genes of tissue since it localizes transcripts to specific cells within atissue.
The main limitation of all the tools discussed above is sensitivity. PCR is by far the most
sensitive tool available to assay gene expression; especially for transcripts present in low
copy numbers, or for stimuli that may cause asmall change in transcript number.
However, PCR cannot assess the same quantity of gene that arrays can, and cannot
illustration the location of mRNAs in the tissue.
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2.4.3

Promoter activity

Eukaryotic genes contain sequences called promoters. A promoter is the DNA
region where the transcription of mRNA is initiated and subsequently carried out by
RNA polymerase. This is apotentially complex region containing several elements that
contribute to the control and regulation of gene transcription. The basal promoter
typically contains asequence of 7bases (TATAAAA) called the TATA box; it is bound
by alarge complex of 50 different proteins that are required for the 'basal' expression of
that gene. Up-stream and down-stream elements in addition to enhancer and silencers
and their transcription factors add to the complexity of this region and can greatly affect
the rate of nIRNA production.
The ability to monitor the activity of apromoter under specific experimental
conditions provides information about how these stimuli combine to regulate gene
transcription. One method to assess promoter activity in 'real-time' is to transfect cells
with reporter-vectors. Promoter-less vectors containing the genetic sequence encoding
for aprotein such as green fluorescent protein (GFP) or luciferase are commercially
available; splicing gene promoter sequences upstream of the reporter gene, creates a
direct, sensitive, and efficient tool to evaluate gene stimulation. The advantage of this
strategy is that it bypasses the downstream regulation following gene activation (e.g.
transcriptional, post-transcriptional regulation etc.). A disadvantage is that the sensitivity
of this technique relies on the number of cell -producing GFP which can be small consider
only asmall percentage of primary chondrocytes are typically transfected. Another
method for measuring promoter activity and gene transcript is the "nuclear run-off'
assay. This technique identifies the genes in apopulation of cells that are being actively
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transcribed. To do so; nuclei are rapidly isolated from cells, and incubated with labelled
nucleotides. This gives apopulation of labelled RNAs that were being transcribed
immediately before isolation. The nuclear run-off assay provides a'real-time' measure
of gene transcription whereas RT-PCR and the techniques (Section 2.4.2) provide only a
steady-state measure of mRNA, the balance of mRNA synthesis and degradation.

2.5

SUMMARY
Cartilage is acomplex tissue that is made up of 65-80% water. The remaining

matrix is made up of collagen and proteoglycans; collagen type II and aggrecan are the
most abundant types of these molecules respectively. These matrix components form a
viscoelastic gel that resists mechanical load and protects the underlying bone.
Chondrocytes can be viewed as factories that produce new collagen and proteoglycan
molecules and also release enzymes that breakdown old and deteriorated molecules.
Matrix turnover, and the 'ability of chondrocytes to alter biosynthesis in response to
environmental stimuli, ensures that the tissue can meet the physical demands imposed on
it. Although articular cartilage is metabolically active tissue, it has alimited capacity for
repair and regeneration. Cartilage damage associated with osteoarthritis can be caused by
aging, injury, or biomechanical abnormalities. The progressive loss of articular cartilage
causes pain and disability as the bony joint surfaces come into contact and surrounding
tissues become inflamed.
There are many methods available to study cartilage proteins as well as the promoter
activity and mRNA expression of chondrocytes. The aim of current research in
chondrocyte mechanobiology is to identify the specific mechanical or humoral stimuli
that could stimulate chondrocytes to regenerate healthy, functional cartilage. The goal of
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this thesis is to explore the response of chondrocytes to-their physical environment.
Specifically, the response of chondrocytes to certain mechanical and osmotic components
of their physical environment will be explored. The experimental systems developed to
achieve these goals have different outcome measures and each will be evaluated for its
usefulness towards achieving to overall goal of learning more about how chondrocytes
interact and response to specific stimuli.
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Chapter Three:

GFP AS A REAL TIME REPORTER OF GENE ACTIVATION

IN CHONDROCYTES EMBEDDED IN AGAROSE GEL: SYSTEM
EVALUATION & FUTURE DIRECTIONS

3.1

BACKGROUND
The experimental system that will be described in this Chapter was developed and

used by Simon Chi as acomponent of his Masters Degree with Dr. John Matyas in
Medical Science (2003). This system was designed to study, in real-time, the effect of
mechanical compression on the activation of the aggrecan promoter in chondrocytes
cultured in agarose gel. Chi (2003) determined that compression of chondrocytes
cultured in agarose resulted in increased cellular fluorescence; aresponse attributed the
activation of an exogenous promoter fragment transfected into the cells and driving the
expression of afluorescent protein (green fluorescent protein, GFP).
The reagents and techniques involved with this GFP reporter system are new.
Furthermore, there are many variables associated with this system (e.g. transfection
efficiency, endogenous mRNA levels, fluorescence quantification etc.), yet to be defined.

Hypothesis 1: It is unlikely that promoter activity, mRNA expression and protein
synthesis will be directly proportion as the kinetics of this process in chondrocytes will
depend on several cellular processes including the rate of transcription, mRNA half-life,
and polyribosomal translation. Quantifying these variables and then establishing the
relationship between them will likely uncover discrepancies between the synthesis of
exogenous and endogenous mRNA and protein products, as well as potential points of
both upstream promoter, and downstream mRNA and protein regulation.
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Specific Aim 1: To validate the use of transfected cells in agarose as atool to
investigate the sensitivity of specific gene promoters. EGFP fluorescence, promoter
number, as well as downstream transcription and translation are the system variables that
needed to be quantified and correlated.

3.1.1

Description & rationale of the system: GFP as the reporter of aggrecan
promoter activation in chondrocytes cultured in agarose & mechanically
compressed

Chondrocytes were enzymatically isolated from healthy, skeletally mature canine
stifle joints in the form of isolated cells or chondrons

145, 146

Immediately following

isolation, viability was determined by trypan blue exclusion and the cells were cast in 4%
agarose gel (NuSieve®-GTG® agarose, FMC BioProducts, Rockland, ME, Cat.# 50080).
Gels were cast in a1 csyringe, sectioned into uniform hemi-cylindrical samples of the
dimensions 4x4x4 mm (lengthxwidthxheight), and cultured for up to 18 days in one well
of a24-well multidish (2 per well). DMEM F-12 culture media was supplemented with
10% fetal bovine serum (FBS, Invitrogen, Cat. #12318-010) and 1% antibiotics
/antimycotics (PenicillinlStreptomycinlFungizone®, Gibco, Cat. #15240062), and 50
p.g/rriL ascorbate (L(+)Ascorbic acid (EMD Chemicals Inc., San Diego, CA, Cat.
#CAB1O3O3-34). The culture of chondrocytes in agarose gel is well documented
151

102,147-

Agarose is awidely accepted surrogate matrix to use in both chondrocyte cell

biology as (1) the three dimensional culture environment preserves the expression and
production of chondrocyte phenotypic markers

102

and (2) in nechanobiology since the

chondrocytes produce amechanically functional and definable matrix in agarose

152, 153
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Chondrocytes cultured in agarose for adefined length of time (5-18 days) were
transiently transfected with acommercially available DNA vector containing the p-Timer
gene (a red-shifted variant of green fluorescent protein or GFP, Clontech) using FuGENE
6(Roche Molecular Biochemicals, Indianapolis, IN, Cat. #18 14443), alipid based
transfection reagent. In our laboratory, the essential 'B18' portion of the rat aggrecan
promoter

154,

was spliced into this vector such that stimulation of this promoter would

drive the expression of the p-Timer gene (Figure 3.1). The B-18 promoter was also
cloned into another vector behind the EGFP gene (enhanced, green fluorescent protein).
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Figure 3.1

DNA construct used in this study. (A) Diagram of the rat aggrecan gene and
location of the B18 fragment used in this thesis to test regulatory activity.
Scale in kilobases is at top. Aggrecan gene is represented as heavy line with
the exons numbered as vertical bars. The horizontal bar fragments depict the
size and location of genomic fragments, B18 fragment in orange box.
Adapted from Doege et al. (2002). (B) Diagram of DNA vector constructed
with the B18 promoter fragment (0.9Kb) cloned behind the gene encoding a
green fluorescent protein (GFP), or aGFP variant (i.e. p-Timer). Total
vector size is 4.7Kb.

Transfected cell-gel hemi-cylinders were dynamically compressed on aspecialized,
computer controlled loading jig (Figure 3.2). A typically experiment involved
compression at afrequency of 0.30 Hz using a10% grip-to-grip peak strain for 3hours at
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room temperature (-P22°C). Fluorescence was detected and visualized using confocal
scanning laser microscopy with defined settings. Images of the cell were taken in 3D
stacks at 'time zero' and immediately following the loading protocol (time 3hours).
B18 Promoter

1

I

25X —Microscope Objective

Dynamic Compression

Figure 3.2 Schematic representing the experimental design used by Chi (2003). (1)
Articular cartilage cells were enzymatically isolated and suspended in
agarose for cell culture. (2) Cell-gel constructs were transfected with a
DNA vector that contained the B18 fragment of the rat aggrecan promoter
driving the expression of the GFP gene, or aGFP variant (i.e. enhanced
green fluorescent protein or p-Timer). (3) Transfected cell-gel cultures were
dynamically compressed on acustom loading jig and visualized by confocal
microscopy.
Transfected, mechanically compressed samples were compared to transfected, unloaded
controls. A typical result is shown in Figure 3.3. These results suggest the dynamic
compression, under the defined conditions, activates the aggrecan promoter to the extent
that p-Timer mRNA is transcribed and translated in adetectable quantity within three
hours of stimulation. Furthermore, it was discovered that transfected, uncompressed cellgel constructs produce p-Timer fluorescence when stimulated with the growth factor
TGF-beta (rhTGF-13, lOng/mi) overnight, but not after 3hours

Thus, TGF-P provides
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auseful positive control for transfection as well as aspecific stimulus for the B18
aggrecan promoter fragment.
Time 0

Figure 3.3

3hours

Result obtained by Chi (2003). Composite images of primary enzymatic
chondrons (EC) transfected with p-Timer (the red variant of GFP)
embedded in agarose gels. (A) The top two panels show the unloaded
controls at 'Time 0' before, and after a'3 hour' incubation in culture
conditions identical to mechanically compressed samples. (B) The bottom
two panels show the loaded samples at 'Time 0' before, and '3 hours' after
application of dynamic compression (10% strain, 0.3 Hz). Note the
dramatic increase in red fluorescence present after the 3hour loading
protocol.

The major conclusion of this study was that the use of GFP (or its variants) as arealtime reporter of aggrecan promoter activation is avaluable method to investigate the
mechano- and chemo-sensitivity of chondrocytes cultured in agarose gel. Furthermore,
the nature of this system would allow some delineation of the regulatory processes that
occur between stimulation, promoter activation, transcription and translation.
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3.1.2

Rationale for reporter gene selection: green fluorescent protein (GFP)

Green fluorescent protein (GFP) was isolated from the jellyfish Aequorea victoria in
the early 1990's

155,156

The popularity of GFP in modern research is owing to its

biocompatibility in eukaryotic and prokaryotic cells, water solubility, thermal and
photostability among other properties. Following the development of ahuman codonoptimized version of the protein

157,

several colour variants were generated (i.e. yellow,

blue and cyan fluorescent proteins) 158 .The p-Timer gene expresses avariant of the
DsRed2 protein, ared fluorescent protein that derives from acoral of the Discosoma
genus and is aGFP homologue

159

This variant, DsRedl-E5, is unique because the

immature protein forms an intermediate green fluorescent protein that undergoes a
spectral shift as the protein matures, and results in the formation of astable red
fluorescent protein

160

This spectral shift as afunction of time makes the E5 mutant a

useful tool for studying gene expression in living cells. EGFP, or enhanced green
fluorescent protein is the red-shifted excitation variant referred to in the remainder of this
thesis. EGFP contains achromophore mutation

161, 162

that not only improves protein

expression folding compared to the wild type, but makes its (green) fluorescence 35 times
more intense

163

For the purposes of validating this system, EGFP is preferred over the

p-Timer because it has only one excitation/emission spectrum, it is more characterized
and there are more analytical tools available for EGFP (i.e., EGFP antibody).
While is it suggested that enzyme-based gene reporter systems such as
galactosidase or luciferase are more sensitive than EGFP, EGFP can be visualized at low
expression levels (lO0nm or 1x104 molecules in the cell cytoplasm is some cell systems),
and is more sensitive than fluorescently labelled antibodies

164

Furthermore, the
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expression of EGFP (or its' variants) can be monitored in living cells, and unique
property of these molecules that creates an opportunity to study protein biosynthesis in
real-time. The excitation/emission spectra of EGFP (ex/em 488/507nm) make it ideally
suited for use avariety of research procedures including flow cytometry (as well as
FACS-fluorescence activate cell sorting)' 65 ,confocal scanning laser microscopy,
fluorescence microscopy, and fluorometry

166

There are potential drawbacks associated with using EGFP as areporter. First, the
optimal temperature range for EGFP fluorescence in mammalian cells is 30-33°C

161,168;

several degrees below cell incubation temperature (37°C). Second, while it has been
demonstrated that GFP fluorescence accurately reflects the protein concentrations 169, 170 P
sample to sample variability in fluorescent intensity is common. As aresult, care must be
taken when quantifying EGFP to standardize equipment often; standardization tools and
procedures are readily available for microscopy, fluorometry and flow cytometry

3.2

SYSTEM VALIDATION

3.2.1

Validation components & proposed methods

The proposed experimental design is illustrated in Figure 3.4.
The system variables can be broken down into three major categories (Figure 3.4): (1)
EGFP fluorescence quantification, (2) exogenous components (those related to the DNA
vector transfected into the chondrocytes), and (3) endogenous components (those related
to the aggrecan gene present in all chondrocytes). Categories (2) and (3) have three
common subcategories: (a) promoter quantification, (b) mRNA quantification, and (c)
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protein quantification. Each category will be discussed in more detail as will their
relevance to validation of this system.

GFP
Fluorescence

Exogenous Aggrecan
Promoter#

mRNA#

Protein#

(B18)

(GFP)

(GFP)

Endogenous Aggrecan

Figure 3.4

3.2.1.1

Promoters#

mRNA#

Protein#

(Aggrecan)

(Aggrecan)

(Aggrecan)

The three major components of system validation. (1) EGFP fluorescent
quantification, as well as (2) exogenous and (3) endogenous quantification
of promoter number, mRNA copy number and protein synthesis.

Experimental controls

Transforming growth factor beta (TGF-/3):
As previously mentioned TGF-P is able to stimulate EGFP production in
uncompressed cell-gel constructs. This would be avaluable positive control for
transfection and an alternative means of manipulating the activity of the B18 promoter
fragment. In addition, TGF-P stimulation would be extremely useful in determining the
signal pathways involved in chemical and/or mechanical stimulation.
CMV-p romoted /3-actin-EGFP fusion vector:
The commercially available pEGFP-Actin (Clontech) encodes afusion protein
consisting of and the gene encoding human cytoplasmic 13-actin. The expression of this
fusion protein is driven by aCMV-(cytomegalovirus) promoter such that the vector
chronically expresses cytoskeletal actin tagged with EGFP in transfected cells; hence it
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provides auseful positive control for transfection. Also, since no external stimulation is
required to stimulate the production of EGFP, the confounding factors associated with
mechanical or pharmacological stimulation of the promoter (as is the case for the B18
aggrecan promoter fragment) are eliminated.

3.2.1.2

EGFP fluorescence quantification (Component 1)

The output measurement of this system is EGFP fluorescence. The appearance of
EGFP fluorescence is an indication that the promoter spliced upstream of the EGFP gene
in the vector has been activated causing the transcription of EGFP mRNA. In previous
experiments, chondrocytes were transfected with avector containing the B18 fragment of
the aggrecan promoter upstream of the EGFP (or p-Timer) gene. Chi (2003) used a
qualitative intensity measurement based on images obtained on confocal microscopy
(with standardized settings). An intensity scale was used to rank samples from 0for no
green fluorescence to 3for the maximum fluorescent intensity. A quantitative
measurement scale is required such that the fluorescence of individual cells, or field of
cells, can be related to the input (compressive load or other stimuli), to downstream
mRNA or protein levels, and also compared to other cells. EGFP production in living
chondrocytes can be detected in several ways including quantitatively by fluorometry and
flow cytometry. EGFP FACSTM beads (BD Bioscience, Clontech #8375-1) have varying,
known quantities of EGFP on the surface of bead subpopulations (7-10 p.m diameter);
these beads are available to calibrate flow cytometry machines and subsequently
quantification of EGFP in cell populations. EGFP-conjugated beads can also be used to
calibrate the confocal microscope.
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First, flow cytometry and the EGFP

FACSTM

microbeads were used to generate a

standard curve (Figure 3.5). The resultant data was plotted as Log [Fluorescence
Intensity] (Fl) versus Log [M.E.S.F.] (Molecules of Equivalent Soluble Fluorochrome),
where M.E.S.F. refers to the density of EGFP at which each population of microbeads
has been coated. In this context, intensity measured by flow cytometry can be used to
estimate EGFP protein levels as low as 10O DM, or about 1x10 4 molecules in the cell
cytoplasm or 2x10 3 molecules on the cell surface

172

With the standard curve, EFGP

fluorescence can be quantified and related to protein concentration in cells by flow
cytometry; this includes cells transfected in monolayer as well as those transfected in, and
subsequently removed from agarose (discussed in 3.3.2.4). Second, cells can be
embedded in agarose and transfected with the CMVpromoted actin-EGFP vector. This
CMV-promoted vector constitutively expresses EGFP and is thus preferable to the
conditionally expressed B18-EGFP vector used by Chi (2003), which is not ideal for
validation purposes. The transfected cells in agarose will be imaged with the confocal
microscope. A stack of images will be acquired to gather fluorescence in three
dimensions. Zeiss LSM 5100 software will generate relative values that represent
fluorescence intensity using a"through-focus" image (the normalized 2-D projection of
the 3-D image). This numeric value given to aparticular fluorescent reading is an index
of the amount of EGFP fluorophore present in the cell or field of cells. Third, the
microscopy work will be repeated using the EGFP

FACSTM

microbeads seeded into

agarose. The numeric reading given to the beads can be related to aspecific amount of
EFOP protein as done to calibrate the flow cytometer. Thus, EGFP fluorescence in cells
cultured in agarose can be quantified and related to protein concentration. Untransfected
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chondrocytes in agarose or monolayer will serve as anegative control for cell autofluorescence in both microscopy and flow cytometry.
With the microscope and flow cytometer both calibrated with the FACSTM
microbeads, cell fluorescence can be quantified with either system and the systems can be
compared. Furthermore, the effect that agarose has on fluorescence detection can be
evaluated by comparing cell transfected in monolayer to those transfected in agarose.
Some special considerations are required in developing an EGFP fluorescence
quantification scheme. Even though EGFP is aquite stable under high intensity light,
some photobleaching occurs when EGFP is illuminated near its major excitation peak
with light at 340-390 nm or 395-440 nm171 .The amount and rate of photobleaching for
EGFP will be determined using Zeiss LSM software.

3.2.1.3

Endogenous & exogenous component quantification

(a) Promoter quant ification:
A gene promoter is an often complicated region of DNA that typically precedes the
actual gene sequence and it may include regulatory elements (e.g. enhancers, suppressors,
silencers) that can influence the transcription of agene2.Transcription factors, typically
the end products of acascade of cell signalling, can activate or inhibit gene transcription
by interacting with the gene promoter. While the B18 fragment of the rat aggrecan gene
154

appears to responds to mechanical and pharmacologically (TGF-f3) stimulation

11 ,
it

is

unclear exactly how the 'activity' of the B18 fragment relates to the native (endogenous)
aggrecan promoter. To understand this system and events that take place in the cell after

2The endogenous promoter refers to the fill aggrecan promoter present in the genome of every
chondrocyte; the exogenous promoter refers to the B18 fragment of the aggrecan promoter that has been
transfected into aproportion of the cells.
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promoter stimulation it is necessary to know how many possible 'targets' (promoters) are
present in the cell since the amount of fluorescence emitted by the cell is likely
influenced by this. It is also necessary to distinguish between the endogenous and
exogenous promoter populations as they may not respond the same way.
To quantify promoters, DNA will be extracted from untransfected chondrocytes as
well as chondrocytes transfected with the B18 aggrecan-EGFP vector (GenEluteTM,
Sigma). The mean number of exogenous and endogenous promoter regions will be
quantified in the extracted DNA by real-time PCR (IQ iCycler, BioRad) and customdesigned primers. Primers can be designed specifically to allow separate and
simultaneous quantification of both promoter populations if necessary (Figure 3.6). The
average endogenous and exogenous promoter copy numbers will be normalized to DNA
concentration, thus giving avalue that approximates the number of promoters per cell.

l-

HAggrecan Endogenous Promoter

Aggrecan Gene
Ri

F

'a-

-J B18 Fragment
Figure 3.6

GFP Gene
-1

R2

Primer design strategy to facilitate simultaneous detection of the
endogenous (aggrecan) and exogenous (B18) promoters. Amplicons have
the same 'forward' (F) primer. The reverse primers (Ri and R2)are
different and anneal to separate downstream sequence regions. Careful
selection of R1 and R2 will generate amplicons that differ in sizes and can
be differentiated by gel electrophoresis.

The experimental design and relevant controls necessary for promoter quantification
are described in Table 3.1. Determining the average number of exogenous (B 18)
promoters per cell is complicated by several factors. First, transfection is occurs in only a
small percentage of the cells, so the exogenous promoter number per cell will always be
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under-estimated. Second, as suggested, the value obtained will be the average number of
exogenous promoters per cell since cells can take in one or multiple copies of the vector
during transfection. In addition, different vectors likely have different transfection
properties and promoter activation may not be synchronized in agiven hell population.
These difficulties and potential resolutions will be discussed further in Section 3.3.
Table 3.1

PCR data required to quantify endogenous (aggrecan) and exogenous (B 18)
promoter number.

Primary
chondrocytes
cultured in agarose

Untransfected

Transfected

PCR Targets
Endogenous Promoter
(aggrecan promoter)

Exogenous Promoter
(B18 promoter fragment)

i Native aggrecan promoter number
nNegative control for exogenous B18
promoter

•The effect of transfection on native
aggrecan promoter number?

N/A
•

B18 promoter number (a.k.a.
transfection rate)

(b) mRNA quanti
fication:
The mRNA copy number component is adownstream measure of promoter
activation. Just as it is necessary to determine the number of exogenous and endogenous
promoter sequences, it is necessary to determine the functional output of each promoter
population. The native endogenous aggrecan promoter transcribes the mRNA
responsible for the aggrecan core protein; the exogenous B18 promoter in the cell
produces the EGFP mRNA. Information about promoter regulation may be derived from
the relationship between promoter number and mRNA output. Any differences detected
between the endogenous and exogenous output relative to promoter number will
demonstrate that there are critical differences between the endogenous aggrecan promoter
and the fragment we have chosen.
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mRNA copy number will be determined by real-time RT-PCR of RNA extracted
from chondrocytes cultured in agarose. The method used to extract total RNA from
agarose embedded cells is similar to the method used for cells cultured in monolayer
(RLT buffer,

RNeasyTM

spin column system, Qiagen); however cells in agarose must first

be removed from the gel by digestion with agarase. Development of the agarase
digestion is discussed in detail in Section 3.3.2.4. DNA concentration will also be
measured for each sample as an index of cellularity; this will allow mRNA to be
expressed as "copy number per cell".
Specific primers for the endogenous aggrecan mRNA (GenBank Accession L29489)
and EGFP mRNA (GenBank Accession U55761) were designed with Beacon Designer
2.13 software (Premier Biosoft International, Palo Alto, CA). The primers were used to
generate the standards required for quantitative real-time PCR (detailed methodology in
Chapter 4, Section 4.3.5). The experimental controls and unknowns required to
determine the mRNA component are illustrated in Table 3.2. Untransfected,
unstimulated chondrocytes in agarose will provide anegative control for the EGFP
mRNA, as well as the basal level of expression for endogenous aggrecan mRNA. It will
be important to normalize data to the endogenous level of aggrecan mRNA. Similarly,
transfected unstimulated samples will be used to determine if there is abasal level of
EGFP expression in transfected cultures (this will indicate if the B18 fragment is exposed
to, and affected by the same stimuli as the native promoter). Since TGF-f3 stimulates the
B18 promoter to produce EGFP mRNA, analysis of endogenous aggrecan mRNA under
the same conditions will provide information about similarities or differences between
the native promoter and the promoter fragment.
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Table 3.2

Determining the mRNA component of the validation requires that
chondrocytes cultured in agarose be assessed by RT-PCR under four
experimental conditions. Endogenous expression of aggrecan mRNA will be
determined in untransfected samples, while transfected samples will be tested
for both aggrecan and EGFP mRNA expression. Unstimulated samples will
provide information about the basal expression of each gene while samples
stimulated with TGF-f3 will indicate the sensitivity of the endogenous and
exogenous promoters.
Basal expression of
aggrecan & GFP mRNA

I

Unstimulated
Basal Expression:
Transfected

-

Effect of transfection on

TGF-0 Stimulated
Promoter Activity:

(i) Relationship between

• B18 (GFP mRNA t)

aggrecan mRNA?

Aggrecan mRNA

U?

• GFP mRNA
Basal Expression:
Untransfected

Aggrecan mRNA

aggrecan & GFP mRNA
(ii) Regulation of aggrecan
promoter versus B18 promoter

Promoter Activity:
-

Aggrecan mRNA

I

U?

Effect of TGF-P on native
aggrecan promoter

(c) Protein quanti
fication:
While mRNA is the functional output of gene promoter activity, protein is the
functional output of the cell. Quantifying the EGFP protein and aggrecan proteoglycan
and including these amounts in the relationship defined above can monitor posttranscription regulation. Protein quantification is undoubtedly an important aspect of this
system validation, and there are anumber of viable methods to determine this
component; however it is beyond to main objectives of this study.

3.2.2

Synthesis of validation components

The principal motivation behind these validation experiments is to gain an
understanding of how well EGFP accounts for aggrecan promoter activity (i.e.
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endogenous mRNA production). Therefore, once the number of promoters and amount
of product (mRNA) are known, the endogenous and exogenous data should be compared.
The similarities and difference between exogenous and endogenous mRNAs will not only
indicate how well EGFP production by the B18 promoter accounts for native aggrecan
mRNA production, but will also identify downstream points of regulation.
The relationship between EGFP fluorescence, promoter number and mRNA copy
number will be evaluated by analysis of variance and regression. This relationship is
unlikely to have aslope of one, as the kinetics of this process in chondrocytes are
unknown and will depend on several cellular processes including the rate of transcription,
and mRNA half-life. Nonetheless, it is likely the kinetics of protein folding will be
similar whether expression is driven by the CNN promoter or the aggrecan promoter, and
thus it is areliable substitute/control is many of the experiments described.

3.2.3

Assumptions & limitations

The predominant assumption we have made is that the B18 aggrecan promoter
fragment contains regions that are sensitive to the stimuli we applied to the cells (i.e.
mechanical or chemical). Since the B18 fragment represents the basal aggrecan promoter
154

crucial responsive elements could be expected outside of this region. While this

limits our experiments to only making inferences about the mechano- or chemosensitivity of this particular region in the promoter, it is also advantageous in that it
allows us identify specific regions that contain these regulatory elements. Furthermore,
for the purposes of cloning into the EGFP vector, it was prescribed to use areduced
promoter; fortunately, Chi (2003) demonstrated that this fragment could be influenced by
mechanical and pharmacological stimuli.
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The experiments proposed for this study could also be limited by sensitivity. Real
time (RT)-PCR forms the basis of many analyses here because it has proven to be a
sensitive and accurate method to quantify nucleic acids. In some instances we may be
working with copy numbers so low that the sensitivity limits of the machine are
surpassed, however, if EGFP is visible in the cells we can assume that copy number is not
amajor concern. The main way to overcome asensitivity problem is to increase the
starting material; for example, if aggrecan promoter copy number is only one per cell,
increasing cell number will increase our ability to detect this sequence by PCR. The
choice to use EGFP also helps to circumvent detection limitations as it has been shown to
be amore sensitive reporter than other commonly used molecules such as luciferase in
some systems 173 .Furthermore, EGFP (and its variants) is the only reporter that facilitates
real-time analysis in living cells.

3.3

TRANSFECTION EFFICIENCY & RATE
To begin the validation processed described here, the first variable we had to

understand is the number of cells that are transfected in our samples, or transfection
efficiency. The following section describes the experiments conducted to determine the
transfection efficiency of cells in agarose and in monolayer culture.

3.3.1

Introduction

The number of synthetic DNA vectors that can pass through the membrane into a
cell varies widely depending on variables such as the cell type, transfection agent,
quantity, quality and size of the DNA vector as well as the temperature, ionic strength
and medium surrounding the cells. Preliminary findings by Chi (2003) suggested that a
very large proportion of chondrocytes embedded in agarose are transfected. This could
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be aunique feature of the agarose culture system. If so, this system could be extrapolated
to an approach for improving routine transfection efficiencies in other cell types.
Furthermore, the efficiency and rate of transfection is aprimary determinant of the
sensitivity of this reporter system. Transfection efficiency refers to the proportion of cells
that are transfected. Transfection rate refers to the number of DNA vectors that are
transferred into each transfected cell. Evaluating the efficiency and rate of transfection is
required to clarify the interpretation of experimental results using this gene promoterEGFP reporter system, and will confirm if agarose is aunique environment that facilitates
high transfection rates.
This section will discuss the first experiment preformed in the validation process
described by this Chapter

-

determination of transfection efficiency. The number of

transfected cells in monolayer culture was compared to transfection in agarose culture
using two methods; microscopy counts and flow cytometry. In addition, chondrocytes
were compared to another type of primary cells (canine kidney) as well as to acell line
(Madin-Darby canine kidney, MDCK). The results and conclusions uncover unforeseen
complications that are investigated in the remainder of the Chapter.

3.3.2
3.3.2.1

Methods
Cell isolation

Isolated chondrocytes:
Cartilage shavings from the stifle joint of skeletally mature dogs were washed in
Hank's Balanced Salt Solution (HBSS, Sigma, St. Louis, USA, Cat. #8062), minced
finely, and subjected to asequential enzymatic digestion to completely isolate the
chondrocytes

174

Briefly, the shavings were digested with 0.05% (w/v) hyaluronidase

(Type I-S from bovine testes, Sigma, Cat. #H3506) in HBSS at 20°C for 5minutes,
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rinsed in HBSS, and digested with 1% (w/v) Pronase® (Roche, Laval, QC, Cat.
#1459643) in HBSS with constant agitation using atiny stir bar (7mm x2mm diameter,
Fisher, UK, Cat. #1451167) at 37°C for 1hour. The samples were centrifuged at 900 rpm
for 10 minutes. The tissue pellet was rinsed with HBSS and then digested with 0.4%
collagenase (Type II, Sigma, Cat. #C6885) in HBSS with constant agitation at 37°C until
the chips had dissolved (less than one hour). Digested samples were filtered through a
20-micron mesh nylon membrane (Small Parts Inc., Miami Lakes, FL, USA, Cat. #
CMN-20-B) and were centrifuged at 900 rpm for 10 minutes to obtain the cell pellet.
Cell number and viability was determined using the Trypan blue exclusion assay and
hemacytometer (BrightLine Hemacytometer, Hausser Scientific, Harsham, PA). A
typical digestion yields cell viabilities of 95% or greater.
Canine kidney ôells:
Primary canine kidney cells were isolated from skeletally mature animals by
modifying aprotocol described previously
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Briefly, the whole kidney was flushed

with saline solution until the tissue turned white indicating alack of blood. The kidney
was cut in half, the cortex removed and subsequently cut into small pieces. The cortex
was digested in 0.05% (wlv) hyaluronidase (Type I-S from bovine testes, Sigma, Cat.
#H3506) for 10 minutes at room temperature under constant agitation. After rinsing 3x
times with HBSS (Sigma, St. Louis, USA, Cat. #8062) the tissue was minced into fine
pieces and put into 1mg/mL collagenase (Component A, Sigma, Cat. #27667), 100
U/niL DNase I(RNase-free, Qiagen, Mississauga, ON, Cat. #79254) in HBSS for 1hour
at 37'C. The collagenase-digested tissue was passed through a100 j.tm cell strainer (BD
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Falcon, Bedford, MA, Cat. #352360) and centrifuged at 200 gfor 5minutes. Cell pellet
was washed with HBSS and filtered again to isolate the cells from contaminating tubules.
Cell number was determined using ahemacytometer and then cell were cultured in aT75
flask (BD Falcon, Bedford, MA, Cat. #353110).
Madin-Darby canine kidney (MDCK) cells:
Frozen stocks of Madin Darby Canine Kidney (MDCK) cells were defrosted and
cultured in aT75 culture flask (BD Falcon, Bedford, MA, Cat. #353110) overnight.
Semi-confluent cultures were trypsinized with 0.25% Trypsin-iniM EDTA (Invitrogen,
Burlington, ON, Cat. #25200-072) solution for -5 minutes at 37°C. The reaction is
terminated by the addition of complete media and the cell pellet obtained by centrifuging
the solution at 900 rpm for 10 minutes then resuspended in 1mL of complete media.
Cell number and viability was determined using the Trypan blue exclusion assay and
hemacytometer.

3.3.2.2

Cell culture

Monolayer:
All cell types were cultured in 9.4 cm2 slide chambers (Nunc

LabTekTM

chambered

coverglass, Mississauga, ON, Cat. #155361) seeding at adensity of 1.0x10 5 cell/cm2.
Cells were cultured for up to 14 days in DMEM F-12 culture media supplemented with
10% fetal bovine serum (FBS, Invitrogen, Cat. #12318-010) and 1% antibiotics!
antimycotics (Penicillin/Streptomycin/Fungizone®, Gibco, Cat. #15240062), and in the
case of isolated chondrocytes, 50 ig/mL ascorbate (EMD Chemicals Inc., San Diego,
CA, Cat. #CAB1O3O3-34) replenished daily.
Agarose:
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All cell types were suspended in Type IX ultra low gelling temperature agarose
(Sigma-Aldrich, Saint Louis, MO, Cat. #A5030), at adensity of 1x10 6 cells/mL to afinal
concentration of 3% agarose. To embed the cells, 750 111 of sterile 4% agarose in HBSS
was melted at 65°C and subsequently brought to approximately 40°C in awater bath.
250 .iI of cell suspension (at 4x 106 cells/mL) was added to the molten agarose and mixed
gently with apipette until ahomogenous solution was achieved. Gels were then cast as
disks or hemicylers. To generate disk the entire 1mL solution was transferred to a35 mm
petri dish (BD Falcon, VWR Canlab, Edmonton, AB, Cat. #A25373-041) to generate an
even layer of gel 1.04 mm thick. The gel was set at room temperature for 10 minutes
then 4°C for 5minutes. A biopsy punch (AcuPunch® Acuderm Inc., Dormer
Laboratories Inc., Etobicoke, ON, Cat. #4460-910L) was then used to core out disks with
a15 mm diameter. To generate hemi-cylinders, the cell gel mix was drawn into a1 c
syringe (Becton Dickinson, Oakville, Canada, Cat. #309602) and allowed to set. After
gelling, the tip of the syringe was cut off, ascalpel blade (No. 11, Feather Surgical Blade,
Fisher Scientific, Nepean, ON, Cat. #08-916-5B) was placed to bisect the cell-gel mixture
into two hemi-cylinders as it was expelled from the syringe. The gel was then sectioned
at 4mm intervals such that the final dimensions of the hemi-cylinders were 4x4x4 mm
[diameter xheightxlength].
All cell-gel constructs were rinsed twice with HBSS prior then transfer to 24-well plates
(VWR Canlab, Edmonton, AB, Cat. #143982) and cultured (one 15 mm disk per well) for
up to 14 dats in 1mL of DMEM F-12 culture media supplemented as previously
described for monolayer cultures.
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3.3.2.3
•

Cell transfection

The constitutively expressed CMV-promoted actin-EGFP fusion vector was used to

monitor transfection efficiency and to compare chondrocytes grown on acover glass and
those embedded in agarose.
Agarose:
Cells were suspended in agarose, cultured in a24-well plate (one gel per well), and
then transfected. A 100 tl transfection reaction was generated in astep-wise manner by
adding 3pl of the transfection reagent FuGeneTM 6(Roche Diagnostics, Laval, QC, Cat.
#18 14443) to 196 p1 of DMEM F-12 (antibiotic and serum-free) media, then mixing in 1
jig of DNA vector. This solution was incubated at room temperature for 45 minutes
before transferring it to the well already containing the cell-gel construct and 400 jil of
DMEM F-12 (serum-free). Transfection occurred over aperiod of at least 8hours before
the reaction was inactivated by the addition of DMEM F-12 complete media.
Monolayer:
Monolayer cultures contained in the covered slide chamber were transfected in a
similar manner with adjusts made to' suit the larger culture volume. The 3jil FuGene
6:1 jig DNA ratio was scaled up to afinal volume of 2niL using 12 jil of FuGene

TM

TM

6

and 4jig of DNA. All sample analysis for transfection rate (microscopy and flow
cytometry), was done 48 hours after the beginning of the transfection process.

3.3.2.4

Development of the 3-agarase- 1digestion

A significant amount of time was dedicated to developing aset of conditions that
would allow us to retrieve ahigh percentage of vital cells from agarose cell cultures for
analysis by flow cytometry. Wang et al. (2001b) and Verbruggen et al. (1999) are two of
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the very few articles that describe agarase digestion of chondrocytes from agarose gel
culture'76'

177

In each case, the description of the agarase digestion is vague and consists

of a50 U/mL agarase reaction at 37°C for 1hour. These conditions were apparently
enough to recapture chondrocytes from 1.5% agarose cultures and subsequently analyze
the cells by flow cytometry. Initially, these digestion condition were used to digest the
cell-gel constructs made with 4% NuSieve®-GTG® agarose (FMC BioProducts,
Rockland, ME, Cat.# 50080)

-

the agarose conditions used by Chi (2003 )35 . Under these

conditions the agarose was completely undigested after incubation for up to 24 hours.
f3-Agarase- 1is intended to retrieve DNA from 1% low melting point agarose (i.e.
PCR products from SeaPlaque GTG or NuSieve GTG agarose). The official protocol
suggests first melting the agarose in 2volumes of lx 3-Agarase- 1Reaction Buffer (10X
buffer is 10mM Bis Tris-HC1 (pH 6.5), 1mM Na2EDTA), at 65°C for 10 minutes. The
solution is then cooled to 42°, J-Agarase-1 is added (5 U/mL agarose) and the reaction is
continued at 42°C for 1hour. These reaction specifications could not be applied to
agarose cultures containing living cells for several reasons. First, it is difficult to culture
chondrocytes in any type of gel at 1% since cells tend to "migrate" out of these soft gel
after several days and proliferate. This can be circumvented by coating the bottom of the
culture dish with high melting temperature

(In)

or high percentage agarose'°2' 178

however this >1 mm, stiff, indigestible layer would have to be removed prior to
digestion. Second, cells will not typically survive 10 minutes at 65°C; furthermore, the
surviving cells may be changed in away that affects the results. Third, it was not clear
how the recommended digestion buffer would affect the cells or analysis.
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Following several optimization steps, the final digestion conditions were determined.
Samples were cast in ultra-low (versus low) melting temperature agarose (Sigma Type
IX agarose) and placed in 50 U/niL f3-agarase in 2mL HBSS at 42°C. After 30 minutes
the solution of mostly digested agarose is passed through a70 jim cell strainer into a50
mL conical centrifuge tube (Becton Dickinson, Oakville, Canada, Cat. #352070). The
highly viscous mixture that remains in the filter is washed (on the filter) several times
with atotal of 35 mL of HBSS. Using ahigh volume of fluid and gentle pipetting helped
to retrieve the maximum number of viable cells from the original cell-gel sample. The
sample is then centrifuged at 900 rpm for 10 minutes; however, acell pellet is not
generated. Cells are obtained by removing the supernatant until approximately 1mL of
fluid remains on the bottom; anoticeable increase in viscosity will occur as more
supernatant is removed. The remaining fluid contains enough cells to use in flow
cytometry or RT-PCR and they are >95% viable. The primary drawback of the agarase
digestion is that cells are lost during the process; therefore, the experimental design must
account for this loss by using alarger starting quantity. To obtain reliable results from
flow cytometry the recommended starting material is 3x15mm cell-gel disks (See section
3.3.2.2); this amounts to approximately 1x10 6 cells starting material.
In summary, to retrieve cells embedded in agarose some specific conditions must be
met. First, the gel used must be an ultra-low melting temperature gel such as Sigma Type
IX (Cat. #A5030). Second, atemperature greater than 37°C is required; 42°C was warm
enough to catalyze the agarase reaction and not compromise cell viability over a30
minute period. Third, the reaction buffer provided is not necessary; comparable results
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were achieved using HBSS. Finally, when the above conditions are met, the final
concentration of agarose can be as high a4% without compromising cell yield.

3.3.2.5

Confocal microscopy

Transfection efficiency in monolayer and agarose cultures was first measured by
doing acell count with laser scanning confocal microscopy (ex/em 488/512 nm), (Zeiss
LSM 510). The transfection efficiency was calculated as the percentage of EGFP
positive cells. Untransfected cells in monolayer or agarose were used as controls
Transfected monolayer samples:
75 random visual fields encompassing all areas of the culture chamber (Nunc LabTekTM chambered cover glass, Mississauga, ON, Cat. #15536 1) were counted using a

X25, 0.8 NA multi-immersion objective (Plan-Neofluor; Zeiss); total cell number per
sample was approximately 1,000 cells. During data collection, EGFP was visualized by
excitation at 488 nm with an argon laser and recording emission with a505-530 nm
band-pass filter (Zeiss, Cat. #447953). The total number of cells and the number of green
cells was documented for each field. This was done for 3separate cultures for each cell
type (i.e. n=3 for isolated chondrocytes, canine kidney cells and MDCK cells)
Transfected agarose samples:
Cells in agarose were counted in amanner similar to monolayer. Cell-gel samples
(cast as hemicylinders) were transferred to acoverslip (45x50 mm, #1 thickness, VWR
Canlab, Edmonton, AB, Cat. #12545H) and visualized using ax25 objective. All
analysis was done at asingle depth. Each hemicylinder is 4mm from its bottom to top of
the arch, the depth (z-direction), was chosen approximately mid-way through the sample.
In each of the random fields analyzed, only cells in the focal plane were counted. A total
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of 75 fields of view were analyzed per sample, with 3samples per cell type. Total cell
number counted per sample was approximately 1,000 cells. Transfected samples were
compared to untransfected controls any time the microscope settings were altered.

3.3.2.6

Flow cytometry

Transfection efficiency was also determined by flow cytometry. All flow cytometry
was conducted at the University of Calgary Flow Cytometry Core Facility on the BD
FACScan with invaluable assistance from Ms. Laurie Robertson. The FL1 channel was
used to detect fluorescent emissions from 515 to 545 nm at a90 degree angle to the
exciting light beam. Information from the forward and side scatter channels (FSC and
SSC respectively) was used to gate the cells appropriately and thus eliminate debris
and/or dead cells from sample analysis.
Immediately following data collection on the confocal microscope, monolayer and
cell-gel samples were prepared for flow cytometry by either trypsinizing them from the
slide chamber or releasing them from the agarose by agentle digestion with 3-agarase.
The percentage of EGFP positive cells (transfection efficiency) is calculated from the
data plot (fluorescent intensity (Fl) versus particle number), using BD CeliQuest

ProTM

Software. Untransfected cells were used to establish abaseline which accounts for
chondrocyte autofluorescence detected at these settings.

3.3.3

Results & discussion

Monolayer:
Transfected (CMV promoted l3actin-EGFP fusion vector), EGFP-producing
chondrocytes were easily detected and distinguished from untransfected cells by confocal
microscopy (Figure 3.7). This was equally true for isolated chondrocytes, canine kidney
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cells, and MDCK cells despite size and morphological differences (data not shown). The
EGFP signal appeared ubiquitous in the cell

-

this is likely due to the high intensity of the

fluorescent signal. The intensity of the EGFP signal and relatively low level of autofluorescence in monolayer culture provided ahigh level of contrast.

Figure 3.7

Isolated chondrocytes in monolayer culture: (A) untransfected cells, (B)
transfected cells. Note that the fluorescence is intense and easily
distinguished from the untransfected control (A), as well as the
untransfected cells surrounding the fluorescent cells.

The transfection efficiencies for monolayer are presented in Table 3.3. The percentages
determined by flow cytometry did not differ significantly from those calculated by cell
counting for any cell type (paired T-test, two-sided p-value,

p<O.05).

Furthermore, the

transfection efficiency did not differ between cell types for agiven technique.
Table 3.3

Transfection efficiency determined in monolayer culture for primary
isolated canine chondrocyte, primary canine kidney cells and MDCK cell
line. The transfection efficiency determined by confocal microscopy and
cell counting was compared to the transfection efficiency determined by
flow cytometry (n=3).
I

Cell Type

Isolated Chondrocytes
Canine Kidney
MDCK Cell Line

IMicroscopy Count Flow Cytometry
2.58±0.5%
3.50±0.6%
3.29±0.1%

3.18±0.4%
3.35±0.6%
4.09±0.6%
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Agarose:
Locating transfected cells in agarose cultures proved unpredictably difficult. When
compared to untransfected controls, transfected cells could not be located in agarose
samples for any cell type.

Discussion:
The most common environment for cell transfection is amonolayer culture. The
two-dimensional nature of the culture as well as the availability of intense reporter
molecules makes detection of transfected cells relatively easy. Thus, the use of cell
transfected as atool in molecular biology has become standard. As demonstrated here,
the EGFP producing cells are highly visible (Figure 3.7), making detection by
microscopy equally as sensitive as detection with flow cytometry.
Regardless of its popularity and simplicity, any system that relies on transfected cells
must be concerned with transfection efficiency and transfection rate since the proportion
of transfected cells will ultimately limit the sensitivity of the system. The process by
which cells take-up foreign DNA is poorly understood and the efficiency can vary with
cell type (primary versus cell line), culture system (adherent versus suspension), and of
course the transfection reagents/method

179,180

Fu Gen eTM6 was our chosen transfection

reagent because unlike electroporation, calcium phosphate, liposome or viral-mediated
transfection techniques, it has low cytotoxicity and is aproven method to transfect
primary cells

181-184

Using the recommended transfection conditions in monolayer we

consistently achieved an average transfection of 3.4±0.7% in two types ofprimary cells
and one cell line (Table 3.3). Transfection with most commercially available lipid-based
reagents is >1-10% effective in primary chondrocytes with FuGeneTM6 yielding the
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highest percentages

185

A significant amount of time and energy has been dedicated to

improving transfection percentages in all cell types, with agreat deal of success in some
cases

185-189

Transfection in cell lines routinely exceeds 40%; primary chondrocytes

have been reported as high as 70%
transfection in acell line

190•

Recently, UV irradiation was used to reach 100%

191

Given the literature, the transfection rates found here in monolayer could likely be
increased using avariety of techniques, however this goes beyond the purpose of this
experiment which was to investigate whether or not agarose is asystems capable of
generating high transfection efficiencies using

FuGeneTM6.

The inability to detect

transfected cells in the cell-gel cultures was ahighly unexpected result. Experiments in
Chi (2003) involved transfection with aconditionally expressed vector (B 18 p-Timer)
such that fluorescence could not be seen unless the proper stimulus was provided. In
these experiments the CMV-promoted actin-EGFP fusion vector was
—Chosen because it is
constitutively expressed and thus should be expressed in every transfected cell as was
observed in monolayer cells. There are avariety of explanations for why transfected
cells were not visualized in the cell-gel cultures. Notably, despite the generally
continuous activity of the CMV promoter, transfected cells may not translate the protein
or transcribe the EGFP mRNA. If this were true, the transfection efficiencies for the
monolayer cultures may also be under-estimated as these cells would not be detected by
microscopy or flow cytometry. While it would be unusual for this to be the case, there
are some cell types where the CMV promoter does not cause gene expression

192
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The remainder of this Chapter will discuss anumber avenues explored to help us
understand the results obtained for agarose cultures and investigate what happens when
cells cultured in gels are transfected.

3.4

COMPLICATIONS & TROUBLE-SHOOTING
The results of the previous experiment were unexpected since there are few alternate

ways to explain the results obtained by Chi (2003) without the cells in the agarose being
transfected. The ability to verify and quantify the transfection of chondrocytes in agarose
is essential; without understanding how many cells are capable of eliciting aresponse in
this experimental system it is difficult to understand the system and interpret the results it
produces. Thus, the validation process is dependent of gaining agreater understanding of
the transfection of cells in an agarose culture. This section describes the steps taken to
try and understand and explain previous transfection results of Chi (2003).

3.4.1

Monolayer versus agarose

In working with the cell-gel cultures in experiment 3.3 it was evident that, if
chondrocytes were producing EGFP, that the EGFP fluorescence was not as intense as in
monolayer cultures. Transfected cells in monolayer were easily identified by their highintensity fluorescence (Figure 3.7); this is in part due to the contrast created by the low
level of background (auto-fluorescence) in the surrounding cells and in the untransfected
control. In contrast, transfected cell-gel cultures did not present any of these high
intensity fluorescent cells and thus identification of cells truly containing EGFP required
careful comparison to untransfected controls. In many transfected cell-gel samples, cells
could be located that appeared to be showing more green fluorescence than adjacent cells.
However, when the untransfected samples were viewed (under the same microscope
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settings), the same pattern was observed suggesting that all the green was due to autofluorescence. This was puzzling as one would expect auto-fluorescence to be aproperty
equally present in all cells, agarose not withstanding. Nevertheless, this made it
necessary to regularly adjust the microscope settings to eliminate auto-fluorescence in the
untransfected controls when evaluating transfected samples.
These observations implicated the agarose as apotential problem for either transfection
or visualization of fluorescence, however there is evidence to the contrary. Preliminary
experiments done prior to the work in Chi (2003) evaluated the permeability of agarose
(relevant type and percentage) and the ability of the transfection reagents to diffuse
through the gel and showed that this was not afactor that would limit transfection of the
cells. The images in Chi (2003) suggest that agarose does not hinder our ability to
visualize EGFP fluorescence; however, his work was conducted with avariant of EGFP
(destabilized red fluorescent protein, dsRFP, produced by the p-Timer gene). To confirm
the visibility of EGFP in agarose, chondrocytes were transfected in monolayer culture
with the CMV-promoted EGFP-actin vector, trypsinized 48 hours later when EGFP was
visible, then suspended in 4% agarose (Type IX ultra low Tm, Sigma; as well as
NuSieve®-GTG). As acontrol, untransfected cells from monolayer were also trypsinized
and embedded in agarose. Under confocal microscopy, the transfected cells were as
intense as they were in monolayer and therefore just as easily distinguished from the
surrounding untransfected cells (Figure 3.8).
To explore the possibility that the agarose itself was either physically or chemically
preventing the expression or folding of the EGFP protein, transfected cell-gel constructs
were digested with agarase and the recovered cells were re-cultured in monolayer. After
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14 days of culture, these cells did not exhibit green fluorescence. Since monolayer
culture did not induce EGFP production, this suggests that if the cells were transfected in
the agarose, gene expression and protein folding were not hindered by the agarose
environment alone.

Figure 3.8

3.4.2

Primary canine chondrocytes transfected in monolayer culture, trypsinized,
and re-suspended in 4% agarose. This confirms that EGFP fluorescence can
be seen in agarose at an intensity similar to monolayer.

Transfection conditions

There are several techniques that can be used to transfect cells and there are as many
variables associated with the transfection process that can alter the efficiency. Given that
agarose is an atypical component of transfection, it was reasonable to believe that in
order to effectively transfect cells in agarose, one or more of these conditions may need
to be altered from the standard conditions used for monolayer.
Table 3.4 shows the variables that were altered and how they were altered. In doing
so, anumber of potential explanations for our observations were addressed.
Unfortunately, none of these experiments produces results different those described
above.
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Table 3.4

Modifications made to improve transfection in cell-gel cultures.
Variable
Transfection Reaction

Modification
Time (8, 12, 24 hours)
Volume (25Oil, 500p1, 1000/ti)

Mechanism

FuGeneTM 6 DNA (jig) ratio (3:1, 3:2,
6:1, 6:2)
FuGene TM 6
GeneJammer®
Magneto feet ionTM

Agarose Type & Percent
(1-3%)
Agarose Size

NuSieve® GTG (FMC Bioproducts)
Type IX Ultra Low Gelling (Sigma)
SeaPlaque® (Mandel)
Hemicylinder (4x4x4 mm)
Disk (15mm x 1mm)
Disk (6 mm x 1mm)
Disk (4mm x 1mm)

24 well plate
24 well plate

-

-

96 well plate

-

Slab (9.4cm2 x 1mm) chamber'
Isolated chondrocytes
Enzymatic chondrons
Canine kidney cells
Intervertebral disk (IVD) cells
MDCK cell line
-

Cell Type

Time in Culture
(prior to transfection as well as after
transfection)

3.4.3

Day 0
Day 1
Day 2-7
Day 7-14
Day >14

Exogenous stimulation of B18-promoter activity

Having ruled out several variables that could have caused us not to find EGFP
positive cells, it seemed that the problems could be related to the CM V-promoted l3actinEGFP vector or improper folding and expression of the protein. Therefore, it seemed
logical to go back and use the vector containing the conditionally expressed B18aggrecan promoter fragment since the use of this vector was used with success in this
system by Chi (2003). Successful visualization of EGFP expression by cells in agarose
was previously achieved by Chi (2003) using the B18-aggrecan EGFP vector stimulated
by dynamic compression or stimulation with transforming growth factor-beta (TGF-f3)

15
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Transforming growth factor-beta (TGF-/3):
One drawback of the dynamic compression system is that the cells did not always
respond (fluoresce) to the loading protocol; in fact, the cells responded in approximately
30-40% of the trials. Thus, stimulation of this promoter led to variable expression. TGF-

13 is one of many cytokines known be involved in the regulation of the aggrecan gene

193-

198 and Chi (2003) found that TGF-f3 treatment could mildly stimulate the B18 promoter
in transfected cell-agarose constructs. In theory, stimulation with TGF-13 would provide a
positive control for transfection in this system. So, even though this conditional vector is
not very useful in the validation process, TGF-f3 stimulation of this vector would be
usefully here since it became absolutely essential to confirm that the cells in agarose were
both transfected and translating the fluorescent protein.
METHODS: Primary isolated chondrocytes were cultured in both agarose and
monolayer and transfected as previously described (Section 3.3.2) except that the B18promoted EGFP vector was used. 48 hours after transfection cells of both culture
methods were stimulated for 24 hours with 1, 10 or 100 ng/niL TGF-13 (TGF f3-1 human,
Sigma, Oakville, ON, Cat. #7039) in serum-free media. Cultures were assessed 24 and
48 hours after stimulation and compared to untransfected, TGF-f3 stimulated controls.
RESULTS: In agarose culture, no fluorescence could be detected for any
concentration of TGF-f3 at 24 or 48 hours after stimulation. Interestingly, monolayer
cultures contained EGFP-producing cells 24 hours after transfection similar to cells
transfected with the CIVIV actin-EGFP vector (data not shown). Stimulation with TGF-13
did not seem increase the number of fluorescent cells or the intensity of fluorescence in
these cells in monolayer (assessed qualitatively on the conf'ocal microscope).
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DISCUSSION: The discrepancy between these results and those in Chi (2003) for
agarose cultures stimulated with TGF-f3 cannot be fully explained. Since Simon
completed his experiment using asingle batch/lot of TGF-f3 it is possible that some
contaminant or property of this batch led to fluorescence observed in these experiments.
The experiments here were repeated with several batches of TGF-I3 from three different
sources with the same results.
The appearance of EGFP in transfected, unstimulated monolayer cultures was not.
anticipated, yet was not entirely surprising. It could be argued that there would be a
stronger (endogenous) signal for aggrecan transcription in cells placed in an anchoragedependent environment without cell-matrix interactions as opposed to agarose where the
confined, 3-dimensional nature of the matrix is maintained. Nevertheless, this appeared
to provide another means to test the effectiveness with TGF-f. If TGF-I3 had a
stimulatory effect, avisible increase in fluorescence intensity would be expected. Also,
more fluorescent cells might be expected; representing cells that were transfected but not
producing enough mRNA and protein to surpass our detection threshold. Yet, there was
no difference found between transfected, unstimulated monolayer cultures and
transfected, TGF-f3 stimulated cultures.
Admittedly, analysis was qualitative so amore rigorous analysis may have detected
difference not evident by just observing the cultures. Despite the evidence suggesting
that TGF-f3 has astimulatory effect on proteoglycan synthesis, there is also evidence to
the contrary

199-201

making aconclusion even more difficult. Another growth factor,

insulin-like growth factor (IGF), is well known for its stimulatory effect on proteoglycan
production in chondrocytes

198,202-205

The experiments described above were repeated
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with IGF with similar results this suggests that the B18 fragment of the aggrecan
promoter may not be sensitive to the transduction cascades elicited by either growth
factor. While the B18 fragment is denoted as the 'basal' promoter

154

the large portion of

the promoter that is omitted include elements necessary for the 'true' behaviour of the
promoter

154

the human

154

Furthermore, this promoter is derived from the rat aggrecan gene sequence;
mouse

206

or chicken

promoter might respond differently. Another

confounding factor is that the majority of experiments conducted by Chi (2003) were
done with enzymatic chondrons, not isolated chondrocytes. It has been suggested that the
pericellular matrix that surrounds chondrons adds to their mechano-sensitivity

146,207

therefore, chondrons and isolated chondrocytes may also differ in their chemo-sensitivity.

3.4.4
3.4.4.1

Flow cytometry
Introduction

-

calibration beads

Flow cytometry is atechnology that can simultaneously measure multiple
characteristics of single cells as they flow through abeam of laser light. Properties such
as relative cell size, granularity and fluorescence are assessed based on how the cells
scattered light or emit fluorescence. This makes flow cytometry apowerful, alternative
tool to detected EGFP expressing cells and thus to look at transfection efficiencies. It is
possible to calibrate any flow cytometer using the commercially available Living
ColorsTM EGFP FACS Calibration Beads (BD Biosciences, Palo Alto, CA, Cat. #632394)
to facilitate quantification of EGFP fluorescence in biological samples

165

Each micro-

bead population represents aspecific range of 'molecules of equivalent soluble
fluorescence' (MESF), ranging from 4,560 to 116,275 MESF (exact values vary with
product lot). The standard curve generated by these beads {log (MESF) versus log
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(fluorescent intensity)] (Figure 3.5), allows the fluorescent reading obtained for acell
population to be converted to the average number of fluorochromes per cell.
Flow cytometry was used to test the hypothesis that the EGFP fluorescence in
transfected cell-gel samples was too low to be detected by microscopy, and thus that the
detection threshold in flow cytometry is lower. In essence, this set of experiments picksup where the experiments to test transfection efficiency left off (Section 3.3). After
microscopy analysis had revealed that EGFP producing cells were not visible in agarose
it was no longer logical to proceed with analysis by flow cytometry. The following
experiments describe analysis of transfected cells from monolayer and agarose cultures
by flow cytometry and use of the calibration beads to explore and compare the detection
limitations of flow cytometry and confocal microscopy.

3.4.4.2

Methods

Cell Culture:
Chondrocytes were isolated, cultured in monolayer or agarose, and transfected with a
CMV-promoted actin-EGFP vector as previously described (Section 3.3.2).
Flow Cytometry:
Cells were recovered from monolayer by trypsin digestion (Section 3.3.2) and from
agarose culture by agarase digestion (Section 3.3.2.4), for analysis by flow cytometry.
Cells suspended in 0.5 mL of HBSS were transferred to 5rnL polystyrene tubes (FalconTM
Becton Dickinson 12x75mm, Bedford, MA, Cat. #352058) immediately after isolation
and taken for flow cytometry using the BD FACScan machine at the University of
Calgary Flow Cytometry Core Facility. The calibration curve for the Living ColorsTM
EGFP FACS Beads (BD Biosciences, Palo Alto, CA, Cat. #632394) was run in two parts.
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First, the control is prepared by adding asingle drop of the "blank" microbeads (bead 1)
to a5mL polystyrene tube containing 0.5 mL sterile HBSS. Next, one drop from each of
the four micro-bead populations (beads 2-5) were suspended in asecond tube containing
O.5rnL ofHBBS. The blank is analyzed first as the reference sample and then the EGFPbeads next to produce the data output shown in Figure 3.5. The y-axis demonstrates
increasing fluorescent intensity (or MESF) for each bead population and the x-axis shows
that there is adecrease in the number of 'beads per drop' for micro-bead populations 1-4.
Microscopy:
Each EGFP bead population (blank & 1-4) was suspended in 3% agarose and
partitioned into hemi-cylinders as previously described for cells (Section 3.3.2.2). Beadagarose samples were imaged by confocal microscopy under identical settings as
previously described (Section 3.3.2.5).

3.4.4.3

Results & discussion

Comparing the standard curve generated by flow cytometry and the appearance of
the beads under confocal microscopy revealed that the flow cytometry is amore sensitive
technique, at least for these synthetic beads. The 'blank' bead and all subsequent bead
populations are clearly distinguished from each other by flow cytometry (Figure 3.9), and
each population can be assigned afluorescent intensity value. In contrast, under confocal
microscopy, green fluorescence was only clearly visible in the 3" and 4th bead
populations (Figure 3.9). Furthermore, the most intense bead (#4), is much less intense
than most cells transfected in monolayer (Figure 3.9, Figure 3.7).
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Blank

Bead #1

Bead #2

Bead #3

Bead #4

LOG (Fluorescent Intensity)

Figure 3.9

Flow cytometry standard curve generated by BD Living ColorsTM EGFP
Calibration Beads and plotting LOG fluorescence intensity against particle
number. Above, images of each bead population from confocal
microscopy illustrating the intensity difference shown on the flow
cytometry graph. Blue star (*) indicates bead populations clearly visible
by microscopy. EGFP excitation maximum is 488 nm and the emission
maximum is 507 nm.

This was further confirmed by the analysis of cells transfected in monolayer by flow
cytometry where the intensity of the cells covers are large range (x-axis), the majority of
which is located beyond the second decade
found (Figure 3.l0c).

(102)

where the highest intensity bead 4is
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A.

B.

C.

Figure 3.10 Illustration of how chondrocyte auto-fluorescence limits the dynamic range
of flow cytometry. All flow cytometry data is represented graphically by
plotting LOG fluorescent intensity against particle number. (A) Flow
cytometry standard curve generated by BD Living ColorsTM EGFP
Calibration Beads including an unlabelled blank bead ('B'), and four bead
populations (1-4) that progressively increase in fluorescent intensity. Blue
star (*) indicates bead populations that are visible under confocal
microscopy, purple circle (o) represents the most intense bead 4, and vertical
red line (I) marks the intensity threshold for auto-fluorescence for
chondrocytes encompassing the first decade of the intensity scale (010 1)
..
(B) A typical output from flow cytometry of untransfected chondrocytes
from monolayer culture; the large peak represents auto-fluorescence. (C) A
typical output from flow cytometry of chondrocytes transfected with CMVpromoted actin-EGFP in monolayer culture. Transfected, EGFP producing
cells are represented by the area under the curve beyond the peak for autofluorescence. Notice that there are asmall number of cells emitting
fluorescence of awide range of intensities.
Note that due to auto-fluorescence EGFP fluorescence in chondrocytes can
only be detected after the first decade of intensity. Thus, low intensity
fluorescence (e.g. beads 1and 2), cannot be detected microscopically, or by
flow cytometry due to chondrocyte auto-fluorescence.
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Flow analysis of cells in monolayer illustrated the fundamental problem with these
detection techniques

-

auto-fluorescence. Untransfected controls are used in flow

cytometry to indicate the range and extent of auto-fluorescence (Figure 3.lOb). In
chondrocytes, auto-fluorescence encompasses the entire first decade

(O1O1)

of the

intensity scale (Figure 3.lOb), the region where bead populations 1and 2are also found
(Figure 3.9). Together, this information confirms that cells with very low levels of
fluorescence, say on the scale of beads 1and 2, cannot be see with the confocal
microscope, and cannot be detect by flow cytometry because auto-fluorescence will
always mask it. Furthermore, most of the transfected cells from monolayer culture are far
more intense than bead 4, suggesting that the dynamic range of this standard curve is not
great enough to be useful in quantifying EGFP fluorescence in this system.
Transfected cell-gel constructs digested with agarase and analyzed by flow
cytometry did not indicate the presence of EGFP producing cells. However, this analysis
brought to light another potential complication of flow cytometry; cell death. During the
development of the agarase digestion, several samples were subsequently analyzed by
flow cytometry. The results seemed to indicate extremely high transfection efficiency as
determined by the area under graphs beyond the auto-fluorescence peak of the
untransfected control (Figure 3.11). Although we had hypothesized that alarge
percentage of cells in agarose would be transfected, this data was somewhat questionable
since green cells were not seen with the microscope, and the distribution pattern of this
data was dramatically different than the monolayer data (Figure 3.10c, Figure 3.11b). In
fact, the appearance of this data is actually the result of cell death, acomplication that
arose during the initial stages of developing the agarase digestion. Auto-fluorescence
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increases as cells die, thus the auto-fluorescent peak shifts to ahigher intensity and is
ultimately analyzed as false positives (Figure 3.1 lb). After the agarose digestion was
optimized and cell death was minimized (Section 3.3.2.4), flow cytometry analysis did
not detect EGFP fluorescence in cells from transfected agarose constructs (Figure 3.1 ic).

Figure 3.11 Flow cytometry data plotted as LOG fluorescent intensity versus particle
number. (A) Untransfected chondrocytes from monolayer culture. Large
peak represents auto-fluorescence and vertical red line (I) corresponds to the
detection threshold for chondrocytes. (B) Chondrocytes cultured in agarose,
transfected with CM V-promoted actin-GFP vector, and removed for flow
cytometry by agarase digestion. Note that large peak area beyond the autofluorescence threshold () suggests high transfection efficiency but is caused
by cell death during the agarose digestion. The the auto-fluorescence peak
to shift results in false positives. (C) Experiment from (B) repeated with the
optimized agarose digestion. Note that when cell death is minimized, EGFP
fluorescence cannot be detected.
Ultimately, neither flow cytometry nor confocal microscopy was able to conclude
unequivocally whether or not the cells in agarose were transfected and producing very
low levels of EGFP. It did confirm that if cells in agarose are transfected, the intensity of
the fluorescence is below the detection limits for both confocal microscopy and flow
cytometry. This result is specific to chondrocytes, or other cells that exhibit alarge
amount of auto-fluorescence that block low intensity signals.
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3.4.5
3.4.5.1

Polymerase chain reaction (PCR)
Introduction

The polymerase chain reaction (PCR) is ahighly sensitive technique to detect
specific DNA sequences while reverse transcription PCR is used to detect specific
mRNA sequences. PCR and RT-PCR were used here to test if the cells in agarose were
transfected and/or producing EGFP mRNA respectively. First, DNA extracted from
transfected cell-gel samples and assessed by PCR with primers specifically designed to
amplify the promoter sequence (i.e. B18-EGFP or CMV-EGFP) in the vector establishes
if the vector is present inside the cells and thus that the cells are transfected). Second,
RNA extracted from transfected cell-gel samples and assessed by RT-PCR with primers
specifically designed to amplify EGFP mRNA established if EGFP mRNA is being
transcribed within the cells. The presence of EGFP mRNA would suggest that either the
EGFP protein is not being translated, or that it is translated in amounts too small to detect
(as previously suggested, Section 3.4.4).

3.4.5.2

Methods

DNA extraction & quanti
fication:
DNA was extracted from single cell-agarose samples using the QlAquick Gel
Extraction Kit (Qiagen, Mississauga, ON Cat. #28706). Briefly, 3volumes of "buffer
QC" is added to 1volume of gel (i.e. 300 tl for every 100 mg of gel), and then incubated
at 50°C for 10 minutes. 1volume of isopropanol was added to the solution and the DNA
was bound to the QlAquick spin column. After washing the column once with "PE
buffer", the DNA was eluded in 30g1 of sterile water. 2Al of the DNA was used for
quantification with the PicoGreen® dsDNA reagent (Molecular Probes Inc, Eugene, OR
Cat. #P7589, Ex./Em 502/523).
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RNA extraction & quanti
fication:
Cell-gel samples were placed in 600 p.1 of "RLT buffer" (RNeasy Mini Kit, Qiagen,
Mississauga, ON Cat. #74106) containing 10 pi/mL

-mercatoethanol (BioRad

Laboratories Ltd., Mississauga, Cat. # 161-0710) and then incubated in a65°C water bath
for 3-5 until gel was totally dissociated. After cooling to room temperature, 600 p.1 of
70% ethanol was added and mixed by pipette. The solution was applied to an RNeasy
spin column and RNA isolation was continued as per the protocol provided in the
RNeasy Mini Kit (Qiagen) including the on-column DNase I(RNase-free DNase I
Qiagen, Mississauga, ON, Cat. #79254) digestion to remove contaminating genomic
DNA 208

Two to five microlitres of the 30 p.1 RNA eluent was used for quantification by

RiboGreen® reagent (Molecular Probes Inc., Eugene, OR Cat. #R1 1490).
Reverse transcription (RT) of total RNA:
Total RNA was reverse transcribed using the Pr0STARTM First-Strand RT-PCR Kit,
(Stratagene, La Jolla, CA, Cat. #200420). Briefly, at least 50 ng of total RNA in
(diethylpyrocarbonate)-DEPC treated water was mixed with 0.3 p.g of random primers,
heated to 65°C for 5minutes then annealed at room temperature for 10 minutes. Five
microlitres of lOx first-strand buffer, 1p.l (40U) of ENase Block, 2p.1 (100nM) dNTP's
and 50 U of MMLV-Reverse Transcriptase were added to the mixture and incubated at
37°C for 2hours, then denatured at 90°C for 5minutes. All samples were diluted 5x
with molecular-grade water and stored at 4°C.
Polymerase chain reaction (PCR):
Fifteen microlitres of eDNA was used in each 50 p1 PCR. The remaining 35 p.1
contained 5p.1 lOx PCR-buffer (Amersham Biosciences, Piscataway, NJ, Cat.
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#27079906), 0.2 mM dNTP's (Sigma-Aldrich, Oakville, ON, Cat.# A5593), 500 nm of
each forward (5'-GCTACCCCGACCACATGAA-3') and reverse (5'TTCACCTTGATGCCGTTCTTC-3') EGFP primers, 23.75 jfl of molecular grade water
and 5U of Ta q DNA-polymerase (Amersham Biosciences, Piscataway, NJ, Cat.
#27079906). PCR was conducted in the PTC-100TM Programmable Thermalcycler (MJ
Research I
nc) to generate a273 base pair product. Each PCR cycle consisted of
denaturation for 1minute at 94°C, annealing for 2minutes at 55°C, and extension for 3
minutes at 72°C. Thirty such cycles were preformed and the results are visualized on 2%
agarose gels stained with (25 !IL/500 mL ddwater) ethidium bromide (Sigma-Aldrich,
Oakville, ON, Cat.# 160539) for 15 minutes. Gels were photographed on Polaroid
Proplan 55 film (Technicare, Calgary, AB, Cat.# 600754).
A "No-RT" PCR control was also conducted to confirm that there was no
contaminating vector DNA. Total RNA is diluted to the concentration of cDNA used in
RT-PCR and combined with all the reaction components of reverse transcription except
the RT enzyme

3.4.5.3

208

Results & discussion

PCR for B18-EGFP vector (to confirm transfection):
Cells transfected in monolayer and subsequently suspended in agarose served as a
positive control, while atransfected gel sample containing no cells was the negative
control. PCR of the negative control revealed that vector DNA from transfection stays in
the gel and results in false positives by PCR. Therefore, to properly test for the presence
of the vector inside the cells, transfected cell-gel constructs required pre-treatment with
DNase Ito hopefully eliminate residual vector DNA in the gel without affecting the
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integrity of the cells and our capacity to detect the DNA vector in the cells. Incubation of
acell-gel construct in 250 pA digestion buffer and 50 U DNase Ifor 30 minutes was
found to eliminate residual vector DNA in the negative controls as assessed by PCR.
However, the PCR results from transfected cell-gel samples were inconclusive. While
vector-positive results suggest that the cells are transfected, some samples came back
negative which means either these cells were not transfected or the DNase Idigestion
compromised the cells and degraded the vector. This contradicting result also means that
the vector-positive results could be false positives, or that the vector-negative results
could be false-negatives. Therefore, PCR analysis does not allow us to conclude whether
or not the cell in agarose are transfected.
RT-PCR for EGFP mRNA (to confirm transfection & transcription):
RNA extraction for cell-gel cultures proved to be an additional impediment. While it
is typically assumed that any method used to extract RNA is not 100% efficient, the hope
is that the efficiency is at least consistent between samples. The method used here (RLT
buffer and RNeasy spin column), was 40% efficient on average, but the efficiency was
highly variable depending on the amount of starting material (data not shown). An
alternative method normally used for tissue, (flash freezing, powdering and RNeasy
extraction), was found to be even less efficient and more variable. Since the questions
asked here did not require quantitative measurements, the RLT/RNeasy method was
sufficient as we could extract adequate amount of RNA to test for EGFP expression.
RT-PCR on the RNA extracted from transfected cell gel samples indicated the presence
of EGFP mRNA. The corresponding No-RT PCR did not produce aPCR product,
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confirming that the result was in fact due to mRNA from the cells and not contaminating
DNA. Similarly, the negative (untransfected) control did not produce aPCR product.
With out this RT-PCR data suggesting the presence of EGFP mRNA, it seemed the most
plausible explanation for all our previous problems was that the cells in agarose were not
transfected. However, the RT-PCR results seem to confirm transcription of EGFP
mRNA in transfected cell-gel constructs. Granted, the nature of PCR means that, despite
performing the necessary controls, false-positive results are possible.
These results are encouraging as there was really no way to satisfactorily explain the
results obtained by Chi (2003) without having transfected cells. However, it generates
many more questions about why we cannot detect fluorescence. If transfection is ruled
out, there are two explanations; either the EGFP protein is translated but at alevel too
low to be detected, or the protein is not translated at all. It could be that in agarose
chondrocytes are relatively inactive, thus their cellular machinery is not translating large
amounts of protein. The latter scenario is much less likely but agarose might impose
steric or chemical hindrances on EGFP protein folding. These experiments by no means
solve the problems associated with validation of this system. Nevertheless, it was
important to attempt to exclude certain possibilities and investigate what might be
occurring at the level of the promoter, mRNA and protein translation.

3.5

CONCLUSIONS & FUTURE EXPERIMENTS
The process of validating this novel system revealed several unexpected

complications

-

most notably, the transfection of chondrocytes cultured in agarose gel. A

survey of the literature indicated that there are no other research groups that culture
chondrocytes in agarose immediately after isolation and then transfect the cells in the gel.
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Rather, the standard protocol seems to be that cells are first cultured and transfected in
monolayer and then suspended in agarose for further experimentation 209, 210 . it is
unknown whether this is because these groups have had similar problems, or if they
simply do not feel there are any consequences for culturing chondrocytes in monolayer
for ashort period of time. Even though the experiments using RT-PCR suggest that cells
are making EGFP mRNA and are thus transfected, difficulties extracting RNA from
agarose and with DNA contamination taint these experiments to acertain extent.
Transfection aside, the experiments done here seem to suggest that protein visualization
is also aproblem. Flow cytometry experiments coupled with confocal microscopy
suggest that auto-fluorescence is amajor limitation of EGFP detection in this agarose-gel
system. In the end, whether or not the cells are transfected in somewhat irrelevant since
the usefulness of this system lies in our ability to detect and subsequently quantify
fluorescence. Future work will likely require transfection of cells in monolayer before
they are transferred to agarose for subsequent analysis, this way there is no question
about transfection and we know EGFP will be visible. Since transfection efficiency is
typically low in monolayer culture, cell sorting (i.e. BD FACS Vantage SE TurboSort TM)
could be used to isolated transfected cells and increase the concentration of transfected
cell in the agarose. Other three-dimensional matrices such as alginate or fibrin could be
used instead of agarose since re-isolation of the cells is easily achieved with calcium
chelation or plasmin digestion respectively. Of course, these matrices will be
accompanied by their own complications (i.e. alginate is auto-fluorescent, plasmin
produced by cells digests the surrounding fibrin gel); and unlike agarose the mechanical
properties of these gels not completely known. Another option is to use an alternative
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reporter molecule such as luciferase or j3-galactosidase, yet this would require amajor
compromise in that we could not do analysis in living cells.
Unfortunately, it became clear this system was too complex to complete the process
of validating this system. Thus, we sought asimple more reproducible system for
monitoring the genetic and metabolic response of chondrocyte to environmental stimuli.
A monolayer system is akey feature of this new system since cell transfection, GFP
visualization as well as methods to extract nucleic acids are well established in
monolayer. Of course, mechanical load cannot be applied to chondrocytes in monolayer
the same that compressive load was applied to cell-gel constructs in Chi (2003). Though
not fully equivalent, hydrostatic and osmotic pressure are known to change in vivo as a
result of mechanical load

65,66

Furthermore, the cellular response to osmotic pressure is

more reproducible than for mechanical compression, hence we chose to use osmotic
pressure as atool for "loading" chondrocytes.

Osmotic stress is known to influence chondrocyte metabolism in situ and in vitro.
Chapter 4describes amonolayer system to study the affect of osmotic pressure on
chondrocytes. Instead of transfecting cells and evaluating promoter activity, the mRNA
expression will measured by real-time PCR; compared to GFP fluorescence, real-time
PCR is aquantitative technique well established in our lab. This system is used to
reproduce the results published by others regarding the affect of hyper-osmotic pressure
on the synthesis of aggrecan in isolated chondrocytes. The osmotic response was also
evaluated with respect to type II collagen and HSP-70 mRNAs and under hypo-osmotic
pressure; variables not yet described in the literature. Upon establishing areliable,
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reproducible system to detect changes in chondrocyte mRNA in response to two types of
osmotic pressure, Chapter 5investigates two possible transduction mechanisms. The role
of the cytoskeleton and MEK kinase pathway in the osmotic response are investigated
using the actin depolymerising agent cytochalasin D, and MEK inhibitor PD90859
respectively.
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Chapter Four: THE EFFECT OF OSMOTIC CHALLENGE ON
CHONDROCYTE mRNA LEVELS IN MONOLAYER CULTURE
This Chapter describes the effect of changing osmotic pressure on gene expression of
primary isolated chondrocytes in monolayer culture. The level of several mRNA species
expressed by chondrocytes in monolayer culture was measured by real-time PCR and
compared between cells exposed to different osmotic pressures.

4.1

LITERATURE REVIEW

4.1.1

Osmosis & osmotic pressure

Osmosis is defined as the movement of asolvent (usually water) through asemipermeable membrane which separates compartments containing different concentrations
of asolute. Water will flow from the compartment with the lower concentration of solute
the compartment with the greater concentration. In the simplest case, all solutes are large
uncharged molecules that cannot pass through the membrane. Osmosis acts to balance
the solute concentration on either side of the membrane (Figure 4.1). Osmotic pressure
refers to the pressure in the membrane-enclosed compartment with the higher solute
concentration where water flows into; it can also be described as the pressure required to
stop the flow of water across the membrane. When the solute concentration is equalized,
the flow of water stops.
Semi-permeable
membrane

Osmotic
pressure

Osmotic
pressure
Osmosis

Figure 4.1

Schematic explanation of osmosis and osmotic pressure. Solute is
represented by yellow circles and water flow by the blue arrows.
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Living cells are much more complicated in that they contain sugars, proteins, ions
and other solutes. Some of these molecules are charged, some can cross the semipermeable membrane separating the intra- and extracellular environment, and others
cannot. Thus, depending on the solutes, and their concentrations in the extracellular
space and within the cell, water may flow into or out of the cell. Animals are so-called
'osmo-regulators', because they can actively adjust their water content so that solute
concentrations in the intra- and extra-cellular spaces are maintained at specific levels; this
is absolutely crucial for the function and survival of all osmo-regulators. Therefore,
intra- and extra-cellular compartments are usually said to be isotonic (iso-osmotic); this
means that no net water flow into or out of the cell. 'Hyper' and 'hypo' are prefixes that
describe the osmotic pressure of the extracellular space and indicate the direction that
water will flow (into or out of the cell). For example, if acell is in ahyper-osmotic
environment then the solute concentration in the extracellular space is greater than in the
intracellular compartment; osmosis will occur from the inside of the cell to the outside in
attempts to achieve electrochemical equilibrium. The net result of hyper-osmotic
conditions is the loss of cellular water; in ahypo-osmotic environment the cells imbibe
water to account for alower concentration of solute in the extracellular space.
While the dynamic nature of biological systems sugges
ts that small, transient osmotic
fluctuations occur quite frequently, larger or more sustained fluctuations are potentially
harmful. Since osmotic pressure is regulated, water loss or gain from tissues and cells
disrupts the physical and chemical conditions in which they are designed to function.
Protein denaturation, cell lysis and physical failure of the tissue are all potential
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consequences of ashift in solute/water equilibrium. Therefore, the osmo-regulatory
systems of the organism must be efficient at reacting to changes in osmotic pressure.

4.1.1.1

Physiological relevance

The most important and common process for transferring water into or out of living
cells is osmosis. Yet, maintenance of fairly stable levels of cellular water is crucial to
cellular function so the concentration of ions, proteins, sugars and other solutes is tightly
controlled. However, there are some organisms and mammalian tissues that are exposed
to fluctuating osmotic environments and thus must adapt to thrive under these conditions.
While the majority of osmo-regulatory studies have focused on yeast and bacteria211 '
212
renal collecting ducts cells are the most studied cell in mammals since the kidney is
exposed to large osmotic gradients211,214. Human keratanocytes
217 intestinal cells

218

and articular chondrocytes

65, 219

215

endothelial cells

216,

are examples of other mammalian

cell types that have been studied. The following sections will discuss how osmotic
pressure can be determined, how osmotic pressure relates to cartilage function in both
normal and diseased tissue, and reviews the work that has been done in vitro to
understand how chondrocytes manage with water in their unique environment, and
discusses how these mechanisms might be altered in disease.

4.1.1.2

Determining osmotic pressure

There are anumber of ways to calculate osmotic pressure it may be determined
experimentally with an osmometer. In chemistry, osmotic pressure is afunction of the
osmolality or osmolarity of asolution. The osmolality is defined as the number of
osmoles of solute per kilogram of solvent (water), and osmolarity is the number of
osmoles of solute per litre of solution. These two terms differ in that osmolarity varies
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temperature (because volume varies with temperature), and osmolarity considers the
whole solution while osmolality is concerned with only the solvent. In biology or
medicine, osmolality and osmolarity are typically used interchangeably because the
temperature does not vary, and biological 'solutions' are relatively so dilute that the
difference between akilogram of solvent and litre of solution is negligible. Tonicity is
third term that is frequently used in biology in place of osmolality or osmolarity. It can
be defined in several ways, but it will be used to here to describe the direction asolution
causes water to flow across asemi-permeable membrane. In other words, amembraneenclosed compartment containing ahypertonic solution has ahigher concentration of
solute than the other compartment, thus water will flow into the hypertonic solution. In
this sense, tonicity, osmolality and osmolarity can be used interchangeably.
Most often, 'ideal' osmotic pressure is calculated where the solutions are considered
'ideal' and thus the effect of intermolecular forces and the volume occupied by the solute
is ignored. Under these circumstances the osmotic pressure can be approximated by a
number of equations (Equations 1-4). The variety in these equations demonstrates that
osmotic pressure can be expressed several ways using different variables. An osmometer
is an instrument that can be used as an alternative to equations to determine the osmotic
pressure of asolution. Osmometers use other colligative properties to determine the
osmotic pressure of asolution, the most common of these is afreezing point depression
osmometer while others may use vapour pressure.
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P=

P = Pressure (Kilopascals, KPa)
n= moles
R = Gas constant, 8.314 [(Joules)/(Kelvin-mole)]
T =Temperature (Kelvin)

nRT
V

P = Pressure (Pascals, Pa)
p= Water density 1000 (kilogram/metre 3)
g= Acceleration of gravity 9.81 (metres/second 2)
h= Height of water column (metres)

P= pgh

It

Osmotic pressure (atmospheres)
Van't Hoff factor (# of molecules solute dissociates into)
m = molarity (moles/litre of solution)
R = Gas constant, 0.08205 [(litre.atm)/(Kelvin.mole)]
T= Temperature (Kelvin)
=

=

7t= imRT

Osmolarity
Osmolarity

-

systems

Equation 2

Equation 3

Osmoles per litre of solution

It = Osmotic pressure (atmospheres)
R = Gas Constant, 8.3145 [(litre.atm)/(Kelvin.mole)]
T= Temperature (Kelvin)

RI

In biological

=

Equation 1

Equation 4

conditions are not 'ideal', therefore ideal conditions cannot be

used to calculate osmotic pressure. Solute concentrations in the intra- and extracellular
compartments are not dictated solely by diffusion down aconcentration gradient. Cells
have ion channels, ion pumps, and specific transporters that constantly move molecules
across the cell membrane, often against concentration gradients. Furthermore, solutes
can be neutral, cationic, anionic or contain anumber of charges. There are three
fundamental differences between ideal conditions and biological systems that can cause
very large discrepancies when the previously described equations are used to calculate
the osmotic pressure of solutions in living organisms: the Gibbs-Donnan effect, the
excluded volume effect, and the recognition of intermolecular forces between molecules
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42,62,220

In addition, variables such as pH, temperature; and the identity of the proteins

can further influence osmotic pressure calculations.
Despite the significance of osmosis and osmotic pressure for living organisms,
osmotic pressure is poorly understood at the molecular level. For the most part, if the
concentration of molecules contributing to osmotic pressure can be estimated, they can be
entered into mathematical equations that have been modified to account for non-ideal
conditions. Cartilage has an unusual osmotic environment due to its high concentration
of proteoglycans (PGs); anumber of techniques have been used to try and estimate the
osmotic pressure of cartilage. Ogston & Wells (1972) made an early attempt to estimate
the internal osmotic pressure of cartilage by the use of SE-Sephadex (a cross-linked,
polyanionic dextran gel), as amodel system 221 .In this model (where aPG concentration
of 0.2 M was used

222),

apressure of 0.2 to 0.6 atm was measured. Values up to 3.4 atm

have been subsequently measured based on the composition of cartilage and using
modified versions of the equations presented previously

220,223

Equilibrium dialysis has

since been used to help increase the accuracy of this measurement; abroad range from
0.3 to 3.5 atm was determined based on the concentration of proteoglycans extracted
from cartilage

49,224

From these sources, the osmotic pressure of cartilage is now

routinely quoted as 350-450 mOsm

64,68,225-227

which is some 70-170 mOsm higher than

synovial fluid and other body fluids 3.

In communications with an expert on the subject (Dr. Ken Muidrew), the most accurate way to determine
the osmotic pressure of cartilage would be to measure the volume of chondrocyte in situ (ideally in vivo)
and put isolated cells into solutions of variation osmolality until the in vivo cell volume was attained.
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4.1.2

Osmotic pressure & articular cartilage

• The chemical complexity of articular cartilage is due to its many molecular species
contributing to tissue osmotic pressure either directly or indirectly. Although osmotic
pressure is used in this Chapter as an environmental stimulus for chondrocytes, osmotic
pressure cannot be studied in complete isolation. The following sections will discuss
osmotic pressure in articular cartilage and the sources of this pressure. The functional
implications of this osmotic environment will be considered as will the connection
between osmotic pressure and other stimuli experienced by this tissue and its cells.

4.1.2.1

Osmotic pressure in articular cartilage

Articular cartilage has ahigher osmotic pressure compared to the surrounding
synovial fluid and most other tissues in the

6109

With an osmotic pressure of

ranging from 350-450 mOsm (or 0.3-2.5 atm) compared to normal plasma/synovial fluid
at 280 mOsm, there is anet force drawing water into articular cartilage

68,228

As we

know, the water of cartilage provides resistance in compression. There are three major
elements contributing to the osmotic pressure of articular cartilage, all of which are
derived from the high concentration of PGs in the matrix and their chemical structure.
First, as previously mentioned, proteoglycan molecules associate into aggregates,
made of 200 or more monomers. These huge molecules that become fixed within the
collagen network of the extracellular matrix and act as colloids, and thus imbibe water.
Cartilage has ahigh osmotic pressure and water content partially because its PG (colloid)
concentration is 5-10 times higher than other connective tissues

'.

The colloid

component of osmotic pressure is particularly important because osmotic pressure is
highly sensitive to small changes in proteoglycan concentration

The second

component results from the polyanionic charge on proteoglycans; this accounts for -'85%
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of the total osmotic pressure

Unlike an 'ideal' solution, the colloids in abiological

systems are often charged. In cartilage, the high fixed-charged density of PG's alters the
distribution of ions in the intra- and extra-cellular spaces, (which is dictated by GibbsDonnan equilibrium conditions) 41 '
49 '
61 .Anionic GAG chains attract cationic counter
ions to achieve electro-neutrality; this flux is accompanied by the movement of water and
consequently increases the osmotic pressure. The Donnan component is also highly
sensitive to changes in charge density (i.e. GAG content)
known as the excluded volume, or entropic effect

42,49, 62

62

The third component is

This component accounts for

the large volume occupied by proteins in solution, volume ignored under ideal conditions.
The space that proteins occupy excludes water, and thus reduces the volume available for
tissue water. Recalling aprevious equation to calculate pressure by the ideal gas law
(Equation 1), reducing the volume increases the pressure. The amount of volume
excluded is fueled by the tendency of PGs to always increase their entropy and gain
volume in solution, (in free solution PGs can hold up to fifty times their weight in water).
Ultimately, the unique physical and chemical properties of proteoglycans facilitate
hydration of articular cartilage and the resulting osmotic pressure contributes
significantly to the load-bearing function of cartilage.

4.1.2.2

Osmotic fluctuations in articular cartilage

Not only are chondrocytes exposed to higher osmotic pressures than most other cells,
they are also subject to large fluctuations in osmotic pressure. This is potentially
detrimental to cell function, and chondrocytes must be specialized to cope with such an
environment. Fluctuations in osmotic pressure due to changes in tissue water content
during mechanical loading and disease are discussed below.

97
Osmotic fluctuations with mechanical load.The pressure in articular cartilage generated by compression is generally transient,
but can be very high. Unloaded cartilage usually has an osmotic pressure around 1-2
atm, and yet can reach 40-50 atm during walking cycles

229

Static loads (i.e. standing)

can reportedly generate pressures up to 100-200 tm 230 When cartilage is subjected to
cyclic or static loaded for any length of time, water is expressed from the tissue

27

Cartilage can lose anywhere from 1-5% of its fluid during an average day 41,231

232

and

tissues under constant static pressure such as the intervertebral disk lose up to 20% of
their total volume

233

When cartilage water content decreases, the effective proteoglycan

concentration and thus osmotic pressure increase. It has been found that chondrocytes in
cartilage slices subjected to static load have reduced cellular volume versus unloaded

234;

this is likely aconsequence of increased osmotic pressure reduced tissue water in the
ECM forcing water to flow out of the cells. Thus, during daily loading chondrocytes are
exposed to hypertonic conditions, which depends on the duration, frequency, and
magnitude of the load

'.

It seems that chondrocytes not only cope under these conditions

but thrive since regular loading is necessary to maintain healthy cartilage

10,36,44

Similarly, cartilage deterioration with excessive or impact loading likely results in
extreme fluctuations in the osmotic pressure; acondition that is potentially detrimental to
the cells and the tissue extracellular matrix.
Osmotic fluctuations with disease:
Increased tissue water content is ahallmark of early osteoarthritis

235

Damage to the

collagen network reduces tissue resilience allowing the proteoglycans to imbibe more
water 78, 96 . The wet weight to dry weight ratio is reportedly increased 60% in early OA

98

46

This causes mechanical and physiochemical problems. First, the swollen tissue

deforms easier, amechanical changes that presumable contributes to the degradation and
eventual failure of the tissue in later stages of the disease. Second, by reducing the
effective concentration of proteoglycans, chondrocytes are exposed to ahypo-osmotic
environment. Unlike the hyper-osmotic fluctuations that occur during ordinary loading,
hypo-osmotic conditions are not normal. Hypo-osmotic stress can alter cellular functions
and in extreme cases causes cell swelling to lysis. Therefore, the role of osmotic pressure
in the phenotypic changes and cell death observed during the progression of osteoarthritis
should not be discounted.

4.1.2.3

The relationship between mechanical load & osmotic load

Since mechanical compression causes fluid expression from the tissue and an
increase in tissue osmotic pressure, some have suggested the reverse is also possible and
an increase in osmotic pressure can induce the equivalent of amechanical load. Thus,
some have sought to 'load' chondrocytes mechanically and osmotically 236,237 These
studies are based on the assumption that mechanical compression is functionally
equivalent to ahypertonic bath as in both cases cellular water is lost, and both stimulate
chondrocytes in acomparable way. Indeed, static compression and hyper-osmotic
pressure both suppress proteoglycan synthesis in situ and in vitro (e.g.

22, 68, 225234)

and

there have been some attempts to examine the relationship between, or equivalence of,
mechanical and osmotic load. Maroudas and Bannon (1981) showed that static
compressive load and incubation in ahyper-osmotic solution could both be used to
achieve the same loss of tissue water 47; and Schneiderman et al. (1986) determined that
sulphate incorporation rates were suppressed equally for static compression and an

99
equivalent increase in osmotic pressure 237 These results support the idea that the key
stimulus for changes in matrix metabolism observed with static compression is cellular
water loss. Jones et al. (1982) also suggested that fluid loss is the primary stimulus for
changes in proteoglycan synthesis

238

and subsequent studies in the intervertebral disk

have also shown that the effects on matrix synthesis are similar whether they arise from
static load or fluid loss

239, 240

Interestingly, the same relationship has been demonstrated

in the case of dynamic mechanical compression, which is known to increase PG synthesis
25, 241 ,242 ;
5, 241242; Palmer

et al. (2001) showed that acyclic application of hyper-osmotic stress

activates the aggrecan promoter in isolated chondrocytes

225

Since the synthetic response in vitro and in situ are similar for mechanical and
osmotic "loading" of chondrocytes, the tendency of some researchers is to make the
assumption that they are equivalent. In light of this, Lai et al. (1998) attempted to derive
the conditions when the mechanical and osmotic "loading" of cartilage could be
considered equivalent

243,

While the common feature is water content loss, Lai et al.

(1998) notes that the exact equivalent of mechanical load requires that aload be applied
uniformly around the entire cell by aporous-permeable rigid platen

-

and that this is

currently not possible. Ultimately, despite some evidence to support the similarity
between the application of mechanical and osmotic load and their biological effects, it
would be naive to propose that they are fully congruent.
Joint loading yields avariety of extraceliular signals that include deformation,
pressure, electric signals, fluid flow, solute changes and osmotic pressure fluxes. These
changes also affect the distribution of humoral factors including growth factors, cytokines
and hormones. It seems as though nearly all stimuli of chondrocytes are mechanical in
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their origin, and that the ECM and associated fluid and ions, can act as the mechanical
transducer to the cell 59,61,244 While these factors might act independently, it is more
likely that they act together, antagonistically, or synergistically to influence the activity of
chondrocytes. Mow et al. (1999) argues that osmotic-load-induced changes are often
misunderstood, and argues for improvements in theoretical models to interpret data from
osmotically and mechanically loaded samples

61

In the future abetter understanding of

the relationship between osmotic pressure and mechanics will improve our understanding
of how the extracellular environment modulates the biosynthetic activity of chondrocytes.

4.1.3

Response of chondrocytes to osmotic challenge in situ & in vitro

Because cartilage has ahigh osmotic pressure and experiences large fluctuations in
osmotic pressure when the tissue is loaded, chondrocytes are in arelatively hostile
environment. Chondrocytes are in an environment in which there are not only large
osmotic fluctuations but also changes in pH, fluid flow, and ion concentrations

64,65

While these conditions would be challenging for many cell types, chondrocytes
apparently thrive to effectively maintain the tissue matrix. In cartilage pathologies such
as osteoarthritis, the native tissue environment and cell behaviour change. To understand
these changes and help circumvent them, it is important to understand how chondrocytes
manage their dynamic and challening environment. Section 4.1.3 will discuss how
chondrocytes, and cells in general, handle fluctuations in osmotic pressure. Section 4.1.4
will discuss how osmotic pressure effects gene transcription.

4.1.3.1

Volume regulation

Chondrocytes, like most cell types, change size under anisosmotic conditions (Figure
4.2), but also have the ability to regulate their volume in response to osmotic stress.
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Figure 4.2

SEM of the effects of 15 minutes of osmotic stress on chondrocyte
morphology. (A) In hypo-osmotic medium (153 mOsm), chondrocytes
swelled. (B) In iso-osmotic medium (303 mOsm). (C) In hyper-osmotic
medium (466 mOsm) chondrocytes are decreased in volume. Scale bar = 10
tim. Images from Guilak et al. (2002).

This has been shown in situ and in isolated cells

219,227,245,246

Regulatory volume

increase (RVI), is aterm used to describe the process by which cells actively increases
their volume after shrinking in ahyper-osmotic environment. Similarly, regulatory
volume decrease (RVD) occurs after cells swell in ahypo-osmotic environment. In
chondrocytes, this homeostatic behaviour occurs on the order of minutes
247

227

to hours

225,

Despite the link between the integrity of the ECM and osmotic pressure, the

mechanisms underlying RVD and RVI in chondrocytes have not been studied
extensively. The actin cytoskeleton has been considered amediator of volume regulation
248;

and the role of actin will be discussed in more detail in Chapter 5. Transportation of

ions and small organic molecules (osmolytes) is the primary mechanism used by other
cell types to regulate volume
used by

yt

249-252

223254

and some of these transport molecules may also be

Small organic osmolytes are actively transported into or

out of the cell to shift the direction of the osmotic pressure and equilibrate cellular
volume. Taurine, acommon osmolyte, is actively exported out of chondrocytes in
response to hypotonic shock through apharmacologically sensitive channel

228

There is
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also evidence that chondrocytes accumulate betaine, an osmolyte exported following
hypotonic swelling

211,221

osmolyte transporters

219

Similarly, the uptake of proline

and activation of specific

236

has been demonstrated in chondrocytes under hypertonic

conditions. Several volume-sensitive or stretch-activated ion channels also appear to play
arole in either directly altering the cell volume or indirectly stimulating other associated
mechanisms

219,253

Interestingly, the regulatory volume response is nearly identical for

isolated chondrocytes and those in situ., and there is no difference between the response
from chondrocytes in superficial, middle and deep zones

227

This suggests that

chondrocytes do not necessarily dependent on cell-matrix interactions to regulate their
volume and that, unlike some other properties; there are no zonal differences in the
distribution or potency of regulatory volume mechanisms in cartilage.

4.1.3.2

Other physical responses

In addition to changes in cell size and volume, chondrocytes altrother physical
properties under osmotic stress. Changes to the structure of chromatin and the
morphology of the endoplasmic reticulum 236 as well as the organization of the
cytoskeleton have been observed under hyper-osmotic pressure 255 More profound
changes in the cytoskeleton occur in hypo-osmotic conditions

256.

aresponse that is

apparently dependent on the presence of extracellular calcium 257 Interestingly, changes
in the osmotic environment influence the viscoelastic mechanical properties of the cell
256, 258

These changes suggest possible mechanotransduction pathways involved in

osmo-regulation, cartilage loading, and possibly osteoarthritis.
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4.1.4
4.1.4.1

Effects of osmotic challenge on gene expression
Gene expression in mammalian cells

-

general

Changes in gene expression in response to osmotic stress have been widely studied
in yeast and bacteria, as well as in some mammalian cells (for areview see

259)

Not

surprisingly, some of the key genes activated by osmotic stress in mammalian cells are
osmolyte transporters and the enzymes capable of generating osmolytes. Also, induction
of heat shock protein HSP-70 has also been demonstrated as an acute, transient response
to hyper-osmotic conditions in human keratanocytes

215

and MDCK cells

260

The GADD

proteins are another group of molecules stimulated by hyper-osmotic stress in
mammalian cells

261

GADD, or 'growth arrest and DNA damage-inducible' proteins are

also up-regulated in response to avariety of stressors including UV light, chemical
carcinogens, starvation, and osmotic pressure. These proteins are associated with growth
arrest and DNA damage repair, aprocedure used to protect the cell. Recently, Nahrn et
al. (2002) used aPCR-based subtractive hybridization and micro-array analysis to
determine the gene most significantly increased in MDCK cells following 4hours of
hyper-osmotic stress

262

In accordance with the information above, many of these genes

were either stress response genes or growth regulatory genes.
The activation of these genes in chondrocytes under osmotic pressure is not as well
characterized. While the presence of osmolyte transporters and the movement of
osmolytes is known to occur under osmotic stress

219

the up-regulation of the genes for

these proteins has not be shown. Granted, it is possible that chondrocytes express
different proteins to perform the same functions. Primary chondrocytes are known to
express HSP-70 in response to heat shock 263 and osteoarthritic changes
mRNA levels do not increase in response to high hydrostatic pressure

264

263

yet HSP-70

and the
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influence of osmotic pressure has not been studied. More studies are needed to determine
the prevalence of stress-induced genes when chondrocytes are challenged under hyperand hypo- osmotic conditions.

4.1.4.2

Gene expression in chondrocytes

-

proteoglycans & aggrecan

Osmotic stress also induces transcription of genes for structural proteins; this is
especially relevant in specialized cells responsible for maintaining osmotic homeostasis
of extracellular body fluids (i.e. mammalian kidney cells). In chondrocytes there is good
evidence that aggrecan gene expression is altered under hyper-osmotic stress (Table 4.1).
Table 4.1

Summary of published results showing the response of chondrocytes
exposed to hyper-osmotic conditions with respect to proteoglycans or
aggrecan in particular.

Proteoglycan Synthesis
Decreases'

Aggrecan Promoter Activity
Suppressed

•Scheiderman et al. (1986)
*Urban & Bayliss (1993)

•Palmer (2000)
•Palmer et al. (200 1)'

et al. (200 1)'
•Chao (200 lb) 3'
4

•Urban et al. (1993)
•Hopewell & Urban
(2003)'

•Hung et al. (2003)'

* Hung

-

2

Aggrecan mRNA
Suppressed

-

-

-

• Palmer

et al. (2003)'

Proteoglycan s
ynthesis rate determined by incorporation of radio-labelled sulphate.
Aggrecan promoter activity determined using chondrocytes transfected with 2.4 Kb of
the human aggrecan promoter plus 5' UTR driving luciferase expression.
Hyper-osmotic stimulation less than 24 hours.
Hyper-osmotic stimulation greater than or equal to 24 hours.
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shows that aggrecan mRNA level is suppressed as much as 2-fold

225

while Hung et al.

(2003) noted only a50% suppression 209 .Promoter activity is altered accordingly:
suppression of 35% and 100% in response to hyper-osmotic stress were demonstrated by
Hung et al. (2003) and Palmer et al. (2001) respectfully

209,225

Notably, all of these experiments dealing with hyper-osmotic stress and PGs have
been conducted under serum-free conditions. This is remarkable because the effect of
hyper-osmotic stress on aggrecan is eliminated in cultures containing serum 225, 255, 265
suggesting that serum factors play role in either sensing or modulating this response. The
fact that similar results can be obtained for chondrocytes in situ
agarose culture

209

68

in monolayer, and

suggests that cell shape and matrix interactions do not play amajor

role in this response. In other words, the mechanisms to control cellular water may be so
critical that they remain intact despite any physical connection with the extracellular
environment. The amount of time that chondrocytes have been stressed osmotically
ranges from afew hours

68, 209, 255

to 24 hours

225,226,247

without substantial differences in

the amount aggrecan expression is suppressed. This indicates that aggrecan suppression
is not just an acute response, but one that is sustained until the osmotic pressure is
normalized

-

indeed, aggrecan promoter activity and gene expressed recover upon

returning cells to isotonic media

225

Recently, Hopewell and Urban (2003) showed that

the amount of time that chondrocytes are under hyper-osmotic stimulation does affect the
response. They show that if hyper-osmotic stress lasts 24 hours or more chondrocytes
actually adapt and increase sulphate incorporation rates above isotonic controls

226

However, these results are confounded by the fact that the cells were cultured in alginate,
amatrix recently shown to give inconsistent results with osmotic stimulation

209
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It is noteworthy that all of the experiments described above (Table 4.1) used bovine
cartilage derived from carpometacarpal joints of 4-6 month old animals. The only
exception is Urban et al. (1993) in which metacarpo-phalangeal cartilage was obtained
from the 1.5-2 year old steers 68 ,and the earlier work done on human femoral head
cartilage

109, 237

There is clearly aneed to verify these results in articular cartilage and

chondrocytes derived from adult animals.
Hypo-osmotic pressure is relevant to both matrix homeostasis and osteoarthritis, yet
the effect of hypo-osmotic stress on chondrocytes is not as well characterized as hyperosmotic stress. Furthermore, previous work on hypo-osmotic stress is quite inconsistent:
Urban et al. (1993) reported reduced sulphate incorporation rates at osmolalities below
400 mOsm for isolated chondrocytes and cartilage explants

68;

Hopewell and Urban

(2003) also found that sulphate incorporation was suppressed after 4, 24, and 48 hours at
270 m0sm 226

Palmer (2000) found that there was no significant difference in the

aggrecan promoter activity between isotonic controls and cells incubated in a180 mOsm
solution for 24 hours

247

Yet, Hung et al. (2003) has recently shown that the hypotonic

media causes aggrecan promoter activity and mRNA levels to increase 92% and 40%
respectively 209 An interesting caveat to the work of Hung et al. (2003) is that monolayer
and agarose-cultured chondrocytes stimulated aggrecan gene activity, alginate-cultured
cells are suppressed. The affect of hypo-osmotic stress on the gene expression of adult
chondrocytes is virtually unexplored and previous results require clarification.

4.1.4.3

Gene expression in chondrocytes

-

collagen type II & other matrix molecules

The affect of osmotic stress on chondrocytes has largely focused on aggrecan, and
justifiably so due to the relationship between proteoglycan concentration and osmotic
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pressure. However, collagen type II is the other major matrix molecule that is equally
important as aggrecan in determining tissue hydration and thus its function. Even though
aggrecan and type II collagen are independently regulated in some circumstances
268

33,266-

it seems logical that osmotic pressure would effect the synthesis of both proteins to

maintain optimal matrix composition. Indeed, coordinate regulation of these matrix
molecules has also been documented

269-271

To my knowledge, there are no data

concerning the effect of osmotic stress on type II collagen. While, Urban et al. (1993)
showed that above and below 400 mOsm the rate of proline incorporation was reduced in
both cartilage and chondrocytes

68

the significance of this was not discussed and the

technique used is not specific to type II collagen. Ihave not encountered any work
regarding the gene expression of typeII collagen under anisosmotic conditions. Since
aggrecan and type II collagen are the most abundant matrix molecules in cartilage and
therefore contribute its mechanical function, studying the affect of hypo- and hyperosmotic stress on collagen type II gene expression would be avaluable addition to what
is already known about aggrecan. Furthermore, the effect of mechanical load on both
aggrecan and type II collagen has been described previously; comparing the effect of
mechanical load with the effect of osmotic pressure would help in understanding the
relationship between these two related stimuli.

4.2

Speicific aims & hypotheses
Hypothesis 2: Suppression of aggrecan promoter activity, mRNA production and

proteoglycan production by ahyper-osmotic stimulus is well-described. The system
described here is similar to those in the literature and thus, we should also find that
aggrecan mRNA is suppressed in hyper-osmotic conditions.
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Specific Aim 2: To reproduce the results of similar experiments concerning hyperosmotic pressure and aggrecan proteoglycan metabolism.

Hypothesis 3: Previous reports on the affect of hypo-osmotic pressure on
proteoglycan metabolism are conflicting. We suspect that hypo-osomotic conditions will
stimulate the production of aggrecan mRNA in chondrocytes in monolayer culture. This
is based on the assumption that suppression of PG production by increased osmotic
pressure results from afeedback loop, and that areduction in osmotic pressure will have
the opposite effect on PG metabolism.
Specific Aim 3: To investigate the affect of hypo-osmotic pressure on aggrecan
proteoglycan metabolism.

Hypothesis 4: The integrity of cartilage extracellular matrix depends on balance
between proteoglycans, collagen and water. Therefore, aggrecan and collagen type II
mRNAs are likely to be co-ordinately regulated and show the same expression patterns at
agiven osmotic pressure. Previously research suggests that HSP-70 mRNA has a
prototypical expression pattern in cells expressed to osmotic pressure. Chondrocytes will
likely show the same expression pattern under both hyper- and hypo-osmotic stress; that
is, an acute spike in HSP-70 mRNA followed by areduction back to baseline levels.
Specific Aim 4: Evalute the affect of hyper- and hypo-osmotic pressure on two
other mRNA species; collagen type II and heat-shock protein 70.

4.3

METHODS & MATERIALS

4.3.1

Cell isolation

Isolated chondrocytes were obtained as per the protocol outlined in Section 3.3.2.1.
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4.3.2

Cell culture

Cells were cultured in 6-well culture plates (VWR Canlab, Edmonton, AB, Cat.#
CA73521-138) seeded at adensity of 1x106 cells/well. For each animal 3x6-well plates
was setup to generate 6replicates per treatment per animal (i.e. one 6-well plate for iso-,
hypo-, hyper-osmotic conditions). All experiments were conducted within four days of
plating the cells. This time period facilitates cell attachment but also preserves the
chondrocytic phenotype272 .Cells were cultured in DMEM/F-12 culture media (GIBCO,
Burlington, ON, Cat. #11765-054) supplemented with 10% fetal bovine serum (FBS,
Invitrogen, Cat. #12318-010) and 1% antibiotics/antimycotics
(Penicillin/StreptomycinlFungizone®, Gibco, Cat .#15240062), and 50 pg/mL ascorbate
(L(+)Ascorbic acid, BMD Chemicals Inc., Gibbstown, NJ, Cat. #CAB1O3O3-34). All
media was changed every second day at which time fresh ascorbic acid was added.
Cells were isolated from monolayer culture for analysis by incubation with 0.25%
Trypsin-1 mM EDTA (Invitrogen, Burlington, ON, Cat. #25200-072) solution for -5
minutes at 37°C. The reaction was terminated by the addition of complete media and the
cell pellet was obtained by centrifuging the solution at 900 rpm for 10 minutes.

4.3.3

Osmotic stimulation

The osmolalities of the iso-, hypo-, and hyper-tonic solutions were chosen based on
previous experiments where chondrocytes were

682926255

To validate the

use of an osmotic system in our lab it was important to apply osmotic pressures that have
been used previously to allow us to compare our results to what others have found.
Osmotic solutions were made by combining DMEM F-12 serum-free media
containing 1% serum replacement (Serum replacement 1, Sigma, Oakville, ON Cat.
#S0638) with sterile, double distilled water (hypo-osmotic) or 1M sucrose (a-D-
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glucopyranosyl-f3-D-fructofuranoside, Sigma, Oakville ;ON, Cat. #S9378) (hyperosmotic). The osmolality of the solutions was confirmed by afreezing-point depression
osmometer (Osmette A Automatic Osmometer, Precision Systems Inc.). Iso-osmotic
solution (DMEM/F-12 supplemented with 1% serum replacement) was -'380 mOsm,
hyper-osmotic solutions -580 mOsm, and hypo-osmotic solutions -180 mOsm.
Cells were washed twice with serum-free media before adding iso-, hypo- or hyperosmotic media. Cells were incubated for 18 hours in the media.

4.3.4
4.3.4.1

Extraction & quantification of nucleic acids
Cell isolation & RNA extraction

Cells were isolated from monolayer culture for analysis by incubation with 0.25%
Trypsin-1mM EDTA (Invitrogen, Burlington, ON, Cat. #25200-072) solution for -5
minutes at 37'C. The reaction was terminated by the addition of complete media and the
cell pellet obtained by centrifuging the solution at 10,000 rpm for 1' nimute. The
supernatant was removed and the cells were immediately suspended in 350 il of RLT
buffer (RNeasy Mini Kit, Qiagen, Mississauga, ON Cat. #74106) containing 10 iJ/mL

13-

mercatoethanol (BioRad Laboratories Ltd., Mississauga, Cat. #161-0710). Cells were
lysed by vortexing the samples for 2x15 seconds. At this time 10 pl of this solution was
removed and assayed for DNA content (see Section 4.3.4.2). RNA extraction was
continued by adding 350 tl of 70% ethanol to remaining cell lysate and mixed by pipette.
The entire solution was applied to an RNeasy spin column and centrifuged at 8,000 gand
RNA extraction was completed via the protocol provided in the RNeasy Mini Kit
including on-column DNase Idigestion (RNase-free DNase IQiagen, Mississauga, ON,
Cat. #79254) to remove any genomic DNA contamination

121,218

Two to five microlitres
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of the 30 il RNA eluent was used for quantification by SYBR Green® (Molecular
Probes Inc., Eugene, OR Cat. #S7567 Ex/Em 468/525).

4.3.4.2

DNA quantification

The 10 il aliquot of cell lysate in RLT buffer collected previously was assessed for
DNA concentration by PicoGreen® dsDNA reagent (Molecular Probes Inc., Eugene, OR
Cat. #P7589, Ex/Em 502/523). DNA concentrations were expressed as ng/mL and used
as an index of cellularity.

4.3.4.3

Data analysis & statistics

RNA and DNA concentrations, as well as RNA to DNA ratios were pooled with
respect to their treatment condition (i.e., iso-, hypo-, hyper-osmotic), and the mean and
standard deviation were calculated. A two-sided paired T-test was used to determine if
treatment groups differed with respect to these biochemical variables. Statistical
significance was set ap-value of 0.05.

4.3.5
4.3.5.1

Real-time polymerase chain reaction (PCR)
General

For review articles on quantitative real-time PCR see Section 2.4.2.1 and other
articles (e.g.111, 125,129 ,273 ) All real-time PCR was done with the iCycler (BioRad
Laboratories Ltd., Mississauga, Cat. #170-8720XTU) using

iQ SYBR Green Supermix

(BioRad Laboratories Ltd., Mississauga, Cat. #170-8882) as the fluorescent probe. The
iCycler can accommodate just one set of thermocycling conditions at atime, and
individual reactions are held in a96-well thin wall PCR plate (BioRad Laboratories Ltd.,
Mississauga, Cat. #223-9441XTU), covered with optical quality sealing tape (BioRad
Laboratories Ltd., Mississauga, Cat. #223-9'l 'I IXTU).

112
4.3.5.2

PCR standards

The number of cDNA copies can be estimated by generating astandard curve
we chose to use external cDNA standards to quantify each gene of interest

111, 137 ;

1
37, 274, 275

The

relationship between C values of standards in adilution series (standard curve), measures
and controls for PCR efficiency

1
22, 125

To make the standards, specific primers were

designed using the Beacon Designer 2.13 software program (Premier Biosoft
International, Palo Alto, CA) (Table 4.2). Primers were used in atypical PCR reaction
with cDNA reverse-transcribed with random primers from RNA extracted from freshly
isolated chondrocytes. Specificity of the primers was confirmed by the appearance of a
single band of the correct size upon gel electrophoresis and subsequent sequencing of
purified PCR product (University of Calgary DNA Sequencing Laboratory). PCR
products were purified using the MinElute PCR Purification Kit (Qiagen, Mississauga,
ON Cat. #28606). The DNA concentration is determined by assaying 2jil of the eluent
with the PicoGreen® dsDNA quantification reagent (Molecular Probes Inc., Eugene, OR
Cat. #P7589, Ex/Em 502/523).
Table 4.2

Primer sequences and PCR product sizes for collagen type JIB (COL2B),
aggrecan (AGG), and heat shock protein 70 (HSP).

Primers'
COL2B-F
COL2B-R
AGO-F
AGG-R
HSP-F
HSP-R
-

-

2_
-

Primer Sequence
5'-GGTCCTTTGGGTCCTACGAT-3'
5'-GTGTCACGGCCAGGATGT-3'
5'-GACGCCATCGACTCTTTCAC-3'
5'-ACACAGCTCCTGGTCGATCT-3'
5'-TGGCACACTGGACCCTGTAG-3'
5'-CCCACCAAGACAATATCATGGA-3'

Size
(bp)
90

Accession
Number
AF023 1692

'
-- 96- U65989
80

"F" denotes the forward primer and "R" denotes the reverse primer
Collagen type JIB isoform (Type hA, Accession Number AF023 169)
Heat Shock Protein 70 276

U73744 3
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The concentration in ng/mL is converted to copies/i1 using the size the of the PCR
product (Equation 5). This DNA standard stock was serially diluted and used to generate
PCR standard curve.
C5 = Standard concentration (copies/pi)
CD =DNA concentration (ng/tl)
Cs

-

Lb P•MWD• 10

NA = Avogadro's number (6.023x1023 copies/mole)
Lb p = Length of Standard (base pairs)
MW D .= Molecular Weight of DNA (660 gram/mole.b.p.)
10 9 = nanograms/gram (ng/g)

Equation 5

Five concentrations were used in the standard curve; each point differs from the next
by afactor of 10. A typical standard curve ranged from

1010

to

104

copies per reaction.

The resultant Ct values are used to generate astandard curve. Plotting Ctversus
LOG(copy number) generates astraight line and the equation for the line (calculated by
logarithmic regression) can be used to calculate the number of specific eDNA copies in
the unknown samples. A standard curve is included, in duplicate, each time samples are
analyzed with aparticular set of primers.

4.3.5.3

Reverse transcription

Total RNA was reverse transcribed using the Pr0STARTM First-Strand RT-PCR Kit,
(Stratagene, La Jolla, CA, Cat. #200420). Briefly, up to 1jig of total RNA in
(diethylpyrocarbonate)-DEPC treated water was mixed with 0.3 jig of random primers, if
the total RNA extracted from asample is less than 1jig the entire RNA Sample was
reverse transcribed. This solution was heated to 65°C for 5minutes then annealed at
room temperature for 10 minutes. Five microlitres of 1Ox first-strand buffer, 40U of
RNase Block Ribonuclease Inhibitor, 100 nM dNTP's and 50 U of MMLV-Reverse
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Transcriptase were added to the mixture and incubated at 37°C for 2hours, then
denatured at 90°C for 5minutes. All samples were stored at 4°C.

4.3.5.4

Real time PCR

Fifteen microlitres of the unknown cDNA or known cDNA standard was used in
each 50 jil reaction. The remaining 35 il contained 25 jfl iQ SYBR Green Supermix
(BioRad. Laboratories Ltd., Mississauga, Cat. #170-8882),250 nM of each forward and
reverse primers, and 7.5 j.tl of molecular grade water

(ultraPURETM

RNase/DNase Free,

Gibco, Burlington, ON Cat. #1161010). PCR was conducted in the iCycler (BioRad).
Following initial denaturation at 95°C for 3minutes, each PCR cycle consisted of a30
second denaturation at 95°C, 30 second anneal at 59°C (annealing temperature varies
with primer set; Table 4.2), and extension at 72°C for 30 seconds. Fluorescence was
quantified during the annealing step of each cycle for atotal of 40 cycles.
A standard curve was generated using the Ctvalues ,nf the reactions containing the
known amounts of standard. The standard curve was then used to calculate the cDNA
copy number for the unknown samples. These copy numbers were normalized to the
cellular DNA concentration of each sample, but in some cases the amount of DNA used
for normalization had to be adjusted first to account for the amount of total RNA used to
generate the cDNA from which the copy number is determined. For samples that had
total RNA less than 1 tg, the entire RNA sample was reverse transcribed, therefore the
total cellular DNA concentration should be used to normalize the cDNA copy number.
However, if the total RNA extracted is greater than 1jtg only the fraction containing 1p.g
was reverse transcribed, the amount of DNA used to normalize the cDNA copy number
should therefore only be afraction of the total cellular DNA. Table 4.3 illustrates how
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the DNA concentration would be adjusted if 10 tg of total RNA was extracted from a
sample, but only 1jtg was reverse transcribed.
Table 4.3

An example of how to determine the fraction of the total DNA used to
normalize the cDNA copy number when only afraction of the total RNA is
reverse transcribed.

Total RNA (pjg)

10 .tg

jig RNA for RT
Fraction of total RNA for RT
Fraction of RNA represented by PCR
Fraction of DNA represented by PCR
Adjustment made to total DNA
Normalized copy number
'.

1jig
0.1
0.1
0.1
(Total DNA) x 0.1
(Copy Number)
[(Total DNA) 0.1]
X

4.3.5.5

Data analysis & statistics

The copy number for each sample was normalized to DNA concentration as
previously described (Section 4.3.5.4). The coefficient of variation was calculated to
determine intra- and inter-animal variation for each treatment condition. For comparison,
the data was expressed as "percent change from iso-osmotic controls". Percent change
was calculated as per Equation 6where "treated" refers to the copy number from cells in
hypo- or hyper-osmotic conditions, and "control" refers to the copy number from cells in
iso-osmotic conditions. This method was chosen due to the larger inter-animal variation
in normalized copy number and will be discussed further in the results.

(copy# Treated)

-

(copy# Control)

(copy# Control)

x 100%

=

Percent Change

Equation 6

To test for atreatment effect, the difference between the normalized copy number
between iso-osmotic controls and hypo- and hyper-osmotic conditions were compared
using anon-parametric signed rank-sum test (also known as aWilcoxon signed-rank

116
test). This test was chosen for two reasons: first, this tests for atreatment effect without
being effected by large inter-animal variation; second, it is not highly sensitive to the
magnitude of the effect, this is valuable because it cannot be assumed that the
quantitative effect of the treatment would be identical for different animals. The twosided p-value was set at 0.05.

4.4

RESULTS

4.4.1

Morphology

Following 18 hours in either iso- (360 mOsm), hypo- (180 mOsm) or hyper- (580
mOsm) osmotic media all cells were viable as confirmed by trypan blue exclusion
staining. The morphology of cells under hypo- and iso-osmotic conditions was not
visibly altered, and thus very similar to time zero and each other (Figure 4.3). In contrast,
cells in the hyper-osmotic media were noticeably smaller with alarge proportion of cells
assuming amore rounded shape (Figure 4.3). Whether it resulted from the change in size

Figure 4.3

Morphology of primary isolated chondrocyte in monolayer culture
following 18 hours in (A) iso-osmotic (360 mOsm), (B) hypo-osmotic (180
mOsm), and (C) hyper-osmotic (580 mOsm) culture media. Note the high
proportion of small cells in hyper-osmotic media (C) indicated by red
arrows (_-*). Bar 50jim.

or change in shape, anumber of these cells were detached from the culture surface and
floating in the media. The "floaters" were retained at the time of cell isolation by
spinning the media and combining the pellet with the cells isolated from the culture
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surface with trypsin. The viability of this cell population did not differ from cells isolated
from isotonic or hypotonic cultures.

4.4.2

Biochemical data

For each animal, replicate samples for iso-, hypo- and hyper-osmotic conditions were
found to have similar DNA concentrations (Table 4.4). This suggests that the cell
number was similar for each treatment group and that during the course of the experiment
the cell number did not change appreciably, or had changed to the same extent in all
culture conditions. The RNA concentration was not consistent between all treatment
groups (Table 4.4). While RNA concentration is typically aless consistent variable, there
was atrend towards lower RNA yields in hypo- and hyper-osmotic conditions compared
to controls, with hyper-osmotic groups yielding significantly less RNA than either other
group. The RNA/DNA ratio for hyper-osmotic samples was statistically lower than other
groups suggesting that, on average, these cells contain less RNA (Table 4.4).
Table 4.4.

Biochemical data showing the average DNA concentration and RNA/DNA
ratio for primary chondrocytes in iso-, hypo-, and hyper-osmotic conditions
(n= 6). (*) Indicates avalue significantly different than both iso- and hypoosmotic conditions. Paired T-test, two-sided p-value (p<O.05).

4.4.3

Osmotic Treatment

DNA Qig)

RNA/DNA (j.ig/ig)

ISO

7.36±2.0

1.82±0.4

HYPO
HYPER

7.29±2.8
6.84±1.8

1.71±0.4
1.39±0.3*

Real-time polymerase chain reaction (PCR)

mRNA copy number was determined by real-time RT-PCR using the cDNA standard
curve method and SYBR Green as the fluorescent reporter of C (threshold cycle) values.
All standards were verified by gel electrophoresis and produced standard curves with R2
values consistently greater than 0.98 (logarithmic regression). Periodically negative
control reactions ('blank', PCR mastermix plus water), produced aC value
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corresponding to the formation primer-dimers, which was confirmed by gelelectrophoresis. The primer-dimer Ctwas always at greater than 40 cycles

-

5-10 cycles

higher than any standard or unknown analyzed, this was therefore deemed acceptable.
Copy numbers were normalized to corresponding DNA content for that sample; this is an
index of the average mRNA copy number per cell.
In these experiments, the copy number measured for replicate samples had a
relatively low coefficient of variation for each of the three genes assessed (Table 4.5). A
major contributor to intra-animal variation is the large magnitude of the copy numbers
and the fact the equation used to calculate the copy number for aCtvalue is very
sensitive. Otherwise, experimental error due to pipetting or variation in RT efficiency
can contribute to this variation. In contrast, the inter-animal variation for all treatment
groups was much larger (Table 4.5). This is consistent with what has been found
previously in our lab working with canine tissues and primary cells.
Table 4.5

Intra- and inter-animal coefficient of variation for normalized mRNA copy
number from primary chondrocytes in monolayer culture. The average
variation from iso- hypo- and hyper-osmotic conditions was used to
determine the variation for each gene. Coefficient of variation is defined as
the standard deviation divided by the mean and multiplied by 100% to
express as apercentage.

Collagen Type II

Aggrecan

HSP-70

Inira

Inter

Intra

Inter

Intra

Inter

27.8%

109.2%

33.7%

98.6%

47.2%

68.1%

Due to the larger inter-animal variation, the normalized copy number could not be
used to compare the data obtained from different animals. If the data was pooled, the
standard deviation would render all treatment groups statistically equivalent. For this
reason, hypo- and hyper-osmotic treatment groups were analyzed as the percent change
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in copy number relative to iso-osmotic controls for each animal. The percent change not
only indicates the treatment effect, but is avalue that can be compared between animals.
Collagen type II & aggrecan copy numbers:
As discussed above, the normalized copy was quite variable between animals for
collagen type II and aggrecan (for normalized copy numbers see Appendix A).
Nevertheless, the pattern of change in gene expression was similar for collagen type II
and aggrecan (Figure 4.4). Cells under hypo-osmotic conditions did not differ
significantly from iso-osmotic controls. Cells under hyper-osmotic conditions had
significantly lower copy number than iso-osmotic controls for both structural genes

(p<O.05).

Collagen type II mRNA was suppressed an average of 79.4±20% and aggrecan

mRNA was suppressed an average of 79. 1±15%.
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DHpo ys.Iso

Percentage Change

go

DHper vs. Iso

70
50
30
10
-10
-30
-50
-70

-go
-110

I
*

Collagen Type II

Figure 4.4

I
Aggcan

HSP-70

The effect of hypo-osmotic (180 mOsm), and hyper-osmotic (580 mOsm)
pressures on the mRNA levels in primary chondrocytes cultured in
monolayer (n=6). Data for each gene is expressed as the percent change in
normalized mRNA copy number with respect to iso-osmotic (360 mOsm)
controls. (*) Indicates asignificant change determined by arank-sum test.
Two-sided p-value (p<O.05).
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HSP- 70:
Normalized HSP-70 copy number was considerably less variable between animals
than type II collagen and aggrecan, while the intra-animal variation was greater (Table
4.5). In addition, the normalized copy number was on average 2-3 orders of magnitude
less than aggrecan and type II collagen (Appendix A). Heat shock controls were done by
incubating primary chondrocytes at 45°C for one hour in iso-osmotic media. On average,
heat shock controls were found have lOx more HSP-70 mRNA (normalized) than isoosmotic samples not exposed to heat shock (data not shown). With respect to osmotic
stress, HSP-70 niRNA did not differ significantly from iso-osmotic control for either
hyper- or hypo-osmotic treatment conditions (Figure 4.4).

4.5

DISCUSSION

4.5.1

Physiological relevance

Osmotic pressure is relevant to chondrocyte cell biology and tissue homeostasis, but
can never truly be considered in isolation except in vitro as it is here. Cartilage structure
and function is too complex and multidimensional to attribute cellular metabolism to
osmotic pressure alone. The osmotic pressure generated by high tissue proteoglycan
content gives cartilage its ability to resist and transmit applied loads. However, cartilage
could not maintain this osmotic pressure or its function without the presence of collagens,
cells and other minor constituents that form the overall spatial organization of the matrix.
Similarly, it may be true that osmotic pressure fluctuates with applied load and during
disease progression, but ultimately these changes are not separable from the accompanied
streaming potentials, physical deformations, humoral factors, and changes to cell-matrix
interactions

.

Studying osmotic pressure in isolation is simply one way of trying to
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control for this particular variable. It is avaluable opportunity to evaluate the relative
importance of osmotic pressure without the complexity of whole tissue physiology,
however, it is important to keep in mind the fact that osmotic pressure will rarely ever be
the only stimulus chondrocytes experience.
It is clear that chondrocytes respond to changes in osmotic pressure, particularly
increased pressure. This response is independent of species (human, bovine, canine), age
(skeletally mature or immature) and culture conditions (explant, two- or threedimensional cell culture); aresult that might be expected from ahomeostatic cellular
mechanism. However, the question still remains: do these experimental conditions have
anything in common with what occurs inside the tissue? In the late 70's and early 80's
there was agreat deal of work done in the area of cartilage and the contribution of
proteoglycans to osmotic pressure. Attempts to quantify the fixed charge density 47,62,277,
278

swelling pressure

49,230,239

and the ionic distribution

66,230

of cartilage improved our

understanding of how proteoglycans attract water and thus give cartilage a'high' osmotic
pressure. There is ageneral consensus throughout the literature that the osmotic pressure
of articular cartilage is in the range of 350-450 mOsm
hydrostatic pressure

47,49,66, 230

65,66,68

or around 2atm of

As discussed previously, the methods available to

determine the osmotic pressure of cartilage are far from ideal (Section 4.1.1.2). The
osmotic pressure in cartilage is largely based on the assumption that since proteoglycans
determine the ionic distribution of cartilage and thus the osmotic pressure, the PG content
of cartilage can be used to determine the osmotic pressure. While is not perfect, the
validity of these measurements is increased somewhat by the fact that free ion
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concentrations determined experimentally are in good agreement with those estimated
from Gibbs-Donnan equilibrium conditions

66

Unfortunately, what is less clear is the conditions that have been tested here, and
how osmotic pressure changes when cartilage is loaded. To answer this question it must
be known how tissue water content changes, avariable that presumably relates to applied
loads as well as tissue matrix constituents. One paper, Afoke et al. (1987), is often cited
since they state that the pressure in vivo may rise to 100-200 atm, and cycle between 2
atm at rest and 40-50 atm during walking 229 This was measured with pressure sensitive
film in human cadaveric hip joints, and recently verified in the feline patellofemoral joint
279

It would seem logical that high contact pressures would equate to high water loss and

thus high osmotic pressure; yet studies on the fluid dynamic of cartilage suggest that
during cyclic loading (i.e., walking), tissue water content does not change significantly27 .
Fluid expression occurs only during periods of static load or over the course of many load
cycles. For instance, tissues under constant static pressure such as the intervertebral disk
lose up to 20% of total fluid
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during the course of one day, and cartilage may lose 1-

5% of its fluid during an average day of activity 41 '
231 '
232 These findings suggest that
hyper-osmotic conditions are physiological, but develop slowly either with static loads or
following adays worth of activity (as oppose to each time the tissue is loaded).
Accepting the relevance is one thing, but the magnitude of osmotic fluctuations is
quite another. It is unclear what 1-5% tissue water loss equates to in osmotic pressure,
nor is it understood how quickly these changes might occur. It may be that minute fluid
dispersions in cyclic loading do generate significant changes in osmotic pissure, or
conversely, a5% decline in tissue water may affect osmotic pressure in aminor way.
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The same is true for cartilage during disease; tissue water content clearly increases
281

91,280,

but how is the osmotic pressure effected, and what is the time course of this change?

Until there is aclearer understanding of how physiological loads effects water content,
how changes in water content effect osmotic pressure, and the time scale of these
responses, it is difficult to conclude that the stimuli applied here will occur in vitro.

4.5.2

Morphology

It has been demonstrated, that chondrocytes, like many other cell types shrink or
swell under osmotic challenge and are capable of volume regulation 225 '
227 '
245 '
246
The
dynamics of this response were not measured here, but has been documented to occur on
the order of minutes

227

Though aqualitative assessment, there was no obvious

difference in cell morphology for cells under iso- or hypo-tonic conditions. While a
difference is not expected in isotonic conditions, the similarity to cells under hypotonic
conditions is likely an indication of successful volume regulation (R'VD). In contrast,
after 18 hours of exposure to hypertonic media, chondrocytes were noticeably smaller
than the other treatment groups and relative to time zero. This suggests that the cell's
capacity to undergo regulatory volume increase is either non-existent or inferior. Since
cell volume changes were not tracked in this study, the possibility that the cells did not
undergo RVI at all; or that they did and subsequently shrank again cannot be ruled out.
However, in one of the few studies looking specifically at RVI, Palmer et al. (2001)
found that chondrocytes do not undergo complete RVI and remain 12-13% smaller (in
volume) after 24 hours in hyper-osmotic conditions

225

chondrocytes only undergo so-called "post-RVD RVI"

It has also been suggested that
227,245 ;in

other words, the cells
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must first be exposed to hypotonic media to be able undergo RVI in subsequent exposure
to hypertonic media.
Detachment of cells from the culture surface under hypertonic conditions has not
been previously documented to my knowledge. The assumption made from this
observation was that the cells were dead or sick, yet upon isolation were found to be
viable. Others have also conducted hyper-osmotic experiments for 24-48 hours at similar
osmotic strengths without cell death

225,226

The most likely explanation for detachment

is that adecrease in cell volume (and thus surface area 225) causes changes in the
attachment properties of the cells. This could mean that attachment proteins such as
integrins are physically detachment from the culture surface, or that the attachment
properties of chondrocytes are altered by hyper-osmotic conditions. One hypothesis is
that since chondrocytes are accustomed to both high osmotic pressure and attachments in
three dimensions instead of two, that the 'physiological' media (hypertonic) stimulates
chondrocytes in. culture to assume amore 'physiologic morphology' (round, equal
contact surfaces in 3-dimensions). It is interesting to find that such dramatic alterations
in the properties of the cell are not necessary indicative of asick cell.

4.5.3

Biochemical data

The DNA concentration remained relatively constant within and between treatment
groups

-

this is the expected result given the fact that all cultures were plated at the same

density. A zero net change in DNA concentration verifies that cell death or proliferation
did not occur or occurred to the same extent in every culture, and also validates the
chosen technique of normalizing PCR data to DNA concentration. The main observation
from this data was that the RNA to DNA concentration ratio was significantly lower for
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cells incubated in hypertonic media, and that this change was primarily due to areduction
in RNA concentration. The RNA to DNA ratio is an index of RNA expression or
transcriptional activity, thus these results imply the hypertonic conditions imposed here
suppressed RNA expression rates (transcriptional machinery) in these cells. In other cell
types, hyper-osmotic stress is known to cause transient reductions in protein synthesis
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as well as growth arrest and reduced RNA content relative to DNA 26 ' It is thought that
this response is adaptive and plays aprotective role necessary for recovery 261,283,284 . so,
even though chondrocytes may survive well under hyper-osmotic conditions, the initial
change in cell volume might elicit a'stress-response' including slowing cellular
metabolism.
It should be noted that areduction in total RNA concentration can only be related to
transcription rates in ageneral sense in that total RNA is mostly rRNA (the metabolic
machinery of the cell), and thus has little relation to changes in mRNA levels of specific
genes change. In other words, the RNA to DNA ratio may fall dramatically while
specific genes may be found to be up-regulated several fold. Hyper-osmotic challenge is
aexcellent example where general transcription is reduced to protect the cell but certain
genes associated cell protection are simultaneously up-regulated 261,262, 284 Yet, it seems
unusual that hypotonic conditions did not alter the metabolic activity of the same cells.
Most studies have focused on the effects of hypertonic stress due to the relevance of such
conditions to the physiology of other cell types (e.g. renal or intestinal cells, yeast and
bacteria), therefore, it has not been clearly demonstrated if hypotonic conditions also
suppress transcription. The biochemical data here suggest that hypotonic conditions do
not suppress transcriptional activity; this could be aresult specific to chondrocytes or one
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that is universal. It is possible that transcription is suppressed under hyper- and hypoosmotic stress only until cells have recovered or adapted, and based on the morphology
of the cells after 18 hours, cells in hypotonic media seem to have recovered in volume,
while those in hypertonic conditions have not. The inability of chondrocytes to fully
undergo regulatory volume increase (RVI) may suppress transcription.
Overall, the morphological and biochemical data in the present study suggests that
chondrocytes react differently to the hypertonic and hypotonic conditions imposed here.
While hypo-osmotic conditions did not appear to affect the cells' morphology or
metabolism, hypertonic media causes cells to shrink, detach from the culture surface, and
suppress their transcriptional machinery.

4.5.4

PCR analysis

Successful quantification using RT-PCR involves correcting the copy number data
for experimental variations in individual RT and PCR efficiencies

114,121,122,129,273,285

To account for variation in starting material and the efficiency of reverse transcription,
the copy number calculated from real-time PCR for each sample was normalized to its
corresponding DNA concentration

122,121

This was the preferred method of

normalization for several reasons. First, normalization to so-called house-keeping genes
is acommon method used to take in account any variation in starting material; however it
is known that the expression pattern of these genes actually changes in avariety of
circumstances

132-136

There is no reason to believe that any particular gene would have

steady-state expression when cells are exposed to anisosmotic conditions; in fact,
preliminary data suggests that both 13-actin and GAPDH vary with osmotic challenge
(data not shown). Second, normalizing mRNA levels to RNA or simply using a
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consistent amount of RNA per RT does not address the fact that individual cells may be
in ahyper- or hypo-metabolic state depending on the stimuli such as disease
(Matthews et al. 2004 in press) 286 ,or osmotic stress

261

136

injury

Under such conditions the

amount of RNA per cell changes, so normalizing to total RNA can under- or overestimate the relative amount of niRNA and make comparison between different treatment
groups irrelevant. Here we are interested in how the number of specific mRNAs change
in cells subjected to osmotic stimuli. If we have an index of cellularity (i.e. DNA
concentration), and know the amount of RNA used to generate the cDNA analyzed,
"copies/DNA" is the proper way to normalize the data. This is avalue that is comparable
between samples, takes into account any variations in DNA concentration (cell number),
and does not rely on anormalization factor that can vary significantly due to treatment
effects or experimental error or individual/biological variation. The one drawback to this
method of normalization is that it does not directly account for potential variations in the
efficiency of reverse transcription. Yet, the use of replicate samples in PCR analysis is a
good way to help determine if variation in RT efficiency is major source of error. In the
real-time PCR experiments conducted in this thesis, normalized copy number had very
little variation between replicate samples (Table 4.5). Furthermore, the copy numbers
obtained from the control group (iso-osmotic) did not always differ from those of
treatment groups (Figure 4.4), suggesting that specific treatments did not have an effect
on the efficiency of RT.
The other major factor that must be accounted for during quantitative PCR is PCR
efficiencies. Here, PCR efficiency was monitored with an external standard versus an
internal standard. Internal standards are often considered the best choice because they are
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co-amplified with the target in every PCR reaction

112,125,287

The PCR efficiencies of

the standard and target are assumed to be the same and the known amount of standard in
the reaction can be used to calculate the amount of target. However, the use of internal
standards in real-timer PCR requires multiplex analysis with specific probes, atechnique
that is costly, susceptible to contamination 208 and has several other disadvantages
External standards are now widely used in real-time PCR

138-140

121,137

as results obtained from

internal versus external standards have been evaluated and found to be comparable 137 .
RT-PCR is asensitive and powerful tool for analyzing RNA. Like any other quantitative
technique it is limited by some assumptions. As long as one is aware of potential sources
of error, what you can control, what you cannot, and considers this when interpreting
results, quantitative real-time PCR is ahighly valuable and valid tool to quantify and
compare mRNA species.

4.5.5
4.5.5.1

Changes in gene expression
Hyper-osmotic conditions

The pattern of gene expression found here for aggrecan is consistent with was has
been published previously. Chondrocytes decrease PG synthesis

68, 109,226,237

aggrecan

mRNA 209,225,247 and aggrecan promoter activity 209,225,255 when exposed to hyperosmotic conditions similar to what was used in the present experiments. Here, aggrecan
was suppressed 79% (dd4%) on average, which is within the 50%

209,265

to 100%

225

range of suppression previously found. It is surprising that despite the large inter-animal
variation, the magnitude of this hypertonic effect is quite similar to previous work. This
suggests that this response is well conserved in chondrocytes of various species and ages.
Furthermore, virtually all previous experiments looking at the aggrecan promoter or
mRNA used chondrocytes from the carpometacarpal joints of 4-6 month old calves. That
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cells derived from mature and immature animals would behave the same further supports
the notion that this is an innate cellular response. Since cartilage (from weight bearing
joints) is routinely exposed to transient or sustained hyper-osmotic stress, it might be
expected that all chondrocytes be equipped to cope with these conditions.
Indeed, it has been suggested that osmotic pressure regulates aggrecan (or
proteoglycan) synthesis through anegative feedback loop

68, 109, 110,237

The existence of

proteoglycan feedback mechanism is supported by other studies in which the rate of PG
synthesis is influenced by the extracellular PG concentration in vitro
289

and is proposed to control and maintain matrix composition

108,238,288

109,290

and in vivo

Tissue osmotic

pressure is directly linked to proteoglycan concentration and is highly sensitive to small
changes in concentration 49 When cartilage is exposed to compressive loads, fluid is lost
.

and the effective proteoglycan concentration, and thus osmotic pressure, increases. If
charged molecules (i.e. proteoglycans) continue to be secreted into the extracellular
environment during periods of sustained hypertonicity, osmotic pressure would continue
to rise. Hyper-osmotic fluxes are routine for chondrocytes, thus anegative feedback loop
might be the most efficient way to reduce the proteoglycan synthesis until the osmotic
pressure and effective PG concentration drop back to baseline. In further support of this
hypothesis, Palmer et al. (200 1)225 and Schneiderman et al.

(1986)237

have demonstrated

that suppression of aggrecan mRNA and PG synthesis recover completely upon return to
iso-osmotic media; such aresponse is predicted by afeedback mechanism.
Alternatively, the response of cells to hyper-osmotic stress is strikingly similar to the
response of chondrocytes to both static compression 21,291 and hydrostatic pressure
What's more, the well-documented increase in aggrecan expression due to dynamic

22,292
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compression also occurs in response to cyclic exposure to hyper- then hypo-osmotic
media

225

While the effects of mechanical loading on tissue water clearly shows why

hypertonic conditions are relevant to chondrocyte cell biology, elevating the osmotic
pressure may also be viewed as away to emulate tissue loading itself 61,237, 243 In other
words, using high osmotic pressure to cause the cell to lose water and shrink might be
compared to physical compression of the cell. However, it would be difficult to conclude
that either the physical or chemical component causes the cellular response.
HSP-70 mRNA is not increased in hyper-osmotic media relative to iso-osmotic
conditions (Figure 4.4). One might expect that "stress-induced" molecules would be upregulated for the duration of this so-called stress. One explanation for these findings is
that hyper-osmotic fluctuations are experienced so often by these cells that stress genes
are accommodated and not induced. An alternative explanation is that HSP-70, and other
related genes, are increased transiently and subsequently suppressed as-other
compensation mechanisms such as osmolyte synthesis and transport takes over. This
type of compensation has been demonstrated for other cell types under similar osmotic
stress

215, 260,284

A time-course experiment looking at HSP-70 mRNA expression would

help to further understand the chondrocytic response.
The link between osmotic flux and proteoglycan synthesis is logical given that the
physical and chemical properties of PGs determine osmotic pressure; however, the role of
collagen type II in the osmotic balance is not as evident. Only one paper, Urban et al.
(1993), noted that proline incorporation rates are reduced at osmolalities above 400
mOsm

68

and the implications of this have never been discussed or investigated further.

Here, collagen type II mRNA is reduced to nearly the same extent as aggrecan (Figure
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4.4). And, even though aggrecan and type II collagen are often independently regulated
in cartilage

33, 266-268

it appears that under hyper-osmotic conditions they are co-

ordinately regulated. Co-ordinate regulation of these proteins has also been documented
269-271

including Urban et al, (1993) where proline and sulphate incorporation rates were

both reduced under hypertonic stress

68

Because the integrity of cartilage matrix depends

on the balance of aggrecan, type II collagen and water it might be expected that if tissue
water is reduced and aggrecan expression is suppressed (as in hyper-osmotic conditions),
collagen type II suppression would follow. Dis-coordinate expression might eventually
alter the physiochemical and mechanical properties of the cartilage.

4.5.5.2

Hypo-osmotic conditions

Hypotonic challenge is aless well characterized stimulus for chondrocytes. Here, 18
hours of hypotonic stress did not significantly affect aggrecan or collagen type II mRNA
levels compared to iso-osmotic controls (Figure 4.4). This supports the theory of
coordinate regulation of these two molecules by osmotic pressure. The effect of
hypotonicity on collagen metabolism has not been studied, although if aggrecan and
collagen type II are co-ordinately regulated by osmotic pressure, one might predict that
the expression pattern would be the same as aggrecan under hypo-osmotic stress.
Unfortunately, previous reports on the affect of hypo-osmotic pressure on proteoglycan
synthesis have been inconsistent. Hung et al. (2003) recently showed that chondrocyte
under hypotonic conditions for 5hours have aggrecan mRNA copy numbers 50% higher
than controls

209

These authors reasoned that afeedback loop stimulates an increase in

aggrecan mRNA levels because hypotonic conditions cause areduction in the effective
proteoglycan concentration. Hopewell and Urban (2003) and Urban et al. (1993) showed

132
that proteoglycan synthesis is reduced in chondrocytes under hypotonic conditions for 24
hours

68,226

This may result if chondrocytes interpret hypotonicity as an environment

stress and thus down-regulate structural genes such as aggrecan and type II collagen.
Finally, Palmer (2000) showed that aggrecan promoter activity does not change for cells
in hypo-osmotic media for 24 hours

247

-

an effect similar to what was found here for

aggrecan and collagen type II mRNA.
Is there an explanation for observing no change in the gene expression? Unlike
increased osmotic pressure that occurs regularly with loading, osmotic pressure below
'normal' might be aless.common condition for chondrocytes. Thus, chondrocyte may
have less machinery in place to respond to hypo-osmotic conditions. This argument
implies that hypo-osmotic are non-physiological and thus 'stressful', yet, the regular cell
morphology, RNA to DNA ratio and basal levels of HSP-70 niRNA after 18 hours in
hypo-osmotic media suggest otherwise. Chondrocytes seem largely unaffected by hypoosmotic pressure. In contrast to RVI, chondrocytes are known to effectively undergo
RVD when faced with hypotonic conditions

227,245

So, for cells equipped with efficient

systems for reducing cell volume the aberrant effects of increased cellular water are
avoided and thus the transcription of matrix molecules and HSP's might not change.
Alternatively, as is known for HSP-70, changes in gene expression may be apparent early
after exposure to hypo-osmotic media but are quickly returned to basal levels as
compensatory systems take over 25260 In this case, differences in gene expression
would not be detectable after 18 hours of exposure; atimed experiment is required to
determine if this is the case.
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The osmotic pressure evidently drops in cartilage for sustained periods of time in the
early stages of osteoarthritis. The lack of response under hypo-osmotic conditions shown
here, (at least in terms of matrix molecule transcription), might explain adisconnect
between the cells and their environment in OA that contributes to the progressive
degenerative changes in the articular cartilage. Clearly, if the water content of cartilage
remains elevated relative to the proteoglycan and collagen components, the tissue
deforms more easily and is not as resilient to mechanical load

-

asituation that would

aggravate or accelerate tissue degeneration. Yet, hypo-osmotic stress in OA likely
develops slower and last longer than in the experiments here and the response of cells
under longer term (months, years) stress is unknown.

4.5.6

Future experiments

The time course of the hypertonic response is not yet fully understood. Previous
experiments assess the response after 4-5 hours

68,209,225,226,

or 24 hours

209,226,247

Despite the large difference in stimulation time, the results are consistent for promoter
activity, mRNA expression, as well as proteoglycan synthesis (sulphate incorporation).
While this indicates that the response may persist for the duration of the stress and that
protein translation occurs within afew hours, it does not identify when the response is
first elicited. The response initiation time is critical in determining the physiological
relevance of the response. Hypertonicity is usually only transient, but may be sustained
during prolonged static load (e.g., standing) when fluid is expressed from cartilage, or
long-term steady cyclic loading (e.g., walking/running). If it can be demonstrated that
the promoter activity changes in minutes, this would make the response highly applicable
to what goes on in the tissue on aday to basis, not just under certain circumstances or
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prolonged static load. Looking at earlier time points would also clarify why RSP-70 is
expressed at control levels after 18 hours of osmotic stress (hypo- and hyper-).
Naturally, other experiments would also involve looking at other genes that might be
involved in this response. Specific osmolytes and their transporters have only be
assessed to alimited degree in chondrocytes

219

and it would be interesting to look at the

contribution of other proteoglycans to this response (e.g. biglycan, decorin). Also, even
though it has been demonstrated that the hypertonic response is similar for chondrocytes
in monolayer and in surrogate matrices

209

the hypotonic response is poorly described

under all culture conditions. An experiment focusing on the hypotonic response in twoand three-dimensional cultures for arange of hypotonic conditions would help reduce the
ambiguity of this response and also 'examine if there is ahypo-osmotic 'trigger below the
osmolalitites routinely used in the literature (270 or 180 mOsm).
The experiments done in Chapter 4demonstrated asuppression of aggrecan gene
expression consistent with the literature with respect to hyper-osmotic conditions, and no
change in aggrecan occurred under hypo-osmotic conditions, which is supported by
previous studies. In addition, two new genes (collagen type II and HSP-70) have been
evaluated and may be used to further characterize the osmotic response in chondrocytes.
Given the pattern of expression for aggrecan, type II collagen and HSP-70 observed in
Chapter 4, Chapter 5will first assess the response of achondrocytic cell line under the
same conditions. The similarities or differences between the cell line and primary cells
could provide information about the effect of immortalization and cell division and
provide areadily available source of cells to study. Second, potential mechanisms
mediating the response observed in primary cells will be explored. The role of the
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cytoskeleton in gene expression will be studied by inhibiting actin polymerisation with
cytochalasin D prior to and during osmotic stimulation. Similarly, an inhibitor of MEK
(MAPIERK kinase) will be used to evaluate the involvement the ERK pathway in
mediating the gene expression pattern observed in Chapter 4.
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Chapter Five: FACTORS THAT INFLUENCE THE RESPONSE OF
CHONDROCYTES TO OSMOTIC CHALLENGE
The goal of the experiments conducted in this Chapter was to investigate two potential
mechanisms involved in regulating the expression of aggrecan, type II collagen and HSP70 under hyper- and hypo-osmotic stress. These mechanisms include the cytoskeleton
and aMAP kinase pathway. In addition, achondrocytic cells line will be evaluate to
compare the response to osmotic pressure between primary and non-primary cells. A
review of the relevant literature for each variable is included.

5.1

LITERATURE REVIEW

5.1.1

Immortalized human chondrocyte cell lines C-28/I2 & T/C-28a2

The creation of chondrocyte cell lines has been motivated by the fact that it is often
difficult to obtain alarge number of chondrocytes, epecially from single joint, to
perform extensive cell biology experiments. This is largely due to the hypo-cellular
nature of cartilage. Furthermore, chondrocytes proliferate slowly in vivo, and when cell
division is triggered in monolayer culture, they tend to change their phenotype or
'dedifferentiate'
groups

295299;

104,293,294

Chondrocyte cell lines have been developed by several

however, in each case features of the differentiated phenotype were lost in

the process. One human chondrosarcoma cell line exhibited some proteoglycan and type
II collagen synthesis

300, 301

yet athe tumorgenic nature of these cells is adrawback.

Two immortalized human chondrocyte lines were established in the laboratory of Dr.
Mary Goidring for the purpose of creating acell line that would express the typical
phenotypic markers of adult articular chondrocytes in culture

302

T/C-28a2 and C-28/I2

are derived from primary juvenile costal chondrocytes immortalized with aretroviral
vector encoding the SV4O large T antigen and neomycin resistance

03,304•.
303,304

The TIC-28a2
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and C-28112 cell lines have many useful qualities, yet are limited by others. It has been
demonstrated the chondrocyte "phenotype" (i.e. the presence of collagen type II and
aggrecan, and the absence of collagen type Iand III), are often used as indicators of the
chondrocyte phenotype303' 305• Proliferation is negatively correlated to the expression of
these markers, and continual passaging leads to the complete loss of aggrecan, decorin
and type II collagen mRNAs and replacement with versican and type Icollagen

306

Thus, the culture systems applied to these cell lines are designed to limit proliferation and
promote the differentiated phenotype. Recommended culture systems include using
serum-free media in monolayer

302,

culturing the cells in fluid suspension cultures, on

agarose or polyHEMA-coated dishes, as well as within alginate beads

304

So far, these immortalized chondrocyte cell lines have been used to study matrix
molecule expression-patterns in response to stimuli known to effect primary cells in
specific ways. For example, administration of IL-i f3 causes decreased-levels of collagen
type II mRNA and increased levels of collagenase

302;

IL-i Pis known to cause the same

response in primary cells. Other examples can be found elsewhere

307309•

Nevertheless,

there are caveats to the use of these cells. First, cell proliferation, and thus phenotype,
cannot always be controlled. TIC-28a2 continues to proliferate even when encapsulated
in alginate, and as aresult collagen type II and aggrecan synthesis drops off 303, 306 .
Second, while serum-free conditions promote collagen type II synthesis, media
containing serum is conducive to cartilage-specific proteoglycan production 306• Third,
the integrin expression pattern is not similar to primary chondrocytes suggesting that
certain matrix interactions and potential signalling mechanisms may be altered

305

Finally, these cells are derived from juvenile costal cartilage; and to my knowledge the
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expression profile of these primary cells has not been studied extensively. Young
cartilage may not be identical to adult cartilage, and the mechanical environment of costal
cartilage is different than articular cartilage. While the C-28/I2 and TIC-28a2 lines are
convenient and provide ahighly useful system to study some aspect of chondrocyte cell
biology, they are not asubstitute for primary cells and results from experiments using
these cells should be assessed carefully.

5.1.2

The role of the actin cytoskeleton in osmotic challenge

5.1.2.1

Volume regulation & cytoskeleton

The actin cytoskeleton mediates avariety of biological functions. The physical
changes that occur under osmotic stress suggest that the cytoskeleton may either facilitate
volume changes or transduce information about changes in volume and osmotic pressure.
A number of studies have demonstrated that the cytoskeleton reorganizes with osmotic
stress

256,310-312,

and that there is alink between the structure of the cytoskeleton and the

function of membrane transporters responsible for volume regulation 313 '
314 The
cytoskeleton could participate in volume regulation or the osmotic response in several
ways: it may act as abarrier by either limiting or facilitating molecular transportation 248,
315;

activate ion channels during osmotic stress

initiate asignalling pathway

315,319,

313,316 ;act

avolume sensor

317,318 ;or

and activate second messenger systems

257, 320

nevertheless, even though volume, the cytoskeleton, and the activity of specific ion
channels are related in some cells, in others ion channel activation is clearly independent
of cytoskeletal rearrangement

314,321

Furthermore, there is some convincing evidence

that cell volume and membrane tension are not directly related

256, 321

The function of the actin cytoskeleton in the osmotic response of chondrocytes has not
been as well documented. It is known that the actin cytoskeleton rapidly dissociates and
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remodels under hypo-osmotic conditions

.......

(Figure 5. 1), and that this response is

dependent on arapid, transient increase in cytosolic calcium

310•

These results suggest

that hypo-osmotic stress in cartilage initiates calcium signalling that leads to cytoskeletal
restructuring. Interestingly, the cytoskeleton is not altered significantly in chondrocytes
under hyper-osmotic stress (Figure 5.1). The cytoskeleton has been credited for awide
range of cellular responses in chondrocytes. Gene regulation
324 mechanotransduction

318,325,

cell-matrix interactions

mechanical/viscoe last ic properties of the

ce11

211, 326

18

322,

phenotypic stability

323,

and the

have all been attributed to the

chondrocyte cytoskeleton. While many theories attempt to link the cytoskeleton to
volume regulation, changes in any one of these other variables could be involved in the
osmotic stress response.

Figure 5.1

5.1.2.2

Reorganization of the F-actin cytoskeleton in response to hypo-osmotic
stress. (A)The actin cytoskeleton was found to dissociate and disperse after
exposure to hypo-osmotic stimulation when compared with the iso-osmotic
controls (B) where actin remain in the cortical region of the cell. Exposure
to hyper-osmotic stress did not alter F-actin distribution (C). Scale bar = 10
gm. Adapted from Guilak et al. (2002).

Cytochalasins & chondrocytes

Cytochalasins are agroup of fungal metabolites related in chemical structure.
Cytochalasin D is produced by the mold Helminthosporiurn sp. and acts by binding
monomeric G-actin. Binding G-actin not only prevents fibre polymerization but also
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causes depolymerization of existing fibres by upsetting the equilibrium between the Fand
G forms of actin. This compound is apowerful scientific tool and has been widely used
to study the role of the cytoskeleton in many biological processes.
The cytoskeleton plays an important role in the physical interaction between the
chondrocyte and its external environment

327,

therefore the cytoskeleton is often

implicated as amediator of many cellular responses

325, 328, 329

Cytochalasins have been

used to study the relationship between the phenotype and shape of chondrocytes in
monolayer culture. Chondrocytes are infamous for changing their phenotype when they
are cultured in monolaye.r for extended periods of time, this is often called
'dedifferentiation'

102,104,293,330

Chondrocytes change from around to aflat morphology

when cultured in monolayer, hence cell shape and the cytoskeleton have been
hypothesized as regulators of chondrocyte phenotype

105,294,331

Indeed, treatment with

cytochalasins was found to promote 'redifferentiation' of 'dedifferentiated' chondrocytes
in monolayer

324,331

Interestingly, the concentration of cytochalasin used by these

authors was enough to alter the actin micro filament organization but not change the
chondrocyte shape. This suggests that the actin cytoskeleton regulates the expression of
'chondrocytic' genes, but that regulation does not depend on cell shape.
The actin cytoskeleton also contributes to the viscoelastic properties of chondrocytes
326

256,

Trickey et al. (2004) showed that chondrocytes treated with cytochalasin D

decreased their stiffness and apparent viscosity by 90% and 80% respectfully 326 This
effect was greater in cells from osteoarthritic cartilage suggesting that the cytoskeleton
not only determines some of the mechanical properties of the cell but that it may be
changed fundamentally in osteoarthritis. Guilak (1995) also showed that cytochalasin
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treatment eliminated changes in nuclear height due to compression of chondrocytes; this
implies that the cytoskeleton might physically transduce mechanical forces to the cell
nuclei

332

5.1.3

Signal transduction pathways activated by osmotic stress

The signal transduction pathways involved in the osmotic regulation of gene
expression have been studied quite extensively (for reviews see

259,282, 333)

The

following sections will discuss what is currently known about the signal transduction
pathways underlying the osmotic response in bacteria, yeast, and mammalian cell types.
More specifically, the role of the MAP kinase signal transduction pathways in the
response observed in chondrocytes under osmotic stress will be addressed.

5.1.3.1

Bacteria, yeast, & mammalian renal cells

Bacteria such as Escherichia coli react to changes in their osmotic environment by
altering the expression of particular genes. The 'EnvZ-OmpR' phosphotransferase
system is an excellent example

259

By altering the expression of specific pore-forming

proteins (OmpC and OmpF) during increased osmotic pressure, membrane channels can
be formed to facilitate osmotic adaptation. E. coil are also equipped with other operons
that are activated by osmotic stress: the kdpFABC systems transcribes aK-ATPase that
pumps W (followed by water) into the cells during hyper-osmotic stress
operon up-regulates the expression of an osmolyte transporter protein

and the proU

335

Bacterial cells provide agood starting point in understanding how cells deal with
osmotic stress, and it turns out the mechanisms used prokaryotic are largely conserved in
eukaryotic cells. In the last decade, much been learned about the specific signalling
pathways used by eukaryotic cells and from yeast to mammalian cells, osmotically
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induced signals are transduced through the highly conserved family of protein kinases
called the MAP (mitogen activated protein) kinases. The MAP kinase family includes
three broad classes of kinases: the extracellular signal-regulated kinases (ERKs), the
stress-activated protein kinases (SAPKs), and the MAPK3 group. The activation of MAP
kinases (MAPK) occurs by common transduction pathway including up-stream MAPK
kinase kinases (MAP3K) and MAPK kinases (MAPKK) (Figure 5.2)336.

Environmental stress
Growth factors

MAPK Cascade

V

MAP3K
(MAP Kinase Kinase Kinase)
MAPKK
(MAP Kinase Kinase

MAPK
(MAP Kinase

SAPKs (JNK, p38)
ERKs

MAPK Substrate
(transcription factors, proteins)
V

Cellular Response
(gene expression, proliferation,
growth arrest, cytoskeletal
changes, apoptosis, protein/ion
transport etc.)

Figure 5.2

Mitogen-activated protein kinases (MAPKs) cascade, which is used to
integrate and process various extracellular signals. The prototypical
MAPK cascade consists of aseries of three protein kinases: aMAPK and
two upstream components, aMAPK kinase (MAPKK or MEK) and a
MAPKK kinase (MAPKKK). MAPKs are frequently involved in the
cellular response to environmental stress (such as osmotic pressure). ERK
(extracellular signal-regulated kinase) and two SAPKs (stress-activated
protein kinases) p38 and JNK (c-Jun N-terminal kinase) are MAPKs
commonly involved in the stress response.

All three MAPK classifications (i.e. SAPKs, ERKs, MAP3Ks) have been demonstrated
to play arole in transducing information under osmotic stress

282,

yet each can also be
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activated by ahost of other stimuli (e.g. hormones, growth factors, heat shock, UV light,
and certain mitogens). For afull review see Kyriakis and Avruch (2001)

.

The 'take-

home' message is that the SAPK and ERK pathways are active under both hypo- and
hyper- osmotic stress in yeast and avariety of mammalian cells. However, the
complexity associated with MAPK cascades, the large number of targets

-

both known

and unknown, as well as the range of cellular processes associated with osmotic stress
have left many question unanswered. The following will discuss the key information as
it relates to MAP kinases in yeast and mammalian cells and how each pathway may help
cells deal with osmotic stress.
The HOG (high-osmolarity glycerol) pathway is awell-described in yeast

211,337,338

HOG kinase is type of SAPK, and as'is typical for MAPKs, HOG kinase is downstream
of aMAPK.K and MAP3K in aprotein kinase cascade. HOG includes the expression of
two transcription factors that subsequently alter the expression of other genes

333 .

Genetic targets of the HOG pathway include GPD1 (glycerophosphate) and TPS2
(trehalose phosphate phosphatase) which increase the concentrations of the osmolytes
glycerol and trehalose under hyper-osmotic stress. HSP-12 (heat shock protein 12) and
DDR2 (DNA damage responsive gene) are also HOG targets, these gene products protect
cellular proteins as well as recognize and repair DNA damage under osmotic stress.
The mammalian SAPK family contains two kinases important to the osmotic response;
p38 MAP and JNK (c-Jun N-terminal kinase). p38 was originally described as the
mammalian homologue to HOG
HOG-deficient yeast

339

211,

but p38 and JNK can also restore osmo-tolerance in

.The activation p38 and/or JNK has been demonstrated under

hyper-osmotic conditions for inner medullary collecting duct (IMCD) cells

261,340,341
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MDCK epithelial cells

342,34 3,

and T-lymphocytes

344 .

these MAPKs are activated in human intestinal cells

Under hypo-osmotic conditions

218,345

and renal epithelial cells

346

Each MAPK has hundreds of potential targets, both cytoplasmic and nuclear, and
cross-talk between these pathways is highly likely

282

The availability of specific

inhibitors of p38, JNK, ERK and other points of the MAPK cascade have helped define
the signal transduction pathways important to the response of cells under osmotic stress.
For example: Tilly et al. (1996) discovered that p38 is not centrally involved in an ion
flux initiated by hypo-osmotic stress in human intestine

345;

out ERK as the mediator of inositol transport in IMCD cells

5.1.3.2

and Berl et al. (1997) ruled
340 .

MAPKs & the osmotic response in chondrocytes

Since the response of chondrocytes to anisosmotic conditions has not been studied to
the extent that it has in bacteria, yeast or other types of mammalian cells, little is known
about the role of MAPKs in chondrocyte osmo-regulation. That said, the high level of
conservation across Kingdoms with respect to the osmotic response, suggests that.
chondrocytes would have regulatory pathways similar to the prokaryotic and eukaryotic
cell types described above. Indeed, similar to other cell types porcine chondrocytes have
been found to import amino acids and betaine (an osmolyte)

216,347

Furthermore, up-

regulation of the betaine transporter gene has been attributed to p38 activation

347

The 'hallmark' genetic response to osmotic pressure in chondrocytes is suppression
of aggrecan mRNA and promoter activity in-hypertonic conditions. To date, there are
two papers that have dealt with the topic of signal transduction or regulatory mechanisms
involved in this response. Palmer et al. (2001) monitored aggrecan promoter activity
using two different human promoter constructs; one contained the proximal aggrecan
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promoter and exon 1, in the other exon 1was deleted

225

While activity of the full

promoter-exon 1construct was suppressed 60-70% under hyper-osmotic conditions,
deletion of exon 1attenuated this response. Previous analysis of this portion of the gene
identified several 'mechano-responsive' elements (shear stress response elements or
SSREs)

348,

and one stress-response element (STRE). The STRE found in the human

aggrecan promoter is similar to that found in many yeast genes, where it has been
demonstrated that the induction of transcription by HOG is mediated by these STREs

349

Together, these data suggest that the aggrecan gene contains regulatory sequences that
are targeted by the MAPK pathways activated in hyper-osmotic conditions. Additional
evidence for regulation of aggrecan by MAPKs under osmotic stress is found in recent
work by Hopewell and Urban (2003)
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Here, proteoglycan synthesis rates under hyper-

osmotic stress were monitored in chondrocytes in the presence of inhibitors specific to
p38 and ERK pathways. The sulphate incorporation patterns observed in the absence of
inhibitors at 4hours was unaltered by either inhibitor while the response at 48 hours was
blunted. This experiment demonstrates that both ERK and p38 pathways directly effect
the production of proteoglycans in chondrocytes under osmotic stress. Clearly there is a
need for further experimentation to uncover more about how chondrocyte gene
expression is mediated by MAPKs under osmotic stress. This includes looking at genes
other than aggrecan, and subjecting cells to both hyper- and hypo-osmotic conditions.

5.1.4

Chondrocyte gene regulation by MAP kinase pathways

Given the ubiquitous nature of the MAPKs, it is not surprising that they are
important in other aspects of chondrocyte cell biology outside the context of osmotic
stress. One of the primary roles of the MAPK pathways is to mediate the affects of
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growth factors. TGF-f3 signalling can occur through SAPK pathways in cartilage

350,351

but it remains controversial whether the effects of TGF-13 on matrix metabolism are
stimulatory or inhibitory

199, 201, 352

Interleukin- 1f3 (IL-i l) is apro-inflammatory

cytokine that plays an important role in cartilage degradation 353 '

and been found to

rapidly induces the activation of ERK, p38, and iNK in human OA chondrocytes 355 . it
has been shown that p38 mediates several effects of IL-1f3 including the inhibition of
proteoglycan synthesis in organ cultures
gene in achondrocytic cell line

356

and the down-regulation of the COL2A1

A third molecule, insulin-like growth factor (IGF), is

known to have potent stimulatory effects on aggrecan and type II collagen at the level of
both mRNA and protein

198, 270

Oh and Chun (2003) have demonstrated that IGF-1

regulates the maintenance of the differentiated phenotype of articular chondrocytes
partially through modulation of p38 and ERK 358; yet, Studer et al. (2004) shows that
inhibition of p38 does not alter the effects of IGF- 1in organ culture

Together, this

information provides substantial evidence that the MAP kinases, especially the SAPK
and ERK families, are important in regulating the expression of aggrecan, type II
collagen and other matrix molecules that maintain the structural and functional integrity
of cartilage. These pathways are not only vital in signalling fundamental information
about matrix metabolism and environmental changes, but appear to be involved in the
development and progression of cartilage disease

355,359

The ERK pathways have also been studied extensively in cartilage differentiation
362

360 -

For example, ERK is activated during differentiation, and its inhibition retards

normal development

363,361

ERK and other MAPKs have also been investigated in the

mechano-transduction pathways of chondrocytes. Flow-induced signalling activates

147
ERK in chondrocytes and leads to the down-regulation aggrecan mRNA in young bovine
chondrocytes

.

Similarly, static compression activates MAPK signalling in cartilage

including the ERK, p38, and JNK pathways

366•

The cytoskeleton appears to mediate

some of these regulatory effects by modulating the activity of ERK and p38 "Ks

5.2

367

Specific aims & hypotheses
This Chapter describes some of the factors that may influence how isolated

chondrocytes, within the system described in Chapter 4, respond to osmotic pressure.
The mRNA output for aggrecan, collagen type II and HSP-70 will be assessed as before
but in the presence of specific pharmacologica agents.

Hypothesis 5: Given the key differences between the juvenile chondrocytic cell line
used in this study, there will likely be significant differences in the reponse of these cells
compared to primary isolated chondrocytes.
Specific Aim 5: To determine if the response of primary and non-primary
chondrocytes respond in asimlar way to hyper- and hypo-osmotic stress by comparing
thegene expression patterns of achondrocytic cell line to primary chondrocytes.

Hypothesis 6: The wide ranging affect of cytoskeleton disruption suggest that
cytochalasin D treatmen will have avariable effect depending on the gene in question and
the type of osmotic stress for both primary chondrocytes achondrocytic cell line.
Specific Aim 6: To investigate the role of the actin cytoskeleton in mediating
changes in gene expression with osmotic stress in primary and non-primary chondrocytes
using acytoskeleton disrupting agent, cytochalasin D, during osmotic stimulation.
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Hypothesis 7: Little is known about the role of MAP kinase pathways in the
osmotic reponse, especially in chondrocytes. Therefore, as with cytochalasin treatment,
ERK inhibition will likely have avariable affect depending on the gene in question and
the type of osmotic stimulation.
Specific Aim 7: To explore the role of MAP kinase signal transduction pathways,
(specifically the ERK pathway), in the osmotic response by using an inhibitor of the
MAP/ERK kinase (a.k.a. MEK) during osmotic stimulation of primary chondrocytes.

5.3

METHODS & MATERIALS

5.3.1

Primary cells

Please refer to Section 3.3.2.1 for cell isolation techniques, and to Section 4.3 for
culture methods and techniques used to extract, quantify, and assess nucleic acids.

5.3.2

Cell lines C-28/I2 & T/C-28a2

Immortalized cell lines C-28/I2 and VC-28a2 were agenerous donation from Dr.
Mary Goldring's laboratory at the Harvard Institutes of Medicine in Boston,
Massachusetts. These cells were generated as per procedures described by
maintained as described by

302,368

and

Briefly, cell lines C-28/I2 and T/C-28a2 de-thawed at

room temperature and plated at densities of 5.0x104 cell/cm2 and 2.0x10 4 cell/cm2
respectively in each well of a6-well culture plate. The cells are maintained in
DMEM/Hams F12 media (GIBCO, Burlington, ON, Cat. #11765-054) supplemented
with 10% fetal calf serum (FCS, Invitrogen, Burlington, ON, Cat. #12318-010) and 1%
antibiotics/antimycotics (penicillin/Streptomycin/Fungizone(D, Gibco, Cat. #15240062).
Media was replaced every second day. All aniso-osmotic experiments were conducted
within 2days of plating. Generally, 12-48 hours was long enough to achieve 70-80%
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confluence. Experiments were conducted in sets where each set includes three (or four)
treatment groups (isotonic, hypotonic, hypertonic and DMSO control if necessary). Six
replicate cultures were used in each treatment group. Unlike primary cells where interanimal variation is acomplicating factor, the data from these cell line experiments were
be pooled since these cells are identical (in theory) and thus were expected to have less
variation among repeated experiments.
For analysis, cell lines were trypsinized from culture dishes with 0.05% Trypsin-0.53
mM EDTA (Invitrogen, Burlington, ON, Cat. #25300-062). When required, cell lines
were passaged every 5-6 days at a1:10 ratio for T/C-28a2 and every 6-7 days at a1:8
ratio for C-28/I2; excess cells were stored at -80°C for future use. For detailed cell
culture techniques for these cell lines has been documented by Goidring (2004a)

304 .

Primary cells were isolated from monolayer culture for analysis by incubation with
0.25% Trypsin-1 mM EDTA (Invitrogen, Burlington, ON, Cat. #25200-072) solution for
5minutes at 37°C. The reaction is terminated by the addition of complete media and
the cell pellet obtained by centrifuging the solution at 900 rpm for 10 minutes.

5.3.3

Cytochalasin D treatment

Primary cells were isolated and cultured as previously described (Section 4.3), as
were cells lines C-28/I2 and T/C-28a2 as described in Sections 5.3.2. Cell cultures were
rinsed twice with serum-free media then incubated DMEM-F12 media containing 2%
serum replacement (Serum replacement 1, Sigma, Oakville, ON Cat.#5063 8) and 8pM
cytochalasin D (CD, Sigma, Saint Louis, MO, Cat.#C8273). After 3hours the media was
removed and replaced with either iso-, hypo- or hyper-osmotic media also containing
8j..tM CD and incubated for 18 hours as previous described (Section 4.3). Cytochalasin D
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was reconstituted in dimethyl sulfoxide (DMSO), which represented 0.01% of the final
media volume; DMSO-controls were incubated in serum-free media containing 2%
serum replacement (Serum replacement 1, Sigma, Oakville, ON Cat. #S063 8) and 0.01%
DMSO for 21 hours (3+18 hours). The conditions of 8 iM CD for three hours prior to
osmotic stimulation was determined by asurvey of the literature suggesting that 2-10 pM
would be sufficient to disrupt actin microfilaments and stress fibres in this time frame
369-371

320,

It has been previously demonstrated that chondrocytes can be cultured for long

periods of time in the presence of CD

5.3.4

322, 324, 331

Inhibition with PD90859

Primary cells were isolated and cultured as previously described (Section 4.3). To
inhibit the activation of the ERK pathway, an inhibitor of MEK (MAP/ERK Kinase)
PD98059 (Calbiochem, Mississaga, ON, Cat.#5 13000), was added to the cultures 2hours
prior to the onset of anisosmotic conditions

226,261•

Cell cultures were rinsed twice with

serum-free media prior to the addition of DMEM-F12 media containing 1% serum
replacement (Serum replacement 1, Sigma, Oakville, ON Cat. #S0638) and 25 jiM
PD98059 reconstituted in DMSO. DMSO represented 0.005% of the final media volume
and DMSO-controls were conducted appropriately as previously described (Section
5.3.3).

5.4

RESULTS

5.4.1
5.4.1.1

Cell lines C-28/I2 & T/C-28a2
Morphology & biochemistry

The C-28/I2 and T/C-28a2 cell lines were found to attached and proliferate shortly
after they were plated for cell culture. Aside from obvious differences in the attachment
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and proliferation properties, compared to primary cells these cells lines were noticeably
larger in size and had many processes (Figure 5.3). The rate at which these cells
proliferated was highly sensitive to the original plating density; care was taken to begin
all osmotic treatments when cells were 70-80% confluent, which varied between 12-48
hours after the cells were original plated. While this density did not seem to change
dramatically within the 18 hours of the experiment (Figure 5.3), this was not quantified.
Similar to primary cells, the morphology of cells was not visibly changed after 18 hours
in iso- or hypo-osmotic media. Changes could be observed in the general size and shape
of the cells incubated in hyper-osmotic conditions (Figure 5.3), this is comparable to
primary cells where cell volume and attachment were reduced (Figure 4.3).

Figure 5.3

Morphology of cell line T/C-28a2 in monolayer culture following 18 hours
in (A) iso-osmotic (360 mOsm), (B) hypo-osmotic (180 mOsm), and (C)
hyper-osmotic (580 mOsm) culture media. Note the high proportion of
small cells in hyper-osmotic media (C) indicated by red arrows (—*). Bar
50tm.

The DNA concentration and RNA/DNA ratio were comparable for iso- and hypoosmotic conditions. For cells under hyper-osmotic conditions, the biochemical data
indicates areduction in the RNA/DNA (Table 5.1); this is similar to the response of
primary cells (Table 4.4). The average concentration of DNA in the cell lines treated
with hypertonic media was significantly lower than isotonic or hypotonic conditions
suggesting that there were fewer cells or less DNA per cell in these cultures (Table 5.1).
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Table 5.1

Biochemical data showing the average DNA concentration in and the
RNA/DNA ratiofor cell lines C-28/I2 and T/C-28a2 in monolayer culture.
Cell line data was pooled for each treatment condition (i.e. iso-, hypo-,
hyper-osmotic), n=24. (*) Indicates avalue statistically different from both
iso- and hypo-osmotic treatment groups determine by apaired T-test. Twosided p-value, p<O.05.

Osmotic Treatment

DNA (j.tg)

RNA/DNA (ig/ig)

ISO

4.56±1.5

0.90±0.5

HYPO
HYPER

4.10±1.3
2.01±1.2*

0.89±0.5
0.46±0.2*

5.4.1.2

Real-time polymerase chain reaction (PCR)

Contrary to what was expected, the PCR data from the cells lines was quite variable
(Table 5.2). These data may be due to the culture conditions and experimental sensitivity
of these cells. This topic will be elaborated in the discussion. It is clear that little
information about atreatment effect can be obtained from results that are so
unpredictable; however the data may hold value in providing some information about the
behaviour of these cells under the culture conditions used here. The data discussed below
will refer to data that includes both C-28/I2 and T/C-28a2 pooled together because given
the variation there was no reason to assess each cell line independently.
Table 5.2

Coefficient of variation for the normalized mRNA copy number from cell
lines C-28/I2 and T/C-28a2. The pooled average variation from both cell
lines in iso-, hypo-, and hyper-osmotic conditions was used to determine the
variation for each gene. Coefficient of variation is defined as the standard
deviation divided by the mean and multiplied by 100% to express as a
percentage.

Collagen Type II

Aggrecan

HSP-70

142.5%

119.2%

94.0%

Collagen type II & aggrecan:
The PCR data show that the copy number for both collagen type II and aggrecan
normalized to DNA are much lower in the cell lines compared to primary cells (10010,000 times lower, Appendices A-C & D-E). When the PCR data is pooled for both cell
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lines in agiven treatment group, there was no significant difference between isotonic
controls and either treatment group for collagen type II or aggrecan (Figure 5.4). It is
evident that the statistical results are adirect consequence of the high variance and
inconsistent trends between data sets.

350
250
a,

,

DHpo vs.Iso

150
50

1
6.

DHpo vs.Iso

I

I

i
I

50

I

-150
-250
-350
Collagen Type II

Figure 5.4

Aggrecan

HSP-70

The effect of hypo-osmotic (180 mOsm), and hyper-osmotic (580 mOsm)
pressures on the mRNA expression of collagen type II, aggrecan, and HSP70 for cell lines C-28/I2 and VC-28a2 in monolayer (pooled data, n=24).
Data is expressed as the percent change in normalized mRNA copy number
with respect to iso-osmotic (360 mOsm) controls. (*) Indicates asignificant
change determined by arank-sum test. Two-sided p-value, (p<O.05).

HSP- 70:
In contrast to aggrecan and type II collagen, the magnitude of the normalized copy
numbers for HSP-70 are only slightly lower than what was typically found in primary
cells (Appendices A-C & D-E). The data between groups was again variable (Table 5.2)
however, the pooled data showed that cells under hyper-osmotic stress had significantly
lower levels of HSP-70 mRNA than iso-osmotic controls (Figure 5.4). There was no
difference between iso- and hypo-osmotic conditions.
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5.4.2
5.4.2.1

Cytochalasin D treatment
Primary cells

5.4.2.1.1 Morphology & biochemistry
After three hours in the presence of 8pM cytochalasin D (CD), the morphology of the
primary chondrocytes was evidently changed (Figure 5.5). All cells assumed around
shape and virtually no processes were visible. Following an additional 18 hours in either
iso-, or hypo-osmotic media supplemented with 8pM CD, the morphology of the cells
was unaltered (Figure 5.5). However, similar to what was observed in previous
experiments with primary cells without CD (Figure 4.3), cells under hyper-osmotic
conditions appeared reduced in size (Figure 5.5). A large number of "floaters" were
again present in the cultures under hyper-osmotic conditions and were harvested along
with the attached cells as described previously (Section 4.4.1). Trypan blue staining for
viability indicated alower viability for cells under hyper-osmotic conditions (—'75%),
compared to cells from iso- and hypo-osmotic media.
The DNA concentration from this treatment group was significantly reduced
compared to both iso- and hypotonic groups (Table 5.3). Like non-cytochalasin D treated
cells under hyper-osmotic conditions (Chapter 4), the RNA/DNA ratio was significantly
lower compared to the other treatment groups. Unlike non-CD treated cultures in which
the reduced ratio was due primarily to only alower RNA concentration, cells treated with
CD and exposed to hyper-osmotic conditions had significantly reduced RNA and DNA
concentrations. Interestingly, the DNA concentration and RNA/DNA ratio of primary
cells treated with osmotic pressure alone are on average twice as much as those treated

155

Figure 5.5

Table 5.3

Morphology of primary isolated chondrocytes in monolayer culture at (A)
'time zero' in isotonic (360 mOsm) media, (B) following a3hour
incubation in isotonic media supplemented with 81iM cytochalasin D (CD)
in 0.01% DMSO. After a3hour pre-incubation in 8jiM CD, cells were
cultured for afuture 18 hours in (C) iso-osmotic (360 mOsm), (D) hypoosmotic (180 mOsm), and (E) hyper-osmotic (580 mOsm) culture media.
Note anumber of small cells in hyper-osmotic media. DMSO controls (F)
were incubated in iso-osmotic media with 0.01% DMSO. Bar 50jim.
Biochemical data showing the average DNA concentration and RNA/DNA
ratio for primary isolated chondrocytes in monolayer culture in iso-, hypoand hyper-osmotic conditions only (Chapter 4), and osmotic stimulation in
the presence of cytochalasin D. (*) Indicates asignificant change from
isotonic controls and hypotonic treatment. Paired T-test, two-sided p-value
(p<O.05).

Osmotic Treatment

Osmotic Only'
DNA (jig)

RNA/DNA
(jig/jig)

ISO

7.36±2.0

1.82±0.4

HYPO

7.29±2.8

HYPER

6.84±1.8
N/A

1.7 1±0.4
1.39±0.3*

DMSO
1

n=6 animals, 6replicates each

N/A

I

Osmotic + CD'

IDNA (jig)

I

RNA/DNA
(jig/jig)

3.40±0.8

1.15±0.4

3.21±0.6
0.65±0.2*

1.07±0.4
0.24±0.1 *

3.91±0.6

1.26±0.3
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with CD (Table 5.3). Yet, DMSO controls did not differ from CD-treated isotonic
controls suggesting that cytochalasin D is not the reason for this difference; thus, DMSO
is implicated as asource for this difference in biochemical data.

5.4.2.1.2 Real-time polymerase chain reaction (PCR)
Similar to previous results with primary cells (Chapter 4), the inter-animal variation
was high relative to intra-animal variation for the normalized mRNA copy number of
aggrecan and type II collagen (Table 5.4). For HSP-70, the variation within and between
animals was lower (Table 5.4). Cytochalasin D was re-suspended in DMSO and made up
a0.01% of the final media volume in experimental cell cultures. Therefore, DMSOcontrols for each animal and each gene of interest were conducted by incubating
chondrocytes in iso-osmotic media containing 0.01% DMSO for 3+18 hours,. The
normalized copy numbers (Appendix B) and biochemical data for DMSO controls did not
differ significantly from iso-osmotic controls in any instance
Table 5.4

(p<O.OS).

Intra- and inter-animal coefficient of variation for normalized mRNA copy
number from primary chondrocytes in monolayer culture stimulated with
osmotic pressure only, or osmotic pressure in the presence of cytochalasin D
(C.D.). The average variation from iso-, hypo-, and hyper-osmotic
conditions was used to determine the variation for each gene. Coefficient of
variation is defined as the standard deviation divided by the mean and
multiplied by 100% to express values as apercentage.
Collagen Type II
Intra

Osmotic-only
lOsmotic + C. D.

Inter

27.8%
109.2%
40.5%130o

Aggrecan
Intra

Inter

HSP-70
Intra

33.7%
98.6%
47.2%
31.4%'W 77.2%W

Inter

68.1%
6. 64%

Collagen type II & aggrecan:
The gene expression pattern observed for type II collagen is presented in Figure 5.6
and the normalized copy number can be found in Appendix B. Normalized mRNA copy
number for collagen type 11 was found to be similar between all treatment groups.
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Aggrecan

HSP-70

The effect of hypo-osmotic (180 mOsm), and hyper-osmotic (580 mOsm)
pressures on mRNA expression in primary chondrocytes pre-treated with
cytochalasin D, (n=6). The expression of collagen type II, aggrecan and
HSP-70 are assessed. Data is presented as the percent change in normalized
mRNA copy number with respect to iso-osmotic controls (360 mOsm). (*)
Indicates asignificant change determined by arank-sum test. Two-sided pvalue, (p<O.OS).

It was previously found that the expression of collagen type II was suppressed under
hyper-osmotic condition for chondrocytes not treated with cytochalasin D (Figure 4.4),
therefore treatment with cytochalasin D altered the expected pattern of collagen type II
gene expression under hyper-osmotic conditions. The expression pattern of aggrecan
under hyper-osmotic conditions was similar for cultures treated and untreated with
cytochalasin D: normalized aggrecan mRNA copy number was suppressed 91.4±4% with
CD (Figure 5.6), compared to 79. 1±15% without CD (Figure 4.4). In contrast, the pattern
of aggrecan gene expression under hypo-osmotic conditions was different for cultures
treated and untreated cultures. In the presence of cytochalasin D aggrecan mRNA copy
number was significantly suppressed 36.5±15% (p<O.05), whereas cells not treated with
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CD did not differ significantly compared to iso-osmotic controls (Figure 4.4). Thus, CD
treatment altered the expected pattern of gene expression for aggrecan in hypo-osmotic
conditions, and collagen type II in hyper-osmotic conditions.
HSP-70:
The expression of HSP-70 was found to be suppressed 79.5±T20%

(p<O.05) under

hyper-osmotic conditions (Figure 5.6), this is in contrast to what has been observed
previously for aggrecan without CD treatment where HSP-70 expression was similar to
isotonic controls (Figure 4.4). Likewise, HSP-70 mRNA was found to be 43.5±16%
lower in hypotonic cultures than isotonic controls in the presence of CD (Figure 5.6), but
not altered without CD. DMSO-treated controls did not differ from isotonic cultures
suggesting that in the presence of CD, HSP-70 niRNA is significantly down-regulated in
cells exposed to anisosmotic environments.

5.4.2.2

Cell lines C-28/I2 & TIC-28a2

5.4.2.2.1 Morphology & biochemistry
Treatment with cytochalasin D prior to osmotic stimulation altered the cell
morphology and expression pattern of both cell lines. Eight micro-molar cytochalasin D
was sufficient to induce obvious cell rounding in these (normally) large flat cells (Figure
5.7). Cell processes were noticeably retracted within an hour and eliminated in some
cells following the 3hour pre-incubation time. Following 18 hours in media of agiven
osmolality, cell morphology remained relatively unchanged compared to the original
cultures, except in the hyper-osmotic cultures in which the cell size was reduced.
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Figure 5.7

Morphology of cell line TIC-28a2 in monolayer culture at (A) 'time zero' in
isotonic (360 mOsm) media and (B) following a3hour incubation in
isotonic media supplemented with 81tM Cytochalasin D in 0.01% DMSO.
DMSO controls (C) were incubated in iso-osmotic media with 0.01%
DMSO. Bar 50.tm.

Following the trend of most preceding experiments for primary cells and cell lines,
isotonic and hypotonic treatment groups had similar DNA concentrations as well as
RNA/DNA ratios (Table 5.5). However, the average DNA content for iso- and hypoosmotic cultures was about four times lower than cell line cultures not treated with
cytochalasin D as well as the DMSO controls (Table 5.5). The RNA/DNA ratio was also
found to be lower in cultures treated with cytochalasin D compared to cultures not treated
(Table 5.5). Since the DNA content and RNA/DNA ratio of the DMSO controls is
similar to non-cytochalasin treated cultures, the reduced DNA content and RNA/DNA
ratios appears to result from cytochalasin D treatment.
Table 5.5

Biochemical data showing the average DNA concentrationand RNA/DNA
ratio for cell lines C-28/I2 & T/C-28a2 in monolayer culture under iso- hypoand hyper-osmotic pressure only, or osmotic pressure in the presence of
cytochalasin D (C.D.) (pooled data, n=24). (*) Indicates avalue significantly
different than both isotonic controls and hypotonic treatment groups. Paired
T-test, two-sided p-value p<0 .05.

Osmotic Treatment

Osmotic Only

I

Osmotic + C.D.
RNA/DNA

DNA (rig)

RNA/DNA
(j.tg/jig)

DNA (ig)

4.56±1.5

0.90±0.5

1.23±0.3

0.54±0.2

0.89±0.5
0.46±0.2*

1.11±0.3
0.31±0.8*

0.50±0.3

HYPER

4.10±1.3
2.01±1.2*

DMSO

N/A

N/A

4.19±1.0*

ISO
HYPO

(jig/jig)

0.49±0.1
0.72±0.1*

I

I
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Cultures in hypertonic media again had biochemical data different than iso- and
hypotonic groups. In the presence of CD, the DNA concentrations in hypertonic cultures
were significantly lower than either iso- or hypo-osmotic treatment groups; aresult also
found for cell line in hypertonic conditions without CD (Table 5.5). In contrast to noncytochalasin treated cultures, with cytochalasin D treatment the RNA/DNA ratio was
very similar for iso-, hypo- and hyper-osmotic treatments (Table 5.5).

5.4.2.2.2 Real-time polymerase chain reaction (PCR)
Collagen type II & aggrecan:
The mRNA range of copy number for collagen type II and aggrecan was similar to
previous experiments with cell lines (Appendices D-E). However, in the presence of
cytochalasin D, the co-efficient of variation was considerably smaller for both aggrecan
and type II collagen mRNAs (Table 5.6), and the data trends were much more consistent.
Table 5.6

Coefficient of variation for cell lines C-28/I2 and T/C-28a2 for osmotic
treatment alone and osmotic treatment in the presence of cytochalasin D.
The pooled average variation from both cell lines in iso-, hypo-, and hyperosmotic conditions was used to determine the variation for each gene.
Coefficient of variation is defined as the standard deviation divided by the
mean and multiplied by 100% to express values as apercent for each gene.

Osmotic-Only
PF Osmotic + CD

Collagen Type II

Aggrecan

142.5%
46/

119.2%
74.4%

HSP-70
94.0%
36 .
39
/`IMMR

When the PCR data are pooled, type II collagen and aggrecan mRNA levels are
found to be significantly higher under hyper-osmotic conditions; 2- and 6-fold higher
than controls respectively (Figure 5.8). Cells under hypo-osmotic conditions induced no
significant change in mRNA (Figure 5.8).
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Aggrecan

HSP-70

The effect of hypo-osmotic (180 mOsm), and hyper-osmotic (580 mOsm)
pressures on the mRNA levels in the presence of cytochalasin D for cell
lines C-28/I2 and T/C-28a2 in monolayer culture (pooled data, n=24). Data
for collagen type II, aggrecan and HSP-70 is expressed as the percent
change in normalized mRNA copy number with respect to iso-osmotic (360
mOsm) controls. (*) Indicates asignificant change determined by aranksum test. Two-sided p-value (p<O.05).

HSP- 70:
The coefficient of variation for HSP-70 was also lower in the presence of
cytochalasin D compared to osmotic stimulation alone (Table 5.6). When the PCR data
for both the C-28/12 and T/C-28a2 cell line were pooled, no statistical difference was
found for either hypo- or hyper- osmotic treatment groups compared to isotonic controls
(Figure 5.8). Thus, for hypo-osmotic stress the expression pattern of HSP-70 stayed the
same as in cultures not treated with CD (Figure 5.4). In contrast, under hyper-osmotic
stress HSP-70 mRNA was previously found to be suppressed without cytochalasin D
treatment (Figure 5.4), but was not affected with cytochalasin D treatment (Figure 5.8).
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5.4.3
5.4.3.1

Inhibition with MEK kinase inhibitor PD90859 (primary cells only)
Morphology & Biochemistry

Treatment with PD90859 did not change the morphological appearance of the
chondrocytes compared to the chondrocyte not exposed to the inhibitor. Also, cells
morphology was not substantially altered after osmotic stimulation in the presence of
PD90859 with the exception of chondrocytes in hyper-osmotic media where cells
appeared smaller (Figure 5.9).

Figure 5.9

Morphology of primary isolated chondrocyte in monolayer culture at (A)
'time zero' in isotonic (360 mOsm) media and (B) following a2hours in
isotonic media supplemented with 25 jiM MEK kinase inhibitor PD90859 in
0.005% DMSO. After a2hour pre-incubation in 25 jiM PD90859, cells
were cultured for afuture 18 hours in (C) iso-osmotic (360 mOsm), (D)
hypo-osmotic (180 mOsm), and (E) hyper-osmotic (580 mOsm) media.
Note anumber of small cells in hyper-osmotic media. DMSO controls (F)
were incubated in iso-osmotic media with 0.005% DMSO. Bar 50jim.
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In previous experiments with primary cells under osmotic pressure alone, or osmotic
pressure in the presence of cytochalasin D, chondrocyte in hypertonic conditions had low
RNA/DNA ratios compared to iso- and hypo-osmotic treatment groups (Table 5.3). In
the presence of MEK inhibitor PD90859, the RNA/DNA ratio of hyper-osmotic treatment
group was similar to the iso- and hypo-osmotic groups (Table 5.7). Thus, the reduction
in transcriptional activity previously associated with hypertonicity is not observed when
cells are pre-treated with the MEK inhibitor PD90859. However, the DNA content of
cultures treated with PD90859 was less than half of that for cell treated with osmotic
pressure alone (Table 5.7). The DMSO control also had areduced DNA content
suggesting that DMSO could be the reason for the reduction in DNA content; this is
similar to previous observations for CD-treated cultures (Table 5.3).
Table 5.7

Biochemical data showing the average DNA concentration and RNA/DNA
ratio for primary isolated chondrocytes in monolayer culture in iso-, hypo-,
and hyper-osmotic conditions only (Chapter 4), and osmotic stimulation in
the presence the MEK kinase inhibitor PD90859. (*) Indicates avalue
significantly different than both isotonic controls and hypotonic treatment
groups. Paired T-test, two-sided p-value (p<O.05).

Osmotic Treatment

Osmotic Only'
DNA (jig)

RNA/DNA

Osmotic
DNA (jig)

(jig/jig)
ISO
HYPO
HYPER
DMSO
2

+

PD90859 2
RNA/DNA
(jig/jig)

7.36±2.0

1.82±0.4

2.20±0.3

1.17±0.5

7.29±2.8

1.71±0.4
1.39±0.3*

2.30±0.4

1.13±0.5

6.84±1.8
N/A

N/A

2.17±0.4

1.07±0.3

2.56±0.5

1.33±0.6

n=6 animals, 6replicates each
n=4 animals, 6replicates each

5.4.3.2

Real-time polymerase chain reaction (PCR)

In general, the intra- and inter-animal variation for the normalized PCR copy number
was similar to what was observed previously for aggrecan, type II collagen, and HSP-70
(Table 5.8). DMSO controls were found to expression all three mRNAs at levels similar

I
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to their respective isotonic samples (Appendix C), suggesting that MEK inhibition alone
does not effect transcription of the aggrecan, type II collagen, and HSP-70 genes, (though
DMSO might). Normalized copy numbers for cultures treated with the MEK inhibitor
PD90859 can be found in Appendix C.
Table 5.8

Intra- and inter-animal coefficient variation for primary chondrocytes
stimulated with osmotic pressure only, osmotic pressure in the presence of
cytochalasin D (C.D.), or osmotic pressure in the presence of PD90859 (a
MEK kinase inhibitor). Coefficient of variation is defined as the standard
deviation divided by the mean and multiplied by 100% here to express
values as apercent for each gene.
Collagen Type II

Osmotic-only
[OsmotiTh'D.
Osmotic + PD90859

Aggrecan

HSP-70

Intra

Inter

Intra

Inter

Intra

Inter

27.8%

109.2%

33.7%

98.6%

47.2%

68.1%

40%13O.2%y3 1
35.9%
125.4%
35.3%

72.7%

39.1%

67.8%

Collagen type II & aggrecan:
MEK inhibition significantly reduced type II collagen gene expression under hypoosmotic conditions, (an average of 61.6±22% relative to isotonic controls) (Figure 5.10),
whereas expression was unaltered without the inhibitor (Figure 4.4). In contrast, hyperosmotic conditions suppressed collagen type II expression by 91.5±2% (Figure 5.10),
similar to cultures without the inhibitor (79.4±20% suppressed) (Figure 4.4). The gene
expression of aggrecan was similar whether or not the MEK inhibitor was present in the
culture media (Figure 5. 10, Figure 4.4). Like untreated hypo-osmotic culture conditions,
aggrecan expression was similar to iso-osmotic controls, and in hypertonic cultures the
suppression of aggrecan was similar with and without the MEK inhibitor (69.22±6.5%
and 79.13±14.9% respectively). Therefore, MEK inhibition only changed the gene
expression pattern of collagen type 11 under hypo-osmotic conditions.
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Figure 5.10 The effect of hypo-osmotic (180 mOsm), and hyper-osmotic (580 mOsm)
pressures on the mRNA expression of primary chondrocytes pre-treated
with MEK kinase inhibitor PD98059. The expression of collagen type II,
aggrecan, and HSP-70 are presented as the percent change in normalized
mRNA copy number with respect to iso-osmotic controls (360 mOsm). (*)
Indicates asignificant change determined by arank-sum test. Two-sided pvalue, (p<O.05).
HSP- 70:
After 18 hours in hypotonic media, mRNA levels of HSP-70 were unchanged with
(Figure 5.10) or without (Figure 4.4) the MEK inhibitor PD90859. Cells in hyperosmotic conditions, had significantly higher levels of HSP-70 than iso-osmotic controls
(Figure 5.10), the average increase was 188.0±38%. Without the inhibitor in hyperosmotic cultures, HSP-70 mRNA was not different than controls (Figure 4.4).

5.5

DISCUSSION & FUTURE EXPERIMENTS
The results obtained in this Chapter will be discusses in sections that parallel those

found in the results. In all cases, the results will be examined relative to what was found
in Chapter 4for the response of primary cells to hyper- and hypo-osmotic conditions in
the absence of cytochalasin D or the MEK inhibitor (Figure 4.4). The results in Chapter
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4are an important point of reference because this data is supported by previous literature,
whereas the experiments conducted here have very few historical comparisons.

5.5.1

Cell lines C-28/I2 & T/C-28a2

To characterize the osmotic response of achondrocytic cell line would have several
benefits. Foremost, if athe cell line responds in amanner similar to primary cells,
experiments could be done without the limitations imposed by the lack of an ample tissue
supply, the acellular nature of cartilage, or high inter-animal variation. Moreover, should
acell line respond differently than primary cells, we learn about how cell immortalization
and proliferation influence this cellular response. The C-28/I2 and TIC-28a2 cell lines
have proven auseful model of primary chondrocytes in terms of their response to various
growth factors

302, 303, 372-374

and, in one report their response to hydrostatic pressure

375

Yet, as with most cell lines, cell lines C-28/12 and VC-28a2 cannot be substituted fully
for the use of primary cells. The main issue in developing achondrotyte cell has
traditionally been maintaining the expression of phenotypic markers such as type II
collagen and aggrecan

295, 297, 299, 300

As chondrocytes do not normally proliferate in vivo,

rapid cell division after immortalization suppresses the expression of these cartilagespecific molecules

303, 305, 306

The C-28/12 and T/C-28a2 cell lines were thought to

overcome this complication by using specific culture conditions to promote either cell
proliferation or matrix molecule expression 304• However, my experience, an experience
confirmed by others

303, 305, 306

is that it can be quite difficult to get these cells to 'behave'

in aconsistent, unified manner that mimics primary chondrocytes. The highly variable
results reported here exemplify the idiosyncrasies of these cells.
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Originally these experiments sought to compare the two cell lines to primary
chondrocytes and to each other. Yet, the PCR data were so variable that this comparison
was impractical. Ultimately, the data for both cell lines were pooled since the only
apparent difference between these cells was their doubling time

101,104

The net result

was that no significant differences could be found between any of the treatment groups
for aggrecan or collagen type II gene expression (Figure 5.4). The HSP-70 niRNA levels
were significantly lower than controls under hypertonic conditions; but the implication of
this is somewhat irrelevant given the variability in the other data. The biochemical data
was somewhat more informative (Table 5.1). Similar to primary cells, the RNA/DNA
was reduced for hypertonic cultures, suggesting that they have less total RNA and may be
less transcriptionally active. Interestingly, the DNA concentration for hypertonic
conditions was also found to be about half that of other treatment groups, this suggests
that hypertonicity either caused asignificant amount of cell death, or reduced
proliferation of these cells. While proliferation was not directly monitored, cell death
seems an unlikely explanation since cells were >95% viable. Growth arrest is a
commonly reported response to hypertonic stress for other (proliferative) cell types

260,

261,376

The main limitation of these experiments is that these two cell lines were not
cultured under serum-free conditions for afull 24 hours prior to osmotic stimulation; this
is one method recommended to promote the chondrocyte phenotype in monolayer culture
304.

Instead, cell lines were cultured in complete media until they were 70-80% confluent

and then cultured in serum-free media for the duration of the osmotic stimulation (18
hours). Under these conditions the mRNA copy number for aggrecan and type 11
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collagen were extremely low compared to primary cells (Appendices A-C and D-E).
This not only indicates that the cells were not fully 'chondrocytic', but the low copy
number challenged the detection limits of the PCR machine (potentially adding to the
highly variable results). Subsequent work with these cells has demonstrated that to
achieve consistency with these cells, experimental procedures must also be highly
consistent. The density at which the cells are passaged, frozen, thawed, and re-plated is
extremely important and must be tightly controlled. Also, these cells respond optimally
if tested at 90% confluence, (preceded by 24-48 hours in serum-free media supplemented
with an insulin-containing serum-replacement). Furthermore, although culturing in
serum-free media is meant to slow proliferation and increase matrix gene expression, this
reportedly can be quite challenging to achieve

303

As those who developed these cell lines have recognized

303,

further characterization

of these cells, their in vitro behaviour, as well as adetailed comparison to primary cells is
required to draw meaningful conclusions from experiments in which these cell lines are
used. Saying that, Ido believe it would be useful to repeat these experiments under more
controlled culture conditions (e.g. pre-incubation in serum-free media), to investigate
whether or not amore consistent response is attainable.

5.5.2
5.5.2.1

Cytochalasin D treatment
Primary cells treated with cytochalasin D

Cytochalasins are reagents that have along history of use in chondrocytes cell
biology. Like many other cell types, the actin cytoskeleton in chondrocytes has been
implicated as amediator of diverse cellular functions (e.g., cellular differentiation 323,
migration

adhesion 378 ,mechanotransduction

317

membrane transport

312,

mRNA

transport and localization 379 , and cell volume regulation 313) Therefore, these actin-
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disrupting compounds provide apowerful tool for studying actin-dependent processes.
Here, treating cells with cytochalasin D provided information about how the actin
cytoskeleton might mediate gene expression under osmotic stress.
The most pronounced result of the biochemical data was that in the presence of
cytochalasin D, chondrocytes cultured under hypertonic conditions had lower RNA/DNA
ratios (Table 5.3). This is similar to untreated cultures and implies areduction in total
RNA, which may also suggest slowed transcriptional activity. The RNA/DNA ratio was
reduced to agreater extent for cytochalasin treated versus non-treated cultures suggesting
that the cytoskeleton may play arole in regulating the rate of RNA synthesis under
hyper-osmotic conditions. It is noteworthy that the DNA concentration for cells treated
with cytochalasin D were about two times less than un-treated cells (excluding hypertonic
samples) (Table 5.3). However, since DMSO treated controls had an effect on DNA
similar to iso- and hypo-osmotic conditions, this effect can be attributed to DMSO rather
than cytochalasin D. A reduction in DNA concentration can only be accounted for by
having fewer cells. Since cellular death was ruled out as cell viability was similar among
iso-, hypo- and DMSO groups (trypan blue exiusion), an alternative explanation is that
DMSO inhibits cell proliferation, thus un-treated cultures had more cells due to
proliferation. Idid not monitor cell proliferation so this explanation cannot be
completely ruled out, however, if you assume that DNA concentration is linearly related
to cell number, there are three reasons that proliferation is also an unrealistic explanation.
First, it is known from studies in 'dedifferentiation' that primary adult isolated
chondrocytes do not begin to proliferate until 5-7 days in monolayer culture

380;

these

experiments were conducted four days after isolation. Second, chondrocytes doubling
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time is one the order of days, not hours as is this experiment

104, 380

Third, chondrocytes

have been cultured in the presence of cytochalasin for up to 14 days without causing cell
death or stunting cell proliferation

324,331

Variations in plating density or the

PicoGreen® assay used to quantify the nucleic acid might partially explain the
differences in DNA concentration between cultures treated and un-treated with CD.

Compared to the osmotic response of chondrocytes determined in Chapter 4,
treatment with cytochalasin D changed the pattern of gene expression under some
circumstances while in others it stayed the same (Table 5.9).
Table 5.9

Summary of the changes in gene expression of collagen type II, aggrecan

and HSP-70 for primary chondrocyte in monolayer culture under hypo- and
hyper- osmotic conditions. Data for osmotic stress alone as well as osmotic
stress in the presence of cytochalasin D (CD) is presented. Direction of the
arrows represents how the expression pattern was affected with respect to
isotonic controls. A horizontal arrow indicates that there was no difference
between the normalized mRNA copy number in isotonic controls and that
particular treatment group. Coloured arrows represent changes that can be
attributed to disruption of the cytoskeleton.
Collagen Type II
Aggrecan
HSP-70
Hypo
Hyper
Hypo
Hyper
Hypo
Hyper
Osmotic-only
Osmotic + C.D.
Under hypertonic conditions, the gene expression pattern of type II collagen was
altered while that of aggrecan was not changed. This provides further support to the
hypothesis that aggrecan is controlled by a'short' feedback that responses directly to
increases in osmotic pressure. Since osmotic pressure is highly sensitive to small
changes in proteoglycan concentration
pressure

42, 47,49,

62

and tissue function is sensitive to osmotic

it is reasonable that osmotic pressure could directly effect the expression

of molecules that can instantly influence the osmotic pressure. Such afeedback loop
would contain few intermediates between the environmental signal (osmotic pressure),
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and the genome. For instance, the ion flux due to cellular water loss could suppress the
aggrecan promoter. It has been demonstrated that exon 1of the human aggrecan
promoter is required for aggrecan suppression in hypertonic media

209,

this could

represent a'osmo-sensitive' region of the gene. Nevertheless, the experiments presented
here demonstrate that the actin cytoskeleton is not involved in regulating the expression
of aggrecan under hyper-osmotic conditions.
While the cytoskeleton may not play arole in regulating aggrecan expression under
hyper-osmotic condition, it does appear to be involved in collagen type II expression
(Table 5.9). The results in Chapter 4suggest that aggrecan and type II collagen are coordinately regulated by hyper-osmotic pressure, potentially via anegative feedback loop.
However, the physical and chemical properties of type II collagen are very different from
aggrecan; therefore, the sensing mechanism in this feedback loop might also be very
different. While an ionic or osmotic sensor may regulate aggrecan, these results imply
that the cytoskeleton is the key mediator of collagen type II down-regulation during
increased osmotic pressure. Monolayer experiments with isolated cells eliminates the the
possibility that this response is duet to cell-matrix interactions mediated by integrins and
the cytoskeleton

11,127 .

In addition, the literature suggests that the organization of the

actin cytoskeleton does not change dramatically during hyper-osmotic challenge
311

256, 310,

so it is unlikely that aphysical change in actin is the 'trigger' or sensor for achange

in collagen type II gene expression. Therefore, the actin cytoskeleton could be an
intermediate between the stimulus (osmotic pressure) and the effector (COL2A gene).
The cytoskeleton may link aggrecan and type II collagen regulatory pathways or mediate
the cross-talk that coordinates their synthesis.
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It is worth mentioning that cytochalasin D treatment is known to promote the upregulation of type II collagen and proteoglycans in monolayer culture of chondrocytes
331

324,

Yet it is unlikely that the same mechanism is at play here since the effect of

cytochalasin D on gene expression refers to 'dedifferentiated' chondrocytes that have
been passaged in monolayer several times

323, 324

Furthermore, the results suggest that

CD treatment alone does not affect aggrecan or type II collagen gene expression.

We previously observed that collagen type II gene expression was not significantly
affected by hypo-osmotic stress alone (Table 5.9), and now observe that the presence of
cytochalasin D has not affect of this observation. Given that cytochalasin D treatment
did alter the expression pattern of type II collagen in hypertonic culture, one might
speculate that there would also be an affect under hypotonic conditions. However, it is
well documented that cytoskeleton rapidly dissociates and reorganizes in response to
hypo- but not hyper-osmotic pressures

256,257,311,381

Together, these observations

suggests that the role of the cytoskeleton depends on the type of the osmotic stress.
While the intact cytoskeleton may regulate type II collagen expression under hypeftonic
conditions, under hypo-osmotic conditions actin restructuring might not modulating the
expression of collagen type II, but rather help chondrocytes adapt in other ways such as
reducing cell swelling.
Cytochalasin D treatment did alter the expression of aggrecan in hypotonic
conditions and HSP-70 under both hypo- and hyper-osmotic conditions. If we assume
from the argument in the previous paragraph that actin reorganization in hypotonic
conditions helps the cells adapt, then we could reason that one aspect of this mechanism
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might be to increase the expression of osmolytes, osmolyte transporters or 'stress
response' genes. In the experiments conducted in Chapter 4with the cytoskeleton intact,
HSP-70, a'stress response' gene, was found to have levels of mRNA similar to controls
under hyper- and hypo-osmotic pressure, and when the cytoskeleton was disrupted, HSP70 mRNA was found to be significantly lower than isotonic controls for both hyper- and
hypo-osmotic conditions (Figure 5.6). This suggests that the cytoskeleton might
(partially) regulate the expression of stress genes such as HSP-70 mRNA. This
hypothesis could be investigated further by looking at other known 'stress response'
genes such as the GADD proteins

or other molecular chaperones

261 ,

382•

Similar to HSP-

70, aggrecan mRNA was unaffected by hypotonic conditions without cytochalasin D, but
expression was reduced with cytochalasin D treatment (Table 5.9). Since aggrecan
expression is identical to that of HSP-70 under hypotonic conditions with and without
cytochalasin D, the explanation, may also be the same and that aggrecan could be a
protective or 'stress-response' molecule for chondrocytes. This is reasonable since
altering aggrecan expression directly modulates the osmotic pressure and thus helps cells
manage osmotic stress.
Future experiments could help to better understand these results. The most important
of these experiments is atime-course assessment of aggrecan, type II collagen, and HSP70 expression under both hypo- and hyper-osmotic conditions. As discussed in Chapter
4, this will illustrate the physiologic relevance of this response, expose transient
responses (as suggested for HSP-70), and add information about collagen type II, agene
not previously described. To further investigate the role of the cytoskeletoii, along term
assessment actin organization under hyper- and hypo-tonic stress would help determine
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what long term changes in gene expression might be mediated by cytoskeleton. The
actin-GFP reporter method used by Erikson et al.

(2003)257

could be used over longer

time intervals for both hypo- and hyper-tonic conditions. A parallel experiment could be
done to compare the cytoskeletal changes that occur under osmotic stress versus
cytochalasin D treatment. Phalloidin, amicrofilament stabilization agent, could also be
useful in understanding the role of actin disruption and reorganization in anisosmotic
environments.
Another consideration is that the previous work in this area habitually focuses on the
actin component of the cytoskeleton, even though the cytoskeleton is technically the
combination of micro filaments (actin) as well as microtubules (tubulin) and intermediate
filaments (vimentin). In chondrocytes, non-actin elements are also important regulatory
elements

327, 383

cytoskeleton

384

In situ, hypotonic conditions progressively alter the vimentin
A similar disassembly of vimentin also occurs under-compressive

loading conditions

.

In addition, microtubules play arole in intracellular trafficking

and their integrity is important for the synthesis and secretion of collagens and PGs

327

This evidence suggests that all elements of the chondrocyte cytoskeleton should be
considered in their response to osmotic stress.

5.5.2.2

Cell lines C-28/I2 & VC-28a2 treated with cytochalasin D

Admittedly, these results do not really have acontext for discussion given the
ambiguous results obtained previously without cytochalasin D treatment. Nevertheless,
since these experiments were conducted similarly and simultaneous as for primary cells it
is worth while to assess what effect cytoskeletal disruption had on these cells.
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The most interesting aspect of the data is the DNA concentrations (Table 5.5). Looking
at the group exposed to hyper-osmotic media as well as the DMSO controls, it is apparent
that increased osmotic pressure as well as cytochalasin D treatment itself results in DNA
concentrations lower than samples that were not treated with CD. Thus, hyper-osmotic
conditions as well as cell rounding induced by cytoskeleton disruption inhibit cell
division or promote aquiescence state. The significance of this finding may be trivial,
but it is interesting to when the cell lines are put into an environment that is mimics
cartilage (hyper-osmotic), and encourage to take-on the morphology of achondrocyte
(cytochalasin D treatment), that they begin to take on chondrocyte behaviours. This was
the case not only in terms of proliferation, but also for gene expression. Cytochalasin D
treatment dramatically reduced the variance in PCR copy number (Figure 5.8), and
hypertonic conditions plus CD treatment caused adramatic and significant increase in
both aggrecan and type II collagen (Figure 5.8). While statements made here are purely
speculative it is interesting and useful to note that hypertonic media and cytochalasin D
act synergistically to inhibit proliferation and promote the expression of aggrecan and
type II collagen in these cells lines. At such atime when these cells have been better
characterised, this information may be highly valuable in gaining greater control over
there behaviour in culture.

5.5.3

MAPK inhibition

In contrast to cytochalasin D, treatment with the MEK inhibitor PD90859 did not
affect the expression pattern of most genes (Table 5.10). Aggrecan was not affected
under either hyper- or hypo-osmotic conditions suggesting that MAPK signalling is
relatively unimportant in regulating aggrecan gene expression. This enforces the
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previously discussed theory about aggrecan regulation under osmotic stress and how this
feedback loop is likely a'short' one, containing few intermediates.
Table 5.10

Summary of the change in gene expression of collagen type II, aggrecan and
HSP-70 for primary chondrocytes in monolayer culture under hypo- and
hyper- osmotic conditions. Data for osmotic stress alone as well as osmotic
stress in the presence of MEK inhibitor PD90859 (MAPK). Direction of the
arrows represents how the expression pattern was affected relative to
isotonic controls. A horizontal arrow indicates that there was no difference
between the normalized mRNA copy number in isotonic controls and that
particular treatment group. Colour arrows represent changes that can be
attributed to the inhibition of MEK.
Collagen Type II
Aggrecan
HSP-70
Hypo
Hyper
Hypo
Hyper
Hypo
Hyper
Osmotic-only
Osmotic + PD90859
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There was no clear hypothesis of how MAP kinases might be involved in the
osmotic response in chondrocyte, or in mediating the expression of aggrecan and type II
collagen under osmotic stress. So, while the involvement of MAPKs in gene expression
response of chondrocytes under osmotic stress is virtually un-studied, Hopewell and
Urban (2003) recently used the same inhibitor to determine if MEK and/or p38 are
involved in the 'adaptive response' of PG synthesis in chondrocytes under hyper-osmotic
conditions. Using bovine chondrocytes cultured in alginate, Hopewell and Urban (2003)
first measured the sulphate incorporation rate at 4, 24 and 48 hours under hyper-osmotic
stress without the inhibitors. Since chondrocytes under hypertonic conditions had
elevated rates of sulphate incorporation at 24 and 48 hours after being suppressed at 4
hours, the authors concluded that the cells had 'adapted' to long-term exposure to hyperosmotic pressure

226

When Hopewell and Urban (2003) repeated their experiments with

MEK and p38 inhibitors, the 'adaptive response' to hyper-osmotic pressure was
attenuated and sulphate incorporation remained depressed; they concluded that these
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pathways mediate the response

226

However, further experiments are needed to fully

uncover the effect of MAPK pathway inhibitors on the gene expression of chondrocytes
under osmotic pressure as there are several confounding factors in this experiment4.
Our system could be amodel to begin to explain the role of MAPKs in chondrocytes
gene regulation under osmotic stress. In the present experiment, hypotonic conditions
suppressed type II collagen .
expression in cultures treated with the MEK inhibitor, but not
in untreated cultures (Table 5.10). Examining the expression of type II collagen under
osmotic stress alone, or in the presence of cytochalasin D or the MEK inhibitor suggests
that its expression is mediated by two different pathways depending on the osmotic
pressure (Table 5.10). When osmotic pressure is above normal, an intact cytoskeleton
can signal down-regulation of type II collagen gene expression in parallel with aggrecan.
Conversely, when the osmotic pressure drops, and the cell swells, the cytoskeleton
reorganizes and possibly the up-regulation of 'stress response' genes (e.g., HSP-70, or
aggrecan as discuss previously). Under these circumstances, MAP kinase cascades are
used to mediating the expression of type II collagen. It is reasonable that the cell would
use different transduction mechanisms for stimuli that have opposite effects on the cell.
An experiment using both CD treatment and MEK inhibition would help to re-enforce
this theory.
The only other component that was significantly altered by inhibiting MEK was the
expression of HSP-70 under hypertonic conditions (Table 5.10). For the first time in the

"First, the 'long-term' response of chondrocytes has not been documented before, and other experiments
taken to 24 hours have shown that aggrecan is
265 not enhanced. Second, to describe
this response as 'adaptation' does not make sense conceptually— increasing aggrecan expression while still
under increased osmotic pressure would exaggerate the problem. Third, alginate has not been widely used
to investigate the osmotic response, and when it has, results have been contradictory 209
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course of these experiments, HSP-70 mRNA was higher than controls. This implies that
the MEK pathway might be involved in signalling down-regulation of HSP-70 (after an
initial increase Iassume to occur with the onset of hypertonic conditions). However, this
is difficult to prove because there is no direct evidence yet that chondrocytes undergo the
same pattern of HSP-70 expression as other cell types do under osmotic stress

260,284,385

Further experiments characterizing this response with and without MEK inhibition would
clarify this response.

179
Chapter Six:

SUMMARY & GENERAL DISCUSSION

Mechanobiology refers to an area of research that explores how mechanical stimuli
are transduced and influence tissue and cellular metabolism. Articular cartilage is a
tissue in which the types, frequencies, and magnitude of mechanical loading are known to
influence its mechanical properties, composition, and cell metabolism. Hence, cartilage
is apopular tissue for studies of mechanobio logy. As articular cartilage has alimited
capacity to regenerate, physical therapy is apotentially useful approach for promoting
cartilage metabolism that might aid in cartilage repair and regeneration. While it is clear
that mechanical load is required to maintain healthy cartilage, the mechanism(s) whereby
mechanical loads are sensed and transmitted through the extracellular matrix and into the
chondrocytes to alter their metabolism are obscure. However, it is clear that the loading
cartilage induces avariety of changes to the physical and chemical environment of the
extracellular matrix, all of which could potentially influence the metabolism of both the
matrix and the chondrocytes. Osmotic pressure is one such variable. Osmotic pressure is
not only important because osmotic fluctuations affect chondrocyte metabolism, but also
because the mechanical properties of cartilage are in part due to its osmotic pressure.
The experimental system described in Chapter 3in which chondrocytes and
chondrons were embedded in agarose

35

was designed to study the response of

chondrocytes to mechanical compression. Specifically, after transfection into
chondrocytes, asynthetic GFP reporter driven by the aggrecan core protein basic gene
promoter stimulated the translation of GFP after compression of cell-gel constructs. The
initial aim of this thesis was to characterize and validate this mechanobio logy system,
specifically to compare the exogenous gene promoter expression with the endogenous
expression of aggrecan. Unfortunately, unforeseen complexities of working with this
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system prompted the development of asimpler monolayer culture system in which the
effect of osmotic pressure could be studied on chondrocytes. This monolayer system was
developed primarily because the rate of transfection could be evaluated unambiguously
and the extraction of nucleic acids was efficient and without problems of contamination
that plagued the agarose system.
As uniform mechanical compression is very difficult to apply to chondrocytes in
monolayer, we chose to use osmotic loads to stimulate changes in chondrocyte
metabolism. We reasoned that the response of chondrocytes to osmotic pressure would
be more reproducible than mechanical compression (which produced acellular response
in only 30% of the experiments reported by Chi (2003). The extracellular osmotic
pressure in cartilage is 25-60% higher than the extracellular environment of most cells
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The osmotic pressure increases even more when cartilage is loaded and water is displaced
49,60,

and may drop in swollen osteoarthritic cartilage 46,

•

Given this unique osmotic

setting, it might be expected that chondrocytes have specialized mechanisms to deal with
fluctuations in osmotic pressure, and that osmotic pressure would act as astimulus. The
suppression of proteoglycan synthesis under hyper-osmotic conditions is the most welldocument response of chondrocytes in vitro and in situ (e.g.

68209225.237)

A decrease in

PG synthesis is thought to be acompensation mechanism to help reduce the osmotic
pressure of the extracellular space. In Chapter 4we reproduced this effect with respect to
aggrecan mRNA; this validated our system as areliable tool to study the response of
isolated chondrocytes to osmotic pressure in monolayer culture.
The effect of osmotic pressure on the expression of molecules other than aggrecan
has not been well described, and studies looking at the affect of hypo-osmotic conditions
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on aggrecan proteoglycan synthesis have been inconclusive

68, 209, 247

In Chapter 4we

demonstrated for the first time the effect of hyper- and hypo- osmotic pressure on the
mRNA expression of collagen type II, HSP-70 and aggrecan. Aggrecan and PGs have
been the focus of research involving the osmotic response of chondrocytes because of the
direct connection between proteoglycans, water and osmotic pressure. Yet, the integrity
of cartilage depends on the balance between its three major matrix constituents; water
aggrecan, and type II collagen. Therefore, it might be expected that all three are
simultaneously affected by this stimulus. Indeed, when cellular water decreases in
hypertonic media, aggrecan and collagen type II mRNA were found to decrease. This
response suggests that matrix gene expression is controlled by hyper-osmotic pressure
through anegative feedback loop: water is displaced from cartilage under load, local
proteoglycan concentration increases, down-regulation of the aggrecan and type II
collagen genes prevent afurther increase in osmotic pressure. The RNA/DNA ratio, or
general rate of RNA production, is decreased in these cells, aprotective mechanism that
has been demonstrated in other cells types

261, 282

Array analysis might reveal that

several genes are suppressed by chondrocytes to help minimize cellular damage
associated with aloss of cellular water from what appears to be incomplete RVI at this
osmolality. Interestingly, HSP-70 mRNA was not affected by hypertonic media;
however this is may be afunction of the time this analysis was done. This stress response
is likely well conserved as in other cell t
ypes

215, 260, 284 ,

and HSP-70 mRNA may return

quickly to normal levels after osmotic stress.
Aggrecan and type II collagen expression were both unaffected by hy3ótonic
conditions. Given the feedback loop hypothesis for hypertonic conditions, one might
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predict that both mRNAs would be increased in hypotonic media, yet neither aggrecan,
collagen type II or HSP-70 were changed compared to their isotonic controls. These
results, combined with the fact that general transcription and cell size (water content)
were also equal to controls after 18 hours, suggests that chondrocytes are not sensitive to
hypotonicity. It is possible that the osmolality of the media used here was insufficient to
elicit acellular response, yet chondrocyte lysis has been observed after 30 minutes at 130
mOsm (versus 180 mOsm used here). In the context of OA cartilage, where swelling is
thought to generate hypotonicity, this may indicate that OA chondrocytes do not receive
the osmotic stimulation necessary to regulate the expression of matrix molecules.
The underlying mechanism(s) mediating the osmotic response of chondrocytes has
also received little attention. One advantage of our system is the ability to rapidly assess
the mRNA response of cells under anumber of conditions. Therefore, we sought to use
inhibitors to study the role of the actin cyto skeleton and the MEKJERKkinase pathway in
mediating the mRNA response previously observed. Changes to the actin cytoskeleton
and F-actin content of chondrocytes have been demonstrated under osmotic stress

256,310

and the ERK pathway is known to be activated in anumber of cells due to changes in
osmotic pressure. In Chapter 5the pattern of gene expression was altered by inhibiting
either the ERK pathway or the polymerization of actin. Cytochalasin D treatment altered
the expression of type II collagen under hyper-osmotic condition, while aggrecan
expression was altered in hypo-osmotic conditions and HSP-70 was altered for both
hypo- and hypertonic conditions. In contrast, inhibition of the ERK pathway changed the
expression of collagen type II in hypotonic media but did not effect aggrecan expression.
These results led us to conclude two things. First, the direction (hypo- or hyper-) of the

183
osmotic stimulus influences the transduction pathway for agiven gene. For example, in
the presence of cytochalasin D, the expression of aggrecan was changed under hyper- but
not hypo-osmotic conditions. Separation of these two conditions might be expected since
hypertonicity and hyper-osmotic fluctuations are part of the normal cartilage physiology
whereas hypotonic conditions arise in amuch different way and are associated with a
disease process. Second, aggrecan and type II collagen genes are regulated by different
pathways. Again, this is not surprising since aggrecan and type II collagen have different
chemical properties and different functions in the osmotic response

-

while aggrecan

attracts extracellular water, collagen restricts tissue swelling. This is interesting since the
results of Chapter 4suggested that collagen and aggrecan are co-ordinately regulated
under both hyper- and hypo-osmotic conditions.
To bring this work full circle, the osmotic system should eventually be transferred
into athree-dimensional culture system. This would not only create asystem that more
closely approximates in vivo conditions, stabilizes the chondrocyte phenotype and can be
used to test the effects of matrix accumulation, but it also makes mechanical testing
possible. The other major task is to define the relationship between promoter activity,
mRNA expression and protein synthesis as described in Chapter 3. This should be
accomplished first in monolayer culture where cell transfection is well-documented.
Repeating these analyses in asurrogate matrix will likely involve some preliminary work
to determine if there is amatrix that permits transfection after cell suspension, and if
there is asimple method to recover the cells for downstream analysis. Furthermore,
EGFP should be more rigorously assessed as areporter molecule; an alternative reporter
may provide greater sensitivity and dynamic range.
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The development of an

in vitro system to

evaluate the affect of stimuli that are

relevant to chondrocyte in vivo in terms of gene activation, transcription, translation and
protein integration will identify points of intervention and prevention for cartilage
degeneration. In addition, it will help differentiate the role of these different stimuli (e.g.
deformation, streaming potentials, osmotic pressure etc.) and thus direct rational
therapies.
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APPENDIX A:

Table A.l

Treatment

Normalized mRNA copy numbers for primary chondrocytes
osmotic pressure alone

Normalized mRNA copy number for collagen type II from primary isolated
chondrocytes under iso-, hypo-, and hyper-osmotic conditions. Copy
numbers were normalized to cellular DNA concentration.
Replicate
1

ISOosmotic

HYPOosmotic

HYPERosmotic

-

Feb-3
3.6E+08

Jan-16

3.1E+08

1.4E+07
3.2E+07

5.6E+08

2.6E+07

5

5.3E+08
4.6E+08

2.7E+07
2.2E+07

6
1

5.2E+08
1.4E+08

2
3
4
5
6

2.6E+08
5.2E+08
1.2E+08
3.2E+08
3.3E+08

1
2

1.9E+08
1.2E+08

2.8E+07
8.6E+06
1.4E+07

3

2.1E+08

1.7E+07

2
3
4

4
5
6

1.5E+08
1.5E+08
1.7E+08

Animal
K904-4
K904-5
4.4E+08 9.3E+08

K904-6
1.4E+08
1.8E+08

K904-7
6.9E+07

6.8E+08
4.8E+08
5.9E+08
4.5E+08

9.5E+08
1.4E+09

2.2E+07
2.IE+07
1.8E+07
1.8E+07

4.5E+08
3.IE+08
4.OE+08
4.6E+08

1.IE+09
8.3E+08
1.IE+09
1.3E+09

3.3E+07
5.6E+07

6.6E+08
8.OE+08
4.9E+08

1.2E+09
1.4E+09
1.1E+09

2.2E+08

3.4E+07
2.LE+07
l.7E+07

1.2E+08
1.1E+08
8.3E+07

6.9E+07
6.3E+07

3.9E+06
6.9E+06

2.2E+06
5.5E+06

1.IE+08 A.6E+06

2.1E+06

1.6E+07
9.5E+06

1.3E+08
8.OE+07

4.9E+07
5.6E+07

3.2E+06
4.8E+06

1.2E+07

8.6E+07

7.6E+07

2.2E+06

1.3E+09
1.3E+09

2.3E+08
2.OE+08

2.4E+08

6.3E+07
6.2E+07
4.6E+07
3.4E+07
7.2E+07
1.9E+07

2.3E+08 4.6E+07
2.4E+08 '3.OE+07
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Table A.2

Treatment

ISOosmotic

HYPOosmotic

HYPERosmotic

Normalized mRNA copy number for aggrecan from primary isolated
chondrocytes under iso-, hypo-, and hyper-osmotic conditions. Copy
numbers were normalized to cellular DNA concentration.
Replicate

Animal
Feb-3

Jan-16

K904-4

K904-5

K904-6

K904-7

I
2

1.3E+08
3.1E+08

7.IE+07
1.6E+O8

1.6E+09
3.4E+09

2.1E+09
2.1E+09

2.1E+08
2.6E+08

3
4

3.6E+OS
1.7E+08

9.7E+07
9.4E+07

2.OE+09
2.1E+09

2.3E+09
2.3E+09
2.7E+09
3.2E+09

2.2E+09
2.3E+09

5

2.2E+08
2.4E+08
7.5E+07

1.7E+09
2.3E+09
7.6E+08

2.8E+09

6

8.4E+07
1.1E+08
7.6E+07

1.9E+08
2.8E+08
1.4E+08

2.2E+09
2.4E+09

2.7E+09

1.8E+08
9.6E+07

2

2.8E+08

3

1.2E+08

9.OE+07
6.4E+07

9.OE+08
1.2E+09

2.6E+09
2.9E+09

3.lE+09
3.4E+09

l.4E+08
1.4E+08

4
5
6

3.7E+08
4.9E+08

1.6E+08
l.8E+08

1.6E+09
2.OE+09

2.7E+09
3.8E+09

2.5E+09

l.7E+08
l.IE+08

1.4E+08

1.2E+08

2.OE+09

2.7E+09

2

1.4E+08
1.3E+08

2.1E+08
2.4E+08

4.5E+08
6.OE+08

l.3E+08
1.7E+08

1.OE+07
2.2E+07

3
4

1.3E+08
1.1E+08

8.2E+06
3.OE+07
5.6E+07
4.8E+07

8.9E+08
3.6E+08

2.5E+08

2.6E+06
2.OE+07

5
6

3.5E+07
9.2E+07

3.9E+07
2.5E+07

l.5E+08
2.2E+08
3.2E+08
l.8E+08

l.7E+08
4.2E+08

l.2E+08

4.5E+07
2.7E+07
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Table A.3

Normalized mRNA copy number for HSP-70 from primary isolated
chondrocytes under iso-, hypo-, and hyper-osmotic conditions. Copy
numbers were normalized to cellular DNA concentration.
Animal
Treatment Replicate
Feb-3
Jan-16
K904-4
K904-5
K904-6
K904-7

ISOosmotic

1
2

5.813+04

3
4
5
6
1
2

HYPOosmotic

3
4
5
6
1
2

HYPERosmotic

1.813+05

3.3E+04
9.813+04

7.3E+05
I1E+06

2.IE+05
1.OE+05

3.9E+04
3.9E+04

8.OE+05
4.5E+05

3.613+05
4.2E+05
4.4E+05
7.OE+05

1.2E+05
l.9E+05
6.9E+04

3.1E+04
2.1E+04
1.5E+04

6.1E+05
4.2E+05
6.7E+05

1.3E+05
6.5E+04

1.6E+04
1.9E+04

2.5E+05
3.3E+05

6.7E+04
4.OE+04

2.8E+05
2.2E+05

4.213+05

4.1E+05
5.OE+05

4.3E+05
3.OE+05
1.3E+05

3.3E+05
5.2E+05
2.5E+05

2.7E+05

1.3E+05
3.8E+05
l.9E+05

2.8E+05
3.5E+05

2.9E+05
4.2E+05

4.3E+05
3.OE+05

4.9E+05
1.7E+05

3.6E+05
5.8E+05

3.6E+05
6.5E+05

2.7E+05

7.OE+05
1.7E+05
2.5E+05
5.4E+04

5.7E+04

1.2E+05

1.1E+06

4.4E+05

9.6E+04

2.2E+04
7.1E+04
1.4E+05
6.6E+04
3.6E+04

3.1E+05
5.6E+05
6.9E+05
5.5E+05

3.7E+05
3.3E+05

3.1E+05
2.5E+05

5.3E+05
4.8E+05

3.9E+05

3.OE+05
5.1E+05

1.4E+05

1.3E+05
1.1E+03
1.2E+05
1.2E+05

6.5E+05

5.3E+04

3
4

1.4E+05
6.9E+04
1.8E+05

5
6

1.IE+05
9.7E+04

7.IE+04
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APPENDIX B: Normalized mRNA copy numbers for primary chondrocytes
osmotic pressure in the presence of cytochalasin D

Table B.1

Treatment

Normalized mRNA copy number for collagen type II from primary isolated
chondrocytes under iso-, hypo-, and hyper-osmotic conditions in the
presence of cytochalasin D in 0.01% DMSO. Data for DMSO controls is
also shown. Copy numbers were normalized to cellular DNA concentration.
Replicate
K904-3
2

1.2E+05
6.OE+04

3

5.3E+04

4
5

7.313+04
2.513+05
6.5E+04

2.9E+07
4 IE+07
6.3E+07

2.8E+07
3.6E+07
3.3E+07

1.1E+05
1.8E+05

8.6E+07
9.1E+07

6.5E+07
4.4E+07

6.5E+07

5
6

l.3E+05
4.OE+04
3.3E+04
2.4E+05

6.2E+07
6.OE+07
2.9E+07
4.OE+07

1

1.6E+05

2
3

3.3E+04

4

1.OE+05
8.013+04

6
1
2
HYPOosmotic

HYPERosmotic

3
4

3.3E+07
6.5E+06
3.7E+07
2.013+07
9.2E+07

5.OE+07
4.2E+07

7.8E+06
2.OE+06
6.2E+06
2.3E+06
7.8E+06
3.3E+06
l.7E+06
l.7E+06
4.5E+06

7.5E+07

5. 4E+07

9OE+07
6.3E+07
1.6E+08
7OE+07

1.2E+05
2.7E+05

7.4E+07
1.2E+08

6OE+07
8.4E+07

2

1.4E+05

8.5E+07

8.7E+07

3
4

2.1E+05
2.2E+05

5.9E+07
6.4E+07

5
6

l.7E+05
l.3E+05

1.2E+08
4.OE+07

4.7E+07
2.5E+07
3.6E+07
3.1E+07

5
6
1
DMSO
controls

Animal
K903-79
K904-5
4.1E+07 6.4E+06

K904-4
8.7E+07
4.6E+07
6.1E+07

1
ISOosmotic

-

1.5E+05

4.8E+07
4.7E+07

K903-80
2.3E+08
l.4E+08

K904-9
2.7E+07
4.2E+07

3.7E+08

4.2E+07

1.3E+08
3.2E+08
3.5E±08
1.1E+08

3.5E+07

2.7E+08
1.3E+08
l.4E+08

2.4E+06
3.4E+06

2.5E+08
2.4E+08

4.7E+06
1OE+07

2.4E+08

9.6E±06
4.3E-1-06
IIE+07
11E+07
6.7E+06
6.9E+06
7.9E+06
6.5E+06
6.9E+06
7.4E+06

3 1E+08
3.6E+08

4.013+07
5.1E+07
2.1E+07
3.5E+07
2.OE+07
8.7E+06
2.IE+07
2.1E+07
3.5E+07
2.713+07

4.IE+08
2.513+08

3.7E+07
4.4E+07
1.2E+07

8.3E+07
1.1E+08
2.9E+08
1.4E+08

2.6E+07
3.7E+07
3.5E+07
2.8E+07

2.3E+08
2.3E+08
1.1E+08

6.OE+07
8.2E+07
8.8E+07
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Table B.2

Normalized mRNA copy number for aggrecan from primary isolated
chondrocytes under iso-, hypo-, and hyper-osmotic conditions in the
presence of cytochalasin D in 0.01% DMSO. Data for DMSO controls is
also shown. Copy numbers were normalized to cellular DNA concentration.
Treatment Replicate
Animal
K904-3
K904-4
K904-5
K903-79 K903-80
K904-9
1
2.lE+08 4.OE+09 2.OE+09 1.7E+08 8.8E+08 l.4E+09
2
2.OE+08 1,6E+09 1.9E+09 1.6E+08 1.2E+09 1.3E+09
ISO3
3.OE+08 3.7E+09 1.7E+09 1.OE+08 1.9E+09 l.1E+09
osmotic
4
4.1E+08 i.7E+09 l.6E+09 1.9E+08 8.4E+08 9.6E+08

HYPOosmotic

HYPERosmotic

5
6

3.3E+08
3.5E+08

1.7E+09
2.2E+09

l.7E+09
1.5E+09

8.2E+07
1.3E+08

1.7E+09
1.OE+09

1.OE+09
1.4E+09

2

2.OE+08
1.3E+08

2.9E+09
2.6E+09
2.3E+09

l.5E+09
2.OE+09

6.3E+07
1.OE+08

7.1E+08
9.2E+08

1.7E+09

4.3E+07

6.2E+08
7.3E+08
5.7E+08

l.2E+09
5.IE+08

1.6E+09
9.6E+08

9.6E+07
6.OE+07

5.2E+08
5.OE+08

6.OE+08
7.9E+08

l.6E+09
1.7E+07
1.3E+08

1.4E+09
2.3E+08

8.8E+07
1.5E+07

8.5E+08
1.7E+08

2.5E+08
2.2E+08
3.2E+08

7.4E+06
3.6E+06
7.5E+06

1.6E+08
1.9E+08
1.7E+08

8.8E+08
6.OE+07
6.4E+07
l.3E+07
6.7E+07

1.5E+08
2.2E+08

3.5E+06
1.OE+07

1.2E+08
I.5E+08

2.OE+08
1.9E+08

1.2E+09
1.9E+09
1.2E+09
l.2E+09

1.OE+08
1.2E+08
9.1E+07
8.6E+07

8.6E+08
l.2E+09
6.5E+08
8.4E+08

l.9E+09
1.3E+09
1.3E+09
l.4E+09

2.OE+09
l.lE+09

1.5E+08
7.4E+07

6.7E+08
1.IE+09

1.6E+09
1.9E+09

3
4
5

l.3E+08
2.2E+08
8.4E+07

6
1

1.9E+08
2.2E+07

2

2.2E+07
4.1E+06
2.4E+07
2.2E+07

3
4
5
6

DMSO
controls

1

2.9E+07
3.5E+08

2

3.OE+08

3
4
S
6

2.7E+08
2.8E+08
2.2E+08
3.9E+08

1.6E+08
9.7E+07
1.3E+08
2.4E+08
1.8E+09
2.5E+09
l.2E+09
l.9E+09
2.3E+09
1.6E+09

6.OE+08
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Table B.3

Normalized mRNA copy number for HSP-70 from primary isolated
chondrocytes under iso-, hypo-, and hyper-osmotic conditions in the
presence of cytochalasin D in 0.01% DMSO. Data for DMSO controls is
also shown. Cony numbers were normalized to cellular DNA concentration.
Treatment
Replicate
Animal
K904-3
K904-4
K904-5
K903-79 K903-80
K904-9
1
1.7E+06 2.6E+06 8.OE+06 5.OE+06 1.5E+06 2.2E+06
2
1.6E+06 I.7E+06 7.2E+06 5.3E+06 1.8E+06 2.IE+06
ISO3.lE+06 2.7E+06 7.2E+06 2.OE+06 2.4E+06 2.1E+06
3
osmotic
4
5.OE+06 I.2E+06 7.8E+06 3.5E+06 3.OE+06 1.5E+06

HYPOosmotic

DMSO
controls

2.5E+06

2.7E+06

3.5E+06
2.OE+06
I.IE+05

5.OE+06
l.8E+06
3.3E+06

2.OE+06
1.IE+06
l.1E+06

1.3E+06

1.9E+06

7.3E+05

4.3E+06
3.6E+06

3.1E+06
1.9E+06

l.9E+06
l.1E+06

7.5E+05
1.1E+06

4.2E+06
5.9E+05
6.4E+05

4.4E+06
7.OE+05

2.8E+06
1.1E+06

1.4E+06
5.7E+05

4.8E+05
3.2E+05

8.3E+05
1.5E+06

4.2E+05

1.7E+06

7.1E+05
5.3E+05
4.7E+05

3.8E+05
6.8E+05

3.OE+05
7.2E+05

2.3E+06
1.9E+06

1.2E+06
3.3E+04

1.2E+06
2.6E+06
2.3E+06

3.6E+06
3.5E+06
3.OE+06

2.OE+06
2.9E+06
3.OE+06
3.7E+06
3.OE+06
2.9E+06

2.2E+06
1.4E+06

l.6E+06
6.OE+06

3.5E+06
2.7E+06
2.4E+06
3.3E+06
3.OE+06
3.4E+06

3.OE+06
4.5E+06

1.6E+06
2.7E+06

8.9E+05
5.4E+05

3
4
5

7.4E+05

l.9E+06
2.OE+06
LSE+06

4.1 E+06
4.OE+06

1.2E+06
4.9E+05

1.IE+06
1.2E+05

2.lE+06
2.4E+05

1.2E+06
2.4E+04

1.8E+05
2.5E+04

1.4E+05
2.7E+05

1.3E+05
1,.5E+05

l.6E+05

6.9E+05
1.IE+06

l.9E+05
4.OE+05

6
1
2
HYPERosmotic

2.2E+06

5
6
1
2

3
4
5
6

2.1E+05

2

5.OE+06
4.3E+06

3
4

4.3E+06
5.2E+06

4.3E+06

5

2.OE+06
4.8E+06

1.6E+05
4.7E+05

6

6.3E+06
7.OE+06
4.3E+06

2.SE+06

2.9E+06
2.OE+06
2.9E+06
3.OE+06
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APPENDIX C: Normalized mRNA copy numbers for primary chondrocytes
osmotic pressure in the presence of MEK inhibitor PD98059

Table C. 1

-

Normalized mRNA copy number for collagen type II from primary isolated
chondrocytes under iso-, hypo-, and hyper-osmotic conditions in the
presence of MEK inhibitor PD98059 in 0.005% DMSO. Data for DMSO
controls is also shown. Copy numbers were normalized to cellular DNA
concentration.

Treatment

Replicate
K9- 10
1.OE+09
1.2E+09
9.7E+08

3.1E+08
2.5E+08
3.1E+08

l.1E+09
1.1E+09

3.3E+08
2.8E+08

l.4E+08
8.8E+07

2

1.3E+09
7.2E+08
9.8E+08

2.8E+08
l.6E+08
l.9E+08

4.3E+07
3.5E+07
3.2E±07

3
4

7.3E+08
9.4E+08

5.7E+07
4.8E+07

2.9E+07
1.1E+07

5
6

7.3E+08
6.3E+08

8.4E+07
8.OE+07

l.OE+07
l.7E+07

1
2

1.1E+08
1.3E+08

2.7E+07
4.7E+07

7.6E+06
9.5E+06

5.9E+06

3
4
5
6

1.OE+08
7.4E+07
4.4E+07
6.2E+07

4.2E+07

4.7E+06

LIE+07

3.5E+07
2.8E+07
2.6E+07

3.6E+06
5.4E+06
1.7E+07

2

8.2E+08
l.OE+09

3
4

l.2E+09
1.1E+09

2.9E+08
4.8E+08
2.5E+08
4.3E+08

3.9E+06
4.OE+06
5.8E+06
2.4E+07

5

9.3E+08

6

9.3E+08

1
2
ISO-osmotic

3
4
5
6

HYPO-osmotic

HYPER-osmotic

DMSO controls

Animal
K9-1 I

3.3E+08
4.OE+08

K9-12
4.8E+07
1.7E+08
9.9E+07

5.1E+07
9.3E+07
2.9E+06
8.1E+07
7.7E+07

K9-13
4.8E+07
3.9E+07
l.3E+08
2.OE+08
l.2E+08
1.7E+08
l.9E+07
2.6E+07
3.5E+07
3.7E+07
2.4E+07
3.3E+07
1.7E+07

1.3E+08
8.9E+07
6.8E+07
5.3E+07
7.3E+07
4.9E+07
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Table C.2

Normalized mRNA copy number for aggrecan from primary isolated
chondrocytes under iso-, hypo-, and hyper-osmotic conditions in the
presence of MEK inhibitor PD98059 in 0.005% DMSO. Data for DMSO
controls is also shown. Copy numbers were normalized to cellular DNA
concentration.

Treatment

Replicate
K9-10

ISO-osmotic

HYPO-osmotic

HYPER-osmotic

DMSO controls

1
2

2.1E+08
2.3E+08

3
4

Animal
K9-ll
K9-12

K9-13
5.4E+08
5.8E+08

2.4E+08
2.OE+08

2.2E+09
2.4E+09
1.4E+09
2.3E+09

7.4E+08
1.IE+09
7.8E+08
1.OE+09

5

2.3E+08

8.3E+08

l.OE+09

1.3E+09

6

2.OE+08
2.5E+08

2.IE+09
l.7E+09

5.1E+08
6.7E+08

6.6E+08
9.3E+08

2
3
4
5

2.2E+08
2.OE+08

7.4E+08
4.2E+08

l.2E+09
9.OE+08

l.3E+09
6.7E+08

l.OE+09
l.2E+09

6

l.9E+08
8.9E+07

2

8.9E+07

1.4E+09
6.5E+08
2.5E+09
6.1 E+08
1.4E+09
1.8E+08
1.1E+09

9.3E+08
3.3E+08
2.2E+08

1.5E+09
4.9E+08
1.9E+08

3
4

7.9E+07
4.9E+07

5.5E+08
1.1E+09

1.5E+08
2.4E+08

1.3E+08
1.OE+08

5
6

7.2E+07
l.2E+08

3.8E+08
5.5E+08

2.5E±08
1.9E+08

4.9E+08

l.3E+09

2.8E+08
1.6E+08

2.3E+09
2.4E+09

4.9E+08
5.2E+08
8.5E+08

l.2E+08
2.5E+08
l.2E+09

2.3E+08
4.9E+08

l.3E+09
2.IE+09

1.8E+07
6.9E+08

1.3E+09
l.2E+09

1.8E+08

2.9E+09

5.OE+08

l.lE+09

2
3
4
5
6

2.1E+08
l.9E+08

9.5E+08
l.2E+09

l.2E+09
5.5E+08
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Table C.3

Normalized mRNA copy number for HSP-70 from primary isolated
chondrocytes under iso-, hypo-, and hyper-osmotic conditions in the
presence of MEK inhibitor PD98059 in 0.005% DMSO. Data for DMSO
controls is also shown. Copy numbers were normalized to cellular DNA
concentration.
Treatment
Replicate
Animal

ISO-osmotic

K9-lo

K9-1 1

1
2

3.1E+06
2.8E+06

3
4

l.2E+06
l.7E+06

K9-12
3.4E+05
8.1E+05

3.8E+05
4.1E+05

l.7E+06
l.8E+06
2.lE+06

1.6E+06
2.OE+06
2.6E+06

5.7E+05
7.7E+05
9.3E+05

4.7E+05
7.9E+05
3.6E+05

6

l.7E+06
3.4E+06

2.3E+06
2.4E+06

4.5E+05
5.8E+05

3.OE+05
l.9E+06

2
3

2.5E+06
2.5E+06

4
5

2.3E+06
2.6E+06

l.7E+06
3.5E+05
6.1E+05

6.1E+05
l.5E+05
8.7E+04

8.8E+05
4.3E+05
2.9E+05

9.5E+05
2.3E+06

3.6E+05
8.OE+05

9.6E+05
4.5E+05

4.2E±06
4.5E+06

1.IE+06
9.OE+05
9.4E+05
1.4E+06

i.3E+06
1.OE+06

5

HYPO-osmotic

HYPER-osmotic

DMSO controls

6

2.6E+06

1
2

4.4E+06
7.8E+06
3.4E+06

5
6
1

4.5E+06
3.3E+06
2.7E+06

4.1E+06
3.2E+06
3.6E+06
3.4E+06
2.5E+06

2
3
4

4.6E+06
2.9E+06

2.5E+06
2.1E+06

3.9E+06
3.2E+06

2.9E+06
1.6E+06
2.4E+06

3
4

5
6

3.5E+06

l.OE+06

8.3E+05
2.3E+06
8.2E+05
4.2E+05
9.5E+05
2.8E+04
6.8E+05
4.7E+05

K9-13

1.3E+06
1.4E+06
8.4E-i-05
1.6E+06
l.5E+06
8.5E+05
3.6E+05
6.3E+05
l.4E+06
l.OE+06
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APPENDIX D:

Normalized mRNA copy numbers for cell lines T/C-28a2 ("a2") &
T/C-2812 ("12") osmotic pressure alone
-

Table D.l

Normalized mRNA copy number for collagen type II from chondrocytic cell
lines T/C-28a2 ("a2") and TIC-2812 ("12") under iso-, hypo-, and hyperosmotic conditions. Copy numbers were normalized to cellular DNA
concentration.

Treatment

ISOosmotic

HYPOosmotic

HYPERosmotic

Trial

Replicate
a2-1

a2-2

a2-3

1
2

5.4E+07
2.8E+07

5.4E+06
l.4E+06

l.3E+05
9.2E+04

12-I
2.4E+06
3.IE+06

3

3.4E+07

8.4E+05

l.OE+05

3.8E+06

4
5

1.9E+07
l.4E+07

1.9E+06
4.OE+06

7.8E+04
3.2E+04

2.7E+06
2.2E+06

6

2.OE+07
3.8E+07

3.5E+06
9.8E+05

4.9E+04
6.4E+04

2.3E+06
3.2E+06

2.2E+06
2.7E+O6

l.5E+05
4.2E+04

3.7E+06
2.6E+06

2.5E+06
9.1E+06
2.2E+06

4.1E+04

l.1E+05
5.3E+04

2.2E+06
2.3E+06
2.OE+06
1.1E+07

2
3
4

2.3E+07
4.2E+07
1.5E+07

5
6

2.6E+07
3.7E+07
l.3E+07

8.7E+04
l.3E+05

1
2

9.8E+06

7.1E+05
4.OE+06

3

7.1E+06

2.7E+06

9.2E+04

4
5

l.6E-1-07
9.9E+06

2.1E+06
1.OE+07

8.7E+04
1.3E+05

6

6.OE+06

2.3E+06

1.7E+05

9.3E+06
6.8E+06
1.8E+07
7.5E+06
1.OE+07

12-2

12-3

2.1E+06

9.OE+04
1.3E+05

2.5E+06
3.3E+06
8.7E+06
4.2E+06
2.9E+06
3.5E+06
1.6E+07
5.2E+06

6.2E+04
7.5E+04
7.8E+04
l.lE+05
l.3E+05
l.IE+05
5.9E+04

2.6E+06
5.6E+06

l.1E+05
5.1E+04
5.2E+04

5.3E+06
9.1E+06

5.8E+04
2.6E+05

3.7E+06
6.5E+06

7.8E+04

3.7E+06

2.OE+06
5.9E+06

1.8E+04
8.9E+04
3.7E+04
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• Table D.2

Treatment

Normalized mRNA copy number for aggrecan from chondrocytic cell lines
T/C-28a2 ("a2") and T/C-2812 ("12") under iso-, hypo-, and hyper-osmotic
conditions. Copy numbers were normalized to cellular DNA concentration.
Replicate
a2-2

a2-3

12-1

12-2

12-3

2.9E+07

l.5E+07
9.6E+06

3.8E+05
5.1E+05

1.5E+06
4.OE+06

3.6E+06
7.6E+06

1.2E+05
2.4E+05

1.8E+05
7.5E+05

1.2E+06
4.2E+06

2.9E+05
2.OE+05
l.OE+06

2.4E+06
3.3E±06
4.1E+06

6.9E+06
1.8E+07
4.6E+06
4.4E+06
7.4E+06

7.8E+04
2.OE+05
l.OE+05

6

3.OE+07
6.1E+07
4.2E+07

6.413+06
7.5E+06
i.7E+07
2.6E+07
8.6E+06

2

4.5E+07

5.3E+06

5.4E+05

6.4E+06

3

3.4E+07

7.9E+06

7.OE+05

9.5E+06
2.3E+06

4.9E+06

2.8E+05
2.6E+05

4

2.9E+07

1.4E+07

8.IE+06

2.3E+05

1.6E+07
9.4E+06
LOE+07
3.OE+07

7.1E+06
6.3E+06

5.7E+06
l.3E+07

1
2

2.8E+07
l.4E+07
6.1E+06
1.3E+07

9.OE+05
8.5E+05
8.8E+05

2.2E+06

5
6

1.4E+07
1.2E+07

3
4
5

8.7E+06
3.OE+07
2IE+07

7.3E+06

7.6E+05
3.4E+05
3.4E+05

5.4E+06
8.4E+06

5.9E+05
8OE+05

3.4E+07
l.5E+07
1.4E+07

2.7E+07
6.7E+07
1.3E+07

1.9E+05
1.2E+05
1.3E+05
1.8E+05
1.6E+05

6

1.213+07

8.9E+06

2.5E+05

3.4E+06

2
ISOosmotic

HYPOosmotic

HYPERosmotic

Trial
a2-1

3
4
5

3.4E+07
5. 213+07
4.IE+07

2.6E+07
9 IE+06
2.9E+07

L5E+05
1.6E+05

1.7E+05
14E+05
7.5E+04
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Table D.3

Treatment

ISOosmotic

Normalized mRNA copy number for HSP-70 from chondrocytic cell lines
T/C-28a2 ("a2") and T/C-2812 ("12") under iso-, hypo-, and hyper-osmotic
conditions. Copy numbers were normalized to cellular DNA concentration.
a2-1

a2-2

a2-3

12-1

12-2

12-3

1
2

8.6E+04
6.8E+04

5.OE+04
8.3E+04

9.8E+03
5.7E+03

2.8E+04
l.6E+04

2.8E+04
l.8E+04

3
4

6.OE+04
6.5E+04
3.8E+04

1.4E+05

6.OE+03

1.5E+04

1.3E+05
1.7E+05

2.OE+04
7.4E+03

6

6.OE+04
6.2E+04

1.7E+05
l.5E+05

6.7E+03
4.5E+03
4.9E+03
l.IE+04

3.OE+04
2.8E+04
3.4E+04

1.9E+04
i.8E+04
2.6E+04

2.7E+04
l.5E+04

4.5E+04
9.lE+04

2.6E+04
1.8E+04
4.9E+04
l.lE+04

2

7.1E+04

3
4

6.4E+04

l.2E+05
1.5E+05

1.2E+04
9.8E+03

1.2E+04
1.1E+04

2.3E+04
2.8E+04

1.IE+04
9.8E+03

5
6
1

9.OE+04
5.8E+04

1.6E+05
l.8E+05

4.9E+03
l.IE+04
l.IE+04

l.2E+04
l.7E+04

2.8E+04
2.5E+04

l.8E+04
l.2E+04

1.3E+04

2.5E+04

9.3E+03

2.8E+03
8.1E+02
LOE+03

1.4E+04

1.7E+04
6.OE+03

1.IE+03
3.2E+02

6.8E+03
1.7E+04
8.4E+03
2.7E+04

2.6E+02

5

HYPOosmotic

HYPERosmotic

Trial

Replicate

9.OE+04

1.8E+04
3.3E+04

l.4E+05
2.OE+04

2
3
4
5

1.3E+04

2.9E+04
2.2E+O4

1.7E+04
8.4E+03

2.1E+04
3.5E+04

6

1.2E+04

1.7E+04

3.2E+03
2.9E+03
4.8E+03

8.5E+03
6.OE+03
2.4E+04
8.7E+03
5.OE+03

5.9E+02
4.8E+03
1.7E+03
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APPENDIX E: Normalized mRNA copy numbers for cell lines T/C-28a2 ("a2") &
T/C-2812 ("12")- osmotic pressure in the presence of cytochalasin D

Table E. 1

Normalized mRNA copy number for collagen type II from chondrocytic cell
lines T/C-28a2 ("a2") and TIC-2812 ("12") under iso-, hypo-, and hyperosmotic conditions in the presence of cytochalasin D in 0.01% DMSO.
Copy numbers were normalized to cellular DNA concentration.

Treatment

ISO-osmotic

HYPO-osmotic

Replicate
a2-2

12-1

12-2

1
2

2.8E+04
2.5E+04

3.3E+05
3.4E+05

6.1E+05
1.7E+05

8.5E+04
l.9E+05

3

5.2E+04

6.8E+05

5.2E+04

6.3E+05

4
5

1.1E+05
2.OE+04

4.4E+05
7.3E+04

2.3E+05
2.OE+05

6

1.5E+05
1.3E+05

2.3E+05
7.OE+05

6.1E+05
6.OE+05
4.5E+05
7.9E+05

2

6.1E+04
2.2E+04

3.3E+05
l.9E+05

3.2E+05
6.4E+05

2.9E+05
5.OE+05

7.1E+04
5.9E+04
6.4E+05
5.5E+05

5.2E+05
1.2E+06
5.OE+05
7.5E+05

3.6E+05
5.OE+05
1.IE+06

3.OE+05

8.7E+05

9.1E+05

3
4

1.4E+05
l.8E+05

1.6E+06
7.OE+05

5

1.2E+06

6

I.5E+05

1.5E+06
l.4E+06

3
4
5
6
1
2

HYPER-osmotic

Trial
a2-1

3.OE+05
7.6E+05
8.1E+05
6.5E+05
1.8E+06
1.2E+06

l.9E+05
l.9E+05

3.3E+05
l.3E+05
8.5E+05
2.2E+06
7.7E+05
5.1E+05
3.3E+05
8.4E+05
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Table E.2

Normalized mRNA copy number for aggrecan from chondrocytic cell lines
T/C-28a2 ("a2") and T/C-2812 ("12") under iso-, hypo-, and hyper-osmotic
conditions in the presence of cytochalasin D in 0.01% DMSO. Copy
numbers were normalized to cellular DNA concentration.
Treatment
Replicate
Trial
a2-2
2.5E+07

12-I
1.7E+06

12-2
2.3E+07

2

a2-1
2.2E+07
4.2E+07

9.2E+07

1.6E+06

1.6E+07

3
4

4.4E+07
3.2E+06

6.8E+07
1.2E+08

2.4E+07
1.8E+06

5

2.3E+07

1.2E+07

6
1
2

2.713+06

3.3E+07
4.913+06

5.3E+07
3.9E+07
3.3E+07

5.3E+07
6.3E+06

7.8E+07
1.8E+08

1.7E+07
2.9E+07
1.IE+07

2OE+07
5.3E+07
4.6E+07

3
4
5

5.3E+05
1.4E+07
8.IE+06

7.8E+07
l.7E+08
1.9E+08

3.6E+06
3.OE+06
7.5E+06

6.6E+07
5.4E+07
3.8E+07

6
1

7.7E+06

8.OE+07

3.IE+06

1.7E+07

1.3E+08

1.5E+08

2.6E+08

2.3E+08

2
3
4

2.4E+07
5.2E+07

3.8E+08
1.3E+08
1.1E+08

2.IE+08
2.4E+08

2.9E+07

4.1E+08
1.813+08
1.2E+08

5
6

9.6E+07
1.1E+07

3.1E+08
1.7E+08

1.6E+08
7.4E+07

1
ISO-osmotic

HYPO-osmotic

HYPER-osmotic

9.7E+07
L4E+08
2.3E+08
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Table E.3

Normalized mRNA copy number for HSP-70 from chondrocytic cell lines
T/C-28a2 ("a2") and TIC-2812 ("12") under iso-, hypo-, and hyper-osmotic
conditions in the presence of cytochalasin D in 0.01% DMSO. Copy
numbers were normalized to cellular DNA concentration.
Treatment
Replicate
Trial

ISO-osmotic

HYPO-osmotic

I

a2-1
l.2E+04

a2-2
7.7E+03

12-i
2.5E+03

12-2
4.1E+04

2

5.9E+03
5.8E+03
4.9E+03

6.2E+03
2.2E+03
3.IE+03

2.IE+04

3
4

5.5E+03
9.2E+03
l.OE+04

5
6
I

l.OE+04
l.8E+04

3.2E+03
4.3E+03

2

5.9E+03
8.4E+03
4.6E+03
9.6E+03

3
4
5

8.9E+03
8.OE+03
6.9E+03

1.3E+04
5.2E+03
1.4E+04

3.8E+03
3.2E+03
6.8E+03

6

l.2E+04

2.8E+03
4.8E+03
6.6E+03

2.8E+03

l.2E+04
7.8E+03
l.7E+04
1.5E+03

3
4

5.5E+03
3.8E+03
5.2E+03

1.7E+03
3.8E+03
2.4E+03

1.2E+03
1.2E+03
2.9E+03

5
6

9.6E+03
8.9E+03

3.7E+03
5.5E+03

1.7E+03
l.8E+03

2
HYPER-osmotic

3.1E+03

2.4E+04
1.OE+04
2.4E+04
2.3E+04
5.1E+04
2.9E+04
5.1E+04
7.IE+04
6.4E+04
5.lE+04
1.6E+04
2.8E+04
1.3E+04
1.5E+04
1.4E+04
3.4E+04

