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ABSTRACT

Articular cartilage is the connective tissue which lines the bony ends of diathrodial joints to
provide load distribution and frictionless motion. Lubricin, a glycoprotein which concentrates at
the superficial layer of the cartilage, contributes to the low friction coefficient. Mechanical injury
to cartilage increases the risk of osteoarthritis (OA), characterized by degradation of articular
cartilage starting with the articular surface. The objectives of this study were to quantify the
effects of injurious compression on the surface mechanical properties of cartilage, and lubricin
gene expression and synthesis using an in vitro organ culture model. Furthermore, the role of
TGF-B signaling in the induction of lubricin gene expression and protein secretion from cartilage
explants following mechanical injury was analyzed. Cartilage disks with intact superficial zone
from the patellofemoral grooves of 1-2 wk old bovine knees were cultured in either free swelling
conditions or subjected to injurious compression using a range of applied strains and strain rates.
Mechanical injury was found to elevate the friction coefficient of cartilage. Average surface
roughness of cartilage superficial zone was increased by the combination of injury and
subsequent oscillating shear motion at the surface superimposed on an applied normal strain.
RNA extraction and qRT-PCR were conducted sequentially to determine the expression of
lubricin and other relevant cartilage genes. Western blotting and ELISA were used to assess
protein expression. Lubricin gene expression and secretion increased two days after injury. This
finding, plus the fact that injury and TGF-B are each known to increase lubricin expression,
suggested that the TGF-B signaling pathway may be a mechanism through which injury induces
lubricin expression. We therefore tested the hypothesis that blocking the TGF-f pathway would
suppress the increase in lubricin gene expression and protein secretion caused by injurious
compression of cartilage. Indeed, lubricin gene expression and protein secretion were reduced
after blocking TGF-B compared to injury alone. Together, these results show that surface damage
caused injury and sliding motion can be ameliorated by the presence of lubricin on the cartilage
surface. The TGF-P pathway is an important mechanism in regulating the increased lubricin gene
expression and secretion that result from injury.
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1 Introduction

1.1 Cartilage Structures and Mechanical Properties
Proteoglycan

rd
Chondrocytes

A L Tibta | B

Figure 1.1. A) Diagram of the knee joint [1] and B) main constituents within the bulk of the articular cartilage

Articular cartilage (Figure 1.1) is a smooth, load bearing connective tissue that lines the
diarthrodial joint inside the joint capsule filled with synovial fluid. Its opposing frictionless
surfaces, spaced apart by a thin film of synovial fluid, allow even distribution of loads from one
bone plate to another during motion [2]. The robustness of cartilage is due to extracellular
matrix (ECM) being a hydrated gel primarily filled with tightly packed aggregated proteoglycans
macromolecules encased in a crosslinked network of collagen fibrils. In addition, 75-80% of the
wet weight is water, which enables the poroelastic tissue to withstand high levels of hydrostatic
pressurization with little immediate deformation after loading [3-5]. The depth dependent
heterogeneous composition of cartilage allows it to withstand loading in both the tangential and
axial directions. Near the articular surface and in the synovial fluid is a glycoprotein coded by
PRG4, known as lubricin. It is one of the key factors that contribute to the frictionless cartilage
surface and smooth articulation between the diathrodial joints. This chapter will summarize the
primary structures of cartilage, their mechanical functions, and how mechanical trauma to the

cartilage can eventually lead to secondary osteoarthritis.



1.1.1 Aggrecan
Aggrecan and collagen synthesis are two major determinants of cartilage health. The

robust framework of cartilage results mostly from the electrostatic repulsion between the
polyelectrolyte brushes on the proteoglycans and the incredible tensile strength exhibited by the
collagen fibrils [6]. Aggrecan, a member of hyaluronan (HA)-binding proteoglycan family, is

the major contributor to cartilage resilience to compression.

Figure 1.2. AFM image of the full length aggrecan molecule (courtesy of Hsu-Yi Lee)

The core protein is divided into three globular domains: G1, G2, and G3 (Figure 1.2).
The G1 domain is located near the N-terminal where the aggrecan monomer noncovalently binds
to the hyaluronic acid via a link proteins, G2 domain holds most of the keratin sulfate, while G3
domain remains near the C-terminal. Furthermore, there are approximately 100 highly charged
chondroitin sulfate (CS) glycosaminoglycan (GAG) chains that covalently bind to the 300 kDa
core protein backbone between G2 and G3 [7, 8].
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Figure 1.3. A negatively charged repeating disaccharide unit on a chondroitin-4 sulfate GAG chain.

The negative sulfate and carboxyl side groups on each of the ~50 repeating GAG
disaccharide units contribute to the electric repulsive force that accounts for ~50% of equilibrium
compressive modulus in cartilage (Figure 1.3). Moreover, by attracting counter-ions to the fixed
charges, PG macromolecules create a local osmotic imbalance. Together, these osmotic and the
electrostatic repulsion interaction from the hierarchical arrangement of polyelectrolyte brushes

help to counteract against external compressive loading [9].



1.1.2 Collagen

Figure 1.4 AFM Image of the triple helical collagen fibrils (courtesy of Dr. Laurel Ng)

The collagen network distribution in cartilage is inhomogeneous with depth in this
inhomogeneous structure composed of triple helical fibrils is responsible for over two thirds of
the dry weight in ECM (Figure 1.4). Among the five major types of collagen (II, VI, IX, XI, and
X) in cartilage, type II is the most abundant comprises of 80-85% of total protein. The ECM
scaffold is primarily composed of collagen II cross-linked together with type IX and XI
interlaced between them [10]. Nevertheless, other collagen types such as III, VI, XII, and XIV

all play a minor role in strengthening and stabilizing the developed ECM.

Deeyp (30%)

Caicilsed cartitage

Figure 1.5 Collagen network organization in ditferent zones of the articular cartilage. [11]

Collagen exhibits a depth dependent architectural arrangement (Figure 1.5). In the
superficial zone, the collagen fibers intersect in a plane that runs in parallel to the cartilage
surface. Gradually, their orientation becomes more random with increasing depth. In the deep
zone, the collagen is aligned almost perpendicular to the surface. The arrangement and
alignment of the fibrils when subjected to loading allows the cartilage to withstand tensile and
mechanical shear force [12, 13]. The ultrastructure of the collagen fibrils varies as a function of
distance away from the chondrocyte. Type XI determines the fibril size and IX facilitates fibril

interaction with proteoglycan macromolecules. For instance, the ones that form the pericellular
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matrix consist of thin fibrils of type VI, IX, and XI whereas the ones in the ECM are coarser and
banded. Moreover, the biochemical evidence that collagen IX can potentially form covalent
bridges between fibrils suggest that the network compensates for osmotic swelling in

proteoglycans. In turn, that further enhances the cartilage stiffness [12, 13].

1.1.3 Lubricin

Figure 1.6. Lubricin distribution in articular cartilage using G35 antilubricin stain [14]

As mentioned before, one essential feature of articular cartilage is the ability to transfer
load during motion across the frictionless surface. A major contributor to the interfacial
lubrication between the joints is lubricin, an O-linked glycoprotein derived from the gene
proteoglycan 4 (PRG4) of both synoviocytes on the lining of the joint capsules and the
chondrocytes in the superficial layer of the cartilage (Figure 1.6) [15-17]. Much of the answer to
how lubricin functions lies in its amino acid sequence, (Figure 1.7). Lubricin has two domains in
the sequence, somatomedin B (SMB) and hemopexin-like domains (PEX), which resemble that
of vitronectin, an adhesive glycoprotein found in blood plasma and extracellular matrix [18].
Furthermore, the saturated negatively charged O-linked glycosylation in the middle mucin-like

domain enhances the boundary lubrication of the cartilage surface due to the strong repulsive

hydration forces [15, 19, 20].
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Figure 1.7 Lubricin structure and PRG4 gene targeting in mice [21].

Not only does lubricin provide smooth articulation in joints, it is essential to preventing
cell overgrowth, abnormal protein deposition on articular cartilage surface, and synovium cells

from being hyperplastic, all of which can lead to joint failure [21].

1.2 Mechanical Regulation of the Structure

The development of the ECM is related to how the chondrocytes continually synthesize,
assemble, and turn over matrix proteins inside the cartilage in response to the mechanical
environment. Soluble proteins including growth factors and cytokines play important roles in
modulating chondrocyte biosynthesis and differentiation [22].  Chondrocyte biosynthetic
activities can also be regulated by their surrounding mechanical environment due to external
loading conditions. Concomitant mechanical and physiochemical forces and flows have been
shown to stimulate chondrocyte biosynthesis in the matrix and to regulate the cellular activities
that maintain cartilage homeostasis [23]. However, there is yet no complete characterization of
the signaling pathway by which mechanotransduction regulates cellular processes in vivo.
Therefore, cellular biosynthesis and health rely greatly on mechanotransduction (the translation
of mechanical signals to biochemical signals) to regulate the tissue’s matrix composition and its
related physical properties (e.g. ion concentration, osmotic pressure, and electrokinetic properties)
[24, 25].

The constant compressive and shear mechanical loading of cartilage can deform the ECM,
which directly perturbs the biochemical environment and induces a complex series of cellular
responses. Furthermore, the resulting changes in the matrix affect the mechanical properties of
the cartilage.

The equilibrium compressive modulus of cartilage tissue is approximately 500-800 kPa
[26], while the dynamic compressive modulus has been shown to be around 13-37 MPa when

0.5-2.5% strain amplitude is applied at 1 Hz, similar to walking frequency [27-29]. Furthermore,
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previous research has indicated that applying dynamic compressive loading to cartilage explants
enables a coupling between dynamic fluid flow and slight matrix deformation within the tissue
[28]. Hence, mechanical deformation promotes the exchange of soluble factors between the
cartilage and the surrounding synovial fluid. The combination of mechanical signals, enhanced
transport can increase the biosynthetic activity of cells localized near the peripheral region of
cylindrical bovine cartilage explants [25, 29]. In fact, oscillatory compressive strain between 1-
5% at 0.01-1 Hz can increase the sulfate and proline incorporation, indicative of GAG and
protein synthesis, respectively, by 20-40% after just 24 hours of loading [27].

Dynamic tissue shear loading decouples mechanical deformation from fluid flow because
shear force produces little amount of volumetric deformation. Previous findings show that
application of dynamic tissue shear loading can increase protein and proteoglycan synthesis by
~50% and ~25%, respectively, in cartilage explants at frequencies between 0.01 and 1.0 Hz and
shear strain amplitude of 3% [30].

On a similar note, previous research has been conducted to study how mechanical loading
may modulate the frictional behavior of the cartilage surface and synthesis of the lubricin.
Dynamic compression and dynamic shear have been well documented to enhance matrix
biosynthesis, while static compression inhibits synthesis [27, 30-33]. However, both dynamic
and static compressions affect chondrocyte lubricin secretion as well as the friction coefficient
during the loading period, while dynamic shear augmented the release by 3-4 fold [34-36]. In
vitro dynamic compression, frequencies of 0.05, 0.5, and 1Hz produced oscillating friction
coefficients of 0.092 and 0.382, while the value for static compression was 0.153. One
explanation is that the interstitial fluid pressure increases as the load transfers from solid to fluid
phase, and the transient frictional coefficient is thereby reduced [37]. Yet, when the pressure
tends to zero after the static loading, the friction coefficient of the cartilage increases to a level
too high for lubrication [35]. At the crest of dynamic loading cycle when the applied force (W)
is at its minimum, the fluid load support is negative (W"). Thus, the resulting suction leads to a
high solid-to-solid friction force (W™) according to the boundary friction model (Eq. 1) which

quantifies the solid and fluid load sharing at the cartilage interface [37].

W = W — (1-9)WP (1)
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The fraction of the total contact area where solid-to-solid contact occurs, @, is set to 0.1
for the experiment.

Together, these studies illuminate the frictional behavior of cartilage during normal
exercise or daily activity. More importantly, they pave the way to further investigate what

happens at the cartilage interface during abnormal or injurious load.

1.3 Significance of Lubricin to Mechanical Loading of Cartilage

The importance of lubricin to the articular surface mechanics was demonstrated by
contrasting the low CoF of normal SF with the high CoF of SF that lacked lubricin in PRG4
knockout mice and Camptodactyly-Arthropathy-Coxa vara-Pericarditis (CACP) patients [21, 38].
Furthermore, previous works have shown that the increase in CoF after lubricin extraction can be
recovered after replenishing the articular surface with synovial fluid or recombinant full-length
lubricin [14].

Although lubricin secretion was low during compression, there was a heightened lubricin
synthesis beyond 200 um depth for all compacted samples compared to controls [34]. Likewise,
dynamic shear loading induced a significant increase in lubricin expression at the 200-400 um
below the articular surface compared to control and statically loaded samples [36]. Interestingly,
lubricin release during 24-hr recovery returned to control value for the 100kPa static
compression and elevated to 46% over control for 300KPa dynamic compression. Then, in the
next 2-3 days, lubricin secretion fell back to 50% of the respective increased amount for both
loading conditions [34]. In contrast, not only did shear force greatly amplify lubricin expression

during loading, it sustained that level for the 72-hr post loading recovery time [36].

1.4 Impact of Injury

Injury

Figure 1.8. Possible progression from healthy human cartilage to OA ridden cartilage through injury
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Despite its strength, cartilage has limited regenerative capabilities once injured or degraded
due to its aneural, avascular, and alymphatic nature. Mechanical trauma to the cartilage, although
a discrete event, can lead to degeneration of the articular cartilage and surrounding joint known
as osteoarthritis (OA) (Figure 1.8). The likelihood of that happening depends on age, obesity,
joint instability, and other health issues. Nevertheless, the progression towards OA consists of
interactions between the consequent biomechanical and inflammatory factors [39]. However, the
signaling pathways which culminate in OA have yet to be mapped. Thus, understanding the
short and long term posttraumatic response in cartilage gene expression and chondrocyte
biosynthesis, along with its coupled reaction to drug treatment will help bridge that gap.

The initial phase that marks the path to OA is an increase in concentration of
proinflammatory cytokines such as interleukin 1 (IL-1) and tumor necrosis factor (TNF-a) in
cartilage and synovial fluid [40, 41]. Generally, the catabolic effects of these cytokines involve
inhibiting proteoglycan and collagen production, while stimulating enzymes and factors
responsible for matrix degradation. In fact, some cytokines, such as IL-6 and IL-17, interact
synergistically to initiate the independent pathogenic events of cartilage breakdown and
inflammation in OA [42, 43]. Therefore, therapeutic treatment for the disease at a certain point

along the pathogenic cascade does not necessarily account for both fronts of the problem.

1.4.1 Invivo Injury Models and Lubricin

Joint trauma increase the risk of developing secondary OA in later life due to the interaction
between mechanical injury and induced inflammatory factors. SF from rabbits with induced
ACL injury have demonstrated increased friction coefficient and type II collagen concentration
after three weeks. This observation has also been noted in human patients with knee joint
synovitis and RA [44]. In addition, SF aspirated from human knees 32-364 days after ACL
injury exhibits lower lubricin concentration and full length lubricin compared to control and ones
with severe meniscus damage [45]. This relationship was confirmed in a guinea pig model
where SF taken 9 months after ACL injury has significantly reduced lubricin concentration and
heightened CoF compared to normal [46]. An induced arthritis model using BSA and Freund’s
complete adjuvant demonstrated the proteolytic degradation of lubricin due to the resulting
increase in cathepsin B expression. Not only was O-linked section of the lubricin fully degraded

after 12 hours in 0.5 units/ml cathepsin B as shown by the friction coefficient increase, arthritis
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also caused significant increase in cathepsin B and IL-1B expressions [47]. These studies
reinforce the link between injury and arthritis as well as their common negative impact on the SF

lubricating ability.
1.4.2 In vitro Injury Model

The in vitro injury model established in this lab simulates a high impact injury by
applying a single, high strain rate injurious compression to a cartilage explant. An important
focus in this research is simulating, in vitro, the different peak stresses, peak strains, and strain
rates experienced by the injured cartilage. Then, based on a sequence of biochemical tests, an
assessment can be made regarding the threshold loading conditions where the matrix and cell
begin to significantly deform. Previous findings demonstrate that neither final strain up to 65%
nor peak stress up to 14 MPa results in profound damage provided that the strain rate is kept
around 1% s or lower [48-50]. The nature of the injury also determines the cartilage
degeneration. If the injury is a single high impact loading, without damage to the matrix, then
there might be minimal risk of future degeneration [51, 52]. However, because the joint loading
conditions may be altered after trauma, the effect of continued mechanical load thereafter
remains to be a question.

Previous works demonstrated that this injury protocol causes escalation in MMP-3, TFG-
B, and ADAMTS-5 expressions, as well as GAG loss, and biosynthesis rate and cell viability
reduction in middle zone cartilage [49, 50, 53, 54].

1.5 Objectives

The objectives of this study are to investigate the effect of injurious deformation on
articular cartilage surface.

Chapter 2 will discern the effect of injury on surface properties through by measuring the
friction coefficient and surface roughness. The topography of the articular surface after various
mechanical treatments will also be shown through surface roughness height profiles and
environmental scanning electron microscope.

Chapter 3 will characterize the effect of injury on lubricin synthesis from the cartilage

through lubricin gene expression, lubricin secretion, and lubricin retained on the cartilage surface.
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Furthermore, this study will include the relation between lubricin and friction coefficient of the
articular cartilage surface.

Chapter 4 will explore how the TGF-B pathway may be a possible mechanism in
modulating the effect of injury on lubricin synthesis through gene expression, protein secretion
using ELISA.

Chapter 5 will describe the microscope stage mechanical actuator design for the purpose of
observing the real-time intracellular response of superficial zone chondrocytes to injury.

Appendix A will include the published paper that was shown in the January, 2009 issue of
Arthritis and Rheumatism.

Appendix B will include the other gene expressions investigated in the TGF-p pathway
study in Chapter 4.

Appendix C will include the derivation for the hydraulic permeability.

Appendix D will include the circuit design schematic in the mechanical actuator 1.0.

Appendix E will include the illustration of the mechanical actuator 2.0 platform.

Appendix F will will layout the blueprint of selected key parts of mechanical actuator 2.0.
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2 Effect of Injury on Cartilage Surface Properties

2.1 Introduction

Since OA initiates at the articular cartilage surface, the purpose of this study is to
quantify the effect of injury on the surface mechanical properties of the cartilage using an in vitro
model. When determining the equilibrium friction coefficient (iq), lateral motion is
superimposed on a nontrivial normal load to simulate boundary mode lubrication of diathrodial
cartilage during motion. Cartilage surface topography is then visualized after being subjected to
one or both of these mechanical stimuli using 3-D optical profilometry and environmental
scanning electron microscopy (ESEM). Since lubricin is responsible for the smoothness of
cartilage, the effectiveness of this glycoprotein in recovering the surface property of injured
cartilage surface will be examined through friction coefficient measurement.

The next two sections will describe the mechanics of the injury model and boundary

mode lubrication and their physiological relevance.

2.1.1 Description of the in vitro injury model

Time
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Figure 2.1 In house injurious loading apparatus [1] along with the loading protocol waveforms

A customized loading chamber with the single cartilage disk placed inside is entered into
the in house injurious loading apparatus (Figure 2.1). The apparatus determines the thickness
with a linear variable differential transformer (LVDT) at a tare load of -50g before applying

compression and recording the load. By controlling the strain and the ramp time, the apparatus
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can modulate the strain rate applied to the disk. The v-shaped compressive protocol used for

injury is intended to simulate a single, high stress impact to the knee.
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Figure 2.2 A) Increasing strain while keeping ramp time constant B) directly influences strain rate and the peak
stress within cartilage

Figure 2.2 illustrates the effect of increasing strain rate on the peak stress of two
consecutive layers of cartilage by raising the strain while keep the ramp constant. L1 indicates
the top layer of the cartilage including the articular surface and L2 being the subsequent layer in
the middle zone region. This increasing trend in peak stress with increasing strain rate is
consistent with previous literature on L2 cartilage [2]. Furthermore, L2 cartilage reaches a
higher peak stress compared to the superficial layer at each of the strain tested. The depth
dependence of the peak stress is reasonable since even when cartilage is under 10% compression,
the measured modulus, Hap, closest to the cartilage surface is the lowest and increases with
depth (Figure 2.3C, A). As expected, the local strain, E,,, (Figure 2.3B) is the lowest near the
surface and declines with depth [3].

Since cartilage is a poroelastic material as shown, the peak stress varies proportionally
with strain rate. For the standard injury protocol, the parameters selected are 50% strain at
100%/s. The criteria for selecting those parameters are to obtain the peak stress around 15-20

MPa, the upper range of stress values that human cartilage undergo on a daily basis [4].
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Figure 2.3. B) The local strain (E,,) at 10% compression, and C) confined compressive modulus (Hap) as a

function of depth from the articular surface (n=4). (Only observe the newborn calf data marked by A) [3]
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2.1.2 Boundary Mode Lubrication

Stribeck Curve

(2

Figure 2.4 The Stribeck Curve: showing how relationship between friction coefficient (i), viscosity (n), speed (v),
and P (normal load) varies in the three modes of lubriciton. (Dr. J. Gleghorn)

With synovial fluid as the lubricant, frictionless articulation of the diathrodial cartilage
range from hydrodynamic to boundary mode. According to the Stribeck curve (Figure 2.4),
boundary lubrication is the region of lubriction when the friction coefficient is the highest. That
occurs at low entraining speed (V) and high normal load (P) where opposing surface asperities
dominate the friction coefficient [5]. The reason for focusing on boundary mode lubrication is
because most of the wear between the joints occurs during articulation under high compressive
load. Over time, that causes cartilage degeneration, and eventually can lead to OA.

To determine the boundary mode region, the entraining speed was swept from 0.25
mm/sec to 5 mm/sec, and normal load range was swept from 10% to 50%. The pair of

parameters which yielded a constant friction coefficient was selected.
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2.2 Methods

2.2.1 Harvesting Cartilage Explants

N

} cartilage

3mm

1-2 week old |

bovine calf knee Extracting the cylinders

Punching
3-mm cores

<+«— L1 (with SZ intact)
0.7mm {HlE <+«— L2

3 mm

Excising Level 1 (L1) and Level 2 (L2) disks with the
brain matrix

Figure 2.5. Harvesting procedure to extract L1 and L2 cartilage disks

@ 3mm cartilage cylinders were cored from the femoropatellar groove of 1-2 week old calves
using dermal punch and subsequently removed using a surgical blade. Using a brain matrix
(TM-1000, ASI Instruments, Warren, MI), 700~800 um thick discs of the top layer (LI)
including intact superficial zone, and the subsequent layer (L2) were sliced from the cylinders
(Figure 2.5). These samples were pre-cultured in medium containing low glucose DMEM, 0.1
mM non-essential amino acid (NEAA), 10 mM HEPES buffered solution, 100 U/ml penicillin,
100 pg/ml streptomycin, 0.4 mM proline, supplemented with 1% ITS (10 pug/ml insulin, 5.5

ug/ml transferrin, and 5 ng/ml sodium selenite) at 37°C in an atmosphere of 5% CO,.

2.2.2 Injurious compression

Following 48 hours of pre-culture, injurious compression was performed utilizing a custom-
designed incubator-housed loading apparatus where single cartilage discs underwent radially

unconfined compression in a polysulfone chamber well [1]. The mechanical injury protocol
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consisted of a single ramp compression (strain=50%; v=100%/s) where explants were
compressed to 50% of the thickness in 0.5 seconds, followed by immediate release at the same

rate [2].

2.2.3 Dynamic Shear

After injury loading or free swell, discs from the same layer (n=6) were placed evenly in a 12-
well custom-made polysulfone chamber filled with PBS, which is mounted inside a custom
incubator-housed apparatus [1]. 3% dynamic tissue shear strain, superimposed on 15% normal
strain, was placed on the chamber relative to stationary platens for 1 hour to produce simple
shear loading. Minimal slippage between the cartilage and platen was ensured since the THD
determined from the shear loading waveforms fell less than 10% (data not shown).

This shear-loading regimen was chosen since it has been demonstrated to stimulate biosynthesis
in normal cartilage [6]. Also, it enables a comparison between the effects that tissue shear

loading and lateral motion from the friction test would produce on surface roughness.

2.2.4 Friction Test

Cartilage is

inverted for

surface-glass =
contact.

Figure 2.6 Custom built friction coefficient test apparatus [7]

Following injury loading or free swell, discs were flash frozen in liquid nitrogen, maintained at -
80°C, and thawed at room temperature before friction testing. Equilibrium friction coefficients
(eq) Were obtained for both layers in boundary lubrication mode (30% normal strain, v = 0.33
mm/s) using PBS as a lubricant, in a custom linear cartilage-on-glass system over 1 hour [8].
The friction testing apparatus consisted of a glass counterface/lubricant bath that linearly
oscillates under the cartilage sample. A servo motor, and a custom biaxial load cell drove the

system by applying a normal strain to the tissue and measuring the normal and frictional shear
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loads on the sample [9]. L1 and L2 explants were tested with the articular surface and the top
surface against the glass, respectively. The temporal friction coefficient (u(t)) was recorded and
data is presented as the equilibrium friction coefficient (ueq) calculated from a poroelastic

relaxation model fit to the p(t) data. (Dr. Jason P. Gleghorn, Natalie, Galley, Cornell University)

2.2.5 Surface Roughness

849 um

A.

Figure 2.7 A) 3-D optical profilometer B) Area of the height profile that is scanned on the cartilage disk

Discs were flash frozen and stored at -80°C similar to the ones for friction testing. Prior to
surface profiling, samples were thawed at room temperature in PBS and placed underneath the
objective of 3D non-contact optical profiler tabletop system (MicroXAM, ADE) with the top
surface up. The sample platform was leveled to ensure a horizontal surface during scanning.
Average surface roughness and 3-D image were taken at 10X optical magnification over an 849
x 631 marea. These measurements were repeated at 3 different areas of each sample. (Natalie

Galley, Cornell University)

2.2.6 Equilibrium Modulus

One hour was used to evaluate the equilibrium unconfined compressive modulus of cartilage.
Injured samples were equilibrated in PBS for 1 hour prior to modulus measurement in the
Dynastat. Four sequential ramp-and-hold compressions at 5, 10, 15, and 20% strain were applied
on each sample. The equilibrium stresses were determined from fitting the corresponding stress
relaxation data to a five-element exponential decaying model using Matlab. In turn, the modulus

was extracted from the slope of the linear stress-strain relationship.
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2.2.7 Environmental Scanning Electron Microscope (ESEM) Images

The cartilage disks were fixed after friction test and/or surface roughness imaging. Then, they
were rinsed with PBS prior to imaging in wet mode. The vacuum was turned on and water vapor
was let into the sample chamber to prevent dehydration of tissue. Images were taken using

Quanta 600 for the SEM.(FEI, Inc.). (Natalie Galley, Cornell University)

2.2.8 Statistics
All data were analyzed using 2-way ANOVA followed by Tukey post-hoc pairwise comparisons.

2.3 Results

g 800 :C(.Jntrol

X 600 injur;cElM
mean +

g 400 bar: p<0.05

= 200

§ 0

L1 L2

Figure 2.8. Equilibrium modulus of L1 and L2 cartilage disks.

Equilibrium modulus (Figure 2.8) (p<0.0001), as well as the peak stress during injury (p<0.05)
(Figure 2.2B), were higher in L2 vs. L1 samples regardless of mechanical treatment. Injury had
an overall effect (ANOVA, p=0.05) on the equilibrium modulus with a slight difference between
L2 control and injury moduli (p=0.059).
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Figure 2.9. Equilibrium friction coefficient of L1 and L2 normal and injured cartilage disks (n=6). # = p<0.05
compared to L1 control.

L1 injured discs had the highest pieq (p<0.001) relative to other conditions, shown in Figure 2.9.
L2 control and injured disks demonstrated a higher  q (p<0.05) than L1 control samples, but

injury did not significantly alter ¢, for L2 tissues (Figure 2.9).

o
o
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[ 1 Injured
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Shear

&
o

Avg. Roughness (pm)
N
o

1.0 [l 'njured + Shear
mean + SEM
0.0 bar: p<0.05

L1 L2

Figure 2.10 Average surface roughness after various mechanical treatments.

Likewise, none of the mechanical treatments altered L2 cartilage surface roughness. Only
injured L1 samples that had been subjected to lateral surface motion superimposed on a normal
compressive load showed increased surface roughness (p<0.031) compared to other L1 samples

(Figure 2.10). The L1 injured + FT samples had similar surface roughness compared to all L2
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cartilage samples. Tissue shear loading along seemed to have a small, but significant effect on

L2 normal cartilage, but not L1 cartilage samples.
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Figure 2.11 The height profiles of the 3D profilometer scans for surface roughness.
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Profilometer images reinforce the fact that the friction test caused additional fibrillation, thus
increasing surface roughness, on the L1 injured surfaces. The L2 cartilage surfaces remained
rough regardless of mechanical treatment perhaps because they started off with a cut surface
whereas the L1 started with an intact articular surface (Figure 2.11).

In order to obtain a more global view of the cartilage surface after mechanical injury,

ESEM images were taken of L1 cartilage samples that were injured at different strain rates.

Peak Stress (MPa)

25 50 75 100 130
Strain Rate (%/s)

130%/s

Figure 2.12. L1 cartilage surface that were injured at various strain rates.
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100%/s 130%/s

Figure 2.13. L1 cartilage disks that were injured and friction tested, thus subjected to additional lateral motion
superimposed on normal load.
The cartilage disks with intact surface, L1, showed that injury alone (Figure 2.12) did not
cause significant damage to the surface even with increasing strain rate. However, when
additional lateral motion at a nontrivial compressive load was placed onto the injured disc, there

was increasing visible damage as the strain rate elevated (Figure 2.13).

2.4 Discussion

This study demonstrates that in vitro mechanical injury has profound consequences on
the mechanical properties of cartilage and that these effects have distinct depth-dependence.
Such mechanical inhomogeneity has often been observed in adult cartilage. In addition, our
finding that the unconfined compression modulus of uninjured L2 is 3 times stiffer than
uninjured L1 confirms an earlier study on newborn bovine cartilage [3]. Mechanical injury had
little effect on the equilibrium modulus of L1, but decreased the modulus of L2 (Figure 2.8),
consistent with previous literature [2]. In contrast, L1 pq drastically increased due to injury,
while no effect on L2 pq was observed (Figure 2.9). The combination of mechanical injury and
lateral motion induced structural changes in L1 tissue, but L2 tissue was apparently not

susceptible to such changes (Figure 2.11). The lack of an apparent injurious effect may be due to
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the pre-existing damage imposed on L2 from cutting, while the L1 surface remained intact.
Simple dynamic shear strain was not sufficient to perturb the L1 injured tissue surface in a
manner similar to the friction test. Still, there was a depth-dependence in surface roughness due
to shear, as demonstrated in an earlier work [7]. The high friction coefficient for L1 injured
samples and their increased surface roughness following the friction test imply that intense
lateral motion superimposed on a normal strain applied to an injured intact surface may
exacerbate fibrillation. These observations are consistent with the global view of the cartilage
surface images taken using ESEM. At the given range of strain rates tested, injury alone did not
appear to cause profoundly visible surface damage. However, the damage due to higher strain
rates gradually became more apparent as oscillating lateral motion superimposed on a normal
strain is applied for one hour. The apparent necessity of multiple types of mechanical events to
induce surface damage may be important in understanding the process of tissue damage and
degradation in arthritis and may lead to the development of more relevant in vifro models of

cartilage injury.
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3 Effect of Injury on Lubricin Synthesis from Cartilage

3.1 Introduction

Recent experiments have specifically demonstrated that dynamic shear and compressive
loading increase PRG4 secretion and expression by many folds compared to static compression
and even free swell controls [1-3]. These studies suggest by moderating the lubricin production,
mechanical stimulation plays a role in preserving the articular surface smoothness with a low
CoF. Lack of lubricin on the cartilage surface increases the friction coefficient of normal
uninjured cartilage. However, only the presence of lubricin on the surface and in the lubricant
was able to reduce the friction coefficient of injured cartilage. The objective of this study is to
characterize the effect of injury on the lubricin gene expression and protein synthesis.

Mechanical injury increases the friction coefficient of cartilage with endogenous lubricin
and additional lateral motion on injured articular surface increases its roughness. Lubricin has
been widely researched as primary determinant of lubrication in SF. Lubricin and superficial
zone protein (SZP) are homologous glycoproteins derived from the gene proteoglycan 4 (PRG4)
of synoviocytes and superficial chondrocytes, respectively [4-6]. Their saturated negatively
charged O-linked glycosylation in the middle mucin-like domain enhances boundary lubrication
of the cartilage surface due to the strong repulsive hydration forces [6, 7]. In fact, removing the
O-linked B(1-3) Gal-GalNAc oligosaccharides in SF lubricin by 54% can reduce the lubricating
ability by 80% [8]. As a result, the purpose of this next study is to see how lubricin on the

cartilage surface and/or in the synovial fluid impact the surface properties of injured L1 cartilage.
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3.2 Methods

+ Injury Biochemical Analysis

= Lubricin gene expression: RNA extraction &
gRT-PCR.

= Lubricin released into conditioned medium:
Western blotting.

Harvest

L1(S2)f | 0.7mm

» Lubricin in the tissue: 1.5M NaCl extraction

50% Strain

@ 100%/s (Jones+ JOR 2006).
(el
* Immunohistochemical Staining.
¢ ' ! . }

I i 1 1
Day -2 Day 0 Day 2 Day 4 Day 6
Figure 3.1. Timeline of the steps taken in analyzing the gene expression and protein synthesis

3.2.1 Harvest and Injurious Compression

Cartilage disks from 1-2 week old bovine calves (Research 87) were extracted and
excised using the same procedure described in Chapter 2. After 2 days of equilibration in 1%
ITS supplemented cultural medium, equal groups of 8 cartilage disks are either placed in free
swelling condition or subjected to injurious compression (50% strain at 100%/s strain rate). The
treated disks were placed in new medium that is refreshed every other day. On day 2 and 6 after
injury when the experiment is terminated, lubricin gene expression, protein released into the
medium and retained on the cartilage surface, and synthesis through immunohistochemical

staining were assessed (Figure 3.1).

3.2.2 Lubricin Gene Expression

3 animals were used for lubricin gene expression. On day 2 and 6 after injury, the discs
were flash frozen in liquid nitrogen prior to storing in -80 °C. 8 uninjured or injured disks from
the 3 animals were pooled for RNA extraction followed by absorbance measurements in 260 and
280 um to assess the RNA concentration and purity. Next, RNA samples were reverse
transcribed into cDNA for RT-PCR in a 1-step process (Applied Biosystems). The bovine
lubricin primer/probe sequences used were 5°-GAGCAGACCTGAATCCGTGTATT for
forward primer, 5-GGTGGGTTCCTGTTTGTAAGTGTA for reverse primer, and 5’-
CTGAACGCTGCCACCTCTCTTGAAA for the probe (5'FAM, 3’'TAMRA) [1]. The
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housekeeping gene used for normalizing the lubricin gene expression was GAPDH.
Housekeeping genes are genes that are constitutively expressed to maintain the cell sustenance.
As a result, they are often used as the internal reference in quantifying the relative amplification
of another gene. The sequences used for GAPDH were 5°- AAGCTCGTCATCAATGGAAAGG
for the forward primer, 5°-GCATCACCCCACTTGATGTTG for the reverse primer, and 5’-
TCACCATCTTCCAGGAGCGAGATCC for the probe (5’FAM, 3’ TAMRA) [9]. Details of
the RT-PCR procedure conducted at Wyeth Research by Dr. Aled Jones are in Appendix A.

3.2.3 Lubricin Protein Secretion

The spent cultural medium during the 48 hours prior to the termination of the experiment

was collected and assessed for protein secretion using Western Blotting (Appendix A).

3.2.4 Lubricin Retained on the Cartilage Surface

Lubricin is extracted from the cartilage disks using the salt extraction method previously
established with minimal damage to aggrecan and collagen content [10]. Groups of 8 discs that
were uninjured and injured were placed in 1 ml of 1.5 M NaCl at 4°C for an hour before storing
the salt solution containing the extracted lubricin in -20°C. The protein amount was then

qualified using Western Blotting (Appendix A).

3.2.5 Lubricin Protein Synthesis

The uninjured and injured disks for immunohistochemistry (IHC) analysis were fixed and

stored in 70% ethanol. (Appendix A)

3.2.6 Friction Test Paradigm

— e
Sequential 5 min in 1.5M NaCl 1 hr in Equine Syn. Fluid (ESF)
Friction ——— —
Protocol | 1hr |nI PBS 1 min |ln PBS I
v v v v
Cond. |Endo. Lubricin| No Lubricin | ESF Lubricin | ESF Lubricin
Medium| PBS |  PBS | PBS |  ESF

Figure 3.2. The paradigm for testing the effect of lubricin on friction coefficient.

39



Friction coefficient was initially measured on injured and normal cartilage in the presence of
endogenous lubricin. Endogenous lubricin was extracted using 1.5 M NaCl, a concentration
shown to strip the natural lubricin without too much damage to the surface [10]. Friction
coefficient measurement was taken after 1 hour of PBS equilibration to see the effect of lubricin
on normal and injured cartilage. The cartilage was then soaked in equine synovial fluid (ESF)
briefly to see if exogenous lubricin can be localize at the cartilage surface and function like the
endogenous lubricin as measured by friction coefficient. The importance of the exchange
between the lubricin on the cartilage surface and lubricin in the bath was tested by immersing the
disk with the exogenous lubricin immersed in ESF [11]. Additional details can be found in

Appendix A.

3.3 Results

[J Control
M Injury

Lubricin mRNA Level
(Relative to Control)
nN
(4]

0-+——

Level 1 (including SZ) Level 2

4 *

3.5

Lubricin mRNA Expression
(Relatve to Control)

Level 1 Day 2 _ Level 1 Day 6

Figure 3.3. Lubricin gene expression of L1 and L2 cartilage days after injury (n=3 animals; mean*SEM;
*2p<0.05)

Injury heightened the lubricin gene expression in LI cartilage, but declined the
expression in L2 cartilage 2 days after injury. When comparing L1 cartilage 2 days and 6 days

after injury, the increase in lubricin expression 2 days after injury diminishes by day 6. Together,
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these results show that there is a depth and temporal dependence in lubricin gene expression

(Figure 3.3).

Figure 3.4. Western blot of A) lubricin protein secretion into the medium and B) lubricin extracted from L1
cartilage 2 days after injury

Injury also seems to increase the lubricin protein secretion (Figure 3.4A) into medium for
L1 cartilage, but not for L2 cartilage (Appendix A). However, the amount of lubricin extracted
from L1 cartilage appears to be comparable between injured and normal L1 cartilage (Figure
3.4B). If the amount of lubricin secreted (Figure 3.4A) is combined with amount extracted
(Figure 3.4B), then the total amount of lubricin in the L1 injured cartilage looks greater than that

in L1 normal cartilage. This trend tracks with the lubricin gene expression finding (Figure 3.3).
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Control Injury

Lubricin
G35 Stain

Figure 3.5. Immunohistochemical stain of lubricin in L1 normal and injured cartilage 2 days after injury using G35
antilubricin stain
Furthermore, injured L1 cartilage displays a brighter stain compared to normal L1

cartilage indicating higher lubricin synthesis (Figure 3.5).
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Control Injury

Figure 3.6. GAG stained with Safranin O (shown in 1% and 3" rows) and collagen stained with Trichrome (shown
in 2" and 4" rows) of L1 and L2 normal and injured cartilage

Comparing the injured case to the noninjured case for L1 cartilage, there is an apparent
depletion in GAG and collagen content near the surface (Figure 3.6). However, injury does not

seem to cause as profound a loss in GAG and collagen near the L2 cartilage surface as it did to

L1 cartilage surface.
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Figure 3.7. Effect of endogenous and exogenous lubricin on the friction coefficient of normal and injured L1
cartilage

Stripping the cartilage of lubricin affected only the friction coefficient of L1 normal
cartilage. When exogenous lubricin was localized on its surface, the friction coefficient did not
decrease. Both endogenous and exogenous lubricin did not affect the increased friction
coefficent of injured L1 cartilage. However, when the bath changed from PBS to ESF during the
friction test, the friction coefficients for both uninjured and injured cartilage were significantly
reduced. Another consequence of applying lateral motion using a lubricin rich bath environment
is that the friction coefficient of injured cartilage will be comparable to the one of its uninjured

counterpart. (Figure 3.7).

3.4 Discussion

Previous research have shown a single injurious compression can induce ~20 MPa in
bovine middle zone cartilage, a peak stress value comparable to what human joints experience in
daily life [12]. Such high peak stress leads to apoptosis, GAG loss, gene expression, as well as
decreased dynamic and equilibrium compressive and shear stiffness [13-15]. Our results
demonstrate that cartilage with the superficial zone intact is more susceptible to GAG and
collagen depletion after injury compared to the middle zone. This difference can be attributed to
the fact that compressive modulus as well as shear modulus increase with depth from the surface
[16, 17]. 1t is therefore expected that a weak superficial layer with low GAG and collagen
content near the surface would experience more tissue damage due to injury [16]. Furthermore,

the histology shows injury did not cause profound structural fibrillation at the surface, consistent

44



with our finding in Chapter 2 that the average roughness was not increased as a direct
consequence of injury.

Since injury leads to higher risk of OA which initiates at the surface and lubricin is a
glycoprotein which concentrates at the superficial layer, our study is the premier demonstration
of how mechanical injurious compression affects lubricin gene expression and protein synthesis.
Given that lubricin gene expression is increased 2 days after injury, but returns to control level at
6 days post injury, it suggests lubricin gene expression in L1 cartilage responds to mechanical
injury in a temporal manner. The fact that injury also increased the combined lubricin protein
expression for L1 cartilage after 2 days reinforces our finding in the corresponding gene
expression profile. The depth dependence in the response of lubricin gene expression to injury is
expected since lubricin is mainly localized near the superficial layer [5].

According to the immunohistochemical (IHC) staining, injured cartilage seems to have
more lubricin synthesis near the surface compared to uninjured cartilage. Yet, the lubricin
extracted from the injured and uninjured surface as shown in the Western blot were comparable.
A possible justification is that the salt extraction shows the lubricin content from the entire 700
um of the cartilage disk, while the IHC staining highlights the lubricin near the surface.

The presence of endogenous lubricin significantly affects the surface properties of
uninjured cartilage. When endogenous lubricin is stripped, exogenous lubricin which localized
at the surface slightly mitigate the elevated friction coefficient of the uninjured cartilage.
Furthermore, increased friction coefficient of injured surface is not responsive to either
endogenous or exogenous lubricin when the medium is PBS. However, ESF allows equal
smooth lateral motion on injured cartilage surface as on uninjured, normal surface. In fact,
friction coefficient of articular cartilage surface under boundary lubrication decreases with
increasing concentration of synovial fluid [18]. Our finding suggests that as long as synovial
fluid is rich in lubricin and other lubricating molecules, injured articular cartilage can maintain
smooth joint motion just like a healthy normal cartilage would regardless whether there is
endogenous lubricin present at the articular surface. One study that reinforces the protective
aspect of exogenous demonstrated regular injection of recombinant lubricin for four weeks how

OA in cartilage using a rat model was prevented after induced injury by (Figure 3.8, [19]).
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PBS-treated LUB:1-treated

Figure 3.8. Rat OA joint after treated with PBS or recombinant Lubricin for 4 weeks [19].

Additional analysis and discussion are provided in Appendix A.
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4 Induction of lubricin expression by mechanical injury through
the TGF-p signaling pathway

4.1 Introduction

In Chapter 3, we established that injurious mechanical compression caused a notable
increase in lubricin gene expression and biosynthesis in the cartilage superficial layer 2 days
after injury as well as a distinguishable loss of lubricin protein to the culture medium.
Mechanical injury also caused a significant increase in TGF- (transforming growth factor-p)
gene expression during the initial 24-hours post-injury period in middle zone cartilage [1]. In
separate studies, exogenous TGF-B was shown to upregulate lubricin expression and
biosynthesis in cartilage explants [2], and blocking the TGF-B pathway reduced the increase in
lubricin expression caused by non-injurious dynamic shear loading [3]. These reports, which
suggest a relation between TGF-B signaling and mechanotransduction, motivate the objective of
this study to test the hypothesis that blocking the TGF-B pathway suppresses the increase in
lubricin gene expression and protein secretion caused by injurious compression of cartilage.
Meanwhile, this study will first verify that mechanical injury also upregulates TGF- p gene in
superficial layer of cartilage as well as protein expression for confirmation. Since the modulus
for cartilage superficial layer is lower than the middle zone [4] , a range of strain and strain rates
will be applied to test the effect of injury on TGF- B.

The following sections will entail descriptions of the canonical TGF-f signaling pathway.,

and the TGF-B blocker selected for this experiment.

4.1.1 Canonical TGF-$ Signaling Pathway

TGF-B is a secreted growth factor that is a part of the TGF-$ superfamily of pleiotropic
cytokines that are involved in cell growth, differentiation, migration, cell survival, and adhesion
[5]- The members of this superfamily fall into two major branches: TGF-B/Activin/Nodal and
BMP/GDF (Bone Morphogenetic Protein/Growth and Differentiation Factor) [6]. TGF-pl is a

potent regulator in the matrix synthesis and plays a role in wound healing [7, 8].
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Figure 4.1 The canonical TGF-B signaling pathway through SMAD 2/3 phosphorylation [9]

The canonical TGF-p signaling (Figure 4.1) begins with TGF-p first binding to Type II
receptor, phosphorylates the serine residue of Type I receptor, and then forms a complex with
those two transmembrane serine/threonine kinases receptors. Then, the Type I receptor
phosphorylates the serine residue of the receptor-SMAD (SMAD 2/3) after SARA, an anchoring
protein, recruits it. The activated SMAD 2/3 travels to the cytoplasm, phosphorylates and forms
a complex with co-SMAD, SMAD4. The SMAD 2/3 + SMAD4 complex then goes into the
nucleus to moderate transcription [6, 10].

It is important to note that TGF-p signaling is very complex. It also occur through many
non-SMAD pathways including MAP kinase pathway, Rho-like GTPase signaling pathway, and
AKT pathway [11]. In addition, there is much signaling cross-talk that can take place between
the TGF-P/BMP pathway and other signaling pathways just mentioned [12]. Nevertheless, the
importance of the SMAD 2/3 pathway lies in the fact that SMAD proteins are the only
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substrates which has demonstrated to directly influence the target gene responses to the TGF-§

family [5].

4.1.2 TGF-p Blocker Selection

The TGF-B blocker chosen is a small molecule, SB431542, (Figure 4.2) which blocks the
Type I receptor and prevents the phosphorylation of SMAD 2 proteins [13].

Figure 4.2 Chemical structure of SB431542, small molecule which blocks the Type I receptor of TGF-B [14]

This blocker has been documented in previous works to [3, 15], and has been shown to have the
half maximum inhibiting potency (Iso) against Type I receptor of TGF-B (ALKS) branch and not
the Type I receptor of the Activin (ALK4) branch. I is the concentration of the inhibitor at
which half of the signaling is blocked. Because the kinase region of the two Type I receptors are
so similar, it is important to make sure there is much lower concentration threshold the blocker
needs to overcome before effectively blocking ALKS [13]. Another reason that this blocker is
selected is because ALKS is critical to TGF-B signaling since Type II receptor only
phosphorylates ALKS5, but plays no role in downstream signaling [16, 17]. By blocking ALKS,

the most direct impact that TGF-B would have its target genes would be gone.

4.2 Methods

4.2.1 Tissue Harvest

@ 3-mm cylinders were harvested from patellofemoral grooves of 1-2 wk old 700-pm
thick disks including the intact superficial layer were transversely sliced from each bovine

cylinder with a brain matrix.

4.2.2 Strain Dependence of TGF-p Gene and Protein Expression

Four groups of 8 cartilage disks from each animal (n=4 animals) were equilibrated for 48
hours in ITS% supplemented cultural medium. Then, the four groups were subjected to 0, 25, 50,

and 65% strain in 0.5 s respectively and released immediately. The average measured peak
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stress were 0, 4, 13, 18 MPa respectively. TGF-B1 gene expression and protein secretion were
assessed after culturing the disks in fresh [TS% supplemented cultural medium for 48 hours.
The TGF-B1 ELISA was done on the collected medium using the human TGF-B1 immunoassay

(R&D Systems).

4.2.3 Effect of SB431542 on Lubricin Gene and Protein Expression of Injured

Tissue
6 Groups:
+ Injury
1 uM blocker =
Harvest + 1 uMor =, 8 Injury
+ 10 uM :
0.7mm SB431542 50% Strain 10 uM blocker =
blocker @ 100%/s Injury
¥ ¥ ¥ Day 2

= t
Day -2 Day -1 Day 0 Day 1 |

Biochemical Analysis

= Gene expression: RNA extraction & qRT-PCR.

» Lubricin protein release into conditioned
medium using ELISA (Hoa, UCSD)

» Radiolabeled Sulfate Incorporation Rate

Figure 4.3 The experiment scheme to test the effect of the blocker on injured

Cartilage disks (n=4 animals) were incubated in 1% ITS supplemented culture medium
for 36 hours. Disks were used in six experimental groups, pre-incubated in 2 ml of medium for
12 hours in the presence of 1 uM (2 groups) or 10 uM (2 groups) of SB431542, a small molecule
inhibitor of the TGF-P type-I receptor, or no treatment (2 groups). Explants from one set of the 3
medium conditions were subjected individually to injurious compression of 50% strain at 100%/s
strain rate while the other disks remained in free swelling conditions (CTL). Cartilage disks were
then transferred to new ITS% supplemented cultural medium with or without the same blocker

concentrations for 48 hours ore being flash frozen for analysis of gene expression. The medium
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during the 2 days of post-injury incubation was collected for each condition to assay for PRG4

protein release by ELISA using 3-A-4 monoclonal antibody [18].

4.2.4 Sulfate Incorporation Rate Analysis

Cartilage disks (n=7 disks / condition from 1 animal, same 6 conditions) were analyzed to
assess the effects of the blocker on aggrecan biosynthesis by measuring S sulfate incorporation

rate 2 days post-injury for 24 hrs.

4.2.5 RNA Isolation and qRT-PCR

RNA was extracted from 8 pooled disks by pulverizing and homogenizing them in
TRIzol reagent (Invitrogen, San Diego, USA). Then, RNA was separated and isolated by using
Phase Gels tubes (Eppendorf, Hamburg, Germany) and the RNAeasy Mini Kit (Qiagen,
Chatsworth, CA). Once concentration and purity of RNA was determined at 260 and 180 nm, 1
ug of RNA was reverse transcribed into cDNA, and analyzed by qRT-PCR using Primer Express
Software (Applied Biosystems). The primer gene expression was determined using the standard
curve generated from the amplification curves of each primer, and is reported as relative copy
number normalized to expression of 18S and then to free swelling control values. The lubricin
primers are AGGAATGCACTGTGGAGCTT for forward sequence, and
GCCATAATCGGAACAGCACT for reverse sequence. The TGF-B primers are
CACGTGGAGCTGTACCAGAA for the forward sequence and
ACGTCAAAGGACAGCCACTC for the reverse sequence (Figure 4.3).

4.2.6 Statistical Analysis

All data in the ELISA and gene expression were log transformed before analyzing for statistics
using a linear mixed model followed by a post-hoc Tukey’s test. Fixed variables are injury and 1
pM blocker as well as injury and 10 uM blocker. The random effect is animal. Each factors had
2 levels. Two-way ANOVA was used to analyze sulfate incorporation data. Post-hoc Tukey

tests followed the respective statistical analyses for pairwise comparisons.
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4.3 Results
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Figure 4.4 Effect of strain rate on TGF-p gene expression
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Figure 4.5 Effect of strain rate on TGF-§ protein release

Indeed, injury increased gene expression and protein secretion of TGF-p after 2 days in cartilage
with intact superficial zone in a strain-dose-dependent manner (p<0.05, Figure 4.4, Figure 4.5).
This finding is novel because this is the first time TGF-p protein secretion has been reported in
response to injury and also in a strain rate dose-dependent manner near the superficial zone.
Meanwhile, the housekeeping gene, 18S, has shown to remain stable throughout the various

strain rates (Figure 4.6).
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Figure 4.7 The Effect of blocker on the lubricin protein release from L1 injured versus noninjured cartilage

Compared to uninjured control disks, treatment with the TGF-pB blocker resulted in a
trend towards decreased lubricin secretion and gene expression by 48 hours (Figure 4.7,Figure
4.8). Injurious compression resulted in peak stress values of 14~16 MPa that were similar under

all treatment conditions (i.e., xblocker) for disks from all animals (p>0.05) (data not shown).
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Compared to injury alone, secretion of lubricin by injured cartilage disks was significantly
decreased after being treated with either concentrations of TGF-f blocker (Figure 4.7). However,
lubricin gene expression (Figure 4.8) was significantly reduced only in the presence of 10 uM

blocker.
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Figure 4.8 The Effect of TGF-p blocker on lubricin gene expression in L1 injured or noninjured cartilage.
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Figure 4.9 The Effect of TGF- blocker on TGF-p gene expression in L1 injured or noninjured cartilage
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Figure 4.10 The effect of TGF-B blocker on IL-1f gene expression in L1 injured or noninjured cartilage

TGF-B gene expression (Figure 4.9) did not change due to either concentrations of the blocker,
but did respond positively to injury. Similarly, IL-1 B, a cytokine which negatively impacts

lubricin protein release was unaffected by the blocker (Figure 4.10).
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Figure 4.11. Peak stress among all the injury conditions across the 4 animals.

The peak stress did not change (p>0.05) with blocker concentration. Disks cultured in the

presence of the TGF-B blocker showed a significant dose-dependent decrease in sulfate
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incorporation compared to untreated control disks (Figure 4.12). Injury alone also caused a
significant decrease in proteoglycan biosynthesis compared to untreated controls. However,
proteoglycan biosynthesis in injured disks was not significantly affected by the presence of the
TGF- B blocker.
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Figure 4.12 Effect of blocker on sulfate incorporation rate

4.4 Discussion

Our results support the hypothesis that the TGF- type I receptor (ALKY), in the pathway
following SMAD 2/3 phosphorylation, is involved in lubricin secretion and gene expression in
injured cartilage containing the intact superficial zone. The importance of ALKS in TGF-f
signaling is further explored in the murin embroyonic fibroblast where the cells without ALKS
are unaffected by TGF-B signaling [17]. As expected, blocking ALKS with a higher
concentration of SB431542 was apparently more effective in reducing both lubricin gene
expression and protein secretion [15]. In addition, this study showed that TGF-B gene and
protein expression increased in cartilage containing intact superficial zone with increasing
injurious compressive strain. Since one of TGF-B’s functions is wound healing, it seems
probable TGF-f is having an anabolic response to injury in a strain dependent manner [6].

Since aggrecan is a target of TGF-f signaling, the reduction in sulfate incorporation rate
after blocking the signal is expected. However, the decrease in sulfate incorporation following
injury, also noted in middle zone bovine calf cartilage following injury [19], was unaffected by
the TGF-f blocker. Our results, together with the findings that TGF- and injury both upregulate

lubricin [2, 20], demonstrate that the TGF-B pathway may be an important mechanism in
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modulating the effects of injury on lubricin.  Additional genes are listed in Appendix C. The

main point is to illustrate that the blocker did not significantly change the expressions of many of

the other genes.
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5 Microscope Stage Actuator Design for Observing Intracellular
Transient Behavior of Chondrocytes under Injury

5.1 Introduction

Novel live cell dyes and advanced fluorescent confocal microscopy systems have enabled
extensive probing of chondrocyte morphology and understanding of its intracellular dynamics.
The chondrocyte cytoskeleton is an integration of actin microfilaments, microtubules, and
intermediate filaments. Since mature articular chondrocytes no longer proliferate, these proteins
play a major role in cell-matrix interaction, cell signaling, and transport functions. These
functions are regulated in part by the increased tubule concentration in the chondrocytes from the
weightbearing areas of cartilage [1]. Cytoskeletal density varies with depth from the superficial
to the deep zone. Denser cytoskeleton may be localized in area of greater deformation they offer
greater resistance to shear stress compared to intermediate fibrils and microtubules [2].

The mechanical behavior of cartilage has been well represented using the viscoelastic and
the poroelastic models. The linear solid 3-element viscoelastic model works well in predicting
time dependent mechanics of any single-phase interactions within the matrix. However, Maurice
Biot’s linear poroelastic equations also accounts for the mechanical loss coupled between the
solid and fluid phase during cartilage deformation. In addition, the poroelastic model takes into
consideration both temporal and spatial dynamics during deformation.

Chondrocyte mechanics have been examined extensively using micropipette aspiration,
AFM nanoindentation, and other cytoindentation techniques [3]. In one approach, chondrocyte
stress-relaxation time constant (t¢) and equilibrium modulus were derived by fitting experimental
data to the standard linear solid viscoelastic model consisting of a dashpot and spring in parallel
with a spring [3-5]. The 1, attained from indenting single chondrocyte using AFM and the one
estimated from indenting the agarose gel seeded with chondrocytes were both approximately 4
seconds. However, the 1, derived from the data fitting did not include the instantaneous stress
relaxation transient, which may be the time frame where many important cellular events take
place [4, 6].

Since the cytoskeletal organization regulate chondrocyte stiffness, one can imagine that

other immediate intracellular aftermath post loading also attribute significantly to cell mechanics
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and mechanotransduction [7]. Thus far, the confocal imaging studies performed on cells
included quantifying the Poisson ratio, the volume, and surface area are affected by deforming a
cell seeded gel construct or in explants. Those that have probed into the intracellular domain
generally involved observing the organelle morphological changes after the cell has reached a
relaxed state [8-15]. In addition, other intracellular images involves qualitatively assessing
features in fixed samples [16, 17]. In both cases, the mechanism that ultimately alters cellular
biosynthesis was not captured.

Since the interaction of cytosol and organelles dictates the functionality of the cell, the
spatial component of poroelastic model may provide insight into what governs the cell’s initial
response to high peak stress and high strain rate during injury. Thus, this study will focus on real
time live imaging during deformation so that it will acquire the instantaneous poroelastic stress-
relaxation time while drawing from the model developed by Charras.

In the poroelastic model developed by Charras, the cell is treated as a fluid and solid
mosaic medium with negligible inertial effects. This poroelastic model in one dimension
consists of modified versions of the stress-strain relationship, Darcy’s law, and the continuity
equation shown respectively in Eqs 1, 2, and 3. The H is the drained bulk modulus; u equals the
solid displacement; ¢ represents the bulk porosity; p is the fluid pressure; ¢ is the local porosity;

v is the fluid velocity; and k is the hydraulic permeability. Also, Eq. 3 satisfies the continuity

law in one dimension,—a—(%wLU) =0,ifU,=0in 6_u+U +U, =0because U = ¢(v—%).
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the cell, the diffusion equation of the solid matrix can be depicted as shown in Eq. 4.
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Treating the chondrocyte as a poroelastic media, the relaxation time constant is given in Eq. 5
where L is the characteristic length (diameter) of the cell.

LZ
T =
Kk

)

L and H have empirically been determined to be ~10 um and ~1 kPa respectively for
chondrocyte, but the value of k various by orders of magnitude depending on the model used and
the cellular parameters selected (see Appendix C). As a result, the theoretical expected values

for the poroelastic time constant also differ by three orders of magnitude.

5.2 Actuator Design 1.0

The goal of the study is to empirically determine the poroelastic relaxation time constant
of the cell when the cartilage is under mechanical loading. Thus, the experimental concept
involves acquiring live cell confocal images in real time as the actuator deforms the cartilage
tissue. As illustrated in (Figure 5.1), the solenoid, controlled by the circuit box, will actuate the
stainless steel applicator to deform the cartilage in the x direction against the porous metal.
Simultaneously, the confocal system will record the intracellular deformation and relaxation at

the boundary between the cartilage and porous material.

Cartilage

«—Glass Slide
+«—Porous Material
+—Cover Slip

L,

Figure 5.1. Experimental concept of the real-time observation of cellular deformation as the cartilage is

v F'.-;‘.‘.
e

Applicator

Solenoid

compressed by the applicator (shown by the blue arrow).

5.2.1 Mechanical Stage Design

In order to conduct the experiment on the microscope (Zeiss Axiovert 200), the first step

is to design a custom mechanical stage that will hold the sample and the solenoid. The 1/2”
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diameter x 17 long push tubular solenoid was obtained from Saia-Burgess, while the porous
stainless steel with a porosity of 20 um is provided by Porous Technologies Inc. and trimmed to

12.8 x 25 x 1 mm by the MIT Central Machine Shop. Meanwhile, the stainless steel pieces,

indicated in Fig. 5, are designed and outsourced using the emachineshop schematic software.

Figure 5.2. 3-D models of the applicator, the stage, and the bridge that secures the solenoid (left to right).

Together, the whole assembly looks like the following:

Figure 5.3. Setup of mechanical system which reflects the concept illustrated in the. Figure 5.1
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5.2.2 Electrical Circuit Design
In order to amplify and control the voltage output to the solenoid, a circuit was built with

an embedded monostable to deliver 30V to the solenoid for two seconds before lowering to 10V,
as shown in (Figure 5.4). The two seconds were chosen to prevent overheating in the solenoid
when applying a maximum force of 3N to the cartilage. A schematic of the circuit is presented

in Appendix D.

Figure 5.4. The electronics embedded in the circuit box.

5.3 Actuator Design 2.0: Upgrade

Currently, the solenoid delivers a small instantaneous force of 3 N to the tissue that
induces minute deformation. Additionally, if the fluid does not escape in time, the limited
deformation to the tissue translates to undetectable deformation to the cell. Therefore, the
upgrade will replace the solenoid with a DuraPlus linear actuator with a micro-stepper driver to
modulate the strain rate and increase the tissue deformation. Also, the geometry of applicator
and the platen will be porous in half cylindrical shapes. Similarly, the tissue sample will also be
a half cylinder with a high aspect ratio between the length and the width. Furthermore, its two
faces will be confined between the porous materials while its plane of symmetry is laying on the
glass cover slide and the lateral edge is left unconfined. In addition, past research has shown that
there is minimal fluid flow for both confined and unconfined compression if the diameter to
thickness ratio is large. In turn, the matrix moduli measured for both cases are similar. The

poroelastic aggregate modulus (H,) and hydraulic permeability (k) were determined to be 0.56
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MPa and 1.6x10"° m*N's for confined compression and 0.5~0.7 MPa and 0.63x10™"° m*N"'s for
unconfined compression [19, 20]. As a result, this experimental configuration will enable most
of the fluid to be exuded into the porous materials and allow more uniaxial solid matrix

deformation.

Figure 5.5. Mechanical actuator device designed using Solidworks (top view)

Figure 5.6 Side view of mechanical actuator (side view)
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5.4 Experimental Setup

5.4.1 Harvest

First, 6-mm cores are extracted from both sides of the femoral groove. Then, the first 1-mm
slice is taken from each core to obtain a 3 x 3 x 1 mm cube. Meanwhile, each sample is
incubated in 0.5 ml of 1% ITS supplemented culture medium for 1-2 days of equilibration before
staining for imaging.

Once the mechanical setup is upgraded, the samples will be 8-mm diameter x 1-mm thick

cartilage discs cut in half.

5.4.2 Dye Application

Since the repertoire of dyes for living tissue/cell is limited, the two dyes were chosen
such that they only act as a marker in the cell without interfering with the intracellular functions.
The MitoTracker Red CMXRos (C;;H3,Cl,N,0) from Molecular Probes is a fixable dye that
tracks the active mitochondria at absorption and emission wavelengths of 579 and 599 nm. The
advantage of this probe is that it contains a mildly thiol-reactive chloromethyl moiety that retains
the dye in the mitochondria even after fixation (Molecular Probes). More importantly, because
this dye anchors to a specific organelle, the discrete concentration can be better visualized.

The CellTracker Green CMFDA (5-chloromethylfluorescent diacetate), which absorbs
and emits at 492 and 517 respectively, belongs to a series of fluorescent probes that are passed
down to daughter cells. Essentially, once the colorless, nonfluorescent, uncharged dye permeates
through the membrane, the cytosolic esterases cleave the acetates, thereby releasing the
fluorescent probe and resulting in a charged form that is cell impermeable (Molecular Probes).

The general protocol consists of immersing each 3x3x1 mm sample in 0.5-ml of dye
diluted in high glucose DMEM solution for 1 hour in 37 °C and wash for 1 hour in DMEM only.
The MitoTracker concentration is about 2 uM while the CMFDA concentration is SuM.

5.4.3 Image Aquisition

Imaging acquisition will be done using the Nipkow Dual-Spinning Disk Confocal System

(Zeiss Axiovert 200M, PerkinElmer Ultraview) from the Whitehead-MIT Bioimaging Center, as
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illustrated in Figure 5.7. In order to achieve the temporal resolution on the order of 0.1 s, the
spatial resolution will be slightly compromised by setting a 2x2 binning and an exposure time of

45ms. The objective used will be Zeiss 100x/1.45 oil immersion objective.

Figure 5.7. Diagram of the custom stage and the confocal microscope system

Figure 5.8. Pictorial concept of intracellular structures progressing from the deformed state (left) to the relaxed

state (right) as indicated by the distribution of the MitoTracker dye

After setup, the 1344 x 1024 pixels CCD camera (Hammamatsu Orca-ER) will capture
the 10-second 2D time lapse at ~16 f/s including the two seconds of induced tissue/cell

deformation as well as the cellular relaxation thereafter.
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6 Conclusion

Mechanical injury induces very different responses from cartilage near the articular surface
versus cartilage in the middle zone. It has been shown that injury alone at high strain and strain
rates can cause apoptosis, GAG loss, and other biochemical damage. However, this study has
shown for the first time that additional dynamic shear motion superimposed on a static normal
strain lead to grave surface fibrillation and roughening on an injured cartilage with intact
superficial layer. Meanwhile, it has no effect on injured middle zone cartilage.

Lubricin expression on the cartilage surface is regulated by mechanical injury in a depth
dependent and temporal manner. Mechanical injury increases lubricin gene expression and loss
to media 2 days after injury. However, the lubricin gene expression near superficial zone
cartilage returns to control after 6 days. It is possible that the remaining healthy cells respond
anabolically to synthesize more lubricin, but over time, the catabolic effects become more
dominant. Nevertheless, if the synovial fluid has sufficiently high concentration of lubricin, it
can help replenish and provide smooth articulation of the joints regardless whether the cartilage
surface has been previously injured.

Mechanical injury can increase TGF-B gene expression in middle zone cartilage within 24
hours post injury. This study has confirmed that trend in superficial layer cartilage as well.
Furthermore, results from this study indicate that TGF-p gene and protein expression near the
superficial cartilage increases in a strain dose dependent manner. Previous reports show that
exogenous TGF-f increases lubricin gene and protein expression.  Furthermore, other
investigators demonstrated that blocking the canonical TGF-f signaling pathway diminishes the
increased lubricin protein expression induced by dynamic shear motion. In addition, this study
showed that by blocking the TGF-3 signaling pathway using a TGF-  type I receptor, it also
reduces the increased lubricin gene and protein expression caused by mechanical injury. This
study further supports the fact that TGF- B signaling pathway influences the modulation of

lubricin caused by injury.
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ABSTRACT

Objective. To evaluate the effects of injurious compression on the biosynthesis of
lubricin at different depths within articular cartilage, and to examine alterations in
structure and function of the articular surface following mechanical injury.

Methods. Bovine cartilage explants were subdivided into level 1, with intact articular
surface, and level 2, containing middle and deep zone cartilage. Following mechanical
injury, lubricin messenger RNA (mRNA) levels were monitored by quantitative RT-PCR,
and soluble or cartilage-associated lubricin protein was analyzed by Western blotting and
immunohistochemistry. Cartilage morphology was assessed by histological staining, and
tissue functionality was assessed by friction testing.

Results. At two days post-injury, lubricin mRNA expression was upregulated
approximately 3-fold for level 1 explants, and was downregulated for level 2 explants.
Lubricin expression in level 1 cartilage returned to control levels after 6 days in culture.
Similarly, lubricin protein synthesis and secretion increased in response to injury for level
1 explants and decreased for level 2 cartilage. Histological staining revealed changes in the
articular surface of level 1 explants following injury, with respect to glycosaminoglycan
and collagen content. Injured level 1 explants displayed an increased coefficient of friction
relative to controls.

Conclusions. Increased lubricin biosynthesis appears to be an early transient
response of surface-layer cartilage to injurious compression. However, distinct
morphological changes occur with injury that appear to compromise the frictional

properties of the tissue.

INTRODUCTION

Osteoarthritis (OA) is characterized by the degeneration of articular cartilage, leading to
matrix fibrillation, fissuring and the development of lesions. In the final stages of the disease,
erosion of cartilage leads to painful bone-on-bone contact. The etiology of OA is complex and
involves multiple biochemical, biomechanical and genetic factors in addition to ageing (1-3).

Cartilage injury in young individuals is a prominent predisposing factor leading to increased risk
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for the subsequent development of OA (4, 5), and as such represents a discrete pathological
event. Damage to the meniscus or ligaments sustained during a traumatic joint injury causes
instability, subjecting articular cartilage to abnormal biomechanical forces and resulting in the
release of inflammatory mediators (6). Several animal models of OA are thus based on the
observation that joint instability, i.e. via anterior cruciate ligament transaction or perturbation of
the meniscus (7), results in the rapid onset of articular cartilage degeneration with an OA-like
phenotype. The initial events following joint injury are thought to be crucial, as surgical
interventions to restore joint stability do not seem to reduce the risk of developing post-traumatic

OA (8).

The link between traumatic joint injury and OA may therefore provide unique insights
into the pathophysiology of the disease, and has been explored using in vitro application of
injurious compression (9). These models allow investigators to circumvent the loading variability
inherent in vivo by applying defined mechanical forces to articular cartilage and observing the
subsequent effects. Such models have utilized, for example, a single compression of human or
bovine cartilage up to 65% strain (10-17) or cyclic loading of various amplitudes (18, 19).
Injurious compression of cartilage in vitro has been shown to effect a number of biochemical and
biophysical changes, including GAG loss (10, 13, 15, 19), collagen denaturation (16, 18, 19),
increased water content (13, 16, 20, 21) and decreased stiffness (13, 21). Cell death by apoptosis
and necrosis also occurs in response to mechanical compression (11, 16, 18, 21, 22). In addition,
mechanically injured cartilage displays increased expression of extracellular matrix- (ECM)
degrading enzymes such as matrix metalloproteinase-3 (MMP-3) and ADAMTS-5 (aggrecanase-
2) (23).

Healthy articular cartilage maintains a smooth, well-lubricated surface that endows the
tissue with an extremely low coefficient of friction (24). These properties are due, at least in part,
to the presence of lubricin, a multidomain glycoprotein that is a product of the proteoglycan 4
(PRG4) gene (HGNC:9364). Lubricin is homologous to molecules also referred to as superficial
zone  protein  (SZP), megakaryocyte  stimulating factor (MSF)  precursor,
camptodactylyarthopathy-coxa vara-pericarditis (CACP) protein, ‘downstream of the
liposarcoma-associated fusion oncoprotein’ 54 (DOLS54) and PRG4 (25-30), and is a component
of synovial fluid that is expressed and secreted by superficial zone chondrocytes and

synoviocytes. Lubricin has been localized to the surface of multiple synovial tissues including
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cartilage, meniscus, ligament and tendon (30-34), whereupon it acts as a boundary lubricant and
as a deterrent against abnormal protein deposition and/or cellular adhesion (35, 36). In addition,
lubricin contributes to the load-dissipating elasticity of synovial fluid (37). Lubricin monomers
are comprised of a central mucin-like domain substituted with O-linked B-(1-3)-Gal-GalNAc
oligosaccharides partially capped with NeuAc, which are believed to facilitate boundary
lubrication (38), with flanking terminal globular domains which may play a role in aggregation
and matrix binding (25, 39). The importance of lubricin in synovial joint metabolism is
emphasized through the phenotyping of CACP syndrome in humans, in which genetic mutations
elicit a lack of lubricin expression. Patients with CACP syndrome exhibit non-inflammatory
synovial hyperplasia, fibrosis and premature joint failure (29), and these features are also
apparent in lubricin knockout mice (36). Downregulation of lubricin expression is also reported
in some animal models of arthritis (40, 41).

Several studies have investigated the effects of biochemical regulators (cytokines and
growth factors) on lubricin expression (25, 42-44), and recent research has also examined some
of the effects of biomechanical stimuli (45-49). To date, the effect of a single injurious
compression of lubricin expression and secretion by articular cartilage has not been studied.
Therefore, a primary objective of the current study was to determine the effects of cartilage
mechanical injury on lubricin expression and secretion at different depths within articular
cartilage explants utilizing a well-established in vitro model. A secondary objective of the study
was to characterize the general functional and morphological alterations of an intact articular
surface in response to injurious compression. We observed changes in lubricin biosynthesis and
alterations in surface morphology and functionality after injury, both of which may be indicative
of a specific response of the superficial zone of articular cartilage to injurious compression.
These results provide information concerning the immediate response of the articular surface to
cartilage injury in vitro, and provide a basis for future studies into the effect of cartilage injury in
vivo, with a view towards developing potential therapies.

MATERIALS AND METHODS

Isolation of calf articular cartilage explants. Bovine articular cartilage disks were
harvested from the femoropatellar groove of 1-2 week old calves similar to previously
established methods (23). Briefly, cartilage cylinders (3 mm diameter) were cored using a dermal

punch, followed by removal of subchondral bone with a blade. Cylinders were then sequentially

75



sliced into two transverse sections with a depth of ~0.5 — 0.7 mm using a brain matrix (TM-1000,
ASI Instruments, Warren, MI). The uppermost section, containing the intact articular surface,
was termed ‘level 1°, and the next section containing the distal zone of cartilage below level 1
was termed ‘level 2’ (Figure 1). Following tissue harvest, disks were precultured for 48 hours at
37°C in an atmosphere of 5% CO, in culture media comprised of low glucose DMEM, 0.1 mM
non-essential amino acid (NEAA), 10 mM HEPES buffered solution, 100 U/ml penicillin, 100
ug/ml streptomycin, 0.4 mM proline, supplemented with 1% ITS (10 pg/ml insulin, 5.5 pg/ml
transferrin, and 5 ng/ml sodium selenite).

Injurious compression. Following equilibration of the cartilage explants during a 48
hour pre-culture period, injurious compression was performed utilizing a custom-designed
incubator-housed loading apparatus (50) shown in Figure 1. Cartilage explants were placed
individually in a well at the center of a polysulfone chamber, which allows for radially
unconfined compression. The thickness of cartilage explants at zero-strain was measured to
correct for tissue swelling in the 48 hour equilibration period. The mechanical injury protocol
consisted of a single ramp compression to 50% of the original cartilage thickness at a velocity of
100%/second, followed by immediate removal of compression at the same rate. Thus, explants
were compressed to half their original height over the period of 0.5 seconds, after which time
compression was removed over the following 0.5 seconds. Measurements of peak stress values
during the loading protocol showed higher values for level 2 explants (22.151 MPa, n = 19
explants from 1 animal) than for level 1 (15.066 MPa, n = 20 explants from 1 animal) indicating
that compressive modulus increases with cartilage depth, in concordance with other studies (51).
‘Free-swelling’ control explants were placed into the chamber but were not compressed. Injured
explants and free-swelling controls were placed in fresh serum-free medium, and cultures were
terminated after 2, 4 and 6 days.

RNA extraction and quantitative RT-PCR. After culture, conditioned media was
collected and cartilage explants were flash-frozen in liquid nitrogen prior to storage at -80°C.
Explants (2-3 per purification) were freeze-milled and resuspended in Tri-reagent (Sigma, St.
Louis, MO). After separation of protein and nucleic acid by the addition of chloroform, RNA
was purified using RNeasy spin kits, including an on-column DNAse [ digestion step (Qiagen,
Valencia, CA). Absorbance values were taken at 260 nm and 280 nm to establish RNA

concentration and purity. Quantitative real-time RT-PCR for bovine lubricin was performed as
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described previously (42). Briefly, assays were performed using one-step quantitative RT-PCR
reagents (Applied Biosystems, Foster City, CA) and primer/probe sets (5’-FAM/3'-TAMRA,
Integrated DNA Technologies, Coralville, 1A) specific to the exon 9/10 boundary of bovine
lubricin (45) and for the housekeeping gene GAPDH. Lubricin mRNA levels were normalized to
GAPDH and expressed relative to control (uninjured) levels (AACr method, Applied
Biosystems).

Biochemical analyses and Western blotting. Western blotting for lubricin was
performed essentially as described (39). Conditioned media from level 1 explants was mixed
with 4X SDS-PAGE sample buffer and 10% (v/v) B-mercaptoethanol prior to separation on 4-
12% Tris-glycine SDS-PAGE gels (Invitrogen, Carlsbad, CA). Conditioned media from level 2
explants was concentrated 10-fold on 100 kDa cutoff spin columns (Millipore, Billerica, MA)
prior to analysis. Explants (n = 8) were also extracted in 1.5 M NaCl as described previously (39).
Gels were transferred to Protran BA83 nitrocellulose membranes (Whatman, Florham Park, NJ),
blocked with 5% (w/v) bovine serum albumin (BSA) in Tris-buffered saline (TBS, pH 7.4) and
analyzed by Western blotting with monoclonal antibody 6-A-1 (25, 32), raised against native
bovine lubricin (generously provided by Dr. C.E. Hughes and Prof. B. Caterson, Cardiff
University). After an overnight incubation with antibody 6-A-1, membranes were washed and
incubated with rabbit anti-mouse HRP conjugate (Pierce, Rockland, IL) diluted in 1% (w/v)
BSA in TBS for 1 hour, followed by multiple washes in TBS. Reactive bands were detected with
enhanced chemiluminescence (ECL) reagents (GE Healthcare, Piscataway, NJ) and BioMax
Light autoradiography film (Kodak Molecular Imaging, New Haven, CT).

Histological analyses. After culture, cartilage explants were fixed with 4% (w/v)
paraformaldehyde for 24 hours then transferred to 70% ethanol. Following dehydration, tissue
was embedded in paraffin, and 8 pm sections were cut and placed onto microscope slides
(Superfrost Plus, VWR, West Chester, PA). After rehydration with xylene and graded ethanols,
sections were stained using standard histological techniques for proteoglycan (Safranin O-fast
green) and collagen (trichrome) or analyzed by immunohistochemical detection with rabbit anti-
lubricin antibody G35 (immunizing peptide: CGEGYSRDAT) or non-specific rabbit IgG as
described previously (39).

Friction testing. Cartilage explants (n = 6 per treatment group) were flash frozen in liquid

nitrogen after the culture period and stored at -80°C prior to friction testing. Briefly, a custom
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linear cartilage-on-glass friction testing apparatus was utilized to measure the friction coefficient
(w) in the boundary lubrication mode using PBS as a bathing solution. The friction testing
apparatus consisted of a glass counterface/lubricant bath that linearly oscillates under the
cartilage sample driven by a servo motor, and a custom biaxial load cell which applies a normal
strain to the tissue and measures the normal and frictional shear loads on the sample (52). Level
1 explants were tested with the articular surface against the glass counterface, level 2 explants
were tested with the upper surface (distal to the former site of subchondral bone attachment)
against the glass counterface. Friction tests were performed on level 1 and level 2 injured
samples and unloaded controls before and after extraction with 1.5 M NaCl, with cartilage slices
equilibrated in PBS for 1 hour after extraction prior to friction testing. Subsequent tests were
performed with level 1 explants after a 1 hour soak in equine synovial fluid (ESF) with PBS as
the lubricant, followed by a final test with ESF as the lubricant. Samples were tested with an
applied normal strain of 30%, and an entraining velocity of 0.33 mm/s resulting in boundary
mode lubrication as confirmed by previous studies (53). The temporal friction coefficient (u(t))
was recorded and data is presented as the equilibrium friction coefficient (jeq) calculated from a
poroelastic relaxation model fit to the p(t) data. Statistical analyses of differences between
groups were performed using Tukey’s post hoc test.
RESULTS

Effects of injurious compression on levels of soluble and cartilage-associated
lubricin. Mechanical injury of cartilage explants resulted in opposing effects on lubricin
biosynthesis in level 1 and level 2 explants. For level 1 cartilage, increased secretion of lubricin
protein into the conditioned media was observed in response to injury (Fig. 2A). In contrast,
injurious compression of level 2 cartilage resulted in a reduction in the amount of lubricin
present in media samples. Extraction of bovine cartilage with 1.5 M NaCl has previously been
shown to remove cartilage-associated lubricin (39) and a similar extraction procedure was used
for explants from these studies. Similar amounts of lubricin were extracted from injured level 1
explants and free-swelling controls (Fig. 2B). No detectable lubricin was extracted from control
or injured explants from level 2.

Effects of injurious compression on lubricin mRNA expression. For level 1 cartilage,
elevated expression of lubricin mRNA was observed after 48 hours in culture post-injury (Fig.

3A). In contrast, injurious compression of level 2 cartilage caused a reduction in lubricin mRNA
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levels, in agreement with the lowered amounts of lubricin present in conditioned media samples
(Fig. 2A). In a separate experiment, the response of lubricin mRNA levels to injury in level 1
explants was investigated further by extending the post-injury culture period to 6 days (Fig. 3B).
Lubricin mRNA levels again increased in response to injury on day 2, but by day 6 mRNA
expression was not significantly different between injured cartilage and free-swelling controls,
suggesting that lubricin mRNA upregulation is a temporary response to injurious compression in
explants containing an intact articular surface.

Histological and immunohistochemical analyses of injured versus control explants.
The uppermost layer of injured level 1 cartilage exhibited marked cellular depletion, and
displayed an amorphous/‘swollen’ surface architecture with diminished glycosaminoglycan (Fig.
4a, b) and collagen (Fig. 4c, d) content. For level 2 explants, injured tissue displayed some loss
in glycosaminoglycan (Fig. 4e, f) and collagen (Fig. 4g, h) content, but the effect was not as
prominent as for level 1 explants, demonstrating a specific response of superficial zone-
containing explants to injury. Immunohistochemistry for lubricin (Fig. 5) confirmed enhanced
cellular biosynthesis of lubricin in injured level 1 tissue.

Effect of injurious compression on cartilage frictional properties. To evaluate the
functional effects of the changes in lubricin biosynthesis and cartilage morphology described
above, cartilage explants from level 1 and level 2 were cultured for 48 hours after injury, and
subjected to biomechanical testing to analyze the frictional characteristics of the tissue (Fig. 6).
The observed friction coefficient of untreated articular cartilage (Level 1, control) was ~0.25,
similar in range to the kinetic friction coefficient observed in other studies using bovine cartilage
and PBS as a bathing solution (54). Injured explants from level 1 displayed a significantly higher
level of friction (i) than free-swelling controls (Fig. 6A). Friction testing after extraction of
control level 1 explants with 1.5 M NaCl to remove endogenous lubricin revealed an increase in
friction. However, the extraction procedure did not increase the piq value of level 1 injured
explants, indicating that the extensive morphological changes in the superficial zone, such as
observed in figure 4, contribute significantly to the loss of lubrication. Control cartilage from
level 2 exhibited a higher average Mg value compared with control cartilage from level 1, and
injury did not significantly change the frictional characteristics of level 2 cartilage. Notably, the
baseline i value of unextracted control level 2 cartilage was similar to 1.5 M NaCl-extracted

control level 1 cartilage. Salt extraction had no effect on the pq values of control or injured
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cartilage from level 2. Level 1 control and injured explants were tested after a 1 hour soak in
equine synovial fluid (ESF) with PBS as the lubricant solution (Fig. 6B), which reduced the
observed piq values for both groups, although the i for injured cartilage was still significantly
higher than for control cartilage. Finally, level 1 control and injured explants were tested with
ESF in the lubricant bath. Observed p.q values for both groups were substantially reduced (Fig.
6B), highlighting the role of synovial fluid constituents in the boundary lubrication of articular
cartilage as described by other researchers (55, 56). However, even with synovial fluid as the
lubricant, injured cartilage displayed a higher coefficient of friction than free-swelling controls.
DISCUSSION

Previous investigations into the effects of a single injurious compression on bovine
cartilage explants have demonstrated upregulated catabolic gene expression in addition to
decreased chondrocyte viability, decreased ECM biosynthesis and changes in biomechanical
properties (10, 13, 23). In many such studies, the surface (approximately 200 pm) layer of
cartilage had been removed, whereas in the current experiments the superficial zone was retained
on the level 1 explants. Elevated lubricin protein levels in conditioned media were observed for
cultured level 1 explants in response to injury (Fig. 2), and a corresponding upregulation of
lubricin mRNA synthesis occurred after 48 hours in culture post-injury (Fig. 3A). After 6 days in
culture, levels of lubricin mRNA for injured level 1 specimens decreased and approached control
levels (Fig. 3B). For level 2 cartilage, lubricin synthesis by control samples was substantially
lower than for level 1 controls (data not shown), and was further diminished following injury
(Fig. 2A).

The levels of extracted lubricin for both injured and control cartilage were similar after 2
and 6 days (Fig. 2 and data not shown), although enhanced lubricin expression below the
articular surface of injured level 1 explants (Fig. 5) indicates that the lubricin extracted from such
samples may not all be surface-localized. No lubricin was detected in extracts of level 2 cartilage,
in agreement with other studies that document lubricin expression and localization specifically
within the superficial zone of articular cartilage (30). The morphology of the articular surface
was markedly altered in injured cartilage from level 1, and this was less apparent in injured
explants from level 2 (Fig. 4). This may be indicative of a distinct biosynthetic response to
injurious compression by chondrocytes present in the superficial zone of level 1, which does not

occur in cells from the deeper zone(s) of articular cartilage.
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Injured explants from level 1 displayed an increased coefficient of friction (pq) upon
biomechanical testing (Fig. 6), suggesting that the structural changes observed (Fig. 4) contribute
significantly to a loss of this tissue function. Extraction of lubricin from control level 1 explants
with 1.5M NaCl resulted in an increase in friction, whereas the friction coefficient of extracted,
injured level 1 explants was not significantly altered. It may be noted, however, that while this
extraction protocol results in the effective removal of lubricin (Figure 2), other components of
the 1.5M NaCl extract (39) might also contribute to the tribological properties of the articular
surface. Control explants from level 2 displayed a higher frictional coefficient than those from
level 1, with values similar to those obtained for extracted level 1 cartilage. Furthermore, the
frictional properties of level 2 explants were not significantly affected by injurious compression
or extraction with 1.5 M NaCl. The coefficient of friction decreased for both control and injured
level 1 cartilage tested after soaking in ESF and also with ESF in the lubricant bath. The results
indicate that the surface lubricating properties of injured cartilage may be rescued by adequate
levels of synovial fluid lubricants, including lubricin. It will be of interest to determine whether
the structural and functional changes to the injured superficial zone are reversible events, such
that the tissue can function in a manner similar to that of uninjured cartilage after longer periods
in culture, and/or in response to particular biochemical/biomechanical stimuli, or upon treatment
with applicable biolubricants. For example, dynamic shear and compressive forces are known to
increase lubricin expression in a bovine explant culture system (47, 48), and surface motion has a
positive effect on lubricin synthesis in tissue-engineered cartilage constructs (45) and in a novel
whole-joint bioreactor simulating continuous passive motion (49). It will be informative to assess
the influence of these biomechanical stimuli on both lubricin expression and general tissue
morphology within injured articular cartilage. Also of interest is the nature of the structural
changes of the superficial zone in response to injury, and obtaining accurate profiles of injured
cartilage surfaces may determine if the changes observed in this study resemble, for example,
similar reports of superficial zone fissuring following mechanical compression (12).

In the current study, we used immature bovine cartilage from a single anatomical site, the
femoropatellar groove. It is worth noting, however, that previous studies have documented
increased levels of endogenous lubricin in the superficial zone of adult bovine cartilage in
comparison with tissue from younger animals (32). Other investigators have compared immature

and adult cartilage from bovine and human joints in studies of injurious compression, and have
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observed that certain responses vary with age and anatomical location. In experiments comparing
the responses of immature bovine and adult human tissue, it was found that higher strains and
faster strain rates were needed for human tissue in order to induce stresses and visible damage
similar to those of immature bovine tissue, and that GAG loss in response to injury was lower in
human tissue than bovine (15). Also, Patwari et al. (14) observed that human adult ankle
cartilage is less susceptible to injurious compression than knee cartilage. Future studies may
therefore examine the effect of injurious compression on lubricin biosynthesis in adult bovine
and human cartilages from various anatomical locations in addition to immature bovine cartilage.
Interestingly, a study using post-ACL injury human cartilage describe a disrupted surface layer
with loss of GAG staining (57). In addition, another study describes the histological appearance
of a human osteoarthritic cartilage sample as smooth, acellular and covered with a fibrous layer
(58). A parallel could be drawn between these results and the amorphous, acellular and
GAG/collagen-depleted surface layer of injured superficial zone-containing level 1 explants

observed in this study (Figure 4, panels b & d).

It is worth considering that lubricin is expressed in multiple synovial tissues in addition to
cartilage, including meniscus, tendon and ligament. Altered lubricin biosynthesis in response to
pathophysiological biomechanical stimuli may also therefore have functional implications for
these tissues. In addition, lubricin expression by both chondrocytes and synoviocytes has been
shown to be affected by a variety of cytokines and growth factors (25, 42-44), and interaction
with exogenous cytokines also modulates the response of articular cartilage to injurious
compression (15). Factors external to cartilage may therefore modulate the response of the
superficial zone to injury observed in this study, and these could be investigated by including
cytokines and growth factors in the culture media post-injury, or by co-culturing cartilage with

other synovial tissues as has been described previously (59).
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FIGURE LEGENDS

Figure 1. Loading device used to submit bovine cartilage explants from superficial and deep
zones to injurious compression. A, Custom incubator-housed loading apparatus and B,
polysulfone chamber used to house cartilage explants during unconfined compression. C,
Division of cartilage explants from the femoropatellar groove into level 1, containing superficial

zone (SZ), and level 2.

Figure 2. Western blot analysis of soluble and cartilage-associated lubricin after 48 hours in
culture post-injury, using monoclonal antibody 6-A-1. A, Soluble lubricin protein in conditioned
media. Level 2 conditioned media was concentrated 10-fold prior to SDS-PAGE. B, Cartilage-
associated lubricin, as assessed by analyses of 1.5 M NaCl cartilage extracts. The migration

position of molecular weight standards is indicated.

Figure 3. Quantitative RT-PCR analyses of lubricin mRNA expression in bovine explants
following injurious compression. A, Lubricin mRNA levels in level 1 and level 2 cartilage after
48 hours in culture post-injury. B, Lubricin mRNA levels in level 1 cultures 2 and 6 days post-
injury. Lubricin mRNA levels were normalized to GAPDH and expressed relative to those in
control cultures for each level. Values are the mean and standard deviation of 3 separate analyses.

*Values significantly different to free-swelling control levels (p<0.05, Student’s t-test).

Figure 4. Histological analysis of level 1 (a-d) and level 2 (e-h) articular cartilage explants, after

2 days in culture following mechanical injury. Sections were stained with Safranin O for
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glycosaminoglycan (a, b, e, f) or trichrome for collagen (¢, d, g, h). The articular cartilage

surface is oriented at the top of each panel. Bar = 100um.

Figure 5. Immunohistochemical detection of lubricin in injured level 1 cartilage explants and
free-swelling controls after 48 hours in culture post-injury. Sections were incubated with anti-
lubricin antibody G35 (a, b) or rabbit IgG negative control (c, d). The articular cartilage surface

is oriented at the top of each panel and is indicated by the arrowhead. Bar = 100um.

Figure 6. Friction testing of cartilage explants after 48 hours in culture following injurious
compression to determine the coefficient of friction, p equilibrium (peg). A, Friction testing of
control and injured, level 1 (L1) and level 2 (L2) explants conducted in PBS (non-extracted). A
second test was conducted with the same explants after 1.5 M NaCl extraction followed by a 1
hour equilibration period in PBS (1.5 M NaCl-extracted). *Significantly different to level 1
control; **significantly different to corresponding non-extracted condition (p<0.05, Tukey’s post
hoc test). B, Friction testing of level 1 explants subsequent to 1.5 M NaCl extraction. Explants
were soaked in equine synovial fluid for 1 hour and tested in PBS (ESF soak). Explants were
then tested with ESF as the bathing solution (ESF). Data shown are the mean and standard
deviation of 6 separate analyses. *Significantly different to control (p<0.05, Tukey’s post hoc

test).
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B. Gene Expressions due to TGF-$ Blocker
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n=4 animals; bar = p<0.05 and # = p<0.05 relative to control. Statistics were performed
using linear mixed model with animal as the random variable and injury and the respective
blocker concentration as the fixed variables.



C. Derivation for Hydraulic Permeability

Constants

L =10um

H =1kPa

41 =0.001Pa - s (Cytosol is mostly water)

& =15nm (The pore size ranges from 10~20nm)
¢ =0.43 [50]

Fiber Matrix Model
This model describes fluid flowing perpendicular to an array of cylindrical rigid rods with pore

size &.

P+AP

Figure C.1. Fluid flow with velocity V across a network of rigid rods bounded by a cubic Gaussian surface of
length L.

Let N be the number of fibers contained in a cube with volume L?, shown in Fig. 13:

Let F be the total fluid shear force across one rigid rod where p is the fluid viscosity:

F =(WJﬁdL
d

A force balance on either side yields the following;:

APL? ~ NF = (I;J uvrlL

Since V = —kVP,
2 4
k=YL _5 7160410
AP ur N-s
2
nT= L =1.4s
Hk
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Poiseuille’s Flow through Parallel Capillary Tubes Model:
Let q be the volume flow rate through one cylinder according to the Poiseuille’s Flow:
_nt dp
1= 1284 dx
Let ¢ be the porosity:
_mELN,
T 4AL
Fluid velocity, V, is the total flow rate per cross-sectional area where Na is the # of cylinders per
unit area

[ _GAN, _7EN, dp

A 128u dx
4 2 4
k=" Na_? 5004102
128 32u N-s
2
LT = L 3307

k
Charras Model
This model concept closely resembles A2 except it states that the actual fluid velocity through

2
. 0
, but the apparent velocity through the porous media is V., ~ é—x—E

ug”

E0.p

the media is V., ~

2 4
ik~ =2098+107 2
1o N-s
2
nr=L _034s
Hk
2 26
However, according to Salem, V,,, ~ § i"p and V, ., ~ §¢/,;p [51].
2 4
k~S=225%10" 2
U s
2
T= L0445
Hk

Kozeny-Carman Model

The Kozeny-Carman equation developed from the Hagen-Poiseuille equation describes
the relationship between porosity and permeability while incorporating the geometry of the grain
or fiber. Therefore, it has many applications in transport through granular and fibrous structures.
If the cell is modeled as a fiber matrix media, then the general Kozeny-Carman equation reduces
to the following where c is the Kozeny constant that depends on the arrangement and packing
density and ry is the fiber radius [52]:
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/A
pe (1= ¢y’
If the cell is assumed to be a porous media with overlapping fibers distributed randomly
in 3-D space, then the empirical permeability is determined to be the following where € is 0.037,
and a is 0.661 [53].

k= ¢’/2 (¢_gp)a+2
8uln’ ¢ (1-¢,) [(a+ D¢ ¢,

R for the cytoskeleton fibrils is around 7.5 nm on average. Therefore, the permeability and the
corresponding time constant are given by the following:

k=9.614*10"*m?*/N*s
1=104 s
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D. Schematic of the Solenoid Output Circuit for Actuator Design
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E. Illustration of Mechanical Actuator 2.0 Platform
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F. Blueprint of Selected Parts
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