
ABSTRACT 
 

MCCULLOCH, RYAN STERLING.  Differential Chondrocyte Gene Expression 
Subsequent to In Vitro Shear and Axial Impactions in an Articular Cartilage Injury Model 
of Osteoarthritis.  (Under the direction of Peter L. Mente.) 
 
 

Osteoarthritis (OA) is a degenerative disease of the articular joints.  OA leads to 

fibrillation, degradation, and lesions of the articular joint surfaces, resulting in pain and 

decreased mobility. A prior joint injury is a known risk factor for the development of OA.  

Therefore, this study used in vitro impact injuries to porcine patellae to model the early 

degenerative process. The goal was to examine gene expression levels in a panel of 18 

OA associated genes related to: the cartilage matrix, degradative enzymes and their 

inhibitors, inflammatory response and signaling, and cell apoptosis and proliferation.  

Gene expression changes were evaluated by comparing axial or shear impact specimens 

to non-impacted control specimens. Identifying the gene expression changes following an 

injury may help identify potential targets for future intervention to slow disease 

progression.  

 

Seventy-two patellae were randomly assigned to one of three treatments: axial impaction 

(2000 N compressive load), shear impaction (500N compressive load by 10mm tangential 

displacement), or a non-impacted control.  Impactions were conducted in a hydraulic load 

frame with a stainless steel impactor.  After the impaction, the patellae were placed in 

organ culture and full-thickness cartilage tissue specimens were harvested at 0, 3, 7, or 14 

days post-injury. Total RNA was extracted from each specimen, and expression levels 



were measured using quantitative real-time PCR. Differential gene expression was then 

evaluated by computing fold changes and evaluating statistical differences with a mixed 

model.  

 

Using both Best Keeper and geNorm software, four reference genes were identified as 

having the most stable expression in porcine articular cartilage specimens exposed to 

these loading scenarios and culture conditions : actb, gapdh, sdha, and ppia.  The 

geometric mean of these four genes was used to normalize the results for the 18 genes of 

interest.   

 

Both the relative rise in col2a1 at day 3 in shear vs. axial specimens, and the higher 

expression of agc and sox-9 (a transcription factor for agc and col2a1) at the later time 

points may signify that the shear specimens are mounting a stronger repair attempt. 

However, the relative increase in col1a1, a collagen not normally expressed in articular 

cartilage, may indicate a less effective repair by the shear impaction specimens. The 

higher initial mmp levels in both axial and shear specimens as compared to control 

specimens suggests that the initial matrix breakdown following injury tapers off by the 

later time points. Increased expression of timp-2, an mmp inhibitor, indicates that cells in 

the shear specimens make a stronger attempt, relative to axial specimens, to limit matrix 

breakdown. The lowered expression levels of the genes associated with inflammatory 

response and signaling at the later time points may imply less inflammation for both 



shear and axial treatments. Increased expression of casp-8 may indicate that apoptosis is 

initiated at the later time points in the shear specimens.  

 

The higher expression levels of cartilage matrix components in shear specimens 

compared to axial specimens signifies a more aggressive repair effort underway in the 

shear specimens, although the expression of col1a1 indicates this repair effort may not be 

correct. The decreased levels of degradative enzymes in shear specimens at the later time 

points denote an attempt to preserve the cartilage matrix. The shear impaction model 

provides an in vitro method of studying the early degenerative changes associated with 

OA progression.   
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1. INTRODUCTION 
 
 
1.1 Motivation 

Osteoarthritis (OA) is a debilitating degenerative joint disease that affects an estimated 27 

million people in the United States [1].  The number of individuals who suffer from OA 

is predicted to increase over the coming decades as a function of population growth, 

obesity, and aging [1, 2].  While OA is a disease of the whole joint, the most traumatic 

effect is its progressive destruction of the load bearing surfaces results in pain and 

debilitation.  As the disease progresses, the cartilage surface becomes fibrillated, the 

matrix constituents break down, and eventually cartilage lesions develop.  These changes 

affect the ability of the joints to smoothly articulate and can cause severe pain and lack of 

mobility for the sufferer. Because cartilage is avascular (no blood supply), the 

chondrocytes have a low metabolism and therefore, there is little hope of successful self-

repair.  

 

A prior joint injury or trauma is a known predisposing factor for the development of OA 

[3].  A vehicular accident or a sports-related injury may be the cause of the impact and 

may lead to later OA development in the joint.  Many prior studies have evaluated impact 

injuries to articular cartilage as a method of studying early-stage OA changes [4-6].  

Primarily these studies have evaluated loads delivered normal to the cartilage surface and 

have neglected shear loads at the articular surface [7-9].  It is likely that a real 

physiologic injury will generate multiple axes of loading beyond just normal compressive 

forces, and will include damaging shear forces in the joint.   
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Evaluating the gene expression changes in the days and weeks following an impact injury 

will provide a more complete picture of the early changes leading to OA.  Identifying 

gene expression changes that lead to OA development will provide targets for future 

therapeutic intervention before OA progresses to the point of causing debilitation. 

 

 
1.2 Experimental Outline 

This study utilized a mechanical impact model to study early changes in cartilage 

following an injury which may lead to OA.  The articular surface of porcine patellae were 

impacted with either an axial compressive load, (normal to the surface) or an axial load 

combined with a transverse shear load that included both compressive loads and larger 

tangential shear loading.  Following impacts patellae were maintained in culture for up to 

two weeks so that changes could be followed over time.  Full thickness cartilage 

specimens were collected from directly beneath the impacted area, and areas adjacent to 

the impact site, at 0, 3, 7, and 14 days following the impaction.  Total RNA was extracted 

from the cartilage specimens and gene expression levels were evaluated with quantitative 

real time reverse transcriptase polymerase chain reaction (qRT-PCR).  A panel of genes 

identified from relevant reports in literature and our previous research related to OA were 

evaluated.   

 

The in vitro impact model provided a means of generating OA symptoms in a controlled 

laboratory setting.  The impact methods utilized allowed for an evaluation of results from 

both a more traditional normal loading model and a more complex shear loading model 
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compared to a non-impacted control.  Changes in the gene expression reflected the 

response of the chondrocytes to the loading event, and those changes were measured over 

a two-week time period as an indication of the progression of very early-stage OA. 

 

1.3 Specific Aim 

Specific Aim: 

Evaluate differential chondrocyte gene expression levels following axial and shear 

impaction injuries to articular cartilage to develop an understanding of the early cellular 

changes that initiate the degenerative process.  In this model gene expression was 

evaluated in patellae over the first two weeks post-impact.  The two types of impaction 

treatments (axial and shear) were compared to each other and non-impacted control 

specimens.   

 

Hypothesis 1a: 

Early gene expression changes in genes associated with OA progression can be detected 

over the 2 weeks following an impact trauma to articular cartilage.   

Chondrocytes in normal and shear impacted tissue will show significant changes in gene 

expression relative to the non-impacted control tissue in many areas of biological 

activity, including increased matrix repair efforts, higher degradative enzyme activity, an 

increased inflammatory response and elevated levels of apoptosis. 
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Hypothesis 1b:  

The higher shear stresses in the shear impaction model will cause more mechanical tissue 

damage to the chondrocytes and the cartilage matrix than the compressive loads of the 

axial impactions.  Gene transcription of degradative enzymes, and indicators of biological 

stress will be more highly expressed in the shear specimens than in the axial or control 

specimens.   

 

Hypothesis 2: 

Due to the higher levels of loading beyond the immediate impact area that arise as a 

result of the shear loading, impactions with larger shear forces will cause more 

mechanical tissue damage in the cartilage areas adjacent to the impact site than an axial 

(compressive) impaction alone.  Due to the induced damage, these shear specimens will 

have higher expression of genes related to cartilage degradation, inflammation, and 

biological stress signaling.   
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2. BACKGROUND 

 

2.1 Articular Cartilage Components and Structure 

Articular cartilage is an avascular, aneural, and alymphatic tissue covering the bones in 

the joint surfaces of the human body.  It provides a lubricious bearing surface for 

articulating joints, and some shock absorption capability during movement.  Additionally, 

because of its ability to deform at bearing locations, cartilage provides distribution of 

contact stresses.  Cartilage is composed of cells embedded in a matrix, or scaffold.  

Chondrocytes are the only cells found in cartilage, and are found spread sparsely through 

the material.  Chondroblasts are the precursor cells (early stage chondrocytes) that 

produce the matrix.  In the matrix they occupy spaces referred to as lacunae and are 

referred to as chondrocytes [10]. The cartilage matrix is a complex material and consists 

water and electrolytes, collagen, proteoglycans, and other proteins [11]. 

 

Cartilage micro-structure: 

Collagen is the most prevalent protein group in the human body. Type II collagen is the 

primary collagen in articular cartilage and is the most prevalent, accounting for > 90% of 

the collagen in articular cartilage [12].  Type II collagen is made up of three α1 protein 

chains in a right-handed helix.  Type II collagen forms long fibers that provide structure 

for the cartilage matrix, resist tensile forces, and restrain the swelling pressure generated 

proteoglycans.   
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Proteoglycans are the next major constituent of articular cartilage.  They are large 

molecules made up of a core protein and covalently attached glycosaminoglycan (GAG) 

chains.  In articular cartilage, the GAG chains are primarily chondroitin and keratin 

sulfate [13].  Proteoglycans can exist as monomers 200 to 400nm long.  Importantly for 

cartilage properties, though, proteoglycans also exist as large aggregating proteoglycans 

in the matrix, known as aggrecan.  Approximately 90% of the proteoglycan in cartilage is 

in the form of aggrecan [13].  Aggrecan is composed of up to 150 proteoglycan 

monomers attached to a hyaluronan backbone (hyaluronic acid – HA).  The large size of 

the aggrecan molecules keeps them relatively stable in the matrix, making it difficult for 

them to diffuse out.  GAGs have a large negative charge that repulses other GAGs in the 

aggrecan molecule and attracts water molecules.  Therefore the negative charge creates a 

swelling effect in the matrix by pulling in water, and repelling other GAGs.   

 

Cartilage macro-structure: 

Articular cartilage consists of both water and solid components.  In its natural state, water 

makes up between 70 and 85% of the weight of cartilage, collagen makes up between 10 

to 20% of the wet weight, and proteoglycans make up 5-10% of the wet weight of 

cartilage.  Cartilage consists of three distinct layers in cross-section: a top layer, or 

surface tangential zone (superficial layer), a middle zone, and a deep zone.  Beneath these 

three zones is a layer of calcified cartilage that forms a rigid attachment to the underlying 

subchondral bone. 
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The surface tangential zone is between 10-20% of the total thickness of cartilage, and has 

the highest content of collagen at 85% dry weight.  Of the three zones, aggrecan 

concentration is the lowest in this zone.  The collagen fibers are thin, densely packed and 

oriented parallel to the surface in this zone [14].  The articular surface is where cartilage 

is subject to the highest tensile forces, and the orientation of the fibers at the surface zone 

provides the tissue’s strongest resistance to these forces.  The fiber orientation also helps 

the tissue to resist shear strains when subjected to shearing forces.  The fibers in these 

zones are highly oriented to minimize friction and damage under normal loading, and 

their orientation can be determined using the method developed by Hultkrantz [15].  With 

this method, a pin dipped in India ink is used to prick the cartilage surface and is removed 

with some ink remaining in the fibers.  The pin separates the layers of fibers during 

insertion and the resulting ink pattern shows the fiber orientation (Figure 2.1) [16].    

 

 

Figure 2.1. India ink pinprick of articular cartilage.  A porcine patella articular surface 
was pricked with india ink to reveal fiber orientation in the surface layer.  Overlying 
arrows are drawn to show the predominant orientation of the fibers.  

 



 8 

The middle zone is directly beneath the surface tangential zone and occupies 40-60% of 

the thickness of the articular cartilage. Collagen content in this zone is lower than the 

superficial zone, and the fibers are thicker [12].  The fibers possess a random orientation 

and are homogenously distributed [14].  The aggrecan content is highest in this zone. 

 

The deep zone occupies the bottom 30% of the cartilage layer thickness and contains a 

higher proteoglycan content than the mid zone (but not as high as the surface tangential 

zone).  The collagen content is lowest in this zone, and the fibers form bundles that are 

oriented perpendicular to the surface and cross the tidemark region to insert into the 

calcified layer.  The bundles then subdivide to form an interlocking network that anchor 

the tissue to the bone [14]. 

 

Water is the largest component of articular cartilage and accounts for between 70-85% of 

the wet weight of cartilage.  Water is pulled into the matrix from the surrounding tissue 

by the negative charge of the proteoglycans.  The mechanical properties of cartilage are 

very dependent upon both the internal movement of water within the cartilage and the 

efflux of water from the matrix during loading. 

 

The articular joint is encased in a synovial capsule, with synovial fluid filling the void 

spaces of the joint.  Because cartilage is an avascular tissue, it relies upon the synovial 

fluid for delivery of nutrients and removal of wastes.  The attractive properties of 

aggrecan pull water from the synovial fluid in the interarticular spaces into the cartilage 
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matrix.  The aggrecan continues to draw water and swell the tissue until restrained by the 

collagen network.  A pre-stress of the tissue is developed by the balancing of the 

proteoglycan swelling forces and the collagen restraining forces.  As the joint is loaded, 

the smooth surface of the cartilage resists shearing due to the orientation of the fibers and 

the low friction coefficient from the synovial fluid.  Also, as the joint is loaded, the layer 

deforms slightly to increase the bearing surface between opposing joint surfaces and 

allows for a reduction in peak stresses.  This deformation is created when the loading 

overcomes the attractive forces of the aggrecan for water, and water is forced out of the 

tissue to allow deformation and compression of the matrix components.  The water 

exuded from the surface of the tissue helps to further lubricate the bearing surface.  This 

same ability of cartilage to deform under load provides the joint with some shock 

absorption capability.  The low friction surface also minimizes wear to the joint. 

 
 
2.2 Osteoarthritis 

Articular cartilage has limited ability for self-repair [17] due in large part to its lack of a 

vascular system and subsequent dependence upon synovial fluid for all nutrient supply 

and waste removal. Correspondingly, the development of lesions to the cartilage surface, 

perhaps related to a disease state such as OA, have severe lifelong ramifications for the 

patient. The implications of cartilage surface degradation are staggering. An 

epidemiological study of lesions in the knee found that in over 25,000 patients studied, 

9% of patients under 50 years old were found to be potential candidates for a surgical 

repair to their cartilage [18].  This is a significant problem in a group of people that still 



 10 

expects to be active and pain free. The number of people who will suffer from 

osteoarthritis is expected to rise to 59 million, or 18% of the population, by 2020 [2].  

According to the National Institute of Arthritis and Musculoskeletal and Skin Diseases 

(NIAMS) OA effects 27 million Americans age 25 and older [1].  Additionally they 

estimate that by 2030, 72 million Americans (20% of the population) will be at high risk 

for developing OA. This is clearly a tremendous number of individuals who could stand 

to benefit from a greater understanding of how the disease process is initiated and 

progresses.  

 

Little is known about the development of OA.  Many factors are known to contribute: 

obesity, occupation, race, athletic endeavors, age, and genetics [3, 19, 20].  A prior joint 

injury is a known predisposing factor for the development of OA.  In young adults, the 

presence of OA is most commonly due to a sustained joint injury [21].  A greater 

understanding of the functions, properties and damage process of articular cartilage is a 

crucial building block to develop treatments that one day may be able to slow, reverse or 

prevent damage to the cartilage surface. 

 

Osteoarthritis is a disease of the entire joint which leads to painful joint movements, 

limited range of motion, and eventually, disability [22].  It causes changes to both the 

cartilage and the bone surfaces in the joint.  As the disease progresses, the surface of the 

cartilage becomes fibrillated, demonstrating a surface characterized by a rough fibrous 

texture from the collagen fibers.  The matrix wears away and leaves a surface that is not 
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smooth as in a normal articular joint and can eventually develop cracks or fissures, and 

full-thickness lesions (Figure 2.2).  

 

 
Figure 2.2. OA present on human condyles.  OA can progress to full thickness lesions 
with exposed subchondral bone. The condyle on the left shows some loss of cartilage and 
a roughened surface (blue arrow), whereas the condyle on the right shows significantly 
more advanced OA with a large full-thickness lesion (green arrow).  
 

 
Examples of different grades of cartilage surface degeneration in porcine femoral heads 

are shown in Figure 2.3.  A grading method was used to measure the degree of OA by 

examining the cartilage surface for fibrillation and degradation.  In this grading method 

the cartilage layer is stained with India ink, rinsed with saline, allowed to dry, and graded 

on the scale developed by Yamada et al. [23].  Grade 1 is an intact healthy surface; Grade 

2 has a small amount of fibrillation; Grade 3 is cartilage with more developed fibrillation 

and black patches; and in Grade 4 there is erosion and loss of cartilage and exposed bone.  

A range of femoral heads was evaluated and allows a view of the progression of OA from 

mild to severe (Figure 2.3). 

 



 12 

 
Figure 2.3.  OA progression in porcine femoral heads.  The degree of OA progresses 
sequentially from image A through image F.  A: Grade 1 healthy, normal cartilage.  B: 
Some fibrillation present in areas of light staining, grade 2.  C: Blue arrows indicate a 
grade 2 area with some fibrillation, and deeper fibrillation (grade 3) area is indicated with 
a yellow arrow.  D: More advanced grade 3 OA with areas of deep fibrillation.  E: Grade 
4 degradation with exposed subchondral bone (red arrows) and fibrillation (blue arrows – 
grade 2).  F: Grade 4 fibrillation with exposed underlying bone (red arrow) and grade 3 
deep fibrillation (yellow arrow). 

 
 
An additional sign of OA progression is the loss of proteoglycans from the cartilage 

matrix.  With proteoglycan loss, there is a reduction in attractive forces drawing water 
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into the matrix, and thus the matrix is less able to support compressive loading.  With a 

reduction in the resistive forces, the matrix deforms and begins to break down more 

under load.  This allows cartilage lesions to grow and spread, and eventually progressing 

through the full thickness of the layer down to the underlying bone [24].  Other signs of 

OA are increased fluid (water content) volume in the cartilage layers due to breakdown of 

the collagen structure, subchondral bone changes, narrowing joint space, and osteophyte 

formation [25]. These OA induced changes lead to a progression of changes in the 

mechanical properties of cartilage [25].  

 

Treatments for OA are very limited and are focused mostly on minimizing pain and 

swelling.  Physical therapy, stretching, and weight loss are often used to alleviate early 

OA symptoms.  Pharmacological treatment generally focuses on pain management.  As 

the disease progresses and becomes debilitating, many sufferers undertake surgery, 

usually in the form of joint replacement, to eliminate pain and restore mobility [26].  

Popular over-the-counter treatments for OA, such as glucosamine and chondroitin, have 

shown inconclusive results, and in the best case only slightly alleviate disease 

progression [27]. 

 

2.3 Osteoarthritis Models  

OA models allow research to be conducted in both in vivo and in vitro settings to observe 

and understand the progression of OA.  Many different models with a wide range of 

approaches have been used.  These models include: transgenic “knockout” mice that are 
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deficient in particular gene sequences that result in symptoms resembling OA [28]; disuse 

models that immobilize limbs to generate OA-like symptoms [29, 30]; and even 

pharmacological models, where a delivered drug generates OA symptoms [31].  A widely 

used means of modeling OA is a trauma, or injury model. 

 

In the clinical setting, a prior joint injury has been shown to lead to OA.  These joint 

injuries include ligament tears, miniscal tears, bone fractures, and trauma from such 

causes as a vehicular accident [3, 21, 32, 33].  These injuries often lead to a slow 

progression of OA that may not manifest until up to 50 years later [32]. The studies of 

humans are epidemiological in nature, or retrospective clinical studies, and don’t have the 

controls associated with a laboratory study. 

  

Replicating biological processes in a laboratory setting can be very challenging.  A 

scientific study requires that as many variables as possible be controlled. Also, the time 

duration of the study can be a limiting factor.  Recreating a joint injury as a model of OA 

(as opposed to other causes of OA) is therefore well suited to a laboratory endeavor.  

These models allow a control over the induced injury, precise sampling at specified 

times, and are prospective in nature. 

 

2.4 ACL Transection OA Model 

A prior anterior cruciate ligament (ACL) injury or tear is known to increase the chances 

of the development of OA [3, 21, 34].  The ACL is the ligament that connects the anterior 
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proximal aspect of the tibia to the posterior distal aspect of the femur.  The ACL prevents 

anterior motion of the lower leg (tibia) in relation to the upper leg (femur).  A tear of the 

ACL results in knee-joint instability, and abnormal transfer of mechanical loading 

through the articular cartilage.  This abnormal, and multi-axis loading is believed to 

contribute to the development of OA.   Researchers have endeavored to recreate joint 

instability induced OA in an animal model with a transected ACL.  

 

In a bilateral ACL transection model, Marshall et al. showed with a histological analysis 

that symptoms similar to OA could be developed over a period of 2 to 12 months and 

duplicated in both hind legs of a canine when the ACL was transected in each leg’s knee 

joint [35].  Therefore both knees responded similarly to the method of OA induction.  

One interesting finding of this study was that a single canine could act as its own control, 

with OA induced in one knee, and the other knee left normal.  A study of New Zealand 

white rabbits with ACL transection showed progressive erosion of the cartilage layer 

along with developing ulceration over a 12 week follow-up [36].  The results also showed 

thinning of the entire cartilage layer on the medial condyle during the follow-up.  OA 

progression also affects the range of motion of the joint and the forces generated during 

movement.  In a feline ACL transection OA model, Suter et al. evaluated gait, loading 

distribution, and cartilage changes over a 12 month period [37].  They found significant 

gait changes beginning as early as one-week following transection, and peak forces and 

range of motion were all reduced.  Radiographs over the 12-month follow-up showed 

progressive cartilage degeneration and osteophyte formation. 
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A mouse model was used to assess the relationship between degree of instability and 

progression of OA [38].  Eight-week old mice were used as the animal model and were 

randomized to 4 levels of instability.  A mild model incorporated the transection of the 

ACL, a moderate model transected the medial meniscus and the ACL, a medial model cut 

the medial collateral ligament and the medial meniscus, and finally the severe model 

included transection of both cruciate and both lateral ligaments along with both menisci.  

The model showed that OA progression was directly related to joint instability, with the 

severe model showing development of OA at 2 weeks and the mild model showing 

beginning stage OA at 8 weeks. 

 

To ensure that the ACL transection model was not a self-limiting injury that reached a 

certain level of damage and remained unchanged, Brandt et al. did a long-term follow-up 

study on a canine model [39].  Dog models underwent ACL transection and were 

evaluated over a 5-year follow-up period.  The cartilage lesions that developed from the 

transections continued to progress during the time course until full thickness ulcerations 

developed on the femoral medial condyles and the tibial plateau.  In other work, Brandt et 

al. found that after an ACL transection in canines, the gait pattern changed significantly, 

although the timing of the gait did not [40].  Also, after an ACL transection the joint 

instability induces degenerative changes in the cartilage and in the underlying 

subchondral bone, similar to changes observed in OA [41]. 
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An ACL transection model is a very useful in vivo model for studying OA.  The model 

creates an unstable joint, which disrupts the normal mechanical transfer of load from the 

upper leg to the lower leg, and results in degradation of the cartilage surface.  However, 

one of the challenges of these models is that it is very difficult, if not impossible, to 

isolate the particular loads which lead to the development of OA.  This model is not well 

suited to controlling the loading scenario to study the progression of OA. 

 

2.5 Joint Impact OA Model 

Impact injuries to the articular cartilage have also been shown to lead to OA progression 

via damage to chondrocytes and the cartilage matrix [4, 5, 34, 42-46].  Many of these 

models have used intact joints in an attempt to simulate the natural forces generated in a 

joint during an impact.  The impacts are most often delivered by either a drop-tower set-

up or a servo-hydraulic load frame.  A drop tower uses gravity to cause a mechanical 

impactor to fall to the cartilage surface and a hydraulic load frame uses hydraulic power 

to move an impactor to cause the injury.  The in vivo impact injuries have been delivered 

either as single impacts [6, 8, 9, 47-53] or as multiple impactions [7, 54-56].  For 

example, Donohue et al. utilized canine cadaver knees to measure forces generated with a 

drop tower, and then utilized live mongrel dogs for the actual testing [9].  His testing 

involved anesthetizing the canines and then securing their knee in a drop-tower loading 

device to generate an impact to the patella with a stress of approximately 0.30 N/mm2. 

The forces were picked to not cause fractures, but were found to generate significant 

decrease in proteoglycan content.  Newberry et al. used live rabbits as subjects for impact 
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injuries, where again, the patello-femoral joint was secured in a drop tower for delivery 

of the impact [53].  A load of approximately 560 N was delivered to the cartilage surface, 

and caused fissures in the surface, and thickening of the calcified cartilage layers.  

Thompson et al. also evaluated impact injuries to canine articular cartilage.  Using a load 

of approximately 2170 N in a drop tower, cracks were generated in the subchondral bone 

and by 6 months generated osteoarthritic ulcerations [8].  There are advantages to an in 

vivo impact model: maintenance of joint integrity, normal joint alignment, and 

physiological transfer of forces between articulating surfaces.  The difficulties of using an 

in vivo model arise in the quantification of forces: both applied and generated.  In most 

cases it is impossible, or at a minimum, very difficult, to account for forces generated in 

ligaments, tendons, musculature, and other tissues.  Attempting to quantify the complex 

delivery of forces to the articular cartilage surface is extremely difficult.  Additionally, 

due to the natural variance in biological specimens, it is very difficult to generate similar 

forces in each test.  This is compounded by the individual variance of all the tissues 

present in an in vivo model.  Another challenge is that the level of activity is dependent 

upon the individual animal and can vary even if they are given identical treatments.  This 

variance in activity could contribute to making the results harder to interpret. 

 

To overcome the difficulties and lack of control or repeatability associated with in vivo 

testing, in vitro explant impact injuries are often used [4, 42, 57-73].  This testing method 

allows for much more accurate quantification of the mechanical forces delivered to the 

articular surface.  Multiple methods may be used for preparing the explant: the cartilage 
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may remain attached to the surface of the subchondral bone, it may be removed from the 

bone surface, or a plug of cartilage and bone may be cut from the joint.  Cutting the 

cartilage from the bone or cutting a plug may provide an easier experimental set-up, 

however it raises the question of what changes were introduced by the removal process.  

Most explant impact studies have utilized axial impactions [7-9, 42, 46, 50-52, 54, 55, 

57-61, 65-68].  The axial load is generally delivered normal to the cartilage surface to 

generate the impact injury. Repo et al. used a drop tower with human cartilage explants 

and showed that forces experienced in an auto accident, enough to cause a femoral 

fracture, could result in chondrocyte death and fissuring leading to OA [4].  A 9mm 

diameter explant was removed from a human cadaver knee and impacted to generate 

strains of 10 to 40 percent.  They found that at a critical strain of 25% delivered at a rate 

of 500 s-1  to 1000 s-1, a critical threshold is crossed that results in both chondrocyte death 

and fissuring of the cartilage.  Newberry et al. impacted rabbit cartilage with a  drop 

tower using a 1.33kg mass dropped from 0.46 m [53].  After the impact, the modulus was 

measured and it was found that the subchondral bone thickness increased, and the 

cartilage modulus decreased.  In a cyclic loading method, Clements et al. used a 

compressive load of 1-70% of the load shown to cause damage in a single loading cycle 

(35MPa) for 3600 cycles [66].  It was found that chondrocyte viability decreased when a 

threshold of 6MPa was crossed, and continued to decrease inversely proportional to the 

increase in delivered stress.  The duration of the damaging loading event has been shown 

to generate significantly higher chondrocyte apoptosis than the speed of the load 

delivery[54].  In this study Jefferey et al. subjected human femoral head explants to either 
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a fast impact of 21.7 MPa for 1.5 sec, or a slow loading of 0.8 MPa for 0.42 sec [54].  

After 72hr, the slower loading resulted in 70% of the chondrocytes being apoptotic, 

whereas in the faster loading event, only 10% were apoptotic.  These impact loads can 

result in permanent damage to the cartilage matrix, proteoglycan loss and rupturing of the 

collagen fibers [55].  In this analysis, Torzilli et al. used 7mm diameter bovine explants 

and subjected them to cyclical loading of either 0.2 MPa or 0.5 MPa at 0.5 Hz for 3 days.  

Wilson et al. used full thickness 8.5mm cartilage plugs from bovine tibial plateaus, and 

subjected them to a mechanical axial load of 25N [61].  The authors evaluated fibril 

damage, and found that thinner cartilage was more prone to collagen damage than thicker 

cartilage. 

 

2.6 Shear Forces In OA Models  

The loading associated with delivering a primarily axial load is straightforward to 

measure, and can be carefully controlled.  A normal load can also be readily generated in 

most testing set-ups involving a drop-tower or servo-hydraulic load frame.  A real impact 

injury to a joint would realistically result in a very complex transfer of loads from the 

exterior impact site to the articular cartilage within.  The physiologic loads would in most 

cases involve loading along multiple axes, not only loads normal to the surface.  Shear 

forces along the articular surface are likely to be present along with normal (compressive) 

loading.  Simulating these more complex loads in a controlled experiment can be difficult 

and, by omission, most axial-only impact studies ignore shear forces.  Part of the 

justification for neglecting shear forces is that the union, or contact, between two articular 
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cartilage surfaces with synovial fluid present has a very low coefficient of friction that 

reduces shear forces to a minimum [7].  However, during an impact injury, the normal or 

compressive forces deform the cartilage and make shear forces much more traumatic for 

the tissue.  The difficulty in developing and measuring shear forces also likely accounts 

for the much higher prevalence of axial impact studies.   

 

While work in this area is not extensive, there has been some.  Flachsmann et al. 

developed a shear model using explants of cartilage with subchondral bone in a 

pendulum testing apparatus to evaluate shear forces in ox and bovine specimens [56].  

The study found that fractures developed in the cartilage surface from the induced shear 

forces and that, in mature cartilage specimens, there was some separation of layers in the 

tidemark area (between calcified and uncalcified cartilage).  These osteochondral 

fractures (separation between cartilage and bone layers) were also found in a shear 

loading experiment with porcine condyles [7].  The condylar cartilage was positioned 

with custom molds and loaded in shear with both a drop-tower and a load-frame.  They 

loaded the cartilage at different speeds and found that at low speeds the cartilage deforms 

and then eventually develops lesions at the cartilage-bone interface.  With high velocity 

shear impactions, however, the viscoelastic properties of cartilage cause stiffening, as the 

fluid cannot move as quickly as the impact.  This results in tears or fractures at the 

cartilage surface.   Buckley et al. also found viscoelastic stiffening of cartilage in shear 

experiments and found the exact response depended upon the cartilage layer that was 
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being evaluated [74].  Higher stiffness was found on the surface, and this decreased to a 

minimum at 200 µm below the surface, and the stiffness then increased with depth. 

 

Other methods of evaluating shear forces in cartilage have been used.  Ficklin et al. 

developed a method to test cartilage explants with rotational shear between two porous 

platens in a load frame [57]. Hashimoto et al. seeded chondrocytes in a Flexcell system to 

generate shear forces [58].  The chondrocytes showed increased apoptosis under shear 

stresses.  In another approach, bovine chondrocytes were seeded onto a three dimensional 

polyurethane scaffold and tested in a bioreactor [59].  Shear forces were induced on the 

scaffold by repetitively cycling a ceramic hip ball back and forth and showed that low-

level shear forces improved chondrogenesis.  Small shear forces have been used 

extensively with tissue engineered cartilage [60].  The low-level shear forces used for 

tissue engineering are generally not intended to simulate an injury, but more commonly 

to generate a simulated normal physiological loading environment to promote the 

development and growth of chondrocytes.  These dynamic shear strains are usually less 

than 5%.  Shear forces larger than this range have not been extensively studied.   

 

Impact injuries have been studied extensively but have largely included only forces 

normal to the articular surface.  A physiological joint impact injury, such as a sports or 

vehicular injury, is likely to develop complex multi-axial loads with significant shear 

forces in the articular cartilage.  There is a need for more work to study the more intricate 

force generation in an impact injury.  The effects of shear forces and the associated 
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cartilage deformation and fluid movement is likely more detrimental than that of axial 

loads alone.  Tearing of the cartilage matrix may occur during the injury and the 

hydrostatic forces generated by fluid movement may cause excessive local stresses 

resulting in damage and chondrocyte death. 

 

2.7 Cartilage Changes from OA Disease Process 

The progression and pathology of OA following an injury is still not completely 

understood, but the ramifications of this disease make it important for continued study.  

Following an injury, or joint trauma, mechanical damage may take place in the form of 

fissures in the cartilage surface or osteochondral fractures where the cartilage separates 

from the bone [7-9, 44, 48, 53, 54, 74-76].  After an injury, cartilage undergoes swelling, 

which is due to damage in the matrix of collagen fibers.  This may be due to a 

combination of mechanical damage to the collagen fibers and cleavage of the fibers by 

matrix metalloproteinases (MMPs) [61].  The damage to the collagen framework reduces 

its ability to restrain the swelling pressure of the proteoglycan attraction for water and 

excessive swelling results.  The chondrocytes may generate the MMPs, or other 

degenerative enzymes, in an attempt to rebuild the damaged collagen matrix by 

eliminating the damaged sections of tissue. This weakening of the collagen matrix also 

leads to an increase in permeability of the cartilage allowing more water movement [44].  

There is also proteoglycan loss from the matrix following an injury [8, 53, 62].  It has 

been proposed that chondrocytes may attempt to repair the damage by initiating cell 

cloning of chondrocytes to either replace the damaged cells or to create additional cells to 
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assist with matrix repairs [8, 63].  Necrosis (cell death from an acute injury), or apoptosis 

(programmed cell death) may result from a joint trauma as the chondrocytes respond to 

the injury [64-66].  Following an injury, chondrocytes may not differentiate correctly due 

to either the mechanical stimulus or signaling molecules.  Type I collagen may be more 

highly expressed, with type II collagen expression reduced [65, 67-69].  Type II collagen 

is more prevalent in articular cartilage, whereas type I collagen is more associated with 

fibro-cartilage, a dense connective tissue found in many locations, including the menisci 

and intervertebral discs.  Therefore, the higher expression of type I collagen may indicate 

that the chondrocytes are reverting to a more fibroblastic-phenotype.  These changes in 

the articular cartilage following an injury seem to point to attempts for self-repair.  

However, it has been shown that impact injuries lead to OA, indicating that the repair 

efforts are not successful in the face of large acute loading scenarios.  

  

2.8 Functional Genomics in OA 

OA is a multi-factorial disease, and its causes are not well understood.  Functional 

genomics is one method of attempting to discern the basis for morphological changes in 

OA.  Functional genomics attempts to understand the role and function of genes in the 

body.  This approach can identify differences in gene transcript levels between normal 

and OA cartilage.  Using a functional genomics approach, it may be possible to identify 

potential therapeutic targets for early intervention in the progression of OA.   
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This task holds challenge, though, as the cartilage transcriptome has between 13,200 and 

15,800 unique genes [70].  While this provides a wealth of potential genes associated 

with the progression of OA, an understanding of what genes are expressed differently in 

OA cartilage is needed.  Microarrays specific to cartilage have been utilized to study the 

OA process, and have identified numerous differences in gene levels in OA cartilage and 

normal cartilage.  OA may affect signaling pathways in cartilage [71], apoptosis [72], 

chondrocyte metabolism [73].  The findings of microarray studies have opened the door 

for the evaluation of genes potentially related to OA.  Microarrays have the ability to 

identify differences or changes in expression of large groups of genes.  However, the 

findings of some of these studies of OA have differed.  While some studies have found 

collagen types I and II to be upregulated [77, 78] another study found their levels to be 

unchanged [79].  As another example, expression of sex determining region Y-box 9 

(sox-9), which stimulates the expression and maintenance of the chondrocyte phenotype 

[13] and has been shown to be correlated with collagen II expression [80],  has been 

found to be both downregulated in OA cartilage [72] and unchanged [81].  Some have 

identified changes in numerous genes never before associated with OA progression [82].   

 

Our own lab has constructed and sequenced two Serial Analysis of Gene Expression 

(SAGE) libraries of impacted cartilage and normal (or control) cartilage from porcine 

patellae [65].  SAGE analysis provides a comprehensive list of sequence tags 

representing the entire mRNA population in a sample.  The tags are then referenced with 

a sequence database to determine the represented genes.  In this previous study axial 
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impactions (to 2000N) were delivered to porcine patellae as an impact trauma model for 

OA.  The impacted and non-impacted controls were kept in culture for 14 days to 

evaluate temporal changes in articular cartilage as a result of the impactions.  SAGE 

analysis was performed on pooled RNA from the impacted specimens and compared to 

the control.  The results showed many differentially expressed genes between the 

impacted and control at two weeks, including genes associated with matrix remodeling, 

iron and phosphate transport, protein synthesis, skeletal development, cell proliferation, 

and inflammatory response. 

 

2.9 Gene Expression Measurement 

Microarray or SAGE analyses provide broad-based approaches to identifying individual 

genes, which may be associated with OA development.  A microarray uses probes, or 

templates, to bind segments of  cDNA representing target genes, by measuring 

fluorescence levels of each probe, an indication of the relative amount of gene expression 

can be determined.  Additionally, an oligonucleotide based microarray uses short 

segments of cDNA or PCR product that correspond to particular mRNA sequences.  

SAGE on the other hand, provides a snapshot of all the mRNA present in a particular 

sample that is then compared to a database.  Both of these methods are high throughput 

and allow for potentially examining thousands of genes at a time.  However, they present 

a broad picture of what is occurring and lack precision in measuring the changes in 

expression of an individual gene.  Additionally, they are costly and therefore may not be 

practical for evaluating a large number of specimens, as multiple specimens generally 
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have to be pooled. They can, however, provide the target genes for further research and 

investigation.   

 

Quantitative real time reverse transcriptase PCR (qRT-PCR) is an analytical method that 

allows for a focused, and more sensitive, analysis of individual genes across multiple 

samples and/or time points.  With this method an individual gene is targeted and 

precisely evaluated for differences in gene expression levels.  Taqman probes are one 

method of detection.  The Taqman probe is designed to target a particular segment of 

DNA and binds.  There are two fluorophores associated with the probe.  A quencher 

fluorophore on the 3’ end of the probe reduces (or quenches) the fluorescence from the 

reporter fluorophore on the 5’ end of the probe.  If the probe binds to the targeted 

segment, then during amplification the polymerase frees the reporter.  This allows the 

reporter’s fluorescence to be measured (it is now unquenched), and it therefore, indicates 

expression levels of the targeted segment. Therefore Taqman probes provide a very 

accurate method of quantifying the expression of a particular gene.  SYBR on the other 

hand is a fluorescent marker that binds to double stranded DNA.  It is dependent upon the 

development of accurate primers to ensure that the segments of double stranded DNA it 

binds to are the target of interest.  SYBR can be significantly more economical to use 

than Taqman depending on the number of samples to be evaluated. 

 

When measuring gene expression levels, both absolute and relative quantification may be 

used to measure levels of expression.  In absolute quantification, the amplified cDNA is 
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compared to a standard of known quantity.  The amount of cDNA in the sample is thus 

measured by comparison to the standard.  The difficulties with this method are that their 

must be a reliable template for comparison, and that template must be amplified in 

conjunction with the samples of interest every time the experiment is performed.  

Relative quantification, however, uses an internal control (reference gene) to normalize 

the expression results for comparison across samples.  The internal control accounts for 

quantity and quality of RNA and pipetting errors to allow for accurate comparisons.  This 

study used a qRT-PCR analysis with SYBR and relative expression quantification. 

 

2.10 Loading Models and Differential Gene Expression 

Evaluating gene expression changes after an impact injury to articular cartilage may be 

important to understanding the progression of OA.  A wide range of studies have 

evaluated impact trauma or mechanical loading as an initiator of OA.  These studies vary 

in the animal model used, the joints evaluated, the type of loading applied, duration of 

loading, and the time period of monitoring.  These differences may prove difficult in 

making comparisons between findings from different studies, however, all of the work 

contributes to a body of knowledge that aids the scientific community in identifying the 

changes in early stage OA.  Fehrenbacher et al. cyclically loaded porcine bone-cartilage 

plugs in compression with loads of 10-12MPa, simulating in vivo loading, and maintained 

the explants in culture for up to 16 hours [83].  The findings showed that collagen I and II 

(col1a1 and col2a1) levels significantly decreased while aggrecan (agc) and mmp levels 

remained unchanged.  In another explant study, Fitzgerald et al. loaded bovine mid-zone 
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cartilage explants with a compressive strain of 25 or 50% which was maintained constant 

for periods from 1 to 24 hours [84].  Their findings showed that aggrecan, collagen type 

II and link protein rose during the first 8 hours, and subsequently dropped below the 

levels of the control specimens.  Also, mmp-3, 9 and 13 and ADAM metallopeptidase 

with thrombospondin type 1 motif 4 (adamts-4) increased over 24 hours.  These results 

point to matrix remodeling with large compressive strains.  In 2006, Fitzgerald et al. 

conducted a similar study where explants were loaded with dynamic compressive and 

shear strains over 1-24 hours [75].  The findings showed that most mmps were 

upregulated by 24 hours in both shear and compressive loading. 

 

A rat model was used to study OA progression in temporomandibular joint (TMJ) 

cartilage, with a surgical resection model used to generate OA in the experimental group 

[76].  The rats were kept for time periods up to 12 weeks, and differences between 

control and experimental groups were measured via microarray.  No external loading was 

applied; only normal TMJ function generated the loading in the joint cartilage.  A total of 

138 genes were identified as having either up- or down-regulation differing by greater 

than 2 fold.  These included genes associated with matrix degradation, apoptosis, and 

remodeling.   

 

Natoli et al. evaluated temporal changes in cartilage-bone explants from bovine elbow 

joints [85].  The explants were axially loaded with either a low (1.1 J) or high (2.8 J) 

impact.  The low level corresponded to an impact that would not cause visible damage, 
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whereas the high load was chosen to cause immediate identifiable damage.  The explants 

were cultured for 24 hrs, 1-week, or 4 weeks.   Aggrecan was elevated at 24 h and 1-

week, but decreased by 4-weeks.  Collagen type II was decreased at all time points.  

Superficial zone protein (szp) was increased at 24 h and decreased at both 1- and 4-

weeks.  Collagen type I was decreased at 24 h, and then was up 35 fold at 1-week and 

then 378 fold at 4-weeks in the injured tissue.  Mmp-1 and timp-1 were elevated in the 

high impact specimens at 24 h, and then decreased at 1- and 4-weeks.   

 

The different types of impact and trauma used in these studies can generate differences in 

gene expression levels measured.  There are many loading scenarios to consider and 

many different time points for evaluation, however all of these studies help contribute to 

information needed for an understanding of the progression of OA.   The aim of this 

study is to use an in vitro model, to deliver accurate discrete loading events and carefully 

monitor changes in gene expression over the days following the impact.  

 

2.11 Genes Selected for Analysis 

Understanding how gene expression levels change and develop over the days and weeks 

following an impact injury may provide a clearer picture of the processes that occur 

within the cartilage which may lead to OA.  In order to study these changes, a panel of 

genes was selected from literature for qRT-PCR analysis with this impact model.  A total 

of 18 genes were selected for analysis from the following functional categories: cartilage 
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matrix constituents, degradative enzymes and their inhibitors, inflammatory response, 

and cell proliferation and apoptosis. 

 

Cartilage Matrix: 

Collagen type 2 alpha-1 was chosen for analysis as it encodes for type II collagen, a 

critical building block of the cartilage matrix [86].  Of the many types of collagen, type 2 

is the most prevalent collagen found in cartilage and has been found to be upregulated in 

some OA related studies of articular cartilage [87-89].  Collagen type I alpha-1 was also 

chosen for analysis, as it is more prevalent in fibrocartilage and may be an indicator of a 

reversion of the chondrocytes to a more fibroblastic phenotype in response to matrix 

damage.  It has been shown to be unchanged [79, 81], or upregulated [65, 80] in OA. 

 

Aggrecan is one of the main building blocks of cartilage and is made up of proteoglycans 

to provide the osmotic properties of cartilage, which allow it to resist compressive loads.  

During OA there is generally a loss of aggrecan from the matrix [80, 90] though its 

transcript has been reported to be upregulated in some cases [71]. Sex determining region 

Y-box 9 (Sox-9) was selected as it encodes for a transcription factor of both aggrecan and 

type 2 collagen [81, 91-93].  Sox-9 has been reported to be downregulated in several OA 

studies [80, 84] while it has also been reported to be mildly upregulated at early time 

points following loading [75].  Osteopontin was also selected, as it codes for an 

extracellular structural protein and its expression has been linked to a critical stage of 

chondrocyte maturation as it transitions to bone [94].  It has been found to be upregulated 
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in OA [78, 95-99] and during cyclical joint loading [60].  There may be little to no 

osteopontin expression in healthy cartilage [97]. The final cartilage matrix gene selected 

was cartilage oligomeric matrix protein (comp).  This gene encodes for an abundant 

extracellular matrix protein, however its function is not fully known [88].  It has been 

found to be upregulated in cyclic tension and compression [77, 100] and in OA [101-

103], however its downregulation may signal matrix degradation [20, 59]. 

 

Degradative Enzymes and Inhibitors: 

A crucial category of genes to evaluate in an analysis of OA is those genes that are 

associated with the breakdown of the cartilage matrix.  These include matrix 

metalloproteinases (mmps), which encode enzymes that breakdown the components of 

the cartilage matrix.  An understanding of the expression changes for these genes may 

help to understand the repair efforts after the damaging effects of an impact model of  

OA.  Mmp-1, 3, and 13 were selected for analysis and have been shown to be upregulated 

[78, 89] in some studies of OA, though other studies have found mmp-3 to be 

downregulated [65, 96, 104].  Mmp-1 and 13 are both collagenases that break down type 

II collagen fibers in the cartilage matrix.  Mmp-3, however, is a stromelysin that can 

breakdown other matrix proteins, including proteoglycans, type III and IX collagen, but 

not type II collagen. Tissue inhibitors of matrix metalloproteinases 1 and 2 (timp-1 and 2) 

were also evaluated.  These are general inhibitors that block or inhibit the degradative 

action of mmps, they are not specific to an individual mmp.  They were unchanged in our 

earlier work [65], but have been found to be altered in multiple studies [67, 81, 104].  
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Adamts-4 is an aggrecanase, which contributes to the breakdown of aggrecan in the 

matrix.  It has been shown to be upregulated in OA studies [78, 88, 105].  

 

Inflammatory Response and signaling: 

Genes related to an inflammatory response or biological stress signaling were also 

selected for analysis.  These are genes whose expression changes in response to an injury 

to either initiate a reparative process or signal other cellular actions.  Transforming 

growth factor beta (tgfb) encodes an inflammatory mediator and its expression sets in 

motion many events critical to inflammation and repair efforts including: white blood cell 

recruitment, vascular growth, and limiting inflammation and aiding in repair efforts 

[106].  As an inflammatory mediator, one of the ways it assists repairs is by stimulating 

the production of extracellular matrix components and it has been linked to cell 

proliferation and growth and is upregulated in OA cartilage [76, 92, 107] and in 

mechanically stimulated cartilage [77].  Its early upregulation may abate to be followed 

in OA cartilage by lower later expression [108].  Indian hedgehog homolog (ihh) encodes 

a signaling molecule that binds to a membrane bound receptor, Patched1 (Ptc1), as an 

integral part of the chondrocyte maturation process.  Increases in its signaling have also 

been associated with chondrocyte proliferation, and a negative influence on chondrocyte 

maturation and subsequent ossification [109].  Ihh has been found to be more highly 

expressed in very early stage OA cartilage [87, 93] and downregulated in later stage OA 

[110].  Chitinase 3-like 1 (Chi3l1 or gp38k) is an inflammatory marker, or gene that 

indicates inflammatory processes are underway, and is also associated with a cartilage 
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remodeling and may be downregulated at 2 weeks following an injury [65].  It has also 

been found to be upregulated during OA [111] and more highly upregulated in areas of 

higher biomechanical load [112].  It may be upregulated initially after cartilage is placed 

in culture and diminishes over time, however its levels may rise upon new injury or 

damage [113].  Inducible nitric oxide synthase (inos or nos2) encodes an enzyme 

responsible for the production of nitric oxide, a signaling molecule.  It plays a role in both 

inflammation and possibly apoptosis [114] and plays a role in the progression of OA [73, 

115-117].  In fact, it was shown that inhibiting inos production in a dog model of OA 

slowed cartilage degradation [118] and inos knockout mice are resistant to the 

development of OA [117]. 

 

Cell Proliferation and Apoptosis: 

Caspases (casp) are genes that are associated with cell apoptosis [119, 120] and have 

been shown to be upregulated in OA cartilage [73, 87].  A mechanical injury model of 

OA may induce apoptosis via a caspase pathway [120].  The activation of caspase 

induced apoptosis may be induced by nitrous oxide [117].  Inhibition of caspase-3 and 8 

in a rabbit ACL transection model of OA showed reduced cartilage degradation [121].  

Caspase-8, an initiator in the caspase pathway, activates downstream effector caspases in 

the apoptotic pathway and has been found to be upregulated in naturally occurring human 

OA [87], induced rabbit OA [122], and in a canine OA model [123].  Another apoptosis 

related gene, TNF receptor superfamily, member 6 (fas), encodes a protein with a death 

domain and is crucial in the sequence of an apoptosis pathway.  Expression of fas by 
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chondrocytes may be responsible for part of the cartilage degradation during OA [122, 

124] and has been shown to be upregulated in the early stages of a rabbit OA model 

[125].  Chondrocytes produce fas in early stage OA, and may produce their own fas 

ligand that binds to the death receptor, or the receptor responsible for initiating apoptosis, 

and catastrophically amplifies the apoptosis signal [125].  Fas has been found to be more 

highly expressed in the region of OA lesions in cartilage [126]. 

 

2.12 Housekeeping Genes  

With qRT-PCR, multiple genes across many specimens may be evaluated to measure 

changes in expression. However, to accurately determine the relative expression levels, 

and the corresponding fold changes for up- or down-regulation, a normalization gene is 

necessary. Reference genes, frequently termed “housekeeping genes,” are used to 

normalize the expression results for differences in cDNA quantity of different specimens. 

This enables comparisons between the genes of interest across treatments. Because the 

housekeeping gene is used as a reference, it is important that it be stable with its 

expression unchanged regardless of treatment. These are genes whose expression is 

generally unchanged with treatment conditions, and are most often associated with basic 

cellular processes such as metabolism. 

 

For our work with impact injury models in the study of differential gene expression, it 

was necessary to identify an adequate reference gene for cartilage. A variety of genes 

have been used in the past as housekeeping genes in cartilage studies.  Gapdh 
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(Glyceraldehyde-3-phosphate dehydrogenase) has been used as a housekeeping gene in 

studies of human, bovine, porcine, and caprine articular cartilage [127, 128]. Gapdh has 

also been used as a reference gene for both human normal and OA cartilage [99, 129]. 

Swingler et al. selected succinate dehydrogenase complex, subunit A, flavoprotein (sdha) 

as a reference gene for human OA cartilage [87]. Pombo-Suarez et al. evaluated 

reference genes for human cartilage with advanced OA and found TATA box binding 

protein (tbp), ribosomal protein L13a (rpl13a) and beta-2-microglobulin (b2m) to be the 

most stably expressed genes [130]. Rpl13a and sdha were identified as the most stable 

reference genes for canine normal and OA cartilage [131].  Fitzgerald et al. used gapdh 

and 18S ribosomal RNA (18s) for normalization of bovine cartilage explants in a 

mechanical compression study [84]. Gapdh was again used for normalization in a sheep 

OA cartilage model [132]. However, an analysis has not previously been conducted to 

determine the ideal reference gene(s) for porcine articular cartilage. 

 

Two methods have been developed to identify the best housekeeping gene(s) from an 

initial panel of multiple genes. Vandesompele et al., developed a method of using a panel 

of ten genes and ranking those genes in order of stability across samples and treatments 

[133]. In this method, pairwise comparisons are made between each combination of 

samples for each gene. The two genes that demonstrate the least variance in comparison 

with all other genes are ranked as the best genes to be used as reference genes. The 

subsequent genes in the panel are ranked in order of their stability. The authors developed 

a free Visual Basic Application (VBA) for Microsoft Excel (geNorm) for this study.  
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A second method for finding a suitable reference gene is BestKeeper. This method also 

uses an Excel based application to determine the best housekeeping gene from a panel. 

Developed by Pfaffl et al., the method can evaluate up to ten potential genes for use as 

housekeeping genes [134]. The geometric mean of the cycle threshold values (Ct values) 

for each sample across all housekeeping genes are combined together to form the 

BestKeeper index. Subsequently, each individual gene is compared in a pair-wise fashion 

with Pearson correlation coefficients to the index. The outcome is a ranked order of the 

ten potential housekeeping genes in terms of their stability.  The highest ranked gene is 

the most stable, and the authors recommended the use of the top 3 genes as that provides 

a realistic number of housekeeping genes to evaluate that provide enough accuracy of 

results. 

 

The geNorm approach was used by Nygard et al. to evaluate a panel of nine genes in 

porcine tissue [98]. The genes evaluated were genes commonly used in porcine tissue 

studies, including: skin, muscle, lung and liver.  Seventeen different porcine tissues were 

evaluated and the geNorm software identified beta-actin (actb), ribosomal protein L4 

(rpl4), TATA box binding protein (tpb), and hypoxanthine phosphoribosyltransferase 1 

(hprt1) as the most stably expressed housekeeping genes across all tissues. Although 17 

different tissues were evaluated, articular cartilage was not included. The genes included 

in Nygard et al. included all of the genes previously discussed as commonly used in 

cartilage with the exception of rpl13a and 18s.  However, Nygard et al. did include rpl4 
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which, like rpl13a, encodes for a protein of the 60S subunit of ribosomes.  Additionally, 

18s has been shown to vary in proportion to total RNA and is not a useful housekeeper 

[134].  Therefore, our study evaluated the nine genes used in the Nygard study to 

determine the best housekeeping genes to be used specifically in porcine articular 

cartilage. One additional gene, peptidylprolyl isomerase A (cyclophilin A) (ppia), was 

also evaluated as a potential housekeeping gene. Ppia was chosen because it has been 

used as a normalizing gene for other OA related studies [135-138]; and it exhibited no 

differential expression in impacted and control specimens in our previous work [65]. 

 

There is a challenge in identifying housekeeping genes.  The reason for using a reference 

gene is to control for differences in the amount of starting material, efficiency of 

amplification enzymes, and differences in expression from cells and the overall level of 

transcription [133].  Selecting a stable housekeeping gene is therefore inherently 

challenging.  If expression of a particular gene is measured, then its variation in 

expression may be due to any or all of the afore-mentioned factors.  This presents a 

circular problem: determining a stable gene when that gene is expressed differently 

across samples/tissues.  Therefore, both of these programs attempt to provide a measure 

of stability by evaluating a panel of genes by comparing their individual stability in 

relation to that of the entire panel.  
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2.13 Purpose and Overview of Experiment 

OA is a progressive and debilitating disease that affects a significant portion of our 

population.  Joint trauma and impact injuries have been shown to cause the changes seen 

in OA and numerous studies have evaluated impact injuries to articular cartilage.  The 

majority of these studies, however, have included only axial loads delivered normal to the 

cartilage surface.  Most of this body of work neglects shear or tangential forces on the 

surface of the cartilage, even though the addition of shear forces likely more closely 

resemble what happens during a physiologic loading in a joint injury.   

 

This study evaluated impact trauma to porcine patellae in an in vitro experiment.  A 

hydraulic load frame was used to deliver either an axial load normal to the surface or a 

shear load (with a small axial load) across the surface.  The patellae were maintained in 

culture and full thickness cartilage samples from the loading site and sites adjacent to the 

loading area were obtained at 0, 3, 7 and 14 days.  These samples were used for qRT-

PCR analysis of gene expression in impacted samples as compared to control specimens.  

A panel of genes for analysis was selected based upon literature and previous work in this 

lab.  The aim of this analysis was to identify key gene expression changes in early stage 

OA.  A greater understanding of these early-stage changes may aid the future 

identification of therapeutic intervention strategies.
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3. METHODS 

 

3.1 Overview of Methods 

The aim of this study was to study gene expression changes following impact injuries to 

articular cartilage.  Patellae were removed from porcine knee joints and were given one 

of three treatments: a primarily normal impaction, an impaction with elevated shear 

forces, or a non-impacted control.  The patellae were rigidly mounted and the impacts 

were delivered with a servo-hydraulic loadframe.  Following the impaction, the intact 

patellae were kept in culture for up to two weeks. One of the important considerations 

was to maintain the cartilage attached to the bony surface.  This eliminated the risk of 

measuring undesired side effects of cutting the cartilage from the underlying bone.  Gene 

expression changes for a panel of 18 genes were evaluated at day 0 (approximately 2 

hours post-impaction), day 3, day 7 or day 14 following the impact event.  These changes 

were measured in full thickness tissue directly below the impact site and in tissue 

adjacent to the impact location.  The differential gene expression over time and across 

treatments was evaluated.   

 

3.2 Tissue Acquisition and Preparation 

A local slaughterhouse provides fresh intact porcine knee joints, which are obtained fresh 

within two hours of slaughter.  Paired right and left joints were from retired sows 

weighing at least 180kg, and the age of the animals was unknown.  Right and left legs 

from each animal were assigned the same culture time period and randomized to a 
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combination of the treatment groups (axial/shear, axial/control, shear/control; Table 3.1).  

Each group of treatment combinations was repeated three times at each time point for a 

total of 18 patellae at each time point (6 axial, 6 shear, and 6 control).  72 patellae were 

used over all time points and the 36 pairs were randomly assigned at the outset of the 

experiment.  A total of 75 patellae were collected, with three lost due to infection in 

culture.  
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Table 3.1.  Treatment assignments by animal and leg.  A total of 36 animals were 
included in this analysis (3 samples were removed from analysis due to infection during 
culture and were repeated as additional samples for animals 37 and 38 – highlighted in 
red).  Treatment assignment for each leg are designated as a one letter description of 
treatment type (A – axial, S – shear, and  C – Control) and a culture time point (00 – 0 
day, 03 – 3 day, 07 – 7 day, and 14 – 14 day). 

Treatment assignments by animal number and leg 
Animal Left Legs Right Legs 
Number Treatment/Culture Time Treatment/Culture Time 

01 S00 A00 
02 S07 C07 
03 S00 C00 
04 S14 C14 
05 C14 S14 
06 A00 C00 
07 C00 S00 
08 A03 S03 
09 C03 A03 
10 S14 C14 
11 A14 C14 
12 A03 S03 
13 C00 A00 
14 C14 A14 
15 S03 C03 
16 C03 A03 
17 A14 S14 
18 C07 A07 
19 C00 A00 
20 S07 A07 
21 S03 C03 
22 A03 C03 
23 A07 S07 
24 A00 S00 
25 S00 C00 
26 S03 A03 
27 A14 S14 
28 S14 A14 
29 C07 S07 
30 C14 A14 
31 S07 C07 
32 C03 S03 
33 A00 S00 
34 C07 A07 
35 A07 C07 
36 A07 S07 
37 C14 A14 
38  C07 
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Upon arrival in the lab, the knee joints were swabbed with betadine and sprayed down 

with 70% ethanol to sterilize the exterior of the joints.  The knees were then dissected 

under sterile conditions to remove the patellae from the joint capsule, and all soft tissue 

was removed from the anterior (bony) portion of the patellae.  The articular surfaces were 

inspected for irregularities (fibrillation, lesions, or other damage) and only healthy 

specimens were included in this analysis (Figure 3.1).  Once removed from the joint the 

patellae were kept immersed in PBS with antibiotics to minimize chances of infection or 

drying of the cartilage.  All equipment and tools used during the procedure (and 

subsequent culture) that contacted the patellae were pre-sterilized by autoclaving for 60 

minutes at 121°C.  

 

 
 

Figure 3.1.  Healthy Patella.  Image shows a healthy patella that has been removed from 
the joint capsule.  Most of the soft tissue has been removed in preparation for testing.  
The cartilage surface is in good condition and shows no signs of fibrillation or lesions. 
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During the impactions, it was important to position the patellae accurately and then hold 

them securely for delivery of the loads.  Therefore, the anterior bony portion of the 

patellae was pressed into a partially set polymethyl methacrylate (PMMA – “bone 

cement;” Osteobond, Zimmer, Warsaw, IN) hemi-spherical mold to create a custom 

matched individual holder for each patella (Figure 3.2).  The patellae were removed 

immediately after creating the impression and returned to the PBS solution to avoid the 

chance of thermal damage from the curing exothermic PMMA. 

 

 
 

Figure 3.2.  PMMA patella molds.  Image shows two PMMA patella molds.  The mold 
on the right is being custom fit for an individual patella by pressing the patella into a 
partially cured bed of PMMA.  The molds are then positioned in the custom x-y jig for 
testing. 

 
 

3.3 Testing 

Patellae were placed into the cooled, finished, and cured PMMA hemi-spherical mold.  

The mold was then positioned in a custom x-y positioning jig on the base of a servo-

hydraulic load frame (MTS Mini Bionix 858, MTS Systems Inc., Minneapolis, MN) 
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(Figure 3.3).  Previous work in our lab has shown that this set-up provided a rigid testing 

platform that minimizes unintended movement during the impaction.  The x-y positioning 

jig allowed for movement in any direction in the x-y plane. The hemi-spherical mold, 

with the hemi-spherical receptacle in the x-y jig, allowed the patellae to be rotated for 

positioning to ensure that the plane of either facet was perpendicular to the loading 

direction. Once the mold was positioned in the correct orientation, bolts were used to 

secure the x-y jig to the load frame.  Also, three bolts were used to secure the mold within 

the x-y jig to prevent any undesired movement. 

 

  
 

Figure 3.3.  Custom x-y Jig.  The image on the left shows the hemi-spherical receptacle 
for the PMMA mold.  This shape allows the patellae to be oriented such that a facet is 
perpendicular to the axial loading direction.  The image on the right shows the x-y jig 
with a patella PMMA mold in place.  The mold is at an angle and secured with the 3 
securing bolts (red arrow A).  The impactor tip is attached to the Kistler piezoelectric 
load cell (red arrow B).  In this image the hydraulic load frame is configured to conduct 
an axial impaction with a load normal to the cartilage surface. 

 
 
The actuator of the MTS machine was fitted with a 3-axis piezoelectric load cell (Kistler 

3 component force sensor model 9347, Kistler Instrument Corp., Winterhur, 
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Switzerland).  A custom impactor was then fitted to the end (bottom) of the load cell.  

The impactor was a 10mm long, 10mm diameter stainless steel cylinder.  The central axis 

of the cylindrical  impactor was oriented perpendicular to the direction of loading and in-

line with the medial-lateral axis of the patella.  The medial and lateral facets of the patella 

are approximately flat in the area of the impaction, but some variance exists.  Therefore, 

the impactor was designed to accommodate unevenness of the surface (Figure 3.4).  To 

achieve this, the impactor was pinned to its base with the pin running along the radial 

axis.  This allowed the impactor to rotate around the radial axis to accommodate 

deviations of the patellar surface.   

 

 
Figure 3.4.  Impactor diagram.  The impactor is a 10mm by 10mm cylinder which 
contacts the patellar surface during the impaction.  The left image shows the three axes of 
the impactor.  The axial axis (a) is the vertical axis along which the actuator of the load 
frame travels to deliver the normal load.  Both the radial axis (r) and the longitudinal axis 
(l) are perpendicular to the axial axis.  The longitudinal axis is aligned with the medial-
lateral direction of the patellar surface and the pinned design of the impactor allows the 
impactor tip to rotate around the radial axis to allow it to accommodate any unevenness 
of the surface.  
 
 

 
The 72 patellae included in this experiment were randomized to one of three treatments: 

axial impaction, shear impaction, or non-impacted control.  Axial impactions were used 
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to deliver a load normal to the patellar facet (Figure 3.3).  A targeted peak load of 2000N 

was applied at a displacement rate of 25mm/s.  The piezoelectric load cell captured the 

axial loads and any loads in the radial and longitudinal directions.  The longitudinal axis 

was oriented in the direction of the medial-lateral patellar axis, and the impactor radial 

axis was oriented along the proximal-distal axis of the patella.  Each patella was impacted 

with identical impactions at the middle of the medial and lateral facets.  The force and 

displacement data from each trial were collected with a custom LabVIEW program 

(National Instruments Corporation, Austin, TX).  The location of the impaction was 

marked with tissue marking dye (india ink)  adjacent to the impacted area.  The dye 

remained on the cartilage surface throughout the culture period. 

 

The shear impaction method utilized a more complex testing configuration.  The same x-

y jig was used to rigidly hold the patella mold, however the jig was not rigidly secured to 

the load frame base.  Instead, the x-y jig was bolted to a platform that allowed uni-axial 

translation. A pulley arrangement attached the x-y jig to a second hydraulic load frame 

(Instron 8501, Instron Corporation, Canton, MA) (Figure 3.5).  The first load frame 

slowly delivered a smaller axial load of 500 N at 0.5 mm/sec normal to the cartilage 

surface.  Once the axial load reached 500 N, the MTS actuator maintained a constant 

position as the patella was displaced 10 mm tangentially in the anterior-posterior 

direction at 200 mm/sec via the pulley system.  This generated the shearing impaction on 

the cartilage surface.  The loading was again recorded with LabVIEW software.   
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Figure 3.5.  Shear impaction.  The top image shows the testing configuration for 
conducting shear impactions of patellae.  The patella is positioned in the x-y jig in the 
hydraulic load frame at the right of the picture.  The x-y jig is on a moveable platform 
attached via a cable and pulley to a second load frame at the left of the picture.  The 
bottom picture shows a close-up of the platform for the x-y jig for shear impactions.  The 
platform is allowed to translate from left to right in the image and is stopped by the stop 
bar (red arrow A) as it is pulled by the cable (red arrow B). 

 

The surface of the patella is approximately flat, but not perfectly so.  The unevenness of 

the surface can generate some off-axis loading as the impactor makes contact with the 

surface.  This results in axial impactions generating some forces in the radial and 

longitudinal directions (shear forces).  Thus, axial impactions consist of both axial and 

shear forces, and similarly, by design, the shear impactions include both axial and shear 
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forces.  The aim of the two types of loading scenarios was to generate axial impactions 

with primarily compressive loads and minimal shear forces, and shear impactions with 

significantly larger radial shear forces.    

 

3.4 Organ Culture 

Upon completion of the impaction, the patellae were placed into culture for 3, 7, or 14 

days.  The patellae were first washed three times with a PBS solution containing 

antibiotics.  They were then transferred to culture dishes sufficiently large enough to 

allow complete immersion of the patella.  The culture media consisted of: Delbecco’s 

MEM/Ham’s F12 with 10% fetal calf serum, ascorbic acid (25 µg/ml), and antibiotics 

(penn. 100units/ml, strep. 100µg/ml, and amphotericin B 25 µg/ml).  The patella were 

then placed in a humidified incubator at 37°C with 5% CO2.  Culture media was changed 

daily to ensure health of the patellae and to minimize chance of infection.  A rocking 

shaker was used to agitate the culture dishes. 

 

3.5 Tissue Collection 

At the scheduled time point (0, 3, 7, or 14 days) cartilage specimens were collected from 

the patellae for gene expression analysis. For the day 0 specimens, cartilage specimens 

were collected approximately 2 hours following the impaction.  The patellae were 

removed from culture and the tissue dye was used to identify the location of the 

impaction site.  Full thickness cartilage slices (down to the level of the subchondral bone) 

were removed from the impaction area with a scalpel.  A sample was taken from the area 
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of the impaction (area of interest sample – AOI) and two samples from areas directly 

adjacent to the impacted area along the proximal-distal axis (Figure 3.6).   

 

 

Figure 3.6.  Specimen locations.  Full-thickness cartilage specimens were harvested from 
the location directly below the impact site (AOI sample in blue), and in the tissue 
adjacent to the impaction site (ADJ sample in yellow).  The relative size of the axial 
specimens is shown on the left, and the shear on the right.  This figure is for 
demonstration only, actual patellae were given identical treatments on each facet. 

 

For the axial impaction, an AOI specimen of dimensions 10 mm by 5 mm was removed 

from the impaction site. Also, two specimens from the adjacent areas (ADJ) were 

removed at the proximal and distal ends of the AOI of approximately 3 mm by 10 mm, 

and were pooled for analysis.  A longer AOI specimen (10mm by 10mm) was removed 

from the shear-impacted patellae to accommodate the tangential displacement during the 

axial 
shear 



 51 

impact event. Two different ADJ samples were obtained from the shear specimens; one 

in the direction of the shear event (ADJ forward – ADJF) and one behind the direction of 

the shearing event (ADJ behind – ADJB) (each approximately 3 x 10 mm).  After the 

specimens were removed they were immediately flash frozen in liquid nitrogen 

(approximately -200°C) and transferred to a freezer at -80°C until later RNA extraction.  

Tissue was also collected from identical areas of non-impacted controls.   

 

After eliminating 3 patellae infected in culture, a total of 72 patellae were included in this 

analysis (Table 3.2).  This consisted of 36 right and 36 left patellae. Thus there were 6 

patellae for each impaction type at each culture time. Both facets of each patella were 

given identical treatments. 

 

 Table 3.2.  Distribution of sample numbers by treatment and culture days. 
 

Tissue numbers 
 Impaction Treatment 
Culture 
time (days) Axial Shear Control 

0 6 6 6 
3 6 6 6 
7 6 6 6 
14 6 6 6 
    

Total 
Specimens 72   

 
 
3.6 Overview of Gene Expression Methods 

Gene expression refers to the process whereby the genetic information recorded on DNA 

is used to produce a product such as RNA.  The interim “messenger” in the process of 
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gene expression is messenger-RNA (mRNA).  mRNA consists of a nucleotide sequence 

that is a copy of specific segments of DNA code that is used to pass the information to 

the ribosomes to create proteins.  mRNA types and quantities are measured to determine 

the relative expression of genes in the cells. 

 

Total RNA, which is composed of mRNA, tRNA (transfer RNA) and rRNA (ribosomal 

RNA), was extracted from the cartilage samples.  This involved grinding the tissue in a 

mortar and pestle cooled by liquid nitrogen, and then homogenization (agitating, or 

mixing), to break down the cellular membranes and the cartilage matrix.  A DNase 

digestion was used to remove genomic DNA contamination.  In this process, RNA is 

bound to the substrate in the column while DNA passes through.  The RNA is then 

released in a later step, resulting in a purified sample.  Genomic contamination is raw 

DNA from the nuclei present in the extracted RNA.  This can generate inaccuracies in the 

subsequent measurements if DNA is measured instead of RNA. 

 

The mRNA, however, is relatively unstable due to the ubiquitous presence of RNAses 

(enzymes that degrade RNA) and because mRNA is single stranded.  Therefore, RNA 

was reverse-transcribed to complementary-DNA (cDNA) which is much more stable and 

less prone to degradation by enzymes.  cDNA is essentially a copy of the information 

contained in mRNA, but in a much more highly stable double stranded form. 
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Specific genes are then chosen for analysis, based upon our previous work, and those 

reported in literature.  Once a particular gene is targeted, primer pairs are designed that 

correspond to that DNA representing that gene.  A primer pair consists of a forward 

primer that starts at one end of the specific targeted section of cDNA segment, and the 

reverse primer that starts at the opposite end.  The primer pairs are designed so that they 

target a unique segment of genetic code, to ensure that they are specific to only that one 

gene.  

 

The primer pairs are then placed in a reaction well of a 96-well plate in a qRT-PCR 

instrument.  The reaction wells also contain a DNA polymerase; an enzyme that copies 

the nucleotide information on a strand of cDNA.  The machine cycles through multiple 

amplification cycles.  During these cycles the temperature first rises to a denaturation 

temperature where the double stranded cDNA “melts” open into single stranded cDNA 

segments.  The temperature is then lowered to allow the primer pair to anneal (or bind) to 

the single stranded cDNA.  The temperature then rises for the extension phase, where the 

polymerase generates complementary copies of the single stranded cDNA segments using 

random primers.  Once the copy is completed, the cDNA is again double stranded (until 

the next denaturation phase).   

 

A fluorescent marker is added at the beginning of the reaction (SYBR Green) that binds 

to double stranded cDNA and fluoresces; it doesn’t fluoresce on single stranded cDNA.  

During each amplification cycle, the qRT-PCR instrument measures the amount of 
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fluorescence present and plots this value with each cycle.  There is a certain level of 

background “noise” that is measured by the machine.  A threshold level, or cycle 

threshold, is set above the level of the background noise.  Once the amount of measured 

fluorescence crosses the threshold, the number of cycles (Ct) required to cross the 

threshold is recorded.   In qRT-PCR, as opposed to just PCR, the fluorescence is 

measured during each amplification cycle, as a “real-time” measure of PCR product. 

 

If a particular gene is highly expressed in a tissue, there will be a correspondingly high 

amount of mRNA for that gene in the cell.  Therefore, after being reverse-transcribed, the 

initial cellular high level of the gene expression will result in a high quantity of cDNA.  

With a large initial amount, less qRT-PCR amplification cycles will be required to detect 

the fluorescence crossing the threshold (Ct value).  Therefore a gene that is highly 

expressed will have a low Ct value, whereas a gene that has lower expression will have a 

higher Ct value (less starting cDNA present, therefore more cycles required for the 

fluorescence level to cross the threshold).   

 

The differences in the gene expression can then be compared with standard statistical 

testing techniques to evaluate differences in gene expression.  A fold change value, or 

ratio, is usually calculated to compare a gene expression level in one treatment group to 

another (i.e. ratio of expression, fold change, for axial impacted specimens at day 3 

compared to control specimens at day 3 for a particular gene). 
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3.7 RNA Extraction 

Total RNA from the lateral specimens for each patella was extracted first, and if the 

extraction failed to produce sufficient quantity or quality of RNA, then RNA was 

extracted from the medial specimens.  RNA was extracted from the AOI tissue specimens 

for each patella, the ADJF for each shear impacted patella, and the two ADJ tissue 

samples were pooled for each facet of the axially impacted specimens.   

 

Total RNA was extracted from the articular chondrocytes by first grinding the cartilage 

specimens in a mortar and pestle cooled by liquid nitrogen. The resulting fine powder 

was then dissolved in Tri Reagent (Molecular Research Center Inc., Cincinnati, OH) 

which is a combination of both phenol and guanidine thiocyanate in a mono-phase 

solution that inhibits RNase activity.  The tissue was then homogenized in a 

BeadBeater (Biospec Products model 3110x, Bartlesville, OK), a high energy cell 

disrupter that aggressively agitates a specimen vial, for 10 seconds at 4800 oscillations 

per minute. Following homogenization a chloroform precipitation step was used to 

remove contaminants (including genomic DNA and cellular debris).  A subsequent 

phenol/chloroform/iso-amyl alcohol step was used to further precipitate out any 

contaminates.  Following these steps, RNA was precipitated in the presence of acetic acid 

[116], followed with a second precipitation step in the presence of ammonium acetate 

[139] to yield a higher purity RNA pellet.  Finally, on-column DNAse digestion was 

accomplished with an RNeasy kit (Qiagen, Valencia, CA) to remove genomic DNA 

contamination.  After an ethanol precipitation and subsequent centrifugation, the RNA 



 56 

pellet was re-suspended in Diethylpyrocarbonate (DEPC)-treated water (water treated to 

remove RNases).  The purity of the RNA was measured and quantitated on a Nanodrop-

1000 spectrophotometer (Thermo Scientific, Wilmington, DE).  As a backup 

measurement, the extractions were also spot-checked for quality by visualizing on 1.2% 

agarose gel to verify the quality of the extracted RNA.  The agarose gel is subjected to a 

95V charge that creates an electric field that drives the RNA through the gel due to its 

charge.  The varying segment lengths of the RNA generates distinct bands (by RNA size) 

in the gel.  The gel is stained with ethidium bromide to allow for visualization of the 

bands.  A bright 28S and 18S band correspond to rRNA and are indicative of intact RNA.  

This was not done for all specimens as it required using more of the available RNA and it 

is a very low throughput method.   

 

3.8 qRT-PCR 

Gene primer pairs for qRT-PCR were designed with Beacon Designer software (Premier 

Biosoft International, Palo Alto, CA).  The ideal target length for the amplified product of 

a PCR reaction is 60-200 base pairs in length to insure accurate replication during the 

length of time of an amplification cycle.  However, the product length may be slightly 

outside this range as long as accurate verification (sequence validation) of the product is 

confirmed.  The primers were designed to target a product in this range.  When possible, 

primers were designed from porcine gene sequences.  If not available, they were designed 

from conserved regions (regions of DNA coding that have the same sequences across 
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species) of human, bovine, or canine sequences as these species generally have similar 

gene coding sequences.   

 

A eukaryotic gene represented in a particular section of DNA usually contains both 

introns (non-coding sections) and exons (coding sections).  The introns are spliced out 

during the mRNA processing (as it goes from pre-mRNA to mRNA) so that a mature 

mRNA only contains exonic sequence.  A primer pair is designed to cross over these 

intron-exon boundaries to detect genomic contamination.  Genomic contamination is 

residual DNA in the reaction wells from the cell nuclei.  If genomic contamination is 

present, the primer pairs may amplify the DNA in addition to the mRNA and give a false 

indication of the amount of gene expression for that sample.  If a primer pair crosses an 

intron-exon boundary, amplified segments of genomic contamination will be much larger 

than amplified segments of cDNA.  The differences in sizes are then detected in  

a melt curve analysis or gel electrophoresis analysis.  Additionally, the intron(s) section 

may be of sufficient length that amplification will not occur during the amplification 

cycle.  The intron-exon boundaries were predicted by comparing the porcine cDNA 

sequence to the human genome using UCSC BLAT (http://genome.uscs.edu/cgi-

bin/hgBlat).  This is a database that includes the entire genomic sequence, finds the 

cDNA sequence in the genome, and where exons and introns are predicted to occur.  The 

database also detects if there are other similar but unrelated sequences that will be 

amplified using the same primers (and therefore confound the results).   
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A High Capacity cDNA Reverse Transcription Kit (Applied Biosystems Inc., Foster City, 

CA) was used for reverse transcription of 250ng of total RNA.  The kit included the 

necessary components for synthesizing cDNA from RNA.  Included were random 

primers, dNTPs, and a reverse transcriptase.  The random primers allow the kit to make 

copies of the RNA regardless of its actual sequence, the dNTPs are free nucleotides 

available for making the copies, and the reverse transcriptase is the enzyme that produces 

the cDNA from the RNA template.  The contents of the kit were combined with the RNA 

solution and, and reverse transcription was performed in a thermal cycler.  Reactions 

were diluted 1:10 for qRT-PCR to allow for more analyses to be conducted of each 

sample.  

 

The qRT-PCR was performed in a 20µL reaction, consisting of 1 µL of diluted cDNA, 

400nM of forward and reverse primers, 10nM fluorescein (as a reference dye), and 0.5µL 

of 1X Power SYBR Green I Master Mix [140].  A three-step amplification protocol was 

performed in an iCycler IQ (model 870-1740, Bio-Rad, Hercules, CA) with the following 

steps:  denaturation with one cycle at 95°C for 7 minutes followed by 40 cycles of 30sec 

at 95°C for denaturation, 30sec at 56°-62°C for annealing, extension for 30sec at 72°C, 

and a product melting cycle of 5min at 72°C, 1min at 95°C, and 1min at 55°C.  For this 

project 72 AOI samples (with 6 in each treatment/time point combination) and 72 ADJ 

samples (with 6 in each treatment/time point combination) were evaluated, for a total of 

144 specimens.  Reactions were performed in duplicate.  This number of specimens 
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required the use of four 96-well plates for a qRT-PCR analysis, with room for a standard 

curve, for each gene on the full panel of specimens. 

 

3.9 qRT-PCR Analysis 

PCR amplification theoretically doubles the number of PCR product after each 

amplification cycle.  The iCycler iQ Real-Time PCR Detection System Software v3.1 

(Bio-Rad, Hercules CA) measured the fluorescence of the reactions.  Because the 

fluorescent marker is incorporated into each double stranded PCR product, the 

measurement of fluorescence is a gauge of the total amount of product generated.  The 

measured fluorescence is plotted against the number of cycles to generate amplification 

curves for the reactions (Figure 3.7).   

 

 
Figure 3.7.  Typical Amplification Curve.  This graph shows the amplifications curves 
for each well of a 96 well plate for the housekeeping gene sdha.  Amplification cycles are 
represented along the x-axis and fluorescence is measured along the vertical y-axis.  The 
threshold is the horizontal orange line. 
 
 

The fluorescent trace rises with the number of amplification cycles as the total amount of 

double stranded product in the well increases. A threshold is set above baseline and 
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during the range when the amplifications are proceeding exponentially.  When the 

amplifications are proceeding exponentially, there are sufficient reagents to efficiently 

create PCR products with each cycle.  It is important that the threshold is set before the 

reactions plateau or rise linearly as this represents a point when the reagents may be 

limited or the primers are hampered by the concentration of the PCR products.   

 

A cycle threshold (Ct) value is measured to determine the cycle number at which the 

fluorescent trace crosses a threshold.  A trace that crosses the threshold at an earlier 

(lower value) cycle number indicates that there was more of the original cDNA template 

(transcript) available in the sample originally.  For example: If specimen A has a lower Ct 

value than specimen B for a certain gene, then specimen A had more cDNA template for 

that gene in the sample which means that it had more mRNA for that gene, and therefore 

has higher expression of that gene.   

 

In Figure 3.7, a single gene, sdha, is being amplified for multiple specimens.  Each 

specimen has different concentrations of mRNA, therefore there are different quantities 

of cDNA produced for each specimen.  The Ct values for each specimen differ because of 

these differences in starting amounts of cDNA.  A lower Ct value for a particular 

specimen, therefore, indicates a higher expression of that gene. 

 

In a qRT-PCR analysis, the efficiency of the amplification cycle is calculated to verify 

the amplification process.  Dilutions of known concentrations of cDNA for the samples 
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(standards) are prepared and measured during the qRT-PCR amplification cycles.  The 

different cDNA standards should amplify at different Ct values corresponding to their 

concentrations.  Comparing the expected Ct values with the actual Ct values can be used 

to calculate the efficiency for the reaction.  In theory, each cycle of qRT-PCR results in a 

doubling of cDNA.  If the standard curve shows less than a doubling with each cycle, 

then the efficiency is less than 100%.  Efficiency can be affected by the presence of 

nucleotides in solution (less are available the longer the reaction progresses), the amount 

of cDNA initially present, and the primer design.  A low efficiency often indicates that 

the primers require redesign. 

 

The PCR amplification efficiency of each qRT-PCR analysis for a gene (primer pair) was 

assessed with standard curves.  The standard curves were evaluated for each primer by 

combining equal amounts of cDNA from each specimen into a pool.  The pool was then 

diluted in separate dilutions of 1:3, 1:9, 1:27, 1:81, and 1:243.  Because the amount of 

starting cDNA was known in each dilution, and the Ct value was measured for each 

dilution, the amount of cycles to reach the Ct threshold could be accurately measured.  

The number of cycles to the Ct threshold for each dilution was used to evaluate how 

effectively doubling occurred with each cycle for each dilution.  A regression line is then 

fit to the Ct values of the dilution based upon their concentration.  The efficiency is then 

calculated from the slope of the line (Equation 1).   

Ex = 10(-1/slope) – 1 
Equation 1.  

 slope = slope of regression line 
 Ex = Efficiency of reaction 
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The dilutions were evaluated in triplicate by iCycler iQ Real-Time PCR Detection 

System Software v3.1 (Bio-Rad, Hercules CA) to calculate amplification efficiency.   

 

3.10 Melt Curve Analysis 

The gene target specificity of the reactions was evaluated with a melt curve generated at 

the end of the PCR amplification cycle.  The amount of energy (heat) required to separate 

the double stranded DNA increases with the length of the strand.  SYBR green is a 

fluorescent marker that binds to double stranded DNA, but not single stranded.  As the 

temperature increases, the strands separate, and the fluorescence rapidly decreases.  If all 

of the amplified products are the same sequence and length then the temperature at which 

separation (melt temperature) occurs will be the same (i.e. there will be one peak).  

However, if the primers were not specific in what they amplified during the reaction, and 

produced multiple products, then the melt temperatures will differ (i.e. multiple peaks), 

indicating poor primer specificity (Figure 3.8 and 3.9).  Therefore, the gene targeted may 

not necessarily be the only gene amplified.  Additionally, one cDNA product from each 

primer pair was sequenced to verify that the PCR product corresponded to the intended 

gene.  ABI Big Dye Terminator Version 1.1 and an ABI3100 Genetic Analyzer (Foster 

City, CA) were used for sequence validation.  For sequence validation, the cDNA to be 

sequenced is put in solution with fluorescent dideoxynucleotides (complementary 

nucleotides to the cDNA sequence).  A polymerase initiates copying of the cDNA 

segment and inserts the fluorescent nucleotides in the copy.  The genetic analyzer can 
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precisely measure the sequence of the fluorescent markers attached to the nucleotides, 

and therefore determine the sequence of the original cDNA. 

 

 

 
Figure 3.8.  Melt curve results for initial sox-9 primer pair.  The two peaks in the melt 
curve suggest that there are two different products in the reaction wells.  The peak with 
the lower melt temperature is likely from a PCR product of a shorter length and therefore 
requires less energy to break the bonds of the double stranded DNA.  This primer pair 
was deemed of poor quality and another set had to de designed to assay the sox-9 gene.   
Temperature is shown along the x-axis and the y-axis shows the amount of fluorescence 
(d(RFU)/dT) measured in the iCycler qRT-PCR unit. 

 
 
 
 
 

 
Figure 3.9. Melt curve results for col2a1 primer pair.  There is one central peak 
indicating that all products required the same energy to break their double stranded DNA 
bonds.  This is considered a good primer pair.  Note: there is a single trace that stays 
below the x-axis and demonstrates no melt curve.  This is the negative control which had 
no cDNA in the reaction well.  It was used to assess the chances of any contamination of 
the reagents. In this case there was no contamination. 
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3.11 Housekeeping Genes 

The most stable reference genes for articular cartilage were evaluated from a panel of 10 

genes (Table 3.3).  The most stable genes were used to normalize the results of the genes 

of interest.  The panel consisted of the panel of 9 genes used in porcine tissue from 

Nygard et al. [98]: beta-actin (actb), beta-2-microglobulin (b2m1), glyceraldehyde-3-

phosphate dehydrogenase (gapdh), hydroxymethylbilane synthase (hmbs), hypoxanthine 

phosphoribosyltransferase I (hprt1), ribosomal protein L4 (rpl4), succinate 

dehydrogenase complex, subunit A (sdha), TATA box binding protein (tbp), and tyrosine 

3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide 

(ywhaz).  These genes were selected for analysis as they are commonly used reference 

genes.  One additional gene, peptidylprolyl isomerase A (cyclophilin A) (ppia), was also 

evaluated as a potential housekeeping gene. Ppia was chosen because it has been used as 

a normalizing gene for other studies [135-138]; and it exhibited no differential expression 

in impacted and control specimens in our previous work [65]. 
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Table 3.3.  Housekeeping Genes.  Houskeeping gene abbreviations, names, primer pair sequences, and efficiency. 
 

Housekeeping Genes Evaluated   
    
Gene 

Abbrevia
tion Gene Name Sequence (5' -> 3') Efficiency (%) 

F: CACGCCATCCTGCGTCTGGA 93.5 actb* Beta-actin 
R: AGCACCGTGTTGGCGTAGAG  

F: CAAGATAGTTAAGTGGGATCGAGAC 87.6 b2m1* Beta-2-microglobulin 
R: TGGTAACATCAATACGATTTCTGA  

F: ACACTCACTCTTCTACCTTTG 93.4 gapdh* Glyceraldehyde-3-phosphate dehydrogenase 
R: CAAATTCATTGTCGTACCAG  

F: AGGATGGGCAACTCTACCTG 109.1 hmbs* Hydroxymethylbilane synthase 
R: GATGGTGGCCTGCATAGTCT  

F: GGACTTGAATCATGTTTGTG 82.8 hprt1* Hypoxanthine phosphoribosyltransferase 1 
R: CAGATGTTTCCAAACTCAAC  

F: CAAGAGTAACTACAACCTTC 90.9 rpl4* Ribosomal protein L4 
R: GAACTCTACGATGAATCTTC  

F: CTACAAGGGGCAGGTTCTGA 107.8 sdha* Succinate dehydrogenase complex, subunit A 
R: AAGACAACGAGGTCCAGGAG  

F: AACAGTTCAGTAGTTATGAGCCAGA 70.7 tbp* TATA box binding protein 
R: AGATGTTCTCAAACGCTTCG  

F: TGATGATAAGAAAGGGATTGTGG 101.8 
ywhaz* 

Tyrosine 3-monooxygenase/tryptophan 5-
monooxygenase activation protein, zeta 
polypeptide R: GTTCAGCAATGGCTTCATCA  

F: GCAGACAAAGTTCCAAAGACAG 84.4 ppia peptidylprolyl isomerase A (cyclophilin A) 
R: AGATGCCAGGACCCGTATG  

* Primer pairs from Nygard et al.[98]   
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Both BestKeeper and geNorm were used to select the most stable housekeeping genes 

(Table 3.3).  For the BestKeeper program, the raw Ct values were entered.  The program 

calculates a BestKeeper index as the geometric mean of all housekeeping gene Ct values.  

Pearson correlations between each candidate gene and the index are calculated and 

reported as the BestKeeper correlation coefficient.  The genes with the highest 

BestKeeper correlation coefficient are the most stably expressed.  While there is no 

specific threshold for the BestKeeper correlation coefficient, it is recommended to use 

multiple genes that are geometrically averaged to control for outliers.  Pfaffl et al. found 

3 housekeeping genes to be a realistic number of housekeeping genes to manage for most 

laboratory studies that would ensure accurate normalization[134].    

 

The input for the geNorm program is relative Ct values, where the Ct values for a 

particular gene are all normalized to the specimen with the highest expression for that 

gene (minimum Ct value).  The normalized Ct values (Q) are calculated via the delta-Ct 

formula (Equation 2). 

 

€ 

Q = E (minCt−sample Ct )
 

     Equation 2. 
 Q = normalized Ct values 
 E = efficiency (where 100% = 2) 
 minCt = minimum Ct value for a gene 
 sampleCt = the Ct value of the current sample 
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The program does pairwise comparisons of each reference gene with every other gene 

and then develops an index of the average pairwise variation of a particular gene with all 

others.  Vandesompele et al. defined a gene stability measure M, as the mean of all 

pairwise variations V (Equation 3), where j and k are two reference genes, and n is the 

number of reference genes [133]. 

 

 

€ 

M j =

V jk
k=1

n

∑
n −1         Equation 3. 

 
 
 M = gene stability measure 
 V = pairwise variation 
 j,k = pair of control genes 
 n = number of control genes 

 

An ideal reference gene that does not vary across samples or treatments is unlikely to 

exist.  The M value provides a measure of stability in comparison to other potential 

reference genes.  Use of the top 3 or 4 most stable housekeeping genes is usually 

appropriate for accurate normalization [133].   

 

As proposed by Vandesompele et al., the best reference genes for a particular tissue can 

be used for evaluating the expression levels of genes of interest [133].  This can be 

accomplished by taking the geometric mean (as compared to the arithmetic mean) of the 

selected reference genes.  The arithmetic mean is the sum of the individual n values 
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divided by the n (the total number of values), whereas the geometric mean is the n-th root 

of the product of n numbers (Equation 4).  The geometric mean is able to better control 

for outliers and abundance differences between genes than the arithmetic mean. The most 

accurate normalization strategy is to use the geometric mean of the top 3 or 4 most stable 

genes for normalization [133, 134]. 

 

 

€ 

Geometric mean = a1a2 ... ann

 Equation 4. 
 n = total number of specimens 
 a = individual Ct value for a specimen 
 

 

3.12 OA Related Genes 

A set of 18 genes potentially related to the progression of OA were selected for 

evaluation using qRT-PCR.  The genes were selected from four categories:  genes related 

to the cartilage matrix, degradative enzymes and inhibitors, inflammatory response and 

signaling, and cell proliferation and apoptosis.  Some genes could have been 

appropriately listed in multiple categories, however for this work they were grouped 

based upon what is believed to be their primary function during early stage OA.  From 

the cartilage matrix category, 6 genes were selected: Collagen, Type I, Alpha 1 (col1a1), 

Collagen, Type II, Alpha 1 (col2a1), Aggrecan (agc), SRY (sex determining gene region 

Y) box-9 (sox-9), Osteopontin (opn), and Cartilage oligometric matrix protein (comp).  

From the second category, degradative enzymes and inhibitors, 6 genes were selected for 

analysis: Matrix metalloprotease-1 (mmp-1), Matrix metalloprotease-3 (mmp-3), Matrix 
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metalloprotease-13 (mmp-13), TIMP Metallopeptidase Inhibitor-1 (timp-1), TIMP 

Metallopeptidase Inhibitor-2 (timp-2), and ADAM Metallopeptidase with 

Thrombospondin Type 1 Motif 5 (adamts-5).  From the third category, inflammatory 

response and signaling, 4 genes were selected for analysis: Indian Hedgehog (ihh), 

Transforming growth factor β (tgfb), nitric oxide synthase 2, inducible (inos), and 

Chitinase-3-like protein 1 (chi3l1).  And from the final category, cell proliferation and 

apoptosis, 2 genes were selected for analysis: Caspase-8 (casp-8), and Fas (TNF receptor 

superfamily, member 6) (fas).  Table 3.4 provides the gene information along with the 

primer sequences used for amplification, the associated amplicon length for the mRNA 

segment amplified, and the National Center for Biotechnology Information (NCBI) 

accession number for the targeted gene.  The accession number is a unique identifier 

assigned to a specific section of DNA sequence corresponding to a gene.  Additionally, 

the length of the amplicon (amplified segment of cDNA) is provided.
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Table 3.4.  OA Related Genes.  Full gene names, abbreviations, forward and reverse primer sequences, amplicon lengths, and NCBI numbers.  
 

OA Related Genes     

Gene Name 
Gene 
Abbreviation Sequence (5' -> 3') 

Amplicon 
length NCBI Number 

     
Cartilage Matrix     
Collagen, Type I, Alpha 1 col1a1 F: CAACCGCTTCACCTACAGC   
  R: TTTTGTATTCGATCACTGTCTTGCC 101 AK236626   
Collagen, Type II, Alpha 1 col2a1 F: GAGAGGTCTTCCTGGCAAAG   
  R: AAGTCCCTGGAAGCCAGAT 118 AF201724.1 
Aggrecan agc F: TGCAGGTGACCATGGCC   
  R: CGGTAATGGAACACAACCCCT 79 AF201722b 
SRY (sex determining gene region Y) box-9 sox-9 F: CAGGGCTCTGTGCTCTACTCC   
  R: GGGTTACGGTCTTTCTTCGGT 230 NM_213843.1 
Osteopontin opn F: CCGCAGCCAGGAGCAGTC   
  R: GTTGATCTCAGAAGACGCACTCTC 214 NM_214023.1 
Cartilage oligometric matrix protein comp F: GGCTGGAAGGACAAGACATC    
  R: CCTCATAGAACCGCACTCTG  82 XM_003123529.1 
     
Degradative Enzymes & Inhibitors     
Matrix metalloprotease-1 mmp-1 F: TGATGGACCTGGAGGAAACC   
  R: GAGCAGCCACACGATACAAG 131 NM_001166229     
Matrix metalloprotease-3 mmp-3 F: GATGTTGGTTACTTCAGCAC   
  R: ATCATTATGTCAGCCTCTCC 197 NM_001166308.1 
Matrix metalloprotease-13 mmp-13 F: CCAAAGGCTACAACTTGTTTCTTG   
  R: TGGGTCCTTGGAGTGGTCAA 77 AF069643 
TIMP Metallopeptidase Inhibitor-1 timp-1 F: CCTCGTACCAGCGTTATG   
  R: CGTTCCACAGTTGTCCAG 177 NM_213857.1 
TIMP Metallopeptidase Inhibitor-2 timp-2 F: ATATACGAGAACACCAGACC   
  R: GGAATGATTACAACGGATGC 152 AK237154.1 
ADAM Metallopeptidase with 
Thrombospondin Type 1 Motif 5 adamts-5 F: CGCTGCCACCACACTCAA   
  R: CGTAGTGCTCCTCATGGTCATCT 80 NM_007038.3 
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Table 3.4. Continued. 

Gene Name 
Gene 
Abbreviation Sequence (5' -> 3') 

Amplicon 
length NCBI Number 

     
Inflammatory Response     
Indian Hedgehog ihh F: CAGCGGGCGCTATGAAGGCA   
  R: GGTCCTTGCAGCGCTGGGTC 140 XM_001925486.1 
Transforming growth factor β tgfb F: GGAGTGGCTGTCCTTTGATGT   
  R: AGTGTGTTATCTTTGCTGTCA 117 NM_214015.1 
nitric oxide synthase 2, inducible inos F: TGAATTTGTCAACCTGTATTAC   
  R: CTTTGTTACCGCTTCCAC 82 NM_001143690.1 
Chitinase-3-like protein 1 chi3l1 F: TGACGCTCTATGACACAC   
  R: GGCTAGGTCCAGTCCATC 194 NM_001001540 
     
Cell Proliferation and Apoptosis     
Caspase-8 casp-8 F: TGGGCAAACAGATGCCACAACCT   
  R: CCCCTTCAATCTAGCCCACCCCC 153 NM_001031779.2 
Fas (TNF receptor superfamily, member 6) fas F: TAGAGTTTGTGATGGAGAA   
  R: ATTGAGAAGTGTGACAGA 107 NM_213839.1 
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3.13 Analysis of OA Related Genes 

The qRT-PCR data for the 18 OA related genes were evaluated by comparing the relative 

gene expression levels (Ct values) across treatments and across time.  A linear mixed 

model was used for analysis following the methods proposed by Steibel et al. [141].  A 

mixed model takes into account both fixed and random effects.  The model used was: 

 

€ 

yijklmnopq = µ + pigi + rep j(i) + legk +Tlmn + dateo + platep + wellq( p ) + eijklmnopq
 

Equation 5. 

 

Where yijklmnopq  = gene expression levels (Ct); µ = factor common to all observations;  

pigi = random effect of pig (37 individual pigs); repj(i) = random effect of replicate sample 

within each pig (samples run in duplicate); legk = fixed effect of leg (right or left); Tlmn = 

fixed effect of the combination of gene (l), treatment (m) and culture time (n);  daten = 

fixed effect of date (13 different testing dates); platep = random effect of plate due to 

which of the 4 real-time plates (p) the particular sample was evaluated on; wellq(p) = 

random effect of well within plate due to which well of the 96 well plate the sample was 

evaluated in; eijklmnop = random residual error.  Standard distributional assumptions for all 

random effects were employed.  

 

Using the model from Equation 5, differences for comparisons of interest were evaluated 

for statistical significance using PROC MIXED in SAS 9.2 statistical software (SAS 

Institute Inc., Cary, NC).  The raw p-values were adjusted for multiple comparisons using 
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the false discovery rate method (FDR) [142].  A standard Bonferroni correction of the 

family wise error rate (FWER) controls the possibility of making even one type I error to 

below the alpha value (threshold).  The FWER is the probability of making a type I error 

in any one test out of all the pairwise comparisons, where a type I error is when the null 

hypothesis is incorrectly rejected, or a “false positive.”  This method often results in 

reduced sensitivity and can be overly restrictive in evaluating results.  The FDR method, 

however, controls the possibility of making a type I error within those results evaluated 

as significant [143].  Due to the relatively small number of samples in each combination 

of treatment and time in this experiment, the threshold for a significant FDR adjusted p-

value (q-value) was set at q < 0.2.  This threshold allows for an appropriate sensitivity for 

the analyses being conducted and insures that the interpretation of the data is not overly 

restrictive in eliminating potentially valuable findings that may not achieve a higher level 

of significance.  Due to the fundamental difference in how FDR controls for a type I error 

rate within results already deemed significant, a higher threshold may be acceptable, up 

to even 0.5 [144]. 

 

For each comparison of groups (example: comparing day 0 shear AOI specimens to day 0 

control specimens) the fold changes were calculated. Fold change calculations are a 

method of  relating the expression levels in one sample of interest to another (or 

comparative) sample; they are, therefore, a ratio comparison between groups.  Fold 

changes were calculated by first using Equation 6 [141] for the gene of interest (GOI) and 
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the geometric mean of the housekeeping genes (HKM).  Where GOI represents one of the 

18 OA related target genes (eg. col1a1). 

 

€ 

diffgroup2−group1 = Ctgroup2
GOI −Ctgroup1

GOI( ) − Ctgroup2
HKM −Ctgroup1

HKM( )
Equation 6. 

  
 

The Ct values for a particular GOI for two groups are compared (i.e. day 0 shear 

specimens for col1a1 compared to day 0 control specimens for col1a1).  The comparison 

is normalized to the difference of the geometric mean of the housekeeping genes (HKM) 

for the same comparison. Equation 6 was then substituted into Equation 7 to complete the 

fold change (FC) calculation [141].   

 

€ 

FCgroup2−group1 = 2−diffgroup 2−group1
 Equation 7. 

 

 

A fold change greater than 1 indicates a particular gene is more highly expressed in the 

sample of interest as compared to the control.  A fold change less than 1 indicates a lower 

level expression than control. Differential gene expression was first evaluated by 

comparing each treatment (axial vs. control, shear vs. control, and shear vs. axial) at each 

time point. Differential gene expression was next evaluated within each treatment 

(control, axial and shear) by comparing each time point (day 0, 3, 7 and 14) to day 0 



 75 

control specimens.  Day 0 control specimens were used as the reference for temporal 

changes as they most closely represent an un-impacted cartilage surface in its natural 

state.
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4. RESULTS 

 

4.1 Overview of Results 

Impactions were completed on all patellae and total RNA was extracted from 144 

specimens from 72 patellae and was reverse transcribed to cDNA.  A panel of 

housekeeping genes were evaluated in a subset of specimens representing all treatments 

and time points to identify the most stable housekeeping genes for this treatment regimen.  

A panel of 18 genes was selected from previous work, both in our lab and from literature.  

All specimens were evaluated for the full panel of housekeeping and OA related genes.   

 

4.2 Impaction Results 

Seventy-five patellae total were removed from the knee joints and impacted, but 3 

patellae developed what was likely infection in culture and were not included.  Therefore, 

a total of 72 patellae were included in this analysis, 36 from the right leg, and 36 from the 

left leg.  The patellae were randomized to treatment and time in culture with 6 patellae in 

each of the 12 treatment/time groups represented (e.g. 0 day axial impaction; Table 3.2).   

 

Typical force traces (recorded force vs. time) from the piezoelectric load cell recordings 

are shown in Figures 4.1-4.3.  The axial impaction event was characterized by application 

of a compressive load at 25 mm/sec (Figure 4.1).  The load ramped to a target load of 

2000 N, at which point the impactor was retracted from the cartilage surface at 200 

mm/sec.  Inability to align the patellae perfectly perpendicular to the loading direction 
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and unevenness of the surface generated some forces in the longitudinal and radial shear 

directions.   

 

 
 

Figure 4.1.  Axial impaction loading event.  These images show typical force recordings 
of the normal and shear forces (recorded by the piezoelectric load cell) during the axial 
impactions.  The image on the left shows the rise in the compressive (normal) forces as 
the impactor loads the cartilage surface at 25mm/sec up to a targeted load of 2000N.  The 
image on the right shows the shear forces recorded during the axial loading event with 
the longitudinal forces in blue and the radial forces in red. 
 

The shear impactions were conducted by slowly applying a compressive normal load to 

the cartilage surface at 0.05 mm/sec, and the load ramped to an axial load of 500 N 

(Figures 4.2 and 4.3).  Once the 500 N targeted compressive force was reached, the 

second hydraulic load frame was triggered to displace the patella 10 mm tangentially in 

the radial shear direction.  The initial 500 N load created a depression in the tissue as the 

impactor pushed below the level of the surrounding tissue.  When the tangential 

displacement was generated, a spike in the normal force occurred as the impactor had to 

overcome the tissue at the side of the depression created by the 500 N load.  The 

displacement also resulted in a rise in both longitudinal and radial shear forces. 
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Figure 4.2.  Shear impaction entire time history.  These images depict the loading of a 
typical shear impacted patella.  The forces (as recorded by the piezoelectric load cell) are 
shown along the vertical axis, and the time history is shown along the x-axis.  The graph 
on the left shows the slow loading of the normal force at 0.05mm/sec up to 500 N.  Once 
the 500N compressive load is reached, the load frame maintained the displacement level 
and the second load frame displaced the patella 10mm tangentially and generated the 
spike in the graph.  The graph on the right shows the entire time history of the loading for 
the longitudinal (blue trace) and the radial (red trace) shear forces.   
 
 

 
 

Figure 4.3.  Shear loading event.  The images show the final 110 ms (approximately) of 
the shear loading event.  The image on the right shows the larger radial shear forces (red 
trace) generated in the shear impaction. 

 
 

The axial impactions resulted in significantly higher normal forces imparted to the 

cartilage with a mean of -1965.9N ± 237.1, versus a mean of -1092.7N ± 205.4 (p = 

<0.0001) for the shear impactions (Figure 4.4).  The shear impactions generated a 

significantly higher radial shear force (the direction of shearing displacement) with a 
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mean of 198.3N ± 59.2, as compared to the radial shear for the axial treatment, which had 

a mean of 79.0 N ± 73.4 (p = <0.0001).  The longitudinal shear forces were not 

significantly different between shear (mean 59.7N ± 35.9) and axial impactions (mean 

74.1N ± 55.3, p = 0.134). 

 

 
  
 

Figure 4.4.  Axial forces and radial shear forces.  Image A shows a diamond scatter plot 
(JMP 7) of the axial forces for each of the axial and shear impaction treatments.  The 
horizontal center line of the diamond indicates the mean value, and the top and bottom of 
the diamond indicate the 95% confidence interval.  Diamond scatter plots for the radial 
shear forces (B) and longitudinal shear forces (C) in each impaction treatment are shown.   
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4.3 Culture and RNA Extraction 

Of the 72 patellae included in this experiment, 3 patellae became infected (due to bacterial 

growth) in culture.  The culture media was changed daily to minimize the chances of infection.  

However, even with the best laboratory technique it is difficult to keep a biological specimen as 

large as a patella, with its multiple tissues, free of bacterial growth (identified by cloudiness in 

the normally clear, red culture media).  The 3 patellae which were infected were discarded with 

no tissue collected, and their treatments were repeated with replacement patellae from other 

animals.  The discarded patellae included: one 7-day control right, one 14-day axial impaction 

right, and one 14-day control left patella. 

 

RNA was extracted from AOI and ADJ tissue specimens for the lateral facet of each patellae. 

Each patellae facet was given identical treatments and the lateral was used for this analysis.  This 

side was not chosen for any reason other than to attempt to have some consistency across 

specimens.  However, in the instances where the extraction failed on the lateral specimen, the 

medial facet specimen was used.  A total of 144 specimens were evaluated.  Extraction failed to 

produce RNA of high enough quality in 9 of the 144 extractions as determined by 

spectrophotometer.  In these 9 cases where an extraction failed on either the AOI or ADJ 

specimen, RNA was extracted from the cartilage specimen from the medial facet.   
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4.4 Housekeeping Genes 

Ten housekeeping genes were evaluated in cartilage for the treatment conditions.  Two or 

more specimens at each impaction treatment/time point combination were evaluated for a 

total of 40 patellae (Table 4.1).  The housekeeping analysis was conducted early in the 

study progression, therefore it was conducted on a subset of the specimens (only AOI 

specimens) that had been generated at that point.   

 

 Table 4.1.  Distribution of sample numbers by treatment and culture days. 
 

Tissue numbers 
 Impaction Treatment 
Culture 
time (days) Axial Shear Control 

0 4 3 3 
3 4 4 3 
7 3 3 2 
14 4 4 3 
    

Total 
Specimens 40   

 

 

The genes evaluated were: actb, b2m1, gapdh, hmbs, hprt1, rpl4, sdha, tbp, ywhaz, and 

ppia. One of the housekeeping genes, hprt, was excluded from further analysis as it 

displayed consistently high cycle threshold (Ct) values (greater than 35) and failed to 

amplify for five wells.  The high Ct values indicate very little initial presence of the 

transcript, thus indicating that this gene is not useful as an internal reference. The 40 

cycle threshold values from each of the candidate genes were used directly in the 
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BestKeeper software and were used to calculate the input values (Q values) for geNorm 

[145].  

 

BestKeeper results showed the stability ranking of the nine genes to be (in order of most 

stable to least stable): gapdh, ppia, actb, sdha, ywaz, rpl4, b2m1, tbp, and hmbs2  (Figure 

4.5).  The geNorm results differed slightly and showed the stability order to be: sdha/ppia 

(tied), actb, gapdh, tbp, ywaz, hmbs-2, rpl4, and b2m1  (Figure 4.6). 

 

 

 
Figure 4.5. The BestKeeper results for candidate genes. BK correlation coefficients for 
each gene are given. A higher correlation coefficient corresponds to a more stably 
expressed gene.  
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Figure 4.6. The geNorm results for candidate genes. The M-value calculated by geNorm 
is a measure of stability of the gene expression across specimens. Genes with lower M-
values show increased stability. 
 
 

Both programs found that the same four genes exhibit the highest stability in porcine 

cartilage (across our three treatment groups and four time points), with only the order 

differing between the two methods. The most stable genes were gapdh, ppia, actb, and 

sdha.  The programs’ authors recommend 3 or 4 housekeeping genes for an accurate 

normalization strategy [133, 134, 145].  Therefore, the geometric mean of gapdh, ppia, 

actb, and sdha was used for normalization of the OA related genes. 

 

4.5 Results of OA Related Genes 

As an assessment of early stage OA progression, a panel of 18 genes related to cartilage 

degeneration were evaluated in 144 specimens.  The panel consisted of genes related to 

the cartilage matrix (col1a1, col2a1, agc, sox-9, spp1, comp), degradative enzymes and 

inhibitors (mmp-1, mmp-3, mmp-13, timp-1, timp-2, adamts-5), inflammatory response 

and signaling (ihh, tgfb, inos, chi3l1), and cell proliferation and apoptosis (casp-8, fas).  
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The genes were evaluated in both AOI and ADJ specimens at all time points (0, 3, 7, and 

14 days) and treatments (control, axial and shear).  Raw p-values were adjusted for 

multiple testing using the FDR method, and adjusted p-values (q-values) were considered 

significant for q < 0.2.   

 

 
4.6 Comparison of Treatments at Each Time Point 

Differential gene expression was first evaluated by comparing each treatment (axial vs. 

control, shear vs. control, and shear vs. axial) at each time point.  Results are presented 

for Axial AOI vs. Control AOI (Table 4.2), Axial ADJ vs. Control ADJ (Table 4.3), 

Shear AOI vs. Control AOI (Table 4.4), Shear ADJ vs Control ADJ (Table 4.5), Shear 

AOI vs. Axial AOI (Table 4.6), and Shear vs. Axial ADJ (Table 4.7). 
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Table 4.2. Differential gene expression for Axial AOI compared to Control AOI specimens at each time point.  Fold changes are shown on the left, and the 
corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 
 

Comparing Treatments within Time point                 
            
  Fold Changes    q-Values (FDR)    

  
Axial AOI vs. Control 
AOI   

Axial AOI vs. Control 
AOI   

Gene Day 0 Day 3 Day 7 Day 14  Day 0 Day 3 Day 7 Day 14 
Cartilage Matrix                  
col1a1 0.26 1.09 0.32 2.43  0.29 0.92 0.29 0.34 
col2a1 2.57 0.39 2.73 1.83  0.07 0.07 0.07 0.20 
agc 1.25 1.12 0.94 0.74  0.87 0.87 0.87 0.87 
sox-9 1.12 0.57 0.60 0.45  0.76 0.20 0.20 0.09 
opn 1.05 1.66 0.62 0.22  0.92 0.43 0.43 0.01 
comp 1.45 0.93 1.25 0.56  0.52 0.83 0.67 0.32 
Degradative Enzymes & Inhibitors                  
mmp-1 0.55 0.59 0.80 0.46  0.69 0.69 0.71 0.69 
mmp-3 1.56 0.38 1.12 0.47  0.71 0.56 0.87 0.56 
mmp-13 3.09 0.65 2.08 0.27  0.18 0.51 0.36 0.18 
timp-1 0.94 0.97 1.20 0.68  0.93 0.93 0.93 0.93 
timp-2 0.37 0.57 0.68 0.65  0.05 0.30 0.34 0.34 
adamts-5 0.26 0.58 0.45 1.50  0.12 0.48 0.35 0.51 
Inflammatory Response & Signaling                  
ihh 1.16 0.30 0.91 0.76  0.87 0.16 0.87 0.87 
tgfb 1.41 1.93 0.97 0.39  0.35 0.06 0.91 0.01 
inos 2.22 0.55 1.51 0.15  0.29 0.36 0.45 < 0.01 
chi3l1 1.86 0.84 1.15 0.32  0.33 0.76 0.76 0.04 
Cell Proliferation & Apoptosis                  
casp-8 1.10 0.61 0.60 0.44  0.80 0.21 0.21 0.08 
fas 0.83 1.30 0.44 0.80   0.66 0.66 0.24 0.66 
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Table 4.3. Differential gene expression for Axial ADJ compared to Control ADJ specimens at each time point.  Fold changes are shown on the left, and the 
corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 

 
 
Comparing Treatments within Time point                 
            
  Fold Changes    q-Values (FDR)    

  
Axial ADJ vs. Control 
ADJ   

Axial ADJ vs. Control 
ADJ   

Gene Day 0 Day 3 Day 7 Day 14  Day 0 Day 3 Day 7 Day 14 
Cartilage Matrix                  
col1a1 2.32 1.16 1.08 0.20  0.62 0.92 0.92 0.17 
col2a1 1.87 0.56 1.47 2.63  0.29 0.29 0.42 0.17 
agc 1.70 1.14 1.18 0.69  0.48 0.70 0.70 0.55 
sox-9 1.42 0.56 0.57 1.84  0.31 0.15 0.15 0.15 
opn 2.02 0.70 0.51 0.39  0.24 0.47 0.24 0.23 
comp 1.27 0.61 1.04 0.83  0.77 0.56 0.90 0.77 
Degradative Enzymes & Inhibitors                  
mmp-1 0.66 0.33 0.27 0.32  0.69 0.09 0.09 0.09 
mmp-3 0.39 0.40 0.61 0.48  0.40 0.40 0.49 0.40 
mmp-13 7.68 0.77 1.68 0.88  0.01 0.85 0.85 0.85 
timp-1 1.33 0.67 0.90 0.46  0.50 0.45 0.76 0.07 
timp-2 0.84 0.65 1.05 1.34  0.88 0.88 0.91 0.88 
adamts-5 1.45 1.12 1.60 1.02  0.97 0.97 0.97 0.97 
Inflammatory Response & Signaling                  
ihh 1.61 0.84 0.61 1.12  0.81 0.84 0.81 0.84 
tgfb 1.81 0.77 1.31 0.80  0.21 0.46 0.46 0.46 
inos 1.85 0.71 2.18 0.91  0.51 0.71 0.51 0.86 
chi3l1 2.67 0.83 1.22 0.47  0.11 0.67 0.67 0.18 
Cell Proliferation & Apoptosis                  
casp-8 1.48 0.68 0.60 1.86  0.28 0.28 0.28 0.28 
fas 0.50 1.38 0.90 0.62   0.43 0.61 0.81 0.56 
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Table 4.4. Differential gene expression for Shear AOI compared to Control AOI specimens at each time point.  Fold changes are shown on the left, and the 
corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 

 
Comparing Treatments within Time point                 
            
  Fold Changes    q-Values (FDR)    

  
Shear AOI vs. Control 
AOI   

Shear AOI vs. Control 
AOI   

            
Gene Day 0 Day 3 Day 7 Day 14   Day 0 Day 3 Day 7 Day 14 
Cartilage Matrix                   
col1a1 1.37 5.36 0.17 0.35   0.70 0.09 0.09 0.24 
col2a1 1.41 0.97 1.13 1.96   0.94 0.94 0.94 0.62 
agc 0.82 1.29 1.14 1.53   0.70 0.70 0.70 0.70 
sox-9 1.00 0.71 0.62 1.33   0.99 0.56 0.56 0.56 
opn 1.02 2.26 0.78 0.58   0.97 0.40 0.83 0.53 
comp 0.60 0.87 0.93 0.81   0.47 0.83 0.83 0.83 
Degradative Enzymes & Inhibitors                   
mmp-1 1.55 0.67 0.39 0.17   0.60 0.60 0.25 0.01 
mmp-3 3.69 0.61 3.58 0.26   0.10 0.49 0.10 0.10 
mmp-13 1.05 3.56 0.54 0.19   0.94 0.12 0.47 0.05 
timp-1 1.24 0.85 0.96 0.84   0.84 0.84 0.90 0.84 
timp-2 0.96 1.34 0.49 1.03   0.93 0.93 0.28 0.93 
adamts-5 0.52 0.87 0.37 0.22   0.39 0.81 0.18 0.04 
Inflammatory Response & Signaling                   
ihh 2.33 0.83 2.05 1.27   0.42 0.74 0.42 0.74 
tgfb 0.72 1.22 0.86 0.68   0.57 0.63 0.63 0.57 
inos 0.77 0.92 0.94 0.31   0.91 0.91 0.91 0.13 
chi3l1 2.00 0.46 1.20 0.51   0.17 0.17 0.69 0.17 
Cell Proliferation & Apoptosis                   
casp-8 0.98 0.70 0.63 1.31   0.95 0.58 0.58 0.58 
fas 0.35 1.20 0.84 1.45   0.06 0.69 0.69 0.69 
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Table 4.5. Differential gene expression for Shear ADJ compared to Control ADJ specimens at each time point.  Fold changes are shown on the left, and the 
corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 

 
Comparing Treatments within Time point                 
            
  Fold Changes    q-Values (FDR)    

  
Shear ADJ vs. Control 
ADJ   

Shear ADJ vs. Control 
ADJ   

            

Gene 
Day 
0 Day 3 Day 7 Day 14   Day 0 Day 3 Day 7 Day 14 

Cartilage Matrix                   
col1a1 9.14 0.97 0.35 0.07   0.02 0.97 0.25 < 0.01 
col2a1 0.75 0.55 0.28 2.15   0.54 0.27 0.03 0.21 
agc 1.09 0.82 1.04 2.04   0.91 0.91 0.91 0.15 
sox-9 1.01 1.37 0.74 1.60   0.98 0.53 0.53 0.53 
opn 2.03 0.70 0.41 0.55   0.29 0.47 0.28 0.29 
comp 0.89 0.59 0.78 1.09   0.80 0.43 0.80 0.80 
Degradative Enzymes & Inhibitors                   
mmp-1 2.18 0.32 0.38 0.38   0.45 0.16 0.16 0.16 
mmp-3 1.59 0.47 0.46 0.69   0.60 0.57 0.57 0.60 
mmp-13 4.54 1.59 0.59 2.09   0.10 0.49 0.49 0.49 
timp-1 1.12 0.52 0.90 0.92   0.81 0.18 0.81 0.81 
timp-2 0.70 0.53 0.80 1.58   0.50 0.45 0.56 0.49 
adamts-5 3.45 0.99 1.13 0.89   0.15 0.98 0.98 0.98 
Inflammatory Response & Signaling                   
ihh 1.22 1.10 0.30 0.87   0.87 0.87 0.15 0.87 
tgfb 1.12 0.59 0.72 1.04   0.90 0.36 0.55 0.90 
inos 1.98 1.59 1.50 2.15   0.41 0.45 0.45 0.41 
chi3l1 1.48 0.31 1.52 0.79   0.50 0.03 0.50 0.60 
Cell Proliferation & Apoptosis                   
casp-8 1.04 1.40 0.78 1.59   0.90 0.64 0.64 0.64 
fas 1.11 1.15 0.58 1.35   0.81 0.81 0.81 0.81 
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Table 4.6. Differential gene expression for Shear AOI compared to Axial AOI specimens at each time point.  Fold changes are shown on the left, and the 
corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 

 
Comparing Treatments within Time point                 
            
  Fold Changes    q-Values (FDR)    
  Shear AOI vs. Axial AOI   Shear AOI vs. Axial AOI   
            

Gene 
Day 
0 Day 3 Day 7 Day 14   Day 0 Day 3 Day 7 Day 14 

Cartilage Matrix                   
col1a1 5.29 4.93 0.54 0.14   0.09 0.09 0.43 0.05 
col2a1 0.55 2.46 0.41 1.07   0.27 0.12 0.12 0.88 
agc 0.66 1.15 1.21 2.07   0.43 0.68 0.68 0.13 
sox-9 0.89 1.26 1.02 2.95   0.95 0.95 0.95 0.01 
opn 0.97 1.36 1.27 2.63   0.95 0.83 0.83 0.20 
comp 0.41 0.94 0.75 1.44   0.03 0.84 0.51 0.51 
Degradative Enzymes & Inhibitors                   
mmp-1 2.84 1.13 0.49 0.37   0.32 0.84 0.32 0.32 
mmp-3 2.36 1.62 3.19 0.56   0.45 0.50 0.41 0.50 
mmp-13 0.34 5.51 0.26 0.71   0.14 0.05 0.08 0.60 
timp-1 1.33 0.88 0.80 1.23   0.69 0.69 0.69 0.69 
timp-2 2.63 2.36 0.71 1.58   0.06 0.06 0.39 0.33 
adamts-5 2.02 1.49 0.82 0.14   0.52 0.66 0.74 0.01 
Inflammatory Response & Signaling                   
ihh 2.00 2.73 2.25 1.68   0.30 0.30 0.30 0.36 
tgfb 0.51 0.63 0.89 1.72   0.11 0.18 0.72 0.15 
inos 0.35 1.67 0.62 2.06   0.21 0.38 0.38 0.36 
chi3l1 1.08 0.54 1.05 1.61   0.92 0.57 0.92 0.57 
Cell Proliferation & Apoptosis                   
casp-8 0.89 1.15 1.04 2.95   0.91 0.91 0.91 0.01 
fas 0.43 0.92 1.90 1.81   0.19 0.85 0.22 0.22 
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Table 4.7. Differential gene expression for Shear ADJ compared to Axial ADJ specimens at each time point.  Fold changes are shown on the left, and the 
corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 

 
Comparing Treatments within Time point                 
  Fold Changes    q-Values (FDR)    
  Shear ADJ vs. Axial ADJ   Shear ADJ vs. Axial ADJ   
            

Gene 
Day 
0 Day 3 Day 7 Day 14   Day 0 Day 3 Day 7 Day 14 

Cartilage Matrix                   
col1a1 3.93 0.84 0.33 0.36   0.25 0.83 0.25 0.25 
col2a1 0.40 0.98 0.19 0.82   0.11 0.97 < 0.01 0.89 
agc 0.64 0.72 0.88 2.96   0.38 0.44 0.71 0.01 
sox-9 0.71 2.46 1.29 0.87   0.65 0.06 0.65 0.68 
opn 1.00 1.00 0.79 1.40   1.00 1.00 1.00 1.00 
comp 0.70 0.96 0.75 1.30   0.56 0.89 0.56 0.56 
Degradative Enzymes & Inhibitors                   
mmp-1 3.31 0.98 1.37 1.19   0.53 0.98 0.98 0.98 
mmp-3 4.05 1.16 0.75 1.44   0.20 0.84 0.84 0.84 
mmp-13 0.59 2.05 0.35 2.37   0.43 0.37 0.37 0.37 
timp-1 0.84 0.77 0.99 2.01   0.80 0.80 0.98 0.13 
timp-2 0.84 0.81 0.76 1.18   0.68 0.68 0.68 0.68 
adamts-5 2.38 0.88 0.71 0.88   0.57 0.83 0.83 0.83 
Inflammatory Response & Signaling                   
ihh 0.76 1.31 0.50 0.77   0.65 0.65 0.65 0.65 
tgfb 0.62 0.77 0.55 1.30   0.24 0.40 0.20 0.40 
inos 1.07 2.22 0.69 2.37   0.90 0.28 0.66 0.28 
chi3l1 0.56 0.37 1.25 1.69   0.32 0.10 0.63 0.32 
Cell Proliferation & Apoptosis                   
casp-8 0.70 2.06 1.29 0.86   0.63 0.23 0.63 0.65 
fas 2.22 0.83 0.64 2.19   0.15 0.68 0.42 0.15 
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4.7 Comparison of Time Points Within Each Treatment 

Differential gene expression was next evaluated within each treatment (control, axial and 

shear) by comparing each time point (day 0, 3, 7 and 14) to day 0 control specimens.  

Day 0 control specimens were used as the reference for temporal changes as they most 

closely represent an un-impacted cartilage surface in its natural state.  Tabulated results 

are presented for Control AOI (Table 4.8), Control ADJ (Table 4.9), Axial AOI (Table 

4.10), Axial ADJ (Table 4.11), Shear AOI (Table 4.12), and Shear ADJ (Table 4.13). 
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Table 4.8. Differential gene expression for Control AOI over time compared to day 0 Control AOI specimens.  Fold changes are shown on the left, and the 
corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 

 
Compare time points within treatment (all compared to day 0 control)             
            
  Fold Changes    q-Values (FDR)    
  Control AOI at time point vs. Day 0 control AOI  Control AOI at time point vs. Day 0 control AOI 
Gene Day 0 Day 3 Day 7 Day 14   Day 0 Day 3 Day 7 Day 14 
Cartilage Matrix                   
col1a1 1.00 0.43 4.18 26.44   1.00 0.31 0.12 < 0.01 
col2a1 1.00 0.68 0.33 0.08   1.00 0.42 0.03 < 0.01 
agc 1.00 0.49 0.36 0.31   1.00 0.04 < 0.01 < 0.01 
sox-9 1.00 0.34 0.26 0.24   1.00 < 0.01 < 0.01 < 0.01 
opn 1.00 2.98 4.29 4.69   1.00 0.03 0.01 0.01 
comp 1.00 0.28 0.05 0.03   1.00 < 0.01 < 0.01 < 0.01 
Degradative Enzymes & Inhibitors                   
mmp-1 1.00 86.98 34.36 314.70   1.00 < 0.01 < 0.01 < 0.01 
mmp-3 1.00 86.85 10.87 23.63   1.00 < 0.01 < 0.01 < 0.01 
mmp-13 1.00 132.41 120.85 2239.62   1.00 < 0.01 < 0.01 < 0.01 
timp-1 1.00 3.22 3.46 2.95   1.00 < 0.01 < 0.01 < 0.01 
timp-2 1.00 0.30 0.89 0.42   1.00 0.01 0.77 0.04 
adamts-5 1.00 2.61 2.37 1.71   1.00 0.24 0.24 0.38 
Inflammatory Response & 
Signaling                   
ihh 1.00 1.38 1.02 2.30   1.00 0.86 0.98 0.44 
tgfb 1.00 0.32 0.37 0.47   1.00 < 0.01 < 0.01 0.01 
inos 1.00 5.01 0.57 6.79   1.00 < 0.01 0.31 < 0.01 
chi3l1 1.00 23.14 12.80 21.79   1.00 < 0.01 < 0.01 < 0.01 
Cell Proliferation & Apoptosis                   
casp-8 1.00 0.33 0.26 0.24   1.00 < 0.01 < 0.01 < 0.01 
fas 1.00 0.60 0.67 0.50   1.00 0.35 0.35 0.35 
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Table 4.9. Differential gene expression for Control ADJ over time compared to day 0 Control ADJ specimens.  Fold changes are shown on the left, and the 
corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 

 
Compare time points within 
treatment (all compared to day 0 
control)                   
            
  Fold Changes    q-Values (FDR)    
  Control ADJ at time point vs. Day 0 control ADJ  Control ADJ at time point vs. Day 0 control ADJ 
Gene Day 0 Day 3 Day 7 Day 14   Day 0 Day 3 Day 7 Day 14 
Cartilage Matrix                   
col1a1 1.00 0.64 1.24 45.39   1.00 0.79 0.79 < 0.01 
col2a1 1.00 0.64 0.45 0.06   1.00 0.34 0.15 < 0.01 
agc 1.00 0.78 0.35 0.31   1.00 0.47 < 0.01 < 0.01 
sox-9 1.00 0.34 0.46 0.15   1.00 < 0.01 0.03 < 0.01 
opn 1.00 5.57 3.62 4.82   1.00 < 0.01 0.01 < 0.01 
comp 1.00 0.30 0.06 0.03   1.00 < 0.01 < 0.01 < 0.01 
Degradative Enzymes & Inhibitors                   
mmp-1 1.00 436.47 109.28 1062.87   1.00 < 0.01 < 0.01 < 0.01 
mmp-3 1.00 88.11 6.71 21.04   1.00 < 0.01 0.01 < 0.01 
mmp-13 1.00 321.34 342.94 1435.13   1.00 < 0.01 < 0.01 < 0.01 
timp-1 1.00 3.87 3.47 3.72   1.00 < 0.01 < 0.01 < 0.01 
timp-2 1.00 0.66 0.50 0.34   1.00 0.29 0.12 0.02 
adamts-5 1.00 7.52 1.91 6.63   1.00 < 0.01 0.28 < 0.01 
Inflammatory Response & Signaling                   
ihh 1.00 2.34 3.75 1.54   1.00 0.21 0.07 0.45 
tgfb 1.00 0.80 0.34 0.34   1.00 0.46 < 0.01 < 0.01 
inos 1.00 7.79 1.28 3.09   1.00 < 0.01 0.65 0.06 
chi3l1 1.00 31.70 16.62 15.95   1.00 < 0.01 < 0.01 < 0.01 
Cell Proliferation & Apoptosis                   
casp-8 1.00 0.35 0.47 0.16   1.00 < 0.01 0.03 < 0.01 
fas 1.00 1.25 0.90 1.31   1.00 0.82 0.82 0.82 
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Table 4.10. Differential gene expression for Axial AOI over time compared to day 0 Control AOI specimens.  Fold changes are shown on the left, and the 
corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 

 
Compare time points within 
treatment (all compared to day 0 
control)                   
            
  Fold Changes    q-Values (FDR)    
  Axial AOI at time point vs. Day 0 control AOI  Axial AOI at time point vs. Day 0 control AOI 
Gene Day 0 Day 3 Day 7 Day 14   Day 0 Day 3 Day 7 Day 14 
Cartilage Matrix                   
col1a1 0.26 0.47 1.32 64.25   0.29 0.50 0.73 < 0.01 
col2a1 2.57 0.27 0.89 0.15   0.07 0.01 0.81 < 0.01 
agc 1.25 0.55 0.34 0.23   0.87 0.11 < 0.01 < 0.01 
sox-9 1.12 0.19 0.16 0.11   0.76 < 0.01 < 0.01 < 0.01 
opn 1.05 4.94 2.64 1.03   0.92 0.01 0.10 0.95 
comp 1.45 0.26 0.07 0.02   0.52 < 0.01 < 0.01 < 0.01 
Degradative Enzymes & Inhibitors                   
mmp-1 0.55 51.57 27.45 145.70   0.69 < 0.01 < 0.01 < 0.01 
mmp-3 1.56 32.82 12.21 11.00   0.71 < 0.01 < 0.01 < 0.01 
mmp-13 3.09 85.61 251.88 605.94   0.18 < 0.01 < 0.01 < 0.01 
timp-1 0.94 3.13 4.15 2.00   0.93 < 0.01 < 0.01 0.05 
timp-2 0.37 0.17 0.61 0.28   0.05 < 0.01 0.21 < 0.01 
adamts-5 0.26 1.51 1.06 2.57   0.12 0.66 0.93 0.27 
Inflammatory Response & Signaling                   
ihh 1.16 0.42 0.92 1.74   0.87 0.54 0.89 0.67 
tgfb 1.41 0.62 0.36 0.19   0.35 0.16 < 0.01 < 0.01 
inos 2.22 2.77 0.87 1.03   0.29 0.24 0.96 0.96 
chi3l1 1.86 19.51 14.69 6.89   0.33 < 0.01 < 0.01 < 0.01 
Cell Proliferation & Apoptosis                   
casp-8 1.10 0.20 0.15 0.10   0.80 < 0.01 < 0.01 < 0.01 
fas 0.83 0.78 0.30 0.40   0.66 0.66 0.02 0.07 
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Table 4.11. Differential gene expression for Axial ADJ over time compared to day 0 Control ADJ specimens.  Fold changes are shown on the left, and the 
corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 

 
Compare timepoints within treatment 
(all compared to day 0 control)                   
            
  Fold Changes    q-Values (FDR)    
  Axial ADJ at time point vs. Day 0 control ADJ  Axial ADJ at time point vs. Day 0 control ADJ 
Gene Day 0 Day 3 Day 7 Day 14   Day 0 Day 3 Day 7 Day 14 
Cartilage Matrix                   
col1a1 2.32 0.74 1.35 9.23   0.62 0.72 0.72 0.03 
col2a1 1.87 0.36 0.67 0.15   0.29 0.06 0.39 < 0.01 
agc 1.70 0.89 0.42 0.21   0.48 0.73 0.02 < 0.01 
sox-9 1.42 0.19 0.27 0.29   0.31 < 0.01 < 0.01 < 0.01 
opn 2.02 3.91 1.86 1.88   0.24 0.02 0.21 0.21 
comp 1.27 0.18 0.06 0.02   0.77 < 0.01 < 0.01 < 0.01 
Degradative Enzymes & Inhibitors                   
mmp-1 0.66 143.62 29.90 337.29   0.69 < 0.01 < 0.01 < 0.01 
mmp-3 0.39 35.49 4.12 10.12   0.40 < 0.01 0.06 < 0.01 
mmp-13 7.68 248.61 575.54 1266.00   0.01 < 0.01 < 0.01 < 0.01 
timp-1 1.33 2.61 3.14 1.71   0.50 0.01 < 0.01 0.14 
timp-2 0.84 0.43 0.52 0.46   0.88 0.10 0.13 0.10 
adamts-5 1.45 8.42 3.06 6.76   0.97 < 0.01 0.08 < 0.01 
Inflammatory Response & Signaling                   
ihh 1.61 1.98 2.29 1.73   0.81 0.40 0.40 0.40 
tgfb 1.81 0.62 0.45 0.28   0.21 0.11 0.02 < 0.01 
inos 1.85 5.56 2.78 2.81   0.51 0.01 0.08 0.08 
chi3l1 2.67 26.28 20.29 7.45   0.11 < 0.01 < 0.01 < 0.01 
Cell Proliferation & Apoptosis                   
casp-8 1.48 0.24 0.28 0.30   0.28 < 0.01 < 0.01 < 0.01 
fas 0.50 1.73 0.81 0.81   0.43 0.42 0.63 0.63 
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Table 4.12. Differential gene expression for Shear AOI over time compared to day 0 Control AOI specimens.  Fold changes are shown on the left, and the 
corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 

 
Compare time points within 
treatment (all compared to day 0 
control)                   
            
  Fold Changes    q-Values (FDR)    
  Shear AOI at time point vs. Day 0 control AOI  Shear AOI at time point vs. Day 0 control AOI 
Gene Day 0 Day 3 Day 7 Day 14   Day 0 Day 3 Day 7 Day 14 
Cartilage Matrix                   
col1a1 1.37 2.32 0.71 9.18   0.70 0.64 0.70 0.03 
col2a1 1.41 0.66 0.37 0.17   0.94 0.47 0.07 < 0.01 
agc 0.82 0.63 0.41 0.47   0.70 0.24 0.03 0.05 
sox-9 1.00 0.24 0.16 0.31   0.99 < 0.01 < 0.01 < 0.01 
opn 1.02 6.72 3.36 2.71   0.97 < 0.01 0.03 0.06 
comp 0.60 0.25 0.05 0.03   0.47 < 0.01 < 0.01 < 0.01 
Degradative Enzymes & Inhibitors                   
mmp-1 1.55 58.41 13.55 54.01   0.60 < 0.01 < 0.01 < 0.01 
mmp-3 3.69 53.18 38.93 6.15   0.10 < 0.01 < 0.01 0.01 
mmp-13 1.05 471.31 65.09 428.95   0.94 < 0.01 < 0.01 < 0.01 
timp-1 1.24 2.75 3.32 2.47   0.84 < 0.01 < 0.01 0.01 
timp-2 0.96 0.39 0.44 0.44   0.93 0.05 0.05 0.05 
adamts-5 0.52 2.26 0.87 0.37   0.39 0.36 0.82 0.36 
Inflammatory Response & Signaling                   
ihh 2.33 1.14 2.08 2.93   0.42 0.82 0.27 0.24 
tgfb 0.72 0.39 0.32 0.32   0.57 < 0.01 < 0.01 < 0.01 
inos 0.77 4.62 0.54 2.12   0.91 0.02 0.34 0.33 
chi3l1 2.00 10.61 15.36 11.08   0.17 < 0.01 < 0.01 < 0.01 
Cell Proliferation & Apoptosis                   
casp-8 0.98 0.23 0.16 0.31   0.95 < 0.01 < 0.01 < 0.01 
fas 0.35 0.72 0.56 0.73   0.06 0.46 0.36 0.46 
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Table 4.13. Differential gene expression for Shear ADJ over time compared to day 0 Control ADJ specimens.  Fold changes are shown on the left, and the 
corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 

 
Compare time points within 
treatment (all compared to day 0 
control)                   
            
  Fold Changes    q-Values (FDR)    
  Shear ADJ at time point vs. Day 0 control ADJ  Shear ADJ at time point vs. Day 0 control ADJ 
Gene Day 0 Day 3 Day 7 Day 14   Day 0 Day 3 Day 7 Day 14 
Cartilage Matrix                   
col1a1 9.14 0.62 0.44 3.30   0.02 0.56 0.42 0.30 
col2a1 0.75 0.35 0.13 0.12   0.54 0.04 < 0.01 < 0.01 
agc 1.09 0.64 0.37 0.63   0.91 0.25 0.01 0.25 
sox-9 1.01 0.47 0.34 0.25   0.98 0.05 0.01 < 0.01 
opn 2.03 3.89 1.47 2.64   0.29 0.02 0.43 0.10 
comp 0.89 0.17 0.04 0.03   0.80 < 0.01 < 0.01 < 0.01 
Degradative Enzymes & Inhibitors                   
mmp-1 2.18 141.38 41.07 402.65   0.45 < 0.01 < 0.01 < 0.01 
mmp-3 1.59 41.07 3.11 14.57   0.60 < 0.01 0.15 < 0.01 
mmp-13 4.54 509.62 202.22 2994.44   0.10 < 0.01 < 0.01 < 0.01 
timp-1 1.12 2.00 3.12 3.44   0.81 0.05 < 0.01 < 0.01 
timp-2 0.70 0.35 0.40 0.54   0.50 0.03 0.04 0.16 
adamts-5 3.45 7.43 2.17 5.93   0.15 < 0.01 0.20 0.01 
Inflammatory Response & Signaling                   
ihh 1.22 2.58 1.14 1.33   0.87 0.40 0.82 0.82 
tgfb 1.12 0.48 0.25 0.36   0.90 0.02 < 0.01 < 0.01 
inos 1.98 12.35 1.92 6.64   0.41 < 0.01 0.23 < 0.01 
chi3l1 1.48 9.69 25.28 12.61   0.50 < 0.01 < 0.01 < 0.01 
Cell Proliferation & Apoptosis                   
casp-8 1.04 0.50 0.36 0.26   0.90 0.07 0.01 < 0.01 
fas 1.11 1.44 0.52 1.76   0.81 0.53 0.39 0.39 



 98 

4.8 Comparison of AOI and ADJ at Each Time Point  

The final comparison was AOI expression vs. ADJ expression at each time point, 

within the three treatments. Results follow for Control (Table 4.14), Axial (Table 

4.15), and Shear (Table 4.16). 
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Table 4.14. Differential gene expression for Control AOI compared to Control ADJ specimens at each time point.  Fold changes are shown on the left, and 
the corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 

 
Compare AOI and ADJ at each time point               
            
  Fold Changes    q-Values (FDR)    
  Control AOI vs. ADJ    Control AOI vs. ADJ    
Gene Day 0 Day 3 Day 7 Day 14   Day 0 Day 3 Day 7 Day 14 
Cartilage Matrix                   
col1a1 0.66 0.45 2.23 0.39   0.63 0.43 0.43 0.43 
col2a1 0.93 0.99 0.67 1.39   0.99 0.99 0.97 0.97 
agc 1.28 0.81 1.30 1.28   0.53 0.53 0.53 0.53 
sox-9 2.04 2.01 1.15 3.12   0.06 0.06 0.68 0.01 
opn 0.66 0.36 0.79 0.65   0.54 0.15 0.63 0.54 
comp 1.01 0.95 0.93 1.39   0.98 0.98 0.98 0.98 
Degradative Enzymes & Inhibitors                   
mmp-1 2.21 0.44 0.69 0.65   0.54 0.54 0.54 0.54 
mmp-3 0.48 0.48 0.78 0.54   0.52 0.52 0.73 0.52 
mmp-13 2.58 1.06 0.91 4.03   0.31 0.92 0.92 0.14 
timp-1 0.98 0.82 0.98 0.78   0.96 0.96 0.96 0.96 
timp-2 0.94 0.42 1.68 1.16   0.88 0.12 0.38 0.88 
adamts-5 3.07 1.06 3.80 0.79   0.14 0.92 0.11 0.92 
Inflammatory Response & 
Signaling                   
ihh 1.34 0.79 0.36 2.00   0.68 0.68 0.31 0.45 
tgfb 1.01 0.41 1.10 1.39   0.96 0.01 0.96 0.56 
inos 2.32 1.49 1.04 5.08   0.24 0.62 0.94 0.01 
chi3l1 1.44 1.05 1.11 1.97   0.82 0.91 0.91 0.51 
Cell Proliferation & Apoptosis                   
casp-8 2.14 1.99 1.18 3.13   0.06 0.07 0.63 0.01 
fas 1.62 0.78 1.19 0.62   0.61 0.68 0.68 0.61 
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Table 4.15. Differential gene expression for Axial AOI compared to Axial ADJ specimens at each time point.  Fold changes are shown on the left, and the 
corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 

 
Compare AOI and ADJ at each time point               
            
  Fold Changes    q-Values (FDR)    
  Axial AOI vs. ADJ    Axial AOI vs. ADJ    
Gene Day 0 Day 3 Day 7 Day 14   Day 0 Day 3 Day 7 Day 14 
Cartilage Matrix                   
col1a1 0.07 0.42 0.65 4.62   0.01 0.41 0.59 0.10 
col2a1 1.28 0.70 1.24 0.97   0.86 0.86 0.86 0.95 
agc 0.94 0.79 1.04 1.37   0.91 0.91 0.91 0.91 
sox-9 1.60 2.04 1.21 0.76   0.39 0.19 0.58 0.58 
opn 0.35 0.84 0.95 0.36   0.08 0.91 0.91 0.08 
comp 1.15 1.45 1.11 0.93   0.83 0.83 0.83 0.83 
Degradative Enzymes & Inhibitors                   
mmp-1 1.83 0.79 2.03 0.95   0.93 0.93 0.93 0.94 
mmp-3 1.93 0.45 1.43 0.53   0.49 0.49 0.61 0.49 
mmp-13 1.04 0.89 1.13 1.24   0.95 0.95 0.95 0.95 
timp-1 0.69 1.18 1.30 1.15   0.66 0.66 0.66 0.66 
timp-2 0.41 0.37 1.10 0.57   0.05 0.05 0.81 0.20 
adamts-5 0.54 0.55 1.06 1.16   0.63 0.63 0.92 0.92 
Inflammatory Response & 
Signaling                   
ihh 0.97 0.28 0.54 1.35   0.95 0.12 0.57 0.80 
tgfb 0.79 1.02 0.81 0.69   0.65 0.94 0.65 0.65 
inos 2.78 1.15 0.72 0.85   0.25 0.79 0.79 0.79 
chi3l1 1.00 1.07 1.04 1.33   0.99 0.99 0.99 0.99 
Cell Proliferation & Apoptosis                   
casp-8 1.58 1.78 1.18 0.75   0.40 0.40 0.63 0.54 
fas 2.68 0.73 0.59 0.81   0.09 0.62 0.44 0.62 
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Table 4.16. Differential gene expression for Shear AOI compared to Shear ADJ specimens at each time point.  Fold changes are shown on the left, and the 
corresponding q-values are shown on the right.  Significant q-values (q < 0.2) and the associated fold changes are highlighted in blue. 

 

Compare AOI and ADJ at each time point               
            
  Fold Changes    q-Values (FDR)    
  Shear AOI vs. ADJ    Shear AOI vs. ADJ    
Gene Day 0 Day 3 Day 7 Day 14   Day 0 Day 3 Day 7 Day 14 
Cartilage Matrix                   
col1a1 0.10 2.50 1.07 1.84   0.02 0.53 0.93 0.58 
col2a1 1.75 1.75 2.69 1.27   0.31 0.31 0.15 0.61 
agc 0.97 1.28 1.42 0.96   0.92 0.92 0.92 0.92 
sox-9 2.02 1.05 0.96 2.59   0.09 0.92 0.92 0.03 
opn 0.33 1.15 1.52 0.68   0.11 0.78 0.59 0.59 
comp 0.68 1.42 1.11 1.03   0.59 0.59 0.93 0.93 
Degradative Enzymes & Inhibitors                   
mmp-1 1.57 0.91 0.73 0.30   0.80 0.88 0.80 0.21 
mmp-3 1.12 0.63 6.07 0.20   0.87 0.68 0.05 0.05 
mmp-13 0.60 2.39 0.83 0.37   0.59 0.39 0.78 0.39 
timp-1 1.09 1.35 1.05 0.71   0.89 0.71 0.89 0.71 
timp-2 1.28 1.06 1.03 0.76   0.94 0.94 0.94 0.94 
adamts-5 0.46 0.93 1.23 0.19   0.41 0.91 0.91 0.03 
Inflammatory Response & 
Signaling                   
ihh 2.55 0.59 2.45 2.94   0.16 0.36 0.16 0.16 
tgfb 0.65 0.84 1.32 0.91   0.63 0.74 0.73 0.76 
inos 0.90 0.87 0.65 0.74   0.84 0.84 0.84 0.84 
chi3l1 1.95 1.58 0.88 1.27   0.54 0.61 0.77 0.77 
Cell Proliferation & Apoptosis                   
casp-8 2.00 0.99 0.95 2.58   0.09 0.98 0.98 0.03 
fas 0.51 0.81 1.74 0.67   0.42 0.62 0.42 0.48 
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4.9 Cartilage Matrix 
 
Genes related to the cartilage matrix (col1a1, col2a1, agc, sox-9, spp1, comp) were 

evaluated for expression changes over time, differences between treatments, and 

differences between areas. 

 
4.9.1 Results for Col1a1 

Fold Change With Time: 

Col1a1 AOI specimens showed generally increasing fold changes over time for all 

treatments compared to day 0 control specimens.  These changes were significant at day 

7 for control (FC = 4.18, q = 0.12) and day 14 for all treatments (control: FC = 26.44, q < 

0.01; axial: FC = 64.25, q < 0.1; shear: FC = 9.18, q = 0.03).  When evaluating the ADJ 

specimens over time, the treatments showed a generally decreasing trend from day 0 to 

day 3, with an increase from day 3 to 14.  The changes in shear compared to day 0 

control were significant at day 0 (FC = 9.14, q = 0.02), and control and axial changes 

were significant at day 14 (control: FC = 45.39, q < 0.01; axial: FC = 9.23, q = 0.03). 

 

Fold Change With Treatment: 

Expression of col1a1 in shear AOI specimens showed generally higher fold changes than 

either control or axial at day 0 and 3, and the trend reversed at day 7 and 14 for the AOI 

specimens.  Shear compared to control specimens was higher at day 3 (FC = 5.36, q = 

0.09).  Shear expression was significantly higher at day 0 compared to axial specimens 

(FC = 5.29, q = 0.09) and at day 3 (FC = 4.93, q = 0.09), however expression was lower 

than axial at day 14 (FC = 0.14, q = 0.05).  When evaluating the ADJ specimens, col1a1 
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expression was higher in shear vs. control at day 0 (FC = 9.14, q = 0.02) and lower at day 

14 (FC = 0.07, q < 0.01).  Expression was also lower in the axial ADJ vs. control at day 

14 (FC = 0.20, q = 0.17). 

 

Fold Change With Area: 

Trends were more difficult to discern when comparing areas, though, both axial and shear 

appeared to have lower expression in the AOI specimens at day 0, and higher expression 

at day 14 when compared to ADJ specimens.  At day 0 the changes were significant for 

axial AOI vs. ADJ (FC = 0.07, q = 0.01) and at day 14 (FC = 4.62, q = 0.10).  Shear AOI 

had lower expression than ADJ at day 0 (FC = 0.10, q = 0.02). 
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Figures 4.7 A-E. Graphs of col1a1 by time point, treatment and area. 
 
Figure 4.7 A.  Col1a1: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.7 B.  Col1a1: Fold change with treatment – area of interest.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.7 C.  Col1a1: Fold change with time – adjacent area.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change. Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.7 D.  Col1a1: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.7 E.  Col1a1: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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4.9.2 Results for Col2a1 
 
Fold Change With Time: 

Col2a1 AOI specimens showed a generally decreasing trend of expression over time for 

all treatments compared to day 0 control specimens.  At day 0 the axial specimens had 

higher expression (FC = 2.57, q = 0.07) but had lower expression at day 3 and 14 (FC = 

0.27, q = 0.01; FC = 0.15, q < 0.01).  Control AOI had lower expression at day 7 and 14 

(FC = 0.33, q = 0.03; FC = 0.08, q < 0.01).  Shear specimens had significantly lower 

expression at day 7 and 14 (FC = 0.37, q = 0.07; FC = 0.17, q < 0.01).  The ADJ 

specimens also showed a decreasing trend over time, however it was much less 

pronounced than that of the AOI specimens.  Axial ADJ specimens had significantly 

lower expression than day 0 control ADJ specimens at day 3 and 14 (FC = 0.36, q = 0.06; 

FC = 0.15, q < 0.01).  Control showed lower expression at day 7 and 14 (FC = 0.45, q 

=0.15; FC = 0.06, q < 0.01).  Shear ADJ specimens showed lower expression at day 3, 7 

and 14 as well (FC = 0.35, q = 0.04; FC = 0.13, q < 0.01; FC = 0.12, q < 0.01). 

 

Fold Change With Treatment: 

The treatments were compared to each other for col2a1.  No discernible trends were 

noted for either AOI or ADJ specimens.  Axial AOI specimens were higher than control 

at day 0 (FC = 2.57, q = 0.07), lower at day 3 (FC = 0.39, q = 0.07), and higher again at 

day 7 (FC = 2.73, q = 0.07).  Shear AOI specimens had higher expression than axial at 

day 3 (FC = 2.46, q = 0.12) and lower expression at day 7 (FC = 0.41, q = 0.12).  The 

ADJ area appeared to have lower expression at the first three time points that rose by the 
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last time point.  However, shear ADJ were significantly lower only at day 7 (FC = 0.28, q 

= 0.03).  Shear ADJ specimens had lower expression than axial at day 0 and 7 (FC = 

0.40, q = 0.11; FC = 0.19, q < 0.01).  Axial ADJ were significantly higher than control at 

day 14 (FC = 2.63, q = 0.17). 

 

Fold Change With Area: 

AOI were compared to ADJ specimens, and shear AOI col2a1 expression appeared 

consistently higher than that in the ADJ specimens.  However, this difference was only 

significant at day 7 (FC = 2.69, q = 0.15). 
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Figures 4.8 A-E. Graphs of col2a1 by time point, treatment and area. 
 
Figure 4.8 A.  Col2a1: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.8 B.  Col2a1: Fold change with treatment – area of interest.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.8 C.  Col2a1: Fold change with time – adjacent area.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change. Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.8 D.  Col2a1: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.8 E.  Col2a1: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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4.9.3 Results for Agc 
 
Fold Change With Time: 

For agc, all three treatments showed a drop in AOI expression over time compared to day 

0 control.  The change was significant for control at day 3, 7, and 14 (FC = 0.49, q = 

0.04; FC = 0.36, q < 0.01; FC = 0.31, q < 0.01).  Axial also had significantly lower 

expression at day 3, 7 and 14 (FC = 0.55, q = 0.11; FC = 0.34, q < 0.01; FC = 0.23, q < 

0.01).    The shear AOI specimens had lower expression than day 0 control at day 7 and 

14 (FC = 0.41, q = 0.03; FC = 0.47, q = 0.05).  For ADJ specimens compared to day 0 

control, there was a steady drop for all treatments up to day 7 and then the changes 

seemed to plateau at a lower expression level.  Control ADJ specimens had significantly 

lower expression at day 7 and 14 (FC = 0.35, q < 0.01; FC = 0.31, q < 0.01).  Axial ADJ 

specimens had lower expression at day 7 and 14 as well (FC = 0.42, q = 0.02; FC = 0.21, 

q < 0.01).  Finally, shear specimens were lower at day 7 only (FC = 0.37, q = 0.01). 

 

Fold Change With Treatment: 

When treatments were compared, shear vs. control and shear vs. axial showed higher 

expression at the last time point for both AOI and ADJ comparisons.  For the AOI 

specimens, shear was significantly higher than axial at day 14 (FC = 2.07, q = 0.13).  For 

the ADJ specimens, shear was higher than control at day 14 (FC = 2.04, q = 0.15) and 

shear was higher than axial (FC = 2.96, q = 0.01). 
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Fold Change With Area: 

For comparisons of AOI specimens vs. ADJ specimens at each time point, there were no 

consistent differences, and no comparisons were significantly different. 
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Figures 4.9 A-E. Graphs of agc by time point, treatment and area. 
 
Figure 4.9 A.  Agc: Fold change with time – area of interest.  Fold change is shown on the vertical 
axis as a log scale.  Fold changes less than one indicate lowered expression and fold changes 
greater than one indicate higher expression.  Days in culture are shown on the horizontal axis.  At 
each time point, day 0 control specimens are used as the reference or comparative value.  Error 
bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, axial 
are plotted in red, and shear are plotted in green.  Significant differences in expression relative to 
day 0 control are indicated at each time point with an asterisk (*) in the respective color of the 
plotted treatment.   
 
Figure 4.9 B.  Agc: Fold change with treatment – area of interest.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.9 C.  Agc: Fold change with time – adjacent area.  Fold change is shown on the vertical 
axis as a log scale.  Fold changes less than one indicate lowered expression and fold changes 
greater than one indicate higher expression.  Days in culture are shown on the horizontal axis.  At 
each time point, day 0 control specimens are used as the reference or comparative value.  Error 
bars (standard error) are shown for each fold change. Control specimens are plotted in blue, axial 
are plotted in red, and shear are plotted in green.  Significant differences in expression relative to 
day 0 control are indicated at each time point with an asterisk (*) in the respective color of the 
plotted treatment.   
 
Figure 4.9 D.  Agc: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.9 E.  Agc: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   

 
 



 117 

 
 

 

0.01 

0.1 

1 

10 

100 

1000 

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Fo
ld

 C
ha

ng
e 

Days in Culture 

Agc Fold Change with Time - Area of Interest 

Control 

Axial 

Shear 

       0                     3                             7                                  14        0                     3                             7                                  14 

* * * * * * * *  

A 

0.01 

0.1 

1 

10 

100 

0 3 7 14 

Fo
ld

 C
ha

ng
e 

Days in Culture 

Agc Fold Change with Treatment - Area of Interest 

Axial vs. Control 

Shear vs. Control 

Shear vs. Axial 

* 

B 



 118 

 
 

 

0.01 

0.1 

1 

10 

100 

1000 

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Fo
ld

 C
ha

ng
e 

Days in Culture 

Agc Fold Change with Time - Adjacent Area  

Control 

Axial 

Shear 

       0                     3                             7                                  14        0                     3                             7                                  14 

* *  * * * 

C 

0.01 

0.1 

1 

10 

100 

0 3 7 14 

Fo
ld

 C
ha

ng
e 

Days in Culture 

Agc Fold Change with Treatment - Adjacent Area  

Axial vs. Control 

Shear vs. Control 

Shear vs. Axial 

* 
* 

D 



 119 

 
 
 
 

0.01 

0.1 

1 

10 

100 

0 3 7 14 

Fo
ld

 c
ha

ng
e 

Days in Culture 

Agc Fold Change with Area - AOI compared to ADJ  

Control 

Axial 

Shear 

E 



 120 

4.9.4 Results for Sox-9 
 
Fold Change With Time: 

For AOI specimens compared to day 0 control, sox-9 showed an initial decreasing trend 

from day 0 to day 3 that then plateaued for the later time points, however, shear 

specimens showed a rise from day 7 to day 14.  Control had significantly lower 

expression at day 3, 7 and 14 (FC = 0.34, q < 0.01; FC = 0.26, q < 0.01; FC = 0.24, q < 

0.01).  The axial specimens also showed lower expression at the same time points (FC = 

0.19, q < 0.01; FC = 0.16, q < 0.01; FC = 0.11, q < 0.01).  Finally, shear AOI showed 

lower expression than day 0 control at day 3, 7 and 14 as well (FC = 0.24, q < 0.01; FC = 

0.16, q < 0.01; FC = 0.31, q < 0.01).  For the ADJ specimens, there was a drop in 

expression from day 0 to day 3, but then all treatments stayed at relatively similar levels 

for the remaining time points.  The changes for the control ADJ specimens were 

significant at day 3, 7 and 14 (FC = 0.34, q < 0.01; FC = 0.46, q < 0.03; FC = 0.15, q < 

0.01).  The axial ADJ specimens also had lower expression at day 3, 7 and 14 (FC = 0.19, 

q < 0.01; FC = 0.27, q < 0.01; FC = 0.29, q < 0.01).  Finally the shear ADJ specimens 

had significantly lower expression at the same three time points (FC = 0.47, q = 0.05; FC 

= 0.34, q = 0.01; FC = 0.25, q < 0.01). 

 

Fold Change With Treatment: 

There were not many large changes in expression of AOI specimens between treatments 

until the day 14 time point, where shear was higher than axial.  Axial expression was 

lower than control at day 3, 7 and 14 (FC = 0.57, q = 0.20; FC = 0.60, q = 0.20; FC = 
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0.45, q = 0.09).  Shear was higher than axial at day 14 (FC = 2.07, q = 0.13).  There were 

no consistent trends for the ADJ specimens when comparing treatments.  Axial ADJ 

expression of sox-9 was lower than control at day 3 and 7 (FC = 0.56, q = 0.15; FC = 

0.57, q = 0.15; FC = 1.84, q = 0.15).   

 

Fold Change With Area: 

When AOI specimens were compared to ADJ at each time point, control AOI specimens 

had higher expression at day 0, 3, and 14 (FC = 2.04, q = 0.06; FC = 2.01, q = 0.06; FC = 

3.12, q = 0.01).  Axial AOI expression was higher than ADJ at day 3 (FC = 2.04, q = 

0.19), and shear AOI expression was higher than ADJ at day 0 and 14 (FC 2.02, q = 0.09; 

FC = 2.59, q = 0.03). 
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Figures 4.10 A-E. Graphs of sox-9 by time point, treatment and area. 
 
Figure 4.10 A.  Sox-9: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.10 B.  Sox-9: Fold change with treatment – area of interest.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.10 C.  Sox-9: Fold change with time – adjacent area.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change. Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.10 D.  Sox-9: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.10 E.  Sox-9: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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4.9.5 Results for Opn 
 
Fold Change With Time: 

The expression of opn in the AOI specimens showed a rise for all treatments from day 0 

to day 3, and then remained relatively constant for control and shear, but dropped in the 

shear specimens from that time point forward.  The higher expression was significant for 

control at day 0, 7 and 14 (FC = 2.98, q = 0.03; FC = 4.29, q = 0.01; FC = 4.69, q = 0.01).  

The expression was higher in axial specimens at day 3 and 7 (FC = 4.94, q = 0.01; FC = 

2.64, q = 0.10).  Shear specimens showed higher expression at day 3, 7 and 14 (FC = 

6.72, q <0.01; FC = 3.36, q = 0.03; FC = 2.71, q = 0.06).  For the ADJ specimens there 

were no consistent expression changes.  Control expression was higher at day 3, 7, and 14 

in the ADJ specimens compared to day 0 control (FC = 5.57, q < 0.01; FC = 3.62, q = 

0.01; FC = 4.82, q < 0.01).  Shear expression was higher at day 3 and 14 (FC = 6.72, q < 

0.01; FC = 3.36, q < 0.01; FC = 2.71, q < 0.01).  Finally, axial ADJ specimens had higher 

expression only at day 3 (FC = 3.91, q = 0.02). 

 

Fold Change With Treatment: 

There were no discernible trends in a comparison of treatments for either AOI or ADJ 

specimens at any time point. Neither were there any significant differences. 

 

Fold Change With Area: 

When AOI specimens were compared to ADJ, the AOI specimens had noticeably lower 

expression in axial and shear at the day 0 time point and at the day 14 time point.  Control 
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AOI expression was lower than ADJ at day 3 (FC = 0.36, q = 0.15).  Axial AOI 

expression was lower at day 0 and 14 (FC = 0.35, q = 0.08; FC 0.36, q = 0.08).  For 

shear, AOI expression was lower than ADJ at day 0 (FC = 0.33, q = 0.11).   
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Figures 4.11 A-E. Graphs of opn by time point, treatment and area. 
 
Figure 4.11 A.  Opn: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.11 B.  Opn: Fold change with treatment – area of interest.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.11 C.  Opn: Fold change with time – adjacent area.  Fold change is shown on the vertical 
axis as a log scale.  Fold changes less than one indicate lowered expression and fold changes 
greater than one indicate higher expression.  Days in culture are shown on the horizontal axis.  At 
each time point, day 0 control specimens are used as the reference or comparative value.  Error 
bars (standard error) are shown for each fold change. Control specimens are plotted in blue, axial 
are plotted in red, and shear are plotted in green.  Significant differences in expression relative to 
day 0 control are indicated at each time point with an asterisk (*) in the respective color of the 
plotted treatment.   
 
Figure 4.11 D.  Opn: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.11 E.  Opn: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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4.9.6 Results for Comp 
 
Fold Change With Time: 

Comp showed a decreasing trend of expression over time for all treatments in both AOI 

and ADJ.  For control AOI the expression was significantly lower at day 3, 7 and 14 (FC 

= 0.28, q < 0.01; FC = 0.05, q < 0.01; FC = 0.03, q < 0.01).  Axial had significantly lower 

expression at the same time points (FC = 0.26, q < 0.01; FC = 0.07, q < 0.01; FC = 0.02, 

q < 0.01).  Shear also had lower expression in the AOI specimens compared to day 0 

control at day 3, 7 and 14 (FC =0.25, q < 0.01; FC = 0.05, q < 0.01, FC = 0.03, q < 0.01).  

The ADJ specimens also showed lower expression at day 3, 7 and 14 for control (FC = 

0.30, q < 0.01; FC = 0.06, q < 0.01; FC = 0.03, q < 0.01), axial (FC = 0.18, q < 0.01; FC 

= 0.06, q < 0.01; FC = 0.02, q < 0.01), and shear (FC = 0.17, q < 0.01; FC = 0.04, q < 

0.01; FC = 0.03, q < 0.01).   

 

Fold Change With Treatment: 

There were no consistent trends when comparing treatments for either AOI or ADJ 

specimens.  However, shear AOI expression was significantly lower than axial at day 0 

(FC = 0.41, q = 0.03). 

 

Fold Change With Area: 

There were no trends or significant changes for comp when comparing AOI and ADJ 

specimens for each treatment at each time point. 
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Figures 4.12 A-E. Graphs of comp by time point, treatment and area. 
 
Figure 4.12 A.  Comp: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.12 B.  Comp: Fold change with treatment – area of interest.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.12 C.  Comp: Fold change with time – adjacent area.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change. Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.12 D.  Comp: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.12 E.  Comp: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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Summary of Cartilage Matrix: 
 
Col1a1 expression increased over time in all treatments, whereas col2a1 generally 

decreased in expression decreased.  Col1a1 had higher expression at day 3 in shear 

compared to control and at day 0 and 3 when shear were compared to axial.  Col2a1 was 

more highly expressed at day 3 in shear compared to axial specimens.  In the AOI 

specimens, both col1a1 and col2a1 tapered in expression compared to control by day 7.  

Agc, sox-9, and comp all showed lowered expression over time in all treatments.  Sox-9 

expression was higher in shear vs. axial at day 14.  Comp expression was lower in the 

AOI shear specimens compared to axial at day 0. 
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Figures 4.13 A-F. Graphs of cartilage matrix genes by time point for AOI and ADJ.  Fold change 
with time – area of interest.  Fold change is shown on the vertical axis as a log scale.  Fold 
changes less than one indicate lowered expression and fold changes greater than one indicate 
higher expression.  Days in culture are shown on the horizontal axis.  At each time point, day 0 
control specimens are used as the reference or comparative value. Graph A and B show changes 
over time for the control specimens, graph C and D show changes over time for the axial 
specimens, and graph E and F show changes over time for the shear specimens. 
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4.10 Degradative Enzymes and Inhibitors 
 
Genes related to the degradative enzymes and inhibitors (mmp-1, mmp-3, mmp-13, timp-

1, timp-2, adamts-5) were evaluated for expression changes over time, differences 

between treatments, and differences between areas. 

 
 
4.10.1 Results for Mmp-1 
 
Fold Change With Time: 

For both the AOI and ADJ specimens, mmp-1 expression rose from day 0 to day 3, then 

dipped slightly at day 7 and rose again to day 14.  The expression of AOI specimens was 

higher than day 0 control at day 3, 7 and 14 for control (FC = 86.98, q < 0.01; FC = 

34.36, q < 0.01; FC = 314.70, q < 0.01), axial (FC = 51.57, q < 0.01; FC = 27.45, q < 

0.01; FC = 145.70, q < 0.01) and shear (FC = 58.41, q < 0.01; FC = 13.55, q < 0.01; FC = 

54.01, q < 0.01).  ADJ specimens were also higher than day 0 control at day 3, 7 and 14 

for control (FC = 436.47, q < 0.01; FC = 109.28, q < 0.01; FC = 1062.87, q < 0.01), axial 

(FC = 143.62, q < 0.01; FC = 29.90, q < 0.01; FC = 337.29, q < 0.01), and shear (FC = 

141.38, q < 0.01; FC = 41.07, q < 0.01; FC = 402.65, q < 0.01).   

 

Fold Change With Treatment: 

Treatments were compared to each other for mmp-1, and for the AOI specimens the shear 

expression tended to be lower than control and axial at day 7 and 14, however the only 

significant difference was for shear vs. control at day 7 (FC = 0.17, q = 0.01).  However 

for the ADJ specimens, both axial and shear had generally lower expression at day 3, 7 

and 14.  For axial ADJ compared to control these differences were significant at day 3, 7 
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and 14 (FC = 0.33, q = 0.09; FC = 0.27, q = 0.09; FC = 0.32, q = 0.09).  For shear vs. 

control specimens the changes were significant at day 3, 7 and 14 as well (FC = 0.32, q = 

0.16; FC = 0.38, q = 0.16; FC = 0.38, q = 0.16).   

 

Fold Change With Area: 

There were no discernible trends or significant differences for AOI compared to ADJ 

specimens. 
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Figures 4.14 A-E. Graphs of mmp-1 by time point, treatment and area. 
 
Figure 4.14 A.  Mmp-1: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.14 B.  Mmp-1: Fold change with treatment – area of interest.  Fold change is shown on 
the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments 
are compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. 
Control is shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
 
Figure 4.14 C.  Mmp-1: Fold change with time – adjacent area.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change. Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.14 D.  Mmp-1: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.14 E.  Mmp-1: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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4.10.2 Results for Mmp-3 
 
Fold Change With Time: 

Mmp-3 expression was compared to day 0 control for each treatment.  The expression 

rose from day 0 to 3 for all specimens and then dropped from day 3 to 7 through 14.  The 

changes of control specimens were significant at day 3, 7 and 14 (FC = 86.85, q < 0.01; 

FC = 34.36, q < 0.01; FC = 314.70, q < 0.01).  The changes for axial AOI specimens 

were also significant at day 3, 7 and 14 (FC = 32.82, q < 0.01; FC = 27.45, q < 0.01; FC 

= 145.70, q < 0.01).  For the shear AOI specimens compared to control, the changes were 

significant at all time points, day 0, 3, 7 and 14 (FC = 3.69, q = 0.10; FC = 53.18, q < 

0.01; FC = 38.93, q < 0.01; FC = 6.15, q < 0.01).  For the ADJ specimens compared to 

day 0 control ADJ, the changes were significant at day 3, 7 and 14 for control (FC = 

88.11, q < 0.01; FC = 6.71, q  = 0.01; FC = 21.04, q < 0.01), axial (FC = 35.49, q < 0.01; 

FC = 4.12, q = 0.06; FC = 10.12, q < 0.01), and shear (FC = 41.07, q < 0.01; FC = 3.11, q 

= 0.15; FC = 14.57, q < 0.01).   

 

Fold Change With Treatment: 

AOI specimens were compared between treatments at all time points and shear was 

higher than control and axial expression at both day 0 and 7.  Shear AOI compared to 

control was significantly higher at day 0 and 7 (FC = 3.69, q = 0.10; FC = 3.58, q = 0.10) 

and lower at day 14 (FC = 0.26, q = 0.10).  For the ADJ specimens compared between 

treatments, axial expression was lower than control at all time points, and shear was 

significantly higher than axial at day 0 (FC = 4.05, q = 0.20). 
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Fold Change With Area: 

AOI compared to ADJ for each treatment showed little discernible changes at day 0 or 3, 

however, at day 7 shear AOI expression was significantly higher than ADJ (FC = 6.07, q 

= 0.05), and at day 14 it was lower (FC = 0.20, q = 0.05). 
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Figures 4.15 A-E. Graphs of mmp-3 by time point, treatment and area. 
 
Figure 4.15 A.  Mmp-3: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.15 B.  Mmp-3: Fold change with treatment – area of interest.  Fold change is shown on 
the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments 
are compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. 
Control is shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
 
Figure 4.15 C.  Mmp-3: Fold change with time – adjacent area.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change. Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.15 D.  Mmp-3: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.15 E.  Mmp-3: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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4.10.3 Results for Mmp-13 
 
Fold Change With Time: 

For both AOI and ADJ specimens compared to their respective day 0 control specimens, 

all treatments showed a rise in expression from day 0 to 3, and then a slow increase for 

the remaining time points.  For the AOI specimens, the changes were significant at day 3, 

7 and 14 for control (FC = 132.41, q < 0.01; FC = 120.85, q < 0.01; FC = 2239.62, q < 

0.01) and shear (FC = 471.31, q < 0.01; FC = 65.09, q < 0.01; FC = 428.95, q < 0.01).  

For axial these changes were significant at day 0 as well as day 3, 7 and 14 (FC = 3.09, q 

= 0.18; FC = 85.61, q < 0.01; FC = 251.88, q < 0.01; FC = 605.94, q < 0.01).  The ADJ 

specimens showed the same trends of higher expression over time with significantly 

higher expression at day 3, 7 and 14 in axial (FC = 7.68, q = 0.01; FC = 248.61, q < 0.01; 

FC = 575.54, q < 0.01; FC = 1266.00, q < 0.01) and shear (FC = 4.54, q = 0.10; FC = 

509.62, q < 0.01; FC = 202.22, q < 0.01; FC = 2994.44, q < 0.01).  Control ADJ 

specimens showed higher expression at day 3, 7 and 14 (FC = 321.34, q < 0.01; FC = 

342.94, q < 0.01; FC = 1435.13, q < 0.01).   

 

Fold Change With Treatment: 

Treatments were compared at each time, and shear was higher than axial and control 

expression for AOI specimens at day 3, but lower at day 7 and 14.  Axial AOI expression 

was higher than control at day 0 (FC = 3.09, q = 0.18) and lower at day 14 (FC = 0.27, q 

= 0.18).  Shear was higher than control at day 3 for AOI specimens (FC = 3.56, q = 0.12) 

and lower at day 14 (FC = 0.19, q = 0.05).  Shear was higher than axial at day 3 (FC = 



 155 

5.51, q = 0.05) but lower at day 0 and 7 (FC = 0.34, q = 0.14; FC = 0.26, q = 0.08).  

When ADJ specimens were compared between treatments, there were no observable 

trends, and the only significant changes occurred at day 0 for axial vs. control (FC = 7.68, 

q = 0.10), and for shear vs. control (FC = 4.54, q = 0.10).   

 

Fold Change With Area: 

There were no consistent trends for AOI compared to ADJ specimens within the 

treatments, and the only significant difference was for control AOI vs. ADJ at day 14 (FC 

= 4.03, q = 0.14).   



 156 

 
 
 
 
 
 

Figures 4.16 A-E. Graphs of mmp-13 by time point, treatment and area. 
 
Figure 4.16 A.  Mmp-13: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.16 B.  Mmp-13: Fold change with treatment – area of interest.  Fold change is shown on 
the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments 
are compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. 
Control is shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
 
Figure 4.16 C.  Mmp-13: Fold change with time – adjacent area.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change. Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.16 D.  Mmp-13: Fold change with treatment – adjacent area.  Fold change is shown on 
the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments 
are compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. 
Control is shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
 
Figure 4.16 E.  Mmp-13: Fold change with area – area of interest vs. adjacent area.  Fold change 
is shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  
The treatment areas are compared to each other within each treatment at each time point. Control 
is shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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4.10.4 Results for Timp-1 
 
Fold Change With Time: 

For timp-1 expression the AOI and ADJ specimens, when compared to day 0 control, 

showed a rise from day 0 to 3 and a relatively constant expression for the remaining time 

points.  The higher expression of the AOI specimens was significant at day 3, 7 and 14 

for control (FC = 3.22, q < 0.01; FC = 3.46, q < 0.01; FC = 2.95, q < 0.01), axial (FC = 

3.13, q < 0.01; FC = 4.15, q < 0.01; FC = 2.00, q = 0.05), and shear (FC = 2.75, q < 0.01; 

FC = 3.32, q < 0.01; FC = 2.47, q = 0.01).  The changes in ADJ specimens compared to 

day 0 control were also significant at day 3, 7 and 14 for control (FC = 3.87, q < 0.01; FC 

= 3.47, q < 0.01; FC = 3.72, q < 0.01), axial (FC = 2.61, q = 0.01; FC = 3.14, q < 0.01; 

FC = 1.71, q < 0.14), and shear (FC = 2.00, q = 0.05; FC = 3.12, q < 0.01; FC = 3.44; q < 

0.01).   

 

Fold Change With Treatment: 

There were no consistent trends for a comparison of treatments at each time point for 

either AOI or ADJ specimens.  There were no significant differences for AOI specimens.  

For ADJ specimens, shear was lower than control expression at day 3 (FC = 0.52, q = 

0.18), axial was lower than control at day 14 (FC = 0.46, q = 0.07), and shear was higher 

than axial at day 14 (FC = 2.01, q = 0.13).    
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Fold Change With Area: 

There were no significant differences or trends for a comparison of timp-1 expression in 

AOI vs ADJ specimens.   
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Figures 4.17 A-E. Graphs of timp-1 by time point, treatment and area. 
 
Figure 4.17 A.  Timp-1: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.17 B.  Timp-1: Fold change with treatment – area of interest.  Fold change is shown on 
the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments 
are compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. 
Control is shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
 
Figure 4.17 C.  Timp-1: Fold change with time – adjacent area.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change. Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.17 D.  Timp-1: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.17 E.  Timp-1: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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4.10.5 Results for Timp-2 
 
Fold Change With Time: 

The AOI specimens for each treatment compared to control day 0 showed relatively little 

change in expression over time, though expression was lower.  The changes were 

significant for control at day 3 and 14 (FC = 0.30, q = 0.01; FC = 0.42, q = 0.42); axial at 

day 0, 3 and 14 (FC = 0.37, q = 0.05; FC = 0.17, q < 0.01; FC = 0.28, q < 0.01); and shear 

at day 3, 7  and 14 (FC = 0.39, q = 0.05; FC = 0.44, q = 0.05; FC = 0.44; q = 0.05).  The 

ADJ specimens also showed lower expression but was relatively constant compared to 

day 0 control.  The changes were significant for control specimens at day 7 and 14 (FC = 

0.50, q = 0.12; FC = 0.34, q = 0.02).  The expression was significantly lower in ADJ 

specimens at day 3, 7 and 14 for both axial (FC = 0.43, q = 0.10; FC = 0.52, q = 0.30; FC 

= 0.46, q = 0.10) and shear (FC = 0.35, q = 0.03; FC = 0.40, q = 0.04; FC = 0.54, q = 

0.16).   

 

Fold Change With Treatment: 

With a comparison of treatments, in the AOI specimens, axial had generally lower 

expression than control, and shear was generally higher than axial expression.  Axial AOI 

expression was significantly lower than control at day 0 (FC = 0.37, q = 0.05), and shear 

expression was higher than axial at both day 0 and 3 (FC = 2.63, q = 0.06; FC = 2.36, q = 

0.06).  There were no noticeable trends or significant differences in a comparison  of ADJ 

specimens between treatments. 
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Fold Change With Area: 

When AOI were compared to ADJ specimens in each treatment, axial AOI specimens 

had significantly lower expression than ADJ at day 0 and 3 (FC = 0.41, q = 0.05; FC = 

0.37, q = 0.05); and control ADJ was significantly lower than AOI at day 3 (FC = 0.42, q 

= 0.12). 
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Figures 4.18 A-E. Graphs of timp-2 by time point, treatment and area. 
 
Figure 4.18 A.  Timp-2: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.18 B.  Timp-2: Fold change with treatment – area of interest.  Fold change is shown on 
the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments 
are compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. 
Control is shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
 
Figure 4.18 C.  Timp-2: Fold change with time – adjacent area.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change. Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.18 D.  Timp-2: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.18 E.  Timp-2: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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4.10.6 Results for Adamts-5 
 
Fold Change With Time: 

For adamts-5 changes over time, the AOI expression rose in all treatments for the day 3 

time point, and then tapered in the control and shear, but rose in axial from day 7 to 14.  

The only significant change, however, was for axial AOI compared to day 0 control at 

day 0 (FC = 0.26, q = 0.12). The ADJ expression showed the same general rise to day 3, 

but then tapered to day 7 and rose again to day 14 for all treatments.  Control changes 

were significantly higher than day 0 control at day 3 and 14 (FC = 7.52, q < 0.01; FC = 

6.63, q < 0.01).  Axial expression was significantly higher in ADJ specimens at day 3, 7 

and 14 (FC = 8.42, q < 0.01; FC = 3.06, q = 0.08; FC = 6.76, q < 0.01).  Finally, shear 

expression was higher in ADJ specimens compared to day 0 control at day 0, 3, 7 and 14 

(FC = 3.45, q = 0.15; FC = 7.43, q < 0.01; FC = 2.17, q = 0.20; FC = 5.93, q = 0.01). 

 

Fold Change With Treatment: 

For comparison of treatments at each time point, axial AOI specimens had lower 

expression than control at day 0 (FC = 0.26, q = 0.12).  Shear expression was lower than 

control at day 7 and 14 (FC = 0.37, q = 0.18; FC = 0.22, q = 0.04), and shear was lower 

than axial at day 14 (FC = 0.14, q = 0.01).  In comparing ADJ specimens there were no 

noticeable trends, though shear expression was higher than control at day 0 (FC = 3.45, q 

= 0.15).   
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Fold Change With Area: 

There were no trends across time points, but shear was significantly lower in AOI 

specimens compared to ADJ at day 14 (FC = 0.19, q = 0.03).  In control specimens, AOI 

expression was higher than ADJ at day 0 and 7 (FC = 3.07, q = 0.14; FC = 3.80, q = 

0.11).  
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Figures 4.19 A-E. Graphs of adamts-5 by time point, treatment and area. 
 
Figure 4.19 A.  Adamts-5: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.19 B.  Adamts-5: Fold change with treatment – area of interest.  Fold change is shown on 
the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments 
are compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. 
Control is shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
 
Figure 4.19 C.  Adamts-5: Fold change with time – adjacent area.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change. Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.19 D.  Adamts-5: Fold change with treatment – adjacent area.  Fold change is shown on 
the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments 
are compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. 
Control is shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
 
Figure 4.19 E.  Adamts-5: Fold change with area – area of interest vs. adjacent area.  Fold change 
is shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  
The treatment areas are compared to each other within each treatment at each time point. Control 
is shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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Summary of Degradative Enzymes and Inhibitors: 
 
Mmp-1, 3, and 13 all showed increased expression over time in all treatments.  When 

treatments were compared at each time point, mmp-1 was lower in shear AOI compared 

to axial at day 14 and in axial ADJ compared to control, and in shear ADJ compared to 

control.  Mmp-13 showed higher expression at day 0 in axial AOI compared to control, 

but by day 3, mmp-13 was more highly expressed in shear AOI compared to both control 

and axial.  Timp-1 expression was higher across the time points, while timp-2 had lower 

expression in axial AOI compared to control, but had higher expression in shear AOI 

compared to axial at day 0 and 3.  Adamts-5 was lower in axial AOI compared to control 

at day 0, and lower in both shear vs. control, and shear vs. axial at the later time points. 
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Figures 4.20 A-F. Graphs of degradative enzymes and inhibitor genes by time point for AOI and 
ADJ.  Fold change with time – area of interest.  Fold change is shown on the vertical axis as a log 
scale.  Fold changes less than one indicate lowered expression and fold changes greater than one 
indicate higher expression.  Days in culture are shown on the horizontal axis.  At each time point, 
day 0 control specimens are used as the reference or comparative value. Graph A and B show 
changes over time for the control specimens, graph C and D show changes over time for the axial 
specimens, and graph E and F show changes over time for the shear specimens. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 180 

 

 

0.01 

0.1 

1 

10 

100 

1000 

10000 

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Fo
ld

 C
ha

ng
e 

Days in Culture 

mmp-1 

mmp-3 

mmp-13 

timp-1 

timp-2 

adamts-5 

       0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14 

A Degradative Enzymes and Inhibitors (Control):  
Fold Change with Time - Area of Interest 

       0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14 

A 

0.01 

0.1 

1 

10 

100 

1000 

10000 

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Fo
ld

 C
ha

ng
e 

Days in Culture 

mmp-1 

mmp-3 

mmp-13 

timp-1 

timp-2 

adamts-5 

       0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14 

B Degradative Enzymes and Inhibitors (Control):  
Fold Change with Time - Adjacent Area 

       0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14 



 181 

 

 

 

 

0.01 

0.1 

1 

10 

100 

1000 

10000 

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Fo
ld

 C
ha

ng
e 

Days in Culture 

mmp-1 

mmp-3 

mmp-13 

timp-1 

timp-2 

adamts-5 

       0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14 

C Degradative Enzymes and Inhibitors (Axial):  
Fold Change with Time - Area of Interest 

       0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14 

0.01 

0.1 

1 

10 

100 

1000 

10000 

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Fo
ld

 C
ha

ng
e 

Days in Culture 

mmp-1 

mmp-3 

mmp-13 

timp-1 

timp-2 

adamts-5 

       0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14 

D Degradative Enzymes and Inhibitors (Axial):  
Fold Change with Time - Adjacent Area 

       0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14 



 182 

 

0.01 

0.1 

1 

10 

100 

1000 

10000 

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Fo
ld

 C
ha

ng
e 

Days in Culture 

mmp-1 

mmp-3 

mmp-13 

timp-1 

timp-2 

adamts-5 

       0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14 

E Degradative Enzymes and Inhibitors (Shear):  
Fold Change with Time - Area of Interest 

       0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14 

0.01 

0.1 

1 

10 

100 

1000 

10000 

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Fo
ld

 C
ha

ng
e 

Days in Culture 

mmp-1 

mmp-3 

mmp-13 

timp-1 

timp-2 

adamts-5 

       0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14 

F Degradative Enzymes and Inhibitors (Shear):  
Fold Change with Time - Adjacent Area 

       0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14        0                     3                             7                                  14 



 183 

4.11 Inflammatory Response and Signaling 

Genes related to the inflammatory response and signaling (ihh, tgfb, inos, chi3l1) were 

evaluated for expression changes over time, differences between treatments, and 

differences between areas. 

 

4.11.1 Results for Ihh 

Fold Change With Time: 

Ihh showed a relatively constant expression for treatments compared to day 0 control in 

both AOI and ADJ specimens.  In fact, the only significant difference was higher 

expression in the control ADJ specimens at day 7 compared to day 0 (FC = 3.75, q = 

0.07). 

 

Fold Change With Treatment: 

In an evaluation of expression changes across treatments at each time point for AOI 

specimens, shear was generally higher than control and axial however these changes were 

not significant.  The one significant difference for AOI specimens was axial had lower 

expression than control at day 3 (FC = 0.30, q = 0.16).  The same evaluation for ADJ 

specimens revealed no consistent trends, however shear was significantly lower 

expression than control at day 7 (FC = 0.30, q = 0.15). 
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Fold Change With Area: 

In a comparison of AOI to ADJ specimens, AOI expression was generally higher than 

ADJ for shear, and was significantly so at day 0, 7 and 14 (FC = 2.55, q = 0.16; FC = 

2.45, q = 0.16; FC = 2.94, q = 0.16).  Additionally, axial AOI expression was lower than 

control at day 3 (FC = 0.28, q =0.12). 
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Figures 4.21 A-E. Graphs of ihh by time point, treatment and area. 
 
Figure 4.21 A.  Ihh: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.21 B.  Ihh: Fold change with treatment – area of interest.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.21 C.  Ihh: Fold change with time – adjacent area.  Fold change is shown on the vertical 
axis as a log scale.  Fold changes less than one indicate lowered expression and fold changes 
greater than one indicate higher expression.  Days in culture are shown on the horizontal axis.  At 
each time point, day 0 control specimens are used as the reference or comparative value.  Error 
bars (standard error) are shown for each fold change. Control specimens are plotted in blue, axial 
are plotted in red, and shear are plotted in green.  Significant differences in expression relative to 
day 0 control are indicated at each time point with an asterisk (*) in the respective color of the 
plotted treatment.   
 
Figure 4.21 D.  Ihh: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.21 E.  Ihh: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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4.11.2 Results for Tgfb 
 
Fold Change With Time: 

For both AOI and ADJ specimens, the expression of tgfb showed a general decrease in 

expression over time compared to day 0 control.  The changes were significant in AOI 

specimens at day 3, 7 and 14 for control (FC = 0.32, q < 0.01; FC = 0.37, q < 0.01; FC = 

0.47, q = 0.01), axial (FC = 0.62, q = 0.16; FC = 0.36, q < 0.01; FC = 0.19, q < 0.01), and 

shear (FC = 0.39, q < 0.01; FC = 0.32, q < 0.01; FC = 0.32; q < 0.01).  For the ADJ 

specimens the differences were significant at day 3, 7 and 14 for axial (FC = 0.62, q = 

0.11; FC = 0.45, q = 0.02; FC = 0.28, q < 0.01), and shear (FC = 0.48, q = 0.02; FC = 

0.25, q < 0.01; FC = 0.36, q < 0.01).  The changes were significant for control specimens 

at day 7 and 14 (FC = 0.34, q < 0.01; FC = 0.34, q < 0.01). 

 

Fold Change With Treatment: 

Expression of tgfb was lower in shear AOI specimens compared to axial at day 0 and 3 

(FC = 0.51, q = 0.11; FC = 0.63, q = 0.18) and higher at day 14 (FC = 1.72, q = 0.15).  

Expression was higher in axial vs. control at day 3 (FC = 1.93, q = 0.06; FC = 0.39, q = 

0.01).  The only significant difference for the ADJ specimens was that shear expression 

was lower than axial at day 7 (FC = 0.55, q = 0.20). 

 

Fold Change With Area: 

A comparison of AOI to ADJ specimens in each treatment yielded no trends.  Control 

AOI expression was significantly lower at day 3 compared to ADJ (FC = 0.41, q = 0.01). 
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Figures 4.22 A-E. Graphs of tgfb by time point, treatment and area. 
 
Figure 4.22 A.  Tgfb: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.22 B.  Tgfb: Fold change with treatment – area of interest.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.22 C.  Tgfb: Fold change with time – adjacent area.  Fold change is shown on the vertical 
axis as a log scale.  Fold changes less than one indicate lowered expression and fold changes 
greater than one indicate higher expression.  Days in culture are shown on the horizontal axis.  At 
each time point, day 0 control specimens are used as the reference or comparative value.  Error 
bars (standard error) are shown for each fold change. Control specimens are plotted in blue, axial 
are plotted in red, and shear are plotted in green.  Significant differences in expression relative to 
day 0 control are indicated at each time point with an asterisk (*) in the respective color of the 
plotted treatment.   
 
Figure 4.22 D.  Tgfb: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.22 E.  Tgfb: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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4.11.3 Results for Inos 
 
Fold Change With Time: 

For inos changes over time, in both AOI and ADJ specimens, expression rose in the 

control and shear treatments from day 0 to 3, then dropped off to day 7 and stayed 

relatively constant to day 14, however axial expression stayed relatively stable from day 

0 to day 3, and then tapered off for the later time points.  For AOI specimens control had 

higher expression at day 3 and 14 (FC = 5.01, q < 0.01; FC = 6.79, q < 0.01), and shear 

had higher expression at day 3 as well (FC = 4.62, q = 0.02).  For the ADJ specimens, 

control had higher expression at day 3 and 14 (FC = 7.79, q < 0.01; FC = 3.09, q = 0.06), 

as did shear (FC = 12.35, q < 0.01; FC = 6.64, q < 0.01).  Axial ADJ specimens had 

higher expression at day 3, 7 and 14 (FC = 5.56, q = 0.01; FC = 2.78, q = 0.08; FC = 

2.81, q = 0.08).   

 

Fold Change With Treatment: 

In comparing treatments, there were no apparent trends, but axial AOI had lower 

expression than control at day 14 (FC = 0.15, q < 0.01) as did shear AOI (FC = 0.31, q = 

0.13).  There were no significant differences or trends in a comparison of ADJ specimens 

across treatments. 

 

Fold Change With Area: 

The only significant difference when comparing AOI to ADJ expression was in control 

specimens at day 14 (FC = 5.08, q = 0.01). 
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Figures 4.23 A-E. Graphs of inos by time point, treatment and area. 
 
Figure 4.23 A.  Inos: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.23 B.  Inos: Fold change with treatment – area of interest.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.23 C.  Inos: Fold change with time – adjacent area.  Fold change is shown on the vertical 
axis as a log scale.  Fold changes less than one indicate lowered expression and fold changes 
greater than one indicate higher expression.  Days in culture are shown on the horizontal axis.  At 
each time point, day 0 control specimens are used as the reference or comparative value.  Error 
bars (standard error) are shown for each fold change. Control specimens are plotted in blue, axial 
are plotted in red, and shear are plotted in green.  Significant differences in expression relative to 
day 0 control are indicated at each time point with an asterisk (*) in the respective color of the 
plotted treatment.   
 
Figure 4.23 D.  Inos: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.23 E.  Inos: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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4.11.4 Results for Chi3l1 
 
Fold Change With Time: 

The expression of chi3l1 showed a general rise from day 0 to day 3 and then a leveling 

off for the remaining time points in both AOI and ADJ specimens.  In the control 

specimens, the expression was higher than day 0 expression at day 3, 7 and 14 (FC = 

23.14, q < 0.01; FC = 12.80, q < 0.01; FC = 21.79, q < 0.01) as was axial (FC = 19.51, q 

< 0.01; FC = 14.69, q < 0.01; FC = 6.89, q < 0.01).  For shear specimens, the expression 

of the AOI specimens was higher than day 0 control at all time points: 0, 3, 7 and 14 (FC 

= 2.00, q = 0.17; FC = 10.61, q < 0.01; FC = 15.36, q < 0.01; FC = 11.08, q < 0.01).  The 

expression of ADJ specimens followed a similar trend and expression was higher at day 

3, 7 and 14 in control (FC = 31.70, q < 0.01; FC = 16.62, q < 0.01; FC = 15.95, q < 0.01) 

and shear specimens (FC = 9.69, q < 0.01; FC = 25.28, q < 0.01; FC = 12.61, q < 0.01).  

In axial specimens, expression was higher at day 0, 3, 7 and 14 (FC = 2.67, q = 0.11; FC 

= 26.28, q < 0.01; FC = 20.29, q < 0.01, FC = 7.45, q < 0.01).   

 

Fold Change With Treatment: 

There were no clear trends in the comparison of treatments at each time point for AOI or 

ADJ specimens.  For the AOI specimens, shear expression was higher than control at day 

0 (FC = 2.00, q = 0.17) and was lower than control at day 3 and 14 (FC = 0.46, q = 0.17; 

FC = 0.51, q = 0.17).  Also, the axial AOI expression was lower than control at day 14 

(FC 0.32, q = 0.04).  For the ADJ specimens, axial expression was higher than control at 

day 0 (FC = 2.67, q = 0.11) and lower at day 14 (FC = 0.47, q = 0.18).  Shear expression 
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was lower than control at day 3 (FC = 0.31, q = 0.03) as was shear compared to axial (FC 

= 0.37, q = 0.10). 

 

Fold Change With Area: 

When AOI were compared to ADJ specimens, there were no significant differences or 

trends. 
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Figures 4.24 A-E. Graphs of chi3l1 by time point, treatment and area. 
 
Figure 4.24 A.  Chi3l1: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.24 B.  Chi3l1: Fold change with treatment – area of interest.  Fold change is shown on 
the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments 
are compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. 
Control is shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
 
Figure 4.24 C.  Chi3l1: Fold change with time – adjacent area.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change. Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.24 D.  Chi3l1: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.24 E.  Chi3l1: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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Summary of Inflammatory Response and Signaling: 

Ihh showed no significant changes or trends over time with the exception of decreased 

expression in axial AOI specimens compared to ADJ at day 0, 7, and 14.  Tgfb had 

relatively consistently lower expression over time in all treatments compared to day 0 

control, but was higher at day 3 for axial AOI compared to control.  Tgfb also had lower 

expression in shear AOI compared to axial at day 0 and 3, but had higher expression than 

axial at day 14.  Inos had generally higher expression over time in all treatments in both 

AOI and ADJ specimens.  In a comparison of treatments however, at day 14, inos had 

lower expression in both shear and axial AOI specimens compared to control.  Chi3l1 

showed consistently higher expression over time for all treatments.  When treatments 

were compared though, chi3l1 had lower expression in both axial and shear compared to 

control at day 14, but showed higher expression in shear compared to control at the day 0 

time point. 
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Figures 4.25 A-F. Graphs of inflammatory response and signaling genes by time point for AOI 
and ADJ.  Fold change with time – area of interest.  Fold change is shown on the vertical axis as a 
log scale.  Fold changes less than one indicate lowered expression and fold changes greater than 
one indicate higher expression.  Days in culture are shown on the horizontal axis.  At each time 
point, day 0 control specimens are used as the reference or comparative value. Graph A and B 
show changes over time for the control specimens, graph C and D show changes over time for the 
axial specimens, and graph E and F show changes over time for the shear specimens. 
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4.12 Cell Proliferation and Apoptosis 

Genes related to cell proliferation and apoptosis (casp-8, fas) were evaluated for 

expression changes over time, differences between treatments, and differences between 

areas. 

 
 
4.12.1 Results for Casp-8 
 
Fold Change With Time: 

For casp-8 for both the AOI and ADJ specimens, there appeared to be a trend of 

decreasing expression over time for all treatments.  The lowered expression was 

significant in AOI specimens at day 3, 7 and 14 for control (FC = 0.33, q < 0.01; FC = 

0.26, q < 0.01; FC = 0.24, q < 0.01), axial (FC = 0.20, q < 0.01; FC = 0.15, q < 0.01; FC 

= 0.10, q < 0.01), and shear (FC = 0.23, q < 0.01; FC = 0.16, q < 0.01; FC = 0.31, q < 

0.01).  For the ADJ specimens the expression was also significantly lower at day 3, 7 and 

14 for control (FC = 0.35, q < 0.01; FC = 0.47, q = 0.03; FC = 0.16, q < 0.01) and axial 

(FC = 0.24, q < 0.01; FC = 0.28, q < 0.01; FC = 0.30, q < 0.01).   

 

Fold Change With Treatment: 

A comparison of changes across treatments showed shear AOI specimens compared to 

axial had very little change until the last time point where there was significantly higher 

expression in the shear AOI specimens (FC = 2.95, q= 0.01).  There were no discernible 

trends in comparing ADJ specimens across treatments. 
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Fold Change With Area: 

AOI specimens were compared to ADJ specimens at each time point for each treatment 

and control AOI specimens had higher expression than ADJ at day 0, 3, and 14 (FC = 

2.14, q = 0.06; FC = 1.99, q = 0.07; FC = 3.13, q = 0.01).  Shear AOI expression was 

higher than axial at day 0 and 14 (FC = 2.00, q = 0.09; FC = 2.58, q = 0.03).   
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Figures 4.26 A-E. Graphs of casp-8 by time point, treatment and area. 
 
Figure 4.26 A.  Casp-8: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.26 B.  Casp-8: Fold change with treatment – area of interest.  Fold change is shown on 
the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments 
are compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. 
Control is shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
 
Figure 4.26 C.  Casp-8: Fold change with time – adjacent area.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change. Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.26 D.  Casp-8: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.26 E.  Casp-8: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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4.12.2 Results for Fas 
 
Fold Change With Time: 

For both AOI and ADJ specimens the expression of fas remained relatively constant over 

time for all treatments.  However, the expression of axial AOI specimens was 

significantly lower than day 0 control at day 7 and 14 (FC = 0.30, q = 0.02; FC = 0.40, q 

= 0.40).  The expression of shear was lower than control at day 0 (FC = 0.35, q = 0.06).   

 

Fold Change With Treatment: 

For a comparison of treatments, the expression of shear vs. axial AOI specimens was 

lower initially, and then rose over time, this was significant at day 0 (FC = 0.43, q = 0.19) 

as well as for shear vs. control (FC = 0.35, q = 0.06).  For the ADJ specimens, the 

expression of shear vs. axial was higher at day 0 and 14 (FC = 2.22, q = 0.15; FC = 2.19, 

q = 0.15). 

 

Fold Change With Area: 

Axial AOI specimens showed higher expression of fas at day 0 AOI vs. ADJ (FC = 2.68, 

q = 0.09). 
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Figures 4.27 A-E. Graphs of fas by time point, treatment and area. 
 
Figure 4.27 A.  Fas: Fold change with time – area of interest.  Fold change is shown on the 
vertical axis as a log scale.  Fold changes less than one indicate lowered expression and fold 
changes greater than one indicate higher expression.  Days in culture are shown on the horizontal 
axis.  At each time point, day 0 control specimens are used as the reference or comparative value.  
Error bars (standard error) are shown for each fold change.  Control specimens are plotted in blue, 
axial are plotted in red, and shear are plotted in green.  Significant differences in expression 
relative to day 0 control are indicated at each time point with an asterisk (*) in the respective color 
of the plotted treatment.   
 
Figure 4.27 B.  Fas: Fold change with treatment – area of interest.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.27 C.  Fas: Fold change with time – adjacent area.  Fold change is shown on the vertical 
axis as a log scale.  Fold changes less than one indicate lowered expression and fold changes 
greater than one indicate higher expression.  Days in culture are shown on the horizontal axis.  At 
each time point, day 0 control specimens are used as the reference or comparative value.  Error 
bars (standard error) are shown for each fold change. Control specimens are plotted in blue, axial 
are plotted in red, and shear are plotted in green.  Significant differences in expression relative to 
day 0 control are indicated at each time point with an asterisk (*) in the respective color of the 
plotted treatment.   
 
Figure 4.27 D.  Fas: Fold change with treatment – adjacent area.  Fold change is shown on the 
vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The treatments are 
compared to each other at each time point.  Axial vs. Control is shown in red, Shear vs. Control is 
shown in green, and Shear vs. Axial is shown in orange.  Error bars (standard error) for fold 
change are depicted, and significant differences for the respective comparison are indicated with 
an asterisk (*).   
 
Figure 4.27 E.  Fas: Fold change with area – area of interest vs. adjacent area.  Fold change is 
shown on the vertical axis as a log scale, and days in culture is shown on the horizontal axis.  The 
treatment areas are compared to each other within each treatment at each time point. Control is 
shown in blue, axial is shown in red, and shear is shown in green.  Error bars (standard error) for 
fold change are depicted, and significant differences for the respective comparison are indicated 
with an asterisk (*).   
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Summary of Cell Proliferation and Apoptosis: 
 
Casp-8 showed lower expression compared to day 0 control for all treatments, and fas 

also showed generally lower expression.  Casp-8 was lower in axial compared to control 

at day 14, but higher in shear compared to axial at the same time point.  Its expression 

was higher in shear AOI compared to shear ADJ at day 0 and 14.  Fas expression was 

lower than day 0 control for axial AOI specimens at day 7 and 14.  Fas had lower 

expression in shear vs. axial and shear vs. control at day 0. 
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Figures 4.28 A-F. Graphs of cell proliferation and apoptosis genes by time point for AOI and 
ADJ.  Fold change with time – area of interest.  Fold change is shown on the vertical axis as a log 
scale.  Fold changes less than one indicate lowered expression and fold changes greater than one 
indicate higher expression.  Days in culture are shown on the horizontal axis.  At each time point, 
day 0 control specimens are used as the reference or comparative value. Graph A and B show 
changes over time for the control specimens, graph C and D show changes over time for the axial 
specimens, and graph E and F show changes over time for the shear specimens.   
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5. DISCUSSION 

 

There are an estimated 27 million Americans who suffer from the painful and 

degenerative effects of OA [1].  Understanding the gene expression changes leading to 

cartilage degeneration may help identify targets for early-stage intervention to someday 

slow or halt the progression of OA.  In this study an impact injury model was used to 

study chondrocyte gene expression changes in an early-stage model of OA.  Three 

treatments were evaluated: axial, shear, and a non-impacted control.  Gene expression 

changes were measured over different time points with qRT-PCR, a method that allows 

precise analysis of the expression levels.  As chondrocytes are the only cells in the 

articular cartilage, it is crucial to understand how they govern their environment 

following a traumatic injury in order to understand the progression of degenerative 

changes and to work to identify the potential targets for intervention. 

 

5.1 Impactions 

Studying a joint injury as a model for OA is challenging, as a true physiological joint 

trauma will result in multiple axes of loading.  While many studies have sought to load an 

animal joint in vivo [6, 47, 62, 99], the nature of the loading methods used makes it hard 

to quantify the direction and magnitude of the applied forces and the resulting stresses on 

the cartilage surfaces.  Explant studies are often used to study an impact injury in an in 

vitro setting [66, 68, 70, 72].  A common method involves removing the cartilage from 

the subchondral bone prior to testing.  However, in the methods presented here, an intact 
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patella was used for testing.  This allowed the cartilage to stay attached to the underlying 

bone and prevented any changes in expression due to cutting the cartilage loose for 

testing.  The full patellae were then kept in culture to maintain the patellae in as close to a 

natural environment as possible albeit without load. 

 

Impactions were generated in a hydraulic load frame, by impacting the surface with a 

cylindrical stainless steel impactor tip.  The cylindrical shape was chosen to reduce any 

chances of edge effects from a flat tip such as: gouging of the surface, or localized zones 

of very high stress at the edges (edge effects).  Two types of impactions were used; an 

axial impaction consisting of a mostly normal (compressive) load, and a shear impaction 

with a smaller normal load and a tangential displacement to generate shear forces.  The 

axial impactions generated mean peak normal loads of -1966 N ± 237 N, peak radial 

shear forces of 79 N ± 55 N, and peak longitudinal shear forces of 74 N ± 55 N.  The 

axial impaction did not result in pure normal loads. The patellae were carefully aligned 

during preparation for the axial impaction to ensure that the surface was perpendicular to 

the loading direction.  Additionally, the impactor was free to rotate about its radial axis to 

accommodate unevenness in the surface.  However, it was not possible to get the patellae 

perfectly aligned and during the impactions some off-axis (non-perpendicular) loading 

was generated which was recorded as shear forces in the radial and longitudinal 

directions.  These undesired shear forces were anticipated, but it was desired to have 

another impaction (shear) that generated significantly higher intended shear forces. 
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We suspect that shear stresses may play a  more significant role in cartilage damage than 

compressive stress (axial) alone.  Therefore a second loading method with increased 

shear forces was developed.  The shear loading impactions generated a mean of peak 

normal load -1092N ± 205, a peak radial shear force of 198N ± 59 with smaller peak 

longitudinal shear forces of 60N ± 36.  The shear impactions started with a normal load 

of 500 N applied slowly to the cartilage surface, and then a rapid (200 mm/sec) tangential 

displacement in the proximal-distal direction along the patella surface (the radial 

direction relative to the impactor) of 10mm to generate higher radial shear forces.  The 

500 N axial load allowed the impactor tip to deform the cartilage surface, and with the 

subsequent tangential displacement, the normal force rose as the impactor had to 

overcome the deformed cartilage.  Any unevenness in the surface of the cartilage, or in 

the orientation of the patella, also contributed to a rise in the normal force.   

 

The peak normal force generated in the axial impactions was 80% larger than the peak 

normal force generated in the shear impactions.  Conversely, the mean peak radial shear 

force (the direction of the tangential displacement) in the shear impactions was 151% 

higher than the mean peak radial forces in the axial impactions.  The goal of the two 

different impaction types was to generate one type of impaction that consisted 

predominantly of normal force, and a second impaction type that had significantly higher 

shear forces.  These goals were achieved.   
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The model used in this experiment was an in vitro model of OA.  An in vitro model 

provides an approximation of what may happen in vivo.  There are many factors that 

cannot be replicated in a laboratory setting, therefore any findings will require 

substantiation with an in depth in vivo verification.  However, an in vitro model does 

convey numerous advantages.  The treatment conditions can be precisely controlled, 

replicates are more easily and consistently produced, and expense can be reduced.   

 

One of the main advantages of this particular model was that cartilage was maintained 

attached to the underlying subchondral bone.  The entire patella remained intact from the 

time it was removed from the knee, through impaction, and during culture.  The cartilage 

was only removed during specimen harvesting at the appropriate time point.  In a 

cartilage explant study, cartilage is cut from the surface of the bone and then 

mechanically injured and cultured.  However, it is difficult to identify what expression 

changes were induced by the impact trauma vs. what changes were induced by cutting the 

specimen free.  This model eliminates the expression effects of cutting the specimen from 

the bone.  The specimens were cut free of the bone at the harvesting time point, but they 

were immediately flash frozen in liquid nitrogen.  One risk with keeping the patella intact 

is that the bone lost its vascular supply.  Signaling molecules and other factors from the 

bone may have influenced the changes observed in the cartilage.  However, a large 

amount of media was used to fully submerge the patella and the media was changed 

daily.  This would tend to reduce, by dilution, any factors from the bony tissue. 
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Another challenge of this model is that the patellae are removed from normal loading for 

the time course of the analysis.  Normal, healthy cartilage is loaded repetitively 

throughout the day.  However, the cartilage in this experiment received a singular loading 

event at the beginning of the experiment and then remained unloaded for up to two 

weeks.  The lack of loading likely contributed to many of the changes observed.  In a real 

joint trauma situation, though, a joint is likely to be subjected to a restricted amount of 

movement and loading following an injury. 

 

A local slaughterhouse provided the porcine legs utilized for this study.  The genetic lines 

were not controlled, and the knees could have come from a wide range of different lines 

of varying ages.  The potential differences and lack of biological similarity tends to 

reduce the ability to detect smaller changes. In the human population, there is a wide 

variance in number of individuals to whom findings must apply.  Therefore, using a wide 

range of differing specimens in this experimental study may prove the findings to be 

more relevant in translating to humans. 

 

5.2 Tissue culture and RNA extraction 

Full-thickness cartilage was harvested at the site of the impaction after either 0, 3, 7, or 

14 days in culture (day 0 specimens collected approximately 2 hours after impaction).  

By evaluating full-thickness slices we effectively averaged the expression levels of the 

chondrocytes across the three depth layers.  It would be desirable to study the layers 

independently, however the relatively small size of our specimens required use of the 
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full-thickness to isolate enough RNA for analysis without having to pool samples.  The 

culture medium provides nutrients to help the cartilage cells to continue to function.  

Chondrocytes are the only cells found in the articular cartilage and are normally not 

exposed to a vascular supply or neural innervation.  Thus, in the body these cells 

normally get their nutrients through diffusion through the cartilage matrix, and in culture 

they are also dependent upon diffusion [86].   Infection, or bacterial growth, is a risk of 

maintaining cartilage in culture for two weeks.  Careful sterile removal and testing of the 

patellae was conducted to minimize any chance of infection, along with daily culture 

media changes.   

 

Cartilage is very sparsely populated with chondrocytes spread throughout its matrix [86].  

The relatively small number of cells are also embedded in a tough proteoglycan/collagen 

matrix.  Extracting RNA from a very few number of cells trapped in a dense medium is 

challenging.  In many, if not most, research scenarios, larger tissue samples would be 

used to provide more cells, and thus more potential RNA.  However, in this study the 

sample size was dictated by the impactor geometry and resulted in relatively small 

specimens. In addition to the Tri Reagent, RNA was precipitated first with acetic acid 

[116], and a second precipitation step with ammonium acetate [139].  Both of these 

additional steps generated higher purity RNA as measured on a spectrophotometer. 
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5.3 Housekeeping Analysis  

To make accurate comparisons of the genes of interest when studying a tissue, it is 

important to select the best reference gene(s) for normalizing Ct values.  A perfect 

reference gene would be expressed stably across all treatment regimens for a given tissue.  

Although a perfect reference gene has not been found, BestKeeper and geNorm provide a 

method of analyzing a panel of potential genes to select the most stable housekeeping 

genes. A reference gene is used to control for differences in the amount of starting 

material, efficiency of amplification enzymes, and differences in expression from cells 

and the overall level of transcription [133].  Selecting a stable housekeeping gene is 

therefore inherently challenging.  If expression of a particular gene is measured, then 

variation in its expression may be due to any or all of the afore-mentioned factors as 

opposed to actual variation in its expression by the cells.  This presents a circular 

problem: determining a stable gene when that gene is expressed differently across 

samples/tissues.  Therefore, both of these programs attempt to provide a measure of 

stability by evaluating a panel of genes by comparing their individual stability in relation 

to that of the entire panel.  

 

The results of this study demonstrate that the two programs agree closely regarding the 

most suitable housekeeping genes.  Both programs indicate that the same four genes 

exhibit the highest stability in porcine cartilage (across our three treatment groups and 

four timepoints), with only the order differing between the two methods.  The most stable 

genes in order of decreasing stability are gapdh, ppia, actb, and sdha (BestKeeper results) 
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or ppia, sdha, gapdh, and actb (geNorm results). The authors of the two programs 

recommend between 3 and 4 housekeeping genes for an accurate normalization strategy 

[133, 134].  Each program is easy to use and provides an easily accessible measure of 

gene stability in a tissue.  The two programs agreed on the top 4 most stable genes.  The 

geNorm program provided a simpler more user-friendly interface as it is programmed in 

Microsoft Visual Basic Language (VBL).  This makes geNorm a simpler program to use, 

however the equations are hidden from the user and missing values for a specimen for a 

particular gene cannot be accepted; the entire specimen must be removed from analysis.  

The user is required to calculate a Q value in geNorm, which may be an additional 

processing step for the user, depending upon the software associated with the qRT-PCR 

machine in use.  BestKeeper doesn’t provide as simple an interface, as it is based upon a 

complex Excel spreadsheet with no VBL.  However it allows the user to clearly identify 

the calculations and steps of the program.  Additionally, BestKeeper allows for direct 

input of Ct values, and can accept missing Ct values for a particular gene.  Both programs 

are easy to use, however, BestKeeper was the slightly preferred method because of its 

ability to handle missing data, the ease of entering Ct values directly, and the 

transparency of calculations for each step. 

 

The candidate housekeeping genes that were evaluated for this study (with the addition of 

ppia) were selected from Nygard et al.  [98]. That study evaluated reference genes in 17 

porcine tissues (including: muscle, adipose, skin, heart, etc.), and showed that the ideal 

reference genes are tissue specific, though they concluded that the ideal reference genes 
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for the soft tissue they evaluated were actb, rpl4, tbp, and hprt1.  Therefore, it was 

important to evaluate a panel of housekeeping genes for our particular tissue and 

treatment conditions.  Their study utilized tissue samples from 3 sibling pigs, and did not 

include differing treatments.  Because our work involves cartilage, the intent of this study 

was to build on the work of Nygard et al. to determine the most appropriate housekeeping 

genes specifically for porcine articular cartilage in culture. Ppia was added because it has 

been used in previous work in our lab, it has been used as a normalizing gene for other 

studies examining cartilage [135-138], and it exhibited no differential expression in 

impacted and control specimens in our previous work [65].  This study found ppia, sdha, 

gapdh, and actb to be the most stable reference genes for porcine articular cartilage 

across our treatments and timepoints. 

 

In addition to the Nygard et al. [98] study, four previous studies have evaluated reference 

genes for porcine tissue.  Erkens et al. evaluated ten potential reference genes, and found 

that actb, tbp and top2b (topoisomerase 2-beta) were stable and that sdha appeared to be 

unstable in the tissues evaluated [146].   The study was conducted in porcine backfat and 

muscle, both of which can be expected to show different gene expression than articular 

cartilage. Four housekeeping genes were analyzed by Svobodova et al. in seven porcine 

soft tissues [147].  In contrast to the results of the study outlined in this paper, gapdh was 

found to be relatively unstable while hprt1 was found to be stable.  Kuijk et al. studied 

seven reference genes in different stages of porcine embryonic development [148].  Of 

the panel of genes, gapdh, pgk1, s18 and ubc showed high stability.  Nygard et al. [98],  
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Svodova et al. [147], Piorkowska et al. [149], and Erkens et al. [146] all showed tissue 

specific regulation of potential reference genes in porcine tissue.  Therefore this study 

was critical for identifying the best reference genes specifically for porcine articular 

cartilage.  

 

Gapdh has been previously used as a housekeeping gene for studies of porcine, bovine, 

goat sheep, and human cartilage [84, 127, 128, 132].  In an analysis of human cartilage 

with advanced OA, three housekeeping genes (tbp, rpl13a, and b2m) were selected from 

a panel of genes by Pombo Suarez et al., however the differences in selected reference 

genes with this study may be attributable to the difference in species [130].  Other studies 

of human OA cartilage have used gapdh and sdha as housekeeping genes [87, 130].   

Sdha was also used in a canine OA study [131].  All the genes used as housekeepers in 

these studies were included in our panel of genes, with the exception of rpl13a.  

However, rpl4 was included in our analysis, and like rpl13a, it encodes for a protein in 

the 60S subunit of ribosomes.  Therefore, this analysis essentially included most 

commonly used housekeeping genes in porcine tissues and housekeeping genes used in 

articular cartilage regardless of species.  Our findings identify the best reference genes for 

porcine articular cartilage following impaction treatments. 

 

As proposed by Vandesompele et al., each of the best reference genes for a particular 

tissue can all be used for evaluating the expression levels of genes of interest [133].  This 

can be accomplished by taking the geometric mean (as compared to the arithmetic mean) 
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of the selected reference genes.  The arithmetic mean is the sum of the individual n 

values divided by the n (the total number of values), whereas the geometric mean is the 

n-th root of the product of n numbers.  The geometric mean is able to better control for 

outliers and abundance differences between genes than the arithmetic mean. The most 

accurate normalization strategy is to use the geometric mean of the top 3 or 4 most stable 

genes for normalization [133, 134]. 

 

5.4 Differential Gene Expression 

The progression of OA leads to a wide range of gene expression changes [75, 76, 79, 81, 

83, 84, 129, 150, 151].  The aim of this study was to identify differential gene expression 

changes in a model of early stage cartilage degeneration in an impact injury OA model.  

A panel of 18 genes believed to be related to OA progression were selected from both 

literature and previous work in our lab [65].  The selected genes were obtained from four 

different categories: cartilage matrix constituents, degradative enzymes and their 

inhibitors, inflammatory response, and cell proliferation and apoptosis. The first category, 

cartilage matrix, included: col1a1, col2a1, agc, sox-9, opn, and comp.  The second 

category, degradative enzymes and their inhibitors, included: mmp-1, mmp-3, mmp-13, 

timp-1, timp-2, and adamts-5.  The third category, inflammatory response, included: ihh, 

tgfb, inos, and chi3l1.   The final category, cell proliferation and apoptosis, included 2 

genes: casp-8 and fas.  The 18 genes selected for analysis were normalized with the 

geometric mean of the four reference genes (gapdh, sdha, actb, and ppia) [141]. 
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Temporal expression changes were evaluated by measuring changes following a single 

impact injury from day 0 to 2 weeks.  Following sterile removal of the patellae from the 

porcine knees, the impacts were delivered to the cartilage surface.  The patellae were 

randomized to either a shear impact, or axial impact, or non-impacted control.  The 

impact treatment occurred approximately 2 hours following removal of the patella from 

the knee.  The day 0 cartilage specimens were harvested within approximately 2 hours of 

the delivery of the impact.  Similar timelines were followed for the non-impacted control 

specimens, to insure consistency and comparability of results.  The subsequent 3, 7 and 

14 day specimens were collected the requisite number of days later and at approximately 

the same time of day as the day 0 specimens.  It is difficult to harvest all the specimens at 

the precise time as the day 0 specimens, but small differences in time of harvest over the 

period of 3, 7 or 14 days likely had negligible effects on the findings. 

 

Three types of analyses were conducted.  For each gene, differential expression was 

evaluated over time within each treatment.  For a particular treatment (control, axial, and 

shear) the expression changes at each time point were evaluated compared to the day 0 

control expression.  Changes to cartilage gene expression can happen at very early time 

points following an injury [75, 83, 84, 151, 152].  Therefore it was anticipated that some 

changes may have begun in the impact specimens during the approximately two-hour 

delay before tissue harvest.  The expression changes at day 0 for the treatment tissue were 

thus compared to day 0 control, and each subsequent time point was compared to day 0 

control as it represented the tissue most closely related to normal cartilage in the porcine 
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body.  The second type of analysis conducted was to evaluate the expression differences 

between each treatment at each time point.  This was important to evaluate whether the 

changes at a time point were due to culture conditions or due to the impact treatment.  

Both axial and shear specimens were compared to control, and shear was also compared 

to axial at each time point.  Finally, the under the impactor (AOI) specimens were 

compared to the surrounding adjacent tissue (ADJ) specimens at each time point for each 

treatment to identify any differences in expression for the tissue AOI and the ADJ.   

 

Cartilage Matrix 

Col1a1 expression increased over the course of the time points in control, axial and shear 

specimens, while col2a1 expression decreased over time for all treatments.  In the area of 

interest specimens, col1a1 was most highly expressed in the axial specimens with a 64 

fold change from day 0 control.  The rise in expression of col1a1 may indicate that the 

chondrocytes are reverting to a more fibroblastic phenotype indicative of their attempt to 

initiate repairs.  However, this is the incorrect collagen for maintenance of the cartilage 

matrix.  However, col2a1, the normal collagen found in the matrix, showed lower 

expression over time in all treatments, indicating that the chondrocytes are not able to 

maintain normal collagen production, consistent with previous findings [153]. In that 

study, Natoli et al. impacted bovine ulnar cartilage with a drop tower, and evaluated gene 

expression at 24 hours, 1 week and 4 weeks.  Col1a1 was down-regulated in the high 

impact specimens (impacted with 2.8 J) at 24 hours, but then rose by 1 week, and then 

was up 370 fold by 4 weeks.  While our time point of 2 weeks falls in between the 1 
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week and 4 weeks evaluated by Natoli et al., our fold change over time of 64 in the axial 

specimens is consistent with their findings. Their study also showed a slight increase in 

col2a1 expression at 24 hours, consistent with our findings in the day 0 specimens.  

Additionally, they showed col2a1 expression dropping at the later time points, again 

consistent with our findings. Fehrenbacher et al. cyclically loaded porcine bone-cartilage 

plugs in compression with loads up to 6 MPa, attempting to simulate a damaging in vivo 

load, and maintained the explants in culture for 16 hours [83].  The findings showed that 

collagen I and II levels significantly decreased at 16 hours, this was consistent with the 

initial drops in col1a1 and col2a1 expression that we found.  It is believed that 

chondrocytes may dedifferentiate in OA [67, 69, 154].  These dedifferentiated 

chondrocytes are of a more fibroblastic phenotype and express collagen I, III, and V 

[154], not the type II found in articular cartilage.  When the treatments were compared to 

each other at each time point, col1a1 was significantly up-regulated at day 3 in shear 

compared to control, and at day 0 and 3 when shear specimens were compared to axial.  

However, col2a1 was also more highly expressed at day 3 in shear compared to axial 

specimens.  Both col1a1 and col2a1 tapered in both axial and shear AOI specimens 

compared to control by day 7.  When comparing the ADJ specimens, axial specimens 

showed an increase in col2a1 over control at day 14.  This may indicate that the tissue in 

the surrounding area of the axial impaction has triggered a repair process, and is capable 

of producing normal collagen.  The changes in AOI and ADJ specimens may indicate 

that the shear specimens are attempting a stronger repair effort, but with incorrect matrix 

constituents.   
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Agc, sox-9, and comp all showed lowered expression over time in all treatments.  When 

the treatments were compared to each other, however, sox-9 was significantly lower at 

the day 3, 7 and 14 day time points.  Additionally, sox-9 showed higher expression in 

shear vs. axial at day 14.  Sox-9 encodes the SOX-9 transcription factor for both agc and 

col2a1 and stimulates the expression and maintenance of the chondrocyte phenotype [13, 

81, 91-93, 155], and its lowered expression over time after an injury is consistent with 

other studies.  In one study, Fitzgerald et al. slowly compressed bovine cartilage explants 

to 25 to 50% strain and maintained the strain for time periods up to 24 hours [84]. The 

expression of sox-9 was down regulated at 24 hours.  Sox-9 has also been found to be 

down-regulated in the presence of naturally occurring OA [80].  In this study, Brew et al. 

took samples from OA patients and quantified gene expression changes and found 

decreased expression of sox-9. The higher expression of sox-9 at day 14 in AOI shear 

specimens vs. axial may be consistent with the shear specimens attempting to mount 

repair efforts, and may indicate that the axial impacted specimens are less successful at 

mounting repairs.  Agc expression was lowered over time for both axial and shear 

specimens, and this is consistent with the findings of Fitzgerald et al. [84].  However, agc 

was found to be more highly expressed in shear compared to axial in both the AOI and 

ADJ specimens, consistent with sox-9 expression.  Comp expression was significantly 

lower in the AOI shear specimens compared to axial at the 0 day time point.  Comp 

encodes for an abundant extracellular matrix protein, however its function is not fully 

known [88].  It is a marker for OA progression and generally rises over time in OA [59, 
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101] with the highest expression being present in late stage OA [103].  In one cyclic 

tension and hydrostatic pressure study of cultured chondrocytes, alginate constructs 

seeded with chondrocytes were loaded with tension of 9% strain or hydrostatic pressure 

up to 5 MPa for 3 days [77].  Gene expression changes were measured afterward, and 

comp was found to be more highly expressed in the cyclic tension model, but unchanged 

in the compression model. The tension model with the lower level strains, may have more 

closely represented normal load levels.  The compression findings showed no change in 

comp expression, unlike our impact generated compression.  However, the differences 

between cultured chondrocytes in an alginate scaffold and chondrocytes in their native 

cartilage matrix make exact comparisons difficult.  The lowered expression of comp in 

shear compared to axial may be indicative of matrix degradation [20, 59], possibly 

because the shear specimens experienced more damage during the loading event.   

 

Degradative Enzymes and Inhibitors 

Matrix metalloproteinases are enzymes that breakdown the cartilage matrix through 

degradation of collagen and other matrix proteins.  Mmp-1 and 13 are both collegenases, 

and mmp-3 is a stromelysin that breaks down other matrix proteins.   Mmp-1, 3, and 13 

all showed increased expression over time in all treatments.  Likely a large contributing 

factor is the effects of removing the patellae from the in vivo environment and placing 

them in culture.  However, when treatments were compared at each time point, mmp-1 

was lower in shear AOI compared to axial at day 14 and in axial ADJ compared to 

control, and shear ADJ compared to control.  This may be an attempt on the part of the 
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chondrocytes to maintain the cartilage matrix.  Mmp-3, on the other hand, was higher in 

shear AOI compared to control at day 0, and in shear ADJ compared to axial ADJ.  Mmp-

13 showed higher expression at day 0 in axial AOI compared to control, but by day 3, 

mmp-13 was more highly expressed in shear AOI compared to both control and axial.  

The higher early mmp expression in shear specimens may suggest more repair efforts 

underway that taper over time.  In the high loading model used by Natoli et al., mmp-1 

expression was found to be up-regulated in the loaded samples at 24 hours, but the 

expression then tapered by the later time points [153].  This differs with our findings, 

however the use of explants by Natoli et al., may generate differing responses from our 

impact loading model where the cartilage remains on the patellae.  Fitzgerald et al. found 

both mmp-3 and aggrecanase to have elevated levels in their static compression model 

where changes were measured at 24 hours [84].  Consistent with our findings, Lee et al. 

also found mmp-3 levels to be higher at 3 and 24 hours after impaction [81].  Aigner et 

al., in a study of natural OA found mmp-3 to be up-regulated in early stage OA, and 

down regulated at later stage [68].  However, mmp-13 was found to be up-regulated in 

early stage OA.  While the rise in expression of mmp levels in this study is consistent 

with our findings over time, we did see a relative rise in mmp-13 levels at the day 0 time 

point compared to control.  The elevation at the earliest time point may be due to trauma 

of the impact, and not necessarily indicative of the progression of OA.  Timp-1 

expression was higher across the time points, while timp-2 expression was lowered across 

the time points compared to day 0 control.  Timp-1 and timp-2 are both general inhibitors 

of mmp action and are not specific to a particular mmp.  Natoli et al. found elevated 
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levels of timp-1 at 24 hours following loading, but the levels then decreased at the later 

time points of 1 and 4 weeks following impaction [153].  This is not consistent with our 

findings for timp-1, but it may be related to their study being conducted on explants.   

However, Lee et al. found that timp-1 levels increased up to 12 fold in the 24 hours 

following an injurious compression, whereas timp-2 increased by only 2 fold over the 

same time period [81].  These findings are more consistent with ours. Wong et al. found 

in both their cyclic tension and hydrostatic loading that timp-1 and 2 demonstrated lower 

expression [77].  Timp-1 and 2 were found to be unaffected when Blain et al. applied 

compressive loading to bovine explants and measured the changes over 6 hours [156].  

Clearly, the experimental design affects the expression changes measured.  When 

treatments were compared, timp-2 had lower expression in axial AOI compared to 

control, but had higher expression in shear AOI compared to axial at day 0 and 3.  Timps 

are general inhibitors (non-specific to a particular mmp) of mmp action, and this may be 

indicative of attempts in the shear specimens to limit matrix breakdown during repair.  

Finally, adamts-5, an aggrecanase, was lower in axial AOI compared to control at day 0, 

and lower in both shear compared to control and to axial at the later time points.  The 

ADJ specimens for both shear and axial significantly higher expression over time and 

adamts-5 was elevated at day 0 in shear ADJ compared to control ADJ.  These increases 

in adamts-5 are consistent with Fitzgerald et al.’s findings of increased expression of 

another aggrecanase, adamts-4, in a compression injury model followed over 24 hours. 

These changes may indicate that the tissue in the ADJ specimens are undergoing more 

repair efforts due to their expression of higher levels of aggrecanase.   
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Inflammatory Response and signaling: 

Ihh, a signaling molecule associated with chondrocyte proliferation, showed no 

significant expression changes or trends over time, or for treatment comparisons, with the 

exception of a decreased expression in axial AOI relative to control at day 3.  Ihh had 

higher expression in the shear AOI specimens compared to shear ADJ at day 0, 7 and 14.  

The decreased expression in axial specimens would be consistent with another OA 

model, where Kim et al. surgically induced OA in a rat ACL transection model and found 

ihh expression decreased over 12 weeks [110].  However, the higher expression seen in 

the shear specimens (though not significant) is more in line with other studies of early 

stage OA.  Tchetina et al. found increases in ihh expression in early stage naturally 

progressing OA in human articular cartilage [93].  Ihh was also elevated in more 

progressed human OA lesions as reported by Swingler et al. [87].  Tgfb is critical in the 

inflammatory process which involves the recruitment of white blood cells, fibroblasts and 

the rebuilding of vascular supply following damage [106].  In our findings, tgfb had 

consistently lower expression over time in all treatments compared to day 0 control, but 

was higher at day 3 for axial AOI compared to control.  Tgfb also had lower expression in 

shear AOI compared to axial at day 0 and 3 but had higher expression than axial at day 

14.  Tgfb may be critical part of the inflammatory process for initiating repairs of the 

cartilage matrix and aiding cell proliferation, and lack of its expression may coincide with 

OA development [108].  The increased expression in the axial specimens is consistent 

with Lee et al. who found elevated tgfb levels at 24 hours following injurious 
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compression of bovine cartilage explants [79].  Limiting tgfb expression through 

pharmacological means may prove possible [157].  Another signaling molecule, inos, that 

is part of an inflammatory response and is believed to stimulate production of 

Prostaglandin E2 [158] which contributes to collagen and aggrecan degradation [159].  

Inos was generally more highly expressed over time in control, axial and shear and in 

both AOI and ADJ areas.  This may be related to an inflammatory or apoptosis response 

by the chondrocytes after being placed in culture.  When comparing treatments, however, 

at day 14 inos had lower expression in both shear and axial AOI compared to control. Its 

possible that early rises in inos tapered by the later time points as the chondrocytes 

initiated more thorough attempts at repairs.  This is important if the cells are to combat 

OA progression as inos typically is involved in inflammation and in OA development via 

chondrocyte hypertrophy or inducing apoptosis [73, 115-117].  Inos expression may have 

potential as a target of inhibition via pharmacological treatment [160-162].  Another gene 

associated with an inflammatory response is chi3l1, which is an inflammatory marker 

whose role is not entirely clear [163], but it may play a role in cartilage remodeling [113]. 

It showed consistently higher expression over time for all treatments.  When treatments 

were compared however, chi3l1 had lower expression in both axial and shear compared 

to control at day 14, but showed higher expression in shear compared to control at the 

day 0 time point.  The lowered expression compared to control at day 14 is consistent 

with our findings in a SAGE analysis of impacted cartilage at 14 days [65].  Its higher 

expression initially in the shear specimens may be indicative of early damage and an 

associated inflammatory response as identified by Volck et al. in a study of naturally 
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occurring OA [112].  Another study also found chi3l1 levels to increase over 2 weeks in 

an immobilization model of OA in rat knee cartilage by Trudel et al. [164]. Chi3l1 

production also increased in monolayer chondrocytes placed in culture [113].  The 

expression of chi3l1 may be related, therefore, with lack of loading when cartilage is 

placed into culture.   

 

Cell proliferation and Apoptosis: 

Casp-8 and fas, both linked to cellular apoptosis were evaluated.  Over time, both casp-8 

and fas showed similar trends and generally lower expression when compared to day 0 

control. Casp-8 was lower in axial compared to control at day 14, but higher in shear 

compared to axial at the same time point.  Its expression was also higher in shear AOI 

compared to shear ADJ at day 0 and 14.   Casp-8 initiates the caspase apoptosis pathway 

and higher expression has been linked to OA.  In a study of aged rabbits with normal 

cartilage, Allen et al. found increases in casp-8 expression believed to be a prelude to the 

development of OA [165].   When OA was induced in an ACL transection model in 

rabbits by Pennock et al., casp-8 was found to be significantly up-regulated [122].  The 

higher expression in shear compared to axial at the last time point may be indicative of a 

higher degree of apoptosis, and more cartilage damage.  Fas, another gene associated 

with apoptosis, demonstrated lower expression in shear compared to control at day 0 and 

in shear compared to axial at day 0.  However, shear ADJ specimens had higher 

expression of fas than axial at both day 0 and day 14.  Fas expression has been found to 

be region specific in cartilage with the highest expression in the immediate vicinity of 
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OA lesions [126].  Like casp-8, Allen et al. found fas is also elevated in aged cartilage 

prior to OA development [165]. The higher relative expression in the shear ADJ tissue is 

likely due to the trauma induced by hydrostatic pressure buildup in the cartilage matrix 

during the shearing impaction.  Elevated levels of apoptosis correlates with earlier work 

in our lab that found increased apoptosis compared to control at 14 days [166]. 

 

Summary and interpretation of findings: 

The aim of this study was to evaluate differential chondrocyte gene expression levels 

following axial and shear impact injuries to articular cartilage in order to develop an 

understanding of the early changes that initiate the degenerative process that may lead to 

OA.  The two types of impactions were compared to each other and to a non-impacted 

control over a two week time period.  It was hypothesized first that the impact treatments 

would cause increased matrix repair efforts, higher degradative enzyme activity, an 

inflammatory response, and elevated levels of apoptosis.  It was also anticipated that the 

impact with higher shear stresses would show higher levels of degradative enzymes and 

inflammatory response as compared to the axial specimens.  The last hypothesis was that 

the tissue adjacent to the impact area would suffer more damage in the shear impacted 

specimens as identified by increased degradation, inflammation, and biological stress 

signaling.   

 

As this study is an analysis of biological specimens, the interpretation of the findings is 

complex.  However, it is believed that the finding of the first hypothesis is supported.  
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Col2a1 expression is higher at day 3 in the shear vs. axial specimens indicating a repair 

effort underway; however there is also a relative rise in col1a1, a collagen not normally 

expressed in articular cartilage, expression indicating the repair efforts in the shear 

specimens are perhaps not being effectively accomplished.  Increased expression of agc 

and sox-9 at the later time points in shear vs. axial specimens also indicates a repair 

attempt underway.  Mmp levels are higher initially in both axial and shear vs. control, but 

taper by the later time points, indicating the initial matrix breakdown may be tapering off.  

Timp-2 was increased in shear vs. axial at the earlier time points, indicating shear 

specimens were attempting to limit matrix breakdown.  Lowered expression levels of 

genes associated with an inflammatory response in shear and axial vs. control, may 

indicate that the cells are trying to recover by slowing or halting the inflammatory 

process.  The rise in casp-8 in shear relative to control indicates more apoptosis in the 

shear specimens.   Therefore, in support of the first hypothesis it is believed that a repair 

effort is underway in both axial and shear specimens, with a stronger repair effort being 

attempted by the shear specimens.   

 

When the tissue adjacent to the impact area was evaluated, it was observed that there 

were initial rises in col1a1 in both axial and shear vs. control, and increases over time in 

col2a1 production.  At both day 0 and 7, col2a1 expression was lower in shear ADJ vs. 

axial.  At the last time point, there was higher expression of agc expression in shear 

relative to axial, indicating a potential stronger repair effort.  There was initially higher 

mmp-3 levels in shear compared to axial, and elevated timp-1 levels in the shear ADJ 
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specimens at the last time point.  There was a decreased expression of inflammatory 

genes at day 3 and 7 in shear vs. axial, and an increase in apoptosis related fas at day 0 

and 7 in shear specimens.  Therefore, the lower expression of col2a1 in shear specimens, 

the early rise in mmp-3, and the higher expression of fas all potentially indicate that more 

damage may have occurred in the shear ADJ specimens that were subsequently unable to 

render an effective repair effort.  Therefore it is believed that the second hypothesis was 

supported that the shear injury caused more damage than the axial injury. 

 

5.5 Limitations and Areas of Further Work 

With any analysis or experiment, lessons are learned and areas for improvement are 

identified.  Additionally, it is important to identify any limitations of the experiment in 

relation to conclusions that may be made.  

 

In measuring gene expression levels, the mRNA of chondrocytes was being measured to 

determine what genes were being differentially expressed based upon our treatments.  

These measurements were from the living chondrocytes in the matrix at the time of tissue 

harvesting.  However, the size of these cell populations and how they varied from one 

specimen to another is unknown.  It is possible that a particular treatment resulted in 

higher rates of cell death.  For example, the area of tissue directly under the impactor may 

have had a higher percentage of dead cells compared to the area of tissue adjacent to the 

impact site.  If a higher percentage of cells necrosed prior to the time of specimen 

collection and associated mRNA analysis, these cells would not contribute anything to 
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the measured gene expression levels.  Therefore, the expression levels that were 

determined would have been unevenly weighted toward the remaining living cells in the 

specimen and would not register the changes that occurred to cause the cell death.  

Results of a histological analysis would identify the relative number of living/dead cells 

in one specimen compared to another and would aid in interpretation of the accuracy of 

the gene expression results.  Staining for aggrecan and collagen content would also 

provide an evidence of the physical changes to the cartilage matrix.  This could be quite 

valuable as an indication of the changes wrought by the detected gene expression levels.  

As part of our ongoing work, a histological analysis of tissue from this study will be 

conducted at a future date. 

 

Another challenge of this type of in vitro analysis is keeping cells in culture.  Articular 

cartilage in the in vivo joint is in the presence of synovial fluid that is responsible for 

providing nutrients.  As the joint is exercised, the cartilage is compressed under loading 

which exudes fluid from the matrix, and then as it relaxes during unloading, proteoglycan 

charge draws in more nutrient rich fluid for the chondrocytes.  This “pumping” action is 

what both delivers nutrients to the chondrocytes, and removes wastes.  However, when 

cartilage is maintained in culture, the nutrients are required to diffuse from the media 

through the matrix with no driving force or “pumping” action.  This lack of nutrient 

delivery and associated waste removal likely contributes to the changes observed in gene 

expression over time.  A non-impacted control treatment was kept in culture as well in 

order to determine which changes in gene expression of the impacted specimens were 
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due to impact treatment as opposed to culture conditions.  In fact, joint immobilization is 

one model used for studying early-stage OA.  With this method, a joint’s movement is 

either minimized or completely inhibited and changes are observed in vivo. For example, 

Hall studied joint immobilization in rats by wiring the femur and tibia together to enforce 

immobility [30] .  He found degeneration in the unloaded cartilage with necrotic tissue 

and fibrillation of the cartilage surface. One study of immobilized canine knee joints 

found decreased levels of timps (variant not specified) but no changes in matrix 

metalloproteinase -3 (mmp-3) [167].  Two other mmps, mmp-8 and mmp-13, were found 

to be up-regulated in rats with immobilized knee joints after 4-weeks [168]. The knees 

were immobilized with an internal fixator.  These findings are similar to ours, in that we 

found relatively small changes in both timp-1 and 2 over time, and a relatively small 

change in mmp-3 over time in comparison to mmp-13. 

 

However, it would be desirable to develop a system for future experiments to deliver 

reasonable, physiologically relevant loads in culture on a daily basis during the course of 

the culture period.  This would allow the experiment to more closely approximate an in 

vivo study.  It is believed that applying a load across the surface of the cartilage while in 

culture on a daily basis (or more frequently depending on the experiment) may provide a 

pumping action of sorts, to aid in diffusion of the nutrients through the articular cartilage 

matrix.  This would potentially reduce the changes observed in gene expression due to 

culture conditions. 

 



 252 

The time points chosen in this experiment were based on previous work in our lab and 

literature findings.  In this analysis however, changes were observed at the day 0 time 

point which was approximately 2 hours after load delivery.  It would be valuable to 

identify changes perhaps on an hourly basis following the mechanical insult.  

Additionally, the development of OA may take years to progress to the point of full 

thickness lesions or debilitation.  Therefore, following changes over the first 2 weeks 

after an impact is potentially representative of only the very earliest stage of OA 

progression.  It would be desirable to keep cartilage in culture for longer periods of time, 

however the challenge of keeping the cells alive for longer periods of time would 

possibly prove prohibitive.  If a loading method, as described above, were used in culture, 

it may be possible to effectively extend the time that chondrocytes may be maintained 

viable in an in vitro environment.  

 

It would be desirable in future work to obtain cartilage from a group of similar animals 

from the same genetic background and same age as much as is possible.  This does 

necessarily increase the complexity and cost of the experiment.  However, the ultimate 

aim of any basic research study is to have clinical relevance.  A carefully controlled 

population of animals could contribute to reducing undesired errors or variability in the 

results and would potentially allow for clearer conclusions to be drawn.  It is believed, 

though, that the findings here are relevant as they represent animals with a wide range of 

background, ages, and genetics that is applicable to the similar differences found in the 

human population. 
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Finally, the gene expression changes indicate which mRNA is present in the 

chondrocytes.  However, mRNA levels are not conclusive in indicating what actions are 

occurring in the cells.  The mRNA must be translated to protein to carry out actions in the 

cell, and these ultimate protein levels were not evaluated.  Ongoing work is being 

conducted to measure the changes in protein following a mechanical injury.  
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6.  CONCLUSION 

 

The OA model used in this analysis aimed to initiate OA progression through an in vitro 

mechanical injury.   While previous impact studies have used an impact normal to the 

cartilage surface, it was the aim of this study to evaluate both a load normal to the surface 

and a shear load delivered tangential to the surface.  Gene expression changes were 

evaluated on the day of impact, and 3, 7, or 14 days after the mechanical injury.   

 

A panel of 18 genes related to cartilage matrix constituents, degradative enzymes and 

their inhibitors, inflammatory response and signaling, and cell proliferation and apoptosis 

were evaluated for differential expression over time and compared to a non-impacted 

control.  The relative rise of col2a1 at day 3 in the shear specimens and the increased 

expression of agc and sox-9 at the later time points may indicate that the shear specimens 

are mounting a stronger repair effort.  However the increased expression of col1a1 in the 

shear specimens may indicate a less effective repair.  The decreased expression of 

degradative enzymes at the later time points may indicate less breakdown of the matrix, 

supporting the theory of a repair attempt being underway and an attempt at matrix 

preservation.  This is corroborated by lowered expression of genes related to an 

inflammatory response at the later time points.   

 

The findings from this study indicate that an impaction with higher shear forces may 

cause the chondrocytes to initiate more repair efforts than an impaction with primarily 
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normal forces.  The shear treatment used may be more physiologically relevant to the 

study of early stage OA.  It is hoped that the findings of this study will contribute to a 

greater understanding of the complex progression of cartilage breakdown during OA, and 

may aid future researchers in identification of targets for therapeutic intervention to slow 

or halt OA development.   
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