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Abstract 

Osteoarthritis is the end result of damage to articular cartilage, which lacks the ability to 

self-repair.  Tissue engineering of cartilage is a promising field of study that aims to 

promote healing of cartilage in vivo by manipulation of the chondrocytes that maintain 

the tissue, or through in vitro production of new cartilage for implantation into cartilage 

defects.  Tissue-engineered cartilage constructs require mechanical stimulation to 

produce matrix components in quantities and proportions similar to native cartilage 

tissue, and adenosine triphosphate (ATP) is thought to be an autocrine/paracrine 

biochemical mediator of these mechanical forces on the cell, after its release from 

chondrocytes under mechanical stress.  This study determined culture conditions for 

chondrocytes in 3D agarose scaffolds from mature donors undergoing total joint 

arthroplasty for the treatment of osteoarthritis, then supplemented these cells in vitro with 

exogenous ATP in concentrations varying from 50 nM to 1 mM in the presence of the 

radioisotopes [
35

S] and [
3
H]-proline, with radioisotope incorporation acting as markers of 

proteoglycan and collagen synthesis respectively.   The basal concentrations of ATP in 

the chondrocyte cultures as well as the ATP half-life in the cultures were determined by 

lucifer/luciferase assay and luminometry.  The P2Y receptor expression on the 

populations of chondrocytes from 8 donors was determined by flow cytometry, with 

largely varied individual expression and heterogeneity of P2Y1 and P2Y2 receptors.  

Exogenous ATP was found to increase synthesis of matrix components by 200% of the 

control cultures at doses of 100 nM to 1 µM.  Patients with worse arthritis patterns, who 

were on chronic narcotic medications and who smoked were more likely to have a 
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negative response to the exogenous ATP supplementation.  The basal concentration of 

ATP in the cultures was less than 1 nM, and the ATP half-life varied from 1-2 hours, 

depending on the expression of P2Y1 receptors expressed by the donor’s chondrocyte 

population (R
2
 = 0.99).  Supplementation of exogenous ATP to tissue-engineered 

cartilage in vitro appears to be a promising technique for improving the matrix synthesis 

of these constructs. 
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Chapter 1 

Introduction 

 

1.1 Articular Cartilage  

Articular cartilage is the tissue that coats joint surfaces, allowing the bones that make up 

each joint to glide past each other with very low friction, resulting in the minimization of 

the forces being transmitted across the joints during movement.  This tissue withstands 

forces of up to 6 times a person’s body weight with resultant compression of 10 - 20 MPa 

on the cartilage surface.
1
  Cartilage is able to withstand all of this stress, and redistribute 

the load evenly to the bone surface, protecting the bones from injury.  In the majority of 

joints, the articular cartilage continues to function well with no significant decrease in its 

performance throughout a person’s lifespan.
2
        

 

1.2 Articular Cartilage Damage and Osteoarthritis 

Cartilage cannot heal itself or regenerate,
2
 and thus injury to cartilage is a major problem 

as damage to this tissue results in osteoarthritis, a progressive disorder of the joints that 

causes pain, deformity and limited movement.
3
  Osteoarthritis is characterized 

pathologically by focal erosive cartilage lesions, cartilage destruction, subchondral bony 

sclerosis, bone cyst formation and marginal joint osteophytes.
4
  Osteoarthritis affects 
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primarily older adults, with 1 in 10 Canadians, and over 1/3 of the population over 70, 

being affected by the disease.
5
  It occurs primarily in weight-bearing joints, as well as the 

hand joints, and is one of the major causes of musculoskeletal disability.
2-4

  Known risk 

factors for osteoarthritis include aging, a family history of the disorder, increased body 

weight, and mechanical injury, whether by single excessive trauma, or repetitive mild 

injuries.
2-4

  The progression of osteoarthritis begins with surface irregularities and 

fibrillations of the tissue, then progress with clefts apparent in the tissue, the violation of 

the tidemark by blood vessels, and hypercellularity of the tissue, with chondrocytes 

present in clones, appearing to attempt the restoration of the matrix of the tissue.  As the 

disease progresses, the clefts become deeper, and eventually, the subchondral bone is left 

visible, with no cartilage surface at all.
6
  Abnormal forces are then present on the bone 

and soft tissues of the joint, causing osteophyte formation at the joint margins.
6
  The 

principal initiator of the degenerative cascade appears to be interleukin-1, which is 

released by the synovium in response to inflammation, and activates cartilage matrix 

metalloproteinases, collagenase and aggrecanase.
7
  This decreases the proteoglycan and 

collagen content of the tissue, which swells with increased water content and loses its 

biomechanical properties.
2
  Inhibitors of the degenerative cascade in cartilage tissue 

include Transforming Growth Factor (TGF)-β, tissue inhibitors of matrix proteases 

(TIMP) and plasminogen activator inhibitor.
3
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1.3 Articular Cartilage Healing and Repair 

Articular cartilage, as does any other connective tissue, undergoes 4 phases in response to 

injury.
3
  The first phase is necrosis of local tissue in response to the injury.  The second 

phase is inflammation, and involves vascular dilatation, transudation, exudation and the 

organization of a fibrin clot that becomes granulation tissue.  The third phase involves 

fibrous repair, organization and fibrogenesis of the granulation tissue and scar formation.  

The final phase is scar remodeling.  Because cartilage tissue has no blood supply, the 

second inflammatory phase cannot occur, and so only a modest inflammatory reaction, 

based on diffusion of synovial inflammatory cells, occurs.  A modest increase in mitosis 

of chondrocytes does occur, which rarely lasts longer than 2 weeks.  No remodeling can 

occur, however, so the extent of the injury remains present indefinitely.
8,9

  This repair 

process is quite different when the cartilage injury also penetrates the underlying bone.  

When this happens, necrosis of both injured cartilage and bone occurs, then, because bone 

has an abundant vascular supply, there is a large vascular response, with many 

inflammatory cells, the production of vascular granulation tissue, and the production of 

cartilage.  Unfortunately, the new cartilage that is synthesized contains a large component 

of type I collagen, as opposed to the type II collagen usually present in articular cartilage, 

and this new cartilage lacks the mechanical properties and longevity of the original 

cartilage.
8,9

  The newly synthesized repair cartilage also does not integrate well with 

adjacent cartilage, and the collagen fibrils of the superficial zone are not well 

amalgamated into the overall collagen framework.
10

  Within a relatively short time 

period, this repaired cartilage begins to degenerate and becomes osteoarthritic.   
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1.4 Treatment of Cartilage Damage and Osteoarthritis 

Treatment of cartilage damage and osteoarthritis is currently limited for several reasons:  

(1) scientific advances need to be made in the understanding of chondrocyte mitosis, 

chemotaxis and matrix synthesis to enable attempts at pharmaceutical manipulation of 

these specialized cells, (2) because of the lack of blood supply to cartilage, and the steric 

requirements for molecules to diffuse through the extracellular matrix to the 

chondrocytes, there are no pharmaceutical agents that specifically target articular 

chondrocytes, and (3) because of the inability to detect mild cartilage injuries, patients 

often have significant injuries prior to seeing a surgeon, and surgery is the primary 

method  by which an early, limited, focal cartilage defect could be detected.  Recently, 

new MRI techniques have become available with special stains to better visualize 

articular cartilage;
11,12

 however, these methods are costly and for now, are better suited to 

research applications than to general clinical practice.   

 

Currently, the treatment of osteoarthritis involves many different options and modalities:  

pain control, with agents such as acetaminophen and narcotics,
13,14 

anti-inflammatory 

medications to reduce the inflammation in the surrounding tissues,
15

 injections of 

corticosteroids into the joint to reduce local inflammation,
16

 injections of hyaluronic acid 

analogs to aid with cartilage surface lubrication,
17

 chondroitin sulfate and glucosamine 

sulfate as nutritional supplements have shown some success at treating the pain associated 

with osteoarthritis,
15

 physiotherapy to strengthen muscles and improve the mechanics of 

the involved joint,
15

 arthroscopic treatment of cartilage flaps and meniscal tearing to 
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improve the mechanics of the joint and reduce pain,
18

 osteotomies of the long bones to 

improve the mechanics of the joint and change the load-bearing area of cartilage from an 

area of cartilage defect, to an area of preserved cartilage,
19,20 

deep cartilage lesions can be 

treated with mosaicplasty, the transplant of osteochondral grafts from a non-load bearing 

portion of the joint,
21

 “microfracture” of the subchondral bone underlying an articular 

cartilage defect,
22

 Autologous Chondrocyte Implantation (ACI),
23

 osteochondral allograft 

transplantation,
24

 implantation of scaffold materials and stem cells,
25

 partial and total joint 

arthroplasties, whereby the articular cartilage and surrounding bone are replaced by 

polished metal and ultra-high molecular weight polyethylene, ceramics or metal-on-metal 

bearing surfaces.
 26,27

 

 

Osteoarthritis is the primary cause of joint replacement in Canada, resulting in 68,746 

primary hip and knee replacements in the fiscal year 2005-2006.
28

  Total joint 

replacement, while providing excellent relief of pain and disability in end-stage arthritis, 

is not without complication, and even with perfect results, the joint replacement will wear 

out over time.  Many of the current knee and hip arthroplasty designs have survivorships 

of greater than 90% at 10 – 15 years,
26, 27

 but survivorship is highly variable thereafter, 

and many of the other joints do not have similar very high success rates with 

arthroplasties.
29,30

  With current trends showing younger patients requiring joint 

replacements and wanting to remain active after surgery,
31

 the incidence of failure of 

primary joint replacements will increase, increasing the burden on the health care system.  
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Other methods of dealing with arthritis would certainly be helpful in dealing with this 

aging and active population.  In addition, new methods of dealing with focal areas of 

cartilage injury in young patients are necessary in order to prevent the progression of 

osteoarthritis. 

 

1.5 The Promise of Tissue Engineering of Cartilage 

Tissue engineering involves the manipulation of living cells for therapeutic or diagnostic 

purposes.  Tissue engineering of cartilage thus involves the manipulation of chondrocytes 

for producing cartilage tissue, either in vivo, or in vitro with implantation of ex vivo 

produced cartilage tissue into joints with cartilage defects.  This promising new 

technology could enable a patient’s own chondrocytes to be harvested, expanded and to 

produce cartilage in the laboratory that could be implanted back into the patient.  This 

laboratory-engineered cartilage would ideally have the mechanical properties of native 

cartilage tissue so that it would not break down over time and could last throughout the 

patient’s lifetime, without needing to be replaced.  This would also allow patients to 

return to a full spectrum of physical activity after having a cartilage injury treated, 

including marathon running, ski jumping, etc. without worrying about overusing their 

joint.  Tissue engineering of cartilage fundamentally requires 3 components:  the desired 

cells, either obtained from healthy donor sites or differentiated from mesenchymal stem 

cells, a biocompatible and bioresorbable scaffold to produce the engineered cartilage in 

the appropriate shape and form, and a local cellular environment that promotes 
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maintenance of the chondrocytic phenotype, as well as cell proliferation and matrix 

production.
32

  This last component requires regulation of growth factors, the mechanical 

forces acting on the cells, etc.   

 

In the United States of America, the number of individuals that would benefit from tissue-

engineered cartilage due to degenerative disease is estimated at 200,000 per year, with a 

further need in 10,000-50,000 patients per year due to intra-articular fractures and isolated 

chondral injuries.
33

  If these numbers are also representative of the needs of Canadians, up 

to 25,000 patients per year in Canada would benefit from this technology.  

 

1.6 Current Struggles in Tissue Engineering of Cartilage 

At the present time, many different researchers and groups are struggling to identify 

factors and techniques that will make tissue engineering of implantable cartilage tissue a 

reality.  The goals of tissue engineering of cartilage are to produce cartilage tissue that is 

biologically accepted (no immunologic reaction), with mechanical properties similar to 

that of native cartilage, that can be incorporated into the native cartilage such that it 

becomes indistinguishable from native cartilage over time.
34

  To accomplish this, a source 

of chondrocytes is needed, either from mature chondrocytes, or from mesenchymal stem 

cells that can be influenced to differentiate into chondrocytes through maintenance of 

strict culture conditions.
35

  Many methods have been used to attempt to produce 

chondrocytes in the laboratory from stem cells derived from bone marrow, peripheral 
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blood cells and adipose tissue.  Once chondrocytes are obtained, they would ideally be 

expanded in culture so that a greater number of cells are available to produce the final 

cartilage construct, and the chondrocyte phenotype must be maintained, or the expanded 

chondrocytes must redifferentiate into mature chondrocytes.  The cells are then seeded 

onto a scaffold of a biologically inert and absorbable substance (such as agarose or 

alginate) or are cultured in a high density pellet of cells.  The environment of the cell (the 

culture conditions) is then modified to encourage the chondrocytes to produce matrix, 

with growth factors or mechanical stimulation provided to the cells to encourage the cells 

to develop matrix with characteristics of native cartilage.
36

  The final struggle is to find a 

method of incorporating an engineered cartilage construct into the native cartilage, with 

periosteal patch covering, suturing, the use of fibrin glue, or some novel method of 

fixation.  While many advances have occurred in the engineering of human cartilage 

tissue, there is still not a useful product that can be implanted and that provides reliable 

results.  In order for this technology to become clinically-relevant, it will also require an 

ease of producing such autologous neocartilage so that the chondrocyte culture and 

cartilage formation can be performed quickly and cheaply with reliably reproducible 

results. 
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1.7 The Use of ATP as a Substitute for Mechanical Stimulation of In Vitro Formed 

Cartilage Tissue 

Because of the need for in vitro cartilage production to be technically-simple to do, with 

reproducible results, and to avoid the risk of contamination of the chondrocyte cultures, 

mechanical stimulation of growing cartilage constructs is undesirable.  On the other hand, 

chondrocytes need mechanical stimulation to synthesize matrix constituents in optimal 

quantities and proportions.  Without mechanical stimulation, tissue-engineered cartilage 

constructs lack the mechanical properties of native articular cartilage.
37,38

  One novel 

method of providing the benefits of mechanical stimulation to the cultured chondrocytes 

is to harness the chondrocyte mechanotransduction pathway, and to supplement them 

with exogenous adenosine triphosphate (ATP),
39

 a molecule released by chondrocytes 

following mechanical stimulation and thought to act in an autocrine/paracrine manner 

through purinoreceptors on the chondrocyte cell surface to increase synthesis of matrix 

constituents and decrease inflammatory proteins.
40

  ATP is thus used in this manner to 

make the chondrocytes “think” they are being subjected to mechanical stimulation, 

without actually applying any such stimuli to the constructs.  Used in this way, ATP has 

been shown to increase the proteoglycan and collagen synthesis of bovine chondrocytes 

in culture, with resultant increases in the mechanical strength of the constructs.
39

   This is 

an exciting strategy for tissue engineering applications, and translation of this work from 

a bovine to a human model could provide a practical method to increase the matrix 

synthesis and mechanical properties of tissue-engineered cartilage.   

 



 

10 

 

1.8 Research Outline 

This study aims to determine the effects of the addition of exogenous ATP to human 

chondrocytes in culture, to determine if this technique could be useful for tissue 

engineering applications as a substitute for mechanical loading of the developing cartilage 

constructs.  ATP has already been used in engineering applications for bovine cultures, 

with positive results.  There have been no studies to date looking at the effects of ATP on 

the synthesis of ECM in human cartilage, and the studies of human cartilage that have 

been performed to date are limited by a very small number of subjects (generally 1-3 

patients) from whom cartilage has been obtained.  To this end, this research will target 3 

objectives: 

1. Culture conditions will be determined for chondrocytes that were obtained from 

healthy older patients undergoing total joint arthroplasty, to effectively use this 

source of human cartilage for research purposes. 

2. The effects of the addition of exogenous ATP to the culture media of growing 

human chondrocyte constructs will be determined, and an optimal dose of ATP for 

human cartilage tissue engineering will be determined. 

3. The mechanisms underlying the effects of ATP on human chondrocytes in culture 

will be studied by determining: 

a. The basal (resting) concentration of ATP in chondrocyte cultures, 

b. The half-life of ATP in the culture media, and 

c. The expression of P2Y1 and P2Y2 receptors on the cell membranes of 

human chondrocytes. 
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This work will further the understanding of the effects of ATP in the 

mechanotransduction pathway of human chondrocytes, opening the door for further 

research into these mechanisms for arthritis prevention.  Further, it will show the practical 

applications of ATP stimulation in tissue-engineering applications in terms of the 

anabolic effects on the developing construct.  This will help to improve the quality of 

tissue-engineered cartilage, and be a key to creating more native-like cartilage in the 

laboratory.  Engineered cartilage is not yet at a point where autogenous grafting of 

articular cartilage defects can become a mainstay of arthritis treatment, but the possibility 

of this becoming the reality one day is certainly looming on the horizon.  This would have 

the effect of revolutionizing modern orthopaedic medicine, and making total joint 

replacements a surgery for a few select patients, instead of the treatment of choice for the 

vast majority of end-stage arthritis sufferers.    
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Chapter 2 

Review of Literature 

 

2.1  Articular Cartilage Biology 

Articular cartilage is the biological material that covers the articulating portion of the 

bones in joints of animals.  It provides a low-friction, stress-absorbing surface of the 

articulating bones to minimize wear and tear on the joints.  Once a joint’s cartilage 

becomes damaged, the forces acting through the remaining cartilage increase, and further 

damage to the facing cartilage or surrounding cartilage results.
41,42

   

Articular cartilage is composed of chondrocytes (cellular portion) in an extracellular 

matrix (ECM) of type II collagen and proteoglycans, the major of which is aggrecan.  

Water and dissolved ions make up the interstitial fluid.  Articular cartilage is aneural, 

avascular and alymphatic, relying on diffusion of nutrients from the synovium, through 

the synovial fluid.
43

  Figure 2.1 displays a schematic of a typical joint, showing the 

articular cartilage, bone, synovium and synovial fluid. 
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Figure 2.1 A schematic representation of a synovial joint.  The articular cartilage 

forms a load-bearing surface on the ends of the opposing bones.  Synovial fluid is 

contained within the joint cavity and provides the nutrients for articular cartilage 

through the process of diffusion.
44

    

 

2.1.1 Articular Cartilage Architecture 

Articular cartilage has a defined architecture.  The different zones of cartilage are defined 

by their distance from the articular surface and are recognized by the orientation of the 

collagen fibrils as well as the cellularity of the zone of cartilage.  A cross-sectional 

diagram of cartilage is shown in figures 2.2 and 2.3.  Articular cartilage is composed of 5 
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zones, varying with the depth from the articular surface:  the superficial zone is the upper 

10-20% which is comprised of flattened cells, collagen fibrils parallel to the articular 

surface and superficial zone protein (SZP), the middle zone is the majority of the cartilage 

which has more randomly distributed collagen fibrils and more rounded and further 

spaced chondrocytes, the deep zone abuts the tide mark and is marked by chondrocytes 

arranged in columns and collagen fibrils perpendicular to the articular surface, the tide 

mark is a barrier to diffusion and the calcified cartilage resembles the deep cartilage but is 

calcified, similar to the underlying bone, and obtains its nutrients from the subchondral 

bone.
45

  The collagen content is highest in the superficial zone and lowest in the deep 

zone, with the reverse being true for proteoglycans as proteoglycans are packed between 

the collagen fibrils.
43 

 

Figure 2.2 The Architectural Zones of Articular Cartilage.
78 
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Figure 2.3 The Architecture of Articular Cartilage, Displaying the Cellularity and 

Collagen Fibril Orientation Within the Various Zones.
44 

 

2.1.2 Chondrocytes 

Chondrocytes are the cellular components of articular cartilage and are derived from 

mesenchymal stem cells through the chondroprogenitor cell pathway.
46

  In normal 

cartilage, they lie within individual lacunae, empty spaces within the ECM, of the 

cartilage, separated from other chondrocytes by the ECM.
47

  They make up less than 10% 

of the tissue volume.  In immature cartilage, these cells are responsible for the growth of 

the tissue; in mature cartilage, they are responsible for the maintenance (production and 

breakdown) of the ECM.  There is no known contact between the cells, thus 

communication between them is the result of the diffusion of molecules through the 
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ECM.
48

  They are metabolically active cells, relying mostly on the anaerobic pathway for 

energy production, and respond to chemical mediators,
43

 mechanical loads,
49

 pH,
50

 

electrical fields
43

 and hydrostatic pressure
51

 changes.   

 

2.1.3 Extracellular Matrix (ECM) 

The ECM is composed primarily of collagen, sulfated proteoglycans and water.  Other 

molecules, such as lipids, phospholipids, proteins (primarily link protein and fibronectin), 

hyaluronate and glycoproteins make up less than 5% of the ECM.
2,43 

 

2.1.3.1 Collagen 

Ten to twenty percent of the ECM is composed of type II collagen, which is the major 

structural component of cartilage.
43

  Other collagens are a minor component of articular 

cartilage, including types V, VI, IX, X and XI.  The collagens provide the tensile and 

shear properties of cartilage and immobilize the proteoglycans within the tissue.  The 

molecules of collagen vary in width from 10-100 nm, with their width increasing with 

age.  They form a triple-helical structure due to the repeating glycine (33%) and 

hydroxyproline (25%) amino acids within each α polypeptide chain.
43

  The resulting 

triple-helix is approximately 300 nm wide and aligns head-to-tail and side-by-side in a 

quarter-staggered array with other type II collagen triple-helices.  This structure of 

collagen is shown in figure 2.4.  The collagens have directionality within the different 
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zones of cartilage, with the fibrils oriented parallel to the articular surface in the 

superficial zone, perpendicular to the articular surface in the deep zone, and in a more 

random and disorganized configuration in the middle zone.  The collagens form a cross-

linked network through covalent crosslinks by hydroxylysine aldehyde residues on the 

collagens transforming to 3-hydroxypyridinium residues over the course of several 

weeks.
43

  These crosslinks contribute to the 3-dimensional stability of the fibrils and 

contribute to the tensile properties of the cartilage.  It should be noted that ascorbic acid 

(vitamin C) is required as a cofactor in the hydroxylation of proline to hydroxyproline and 

is thus an important factor in the production of ECM.
43 

 

Figure 2.4 The structure of type II collagen in articular cartilage.
52
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2.1.3.2 Proteoglycans 

Proteoglycans are composed of a protein core with covalently bound glycosaminoglycan 

chains.  Glycosaminoglycans are chains of unbranched, repeating disaccharide units.  

There are 3 major types found in cartilage proteoglycans:  chondroitin sulfate (55-90%), 

keratan sulfate and dermatan sulfate.
43

  Aggrecan is the most predominant proteoglycan in 

cartilage, making up 4-7 % of its wet weight.
43

  Aggrecan contains many chondroitin 

sulfate chains with some keratan sulfate chains.  The globular portion of aggrecan binds 

to hyaluronate, a glycosaminoglycan chain that is not highly sulfated, and is stabilized by 

link protein.  This gives rise to the bottle-brush appearance of proteoglycans, pictured in 

figure 2.5.  There are also some smaller proteoglycans that are components of cartilage, 

including biglycan, deorin  and fibromodulin.  Although these smaller proteoglycans 

make a minor contribution to the weight of the tissue, they are as numerous as aggrecan, 

and thus play an important role in the biomechanical properties of articular cartilage.
43

  

The glycosaminoglycan chains contain repeating carboxyl and sulfate groups that are 

ionized in solution, and are packed to within 20% of their free-solution volume, resulting 

in repulsion between these negative ions, and attracting positive free cations, such as 

sodium, calcium and potassium.
43

  This creates a very strong affinity of the solid phase of 

articular cartilage for water, which contains the dissolved ions to offset the negative 

charges, and gives rise to the Donnan osmotic pressure within cartilage.  The Donnan 

osmotic pressure is attributed to the negative charges on the proteoglycans of the ECM.
44

  

The electrostatic repulsion between these negative charges allows an entropy-driven flow 
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of water into the moiety, which is increased by any dissolved positive cations within the 

water.    

 

Figure 2.5 Structure of Proteoglycan in Articular Cartilage. This figure depicts a 

proteoglycan aggregate, with multiple proteoglycans attached to a hyaluronic acid 

molecule, with this organization stabilized by link proteins, pictured as dark circles.  

The individual proteoglycans have bottle-brush appearances and are composed of a 

protein backbone, with sulfated glycosaminoglycans (GAG) such as chondroitin 

sulfate and keratin sulfate as the individual bristles on these brushes.  The negative 

ions on the GAGs cause the individual GAGs to try to move as far away from the 

others as possible in aqueous solution.
44 
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2.1.3.3 Water 

Water is the most abundant component of cartilage, making up 65-80% of its wet weight, 

with higher water concentrations in the surface zone of the cartilage and decreasing 

concentration in the deep zone.
53

  Thirty percent of the water in cartilage is contained 

within the collagen intrafibrillar space, while a very small percentage is intracellular 

within the chondrocytes, and the majority is contained within the molecular pores within 

the ECM.
2,43

  The water portion of cartilage contains the inorganic salts sodium, calcium, 

chloride and potassium, which are important for many tissue regulatory processes.  The 

water moves through the ECM by applying a pressure gradient across the tissue or by 

compressing the ECM.
44

  There is a large frictional resistance to the flow of water 

through the molecular pores, which in addition to the Donnan osmotic pressure of the 

water in the tissue, are the mechanisms by which articular cartilage withstands high 

loads.
43-45

  The flow of water also allows transportation of nutrients and other molecules 

throughout the cartilage tissue and provides lubrication to the joint.
54

 

 

2.1.4 Physiologic Changes in Cartilage with Aging 

There are many physiologic changes in cartilage that occur with aging.  Adult cartilage 

differs from immature cartilage by having decreased cellularity, and an arrest in the 

mitotic activity in its chondrocytes.
55,56

  The chondrocytes also become less responsive to 

growth factors and produce less ECM.
57

  Water content decreases with age.  Proteoglycan 

content decreases with age, and the proteoglycans formed are less uniform and contain 
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fewer glycosaminoglycan chains.  The glycosaminoglycans produced also change, with 

fewer chondroitin sulfate moelcules, and more keratin sulfate molecules.
58

  The 

chondroitin sulfate content also changes from chondroitin 4-sulfate to chondroitin 6-

sulfate.  Aggrecan content also decreases and decorin content increases.  There is an 

accumulation of aggrecan and link protein degradation products within the matrix and the 

tensile strength and stiffness decreases in the superficial zone of cartilage.  The cartilage 

degradation enzymes matrix metalloproteinases (MMP) also become more active, 

specifically MMP-3, MMP-9 and MMP-13 were shown to be present and active in the 

superficial zone, but not the middle and deep zones, of elderly cartilage, and not in 

younger cartilage.
55 

 

2.2 Cartilage Culture in the Laboratory 

Chondrocyte culture in the laboratory involves finding a source of chondrocyte cells 

(stem cells vs differentiated chondrocytes, animal vs human cells, immature vs mature), 

then providing strict culture conditions where the cells do not dedifferentiate and lose 

their chondrocytic phenotype.
59

  Chondrocytic phenotype is marked by a rounded (as 

opposed to elongated and fibroblastic) cell morphology under microscopy and the 

production of type II (as opposed to type I) collagen.
60

  Matrix synthesis is dependent on 

culture conditions such as cell density,
61

 available nutrients,
62

 growth factors,
63,64

 

hypoxia,
65

 pH,
50

 and mechanical stimulation,
66,67

 among others. 
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2.2.1 Source of Cells 

There are fundamental concerns over the source of chondrocytes in any study on articular 

cartilage.  The most common model for articular cartilage is young bovine cartilage, 

although porcine, equine and canine cartilage is also used.  There has been concern that 

these models of articular cartilage may not be good models of elderly human articular 

cartilage, which does not always respond in the way predicted by the same experiments in 

animal models.
68

 The problem with obtaining human cartilage is that there is no good 

source of young human cartilage that can provide enough cells (traumatic amputations or 

limb amputations for cancer would be the best sources, but luckily are difficult to come 

by).  Elderly human cartilage is available from patients with end-stage arthritis who are 

undergoing total joint replacements; however, the cartilage from these patients is 

diseased, so may not respond as expected,
57

 as a model for normal cartilage.  It also may 

not be a good source of cells for eventual reimplantation since the chondrocytes may not 

respond normally to physiologic stimuli in vivo.  Cartilage from older donors has been 

found to have decreased cell yield, decreased chondrocyte proliferation, and decreased 

chondrocyte response to growth factors, for both proliferation and matrix synthesis.
56,57,69

  

Mesenchymal stem cells have been proposed as a source of cells for tissue engineering of 

cartilage;
70

 however, these cells require strict culture conditions and growth factors to 

enable them to differentiate into chondrocytes.
35,46

  Thus far, no ideal source of 

chondrocytes for tissue engineering of cartilage exists. 
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2.2.2 Maintenance of Chondrocyte Phenotype 

Maintenance of a chondrocytic phenotype is influenced by the culture conditions used to 

maintain the cells in vitro.  The medium used plays a role, as do any growth factors added 

to the medium, as well as the culture system used for culturing the chondrocytes.
35

  

Transforming Growth Factor-β (TGF-β), insulin or insulin-like growth factor (IGF)-1 

have each been shown to favor chondrocytic phenotype.
71

  A medium containing 

Dulbecco’s Modified Eagles Medium (DMEM), 6.25 µg/mL insulin, 6.25 µg/mL 

transferrin, 6.25 µg/mL selenous acid, 1.25 mg/mL bovine serum albumin, 5.35 µg/mL 

linoleic acid, 1mM pyruvate, 10
-7 

M dexamethasone and 10 ng/mL TGF-β was found to 

produce pellet cultures that were larger and had significantly higher amounts of DNA and 

proteoglycans than pellets cultured in DMEM with 10% fetal bovine serum (FBS).
60

   

Chondrocytes can be cultured in either 2-dimensional or 3-dimensional culture systems.  

Two-dimensional culture consists of monolayer culture of the chondrocytes and is noted 

for causing dedifferentiation of chondrocytes into elongated, fibroblastic morphology 

cells that do not produce type II collagen.
60

  Three-dimensional culture types are noted for 

maintaining a chondrocytic phenotype of the cells in culture.  These are high-density cell 

cultures in pellet culture,
71

 seeded on a collagen membrane,
72

 or culture in agarose
73

 or 

alginate.
74

  It is postulated that the close proximity of the cells creates higher local 

concentrations of growth factors and other factors elaborated by the cells to maintain the 

chondrocytic phenotype and encourage matrix production.
75
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2.3 Biomechanics of Articular Cartilage 

Articular cartilage is understood to have a biphasic nature that determines its 

biomechanical properties:  it is composed of a fluid phase (the water and dissolved ions) 

and a solid phase (framework of collagen and proteoglycans).
43 

 

2.3.1 Viscoelastic Properties 

Articular cartilage is said to be viscoelastic:  it has properties of both elastic and viscous 

materials when subject to stress and strain that determines the properties of the material.
44

  

Stress relaxation and creep phenomenon are two of the most well-described behaviours of 

a viscoelastic material.  These phenomena are illustrated in figure 2.6.  Stress relaxation 

occurs when a constant deformation is applied to articular cartilage and the stress within 

the cartilage decreases over time until a new steady-state equilibrium is reached.  

Likewise, when a constant load is applied to articular cartilage, the cartilage undergoes 

creep:  a time-dependent deformation to reach a new steady-state equilibrium.
45

   The 

stress within the articular cartilage depends on the rate at which the load is applied:  a 

slowly applied compressive causes fluid loss and small hydrostatic pressures, while rapid 

compression causes large hydrostatic pressure build-up with minimal loss of fluid, and the 

cartilage appears incompressible.
76
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Figure 2.6  The Viscoelastic Properties of Articular Cartilage:  Creep and Stress 

Relaxation.44 

 

2.3.2 Response to Compression 

When articular cartilage is loaded in compression, the network of collagen and 

proteoglycans that makes up the ECM is forced to pack more closely due to changes in 

the volume of the cartilage.  There is some resistance to the bending of the collagen fibrils 

and the proteoglycan chains, and this provides about 5% of the resistance to 

compression.
43

  The greater resistance of articular cartilage to compression comes from 
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the fluid phase of the cartilage:  some water is forced out of the ECM due to the decrease 

in the volume of the loaded cartilage.  When this happens, there is an increase in the 

affinity of the ECM for the remaining water in its pores since there is electronegativity 

that needs to be countered by the positive cations in solution.  There is therefore great 

resistance to any further decrease in volume until the ECM finds a new equilibrium 

between the tendency to deform under load and the resistance to deformation caused by 

the Donnan osmotic effect as well as the frictional resistance to further deformation.
45

  

Arriving at this equilibrium takes significant amounts of time (on the order of several 

hours), so under physiologic conditions, equilibrium is never reached and there is 

continuing influx and egress of the fluid phase to the ECM.
43

  The compressive modulus 

of articular cartilage is 0.6 MPa.
77

   

 

2.3.3 Response to Shear 

Articular cartilage responds to shear stress through its flow-independent viscoelastic 

properties:  the intermolecular friction in the collagen and proteoglycan matrix provides 

resistance to shear.  The shear forces in articular cartilage are highest at the tidemark, and 

lowest at the articular surface due to the orientation of the collagen fibrils.
45

  When 

cartilage is loaded in compression, it becomes more resistant to shear due to the increased 

packing of the collagen and proteoglycan network which produces greater frictional 

forces.
45

  The shear modulus of articular cartilage is between 0.05-0.3 MPa.
43
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2.3.4 Response to Tension 

Under tension, articular cartilage undergoes volumetric change that causes stretch of the 

collagen fibrils and  a net fluid increase within the ECM.  A stress-strain curve for 

articular cartilage is shown in figure 2.7.  There is a toe region where the collagen and 

proteoglycan network first begins stretching, then a linear portion where the collagen 

fibrils are being oriented in line with the applied tension, and finally a breaking point, 

where the bonds between the collagen triple-helices begin to break.  The tensile modulus 

of articular cartilage is between 0.5-5 MPa.
43

  The tensile modulus is highest in the 

surface zone of articular cartilage due to the organization and relatively higher amount of 

the collagen fibrils in this zone.
44 
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Figure 2.7 Stress-strain Curve for Articular Cartilage.
78

 

 

2.3.5 Necessity of Mechanical Loading in Tissue Engineering of Cartilage 

When cartilage is not loaded, the ECM rapidly loses its mechanical strength, due to 

changes in the composition of the tissue.
79

  Proteoglycan synthesis decreases,
80

 leading to 

an increase in permeability of the tissue and decrease in compression modulus, while the 

tensile and shear moduli remain relatively unchanged.
43

  Catabolic enzymes are also 

elaborated by chondrocytes, further reducing the ECM of the cartilage.  If a joint is 

immobilized, the cartilage quickly becomes atrophic.  The severity of the effects on the 

cartilage are dependent on the rigidity of the immobilization and the duration of 

immobilization.
80

  These effects are thought to be due to the loss of nutrients available for 
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building ECM since diffusion is limited by the fluid flows within the ECM, as well as 

direct effects on the chondrocytes, which respond directly to the mechanical stimuli that 

they sense through their cytoskeletons and cell membranes.
43,81

  When chondrocytes are 

loaded in compression in vitro, they increase their synthesis of proteoglycans and 

collagen, and cause remodeling of the ECM through catabolic enzymes, forming ECM 

that has better mechanical properties.
49,67,82

  Chondrocytes in the laboratory increase their 

proteoglycan and collagen synthesis when stimulated with mechanical forces, producing a 

stronger ECM.
49

  In tissue-engineered cartilage, loading the cartilage is a technique to 

deliver physiologic mechanical properties to the constructs prior to implantation. 

 

2.4 Chondrocyte Mechanotransduction 

The mechanotransduction pathway of chondrocytes, that is, the series of events that occur 

from the chondrocytes detecting that they are subject to mechanical load, to alterations in 

chondrocyte protein expression and ECM component secretion, is still in the process of 

being elucidated.  There are 4 main components to mechanotransduction:  (1) the cell 

senses the mechanical force applied to it, likely through integrins in the cell membrane 

and stretch-activated cell-membrane channels, (2) intracellular signaling transduces the 

external forces through 2
nd

 messenger systems that can activate transcription and 

translation, (3) transcription and translation of matrix proteins, proteases, growth factors, 

cytokines and other cell proteins are modulated by internal cell mechanisms, and (4) the 
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matrix proteins, proteases, growth factors and cytokines are secreted into the extracellular 

milieu.
83

   

 

Cells may “sense” mechanical force through a number of different and distinct methods.  

The most obvious methods for cellular detection of forces applied to the cell are through 

the deformation of the cell’s actin cytoskeleton and cell membrane.  Chondroctyes have a 

compressive modulus of 0.6 kPa,
84

 and as such, the compression of cartilage ECM, with a 

compressive modulus of 0.6 MPa
77

 limits the amount of compression to which individual 

cells are subject.  A special class of cell membrane proteins functions to link the 

extracellular matrix of cells to their internal cytoskeletons.  These proteins are called 

integrins, and have been found in abundance in the cell membranes of chondrocytes.  

Integrins are dimers consisting of α and β subunits, of which multiple variants of α and β 

subunits have been identified, which come together in various combinations to form 

specific integrins that have affinity for different extracellular matrix components.  For 

instance, the α5β1 integrin in chondrocytes has been shown to bind fibronectin, while the 

α2β1 integrin binds collagen type II.  These integrins have been found to activate the 

mitogen-activated protein kinase pathway, which causes changes in gene expression to 

regulate proliferation, differentiation, apoptosis and inflammation.
85,86

  Integrins can also 

form complexes with other membrane proteins to activate 2
nd

 messenger signaling 

pathways, as integrins that contain the β3 subunit have also been found to form 
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complexes with the activated P2Y2 purinoreceptor on rat chondrocytes to activate the 

MAPK pathway.
87

    

 

Another mechanism by which chondrocytes “sense” mechanical forces is through 

opening of stretch-sensitive ion channels in the cell membrane.  According to this 

mechanism, when the cell is deformed by mechanical forces, ion channels in the cell 

membrane open, causing changes to the polarization of the cell membrane, which can 

cause the opening of voltage-gated ion channels, further propagating changes to the 

polarization of the cell membrane.  When such polarization is propagated to the 

sarcolemma, the cell’s internal Ca
2+

 stores are mobilized to spill into the cytoplasm, 

causing an increase in intracellular [Ca
2+

], which then acts as a 2
nd

 messenger to effect 

changes in transcription and translation at the level of the nucleus.
88,89

  The mechanical 

force is therefore transduced into a biochemical signal in this manner.   

 

Mechanical force can also be transduced through the release of cytokines and other 

substances from chondrocytes that act in an autocrine/paracrine manner on chondrocytes.  

When mechanically stimulated, chondrocytes have been shown to release substance P and 

interleukin-4 which upregulates aggrecan mRNA and downregulates matrix 

metalloproteinase 3 mRNA.
95

  Chondrocytes have also been shown to release adenosine 

triphosphate (ATP) when mechanically stimulated,
47,91

 and ATP has been found to 

increase matrix protein synthesis.
39

  This will be discussed in further detail in section 2.5. 
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Mechanical forces may also be detected by chondrocytes based on various other 

secondary means – through changes in the pH of the local environment, through 

streaming potentials, and changes in the osmolarity of the extracellular fluid.
90

  Through 

these many primary and secondary means of the chondrocytes sensing changes in their 

local environments, the mechanical forces borne by the articular cartilage are transduced 

into changes in the proliferation and protein expression of chondrocytes, leading to matrix 

turnover.  The process of chondrocyte mechanotransduction is currently not well 

understood; however, it is likely that all of these methods are used in concert to fine-tune 

the chondrocytes’ matrix metabolism.      

 

2.5 Adenosine Triphosphate (ATP) 

Adenosine 5’-triphosphate (ATP) is a ubiquitous nucleotide that acts as the energy 

currency within many cells.
91

  It also is one of the building blocks of messenger 

ribonucleic acid, is involved in protein synthesis in cells, and once the ribose is converted 

to deoxyribose, it is one of the building blocks of deoxyribonucleic acid (DNA), which 

makes up the genetic material of all living things.  More recently, ATP has been found to 

play a role in intercellular signaling of the central nervous system,
104

 as well as having 

been posited to play a role in the mechanotransduction pathway of chondrocytes.
40,47 
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2.5.1 Structure 

ATP is composed of an adenine (purine) ring attached to the 1’ position of a ribose ring, 

with three phosphate groups attached to the 5’ position of the ribose.
92

  The molecular 

structure of ATP is shown in figure 2.8.  The three phosphate groups are attached by what 

are considered “high-energy” bonds because they are easily hydrolyzed, resulting in a 

decrease in Gibb’s free energy that the cell can then harness to  do work.
92 

 

Figure 2.8  The Structure of Adenosine 5’-Triphosphate.
93 

 

2.5.2 Role in Mechanotransduction 

Chondrocytes have been shown to release ATP during mechanical stimulation,
47,94

  which 

has been postulated to result in intracellular Ca
2+

 signaling through an autocrine/paracrine 

effect on chondrocytes
95

, mediated by purinorecptors, which suppresses inflammatory 

mediators and stimulates proteoglycan synthesis in chondrocytes.
96

 The increase in 

intracellular Ca
2+

 in response to ATP has been shown to be independent of extracellular 
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Ca
2+

 concentration and to come from the intracellular stores of Ca
2+

, thus is likely to be 

acting through P2Y receptors on the cell surface membranes, which mobilize intracellular 

Ca
2+

 stores through a second messenger system.
97

  P2X receptors have also been 

implicated in the response of chondrocytes to mechanical stimulation, through the 

membrane hyperpolarization response seen in response to mechanical stimulus.
47

  The 

mechanical signal is translated into the chemical signal of ATP release through the actin 

cytoskeleton and cell membrane integrins which mediate ATP release by the cells.
47

  The 

role of ATP in chondrocyte mechanotransduction is shown in figure 2.9. 

 

2.5.3 ATP Release from Cells 

How ATP is released from the cells in response to mechanical stimulation is currently 

under debate.  There are 3 main methods of ATP release that have been proposed:  

hemichannels, anion channels, and exocytosis of ATP-filled vesicles.
40

  These methods 

are illustrated in figure 2.9.  ATP  is present in the cytoplasm at a concentration of 

approximately 5 mM.
87

  ATP has been proposed to be released from chondrocytes via 

Connexin 43 hemichannels, through interactions with the cell’s actin cytoskeleton, 

potentially located on the primary cilium.
98

  A study by Knight et al. confirmed Connexin 

43 hemichannels were present in the cytoplasm of bovine chondrocytes, and in 

approximately 50% of the observed primary cilia.  Connexin 43 hemichannels were also 

found in human chondrocytes, but exclusively in the superficial region of the cartilage.
98

  

ATP has been found to be released by chondrocytes into culture media at a concentration 
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of 4 nM (resting) to 5.5 nM (after mechanical stimulation at 0.33 Hz pressure-induced 

strain).
47

  Other studies have measured resting ATP release in human chondrocytes to be 

in the sub-nanomolar range.
100

  In porcine chondrocytes in agarose culture, resting ATP 

concentration in the culture media was measured at 0.25 nM, and increasing to 4-5 nM 

with mechanical stimulation.
99

 In porcine chondrocytes in pellet cultures, resting ATP 

concentration in the culture media was measured at 2-4 nM, and increasing to 24 nM with 

mechanical stimulation.
94

  The concentration of ATP elaborated by the cell was 

determined to be dependent on the amount of load compressing the chondrocyte construct 

and was determined to become desensitized to further load with cyclic compression after 

5 min, with return to baseline ATP levels by 60 minutes, despite continued load cycling, 

and only a small increase in the ATP released by a higher load introduced after 60 

minutes of active cycling.
94 

 

2.5.4 ATP Use and Uptake by Cells 

ATP is not membrane permeable, and therefore cells must respond to ATP via cell 

surface receptors.  There are several classes of receptors that bind ATP, as well as its 

derivatives, adenosine and phosphate.  Once ATP is bound to a receptor, various changes 

in the cell’s biochemistry ensue.  ATP has been found to cause hyperpolarization of 

chondrocyte cell membranes in normal cartilage, and depolarization in osteoarthritic 

cartilage.
100

  ATP has also been shown to increase [Ca
2+

] in cells that were mechanically 

stimulated, and stimulated by ATP.
101,102

  ATP half-life in the culture media of bovine 
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articular chondrocyte explants has been measured at 3 hrs
103

 and 3.2 hrs
104

 for bovine 

chondrocytes in pellet cultures. Articular chondrocytes express ectoenzymes, including 

nucleotide triphosphate pyrophosphohydrolase (NTPPPH), that degrade ATP to AMP and 

inorganic pyrophosphate, which maintains low levels of extracellular ATP in the cellular 

environment.
94

 NTPPPH was found to hydrolyze extracellular ATP that was elaborated 

due to mechanical stimulation of chondrocytes in culture within 30-60 minutes, regardless 

of the peak concentration of ATP elaborated.
94

  Tenocytes have been found to release 

ATP in response to mechanical stimulation and to upregulate ecto-ATPases in response to 

mechanical stimulation simultaneously.
105

  This allows the ATP signal to be hydrolyzed 

quickly, and to thus modulate the response of the cells to ATP, through modulation of the 

ATP half-life.  The intracellular Ca
2+

 transients observed in cells in response to 

mechanical stimulation or to exogenous ATP have been shown to be heterogenous within 

the chondrocyte population,
95,97,101

 which may be due to differences in purinoreceptor 

expression amongst chondrocytes or due to differences in expression of downstream 

elements of the intracellular signaling cascade of the purinoreceptors.
40 
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Figure 2.9  Schematic representation of the mechanosensitive Ca2+ signaling pathway 

involving mechanically activated release of cellular ATP which binds to P2 receptors and 

activates intracellular Ca
2+

 transients.
101 

   

2.5.5 Purinoreceptors 

Purinoreceptors are cell surface proteins that recognize and bind ATP, ADP or adenosine 

and translate this binding into information the cell can use to alter its state.   
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2.5.5.1 P1 receptors 

P1 receptors are most strongly activated by adenosine (order of affinity:  Adenosine > 

AMP > ADP > ATP)
106

.  They are G protein-coupled receptors, and are characterized as 

A1, A2a, A2b and A3 subtypes.  Methylxanthines are classic antagonists to these 

receptors, with the exception of the A3 receptors.  P1 receptors activate protein kinases 

through a cyclic AMP 2
nd

 messenger. Adenosine’s effects are often antagonistic or 

synergistic to the effects of ATP.  These receptors have been identified in the brain, heart, 

kidney, gastrointestinal system and testis.  Messenger RNA from P1 receptors have been 

found to be expressed by chondrocytes.
107

  Currently, the function of these P1 receptors 

on chondrocytes is unknown. 

 

2.5.5.2 P2 receptors 

ATP receptors are P2 purinoreceptors.  Their order of affinity is ATP ≥ ADP.  They are 

categorized as P2X, ligand-gated receptors, and P2Y, G-protein-coupled receptors.  Both 

of these classes of receptors are antagonized by suramin, a chemical that also antagonizes 

the effect of several growth factors as well as several enzymes, including 5’-nucleotidase, 

which makes it unattractive as a method of discriminating between the effects of P2X and 

P2Y receptors
108

. 

P2X ionotropic purinoreceptors are ligand-gated Na
+
, K

+
 and Ca

2+
-permeable ion 

channels that open when bound to an extracellular ATP or ADP.  This causes a 
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depolarization or hyperpolarization of the cell membrane, which can potentiate further 

cell signaling.  There are several subtypes that have been identified (P2X1-P2X7). 

Pyridoxalphosphate-6-azophenyl-2’,4’-disulfonic acid (PPADS) is an antagonist to these 

receptors in nM concentrations.  αβ-methylene ATP is a potent and selective P2X 

receptor agonist.  Receptors P2X1, P2X2, P2X3, P2X4 and P2X7 have been found on 

human articular chondrocytes.
98,109

  The P2X receptors have been shown to effect release 

of the inflammatory mediators nitric oxide and prostaglandin E2 by chondrocytes.
2 

P2Y purinoreceptors are G protein-coupled, and exert their effects mainly through the 

inositol phosphate pathway, raising intracellular Ca
2+

 levels or through a cyclic AMP 

second messenger.  There are many subtypes identified (P2Y1-P2Y15) in many different 

tissue types.  P2Y receptors are selectively agonized by 8-(6-aminohexylamino)ATP.
110

 

2-MethylthioADP is a potent agonist of mammalian P2Y1 receptors.  P2Y1 and P2Y2 

receptors have been found on human chondrocytes.
98,107

  P2Y2 receptors were found only 

in the superficial zone of cartilage.
98

   

 

2.6 Effects of Exogenous ATP on Chondrocytes 

Exogenous ATP has anabolic effects on articular chondrocytes, resulting in increased 

proteoglycan and hydroxyproline incorporation in bovine chondrocytes at concentrations 

of 62.5 µM, 250 µM and 500 µM.
104,111

  It has also been found at a concentration of 100 

µM to increase prostaglandin E2 release from chondrocytes, an effect which is synergized 
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by the addition of bradykinin at 100 nM through a P2Y receptor pathway.
107

  Exogenous 

ATP has also been shown to increase nitric oxide and prostaglandin E2 release by 

chondrocytes through a P2X receptor-mediated pathway, which could be synergized by 

adding interleukin 1β.
96

  ATP at a concentration of 100 µM has also been shown to 

increase human articular chondrocytes’ intracellular Ca
2+

 concentration from a base level 

of 14-215 nM to maximal values of 29-267 nM, with large variability in the magnitude of 

responses seen between individuals.
112

  This study also described desensitization of the 

chondrocytes to ATP or UTP, and postulated that the increase in intracellular Ca
2+

 was 

due to activation of the P2Y2 receptor.
112

   Several of the responses of chondrocytes to 

exogenous ATP are the same as the chondrocytes’ responses to mechanical stimulation 

(increased intracellular Ca
2+

 from intracellular Ca
2+

 stores and increased proteoglycan and 

collagen synthesis as a result), and are abolished by the addition of purinoreceptor 

antagonists, thus it is conceivable that ATP is indeed an important mediator of 

mechanotransduction that can be used for tissue engineering applications as a substitute 

for direct mechanical stimulation of the cells in culture.  One element that makes the 

comparisons difficult is that different concentrations of ATP have been used in different 

studies to determine the effects of ATP, which are likely to be different at various 

concentrations over several orders of magnitude.  As well, the effects of ATP are 

described in different animal models (bovine and human) which may have different dose-

effect relationships of the ATP to the chondrocytes from different species.  
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Chapter 3 

Materials and Methods 

 

3.1 Patient Selection 

Patients were recruited for the study at the time of elective total hip or knee or resurfacing 

hip arthroplasty.  Informed consent was obtained from the patients.  (Informed consent 

form is included as Appendix A.)  The research protocol was approved by the Queen’s 

University Research Ethics Board (SURG-187-08).  Patient inclusion criteria included:  

the ability to provide informed consent, a diagnosis of osteoarthritis or posttraumatic 

arthritis, radiographic evidence of preserved cartilage in at least one area of the joint, no 

history of infection in the involved joint, age over 18.  After the initial pellet cultures 

described in section 3.3.2 were performed, the inclusion age range was limited to 18-70 

years due to an observed lag in ECM accumulation in patients older than 70 compared to 

patients younger than 70.  Patients were excluded if they were unable or unwilling to 

provide informed consent for their participation in the study, if they were under 18 years 

old (and after the initial cultures, if they were over 70 years old), if they had a diagnosis 

of rheumatoid or other inflammatory arthritis, if they had a current or prior infection of 

the joint in question, or if the joint did not have enough morphologically normal-

appearing cartilage to be sampled.  The patients were asked for some demographic data 
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(age, sex, type of arthritis, joint involved), as well as information on their other medical 

comorbidities and medications.  The patient questionnaire is presented in Appendix B. 

 

3.2 Cartilage Sampling 

Once patients were recruited to the study, they underwent the usual preoperative scrub 

and draping routine.  The surgeons opened the joints in the usual manner and assessed the 

appearance of the cartilage.  The cartilage was assessed using the International Cartilage 

Research Society (ICRS) ’s cartilage scoring system (presented in Appendix C) and areas 

with ICRS Grade 0 or Grade 1 cartilage, defined as being undamaged or minimally 

damaged, were then biopsied using a sharp scalpel to dissect the cartilage from the 

underlying bone.  This is illustrated in figure 3.1.  The cartilage biopsies averaged 2 cm x 

1 cm x 2 mm and were placed in a sterile specimen container with sterile normal saline 

and transported to the laboratory.  The surgery was performed in the usual manner with 

no other deviations from the surgeons’ usual protocols.  No tissue was removed for this 

study that would not have been removed in the course of the usual surgical procedures. 
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Figure 3.1  Cartilage that shows end-stage degenerative disease of the medial compartment 

(shown on the medial femoral condyle), with macroscopically normal cartilage on the lateral 

aspect of the trochlea.  Note that the lateral side of the joint is not normal in appearance and 

osteophytes are seen.  In such a case, macroscopically normally-appearing cartilage would 

have been sampled from the lateral side as indicated.
113

   

 

 

3.3 Cartilage Tissue Culture 

3.3.1 Cell Isolation 

The cartilage samples were digested by incubating them at 37
o
C with 95% relative 

humidity and 5% CO2 for 60 minutes in 1X trypsin (Sigma- Aldrich, Oakville, ON) made 

up with 50% DMEM/50% F12 (Mediatech, Inc., Manassas, VA) supplemented with 5% 
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fetal bovine serum (FBS, Sigma-Aldrich) and an antibiotic/antimycotic solution 

containing 100 Units/mL penicillin, 100 μg/mL streptomycin and 0.25 μg/mL 

amphotericin B (Sigma-Aldrich).     The cartilage samples were then centrifuged at 300 x 

g for 6 minutes with no brake, the supernatant was discarded and the cartilage samples 

were then resuspended in 0.15% (w/v) collagenase A (Roche Diagnostics Canada, Laval, 

QC) in 50% DMEM/50% F12 (Mediatech, Inc.) supplemented with 5% FBS and the 

antibiotic/antimycotic solution and incubated on a shaking plate at 37
o
C with 95% 

relative humidity and 5% CO2 until completely digested, a process that was typically 

accomplished in 36-48 hours.  The cell suspension was passed through a 200 mesh filter 

(Sigma Aldrich) to remove any debris or undigested cartilage, then centrifuged at 300 x g 

for 6 minutes with no brake, the supernatant discarded, and the cell pellet washed twice 

with sterile phosphate buffered saline (PBS) and counted using trypan blue (Sigma-

Aldrich) in a 1:1 dilution on a haemocytometer.  Cell viability was also assessed at this 

stage using the trypan blue exclusion test.
114

 

 

3.3.2 High Density 3D Culture - Pellet Cultures 

To determine the appropriate media and culture conditions to support the human cartilage 

tissue growth in vitro, several different cultures were performed.  Initial cultures were 

performed using pellet culture – high cell density cultures.  The cartilage samples were 

obtained, harvested and digested as described in sections 3.1-3.3.1, then the chondrocytes 

were resuspended in PBS such that the cell density in the suspension would be 2,000,000 
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cells/mL.  The cell suspension was well mixed and then 1mL of cell suspension 

(2,000,000 cells) was placed into hydrophobic conical tubes (Becton Dickinson, Franklin 

Lakes, NJ).  The tubes were centrifuged at 300 x g for 6 minutes with no brake, then the 

supernatant discarded and media was added very carefully, so as to not disturb the pellet.  

The different media used are detailed in section 3.3.4.  The pellets were cultured for 48 

hrs, then dislodged from the tubes by tapping on the conical bottom.  The pellets were 

then cultured in separate wells of a 12 well culture plate (Becton Dickinson), with media 

and ascorbic acid changed every 48 hours.  Cultures were maintained for 4-6 weeks prior 

to tissue harvest (section 3.5.1) and analysis (sections 3.4-3.5). 

 

3.3.3 High Density 3D Culture – Agarose Scaffold Cultures 

As the pellet cultures were very small and difficult to work with, the culture system was 

changed to a 3D culture using an agarose scaffold.  A mould was fashioned in the 

machine shop of the Department of Mechanical and Materials Engineering at Queen’s 

University.  The mould consisted of 2 opposing plates of polytetrafluoroethylene (PTFE), 

1 of which had several holes cut into it, and the other having complementary pegs, such 

that the volume of the holes with the pegs in place was equal to 50µL or 25µL, as shown 

in figure 3.2.  The cartilage was obtained and digested as described in sections 3.1-3.3.1, 

then the cells were resuspended at a density of 40,000,000 cells/mL of media.  Agarose 

VII (Sigma Aldrich) was weighed, then autoclaved in a glass vial.  The agarose was then 

added to 10mL of media and boiled for 10 minutes on a hotplate in the tissue culture hood 
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with constant stirring.  The agarose was then cooled to 60
o
C and an equal volume of 

agarose solution was added to the cell suspension to yield a 2% w/v agarose gel.  The cell 

suspension was well-mixed and pipetted through a pipette tip that had been cut to 

accommodate the more viscous fluid into the various holes of the mould, then the excess 

liquid removed from the top of the mould, which was then cooled for 20 minutes at room 

temperature, to create scaffolds containing 1,000,000 cells or 500,000 cells respectively.  

The cells in agarose scaffolds were placed in standard 24 well culture dishes (Becton 

Dickinson), with 50%DMEM, 50%F12 media supplemented with antibiotics/antimycotic, 

20% FBS and 100 µg/mL ascorbic acid.  The chondrocytes were cultured at 37
o
C, 5% 

CO2 and 95% relative humidity.  The media and ascorbic acid were changed every 48 

hours.  Length of culture period was 2 weeks prior to ATP supplementation.   

 

Figure 3.2  A mould constructed of PTFE for creating agarose/cell constructs for culture. 
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3.3.4 Effects of Different Media on the Cultures 

In order to determine which media would be the most effective for culture of the human 

chondrocytes from elderly, osteoarthritic patients, the pellet cultures described in section 

3.3.2 were treated with 3 different media formulations to determine which would be most 

effective in culturing these cells:  (1) 50%DMEM, 50% F12 supplemented with 

antibiotic/antimycotic mixture, 100 µg/mL ascorbic acid and 1X Insulin Transferrin 

Selenium (ITS+1, Sigma-Aldrich, Contains:  1.0 mg/mL insulin from bovine pancreas, 

0.55 mg/mL human transferrin – substantially iron-free – 0.5 µg/mL sodium selenite, 50 

mg/mL bovine serum albumin and 470 µg/mL linoleic acid), 10 ng/mL Transforming 

Growth Factor β (TGFβ, Sigma-Aldrich), 10
-7

 M dexamethasone (Sigma-Aldrich), (2) 

50%DMEM, 50% F12 supplemented with antibiotic/antimycotic mixture, 100 µg/mL 

ascorbic acid and 10% FBS, or (3) 50%DMEM, 50% F12 supplemented with 

antibiotic/antimycotic mixture, 100 µg/mL ascorbic acid and 20% FBS.  The cultures 

were carried out for 6 weeks, with media changes every 48-72 hrs with ascorbic acid 

added fresh with each culture change then harvested as described in section 3.4.1 with 

ECM accumulation determined as outlined in sections 3.4.4.1-3.4.4.3. 

 

3.3.5 Adenosine Triphosphate (ATP) Supplementation 

ATP was added to the chondrocyte cultures to determine its effect on ECM synthesis.  

Adenosine 5’ triphosphate (Sigma Aldrich) was made into a stock solution with a 
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concentration of 200 mM ATP in deionized, distilled water.  The stock solution was 

sterile filtered through a 0.2 µm acrodisc syringe filter (Pall Life Sciences, East Hills, 

NY).  This sterile stock solution was made fresh for each supplementation.  The stock 

solution was serially diluted with sterile media to make stock solutions with 

concentrations of 200 mM, 20 mM, 2 mM, 0.2 mM, 0.02 mM, 0.01 mM.  Five microlitres 

of ATP stock solutions were added to cultures to yield concentrations of 1 mM, 100 µM, 

10 µM, 1 µM, 100 nM and 50 nM respectively.  Control wells received 5 µL of sterile 

media instead of ATP solution. 

 

3.3.6 Optimization of ATP Dose 

In order to determine the most effective dosage of ATP with which to supplement the 

cultures in order to best improve ECM synthesis, initial cultures were performed with 

exogenous ATP supplements of 0, 100 nM, 1 µM, 10 µM, 100 µM and 1 mM.  After this 

experiment, the cultures were refined to concentrations of 0, 50 nM, 100 nM, 1 µM as 

100 nM and 1 µM showed the highest elevation in ECM synthesis as described in section 

3.5.  A dose of 50 nM was also tried to ensure that the lowest effective dose was captured 

in our experiments. 
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3.3.7 Radioisotope Supplementation 

To determine the chondrocyte response to exogenous ATP, ATP was added to the 

cultures in the presence of [
35

S] to act as a marker of glycosaminoglycan production, and 

[
3
H]-proline as a marker of collagen production.  Four microCuries of each isotope was 

added to the cultures in 1 mL of fresh media, with fresh ascorbic acid and various 

concentrations of ATP.  The constructs were cultured for 24 hrs at 37
o
C and 95% relative 

humidiy and 5% CO2, the media was then discarded, and the constructs were blotted and 

harvested in papain as described in section 3.4.1 and isotopes counted as described in 

section 3.6. 

 

3.4 Biochemical Evaluation of Cultured Constructs 

3.4.1 Tissue Harvest 

At the end of the defined culture period, the media was removed from the culture plates 

containing the cultured constructs (either pellet cultures or agarose scaffold cultures as 

described in sections 3.3.2 – 3.3.3).  The constructs were rinsed 3 times with sterile PBS, 

then blotted dry with drying paper and placed in 0.5 mL microcentrifuge tubes. 

 

3.4.2 Tissue Wet Weights 

  The weights of the cultured pellet constructs were determined using a model P-114 

balance (Denver Instrument, Denver, CO, 0.1 mg resolution).  Wet weight was 
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determined as the difference between the weight of the microcentrifuge tube and the 

weight of the tube containing the construct.  Unfortunately, the balance was not accurate 

enough to determine the weights of these very small pellets. 

 

3.4.3 Digestion of Cultured Constructs 

Digestion of the cultured constructs was performed by incubating the construct in 40 

µg/mL papain (Sigma Aldrich) in 20mM ammonium acetate, 1mM 

ethylenediaminetetraacetic acid and 2mM dithiothreitol (Sigma-Aldrich) for 72 hours at 

65
o
C. 

 

3.5 ECM Accumulation 

The total amount of proteoglycans and collagen accumulated in the constructs were 

determined by standard biochemical assays for glycosaminoglycans and hydroxyproline 

respectively.  The amount of DNA in the constructs was likewise determined by a 

standard DNA assay in order to more accurately determine the number of cells that 

elaborated the matrix.  The proteoglycan and collagen content of the constructs was then 

normalized to the DNA content of the construct to compare the ECM elaboration more 

accurately and remove the error associated with discrepancies in cellular content per 

construct. 
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3.5.1 Assay of DNA content 

DNA content of the cartilage construct digests were determined using the Hoechst 33258 

(Sigma-Aldrich) dye binding assay and fluorometry, with an excitation wavelength of 350 

nm and an emission wavelength of 450 nm.
115

 Standard curves were generated using calf 

thymus DNA (Sigma-Aldrich). This assay was performed in black 96-well fluorescence 

plates (VWR International, Mississauga, ON). All standards and samples were measured 

in triplicate. 

 

3.5.2 Glycosaminoglycan (GAG) Assay 

Proteoglycan content of the cartilage construct digests were determined by measuring the 

sulphated glycosaminoglycan content using the dimethylmethylene blue dye 

(Polysciences, Warrington, PA, USA) binding assay and spectrophometry with 

absorbance measured at 525nm.
116,117

  Standard curves were generated using bovine 

cartilage chondroitin sulphate A (Sigma-Aldrich).  The assay was performed in standard 

96-well assay plates (VWR International). All standards and samples were measured in 

triplicate. 

 

3.5.3 Hydroxyproline Assay 

The accumulated collagen content of the cartilage construct digests were determined by 

assuming hydroxyproline content accounted for 10% of the total collagen mass.
118

  The 
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hydroxyproline content was then measured using the chloramine-T/Ehrlich’s reagent 

assay and spectrophotometry.
119

   Aliquots of the papain digest from section 3.5.1 were 

hydrolyzed in 6 N HCl for 18 hours on a heating block at 110°C. Samples were 

neutralized with an equal amount of 5.7 N NaOH and then diluted with distilled water. 

Aliquots of the hydrolysate were then treated with chloramine-T and Ehrlich’s reagent 

(Sigma-Aldrich) and the absorbance of the sample was measured at 560 nm. Standard 

curves were generated using L-hydroxyproline (Sigma-Aldrich. This assay was 

performed in standard 96-well assay plates (VWR International). All standards and 

samples were measured in triplicate. 

 

3.6 ECM Synthesis 

In order to determine how ATP affects the synthesis of ECM, [
3
H]-proline and [

35
S] were 

added to the cultures to mark synthesis of collagen
141

 and sulphated proteoglycans
142

 

respectively.  The radioisotope supplementation of the cultures is described in section 

3.3.7. 

 

3.6.1 Radioisotope Incorporation 

 After tissue harvest and digestion in papain as described in 3.4.3, aliquots of the digest 

were then placed in scintillation tubes.  Five millilitres of scintillation fluid were added, 

and the samples underwent β-liquid scintillation counting (Beckman Coulter, 
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Mississauga, ON).  The DNA content of the constructs was then determined in aliquots of 

the digest using the Hoechst 33258 dye binding assay and fluorometry as described in 

section 3.4.4.1.  The isotope counts were then normalized to the DNA content of the 

construct to minimize the discrepancy in cellular content between constructs.  

 

3.7 Basal ATP Release by Chondrocytes in Culture 

Since ATP is known to be released from chondrocytes in culture both in the resting state, 

and with mechanical stimulation
120,121

 the basal ATP released by the cultured 

chondrocytes was measured to determine if the ATP released by chondrocytes was 

different depending on whether they responded positively to exogenous ATP or not.  The 

serum concentration supplemented to the chondrocytes in 3D agarose scaffold cultures 

(section 3.3.3) was first reduced from 20% to 1% over a 48 hr period in order to not bind 

the luciferase in the assay, and thus not affect the assay results.  After an 18 hour culture 

period in 1% FBS media, aliquots of media were taken and the ATP concentration 

determined using the Adenosine 5’-Triphosphate Bioluminescent Assay Kit (Sigma 

Aldrich), according to the manufacturer’s directions.  Briefly, 100 µL of media from each 

sample culture well were added to the wells of a white 96-well culture plate (Beckton 

Dickinson).  One hundred microlitres of FLAAM reagent (Sigma Aldrich, containing:  

luciferase, luciferin, MgSO4, DTT, EDTA, BSA and tricine buffer salts) were then 

injected into each well and measured with a 10s integration by a Tropix TR717 

Luminometer with WinGlow software (both Applied Biosystems, Bedford, MA).  A 



 

54 

 

standard curve was generated using adenosine 5’triphosphate disodium salt hydrate ATP 

standard (Sigma Aldrich) from 10
-12

-10
-6

 M ATP in media with a well containing media 

only used as control. 

 

3.8 Luminometry to Determine Rate of ATP Degradation within Culture Media of 

Chondrocytes 

In order to determine if the chondrocytes that did not respond to the exogenous ATP 

degraded the exogenous ATP at a higher rate than those cells that did respond positively 

to the addition of exogenous ATP, the rate of exogenous ATP elimination in the culture 

media was performed.  The ATP-lite assay (PerkinElmer) was used according to the 

manufacturer’s directions to determine the background level of ATP in the media as well 

as the ATP concentration in the media following an initial injection of 1μM ATP into the 

culture medium over a 6-hour period:  at t = 0, 10, 20, 30, 45, 60, 90, 120, 150, 180, 210, 

240, 300, 360 min.  Briefly, chondrocytes in agarose constructs (section 3.3.3) were 

cultured in individual wells of a new 24-well culture plate with 2100 L fresh media 

(50%DMEM, 50%F12 with antibiotic/antimycotic and 1% FBS) added.   A 0.4 mM stock 

solution of ATP (Sigma Aldrich) was made, and after obtaining a control sample from 

each well of 100 µL, 5µL of ATP stock solution was added to each well.  At the time 

periods described above, further 100 µL samples were taken from each well.  The aliquots 

of media were placed into a white 96-well assay plate (Beckton Dickinson) and 50 µL of 
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the Mammalian Cell Lysis Buffer (Sigma Aldrich were added).  The plate was then 

covered and shaken at 700 rpm for 5 minutes then 50 µL of the Substrate Solution (Sigma 

Aldrich, contains luciferase/luciferin) was added to each well, and the plate was again 

shaken in the dark at 700 rpm for 5 minutes.  The plate was then allowed to dark 

equilibrate for 10 minutes and was read on a microplate multireader on the luminescence 

setting.  A standard curve was performed using adenosine 5’triphosphate (Sigma Aldrich) 

from 10
-11

-10
-5

 M.  The ATP concentrations in each well were then graphed as ATP 

concentration versus time, and elimination rate constants for different patients’ 

chondrocytes was determined by fitting the equation for first order elimination to the 

observed elimination: 

    [ATP] = [ATP]0e
-kt

             (1) 

Where [ATP] is the concentration of ATP at the elapsed time t, 

[ATP]0 is the initial concentration of ATP,  and k is the elimination rate constant.  The 

curves were fit using MS Excel, using the least squares method and Solver tool to 

minimize the squares of the differences between the observed curve and that expected 

from the curve fitting approach. 
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3.9 Flow Cytometry to Determine the Presence of P2Y1 and P2Y2 Receptors on the 

Chondrocyte Cell Surface 

To determine the frequencies of P2Y1 and P2Y2 purinoreceptors on the surfaces of 

chondrocytes obtained from the elderly osteoarthritic patients, flow cytometry was used.  

This technology uses primary antibodies to mark surface proteins on cells, then uses 

secondary antibodies to the primary antibodies to add a fluorescent tag to the specified 

protein.  A flow cytometer is then used to pass the cells in a thin stream of fluid such that 

the cells pass in individual file, with a laser that passes monochromatic light through the 

stream of cells, and a detector then determines the fluorescence of each individual cell.  

The number of cells within a certain cell population that are tagged with the fluorescent 

marker can then be determined.  This technique is a highly sensitive means of identifying 

cells with specific surface proteins.
122

 

 

3.9.1 Antibodies Used 

The following primary antibodies were used:  mouse monoclonal anti-connexin 43, rabbit 

polyclonal anti-P2Y1, goat polyclonal anti-P2Y2.  The following secondary antibodies 

were used:  donkey anti-mouse IgG1 FITC, donkey anti-rabbit IgG PE, donkey anti-goat 

IgG PE-Cy5.  Isotype controls included:  mouse IgG1, goat IgG, rabbit IgG.  All 

antibodies were obtained from Santa Cruz Biotech, Santa Cruz, CA.   
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3.9.2 Determination of P2Y1 and P2Y2 Receptor Frequencies 

After chondrocyte isolation as described in section 3.3.1, cells were resuspended at 

2,000,000 cells/mL, with 500,000 cells/tube deposited into 5mL round bottomed tubes 

(Becton Dickinson).  They were washed with PBS and were incubated with primary 

antibody or appropriate isotype controls for 1hr at 4
o
C, followed by incubation with 

secondary antibodies in the dark for 40min at 4
o
C.  The cells were then suspended in 1% 

paraformaldehyde and kept in the dark at 4
o
C prior to cell counting on an EPICS Altra 

HSS flow cytometer (Beckman Coulter, Fullerton, CA) by Mr. Matt Gordon at the Flow 

Cytometry Laboratory, the Cancer Research Institute, Queen’s University.  The data 

obtained were then analyzed using Expo32 (Beckman Coulter), with gating performed 

based on the negative isotype controls and positive single-fluorochrome stained controls. 

 

3.10 Statistical Analysis 

All biochemical analyses were performed in triplicate with results reported as mean ± 

standard error of the mean (SEM).  Normalized proteoglycan/DNA and collagen/DNA 

results for the ATP stimulation were compared with a single-tailed paired Student’s t-test; 

R
2
 and linear correlation was performed in MS Excel.  Pearson Correlation and Student’s 

t-test were performed in SigmaPlot 11.0. 
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Chapter 4 

Results 

 

4.1 Patient Demographics 

There were 34 patients recruited for these experiments.  A flow chart of the patients 

recruited and their cells’ use in the various experiments is shown in figure 4.1.  There 

were 22 patients whose cells were cultured to determine the effects of adding various 

concentrations of ATP to chondrocytes in 3D agarose culture.  The demographics of these 

22 patients are summarized in table 4.3.  Twelve men and ten women were recruited, with 

a mean age of 60 years.  Most of the cartilage biopsies were taken from knees (16/22), 

since the pattern of osteoarthritis in knees usually begins in one compartment of the knee, 

and progressively involves the other 2 compartments as the disease evolves, leaving some 

cartilage relatively spared and ideal for this study.  The cartilage taken from hips (6/22) 

was biopsied at the time of resurfacing arthroplasty as these patients were younger than 

the average arthroplasty patient and had areas of cartilage sparing, allowing for biopsies 

of morphologically normal cartilage.  All of the patients had multiple medical 

comorbidities and were on multiple medications, and this study is underpowered to 

examine the effects that these may or may not have had on the chondrocyte synthetic 

response to exogenous ATP.   
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Figure 4.1  Flowchart of How Various Patients' Cells Were Used in these Experiments. 

 

 

Table 4. 1  Summary of Patient Demographics (N = 22). 

Mean Age (yrs) Sex Distribution Mean BMI 

(kg/m
2
) 

Joint sampled Surgical Side 

60 ± 2 55% male 

45% female 

34 ± 2 73% knees 

27 % hips 

50% right side 

50% left side 
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4.2 Average Cell Yield 

The average cell yield was 10.7 ± 2.2 million cells per patient (N = 34 patients) for a 

biopsy of approximately 2 cm x 1.5 cm in circumference and 1 mm in depth (section 3.2).  

There was large individual variation in the cellularity of the tissue, with a range of 1.3 

million cells to 28 million cells. 

 

4.3 Pellet Culture Growth in 3 Different Media 

Human chondrocytes were cultured in pellet culture in 3 different media formulations in 

order to determine the optimal culture conditions for the cells (sections 3.3.2 and 3.3.4).  

These media consisted of 50%DMEM/50%F12 with supplements of (1) 10% FBS, 

antibiotic/antimycotic supplement, 100 µg/mL ascorbic acid (2) 20% FBS, 

antibiotic/antimycotic supplement, 100 µg/mL ascorbic acid, and (3) ITS+1, 50 nM 

dexamethasone, 100µM TGF-β, antibiotic/antimycotic supplement, 100 µg/mL ascorbic 

acid.  These experiments did indicate that human chondrocytes in high density pellet 

culture remained viable in all 3 media formulations.  The pellet culture experiments 

yielded unreliable results as the pellets were very small and difficult to handle.  This 

meant that the pellets could not be accurately weighed due to their size.  It also meant that 

the papain digest from the pellets (section 3.4.3) had to be used in its entirety to obtain 

DNA, collagen and hydroxyproline content of the pellets.  The hydroxyproline assay 

(section 3.5.3), in particular, was very difficult to obtain accurate results for, as much of 

the sample was lost in transferring it to the glass tubes for the oxidation step and back.  
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The assayed hydroxyproline contents of the pellets were very low and thought to be 

unreliable due to the loss of sample volume during the hydroxyproline assay.  The GAG 

content was much more easily assayed (section 3.5.2), and the GAG/DNA ratios for the 

pellets were calculated and normalized to the GAG/DNA ratio of the pellets grown in 

media supplemented by 10% FBS, as this is the most commonly used media in the 

literature.  The normalized GAG/DNA ratios are displayed in figure 4.2.  GAG content 

was highest in the media supplemented with 20% FBS and lowest in the serum-free 

media, with no significant differences detected between groups (N = 6, P = 0.22).  The 

decision was thus made to use media consisting of 50%DMEM/50%F12 with 20%FBS, 

antibiotics/antimycotics, 100 µg/mL ascorbic acid for further experiments. 
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Figure 4.2  Normalized GAG/DNA ratios for human chondrocytes grown in pellet cultures 

for 6 weeks in 3 different media :  (1) Serum-free media, containing 50%DMEM/50%F12 

with ITS+1, 50 nM dexamethasone, 100µM TGF-β, antibiotic/antimycotic supplement, 100 

µg/mL ascorbic acid, (2) 50%DMEM/50%F12 with 10% FBS, antibiotic/antimycotic 

supplement, 100 µg/mL ascorbic acid, (3) 50%DMEM/50%F12 with 20% FBS, 

antibiotic/antimycotic supplement, 100 µg/mL ascorbic acid.  N=6, error bars display mean 

± SEM. 

 

4.4 Response of Chondrocytes in 3D Agarose Scaffolds to Exogenous ATP 

Because of the difficulties inherent in the pellet cultures used for the media studies, it was 

therefore determined that working with the chondrocytes in a scaffold (section 3.3.3) 
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would be an easier method of culturing the cells.  As well, determining the synthesis of 

collagen and hydroxyproline through radioisotope incorporation would make more sense 

for these constructs than the total accumulation of collagen and hydroxyproline over a 

long culture period as these constructs were slow growing.  A decision was also made 

based on anecdotal evidence of the poor growth of the constructs of chondrocytes from 

older patients that the patient selection should be capped at 70 yrs, as cells from the older 

patients did not elaborate extracellular matrix as readily as did those cells from relatively 

younger patients.   

 

4.4.1 Optimization of the ATP Dose 

Exogenous ATP was added to the cultures in doses of 100 nM, 1 µM, 10 µM, 100 µM 

and 1 mM (sections 3.3.5-6).  After the first few cultures (N=5), the greatest response was 

seen between 100 nM and 1 µM.  The range of ATP doses added to the subsequent 

cultures was expanded to include 50 nM so as to ensure the peak dose response was 

captured.  Note that not all doses were administered to all chondrocyte cultures due to 

differences in cell numbers obtained from the patients and the need for at least triplicate 

cultures for each dose of ATP administered.  The response of the cultured cells to the 

exogenous ATP is shown in figure 4.3.  There was large individual variation between 

chondrocytes cultured from different patients, both in the magnitude of the response to 

ATP (range from 0.48 to 4.17 times the control amount of  [
35

S] incorporation, and from 

0.52 to 5.95 times the control amount of [
3
H]-proline incorporation), and the dose at 
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which the chondrocytes showed their maximal response to the ATP stimulation.  At a 100 

nM dose of ATP, there was a mean increase in [
35

S] incorporation of 1.53 ± 0.22 times 

the control (N = 22 patients) and at a dose of 1 µM, there was a mean increase of 1.61 ± 

0.33 times the control (N = 22 patients).  When the maximal response at either 100 nM or 

1 µM was determined, there was a mean 2.00 ± 0.33 times increase over the control (N = 

22 patients).  For [
3
H]-proline incorporation, there was a mean increase of 1.57 ± 0.27 

times the control at a dose of 100 nM (N = 22 patients) and of 1.63 ± 0.34 times the 

control at a dose of 1 µM (N = 22 patients).  For each chondrocyte culture’s maximal 

response at 100 nM or 1 µM, the mean increase in synthesis was 2.01 ± 0.37 times the 

control (N = 22 patients).      

 

4.4.2 GAG:Collagen Ratio in ATP Doped Cultures 

The GAG:Collagen synthesis ratio, as determined by the [
35

S] incorporation:[
3
H]-proline 

incorporation, was not significantly different in the control cultures and the ATP doped 

cultures, with mean ratios of 0.98 ± 0.02 (control), 1.02 ± 0.02 (ATP at 100 nM, N = 22, 

P = 0.39), 1.03 ± 0.03 (ATP at 1 µM, N = 22, P = 0.26), 1.01 ± 0.04 (ATP at 10 µM, N = 

10, P = 0.70) and 1.00 ± 0.03 µM (ATP at 100 µM, N = 10, P = 0.78).    
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Figure 4.3  The Response of Human Chondrocytes in 3D Agarose Culture to Exogenous 

ATP at Various Doses.  Error bars display mean ± SEM, * indicates P < 0.05 when 

compared to control. 

 

4.5 Determination of Basal ATP Release by Human Chondrocytes in 3D Agarose 

Culture 

The basal release of ATP by the chondrocytes was determined in their resting state 

(section 3.7).  The ATP concentrations measured in the media of the resting chondrocytes 
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is shown in table 4.2.  Only 1 patient had measurable ATP within the culture media at 1 

hour from a fresh media change.  The experiment was then repeated at 6 and 18 hours 

after changing the media with similar results.  The other patients showed very low ATP 

concentrations (below the standard curve for the assay) that were below the ATP 

concentration of the blank.  This indicates ATPase activity in these chondrocytes that was 

above the level of ATP release for most patients.  One patient’s cultures reproducibly 

showed measurable ATP concentrations in culture after 1, 6 and 18 hours. 

 

Table 4. 2  The Measured Concentrations of ATP in Resting Chondrocyte Cultures.  Only 1 

patient showed basal ATP release that could be measured accurately on the 

standard curve of the luminometry assay.   

Sample 

Basal ATP Concentration 

Measured or Estimated (M) 

 

On Standard Curve (Y/N)? 

serum-free blank 1.3E-11 Y 

A 2.2E-13 N 

B 1.4E-13 N 

C 5.5E-13 N 

D 8.9E-13 N 

E 6.1E-13 N 

G 5.6E-13 N 

H 1.8E-10 Y 
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4.6 ATP Degradation within the Culture Media of Human Chondrocytes in 3D 

Agarose Culture 

Exogenous ATP was added to the culture media of chondrocytes in 3D agarose culture, 

and the degradation of this ATP was determined by lucifer/luciferase assay and 

luminometry (section 3.7).  The measured ATP decay in the culture media is shown in 

figure 4.4.  Curve fitting was then performed and the elimination rate constants and half-

lives of ATP in solution for chondrocytes of various individuals was then determined.  

These are displayed in table 4.3.  All cells eliminated ATP at rates that were above that of 

the control, with ATP half-life varying from 63 min to 138 min for the chondrocyte 

cultures and of 165 min for media alone.  None of the cultures expressed measurable ATP 

in the media prior to the addition of the exogenous ATP. 

 

Table 4. 3  Elimination Rate Constants and ATP Half-life of Chondrocytes in 3D Agarose 

Culture.   

 

Sample 

Elimination Rate 

Constant (min

-1

)  

 

Half-life of ATP (min)  

Media alone  0.00421 165 

Media w/agarose  0.00412 168 

O  0.00948 73 

P  0.011 63 

Q  0.0108 64 

I  0.00503 138 

L  0.00594 117 

N  0.00679 102 
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Figure 4.4  Degradation of Exogenous ATP within the Culture Media of Chondrocytes in 3D 

Agarose Cultures. 

4.7 Expression of P2Y1 and P2Y2 Receptors as Determined by Flow Cytometry 

Flow cytometry was performed on the chondrocytes obtained from 8 patients (section 

3.9).  P2Y1 and P2Y2 receptors were found to be expressed in a significant proportion of 

the chondrocytes.  There was significant heterogeneity within the chondrocyte 

populations, as well as significant individual differences among patients in the expression 

of these receptors.  Figure 4.5 shows typical scatterplots generated by the FACS software, 

with the gating displayed.   



 

69 

 

 

(A) 
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(B)       
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Figure 4.5  Representative Scatterplots showing Flow Cytometry Results for (A) a Patient 

with a Homogenous Population of Chondrocytes with Very High Expression of P2Y1 and 

P2Y2 Receptors and (B) a Patient with a More Heterogenous Population of Chondrocytes 

with Less Expression of P2Y1 and P2Y2 Receptors.  The PMT3 Log axis demonstrates 

cellular expression of P2Y1 receptors and the PMT5 Log axis demonstrates cellular 

expression of P2Y2 receptors.  The points in the upper left quadrant of each plot indicate 

cells that show positive expression of the y-axis protein with negative expression of the x-axis 

protein.  The points in the upper right quadrant indicate cells that show positive expression 

of the proteins on both the x- and y-axes.  The points in the lower left quadrant indicate cells 

that show negative expression of the proteins on both axes.  The points in the lower right 

quadrant indicate cells that show positive expression of the x-axis protein and negative 

expression of the y-axis protein.  The quadrants are set based on positive controls.  Thus, the 

patient in (A) has a homogenous population of chondrocytes expressing both P2Y1 and P2Y2 

receptors, while the patient in (B) has a more heterogenous population of chondrocytes with 

60% of cells expressing P2Y1 receptors, 51% of cells expressing P2Y2 receptors and 47% of 

the cells expressing both P2Y1 and P2Y2 receptors.    

 

 

Figure 4.6 demonstrates the frequencies of the P2Y1 and P2Y2 receptor expression in the 

chondrocytes studied.  All patients expressed P2Y1 and P2Y2 receptors on some 

proportion of their cells.  P2Y1 purinoreceptors were the most frequently expressed P2Y 

receptor on human chondrocytes, with mean expression of 30 ± 9 % of cells from each 

patient expressing the receptor.  A mean of 19 ± 8 % of the cells from a given patient 

expressed P2Y2 receptors, with the great majority of these P2Y2 receptors expressed on 

cells that were also expressing P2Y1 receptors.  A small percentage of cells in some 

patients expressed P2Y1 receptors but not P2Y2 receptors (4 ± 2 % of cells from a given 
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patient), and one patient lacked P2Y1 receptors all together, but had a small population of 

cells expressing P2Y2 receptors (6% of the cells).  No other patient had any cells 

expressing only P2Y2 receptors.   

 

 

 

Figure 4.6  Frequencies of P2Y Receptor Expression In Chondrocytes of Elderly 

Osteoarthritic Patients, As Determined By Flow Cytometry.  Error bars demonstrate the 

entire range of values; boxes delineate the middle 50% of values, with the median 

represented by the line in each box. 
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4.8 Analysis of Patient Demographics in Special Population Groups 

4.8.1 Patient Demographics and Characteristics Broken Down By Synthetic 

Response of the Chondrocytes to Exogenous ATP 

The characteristics of patients that had positive, negative or null responses to the 

exogenous ATP are displayed in Table 4.4.  All patients had multiple medical 

comorbitities and were on multiple medications, and these factors were sufficiently varied 

that they could not be easily displayed or correlated to the response of the patients’ 

chondrocytes in culture.  One interesting observation was that all the patients who had a 

negative response to ATP were on chronic narcotic medications.  There was also a higher 

incidence of smokers in the negative response group (2/3) than in the null response group 

(1/3) and the positive response group (2/16).  The specific characteristics of the patients 

with the negative response to ATP are reviewed in Table 4.5. 

Table 4. 4  Summary of the Patient Demographics Divided into Groupings as to their 

Response to Exogenous ATP:  Positive, Negative and Null.   

 Percent 

of 

Cultures 

(N=22) 

Mean 

Age (yrs) 

Sex 

Distribution 

Mean 

BMI 

(kg/m
2
) 

Joint 

sampled 

Percent 

of 

Patients 

on 

Narcotics 

Positive 16/22 

72% 

57.5 9/16 male 

7/16 female 

36.75 10/16 knees 

6/16 hips 

19% 

Negative 3/22 

14% 

56.3 2/3 male 

1/3 female 

31.1 3/3 knees 100% 

Null 3/22 

14% 

62.0 1/3 male 

2/3 female 

32.6 3/3 knees 33% 
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Table 4. 5  Summary of Characteristics of Patients in the Group of Negative Synthetic 

Responses to Exogenous ATP. 

Case Age 

(yrs) 

Sex 

(M/F) 

Height 

(cm) 

Weight 

(kg) 

BMI 

(kg/m
2
) 

Comorbid 

Conditions 

Medications 

 

1 

 

52 

 

M 

 

175 

 

106 

 

34.6 

 

Coronary Artery 

Disease, Smoker, 

Chronic 

Obstructive 

Pulmonary 

Disease 

Advair, Ventolin, 

Percecet, 

Ramipril, 

Hydroxyquinine, 

Crestor, 

Oxycontin, 

Bisoprolol, 

Venlafaxine, 

Arthrotec, Ativan 

 

2 

 

64 

 

F 

 

150 

 

66.2 

 

29.1 

 

Hypertension, 

Gastroesophageal 

Reflux Diseae, 

Glaucoma, 

Breast Cancer 

Survivor 

Metoprolol, 

Verapamil, 

Simvastatin, 

ASA, Ranitidine, 

Risedronate, 

Docusate 

Sodium, 

Morphine 

 

3 

 

53 

 

M 

 

168 

 

82.2 

 

27.9 

 

Smoker, 

Depression 

 

Percocet, 

Risperdal 

 

 

4.8.2 Patient Characteristics for Patients with Basal Release of ATP Measured 

Since only one patient exhibited a measured ATP release into the culture media, while the 

other patients’ chondrocytes degraded the background ATP in the media, the 

characteristics of these patients were reviewed.  These are displayed in Table 4.6.  The 

patient whose chondrocytes released ATP into the culture media had a positive response 
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to the ATP stimulation. Of those that did not release ATP, 4/6 had a positive response, 1 

had a null response and 1 had a negative response. 

 

Table 4. 6  The Characteristics of patients with Measured versus Immeasurable Basal ATP 

Release Into the Culture Media. 

Basal ATP 

Measured 

(Y/N) 

Age Sex BMI Joint 

Sampled 

Comorbid 

Diseases 

Medications 

N 58.4 3/6 F 

3/6 M 

38.6 5/6 knees 

1/7 hip 

Multiple, 

including 

diabetes and 

hypertension 

Multiple 

Y 65 F 31.4 knee Non-insulin 

Dependent 

Diabetes, 

Hypertension 

Metformin, 

Metoprolol, ASA 

 

 

4.8.3 Patient Characteristics of Patients with Chondrocyte Populations Expressing 

Interesting P2Y Receptor Frequencies 

There was 1 patient who did not express any P2Y1 receptors on any of the chondrocytes; 

however had a small (6.7%) population of chondrocytes expressing P2Y2 receptors.  

Three patients expressed a small but significant subpopulation of cells expressing P2Y1 

but not P2Y2 receptors, and 4 patients expressed high frequencies of P2Y1 and P2Y2 

receptors.  These are displayed in Table 4.7.  All patients who expressed above median 
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frequencies of P2Y1 receptors also expressed above median frequencies of P2Y2 

receptors.  Two of these patients also had subpopulations of cells expressing P2Y1 but not 

P2Y2 receptors.  One other patient did express a subpopulation of cells expressing only 

P2Y1 receptors, but had a population of P2Y1 cells that was near the median.  There were 

no common comorbidities or medications in their histories. 

 

Table 4. 7  Summary of Patient Characteristics and Response to ATP Stimulation for 

Special Subpopulation Groups. 

 

Group 

 

Number 

 

Age 

 

Sex 

 

BMI 

Response to 

ATP 

Stimulation? 

Other Cell 

Populations? 

Above median values for 

P2Y1 and P2Y2 expression 

4 64 

79 

64 

53 

M 

F 

F 

M 

28.4 

31.6 

29.4 

29.1 

Null 

Positive 

Negative 

Negative 

No 

+P2Y1, -P2Y2 

No 

+P2Y1, -P2Y2 

Significant subpopulation 

of cells expressing P2Y1 

but not P2Y2 

3 47 

79 

53 

M 

F 

M 

25.5 

31.6 

29.1 

Positive 

Positive 

Negative 

No 

Above median P2Y 

Above median P2Y 

Population of cells 

expressing P2Y2 but not 

P2Y1 

1 48 M 24.8 Positive Did not express any 

P2Y1 receptors on 

any chondrocytes 
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4.9 Correlations of Synthetic Response to ATP Stimulation, Basal ATP Release, 

ATP Half-life and Expression of P2Y Receptors 

4.9.1 Correlation of Synthetic Response to ATP Stimulation and Basal ATP Release, 

ATP Half-life and Expression of P2Y Receptors 

There was no correlation of the synthetic response to ATP stimulation and the basal ATP 

release (Pearson product moment correlation coefficient = -0.201, P = 0.66), the ATP 

half-life (Pearson product moment correlation coefficient = 0.146, P = 0.78) or to the 

expression of P2Y receptors (Pearson product moment correlation coefficient = 0.0364, P 

= 0.95). 

 

4.9.2 Correlation of the Expression of P2Y Receptors to the ATP Half-life 

There was a significant correlation between the expression of P2Y1 receptors and the ATP 

half-life in culture (Pearson product moment correlation coefficient = -0.986, P < 0.01).  

Figure 4.7 shows the least squares linear regression of the Receptor Frequency to the ATP 

elimination rate constant, with the linear regression being strongest for cell expression of 

P2Y1 receptors (R
2
 = 0.99), followed by cell expression of both P2Y1 and P2Y2 receptors 

(R
2
 = 0.88), and finally by cell expression of P2Y2 receptors (R

2
 = 0.88).  There was no 

linear correlation of expression of the numbers of cells expressing only P2Y1 receptors or 

only P2Y2 receptors to the ATP half-life.  Interestingly, when the data for the patient who 

did not express P2Y1 receptors is removed, the linear regression becomes slightly less 

with an R
2
 value of 0.95.   
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Figure 4.7  Graph Correlating the Receptor Type Frequency to the ATP Elimination Rate 

Constant, showing linear correlation of ATP elimination rate constants to Cells Expressing 

P2Y1 Receptors, Cells Expressing Both P2Y1 and P2Y2 Receptors and Cells Expressing 

P2Y2 Receptors. 
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Chapter 5 

Discussion 

 

This study investigated the synthetic response from human chondrocytes cultured in 3D 

agarose scaffolds to the addition of exogenous ATP in the culture medium.  Chondrocytes 

have previously been shown to have an anabolic response to exogenous ATP,
39,104

 and 

ATP is thought to be one of the chief means by which mechanical forces are able to exert 

stimulatory effects on chondrocyte metabolism.
40,47

  By releasing ATP into its 

environment, the chondrocyte is able to translate the mechanical signal it has sensed 

through its cytoskeleton and cell membrane into a chemical signal that can act on 

receptors on that same cell or diffuse away to other cells in the environs to stimulate 

anabolic pathways.  The addition of exogenous ATP to stimulate the anabolic behavior of 

the cell allows the mechanical signal to be bypassed while reaping the benefits of 

mechanical stimulation for tissue engineering applications. 

 

The purpose of this study was to create culture conditions in which chondrocytes isolated 

from elderly osteoarthritic patients could be maintained in vitro and to determine if 

exogenous ATP would have an anabolic effect on these cells, and if so, at what optimal 

dosage?  The secondary purposes of the study were to determine if the effects of 
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exogenous ATP occurred through differences in basal ATP environment, different 

degradation rates of the ATP chemical messenger, and/or through altered expression 

patterns of P2Y1 and P2Y2 receptors on the cell surface membrane. 

 

5.1 Patient Population 

The patient population addressed in this study was the elderly osteoarthritic total joint 

replacement patients.  This population is an excellent source of cartilage for research 

purposes as any preserved cartilage must be removed in order for the joint to be replaced, 

so it affords no increase in morbidity to the patient.  There is, however, concern that 

osteoarthritic chondrocytes do not behave in the same way as do healthy chondrocytes in 

response to mechanical stimulation,
68,100

 and thus presumably may not respond to 

exogenous ATP in the same manner as do healthy chondrocytes.  This concern is 

somewhat complicated by the fact that some of these studies have compared chondrocytes 

from morphologically normal and abnormal areas of cartilage within the same 

osteoarthritic joint and termed these as healthy and arthritic chondrocytes, 

respectively.
47,100

  In this study, only areas of morphologically normal cartilage were 

sampled, which should be equivalent to the “healthy” cartilage described to function 

normally as suggested in the Millward-Sadler study.
47

  In a like manner, Plumb et al. 

tested the responses of morphologically normal elderly cartilage to mechanical testing and 

found no significant differences between loaded and unloaded explants, but a trend 

toward inhibited matrix production with loading of the constructs.
68

  Whether this was 
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due to osteoarthritis, or to a difference in how elderly chondrocytes respond to 

mechanical load, or to experimental variability (since they did not test a wide range of 

samples) is not clear.  Thus, the concern that morphologically normal cartilage from an 

osteoarthritic joint may contain chondrocytes that are arthritic and do not respond 

normally to stimuli, has not been proven in the literature to date.  As well, studying the 

behavior of chondrocytes from osteoarthritic patients is particularly important since these 

are the very patients that will benefit in the future from the tissue engineering of cartilage.  

If autogenous cells from patients are to be used for tissue engineering applications, these 

will be coming from a joint with some degree of disease, so these are the cells whose 

behavior we most need to understand.  In addition, understanding the behavior of these 

cells with minimal overt disease may allow therapeutic manipulations of the cells prior to 

disease progression and with minimally invasive interventions, such as pharmaceutical 

therapies.   

 

5.2 Chondrocyte culture conditions 

The first goal of this study was to optimize culture conditions for the elderly osteoarthritic 

human chondrocytes that were obtainable from patients undergoing total joint 

replacement.  To this end, 3 different media were compared to determine which would 

provide the best conditions for cell metabolism.  A combination of 50%DMEM/50%F12 

was used as the basal media since it provides a better variety of amino acids than either 

media alone, and has been successful both for serum-free media applications and 
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specifically for chondrocyte proliferation and matrix synthesis.
123

  The serum-free media 

containing ITS+ ,TGFβ and dexamethasone had been previously found to increase human 

chondrocyte proliferation and matrix synthesis when used in pellet cultures of cells taken 

from patients undergoing autologous chondrocyte implantation (ACI), as compared to 

medium supplemented with 10% FBS.
60

  In addition, FBS has been previously found to 

decrease the mitogenic and synthetic effects of TGFβ on chondrocytes in culture,
124

 and 

thus, they should not be used together.  A third media consisting of a supplement of 20% 

FBS was used to determine the effect of increasing the growth factors and cytokines 

available to the cells, and indeed it was this media that produced the highest synthesis of 

sulfated GAGs in resting culture.  This DMEM/F12 with 20% FBS was used throughout 

the rest of the experiments to enable ease of culturing the cells and to provide an 

environment that was conducive to ECM synthesis.  It was possible to do this because 

ATP does not bind or associate with proteins in solution (KD = 120M for bovine serum 

albumin at pH 7.4
125

) , therefore there was not a concern that the FBS would dampen the 

effects of the ATP on the cells.  There is, however, always concern when using FBS that 

some component of the FBS may have antagonistic effects on the processes being studied 

and that the results may not be generalizable to the physiologic condition.  This is 

especially poignant in tissue engineering applications, where the eventual goal is to 

produce tissue for implantation into humans, and concerns over xenotransplants or tissues 

treated with animal blood products would prevent the use of this culture media for tissue 

designated for implantation.  It would thus be beneficial to further investigate serum-free 
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media supplements that would favor the mitogenic and synthetic abilities of human 

chondrocytes. 

  

5.3 Chondrocyte Synthetic Response to ATP 

In this study, a significant synthetic response was seen to the addition of exogenous ATP 

to the culture media of human chondrocytes in 3D agarose culture.  The synthetic 

response of the chondrocytes to the ATP was dose-dependent, with maximal synthetic 

response occurring between 100 nM and 1 µM. This is a much lower dose than was 

useful in eliciting an anabolic response in the bovine model, in which exogenous ATP 

supplementation at doses of 62.5 µM to 500 µM showed stimulatory effects on the 

synthesis of ECM constituents.
39,104

   As physiologic ATP concentrations in humans have 

been previously measured to be in the subnanomolar range to 60 nM,
47

 with local 

concentrations in the chondrocyte microenvironment expected to be 2 orders of 

magnitude greater,
40

 this would fit with an expected physiologic chondrocyte response to 

mechanical stimuli.  These doses are also in agreement with the doses of ATP that 

Elfervig et al. demonstrated caused maximal mean peak intracellular Ca
2+

 concentrations 

(0.1 µM and 1 µM), although the mean average intracellular Ca
2+

 response to exogenous 

ATP was observed at 1 µM.
97

 This study is limited, however, by the fact that 

chondrocytes from only 3 osteoarthritic patients were obtained,
97

 and thus the responses 

are heavily influenced by individual variation.  The present study also is limited by the 

small numbers of patients used, with an N value of 22 for the supplementation of 
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exogenous ATP, but the study has higher patient numbers than any other similar study 

with human chondrocytes. 

 

5.4 Optimal Dosing of ATP 

In this study, the optimal dose of exogenous ATP for increasing ECM synthesis in human 

chondrocytes in 3D agarose culture was between 100 nM and 1 µM.  At each of these 

concentrations, the mean increase in synthesis was 1.5 and 1.6 times the synthesis of the 

control cultures, respectively.  When the maximum synthesis at either one of these two 

doses was considered, it was twice the synthesis of the control cultures.  Since some of 

the patients had maximal responses at 100 nM and others at 1 µM, further 

experimentation with dose ranges between these points may elicit a dose that provides a 

maximal response for the majority of patients, as the patients were evenly distributed in 

this study between those who exhibited a maximum response at each of these two doses. 

 

5.5 Heterogeneity of the Response to ATP and of the P2Y Receptors Determined by 

Flow Cytometry 

Elfervig et al. noted heterogeneity in the intracellular release of Ca
2+

 second messengers 

in response to ATP, with response rates varying from 28-100% of cells, and rates of 44% 

and 51% in those cells registering the highest mean peak Ca
2+

 concentrations at 100 nM 

and 1 µM.
97

   Other studies have noted differences in individual cell’s intracellular Ca
2+

 

responses to uniform compression within the agarose scaffold, implying differential 
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expression of Ca
2+

 signaling mechanisms within the chondrocyte population.
95,126

   

Different intracellular Ca
2+

 responses of chondrocytes have also been found to hydrostatic 

pressure, depending on the zone of cartilage from which the chondrocytes were originally 

isolated (surface vs deep),
127

 implicating differential expression of purinoreceptors or 

downstream signaling mechanisms depending on the chondrocyte’s original position and 

the stresses it was accustomed to within the original cartilage tissue.  The present study 

found heterogenous expression of P2Y1 and P2Y2 receptors within the chondrocytes 

isolated from individual patients, as well as wide variations in P2Y1 and P2Y2 receptor 

expressions amongst individuals.  This is the first study to quantify the expression of P2Y 

receptors on chondrocytes.  The differential expression of P2Y receptors may explain the 

differences in intracellular Ca
2+

 signaling observed in response to mechanical stimulation 

and to exogenous ATP.  In addition, a recent study identified P2Y2 receptors only in the 

surface zone of human cartilage,
98

 so there may be differential expression in chondrocytes 

based on the zone of cartilage from which the chondrocytes were isolated.  The 

differential expression of P2Y receptors may also indicate specialized functions of 

individual chondrocytes within the cartilage tissue, or may represent a marker of disease 

state in these osteoarthritic chondrocytes.  In this present study, P2Y2 receptors had less 

ubiquitous expression than the P2Y1 receptors and most cells expressing P2Y2 receptors 

also expressed P2Y1 receptors, making it difficult to separately evaluate the functions of 

these receptors.  As well, the expression of P2Y receptors did not correlate with the cell’s 
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synthesis of ECM, which makes it likely that it is the expression of some downstream 

regulator that truly coordinates mechanotransduction processes.
126 

    

5.6 Hydrolysis of ATP 

ATP hydrolysis occurs through a variety of mechanisms in culture as well as in vivo.  

ATP is hydrolyzed through cell-mediated mechanisms, both through direct interactions 

with cells (binding to cell-surface receptors) and indirect interactions (hydrolysis by ecto-

enzymes excreted by cells, such as NIDDPH
105

).  ATP is also hydrolyzed slowly without 

enzymatic assistance.
128

   ATP was hydrolyzed quickly by the chondrocytes in culture.  

This propensity of the chondrocytes to hydrolyze the ATP rapidly was further 

documented by a resting ATP concentration in the media of the majority of chondrocytes 

that was less than the background ATP of the media alone, and was in the subnanomolar 

concentrations for all cultures.  With the exception of 1 patient’s culture, the rest of the 

samples were in the subpicomolar ranges, which appears to be in contradiction from 

previous work showing resting ATP concentrations of 2-4 nM.
47

  ATP has been shown to 

have a half-life in bovine cultures of 3-3.2 hrs,
103,104

 which was comparable to what was 

measured for the media in the absence of cells.  The human cultures showed considerably 

shorter half-lives with a range of 1-2 hrs, and this varied amongst individuals.  For human 

tissue engineering applications, this decreased exposure to the ATP as dosed should be 

considered when planning dose frequency experiments. 
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5.7 Characteristics of Patients Showing Positive, Negative or Null Synthetic 

Responses to Exogenous ATP 

Over 70% of the patients whose chondrocytes were cultured with exogenous ATP had a 

significant positive response to the addition of exogenous ATP to the culture media.   

Three patients (13.6%) exhibited a negative, or inhibitory, synthetic response to the 

addition of the exogenous ATP, and 3 patients exhibited null responses.  When the 

demographics of these patients were considered, the positive response group was a 

heterogenous group of arthroplasty patients, including men and women, ages ranging 

from 47 to 79 yrs, with multiple varied medical conditions and on many medications.  

The group that responded negatively to the exogenous ATP had an average 66% of the 

ECM synthesis as did the control after ATP stimulation.  These patients were not 

significantly different from the patients with a positive response to exogenous ATP in 

terms of age, sex distribution and BMI.  As all patients had multiple comorbid illnesses, 

this study is under-powered to determine differences in the groups based on disease or 

medications taken, but 3 factors were striking when comparing the groups.  Firstly, the 

incidence of smoking was highest in the negatively responding group (66%) versus the 

nully responding group (33%) and the positively responding group (19%).  Smoking has 

been determined to be a risk factor for the development of osteoarthritis,
129,130,131,132

 and 

has also proven to be a prognostic factor, in terms of being associated with greater 

cartilage loss and more severe pain in patients with osteoarthritis.
133

  A recent study also 

showed that cigarette smokers were more symptomatic prior to undergoing autologous 

chondrocyte implantation as a treatment for focal cartilage defects, and that there was a 
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strong negative correlation between the number of cigarettes smoked and the surgical 

outcome.
134

  Indeed, nicotine has been found to affect GAG and collagen synthesis in 

human chondrocytes,
135

 so there may be a direct effect on the chondrocytes that is 

antagonistic of ATP.   Secondly, all of the hips that were sampled were positively 

responding, while the knees were distributed throughout all groups.  All of the hip 

cartilage that was sampled was obtained from patients who were undergoing hip 

resurfacing arthroplasties, and as such, were younger, more active patients who did not 

have significant bony deformities associated with their osteoarthritis pattern.  The 

cartilage obtained from knees, by contrast, was obtained from patients of all ages 

throughout the range being studied, and sometimes with severe osteoarthritis and 

deformities of the other knee compartments, as long as the cartilage to be sampled 

appeared spared and morphologically normal.  It may be that there is underlying 

elements, whether unusual mechanical forces, inflammatory cytokines within the joint 

environment, a lack of nutrients or growth factors, or some other factor within the joint 

that changes these chondrocytes into “osteoarthritis chondrocytes” that cannot react to 

stimulatory signals.  ATP is also released when cells lyse, and chondrocytes in an 

environment of cell death may be desensitized to ATP and unable to respond to 

stimulatory levels of ATP.  It does appear, however, that in this group of negatively 

responding patients, that ATP was actually inhibitory, and this was true at all 

concentrations of ATP in these patients.  This does not appear to be simply 

desensitization, but perhaps an altered response to ATP that is inhibitory, as Plumb et al. 
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found occurred in elderly (and maybe at least somewhat osteoarthritic) cartilage, and as 

Millward-Sadler found that chondrocytes from morphologically arthritic cartilage had a 

completely different electrophysiologic response to mechanical stimulation.
68,100

  There 

are, however, few patients in this group, and the observed inhibition may simply be due to 

experimental variability or factors beyond the scope of this investigation.  The third 

striking feature in looking at the characteristics of these patients in the negative response 

group is that all of these patients were taking chronic narcotic medications preoperatively.  

Chondrocytes have been shown to possess the mu-opioid receptor, a cell-surface receptor 

that binds the active ingredient of narcotic medications such as morphine, and activation 

of this receptor activates the transcription factor cAMP responsive element binding 

protein.
136

 Morphine itself has been shown to be safe for intraarticular injection, and is 

not chondrotoxic;
137,138

 however, it has also been shown to transiently decrease the [
35

S] 

incorporation into human cartilage in a dose-dependent manner,
139

 and has also been 

shown to induce the release of proteoglycans from cartilage into the synovial fluid.
140

  

Chronic opioid use may affect a patient’s chondrocytes through altered chondrocyte gene 

activation and protein expression, which may cause inhibition of matrix synthesis in 

response to ATP.  The patients’ opioid use may also be a marker of the severity of the 

patients’ underlying arthritis at the time of their operation, and so these patients may have 

had worse arthritis symptoms than the patients in the positive response group, where only 

19% were on chronic narcotic medications prior to their operations.  Again, this study is 
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not powered enough to analyze these differences, but certainly, this is an interesting 

feature of the patients’ medical histories. 

 

5.8 What Do The Exceptions Tell Us? 

In each experiment, there was a population of chondrocytes that did not appear to behave 

as did the other cells which opened up new questions for exploration.  The three patients 

that exhibited inhibition of ECM synthesis after exposure to exogenous ATP behaved as 

did those who exhibited increased ECM synthesis when compared based on the 

concentration of basal ATP in culture, the ATP half-life and their expression of P2Y1 and 

P2Y2 receptors.  It is unclear from our analysis what may have caused these cells to react 

negatively to the addition of exogenous ATP to these cultures.  The ATP was most likely 

metabolized no differently than the other cells, and yet caused an inhibition of ECM 

synthesis instead of the improved synthesis experienced by the majority of the 

chondrocytes cultured.  Similarly, cells from 1 patient did not hydrolyze ATP to 

subpicomolar levels, while all the others did.  This patient’s cells were thus exposed to 

higher chronic levels of ATP, and yet the chondrocytes from this individual responded 

positively, and within the normal parameters of the chondrocytes studied, to the 

exogenous ATP.  It would have been helpful to have ATP elimination data on these 

chondrocytes, but the cell numbers isolated from this patient’s cartilage did not allow for 

further experimentation.  The expression of P2Y receptors correlated with the ATP half-

lives of the cells from various patients in culture.  In particular, the P2Y1 receptors 
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showed a very significant linear correlation with the half-life of ATP in the culture.  One 

patient did not express any P2Y1 receptors, and eliminated ATP from the culture with a 

slower half-life of 116 min.  This patient did, however, have a positive synthetic response 

to the exogenous ATP.  Likewise, of the patients who eliminated ATP very quickly from 

the culture and had high expressions of P2Y receptors, some responded positively, and 

some negatively to the exogenous ATP stimulation.  None of the basal ATP concentration 

in culture, the ATP half-life in culture or the P2Y receptor expression of the chondrocytes 

had any predictive value in determining the response of the chondrocytes to the addition 

of exogenous ATP.  

 

5.9 Limitations of the Present Study  

This study is limited by the fact that obtaining cartilage from human patients, even 

accepting of the fact that these patients are older and all have significant baseline 

osteoarthritis, is difficult.  Very few patients undergoing elective joint replacement 

surgery were eligible for this study, either due to lack of preserved cartilage in the joint 

being operated on, or due to medical exclusions such as inflammatory arthritis, other 

autoimmune disease or active cancers.  This limited the number of patients that were able 

to be recruited for this research.  As well, since the cartilage available to be sampled 

within each joint was limited to whatever preserved, morphologically normal cartilage 

was present, the numbers of cells available from each patient was limited.  This limited 

the number of experiments that could be performed on the same patient’s cells, and as 
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such, not every experiment could be performed on cells from every patient.  Thus, the 

basal ATP concentrations and the response to exogenous ATP were determined for a 

subset of patients, and the P2Y receptor expressions, ATP half-life in culture, and the 

response to exogenous ATP over a range of fewer concentrations was determined in 

another subset of patients.  It would have been optimal to have performed every 

experiment on every patient’s cells in order to have greater numbers of patients in each 

group, and have more information on the cells who behaved differently than the majority 

of cells in each experiment.    

 

5.10 Strengths of the Present Study 

This study has a relatively large number of human subjects, which is important when 

there is such wide individual variation between patients in the responses of their 

chondrocytes to various stimuli.  Chondrocytes from the same patient were also used for 

several experiments, allowing the characterization of several behaviors of the same pool 

of cells:  synthetic response to ATP, and basal ATP concentrations or ATP half-life and 

P2Y receptor expression patterns.  The chondrocytes were cultured in well-described 

culture systems, including pellet cultures and 3D agarose gels.  Similarly, the techniques 

of radioisotope incorporation of [
35

S] and [
3
H]-proline over a 24 hr culture period are 

well-described and popular methods of quantifying the synthesis of sulfated GAGs and 

collagen respectively.  This enables easy comparisons of the synthesis described in this 

study with other published literature. 
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The use of flow cytometry for quantifying the expression of P2Y receptors on the 

chondrocyte populations of individual patients is also a strength of this study.  Flow 

cytometry provides a powerful tool for using specific antibodies to cell surface proteins 

(such as the P2Y receptors) to determine the presence of more than 1 such protein per 

cell.  As the chondrocytes isolated from human cartilage are a single-cell suspension, flow 

cytometry is ideally suited to this application.  This enabled a description of the 

chondrocyte populations of 8 patients with osteoarthritis, and allowed the confirmation of 

the heterogeneity of P2Y receptors on the chondrocytes within an individual patient’s 

cells.  This is the first study to use flow cytometry to quantify the expression of 

purinoreceptors on chondrocytes.  There is further work that can be done to look at 

differing expression levels of purinoreceptors in the different zones of cartilage and in 

different anatomic locations within the cartilage of specific joints.  In addition, many 

other purinoreceptors can be quantified in this manner.  This study started by looking at 

P2Y receptor expression since these are well described on chondrocytes from 

immunohistochemistry experiments and analog blocking experiments, and since specific 

antibodies to the P2Y1 and P2Y2 receptors are commercially-available. 
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Chapter 6 

Conclusions and Recommendations 

 

6.1 Conclusions 

6.1.1 General Conclusions 

This study has shown that the addition of exogenous ATP to cultures of human 

chondrocytes is an effective tool for increasing matrix synthesis for tissue engineering of 

cartilage.  This technique has been previously shown to be effective in the bovine 

model,
39

 and now is shown to be similarly effective for human constructs.  The effects of 

exogenous ATP on the matrix synthesis by chondrocytes appear to be independent of the 

chondrocytes’ expression of P2Y1 and P2Y2 purinoreceptors, which are expressed in a 

significant minority of the chondrocytes of most patients.  The effects of exogenous ATP 

also appear to be independent of the background concentration of ATP to which the 

chondrocytes are exposed, as well as to the half-life of the exogenous ATP in the culture 

system.  Further work is needed to elucidate the mechanisms by which ATP is exerting its 

striking effect on matrix synthesis. 
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6.1.2 Culturing Human Chondrocytes from Elderly Osteoarthritic Patients 

Human chondrocytes from elderly osteoarthritic patients undergoing total joint 

replacement surgery were found to remain viable in various culture media.  A serum-free 

media inhibited proteoglycan synthesis compared to media supplemented with 10% FBS.  

Media supplemented with 20% FBS showed greater proteoglycan synthesis than media 

supplemented with only 10% FBS. 

 

6.1.3 The Use of Exogenous ATP as a Replacement for Mechanical Stimulation to 

Improve ECM Synthesis in Tissue-Engineered Constructs 

Morphologically normal chondrocytes from older osteoarthritic patients undergoing joint 

replacement demonstrated significant increases in the synthesis of ECM constituents 

following stimulation with exogenous ATP at concentrations of 100 nM – 1 µM.  Many 

of these patients’ chondrocytes showed markedly improved synthesis in response to ATP.  

Cigarette smoking, worse arthritis patterns and chronic opioid therapy were associated 

with an inhibition of matrix synthesis rather than improved synthesis, through presently 

unknown mechanisms.   

 

6.1.4 Further Understanding the Chondrocyte’s Response to ATP Based on Basal 

ATP Concentrations, ATP Half-life and P2Y Receptor Expression  

Human chondrocytes have a strong tendency to hydrolyze ATP, and ATP concentration 

in basal cultures was in the subpicomolar range.  ATP half-life in the cultures varied from 
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1-2 hours, which was significantly faster than in the blank culture, in which it was 

measured at just under 3 hours.  Previous studies have reported ATP half-life in bovine 

cultures of approximately 3 hours,
103,104

 which was comparable to the half-life in media 

only reported here.  P2Y purinoreceptors were found to be expressed on cells from all 

patients, with most patients demonstrating significant heterogeneity of the chondrocyte 

population in terms of the expression of P2Y receptors.  There was wide variation in the 

individual patients’ expression of P2Y1 and P2Y2 receptors, as well as variation in the 

homogeneity or heterogeneity of the receptor expression within patients, which may 

indicate different functional roles of individual chondrocytes within articular cartilage as 

a tissue, or may be a marker of disease state of these chondrocytes from osteoarthritic 

patients.  P2Y1 purinoreceptors were the most frequently expressed P2Y receptor on 

human chondrocytes, with mean expression of 30 ± 9 % of cells from each patient 

expressing the receptor.  A mean of 19 ± 8 % of the cells from a given patient expressed 

P2Y2 receptors, with the great majority of these P2Y2 receptors expressed on cells that 

were also expressing P2Y1 receptors.  A small percentage of cells in some patients 

expressed P2Y1 receptors but not P2Y2 receptors (4 ± 2 % of cells from a given patient), 

and one patient lacked P2Y1 receptors all together, but had a small population of cells 

expressing P2Y2 receptors (6% of the cells).  No other patient had any cells expressing 

only P2Y2 receptors.  The P2Y1 receptors were strongly linearly correlated to the ATP 

half-life in the culture (R
2
 = 0.99) and neither receptor correlated to the exogenous ATP-

induced increase in matrix synthesis.     
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6.2 Recommendations 

6.2.1 Culture System 

The agarose gel scaffolds provide an excellent culture system for the human chondrocytes 

and provide constructs that enable mechanical testing of a finished product, if so desired.  

Future experiments should continue using human chondrocytes within this culture system.  

A better method should be found to mix the chondrocyte suspension with the agarose, to 

provide a more homogenous series of chondrocyte-agarose pucks for culture since the 

two very viscous fluids are difficult to mix into a homogenous mixture by pipetting, 

which introduces some error into the experiment by varying the density of the cells in 

culture.  This was accounted for by normalizing the [
35

S] and [
3
H]-proline to the DNA 

content of the cultures; however, a more efficient means of mixing the cells into the 

molten agarose would be beneficial.  It would also be beneficial to develop the culture in 

serum-free media that optimizes the growth factors and co-factors necessary for mitosis 

and ECM synthesis, while not introducing exposure to possible inflammatory cytokines 

and animal proteins. 

 

6.2.2 Using Exogenous ATP in Tissue-Engineering Applications for Human 

Cartilage 

Although this study has demonstrated remarkable increases in the synthesis of sulfated 

GAGs and collagen following a single dose of exogenous ATP at a concentration range of 
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100 nM – 1 µM, more work needs to be done to determine a single optimal dose that 

would maximize the synthetic activity of the majority of the patients’ chondrocytes.  To 

this end, further experimentation should be done with concentrations of exogenous ATP 

varying from 100 nM to 1 µM, in smaller increments to determine if there is such a single 

optimal dose that would stimulate the highest number of cells.  Following this, 

experiments should focus on the dosing frequency for the application of exogenous ATP 

to determine if there is desensitization that occurs of the synthetic process to repeated 

doses of ATP, and at what frequency of dosing.  Once the dose and frequency of dosing 

are optimized, the accumulation of proteoglycans and collagen, and the mechanical 

properties of the resulting constructs, should be determined over set culture periods and 

incorporating different dosing regimens.  The total collagen accumulation should be 

determined using a more precise measure than the hydroxyproline assay (section 3.5.3), 

such as by high-performance liquid chromatography,
143

 as there is too much sample loss 

in these small samples when transferring the sample to glass tubes for acid hydrolysis and 

back.  These experiments could yield a tissue-engineered cartilage construct that, when 

optimized, would be ready for implantation. 

 

6.2.3 Understanding the Chondrocyte’s Response to ATP 

In terms of better understanding the mechanisms underlying chondrocyte 

mechanotransduction and the role of ATP, flow cytometry could be used to further 

characterize the expression of purinoreceptors on human (from both healthy, normal and 



 

99 

 

osteoarthritic cartilage, and from young and older cartilage) and animal (notably the 

bovine, which is the most popular and described model of cartilage) chondrocytes.  It 

would also be interesting to determine if there is a difference in purinoreceptor expression 

in the different zones of cartilage, and also in different anatomic locations within 

cartilage, depending on the forces experienced by the cartilage in that location.  

Antibodies to the P2X receptors are commercially available, and these receptors have 

been also implicated in the mechanotransduction pathway of chondrocytes involving 

ATP.
47

  Determining the purinoreceptor expression on healthy and diseased chondrocytes 

would enable therapeutic interventions aimed at stimulating or blocking these receptors to 

shield diseased cartilage from further perceived injury.  It is likely, however, that it is not 

simply purinoreceptors’ expression, but a downstream signaling mechanism or a 

difference in DNA transcription or mRNA translation that is responsible for the 

differential response of chondrocytes to exogenous ATP, and these factors should be 

studied in greater detail, particularly as herein may lie the key to preventing or halting the 

progression of osteoarthritis.    
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Appendix A:  Informed Consent 

Informed Consent Form 

 
 
Patient Informed Consent Form 
 
TITLE OF RESEARCH PROJECT: 
The Response of Tissue Engineered Human Cartilage to Adenosine Triphosphate (ATP) 

 
Investigators:  Jennifer Bow, M.D. – Division of Orthopaedic Surgery   
    Mark Harrison, M.D.- Division of Orthopaedic Surgery   
    Steve Waldman, Ph.D.– Department of Mechanical Engineering 
 
 
You are being invited to participate in a research study directed by Dr. Jennifer Bow to 
develop tissue-engineered substitutes that could be used by surgeons for reconstructive 
and corrective procedures.  A research assistant or physician will read through this 
consent form with you, describe the study in detail, and answer any questions you may 
have.   
   
Please read this form carefully.  Do not hesitate to ask anything about the information 
provided.    It is up to you to decide whether or not to take part. Participation in this study 
is strictly voluntary.  Refusal to participate will not affect your present or future medical 
care.  If you do decide to take part, you will be asked to sign a consent form.  If you 
decide to participate, you are still free to withdraw at any time and without giving a 
reason. There are no costs involved with participating in this research study.   This study 
has been reviewed for ethical compliance by the Queen’s University Health Sciences 
and Affiliated Teaching Hospitals Research Ethics Board. 
 
 
1. PURPOSE OF RESEARCH: 

 
Tissue engineering holds great promise for the treatment of numerous diseases, 
disorders, and traumas. The long-term objective in the field is to create tissue 
substitutes that will fully integrate into the body, promoting regeneration and restoring 
lost function.  

 
We are studying how to engineer better and stronger human cartilage constructs in 
the laboratory, by culturing human cartilage tissue.  The engineered cartilage tissues 
could be used for a variety of applications including the correction of specific injuries 
and deformities, or to replace diseased tissues in patients that would otherwise 
require extensive surgery. 

 
 

2.  METHODS: 
 

When patients undergo total joint arthroplasty surgery or amputation procedures, 
bone and cartilage is removed from the patient.  These tissues are then discarded.  
For this study, the cartilage tissue designated for disposal will be taken to a 
laboratory at Queen’s University, where the cells will be cultured (artificially grown) 
and used for tissue engineering experimentation.  The tissue collected will only be 
used at Queen’s University by the primary researchers involved in this study. Any 

Human Mobility Research Centre 
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Appendix B:  Patient Questionnaire 

 

The Effects of ATP on Human Cartilage Engineering Study 

 

Patient Number: _________ 

Age: ____________ 

Sex:   M F 

Height: __________     BMI:  ____________ 

Weight: __________ 

Joint to be sampled:  _______________________ 

Arthritis? Y N Type:  ________________________________________ 

Affecting joint to be sampled?    Y N 

Viscosupplementation to joint to be sampled (i.e. Synvisc, etc.)?  ___________ 

Medical Conditions: 

 

 

 

Medications: 
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Appendix C:  International Cartilage Research Society Cartilage 

Scoring System 

 

 


