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Abstract
Mechanical Characterization, Gene Expression, and Biosynthesis of the Porcine TMJ 

Disc for the Purposes of Tissue Engineering

by
Kyle D. Allen

The temporomandibular joint (TMJ) may be permanently damaged by disease or trauma; 

thus, TMJ cartilage is a prime target for tissue engineers. The damaged TMJ disc may 

become obstructive to normal jaw function, leading to severe tissue degradation and 

rendering the tissue useless in subsequent surgeries. Thus, post-operative TMJ patients 

may experience residual pain and dysfunction. Toward the tissue-engineered TMJ disc, 

this thesis describes contributions to our laboratory’s tissue engineering approach. The 

TMJ disc’s compressive properties are described topographically by a viscoelastic, 

incremental stress relaxation solution. The bands of the disc have large instantaneous 

moduli, approximately 3 times larger than central sections, while relaxation moduli and 

coefficients of viscosity revealed a lateral region with limited mechanical integrity. 

Second, the gene expression of TMJ disc cells changes as a function of passage, growth 

factor treatment, and exposure to specific proteins. The act of passaging cells rapidly 

changes TMJ disc gene expression. Aggrecan, collagen type I, and collagen type II gene 

expression decrease rapidly with passage; decorin and GAPDH expression increase. 

Recovery attempts via growth factors or protein coated surfaces were unsuccessful. The 

gene expression response to growth factor stimuli in either monolayer or pellet culture 

was not large enough to counter passage effects. In fact, pellet culture only further 

decreased aggrecan, biglycan, and collagen type I gene expression. With these data, 

tissue engineering studies were designed. Mesh-like scaffolds were examined, leading to
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the selection of PLLA. Scaffolds were then seeded with primary TMJ disc cells, exposed 

to a growth factor, and measured for mechanical and biochemical content at 6 weeks. 

TGF-pi unmistakably demonstrated benefits toward TMJ disc tissue engineering. 

Constructs exposed to TGF-pi had twice the matrix formation as TGF-P3 constructs and 

several fold more than 1GF-I constructs and no treatment controls; furthermore, TGF-pi 

constructs had improved tensile and compressive properties. The results of this work in 

toto establish key biomechanical validation criteria, cell culture and cell selection criteria, 

and a tissue engineering foundation from which constructs of significant volume, 

biochemical makeup, and mechanical properties may be derived. Moreover, this work 

addresses key components of the complex TMJ disc regeneration issue.
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1

Introduction
The objective and aims of this thesis were developed from the tissue engineering 

philosophy employed at the Musculoskeletal Bioengineering Laboratory at Rice 

University. This philosophy can be described by two distinct phases: 1) understand the 

core characteristics of the native tissue which provide for its essential structure and 

function and 2) develop tissue engineering protocols which assist in recapitulating the 

core characteristics observed in the first phase. The progress in these phases coincides 

such that as more information becomes available about the native tissue, engineering 

protocols are further refined to achieve these characteristics, and as tissue engineering 

challenges arise, characterization studies are designed to help further understand the 

problem and develop solutions. Under this philosophy and approach, the chief 

hypothesis and objectives of this thesis were designed.

The objective of this thesis is to investigate the TMJ disc at the mechanical, 

transcriptional, and protein deposition levels. The characterization studies associated 

with this objective determine the surface-regional variations in TMJ disc gene expression 

and compressive mechanical properties, while the tissue engineering studies assists in 

determining the gene expression and/or protein production response of TMJ disc cells to 

passaging, growth factor stimulation, and scaffolding material. The chief hypothesis o f  

this thesis, adapted from this objective, is two fold: 1) the TMJ disc will exhibit surface- 

regional variations in both its mechanical and gene expression characteristics and these 

variations will be correlative; and 2) with proper passaging techniques, growth factor 

application, and scaffolding material, TMJ disc cells will produce constructs with
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2

biomechanical and biochemical properties approaching those o f the native TMJ disc. 

Three specific aims were employed to test this overall hypothesis:

1) To characterize the surface-regional mechanical characteristics of the 

porcine TMJ disc. This aim seeks to define a compressive model for and the 

compressive characteristics of the porcine TMJ disc; the hypothesis o f  this aim 

being that the largest compressive moduli will be observed in the posterior and 

medial regions, with the inferior surface being less stiff than the superior surface. 

Within this aim are three defined goals. First, a testing protocol is developed 

capable o f testing TMJ disc explants. This is accomplished by incremental, stress 

relaxation testing on TMJ disc sections, in which multiple sections of the same 

TMJ disc were tested at increasing levels of strain. Second, a mechanical model 

is developed to describe the mechanical behavior of an explant under incremental, 

stress relaxation. This is accomplished via the development of a viscoelastic, 

incremental, stress relaxation solution for a standard linear solid. Third, the 

stability of TMJ disc compressive properties over multiple freeze-thaw cycles is 

examined. Freeze-thaw cycle effects on the compressive properties of TMJ disc 

explants are examined to satisfy this final goal.

2) To examine the gene expression profiles for porcine TMJ disc cells. The

work of this aim seeks to examine the variation of TMJ disc gene expression in 

the native tissue and the response of TMJ disc cells to common tissue engineering 

practices. The hypothesis o f  this aim is two fold: I) the surface-regional TMJ
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disc gene expression pro files will be indicative o f  the extracellular matrix protein 

and mechanical properties o f the same TMJ disc surface-region; and 2) TMJ disc 

gene expression will not be negatively affected by passage and will be positively 

affected by appropriate growth factors. Within this aim are three defined goals. 

First, the gene expression of the TMJ disc surface-regions is examined. This is 

accomplished by isolating RNA from TMJ disc sections, then analyzing these 

samples for the gene expression of key TMJ disc proteins via real-time RT-PCR. 

Second, the response of TMJ disc cells over multiple passages and expansion 

ratios is analyzed. This is accomplished by seeding TMJ disc cells at three 

different plating densities, expanding these cultures over multiple passages, and 

analyzing the gene expression of key TMJ disc proteins at each passage. Third, 

the effects of growth factor stimulation or exposure to specific extracellular 

matrix proteins on TMJ disc gene expression is determined. This is accomplished 

by exposing passaged TMJ disc cells to a growth factor or specific TMJ disc 

protein and examining the cell population for changes in the gene expression of 

key TMJ disc proteins.

3) To tissue engineer the TMJ disc using a favorable cell population, scaffold, 

and growth factor. Via the completion of Specific Aims 1 and 2, testing 

protocols and design criteria are developed for this final aim. The hypothesis o f  

this aim is that TMJ disc characteristics can be developed in TMJ disc constructs 

via the use o f appropriate passaging techniques, growth factor selection, and 

scaffolding material. The work of this aim is conducted under two distinct goals.
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First, a scaffold material is selected. This is accomplished by examining the 

characteristics o f PGA and PLLA non-woven meshes over a 4 week culture time 

with TMJ disc cells. Second, the selected passage number, growth factor, and 

scaffold are used to tissue engineer the TMJ disc. This is accomplished by 

seeding passage 0 TMJ disc cells on PLLA scaffolds, then exposing these 

constructs to IGF-1, TGF-pi, and TGF-p3. Development of these constructs is 

then compared to the TMJ disc’s native characteristics.

Chapters 1 and 2 set out to define the critical background information on the TMJ disc, 

while chapters 3 through 9 focus on experiments designed to fulfill the aforementioned 

aims. Chapter 1 begins with a review of the TMJ, its disorders, and the role of the TMJ 

disc within the joint, then follows with a general description of TMJ anatomy and 

common TMJ disorders. Within this review, particular attention to the relevant 

characteristics of the TMJ disc is presented for these topics. Cellular, biochemical, and 

mechanical properties of the TMJ disc, as discussed in the literature, are also presented in 

this chapter. Chapter 2 provides an in depth review of TMJ disc tissue engineering. The 

current design criteria for TMJ disc tissue engineers are first described by reviewing 

appropriate characterization studies, while also discussing the literature’s current 

shortcomings. This is followed by discussions o f corresponding work in the selection of 

an appropriate scaffold, cell source, biochemical factors, and mechanical stimulation. 

Within these first chapters, the motivation for TMJ disc tissue engineering is defined, as 

well as descriptions of our laboratory’s work toward improving upon tissue engineering 

approaches.
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Chapters 3 and 4 describe work toward the completion of Specific Aim 1. Chapter 3 

describes an incremental, stress relaxation testing modality and begins to define the 

surface-regional characteristics of the TMJ disc using viscoelastic solutions described 

previously. Chapter 4 improves upon these initial attempts by introducing an 

incremental, stress relaxation solution for a standard linear solid under unconfined 

compression. This model is then used to determine the surface-regional compressive 

properties of the TMJ disc and the effects of multiple freeze-thaw cycles on TMJ disc 

explants.

Chapters 5, 6, and 7 present work conducted toward the successful completion of 

Specific Aim 2. Chapter 5 begins by describing a real-time RT-PCR approach toward 

measuring TMJ disc cell gene expression in terms of aggrecan, biglycan, collagen type I, 

collagen type II, decorin, and glyceraldehyde-6-phosphate dehydrogenase gene 

expression. This procedure is then used to investigate the surface-regional variations of 

gene expression in the native TMJ disc and the effects of passage on monolayer cultures 

o f TMJ disc cells. Chapter 6 investigates the gene expression response of passaged TMJ 

disc cells to plating over specific TMJ disc proteins: aggrecan, collagen type I, collagen 

type II, and decorin. Chapter 7 discusses the effects of insulin-like growth factor-1 (IGF- 

I), transforming growth factor-pi (TGF-pi), and transforming growth factor-p3 (TGF-P3) 

on passaged TMJ disc cells at the gene expression level. These growth factor effects are 

presented in both 2-dimensional (monolayer culture) and 3-dimensional (pellet culture) 

environments.
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Chapters 8 and 9 discuss work conducted toward the successful completion of Specific 

Aim 3. Chapter 8 outlines a comparison of PGA and PLLA scaffold and their respective 

potential for TMJ disc tissue engineering over long culture times (4 weeks). Chapter 9 

then describes work designed from Specific Aims 1 and 2 toward tissue engineering of 

the TMJ disc. This chapter presents an investigation of PLLA scaffolds seeded with 

primary TMJ disc cells, cultured for 6 weeks in growth factor supplemented media, and 

analyzed with methods developed from prior work.
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Chapter #1: The Temporomandibular Joint Disc
Abstract

The temporomandibular joint (TMJ) is a ginglymo-diarthrodial synovial joint. Its 

principal components are the fossa-eminence of temporal bone, the mandibular condyle, 

and a fibrocartilaginous articular disc known as the TMJ disc. TMJ movements are 

complex, and the TMJ disc plays a key role in these movements by distributing load, 

absorbing shock, and lubricating surfaces. The extracellular matrix (ECM) of the TMJ 

disc is primarily composed of collagen type I, which forms a ring-like structure around 

the disc’s periphery and in the anteroposterior direction in the intermediate zone. 

Glycosaminoglycans, proteoglycans, and elastin fibers are found in the ECM. TMJ disc 

cells include a non-homogeneous distribution o f fibroblast-like and chondrocyte-like 

cells; these cells serve to maintain the ECM of the TMJ disc. The mechanical properties 

o f the disc are mostly unknown due to large variations between animal models and test 

methodologies; however, it is believed that the TMJ disc is primarily a tensile tissue. 

Several disorders, including internal derangements, degenerative diseases, and 

reparative/osteogenic diseases, are associated with an injured or displaced disc. These 

disorders affect about 2-4% of the population and greatly reduce the quality of a patient’s 

life, afflicting everyday activities such as eating, talking, and laughing. Treatments for 

severe temporomandibular dysfunction are available, but alleviation o f joint problems 

without future repercussions is difficult. Biomedical engineering continues to work 

toward better solutions for temporomandibular dysfunction by developing innovative 

treatments and fully characterizing the components and diseases o f the TMJ.
* Chapter represents a combination o f  sections and figures from the following review papers:

Allen KD, Detamore MS, Almarza AJ, Wong ME, and Athanasiou KA. “The temporomandibular joint disc,” In: Encyclopedia 
o f  Biomedical Engineering. Hoboken, New Jersey: John Wiley & Sons, Inc, In Press.

Wong ME, Allen KD, and Athanasiou KA. “Tissue engineering o f  the temporomandibular joint,” In: The Handbook of 
Biomedical Engineering. Eds. John P. Fisher. CRC Press, In Press.

Johns DE, W illard VP, Allen KD, and Athanasiou KA. “Is tissue engineering the TMJ disc a feasible process?” Conference 
proceedings for the International Conference on TMJ replacement and tissue engineering. Hiroshima, Japan. March 2006.
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Introduction

The temporomandibular joint (TMJ), colloquially known as the jaw joint, shares a few 

similar properties with other articulating joints but also has some significantly different 

traits. Like other articulating joints, the TMJ may be plagued by degenerative joint 

diseases like osteoarthritis. Persons affected by severe temporomandibular disorders can 

find difficulty in simple everyday activities such as eating, laughing, and talking; this can 

greatly deteriorate their quality of life. These disorders may be associated with any 

component of the TMJ, but of particular importance is the articular disc that sits between 

the mandibular condyle and the fossa-eminence of the temporal bone. This disc, known 

as the TMJ disc, has some functional parallels with other cartilaginous tissues. For 

example, the TMJ disc serves to distribute loads, absorb shocks, and lubricate the joint 

space. However, the TMJ disc is substantially different from articular cartilage at the 

structural and cellular levels. This article intends to expose the reader to TMJ disc 

fundamentals that may influence biomedical engineering approaches related to 

elucidation and treatment o f TMJ disc pathophysiologies. The article begins with a 

discussion on TMJ anatomy, follows with an examination of TMJ disc structure-function 

relationships, and concludes with a review of the TMJ disc’s role in TMJ disorders and 

pathologies.

Anatomy

Gross Anatomy and Function o f the TMJ

The functional movements of the TMJ can occur through three plans as a result of 

rotation of the mandible (mouth opening and closing) and translation (protrusion,
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retrusion, and side to side motion). These motions are possible due to two paired joints, 

named for the bones which create the articulating surfaces (Fig. 1.1). These bones are the 

temporal bone, which houses the superior movements in the glenoid fossa and articular 

eminence, and the mandible, whose condyle forms the inferior joint surface. TMJs are 

diarthrodial structures, indicating that within the joint, an interpositional disc separates 

the joint into superior and inferior joint spaces. This arrangement allows the 

fibrocartilaginous disc, known as the TMJ disc, to fill the void between the joint’s bony 

structures thereby promoting joint congruity. From this position, it is believed that the 

TMJ disc assists in joint motions by lubricating the surfaces of motion and distributing 

both compressive and tensile loads within the joint.

Three regions have been described for the TMJ disc: the anterior band, posterior band, 

and intermediate zone.1 These regions are easily appreciated in a sagittal view of the 

joint (Fig. 1.2, top) or a view of the TMJ’s superior surface (Fig. 1.3). The thickest 

region of the disc is the posterior band (~ 4 mm), followed by the anterior band (~ 3 mm), 

then intermediate zone (~ 1 mm). The junctions between the zones are indistinct by gross 

examination and appear to blend with each other (Fig 1.3). In sagittal section, the disc has 

a biconcave shape (Fig. 1.2, top). Inferiorly, the disc is attached along its entire periphery 

to the condylar neck. Superiorly, the disc’s attachments are less tenuous and connect 

from the disc’s periphery to the skull base, allowing for the condyle to rotate/translate 

forwards as well as move from side to side. These superior attachments first become 

confluent with the synovial membrane anteriorly or the retrodiscal tissue posteriorly, 

which in turn connect to the skull base. Medially and laterally, the superior surface of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 0

TMJ disc turns inferiorly before blending with fibers of the capsule. The inferior surface 

o f the disc is more formed to the condylar head, especially along the medial and lateral 

aspects. This constraint promotes rotation of the condyle in relation to the disc and 

glenoid fossa. Anteriorly, the TMJ disc attachments are interspersed with tendinous 

insertions of the lateral pterygoid muscle’s superior head. Posteriorly, the TMJ disc is 

attached to the inferior lamina of the retrodiscal tissue (Fig. 1.4). As a result of these 

attachments, rotation takes place primarily in the inferior joint space, while translation 

primarily occurs in the superior joint space.

The different movements o f the jaw rely upon the contraction of the lateral pterygoid 

muscle and its angle o f attachment to the mandibular condyle (Fig. 1.5). Potential 

movement of the mandible through three planes of space has already been described. O f 

interest is the considerable bulk of musculature responsible for closing movements as 

opposed to opening (Fig. 1.6). Closure of the mandible is conducted by the masseter, 

temporalis and medial pterygoid muscles; these muscles form a robust sling that can 

generate a considerable amount of force. In contrast, opening movements are produced 

through relatively small contractions o f the lateral pterygoid (Fig. 1.5). This muscular 

arrangement supports the jaw ’s function. Opening movements are a performed by a 

small range of muscular action, while closure of the mandible involves a powerful 

response from the bulk of the joint’s musculature. Furthermore, this musculature resists 

loads applied by gravity keeping the mouth’s default position closed.
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General Anatomy o f the TMJ and TMJ Disc

The temporomandibular joint disc is located between the mandibular condyle and the 

fossa-eminence of the temporal bone. These structures -  disc, condyle, glenoid fossa, 

and articular eminence -  are the principal components of the TMJ, shown in Fig. 1.1. 

The TMJ disc is surrounded by a joint capsule and synovial fluid, but the TMJ is quite 

different from other synovial joints in two ways. First, the TMJ is a bilateral joint, 

meaning that the movement o f one TMJ will result in the movement of the contralateral 

TMJ. This clearly indicates that motions of the two TMJs in the body depend on one 

another. Second, the TMJ undergoes both rotational and translational movements during 

masticatory function; this will be discussed in more detail later.

Topography and Geometry o f  the TMJ Disc

The TMJ disc is composed o f a fibrocartilaginous tissue that can be separated into three 

distinct areas as seen in Fig. 1.3. These areas have been defined as the anterior band, 

intermediate zone, and posterior band.1 In the sagittal plane, the TMJ disc has a 

biconcave shape, being visibly thicker in the anterior and posterior bands compared to the 

intermediate zone. The disc has a similar cross sectional shape in the coronal plane, 

being thicker in the medial and lateral regions than the intermediate zone (Fig. 1.2). 

However, the thickness o f the medial and lateral regions is smaller than the anterior and 

posterior bands. From the superior or inferior view, the disc appears as an ellipsoid, 

slightly narrower anteroposteriorly than mediolaterally. Thus, the shape o f the TMJ disc 

is said to be discotic.
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Since the TMJ disc is neither round nor uniformly thick, thickness values are dependent 

on measurement locations. At its center, the human TMJ disc is only approximately 1 

mm thick. The greatest thickness occurs in the posterior band, where measurements have 

been as large as 4 mm.2 The posterior band is slightly thicker than the anterior band, but 

both are much thicker than the intermediate zone. The approximate anteroposterior 

length of the human TMJ disc is 13 mm compared to a mediolateral length of 19 mm.2,3

The TMJ disc divides the joint space into superior and inferior joint compartments. Both 

compartments are filled with synovial fluid. The volume of the superior compartment is 

about twice the volume of the inferior compartment, approximately 1.0 mL compared to 

0.5 mL, respectively.4 As a result of masticatory movements, load is applied to the disc 

and flow of synovial fluid takes place.

Structure and Function

The Role o f the TMJ Disc

Interestingly, the TMJ is classified as a compound joint, which by definition requires the 

presence of at least three bones; however, the TMJ has only two. In the TMJ, the disc 

operates as the necessary third bone in a compound joint, acting as the articulating 

surface during condylar rotation and acting as the translational surface to both the 

temporal bone and condyle during translation. Therefore, the TMJ disc is a key 

component of the complex joint movements.
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Since the TMJ disc is a fibrocartilaginous structure, it is often compared to other 

meniscal tissues like the knee meniscus. Much like the knee meniscus, the principal 

function of the TMJ disc is to distribute load. For the disc, this load transfer occurs 

between the condyle and fossa-eminence. The disc increases the efficiency of these load 

transfers by increasing contact area and reducing incongruities between the two 

surfaces.5,6 In addition, the disc also assists in joint lubrication and serves to absorb 

impact to the joint.5

Kinematics

Kinematically, the TMJ differs from other synovial joints in two major aspects. First, the 

movements of the left and right TMJs found in the body must coincide. Second, under 

normal function, the TMJ undergoes both rotation and translation. As a result, the basic 

kinematics of the TMJ can be broken down into two motions, as seen in Fig 1.7. The 

initial movement is rotational; it includes the hinge-like (ginglymus) movement of the 

mandibular condyle in the inferior joint compartment. The second motion is a 

translational (diarthrodial) movement; this includes the translation of the disc in reference 

to both the condyle in the inferior joint space and the glenoid fossa and articular 

eminence in the superior joint space. Accordingly, the TMJ can be further classified as a 

ginglymo-diarthrodial joint. While it is useful to break down TMJ motions into these two 

movements, it should be noted that rotational and translational movements occur 

simultaneously after the initial rotation. In a properly functioning TMJ, the disc assists in 

lubrication of the inferior and superior joint space surfaces during these movements.
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Also, collagen fibers distribute tensile loads through the disc, and chondroitin sulfate 

proteoglycans serve to dissipate impacts and compressive loads.

Cell Types

The cells found in the TMJ disc differ substantially from articular cartilage. The 

extracellular matrix (ECM) of articular cartilage is solely produced and maintained by 

one cell type, chondrocytes.7 Conversely, the ECM of the TMJ disc is produced and 

maintained by a nonhomogeneous cell population that appears to be a combination of 

chondrocyte-like cells and fibroblasts. A typical histological staining o f cells isolated 

from the porcine TMJ disc is shown in Fig. 1.8. Chondrocyte-like cells of the disc are 

also known as fibrochondrocytes.8,9 Visually, these cells are similar to chondrocytes with 

the exception that chondrocyte-like cells of the TMJ disc are believed to lack a 

pericellular matrix capsule.8 Fibroblasts, on the other hand, are found in several other 

tissues such as skin. Fibroblasts are known to have many functions in the body; for 

example, they are known to secrete collagen type I and to be involved in the production 

o f fibrous tissue.

The distribution of the two cell types seems to be heterogeneous in the TMJ disc; 

however, the intermediate zone of the TMJ disc appears to have an abundance of 

chondrocyte-like cells relative to the anterior and posterior bands. Fibroblasts are the 

predominant cell type in virtually all regions o f the TMJ disc (unpublished data). In 

preliminary work, we observed the ratio of fibroblasts to chondrocyte-like cells to be 

about 4 to 1.
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Collagen Content and Organization

The ECM composition of the TMJ disc is considerably different from articular cartilage. 

The collagen found in the TMJ disc is predominantly type I.9’11 It is not clear from the 

literature whether collagen types II and III are present in the TMJ disc. If they do exist in

9 12the disc, they are probably only found in trace amounts. ' On the contrary, the main 

type of collagen found in articular cartilage is collagen type II with trace amounts of 

types I and III.13

The alignment of collagen fibers in the TMJ disc is anisotropic, but there appears to be 

some basic symmetry. The collagen fibers near the periphery of the TMJ disc align in a 

ring-like structure, while the collagen fibers in the intermediate zone run predominately 

in an anteroposterior direction. In the anterior band, most of the collagen fibers are 

aligned in the mediolateral direction; however, some fibers are arranged in the 

anteroposterior direction. In the posterior band, the collagen fibers lie almost exclusively 

in the mediolateral direction. The medial and lateral sections are composed of collagen 

fibers oriented in the anteroposterior direction, completing the ring-like arrangement of 

collagen fibers around the periphery of the disc.14"17 A diagram of these orientations can 

be seen in Fig. 1.9.

Few studies have been published concerning the quantity of ECM components in the 

TMJ disc. Also, the information available in the literature varies due to the use of 

different animal models and techniques. Collagen concentration in lapine TMJ discs was 

observed to be 50% on a dry volume basis,18 but in the bovine TMJ disc an 83% dry
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weight basis measure has been reported.19 In the human TMJ disc, a collagen content of 

approximately 30% on a wet weight basis has been reported.20'21 The collagen content 

for articular cartilage is widely accepted in the literature to be between 60% to 80% of the 

dry weight. Moreover, it is well established that collagen concentration in articular 

cartilage decreases from the articulating surface to the subchondral bone interface. 

Unfortunately, this type o f characterization has not been completed for the TMJ disc.

Elastin Content and Distribution

Elastic fibers, primarily composed of a randomly coiled protein known as elastin, can be 

found between the collagen fibers in the TMJ disc. The distribution of elastic fibers is 

nonhomogeneous; they are primarily oriented in the anteroposterior direction, parallel to 

the collagen fibers.22 Elastic fibers are unlikely to enhance the tensile or compressive 

properties o f the disc; instead, they probably serve to restore a resting disc form and 

position after loading.11 The superior surface is believed to contain more fibers than the 

inferior surface, and the periphery of the disc contains dramatically more fibers than the 

intermediate zone.23

Glycosaminoglycan and Proteoglycan Content and Distribution

Together glycosaminoglycans and proteoglycans are extremely important to the 

mechanical integrity of a tissue. Glycosaminoglycans (GAGs) are long, branched 

repeating disaccharide chains that possess at least one negatively charged side group. 

Proteoglycans are composed o f a central protein core with one or two GAG side chains 

(dermatan sulfate proteoglycans) or several GAG side chains (chondroitin sulfate

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

proteoglycans). Chondroitin sulfate proteoglycans, such as aggrecan, are known to 

contribute to the compressive stiffness of a tissue by attracting water via negative 

charges. Dermatan sulfate proteoglycans, however, are hypothesized to contribute to 

tensile integrity via modulation of collagen fiber formation.

While proteoglycans can be found in the TMJ disc and articular cartilage, the amount, 

location, and type of proteoglycans varies considerably between the two tissues. For 

example, the lapine TMJ disc contains only 10% of the GAG content found in lapine 

hyaline cartilage.24 Also, some studies argue that proteoglycan and GAG concentrations 

are largest in the periphery of the TMJ disc,11’25 while others state that the intermediate

26 27zone has the largest GAG and proteoglycan content. ’ Furthermore, the most abundant 

proteoglycans in articular cartilage contain chondroitin sulfate and keratan sulfate side 

chains. In contrast, the proteoglycans found in the TMJ disc are composed 

predominantly o f chondroitin sulfate or dermatan sulfate side chains.19,24,27 

Unfortunately, the total amount and distribution of GAGs and the respective amounts of 

chondroitin sulfate and dermatan sulfate found in the disc is uncertain.24,28 These 

uncertainties can be attributed to a general dearth of characterization studies performed 

on the TMJ disc and differences in techniques or animal models.

Tensile and Compressive Properties

The mechanical characteristics of the TMJ disc are of particular interest since the disc 

must distribute tensile, compressive, and shear loads. Like most soft tissues, the TMJ 

disc has viscoelastic material properties, meaning its mechanical behavior is dependent
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on multiple parameters such as strain history.29,30 This inherent characteristic combined 

with variations in methodology and animal models makes it difficult to compare data 

between various studies. However, similar trends have been observed throughout the 

available mechanical characterization studies.

Tensile and compressive studies have been conducted on a variety of different animal 

models using several different methodologies. Comprehensive summaries of mechanical 

tests performed to date are available in reviews by Detamore and Athanasiou.2,31 The 

data from these tests have a strong correlation to the structure o f the disc, especially the 

alignment of the collagen fibers. During tensile loading in the anteroposterior direction, 

the TMJ disc has typically been shown to be stiffer in the intermediate zone than the 

medial and lateral regions of the canine and porcine models.32,33 In contrast, for a similar 

test, the bovine disc was observed to be slightly less stiff in the intermediate zone 

compared to the medial and lateral regions.34 During tensile loading in the mediolateral 

direction, the anterior and posterior bands were shown to be significantly stiffer than the

i f
intermediate zone in canine and porcine models, ’ thus demonstrating anisotropy of 

mechanical properties in the disc. Under compression, the human TMJ disc generally has 

been shown to be stiffest in the intermediate zone. Specifically, Kim et al. 36 examined 

five regions o f the porcine disc and found that the largest compressive stiffness occurred 

in the medial region. Also, it has been hypothesized that the mechanical characteristics 

of the disc vary from the superior surface to the inferior surface due to a 

nonhomogeneous distribution of extracellular matrix components. In our group, 

experiments examining this hypothesis are in progress.
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Finite element modeling has attempted to analyze the mechanical behavior o f the TMJ 

disc. These models have predicted both compressive and tensile stresses throughout the 

disc. For models which assume a healthy disc position, large compressive stresses have 

been observed in the posterior band 37 39 and the lateral side o f the intermediate zone.40 

In similar models, tensile stresses have been identified in the intermediate zone,37’39 the 

medial region, and the posterior band.38 Finite element models of the stress distribution 

in an anteriorly displaced disc have shown compressive stresses throughout all regions of 

the disc; the largest occurs in the posterior band.38 The use of different modeling 

assumptions, however, makes it difficult to compare stress magnitudes across models.

While the values for mechanical characteristics such as the modulus and ultimate tensile 

strength vary due to differences in animal models, test methodologies, and locations on 

the disc, it is important to note that mechanical characteristics o f the disc are strongly 

linked to the arrangement and distribution of collagen and elastic fibers, GAGs, and 

proteoglycans. For anteroposterior tensile tests, regions where collagen fibers are aligned 

with the applied load have the largest moduli (intermediate zone). In contrast, when the 

intermediate zone is loaded mediolaterally, load is distributed transversely to fiber 

alignment. Hence, it is not surprising that for mediolateral tests, the anterior and 

posterior bands o f the disc, where fibers align mediolaterally, are significantly stiffer than 

the intermediate zone. Under compressive stresses, the highest compressive moduli have 

been observed in the intermediate zone; this correlates well to those studies that suggest a 

large chondroitin sulfate content in the intermediate zone.
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Disorders and Treatments

Epidemiology

Temporomandibular disorders (TMDs) are comprised of a heterogeneous group of 

diseases. These diseases can affect the components of the TMJ, the ligament attachments 

o f the mandible, and/or the muscles of mastication. The frequency of TMDs has been the 

subject o f several epidemiological studies; however, due to a lack o f standardized 

diagnosis criteria, variations in sampling methodology, and influences of co-morbid 

disease, results across these studies have considerable variations. Most epidemiological 

studies estimate that at least one fifth of a sample population exhibits signs and symptoms 

associated with TMDs.41-43 In contrast to the incidence of signs and symptoms, only 2- 

4% of the population actually seeks treatment for TMDs 44,45 This difference may be due 

to a number of contributing factors, such as adaptive responses to a mild disease, failure 

by the medical community to distinguish variations from normal, and the lack of 

significant pain in a patient.

Amongst those patients choosing to seek treatment, a gender bias appears to exist. 

Studies of the patient population report that women suffer from TMD twice to seven 

times more often than men.46’47 A few theories attempt to explain this gender bias. First, 

women may be more inclined to suffer from TMD-associated pain. For example, the 

specific incidence o f headaches has been reported to be 1.5 to 2 times higher in women 

exhibiting signs and symptoms of TMD than men.46 Also, a physiological basis for this 

gender bias exists. Functional estrogen receptors have been identified in the female 

primate TMJ.48'50 These receptors may be capable o f releasing biochemical factors that
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predispose female joints to biochemical mediated joint degradation. However, results 

from epidemiological studies utilizing the general population do not consistently reveal a 

TMD gender bias. While some epidemiological studies report a higher incidence of 

symptoms in women, others report that the occurrence of symptoms, such as clicking and 

crepitation, are equally distributed between women and men.51

In an effort to yield comparative results and establish universal diagnosis criteria across 

epidemiological studies, several investigators have elected to use functional indices such 

as the Helkimo dysfunctional index52 and Fricton’s craniomandibular index.53 These 

indices are designed to generate uniform diagnosis criteria of mandibular dysfunction 

between sample populations and studies. However, differences in dental health, age, 

gender, and culture of participating individuals, along with examiner bias, remain as 

significant sources of variation.

Joint Diseases

The joint components, ligament attachments of the mandible, and the muscles of 

mastication can be affected separately, or in combination with each other, during 

temporomandibular dysfunction. Problems related to the joint can be categorized into 

three groups: irregular movements of the TMJ disc relative to the condyle and fossa- 

eminence (internal derangement), pathological degeneration of the condylar head 

(degenerative joint disease), and ankylosis (reparative/osteogenic disease).
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Internal Derangement

Internal derangement is the loss of coordinated movements between the TMJ disc and 

condyle. This loss is tantamount to disc displacement, most commonly in the antero- 

medial direction. The stages and degree of internal derangement are well categorized.47 

In the early stage of internal derangement, a mild clicking can be heard and felt during 

both opening and closing of the mandible; this is due to a slight anterior displacement of 

the disc. As the disorder progresses to the early-intermediate stage, clicking and other 

joint sounds intensify, and sporadic pain and tenderness occur. During the intermediate 

stage of internal derangement, anterior displacement of the disc increases in severity. 

Joint pain and headaches become frequent, and limitations of mandibular movement, also 

referred to as locking of the jaw, begin. Thickening of the posterior band may occur; 

movements o f the condyle across this thick posterior band have been implicated as the 

cause of joint clicking. In intermediate-late stage, chronic pain and headaches are 

common. The displacement o f the disc obstructs the movement of the mandible, as seen 

in Fig. 1.10, and can progress toward severe degradation of the joint’s articular structures, 

as seen in Fig. 1.11. The abnormal disc position results in improper distribution o f load 

through the disc and joint. This loading profile may lead to further degeneration o f the 

disc and surrounding tissue. Late stages o f internal derangement are characterized by 

crepitations, which result in the gross degeneration of the disc, condyle, and articular 

eminence. Degenerative remodeling o f the TMJ increases in severity throughout the 

intermediate, intermediate-late, and late stages of internal derangement.47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23

Since the displacement of the TMJ disc has a near perfect correlation with internal 

derangement in symptomatic patients, the term “internal derangement” is commonly used 

in the literature to denote a displacement of the disc. However, displaced discs have also 

been observed in asymptomatic patients and cadavers.54 This calls into question the 

classic model for the pathogenesis o f internal derangement. While the stages of internal 

derangement are well characterized, the causes of internal derangement are controversial 

and not well understood. Hyperactivity of the superior head of the lateral pterygoid 

muscle has been proposed as a mechanism for anterior displacement of the disc. 

However, opponents of this theory assert that the lateral pterygoid muscle does not attach 

to the disc, thus making the aforementioned mechanism unlikely. Macrotrauma, such as 

impact to the mandible or hyperextension of the joint, and repetitive microtrauma, such 

as clenching and grinding, have been implicated in the pathogenesis o f TMDs.55 Both 

types o f trauma are capable of producing joint inflammation, which may further 

compromise the integrity of the articular structures and stability o f attachment tissues. 

Deformations and malposition of the disc and surrounding tissue may ensue, thus leading 

to improper coordination of the disc and condyle during joint motions.

Degenerative Joint Disease

Degenerative joint disease processes are the result o f an imbalance between remodeling 

and degradation o f cartilaginous and bony structures.56,57 In degenerative diseases, 

damage to one component of TMJ is likely to lead to complications in other components. 

For example, changes in condylar morphology can affect the attachments of the disc 

leading to disc displacement or deformation. These deformations alter the load
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distribution characteristics of the joint, which further induce joint degradation. 

Osteoarthritis is an example of a disease that results from pathological loading. Other 

pathologies produce degeneration o f the joint through inflammation; these include 

rheumatoid arthritis and psoriatic arthritis.

The degenerative disease processes can be attributed to one or more of the following 

factors: growth factors, neuropeptides, sex hormones, and free radicals. Growth factors, 

or cytokines, regulate the expression of specific matrix proteins, which, in turn, results in 

either the regeneration or degradation o f the TMJ. Growth factors also regulate 

immunological pathways, influence the presence o f oxygen free radicals, and manipulate

58the production of attachment proteins. Some of the known effects of specific growth 

factors can be seen in Table 1.1. Neuropeptides are released from activated nerve 

terminals into the synovial fluid. They have been shown to affect tissue degradation by 

assisting the inflammatory response, stimulating growth factor production, and promoting 

activity of degradation proteins.59'61 Functional estrogen receptors have been identified 

in the female TMJ;48'50 it has been hypothesized that estrogen binding promotes the 

degenerative disease process by increasing the synthesis of specific growth factors.58 

Sulfur and oxygen based free radicals may occur in the joint due to chemical or 

mechanical factors.62 Free radicals are highly reactive and can set off a number o f chain 

reactions that lead to further degradation of the extracellular matrix and synovial 

fluid.63'65
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Reparative/Osteogenic Joint Disease

Reparative responses are provoked by the disruption o f joint structures, an injury to the 

joint capsule, or an injury to the joint ligaments. Generally, these responses are normal 

and help to restore function to the joint. However, when reparative responses are 

excessive or when the orientation of the healing response restricts joint motion, stiffening 

of the joint due to tissue fusion and excessive tissue remodeling can occur. This may be 

in response to excessive soft tissue fibrosis (fibrous ankylosis) or heterotropic bone 

formation (bony ankylosis). Trauma to the joint cavity in young, metabolically active 

children, or repetitive trauma from multiple surgeries is connected to the development of 

ankylosis.

Treatments for Joint Disease

When a temporomandibular disorder is diagnosed, a team approach addressing articular 

problems, muscle dysfunctions, and psychiatric conditions is necessary for successful 

management of the patient. A variety of treatment options are available for these 

interrelated conditions; treatments include non-steroidal anti-inflammatory drugs, muscle 

relaxants, physical therapy, interocclusal appliances, and psychotropic medication. 

Surgical treatments of TMDs are directed at the primary cause of joint dysfunction. 

However, since the pathogenesis of joint conditions is often controversial and 

multifactorial, several surgical approaches have been proposed. In general, surgical 

procedures are directed at one or more of the following goals: the elimination of

inflammatory mediators from joint spaces, alteration o f joint loading mechanics,
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repositioning of displaced discs, reconstruction of principal components, and removal of 

restrictive tissue.

The first report o f surgery for disc displacement in the TMJ was described by Annadale 

in 1887.66 Today, internal derangement is managed with minimally-invasive surgical 

maneuvers, like arthrocentesis or arthroscopy, or open arthroplasty procedures aimed at 

repositioning and reshaping the TMJ disc.67'69 When disc degeneration is excessive, 

repositioning and reshaping the disc becomes impossible. In this case, the removal of 

the disc (discectomy or menisectomy) is indicated.70 Concerns over accelerated joint 

degeneration due to the lack of a disc prompted the insertion of transplanted autogenous 

tissue grafts, such as articular cartilage, dermal fat, and temporalis muscle/fascia. These 

grafts typically failed to persist and formed fibrous tissue in the joint. Synthetic disc 

replacements have also been attempted, but deterioration of the implants have caused 

significant problems in diseased joints including unfavorable reactions from the 

surrounding tissue in response to implant degradation byproducts.71,72 As a result, the use 

o f synthetic implants has ceased. Joints limited in motion can be treated by removing the 

posterior section o f the mandible including the condyle; this allows the condyle to 

reposition relative to the fossa thereby altering the joint loading characteristics.

Patients who undergo a discectomy are presently managed without a disc replacement. If 

degradation of the bony structures is severe, loss of skeletal support to the lower jaw 

often develops, and the removal and reconstruction of the joint is required. Joint removal 

and reconstruction is also required for joints that are ankylosed. Biological replacements
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of the joint have employed costochondral grafts with some success.73 Alloplactic 

alternatives are slowly returning to the market following a moratorium imposed by the 

FDA in the 1990s.

Biomedical Engineering and the TMJ Disc

In the past, biomedical engineering efforts concerning the TMJ disc have centered on the 

creation of implants and the development of medical instrumentation to improve surgical 

and diagnostic techniques. While these fields continue to evolve, it has been only 

recently that biomedical engineers have turned their focus toward the characterization of 

TMJ components at the cellular and molecular level. Since then, our understanding of 

the TMJ and its tissues has improved, but there is still much to do. A better 

understanding o f cellular functions, ECM composition, and micron level mechanics will 

lead to new frontiers, and our knowledge of the functions and disorders associated with 

the TMJ will swell along the way.

Several groups of scientists, clinicians, and engineers continuously study the TMJ and the 

TMJ disc. As our knowledge of temporomandibular joint mechanics, biochemical 

environment, and disease pathologies increases, biomedical engineers will be able to 

create better tests and models to investigate the role o f various signals in TMD 

pathologies. The proper mixture of growth factors and therapeutic agents may be able to 

aid in the correction of internal derangement and/or assist in pain relief. New 

radiographic techniques and computer modeling can increase our knowledge of disc 

position during joint movements. This may lead to innovative surgical techniques and
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instruments that may greatly improve upon existing practices. Also, gene therapy may be 

capable of introducing restorative agents to the joint in an effort to improve joint 

function. Tissue engineering offers the possibility of creating implantable tissues suitable 

to reconstruct the TMJ. For example, a tissue engineered disc may be able to eliminate 

pain and restore function without inducing crepitation and bony degradation in the joint. 

In the case of a severely degenerated joint, a tissue engineered condyle and disc construct 

may be able to restore a natural joint structure and function that is currently impossible. 

However, a more complete understanding of the TMJ is necessary first. The potential 

ability of biomedical engineering to create viable solutions to treat TMDs will abound as 

the characterization of the TMJ and its diseases blossoms into reality.
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Figures Associated with Chapter #1
Factor Effect

Interleukin 1 
(II—1)

Stimulates fibroblast proliferation and production 
of collagen type 174-76

Down regulates the production of collagen type II in 
adult chondrocyte population 4-76

Activates heat shock proteins that may decrease 
glycosaminoglycan synthesis by chondrocytes 77

May contribute to the production of oxygen-derived free radicals 
by stimulating arachidonic metabolism 74

Platelet 
Derived 

Growth Factor 
(PDGF)

Stimulates fibroblast proliferation potently 74 78 79

Believed to be closely linked to the effects of IL-1 74 78 79

Interleukin 6 
(IL-6)

Increases levels of fibrocartilage degradation by stimulating the 
synthesis of matrix degrading enzymes 58

Believed to be closely linked to the effects of IL-1 58

Interleukin 8 
(IL-8)

Increases levels of fibrocartilage degradation by stimulating the 
synthesis of matrix degrading enzymes 58

Believed to be closely linked to the effects of IL-1 58

Tumor 
Necrosis 

Factor Alpha 
( T N F - l )

Increased levels are correlated to symptoms 
associated with disc displacement58

Vascular 
Endothelial 

Growth Factor 
(VEGF)

Believed to be up regulated during inflammatory changes 
in synovial tissues of the TMJ with internal derangement80

Table 1.1: Potential effect o f  growth factors involved in the degenerative disease o f  

synovial joints.
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Figure 1.1: Principal components o f  the TMJ. The principal components o f TMJ are 

depicted in the sagittal plane; attachment tissue is not shown. The temporal bone can be 

subdivided into the glenoid fossa and articular eminence. The glenoid fossa is the cavity 

in which the mandibular condyle sits at rest. The articular eminence lies at the anterior 

boundary of the glenoid fossa; it forms the root o f the zygomatic process. The articular 

disc, also known as the TMJ disc, lies between the temporal bone and mandibular 

condyle. The disc has a biconcave shape, being thicker in the anterior and posterior 

bands. The mandibular condyle articulates with the inferior surface of the disc; it is free 

to rotate and translate during masticatory function.
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Figure 1.2: Superior, sagittal, and coronal view o f TMJ disc. The TMJ disc divides the 

joint into superior and inferior spaces. From a superior view, the disc displays an 

ellipsoidal shape, being thicker in the mediolateral dimension than anteroposteriorly. In a 

sagittal view of the disc, thicker anterior and posterior bands and a substantially thinner 

intermediate zone (central regions of the disc) can be appreciated. In coronal sections, 

the disc presents a similar biconcave shape, with thicker medial and lateral regions 

compared with the intermediate zone. However, regional variations in thickness are less 

obvious in the coronal plane.
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Anterior

Posterior

Figure 1.3: The regions o f the TMJ disc. The superior surface of the porcine TMJ disc is 

pictured. Three distinct regions o f the TMJ are depicted: the anterior band, posterior 

band, and intermediate zone. The approximate dimensions of the porcine disc are 23 mm 

(anteroposterior) by 30 mm (mediolateral) compared to the approximate dimensions of 

the human disc, 13 mm (anteroposterior) by 19 mm (mediolateral).
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Figure 1.4: Ligament and capsule attachments in the TMJ. The TMJ capsule and 

various mandibular ligaments serve to guide and constrain mandibular movement. The 

capsule also separates intra- and extra-articular environments and produces a closed 

space containing synovial fluid, which serves both metabolic and lubricative functions. 

Various specialized neural elements within the capsule provide sensory input to guide 

joint position and movement.
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Figure 1.5: Lateral pterygoid attachment. Rotary opening and translatory movements of 

the mandible are the result of contraction of the superior and inferior bellies o f the lateral 

pterygoid muscle. This muscle originates from the lateral surface of the lateral pterygoid 

plate and inserts into the pterygoid fovea, a depression in the anterior surface of the 

condylar head.
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Figure 1.6: Muscles o f  mastication. In contrast to opening and side-to-side movements, 

mandibular closure is produced by contraction of three large muscles: the temporalis 

muscle (B), masseter muscle (D) and medial pterygoid muscle (C). Along with the lateral 

pterygoid (A), these muscles are collectively referred to as muscles of mastication since 

their principal activity is associated with eating.
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Figure 1.7: The principal movements o f  the TMJ. The at-rest-position of the TMJ is 

shown in the first panel. The other two panels show the joint’s two motions. In the 

second panel, the superior surface of the disc and the temporal bone remain fixed as the 

condyle rotates against the inferior surface of the disc. In the final panel, the translation 

of the superior surface of the disc relative to the articular eminence and the translation of 

the condyle relative to the inferior surface of the disc occur.
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Figure 1.8: Histology pictures o f  the TMJ disc cells. Cells isolated from a porcine TMJ 

disc were stained and placed under a microscope. A typical chondrocyte-like cell, or 

fibrochondrocyte, can be seen in the first panel; these cells have a round shape and are 

typically surrounded by a lacuna. Fibroblasts, shown in the second panel, have an 

elongated shape and are aligned with the collagen fibers.
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Figure 1.9: Collagen fiber arrangement in the TMJ disc. In the anterior (2) and

posterior (8) bands, collagen fibers are oriented in the mediolateral direction. In the 

medial (4) and lateral (6) regions, as well as the intermediate zone (5), collagen fibers 

orient, primarily, in the anteroposterior direction. Around the periphery of the disc, a 

ring-like alignment of the fibers is observed.
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Closed Mouth Position Closed Mouth Position Open Mouth Position

Figure 1.10: Diagram o f displaced TMJ disc. The first panel depicts a normal position 

in the TMJ for the closed mouth. Over time, the disc can displace in the anterior 

direction due to repeated microtrauma; this shift is depicted in the second frame. If the 

disc becomes severely displaced, it can restrict mouth opening by obstructing the 

translatory movement of the mandible. In this position, the disc begins to fold, and 

abnormal load distribution occurs throughout the joint.
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Figure 1.11: Progression o f tissue degeneration in TMJ internal derangement,

described by Wilkes. 47
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Chapter #2: Tissue Engineering the TMJ Disc
Abstract

The potential impact of a tissue engineered temporomandibular joint (TMJ) disc is 

immense. Currently, patients suffering from a severely dysfunctional TMJ have few 

options. Facing the general lack of safe, effective TMJ disc implants, many patients 

received discectomy, a procedure which removes the injured TMJ disc in hopes of 

reducing debilitating symptoms associated with severe TMJ disorders. This procedure 

may not be ideal as the TMJ is left without an important functional component. Tissue 

engineering is a promising approach for the creation of viable, effective implants. The 

first attempt to investigate TMJ disc cells on a biomaterial was conducted in 1991. The 

first TMJ tissue engineered constructs to be tested biochemically and biomechanically 

were formed in 1994; however, examining this study in retrospect, it is clear how little 

TMJ knowledge was available at that time. Within the last 10 to 15 years, multiple 

studies have investigated critical TMJ disc characteristics, and while this characterization 

is not complete, these data have created a solid foundation for tissue engineering 

research. Thus, the last 5 years have yielded core studies investigating the principal 

elements of tissue engineering: scaffold, cell source, and biological/biomechanical

stimuli. So, although TMJ disc tissue engineering is still in its formative years, its future 

is quite promising. Key studies are now conducted which will assist in the establishment 

o f a solid TMJ disc tissue engineering approach. As the challenges of tissue engineering 

are faced and met, the ultimate goal o f creating a functional biological implant nears.

* Chapter published as Allen KD and Athanasiou KA. “Tissue engineering the TMJ disc,” Tissue Eng, In Press
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Introduction

Motivation for Tissue Engineering the Temporomandibular Joint Disc 

The temporomandibular joint (TMJ) disc, a fibrocartilaginous tissue positioned between 

the mandibular condyle and the fossa-eminence of the temporal bone, is a major 

component of jaw joint function (Figure 2.1). This tissue serves to lubricate the surfaces 

of motion within a TMJ during the joint’s complex mechanical movements. 

Furthermore, the TMJ disc may serve to absorb shock, distribute loads, and decrease 

incongruence between the joint’s bony structures. Disorders of the temporomandibular 

joint are alarmingly prevalent; estimates by the Federal Drug Administration project a 

patient population o f more than 10 million in the United States.81 TMJ disorders are 

complex and multifaceted; however, displacements and/or malformations of the TMJ disc 

are highly correlated to dysfunctional joints.47,82 Unfortunately, treatment options for 

TMJ patients are few, widely variant, and have limited success rates. Severe TMJ 

disorders often progress until the patient is in need of surgical treatment which can 

include the removal o f the TMJ disc (discectomy) and/or total joint reconstruction. 

Tissue engineering a functional TMJ disc is a promising technology for the treatment of 

TMJ disorders. An engineered disc may serve to alleviate pain associated with TMJ 

disorders, slow the progression of TMJ tissue resorption due to improper load 

distribution, and return normal jaw function to the previously impaired joint.

The potential impact o f a biologically engineered TMJ disc implant is bolstered 

considering the dark history of synthetic TMJ disc implants. In 1991, the Federal Drug 

Administration issued a class I recall of Vitek Proplast II Temporomandibular
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Interpositional Implants citing the material’s propensity to “fragment, delaminate or 

otherwise be damaged or punctured in a load-bearing position.” Debris from these 

implants were observed to contribute to progressive bone degeneration of the TMJ 

structures and/or incite a foreign body response from the immune system.84"86 Synthetic 

TMJ discs are rarely used today, and all available TMJ total joint devices are categorized 

class III by the FDA (highest risk category).81

The reasons for the failures of synthetic TMJ disc implants are generally attributed to the 

lack of knowledge concerning the TMJ and its disorders. At the Technology Assessment 

Conference at the National Institutes of Health held April 29-May 1, 1996, it was stated 

that “concern about the safety and efficacy of the care provided to patients with TMD 

(temporomandibular joint disorders) requires that both clinicians and patients achieve a 

better understanding of these health problems. The absence of clear, valid, and reliable 

guidelines for diagnosis and the dearth of proven rationales for a full range of treatment 

methods means that potentially many patients and practitioners may attempt therapy with

approaches that have not been adequately tested in scientifically-based research

81studies.” The small amount o f available knowledge also applies to the field of tissue 

engineering. Without published literature values on the biochemical, biomechanical, and 

cellular makeup o f the TMJ disc, it is difficult to discern what the engineer is attempting 

to regenerate and how this process should be carried out. In the last 10 to 15 years, 

several pertinent papers on the composition of the TMJ disc have been published, and 

TMJ disc tissue engineering has progressed therein.
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Tissue Engineering the TMJ disc: The first attempts

The first attempt to investigate TMJ disc cells in a tissue engineering environment was 

published in 1991.87 Cells were isolated from the lapine TMJ disc and cultured on 

collagen type I meshes. Cells seeded onto the collagen meshes were observed to be 

chondrocyte-like, staining positive for proteoglycans. Control cells, seeded in monolayer 

culture flasks, were described to be more fibroblastic. Furthermore, control cells 

proliferated at a faster rate than those seeded on the collagen mesh.

The first study to investigate biomechanical and biochemical properties o f the engineered

DO

construct was published in 1994. In this study, biodegradable polyglycolic acid (PGA) 

and polylactic acid fibers were formed into the shape of a TMJ disc and seeded with 

bovine articular chondrocytes. At 1 week, constructs were implanted into nude mice, and 

at 12 weeks, constructs were analyzed using histology, biomechanics, and biochemical 

assays. This initial attempt demonstrated the feasibility o f engineering a TMJ disc; 

neocartilage with sulfated glycosaminoglycans (GAG) and collagen type II components 

was produced at 12 weeks. However, the constructs’ mechanical integrity under 

compression was compared to values for native articular and costochondral cartilage. 

Standards for the native TMJ disc were unavailable, and it was evident that very little 

information about the native TMJ disc was available for scientists, researchers, and 

engineers. Regardless, the impact of an engineered component for oral and maxillofacial 

surgery was clearly demonstrated through these pioneering attempts.
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The Call for Characterization Data

To tissue engineer a viable implant, the engineer and scientist must first understand the 

composition of the native tissue and how it functions. Early efforts for the TMJ disc 

were hindered by the dearth of critical information available in the literature. The 

characterization studies published in the last 10 years have significantly reduced this 

challenge; however, the number of characterization studies on the TMJ disc remains 

relatively small in comparison to its cartilaginous counterparts. Detamore and 

Athanasiou2’31 established comprehensive reviews of the motivations behind TMJ disc 

tissue engineering. Almarza and Athanasiou89 compared the TMJ disc’s characteristics to 

the more clearly defined cartilaginous tissues o f the knee. These papers serve as central 

references for TMJ disc characterization data. Brief reviews of the critical cellular, 

biochemical, and biomechanical characteristics of the TMJ disc are contained within this 

review; a special emphasis is placed on salient data and recent studies not included in the 

aforementioned reviews.

Characterization o f the TMJ Disc in Regards to Tissue Engineering
o q

Almarza and Athanasiou effectively demonstrated the TMJ disc’s differences from the 

knee meniscus and articular cartilage. The TMJ disc also exhibits distinct regional 

variations. To understand these variations, it is important to understand general 

definitions of the TMJ disc’s regions (Figure 2.2). First, the TMJ disc is commonly 

classified into three geometric regions: anterior band, posterior band, and intermediate 

zone.1 The intermediate zone also exhibits differences from its lateral to medial aspects; 

thus, the intermediate zone is often subdivided into lateral, medial, and central regions.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4 6

Investigators have also taken the path o f comparing the TMJ disc’s central portions to its 

periphery, the combination of the lateral, medial, posterior, and anterior regions/bands. 

The combination of these data clearly depicts TMJ disc’s variations in the 

anteroposterior, mediolateral, and radial directions.

Fibrochondrocytic Cell Population

8 9The cells of the TMJ disc are commonly referred to as fibrochondrocytes. ’ This term, 

fibrochondrocyte, can be confusing when reviewing the TMJ literature. It is often used in 

two different contexts: 1) to describe the global characteristics of the TMJ disc’s cell 

population and 2) to describe a rounded cell that exhibits chondrocytic markers but lacks 

a pericellular matrix.9 The first definition implies the presence o f more than one cell type 

within the cell population; the second definition is contained within the specific cell types 

implied by the first definition. The TMJ disc cell types are typically referred to as either 

fibroblast-like and chondrocyte-like9,90 or as fibroblasts, fibrochondrocytes, and 

chondrocytes.91"94 A complete examination of the biology of fibrocartilaginous cells, 

including those found in other fibrous tissues like the knee meniscus and intervertebral 

disc, can be found in a review by Benjamin and Ralphs.95

While the TMJ disc consists o f several cell types, the cell population appears to be more 

fibroblastic than chondrocytic. Cell populations isolated from the lapine TMJ disc were 

found to express proteinases and proteinase inhibitors similar to those of synovial 

fibroblasts and differing from chondrocytes; this suggests the predominance of the 

fibroblastic phenotype.96 Based upon the morphological appearance of cells in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



47

hematoxylin and eosin stained sections, the percentage of fibroblastic cells in the TMJ 

disc was calculated to be 70 ± 11% with the remainder of the cells being primarily 

chondrocyte-like 90 Observations from immunohistological staining indicate differences 

among fibroblasts, fibrochondrocytes, and chondrocytes from normal and dysfunctional 

discs. Varying expression of vascular endothelial growth factor, cellular S-100 protein, 

cell adhesion marker CD44, and alpha-smooth muscle actin were observed in these cell 

types as a function o f disc injury.91'94 To our knowledge, the response of specific TMJ 

disc cell types has not been studied in a tissue culture, organ culture, or tissue engineering 

environment. Thus, the relative differences amongst TMJ disc cell phenotypes and the 

ability o f a TMJ disc cell population to maintain a phenotypic distribution throughout a 

tissue engineering attempt is currently unknown.

The TM J’s structures, including the TMJ disc, are believed to derive from mesenchymal 

cells. Condensations, appearing as condylar and temporal blastemas, give rise to the 

respective anterior and posterior regions of the TMJ disc.97 Given its location in the 

head, contributions from cranial neural crest cells during TMJ development are also 

noted in the literature.98 Cellularity in the fetal human TMJ disc has been observed to be 

high in the intermediate portions;97 this contrasts observations in the adult porcine discs 

which had relatively denser cellularity toward the periphery.90 Cell type also varies 

spatially within the disc (Figure 2.3). It is commonly noted that cells in the center of the 

disc are more chondrocytic and cells toward the periphery tend to be fibroblastic.10’11,90 

Furthermore, the predominance of a specific cell type within a given disc region is likely 

to change with age.27 Cellularity information does vary across the literature; these
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variations are commonly attributed to the animal model, age, and diet. However, the 

available literature is specific in the fact that the TMJ disc has both a fibroblastic and 

chondrocytic component.

These cellular variations compound the already challenging cell source issues faced by 

tissue engineers as fibroblastic and chondrocytic cells may need to be heterogeneously 

distributed across a tissue engineered construct. Furthermore, the availability of 

fibroblastic and chondrocytic cells is likely to change as a function of the patient’s age, 

gender, and health history. These challenges will be discussed in more detail within the 

final sections.

Collagen and Elastin Fibers

When discussing the structure o f the TMJ disc, one particular class of extracellular matrix 

(ECM) proteins dominates: collagen. Collagen fibers construct the vast majority of the 

TMJ disc’s ECM architecture. Approximately 30% of the wet weight,21 83-96% of the 

dry weight,19’99 and 50% of the volume18’89 of the TMJ disc is occupied by collagen. 

Collagen fibers form a ring-like alignment around the periphery o f the TMJ disc and a 

strong anteroposterior alignment through the central regions.14’16’17’100 Transitional 

regions can be observed where the anteroposterior-aligned fibers of the intermediate zone 

realign with the mediolateral-aligned fibers of the anterior and posterior bands.14’100 

Unlike other hyaline cartilage, the TMJ disc is almost entirely collagen type I.9"11’15 The 

primary hyaline cartilage protein, collagen type II, has been detected in minute amounts 

in the TMJ disc.9' 11 If detected, its location is most likely within the pericellular matrix
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of or adjacent to chondrocyte-like cells.11 Some studies also indicate the presence of 

collagen type n i 12’15,101 as well as collagens type VI, IX, and XII.12,101 Nevertheless, 

biochemical studies agree across the literature that collagen type I predominates other 

collagens and thus other ECM proteins.

Several studies have investigated the distribution and concentration o f collagens 

throughout the TMJ disc (Figure 2.4). Almarza et al. "  noted a large collagen component 

in the central portions of the porcine disc relative to the anterior, posterior, and lateral 

regions. Detamore et al.m  observed the distribution of collagen fibers using 

immunohistochemical staining. The fibers in the anterior and posterior bands were 

almost exclusively collagen type I. In the central portions of the disc, collagen type I 

staining was observed to be discontinuous with corresponding collagen type II clusters 

filling the gaps. The collagen fibers in the TMJ disc generally exhibit a wavy or crimped 

pattern14’16’17'21102'104; this pattern can be found throughout the full thickness of the 

disk103. These fibers are roughly parallel with considerable crimping and branching 

observed in the intermediate zone21.

Elastin fibers can also be found in the TMJ disc; however, these fibers are found in much 

smaller amounts relative to collagen. The elastin content of the bovine TMJ disc was 

found to be in the range o f 3-7% on the total mass;22 in the human disc, elastin content 

has been reported to make up 0.339% of the total volume.23 The distribution of elastin 

fibers is also heterogeneous. Gross et al.23 observed a larger number o f elastin fibers on 

the superior surface of the TMJ disc relative to the inferior surface; furthermore, elastin
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fibers were more numerous in the periphery relative to the center. Detamore et al.100 

reported that staining for elastin fibers was only more abundant in the posterior band, and 

work conducted by O ’Dell et a /.105 detected a higher density of elastic fibers in the 

posterior attachment tissue relative to the disc.

Proteoglycans and Glycosaminoglycans

Proteoglycans are extracellular matrix proteins which consist of a protein core and 

negatively charged GAG branches. Large proteoglycans with several GAG chains may 

contribute to a tissue’s compressive properties by impeding fluid flow through the ECM. 

Smaller proteoglycans with fewer GAG chains have several roles including assisting in 

the alignment and formation of collagen fibrils. Hyaluronic acid is the only GAG found 

in cartilaginous tissues that does not attach directly to a protein core. Via a link protein, 

hyaluronan can serve as a platform for aggrecan molecules, a large proteoglycan; thus, 

hyaluronan and aggrecan can form large aggregates with hyaluronan serving as the 

backbone. These aggregates are commonly found in hyaline cartilage; however, 

hyaluronic acid was found to be less prevalent than the GAGs chondroitin-6-sulfate, 

chondroitin-4-sulfate, dermatan sulfate, and keratan sulfate in the TMJ disc.100

The total GAG content in the TMJ disc varies from less than 1% to 10% per dry 

weight;24,28 however, the majority of the literature indicates a total GAG content near or 

below 5% 19>24’27>99’100 Chondroitin sulfate and dermatan sulfate make up the majority of 

the proteoglycans in the TMJ disc; together, these GAGs consist o f 75-93% of the total
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GAG content.19,27,100 Keratan sulfate and heparin sulfate have also been detected in trace 

amounts.19,24,27,100

There is little agreement about the distribution of GAGs and proteoglycans throughout 

the TMJ disc (Figure 2.5). Almarza et al."  observed total GAG content per dry weight 

using a dimethylmethylene blue colorimetric assay (Figure 2.4). The medial regions of 

the TMJ disc had a higher GAG content relative to the lateral and central portions, and 

the posterior region had a smaller total GAG content than the central and anterior 

portions in the porcine TMJ disc. Detamore et al.m  investigated GAGs in the porcine 

TMJ disc using ELISAs. Similar to findings by Almarza et al.,99 a large increase in GAG 

content from the lateral to medial regions and very low GAG content in the posterior 

region were observed. However, the total GAG content in the disc varied from 

approximately 1.5% to 6% between the two studies.99,100 Furthermore, a study by 

Nakano and Scott27 on the bovine TMJ disc discussed larger total GAG content in the 

middle o f the disc relative to its periphery. Results for the human TMJ disc26 seem to

27 11align with Nakano and Scott; however, a study by Mills et al. on primate TMJ discs 

directly contrasts these findings with large GAG content in the anterior and posterior 

portions relative to the middle. Thus, the GAG distribution in the TMJ disc varies 

throughout the literature (Figure 2.5); however, the studies are clear in the fact that the 

GAG content is relatively low in the TMJ disc compared to hyaline cartilage.89

The distribution o f specific proteoglycans is as complex as the distribution of total GAGs. 

Chondroitin sulfate proteoglycans (CSPGs), most likely aggrecan or versican, have been
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observed throughout the TMJ disc.25 A weaker CSPG staining was noted in the 

intermediate zone relative to the anterior and posterior bands. This may support findings 

by Mills et al.11 that indicated higher GAG concentrations toward the bands of the TMJ 

disc. However, Detamore et a l m  observed the opposite trend for CSPG using ELISAs 

and standardizing to dry weight. Two dermatan sulfate proteoglycans (DSPG) have been 

detected as well: decorin and biglycan.25’106 Decorin staining was observed to be more 

prevalent in the anterior band and its transition region with the central portion. 

Furthermore, decorin stained more intensely on the superior surface relative to the 

inferior surface of the TMJ disc. Biglycan staining, on the other hand, was observed to 

be more prevalent in the posterior band of the disc.25 These results contrast work by 

Detamore et al.m  where DSPGs were not observed in abundance in either the anterior or 

posterior bands.

Tissue Mechanics

Within the last 10 years, no area of TMJ characterization has received as much attention 

as the biomechanics of the joint. Studies have generally focused on three key areas: the 

tissue properties of the TMJ disc, finite element models of joint loading, and kinematic 

models of joint motions. Characterization of TMJ disc mechanical properties has 

flourished resulting in multiple studies covering the wide array o f loading modalities 

which may be experienced by the TMJ disc. Compression, tension, impact, friction, and 

traction studies have been published across a series of large animal models, and while 

variations across the studies exist, a substantial body of information is available from 

which tissue engineers can make validation comparisons of their constructs.
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Studies on the compressive modulus o f the TMJ disc have varied 100-1000 fold. This 

variation is generally attributed to interspecies differences; however, the magnitude of the 

variation remains significant, especially considering that all tests have occurred in large 

animal models. Studies from our group on the porcine TMJ disc under unconfined 

compression, incremental stress relaxation have reported an instantaneous modulus and 

relaxation modulus of approximately 500 kPa107'108 and 30 kPa107’108, respectively. 

Furthermore, tests under creep indentation reported an aggregate modulus in the same 

range, approximately 20 kPa, for the porcine TMJ disc36. A study reporting a Young’s 

modulus of 200-500 kPA for the human TMJ disc under continuous loading is in line 

with these findings.109 However, another study on the human TMJ disc under creep 

indentation reported an elastic modulus near 2 MPa under creep.30 While these numbers 

vary approximately 10 fold, incremental stress relaxation studies reveal a non-linear 

strain stiffening phenomenon in the TMJ disc which may explain this variation.107,108 It 

is plausible that high strain levels were achieved under creep relative to stress relaxation 

experiments, and since the predicted stress relaxation time constants are comparable for 

the two testing modalities, it is still likely that the tissue properties of the porcine and 

human TMJ discs are relatively similar. The canine and bovine model have larger 

compressive resistances, reporting instantaneous moduli of approximately 31 MPa32 and 

15 M Pa110 under unconfined compression, stress relaxation, respectively. The bovine 

model has shown relatively stiff retrodiscal tissue as well; an instantaneous modulus of 

1.5 MPa and relaxation modulus of 200 kPa have been reported.111 Variations between 

studies are not entirely due to interspecies differences. Strain rate, level, frequency, and 

amplitude have all been noted to have significant effects on TMJ disc compression.107'
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io9,ii2,ii3 jqowever? these variations, while significant, are unlikely to completely explain 

100-1000 fold variations between studies conducted under similar modalities.

Regional differences in the TMJ disc compressive properties have also been reported, and 

slight topographical differences between animal models exist. These variations amongst 

species are expected as similar trends have been noted in the knee meniscus.114 Nearly 

analogous experiments were conducted on the porcine and bovine TMJ discs.107108,110 

The anterior regions of both animals appeared to have large instantaneous moduli, and 

the medial regions appeared to have large relaxation moduli. However, in the porcine 

model the lateral region was observed to be mechanically inferior to the other regions; 

this was not apparent in the bovine model. Large instantaneous moduli were also 

observed in the posterior region o f the porcine disc but were not apparent in the bovine 

disc.107,108,110 Furthermore, regional and surface-to-surface variations in the porcine TMJ 

disc could be easily detected with statistics;107,108 since statistics were not conducted on 

the data from the bovine model, the relative variations between regions are more difficult 

to discern.110 Other discrepancies persist throughout the literature. While it is generally 

stated that the central portion of the TMJ disc has a modulus equal to or less than the 

anterior and posterior bands,36,107,108,110 Beek et al.2'3 reported a compressive modulus of 

2 to 3 times larger in the center of the disc relative to its periphery. Regardless, it is 

generally accepted that the TMJ disc exhibits significant compressive property variations 

in the mediolateral and anteroposterior directions.
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Interspecies variations are also noted for the TMJ disc’s tensile properties; however, 

these tensile variations are typically less substantial in magnitude than compressive 

variations. Data on the porcine, bovine, canine, and human TMJ discs are available in 

the literature. Reported tensile moduli are approximately 0.5-80 MPa,33'115 20-25 MPa,34 

15-100 MPa,32’35 and 40-100 MPa,116’117 respectively for the animal models. Again, 

variations between studies are unlikely to be entirely attributed to interspecies 

differences; age, loading direction, history of impulsive compression, strain frequency, 

and strain rate have all been noted to have significant effects in TMJ disc tension 

testing.32'35,115,118,119 Tensile regional variations are relatively consistent across species. 

Under mediolateral tension, the anterior and posterior bands of the disc are much stiffer 

than the intermediate zone.33,35 Under anteroposterior tension, regional variations are less 

substantial, but typically the central portions of the disc are denoted as the stiffest.32,33

Historically, tissue engineering constructs have been validated biomechanically using 

either existing compressive or tensile data. A TMJ disc construct exhibiting regional 

variations has not been reported. The selection of tensile and compressive testing for 

validation of tissue engineered constructs is most likely due to the availability o f tensile 

and compressive test apparatuses and modalities, and not due to a relative importance 

placed on these particular properties. Clearly, a construct’s shear, friction, and impact 

properties are also important to a construct’s applicability. Validation of these properties 

will become more commonplace as the quality of engineered constructs progresses.
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Some data on shear, frictional, and impact properties are currently available in the 

literature. Gallo et al.m 'm  have described mediolateral and anteroposterior stress field 

translations in the TMJ disc; thus, frictional, tractional, and plowing forces are likely 

experienced by the disc. Shear modulus properties in the human TMJ disc are 1-2 MPa 

and are likely lower in the center of the disc relative to the medial and lateral portions.122 

The coefficient of friction in the porcine TMJ disc is approximately 0.015-0.025

123depending on the compressive load magnitude and length of time that load is held. 

Similar to compression and tensile tests, variations in shear/frictional testing have been 

reported due to strain frequency, compressive strain, loading direction, and translational 

velocity.123"127 Less is known about the TMJ disc in response to impact; however, one 

study did observe an increase in the anteroposterior tensile modulus and a decrease in 

mediolateral hysteresis during repeated tensile loading following an impact event.128

Joint Motions and Loading

The motions of the TMJ and its components are highly complex. Since bilateral TMJs 

are connected by the mandible, they can not move independently; thus, the motions o f the 

balancing TMJ depend upon the working TMJ. Furthermore, the movements o f the two 

TMJs are asymmetric; the working side moves faster dorsocranially and reaches its most 

cranial position far ahead of the balancing side during chewing motions.121 These 

challenges in modeling joint motions are compounded by the fact that the TMJ undergoes 

both rotational and translational motion and the location and angle of joint loading are 

constantly changing as a bolus of food is moved about the mouth. Furthermore, the 

relative amounts o f rotational and translational movements may vary as a function of an
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individual’s mandibular geometry129. A more thorough review of the TMJ motion 

complexities is available from Palla et al.x2x

The TMJ disc is loaded throughout jaw motions on both the balancing and working 

sides.121 In 1971, it was reported that during chewing the condyle followed a closing 

path inferior to the opening path;130 this finding has been interpreted to indicate the 

condyle became distracted during closing. However, condyle-fossa distance 

measurements made during chewing motions indicated that the condyle and fossa are 

closest upon closing in both the working and balancing TMJs.121 Furthermore, finite 

element models indicate substantial compressive, tensile, and shear components 

throughout the chewing cycle.40,131,132 In these models, tension is typically noted on the 

superior surface in either the posterior38 or central regions,37,39,131 and compression is 

often detected on the inferior surface with the largest forces in the posterior band.37'39,116 

The orientation of bony trabeculae in the porcine TMJ correlates to these loading 

patterns. Trabeculae in the condyle appear to be vertically oriented, while trabeculae in

133the articular eminence are oriented transversely. Furthermore, surface-to-surface 

variations in the porcine TMJ disc’s mechanical properties have been observed; a larger 

compressive modulus was observed on the disc’s inferior surfaces107. Thus, some 

biological data exist to support the finding o f tensile stresses on the superior surface and 

compressive stresses on the inferior surface o f the TMJ disc. Finally, large shear and 

compressive components have been identified in the lateral aspects o f the disc in 3D 

finite element models 40,131,132 This finding appears to correlate to observations that 

perforations in cadaveric discs were most common in the lateral regions.134
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Links amongst Cells, Matrix, and Mechanics Variations

Despite a lack of consensus concerning the cellular, biochemical, and biomechanical 

variations in the TMJ disc, theories on how the three elements interact are important to 

consider for tissue engineers. First, collagen type II has been found in the direct vicinity 

of chondrocyte-like cells.11 Large CSPGs are also found within the same disc regions as 

these cells.11,99,100 Thus, chondrocyte-like cells may be responsible for maintaining small 

pockets of hyaline-like extracellular matrix found within the TMJ disc. The more 

abundant cell type, fibroblast-like cells, can be seen dispersed along the collagen type I 

fibers.10,11,90 These cells are also more prevalent in the regions where DSPGs 

predominate.25,135 Thus, these fibroblast-like cells likely maintain the majority of the 

TMJ disc architecture and the ring-like fiber alignment surrounding the periphery. The 

location o f the cell types, however, does not strongly correlate to regions of high 

compressive and tensile stresses. Large tensile stress have been noted on the superior 

surface of the intermediate zone,37,39,133 a region with a relatively large proportion of 

chondrocyte-like cells compared to the other disc regions. Large shear and compressive 

stresses are observed in the posterior band and lateral region.40,132 These regions also 

lack CSPGs found in more chondrocytic regions of the TMJ disc.99,100 Thus, cell type 

appears to have a strong correlation to the biochemical matrix of the TMJ disc regions 

but may not correlate to the loading pattern.

The presence of large CSPGs has been theorized to result in increased resistances to 

compressive strains. As a tissue is compressed, the numerous negatively charged GAGs 

chains of these proteoglycans attract water molecules thus making fluid flow more
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difficult and imparting an increased compressive resistance. The presence of CSPGs has 

not necessarily translated to increased compressive resistance across the TMJ disc’s

I (Y l  I (IXregions. ’ Total GAG content in the medial regions of porcine TMJ disc has been 

observed to be larger than other disc regions", and some discussions have attempted to 

correlate this finding to large aggregate moduli36 and relaxation moduli108 observed in the 

same region. However, GAG content has not correlated to instantaneous modulus 

variations in the TMJ disc107’108,110 and may not translate across animal models. 

Furthermore, since the TMJ disc generally lacks a large total CSPG content, it may be 

possible that the effects o f these ECM components are minor in determining the overall 

compressive resistance of the disc.108 Instead, the TMJ disc may operate in a trampoline

like fashion and compressive resistance may be imparted by collagen fibers strained 

along an axis transverse to the compressive load.16’108,136

The theories about TMJ disc’s function are essential for TMJ disc tissue engineering. 

Early tissue engineering attempts were compared to native articular and costochondral

on

cartilage due to a lack o f available TMJ disc characterization studies. These 

cartilaginous tissues may have drastically different modes o f operation than those 

necessary for a functional tissue engineered TMJ disc construct. Several studies have 

now been published across an array of animal models; thus, some species-dependent 

validation criteria now exist for TMJ disc tissue engineered constructs.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60

Scaffolds, Cells, and Signals for Tissue Engineering

Tissue engineering o f the TMJ disc is an emerging field still well within its infancy. A 

substantial basis o f characterization data now exists from which significant tissue 

engineering studies can be developed. This does not imply that the characterization of 

the TMJ disc is complete, but a solid foundation has been laid from which elemental 

tissue engineering studies can progress. Fundamental issues have only begun to be 

addressed, such as the selection of appropriate scaffolding material, cell sources, and 

biological and biomechanical environments (Figure 2.6).

Identifying a Scaffolding Biomaterial

Early tissue engineering studies have focused on the identification of an appropriate 

scaffolding biomaterial. Two studies published in 2001 investigated the effectiveness of 

porous and photopolymerizable scaffolds, respectively. Springer et al.ni investigated the 

effectiveness of polyamide monofilaments and expanded polytetrafluoroethylene 

(ePTFE) as scaffolding materials in comparison to PGA and natural bone mineral blocks. 

This study noted the potential of porous scaffolds for TMJ disc tissue engineering as cells 

were able to adhere to all biomaterials. However, in contrast to the early work conducted 

by Puelacher et a /.,88 constructs failed to produce a hyaline-like or fibro-like neocartilage 

after 4 or 8 weeks o f culture.137 Poshusta and Anseth138 suggested the use of a 

photopolymerizable scaffold. The study indicated that bovine collagen type I could be 

adapted for trans-tissue photopolymerization by adding a photopolymerizable acrylate 

functional group by reaction with hydrochloric acid. Furthermore, the study indicated 

that osteoblasts, obtained from neonatal rat calvaria, could be encapsulated in a
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poly(ethylene oxide) dimethacrylate macromer construct, suggesting the ability to 

photoencapsulate cells in a tissue engineered construct.

Almarza and Athanasiou139 compared the potential of a hydrogel and a porous scaffold 

within the same study. Porcine TMJ disc cells were either encapsulated in alginate or 

seeded onto a non-woven PGA mesh. A substantial decrease in cell population and the 

lack o f ECM production was observed in the alginate culture. Cells attached to PGA 

meshes, maintained their cellularity throughout the test, and produced some ECM. Also, 

a spinner flask seeding method for PGA scaffolds was found to be superior over orbital 

shaker and centrifugation methods. These results indicate that a mesh structure may be 

preferable to a hydrogel when working with a TMJ disc cell population.

Cell Sources and the TMJ Disc

In general, the issue of cell source is central to the efficacy o f tissue engineering; the 

status is no different for the TMJ disc. Several cell sources have a high potential for the 

injured TMJ disc. First, autologous cells from the native TMJ disc should not be 

overlooked. While it is possible that this cell line may be compromised in the unhealthy 

or dysfunctional disc, it is also plausible that this cell source could be reconditioned 

through the use o f positive biological and biomechanical signals ex vivo. Autologous 

cells from contralateral TMJ, cartilaginous, or articular tissues may serve as another 

potential source. Shoulder-derived,88 condylar-derived,140 fossa-eminence-derived137 

cells have been attempted in TMJ disc tissue engineering. An initial cell population that 

is highly chondrocytic may be ideal for the TMJ disc. This cell type has shown the
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propensity to dedifferentiate during monolayer expansions in vitro;141 thus, it is plausible 

that a large fibrochondrocytic cell population may be obtained from chondrocytes. 

However, this technique would not address the issue of donor site scarcity and morbidity. 

As hyaline cartilage does not regenerate, the donor joint would be left severely impaired 

through such a technique. The use o f non-autologous cells may begin to address this 

issue; however, the issue o f immunogenicity of the cell population and the possibility of a 

severe immune response would be introduced. A fibrochondrocytic cell population may 

also be achieved from a fibroblastic cell line. French et a l}42 demonstrated chondrocytic 

potential in adult dermal fibroblasts when treated with IGF followed by seeding on an 

aggrecan-coated surface. The potential o f this cell source is extremely exciting for TMJ 

disc tissue engineering. The use of autologous cells would greatly reduce the chances of 

an immune response, and a donor site localized to the skin would significantly reduce the 

issues concerning donor sight morbidity. Finally, the potential impact of stem cells on 

tissue engineering can not be understated. The differentiation factors to create a replica 

of the TMJ disc cell population are unknown; however, substantial work has been 

conducted to investigate these factors for both chondrocytes and fibroblasts.143,144

The Effects o f  Biological Signals on Engineered TMJ Disc Constructs 

Biological signals can activate pathways which cascade into ECM protein production. 

Growth factors are the most common biological signals utilized in tissue engineering; 

however, chemicals such as ascorbic acid, proline, and glutamine can also serve as 

signals. Three recent studies have investigated the effects of growth factors on porcine 

TMJ disc cells. Detamore and Athanasiou145 investigated the effects of platelet derived
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growth factor (PDGF), basic fibroblast growth factor (bFGF), and insulin-like growth 

factor-I (IGF) on TMJ disc cells plated on a 2D growth surface. bFGF and IGF were 

selected over PDGF due to observed increases in cell proliferation and collagen 

synthesis.145 The effects of these two growth factors and transforming growth factor-pi 

(TGF-J3) were later examined on PGA constructs seeded with porcine TMJ disc cells.146 

While differences between growth factors were limited, the constructs exposed to a 

growth factor did exhibit a significant increase in mechanical and structural integrity over 

controls.146 Furthermore, the authors recommended the use of IGF based upon collagen 

synthesis and cost.146 These growth factors, bFGF, IGF, and TGF-P, have also been used 

in pairs in an effort to discern synergistic effects.147 However, a similar result was 

observed. Constructs exposed to a growth factor outperformed controls although no 

combination yielded a statistically significant advantage; thus, synergistic effects were 

not observed. Constructs exposed to high levels of growth factors were observed to 

retain higher levels of cellularity.147

Growth factors have a high potential for positive effects on TMJ disc constructs; 

however, due to its relative infancy, little is known about the culture medium or seeding 

techniques which are most beneficial for the TMJ disc. Bean et a /.148 investigated the 

effects of ascorbic acid concentration on PGA constructs seeded with porcine TMJ disc 

cells. Surprisingly, a saturation effect for ascorbic acid was observed; 25 pg/mL of 

ascorbic acid outperformed 0 pg/mL and 50 pg/mL in both collagen production and 

mechanical properties. An often overlooked biological signal is the presence o f cell-to- 

cell interactions. Almarza and Athanasiou149 observed a saturation seeding density of 75
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million cells per mL of PGA scaffold. Furthermore, scaffolds seeded at saturation 

outperformed scaffolds seeded below saturation in both collagen and GAG synthesis.

Biomechanical Signals for Matrix Production

When cartilaginous tissues are not used for a sustained period of time, the tissues begin to 

atrophy. Biomechanical stimuli may be an essential component of cell survival and 

matrix production. Thus, the potential of bioreactors which impart a biomechanical 

stimulus is immense for cartilaginous tissue engineering. Darling and Athanasiou150 have 

published a complete review of bioreactors and their related strategies for cartilaginous 

tissue.

Two known studies have utilized mechanical stimulation for the tissue engineering of the 

TMJ disc. Detamore and Athanasiou151 placed PGA seeded scaffolds into a rotating wall 

bioreactor. The resulting constructs were observed to be small with a dense matrix. 

However, the overall results o f this study did not indicate that culture in a rotating wall 

bioreactor was beneficial for TMJ disc tissue engineering. Almarza and Athanasiou152 

observed the effects of hydrostatic pressure on TMJ disc cells plated in monolayer. 

Surprisingly, sustained hydrostatic pressure at 10 MPa was observed to increase collagen 

production over unloaded controls; intermittent hydrostatic pressure from 0 to 10 MPa at 

1 Hz was found to be detrimental.
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The Future o f TMJ Disc Tissue Engineering

Tissue engineering of the TMJ disc is still in its formative years. Essential data published 

in the last 10 to 15 years have now laid a solid foundation of sufficient breadth and depth 

from which tissue engineering studies may progress. The characterization of the native 

TMJ disc is not complete. However, design and validation criteria may be estimated 

from the available literature, and the development of basic tissue engineering procedures 

for the TMJ disc are being pursued. Prior to 2000, three pioneering efforts to tissue 

engineer the TMJ disc were made;87,88’153 since 2000, ten additional TMJ disc tissue 

engineering studies have been conducted.137' 139,145' 149’151’152 These studies have laid 

groundwork leading toward solutions for pivotal tissue engineering challenges like the 

selection of an appropriate scaffold, identification of potential cell sources, and the 

classification of beneficial biological and biomechanical stimuli. As these challenges are 

faced and met, the ultimate goal of creating a functional biological implant nears.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 6

Figures Associated with Chapter #2
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Figure 2.1: Anatomy o f the temporomandibular joint. The temporomandibular joint 

(TMJ), colloquially referred to as the jaw joint, consists of three structures: the temporal 

bone, mandible, and TMJ disc. The TMJ can be found just anterior to the ear and 

posterior to the zygomatic bone (cheek bone). The TMJ disc is a fibrocartilaginous tissue 

positioned below the glenoid fossa and articular eminence of the temporal bone and 

above the mandibular condyle. This tissue may reduce joint friction, transfer joint loads, 

and reduce incongruence between the jo int’s bony structures.
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Figure 2.2: Common classification o f  the TMJ disc regions. The most common

classification of the TMJ regions is by geometric division of the disc into the anterior 

band, posterior band, and intermediate zone. The bands of the disc are 4-8 times thicker 

than the intermediate zone. The intermediate zone has been observed to exhibit regional 

variations in the mediolateral direction; thus, this region is sometimes subdivided into 

lateral, central, and medial regions. Due to the disc’s ring-like collagen fiber alignment 

around its periphery, researchers have also taken the approach of dividing the disc into 

two sections: the periphery and center. Studies using these three classifications have 

demonstrated the disc’s tissue variations in the anteroposterior, mediolateral, and radial 

directions.
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Chondrocyte-like Cell Fibroblast-like Cell

Figure 2.3: The cells o f  the TMJ disc. The cell population of the TMJ disc is

fibrochondrocytic containing cells that are both chondrocyte-like and fibroblast-like. 

While the fibroblastic phenotype appears to dominate all regions of the TMJ disc, the 

ratio of fibroblastic cells to chondrocytic cells increases in the bands of the TMJ disc. 

Chondrocyte-like cells are also found throughout the TMJ disc but are generally noted to 

be more prevalent in the intermediate zone.
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Collagen and GAG Distribution 
in the Porcine TMJ Disc

Lateral
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Figure 2.4: Collagen and total GAG distribution in the porcine TMJ disc."  Almarza et 

a l."  quantified the collagen and total GAG of the porcine TMJ disc. The approximate 

value of collagen and GAG in the disc’s regions are represented. The center o f the disc 

was noted to have more collagen than the disc’s peripheral regions. The largest GAG 

content was observed in the medial regions of the intermediate zone.
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Figure 2.5: Variations in GAG content observed throughout the TMJ disc literature.

Variations in the TMJ disc biochemical content are noted throughout the literature; 

however, these variations are not always consistent from study to study. The top row 

depicts three separate studies on the total GAG content in the TMJ disc. Arrows depict 

regional variations with the arrow leading from regions with higher concentration 

pointing toward regions with lower concentrations. Almarza et al."  reported a large 

GAG component in the medial region. Nakano and Scott27 observed larger GAG content 

in the center relative to the periphery. Mills et al.u reported a larger GAG content in the 

bands compared to the center. Studies on the location o f specific proteoglycan also vary 

across the literature (bottom row). Detamore et al.m  report large DSPG content in the 

center of the disc relative to the bands; data from staining conducted by Mizoguchi et

25al. report the exact opposite finding. A smaller discrepancy is seen for CSPG. 

Detamore et al.m  report a large CSPG in the medial regions o f the disc; Mizoguchi et

25al. reported that staining for CSPGs also high in the intermediate regions o f the disc but 

low in the anterior band.
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Figure 2.6: A tissue engineering approach. Frequently, tissue engineering involves 

seeding cells onto a biomaterial and then exposing this construct to a microenvironment 

containing positive signals for extracellular matrix production. However, prior to 

conducting a tissue engineering experiment, researchers should select their materials and 

approaches based upon critical characterization data. These data should also be used to 

validate the tissue engineered construct. As tissue engineering approaches develop, a 

feedback between critical characterization data and design criteria occurs. As the tissue 

characteristics become more refined, the design criteria achieve better definition and 

significant tissue engineering studies ensue;
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Chapter #3: Viscoelastic Characterization of the 
Porcine Temporomandibular Joint Disc under 

Unconfined Compression
Abstract

Pathophysiology of the TMJ disc is central to many orofacial disorders; however, 

mechanical characterization of this tissue is incomplete. In this study, we identified 

topographical variations in the porcine TMJ disc under unconfined compression. The 

intermediate zone, posterior, anterior, lateral, and medial regions o f eight TMJ discs were 

sectioned into inferior and superior surface samples. Surface-regional samples were then 

subjected to incremental stress relaxation tests. Single strain step (SSS) and final 

deformation (FD) viscoelastic models were fit to experimental data. Both models 

represented the experimental data with a high degree of accuracy (i?2 =0.93). Strain 

dependent material properties were observed across the disc’s surface-regions. The 

instantaneous modulus and relaxation modulus averaged near 500 kPa and 80 kPa, 

respectively; the coefficient of viscosity averaged 3.5 MPa-s. Regional variations in 

stiffness were observed on both surfaces. On the inferior surface, the disc was stiffest in 

the medial and posterior regions; on the superior surface, the anterior region was stiffest 

in the FD models. Surface to surface stiffness variations were observed in the lateral and 

anterior regions while surface to surface viscosity variations were observed in the lateral 

region. The results of this study imply the stiffness of the TMJ disc may change 

regionally as strain is applied. Furthermore, the lateral region exhibited a lower viscosity 

and stiffness compared to other disc regions. Both findings may have important 

implications on the TMJ disc’s role in jaw motion and function.

* Chapter published as Allen KD and Athanasiou KA. “Viscoelastic Characterization o f  the Porcine Temporomandibular Joint Disc 
Under Unconfined Compression,” J  Biomech, 39(2): 312-22, 2006.
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Introduction

The frequency o f temporomandibular joint (TMJ) disorders has been the subject of 

several epidemiological studies. Approximately 3-4% of the population seeks treatment 

for TMJ disorders,154 yet it has been commonly reported that 20-25% of the population 

exhibits signs or symptoms of these disorders.41'44 The TMJ’s complex mechanical 

environment may be central in the etiology of TMJ disorders. Compared to other joints 

in the body, the TMJ has several kinematic distinctions, including the combination of 

rotational and translational motions.155 The TMJ disc, a fibrocartilaginous tissue 

positioned between the mandibular condyle and temporal bone, allows for these complex 

motions by lubricating the surfaces of motion and serving as a mechanical element. The 

disc also distributes loads and absorbs shocks during mastication.5

In dysfunctional TMJs, the TMJ disc is often found to be damaged or displaced 

anteriorly 47 In these cases, the patient’s quality o f life is hindered by limited jaw  motion, 

joint pain, and locking of the jaw, often resulting in discectomy. Discectomy has only a

oS
mild success rate. The procedure has been able to alleviate some joint pain; however, 

the absence o f the TMJ disc can lead to further joint degradation. Synthetic disc 

replacements aimed at reducing this joint degradation have not been successful.71 Tissue 

engineering a disc replacement may be a viable solution for several patients suffering 

from TMJ disorders.2 To tissue engineer the TMJ disc, a thorough TMJ disc 

characterization must first be conducted to establish design and verification criteria. 

Unfortunately, TMJ disc characterization studies are sparse.
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In the last five years, few mechanical characterization studies on the TMJ disc have been 

published. Characterization studies available in the literature have varied greatly due to 

differences among animal models and test modalities. Data related to the tissue’s 

viscoelastic nature, such as the coefficient of viscosity, are scarce. There is also a need 

for more information concerning surface-regional variations within the TMJ disc, 

especially considering the complex mechanical environment the disc must operate under.

Tensile mechanical properties of the TMJ disc have been obtained in several animal 

models. In the canine and porcine models, mediolateral and anteroposterior variations 

have been observed.17,32,33 The bovine TMJ disc was also tested in the anteroposterior 

direction, but little regional variation was detected.34 For tensile loading in the 

mediolateral direction, the porcine disc was found to be strongest in the posterior band 

and weakest in the intermediate zone.33 For tensile loading in the anteroposterior 

direction, the porcine disc was found to be weakest in the lateral region.33 Furthermore, 

scanning electron micrographs revealed a strong correlation between collagen fiber 

alignment and tensile properties, establishing a collagen structure-tensile function

117 1
relationship for the tissue. Tanaka et al. ' have investigated the viscous properties 

o f the TMJ disc under tension. They observed a decline in TMJ disc viscous properties 

in response to both the displacement o f the disc and a diminished proteoglycan 

content.117,156

Compressive characterization studies pertaining to the design and verification of tissue 

engineering studies are also rare. To our knowledge, no studies have investigated the
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compressive mechanical variations between the inferior and superior surfaces of the TMJ 

disc. Also, the vast majority of the available compressive studies fail to use viscoelastic 

mechanics models to account for viscous effects. The biphasic mechanical properties of 

the porcine TMJ disc under creep indentation were determined by Kim et al.36 The 

medial regions of the disc were found to be significantly stiffer than the anterior, central, 

and lateral regions.36 However, testing was only conducted on the superior surface of the 

TMJ disc; thus, surface to surface variations in the porcine disc were not investigated. 

Furthermore, the permeability of TMJ disc was found to be an order of magnitude larger 

than hyaline cartilage.157 A regional viscoelastic characterization of the bovine disc was 

performed using incremental stress relaxation.110 The bovine disc was described as 

having large instantaneous moduli in the anterior and posterior portions, and large 

relaxation moduli in the medial portions. The coefficient o f viscosity, however, was not 

reported. Furthermore, surface to surface variations in the bovine disc were not studied, 

and statistics were not used to verily regional variations.

Finite element models have been employed to better understand the biomechanical 

environment of the TMJ. These models have been useful; however, they may be 

improved through the inclusion of surface-regional variations in the disc’s tissue 

properties. In a three-dimensional finite element model, Beek et al.40 predicted that large 

strains would be experienced in the lateral regions o f the intermediate zone. Other finite 

element models have shown that an increase in stiffness in the TMJ disc can greatly 

influence the mechanical loading in the rest of the joint.116,158 By furthering our 

knowledge o f the surface-regional variations in the biomechanical properties of the TMJ
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disc, theoretical models and our understanding o f load distribution in the TMJ will be 

enhanced.

In the current study, we established a surface-regional mechanical characterization of the 

viscoelastic material properties of the porcine TMJ disc under unconfined compression. 

Using an incremental stress relaxation modality, mechanical tests were conducted to 

establish the viscoelastic properties of ten surface-regions o f the porcine TMJ disc. In so 

doing, this study aimed to improve design and verification criteria for future tissue 

engineering studies, elucidate compressive structure-function relationships from 

biochemical data available in the literature, advance the understanding o f the viscoelastic 

nature of the TMJ disc for future mechanical models, and clarify links between tissue 

function and jaw kinematics and dysfunction.

Materials and Methods

Specimen Preparation

The pig was selected as the animal model in this study based upon anatomical similarities 

to the human TMJ.159 Hog heads were obtained from a local slaughterhouse. TMJ discs 

from the hogs’ right joints were extracted within 12 h of death. Heads were stored at 4°C 

until disc extractions were completed. Upon extraction, TMJ disc were soaked in a PBS 

solution for 15 min. The superior and inferior surfaces of the disc were then stained with 

India ink. This allowed for identification of the different surfaces and regions as well as 

a morphological assessment of the discs’ health. Discs exhibiting physical signs of
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trauma, such as fissures or bruises, were discarded. In total, eight morphologically 

healthy TMJ discs from eight hog heads were sectioned for compression testing.

After soaking in PBS, tissue plugs were sectioned from the intermediate zone, anterior, 

posterior, medial, and lateral regions of the TMJ disc using a 3 mm diameter dermal 

biopsy punch. These plugs were frozen in a -80°C freezer for 5 to 10 min. Since the 

tissue was not surrounded by wetted gauze during this initial freeze, the rapid freeze 

process was employed to reduce the amount of dehydration experienced by the tissue 

plug. Once thoroughly frozen, the tissue plugs were transferred to a -20°C freezer to 

maintain a frozen state before further sectioning. Individual tissue plugs were removed 

from the -20°C freezer and placed in a chilled environment (Gentle Jane Snap-Freezing 

System, Instrumedics). Using chilled instruments, plugs were divided into inferior 

surface and superior surface samples. Glass cover slips were used as cutting guides; this 

technique insured samples were cylinders with a height o f 1-2 mm and had relatively 

parallel surfaces. The sectioning process took less than 30 min per disc. Testable 

samples were then wrapped in gauze and soaked in PBS with protease inhibitors. The 

PBS soaked gauze and tissue samples were then stored for mechanical testing in a -20°C 

freezer. In total, each tissue sample experienced two freeze thaw cycles which is not 

believed to affect the material properties of cartilaginous tissues.157,160

Mechanical Testing

An unconfined compression chamber, which allowed for a hydrated, temperature- 

controlled testing environment, was designed and fabricated for an Instron 5565
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mechanical testing instrument (Fig. 3.1). By positioning a thermocouple on the bottom 

compression platen, the temperature o f the testing bath was maintained at 37.0 ± 1.5°C 

with a temperature controller. Instron programs were designed to detect the specimen 

height and implement an incremental stress relaxation test. Force was recorded using a 

50 N load cell and crosshead displacement was recorded using Instron 5565 built-in 

controls.

Tissue samples were first placed in PBS at room temperature and allowed to thaw for 10 

min. Once thoroughly thawed, tissue samples were attached to the bottom platen using a 

thin layer of cyanoacrylate, inferior or superior surface up. Using digital calipers, the 

approximate tissue diameter was observed to be 2.95 ± 0.05 mm. The compression 

chamber was then filled with PBS at 37°C, and the tissue sample was allowed to 

equilibrate for 10 min before the start of each test.

After 10 min, the top platen was slowly lowered into the testing medium (0.025 mm/sec) 

and stopped approximately 1 mm above the specimen. This stage allowed for the 

calculation of the buoyant force of the platen; thus, it could be easily accounted for in 

incremental stress relaxation experiments by post processing the data. A tare load was 

applied to the specimen by then lowering the top platen until a 0.02 N change in force 

was achieved. From the crosshead position at tare load, we were able to calculate the 

specimen height. Samples with heights of less than 0.6 mm were discarded because 

preliminary tests showed that force measurements at low strain levels were difficult to 

discern from load cell noise for such tissue samples.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



79

An incremental stress relaxation test was designed and implemented once the height of 

the tissue sample had been detected. First, each sample was preconditioned (10 cycles 

from 0 to 10% strain). After preconditioning, the platen was held at 0% strain for 1 min 

then lowered to the 10% strain level and held for 20 min. This was followed by a series 

of four stress relaxation tests (5% strain step, every 20 min). The strain rate throughout 

the test was 50% strain per second. Data on force, displacement, and time were recorded 

for every 0.1 N change in force or every minute using the Instron 5565’s data acquisition 

system. Sample size for each surface-region group was between four and eight.

Viscoelastic Models

Two viscoelastic models were used to fit incremental stress relaxation data. Both models 

assumed the tissue behaved as a Kelvin solid; however, each model employed a different 

input condition. The Kelvin solid models the viscoelastic behavior of a material using a 

mechanical circuit (Fig. 3.2). The material is assumed to behave mechanically as an 

elastic element connected in parallel to a Maxwell viscoelastic element. From the circuit 

elements, viscoelastic models can be developed based upon the relaxation modulus (Er), 

stress relaxation time constant (xE), and creep time constant (xa). By using the elements 

of the Kelvin solid, these parameters can be used to calculate the relaxation modulus (Er), 

the instantaneous modulus (E,), and the coefficient of viscosity (p) of the tissue sample 

for each associated stress relaxation curve.

To develop a viscoelastic model, the geometry of the tissue sample was assumed to be a 

perfect cylinder of known radius and height. The interface between the compression
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platens and the TMJ disc were assumed to be frictionless. Using these assumptions, 

solutions could be derived starting with the definition of the Young’s modulus (Ey) for an 

elastic material,

u . = — Z (1)
' Ev

where, o  denotes the contact stress, uz denotes the specimen deformation, and Z denotes 

the specimen height. Using the correspondence principle,161 the previous equation turns 

into the following relation,

u.(r,0,t) = ^ - Z ( r , 0 )  (2)
E(t)

Assuming the tissue behaves as an incompressible, homogeneous, isotropic material 

under infinitesimal strain, Eq. 2 can be solved for the stress relaxation case for a variety 

o f different displacement functions.

For incremental stress relaxation experiments, two displacement functions are o f interest: 

a displacement function which accounts for deformation immediately prior to a stress 

relaxation curve (size of the strain increment) and a displacement function which 

accounts for the total deformation experienced by the tissue. When the deformation 

immediately prior to a stress relaxation curve is considered, the deformation function 

appears as follows,
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u: (r,0, t) = (w, -  ) / / ( 0  (3)

where u, is the deformation associated with a newly applied strain level, um is the 

deformation associated with the previous strain level, and H(t) is the Heaviside function. 

We will call this the single strain step (SSS) case. When the total deformation 

experienced by the tissue is considered, the deformation function reduces down to a

simple function of the final deformation, such that

uz(r,0,t) = ui (4)

We will refer to this as the final deformation (FD) case. Using Eqs. 3 and 4 and the 

aforementioned assumptions, the following stress relaxation solutions can be derived 

from Eq. 2.

SSS Case: a(t)  =
3 - hm ) /  \

1 + ;  r ,  J
T\  £ /

(5)

FD Case:
3 E r w, 

<7(0= * '
2 Z

'
f  \

1 + ^ - 1 i  " J
T

V f  J
(6)

where f  is the time at which the peak load of a stress relaxation curve occurs. It is 

important to note that Eq. 6 accounts for the total deformation experienced by the 

material while Eq. 5 only accounts for the deformation associated with single strain 

increments.
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Curve Fitting and Statistical Analysis

Using the MATLAB 6.5 curve fitting package, each viscoelastic model was fit to the 

stress relaxation data using a truss section method. Due to discontinuities between strain 

levels, models could only be fit to a discrete set of stress relaxation data for a given strain 

level. As seen in Fig. 3.3, five viscoelastic fits per model, one for each strain level, were 

conducted for every tissue sample. The best estimates of Er, xE, and x0 were used to 

calculate Er, E;, and p for each viscoelastic model.

Using SAS statistical software, an analysis of variance (ANOVA) method was used to 

investigate the differences among the TMJ disc surface-regions. Four-factor ANOVAs 

were conducted on coefficient o f viscosity, relaxation modulus, and instantaneous 

modulus data from either the SSS model or FD model; animal, strain, region, surface, and 

the surface-region interactions were included as factors in all ANOVAs. When 

significance was indicated through an ANOVA, post-hoc Tukey’s HSD tests were 

conducted to examine differences within a given factor.

Results

Viscoelastic Models

At the 10% strain level, the SSS and FD models are equivalent since only one strain step 

had occurred. Comparisons of the models were therefore conducted for data from the 

15%, 20%, 25%, and 30% strain levels. The average R2 for the viscoelastic fits was 0.93. 

R values had only slight variations between the viscoelastic models and differences were 

not apparent through visual inspection.
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The SSS models yielded higher values for Er, E,, and p than the FD models. The 

relaxation modulus, instantaneous modulus, and coefficient of viscosity measurements 

for the SSS model were 4.1, 4.2, and 3.9 times larger than the FD model on average, 

respectively. Strain level was also a significant factor for Er, Ei, and p in all SSS and FD 

models (p < 0.001), suggesting the existence of strain dependent material properties. 

Strain stiffening trends were less substantial in the FD model compared to the SSS 

model. Relaxation modulus, instantaneous modulus, and coefficient of viscosity 

measurements were 9, 59, and 137 times larger at 30% strain relative to 10% strain in the 

SSS model, respectively. In the FD model, the relaxation modulus, instantaneous 

modulus, and coefficient o f viscosity measurements were only 0.4, 7, and 13 times larger 

at 30% strain relative to 10% strain. Furthermore, relaxation modulus variations were 

only apparent when comparing the 30% strain levels to the other strain levels (p < 0.03); 

the relaxation modulus did not appear to increase from 10% to 25% strain. The average 

instantaneous and relaxation moduli values for strains between 15% and 30% were 855 

and 134 kPa for the SSS models (respectively) and 170 and 29 kPa for the FD models 

(respectively). The average coefficient o f viscosity for strains between 15% and 30% 

was 5.61 MPa-s for the SSS models and 1.19 MPa-s for the FD models. The average 

surface-regional material properties o f the TMJ disc are presented in Table 3.1 for strains 

between 15% and 30%.

Regional Variations

The region factor appeared significant in all ANOVAs for both the SSS and FD 

viscoelastic models. Figures 3.4 and 3.5 describe the regional relaxation moduli
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measurements on the inferior and superior surfaces for the SSS and FD models, 

respectively. For the SSS models, Er trends across both surfaces appeared to increase 

with strain rate, indicating strain dependent stiffening. This trend is less pronounced for 

the FD model; however, strain level appeared as a significant factor for Er results from 

both models (p < 0.0001). The medial region samples were stiffest in both models. 

Statistically, the medial region was stiffer than the intermediate zone and lateral regions 

in the FD models (p < 0.02). Post-hoc tests did not reveal regional variations in the SSS 

model, despite the significance of region in the ANOVA. However, the same regional 

profile was observed with the medial region being the stiffest region; this region was 

nearly significant from the intermediate zone and lateral regions (p < 0.085).

Instantaneous moduli values were approximately 2-15 times larger than the relaxation 

moduli. Like the relaxation modulus, the instantaneous modulus was observed to increase 

with strain in both models (p < 0.0001); however, the instantaneous modulus increases at 

a faster rate than the relaxation moduli. Regional variations in the instantaneous moduli 

were different from those observed in the relaxation moduli. The posterior region was 

found to be stiffer than the intermediate zone, lateral, and medial regions in both 

viscoelastic models (p < 0.02). The anterior region was found to be stiffer than the 

intermediate zone in both viscoelastic models (p < 0.25). Furthermore, the anterior 

region was stiffer than the lateral region in the FD model (p < 0.004); this same regional 

variation was nearly significant in the SSS model (p = 0.07).
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The coefficient of viscosity for the TMJ disc samples was observed to vary with strain 

and region. In fig. 3.6, the regional variations o f the viscosity on the superior and inferior 

surface are presented for the SSS model. Again, as strain increased, the coefficient of 

viscosity in the TMJ disc increased; these trends were less apparent, but still significant, 

in the FD model. In both models, the posterior region was found to be the most viscous. 

This region had a significantly higher viscosity than the intermediate zone and lateral 

regions (p < 0.03).

Surface to Surface Variations

Surface to surface variations were only observed with viscoelastic parameters obtained 

from the FD model. The coefficient o f viscosity was not observed to vary between the 

inferior and superior surfaces of the disc (p = 0.5). The relaxation modulus and 

instantaneous modulus were found to be significantly larger on the inferior surface 

compared to the superior surface in the FD model (p < 0.04). The relaxation modulus 

results were approximately 13% larger on the inferior surface; instantaneous modulus 

results were approximately 53% larger on the inferior surface.

Surface-Regional Interactions

The surface-region interaction term was found to be significant for relaxation modulus 

results from both viscoelastic models (p < 0.015). The inferior-medial region was stiffest 

in both models. This region was significantly stiffer than the superior-intermediate zone 

and inferior lateral region in the SSS model (p < 0.01) and significantly stiffer than the 

inferior-anterior, inferior-intermediate zone, inferior-lateral, superior-intermediate zone,
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superior-lateral, superior-medial, and superior-posterior regions in the FD model (p < 

0.025). Also, the inferior-posterior region was found to be significantly stiff than the 

inferior-lateral region in the SSS model (p < 0.01); this result was not observed in the FD 

model (p = 0.11). The surface-region interaction term was not significant for coefficient 

of viscosity or instantaneous modulus results.

Discussion

With an average R2 value of 0.93, we were successful in fitting viscoelastic models to 

unconfined compression stress relaxation data for the porcine TMJ disc. Neither 

viscoelastic model displayed a curve fitting advantage; however, significant differences 

in parameter estimation between the models were observed. The SSS model consistently 

returned higher estimations of Er, E„ and p compared to FD models. Strain dependent 

material properties were observed in the SSS model; these effects were reduced, but 

remained significant, in the FD models.

The only mathematical difference between the models was how tissue deformation was 

represented. Stress relaxation was a function of the final deformation in the FD model; 

conversely, stress relaxation was a function o f the most recent strain step in the SSS 

model. It is somewhat unlikely that a tissue’s stress relaxation response will be a 

function of only the final deformation. Physically, this would mean that the tissue’s 

relaxation response to a 30% strain step would be the same as a 1% strain step as long as 

the final deformation experienced by the tissue was the same. Since the SSS model 

accounts for the actual size of the strain step, it may be expected to give a more reliable
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estimation of the tissue’s viscoelastic material properties. However, relaxation moduli 

results for the FD model compared well to aggregate moduli results from Kim et a l.36 and 

the strain dependent trends were reduced or eliminated. Thus, there may be advantages 

in accounting for both the total deformation and the size of the strain increment when 

determining the viscoelastic properties of the tissue.

While the values o f Er for the FD model were similar to aggregate moduli found by 

Kim et al,36, the SSS model may have also yielded comparable moduli at sufficiently 

small strains given the strain dependent moduli trends. The moduli measurements from 

Kim et al?6 came from biphasic fits o f creep indentation data. Loads for these tests were 

very small, resulting in strain experienced by the TMJ disc below 10%.

Regardless o f the viscoelastic model employed, our moduli results for the porcine disc 

are at least an order of magnitude lower than moduli for the bovine disc obtained by 

del Pozo et a l?10. Some regional variations did appear to hold across animal models; for 

example, large instantaneous moduli in the posterior and anterior regions and a large 

relaxation modulus in the medial region were observed in both animal models. However, 

statistics were not employed to investigate regional variations in the bovine TMJ disc, 

and the lateral region of the bovine disc does not appear to be significantly softer than the 

other regions. Modulus measurements from our porcine study did compare well to 

compressive modulus results for the human disc. Chin et al?09 applied continuous 

compression to the human TMJ discs at two different strain rates and found the elastic 

modulus to be approximately 541 kPa and 211 kPa at a high and low strain rate,
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respectively. We observed instantaneous moduli to be approximately 855 and 134 kPa 

for the SSS and FD models, respectively. This is on the same order of magnitude and 

further supports the appropriateness o f the pig as an animal model for TMJ research. 

Modulus measurements for the TMJ disc appear to be an order of magnitude smaller than 

other fibrocartilaginous tissues. The aggregate modulus of the porcine meniscus varies 

between 100-400 kPa,114,162 and the porcine intervertebral disc has a Young’s modulus of 

approximately 30-100 MPa.163 These fibrocartilaginous tissues, however, are located in 

weight bearing joints and thus are expected to operate under larger loading conditions.

Glycosaminoglycan (GAG) content of the porcine TMJ disc is only 1% to 5% of the dry 

weight; this is low compared to articular cartilage.19,99,164 The proteoglycan side chains 

of many GAGs are hydrophilic; this characteristic can increase hydrostatic pressure 

within the interstitial fluid and translate to compressive stiffness. GAG concentrations in 

the medial region are higher than the lateral and central regions of the porcine TMJ 

disc,99 which may explain stiffness variations in the mediolateral direction. However, in 

the anteroposterior direction, the largest GAG content was found in the intermediate 

zone, the opposite profile o f compressive modulus variations. Thus, the GAG content of 

the TMJ disc may be too low to correspond to discemable variations in compressive 

stiffness. Variations in TMJ disc stiffness may be better explained by the size o f collagen 

fibers, the presence of specific proteoglycans, and the extracellular matrix (ECM) pore 

size.
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The TMJ disc specimens relaxed substantially quicker than other cartilaginous tissues, as 

observed in fig. 3.3. Relaxation time constants for the viscoelastic fits ranged from 5 to 

50 sec. The lack of significant GAG content in the TMJ disc may be the reason for short 

relaxation times. With the sparse scattering of hydrophilic proteoglycans in the ECM, 

interstitial fluid is allowed to flow throughout the ECM with little impedance. The 

application of compressive strain would pressurize the fluid within the tissue sample. 

This pressurized fluid initially resists compressive strain and then quickly flows out of 

the primarily collagenous ECM. Mechanically, this would translate into an initial peak 

load, followed by a fast relaxation represented by low values of xE. As compressive strain 

increased, the collagen fibers in the tissue samples are pushed closer together decreasing 

the ECM pore size. Thus, the flow of pressurized fluid out the matrix becomes more 

difficult, translating to increasingly higher peak loads and larger compressive moduli. 

This would explain the strain-dependent modulus phenomenon observed in our model 

results.

The employed viscoelastic models matched the stress relaxation data with a reasonable 

degree o f accuracy. Other mechanical models based upon the poroelastic and biphasic 

theories could also be fit to these data and yield mechanical parameters. These other 

models, while powerful techniques for modeling the response of hyaline cartilage, may 

have limitations when modeling the mechanical response of the TMJ disc due to lower 

concentration of GAGs. Lower GAG concentrations are likely to result in a reduced drag 

between the fluid and solid matrix. For this reason, we selected a viscoelastic model to
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represent the TMJ disc as opposed to a poroelastic or biphasic model which rely upon the 

modeling o f the drag force between the fluid and solid matrix.

In order to simplify the viscoelastic solution, the sample was assumed to be able to freely 

expand during compression. It should be noted that in our testing procedure, one surface 

of our samples was constrained by glue. This discrepancy is unlikely to influence the 

viscoelastic parameter measurements for the TMJ disc since the Poisson’s ratio for the 

TMJ disc is near zero.36 Thus, radial expansion of our samples during compression was 

limited. However, it should be noted that this viscoelastic solution and testing modality 

may be inappropriate for tissues or materials with larger Poisson’s ratios.

Compressive moduli were notably lower than tensile moduli for the porcine TMJ disc. 

Detamore and Athanasiou33 observed relaxed tensile moduli for anteroposterior loading 

of the porcine TMJ disc of approximately 10 to 20 MPa. Our results for compressive 

moduli were approximately 100 to 1000 times lower. Thus, the TMJ disc is more 

deformable under compression and stiffer under tension, possibly allowing the tissue to 

distribute compressive loads and absorb shock while resisting large tensile deformations. 

The main function of the TMJ disc may be to distribute compressive loads in the joint, 

but this may accomplish this through a more trampoline-like mechanism. The TMJ disc 

may increase compressive resistance to the condyle deformation through tensile strains in 

collagen fibers running perpendicular to the axis of compression. Thus, biaxial 

tension/compression studies may be necessary to fully understand the disc’s mechanical 

properties and function. Furthermore, to tissue engineer a functional TMJ disc
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replacement, it may be imperative to emulate the native tissue’s resistance to both 

compressive and tensile deformations.

The regional mechanical properties of the superior side of the TMJ disc observed by 

Kim et a / M) may be a function of the inferior surface of the TMJ disc. Kim et a l M' tested 

the superior surface of the TMJ disc using a creep indentation technique. The regional 

variations of the aggregate moduli on the superior surface are similar to the surface- 

regional variations from our study. Kim et al?6 reported the medial and posterior section 

of the disc had the largest aggregate moduli; we observed that the inferior-medial and 

inferior-posterior had the largest relaxation moduli. Kim et al.36 did not cut the collagen 

fibers of the TMJ disc prior to testing; thus the mechanical characteristics of the opposing 

surface may have contributed to test results. For this study, we separated the tissue into 

surface-regional samples; thus, the mechanical characteristics of the opposing surface 

were unable to affect the test results. Using this technique, we were able to observe 

regional, surface-to-surface, and surface-regional variations.

Surface-to-surface variations in the TMJ disc remain somewhat in question. The SSS 

model did not detect any surface-to-surface variations while the FD model pointed 

toward a stiffer inferior surface. If the inferior surface is stiffer than the superior surface, 

this finding could offer interesting insights on the role of the TMJ disc in jaw kinematics. 

The inferior surface of the TMJ disc is primarily involved with the rotational motion in 

the TMJ. The mandibular condyle articulates relative to the inferior surface o f the TMJ 

disc; this articulation is likely the first and primary movement in the TMJ. The superior
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surface of the TMJ disc is primarily involved in the translation of the disc-condyle 

relative to the fossa-eminence of the temporal bone. With a stiffer inferior surface 

relative to the superior surface, the TMJ disc may resist the compressive loads caused by 

the initial articulation of the mandible on the inferior surface and easily deform to fill 

incongruities and distribute loads to the temporal bone on the superior surface.

The observed surface-regional characteristics also support a possible injury mechanism 

for the TMJ disc (Figure 3.7). If the disc is centered over the condyle, the central 

portions of the disc (posterior-intermediate zone-anterior) would most likely be the 

preferred path of mandibular articulation. Articulation would start by compressing the 

relatively stiff and viscous posterior region. Resistance to deformation would encourage 

the mandible to rotate to the less viscous, less stiff intermediate zone. If this path of 

articulation is deviated toward the lateral region, problems with load distribution may 

ensue. The inferior-lateral region has the smallest coefficient of viscosity and stiffness of 

the TMJ disc; thus overloading of the disc may lead to perforations and tears in this 

surface-region. These observations are supported by findings that disc perforations tend 

to occur in the lateral portions of the intermediate zone.134

Understanding the surface-regional compressive characteristics of the TMJ disc offers 

valuable insight on the disc’s role in jaw function. Furthermore, the disc articulates 

against the cartilaginous tissues of the condyle and fossa; hence, the mechanics of these 

tissues are also important in the understanding o f TMJ function. As a result of these 

articulations, it is functionally expected that, in addition to compression, tensile and shear
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forces also develop in the TMJ disc. Kuboki et al.29 commented that the hyaline-like 

cartilage found on the mandibular condyle was softer than the TMJ disc based upon creep 

indentation tests on tissue from 7 month old pigs. Using a similar methodology, Kim et 

a l }k noted that the cartilage from the fossa-eminence of the temporal bone was stiffer 

than the TMJ disc in similar aged pigs. This stiffness pattern implies that under 

compressive loads the cartilage of the mandibular condyle will conform to the inferior 

surface of the TMJ disc while the superior surface of the TMJ disc will conform to the 

cartilage o f the fossa-eminence of the temporal bone. These differences in stiffness may 

have implications of load distribution throughout the TMJ; however, in order to fully 

understand the articulation of the joint, the shear and frictional properties of all these 

tissues must also be understood.

Tissue samples were removed from the surrounding tissue and exposed to two ffeeze- 

thaw cycles. It is possible that these sectioning events altered the mechanical properties 

o f the TMJ disc samples. The effects of freezing on the mechanical response of the TMJ 

disc are unknown; preliminary tests conducted in our lab suggest that freeze-thaw effects 

are minimal. Reports on freeze-thaw effects in other fibrocartilaginous tissue, such as the 

intervertebral disc, are contradictory;165,166 however, the most recent studies comment 

that the effects o f freezing are minimal if  freezing is conducted properly.166

A surface-region characterization o f the porcine TMJ disc has been conducted. 

Viscoelastic modeling techniques were able to shed light on the tissue mechanics o f the 

TMJ disc. Strain appears to be a crucial factor in determining the viscoelastic properties
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of the TMJ disc, as all surface-regions of the disc exhibited strain stiffening regardless of 

the viscoelastic model. Regional, surface-to-surface, and surface-regional variations 

were also observed. The medial regions o f the disc appear to have the largest relaxation 

modulus, the posterior and anterior portions of the disc were found to have the largest 

resistance to instantaneous deformation, and the posterior region was found to have the 

largest coefficient of viscosity. Surface-regional variations were also observed for the 

relaxation modulus results, where the inferior-medial portions of the TMJ disc were 

found to be the stiffest. Surface-to-surface variations for the TMJ disc were less distinct, 

but the viscoelastic results for the FD model point toward a stiffer inferior surface for the 

TMJ disc. All these variations are likely to have an effect on the TMJ disc’s role in jaw 

kinematics, such as the preferred path of mandible articulation and the translation of the 

disc relative to the temporal bone.
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Figures Associated with Chapter #3

Region Surface Viscoelastic
Model N

Relaxation
Modulus

TkPal

Instantaneous
Modulus

[kPa]

Viscosity
[MPa-s]

Anterior
Inferior SS Model 6 133 ±76 1420± 1764 6.45 ± 5.99

FD Model 6 28 ± 11 298 ± 336 1.38 ±1.10

Superior SS Model 6 141 ±99 930± 1190 5.99 ± 7.68
FD Model 6 33 ±20 184± 197 1.27 ± 1.27

Lateral
Inferior SS Model 8 99 ±59 371± 435 3.22 ±2.19

FD Model 8 24 ± 13 79 ±69 0.81 ±0.71

Superior SS Model 5 142 ± 72 812 ±962 6.46 ± 5.49
FD Model 4 29 ±9 122± 130 1.11 ±0.76

IZ
Inferior SS Model 5 121 ±61 482 ± 585 3.93 ± 3.74

FD Model 5 26 ±9 96 ±94 0.80 ± 0.62

Superior SS Model 8 111 ±73 507 ± 731 4.84 ±4.98
FD Model 7 24 ± 12 113 ± 130 0.96 ± 0.83

Medial
Inferior SS Model 6 173 ±151 755± 1524 6.58 ± 7.30

FD Model 6 38 ±26 147 ±252 1.39 ± 1.43

Superior SS Model 4 137 ±78 500 ± 582 5.36 ± 7.21
FD Model 4 30 ± 13 96 ±96 1.22 ±2.18

Posterior
Inferior SS Model 6 169 ± 113 1924 ±2390 7.26 ± 7.00

FD Model 6 35 ± 18 375 ± 432 1.47 ±1.17

Superior SS Model 4 104 ±66 591 ± 720 6.71 ±4.77
FD Model 4 22 ±9 116 ± 116 1.63 ± 1.66

Table 3.1: Er, Eh and p values for the surface-regions o f the porcine TMJ disc under 

unconfined compression.
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Figure 3.1: Test setup -  Unconfined compression chamber. An unconfined compression 

chamber was fabricated to create a hydrated, temperature-controlled testing environment. 

The base of the compression chamber, constructed from stainless steel, was joined with 

the surrounding polyethylene walls using silicon sealant (A). Compression platens were 

fabricated from % in. polysulfone rods (B). A thermocouple, immersion coil, and a 

temperature controller regulated the temperature of the testing bath (C). A ±50 N load 

cell was used to record force data (D). Instron 5565 controls tracked the crosshead 

position (E), allowing for the measurement of displacement.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.2: Mechanical circuit representation for a Kelvin solid. The Kelvin solid 

model combines the viscous nature of fluids with the elastic nature of solids in a simple 

mechanical circuit. A Maxwell fluid, represented by a spring of stiffness K2 and dashpot 

o f damping coefficient p, is connected in parallel to an elastic solid, represented by a 

spring o f stiffness Kj. Er, xe, and xa can be are related to Ki, K2, and p through the first 

list o f equations. The material properties, Er, E,, and p, can be solved for using the 

second list of equations.
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Figure 3.3: Viscoelastic curve fits for the porcine TMJ disc under unconfined

compression. Viscoelastic curves featured the dissipation of loads in a few seconds at all 

strain levels. Due to discontinuities between strain levels, models were fit to stress 

relaxation data for one given strain level. All viscoelastic models approximated the stress 

relaxation curves well and no model had a discemable curve fitting advantage. All R2 

values were greater than 0.70 and were typically greater than 0.95. All models returned 

reasonable approximation o f the peak load and load dissipation; most errors occurred in 

the approximation o f the equilibrium load at high strains.
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Figure 3.4: Relaxation moduli results fo r the superior and inferior surface o f the porcine 

TMJ disc using a single step viscoelastic model. The relaxation modulus increases with 

strain for all regions of the inferior surface. Accounting for the effects of strain, the 

medial and posterior regions of the disc were found to be stiffer than the intermediate 

zone, lateral, and anterior region on the inferior surface (p < 0.05). The relaxation 

modulus increases with strain for all regions of the superior surface as well; however, no 

region exhibited significant relaxation modulus differences.
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Figure 3.5: Relaxation moduli results for the superior and inferior surface o f  the porcine 

TMJ disc using a final deformation viscoelastic model. The strain dependence of the 

relaxation modulus was reduced by using a final deformation (FD) viscoelastic model. 

Relaxation moduli results were also much lower in the FD model. On the inferior 

surface, the medial regions o f the disc were found to be stiffer than the intermediate zone, 

lateral, and anterior region; the posterior region was stiffer than the lateral region (p < 

0.05). On the superior surface, the anterior region was observed to be stiffer than the 

intermediate zone and posterior region (p < 0.03).
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Figure 3.6: Coefficient o f  viscosity results for the superior and inferior surface o f the 

porcine TMJ disc using a single step viscoelastic model. Strain dependent trends in the 

coefficient of viscosity for the SSS model can be observed in the TMJ disc surface 

regions. As strain increases, the TMJ disc becomes more viscous. On the inferior 

surface, the lateral regions of the disc were the least viscous, being significantly less 

viscous than the anterior, medial, and posterior regions. The posterior region was also 

more viscous than the intermediate zone. On the superior surface, no regional variations 

in the coefficient of viscosity were observed.
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Figure 3.7: Theoretical links between compressive properties o f  the TMJ disc and lateral 

TMJ disc perforations. Perforations to the TMJ disc commonly occur in the lateral 

region134. Results from this study described the inferior-lateral region as having a low 

resistance to compressive strain and a low viscosity. The preferred path of mandibular 

articulation is presumed to be a straight line from the posterior region to the anterior 

region. Deviation from this path from the intermediate zone to the lateral region may 

lead to excessive loading in the lateral region. The material properties o f this region may 

be incapable of resisting compressive strains in the same matter as the intermediate zone; 

thus, it may lead to either a perforation in the lateral region and/or deviations in the 

proper orientation o f the condyle and TMJ disc.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103

Chapter #4: A surface-regional and freeze-thaw 
characterization of the porcine TMJ disc

Abstract

The temporomandibular joint (TMJ) disc is a central element in several TMJ disorders. 

Tissue-engineered TMJ disc replacements may alleviate discomfort associated with TMJ 

disorders; however, prior to developing a replacement, a thorough understanding of the 

native disc must be attained. Towards this end, we developed an unconfined 

compression, incremental stress relaxation viscoelastic model which simultaneously 

incorporates the strain increment magnitude and total deformation in the stress relaxation 

solution. This multiple strain step model was fit to stress relaxation data from i) 80 test 

sites from eight porcine TMJ discs for the purposes of a surface-regional characterization 

and ii) 30 test sites from five porcine TMJ discs for the purposes o f a freeze-thaw 

characterization. The model estimated viscoelastic parameters accurately and surface- 

regional variations were detected throughout the TMJ disc. Regionally, the medial and 

anterior regions have the largest relaxation moduli, and the posterior and anterior regions 

have the largest instantaneous moduli. The inferior surface was found to have higher 

instantaneous modulus values than the superior surface. Furthermore, material properties 

were retained over five freeze-thaw cycles. The results o f this study allow for the 

creation of design and validation criteria for future engineering efforts and shed light on 

the disc’s role in TMJ function and dysfunction.

* Chapter published as Allen KD and Athanasiou KA. “A surface-regional and freeze-thaw characterization o f  the porcine 
temporomandibular jo in t disc "Arm  Biom ed Eng, 33(7): 959-70, 2005.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



104

Introduction

The mechanical characteristics of temporomandibular joint (TMJ) are multifaceted and 

complex. The motions in the ipsilateral TMJ are dependent upon the motions of the 

contralateral TMJ, and translational and rotational movements in a TMJ occur 

simultaneously during normal motions. These complicated kinematics, combined with 

complex loading and unique muscular attachments and skeletal geometries, create a 

complex joint. The fibrocartilaginous disc positioned between the mandibular condyle 

and the fossa-eminence of the temporal bone assists in the complex mechanics o f the jaw 

joint. This meniscal-like disc, known as the TMJ disc or TMJ meniscus, serves to 

distribute compressive loads, absorb shock, and reduce friction on the TM J’s surfaces of 

motion.5,6 Injuries, displacements, or malformations o f this disc can lead to joint pain, 

clicking, and locking;1,134 thus, the TMJ disc is believed to be a central component in 

many TMJ disorders.

TMJ disorders are prevalent in the United States. Epidemiological studies typically 

report that 20-25% of the population exhibits a sign or symptom of a TMJ 

disorder;41,43'45,167 it is estimated that approximately 3-4% of the population seeks 

treatment for these disorders 44,45 Current surgical treatments aimed at alleviating TMJ 

dysfunction have improved but remain imperfect. Attempts at replacing the TMJ disc 

with alloplastic devices have been unsuccessful, leading to further joint degradation and

7 1  S S  1 AS 1 71immunologic responses. ’ ’ ' Future attempts to engineer a TMJ replacement can be

improved through a more thorough understanding of TMJ tissues, thus establishing 

design and verification criteria.2
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Characterization studies for the purposes of tissue engineering the TMJ disc are rare 

relative to other cartilaginous tissues in the body. While the TMJ disc does bare 

resemblances to other cartilaginous tissue, it’s biomechanical and biochemical properties

OQ
can vary significantly from tissues such as hyaline cartilage and the knee meniscus. For 

this reason, characterization studies of the TMJ disc and its surrounding tissues are 

necessary and beneficial for future TMJ research. The few tensile and compressive 

characterizations of the TMJ disc which exist demonstrate the disc’s anisotropic material 

characteristics. For tensile loading, the intermediate zone of TMJ disc is much stronger 

and stiffer under anteroposterior tension than mediolateral tension.32,33,156 Under 

compression, the TMJ disc is less stiff than in tension. The medial portions of the disc 

have a large compressive relaxation modulus,36,108,110 while the anterior and posterior 

bands have a large compressive resistance to instantaneous deformation.108,110 A few 

mechanical studies of the TMJ disc were conducted with material which had been frozen 

and thawed at least once.33,108 The effects of frozen storage have been show to affect the 

viscoelastic properties of other fibrocartilaginous tissues, such as the intervertebral 

disc;166 however, the effects of freeze-thaw cycles on the mechanics of the TMJ disc are 

unknown.

Characterization studies for the purposes of tissue engineering the TMJ disc are sparse; 

however in recent years, the body of work concerning the biomechanics and loading 

patters in the TMJ has greatly increased. Comparative animal model studies have been 

conducted for TMJ research.172 Studies on the kinematics and loading in the TMJ have 

increased our understanding of how the joint functions, distributes loads, and responses to
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stresses.16’121,133’173 Friction and traction properties for the TMJ disc have been 

investigated,125’126 and finite element models have been employed to investigate the 

loading patterns in the joint.40’116132 While the body of studies concerning the TMJ disc 

has increased in recent years, a more thorough investigation of the regional and surface- 

to-surface variations is necessary to further develop theoretical models and design and 

verification criteria for TMJ disc tissue engineering studies.

The surface to surface variations in material properties for the TMJ disc are rarely studied 

even though the types of motion can vary between the superior and inferior joint 

spaces.174’175 Previously, we showed unique regional variations and surface to surface 

variations within the TMJ disc.108 While the viscoelastic models employed in this 

previous study were able to reveal material property variations, significant differences 

were observed between the viscoelastic model which utilized the magnitude of the strain 

increment (single strain step model) and the viscoelastic model which utilized the total 

deformation experienced by the sample (final deformation model).108 Furthermore, both 

viscoelastic models exhibited a high degree of curve fitting accuracy, while neither model 

exhibited a significant curve fitting advantage.108 In the present study, we examine the 

advantages and disadvantages of a viscoelastic model which employs both the magnitude 

o f the strain increment and the total deformation experienced by the sample (multiple 

strain step model). In so doing, we examine the surface-regional characteristics o f the 

TMJ disc and the effects of multiple freeze-thaw cycles. Furthermore, we establish 

surface-regional properties which can be implemented in future TMJ disc tissue 

engineering studies.
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Materials and Methods

Dissection and Sectioning Procedures

Tissue samples were obtained from the intermediate zone, posterior, anterior, lateral, 

medial regions of eight porcine TMJ discs for the purposes of incremental stress 

relaxation testing.108 Using similar dissection procedures, six intermediate zone samples 

were obtained from each of five porcine TMJ discs for the purposes o f analyzing the 

effects o f freeze-thaw cycles on the TMJ disc’s viscoelastic mechanical properties. Hogs 

of a post-slaughter weight near 135 lbs were obtained from a local slaughterhouse. 

Gender of the hogs was unknown; hogs in this weight range are typically between 6-8 

months old. The porcine model was selected based upon anatomical and masticatory 

consistencies observed in humans and pigs,159’172’176 and only discs from joints which 

appeared morphologically healthy were used for mechanical testing.

Figure 4.1 describes the dissection procedure for the surface-regional and freeze-thaw 

characterizations. Briefly, sections from the intermediate zone, posterior, anterior, lateral 

and medial regions o f the disc were obtained using a 3 mm dermal biopsy punch for the 

purposes of a surface-regional characterization. These samples were later divided into 

superior and inferior surface samples using a frozen sectioning process which employed 

two freeze-thaw cycles (Fig 4.1a).108 Glass cover slips were used as cutting guides to 

divide samples into inferior and superior sections; this technique insured samples were 

cylinders with a height of 1-2 mm and had relatively parallel surfaces. Freeze-thaw 

sections were obtained in the same manner; however, tissue sections were obtained 

exclusively from the intermediate zone. Six sections were extracted using a 3 mm
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diameter dermal biopsy punch (Fig. 4.1b). The intermediate zone was selected because 

this large, relatively flat region was capable of yielding six cylindrical-like tissue 

samples. Since division of the section into superior and inferior samples requires at least 

one freeze-thaw cycle, only full thickness samples were tested for the freeze-thaw 

characterization. The thicknesses of intermediate zone samples for the purpose of a 

freeze-thaw characterization were between 2 and 2.5 mm.

After sectioning, freeze-thaw samples were exposed to 0, 1, 2, 3, 4, or 5 freeze-thaw 

cycles. One freeze-thaw cycle included wrapping the sample in phosphate buffer 

solution (PBS) soaked gauze, freezing the gauze-wrapped sample in a -20°C freezer for 6 

to 18 hrs, and then thawing the sample in room temperature PBS. Two freeze-thaw 

cycles were conducted per day; thus, freeze-thaw testing was conducted over a period of 

72 hrs.

Incremental Stress Relaxation with Buoyancy Detection and Preconditioning Cycles 

Tissue samples were tested for viscoelastic properties using an unconfmed compression, 

incremental stress relaxation modality. Tests were performed on an Instron 5565 

mechanical testing apparatus; data on force, displacement, and time were measured using 

a 50 N load cell and Instron 5565 built-in controls. Tests were conducted in an 

unconfmed compression chamber, allowing for a hydrated, temperature-controlled testing 

environment (37.0 ± 1.5°C).108 Tissue samples were attached to the bottom compression 

platen using a thin layer o f cyanoacrylate; inferior and superior surface sections were 

positioned with the TMJ disc surface up. Prior to testing, the sample diameter was
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measured with digital calipers. The testing chamber was then filled with PBS at 37°C, 

and sections were allowed to equilibrate in the testing medium for 10 min. The specimen 

height was determined with an Instron 5565 height detection protocol. This protocol 

determines the buoyancy of the top compression platen as it is slowly lowered into the 

testing medium. As the platen contacts the tissue specimen, the force output deviates 

from the buoyancy curve (force deviation o f greater than .01 N of the predicted load). At 

this point, the compression platen is stopped and the platen’s position is used to 

determine the tissue specimen’s height.

Incremental stress relaxation procedures were identical for surface-regional and freeze-

108thaw samples. Briefly, the top platen was slowly lowered into the testing medium 

allowing for the calculation of the buoyancy force. This force was accounted for in the 

stress relaxation curves by post-processing data. A small tare load was applied to the 

sample (< 0.02 N), and samples were preconditioned with 10 cycles of 0 to 10% strain. 

Strain increments were then applied by lowering the top platen to the 10%, 15%, 20%, 

25%, and 30% strain levels; each strain level was held for 20 min. Stress relaxation data 

were recorded at each strain level. Due to inefficiencies in the sectioning process and 

testing procedure, sample size ranged from four to eight for each TMJ disc surface-region 

and from four to five for the freeze-thaw characterization.

Development o f  an Incremental Stress Relaxation Viscoelastic Model

Previous viscoelastic models for the TMJ disc have been developed from deformation

functions which either represent the size of the strain increment108 or the final
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deformation experienced by the tissue.108,110 These representations of the deformation 

function are incomplete for describing incremental stress relaxation tests. A more 

complete description of the deformation function is the following stepwise function:

w _- ( o = Z  -  w/-i )H  "*«•)] ( :1)
1=1

where uz(t) is the deformation at any time t, u; is the deformation associated with the ith 

strain level, H(t-t,) is the Heaviside function, and n is the maximum strain level. This 

equation incorporates the summation of all strain levels; thus, Eq. 1 represents a 

deformation function which includes both the size o f the strain increments and the total 

deformation experienced by the tissue. Figure 4.2 shows the accuracy with which Eq. 1 

represents an incremental stress relaxation test, using a sample with a height o f 1 mm 

subjected to the previously described incremental stress relaxation modality. As long as 

the rate at which the strain increment is applied is nearly instantaneous, Eq. 1 accurately 

describes the deformation experienced by the tissue section.

A viscoelastic solution using Eq. 1 was obtained in the same manner as previously 

described.108 Briefly, the material was assumed to behave as a Kelvin solid. Using the 

definition for the Young’s modulus of an elastic material and the correspondence 

principle described by Fung,161 the stress-strain relationship for an elastic material can be 

converted into a time dependent, viscoelastic relationship, such that
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uz{ r M  = ^ p - z ( r f i )  (2)
E(t)

where, a(t) is the stress experienced by the tissue section at time t, z(r,0) is the height of 

the tissue section at radius r, and E(t) is a time dependent modulus. Eq. 2 may be solved 

for the incremental stress relaxation case described by Eq. 1 by assuming the tissue 

behaves as an incompressible, homogeneous, isotropic material under infinitesimal strain, 

the geometry of the tissue section is a perfect cylinder of known height and radius, and 

radial expansion of the specimen is negligible (Poisson’s ratio = 0.00). This solution, 

presented below, describes the stress in a viscoelastic material which is exposed to 

incremental stress relaxation:

<7(0 = Z
3 Er (ut -  )

1=1

'
/  \

1 + ^ - 1 e l  *  J ,

T\  e y (3)

where, Er is the relaxation modulus, xa is the time constant associated with constant 

stress, and xe is the time constant associated with constant strain. The values for the time 

constants and relaxation modulus may be used to determine the coefficient of 

viscosity (jx) and the instantaneous modulus (E;) of a tissue section.108 The relaxation 

modulus, instantaneous modulus, and coefficient of viscosity are generally reported as 

the viscoelastic properties of a tissue. These properties were used to analyze surface- 

regional variations and freeze-thaw effects for the porcine TMJ disc.
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Curve Fitting and Statistical Analysis

Due to discontinuities in stress relaxation data between strain increments, fitting the 

viscoelastic solution in Eq. 3 to experimental data from an incremental stress relaxation 

test was problematic. To correct for this difficulty, the mathematical model in Eq. 3 and 

experimental stress relaxation data were subdivided into equations or datasets which 

correspond to a specific strain increment. For example, the mathematical model was 

subdivided such that,

G (t) =
3 Er {uw% u0%) (r >

1+ e i  )

)

15%

/=o%

«,■-1)  - - - <

' /  \
1 +

T
;  r ,  J ■

. \  f / .

@ 10% strain

15% strain
(4)

30%

i=0%

3 Er (w,
'

/  \ (-( '-»/ ) V
r

1 + - 2 — 1
T

e >

j
30% strain

Thus, five viscoelastic solutions, one for each strain increment from 10% to 30% strain, 

were obtained for each incremental stress relaxation test. This method allowed the 

relationships between strain and the viscoelastic parameters to be investigated since the 

viscoelastic parameters were determined for a stress relaxation curve from a specific 

strain level.

Using MATLAB 6.5, mathematical models in Eq. 4 were fit to experimental data, thus 

yielding the best estimates of Er, xe, and xa at each strain level. Curve fits were obtained
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using the truss section curve fitting method available in MATLAB 6.5’s curve fitting 

package. Viscoelastic parameters, Er, E;, and p, were calculated from the best estimates 

of Er, t e, and x0 through a method described previously.108

The effectiveness of the multiple strain step viscoelastic model for incremental stress 

relaxation data was evaluated by comparing the MSS model to previous viscoelastic 

modeling efforts.108 The physiological relevance of the viscoelastic models was 

investigated by determining the number of times the respective viscoelastic models 

yielded physiologically impossible results (i.e. p < 0 or Ej/Er < 1). The accuracy of the 

viscoelastic curve fits were investigated by comparing the respective R2 values and the 

standard deviation o f the parameter estimates (variation of Er, E;, and p).

An analysis of variance (ANOVA) method was used to investigate regional and 

surface-to-surface variations in Er, E,, and p for the TMJ disc. Animal, region, surface, 

strain, and surface-regional interactions were included in each ANOVA conducted. 

Surface-region interactions were included to investigate regional variations on a given 

surface and surface to surface variations in a given region. By including the surface- 

regional interaction term, regional variations on a given surface or surface to surface 

variations in a given region can be uncoupled from the statistical analysis should they be 

significant. ANOVAs were performed on SAS statistical software, and post-hoc Tukey’s 

HSD t-tests were conducted to investigate specific differences within a factor or 

interaction. Freeze-thaw effects were investigated using the simple linear regression 

model,
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Y = (3{)+/3lX  (4)

where Y is the dependent variable (E r, Ej, or p), X is the number of freeze-thaw cycles, 

po is the intercept parameter, and Pi is the slope parameter. Student’s t-tests were 

performed to detect the significance of Po and Pi. All regression models were performed 

on JMP statistical software. For all statistical tests, ANOVA, Tukey’s HSD, and 

regression analysis, a significance level of 0.05 was used.

Results

The MSS viscoelastic model for incremental stress relaxation fit the stress relaxation data 

with a high degree o f accuracy (/?2 = 0.934). Figure 4.3 is an example o f the curve fits 

for an incremental stress relaxation test. As can be seen in Fig. 4.3, the MSS model was 

able to estimate the stress relaxation responses accurately with the largest error occurring 

near specimen equilibrium.

The multiple strain step viscoelastic model proved capable o f fitting physiologically 

relevant parameters to the stress relaxation curves. Table 4.1 describes the surface- 

regional parameter estimates at the 15%, 20%, 25%, and 30% strain levels. The 

estimates of the relaxation modulus, instantaneous modulus, and the coefficient of 

viscosity show a clear strain dependence; in general, all viscoelastic parameter estimates 

appear to increase with strain. Strain level appeared as a significant factor in all 

ANOVAs (p <  0.0001).
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Regional variations in the TMJ disc were detected for Er, Ej, and g and are described in 

Fig. 4.4, column 1. Region appeared as a significant factor in all ANOVAs (p < 0.002). 

The coefficient of viscosity was found to be greater in the posterior region than in the 

intermediate zone and lateral regions (p < 0.007). The posterior region was 

approximately 1.8 times and 2.2 times more viscous that the intermediate zone and lateral 

regions, respectively. Relaxation modulus results described stiffer anterior and medial 

regions than the intermediate zone and lateral regions (p < 0.03). The relaxation modulus 

o f the anterior region was found to be 1.3 times larger than the intermediate zone and 1.4 

times larger than the lateral region, while the relaxation modulus of the medial region 

was found to be 1.4 times larger than the intermediate zone and 1.5 times larger than the 

lateral region. The instantaneous modulus was much larger in the bands o f the disc, with 

the anterior region being larger than the intermediate zone and lateral regions and the 

posterior region being larger than the intermediate zone, lateral, and medial regions (p < 

0.05). The instantaneous modulus o f the anterior region samples was 2.6 times and 3.1 

times larger than the intermediate zone and lateral region, respectively. The 

instantaneous modulus of the posterior region samples was 3.6, 4.2, and 2.6 times larger 

than the intermediate zone, lateral, and medial regions, respectively.

Figure 4.4, column 2 & 3 describes surface-to-surface variations and surface-regional 

interactions in the TMJ disc. The instantaneous modulus was observed to vary between 

surface (p < 0.04) but interactions between region and surface were not a significant 

factor (p = 0.1520). The inferior surface samples were found to be approximately 1.6 

times stiffer than the superior surface samples. Surface-regional interactions were found
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to be a significant factor in the relaxation modulus ANOVA. The superior-anterior 

region was found to have a larger relaxation modulus than the superior-intermediate zone 

(1.5 times, p = 0.024) and inferior-lateral (1.9 times, p = 0.0001) regions. Furthermore, 

the inferior-medial region had a larger relaxation modulus than the inferior-anterior (1.5 

times, p = 0.0385), inferior-intermediate zone (1.5 times, p = 0.0274), superior- 

intermediate zone (1.7 times, p = 0.0005), and inferior-lateral (2.0 times, p < 0.0001). 

The relaxation modulus o f the inferior-medial region also appeared to be larger than the 

superior-lateral and superior-posterior regions, but these differences were not quite 

significant (1.5 times, p = 0.0525 and 1.6 times, p = 0.0585, respectively). Finally, the 

inferior-posterior region was observed to have a larger relaxation modulus than the 

inferior-lateral region (1.6 times, p = 0.0327). Surface variations in the coefficient of 

viscosity were not observed for the TMJ disc; neither surface-to-surface nor the surface- 

region interaction appeared as a significant factor in the ANOVA for viscosity.

Multiple freeze-thaw cycles did not appear to degrade the viscoelastic parameters of the 

porcine TMJ disc. In Table 4.2, the viscoelastic parameters o f the TMJ disc after 0, 1,2, 

3, 4, and 5 freeze-thaw cycles are described. The effect of freeze-thaw cycles was 

investigated by testing the significance o f the slope parameter, Pi, from the linear 

regression models. Figure 4.5 describes a typical regression and the significance o f Pi in 

all linear regressions. As can be seen from the figure, the viscoelastic parameters of the 

TMJ disc do not depend on the number o f freeze-thaw cycles.
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Discussion

The multiple strain step viscoelastic model for incremental stress relaxation testing fit the 

experimental curves with as much accuracy as previous efforts.108 This model was 

developed from an incremental stress relaxation deformation function and proved to be

slightly more robust during curve fitting procedures, demonstrating the ability to fit a few

108experimental curves for which previous attempts did not return a viable solution. The

viscoelastic parameter estimates of the multiple strain step model compared well to

108previous viscoelastic modeling efforts for the porcine TMJ disc. Furthermore, the 

variation associated with each viscoelastic parameter was less than or equal to the 

variations observed through our previous efforts.108

The multiple strain step model showed the ability to simultaneously incorporate the size 

o f the strain increment and the total deformation experienced by the sample. This 

incorporation was manifested in the model’s viscoelastic parameter estimates. 

Coefficient of viscosity results for the multiple strain step model were within 5% of 

coefficient of viscosity results for the single strain step model but 500% larger than 

coefficient o f viscosity results for the final deformation model. However, relaxation 

modulus for the multiple strain step model were 400% smaller than results for the single 

strain step model but within 5% of relaxation modulus results for the final deformation 

model.108 Only the instantaneous modulus results showed differences between the three 

viscoelastic models. The instantaneous modulus results for the multiple strain step model 

tended to be 85% of the results from the single strain step model and 425% of the results 

from the final deformation model. These findings demonstrate that the choice of
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deformation function in the viscoelastic model will affect the viscoelastic parameter 

estimates. Incorporation of the total deformation returned consistent measurements of the 

relaxation modulus; incorporation o f the size o f the strain increment returned consistent 

measurements of the coefficient of viscosity. However, the simultaneous incorporation 

o f total deformation and the size o f the strain increment yielded a different measurement 

o f the instantaneous modulus; thus implying there may be distinct parameter estimation 

advantages in including both the total deformation and the size of the strain increment in 

the viscoelastic model.

The viscoelastic parameters measured by the multiple strain step model also compare 

well to previous mechanical tests on the TMJ disc. Chin et al.m  found the Young’s

modulus of the human TMJ disc by fitting the elastic solution, Er = , to continuous

push data. The Young’s modulus results for the human disc, 514 kPa and 211 kPa at a 

strain rate of 1.27 pm/sec and 0.64 pm/sec, respectively, compare well to our 

instantaneous modulus results. Our relaxation modulus results also compare well to 

aggregate modulus results from biphasic curve fits of creep indentation data on porcine 

TMJ discs.36 Regional relaxation modulus results for the bovine TMJ disc110 are an order 

o f magnitude larger than those found through our testing.36,108 Incremental stress 

relaxation tests on the bovine TMJ disc, conducted by del Pozo et a /.,110 showed 

instantaneous modulus results of 15.5 MPa (posterior), 17.3 MPa (anterior), 14.6 MPa 

(lateral), 14.7 MPa (medial), and 15.5 MPa (central) from 5% to 20% strain levels. These 

instantaneous moduli results are much higher than the kPa-range results described by our 

efforts.36,108 Furthermore, del Pozo et al.uo report relaxation moduli in the range o f 1 to 2
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MPa; when including the total deformation, our findings for the porcine TMJ disc are 

consistently below 100 kPa.108 These combined findings further support the suitability of 

our incremental stress relaxation testing modality, as well as the appropriateness of the 

pig as an animal model for human TMJ disc research.

Cyropreservation and the effects of freeze/thaw cycles is an important topic in biomedical 

science. As a material is frozen and thawed, ice crystals may damage or disrupt the 

native extracellular matrix structure, thus altering the properties and characteristics o f the 

cyropreserved substance or material. Frozen storage of porcine intervertebral disc was 

found to alter the tissue’s compressive creep characteristics165 and the properties of 

collagen based tissue have been observed to change due to the freezing process.177 For 

these reasons, it is critical to investigate the deterioration of mechanical properties of 

porcine TMJ disc samples as a result of the freeze-thaw cycles associated with our 

specimen dissection procedures. In this study, we demonstrated that significant 

reductions in the material characteristics for the porcine TMJ disc were not discemable 

for up to five freeze-thaw cycles. Thus, we may assume that the material characteristics 

o f the surface-regional sections did not change due to the freeze-thaw cycles associated 

with the sectioning process. Furthermore, prolonged freezing up to 72 hours did not 

affect the material properties of the disc; thus, storage of TMJ disc specimens for the 

purposes of mechanical characterization is possible for up to 3 days.

The variability in the viscoelastic parameter estimates is relatively large, as evidenced in 

our tables. Animal was a significant factor in all ANOVAs (p < 0.001), and the
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variability in viscoelastic parameters is likely due to differences among animal 

specimens. Interspecimen variations may be due to disease or developmental states 

which could not be identified with the naked eye and differences between genders; these 

factors, disease, development, and gender, are active areas of TMJ research noted

178 181throughout the literature. ' We included the animal reference number in all 

ANOVAs to account for this variability in our surface-regional analysis, thus reducing 

the experimental error associated with interspecimen variations in our ANOVAs. Further 

refined mechanical models and tighter experimental and specimen controls may be 

capable of further reducing the estimate variability.

Strain appeared as a significant factor in all ANOVAs. As strain increased, the 

instantaneous modulus, relaxation modulus, and coefficient of viscosity all increased. 

The coefficient o f viscosity and instantaneous modulus exhibited large strain dependence, 

increasing approximately 121 times and 26 times, respectively, over the course of the 

stress relaxation test. The relaxation modulus increased approximately 1.5 times from 

10% to 30% strain. These strain dependent material properties were noted previously by 

final deformation and single strain increment models.108 Furthermore, these properties 

may be a critical component o f the disc’s role in load distribution in the TMJ. At low 

strain levels, the TMJ disc may absorb compressive strains with relatively little 

resistance, but as strain increases, the material may stiffen and increase its resistance to 

further compressive deformations. This characteristic may be vital in understanding TMJ 

disc failures and the TMJ disc’s role in jaw function.
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Regional viscosity and instantaneous modulus variations detected with the multiple strain 

step model were similar to variations observed through our previous efforts.108 However, 

different regional relaxation modulus variations were observed as the anterior band was 

found to be stiffer than the intermediate zone and lateral region. Surface-to-surface 

variations in the relaxation modulus were not observed; previously, the inferior surface 

was found to be stiffer than the superior surface in the final deformation model.108 These 

variations may have been manifested in the surface-regional interaction term for the 

relaxation modulus result. Post-hoc analysis revealed a stiff inferior-medial, inferior- 

posterior, and superior-anterior surface-region for the multiple strain step model. 

Previously, the final deformation model only described a stiff inferior-medial surface-

region, and the single strain step model only described a stiff inferior-medial and inferior-

108posterior region.

The medial region has repeatedly been reported as stiffer than the other

32 33 36 108 110regions. ’ ’ ' ’ Our results also show a large compressive resistance in this region

through a relatively large relaxation modulus. However, results from the multiple strain 

step model also note a relatively stiff anterior region. This regional variation was 

manifested in the surface-regional interaction term as well, where the inferior-medial and 

superior-anterior regions were noted as the stiffest surface-regions. This surface-regional 

variation in properties may have important effects on the function of the TMJ disc in the 

jaw joint.
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The implications of a relatively stiff posterior and anterior region may be critical in 

understanding the TMJ disc’s role in relation to compressive loading. The first 

movement of the TMJ occurs as the mandible articulates relative to the inferior surface of 

the TMJ disc (Fig. 4.6). As the mandible begins to articulate, it is likely that the 

intermediate zone and posterior region on the inferior surface experience compressive

37loading. The inferior-posterior region is the most viscous and has a relatively large 

resistance to instantaneous strain; thus, the inferior-posterior region will yield more 

resistance to compressive loading than the inferior-intermediate zone. Given the relative 

lack of resistance in the inferior-intermediate zone, the mandible is likely to apply more 

compressive strain to the intermediate zone as the mandible rotates relative to the inferior 

surface. As strain is applied, the intermediate zone of the TMJ disc reduces its thickness 

and increases its resistance to further compressive loading. Once the superior- 

intermediate zone and superior-anterior region have been strained to a similar stiffness, 

the disc and mandible may begin to translate together relative to the glenoid fossa. Thus, 

the non-superior-anterior regions may strain stiffen before the jaw ’s translational 

movement occurs. O f course, it is not known whether the TMJ disc’s mechanical 

properties influence the kinematics o f the joint or whether the kinematics o f the joint 

induce the TMJ disc’s mechanical properties. If  the second case is true, novel 

technologies, such as direct tension/compression bioreactors, may be required to induce 

TMJ disc cells to create a comparable TMJ disc replacement.

It should also be noted that the TMJ disc functions under a variety of loading, including 

shear and tension. The loading in the TMJ is not trivial nor purely compression. Studies
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on the bony structures in the TMJ of miniature pigs show the mandibular condyle of the 

TMJ was primarily under compression; however, the cranial element (the temporal bone 

equivalent) was primarily under tension.133 Furthermore, finite element models of the 

TMJ disc have revealed that the disc is likely experiencing tension and/or compression 

depending on the region.37'38 The TMJ also experiences unique, nontrivial motions. In 

the previous paragraph and figure 4.6, we relate our findings under uniaxial, compressive 

loading to the native joint. While we feel our data correlate to the TMJ disc’s response to 

compression, the tensile and shear properties of the disc must also be noted when 

considering the disc’s role in the native joint. For example, since the TMJ disc has a 

convex shape along its anteroposterior axis, tensile forces along the anteroposterior 

aligned fibers in the TMJ disc may result in increased resistance to condyle deformation 

in the inferosuperior direction. Thus, the TMJ disc may be responding to inferosuperior 

directed forces in a trampoline-like fashion. Furthermore, tensile and frictional forces 

must also be considered when explaining the translatory movement of the TMJ. The 

superior surfaces of the TMJ disc may be simultaneously loaded in tension, compression, 

and shear; all three stresses are likely to play a role in the TMJ’s translatory motion 

event. In order to further elucidate the biomechanical properties of the TMJ disc, multi- 

axial testing should be conducted.

Surface-to-surface variations in the TMJ disc were not widely pronounced. The 

instantaneous modulus was the only viscoelastic parameter to exhibit surface-to-surface 

variations in the multiple strain step model. The instantaneous modulus was found to be 

higher in inferior samples than superior. This same variation was observed in our final
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deformation models.108 Surface-regional interactions were found to be significant for the 

relaxation modulus. Here, we observed the highest compressive resistance in the 

inferior-medial region. These combined results demonstrate that the compressive 

resistance in the TMJ disc may occur primarily on the inferior surface.

Werner et a /.134 commented that perforations of the human TMJ disc most commonly

occur in the lateral regions. Previously, we commented on how the properties of the

108porcine TMJ disc appear to support this finding. Our results from the multiple strain 

step model also show relatively less mechanical integrity in the lateral regions o f the disc. 

The path of mandibular articulation is most likely to be a direct line down the 

anteroposterior axis of the disc. Deviations from this path may lead to overloading in the 

lateral region, resulting in a tear, perforation, or other injury to this region of the disc.

The multiple strain step viscoelastic model incorporated both the size of the strain 

increment and the total deformation experienced by the tissue section. This model was 

able to fit incremental stress relaxation curves for the TMJ disc with at least as much 

accuracy as previous models.108 Furthermore, the MSS viscoelastic model was able to 

describe strain dependent viscoelastic properties and detect surface-regional variations 

which were not distinguishable through the use of other modeling techniques. The 

properties described by this model may shed light on the TMJ disc’s role in the 

kinematics of the jaw and help in the establishment of a mechanical standard which TMJ 

disc replacements must meet. Finally, the surface-regional sections obtained through a
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frozen sectioning process are valid representations of the surface-regional properties of 

the native porcine TMJ disc.
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Figures Associated with Chapter #4

Region Surface N 15%
Strain Level 

20% 25% 30%
Ant. Inf. 7 300 ±380 660 ± 780 1550 ±1570 2760 ± 2390
I.Z. Inf. 6 110 ± 50 200 ± 170 360 ± 340 870 ± 850

Q. Lat. Inf. 8 80 ±30 130 ± 70 260 ±180 710 ±610
— Med Inf. 7 140 ± 90 260 ± 260 360 ± 240 1710 ±2640
■£3O Post. Inf. 8 420 ±780 910 ±1490 1580 ±1770 3870 ± 2990

Ant. Sup. 7 140 ± 80 390 ± 370 900 ± 880 1950 ±1480
CTO I.Z. Sup. 8 90 ±40 170 ±120 420 ± 490 1000 ±1080
0>c Lat. Sup. 5 100 ± 40 180 ± 90 860 ± 660 1270 ±1160

Med. Sup. 5 110 ± 76 170 ± 130 330 ±250 1530 ±1170
Post. Sup 4 120 ± 30 200 ± 80 440 ± 270 1270 ±1060
Ant. Inf. 8 20,5 ±6.1 23.8 ± 11.3 26.7 ±14.6 34.0 ±12.6
I.Z. Inf. 6 27.2 ± 5  2 24.8 ± 6 .9 25.2 ±10.0 29.2 ± 13.6

<0
n Lat. Inf. 8 20.8 ± 7 .5 19 0 ± 5 .7 20.8 ±9.6 25.6 ±13.6
Jx: Med. Inf. 7 38.0 ±21.0 33.5 ± 19.4 31.7 ±15.2 47.5 ±42.6
o Post. Inf. 8 22.5 ±14.9 26.8 ±17.4 34.0 ±16.0 47.9 ±21.0
:> Ant. Sup. 6 25.8 ± 6 .8 37.9 ± 30.6 51.1 ±41.4 56.3 ±39.5
TO I.Z Sup. 8 22.0 ± 6 .9 19 6 ± 7.1 23.3 ±11.6 29 9 ±16.9
m

ir Lat. Sup. 5 26.4 ± 5 .6 24.1 ±5.4 74.6 ± 99.4 35 .6 ± 13 .4
Med. Sup. 5 30.6 ±10.0 26.3 ±10.1 28.4 ±14.9 60.2 ±49.8
Post. Sup. 4 17.2 ±5.7 16.9 ± 3 .5 26.1 ±9.7 36.2 ±19.2
Ant. Inf. 8 5.4 ± 5 .6 6.2 ± 5 .3 6.9 ±5.2 11.6 ±8.8
I.Z Inf. 6 1.3 ± 1.1 2.7 ± 1.5 4.6 ±2.7 7.2 ±5.2

Q. Lat. Inf. 8 3.9 ± 6 .3 2.1 ± 1 .0 3.4 ±2.0 5.1 ±2.4
Med. Inf. 7 3.6 ±5.0 4.4 ± 4 .9 6.3 ±6.3 11.7 ± 10.1

o(rt Post Inf. 8 3.5 ±1.4 4.6 ± 3 .6 7.1 ±4.7 13.8 ±9.6
> Ant. Sup. 7 2.1 ± 1 .6 3.1 ± 1 .2 6.6 ± 4.1 12.8 ±13.0
U I.Z. Sup. 8 2.9 ±4.3 6.3 ± 5 .9 4.6 ±2.3 8.6 ±8.3
a> Lat. Sup 5 1.8 ± 1.1 3.6 ± 2 .2 11.5 ±11.0 10.5 ±6.5
o Med. Sup. 5 5.9 ± 8 .6 2.9 ± 3 .4 4.0 ± 3.1 9.4 ±6.0

Post. Sup 4 8.1 ± 9 .3 4.0 ± 1 .6 5.4 ±1.6 9 5 ±2.9

Table 4.1: Surface-regional viscoelastic characteristics o f the porcine TMJ disc. Large 

standard deviations are generally attributed to differences among animal specimens 

(disease and developmental states which could not be identified morphologically, gender, 

and diet). Variations may also be attributed to imperfections caused by the sectioning 

method.

Abbreviations: Ant.-Anterior, I.Z.-Intermediate Zone, Lat.-Lateral, Med.-Medial,

Post.-Posterior, Inf.-Inferior, Sup.-Superior
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Freeze Thaw 
Cycle

Strain
Level

Relax. Mod. 
fkPal

Instant. Mod. 
[kPal

Coeff of Vise 
[MPa-sec]

0 10% 4.5 ±2 .3 20 ± 10 3.6 ±2 .7
1 10% 10.2 ±7 .6 30 ± 10 3.8 ±2.1
2 10% 10.7 ±5 .5 160 ±300 0.8 ±0 .7
3 10% 22.2 ±26 .6 60 ± 5 0 3.9 ±3 .5
4 10% 7.2 ±6 .9 20 ± 10 2.3 ±1 .0
5 10% 5.0 ±3.1 20 ± 10 2.6 ±1 .9
0 15% 5.4 ±2 .2 80 ± 9 0 6.3 ±5 .3
1 15% 10.3 ±8.1 90 ± 6 0 8.8 ±6 .7
2 15% 9.2 ±4 .4 190 ±330 10.5 ± 10.3
3 15% 14.S ± 18.9 150 ± 190 8.0 ±6 .8
4 15% 8.7 ±7 .3 100 ± 120 10.3 ±6 .7
5 15% 5.6 ±2 .6 60 ± 4 0 4.7 ±3.1
0 20% 6.5 ±2 .9 1 7 0 ± 190 11.1 ± 7  4
1 20% 9.9 ±5 .2 1 7 0 ± 120 14.2 ± 10.3
2 20% 8.9 ±5 .7 430 ± 560 17.9 ± 16.4
3 20% 13.8 ± 14.9 270 ± 330 11.3 ± 11.8
4 20% 11.6 ± 7.5 240 ± 360 13.5 ± 13.8
5 20% 6.4 ±3.1 110 ± 100 9.5 ±5 .3
0 25% 8.5 ±4 .0 340 ± 320 18.5 ± 12.7
1 25% 13.8 ±5 .5 400 ± 200 22.2 ±8 .5
2 25% 11.1 ±5 .8 640 ± 780 30.3 ±29 .9
3 25% 14.5 ± 13.7 940 ± 1530 12 9 ± 14.4
4 25% 13.8 ±8 .8 490 ± 750 23.5 ±25.1
5 25% 7.9 ±4.1 1 7 0 ± 150 11.9 ±5 .7
0 30% 13.0 ±7 .5 150 0± 1930 21.4 ±6 .7
1 30% 14.3 ±7 .9 640 ± 450 29.9 ± 17.0
2 30% 13.9 ±7 .4 1 00 0± 1100 51.5 ±50 .7
3 30% 11.7 ±  13.3 450 ± 720 20 .7 ± 2 6  .3
4 30% 16.8 ± 11 .9 760 ±1120 41.3 ±45 .4
5 30% 9.2 ±4.1 510 ± 750 15.8 ±7 .5

Table 4.2: Viscoelastic parameters o f  the porcine TMJ disc after 0, 1, 2, 3, 4, and 5 

freeze-thaw cycles.
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Lateral

Medial

Figure 4.1a: Sectioning the TMJ disc for the surface-regional and freeze-thaw

characterizations.

Surface-regional. TMJ disc samples were taken from the intermediate zone, posterior, 

anterior, lateral, and medial regions using a dermal biopsy punch. These samples were 

then quickly frozen in a -80°C freezer and sectioned into inferior and superior surface 

sections using chilled instruments. Glass cover slips were used as cutting guides to 

divide samples into inferior and superior sections; this technique insured samples were 

cylinders with a height of 1-2 mm and had relatively parallel surfaces108. Tissue sections 

were wrapped in gauze and stored in -20°C freezer to await mechanical testing. This 

sectioning process allowed for the detection o f viscoelastic material properties in 10 

surface-regions for the TMJ disc.
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Figure 4.1b: Sectioning the TMJ disc for the surface-regional and freeze-thaw

characterizations.

Freeze-thaw. Six TMJ disc samples were taken from the intermediate zone for the 

freeze-thaw characterization study. The thicknesses o f the sample were between 2 and 

2.5 mm. Samples were exposed to 0, 1, 2, 3, 4, or 5 freeze-thaw cycles over a period of 

72 hours. The sectioning process allowed for the detection of changes in the material 

properties as a result o f the number o f freeze-thaw cycles.
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Actual vs. Predicted Deformation tor Incremental Stress Relaxation
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Figure 4.2: The incremental stress relaxation deformation function: Displacement vs. 

Time. The deformation experienced by each tissue sample may be accurately described 

with a stepwise deformation function described in Eq. 1. A plot of the actual deformation 

experienced by a specimen with a height of 1 mm has been plotted against the function 

used to describe the deformation. This plot shows that the deformation function provides 

an accurate prediction o f the actual deformation as long as the rate at which a new strain 

increment is applied is nearly instantaneous.
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Figure 4.3: Curve fitting ability o f  an incremental stress relaxation, viscoelastic model 

for the porcine TMJ disc. The multiple strain step model was fit to discrete sets of stress 

relaxation data for the porcine TMJ disc. As can be seen in the plot, five viscoelastic 

curve fits, one for each strain level, were necessary for each incremental stress relaxation 

test. Thus, material properties were determined at each strain level. The multiple strain 

step model was able to represent the incremental stress relaxation curve with a high 

degree of accuracy (.R 2 -  0.93). Some errors were found in the ability o f the model to fit 

load data after significant relaxation.
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Figure 4.4: Surface-regional variations in the porcine TMJ disc (statistical

comparisons). The TMJ disc was found to vary between the intermediate zone, posterior 

(P), anterior (A), lateral (L), and medial (M) regions for the coefficient o f viscosity, 

relaxation modulus, and instantaneous modulus. Cylindrical columns, lines, and asterisks 

are used to distinguish two surfaces, regions, or surface-regions which are statistically 

different (p < 0.05). Differences in column height are not to scale; column height is used 

only to denote which surface, region, or surface-region has the largest value for a given 

material property. The first column depicts regional variations; regional variations were 

detected in all of the measured material properties (coefficient of viscosity, relaxation 

modulus, and instantaneous modulus). The second column depicts surface-to-surface 

variations; these variations were only seen in the instantaneous modulus results. The 

third column depicts surface-regional interactions. Only the relaxation modulus was 

found to have a significant surface-region interaction.
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Figure 4.5: The effects o f  freeze-thaw cycles on the porcine TMJ disc. As the number of 

freeze-thaw cycles increased, the properties of the porcine TMJ disc did not significantly 

change. Thus, the freeze-thaw process for the surface-regional characterization did not 

significantly change the material properties of the tissue samples prior to mechanical 

testing.
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Chapter #5: Effect of passage and topography on 
gene expression of TMJ disc cells

Abstract

The temporomandibular joint (TMJ) disc is maintained by a population of 

fibrochondrocytes. Although articular chondrocytes exhibit zonal differences and de

differentiate in monolayer culture, such variations are unknown for fibrochondrocytic 

populations. This study’s objective was to define topographical cellular variations in the 

porcine TMJ disc and investigate changes in the disc’s gene expression levels over 

multiple passages using qRT-PCR. For topographical characterization, samples were 

acquired from posterior, anterior, lateral, medial, and intermediate zone sections and 

subdivided into inferior and superior halves. For passage characterization, cells were 

plated and passaged for 35 days with samples acquired at every passage. The medial 

region had the lowest expression of genes indicative of fibroblastic activity but, in 

general, topographical variations were limited. Passage effects were evident; gene 

expression levels of aggrecan, collagen type I, and collagen type II dropped 20%, 23%, 

and 73% per passage, respectively. In contrast, decorin and GAPDH gene expression 

increased 33% and 27% per passage, respectively. These data indicate that TMJ disc 

cells undergo significant changes due to monolayer expansion, experiencing losses in 

both major chondrocytic markers (aggrecan and collagen type II) and fibroblastic 

markers (collagen type I), and posing a serious impediment to studies where cell 

passaging is required.

* Chapter submitted to Tiss Eng  as Allen KD and Athanasiou KA, “Effect o f  passage and topography on gene expression o f  TMJ disc 
cells,” March 2006.
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Introduction

Temporomandibular joint (TMJ) disorders can leave patients with acute or chronic pain 

and jaw dysfunction. Displacements and/or malformations of the TMJ disc are observed 

in the majority of TMJ cases.47,82 Thus, the TMJ disc, a fibrocartilage that assists in TMJ 

motions, may be a central component in many cases of TMJ dysfunction. Discectomy 

may be indicated when the displaced TMJ disc disrupts functional jaw movement, and 

the disc is beyond repair and repositioning. Post discectomy, the joint may be left empty, 

or an alternative tissue (i.e., autologous fat, cartilage, or fascia) may be inserted in the 

disc’s position. These current treatments can restore some essential joint functions but 

are suboptimal relative to native joint function. The creation o f a TMJ disc equivalent via 

tissue engineering may provide a viable TMJ disc replacement approach and improve on 

current surgical practices.2

Tissue engineering aims in regeneration of native tissue function by the creation of 

neotissue. This goal is commonly pursued through the combination o f a cell-seeded 

scaffold and biofactors, such as growth factors and/or mechanical stimuli. Treatments 

may ensue by implantation of either a comparable construct created ex vivo, or materials 

and cells which may engender in tissue remodeling in vivo. 182 183 TMJ disc tissue 

engineering has focused on the former.184 A central issue in the success o f tissue 

engineering is the cell source since recapitulating native cellular characteristics can be 

exceedingly difficult.185'186 Differentiating stem cells, either adult or embryonic, toward a 

particular phenotype can be complicated, yet these sources have an extremely high 

potential.185,186 Healthy terminally differentiated cells can be difficult to obtain from the
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patient, and if available, cells will likely require several expansions in vitro to yield 

appropriate cell numbers.149’187’188

Selection of a cell source for TMJ disc tissue engineering is further complicated by a 

poor understanding of the native cellular phenotype. The TMJ disc is often compared to 

other fibrocartilages, such as the knee meniscus, but substantial differences in 

extracellular matrix (ECM) and mechanical properties have been noted between these 

two tissues.89 Furthermore, TMJ disc cells may be predisposed to estrogen mediated

189degradation pathways not currently believed to exist in knee meniscus cells. Thus, 

data from relative fibrocartilages may offer a basis for TMJ disc engineering, but design 

criteria derived from relative tissues only are likely to be incomplete. As in other 

fibrocartilages, the TMJ disc cell population is classified as fibrochondrocytic, meaning 

that the cell population exhibits both fibroblastic and chondrocytic morphologies and 

functions. As evidenced via gene expression studies of relevant markers, articular 

chondrocytes are known to undergo phenotypic changes, from chondrocytic to 

fibroblastic, as a result of passage;141 these effects in a fibrochondrocytic population are 

unknown. Additionally, phenotypic zonal differences have been described in knee- 

derived chondrocytes.190 Again, such variations in TMJ disc cells are unknown at the 

gene expression level; although, based upon the disc’s regions and surfaces, distinct 

morphological differences in the cell population have been documented.90

Motivated by the relative scarcity of native TMJ disc cells, which in turn necessitates 

expansion and multiple passages to obtain sufficient cell numbers for tissue engineering
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research, in this study, we investigate gene expression changes in passaged TMJ disc 

cells by measuring the expression levels of genes relative to ECM synthesis. In so doing, 

we correlate changes in expression levels to either the passage event (the process of 

removing and re-plating cells) or the expansion process (the process of cells expanding 

toward confluence). Furthermore, we define TMJ disc regional and surface-to-surface 

variations in gene expression levels. The studies objective is to provide valuable insight 

on the potential of terminally differentiated cells for TMJ disc tissue engineering and the 

need for a specific topographical distribution o f cells when creating a TMJ disc 

equivalent.

Materials and Methods

Harvest and Culture Conditions

Porcine TMJs were obtained from a local abattoir after slaughter. Pigs were females 

weighing more than 61 kg (135 lbs) post dressing; pigs in this weight range are skeletally 

mature (approx. 8 - 1 2  months old). To study topographical variations, ten TMJ discs 

were isolated from five pigs. Tissue samples from the posterior, anterior, lateral, medial, 

and intermediate zones of the discs were obtained with a 3mm dermal biopsy punch and 

then divided into inferior and superior surface samples (regions described in Figure 5.4). 

Tissue samples were placed in RNA/ater® (Ambion) and stored at 4°C for less than 1 

week. To study passage and expansion effects, cells were isolated from four TMJ discs 

o f four additional pigs using an en bloc dissection technique described previously.139 

Discs were digested in 40 mL of 1 mg/mL collagenase type II (Worthington) overnight 

and were not separated topographically. Cells were then plated on tissue culture plastic
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(TCP) treated 6-well plates at 30%, 45%, or 60% confluence and cultured in Dulbecco’s 

modified eagle’s medium with Glutamax (Gibco) containing 10% fetal bovine serum 

(Gemini), 25 pg/mL ascorbic acid (Sigma), 1% non-essential amino acids (Gibco), and 

1% penicillin-streptomycin-fungizone (Biowhittaker). Full media changes were 

performed every other day.

Passage and Expansion Procedures

Upon reaching confluence, cells were passaged by exposure to trypsin/EDTA (Gibco). 

Cells were isolated from the trypsin using centrifugation (1500 rpm for 5 min), and cell 

counts were obtained with a hemocytometer. Cells were re-plated on fresh TCP-treated 

6-well plates at the same confluence as the original plating; the remaining cells were 

lysed in TriZol reagent. This experimental protocol was repeated for 35 days. This 

procedure was conducted to examine the rate o f cellular division and gene expression 

changes in cultures at different confluences. To describe the level of confluence for a 

particular culture, a division ratio ( d ) was used. This ratio, described mathematically in 

equation 1, describes the average number o f cellular divisions per cell that occur between 

original plating and confluence. The rate of cellular division ( d ) is simply calculated by 

dividing the division ratio by the number of days in culture, equation 2. These values can 

be calculated from the following equations:

= loS: ( 1)
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where N; is the cell count at passage i, P is the cell count at plating, t: l ( is the days 

between passages i-1 and i, d t_{, is the average number of cell divisions per cell between

passages i-1 and i, and c/M , is the rate of cell division between passages i-1 and i. These

equations are closely related to doubling rates, another variable used to describe cell 

expansion;191 however, this description of cellular expansion can describe cultures where 

doubling is not possible due to limited space. Since the available space for cell expansion 

is larger in cultures plated at 30% confluence relative to 60% confluence, the division 

ratio will be larger for cultures initially plated at a relatively low confluence 

( d 30% ~ 1-75, d 60% ~ 0.75). We use this quantitative, continuous variable to describe gene

expression changes as a function o f cell divisions (expansion event). The number of 

times a culture has been passaged describes gene expression changes as a function of the 

passaging event.

RNA Isolation and Reverse Transcriptase (RT) Reaction

RNA was isolated using TriZol reagent (Invitrogen). Tissue samples (topographical data) 

were homogenized in 1.5 mL TriZol reagent; cells (passage/expansion data) were 

vortexed in 1 mL TriZol. Chloroform (0.2 mL per original mL TriZol) was mixed in 

each sample, and samples were centrifuged at 12,000 rpm for 15 min. The topmost, clear 

supernatant was isolated and moved to a fresh 1.5 mL Eppendorf tube. Isopropyl alcohol 

(0.5 mL per original mL TriZol) was added to the supernatant. RNA was then
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precipitated by centrifugation, washed with 1 mL of 75% ethanol, and dissolved in 40 pL 

of RNase free water. RNA concentration and purity was assessed on a spectrophotometer 

(Nanodrop).

RNA was reverse transcribed to cDNA using a Stratascript™ First Strand Synthesis 

System (Stratagene) according to the manufacturer’s protocol. Briefly, 350 ng RNA per 

sample was suspended in 17.7 pL of RNAse-free water to ensure similar reaction 

efficiencies between samples. Random primers were annealed by incubating samples 

with primers, buffer, and dNTPs at 65°C for 5 min and cooling at room temperature for 

10 min. The mixture was then incubated with RT and RNase block at 42°C for 60 min 

followed by reaction termination at 70°C for 15 min.

Polymerase Chain Reaction (PCR) Procedures

Real-time PCR was performed for collagen type I, collagen type II, aggrecan, decorin, 

biglycan, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using a Rotor-gene 

3000 real-time PCR machine (Corbett Research). Gene-specific primers and probes were 

optimized for multiplex reactions a priori such that decorin-aggrecan-GAPDH, collagen 

type II-biglycan-GAPDH, and collagen type I-GAPDH were detected simultaneously. 

GAPDH is easily detected in TMJ disc cells; thus, we use GAPDH as a verification gene 

in our reactions, allowing us to define samples with no expression from a failed reaction. 

Primer-probe sequences for GAPDH are available in Darling et al.;m  all other primer- 

probe sequences are available in Upton et a l.192

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



141

HotStar Taq (Qiagen) combined with buffer (Qiagen, lx), MgCl (Qiagen, 3.5 mM), 

dNTPs (Promega, 0.2 mM), RNase-free water, and the gene-specific primer-probe sets 

were used as the PCR mix. The PCR reaction commenced with a 15 min denaturing step 

at 95°C followed by 50 cycles of 15 s at 95°C and 30 s at 60°C. Fluorescence 

measurements (on FAM, CalRed, and Quasar 670) were taken every cycle at 60°C to 

provide a quantitative, real-time analysis o f the PCR reaction for specific genes.

Gene Expression Abundance

Dilutions of a standard sample (lx , lOx, lOOx, and lOOOx) were used to determine the 

efficiency and consistency of the PCR reactions. Take-off cycle (Ct) for a standard and 

sample were determined via the comparative quantification package available in the 

Rotogene software where Ct is equal to the cycle at which 30% of the maximum slope for 

a PCR reaction occurs. Consistency was defined as the difference between Ct values for 

the lOx standard in different PCR runs. These values did not vary by more than 1 cycle 

between PCR runs for either passage or topographical experiments; thus, variations in 

abundances from the same sample were minimal between PCR runs and adjustments 

were not necessary to compare data obtained in separate runs for the same experiment. 

Ct values were markedly different between the passage and topographical experiments. 

Different PCR standards were necessary to complete a viable standard curve for the two 

experiments, making quantitative comparisons o f topographical data to passage data 

impossible. Abundance values for the gene of interest (A qoi) can be calculated for 

quantitative comparison from the following equation:
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J “ '  =  d + 0 0 -  <3)

where ECOI is the reaction efficiency for the gene o f interest.

Statistical Analysis

Passage effects and topographical variations were determined through an analysis of 

variance (ANOVA) approach. For passage/expansion data, a multiple factor ANOVA 

was conducted where animal, passage, and division ratio were treated as factors. Passage 

and division ratios were considered continuous variables; animal was considered 

categorical. An interaction term between passage and division ratio was included to 

determine if passage effects were different for a given division ratio. For topographical 

data, a multiple factor ANOVA was conducted where animal, laterality, disc region, and 

disc surface were treated as factors; all factors were considered categorical. Tukey’s 

HSD post-hoc tests were used when significance of a categorical factor was observed. 

The value and significance o f the slope parameter was noted when significance o f a 

continuous variable was observed; for purpose o f clarity, we report the value o f the slope 

parameter as its percentage change equivalent. The linearity assumption for continuous 

variables was assessed through visual inspection of the data. For all statistical tests, p < 

0.05 was considered significant.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



143

R esults

Changes in collagen and GAPDH gene expression as a function of passage and expansion 

are demonstrated in Figure 5.1 a-c; changes in proteoglycan gene expression are 

demonstrated in Figure 5.2 a-c. Collagen type I, collagen type II, and aggrecan 

abundances decreased with passage (p < 0.05); decorin and GAPDH abundances 

increased with passage (p < 0.008). Collagen type I and aggrecan gene expression 

dropped 23% and 20% per passage, respectively; by passage 5, collagen type I and 

aggrecan were near zero, though rarely undetectable. Collagen type II gene expression 

dropped 73% per passage; by passage 3, collagen type II was rarely detected. Decorin 

and GAPDH gene expression increased 33% and 27% per passage, respectively. Decorin 

and GAPDH abundances were also dependent upon the initial seeding confluence 

(represented by the cell division ratio, djj.i). Decorin and GAPDH gene expression was 

higher in cultures with more available space for expansion (p < 0.05). Cultures plated at 

30% confluence had 21% and 42% higher decorin expression levels and 15% and 30% 

higher GAPDH expression levels than cultures plated at 45% and 60% confluence, 

respectively. Collagen type I, collagen type II, and aggrecan abundances were not 

significantly different between samples seeded at different confluences. Changes due to 

passage were relatively independent of the initial seeding confluence with the exception 

of decorin gene expression. Decorin gene expression increased more rapidly in cells 

seeded at a lower initial confluence (p < 0.02). Changes in biglycan abundance as a 

function of the passage or expansion events trended down; however, these trends did not 

significantly vary from stable gene expression. All measured genes were found to have 

interspecimen variations (p < 0.01).
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The typical expansion event for each culture is depicted in Figure 5.3. As demonstrated, 

cultures seeded at a higher initial confluence generally resulted in relatively more 

passages. Cells in cultures seeded at 30% confluences underwent the most divisions ( d ) 

over the course of the experiment (6.2 divisions) relative to cultures plated at 45% and 

60% confluence (5.9 and 5.5 divisions, respectively). The rate of cell division ( d ) was 

higher in cultures seeded at a lower confluence (p < 0.0001); cells in cultures plated at a 

30% confluence divided 23% faster and 46% faster than cultures plated at 45% and 60% 

confluence, respectively. Passage did not significantly affect cell division rates, although 

a negative trend appeared. Thus, increasing the available space for cell expansion 

increased the rate at which cells divided; this rate, however, was essentially independent 

of passage.

While direct comparisons between topographical data and passage data are not possible 

due to variations in RNA isolation and standardization techniques, it was qualitatively 

apparent that gene expression levels were substantially higher in samples acquired 

directly from the tissue (topographical data) than those acquired from passaged cell 

pellets (passage data) for all genes except aggrecan (Figure 5.4). Several fold variations, 

within the magnitude o f 5-250 fold, appeared possible. Topographical variations were 

limited and are also described in Figure 5.4. On a regional basis, the medial region 

expressed significantly less decorin than the posterior band (p < 0.05). This trend was 

observed in other genes as well. The medial region had the lowest average abundance of 

collagen type I and biglycan; however, these regional variations were not significant (p = 

0.27 and p = 0.09, respectively). On a surface-to-surface basis, collagen type I was the
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only gene near significance (p = 0.056); inferior surface samples generally had higher 

collagen type I gene expression than superior surface samples. Worthy o f note, decorin 

abundances varied between the left and right TMJ discs (p < 0.02); trends in collagen 

type I followed a similar profile (p = 0.11).

Discussion

The loss of gene expression related to the TMJ disc’s primary ECM proteins is alarming, 

particularly as it relates to the future of tissue engineering. Typically, articular cartilage 

regeneration studies are conducted in high density cultures and, thus, require a large 

number of cells.187,188’193 High density techniques have been noted as beneficial in TMJ 

disc tissue engineering, as well.149 The large number of required cells for these cultures 

dictates multiple passages, and with these requirements in mind, the loss o f gene 

expression related to the TMJ disc’s primary ECM components is particularly 

disconcerting for studies using terminally differentiated cells. As yet, there is no known 

procedure that can retain or recover the described losses in terminally differentiated cells. 

Recovery and retention o f ECM gene expression in passaged cells may be the best hope 

for generating a population of cells for TMJ disc tissue engineering. In addition, stem 

cell populations may become more attractive for TMJ disc regeneration studies since this 

cell source may be expanded multiple times without a loss in differentiation potential.

While the de-differentiation problem has been observed and discussed in articular 

chondrocytes,141,194 similar events have not been previously described in a 

fibrochondrocytic population. The observed changes in gene expression suggest that
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similar de-differentiation events occur in TMJ disc cells. O f particular interest in these 

cells is the expression changes in genes associated with fibroblastic and chondrocytic 

phenotypes. TMJ disc cells experienced a rapid loss of aggrecan and collagen type II 

expression, genes associated with chondrocytic activity, due to passage. This finding was 

anticipated based upon similar data from articular cartilage.141 However, collagen type I 

expression, a gene characteristic of fibroblastic production, also decreased rapidly with 

passage. This finding was unanticipated due to data showing increases in collagen type I 

gene expression in passaged chondrocytes.141 Our data suggest that, not only is the 

chondrogenic potential o f TMJ disc cells compromised with passage, their fibroblastic 

activity is hindered as well.

The TMJ disc is almost entirely collagen, and of that collagen, the vast majority is 

collagen type I.10'89 Losses in collagen type I gene expression due to passage are 

exceptionally worrisome. Failure to produce collagen type I in a TMJ disc tissue 

engineering study detrimentally affects the probability of success in the tissue engineered 

construct. However, it should be noted that collagen type I gene expression was 

relatively robust in early passage TMJ disc cells, and thus, it may be possible to alter the 

expansion environment to retain collagen type I gene expression. Growth factors have 

previously been used to increase collagen synthesis in fibrochondrocytic cells in both 

monolayer and tissue engineering environments.74,145,146 Thus, it may be possible to 

optimize the culture medium in an attempt to retain phenotypic characteristics o f the 

native cell population.
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O f the TMJ disc’s proteoglycans, the vast majority are either chondroitin sulfate 

(aggrecan) or dermatan sulfate (decorin and biglycan).19'100’164’195 Proteoglycan 

production changes with passage based upon the expression levels of protein core genes. 

While aggrecan gene expression levels were found to decrease with passage, biglycan 

gene expression remained relatively constant and decorin levels increased rapidly. A 

shift from robust aggrecan expression to decorin expression is significant since these 

proteoglycans have vastly different roles within the tissue. Aggrecan is a large 

aggregating molecule, whose many roles include attracting water molecules via multiple 

GAG side chains, thereby increasing resistance to compressive loading. Decorin is a 

much smaller molecule, whose roles include assisting in the formation of collagen fibrils. 

While it is difficult to discern the exact signaling which led toward the change in 

proteoglycan gene expression, the lack o f corresponding ECM proteins may be directly 

correlated. Since TMJ disc cells were removed from their native ECM, cells may cease 

aggrecan expression since no corresponding ECM exists to trap the large aggrecan 

molecules. The shift toward decorin expression may be an attempt to create new 

collagen network. This is further supported by the higher increases in decorin gene 

expression in plates seeded at lower confluences; more void spaces led to larger increases 

in decorin gene expression. Thus, the hypothesis may be formed that changes in 

proteoglycan gene expression may be correlated to the presence or lack of a surrounding 

ECM network.

Loss o f collagen type I and decorin gene expression have been noted in tenocytes, a 

fibroblastic cell population derived from tendon.191 Collagen type I and decorin
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expression were observed to decrease after passage 2 based upon a qualitative Northern 

Blot analysis o f passaged tenocytes;191 however, cells were derived from a juvenile 

source, which may attribute to the relative retention of genes at early passages. 

Furthermore, tenocyte doubling rates slowed slightly during passage but were not noted 

as significant between passage 1 and 36.191 TMJ disc fibrochondrocytes also experienced 

a reduction of collagen type I gene expression due to passage; however, decorin gene 

expression was observed to increase 33% per passage. Thus, the fibroblastic and 

chondrocytic components o f the TMJ disc cell population exhibit similar changes due to 

passage as cell populations which are uniquely fibroblastic (tendon) or chondrocytic 

(articular cartilage), yet may retain unique variations characteristic of neither fibroblasts 

nor chondrocytes.

When seeded at relatively lower confluences, TMJ disc cells divide more rapidly as 

observed by increases in d . Our results indicate changes in gene expression of ECM 

proteins for TMJ disc cells are more heavily tied to the passaging event rather than the 

process of cell division. This finding is intriguing because it suggests that the losses of 

gene expression are due to the act of passaging cells or the exposure of cells to a 

digestive enzyme. Furthermore, plating at different initial densities had little to no effect 

on phenotype retention within a culture population during expansion. In fact, plating at a 

higher initial density typically led to higher overall changes in gene expression due to an 

increase in necessary passages to achieve the same cell numbers.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



149

Gene expression levels measured directly from the tissue appeared many times higher 

than levels measured from cell pellets. Direct comparisons of the different types of 

samples were not performed due to differences in the isolation method, animal source, 

and PCR standards. However, qualitatively the many fold variations should be noted. As 

suggested in the passage/expansion data, exposure to a digestive enzyme, trypsin, caused 

changes in gene expression levels. Thus, it is also probable that digestion of the TMJ 

disc by overnight exposure to collagenase type II will cause changes in gene expression 

levels, as well. These changes, if  they exist, are currently unknown; however, there are 

some data available which suggest tissue digestion techniques may yield cell populations 

with different potentials for ECM production.196

Topographical variations in ECM protein-related gene expression were limited for the 

TMJ disc; thus, the disc may have considerably fewer zonal variations in phenotype 

relative to hyaline cartilage.190 The medial region was observed to have lower expression 

of collagen type I, decorin, and biglycan, genes which are more commonly associated 

with fibroblastic expression. This region of the disc has been noted as the most 

chondrocytic, experiencing high levels of compressive stress,40 and having large 

compressive resistances107,108 and glycosaminoglycan concentration.99,100 The trends 

within our findings, though not statistically significant, certainly support this description. 

Collagen type I gene expression appeared larger on the inferior surface, which is the 

primary surface o f TMJ articulation37. Thus, increases in collagen type I gene expression 

may be correlated to the higher functional requirements of the inferior surface of the TMJ 

disc during articulation.
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GAPDH is commonly used as a housekeeping gene in qRT-PCR studies where additional 

standardization techniques are not employed. Prior to utilizing GAPDH in this manner, 

its stability over the course of the experiment should be verified. In our study, we 

checked GAPDH’s stability by standardizing the amount of RNA placed in each RT 

reaction. Through the assumption of consistent RT reaction efficiencies, we may assume 

the amount of cDNA transferred to each PCR reaction is within the same order of 

magnitude, and thus, Ct cycles for PCR samples should not vary due to the qRT-PCR 

process. Expression levels of GAPDH did remain relatively constant across the disc’s 

regions and surfaces (data not shown); however, GAPDH gene expression lacked 

stability over multiple passages. It should be noted that these changes due to passage 

may not occur in all cell types; however, for passaged TMJ disc cells, GAPDH is a poor 

choice for a housekeeping gene.

In closing, variations in ECM protein gene expression over the TMJ disc’s surface- 

regions were limited in the TMJ disc. While the TMJ disc exhibits clear regional 

variations in other properties, it does not currently appear necessary to investigate 

topographical seeding techniques in order to recapitulate TMJ disc cellular variations. 

Variations in ECM and mechanical properties may best be developed via other means 

such as bioreactors which impart stress gradients. Furthermore, gene expression of TMJ 

disc ECM proteins changed rapidly during the passage/expansion process. Several genes 

may dip near zero within a few passages. These data are of concern considering the 

current necessity of multiple passages to yield sufficient cell numbers for tissue 

engineering studies. Experiments on recovery or retention o f TMJ disc gene expression
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related to ECM proteins during expansion must be conducted to fully assess the potential 

o f terminally differentiated cells for tissue engineering. Additionally, alternative cell 

sources should also be investigated for their potential to yield the fibrochondrocytic 

phenotype characteristic of TMJ disc cells.
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Figures Associated with Chapter #5
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Figure 5.1: Gene expression changes in collagen type I, collagen type II and GAPDH 

due to passage. Average values of collagen type I (a), collagen type II (b), and GAPDH 

(c) are plotted against the predicted model. Collagen type I and collagen type II 

expression decreased rapidly with passage. By passage 5, collagen type I expression 

levels dipped near zero in several individual samples; decreases o f 23% per passage were 

predicted by the statistical model. Collagen type II expression levels were relatively low 

throughout the experiment. Collagen type II expression above passage 3 was very rare; 

decreases were predicted to be near 73% per passage in the statistical model. GAPDH 

was predicted to increase with passage (27% per passage). Expression levels for GAPDH 

were generally higher in cultures plated at lower confluences. The rate of change in 

collagen type I, collagen type II, and GAPDH expression did not significantly change 

with initial plating density.
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Biglycan Expression 
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Figure 5.2: Gene expression changes in proteoglycans due to passage. Average values 

o f biglycan (a), decorin (b), and aggrecan (c) are plotted against the predicted model. 

Biglycan expression remained relatively constant during the experiment. Slight trends 

down due to passage can be observed, but these decreases were not statistically different 

from stable gene expression. Decorin expression increased rapidly due to passage; 

increases were predicted at 33% per passage in the statistical model. Furthermore, cells 

plated at lower confluences had higher decorin expression and larger increases than cells 

plated at higher confluences. Aggrecan expression dropped quickly due to passage; 

expression levels near zero were observed as early as passage 4 in individual samples. 

Decreases in aggrecan expression were predicted at 20% per passage. A difference in the 

rate of aggrecan expression loss was not noted as statistically significant between 

different plating densities.
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Figure 5.3: Typical expansion event fo r TMJ disc fibrochondrocytes. The experimental 

timeline is outlined with the expansion events described by the time to confluence and 

division rate ( d )  and passage events illustrated by a dotted line. The average time to 

confluence was between 5 and 8 days throughout the experiment, increasing slightly with 

passage; individual cultures reached confluence in as few as 2 days or as many as 14 

days. Division rates slowed with passage; however, this trend was not statistically 

significant. Cells plated at relatively lower confluences divided more rapidly than cells 

plated at higher confluences (p < 0.0001). Cells plated at a higher initial confluence 

generally reached confluence in fewer days and underwent more passages during the 35 

day culture period; however, cells seeded at a lower confluence underwent more 

divisions per initial cell plated (dtotai)- Individual cultures were passaged a minimum of 3 

times by the end o f 35 days.
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Decorin M e d ia n  A b u n d a n c e P r e d ic te d  E x p r e s s io n
In ferio r S u p e r io r fo r  B u lk  R1 C e lls

P o s te r io r 8 .3 0 E -0 4 2 .4 0 E -0 4
L a te ra l 2 .5 0 E -0 4 7 .3 0 E -0 4

In te r m e d ia te  Z o n e 3 .9 0 E -0 4 2 .0 0 E -0 5 1 .1 6 E -0 5
M ed ia l 1 .3 0 E -0 4 8 .0 Q E -0 5

A n te r io r 4 .1 0 E - 0 4 5 .9 0 E -0 4

Aggrecan M e d ia n  A b u n d a n c e P r e d ic te d  E x p r e s s io n
In ferio r S u o e r io r fo r  B u lk  P 1  C e lls

P o s te r io r 1 .0 5 E -0 8 4 .8 9 E -0 9
L a te ra l 1 .0 6 E -0 8 1 .8 5 E -0 8

In te r m e d ia te  Z o n e 2 .8 2 E - 0 9 2 .8 0 E -0 8 2 .9 6 E - 0 7

M ed ia l 1 .2 6 E -0 8 4 .6 3 E -0 8
A n te r io r 2 .1 4 3 E -0 8 2 .7 1 E -0 8

Biglycan M e d ia n  A b u n d a n c e P r e d ic te d  E x p r e s s io n
In ferio r S u p e r io r fo r B u lk  P1  C e lts

P o s te r io r 1 .4 1 E -0 3 1 .6 0 E -0 4
L a te ra l 1 .3 0 E -0 4 1 .2 6 E -0 3

In te r m e d ia te  Z o n e 4 .9 0 E - 0 4 1 .1 0 E -0 4 4 .2 2 E - 0 6
M ed ia l 6 .0 0 E - 0 5 1 .6 0 E -0 4

A n te r io r 5 .0 1  E -0 4 3 .7 0 E -0 4
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Collagen I M e d ia n  A b u n d a n c e P r e d ic te d  E x p r e s s io n
In fe rio r S u p e r io r fo r  B u lk  P1  C e lls

P o s te r io r 2 .1 0 E -0 4 7 .0 0 E -0 5
L a te ra l 1 .3 Q E -0 4 2 .2 0 E -0 4

In te r m e d ia te  Z o n e 1 .4 0 E -0 4 9 .0 0 E -0 5 6 .4 7 E - 0 5
M ed ia l 9 .4 3 E -0 6 6 .0 0 E -0 5

A n te r io r 1 .7 0 E -0 4 9 .0 0 E -0 5

Collagen II M e d ia n  A b u n d a n c e P r e d ic te d  E x p r e s s io n
In ferio r S u p e r io r fo r  B u lk  P1  C e lls

P o s te r io r 3 .1 2 E - 0 6 1 .2 8 E -0 6
L a te ra l 2 .5 1 E - 0 6 2 .7 7 E -0 7

in te r m e d ia te  Z o n e 2 .2 6 E - 0 6 3 .6 4 E -0 6 9 .6 9 E -1 3
M ed ia l 3 .6 5 E - 0 6 2 .6 9 E -0 7

A n te r io r 2 .1 5 E - 0 6 3 .5 0 E -0 6

Figure 5.4: Surface-regional variations in extracellular matrix proteins in the TMJ disc. 

The median abundance o f aggrecan, collagen type II, decorin, biglycan, and collagen type 

I for each surface region is presented in the series of tables. Medians were selected due 

to large interspecimen variations, resulting in large standard deviations. The only 

statistically significant variation, denoted by two asterisks, is in the expression o f decorin, 

where the medial region was found to have less expression than the posterior region. The 

medial region, however, also had relatively low levels of biglycan and collagen type I. 

Collagen type II and aggrecan expression were relatively low and were not detected in all 

samples. Thus, regional differences, which may appear larger than other genes, are based
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upon fewer readings and have considerably larger standard deviations. Surface-to- 

surface variations were near significant levels in collagen type I, denoted by a single 

asterisks, (p = 0.056). Surface-to-surface differences in other genes were relatively small. 

With the exception of aggrecan, abundance levels at passage 1 were markedly lower than 

those measured directly from the tissue, suggesting that the cell isolation process may 

lower gene expression substantially in TMJ disc cells.
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Chapter #6: The effects of protein coated surfaces 
on passaged TMJ disc cells

Abstract

The temporomandibular joint is composed of two bony structures, the mandibular 

condyle and fossa-eminence of the temporal bone, with an articular disc, known as the 

TMJ disc, positioned between. When displaced, the TMJ disc can become obstructive to 

jaw  motions, leading to further injury and degradation o f the joint’s tissues. Attempts at 

replacing the TMJ disc with a synthetic material have been unsuccessful; tissue 

engineering may provide an avenue by which a viable TMJ disc replacement may be 

created. Towards this end, we have studied TMJ disc gene expression to elucidate the 

potential of TMJ disc cells to produce key extracellular matrix proteins. Passage 0, 1, 

and 2 cells were plated on tissue culture treated plastic coated with either aggrecan, 

collagen type I, collagen type II, decorin, or no protein. Safranin O staining was used to 

investigate nodule formation and glycosaminoglycan production. At passage 0, cultures 

appeared similar on each surface; at passage 1 and 2, aggrecan and decorin coated 

surfaces induced nodule formation. Gene expression data, however, did not show a 

significant advantage o f plating TMJ disc cells over proteins. Aggrecan and collagen 

type I gene expression dropped relative to passage controls for each surface; no surface 

offered significant increases in aggrecan, collagen type I, or decorin expression at any 

passage. These results indicate that, despite large morphological changes in TMJ disc 

cells described by nodule formation, protein coatings have limited effect on TMJ disc 

gene expression at 24 hours.

* Chapter to be submitted as Allen KD, Erickson K, Baggett LS and Athanasiou KA. “The effects o f  protein coated surface on TMJ 
disc cells” June 2006
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Introduction

Temporomandibular joint (TMJ) disorders can result in severe pain, headaches, and 

crepitation.47,197 In addition, persons suffering from TMJ disorders may experience a loss 

of functional jaw motion and severe remodeling of the TMJs primary structures 47 The 

origin o f these disorders are not completely understood, but are believed to derive from 

multiple factors including displacement or dislocations of the articular disc, changes in 

musculature and joint loading, trauma, and diseases such as arthritis.47,197"199 Treatment 

o f these disorders is also controversial; for severely impaired joints, surgical treatment 

aims to restore essential motions and functions while reducing pain.69,168,198 However, at 

the surgical stage, joint tissues are likely remodeled, permanently injured, or scarred; 

thus, surgical approaches are unable to fully restore the TMJ.

Towards this end, tissue engineering has been proposed as a method by which the 

cartilaginous structures of the TMJ, namely the TMJ disc, may be regenerated.2 The 

TMJ disc is the joint’s central element, located between the mandibular condyle and 

fossa-eminence and dividing the joint space into inferior and superior compartments. 

This fibrocartilaginous tissue likely aids in joint motions by lubricating the surfaces of 

motion in both the inferior and superior compartments, assisting in the distribution of 

loads, and decreasing incongruencies between the joint’s bony structures. When 

displaced, injured, or malformed, the TMJ disc can be removed from its functional 

position in the joint, often leading to tissue remodeling, folding, and thinning.47 Many 

surgical approaches for TMJ disorders focus on replacing, reshaping, and/or repositioning 

the TMJ disc in order to correct internal derangements o f the joint.69,170 However, the
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TMJ disc is often beyond repair and must be removed from the joint. Post discectomy, 

TMJ disc replacement may be attempted via an alternative tissue, such as autogenous fat, 

or the joint space may be left empty;170 hereafter, tissue remodeling is common.

Implantation o f a viable TMJ disc equivalent may improve on current treatment 

modalities by restoring the joint functions provided by the healthy TMJ disc.2 Synthetic 

implants have been unsuccessful, inciting a significant immune response within the

* 81 83 170joint. ’ ’ Tissue engineering, however, may provide an avenue through which a 

biological equivalent of the TMJ disc can be generated.2,31 Thus far, the majority of TMJ 

disc tissue engineering studies have used cells that were passaged and expanded in 

monolayer.139,146' 149,151,152 Recent work demonstrated that monolayer expansion of TMJ 

disc cells resulted in rapid changes to TMJ disc gene expression.200 Most alarming in this 

work was the loss of collagen type I, indicating that the TMJ disc’s highly fibroblastic 

population was losing its ability to produce a key extracellular matrix (ECM) 

component.200 In addition, chondrocytic activity, represented by aggrecan and collagen 

type II gene expression, was rapidly down, regulated indicating a loss o f chondrocytic 

potential as well.200 Previous work on the chondrocytic potential of fibroblasts 

demonstrated that a purely fibroblastic cell line possessed a chondrocytic potential, which 

could be induced by plating fibroblasts over aggrecan.142 In addition, de-differentiation 

effects caused by monolayer expansion of articular chondrocytes could be lessened by 

plating over aggrecan after passage.201
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In the present study, we investigated the effects of this technique for TMJ disc cells. 

TMJ disc cells were isolated from porcine TMJ discs, and then either plated for 

monolayer expansion or plated over aggrecan, decorin, collagen type I, or collagen type 

II. To investigate nodule formation by TMJ disc cells as well as GAG production, 

Safranin O/fast green staining was conducted. The cellular response was investigated 

using real-time RT-PCR and assaying for aggrecan, decorin, collagen type I, and collagen 

type II gene expression. Thus, this study aims to recover essential TMJ disc gene 

expression lost during the monolayer passage and expansion of TMJ disc cells.

Materials and Methods

Harvest and Culture Conditions

Female pigs weighing more than 60 kg (135 lbs) post dressing were obtained from a local 

abattoir; pigs in this weight range are skeletally mature (approx. 8 - 1 2  months old). 

Three TMJs from three porcine heads were isolated using an en bloc dissection 

technique. TMJs were placed in 70% ethanol and transferred to a sterile hood. Joints 

were then opened by rupture of the joint capsule, and the TMJ disc was removed, minced, 

and placed in a Petri dish. All discs were digested in 40 mL of 2 mg/mL collagenase type 

II (Worthington) overnight. Cells were isolated via centrifugation, counted, re-suspended 

in complete media (Dulbecco’s modified eagle’s medium with Glutamax (Gibco) 

containing 10% fetal bovine serum (Gemini), 25 pg/mL ascorbic acid (Sigma), 1% non- 

essential amino acids (Gibco), and 1% penicillin-streptomycin-fungizone 

(Biowhittaker)), and then plated on tissue culture treated plastic (TCP) at approximately
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33% confluence or reserved for seeding over protein. Full media changes were 

conducted daily.

Upon reaching confluence, cells were passaged by exposure to trypsin/EDTA (Gibco). 

Cells were isolated from the trypsin using centrifugation (1500 rpm for 5 m), and cell 

counts were obtained with a hemocytometer. Cells were then plated on TCP-treated 24- 

well plates coated with proteins for 24 hours (200,000 cells per well).142 Protein coated 

wells contained either 5 pg of aggrecan, decorin, collagen type I, collagen type II, or no 

protein (control). Briefly, wells were coated by suspending the protein in sterile water, 

placing 250 pL of the protein mixture within the well 24 hours prior to passaging (5 pg 

per well), and allowing for evaporation overnight at room temperature. Wells were kept 

at room temperature in a sterile hood (without UV) during the coating process. Recovery 

attempts were conducted for 24 hours. At this point, media was removed, and samples 

were either lysed in TriZol reagent (Invitrogen) for gene expression characterization or 

saved histologically.

RNA Isolation and Reverse Transcriptase (RT) Reaction

RNA was isolated from the TriZol reagent using a protocol provided by the 

manufacturer. Briefly, 1 mL of TriZol was added to each well, agitated, and transferred 

to a 1.5 mL Eppendorf tube. Chloroform (0.2 mL) was mixed in each sample, 

centrifuged at 12,000 g for 15 min, and the topmost supernatant was transferred to a fresh 

1.5 mL Eppendorf tube. Isopropyl alcohol (0.5 mL) was added to the supernatant, and 

RNA was precipitated by centrifugation. Ethanol (75%, 1 mL) was used to wash the
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RNA pellet, and RNA was isolated by removal of the ethanol followed by 5-10 min of 

evaporation. RNA was then dissolved in 40 pL of RNase free water, and RNA 

concentration and purity was assessed on a spectrophotometer (Nanodrop).

A Stratascript First Strand Synthesis System (Stratagene) was used to reverse transcribe 

RNA to cDNA, according to the manufacturer’s protocol. Briefly, 350 ng RNA per 

sample was transferred to a 0.2 mL PCR tube and suspended in RNAse-free water such 

that the total volume was 17.7 pL. This process effectively standardized the RNA 

concentration, such that similar RT reaction efficiencies could be assumed for different 

samples. Random primers were annealed to the sample RNA by incubating samples with 

primers, buffer, and dNTPs at 65°C for 5 min. Samples were then cooled to room 

temperature 10 min) before reverse transcriptase and RNase inhibitor were added to 

the sample. The samples were then incubated at 42°C for 60 min followed by reaction 

termination at 70°C for 15 min.

Polymerase Chain Reaction (PCR) Procedures

Real-time PCR was performed for collagen type I, collagen type II, aggrecan, decorin, 

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression using a 

Rotor-Gene 3000 real-time PCR machine (Corbett Research). HotStarTaq (Qiagen), 

buffer (Qiagen, lx), MgCl (Qiagen, 3.5 mM), dNTPs (Promega, 0.2 mM), RNase-free 

water, and the gene-specific primer-probe sets were combined with 1 pL of sample 

(conducted in triplicate). The PCR reaction commenced with 15 min at 95°C followed by 

50 cycles of 15 s at 95°C and 30s at 60°C; fluorescence measurements (for 6-FAM,
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CalRed 610, and Quasar 670) at 60°C were taken every cycle. The GAPDH primer- 

probe set was included in every PCR reaction to serve as a verification gene and to insure 

consistent reaction loading. GAPDH is abundant in TMJ disc cells and easily detectable 

in the PCR reactions, allowing for the determination of a no expression sample from a 

failed reaction. Primer-probe sequences for GAPDH are available in Darling and 

Athanasiou190; all other primer-probe sequences are available in Upton et al,192

Gene Expression Abundance

The PCR reaction efficiency (EFF) was determined by dilutions of a standard sample (lx , 

lOx, lOOx, and lOOOx). Sample and standard take-off cycles (Ct), where Ct is equal to 

the cycle at which 30% of the maximum slope for a PCR reaction occurs, were calculated 

with the comparative quantification package available within the Roto-Gene software 

package. Abundance o f the gene of interest (A Goi) can be calculated for each sample via 

the following equation:

"’“ ' “ (l +  £ F F 00, ) q ”  0 )

These values were then utilized for the quantitative comparison of TMJ disc gene 

expression.

Safranin O Staining

In order to visualize nodule formation and GAG production, safranin O/fast green 

staining was performed.142 After each passage, media was removed from the wells and
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samples were washed with phosphate buffer solution. Samples were first fixed in 

formalin (10 min), then rinsed with water and stained with fast green (10 min). Fast 

green was removed via multiple washes. A brief incubation in acetic acid was performed 

(< 2 min), followed by staining with safranin O for 2 min. Samples were then rinsed with 

water and photographed using a Nixon CoolPix 990 digital camera mounted on a Nikon 

Eclipse TS-100 inverted microscope.

Statistical Analysis

The gene expression of TMJ disc cells seeded over aggrecan, collagen type I, collagen 

type II, or decorin was compared using an analysis o f variance approach (ANOVA). A 

two-factor ANOVA was used in which passage and treatment were considered as factors. 

The passage levels included passage 0, 1, and 2; the treatment levels included plating 

over aggrecan, collagen type I, collagen type II, decorin, TCP control, and passage 

controls. TCP controls were cells place on a non-protein treated surface. Passage control 

was the samples gene expression prior to plating.

Results

Seeding over a proteoglycan induced a conformation change in the cell shape and 

aggregation at higher passages (Figure 6.1). At passage 0, cells seeded over aggrecan, 

collagen type I, collagen type II, decorin, or a TCP control appeared relatively similar; 

small nodule formation, as well as some spindle shaped cells, could be observed across 

treatments. Cells seeded over aggrecan or decorin formed large nodules at passage 1 and 

passage 2, denoted by regions of significant safranin O staining. On the decorin coated
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surface, these nodules became larger with passage. Cells seeded over a collagen, either 

type I or type II, appeared more spindle-like in shape; these cultures were more similar in 

cell shape and aggregation characteristics to TCP controls than cultures seeded over a 

proteoglycan treated surface.

At passage 2, nodule formation over aggrecan plates was spread across the well; over 

decorin, one large concentration of nodules was observed near the center o f the well. At 

passage 1, this effect was less apparent; however, the decorin surface did appear to cause 

slightly larger nodules. Small nodules could be found over each surface at each passage 

for each treatment; however, the size and prevalence of these nodules appeared to 

decrease with passage for cells seeded over a collagen or TCP control.

Collagen type I gene expression, the TMJ disc’s primary extracellular matrix protein," 

dropped in each treatment (Figure 6.2). At passage 0, the gene expression of collagen 

type I dropped markedly by placing cells on any surface. At passage 1 and passage 2, 

collagen type I gene expression rebounded slightly; however, across all passages, plating 

TMJ disc cells caused a down-regulation of collagen type I gene expression (p < 0.05). 

No differences between a protein coated surface and TCP control were observed in terms 

of collagen type I gene expression.

Gene expression of aggrecan, the TMJ disc’s primary proteoglycan,100 also dropped 

rapidly with each treatment (Figure 6.3). Again, the drop in aggrecan gene expression at 

passage 0 was large; however, contrary to collagen type I expression, large drops in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



166

aggrecan gene expression were observed at passage 1 and passage 2 as well (p < 0.05). 

No differences between a protein coated surface and TCP control were observed in terms 

of aggrecan gene expression.

Collagen type II gene expression was very low throughout the experiment and could not 

be detected in any higher passage samples (Table 6.1). At passage 0, collagen type II 

expression was detected in 2 of 3 samples placed on aggrecan or collagen type II surfaces 

and in 1 of 3 samples placed on decorin, collagen type I, or a TCP control. Regardless of 

surface, the collagen type II expression, when detected, was near the lower limits of 

detection for the RT-PCR protocol employed.

Decorin gene expression was not appreciably altered by the protein coated surface 

(Figure 6.4). At each passage, decorin gene expression fell within the range of both the 

passage and TCP controls.

Discussion

At passage 0, cells seeded over each surface appeared similar with an equal nodule size 

and distribution. The TMJ disc has many types of cells; however, two distinct cell types 

dominate the disc’s architecture based upon morphological investigations: fibroblast-like 

and chondrocyte-like cells.90 Fibroblast-like cells are spindle-shaped, aligned along the 

collagen fibers, and comprise approximately 70% of the cells of the TMJ disc.90 The 

remainder of TMJ disc cells possesses a rounded shape, have traces of pericellular 

matrix, and are classified as having a chondrocyte-like morphology.90 Thus, it is not
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surprising that passage 0 cells formed nodules across protein surfaces. Chondrocytes are 

known for their rounded morphology; cells within aggregates appear to have a similar 

morphology.142 Furthermore, these aggregates stain intensely for GAGs, indicative of 

chondrocyte-like activity.142 Fibroblasts, on the other hand, are known for possessing a 

spindle shape and rapidly spreading across a TCP surface. Thus, at passage 0, the 

chondrocyte-like and fibroblastic-like cells of the TMJ disc may be distinctly identified.

A chondrocytic morphology appeared to be induced on proteoglycan coated surfaces at 

higher passages. Both aggrecan and decorin coated surfaces contained large nodule 

formations in higher passage TMJ disc cells. This morphology is believed to be induced 

by the negatively charged protein surface interacting with a negatively charged cell 

membrane, thus forcing a conformational change in cell morphology. Previously, this 

change in cell morphology was linked with transcriptional level changes in dermal 

fibroblasts; collagen type II gene expression was 3 fold higher in dermal fibroblasts 

plated over aggrecan when standardized to GAPDH gene expression.142 Within our data, 

morphological changes were observed, but transcriptional level changes were negative. 

Aggrecan expression was distinctly lower over each protein surface relative to passage 

controls and variations between the plating surfaces were not observed. Collagen type II 

expression was low in each passage 0 culture and undetectable at later passages. Thus, 

despite the induction of a chondrocyte-like morphology, protein surfaces failed to restore 

a chondrogenic potential in TMJ disc cells at the transcriptional level.
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The distribution of chondrocyte-like and fibroblast-like cells in the TMJ disc is 

non-homogeneous; while fibroblast-like cells dominate each region, the central portions 

of the TMJ disc have relatively more chondrocyte-like cells than the disc’s anterior and 

posterior bands. The ECM coating techniques may be used to induce cell morphologies 

within a three-dimensional TMJ disc construct. While exposure to these proteins did not 

up-regulate TMJ disc gene expression at 24 hours, this treatment may have effects further 

down the protein production pathway. Furthermore, the particular alignment or 

morphology of the cell may have significant effects on the alignment and organization of 

collagen fibrils. Spindle-shaped cells may be more likely to deposit matrix aligned with 

the cell; thus, by inducing a particular cell alignment pattern, the creation o f distinct 

matrix alignments within a tissue engineered construct may be possible.

The TMJ disc is primarily a fibroblastic tissue as the majority o f the tissue is constructed 

of collagen type I. No surface caused a marked increase in collagen type I gene 

expression; in fact, plating, regardless of the surface, caused a reduction in collagen type 

I gene expression. This finding is troubling when considering the expansion of TMJ disc 

cells for the purposes of tissue engineering. Gene expression of collagen type I decreases 

with passage in TMJ disc cells;200 furthermore, this decrease is not recovered by altering 

the plating surface with the TMJ disc’s most common extracellular matrix proteins.

Collagen type I, aggrecan, and to a lesser degree collagen type II expression appeared to 

be down regulated with plating. Previously, these proteins were noted to fall due to the 

passaging process. {Allen, 2006 #577} In the present study, gene expression of cells on a
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two-dimensional surface was measured, and not cells isolated post-trypsinization. These 

data indicate that the act of plating TMJ disc cells in monolayer may contribute to the 

loss o f gene expression associated with extracellular matrix protein production in TMJ 

disc cells.

Changes in gene expression may not necessarily translate to changes in protein 

production, especially protein production in a three-dimensional environment. First, the 

path to protein production is complex, and while changes at the transcriptional level serve 

as an indicator of cellular activity, some transcriptional changes are never realized in 

actual protein production. Second, the two-dimensional environment differs greatly from 

the three-dimensional tissue engineering environment. It is possible that while in a two- 

dimensional environment, cells are encouraged to divide rapidly. This may explain the 

relative increases in GAPDH gene expression with passage observed previously.200 

Furthermore, decorin gene expression is increasing with passage; this may be due to a 

cellular packing event caused by decorin. On decorin coated surfaces, TMJ disc cells 

packed tightly near the center of the well. It may be possible the TMJ disc cells are up- 

regulating decorin gene expression in monolayer cultures in an attempt to allow cells to 

pack at higher densities. Conversely, during expansion of cells, there may be little need 

to produce the TMJ disc’s extracellular matrix constituents, such as aggrecan, collagen 

type I and collagen type II. However, when placed in a three-dimensional culture, this 

expression may be recovered.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



170

In conclusion, protein-coated surfaces caused conformation changes to passaged TMJ 

disc cells. These morphological changes, however, did not result in transcriptional level 

changes in the expression of the TMJ disc’s primary extracellular matrix components. 

Furthermore, a distinct chondrocyte-like or fibroblast-like population could not be 

induced over any protein surface at the transcriptional level. However, in the future, it 

may be possible to further optimize these surfaces and/or the culture medium to promote 

these phenotypes in a two-dimensional culture. Alternatively, this technique may be used 

to promote a specific cell alignment in a three-dimensional construct, possibly promoting 

distinct cell morphologies and/or matrix alignment within specific regions of a tissue 

engineering construct.
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Figures Associated with Chapter #6

Measurable Expression 
at PO

Measurable Expression 
at P1

Measurable Expression 
at P2

TCP Control 1 of 3 Oof 3 Oof 3
Collaqen Type 1 1 of 3 Oof 3 Oof 3

Decorin 1 of 3 Oof 3 Oof 3
Collaqen Type II 2 of 3 Oof 3 Oof 3

Aqqrecan 2 of 3 Oof 3 Oof 3

Table 6.1: Prevalence o f detectable collagen type II gene expression in TMJ disc cells. 

Collagen type II gene expression was detected in approximately half o f the passage 0 

cells; although when detected, gene expression levels were near the lower limits of 

detection. At passage 1 and 2, no collagen type II gene expression was detected.
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A ggrecan Decorin Collagen I Collagen II TCP Control

P assage 2

Passage 0

Passage 1

Figure 6.1: Safranin O staining o f  TMJ disc cells plated over protein coated surfaces. 

Safranin O/fast green staining was used to detect nodule formation and GAG production 

on the protein coated surfaces (lOx photos). At passage 0, all surfaces had both nodules 

and spindle-shaped cells, and cell shape and GAG production appeared similar on all 

surfaces. At passage 1, aggrecan and decorin coated surfaces caused large nodule 

formations, while collagen type I, collagen type II, and TCP controls had relatively more 

spindle-shaped cells. At passage 2, aggrecan and decorin coated surfaces again caused 

large nodule formations. Nodules on the aggrecan surface were spread across the well, 

while nodules on the decorin surface were large and concentrated near the center o f the 

well. Nodule formation was observed on each surface at each passage; however, the size 

and prevalence of nodules was lower on collagen coated surfaces and TCP controls.
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Figure 6.2: Collagen type I  gene expression o f TMJ disc cells plated over protein coated 

surfaces. Collagen type I gene expression dropped in two-dimensional cultures relative 

to passage controls (p < 0.05). At passage 0, these drops were larger than decreases at 

passage 1 and passage 2. No surface coating demonstrated a significant advantage in up- 

regulating collagen type I gene expression relative to TCP controls.
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Figure 6.3: Aggrecan gene expression o f TMJ disc cells plated over protein coated 

surfaces. At each passage, aggrecan dropped significantly on each surface relative to 

passage controls, (p < 0.05). No differences between protein coated surfaces and TCP 

controls were observed in aggrecan gene expression.
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Figure 6.4: Decorin gene expression o f TMJ disc cells plated over protein coated

surfaces. Decorin gene expression over the protein surfaces was not significantly 

different from passage or TCP controls at any o f the examined passages.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



176

Chapter #7: Growth factor effects on passaged 
TMJ disc cells in monolayer and pellet cultures

Abstract

The temporomandibular joint disc (TMJ) is a fibrocartilaginous tissue maintained by a 

population of fibroblast-like and chondrocyte-like cells. Previously, we demonstrated 

rapid changes in TMJ disc gene expression due to monolayer passage and expansion. 

This study’s objective was to investigate the ability o f pellet culture and growth factors to 

rescue TMJ disc gene expression. TMJ disc cells were isolated from porcine tissue and 

passaged five times. At each passage, cells were exposed to TGF-P3, TGF-pi, and IGF-I 

in both a monolayer and pellet culture environment. Pelleting was detrimental to TMJ 

disc gene expression, marked by dramatic decreases in collagen type I (5.5 fold), 

aggrecan (1.4 fold), decorin (0.73 fold), and biglycan (0.73 fold) gene expression relative 

to monolayer cultures. Growth factors demonstrated limited ability to rescue TMJ disc 

gene expression in the pellet culture; however, in monolayer, growth factor effects were 

more evident. TGF-P3 and TGF-pi up-regulated decorin and biglycan gene expression 

relative to passage controls. Expression of collagen type I, the TMJ disc’s primary 

extracellular matrix constituent, was highest in TGF-P3 cultures, but differences were not 

statistically significant. These results indicate that pellet cultures are a poor choice for 

TMJ disc tissue engineering, and the effects of TGF-pi, TGF-P3, and IGF-I on TMJ disc 

gene expression are minimal relative to passaging and pelleting effects.

* Chapter submitted to Orthodontics and Craniofacial Research  as Allen KD and Athanasiou KA “Growth factor effects on passaged 
TMJ disc cells in monolayer and pellet cultures,” May 2006.
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Introduction

Temporomandibular joint (TMJ) dysfunction is a clinical syndrome associated with acute 

and/or chronic pain. Persons suffering from TMJ dysfunction may experience an 

inability to achieve functional mandibular movements, severe remodeling o f articular 

tissues, and coinciding incidents of pain such as headaches.47 The pathogenesis o f TMJ 

disorders is multifactorial and incompletely understood. Thus, treatment o f TMJ

disorders is controversial, and a variety of surgical treatments have been proposed and

202utilized, aiming to restore essential joint motions and reduce pain.

An important element in the debate of TMJ treatment modalities is the TMJ’s central 

tissue, the TMJ disc. This fibrocartilaginous tissue likely aids in joint motions by 

lubricating the surfaces o f motion, decreasing incongruence between the articulating 

surfaces, and dissipating loads and impact within the joint.5 However, when displaced, 

malformed, or perforated, this tissue may become obstructive, resulting in severe joint 

pain, crepitation, and loss of functional joint motions 47 Many TMJ treatment modalities 

focus on replacing, reshaping, and/or repositioning the TMJ disc to correct internal 

derangements of the joint.67,203"205 When the TMJ disc is beyond repair, the obstructive 

tissue must be removed. Post discectomy, disc replacement may be attempted via an 

alternative tissue, such as autogenous fat, or the joint space may be left empty. Hereafter, 

joint remodeling is common.

Implantation of a viable TMJ disc equivalent may improve current treatment modalities 

by restoring the joint functions provided by a healthy TMJ disc.2 As synthetic TMJ disc
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implants have a dark history,83’170’206 tissue engineering may provide an avenue by which 

a biologically equivalent TMJ disc may be created.2 Tissue engineering aims at 

generating neotissue capable of restoring native structure-function relationships; this is 

commonly achieved by combining cells, biofactors, and a scaffolding material either in 

vitro or in vivo. Thus far, TMJ disc tissue engineering efforts have focused on scaffolds 

seeded with autologous, terminally differentiated cells in vitro.184

The selection of a viable cell population is essential for tissue engineering success. Stem 

cells, both adult and embryonic, have a great potential to yield a large population of 

healthy cells; however, differentiating stem cells to an appropriate phenotype can be quite 

complex.143186’207 Healthy terminally differentiated cells may be difficult to identify in 

the patient, and if  available, these cells may require multiple expansions to yield 

appropriate cell numbers.149 Furthermore, expansion of cells in vitro may lead to 

dedifferentiation and loss of phenotype.141

Changes in the expression levels o f specific extracellular matrix (ECM) proteins during 

in vitro expansion have been noted in TMJ disc cells.200 Rapid losses in collagen type I, 

collagen type II, and aggrecan expression occurred with passage while decorin expression 

rapidly increased.200 Prior to these findings, autologous TMJ disc cells were suggested as 

a viable option for tissue engineering since the TMJ disc is populated primarily by 

fibroblast-like cells (70%) with the remainder mostly chondrocyte-like cells.2’90184 

Growth factors may serve as a viable avenue to rescue TMJ disc gene expression. 

Previously, growth factors have shown increased matrix deposition in fibrocartilage
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tissue engineering studies.145’146,208’209 These effects, however, can differ between 

monolayer and tissue engineering environments.145’146’208’209

Motivated by the rapid changes in TMJ disc gene expression due to passage, in this 

study, we investigate the potential of appropriate growth factors to serve as a rescue 

vehicle for TMJ disc gene expression. In so doing, we describe the effects of 

transforming growth factor-beta 3 (TGF-P3), transforming growth factor-beta 1 (TGF- 

p i), and insulin-like growth factor I (IGF-I) on passaged TMJ disc gene expression in 

both monolayer and pellet cultures. Growth factors were selected based upon their 

previously demonstrated potential for articular cartilage, knee meniscus, and TMJ disc 

tissue engineering.146,209’210 Thus, this study aims to provide valuable insight on TMJ 

disc cellular changes due to common tissue culture and tissue engineering practices.

Materials and Methods

Harvest and Culture Conditions

TMJ discs were isolated from female pigs weighing more than 61 kg (135 lbs) post 

dressing; pigs in this weight range are skeletally mature (approx. 8 - 1 2  months old). All 

tissue was obtained from a local slaughterhouse. Five TMJ discs from five porcine heads 

were isolated for the purposes of examining growth factor effects on cells in monolayer 

and pellet culture. All discs were digested in 40 mL of 1 mg/mL collagenase type II 

(Worthington) overnight. Cells were then plated on tissue culture plastic (TCP) treated 6- 

well plates at approximately 50% confluence and cultured in Dulbecco’s modified 

eagle’s medium with Glutamax (Gibco) containing 10% fetal bovine serum (Gemini), 25
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pg/mL ascorbic acid (Sigma), 1% non-essential amino acids (Gibco), and 1% penicillin- 

streptomycin-fungizone (Biowhittaker). Full media changes were performed every other 

day.

Upon reaching confluence, cells were passaged by exposure to trypsin/EDTA (Gibco). 

Cells were isolated from the trypsin using centrifugation (1500 rpm for 5 min), and cell 

counts were obtained with a hemocytometer. Control samples were obtained at each 

passage by lysing cells in TriZol reagent. For the purposes of studying growth factor 

effects in monolayer, cells were plated on TCP-treated 6-well plates (300,000 cells per 

well) and media were supplemented with either an additional 5 ng/mL of TGF-(33, 5 

ng/mL of TGF-pi, or 10 ng/mL IGF-I. For the purposes of studying growth factor 

effects in pellet culture, cells were placed in a 0.5 mL Eppendorf tube (300,000 cells per 

tube) and centrifuged at 2 g for 2 mins. Media were removed and growth factor 

supplemented media were added. Eppendorf lids were punctured for ventilation and 

placed in an enclosed sterile rack. All samples were cultured at 37°C; at 24 hrs, media 

were removed, and samples were lysed in TriZol reagent (Invitrogen).

RNA Isolation and Reverse Transcriptase (RT) Reaction

RNA was isolated using TriZol reagent, following the protocol provided by the 

manufacturer. Briefly, cells were vortexed in 1 mL TriZol, 0.2 mL of chloroform was 

mixed in each sample, and samples were centrifuged at 12,000 g for 15 min. The 

topmost, clear supernatant was isolated and moved to a fresh 1.5 mL Eppendorf tube, and 

0.5 mL of isopropanol per original mL TriZol was added to the supernatant. RNA was
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precipitated by centrifugation, washed with 1 mL of 75% ethanol, and dissolved in 40 pL 

of RNAse free water. RNA concentration and purity were assessed on a 

spectrophotometer (Nanodrop).

RNA was reverse transcribed to cDNA using a Stratascript™ First Strand Synthesis 

System (Stratagene) according to the manufacturer’s protocol. Briefly, 350 ng RNA per 

sample was suspended in 17.7 pL of RNAse-free water. Since each reaction contained 

the same concentration o f RNA and reagents, similar RT reaction efficiencies were 

assumed for all samples in the ensuing analyses. Random primers were annealed to the 

sample RNA by incubating samples with primers, buffer, and dNTPs at 65°C for 5 min 

followed by cooling to room temperature (~ 10 min). The mixture was then incubated 

with reverse transcriptase and RNase block at 42°C for 60 min followed by reaction 

termination (70°C for 15 min).

Polymerase Chain Reaction (PCR) Procedures

Real-time PCR was performed for collagen type I, collagen type II, aggrecan, decorin, 

biglycan and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using a Rotor-gene 

3000 real-time PCR machine (Corbett Research). HotStarTaq (Qiagen) combined with 

buffer (Qiagen, lx), MgCl (Qiagen, 3.5 mM), dNTPs (Promega, 0.2 mM), RNAse-free 

water, and the gene-specific primer-probe sets were used as the PCR mix. The PCR 

reaction commenced with a 15 min denaturing step at 95°C followed by 50 cycles o f 15 s 

at 95°C and 30 s at 60°C. Fluorescence measurements (on FAM, CalRed, and Quasar 

670) were taken every cycle at 60°C to provide a quantitative, real-time analysis of the
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PCR reaction for specific genes. The GAPDH primer-probe set was included in every 

PCR reaction as a verification gene. Since GAPDH is abundant in TMJ disc cells, it is 

easily detectable in the PCR reactions, allowing samples with no expression to be 

separated from failed reactions. Primer-probe sequences for GAPDH are available in 

Darling and Athanasiou190; all other primer-probe sequences are available in Upton el 

a l m

Gene Expression Abundance

The efficiency (E) o f the PCR reactions was determined by a series of standard sample 

dilutions (lx , lOx, lOOx, and lOOOx). Take-off cycle (Ct) for the standards and samples, 

where Ct is equal to the cycle at which 30% of the maximum slope for a PCR reaction 

occurs, was determined via the comparative quantification package available in the 

Rotogene software. Abundance values for the gene o f interest ( A Go i )  can be calculated 

for quantitative comparison from the following equation:

(1)

Abundances from three PCR reactions were examined to ensure reaction loading was 

consistent. If consistent, their average was used for the ensuing statistical analysis; if  not, 

the reaction was repeated. To ensure consistent reaction loading between PCR runs, the 

GAPDH results were compared, and if necessary, runs were repeated.
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Statistical Analysis

The distribution o f abundances for each measured gene appeared nearly log normal 

(Figure 7.1);211 thus, abundances were transformed to their logarithmic equivalent prior 

to statistical analysis. A four-factor analysis of variance (ANOVA) approach was 

employed to analyze the significance of animal, passage, growth factor treatment, and 

pellet vs. monolayer culture. Animal, growth factor treatment, and pellet vs. monolayer 

culture were treated as categorical data; passage was considered continuous. Interactions 

were initially considered, but excluded from the final model due to a lack o f significance. 

If an individual factor was significant in the ANOVA, a post-hoc Tukey’s HSD was 

conducted to investigate variations between treatment groups. In all statistical tests, a 

significance level o f 0.05 was used.

Results

Gene expression levels o f collagen type I, decorin, biglycan, and aggrecan were lower in 

pellet culture compared to monolayer culture (p < 0.005, Figure 2). Gene expression of 

collagen type I, the disc’s primary ECM component, demonstrated the largest variations; 

monolayer cultures had collagen type I abundances that were 5.5 times higher than pellet 

cultures, on average. Aggrecan variations were also substantial, near 1.4 fold, while 

decorin and biglycan variations were approximately 0.73 fold.

Similarly, pellet culture rapidly decreased collagen type I, aggrecan, and biglycan gene 

expression relative to passage controls. Decorin abundances in pellet cultures were 

comparable to passage controls throughout the experiment (Figure 3). As cells were
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passaged, collagen type I and aggrecan levels in passaged controls and pellet cultures 

tended to converge. However, at early passages, substantial decreases in collagen type I 

and aggrecan gene expression were evident, near 9.0 and 3.5 fold, respectively (passage 

1). Decreases in biglycan levels were consistent, near 3 fold at every passage examined.

The mean level o f decorin gene expression was higher in each growth factor group; these 

effects were especially apparent in monolayer cultures (Figure 7.4). TGF-P3 

significantly up regulated decorin gene expression relative to no treatment controls (p < 

0.05); decorin levels were 96% larger, on average, in TGF-[33 groups compared to no 

treatment. Growth factor did not have a significant effect on any other measured gene; 

however, the trends for collagen type I expression and biglycan expression were identical 

(Table 7.1). Furthermore, the mean value of aggrecan was higher in each treatment 

group.

Differences between passage controls and monolayer culture samples were not as 

apparent (Figure 7.4). Decorin gene expression tended to be larger in monolayer cultures 

than passaged cultures, especially those presented with a growth factor. At passage 1, 

collagen type I gene expression was lower in monolayer cultures relative to passage 

controls; however, at later passages collagen type I gene expression was similar to 

passage controls. Biglycan levels in monolayer culture were lower than passaged control, 

especially those cultures without a growth factor treatment. The presence of a TGF-{11 

and TGF-P3 demonstrated some ability to return biglycan levels near that o f passage 

controls. Aggrecan levels in monolayer culture relative to passage controls were more
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irregular. Generally, aggrecan levels were lower in monolayer culture relative to 

passaged control and growth factors had little effect on aggrecan expression.

Passage effects on TMJ disc cells were similar to those reported previously (Figure 

7.5).200 Collagen type I and aggrecan expressions were rapidly down-regulated with 

passage with predicted decreases of 28% and 44% per passage, respectively (p < 0.0001). 

Collagen type II expression was undetectable after the second passage. Decorin 

expression was predicted to increase by 10% per passage; however, this increase was not 

significant (p = 0.12). Biglycan expression decreased 16% per passage (p < 0.01). The 

PCR response for collagen type II was very low relative to other genes. In addition, 

collagen type II gene expression levels were rarely detected after passage 2 (Figure 7.5). 

As a result, many singularities in the statistical model were created, making analysis of 

collagen type II changes impossible. Regardless, collagen type II gene expression was 

near zero or negligible in most samples.

Discussion

Pellet cultures have demonstrated potential for articular cartilage tissue engineering.212-214 

Based upon substantial down-regulation of TMJ disc ECM gene expression, pellet culture 

appears to be a poor choice for TMJ disc tissue engineering. In pellet cultures, collagen 

type I, aggrecan, and biglycan gene expression was rapidly down-regulated relative to 

both monolayer cultures and passaged controls; in addition, decorin gene expression was 

lower in pellet cultures relative to monolayer cultures. This down-regulation o f ECM 

genes indicates a decrease in potential for ECM deposition, suggesting a significant
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decrease in potential for tissue engineering success in pellet cultures. Of greatest concern 

is the inability to rescue collagen type 1 expression by placing TMJ disc cells in a pellet 

environment or exposing them to a growth factor. The TMJ disc is almost entirely 

collagen type I. Inability to produce this particular protein is detrimental to tissue 

engineering success. In addition, aggrecan, the disc’s primary proteoglycan,100 could not 

be fully rescued by exposure to TGF-P3, TGF-pi, or IGF-I. These growth factors have 

previously demonstrated a potential for increasing ECM deposition in cartilage tissue 

engineering;145' 147,208'209 however, their effectiveness on TMJ disc gene expression was 

marginal in pellet cultures.

Cultures exposed to growth factors generally had a higher abundance o f ECM matrix 

gene expression. Though differences were not statistically significant, TGF-P3 had the 

highest mean value for collagen type I, decorin, and biglycan expression, followed by 

TGF-pi and IGF-I; growth factor exposed groups also had larger means for aggrecan 

gene expression. The effects o f growth factors were minimal relative to the effects of 

passage and pelleting. However, exposure to a growth factor may have positive effects 

for TMJ disc tissue engineering, but these positive effects are likely overwhelmed in 

pellet cultures. Furthermore, the cellular pathways toward protein production are lengthy 

with many checks and balances, and while exposure to a growth factor may not induce a 

dramatic up-regulation at the gene expression level, other parts of the production pathway 

such as the translation of mRNA transcripts to protein code may be positively affected.
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Gene expression levels in monolayer cultures did not vary from passaged controls as 

substantially as pellet cultures; however, a few variations are of note. Biglycan levels 

were lower in monolayer culture than passaged controls; however, biglycan levels could 

be partially recovered with TGF-P3 or TGF-pi. Decorin, a proteoglycan similar to 

biglycan, was also up-regulated in culture exposed to TGF-P3 or TGF-pi. This decorin 

up-regulation, however, placed decorin gene expression levels much higher than 

passaged controls. Thus, the rescue of biglycan expression may also induce over

expression of decorin.

The effect of passage on TMJ disc cells was similar to those described previously.200 

Collagen type I, collagen type II, and aggrecan dropped rapidly with passage. The 

observed decrease in aggrecan and collagen type I was more rapid in this experiment than 

our previous results, but the predicted decrease for both genes is within the error of our 

earlier data. Decorin trended upward with passage, similar to our earlier findings; 

however, increases were far less substantial in the present experiment and not statistically 

significant. Biglycan, on the other hand, showed a significant decrease with passage. 

Previously, this trend was noted, but not considered significant. These data on passage 

effects follow the same trends as our previous report, and the predicted increases and 

decreases fall within the error o f our previous report. The effect o f passage on TMJ disc 

cells is substantial and should be accounted for in experiments using passaged TMJ disc 

cells.
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To passage cells, the culture is typically exposed to a digestive enzyme such as 

trypsin/EDTA. Cells are then removed, centrifuged, and re-suspended in a new culture. 

Previously, we attributed changes in gene expression to exposure to a digestive 

enzyme;200 however, our pellet culture data suggest that centrifugation may have equal or 

more importance. Centrifugation imparts a mechanical stimulus on the entirety of the 

cell mass. This stimulus may lead to changes in gene expression via 

mechanotransduction pathways. Mechanotransduction is a powerful stimulus on 

cartilaginous tissues. Intermittent hydrostatic pressure has caused detrimental effects on

i

TMJ disc cells; sustained direct compression has negatively affected knee meniscus 

and articular cartilage explants.215'217 Thus, mechanical stimuli applied during culture 

and tissue engineering practices may have large effects.

For many of our samples, collagen type II was not detectable at any passage; by passage 

3, collagen type II expression fell below the level of detection in all samples. Relative to 

collagen type I, collagen type II is a minor ECM constituent in the TMJ disc; however, its 

expression is indicative of chondrocyte-like properties of TMJ disc cells and hyaline-like 

activity. Its initial low level and rapid decrease demonstrates the dominance of 

fibroblast-like cells in the TMJ disc. Furthermore, failure to rescue collagen type II may 

indicate an inability to recapitulate hyaline-like matrix in a tissue engineered TMJ disc. 

While pockets o f collagen type II are sparse in the TMJ disc, creating these structures 

may be important in TMJ disc function. Thus, in future tissue engineering studies, the 

lack o f chondrocytic potential in TMJ disc cells may need to be addressed.
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Gene expression o f the TMJ disc’s primary ECM proteins decreased with passage with 

the exception of decorin. These losses were not recovered in pellet culture; in fact, 

pelleting generally led to further losses in expression of aggrecan, biglycan, and collagen 

type I. In addition, losses were not rescued by supplementing the pellet culture media 

with growth factors. In monolayer, the effects of growth factors were more apparent. 

Gene expression of dermatan sulfate proteoglycans, decorin and biglycan, appeared to be 

up-regulated by TGF-(31 and TGF-P3. Collagen type I gene expression was also 

generally higher in growth factor groups. These effects, however, were far less 

substantial than passaging or pelleting effects, and were often not statistically significant. 

Our results indicate that pellet cultures are a poor choice for TMJ disc tissue engineering. 

In addition, growth factors at the investigated concentrations are unable to rescue 

essential TMJ disc gene expression.
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Collagen Type 1 
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Decorin 
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TGF-PI 5.9E-06*- 1.1E-05 -M.6E-05 6.9E-07*- 1 3E-06 2.0E-06

IGF-I 5.9E-06+- 1.1E-05 “ *■ 1.6E-05 5.4E-07'*-  1.0E-06 -*• 1.5E-06
No Treatment 4.2E-06-*-  7.9E-06 1.2E-05 4.3E-07 •+“  8.3E-07 -► 1.2E-06

Biglycan 
Low Mean High

Aggrecan 
Low Mean High

TGF-P3 1.3E-07 8.3E-07 1.5E-06 5.2E-09+- 4.0E-08 -► 7.4E-08
TGF-pl 3.7E-07 8.1E-07 -► 1.3E-06 1.5E-08-+- 3.5E-08 -► 5.6E-08

IGF-I 3.2E-07 ■*— 7.1E-07 1.1E-06 1.9E-08 4.5E-08 -► 7.1 E-08
No Treatment 2.5E-07 ■*- 5.4E-07 -► 8.4E-07 1.3E-08-*- 3.2E-08 —► 5.0E-08

Table 7.1: Growth factor effects on TMJ disc gene expression. The means and ranges 

for each gene were converted from their logarithmic equivalent as calculated by the 

statistical model. TGF-P3 produced the highest mean of collagen type I, decorin, and 

biglycan gene expression, followed by TGF-pi, IGF-I, then no treatment. All growth 

factor treatments also had a higher mean for aggrecan gene expression relative to no 

treatment. These variations, however, were not statistically significant, with one 

exception; decorin expression was significantly larger in TGF-P3 treated groups relative 

to no treatment.
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Figure 7.1: Validation o f  lognormal-normal transformation. A logarithmic

transformation was used to convert the results into a pseudo-normal distribution. This 

conversion allowed for the use of standard normal assumptions during our statistical 

analysis. The distribution of the collagen type I gene expression results is presented 

before and after the transformation. As can be verified by the figure, the transformation 

converted the response variable into an approximately normal distribution.
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Figure 7.2: Gene expression in monolayer culture vs. pellet culture for TMJ disc cells. 

Gene expression levels for collagen type I, decorin, biglycan, and aggrecan were lower in 

pellet cultures relative to monolayer cultures (p < 0.005). Means and standard deviations 

for each gene were calculated from their logarithmic equivalents obtained from the 

statistical model. These data indicate that pelleting down-regulates the gene expression 

o f the TMJ disc’s primary ECM proteins, suggesting that pelleting is a poor choice for 

TMJ disc tissue engineering.
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Figure 7.3: Growth factor rescue attempts in pellet culture. Relative to passage

controls, represented by the solid black line, collagen type I, aggrecan, and biglycan 

levels dropped rapidly due to pellet culture. These losses were not recovered by exposure 

to a growth factor. Losses in collagen type I were the most significant; as early as 

passage 1, pelleting resulted in a 9.0 fold reduction of collagen type I gene expression. 

Aggrecan losses were also substantial at early passages with a 3.5 fold reduction at 

passage 1. Losses in aggrecan and collagen type I became less substantial with passage, 

primarily due to decreases in the passage controls. Biglycan was consistently lower in 

pellet cultures relative to passage controls; these reductions were near 3 fold at every 

examined passage. Decorin expression was near passaged controls at every passage.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



194

Collagen Type I Aggrecan

7.0E-05 3 OE-07 ;
. iPassage 0

Passage 0S.OE-05 H [ -

(Q 2.0E-07

“O  4  OE-05

Passage 32.0E-05

E3 No Treatment 
Q 1 0  ng/mL IGF-1 
H  5 ng/mL TGF-pi 
■  5 ng/mL TGF-(33 
— At Passage

P a s s a g e

Biglycan
P a s s a g e

Decorin
3.5E-06

5.0E-06 |

<D 5.0E-06

<g 2.0E-06 4.0E-06 \Passage 0 
Passage 1

g  3 OE-06 I 

JQ
<  2.0E-06 ;

Passage 3 
Passage 4 
Passage 6

^  1 .OE-06

0.5E-06

2 3 5 6 30 1 4 0 1 2 4 5 6

P a s s a g e P a s s a g e

Figure 7.4: Growth factor rescue attempts in monolayer culture. Relative to passage 

controls, represented by the solid black line, collagen type I gene expression was lower at 

passage 1; however, at later passages, collagen type I expression was comparable to 

passage controls. Aggrecan and biglycan gene expression tended to be lower than 

passage controls. Biglycan expression rebounded at many passages by exposing the 

culture to TGF-(33 or TGF-(31. Similar up-regulation was seen in decorin; at most 

passages, decorin gene expression was up-regulated by exposure to a growth factor. 

TGF-P3 had the greatest effects and showed a significant difference from no treatment 

for decorin expression (p < 0.05).
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Figure 7.5: The effects o f  passage on TMJ disc cells. TMJ disc gene expression changes 

rapidly with passage marked by decreases in collagen type I and aggrecan gene 

expression and increases in decorin gene expression. Decorin trended up with passage, 

but increases were not statistically different from no change. Collagen type I, aggrecan, 

and biglycan decreases per passage were statistically significant. The predicted changes 

were within the error of previously reported data, despite small variations in the statistical 

results.200
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Chapter #8: TMJ Disc Tissue Engineering: 
Selection of a Mesh Scaffold

Abstract

The temporomandibular joint (TMJ) disc is a fibrocartilaginous tissue positioned between 

the mandibular condyle and fossa-eminence of the temporal bone. When injured or 

displaced, this tissue can impede functional jaw motions. Synthetic T M J. disc 

replacements have been unsuccessful. Tissue engineering has been suggested as a 

possible avenue by which TMJ disc implants may be generated. Thus far, most TMJ disc 

tissue engineering studies have utilized a polyglycolic acid (PGA) scaffold; however, this 

structure is prone to rapid degradation and loss o f structural integrity. In the present 

study, we investigate the potential of a scaffold created from a poly-L-lactic acid (PLLA) 

non-woven mesh relative to that of a PGA non-woven mesh. PLLA constructs 

maintained their shape and structural integrity over 4 weeks of culture, while PGA 

constructs rapidly contracted and lost structural integrity. PLLA was testable underneath 

both compression and tension at week 4; PGA scaffolds were not testable under either 

mechanical condition. Both scaffolds demonstrated the ability to maintain cellularity 

throughout the culture period, while neither scaffold demonstrated a significant 

advantage in terms of cellular, collagen, or glycosaminoglycan content. Matrix 

deposition was limited on both materials. PLLA offers a significant advantage for TMJ 

disc engineering relative to PGA in terms of its structural characteristics; however, the 

lack of significant matrix deposition on either material is of concern. In the future, 

stimulation of TMJ disc cells on PLLA scaffolds via either growth factors or mechanical 

stimuli should be conducted to fully verify PLLA’s potential.
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Introduction

The goal o f tissue engineering is to recapitulate a native function through the creation of 

a biological implant. Tissue engineering approaches are particularly of interest in tissues 

which are not able to self repair due to extensive disease or trauma. In the 

musculoskeletal system, the cartilaginous structures of articular joints are a prime target 

for tissue engineers; however, each joint has unique loading, kinematics, and properties. 

Thus, different joints offer distinct challenges and may require different environments to 

successfully tissue engineer the cartilaginous structures. In the craniofacial region, the 

temporomandibular joint (TMJ) is a prime target for tissue engineers.2,218 The 

cartilaginous structures of this joint are markedly different from other joints, as neither 

the cartilage lining the bony structures nor the articular disc are truly hyaline 

cartilage.10'89 These tissues contain a substantial fibrous component relative to their 

cartilaginous counterparts in the knee.89

Both the cartilage o f the condyle and the TMJ disc have received due attention in recent

i o 4  21 8
tissue engineering studies. ’ Despite their relative proximity to each other within the 

joint, the results of these tissue engineering studies have substantial differences in terms 

of their engineering components, namely the scaffolding material. Alhadlaq and Mao218 

have created constructs in the shape of the human condyle using cells encapsulated in a 

poly(ethylene glycol)-based hydrogels. Alginate hydrogels, however, were unsuccessful 

for tissue engineering o f the TMJ’s articular disc (TMJ disc).139 When TMJ disc cells 

were encapsulated in alginate, cell death occurred over 8 weeks of culture; contrary, the 

cellularity of PGA scaffolds created from a non-woven mesh was maintained.139
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Due to these early findings, TMJ disc tissue engineering studies have generally utilized a 

PGA scaffold.139'146' 149’151152 However, PGA scaffolds have a distinct disadvantage in 

terms of the degradation rate of PGA. This characteristic has been in many TMJ disc 

tissue engineering, resulting in a conformational change to the scaffold’s shape and 

integrity.139’146"149’151’152 PGA scaffolds seeded with TMJ disc cells have contracted 

significantly over 4 to 8 weeks of culture, losing 50% or more of its original 

volume.139’146"149’151'152 Furthermore, attempts to increase matrix deposition with a 

growth factor or mechanical stimulation have been unable to overcome the rapid 

degradation of PGA.146"148’151’152

Since TMJ disc cells prefer a non-woven mesh material relative to a hydrogel,139 it may 

be possible to increase matrix deposition and structural integrity of the TMJ disc 

constructs through another polymer which degrades relatively more slowly. In the 

present study, we select poly-L-lactic acid (PLLA) to investigate the potential of an 

alternative non-woven mesh scaffolding material. Both PGA and PLLA meshes were 

seeded with TMJ disc cells and cultured for 4 weeks. To investigate differences in the 

seeding efficiency, constructs were seeding in spinner flasks containing either both 

materials or only PLLA and PGA. Constructs were evaluated at 0, 2, and 4 weeks for 

their cellularity and biochemical components (collagen and glycosaminoglycans). The 

biomechanical integrity o f the constructs was evaluated at 0 and 4 weeks.
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Materials and Methods

Cell Isolation and Harvest

Ten hogs (P.I.C. Genetic Breed) were obtained from a local slaughterhouse, and TMJs 

were isolated using an en bloc dissection technique within 8 hrs of death. Hogs weighed 

more than 60 kg (135 lbs) after dressing, indicating the animal was likely older than 8 

months and skeletally mature. After isolation, TMJs were placed in 70% isopropyl 

alcohol for 5-10 min and transferred to a sterile laminar flow hood. The joint capsule 

was then ruptured, exposing the TMJ disc. Samples were examined for gross signs of 

degeneration (i.e., fissures or scarring of the tissue); discs showing signs of degeneration 

were discarded. Healthy TMJ discs were isolated, minced, and then digested overnight in 

40 mL of 1 mg/mL collagenase type II (Worthington). Cells were isolated from 

collagenase digestions via centrifugation and transferred to 10 mL of complete media 

(Dulbecco’s modified eagle’s medium (Biowhittaker), 10% fetal bovine serum (Gemini 

Bio-Products), 1% non-essential amino acids (Gibco), 1% penicillin-streptomycin- 

fimgizone (Gibco), 1% L-glutamine (Gibco), and 25 pg/mL ascorbic acid (Sigma)). Cell 

viability and cell counts were verified via trypan blue staining and a hemocytometer; the 

average cellular yield was approximately 15 million cells per disc.

Cell Seeding

Prior to cell isolation, cylindrical shaped PGA (Albany International, 95% porous, 45- 

55% crystalline) and PLLA scaffolds (Biomedical Structures, 95% porous) were cut from 

8.5” x 11” sheets using a 5 mm dermal punch; scaffolds were approximately 2 mm thick 

and had a diameter near 5 mm. Scaffolds were placed on stainless steel wires with glass
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bead spacers, sterilized using an ethylene oxide chamber, followed by airing for at least 

one day. PGA and PLLA were then wet in 70% isopropyl alcohol to remove air bubbles 

from the scaffold, washed twice in phosphate buffer solution, and placed in spinner flasks 

filled with complete media such that a spinner flask contained 13 PGA scaffolds and 13 

PLLA scaffolds, 26 PLLA scaffolds, or 26 PGA scaffolds. This approach was followed 

to determine if one material had a distinct advantage in seeding TMJ disc cells. Stirrer 

bars were rotated at approximately 60 RPM for 3 days, then stopped for an additional 4 

days in the spinner flasks to allow cells to fully adhere to the polymer. Media were not 

changed during the seeding period. After seeding, constructs were transferred to agarose 

coated 6 well plates filled with 5 mL of complete media (3-4 scaffolds per well); half 

media changes were conducted daily.

Histology and Biochemical Assays

PLLA and PGA constructs were acquired at week 0, 2, and 4 for histological and 

biochemical analyses, with week 0 denoting the transfer of the construct from the spinner 

flask to agarose coated wells. For histology, samples were placed in cryoembedding 

solution and snap frozen. Using a cryotome, thin sections (12 pm) o f the PGA constructs 

were sliced and placed on glass slides. Sections of PLLA constructs were sliced (12 pm) 

using a cryotome, placed on adhesive slides (Instrumedics), and then exposed to 

ultraviolet light to crosslink the section and slide. All slides were fixed in 10% phosphate 

buffered formalin for 10 min then counterstained with Weigert’s hematoxylin for 1-3 

min. Picrosirius red staining was then conducted to visualize total collagen distribution
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and deposition, and safranin-O/fast green staining was used to observe total 

glycosaminoglycan (GAG) distribution and deposition.

Prior to quantitative biochemistry, PGA and PLLA constructs were placed in 1.5 mL 

Eppendorf tubes and lyophilized for 2 days. A papain digest was then conducted to 

release the collagen and GAGs from the scaffolding material. Papain solution was 

prepared by placing 125 pg Papain/mL in 50 mM phosphate buffer (pH = 6.5) containing 

2 mM N acetyl cysteine and ethylenediaminetetraacetic acid; 1 mL of papain solution 

was added to each sample and incubated at 60°C for 18hrs. All biochemical assays 

(DNA, collagen, and GAG) were conducted upon the papain solution with assay 

standards suspended in the same solution. Cellularity of the constructs was determined 

via a picogreen assay (PicoGreen® dsDNA Quantitation Kit, Molecular Probes), assay 

protocols provided by the manufacturer. To convert data from DNA to cells, a content of 

7.7 pgDNA per cell was assumed. Total GAG was determined with a dimethylmethylene 

blue colorimetric assay (Accurate Chemical), standards and protocols provided by the 

manufacturer. Total collagen was determined with a modified hydroxyproline assay;219 

collagen standards (Sircol Collagen Standards, Accurate Chemical) were adapted in 

house.

Biomechanical Analyses

Biomechanical properties were measured at week 0 and week 4. Viscoelastic 

compressive properties were evaluated using an Instron 5565 set-up, previously 

described.108 Strain was applied in 10% increments (10%, 20%, and 30% strain), held for
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5 minutes, and stress relaxation curves were, obtained. Using Matlab, curves were 

approximated using an increment, stepwise viscoelastic stress relaxation solution for 

standard linear solid, described previously for TMJ disc explants.107 Fitted parameters 

were converted into relaxation modulus, instantaneous modulus, and coefficient of 

viscosity equivalents. Following compressive testing, tensile properties were measured 

using another Instron 5565 set-up, previously described.220 Constructs were placed in the 

test apparatus with 0.75 mm to 1.25 mm of construct visible between the specimen 

clamps. Strain was then applied at 1% strain/sec continuously until ultimate failure. 

Construct stiffness, yield point, and ultimate tensile strength were determined from the 

representative stress strain curves.

Statistical Methods

An analysis of variance (ANOVA) approach was used to detect variations between 

constructs in their biochemical or biomechanical properties. A two-factor ANOVA with 

an interaction was used, in which scaffold type and week were considered factors. When 

a factor was significant, comparisons among factor levels were conducted with Tukey’s 

HSD post-hoc test. For all statistical tests, a p-value of less than 0.05 was considered 

significant.

Results

Both scaffolds proved suitable in attaching TMJ disc cells and maintaining a degree of 

cellularity throughout the culture period (Figure 8.1); neither scaffold demonstrated a 

distinct advantage over the other in terms of seeding efficiency or maintaining cellularity.
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PLLA scaffolds tended to have slightly more cells than PGA at each time point; however, 

these differences were not statistically significant.

PLLA scaffolds maintained their structural integrity over the 4 week culture period, while 

PGA scaffolds contracted rapidly (Figure 8.2). By week 2, PGA scaffolds were difficult 

to handle without causing permanent deformation and damage to the construct. 

Furthermore, at week 4, PGA could not be tested mechanically. PLLA constructs were 

tested mechanically under both compression and tension at week 4 and did not 

demonstrate an appreciable decrease in either their tensile or compressive characteristics 

(Figure 8.3).

Neither scaffold had substantial collagen or GAG deposition by week 4 (Figure 8.4). 

Collagen content was below 5 pg in most constructs; GAG deposition was below 1 pg. 

Histological staining verified the quantitative results on the PLLA constructs, showing a 

lack of collagen formation (Figure 8.5). GAG and collagen staining on the PGA 

constructs was much more intense. However, this is most likely due to the relative 

concentration of collagen and GAG per volume induced by the rapid decay of PGA.

Discussion

The results of this study are encouraging in that PLLA was able to host TMJ disc cells for 

long culture times, retain its structural integrity, and yield testable compressive and 

tensile mechanical properties. PGA was able to host TMJ disc cells over the culture 

period; however, the rapid contraction of the PGA mesh made it difficult to handle and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 0 4

test the constructs. In fact, PGA constructs could not be tested using a platform 

previously used to test TMJ explants.107'108 Together, these data suggest that PLLA has a 

higher potential for success in TMJ disc tissue engineering.

Cells on both scaffolds failed to deposit a significant amount of matrix. While 

histological staining appeared much brighter and dense on the PGA scaffolds relative to 

PLLA, this was most likely due to the higher density of collagen and GAG on a per 

volume basis, driven by the rapid contraction o f PGA and not the efficacy of the polymer. 

In addition, PGA fibers can pick up collagen and GAG stains at longer culture times. 

This increases the relative intensity of these stains, making the density of ECM on the 

construct appear greater. PLLA fibers were not noted to pick up the collagen or GAG 

stains at week 2 or week 4. It is not known whether PLLA will attract the histological 

stains as it experiences further degradation; however, at these culture times PLLA allows 

for a truer approximation of the matrix composition using common histological 

procedures.

Previously, we successfully described the tensile and compressive properties of TMJ disc 

and knee meniscus explants using selected mechanical testing modalities.33’107,108,220 The 

tensile modulus o f the disc is near 0.5 MPa when stress is applied mediolaterally through 

the intermediate zone and near 18.5 MPa when stress is applied anteroposteriorly through 

the same region. This variation is attributed to collagen fiber. In the present study, fiber 

alignment was not observed; however, tensile testing of the PLLA constructs remains 

encouraging relative to PGA. Construct tensile stiffness on PLLA was 0.06 ± 0.01 MPa
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at week 0 and 0.04 ± 0.01 MPa at week 4; PGA constructs were 0.002 ± 0.001 MPa at 

week 0 and not testable at week 4. The yield point and ultimate tensile strengths of the 

constructs follow a similar profile. The stiffness of PLLA constructs is one order of 

magnitude below the lower bound of the TMJ disc, but remains at this level after 4 weeks 

o f culture. PGA constructs begin at two orders of magnitude below the TMJ disc and fail 

to retain this property at week 4. In addition, PLLA constructs have significantly higher 

yield point and ultimate tensile strength relative to PGA, making the mechanical 

characteristics of PLLA more suitable for TMJ disc engineering than those of PGA.

The compressive moduli o f PLLA and PGA constructs at week 0 were similar; however, 

the coefficient of viscosity was higher in PGA constructs. PGA constructs at week 4, 

when compressed, failed to recover or impart a stress relaxation curve; thus, these 

compressive properties were not testable in PGA constructs after 4 weeks o f culture. 

Conversely, PLLA constructs were able to retain a shape and their compressive 

properties after 4 weeks of culture. Furthermore, the relaxation modulus o f the PLLA 

constructs was only slightly below those of the TMJ disc.

These results indicate a relative advantage for constructs formed on PLLA. Mechanical 

stimulation and biochemical factors have appreciably up-regulated matrix deposition on 

PGA scaffold previously; if  these results can be replicated on PLLA, construct properties 

may be further enhanced near the range of the TMJ disc. In addition, since PLLA 

maintains its shape, studies investigating the creation of zonal properties are possible. 

For example, the disc’s ring-like collagen fiber alignment around its periphery may be
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induced by exposing a construct to a hoop stress. Currently, PGA constructs would not 

be able to withstand this mechanical environment.

In conclusion, we have compared the tissue engineering potential of PGA and PLLA 

constructs for TMJ disc tissue engineering. Many of the shortcomings o f PGA 

constructs, such as rapid degradation and loss of mechanical properties, are not as 

prevalent on PLLA. Furthermore, neither scaffold appears to have an advantage in 

maintaining cellularity over 4 weeks of culture. The lack of biochemical deposition is 

certainly a concern; however, as previously described on PGA scaffolds, both growth 

factors and mechanical stimulation have resulted in significant increases in matrix 

deposition with TMJ disc cells. If these results translate to PLLA scaffolds, constructs 

which are composed of significant matrix and volume may be created, leading toward the 

realization o f a tissue engineered TMJ disc.
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Figures Associated with Chapter #8
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Figure 8.1: Cellularity o f  the PGA and PLLA constructs. Neither PLLA nor PGA

exhibited a competitive advantage in terms of maintaining TMJ disc cell number. Cells 

were able to attach to both polymers; furthermore, the cellularity of the scaffolds was 

maintained over 4 weeks o f culture. PLLA scaffolds did tend to have slightly more cells 

than PGA scaffolds, but this difference was not statistically significant.
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Figure 8.2: Contraction o f the PGA constructs relative to PLLA. The PLLA constructs 

maintained their shape and volume over the 4 week culture period; the PGA constructs 

rapidly contracted. At 4 weeks, the PGA scaffolds dropped from a diameter of 5 mm to a 

diameter below 2 mm, representing an 84% reduction in volume.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 0 9

10%  S tra in  ;

2 0 %  S tra in  I
2 50

*P 200

50

P G A  W e e k  0  P G A  W e e k  4  P L L A  W e e k  0  P L L A  W e e k  4

^  1 0 %  S tra in  

EHl 2 0 %  S tra in  

□  3 0 %  S tra in

P G A  W e e k  0  P G A  W e e k  4  P L L A  W e e k  0  P L L A  W e e k  4

S
co
13x
JO
©g

10%  S tra in  

H  2 0 %  S tra in  

□  3 0 %  S tra in

2

0 '
P G A  W e e k  0  P G A  W e e k  4  P L L A  W e e k  0  P L L A  W e e k 4

0 0 9

0 0 8

0.07

A 006<0a.
— 0.05

0.02

0.01

0

I I T e n s i le  M o d u lu s

E83 Y ie ld  P o in t

I F P  U lt im a te  T e n s i l e  
i 1113 S tr e n g th

P G A  W e e k  0  P G A  W e e k  P L L A  W e e k  P L L A  W e e k  
4  0  4

Figure 8.3: Mechanical properties o f  PGA and PLLA constructs at week 0 and 4. The 

mechanical properties o f the PLLA did not change appreciably during the 4 week culture 

period. The PGA scaffolds were only testable at week 0. PLLA is significantly stiffer 

and stronger under tension than PGA. PGA constructs were more viscous than PLLA at 

week 0; however, this property was not measurable on PGA at week 4.
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Matrix Deposition at Week 4

3.5
□  PGA

□  PLLA

2.5
2
o
*=
re
o
CO
D>
=L

0.5

Collagen GAG

Figure 8.4: Matrix deposition on PGA and PLLA constructs. Matrix deposition was low 

on both the PGA and PLLA scaffolds, and neither scaffold demonstrated a significant 

advantage in terms of inducing matrix deposition. Collagen content was below 5 pg in 

all samples; GAG content was below 1 pg.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



211

PLLA PGA 

WeekO 

Week 2 

Week 4

Figure 8.5: Picrosirius staining o f PGA and PLLA constructs. Collagen staining was 

more intense on the PGA scaffolds at week 2 and week 4 relative to PLLA (lOx photos). 

This staining intensity was most likely due to the contraction of PGA scaffolds as 

quantitative biochemistry did not note a difference between total collagen in PGA and 

PLLA constructs. GAG staining followed a similar profile, but overall was much fainter 

(data not shown).
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Chapter #9: TMJ Disc Tissue Engineering on 
PLLA Scaffolds: Growth Factor Effects

Abstract

The temporomandibular joint (TMJ), like other articulating joints, can be compromised 

by disease or trauma, leaving cartilaginous tissues permanently damaged. Cartilage is a 

prime tissue engineering target since it fails to self regenerate. Central to cartilage tissue 

engineering is the effects of biofactors such as growth factors. Little is known about 

these effects on TMJ tissues. The purpose of the present study was to examine the effects 

o f insulin-like growth factor (IGF-I), transforming growth factor-beta 1 (TG F-pi), and 

transforming growth factor-beta 3 (TGF-P3) on porcine TMJ disc cells seeded on PLLA 

scaffolds. Cells were seeded using a spinner flask method, and constructs were evaluated 

at 0, 3, and 6 weeks. Treatments with TGF-pi dramatically increased the cellular, 

collagen, and glycosaminoglycan content o f the constructs, as well as improved the 

tensile and compressive properties. By week 6, the amounts o f collagen and 

glycosaminoglycans in TGF-pi constructs were twice as large as in TGF-P3 constructs 

and several-fold larger than IGF-I constructs and no treatment controls. The tensile 

stiffness of TGF-pi constructs was also approximately twice as large as that of the other 

growth factor groups and controls. In contrast, no large differences were found in the 

compressive moduli; however, the coefficient of viscosity under unconfined compression 

was higher in TGF-pi constructs relative to no treatment controls. These data indicate 

that TGF-pi has a powerful effect on TMJ disc constructs, and while constructs remained 

below native values, these data demonstrate the potential to create substantial matrix and 

mechanical properties on PLLA scaffolds.

* Chapter submitted to Osteoarthritis and Cartilage as Allen KD and Athanasiou KA, “TMJ disc tissue engineering on PLLA 
scaffolds: growth factor effects,” May 2006.
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Introduction

Similar to other articulating joints, the temporomandibular joint (TMJ) may experience 

degenerative cascades initiated by disease or trauma that leave the joint in a dysfunctional 

state.47,199,221 Tissue engineering offers the potential to recreate cartilaginous structures in 

articular joints that are otherwise unable to self repair. ’ In the TMJ, the 

fibrocartilaginous disc located between the mandibular condyle and fossa-eminence of 

the temporal bone is a key target for tissue engineers. This disc, known as the TMJ disc, 

assists in the TMJ’s complex motions and mechanical functions.31 The TMJ disc may be 

irreparably damaged by disease or trauma, leaving the joint in a dysfunctional state and 

often resulting in significant pain and loss of function for the patient 47,199 Synthetic

81 83replacements of the TMJ disc have had negative outcomes, ’ and current surgical 

treatments aim to alleviate pain and restore essential joint functions but are unable to 

fully restore the injured joint.197,202,205,224

TMJ disc tissue engineering studies remain relatively rare. Much of the initial design 

criteria were drawn from related work on hyaline cartilage and the knee meniscus; 

however, significant differences between the cartilaginous tissues of the knee and TMJ

OQ

have now been described. More recent work has focused on describing the TMJ disc’s 

native characteristics, and thereafter, laying the foundations for tissue engineering 

investigations.2,89,184 Biochemically, the TMJ disc is almost entirely collagen (83-96% on 

a dry weight basis) with the vast majority being type I ."  Collagen fibers form a disc-like 

alignment around the periphery of the tissue and align anteroposteriorly through the 

central portions of the disc.33 Glycosaminoglycan (GAG) concentration is far below that
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of collagen (1-10% on a dry weight basis) with the vast majority of GAGs being either 

chondroitin sulfate or dermatan sulfate.99,100 Biomechanically, the TMJ disc has 

significant tensile resistance, particularly when the tensile load is applied along the 

collagen fibers.33,115 Under compression, the disc’s stiffness is diminished and dependent 

upon the applied strain;107,108 specific values are highly dependent upon the animal 

source.32,107'109 Tensile moduli for the porcine model, which is commonly accepted as an 

appropriate model for TMJ disc research,172 are 10-30 MPa in the posterior and anterior 

bands and near 1 MPa in the intermediate zone for mediolateral tension. Compressive 

moduli for the porcine TMJ disc vary regionally but are generally in the range o f 30 kPa 

for the relaxation modulus and 500 kPa for the instantaneous modulus.107

TMJ disc tissue engineering studies are rare; the few studies available in the literature 

have investigated principal tissue engineering elements such as selection of a scaffold and 

growth factor. Hydrogels have been noted as a poor choice for TMJ disc cells based 

upon comparisons of alginate encapsulation to polyglycolic acid (PGA) meshes.139 

While published work thereafter has generally used a PGA mesh, the material has been 

noted for very rapid decay and loss of structural integrity.139,146' 149,151,152 Growth factors 

and mechanical stimulation have been able to significantly increase extracellular matrix 

(ECM) deposition, but increases in ECM deposition have not been large enough to 

overcome the rapid decay of PGA.146,147'151,152

In the current study, we employ poly-L-lactic acid (PLLA) scaffolds in an attempt to 

tissue engineer the TMJ disc. PLLA is a degradable biomaterial that may be formed into
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mesh-like structures comparable to the PGA meshes employed previously. Furthermore, 

PLLA degrades at a slower rate relative to PGA, allowing for increased retention of the 

construct’s structural integrity. In addition, we expose these cell seeded scaffolds to 

insulin-like growth factor 1 (IGF-I), transforming growth factor beta 1 (TGF-(31), and 

transforming growth factor beta 3 (TGF-P3) in order to further investigate growth factor 

effects on TMJ disc cells. Both IGF-I and TGF-pi have been previously noted for 

stimulating beneficial increases in TMJ disc matrix deposition.146 To our knowledge, this 

study is the first to investigate the tissue engineering potential of TGF-P3, another 

member of the transforming growth factor super family, on TMJ disc cells. Thus, the 

current study endeavors to describe the potential of PLLA seeded scaffolds and provide 

further insight on the effects of growth factors for TMJ disc tissue engineering.

Materials and Methods

Cell Isolation and Harvest

TMJs were dissected from eight hogs (P.I.C Genetic Breed); hogs were obtained from a 

local slaughterhouse and weighed more than 60 kg (135 lbs) post dressing. Hogs in this 

weight range are generally older than 8 months and skeletally mature. The left and right 

TMJs were removed en bloc, capsule intact within 8 hrs o f death, placed in 70% 

isopropyl alcohol for 5-10 min, and then transferred to a sterile environment. Entry into 

the joint space then occurred under sterile conditions. Discs were isolated, visually 

examined for rupture or gross signs o f degeneration, and then minced and digested in 40 

mL of 1 mg/mL of collagenase type II (Worthington) per disc. Digestions were slowly 

stirred on a spinner plate and incubated overnight at 37° C. Cells were isolated from
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digestions via centrifugation, counted, and frozen for future use; the average cellular 

yield was near 15 million cells per disc. Small samples (< 0.5 mL) of the collagenase 

digestion were cultured in tissue culture plastic treated Petri dishes for 3-5 days to allow 

the digest to present any bacterial or fungal contaminations; contaminated digests were 

discarded. To freeze, cells were placed in cryopreservation medium (Dulbecco’s 

modified eagles medium supplemented with 20% fetal bovine serum and 1% 

dimethylsulfoxide), frozen using a Nalgene cryo 1°C freezing container (Mr. Frosty), and 

then transferred to a liquid nitrogen cell storage system for up to 2 weeks.

Cell Seeding and Culture

Cells were defrosted rapidly in a 37°C water bath under agitation. Immediately after ice 

crystals had disappeared, cells and freezing medium were transferred to culture medium 

(1-1.5 mL freezing medium to 25 mL culture medium) and centrifuged at 1000 rpm for 6 

min. Medium was removed via aspiration and cells were resuspended in complete 

culture medium (Dulbecco’s modified eagle’s medium (Biowhittaker), 10% fetal bovine 

serum (Gemini Bio-Products), 1% non-essential amino acids (Gibco), 1% penicillin- 

streptomycin-fungizone (Gibco), 1% L-glutamine (Gibco), and 25 pg/mL ascorbic acid 

(Sigma)). Cell viability and cell counts were verified via trypan blue staining and a 

hemocytometer; generally, 10% of the cells lysed due to the freezing process.

Cylindrical shaped PLLA scaffolds (Biomedical Structures, 2 mm thick, 5 mm diameter, 

95% porous) were cut from an 8.5” x 11” sheet using a 5 mm dermal punch. Scaffolds 

were strung on stainless steel wires, sterilized using an ethylene oxide chamber, and then
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aired for one day. To reduce the scaffolds’ surface tension, scaffolds were wet in 70% 

isopropyl alcohol, washed twice in phosphate buffer solution, and then placed in spinner 

flask filled with complete media. Equivalent cell concentrations per scaffold were added 

to each of three spinner flasks and stirrer bars were set to rotate at approximately 60 

RPM. Stirrer bars were stopped after 3 days, and cells were given an additional 4 days in 

the spinner flasks to adhere to the scaffolds. Medium was not changed during the seeding 

period, nor supplemented with additional antibiotics as previously described.146

After seeding, cell seeded constructs were transferred to shallow agarose wells created in 

four Petri dishes. Agarose wells were formed using a silicon mold in a deep Petri dish; 

wells were 5 mm in diameter and approximately 2 mm deep, fitting the constructs snugly. 

These wells ensured the cell seeded constructs experienced minimal movement during 

feeding and transport. Agarose wells were submerged in complete media supplemented 

with either 10 ng/mL IGF-I (Peprotech), 5 ng/mL TGF-pi (Peprotech), 5 ng/mL TGF-P3 

(EMD Bioproducts), or no additional growth factor 2 days prior to construct transfer; 

media changes were conducted twice in order to introduce media to the agarose. After 

transfer of the constructs, 17 mL of media was added to the Petri dishes. This volume of 

media was changed daily, corresponding to a 1/3 media change daily since the volume of 

media contained within the agarose could not be changed. Constructs were analyzed for 

their biochemical content at t = 0, 3, and 6 weeks and mechanical integrity at t = 0 and 6 

weeks, with week 0 being the transfer o f the construct from the spinner flask to agarose 

wells.
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Biochemical Analyses

Constructs from each treatment group were taken at week 0, 3, and 6 for histological and 

biochemical analyses. For histological investigation, samples were placed in 

cryoembedding medium then snap frozen using liquid nitrogen. Thin sections (12 pm) 

were created via a cryotome, placed on adhesive slides (Instrumedics), and then exposed 

to ultraviolet light to crosslink the section and slide. Slides were fixed in 10% phosphate 

buffered formalin for 10 min then counterstained with Weigert’s hematoxylin. 

Picrosirius red staining was used to visualize collagen distribution and deposition; 

Safranin-O/fast green staining was used to observe GAG distribution and deposition.

For quantitative biochemical analysis, constructs were placed in 1.5 mL Eppendorf tubes, 

lyophilized for 2 days, and then weighed for dry weight determination. Papain solution 

(1 mL per construct) was then added to each tube, and samples were placed in a 60°C 

water bath to digest for 18 hrs. Papain was prepared by combining 125 pg/mL papain 

with a 50 mM phosphate buffer (pH = 6.5) containing 2 mM N acetyl cysteine and 

ethylenediaminetetraacetic acid. All biochemical analyses hereafter were conducted 

upon the digested papain solution, and standards suspended in papain solution were used 

for quantitative determinations. DNA content, and thus cellularity of the constructs, was 

determined via a picogreen assay (PicoGreen® dsDNA Quantitation Kit, Molecular 

Probes). Assay protocols were provided by the manufacturer; a content of 7.7 

pgDNA/cell was assumed for the conversion of DNA to cell number. GAG 

quantification was conducted with a dimethylmethylene blue colorimetric assay 

(Accurate Chemical); standards and protocols provided by the manufacturer. Total
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collagen production was determined with a modified hydroxyproline assay described 

previously;219 collagen standards were provided externally (Sircol Collagen Standards, 

Accurate Chemical).

Biomechanical Analyses

Tensile and compressive properties of the constructs were recorded at week 0 and week

6. Viscoelastic compressive properties were evaluated using an Instron 5565 set-up, as

108previously described. Strain was applied in 10% increments (10%, 20%, and 30% 

strain) for 5 minutes and stress relaxation curve were recorded. These curves were 

modeled in Matlab using an increment, stepwise viscoelastic stress relaxation solution for 

standard linear solid, described below

a{t) =
3 Er (m10% u()%) f  \

1 + J ,  J
V f  /

20%

= Z
i = 0 %

3 0 %

<7(0 = Z
( = 0%

3 Er (w, -  )

@ 10% strain

20% strain

30% strain

( 1)

where, the measured parameter are t (time) and a(t) (stress at given time), and the fitted 

parameters are Er (relaxation modulus), x0 (creep time constrant), and t £ (stress relaxation 

time constant).107 Sample deformation is described by Ui and u, i where i describes a 

stain step event and Uj describes the deformation associated with that event. The height of 

the sample is defined as z, and the time at which the strain step occurs is described by t,.
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The fitted parameters were can be determined at each strain level then converted into 

their relaxation modulus, instantaneous modulus (Ei), and coefficient o f viscosity (g) 

equivalents, described by Eqns. 2.

Er = E r
M = E,.{Ta - T , )  (2)

E‘ = E' + % ,

Following compressive testing, constructs’ tensile properties were evaluated using

220another Instron 5565 set-up, as previously described. Constructs were placed in the 

test apparatus such that 0.75-1.25 mm of construct was visible between the clamps. 

Strain was applied at 1% strain/sec continuously until ultimate failure. The slope of the 

stress-strain curve’s linear region was used to determine the construct stiffness (tensile 

modulus). The stress at which the stress-strain curve departed from linearity was defined 

as the yield point, and the highest stress the construct could withstand prior to failure was 

defined as the ultimate tensile strength.

Statistical Methods

The quantitative biochemical and biomechanical data were analyzed using an analysis of 

variance (ANOVA) approach. Biochemical data were compared in a two-factor ANOVA 

in which growth factor treatment and week were considered factors and an interaction 

term was included. Biomechanical data were evaluated in a one-factor ANOVA where 

growth factor treatment was the lone factor. When a statistical factor was significant,
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comparisons among factor levels were conducted with Tukey’s HSD post-hoc test. For 

all statistical tests, a p-value of less than 0.05 was considered significant.

Results

Treatment with TGF-pi increased the cell count, biochemical content, and mechanical 

integrity of the constructs at 6 weeks o f culture. Cells per construct increased from week 

0 to week 6 in each growth factor treatment group and the no treatment control (p < 

0.0001); Figure 9.1 describes these increases for each treatment group. At week 3, 

differences between treatment groups were not statistically significant; however, by week 

6, treatments with members of the TGF-super family (TGF-[31 and TGF-P3) increased the 

cell count per construct dramatically (p < 0.0001). Cell counts on TGF-pi treated 

constructs were 61% higher than TGF-p3 treated constructs, 121% higher than IGF-I 

treated constructs, and 125% higher than no treatment controls. Counts on TGF-P3 

treated constructs were 37% higher than IGF-I treated constructs and 40% higher than no 

treatment controls. No difference between IGF-I treated constructs and no treatment 

controls was observed (p = 0.76).

The collagen content o f the constructs showed substantial improvement when treated 

with a member of the TGF-super family (p < 0.0001); Figure 9.2 demonstrates these 

variations. Constructs treated with TGF-pi had approximately 36 pg of collagen at 

week 6, nearly 2.5 fold larger than TGF-P3 treated constructs and 18-25 fold higher than 

IGF-I treated constructs and no treatment controls. TGF-P3 treated constructs also 

demonstrated an improvement in collagen deposition relative to IGF-I treated constructs
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and no treatment controls, increasing collagen content approximately 6 and 8 fold, 

respectively. Similar trends in collagen deposition between treatment groups were 

observed at 3 weeks; however, statistical significance was not seen at week 3. Only 

TGF-pi and TGF-P3 treated constructs exhibited significant increases in collagen content 

temporally (p < 0.0001). On a dry weight basis, statistical results were identical with 

only slight variations in percentage and fold differences.

TGF-pi treated constructs also demonstrated the highest propensity to produce GAGs, 

outperforming all other treatments (p < 0.0001). GAG content after 6 weeks o f culture 

was near 17 pg in TGF-pi treated constructs, which was 91%, 173%, and 225% higher 

than TGF-P3 treated constructs, IGF-I treated constructs, and no treatment controls, 

respectively (Figure 9.2). Even at week 3 these variations in GAG production began to 

appear. TGF-pi treated samples at week 3 had significantly more GAG than IGF-I 

treated samples, and were comparable in GAG content to IGF-I treated constructs and no 

treatment controls at week 6. TGF-P3 treated constructs at week 6 had 9 pg o f GAG on 

average, significantly more than IGF-I treated constructs (43%, p < 0.0001) and no 

treatment controls (70%, p < 0.0001) at the same time point. GAG content increased in 

all constructs from week 3 to week 6 (p < 0.0001). Furthermore, dry weight 

standardizations did not change the statistical results.

Cell counts increased on all constructs from week 3 to week 6; however, only constructs 

treated with a member o f the TGF-super family showed an increase in collagen and GAG 

deposition. In fact, constructs treated with TGF-pi demonstrated retention in collagen

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



223

production during cellular proliferation (Figure 9.3). TGF-P3 treated constructs dropped 

slightly on a per cell basis from week 3 to week 6; IGF-I treated constructs and no 

treatment controls dropped dramatically (p < 0.003). GAG production dropped from 

week 3 to week 6 with every treatment and controls on a per cell basis (p < 0.0001).

The tensile properties of the constructs are described in Figure 9.4. The stiffness of the 

TGF-pi treated constructs increased at week 6 relative to week 0 controls (p < 0.04); no 

other treatment significantly increased the tensile modulus. Variations in the yield point 

and ultimate tensile strength followed a similar trend but significant differences were not 

noted

(p = 0.83, p = 0.49, respectively). TGF-pi treatments also significantly increased the 

coefficient of viscosity relative to no treatment controls at week 6 (p < 0.02). These 

differences, as well as additional compressive properties are noted in Figure 9.5. The 

instantaneous modulus and coefficient of viscosity increased significantly with strain 

(p < 0.0002); this trend existed in the relaxation modulus but was not statistically 

significant (p = 0.07). Variations in the instantaneous modulus and relaxation modulus 

between treatments were not significant (p = 0.20, p = 0.065, respectively), and moduli 

remained relatively constant from week 0 to week 6.

The gross appearance and histological staining supported the biochemical and 

biomechanical findings. TGF-pi treated constructs appeared denser, and picrosirius red 

staining demonstrated collagen deposition (Figure 9.6). Collagen staining of TGF-pi and 

TGF-P3 constructs was most intense near the edges of the scaffold; in both treatments, a
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gradient of collagen staining could be seen from the exterior o f the scaffold toward the 

middle. IGF-1 treatments did not appear to cause differences in construct architecture 

relative to no treatment controls. Both the IGF-I treated constructs and no treatment 

controls appeared empty, with little protein deposition. GAG staining was similar to 

collagen staining, however, significantly lighter (data not shown).

Discussion

This study is the first to examine growth factor treatments on TMJ disc cells seeded on a 

relatively slow degrading polymer. Our data unmistakably indicate the beneficial effects 

of a TGF-pi treatment for TMJ disc tissue engineering. TGF-pi treated constructs 

outperformed IGF-I treated constructs, TGF-P3 treated constructs, and controls in all 

aspects of evaluation: biochemical testing, biomechanical testing, and gross and

histological appearance. With a TGF-pi treatment, cells expanded on the PLLA 

scaffolds and retained an ability to produce the TMJ disc’s primary constituent: collagen. 

While biochemical and biomechanical data remain distant from native values, further 

optimized conditions such as growth factor concentration, scaffold porosity, and the 

application of a mechanical stimulus may further increase matrix deposition and 

construct integrity.

Growth factors have previously been shown as beneficial for TMJ disc tissue 

engineering;146,147 however, dramatic differences between the treatments were not noted. 

TGF-pi and IGF-I both demonstrated an ability to increase collagen deposition on PGA 

scaffolds, and the authors suggested the use of IGF-I for its cost benefits.146 In our study
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using PLLA, IGF-I treatments preformed poorly relative to TGF-pi and TGF-P3. Two 

primary differences in these studies should be noted: the scaffold choice and the use of 

passaged cells.

PGA scaffolds degrade and contract rapidly when seeded with TMJ disc cells; PLLA 

scaffolds are better able to retain their shape and mechanical integrity up to 6 weeks. On 

a rapid degrading polymer such as PGA, the available space for cell proliferation is 

limited by week 3. All treatments and controls showed cell proliferation from week 3 to 

week 6 on PLLA. This was not demonstrated on PGA; instead, cell counts remained 

relatively constant.146 Thus, when cells are saturated on a scaffold, the IGF-I treatment 

may stimulate matrix deposition; a saturation condition did not occur for any growth 

factor treatment in the current study. Instead, growth factors of the TGF-super family 

demonstrated an ability to retain collagen production during proliferation relative to IGF- 

I and no treatment, and thus outperformed IGF-I and no treatment. Furthermore, without 

scaffold contraction, the distance between cells and nodules remains greater throughout 

the culture period. It is possible that IGF-I triggers an autocrine signaling pathway which 

is less effective when cells are spaced at greater distances.

Previous studies have traditionally used passaged cells to achieve high enough cell 

numbers.139,146' 149,151’152 Recently, we showed that TMJ disc cells lose their potential to 

create collagen type I, collagen type II, and aggrecan as a function of passage in terms of 

mRNA expression.200 Thus, in this study, we selected passage 0 TMJ disc cells for our 

cell source. Since TMJ disc gene expression changes rapidly with passage, it may also be
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possible that the sensitivity of TMJ disc cells to a particular growth factor changes with 

passage as well. Recovery experiments aimed at restoring the phenotypic expression of 

passaged TMJ disc cells suggest that growth factor sensitivity does not change in TMJ 

disc cells due to passage.225 In fact, TGF-pi, TGF-P3, and IGF-I did not demonstrate an 

ability to markedly increase the expression of ECM genes after passage in either 

monolayer or pellet cultures.225 Flowever, it is possible that the growth factor effects are 

not at the transcriptional level and occur further downstream in the protein production 

pathways.

Without the use o f a growth factor from the TGF-super family, the effectiveness o f PLLA 

as a scaffold for TMJ disc tissue engineering may be limited. Collagen production at 6 

weeks was sparse in no treatment controls. While the production of collagen on no 

treatment PLLA scaffolds is similar to that of no treatment PGA scaffolds,146 the relative 

volume o f PLLA scaffolds at week 6 makes it exceedingly difficult to conduct 

histological stains. Furthermore, the construct content per volume is far from acceptable 

on PLLA without a TGF-pi or TGF-P3 treatment. TGF-pi treated constructs are not yet 

an optimal replacement for the TMJ disc, but a clear potential for matrix deposition and 

development of mechanical properties was demonstrated.

TGF-pi is a widely used growth factor; it has demonstrated potential for the regeneration 

o f bone,226 periodontal tissue,227 cardiac valves,228 hyaline cartilage,229 and the knee 

meniscus.209 O f particular interest to the TMJ disc is the effects of TGF-pi on the knee
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meniscus.209 While the TMJ disc and knee meniscuses are distinct, both tissues are 

fibrocartilage, and TGF-pi has now demonstrated beneficial effects for both.209

The use of PLLA allowed for tensile testing of tissue engineered constructs at week 6. 

To our knowledge, this is the first study to report the tensile characteristics of a TMJ disc 

tissue engineered construct. The tensile properties of the TMJ disc are many fold larger 

than the compressive properties,33’107’108 and large tensile strains have been noted in 

mechanical models of TMJ loading.37 The creation of a construct which can resist the 

tensile stresses found in the TMJ disc is essential to the success of a TMJ disc construct. 

The tensile modulus o f PLLA is an order of magnitude below that of the native TMJ disc; 

however, the increase of stiffness in TGF-pi treated constructs began to approach the 

lower range for the TMJ disc. In addition, the compressive properties of TGF-pi treated 

constructs are within a similar range for the native TMJ disc. These findings are certainly 

encouraging that comparable material properties can be created on PLLA with further 

optimization.

The increased tensile stiffness in TGF-pi treated constructs can be attributed to increased 

collagen production. By linking PLLA fibers with a robust matrix formation, the 

resistance to tensile loading of the construct may be increased, thereby increasing the 

tensile modulus. However, increased GAG production did not lead to increased 

compressive stiffness. In the native TMJ disc, it has been hypothesized that the GAG 

content has minimal effect on the compressive properties of the TMJ disc.107’108 Since 

the GAG concentration in the TMJ disc is much lower than that of hyaline cartilage,
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GAG content may have only a minimal effect on the interstitial fluid pressure within the 

tissue; thus, having only a minimal effect on fluid flow from the matrix and the 

compressive stiffness. This same philosophy may be applied to tissue engineered 

construct, and while TGF-pi produced significantly more GAG than other treatments, 

this increased production may not be large enough to create significant compressive 

resistances.

Histological staining showed denser collagen structure near the exterior of each treatment 

group. This natural propensity to form a ring of matrix around the outside o f the scaffold 

has been observed previously for PGA no treatment controls.146 For TGF-pl treated 

constructs, collagen staining revealed more collagen on the outside of the scaffold with a 

gradient to lighter collagen staining in the middle of the scaffold. This structure is 

reminiscent o f the native TMJ disc: ring-like architecture around the exterior and linear 

alignment through the center. Thus, the TMJ disc cells’ propensity to first form matrix 

around the exterior o f the scaffold, then migrate into the scaffold may be advantageous 

when attempting to recapitulate the disc’s native structure.

The results of the present study clearly indicate beneficial potential of TGF-pi for TMJ 

disc tissue engineering. TGF-pi treated constructs outperformed every other treatment in 

terms of cell proliferation, collagen production, and GAG production; plus, TGF-pi 

treated constructs retained the ability to produce collagen as cells divided in the construct. 

In addition, the tensile modulus was larger in week 6 TGF-pi treated constructs 

compared to week 0 controls, and the coefficient of viscosity under unconfined
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compression was larger than no treatment controls at week 6. The use o f a PLLA 

scaffold slowed the contraction of the constructs over 6 weeks of culture, and with the 

treatment of TGF-pi, matrix deposition could be observed on both the exterior and 

interior o f the PLLA scaffold. While construct properties remain below that of the native 

TMJ disc, the present study clearly indicates the potential of TGF-|31 and PLLA scaffolds 

in TMJ disc tissue engineering.
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Figure 9.1: Cellularity o f  the constructs. Different letters denote a statistical difference 

between groups o f at least p < 0.05. TGF-pi treated samples had significantly more cells 

per construct than any other treatment at week 6 (p < 0.0001); cell counts were 61% 

higher than TGF-P3 treated constructs, 121% higher than IGF-I treated constructs and 

125% higher than no treatment controls. TGF-p3 also had significantly higher cellularity 

at week 6 relative to IGF-I treated constructs and no treatment controls (p < 0.0001). No 

statistical differences between treatments were noted at week 3; however, the cellularity 

of each construct did increase from week 3 to week 6 (p < 0.0001). This included no 

treatment controls, which demonstrates the ability of the PLLA scaffolds to host TMJ 

disc cells. Cellularity of IGF-I treated and no treatment controls dropped from week 0 to 

week 3 but rebounded by week 6.
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Figure 9.2: Biochemical content o f the constructs. The biochemical content in TGF-pi 

and TGF-P3 treated constructs rose significantly from week 3 to week 6 (p < 0.0001). 

Both collagen content (significant differences denoted by capital letters) and GAG 

content (significant differences denoted by lowercase letters at week 6 and Greek letters 

at week 3) was markedly higher in TGF-pi treated constructs relative to TGF-P3 treated 

constructs, IGF-I treated constructs, and no treatment controls at week 6 (p < 0.0001). 

TGF-P3 constructs also had higher content of collagen and GAG than IGF-I treated 

constructs and no treatment controls (p < 0.0001); however, differences were not as 

substantial. At week 3, these differences began to present themselves as TGF-pi treated 

constructs had more GAG content than IGF-I treated constructs (p < 0.001). 

Standardizations to dry weight did little to change the statistical results, as the polymer, 

even at week 6, made up the majority of the constructs’ dry weight.
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Figure 9.3: Biochemical content standardized by the cellularity o f the construct. When 

biochemical content is standardized by cell, an interesting finding is presented. TGF-(31 

treated constructs show retained cellular production of collagen relative to IGF-I treated 

constructs and no treatment controls (p < 0.05). Cellular proliferation occurred in each 

treatment and no treatment controls from week 3 to week 6, but only TGF-(31 treatments 

continued to produce collagen at the same cellular level. Decreases in TGF-P3 treated 

constructs were less substantial than those constructs treated with IGF-I or no treatment. 

GAG production per cell dropped for each treatment.
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Figure 4: Tensile properties o f  the constructs at week 6. The tensile stiffness trended up 

for each group at week 6; however, only TGF-pi treated constructs had a significantly 

higher modulus than week 0 controls (p < 0.04, denoted by an asterisk). The yield point 

and ultimate tensile strength (UTS) did not change significantly between the groups; 

however, TGF-pi treated constructs did have the highest yield point and UTS on average. 

Both the yield point and UTS tended to decrease from week 0 to week 6; however, these 

differences again were not statistically significant.
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Figure 9.5: Compressive properties o f the constructs at week 6. Similar to TMJ disc 

explants,107’108 the constructs’ instantaneous modulus and coefficient of viscosity 

increased with strain (p < 0.0002). This trend existed in the relaxation modulus as well, 

but was not statistically significant (p = 0.07). No treatment demonstrated a significant 

ability to increase the compressive moduli. TGF-pi treated constructs showed an 

increased coefficient of viscosity relative to no treatment controls at week 6 (p < 0.02, 

denoted by asterisks).
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Figure 9.6: Picrosirius staining fo r collagen and the gross appearance o f the constructs. 

Picrosirius staining was conducted to investigate the deposition and location of collagen 

(lOx photos). IGF-I treated constructs and no treatment controls stained sparsely for 

collagen at week 3 and week 6. TGF-pl and TGF-P3 treated constructs stained weakly at 

week 3, but by week 6, collagen staining was evident. TGF-pi treated constructs stained 

intensely toward the exterior of the scaffold and near the center where the scaffold was 

originally pierced by the stainless steel wire. The middle parts o f this annulus were 

stained more faintly, but collagen staining was visible. TGF-P3 treated constructs 

followed a similar pattern, but staining at the very center of the annulus was not apparent. 

The gross morphological picture of these constructs prior to sectioning support these 

findings; constructs treated with the TGF-super family growth factors appeared denser 

than other treatments. SafraninO/fast green staining showed a similar distribution to 

collagen, however, the overall staining for GAGs was faint (data not shown).

WeekO
Sample

Gross
MorphologyPicrosirius Red Staining
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Conclusions
This thesis presents work in both phases of our tissue engineering philosophy. Toward 

the characterization of the native TMJ disc, the compressive properties of the porcine 

TMJ disc under incremental stress relaxation have been defined. In addition, the 

topographical variations in TMJ disc gene expression have been investigated, setting a 

standard of comparison for future investigations of TMJ disc gene expression. Toward 

TMJ disc tissue engineering, the use of standard tissue culture practices has been studied 

and challenged. TMJ disc cells undergo a rapid loss in the gene expression of key 

extracellular matrix components due to passage, and these losses could not be recovered 

via growth factor stimulus or plating over a TMJ disc protein. The benefits o f a slowly 

degrading polymer, PLLA, were demonstrated relative to the previous standard, PGA. 

When combined with biochemical agents, namely TGF-[31, PLLA seeded scaffolds were 

able to create constructs with significant volume, matrix, and mechanical properties.

The chief hypothesis of this thesis is two-fold: 1) the TMJ disc will exhibit surface- 

regional variations in both its mechanical and gene expression characteristics and these 

variations will be correlative; and 2) with proper passaging techniques, growth factor 

application, and scaffolding material, TMJ disc cells will produce constructs with 

biomechanical and biochemical properties approaching those of the native TMJ disc. 

Toward this first hypothesis, the mechanical properties and gene expression o f ten TMJ 

disc surface-regions were investigated. Strong topographical variations were observed in 

compressive properties of the TMJ disc. Variations of 2-4 fold were observed in the 

disc’s instantaneous modulus, with the anterior and posterior bands having much larger

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 3 7

instantaneous resistance relative to the disc’s central regions. In addition, the inferior 

surface of the disc was 1.6 times stiffer than the superior surface. Regional differences in 

the relaxation modulus were smaller, as the values for the medial and anterior regions 

were 1.3-1.5 times larger than the intermediate zone and medial region. The coefficient 

o f viscosity also varied regionally with the posterior region being approximately 2 times 

more viscous than the intermediate zone and lateral region. These strong topographical 

variations were not observed in TMJ disc gene expression. Only decorin gene expression 

was observed to vary regionally with higher expression values in the posterior region 

relative to the intermediate zone. Collagen type I gene expression was near significant 

between the inferior and superior surfaces, with the inferior surface having higher 

collagen type I gene expression. Thus, links between TMJ disc gene expression and 

mechanical properties are relatively unsubstantiated, disproving the latter half of the first 

hypothesis.

Links between the compressive properties and biochemical properties o f the porcine TMJ 

disc revealed interesting correlations. The medial region is generally described as having 

the largest concentration of GAGs;99’100 this region also had the largest relaxation 

modulus. However, other variations in TMJ disc compressive properties were relatively 

unconnected to the disc’s GAG distribution. It is hypothesized that the compressive 

properties of hyaline cartilage are imparted by large GAG contents. The negatively 

charged side chains of large aggregates within the tissue impart an increased interstitial 

fluid pressure, thereby, trapping fluid within the matrix and increasing the tissue’s 

compressive resistance. However, the GAG content in the TMJ disc is very low relative
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to articular cartilage; thus, this mechanism may not necessarily exist for the TMJ disc." 

Instead, the compressive resistance o f the disc may be better explained by understanding 

the collagen architecture. For example, the compressive moduli of TMJ disc explants 

were observed to increase with strain. This phenomenon may be explained through 

structural changes in the matrix; pushing a sample’s collagen network into a smaller 

volume can change the structure’s porosity and resistance to flow. This same strain 

dependence was observed in TMJ disc constructs formed on PLLA. Again, as the 

construct was compressed, both the PLLA fibers and collagen are deformed into a 

smaller volume. This compaction would make fluid flow from the construct more 

difficult, and thus, impart larger compressive moduli.

A few points may be discussed between the disc’s compressive properties, biochemical 

makeup, and surface-regional gene expression data. First, collagen type I gene 

expression was relatively higher on the inferior surface relative to the superior surface 

(near significant, p = 0.056); the inferior surface also had the highest instantaneous

TQmodulus. This surface is believed to experience large compressive stresses; thus, it is 

possible that collagen expression is up-regulated via this mechanical signal. However, 

corresponding work by Almarza et al."  did not reveal surface-to-surface variations in the 

TMJ disc’s biochemical makeup, more especially, total collagen concentration. Instead, 

the increased compressive resistance on the inferior surface may be imparted by 

increased collagen organization, and not total collagen content. The compressive stresses 

may cause an increase in the remodeling rate for collagen on the inferior surface, affected 

by increased collagen type I transcription. Second, the posterior region had a large
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amount of decorin expression. Decorin is a proteoglycan which assists in the alignment 

and formation of collagen fibers. The high expression of decorin in this region is not 

surprising when considering the transition of TMJ disc fibers in the posterior band with 

the posterior disc attachments and the intermediate zone. Furthermore, increased 

collagen fibril alignment and formation supports the finding of a large instantaneous 

modulus in this region. However, corresponding work is unclear on the distribution of 

specific GAGs in the TMJ disc, and work on the porcine TMJ disc reveals little decorin 

or GAGs in the posterior band. It may be possible that this molecule is quickly produced 

because of rapid turnover or leaching out of the tissue..

The compressive data may also have significant implications on the TMJ disc’s role in 

response to compressive loading. The initial movements of the TMJ involve the 

articulation of the mandible; during this movement, it is likely that the intermediate zone

77 4
and posterior region are first to experience compressive loading. The inferior-posterior 

region has a high viscosity and resistance to instantaneous strain relative to the inferior- 

intermediate zone; thus, the mandible is likely to apply more compressive strain to the 

intermediate zone as the mandible rotates relative to the inferior surface. As strain 

increases in the intermediate zone, the region increases its resistance to further 

compressive loading. Since different regions may experience different strains, the 

superior-intermediate zone and superior-anterior region may be strained to a similar 

stiffness as the inferior-intermediate zone, allowing the disc and mandible to translate 

together relative to the glenoid fossa. O f course, it is not known whether the TMJ disc’s
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mechanical properties influence the kinematics of the joint or whether the kinematics of 

the joint induce the TMJ disc’s mechanical properties.

Contributions toward TMJ tissue engineering practices were made when testing the 

thesis’ second hypothesis, that with proper passaging techniques, growth factor 

application, and scaffolding material, TMJ disc cells would produce constructs with 

biomechanical and biochemical properties approaching those of the native TMJ disc. 

Toward this hypothesis, the effects of monolayer passage-expansion were investigated on 

TMJ disc cells. Due to rapid gene expression changes, which could not be recovered 

with growth factors or seeding over specific TMJ disc proteins, passage 0 cells were 

selected to investigate tissue engineering practices thereafter. PLLA was compared to 

PGA over 4 weeks of culture, and proved to have significant advantages in terms of 

structural integrity and mechanical properties relative to PGA. PLLA scaffolds were 

seeded with passage 0 TMJ disc cells and exposed to TGF-pi, TGF-P3, and IGF-I for up 

to 6 weeks. TGF-pi proved highly beneficial in TMJ disc tissue engineering on PLLA 

scaffolds. TGF-pi treated constructs had substantially enhanced biochemical and 

biomechanical properties relative to other constructs, thus demonstrating a high potential 

for TMJ disc tissue engineering at only 6 weeks. While constructs remained below the 

native values of the TMJ disc, a strong potential for this tissue engineering approach was 

demonstrated.

The rapid changes in TMJ disc gene expression due to passage are of utmost concern for 

TMJ disc tissue engineering. Prior to these results, it was assumed that de-differentiation
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effects would be limited in the TMJ disc cell population due to its highly fibroblastic 

nature. However, gene expression of the TMJ disc’s primary extracellular matrix 

constituent, collagen type I, dropped rapidly. Collagen type I gene expression is 

indicative of fibroblastic activity while collagen type II and aggrecan gene expression are 

indicative of chondrocytic activity; all dropped rapidly with passage. Thus, both the 

fibroblastic and chondrocytic potential o f TMJ disc cells may be compromised due to 

passage. These changes may be caused by several factors. First, exposure to 

trypsin/EDTA, a digestive enzyme used in passaging, may elicit a down-regulation of 

extracellular matrix production. Second, the act of centrifugation to collect TMJ disc 

cells from the trypsin solution may impart a negative mechanical stimulus on the 

passaged TMJ disc cells. This effect is further supported by pellet culture data which 

show drastic decreases in aggrecan, biglycan and collagen type I gene expression. Third, 

the act of plating on a two-dimensional surface may encourage cell expansion and limit 

extracellular matrix production.

While passage 0 cells present an advantage over passaged cells in terms of gene 

expression data, these cells represent a distinct disadvantage in clinical applicability. 

Passage 0 cells are difficult to obtain in significant numbers for tissue engineering; 

several animals must be sacrificed for a single study. While these studies allow for the 

investigation of tissue engineering protocols, they are incomplete in terms o f clinical 

translation. Toward this challenge, gene expression data on the native TMJ disc are 

presented, thus providing validation criteria for future cell source studies. Stem cell 

populations, which self renew and retain their potency, may now be differentiated and
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investigated for their applicability to TMJ disc tissue engineering. In addition, further 

studies on TMJ disc cells using novel approaches to passaging and culture may be 

investigated in an attempt to retain or recapitulate a cell population with a high potential 

for TMJ disc extracellular matrix production.

In 1994, one of the first reports on TMJ disc tissue engineering discussed the 

applicability of both PGA and PLLA fibers.88 At the date of this thesis, no other 

published data exist documenting the applicability of PLLA for TMJ disc tissue

engineering; in fact, less than 20 original papers on TMJ disc tissue engineering are

88available. This original work conducted by Puelacher et al. did not use TMJ disc cells, 

but instead opted for articular cartilage cells. The work within the final aim demonstrates 

the feasibility of TMJ disc tissue engineering using PLLA non-woven meshes and a 

fibrochondrocytic cell population. PLLA scaffolds were able to host a fibrochondrocytic 

cell population, maintain their volume and shape, support significant matrix deposition, 

and preserve critical mechanical properties over 6 weeks in culture.

The ability of PLLA to maintain its volume and shape can not be understated. When 

seeded with a fibrochondrocytic cell population, PGA scaffolds rapidly degrade and 

collapse; volume losses greater than 50% are noted as the norm over a minimum of 4 

weeks in culture.139 Up-regulation of the biosynthetic activity of the cell-seeded PGA 

constructs failed to create sufficient matrix to overcome PGA’s shortcomings.139,146" 

I 4 9 , i 5 i , i 5 2  p lla .^  on the other hand, offers retention of the construct shape and volume as 

PLLA neither degraded nor collapsed over 6 weeks in culture. Significant matrix
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synthesis can be stimulated with the addition of TGF-pi to the culture medium. This 

may be further increased by further improving upon the seeding techniques and culture 

procedures for PLLA constructs. In addition, since PLLA is able to maintain its shape 

and structural integrity, longer culture periods are possible, which may result in further 

increases in total matrix deposition.

A possible disadvantage of PLLA is the time course for the polymer’s complete mass 

degradation, as PLLA may take up to 1 year to fully degrade. This suggests that TMJ 

disc constructs, when implanted in the patient, will retain PLLA fibers. PLLA is an FDA 

approved biomaterial; however, like PGA, the material’s degradation products are acidic 

and can elicit a localized immune response. Further optimization can be conducted to 

address these issues. First, the scaffold architecture could be optimized, thus helping to 

eliminate unnecessary material and increase the construct’s mechanical viability. Also, 

the degradation properties of the scaffold may be altered such that the polymer degrades 

fully on the order o f months.

Since TMJ disc constructs of significant volume and diameter can be created on PLLA, 

the topographical properties of the constructs may begin to be examined. One of the 

native TMJ disc’s definitive characteristics is the ring-like alignment o f collagen fibers 

around the periphery o f the disc. It has been hypothesized that a hoop stress imparted 

during direct compression may be able to recapitulate this structure in tissue engineered 

constructs. Constructs formed on PLLA have the mechanical integrity to withstand such 

an environment, and may prove more suitable for bioreactors, in general, especially those
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that impart a mechanical stimulus. Thus, bioreactor study, as well as the effects of 

mechanical stimuli on TMJ disc cells, may now be studied in greater detail.

Previously, both 1GF-I and TGF-fll were noted to have beneficial effects on TMJ disc 

cells.146 The results of this thesis indicate that members of TGF-P super family have the 

greatest effect on TMJ disc cells. In recovery experiments, TGF-P3 and TGF-P 1 had the 

highest average expression of collagen type I, decorin, and biglycan, followed by IGF-I 

and no treatment controls. The results o f these same growth factors in a tissue 

engineering environment are unmistakable, strongly detailing the beneficial effects of 

TGF-P 1 and TGF-P3 relative to IGF-I and no treatment controls. The major difference 

between the tissue engineering studies on PLLA and PGA, other than the scaffolding 

material, was the use of passaged cells. Recovery data on passaged TMJ disc cells 

indicate a gene expression profile that supports the findings o f the tissue engineering 

study on PLLA. Furthermore, TMJ disc cells did not become more sensitive to any 

growth factor as a function of passage. The scaffolding material may indirectly affect the 

growth factor results. Due to the rapid contraction of PGA scaffolds, cells on PGA 

constructs reach a saturation state quickly, regardless of the initial cellular seeding 

density. On PLLA constructs, space for cellular division was available throughout the 6 

week culture time in every treatment group. The response of TMJ disc cells to growth 

factors may be driven by this phenomenon. TGF-P treated scaffolds had more cells than 

IGF-I and no treatment controls at 6 weeks; these cells, in turn, produced additional 

matrix. On a per cell basis, TGF-P treated constructs produced more matrix than IGF-I 

and no treatment controls. This method of analysis was not employed for growth factor
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effects on PGA constructs. Furthermore, the cellularity of PGA constructs decreased 

from week 3 to week 6 across treatments; on PLLA, the construct cellularity increased.

The effectiveness of TGF-pi toward TMJ disc tissue engineering is exciting. Previously, 

no single growth factor, nor combination, demonstrated a dramatic difference. On PLLA 

scaffolds, the TGF-P 1 treatment dominated. Cells infiltrated the scaffolds creating a 

robust gross morphology with significant matrix deposition. The collagen produced per 

cell was maintained during this process, resulting in measurable mechanical differences 

between TGF-pi treated constructs and controls. While values remained below the level 

of the native TMJ disc, the results are certainly encouraging. Further optimization of the 

culture medium may increase these effects. Chemically defined media (serum free) has 

demonstrated a strong potential in articular cartilage tissue engineering; it may be 

possible to create a defined medium for TMJ disc tissue engineering using TGF-P 1 as the 

major stimulant.

The work described in this thesis has made significant contributions in TMJ disc 

characterization and tissue engineering practices. The topographical distribution of TMJ 

disc compressive properties and gene expression has been examined; these data provide 

valuable validation criteria for future tissue engineering studies. In addition, testing 

protocols, methods, and a viscoelastic model by which tissue engineered constructs can 

be directly compared to TMJ disc explants are provided. Toward tissue engineering, 

critical challenges in the use of passaged TMJ disc cells for tissue engineering have been 

brought forward, the potential of a slowly degrading scaffold material has been
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investigated, and a growth factor capable of inducing significant biochemical and 

biomechanical properties has been selected. The possibilities from here are many, 

including the further optimization of PLLA as a scaffold, the study of alternative cell 

sources and stem cells, and the use of mechanical stimulation to further develop TMJ disc 

constructs.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 4 7

References
1. Rees, L. A. The structure and function of the mandibular joint. Br Dent J. 96, 125-33,

1954

2. Detamore, M. S. and Athanasiou, K. A. Motivation, characterization, and strategy for
tissue engineering the temporomandibular joint disc. Tissue Eng. 9(6), 1065-87, 
2003

3. Beek, M., Aamts, M. P., Koolstra, J. H., Feilzer, A. J. and van Eijden, T. M. Dynamic
properties of the human temporomandibular joint disc. J Dent Res. 80, 876-80, 
2001

4. Dolwick, M. F. Surgical management. In: Helms, C. A., Katzberg, R. W. and
Dolwick, M. F. Internal Derangements of the Temporomandibular Joint. San 
Francisco, CA: Radiology Research and Education Foundation, 167-92, 1983

5. Gillbe, G. V. The function of the disc of the temporomandibular joint. J Prosthet Dent.
33, 196-204, 1975

6. Osborn, J. W. The disc o f the human temporomandibular joint: design, function and
failure. J Oral Rehabil. 12, 279-93, 1985

7. Maroudas, N. G. On the low adhesiveness o f fluid phospholipid substrata. J Theor
Biol. 79, 101-16, 1979

8. Berkovitz, B. K. and Pacy, J. Age changes in the cells of the intra-articular disc o f the
temporomandibular joints of rats and marmosets. Arch Oral Biol. 45, 987-95, 
2000

9. Fandesberg, R., Takeuchi, E. and Puzas, J. E. Cellular, biochemical and molecular
characterization of the bovine temporomandibular joint disc. Arch Oral Biol. 41, 
761-7, 1996

10. Milam, S. B., Klebe, R. J., Triplett, R. G. and Herbert, D. Characterization o f the
extracellular matrix o f the primate temporomandibular joint. J Oral Maxillofac 
Surg. 49,381-91, 1991

11. Mills, D. K., Fiandaca, D. J. and Scapino, R. P. Morphologic, microscopic, and
immunohistochemical investigations into the function of the primate TMJ disc. J 
Orofac Pain. 8, 136-54, 1994

12. Ali, A. M. and Sharawy, M. M. An immunohistochemical study of collagen types III,
VI and IX in rabbit craniomandibular joint tissues following surgical induction of 
anterior disk displacement. J Oral Pathol Med. 25, 78-85, 1996

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



24 8

13. Kempson, G. E., Tuke, M. A., Dingle, J. T., Barrett, A. J. and Horsfield, P. H. The
effects of proteolytic enzymes on the mechanical properties of adult human 
articular cartilage. Biochim Biophys Acta. 428, 741-60, 1976

14. Minarelli, A. M., Del Santo Junior, M. and Liberti, E. A. The structure of the human
temporomandibular joint disc: a scanning electron microscopy study. J Orofac 
Pain. 11,95-100, 1997

15. Minarelli, A. M. and Liberti, E. A. A microscopic survey of the human
temporomandibular joint disc. J Oral Rehabil. 24, 835-40, 1997

16. Scapino, R. P., Canham, P. B., Finlay, H. M. and Mills, D. K. The behaviour of
collagen fibres in stress relaxation and stress distribution in the jaw-joint disc of 
rabbits. Arch Oral Biol. 41, 1039-52, 1996

17. Shengyi, T. and Yinghua, X. Biomechanical properties and collagen fiber orientation
o f TMJ discs in dogs: Part 1. Gross anatomy and collagen fiber orientation of the 
discs. J Craniomandib Disord. 5, 28-34, 1991

18. Berkovitz, B. K. and Robertshaw, H. Ultrastructural quantification of collagen in the
articular disc of the temporomandibular joint o f the rabbit. Arch Oral Biol. 38, 91- 
5, 1993

19. Nakano, T. and Scott, P. G. A quantitative chemical study of glycosaminoglycans in
the articular disc o f the bovine temporomandibular joint. Arch Oral Biol. 34, 749- 
57,1989

20. Gage, J. P., Virdi, A. S., Triffitt, J. T., Howlett, C. R. and Francis, M. J. Presence of
type III collagen in disc attachments o f human temporomandibular joints. Arch 
Oral Biol. 35, 283-8, 1990

21. Gage, J. P., Shaw, R. M. and Moloney, F. B. Collagen type in dysfunctional
temporomandibular joint disks. J Prosthet Dent. 74, 517-20, 1995

22. Keith, D. A. Elastin in the bovine mandibular joint. Arch Oral Biol. 24, 211-5, 1979

23. Gross, A., Bumann, A. and Hoffmeister, B. Elastic fibers in the human temporo
mandibular joint disc. Int J Oral Maxillofac Surg. 28, 464-8, 1999

24. Axelsson, S., Holmlund, A. and Hjerpe, A. Glycosaminoglycans in normal and
osteoarthrotic human temporomandibular joint disks. Acta Odontol Scand. 50, 
113-9., 1992

25. Mizoguchi, I., Scott, P. G., Dodd, C. M., Rahemtulla, F., Sasano, Y., Kuwabara, M.,
Satoh, S., Saitoh, S., Hatakeyama, Y., Kagayama, M. and Mitani, H. An 
immunohistochemical study of the localization o f biglycan, decorin and large

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 4 9

chondroitin-sulphate proteoglycan in adult rat temporomandibular joint disc. Arch 
Oral Biol. 43, 889-98, 1998

26. Kopp, S. Topographical distribution of sulphated glycosaminoglycans in human
temporomandibular joint disks. A histochemical study of an autopsy material. J 
Oral Pathol. 5, 265-76, 1976

27. Nakano, T. and Scott, P. G. Changes in the chemical composition of the bovine
temporomandibular joint disc with age. Arch Oral Biol. 41, 845-53, 1996

28. Sindelar, B. J., Evanko, S. P., Alonzo, T., Herring, S. W. and Wight, T. Effects of
intraoral splint wear on proteoglycans in the temporomandibular joint disc. Arch 
Biochem Biophys. 379, 64-70, 2000

29. Kuboki, T., Shinoda, M., Orsini, M. G. and Yamashita, A. Viscoelastic properties of
the pig temporomandibular joint articular soft tissues of the condyle and disc. 
Journal of Dental Research. 76, 1760-9, 1997

30. Fontenot, M. G. The viscoelasticity of human temporomandibular joint discs. Am J
Phys Anthropol. 66, 168-9, 1985

31. Detamore, M. S. and Athanasiou, K. A. Structure and function of the
temporomandibular joint disc: implications for tissue engineering. J Oral 
Maxillofac Surg. 61(4), 494-506, 2003

32. Tanne, K., Tanaka, E. and Sakuda, M. The elastic modulus of the
temporomandibular joint disc from adult dogs. J Dent Res. 70, 1545-8, 1991

33. Detamore, M. S. and Athanasiou, K. A. Tensile properties of the porcine
temporomandibular joint disc. J Biomech Eng. 125(4), 558-65, 2003

34. Tanaka, E., Tanaka, M., Hattori, Y., Aoyama, J., Watanabe, M., Sasaki, A.,
Sugiyama, M. and Tanne, K. Biomechanical behaviour o f bovine 
temporomandibular articular discs with age. Arch Oral Biol. 46, 997-1003, 2001

35. Shengyi, T., Yinghua, X., Mongshi, C. and Yongnian, L. Biomechanical properties
and collagen fiber orientation of TMJ discs in dogs: Part 2. Tensile mechanical 
properties o f the discs. J Craniomandib Disord. 5, 107-114, 1991

36. Kim, K. W., Wong, M. E., Helfrick, J. F., Thomas, J. B. and Athanasiou, K. A.
Biomechanical characterization o f the superior joint space of the porcine 
temporomandibular joint. Ann Biomed Eng. 31, 924-30, 2003

37. Chen, J., Akyuz, U., Xu, L. and Pidaparti, R. M. Stress analysis of the human
temporomandibular joint. Med Eng Phys. 20, 565-72, 1998

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



250

38. Tanaka, E., Rodrigo, D. P., Miyawaki, Y., Lee, K., Yamaguchi, K. and Tanne, K.
Stress distribution in the temporomandibular joint affected by anterior disc 
displacement: a three-dimensional analytic approach with the fmite-element 
method. J Oral Rehabil. 27, 754-9, 2000

39. Chen, J. and Xu, L. A finite element analysis of the human temporomandibular joint.
J Biomech Eng. 116,401-07, 1998

40. Beek, M., Koolstra, J. H., van Ruijven, L. J. and van Eijden, T. M. Three-
dimensional finite element analysis of the human temporomandibular joint disc. J 
Biomech. 33, 307-16, 2000

41. Posselt, U. The temporomandibular joint syndrome and occlusion. J Prosthet Dent.
25(4), 432-8, 1971

42. Spencer, A. J. The estimation of need for dental care. J Pub Health Dent. 40(4), 311-
27,1980

43. Carlsson, G. E. Epidemiology and treatment need for temporomandibular disorders. J
Orofac Pain. 13, 232-7, 1999

44. Solberg, W. K., Woo, M. W. and Houston, J. B. Prevalence of mandibular
dysfunction in young adults. J Am Dent Assoc. 98,25-34, 1979

45. Solberg, W. K. Epidemiology, incidence and prevalence of temporomandibular
disorders: a review. In: Laskin, D., Greenfield, W., Gale, E., Rugh, J., Neft, D., 
Ailing, C. and Dyer, W. A. Diagnosis and Management of Temporomandibular 
Disorders. Chicago, IL: American Dental Association, 30-39, 1983

46. Dao, T. T. and LeResche, L. Gender differences in pain. J Orofac Pain. 14, 169-84;
discussion 184-95, 2000

47. Wilkes, C. H. Internal derangements of the temporomandibular joint. Pathological
variations. Arch Otolaryngol Head Neck Surg. 115, 469-77, 1989

48. Aufdemorte, T. B., Van Sickels, J. E., Dolwick, M. F., Sheridan, P. J., Holt, G. R.,
Aragon, S. B. and Gates, G. A. Estrogen receptors in the temporomandibular joint 
of the baboon (Papio cynocephalus): an autoradiographic study. Oral Surg Oral 
Med Oral Pathol. 61, 307-14, 1986

49. Abubaker, A. O., Arslan, W. and Sotereanos, G. C. Estrogen and progesterone
receptors in the temporomandibular joint disc o f symptomatic and asymptomatic 
patients. J Oral Maxillofac Surg. 49, 111-112, 1991

50. Milam, S. B., Aufdemorte, T. B., Sheridan, P. J., Triplett, R. G., Van Sickels, J. E.
and Holt, G. R. Sexual dimorphism in the distribution of estrogen receptors in the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



251

temporomandibular joint complex of the baboon. Oral Surg Oral Med Oral 
Pathol. 64, 527-32, 1987

51. Greene, C. S. and Marbach, J. J. Epidemiologic studies of mandibular dysfunction: a
critical review. J Prosthet Dent. 48, 184-90, 1982

52. Helkimo, M. Studies on function and dysfunction of the masticatory system. I. An
epidemiological investigation of symptoms of dysfunction in Lapps in the north 
of Finland. Proc Finn Dent Soc. 70, 37-49, 1974

53. Fricton, J. R. and Schiffman, E. L. Reliability of a craniomandibular index. J Dent
Res. 65, 1359-64, 1986

54. Morrow, D., Tallents, R. H., Katzberg, R. W., Murphy, W. C. and Hart, T. C.
Relationship o f other joint problems and anterior disc position in symptomatic 
TMD patients and in asymptomatic volunteers. J Orofac Pain. 10, 15-20, 1996

55. Dolwick, M. F. Diagnosis and etiology. In: Helms, C. A., Katzberg, R. W. and
Dolwick, M. F. Internal Derangements o f the Temporomandibular Joint. San 
Francisco, CA: Radiology Research and Education Foundation, 31-42, 1983

56. Stegenga, B., de Bont, L. G., Boering, G. and van Willigen, J. D. Tissue responses to
degenerative changes in the temporomandibular joint: a review. J Oral Maxillofac 
Surg. 49, 1079-88, 1991

57. Kamelchuk, L. S. and Major, P. W. Degenerative disease o f the temporomandibular
joint. J Orofac Pain. 9, 168-80, 1995

58. Haskin, C. L., Milam, S. B. and Cameron, I. L. Pathogenesis o f degenerative joint
disease in the human temporomandibular joint. Crit Rev Oral Biol Med. 6, 248- 
77, 1995

59. Gyorfi, A., Fazekas, A. and Rosivall, L. Neurogenic inflammation and the oral
mucosa. J Clin Periodontol. 19, 731-6, 1992

60. Green, P. G., Basbaum, A. I. and Levine, J. D. Sensory neuropeptide interactions in
the production o f plasma extravasation in the rat. Neuroscience. 50, 745-9, 1992

61. Pincelli, C., Fantini, F. and Giannetti, A. Neuropeptides and skin inflammation.
Dermatology. 187, 153-8, 1993

62. Chandra, H. and Symons, M. C. Sulphur radicals formed by cutting alpha-keratin.
Nature. 328, 833-4, 1987

63. Weitz, Z., Moak, S. A. and Greenwald, R. A. Degradation of hyaluronic acid by
neutrophil derived oxygen radicals is stimulus dependent. J Rheumatol. 15, 1250- 
3,1988

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25 2

64. Saari, H., Sorsa, T. and Konttinen, Y. T. Reactive oxygen species and hyaluronate in
serum and synovial fluid in arthritis. Int J Tissue React. 12, 81-9, 1990

65. Saari, H. Oxygen derived free radicals and synovial fluid hyaluronate. Ann Rheum
Dis. 50,389-92, 1991

66. Annandale, T. Displacement of the inter-articular cartilage of the lower jaw, and its
treatment by operation. Lancet. 1, 411, 1887

67. Kondoh, T., Hamada, Y., Kamei, K. and Seto, K. Simple disc reshaping surgery for
internal derangement of the temporomandibular joint: 5-year follow-up results. J 
Oral Maxillofac Surg. 61,41-8; discussion 48, 2003

68. Dolwick, M. F. and Nitzan, D. W. TMJ disk surgery: 8-year follow-up evaluation.
Fortschr Kiefer Gesichtschir. 35, 162-3, 1990

69. McCarty, W. L. and Farrar, W. B. Surgery for internal derangements of the
temporomandibular joint. J Prosthet Dent. 42, 191-6, 1979

70. Kiehn, C. Meniscectomy for internal derangement of temporomandibular joint. Am J
Surg. 83, 364, 1952

71. Estabrooks, L. N., Fairbanks, C. E., Collett, R. J. and Miller, L. A retrospective
evaluation o f 301 TMJ Proplast-Teflon implants. Oral Surg Oral Med Oral Pathol. 
70, 381-6, 1990

72. Fricton, J., Look, O., Schiffman, E. and Swift, J. Long-term study of
temporomandibular joint surgery with alloplastic implants campared with 
nonimplant surgery and nonsurgical rehabilitation for painful temporomandibular 
joint disc displacement. J Oral Maxillofac Surg. 60, 1400-11, 2002

73. Ross, R. B. Costochondral grafts replacing the mandibular condyle. Cleft Palate
Craniofac J. 36, 334-9, 1999

74. Gueme, P. A., Sublet, A. and Lotz, M. Growth factor responsiveness o f human
articular chondrocytes: distinct profiles in primary chondrocytes, subcultured 
chondrocytes, and fibroblasts. J Cell Physiol. 158, 476-84, 1994

75. Goldring, M. B., Sohbat, E., Elwell, J. M. and Chang, J. Y. Etodolac preserves
cartilage-specific phenotype in human chondrocytes: effects on type II collagen 
synthesis and associated mRNA levels. Eur J Rheumatol Inflamm. 10, 10-21,
1990

76. Goldring, M. B., Birkhead, J., Sandell, L. J., Kimura, T. and Krane, S. M. Interleukin
1 suppresses expression of cartilage-specific types II and IX collagens and 
increases types I and III collagens in human chondrocytes. J Clin Invest. 82, 
2026-37, 1988

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



253

77. Cruz, T. F., Kandel, R. A. and Brown, I. R. Interleukin 1 induces the expression of a
heat-shock gene in chondrocytes. Biochem J. 277 ( Pt 2), 327-30, 1991

78. Raines, E. W., Dower, S. K. and Ross, R. lnterleukin-1 mitogenic activity for
fibroblasts and smooth muscle cells is due to PDGF-AA. Science. 243, 393-6, 
1989

79. Bonin, P. D. and Singh, J. P. Modulation of interleukin-1 receptor expression and
interleukin-1 response in fibroblasts by platelet-derived growth factor. J Biol 
Chem. 263, 11052-5, 1988

80. Sato, J., Segami, N., Suzuki, T., Kaneyama, K., Yoshitake, Y. and Nishikawa, K.
The expression of vascular endothelial growth factor in synovial tissues in 
patients with internal derangement of the temporomandibular joint. Oral Surg 
Oral Med Oral Pathol Oral Radiol Endod. 93, 251-6, 2002

81. TMJ Implants - A Consumer Information Update - 1999 [FDA Report], United
States Food and Drug Administration, 1999.

82. Farrar, W. B. and McCarty, W. L., Jr. The TMJ dilemma. J Ala Dent Assoc. 63, 19-
26,1979

83. FDA Enforcement Report [FDA Report]. United States Food and Drug
Administration, 1991.

84. Trumpy, I. G. and Lyberg, T. In vivo deterioration of proplast-teflon
temporomandibular joint interpositional implants: a scanning electron 
microscopic and energy- dispersive X-ray analysis. J Oral Maxillofac Surg. 51, 
624-9, 1993

85. Trumpy, I. G. and Lyberg, T. Surgical treatment of internal derangement of the
temporomandibular joint: long-term evaluation of three techniques. J Oral 
Maxillofac Surg. 53, 740-6; discussion 746-7, 1995

86. Trumpy, I. G., Roald, B. and Lyberg, T. Morphologic and immunohistochemical
observation o f explanted Proplast- Teflon temporomandibular joint interpositional 
implants. J Oral Maxillofac Surg. 54, 63-8; discussion 68-70, 1996

87. Thomas, M., Grande, D. and Haug, R. H. Development of an in vitro
temporomandibular joint cartilage analog. J Oral Maxillofac Surg. 49, 854-6; 
discussion 857, 1991

88. Puelacher, W. C., Wisser, J., Vacanti, C. A., Ferraro, N. F., Jaramillo, D. and
Vacanti, J. P. Temporomandibular joint disc replacement made by tissue- 
engineered growth of cartilage. J Oral Maxillofac Surg. 52, 1172-7; discussion 
1177-8,1994

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 5 4

89. Almarza, A. J. and Athanasiou, K. A. Design characteristics for the tissue
engineering of cartilaginous tissues. Ann Biomed Eng. 32(1), 2-17, 2004

90. Detamore, M. S., Hegde, J. N., Wagle, R. R., Almarza, A. J., Montufar-Solis, D.,
Duke, P. J. and Athanasiou, K. A. Cell type and distribution in the porcine 
temporomandibular joint disc. J Oral Maxillofac Surg. 64, 243-8, 2005

91. Leonardi, R., Lo Muzio, L., Bemasconi, G., Caltabiano, C., Piacentini, C. and
Caltabiano, M. Expression of vascular endothelial growth factor in human 
dysfunctional temporomandibular joint discs. Arch Oral Biol. 48(3), 185-92, 2003

92. Leonardi, R., Villari, L., Bemasconi, G., Piacentini, C., Baciliero, U. and Travali, S.
Cellular S-100 protein immunostaining in human dysfunctional 
temporomandibular joint discs. Arch Oral Biol. 45(5), 411-8, 2000

93. Leonardi, R., Villari, L., Piacentini, C., Bemasconi, G., Baciliero, U. and Travali, S.
CD44 standard form (CD44H) expression and distribution in dysfunctional 
human temporomandibular joint discs. Int J Oral Maxillofac Surg. 29(4), 296-300, 
2000

94. Leonardi, R., Villari, L., Piacentini, C., Bemasconi, G., Travali, S. and Caltabiano,
C. Immunolocalization of vimentin and alpha-smooth muscle actin in 
dysfunctional human temporomandibular joint disc samples. J Oral Rehabil.
29(3), 282-6, 2002

95. Benjamin, M. and Ralphs, J. R. Biology of fibrocartilage cells. International review
of cytology. 233, 2004

96. Kapila, S., Lee, C. and Richards, D. W. Characterization and identification of
proteinases and proteinase inhibitors synthesized by temporomandibular joint disc 
cells. J Dent Res. 74(6), 1328-36, 1995

97. Mah, J. Histochemistry of the foetal human temporomandibular joint articular disc.
Eur J Orthod. 26, 359-65, 2004

98. Chai, Y., Jiang, X., Ito, Y., Bringas, P., Jr., Han, J., Rowitch, D. H., Soriano, P.,
McMahon, A. P. and Sucov, H. M. Fate of the mammalian cranial neural crest 
during tooth and mandibular morphogenesis. Development (Cambridge,
England). 127(8), 1671-9, 2000

99. Almarza, A. J., Bean, A. C., Baggett, L. S. and Athanasiou, K. A. Biochemical
Content and Distribution in the Porcine Temporomandibular Joint Disc. Brit J 
Oral Maxillofac Surg. 44, 124-8, 2006

100. Detamore, M. S., Orfanos, J. G., Almarza, A. J., French, M. M., Wong, M. E. and
Athanasiou, K. A. Quantitive Analysis and Comparative Regional Investigation of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



255

the Extracellular Matrix of the Porcine Temporomandibular Joint Disc. Matrix 
Biol. 24, 45-57, 2005

101. Carvalho, R. S., Yen, E. H. and Suga, D. M. The effect of growth on collagen and
glycosaminoglycans in the articular disc of the rat temporomandibular joint. Arch 
Oral Biol. 38, 457-66, 1993

102. Taguchi, N., Nakata, S. and Oka, T. Three-dimensional observation of the
temporomandibular joint disk in the rhesus monkey. J Oral Surg. 38, 11-5, 1980

103. Berkovitz, B. K. Crimping of collagen in the intra-articular disc of the
temporomandibular joint: a comparative study. J Oral Rehabil. 27, 608-13, 2000

104. Berkovitz, B. K. Collagen crimping in the intra-articular disc and articular surfaces
of the human temporomandibular joint. Arch Oral Biol. 45, 749-56, 2000

105. O'Dell, N. L., Starcher, B. C., Wilson, J. T., Pennington, C. B. and Jones, G. A.
Morphological and biochemical evidence for elastic fibres in the Syrian hamster 
temporomandibular joint disc. Arch Oral Biol. 35, 807-11, 1990

106. Scott, P. G., Nakano, T. and Dodd, C. M. Small proteoglycans from different
regions of the fibrocartilaginous temporomandibular joint disc. Biochim Biophys 
Acta. 1244, 121-8, 1995

107. Allen, K. D. and Athanasiou, K. A. A surface-regional and freeze-thaw
characterization o f the porcine temporomandibular joint disc. Ann Biomed Eng. 
33, 959-970, 2005

108. Allen, K. D. and Athanasiou, K. A. Viscoelastic characterization of the porcine
temporomandibular joint disc under unconfined compression. J Biomech. 39, 312- 
22, 2006

109. Chin, L. P., Aker, F. D. and Zarrinnia, K. The viscoelastic properties of the human
temporomandibular joint disc. J Oral Maxillofac Surg. 54, 315-8; discussion 318- 
9,1996

110. del Pozo, R., Tanaka, E., Tanaka, M., Okazaki, M. and Tanne, K. The regional
difference of viscoelastic property of bovine temporomandibular joint disc in 
compressive stress-relaxation. Med Eng Phys. 24(3), 165-71, 2002

111. Tanaka, E., Del Pozo, R., Sugiyama, M. and Tanne, K. Biomechanical response of
retrodiscal tissue in the temporomandibular joint under compression. J Oral 
Maxillofac Surg. 60(5), 546-51, 2002

112. Tanaka, E., del Pozo, R., Tanaka, M., Aoyama, J., Hanaoka, K., Nakajima, A.,
Inuzuka, S. and Tanne, K. Strain-rate effect on the biomechanical response of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 5 6

bovine temporomandibular joint disk under compression. Journal of biomedical 
materials research. Part A. 67(3), 761-5, 2003

113. Tanaka, E., Kikuzaki, M., Hanaoka, K., Tanaka, M., Sasaki, A., Kawai, N., Ishino,
Y., Takeuchi, M. and Tanne, K. Dynamic compressive properties of porcine 
temporomandibular joint disc. European journal of oral sciences. 111(5), 434-9,
2003

114. Sweigart, M. A., Zhu, C. F., Burt, D. M., deHoll, P. D., Agrawal, C. M., Clanton, T.
O. and Athanasiou, K. A. Intraspecies and interspecies comparison of the 
compressive properties of the medial meniscus. Ann Biomed Eng. 32, 1566-1567,
2004

115. Beatty, M. W., Bruno, M. J., Iwasaki, L. R. and Nickel, J. C. Strain rate dependent
orthotropic properties of pristine and impulsively loaded porcine 
temporomandibular joint disk. J Biomed Mater Res. 57, 25-34, 2001

116. Tanaka, E., Sasaki, A., Tahmina, K., Yamaguchi, K., Mori, Y. and Tanne, K.
Mechanical properties of human articular disk and its influence on TMJ loading 
studied with the finite element method. J Oral Rehabil. 28, 273-9, 2001

117. Tanaka, E., Shibaguchi, T., Tanaka, M. and Tanne, K. Viscoelastic properties of the
human temporomandibular joint disc in patients with internal derangement. J Oral 
Maxillofac Surg. 58, 997-1002, 2000

118. Tanaka, E., Kawai, N., Van Eijden, T., Watanabe, M., Hanaoka, K., Nishi, M.,
Iwabe, T. and Tanne, K. Impulsive compression influences the viscous behavior 
o f porcine temporomandibular joint disc. European journal of oral sciences.
111(4), 353-8, 2003

119. Tanaka, E., Aoyama, J., Tanaka, M., Murata, H., Hamada, T. and Tanne, K.
Dynamic properties o f bovine temporomandibular joint disks change with age. J 
Dent Res. 81(9), 618-22, 2002

120. Gallo, L. M., Nickel, J. C., Iwasaki, L. R. and Palla, S. Stress-field translation in the
healthy human temporomandibular joint. J Dent Res. 79(10), 1740-6, 2000

121. Palla, S., Gallo, L. M. and Geossi, D. Dynamic stereometry of the
temporomandibular joint. Orthodontics & craniofacial research. 6 Suppl 1, 2003

122. Lai, W. F., Bowley, J. and Burch, J. G. Evaluation of shear stress of the human
temporomandibular joint disc. J Orofac Pain. 12, 153-9, 1998

123. del Pozo, R., Tanaka, E., Tanaka, M., Kato, M., Iwabe, T., Hirose, M. and Tanne,
K. Influence of friction at articular surfaces of the temporomandibular joint on 
stresses in the articular disk: a theoretical approach with the finite element 
method. The Angle orthodontist. 73(3), 319-27, 2003

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 5 7

124. Nickel, J. C., Iwasaki, L. R., Beatty, M. W. and Marx, D. B. Laboratory stresses and
tractional forces on the TMJ disc surface. J Dent Res. 83(8), 650-4, 2004

125. Tanaka, E., Kawai, N., Tanaka, M., Todoh, M., van Eijden, T., Hanaoka, K., Dalla-
Bona, D. A., Takata, T. and Tanne, K. The frictional coefficient of the 
temporomandibular joint and its dependency on the magnitude and duration of 
joint loading. J Dent Res. 83(5), 404-7, 2004

126. Tanaka, E., Kawai, N., Hanaoka, K., Van Eijden, T., Sasaki, A., Aoyama, J.,
Tanaka, M. and Tanne, K. Shear properties of the temporomandibular joint disc in 
relation to compressive and shear strain. J Dent Res. 83(6), 476-9, 2004

127. Tanaka, E., Hanaoka, K., van Eijden, T., Tanaka, M., Watanabe, M., Nishi, M.,
Kawai, N., Murata, H., Hamada, T. and Tanne, K. Dynamic shear properties of 
the temporomandibular joint disc. J Dent Res. 82(3), 228-31, 2003

128. Beatty, M. W., Nickel, J. C., Iwasaki, L. R. and Leiker, M. Mechanical response of
the porcine temporomandibular joint disc to an impact event and repeated tensile 
loading. J Orofac Pain. 17(2), 160-6, 2003

129. Lemoine, J. J., Xia, J. J., Gateno, J. and Liebschner, M. A. K. Radiographic analysis
for jaw motion normalization. J Oral Maxillofac Surg. 63, 961-7, 2005

130. Gibbs, C. H., Messerman, T., Reswick, J. B. and Derba, H. J. Functional
movements of the mandible. J Prosthet Dent. 26, 604-20, 1971

131. Donzelli, P. S., Gallo, L. M., Spilker, R. L. and Palla, S. Biphasic finite element
simulation of the TMJ disc from its in vivo kinematic and geometric 
measurements. J Biomech. 37, 1787-91, 2004

132. Tanaka, E., del Pozo, R., Tanaka, M., Asai, D., Hirose, M., Iwabe, T. and Tanne, K.
Three-dimensional finite element analysis of human temporomandibular joint 
with and without disc displacement during jaw opening. Medical engineering & 
physics. 26(6), 503-11, 2004

133. Herring, S. W. and Liu, Z. J. Loading of the temporomandibular joint: anatomical
and in vivo evidence from the bones. Cells Tiss Org. 169, 193-200, 2001

134. Werner, J. A., Tillmann, B. and Schleicher, A. Functional anatomy of the
temporomandibular joint. A morphologic study on human autopsy material. Anat 
Embryol. 183, 89-95, 1991

135. Mizoguchi, I., Takahashi, I., Nakamura, M., Sasano, Y., Sato, S., Kagayama, M.
and Mitani, H. An immunohistochemical study of regional differences in the 
distribution of type I and type II collagens in rat mandibular condylar cartilage. 
Arch Oral Biol. 41, 863-9, 1996

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 5 8

136. Tanaka, E. and van Eijden, T. Biomechanical behavior of the temporomandibular
joint disc. Crit Rev Oral Biol Med. 14(2), 2003

137. Springer, I. N., Fleiner, B., Jepsen, S. and Acil, Y. Culture of cells gained from
temporomandibular joint cartilage on non-absorbable scaffolds. Biomaterials. 22, 
2569-77, 2001

138. Poshusta, A. K. and Anseth, K. S. Photopolymerized biomaterials for application in
the temporomandibular joint. Cells Tiss Org. 169, 272-8, 2001

139. Almarza, A. J. and Athanasiou, K. A. Seeding techniques and scaffolding choice for
tissue engineering of the temporomandibular joint disk. Tissue Eng. 10(11-12), 
1787-95,2004

140. Girdler, N. M. In vitro synthesis and characterization o f a cartilaginous meniscus
grown from isolated temporomandibular chondroprogenitor cells. Scand J 
Rheumatol. 27, 446-53, 1998

141. Darling, E. M. and Athanasiou, K. A. Rapid phenotypic changes in passaged
articular chondrocyte subpopulations. J Orthop Res. 23(2), 425-32, 2005

142. French, M. M., Rose, S., Canseco, J. and Athanasiou, K. A. Chondrogenic
differentiation of adult dermal fibroblasts. Ann Biomed Eng. 32(1), 50-6, 2004

143. Caterson, E. J., Nesti, L. J., Albert, T., Danielson, K. and Tuan, R. Application of
mesenchymal stem cells in the regeneration of musculoskeletal tissues. 
MedGenMed (Electronic Source). E l, 2001

144. French, M. M. and Athanasiou, K. A. Differentiation Factors and Articular
Cartilage Regeneration. In: Ashammaki, N. and Ferretti, P. Topics in Tissue 
Engineering 2003. 2003

145. Detamore, M. S. and Athanasiou, K. A. Effects of growth factors on
temporomandibular joint disc cells. Arch Oral Biol. 49(7), 577-83, 2004

146. Detamore, M. S. and Athanasiou, K. A. Evaluation of three growth factors for TMJ
disc tissue engineering. Ann Biomed Eng. 33(3), 383-90, 2005

147. Almarza, A. J. and Athanasiou, K. A. Evaluation of three growth factors in
combinations of two for TMJ disc tissue engineering. Arch Oral Biol. Submitted, 
2004

148. Bean, A. C., Almarza, A. J. and Athanasiou, K. A. Effects o f ascorbic acid
concentration for the tissue engineering o f the temporomandibular joint disc. J 
Eng Med. Accepted, 2005

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 5 9

149. Almarza, A. J. and Athanasiou, K. A. Effects of initial cell seeding density for the
tissue engineering of the temporomandibular joint disc. Ann Biomed Eng. 33, 
943-50, 2005

150. Darling, E. M. and Athanasiou, K. A. Biomechanical strategies for articular
cartilage regeneration. Ann Biomed Eng. 31(9), 1114-24, 2003

151. Detamore, M. S. and Athanasiou, K. A. Use o f a rotating bioreactor toward tissue
engineering the temporomandibular joint disc. Tissue Eng. 11, 1187-97, 2005

152. Almarza, A. J. and Athanasiou, K. A. Effects of hydrostatic pressure on TMJ disc
cells. Tissue Eng. Submitted, 2005

153. Girdler, N. M. Bioengineering of cartilage in organ culture. Int J Oral Maxillofac
Surg. 24, 318, 1995

154. Gray, R. J. M., Davies, S. J. and Quayle, A. A. Temporomandibular Disorders: A
Clinical Approach. In: London: British Dental Association, 1995

155. Merlini, L. and Palla, S. The relationship between condylar rotation and anterior
translation in healthy and clicking temporomandibular joints. Schweizer 
Monatsschrift fur Zahnmedizin. 98(11), 1988

156. Tanaka, E., Aoyama, J., Tanaka, M., Van Eijden, T., Sugiyama, M., Hanaoka, K.,
Watanabe, M. and Tanne, K. The proteoglycan contents of the 
temporomandibular joint disc influence its dynamic viscoelastic properties. J 
Biomed Mater Res. 65A(3), 386-92, 2003

157. Athanasiou, K. A., Rosenwasser, M. P., Buckwalter, J. A., Malinin, T. I. and Mow,
V. C. Interspecies comparisons o f in situ intrinsic mechanical properties o f distal 
femoral cartilage. Journal of Orthopedic Research. 9, 330-40, 1991

158. DeVocht, J. W., Goel, V. K., Zeitler, D. L. and Lew, D. A study of the control of
disc movement within the temporomandibular joint using the finite element 
technique. J Oral Maxillofac Surg. 54, 1431-7; discussion 1437-8, 1996

159. Bermejo, A., Gonzalez, O. and Gonzalez, J. M. The pig as an animal model for
experimentation on the temporomandibular articular complex. Oral Surg Oral 
Med Oral Pathol. 75, 18-23, 1993

160. Athanasiou, K. A., Agarwal, A. and Dzida, F. J. Comparative study of the intrinsic
mechanical properties of the human acetabular and femoral head cartilage. 
Journal o f Orthopedic Research. 12(3), 340-9, 1994

161. Fung, Y. C. Foundations of Solid Mechanics. In: Prentice Hall, 1965

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



260

162. Joshi, M. D., Suh, J. K., Marui, T. and Woo, S. L. Interspecies variation of
compressive biomechanical properties of the meniscus. Journal of Biomedical 
Material Research. 29, 823-8, 1995

163. Ohshima, H., Tsuji, H., Hirano, N., Ishihara, H., Katoh, Y. and Yamada, H. Water
diffusion pathway, swelling pressure, and biomechanical properties of the 
intervertebral disc during compression load. Spine. 14, 1234-44, 1989

164. Nakano, T. and Scott, P. G. Proteoglycans of the articular disc of the bovine
temporomandibular joint. I. High molecular weight chondroitin sulphate 
proteoglycan. Matrix. 9, 277-83, 1989

165. Bass, E. C., Duncan, N. A. and Hariharan, J. S. Frozen storage affect the
compressive creep behavior of the porcine intervertebral disc. Spine. 22, 2867-76, 
1997

166. Dhillon, N., Bass, E. C. and Lotz, J. C. Effect of Frozen Storage on the Creep
Behavior of Human Intervertebral Discs. Spine. 26, 883-8, 2001

167. Spencer, A. J. The estimation o f need for dental care. J Public Health Dent. 40, 311-
27, 1980

168. Wolford, L. M. Temporomandibular joint devices: treatment factors and outcomes.
Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 83, 143-9, 1997

169. Raphael, K. G., Marbach, J. J., Wolford, L. M., Keller, S. E. and Bartlett, J. A. Self-
reported systemic, immune-mediated disorders in patients with and without 
proplast-teflon implants of the temporomandibular joint. J Oral Maxillofac Surg. 
57, 364-70; discussion 370-1, 1999

170. Henry, C. H. and Wolford, L. M. Treatment outcomes for temporomandibular joint
reconstruction after Proplast-Teflon implant failure. J Oral Maxillofac Surg. 51, 
352-8; discussion 359-60, 1993

171. Havener, D. L., Jr., Sexton, J. D. and Aragon, S. B. Orthodontic and orthognathic
management of malocclusion in a patient with history of Proplast-Teflon TMJ 
disc implantation. Orthod Rev. 4, 18-32., 1990

172. Herring, S. W. Animal models of temporomandibular disorders: how to choose. In:
Sessle, B. J., Bryant, P. S. and Dionne, R. A. Temporomandibular disorders and 
related pain conditions. Seattle: IASP Press, 323-8, 1995

173. Sun, Z., Liu, Z. J. and Herring, S. W. Movement of temporomandibular joint tissues
during mastication and passive manipulation in miniature pigs. Arch Oral Biol.
47, 293-305, 2002

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



261

174. Kirk, W. S., Jr. Morphologic differences between superior and inferior disc surfaces
in chronic internal derangement o f the temporomandibular joint. J Oral 
Maxillofac Surg. 48, 455-60, 1990

175. Kondoh, T., Westesson, P. L., Takahashi, T. and Seto, K. Prevalence of
morphological changes in the surfaces of the temporomandibular joint disc 
associated with internal derangement. J Oral Maxillofac Surg. 56, 339-43; 
discussion 343-4, 1998

176. Strom, D., Holm, S., Clemensson, E., Haraldson, T. and Carlsson, G. E. Gross
anatomy of the mandibular joint and masticatory muscles in the domestic pig (Sus 
scrofa). Arch Oral Biol. 31, 763-8, 1986

177. Neidert, M. R., Devireddy, R. V., Tranquillo, R. T. and Bischof, J. C.
Cryopreservation of collagen-based tissue equivalents. II. Improved freezing in 
the presence o f cryoprotective agents. Tissue Eng. 10(1-2), 23-32, 2004

178. Johansson, A., Unell, L., Carlsson, G. E., Seoderfeldt, B. and Hailing, A. Gender
difference in symptoms related to temporomandibular disorders in a population of 
50-year-old subjects. J Orofac Pain. 17(1), 29-35, 2003

179. Lewis, G. R. Mandibular positioning skills with respect to age. The New Zealand
dental journal. 97(427), 4-8, 2001

180. Lewis, R. P., Buschang, P. H. and Throckmorton, G. S. Sex differences in
mandibular movements during opening and closing. Am J Orthod Dentofacial 
Orthop. 120(3), 294-303, 2001

181. Mariotti, A., Rumpf, D., Malakhova, O. and Cooper, B. Gender-specific differences
in temporomandibular retrodiscal tissues of the goat. European journal o f oral 
sciences. 108(5), 461-3, 2000

182. MacLeod, T. M., Sarathchandra, P., Williams, G., Sanders, R. and Green, C. J.
Evaluation of a porcine origin acellular dermal matrix and small intestinal 
submucosa as dermal replacements in preventing secondary skin graft contraction. 
Bums. 30, 431-7, 2004

183. Horch, R. E., Kopp, J., Kneser, U., Beier, J. and Bach, A. D. Tissue engineering of
cultured skin substitutes. J Cell Mol Med. 9, 592-608, 2005

184. Allen, K. D. and Athanasiou, K. A. Tissue engineering the temporomandibular joint
disc. Tissue Eng. In Press, 2006

185. Aflatoonian, B. and Moore, H. Human primordial germ cells and embryonic germ
cells, and their use in cell therapy. Curr Opin Biotechnol. 16, 530-5, 2005

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



262

186. Semb, H. Human embryonic stem cells: origin, properties and applications. APMIS.
113,743-50, 2005

187. Mauck, R. L., Wang, C. C., Oswald, E. S., Ateshian, G. A. and Hung, C. T. The
role of cell seeding density and nutrient supply for articular cartilage tissue 
engineering with deformational loading. Osteoarth Cart. 11, 879-90, 2003

188. Hu, J. C. and Athanasiou, K. A. A self-assembling process in articular cartilage
tissue-engineering. Tissue Eng. 12, Accepted, 2006

189. Naqvi, T., Duong, T. T., Hashem, G., Shiga, M., Zhang, Q. and Kapila, S. Relaxin's
induction of metalloproteinases is associated with the loss o f collagen and 
glycosaminoglycans in synovial joint fibrocartilaginous explants. Arthritis Res 
Ther. 7(1), 2005

190. Darling, E. M., Hu, J. C. and Athanasiou, K. A. Zonal and topographical differences
in articular cartilage gene expression. J Orthop Res. 22(6), 1182-7, 2004

191. Bemard-Beaubois, K., Hecquet, C., Houcine, O., Hayem, G. and Adolphe, M.
Culture and characterization of juvenile rabbit tenocytes. Cell Biol Toxicol. 13, 
103-13, 1997

192. Upton, M. L., Chen, J., Guilak, F. and Setton, L. A. Differential effects of static and
dynamic compression on meniscal cell gene expression. J Orthop Res. 21(6), 963- 
9, 2003

193. Hu, J. C. and Athanasiou, K. A. Low-density cultures of bovine chondrocytes:
effects of scaffold material and culture system. Biomaterials. 26, 2001-12, 2005

194. Benya, P. and Shaffer, J. Dedifferentiated chondrocytes reexpress the differentiated
collagen phenotype when cultured in agarose gels. Cell. 30, 215-24, 1982

195. Nakano, T., Imai, S., Koga, T., Dodd, C. M. and Scott, P. G. Monoclonal antibodies
to the large chondroitin sulphate proteoglycan from bovine temporomandibular 
joint disc. Matrix. 13, 243-54, 1993

196. Hayman, D. M., Blumberg, T. J., Scott, C. C. and Athanasiou, K. A. Articular
chondrocyte isolation methods alter gene expression. Tissue Eng. Submitted,
2006

197. Wong, M. E., Allen, K. D. and Athanasiou, K. A. Tissue engineering of the
temporomandibular joint. In: The Biomedical Engineering Handbook: Tissue 
Engineering Section. CRC Press, In Press, 2005

198. Mercuri, L. G. Considering total temporomandibular joint replacement. Cranio. 17,
44-8, 1999

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



263

199. Stegenga, B. Osteoarthritis of the temporomandibular joint organ and its
relationship to disc displacement. J Orofac Pain. 15, 193-205, 2001

200. Allen, K. D. and Athanasiou, K. A. Effect of passage and topography on gene
expression of TMJ disc cells. Tissue Eng. Submitted, 2006

201. Darling, E. M. and Athanasiou, K. A. Retaining zonal chondrocyte phenotype by
means of novel growth environments. Tissue engineering. 11(3-4), 395-403, 2005

202. Carlsson, G. E., Kopp, S., Lindstrom, J. and Lundqvist, S. Surgical treatment of
temporomandibular joint disorders. A review. Swed Dent J. 5, 41-54, 1981

203. Heffez, L. B., Jordan, S. L. and Crawford, G. L. Geometric considerations of disk
repositioning procedures. Cranio. 11, 102-6; discussion 107, 1993

204. Clark, G. T., Seligman, D. A., Solberg, W. K. and Pullinger, A. G. Guidelines for
the treatment of temporomandibular disorders. J Craniomandib Disord. 4, 80-8, 
1990

205. Feinberg, S. E. Use of local tissues for temporomandibular joint surgery disc
replacement. Atlas Oral Maxillofac Surg Clin North Am. 4, 51-74, 1996

206. Fontenot, M. G. and Kent, J. N. In vitro wear performance of Proplast TMJ disc
implants. J Oral Maxillofac Surg. 50, 133-9, 1992

207. Risbud, M. V. and Shapiro, I. M. Stem cells in craniofacial and dental tissue
engineering. Orthod Craniofac Res. 8, 54-9, 2005

208. Pangbom, C. A. and Athanasiou, K. A. Effects of growth factors on meniscal
fibrochondrocytes. Tissue Eng. 11,1141-8, 2005

209. Pangbom, C. A. and Athanasiou, K. A. Growth factors and fibrochondrocytes in
scaffolds. J Orthop Res. 23, 1184-90, 2005

210. Roark, E. F. and Greer, K. Transforming growth factor-beta and bone
morphogenetic protein-2 act by distinct mechanisms to promote chick limb 
cartilage differentiation in vitro. Dev Dyn. 200, 103-16, 1994

211. Bengtsson, M., Stahlberg, A., Rorsman, P. and Kubista, M. Gene expression
profiling in single cells from the pancreatic islets of Langerhans reveals 
lognormal distribution of mRNA levels. Genome Res. 15, 1388-92, 2005

212. Tare, R. S., Howard, D., Pound, J. C., Roach, H. I. and Oreffo, R. O. Tissue
engineering strategies for cartilage generation—micromass and three dimensional 
cultures using human chondrocytes and a continuous cell line. Biochem Biophys 
Res Commun. 333, 609-21, 2005

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2 6 4

213. Lubke, C., Ringe, J., Krenn, V., Femahl, G., Pelz, S., Kreusch-Brinker, R.,
Sittinger, M. and Paulitschke, M. Growth characterization of neo porcine cartilage 
pellets and their use in an interactive culture model. Osteoarthritis Cartilage. 13, 
478-87, 2005

214. Zhang, Z., McCaffery, J. M., Spencer, R. G. and Francomano, C. A. Hyaline
cartilage engineered by chondrocytes in pellet culture: histological, 
immunohistochemical and ultrastructural analysis in comparison with cartilage 
explants. J Anat. 205, 229-37, 2004

215. AufderHeide, A. C. and Athanasiou, K. A. A direct compression stimulator for
articular cartilage and meniscal explants. Ann Biomed Eng. Submitted,

216. Ragan, P. M., Badger, A. M., Cook, M., Chin, V. I., Gowen, M., Grodzinsky, A. J.
and Lark, M. W. Down-regulation of chondrocyte aggrecan and type-II collagen 
gene expression correlates with increases in static compression magnitude and 
duration. J Orthop Res. 17, 836-42, 1999

217. Sah, R. L., Kim, Y. J., Doong, J. Y., Grodzinsky, A. J., Plaas, A. H. and Sandy, J.
D. Biosynthetic response of cartilage explants to dynamic compression. J Orthop 
Res. 7, 619-36, 1989

218. Alhadlaq, A. and Mao, J. J. Tissue-engineered neogenesis of human-shaped
mandibular condyle from rat mesenchymal stem cells. J Dent Res. 82, 951-6,
2003

219. Woessner, J. F„ Jr. The determination of hydroxyproline in tissue and protein
samples containing small proportions o f this imino acid. Arch Biochem Biophys. 
93, 440-7, 1961

220. Sweigart, M. A. and Athanasiou, K. A. Tensile and compressive properties o f the
medial rabbit meniscus. Proc Inst Mech Eng [H]. 219, 337-47, 2005

221. Puzas, J. E., Landeau, J. M., Tallents, R., Albright, J., Schwarz, E. M. and
Landesberg, R. Degradative Pathways in Tissues of the Temporomandibular 
Joint, use of in vitro and in vivo models to characterize matrix metalloproteinase 
and cytokine activity. Cells Tissues Organs. 169, 248-56, 2001

222. Vacanti, C. A. and Vacanti, J. P. Bone and cartilage reconstruction with tissue
engineering approaches. Otolaryngol Clin North Am. 27, 263-76, 1994

223. Terada, S., Sato, M., Sevy, A. and Vacanti, J. P. Tissue engineering in the twenty-
first century. Yonsei Med J. 41, 685-91, 2000

224. Israel, H. A. Current concepts in the surgical management of temporomandibular
joint disorders. J Oral Maxillofac Surg. 52, 289-94,1994

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



265

225. Allen, K. D. and Athanasiou, K. A. Growth factor effects on passaged TMJ disc
cells in monolayer and pellet cultures. European journal of oral sciences. To be 
submitted, 2006

226. Lieb, E., Vogel, T., Milz, S., Dauner, M. and Schulz, M. B. Effects of transforming
growth factor betal on bonelike tissue formation in three-dimensional cell culture. 
II: Osteoblastic differentiation. Tissue Eng. 10, 1414-25, 2004

227. Zhang, Y., Cheng, X., Wang, J., Wang, Y., Shi, B., Huang, C., Yang, X. and Liu, T.
Novel chitosan/collagen scaffold containing transforming growth factor-betal 
DNA for periodontal tissue engineering. Biochem Biophys Res Commun. 2006

228. Cushing, M. C., Liao, J. T. and Anseth, K. S. Activation of valvular interstitial cells
is mediated by transforming growth factor-betal interactions with matrix 
molecules. Matrix Biol. 24, 428-37, 2005

229. Park, H., Temenoff, J. S., Holland, T. A., Tabata, Y. and Mikos, A. G. Delivery of
TGF-betal and chondrocytes via injectable, biodegradable hydrogels for cartilage 
tissue engineering applications. Biomaterials. 26, 7095-103, 2005

230. Kim, B. S., Yoo, S. P. and Park, H. W. Tissue engineering of cartilage with
chondrocytes cultured in a chemically-defined, serum-free medium. Biotechnol 
Lett. 26, 709-12, 2004

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


