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SIS-ECM SCAFFOLD REMODELS INTO A TMJ DISC ANALOGUE
Jesse Lowe, PhD

University of Pittsburgh, 2017

The temporomandibular joint (TMJ) disc is a fibrocartilaginous tissue located between the
condyle of the mandible and glenoid fossa and articular eminence of the temporal bone, forming
the TMJ. Damage or derangement of the TMJ disc can require surgical removal, but current
autograft replacements will generally resorb within a year, highlighting the need for long term
solutions. Extracellular matrix (ECM) scaffolds have shown potential as regenerative medicine
graft replacements. Toward this end, the work described in this thesis provides a systematic in
vivo approach for the use of small intestine submucosa (SIS) ECM in replacing the porcine disc.
Initial studies focused on the effect of growth on the biochemical and biomechanical properties
of the porcine TMJ disc and condylar cartilage by characterizing these properties in native pigs
at 3, 6, and 9 months. It was determined that growth had no significant effect on the properties
of the TMJ disc and condyle. Once baseline native properties were determined, SIS-ECM
scaffolds were implanted unilaterally in a porcine TMJ following disc removal and allowed to
remodel for 1, 3, and 6 months post implantation. The excised remodeled scaffolds and
associated condyles were then characterized and compared against age matched control TMJ
discs and condyles. It was determined that the remodeled scaffolds were able to recapitulate

native biochemical properties and achieve 50% of the native tensile properties within 3 months



post-implantation. The effect of implantation of the ECM scaffolds on the properties of the
condylar cartilage seemed to be the same as no implantation, but both healed. Finally, an in vitro
investigation into the effect of ECM and mechanical stimulation on macrophage modulation was
performed to provide insight on early ECM scaffold remodeling. It was determined that
mechanical stimulation (4 hours of 5% strain at 1 Hz) did not have a significant effect on MO
macrophage phenotype towards M1 or M2, while the combination of ECM and mechanical
stimulation caused macrophages to display a M2 phenotype. The success of these studies
suggest the efficacy of the SIS-ECM scaffold as a potential tissue engineered graft replacement

for the damaged TMJ disc.
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INTRODUCTION

The objective of this thesis is a) to characterize the effect of age on the biomechanical and
biochemical properties of the temporomandibular joint (TMJ) disc and mandibular condylar
cartilage, b) determine the efficacy of a small intestine submucosa extracellular matrix (SIS-
ECM) scaffold implanted into a porcine model for 1, 3, and 6 months, and c) investigate the role
of mechanical stimulation on early-stage remodeling of the ECM scaffold in vivo. The
characterization phase of this project determines the biochemical content of ECM constituents
and stress relaxation compressive properties in the TMJ disc and mandibular condylar cartilage
at various age points, as well as introduces a novel tensile protocol to reduce overall error
observed in tensile properties of the TMJ disc. In the second phase, the efficacy of SIS-ECM
scaffolds implanted in a porcine model will be assessed through comparison with the age-
matched native values obtained in the first phase. Lastly, the in vitro effect of mechanical
stimulation on macrophage phenotype when seeded in ECM will be investigated, to provide
insight into the theorized early remodeling process for ECM scaffolds in vivo. The central
hypothesis of this thesis is that with the knowledge of the effect of age on native TMJ tissues, and
with established protocols and assays, it will be determined that an SIS-ECM scaffold is a viable
TMJ disc analogue within 6 months of implantation in vivo due to constructive remodeling of

macrophages. The following specific aims were used to test this hypothesis:



1)

2)

3)

To characterize the effect of age on the TMJ disc and mandibular condylar cartilage.

This aim is accomplished by performing biochemical tests for ECM in the TMJ disc
and condylar cartilage, validating novel biomechanical testing protocols, and using
these protocols to determine the compressive and tensile properties of these tissues.
The hypothesis is that the biochemical content and biomechanical properties will
increase with age for both the disc and condylar cartilage. Total biochemical content
is determined for DNA, glycosaminoglycans (GAG) and collagen. The mechanical
properties determined are compressive stress relaxation peak stress and modulus; and
uniaxial ultimate tensile stress, modulus, and ultimate strain.

To determine the efficacy of SIS-ECM scaffolds as a TMJ disc analogue at 1, 3, and 6

months post implantation. This aim is accomplished by performing the biochemical

assays and biomechanical protocols established in Aim 1 on the remodeled ECM
scaffold explants following implantation in a porcine model, and comparing these
values to age-matched tissues to control for the effect of growth. The hypothesis is
that the biochemical content of the remodeled scaffold will be in the same range as
the native disc, and that mechanical properties of the remodeled scaffolds will
increase over time and reach at least 50% of the magnitude of the native TMJ disc by
6 months of remodeling. SIS-ECM scaffolds would be considered a success by the
parameters of this study if these benchmarks were achieved.

To investigate the effect of mechanical stimulation on macrophages seeded on ECM.

This aim is meant to elucidate the effect of mechanical stimulation and the presence
of ECM on early stage remodeling (Aim 2) of the SIS-ECM scaffolds by performing

a 2 day study comparing the phenotype of macrophages seeded on ECM and



mechanically loaded against that of statically cultured macrophages without ECM.
The hypothesis is that mechanical stimulation will increase gene expression of M2
phenotypic macrophages seeded in ECM scaffolds, when compared to static culture.
The macrophages are exposed to 5% strain at 1 Hz for 4 hours, and then allowed to
rest for 24 hours before proceeding.

The following chapters provide essential TMJ disc and mandibular condylar cartilage
background information and comprehensive descriptions of the experiments performed to fulfill
the above specific aims. Chapter 1 summarizes the recent advances in tissue engineering for the
TMJ disc, with a focus on in vitro testing to the lack of previous in vivo tissue engineered
approaches in this field. It also compares and contrasts the regenerative medicine therapies
investigated in the TMJ field with those in the knee meniscus and annulus fibrosus fields, both of
which are fibrocartilage tissues like the TMJ disc. The significance of this work is to draw a
parallel between the more widely studied knee meniscus and annulus fibrosus fields, and the
poorly understood TMJ disc.

Chapter 2 represents specific aim 1. This chapter focuses on determining the total DNA,
GAG, and collagen content, as well as the compressive and tensile stresses and moduli of the
TMJ disc and the condylar cartilage. It frames these properties as a function of growth, to
determine if these properties are significantly different as the pig ages, which would introduce a
confounding factor in comparing future tissue engineered devices to control groups of a single
age. These values are then related to known biomechanical and biochemical properties of the
porcine TMJ disc, to determine the validity of novel protocols developed and presented here.

Chapter 3 represents specific aim 2. The major objective of this aim is to characterize the

biochemical and biomechanical properties of SIS-ECM scaffolds that have been implanted in a



porcine model at 3 months of age, and then been allowed to remodel for 1, 3, and 6 months
before being explanted. Once the tissues have been characterized, they are compared against
age-matched native controls to determine the efficacy of the scaffolds to recapitulate native
tissue properties. The condyles of the pigs treated with ECM scaffolds are also characterized and
compared to native age-matched control condyles to determine the effect of the presence of these
scaffolds in the joint over time, and thus assess the whether the scaffolds protect the condyle
from damage.

Chapter 4 represents specific aim 3. The major objective of this aim is to determine if
mechanical stimulation, experienced as 5% strain at 1 Hz for 4 hours, combined with the
presence of ECM will cause MO macrophages to express genes of an M2 phenotype. These
treated macrophages will be compared against MO macrophages statically seeded with ECM,

mechanically loaded without ECM, and statically seeded with no ECM.



1.0 IN VITRO FIBROCARTILAGE TISSUE ENGINEERED THERAPIES

1.1 INTRODUCTION

Fibrocartilage is the type of cartilage found in temporomandibular joint (TMJ) discs, the annulus
fibrosus of intervertebral discs (IVD), and the meniscus of the knee. The clinical necessity of
investigating fibrocartilage is highlighted by the large numbers of individuals affected by
degeneration of these joints. It is estimated that 10 million Americans are affected by
temporomandibular joint disorders, as many as 5 million people are affected by lower back pain
attributed to IVD degeneration(Sherman et al., 2010), and 600,000 knee surgeries are performed
per year in the United States(Sweigart and Athanasiou, 2001).

Fibrocartilage differs from hyaline and articular cartilage in the ratio of type I collagen to
type Il collagen (Figure 1). While articular cartilage is predominately collagen type II,
fibrocartilage tissues as a group have higher collagen type | content, although the exact ratio can
vary by tissue. The TMJ disc, for example, is almost 100% collagen type I(Anderson and
Athanasiou, 2009), with trace amounts of collagen type Il located in the intermediate zone. The
knee meniscus has a heterogeneous distribution of collagen type | and type Il, with the lateral
head containing almost 100% collagen type I, while the medial head has a collagen I/11 ratio of
0.6 (Cheung, 1987). The IVD also has heterogeneous distribution of collagen, with the inner and

outer annulus fibrosus having collagen I/11 ratios of 0.68 and 0.84, respectively (Eyre and Muir,



1976). These phenotypic differences between the TMJ and both the knee menisci and IVD can

necessitate separate treatment modalities for the different tissues.

Col I/1I
Ratio
L L L L
T e T ]
S TV Knee ——
Ligaments Disc, IVD Meniscus Cait'la .
Lateral Medial rag
Head Head
Tissue
Source
Fig 1

Figure 1. Spectrum of cartilage based on collagen I/11 ratio. Fibrocartilage skews towards the higher
Col I/11 ratio, with the TMJ disc having a Col I/11 ratio of almost 1.0. The knee meniscus and IVD have a Col I/Il

ratio of 0.8. Hyaline and articular cartilage have a Col I/11 ratio of near 0.0.

While current treatments exist for these distinct fibrocartilages, they generally rely on

surgical methods that do not restore the original tissue. This is because the avascular nature of



these fibrocartilage tissues does not promote healing on its own. As a result, researchers are
turning to tissue engineered, cell based therapies as potential grafts for healing and remodeling.
The purpose of this review is to elucidate the progress of in vitro tissue engineering
initiatives to treat degenerated fibrocartilage. Only studies that provide biochemical or
biomechanical analyses of the tissue engineered therapies will be reviewed, so that the results
can be compared appropriately. The first part of this review will focus on tissue engineered
strategies for TMJ disc remodeling (Table 1). The second part will focus on advances in knee
meniscus (Table 2) and the annulus fibrosus of the IVD tissue engineering (Table 3), and
compare them to those of the TMJ disc. The implications of all sets of studies will then be

evaluated.

1.2 TEMPOROMANDIBULAR JOINT DISC

The TMJ disc is a fibrocartilage disc (Figure 2) that is positioned between the mandibular
condyle and glenoid fossa of the temporal bone. Compared to the knee meniscus and
intervertebral disc fields of fibrocartilage research, there are relatively few groups researching
the TMJ disc. This has led the field generally behind the other fibrocartilage disciplines with
technologies or the study of cell sources, such as stem cells. In the TMJ field, Dr. Athanasiou’s
group is at the forefront of tissue engineered solutions. The other major players in the field were
trained under Dr. Athanasiou, such as Dr. Almarza and Dr. Detamore. To tissue engineer the
TMJ disc in vitro, Drs. Athanasiou and Almarza have tested different scaffoldless single cells
sources(Almarza and Athanasiou, 2006b), scaffoldless co-cultures(Almarza and Athanasiou,

2006a), and scaffolds (Almarza and Athanasiou, 2005; Bean et al., 2006). The studies below



examine what has transpired in the literature in the last 10 years. For the purposes of this review,
we searched in January 2017 the terms (“temporomandibular joint” OR TMJ”), “fibrocartilage”,
and “in vitro” using the search engine PubMed, and limited the search to the last 10 years. From
this, we received 19 results, from which any reviews and papers that didn’t report
biochemical/biomechanical data were removed, leaving 9 publications (Tables 1 and 2). The
studies are presented chronologically, and the values reported are compared against native

properties of the human TMJ disc (Kalpakci et al., 2011b).

Posterior

o -

Figure 2. Rendering of the inferior face of the TMJ. Collagen is aligned anterior-posteriorly in the

intermediate zone, and radially around the outer ring of the disc.



Table 1. TMJ in vitro tissue engineered therapy studies, describing cell source, scaffold type, and species.
A blank space means no data was available in the study.
Author Year Cell Type Scaffold Species
TMJ disc cells and costal
Anderson & Athanasiou 2008 None Goat
chondrocytes

Johns & Athanasiou 2008 Costal chondrocytes None Goat

Mandibular condylar

Wang et al 2009 fibrochondrocytes and articular PGA Pig
chondrocytes
Anderson & Athanasiou 2009 Articular and costal chondrocytes None Goat

Co-cultured articular chondrocytes
Kalpacki et al 2011 None Cow
and meniscus

Hagandora et al 2012 Costal chondrocytes None Goat
Co-cultured articular chondrocytes
MacBarb et al 2013 None Cow
and meniscus
Co-cultured articular chondrocytes
MacBarb et al 2013 None Cow

and meniscus

Murphy et al 2015 Costal cartilage None Pig

Native Properties (Kalpakci et
2011 Human
al., 2011b)




Table 2. TMJ in vitro tissue engineered therapy studies, describing mechanical properties and biochemical

properties. A blank space means no data was available in the study.

Tensile Tensile
Compressive GAG Collagen DNA (million
Author Year uTsS Modulus
Modulus (kPa) (%/WW) (%/WW) cells)
(MPa) (MPa)
Anderson &
2008 190 1.1 2.3 10 5
Athanasiou
Johns &
2008 0.22 0.54 81 14 2.2
Athanasiou
160 ug 2.6 ug
Wang et al 2009 1.75
(total) (total)
Anderson &
2009 0.5 0.9 5 0.7 1.5
Athanasiou
Kalpacki et al 2011 800 1.9 11 11
Hagandora et al 2012 450 16 (%/DW) 7 (%/DW) 1
MacBarb et al 2013 2.3 3.4 7 2
MacBarb et al 2013 2.5 7 4
Murphy et al 2015 1243 2.3 6.2 7.5 4
Native
Properties(Kalpakci 2011 2085 12.8 37.2 0.6 24 .08%/WW

et al., 2011b)
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Anderson and Athanasiou in 2008 analyzed the effect of costal chondrocyte passage
number on fibrocartilage tissue engineering(Anderson and Athanasiou, 2008). In this study, 2
million goat TMJ disc or costal cartilage cells were allowed to self-assemble in a scaffoldless
approach. These constructs were then cultured in Dulbecco’s Modified Eagle Medium (DMEM)
with 1% Insulin transferring serum (ITS). The cells used in this study were derived from
different passage numbers from passage O to passage 5. After 6 weeks of culture, it was found
that there were no statistical differences in collagen production among costal chondrocyte
passages, but passage 5 costal chondrocytes produced significantly more GAG per wet weight
than chondrocytes at passages 0, 3, and 5. Mechanically, there were no differences between
costal chondrocyte passages in compressive or tensile properties. TMJ disc cell constructs
produced 5 times less collagen (5%/WW) than native, which was more than costal chondrocytes
at all passages. Also, TMJ disc cell constructs produced 10 times lower compressive (190 kPa
compressive modulus) than native, 11 times lower ultimate tensile strength (UTS) (0.5 MPa)
than native, and 16 times lower tensile modulus (2.28 MPa) than native (Table 2). All of these
values were significantly higher than the other groups. However, these constructs were
prohibitively smaller in size than costal chondrocyte constructs. This study is important because
it attempted to establish a standard passage number for in vitro experiments, to ensure continuity
among experiments and determine effects. This study suggested the efficacy of the costal
chondrocytes, while demonstrating that TMJ disc cells would not be an appropriate cell source,
even though these constructs produced greater biochemical components and withstood more
mechanical forces.

In an effort to determine how growth factors could impact tissue engineered constructs,

Johns and Athanasiou in 2008 investigated the effects of growth factors on cells for
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fibrocartilage tissue engineering(Johns and Athanasiou, 2008). In this study, 2 million goat
costal cartilage cells were allowed to self-assemble in a scaffoldless approach. These constructs
were cultured in DMEM with 1% ITS. The effect of transforming growth factor (TGF), insulin
growth factor (IGF), fibroblast growth factor (FGF), epidermal growth factor (EGF), and
platelet-derived growth factor (PDGF) were investigated individually on the cultured cells, along
with a non-growth factor control. After 6 weeks of culture, biochemically, the study found IGF
produced the best results, with GAG production being 50 times that of native (81%/WW) and
collagen production 2 times less than native (14%/WW). The best mechanical properties are
achieved by the non-growth factor control, with tensile strength 20 times less than native (0.22
MPa tensile UTS) and modulus 60 times less than native (0.54 MPa tensile modulus) (Table 2).
The paper supports that IGF has the best results based on total amount of biochemical
constituents. However, if the percentage of GAGs and collagen per wet weight is used, TGF
performs the best of the growth factors.  Also, the study uses growth factors at varying
concentrations (10 mM to 100 mM) depending on the growth factor, making it difficult to
compare the groups.

Wang et al from the Detamore lab in 2009 also investigated cell type for TMJ tissue
engineering applications(Wang et al., 2009). In this study, porcine hyaline cartilage and
mandibular condylar cartilage cells were seeded at 50 million cells/ml scaffold onto non-woven
PGA mesh. The scaffolds were cultured in DMEM with 10% FBS. Each cell type was also
exposed to D-glucosamine 6-sulfate and IGF, both individually and in combination. After 6
weeks of culture, the hyaline cartilage cells outperformed the mandibular condylar cartilage cells
in total GAG and collagen content. The IGF groups had the highest content of GAG (160 ug)

and hydroxyproline (2.6 pg). The authors of this paper did not provide the biochemical values as
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percentages of the wet weight though, so a comparison to native properties or other studies is not

possible.

Anderson and Athanasiou in 2009 examined the difference between using primary or
passaged chondrocytes when compared to costal chondrocytes as a cell source for fibrocartilage
tissue engineering(Anderson and Athanasiou, 2009). In this study, 2 million goat primary (P0)
and passaged (P3) articular or costal chondrocytes were allowed to self-assemble in agarose
wells. Cells were cultured in DMEM with 1% ITS. After culturing for 4 weeks, it was
determined that passaged costal chondrocytes performed the best when compared to all the
groups in biochemical assessments, producing 40 times the GAG concentration of native
(5%/WW) but 35 times less collagen than native (0.7%/WW). Like costal cells, chondrocytes
that were passaged also performed better than primary cells in mechanical properties. These
constructs, however, had 5 times less ultimate tensile stress (0.5 MPa) and 25 times less tensile
modulus (0.9 MPa) than native (Table 2). This is one of the first studies to show that costal cells
can produce fibrocartilage constructs more effectively than hyaline articular cartilage cells.

Kalpakei et al from the Athanasiou lab in 2011 studied the effect of TGF B1 and IGF-1
on fibrocartilage tissue engineering constructs(Kalpakci et al., 2011a). In this study, they used
scaffoldless co-cultures of bovine femoral chondrocytes and menisci fibrochondrocytes at
different ratios (100:0, 75:25, and 50:50 fibrochondrocytes to femoral chondrocytes). To create
the constructs, 5.5 million cells were placed into agarose wells. In DMEM, the effect of varying
concentrations of TGF- 1 and IGF-1, both individually and in combination, was tested. This
study also compared media types, with one set of conditions receiving 10% FBS, and one set

receiving no serum treatment. After 4 weeks of culture, the authors performed compressive,
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tensile, and biochemical assessments. It was determined that TGF- B1 alone without serum had
the largest effect on biochemical production and mechanical properties. These constructs had 20
times the GAG content as the native disc (11%/DW), and two times less collagen content
(11%/DW). Also, they were similar to native discs in compressive modulus (0.8 MPa), and were
an order of magnitude lower in tensile modulus (1.9 MPa) (Table 2). At the time, this
combination produced the highest compressive modulus from in vitro experimentation, as well
as the second most collagen from all the studies.

The most recent study to investigate a homogenous cell source in scaffoldless constructs
was Hagandora et al from the Almarza lab in 2012, who examined the effect of magnesium ions
on potential tissue engineered fibrocartilage constructs(Hagandora et al., 2012). In this study, 2
million goat costal chondrocytes were allowed to self-assemble in agarose wells. Cells were
cultured in DMEM/high glucose with 10% FBS. To the media, varying concentrations of MgCl,
and MgSO, were added and tested. After culturing for 4 weeks, it was determined that low
concentrations of magnesium were not different than control in biochemical or biomechanical
assays, and higher concentrations of magnesium were significantly lower. The constructs also
had a compressive modulus 4 times less than that of native (450 kPa) (Table 2). All groups
produced ten times less collagen than native (7%/DW) and 5 times more GAG content than
native (16%/DW). A major limitation to this study is the inclusion of media with serum. Since
magnesium is a part of signaling pathways, its contributing effect could be masked by the serum.
It would be interesting to see what effect magnesium has on cells without serum to determine if
magnesium has any effect.

MacBarb et al in 2013 attempted to engineer scaffoldless fibrocartilage constructs

resembling the TMJ disc using shape specific negative molds (MacBarb et al.,, 2013a).
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Specifically, they created 50:50 co-cultures of bovine meniscus and hyaline cartilage cells. 12
million cells were placed into agarose wells with a mold that imparted a biconcave shape and
were cultured for 5 weeks. During that time, groups were exposed to either biomechanical
(passive axial compression) and/or biochemical (Chondroitinase ABC + TGF-B1) stimulation.
After culturing, it was found that a combination of biochemical and biomechanical stimulation
had the greatest effect on mechanical and biochemical properties. The study was also able to
produce construct anisotropy, as there were significant differences between the middle zone and
periphery of the construct in mechanical testing. The tensile ultimate stress was 5 times less than
native (2.3 MPa), while the tensile modulus was an order of magnitude lower than native (3.4
MPa) and the compressive modulus was half of native (900 kPa). In terms of biochemistry, the
constructs contained 12 times less collagen content than native (2%/WW) and 12 times more
GAG content than native (7%/WW). The production of a shape-specific construct featuring
anisotropy in this study is a significant step forward in in vitro research, since it more closely
models what is found in vivo.

Following up on the previous study, MacBarb et al in 2013 studied the effect of
Chondroitanase ABC and TGF-B on fibrocartilage tissue engineering constructs(MacBarb et al.,
2013b). Specifically, they used co-cultures of bovine articular chondrocytes and meniscus cells
at ratios of 50:50 and 75:25 cultured in a scaffoldless technique. In this study 12 million cells
were placed into an agarose well and were allowed to self-assemble into a scaffoldless construct.
In DMEM with no serum, different combinations of Chondroitanase ABC and TGF- were
tested. After 5 weeks of culture it was found that the combination of Chondroitanase ABC and

TGF- B yielded constructs that were 5 times less than native in UTS (2.5 MPa) (Table 2). In
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terms of biochemical content, the constructs had five times the GAG content as the native disc

(7%/WW), but had 6 times less the collagen content (4%/WW).

Murphy et al. from the Athanasiou lab in 2015 created an ex-vivo defect model that was
filled with in vitro neocartilage and determined the effects of biochemical stimulation and
enzymatic treatment on neocartilage-TMJ fibrocartilage integration(Murphy et al., 2015).
Specifically, they cultured porcine costal cartilage at 750,000 cells/mL in a 48 well plate. After
4 weeks of culture, they implanted the resulting neocartilage into a 5 mm defect in a native TMJ
disc, and cultured again for 8 weeks. During this time, the constructs were given either no
treatment, biochemical treatment (C-ABC and TGF-B1), or biochemical and enzymatic treatment
(media supplemented with lysyl oxidase homologue 2, copper sulfate, and hydroxylysine). After
culturing, the authors performed biochemical, compressive, and tensile assessments. It was
found that a combination of biochemical stimulation and enzymatic treatment had the greatest
effect on mechanical and biochemical properties. The tensile stress (2.3 MPa) was 5 times less
than native, and the tensile modulus (6.2 MPa) was 6 times less than native. The compressive
modulus (1243 kPa) was half of the native value. For biochemistry, the GAG content
(7.5%/WW) was 12 times higher than native, and the collagen content (4%/WW) was 6 times
less than native.

Based on the in vitro studies that have been performed, the highest amounts of ECM
produced, GAGs and collagen, were obtained when TGF-B1 was used in the culture media. The
literature suggests that scaffoldless constructs outperformed seeded-scaffold constructs.
However, there has not been a recent direct comparison between the scaffoldless approach and

cutting-edge polymer scaffolds. While progress has been shown, current in vitro methods all
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produce biomechanical and biochemical properties lower than the native TMJ disc. The largest
difference for biomechanical properties comes in the tensile modulus, which is often an order of
magnitude lower than native. For biochemical production, studies often do not produce enough
collagen and produce too much GAGs content when compared to native TMJ tissues.

Since much of the in vitro literature has tried chemical and mechanical stimulation, as
well as scaffolds and scaffoldless constructs, it may be safe to assume that cell sources are the
limiting factor. Therefore, moving forward it may be appropriate to investigate the efficacy of
stem cells as a cell source for TMJ fibrocartilage tissue engineering. In the other fibrocartilage
tissue engineering fields, stem cells have already become the gold standard for achieving closer

tissue properties to native.

1.3 OTHER FIBROCARTILAGE: KNEE MENISCUS AND ANNULUS FIBROSUS

1.3.1 Knee Meniscus

The knee meniscus is formed by the medial and lateral fibrocartilage heads in the knee joint
(Figure 3). Due to the advanced nature of knee research in comparison to the TMJ field, we
decided to highlight stem cell in vitro research, since the field has generally moved beyond
native tissue cell sources for tissue engineering purposes. For the purposes of this review, we
searched the terms “Knee meniscus”, “fibrocartilage”, “in vitro”, and “stem cells” using the
search engine PubMed in January 2017. The search for papers in the knee meniscus area were

focused on the 5 most recent in vitro papers that contained biomechanical/biochemical results for

comparison (Tables 3 and 4). These papers will be presented chronologically, and compared
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against the human native properties of the knee meniscus presented by Sweigart and Athanasiou

(Sweigart and Athanasiou, 2001).
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Table 3. Knee mensicus in vitro tissue engineered therapy studies, describing cell source, scaffold type and

species A blank space means no data was available in the study.

Author Year Cell Source Scaffold Species
Pabbruwe et al 2010 Bone marrow stem cells Collagen Human
Meniscus cells and synovium-
Tan et al 2010 SIS Porcine
derived stem cells
Nerurkar et al 2011 Mesenchymal stem cells Nanofibrous PCL Bovine
Mesenchymal stem cells and
Cui et al 2012 None Human
meniscus cells
Bone marrow stem cells and
Mattheis et al 2013 None Human
meniscus cells
Bone marrow stem cells and
Chowdhury et al 2013 None Human
meniscus cells
Outer and inner meniscus
Croutze et al 2013 collagen Human
cells
Fisher et al 2015 Mesenchymcal stem cells Nanofibrous PCL Cow
Decellularized
Visser et al 2015 None Horse
tissue/hydrogel
Native Properties(Sweigart and Athanasiou, 2001) 2011 Human
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Table 4. Knee mensicus in vitro tissue engineered therapy studies, describing mechanical and biochemical

properties. A blank space means no data was available in the study.

Compressive Modulus Tensile UTS Tensile Modulus GAG Collagen
Author Year
(kPa) (MPa) (MPa) (ug/DNA) (ug/DNA)
Pabbruwe et al 2010 32
Tanetal 2010 50 75
Nerurkar et al 2011 22 40 15 (%/DW) 35 (%/DW)
Cui et al 2012 21 180
Mattheis et al 2013 21
Chowdhury et
2013 6.3
al
Croutze et al 2013 23
Fisher et al 2015 22 60 ug (total)
Visser et al 2015 66.2
Native
Properties
(Sweigart and 2011 662 20 24 2 (%/DW) 75 (%/DW)

Athanasiou,

2001)
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Posterior Medial head

Anterior

Lateral head

Figure 3. Rendering of the knee meniscus. The meniscus is composed of the medial and lateral heads.

The medial head has a collagen I/11 ratio of 0.6, while the lateral head has a collagen I/11 ratio of almost 1.0.

Matthies et al in 2013 examined the effect of co-culturing stem cells with native cells on
matrix formation for fibrocartilage tissue engineering(Matthies et al., 2013). In this study,
250,000 human bone marrow stem cells (BMSCs) and human meniscus cells were allowed to
self-assemble in co-cultures of various ratios. Cells were cultured in DMEM with 1% ITS and
TGF-B3. The scaffolds were also conditioned with either normal or lowered oxygen tension.
After 3 weeks of culture, it was determined that co-cultures of BMSCs and meniscus cells at a
ratio of 75:25 performed the best for matrix formation at lowered (3%) oxygen (20 pg GAG/ug
DNA) when compared with other co-cultures and pure BMSC and meniscus cultures, but the

units prevent comparison to native. While the use of co-cultures proposed in this paper appears
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promising, the use of meniscus cells indicate a future requirement of two surgeries to prepare the
meniscus, instead of only one.

Chowdhury et al in 2013 investigated the efficacy of chemical treatments on stem cells
and meniscus cells(Chowdhury et al., 2013). In this study, 250,000 human meniscus cells and
MSCs were allowed to self-assemble, both individually and in co-culture. Cells were cultured in
DMEM with 10 ng/mL TGF-B1. The authors also chemically treated some scaffolds from each
group with 500 pg/mL interleukin-1pB. After 17 days of culture, interleukin-1f had no effect on
overall synthesis of GAGs, with no significant differences being seen when comparing similar
pellets with or without chemical treatment. Co-culturing BMSCs and meniscus cells produced
similar results with BMSCs alone, producing 6.3 pg GAG/ug DNA. Both groups produced GAG
significantly more than meniscus cells individually. This paper further advanced the theory that
co-cultures of stem cells with meniscus cells provides a potential solution for fibrocartilage
tissue engineering.

Croutze et al. in 2013 investigated the effect of oxygen concentration on the biochemistry
of inner and outer human meniscus cells on a 3D collagen scaffold(Croutze et al., 2013). In this
study, the authors seeded human meniscus cells at 1 million cells/scaffold at passage 3 onto
collagen scaffolds. The scaffolds were allowed to culture for 3 weeks in 3% or 21% oxygen.
After 3 weeks, it was determined that the 21% oxygen group showed the highest GAG content
(23 pg/pg DNA). Also, the authors showed that scaffolds seeded with meniscus cells from the
outer meniscus produced higher GAG content (23 pug/ug DNA) than inner meniscus cells (18
Ho/ug DNA). The GAG content puts this study on the low end of the studies reviewed here, but
also highlights the importance of culture conditions and tissue harvest location on tissue

engineering efficacy.
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Fisher et al in 2015 investigated the functionality of single and multi-layered MSC-
seeded nanofibrous scaffolds(Fisher et al.,, 2015).  Specifically, they engineered PCL
nanoscaffolds via electrospinning, and organized the fibers in various angled orientations. Fibers
were either arranged in parallel with the direction of the meniscus (0°), perpendicular to the
meniscus (90°) or circumferentially. For multilayered scaffolds, combinations of these
directions were combined. The scaffolds were then seeded with bovine MSCs at a concentration
of 500,000 cells per side of a scaffold and allowed to culture for 6 weeks of culture. In terms of
tensile modulus, single layer scaffolds in the 0° direction achieved the highest value (22 MPa),
which was roughly the same as native. For collagen content, the multi-layered scaffolds with
three sheets in the 0° direction provided the highest collagen content (60 ug). Since the authors
only provide total content and no scaffold weights, this cannot be compared to native. This
experiment provided an interesting tunable scaffold for tissue engineering, since you can use the
directionality and number of nanofibrous layers to achieve higher or lower mechanical and
biochemical properties.

Visser et al in 2015, attempted to develop crosslinkable hydrogels for cartilage tissue
engineering from cartilage, knee meniscus, and tendon tissue(Visser et al., 2015). Specifically,
they harvested femoral condylar cartilage, knee meniscus, and the patellar tendon from horses,
and each tissue was decellularized and mixed with gelatin methacryloyl (GelMA) and
crosslinked to create hydrogels. It was determined that the cartilage hydrogel achieved the
highest compressive modulus (66.2 kPa), which is 10 times less than native. While this scaffold
initially displays lower compressive modulus, it would be expected that when seeded with cells,

the compressive properties would increase as infiltrating cells began depositing matrix. The
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authors seeded equine MSCs and chondrocytes on the scaffolds as well, but only reported
normalized biochemical results, making these results incomparable to the other studies presented
here.

From the papers reviewed, the lack of mechanical testing performed on the proposed
tissue engineered scaffolds makes it difficult to evaluate the efficacy of these therapies. Of the 9
papers, only 1 determined the ultimate compressive strength of the material, and only 3
determined the compressive modulus. A similar problem is observed in the lack of collagen
content reported. From the provided GAG data alone, however, it appears that the tissue
engineered therapy most suited to producing GAG is the SIS-ECM device seeded with meniscus
cells and synovium-derived stem cells, studied by Tan et al. In a broader view of the field, it
appears that the trend is moving towards more chemical stimulation of tissue engineered
scaffolds in lieu of mechanical stimulation. Moving forward, the opportunity is there to
investigate the interaction of chemical and mechanical stimulation on knee meniscus tissue
engineered therapies.

In comparison with the TMJ field, the (albeit limited) compressive properties achieved
by the knee meniscus field are an order of magnitude lower than those obtained in the TMJ field,
despite the fact that the knee meniscus field uses scaffolds for structure at a higher rate. This
suggests that the various chondrocytes and fibrochondrocytes used in TMJ tissue engineering are
better suited for producing structures with high compressive properties. The opposite is true for
the tensile properties reported, although the gap between the TMJ field and the knee meniscus
field is much smaller than in compression. For biochemistry, it is harder to compare the fields
due to the wide range of units reported, but it appears that in both fields collagen production is

substantially lower than native, while GAG production is elevated over native
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1.3.2 Annulus Fibrosus of the Intervertebral Disc

The intervertebral disc consists of two separate sections, the annulus fibrosus and the nucleus
pulposus (Figure 4). The annulus fibrosus forms an outer ring that surrounds the gel-like nucleus
pulposus. The annulus fibrosus is comprised of several laminae of fibrocartilage, and is the focus
for this review. Like the knee meniscus field, the research being performed in the knee meniscus
field is much more varied than the TMJ. However, similar to knee research, there were limited
studies that reported biomechanical or biochemical results. For the purposes of this review, we
searched the terms “intervertebral disc”, “annulus fibrosus”, “fibrocartilage”, “in vitro”, and
“tissue engineering” using the search engine PubMed in January 2017, and limited the results to
the last 5 in vitro papers that contained biomechanical/biochemical results for comparison
(Tables 5 and 6). These papers will be presented chronologically, and compared against native
human annulus fibrosus biochemical properties from Best et al, native compressive properties

from Freeman et al, and averaged tensile values from Issac et al and Stemper et al (Best et al.,

1994; Freeman et al., 2013; Isaacs et al., 2014; Stemper et al., 2014).
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Table 5. Intervertebral disc in vitro tissue engineered therapy studies, describing cell source, scaffold type,

and species. A blank space means no data was available in the study.

Author Year Cell Source Scaffold Species
Park et al 2012 Annulus Fibrosus Silk scaffolds Pig
Vadala et al 2012 Annulus Fibrosus PLLA scaffolds Cow

Feng et al 2013 Annulus Fibrosus Nanofibrous PLLA Human
Cho et al 2013 Annulus Fibrosus Pig
Turner et al 2013 Annulus Fibrosus Polycarbonate urethane Cow
luetal 2014 Annulus Fibrosus Polycarbonate urethane Cow
Wismer et al 2014 Annulus Fibrosus Polycaprolactone Cow
Guillaume et al 2014 Annulus Fibrosus Porous alginate Pig

Colombini et al 2015 Annulus Fibrosus Fibrin gels Human
Guillaume et al 2015 Annulus Fibrosus Alginate-collagen Pig

Native

Properties(Colombini et
al., 2015; Guillaume et Human
al., 2014; lu et al., 2014;

Wismer et al., 2014)
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Table 6. Intervertebral disc in vitro tissue engineered therapy studies, describing mechanical properties and

biochemical properties. A blank space means no data was available in the study.

Compressive Tensile Ultimate
Collagen DNA
Author Year Modulus Modulus Tensile GAG (%/DW)
(%/DW) (ng/scaffold)
(kPa) (MPa) Stress (MPa)
3 (ug/mL
Park et al 2012 0.6 0.4
scaffold)
2.5 (ug/ug 1.4 (ug/ug
Vadala et al 2012
DNA) DNA)
35 6
Feng et al 2013
(ug/scaffold) (ug/scaffold)
130 (% 90 (%
Choetal 2013 15 comparedto | compared to
mature) mature)
Turner et al 2013 8 7.5 (ug)
luetal 2014 25 6.5
41
Wismer et al 2014 55 7 62 pg 12.5 ug
(ug/scaffold)
60 (ug/ug
Guillaume et al 2014 7 2 (ug/ug DNA) 40 ng/mg
DNA)
Colombini et al 2015 0.03
1900
Guillaume et al 2015 6
ng/scaffold
Native Properties
(Colombini et al.,
2015; Guillaume et al., 230 35.5 3.2 6 54

2014; lu et al., 2014;

Wismer et al., 2014)
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Anterior

Posterior

Figure 4. Rendering of the annulus fibrosus. It contains several rings of radially aligned collagen, and has a

collagen I/l ratio of 0.8. The center area would contain the nucleus pulposus.

From the same research group as Turner et al, lu et al in 2014 investigated the use of
inner and outer annulus fibrosus cells on a polycarbonate urethane (POU) scaffold(lu et al.,
2014). Specifically, they seeded bovine inner or outer annulus fibrosus at a concentration of
21,000 cells/mm? onto PUO scaffolds and allowed for 2 weeks of culture. It was determined that
both groups produced tensile moduli of 25 MPa on par with native, and ultimate tensile stresses
of 6.5 MPa, which were 2 times native. While ultimately there proved to be no differences in
mechanical properties, this was the first study to investigate the idea of comparing annulus

fibrosus cell location.
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Wismer et al in 2014 explored the use of various scaffold structures and compositions to
determine the best option for annulus fibrosus tissue engineered repair(Wismer et al., 2014).
Specifically, they seeded cow annulus fibrosus cells at 79,000 cells’cm? onto PU or
polycaprolactone (PCL) scaffolds. These scaffolds were either processed as oriented or non-
oriented electrospun scaffolds. After 3 weeks of culture, it was determined that both unoriented
PU and PCL scaffolds produced the same DNA content (12.5 pg) and GAG content (62 pg),
higher than the other scaffolds. The oriented PCL scaffolds, however, produced the highest
collagen content (41 pg/scaffold), although this was not a significant difference. In
biomechanics, the oriented PU scaffold produced the tensile stress (7 MPa) that was 2 times
native, while the oriented PCL scaffolds produced the tensile modulus (55 MPa) that was 2 times
native. The fact that each scaffold was optimal for different properties allows researchers to tune
the scaffold of choice to the design criteria they feel is most important. Orientation of the
scaffold fibers appears to be most important for biomechanical properties, while a lack of
orientation appears to favor biochemical properties.

Guillaume et al in 2014 investigated the effects of chemical stimulation and oxygen
concentration on annulus fibrosus-seeded porous alginate scaffolds(Guillaume et al., 2014).
Specifically, they seeded 800,000 porcine annulus fibrosus cells/mL onto a cross-linked porous
alginate scaffold and allowed them to culture for 3 weeks. The scaffolds were cultured either
with or without TGF-B3 and in either 5% or 20% oxygen. It was determined that scaffolds that
were chemically treated with TGF- B3 and 20% oxygen produced the highest DNA (40 ng/mg).
The TGF- B3 treated groups in low oxygen conditions produced the highest GAG concentration
(60 pg/ng DNA), and collagen content (2 pg/ug DNA).  Oxygen had little effect on

biomechanical properties, as both low and high oxygen TGF-B3 groups produced a peak
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compressive stress of 1 kPa and compressive modulus 7 kPa. These values were compared to
native porcine AF tissue at the same testing conditions in the study, and they were 0.7 times
native for both values. This varies greatly from the native values listed in Table 3, indicating the
viscoelastic nature of this tissue based on the different strain rates used.

Colombini et al in 2015 performed an in vitro characterization of annulus fibrosus cells
in collagen-enriched fibrin gels(Colombini et al., 2015). Specifically, they seeded 600,000
human annulus fibrosus cells/scaffold onto either fibrin gels or collagen-enriched fibrin gels.
Gels were then cultured for 24 hours and assessed for biochemical content. It was determined
that the collagen-enriched fibrin scaffolds produced 3 pg GAG/mg tissue, which corresponds to
0.03%/DW, a value that is 60 times less than native. While this appears to be too low for tissue
engineered scaffolds, it should be noted that the in vitro result was a small part of a larger in vivo
study, and these collagen-enriched fibrin scaffolds actually produced more GAG than native
after in vivo implantation.

In another study by Guillaume et al, this time in 2015, they designed a scaffold construct
used to fix defects in the annulus fibrosus in vivo, as opposed to replacing the entire
tissue(Guillaume et al., 2015). 425,000 porcine annulus fibrosus cells were seeded onto either
alginate or alginate-collagen scaffolds. Each scaffold was treated with either TGF-B3 or
phosphate buffered saline (PBS). After 3 weeks of culture, it was determined that TGF-B3
loaded alginate-collagen scaffolds produced the highest DNA content, at 1900 ng/scaffold. The
authors also investigated cell migration in these scaffolds, and were able to demonstrate that the
TGF-B3 loaded alginate-collagen scaffolds promoted migration of annulus fibrosus cells

throughout the scaffold, compared to only migration along the periphery for TGF-B3 loaded
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alginate scaffolds. Moving forward, it would be interesting to see if cell-seeded scaffolds
outperform the noncellular scaffolds in biomechanical testing.

For in vitro research, the trend appears to be working towards more complex systems that
engineer scaffolds incorporating a gel like center and fibrocartilage based outer ring, like the
system described in See et al’s 2011 study(See et al., 2011). From the studies reviewed here,
there is a lack of investigation into the effects of mechanical stimulation. Since intervertebral
discs are load bearing joints, mechanical stimulation in vitro might elucidate how the scaffolds
would potentially perform in vivo.

It is also clear that the field is heavily focused on the use of electrospun scaffolds. This
tendency is understandable due to the layered, laminar nature of the annulus fibrosus in vivo.
Also, all 5 studies utilized annulus fibrosus cells as the cell source for their regenerative
approaches. It is surprising that there were not more stem cell studies performed, but perhaps
that is the future direction of the field. The lack of comparable units for biochemical results also
limits the ability to compare between studies.

In comparison with the TMJ field, the compressive properties achieved for tissue
engineered annulus fibrosus replacements were the lowest of any fibrocartilage field. A caveat
to this is that the compressive strength of the native annulus fibrosus is a full order of magnitude
less (230 kPa) than the native TMJ disc (2085 kPa), so the lower compressive properties would
be expected. Still, the intervertebral disc community could benefit from trying to incorporate
costal and articular chondrocytes as the TMJ field did.  In tension, the annulus fibrosus devices
reviewed here far outperformed the TMJ community, with values exceeding native and either
exceeding (tensile stress) or matching (tensile modulus) the TMJ field. Their improved

performance could be based on the use of annulus fibrosus cells, or using different scaffolds than
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the knee meniscus community did. It could be of interest to the TMJ community to attempt
studies using co-cultures of annulus fibrosus and fibrochondrocytes, or to try some of the
scaffolds used in these studies.

In biochemistry, the same difficulties exist in comparing annulus fibrosus regenerative
methods to TMJ as with the knee meniscus. The varied use of study-specific units prevents
comparison between fields and to native tissues. However, it appears that both fields produce
lower collagen concentration than native. In contrast to the TMJ studies, however, the annulus
fibrous field produces less GAG than native as well it seems. suited for producing structures with

high compressive properties.

1.3.3 Conclusion

The discussed tissue engineered therapies highlight the recent advances in the fibrocartilage
regenerative medicine field. In TMJ research, there have been several studies investigating both
mechanical and chemical stimulation, but the field needs to introduce stem cells as a potential
cell source. For both knee meniscus and IVD research, the fields could integrate more
mechanical stimulation to simulate the reaction of the tissue engineered scaffolds to a load
bearing environment.

Since the nature of in vitro studies are to experiment with new technologies and
determine their potential efficacy in vivo, it could be assumed that fields of research with more
in vivo studies are further along than those with less studies. Both knee meniscus and 1VD
produce more in vivo research. By replacing “in vitro” with “in vivo” in the search term for each
field, TMJ yielded only 2 studies, while the knee meniscus and IVD fields had 9 and 8,
respectively.
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The lack of biomechanical data from testing of tissue engineered scaffolds in the
meniscus and IVD field is concerning. While cell seeded scaffolds may perform well in
biochemical analysis, this does not correlate to how effective these tissues will be at resisting in
vivo biomechanical stresses. This highlights an important advantage that recent in vitro TMJ
research possesses, as almost every study reports biomechanical properties of their regenerative
technique. This presents a more complete view of the efficacy of the different methods
presented, and should be a feature of not only the TMJ field moving forward, but all

fibrocartilage in vitro research.
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2.0 PROPERTIES OF THE TEMPOROMANDIBULAR JOINT IN GROWING PIGS

2.1 INTRODUCTION

The temporomandibular joint (TMJ) is a bilateral joint formed by the articulation of the
mandibular condyle against the glenoid fossa and articular eminence of the temporal bone. A
fibrocartilaginous disc known as the TMJ disc is situated between the condyle and fossa in the
joint, and works to distribute the compressive and tensile forces in the joint during mandibular
movements.(Beek et al., 2000; Donzelli et al., 2004; Tanaka et al., 2004; Tanaka and van Eijden,
2003) It is currently estimated that 5-15% of the population seeks treatment for TMJ disorders,
70% of which are associated with displacement of the TMJ disc.(Farrar and McCarty, 1979;
Reston and Turkelson, 2003) The current surgical standard for an irreparable TMJ disc is to
perform a discectomy, usually without autograft replacement, due to previous failures of
autograft implantation.(Estabrooks et al., 1990; Henry and Wolford, 1993) The resulting
absence of an interpositional disc leads to bone on bone contact and remodeling of the
mandibular condyle. To prevent this outcome, tissue engineering has emerged as a potential
regenerative medicine technique to replace the TMJ disc.

Tissue engineering offers a potential solution to reconstruction of the TMJ disc and/or the
articulating surfaces of the TMJ through the development of cell-based and scaffold-based

strategies.(Brown et al., 2012a; Brown et al., 2011; Puelacher et al., 1994; Tarafder et al., 2016;
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Wou et al., 2014) Clinical translation will require preclinical animal studies across both acute and
long-term time points. The pig is generally accepted as an appropriate model for large animal
studies of the TMJ, but there is not a consensus on the appropriate age of the pigs for such
studies. Pigs are considered skeletally mature at 2 years of age, yet due to size considerations
and the limitations of laboratory equipment and facilities, most studies are conducted on pigs
between 3-9 months of age. Because of the extremely rapid growth rate (2-3 Ibs. /day), TMJ
changes may be a confounding factor in the evaluation of efficacy and success of tissue
engineered devices and therapies.

While there have been several studies looking into the biochemical and biomechanical
properties of the healthy native articulating tissues of the porcine TMJ, there has been no study
that examined and compared the effect of age on these properties under the same testing
parameters.(Almarza et al., 2006; Beatty et al., 2001; Chladek and Czerwik, 2008; Detamore and
Athanasiou, 2003; Detamore et al., 2005; Kalpakci et al., 2011b; Kang et al., 2000; Kim et al.,
2003; Koolstra et al., 2007; Kuboki et al., 1997; Lamela et al., 2013; Lumpkins and McFetridge,
2009; Matuska et al., 2016; Murphy et al., 2013; Ruggiero et al., 2015; Singh and Detamore,
2008, 2009; Snider et al., 2008; Tanaka et al., 2003; Tanaka et al., 2006; Willard et al., 2012) To
this end, the objective of the present study is to determine the effect of growth on the
biochemical and biomechanical properties of porcine TMJ discs and condylar mandibular

cartilage at 3, 6, and 9 months of age.
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2.2 MATERIALS AND METHODS

2.2.1 Sample procurement

Ten female Yorkshire pig heads at 3, 6, and 9 months of age each were procured from a
local abattoir immediately following sacrifice. Within 24 hours of collection, both TMJ discs and
mandibular condyles were excised, wrapped in gauze, and soaked in 0.1 M phosphate buffered
saline (PBS). All discs and condyles were assessed morphologically and no signs of

degeneration were observed. Samples were stored at -20 °C until testing.

2.2.2 Histology

Discs (n = 2 per group) were embedded in the optimal cutting temperature compound (tissue-
Tek) for 45 minutes, and then frozen to -80°C. The samples were cryotomed to 10 um and fixed
in cold acetone for 30 minutes. Samples were then stained with hematoxylin and eosin to

visualize cellular distribution and content.

2.2.3 Biochemistry

Samples (n = 10 per group) were collected from the intermediate zone of the TMJ disc and the
mandibular condylar cartilage using 4 mm biopsy punches (Figure 5). Samples were then
digested in 0.1 M Papain at 65 °C overnight. All assays were performed using this digest. The
DNA content was measured using a PicoGreen dsDNA quantification kit (Molecular Probes,

Inc.). The total hydroxyproline content was assessed using a modified protocol that hydrolyzes
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the hydroxyproline group with NaOH, followed by reaction with chloramine T and
dimethylaminobenzaldehyde. This allows for a colorimetric output that can be compared against
hydroxyproline standards. The total amount of glycosaminoglycans (GAG) was measured using

a 1,9-dimethylmethylene blue colorimetric assay, using chondroitin-4-sulfate as a standard.

2.2.4 Compression Testing

Unconfined compression testing and analysis were performed as described previously (n = 10
per group).(Hagandora et al., 2011) Compressive samples of discs and condyles were obtained
using 4 mm biopsy punches and allowed to equilibrate in 0.1 M PBS for 1 hour. The sample
diameter was measured using calipers. An MTS Insight® was used for testing. Samples were
loaded onto a compression platen using a thin film of cyanoacrylate and preloaded to 0.02N
before the platen was removed. The water bath was then filled with PBS at 37 °C and
maintained with a thermocouple throughout testing.  The upper platen was lowered to within
0.1 mm of the cross head position determined previously, and a preload of 0.05 N was applied
for 30 min to determine the specimen height. The samples then were subjected to 10 cycles of
preconditioning at 9% strain/min to 10% strain. Following preconditioning, the samples
underwent 3 stress relaxation strain steps between 10-30% strain at 10% intervals, with 30
minutes of relaxation time between each step.

The peak stress for each strain step was determined using the force obtained and the cross
sectional area of the sample. The modulus was determined as the slope of the last 20% of each

stress strain curve.
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2.2.5 Tensile Testing

Prior to testing, discs were thawed and cut into a dumbbell shape using 8 mm biopsy punches in
the intermediate zone of the disc, as shown in Figure 5. The resulting samples were sectioned in
a cryotome to approximately 300 um. This was accomplished by freezing superior surface of the
disc to a cryotome platen using optical cutting temperature (OCT) compound, such that the
inferior surface of the disc was visible. The cryostat blade cut parallel to the disc surface.
Tensile sections were collected in order of their inferior-superior position. This method allowed
for multiple sections (n = 3-6 per disc), enabling within disc variance analysis of tensile
properties. Following procurement, samples were allowed to equilibrate for one hour at room

temperature in 0.1 M PBS.
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Figure 5. Representation of tensile testing sample preparation. A) Graphical representation of
protocol. 8 mm biopsy punches are used to create a dogbone shape in the intermediate zone of the TMJ
disc. A razor blade is then used to finish the dogbone shape (red lines). B) TMJ disc after use of biopsy

punches. C) Final dogbone shape placed into cryotome for sectioning.
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Samples were gripped between 400 grit sandpaper, and placed in pneumatic clamps at 45
PSI, and loaded onto an Instron mechanical testing apparatus (Instron 5566). The grip to grip
length was measured using a ruler and varied between 8 mm to 16 mm in the anterior-posterior
direction. Specimen thickness was measured using a micrometer (an average of 0.3 £ 0.1 mm),
and width was determined using calipers (an average of 2.0 £ 0.3 mm). Samples were preloaded
to 0.2 N and the load cell was reset to zero. Twenty cycles of preconditioning were applied at a
strain rate of 10 mm/min to 5% strain. For preconditioning, upper bound of 1.1 N and lower
bound of 0.45 N for the intensity of the first cycle was applied before continuing on with testing;
a range determined from preliminary testing which showed that measured values for stress and
strain were outliers (two standard deviation from the mean) if the load did not fall within these
bounds. If less than three samples per disc failed to meet this criteria, that disc was not included
in analysis. The samples were then pulled to failure at 10 mm/min. The sample data was
analyzed for peak stress (maximum stress seen before break), tensile modulus (slope of the

stress-strain curve from 4-8% strain), and clamp to clamp strain.

2.2.6 Statistics

A one-way ANOVA was used to determine differences within age groups per disc or condyle for
biochemical and biomechanical values, with p < 0.05 defined as statistically significant. Tukey’s
post hoc testing was used to examine any differences between groups. When comparing discs to
condyles, a student’s t-test was used with significance at p < 0.05. All statistical analysis was

performed using SPSS. All data are reported as average + standard deviation.
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23 RESULTS

2.3.1 Histology

Histological stains of the TMJ discs at 3, 6, and 9 months in the transverse and sagittal plane can
be seen in Figure 6. A general decrease in overall cellularity can be seen in the TMJ disc as age
increases. There also appears to be minor amounts of adipose tissue incorporated into the 3
month disc, which is not observed in later age groups. Collagen fiber organization becomes

more aligned in the anterior posterior direction as age increases.

3 Months 6 Months 9 Months

Transverse

Sagittal

Figure 6. Hematoxylin and Eosin staining of TMJ discs at 3, 6, and 9 months. Row 1: Samples sectioned in
the transverse plane. Row 2: Samples sectioned in the sagittal plane. All images were taken from the intermediate

zone. Scale bar is 100 um.
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2.3.2 Biochemistry

The DNA content of the discs and condyles are shown in Figure 7. There were no significant
differences (p < 0.05) in DNA content/dry weight (DW) between TMJ discs at 3, 6, and 9
months of age. There were also no significant differences (p < 0.05) in DNA content/DW
between condyles at 3, 6, and 9 months of age.

The hydroxyproline content of the discs and condyles are shown in Figure 8. There were
no significant differences (p < 0.05) in hydroxyproline content/DW between TMJ discs at 3, 6,
and 9 months of age. There were also no significant differences (p < 0.05) in hydroxyproline
content/DW between condyles at 3, 6, and 9 months of age.

The GAG content of the discs and condyles are shown in Figure 9. There were no
significant differences (p < 0.05) in GAG content/DW between TMJ discs at 3, 6, and 9 months
of age. There were also no significant differences (p < 0.05) in GAG content between condyles

at 3, 6, and 9 months of age.
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Figure 7. DNA content for TMJ discs (n = 10 per group) and mandibular condyles (n = 10 per group). All

error bars represent standard deviation.
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Figure 8. Hydroxyproline content for TMJ discs (n = 10 per group) and mandibular condyles (n = 10 per

group). All error bars represent standard deviation.
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Figure 9. GAG content for TMJ discs (h = 10 per group) and mandibular condyles (n = 10 per group). All

error bars represent standard deviation.
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2.3.3 Compression Testing

The compressive stresses of the discs and condyles at each strain step are shown in Table 7.
There were no significant differences (p < 0.05) in compressive stress at 30% strain between
TMJ discs at 3, 6, and 9 months of age. There were no significant differences (p < 0.05) in
compressive stress between condyles at 3, 6, and 9 months of age. The same trend was observed
in the 10% and 20% strain steps (Table 7).

The compressive moduli of the discs and condyles at each strain step are shown in Table
7. There were no significant differences (p < 0.05) in compressive modulus at 30% strain
between TMJ discs at 3, 6, and 9 months of age. There were no significant differences (p < 0.05)
in compressive modulus between condyles at 3, 6, and 9 months of age. The same trend was

observed in the 10% and 20% strain steps (Table 7).
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Table 7. Compressive peak stress and modulus results at each strain step for TMJ discs and
condyles at each time point (n = 10 per group). All errors represent standard deviation.

Strain Step  Tissue Age Peak Stress (kPa) Compressive Modulus (kPa)

10% Disc 3 Month 13+11 251 + 205
6 Month 714 126 £ 75
9 Month 6+5 127 + 94
Condyle 3 Month 61 104 + 23
6 Month 814 135+ 83
9 Month 8+6 126 £ 116
20% Disc 3 Month 61 +35 756 * 366
6 Month 44 + 24 656 * 323
9 Month 44 + 35 640 + 470
Condyle 3 Month 236 263 £ 91
6 Month 27+ 15 287 + 147
9 Month 27+ 19 288 + 197
30% Disc 3 Month 138 £ 56 1476 + 487
6 Month 124 +55 1568 + 588
9 Month 112+ 70 1383 + 689
Condyle 3 Month 51 +16 516 + 146
6 Month 61+ 30 580 + 240
9 Month 58 + 38 607 + 380
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2.3.4 Tensile Testing

To obtain the results for tensile testing, an average stress and modulus was obtained for each
individual TMJ disc, consisting of the separate samples obtained for each individual disc. These
averaged values for each disc were then aggregated together for each time point, and the average
stress and modulus values presented here are the averages of these aggregates. The tensile stress
of the discs are shown in Figure 10. There were no significant differences (p < 0.05) in tensile
stress between TMJ discs at 3, 6, and 9 months of age. There were also no significant
differences (p < 0.05) in tensile modulus (shown in Figure 11) between discs at 3, 6, and 9

months of age.
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Figure 10. Tensile stress results for TMJ discs (n = 7 per group). All error bars represent standard

deviation. There were no significant differences detected.
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Figure 11. Tensile modulus results for TMJ discs (n = 7 per group). All error bars represent

standard deviation. There were no significant differences detected.

24  DISCUSSION

The results of this study show that there are no effects of growth on the biochemical or
mechanical properties of the porcine TMJ disc or mandibular condylar cartilage. The DNA
content of the TMJ discs (0.004%/DW) measured was lower than previously reported
(0.14%/DW), while the GAG content (1.5%/DW average) and collagen content (72%/DW
average) was in range with previously reported values (0.880%, 68.2% respectively). (Almarza

et al., 2006; Willard et al., 2012) The lack of differences in the biochemical content from
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different ages correspond to lack of differences in the mechanical properties. Since the
extracellular matrix (ECM) remains largely unchanged across time points, it would be expected
that the mechanical properties would be similar. The results of mechanical testing also suggest
that the collagen deposited by fibrochondrocytes upon formation of the disc are already aligned
into a densely packed collagen network by 3 months.

The literature is bereft of studies on the properties of the mandibular condylar cartilage.
To our knowledge, this is the first study on the porcine condylar cartilage matrix constituents.
Several studies have been performed on the mechanical properties of the mandibular condylar
cartilage, but they have either not been stress relaxation studies, or have utilized different strain
rates, which does not allow for direct comparisons. (Kuboki et al., 1997; Singh and Detamore,
2008, 2009; Tanaka et al., 2006).

For compression of the TMJ disc, a peak stress at a similar stress relaxation strain rate
has not been reported, but a compressive modulus of 2079 + 581 MPa has been reported at 30%
strain, which is in range with the presented values. (Kalpakci et al., 2011b) The tensile peak
stress of 5 MPa was in the range of what has been reported for the porcine TMJ disc at 10
mm/min strain rate (5.98 MPa, 4.3 MPa).(Detamore and Athanasiou, 2003; Kalpakci et al.,
2011b) The tensile moduli determined here, 35 MPa, was also in range of previously stated
values (28.6 MPa, 23.0 MPa).

The utilization of multiple tensile samples per individual disc allowed for average values
per disc to be determined, which led to a reduction of overall error observed during testing. For
example, if all the samples are used for tensile modulus values, the standard deviation for all
samples at 3, 6, and 9 months would be 13.9 MPa, 17.8 MPa, and 17.5 MPa, respectively.

However, since samples were averaged first by disc, the standard deviation for tensile modulus
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were lower at 3, 6, and 9 months, with values of 9.1 MPa, 12.9 MPa, and 11.0 MPa respectively.
The intra-specimen variability in the superior-inferior direction is likely due to the collagen
fibers having heterogeneous orientation in the sagittal plane.(Fazaeli et al., 2016) Also, the
TMJ’s collagen fiber diameter has not been investigated in the intermediate zone in the anterior-
posterior direction. This heterogeneity would result in highly variable stress and strain results.
The results obtained in this study confirmed this hypothesis, as there was no discernable pattern
between the level of stress and modulus observed in that sample’s position along the
inferior/superior plane at the intermediate zone.

In conclusion, the lack of differences between the 3, 6, and 9 month results for both the
porcine TMJ disc and mandibular condylar cartilage indicate that for tissue engineering studies
involving multiple time points in skeletally immature porcine models, no age matched controls
are necessary from a mechanical and biochemical standpoint. However, it should be noted that
changes in the skeletal anatomy due to rapid growth may necessitate the use of animals within a
specific age range for surgical studies. The potential for the novel proposed tensile method, the
reduction of the variability in tensile modulus, suggest that this method should be used for future

biomechanical characterization with TMJ discs.
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3.0 REMODELED ECM SCAFFOLD FUNCTIONS AS A TMJ DISC ANALOGUE

3.1 INTRODUCTION

Currently, the surgical standard to treat a patient suffering from severe TMD is to perform a
discectomy, resulting in direct bone on bone contact. This is due in part to the failures of
implantation of autogenous tissues, such as dermis, temporalis muscle and abdominal adipose
tissue(Dimitroulis, 2011; Meyer, 1988; Pogrel and Kaban, 1990). Also, there are no current
alloplastic autografts that serve as a potential clinical disc replacement(Estabrooks et al., 1990;
Henry and Wolford, 1993).  Previous attempts to develop alloplastic materials for implantation
have led to increased joint pathology, among other complications(Alonso et al., 2009; Dolwick
and Aufdemorte, 1985; Ferreira et al., 2008; Fricton et al., 2002). The outcome of discectomy
without graft replacement is bone on bone contact between the mandibular condyle and glenoid
fossa of the temporal bone, resulting in remodeling of the joint surfaces. As mentioned in the
introduction of chapter 2, tissue engineering has emerged as a potential regenerative medicine
technique to replace the TMJ disc to offset these negative outcomes.

One specific material used heavily in tissue engineering is extracellular matrix (ECM),
which consists of the secreted proteins, collagens, mucins, elastic fibers, glycosaminoglycans,

growth factors, and other molecules that provide structural and signaling functions to a tissue,
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and are affected by degradation and synthesis by cells (Hynes and Naba, 2012). ECM has been
gaining popularity as an inductive template for tissue engineering due to its ability to prevent
shift the healing response from scar tissue to constructive remodeling. The success of this
substrate for tissue engineering is attributed to the degradation products of ECM. Specifically,
degradation of the ECM by MMPs and metalloproteinases result in the exposure of new
recognition sites with potent bioactivity (Davis, 2010; Davis et al., 2000; Maquart et al., 2005).
These sites have been shown to influence cell behavior, and can result in a diverse array of
bioprocesses, such as angiogenesis and adhesion, among others (Davis, 2010; Davis et al., 2000;
Magquart et al., 2005; Ramchandran et al., 1999; Vlodavsky et al., 2002).

ECM based substrates have been used in a wide range of applications due to their ability
to promote the process of “constructive remodeling”, or the formation of site appropriate,
functional tissue(Badylak, 2004). This is expected because the ECM scaffold provides a highly
conserved and naturally occurring substrate for tissue reconstruction, cell growth, and viability.
There are several aspects about the ECM that allow it to serve as an inductive scaffold, including
the mechanical structure of the tissue and its ability to transmit forces and mechanical cues,
ECM’s modulation of the host response due to the ECM composition, dynamic reciprocity,
bioactive degradation products, and an instructive niche for stem cells.

The ECM provides 3-dimensional structural support to the cells, and serves to transmit
mechanical forces and as a substrate for cell migration. These properties are attributed to the
physical properties of the ECM, which include the rigidity, insolubility, porosity, and topography
of the various layers of each ECM tissue(Daley et al., 2008; Lu et al., 2011). The properties of
the tissue are highly dependent on the individual layer of the ECM, as each tissue compartment

serves a particular purpose within the function of the organ, and the transition between each type
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of tissue is accompanied by differences in ECM structure and composition. The myriad physical
properties and intricate topography highlight the difficulties in trying to tissue engineer a
synthetic ECM replacement, although researchers are still attempting this approach through
methods such as electrospinning(Barnes et al., 2007; Kumbar et al., 2008).

The composition is another distinct ECM property to consider. The exact composition of
the ECM varies greatly from tissue to tissue, but is composed of collagens, glycoproteins,
proteoglycans, mucins elastic fibers, and growth factors. The composition of any specific ECM
is highly dependent on the function of that tissue. For example, cartilage ECM is high in
collagen and glycosaminoglycans, components specifically designed to provide resistance and
recovery to mechanical forces and to allow for high water content. As a result, ECM that is
harvested for tissue engineered scaffolds can be selected for compositional functionality in their
eventual intended application.

The ECM is also known to have pleiotropic effects upon tissue resident cells, including
cell adhesion, proliferation, migration, differentiation, and death(Hynes, 2009; Lu et al., 2011).
This is because the ECM is constantly exerting these effects upon cellular behavior and
phenotype, and the cells in return remodel the ECM in a process called dynamic reciprocity
(Bissell et al., 1982; Boudreau et al., 1995; Ingber, 1991). This dynamic homeostasis is a result
of highly regulated cell signaling and patterning processes, and rely heavily upon the expression
of matrix metalloproteinases (MMPs), tissue inhibitors if MMPs, fibronectin, laminin, and
collagen. The dynamic reciprocity of ECM is a unique feature that has not been reproduced
among other tissue engineered biomaterials, as synthetic materials can only be tuned to degrade

at specific rates and under specific conditions.
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The dynamically reciprocal nature of the ECM requires that the ECM have bioactive
biodegradable products. As a result, every component in the ECM is able to degrade and is
subject to modification. The main components responsible for degradation of the ECM are the
MMPs and metalloproteinases with thrombospondin motif families (ADAMTS)(Cawston and
Young, 2010). Degradation from these proteinases can result in the exposure of new recognition
sites with potent bioactivity along the surface of the ECM. These byproducts include cryptic
sites, which can influence cell behavior, leading to a diverse array of bioprocesses including
angiogenesis, antiangiogenesis, chemotaxis, adhesion, and antimicrobial effects (Davis, 2010;
Davis et al., 2000; Maquart et al., 2005; Ramchandran et al., 1999; Vlodavsky et al., 2002). One
of the most common cryptic site peptides is the Arg-Gly-Asp peptide present within fibronectin,
collagen, vitronectin and osteopontin, which is used for cell adhesion and synthetic
substrates(Davis, 1992; Davis et al., 2000; Hern and Hubbell, 1998; Hirano et al., 1993; Hsiong
et al., 2008; Krammer et al., 1999; LeBaron and Athanasiou, 2000; Seiffert and Smith, 1997;
Smith et al., 1996; Ugarova et al., 1995; Vidal et al., 2013).

ECM also serves as an instructive niche for stem cells. The ECM cell niche contributes
to the establishment and maintenance of stem cell differentiation through soluble factors and
ECM macromolecules(Brizzi et al., 2012; Kazanis and ffrench-Constant, 2011; Reilly and
Engler, 2010; Votteler et al., 2010). Within ECM, the degradation and remodeling in the stem
cell niche is thought to mediate cell activation and release. The composition, topography, and
biomechanics of the ECM regulate stem cell migration and differentiation following stem cell
release (Engler et al., 2006; Reilly and Engler, 2010).

The different roles of ECM described above combine to make it highly desirable as an

inductive scaffold for tissue engineering. However, for it to not induce an inflammatory host
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response, the tissue must be decellularized prior to implantation, while maintaining the
ultrastructure and ligand landscape. This process includes physical, ionic, chemical, and
enzymatic methods of decellularization, with each method being tuned to the thickness, density,
and intended clinical application of the matrix material (Crapo et al., 2011; Gilbert, 2012; Gilbert
et al., 2006). When the tissues are not decellularized properly, either through excessive cellular
content or significant disruption of the architecture, they induce a pro inflammatory response
which adversely affects tissue remodeling. Also, if the decellularization process leads to
chemical cross linking of the tissue, it can disrupt the ligand landscape, and prevent the
degradation of the ECM in vivo.

ECM supports this constructive remodeling through three major mechanisms, although
the exact interactions between these mechanisms are not understood. The three mechanisms are
through mechanical forces, the modulation of host responses, and through ECM scaffold
degradation. Each of these mechanisms are important to induce an acellular scaffold that is
populated by host cells to undergo a remodeling response that deposits site appropriate tissue
instead of a pro-inflammatory response. In the absence of any of the following mechanisms, the
constructive remodeling desired is not observed and the scaffold produces an unfavorable
response.

The use of site appropriate mechanical loading as a mechanism for remodeling ECM into
site appropriate tissue has been studied extensively. It has been shown that the absence of
mechanical loading can lead to degradation of the ECM scaffold material, dense scar tissue
deposition, and an absence of constructive remodeling, even in a case of delayed return to
normal mechanical loading (Hodde et al., 1997). It has also been shown that both static and

cyclic stretching of cell-seeded ECM in vitro has led to increased collagen deposition, alignment,
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and improved mechanical properties(Almarza et al., 2008; Androjna et al., 2007; Gilbert et al.,
2007c; Nguyen et al., 2009; Wallis et al., 2008). These effects can potentially attribute to the
exposure of cryptic sites leading to remodeling during mechanical stimulation.

The second mechanism is the modulation of the host response, due to their unique surface
topologies and ligand landscapes. In general, the host will elicit neutrophil migration to the
implantation site in the first two days. This is followed by a prominent macrophage response
within 3 days of implantation. These macrophages generally switch from a predominately M1
macrophage response to M2 macrophages by 7-14 days post implantation (Badylak et al., 2008;
Brown et al., 2012c; Brown et al., 2009). ECM scaffolds have also shown the ability to evoke a
Th2 immune response, generally associated with transplant acceptance (Badylak et al., 2008;
Brown et al., 2012b; Brown et al., 2009). It has been shown that crosslinked materials that
inhibit macrophage modulation to M2 result in downstream scar tissue formation, suggesting that
interactions between host cells and non-crosslinked intact ligands on the surface of the material
are necessary for successful remodeling (Badylak et al., 2008; Brown et al., 2012b).

The third mechanism is through ECM scaffold degradation, which as described earlier,
leads to the exposure of new recognition sites. It has been shown that carbon-labeled ECM
scaffolds were 60% degrade within 30 days post-implantation in the canine Achilles tendon
repair (Gilbert et al., 2007a; Gilbert et al., 2007b). The rapid degradation observed can lead to
the exposure of these sites, increasing the bioactivity of the implantation. As with the ECM’s
ability to modulate the host response, cross linked scaffolds produce negative inflammatory
outcomes due to their inability to degrade and reveal cryptic sites and bioactive byproducts.

ECM has shown to constructively remodel into site-appropriate tissue in many sites,

including esophagus, skeletal muscle, heart, brain, bone, and connective tissue among
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others(Badylak et al., 2011; Medberry et al., 2013; Sawkins et al., 2013; Seif-Naraghi et al.,
2013; Sicari et al., 2014b; Zantop et al., 2006). More applicable to the TMJ, ECM has already
shown promise in two canine studies, remodeling into a site-appropriate tissue that resembles the
native TMJ disc 6 months after bilateral implantation(Brown et al., 2012a; Brown et al., 2011).
For the proposed study, we will investigate the use of small intestine submucosa (SIS)-
ECM as a graft replacement for the TMJ disc in a porcine model. We have moved from the
canine model validated previously to a porcine model due to similarities between porcine TMJ
anatomy and function to those of human. These similarities include the size of the articular
structures, shape of the disc, and the omnivorous diet(Berg, 1973; Bermejo et al., 1993).
Following unilateral implantation of the SIS-ECM scaffolds in a porcine model, we will
characterize the resulting ex-vivo remodeled scaffolds at 1, 3, and 6 months post-surgery, and

compare against native age-matched controls using protocols established in chapter 2.

3.2 MATERIALS AND METHODS

3.2.1 Specimen Procurement

For control groups, female pigs (n=10 per age group) were obtained from a local abattoir at 3, 6,
and 9 months of age. Once obtained, TMJ discs and mandibular condyles from both sides of the
head were immediately excised. All discs and condyles were assessed morphologically for signs
of degeneration, and none were observed. All specimens were wrapped in gauze, soaked in 0.1

M PBS, and frozen at -20 °C.
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3.2.2 Scaffold Production

Small intestines were obtained from a canine model and washed. The intestinal contents were
squeezed from the jejunum down into the Peyer’s Patch region, and the intesting was cut just
before the Peyer’s patch. The intestine was rinsed, and split open using a razor blade and
forceps. The intestine was then placed with the luminal side up, and the luminal layer was
scraped with an acrylic scraper. The intestine was then flipped and the abluminal side was
scraped to remove externam luscle and the underyling mucosal layers. The resulting SIS layer
was rinsed and cut into approximately 12-inch lengths.

The tissue was then decellularized as described previously(Brown et al., 2011). Briefly,
the tissue was treated in a 0.1% peracetic acid/4% ethanol solution for 2 hours. This was used to
decelluarize and disinfect the tissue. The tissue was then washed in PBS and water repeatedly to
remove cellular remnants and traces of the peracetic acid and ethanol solution. This also
adjusted the pH of the tissue to 7.4. The tissue was then stored as hydrated sheets in water until
use.

A portion of this tissue was then frozen and lyophilize, and then cut into smaller pieces
and powderized using a Wiley mill with a No. 60 mesh screen. A hard plastic mold was then
milled to create an oval depression with the approximate size desired for the ECM graft
replacement (10 x 14-mm oval, 2-mm depth). The mold contained a flat surface surrounding this
depression to allow for the formation of a pillow-like core. Two hydrated sheets that were stored
in water were then cut and pressed into the shape of the depression. 200-300 mg of the
particulate ECM created by the mill was then pressed into the depression, and two more hydrated

sheets were placed on top to create the pillow shape. The scaffolds were then placed in a

59



vacuum to dry and seal the construct, and sterilized with ethylene oxide. The final scaffold can

be seen in Figure 12.

Figure 12. Representation of the SIS-ECM scaffold produced for implantation into the porcine model.

Adapted from Brown, et al(Brown et al., 2011).

3.2.3 Surgical Procedure

Pigs are subjected to bilateral compete resection of the TMJ disc, with both sides treated with a
scaffold of choice. Anesthesia is induced with Acepromazine (0.1-0.5 mg/kg) and maintained on
Isoflurane (1-5%). The surgical approach involves an incision just anterior to the tragus, with
soft tissue dissection preserving the local innervation and vasculature (especially the facial
nerve) of this portion of the anatomy. The meniscus is isolated, removed from both sides, and
replaced by the SIS-ECM scaffold unilaterally. Following the surgical procedure and cessation

of inhalation anesthesia, each animal is continually monitored for 24 hours, recording the pulse
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rate, strength of pulse, capillary refill time, respiratory rate and ability to maintain an open
airway, urinary output, and defecation every 3 hours. Buprenophrine (0.005-0.01 mg/kg IM or
IV g12h) is administered for 5 days for pain, and then as needed. Pigs receive Cephalexin (35
mg/kg q12) for 5 days as a prophylactic antibiotic. Due to the nature of the surgical procedure,
all pigs are fed a soft diet for 5 days post-surgery and then returned to normal dry feed diet. At
the predetermined time of sacrifice, pigs are sedated with Acepromazine (0.1-0.5 mg/kg BW SC)
masked with 5% Isoflurane for 5 minutes and then given Pentobarbital Sodium 1V (390 mg/4.5

kg BW).

3.2.4 Biochemistry

The collagen and glycosaminoglycan (GAG) content of the remodeled scaffolds, native discs,
mandibular condyles, and pre-implantation devices were measured as a percentage of the dry
weight of the original samples. Samples were allowed to equilibrate for one hour in 0.1M PBS
before wet weights were measured. Specimens were then lyophilized for between 2-4 days in
order to determine the dry weight. To determine collagen content, lyophilized tissues were
placed in 4 N HCI overnight at 60 °C to dissolve. Samples were then neutralized with 4 N NaOH,
and continued with previously published hydroxyproline assay protocols [1]. The samples were
run against hydroxyproline standards, assuming hydroxyproline is 7.4% of collagen, as
determined previously [2]. For GAG and DNA content, lyophilized samples were digested in a
papain solution (125 pg/mL papain in 50 mmol phosphate buffere containing 5 mmol N-acetyle
cysteine overnight at 60 °C) [3-4]. The total GAG content was measured using a

dimethymethylene blue colorimetric assay kit (Biocolor, Newtonabbey, UK), while the DNA
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content was measured using a PicoGreen dsDNA Quantitation Kit (Molecular Probes, Inc.

Eugene, Oregon).

3.2.5 Tensile Testing

Prior to testing, 8 mm dermal punches were used to create anterior-posterior dogbone
shapes of the intermediate zone of the native discs and remodeled ECM scaffolds. These
samples were 1-3 mm wide in the thinnest portion of the dogbone. Samples were fixed to a
platen using freezing medium and sectioned inferiorly/superiorly to 300-400 micrometers using a
cryotome, producing multiple sections per disc, which were all tested. Sections were collected
for testing after a single complete section was shaved off the dogbone sample, to ensure uniform
thickness for all samples.

For testing, dogbone specimens were then allowed to equilibrate in room temperature 0.1
M PBS for at least 1 hour prior to testing. Specimen width and thicknesses were measured using
a micrometer and calipers, respectively. Samples were gripped using 440 grit sandpaper, and
placed in pneumatic clamps on a uniaxial mechanical testing apparatus (Instron Model 5566,
Canton, MA). Testing occurred in air at room temperature. However, whenever possible, the
sample was hydrated with 0.1 M PBS using a felt tip applicator. Samples were then preloaded to
0.2 N to straighten the specimen. The clamp to clamp length was taken as the initial specimen
length and used to calculate percent strain. Samples were then preconditioned to 5.5% strain for
20 cycles at a strain rate of 10 mm/min. 5.5% strain was determined to encompass the toe region
of the stress strain curve, as determined by initial tensile testing. For preconditioning, an upper
(2.1 N) and lower (0.6 N) bound for the first peak of the preconditioning cycle was established as
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an acceptable load for native samples, indicating that the sample was not slipping and aligned.
These bounds were not applied to remodeled scaffolds. Any samples outside of the established
boundary conditions for preconditioning were discarded. Following preconditioning, samples
were loaded to failure at a strain rate of 10 mm/min.

The samples were analyzed for the peak tensile stress (tensile stress at failure), tensile modulus
(slope of stress-strain behavior between 4-8% strain), and the failure strain (clamp to clamp
strain at failure). Each disc or remodeled ECM scaffold yielded 3-7 tensile samples, which were

averaged into one value. Remodeled ECM scaffolds were compared to age-matched controls.

3.2.6 Compression Testing

A 4 mm biopsy punch was used to obtain samples from the intermediate zone of the
native discs, remodeled scaffolds, and mandibular condyles. Specimens were then allowed to
equilibrate in room temperature 0.1 M PBS for at least one hour prior to testing. Specimen
diameters were measured using digital calipers, and then the specimen was affixed to a
compression platen on a uniaxial testing apparatus (MTS Insight 1-SL) using cyanoacrylate. A
0.02 N preload force was applied to the sample to determine sample height, at which point the
crosshead platen was removed. The water bath was then filled with 0.1 M PBS at 37 °C. A
preload of 0.05 N was applied for 30 min. The samples then underwent 10 cycles of
preconditioning to 10% strain at a strain rate of 9% strain/min. Immediately following, samples
were subjected to stress relaxation compression from 0% to 30% strain in 10% increments, with
30 minutes of relaxation between each strain step. The strain rate for stress relaxation was 9%
strain/min. The parameters obtained were the peak stress (maximum stress achieved at each
strain step) and peak modulus (slope of the last 20% of the stress-strain curve).
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3.2.7 Statistics

A one-way ANOVA was used to determine differences within age groups per disc or condyle for
biochemical and biomechanical values, with p < 0.05 defined as statistically significant. Tukey’s
post hoc testing was used to examine any differences between groups. When comparing discs to
condyles, a student’s t-test was used with significance at p < 0.05. All statistical analysis was

performed using SPSS. All data are reported as average + standard deviation.

3.3 RESULTS

3.3.1 Gross Morphology

Representative gross morphology pictures of remodeled ECM scaffolds at 1, 3, and 6 months
post-surgery are presented in Figure 13, and compared against a native porcine TMJ disc of
approximately 1 year of age. As soon as 1 month post-surgery, the remodeled scaffold has
begun to resemble native TMJ disc tissue. By 6 months post-surgery, the remodeled scaffolds
begin showing the striations associated with anterior-posteriorly aligned collagen fibers in the
intermediate zone. For the study, 11 remodeled scaffolds were obtained from 32 individual pigs,

providing a success rate of 34% for scaffold remodeling.
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Figure 13. Gross morphology of a native disc at 1 year and remodeled ECM scaffolds at 1, 3, and 6 month

post implantation.

3.3.2 Biochemistry

The collagen content of the native discs, remodeled ECM scaffolds, and pre-implantation devices
are shown in Figure 14. There was a significant difference (p < 0.05) in collagen content (%/dry
weight (DW)) between TMJ discs at 1 and 6 months post-surgery (54% =+ 2%, 96% + 2%,
respectively), and their age-matched controls at 3 and 9 months (82% * 9%, 78% + 13%,
respectively). There were no significant differences (p < 0.05) in collagen content (%/DW)

between TMJ discs at 3 months post-surgery (82% * 10%), and their age-matched controls at 6
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months (83% + 7%). The preimplantation devices (76% * 12%) were statistically different from
both the 1 and 6 month remodeled devices.

The collagen content of the condyles of the remodeled ECM side and native condyles are
shown in Figure 15. There were no significant differences (p < 0.05) in collagen content
(%/DW) between mandibular condyles at 1, 3, and 6 months post-surgery (38% + 23%, 43% +
11%, and 50 + 25%, respectively), and their age-matched controls at 3, 6, and 9 months (52% *

23%, 30% * 13%, and 64% + 25% respectively).
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Figure 14. Collagen content for native TMJ discs (n = 9 per group), remodeled scaffolds (n = 3 for 1 month

post-surgery, n = 4 for 3 and 6 month post-surgery) and pre-implantation ECM scaffolds (n = 9 per group). All error

bars represent standard deviation.
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Figure 15. Collagen content for native condyles (n = 10 per group) and treated condyles (n = 13 for 1
month post-surgery, n = 10 for 3 month post-surgery, and n = 8 for 6 month post-surgery). All error bars represent

standard deviation.

68



The GAG content of the native discs, remodeled ECM scaffolds, and pre-implantation
devices are shown in Figure 16. There were no significant differences (p < 0.05) in GAG
content (%/DW) between TMJ discs at 1, 3, and 6 months post-surgery (1.39% + 0.72%, 1.32%
+ 0.35%, 1.30% = 0.70% respectively), and their age-matched controls at 3, 6, and 9 months
(1.13% + 0.34%, 1.47% + 0.79%, 1.22% =+ 0.51% respectively). The preimplantation devices
(1.19% = 0.30%) were not statistically different from any remodeled scaffold group.

The GAG content of the remodeled ECM condyles and native condyles are shown in
Figure 17. There were no significant differences (p < 0.05) in collagen content (%/DW) between
mandibular condyles at 1, 3, and 6 months post-surgery (5.85% * 3.96%, 3.41% * 1.72%, and
2.93% £ 1.93%, respectively), and their age-matched controls at 3, 6, and 9 months (6.35% =+

2.78%, 7.41% * 3.91%, 6.19% =+ 2.57% respectively).

69



B Native
ORemodeled
Bl Pre-implantation

2.5% A

(Ma/%) wusuo) oyo 2siq

@\_.\ 7 MS\

9,
N\,NQOS\ M;\OS\ r

— AT
e (AT 5@@58

Figure 16. GAG content for native TMJ discs (n = 9 per group), remodeled scaffolds (n = 3 for 1 month

post-surgery, n = 4 for 3 and 6 month post-surgery) and pre-implantation ECM scaffolds (n = 9 per group). All error

bars represent standard deviation.
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Figure 17. GAG content for native condyles (n = 10 per group) and treated condyles (n = 16 for 1 month
post-surgery, n = 11 for 3 month post-surgery, and n = 9 for 6 month post-surgery). All error bars represent standard

deviation.
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The DNA content of the native discs, remodeled ECM scaffolds, and pre-implantation
devices are shown in Figure 18. There were no significant differences (p < 0.05) in DNA
content (ng/mg) between TMJ discs at 1, 3, and 6 months post-surgery (107 + 56 ng/mg, 78 + 43
ng/mg, 78 + 43 ng/mg respectively), and their age-matched controls at 3, 6, and 9 months (99 +
19 ng/mg, 51 £ 21 ng/mg, 57 = 18 ng/mg respectively). The preimplantation devices (112 £ 17
ng/mg) were not statistically different from any remodeled scaffold group.

The DNA content of the remodeled ECM condyles and native condyles are shown in
Figure 19. There was a significant difference (p < 0.05) in DNA content (ng/mg) between
mandibular condyles at 1 month post-surgery (146 + 63 ng/mg), and their age-matched controls
at 3 months (329 £ 112 ng/mg). There were no significant differences (p < 0.05) in DNA content
(ng/mg) between mandibular condyles at 3 and 6 months post-surgery (130 £ 54 ng/mg, 101 £
52 ng/mg, respectively), and their age-matched controls at 6 and 9 months (133 + 62 ng/mg, 60 =

27 ng/mg, respectively).
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Figure 18. DNA content for native TMJ discs (n = 9 per group), remodeled scaffolds (n = 3 for 1 month

post-surgery, n = 4 for 3 and 6 month post-surgery) and pre-implantation ECM scaffolds (n = 9 per group). All error

bars represent standard deviation.
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Figure 19. DNA content for native condyles (n = 10 per group) and treated condyles (h = 16 for 1 month
post-surgery, n = 11 for 3 month post-surgery, and n = 9 for 6 month post-surgery). All error bars represent standard

deviation.
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3.3.3 ECM Scaffolds Demonstrate Ability to Remodel Into Viable Scaffold Solution

Comparisons of the tensile peak stress (Figure 20) tensile modulus (Figure 21), and
tensile strain (Figure 22) between remodeled scaffolds and native discs at each time point were
determined. Ages in this figure are referred to as the age of the pig at sacrifice. At one month
post-surgery (4 months of age), there were statistically significant differences between
remodeled scaffolds (n = 3) and native (n = 10) in both peak stress (0.64 £ 0.11 MPa and 3.91
1.81 MPa, respectively) and modulus (7.04 + 2.56 MPa and 28.62 + 9.16 MPa, respectively), but
no statistical differences in strain (19.7% + 7.7% and 26.2% + 12.5%, respectively). At 3
months post-surgery (6 months of age), there was no significant difference between remodeled
scaffolds (n = 4) and native discs (n = 9) in peak stress (2.73 £ 1.41 MPa and 5.24 + 1.69 MPa,
respectively) or strain (24.8% *= 4.0% and 20.5% + 4.3%, respectively), but there was a
significant difference in modulus (20.04 = 9.74 MPa and 38.25 £ 10.09 MPa, respectively).
There were no significant differences between remodeled scaffolds (n = 4) and native discs (n =
9) at 6 months post-surgery (9 months of age) in stress (1.99 + 1.66 MPa and 4.57 + 1.60 MPa,
respectively), modulus (15.31 = 7.60 MPa and 29.84 + 8.27 MPa, respectively), or strain (23.2%

+ 8.3% and 24.2% + 5.6%, respectively).
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Figure 20. Tensile stress results for the native disc (n = 10) and remodeled scaffolds (n = 3 for 1 month
post-surgery, n = 4 for 3 month post-surgery, and n = 3 for 6 month post-surgery). All error bars represent standard

deviation.
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Figure 21 Tensile modulus results for the native disc (n = 10) and remodeled scaffolds (n = 3 for 1 month
post-surgery, n = 4 for 3 month post-surgery, and n = 3 for 6 month post-surgery). All error bars represent standard

deviation.
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Figure 22. Tensile strain results for the native disc (n = 10) and remodeled scaffolds (n = 3 for 1 month
post-surgery, n = 4 for 3 month post-surgery, and n = 3 for 6 month post-surgery). All error bars represent standard

deviation.
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In compression, the compressive peak stress at 30% strain step (Figure 23) of remodeled
scaffolds was 65 * 50 kPa at 1 month (n=5), 95 + 39 kPa at 3 months (n=5), and 80 + 35 kPa at 6
months (n=3) post implantation and was not statistically different (p > 0.05) to native (43 + 35
kPa at 3 month (n=10), 90 + 22 kPa at 6 months (n=9), and 113 + 58 kPa at 9 months (n=9)). The
compressive modulus at the 30% strain step (Figure 24) of remodeled scaffolds were 710 + 457
kPa at 1 month, 1108 + 512 kPa at 3 months, and 893 = 294 kPa at 6 months post implantation,
and were not significantly different (p < 0.05) to native (542 £ 430 kPa at 3 month, 1225 + 261
kPa at 6 months, and 1369 + 596 kPa at 9 months). It was determined however, that for native
samples under peak stress, there were significant differences (p < 0.05) between 3 month and 9
month old pigs. 3 month native pigs were also significantly different from 6 month and 9 month

pigs in compressive modulus.
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Figure 23. Compressive stress at the 30% strain step results for the native disc (n = 10) and remodeled
scaffolds (n = 3 for 1 month post-surgery, n = 4 for 3 month post-surgery, and n = 3 for 6 month post-surgery). All

error bars represent standard deviation.
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Figure 24. Compressive modulus at the 30% strain step results for the native disc (n = 10) and remodeled
scaffolds (n = 3 for 1 month post-surgery, n = 4 for 3 month post-surgery, and n = 3 for 6 month post-surgery). All

error bars represent standard deviation.
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For the condyles, the compressive properties were determined for both treated condyles,
defined as the condyles associated with the joint implanted with an ECM scaffold immediately
following discectomy, and contralateral condyles, defined as the condyles on the contralateral
side of the head, where no ECM scaffold was implanted following discectomy. The compressive
peak stress at the 30% strain step (Figure 25) of the contralateral condylar cartilage at 1 month
(29 = 12 kPa) was statistically different (p<0.05) than its age-matched 3 month old control
condyle (116 = 38 kPa), while the treated condyle (42 + 23 kPa) was not different. The peak
stresses of the 3 and 6 month treated (48 + 19 kPa, 51 + 9 kPa, respectively) and contralateral (53
+ 35 kPa, 60 = 36 kPa, respectively) condylar cartilage were no statistically different (p<0.05)
from their age-matched controls at 6 (67 = 45 kPa) and 9 (66 * 44 kPa) months.

The compressive modulus at the 30% strain step (Figure 26) of the contralateral condylar
cartilage at 1 month (322 £ 108 kPa) was statistically different (p<0.05) than its age-matched 3
month old control condyle (1076 + 369 kPa), while the treated condyle (451 + 204 kPa) was not
different. The peak stresses of the 3 and 6 month treated (604 + 511 kPa, 682 + 142 kPa,
respectively) and contralateral (611 + 411 kPa, 682 + 394 kPa, respectively) condylar cartilage
were no statistically different (p<0.05) from their age-matched controls at 6 (689 + 472 kPa) and

9 (674 = 437 kPa) months
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Figure 25. Compressive modulus at the 30% strain step results for the native disc (n = 10), contralateral
condyles (n = 9 for one month post-surgery, n = 10 for 3 month post-surgery, and n = 6 for 6 month post-surgery),
and treated condyles (n = 11 for 1 month post-surgery, n = 5 for 3 month post-surgery, and n = 4 for 6 month post-

surgery). All error bars represent standard deviation.
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Figure 26. Compressive modulus at the 30% strain step results for the native disc (n = 10), contralateral
condyles (n = 9 for one month post-surgery, n = 10 for 3 month post-surgery, and n = 6 for 6 month post-surgery),
and treated condyles (n = 11 for 1 month post-surgery, n = 5 for 3 month post-surgery, and n = 4 for 6 month post-

surgery). All error bars represent standard deviation.
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3.4  DISCUSSION

The results suggest that the ECM scaffold represents a site appropriate graft replacement as soon
as 3 months following implantation in a porcine model. Biochemically, the remodeled ECM
scaffolds are not statistically different from native discs in GAG or DNA content as soon as 1
month post implantation, and are not different in collagen content by 3 months.
Biomechanically, the remodeled ECM scaffolds have achieved at least 50% of the native disc
tensile and compressive stress and modulus by 3 months. In gross morphology, the tissues
resemble host native tissue as early as 1 month post implantation.

The results also suggest that implantation of an ECM scaffold does not adversely affect
condyle remodeling in comparison to an empty contralateral control. While the treated condyles
did show significantly decreased compressive stress and modulus at 1 month post implantation
when compared to control native condyles where a disc is present, the biomechanical function of
the condyles were returned and not different from native by 3 months post-implantation. Also,
since the treated condyles were not different from empty contralateral controls, while the ECM
scaffold may not prevent initial remodeling, it at least does not inflict negative tissue remodeling
beyond what would be expected without a graft replacement. Also, the treated condyle’s
recapitulation of native compressive properties by 3 months suggests that there were no long
term degenerative effects to the condylar cartilage as a result of implantation of ECM scaffolds
in the TMJ.

The utilization of the novel tensile protocol developed and introduced in chapter 2 led to
more consistent results in this study. Whereas the peak stresses observed from using multiple

samples per disc were on par with previously reported values in chapter 2, the standard
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deviations reported for native discs in this study for tensile stress (46% for 3 month native, 32%
for 6 month native, and 35% for 9 month native) and tensile modulus (32% for 3 month native,
26% for 6 month native, and 28% for 9 month native) were all less than previously reported
values (47% for tensile stress, 43% for tensile modulus)(Kalpakci et al., 2011b). This reduction
in deviation is attributed to the novel protocol’s ability to capture and account for the
heterogeneity of collagen organization in the TMJ disc by creating average values over multiple
samples throughout the architecture of the intermediate zone of an individual disc.

The differences observed between the native values reported in chapter 2 and in the
present study attest could come from a variety of sources of error. For tension, the lack of
precision in determining the sample width and thickness can lead to calculation error. Also, the
precision of the cryotome to cut even sections of each disc is assumed. In calculating stress, a
rectangular shape is assumed for simplification, when the actual shape of the samples is a
dogbone. In compression, the native values obtained in chapter 2 only vary from those presented
here for 3 month native condyles. Possible sources of error for this discrepancy include
differences in age between the two groups of native pigs investigated for each study. If the pigs
obtained from the abattoir are several weeks off from each other, this could play a significant
role in the potential mechanical properties due to early development of the pigs skeletal and
muscular systems. It is also possible that one group of 3 month pigs were stored in a -80 °C
freezer for longer than the other group, and the resulting differences in compressive stress and
modulus are a result of these altered conditions.

The low percentage of ECM remodeling success is attributed to difficulties in securing
the ECM scaffolds into the joint during the surgical procedures because of the presence of the

zygomatic arch shielding the TMJ in the porcine anatomy, not from the failure of the ECM to
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remodel. Preliminary results of new surgical ECM implantation methods for future in vivo
studies has yielded significantly higher success rates in ECM remodeling. This, coincided with
the lack of any change to the ECM scaffold itself, suggests that the surgical procedure inhibited
ECM remodeling.

There have only been two previous in vivo studies investigating a potential tissue
engineering treatment for a damaged TMJ disc(Ahtiainen et al., 2013; Wu et al., 2014). In a
study performed by Wu et al, TMJ derived stem cells were seeded on a fibrin scaffold, and were
applied to the TMJ disc after perforation for 1 month in a murine model. While the treatment
showed positive integration with the surrounding tissue in histology, the discs were not
quantified biomechanically or biochemically. Also, this treatment was performed in nude mice,
which has many differences to the human TMJ. A limitation of the approach is that it was
performed in a perforation model and not to replace the whole disc, which is the clinical
standard. In the second study performed by Ahtiainen et al, autologous adipose stem cell (ASC)
seeded in polylactic acid (PLA) scaffolds were implanted in a rabbit model following bilateral
discectomy for 6 and 12 months. While the PLA scaffold did not cause irritation and allowed
normal regeneration of adjacent tissue in the joint, difficulties with the surgical procedure led to
the scaffolds being displaced in the joint, causing chronic arthrosis. The resulting remodeled
scaffolds were not biochemically or biomechanically characterized either.

In comparison to in vitro tissue engineered studies trying to recapitulate near-native
properties, these current results in vivo with ECM scaffolds compare well. MacBarb et al. in
2013 obtained the highest in vitro biomechanical results for a tissue engineered scaffold, with a
compressive modulus of 900 kPa at 20% strain at a strain rate of 1% s, and in tension with an

ultimate tensile strength of 2.3 MPa, and a tensile modulus of 3.4 MPa(MacBarb et al., 2013b).
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Our scaffolds achieved lower values of 353 kPa in compressive modulus at 20% strain and 10%
min, similar 2.0 MPa in ultimate tensile strength, and a higher tensile modulus of 15.3 MPa.
The lower compressive values can be attributed to the viscoelastic nature of this tissue and the
slower strain rate in this study. Our mechanical results do compare favorably to previously
reported TMJ disc native properties of 453 kPa compressive modulus at 20% strain and the same
strain rate, 4.3 MPa ultimate tensile strength, and 23.0 MPa tensile modulus(Kalpakci et al.,
2011b). Biochemically, our study has reported the highest collagen content currently measured
(19%/WW), with the next closest obtained by Johns and Athanasiou in vitro (14%/WW)(Johns
and Athanasiou, 2008). Most in vitro studies have also reported GAG contents an order of
magnitude higher than the present study. The lowest reported GAG content was 11%/WW, in
the study with the highest mechanical properties(Kalpakci et al., 2011a). Again, our biochemical
content more closely resembles native, with previously reported values of 27.6%/WW collagen
content, and 0.4% GAG/WW(Kalpakci et al., 2011b).

The results presented in this chapter suggest the efficacy of SIS-ECM scaffolds as a long
term tissue engineered graft replacement for the TMJ disc following discectomy. As a result,
this promising technology should be further explored, and the mechanism of remodeling should

be investigated.
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4.0 MACROPHAGE RESPONSE TO MECHANICAL STIMULATION AND ECM IN

VITRO

4.1 INTRODUCTION

The use of extracellular matrix (ECM) as a scaffold material for in vivo regenerative medicine
repair has been studied for a variety of outcomes, ranging from unsatisfactory to
satisfactory(Aurora et al., 2015; Sicari et al., 2014b; Turner et al., 2012; Turner et al., 2010;
Valentin et al., 2010; Wolf et al., 2015). In terms of the TMJ, as stated before, there have been
several studies validating the efficacy of ECM as an inductive template for regenerative
medicine therapies in a canine model, but in these models the mechanism for regeneration is
poorly understood. It has been suggested that the successful remodeling of the extracellular
matrix scaffolds could be attributed to macrophage byproducts of digesting the ECM scaffold
(Brown and Badylak, 2013; Gordon and Taylor, 2005; Mantovani et al., 2004; Valentin et al.,
2009; Valentin et al., 2010).

Macrophages are a form of white blood cell that exist in all tissues, and can become
polarized in response to their surroundings. The two predominant polarizations are M1
macrophages, which encourage inflammation, and M2, which decreases inflammation and
encourages tissue repair. Correlation of macrophage polarization with recovery of tissues has

been reported in several tissues and organs, and represents a potential area of investigation for
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wound healing and tissue repair. The macrophage response is highly regulated, with
uncontrolled inflammation proving to be a detrimental process, whereas a controlled and
regulated inflammatory response can be a key factor in tissue remodeling following injury.

In skeletal muscle wound repair, the macrophage response has been highly characterized.
The capacity for tissue regeneration is highly dependent on the interaction between satellite and
inflammatory cells in the wound response (Mauro, 1961; Muir et al., 1965). Following the initial
injury, neutrophils will infiltrate the wound site as soon as 2 hours post injury. These neutrophils
will reach their maximum numbers between 6 and 24 hours post surgery (Bondesen et al., 2006;
Contreras-Shannon et al., 2007; Tidball and Villalta, 2010). The neutrophils that have been
recruited will release reactive oxygen species and T-helper 1 cytokines, which serve to recruit
monocytes and macrophages. By 3-4 days post injury, the neutrophil response has dissipated,
and macrophages become the dominant tissue remodeling participant in the wound (Tidball and
Villalta, 2010).

The monocytes that have been recruited by the neutrophils originate in the bone marrow
and migrate to the injured tissue site when they differentiate into macrophages (Swirski et al.,
2009; Tidball, 2005). Once recruited and differentiated, the macrophages are generally polarized
to the M1, pro-inflammatory phenotype through exposure to pro-inflammatory cytokines such as
IFN-y (McLennan, 1996; St Pierre and Tidball, 1994; Tidball, 2005; Tidball and Villalta, 2010).
M1 macrophages reach their maximum numbers after 2 days, where they begin showing a
transition to the M2 immunoregulatory and anti-inflammatory M2 phenotype (Tidball, 2005).
This paradigm shift is not fully understood but has been correlated to increased IL-10
concentrations at 48 hours post-injury, M1 macrphage mediated phagocytosis of apoptotic cells,

and exposure of M1 macrophages to the degradation products of ECM (Cohen and Mosser,
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2013; Fadok et al., 1998; Liu et al., 2010; Sicari et al., 2014a). Once polarized to the M2
phenotype, macrophages release anti-inflammatory cytokines that promote tissue remodeling and
repair (Gordon, 2003; Gordon and Martinez, 2010; Tidball, 2005). The pro-inflammatory
products of the M1 population are used to recruit and activate satellite muscle cells within the
injury site (Collins and Grounds, 2001; Tidball, 2005; Villalta et al., 2009; Zador et al., 2001).
These cells are then aligned, fused, and differentiated in the wound site by paracrine signals from
the M2 macrophage population that results after the paradigm shift from M1 to M2.

It has been shown that the delay or elongation of the timeline of neutrophil and
macrophage infiltration, polarization, or transition has a significant effect on a tissue’s ability to
functionally remodel. For example, when macrophages are depleted prior to a toxin induced
injury, regeneration and the removal of cellular debris is impaired(Arnold et al., 2007). Depletion
of macrophages at the time of injury also restricts tissue regeneration by preventing the M1
response, which in turn prevents recruitment of satellite cells(Arnold et al., 2007; Teixeira et al.,
2003). Furthermore, TNF-o knockout animals, a product of M1 macrophages, produce
significantly less muscle specific transcription factors, which suggests that TNF-a is necessary
for promoting early or proliferative myogenesis (Chen et al., 2005; Warren et al., 2002). When
macrophages were removed from the injury site at 2 days, the time period when they would
transition to the M2 phenotype, tissue regeneration was impaired (Tidball and Wehling-
Henricks, 2007).

A similar response to the skeletal muscle injury response described above can be seen in
cutaneous wound healing, as well as healing in the central nervous system (CNS). In both
situations, neutrophils immediately infiltrate the wound and recruit macrophages, which start as

M1 macrophages before transitioning into a M2 phenotype and inducing tissue regeneration. In
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the cutaneous example, however, there is also a granulation tissue formation and wound
contraction phase at 7-10 days post injury. In this phase, M2 macrophages release anti-
inflammatory and pro-angiogenic factors, which facilitate myofibroblast differentiation and
being the deposition of new ECM (Hinz et al., 2012; Sindrilaru and Scharffetter-Kochanek,
2013; Stout, 2010). In the CNS example, the general wound response is more complex due to
the presence of the blood-brain barrier. In the early stages of wound healing, microglia, instead
of neutrophils, are first recruited to the wound site and create a dense barrier around the lesion
(Davalos et al., 2005; Hines et al., 2009). This is followed by the standard neutrophil and
monocyte recruitment.

Typically, upon implantation of a foreign body, macrophages will follow a series of
stages including injury, protein adsorption, acute inflammation, chronic inflammation, foreign-
body reaction, and finally encapsulation(Anderson, 1988; Anderson et al., 2008). Because of this
foreign body response (FBR), the tissue engineering field focused on materials that are inert of
biocompatible (Brown and Badylak, 2013; Ratner, 2011; Williams, 2008). However, these
materials only tend to provide mechanical substitution to the tissue being replaced, and not a full
functional remodeled tissue. As a result, the use of bioactive materials such as ECM as inductive
templates for tissue regeneration has become prominent. However, due to the strong M1
response to a cellular ECM tissue, these tissues require decellularization treatment prior to
implantation.

The macrophage response to a surgical implant is dependent on whether the scaffold
implanted is synthetic or biologic. For synthetic materials, strategies to alter the surface
chemistry and structural characteristics of the synthetic surface have been examined to better

modulate macrophage response and reduce the opportunities for FBRs. One example of this is
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the tuning of material pore size. It was found that pore sizes of roughly 30-40 pum produced
reduced encapsulation related to FBR and higher vascularity when implanted in cardiac and
dermis tissues (Madden et al., 2010; Mills et al., 1992). It has also been observed that in porous
synthetic materials, there seems to be a local distribution in macrophage phenotype, with M2
populations on exterior surface of the material and pores, and M1 macrophages distributed
throughout the inner porous structure of the scaffold (Sussman et al., 2014). Synthetic materials
also utilize growth factors and cytokines to chemically condition the scaffold for improved tissue
remodeling (Mokarram et al., 2012).

Researchers are also investigating the macrophage response to biological scaffold
materials as well. These materials maintain their natural ligand landscape, which can add
complexity to the macrophage host response. It has been shown that their ability to modulate the
host macrophage response promotes constructive remodeling (Badylak, 2014; Badylak et al.,
2008; Brown et al., 2012c; Brown et al., 2009). It has been shown that ECM based scaffolds
facilitate a transition from M1 to M2 phenotype around 7-14 days post implantation(Badylak et
al., 2008; Brown et al., 2012c; Brown et al., 2009). As discussed in the previous chapter, these
ECM materials have bioactive degradation products that promote tissue remodeling. It has been
shown that these byproducts are necessary for the transition to an M2 phenotype. Solubilized
ECM has been shown to transition M1 macrophages into a more M2 phenotype, which reduce
FBR and encapsulation responses (Wolf et al., 2014). This modulation leads to the ability of
ECM to constructively remodel in vivo.

While the success of ECM in the canine TMJ, and as described in Chapter 3, would
suggest that these scaffolds follow the general pathway of modulation from M1 phenotypic

macrophages to M2 macrophages, it has not been confirmed. Also, the TMJ is constantly
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experiencing mechanical forces, both compression and tension, as the TMJ disc articulates
between the condyle and fossa. It has been shown previously that mechanical stimulation effects
TMJ disc cells in biochemical production, and it has been shown to accelerate proliferation and
alter macrophages to a pro-remodeling M2 phenotype in vitro(Almarza and Athanasiou, 2006g;
Pongkitwitoon et al., 2016).

In this study, we will be investigating the effect of both mechanical stimulation and the
presence of ECM on mouse bone marrow macrophages in vitro. Since tensile forces in the TMJ
are an order of magnitude higher in the TMJ than compression forces, tensile mechanical
stimulation will be the force investigated. Macrophages will be seeded onto flexible membranes
with extracellular matrix and tested in a tension FlexCell mechanical stimulation apparatus to 5%
strain at 1 Hz, analyzed for M1 or M2 phenotype by analyzing genes associated with both, and

compared against various control groups.

4.2 MATERIALS AND METHODS

4.2.1 Cell Isolation

Male 4 month old mice were euthanized by rapid cervical dislocation, and a shallow incision was
made on the hind leg. The distal head of the femur and tibia were then exposed by hip
dislocation, and any excess tissue was removed with a scalpel. The bones were then placed in a
50 mL tube in an ice bucket. 50 mL of macrophage complete media (4 mL L929 media (80%
DMEM high glucose, 20% FBS, cultured at confluence with L929 cells for 2 weeks and then

collected), 40.3 mL Dulbecco’s modified eagle media (DMEM) high glucose media, 4 mL fetal
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bovine serum (FBS), 0.4 mL HEPES, 0.4 mL Penicillin/Streptomycin, 0.8 mL non-essential
amino acids (NEAA), 60 pL B-mercaptoethanol) was placed in a sterile dish, and 5 separate 10
mL syringes were filled with this media with a 30-gauge needle. The long bones were then
carefully severed at each end, and a syringe was inserted into the bone marrow cavity of each
femur or tibia. The bone cavity was then flushed with media until the bone appeared white,
collecting the bone marrow into a sterile 50 mL tube. This process was repeated for all bones.
The 50 mL tube was then spun at 15 RPM for 5 minutes. After centrifuging, the
supernatant was aspirated, and the pellet was resuspended in 10 mL of macrophage complete
media. The total number of cells were then counted using a hemacytometer. The macrophages

were then pipetted equally into 6 well plates and allowed 2 weeks to culture at 37 °C.

4.2.2 Plate Assembly

There were 7 experimental groups for this study to determine the effect of mechanical
stimulation (D = dynamic, S = static), and the presence of ECM (E = ECM, N = no ECM). The
4 experimental groups tested were a group that was not mechanically loaded with no ECM (SN),
one group that tested the effect of mechanical stimulation only (DN), one group that tested the
effect of ECM only (SE), and a final group that tested the effect of mechanical stimulation and
the effect of ECM (DE). All groups used 6 well plates with a flexible membrane fit for use in a
FlexCell tensile system. ECM was adhered to the flexible membrane using a non-reactive
cyanoacrylate adhesive.

These experimental groups were compared against 3 separate control groups of MO
phenotype macrophages seeded onto a hard plastic 6 well plate. 2 of the control groups included
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a group of MO macrophages pushed towards an M1 phenotype with 20 ng/mL IFN-y and 100
ng/mL LPS in macrophage media, and a group of MO macrophages pushed towards M2
phenotype with 20 ng/mL IL-4 in macrophage media.

After 2 weeks of culture, the macrophages were passaged and counted using a
hemacytometer. M@ macrophages were then seeded at 500,000 cells per well into each of the 6
well plates. Due to constraints on the number of cells obtained from the mouse, only 5 wells
were used for each experimental plate (n = 5 per experimental group) and 4 wells were used for
each control plate (n = 4 per control group). Macrophages were allowed to sit overnight to

adhere to the flexible membrane.

4.2.3 Mechanical Loading Regimen

After the cells were allowed to adhere to the plate overnight, the two mechanical loading
experimental groups (DN and DE) had plastic platens placed beneath the flexible membrane,
leaving the ECM ends overlapping in the DE group (Figure X). The plates and platens were then
placed in between two plastic covers to seal and create a vacuum in the 6 well plate, and placed
back in the incubator. Hoses were hooked to both sides of the plate, and a pressure sensor was
attached to measure the psi applied to the plates. The hoses were attached to a FlexCell system
adapted to apply a tensile pressure. With this system, 5% strain at 1 Hz was applied to the
mechanically loaded tissue culture plates for 4 hours. The non-mechanically loaded plates were
also placed in the incubator to experience the same environmental conditions. After 4 hours of
mechanical stimulation, the plates were removed from the apparatus and allowed to sit in the
incubator for 24 hours. Concurrently, the control, SN, and SE groups were placed in the
incubator but were unloaded during the 4 hours of mechanical stimulation.
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Figure 27. Graphical representation of the DE experimental group in the FlexCell apparatus.
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4.2.4 Gene Expression

24 hours after experimental treatment was applied, the macrophages from each group were
digested in 1 mL of Trizol for 30 minutes. Cellular material was lifted from the flexible
membrane using a cell scraper, and placed in a 1.5 mL tube on ice. 200 mL chloroform per mL
of Trizol was added to each tube, and shook vigorously for 15 seconds. The tubes were then
placed in a refrigerated centrifuge at 9000 g for 15 min at 4 °C. Following centrifugation, the
tubes were carefully placed on ice, and the clear supernatant was collected and placed in a new,
sterile tube. 70% ethanol was then added to each tube so that the ratio of supernatant to ethanol
was 1:1.

Macrophage RNA was then isolated using the Qiagen RNeasy RNA isolation kit and
protocol. RNA isolation was quantified using spectroscopy, with a range of 50 ng/pL — 5 ng/uL
RNA depending on the sample. Prior to converting the RNA to cDNA, the RNA values were
normalized to the lowest RNA total to ensure that each cDNA had the same amount of template.
The RNA was then converted to cDNA using the Thermo Scientific cDNA synthesis kit, and
placed in the -80 °C freezer for long term storage.

For the determination of gene expression, 7 genes were analyzed. GAPDH was used as a
housekeeping gene, iNOS, TNFa, and IL-6 were used as M1 macrophage phenotype markers,
and Arginase, Fizz1, and IL-10 were used as M2 macrophage phenotype markers. The forward

and reverse primers used can be seen in Table 8.
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Table 8. Gene sequences for housekeeping (GAPDH), M1 macrophage phenotype (iNOS, TNFa, IL-6),

and M2 macrophage phenotype (Arginase, Fizzl, IL-10) genes.

Gene Sequence
GAPDH Forward 5" - AGGTCGGTGTGAACGGATTTG -3’
GADPH Reverse 5" - TGTAGACCATGTAGTTGAGGTCA -3’
INOS Forward 5’ - CAGGGAGAACAGTACATGAACAC -3
INOS Reverse 5" - TTGGATACACTGCTACAGGGA -3
TNFa Forward 5> — AGGAGGAGTCTGCGAAGAAGA -3’
TNFa Reverse 5" - GGCAGTGGACCATCTAACTCG -3
IL-6 Forward 5’ — CCCCAATTTCCAATGCTCTCC -3’
IL-6 Reverse 5" - CGCACTAGGTTTGCCGAGTA -3’
Arginase Forward 5’ - CTCCAAGCCAAAGTCCTTAGAG -3’
Arginase Reverse 5"~ AGGAGCTGTCATTAGGGACATC -3’
Fizz1 Forward 5> -~ GACTGCTACTGGGTGTGCTT -3’
Fizz1 Reverse 5’ -~ GCTGGGTTCTCCACCTCTTC -3’
IL-10 Forward 5’ — CCCTGGGTGAGAAGCTGAAG - 3’
IL-10 Reverse 5’— GCTCCACTGCCTTGCTCTTA -3’
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For real time polymerase chain reactions (RT-PCR), the Thermo Scientific Maxima
SYBR Green/ROX gPCR kit was used. Briefly, a master mix was made for a total of 20 uL per
well in a 96 well plate. This master mix was composed of 0.5 puM forward primer, 0.5 pM
reverse primer, 12.5 mL SYBR Green/ROX gPCR Master Mix (2X), and water to 20 puL. 20 pL
was pipetted in triplicate into a 96 well plate for each experimental group. One gene was
analyzed per plate. A StepOne system was used to run and analyze the RT-PCR. A three step
cycling protocol was used. First, an uracil-DNA glycosylase (UDG) pre-treatment was
performed for 2 minutes at 50 °C. This was followed by an initial denaturation for 10 minutes at
95 °C. Finally, 40 cycles of a 15 s denaturation step at 95 °C, 30 s annealing step 60 °C, and 30 s

extension step at 72 °C were performed.

4.2.5 Statistical Analysis

All statistical analysis was performed using SPSS statistical analysis software. To determine
statistical differences between groups, normally distributed ACt data was compared using a one-
way independent ANOVA and Tukey’s post hoc analysis with an alpha value of 0.05. Error bars
were determined using the 95% confidence interval from bootstrapping and T statistics since the

fold change data is not normally distributed.
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4.3 RESULTS

4.3.1 Gene Expression

Upon isolation of RNA, total RNA content obtained from the SE group was too low for analysis,
requiring the removal of the SE experimental group from the data. The control MO, M1, and M2
macrophages produced approximately 180 ng/uL RNA, while the DN and SN experimental
groups produced approximately 30 ng/uL RNA and the DE experimental group produced
approximately 10 ng/uL RNA. All RNA was diluted to the lowest DE experimental replicate’s
RNA concentration to standardize the template cDNA produced.

All gene expression data was normalized to GAPDH and MO macrophage expression for
each gene. Each experimental group were compared to M1 and M2 macrophage control groups.
The DE experimental group was excluded from the iNOS, 11-6, and Fizz1 gene expression results
due to a lack of gene expression amplification.

For the pro inflammatory expression (Figures 28-30), the M1 macrophages expressed a
INOS-/TNFa-/IL-6+ phenotype, inconsistent with the expected expression profile. M2
macrophages expressed an INOS-/TNFa-/IL-6+ phenotype as well, however the IL-6 expression
was significantly lower than that of the M1 macrophages. The SN and DN macrophages both
expressed an iINOS-/TNFa-/IL-6+ phenotype that was not significantly different from M0 or M2
macrophage phenotype, suggesting that mechanical stimulation does not cause differences in pro
inflammatory gene expression independently. The DE macrophages expressed a TNFa- profile

that was not significantly different from any group.
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Figure 28. INOS fold change normalized to GAPDH and MO macrophage gene expression. No

differences were observed between groups. Error bars represent 95% confidence interval.
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TNFa Gene Expression
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Figure 29. TNFa fold change normalized to GAPDH and MO macrophage gene expression. No

differences were observed between groups. Error bars represent 95% confidence interval.
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IL-6 Gene Expression
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Figure 30. IL-6 fold change normalized to GAPDH and MO macrophage gene expression. M1 control

macrophages were significantly higher than all other groups. Error bars represent 95% confidence interval.

104



For the anti-inflammatory gene expression (Figures 30-32), the M1 macrophages
expressed an Arginase+/Fizz+/1L-10- phenotype, however the Fizz1 expression was significantly
lower than that of the M2 macrophages. M2 macrophages expressed an Arginase+/Fizz+/1L-10+
phenotype, consistent with the expected expression. This was consistent with the expected
expression. The SN macrophages expressed an Arginase+/Fizz+/IL-10+ phenotype, while the
DN macrophages expressed an Arginase+/Fizz-/IL-10+. There were no statistical differences in
ACt values for any gene, however, again suggesting that mechanical stimulation does not cause
differences in pro inflammatory gene expression independently. The DE macrophages expressed
an Arginase+/ IL-10- phenotype, with Arginase expression significantly higher than the SN and
DN experimental groups, while IL-10 expression was significantly lower, suggesting that ECM

has a gene-specific pro-inflammatory and anti-inflammatory response.
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Arginase Gene Expression
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Figure 31. Arginase fold change normalized to GAPDH and MO macrophage gene expression. M1, M2,
and DE macrophages were significantly different from the SN and DN experimental groups. Error bars represent

95% confidence interval.
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Fizzl Gene Expression
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Figure 32. Fizz1l fold change normalized to GAPDH and MO macrophage gene expression. M2

macrophages were significantly different from all other groups. Error bars represent 95% confidence interval.
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IL-10 Gene Expression
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Figure 33. IL-10 fold change normalized to GAPDH and MO macrophage gene expression. M2, SN, and
DN macrophages were significantly higher than all M1 and DE macrophages. Error bars represent 95% confidence

interval.
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44  DISCUSSION

The purpose of this pilot study was to elucidate the effect of mechanical stimulation and ECM on
macrophage phenotype to investigate a possible explanation for early ECM remodeling in vivo.
From the results, no differences were seen in phenotype between macrophages without ECM that
were mechanically stimulated or not.  Mechanical stimulation only caused significant
differentiation from an MO phenotype for the IL-10 gene as well, suggesting that mechanical
stimulation at the amplitude and duration in this pilot study do not generally cause any M1 or M2
gene expression. Although the ECM and mechanically stimulated macrophages of the DE group
only had detectable amplification for 3 of the analyzed genes, the fold changes obtained for anti-
inflammatory Fizz1 were significantly higher than MO macrophages, while also expressing a
TNFa-/IL10- profile suggests that the combination of ECM and mechanical stimulation leads to
a more M2-comparable phenotype.

There were noticeable difficulties with obtaining RNA during this pilot study.
Macrophages attached to the hard plastic 6 well plates produced significantly more RNA than
macrophages seeded at the same cell density on the experimental flexible membrane flat plates.
This is despite macrophages on both the flexible membrane and plastic 6 well plates appearing at
100% confluency by the time of isolation. This implies that the RNA isolation procedure for the
flexible membrane plates needs refinement, and that the use of cell scrapers and Trizol alone are
not sufficient. It is also possible that the experimental conditions are leading to cell death,
reducing the total amount of RNA upon isolation. Furthermore, experimental groups with ECM

strips produced the least RNA of any group, with the SE group producing no RNA for any
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experimental replicate, despite no cells observed embedded upon the ECM under microscopic
magnification. If the ECM were to be digested to capture any RNA from macrophages that
adhered, it was thought that residual RNA from the ECM decellularization process would
interfere and mask the RNA of the macrophages, since the RNA concentrations from the
macrophages were low already.

It was expected that the M1 control group, consisting of MO macrophages exposed to
TNFy and LPS, would display significantly higher fold changes in pro-inflammatory M1
markers iNOS, TNFa, and IL-6 than MO macrophages or M2 macrophages. This was not
observed during experimentation, with I1L-6 being the only gene that showed significantly higher
M1 control group expression. The M2 control group, consisting of MO macrophages exposed to
IL-4, performed closer to expectations, with significant increases in anti-inflammatory M2
markers Arginase, Fizz1, and IL-10 expression over MO and M1 macrophages. This suggests
that the gene expression profiles of the experimental groups are more reliable for the M2 genes,
since these were confirmed with the control groups. It is possible that the primer sequences in
Table 2 were not optimal for the cell line, and new primers should be obtained and tested to see
if the primer sequences were the cause of the M1 control group’s gene expression response.

Mechanical stimulation’s lack of impact on the macrophages in the SN and DN groups
was surprising, as it has been shown previously that mechanical stimulation can cause
modulation of macrophages to an M2 phenotype(Ballotta et al., 2014; Pongkitwitoon et al.,
2016). While the study by Pongkitwitoon et al. did not perform tensile mechanical stimulation,
Ballotta et al used a FlexCell tensile system as well and saw decreases in M1 macrophage
phenotypic genes as well as increased IL-10 expression. However, this study applied higher

strains (7% and 12%) at 0.8 Hz continuously for 7 days. The decreases in anti-inflammatory M1
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marker expression occurred in day 2 as well, suggesting that the current pilot study may not have
extended long enough to observe changes in macrophage phenotype away from an MO
phenotype. Also, the study performed by Ballotta et al. analyzed macrophages seeded on a poly-
e-caprolactone bisurea scaffold. In this pilot study, for the limited data of macrophages seeded
with ECM, their expression profiles more closely match those of an M2 phenotype. Therefore,
the presence of a scaffold may be integral for the modulation of macrophages to an M2
phenotype.

The results of this pilot study provide limited insight into the potential reasons for ECM
scaffold remodeling upon implantation in the TMJ. The lack of major differences between the
SN and DN experimental groups suggests that the mechanically loaded nature of the TMJ itself
may not be the driving force behind ECM remodeling itself. The limited results from the
mechanically loaded ECM macrophage group DE suggest that the interplay between these
factors may offer a better explanation for the remodeling behavior. As mentioned before, the
duration of the pilot study may be a complication, as it has been shown previously that M1
modulation to M2 in ECM may not occur immediately and therefore may not be detected by the
pilot study(Brown et al., 2012d). However, the results suggest expanding this pilot study to a
more in depth study may be appropriate.

For future iterations of this experiment, new primers sequences for iNOS and TNFa
should be obtained and validated. Also, improved RNA isolation methods should be developed,
potentially adding more Trizol, increasing exposure time, or freeze-thawing plates to increase
cell rupture for RNA release. Finally, the strain during mechanical stimulation should either be
increased in amplitude or duration, or a combination of both, to ensure more dynamic results.

With this in mind, the current pilot study provided an important first step into examining the

111



effect of mechanical stimulation and ECM on macrophage expression, and provides potential

insight into modulation of macrophages in the TMJ upon implantation of an ECM scaffold.
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5.0 DISCUSSION - CONCLUSIONS

The work set forth in this thesis strongly supports the central hypothesis that an SIS-ECM
scaffold will remodel into a TMJ disc analogue in the porcine model in vivo within 6 months of
implantation. Once the biochemical and biomechanical properties of the TMJ disc mandibular
cartilage were characterized, the remodeled scaffolds were statistically in range with their age-
matched controls in every parameter by 3 months post implantation. Additionally, the possible
mechanism for this remodeling was investigated by analyzing the gene expression and phenotype
of mechanically loaded macrophages and comparing them to control.

Characterization of the biochemical and biomechanical properties of the TMJ disc and
mandibular condylar cartilage at 3, 6, and 9 months yielded no differences across age groups
(Chapter 2). Histological results, however, did highlight differences in cellularity and general
collagen orientation across time points, providing insight into how the ECM constituents of the
TMJ disc form over time. Novel tensile protocols developed for the determination of tensile
properties throughout the thickness of the TMJ disc also led to decreased variability in tensile
modulus, as well as emphasized the heterogeneity of collagen fiber organization in the
intermediate zone of the TMJ disc. Also, although the condylar cartilage and TMJ disc were not
compared to each other at each time point, distinct differences could be seen in the formation and
mechanical properties between the TMJ (fibrocartilage) and condylar cartilage (articular

cartilage) at each time point in terms of DNA, collagen, and GAG content, as well as
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compressive stress and modulus. This reinforces the idea that distinct tissue engineering
methodologies are required for fibrocartilage, as the design parameters differ from hyaline
cartilage.

The native properties across age groups could then be used as a benchmark for in vivo
tissue engineering studies featuring regenerative medicine therapies at various time points. To
investigate the potential for tissue engineered therapies in the TMJ, SIS-ECM scaffolds were
implanted in a porcine TMJ following discectomy and allowed to remodel for 1, 3, and 6 months
(Chapter 3). At this point, the remodeled scaffolds and corresponding condyles were excised and
compared against a new set of native controls following the protocols established in Chapter 2.
It was determined that the ECM scaffolds were able to remodel into a tissue resembling the TMJ
disc within 1-month post-implantation. Also, by 3 months post implantation, the remodeled
scaffolds were not statistically different from native age matched controls in DNA content,
collagen content, or GAG content. The mechanical properties of the remodeled scaffold were
also at least 50% of native within 3 months. The lack of mechanical properties to reach those of
native by 6 months suggest that while the biochemical properties of the remodeled scaffolds
might reach those of native, the organization and deposition patterns of the ECM constituents
don’t recapitulate those of the native tissue. This highlights a potential goal for future
experiments, where implanted scaffolds can force collagen fibril organization into a framework
similar to native discs. Still, the biochemical and biomechanical properties obtained from
remodeled ECM scaffolds proved the hypothesis of this study true, and even exceeded the initial
design criteria set forth prior to the experiment.

It is also important to consider the effect of the scaffold on the surrounding articulating

tissues of the TMJ, namely the condylar cartilage. The excised condyles were not statistically
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different from their native age-matched controls in biochemical content, although there was a
trend to lower GAG content overall at each progressive time point. Also, while the treated
condyles did show significantly decreased compressive stress and modulus at 1 month post
implantation when compared to controls, the biomechanical function of the condyles were
returned and not different from native by 3 months post-implantation. This suggests that the
remodeling of the condyles would have occurred either way, but discectomy and ECM
implantation may have accelerated the process, or that the remodeling observed on the treated
condyles was able to repair itself. In either event, the treated condyle’s recapitulation of native
compressive properties by 3 months suggests that there were no long term degenerative effects to
the condylar cartilage as a result of implantation of ECM scaffolds in the TMJ.

Once the ECM scaffolds displayed the ability to successfully remodel in the porcine
TMJ, a pilot study was performed to try to elucidate the mechanism of remodeling in the early
joint environment. To this end, the effects of mechanical stimulation and ECM on macrophage
phenotype modulation were investigated. The amplitude for mechanical stimulation chosen was
5% strain, the frequency was 1 Hz, and the duration was 4 hours. A one-time application of the
tensile mechanical stimulation was applied in 2D for gene expression analysis, using genes
associated with both a pro-inflammatory (M1) and anti-inflammatory (MZ2) macrophage
phenotype, and experimental groups were compared to MO, M1, and M2 control groups.
Difficulties with RNA isolation prevented the elucidation of the effect of ECM alone, but it was
determined that mechanical stimulation did not have an effect on overall macrophage phenotype
modulation. Mechanical stimulation in combination with ECM did lead to an increased
expression of the M2 marker IL-6 without any corresponding fold change increases in M1

markers, suggesting that from the limited results the interplay between mechanical stimulation
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and ECM may modulate the seeded MO macrophages to an M2 phenotype. While the data is
limited, this loosely confirms the core hypothesis behind this pilot study. Several potential
limitations to this pilot, however, necessitate further study before any definitive conclusions
could be drawn. Future investigations should consider changes in mechanical stimulation
amplitude, duration, RNA isolation techniques, and primer sequences for M1 genes.

The results of this thesis are in accordance with the main stated hypothesis that with the
knowledge of the effect of age on native TMJ on native TMJ tissues and establishment of novel
protocols and assays, it will be determined that SIS-ECM scaffolds are a viable TMJ disc
analogue within 6 months of implantation in vivo. The resulting biochemical and biomechanical
properties of the remodeled ECM scaffolds actually indicate viability within 3 months, faster
than expected in the hypothesis. These properties also exceed the success of previous tissue
engineered devices for the TMJ disc in vitro and in vivo, albeit this is the first porcine in vivo
tissue engineering TMJ study. The effect of age on native properties in the growing pig has also
been elucidated and explored. Finally, the effects of in vitro mechanical stimulation and ECM
on macrophages in the early TMJ environment have been investigated. The success of this
study strongly suggests the efficacy of the SIS-ECM scaffold as a potential tissue engineered

graft replacement for the damaged TMJ disc.
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