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load-bearing properties of connective tissues, its contribu-
tion in temporomandibular joint disc biomechanics has been 
disregarded. This study attempts to characterize the structur-
al-functional contribution of elastin in the temporomandibular 
joint disc. Using elastase, we selectively perturbed the elastin 

investigated the structural, compositional and mechanical 
regional changes through: (1) analysis of collagen and elastin 

-
copy; (2) quantitative analysis of collagen tortuosity, cell 

collagen, glycosaminoglycan and elastin content; and (4) 
cyclic compression test. Following elastase treatment, micro-

across the temporomandibular joint disc, with a more 

biochemical analyses of the intermediate regions showed 

in collagen and glycosaminoglycan content, likely due to 

-
markable reduction of collagen tortuosity, and cell elongation. 
Mechanically, intermediate regions in the treated samples 

-
-

restoration and maintenance of the disc resting shape and 

resilience to the temporomandibular joint disc. 

Key words: Temporomandibular joint disc; Cartilage; Elastin 

Abstract 1. Introduction

The temporomandibular joint (TMJ) disc is 
-

tilaginous tissue that overlies the articu-
lating surfaces of the mandibular condyle 
and temporal fossa providing smooth jaw 
movement. The disc plays a crucial role as a 
shock absorber, force distributor and a con-
gruent agent of the articulating structures in 
complex jaw kinematics [1, 2]. Morphologi-
cally, it has a saddle-shaped structure being 
thicker at the posterior and anterior edges 
and thinner in the intermediate regions. 
The extracellular matrix (ECM) of the disc is 
mainly composed of a highly organized and 
dense collagenous network, encompassing 

amount of proteoglycans and glycosamino-
glycans (GAGs) [3-5]. The region-dependent 
distribution, organization and interaction of 
these elements yield to a heterogeneous 
and anisotropic mechanical behavior of the 
disc under various loading conditions during 
jaw movement [6, 7].

The structural-functional characteristics 
of the TMJ disc may be compromised 
under pathological conditions. One of the 
most ambiguous areas of clinical dentist-
ry is temporomandibular disorder (TMD). 
Approximately, 10% of the population 
exhibit symptoms of TMD [8], among which 
70% demonstrate malpositioning of the 
disc, known as internal derangement [9]. 
Although the etiology of disc pathology 
remains unknown, it has been suggested 
that the internal derangement may alter the 
ECM composition of the disc, subjecting it 
to abnormal loading conditions, which could 
lead to its degeneration and subsequent 
deterioration [10, 11]. This standpoint is of 
high importance considering the presence 
of degradative enzymes as well as their

endogenous inhibitors in the ECM. 
Disturbing their delicate balance by any 
intrinsic or extrinsic factor may result in a 
surplus of enzymatic activity in the matrix, 
altering ECM composition and structure 
and eventually leading to mechanical failure 
of the tissue [12-15]. Structural-functional 
characterization of the individual struc-
tural elements of the TMJ disc can help 
to achieve a better understanding of the 
pathophysiology of the TMJ disc de-
rangement; to establish design criteria for 
construction of a biocompatible tissue-en-
gineered replica; and to develop more accu-
rate computational prediction models.

characterized extensively in recent studies 
[16-22]. In these studies, selective enzymat-
ic degradation techniques were used in 
combination with mechanical testing, 
biochemical analysis or microscopic exam-
ination to assess the contribution of elastin 

In response to loading, connective tissues 
exhibit heterogeneous, anisotropic and 
hyperelastic behavior where expansion of 
the tissue (i.e. proteoglycan-driven swelling 
pressure in cartilage) is restricted by colla-
gen [23, 24] and to a lesser extent by elastin 

co-distributed within a collagenous network, 
are believed to act as springs, accounting 
for elasticity of the ECM [25, 26]. More 

energy, thereby preserving collagen for 
damage through impact loading [16, 17, 
22, 27] and contributing to recovery of the 
tissue after straining [17, 26, 28, 29]. This is 
particularly relevant for compliant structures 
like the TMJ disc. 
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41Biomechanical Characterization of the Temporomandibular Joint Disc 40

While the mechanical contribution of col-

there are only few studies on the occurrence 

disc [4, 29-40]. Therefore, the aim of the 
present study is to provide a systematic 
structural-functional characterization of 

contribution in healthy and degenerated 
conditions. We used selective enzymatic 

with microscopic, biochemical and mechan-
ical analyses to elucidate the nature and ex-

-
tity and organization of ECM constituents 
[41]: posterior band (PB), anterior band (AB), 
intermediate zone central (IZC), intermediate 
zone medial (IZM) and intermediate zone 
lateral (IZL).

2. Materials and methods

2. 1. Sample preparation

A total of ten young porcine heads were 
obtained from a local abattoir immediately 
after slaughter. The TMJ discs with intact 
condylar heads were harvested en bloc. The 
discs were then removed from extraneous 
parts and discarded when any gross abnor-
mality was observed. Next, the discs were 

and wrapped in gauze soaked in a solution 
of PBS and protease inhibitors (Roche Di-
agnostics, Germany). Prior to their use, the 
discs were stored at -20 °C.

2. 2. Enzymatic digestion

Given the sample variations regarding their 
thickness, biochemical composition and 
mechanical properties, our main goal was 

concentration and incubation time resulting 

to undergo post treatment mechanical test. 
We based our treatment protocol on results 
of a series of studies performed previously 

-
trations of elastase were used to degrade 

studies were performed experiments in the 
presence or absence of soybean trypsin in-
hibitor (SBTI). We used pancreatic elastase 
(E1250, Sigma, St. Louis, MO), as a potent 
elastin degrading enzyme, in combination 
with SBTI (T9003, Sigma, St. Louis, MO) to 

elastase [12, 42]. Preliminary tests revealed 
that 16 h of treatment in a physiological 
solution under gentle agitation at 37 °C with 
a volume activity of 3 U/mL elastase and 0.1 

of this study. The left disc of each head was 
assigned to the control (PBS) group (n=5) 
and the right disc to the treated (elastase) 
group (n=5). All discs were mechanically 
tested before and after incubation with 
PBS or elastase, thus serving as their own 
controls. After the pre-treatment mechan-
ical test, samples were relaxed in PBS for 
30 min at room temperature. Then samples 
were distributed to vials containing PBS or 
elastase solution and incubated according-
ly. Following treatment, the samples were 
washed in three changes of PBS for 
5 min each under gentile agitation at room 
temperature before undergoing the 
post-treatment mechanical test with the 
protocol described in the “Mechanical 
loading experiment” section.

2. 3. Immuno�uorescence

3 pairs of TMJ discs were used for immu-
nohistochemistry and included in the PBS 

or elastase treatment without undergoing 
any mechanical test. Porcine arteries were 
used as positive controls for elastin staining. 
Following treatment, samples were washed 

-
dehyde and subsequently placed in PBS at 
4 °C until cryosectioning. For that purpose, 
the central, lateral and medial parts of the 
disc were cut into two parts, one used 
for transverse and the other for sagittal 
sectioning. Then, each part was placed on 
a specimen holder using Tissue-Tek (Sakura 
Finetek, Netherlands), and sectioned at 10 
µm. The artery specimens were sectioned 
transversely. 

The sections were incubated with PBS 

goat serum, PBS) for 20 min. The sections 
were then incubated with a cocktail of pri-
mary antibodies containing rabbit polyclonal 
anti-collagen I (1:1000, ab34710; Abcam, 
MA) and mouse polyclonal anti-elastin 
(1:100, ab9519; Abcam) overnight at 
4 °C. Thereafter, sections were washed with 
PBS and a cocktail of secondary antibod-
ies containing Alexa 488 goat anti-rabbit 
(1:2000; Invitrogen, CA) and Alexa 647 
goat anti-mouse (1:200; Invitrogen, CA) 
was added for 1 h. Then, sections were 

-
amidino-2-phenylindole (DAPI) for 10 min, 
washed in PBS mounted with Vectashield 
mounting medium (Vector laboratories, CA) 
and stored at 4 °C. Images were obtained 
with an inverted confocal microscope 
(Leica SP8, Leica, Germany) using a ×40 
oil immersion objective with zoom factor 
of ×1 and pinhole adjusted to 5 airy units. 
Recordings were further processed with 
ImageJ (NIH, MD).

 2.4. Transmission electron microscopy
 (TEM)

temperature in 4% paraformaldehyde and 
1% glutardialdehyde in 0.1 M Sodium 

tissue was dehydrated in a series of etha-
nol, and embedded in epoxy resin (LX-112).                           
Ultrathin sections were made from the 
tissue blocks using a diamond knife. 
Sections were stained with uranyl acetate 
and lead nitrate and examined in a CM10 
Philips electron microscope.

2. 5. Collagen tortuosity analysis

Collagen tortuosity index, as a measure 

from the microscopy images based on the 
Gabor wavelet algorithm previously devel-
oped in MATLAB (Mathwork, MA) [43]. In 

-
ent wavelengths (2, 3, 4, 5) and orientations 
                            were convolved with the 
images, and corresponding histograms 
were obtained. The tortuosity index was 
then calculated by deducting the maximum 
number in the Gabor histograms from 1. 
Thus, the tortuosity index values varied 
between 0 and 1. If the tortuosity index is 

is maximal.

2. 6. Cell shape analysis

Using DAPI images, cell shape index was 

previously described [44]. In brief, a binary 
threshold was applied to the gradient im-
ages after the images were converted to 
a grey-scale format and the noises were 

( , , , )0 4 2r r r
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reduced. After removal of small artefacts 

a measure of cell elongation was calculated 
as                                             . If a cell is 
fully circular, it has a shape index of 1, and 
if it is a line, it has a shape index of zero.

2. 7. Tissue volume quanti�cation

on the general morphological aspects of 
the disc, we measured the volume of the 
samples before and after PBS/elastase 
treatment. For that purpose, a measuring 

Before treatment, the disc was gently 
placed inside the cylinder causing an in-
crease of PBS level, which was marked 
and imaged accordingly. The same process 
was repeated after treatment. Then, we 

marked points on the cylinder using Image 
(NIH, MD) allowing us to calculate the 
volume changes of the disc following the 
PBS/elastase treatment.

2. 8. Biochemical analysis

Following the post-treatment mechanical 
test, the samples were relaxed in PBS for 
30 min at room temperature. To determine 
the extent of degradation, we excised two 

mechanically tested regions using a 4-mm 
disposable dermal punch (Miltex Instru-
ments, Lake Success, NY). The speci-
mens were placed in vials, frozen in liquid 
nitrogen, sealed and stored at -80 °C until 
testing. From each pair of adjacent speci-
mens, one was assigned to hydroxyproline 
and GAG content measurement and the 

The total hydroxyproline and GAG content 
were determined according to Ghazanfari et 
al. [43]. Accordingly, the assigned specimen 

was lyophilized overnight, dry weighted and 
digested by papain (Sigma, St. Louis, MO) 

1-9-dimethylmethylene blue dye-binding 
assay using chondroitin sulfate from shark 
cartilage (Sigma, St. Louis, MO) to create 
a standard curve. The hydroxyproline, as 
a measure of total collagen content, was 
determined by alkaline autoclaving of the 
papain digest followed by spectrophoto-

chloramine-T and dimethylaminobenzalde-

following the Fastin elastin colorimetric 
assay protocol (Biocolor Ltd., UK). As 
previously described [45], samples were wet 
weighted and then digested by oxalic acid, 
solubilizing insoluble elastin into-elastin 

along with soluble tropoelastin spectropho-
tometrically.

2. 9. Experimental apparatus

To characterize the mechanical properties 
of the samples, we used a custom-built 
materials testing machine [46] with a reso-
lution of 1 µm at a rate of maximally 30 Hz. 

indenters (stainless-steel) and a chamber. 

the chamber and aligned with the upper 
indenter, which applies cyclic compressive 
displacement controlled by a custom-made 
software (implemented in LabVIEW 8.2, 
National Instruments, Austin, TX). A 25 N 
load cell (Honeywell Model 11, Honeywell, 
Golden Valley, MN) was used to register 
the normal reaction force applied to the top 
indenter. The load cell was connected to 

-
stadt, Germany). After A/D conversion (NI 
USB 6008, National Instruments, Austin, 
TX), the signals were registered by the same 
software controlling the displacing indenter. 

With this setup, displacement and reaction 
force were recorded simultaneously at a 16 
ms interval.

2. 10. Mechanical loading experiment

We determined the regional mechanical 
properties of the samples using the proto-
col developed previously [47]. Frozen discs 
were immersed in PBS and thawed at room 
temperature for 1 h. Then, using cyanoac-
rylate (Histoacryl, Braun Surgical S.A., Rubi, 
Spain), the inferior surface of the desired re-
gion was glued to the bottom indenter and 

the disc to equilibrate for 5 min. Next, a tare 
load of 0.02 N was applied to the sample to 
prevent slippage and provide a full contact 
between the indenter, and the disc. 
Following another 5 min of relaxation time, 
the platen-to-platen distance was 

as the thickness of the sample. To obtain a 
reproducible loading pattern, samples were 
preconditioned for 3 min through a series 
of cyclic compressive displacements 
corresponding to 10% strain at a frequency 
of 1 Hz. Following 5 min recovery time, 
samples were loaded for another 20 cycles 
similar to the preconditioning loading pro-
tocol. When done, the disc was carefully 
detached from the bottom indenter, glued 
at another region and mechanically tested 
using the same protocol. The loading proto-
col was chosen based on the physiological 
loading during human mastication. Report-
edly, the joint space reduces up to 10% 
during maximum clenching [48]. Regarding 
the chewing frequency, although porcine 
masticates faster than a human (2-3 Hz) 
[49], previous studies using a porcine model 
[50, 51] reported their mechanical data at 
1 Hz, which is shown to be the mean 
frequency of human mastication (0.5-1.5 Hz) 
[49].

Stress (force divided by cross-sectional area 
of the indenter) and strain (upper indenter 
displacement divided by the specimen 
thickness) were driven from load-displace-
ment data using routines written in Matlab 
(MathWorks, Inc., Natick, MA). For evalution 
of the mechanical data, we focused on the 
following terms: 1) instantaneous modulus 

-

strain and; 2) maximum hysteresis calcu-

loop of stress-strain curve, called maximum 
energy dissipation.

2. 11. Statistical analysis

variation in the pre-treatment (before PBS/
elastase treatment) mechanical properties, 

-
tween the corresponding single regions of 
the left and right samples. We also used the 

volume before the PBS/elastase treatment. 
-

es between either mechanical properties 
or the disc volume of both sides, we 
carried out further analysis by only having 
the post-treatment (after PBS/elastase 
treatment) mechanical data and disc 
volume measurements taken into account.
We applied a two-way analysis of variance 
(ANOVA) with repeated measurements to 
compare two overall factors of elastase 
treatment and disc region on the mechan-
ical and biochemical measurements of the 
associated groups. A multiple pairwise 
comparison with Bonferroni's correction 
was performed to investigate the regional 

p-values were used for comparisons. Addi-

( )SI area perimeter4
2

#r=
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single regions of the control (PBS) and 
treated (elastase) groups. To analyze the 

shape indices between the control (PBS) 
and treated (elastase) groups, we calculated 
the average of indices in separate regions 
and then compared the mean of all regions 
indices between the two groups using an 

-

of disc volumes in the control (PBS) and 
elastase treated groups.

Statistical analyses were performed using 
GraphPad Prism 6.01 (GraphPad Software, 

p<0.05.

3. Results

3. 1. Immuno�uorescence

the control (PBS) samples revealed fairly 
-

bers interlacing heterogeneously through 
the densely packed and highly organized 
collagenous network across the disc (Figs. 

were seen anteroposteriorly oriented in the 
intermediate regions, merging to the 

branching at acute angles and reuniting 

preferential alignment mainly parallel to 

oblique with higher branching frequency 
forming random patterns (Figs. 1 and S. 2). 
Sagittal sections further demonstrated the 

thickness of the disc (Figs. 2, S.1 and S. 5) 

the AB and PB where they display more 
branching and random patterns of distri-

of the treated (elastase) samples clearly 
showed loss of elastin compared to the 
control (PBS) group (Fig. 2). Notably, as the 
degradation begins at the exterior surfac-

throughout the thickness, leaving behind 

of degradation was most pronounced in 
the thinnest zone of the disc, intermediate 
region (IZC, IZM, IZL), leading to extensive 

and sporadic remnants of elastin fragments 
(Figs. 1, 2, S. 2 and S. 5). In the bands (AB 
and PB) of the disc however, due to their 
higher thickness, the elastase incubation 
resulted in less fragmentation but enough 
to create regions containing loose, sparse 

(Figs. 1, 2, S. 3 and S. 6). Following elastase 
treatment, we observed severe degradation 

in the media and intima layers of porcine 
artery compared to the control (PBS) 
sample (Fig. S. 8).

3. 2. Tissue volume

The disc volume before and after PBS/elas-

treated (elastase) group (Fig. 3A). tortuosity and cell nuclei elongation following the elastase treatment (regions with asterisk), 
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-

nuclei in separate channels, respectively.

3. 3. Collagen tortuosity

Comparing indices between the two groups 
-

ity in the treated (elastase) samples was 

decreased from left to right, their corre-
sponding indices decreased accordingly 
(Fig. 3C).

3. 4. Cell shape

The results presented in Fig. 3D show 

following elastase treatment. The shape 
index changed from 1 to 0 as the shape 
geometry shifted from line to circle (Fig. 3E).

3. 5. Biochemical analysis

3. 5. 1. Elastin

The elastin content for the control (PBS) 
and treated (elastase) groups are presented 
in Fig. 4A. Elastase treatment reduced the 
average elastin content of the disc by 
40%. Two-way ANOVA showed an overall 

(p<0.0001) and disc region (p<0.0001) 
on the elastin content across the TMJ disc. 

the thinnest regions as in IZC (52%), IZM 
(47%,) and IZL (49%) while the thicker 

Additionally, multiple pairwise post-hoc 

content in the control (PBS) group with IZC 
possessing the highest amount of elastin, 

IZM, IZL and AB. In the treated (elastase) 
samples, however, regional variation of the 

pattern with PB containing the highest 

3. 5. 2. Collagen

The collagen content of the control (PBS) 
and treated (elastase) groups are presented 
in Fig. 4B. Following the elastase treatment, 
the average collagen content of the disc 
was reduced by 22%. The two-way 

of elastase treatment (p<0.0001) and disc 
region (p<0.05) on collagen content across 
the TMJ disc. Additionally, analysis of 
the collagen content between the control 
and treated groups within a single region 

-
gen content across the thinnest regions 
as in IZC (13%), IZM (16%) and IZL (32%), 
while the thicker regions, AB and PB, had a 
limited reduction.

3. 5. 3. GAG

Fig. 4C. shows the GAG content of the 
control (PBS) and treated (elastase) 
samples. Following elastase treatment, 
there was an average of 41% reduction 
in GAG content of the disc. Two-way 

of elastase treatment (p<0.001) and disc 
region (p<0.05) on the GAG content across 

-

in the IZC (55%), IZM (51%), IZL (40%), and 
AB (35%), while in the PB, the elastin was 
reduced to a small extent. Furthermore, 
multiple pairwise post-hoc test expressed 
regional variation of the GAG content in the 
control (PBS) group as PB possesses sig-

to IZC, IZM and IZL. The regional heteroge-
neity of GAG content was lost following the 
elastase treatment.
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indicates p<0.001.

3. 6.  Mechanical properties

Fig. 5. shows the representative mechanical 
behavior of the IZC in the TMJ disc, before 
and after elastase treatment. The stress-
strain curve (Fig. 5A) showed a nonlinear 

elastase treatment. The average of maxi-
mal energy dissipation across the disc was 
increased by approximately 40% following 
the elastase treatment and the stress-strain 
curve continuously shifted down while that 
of the control (PBS) disc relaxed after a few 
consecutive cycles (Fig. 5A). The continu-
ous downward shifting of the stress-strain 

-
sponding stress-time graph (Fig. 5B) as the 

(PBS) disc. 

disc region (p<0.0001) on the maximal 
energy dissipation of the disc. The inter-

maximal energy dissipation of the disc was 

(57%) and IZL (139%), while the thicker 
regions, AB and PB, merely experienced 
minor changes (Fig. 6A). Furthermore, 
multiple pairwise post-hoc test showed 
regional variations in the control group as 

energy dissipation compared to the IZL. Fol-
lowing elastase treatment, maximal energy 
dissipation appeared to be the least in the 

IZC and IZM. 

compressive instantaneous modulus of 
the disc is illustrated in Fig. 6B. Two-way 

the disc region (p<0.0001) on the maxi-
mal energy dissipation. Following elastase 

treatment, there seemed to be a noticeable 
upward trend of instantaneous modulus 
in the thinnest regions (IZC, IZM and IZL). 
In contrast, the thicker regions showed 
a decreasing response to the treatment, 

Additionally, multiple pairwise post-hoc test 
showed that the instantaneous modulus 

than IZC and IZL. The treaded (elastase) 

of instantaneous modulus.

3. 7. TEM

A representative image of the IZC region of 
the control (PBS) disc (Fig. 7) demonstrates 
a densely-packed and highly-ordered array 

D-periodic banding pattern. With regard to 

both independently and in close association 
with amorphous elastin core, forming ma-

Following elastase digestion, we could not 

some elastin devoid areas appeared in 

spaces may be a potential indication of 

to be less densely-packed; nonetheless 

(Fig. 7B).

4. Discussion

The purpose of this study was to 
provide a systematic structural-functional 
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TMJ disc. Using a top-down approach by 

combinatio nwith assessment of mechani-
cal, structural and compositional changes in 
the native and degenerated discs, equipped 
us with a powerful analytical arsenal to 
better understand the nature and the extent 

disc biomechanics. 

Our study indicates a crucial and complex 

elastin revealed that elastase treatment of 
the disc resulted in a varying extent of 
elastin fragmentation especially in the 
intermediate zone (IZC, IZM and IZL; Figs. 
1 and S. 2) where most changes occurred. 
Interestingly, as byproducts of perturbing 

tortuosity (Fig. 3B) and cell shape elonga-
tion (Fig. 3D). 

of the elastase treatment and its corre-
sponding structural changes by showing 

collagen (Fig. 4B) and GAG (Fig. 4C) content 

of these structural and compositional 

altered viscoelastic mechanical properties 
of the disc (Figs. 5 and 6).

Following elastase treatment, the Mullins 

the control (PBS) group (Fig. 5A) still 
occurred in the corresponding stress-strain 
curves, meaning that the progressive 

taking place. Despite the degradation and 

treated (elastase) discs appeared to be elas-
tic enough to retreat back to the zero-strain 
state during the unloading cycle (Fig. 5A). 
However, the treated (elastase) samples 
were experiencing continuous softening 
likely associated with inability of tissue to 
recover completely (remnant strains). This 

al. [26] as they also observed continuous 
softening in elastase treated samples 
attributed to the continuous elongation of 
the tissue over the loading cycles.

In agreement with Yu et al. [52], we 

connectivity between adjacent collagen 

no longer anchored to the matrix or to one 
another at locations emptied from the 

able to separate, rearrange and slide 
against each other more easily. The regions 

increase of maximal energy dissipation (Fig. 
6A). Given the higher thickness in the AB 
and PB, our confocal images showed only 

2, S. 2 and S. 5) in these regions, leaving 

network; consequently, limited changes of 
their hysteresis properties (Fig. 6A) were 
observed. 

Elastase treatment of the disc also resulted 
-

neous modulus (Fig. 6B). However, unlike 
the hysteresis data, two-way ANOVA did 

elastase treatment on the instantaneous 
modulus. This may be due to the fact that 
its calculation is based on the maximal point 
(higher strain range) of the stress-strain 
loading curve where the mechanical 

-

p<0.0001.
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behavior of the tissue is primarily governed 

previous studies [17, 20, 26, 53], we 
observed an increasing trend of the modu-
lus in the intermediate zone of the treated 
(elastase) discs, especially in the IZC and 

intermediate zone (Fig. 6B), yielding to 
collagen recruitment at lower strains. This 
phenomenon highlights a vital mechanical 

they could provide shock absorption, 
taking up small strains and thereby shield-

impact loading. This mechanism has also 
been suggested in experiments with 
elastase treatment of other tissues 
[17, 20, 22, 26, 53]. Elastase treatment also 

volume (Fig. 3A), in line with other forms of 
size enlargement reported previously [20, 
26, 54]. In fact, this could explain the 

and collagen crimp, as the origin of the 
latter has been associated with a pre-stress 

[55, 56]. With elastin being removed, the 

abolished, leaving them in a relaxed state. 
Another study [57] suggested a cell-induced 
mechanism involving traction forces 

periodic crimp structure. However, this view 
is opposed by Ghazanfari et al. [43] who 
found formation of collagen crimps upon 

engineered constructs. In light of this 

acting as a contact guidance for the cells, 
having them straightened following the 

elastase digestion forces the cells elongate 

of cells (Figs. S. 4 and S. 7) after elastase 
treatment in our study might support this 

further experiments. 

The reduction of instantaneous modulus in 

biochemical composition and thickness, 

and compromise its degradative role. This 
is in line with a study of Chow et al. [20] in 
which the elastase was used to degrade 

-
ferent incubation periods and reported four 

Fig. 6 therein). This has been attributed to 

the thickness. In fact, Shi et al. [59] reported 

native porcine TMJ disc, due to its multi-di-

the potential mechanical consequence of 

load-bearing capacity of the AB.

Interestingly, we found that elastase 

regions of the disc (Fig. 4B and 4C). It has 
been shown that elastase is selective but 

-
grading a broad range of substrates in the 
ECM. Indeed, elastase has been described 
as a powerful agent, facilitating collagen 

through removal of the ground substance 
such as GAG and elastin, as well as de-
polymerizing the insoluble collagen [60] or 

as reported previously [42]. By contrast, 
although collagenase is considered as the 
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main collagenolytic enzyme, it cannot digest 
the highly crosslinked insoluble collagen 
polymers [12]. This may explain the limited 
reduction of collagen content after the colla-
genase digestion of the TMJ disc in our pre-
vious study [47] vis-à-vis the corresponding 
results we obtained after elastase digestion 
in this study. Despite the presence of SBTI 
in our enzymatic solution, reduction of colla-
gen content was not completely prevented. 

-

absence [20, 21] of SBTI. Despite this inev-

that the mechanical changes in our study 
should not be attributed solely to the con-
tribution of remaining collagenous network 
but to the fragmentation and reduction 

importance as we observed a completely 
-

sponse to the collagenase digestion in our 
previous study [47]. We found a strong 
reduction of the instantaneous modulus and 
maximal energy dissipation in all regions of 
the collagenase treated disc (manifested in 
a highly linear stress-strain curve; see Fig. 4 
therein), despite a minimal reduction of 
collagen content in the corresponding 

to a severe structural disorganization of 
collagenous network caused by collagenase 
digestion (see Fig. 7 and 8 therein). In the 
present study, however, the elastase 

was manifested in the still occurring 

stress-strain curve (Fig. 5A). 

Contextualizing the inferred properties with-
in complex kinematics of the TMJ disc pro-
vides us a better insight into the functional 

that the superior layer of the bilaminar zone 
(posterior attachment) of the disc acts as an 
antagonist, limiting the anterior-medial 
displacement of the disc while storing the 
produced strain energy during the jaw 
opening [61, 62]. During the closing move-
ment, the highly resilient superior layer 
of the bilaminar zone couples with the 
posterior distal traction of non-elastic inferi-
or one, thereby restoring the disc back to 
its resting posture through an interaction 
with the masticatory muscles [61, 62]. 
According to Scapino [63] however, the 
bilaminar zone is considered as a hydraulic 

the congruent movement of the TMJ disc. 
Compared to the hyaline cartilage, given 
the low amount of GAG content in the disc 

their associated restorative role by recoiling 

the pre-stressed state, thereby maintain-
ing the homeostatic form of the disc upon 
load removal during the jaw movement [4, 
64]. Our data supports this mechanism by 
showing the reduction of collagen tortuosity 
and volume enlargement of the disc after 
the elastase treatment.

structural and compositional changes of 

or pathologically as in degenerative condi-
tions is of clinical importance. The elastin 
content is reported to decrease through 
advancing age and is not only accountable 
for the loss of elasticity of tissues but also 
provokes structural changes of collagenous 
network, potentially leading to irreversible 
mechanical changes in the tissue [53]. 
Elastolysis could also occur in case of an 
imbalance between the activated degrada-
tive proteases and the functional inhibitory-
initiate or exacerbate a self-reinforcing 

Chapter three



-

m.

57Biomechanical Characterization of the Temporomandibular Joint Disc 56

degenerative process, referred as the 
“vicious circle” by Vergroesen et al. [65] 
(see Fig. 2 therein). Fragmentation of elastin 

-
ered to be common characteristics of aneu-
rysms [20]. Regarding the diarthrodial joint, 
a higher level of elastase has been reported 

components are exposed to the synovial 

of proteases in it. For example, reduction 

bilaminar zone of TMJ discs with anteri-
or displacement [68]. We show here that 

viscoelastic properties; this could subject 
it to unfavorable biomechanics during the 

of the TMJ disc. This may lead to malposi-
tioning of the disc relative to the mandib-
ular and condylar bone, known as internal 
derangement [69].

low quantity in the TMJ disc ECM, revealed 
some remarkable structural-functional 
properties, vital to the TMJ disc biome-
chanics. The elastase treatment resulted in 
region-dependent mechanical, structural 
and compositional changes in the TMJ disc. 

volume expansion of the TMJ disc, reduc-
tion of collagen tortuosity and cell elon-
gation, indicating a release of a pre-stress 
responsible for holding up the homeostatic 

-
enous network, having them degraded 

during cyclic loading. These results point 

the TMJ disc biomechanics goes beyond 

viscoelastic properties of the disc through 

and other ECM components. It is hoped 

the potential degradative contribution of 
elastase in pathophysiological conditions 
and also provides a stepping stone toward 
development of new and improved tissue 
engineering strategies by bringing elastin 

4. 1. Limitations

In this study, we chose the porcine TMJ 

to the human model regarding its morphol-
ogy, biochemical composition and function 
[70]. Also, we used this model, so that we 
can compare our results with our previous 
study [47], in which we investigated the 
mechanical, biochemical and structural 

similar experimental setup. We did not 
intend to use the “equivalent” concentration 
of collagenase for our elastase solution, as 
that could not be meaningfully determined. 
Also, we did not aim for complete degrada-

the samples had to be integrated enough      
following the treatment, so we could per-
form the post-treatment mechanical loading 

-
tase activity, distinguishing the individual 

optimal concentration of SBTI to combine 
with elastase solution to avoid the non-spe-

and found that adding amounts above 600 

elastolysis. While they reported that half 
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of above-mentioned concentration provided 

served the purpose of their study based on 
their type of tissue, elastase concentration 
and treatment time, it still could only prevent 
“some” collagen digestion. Therefore, the 

be an open issue.

It is important to note that we could not 

the TMJ disc which involves any forms of 
mechanical assessment of elastase treated 
samples. Therefore, we discussed our data 
with regard to other studies that performed 
experiments, similar in nature, but using 

consider is that unlike ours, all of these 
studies investigated the role of elastin under 
tensile loading while we used compression 
as it is one of the common types of load 
applied on the TMJ disc [71]. More 
importantly, we wanted to have a meaning-
ful comparison with our previous study 
[47] where we used the same mechanical 
loading regimen to study mechanical 
properties of the collagenase treated 
samples.
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