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Abstract
;OL[LTWVYVTHUKPI\SHYQVPU[KPZJPZHÄIYVJHY[PSHNPUV\Z
Z[Y\J[\YLJVTWVZLKVMJVSSHNLUÄILYZLSHZ[PUÄILYZHUK
WYV[LVNS`JHUZ+LZWP[L[OLJY\JPHSYVSLVMLSHZ[PUÄILYZPU
load-bearing properties of connective tissues, its contribution in temporomandibular joint disc biomechanics has been
disregarded. This study attempts to characterize the structural-functional contribution of elastin in the temporomandibular
joint disc. Using elastase, we selectively perturbed the elastin
ÄILYUL[^VYRPUWVYJPUL[LTWVYVTHUKPI\SHYQVPU[KPZJZHUK
investigated the structural, compositional and mechanical
regional changes through: (1) analysis of collagen and elastin
ÄILYZI`PTT\UVSHILSPUNHUK[YHUZTPZZPVULSLJ[YVUTPJYVZcopy; (2) quantitative analysis of collagen tortuosity, cell
ZOHWLHUKKPZJ]VS\TL"IPVJOLTPJHSX\HU[PÄJH[PVUVM
collagen, glycosaminoglycan and elastin content; and (4)
cyclic compression test. Following elastase treatment, microZJVWPJL_HTPUH[PVUYL]LHSLKMYHNTLU[H[PVUVMLSHZ[PUÄILYZ
across the temporomandibular joint disc, with a more
WYVUV\UJLKLɈLJ[PU[OLPU[LYTLKPH[LYLNPVUZ(SZV[OL
biochemical analyses of the intermediate regions showed
ZPNUPÄJHU[KLWSL[PVUVMLSHZ[PUHUKZ\IZ[HU[PHSKLJYLHZL
in collagen and glycosaminoglycan content, likely due to
UVUZWLJPÄJHJ[P]P[`VMLSHZ[HZL+LNYHKH[PVUVMLSHZ[PUÄILYZ
HɈLJ[LK[OLOVTLVZ[H[PJJVUÄN\YH[PVUVM[OLKPZJYLÅLJ[LK
PUP[ZZPNUPÄJHU[]VS\TLLUSHYNLTLU[HJJVTWHUPLKI`YLmarkable reduction of collagen tortuosity, and cell elongation.
Mechanically, intermediate regions in the treated samples
L_OPIP[LKHZPNUPÄJHU[PUJYLHZLPU[OLPYTH_PTHSLULYN`KPZZPWH[PVU^OPSL[OLPYPUZ[HU[HULV\ZTVK\S\Z^HZUV[ZPNUPÄJHU[S`HɈLJ[LK>LJVUJS\KL[OH[LSHZ[PUÄILYZJVU[YPI\[L[V[OL
restoration and maintenance of the disc resting shape and
HJ[P]LS`PU[LYHJ[^P[OJVSSHNLUÄILYZ[VWYV]PKLTLJOHUPJHS
resilience to the temporomandibular joint disc.
Key words: Temporomandibular joint disc; Cartilage; Elastin
ÄILY"4LJOHUPJHSWYVWLY[PLZ",Ua`TH[PJKLNYHKH[PVU

38

Chapter three

1. Introduction
The temporomandibular joint (TMJ) disc is
HOPNOS`KLMVYTHISLHUK`L[YVI\Z[ÄIYVJHYtilaginous tissue that overlies the articulating 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 congruent agent of the articulating structures in
complex jaw kinematics [1, 2]. Morphologically, 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
PU[LYZ[P[PHSÅ\PKLSHZ[PUÄILYZHUKHTPUPTHS
amount of proteoglycans and glycosaminoglycans (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 dentistry 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
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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 structural elements of the TMJ disc can help
to achieve a better understanding of the
pathophysiology of the TMJ disc derangement; to establish design criteria for
construction of a biocompatible tissue-engineered replica; and to develop more accurate computational prediction models.
,SHZ[PUÄILYZVMKPɈLYLU[[PZZ\LZOH]LILLU
characterized extensively in recent studies
[16-22]. In these studies, selective enzymatic degradation techniques were used in
combination with mechanical testing,
biochemical analysis or microscopic examination to assess the contribution of elastin
ÄILYZPUJVUULJ[P]L[PZZ\LIPVTLJOHUPJZ
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 collagen [23, 24] and to a lesser extent by elastin
ÄILYZBD*VSSHNLUÄILYZHYLYLZWVUZPISL
MVYWYV]PKPUNZ[PɈULZZHUKZ[YLUN[O[V[OL
[PZZ\LH[OPNOLYZ[YHPUZ^OPSLLSHZ[PUÄILYZ
co-distributed within a collagenous network,
are believed to act as springs, accounting
for elasticity of the ECM [25, 26]. More
ZWLJPÄJHSS`LSHZ[PUÄILYZZ[VYLLSHZ[PJ
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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While the mechanical contribution of colSHNLUÄILYZOHZILLUL_[LUZP]LS`Z[\KPLK
there are only few studies on the occurrence
HUKKPZ[YPI\[PVUVMLSHZ[PUÄILYZPU[OL;41
disc [4, 29-40]. Therefore, the aim of the
present study is to provide a systematic
structural-functional characterization of
LSHZ[PUÄILYZPU[OL;41KPZJPUSPNO[VM[OLPY
contribution in healthy and degenerated
conditions. We used selective enzymatic
KLNYHKH[PVUVMLSHZ[PUÄILYZPUJVTIPUH[PVU
with microscopic, biochemical and mechanical analyses to elucidate the nature and ex[LU[VMLSHZ[PUÄILYJVU[YPI\[PVU[V;41KPZJ
IPVTLJOHUPJZ>LPU]LZ[PNH[LKÄ]LKPɈLYLU[
YLNPVUZRUV^U[VWVZZLZZHKPɈLYLU[X\HUtity 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 abnormality was observed. Next, the discs were
^HZOLKPUWOVZWOH[LI\ɈLYLKZHSPUL7):
and wrapped in gauze soaked in a solution
of PBS and protease inhibitors (Roche Diagnostics, 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
[VÄUKHZ\ɉJPLU[JVTIPUH[PVUVMLUa`TL

40

concentration and incubation time resulting
PUHWHY[PHSKLNYHKH[PVUVMLSHZ[PUÄILYZZV
[OH[[OLZHTWSLZTHPU[HPUZ\ɉJPLU[PU[LNYP[`
to undergo post treatment mechanical test.
We based our treatment protocol on results
of a series of studies performed previously
BDPU^OPJOKPɈLYLU[JVUJLUtrations of elastase were used to degrade
LSHZ[PUÄILYZPUKPɈLYLU[[PZZ\LZ;OLZL
studies were performed experiments in the
presence or absence of soybean trypsin inhibitor (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
TPUPTPaLUVUZWLJPÄJLUa`TH[PJHJ[P]P[`VM
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
TNT3:);0^HZZ\ɉJPLU[MVY[OLW\YWVZL
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 mechanical 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 accordingly. 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. Immunofluorescence
;V]PZ\HSPaL[OLLɈLJ[VMLSHZ[HZL[YLH[TLU[
3 pairs of TMJ discs were used for immunohistochemistry and included in the PBS
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or elastase treatment without undergoing
any mechanical test. Porcine arteries were
used as positive controls for elastin staining.
Following treatment, samples were washed
^P[O7):Ä_LKV]LYUPNO[PU WHYHMVYTHSdehyde 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
MVSSV^LKI`ISVJRPUNI\ɈLY ):( 
goat serum, PBS) for 20 min. The sections
were then incubated with a cocktail of primary 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 antibodies 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
^HZOLK^P[O7):Z[HPULK^P[O»KPamidino-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)
*HY[PSHNLZHTWSLZ^LYLÄ_LKH[HTIPLU[
temperature in 4% paraformaldehyde and
1% glutardialdehyde in 0.1 M Sodium
JHJVK`SH[LI\ɈLYMVYO;OLZHTWSLZ
^LYLZ\IZLX\LU[S`^HZOLKPUI\ɈLYHUK
WVZ[Ä_LKPU 6Z6MVYO;OLU[OL
tissue was dehydrated in a series of ethanol, 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
VMJVSSHNLUÄILY^H]PULZZ^HZJHSJ\SH[LK
from the microscopy images based on the
Gabor wavelet algorithm previously developed in MATLAB (Mathwork, MA) [43]. In
ZOVY[.HIVY^H]LSL[Z^P[OHYHUNLVMKPɈLYent wavelengths (2, 3, 4, 5) and orientations
(0, r 4, r 2, r) 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
[OLÄILYZHYLJVTWSL[LS`Z[YHPNO[HUKPM
[VY[\VZP[`PUKL_PZ[OL[VY[\VZP[`VMÄILYZ
is maximal.

2. 6. Cell shape analysis
Using DAPI images, cell shape index was
X\HU[PÄLKPU4(;3()4H[O^VYR4(HZ
previously described [44]. In brief, a binary
threshold was applied to the gradient images after the images were converted to
a grey-scale format and the noises were
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reduced. After removal of small artefacts
I`HNLVTL[YPJHSÄS[LY:OHWL0UKL_:0HZ
a measure of cell elongation was calculated
2
as SI = (4r # area) perimeter . 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 quantification
;VHZZLZZ[OLLɈLJ[VMLSHZ[HZL[YLH[TLU[
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
J`SPUKLY^HZÄSSLK^P[OT3VM7):
Before treatment, the disc was gently
placed inside the cylinder causing an increase of PBS level, which was marked
and imaged accordingly. The same process
was repeated after treatment. Then, we
TLHZ\YLK[OLKPɈLYLUJLIL[^LLU[OL
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
HKQHJLU[ZWLJPTLUZMYVTLHJOVM[OLÄ]L
mechanically tested regions using a 4-mm
disposable dermal punch (Miltex Instruments, Lake Success, NY). The specimens were placed in vials, frozen in liquid
nitrogen, sealed and stored at -80 °C until
testing. From each pair of adjacent specimens, one was assigned to hydroxyproline
and GAG content measurement and the
V[OLY^HZ\ZLKMVYLSHZ[PUX\HU[PÄJH[PVU
The total hydroxyproline and GAG content
were determined according to Ghazanfari et
al. [43]. Accordingly, the assigned specimen
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was lyophilized overnight, dry weighted and
digested by papain (Sigma, St. Louis, MO)
MVYO.(.JVU[LU[^HZX\HU[PÄLKI`
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 spectrophotoTL[YPJX\HU[PÄJH[PVUVMP[ZYLHJ[PVU^P[O
chloramine-T and dimethylaminobenzaldeO`KL;OLLSHZ[PUJVU[LU[^HZX\HU[PÄLK
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
WVS`WLW[PKLZ^OPJOSH[LY^LYLX\HU[PÄLK
along with soluble tropoelastin spectrophotometrically.

2. 9. Experimental apparatus
To characterize the mechanical properties
of the samples, we used a custom-built
materials testing machine [46] with a resolution of 1 µm at a rate of maximally 30 Hz.
0[JVUZPZ[ZVM[^VTTJPYJ\SHYÅH[LUKLK
indenters (stainless-steel) and a chamber.
6ULPUKLU[LYPZÄ_LKH[[OLJLU[LYPUZPKL
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
HIYPKNLHTWSPÄLY/)42/)4+HYTstadt, Germany). After A/D conversion (NI
USB 6008, National Instruments, Austin,
TX), the signals were registered by the same
software controlling the displacing indenter.
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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 protocol developed previously [47]. Frozen discs
were immersed in PBS and thawed at room
temperature for 1 h. Then, using cyanoacrylate (Histoacryl, Braun Surgical S.A., Rubi,
Spain), the inferior surface of the desired region was glued to the bottom indenter and
[OLJOHTILY^HZÄSSLK^P[O7):HSSV^PUN
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
TLHZ\YLKI`HKPNP[HSJHSPWLYHUKKLÄULK
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 protocol. When done, the disc was carefully
detached from the bottom indenter, glued
at another region and mechanically tested
using the same protocol. The loading protocol was chosen based on the physiological
loading during human mastication. Reportedly, 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-displacement 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
KLÄULKHZ[OLYH[PVVMTH_PT\TZ[YLZZVJJ\YYPUNH[[OLÄYZ[J`JSL[VP[ZJVYYLZWVUKPUN
strain and; 2) maximum hysteresis calcuSH[LKMYVT[OLLUJSVZLKHYLHVM[OLÄYZ[
loop of stress-strain curve, called maximum
energy dissipation.

2. 11. Statistical analysis
0UP[PHSS`[VY\SLV\[HU`ZPNUPÄJHU[IPVSVNPJHS
variation in the pre-treatment (before PBS/
elastase treatment) mechanical properties,
^LWLYMVYTLKHWHPYLK:[\KLU[»Z[[LZ[ILtween the corresponding single regions of
the left and right samples. We also used the
ZHTLHUHS`ZPZ[VKL[LYTPULHU`ZPNUPÄJHU[
KPɈLYLUJLIL[^LLU[OLSLM[HUKYPNO[KPZJ
volume before the PBS/elastase treatment.
.P]LUUVZPNUPÄJHU[WYL[YLH[TLU[KPɈLYLUJes 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 mechanical and biochemical measurements of the
associated groups. A multiple pairwise
comparison with Bonferroni's correction
was performed to investigate the regional
KPɈLYLUJLZ^P[OPULHJONYV\W;OLHKQ\Z[LK
p-values were used for comparisons. Addi[PVUHSS`HWHPYLK:[\KLU[»Z[[LZ[KL[LYTPULK
[OLKPɈLYLUJLZIL[^LLU[OLJVYYLZWVUKPUN

Biomechanical Characterization of the Temporomandibular Joint Disc

single regions of the control (PBS) and
treated (elastase) groups. To analyze the
KPɈLYLUJLZVMJVSSHNLU[VY[\VZP[`HUKJLSS
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
\UWHPYLK:[\KLU[»Z[[LZ[-\Y[OLYTVYLH
WHPYLK:[\KLU[»Z[[LZ[^HZ\ZLK[VJVTWHYL[OLKPɈLYLUJLZIL[^LLU[OLH]LYHNL
of disc volumes in the control (PBS) and
elastase treated groups.
Statistical analyses were performed using
GraphPad Prism 6.01 (GraphPad Software,
3H1VSSH*(\ZPUNHZPNUPÄJHUJLSL]LSVM
p<0.05.

3. Results
3. 1. Immunofluorescence
;OLPTT\UVÅ\VYLZJLUJLZ[HPUPUNVM
the control (PBS) samples revealed fairly
Z[YHPNO[SVUNHUKIYHUJOPUNLSHZ[PUÄbers interlacing heterogeneously through
the densely packed and highly organized
collagenous network across the disc (Figs.
HUK4VYLZWLJPÄJHSS`JVSSHNLUÄILYZ
were seen anteroposteriorly oriented in the
intermediate regions, merging to the
LUJPYJSPUNÄILYZH[[OLWLYPWOLY`HUK
MVYTPUNHÄIYPSSHYUL[^VYR-PNZHUK:
;OLLSHZ[PUÄILYZ^LYLVJJHZPVUHSS`
branching at acute angles and reuniting
PU[VZ[YHPNO[VYVISPX\LÄILYZ^P[OH
preferential alignment mainly parallel to
JVSSHNLUÄILYZ-PNZHUK:0U[OL()
^OLYL[OLJVSSHNLUÄILYZZLLTLKTVYL
PZV[YVWPJ[OLLSHZ[PUÄILYZHWWLHYLKTVYL
oblique with higher branching frequency
forming random patterns (Figs. 1 and S. 2).
Sagittal sections further demonstrated the
WYLZLUJLVMLSHZ[PUÄILYZ[OYV\NOV\[[OLM\SS
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thickness of the disc (Figs. 2, S.1 and S. 5)
^P[OZ[YHPNO[LSHZ[PUÄILYZPU[OL0A*Y\UUPUN
HSVUN[OLJVSSHNLUÄILYZHUKL_[LUKPUN[V
the AB and PB where they display more
branching and random patterns of distriI\[PVU;OLPTT\UVÅ\VYLZJLUJLZ[HPUPUN
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 surfacLZ[OLLɈLJ[P]LULZZVMLSHZ[HZL]HYPLK
throughout the thickness, leaving behind
KPɈLYLU[KLNYLLZVMKPNLZ[PVU;OLLɈLJ[
of degradation was most pronounced in
the thinnest zone of the disc, intermediate
region (IZC, IZM, IZL), leading to extensive
MYHNTLU[H[PVUKPTPUPZOPUNVMLSHZ[PUÄILYZ
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
HUKJVPSLKLSHZ[PUÄILYZ-PNZ:
HUK:;OLVYPLU[H[PVUVMJVSSHNLUÄILYZ
ZLLTLK\UHɈLJ[LKI`LSHZ[HZLKLNYHKH[PVU
(Figs. 1, 2, S. 3 and S. 6). Following elastase
treatment, we observed severe degradation
VMLSHZ[PUÄILYZKPZVYNHUPaH[PVUVMJVSSHNLU
ÄILYZHUKKPZHWWLHYHUJLVMJLSSU\JSLP
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[HZL[YLH[TLU[^HZX\HU[PÄLK>LMV\UKH
ZPNUPÄJHU[PUJYLHZLVMKPZJ]VS\TLPU[OL
treated (elastase) group (Fig. 3A).
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-PN;VW]PL^JVUMVJHSPTHNLHUKV]LYSH`PTT\UVÅ\VYLZJLUJLZ[HPUPUNVMLSHZ[PUÄILYZ
JVSSHNLUÄILYZ[`WL0HUKJLSSU\JSLPVMWVYJPUL;41KPZJILMVYLHUKHM[LYLSHZ[HZL[YLH[TLU[
,SHZ[PUÄILYZJVSSHNLUÄILYZ[`WL0HUKJLSSU\JSLPJHUILKPZ[PUN\PZOLKPUYLKNYLLUHUKIS\L
YLZWLJ[P]LS`;OLZJOLTH[PJJVUÄN\YH[PVUVM[OL;41KPZJZLLUMYVT[VWWSHJLKPU[OL
\WWLYTVZ[YPNO[JVYULYVM[OLÄN\YLL_OPIP[Z[OLSVJH[PVUVMKPќLYLU[YLNPVUZVM[OL;41KPZJ
HUK[OLKPYLJ[PVUVMPTHNPUN[VW]PL^9LNPVUSHILSZ^P[OHZ[LYPZRWYLZLU[[OL[YLH[LKLSHZ[HZL
ZHTWSLZ(U[LYVWVZ[LYPVYS`HSPNULKJVSSHNLUÄILYZPU[OLPU[LYTLKPH[LYLNPVUZ0A*0A4HUK0A3
TLYNL^P[OÄILYZH[[OLWLYPWOLYHSIHUKZ7)HUK()MVYTPUNHKLUZLJVSSHNLUV\ZUL[^VYR
5V[L[OLMYLX\LU[VISPX\LLSHZ[PUÄILYZJYPZZJYVZZPUN[OYV\NO[OLPZV[YVWPJJVSSHNLUV\Z
UL[^VYRH[[OL()^OPSLPUV[OLYYLNPVUZLSHZ[PUÄILYZHYLTHPUS`HSPNULKWHYHSSLS^P[OJVSSHNLU
ÄILYZ-VSSV^PUN[OLLSHZ[HZL[YLH[TLU[YLNPVUZ^P[OHZ[LYPZR[OLLSHZ[PUÄILYZHYLMYHNTLU[LK
WH[JOLKHUKKPTPUPZOLKHJYVZZ[OL;41KPZJ(SZVUV[L[OLYLK\J[PVUVMJVSSHNLUÄILYZ
tortuosity and cell nuclei elongation following the elastase treatment (regions with asterisk),
^P[OTVYLUV[PJLHISLPTWHJ[PU[OLPU[LYTLKPH[LYLNPVUZ0A*0A4HUK0A3:JHSLIHY!эT
-VYTVYLJSHYP[`YLMLY[V-PN:-PN:HUK-PN:WYLZLU[PUNPTT\UVÅ\VYLZJLUJL
Z[HPUPUNVMLSHZ[PUÄILYZJVSSHNLUÄILYZ[`WL0HUKJLSSU\JSLPPUZLWHYH[LJOHUULSZYLZWLJ[P]LS`

Biomechanical Characterization of the Temporomandibular Joint Disc

46

3. 3. Collagen tortuosity
Comparing indices between the two groups
ZOV^LK[OH[[OLKLNYLLVMÄILY[VY[\VZity in the treated (elastase) samples was
ZPNUPÄJHU[S`ZTHSSLY[OHU[OLJVU[YVS7):
ZHTWSLZ-PN)(Z[OLÄILYZ»[VY[\VZP[`
decreased from left to right, their corresponding indices decreased accordingly
(Fig. 3C).

3. 4. Cell shape
The results presented in Fig. 3D show
[OH[JLSSZ^LYLZPNUPÄJHU[S`LSVUNH[LK
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

-PN:HNP[[HS]PL^JVUMVJHSPTHNLHUKPTT\UVÅ\VYLZJLUJLZ[HPUPUNVMLSHZ[PUÄILYZ
JVSSHNLUÄILYZ[`WL0HUKJLSSU\JSLPVMWVYJPUL;41KPZJILMVYLHUKHM[LYLSHZ[HZL[YLH[TLU[
,SHZ[PUÄILYZJVSSHNLUÄILYZ[`WL0HUKJLSSU\JSLPJHUILKPZ[PUN\PZOLKPUYLKNYLLUHUKIS\L
YLZWLJ[P]LS`;OLZJOLTH[PJJVUÄN\YH[PVUVM[OL;41KPZJZHNP[[HSJYVZZZLJ[PVUWSHJLKPU
[OL\WWLYTVZ[YPNO[JVYULYVM[OLÄN\YLL_OPIP[Z[OLSVJH[PVUVMKPќLYLU[YLNPVUZVM[OL;41
KPZJ;OL\WWLYYV^ZOV^ZPTHNLZVMKPќLYLU[YLNPVUZPU[OLJVU[YVS7):ZHTWSLZHUK[OL
SV^LYYV^ZOV^Z[OL[YLH[LKLSHZ[HZLVULZ;OLJVSSHNLUÄILYZY\UUPUNHU[LYVWVZ[LYPVYS`PU
[OL0A*L_[LUK[V[OL()HUK7)^OLYL[OL`TLYNLK^P[OÄILYZTHPUS`HSPNULKTLKPVSH[LYHSS`
WLYWLUKPJ\SHY[V[OLWSHUL;OLLSHZ[PUÄILYZY\UUPUNWHYHSSLS[V[OLJVSSHNLUÄILYZPU[OL0A*
HSZVL_[LUK[V[OL()HUK7)^OLYL[OL`ZOV^SLZZKPYLJ[P]P[`-VSSV^PUN[OLLSHZ[HZL[YLH[TLU[[OLLSHZ[PUÄILYZHYLMYHNTLU[LKWH[JOLKHUKKPTPUPZOLKHJYVZZ[OL;41KPZJZHNP[[HS
JYVZZZLJ[PVU(SZVUV[L[OLYLK\J[PVUVMJVSSHNLUÄILYZ[VY[\VZP[`HUKJLSSU\JSLPLSVUNH[PVU
MVSSV^PUN[OLLSHZ[HZL[YLH[TLU[^P[OTVYLUV[PJLHISLPTWHJ[PU[OLPU[LYTLKPH[LYLNPVUZ0A*
0A4HUK0A3:JHSLIHY!эT-VYTVYLJSHYP[`YLMLY[VZ\WWSLTLU[HS-PNZ::HUK
:WYLZLU[PUNPTT\UVÅ\VYLZJLUJLZ[HPUPUNVMLSHZ[PUÄILYZJVSSHNLUÄILYZ[`WL0HUKJLSS
nuclei in separate channels, respectively.
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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
ZPNUPÄJHU[LɈLJ[VMLSHZ[HZL[YLH[TLU[
(p<0.0001) and disc region (p<0.0001)
on the elastin content across the TMJ disc.
4VYLZWLJPÄJHSS`LSHZ[HZL[YLH[TLU[
ZPNUPÄJHU[S`YLK\JLKLSHZ[PUJVU[LU[HJYVZZ
the thinnest regions as in IZC (52%), IZM
(47%,) and IZL (49%) while the thicker
YLNPVUZ()HUK7)^LYLSLZZHɈLJ[LK
Additionally, multiple pairwise post-hoc
[LZ[MV\UKYLNPVUHSKPɈLYLUJLZVMLSHZ[PU
content in the control (PBS) group with IZC
possessing the highest amount of elastin,
^OPJO^HZPU[\YUZPNUPÄJHU[S`KPɈLYLU[MYVT
IZM, IZL and AB. In the treated (elastase)
samples, however, regional variation of the
LSHZ[PUJVU[LU[ZLLTLK[VOH]LHKPɈLYLU[
pattern with PB containing the highest

YLTUHU[VMLSHZ[PU^OPJO^HZZPNUPÄJHU[S`
KPɈLYLU[MYVT0A*0A40A3HUK()

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
(56=(YL]LHSLKHUV]LYHSSZPNUPÄJHU[LɈLJ[
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
ZOV^LKZPNUPÄJHU[YLK\J[PVUVM[OLJVSSHgen 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
(56=(YL]LHSLKHUV]LYHSSZPNUPÄJHU[LɈLJ[
of elastase treatment (p<0.001) and disc
region (p<0.05) on the GAG content across
[OL;41KPZJ:WLJPÄJHSS`[OLLɈLJ[VMLSHZ[HZL[YLH[TLU[^HZZPNUPÄJHU[S`WYVUV\UJLK
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 sigUPÄJHU[S`SV^LYHTV\U[VM.(.JVTWHYLK
to IZC, IZM and IZL. The regional heterogeneity of GAG content was lost following the
elastase treatment.
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3. 6. Mechanical properties
Fig. 5. shows the representative mechanical
behavior of the IZC in the TMJ disc, before
and after elastase treatment. The stressstrain curve (Fig. 5A) showed a nonlinear
ILOH]PVYHUKH4\SSPUZLɈLJ[HSZVHM[LY[OL
elastase treatment. The average of maximal 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 continuous downward shifting of the stress-strain
J\Y]LPZWHY[PHSS`YLÅLJ[LKPU[OLJVYYLsponding stress-time graph (Fig. 5B) as the
Z[YLZZWLHRZKPKUV[SL]LSVɈSPRL[OLJVU[YVS
(PBS) disc.
;OL[^V^H`(56=(YL]LHSLKHZPNUPÄJHU[
LɈLJ[VMLSHZ[HZL[YLH[TLU[W#HUK
disc region (p<0.0001) on the maximal
energy dissipation of the disc. The interTLKPH[LYLNPVUZ^LYLHɈLJ[LKTVZ[HZ[OL
maximal energy dissipation of the disc was
ZPNUPÄJHU[S`PUJYLHZLKPU0A*  0A4
(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
[OL7)OHKHZPNUPÄJHU[S`OPNOLYTH_PTHS
energy dissipation compared to the IZL. Following elastase treatment, maximal energy
dissipation appeared to be the least in the
()^OPJO^HZZPNUPÄJHU[S`KPɈLYLU[^P[O
IZC and IZM.
-PN,ќLJ[VMLSHZ[HZL[YLH[TLU[VU]VS\TLJLSSZOHWLHUKJVSSHNLUÄILYZ[VY[\VZP[`VM[OL
WVYJPUL;41KPZJ(;41KPZJ]VS\TL)(]LYHNLVMX\HU[PÄLK[VY[\VZP[`PUKPJLZVI[HPULK
MYVTHSSYLNPVUZVM[OL;41KPZJ*(]LYHNLVMX\HU[PÄLKJLSSZOHWLPUKPJLZVI[HPULKMYVTHSS
YLNPVUZVM[OL;41KPZJ(SSKH[HHYLWYLZLU[LKHZTLHU:+PUKPJH[LZW#HUK
indicates p<0.001.
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;OLLɈLJ[VMLSHZ[HZL[YLH[TLU[VU[OL
compressive instantaneous modulus of
the disc is illustrated in Fig. 6B. Two-way
(56=(VUS`YL]LHSLKHZPNUPÄJHU[LɈLJ[VM
the disc region (p<0.0001) on the maximal 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,
^OPJO^HZZPNUPÄJHU[S`WYVUV\UJLKPU[OL
() HUKUV[ZPNUPÄJHU[PU[OL7)
Additionally, multiple pairwise post-hoc test
showed that the instantaneous modulus
^HZYLNPVUHSS`KPɈLYLU[PU[OLJVU[YVSNYV\W
HZIV[O()HUK7)^LYLZPNUPÄJHU[S`Z[PɈLY
than IZC and IZL. The treaded (elastase)
NYV\WKPKUV[ZOV^HU`YLNPVUHSKPɈLYLUJLZ
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
VMJVSSHNLUÄIYPSZ^P[O[OLPYJOHYHJ[LYPZ[PJ
D-periodic banding pattern. With regard to
[OLLSHZ[PUÄILYZ^LVIZLY]LKTPJYVÄIYPSZ
both independently and in close association
with amorphous elastin core, forming ma[\YLLSHZ[PUÄILYZ-PN(5V[HIS`[OLZL
ÄILYZ^LYLPU[PTH[LS`HZZVJPH[LK[VHUK
YHUWHYHSSLS[V[OLJVSSHNLUÄIYPSZ-PN(
Following elastase digestion, we could not
PKLU[PM`HU`[`WLVMLSHZ[PUÄILYL_JLW[
some elastin devoid areas appeared in
JVSSHNLUPU[LYÄIYPSSHYZWHJLZJVU[HPUPUN
ZVTLKLSPJH[LTPJYVÄIYPSZHUKZLLTPUNS`
YLTUHU[ZVMLSHZ[PU;OLZLPU[LYÄIYPSSHY]VPK
spaces may be a potential indication of
WHY[PHSS`KPNLZ[LKLSHZ[PUÄILYZ-PN)
-\Y[OLYTVYL[OLJVSSHNLUÄIYPSZZLLTLK
to be less densely-packed; nonetheless
[OLVYPLU[H[PVUVM[OLÄIYPSZ^HZYL[HPULK
(Fig. 7B).

4. Discussion
The purpose of this study was to
provide a systematic structural-functional
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JOHYHJ[LYPaH[PVUVMLSHZ[PUÄILYZPU[OL
TMJ disc. Using a top-down approach by
ZLSLJ[P]LS`KLNYHKPUNLSHZ[PUÄILYZPU
combinatio nwith assessment of mechanical, 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
VM[OLLSHZ[PUÄILYJVU[YPI\[PVU[V[OL;41
disc biomechanics.
Our study indicates a crucial and complex
Z[Y\J[\YHSM\UJ[PVUHSYVSLVMLSHZ[PUÄILYZPU
[OLKPZJ0TT\UVÅ\VYLZJLU[SVJHSPaH[PVUVM
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
[OLLSHZ[PUÄILYZUL[^VYR^LMV\UKH
ZPNUPÄJHU[]VS\TLLUSHYNLTLU[VM[OLKPZJ
-PN(YLK\J[PVUVMJVSSHNLUÄILYZ
tortuosity (Fig. 3B) and cell shape elongation (Fig. 3D).
)PVJOLTPJHSHUHS`ZPZJVUÄYTLK[OLLɉJHJ`
of the elastase treatment and its corresponding structural changes by showing
ZPNUPÄJHU[YLK\J[PVUVMLSHZ[PU-PN(
collagen (Fig. 4B) and GAG (Fig. 4C) content
PU[OLYLWVY[LKYLNPVUZ;OLYLZ\S[HU[LɈLJ[
of these structural and compositional
JOHUNLZ^HZL]PKLU[S`YLÅLJ[LKPU[OL
altered viscoelastic mechanical properties
of the disc (Figs. 5 and 6).
Following elastase treatment, the Mullins
LɈLJ[HUKUVUSPULHYZ[PɈLUPUNILOH]PVYVM
the control (PBS) group (Fig. 5A) still
occurred in the corresponding stress-strain
curves, meaning that the progressive
LUNHNLTLU[VMJVSSHNLUÄILYZ^LYLZ[PSS
taking place. Despite the degradation and
YLK\J[PVUVMLSHZ[PUPUKPɈLYLU[YLNPVUZ[OL
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treated (elastase) discs appeared to be elastic 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
VIZLY]H[PVUPZPUHJJVYKHUJL^P[O:JOYPLÅL[
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
VIZLY]LKLSHZ[PUÄILYZMVYTPUNJYVZZIYPKNL
connectivity between adjacent collagen
ÄILYZLZWLJPHSS`PU[OL()-PNZ:
HUK:7YVIHIS`[OLJVSSHNLUÄILYZHYL
no longer anchored to the matrix or to one
another at locations emptied from the
LSHZ[PUÄILYZ-PNHUKOLUJL[OL`HYL
able to separate, rearrange and slide
against each other more easily. The regions
^P[OZPNUPÄJHU[SVZZVMLSHZ[PUÄILYZ0A*
0A4HUK0A3"-PN(L_OPIP[LKZPNUPÄJHU[
increase of maximal energy dissipation (Fig.
6A). Given the higher thickness in the AB
and PB, our confocal images showed only
WHY[PHSKLNYHKH[PVUVMLSHZ[PUÄILYZ-PNZ
2, S. 2 and S. 5) in these regions, leaving
TVYLLSHZ[PUÄILYZ[OYV\NO[OLJVSSHNLUV\Z
network; consequently, limited changes of
their hysteresis properties (Fig. 6A) were
observed.
Elastase treatment of the disc also resulted
PUYLNPVUHSS`KPɈLYLU[]HS\LZVM[OLPUZ[HU[Hneous modulus (Fig. 6B). However, unlike
the hysteresis data, two-way ANOVA did
UV[YL]LHSHUV]LYHSSZPNUPÄJHU[LɈLJ[VM
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

-PN,ќLJ[VMLSHZ[HZL[YLH[TLU[VULSHZ[PU(JVSSHNLU)HUK.(.*JVU[LU[VM[OLWVYJPUL;41KPZJ(M[LYLSHZ[HZL[YLH[TLU[[OLLSHZ[PUJVU[LU[^HZZPNUPÄJHU[S`YLK\JLKPU[OL
PU[LYTLKPH[LYLNPVUZ0A*0A4HUK0A3HUK[OLOL[LYVNLULV\ZKPZ[YPI\[PVUVMLSHZ[PUJVU[LU[
^HZJOHUNLK,SHZ[HZL[YLH[TLU[YLZ\S[LKPUHZPNUPÄJHU[YLK\J[PVUVMJVSSHNLUJVU[LU[PU[OL
PU[LYTLKPH[LYLNPVUZ0A*0A4HUK0A3;OLLSHZ[HZL[YLH[TLU[ZPNUPÄJHU[S`YLK\JLK[OL.(.
JVU[LU[PU[OLPU[LYTLKPH[LYLNPVUZ0A*0A4HUK0A3HUK()(SSKH[HHYLWYLZLU[LKHZTLHU
:+PUKPJH[LZW#PUKPJH[LZW#PUKPJH[LZW#HUKPUKPJH[LZ
p<0.0001.
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behavior of the tissue is primarily governed
I`JVSSHNLUÄILYBD0UHJJVYKHUJL^P[O
previous studies [17, 20, 26, 53], we
observed an increasing trend of the modulus in the intermediate zone of the treated
(elastase) discs, especially in the IZC and
0A3;OPZZ[PɈLYILOH]PVYJHUILL_WSHPULK
I`HZPNUPÄJHU[YLK\J[PVUVM[OLJVSSHNLU
ÄILYZ[VY[\VZP[`HJYVZZ[OL[YLH[LKLSHZ[HZL
KPZJZ^P[OTVYLUV[PJLHISLLɈLJ[PU[OL
intermediate zone (Fig. 6B), yielding to
collagen recruitment at lower strains. This
phenomenon highlights a vital mechanical
M\UJ[PVUVMLSHZ[PUÄILYZPU[OL;41KPZJHZ
they could provide shock absorption,
taking up small strains and thereby shieldPUNJVSSHNLUÄILYZHNHPUZ[YLWL[P[P]L
impact loading. This mechanism has also
been suggested in experiments with
elastase treatment of other tissues
[17, 20, 22, 26, 53]. Elastase treatment also
JH\ZLKHZPNUPÄJHU[LUSHYNLTLU[VMKPZJ
volume (Fig. 3A), in line with other forms of
size enlargement reported previously [20,
26, 54]. In fact, this could explain the
PU[LYJVUULJ[PVUIL[^LLU[OLLSHZ[PUÄILYZ
and collagen crimp, as the origin of the
latter has been associated with a pre-stress
PUK\JLKI`LSHZ[PUÄILYZHSVUN[OLJVSSHNLU
ÄILYZH_PZK\YPUNKLO`KYH[PVUVM[OLTH[YP_
[55, 56]. With elastin being removed, the
L_PZ[PUNWYLZ[YLZZVUJVSSHNLUÄILYZPZ
abolished, leaving them in a relaxed state.
Another study [57] suggested a cell-induced
mechanism involving traction forces
NLULYH[LKI`ÄIYVJHY[PSHNLJLSSZ^OPJO
I\JRSLZ[OLJVSSHNLUÄILYZHUKJYLH[LH
periodic crimp structure. However, this view
is opposed by Ghazanfari et al. [43] who
found formation of collagen crimps upon
[OLHWWLHYHUJLVMLSHZ[PUÄILYZPU[PZZ\L
engineered constructs. In light of this
WLYZWLJ[P]LJVUZPKLYPUN[OLJVSSHNLUÄILYZ
acting as a contact guidance for the cells,
having them straightened following the
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elastase digestion forces the cells elongate
HJJVYKPUNS`BD;OLZPNUPÄJHU[LSVUNH[PVU
of cells (Figs. S. 4 and S. 7) after elastase
treatment in our study might support this
[OLVY`I\[^LJHUUV[JVUÄYTP[^P[OV\[
further experiments.
The reduction of instantaneous modulus in
[OL()HUK7)PZSPRLS`K\L[VKPɈLYLUJLZ
PUVYPLU[H[PVUVMJVSSHNLUHUKLSHZ[PUÄILYZ
biochemical composition and thickness,
^OPJOHSSPTWLKL[OLKPɈ\ZPVUVMLSHZ[HZL
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
LSHZ[PUÄILYZPUWVYJPULHVY[HZ^P[OÄ]LKPMferent incubation periods and reported four
KPɈLYLU[Z[HNLZVMTLJOHUPJHSILOH]PVYZLL
Fig. 6 therein). This has been attributed to
[OLKPɈLYLU[Z[Y\J[\YLVMLSHZ[PUSHTLSSHHUK
\UL]LUKLNYHKH[PVUVMLSHZ[PUÄILYZK\L[V
the thickness. In fact, Shi et al. [59] reported
HUPZV[YVWPJKPɈ\ZP]P[`VMÅ\PKPU[OL()VM
native porcine TMJ disc, due to its multi-diYLJ[PVUHSÄIYPSSHYHYYHUNLTLU[LTWOHZPaPUN
the potential mechanical consequence of
WLY[\YIPUN[OPZÄIYPSSHYVYNHUPaH[PVUVU[OL
load-bearing capacity of the AB.
Interestingly, we found that elastase
[YLH[TLU[JH\ZLKZPNUPÄJHU[YLK\J[PVUVM
JVSSHNLUÄILYZHUK.(.JVU[LU[PUZVTL
regions of the disc (Fig. 4B and 4C). It has
been shown that elastase is selective but
UV[ZWLJPÄJBDILPUNJHWHISLVMKLgrading a broad range of substrates in the
ECM. Indeed, elastase has been described
as a powerful agent, facilitating collagen
KLNYHKH[PVUI`KLTHZRPUNJVSSHNLUÄILYZ
through removal of the ground substance
such as GAG and elastin, as well as depolymerizing the insoluble collagen [60] or
L]LUKPYLJ[S`KLUH[\YPUN[OLJVSSHNLUÄILYZ
as reported previously [42]. By contrast,
although collagenase is considered as the

-PN,ќLJ[VMLSHZ[HZL[YLH[TLU[VU[OLZ[YLZZYLZWVUZLVM[OLPU[LYTLKPH[LYLNPVUZ0A*
0A4HUK0A3PU[OLWVYJPUL;41KPZJK\YPUNJ`JSPJSVHKPUN;OLJVU[YVS7):KH[HISHJRHUK
[YLH[LKLSHZ[HZLKH[HYLKPUKPJH[L[OLTLJOHUPJHSJOHUNLZPUK\JLKI`LSHZ[HZL[YLH[TLU[PU
(TLJOHUPJHSO`Z[LYLZPZNYHWOHUK)Z[YLZZ[PTLNYHWO5V[L[OLPUJYLHZLVMTH_PTHS
LULYN`KPZZPWH[PVU(HUK[OLJVU[PU\V\ZZVM[LUPUNILOH]PVYVM[OL[YLH[LKLSHZ[HZLKPZJ
(HUK)
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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 collagenase digestion of the TMJ disc in our previous 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 collagen content was not completely prevented.
;OPZÄUKPUNPZPUHNYLLTLU[^P[OV[OLYZ[\KPLZ^OVHSZVYLWVY[LKKPɈLYLU[L_[LU[VM[OPZ
UVUZWLJPÄJKLNYHKH[PVUPUWYLZLUJLBDVY
absence [20, 21] of SBTI. Despite this inevP[HISLZPKLLɈLJ[VMLSHZ[HZL^LJVUJS\KL
that the mechanical changes in our study
should not be attributed solely to the contribution of remaining collagenous network
but to the fragmentation and reduction
VMLSHZ[PUÄILYZ;OPZPZVMZPNUPÄJHU[
importance as we observed a completely
KPɈLYLU[Z[Y\J[\YHSHUKTLJOHUPJHSYLsponse 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
YLNPVUZ>LH[[YPI\[LK[OPZPU[YPN\PUNLɈLJ[
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
[YLH[TLU[KPKUV[HɈLJ[[OLZ[Y\J[\YHS
HSPNUTLU[VMJVSSHNLUÄIYPSZ-PN^OPJO
was manifested in the still occurring
UVUSPULHYP[`HUK[OL4\SSPUZLɈLJ[PU[OLPY
stress-strain curve (Fig. 5A).
Contextualizing the inferred properties within complex kinematics of the TMJ disc provides us a better insight into the functional
YVSLVMLSHZ[PUÄILYZ0[OHZILLUZ\NNLZ[LK
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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 movement, the highly resilient superior layer
of the bilaminar zone couples with the
posterior distal traction of non-elastic inferior 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
KL]PJLPU^OPJOLSHZ[PUÄILYZMHJPSP[H[LMHZ[
Å\PKYLKPZ[YPI\[PVUPU[OLJH]P[PLZ[VWYVTV[L
the congruent movement of the TMJ disc.
Compared to the hyaline cartilage, given
the low amount of GAG content in the disc
Z\NNLZ[Z[OH[LSHZ[PUÄILYZJVTWLUZH[L
their associated restorative role by recoiling
[OLJVSSHNLUÄILYZHUK[OLKPZJIHJR[V
the pre-stressed state, thereby maintaining 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.
0USPNO[VM[OLWYLZLU[LKÄUKPUNZHU`
structural and compositional changes of
LSHZ[PUÄILYZJH\ZLKUH[\YHSS`[OYV\NOHNPUN
or pathologically as in degenerative conditions 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 degradative proteases and the functional inhibitoryinitiate or exacerbate a self-reinforcing

-PN,ќLJ[VMLSHZ[HZL[YLH[TLU[VUTLJOHUPJHSJVTWYLZZP]LWYVWLY[PLZVM[OLWVYJPUL
;41KPZJ(-VSSV^PUNLSHZ[HZL[YLH[TLU[[OLTH_PTHSLULYN`KPZZPWH[PVU^HZZPNUPÄJHU[S`
PUJYLHZLKPU[OLPU[LYTLKPH[LYLNPVUZ0A*0A4HUK0A3^OPSLKLJYLHZLKTPUPTHSS`PU[OL
()HUK7);OLYLNPVUHS]HYPH[PVUPU[OLJVU[YVS7):ZHTWSLZ^HZVUS`VIZLY]LKIL[^LLU
7)HUK0A3^P[O[OLMVYTLYILPUNZPNUPÄJHU[S`OPNOLY/V^L]LY[OPZWH[[LYU^HZJOHUNLKHM[LY
LSHZ[HZL[YLH[TLU[^P[O0A*HU0A4ILPUNOPNOLY[OHU());OLLќLJ[VMLSHZ[HZL[YLH[TLU[
VU[OLPUZ[HU[HULV\ZTVK\S\ZVM[OLKPZJMV\UK[VILWYVUV\UJLKVUS`PU[OL()^OLYL[OL
Z[PќULZZYLK\JLKZPNUPÄJHU[S`(SZV[OLYLZLLTLK[VILHNLULYHSPUJYLHZPUN[YLUKPU[OL
PUZ[HU[HULV\ZTVK\S\ZVM[OLPU[LYTLKPH[LYLNPVUZ(SSKH[HHYLWYLZLU[LKHZTLHU:+
PUKPJH[LZW#HUKPUKPJH[LZW#
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degenerative process, referred as the
“vicious circle” by Vergroesen et al. [65]
(see Fig. 2 therein). Fragmentation of elastin
ÄILYZHUKKLWSL[PVUVMLSHZ[PUHYLJVUZPKered to be common characteristics of aneurysms [20]. Regarding the diarthrodial joint,
a higher level of elastase has been reported
PU[OLZ`UV]PHSÅ\PKVMYOL\TH[VPKHY[OYP[PZ
BD(ZPUJHZLVM[OL;41KPɈLYLU[
components are exposed to the synovial
Å\PK^OPJOJV\SKILHɈLJ[LKI`WYLZLUJL
of proteases in it. For example, reduction
VMLSHZ[PUÄILYZOHZILLUVIZLY]LKPU[OL
bilaminar zone of TMJ discs with anterior displacement [68]. We show here that
KLNYHKH[PVUVMLSHZ[PUÄILYZPUÅ\LUJLZP[Z
viscoelastic properties; this could subject
it to unfavorable biomechanics during the
QH^TV]LTLU["[OLYLI`HɈLJ[PUNRPULTH[PJZ
of the TMJ disc. This may lead to malpositioning of the disc relative to the mandibular and condylar bone, known as internal
derangement [69].
6]LYHSS[OLLSHZ[PUÄILYZKLZWP[L[OLPY
low quantity in the TMJ disc ECM, revealed
some remarkable structural-functional
properties, vital to the TMJ disc biomechanics. The elastase treatment resulted in
region-dependent mechanical, structural
and compositional changes in the TMJ disc.
+LNYHKH[PVUVMLSHZ[PUÄILYZYLZ\S[LKPU
volume expansion of the TMJ disc, reduction of collagen tortuosity and cell elongation, indicating a release of a pre-stress
responsible for holding up the homeostatic
JVUÄN\YH[PVUVM[OLKPZJ.P]LU[OLPU[PTH[L
JVUULJ[PVUVMLSHZ[PUÄILYZ^P[OJVSSHNenous network, having them degraded
YLZ\S[LKPUHSLZZJVUÄULKYLHYYHUNLTLU[
HUKPUJVTWSL[LYLJVPSVMJVSSHNLUÄILYZ
during cyclic loading. These results point
V\[[OLJVU[YPI\[PVUVMLSHZ[PUÄILYZ[V
the TMJ disc biomechanics goes beyond
TLYLS`HYLJV]LYPUNYVSL"PUÅ\LUJPUNVU[OL
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viscoelastic properties of the disc through
HUPU[LYHJ[PVUTHPUS`^P[OJVSSHNLUÄILYZ
and other ECM components. It is hoped
[OH[[OPZZ[\K`VɈLYZHIL[[LYPUZPNO[VU
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
ÄILYZPU[V[OLWLYZWLJ[P]L

4. 1. Limitations
In this study, we chose the porcine TMJ
KPZJTH[LYPHSHZP[OHZILLUPKLU[PÄLKZPTPSHY
to the human model regarding its morphology, 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
LɈLJ[ZVMJVSSHNLUHZL[YLH[TLU[\ZPUNH
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[PVUHUKKLWSL[PVUVM[OLLSHZ[PUÄILYZHZ
the samples had to be integrated enough
following the treatment, so we could perform the post-treatment mechanical loading
[LZ[.P]LU[OLKPɈLYLU[PHSKLNYHKH[PVUVM
LSHZ[PUÄILYZHUK\UH]VPKHISLYLK\J[PVUVM
JVSSHNLUÄILYZJH\ZLKI`UVUZWLJPÄJLSHZtase activity, distinguishing the individual
TLJOHUPJHSJVU[YPI\[PVUVMLSHZ[PUÄILYZPZ
JOHSSLUNPUN:JOYPLÅL[HSBD\ZLKO\THU
HIKVTPUHSHVY[HZHUK[YPLK[VÄUKV\[[OL
optimal concentration of SBTI to combine
with elastase solution to avoid the non-speJPÄJLɈLJ[VMKLNYHKH[PVUVU[OLJVSSHNLU
ÄILYZ;OL`[YPLK]HY`PUNHTV\U[ZVM:);0
and found that adding amounts above 600
NT37):JHUULNH[P]LS`HɈLJ[[OL
elastolysis. While they reported that half

-PN;YHUZTPZZPVULSLJ[YVUTPJYVNYHWOZVM0A*VMWVYJPUL;41KPZJILMVYL(HUKHM[LY)
LSHZ[HZL[YLH[TLU[(;^VKPќLYLU[Z[HNLZVMLSHZ[PUÄILYKL]LSVWTLU[HYL]PZPISL![OL
WYLTH[\YLLSHZ[PUÄILY^OP[LHYYV^OLHKPZZLLUHZTPJYVÄIYPSZHZZLTISPUN[VNL[OLY[VJYLH[L
HSH`V\[^OLYLLSHZ[PU^PSSILKLWVZP[LK(SZVHTH[\YLLSHZ[PUÄILY^OP[LHZ[LYPZRJHUIL
YLJVNUPaLKI`P[ZHTVYWOV\ZLSHZ[PUJVYLHUKZ\YYV\UKPUNTPJYVÄIYPSZ;OLZLÄILYZZLLT[V
ILY\UUPUNHSVUN[OLJVSSHNLUÄIYPSZ^OPJOHYLKPZ[PUN\PZOHISLI`[OLPYKPZ[PUJ[P]L+WLYPVKPJ
IHUKPUNWH[[LYU)-VSSV^PUNLSHZ[HZL[YLH[TLU[^LJV\SKOHYKS`ZWV[HU`LSHZ[PUÄILYZ
L_JLW[ZVTLLSHZ[PUKL]VPKHYLHZPU[OLTPKKSLVMJVSSHNLUÄIYPSZ^OP[LHZ[LYPZRZLLTPUNS`
JVU[HPUPUNZVTLYLTUHU[ZVMTPJYVÄIYPSZ^OP[LHYYV^OLHKHUKLSHZ[PU,_JLW[[OLHWWLHYHUJLVM[OLZL]VPKZWHJLZ[OLJVSSHNLUÄIYPSZHYYHUNLTLU[KPKUV[ZLLT[VILHќLJ[LK
MVSSV^PUN[OLLSHZ[HZL[YLH[TLU[:JHSLIHY!ɤm.

Biomechanical Characterization of the Temporomandibular Joint Disc

of above-mentioned concentration provided
WHY[PHSKLNYHKH[PVUVMLSHZ[PUÄILYZ^OPJO
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
UVUZWLJPÄJHJ[P]P[`VMLSHZ[HZLYLTHPUZ[V
be an open issue.
It is important to note that we could not
ÄUKHU`YLSL]HU[Z[\K`PU[OLSP[LYH[LVM
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
KPɈLYLU[[PZZ\LZHUKTLJOHUPJHSSVHKPUN
WYV[VJVS;OLTVZ[PTWVY[HU[KPɈLYLUJL[V
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 meaningful 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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