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ORIGINAL ARTICLE

Characterization of the Temporomandibular Joint Disc
Complex in the Yucatan Minipig

Ryan P. Donahue, PhD,” Eston G. Kallins,” Jerry C. Hu, PhD, and Kyriacos A. Athanasiou, PhD

The temporomandibular joint (TMJ) disc complex (i.e., the TMJ disc and its six attachments) is crucial to
everyday functions such as mastication and speaking. The TMJ can be afflicted by many conditions, including
disc displacement and defects. Pathologies of the TMJ disc complex most commonly present first as anterior
disc displacement, which the field hypothesizes may implicate the two posterior attachments. As a result of
anterior disc displacement, defects may develop in the lateral disc complex. Tissue engineering is poised to
improve treatment paradigms for these indications of the TMJ disc complex by engineering biomimetic
implants, but, first, gold-standard design criteria for such implants should be established through charac-
terization studies. This study’s objective was to characterize the structural, mechanical, biochemical, and
crosslinking differences among the two posterior attachments and the lateral disc in the Yucatan minipig, a
well-accepted TMJ animal model. In tension, it was found that the posterior inferior attachment (PIA) was
significantly stiffer and stronger by 2.13 and 2.30 times, respectively, than the posterior superior attachment
(PSA). It was found that collagen in both attachments was primarily aligned mediolaterally; however, the lateral
disc was much more aligned and anisotropic than either attachment. Among the three locations, the PSA
exhibited the greatest degree of heterogeneity and highest proportion of fat vacuoles. The PIA and lateral disc
were 1.93 and 1.91 times more collagenous, respectively, by dry weight (DW) than the PSA. The PIA also
exhibited 1.78 times higher crosslinking per DW than the PSA. Glycosaminoglycan per DW was significantly
higher in the lateral disc by 1.48 and 5.39 times than the PIA and PSA, respectively. Together, these results
establish design criteria for tissue-engineering of the TMJ disc complex and indicate that the attachments are
less fibrocartilaginous than the disc, while still significantly contributing to the mechanical stability of the TMJ
disc complex during articulation. These results also support the biomechanical function of the PIA and PSA,
suggesting that the stiffer PIA anchors the disc to the mandibular condyle during articulation, while the softer
PSA serves to allow translation over the articular eminence.

Keywords: TMJ disc complex, TMJ disc, TMJ disc attachments, characterization, tissue engineering

Impact Statement

Characterization of the temporomandibular joint (TMJ) disc complex (i.e., the disc and its attachments) has important
implications for those aiming to tissue-engineer functional replacements and can help elucidate its biomechanical function.
For example, the findings shown here suggest that the stiffer posterior inferior attachment anchors the disc during artic-
ulation, while the softer posterior superior attachment allows translation over the articular eminence.

Department of Biomedical Engineering, University of California, Irvine, Irvine, California, USA.
*These authors contributed equally to this article.
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Introduction

THE TEMPOROMANDIBULAR JOINT (TMJ) is a ginglymo-
arthrodial joint responsible for mastication and speak-
ing.! Central to the function of the TMJ is the articulation of
the TMJ disc between the mandibular condyle and man-
dibular fossa/articular eminence (Fig. 1).> During articula-
tion, the TMJ disc is held in position by six attachments,
which surround the entire periphery of the disc. The anterior
and posterior regions of the disc are each connected by two
attachments that split into superior and inferior directions so
as to attach the disc to the skull and mandibular condyle,
while the sides of the disc are attached to the mandibular
condyle through the lateral and medial attachments (Fig. 1).
Together, these structures, termed the TMJ disc complex,
allow for smooth articulation during the intricate rotational
and translational movement of the joint and are subjected
to a combination of tensile, compressive, and shear stresses
during articulation.* Excessive or abnormal loading of the
TMIJ disc complex due to trauma and/or age-related dete-
rioration can occur, often leading to temporomandibular dis-
orders (TMDs).

An estimated 5-25% of the population is affected by the
various symptoms associated with the ‘““TMD’’ umbrella of
conditions.”™ Specifically, a condition known as disc dis-
placement occurs in up to 70% of cases.'® More specifically,
disc displacement occurs most frequently in the anterior
direction."'™"? It has been hypothesized in the TMJ field that
the prevalence of displacement in the anterior direction
strongly implicates the two posterior attachments in poten-
tial pathological progression.'* Furthermore, these patholo-
gies can result in eventual defects such as tissue thinning as
well as complete perforation in 10-15% of disc displace-
ment cases.">'7 For example, in a study that examined
anterior disc displacement and subsequent defect location, a
majority (53.7%) of cases developed a defect in the lateral
third of the disc after anterior disc displacement.'® While
anterior disc displacement and lateral defects of the TMJ disc
complex are significant clinical indications, current treatments
for these conditions are inadequate, as reviewed else-
where.*!! There is a need in the TMJ field for further de-
velopment of regenerative solutions for TMJ afflictions."”

FIG. 1. Anatomy of the TMJ disc
complex. The TMJ is found
between the base of the skull and
the mandible (sagittal view). More
specifically, the TMJ disc complex
is situated between the mandibular
condyle and mandibular fossa/
articular eminence. The TMJ disc
complex is made up of the TMJ
disc and its six attachments. The
posterior and anterior attachments
split superiorly and inferiorly to
attach to the skull and mandibular
condyle, respectively, while the
lateral and medial attachments
connect inferiorly to the mandibu-
lar condyle. TMJ, temporoman- ==as
dibular joint. Color images are L
available online.

Articular
eminence

Mandibular
fossa

Mandibular
condyle

DONAHUE ET AL.

Toward tissue-engineering of the TMJ disc complex,
previous characterization studies of the TMIJ disc specify
this tissue’s design criteria, which are the desirable objec-
tives in terms of structural, mechanical, and biochemical
properties that one aims for when producing biomimetic
implants. For example, in Yucatan minipigs, the structure of
the central region of the TMIJ disc is anteroposterior (AP)
collagen alignment. This alignment manifests in stiffness
and strength values being 17.2 and 17.1 times higher, re-
spectively, in the AP direction, compared with the medio-
lateral (ML) direction.”? This is analogous to the central
portion of the human TMJ disc, which has been shown to
have collagen alignment in the AP direction as well. >
Additional characterizations have shown that the TMJ disc
is understood to function as a trampoline-like stmcture,24
being 100 to 1000 times stiffer in tension than compres-
sion.”> However, the posterior attachments are far less char-
acterized. While such studies exploring the posterior
attachments are limited in number, previous literature in ju-
venile porcine samples has shown that the posterior inferior
attachment (PIA) is 5.0 times stiffer and 3.0 times stronger in
the AP direction compared with the posterior superior at-
tachment (PSA),%® which supports their respective roles; the
PIA maintains disc positioning on top of the condyle, while
the PSA allows the translational movement of the joint.”® Due
to the implicated role of the two posterior attachments in
anterior disc displacement, the TMJ field will directly benefit
from defining design criteria for tissue-engineering toward
regeneration of the TMJ disc complex as a whole.

To further understand the structure and function of the
TMJ disc complex, specifically, the posterior attachments,
tissue engineers frequently use animal models, such as goats,
sheep, pigs, and minipigs,”’ to model the human condition.
For example, extensive characterization of the Yucatan
minipig’s TMJ?? has demonstrated its similarities to human
TMJs, making it an ideal model for additional character-
izations and for testing tissue-engineered therapeutics.”®
Thus, this study aims to characterize the differences among
the PIA, PSA, and lateral disc in skeletally mature Yucatan
minipigs to further develop design criteria for tissue engi-
neers. The lateral disc was also characterized in this study
due to its established structure—function relationships and

TMJ disc
complex
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the propensity for defects to develop in this region as a
result of anterior disc displacement. Due to inherent dif-
ferences in function between the posterior attachments and
the TMJ disc, it was hypothesized that there will be sig-
nificant organizational, mechanical, biochemical, and cross-
linking differences among the PIA, PSA, and lateral disc.

Materials and Methods
Tissue procurement

TMIJ disc and posterior attachment samples were obtained
from eight (n=4 castrated males and n=4 intact females)
skeletally mature (18—24 months old) Yucatan minipigs (Sus
scrofa domesticus) that were culled for purposes unrelated
to this study. In terms of distribution, five samples (n=3
males and n=2 females) and three samples (=1 male and
n=2 females) were sourced from Premier BioSource and
Lonestar Laboratory Swine, respectively, resulting in an
equal proportion of males and females in this study in ac-
cordance with the National Institutes of Health (NIH) policy
on sex as a biological variable.”” The sample number was
based on power analysis of tensile testing outcomes from
prior studies. Up to five freeze—thaw cycles have been shown
to not affect material properties of the porcine TMJ disc.*®
However, joints were fresh-frozen whole only once before
tissue dissection. Upon thawing, the TMJ was approached
through the skin, fat, muscle, and periosteum, taking care not
to damage tissue structures of interest. Briefly, the superior
joint space was breached through sharp dissection, cutting
along the perimeter of the superior disc surface and joint
capsule elements to detach the disc and posterior attachments
from the mandibular fossa and articular eminence. The
condylar head was freed from the ramus by use of an os-
cillating saw to cut through the condylar neck. The TMJ disc
and posterior attachments were then freed from the condylar
head by sharp dissection around the perimeter of the inferior
surface of the disc and joint capsule elements. This left the
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TMJ disc with the posterior attachments remaining, from
which samples were obtained for histology and polarized
light microscopy, mechanical testing, photometric bio-
chemical assays, and mass spectrometry crosslinks assay
(Fig. 2). From each animal, one disc complex was used for
ML mechanical testing and histology, while the other
disc complex was used for AP mechanical testing, photo-
metric biochemistry assays, and mass spectrometry cross-
links analysis (Fig. 2). To ensure equal variance between
right and left joints, the samples were gathered from alter-
nating sides from one animal to the next.

Histology and polarized light microscopy

Samples were obtained for histological stains, including
hematoxylin and eosin (H&E), picrosirius red, and safra-
nin O with fast green counterstain, as previously reported.’’
Briefly, biopsy punches of 3 mm diameter (dia.) were taken
from the full-thickness samples of the tissue (Fig. 2). Then,
the cylindrical tissues were sectioned transversely; fixed in
10% neutral-buffered formalin; processed using a standard
series of dehydration, clearing, and paraffin infiltration
steps; embedded in paraffin; sectioned at 5 um; and mounted
on slides before staining. Slides were subsequently stained
using H&E, picrosirius red, and safranin O with fast green
and imaged using a bright-field microscope. Additionally,
picrosirius red-stained samples were subjected to polarized
light microscopy to observe collagen alignment under a
polarizer.

Mechanical testing

Uniaxial mechanical testing was performed for excised
samples of the TMJ disc complex in the AP and ML direc-
tions (Fig. 2). Briefly, samples were clamped using hemo-
stats attached to a uniaxial testing machine (Instron 5655).
Samples were subjected to a tare load of 0.2N to remove
excess slack from the samples. The gauge length was

TMJ disc complex 2
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FIG. 2. Sample collection from the TMJ disc complex. From each animal, two TMJ disc complexes were collected, which
were grossly cut sagittally or coronally (red dashed lines) to obtain samples for testing. Samples for histology and polarized
light microscopy were collected using a 3 mm diameter biopsy punch ( pink dashed circles). Tensile testing samples were
cut as rectangular wedges of tissue (green dashed rectangles), while biochemistry/crosslink samples were collected using a
3 mm diameter biopsy punch (blue dashed circles). TMJ, temporomandibular joint. Color images are available online.



442

measured as the tip-to-tip length between the hemostats
(4.708 £2.351 mm), and images were taken before the start
of the uniaxial tensile test for measurement of the initial
cross-sectional area (4.229 +1.896 mmz). Samples were then
pulled at a rate of 1% strain per second until complete
failure. Samples that failed near the hemostats were ex-
cluded from the data and were rerun with new tissue sam-
ples. Of 48 total uniaxial testing samples, only two broke
close to the clamps; for these two, adjacent samples were
excised and tested again. Resulting force—displacement
curves were analyzed using a custom MATLAB script to
convert the data to stress—strain curves and determine
Young’s modulus, ultimate tensile strength (UTS), strain at
failure, toughness (energy absorbed to complete failure, i.e.,
the entire area under the stress—strain curve), and resilience
(energy absorbed in the elastic region, i.e., the area under
the curve of the linear region of the stress—strain curve) of
the samples. Throughout the text, we use “‘stiffer,” “‘soft-
er,” “‘stronger,” and ‘‘weaker”’ to denote a sample that has
a higher Young’s modulus, lower Young’s modulus, higher
UTS, and lower UTS, respectively.

Photometric biochemical assays

Excised samples (~3 mm dia. biopsy punch) were
weighed while hydrated, placed on a lyophilizer, and
weighed again after drying. Hydration was calculated as the
difference between the sample wet weight (WW) and dry
weight (DW) divided by the original WW and expressed as
a percentage. As previously described, total collagen content
was measured using a modified hydroxyproline assay,>
while sulfated glycosaminoglycan (GAG) content was
measured using a dimethylmethylene blue assay according
to the manufacturer’s instructions. Samples were then nor-
malized to WW and DW. Three technical replicates per bi-
ological sample were run and averaged for each assay to
obtain a singular measurement.

Mass spectrometry crosslinks assay

Quantification of pyridinoline (PYR) crosslinks was per-
formed through mass spectrometry, as previously repor-
ted.** Briefly, excised samples of about 1 mg in WW (from
the same tissue as biochemical samples) were lyophilized,
weighed again to obtain the DW, washed in ultrapure water
overnight on a shaker, and hydrolyzed overnight in 4 N HCI.
Hydrolysates were then resuspended, filtered using a 100-
kDa cutoff filter, and diluted (1:10) before being subjected
to liquid chromatography—mass spectrometry with a Waters
ACQUITY QDa. PYR standards were used to quantify the
molecule in each sample, and the molecule was normalized
to WW, DW, and total collagen (from the hydroxyproline
assay).

Statistical analyses

Mechanical testing outcomes were analyzed using a two-
way analysis of variance (ANOVA) with testing direction
and location as the two factors. Bonferroni’s post hoc test
was used to compare the testing direction within each loca-
tion (depicted with asterisks). Tukey’s post hoc test was
used to compare among locations with values aggregated
from both testing directions (depicted with Latin letters
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through a connecting letters report in the X-axis labels;
groups that share a letter are not statistically significant).
Biochemical and crosslink outcomes were analyzed using a
one-way ANOVA with Tukey’s post hoc test (depicted with
Latin letters through a connecting letters report). An a pos-
teriori statistical analysis showed animal sex was not a
significant factor in any outcome measure. Pearson’s cor-
relations were run to identify correlations between me-
chanical properties and biochemical properties (including
crosslinking outcomes) to identify potential structure—
function relationships. Significant correlations and the co-
efficient of determination (rz) are reported. The threshold for
statistical significance for all tests was set as p<0.05. All
bars are shown as mean + standard deviation.

Results
Histology and polarized light microscopy

Histology images with H&E, picrosirius red, picrosirius
red under polarized light, and safranin O with fast green
staining are shown in Figure 3. The PIA exhibited a mostly
dense matrix with sparse pockets of fat vacuoles (Fig. 3).
The PSA samples were more heterogeneous than the PIA
and lateral disc, exhibiting approximately 50% of the tissue
being made up of fat vacuoles (Fig. 3). Outside of the areas
containing fat vacuoles, all three tissues exhibited similar
intensities of picrosirius red staining for total collagen
(Fig. 3). When examining the picrosirius red staining under
polarized light microscopy, the alignment of collagen of the
PIA and PSA appeared predominantly in the ML direction,
while the lateral disc appeared almost entirely aligned in the
AP direction (Fig. 3). The tissues appeared completely de-
void of GAG, as shown by the safranin O with fast green
staining (Fig. 3).

Mechanical analysis

Uniaxial tensile testing outcomes are shown in Figure 4.
Both Young’s modulus and UTS values for the PIA tested
in the ML direction were significantly higher than the AP
values (p<0.0367) (Fig. 4). When comparing the testing
directionality using the ratio of Young’s modulus values of
the AP and ML directions, the PIA, PSA, and lateral disc
had values of 2.78, 3.41, and 7.74, respectively; the lateral
disc’s ratio was at least 2.27 times that of either posterior
attachment. When compared with the PSA, the PIA was also
significantly 2.13 times stiffer and 2.30 times stronger
(p<0.0371) (Fig. 4). When examining strain at failure,
there were no statistically significant findings, but the PIA
strained the most in the AP direction, while the lateral disc
strained most in the ML direction (Fig. 4). As for toughness
and resilience, the lateral disc values were significantly
higher in the AP direction compared with the ML direction
(»<0.0017) (Fig. 4). The lateral disc was also significantly
tougher and more resilient compared with the PSA
(p<0.0016), while the PIA also trended higher than the
PSA (Fig. 4).

Photometric biochemical analyses

Outcomes from the photometric biochemical analyses are
shown in Figure 5. In terms of total collagen content per
WW and DW, the PIA value was the highest (Fig. 5). The
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FIG. 3. Histology and
polarized light microscopy of
the TMJ disc complex. As
shown in H&E staining, the PIA
exhibits more homogeneity in
matrix content similar to the
lateral disc, but unlike the PSA.
Both the PIA and PSA exhibit
varying presence of fat vacu-
oles, unlike the lateral disc.
Outside of the fatty areas, the
tissues are all highly collage-
nous, as shown in the PSR.
Under polarized light micros-
copy, PSR enhanced the bire-
fringence of collagen fibrils and
allowed visualization of the
collagen fiber alignment. The
PIA has mostly ML alignment
along with the PSA; however,
the lateral disc has almost
complete AP alignment.
Safranin O staining with fast
green counterstain shows the
extremely low GAG content of
all three tissues. A, anterior; AP,
anteroposterior; H&E, hema-
toxylin and eosin; GAG, gly-
cosaminoglycan; L, lateral; LD,
lateral disc; M, medial; ML,
mediolateral; P, posterior; PIA,
posterior inferior attachment;
PL, polarized light; PSA, pos-
terior superior attachment; PSR,
picrosirius red; SO/FG, safranin
O with fast green; TMJ, tem-

LD

500 g

PIA value was also higher by 1.93 times when compared
with the PSA in terms of total collagen per DW (p=0.0002)
(Fig. 5). In terms of GAG content, the lateral disc value
was significantly higher than both the PIA and PSA values
(p<0.0368) when normalized to both WW and DW, while
the PSA value was the lowest (2.85-3.65 times lower than
PIA, p<0.0004) (Fig. 5). Hydration values for the PIA and
lateral disc were also 1.34 and 1.38 times higher, respec-
tively, than the PIA (p <0.0010) (Fig. 5). Total collagen per
DW was statistically, but weakly, correlated with UTS
(r2=0.17) and toughness (r2=0.25) in the AP direction.

Crosslinking mass spectrometry analysis

Outcomes from the crosslinking mass spectrometry analy-
sis are shown in Figure 6. When normalized to both WW
and DW, the PIA was the most crosslinked of all locations
tested (Fig. 6). For PYR per WW, the PIA value was sig-
nificantly higher than the lateral disc value by 1.57 times
(»=0.0248) (Fig. 6), while the PIA value was signifi-
cantly higher than the PSA value when normalized to DW
(»=0.0205) (Fig. 6). While the PYR per total collagen
content was not significantly different between the locations
tested, the degree of crosslinking trended higher in the PIA
and PSA groups (Fig. 6). PYR per WW (+*=0.19) and DW
(r2=0.25) values were both statistically correlated with
strain at failure in the AP direction.

poromandibular joint. Color
images are available online.

Discussion

The aim of this study was to characterize the PIA, PSA,
and lateral disc toward identifying design criteria for tissue-
engineered constructs for the TMJ disc complex. More
specifically, this study used histology and polarized light
microscopy, uniaxial tensile testing, photometric biochem-
ical tests, and mass spectrometry crosslinks analysis to
highlight differences among the PIA, PSA, and lateral disc.
It was hypothesized that there would be variations in orga-
nization, mechanical properties, biochemical properties, and
crosslinking content of the PIA, PSA, and lateral disc. The
hypothesis was confirmed. Specifically, the PIA was stiffer
and stronger than PSA; these observations were supported by
collagen and crosslinking data for the posterior attachments.
For example, the PYR crosslinking content in the PIA was
higher than that of the PSA. Both attachments also exhibited
more heterogeneous matrices; whereas the lateral disc ex-
hibited a fibrous matrix, the attachments contained regions
with fat vacuoles. In addition, the attachments contained less
GAG content than the fibrocartilaginous lateral disc. Although
the attachments did not display histological similarities to
ligaments, the mechanical properties supported the notion that
the attachments serve a ligament-like role during articulation
with the joint. Specifically, the stiffer PIA may serve a critical
role in securing the disc to the condyle and protecting the disc
from anterior disc displacement, while the softer PSA may
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FIG. 4. Uniaxial tensile
testing outcomes of the TMJ 40—
disc complex. When examin- 5
ing Young’s modulus and e
UTS, both the PIA and lateral 30 e

disc exhibit significant differ-

ences when comparing testing
directions, denoting significant
anisotropy. The PSA was less
stiff and weaker than the PIA
and lateral disc in both cases.
Strain at failure did not differ
between samples. For tough-
ness and resilience, the lateral
disc values were higher than 0-
the PSA in both outcomes, N
while the PIA also trended
higher than the PSA. Statistics:
two-way ANOVA, p<0.05.
Bonferroni’s post hoc test be-
tween the outcomes of the
testing directions within each
location is depicted by an as-
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among the locations with val-
ues aggregated from both test-
ing directions is depicted with
Latin letters in the X-axis labels
using a connecting letters re-
port (groups that share a letter
are not statistically significant). 2 T
ANOVA, analysis of variance;
LD, lateral disc; PIA, posterior

MJ m™

inferior attachment; PSA, pos- 0-

terior superior attachment; N ™ N
TMJ, temporomandibular \?"Q’ ‘,.@ 0®
joint; UTS, ultimate tensile Q\\" QCD A%

strength.

allow translation of the disc over the articular eminence during
articulation. Most importantly, this study defines crucial de-
sign criteria and provides structure—function relationships for
tissue-engineering and further understanding of the TMJ disc
complex toward addressing the various TMJ pathologies af-
flicting millions.

The TMIJ disc has been described as being highly aniso-
tropic; it functions to allow stress absorption and dissipa-
tion during articulation.>> Compressive stress applied by the
condyle to the intermediate zone of the disc is transmitted to
the anterior and posterior bands under tensile strains, simi-
lar to a trampoline’s mesh.***® This is accomplished by the
anisotropic nature of the TMJ disc, being aligned in the AP
direction in the intermediate zone, while the anterior and
posterior bands are aligned in the ML direction, continuing
circumferentially around the disc.”*>” As expected, results
from uniaxial tensile testing for the lateral disc showed
significantly stiffer, stronger, tougher, and more resilient
tissue in the AP direction compared with the ML direction,
in agreement with previous literature.”**’ However, when
examining the PIA and PSA under uniaxial tension in this
study, both attachments showed higher values in the ML
direction compared with the AP direction, similar to that of
the posterior band of the disc. For example, the PIA and
PSA had 2.78 and 3.41 times higher ML stiffness values,

Young's modulus
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respectively, than those measured in the AP direction. When
examining historical data from the attachments of juvenile
farm pigs, the PSA exhibited similar anisotropy in terms of
tensile properties, but the PIA was shown to be stiffer and
stronger in the AP direction.?® This difference may be due to
age-, region-, or breed-related differences present in the
posterior attachments. In future studies, it would be inter-
esting to consider sampling from more medial or lateral
regions of the posterior attachments to understand how
structural differences among regions may relate to various
functional differences. However, when examining AP
stiffness in this study, the PIA still exhibited values 2.48
times higher than those of the PSA, which is consistent with
prior literature that showed a 5.00 times higher stiffness.”®
In terms of resilience and toughness, PSA values were sig-
nificantly lower than lateral disc values, with PIA values not
being significantly different from either. Resilience and
toughness are related to energy absorption and energy dis-
sipation. Thus, these differences in resilience and toughness
suggest different mechanical contributions of each region to
the function of stress absorption and dissipation of the TMJ
disc complex. This may, in part, be due to the presence of
fat vacuoles (i.e., heterogeneity) in the PSA, affecting the
mechanical properties. Regardless, based on mechanical
data of posterior attachments, these data strongly indicate
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FIG. 5. Photometric biochemical testing outcomes of the
TMIJ disc complex. When examining both collagen per WW
and collagen per DW, the PSA values were significantly
lower than the PIA. GAG per WW and GAG per DW were
significantly different among all groups, while tissue hydra-
tion was significantly higher in the lateral disc compared with
the PSA. Statistics: one-way ANOVA, p<0.05. Tukey’s post
hoc test among the locations is depicted with Latin letters
above each bar through a connecting letters report (groups
that share a letter are not statistically significant). ANOVA,
analysis of variance; COL, collagen; DW, dry weight; GAG,
glycosaminoglycan; LD, lateral disc; PIA, posterior inferior
attachment; PSA, posterior superior attachment; TMJ, tem-
poromandibular joint; WW, wet weight.

that the PIA and PSA play a crucial role in absorbing and
dissipating stress during articulation, acting similarly to the
springs of a trampoline.

There are also organizational and biochemical differences
among the posterior attachments and the lateral disc. For
example, it was found that the PIA and lateral disc have
at least 1.91 times higher total collagen per DW than the
PSA, which correlated with the PIA and lateral disc being
stiffer and stronger than the PSA. This finding is similar to
prior studies that showed the PSA had lower collagen con-
tent than the PIA and lateral disc.® As shown in the H&E
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staining, this discrepancy in collagen content among the
TMIJ disc complex regions is likely due to the large degree of
heterogeneity present in the PSA. Furthermore, crosslinking
outcomes of the different regions further supported the tensile
data. When examining the collagen alignment under polarized
light microscopy, it was shown that the lateral disc is highly
aligned in the AP direction. Contrastingly, the PIA and PSA
were more aligned in the ML direction, but to a lesser extent
when compared with the lateral disc. Together with the
mechanical outcomes, these results establish gold-standard
design criteria for tissue-engineering of a biomimetic TMJ
disc complex.

The posterior attachments have been previously described as
an extension of the TMJ disc, exhibiting a seamless transition
from disc to attachment.*® Histologically, the fibrous areas of
the three tissues appeared strikingly similar in collagen and
GAG contents, as shown by staining intensities of picrosirius
red and safranin O. Additionally, prior literature has described
elastin to compose between 3% and 7% per DW of the TMJ
disc and it has been speculated to contribute to tissue recovery
after deformation.’® While not investigated here, prior work
reported that the PIA, PSA, and lateral disc of juvenile porcine
TMJ disc complexes show similar staining intensity for elastin
as well.*® The largest differences here appeared in tissue het-
erogeneity; a gradual transition from a fibrous to fibro-fatty
tissue was seen when moving from the lateral disc to the
posterior attachments, as shown by an increase in the amount of
fat vacuoles present. This transition was also observed in the
GAG content; the lateral disc exhibited the most GAG per
DW, which was 1.48 and 5.39 times higher than the PIA
and PSA, respectively. Additionally, the GAG contents of
all tissues examined here were still far less than tissues that
function mainly under c0m4pression, such as hyaline ar-
ticular cartilage of the knee.*® This may be associated with
the primary role of the TMJ disc complex to undergo
tensile stresses,4 rather than the compressive stresses that
are commonly associated with hyaline articular cartilage. It
should also be noted that there may be some differences in
the porcine and human fosterior attachments, such as the
degree of fat presence”®*' and tissue exposure due to a less
prominent postglenoid process.** These differences should
be further investigated as the Yucatan minipig is estab-
lished for modeling human TMJ conditions. Despite these
differences, it should be mentioned that the Yucatan
minipig exhibits substantial similarities to the human TMJ,
for example, in terms of size, anatomy, function, diet, and
chewing patterns.”>*” These findings suggest that the three
porcine tissues examined here function similarly under
tension while transitioning from a fibrocartilaginous to
fibro-fatty composition.

The nature of the PIA and PSA has been previously
described as ligamentous.>>® In ligaments, the degree of
collagen crosslinking is typically higher than those of fibro-
cartilaginous tissues, such as the knee meniscus or TMJ
disc. For example, in a study examining the degree of
crosslinking in various tissues of the knee, it was found that
the cranial and caudal ligaments had a significantly higher
degree of collagen crosslinking than the fibrocartilaginous
meniscus.** When examining the degree of collagen
crosslinking, both the PIA and PSA exhibited higher
values than the fibrocartilaginous lateral disc. Thus, the
crosslinking data showed that the function of PIA and PSA
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FIG. 6. Crosslinking mass spectrometry outcomes of the TMJ disc complex. When examining PYR per WW and PYR per
DW, the PIA had higher values than those of the PSA. The degree of collagen crosslinking trended higher in the posterior
attachments when compared with the lateral disc. Statistics: one-way ANOVA, p<0.05. Tukey’s post hoc test among the
locations is depicted with Latin letters above each bar through a connecting letters report (groups that share a letter are not
statistically significant). ANOVA, analysis of variance; COL, collagen; DW, dry weight; LD, lateral disc; PIA, posterior inferior
attachment; PSA, posterior superior attachment; PYR, pyridinoline; TMJ, temporomandibular joint; WW, wet weight.

may be similar to ligaments, which operate under high tensile
strains. With regard to mechanical properties, despite having
lower degrees of crosslinking, the fibrocartilaginous menis-
cus displayed higher stiffness and strength values compared
with the cranial and caudal ligaments of the knee.** Analo-
gously, the fibrocartilaginous lateral disc exhibited the highest
stiffness and strength values here as well, compared with the
PIA and PSA. Whereas the crosslink and mechanical data
suggest that the PIA and PSA are similar to ligaments, both of
these tissues also display marked differences from ligaments.
For example, while the PIA and PSA were found to be an-
isotropic, the degree of anisotropy is not as high as that of
ligaments; it is known that ligaments are typically highly
aligned in one direction.** Additionally, the heterogeneity
found within the matrices of the PIA and PSA, mainly the
presence of fat vacuoles, is dissimilar to the homogeneous
composition of ligaments. Despite these differences, the
ligament-like function of the posterior attachments is still
crucial to the overall function of the TMJ disc complex.
Consistent with the properties described above, the stiffer PIA
may play a role in securing the disc to the condyle during
articulation, while the softer PSA could allow translation of
the disc over the articular eminence.

This study established design criteria and informed
structure—function relationships for the TMJ disc complex.
Toward tissue-engineering a functional biomimetic implant
exactly like the native TMJ disc complex, engineers may
use the structural, mechanical, biochemical, and crosslinks
data presented here as design criteria. However, reaching
complete biomimicry may not be necessary in all cases. For
example, in a study examining healing of partial-thickness
defects in the Yucatan minipig TMJ disc, implants that
reached 42% of native tissue mechanical and biochemical
properties (measured by a functionality index that weighs
various outcome measures equally and normalizes them to
native tissue) were adequate to induce robust and complete
healing in 8 weeks.?® Similarly, this may be the case for the
posterior attachments, with implants needing to only reach a
certain level of biomimicry to induce healing. Alternatively,
tissue engineers may also prioritize certain design criteria

over others. For example, in the case of the TMJ disc
complex, Young’s modulus, UTS, and total collagen may be
the primary design criteria, because the tissues function
mainly under tensile strains, and collagen is most abundant
in these tissues. In terms of structure—function relationships,
there were no strong correlations among the biochemical
and crosslink contents and the mechanical properties. Weak
correlations between total collagen and crosslink contents
and some tensile outcomes in the AP direction were found.
Importantly, the field also needs to fully characterize the
human TMJ disc complex to establish design criteria and
compare structure—function relationships with the Yucatan
minipig model. Unfortunately, there is not yet a comprehen-
sive study doing so in the literature. By developing design
criteria and investigating structure—function relationships,
the TMJ field will rapidly move toward generating ade-
quate implants for investigating healing in various defect
models.

The mechanical and biochemical results of this study
suggest that the posterior attachments operate under two
functions: (1) both attachments act to distribute the com-
pressive stresses applied during articulation by converting
them into tensile stresses, supporting this function in the
disc; and (2) the PIA acts to secure the disc to the condyle
during articulation, while the PSA allows smooth translation
over the articular eminence. For distribution of compressive
stresses applied by the condyle, the TMJ disc complex acts
together as one unit toward stress distribution during artic-
ulation. This was shown by the extension of ML alignment
into the posterior attachments, which is present in the pos-
terior band of the TMJ disc.*? In terms of functioning to
hold the disc in the proper position during articulation,
within the TMJ disc complex, the PSA and PIA were shown
to serve different functions. Specifically, in comparison with
the PSA, the PIA demonstrated higher tensile properties,
increased collagen content, and more PYR content, all in-
dicating a more robust structure. Furthermore, both the PIA
and PSA were found to be more heterogeneous, exhibiting
fat vacuoles, and less fibrocartilaginous than the lateral disc
as determined by the GAG content. These data support the
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notion of a fibrocartilaginous to fibro-fatty spectrum upon
which the tissues of the TMJ disc complex exist. Also, based
on the literature,38 all three regions exhibit similar elastin
content. Thus, the fat vacuoles, collagen content, and
crosslinking content may be greater contributors to differ-
ences among the three regions of the TMJ disc complex when
compared to elastin. In addition, the posterior attachments
have been previously described as ligamentous tissues.>®
However, the posterior attachments exhibit crucial differ-
ences from ligaments, such as lack of strong alignment and
heterogeneity in the matrix content, but still play a ligament-
like role during articulation. These properties support that,
during articulation, the PIA may function to secure the disc
to the condyle, while the PSA allows smooth translation of
the disc—condyle unit over the articular eminence. Most
importantly, this characterization study seeks to give tis-
sue engineers gold-standard design criteria to aim
for when engineering biomimetic implants for addressing
pathologies of the TMJ disc complex, including anterior
disc displacement and resulting lateral defects, toward
relieving pain and improving function for the many pa-
tients with TMJ afflictions.
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