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ABSTRACT

Temporomandibular joint (TM]) disorders affect up to 12% of the human population, and naturally occur-
ring TM] diseases are increasingly recognized in animals. The TM] disc plays a major role in TM] disorders
in people, but little is known about its role in TMJ pathology in animals. This study characterizes differ-
ences in properties of equine TM] discs associated with age, disc region, and presence of TM] osteoarthri-
tis (OA). Discs were dissected from both TMJ's of sixteen horses euthanized for reasons unrelated to this
study. Each joint was grossly evaluated and scored as normal, mild OA, or severe OA. Samples from the
rostral, caudal, lateral, central, and medial regions of the disc were subject to compressive testing, quan-
titative biochemistry, and histology. Samples from the lateral, central, and medial region were tested for
tensile properties in the rostrocaudal and mediolateral directions. We found that the equine TM] disc is
highly anisotropic, and its glycosaminoglycan (GAG) content and compressive stiffness vary between disc
regions. The disc also exhibits increasing GAG content and compressive stiffness with increasing age.
While equine TM] disc properties are generally similar to other herbivores, greater compressive stiffness
throughout the disc and greater GAG content in its rostral region suggest that mechanical demands on
the TM] disc differ between horses and other species. Importantly, a region-specific decrease in compres-
sive stiffness was observed associated with joint disease and corresponded to cartilage erosions in the
underlying condylar surface.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Clinical disease of the temporomandibular joint (TM]) affects up
to 12% of the human population (Liu and Steinkeler, 2013), with
increased prevalence in women and the elderly (Haskin et al.,
1995; Warren and Fried, 2001). Naturally occurring TM] disorders
have also been described in animals, with osteoarthritis (OA)
reported to be the most common disorder of the TMJ in dogs and
the second most common in cats (Arzi et al., 2013). The TM] is a
synovial joint composed of the mandibular head of the condylar
process of the mandible, mandibular fossa of the squamous tempo-
ral bone, the retroarticular process of the temporal bone, and an
intraarticular, fibrocartilaginous disc. The essential anatomy of
the TM] is similar among humans and domestic animals, although
differences in morphology of the bones and TM] disc exist between
species and likely reflect differences in mastication, prehension,
diet, and dentition (Herring, 2003). While the TM] disc is fre-
quently involved in TM] disorders in people, its role in pathophys-
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iology of TM] disorders in people or animals is not clear (Murphy
et al., 2013b). Although a significant association has been shown
between abnormal position of the disc, known as “internal
derangement,” and TM] OA in people (Marguelles-Bonnet et al.,
1995; Moncada et al., 2014), there is limited information regarding
changes in the TM] disc associated with OA. Further characteriza-
tion of naturally occurring TMJ OA and the role of the TM] disc in
animals could provide insight into comparable diseases in people
(Kol et al., 2015).

Given the differences in morphology and function of the TM]
between people and animals, no single animal species is likely to
be sufficient as a model for all TM] pathophysiology (Almarza
et al,, 2018). In horses, OA of the TM] is suspected to be clinically
important (Baker, 2002), but is poorly understood (Carmalt,
2014; Carmalt et al., 2017; Ramzan, 2006). A recent retrospective
computed tomography study of the TMJ in 1018 horses found min-
eralization of the TM] disc in 15% of asymptomatic horses as well
as other findings typically associated with OA (Carmalt et al.,
2016). Experimentally induced unilateral inflammation of the
equine TM] has shown that horses will compensate by adjusting
their masticatory cycle, but are not hesitant to eat and don’t show
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pain on palpation (Smyth et al., 2016). The existing literature
reflects the difficulty in assessing the presence of equine TM] dis-
ease and interpreting its clinical significance. Nonetheless, the rel-
ative prevalence of TM] OA and the longer lifespan of horses
compared to other domestic animals provide an opportunity to
examine potential changes in the TM] disc associated with age
and OA.

Knowing the properties of the TMJ disc can help understand the
function of the healthy TM] as well as inform pathophysiology of
TM] disease. Tensile anisotropy and regional variations of proper-
ties have been described in healthy TM] discs of multiple species
(Almarza et al, 2006; Arzi et al, 2011; Detamore and
Athanasiou, 2003; Kalpakci et al.,, 2011; Murphy et al., 2013a);
however, characterization of the equine TM]J disc has not been per-
formed, and there has been little investigation of pathologic
changes in the disc of animals with naturally occurring TM] disease
(Murphy et al., 2013a; Matuska et al., 2016). Normal equine mas-
tication is divided into three phases: opening, closing, and a power
phase that involves mediolateral translation (Bonin et al., 2006).
We hypothesize that equine TM] disc properties will vary by region
and direction associated with varying stresses experienced by the
TM] during mastication. Additionally, we hypothesize that TM]
OA will be associated with changes in composition and mechanical
properties of the TM] disc. This is the first study characterizing the
equine TM] disc and will improve the understanding of normal TM]
function and potential role of the disc in TM] disease in horses.

2. Materials and methods
2.1. Specimen procurement

Sixteen equine heads were obtained from client-owned patients
that died or were euthanized for reasons unrelated to this study
and donated to the UC Davis Veterinary Medical Teaching Hospital
with client consent for research use. Skulls were frozen within 12 h
of death and kept at —20 °C until the time of dissection. Each joint
was dissected and scored as normal, mild OA, or severe OA based
on the presence and degree of gross articular cartilage damage
and periarticular bone remodeling (Fig. 1). TM] discs from all joints
were dissected from their attachments, washed in phosphate buf-
fered saline (PBS), wrapped in gauze soaked with PBS containing
protease inhibitors (10 mM N-ethylmaleimide and 1 mM phenyl-
methylsulfonyl fluoride, Sigma, St. Louis, MO, USA), and frozen at
—20°C until testing. Both discs from each horse were used for
the study. Full-thickness samples were collected from the rostral,
caudal, lateral, central, and medial regions of each disc using
3 mm dermal biopsy punches for evaluation of biochemical com-
position, histologic appearance, and compressive properties
(Fig. 2). “Dogbone” shaped samples oriented in rostrocaudal (com-
parable to anteroposterior) and mediolateral directions were col-
lected from the central, lateral and medial regions of each disc
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Fig. 2. Schematic of a dorsal view of an equine TM]J disc depicting sample allocation
for mechanical, biochemical, and histologic evaluation. Full-thickness samples were
obtained using dermal biopsy punches and scalpel dissection. The dorsal and
ventral surfaces of compressive samples were trimmed using a scalpel, as
necessary, to obtain flattened cylinders for testing.

for tensile testing using biopsy punches and scalpel dissection
(Fig. 2).

2.2. Biochemical characterization

Biochemical samples were weighed prior to and following 72 h
of lyophilization to assess tissue hydration. The lyophilized tissue
was then digested in 2.125 units/mL papain (Sigma) in phosphate
buffer (pH 6.5) containing 2 mM N-acetyl cysteine (Sigma) and
2 mM ethylenediaminetetraacetic acid for 18 h at 60 °C. Sulfated
glycosaminoglycan (GAG) content was quantified using the 1,9-
dimethylmethylene blue binding assay (Blyscan™, Biocolor, Car-
rickfergus, UK). Total collagen was quantified using a hydroxypro-
line assay (Cissell et al., 2017) with Sircol™ bovine collagen
standards. DNA content was quantified using the Quant-iT™ Pico-
green double stranded deoxyribonucleic acid assay (Invitrogen,
Carlsbad, CA). Collagen, GAG, and DNA content were normalized
to sample dry weight (DW).

2.3. Mechanical characterization

Dogbone samples were prepared with a gauge length: width
aspect ratio of approximately 3:1. Orthogonal photographs of each
dogbone were taken, and the cross sectional area of the sample
gauge length was measured using Image] (NIH). Continuous, uni-
axial strain-to-failure tests were conducted on a materials testing
machine (Instron 5965, Instron, Norwood, MA). Samples were
placed between pneumatic grips set to 70 psi and strained at a rate
of 1% of the gauge length per second. The tensile Young’s Modulus
was calculated from the linear portion of each stress-strain curve
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Fig. 1. Dorsal (i.e., superior) view of representative mandibular condyles from normal temporomandibular joints (TMJ]) and TM] with mild or severe osteoarthritis.

Arrowheads indicate grossly visible lesions.



56 J.M. Guerrero Cota et al./Journal of Biomechanics 82 (2019) 54-61

and the ultimate tensile strength (UTS) was determined as the
maximum stress experienced by the tissue using data analysis soft-
ware (MATLAB, Mathworks, Natick, MA).

Due to the biconcave shape of the TM] discs, the dorsal and ven-
tral surfaces of compressive samples were trimmed manually with
a scalpel to obtain a flattened cylindrical shape for testing. Samples
were immersed in PBS at room temperature and stress-relaxation
testing was performed in unconfined compression using an Instron
5965 materials testing machine. Contact between the compression
platen and sample was determined by a 0.05N preload. Samples
were then preconditioned with 15 cycles of 5% strain at a strain
rate of 10% per second. During the test, two serial 10% step-
strains were applied, with a 7 min interval after the first step,
and a 10 min interval after the second step to allow for stress relax-
ation. The instantaneous modulus, relaxation modulus, and coeffi-
cient of viscosity were calculated by fitting the stress relaxation
data to a viscoelastic solution for a standard linear solid using
MATLAB (Allen and Athanasiou, 2006).

2.4. Histologic characterization

The scalpel cut surfaces of histology samples were oriented par-
allel to the sagittal plane and the dorsal surface was marked with
dye to maintain sample orientation. Each histology sample was
fixed in 10% formalin for a minimum of 24 h, then dehydrated
via ascending alcohol concentrations and embedded in paraffin.
Histologic sections were prepared from each region of each disc
and stained using hematoxylin & eosin (HE), safranin-O/fast green
(SOFG), or picrosirius red to evaluate general morphology, GAG,
and collagen distribution, respectively. Bright field light micro-
scopy was performed for all samples and stains. Polarized light
images were acquired with the polarizer and analyzer at 90° to
each other and two orientations of the stage: (1) maximum light
transmission and (2) rotated 30° relative to maximum light
transmission.

2.5. Statistical analysis

The effects of individual horse, joint (right or left), disc region,
and horse age on each response variable were assessed using
mixed model ANOVA for a split-split plot design. Each horse was
treated as a whole plot, random variable. Joint (right or left) was
treated as a fixed, subplot effect nested in individual horse, and
the fixed, sub-subplot effect of region was nested in joint and horse
to account for potential covariance associated with analysis of two
TM]J discs from each horse and multiple regions within each disc.
Age was included in the ANOVA model as an independent variable.
For analysis of tensile properties, the strain direction (rostrocaudal
vs. mediolateral) was entered into the statistical model as an addi-
tional fixed effect nested in region, joint, and horse. After initial
statistical analysis, residuals were evaluated for constancy of vari-
ance, independence, and normality. If necessary, response vari-
ables were log-transformed and/or outliers were removed and
ANOVA was repeated. Significant differences among levels within
a factor were assessed using the Tukey HSD post hoc test when
indicated.

Potential associations between OA and changes in TM] disc
mechanical properties or biochemical composition were assessed
by matched pairs analysis with grouping by disc region within
horses with asymmetrical TM] OA. Matched paired analysis was
performed to avoid potential confounding effects of age and indi-
vidual variation. Potential relationships between biochemical com-
position and mechanical properties were assessed by multiple
linear regression and is further described in the Appendix. Associ-
ation between horse age and joint disease was examined by logis-
tic regression separately for right and left joints. All statistical

analysis was performed using JMP Pro 13. Statistical significance
for all tests was defined by p < 0.05. All quantitative results are pre-
sented as the mean + standard deviation except where otherwise
indicated.

3. Results

Ages of horses included in this study varied from 5 to 25 years
old with a median age of 16 years. Horses included fourteen of
light riding breeds (three American Paint Horse, three Thorough-
bred, two Quarter Horse/Quarter Horse cross, two Standardbred,
and one each Appaloosa, Fox Trotter, Lusitano, and Mustang), one
warmblood (specific breed not stated), and one light draft breed
(Friesian). Of the 32 total joints analyzed, 11 exhibited no gross
evidence of osteoarthritis (OA), 12 had mild OA, and 9 had severe
OA. Of the 21 joints with OA, cartilage lesions were most com-
monly located on the caudal (12/21) or medial (6/21) aspect of
the mandibular head, retroarticular process (7/21), and mandibular
fossa (5/21). Gross pathology was less common in the TM]J discs,
with lesions consisting of firm, raised ridges (4/32); small, raised
nodules (2/32); fibrillation (2/32); and pannus formation on the
disc surface (1/32). Increasing age was associated with greater col-
lagen content (p = 0.009), greater GAG (p < 0.001), increasing com-
pressive relaxation modulus (p < 0.001), decreasing tensile Young’s
modulus (p <0.001) and decreasing UTS (p = 0.004). Joints with OA
were also significantly more likely to be associated with older
horses (p < 0.002); the median ages of normal, mild OA, and severe
OA joints were 10, 16, and 21 years, respectively. There was no sig-
nificant effect of joint (right vs. left) on any response variable.

3.1. Biochemical analysis

Quantitative biochemical results are displayed in Fig. 3. Hydra-
tion of the discs was significantly lower in the caudal region
(65.9+2.8%) than all other regions, which varied minimally

between 69.2 and 71.0% (not shown). GAG data were log-
transformed to correct variance for final statistical analysis. GAG
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Fig. 3. Mean glycosaminoglycan (GAG), collagen, and DNA content per dry weight
(DW) of all equine TM] discs by region. Groups not connected by the same letter are
significantly different by mixed model ANOVA with Tukey’s HSD post hoc test
(p <0.05). Error bars represent one standard deviation.
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and DNA content varied significantly between different regions.
The rostral region contained the greatest GAG (6.9 + 4.4%DW)
and the medial aspect of the disc contained the least GAG
(2.3 £1.2%DW). The rostral region of the discs had the highest
DNA content (8.9 £ 5.2 x 10~ ¥DW) and the central region of the
discs had the lowest DNA content (4.4 +1.4 x 10~3 %DW). The
mean collagen content of TM] discs varied from 90 + 16% in the
rostral region to 98 + 22% in the central region, but regional differ-
ences in collagen content were not significantly different. Associa-
tions between biochemical composition and mechanical properties
of the equine TM]J disc are described in the Appendix, with signif-
icant associations summarized in Table S1.

3.2. Tensile properties

Tensile properties of the equine discs are presented in Fig. 4.
Data were log-transformed to correct variance for final statistical
analysis. Discs were significantly stiffer and stronger when
strained in the rostrocaudal direction than the mediolateral direc-
tion. Young’s moduli in the rostrocaudal and mediolateral direc-
tions were 6035 MPa and 1.6 = 2.0 MPa, respectively. UTS in
the rostrocaudal and mediolateral directions were 34+ 15 MPa
and 0.92 + 1.1 MPa, respectively. When strained in the rostrocau-
dal direction, neither stiffness nor strength significantly differed
among regions; however, when strained in the mediolateral direc-
tion, the lateral region was significantly stiffer (2.2 + 2.4 MPa) and
stronger (1.3 £1.7 MPa) than the central region (0.98 + 0.62 MPa
and 0.61 + 0.34 MPa, respectively).

3.3. Compressive properties

The compressive properties for the equine disc at 20% strain are
shown in Fig. 5. Data were log-transformed to correct variance for
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Fig. 4. Mean tensile Young’s modulus (Ey) and ultimate tensile strength (UTS) of all
equine TM]J discs by region and direction of strain. Ey and UTS were significantly
greater across all regions when samples were strained in the rostrocaudal (RC)
direction than in the mediolateral (ML) direction. Groups not connected by the
same case or letter are significantly different by mixed model ANOVA with Tukey’s
HSD post hoc test (p < 0.05). Error bars represent one standard deviation.
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Fig. 5. Mean compressive relaxation modulus (Eg), instantaneous modulus (E;), and
coefficient of viscosity (i) at 20% strain of all TM] discs by region. Groups not
connected by the same letter are significantly different by mixed model ANOVA
with Tukey’s HSD post hoc test (p <0.05). Error bars represent one standard
deviation. The rostral region exhibited the greatest compressive moduli and
coefficient of viscosity.

final statistical analysis. Compressive stiffness and coefficients of
viscosity varied significantly between disc regions (p <0.001).
The rostral region of the disc was significantly stiffer than all other
regions with 20% relaxation modulus of 0.95*0.48 MPa and
instantaneous modulus of 4.6 + 1.8 MPa. The medial region was
the least stiff in compression with 20% relaxation modulus of
0.25+0.15MPa and instantaneous modulus of 1.4 +0.83 MPa.
Coefficients of viscosity also significantly varied from
200 + 120 MPa:s in the rostral region to 61 + 47 MPa-s in the med-
ial region.

3.4. Effects of joints disease on disc properties

Eight horses had asymmetrical TM] disease. Three horses had
one grossly normal TM] with mild OA of the contralateral joint
and five horses had mild OA of one TM] with severe OA of the con-
tralateral joint. For horses with asymmetric TMJ OA, the compres-
sive properties significantly varied between joints in a region-
dependent fashion (Fig. 6). On average, the caudal region of discs
from more diseased joints had 37% lower relaxation moduli
(p=0.006), 40% lower instantaneous moduli (p = 0.005), and 49%
lower coefficients of viscosity (p = 0.001). There was no significant
difference between asymmetric joints with respect to composition
or tensile properties.

3.5. Histology

Representative histologic images are presented in Fig. 7. Histol-
ogy of discs from normal TM]'s revealed abundant collagen inter-
spersed with fibroblasts. The central, medial, and lateral regions
exhibited highly anisotropic collagen fibers tightly packed in large
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Fig. 6. Scatter plot of compressive relaxation modulus (Eg), instantaneous modulus
(E;), and coefficient of viscosity (p) at 20% strain for TM] discs from horses with
asymmetrical TM] osteoarthritis. Within each disc region, points labeled “0”
represent samples from normal or mildly osteoarthritic joints and points labeled
“1” represent samples from joints with worse osteoarthritis. Matched pairs are
connected by solid lines and represent samples from opposite joints within the
same horse. Compressive properties were significantly decreased in the caudal
region of discs from joints with greater osteoarthritis (p < 0.006).

bundles oriented in the rostrocaudal direction and negligible GAG
staining. The rostral and caudal portions of the disc appeared more
complex, with greater GAG and variable collagen fiber orientation.
Discs from joints with severe OA exhibited greater GAG content in
all regions compared to discs from normal joints. The intensity of
collagen staining or degree of anisotropy did not differ between
discs from normal joints and joints with OA.

4. Discussion

The significance of TM] disease in the horse is not well under-
stood. Computed tomography studies of the equine TM] have
shown that changes consistent with OA are common, but the
pathologic significance of these findings is not known (Carmalt
et al., 2016). In order to better understand the normal physiology

of the TM] as well as the pathophysiology associated with OA of
the TM], the present study examined the biochemical, mechanical
and histologic features of the equine TM] disc. Broadly, we found
that the discs are highly anisotropic, being stiffest and strongest
in tension in the rostrocaudal direction. We also found regional
variations in disc composition and compressive stiffness and a
region-specific decrease in compressive stiffness associated with
TM]J OA.

Because the force generated during the equine masticatory
cycle is greatest in the mediolateral direction (Cordes et al,
2012), we hypothesized that the disc would show greater tensile
properties in the mediolateral direction than species with primar-
ily hinge-like motion or rostrocaudal translation of their joints.
Interestingly, we found that the discs were significantly stiffer in
the rostrocaudal direction in all regions tested. This anisotropy
was preserved among disease groups. These mechanical results
are in agreement with our histologic findings and a previously pub-
lished split line study of the equine TM]J disc (Adams et al., 2016),
which demonstrate that its collagen fibers are primarily oriented in
the rostrocaudal direction. Multiple studies have found rostrocau-
dal collagen alignment and corresponding tensile anisotropy
across species, regardless of variations in mastication among carni-
vores, herbivores, or omnivores (Almarza et al., 2006; Arzi et al.,
2011; Detamore and Athanasiou, 2003; Kalpakci et al.,, 2011;
Murphy et al., 2013a). The center of the human disc is also aniso-
tropic, albeit to a lesser degree than observed in the equine disc,
with ~50% greater tensile stiffness along the anteroposterior axis
compared to the mediolateral axis (Wright et al., 2016). Our find-
ings and those of previous studies suggest that the tensile proper-
ties of the disc are not necessarily associated with masticatory
demands and that there may be other mechanisms by which the
stresses are transmitted or dissipated.

Studies in other species have demonstrated that the rostral and
caudal bands of the TMJ disc have collagen fibers aligned in the
lateromedial direction and possess greater tensile properties in
the lateromedial direction (Detamore and Athanasiou, 2003;
Kalpakci et al., 2011). A limitation of this study is that tensile test-
ing was not performed in the rostral and caudal regions of the disc;
however, histologic evaluation indicates that collagen fiber
arrangement is more complex in the rostral and caudal regions
and it is likely that these regions exhibit different tensile aniso-
tropy than the central, medial, and lateral regions of the disc. It
is also possible that the peripheral, but not the central, regions of
the disc experience the greatest tensile forces, as is suggested in
a previous split-line study (Adams et al., 2016).

We expected that discs from osteoarthritic joints would exhibit
greater compressive stiffness and GAG content. A previous study of
experimental TMJ] injury found that GAG content increased in
response to injury (Embree et al., 2015). We observed increased
GAG staining in histologic sections of discs from joints with severe
OA, but these joints were found in older horses. Importantly,
increasing horse age was significantly associated with greater
GAG content and compressive stiffness of the TM] disc; neither
GAG content nor stiffness increased associated with joint disease
when comparing discs within horses with asymmetrical disease.
In contrast, the caudal region of the disc from joints with greater
TM] OA was found to be less stiff than in the contralateral, health-
ier joint. It is possible that increasing GAG content and overall
compressive stiffness of the TM] discs of older horses represent
adaptive, rather than pathologic changes. Interestingly, the major-
ity of gross pathology in the mandibular condyles was present at
their caudal aspects and we observed decreased compressive stiff-
ness in the caudal part of discs from osteoarthritic joints. Dispro-
portionate stress on the caudal part of the joint or failure of
adaptive changes may make the caudal part of the TM] more sus-
ceptible to injury or degeneration in horses.
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Fig. 7. Representative histologic images of equine TM] discs from normal joints and joints with severe OA, by region. (A) Bright field microscopy of sections stained with
hematoxylin & eosin (HE) or safranin-O/fast green (SOFG). (B) Polarized light microscopy of sections stained with picrosirius red oriented at maximum light transmission (0°)

and after rotating the stage 30°.

Unexpectedly, tensile properties were preserved among disease
groups. Though this finding was surprising, it was supported by
our findings that collagen content was not significantly different
between disease groups. Histologically, collagen fiber alignment
was largely preserved despite an increase in GAG content in discs
from diseased joints. The hypothesis that there would be a loss
of tensile properties was based on the findings of the TMJ disc
characterization in two tigers (Murphy et al., 2013a). One of the
specimens in that study had severe evidence of OA and a loss in
tensile properties. Comparison of visibly deformed and grossly nor-

mal porcine TM] discs also found loss of tensile properties in
deformed discs (Matuska et al., 2016). In contrast, another study
found increasing tensile stiffness in bovine TMJ discs associated
with age, but the presence or absence of TMJ OA was not reported
in that study (Tanaka et al., 2001). In our study, 21 of 32 equine
TM]J’s had gross evidence of OA. The greater prevalence of disease
than previously reported (Carmalt et al., 2016) is likely due to bias
inherent to obtaining post-mortem samples and the potentially
greater sensitivity of directly visualizing the articular surfaces
compared to CT. To assess the effect of joint disease on disc
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properties, we attempted to control for individual variation and
age by comparing disc properties between joints from horses with
asymmetrical OA. Only eight of sixteen horses had asymmetrical
OA, and it is possible that there was not sufficient statistical power
to elucidate small changes in tensile stiffness associated with joint
disease. Additionally, none of the horses in this study had a history
of clinical signs associated with TM] disease, and specimens in our
study may not have had disease severe enough to cause a loss in
tensile properties.

The biochemical composition of equine TM]J discs is similar to
other species, and particularly other herbivores. The mean TM] disc
collagen content was measured to be 94% of the tissue dry weight
in this study, similar to collagen content of bovine discs when tis-
sue hydration is taken into account (Kalpakci et al., 2011). Elastin
has been reported to comprise as much as 7% of the dry weight
of juvenile bovine TM]J discs (Keith, 1979), but we did not assay
for elastin in this study. Elastin contains the amino acid hydrox-
yproline and may have slightly inflated our measurements of col-
lagen content. GAG content in the lateral, central, and medial
regions of TM] discs was similar between horses and cows, goats,
and rabbits (Kalpakci et al., 2011). Our results found that increas-
ing GAG content directly related to increasing compressive stiff-
ness in the equine TM] disc, and other relationships among TM]
disc biochemical and mechanical properties are discussed further
in the Appendix. The similar GAG content among herbivores may
reflect their diet and the compressive forces generated during mas-
tication to properly break down their feed. In contrast, omnivorous
pigs and carnivorous tigers are reported to have much less GAG
throughout their TMJ discs (Kalpakci et al., 2011; Murphy et al.,
2013a). Interestingly, horses in this study had greater GAG in the
rostral region of the disc than other species, a finding that was con-
sistent regardless of horse age. The greater GAG content in the ros-
tral region of the equine TM] disc may reflect unique mechanical
demands, even among other species of herbivores.

In conclusion, the equine TM] disc is highly anisotropic and its
GAG content and compressive stiffness vary between disc regions.
The disc also exhibits increasing GAG content and compressive
stiffness with increasing age, and a region-specific decrease in
compressive stiffness associated with joint disease. While equine
TM] disc properties are generally similar to other herbivores,
greater compressive relaxation modulus throughout the disc and
greater GAG content in its rostral and caudal regions suggest
mechanical demands on the TM]J disc differ between horses and
other species. The clinical significance of changes in the TM]J disc
is not known in horses, but decreases in compressive stiffness in
the disc’s caudal region may be associated with erosion and ulcer-
ation of the caudal aspect of the underlying mandibular head.
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