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Abstract

Objective—There are limited clinical treatments for temporomandibular joint pathologies,
including degenerative disease, disc perforation and heterotopic ossification. One barrier hindering
the development of new therapies is that animal models recapitulating TMJ diseases are poorly
established. The objective of this study was to develop an animal model for TMJ cartilage
degeneration and disc pathology, including disc perforation and soft tissue heterotopic
ossification.

Methods—New Zealand white rabbits (n=9 rabbits) underwent unilateral TMJ disc perforation
surgery and sham surgery on the contralateral side. A 2.5 mm defect was created using a punch
biopsy in rabbit TMJ disc. The TMJ condyles and discs were evaluated macroscopically and
histologically after 4, 8 and 12 weeks. Condyles were blindly scored by 4 independent observers
using OARSI recommendations for macroscopic and histopathological scoring of osteoarthritis in
rabbit tissues.
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Results—Histological evidence of TMJ condylar cartilage degeneration was apparent in
experimental condyles following disc perforation relative to sham controls after 4 and 8 weeks,
including surface fissures and loss of Safranin O staining. At 12 weeks, OARSI scores indicated
experimental condylar cartilage erosion into the subchondral bone. Most strikingly, heterotopic
ossification occurred within the TMJ disc upon perforation injury in 6 rabbits after 8 and 12

weeks.

Conclusion—We report for the first time a rabbit TMJ injury model that demonstrates condylar
cartilage degeneration and disc ossification, which is indispensible for testing the efficacy of
potential TMJ therapies.
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INTRODUCTION

The temporomandibular joint (TMJ) is a growth center in the developing mandible (1) and is
critical for chewing, breathing and speaking (2). Unlike knee articular cartilage, both the
disc and condyle surface are classified as fibrocartilage (3). The pathological conditions
affecting the TMJ include temporomandibular disorders (TMDs), inflammatory and
degenerative diseases and traumatic injuries (2). TMJ disc perforation has been associated in
patients with TMJ osteoarthritis (OA) (4,5), rheumatic/inflammatory disease (6), and
internal disc derangement (7); however, whether TMJ disc perforations in humans cause
pain or degeneration is unclear. Heterotopic ossifications (HO) within the TMJ synovial
space and also within TMJ soft tissue are prevalent among children with juvenile idiopathic
arthritis (8), adults with chronic TMD (9), patients undergoing TMJ surgery/injury (10) and
with TMJ disc perforations (11). Given that multiple TMJ tissues can be affected
pathologically, including the condyle and disc, the development of effective total joint
treatments has been challenging. Furthermore, the availability of preclinical animal models
that recapitulate the complexity of human TMJ pathologies is limited. Our goal was to
develop a pre-clinical animal model for TMJ cartilage degeneration and disc pathology,
including disc perforation and soft tissue heterotopic ossification.

Heterotopic ossification is characterized by endochondral bone formation in soft
musculoskeletal tissue, including muscle, tendon, and ligament (12), and may either be
genetically inherited, such as fibrodysplasia ossificans progressive (13), or acquired
following trauma (12,14,15). Given that TMJ HO has been associated with TMJ disc
perforations (11) and HO has been associated with trauma in other musculskeletal tissues
(12, 14-16), we proposed that TMJ disc injury could induce HO. To test this hypothesis, we
created a 2.5 mm perforation in the TMJ disc using New Zealand white rabbits. We
analyzed the TMJ disc and condyle phenotype after 4, 8 and 12 weeks. While great strides
have been made to standardize OA model analyses for the knee joint in multiple species
(17), it has not been applied to the TMJ, a non weight-bearing joint. Therefore, we also
applied OARSI recommendations for the systematic histopathological assessment of OA in
a rabbits (18). We discovered that TMJ condyle degeneration was evident in the rabbit
condyle following disc perforation and OARSI systematic scoring reflected severe
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histopatholgical evidence of osteoarthritis by 12 weeks, including ulceration and cartilage
erosion to the bone. Most strikingly, we also observed evidence of bone formation within
the TMJ disc in this model following TMJ disc perforation injury after 8 and 12 weeks. To
corroborate our in vivo findings, we provide further evidence that rabbit TMJ disc cells are
capable of calcification in vitro. We report for the first time a rabbit TMJ injury model that
demonstrates condylar cartilage degeneration and disc ossification, which is critical for
testing potential TMJ therapies.

MATERIALS AND METHODS

Animals

All animal procedures were performed with approval from the Animal Care and Use
Committee, Columbia University Medical Center (protocol #AC-AAAD9804).

TMJ Injury Model

TMJ injury was surgically induced in a total of 9 New Zealand white rabbits 3-4 months
old. An oblique incision was created superior to the zygomatic process. Tissue was elevated
and retracted to access the TMJ superior joint space and the disc was retracted posteriorly. A
periosteal elevator was placed under the disc to protect the condyle from injury. A punch
biopsy was used to create a 2.5 mm perforation in the lateral portion of the TMJ disc. No
disc attachments were severed and the disc reduced to its normal anatomical location upon
release of disc retraction. Sham surgery was performed on the contralateral side, the TMJ
superior joint space was accessed, and the disc was not perforated. A total of 3 rabbits were
randomly euthanized per time point at 4, 8 and 12 weeks after surgery for macroscopic and
histological evaluation.

Macroscopic Evaluation

TMJ images were captured using a Nikon DS-Fi2 microscope. The anterior to posterior
(AP) length and perforation size were measured using Nis-Elements Basic Research
Imaging software. To standardize medial to lateral (ML) measurements, the ML width of
each condyle and disc was measured precisely at the midpoint of the AP length. Xray
images were captured using Kodak in vivo Multispectral Imaging Station. A total of 4
observers blindly scored macroscopic changes in the articular surface of the TMJ condyles
at the 12-week time point (n= 3 rabbits) (18) (Supplemental Table 1).

Scanning electron microscopy

Samples were fixed overnight in 5% glutaraldehyde, post-fixed in 2% osmium tetroxide for

1 hour, dehydrated in a graded series of ethanol (25%-100%), dried to critical point in liquid
CO2, mounted and coated with gold. FEI Quanta 200 3D scanning electron microscope was
used to image comparable locations on TMJ condyle surface.

Histological Analysis and Semi-quantitative Evaluation

TMJs were fixed for 3 days in 4% paraformaldehyde, washed in tap water, and decalcified
in 0.5 M EDTA for 12 weeks. Specimens were classically processed for histology,
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embedded in paraffin and sectioned. Serial sections were stained by hematoxylin and eosin
(H&E) and by Safranin O/fast green. OARSI recommendations for a histological scoring
system was used to semi-quantitate histological changes at the 12 week time point, in the
experimental TMJs versus the sham TMJs (n=3 rabbits). Four observers blindly the TMJ
structure, cell density, cluster formation, and safranin O staining using comparable
histological sections. (18) (Supplemental Table 2).

Cell Culture and Mineralization Assay

TMJ discs were dissected from 2 New Zealand white rabbit 3-months old and digested in
dispase Il/collagenase | (4mg/ml/3mg/ml) for 45 minutes at 37°C. Single-cell suspensions
were cultured (5% CO», 37°C) in DMEM (Invitrogen 11885-092) supplemented with 20%
lot-selected fetal bovine serum, glutamax (Invitrogen 35050-061), penicillin-streptomycin
(Invitrogen 15140-163), and 100 mM 2-mercaptoethanol (Gibco) for 4-6 days. Cells were
cultured in osteogenic media with 100ng/ml BMP2 (R&D 355-BM-050) for 2 weeks and
compared to basal medium controls. Calcium nodules were stained with 2% alizarin red.
Alizarin red was solubilized with 5% SDS in 0.5 N HCI. Absorbance was measured at 405
nm and normalized to cell number using Cell Counting Kit-8 (Dojindo CK04-05).

Real Time PCR

Total RNA was purified from TMJ disc cells using PureLLink™ RNA Mini Kit (Ambion
12183018A) and RNA was treated with DNAse | (Ambion AM2222). RNA quantity and
purity was determined using Nanodrop™ spectrophotometer. RNA samples (260/280>1.8)
were used to obtain cDNA (Biorad AM2222). Quantitative RT-PCR was performed using
TagMan® Universal PCR Master Mix (Applied Biosystems 4304437) and runx2 TagMan®
Gene Expression Assay (Applied Biosystems Oc02386741 _m1). Gene expression levels
were normalized to housekeeping gene gapdh TagMan® Gene Expression Assay (Applied
Biosystems Rn01775763_g1%*).

Statistical Analysis

A total of 9 rabbits underwent unilateral disc perforation surgery and contralateral sham
surgery served as control. Rabbits were randomly divided for SEM after 4 (n=1 rabbit) and 8
weeks (n= 1 rabbit) and histology after 4 (n=2 rabbits), 8 (n = 2 rabbits) and 12 weeks (n=3
rabbits). For OARSI histological scoring, 4 observers blindly scored experimental and sham
TMJs (n=3 rabbits) at the 12-week time point. Macroscopic score for each rabbit is
represented as a mean (n=4 observers) with 95% confidence intervals and the overall score
is represented as a mean (n=3 rabbits) with 95% confidence intervals. Each observer OARSI
histological score per rabbit was obtained based on mean of 3 different sections of the same
condyle. An overall mean score was obtained per rabbit for each OARSI histological
grading parameter with 95% confidence intervals (n=4 observers). Overall OARSI scores at
12 weeks are reported as a mean with 95% confidence intervals (n= 3 rabbits). For TMJ
dimensions (n=9 rabbits), real time PCR (n=6 independent experiments), and alizarin red
quantification (n=5 independent experiments), values are representative as mean with 95%
confidence intervals. Normality of distribution was confirmed using Kolmogorov-Smirnov
test and the statistical significance of differences was determined using paired Student’s t-
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test assuming Gaussian distribution using Prism 6 Graphpad Software. Resulting two-tailed
P-value < 0.05 was regarded as statistically significant difference.

RESULTS

Surgical TMJ disc perforation in New Zealand white rabbits

Previous studies demonstrated that TMJ demise occurs over a 24-week time point by
generating a 1.6 mm defect in rabbit TMJ disc (20). We proposed a larger perforation size
would shorten the time for TMJ demise for economic drug screening and testing of
bioengineered tissue replacements. Thus, we selected a 2.5 mm perforation size for these
studies. Given that the rabbit TMJ disc is ~3.0-3.5 mm wide, 2.5 mm perforation was the
largest perforation that could be surgically created accurately without completely severing
the disc. An oblique incision was made superior to the zygomatic process (Fig. 1a, red line).
Tissue was elevated and retracted to access the TMJ superior joint space behind the
zygomatic process and forceps were used to retract the disc posteriorly (Fig. 1b). A
periosteal elevator was placed under the disc to prevent damage to the underlying TMJ
condyle. A punch biopsy was used to create a 2.5 mm defect within the posterior-lateral
portion of the TMJ disc (Fig. 1¢) and no TMJ disc attachments were severed. The perforated
tissue was excised (Fig. 1d) and the surgical incision was closed with both internal and
external sutures. A sham procedure was performed on the contralateral side, whereby the
TMJ disc was exposed and accessed, but no perforation was performed. Rabbits were fed a
soft gruel for 1-3 days followed by a normal diet. No changes occurred in dietary habits or
total mass. Rabbits were divided randomly and euthanized after 4, 8 and 12 weeks.

Macroscopic changes in condyle in rabbit TMJ injury model

Macroscopic changes in TMJ condyles were also analyzed at 4, 8 and 12 weeks after
surgery (Fig. 2). In the TMJ injury condyle at 4 weeks, gross morphological examination
revealed widespread irregular surface relative to sham control and appeared slightly swollen
(Fig. 2a, top panels). By 8 weeks, TMJ condyle appeared inflamed, erythmatic with severely
irregular surface. Experimental condyles began to show early signs of cartilage erosion and
notably swollen relative to sham control (Fig. 2a, middle panels). At 12 weeks, TMJ
condyles were dysmorphic and showed ulceration and erosion over the entire joint surface
and condylar swelling (Fig. 2a). To confirm the swelling in the experimental condyles, we
measured the medial to lateral widths compared to sham controls (Fig. 2b). The medial to
lateral width of experimental condyles were 2 mm greater compared to sham controls (Fig.
2b, p=0.001, n=9 rabbits).

Based on our gross macroscopic analysis of the TMJ condyles, we proposed that the
experimental TMJ condyle displayed fibrillation on the articular surface of the fibrocartilage
tissue lining the surface. We then used scanning electron microscopy (SEM) to visualize the
fibrillation on the fibrocartilage surface of the TMJ condyles at 4 and 8 weeks. SEM
demonstrated breaks within the surface collagen fibers and surface irregularity in the
fibrocartilage tissue at 4 weeks in comparison to the smooth surface on the sham control
condyle (Fig. 3). By 8 weeks, the surface roughness and irregularity was more pronounced
and widespread (Fig. 3). Taken together these SEM images correspond to our macroscopic
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findings demonstrating increasing surface irregularities and erosion in the experimental TMJ
condyles in comparison to the sham control side.

TMJ condyle degeneration in rabbit TMJ injury model

To corroborate our macroscopic observations, we performed a histological evaluation of
H&E and Safranin O stainings for proteoglycan content of the TMJ condyles (Fig. 4). At 4
and 8 weeks, experimental condyles displayed classical histopathological features of
osteoarthritis (3,21,22), including surface irregularities and fissures (black triangles), a
multifocal decrease in cells (asterisks), and the formation of chondrocyte clusters (black
arrows) (Fig. 4a, top and middle panels). Experimental condyles were significantly thicker
than sham at 4 and 8 weeks (Supplemental Fig. 1a, p=0.01, n=6 rabbits). In parallel to the
structural/cellular changes, we also observed diffuse Safranin O staining and a loss of
staining ranging in the upper 1/3 — 2/3 of the condyle (Fig. 4b). The most severe
osteoarthritic changes in the condylar cartilage were evident at 12 weeks after surgery (Fig.
4a-b, bottom panels). Structural changes included full depth erosion (red arrows) and
calcified cartilage down to the subchondral bone and a widespread loss of cells (asterisks)
(Fig. 4a, bottom panels). Most of the cells that were present at 12 weeks existed within a
cluster of 3 or more cells (black arrows). Given the cartilage erosion that occurred, it is not
surprising that we also observed complete loss of safranin O staining at 12 weeks,
suggesting loss of proteoglycan content in experimental TMJs (Fig. 4b, bottom panels).
Interestingly, we noted the greatest proteoglycan loss occurred with the mid-anterior portion
of the condyle, which could be due to condylar regional differences in proteoglycan content
and changes in biomechanical loading and joint instability upon disc perforation injury (23).
The contralateral TMJs within the same animal maintained tissue condyle architecture and
uniform distribution of Safranin staining, suggesting that contralateral TMJs were not
affected by the unilateral disc perforation surgery (Figs. 4a—b, right columns).

OARSI Histopathological Scoring

To further confirm the osteoarthritic changes in our model, we used OARSI
recommendations for a macroscopic and histological scoring system (18) (Supplemental
Tables 1-2). Given that we anticipate using this model to test TMJ regenerative therapies
using bioengineered constructs, we analyzed 12-week time point to confirm the observed
loss of cartilage tissue. A total of 4 observers blindly scored macroscopic changes (Fig. 5a,
b) and comparable histological sections based on structure (Fig. 5¢, d), cell density (Fig. 5e,
f), cellular cluster formation (Fig. 5g, h) and Safranin O staining (Fig. 5i, j) in the
experimental condyles and the contralateral sham condyles in 3 rabbits 12 weeks following
disc perforation surgery.

For macroscopic evaluation, each observer scored the experimental condyles in a range from
6-8 and at least two of the observers were in agreement, while the sham control scores
ranged from 0-1 (Fig. 5a). The experimental condyle had a mean macroscopic score of 7,
indicating ulcerative changes. However, the sham controls ranked an average score of less
than 1, reflecting normal scores (Fig. 5b). The observers ranked experimental condyles
structure in the range from 8-11 (full depth erosion in at least 50% of surface), while sham
controls scores ranged from 0-1 (normal to mild surface irregularities) (Fig. 5¢). At 12
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weeks, average experimental condyle structure score was 9.5 and noted full depth erosion
hyaline and calcified cartilage to the subchondral bone. On the other hand, sham control
average score at 12 weeks was ranked on average at 1, representing surface irregularity (Fig.
5d). At least 3 observers were in agreement with experimental cell density scores (Fig. 5e—f)
with experimental condyle scores ranging from 3-4 (multifocal to diffuse loss of cells) and
sham condyles ranging from 0-1 (no to focal decrease in cells). Cell cluster scores showed
the most range in individual observer’s scores with sham condyle scores ranging between 0—
3 and experimental condyles ranging from 1-3 (Fig. 5g). Average cluster formation scores
ranked between 1-2 for experimental and sham controls (Fig. 5h), which may be due an
overall loss of cells at this time point. Experimental condyle Safranin O scores ranged within
2 values (4-6, loss of Safranin O staining in upper 2/3 cartilage to all of cartilage) (Fig. 5i).
Mean experimental Safranin O scores ranked at mean of 5 while, mean sham controls
ranked less than 1 (Fig. 5j). Overall, observers ranked mean OARSI scores for experimental
condyles as indicative of degenerative pathology.

Heterotopic bone formation in TMJ disc in rabbit TMJ injury model

Rabbit TMJ discs from the experimental side were compared to the contralateral TMJ disc
in the same rabbit (Fig. 6). The experimental TMJ discs were larger than sham disc within
the same animal (Fig. 6a—c, Supplemental Fig. 1b). The medial to lateral width (Fig. 6b,
p=0.0001), anterior to posterior length (Fig. 6¢, p=0.0009, n=9 rabbits), and thickness
(Supplemental Fig. 1c, p=0.0001, n=9 rabbits) was significantly greater in the experimental
discs relative to the sham discs. These data suggested experimental discs underwent
hyperplasia and fibrosis. The defect in TMJ discs that underwent perforation surgery was
apparent and did not close at the latest time point 12 weeks (Fig. 6a). There were no
significant changes in perforation size (Supplemental Fig. 1c). Radiographic examination of
TMJ discs showed all the experimental TMJ discs at 8 and 12 weeks displayed radiopaque
tissue within the borders of the perforation site (Fig. 6d, yellow arrows), suggesting the
presence of radiopaque, mineralized tissue.

At 4 weeks sham discs showed Safranin O staining uniformly distributed (Supplemental Fig.
2a, right) and localized between elongated collagen fibers (Supplemental Fig. 2b, right) (24,
25). However, experimental discs showed altered Safranin O staining, where proteoglycan
content was re-distributed and localized within the perforation tissue border (Supplemental
Fig. 2a, left) and also had disorganized collagen fibers (Supplemental Fig. 2b left). At 8 (not
shown) and 12 weeks, histology corroborated the presence of bone-like tissue formed within
the fibrous TMJ disc tissue surrounding the perforation site in the experimental TMJ disc
(Fig. 6e, left panels). TMJ disc cells were embedded in a lacunae and trabecular bone-like
matrix with areas of bone marrow-like spaces (Fig. 6e, left bottom panel). On the other
hand, sham TMJ discs maintained classic disc morphology (24,25) (Fig. 6e, right panels),
whereby TMJ disc cells were embedded between elongated, collagen fibers (Fig. 6e, right
panel, arrows). Altogether, our histological evaluation suggested that endochondral bone
formation occurred. We further tested whether TMJ disc cells were capable of mineralizing
by culturing TMJ disc cells in osteogenic media. Alizarin staining demonstrated that TMJ
disc cells formed calcium nodules in the presence of osteogenic media (Fig. 6f, red) and was
significantly higher than cells cultured in basal media controls (p=0.0002, Fig. 6g). We
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examined the expression of runx2 by real time PCR, given runx2 is an early bone marker
that is upregulated in heterotopic ossification of other soft tissues (15,26). Compared to TMJ
disc cells in basal media, runx2 upregulated by 13.5 fold in TMJ disc cells in osteogenic
media (Fig. 6h). Taken together, our data suggest that TMJ disc cells may be promoted to
form heterotopic endochondral bone upon perforation injury.

DISCUSSION

We present a surgical rabbit TMJ disc perforation model demonstrating cellular and
histological evidence that signify cartilage degeneration and disc ossification. Our
macroscopic analysis demonstrated experimental TMJ condyles showed widespread surface
irregularities at 4 weeks and complete erosion/ulceration by 12 weeks. Macroscopic changes
were coupled with a 2 mm increase in condyle width, likely resulting from inflammation
that we will continue to characterize, and surface irregularities were visibly apparent under
SEM. Histological analysis showed OA pathological features (21,22) at 4 and 8 weeks,
including the formation of chondrocyte clusters, cartilage thickening, multifocal loss of
cells, and loss of Safranin O staining in the superficial 1/3-2/3 of the condyle. By 12 weeks
severe cartilage damage was evident, whereby cartilage eroded to the subchondral bone with
a diffuse loss of cells and proteoglycan content. Given OARSI scoring system has only been
applied to the knee (18), we applied OARSI scoring to the TMJ for the first time. We found
relative consistency among observers’ scores. Overall, experimental condyles had mean
macroscopic, structure, cell density and Safranin O mean scores reflecting pathological and
degenerative changes. However, cell cluster scores showed more variability among
observers, which could be due to experimental condyles exhibiting an overall diffuse loss of
cells and a lower number of chondrocyte clusters.

We showed for the first time an animal model whereby TMJ disc injury induced heterotopic
ossification (HO). TMJ HO has been reported in patients that have undergone TMJ injury/
surgery (10,27,28), TMJ disc perforations (11) chronic TMD patients (29), and also in
children with juvenile rheumatoid osteoarthritis (8). While TMJ HO etiology can vary, the
symptomatic outcomes are the same. TMJ HO can limit TMJ range of motion, cause pain,
and impact facial development in children (8,10,30-32). One plausible mechanism
underlying HO is that upon musculoskeletal tissue injury, macrophages secrete potent
osteoinductive signals (36), such as BMP2, local fibrosis occurs, osteoprogenitor cells
migrate to the injury site and form endochondral bone (33-35) (Supplemental Text
Discussion). Similarly at 4 weeks, we observed the redistribution of Safranin O staining to
be concentrated around the tissue injury borders, which was also coupled with an increase in
disc thickness at the site of injury, suggesting tissue fibrosis and early endochondral
ossification. We further showed bone-like tissue formed after 8 and 12 weeks at the injury
site. Additionally we showed rabbit TMJ disc cells undergo mineralization in the presence
of BMP2 and osteogenic media. Furthermore, mechanical forces upon chewing could also
stimulate local cells to undergo osteogenesis (37). Taken together, we propose that upon disc
perforation inflammatory mediators recruit skeletal progenitor migration to perforation site,
skeletal progenitors proliferate resulting in larger and thicker discs, progenitors differentiate
into cartilage and secrete a matrix rich in GAGs, and finally the cartilage remodels into
bone.
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There are several plausible mechanisms underlying condylar cartilage degeneration in this
model, including joint atrophy due to TMJ disuse or condyle excessive loading that is
associated with OA. However, there are cartilage phenotypic differences that distinguish
TMJ atrophy/disuse from TMJ overloading in OA pathology. TMJ atrophy has been tested
using unloading murine models (38—-40) (Supplemental Text Discussion). Murine unloading/
atrophy models involve subjecting mice to soft diets and/or incisor trimming to emulate
atrophy/disuse (38—40). Atrophic and TMJ disuse is characterized with an initial decrease
cartilage thickness and a decrease in condyle dimensions (38—40). This is in contrast to TMJ
overloading in TMJ OA pathology, where OA is marked by an increase in cartilage
thickness and an increase in condyle dimensions (3,21,22). Unlike TMJ unloading/atrophic
models (38—-40), we observed cartilage thickening and increases in condyle dimension that
preceded cartilage erosion in this model. Thus we speculate that condyle excessive loading
more likely contributes to degenerative mechanisms in this rabbit disc perforation model.
Interestingly, similar to TMJ OA mouse genetic models (3), in this model we also observed
the depletion of cells within the superficial articular zone, which may contain a reservoir of
progenitor cells (1,3). Thus, one possibility that we plan to explore is that excessive loading
may cause depletion of progenitor cells in our model over time (41).

To test the efficacy of potential TMJ therapies, the development of an experimental TMJ
disease animal model that emulates human TMJ pathology is crucial. Currently, there are
several types of animal models demonstrating TMJ disease (42), including genetically
modified mice (21,22), chemically induced inflammatory animal models (43), and surgically
induced models (20,44,45). However, to our knowledge, this is the first reported animal
model demonstrating both TMJ condylar cartilage degeneration and TMJ disc heterotopic
bone formation. Furthermore, unlike other rabbit surgical models, condylar cartilage erosion
occurs within 12 weeks as opposed to 24 (20), and is thus more economical for our plans to
surgically test bioengineered TMJ replacements (46,47). We also used rabbits given the
larger species size affords greater ease of surgical accuracy. Given that the anatomical and
biomechanical properties of pig TMJ is most similar to humans, pigs have been widely
accepted as an ideal species for studying TMJ biology and pathology (48). Unlike rabbit
TMJ (49), pig TMJ is more anatomically similar to humans because pigs also have bilateral
occlusion and can participate in translational/sliding movements (48). However, the daily
maintenance and surgical costs for pigs for testing experimental therapies to treat TMJ
disease is significantly more than in rabbits (50). Thus, we found the use of this rabbit TMJ
disc perforation model offers multiple advantages, including condyle degeneration and disc
ossification, relative ease of TMJ surgery and recovery, ease of daily animal care and
handling, and a cost-effective experimental approach.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rabbit TMJ injury model
New Zealand white rabbits (N=9) underwent unilateral TMJ disc perforation surgery on the

left TMJ. Sham surgery was performed on the right contralateral TMJ within the same rabbit
and served as a comparison control. (a) Diagram illustrating New Zealand white rabbit TMJ
anatomy. The disc is localized behind the zygomatic process. An oblique incision was made
superior to the zygomatic process. (b) The TMJ superior joint space was accessed and
forceps were used to retract the disc (yellow dashed lines) posterior to the zygomatic process
(black arrow). (c) A punch biopsy was used to create a 2.5 mm perforation in the anterior
lateral TMJ disc. (d) A 2.5 mm tissue was excised from the TMJ disc and the incision was
sutured. Scale bar = 2mm.
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Figure 2. TMJ condyle macroscopic changes in the rabbit TMJ injury model
(a) Images are representative photographs that demonstrate the superior view of TMJ

condyle at 4, 8 and 12 weeks following disc perforation surgery. Experimental TMJ disc
perforation surgery was performed on left TMJs (left panels) and sham surgery was
performed on the right TMJs within the same animal (right panels). P=posterior, A=anterior,
L=lateral and M=medial. Scale bar = 2mm. (b) The medial to lateral (ML) width of the TMJ
condyle was measured using Nis-Elements Basic Research imaging on experimental TMJs
(exp) in comparison to sham TMJs. Data reported are reported as mean of 9 rabbits per
group with 95% confidence intervals. Resulting two-tailed P-value =0.001 (exp vs sham)
was regarded as statistically significant difference using paired Students t-test.
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Figure 3. Scanning electron microscopy imaging of TMJ condyle surface in experimental and
sham samples

SEM shows the surface of TMJ condyle at 4 weeks and 8 weeks after surgery. Experimental
TMJ condyle demonstrated irregular, fibrous surface relative to smooth surface on sham
TMJ condyle at both 4 and 8 weeks after surgery. Scale bar= 100 pm.
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Figure 4. Histological sections of TMJ condyles in rabbit TMJ injury model
Images are representative of H&E (a) and safranin O (b) staining of TMJ condyles from

experimental disc perforation side (left panels) and sham control side (right panels) at 4, 8
and 12 weeks after disc perforation surgery within comparable, middle-anterior ondylar
regions. Scale bar = 500 um. Triangles=surface irregularity; asterisks=acellular regions;
black arrows=cell clusters; red arrows=erosion.
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Figure 5. Histopathological scoring of TMJ condyles 12 weeks following disc perforation surgery
12 weeks after TMJ disc perforation surgery, the gross TMJ morphology and comparable

histological sections were blindly scored by 4 observers using OARSI recommendations
based on (a, b) gross macroscopic tissue (c, d) histological structure, (e, f) chondrocyte
density, (g, h) cluster formation, and (i, j) Safranin O staining. (d, f, h, i) Scatter plots show
each plot representing an individual observers’ score per rabbit with 95% CI upper and
lower limits (n=4 observers; circles=individual observer scores for Rabbit 1;
square=individual observer scores for Rabbit 2; triangle=individual observer scores for
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rabbit 3). Individual observer score per condyle (exp and sham) are mean of 3 histological
sections. Each rabbit score are a mean of 4 observer scores. Right bar graphs represent mean
score in experimental vs sham condyles (n=3 rabbits) with 95% confidence intervals.
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Figure 6. TMJ disc hyperplasia and heterotopic ossification in rabbit TMJ injury model
(a) Images are representative photographs that demonstrate the superior view of TMJ disc

12 weeks after surgery. TMJ disc perforation surgery was performed on left TMJs (left
panels) and sham surgery was performed on the right TMJs within the same animal (right
panels). Scale bar = 2mm. (b—c) The medial lateral (ML) and anterior to posterior (AP)
length of the TMJ disc was measured using Nis-Elements Basic Research imaging software
on experimental TMJs (exp) in comparison to sham TMJs. Data reported are mean of 9
rabbits per group with 95% confidence intervals; resulting two-tailed P-value < 0.05 (exp vs
sham) was regarded as statistically significant difference using paired Students t-test.
experimental vs sham control. (d) Representative radiographs experimental (left) and sham
(right) TMJ disc showing ossified tissue (6/9 rabbits). Yellow arrow=radio-opaque tissue.
(e) Histological sections of experimental (left) and sham (right) TMJ discs (6/9 rabbits) post
surgery showed bone-like tissue formed in experimental TMJ disc. Sections were stained
with safranin O (top row) and H&E (middle and bottom row). Bottom row images are
higher magnification of dashed square box in middle row images. Arrows indicate collage
fibers. Black arrows indicate collagen fibers in sham disc. (f) TMJ disc cells were isolated
from New Zealand white rabbits and cultured in osteogenic media for 2 weeks. Basal
medium served as a negative control. Alizarin staining showed calcium deposition in TMJ
disc cells in osteogenic media (red, left panel). Scale bar = 50 um. (g) Alizarin red staining
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absorbance (405 nm). Data are normalized to cell number and are reported as a mean of 5
independent experiments with 95% confidence intervals.

(h) qRT-PCR showing osteogenic marker runx2 upregulated 13.5 fold in TMJ disc cells in
osteogenic media. Data are normalized to GAPDH. Data are reported as mean fold change
with 95% confidence intervals and are representative of 6 independent experiments.
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