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Abstract: This study has characterized a rat model with temporomandibular osteoarthritis (TMJ-OA) following a 
surgical anterior displacement of their articular disc (ADD). The well-established model of OA, induced by an intra-
articular injection of complete Freund’s adjuvant (CFA) into the TMJ, was used for comparison purposes. Male 
Wistar rats were assigned into two surgical groups, namely, ADD (anterior disc displacement) and sham-operated 
(surgical access, without ADD). Additional groups received an intra-articular infiltration of CFA (50 μl/site; 1:1 oil/
saline emulsion), or the vehicle (0.9% NaCl). The separate experimental subgroups were euthanized at 15, 30 or 60 
days and their left TMJs were collected for histological, immunohistochemistry and micro-CT analyses. The serum 
levels of IL-1β, IL-6 and TNF were analyzed. The fibrocartilage thicknesses were increased in the ADD groups at all 
of the analyzed time-points. In the CFA group, fibrocartilage thickenings were seen only in the posterior thirds at 
15 days. The ADD group displayed an increase of the proteoglycan contents and ADAMTS5 immunopositivity in the 
fibrocartilage at 30 and 60 days, without any variations of the collagen contents or the osteoclast activation. Upon 
the micro-CT evaluation, the ADD group presented increments of their trabecular separations and bone surfaces, 
with reduced trabecular thicknesses and bone volumes, plus osteophyte formations and condyle flattenings, from 
30 to 60 days. The IL-1β, TNF or IL-6 serum levels were undetectable. The surgical ADD in the rats led to long-term 
OA-like alterations, with typical structural and morphological derangements of the TMJ, representing a reliable ex-
perimental model to investigate the TMJ-OA-related mechanisms.
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Introduction

Osteoarthritis (OA) is a degenerative joint dis-
ease that is characterized by a degradation of 
the cartilage, with subchondral bone remodel-
ing, and osteophyte formation, synovitis and 
pain [1, 2]. OA commonly affects multiple joints, 
presenting a high prevalence worldwide. The 
occurrence of comorbidities and the elevated 
treatment charges are complicating factors for 
this medical condition [3]. Formerly, OA has 
been described as a non-inflammatory type of 
arthropathy. This concept has changed during 
the two last decades and OA is now currently 
defined as a low-grade inflammatory disease 
[3-5]. 

The temporomandibular joint (TMJ) is a com-
plex structure that presents peculiar anatomic 
features and movements. The temporomandib-
ular disorder (TMD) is a frequent alteration that 
is associated with this specific joint, inducing 
orofacial pain, articular noises and mandibular 
movement limitations [6, 7]. TMJ-related OA is a 
frequent image finding that is correlated to the 
TMD, mainly being secondary to trauma, a func-
tional overloading and internal derangements 
[6, 8-10]. The anterior disc displacement (ADD) 
is a common internal disorder of the TMJ, which 
is characterized by its forward scape from the 
natural position [9]. The articular disc has an 
important role in the mechanical functionality 
of the TMJ, absorbing and redistributing the 
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Figure 1. (A) Representative illustration of the surgery procedure, showing the nylon suture anchorage in the zy-
gomatic arch while stretching the disc. (B) Horizontal skin access between the lateral canthus of the eye and pre-
auricular region. Special care was taken with the facial nerve that could easily be dissected. (C) A capsular incision 
exposed the articular disc and the superior space of the TMJ, so as to see all of the extensions of the disc attach-
ments. A down-traction of the mandible facilitated this step of the procedures. (D) The anterior portion of the disc 
was transfixed by a nylon wire, allowing for the forward stretching and the suture was double-fixed in the anterior 
aspect of the zygomatic arch, in order to ensure no unlace. At this moment, an incision into the lateral attachment 
of the disc allowed for its traction. White star, articular disc. Hash, facial nerve. Black star, nylon suture. White ar-
row, the posterior zone of the disc and the retrodiscal ligament. (E) Analysis of the fibrocartilage thickness in the 
H&E-stained slides: the mid-sagittal sections of the TMJ, showing the fibrocartilage in the condyle from the anterior 
to the posterior zone. The three-thirds of the fibrocartilage were measured at three points, equally divided in each 
third from the fibrous layer to the hypertrophic layer. (F-H) The ADD group showed an increment in the thickness of 
their fibrocartilages, at the experimental times, when compared to the sham-operated control group and the infiltra-
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stress forces, contributing to the joint’s lubrica-
tion. Thus, the ADD can negatively affect the 
joint homeostasis, promoting an articular insta-
bility [11]. The clinical evidence has suggested 
a strong connection between the development 
of an ADD and the development of OA, but fur-
ther studies on this matter are still required [8, 
12].

Mice submitted to a genetic manipulation have 
been widely used for studying the development 
of TMJ-OA [13], but these studies require 
sophisticated molecular biology facilities. In 
rats, most models of a TMJ-OA induction are 
limited to an intra-articular infiltration of the 
phlogistic agents, or they are induced by the 
occlusal abrupt alterations, which do not repli-
cate the internal derangements that are seen 
in OA [7, 14-18]. The induction of TMJ-OA in rab-
bits, following a surgical ADD, has been demon-
strated as being useful in reproducing most of 
the clinical findings of TMJ-OA [19-21]. However, 
the utilization of rabbits is restricted due to 
economic and ethical concerns. Pertinently, the 
TMJ in rats presents anatomical and biome-
chanical features that resemble the human 
joint, indicating the applicability of this animal 
model for the study of TMJ-OA [22, 23]. This 
present study has characterized an experimen-
tal model of TMJ-OA, following an ADD surgery 
in rats, comparing the main outcomes to those 
seen in the classical rat model of a CFA-induced 
TMJ inflammation. 

Materials and methods

Experimental animals and groups

Male Wistar rats, 6-weeks-old, weighing from 
170 to 190 g at the beginning of the experi-
ments were used (a total number of 96 ani-
mals). They were obtained from the Central 
Animal House of the Pontifícia Universidade 
Católica do Rio Grande do Sul (CeMBE; PUCRS; 
Brazil). The animals were housed (four to a 
cage), under standard conditions of tempera-
ture (22 ± 2°C), light (12 h light-dark cycle) and 

humidity (50-70%), in individually ventilated 
cages, with an autoclaved wood chip bedding. 
The animals received standard rodent chow 
and tap water ad libitum. The Local Animal Eth- 
ics Committee (CEUA-PUCRS, CEUA 15/00465) 
approved all of the experimental procedures 
that are described in this study. The experi-
ments were reported by following the ARRIVE 
Guidelines Checklist [24].

The animals were randomly divided into four 
groups, comprised of two surgical groups, 
namely, ADD and sham-operated, whilst two 
additional groups received an intra-articular 
infiltration of CFA or a saline solution (NaCl 
0.9%). The different experimental subgroups 
were euthanized by using a sevoflurane inhala-
tion at 15, 30 or 60 days. Either the surgery or 
the injections involved only the left TMJ, in 
order to avoid contralateral interferences. 

Rat TMJ-OA ADD model

The method that was used in the present study 
for the ADD induction was adapted for the rats 
and it was based on the methodologies previ-
ously described for rabbits [19, 20, 25]. The 
animals received an oral prophylactic dose of 
cephalexin (60 mg/kg; 30 min before). The rats 
were anesthetized with xylazine (10 mg/kg) 
and ketamine (100 mg/kg), given intraperito-
neally (i.p.). The area corresponding to the left 
pre-auricular region was shaved and disinfect-
ed with a 2% chlorhexidine solution. A local in- 
filtration of 2% lidocaine plus 1:100.000 epi-
nephrine was performed, in order to provide a 
further analgesia and hemostasis. A linear inci-
sion was made along the zygomatic arch (~1.2 
cm), extending from the temporal root of the 
zygomatic arch, nearly to the lateral canthus of 
the eye. A capsular incision near to the zygo-
matic arch was performed, in order to expose 
the superior space of the joint. The anterior por-
tion of the articular disc was localized and 
sutured with a 6-0 nylon wire. The suture wire 
was double-tied anteriorly into the maxillary 
process of the zygomatic bone, crossing inferi-

tion groups, mainly in the anterior thirds. The thickening of this region showed a disorganization in the fibrocartilage 
layers, especially of the proliferative and the pre-hypertrophic layers. In the other groups, a time-dependent thinning 
was observed in the fibrocartilages and the posterior portion was generally thicker than the anterior. The thickness 
of the fibrocartilage (μm) at 15 (F), 30 (G) and 60 (H) days, as measured at the anterior, middle and posterior regions 
of the condyle. The columns show the mean and the vertical lines the show SEM of the 8 independent experiments. 
*P < 0.05; **P < 0.01 when comparing ADD to sham-operated rats. #P < 0.05 when comparing the CFA- to the 
saline injected animals. Bar = 100 μm.
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orly through the facial nerve, distending the 
attached disc forward, until reaching the maxi-
mal tension (~2 mm from the rest position). The 
lateral attachment of the disc to the condyle 
was incised, in order to facilitate the anterior 
disc displacement. The surgical site was irrigat-
ed with a saline solution (0.9% NaCl) and the 
incision was closed by a layered suture. The 
animals received oral acetaminophen (60 mg/
kg) for the control of the pain for 48 h. All of 
these procedures were conducted in the sham-
operated groups, except for the suture for 
stretching the articular disc forward. The sur-
gery sequence is depicted in Figure 1A-D. 

TMJ inflammation elicited by the CFA injection

The animals were anesthetized as described 
above and the left TMJ was localized by a pal-
pation of the zygomatic arch [14, 26]. The ani-
mals received a single intra-articular injection 
containing 50 μl of CFA (1 mg/ml; heat-killed 
and dried Mycobacterium tuberculosis each 
milliliter of vehicle contained 0.85 ml paraffin 
oil plus 0.15 ml mannide monooleate; Sigma, 
St Louis, MO, USA), prepared as a 1:1 oil/saline 
emulsion. The CFA solution was injected over a 
2-min period, by introducing a 30-gauge needle 
into the superior space of the joint [27]. The 
control group received an intra-articular injec-
tion of 50 μl of the vehicle. 

Tissue collection and preparation

After the euthanasia, the incisor teeth were 
splinted by a dental composite in an occlusion 
position. The region corresponding to the left 
TMJ was separated by using a diamond disc at 
a low-speed rotation. After a fixation in 10% 
formaldehyde, the samples were decalcified in 
a 17% ethylenediaminetetraacetic acid (EDTA) 
solution, over 8 weeks, under a constant agita-
tion, with a solution renewal every two days. For 
the histological procedures, consecutive mid-
sagittal 4-μm-thick sections were obtained 
from paraffin blocks. The sections were mount-
ed on poly-L-lysine-coated glass slides for the 
posterior analyses.

Histological analysis

The histological images were taken with a 
microscope (Axio Imager A1) that was coupled 
to an image capture system (Axio Vision Rel. 
4.4 Software Multimedia) - both from Carl Zeiss 

(Hallbergmoos, Germany) - and the images 
were assessed by using NIH Image J 1.50 g 
Software. The fibrocartilage thicknesses were 
measured (in μm) as the mean of three points, 
equally divided at each third of the condyles, by 
using hematoxylin-eosin-stained slides [15]. 
For each sample, a sequence of images under 
× 100 magnification was merged in order to 
include the complete joint. Toluidine blue stain-
ing (0.04% in an acetate buffer; pH 4.0) was 
used for qualitatively evaluating the fibrocarti-
lage proteoglycan contents. The collagen-rich 
blue-colored regions were analyzed in the deep 
layer of the subchondral bones, when consider-
ing two portions of 300 × 300 pixels, in Mas- 
son’s trichrome-stained sections (Accustain 
Mallory’s stain kit, Sigma-Aldrich, USA). Tartra- 
te-resistant acid phosphate (TRAP) staining 
(Leukocyte TRAP kit, Sigma-Aldrich, USA) was 
performed in order to assess the number of the 
active osteoclasts, in four representative areas, 
beneath the hypertrophic layers, under × 400 
magnification. 

Immunohistochemistry for ADAMTS5

A standard, three-step, avidin-biotin complex 
staining procedure was performed for the 
immunohistochemical analyses. The polyclonal 
rabbit anti-ADAMTS5 (1:200; sc-83186, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) was 
used as a primary antibody. The immunoposi-
tivity was assessed by the relative values of the 
marked areas within the proliferative, the pre-
hypertrophic and the hypertrophic layers, in 
relation to the total area, in each of the three 
thirds of the condyles, under × 400 magnifica-
tion (NIH Image J 1.50 g Software; color decon-
volution plug-in).

Micro-CT analysis

A microtomography scanning analysis was per-
formed (SkyScan 1172, Bruker Micro-CT, Belg- 
ium) before the decalcification, at 89 Kv and 
112 μA, with a 13-μm thickness, in a resolution 
of 1336 × 2000 pixels. In each third of the  
center-sagittal position of the condyles, a vol-
ume-of-interest (VOI; 0.3 × 0.3 × 0.5 mm) was 
selected, for a 3D-morphometric assessment, 
when using CTAn V.1.16 Software (Bruker), as 
illustrated in Figure 5A. The bone fractions (BV/
TV) and the bone surface densities (BS/TV) 
were taken for the bone analyses. In order to 
evaluate the trabecular microstructures, the 
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parameters of the trabecular numbers (Tb.N), 
the trabecular thicknesses (Tb.Th) and the tra-

becular separations (Tb.Sp) were selected. The 
angles between the coronal center of the con-

Figure 2. Histological analysis of the proteoglycan and the collagen contents in TMJ. (A) Toluidine blue staining from 
the anterior third of the fibrocartilages. The qualitative evaluation revealed the presence of proteoglycans in the pre-
hypertrophic and the hypertrophic layers. A time-dependent loss of the proteoglycan contents was observed in all of 
the groups; however, the ADD group showed a higher presence of the proteoglycans, when compared to the other 
groups, mainly in the anterior thirds, at the evaluated time-points. In the ADD group, the increased proteoglycan 
staining was proportional to the augmented pre-hypertrophic and hypertrophic layers. (B) The collagen presence, 
as indicated by Masson’s trichrome staining, can be observed in the subchondral bone. The collagen contents were 
measured as the percentages of the blue-colored regions at 15 (C), 30 (D) and 60 (E) days. No statistical differ-
ences were observed. The columns show the mean and the vertical lines show the SEM of the eight independent 
experiments.
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dyles and the lateral projections of the condylar 
surfaces were measured, in order to evaluate 
the osteophyte formations.

Serum cytokine levels

The serum pro-inflammatory cytokines, inter- 
leukin-1β (IL-1β), tumor necrosis factor (TNF) 
and interleukin-6 (IL-6), were measured when 
using specific enzyme-linked immunosorbent 
assay (ELISA) kits, according to the supplier’s 
recommendations (R&D Systems, Minneapolis, 
Minnesota, USA). 

Statistical analysis

The measurements were carried out in a blind-
ed manner. All of the data is expressed as the 
mean ± SEM. Bartlett’s test was employed, 

revealing a Gaussian distribution for the data, 
permitting the use of a parametric analysis. 
The results were evaluated by a one-way or a 
two-way analysis of variance (ANOVA), followed 
by the Bonferroni post-hoc test. P values less 
than 0.05 were considered statistically signifi-
cant. All of the statistical tests and the produc-
tion of the graphs were performed by using 
GraphPad 6 Software (San Diego, CA, USA). The 
intra-examiner concordance was evaluated by 
the intra-class correlation coefficient, reaching 
a value of 0.99 (0.8 to 1.0 being considered 
ideal). 

Results

The CFA injections or the ADD surgery did not 
alter their body weight gains and the animals 

Figure 3. Immunopositivity for the metalloproteinase ADAMTS5. (A) Immunohistochemistry for ADAMTS5 in the TMJ 
fibrocartilages under x400 magnification. The ADAMTS5 gene was highly expressed in the condylar tissues, mainly 
in the pre-hypertrophic and in the hypertrophic layers, being only partially expressed in the proliferative layers. Most 
of the cells of the pre-hypertrophic and the hypertrophic layers were immunopositive for ADAMTS5. (B-D) Marked 
areas/total area of the ADAMTS5 immunopositive cells in the proliferative, the pre-hypertrophic and the hypertro-
phic layers, expressed in percentages at 15 (B), 30 (C) and 60 (D) days. No statistical differences were observed, 
despite that the ADD group showed an increased relative immunopositive area at 30 and 60 days, in their anterior 
thirds, especially at 60 days. The columns represent the mean of 5-8 independent experiments and the vertical 
lines indicate the standard error of the mean.
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fed normally throughout all of the experimental 
period. The serum levels of the pro-inflammato-
ry cytokines (IL-1β, TNF or IL-6) were undetect-
able in all of the experimental groups and at all 
of the time-points (data not shown). 

The ADD group showed higher thicknesses in 
their fibrocartilage layers, according to the eval-
uations at the three time-points, when com-
pared with the sham-operated and the infiltra-
tion groups (Figure 1E). The anterior third of the 
condyles exhibited the highest values of thick-
ness in all of the layers, most expressively in 
the proliferative layers. A statistical difference 
was observed between the ADD and sham-
operated groups at 15 days, in all of the ana-
lyzed thirds (Figure 1F). At 30 days, these dif-
ferences were observed only in the anterior 

The pre-hypertrophic and the hypertrophic 
fibrocartilage layers presented the majority of 
the immunopositive cells for ADAMTS5, as a 
result of the nucleus and cytoplasm staining 
(Figure 3A). No statistical differences were 
observed among the groups, although a trend 
toward an increased ADAMTS5 immunopositiv-
ity was noted in the ADD group, at 30 and 60 
days (Figure 3B-D). 

The TRAP-positive osteoclasts were counted 
beneath the hypertrophic layers. In most of the 
samples, the osteoclasts were predominantly 
located in the interface between the hypertro-
phic layers and the subchondral bones (Sup- 
plementary Figure 1A). No statistical differenc-
es among the groups were observed (Supple- 
mentary Figure 1B-D).

Figure 4. 3D reconstruction showing the condylar surfaces and the osteophyte 
formations. A and B. Representative image and the quantitative analysis of the 
angle that was formed between the lateral projection of the condyles and the 
center-coronal axis. C. The ADD group showed a significant reduction of the lat-
eral angle projections when compared with the other groups. All of the samples 
from the ADD showed the closest angles of projection, associated with the for-
mation of the osteophytes, at 30 days. D. At 60 days, these angles of projection 
became more open, with no statistical differences among the groups. This was 
probably correlated with the bone remodeling at the surfaces from the ADD 
condyles. **P < 0.01 when comparing the ADD to the sham-operated rats.

thirds (Figure 1G). At 60 
days, the increases in the 
fibrocartilage thicknesses 
were prominent, with sta-
tistical differences in the 
anterior and the middle 
thirds, when comparing the 
ADD and the sham-operat-
ed groups (Figure 1H). The 
CFA group showed signifi-
cantly enlarged thickness-
es in their posterior thirds 
at 15 days (Figure 1F).

The anterior thirds in the 
ADD group showed an ex- 
pressive presence of pro-
teoglycans, as revealed by 
the toluidine blue staining 
(Figure 2A). The proteogly-
cans were mainly distribut-
ed in the pre-hypertrophic 
and the hypertrophic lay-
ers, in all of the experimen-
tal groups. Masson’s trich- 
rome was used in order to 
assess the collagen pres-
ence in the subchondral 
layers, as evaluated by the 
blue staining of the bones 
(Figure 2B). All of the exper-
imental groups presented 
similar collagen levels in 
their subchondral bones, 
without any significant dif-
ferences among the groups 
(Figure 2C-E).
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Figure 5. Microstructural evaluation of the TMJ. (A) An illustrative figure of the condyle region taken for the micro-CT 
analysis. From the center-sagittal plane, a volume of interest (VOI) was taken from each third of the subchondral 
bone region, respecting that the coronal anatomy could be thicker in some of the regions. (B) Micro-CT images in the 
sagittal, the 3D-reconstruction and the coronal views. The ADD group showed great morphological differences when 
at the coronal view at 30 days, as observed by lateral projection of the condylar surfaces. Trabecular morphology 
near the surface at 30 days, showing no differences between the groups (C-G). At 60 days, an increased surface 
flatness defined a difference among the groups. At this time-point, the ADD group displayed significant differences 
in all of the analyzed parameters, in the anterior portions of the condyles, showing specific patterns of morphology 
(H-L). *P < 0.05; **P < 0.01 when comparing the ADD to the sham-operated rats.
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The 3D reconstructions showed an important 
view of the condylar surfaces and the osteo-
phyte formation (Figure 4A, 4B). The samples 
from the ADD group had an increased projec-
tion of the lateral pole of their condyles, at 30 
days; this finding was observed in all of the con-
dyles for this group. The angles between the 
lateral projections of the condyles and the cen-
ter-coronal positions were lower in the ADD 
group, when compared to the other groups 
(Figure 4C). At 60 days, a trend toward an 
increase of the projection angle was observed, 
with a flattening of the condyles (Figure 4D). 
There were no marked differences in the sham-
operated or the injected groups. At 30 days, 
only the ADD group showed significant increas-
es of their bone surfaces (BS/BV) (Figure 
5C-G). Remarkable differences featuring the 
TMJ-OA were observed at 60 days for the ADD 
group, with a reduction of bone volume (BV/
TV), an increment of bone surface (BS/BV), a 
decreased trabecular thickness (Tb.Th) and an 
augmented trabecular space (Tb.Sp), but only 
in the anterior portion of the condyles (Figure 
5H-L). This data was compatible with the 3D- 
observations (Figure 5B).

Discussion

The experimental OA induced chemically repre-
sents an acute model for the study of the carti-
lage degradation and joint pain [13, 28]. In the 
protocols, when using the CFA without any dilu-
tion, or with those employing a bilateral CFA 
injection into the TMJ, the disease develop-
ment was associated with a severe inflamma-
tory response that did not mimic the OA-related 
low inflammation grade [29, 30]. This led us to 
adopt a protocol for using a diluted CFA (1:1 oil/
saline solution), injected unilaterally, for a com-
parison with the ADD TMJ-OA model, aiming to 
induce a mild inflammatory response. Herein, 
the CFA infiltration or the ADD surgery did not 
alter the body weight gains, indicating that the 
animals were able to feed normally. There were 
no visible behavioral changes or the occur-
rence of stress-related signs, such as chromod-
acryorrhea or piloerection, discarding the grave 
systemic alterations [30]. Besides, the animals 
in the CFA or the ADD groups presented unde-
tectable serum levels of the IL-1β, TNF or IL-6 
cytokines, further indicating the absence of 
systemic inflammatory changes in both models 
[31].  

The histological analysis revealed that ADD elic-
ited an imbalance of the fibrocartilage dynam-
ics. A remarkable finding was the increase in 
the fibrocartilage thicknesses in the ADD group. 
A clear disorganization among the fibrocarti-
lage layers, accompanied by an increased cell 
proliferation in the proliferative layers at 30 
days, were associated with the fibrocartilage 
thickening. At 60 days, the ADD group present-
ed higher fibrocartilage thicknesses, with 
increases of the extracellular matrix space.  
The articular chondrocyte proliferation was an 
important characteristic during the process of 
the OA, accompanied by marked hypertrophic 
differentiation, with elevated collagen X and 
MMP-13 expression and with a subsequent 
apoptotic death and a mineralization of the dis-
eased cartilage [32]. These increments were 
mainly localized in the anterior third of the con-
dyles, likely due to the interference of the ADD 
procedures. Kuang et al. [17] described similar 
thickenings of the cartilage layer in a rat model 
with disordered occlusions that were induced 
by an orthodontic device, suggesting the occur-
rence of adaptative responses. Another study 
showed thicknesses of the fibrocartilages ac- 
cording to a qualitative histological analysis, 
after the intra-articular injections of iodoace-
tate (0.5 mg/site) into the rats’ TMJ [33]. 
Nonetheless, this finding is somewhat in con-
trast to some previous publications on rat  
models with CFA-induced TMJ-OA, which have 
shown a thinning of the fibrocartilage layers 
over the course of time [16, 29]. Herein, the 
CFA group also displayed a thickening of their 
fibrocartilages, although this feature was res- 
tricted to the posterior third of their condyles, 
being observed only at 15 days. 

Regarding the disc changes, the evaluations of 
the H&E-stained slides at 60 days showed that 
most of the samples displayed ruptured/perfo-
rations of their articular discs, with thickness 
alterations and morphological deformities, pro- 
bably due to the altered function that was inher-
ent to this surgical model. At the same time 
point, a further inflammatory alteration that 
was observed for the ADD group was a hyper-
plasic response in their synovial tissues. This 
finding could be a consequence of the disc  
displacements that were associated with the 
osteoarthritic changes in the fibrocartilages of 
the condyles. In the other groups, at this same 
time point, no visible alterations were obser- 
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ved. This was also expected with the OA pro-
gresses [29], supporting the relevance of the 
researchers’ ADD experimental rat model.

Toluidine blue staining was employed, in order 
to evaluate the proteoglycan contents, which 
are essential components for a fibrocartilage 
functionality [34]. The qualitative analyses re- 
vealed increased proteoglycan levels in the 
ADD groups, along with the experimental times. 
The increased proteoglycan contents might be 
a consequence of the hypertrophic prolifera-
tion of the fibrocartilages. Noteworthy, the TMJ 
proteoglycan levels in the CFA-injected groups 
were similar to those that were seen in the 
saline-treated control animals. Based upon the 
histological data, it was possible to infer that 
the ADD- and the CFA-induced TMJ-OA clearly 
displayed distinct patterns of a disease pro-
gression for up to 60 days. 

ADAMTS are members of the super-family of 
metalloproteinases that have been widely im- 
plicated in the mechanisms underlying an OA 
progression [35, 36]. The gene deletion of the 
catalytic domain of ADAMTS5 prevented the 
cartilage destructions in the mice, clearly sug-
gesting the importance of this enzyme in an OA 
condition [37]. The immunohistochemical anal-
yses revealed a marked immunopositivity for 
ADAMTS5 in most of the cartilage layers, except 
in the fibrous layers, in all of the experimental 
groups. The surgical ADD groups showed in- 
creased immunopositive areas at 30 and 60 
days in their anterior thirds, despite the ab- 
sence of any statistical differences. The expres-
sion of this aggrecanase may be under an 
uncontrolled production in the OA cartilage, 
resulting in a destruction of the cartilage matri-
ces [32]. Probably, in the ADD group, this incre-
ment of ADAMTS5 was related to the fibrocarti-
lage thickening and the disorganization of the 
cartilage layers. An increase of the ADAMTS5 
expression, that was associated with an upreg-
ulation of MMP-13 and collagen X, was obser- 
ved in the TMD rat model that was induced by 
the intra-articular bilateral injections of 100  
μl undiluted CFA, according to the evaluations 
by western-blotting [38]. However, this present 
study has shown, for the first time, the distri- 
bution of ADAMTS5 throughout the different 
regions of the TMJ, by using immunohistoche- 
mistry. 

The collagen contents or the osteoclast activity 
did not variate among the experimental groups. 
This prompted us to carry out a micro-CT analy-
sis of the subchondral bone morphology, in 

order to assess any possible microstructural 
changes. At 30 days, the 3D images showed 
lateral projections of the condyles in the ADD 
group, which were presumably compatible with 
the osteophyte formations. This was consis-
tently observed in all of the ADD samples and it 
was confirmed by the measurements of the 
projection angles. Anatomically, the zygomatic 
arches were more lateralized in the center-sag-
ittal view, in relation to the condyles and they 
were used as an anchorage for the nylon wire. 
Consequently, the stretching forces moved the 
disc anterolaterally, leading to the formation of 
the osteophytes. This event probably stimulat-
ed an initial proliferation in the fibrocartilages, 
as indicated by the histological findings, dem-
onstrating a remodeling response after the 
traumatic dislocation of the discs. At 60 days, 
the bones and the trabecular structures suf-
fered intense modifications in the ADD group. 
The changes were consistent with the OA-like 
findings, such as increased trabecular separa-
tions and bone volumes, allied to reductions of 
the trabecular thicknesses and the bone sur-
faces [29, 39, 40]. These alterations were evi-
denced in the anterior thirds, likely because of 
the disc dislocations. A flattening occurred in 
the condyle surfaces, with a decrease in the 
projection angles, indicating that the ADD TMJ-
OA model led to chronic alterations. An overall 
analysis of the histological and the micro-CT 
images allowed for suggesting that the disc dis-
placements lead to cartilage hypertrophy cir-
cumstances, accompanied by the OA-compa- 
tible bone changes.

All of the surgical procedures were also con-
ducted in the sham-operated groups, except 
for the suture stretching forward of the articular 
discs. Thus, the incisions in the lateral capsular 
ligaments of TMJ did not appear to cause the 
OA-like alterations. Of note, the CFA group 
showed a fibrocartilage thickening only at 15 
days, displaying a resolution tendency. Based 
upon the previous literature data, there was a 
great variability concerning the number of injec-
tions, the methods of infiltration, or the concen-
trations of CFA that were used to induce the 
TMJ-OA in the rodents [18, 29, 41]. As dis-
cussed above, we decided to use a single uni-
lateral injection of CFA into their TMJs, which 
might explain the mild inflammatory changes. 
In relation to the CFA protocol that was used 
here in this study, the surgical ADD procedures 
caused time-dependent TMJ changes, consis-
tent with the OA features that were related to 
the internal joint derangements. 
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Supplementary Figure 1. Histological evaluation of osteoclast activity. A. TRAP staining in the interface between the 
fibrocartilage and the subchondral region, under × 400 magnification. Positive staining for osteoclasts was mainly 
located beneath the hypertrophic layer. B-D. A clear decrease in the number of osteoclasts is observed along the 
experimental times. At 15 days, the ADD and saline groups showed a slight increase in the number of TRAP-positive 
osteoclasts. No statistical differences were observed.


